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Abstract

My thesis deals with a fundamental question of high energgrga-ray astronomy. Namely, |
studied the cut-off shape of the Crab pulsar spectrum tondigish between the leading scenarios
for the pulsar models.

Pulsars are celestial objects, which emit periodic pulssct®magnetic radiation (pulsation)
from radio to high energy gamma-rays. Two major scenarios/ed in past 40 years to explain
the pulsation mechanism: the inner magnetosphere scamadithe outer magnetosphere sce-
nario. Both scenarios predict a high energy cut-off in thege-ray energy spectrum, but with
different cut-off sharpness. An exponential cut-off is exied for the outer magnetosphere sce-
nario while a super-exponential cut-off is predicted fa thner magnetosphere scenario. There-
fore, one of the best ways to confirm or refute these scenartoameasure the energy spectrum
of a pulsar at around the cut-off energy, i.e., at energiéwden a few GeV and a few tens
of GeV. All past attempts to measure pulsar spectra withmehased instruments have failed
while satellite-borne detectors had a too small area toysdethiled spectra in the GeV domain.

In this thesis, the gamma-ray emission at around the cugradfgy from the Crab pulsar is
studied with the MAGIC telescope. The public data of the |lsseéorne gamma-ray detector,
FermiLAT, are also analyzed in order to discuss the MAGIC obd@waesults in comparison
with the adjacent energy band.

In late 2007, a new trigger system (SUM trigger system) addwio reduce the threshold
energy of the MAGIC telescope from 50 GeV to 25 GeV and the @rabar was successfully
detected during observations from October 2007 and JarG09. My analysis reveals that
the energy spectrum is consistent with a simple power lawdet 25 GeV to 100 GeV. The
extension of the energy spectrum up to 100 GeV rules out ter imagnetosphere scenario.

Fermi-LAT started operation in August 2008. TlermiLAT data reveal that a power law
with an exponential cut-off at a few GeV can well describe ¢nergy spectrum of the Crab
pulsar between 100 MeV and 30 GeV. This is consistent witlotlier magnetosphere scenario
and again, inconsistent with the inner magnetosphere goena

The measurements of both experiments strongly disfavantier magnetosphere scenario.
However, by combining the results of the two experimentfyrins out that even the standard
outer magnetosphere scenario cannot explain the measueriarious assumptions have been
made to explain this discrepancy. By modifying the energgcpim of the electrons which
emit high energy gamma-rays via the curvature radiatiom,cttmbined measurements can be
reproduced but further studies with higher statistics abhdtter energy resolution are needed to
support this assumption.

The energy-dependent pulse profile from 100 MeV to 100 GeVatss been studied in
detail. Many interesting features have been found, amonghathe variabilities of both the
pulse edges and the pulse peak phases are the most remaMabdedata would allow a more
thorough investigation of the fine structure of the pulsagneosphere based on these features.

Aiming for better observations of pulsars and other soubs#sw 100 GeV, a new photo-
sensor, HPD R9792U-40, has been investigated. Many beadgiraperties, such as a very high
photodetection efficiency, an extremely low ion-feedbaoibpbility and an excellent charge
resolution have been found.
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Zusammenfassung

Diese Dissertation behandelt eine grundlegende Fralyegjeder Hochenergie-Astrophysik. Um heraus-
zufinden, welches der fuhrenden Modelle die Emission vdsdPen korrekt beschreibt, untersuche ich
das Abknickverhalten des Energiespektrums des Pulsarsetsiiebel bei hohen Energien.

Pulsare sind astronomische Objekte, die durch periodisdtstrahlung (Pulsation) elektromagneti-
scher Wellen vom Radiobereich bis hin zur Gammastrahlurkgrgezeichnet sind. Zwei Modellklas-
sen bildeten sich in den vergangenen 40 Jahren heraus, eMéérh Pulsationsmechanismus mit Teil-
chenbeschleunigung in der inneren beziehungsweise éuR&mgnetosphare erklaren. Beide sagen ein
Abknicken des Gamma-Energiespektrums voraus, allerdimgsnterschiedlicher Starke. Bei Erzeugung
der Strahlung in der au3eren Magnetosphare erwartet inan exponentiellen Abfall, wahrend fur die
Erzeugung in der inneren Magnetosphare ein noch starkdfall vorhergesagt wird. Daher ist die Be-
stimmung eines Pulsar-Energiespektrums in der Nahe desteten Abknickens, also bei Energien zwi-
schen einigen GeV und einigen zehn GeV eine gute Methodemedieser Szenerien Glaubwrdigkeit zu
verleihen oder es andererseits auszuschlie3en. AllerigeheVersuche, Pulsarspektren mit bodengebun-
denen Instrumenten zu vermessen, schlugen fehl; gletdhistten satellitengestitzte Detektoren eine
zu kleine Sammelflache, als dass die genaue Vermessungoeditré& moglich gewesen ware.

Diese Arbeit untersucht die Gammastrahlungsemission debsKebels in der Umgebung der Ab-
knick-Energie mit Hilfe des MAGIC-Teleskops. Ebenfallssgawertet werden offentlich zugangliche
Daten des satellitengestiitzten Gammastrahlungsdetéidoni-LAT, so dass die MAGIC-Ergebnisse mit
dem bei niedrigeren Energien anschlieenden EnergieberenFermiLAT verglichen werden konnen.

Ende 2007 wurde ein neues Triggersystem (ein analoger Sotrigger) in Betrieb genommen,
welches die Energieschwelle des MAGIC-Teleskops von 50 @#\25 GeV heruntersetzt; damit wurde
wahrend Beobachtungen von Oktober 2007 bis Januar 200Rulisar im Krebsnebel erstmalig nachge-
wiesen. Meine Untersuchungen zeigen, dass das Energiesp@k Bereich von 25 GeV bis 100 GeV
mit einem einfachen Potenzgesetz vertraglich ist. Alkghon die Tatsache, dass sich das Spektrum bis
100 GeV erstreckt, schlief3t eine Erzeugung in der inneregnigi@sphare aus.

Die FermiLAT Beobachtungen begannen im August 2008. Sie zeigers ei@sPotenzgesetz mit
exponentiellem Abfall bei einigen GeV das Energiespektdea Krebspulsars zwischen 100 MeV und
30 GeV gut beschreibt. Das ist vertraglich mit einer Erzeugin der aufl3eren, aber nicht in der inneren
Magnetosphare. Die Messungen beider Instrumente deateit stark darauf hin, dass eine Erzeugung
in der inneren Magnetosphare die Daten nicht korrekt regmh Wenn man nun die Resultate beider
Messungen kombiniert, zeigt sich, dass selbst ein einfabtwdell zur Gammastrahlungs-Erzeugung in
der auReren Magnetosphare die Daten nicht korrekt beibth¥erschiedene Annahmen sind notwendig,
um die Abweichungen zu erklaren. Das Spektrum der Elektipdie die Gammastrahlung als Kriim-
mungsstrahlung erzeugen, kann so angepasst werden, dhssviEsssungen erklart. Um diese Erklarung
zu untermauern, sind eine bessere Statistik sowie Eneifisang notwendig.

Weiterhin wurde die Energieabhangigkeit des Pulsprofiissehen 100 MeV und 100 GeV genau
untersucht. Diverse interessante Eigenschaften wurdiemdgn, von denen die Veranderungen in den
Pulsflanken und die Entwicklung der Phasen der Pulsatioxismadie erwahnenswertesten sind. Von
diesen ausgehend, wirde eine groRere Menge von Beohgshfaten erlauben, den Aufbau der Pulsar-
magnetosphare genau zu untersuchen.

Um Beobachachtungen von weiteren Pulsare und mehr Qusséddaunter 100 GeV zu verbessern,
wurde eine neuer Photondetektor, der HPD R9792U-40, ctwisikrt. Viele positive Eigenschaften
konnten gefunden werden, wie beispielsweise eine sehr Rbb®on-Nachweiseffizienz, eine aul3eror-
dentlich niedrige lonenriickkopplungswahrscheinliéghlewie eine ausgezeichnete Ladungsauflosung.
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CCD Charge-Coupled Device

CE Collection Efficiency

CGRO Compton Gamma-Ray Observatory

CiB Cosmic Infrared Background

CMB Cosmic Microwave Background

COB Cosmic Optical Background

COG Center Of Gravity

COMPTEL imaging COMPton TELescope (on CGRO)
CR Cosmic Ray

CTA Cherenkov Telescope Array

DAQ Data AcQuisition

dof degree of freedom

EBL Extragalactic Background Light

EGRET Energetic Gamma-Ray Experiment Telescope (on CGRO)
FADC Flash Analogue-to-Digital Converter

FoV Field of View

FWHM Full Width Half Maximum

GRB Gamma-Ray Burst

GBM Gamma-ray Burst Monitor (oRermigamma-ray space telescope)
GPS Global Positioning System

GZK Greisen-Zatsepin-Kuzmin

HESS High Energy Stereoscopic System

HiRes High Resolution fly’s eye

HRI High Resolution Imager

HV High Voltage
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NSB Night Sky Background
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PC Polar Cap
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PFF Pair Formation Front
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PSF Point Spread Function
PSR Pulsar
PWN Pulsar Wind Nebula
QCD Quantum ChromoDynamics
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QG Quantum Gravity
RMS Root Mean Square
ROSAT  RDntgenSATellit
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SED Spectral Energy Distribution
SG Slot Gap
SMBH SuperMassive Black Hole
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SUSY SUperSYmmetry
uv UltraViolet
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VERITAS \Very Energetic Radiation Imaging Telescope Arrggiem
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List of Useful Units

In addition to the standard units in the cgs system, follgwinits are useful in astrophysics and
will be used in this thesis.

eV  1.602x10 " erg

keV 10%eV

MeV 10°eV

GeV 10%eV

TeV 102 eV

PeVvV 10" eV

pc 3.086 x 10'8 cm
kpc  10% pc

Mpc 106 pc

b 1024 cm?

mb 103b

List of Useful Physics Constants and Parameters

c speed of light 2.998 x 10'% cm/s

h Planck constant 6.602 x 10727 erg s

h = h/2r, reduced Planck constant 1.054 x 102" erg s

G Newtonian gravitational constant 6.6742 x 10 8cm*g ! s
e electric charge of an electron 4.803 x 1072 esu,1.602 x 10" C
m. mass of an electron 9.109 x 10-?® g, 511 keV/é
m,  mass of muon 105.7 MeVic

ma, Mass of a neutral pion 135.0 MeV/c

a = e?/he, fine structure constant 7.297 x 10~* = 1/137.035
Te = e?/m.c?, classical electron radius 2.818 x 1072 cm

or = 8&rr?/3, Thomson cross section 6.652 x 1072 cm?

X = h/m.c = r./a, electron Compton wavelength3.862 x 10~'' cm

B. = m?2c*/he, critical magnetic field strength 4.414 x 10 G

M. solar mass 1.988 x 10* ¢
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Introduction

The first detection of the TeV gamma-rays from a celestiatcthj.e. the discovery of the Crab
Nebula by the Whipple telescope in 1989, opened a new fieldtmo@omy, which is called very
high energy (VHE) gamma-ray astronomy. In this thesis, VHiEnga-ray stands for photons
with energies above 10 GeV. As of now approximately 100 VHBEge-ray sources are known,
which are categorized into several classes such as acti@etiganuclei, supernova remnants,
pulsar wind nebulae and gamma-ray binaries. ObservatiovislE gamma-rays have given first
insight into the nature of these extremely dynamical olsjeatitting non-thermal radiation.

Pulsars are a class of celestial objects, which emit peripdised radiation (pulsation) ex-
tending from radio up to gamma-rays. VHE gamma-rays caresss\an important probe for the
radiation mechanism of pulsars, too. Pulsars are explaiseapidly rotating neutron stars which
possess extremely strong magnetic fields. Electrons asdemated within their magnetosphere
by strong electric field and emit beamed electromagneti@tiac, which will be observed as
pulsation due to the rotation of the neutrons star. On topisfdeneral picture of the pulsation
mechanism, there are two competing major scenarios whiebifgpthe acceleration/emission
region within the magnetosphere. One is the inner magnleswsgscenario, in which the pulsa-
tion originates from near the magnetic pole on the neutransirface. The other is the outer
magnetosphere scenario, in which the pulsation comes fragian along the last closed mag-
netic field lines in the outer magnetosphere. Both scen@oodd reasonably explain all the
features of pulsars observed before 2007. One of the besttwagrify or refute these scenarios
is measuring the energy spectrum at around cut-off eneryat energies between a few GeV
and a few tens of GeV. The reason is as follows: Both scenariedict a high energy cut-off
in the gamma-ray energy spectrum, but with different céisbarpness. An exponential cut-off
is expected for the outer magnetosphere scenario whileer-gxponential cut-off is predicted
for the inner magnetosphere scenario. The sharpness afittoéf@nd the highest energy of the
observed photons allow one to constrain the emission region

Before 2007, a satellite-borne detector, EGRET, detectgdnima-ray pulsars and the en-
ergy spectra could well be measured only up~tos GeV. On the other hand, ground-based
imaging atmospheric Cherenkov telescopes (IACTs) coulflteeupper limits only above 100
GeV. There existed no sufficient measurement in the impbgaargy range, i.e., at energies
between a few GeV and a few tens of GeV. It was evident thatdillhis energy gap would lead
to a clarification between the competing scenarios and arbatiderstanding of the pulsation
mechanism.

The MAGIC telescope is the IACT that has a largest single ceflector with a 17 m diam-
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eter. Accordingly, it has the lowest energy threshold am&@jrs (50 GeV in the case of the
standard trigger). MAGIC has been the best instrument tohi@lenergy gap from the higher
side. Moreover, in October 2007, the new trigger system (Stdiper system) was imple-
mented, which reduced the energy threshold even furthem 60 GeV to 25 GeV. Nearly at
the same time, a new satellite-borne gamma-ray detdeoniLAT, became operational in Au-
gust 2008, which has& 10 times better sensitivity than EGRET and could measure theapu
energy spectrum well beyond 10 GeV. It began filling the gamfthe lower side.

In this thesis, the observational results on the Crab pligaAGIC at energies above 25
GeV are presented. The public data of frermiLAT on the Crab pulsar are also analyzed
from 100 MeV to~ 30 GeV. The combined analysis of the results from two experisisnalso
carried out, carefully taking into account the systematicartainties of both experiments. Then,
several constraints in the pulsar model based on the cochbimergy spectrum are discussed. In
addition to the spectral study, energy-dependent pulddgsbetween 100 MeV to 100 GeV are
intensely studied. The possibility to infer the fine struetaf the emission region based on the
pulse profile is also discussed.

Aiming for better observations of some selected pulsarsather sources below 100 GeV
with MAGIC, a new photodetector, HPD R9792U-40, is investegl. HPD R9792U-40 is a hy-
brid photodetector. Since a hybrid photodetector has reem used in any IACTS, its properties
and performance are thoroughly studied.

The thesis is structured as follows. An introduction to VHigna-ray astronomy is given
in Chapter 1. Pulsars and theoretical models of the pulsatiechanism are introduced in Chap-
ter 2. Chapter 3 describes the IACT technique and the MAGIKE3tepe. The analysis methods
of the MAGIC data and its performance are explained in detdlhapter 4. The analysis results
of the MAGIC data and the publieermiLAT data on the Crab pulsar are presented in Chapter 5
and Chapter 6, respectively. In Chapter 7, a combined asadyshe results of the two experi-
ments is performed. Physics discussions on the resultsesented in Chapter 8. The properties
and performance of HPD R9792U-40 and the development oteded operation circuits are
presented in Chapter 9. Conclusions and outlook are addeldapter 10.



Chapter 1

Very High Energy Gamma Ray Astronomy

H.E.S.S. RX J1713-3946

PSF

17h|15m 17h|10n1

Figure 1.1: A VHE gamma-ray skymap of a supernova remnant)R43.7-3946, observed by HESS
(High Energy Stereoscopic System). The superimposeduwsrdgbow the X-ray surface brightness. Fig-
ure adopted from [13].

In order to explore the Universe, one needs to catch its “emegss” such as cosmic-ray nu-
clei, electrons, neutrinos, photons and gravitationalesa\Among them, photons are the most
useful ones because they retain directional informatiotheir origin unlike charged particles
which suffer magnetic field scattering, while efficientlygracting with detectors via electromag-
netic force. Neutrinos and gravitational waves are alse frem magnetic fields but detection
of them relies on weak or gravitational interactions, whach much less efficient than the elec-
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tromagnetic one. Nowadays the Universe is being observgehbtons with energies ranging
from 107 eV to10'* eV. Photons are called by different names depending on #gies: radio
(below 102 eV), infrared (02 to 2 eV), optical (2 to 3 eV), ultraviolet (3 to 100 eV), X-ray
(100 to5 x 10° eV) and gamma-rays (abodex 10° eV). The energy range between'’ and
10'* eV is named “very high energy” (VHE) and is the main energy donof observations ana-
lyzed in this thesis. Photons in different energy bandssdetiifferent kinds of information and
the major role of the VHE gamma-rays is to transmit informafirom locations in the Universe
where very high energy particle processes take place. é&tfigarticle acceleration can occur
mostly when there are extreme astronomical objects or phena such as neutron stars, black
holes, supernova explosions and gamma-ray bursts. Cogrsiyj0WHE gamma-ray astronomy
is connected to the extreme aspect of the Universe. In addMHE gamma-rays can provide
valuable information about some aspects of fundamental@sgsics and cosmology such as de-
ducing the energy spectra of the extra-galactic backgrdghtl(EBL), probing for the quantum
gravity effect and searching for the dark matter.

In this chapter, VHE astronomy is introduced, starting intS&.1 with cosmic rays, through
which human beings first realized the presence of strongcpmgecceleration in the Universe.
The mechanisms of charged particle acceleration and pabipagwill be described in Sect. 1.2,
while Sect. 1.3 explains various mechanisms for gamma-agyztion. The possible sites for
charged particle acceleration and known VHE sources witldqgcted in Sect. 1.4. In Sect. 1.5,
| will introduce several topics of fundamental physics aagmology for which VHE gamma-ray
astronomy can be a useful probe. Finally, concluding remafkhis chapter and the reason for
the choice of a pulsar as a topic of this thesis will be giveSeaat. 1.6.

1.1 Cosmic Rays

Cosmic Rays (CRs) are high energy atomic nuclei and elexigenerated at various locations
in the Universe. The earth is constantly bombarded by CRsst iothem are absorbed by the
atmosphere, or else life would not have developed on Earth.

1.1.1 Discovery of Cosmic Rays

In 1912, an Austrian physicist, Viktor Hess, found througitidon experiments that ionization
in the atmosphere increased with increasing altitudecataig the presence of radiation coming
from the Universe (see [98]). This was the discovery of CR talstart of a new research
field still very active today. In 1939, Pierre Auger discaaethe phenomenon of cosmic ray air
showers (see [32] and Sect. 3.1). Measurements of air sedeatto the determination of the
energy spectrum of CRs and proof that CRs up(® eV were generated in the Universe.

1.1.2 Energy Spectrum of Cosmic Rays

The energy spectrum of the CRs has been measured by varipagregnts. Surprisingly, it
shows a power law over 10 decades, froi¥’ to 102°eV as displayed in Fig. 1.2. The existence
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Figure 1.2: CR spectrum from 108 to ~ 10%° eV. It shows a power low above 10eV but the index
changes a8 x 10'> eV and3 x 10'8 eV, respectively called “knee” and “ankle”. Figure adoptdéem
[58].

of such high energies and the power law spectrum clearly shatv\CRs are produced by non-
thermal processes. Below 1V, the spectrum of the CR does not follow the power law but is
curved in log-log plot. This is mainly due to the observasibeffect around the Earth because
the geomagnetic field and solar wind magnetic field prevemtdnergy charged particles from
entering the Earth’s atmosphere. Fram® to 3x10'® eV and from 3x10' eV to 3 x 10"
eV, the spectrum follows a power law with an index of -2.7 aB@;respectively. The break of
the spectrum at810'° eV (3 PeV) is called the “knee” of the CR spectrum. Ak 10'% eV,
which is called the “ankle”, the index again changes to -Z.Bbe two breaks of the spectrum,
“knee” and “ankle”, are thought to be connected with the iorgf CRs i.e. the knee indicates
the acceleration limit of protons and the successive liofiteeavier ions inside the Galaxy while
extragalactic CR dominates above the ankle. However, tmegeers are still under debate (see.
e.g.[101]). Due to the interaction with Cosmic MicrowavecBground (CMB) photons (2.7 K
black body radiation spectrum with a density of 400 photoms), the mean free path of charged
particles with energy higher than 6 x 10! eV is very short £ 30 Mpc for 102 eV protons)
and, therefore, a cut-off (the Greisen-Zatsepin-KuzmiGdK cut-off, see [199] and [198]) is
expected at around this energy in the spectrum, unless énergome nearby powerful acceler-
ators. The AGASA experiment claimed an absence of the GZKffisee [176]) while HiRes
experiment results suggested its existence (see [1]). t@nuger experiment is accumulating
ultra high energy CR data to clarify the controversial resul
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1.1.3 Energy Density of Cosmic Rays in Our Galaxy

The energy density of CRs near the solar systemlieV/cn? and is comparable to that of the
galactic magnetic field, the starlight in the Galaxy and CMiB{ons. Approximating the Galaxy
volume as a flat cylinder with a radiuds= 15 kpc and a height = 200 pc and assuming that the
local CR energy density = 1 eV/cnt is constant over the Galaxy, the total CR energy in the
Galaxy is calculated to be

Egcor = TR*hp ~ 4 x 10%eV ~ 5 x 107erg (1.2)

CRs generated in the Galaxy are trapped for some time witleiralaxy due to the magnetic
field (3:G). The average time spent by CR particles in the Galaxy i9'* sec (see e.g. [82)).
Therefore, only a few galactic astronomical objects, whiakie acceleration power ef 10
erg/s, can naturally explain the observed energy densifgeffovae are the best candidates for
accelerating galactic CRs, as will be discussed in Seci2.1.2

1.2 Acceleration and Propagation of Charged Particles

How can CR particles be accelerated in the Universe? Hereralecceleration mechanisms will
be described. The following sub-sections are basicallyndh&gis taken from a number of text
books and papers, referenced in the Bibliography, dealittytive acceleration and propagation
of CRs.

1.2.1 Second Order Fermi Acceleration

Our galaxy is filled with highly variable magnetic “cloudsh the rest frame of a cloud, charged
particles will be elastically scattered. If clouds are nmayithe particles will gain energy. Here, |

describe this acceleration mechanism which is called tberskorder Fermi acceleration named
after its original proposer E. Fermi (see [75]).

Figure 1.3: Schematic view of scattering of a particle by @éamoving magnetic cloud. In the rest frame
of the cloud, the magnetic fields change the direction of Hréigle keeping the energy constant. In the
lab frame, the particle gains energy. The gain comes frommtbgon of the cloud, i.e. its kinetic energy.
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Let us consider the collision of a particle with a magnetmud moving with a velocity of
V. The energy (momentum) of the particles before and aftatesoag areF; (P;) and £, (),
respectively. In the rest frame of the cloud, the energy efaarticle before scattering; would
be

E} =~(E, — BPicost) ~ vE, (1 — [cosh;) (1.2)

wherey = 1/y/1 — 2, 8 = V/¢, 6, is the angle of the incoming direction of the particle with
respect to the direction of the movement of the cloud (see ER). Similarly, the energy of the
particle after scattering’, would be

Ey ~ yEy(1 + Beost) (1.3)

wheref’ is the angle of outgoing direction of the particle in the daast frame, with respect to
the direction of the movement of the cloud. In the cloud remtnie, the scattering is elastic and
thusE| = E). Therefore, the energy gain of the particle by a single siolfi is

AE  E, —E; 1 Bcost + Beosty — B%cosh; cost, | (1.4)
E FE, o 1-— 32 .

Now, the mean value of csand cog), should be calculated. Since scattering is isotropic in the
cloud rest framex cos#, > = 0. The probability of the collision with an angle is proportional
tov — Vecosh,. Whenv ~ ¢,

dP
o x 1 — fBeosb, (1.5)

where(); = 27(1 — cos#;). Therefore,

i aP bi=r P 3
0, > — / 0,240 g0, = -2 1.6
< costy > ) o oS o 1/ oo a0 3 (1.6)
AE 14 6%/3 4,
= —1~=-3"=q 1.7
z - 35 o (1.7)

Since the energy gain is proportional £6, it is called the “second order” Fermi acceleration.
After n collisions, the energy of the particle will be

E(n) = Ey(1 + a)" (1.8)

wherekE is the initial energy. When particles stay in a galaxyfan average and they collide
with clouds everyr.,;, the probability that a CR particle can collidetimes without escaping
from Galaxy should be

P(>n)=01—1.u/7)" (1.9
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wherer.,, << 7 is assumed. Therefore, from Egs. 1.8 and 1.9, CRfi(x E) above energy
FE would be

logF'(> E) o logP(>n) =log(FE/Ey)/log(1l + a) x log(1 — Te /T) (1.10)
log(1—70p1/7) ~Teol

F(>E) x (E/E)) e+ ~ (E/E)) 7o (1.11)
Typically, the velocity of clouds is 30 km/sec correspomgto o ~ 10~® and 7., /7 is 1075,

leading to the spectral index ef1 00, which is by far steeper than the CR spectrum (the index of -
1.7 between 10 GeV and 3 PeV). Therefore, this mechanisnaisieto explain CR acceleration.

1.2.2 First Order Fermi Acceleration

shock

downstream upstream g,

~——

e
- E1
e
~ Eo

Isotropic
>
7'\

Figure 1.4: Scattering of a particle near a shock wave in thst frame of upstream interstellar medium.
A particle crosses the shock from upstream to downstreamsaschttered back by a magnetic field. As
with the 2nd order Fermi acceleration (Sect. 1.2.1), thetipbe gains energy each time it crosses the
shock front.

In order to obtain the observed hard spectrum, a more efticieceleration mechanism is
required. A shock wave of plasma can provide a more efficiesthanism, as also advocated
by E. Fermi (see [75], [76] and [116]). During the propagatid the shock wave, particles can
cross the shock front back and forth many times because theetia fields scatter them. Each
time particles cross the shock, they gain energy. As a rebly can be accelerated up to very
high energies.

Let us consider the shock wave with the velodity According to the Rankine-Hugoniot
relations (see [151]) assuming fully ionized gas and ndatikestic shocks, the mean velocity
of the downstream particles (the shock passed)ig4 (see Fig. 1.4). If a particle passes the
shock front from upstream to downstream with an arfglend comes back with an anglé
(in the rest frame of downstream matters), the energy of #ragte increases and the gain is
exactly the same as Eq.1.4, whetre- (3V;)/(4c) in this case. The difference compared to the
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second order Fermi acceleration arises in the mean valuestfand cos;, because of the shock
front. Hereafter, | assume that the velocity of partiales much larger than the shock spééd
Vi, << v. The probabilities that a particle crosses the shock frostrapm to downstream with
an anglgg, and that from downstream to upstream with an afglare

P P
5—91 x —cosb, 5—9,2 o cost, (1.12)
< cosfl; > and< cos#, > can be calculated by Eqg. 1.6 but with a different integratanmge of
m/2tox and O torr /2, respectively.

2
<cosh > = — <cosby >= 3 (1.13)

Substituting these in Eqg. 1.4, one obtains

AFE
E

In this mechanism, the energy gain per crossing (back atid)fisrproportional to first order in
S, and that is why this process is called First order Fermilacagon. It should be remembered
thatf is the velocity of the magnetic cloud for the second ordentfrecceleration while it is 3/4
of the velocity of the shock wave for the first order Fermi dexaion. The energy spectrum of
the accelerated particles can be calculated as follows:n&scan see from the relative velocity
between the shock front downstream patrticles (see Figth&humber of particles which escape
from the acceleration region per unit of time is

~ gﬁ—VS/(;:a (1.14)

Tloss = nCRv:s/4 (115)

wheren is the number density of CRs. The number of particles whioksthe shock front is

1 A
Teross =2 n(;R4—/ (vcost)2md(cost) ~ nerv/4 (1.16)
m Jo

The probability that a particle escapes from the accetaratgion without another crossing is
P.se = Tioss/Teross = Vis/v << 1. The probabilityP(> n) that a particle can cross the shock
more tham times and the energy (n) aftern times crossing are,

P(>n)=(1-V;/v)" (1.17)
E(n) = Eo(1 + a)" (1.18)

As with the argument for Egs. 1.8 to 1.11, the energy spectiiime accelerated particle would
be

— Vs

F(>E) x (E/Ey)%

~ (E/Ey)"! (1.19)

The integral spectrum shows a power law behavior with andrede- 1, which is comparable to
the observed one of -1.7. Residual difference can be exquldig the propagation effect of CRs
(see Sect. 1.2.6).
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Shock waves can be produced by, for example, supernovaestxps. The average total en-
ergy of a supernova explosionfs;y = 10°! erg. If one percent of the total energy is transferred
to the CR particles by the first order Fermi acceleration &ildeire is one supernova every 30
years in our galaxy, then the acceleration power would be

P = 0.01Egy/30years = 10*erg /s (1.20)

which is consistent with the power needed to sustain therebdeCR (see Sect. 1.1.3). Because
of this good agreement to the measurements in both spebttpésand energy density, and also
because of absence of competitive mechanisms, the first Bedmi acceleration is believed to
be the major mechanism for CR acceleration.

1.2.3 Electric Field Acceleration

The most efficient acceleration of charged particles istetefield acceleration as used in the
man-made accelerators for high energy particle physicsweder, it is not easy to establish
strong and persistent electrical fields in the Universe. Qossible site is near a magnetized
neutron star. This is directly connected to the pulsar @onssechanism and will be discussed
in Sect. 2.6.

1.2.4 Magnetic Dipole Radiation Acceleration

Propagation

Electron

\

7ol
4

Figure 1.5: Schematic view of magnetic dipole acceleratioharged particles are efficiently accelerated
along the direction of radiation propagation because of ieey strong fields and very low frequency of
the radiation.

As will be described in Sect. 2.3, a pulsar has magnetic dipadliation. It propagates
spherically in the wind zone out of the light cylinder (seg.Fil.10 and Sect. 2.5.2,). The
frequency of the radiation is equal to the rotation freqyeoicthe pulsar2, which is mostly
between 1 and0* s~!. This very low frequency radiation can accelerate pastictry efficiently,
This was first advocated by Gunn and Ostriker (see [89]).
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The magnetic fields and electric fields of the radiation intatimog pulsar are perpendicular
to each other. The strength of the electric fighd and magnetic fieldB| at a distance (from
the pulsar) and timeare expressed as

Bl = |B| = "B, sinQ(t — r/c) (1.21)
r

wherer;, and B;, are the radius of the light cylinder and the magnetic fieldregth at-;,. Defin-
ing the X, y, and z axes as electric field, magnetic field andevwaepagation direction respec-
tively (see Fig. 1.5), the acceleration mechanism can bkieqal as follows: The electric field
tries to accelerate charged particles in direction x winierhagnetic field bends the direction in
the z direction. As a result, charged particles will be am@gkd in the z direction. Thanks to the
very strong fields and low frequency of the radiation, theeiy of the particles can reach ¢

in a very short time and consequently they stay in the samsepbfathe radiation long enough
to be accelerated to a very high energy. Following the oaigamgument by Gunn and Ostriker
(see [89]), a more quantitative estimation can be done &safsl The equations of motion of a
charged patrticle, taking into account relativistic effgetre

dug ev, B wrry

- = vSin[Q(t — r/c)] (1.22)
dv,  evll ev,B  wrrp .

o = T —=— (vg — v,)sin[Q(t — r/c)] (1.23)
d

Py _ (1.24)
dr

dv,  ev,B wrry .

o~ = = vzSin[Q(t — r/c)] (1.25)

wherew; = eB;,/(mc) is the gyro-frequency ana is the mass of the particle. is the proper
time andv,,s are the four-velocity. Solutions for these equations utisecondition that a particle
isatrestat = 0 are

v, =v2/(2¢), wvo=c+u, (1.26)

v3/cC 3/2 wr, .
g% = ﬁst(t —r/c) (1.27)

Let us assume that particles are accelerated frem-, to r = r. while staying the same phase
¢o. From Eg. 1.27, the maximum attainable energy of the partiah be calculated to be

2/3

Emax max max

= muy"™c ~ moy*e = mc’

ﬁiln <i> singy (1.28)

rL

Typically In(r./r;,) ~ 10. In the case of the Crab puls&t,~ 200 s™' andw;, ~ 10" (10'%)
s ! for the electron (proton). Electrons and protons can réatheV and10'® eV, respectively.
This very powerful acceleration mechanism creates stroigapwinds.
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It should be noted that this mechanism works only when a ¢omdi'gw; ) > wg iS met,
wherel’, is the Lorentz factor of the particle at injection point angds the plasma frequency in
the wind zone (see [89]). Even if the condition is not fulfiljéor example, due to high plasma
density, Poynting energy fluE x B should be transferred into plasma energy in one way or
another, resulting in strong pulsar winds. Therefore, imegal, the rotation energy of a pulsar is
carried away mostly in the form of relativistic pulsar windse Sect. 2.3).

1.2.5 Other Acceleration Mechanism

The first order Fermi acceleration (see Sect. 1.2.2) wasiaga assuming non-relativistic shock
speed. However, shock speed can be relativistic when, fonple, pulsar winds are involved.
Particles are also accelerated in a relativistic wind swlh in a similar manner but the spectral
index would be different (see e.g. [148]). The reconnectibmagnetic fields is another mecha-
nism for efficient acceleration, which is thought to takecplan a variety of astrophysical objects
from the Earth’'s magneto-tail (see e.g. [197]) to solar fgee e.g. [108]) or active galactic
nucleus jets (see e.g. [45]).

1.2.6 Propagation of CRs inside Our Galaxy

The CR particles produced in the Galaxy are trapped by ttectiaimagnetic field. The time,,
which the CR patrticles spend in the galaxy is rigidity-degesnt, and hence, energy-dependent.
The dependency can be measured by, for example, the boramltorcnuclei ratio in the CRs.
Since almost all boron nuclei are produced by spallationaolben nuclei, the ratio of the two
components reflects,.. The measurements (see e.g. [83] and [172]) showx E ¢, where
E is the energy of the particle. This energy dependence ofaffects the energy spectrum of
CRs, i.e.

dN dN

d—Eobs > d—Esrc

where%obs and %m are the energy spectra of the CRs at the origin and near ttfe e%s-
suming the first order Fermi acceleration, the CR energytgpecnear the earth should be
4% .. o< E-*5 which is in good agreement with the observational resiits o £ >7 below

3 PeV.

x E06 (1.29)

1.2.7 Propagation of CRs outside Our Galaxy

Observed CRs above the ankle energy are thought to origirateextragalactic sources be-
cause the galactic magnetic fields cannot confine such ufjladnergy particles and known
galactic sources are insufficient to accelerate partickels above10'® eV. Outside the Galaxy,
CRs propagate in an extragalactic magnetic field. The dinemgd structure of extragalactic
magnetic fields are poorly known. Assuming the turbulentcitire with~ 1 nG for a coherent
length of~ 1 Mpc (outside the galaxy clusters) one can explain well thasueement of CRs
above 10° eV (see e.g. [173] and [85]). As mentioned in Sect. 1.1.2 CRs @nergy higher
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than~ 6 x 10' eV interact with CMB photons to produce pions via theesonance, leading to
a small mean free path(30 Mpc for 10?° eV protons), which causes suppression of the flux of
CRs from far outside of the Universe (GZK cut-off, see [1994 §198]).

1.3 Gamma-ray Emission Mechanisms

Once charged particles are accelerated to a very high enbgye exist several mechanisms
to produce non-thermal gamma-rays. Here, | briefly desdhbee emission mechanisms. If
the accelerated particles have a power law energy spectitimaw index of—p, the resulting
gamma-rays often have a power law spectrum with an indexqfThe relation betweep and

q is different for different emission mechanisms and it is wedul tool for VHE astronomy to
study the source objects. The relatipandqg will also be discussed for each mechanisms.

1.3.1 Decay of a Neutral Pion

When accelerated hadrons collide with other hadrons, maidns are produced with about
one third of them being neutral pions;. Ther, has mass of 135 MeV/and decays nearly
instantaneously into 2 photons with the lifetime of B)~!” second.

pt+p—om+ X >v+9+X (1.30)

where X denotes associated products such as protons, neutrorsgndnother mesons. The
energy of gamma-rays from, with the energyF,, = I'm,,c* can be calculated as follows: In
the rest frame of the,, the energy of the two gamma-raysi$ = my,c?/2. Inthe lab frame, the

energy of the gamma-ray is boosted toe= I'E! (1+ cosf) ,wheref is an angle between the
gamma-ray momentum in the rest frame with respect to thetlubestion (see Fig. 1.6). The
emission anglé should be isotropic, i.e. the mean of 6ahould be<cog) > = 0. Therefore,

the average gamma-ray energy will bBe = E!I' = £, /2. If a pion has a power law energy

Rest Frame Lab Frame
Lorentz Boost

E' = 67.5 MeV / r E=ET(1+Bcos8 )
y
0 __——

/E’ = 67.5 MeV \ E=ET(1-3cosb )

Figure 1.6: Decay of a neutral pion in the rest frame of thenpamd in the lab frame

spectradN,,/dF., = KE_P, the resulting gamma-ray spectt&/, /d I, can be calculated as
follows:

E, = 1/2E,, N,=2N,, (1.31)
dN,  4dN,,

Rkl R B 1.32
dE, FTo (1.32)
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The gamma-ray spectra is also a power law and its indgis equal to—p.

The similar argument applies to the relation betweemthgpectrum and their parent hadron
spectrum, i.e., the energy spectrummg$ follows that of parent hadrons. If CRs are accelerated
by the first order Fermi acceleration and they produce gamays-via hadronic interactions,
observed gamma-rays would show a power law spectrum withdaxiof—q¢ ~ —2.0 (see Sect.
1.2.2).

1.3.2 Inverse Compton Scattering Process

High energy electrons scatter ambient photons and traeségy to them via the inverse Comp-
ton scattering process.

€ + Yiow = € + Vhigh (1.33)

In the rest frame of the electron, it is Compton scatterinige €ross section of this interaction
can be written as (see [107])

r2 [ 2 e ¢
do = 2 (—) (— +— — sin20> dQ (1.34)
2 \ ¢ e €
1
1
< : (1.35)
¢ 1+ —£5(1 — cost)

wheree', ¢ andf are the energy of photon before scattering, after scatfen the scattering
angle in the electron rest frame.

Thomson Regime

For the so-called Thomson regimé &€ < m,c?), € should be approximately equald6(see Eq.
1.35) and, hence, the total cross section is simplified a&skse 1.34)
8 2

0 = gmrg =07 (1.36)
It is independent of the photon energy and equal to the Thorosmss sectiom;. When the
energies of the electron and the target photon in the labdrareE, = I'm.c? ande, and if
e << E., the mean energies of scattered photbn the lab frame can be estimated as follows
(See Fig. 1.7):

In the electron rest frame, target photons come from thetlubieesction and the mean energy
of them isl'e (see the middle panel of Fig. 1.7). The photons are scatbgrétiomson scattering
and change the direction holding the same energy. In therdaibe, the scattered photons gain
energy by Lorentz boost by a factor f ' on average. Consequently, the energy of the photon
after scattering”, is (see the right panel of Fig. 1.7)

E, ~ fI? (1.37)
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photonE = ¢ photonE =l¢ photonE = ¢

-

e - FEN

-

Mo,

Lab Frame before Scattering  Electron Rest Frame  Lab Frame After Scattering

Figure 1.7: Schematic view of the inverse Compton scaterirthe Thomson regime. Left: A high energy
electron and ambient photons before scattering in the lam&. The energy of the electronlign,.c.
The photons are isotropic and the mean energy iliddle: Scattering of the photon in the electron rest
frame. The ambient photons come from the boost directiortfaidmean energy before scatteringlis.
The scattering changes the direction of the photon but iesggnremains the same. Right: the electron
and photons after the scattering. The energy of the scaltghneton is"2¢ on average.

When energy density of the ambient photon field/js;, the number of photons scattered in a
unit time is
n =~ opcUpqq/€ = const. (1.38)

It is independent of the electron energy; If there are ebestwith a power law energy spectrum
dN./dE, = KE_?, the energy spectrum of scattered photons would be

E. o« E)? dE,x E;'*dE, (1.39)
d*N, ndN, o
T x T:nKEBPEQ/? (1.40)
b, dt E,/*dE,
ox B w2 (1.41)

The scattered photons show a power law with an indexpf —(p + 1) /2.

Klein-Nishina Regime
For the so-called Klein-Nishina regimé > m,c? ), the cross-section can be approximated as
(see [10])

ok N =~ 3/8ark, In(4kg) (1.42)
Ko = Fee/(mec?)? (1.43)

It decreases approximately proportionally to the energthefelectron or the target photon. In
the electron rest frame, scattering is not the Thomson psobat the photon loses energy by
transferring a fraction to the electron. In the Klein-Nishiregime, by definitions’ >> m,c?.
Therefore, from Eq. 1.35, the energy of the photon aftetsgage” is

" ~m.c’/(1 — cosb) (1.44)
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Consequently, the energy of the photon after scattetinm the lab frame is
E, ~ TI'm.’=E, (1.45)

When energy density of the ambient photon fiel&lig;, the number of photons scattered per
unit time is
n~og ncUpa/e X B, (1.46)

If there are electrons with a power law energy spectilvy/dE., = KE,?, the energy
spectrum of scattered photons would be

dN, ndN,
di,dt ~ dE,
x E # (1.48)

x B PE! (1.47)

The scattered photons follow a power law spectrum with aeiraf —¢g = —(p + 1).

1.3.3 Synchrotron Radiation

When a charged particle moves in a magnetic field, the tiajgds bent perpendicularly to the
magnetic field by the Lorentz force and emits electromagmatiation.

e+B—e+B+ny (1.49)

When the particle is relativistic, the emission is beameithédirection of the motion and is
called synchrotron radiation (see e.g. [106]). The enepgesum of the synchrotron radiation
from a single electron with the energy 8f = I'm.c? in a unit time can be written as (see e.g.
[116])

d?N, V3¢ Bsina

Oy N2OPIMY e g, 1.50
dE.dt hm.c?E., (Ey/Ee) ( )
Fz) = T/ Ks)s(2)dz (1.51)

e
E. = §F2hygsina (1.52)

where,B, a, andy, are the magnetic field strength, the pitch angle of the elaatrith respect

to the magnetic field and the gyro-frequengy= eB/(2mm.c). K5,3(2) is the modified Bessel
function of the second kind with an order of 5/3. It is not etsgxpressd’(z) in a mathemati-
cally simple form. A functioruzexp(—2¢), however, can represent it very accurately as shown
in Fig. 1.8. Fitting gives as best parameters- 1.787, b = 0.299, andc = 0.992. Therefore
F(z) can be well approximated as

F(z) ~ 1.792°exp(—x) (1.53)
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Figure 1.8: The synchrotron radiation spectrum functiox)F log-log plot. The red line and the green
line indicate the true function (Eqg. 1.52) and the approxiedafunction (Eq. 1.53). The approximation is
very precise. Figure and fitting provided by J. Sitarek.

Therefore, from Eq. 1.50

d’N, _ 1.79V/3¢’ Bsina
dE.dt -

(E,/E.)"*exp(—E,/Ec) (1.54)

2
mono hmec E’Y

The mean energy of the emitted photon is

_ o (N o N,
B, = / B2 4R, / Y 4B ~E. 1.55
! 0 ' dE’Y mono // 0 dE’Y mono / ‘ ( )
(1.56)

The number of photons emitted in a unit time is
00 (12]\77 e’ Bsina

— dE., ~ —"—— 1.57
" o dbE)dt - ! hmc? ( )

If electrons are not monoenergetic but have a power law grspectrumi’ £ 7, the resulting
synchrotron radiation spectrum will be

E, < E)?, dE, o E;'?dE, (1.58)
dN. dN,

T x %:nKEgPE;W (1.59)
dE, dt E,/*dE,

ox B PP (1.60)
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The spectral index is exactly the same as that of the invesago@n scattering in the Thomp-
son regime{q = —(p + 1)/2). Itis interesting to compare the energies of emitted photoy
the same electron with enerdy, = I'm.c?. The typical photon energy from the inverse Comp-
ton scattering ig5/ ~ I'*hu,,; while that from synchrotron radiation i5]“ ~ T*hv,, where
vamy @nd v, are the frequency of the ambient photon and the gyrofrequefibe mean fre-
guency of the CMB photons, which are normally the most abohoienumber in the Universe,
iS Vymp = 101 Hz. The magnetic field in a SuperNova Remnant (SNR) can re@@jp & which
corresponds ta x 10° Hz in gyrofrequency. The emitted photon energies differ byaler of
8. For example, 5.1 TeV electrons can emit() GeV photons by inverse Compton scattering of
CMB photons while synchrotron radiation in the SNR would~bea00 eV.

1.3.4 Curvature Radiation

Synchrotron Radiation Curvature Radiation

X B

Mag. Field

X F
Virtual Strong Qurvel
Mag. Field Mag. Field

ce (ST

Figure 1.9: Comparison between synchrotron radiationtflahd curvature radiation (right). Both are

radiation generated by the magnetic field braking. For syoatbn radiation, Lorentz force causes the
brake, while for curvature radiation, the curvature of theoag magnetic field is the origin of the brake.
All the properties of curvature radiation can be obtainedthg analogy with synchrotron radiation by
presuming that the curvature of the electron motion is cduselLorentz force from the virtual magnetic
field B'.

If there is a curved magnetic field and the gyroradius of aoteda is much smaller than
the curvature, the electron moves along the curved maghelic Since the trajectory of the
electron is bent by the curvature of the magnetic field, inteafdto synchrotron radiation, the
electron emits another component of radiation called dureaadiation.

By assuming that curved motion is not due to the curved magfietd but due to an
imaginary magnetic field3,,,, perpendicular to the curved field plane (see Fig. 1.14), frop
erties of the curvature radiation could easily be obtaingdr analogy with synchrotron radi-
ation (see [144]). In the case of synchrotron radiation,dineature of the electron motion is
Rgyne = (mec’T')/(eB), thus,B = (m.c’T")/(eRsyn.). Therefore when the curvature of the
field is R..,., the imaginary magnetic field is defined Bs,,, = (m.c’T")/(eRcyur), Which is
dependent on the energy of a particle and curvature of thee 83l replacingB in the Egs. 1.56
- 1.60 with B.,., and substitutingr = 7 /2,
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N, 1.79v/3¢’ Beuro

~ E,/E,)%3 —E.,/E 1.61
dE,Ydt - hmeCQE,y ( ’Y/ ) eXp( 'Y/ C) ( )
_ 3 eB 3
E, ~ E, = _-T?*h—" — "3 1.62
y c 9 27rmec 9 Veurwv ( 6 )
c
curv  — 1.63
I/‘ 27TR(371,T"U ( )
’3BCU/I"U
n o~ & x E, (1.64)
hm,c?

If electrons are not monoenergetic but have a power law gregrectrumi £-7, the resulting
curvature radiation spectrum will be

E, « E)* dE, o E**dE, (1.65)
d2N7 ndN,

— ¢ x E;PHIE28 1.66

dE,ydt X E$/3dEeoc € v ( )

o B (1.67)

The resulting gamma-ray spectrum will be a power law withratek of —¢ = —(p + 1) /3.

1.3.5 Bremsstrahlung

When a charged particle hits the nuclei, it is braked by thetdk field of the nuclei. As a result,
it emits radiation called bremsstrahlung (braking radiati

e+7 e+ 7+ (1.68)
The mean energy of the emitted photéh is proportional to the energy of the charged par-

ticle (see e.g. [10]). If electrons have a power law energgcBpm K E_ 7, the resulting
bremsstrahlung spectrum will be

E, x E, dE,xdE, (1.69)
dN? dN,

1 N 1.70
db,dt B, (1.70)

The gamma-ray spectrum would also have the power with thexind = —p.

However, in most of the astrophysical sources, electross émergy by synchrotron radi-
ation or inverse Compton radiation rather than bremssirghl Only in very dense environ-
ments such as Cygni SNR in which nuclei density is in the order of 300 chin number, can
bremsstrahlung dominate (see [187]).
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1.4 Possible Acceleration Sites and Known VHE Gamma-ray
Sources

As described in Sect. 1.2, there exist quite a few partictel@cation mechanisms. Here, | will
list several possible acceleration sites where those méha may be working. In addition, as
described in Sect. 1.3, VHE gamma-ray emission is expentsdadh places. | will also show the
known VHE gamma-ray sources.

1.4.1 Galactic Sources
Supernova Remnants

A supernova explosion ejects dense energetic plasma amdwi@eps up the nearby interstel-
lar medium. A shock wave is generated in the place where saparejecta and the interstel-
lar medium collide. There, the first order Fermi acceleraf{gee Sect. 1.2.2) works and thus
charged particles can be accelerated. Considering th& speed, scale of the system, magnetic
field and explosion rate, SNR can explain basically all tla¢fees of CRs at least below the knee
energy. Fig. 1.1 shows the emission areas of VHE gamma-fayge supernova remnant RX
J1713-3946.

Pulsars, Pulsar Winds and Pulsar Wind Nebulae

Inside a pulsar magnetosphere, a persistent and strorngefetd can exist. Also a high density
of electrons and positrons exist there and these can besaatasl by the strong electric field. The
details will be explained in the next chapter.

As described in Sect. 1.2.4, pulsars can accelerate marhgllow frequency magnetic dipole
radiation. This relativistic plasma wind is called a pulsénd and the energy of electrons there
can be as high ad)!‘eV (see [10]).

At a certain distance from the pulsar, the pulsar wind wiltdreninated due to the interaction
with interstellar plasma. At the termination point, a stagdreverse shock is created. The
shock accelerates electrons upltd® eV and randomizes their pitch angles. This results in the
formation of an extended synchrotron source (see [10]) vidccalled a pulsar wind nebula
(PWN).

In summary, one expects in a pulsar system both pulsed gam@yremnission within the light
cylinder and steady gamma-ray emission from the unshoagdm and the termination shock
region (PWN). Many of PWN and one pulsar have been detectétlh gamma-rays.
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Radiation from a Pulsar-wind-nebula complex
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Figure 1.10: Acceleration region around the pulsar. Inste light cylinder (see Sect. 2.5.2) , the electric
field accelerates particles. Outside the light cylindergmetic dipole radiation accelerates particles and
produces strong pulsar winds. In addition, shock accelerahappens in the place where the pulsar
winds produce termination shock, resulting in pulsar wirdbula. Figure adopted from [10].

Binary Systems

Binary systems may accelerate particles either in theastelind shock or in the microquasar

jets (see the right panel of Fig. 1.11). Three VHE gamma-ragries have been discovered so
far.

If both stars have strong plasma wind as do pulsars, WoleRstars or OB stars, their winds
collide and produce a strong shock (see the right panel of Ei§gl). Then particles can be
accelerated by shock acceleration. In this case, sinceitiaeyborbit is usually eccentric, the
modulations of gamma-ray flux is expected according to théamphase (see [12] and [16]).

If one star is a compact object like a neutron star or a blatk éwad the other star has a huge
mass loss, accretion of the matter to the strong gravitakstar may create an accretion disc and
relativistic plasma jets. Such a system is called a micregugsee the left panel of Fig. 1.11).
Inside the microquasar jets, shock waves may exist anccfgrttan be accelerated. Magnetic
reconnection which accelerates the particles can alscema(gee [64]).
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Figure 1.11: Schematic view of the binary system. Binaryesys can accelerate particles either in the
microquasar jet or in the wind collision shock. If one staaisompact object like a pulsar or a black hole
and the other star has a large mass loss rate, the accretionatfer may generate relativistic jets where
particles are accelerated (left, microquasar scenarid)bath stars have strong stellar winds and they
collide with each other, shocks will occur and particles|y# accelerated there (right, wind collision
scenario). Figure adopted from [133].

Open Clusters and Globular Clusters

In a young open cluster, there are numerous young massigevetéch have a strong plasma
wind. Because of the smaller distance between stars, thidswiwilide with each other or collec-
tive winds collide with surrounding matters. Then, shock kaé created which leads to particle
acceleration (see e.g. [38]). Similarly, in a globular tdusplasma winds from many pulsars
can accelerate particles (see e.g. [39]). Currently no /gpavular clusters have been detected
in VHE gamma-rays.

Other Sources

Wolf-Rayet stars and OB stars have strong plasma winds &possible that termination shocks
or turbulence can accelerate particles to high energy. ILijmotiv only one VHE source has been
found by HESS which may be associated with a Wolf-Rayet see [51]).

Our galaxy has in its center a supermassive black hole Witlsolar masses. The compact
radio source Sgr A* is associated with it. A VHE gamma-rayrseus also found in there
(see e.g. [17]) and hence, it is possible that particle acagbn takes place there. However, it
should be noted that there are also quite a few differentctdjeear the galactic center such as
supernova remnant Sgr A East and pulsar wind nebula G358t8&h are within the error circle
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of the VHE gamma-ray source position.

1.4.2 Extragalactic Sources

Figure 1.12: Left: An artist's conception of an active gaiamucleus (AGN). The particle acceleration
and VHE gamma-ray emission take place in the relativist filom the core. Figure adopted from [205].
Right: The image of the starburst galaxy M82 recorded by thblie space telescope. Starburst galaxies
have exceptionally high star formation and supernova esiptorates and thus CR densities are high in
such a galaxy leading to a high VHE gamma-ray flux. Figure aeldprom [212].

Active Galactic Nuclei

Active galactic nuclei (AGNs) are galaxies with an actives;a.e. being brighter and more en-
ergetic than the ones of standard galaxies. AGNs are bdlievee the most powerful sources of
non-thermal energy in the Universe. They host a very comader of big planets) supermas-
sive black hole (SMBH) in the central region with a mass atbli@ to 10'° solar masses. The

SMBH is surrounded by a disc of accreted material and hasetggjerpendicularly to the disc

(see Fig. 1.12). Inside the jets, particles are acceletateéde Fermi acceleration (see e.g. [44])
or magnetic reconnection (see e.g. [122]). Most of the atirknown extragalactic sources
emitting VHE gamma-rays are AGNSs.

Starburst Galaxies

Starburst galaxies (see Fig. 1.12) are galaxies with anpeocelly high star formation rate and
high supernova rate. Such galaxies are often created aftdlision or close encounter between
two galaxies. A high supernova rate makes the CR densitynéd$n thus resulting in detectable
VHE gamma-ray emission (see e.g. [188]). Recently, VHE gamay emission was detected
from two starburst galaxies, M82 (see [202]) and NGC 253 [8he
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Gamma Ray Bursts

Gamma ray bursts (GRBs) are short (seconds to minutes) bptvi@ent phenomena in the
Universe. GRBs are frequently observed at a rate of 1-2 per tlae most distant GRB ever
observed is GRB050904 at the redshift 6.29 (see [59]). GRBs are uniformly distributed in
the Universe. The emission energy ranges from optical tawgamays & 30 GeV). The emission
mechanism is not yet well known but one of the most successfdlels is the hypernova model,
which assumes an asymmetric supernova explosion (see B48]).[ In this model, radiation
is beamed pointing towards the earth and the opening angkelasv 20 degree (see e.g. [73]).
Total radiation energy is- 10°' erg, which is comparable to the total kinetic energy of the
normal supernova explosion. The strong radiation up to gasray energies suggests the particle
acceleration there. Many of theoretical models such asivisligc shock acceleration (see e.qg.
[125]) are under discussion. So far, no GRB has been detetddE gamma-rays. This can
be the consequence either that the acceleration mechasisot sufficient to produce VHE
gamma-rays or that EBL photons absorb VHE gamma-rays (sge15B.1).

1.4.3 List of Known VHE Gamma-ray Sources

VHE y-ray sources

VHE y-ray Sky Map +90° ® Bz oy

Blazar (LBL)

(Ey>100 Gev) _ EETeon — _ ;?&iﬁ%;}!&? Radio Quasar

Starburst galaxy

: : ! : :".0 B B | B
+1800 ..... A ‘o.*)(‘""%x"ﬁl%%*%%‘n 0 ............ ........... ......... —1800

2010-03-25 - Up-to-date plot available at hi

Figure 1.13: Distribution of the VHE gamma-ray sources ab@®0 GeV. 97 sources are known. Figure
adopted from [190].

As of 1st April 2010, 97 VHE sources have been discovered.sblces are categorized as
shown in Table 1.1. 59 are galactic and 38 are extragalamticces. Among galactic sources,
while many of them are associated with extreme astronoroigjicts described above, 24 are
unidentified sources. Such sources are normally found gtini@ galactic plane survey, without
being associated with any sources in other wavelengthss ifplies that VHE gamma-ray
astronomy is still primitive and an actively progressingdieAmong extragalactic sources, all
but two sources are active AGNs although AGNs can be dividedmore sub-categories. The
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two starburst galaxies were discovered only recently (8parid [202]). New classes of objects
may be discovered when VHE gamma-ray astronomy is more cleveé!

| Type | # sourceg Examples
Supernova Remnants 9 | Cassiopeia A, RX J1713.7-3946 SN 1006 etc.
Pulsars 1 Crab Pulsar
Pulsar Wind Nebulae 19 Crab Nebula, Vela X, MSH 15-52 etc
Binary system 3 LS 1+61 303, LS 5039, PSR B1259-63
Open Cluster 1 Westerlund 2
Wolf Rayet star 1 HESS J1848-018
Galactic Center 1 Sgr A*
Unidentified sources$ 24 TeV 2032-42,HESS J1632-478 efc.
Active Galactic Nuclei 36 Mrk 421, Mrk 501, 3C279 etc|
Starburst Galaxies 2 M82, NGC253

Table 1.1: List of known VHE gamma-ray sources (see [190]).
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1.5 VHE Gamma-rays as Probes for Fundamental Physics and
Cosmology

In addition to the study of astronomical sources which ameg¢ particles, VHE gamma-rays
can also be a good probe for fundamental physics and cosgmdtege, | will describe several
topics.

1.5.1 Extragalactic Background Light

EBL photons

Extragalactic 7\ <=
Source AN 7 Earth
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Figure 1.14: Top; Schematic view of the extragalactic baclkgd light (EBL) absorption. Some of VHE
photons emitted by extragalactic sources are absorbed by &8 pair creation on their way to the

earth. Bottom left: Spectral energy distribution of EBLId&®e 10 zm in wavelength, the cosmic optical
background (COB) — mainly a collection of starlight — dontesga Above 30@m, the cosmic microwave
background (CMB) dominates. Between them, dominates #micanfrared background (CIB) which is
mostly radiation from dust heated by starlight. Figure atgmpfrom [66]. Bottom right: An example of an
estimation of EBL spectrum deduced from observed specéstr@igalactic VHE sources. Figure adopted
from [129].

The extragalactic space is filled with optical photons (cesaptical background, COB),
infrared photons (cosmic infrared background, CIB) andrdosnicrowave background (CMB).
These low energy electromagnetic waves are called exaetiabackground light (EBL). COB
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originates mainly from starlight while infrared photong drom dust which are heated by the
starlight and re-emits lower energy photons. The energgtapa of COB and CIB are connected
to the recent evolution of the Universe and thus the measneafthis radiation has a significant
impact on the study of the evolution of the Universe. Howgltés not easy to directly measure
them because the Galaxy itself has strong emission in theabpnhd infrared bands.

VHE gamma-rays interact with the EBL photons via the paiaton process. The cross-
section of pair creation has a peaksat~ E, E,, ~ (m.c*)?, whereE., and E., are the
energies of the two interacting photons. The energy of COBG@IB ranges from 0.01 eV to
10 eV and, hence, VHE gamma-rays between 25 GeV and 25 Te\Vdwiatdract with them
most efficiently. Consequently, the spectrum of observed\gdmma-rays from distant sources
would be affected by these EBL photons. Therefore, the #bgdevHE gamma-ray spectrum
can be a good probe for the COB and CIB spectra (see e.g. [24], and [14]).

1.5.2 Quantum Gravity Effect

It is widely speculated that space-time is a dynamical nragsubject to quantum-gravitational
(QG) effects that cause space-time to fluctuate on the Ptaneland distance scales, for reviews
see [160], [150] and [128]. It has also been suggested tigatfdaming” of space-time might
be reflected in modifications of the propagation of energeiticles, namely dispersive effects
due to a non-trivial refractive index induced by the QG flattons in the space-time foam. In
some models (e.g. [71]), the propagation of light is supged®ither linearly or quadratically by
some QG mass scale:

A E A E?
20 By 26T (1.71)
C MQ(;l62 C (]\4@(;262)2

where F, is the energy of a photon andis the speed of light. One might deduce that the
scaleMga: or Mg would be related td//», whereMp = 2.4 x 10" GeV/k? is the reduced
Planck mass, but smaller values might be possible in sonmg $treories (see [24]), or models
with large extra dimensions (see [86]). Expected arrivaktdifference of two gamma-rays of
different energies being emitted at the same time at a distamce can be estimated to be

N A A ABd
¢ c+Ac 2 Mgac?

AE  d  108GeV/e
— 30 1.73
10°GeV 100Mpe  Mogr 5 (1.73)

(1.72)

where AE andd are the difference in energy between the two photons andisi@nde to the
source, respectively. By assuming that the flux variabityghe same in different energies at
the source, one can explore the quantum gravity effect flmmobserved variability in different
energies, if the flux is high enough to see minute scale \iitiab (see [18] and [43]).
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1.5.3 Search for Dark Matter

After the precise measurement of the anisotropy of CMB by¥ikinson Microwave Anisotropy
Probe (WMAP, see [170]), a standard model of cosmology hitidsthe Universe consists of
4% ordinary baryonic matter. 23% dark matter, and- 73% dark energy, with a tiny abun-
dance of relic neutrinos. The identity of dark matter is net known but some of the most
likely candidates are Weakly Interacting Massive Parsi§¢&/IMPs). The best WIMP candidate
is motivated by Supersymmetry (SUSY), the lightest neurtoaih the Minimal Supersymmetric
Standard Model (MSSM, see e.g. [79]). Accelerator expeanisiehowed the possible range of
the lightest neutralino mass to be fram50 GeV to~ 2 TeV (see e.g. [112]). Two-neutralino
annihilation can produce VHE gamma-rays via various chiansee e.g. [27]). Therefore, VHE
gamma-rays can be used to search for dark matter.

WIMP distribution should follow the gravitational field antthus, the galactic center (see e.g.
[40]) and galaxy clusters with a high mass/luminosity résiee e.g. [21]) are some of the best
targets for searching for the VHE gamma-ray emission frork deatter.

1.6 Concluding Remarks and the Topic of this Thesis

In the Universe, there are plenty and a variety of extrem@agimical objects where particles
can be accelerated to very high energies. These high enaryygles have several channels
to produce gamma-rays and one can distinguish them by, fampbe, the energy spectrum.
Therefore, VHE gamma-rays are useful probes for investigahe nature of these extreme
objects. VHE gamma-rays are also useful tools for some gumssbf fundamental physics and
cosmology.

Among the particle accelerator objects, pulsars are uniguesense that they accelerate
particles in several different manners, i.e. by electril§eavithin their magnetosphere, by con-
verting their rotation energy into ultrarelativistic ptaa winds and by shock acceleration at the
termination of the winds. The name “pulsar” comes from itsexely precise periodic radiation
(pulsation) from its magnetosphere. It was first discovdi®gears ago, but the precise emission
mechanism is not yet clearly revealed. One of the esserdia for further understanding of
pulsation mechanism is the feature of the energy spectumdrthe cut-off energies between a
few GeV and a few tens of GeV, whereas no sufficient measuremeis energy region was
possible before 2007.

In October 2007, the trigger system of the MAGIC was upgraated the energy threshold
was lowered from ~ 50 GeV to~ 25 GeV. In August 2008, the new gamma-ray detector, LAT
on the Fermi satellite became operational which can measumena-rays from 100 MeV to well
above 10 GeV with reasonable sensitivity. | was sure thasthey of pulsars withrermiLAT
and upgraded MAGIC observations would shed new light on #tere of the pulsars. MAGIC is
a ground-based telescope and, thus, the observable regioa sky is limited. The Crab pulsar
is the brightest pulsar in gamma-rays that can be observédAsyIC. In fact, the Crab pulsar
was successfully detected by MAGIC during observations/éeh October 2007 and February
2008 through the collective efforts of my colleagues, T.\&eizer, M. L. Lepez, A. N. Otte, M.
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Rissi and M. Shayduk (see [22]). However, detailed studidbhe energy spectrum, the pulse
profile and the interpretation of the results require moaéistics and careful and novel analysis
methods. Discussion in comparison wiiarmi-LAT measurements also remains to be done. For
these reasons, | have chosen to study the emission mechafisenCrab pulsar as the topic of

this thesis.
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Chapter 2

Pulsars
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Figure 2.1: Left: X-ray image (blue) of the Crab Pulsar ane tGrab Nebula taken by Chandra, over-
laid with the optical image (red) taken by Hubble Space Telps. Figure adopted from [206]. Right:
Rotation-phase-folded skymaps around the Crab pulsarywed with Fermi-LAT data above 100 MeV.
The phases for each maps are indicated by the pulse profigatiaat the upper right corner.

Pulsars are astronomical objects, which emit periodicatazh of very high accuracy. In
spite of the long observational history and numerous reaidekradiation features, the emission
mechanism has not yet been completely understood.

In this chapter, the current understanding of pulsars velbbscribed. In Sect. 2.1 general
observational facts in the energy range betwHer eV to 10! eV will be briefly summarized.
There is little doubt that pulsars are neutron stars withgh hotation speed. Therefore, in Sect.
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2.2 properties of neutron stars will be discussed. From thgagion period and its time deriva-
tive, one can derive many pulsar properties, which will bplaxed in Sect. 2.3. An irregular
behavior of pulsar periods, a glitch, is briefly introducedSect. 2.4. In order to investigate
the pulsar emission mechanism, it is essential to undetdtanplasma distribution around the
pulsar and possible particle acceleration places, whidtbeishown in Sect. 2.5 and 2.6. Then,
Sect. 2.7 provides explanations for the observed specttdigint curves of pulsars. In these
sections, it will be shown that both the inner and the outegmetosphere sphere hypotheses
reasonably explain all the observational results befof72@@ect. 2.8 explains how to test the
two hypotheses with the more recent observations. The pgrep@and observational status of the
Crab pulsar, with which pulsation mechanism is studiedisttiesis, will be introduced in Sect.
2.9. Concluding remarks are added in 2.10.

2.1 Discovery of the First Pulsar and Currently Known Pul-
sars

2.1.1 Discovery

Figure 2.2: Discovery of the first pulsar, PSR B1919+21, at58WHz in the radio band (see [99]).
Periodic signals can be seen. Figure adopted from [116]

In 1967, Jocelyn Bell Burnell discovered a pulsating radimassion in 81.5 MHz band with
a period of 1.337 second (see [99]), as shown in Fig. 2.2.€eSine source direction showed
annual parallax as for other stars, it was clear that thegiersignal was not an artifact of the
measurement but came from some astronomical object. Threesas the first pulsar detected
and is now called PSR B1919+21. One year later, the Crab pulsech is the topic of this
thesis, was discovered by Comella et al. (see [56]).

2.1.2 Number of Known Pulsars

In most cases, the radio band is the best energy band to degpetsar because the instrumental
sensitivity compared to flux level is more favorable thanmy ather wavelength. In the radio
band,~ 1800 pulsars have been discovered. On the other hand, in theabpaad less than
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10 are known, one of which is the Crab pulsar. In the X-ray baeds of pulsars have been
discovered. However, most of them are in a binary systemthedefore, the emission mecha-
nism is quite different. They are often calladcretion-poweredpulsars and are distinguished
from the otherotation-powered pulsars. Hereafter, | will not discuss these accretiongred
pulsars. In the gamma-ray band, after six months of operatith Fermi-LAT (see Chapter 6),
46 pulsars have been identified (see [5]).

2.1.3 Periods of Pulsars

‘ Pulsar Period Distribution ‘ Distribution of Time Derivative of Pulsar Period
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Figure 2.3: Distribution of pulsar period#® (left) and time derivative# (right) for all rotation-powered
pulsars. Two populations can be seen in both plots. Data ataioed from [203]. The correlation
betweenP and P is shown in Fig. 2.6

The period of rotation-powered pulsars ranges from 1 reitissd to 10 seconds as shown in
the left panel of Fig 2.3. The distribution shows two popiolias, one below and one above 10
milliseconds. The pulsars with a period less than 10 midbsels are callethillisecond pulsars
and they are thought to be very old pulsars. The periodsaseraith time. The time derivatives
of the periods are also shown in the right panel of Fig. 2.8httuld be noted that in the case of
accretion-powered pulsars, the period decreases with fifhe precision of a period can be as
high as10~1%.

2.1.4 Light Curves of Pulsars

Figure 2.4 shows the light curves of 7 gamma-ray pulsarscteteoy EGRET in different en-
ergies. Some pulsars have two peaks and some have only ofs viAdths are different for
different pulsars. In addition, except for the Crab pulpagk phases and shapes change with the
energies.
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Figure 2.4: Light curves of 7 gamma-ray pulsars in differavdvelengths. Some have two peaks and
some have one. The peak phases and pulse shapes changeengthexcept for the Crab pulsar. Figure
adopted from [179]

2.2 Neutron Stars

2.2.1 Neutron Stars as ldentity of Pulsars

The shortest known period of a pulsar is about 1 millisecoBshce nothing can travel more
than 300 km in such a short time ¥ 1 ms = 300 km), the size of the emission system should
be less than that. It is still possible that the emissionamgs part of a bigger system but, in
such a case, it is hard to expect such a precise periodicity mamally observed. Therefore,
only compact astronomical objects could be pulsars, namileite dwarfs, neutron stars or black
holes. Periodic behavior would be expected from eitheratibn or rotation of stars. However,
in the case of vibration, the period should decrease in tiviech is in contradiction to the
observational facts. Only rotating compact objects caha@xpulsars.

The shortest period for a rotating star occurs when it igtirajaat break-up angular velocity
Q, i.e. when the centrifugal force is equal to the gravitatidorce at the surface.

GM
RQ
whereR, GG, andM are the radius of the star, the gravitational constant, laadniass of the star.

So, the maximum angular velocity is set by the dengitf the object,

02 ~ Gp (2.2)

The maximum mean density of a white dwarflig'g/cn?’ leading to the shortest period of 1
second, which rules out a white dwarf as the origin of a pul€ar the other hand, the density
of a neutron stat0'*g/cm’ can naturally explain the observed pulsar periods. An iedleotat-
ing black hole is axisymmetric and can not produce pericaditation. Accretion may make it
asymmetric but then periodicity would not be so precise.

Because of these arguments, only a rotating neutron staexgaain the observed pulsar
periods. It should be noted that, in addition, there must beamed radiation mechanism to
produce the (apparent) periodic radiation, which will b&cdissed in the following sections.

Q*R ~

(2.1)
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2.2.2 General Properties of a Neutron Star

The evolutions of stars with different mass are well desxtiim, for example, [116]. A star with
the initial mass of 8 to 20/, forms a neutron star at the end of its evolution. The masseof th
neutron star must be higher than the Chandrasekhar kimit4 M, but should be lower than
~ 2M,, in order to sustain its self-gravity by neutron degeneragssure'. This leads to the
common properties of all neutron stars, which will be ddsatiin this section.

Radius, Mass and Density

Neutron stars have an extremely high density, typicallyhia order of10'*g/cm?, which is as
high as or higher than atomic nucleus density. The mass gfieaiyneutron star is about 115,
and, thus, the radius is about 10 km.

Angular Momentum and Magnetic Field

From the moment of their birth, stars are spinning and pgsaadipole magnetic field. The
angular momentum and magnetic flux will be conserved evease of a supernova explosion.
The explosion decreases the star radius dramatically byt&borders of magnitude, increasing
the angular velocity and the surface magnetic field strebgtabout 10 orders of magnitude.
The magnetic field of pulsars ranges fraft to 10'* G and, as already noted, the rotation period
ranges from 1 millisecond to 10 seconds, which can reasphabatxplained by the conservation
of the angular momentum and magnetic flux of the precurses after the supernova explosion.

Inner Structure

The neutron star body is not uniform but has some structgrehawn in Fig. 2.5. Although
details are still unclear, especially for the inner core, structures are roughly as follows (see,
e.g., [49], [35] and [139]):

e The atmosphere is only a few cm thick and consists of lightfzealy nuclei. They are
pinned to the neutron star by the strong surface magnetitsfiel

e The outer crust is about 200 m thick and its density s~ 10°~'' g cm 3. It consists of
a lattice of atomic nuclei and Fermi liquid of relativistiegenerate electrons

e The inner crust is about 1-2 km thick and its density is ~ 10''~'* g cm 3. It consists
of electrons, neutrons and nucleons. The free neutrons @iaynpa 'S, state to form a
superfluid.

e The outer core is about 9 km thick and its densityis ~ 10'* g cm 3. It consists of
neutron - proton Fermi liquid and a few % of Electron Fermi.gas

1The upper limit of the mass of a neutron star has a relatiastyd uncertainty because the equation of states for
extremely high density matter is not well known
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e The inner core is about 0-3 km thick and its density is ~ 10'® g cm®. It consists of
hyperons, quarks and meson liquids.

The strong magnetic field is maintained by electric currerdigle the neutron star.

Neutron Star

Mass ~ 1.5 times the Sun
~12 miles in diameter

Solid crust Atmosphere
~1 mile thick

Heavy liquid interior
Mostly neutrons,
with other particles

Figure 2.5: Structure of a neutron star. It consists of ingere, outer core, inner crust, outer crust and
atmosphere. The density is different in different parts amaverage,~ 10'* g/cn?. Figure adopted from
[215].

Surface Temperature

It is generally believed that neutron stars have a very higgrior temperaturel )''K) in their
initial state of formation (see, e.g. [166]). Neutron stars cooled down by neutrino emission
via the following catalytic reactions:

n — pte +UV,—=n+0V,+ U, (2.3)
n+n — n+pt+e +v,—>n+n+v,+1, (2.4)

until the internal temperature falls to 0 (10° K on the surface) (see [54]). After that, photon
emission cooling becomes dominant (see [78]). Typicdlly durface temperature falls to several
times 10 K after approximately 300 years since birth and remain irvtbigity of (0.5-2.0) x 10°

K for at least10* years. Therefore, neutron stars should emit thermal X-rays

2.3 Magnetic Dipole Radiation

Figure 2.6 shows the distribution aP( P) of all detected radio pulsars (see [203]), whérés
the pulsar period ang is its time derivative. From these two quantities, one cadude quite a
few properties of a pulsar in relation to the misaligned nedigrdipole hypothesis.
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Figure 2.6: The correlation between the pulsar periBdand its time derivative” (blue dots). Data are
obtained from [203]. The dot for the Crab pulsar is highligdtwith a red star and an arrow. Millisecond
pulsars are clearly separated from other pulsars and shotthelower left corner. FronP and P, one
can estimate the age of pulsars and surface magnetic fieddgitn, as indicated by green and pink dotted
lines, respectively (see Sect. 2.3.3 and 2.3.4).

2.3.1 Spin Down Luminosity
As mentioned in Sect. 2.1.3, periods of pulsBrincrease with time, i.eP > 0. The rotation
energy of a pulsar can be expressed as

E = %[QQ (2.5)

where! is the moment of inertia and = 27/ P is the angular frequency of rotation. Therefore,
P > 0 implies continuous loss of rotation energy.

— B =—I00=472IP/P* > 0 (2.6)

This energy loss rate is callspin down luminosity. Assuming that the neutron star has a radius
of R = 10 km and a mass a¥/ =1.5 M, with a uniform density, the moment of inertiaof a
pulsar can be estimated to be= 2/5M R? = 1.2 x 10%g cn?. By substituting this in Eq. 2.6,

it can be simplified as

— E=4x10"P/P? erg/s (2.7)

The mechanism of energy loss can be explained by radiatiopecaby misaligned rotation of
the magnetic dipole, as will be discussed in the next sulosect
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2.3.2 Radiation Caused by a Rotating Magnetic Dipole
The magnetic dipole moment of a pulsar is expressed as;

m = %BoRg(ezcosa + exsinacosQt + eysinasint) (2.8)
where B, is the magnetic field strength at the pal®, is the radius of the neutron star ands
the angle between rotation axis and dipole axis. Flaxis is parallel to the rotation axis and
ex.ey ande,, are unit vectors parallel to the y andz axes respectively.

If o # 0, the direction of the dipole moment changes in time and tinisseslectromagnetic
radiation. The luminosity of the radiatidf is (see e.g. [106])

- 2 .
Substituting Eq. 2.8 to Eg. 2.9, one obtains
: B2RSO%sin%a
E = _UT (2.10)

The frequency of this radiation i3 and such a low frequency radiation can accelerate par-
ticles efficiently, as discussed in Sect. 1.2.4. Therefitiig,radiation energy will be converted
into the pulsar wind energy.

2.3.3 Estimation of the Magnetic Field Strength at the Pole
Using Eq. 2.6, Eq. 2.10 arld = 27/ P, magnetic field strength is easily estimated as

6Ic*PP
B = —— 2.11
0 A2 RSsin’ v ( )
Substituting nominal values used in Sect. 2.3.1 and asgusnn =1,
By, ~ 7x10YYPP G (2.12)

is obtained. The mean value of the surface magnetic fieldastaalf of this value. In Fig. 2.6
the surface magnetic field strength is indicated by pinkedblines.

2.3.4 Estimation of the Pulsar Age
Eq. 2.6 and Eq. 2.10 lead to

=

Q2 T

now

Q) = Q <1+ 2% i) (2.13)

Qnow 6[@3
" Quw  BERSsin’al2 (2.14)

now

T
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where(), and(2,,,, are the angular velocity at= 0 and the current angular velocity. From Eq.
2.13, one can estimate the age of the pulsar as

T 0?2 T Q) P
t=— 17 now ~N - = = — 215
2( Q3 ) 2 20 2P (219

In Fig. 2.6 the age is indicated by green dotted lines.

2.3.5 Application to the Crab Pulsar

In the case of the Crab pulsar, currenfly= 3.36 x 102 sec, and® = 4.2 x 10~ '3. According

to Eq. 2.10, they correspond to the spin down luminosity.6fx 10%® erg/s. This radiative
energy should be transferred to the pulsar wind and the ael@ibservational results estimate
their kinetic and radiation power to 3ex 10*® erg/s (see [123]), i.e., nearly the same as the spin
down luminosity. This remarkable agreement verifies theahgsed dipole rotation hypothesis.
Moreover, Eq. 2.15 predicts 1270 years as its age. The soygemmas observed in year 1054,
which is 956 years ago. This agreement supports the hypstassvell. Eq. 2.11 leads to
By = 8 x 10*2G (the average over surface would be half of this value).

2.4 Glitches of pulsars

Time
Figure 2.7: The pulsar period as a function of time around iéchl

For young pulsars such as the Crab pulsar (? years ) and the Vela pulsax (10 years),
sudden decreases of the pulsation peffoakccur randomly once in a few years. The decrease of
the period AP, amounts taAP/P ~ 109 for the Vela pulsar anch P/ P ~ 102 for the Crab
pulsar. The decrease it is accompanied by an increasef which typically decreases to the
‘before-glitch-value’ in about0 — 100 days (see Fig. 2.7). This sudden decrease in the pulsar
period is calledylitch. Glitches are explained as follows:

A sudden decrease iR means a sudden spin-up. Numerous models have been proposed t
explain the origin of sudden spin-ups such as starquake®xvpinning, magnetospheric insta-
bilities and instabilities in the motion of the superfluidut®ns. Here | introduce the starquake
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scenario, which is one of the most widely accepted scenafiesdescribed in Sect. 2.2.2, the
nuclei in the outer crust of a neutron star are thought to farsolid lattice structure through
Coulomb forces. This crust is oblate in shape because ofténs sotation. As the star slows
down, centrifugal forces on the crust decrease and a stigss #0 drive the crust to a less oblate
shape. However, the rigidity of the solid crust resists #iress and the shape remains more
oblate than the equilibrium one. Finally, when the crustsdrreach a critical value, the crust
cracks. Some stress is relieved and the oblateness dexréesa result, the moment of inertia
of the crust suddenly decreases and, hence, the rotatied spéhe crust suddenly increases to
conserve the angular momentum. Charged patrticles in theamestar body are strongly coupled
with the Coulomb lattice via the strong magnetic field. Thheme, the charged particles imme-
diately follow the crust spin-up. On the other hand, a sigaiit part of a neutron star body is
made of superfluid neutrons, which are only weakly coupleth¢oCoulomb lattice. When the
starquake occurs, the rotation speed of the charged comp(ihe outer crust and the charged
particles) suddenly increases, while that of the neutradpmmnent (superfluid neutrons) does not
change. Subsequently, weak friction between the chargeitipa and the superfluid neutrons
slow down the charged component and accelerate the neotrgdanent, resulting in the ob-
served behavior of the period around a glitch (see Fig. Eaa more detailed explanation, see
[166] and references therein.

2.5 Plasma around a Pulsar

2.5.1 Can a Pulsar Exist without being Surrounded by a Plasnfa

A neutron star possesses a extremely strong dipole magredticand is spinning fast. The
neutron star can be considered as a conductive materiagsasiloed in Sect. 2.2.2. Therefore,
inside the neutron star, charges will be distributed suahttie electric fieldE™ and magnetic
field B fulfill the following equation:

Qxr
c

E™ + xB" = 0 (2.16)

where(? is the rotation vector of the pulsar ands the position vector measured from the pulsar
center. Outside the pulsar, the magnetic field follows aldipbape

(2.17)

—e
r
2r3

2086 sinf
Bout _ B()Rg (COE e 1 sin 6)
T

whereBy, Ry, # andr are the magnetic field strength at the magnetic pole, thepraslius, the
inclination angle between the rotation axis and the dipgis,@and the distance from the pulsar
center, respectively.

Now let us assume that pulsars are surrounded by vacuumVi:é£°"" = —Ag°"" = 0,
where ¢ is the electric potential. The boundary condition that theomponent of the fields
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should be continuous across the pulsar surface deternheesléctric field outside the pulsar
E°" to be

BQ R ByQR? 3cos?0 — 1
out 0 0 0 0
= — P 0) = — 2.18
e 3cr? >(cos0) 3cr? 2 ( )
ot _ 7BOQR‘8 3cos?0 — 1er N sianosGeg (2.19)
c 2rt rd
RoQ [ Ry\”
Eout . gowt — 20 <—°> Bcos®0 (2.20)
C r
At the surface, the electric field parallelBis quite strong (see [166]),
Ry
B, ~ "By ~2x 10°P "By, statVem ! (2.21)
C
~ 6x10"°P "By, Vem™! (2.22)

whereP is the period in seconds arigl, is the magnetic field strength in units tf'*G.

It is strong enough to rip electrons or positrons from thdasér of the neutron star. Those
electrons or positrons are further accelerated and indetec&romagnetic cascade in the strong
magnetic field, thus creating huge numbers of electron qosjpairs. Therefore, the vacuum
around the neutron star will not be stable and the pulsaridi@usurrounded by a dense plasma.

2.5.2 Light Cylinder

Magnetic fields are frozen in a plasma. The plasma is draggateomagnetic field and co-
rotates with the neutron star. With increasing distancenftbe pulsar, the co-rotation speed
becomes largers(= 2 x r). However, particles cannot move faster than light. Théadise
R, = ¢/ = Pe¢/(2) is called theco-rotation radius and an imaginary cylinder along the
rotation axis with the radius aR;, is called thelight cylinder. Outside the light cylinder, the
plasma does not co-rotate with the neutron star and, thugnetia fields are also distorted by
the plasma, making a spiral structure (see Fig. 1.10). Bippproximation for magnetic fields
is not valid here and field lines which cross the light cylinde not close. The highest latitude
field lines that close within the light cylinder are calliedt closed field linesas shown in Fig.
2.8.

2.5.3 Plasma Distribution around a Pulsar

Plasma inside the light cylinder distributes such that treds working on a charged particle is
0.

Qxr

C

E + xB =0 (2.23)
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resulting inE - B = 0. The Poisson law = V - E/4x requires

1 Q-B
dreq _ [9xxP

ey = — (2.24)

This space charge density was first pointed out by P. Gold@nc W. H. Julian in 1969 (see
[87]) and it is called th&oldreich-Julian density.

A sketch of the magnetic field and charge distribution abootaing neutron star, assuming
the magnetic dipole axis is parallel to the rotation axishiswn in Fig 2.8. It should be noted that
magnetic field lines are at the same time equi-potentialatostbecausk - B = 0. As is easily
derived from Eqg. 2.24, at the points wheBeis perpendicular t&?, the charge density; is
zero, i.e. the number densities of electrons and positrentha same. In the three-dimensional
view, these points form a surface which is callednié surface, indicated by a red dashed line
in Fig. 2.8. .

Rotafion__ : Eritical Field

and I ne
Magnetic

Axis

|
Light Cylinder

Figure 2.8: Typical plasma distribution around the pulsasaming that the rotation axis and the magnetic
dipole axis are parallel. Within the light cylinder, plasncaarge density follows the Goldreich-Julian
density. It is 0 on the null surface where the magnetic fieldotion is perpendicular to the rotation axis
(pink dotted line). There is also a current outflow along theggmetic field lines. The sign of the current
changes at the critical field line (thick black line). Figuadopted from [166].

2.5.4 Current Outflow from the Pulsar Magnetosphere

As mentioned above, magnetic field lines shown in Fig. 2.8athe same time equi-potential
contours, which means that there exists a potential gradweer the pulsar surface. Let us
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estimate the potential difference between the last clogtd line and the pole, following the
original argument made by by P. Goldreich and W. H. Juliae (8&]). Letd, be the co-latitude
of the point on the stellar surface where the last field limetst The curvature of the last field

line at the surface can be well approximated to,f&, R;,, leading to sifiy ~ /Ry/R;. From
Eq. 2.18 the potential difference would be,

 ByQR]

A¢p = ¢(0y) — ¢(0) = 7(003290 —1) ~

ByQR? R,
2¢ RL

(2.25)

This A¢ is calledopen field line voltage(see e.g. [180]). Usind, = 10 km,R;, = ¢/,
Q =27/Q,and Eq. 2.12

Ap ~ 1x108P32PY2 statV (2.26)
~ 4 x10°p732pl2 v (2.27)

In the case of the Crab pulsar, the open field line voltage 4sx 10'® V.

There should be a potential difference between the pulséacgiand the interstellar space,
and charged particles can move along the magnetic field.efdrer, current outflows are gener-
ated from the pulsar surface. Between the pole and the laseédlfield line, there should be a
equipotential line whose potential equals that of intdlestepace. This line is called thaitical
field line (see [87]). The sign of the currents would change at this Aseshown in Fig 2.8.
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2.6 Particle Acceleration within the Light Cylinder

Light cylinder 4
=130 stellar radii A ) )
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Figure 2.9: Schematic view of the particle accelerationisegnside the light cylinder. The three regions,
namely Polar Cap, (red) Slot Gap (blue) and Outer Gap (orgrae indicated. Figure adopted from
[22].

In order to explain the observed pulsed emission up to gamays-there must be places
where charged particles are accelerated up to very higlyieserithin the light cylinder. Con-
sidering the extremely strong magnetic field and the rapidtgiting star, it seems that strong
electric fields are easily generated as suggested in Eq. HaWever, as long as the plasma
distributes as Goldreich and Julian density; (Eq. 2.24), the electric fiel@® parallel to the
magnetic fieldB is zero within the light cylinder. Synchrotron cooling oketlstrong magnetic
field does not allow particles to be accelerated perpenaticaB. In other words,

e there must be places where the plasma charge density£ pq.;

and, thusE - B # 0. There are mainly three models advocating such a regionelyaime Polar
Cap model, the Slot Gap model and the Outer Gap model. Allertare based on the same
fact that

e the current outflow from the pulsar creates a place wherey # p¢ s
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2.6.1 The Polar Cap Model

Rotation Magnetic Dipole Axis

Last Closed Line

Pulsar

Surface
Polar Cap

Figure 2.10: Polar Cap region. Itis a region near the magneiole surrounded by last closed field lines.

The Polar Cap (PC) model predicts the formatiorpof# pe; (E) = E-B/|B| # 0) at
PC. PC is defined as the region near the magnetic pole on tearmurface surrounded by the
last closed lines, as illustrated in Fig 2.10. It was firstgasgied by M.A. Ruderman and P.G.
Sutherland (see [157]) assuming no ion supply from the pawtar surface. Even if charged
particles can escape freely from the star surfétecan be developed because of the the Space-
Charge Limited Flow (see e.g. [161]). It depends on the sarfamperature of the neutron star
T, whether charged patrticles can be supplied from the neustanr not. If7, is higher than
~ 10°K which is the thermal emission temperature of electronss,jthen the neutron star can
emit charged particles.

The Vacuum Gap Version (I, <~ 10°, no charge emission from the stellar surface)

There must be a current outflow near the pole. Since the staotg@rovide charged particles,
the lack of electrons/positrons occurs near the stelldaser as illustrated in Fig. 2.11. Thus, a
vacuum gap is created near the stellar surface. In the/gag; 0 and difference in potential is
created along the magnetic field line. If an electron and @&noosare created by, for example,
pair creation between thermal radiation from the surfackamexternal gamma-ray, then they
are accelerated bi). The gap grows until the potential difference across theigap high that
accelerated particles induce electromagnetic cascaxdés~ 1012713, see [28] and [91]). The
cascade is created as follows: an accelerated electronsnatmeg a magnetic field line, which
is curved. Therefore, it emits curvature radiation. If theceon energy well exceed$)'? eV,
the emitted photon is energetic enough to initiate magrmeticcreation (see Sec®?). These
created electrons and positrons, in turn, will be accederahd produce more curvature radiation
photons. In this way, the number of charged particles irsgrexponentially. The layer where
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those cascades are happening is called the pair formaboh (PFF, see e.g. [30]). Above the
PFF, cascading electrons and positrons feed enough chargekep = p, (£ = 0).

It should be noted that even if electrons can be emittedyfrieein the neutron star surface,
as long as positive charges (ions) cannot be provided, fheayabe created in a similar manner,
which was actually the basic assumption for the originaapoap model (see [157]).

Polar Cap Polar Cap

Figure 2.11: Mechanism of the generation of the gap in thePGlap region. Initially the neutron star
is surrounded by plasma (left). However, if charge emisgarot allowed from the neutron star surface,
the plasma depletion region will be created by the currertflow (right). The thickness of the gap is
determined by the pair formation front.

Space Charge Limited Flow Version {, >~ 10°, charge emission from the steller surface)

B potential
® No electron Emission

.e % ,,,,,,,,,,,,,,,,,

Free electron Emiss|

—> X

A B

Figure 2.12: The potential distribution between the cath@eand the anode B in the vacuum with a
potential gap¢g. If charge emission is not allowed from the anode A, the piatiegrows linearly. If
charge emission is allowed, it grows quadratically. In bo#ses, the potential difference between A and
B remains the same.

The space charge limited current flow (SCLF) was first found stadied in a completely
different field, the study of thermal current flow between aade and a cathode in vacuum. Itis
well described in [117]. Let us consider the two plates A @@)aand B (cathode), as illustrated
in Fig. 2.12. The distance between the platesasd the relative electric potential of plate B with
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respect to A ispy. If electron emission from A is forbidden, the potentidl:) linearly grows
é(x) = ¢ox/d, i.e. electric field is constanto, /d. If electron emission is allowed, currents flow
between the two plates. However, electrons will be provitech the plate just as much as the
electric field at the surface is compensated, so that theengaikential gap cannot be eliminated.
The potential distribution between the two plates can beamated as a parabolic function
B(x) = —gox?/d? (see [117]), as illustrated in Fig. 2.12.

This is applicable to the pulsar polar cap surface. The pialeyap along the magnetic field
lines at PC cannot be eliminated by the ion or electron epmgsom the pulsar. The thickness of
the gap is defined by the cascade process, as in the Vacuume@apv Both the Vacuum Gap
model and SCLF model predict the similar features of acagtar such as the location, angular
distribution and energy spectrum. The extension of thektigss of the gap is less than a few
times the stellar radius.

2.6.2 The Slot Gap Model

Figure 2.13: Slot Gap region. The Polar Cap model predicesghp only close to the neutron star surface
because of the pair formation front. However, near the léssed lines, the pair formation front will not
be produced, resulting in the growth of the gap up to highuwadie. Figure adopted from [92]

The PC model has difficulties explaining the observatiomallts such as light curves. To
overcome these difficlties, J. Arons advocated the Slot &#p) (model (see [29] and [30]),
which is an extention of PC model.

In the PC model, the height of the region where- pg; is limited below PFF, where the
potential gap is so large that accelerated electronsfpositause a cascade to screenihésee
the previous section). However, Arons first noted the pdggibf a high-altitude acceleration
region named the Slot Gap. The potential is equal all aloegdkt closed line even if a gap
is created in the PC. This boundary condition makigsiear the last closed field lines weaker.
Therefore, the gap can grow far from the magnetic pole (s8f [29] and [92]), as shown in
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Fig 2.13. As the altitude increases, the strength of the eiagfield decreases, which avoids the
creation of the PFF. The gap can grow up to the light cylindher the potential differencal’
can exceed 0" V. The thickness of the slot gap is estimated to~b@.046, in the case of the
Crab pulsar, wher#, is the magnetic co-latitude of the last closed field line (984).

2.6.3 The Outer Gap Model

Light Cylinder

Rot. Axis

Mag. Axis

\

N7

Figure 2.14: Outer Gap region. The gap is created along tls tdosed field lines. In the original model,
the gap starts from the null surface (pink dashed lines) ugmédight cylinder. On the other hand recent
MHD simulation shows that it should start from below the suiiface.

The Outer Gap (OG) model was first advocated by K.S. ChengoCahtd M. Ruderman in
1986 (see [52]). It points out the possibility of a gap forimatalong the last closed field line.
The place of the gap is similar to that of the SG model but theé&ion mechanism is different.
The basic idea of the gap formation is schematically showfign 2.15. The pink dotted lines
in the figure show the null surface. If plasma distributetofeing the Goldreich-Julian density
pc; and the aforementioned current continues to flow, at sonre pgalasma will be shorted out
around the null surface, leadingio# pq ;. This depleted gap will grow along the magnetic field
lines. The gap cannot grow too far from the closed line regjidts@cause high energy gamma-
rays produced by the accelerated particles along the lastalline interact with ambient X-rays
(the neutron star surface temperature is typicaly K, see Sect. 2.2.2) to produce an electron-
positron pair. They, in turn, create lots of synchrotrontphs which will be good targets for the
next pair creations (see Fig. 2.16 and [53]). Due to the ¢ureathe narrow region close to the
last closed line can be free from this “pair polution” (se2])5 This thickness of the gap at the
light cylinder in the case of the Crab pulsar is estimatedete-l0.1R;, (see [200], [53], [175]
and [177]). The potential difference along the field line ban\V = 10'° V (see e.g. [52]).

In the original model (see [52]), charged particles are m&slito move mainly outward
which results in the gap starting from near the null surfacthe light cylinder. However, this
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model has been challenged by Hirotani et al [103]. By soltlmgset of Maxwell’'s equations
and Boltzmann’s equations, they found that the inner boynofathe outer gap is significantly
shifted inward from the null surface towards the stellafag.

’ . ’
¢ Null Surface Depletion ¢ Null Surface
Vs Q-B=0 egion 4 Q-B=0
’ B ’
— ’ ’
e ’ e R - ’ + .
y y B
— U +— - ’ +
— 7 —. _ T = " —
7
’ ’
‘ . NS ’ . .
s Closed Line Region , Closed Line Region
’ ’
’ ’
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Figure 2.15: Mechanism of the generation of the Outer Gajially the magnetosphere within the light
cylinder is filled with plasma, which follows; ; (left). However, the current outflow generates a plasma
depletion region starting from the null surface (right).

Figure 2.16: Mechanism of the limitation of Outer Gap thieka. The gap created far from the last closed
field line (B) and (C) will be immediately filled by electronmsdepositrons created by gamma-rays. Figure
adopted from [52].

2.7 Non-thermal Radiations in the Pulsar Magnetosphere

It is clear from the previous section that electrons andtpmwss can be accelerated up to very high
energies. Here, | briefly describe how these acceleratéitlearproduce the observed radiation
from radio band to gamma-rays. Light curves and cut-off giesrof the spectrum will also be
explained. There are two different explanations for thesgedding on whether the emission
region is in the inner magnetosphere (below the null surfiaeein the PC and in the low altitude
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SG) or in the outer magnetosphere (above the null surfacein.the OG and in the high altitude
SG).

2.7.1 The Overall Energy Spectrum
Radio Band

As described in Sect. 2.1.1, the first pulsar was found indderband. A pulsar is one of the
brightest classes of objects in radio astronomy. In the oaslee Crab pulsar, the energy flux
at 1 GHz is 100 mJy while the sensitivity of the VLA (Very Larderay, radio telescope) for
this band is 0.01 mJy. About 2000 pulsars are listed in therAlia Telescope National Facility
Pulsar Catalogue [124] and most of them are found in the raainal.

The natural explanation for the strong radio emission iscibi@erent radiation process; in
other words, phases of radiation from individual particies aligned and, hence, the total in-
tensity is much higher than the sum of the individual pagtemission intensity. The coherent
emission results either from densely localized particteigs emitting curvature and synchrotron
radiation or from the maser mechanism (see e.g. [84], [140]434]).

Optical to Gamma-rays

Although there are numerous calculations with differerguasptions to explain the observed
pulsar radiation energy spectrum, emission from OptiRaldl gamma-rays emission can gener-
ally be explained by synchrotron radiation, curvatureatidn and inverse Compton scattering.
Thermal radiation from the pulsar surface may also conteibuthe X-ray band. Fig. 2.17 shows
a spectral energy distribution (SED) of one of the calcalaifor a young pulsar assuming the
emission region to be the outer magnetosphere (SG or OG)1(58p.

The radiation above 1 GeV, the study of which is the main tafiayethis thesis, is dominated
by curvature radiation, though some models predict sigmticontributions from synchrotron
and inverse Compton radiation as well. Assuming the Loréatior of the electrons to be
I' = 3x 107 and the curvature of the field to be 1000 kifi{cm), which are good approximations
for the Crab pulsar, Eq. 1.62 leads/p ~ 8 GeV.

2.7.2 The Energy Cut-off

Observational results suggest a cut-off in the energy sp@acat around — 10 GeV. The cut-
off is explained differently whether emission comes frora thner magnetosphere or the outer
magnetosphere.

The Outer Magnetosphere Case: Curvature Radiation Cooling

Even if the potential drop can B€'° V (see Sect. 2.6.3), electrons are not necessarily actedera
up to 10" eV because they lose energy mainly through curvature fadiatThe maximum
energy of the electron determines the cut-off energy of #rarga-ray energy spectrum in the
outer magnetosphere case.
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Figure 2.17: Basic energy spectra of a young pulsar. The gionsregion is assumed to be in the outer
magnetosphere. Thermal (KT), synchrotron (Sy), and curegCR) radiation explain the entire energy

spectrum. The dashed line (CS) is inverse Compton emissich way play a role in specific conditions.

A power law spectrum was assumed for electrons, which mayenibte standard case. The dotted line is
the spectrum of curvature radiation from monoenergetictedes. Figure adopted from [155].

The energy loss in unit time would be- E.,, wheren is the number of emitted photons per
unit of time andE, is their mean energy. From Eq. 1.62 and Eq. 1.64,

_ etB2 T2 ecl?

neB, o~ S = (2.28)
1 2

~ A1 [ | T* Vs 2.2

10 (Rcurv/cm> PV/q ( 9)

The maximum™ would be derived as follows:

n-E, = eEjc (2.30)
eE” 14
et =50 (W) \/ Rcurv/cm (2.31)

Substitutinglyy = 3 x 10% V/cm, andR,,,, = 10® cm, which are reasonable values for the Crab
pulsar, one can obtaiii”** ~ 2 x 107 (10 TeV). It is consistent with many other calculations
(see e.g. [155], [104] and [93]). From Eg. 1.62, the energthefcurvature radiation photon
from the maximum energy electron would be6.5 GeV.

It should be noted that, witl;, = 3 x 10° V/cm, the electron energy of 10 TeV can be
achieved with33 km of acceleration. Considering the co-rotation radiushaf €rab pulsar
(R;, = 1500 km), accelerated electrons should be nearly monoeneeaiound the maximum
energy.

Inner Magnetosphere Case: Pair Creation by Strong Magnetid-ields

In the inner magnetosphere, the maximum Lorentz factor@fttcelerated electrons is similar
to the one in the outer magnetosphere (see e.g. [91]). Ontliee band, the curvature of the
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magnetic field is smaller than that in the outer magnetosphdrerefore, one might expect even
higher energy of photons via curvature radiation from theemmagnetosphere than from the
outer magnetosphere. However, the strong magnetic fielcdabaarb the high energy photons
via the magnetic pair creation process, which actuallyrdatees the cut-off in the observed
gamma-ray spectrum.

One photon in a field-free vacuum cannot produce an elegtositron pair even if the photon
energy is higher thadm,c?, because both energy and momentum cannot be conserved at the
same time. However, if the magnetic field participates in raotum and energy transfer, it
becomes possible to create an electron-positron pair freimgée photon. The energyz which
has to be transferred from the magnetic field, would be estidhas follows:

2m?ct

Ep ~ 2B, — B, ~ (2.32)

Y
assuming that the high energy photon with the endfgyand momentun®., produce an elec-
tron and a positron with the energy &f and the momentuni/2P., parallel to the photon
momentum. On the other hand, the cyclotron energy states efegtron under magnetic field
are discrete

hwy(N +1/2) (2.33)

Thus, the electron and the positron gain energy from the etagfield by~ hw,, wherew, =

eB/m.c is the gyro-frequencyhw, is equal tom.c* if the magnetic field strength is the critical

magnetic field strength., = m?c®/eh = 4.4 x 10'* G. From this argument and Eq. 2.32
2m?c! , Bl

< Mmec
E, B,

(2.34)

would roughly be the condition for the magnetic pair creatiwhereB is the magnetic field
strength perpendicular to the electron motion. Therefone, can define a useful dimensionless
parametery

B, B,
- 2m.c? B,

X (2.35)
If x << 1then pair creation should not happen while it should happgni 1 or y > 1.

The detailed calculations were first done independentlydiy{ I82] and Klepikov [113] and
later confirmed by many authors such as [72] and [185]. Ambemt T. Erber [72] provided
a useful calculation for the attenuation coefficient as &fion of y. It shows that gamma-rays
can escape the pulsar magnetosphere when0.1 is fulfilled throughout the propagation. In
other words, from Eq 2.35, the following condition:

E, _02B, 028,
mec? B,  Bsinf

(2.36)

must be fulfilled throughout the trajectory in the pulsar matgsphere, wheré is the angle
between the photon propagation direction and the magnetat fin a pulsar magnetosphere,
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gamma-ray photons are emitted tangentially to the magfietecc(¢ = 0). As long as a photon
travels parallel to the magnetic fields, pair creation wevar happen. However, since the dipole
magnetic fields are curved, increases with distance. On the other hand, the magnetit fiel
strength rapidly decreases with the distance from theastslirface.

The maximum energy**(r) of gamma-rays that were emitted at distané®m the pulsar
and reach the Earth can be roughly estimated as follows: amassume that the magnetic fields
are uniformly curved with the same strength in a scale of thiegr radiusk, = 10° cm and
that, due to the rapid decrease of the field strength, a plwatarh could travel up to the distance
Ry will never cause the magnetic pair creation afterwards. rédaus of field curvature near the

last closed line can be approximatedsag) = VR;r = \/Pcr/(27) (see [34]). If a photon is
emitted tangentially to the magnetic field, after traveloygR,, then sid ~ R,/p.. Therefore,

from EqQ. 2.36

0.2B.,m.c? 0.2B.,m.c?
Eon(r) = erMeC e 2.37
(r) Bsinfl Bo(R3/r%)(Ro/p2) (2.37)
~ VP <i>7/2 Ber ey (2.38)
- Ry) By '

Accurate calculations, taking into account the effect afagal relativity can be summarized in a
similar formula (see [90], [33] and [34]):

MeV (2.39)

72 B
Erpaz(r) =~ 40\/§<L> =

Ry By
In the case of the Crab pulsar, substitutiig= 4 x 10'* G andP = 0.034 sec, thent,,,,,(r =
Ry) will be 0.3 GeV. This value can change depending on the eariglistance-.

The photon splitting process, which is forbidden in a figkekefvacuum by the Furry theorem
(see [81])

v =y 4y (2.40)

is allowed in the presence of a strong magnetic field. Thisgss, therefore, limits the attainable
energy of photons. Photon splitting can dominate magnatrapeation in a certain energy range
only whenB, > 0.3B,, (see [90]), which is rarely the case for pulsars except fanesspecial
ones such as PSR B 1509-98,(~ 3 x 1013G).

2.7.3 The Light Curve

Some pulsars have two pulses and others have only one. Thalsmbe explained by both the
inner magnetosphere emission model and the outer maghetespmission model.

Inner Magnetosphere Case: Conical Beam

The explanation of various light curves is schematicallyshin Fig 2.18. If the pulsed radiation
comes from near the pulsar surface, the emission regiondalheuconically beamed. Let me
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define a imaginary sphere named “emission profile sphere’se/enter is on the pulsar center
and whose radius is infinitely long. By projecting the cohm@am to the emission profile sphere
and opening it like a Mercator chart, one can make a “emisgiofile map” as shown in the
figure. The longitude of the map corresponds to the pulsegpivaie the latitude corresponds
to the viewing angle, i.e. the angle between the rotatios ard direction to the observer (the
Earth). Depending on the viewing angle, a light curve careltao peaks or one peak. The pulse
width can also be any value. By adjusting the angle betweendfation axis and the magnetic
dipole axis, any phase separation between two peaks carplzred as well.

It should be noted that because of the rotation of the newstiamthe magnetic field will not
be a perfect dipole, especially near the light cylinder.sMaiill cause an asymmetry in the polar
cap shape when the rotation axis and the dipole axis are igoteal (see e.g. [53]), leading to
different shapes between the two pulses, as shown in thiepagiel of Fig. 2.18.

Rotati@)n
AXxis |

Viewing Angle

Phase

c -

Figure 2.18: Explanation for some light curves when the smisregion is in the inner magnetosphere.
The mission should be a conical beam. Defining an imaginamgrgp‘emission profile sphere” (left) and
opening it to “emission profile map” (middle), different igcurves can be explained by the different view
angles. Near the light cylinder, dipole approximation ig malid. Therefore, if the rotation axis and the
dipole axis are not parallel, then the polar cap shape isatteid, which may cause an asymmetry between
the two pulses. The right panel shows the distorted polarstegpe when the dipole axis is inclined by 45
degrees. Figure adopted from [53].

Outer Magnetosphere Case: Fan Beam

If the pulsed radiation comes from the outer magnetosphleeclight curves are explained as
follows (see the left panel of Fig 2.20). Particles move gltime magnetic fields near the last
closed field lines. The last closed field lines in a three-disi@nal view taking into account

the relativistic rotation effect are shown in Fig. 2.19. Ajinchrotron, curvature and inverse
Compton radiations are strongly beamed to the directiorhefparticle motions by an angle
1/T', wherel is the Lorentz factor of the particle. Therefore, the tanige¢tines of the closed

lines could be projected to the “emission profile map” defiabdve. In the case of an emission
from the outer magnetosphere, however, one has to takedntuat two corrections when the



2.7 Non-thermal Radiations in the Pulsar Magnetosphere 55

10 0.5 (R

Figure 2.19: A three dimensional view of the last closeddindhe angle between the dipole and the
rotation axis is 50 degrees. The effect of relativity near light cylinder is taken into account, which
makes the lines asymmetric. Figure adopted from [177].

emission profile map is created: the relativistic aberrasind travel time. When the direction of
the tangential liner = (u,, u,, u,), (ju| = 1), wherez is the rotation axis direction andis the
azimuthal direction, the direction of the photah= (u/,, u;, u), (|u’| = 1) would aberrate as
(see [177])

, Uy — B , Uy , U,
= by = —————— ), = ——————— 241
ta 1— Buy "y v(1 = Bug) = v(1 — Buy) (2.41)
(2.42)

where = |r x 2| /cand,y = (1 — 32)~z. The correction for the travel time in the pulsar phase
¢ would be

r-u

Ry

The top right panel of Fig. 2.20 shows the emission profile aeguming that the angle between
the rotation axis and the magnetic axis is 65 degrees anthb&mission comes only from the
last closed field lines (gap width is zero, see e.g. [53]). Bgasing a viewing angle such as,
for example, 82 degrees, one can make a light curve as shotke ibottom right panel of the
figure. Assuming that emissivity is uniform over all the fiéltes, the intensity of the pulsation
is proportional to the density of the lines. Depending onwiesving angle, the light curve can
have two peaks or one peak.

(2.43)

Ap=—
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Figure 2.20: Schematic explanation of the emission profigg.mTop left: tangential lines of the last
closed field lines are projected onto the emission profilespfred arrows). Then, relativistic aberration
and travel time effects are corrected (green arrows). Fraora olosed field line, one emission profile line
is drawn in this way (green line). Bottom left: The emissioofife line from a single last closed line on
the emission profile map. Top right: Emission profile map aoged of emission profile lines from all last
closed field lines. The angle between the dipole and rotadias is assumed to be 65 degrees. Figure
adopted from [53]. Bottom right: Pulsar light curve based thie above emission profile map, assuming
that the viewing angle is 82 degrees and that emissivity ifum along the lines. Figure adopted from
[53].
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2.8 How to Determine the Emission Region?

Both inner and outer magnetosphere emission hypothesssnaaly explain the observed en-
ergy spectrum and light curves. The best way to determineithiesion region is to measure
the energy spectrum around the cut-off energy, because ither clear and robust difference
between the two hypotheses, which was suggested in theopgesections and will be explicitly

explained in the following sub-sections.

2.8.1 By the Highest Energy of the Observed Photons

The lower limit of the distance from the pulsar to the emissigion can be obtained by applying
Eq. 8.1. to the highest energy of the observed photons. Tillisestrict the possible emission
region.

2.8.2 By the Steepness of the Cut-off

If the emission region is in the outer magnetosphere, themmar energy of the electron deter-
mines the energy cut-off, while if it is in the inner magngtiosre the cut-off is governed by the
magnetic pair creation (see Sect. 2.7.2). These two mesinargan be distinguished by fitting
the observed energy spectrum near the cut-off energy byciidun

dN. N

d—E’j = KE%exp(-—(E,/E.)") (2.44)
where Ko, § and E, are free parameters. If the cut-off is determined by the raagmair
creation, due to the strong dependence of the attenuatedfiatent on photon energies,would
resultin~ 2 (see [140] and [65]).

dN. . N

d—E: o B exp(—(E,/E.) %) (2.45)
This characteristic feature is called the super-expoakatit-off (see e.g. [61]). Some of the
predicted energy spectra of a pulsar assuming inner magptetce emission are shown in Fig
2.21.

If the cut-off is determined by the maximum electron eneagythe other hand, the higher end
of the energy spectrum would be dominated by curvature tiadifrom nearly monoenergetic
electrons. As discussed in 1.3.3 and 1.3.4, the energyrspecif the curvature radiation from
monoenergetic electrons can be expressed as

dN. B

d—Ez x E.*"exp(—E, /E.) (2.46)
Therefore,5 should be 1. It should be noted that a power law part may betafieby, for
example, synchrotron radiation (see e.g. [93]) or inversm@ton radiation (see e.g. [177]), and
thus,a is not necessarily-0.7. Some of the predicted energy spectra of a pulsar assumteg ou
magnetosphere emission are shown in Fig 2.22.
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Figure 2.21: Predicted energy spectra of the Vela pulsamftevo different authors, J. Dyks and B. Rudak
[69] (left) and J. K. Daugherty and A. K. Harding [61], both &iaming that emission occurs in PC (inner
magnetosphere). The dashed and dotted lines are the cueviatdiation spectra from electrons ignor-
ing the magnetic pair creation. The very steep cut-off fi@aauper-exponential cut-off) caused by the
magnetic pair creation can be seen.
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Figure 2.22: Predicted energy spectra of the Crab pulsanfriovo different authors, Harding et al. [93]
(left) and Tang et al. [177] (right) both assuming that theigsion region is in the outer magnetosphere.
The highest end of the spectra are explained by the curvasauliation from monoenergetic electrons, as
indicated by a solid line (left) and a dashed-dotted lingfft).
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2.8.3 Why was the Emission Region not Determined before 2007

Before theFermisatellite started operation, the number of known gammaudsars were only
seven, all of which were found by EGRET at energies up to a f@eV.Gheir energy spectra
from radio to gamma-rays are shown in Fig. 2.23. The vast ntajf pulsars were not detected
in gamma-rays because of the limited sensitivity of EGRETading Atmospheric Cherenkov
Telescopes (IACTs, see Chapter 3) searched for some palsave~ 100 GeV but none were
detected. Flux upper limits derived from them are also shiovthe same figure. As one can see,
cut-off shapes were not precisely known for any of the pslsar

Radio Optical  X-Ray Gamma Ray
log Observing Frequenc z
9 g1 2 15 = 'Iél ;I () 24

27

Geminga

PSE B1055-52

Figure 2.23: Entire energy spectra of seven gamma-ray psidatected by EGRET from radid(( ® eV)

to gamma-rays. Clear cut-off features of the spectrum in &egjibn were not well measured for any of
them. Figure adopted from [179].
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2.9 The Crab Pulsar

Among the seven gamma-ray pulsars, which EGRET detectatt, BSR1951+32 and Geminga
are observable by MAGIC and the Crab pulsar is the brightietbteon. It is actually one of the
best studied of all pulsars because of its brightness ovenawide energy range (see Fig. 2.4).
Here, | will summarize the basic properties and observatiatus of the Crab pulsar.

2.9.1 Discovery of the Crab Pulsar and its Nebula

The Crab Pulsar was discovered in 1968 (see [171]), one y&arthe discovery of the first
pulsar PSR B1919+21. Since then, pulsed emission from thle @ulsar has been detected at all
accessible energies up to gamma-rays (see [55] for op{i4d] for X-ray , [15] for gamma-ray
below 100 MeV and [194] for gamma-ray above 100 MeV) On theottand, the Crab nebula
had been discovered much earlier, by Jone Bevis in 1731 $itants brightness in visible light.
In the “Catalogue of Nebulae and Star Clusters” publishedChgrles Messier in 1781, the
Crab Nebula is listed as the first object. There are sevestdial documents describing the
supernova explosion in 1054 in the direction of the Crabamitebula. The Crab pulsar is the
only pulsar whose birth is precisely documented by humangdsei

2.9.2 Basic Properties of the Crab Pulsar

Basic properties of the Crab Pulsar are summarized in Tdble2

J name| PSR J0534+2200

True Age 956 years
Spin down Age 1240 years
Mass 1.4 M,
Radius 10 km
Co-rotation Radius 1500 km

Surface Temperature < 1.5 x 10°K
Pole magnetic field strength3.78x10'? Gauss
Period 33.6 mseg

Time derivative of periog 4201013
Spin down luminosity ~ 4.6x10*erg/s

Right ascension (J200Q)  05:34:31.973
Declination (J2000 22:00:52.06
Distance from the Earth 2.0 kpc

Table 2.1: Basic properties of the Crab Pulsar. Values aletafrom [203] and [124].

As you can see from Fig. 2.6, it is one of the youngest pulsadgize spin down luminosity
is also very high. Unfortunately, the surface temperatsireot successfully measured but a very



2.9 The Crab Pulsar 61

stringent upper limit ofl.5 x 10° K has been obtained (see [37]). The surface magnetic field
strength is about 0.B., and magnetic pair creation would work effectively near thkep.

2.9.3 Geometry of the Crab Pulsar, the Crab Nebula and the Sugrnova
Remnant

The geometry of the light cylinder, the unshocked pulsadwagion, the pulsar wind nebula, and
the supernova blast shock front are shown in Fig. 5.3. Theoestar radius of the Crab pulsar
is 10 km and the co-rotation radius is 150 times larger that) thx 10'° [cm/s]) /(30Hzx 27) =
1500 km. The pulsar wind is highly relativistic and its Lotefactor is thought to be higher than
10 (see [152] and [195]). The wind is decelerated and heateddigsma and a standing shock
wave is created at 0.1 pc (see [111] and [10]). The averagedspethe plasma flow after the
shock is~ 2000 km/s (see [111]) resulting in the formation of an exeehslynchrotron source up
to ~2 pc. Most of the observed radiation from radio to gamma-eagggenerated in this region
(see [111]) and it is called the Pulsar Wind Nebula (PWN). blest wave of the supernova
explosion propagates with an average velocityedd000 km/s and now it is at5 pc. Charged
particles should be accelerated there but radiation is muetker than the PWN.

The Crab pulsar is located at 2.0 kpc away and the radius d?\Wil of 2 pc corresponds to
0.06 degrees in viewing angle. Taking into account the pgpnéad function of typical IACTs
(~ 0.1 degrees at around 500 GeV), it is not possible to resolve tfgapemission and the
nebula emission spatially by IACTs. Fig. 2.25 shows the iesagf the Crab nebula in different
energies.

Pulsar Wind Nebula

| _ (Strong Synchrotro
=3, radiation)

Light /
Cylindei : .
1500km 0.1pc 2pc 5pc
3x10° km

13

Figure 2.24: The geometry of the Crab pulsar, the Crab nelaud the supernova blast shock. The light
cylinder has a radius of 1500 km. The nebula extends from®tt B pc from the pulsar. The supernova
blast shock is about 5 pc away from the pulsar.
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Figure 2.25: The Crab nebula in different energies. Top IB&dio image at 5 GHz. Its filament structure
looks similar to the optical image. Figure adopted from [2T6p right: Optical image (red and green)
overlaid with the X-ray image (blue). Figure adopted frord$2 Bottom left: X-ray image. The standing
shock at 0.1 pc is indicated by an orange bar. Figure adoptechf206]. Bottom right. VHE gamma-
ray image observed by MAGIC. Due to the limited angular rngoh, the structure cannot be resolved.
Figure adopted from [20].



2.9 The Crab Pulsar 63

2.9.4 Light Curve of the Crab Pulsar

Fig 2.26 shows pulse profile of the crab pulsar over 15 dectdesradio 332 MHz (06 eV)

to > 1 GeV (10° eV). The bottom right panel shows the X-ray (20 - 50 keV) lightve overlaid
with the radio (812.5 MHz) with the phases around the firskpgmmed. One can see several
interesting features.

Similar peak phasesInterestingly, the phases of the two pulses are very siroNar the 15
decades, which might imply the same emission region forredrgy bands. Actually, this
is not often the case, as one can see in Fig. 2.4.

Slight energy dependence of peak phasealthough peak phases look similar at first glance, a
closer look reveals the small energy dependence of the gedep. From the left panel
of Fig. 2.26, one can see that the X-ray peak is slightly adednn time relatively to the
radio peak.

Different pulse width and bridge emission The width of the pulses changes with the energy.
A bridge emission between the two pulses are also seen in gbthe energy ranges.

Different P2/P1 ratio The ratio of the height between the two pulses changes wétletiergy.
It reflects different spectral shapes between the two pulses

These features will be discussed in detail for gamma-raghep. 8
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Figure 2.26: Light curves of the Crab pulsar measured be&#87. Top left: Radio 332 MHz to X-ray
139 keV. Figure adopted from [136]. Top right:. X-ray 0.1 ke\gamma-ray> 30MeV. Figure adopted
from [114]. Bottom left: High energy gamma-ray (50 MeVo1l GeV). Figure adopted from [142].
Bottom right: X-ray (20 - 50 keV) overlaid with the radio (822VIHz) with the phases around the first
peak zoomed. Figure adopted from [115].
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2.9.5 Naming of the Pulse Phases

Since the peak phases are stable for all energies, the Clsdr mioften studied by dividing its
light curve into eight phases, as shown in Fig. 2.27. In thésis, | use the names that were first
defined by Fierro et al. (see [77]).

7 T T T T T T T
71800 OP LWL P1 ! TW1 BridgelLW2: P2 :TW2: oP

69950

68100

Cnts (COMPTEL; 0.75-30 MeV)

Component Abbreviation Phase interval Width
Leading Wing1 LW1 0.880.94 0.06
Peak 1 P1 0.941.04  0.10
TrailingWing1 TW1 0.04-0.14 0.10
Bridge Bridge 0.14-0.25 0.11
Leading Wing 2 LW2 0.250.32 0.07
£ Peak 2 P2 0.320.43 0.11
Trailing Wing2 TW2 0.43-0.52 0.09
Off Pulse OP 0.520.88 0.36
v Total Pulse TP 0.881.52 0.64

S P i L
-0.25 0.00 0.25 0.50 0.75

Phase

Figure 2.27. Naming of the phases. Following [77], a lightreei is divided into 8 phases. The width of
the phase intervals are not the same for all phases. Figuoptedi from [114].

2.9.6 The Energy Spectrum around the Cut-off Energy Measure before
2007

Fig. 2.28 shows light curves above 100 MeV measured by EGREp), (@bove 5 GeV measured
by EGRET (middle) and 60 to 180 GeV measured by MAGIC (bottddQRET clearly detected
high energy gamma-ray pulsation above 100 MeV but only alsmahber of photons were
detected above 5 GeV. On the other hand, although variou$$A€ee e.g. [138], [8], [118] and
[9]) and air shower arrays (see e.g. [25]) had looked for VHiEhnma-rays above 100 GeV,
only a hint of signals (2.9)) was found by MAGIC above 60 GeV in 2006.

The energy spectrum of the Crab pulsar from optical to gamaga-s shown in the upper
panel of Fig. 2.29. An energy range from 100 MeV to 10 TeV iggiin the bottom panel of the
figure in order to show the cut-off energy range in detail. EFRlata alone could not be used to
determine the cut-off because of lack of statistics. In toidi there was a big gap between the
highest energy of EGRET measurements and the flux uppeslobitined by IACTs. This gap
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is the key energy region for studying the emission region andt be filled by measurements
from the new detectors, such as the upgraded MAGICFRarchi-LAT. Actually, the upgraded
MAGIC detected the Crab pulsar during the observation betw@ctober 2007 and February
2008 and reported in [22], although detailed studies reathato be done with higher statistics,
with more elaborate analysis methods and in conjunctioh RetmiLAT measurements.
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Figure 2.28: The light curve of the Crab pulsar above 100 M&y), above 5 GeV (middle) and 60 to
180 GeV (middle), measured before 2007. Figures are addpted [20]. One can see that the EGRET
measurement above 5 GeV was rather poor, despite being tseimuortant energy range to determine
the emission region. The MAGIC data suffer from a very higtkgeound rate.
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Figure 2.29: Energy spectrum of the Crab pulsar measuredrb&f007. Top: Optical 1 eV to gamma-ray
10 GeV. Figure adopted from [114]. Bottom: 100 MeV to 10 Teyufe adopted from [20]. There was
no measurement between 10 to 60 GeV, which is the most important energy range to detegrtiie

emission region.
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2.9.7 Energy Spectrum of the Crab Nebula

Contrary to the difficulty of the detection of the pulsar esios, its pulsar wind nebula, the Crab
Nebula is the first source detected in VHE gamma-rays in 1888Ks to its large flux. Since
then, it has been used as a standard candle for IACTs. Al$usithesis, besides the analysis of
the Crab pulsar observation by MAGIC, the nebula emissidibeianalyzed (see Chap. 5).
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Figure 2.30: The energy spectrum of the Crab nebula. TopidR&e ¢ eV to gamma-ray 100 TeV. It can
be explained by thermal emission (arour 2 eV), synchrotron radiation1()—° eV to 100 MeV), and
inverse Compton scattering (above 100 MeV). Figure adofsted [105]. Bottom: Gamma-ray above 30
MeV. The inverse Compton component of the Crab Nebula spedtrvery useful for calibration of IACTs
because of its stability and high flux. Data points from saVvBkCTs, (Whipple, HEGRA, CANGAROQOO,
H.E.S.S. and MAGIC) are shown. Figure adopted from [20]
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2.10 Concluding Remarks

Extremely precise periodicity and high frequency of puidsawake the magnetized neutron star
interpretation undoubtable. Since the discovery in 196anyrof the observational results in-
cluding pulsar wind nebulae have revealed the physics apsiin considerable detalil.

However, both inner and outer magnetosphere emission hgpes could explain the obser-
vational results. Therefore, the next step for the pulsgsigs must come from the determination
of the emission region. The best way to do that is to measererikergy spectra around the cut-
off energy, which could not be done before 2007. As mention&kct. 1.6, this can be done by
the upgraded MAGIC telescope and the new gamma-ray detiectpace fFermiLAT.

Among ~ 1800 pulsars, the Crab pulsar would be the best candidate to $iedyulsation
mechanism because it is the best studied pulsar in all dessilergy bands and its flux is among
the highest above 1 GeV. Its location in the sky is also favertor MAGIC. The detection of the
Crab pulsar was already achieved by collective efforts nfesof my colleagues (names are listed
in Sect. 1.6), although detailed discussions of the reseittgin to be done with higher statistics,
with more elaborate analysis methods, and in conjunctidh FarmiLAT measurements.

Several interesting features of the Crab pulsar light camneeknown such as similar peak
phases over 15 decades in energy, the energy dependendseofyidth and the energy depen-
dence of the ratio between the two peaks. In addition to ttexehénation of the emission region,
it would also be interesting to examine these features irMA&IC and theFermi-LAT data,
which may lead to further understanding of the pulsationmatsm.
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Chapter 3

Imaging Atmospheric Cherenkov
Telescope Technique and
The MAGIC Telescope

Figure 3.1: Photograph of the MAGIC-I telescope, adoptenfi{214]

Gamma-rays with an energy higher than,.c’ are absorbed by the atmosphere via electron-
positron pair creation. In order to detect high energy phetdrectly, detectors must be set up
on artificial satellites (or the space station). The sizeughsdetectors is limited (currently, the
largest detector has an effective area~ofi m?) and, thus, they are usually not very sensitive
at high energies above 10 GeV, where the photon flux is noymaty low. On the other hand,
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gamma-rays above 10 GeV can be detected from the groundiy the& atmosphere as a part of
the detector. One of - and the best of - such techniques isriagihg Atmospheric Cherenkov
Telescope (IACT) technique. Very high energy gamma-raiggte an electromagnetic cascade
when hitting the atmosphere. This cascade is calledimshower (Sect. 3.1). Charged, ultra-
relativistic particles in the air shower produce a large hanofCherenkov photons(Sect. 3.2)
that can reach the ground, while the charged particles thless stop mostly high up in the
atmosphere. The Cherenkov photons will be spread over rippately ~ 100 m in radius on
the ground. The arrival direction and the energy of the pryng@mma-ray can be estimated by
sampling some of the Cherenkov photons by a telescope. Fttig basic principle of the IACT
technique (Sect. 3.3). The IACT technique provides a gamayaletection effective area more
than 10 times larger than that of satellite-borne detectors. Altitorejection of the cosmic ray
background is not as easy as for satellite-borne deted¢&zd s are the only detectors that have
a potential to detect the Crab pulsar signal well above itofftenergy. This chapter describes
the IACT technique and the world’s largest IACT, the MAGI@esxope (Sect. 3.4).

3.1 Air Showers

The air shower phenomenon makes the IACT technique possiins of all, | shall describe the
basic features of the air shower.

3.1.1 Overview

A very high energy gamma-ray interacts with an atmosphearaieus and the main result is an
electron-positron pair creation (see Sect. 3.1.2). Thatetkelectron and positron have on aver-
age each half of the primary gamma-ray energy and, thustiineesy energetic. Subsequently,
they interact with an atmospheric nucleus and emit highggnginotons via bremsstrahlung (see
Sect. 3.1.3). These newly generated photons again produeleetron-positron pair. This cas-
cading process continues until energies of individualtedexs and positrons are not high enough
to cause the next bremsstrahlung before losing all energyédyonization process (see Sect.
3.1.4). Eventually, the very high energy incident photorosiverted into a huge number of
electrons and positrons (as well as an even larger numbéroddps) with lower energies in this
way, which is often called thair shower process.

Not only gamma-rays but also cosmic-rays (see Sect. 1.tupmair showers. At the top of
the atmosphere, they cause a hadronic interaction withraasgtheric nucleus to produce many
hadrons, mainly pions. The charged pions either interattan atmospheric nucleus to produce
more hadrons or decay into a muon and a neutrino. This mighijgbn of hadrons is called a
hadronic cascade (see Sect. 3.1.7). The neutral pions deeayery short time into 2 photons.
These photons are energetic enough to cause electromagastades. Therefore, in the case of
cosmic-rays, the air shower consists of hadronic and eleagnetic cascades.

Fig.3.1.1 shows air shower simulations of a 100 GeV gammagheton and a 100 GeV
proton. Red lines indicate the particle tracks of electr@usitrons and gamma-rays, while
green and blue lines indicate muons and hadrons.
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Figure 3.2: Images of an air shower caused by a 100 GeV ganaypéeft) and a 100 GeV proton (right).
A horizontal view (top) and a vertical view (bottom) are shoer each of them. Red lines indicate the
track of electrons, positrons and gamma-rays, while greed lalue lines in the proton shower indicate
that of muons and hadrons. The scale is shown by the black Baysres adopted from [164].
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3.1.2 Electron-Positron Pair Creation

If the energy of a photoi is more tharm,c?, it can create an electron-positron pair by in-
teracting with atmospheric nuclei. Whéh >> 2m.c?, the cross-section is written as (see e.qg.
[96])

(3.1)

28 1837-1/3
Opair = 07 (2 +1) (?k’gl n 0.12(Z/82)2>
whereq is a fine structure constant (1/137.9)js the atomic number of the hit nucleus ands
a classical electron diameter (2.8 fm). The electron anénposthus produced possess a nearly
equal energy of¢/2. Their transverse momenta are roughly the mass of an eteatrd it is
negligible compared to the one obtained by multiple Coulecditering (see Sect. 3.1.5). In the
case of air, by substituting its effective atomic numBex 7.6, o = 530 mb is obtained.

The mean free patiX, in a unit of g/cni is written asA/No,.;,, where N is Avogadro’s
number6.02 x 10~ and A is the mass number. In the case of aif, = 47 [g/cnt]. It means
the gamma-rays first interact at 47 [g/jron average, corresponding 420 km in height (see
Fig 3.4).

3.1.3 Bremsstrahlung

The differential cross-section of bremsstrahldﬁ’gi@, whereF ande are energy of the elec-

tron and emitted photon, is proportional t@ Whene is close to 0, whereas it gets hardereas
becomes larger. Therefore, energy loss of the electron déay$strahlung is dominated by high
energy photon emission (see [10]). When E00m.c* ~ 50 MeV, the integral cross-section
between: = E/2 ande = E is

E
/ doy de >~ 0pgir (3.2

Therefore, the mean free paitfy of bremsstrahlung, which is the average length over whieh th
electron loses energy by a factgrshould be similar to the pair creation mean free path and can
be well approximated to be

X, ~ gxp (3.3)

X, is also called the “radiation length”. In air, it is 37 [g/cn¥]. Transverse momenta of the
electron and the emitted photon are roughly the mass of atreteand negligible compared to
the one obtained by multiple Coulomb scattering (see Seti5)3

3.1.4 lonization and Critical Energy

When a charged particle passes through some matter, iemaibpms of the matter and loses its
energy. In the case of electrons or positrons, energy lassmeof length is (see [116])
dE 21¢'NZ [ 4*mev® Brax (2 1 ) 11 ( 1)2]

log2+ — + < (1 — (3.4)
o8\ )]

—— = 1
dX mev? [Og 21

v
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27072 2
B - 2v*M*m,v (3.5)
m2 + M? + 2ym M

whereN, Z, v, I andE,,., are the number density of the atom, the atomic number of tha,at
the velocity of the electron, the ionization potential of ttom and the maximum kinetic energy
which can be transferred to the stationary electron, resede Since it is proportional tav 7~
and” is usually about half of its mass number, the energy loss pssiength is almost indepen-
dent of matters. In addition, when the electron is relatiiwj$t is almost energy-independent and
remains atv 1.8 MeV/(g/cn?). The total ionization loss, for an electron to travel one radiation
length is called theritical energy. An electron with the energy, loses all its energy before
causing bremsstrahlung in most cases. The air shower gemeltt stops when the individual
particle energy reaches the critical energy. In the casé,ofa= 84.2 MeV.

3.1.5 Multiple Coulomb Scattering

Electrons and positrons do not travel straight in the athespbut are scattered frequently elas-
tically by Coulomb scattering. The deviation of directit®? per travel distancéX is estimated
to be (see [26])

2

mec®\/Am [ 21MeV\ 2

507 oo [MeVATO) —( ev> 5X (3.6)
E E

where ' is the energy of an electron or a positron. The scatteringoigeraignificant when the

energy of the particle is lower. The transverse spread oktbetromagnetic cascade can be

characterized by

21MeV
v —

Xo (3.7)

€o
wheree, and X are the critical energy and the radiation length. Thijsis called the “Moliere
unit” andr,; = 9.5 [g/lcm?] in the case of air~ 95% of the energy of the shower is deposited
in a cylinder whose radius is2,; around the axis of the shower (see [88]). At 10 km above sea
level, where the number of air shower particles is more @& &s maximumy;,, ~ 200 m. (see
Fig. 3.4)

3.1.6 Other Interactions

High energy electrons and positrons cause an excitatiomoofisa(and molecules). They lose
energy by this process as well. However, compared to theation loss and bremsstrahlung,
its effect on air shower development is negligible. Phatodpction of hadrons also occurs
between a gamma-ray and an atmospheric nucleus. Howenee #$ cross-section is more
than 100 times smalle~( 0.1 mb for a proton target, see [26]) than that of electron-posit
pair creation, it is a rare process. Nevertheless, it shbeldoted that muons can be produced
after photo-production of hadrons. Not only hadron-indusbowers (see Sect. 3.1.7) but also
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gamma-ray-induced showers might contain muons, althdughamber of muons in a gamma-
ray-induced shower should be much smaller than that in aohaidduced shower. Muon pair
production by a high energy gamma-ray is even less freqhantphoto-production of hadrons.

3.1.7 Hadronic Cascade

Figure 3.3: Schematic view of a hadron-induced air showae primary hadron first creates multiple pi-
ons and neutral pions initiate an electro-magnetic cascadeereas charged pions produce other mesons
or decay into a muon and a neutrino.

Cosmic-rays can also produce air showers. High energy ifustanteract with atmospheric
nuclei via hadronic forces and produce mesons and baryafsasupions, K mesons, protons,
and neutrons. The cross-section of this inelastic intemachould be treated with Quantum
ChromoDynamics (QCD) but empirical estimation of the c¥ssstion can described as follows
(see [82]):

The inelastic cross-section of proton-to-proton collisias been experimentally measured.
It is a;’;e‘ ~ 30 mb and is almost constant between 3 GeV and 1 TeV of the kieatcgy of
a beam proton against a steady target proton. If the targeniscleus with4, nucleons, the
cross-section can be describedsgg’ ~ 4545%" mb. When the hitting particle is a nucleus
with a mass numbed,, it is approximated as®s' = 68(A;"* + Ay — 1.12)? mb.

In air (A ~ 14.5), the inelastic cross-section of a cosmic ray proton is aB80 mb in those
energy range, corresponding to 85 [gf¢raf mean free path (see [82]). So the first interaction
point for a proton is around 18 km a.s.l. on average (see Fi), @hich is a bit lower than
for gamma-rays (47 g/cm20 km). On the other hand, iron nuclei, for example, intenaach
earlier, the mean free path being about 10 ¢/cihhe multiplicity of the charged secondary
particlesN in the case of proton-to-proton collisions are estimateldetd/ ~ 2.0(F/GeV)%#
(see [50]). The transverse momenta of those generateddsgoparticles are about 0.3 GeV
(see [82]) on average. 90% of the secondary particles ares@ind the numbers af,, 7, and
m_ are approximately equal. Neutral pions decay into two phgito
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7 =y 4 (3.8)

The life time is8.3 x 107 s and quite short. Even 10 Te) can travel less than 2 mm and,
thus, all ofry decays without any other interaction. Those high energygrtsosubsequently
induce an electromagnetic cascade, as described in Skct. 3.

A charged pion decays to a muon and a neutrino.

™ = u* +v,(7,) (3.9)

and its life time is 26 ns. The mean free path of the inelastieraction ofr* in air is about
110 g/cnt for energies between 100 GeV and 1 TeV (see [82]). If the gnefghe pion is
high enough, it can interact with another nucleus beforagguroducing another meson. This
sequence of hadronic interaction is called a hadronic dasda continues until all the mesons
decay.

A muon also decays;

ut = et + Ve(Ue) + U, (V) (3.10)

and its life time is 2.2us. A relativistic muon with an energym,,¢* can travel0.66I" km, and
thus muons with an energy larger than3 GeV can reach the ground on Earth without decay.
Those muons are useful for the calibration of IACTs desdibeSect. 4.11.

3.1.8 Differences between Hadron-induced and Gamma-rayxduced Show-
ers

There are several major differences between hadron-iddsicewers and gamma-ray-induced
showers, some of which are shown in Fig. 3.2.

¢ In nearly all cases, all the energy of the primary gamma-sagonverted into an electro-
magnetic cascade while significant part of the primary hadnergy is carried away by
muons and neutrinos without contributing to an electronetigrcascade.

e A hadron-induced shower is basically a collection of mamcbmagnetic cascades in-
duced by differentrys. Due to the complexity of the hadronic cascade, the regudir
showers are more disordered than gamma-ray-induced stiopr@ducing bigger axial
asymmetry and sub-cores.

¢ Individual 7ys have on average a transverse momentum of 0.3 GeV. Theréiereotal
transverse spread of a hadron-induced shower is biggethlhanf a gamma-ray-induced
shower.

e Hadron-induced showers contain many muons while gamm#nadayced showers rarely
do below 1 TeV (The origins of muons in a gamma-ray-induceav&n are mainly the
rare photo-production processes of hadrons between gamaysan the shower and atmo-
spheric nuclei.).
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These differences can be detected by IACTs and are veryldsefine IACT technique to
reduce the background events (see Sect. 3.3).

3.1.9 Density Profile of the Atmosphere

The atmosphere on the Earth consists of 78% of nitrogen, 2% &&ygen, 1% of argon and
small fractions of other molecules. The density is not umifdout decreases in the first order
exponentially with height. At sea level, it is 10g cm? while at 100 km above sea level, it
is less than 1@ g cm3, as shown in the top panels of Fig. 3.4. Since gamma-rayeidiair
showers are produced through the electro-magnetic cagradess, it is useful to describe the
atmosphere in depth with a unit of g c It also has a exponential profile as shown in the
middle panels of Fig. 3.4, which is obvious from the densistrébution. At see level, the depth
is ~ 10 g cm 2. The radiation length in the air is about 37 g ¢h{see Sect. 3.1.3) and, thus,
the full vertical depth of atmosphere corresponds-t28 radiation lengths.
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Figure 3.4: Top left: density of atmosphere as a functioneght. The vertical axis is on a logarithmic
scale. As height decreases, the density increases exjmihentop right: the same as top left panel but
the vertical axis is on a linear scale. Bottom left: The deptfy/cm?] as a function of height. The vertical
axis is on a logarithmic scale. As height decreases, thehdieyteases exponentially, as expected from
the density distribution (top left panel). Bottom rightetiame as bottom left but the vertical axis is on a
linear scale.
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3.1.10 Characteristics of the Electromagnetic Cascade Delpment as a
Function of Depth

Height a.s.l. [km]
2015 12 109 8 7 6 5 4 3 2 1 0 (vertical incidence)
L | !

log,, Ne

Slant depth t

Figure 3.5: Longitudinal development of electromagnehowers with different primary energies. The
shower sizes, characterized by the number of secondaryraiscin the showerV,, are plotted as a
function of the radiation length (Slant depth). The greerd denote the shower age (see [189]) which
characterizes the shower developments. The energy labgilsate corresponding gamma-ray energy
in the case of electromagnetic cascades in the atmosphére hdight corresponding to each radiation
length is also shown by the axis at the top of the figure. Figuiepted from [189].

During the electromagnetic cascade process, first the nuofiparticles increases until their
energy reaches the critical energy, then decreases. Fgh8ws the development of the elec-
tromagnetic cascade as a function of radiation lengtt{slant depth in the figure). The depth
at which the number of particles is maximum is called showaximum. For a gamma-ray with
the primary energys, = 10%¢,, wherege, is the critical energy, the shower maximunnis7 X.

In the case of the atmospher®, = 37 g/cn? ande, = 84.2 MeV, which leads to a shower
maximum at 260 g/ctor ~ 10 km for a 84 GeV gamma-ray. With increasing the energy of the
primary gamma-ray, the shower maximum shifts deeper irdaatmosphere. From 10 GeV to
10 TeV, the maximum shifts from 5 to 12 radiation lengthsregponding to a shift from 13 to 7
km in height (see. Fig. 3.4).

3.2 Atmospheric Cherenkov Radiation

3.2.1 Principle of Cherenkov Radiation

When a charged particle passes through dielectric matt#eaules near the track are polarized
only for a short time, as shown in Fig 3.6. Focusing on thelsingplecule, a dipole component
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Figure 3.6: Generation of Cherenkov radiation. When a cledrgarticle passes through some matter,
molecules are polarized for a short time (left) and emit tBpadiation. When the charged particle passes
slower than light through the matter, the individual emiss from molecules compensate one another.
When the charged particle passes faster than light throdrgh mhatter, the individual emissions from
molecules become coherent and generate Cherenkov radidtiee emission angle &= cos ' (1/4n)

appears and immediately disappears. Change in a dipolecdipole radiation (see e.g. [106]).
However, unless the radiative emissions of individual rooles are coherent, they compensate
one another and emission of electromagnetic radiatiorppressed. Only when the speed of the
charged particle is faster than that of light through thetematioes coherence occur, as shown
in the right panel of Fig. 3.6. As known as Huygens law, thera line on which the phase of
the individual dipole radiation is equal. A plain light wargecreated on this line and propagates
in a direction perpendicular to the line. In a three-dimenal space, this line creates a cone.
Therefore, a charged particle moving faster than light inadten emits a conical wave, which is
called Cherenkov radiation. The threshold energy for ther@hkov radiation,;, is expressed
as

= Be (3.11)
Ey = mc*(1—1/n)" Y2 (3.12)

where is the speed of the particle divided byn is the refractive index of the matter and
is radiation frequencyn is w dependent near the anomalous dispersion frequegcwhile it
is almost constant and larger than Liis well beloww,. In the case of atmosphenecan be
considered as a constant value for wavelengths longer 25@&moh is relevant for the IACT
technique. Therefore, hereafter | will ignore the frequetependence of. The angle between
the track of the particle and the Cherenkov light directi®icalled theCherenkov angle The
Cherenkov anglé is easily calculated by the geometry shown in Fig. 3.6. Iniaafrtime, the
particle travels byse, while Cherenkov light propagates byn, Therefore,

c/n 1
Be P

The refractive index of matter is density-dependent. The refractive index, Cherenkoveang
and Cherenkov threshold of the high energy electron are sta®aa function of height in Fig.
3.7.

cosf) =

(3.13)
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Figure 3.7: Refractive index -1 (top left), Cherenkov thi@d for electron (top right) and Cherenkov angle
(bottom left) as a function of height. These plots shoulddrepared with the density of the atmosphere
(top right panel of Fig 3.4). Bottom left panel shows the atise of the Cherenkov photons from the
shower axis at height 2231 m, as a function of generationtteithe lateral spread of the axis is ignored.

The energy loss by radiation per unit frequency per unittleigy(see [106])
2 2
d](w)d _ewll 1]dw

dods 07 @ | £2n?

The total energy loss due to the Cherenkov radiation can loalaged by integrating this up to
w ~ wy. Itis negligible compared to, for example, ionization loéslso shows that the number
of Cherenkov photons per unit frequency interval is freqyeindependent:

(3.14)

dN (w) 1 dI(w) « 1
do = == rdw = — |1~ d 3.15
drdw hw dwdz T ¢ oz | (3.15)
2T 1
- 22 [1 o ﬂQnQ] dA (316)

(3.17)
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and, hence, the number of Cherenkov photons per unit waytblenterval is proportional to
1/)\%, where) is the wavelength of the Cherenkov photon (see Fig. 3.8)ir mt40 km, as shown
in the top left panel in Fig. 3.7 ~ 1.0001, leading toN (300 - 600 nm)~ 8 photon/particle/m
at 10 km.

3.2.2 Absorption of the Cherenkov Photons by Air

The atmosphere is not completely transparent for Cherepkotons, so a certain fraction of
them cannot reach the ground. Firstly, ozone exists in thmsgphere and absorbs ultraviolet
photons. The absorption spectrum shows a broad peak ar&hdmr2 (see [95]) and most of
the Cherenkov photons with a wavelength below 300 nm are Bstondly, the air molecules
cause Rayleigh scattering. It has\a' dependency and mainly short wavelength photons are
affected. Thirdly, aerosols such as dust and water dropbaise Mie scattering, which has a
weak wavelength dependency ¢ ('~'-%)) and all the wavelengths are affected. The Cherenkov
light spectra at 10 km (before absorption) and 2200 m aafter(absorption) are shown in Fig.
3.8.

< -
g r \ —— 500 GeV photon
5200 —— 200 GeV photon |
—— 100 GeV photon
—— 50 GeV photon

100[—+

50

‘Cherenkov [nm]

Figure 3.8: Cherenkov radiation spectrum from air showeithwifferent primary energies. Solid lines
are the spectra at 10 km. Since absorption is negligibletfent, they show 2 behavior. Dotted lines are
the spectra at 2200m, the absorption feature is clearlyblésespecially in shorter wavelengths. Figure
adopted from [189].

3.2.3 Distribution of the Cherenkov Photons on the Ground

As shown in the bottom left panel of Fig. 3.7, the Cherenkoglarnncreases as the height
in the atmosphere decreases. Due to this, a particularréeappears in the relation between
the height at which Cherenkov photons are generated anddtamde between the shower axis
and the Cherenkov photons on the ground, as shown in thenboigiit panel of the figure. It

shows a peak at 15 km and the peak value i830 m. This feature, convoluted with the shower
development, creates a characteristic pattern of the @keveohoton distribution on the ground,
as shown in the left panel of Fig. 3.9. The figure shows theiligion of Cherenkov photons
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from air showers of 30 GeV gamma-rays (MC). A ring-like sture with the radius of- 120

m is visible. The area within this ring is called thght pool. The right panel of Fig. 3.9 shows
the photon density profile on the ground as a function of aadist from the shower core. The
hump seen at 120 m is the effect of the superposition of plsogenerated at different heights
(and thus, with different emission angles), as may be utoeisrom Fig. 3.5 and the bottom
right panel of Fig. 3.7. It should be noted that for higherrgres, due to the lower height of
the shower maximum, the hump is less pronounced. The taieoflistribution extending up to
more than 500 m is explained by the multiple Coulomb scatteaf air shower particles (see
Sect. 3.1.5).

The distribution shown in the right panel of Fig. 3.9 is notadly symmetric but slightly
elongated in the Y direction. This is because of the geontagfields in the X direction. Elec-
trons and positrons are deflected in opposite directioadjihg to this stretched distribution. For
higher energies, the effect is less prominent.

[Photon Distribution on Ground: 30 GeV photon | [ Photon Density on the ground: 30 GeV photon
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Figure 3.9: Left) Cherenkov light distribution on the gral(2200 m a.s.l.) An air shower induced by a
30 GeV gamma-ray from the zenith was simulated. The lightyitio a radius of 120 m is clearly visible.
The elongation in the Y direction is due to the effect of gaepratc field. Right) Photon density on the
ground as a function of distance from the core. The hump aim 2@icates the light pool.

3.2.4 Arrival Time Spread of the Cherenkov Photon on the Ground

A shower development itself takes an order of 1@) and Cherenkov photons are produced at
various heights. However, the downward velocity of Chemnhotons is almost the same as
for shower particles. Within about 120 m radius from the shioaxis, the vertical thickness of
the shower patrticles are less than 2 ns and the time spre&e @ftterenkov photons is also of
the same order. At larger distance from the shower axis,itiee $pread of the shower particles
as well as the Cherenkov photons starts to increase.
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3.3 Imaging Atmospheric Cherenkov Telescope

3.3.1 General Concept

The basic concept of the Imaging Atmospheric Cherenkovstelee is illustrated in Fig 3.10.

As described in the previous sections, a gamma-ray air shpmeluce a large number of
Cherenkov photons, which creates the “light pool” with aimadof ~ 120 m on the ground
(see Sect. 3.2.3). The densjiyf photons with a wavelength between 300 and 600 nm falling
within the light pool can be roughly expressedpas 0.1 x Eq.v [photon/nt], where Eq.y is
the primary gamma-ray energy in GeV (see [146]). Therefarglescope with a mirror area
of ~ 100 m? should be able to collest 10 x Eg.yv x & photons, wheres is light collection
efficiency and normally).5 — 0.7 1. The arrival angles of the photons are spread-blydegree,
depending on the generated height and lateral extensiarefidre, by using a pixelized camera
on the focal plane of the mirror, air shower images with anudengsize of~ 1 degree can be
recorded.

From such an obtained image, the arrival direction and tleeggnof a gamma-ray can be
estimated. From differences in the shower images, one atimgliish most of hadron-induced
showers from gamma-ray-induced showers. The discrinungiower increases as the primary
particle energy increases. On the other hand, close to thshbld energy, the discrimination
power degrades due to a small photon statistics and largerestiluctuations.

3.3.2 Background
Cosmic-ray-induced Showers

For the IACT technique, cosmic-ray nuclei are the dominackiground because they also pro-
duce air showers and their flux is usually more than 100 tingdseh than the gamma-ray signals
(see Sect. 1.1). As discussed in Sect 3.1.8, there are kdifegeences between gamma-ray-
induced and hadron-induced showers. From recorded imdigésshiowers, one can distinguish
hadron events and gamma events by making use of these ddéere

Night Sky Background Photons

Even in a moon-less clear night, the sky is not completeli,ddwe to the star light, zodiacal

light, airglow, polar light and other (man-made) scattelight from the Earth. In the MAGIC

site, for example, the flux of these night sky background (NSBotons outside the galactic
plane was measured to B8 + 0.15 x 10'? photons/(m sr s) for wavelengths between 300nm
and 600nm (see [135]), which is 0.02 photons/foer 1 ns within a 0.1 degree solid angle.
Considering the density (see Sect. 3.3.1) and the time dfse®e Sect. 3.2.4) of Cherenkov
photons, NSB is not too problematic if the photosensors asedast enough (2-3 ns in the

1For the photon detection efficiency, the quantum efficiemzytae collection efficiency of PMT muaddition-
ally be multiplied to it
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Figure 3.10: Principle of IACT technique. Figure adoptednfr [57]

FWHM of the signal pulse). However, NSB limits the pixel thineld of the IACTSs, as will be
described in Sect. 3.4.6

3.3.3 Stereo Observations

By recording a shower image with multiple telescopes, tlgikar resolution, the energy resolu-
tion and background rejection power are significantly invedh Although the energy threshold
rises because of the coincidence trigger requiremengateopic observation is nowadays the
standard mode for IACT observations.

3.34

IACTs in the World

The first successful IACT that could detect the first TeV gammayasource (the Crab nebula) in
1989 was the Whipple telescope (see [193]). The HEGRA IAGayawas the first stereoscopic
IACT system which started observations in 1996 (see [62])rréhtly four major IACTs are
operational in the world.

MAGIC Located on LaPalma island in the Canary islands (2231 m2R8<l5° north, 17.54
west). There are two telescopes and the first one startedtapeat the end of 2004, and
the second one in 2009. The diameter of the reflectors of etgbdopes is 17 m, which is
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currently the largest of all operational IACTs. The enefgreshold of the first telescope
with the SUM trigger i25 GeV (see Sect. 3.4.7).

HESS Located in the Khomas Highland of Namibia, (1800 m a.s.l.2Z3south, 16.50east).
There are four telescopes operational since 2003, whoset@® are 12 m in diameter.
The energy threshold of the telescope systedDi® GeV. One bigger telescope is under
construction, whose reflector diameter will be 27 m.

VERITAS Located in Arizona, USA (1268 m a.s.lL11.95° west, 31.68° north). There are
four telescopes operational since 2007, whose reflecterszam in diameter. The energy
threshold of the telescope system B0 GeV.

CANGAROO Ill Located at Woomera in Australia (160 m a.slBf.79° east,31.10° south)
There are four telescopes since 2004, two of which are cilyreperational. The diameter
of the reflectors is 10 m. The energy threshold of the telessgptem i200 GeV.

3.4 The MAGIC Telescope

The MAGIC | telescope is an IACT located on LaPalma islanchim €anary islands, 2231.28
m a.s.l. The second telescope, MAGIC I, has been built 83 mydwom MAGIC | and started
stereoscopic operation in June 2009. In this thesis, data MAGIC Il are not used. Here, |
describe each component of MAGIC I. MAGIC Il is almost a copyWAGIC I.

The major components of the telescope are:

e Carbon fiber frame

Drive system

Parabolic 17m diameter reflector

PMT camera with 577 channels

Signal transmission to the counting house via optical fibers

Trigger system

Data acquisition system

3.4.1 Frame and Drive System

The telescope mirror support frame is made of robust, Mggight carbon fiber tubes. The frame
of the telescope, including the camera support (see thpdek! of Fig. 3.11), weighs 8.5 tons.
The telescope has an alt-azimuth mount. This means thader ¢o track a source in the
sky, the telescope has to be moved around two axes, azimdtblewation. The azimuth axis is
equipped with two 11 kW motors (see the right panel of Fig1B.While the elevation axis has
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Figure 3.11: Photographs of the telescope frame (left) dneddrive system (right), adopted from [214].

a single motor of the same power. The angular position ofdlestope is measured by three ab-
solute 14-bit shaft encoders. One of them is in azimuth anglst@vo in the declination to control
twists of the mirror dish. The optical axis of the telescapedlibrated by taking pictures of stars
at different azimuth and zenith angles using a highly sees@CD camera (SBig camera) in the
middle of the reflector dish. A tracking accuracy of 0.01 @egean be achieved (see [153]). This
accuracy does not include a possible irregular bendingeatielescope structure. The positioning
of the telescope is, therefore, constantly monitored dusimservations by another CCD camera
(Starguider camera) mounted on the reflector frame. Theeemtoving part of the telescope
weighs 70 tons.

3.4.2 Reflector

The diameterD of the reflector dish is 17 m which is the largest reflector agntive IACTS.
The total surface area is 236 mit has a parabolic shape and, thus, relative arrival tinigiseo
photons on the reflector surface are conserved on the caragra. gt is important especially
for the large reflector because the conservation of the wesaflgime spread of the Cherenkov
photon helps to reduce the contamination of the night skkdracind photons as well as to
allow the best possible trigger selection. The relativévakitime information also gives the
information about impact parameters (distance from theveh@xis to the telescope) leading
to better angular resolution and energy estimation (sepd@a [159]). On the other hand, a
parabolic reflector makes a relatively large coma abematihich makes the images extended
(blurred) if looking off-axis. In the case of the MAGIC reftec, the coma aberration effect
amounts to 7%, i.e. an image point which should have a distafrom the camera center, has
an effective distance df.07d (see [130]). The focal distangeis equal toD = 17 m, thusf /D
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Figure 3.12: A photograph of the reflector adopted from [218§juare shaped mirror panels can be seen.

= 1. Smallerf (keeping the sam®) makes the aberration effect larger, while largeforces
the camera to be bigger and heavier in order to have the salthefieiew (FoV), which is not
favorable for such a big telescope. The reflector consisédfsquare mirror elements of 49.5
cm x 49.5 cm size. Each mirror has a spherical shape but with erdiit radius so that whole
reflector shape matches the parabolic shape. The mirrormade of 5 mm thick AIMgSi alloy
plates glued on aluminum honeycomb inside a thin Al-box. rEfilectivity of the mirrors ranges
between 80 and 90 % depending on the wavelength, whereasdhega reflectivity is about
85%.

3.4.3 Camera

F MAGIC Camera Inner Pixel 0.1 deg in diameter

OuterPixel 0.2 deg
........ in diameter

Figure 3.13: A photograph of the camera (left) adopted fr@&t4] and the camera geometry (right)
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The picture and the geometry of the camera are shown in F§. 8 has a hexagonal shape
and FoV is~ 3.5 degree in diameter. It consists of 397 inner and 180 outeslgixThe inner
and outer pixels have 0.1 degree and 0.2 degree FoV in digmetpectively. PMT ET9116 and
ET9117 from Electron Tubes are used for inner and outer pixespectively. The hemispherical
entrance window of the PMTs is coated by a diffuse lacqueedopith a wavelength shifter.
The wavelength shifter enhances the QE for the UV range. tlitiad, the diffusive coating
enhances the QE for all range by20% by increasing the possibility for a photon to cross the
photocathode multiple times (see [147]). A QE curve of E™®after the coating is shown in
Fig. 3.14, overlaid with a Cherenkov light and a NSB spectamthe ground. The QE curve
is well optimized to detect Cherenkov photons minimizingg\$oton detection. The response
time of these PMTs are 1-2 ns. The size of entrance window &flE® and ET9117 is 1 and 1.5
inches respectively. In order to reduce the dead space eBtRBITS, they are coupled with a
light guide, the so-called Winston cone, made of aluminiglsthr foil with a mean reflectivity
of 85%. The Winston cone also helps to reduce the contaroimati scattered light from the
ground. Moreover, the Winston cone makes some photonsttre$emispherical photocathode
twice, leading to the effective enhancement of the QE (s4é]]1
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Figure 3.14. Left) Passively enhanced QE curve of PMT ET9DbV&rlaid with Cherenkov radiation
spectrum and NSB spectrum (not in scale). The QE curve isogtthized for the Cherenkov radiation.
A hump at 280 nm is due to the wavelength shifter coating.tRRjiotograph of PMTs, before (left) and
after (right) the diffusive coating.

3.4.4 Signal Transmission

The signal transmission from PMTs to the data storage PChiensatically shown in Fig. 3.15.
The gain of the PMTs are roughly 30,000 and 20,000 for inndraarer pixels, respectively. At
the PMT base, the signal is AC coupled to an ultra-fast prphéier with a gain of about 6. The
pre-amplified PMT signals are converted into light agaimgdast current driver amplifiers to
Vertical Cavity Surface Emitting Laser diodes (VCSELS).eTdnalog optical signals are then
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Figure 3.15: Schematics of the signal transmission from BRMTFADC system.

transmitted from the camera over 162 m long optical fiberdveodounting house. There are
several advantages of using optical signals compared ttriekd signals when the signal width

is as short as 1-2 ns and transmission distance is so larggrBl attenuation and dispersion of
an optical fiber are much less than that of a coaxial cablee2)eight of an optical fiber is much

lower than that of a coaxial cable, and 3) the optical sighélee from electromagnetic pickup
noises. In the counting house, each optical signal is gmlit iwo. One of them is routed to

trigger branch and the other is routed to the signal digision branch. They will be described
in the following sections.

3.4.5 Data Acquisition

In the signal digitalization branch, signals from every h@mnels are multiplexed. Multiplexing
is done as follows: Each signal in a group of 16 channels iaygel by optical delay lines
such that relative time difference between consecutivaréla is 40 ns. The delayed signals are
converted back into electric signals by fast GaAs PIN di@iekfed into a multiplexer switching
in 40 ns steps from one channel to the next one. These mukiplsignals are digitized with a
13-bit flash analogue-to-digital converter (FADC) with a Z&npling rate and written in a ring
buffer. When a trigger is issued, the digitalization is gteg and the corresponding part of the
buffer is written to disk. It is known that the first and lash s of each 40 ns FADC window are
affected by multiplexer switching noises and, this— 2 x 7.5 = 25 ns (50 FADC slices) of
FADC information per event is finally recorded. The bandWwidltthe whole DAQ chain is about
250 MHz. The Signal amplitude can be digitized linearly u@@®-900 ph.e. The deadtime of
the DAQ system is- 16 us, which is small enough compared to the trigger rated00 Hz.
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3.4.6 Standard Trigger

In the trigger branch, the optical signals are converted liato electrical signal by fast GaAs
PIN diodes. Then, each electric signal is again split into, twne of which goes into the standard
trigger system and the other goes to the SUM trigger brandte standard trigger system is
described in this section and the SUM trigger system is de=din the next section.

The standard trigger system has three stages. Howevezntlyronly the first two are in use,
namely, Level-0 and Level-1.

Level-0

Level-0 is a individual pixel trigger. Not all the pixels bomly the inner 325 pixels contribute to
the trigger (see the right panel of Fig. 3.17). The trigggioe is about 1 degree from the camera
center. Analogue signals entering to the standard triggerdin are fed into the discriminator.
The threshold level is adjustable by a computer and is sét gt the individual pixel rate
is around 100 kHz. The level depends on, for example, thefistdrinside the FoV or moon
condition. A individual (inner) pixel rate at a typical Fowvider a dark night sky is shown in Fig
3.16.

[ IPR vs Threshold |

Standard Pixel Trigger ;
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Figure 3.16: Individual pixel rate as a function of threstiolThere are two component, NSB photons and
after-pulsing caused by NSB photons. Blue points are dadarech points are MC. Figure provided by M.
Shayduk.

The NSB rate above half a photoelectron level is 150 MHz. Asulised in Sect. 3.3.2, the
mean rate of NSB photon with a wavelength 300nm - 600n(2.55+0.15) x 10'? photon/(ni sr
s). It corresponds to 1.810° photon/s/(inner pixel) in the case of MAGIC, assuming a @erf
light collection efficiency. The rate of 150 MHz is considtevith it, taking into account the
guantum efficiency of the PMT and the imperfect light coliect(the mirror reflectivity, loss in
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the Plexiglas on the camera entrance window and the lighiegefficiency of the Winston cone).
As the threshold increases, the rate decreases very fiswiing the Poisson statistics up to 6
ph.e., while the slope gets harder above it due to the aftisifg effect. An after-pulse is a fake
signal produced by ion-feedback inside a PMT, which is erpldas follows: A photoelectron
accelerated by an electric field toward the dynode may hisalwal molecule inside the PMT
(mainly the one absorbed in the first dynode) certain prdiyabl'he hit molecule is sometimes
ionized and due to its positive charge it is accelerated tdwee photocathode and create mul-
tiple photoelectrons. As a result, a fake big signal can tmenked after a real photon signal.
The typical threshold level is set at 6ph.e., where NSB and the after-pulsing component is
comparable.

Level-1

Level-1 is a topological logic trigger in the camera. When &tNeighboring (4NN) pixels
aligned in a compact region fulfill the Level O trigger withéhns, Level-1 trigger is issued.
Allowed 4NN topology is shown in Fig. 3.17. However, due to thany possibilities, it is tech-
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Figure 3.17: Right: 4NN topologies. Red clusters are com&d as 4NN but blue ones are not. Left: 19
macrocells over the trigger region. Not all the inner pixélst only 325 pixels belonging to any of the
macrocells contribute to the standard trigger.

nically very hard to accept all possible 4NN conditions. rEfiere Level-1 trigger is constructed
as follows: 19 macrocells, each consisting of 37 pixels,dafined in the trigger region of the
camera (see the right panel of Fig. 3.17). They are oventgppne another. 4NN conditions
only within a macrocell are examined. It should be noted #iftiiough 4NN is the standard, the
multiplicity of the next neighbor can be adjusted for spkalsservations such as 3NN or 5NN.
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Level-2

Level-2 is a higher level topological trigger, i.e. a funtddely programmable logical trigger
based on the topology of an event that passed Level-1 trigigerexample, one could discrim-
inate images pointing to the source position from the onastipg perpendicular to it. Up to
now, the Level-2 trigger has not been used.

3.4.7 Analogue Sum Trigger

With the standard trigger, the MAGIC telescope has a endmgpghold of 50 GeV (see Fig. 3.21.
The peak of the energy distribution is normally defined aghineshold). MAGIC could detect

a 2.90 signal (see [20] and Sect. 2.9.6) from the Crab pulsar wighstiandard trigger system
but, in order to see the signal more cleat)yit was necessary to reduce the energy threshold.
Reduction of the Level-0 discriminator threshold mightueel the energy threshold but it causes
a rapid increase of the individual pixel rate, as shown in Bid.6, resulting in an explosion of
the NSB accidental 4NN rate. Since the DAQ system cannotlaanttigger rate higher than
1000 Hz, lowering of the pixel threshold leads to the degiiadaof the overall sensitivity due

to too much DAQ deadtime caused by accidental triggers. efbex, a new trigger scheme was
required.

Basic Concept

The new trigger system, which is called “analogue sum triggesimply “SUM trigger”, was
developed and was installed in the MAGIC telescope in Oct@®®7. The development is
discussed in detail in [154]. It can be used in parallel todtamdard trigger system. The basic
scheme is as follows:

e The trigger area is restricted in a ring-shaped region orcéimeera with inner and outer
radii of 0.2 degree to 0.8 degree from the center (see Fi§)3.1

e Analogue signals of 18 neighboring pixels are added up befoe discriminator. The
discriminator threshold is 27 ph.e.

e If a signal in a pixel is larger than 6 ph.e. in amplitude, itipped at the 6 ph.e. level
before the summation in order to minimize the after-puléecef

It is well optimized for low energies by selectively catofpigamma-ray events and suppress-
ing NSB accidental events based on the following two featofd¢he shower events:

A) Image extension: Even low energy events such as 30 GeV gamma-rays have a iextens
with a scale of~ 0.5 degree. On the other hand, NSB photons arrive randomly beer t
camera.

2in the VHE astronomy community,&is generally required to claim a detection of a source
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The size of the standard 4NN topology~is0.2 degree, which is good enough to find a core of
a shower image above 50 GeV. However, Feature A) implies silpbty to improve the trigger
for lower energies by using more information from a largezaari.e. if the standard 4NN is
fulfilled by a shower, there should be more photons aroundiiig, while if it is fulfilled by

a NSB accidental event, the probability that more photonst @xound the 4NN is very low.
A simple increase of the multiplicity of the Level-1 triggerth lower Level-0 thresholds was
tried but did not help to reduce the threshold energy, whaiiadbe explained by the fact that
discriminators in Level-0 significantly lose the infornmati of the amount of individual pixel
charge. Removing Level-0/Level-1 scheme adding up analogue signalérom ~ 0.5 degree
region before discriminators should work better. It shdagdnoted that the time spread of the
Cherenkov photons from a low energy gamma-ray is about 2misfvis comparable to the PMT
signal width (and the minimal pulse width that the DAQ syst&n restore).

B) Ring shaped light pool: As shown in Fig. 3.9, a low energy gamma-ray shower makes a
ring-like light pool with a radius of~ 120 m. Therefore, low energy gamma-rays would
be detected relatively easily when the impact parameted-s3® m.

Feature B) can be clearly shown by MC simulations. Fig. 31&as in which part of the
camera the low energy gamma-rays are detected with rdiatarge charges. It was created in
the following way: Gamma-ray events with the primary enesf0 - 40 GeV were simulated
with the standard trigger system and images with more thapi2&. were accumulated on
the camera. The red ring-shaped region on the figure has amtkouter radii of 0.2 and 0.8
degree, which corresponds to 80 m and 130 m in impact pargmespectively. NSB, on the
other hand, illuminates the camera uniformRestricting the trigger area to the ring-shaped
region reduces largely the NSB fake trigger, keeping most of thergarmay events.
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Figure 3.18: Cumulative photon distribution from imagesgaimma-rays between 10 and 40 GeV. A
ring-like structure is seen which reflects the light pook(§ég. 3.9)
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These are the basic ideas behind the SUM trigger. Howewae ik an unfavorable feature
of the detector which must be overcome to make the system:work

C) After-pulsing As shown in Fig 3.16, after-pulsing can create large signsi® MHz NSB
with after-pulsing makes, for example,300Hz of pixel rates above 27 ph.e.

Feature C) is not a problem for the standard 4NN trigger bszaypossibility to have 4NN after-
pulsing is very low. For the SUM trigger, however, it meanevdver the addition is performed,
the summed signal is larger than 27 ph.e. at a rate of more3@@rHz, resulting in a total
trigger rate of more than several kHz. The discriminatoeshold must be much higher for the
DAQ system to be able to record all the events, which makesitieegy threshold even higher
than the standard trigger. The solution of this problem ésdlpping of the analogue signals
before addition. By clipping the signal amplitude at a dertavel, the contribution of the after-
pulsing signal to the summed signal can be limited, althdugffects the trigger efficiency of
gamma-ray shower events.

The size of the summation area (18 pixels), the clippingllé/gh.e.) and the discriminator
threshold (27ph.e.) had been optimized by detailed MC s#tut#iking into account construction
feasibility (see [154]).

Sum Trigger Patches

Sum Trigger 6pixel Patches ] [ Sum Trigger Patches ]

Figure 3.19: Left: 36 SUM Trigger subpatches. Each subpatafsists of 6 pixels. There are 6 different
shapes. The trigger region should be compared with Fig..3Right: Examples of SUM Trigger patches.
Each consists of 3 subpatches. There are 4 different shapes.

There are too many possibilities of neighboring 18-pixebarand it is technically impossible
to examine all of them. Therefore, the triggering takesg@kfollows: 36 subpatches consisting
of six pixels are defined as shown in the left panel of Fig. 3.0order to fill up the trigger
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region, there are 6 different shapes. Three of the neighfstbpatches make up a 18-pixel sum
trigger patch, as shown in the right panel of the figure. Tlaeeed different patch shapes: Patch
type A is made from subpatch types 1,3,6; B from 2,4,5; C frodnS3and D from 1,2,6. Each of

subpatches participates in two patches and, thus, theBdlarigpatches overlapping one another.

Hardware Overview of the System

The whole SUM trigger system is schematically shown in Fi203 First, signals entering to

the SUM trigger system are clipped at 6 ph.e. level by cliggiards. The actual clipping

is achieved by fast voltage limiting amplifiers (Texas Iastent: OPA 699), whose saturation
voltage is adjustable and was set at 6 ph.e. level. Secaidghals from every 6 pixels belonging

to the same sub-patch are added up by summation board I. fhinea subpatch signals belonging
to the same patch are added up by summation board Il. Fioaitguts of the summation board
Il are fed into the discriminator with the threshold of 27 gh.It should be noted that since one
subpatch belongs to two different patches, subpatch sigmaldivided into two, each going to
two different patch summations.
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Figure 3.20: Schematics of the SUM trigger system. Firginai clipping is done. Then, signals from
6 pixels are added up in Summation board | to make a sub-pégctals Three of the sub-patch signals
are added up in Summation board Il to make a patch signal, hvbaes to the discriminator. Two-stage
addition simplifies the system because patches are ovexrt@s shown in Fig. 3.19.
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Comparison with the Standard Trigger

The gain of the SUM trigger with respect to the standard &rgg shown in Fig. 3.21. The left
panel shows a energy distribution of triggered MC event® Jdin is very remarkable at around
30 GeV. The peak of the distribution, which we normally chk threshold energy, is reduced
from 50 GeV to 25-30 GeV. It should be noted that a primary gnepectrum with a power
with an index of -2.6 was assumed for the MC, which is harden tthe measured Crab pulsar
spectrum, as will be shown later. Therefore, the peak enefdlge Crab pulsar observations
would be lower. The effective area is also calculated by meaMC. Below 30 GeV, which is
essential for the Crab pulsar observations, the gain istarfaEmore than 5. The importance of
the SUM Trigger is schematically shown in Fig. 3.22.
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Figure 3.21: Comparison between the standard 4NN trigget tie SUM. Left) Energy distribution of
triggered gamma-ray events produced by MC. Large impromeimgethe SUM trigger can be seen at low
energies. A power law with an index of -2.6 was assumed fogdihema-ray spectrum Right: Collection
area as a function of energy. Improvement amounts a factéraif30 GeV and a factor of 10 below 20
GeV.
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Figure 3.22: An illustration to show the importance of theNblttigger for pulsar observations. The
lowering of the threshold by the SUM trigger may make detiaatif the Crab pulsar possible.
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3.4.8 Pyrometer

Figure 3.23: A photograph of the pyrometer adopted from [214s installed at the edge of the reflector.

Most of the Cherenkov photons detected by IACTs are credt&@ & 20 km a.s.l, as de-
scribed in Sect. 3.1.10. Clouds and semi-transparent hazeometimes formed below this
height and absorb Cherenkov photons strongly. We need tw kiwther or not our measure-
ments are affected by the clouds or haze. It is very impoftanbbservations near the trigger
threshold, which is the case for the Crab pulsar.

There is a Pyrometer installed at the edge of the reflecton@srsin Fig 3.23. It measures
the intensity of infrared radiation with frequencies betwe and 14 micrometers, from which
one can know the temperature of the sky. The FoV of the pyremethe same as for MAGIC.

If there is a cloud or haze in the sky, the thermal radiatiomfithe Earth’s surface is reflected
and, thus, the sky temperature gets higher. By using theeskpérature information provided
by the pyrometer, a parameter callediéudiness” can be constructed. The basic concept of
the calculation ofCloudiness is as follows: The sky temperature with different zenith lasg
has been measured for many different nights, as shown in &F@#. The temperature varies
depending on the sky condition but there is a lower limit auad 200 K, as indicated by a red
dotted line in the figure, which should be the temperature@éky without clouds or haze. When
the sky temperature is at this limit, théfioudiness is assigned to be 0. When the temperature is
higher than 280 K, which is as high as temperature on the gkdabenCloudiness is thought to

be 100%.Cloudiness is computed between 0 and 100 linearly to the sky temperatirgeen
the lower limit and 280 K. High quality data can be selected, based’@oudiness. It should

be noted that the pyrometer has a very limited power of detangnthe height of the clouds.

3.4.9 Central Pixel

The readout of the pixel at the camera center is speciallgded for optical emission from a
pulsar. Although the PMT itself is the same as the other immezls (ET 9116), it is not AC

3The effect of the humidity on the ground is also correctediginaly (see [220])
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Figure 3.24: Measurements of the sky temperature withrdiftezenith angles over many days. Data
provided by J. Hose. A parameter “Cloudiness” is calculataased on this plot. The 0% and 100%
cloudiness levels are indicated by red dotted lines

coupled and its DC current is read out by the DAQ system (s2@]J1 It does not contribute
either a trigger or a shower image. When a trigger is issuedigdmnal (current) of the central
pixel is recorded by the FADC system without being multijglex

The information of the central pixel is very useful for Crablgar observations. It emits
optical pulsation as well and the 236 area of the MAGIC reflector enables to detect it within
10 min. The time stamp of the data and the analysis chain éepiinemeris calculation can be
checked with the optical pulsation, which will be descrilie&ect. 5.6.

3.4.10 Rubidium and GPS Clock
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Figure 3.25: Left: A photograph of the rubidium clock, adeghfrom [214]. Right: A photograph of the
GPS clock on top of the rubidium clock, adopted from [214].

In order to analyses pulsars, it is necessary to know for eaeht the time a) with a very
high stability and b) with a high resolution. The time stanopshe events are generated based
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on the rubidium clock and the GPS clock in the counting hoU$e accuracy of the rubidium
clock module is better than 1 microsecond for a short timéegsconds). However, the clock
drifts on a longer time scale (hours), making the precisess laccurate. On the other hand, the
GPS clock can generate the reference clock every secondhvghery accurate for a long time
scale. Therefore, the rubidium clock is synchronized whitn GPS clock every second, which
assures the precision of the time stamp to be better than rbseicond. It is good enough to
detect pulsation and study the detailed pulse profile of tta @ulsar, which has the period of
~ 34 milliseconds.

3.4.11 Calibration Box for Calibrating the PMTs

There is a calibration box installed in the middle of the etfie, as shown in Fig. 3.4.11. It
contains LEDs which illuminate the camera with fast lighlsas of different intensity, different
frequency and different wavelengths. There are also coatis light sources in four different
colors to simulate star- and moon-light. A fast pulse of UWalangth with FWHM of 2.5 ns is
mainly used for signal calibration which will be describedSect. 4.1.

Figure 3.26: A photograph of the calibration box at the cermkthe reflector, adopted from [214].

3.4.12 Observation Mode

There are two types of observations, namely, ON-OFF modé&\ofible mode.

ON-OFF Mode

The telescope points to and track the source so that thees@iedways at the camera center.
This is called the ON-mode. Additionally, OFF observatians made, pointing to a nearby sky
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area in which no source exists but in which the sky conditems the declination is similar to
the target sourcé. They will be used for the background estimation.

Wobble Mode

0.4 degree
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Figure 3.27: Wobble mode observation. The telescope ptint&o positions Wobble 1 and Wobble2,
which are 0.4 degrees away from the source (left panel), Virmipbetween the two every 20 minutes. The
source position rotates on the camera drawing a 0.4 degrdeusacircle. The background estimation for
the Wobble 1 observation can be done with the Wobble 2 olgamand vice versa (right panel).

For a target source, the telescope points to two directidosble 1 and Wobble 2, wobbling
between the two every 20 minutes. Wobble 1 and Wobble 2 arée@yrees away from the target
source and on opposite sides of it, as shown in the left pdnéigo 3.27. Consequently, the
source positions on the camera for Wobble 1 and Wobble 2 wénsens are 0.4 degrees away
from the camera center and on opposite sides, as denotee bgdltircles in the right panel of
the figure. For each pointing (Wobble 1 and Wobble 2), thetfmrsopposite to the source in the
camera is defined as “OFF source”, as denoted by the blueirckhe figure. The OFF source
in Wobble 1 will be used for background estimation for WobBland vice versa. The camera
performance is not perfectly uniform over the camera antlishahy two pointing positions are
required to reduce the systematic uncertainties for th&draand estimation. The advantage
of the Wobble mode compared to the ON-OFF mode is that oneasnabservation time for
independent OFF observations. In addition, it suppressesytstematic uncertainty caused by
different ambient conditions between ON and OFF obsematibor higher energy events, axial
nonuniformity of the camera can be negligible. In that casere OFF sources can be defined,
such as 90 degree- and 270 degree-rotated positions wihatet the camera center, instead
of only 180 degree rotation, which leads to a smaller stasistincertainty of the background

estimations. This is another advantage. The disadvargae reduction of camera acceptance
by ~ 20 %.

4Two stars with the same declination make an identical onldihé horizontal coordinate. Therefore, if ON and
OFF pointing positions have the same declination, zenitheaimuth angle distribution would be the same, which
reduces the systematic uncertainty in the background astim
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3.5 Concluding Remarks

IACTs have an effective aree)* times larger than that of satellite-borne detectors abews t
of GeV and, thus, IACTs would be the best instruments for niisg VHE gamma-ray sources.
Among IACTs, the MAGIC telescope has the largest reflecteaawhich leads to the lowest
energy threshold of 50 GeV with the standard trigger syst&loreover, the novel trigger sys-
tem called SUM trigger system reduces the trigger thresbedoh further, down to 25 GeV. In
addition to the sophisticated hardware components of the telescope system, the subsystems
such as the pyrometer, the central pixel, and the eventdisystem are also well designed for
the pulsar observations. The MAGIC telescope would be teedetector for observing the Crab
pulsar well above its cut-off energy, where very low intéynpuulsed gamma-rays are expected.
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Chapter 4
Analysis Method of MAGIC Data

Here | describe the methods and tools for the MAGIC data amalyrhe primary goals of the
analysis chain is 1) detection of gamma-ray signals, 2utations of the energy spectrum of the
detected gamma-ray source and 3) producing a gamma-rayagkyim the case of pulsar data,
4) production of a light curve is also important.

The standard MAGIC data analysis is done in the followingusege:

1. Signal Calibration The PMT signals recorded in FADC counts have to be conventeda
number of equivalent photoelectrons. The arrival time @hesignal is also estimated by
subtracting the intrinsic relative time delay among théedént channels. In the standard
analysis chain, this is done by a program narGellisto.

2. Image Cleaning Not only Cherenkov photons from air showers but also NSB @m®tre
recorded. By using the positional (directional) and timinfprmation, most of the NSB
photons can be removed from the images. In the standardsasmahain, this is done by a
program name@tar.

3. Parameterization of ImagesEach image is parametrized with about 10 parameters. This is
also done bybtar.

4. Hadron/Gamma-ray Separation The recorded images are dominated by cosmic-ray air shower

events and they have to be rejected against gamma-ray shandidates. This is done in
the following way: The above three procedures (signal catibn, image cleaning and
parameterization of images) are also applied to Monte Q&iG) gamma-ray events.
Based on the difference of the image parameters between M@ngaay events and
hadron events (observed data), a multi-dimensional hagaomma-ray discriminator is
constructed by means of the Random Forest method. This is bpm program called
Osteria. The constructed discriminator is applied to the obsenad.dThis is done by a
program namedlelibea.

5. Energy and Arrival Direction Reconstruction From the MC gamma-ray events, the energy
reconstructor and the arrival direction reconstructoredasn multiple image parameters
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are constructed by means of Random Forest method wikiieria. The application of
these reconstructors to the data is doné/elibea.

5.1. Pulse Phase Calculatiorin the case of the pulsar data analysis, the pulse phas&as=ig
for each event is done by a public program callethpo Based on the assigned phase, a
pulsar light curve (phase diagram) is produced.

6. Signal Extraction A signal is extracted based on a parameter distribution/ H A or 6, see
Sect. 4.8). This can be done by a program naffieglc or by a simple program written
by analyzers. In the case of pulsar observations, a ligivecoan be used for the signal
extraction.

7. Energy Spectrum Calculation The energy spectrum of the detected gamma-ray sources are
calculated byFluxlc. The effect of the limited energy resolution is correctedhisans of
the unfolding procedure using a program calledold.

8. Skymap Production From the reconstructed arrival direction information, engaa-ray skymap
is produced by a program name€dspar.

For the Crab pulsar observations, because of the particuéaest in the lowest energy below
50 GeV, special methods were used for the signal calibrati@hthe image cleaning, as will
be described in Sect. 4.1 and Sect. 4.2. The standard mebdhakef rest of the procedures
will be explained in Sect. 4.3 to Sect 4.10. The calibraticgthod for the telescope reflector
performance with muon events will be discussed in Sect. .43dct. 4.12 will describe the
systematic uncertainties of the telescope system. Fjradhcluding remark of this chapter will
be given in Sect. 4.13.

4.1 Signal Calibration

The purposes of the signal calibration are 1) convertingmaadirecorded in FADC into a number
of equivalent photoelectrons and 2) correcting the sigmalad time by subtracting the intrinsic
readout time offset. In the standard analy€islisto is used for these signal calibration. The
method and the performance @dllisto is described in [19]. For the Crab pulsar observations, a
slightly different method was used in order to optimize tinage cleaning for the lowest energy
below 50 GeV. The major difference between this method aadtie used iallisto is the way
how a signal is extracted from the FADC slices. Here | desctite method used for the Crab
pulsar analysis.
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4.1.1 Pedestal and Calibration Pulse Events

During data-taking, in addition to shower event triggene (§tandard trigger or the SUM trigger)
pedestal and calibration triggers are issueBedestal triggers are issued periodically with a
frequency of 25 Hz regardless of PMT signals. Itis very wliikhat a shower image is recorded
in a 25 ns FADC window when a pedestal trigger is issued wh@Montaminations are there.
Thus, these events are used to estimate the pedestal of @ Edunts. The UV LED pulser
in the calibration box illuminate the camera uniformly wétlirequency of 25 Hz and calibration
triggers are issued synchronously. The intensity of the [pEBer is stable at around the 30-40
ph.e. level. From these pedestal and calibration evemgadhversion factors from FADC counts
to the number of ph.e. and the relative time offsets for adé[s are calculated in ways described
in the following sub-sections.

4.1.2 Conversion Factor

One data run contains 1 GB of data, which corresponds to aduma&tion of~ 1 minute for
the Crab pulsar observation with the SUM trigger. Since nitams~ 1500 pedestal events,
the pedestal of FADC counts for all the channels can be esamaith good precision. It also
contains~ 1500 calibration pulse events. The charge of the calibratiosgul [counts- slices]
is calculated event by event by subtracting pedestals andhéug up 20 slices around the pulse
peak as shown in Fig. 4.1. Then, the mean val(®/) and RMSo (M) of M are computed
from the~ 1500 events. From (M) ando (M), the conversion factor can be estimated by the
so-calledr-factor method, which is also used in the standard analysis tGellisto.

The F-factor method can be explained as follows: If the isitgrof the LED pulser is con-
stant, the number of photoelectroNsemitted from the PMT photocathode follows the Poisson

statistics and, hence(N) = \/u(N). If the gain of the PMTG defined a7 = M/N is always

exactly the same, the resolution which is defined-@%)?/(X)? will be the same fol/ and
N. Therefore, the mean number of photoelectron¥) can be easily estimated from{ /) and
o(M) as,

M)? N? 1
L)Q - - (4.1)
pu(M) u(N)?  pu(N)
However, in reality, the gain of a PM® is not identical for each photoelectron but fluctuates by
a few percent. The resolution 81 is diminished by the fluctuation af;

o(M)? o(N)? o(G)? 1
(M2 _ o(NP | o(GY 42)
(M) u(N)*  p(G)? u(N)
2
S A (4.3)
u(N) — p(G)* (N)

At the beginning of observations, special runs, i.e., dcation and a pedestal runs are taken during which only
calibration light pulses and pedestals are recorded. Agtedein records 1024 events with a trigger frequency of
500 Hz. A calibration run records 4096 events with a triggegéiency of 500 Hz. They are not absolutely necessary
and are not used for the Crab pulsar analysis.

2Contribution of the pedestal fluctuation is subtracted wihgh ) is calculated.
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The effect of the gain fluctuation on the resolutiondf i.e. the second term of the right hand
side, is inversely proportional to the mean number of ehipieotoelectrons (see [168]) because
the fluctuation of the gain averaged ovErphotoelectrons decreases bjy/N. Defining the
so-called F-facto¥’ as

_ o(G)?
F = 1+M(G)2 (4.4)
From Eq. 4.3 and Eq. 4.4,(N) can be estimated as
2
u(Ny = pEAD (4.5)

o(M)?

Thus, the conversion fact@r from FADC countsM [counts- slices] to the number of photo-
electronsV [ph.e.] can be obtained & = p(NV)/u(M).

o(G)/u(G) (and thus, the F-factor) of a PMT can be experimentally meakiy the charge
distribution of single photoelectron pulses. Before iltateon in the MAGIC camera, the F-
factors of some of the PMTs were measured in the laboratdry.alerage value of these PMTs
was 1.15 and it is used for all pixels.

Calibration Pulse

4500 1 Mean Time T

4000

FADC Counts

3500

3000

2500

2000

estal

1500 i

0 5 10 15 20 25 30 35 40 45 50
FADC Slices [0.5ns]

Figure 4.1: Signal extraction from the FADC slices. The bmoshaded region indicates pedestal and the
blue shaded indicates extracted signals. The green arr@wshhe mean time of the signal.

4.1.3 Relative Timing Offset

For calibration events, the charge-weighted mean timddsileded asl” = >>(¢ - t)/ > g, where

g andt are FADC counts and time, respectively. The summation ig @ver the 20 slices around

the pulse peakT’, which is the mean df for the~ 1500 calibration pulses, is used for correcting
relative timing offsets caused by the transit time diffeenof different PMTs and by the readout
chain. This is important for proper image cleaning and topparameter calculation.
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4.2 Image Cleaning

The rate of NSB photons from a dark sky~is150 MHz per pixel (see Sect. 3.3.2 and 3.4.6). On
average a PMT detects one NSB photon every 6 ns, which comadesishower images. In order
to exclude the NSB photons from images, image cleaning ifiexppThe method is based on
the fact that Cherenkov photon signals are mostly clusteotil spatially and temporally on the
camera plane, while NSB signals are randomly distributadhé standard analysis, the image
cleaning is done b$tar. Its method and performance are described in [23]. For tiab Gulsar
observations, a more sophisticated method was used in tardetimize the image cleaning for
the lowest energies below 50 GeV. Here, | describe this stipated method. This method was
developed by M. Shayduk et al. and the basic idea and its peafoce are also described in
[167].

4.2.1 Shower Core Search

In order to minimize the NSB contamination, charges of alkjs are calculated by integrating
only 6 FADC slices around the pulse peak. Then, the core ofrege is sought for over the
camera. There are 3 types of core searches, 4 Next Neighblr 8NIN and 2NN. They require
n neighboring pixels with more thgmnph.e. within a time window of ns. For 4NN, 3NN and
2NN, (n,p,t) = (4, 2.0, 1.5), (3, 2.7, 0.8), (2, 4.7, 0.8), respectivdil.the three conditions are
applied to an image and pixels fulfilling any one of them agg&al as core pixels.

4.2.2 Boundary Search

Then, pixels which are not tagged as core pixels but neigh@p@o them are examined. If the
number of photoelectron is more than 1.4 and the timing iffee to the neighboring core pixel
is less than 1 ns, they are tagged as boundary pixels.

4.2.3 Rejection of Pixels and Charge Recalculations

The charge of pixels tagged as either a core or a boundaryeeatculated by integrating 20
slices around the peak, which is the same as for the calipratilse charge. The charge of the
other pixels are set to be 0.

4.2.4 Examples of Image Cleaning

Fig. 4.2 shows examples of image cleaning. Sifidlf F events are selectively shown in order to
clearly illustrate the effect of the image cleaning. NSB toimccontamination is clearly removed
and the shower image is well restored. A sub-shower which beaproduced by hadronic

cascade is also restored (see the middle right panel of theeJigSub-showers help to identify
hadron events.
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Figure 4.2: Examples of image cleaning for three sn#dllZ 2 events. The first and third columns show
charge distributions over the camera before and after imelganing, respectively. Colors indicate the
pixel charge in ph.e.. The second column shows the diswibutf arrival times of the signals. Colors

indicate the signal arrival time in FADC slices (0.5 ns/slic The first, second and third rows are a
gamma-ray-like observed event, a hadron-like observedtesrd a gamma-ray MC event, respectively.
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4.3 Parameterization of Images

In order to process a huge number of eventsi()” events for the Crab pulsar observations),
images are parameterized with about 10 parameters forefuahalysis. The parameters are
calculated by a program nam#8thr.

4.3.1 Example of Different Types of Images
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Figure 4.3: Examples of different types of images. Relbtiaege S77 F events are chosen. The first row
shows images from gamma-ray MC (left), proton MC (middley mmuon MC (right). The second row
shows images from the data, gamma-like events (left), haie events (middle) and muon-like events

(right).

LR ow oo~

As shown in Fig. 4.3, different particles produce differgnges of images. A muon which
hits or passes very close to the reflector produces a chasticteing-like image, which will be
explained in Sect. 4.11. Between hadron events and gamyraveats, the clearest difference
would be the ellipticity of the image, i.e. hadron eventsma@e roundish. The concentration
of the charge is also different. They are connected to tHerdifice in the shower development
(see Sect 3.1.8). There are also differences based on thithdé&the gamma-rays come from
the source (in most cases, it is point-like), while cosnaigsrcome from any direction. The
parameterization of the image is done such that these eliftexs are well represented.
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4.3.2 Parameterization of the Images

The major parameters are described below. Some of themustated in Fig. 4.4. Originally,
the concept of parameterization of the images was develbped. Hillas and his coworkers
(see [100]), aiming for discrimination between hadrondoed air shower images and gamma-
ray-induced air shower images.

192
I 180
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156
144
132

72
60
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36

Figure 4.4: Some of major image parametefst NGTH, WIDTH, COG, DIST,andALPH A are
shown.

SIZFE The total charge contained in the cleaned image. This pdeainseroughly proportional
to the energy of the primary gamma-ray.

COG Center Of Gravity. The charge-weighted mean position ofrtiege
LENGTH The RMS of the charge distribution along the major axis ofithage ellipse.

WIDTH The RMS of the charge distribution along the minor axis ofithage ellipseWV I DT H
is a powerful parameter to distinguish hadron-induced aardrga-ray-induced showers
because of the difference in shower development descnb8dat. 3.1.8.

CONC The sum of the two largest pixel charges in the image divided b7 E. It indicates
the concentration of charges and helps to separate hadeotseand gamma events.

LEAK AGE The amount of charges contained in the two outermost rinfseafamera divided
by SIZE. It indicates the light content which was not recorded duth&limited FoV.
Events withLEAK AGFE larger than 0.2 are normally discarded to ensure the waladit
the image parameters.
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DIST The angular distance froffOG to the source position on the camera. It is strongly
linked to the impact distance between the shower and thectbhe. Therefore, it is an
important parameter for the energy and the arrival direaatezonstruction of the primary
gamma-rays.

ALPHA The angle between the major axis of the image ellipse anditeetidn fromCOG to
the source position in the camera. A sméll P H A suggests that the shower comes from
near the source direction.

Time Gradient The gradient of the arrival time along the major axis. It 8e good parameter
for estimating the impact distance (see [23]).

Time RM S The RMS of the arrival time over the image. It helps to sepahnadron events and
gamma-ray events.

The derivation of these parameters from an image is destiibd 00], [196] and [23].

4.4 Hadron/Gamma-ray Separation

Because of the high flux of cosmic-rays, data of IACTs are lhsuminated by hadron +
muon background events. Even for observations of a strong yamma-ray emitter such as
the Crab nebula, the ratio between the gamma-ray signalhenbleickground events in the data
is ~ 1/1000. Although a cut in angular parameter such4AsP H A improves the gamma-ray
enrichment by a factor of 10, it is still not easy to detect gamma-ray sources. Therefore
the discrimination of hadron + muon events from gamma-rants/must be done by extracting
shower differences from the image parameters.

4.4.1 DifferencesinImage Parameters between Gamma-raya@Hadrons+Muons

Fig. 4.5 shows differences of the image parameters betweegamma-ray events and hadron
+ muon events. Red dots and points show the gamma-ray MCswdnle blue ones show
events from the observed data, which are completely doetiat hadrons and muons. The top
left panel of the figure shows ENGT H as a function of log,(SIZE). Atlog,(SIZE) <

2, no difference is visible, while at logl8(~ZF) ~ 2.5, a population of events with large
LENGTH is visible. This population can be explained by muon evehts. arc-like images
of muon eventsLENGT H becomes very large for a giveésy ZE and most of them have a
log,,(SIZE) of ~ 2.5. In addition to this muon branch, a further discrepancy &hle at
logio(SIZE) > 2.8. This is due to the intrinsic difference between hadron t&ssend gamma-
ray events. Thereford,FNGT H is a good parameter for gamma-ray/(hadron + muon) discrim-
ination atlog,,(SIZFE) > 2. The same behavior is seenlii/ DT H vs log,(SIZE) plot in

the top right panel of the figureWW IDT H is also a good parameter for the discrimination at
log,,(SIZFE) > 2. It should be noted that at lag S/Z E) > 2.8, where the intrinsic differences
between gamma-ray and hadron images are showd,fnéGT H/W I DT H ratio is larger for
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gamma-rays than for hadrons. This is reflecting the diffeeein the transverse spread of the
air showers, as discussed in Sect. 3.1.8. The middle letlmdrows distribution oCONC.
Gamma-rays are relatively more concentrated. This isoated to the differences in the trans-
verse spread and the disorder of the air showers, as discus8el.8. CONC' is also useful
for the discrimination. The middle right panel shoWgne Gradient as a function ofDIST.
Since gamma-rays come only from the sourbd ST is correlated with the impact parameter
(see Fig. 4.10). On the other haridiyne Gradient is also correlated with the impact parameter
(see [23]). Therefore, the correlation betw&déme Gradient and D1ST can be seen, which is
not the case for hadrons and muons. The combinatidhiofe Gradient and DIST helps to
discriminate between gamma-ray events and hadron + muomseviéhe bottom left panel shows
Time RMS as a function of logy(SIZF). Atlog,(SIZFE) < 2 and at logy(SIZFE) > 2.8,
data show largefime RM S than for gamma-ray MC. This can mainly be explained by the
hadron component, for which a largéime RM S is expected due to the disorder of the hadron-
induced air showers (see Sect. 3.1.8). On the other handgat$/ZFE) ~ 2.5, data show a
smallerTime RM S than for gamma-ray MC. This can be attributed to the muon @orapt,
for which a smallefl"ime RM S is anticipated because all the detected Cherenkov photagis o
inate from a single particle. The ratio between the hadroanpmment and the muon component
is different at differentS7Z Es, as can be seen in, e.g., th& NGTH vs log,(SIZFE) rela-
tion. Time RM S is helpful for the discrimination mainly at leg(SIZE) > 2.8. The bottom
right panel showsi LPH A as a function of log,(SIZF). A clear difference is seen, as can be
understood by the definition of LPH A.

At log,,(SIZE) < 2.5, since the difference in each parameter (excepP H A) is not very
large, a simple cut in any one of the parameters does noffis@mily increase the signal-noise
ratio. A combination of many parameters is necessary toorgthe telescope sensitivity for
such smallS7/~7 Es. Even for largeiS1 7 Es, the best background rejection would be achieved
by making use of differences in many parameters. Thereforthe standard MAGIC analysis,
the multi-dimensional (hadron+muon)/gamma-ray sepamasi applied for allS1Z E's, based on
the Random Forest method with many image parameters (seexhsub-section).
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Figure 4.5: Differences of the image parameters betweemgaimrays MC (red dots) and hadron + muons
(blue dots). Black points show the mean values of the vérixia parameters for each horizontal axis
bins. Top left: LENGTH vs lag(SIZE). Top right: WIDTH vs log, (SIZE). Middle left: Distribution
of CONC. Middle right: Time Gradient vs DIST. Bottom leftmi& RMS vs log(S7Z F) Bottom right:
Alpha RMS vs log (SIZE)
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4.4.2 Random Forest Method

The details of the method and the application to the MAGIOaisis well described in [48],
[46] and [97]. Here | will describe the basic procedure. lis gection, “hadron events” include
the muon events as well.

First Step: Random Forest Generation

Firstly, the hadron-gamma classification trees are geser@steria is used for this. The gener-
ation procedure of a tree is schematically shown in the lkftgb of Fig. 4.6.

1. Gamma-ray and hadron event samples are prep&yesh(S;). Since the observation data
themselves are dominated by hadron events, a part of themsateas hadron samples,
while gamma-ray samples are produced by MC.

2. Several parameters to be used for the gamma/hadronsepgsach asV I DT H, LENGTH,
CONC andTimeGradient are chosen.

3. One parameter is randomly chosen from the separatiomeéess. S, ( S) is split into
S} andS) (S; andS)) by the chosen parameter at the value which minimizes the Gin
indexQgqin; defined as

L. L R R
#Sy-#SE | #S, #Sh> @)

ini — 2
wor (#Sg +#S[ " #SF+#ST
where#S is the number of events in a samgle Each term of Eq. 4.6 indicates the
impurity of the event class (hadron or gamma-ray) for eactudd sample$” andS*)

4. The next parameter is chosen randomly from the sepanaéicametersLe ft branch SgL
andS}) and Right branch (Sf andSf) are further split by it in the same way as process
3. This “branching” continues until the number of samplethatend of the branch is very
small (normally 3) or occupied by only one class (gamma-mylsadrons). In this way,
one classification tree is produced.

5. Each end of the branches is assigned a vialuehich is#S¢"4 / (#S5¢ + #5), where

Send js the sample at the end of the branéhindicates the purity of hadrons at the end of
the branch.

6. Many (normally 100) of the classification trees are predlloy repeating the above pro-
cess from 2 to 5. Since branching parameters are always mdnpahosen, they are not
identical. The name of the method “Random Forest” comes fitwenfact that there are
many trees produced with randomly chosen branching (sepay@arameters.
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Second Step: Application to the Data

Now, the produced trees are applied to each observed evastisTdone byMelibea. Application
of one tree to one event is illustrated in the right panel gf Bi6.

1. One tree is applied to one event. According to the imagampeters, the event reaches one
end of a tree and obtains the value

2. The process 1 is done with all the trees &hdlironness is calculated as

N
Hadronness =Y _ h;/N 4.7)

=1
whereN is the number of trees arig is / from ith tree.

As can be deduced from the definition/af Hadronness is the measure of the likelihood that
the event is a hadron, ranging from 0 to Hadronness can also be calculated for gamma ray
events generated by MC. The distributiongbidroness for gamma-ray events and data (dom-
inate by hadrons) are compared in Fig 4512 F, LENGTH, WIDTH,CONC andDIST
were used as the separation parameter for this figure. Oneeznty see that for log(S77FE)
>2.5 (SIZFE > 300), the Random Forest method recognizes well gamma-ray £@snsuch.
Selection of events witli adronness, for example below 0.1, can rejest 95% of the hadron
background events keeping 85% of the gamma-ray signal events./ 7 E above 300 corre-
sponds roughly to primary gamma-ray energies above 200 @lei¢h is too high for the Crab
pulsar. SIZE range below 100 is essential for it but separation is almostepless. There-
fore, in order to avoid additional systematic errats;droness is not used for the Crab pulsar
analysis, whereas it is used for the nebula analysis.



118 4. Analysis Method of MAGIC Data

Event (WIDTH = 0.08, CONC = 0.23)

WIDTH

CONC

#S5= 10 #eR =2 #S=1 #SR =0
#SH=0 #dR =1  #gRl=1 #SfR=11 B
h=00 h= 0.33 h=05 h=1.0 h=00 h= 033 {=05 f=10

Figure 4.6: Left: A simplified example of the classificatiomet WIDTH and CONC are used for the
separation. For the first branching, WIDTH is used. The beg@asation value that minimizes the Gini
index defined by Eqg. 4.6 is 0.1. For the second branching, C8N€ed. The best separation value is 0.3
and 0.2 forS™ and S%, respectively. The branching stops here because the samither are dominated
by the same class or contain too few events. Thés calculated for each end. Right: Application of the
tree to the data. Since the event has WIDTH = 0.08 and CONC 3, Gt tree assigné = 0.33 for it.
Many (normally 100) different trees are applied to the eard Hadronness for the event is the average
of multipleh’s.

| Hadronness vs log10(SIZE) |

Hadronness

—— MC gamma

— data (hadrons)

3 35 4
log10(SIZE)

' 2 2.5

Figure 4.7: Hadronness distribution as a function of {pg57~7 E). Red dots and blue dots indicate MC
gamma-ray events and hadron + muon events from the obseatadrdspectively. The separation is very
good atlogy(SIZFE) >~ 2.5 (SIZE>~ 300) but it gets worse for smaller SIZE. This can be understood
by the distribution of individual image parameters showifig. 4.5.
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4.5 Energy Reconstruction
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Figure 4.8: The relation between the MC gamma-ray energy 8nd E. It can be roughly approxi-
mated to be Energy (in GeV) = 0.5 SIZFE for log,o(SIZE) > 1.5. Forlogo(SIZFE) < 1.5, this
relation is not valid because of the trigger threshold andwhr fluctuation. At energies below 30 GeV
(logio (Energy[GeV]) < 1.5), only events with a large positive fluctuation 1 Z E are triggered (see

also Fig. 4.9 and associated explanation.).

SI1ZF (total charge in a shower image) is a good parameter to gstitth@ energy as shown
in Fig. 4.8. However, as discussed in Sect. 3.2.3,4h& F-energy relation depends on the
impact parameter. The pointing zenith angle also playse rdherefore, the combination of
several image parameters and the zenith angle improves#rgyeresolution. In the MAGIC
standard analysis, the Random Forest method is used alg@fprimary energy reconstruction.

The programs used for this afateria andMelibea.
The procedure is almost the same asHidronness computations except:
e Only gamma-ray samples, are used. They are generated by MC and, thus, energies are
known.

e The Gini index is defined as
1

whereo (E) is the RMS of the energy distribution in a sample. The mini@al,,; means
the minimum of the sum of two RMSs weighted by the sample size.

(#8501 (E) + #8"03(E)) (4.8)

e K is the mean energy of the sample at the end of a branch.

For the pulsar analysis, the energy will be reconstructeith winage parameterSIZFE,
LENGTH, DIST, and the zenith angle of the sourd®./ DT H andCONC, which are nor-
mally used, are excluded because they are sensitive to the gead function (PSF) of the
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reflector especially when an image size is sma8llfE < 100). The precision of the PSF is
assured to be better than 10% by muon calibration (see Sédf) dut it could still cause a dif-
ference INCONC andW I DT H between data and MC, leading to a systematic error in energy
reconstruction. On the other hard) NC andW I DT H do not improve the energy resolution
significantly for such smalt/Z FE events.

(€ B e, ve 0G10E, ) |
o ~ 0.5F . 2
N - AT
31 700 X 0450 g I
s o 04k o5 1.5+
o ,f0.355 Sor _[_
0. 500 5 ot i
400 o,zsf L +
00 02F . 0.5] T
0.15F [ +
o +J-“'+++ b
100 0_052 i '[““H‘ +
b ot L : 05k

1 12 14 16 18 2 22 24 26 2 0 1 12 14 16 18 2 22 24 26 28 3 1 12 14 16 18 2 22 24 26 28 3
10gi0(E; [GeV]) iogTo(E " (Gevy) iogTo(E " (Gev1)

Figure 4.9: Left: The relation between the relative errortieé energy reconstruction defined @sgre. —
Errue)/ Eprye @and logo(Eryye), WhereEg.. and Ep.,. are reconstructed energy and true (MC) energy.
Middle: The energy resolution as a function of {tfs7..). Here, the energy resolution is defined as the
RMS of the relative error. Right: The energy bias as a fumctiblog,o(F+..). Here, the energy bias is
defined as the mean of the relative error.

The energy resolution and the reconstruction bias for theapanalysis are shown in Fig.
4.9. The left panel of the figure shows the relation betweenréhative error of the energy
reconstruction defined ¥ .. — Errue)/ Frrue @and 1090(Eryye), WhereE .. and Er,.,. are re-
constructed energy and true (MC) energy. In the middle pafrtéke figure, the energy resolution
defined as the RMS the relative error is shown. The energyutasas at 30 GeV and at 1 TeV
are about 35% and about 20%, respectively. The energy rieaotisn bias defined as the mean
of the relative error is shown in the right panel. Below 40 G&¢,,(Er,..) < 1.6), a large up-
ward bias is seen. This is explained by the trigger bias effed the shower fluctuation, i.e. for
such low energy showers, events with a large positive flaetlen S/~ E are triggered. When
the energy spectrum is calculated, this bias is taken irdowatt by the unfolding procedure (see
Sect. 4.9.3).

4.6 Arrival Direction Reconstruction

As shown in the left panel of Fig. 4.10, the major axis of angmdefines a plane in which the
air shower axis is contained. If there are multiple telesspgthe arrival direction of the primary
gamma-ray can be deduced by the crossing of planes detertyngdifferent telescopes. In the
case where an image is recorded only by a single telescap@dlination angle of the shower
axis in the plane must be deduced by image parameters. In A@l®standard analysis, it is
expressed as thBISP parameter, which is the angular distance frof@G to reconstructed
arrival direction, as shown in the right panel of the figure.
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Figure 4.10: Left: The different showers whose axes areaioat! in the same plane. The major axis of
these images is identical, as shown in the camera (a hexagdgheobottom). Right: The definition of
DISP. DISP is useful to distinguish the arrival directiontbé three showers shown in the left panel.

DISP is strongly connected to the impact parameter, as showngn Bi.1l1l. On the
other hand, th&. ENGT H-W I DT H ratio is also connected to the impact parameter, as shown
schematically in Fig. 4.10. Therefore, the old standard whyeconstructingD/SP was a
following parameterization:

WIDTH
LENGTH +1(SIZE) - LEAK AGE

DISP = A(SIZE) + B(SIZE) - (4.9)

where A(SIZE), B(SIZE) andn(SIZF) are a function ofS7ZFE and optimized by means
of MC (see [67]). However, even thoughm AK AGE is taken into account, th®1SP re-
construction was not very precise whél AK AGFE is big (> 0.1) (see [159]). In addition,
Time Gradient is a very good parameter for the impact parameter estimatioit is not easy
to include it in the above equation. Therefore, togethen JitSitarek, | developed a new method
to reconstructD /S P by means of the Random Forest method. The method is the sathe as
energy reconstruction described in the previous sectibimgroves the angular resolution by
20-30% (see [159]). The programs used for it @seeria andMelibea.

4.7 Pulse Phase Calculation

Because of the movement of the Earth around the Sun, thedpgtyoof a pulsar will show up

in the event trigger time based on the rubidium and the GR&¢kee Sect. 3.4.10). In order to
see the pulsation, first of all, the conversion from the &iggme to barycentric time is needed.
It is done by the public and widely used prograempd218]. In addition to the time-dependent
positional relation among the Earth, a pulsar and the Sutakés into account the “Shapiro
delay” (see [165]) which is the delay in arriving time of arsdjcaused by the gravity of the sun.
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Figure 4.11: The relation between DISP and the impact patem&he impact parameter helps to deter-
mine the direction of the shower axis.

Once the barycentric correction is done, the pulse phaskeeeaalculated by using the precise
pulsar period information obtained by lower energy bandsmally radio observation. In the
case of the Crab pulsar, the barycentric time of a main p#%ggeaki,, the rotation frequency
v, its first and second time derivativesandi att, are monitored by a 12.5 m radio (610 MHz)
telescope at Jodrell Bank [121]. The values are publiclprea once in a month in the “Jodrell
Bank Crab Pulsar Monthly Ephemeris” [213] . This monthly rtorning is essential for young
pulsars like the Crab Pulsar, because pulsar glitches dapuartime to time (once in a few years
in the case of the Crab pulsar), which cause discontinucarsgds in these parameters (see Sect.
2.4).

With these parameters, the pulsar phasgan be computed as

1. ..
¢(f) = l/g(t*to) + 51/0(75*&))2 +O(l/0) (410)
where,t is barycentric time. The second and higher derivative tevfrihis Taylor series are

negligible.

4.8 Signal Extraction

Since gamma-ray / hadron separation is not perfect, eventag separation, background must
be estimated in one of the following ways.
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Figure 4.12: The gamma-ray signal from the Crab nebula f&@ Hours of Wobble mode observations.
Events withSIZE > 200 and Hadronness < 0.1 are used. Background estimation is done with three
OFF sources. Left: Alpha distribution. Signal region is defl asALPH A < 8. The small discrepancy
seen atALPH A ~ 45 degree is due to the signals contributing to OFF sourcesclwtpbes not affect the
background estimation. Right? distribution. Signal region is defined 434 < 0.03 deg'.

4.8.1 By Using theAL P H A Distribution

By definition (see Fig. 4.4), images of air showers comingitbe source direction should have
anALPHA ~ 0. Therefore, if the source is a gamma-ray emittet,” H A distribution should
have a peak neat LPHA = 0 as shown in the left panel of Fig. 4.12. Because of the image
resolution, the peak has a certain width. In the figuté,PHA < 8° is defined as a signal
region (the green dotted line in the figure). One way of ediimgathe number of background
events in the signal region is using off-signal region of diribution (e.g. ALPH A > 20°),

i.e. fitting a simple function to it and extrapolating to thgral region. Another way is using
OFF observations, which is the standard way and is used édighre. In the case of ON-OFF
mode observations (see Sect. 3.4.12),P H A distribution of the independent OFF observation
is used, for whichALL P H A is calculated with respect to the tracking position wheresowrce
exists. In general, observation times of ON and OFF areréiffie The normalization of the two
distributions is done by the off-signal region (e4)L. P H A > 20°), which reflect the observation
time difference. In the case of Wobble mode (see Sect. 3,401 and OFF observations are
simultaneously carried out artlL P H A distributions with respect to the OFF source positions
are used for the background estimation. Normalization reedny the geometrical factor, i.e. if
only one OFF region is used, the normalization factor is orele if three are used, the factor is
1/3. In the left panel of Fig. 4.12, data taken in the wobblelenwas used and the background
estimation was made using three OFF positions.
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4.8.2 By Using thef? Distribution

Esfimated
Xrrival
Rirection

Ne— SOUrce
0

Direction

Figure 4.13: Definition of the parameté. It is the angular distance between the source direction and
estimated arrival direction of the event.

Signal extraction can also be done by the reconstructedaadirection distribution (see
Sect. 4.6). This is done from th& distribution. 6 is defined as the angular distance between
the reconstructed arrival direction and the source dwacts shown in Fig. 4.13 (see also Fig.
4.10). For a geometrical reasaftt, becomes flatter thafh and that is why normally? is used
as shown in the right panel of Fig. 4.12. In the figure, the aigegion is defined a&* < 0.03
(the green dotted line in the figure). As in tHd.P H A case, the background estimation for the
signal region can be made either by extrapolation from thseighal region (e.g#?> > 0.05) or
from OFF observations.

4.8.3 By Using the Pulsar Light Curve

Only in the case of pulsar observations, can a light curvesed tor signal extraction, as shown
in Fig. 4.14. From light curves in other energy band, pulsasgls and off-pulse phases can be
known a priori®. By estimating the background from the off-pulse phasesads are extracted
from the pulse phases.

It should be noted that, in the case of signal extractiondasea AL P H A distribution or a
62 distribution, a possible mismatch between ON and OFF mayrahee to different star fields,
camera inhomogeneity or change in environmental condifiegpecially in low energy regions.
This mismatch causes a systematic error in background &stimand, hence, can be a problem
especially for a weak source, for which the signal-to-noég® is very small. On the other hand,
in the case of signal extraction based on a pulsar light ¢unsystematic error in background
estimation can be caused only by a rapid change in envirotaineonditions on a time scale
of the pulsation period (34 ms for the Crab pulsar), whichasdhto imagine. Therefore, the
background estimation by using the pulsar light curve is imuomore robust than by using the
ALPH A or 62 distribution. Even if signal-to-noise ratio is very small (02), a low energy
signal from a pulsar can be detected, which may not be thefoaséher types of sources.

3For pulsars whose peak phases vary largely depending ogiesgethe light curve from the closest energy
region should be used.
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Figure 4.14: Extraction of the signal from a pulsar light e Pulse phases and off-pulse phases are
defined by other energy ranges and background is estimatadibg the off-pulse phase region.

4.8.4 Evaluation of Statistical Significance for an Extracéd Signal

The statistical significance of the signal is calculatedh®yfbllowing equation (see [119]):

I+a Non Norr
S =2 [ Nol ( ) Nowrln | (1 <—>
V2 ( oN lalpha Non + Norr ]  Nopsln |(1+0) Non + Norr

1/2
) (4.11)

In the case of thedLPH A or §* approach (see Sect. 4.8.1 and Sect. 4.8V2)y and Npy

are the numbers of events in a signal region for ON and OFFradisens, respectively. In the
case of the light curve approach (see Sect. 4.8V3) and Ny are the numbers of events in
pulse phases and in off-pulse phases, respectiveig. the normalization factor betweenNV
andOF'F distributions (thedALL P H A or #? approach) or the ratio of the widths between pulse
phases and off-pulse phases (the light curve approach)eqingtion is commonly used for the
significance estimate in many physics experiments.

4.9 Energy Spectrum Calculation

In order to determine the energy spectrum of a gamma-rayedtom observational data, one
has to know the effective gamma-ray detection area of thergasons, the observation time and
the number of excess events in different energies. Thisne t8gFluxic in the standard analysis.

4.9.1 Effective Area Calculation

The effective aread}?, for an energy bir, and zenith binj is calculated by MC asl’/, =
Abd o NI INEI whereA,e,, Ny, andN,,, are the area where MC gamma-rays are uniformly

gen gen?

generated , the number of events which are detected anddpalésee cuts and the number of
generated MC events, respectively. The MC gamma-rays arergied uniformly in a circular
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area with an radius of 500 m around the telescope. The deteefficiency of a gamma-ray
outside this area isc 0. The effective area of the observation in an energyitigncalculated as
Aiff = wj- AL}f wherew; is the weight of a zenith angle bjin which is proportional to the
number of observed events in the zenith anglejkafter all the selection cuts.

4.9.2 Observation Time Calculation

The event detection is a random process in time. If the pibhato detect an event in a
unit time isp, the number of events detected in a time intenvdbllows the Poisson statis-
tics: Poi(n,pu) = e P* - (pu)"/n!. Therefore, the probability that no event is detected is
P(u) = Poi(0,pu) = e P". The distribution of the time differenc& between successive events
should follow the exponential functioR(dt). By fitting an exponential functiode /7 to the
observedit distribution gives an estimate of= 1/p, which corresponds to the average value of
the time needed to detect one event. The total number of®x&ptmultiplied by 7 is the total
observation time. Fig. 4.15 shows an example of the obgervaie calculation.
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Figure 4.15: Distribution of the time difference betweer #uccessive events. It shows an exponential
behavior, as explained in the text. The total number of ev&p4 is 1.91 x 10 and fitting an exponential
function Ae—47/7 to the distribution gives = 5.09 x 102 [s]. The effective observation time 1,;; x

T = 2.69 hours.

4.9.3 The Number of Excess Events for Each Energy Bin

The number of excess events in the reconstructed energycaimbe obtained in the way de-
scribed in Sect. 4.8. However, because of the limited enezgglution and a bias effect espe-
cially near the threshold energy (see Fig. 4.9), the excesshdition in reconstructed energy
does not represent the true energy distribution of the &gride true energy distribution must
be inferred by reconstructed energy distribution by mednbkeounfolding method, taking into
account the detector response.
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Let us consider a reconstructed energy histogram of sigvitis: bins and a corresponding
true energy histogram withbins. A vectorY” with a elements and a vectSrwith b elements can
be defined, whose elements correspond to the number of eveath bin of these histograms.
Then, the vectol” andS have a relation

b
Y=M-S o Y;=Y M-S, (4.12)

J=1

whereY; andS; are theith element of” and thejth element ofS and}; ; is the ¢,7) element of
the migration matrix\/. M can be calculated by MC. From the measused” must be deduced
based on Eq. 4.12, taking into account the statistical eobthe measurement. Even if inversion
of M is possible, the solution

S=M'.vy (4.13)

results in large statistical errors 8fdue to the non-diagonal matriX , which indicates correla-
tion among elements &f. In order to reduce the large errors, a procedure cadlgdlarization

is applied, which imposes additional constraintsnThe regularization can be viewed as as
a smearing of the unfolded distribution with some finite tegon, which reduces the statistical
correlations between the adjacent elementS af the expense thét is no longer an unbiased
estimate of the true energy distribution (see [163]). Tewdlly, application of the regularization
is as follows:x? is defined as

¥’ = 5 G+ Reg(S) (4.14)
wherey?Z is a normaly square value between and M - S, while Reg(S) is the regularization
term. w indicates the strength of the regularization, i.e. the @mnahe w, the stronger the
regularization. There are various options to choose thienapts and in the MAGIC standard
analysisw is chosen such that the error $fis comparable to that af 4. There are also several
different ways for determining the regularization teftag(.S), such as th@ ikhonov method
(see [181]), theBertero method (see [42]) and th€chmelling method (see [162]). In the
Tikhonov method, for example, the regularization term is defined as

b 28\ 2
Reg(S) = Z: (g—;) | (4.15)

where S is the true energy distribution from whichi is made. In the MAGIC software, the
second derivative of is approximately calculated as

25\° Siii— S S-S,
— 20 . 7+ Vi - J J 416
<dE2>j (Sj+1 +5; S+ 5.1]) (4.10)

“More preciselyw is chosen such th&trace(K) = Trace(T), whereK andT are covariance matrices 6f
andY’.
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This Reg(S) implies the stability of the slope &, i.e. smoothness of the true energy distribu-
tion.

There is another way of estimatitgwith reasonable statistical error without using the reg-
ularization, which is called thérward unfoldingBy assuming a spectral shape a priori with
several parameters (such as a powerddw?), the best parameters &ndb) that minimize the
x& (betweert” and M - S) can be found. As long as the assumption of the spectral shapéd,
the forward unfolding provides the most robust results. &dweer, it does not require a choice of
w or the regularization method. Therefore, the forward wihfa is a very useful check for the
reliability of other methods.

4.10 Sky Map

From the reconstructed arrival direction of the gamma-ragnts, a skymap can be produced.
Background estimation is done by using OFF observationgfwineans off-source analysis in
the case of wobble mode observations). In the standardsisgllye prograntaspar is used for

it. Fig. 4.16 shows the skymap of the Crab nebula produce@abyar. Events withSIZFE >

300 and Hadronness < 0.2 are used. In order to produce a skymap for the Crab pulsar, the
emission from the nebula must be subtracted. This functiot yet implemented iGaspar.
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Figure 4.16: A skymap around the Crab nebula produced frobnhbur of wobble-mode observations.
Colors indicate the statistical significance of the excé&sgents withS7Z FE > 300 and Hadronness <
0.2 are used. Corresponding gamma-ray energies are abo260 GeV. Position of the source is indicated
by a cross.
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4.11 Reflector Performance Calibration with Muon events

The conversion from the FADC counts to the number of deteptextoelectrons can be done
by the F-factor calibration method (Sect. 4.1.2). Howeiregrder to estimate the air shower
properties from the recorded image, one has to know the tigl¢ction efficiency and the fo-
cusing accuracy (PSF) of the reflector to the camera. Sirckgit correction efficiency and the
PSF may change slightly in time because of, for example, ifapeindividual mirror alignment
caused by gravity (3.4.2), they must be monitored duringthservations.

The monitoring can be done by using muon events. As desciib8dct 3.1.7, muons pro-
duced by hadron showers can reach the ground without beatigsed too much. The Cherenkov
threshold of a muon below 5 km a.s.l. is around 5 GeV (Sect1B.% a muon with an energy
above 5 GeV hits or passes near the telescope reflector franedion less than- 2 degree
off the telescope axis, it can deposit enough photons torgana trigger and an image on the
camera. If the impact parameter of the particle is small ghpsay, less than 20 m, a muon
creates an arc-like or ring-like image on the camera, assatieally shown in Fig. 4.17.

Telescope +

Figure 4.17: Cherenkov photon emission from a muon and aedeiamage on the camera. The emission
angled, the arrival direction¢ and the azimuthal angle rangeappear in the image.

The center of the arc/ring corresponds to the arrival dimacvf the muon and the radius
corresponds to the Cherenkov angle. By collecting arcfikegimages with an angle of arc
larger than, for example, 90 degrees, the PSF and the ligjettion efficiency can be examined
in the following ways.

PSF

Muon image parameter&adius and ArcWidth, are defined as shown in Fig. 4.18. A typical
PSF of the MAGIC reflector is- 0.04 degrees andrcWidth is about~ 0.05 degrees after con-
volution with the PSF. ThereforelrcWidth is very sensitive to changes in the PSF. ArcWidth is
determined mainly by three physical processes on top of&fe First, along the track of a muon
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Muon Paramters

Figure 4.18: Definitions of some of the muon parameters. &adhrcWidth and arrival direction are
shown. They are useful to estimate the reflector PSF anddigtection efficiency.

through the atmosphere, the refractive index changedltiregsin change of the Cherenkov an-
gle. Secondly, multiple scattering changes the directfdhemuons slightly. Thirdly, the energy
loss by ionization during the track causes a change of thee@kev angle. A muon loses 100
MeV by ionization during the last 1000 m above the telescofiee relative divergence of the
angles of the arriving Cherenkov photons caused by these frocesses becomes smaller as the
Cherenkov angle increases. Therefore, adiéius increasesArcWidth/ Radius decreases,
as shown in Fig. 4.19. The same analysis is applied to muon afdpkes (see right panel of
Fig. 4.19). By changing the detector PSF in the MC and compahie ArcWidth/Radius VS
Radius relation with observed data, the telescope PSF can be éstimashould be noted that
in order to avoid the effect of the aberration (see 3.4.2)tardarger pixel sizes (see 3.4.3), the
ArcWidth is calculated by a part of the arc recorded in the inner pattetamera. Since a 10%
difference of the PSF significantly changes the relatiom RBF can be estimated with precision
of better than 10 %.

Light Collection Efficiency

As is easily seen from Fig. 4.17, the center of the arc/rindj Aad:us indicates the incoming
direction of the muon and its energy, respectively. In addjtthe charge distribution along the
arc shows the impact parameter of the muon which can be unddrsy looking at the left panel
of Fig. 4.20. The charge at an arc-anglés proportional taD in the figure.D can be expressed
as

D(W) = 2Ry/1— (p/R)’sin’¥ (p/R > 1) (4.17)
D(W) = Ry/1—(p/R)*sin>¥ + pcos¥ (p/R < 1) (4.18)

whereR andp are the radius of the reflector and the impact parameter ahtian (see the left
panel of Fig. 4.20.)D(V) for differentp/R is shown in the right panel of Fig. 4.20. From the
recorded image, the energy, the arrival direction and thgachparameter of the muon can be
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Figure 4.19: ArcWidth divided by Radius as a function of RadiData (left) and MC with PSF 0.032
degrees (right) are compared. The PSF of data is estimatdubt0.032 degrees from this plot. 10%
difference of the PSF makes a significant difference in #lation.

determined. Therefore, from this information, the numidfeCloerenkov photons which should
hit the reflector can be estimated. By comparing the numbtrenfletected photoelectrons and
that of the estimated photons hitting the reflector, thetlggtiection efficiency can be deduced.

This method is very useful to monitor the reflector light eotion efficiency, which may
change during long term observations. On top of that, thgdsgadvantage of this method is that
one can calibrate the absolute conversion from FADC couoritetnumber of Cherenkov photons
hitting the reflector. The convoluted uncertainty from thierar reflectivity, transmission of the
Plexiglas at the entrance of the camera, the light guideiefity of the Winston cones (see
Sect. 3.4.3), the QE of PMTs and the accuracy of the F-facaihad (see Sect. 4.1.2) can be
calibrated with muon events. On the other hand, the Chexgpikotons in these ring-like images
are produced withinr~ 1 km above the telescope. Therefore, ring-like muon evemniaatabe
used for, e.g. the transmission calibration of the atmospbecause most of Cherenkov photons
from air showers come from much higher altitude (see Settl1G).

4.12 Systematic Uncertainties

It is not possible to calibrate MAGIC with a test beam to estienthe systematic uncertainties.
Therefore, the systematic uncertainties are estimateddiyi@ing the uncertainty of each hard-
ware component and the observational conditions. | willyahbcuss the major contributions
and ignore uncertainties of less th2zifd. This is justified because major factors can be so large
that anyl — 2% contribution is minimal. Major factors which affect the sgt:atic uncertainty
especially for the Crab pulsar observations are the folgwi

Atmospheric model Atmospheric density and height distribution have a sedseagation,
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Figure 4.20: The relation between azimuthal anglend crossing lengtlD. Depending on the impact
parameterp, D(v) shows different behavior. For the image in the camerand D(v) corresponds to
the arc-angle and the charge. From(1)) and+ on the imagep can be estimated.

which leads to a variation in Cherenkov photon yield anddgnaission to the ground. The
difference of the amount of Cherenkov photons reaching ergtbund between summer
and winter is estimated to be 15% (see [41]). Since all the Crab pulsar observations
were done between the end of October to the beginning of Bepand the atmospheric
model of the MAGIC site for winter was used in MC, the uncertgiof the energy scale
caused by the atmospheric model is estimated te 786 (see [41]).

Atmospheric Conditions Cloud, haze, and aerosol cause a daily variation of the phoams-
mission. For example, data withloudiness up to 20% were used for the Crab pulsar
observations. The effect on the energy scale is conseelatgtimated to be 10%

Light collection efficiency Uncertainties in the mirror reflectivity, photon loss in tRkexiglas
at the entrance of the camera, the light guide efficiency@¥mston cones, QE of PMTs,
the accuracy of the F-factor method etc. cause an uncsrtairthe amount of detected
photons. For all the Crab pulsar observations, the lightctibn efficiency was moni-
tored by muon events and uncertainty<0f5% is guaranteed (see Fig. 5.2). Therefore,
uncertainty of the energy scale caused by light collectfboiency would also be 5%.

Malfunctioning of pixels During the observation, several pixels may malfunctionUncer-
tainty in energy scale caused by them is estimated to be 2%.

5If such pixels are within a image, the interpolation of clearg done in order to minimize the effect.
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Discriminator threshold settings The relevant energy region for the Crab pulsar observasion i
20 to 100 GeV. For such a low energy region, the setting of therichinator threshold
affects the trigger efficiency (the collection area). Fi214shows theS' 77 E distribution
between the proton MC events and the observed data. Below.B0 fibelow~ 30 GeV)
the possible discrepancy is seen {0%). However, this is not fully due to the discrep-
ancy of the discriminator thresholds but mainly to the NSHtergoulsing trigger events,
which are not included in the simulation. Even though thegeneleaning suppresses such
events, there is still some contamination. Actually, theadaken under the higher NSB
level shows a larger discrepancy only below 50 ph.e. Thewdffce of the trigger effi-
ciency between MC and the real observations cause an ertioe ienergy scale too. The
uncertainty of the energy scale at 20 to 100 GeV caused bistbeservatively estimated
to be 15%.

Effective observation time estimation The method for calculating effective observation time
described in Sect. 4.9.2 has an uncertainty of 2%. Thistaftee flux level.

The overall systematic uncertainty in the energy scaleisyated to be 20% by adding major
factors in quadrature. On top of this there is an uncertamtite collection area (10%) and the
observation time estimation (2%). Taking into account tteeg spectrum of the Crab pulsar
which will be discussed in the next chapter, the uncertamtye flux estimation is dominated
by the uncertainty in the energy scale.
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Figure 4.21: Comparison of the SIZE distribution betweesasied data and proton MC. Below 50 ph.e.
a discrepancy ot~ 10% between the data and MC is visible. This is explained manlthe accidental
triggers caused by NSB + after-pulsing, which are not ineldich the simulation.

4.13 Concluding Remarks

The analysis procedures of the MAGIC data such as signdiragilbn, image cleaning, back-
ground suppression and energy spectrum calculation ayewat developed. The method of
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checking the reflector performance by muon events is alsoyaugeful tool to assure the qual-
ity of observed data. The systematic uncertainty of theggnscale is estimated to be 20% by
adding in quadrature the major systematic uncertaintidgeandware components and observa-
tional conditions. This should be taken into account whengpectrum of the Crab pulsar is
discussed.



Chapter 5

MAGIC Observations of the Crab Pulsar
and Data Analysis

The MAGIC observations are grouped in one-year long cyabelsGycle | started in May 2005.
In Cycles | and Il, the Crab pulsar was observed with the stechttigger. 16 hours of good-
condition data showed only a weak signal of pulsation with 2.(see Sect 2.9.6). Here, |
analyze the data recorded in Cycle Il and Cycle IV with theMstdigger with a much lower
energy threshold and a higher sensitivity below 100 GeV.

5.1 Observations

The SUM trigger was installed in October 2007 and, subseyéme Crab pulsar was observed
in Cycles lll and IV, for 48 hours (over 47 days) and 78 hounge(a36 days), respectively.
All the observations were made in ON-mode, since the SUMyénigvas designed for ON-
mode observations. Although, as described in Sect 4.8apalsservations do not require OFF
observations, in order to assure the validity of the analgbain and the quality of the data sets
by the Crab nebula emission, OFF observations were madetob&cand December 2007 for
~ 10 hours.

5.2 Sum Trigger Sub-patch Malfunction

One and five out of the 36 Sum Trigger sub-patches were maifumicg during the Crab pulsar
observations in Cycle Il and Cycle 1V, respectively. Thieef can be seen by plottingOG of
images on the camera. The regions near the broken patchesdiae inCOG distribution, as
shown in the top left (Cycle Il data) and the middle left (&t data) panel of Fig.5.1. When
a variability of the Crab pulsar flux between the two cyclediscussed, this difference must
be taken into account. By deactivating the broken patch&4Gnthe effect can be reproduced
as shown in the top right (Cycle 11l MC) and the middle righty¢( IV MC). The bottom left
and the bottom right panel show the difference between Qilcéd Cycle IV in data and MC,
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respectively. According to the MC, the differences in ganmanadetection efficiency between
the two cycles forlS717 E 25-50, 50-100, 100-200 and 200-400 ph.e. are about 21%, 1Y%,
and 7%. This effect will be corrected when the variabilitydiscussed (see Sect. 5.9). The
calculation of the energy spectra will also be carried ouhwWICs which reflect these subpatch
malfunctions.
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5.3 Data Selection

The new SUM trigger system lowers the energy threshold fronGBV to 25 GeV (see Sect.
3.4.7). It has a big impact on the pulsar observations becegst of the signal is expected
below 50 GeV (see Fig. 3.22). However, such low energy evargsasily affected by the
observational conditions. A slightly worse condition magult in a significant increase in the
energy threshold and a worse sensitivity. Therefore, a wemeful data selection than the normal
observations above 50 GeV is required, in terms of both harel\and environmental conditions.

5.3.1 Reflector Performance Selection

The mirror panels of the MAGIC telescope are adjustable §&a. 3.4.2) and their alignment
on some days can be worse than it should be. As described in &&4, this can be checked
by muon events. Blue points in Fig. 5.2 show the light coitatefficiency estimated by muon
events (the conversion factor from the number of photortingithe reflector to that of the
detected photoelectrons) for each observation day. The whgn the efficiency is lower than
0.081 (5% lower than the average) are excluded from the sisalince it may affect the trigger
efficiency and the energy reconstruction. On average, Qytleas 3% lower efficiency than
Cycle lll, which is taken into account in the MC when the elyesgectrum is calculated. The
PSF was checked by fitting a linear function to the:WWidth/Radius — Radius relation (see
Sect 4.11). The value dtadius = 1.15 degrees is used to evaluate the PSF, as shown by the
red points in Fig. 5.2. From the study with MC, it was foundtttiee PSF in Cycle IV was
~ 5% worse than that in Cycle Ill, which is also taken into acconhen the energy spectrum is
computed.
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Figure 5.2: Daily monitoring of the light collection efficiey and the PSF of the reflector by muons. The
horizontal axis indicates the observation day and the galixis indicates the meatrcWidth and the
mean conversion factor. Data taken in the days when the tigéction efficiency (blue points) is below
the limit (a blue line) are excluded from the analysis.
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5.3.2 Zenith Angle Selection

As the angular distance from the source to the zenith (Zeitie, Z A) becomes larger, the
distance from the shower maximum to the telescope incredbeselation between the gamma-
ray energy and the number of detected photons would chamggndimg on theZ A, due to the
different Cherenkov photon density on the grodnd\Needless to say, the threshold energy is
also affected. Therefore, in order to assure the lowesiipestreshold and a uniforri/ Z FE —
energy relation, | selected data with thel below 20 degrees.
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Figure 5.3: Z A distribution of the data. Most of the data are taken below 2@rdes inZ A. In order to
assure the lowest possible energy threshold and the unifadri~ - energy relation, data witkZ A below
20 degrees are used in the analysis.

5.3.3 Cloudiness Selection

As described in Chapter 3.4.8, haze and clouds affect th&haiwer images. Especially for the
lowest energies below 50 GeV, the effect would be signific&ig. 5.4 shows the event rate
as a function of’loudiness (see Sect. 3.4.8). A clear anti-correlation betwégém.diness and

1This is a consequence of three effects: a) a higher Cherethkeshold leading to fewer photons (see the top
right panel of Fig. 3.7), b) a wider spread of photons on trmugd due to the larger distance and c) increase in
absorption and scattering losses (see Sect. 3.2.2).

°Not the trigger rate but the rate of the events which are noiptetely erased by the image cleaning procedure.
Therefore, most of the NSB accidental trigger events arénetided in the rate
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the event rate can be seen. To assure that no data is affgched® and clouds, | selected data
taken withCloudiness lower than 20, as shown in Fig. 5.5. If the daily average védueore
than 20, all the data taken on that day are excluded.
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Figure 5.4: The event rate as a function of Cloudiness. Arcedi-correlation can be seen. Cut values
in the event rate and ifloudiness are indicated by the red dotted lines.
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Figure 5.5: Left: Cloudiness for each run. The horizontal axis indicates the observatiay and the
vertical axis indicatesCloudiness. A red dot corresponds to one rur (1 minute). The mean and the
RMS of theCloudiness for each day are denoted by blue crosses. The data@ithidiness larger than
20 are excluded from the analysis as denoted by the blueddie. Right: Cloudiness distribution.
Most of the runs have cloudiness below 20 and the data @ith.diness larger than 20 are excluded
from the analysis.
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5.3.4 Event Rate Selection

Even if the environmental conditions and the reflector state good, the telescope performance
might not be optimal because of inappropriate DAQ settisgsh as wrong threshold settings
and the change in signal transmission time (length), whahl@appen during long-term obser-
vations. Such problems can be identified by checking theteat®. For the very low threshold
observations like pulsar observations, almost half tlggér rate is due to NSB + after-pulsing
accidental events and, hence, the trigger rate may nottéefipcoper DAQ settings. The event
rate after the image cleaning would be more indicative beeaunages of such accidental events
would be completely erased by the image cleaning. As you earfrem Fig. 5.6, after cutting
away bad reflector days and cloudy days, almost all runs hguedrate, meaning that hardware
settings had been fine. Runs with the event rate lower thati28@ere discarded just in case.
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Figure 5.6: Left: The event rate for each run. The horizorteais indicates the observation day and the
vertical axis indicates the event rate. A red dot corresotmlone run £ 1 minute). The mean and the
RMS of the event rate for each day are denoted by blue cro§3®s.data with the event rate smaller
than 380 Hz are excluded from the analysis, as denoted byltleedntted line. Right: The event rate
distribution. Only a few runs have an event rate smaller t880 Hz and they are excluded from the
analysis.

5.3.5 Nebula Measurement Selection

From the rate cut described in the previous section, it iatmguaranteed that event selection has
been properly carried out. Just as an additional crosskc¢hiee detection efficiency of the Crab
nebula emission was examined. | analyzed the Crab nebuksiEmiwith ST77ZFE above 300,

for which Hadronness cut is very powerful, i.e., the gamma-ray/hadron sepamasohighly
efficient (Sect. 4.4) and analysis is rather easy. Hladronness cut at 0.1 is applied to the data
and the excess is evaluated with thé P H A cut at 10 degrees. The background was estimated
by fitting the AL P H A distribution from 20 degrees to 80 degrees with a parabohction and

3As noted in Sect. 2.9.3, the nebula and the pulsar cannot el resolved by IACTs. The non-pulsed
gamma-ray emission above 100 GeV is considered as a nebidsi@m
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then extrapolating the fitted function down to O degree. Aanegle of this analysis is shown
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Figure 5.7: An example of the signal from the Crab nebula Will¥ £ > 300 and Hadronness < 0.1.
ALPHA analysis is used (see Sect. 4.8.1).

in Fig. 5.7, which is for the observation on 1st January, 2008&rder to check the stability of
detection efficiency, the significance of the excess for @hthe observation days was scaled to
one hour’s observation and plotted in Fig. 5.8. They are staple and their mean value is 16.1,
which is consistent with the telescope sensitivity.
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Figure 5.8: Left: Daily monitoring of the detection efficegnof the nebula emission. The horizontal axis
indicates the observation day and the vertical axis indgisathe excess significance normalized to one
hour of observation time. Right: Distribution of the exceggificance normalized to one hour. The

variation is compatible with the statistical fluctuations.

5.3.6 Summary of the Data Selection

The selection of the good observation days are summariZéabie. 5.1. 26 days out of 47 days
and 18 days out of 36 days passed all the selection cuts fde @iand 1V, respectively. Within
a good day, some runs were also excluded due to unfavarabl€'loudiness or the event rate.
25.1 and 34.0 hours of data remained for Cycle IIl and IV, eetipely.
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Date | PSF/ Date | PSF/
yymmdd| Ref | Z.A. | Cloud | Used| | yymmdd| Ref. | Z.A. | Cloud | Used
Cycle 1ll 080129 yes
071021 yes 080131 Cloudy| no
071022 yes 080201 Cloudy| no
071105 Cloudy| no 080202 yes
071106 Cloudy| no 080203 yes
071107 Cloudy| no Cycle IV
071108| Bad no 081105| Bad no
071109 Cloudy | no 081107| Bad no
071110| Bad no 081126| Bad no
071111 Cloudy| no 081129| Bad no
071112 Cloudy| no 081130| Bad no
071113 Cloudy | no 081201| Bad no
071114 Cloudy| no 081202| Bad no
071115 yes 081203| Bad no
071116 yes 081204 yes
071117 Cloudy| no 081205 yes
071118 Cloudy| no 081206 Cloudy| no
071205 yes 081207 Cloudy| no
071206 yes 081208 > 20° no
071207 yes 081210 > 20° no
071208 yes 081219 yes
071209 yes 081220 yes
071210 Cloudy| no 081222 yes
071211 Cloudy| no 081223 Cloudy| no
071212 Cloudy| no 081229 yes
071213| Bad no 090101 Cloudy| no
071214 yes 090102 yes
071230 yes 090103 yes
071231 yes 090104 yes
080101 yes 090118| Bad no
080102 yes 090119 yes
080103 yes 090120 yes
080104 yes 090121 yes
080105 yes 090122 yes
080106 yes 090124 yes
080107 Cloudy| no 090125 yes
080108 yes 090126 yes
080109 Cloudy| no 090127 Cloudy| no
080110 yes 090128 yes
080111 yes 090130 yes
080112 yes 090131 > 20° no
080113 yes 090201 > 20° no
080126 Cloudy| no

Table 5.1: Selection of the data on daily basis based on tfecter performance, the zenith angle and
Cloudiness.
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5.4 ALPHA Cut Optimization for Pulsar Analysis

For the pulsar analysis, the signal extraction can be chaoig using the light curve (see Sect.
4.8.3). The image parametdr. PH A is additionally used as an event selection parameter in
order to increase the signal-to-noise ratio. The best duevan AL P H A changes with61 7 FE
because the larger the/ 7 F, the better the shower direction estimation. The dependenc
especially strong at/Z F < 100, as one can see from the top right panel of Fig. 5.9. Since most
of the signal from the Crab pulsar is expectedbat/ E < 100, a SIZE-dependendLPH A
cut is applied to the Crab pulsar data. It is optimized a®¥ad: First, MC gamma-ray and data
(mostly hadron) samples are divided into 20 of,id§ /7 F) bins from 1 (10 ph.e.) to 3 (1000
ph.e.), as shown in Fig. 5.9. For each of the bins, the HésP H A cut is calculated which
maximizes the so-called Q-factq) = ¢,/,/€,, wheree, ande, is the fraction of events which
survive theALP H A cut for gamma-ray and hadron samples, respectively. Reslistéhe top
right panel of Fig. 5.9 indicate the be$i P H A cut values for each bin. Then, those best values
as a function of log,(SIZFE) are fitted by a functiom.,(SIZE) = a(log,,(SIZE) + b)¢,
obtaininga = 3.7 x 10*,b = 1.674,c = —5.988 as the best parameters. The function is shown
in the same panel as a black line. In the data analysis, th&swhich fulfil ALPHA <
A.(SIZF) are considered as gamma-ray candidates. At size 25 ph.euttieeat 45 degrees,
while at 250 ph.e. itis at 8 degrees, ¢, and( are shown in the bottom panel of Fig. 5@.is
approximately 1.5 at 100 ph.e. and lower for smafié E's.

It should be noted that a cut iHadronness was found not to improve the signal-to-noise
ratioas much as ilLPHA atSIZ FE < 100 where most of the signal from the Crab pulsar is
expected. In order to avoid systematic errors in analysisqgdronness cut is not applied.
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Figure 5.9: Top left: ALPH A as a function of log)(SIZE) for an observed data sample. Since the
data sample is dominated by the hadron background evehid? H A distributes uniformly from 0 to
90 degree. A black line indicates tt$# 7 F-dependent cut values. Top righ# LPH A as a function

of log;o(SIZE) for an MC gamma-ray event sampld.LPH A is concentrated around 0, whereas the
concentration gets weaker & 7 F decreases. Red stars indicate the best cut values whichmzaxihe
Q-factor. A black line indicates th817 E-dependent cut values. Bottom: The Q-factor (blue) and the
survival ratios for hadrons (green) and gamma-rays (redadanction of log, (SIZE). Q-factor is about
l5atSIZFE =100and 1 atSIZFE = 25.
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5.5 Analysis of the Energy Spectrum of the Crab Nebula

The Crab nebula is generally used as a standard candle faatieation of the IACTs (see
Sect. 2.9.7). Itis the brightest steady point-like soufoeva 100 GeV. Actually that is why it
could conveniently be used to verify the quality of the datalie Crab pulsar analysis (see Sect.
5.3.5). It would also be very important to calculate its gyespectrum in order to assure that the
analysis tool and the MC samples are appropriate beforéngaine Crab pulsar analysis.

5.5.1 Data Sample for the Crab Nebula Analysis

| used 17.1 hours of data (ON-data) and 5.2 hours of OFF oasernvdata (OFF-data), both of
which were taken in October and December 2007 and passdukaétection criteria described
in Sect. 5.3. The conditions of the observations are sunzaiin Table 5.2. The pointing
position of the OFF-data is on the same declination as foltNedata but differs by 2 hours
in right ascension, which results in the same trajectoryhaensky between ON and OFF with a
2-hour time lag.

| | ON | OFF |
Dec. [deg.] 22.014 22.014
R.A. [hour] 5.5756 3.5756

Period October 2007 October 2007

and December 200[7and December 2007
Eff. Time [hours] 17.1 5.2
Zenith Range [deg 6to 20 6to 20

Table 5.2: The observation conditions for the Crab nebulada

5.5.2 Energy Range of the Crab Nebula Analysis

For the energy range below 50 GeV, a precise background agtimis not easy in the case
of the nebula observations. The reason is as follows: Fonéhella analysis, the light curve
cannot be used for the signal extraction and, hence Athe H A distribution is used instead
(see Sect. 4.8). However, since the images with a sevall £ are easily affected by the sky
conditions,ALPH A distribution may slightly vary depending on the conditiongich may
lead to a difference between ON-data and OFF-data. Sinceltberved events are strongly
dominated by cosmic-ray background events, even a tiny atidmin ALP H A distributions
may result in a large systematic error in the backgrounanesion. It should be stressed that
this is not the case for the pulsar analysis. Since the lighteccan be used for the pulsed
signal extraction, it does not require any OFF-observationless the sky condition changes
significantly in the time scale of a pulsar period (34 ms fa @rab pulsar), which is very hard
to imagine, the background estimation can be properly@dmwut. For this reason, the nebula
emission was analyzed only above 50 GeV.
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The MC samples were generated from 6 GeV to 2 TeV. They are medoe used for the
analysis of the Crab pulsar, which is known not to have sigaifi emission above 100 GeV.
With these MC samples, it is very hard to analyze the spectfoone 1 TeV properly because no
information above 2 TeV is present in MC and energy resafugdimited (~ 20% at 1 TeV). In
order to avoid any analytical bias due to the limited eneamge in MC production, the spectrum
was analyzed up to 700 GeV.

The results are shown in Fig. 5.10. The spectrum was unfalded) the Tikhonov regular-
ization method. It is known that the spectrum in this eneayyge is better fitted by a variable
power law

d*F
— E [T14T2logo(E/300GeV)] )
IEdAG fo(F/300GeV) (5.2)
than a simple power law.
d*F
dEdAd: — fo(E/300GeV)" (5.2)

The power law fitting gives the best parametergof= (6.6 +£0.7) x 107 1% [cm2s 1 TeV 1]
andl’ = —2.11 £ 0.10, while y* = 4.74 with the degree of freedom 4{ probability = 31.5
%). On the other hand, the variable power law giyigs- (7.0 + 0.8) x 10~ '"’[cm?s 'TeV '],

' = 221 +0.15andl’y, = —0.45 £ 0.47, while x* = 3.55 with the degree of freedom 3{
probability = 31.4%). In this limited energy range, both dtions fit well. It should be noted
that the fits take into account the correlation between tleetsgl points which is introduced by
the unfolding procedure. The spectrum measured by HES& tgles above 500 GeV (see [11])
and the previous MAGIC measurements above 60 GeV (see [B®Rlao shown in the same
figure. They are consistent with one another in the overlappange, verifying the validity of
the MC samples and analysis tools used for the pulsar asalysi
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Figure 5.10: The energy spectrum of the Crab nebula. Redgies, open squares and filled squares
indicate the MAGIC observation results with the SUM trig¢imis work), the published MAGIC result
with the standard trigger taken in 2006 (taken from [20]),dathe published HESS results (taken from
[11]). They are consistent in the overlapped energy regidime power law fit (a green line) and the
variable power law fit (a blue line) to the MAGIC results willetSUM trigger are also shown.
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5.6 Analysis of Optical Pulsation

For the pulsar analysis, the proper barycentric corre@imhthe accurate pulsar period informa-
tion are essential. In order to check if the barycentricextion and the pulse phase calculation
are correctly done, the optical pulsation of the Crab puksaery useful and helpful since it can
be clearly detected within 10 minutes of observation thaakke large reflector of MAGIC.

| Optical Pulsation |
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Figure 5.11: The light curve of the optical pulsation fronetGrab pulsar observed by MAGIC with the
central pixel (see Sect. 3.4.9). 30 hours of the observation data are used. 10 minutes is encugbd
the two peaks clearly.

Fig. 5.11 shows optical pulsation detected by the centsadl mf MAGIC (see Sect. 3.4.9).
~ 30 hours of the observation data from both cycles are used. &hgéntric correction was
done byT'empo and the period information i.ev, v andt,, are taken from the “Jodrell Bank
Crab Pulsar Monthly Ephemeris”, as described in Sect. 4ie ghase is calculated by Eq.
4.10. A glitch (see 2.4) occurred in May 2008, which is betw#ee Cycle Il and the Cycle IV
observations. Since there is no Crab pulsar observatidraimtonth and, » andt, are updated
monthly, the glitch does not affect the phase calculations.

The peak phase of P1 is slightly shifted earlier with respetite radio peak phase by 0.01
in phase, corresponding to 300 us, which is known and consistent with other observations
(see e.g. [145]). Pulse shapes are also in good agreemdnbthigr observations, although a
small time variability has been reported and quantitatv@garison is not easy (see e.g. [109]).
Exactly the same method of phase calculation is appliedrnogaray signals.
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5.7 Detection of the Very High Energy Gamma-ray Pulsation

from the Crab Pulsar
After all the selection described in Sect. 5.3, 59.1 housgl€lIl + IV) of good data remained.
The quality of the data sets, MC samples, analysis tools lagulsar phase calculations were

verified, as described in the previous sections. In this@gdhe analysis of the pulsed gamma-
ray signal from the Crab pulsar is described.

5.7.1 The Pulsed Gamma-ray Signal
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Figure 5.12: The light curves of the Crab pulsar detected BYQWC. 59.1 hours of the observation data
are used. Following the convention in pulsar analyses, itjeat lcurves are plotted from phase -1 to 1.
The upper and lower panels show the light curves with 11 @nwi(liseconds per bin) and with 22 bins
(1.5 milliseconds per bin) per period. The red, shaded mgimdicate the phases of P1 and P2, the
blue shaded regions indicate the Bridge emission phasegtendlack shaded regions indicates the OP
(off-pulse) phases (see Sect. 2.9.5 for the definition cktiphases). The statistical significance of the
excess for P1, P2, and P1 + P2 are 4.287.390 and 7.510, respectively.
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The light curve of all events witly/ Z E range from 25 to 500 are shown in Fig. 5.12. A
S17 E-dependentALPH A cut described in 5.4 was also applied. The background was est
mated using the OP (off-pulse) region (phase 0.52 to 0.8B)pRase -0.06 to 0.04), P2 (phase
0.32t0 0.43) and the sum of P1 and P2 hé®@&r + 1444, 11315+ 1532 and17482 + 2329 excess
events with statistical significance of 4287.3% and7.510, respectively. For the definition of
the phase names, see Sect. 2.9.5. The flux of P2 is twice as$itjat of P1. As can be seenin
Fig. 2.26, at 1 GeV, P1 has a higher flux than P2. The energyndepee of P2/P1 ratio will be
discussed in Sect. 7.2. The so-called bridge emissionhitigeen in some energy bands, is not
visible in the MAGIC data. This will also be discussed in SetR As one can see the bottom
panel of Fig. 5.12, although P1 is conventionally defined.82 @ 0.43, most of the excess is
concentrated in a narrower phase interval. The preciseisigan of the pulse shape will take
place in Sect. 7.3.

5.7.2 Further Investigation of the Signal

Since this is the first detection of a gamma-ray pulsar by &ilA it is important to assure that
the signal is not an artifact of the analysis or of the inseaim A useful check is the growth
of the number of excess events as a function of the numberakfbaund events. Since pulsar
emission is thought to be stable in time, the excess shoold fnearly. The results are shown
in the left panel of Fig. 5.13 and indeed the excess growsitine The growth of statistical
significance is also shown in the right panel.
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Figure 5.13: Left: the growth of the number of excess evesits fainction of the number of background
events. Red, blue and black points indicate P1, P2, and P1 +é&%pectively. Right: The growth of
the statistical significance as a function of the number akbeound events. Red, blue, and black points
indicate P1, P2, and P1 + P2, respectively.

4The discovery of the Crab pulsar with MAGIC was first achielsgdhe efforts of my colleagues listed in Sect.
1.6 and reported in [22]
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Another useful check is the “inverse selection” of eventsheé excess is due to gamma-ray
signals, events discarded by tHd.P H A cuts should not contain a significant excess. Figure
5.14 shows the light curve produced with events which do N@gsphed . P H A cut. Excesses
are compatible with the background fluctuation.

[ Phasogram : Cycle All (25 < SIZE < 500 ) Anti-Alpha cut |
x10°

P1

#Events
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Figure 5.14: The light curve of the Crab pulsar for data whib not pass thel.LPH A cut. No pulsed
signal is visible, as expected.

5.8 SIZE Dependence of the Pulsation

In order to roughly estimate from which energies the excessts come from, the energy depen-
dence of the light curves should be examined. Instead ofrtbegg reconstructed with Random
Forest (see Sect. 4.5), which suffers a trigger-bias effethhese low energies as discussed in
Sect. 4.5, l us&' I Z E for this study.S1ZF is the total number of photoelectrons in an image
and a good indicator of the primary gamma-ray energy, eapgdor this data set, for which the

Z A range is limited up to 20 degrees. As one can see in Fig.A4.8F in ph.e. corresponds
roughly to two times the energy in GeV.

The data withSTZE from 25 to 800 were divided into 5 bins in logS77F). Data with
SI1ZFE above 800 were also analyzed. The light curves of these dbsamples are shown in
Fig. 5.15. The numbers of excess events for P1, P2 and P1 h&&nsn the right upper corner
of each panel, were calculated by estimating the backgréeved with the OP region (0.52 to
0.58). Most of the excess events are in the two lowst F' bins. The third (100 -200) and
fourth (200-400) bins also show as2level excess. Above 400 ph.e., no more excess is visible.
The size-dependence of the excess is shown graphicallgif.E6.

A detail calculation of the energy spectrum of the pulsedmannay signal will take place in
Sect. 5.10.
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Figure 5.15: The light curves for differest/ Z E intervals. From the top: 25 to 50, 50 to 100, 100 to 200,
200 to 400, 400 to 800 and above 800 are shown. Most of the £xvests are seen 8t/ ZE < 100,
while some are still visible a§ 7 ZE > 100.
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Excess Distribution |

— P1+P2

9000

8000

7000

6000

5000

4000

3000

2000

1000

102 0°
Size [ph(]a]

Figure 5.16: The numbers of excess events as a functifi . Red, blue and black lines indicate P1,
P2 and P1 + P2, respectively. Most of the excess events &8¢ 4F < 100, while some excess events
are also visible atS77 F > 100.
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5.9 Time Variation of the Pulsation from the Crab Pulsar

The previous study by L. Kuiper et al. (see [114]) shows thediithe Crab pulsar at 1-10 MeV
is stable in a time scale of years. However, it is still instirgy to check if the flux measured
by MAGIC is stable or not, especially because it is the fluxdme/the cut-off energy. The
growth of the number of excess events as a function of the pupftbackground events already
showed that there is no drastic change in flux (see Fig. 5H8Je | examine the stability of
the flux and the light curve more quantitatively. Due to timeited statistical significance of the
excess, dividing data sample into too many subsets doesail@ much sense. Therefore, | only
compared Cycle lll and Cycle IV to search for a possible yeeatiability.

5.9.1 Variability in Light Curve

Fig. 5.17 shows the light curves of Cycle Il (top) and Cydlke(bottom). TheS/ZE range is
from 25 to 500. In order to evaluate the variation in the ligimve, they2 test was performed for
the 11 bins starting from -0.0682 to 0.432 in the histograsmsch is roughly from the beginning

of P1 to the end of P2. Thg2 was 5.00 while the degree of freedom was 10, indicating no
significant difference between the two light curves.

5.9.2 Variability in Flux

As one can see from Fig. 5.17, although Cycle IV has 30% longservation time, it shows
less excess events than Cycle Ill. This can be explained nistatistical fluctuation but the
hardware malfunction described in Sect. 5.2 may also haeepla role S/ E-dependence of
the number of excess events are also compared in Fig. 5.#8nliddle and right panels are for
P1, P2 and P1 + P2. The difference in observation time betiheetwo cycles is corrected. The
effect of broken sub-patches estimated by MC (see Sect.iba®30 corrected, such that Cycle
[l and IV have the same gamma-ray detection efficien@g are 1.04, 3.14, 2.46 for P1, P2 and
P1 + P2, while the number alofis 4 for all phase intervals. Signals observed in Cycle Id an
IV are statistically consistent and no significant varigypik seen between Cycle 11l and IV.

5.10 Energy Spectra of the Pulsation from the Crab Pulsar

Here | show the energy spectra for the pulsation of P1, P2 andA2. Since the effective area is
increasing rapidly from 20 GeV to 200 GeV (see Sect. 3) aneiieegy resolution is rather poor
in this energy region (see Sect. 4.9.3), the spectra mustlbelated with great care. Events with
S1ZE lower than 30 will be excluded from the spectrum calculatioarder to avoid a possible
mismatch between MC and data (see Sect. 4.12). A few diffenethods will be tried in order
to estimate the analytical uncertainty of the results.
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Figure 5.17: The comparison of the light curves between&lthnd IV. Significant variation of the light
curve cannot be seen.

5.10.1 Excess Distribution in the Reconstructed Energy an8ize

Fig. 5.19 shows the distributions of the number of excesatewas a function of/Z E and the
reconstructed energy. It should be emphasized again teattionstructed energy is strongly
biased by the trigger effect (see Sect. 4.9.3). The energgtapn will be calculated from these
distributions. SIZFE (total charge in a shower image) has less systematic unagrthan the
reconstructed energy, whereas the resolution of the erestyyation byS7~Z E is poorer than
that by the reconstructed energy. Therefore, it is impotmaanalyze the spectrum with both and
compare the results.

5.10.2 Spectrum Calculation by Forward Unfolding Assuminga Power
Law

As long as the assumption of the spectral shape is valid,aitveafd unfolding method should
provide the most robust and reliable result, as describ&at. 4.9.3. Here, | assumed a power
law spectrum with two free parameters, namely, differéffitiix at 30 GeV f3, and the spectral
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Figure 5.18: The comparison of the number of excess evemtéumetion ofS77 F between Cycle 11l and
IV. The correction for the effect of the subpatch malfumcdescribed in 5.2 is applied for eadVZ E
bin. In addition, the numbers of excess events for Cycle é\haultiplied by 25.1/34.0 in order to correct
for the difference of the observation time.

indexT":
d3F
dEdAdt
Due to the relatively poor statistics and the narrow eneemge, even if the true spectrum is
slightly curved, the power law assumption should be valid.

The results based on tisd 7 E distribution (the left panel of Fig. 5.19) and the reconsted
energy distribution (the right panel of Fig. 5.19) are showiable 5.3. The obtained spectra
are also graphically shown in Fig. 5.20 by green (based b F) and red (based on the re-
constructed energy) lines. Unfolded excess distributioas the expected excess distributions
from the obtained spectra, are overlaid in Fig. 5.19. Thealues between the unfolded excess
distribution and the observed excess distribution are showhe fifth column of Table 5.3. They
are sufficiently small, assuring the validity of the powev lassumption.

= f30(E/30GeV)" (5.3)

5.10.3 Spectrum Calculation by Unfolding with Different Regularization
Methods

(Backward) unfolding does not require an assumption of pleetsal shape a priori. However, as
described in Sect 4.9.3, different regularization methudght give different results. The results
are reliable only when all the regularization methods shonscstency. Tikhonov (see [181]),
Schmelling (see [162]) and Bertero (see [42]) regularmatnethods were used for unfolding
the reconstructed energy distribution. The results arevshio Fig 5.20 as black (Tikhonov),
blue (Schmelling) and pink (Bertero) points. All the resudre consistent. The results with the
Tikhonov method were fitted by a power law function (Eq. 5s3)pown as a black line in the
figure. It should be noted that points are correlated withheatber because of the unfolding
procedure but that the correlation is taken into accountrwitigng is performed. The best fit
parameters ang® values are summarized in Table 5.3.
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Figure 5.19: The numbers of excess events as a functiétl i (the left panel) or the reconstructed
energy (the right panel). Points indicate the observed datd for the spectrum calculations, while solid
lines indicate the expected number of excess events frospéoéra obtained by the forward unfolding. In
order to reduce the possible systematic error for the spectithe events witi/ZFE < 30 are excluded.
Red, blue and black lines are for P1, P2 and P1 + P2, respelgtive

5.10.4 Discussion of the Results

As summarized in Table 5.3, the three methods, namely, tiweafd unfolding with theSTZFE
distribution, the forward unfolding with the reconstruttenergy distribution and the unfolding
with reconstructed energy distribution using the Tikhonegularization method, show consis-
tent results. The energy spectra can be well described by@eipower law, which is partially
due to the limited statistics and the narrow energy range fllix of P2 at 30 GeV is twice as
large as that of P1, being consistent with the light curveti@rother hand, no difference in spec-
tral indices between them is visible. The indices-aBe35+0.52, —3.074+1.04 and—3.45+0.54
forP1+ P2, P1and P2, respectively, in the case of the umighdith the Tikhonov regularization
method.

5.11 Concluding Remarks

After many careful checks, 59.1 hours of high quality dateehlaeen obtained. All the analy-
sis tools have been carefully examined as well. From th&®7 + 1444, 11315 + 1532 and
17482 + 2329 gamma-ray signal events have been detected for P1, P2 an®PIrespectively,
corresponding to 4.28 7.3% and7.51¢ in statistical significance. The light curves show some
interesting features compared to lower energy bands, suigkrg narrow P1 peak and the ab-
sence of the bridge emission. These features will be fudiseussed in Chapter 7 together with
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Phase Method | f3, [10 7cm 2s !TeV 1] T | x%/dof (prob.)
Forward with Size 17.3+2.1|-3.53+ 0.41| 3.7/2 (15.7%)
P1 + P2| Forward with E.. 18.8+ 2.4 | -3.42+ 0.34| 5.1/4 (27.7%)
Tikhonov 1494+ 2.9 | -3.35+ 0.52| 2.90/1 (8.9%)
Forward with Size 57+1.4|-3.67+0.80| 2.1/ 2 (35.0%)
P1| Forward with E.. 6.0+ 1.5|-3.06+ 0.59| 7.2/4 (12.6%)
Tikhonov 4.5+ 2.3|-3.07+ 1.04| 1.20/1 (27.3%),
Forward with Size 11.3+1.5|-3.53+ 0.39| 2.7/2 (25.9%)
P2 | Forward with E.. 12.6+ 1.6 | -3.54+ 0.32| 2.0/4 (73.6 %)
Tikhonov 10.0+ 1.9 | -3.45+ 0.54 | 2.19/1 (13.9%)

Table 5.3: The parameters obtained for power law spectra &5g 5.3) for different phase intervals.

lower energy observations. Most of the excess events ameotiated o/ 7 E < 100 whereas
some excess events are still visibleSdt” E > 100. The energy spectra have been calculated
with a few different methods and all of them have given cdesisresults. All of P1, P2 and
P1 + P2 can be described by a power law from 25 GeV to 100 GeV anaPtwice as high a
flux as P1 at 30 GeV. The power law indices of P1 and P2 are cdnipand they are approx-
imately —3.5. Significant time variation of the pulsation between Cydleand IV is not seen.
These results will be discussed in more detail in Chaptey tomparing with Fermi-LAT data
from 100 MeV to~ 30 GeV.
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Figure 5.20: The energy spectra calculated with the varimethods. Red and green lines show the power
law spectra obtained by forward unfolding based $h” F distribution and the reconstructed energy
distribution, respectively. Black, blue and pink pointg @ne spectral points obtained by the unfolding
with Tikhonov, Schmelling and Bertero regularization noelhy respectively. Black lines indicate the
power law fitting to the Tikhonov results while the shadedsaii@dicate the error of the fitting.



Chapter 6
Analysis of FermiLAT public Data

MAGIC could observe gamma-rays from the Crab pulsar onlyal2® GeV, which is apparently
beyond the spectral cut-off point. In order to make progmesmderstanding the emission mech-
anism, the MAGIC results need to be discussed in connectittrtiae lower energies. However,
even after 9 years (April 1991 to May 2000) of operation of EEFRwhich was the only GeV
gamma-ray detector that could detect the Crab pulsar bef@d&, only~ 20 photons above
5 GeV had been detected from the Crab pulsar (see Fig. 2.28% ghp in energy coverage
between MAGIC and EGRET was soon to be filled by data from a netvument.

The Large Area Telescope (LAT) aboard thermi Gamma-ray Space Telescope was suc-
cessfully launched on June 11, 2008. It can observe gamysaatzove 100 MeV and clearly
saw the Crab pulsar up t030 GeV after 8 months of operation (see [4]). It is certairt tha
data ofFermi-LAT help to interpret the results of MAGIC observationsalissed in the previous
chapter. Therefore, | analyzed one year of its data, whichmade public in August 2009.

6.1 Detector Design ofermiLAT

TheFermiGamma-ray Space Telescope is equipped with the Gamma-ray Banitor (GBM)
and the Large Area Telescope (LAT) (see the left panel of Fd.). The GBM consists of
12 thallium-activated sodium iodide (Nal(Tl)) scintiliah counters and two bismuth germanate
(BGO) scintillation counters (see [131]). Each counterdraarea of 126 cfmand energy ranges
are 8 keV to 1 MeV and 200 keV to 40 MeV, for the Nal(TI) countaddhe BGO counter, re-
spectively. The primary aim of the GBM is to detect gammakansts and its data have not been
made public. The LAT comprises trackers, calorimeters, amdnti-coincidence detector (see
[31]). The LAT estimates the incoming direction and the ggesf a gamma-ray by converting

it into an electron-positron pair, which subsequently eaglectromagnetic cascades inside the
detector.

Tracker: There are 16 tracker modules (see the right panel of Fig. &hd)each of them has
18 (z, y) tracking planes. A tracking plane consists of two layeraridy) of single-sided
silicon strip detectors (35 cm long). The 16 planes at theofdpe tracker are interleaved
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Figure 6.1: Left: A photograph of the Fermi Gamma-ray Spaekedcope, adopted from [131]. The high
energy gamma-ray> 100 MeV) detector LAT is seen at the top of the photograph. SikeoNal(Tl)
scintillation counters (for 8 keV to 1 MeV) and one of the B&Dtdlation counters (for 200 keV to 40
MeV) which are for the gamma-ray burst monitor can also bens&ght: The LAT detector. It consists
of the tracker, the calorimeter and the anti-coincidencéedtr. Figure adopted from [31]. See text for
details.

with high-7 converter material (tungsten) in which gamma-rays canexie an electron-
positron pair (see [31]). The total vertical depth of thekexr including support material
amounts to 1.5 radiation lengths.

Calorimeter: The primary purpose of the calorimeter is twofold: 1) to meaghe energy de-
position due to the electromagnetic particle shower trailte from the electron-positron
pair produced by the incident photon and 2) to image the shoeeelopment profile,
thereby providing an important background discriminatad an estimator of the shower
energy leakage fluctuations. There are 16 calorimeter negduider the trackers (see the
right panel of Fig. 6.1). Each of them has 96 cesium iodidstatg doped with thallium
(CsI(TI)) with a size of 2.7 cmx 2.0 cmx 32.6 cm. The crystals are optically isolated
from each other and are arranged horizontally in eight Bgéd 2 crystals each. The total
vertical depth of the calorimeter is 8.6 radiation lengtles, 10.1 radiation lengths for the
total instrument (see [31]).

Anti-coincidence detector: The purpose of the anti-coincidence detector is to provideged-
particle background rejectiort. It surrounds the tracker modules (see the right panel of
Fig. 6.1). High energy gamma-rays may cause a so-calleck8péash” effect in the

1The efficiency of charged particle detectioris).9997 (0.99999 when combined with the other subsystems).
This is one of the key advantages compared to ground-basedrments, where it is impossible to install a primary
hadron veto.
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Parameter Value or Range
Energy range 20 MeV - 300 GeV
Effective Area at normal incidence 9,500tm
Energy resolution (equivalent Gaussiar) 1
100 MeV-1GeV (on-axis) 9%-15%
1 GeV-10GeV (on-axis) 8%-9%
10 GeV-300GeV (on-axis) 8.5%-18%
>10 GeV (> 60° incidence) < 6%

Single Photon Angular resolution
on-axis, 68% containment raditg;:

> 10 GeV <0.1%

1GeV 0.6°

100 MeV 3.5

on-axis, 95% containment radius: XBesor
off-axis, containment radius at 55 1.7 x on-axis value
Field of View (FoV) 2.4 sr

Timing accuracy < 10us
Event read-out time (dead time) 26.5

Table 6.1: Summary of LAT Instrument Parameters and Estidn@erformance.

massive calorimeter, i.e. isotropically distributed setary particles (mostly 100-1000
keV photons) from the electromagnetic cascade can hit thecammcidence detector (the
photons cause Compton scattering), creating false vetalsigThe effect was present in
EGRET and lowered the detection efficiency above 10 GeV byagtla factor of two. To
minimize the false veto, the anti-coincidence detectoraslenup of 89 segmented plastic
scintillators: A5 x 5 array on the top and x 4 arrays on each of the four sides. Each
tile is read out by two photomultipliers coupled to waveldgnghifting fibers. Tiles near
the incident candidate photon trajectory may be considieneblackground rejection (see
[31]).

6.2 Detector Performance ofFermiLAT

The basic performance of the LAT is summarized in Table 6atafeters are taken from [31].
The energy resolution is dependent on the energy and theéeinicangle (see the table) but it
is roughly 10%, which is better than MAGIC (35% at 30 GeV, see Fig. 4.9). Targe FoV
(2.4 sr) would also be of great advantage to compensatedarttall effective area. The timing
accuracy ok 10 us is also good enough to study the Crab pulsar. On the othel Haangular
resolution is rather poor (0.6 degree at 1 GeV), leading figel@ontamination of the galactic
diffuse emission or nearby source emissions to the targetso

The systematic uncertainty in the energy scale was consarlyeestimated to bec 5% for
100 MeV to 1 GeV and 7% above 1 GeV, from the comparison between electron bedm tes
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and their simulation (see [3] and [2]). The systematic utagety in effective area was evaluated
by comparing Vela observation results and the simulatiothfiem (see [3]). It is 10% below 100
MeV, decreasing to 5% at 560 MeV and increasing to 20% at 10 &elabove.

6.3 Data Sample

After one year of operation, all the Fermi-LAT data and italgsis tools were made public in

August 2009. | analyzed one year of data from 4th August 200&d August 2009. Events

with an energy between 100 MeV to 300 GeV and with an arrivaation of 20 degrees around
the Crab pulsar were downloaded from the puBtrmi website [209]. In order to have solid
results, the events with a zenith angle smaller than 105ed@sgand with the highest quality
“Diffuse class”, which means a high probability of being aofiin, were selected. This event
selection was performed by the Fermi official tgodelect (see [209]). Events with imperfect
spacecraft information and events taken when the satelitein the South Atlantic Anomaly

were also rejected. These selections were carried ogttrbktime (see [209]).
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Figure 6.2: Left: An event distribution of all the Fermi-LAlRta used in the analysis (100 MeV to 300
GeV) in equatorial coordinates. A star, a cross and a trianigidicate the positions of the Crab pulsar, IC
443 and the Geminga pulsar. Emissions from these sourcedeady seen. In addition, galactic diffuse

emission is also visible. Right: A light curve of the Crabgaulbased on the Fermi-LAT data from 100
MeV to 300 GeV. The data between phase 0.52 and 0.87 (shael@dase used for the nebula analysis.
The nebula emission is a major background component forulsapanalysis.

The sky map of all the data used is shown in the left panel of 8. The Crab pulsar is at
the center of the map (star) and two more bright sources, lyaifte443 (cross) and Geminga
(triangle), can also be seen. In addition, the galacticiddfigamma-ray emission is visible. Since
the angular resolution of the LAT detectors3.5 degree at 100 MeV (see [31]), contamination
from the nearby sources and the galactic diffused emissigst be taken into account when the
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Crab pulsar is analyzed. Moreover, emission from the Crddulaemust also be subtracted by
using the pulse phase information.

6.4 The Light Curve

To make a light curve (phase diagram) of the Crab pulsar,dirsll, the pulse phase must be
assigned to each individual event. This is done by the offf&@amianalysis toolgtpphase (see
[209]). It requires the pulsar ephemeris information andédithe “Jodrell Bank Crab Pulsar
Monthly Ephemeris” for that, as | did for the MAGIC analysgeé Sect 4.7). Some of phase-
resolved sky maps are shown in Fig. 2.1. Then, events frorditketion around the Crab pulsar
were extracted from the data set. Because the angular tiesahas a strong energy-dependency,
the extraction radiu® [degree] should also be energy-dependent. | used the fiokpradiusk,
which was also used in tHeermi official publication (see [4]):

R = Max(6.68 — 1.76 % log,,(E), 1.3)) (6.1)

whereF is the estimated energy which is already assigned for eaat @v the public dataR
decreases linearly to leg /) until 1.14 GeV and stays constant at 1.3 degrees abovertbigye

It should be noted that the emissions from both the Crab patséthe Crab nebula are included
within R. The angular resolution dfermi-LAT does not enable a spatial resolution for the pulsar
and the nebula.

The light curve obtained by all the LAT data used is shown i tiight panel of Fig. 6.2.
Energy-dependent light curves from 100 MeV to above 10 Ge\shown in Fig. 6.3. Below 10
GeV, the pulsations are seen with good precision. A flat coniin in the light curves is mainly
from the continuous Crab nebula emission. Above 10 GeVpaljh the two pulses are clearly
visible, the statistical uncertainties are larger thandarer energies. P1 (phases -0.06 to 0.04)
and P2 (phases 0.32 to 0.43) hael + 6.4 and20.9 + 7.3 excess events above 10 GeV with
a significance of 2.0 and 3.2, respectively, with the badkgdolevel (mainly from the nebula
emission) estimated using the phases between 0.52 and 0.87.

There are several features visible in these light curveg: fltix ratio between P1 and P2 is
changing with the energy.The widths of the two pulses aresdesing as the energy goes higher.
A hint of a possible third peak is visible at a phase aroun8,(idt only above 10 GeV. These
detailed features of the light curves will be discussed imiér 7, together with the MAGIC
results and lower energy observations.



166 6. Analysis of Fermi-LAT public Data

100 - 300 MeV.

= + : : : : : : ;
O O VOO SO S S S S borreennnn.i100.2.300. Me!
800 e +; ................................................... .
- + :
600 v e e e e e P O O ............. P
400 f— i B S - A R
— - * T
- ++
200 [~ * e .
ERRRRERIE R e SUSTCEELE e B
- - . - e . . . .
e : e : : T e et Tt ]
= 1 | 1 1 1 1 1 1 1
%3 0.1 0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.
Phase

300-1000Me_ . . . . - - - - -
e e et roseeee pros pre o 3001000 Mé

B e et

155

V

1000 =

800 [—
600 [—
400 =

200

1-3GeV

500 f— I g e

= : : : . . : 1-3GeV
e T [ O et e e
300:_.........f .......... + ............ P Peeeeens O S
P e R R R P P, R e R
- : P : H ; : : : :
= : : . 5 L : : :
100 F—ennnnn eeeeeas " T SO SO R, begeghieeee g LA U O
= ot : e . : : :
= el | LT o I T S0 SN 0 o TSN R NS L,
-0.2 0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Phase
3-10GeV
L e R R TR LR R e R

70 .3_10.Gev .....

........ *+++H- ............ E"""'Jrjf'JF'fH”Jer' ..... e : :
S NE R TTL s R FIpt .Jr+++i++++i....+i. """ ;‘ 'J(+++;r'+*4;+'+;;;; R R

0.6

1
0.1 0.2 0.3 0.4

Phase

Figure 6.3: The light curves for different energies. Frome thp: 100 - 300 MeV, 300 - 1000 MeV, 1-3
GeV, 3-10 GeV and above 10 GeV. The energy dependence of RfitPénd the pulse width are visible.
The possible third peak is also seen at a phase around 0.Tp atove 10 GeV. A flat continuum in the
light curves is mainly from the continuous Crab nebula eiorss



6.5 The Crab Nebula Analysis 167

6.5 The Crab Nebula Analysis

As is the case with MAGIC, the rather poor angular resolutbfrermiLAT does not enable
a spatial resolution for the Crab pulsar and the Crab nebitherefore, the nebula emission is
the dominant background of the Crab pulsar emissior-&smi-LAT data. It must be properly
analyzed by using the pulse phase information and, thern, meusibtracted from the Crab pulsar
emission. Fortunately, the analysis of the nebula has aaritapt by-product: one can make sure
of the analysis method by checking if the obtained energgtspe is smoothly connected to the
IACT measurements (see Sect. 2.9.7).

In order to analyze the nebula component, photons with tteemhases from 0.52 to 0.87
(see the right panel of Fig. 6.2), where no pulsed emissisaas in lower energies, are assumed
to be from the nebula (and other background photons suchlastigadiffuse emission). The
selection of the right phase events is carried out byRéeni-LAT analysis toolgtselect. The
effective observation time and the collection area areutaled bygtltcube andgtexpmap (see
[209]). The spectrum is determined by means of the likelthoeethod, using the official tool
gtlike (see [209]). It is done in the following way: The spectralgawith several parameters of
the sources in the FoV, the galactic and extragalacticsiffemission models and the detector re-
sponse function are assumed a priori. Then, the best pagesrieat maximize the likelihood of
the observed data sets are determiri@lV3 Diffuse which is officially provided by thé&ermi
LAT collaboration, was used for the detector response fanciA simple power law spectrum
was assumed for the IC 443 while a power law spectrum with @omential cut-off was as-
sumed for Geminga. For the extragalactic and galactic skffemissionisotropiciemv02.txt
and gll_iem.v02.fit which are included in th&ermiLAT analysis tool package as a standard
model, were used. For the Crab nebula, the spectrum basée sain of the two power laws is
assumed aiming for the synchrotron and the inverse Compiisseén components, which have
been suggested by the previous EGRET (see [114]) and IACBune@ents (see e.g. [20], [11]
and Fig. 2.30).

The spectrum of the Crab nebula calculated based ofaitmei-LAT data is shown in Fig. 6.4
as ared line. One can see that synchrotron spectrum isgta#iplg from 200 MeV to 500 MeV
and the inverse Compton component becomes dominant abOWd&@ They can be described
as

dN

m = (86 + 14) X 107” (E/BOO MeV)%'MiO'M (62)
sync
dN
m = (73 + 0.7 x 10712(E/1 Gev)fl.GSiU.OS (63)
c
(6.4)

In order to make sure that the assumption of the spectralesbiihe Crab pulsar is valid,
the same data sets were divided into many subsets accoadihg energy. Then, the likelihood
analysis was applied to each subset, assuming a simple pawén each small energy range.

2 |tis almost the same as the OP (off-pulse) phases definedin 356.5 but not exactly. Since the offickgrmi
publication used these phases for the nebula analysis4Beéfpllowed their example.
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The red points in the figure indicate the results for the dididubsets. Instead of showing many
short truncated lines, the value at the bin center and its are shown. All the points are very
well aligned along the line, showing the validity of the asguion.

Spectrum
—e— MAGIC (this work)
F'.—EI_O"9 E —e— Fermi (this work)

Sync. Component
IC Component
Fermi Publication
MAGIC (A&A 674, 1037)
HESS (A&A 457, 899)

10.12 1 1 Illllli 1 1 Illllli 1 1 Illllli 1 1 Illllli 1 1 Illllli 1 +
10° 10* 10° 10° 10’
[MeV]

Figure 6.4. The energy spectrum of the Crab nebula. The meel #nd circles indicate the spectrum
calculated by myself using one year of Fermi-LAT data. Tlemgdashed line indicates the published
spectrum from théermi collaboration (see [4]). Blue circles, black open squares ®dlack filled squares
indicate the spectrum calculated by myself with the MAGISeolation data with the SUM trigger, the
published spectrum from the MAGIC collaboration before3kiM trigger was installed (see [20]) and the
published spectrum from the HESS collaboration (see [I&Ppectively. The synchrotron and the inverse
Compton components below 100 GeV are indicated by blac&dlatid black dashed lines, respectively.

The spectrum published by tkermiLAT collaboration with smaller data samples ( 8 months
of data) (see [4]) are also shown in the same figure as a gresreddine, which is consistent
with my analysis. The measurements by MAGIC (the publisheel and the one | calculated
with the data samples used for the pulsar analysis) and bySH&S also shown in the same
figure. The spectra are smoothly connected from 100 MeV toead TeV.2

It should be noted that the poor statisticefmi-LAT data in the overlapped energy region
from 50 GeV to 300 GeV does not allow a relative flux scale catibn betweerrermiLAT and
MAGIC with a precision better thary 60%, which is larger than the systematic uncertainties of
both experiments (see Sect. 4.12 and Sect. 6.2).

3 The true spectrum should not be a simple power law from 10 @@6V. Therefore, the: 50% difference
between the fitting line dfermi-LAT data and that of MAGIC data at 100 GeV in Fig. 6.4 is notywereaningful.
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6.6 The Crab Pulsar Spectrum

From the nebula analysis, all the background componenésr{garby source emissions, the
diffuse emissions and the nebula emission itself) have betéermined. Keeping the spectral
parameters for background components fixed, the pulsed @oemp is analyzed with the same
likelihood method. Analyses are made for four differentgehantervals; TP (total pulse, phase
0.00 to 1.00), P1 (-0.06 to 0.04), P2 (0.32 to 0.43) and P1 +skeéh(of P1 and P2). These
definitions are the same as those described in Sect. 2.9.5.

6.6.1 Power Law + Cut-off Assumption for the Crab Pulsar Spettum

Previous EGRET measurements show that the energy spectriina Grab pulsar can be well
described by a power law between 100 MeV to a few GeV (see J1dhEereas non-detection by
IACTs above 100 GeV (see [20]) imply the cut-off to be arouBd@eV as mentioned in Sect.
2.9.6. Therefore, | assumed the spectral shape as

d*F

dEdAd fi(E/1 GeV)'texp(—(E/E,)"?) (6.5)

There are 4 free parameters, namely, the flux at 1 Geg\the cut-off energyF., the power
law indexT'; and the sharpness of the cut-aff . As discussed in Sect 2.8.2, in the case
where the emission region is close to the pulsar surfacecuheff should be sharp, i.el’,
should be significantly larger than 1, while, in the case whamnission comes from the outer
magnetospherd;, should be 1. Therefore, estimationIof is important for the investigation
of the emission mechanism. However, due to the lack of sitagiabove 10 GeV, the likelihood
analysis with four free parameters sometimes gives urestasults. Therefore, | made five
analyses with three free parameters, i.e. WithE,., andI’; being free parameters and with
fixed to be 0.66, 1, 1.33, 1.66 and 2.

The results are shown in Fig. 6.5, Fig. 6.6 and Table 6.2. &teme wherl', = 1, the spectral
cut-off shape will be called the “exponential cut-off”, udivhenI’; = 0.66, it will be called the
“sub-exponential cut-off”. The rest (with, > 1) will be called the “super-exponential cut-off”.
In order to evaluate which assumption is more appropriatelikelihood ratio— log(L/L.,) is
calculated and shown in the seventh column of Table 6.2, evhaand L., are the likelihood
value for a given assumption and that for the exponentiabffuassumption, respectively. The
eighth column shows the corresponding probability. Thespkparameters published Bgrmi
LAT collaboration for TP under the exponential cut-off asgtion® are also shown in the last
row of Table 6.2. They are consistent with my analysis (campath the first row).

What one can see from Fig. 6.5, Fig. 6.6 and Table 6.2 is theWoig:

4As can be seen in Eq. 6.5, although the flux above the cut-effggnis suppressed, a low flux can still be
expected above the cut-off energy. A word “cut-off” does mean extinction of a gamma-ray flux.

SFermi-LAT collaboration reported these spectral parameterg ontler the exponential cut-off assumption in
their publication [4]. In addition to the TP spectrum, theéyalyzed the spectrum of many narrow phase intervals
(width ~ 0.01). However, they did not publish the spectrum of P1 or P2, Whiwant to compare with MAGIC
results in Chapter 7.




170 6. Analysis ofFermi-LAT public Data

¢ No significant difference is seen in the power law indlg@among different phase intervals
(althoughl; is dependent on the sharpness of the cut-eflue to a mathematical effect).
For the exponential cut-off assumptidn, ~ —2.0.

e The super-exponential assumptions are significantly wiirae the exponential cut-off
one. On the other hand, the sub-exponential cut-off assamigtas good as the exponen-
tial cut-off one.

e 80% of the total flux is from P1 + P2 at 1 GeV. P1 has twice as hifijinxaas P2 at 1 GeV.

e The cut-off energy is higher for P2 than for P1. The diffeeentthe cut-off energy be-
tween TP and P1 + P2 implies a higher cut-off energy for thégariemission than for P1
+ P2.

e The flux of P1 and P2 become comparable at around 5 GeV bechtiselagher cut-off
of P2. P2 dominates above 5 GeV.

The fact that super-exponential assumptions lead to watsggfthan the exponential one
suggests that the emission region of gamma-rays is not tdoe neutron star surface. This
will be discussed further in Chapter 7. For the exponentitléf model, the cut-off energies are
estimated to be 6.% 0.5,4.5 + 0.3, 3.7+ 0.3 and5.9 + 0.7 GeV for TP, P1 + P2, P1 and P2
respectively.
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Figure 6.5: The energy spectra of the Crab pulsar for différphase intervals. The thick solid lines
are determined by the likelihood analysis, assuming thetsgeshape to be a power law with an ex-
ponential cut-off. The points are obtained by applying tame likelihood analysis to the small energy
range, assuming a power law energy spectrum within the rédsge text for details). For the the first two
points below 200 MeV, where the systematic error strongiyiidates the statistical error, the quadratical
convolution of the systematic and statistical errors amicated as pink lines.
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Figure 6.6: The same as Fig. 6.5 but with different spectrape assumptions, namely, sub-exponential
cut-off (top left), super-exponential cut-off with = 1.33 (top right), super-exponential cut-off with
'y = 1.66 (bottom left), and super-exponential cut-off with = 2.00 (bottom right)
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fi[10 Pem?
Model Phase | s ' MeV'] I 'y | E.[MeV] | LR*| Rejection Powex
TP 2.32+0.05 |-1.994+0.02| 1 6111+ 496 | - —
Exponentiall P1+P2| 1.944+0.05 |-1.98+0.02| 1 |4452+307| - -
Cut-off P1 1.29+£0.04 |-1.99+£0.02] 1 3682+ 292 - -
P2 0.67+0.02 | -1.95+0.03| 1 5856+ 740 -— -
Sub- TP 3.10+0.13 |-1.884+0.02| 0.66| 3359+ 379| 1.6 1.9e-01 (0.9)
exponentiall P1 +P2| 2.80+0.12 | -1.85+ 0.02| 0.66| 2198+ 205| -4.8 —
Cut-off P1 1.94+0.11 |-1.85+0.03| 0.66| 1791+ 195| 0.2 | 8.0e-01 (0.»)
'y =0.66 P2 0.92+0.06 | -1.834+0.04| 0.66| 3001+ 511 | —3.1 -
Super- TP 211+ 0.03 |-2.044+0.01| 1.33| 7163+ 493 | 2.7 | 6.6e-02 (1.%)
exponential| P1 +P2| 1.71+0.03 |-2.04+ 0.01| 1.33| 5536+ 325| 9.2 1.0e-04 (3.%)
Cut-off P1 1.13+ 0.03 | -2.05+ 0.02| 1.33| 4581+ 303| 3.3 | 3.7e-02 (1.&)
I'y=1.33 P2 0.60+ 0.02 | -2.01+0.02| 1.33| 7272+ 786| 3.9 | 2.0e-02 (2.O»)
Super- TP 2.01+0.03 |-2.07+0.01| 1.66| 7577+ 472 | 7.8 | 4.2e-04 (3.3)
exponential| P1+P2| 1.61+0.02 |-2.084+0.01| 1.66| 6085+ 325| 20.4 | 1.4e-09 (6.O»)
Cut-off P1 1.05£0.02 | -2.09+£0.01| 1.66| 5010+ 296 | 8.6 1.8e-04 (3.&)
I'y =1.66 P2 0.57+0.01 |-2.04+0.02| 1.66| 8025+ 786| 7.9 | 3.8e-04 (3.%)
Super- TP 1.96+0.02 | -2.08+0.01| 2 7761+ 458 | 14.1 | 7.6e-07 (4.&)
exponentiall P1 +P2| 1.55+0.02 |-2.10+0.01| 2 6411+ 325| 32.4 | 8.9e-15 (7.0)
Cut-off P1 1.01+£0.02 |-211+£0.01] 2 5248+ 286 | 15.1 | 2.9e-07 (5.00)
'y =2.00 P2 0.55+0.01 | -2.06+:0.02| 2 8496+ 784 | 11.7 | 8.7e-06 (4.3)
Fermi Publication
Exponential
Cut-off TP 2.36+0.06 |-1.97+0.02| 1 5800+ 500| - —
& Likelihood ratio defined as.R = —log(L/L.,), whereL and L., are the likelihood value for a given assumption and

that for the exponential cut-off assumption.

> The probability corresponding to tHeR value. It is also expressed as the corresponding deviatitinei Gaussian distri-
bution. WhenL R is negative, the probability is not calculated.

Table 6.2: The results of the likelihood analyses for déiferspectral shape assumptions. For the defini-
tion of the spectral parameters, see Eq. 6.5. The correspgrepectra are graphically shown in Fig. 6.5
and Fig. 6.6. The last row shows the spectral parameters frerFermi-LAT publication for TP phase
under the exponential cut-off assumption, taken from [49r &ther cut-off assumptions and for other
phases (P1, P2 or P1 + P2), the spectral parameters were rpuirted in [4].
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6.6.2 Power Law Extension Assumption for the Crab Pulsar Spetrum
above the Cut-Off

It should be noted that the sharpness of the cut-gffs already determined below 7 GeV
and the spectral shape above 7 GeV is not well determinedadietlack of statistics, as can
be seen from the error bars in Fig. 6.5 and Fig. 6.6. Consigehat the MAGIC results show
power law spectra with an index ef —3.5 above 25 GeV (see Sect. 5.10), | examine a power
law assumption for the spectra above the cut-off energy. fatiethat the last point at 20 GeV
is upwardly deviated from the exponential cut-off spectiwn~ 1o for all phase intervals (see
Fig. 6.5) may support this assumption.
| selected data above 4 GeV and made a spectral analysisiagsaipower law;
d3F
dEdAdt
The results are shown in Fig. 6.7 and Table 6.3. In order tioparthe likelihood ratio test

with respect to the exponential cut-off assumption, theoeemtial cut-off assumption is also
applied to the same data set. This tifneis fixed to the best value obtained by the previous
analyses (see Table 6.2), so that the number of free parenatethe same (two) for the two
models. The likelihood ratiol/{R) and the corresponding probability are shown in the fifth and
sixth columns of the table. None of theRs are significantly large, which means that above
4 GeV the power law assumption is as good as the exponentiaficassumption. The obtained
spectral indices are —3.3+0.2 and consistent with the ones obtained from the MAGIC data, as
described in Sect. 5.10 (see Table 5.3). The spectra obtaite MAGIC data and~ermiLAT
data will be compared in more detail in the next chapter.

= f10(E/10 GeV)" (6.6)

| Model | Phase| fi,[10 cm ?s ' MeV ] | r | LR ?| Rejection Powey
TP 4.34+ 0.42 -3.26+ 0.15| 1.3 | 2.8e-01 (0.6v)
Power Law| P1 + P2 2.55+4+ 0.27 -3.35+ 0.16| 0.0 | 9.9e-01 (0.»)
P1 1.09+ 0.19 -3.52+ 0.26| -0.8 -
P2 1.45+ 0.20 -3.20+ 0.21| 0.6 | 5.5e-01 (0.»)
2 Likelihood ratio defined a& R = —log(L/Le.,), whereL andL., are the likelihood value for the power law

extension assumption and that for the exponential cutssifianption.
b The probability corresponding to theR value. It is also expressed as the corresponding deviatidhei
Gaussian distribution. WhehR is negative, the probability is not calculated.

Table 6.3: The results of the likelihood analyses assumimpgpwer law spectrum (see Eq. 6.6) for
different phase intervals. The corresponding spectra aaplgcally shown in Fig. 6.7

6.7 Concluding Remarks

By using one year of the publieermiLAT data, the Crab pulsar was analyzed from 100 MeV
to ~ 30 GeV. Energy-dependent light curves show a few remarkalaieifes, such as energy
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| Crab Pulsar Spectrum: Power Law |

T"_ﬂ-o-g -

EdN/(dE didA) [erg cm?s

10°
Energy [MeV]

10° 10*
Figure 6.7: The energy spectra of the Crab pulsar above 4 @eMdifferent phase intervals. The thick

solid lines are determined by the likelihood analysis asagna power law spectrum. The points are
obtained by applying the same likelihood analysis to thellsemeergy range. Above 4 GeV, the spectra
can be well described by a power law.

dependence of the pulse width and the P2/P1 ratio. The peshkibd peak is also seen only
above 10 GeV. These features will be discussed in detail bowed with the MAGIC results
and lower energy observations, in Chapter 7. The energyrsipeof the Crab pulsar can be
well described by a power law with an exponential cut-offlicating that the emission region
is not close to the neutron star surface. The cut-off engrgie estimated to be 6:1 0.5 GeV,
4.5+ 0.3 GeV,3.7+ 0.3 GeV, and5.9 + 0.7 GeV, for the TP, P1 + P2, P1 and P2, respectively.
Due to the lack of statistics, the spectral shape above 7 &eadtiwell determined. If data only
above 4 GeV are analyzed, a power law function with an index of3.3 4+ 0.2 fits the data
too, suggestinghe possibility that the energy spectrum is extending by a peer law after
the cut-off. Actually, the spectral indices are consistent with the MB@esults. These spectra
obtained withFermi-LAT data will be compared with the ones obtained by MAGIC inapter
7.
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Chapter 7

Analysis of the Energy Spectrum and the
Light Curve Combining MAGIC and
FermiLAT results

MAGIC could measure the energy spectrum of the Crab pulsar #5 GeV to 100 GeV, whereas
FermiLAT could measure from 100 MeV te 30 GeV. In this chapter, the energy spectrum and
the light curve of the Crab pulsar from 100 MeV to 100 GeV igHer investigated, by combining
the results of the two experiments.

7.1 Energy Spectraof P1 + P2, P1 and P2

The energy spectra measured by MAGIC &simi-LAT are shown in Fig. 7.1. The top, the
bottom left and the bottom right panels show those for P1 +HA2and P2, respectively (see
Sect. 2.9.5 for the definition of P1 and P2). Although BeemiLAT results are well described
by a power law with an exponential cut-off or with a sub-exgotial cut-off, the MAGIC results
are apparently deviated from them. In Sect. 7.1.1 and Sedt2,7these deviations will be
guantitatively examined, taking into account the systé&mnatcertainties of both experiments.

On the other hand, a power law can well describe BehmiLAT results above 4 GeV
(see Sect. 6.6.2) and MAGIC results between 25 GeV and 100 (Ge&’ Sect. 5.10). The
obtained spectral slopes from the two experiments seentasinithe power law assumption
will be examined in Sect. 7.1.3, also taking into accountdixtematic uncertainties of both
experiments.
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Figure 7.1: The comparison of the energy spectra of the Crabgyr between Fermi-LAT measurements
and MAGIC measurements for P1 + P2 (top), P1 (bottom left) BAdbottom right). The black and the
red points indicate Fermi-LAT and MAGIC results, respeadtiv The sky blue and the green lines indicate
the best fit spectra based on Fermi-LAT data, assuming a plawerith an exponential cut-off and with a
sub-exponential cut-off, respectively. The blue and thk lmes show the power law fits to the Fermi-LAT
data above 4 GeV and MAGIC data, respectively. The statlstiocertainties of the fits are also shown
by butterfly shape boxes with the corresponding color. Pdawefits to the Fermi-LAT-MAGIC combined
data above 4 GeV are shown by black dotted lines (see Se®).7.1
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7.1.1 How Much Do the MAGIC Measurements Deviate from an Expe
nential Cut-off Spectrum?

In general, the theoretical calculations based on the anggmetosphere emission hypothesis
(the OG model or the SG model) predict an exponential cugoff- 10 GeV in the Crab pulsar
energy spectrum, as discussed in Sect. 2.8.2, with wkaomi-LAT results are indeed consistent.
However, as can be seen from Fig. 7.1, the MAGIC measurenseets to be deviated from
the extrapolation from th€éermiLAT measurements assuming that the spectra of P1, P2, and
P1 + P2 above 25 GeV follow a power law with an exponentialaftitHere, | evaluate these
deviations.

Method: y? Test on SIZE Distributions

The power law spectra with an exponential cut-off for P1, R@ B1 + P2 obtained blyermi

LAT data (see Table 6.2) are assumed to be also valid abovee®5 By means of MC with
these energy spectra, expecteldZ E distributions of excess events for P1, P2 and P1 +P2 in the
MAGIC data are computed. Theg? tests are performed between these MC predictions and the
actual observed distributions. The binning of the” £ distribution is30 — 50, 50 — 100 and

100 — 400, which is the same as for the spectrum calculations (see 5d€}.1) except that the
highest two bins are combined so that all bins have a mearingmber of excess events (with
respect to the statistical uncertainty) in the data. Amdwgftee parameters in thermiLAT
likelihood analysis, the uncertainty of the cut-off enettgs the largest effect on the expected
SI1ZFE distribution in the MAGIC data. Therefore, the analysisapeated while changing the
cut-off energy from 1 GeV to 25 GeV. This method is schem#yichown in Fig. 7.2.

It should be noted that this method does not involve the gn@gpnstruction, which suffers
the poor energy resolution and the trigger bias effect belo® GeV (see Sect.4.9.35/7F
(total charge in a shower image) is one of the most reliabéggrparameters and a good indicator
of the gamma-ray energy. Therefore, a robust evaluatidmeodiéviation can be expected for this
method.
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True spectrum SIZE distribution

Energy SIZE [ph.e.]
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Figure 7.2: Schematical explanation of the method for eatithg the inconsistency between MAGIC and
Fermi-LAT under the exponential cut-off spectrum asswnp# power law with an exponential cut-off is
assumed for the spectral shape in MC. A power law part is té&loen the Fermi-LAT measurements, while
the cut-off energy is varied from 1 GeV to 25 Gey%Atest is performed between ti§d Z £ distribution

of the observed data and that of the MC for each cut-off enégg text for details.

Results of they? Tests onS7Z E Distributions

The top left panel of Fig. 7.3 shows th¢ value as a function of the cut-off energy. The
number of degree of freedom is three. The correspondingryppeability is expressed with
the corresponding Gaussian deviation and is indicated dgkhotted lines. The green lines on
the plot indicate the cut-off energies with statisticalbesrobtained from th&ermiLAT data,

i.e. (4.45+ 0.31) GeV, (3.68+ 0.29) GeV and (5.86- 0.74) GeV for P1 + P2, P1 and P2,
respectively (see Table 6.2). The top right panel of Fig. sh8ws the comparison of/ 7 F
distributions between the observed data and the MC predifior theFermiLAT-determined
cut-off energies. Based on theSé” F distributions, the inconsistencies between the expoalenti
cut-off spectra determined WyermiLAT and the MAGIC measurements are estimated to be
at (6.77 + 0.13)o, (3.01 + 0.06)c and (6.04 + 0.26)c levels for P1 + P2, P1 and P2,
respectively. The cut-off energies that minimize fitevalues are estimated to f&1.7 + 0.7)
GeV, (8.9+0.9) GeV and(15.4 +1.2) GeV for P1 + P2, P1 and P2, respectively, which are also
in clear contradiction with thEermi-LAT-determined cut-off energies. The bottom panel shows
the comparison o/ 7 E distributions between the observed data and the MC preditor the
cut-off energies that minimize the? values. These results are summarized in Table 7.1
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Figure 7.3: The evaluation of the consistency between theiHeAT and the MAGIC results under the
exponential cut-off assumption. Top left? value based on th81Z E distribution of the MC prediction
and that of the observed data, as a function of the cut-offggneThe number of degree of freedom is
three. The corresponding upper probability is expressdtl thie corresponding Gaussian deviation and
is indicated by black dotted lines. The black, the red andbllne points indicate P1 + P2, P1 and P2,
respectively. Green bars on the plot indicate the cut-offigy and its statistical uncertainty obtained with
the Fermi-LAT data. Top Right: The comparison of &7 F distributions between the observed data
and MC predictions. The cut-off energies obtained from tbeT-LAT data are used for MC. Bottom:
The same as the top right panel but the cut-off energies whioimize they? are used for MC.
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Effect of Systematic Uncertainties

As mentioned in Sect. 4.12 and 6.2, the systematic uncagsim the energy scale of MAGIC
andFermi-LAT above 10 GeV are 20% and 7%, respectively, while theesystic uncertainties
in the effective area (including the effective observatiome) of MAGIC andFermi-LAT above
10 GeV are 10% and 20%, respectively. The apparent conti@dicetweenFermiLAT and
MAGIC measurements under the exponential cut-off assummould be not due to the wrong
assumption but due to these systematic uncertainties eivthexperiments.

In order to examine this possibility, | made the same angalyst scaling down the energy for
MAGIC by 30%, i.e., the spectrufiy; 1, (F) used in the MC is defined as

FMA(;[(j(E> — FLAT(07E) (71)

where F;, 4 (F) is the power law with an exponential cut-off whose power laart ps based
on theFermiLAT measurements and whose cut-off energy is a parameatgimg from 1 GeV

to 25 GeV. This 30% would be very conservative compared tesytstematic uncertainties of
both experiments. On the other hand, no correction for tfexife area is applied because the
uncertainty of the energy scale should dominate the efiethe results, due to the steep fall-off
of the spectrum at MAGIC energies.

The x? value as a function of the cut-off energy is shown in the leftg@ of Fig. 7.4. The
comparison of the&' 7 7 E distributions between the observed data and the MC pred&for the
FermiLAT-determined cut-off energies is shown in the right dasfehe figure. Even after 30%
of energy scaling, the discrepancies in ¥ £ distributions aré5.63 +0.33)0, (2.32+£0.25)0
and(4.86 + 0.60)o level for P1 + P2, P1 and P2, respectively.The cut-off emsrtiat minimize
the y? values aré8.2 + 0.5) GeV, (6.1 + 0.6) GeV and(10.9 + 0.9) GeV. These values are also
significantly inconsistent with theermiLAT-determined values. These results are summarized
in Table 7.1

From these discrepancies, it is evident that the exporentisoff assumption is not valid
at MAGIC energies*¥ 25 GeV). The extension of the pulsed gamma-ray emission obddyy
MAGIC requires a modification of the current pulsar modelsiolu will be further discussed in
Sect. 8.2.
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Figure 7.4: Left:x? value based on th81 ZE distribution of the MC prediction and that of the observed
data, as a function of the cut-off energy. The number of @egfdreedom is three. The corresponding
upper probability is expressed with the corresponding Gausdeviation and is indicated by black dotted
lines. The black, the red and the blue points indicate P1 + PRand P2, respectively. Green bars on
the plot indicate the cut-off energy and its statistical emainty obtained with the Fermi-LAT data. The
energy scale of the MAGIC data are artificially lowered by 30%@rder to examine the possibility that
systematic uncertainties of both experiments is the re&siothe discrepancy. Right: The comparison
of the S1Z E distributions between the observed data and the MC prexdfistifor the cut-off energies
obtained by Fermi-LAT data.
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7.1.2 How Much Do the MAGIC Measurements Deviate from an Sub-
Exponential Cut-off Spectrum?

As discussed in Sect.2.7.2 and Sect. 2.8.2, nearly mongetieeelectrons (as many of theoret-
ical models assume, see e.g. [93], [177], [104] and [175b§lpce an exponential cut-off, i.e.,
I'; in Eg. 6.5is 1. On the other hand, Iif, is smaller than 1, the inconsistency between the
FermiLAT measurements and the MAGIC measurements would becoma#les than for the
exponential cut-off assumption.

Since FermiLAT results can also be explained by the sub-exponentiabtftassumption
('; = 0.66, see Sect. 6.6.1), | examine the sub-exponential cut-sfiraption. It should be
noted that’; < 1 implies that the responsible electrons are not monoererdatthis case, no
theoretical predictions fdr, exist. | take the sub-exponential cut-off assumption-£ 0.66) as
one of the most extreme assumptions

Method: \? Test onSIZFE Distributions

The method is the same as the one for the exponential cussiffaption (see Sect. 7.1.1) except
thatI, = 0.66 (see Eq. 6.5) is used for the steepness of the cut-off.

Results of they? Tests onS7Z E Distributions

The top left panel of Fig. 7.3 shows the¢ value as a function of the cut-off energy. The
number of degree of freedom is three. The correspondingrygpbability is expressed with the
corresponding Gaussian deviation and is indicated by kdatied lines. The green lines on the
plot indicate the cut-off energies for the sub-exponerttidtoff with statistical errors obtained
from theFermiLAT data, i.e. (2.20+ 0.20) GeV , (1.79t 0.20) GeV and (3.0& 0.51) GeV
for P1 + P2, P1 and P2, respectively (see Table 6.2). The gt pianel of Fig. 7.5 shows the
comparison ofSTZE distributions between the observed data and the MC predgtior the
FermiLAT-determined cut-off energies. Although discrepascee smaller than those for the
exponential cut-off case because of the more gradual ¢utkaf inconsistencies between the
sub-exponential cut-off spectra determineddeymi-LAT and the MAGIC measurements are at
(6.04 £ 0.26)0, (2.55 + 0.23)0 and(5.35 £+ 0.58)0 levels for P1 + P2, P1 and P2, respectively.
The cut-off energies that minimize thg values arg4.8 + 0.3) GeV, (3.4 + 0.4) GeV and
(6.6 + 0.5) GeV for P1 + P2, P1 and P2, respectively, which are also inr deatradiction
with the FermiLAT-determined cut-off energies. The bottom panel shdwesdomparison of
S1ZFE distributions between the observed data and the MC predifior the cut-off energies
that minimize they? values.

In the case of the Vela pulsar, the energy spectrum of thépatae (phase 0 to 1) measured Bgrmi-LAT
showsI', in Eq. 6.5 to be).69 + 0.02 (see [6]). On the other hand, the energy spectrum from eachwahase
interval (width~ 0.01) is still consistent with an exponential cut-off spectruimthis analysis of the Crab pulsar,
the widths of phase intervals are 0.1, 0.11 and 0.21 for Ph@2P1 + P2. Therefor€, = 0.66 would be rather
an extreme assumption.
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Effect of the systematic uncertainties

The effect of the systematic uncertainties of the two expents can be taken into account in the
same way as for the exponential cut-off case, i.e. the spadkh, /¢ (E) used in the MC is
scaled down by 30% (see Eq. 7.1).

The x? value as a function of the cut-off energy is shown in the leftg@ of Fig. 7.6. The
comparison of the&' 7 7 E distributions between the observed data and the MC pred&for the
FermiLAT-determined cut-off energies are shown in the rightedaf Fig. 7.6. After 30% of
energy scaling, the inconsistencies in theZ E distribution are af4.37+0.65)0, (1.25+0.62)0
and(3.71 + 1.08)o levels for P1 + P2, P1 and P2, respectively. The sub-exp@henit-off
spectrum might explain the energy spectrum of P1 if the syatie uncertainties of the two
experiments are conservatively taken into account. Howd/k + P2 and P2 are still largely
inconsistent. The cut-off energies that minimize tRevalues arg3.39+0.23) GeV, (2.4040.26)
GeV and(4.77 £+ 0.38) GeV. These values are still inconsistent with Beemi-LAT-determined
values. These results are summarized in Table 7.1.

The power law with a sub-exponential cut-off is not valid Rit + P2 and P2 at the MAGIC
energies$ 25 GeV).
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Figure 7.5: The same as Fig. 7.3 but for the sub-exponentigb&f assumption.
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Figure 7.6: The same as Fig. 7.4 but for the sub-exponentiabff assumption
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| Model | Phase| EI*™ [GeV]? E!"[GeV]"| Scale‘| x’ from SIZFE 9 Rejection Powet|
P1+P2 445+ 0.31| 11.68+ 0.74 1 53.4-57.0 6.6 — 6.9
Exponential P1 3.68+ 0.29| 8.86+ 0.91 1 15.3-16.4 3.0-3.1s
Cut-off P2 5.86+ 0.74| 15.39+ 1.19 1 42.1 -48.8 58-6.30
Sub- P1 +P2 2.20+0.20| 4.7+ 0.31 1 42.1-50.2 58-6.40
exponential P1 1.79+ 0.20| 3.43+0.36 1 11.3-14.2 2.3-2.80
Cut-off P2 3.00+ 0.51| 6.59+ 0.52 1 30.8-44.0 4.8-59
P1+ P2 445+ 0.31| 8.14 0.53 0.7 36.5-44.4 53-6.00
Exponential P1 3.68+ 0.29| 6.12+ 0.63 0.7 9.9-12.8 2.1-2.60
Cut-off P2 5.86+ 0.74| 10.86+ 0.85 0.7 25.8-38.3 4.3-550
Sub- P1+ P2 2.20+ 0.20| 3.39+-0.23 0.7 21.1-335 3.7-5.00
exponential P1 1.794+ 0.20| 2.40+ 0.26 0.7 4.0-8.9 0.6-1.9
Cut-off P2 3.00+£0.51| 4.7+ 0.38 0.7 13.2-31.0 2.6 -4.80

2 The cut-off energy determined by tRermi-LAT data

b The cut-off energy estimated by tid Z E distribution in MAGIC data, assuming that the power law mitermined by
theFermi-LAT data is valid.

¢ The energy scaling factor. This factor is applied to the MB&hergy.

4 y? value calculated from th87Z E distributions of the observed data and the MC predictiore iimber of degree of

freedom is three.

¢ The probability that the two results are consistent, exg@@sn the corresponding Gaussian deviation. This is catied|

from they? value.

Table 7.1: Evaluation of the inconsistency between the NAGéasurements and the exponential/sub-
exponential cut-off spectra determined by Fermi-LAT.
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7.1.3 Power Law Fit above 4 GeV

The super-exponential cut-off assumption is ruled out l®yFdrmiLAT results alone (see Sect.
6.6.1). Moreover, it is now evident that neither the expaiaicut-off nor the sub-exponential
cut-off can explain the observational resultd=efmiLAT and MAGIC consistently.

On the other hand, a power law can well describe bothHdreni-LAT results above 4 GeV
(see Sect. 6.6.2) and MAGIC results between 25 GeV and 100(&s/Sect. 5.10), as can be
seen in Fig. 7.1. In this section, an assumption that thetispabove 4 GeV follow a power law
is examined.

Method: Combined Fit to Fermi-LAT and MAGIC Data

A power law function is fitted to the data pointskegrmiLAT and MAGIC together. In order to
take into account a possible energy scale difference betestwo experiments, the correction
factork is introduced to the power law function as:

4 F(E)

— r

(E < 25GeV)

1
{K(E>%%w (7:2)

a =

FermiLAT points are statistically independent of each other MAGIC data points are
correlated, due to the unfolding procedure. This correfatvill be taken into account when
fitting is applied. Firstlyx is fixed to 1 and then, secondly,s treated as a free parameter.

Results of Combined Fit toFermiLAT and MAGIC Data

The results are shown in Fig. 7.7 and Table 7.2. Even witheative energy correction, i.e. with
« fixed to 1, the fitting probability is high enough (see the fdtlumn of the Table). By making
x a free parameter 2 values are only slightly reduced and the obtairedio not significantly
deviate from 1. As a resulf;; andl" do not change significantly. is about 3 for all the phase
intervals and a significant difference is not seen.

The physics interpretation of this result will be discussefiect.8.2.

Phase | fio [10 "cm ?s 'TeV '] r Scaling Factor | x?/dof(Prob.)
P1+ P2 2.96+ 0.20 -2.96+ 0.08 1 8.09/5(0.15)
P1 1.26+ 0.16 -3.18+ 0.16 1 1.98/5 (0.85)
P2 1.63+0.13 -2.814+ 0.08 1 9.29/5(0.10)
P1+ P2 2.61+ 0.30 -3.12+0.14 0.83+ 0.09 5.54 /4 (0.24)
P1 1.16+0.21 -3.294+ 0.22 0.87+ 0.15 1.40/4 (0.84)
P2 1.40+£0.21 -3.00+ 0.18 0.824+0.12 7.56/4(0.11)

Table 7.2: The power law fit combining the Fermi-LAT data abé\GeV and the MAGIC data
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Figure 7.7: The power law fitting, combining the Fermi-LATalabove 4 GeV and the MAGIC data. The
correlation among the MAGIC points is taken into accounte it panels show the case when the energy
scales of both experiments are used while the right panel& she case when a shift in the energy scale
of MAGIC is allowed by letting: in Eq. 7.2 be a free parameter. Top, middle and bottom pareis/s
P1+ P2, P1and P2, respectively. The best fit parameters ambfiprobabilities are shown in Table 7.2.
The fitted lines without the energy scaling (left panels)as® shown in Fig. 7.1 as black dotted lines.



7.2 P2/P1 Ratio and Bridge/P1 Ratio 191

7.2 P2/P1 Ratio and Bridge/P1 Ratio
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Figure 7.8: Overlaid light curves from different energiebhe vertical values are normalized such that
the heights of the P1 peak are equal. The energy dependetice BR2/P1 ratio and Bridge/P1 ratio are
clearly seen.

Name P1 Bridge P2 OoP
Phase Interval -0.96 to 0.04| 0.14 to 0.25| 0.32 to 0.43| 0.52 t0 0.88

Table 7.3: The Definition of Names of Pulse Phases

The light curves for different energies such as Fig. 5.15Fgd 6.3 suggest that the flux
ratio between P1 and P2 changes with energy. The fractidmeoBtidge emission seems to be
energy-dependent, too. Some of the light curves from diffeenergies are overlaid in Fig. 7.8
in order to show the energy dependence of the P2/P1 ratiohenBridge/P1 ratio. The P2/P1
ratio and/or the Bridge/P1 ratio have been studied by mattyoasisuch as [114], [183], [132],
[126] and [127] for a wide energy range from optical to gammangs. On the one hand, the
energy dependence of these ratios can be thought of as agcemee of the different energy
spectra for different phase intervals. On the other harkihgethe flux ratio between two phase
intervals cancels out the systematic uncertainty of thelabsflux scale for different detectors.
Therefore, these ratios enable to study precisely thevelgpectral behavior of different phase
intervals for a very wide energy range using the measuresrigorh many different detectors.

Here, | calculate the P2/P1 and Bridge/P1 ratiosHemmiLAT and MAGIC data and com-
pare them with the lower energy results.
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Method: Calculation of Energy-dependent P2/P1 and Bridgd?1 Ratios from Light Curves

FermiLAT data sets are divided into 5 bins in energy, 100 - 300 M200 - 1000 MeV, 1 - 3
GeV, 3 - 10 GeV and above 10 GeV. MAGIC data are divided into lbws inSIZE, 25 - 70
ph.e. and 70 - 500 ph.e.. The number of excess events for RihdPBridge are calculated from
light curves of each energy bin, by estimating backgroun®PByphases (For the definition of
P1, P2, Bridge and OP, see Sect. 2.9.5 and Table 7.3.). Tiemnatio of P2 to P1 and that of
Bridge to P1 are computed.

Results of Energy-dependent P2/P1 and Bridge/P1 Ratios

The numbers of excess events of P1, P2 and Bridge as a furaftiemergy are shown in the
left panel of Fig. 7.9 and Table 7.4. In the energy ranges of@li0 GeV forFermiLAT and
70 - 500 ph.e. for MAGIC, no significant excess was found irdBe phases. Therefore, 95%
confidence level upper limits are shown for these bins. Thizdwtal central value of each point
corresponds to the log-mean energy of each bin, taking cttount the detector’s effective area
and the energy spectrum of the pulsar, while the horizomtal ®ar corresponds to 30% of the
log-mean energy, which is a conservative estimation foratbeolute energy uncertainty. The
P2/P1 ratio stays almost constant from 100 MeV to 3GeV ams ia$ energies above 3 GeV. On
the other hand, the Bridge/P1 ratio rises from 100 MeV to 3.Gddve 3 GeV, due to the lack
of statistics, it is not possible to draw a conclusion in te@dwvior.

In Fig. 7.10, the results are compared with those at lowergge®e The data points of lower
wavelengths are adopted from [114]. A few common featurésdmn the behavior of the P2/P1
ratio and that of the Bridge/P1 ratio can be seen: From 1 eWeY, they increase with energy
with a power law. From 1 MeV to 100 MeV, they drop rapidly andert, rise again above
100 MeV — 1 GeV. The ratios at- 30 GeV may be as high as those at 1 MeV, although the
uncertainty is large due to the lack of statistics.
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Energy| Energy* P1 P2 Bridge P2/P1 Bright/P1
Range| [GeV] [counts] [counts] [counts]
Fermi-LAT
0.1-0.3GeV| 0.156| 4135+71 20674+ 55 103+ 33| 0.504+ 0.02| 0.0254+ 0.008
0.3-1.0GeVv| 0.481 52194 76 2885+ 59 2544 28| 0.55+ 0.01| 0.0494+ 0.005
1.0-3.0 GeV 1.52 1706+ 42 974+ 33 224+ 18| 0.57+0.02| 0.131+ 0.011
3.0-10.0 GeV,| 4.38 248+ 17 245+ 17 794+ 11| 0.99+ 0.10| 0.318+ 0.050
>10 GeV 12.7 12+ 6 21+ 7 < 17° 1.70+ 1.05 < 1.34
MAGIC
25-70 ph.e 24.0| 4711+ 1129| 8233+ 1198| 1338+ 1195| 1.75+ 0.49| 0.284+ 0.261
70 - 500 ph.e 51.2| 1437+899| 30964 954 < 2953P 2.16+ 1.50 < 2.06

2 The representative energy, taking into account the pufssateum and the detector response.

b 95% confidence level upper limit.

Table 7.4: The numbers of excess events of P1, P2 and Bridbthain ratios
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Figure 7.9: Left: The number of excess events as a functi@merfgy. The red, blue, and green points
denote P1, P2 and Bridge, respectively. The last two poibtsra 20 GeV are based on MAGIC data,
while the rest are based on Fermi-LAT data. Right: The P2/&lor(blue) and the Bridge/P1 ratio
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7.3 Rising and Falling Edges

The energy spectra have been calculated for the specifiephesvals. They are especially
important to deduce the emission regions of the pulsar onga lscale. On the other hand, as
can be seen from Fig. 5.15 and Fig. 6.3, the pulse shape ik@stme for all energies. A study
of the change of pulse shape with energy would also be vepfuigb understand the emission
mechanism in more detail, i.e. on a small scale, becauseautbe phase should be connected to
the geometry of the emission region, as discussed in S&cB8. 2.

Due to the lack of statistics (with respect to the large bamlid), it is difficult to analyze
the pulse shape with MAGIC data alone. However, the facttti@apulse peak phases are very
similar for all energies implies that the pulsations forealkergies may originate from a common
physical process. Therefore, one can also expect commadumrdsan pulse shapes. Once a
common feature is found, one can statistically examinetthénMAGIC data.

In fact, | found that by plotting the light curves in log scademe interesting features become
visible. In Fig. 7.11, light curves for different energiesrh optical to very high energy gamma-
rays are shown. The optical light curve is obtained from th&GWC central pixel data. L.
Kuiper provided the X-ray light curves, which have also based in [114]. They are based on
ROSAT HRI (100 eV to 2.4 keV, see [211]), BeppoSAX MECS (2.% ke 10 keV, see [204]),
BeppoSAX PDS (20 keV to 100 keV, see [204]) and CGRO COMPTEOKeV to 30 MeV, see
[207]). The gamma-ray light curves from 100 MeV to 10 GeV amedpiced by myself based on
the Fermi-LAT data. The gamma-ray light curve at 20 to 200 Geafe taken from my analysis
of the MAGIC data withS77 E between 25 to 500 ph.e.. One can see the following features:

e Both rising and falling edges show an exponential behavior.
e Slopes are not symmetric between rising and falling edges.
e Slopes change with energy.

Here, | discuss the pulse edges of P1 and P2. In the previctisrseand chapters, P1 and
P2 referred to specific phase intervals, P1 being from -@0&Q@4 and P2 being from 0.32 to
0.43, while in this section they simply denote the first pead the second peak.

Method: Fitting Exponential Functions to Pulse Edges

An exponential function
F(p) = A x exp(£(p — po)/T) (7.3)

is fitted to rising and falling edges of P1 and P2 for differenergies,A, p, andr being free
parameters. Fitting ranges were chosen such that the edgsion and the pulse peak do not
worsen the goodness of the fit. Fitting ranges are summaiizédble 7.5. Then, the energy
dependence of the rise timg,. and the fall timer,; for P1 and P2 are examined.

2This energy range is a rough estimation based orsth&E range from 25 to 500 ph.e.. No significant excess
is seen at 200 GeV.
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Figure 7.11: Light curves in a logarithmic scale for diffateenergies. From the top left downward to
the bottom left, optical measurements by the MAGIC cenisadl §see Sect. 5.6), 100 eV to 2.4 keV by
ROSAT-HRI, 2.4 keV to 10 keV by BeppoSAX MECS, 20 keV to 10y igdppoSAX PDS, 0.75 MeV to
10 MeV by COMPTEL and 10 MeV to 30 MeV by COMPTEL. From the gig downward to the bottom
right, 100 MeV to 300 MeV, 300 MeV to 1 GeV, 1 GeV to 3 GeV, 3 G&V GeV measured by Fermi-LAT
and 20 GeV to 200 GeV (25 S1Z FE < 500) measured by MAGIC.
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Edge| RiseofP1 Fall of P1 Rise of P2 Fall of P2
Phase| -0.07 to -0.005/ 0.005 to 0.04} 0.29 to 0.395 0.405 to 0.50

Table 7.5: Fitting range for the rise/fall time estimation

Results of the Exponential Function Fitting to Pulse Edges

Fitted lines are overlaid on the light curves shown in Figl17.The obtained parameters and
the fitting probabilities are shown in Table 7.6. Fitting Ipabilities are reasonably good for
all energies. The energy dependence of the rise and thenfidldf both peaks are graphically
shown in the upper panels of Fig. 7.12. The horizontal vailu€sg. 7.12 are determined in the
following way: Below 100 MeV, horizontal error bars show fa# energy range of the data sets
and the central values are the logarithmic center of theeaddpove 100 MeV, the horizontal
central values and error bars are determined in the samesidne &2/P1 ratio study (see Sect.
7.2).

General behavior of the rise time and the fall time from agtto gamma-rays can be sum-
marized as follows:

e Below 10 MeV, the rise time of both pulses and the fall time @fdPe increasing, while
the fall time of P2 is decreasing.

e Above 100 MeV, the rise time of P1 and the fall time of P2 areréasing, while the rise
time of P2 and the fall time of P1 do not show clear energy ddeece.

Hereafter, | would like to focus on the behavior above 100 MeKRere | have personally
analyzed all the data. In the lower panels of Fig. 7.12, tleegyndependence of the rise and the
fall times above 100 MeV are shown. They are well described byear function of log,(E)
or a constant value, whetre is the energy. By fitting a linear function to the rise time af&hd
the fall time of P2 and by fitting a constant value to the fati¢iof P1 and the rise time of P2,
the following is obtained:

tPU(E) = (2.0240.08) x 1072 — (9.4 £ 1.3) x 10 *log,,(E[GeV]) (7.4)
i = (6.46 4 0.24) x 102 (7.5)
Thar = (1.734+0.08) x 1077 (7.6)

Ti(E) = (242+0.16) x 107 — (9.6 £ 3.1) x 10 °log,¢(E[GeV]) (7.7)

x2/dof are 2.2/3,12.2/4, 4.6/4 and 2.4/3 fq,,, 7/;2,, T[.y,and7{ ., respectively.

MAGIC points andFermiLAT points can be fitted consistently. It is also interegtthat the
rise time of P1 and the fall time of P2 show very similar deparad on energy. The energy
dependence of the pulse shape above 100 MeV is schemaiitalyated in Fig. 7.13. As
energy increases, the outer edges, i.e. the rising edgearidPthe falling edge of P2 get sharper
while the inner edges, i.e. the falling edge of P1 and thagisidge of P2 do not change.

The physical interpretation of these results will be disedksin Sect. 8.6.
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Rise Time Fall Time
Energy| rri,. [107 phase]] (x*/dof,prob.) | Tpa [10 ° phase]l (x*/dof,prob.)
P1
2.0-4.0eV 33.6+1.2| (16.7/10,8.0% 1444+ 1.6 (2.7/4, 61.3%)
0.1-2.4keV 28.6+ 0.5| (7.7/10, 66.3% 20.44+ 0.7 (5.1/4, 27.6%)
2.4 -10 keV 27.7+ 0.8 | (10.2/10, 42.5% 20.1+ 0.9 (8.3/4, 8.0%)
20 - 100 keV 36.0+0.7| (17.7/10, 6.0% 27.7+ 1.0 (10.7/4, 3.0%)
0.75-10 MeV 51.1+ 8.3 | (15.5/10, 11.3% 63.3+ 27.7 (4.0/4, 40.5%)
10 - 30 MeV 26.64+ 7.7 (5.2/4, 26.3%) 31.9+ 14.3 (1.4/2, 48.9%)
100 - 300 MeV 27.7+ 1.0 (11.0/10, 36.1% 19.4+ 1.8 (1.3/4, 86.3%)
0.3-1.0GeV 23.5+ 0.7 | (4.5/10,92.0% 16.1+ 1.0 (13.9/4, 0.8%)
1.0-3.0 GeV 18.9+ 0.9 | (3.7/10,96.0% 194+ 2.1 (3.9/4, 41.5%)
3.0-10GeV 12.0+£1.6| (16.2/10,9.4% 29.7+ 12.4 (4.3/4, 36.3%)
20 - 200 GeV 10.5+ 4.0 (0.8/4, 93.9%) 16.84+ 7.7 (1.4/2, 48.8%)
P2
20-4.0eV 38.7+ 5.1 (10.7/17,87.1% 69.3+ 10.6| (20.1/15, 16.8%
0.1-2.4keV 61.84+ 1.4 (10.5/17, 88.0% 35.9+ 0.9 | (16.9/15, 32.2%
2.4 -10 keV 72.5+ 2.7 | (14.8/17,61.1% 29.7+ 1.1 | (20.4/15, 15.8%
20 - 100 keV 93.2+1.9| (39.8/17,0.1% 25.84+ 0.6 | (29.1/15,1.5%
0.75-10 MeV 102.6+ 9.6 | (4.9/17,99.8% 21.2+ 3.5| (20.9/15, 13.9%
10 - 30 MeV 129.4+ 60.8| (11.3/8, 18.3% 29.1+ 10.5 (8.0/7, 33.3%)
100 - 300 MeV 59.4+ 3.9 | (30.9/17,2.0% 30.3+ 2.4 | (27.8/15,2.3%
0.3-1.0GeV 67.4+ 3.4 | (37.2/17,0.3% 29.0+1.9| (6.4/15,97.3%
1.0-3.0 GeV 95.1+11.1| (12.5/17, 76.8% 22.6+ 2.4 | (14.4/15, 49.4%
3.0-10GeV 59.6+ 10.0| (20.9/17, 22.9% 13.6+ 4.7 | (16.6/15, 34.4%
20 - 200 Ge\W® 46.84+ 12.6 (18.0/8, 2.2%) 23.1+ 16.1 (4.2/7, 76.0%)

2 This energy range is a rough estimation based oipi@FE range in MAGIC data from 25 to 500. No significant

excess is seen at 200 GeV.

Table 7.6: Results of the rise and the fall time estimatiorPfband P2
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Figure 7.12: Energy dependence of the rise and the fall tiriep left: The rise time of P1 (red) and P2
(blue), as a function of energy. Top right: The fall time of (Rdd) and P2 (blue), as a function of energy.
Bottom left: The same as the top left panel but the energyerdimgn 100 MeV to 100 GeV is zoomed.
Bottom right: The same as the top right panel but the energgegrom 100 MeV to 100 GeV is zoomed.

High Energy

Low Energy

Figure 7.13: An illustration of the energy dependence of plhése edges above 100 MeV. As energy
increases, the outer edges get sharper, while the innersedg@ot change.
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7.4 Peak Phases

As described in Sect. 2.9.4, the pulse profiles of the Crabgp@re very similar at all energies,
while a closer look at the light curves reveals a slight epeigpendence of the peak phase. For
example, the first peak in the X-ray data (see Fig. 2.26) aadithoptical data (see Fig. 5.11)
precede the radio peak by 0.01 in phase. Also, above 100 MeV, there seems to be a slight
shift of the peak phase, which can be seen if the light curesgd on théermiLAT data are
zoomed, as shown in Fig. 7.14.

Fermi 100 - 300 MeV Fermi 100 - 300 MeV
. — Fermi1-3GeV — Fermi1-3GeV
| FT ~— Fermi 10 - 300 GeV ‘ ‘ . ~— Fermi 10 - 300 GeV
| f;‘%% AE .
‘ | A 7§
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Figure 7.14. A closer look at the peak phase of P1 (left) andrigiht). The black, red and green lines
indicate the light curves for 100 MeV to 300 MeV, 1 to 3 GeV anova 10 GeV, based on Fermi-LAT
data.

Here, | examine the energy dependence of the peak phase dbdwdeV by using-ermk
LAT and MAGIC data. Apparently, the energy dependence optak phases is not very strong.
The precision of~ 0.003 in phase would be required to discuss the energy dependénce.
order to fulfill this requirement with the obtained data, plssticated method called the “Kernel
density method” is used.

7.4.1 Kernel Density Method
The Basic Concept

If the statistical significance of the signal is large enqubk peak phase can be precisely deter-
mined without assuming a specific pulse shape. Howeverjghédisance of the obtained signal
is not high enough to determine the peak phase with a precidie 0.003, especially for ener-
gies above 10 GeV. By assuming the pulse shape a priori, timg faf the assumed shape to the
obtained data might improve the precision. In such a casarder to achieve the best possible
precision, the data should not be converted into a binnedgptimgram but should be analyzed
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on an event-by-event basis. An event-by-event maximuniiliked method could have been
used for that but, in the case of MAGIC data, which is domiddtg~ 15 million background
events, it requires too much computational power.

The Kernel density method also uses event-by-event infiilomaut it does not require too
much computational power. Moreover, the assumption of tiisgpshape is not needed either,
although a so-called “kernel estimator” must be chosenrband. The kernel density method is
a well established statistical method for estimating tledpbility density function of a measured
parameter, based on the observed data sample (see e.g[1[@&]]and [36] ). The true pulse
profile can be interpreted as a probability density funcfarthe pulse phase of the signals and,
hence, the kernel density method can be applied.

The probability density (p) as a function of phasecan be estimated as follows:

flo) = %ﬁ;Kh (phpi> (7.8)

whereN, p;, K;,(x) andh are the total number of events, the phasétoévent, a kernel estimator
and the band width of the kernel estimafdy. The method is schematically illustrated in Fig.
7.15. In a light curve (a phase histogram), the phase of angivent is smeared by a kernel
density estimator.f(p) is the sum of the smeared curves of all the events. An exanffiteso
application of the method using the MAGIC data is shown in Fid 6.

1 Phas 0 1 Phas

Figure 7.15: Schematical explanation of the Kernel densigthod. In a phase histogram, each event is
smeared by a kernel density estimator, as shown in the leklp#(p) is the sum of the smeared curves
of all the events, as indicated by a red line in the right panel

The Choice of the Kernel Estimator K, and its Width A

As a kernel estimatok’;,, a normal Gaussian is commonly used in many different agipdins,
D — p; 1 _(—p)?

K ( ) — o5 7.9

"Uh V2rh (7.9)

On the other hand, as shown in Fig. 7.17, a Lorentzian repteske pulse shape better. The
Lorentzian kernel estimator is written as

p—Di 1 1
K _ : 7.10
(57 VAh1 e (7.10)

(7.11)
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Figure 7.16: An example of the kernel density method. Léfe driginal light curve from MAGIC data
with STZ FE between 25 and 500. Right: The obtained probability derisitgtion. The Gaussian kernel
with A = 0.024 is used.

One of these estimators should be used.

Not only the shape of the estimator but also the widthust be properly chosen (see [186]).
Too narrow a width will make the density functigitp) too wiggly and produce many spurious
features. On the other hand, too big a width will lead to to@sth a function that smears out
all the structure. Since the pulse shape is hot symmetraessibed in the previous section, the
smearing may cause a shift in the peak phase. | chdsesed on the light curve &ermiLAT
data above 3 GeV, which is more or less the (logarithmic)erewitthe concerned energy range.
First, a Gaussian and a Lorentzian are fitted to P1 and P2 endieptly. Results are shown in
Fig. 7.17. The best fiks are0.016 + 0.002 (Gaussian fit to P1)).031 + 0.004 (Gaussian fit to
P2),0.011 4+ 0.001 (Lorentzian fit to P1) an@.024 + 0.003 (Lorentzian fit to P2). The optimal
h should be close to these values.

Fermi > 3GeV

= I — Gaussian Fit
80

70 — Lorentzian Fit

60

Number of Events

idth. of. Gaus1:.0.016 +- 0,002

50
idth of Gaus2: 0.031 +- 0.004

40 idth of Lprentz1: 0.011 +- 0.00L

30

20

[ WMW \
bl XY Nelat ah s,

-0.1 -0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Phase

10

0yt

L =1
[ £
e

o
O[T

Figure 7.17: Fitting a Lorentzian and a Gaussian for a lighiree of Fermi-LAT data above 3 GeV

The final choice of the shape &f;, (Gaussian or Lorentzian) and the widthvas made such
that the peak phase shift caused by the smearing effect isalinThe phase shift is estimated
as follows: Assuming a pulse shape to be

_ eXp(p/Trise) if P S 0
ftrue(p) - { eXp(*p/Tfa”) if D> 0 (712)
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f(p) is calculated by convoluting the pulse shapeg.(p) with the kernel estimatak’, (p)

0.25
fp) = / . firue (@) Kn(p — p')dp’ (7.13)

Then, the difference in the peak phasg,.., betweenf,,..(p) andf(p) is estimated. Hereafter,
Apyear 1S referred to as the “analytical phase shift”. An exampléhefanalytical phase shift is
shown in Fig. 7.18.

Pulse Shape e puse Pulse Shape Zoom JE———
1. 1. —— Convoluted Pulse
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'V Peak of Convoluted Pulse
— Convoluted Pulse
0.8 it 0.8
t [ i) F Shift Ap
e ‘ e
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Tl b | IR I AR I N I R N
-0.15 -0.1 -0.05 0 0.05 0.1 -8.02 -0.015-0.01-0.005 0 0.005 0.01 0.015 0.02
Phase Phase

Figure 7.18: Left: An example of the convolution of a truespulith a kernel estimatof;.;s. = 0.03 and
Tran = 0.02 are used for the true pulse shagg..(p), while a Gaussian kernek, (p) with A = 0.016

is used for the kernel estimator. A black and a red line indidhe true pulse shapg,..(p) and the
convoluted pulse shapgp), respectively, while a green line indicates the kernehestor K (p) which

is scaled such that the peak height = 1. Right: The same asthpdnel but phases from -0.02 to 0.02
are zoomed. The analytical phase skifp,.,. is indicated by a blue arrow.

By substituting Eqs. 7.4- 7.7 for 7,5, and s, in Eq. 7.12, | estimated the energy de-
pendence of the analytical phase shif,... for different ks, as shown in Fig. 7.19. The
Lorentzian kernel estimators with= 0.006 for P1 andh = 0.012 for P2, which are the half of
the fitted values (see Fig. 7.17) have the smallest effecnBwmallerh, might reduce the effect
further. However, ifh is too small compared to the fitted valuggp) would, in turn, produce
spurious structures, as mentioned before. Thereforegifolfowing analysis, | use Lorentzian
for K, with b = 0.006 for P1 andh = 0.012 for P2. The residualhp,.,, will be subtracted from
the obtained results.

Statistical Uncertainty Estimation by the Bootstrapping Method

One can estimate a probability density functiftfp) from observed data by the kernel density
method and, then, determine the peak position from it. Hewevdoes not give the statistical
uncertainty.

The statistical uncertainty of the result can be estimayatiébootstrapping method which is
well established and is used in many statistical treatmsetse.g. [70] and [63]). The procedure
is explained as follows: LeV be the total number of observed events. One randomly chdéses
events out of the observed events. The same events can be chosen multiple times. Tieen, t
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Figure 7.19: The energy and the estimator dependence ofrthlytical phase shif\p,,... for P1 (left)
and P2 (right)

same kernel density method is applied to the chosen datalsaByp repeating this procedure
M times, one obtaind/ different f(p)s. The RMS of the peak phase distribution from them is
used as the statistical uncertainty of the peak phase. drattalysis)p/ = 900 is used.
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7.4.2 Example of the Kernel Density for Different Energies

In Fig. 7.20 and Fig. 7.21, the original light curves and gésuiting probability functions (kernel
densities) are shown. The statistical uncertainty of timetion estimated by the bootstrapping
method are indicated by colors.
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Figure 7.20: The original light curves (left) and the resudf probability density function (kernel density)
by using Lorentzian kernel with = 0.012 (right). This kernel density is used for the P2 peak deter-
mination, whileh = 0.006 is used for the P1 peak. Black dotted lines indicate the hackgl level.
900 curves obtained by the bootstrapping method are ovkiteihe left panels and colors indicate their
density. From the top: 100 - 300 MeV, 0.3 - 1 GeV and 1 - 3 GeV laoevs, all of which are based on
Fermi-LAT data.
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Figure 7.21: The same as Fig 7.20 but for higher energies.nftbe top: 3 - 10 GeV from Fermi-LAT
data, above 10 GeV from Fermi-LAT data, 20 - 40 GeV ( 25 - ®Ii4 F) from MAGIC data and 40 - 200
GeV (70 -500inS7ZFE) from MAGIC data. These energy ranges for MAGIC data are noegfimation
based on théS1Z F range and no significant excess is seen at 200 GeV. Becauke cflatively low
significance of the signals, an (acceptably) wiggly streectis visible. By using largeh in the kernel
estimator, the structure will become less pronounced, ewitileads to a larger analytical bias. Black
lines in the left panels indicate the resulting probabilitynsity functions, while white lines are theird}
uncertainty.
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7.4.3 Results

Results are shown in Fig. 7.22. Open and filled squares itelit@ results before and after
correcting the analytical phase shifp,, respectively. Horizontal values and errors are deter-
mined in the same way as the P2/P1 ratio study (see Sect. BIl®.lines indicate the energy
dependence ahp, estimated in Sect. 7.4.1 (see Fig. 7.19).

After the correction (filled squares), the energy dependeasclearly seen for P1 but it is
not the case for P2, due to the large uncertainties. Thisrdifice comes mainly from the pulse
width. Since P2 has twice as large a width as P1, the preaidithe peak phase becomes worse.
The results after the correction (filled squares) are fitied bnear function and

Peak1(E) = (—=3.840.6) x 107 + (2.1 4 0.9) x 10 *log,o(E[GeV]) (7.14)
Peak2(E) = 039+ (3.9+£1.6) x 10* — (0.05 + 2.8) x 10 *log,,(E[GeV]) (7.15)

are obtainedy2/dof are 6.26/5 and 3.18/5, fdfeak1 and Peak2, respectively.
The physical interpretation of the results will be discukiseSect. 8.7.
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Figure 7.22: The energy dependence of the peak phase offflatid P2 (right). Open and filled squares
denote the peak phase before and after correcting the acalythase shiftAp,..;. Green lines indicate
the Ap,.qr (See Fig. 7.19). The peak phases after the correction as @ifumof energy are fitted by a
linear function, as shown by the black lines.
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7.5 Possible Existence of the Third Peak

As mentioned in Sect. 6.4, a possible third peak is seen abdveeV in FermiLAT data.
Judging from the light curve (see Fig. 6.3), the flux might bégh as P1 and P2, although the
large statistical uncertainty does not permit a solid argonimHere, | examine the existence of
the possible third peak by using bdtarmiLAT data and MAGIC data.

7.5.1 Definition of the ON and OFF Phases for the Third Peak P3

The third peak has not been detected in other energies, tehocegpecific frequencies in radio,
where fourth and fifth peaks are also seen (see Sect. 2.2é)efbine, it is not possible to define
the third peak phase interval (P3) a priori. | define P3 to besph from 0.7 to 0.8. It is based
on the observed result itself, which leads to the overesiimaof the flux and the statistical
significance, while no fine tuning of the bin-edges is caraatlin order to reduce the effect. In
all the previous analyses, background level had been dstihiy OP phases 0.52 to 0.88 (0.52
to 0.87 for theFermi-LAT nebula analysis). For P3, phases from 0.5 to 0.65 and 85 to 0.9
are used for the background estimation.

7.5.2 MAGIC and FermiLAT above 10 GeV
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Figure 7.23: The light curves of the Fermi-LAT data above /Gtop) and that of the MAGIC data
with S77 F from 25 to 500. P3 phases and background estimation phasesdicated by red and black
shadows, respectively.
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The light curves ofFermi-LAT data above 10 GeV and MAGIC data wi/ ZE from 25
to 500 are shown in Fig. 7.2FermiLAT data show 21.5+6.8 excess events corresponding to
3.50, while MAGIC data show2670 + 1563 excess events correspondind tdo. More statistics
are required in order to verify or refute the presence of itpead.

Although the existence of the signal is not clear, | estim&te energy spectrum of P3 based
on FermiLAT data. Based on MAGIC data, the differential flux uppenitiwas also calculated
with a 95% confidence level . They are shown in Fig. 7.24. Thenasion is done in the
following way: Instead of using the likelihood method feermi-LAT data and the unfolding
method for MAGIC data, the number of excess events (or theeupmit on the number of
excess events) in each energy bin was simply divided by fieetefe area and the observation
time. Therefore, the spill-over effect from the adjacemtsbare not taken into account. The
discrepancy between MAGIC upper limits aRermi-LAT measurements may imply an upward
bias in theFermiLAT data analysis, probably because the P3 phases are di&f@sed on the
observed data themselves. The possibility that there i€ sigmal, whose excess was enhanced
by the background fluctuation, cannot be excluded. The tian@bility of the P3 excess is also
another explanation.
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= 107 — MAGIC UL
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Figure 7.24. The energy spectrum of P3. Black points and meowss indicate the measurements by
Fermi-LAT and the upper limits based on MAGIC data, respebti The flux is estimated by simply
dividing the number of excess events by the observationaitde¢he effective area. A green and a blue
line indicate the exponential cut-off energy spectra of Rd B2, respectively.

7.6 Concluding Remarks

Neither an exponential cut-off nor a sub-exponential ditan explain the energy spectra mea-
sured by MAGIC and=ermi-LAT consistently, even if the possible systematic undetias of
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both experiments are taken into account. Assuming thatribegg spectrum does not roll off
exponentially but extends with a power law after the cutesférgy, they can be consistently
explained with an index o —3.0 + 0.1 (after the cut-off). The physics interpretation of these
spectral features will be discussed in Sect 8.2.

The P2/P1 ratio stays constant between 100 MeV and 3 GeV seslabove 3 GeV. On the
other hand, the Bridge/P1 ratio increases by a power lawdmivt00 MeV and 3 GeV, while
the behavior above 3 GeV cannot be analyzed, due to the |athtistics. The edges of the two
pulses have an exponential shape. The rise time of P1 andlttiene of P2 have a clear energy
dependence while the fall time of P2 and the rise time of P2ato The physics interpretation
of this will be discussed in Sect. 8.6. The peak phase of Plalsght energy dependence
while this is not clear for P2, due to the difficulty in detemmg the P2 peak phase. The physics
discussion on this will also be presented in Sect. 8.7. Thid fgeak seen ifrermi-LAT data
above 10 GeV with 3.5 is not clearly visible in MAGIC data. In order to verify or g€ the
existence of the P3 signal, more statistics is required.



Chapter 8

Discussion

Several interesting features of the pulsed gamma-raytraditom the Crab pulsar above 100
MeV have been newly found from the MAGIC aRdrmi-LAT data analyses. Quite a few results
are not in agreement with model predictions and extrapmiatiEspecially the following findings
are remarkable:

¢ None of the super-exponential cut-off, the exponentialaftiand the sub-exponential cut-
off can describe the measured energy spectrum.

e The measured energy spectrum extends at least up to 100 GeV.

e A power law with an index of-3.0 + 0.1 can well explain the measured energy spectrum
between 4 GeV and 100 GeV.

e The edges of the two pulses have a clear exponential behavierise time of P1 and the
fall time of P2 have a clear energy dependence while theifa# bf P1 and the rise time
of P2 do not.

e The peak phase of P1 has a small but significant energy depeside

In this chapter, | discuss the new constraints on the pulséston models and possible modi-
fications of the standard model, based on these findings.dii@al, the radiation efficiency in
gamma-rays above 100 MeV is discussed.

8.1 Constraints on the Emission Region

As discussed in 2.8, there are mainly two approaches totimezmission region, namely, by the
steepness of the cut-off and by the highest energy of thenadxd@hotons.
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8.1.1 By the Steepness of the Cut-off

As described in 2.8.2, if the emission region is close to thessirface, a superexponential cut-off
is expectedl’; in Eqg. 6.5 is typically 2 (see e.g. [140] and [65]). Howevke ainalysis of Fermi-
LAT data revealed that superexponential assumptign= 2) is less likely than exponential
cut-off (', = 1) by 4.8, 7.70, 5.0 and 4.3, for TP, P1 + P2, P1, and P2 respectively. This
indicates that emission region is far from the star surfawd that gamma-rays do not cause
magnetic pair creation. In essense, the modest steepntbesspfectral cutoff allow one to reject
the PC model.

8.1.2 By the Highest Energy of the Observed Photons

More quantitative estimation of the emission region can laglenby the highest energy of the
observed photons. As discussed in Sect. 2.7.2, the highegjyeof photong”,,,. which can
escape from a given heighttan be estimated as

r >7/2 BCT

Epman(r) ~ 40VP <Ro 5

MeV (8.1)

whereP, Ry, By, andB,, are the period of the pulsar in second, the radius of the oewstar,
the magnetic field strength at the stellar surface and thiealrmagnetic field B, = 4.4 x 10
G).

MAGIC detected gamma-rays up to 100 GeV. Hor= 33.6 ms, By = 3.8 x 1012 G =
0.086B,., andE,,,, = 100 GeV, one obtains/R, = 7.8. The height of the emission region must
be more than 7.8 times the pulsar radius, which is too largth#8sPC model.

8.2 Estimates of the Electron Spectrum and
Constraints on the Acceleration Electric Field

From the argument in the previous section, it is clear thaetiission region is free from mag-
netic pair creation process, i.e. the emission region shioellin the outer magnetosphere. Since
magnetic pair creation is a basic physics process, thidusioa is rather robust.

Even if the emission region is assumed to be in the outer niagpleere, the energy spectrum
observed by MAGIC contradicts the most favored theoretiwadlels, which predict an exponen-
tial cut-off. Below, | will discuss possible modification$ the standard outer magnetosphere
model. After briefly reviewing the basic equations for thectlon energy spectrum within the
pulsar magnetosphere and the curvature radiation speftoumthese electrons in Sect. 8.2.1,
| will deduce the electron spectrum based on the observedngaray spectrum of P1 + P2 in
Sect. 8.2.2. Then, constraints on the strength of the aetile electric field will be discussed
in Sect. 8.2.3. Possibilities to explain the deviation @& tibservational results from the standard
model by a imperfect dipole magnetic field will be briefly delsed in Sect. 8.2.4.
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8.2.1 Basic Equations for the Electron Energy and the Curvaire Radia-
tion Photon Energy

As discussed in Sect. 2.7.2, the energy of the electron Isysite equilibrium between the gain
in energy due to the acceleration electric field and the gnlexgs via the curvature radiation.
The Lorentz factor of the electrdncan be written as a function of the acceleration electridfiel
strengthZ; and the magnetic field curvature,,,,:

5 1/4
ek )) V/ Reurs/1000 km (8.2)

=28x10" [ ————r
8 ((107 eV/cm

See Sect. 2.7.2, for the derivation of this equation,
As described in Sect. 1.3.4, the curvature radiation specfrom a single electron with an
energyl'm,c? is written as

dN,

T ~ KE “exp(—E,/E,) (8.3)
77" mono
3 3 he
E, = _th curv — -? 8.4
‘ 2 Veu 2 2mReury ( )

From Eq. 8.2 and Eq. 8.4, the cut-off enerfly of the curvature radiation is written as a
function of £ andR,.,;...:

3/4
)> \/Rm,/looo km  [GeV] (8.5)

B, =65—"
i ((107 eV/cm
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8.2.2 Estimates of the Electron Spectrum
Based on the Measured Gamma-ray Spectrum

Here, | deduce the electron spectrum (thgpectrum) based on the measured gamma-ray spec-
trum of P1 + P2, assuming that gamma-rays above 4 GeV areajeddyy the curvature radia-
tion. For simplicity, the curvature of the magnetic field ssamed to be fixed &..,, = 1000

km 1,

0) Standard Model: Nearly Monoenergetic Electron Spectrum

In general, itis considered tha} and ., of the last closed field line do not change extremely
largely over the emission region (see e.g. [174]). In additihe dependency df on £ and
R..., is rather weak (see EqQ. 8.2). These are the reasons why & neambenergetic spectrum
is derived for accelerarted electrons in most of pulsar fsdoi@sed on the outer magnetosphere
emission hypothesis.

The cut-off in the high energy gamma-ray spectrum is deteechby the curvature radiation
spectrum from these nearly monoenergetic electrons, mlaading to the exponential cut-off
(see Sect. 8.2.1). Examples of the theoretical explaratibthe Crab pulsar spectrum observed
before 2007 are shown in Fig. 8.1, which are the same as F&R. Zhe highest end of the
spectrum is explaned by the curvature radiation from neadynoenergetic electrons. In order
to explain the power law spectrum with an index-of2 between~ 10 MeV and~ 1 GeV, the
synchrotron radiation (left panel) or the inverse Comptoattering (right panel) is considered.
Below 10 MeV, the emissions from secondary electron-pasipairs created by high energy
gamma-rays are considered to be responsible for the olusspestrum.

Applying the standard scenario to the observed spectrurth 6ff2 around the cut-off energy
is shown in Fig. 8.2. | made a simple calculation assumingttieal’ spectrum of the electrons
has a Gaussian shape with the mear2 of 107 and the RMS ofl0°. This corresponds to
Ey = 3 x 10° [V/cm], which is consistent with, e.g. [174]. The absolutexfscale was chosen
such that the predicted gamma-ray spectrum matches withéasurements.

As can be clearly seen in the figure, the measured spectrunresgmodification of the
standard models.

1The different R..,, for different emission region can be taken into account bplagng T with
I(Rewry/1000[km]) /3 (see Eq. 8.4)
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Figure 8.1: Theoretical explanations of the energy speutaf the Crab pulsar assuming that the emis-
sion region is in the outer magnetosphere. Two models, naHeiding et al. (left, see [93]) and Tang. et
al (right, see [177]) are shown. The highest end of the speatare explained by the curvature radiation
from nearly monoenergetic electrons as indicated by a doi&l (left) and a dashed-dotted line (right).
The emission between 100 MeV and 1 GeV, where a power lawgpegith an index ot~ —2.0 is ob-
served, is explained by the synchrotron radiation (a dasttedi line in the left panel) or inverse Compton
emission (a dotted line in the right panel). Below 10 MeVdhgssions from secondary electron-positron
pairs created by high energy gamma-rays are considered tedponsible for the observed spectrum.
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Figure 8.2: Applying the standard scenario to the highest @ithe observed spectrum for P1 + P2. Left:
Assumed factor spectrum for electron. It has a Gaussian shape wigmtiean o2 x 107 and the RMS of
108. Right: The energy spectrum of the curvature radiation ftbmassumed electron spectrum, overlaid
with the observed results. MAGIC measurements are largeljated from the expected spectrum. The
discrepancy between the curvature radiation spectrum dsgwed data below 3 GeV (a green shaded
region) could be explained by either the synchrotron rddiator the inverse Compton scattering (see.

Fig. 8.1).
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1) Steep Power Law Tail Assumption

Given the fact that the power law with an index-of -3 describes well the observed gamma-
ray spectrum above 4 GeV, the simplest assumption for tlgrefespectrum would be a power
law with an index of~ —8, because if the electron has a power law spectrum with arxinde
of —p, the resulting curvature radiation spectrum should shenpibwer law with an index of
—q = —(p+1)/3, asdiscussed in Sect 1.3.4. | assumed a power law with ar afde8 between

1.7 x 10" and10® in the T spectrum. Fof’ < 107, a Gaussian with the mean bf7 x 107 and

the RMS of10° is assumed so that the modification with respect to the stdrdadel is only

on higher energy side. The measured spectrum of P12 can evelkflained by the curvature
radiation from these electrons as expected (the top pamdéigyo 8.3). Obviously, the main
difficulty is to find a convincing argument for the shape of éhectron spectrum.

2) Log-Gaussian Assumption

It might also be possible that the observed power-law-ligeadvior above the cut-off energy is
part of a curved spectrum, whose curvature is not visibletdube statistical uncertainty, the
limited energy resolution and the limited energy coveragb® measurements.

For example, a log-Gaussian spectrum of the electrons peodigamma-ray spectrum ex-
tending to the MAGIC energies. In the bottom panels of Fi§, the log-Gaussian spectrum of
the electron with the mean of IQdT") .car, = 7 and the RMS of logy(T") gass = 0.15 is assumed.

INe oo (_ (log,y ' — 7)* )> (8.6)

ar 2-0.152

The spectrum above the cut-off can be reasonably expldialddg into account that MAGIC
andFermi-LAT may have a relative energy scale difference of upt®80%. The idea behind the
log-Gaussian spectrum ofis that the electrons are not as monoenergetic as the stamadatel
predicts. This might originate from a small distortion of gpulsar magnetosphere structure from
the standard model.
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Figure 8.3: The same as Fig. 8.2 but for differdntspectrum. Top: A power law tail after the peak
is assumed for th& spectrum. AT < 107, a Gaussian with the mean ®f7 x 107 and the RMS of
10% is assumed, while a power law spectrum with an index ®is assumed betwedn7 x 107 to 102,
The resulting curvature radiation reproduces the obserkexiilts very well. Bottom: A Log-Gaussian
spectrum is assumed for thespectrum. The mean of IodT’)can = 7 and the RMS of log(T') gy =
0.15 is used. The resulting curvature radiation reproduces theseoved results reasonably well taking
into account the possible energy scale difference betwe®@IK and Fermi-LAT up te- 30%.
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3) Two Population Assumption

Several authors consider the possibility that the obsepwshtion is the sum of the emissions
from the two poles (see e.g. [174] and [177]). The two contrdns to the light curve are shown
in Fig. 8.4. Even though their calculations do not predicearrgy spectrum extending to 100
GeV, the possibility of the contributions from the two iseld places make the two population
assumption intriguing.

In fact, the model of two population of electrons can explthi@ measurements as well, as
shown in the top panels of Fig. 8.5. Here | assumed two Gauspiectra with the mednbeing
2 x 10" and4 x 107. Ry, = 1000 km is used. The RMSs of the two Gaussians are 20 times
smaller than its mean. The peak flux of the second populai@00 times lower than that of the
first.
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Figure 8.4: A theoretical explanation of the light curve assng that emissions from the two poles con-
tribute to the observed pulsation. The inclination angléhef dipole axis with respect to the rotation axis
is assumed to be 50 degrees and the viewing angle is assurhed’&®degrees. Contributions from each
pole are overlaid with different intensity of the lines. &ig adopted from [177]

4) Power Law + Exponential Cut-off Assumption

The power law with an exponential cut-off for the electroedpum produces an interesting re-
sults. By assuming a power law with an index-ef and cut-off ati’ = 0.5 x 107 for electrons,
the resulting curvature radiation can explain the obsegadma-ray spectrum very well from
100 MeV to 100 GeV, if the relative energy scale differencapfo~ 30% is taken into account
(see the bottom panels of Fig. 8.5). This assumption doeeqatre additional emission mech-
anisms such as the inverse Compton scattering and the syrarhradiation in order to explain
the measured spectrum between 100 MeV to 3 GeV.

It is known that the electron energy spectrum may exhibitwagrdaw with an exponential
cut-off in the case of shock acceleration in a supernova astntaking into account either the
acceleration-time limits (see [68]) or radiative-lossitsn(see [192]). In order to apply a sim-
ilar scheme to a pulsar, the acceleration mechanism in tleapmagnetosphere needs to be
reconsidered from scratch.
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Figure 8.5: The same as Fig. 8.2 but for differdhspectrum. Top: Two population of thespectrum is
assumed. Two Gaussian spectra with the niehring2 x 107 and4 x 107 are used. The RMSs of the two
Gaussians are 20 times smaller than its mean. The peak flire afeicond population is 200 times lower
than that of the first. The resulting curvature radiation reguces the observed results very well. Bottom:
The power law with an exponential cut-off is assumedfepectrum. The power law index of3 and
cut-off atl’ = 0.5 x 107 are used. The resulting curvature radiation can explain ahserved spectrum
very well from 100 MeV to 100 GeV, if the relative energy sdifference of up te~ 30% is taken into
account. This assumption does not require additional éomnissuch as the inverse Compton scattering or
the synchrotron radiation between 100 MeV to 3 GeV.
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8.2.3 Constraints on the Acceleration Electric Field in an tleal Dipole
Magnetic Field

............

7.5 8 8.5 9
IOglO(Ell [Vicm])

Figure 8.6: The electron Lorentz factdras a function of the field curvatug,,,,., and the acceleration
field strength®, expressed with a color scale. Black lines indicate theaolites forl" = 2.07,4.0x107
and7.0 x 107. Blue lines indicate the corresponding cut-off energy af/ature radiation photons for 5
GeV, 20 GeV and 100 GeV (see Eq. 8.4.). A red dotted line itediba co-rotation radius, which should
be the upper limit inR. .

Based on Eq. 8.2, as a function of?2.,,, and E is graphically shown in Fig. 8.6R,,,,
as a function ofty, for £, = 5 GeV, 20 GeV and 100 GeV are shown by blue lines in the same
figure.

It is known thatR,,., of the dipole magnetic field is well approximatedgs,.(r) = VR
(see e.g. [34]), wher&;, is the co-rotation radius (see Sect. 2.5.2) amglthe distance from the
center of the neutron star. Since the emission region musftben the light cylinder,R,.,,,., <
R;, would be the reasonable upper limit &),,,. Assuming that the (true) gamma-ray spectrum
is extending as a power law up to 100 GeV without a cutoff, dhescase fod) Steep Power
Law Tail Assumption in the previous subsection, there must be a place where- 2.9 x
10® [V/ecm]. Thisis~ 100 times larger than the value used in the standard model (gef&4)).
Assuming that the gamma-ray spectrum observed at areund) GeV is basically the tail of
the curvature radiation spectrum with a 20 GeV cut-off, athéscase fo3) Two Population
Assumption in the previous subsection, the lower limit &) will be £ > 3.3 x 107 [V/cm].
This is~ 10 times larger than the standard value.
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8.2.4 Possible Explanations for the High Energy Tail of the @mma-ray
Spectrum in an Imperfect Dipole Magnetic Field
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Figure 8.7: Schematical explanations of two ideas for thghtenergy tail of the observed gamma-ray
spectrum. Left: The magnetic field curvature near the lighinder can be much larger than that of the
dipole fields, because some field lines in the gap should conodghe wind zone. Such a large field
curvature may produce a high energy tail in the gamma-ragspe as can be understood from Eqg. 8.5.
Right: If the magnetic field lines are slightly wiggling atpthe dipole structure, there may be two radially
connected regions the inner one of which has a larger-thaold field curvature and the outer one of
which has a smaller-than-dipole field curvature. Since thevature radiation cooling is weaker in the
larger curvature field, electrons can be accelerated to biginergies. Then, these electrons subsequently
enter the smaller curvature field, generating the unusuailiyh energy curvature photons.

The high energy tail of the observed gamma-ray spectruntddoeiexplained by the imper-
fect dipole structure of the magnetic field.

The thickness of the Outer Gap or the Slot Gap can be as muchias & the light cylinder.
The magnetic field lines in the middle of the gap should naselwithin the light cylinder and
should be connected to the wind zone. Therefore, there issilpbty that the magnetic field
curvatureR.,., near the light cylinder in the middle of the gap is signifidamdrger than that
of the dipole structure (see the left panel of Fig. 8.7). As ba seen from Eq. 8.2, the larger
the curvature R.....,), the higher the electron energly)( Alghouth the energy of the curvature
radiation photon is proportinal t&_' , it is also proportional ta™ (see Eq. 8.4), resulting in
the higher photon energy from the larger curvature (see B59. 8

A more efficient mechanism for producing the high energydailld be as follows: Let us
assume that the magnetic fields are slight wiggling alonglijpele field in a small scale (— 10
km). There may be two radially connected regions the inner anwhich has a larger-than-
dipole field curvature and the outer one of which has a smtikn-dipole field curvature (see
the right panel of Fig. 8.7). Since the curvature radiationling is weaker, electrons can be
accelerated to higher energies in the larger curvature. fiheétse electrons subsequently enter
the smaller curvature field, generating the anormally higgrgy curvature photons.
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8.3 Inverse Compton Scattering as a Second Radiation Com-
ponent

As shown in the top panels Fig. 8.5, a second emission conmpcae explain the deviation of
the MAGIC measurements from the standard model. In the pus\section, a second population
of electrons is assumed. By introducing the inverse Comsgtattering, a single monoenergetic
electron population might also explain the MAGIC measunetsie
As discussed in Sect. 1.3.2, the energy of the radiated phatothe inverse Compton
scattering is (see Eq. 1.37)
E

Y

~ I? (8.7)

wheree is the energy of the target photon ainds the Lorentz factor of the electron. In order to
have a radiation peak at 30 GeV for an electron populationvit 2 x 107, ¢ should be peaked
at

e~ B /T?~10"" [eV] (8.8)

For a thermal radiation,0~* eV corresponds to 1 K, which is by far lower than the stellar
surface temperature<(10° K, see Sect 1). On the other hand, the CMB radiation corregsptm
2.7 K in temperature, which is actually closextol 0—* eV. However, it is known that the number
density of CMB photons (400 cn) is much lower than the radio photons emitted within the
pulsar magnetosphere (107 cm?) (see [102]).

Therefore, in order to reproduce the inverse Compton saajtepectrum peaked at around
30 GeV, there must be a particular mechanism to produce gpboton spectrum peaked at
~ 10~* eV, which is hard to imagine. Therefore, an effect of a siniplerse Compton scattering
for the extended spectrum is highly unlikely.

8.4 Radiation Efficiency

The total energy loss of a pulsar, i.e. the spin down lumigdsican be estimated from the period
and the time derivative of it, as described in Sect 2.3.1 tif@Crab pulsar, it i = 4.6 x 103
erg/s.

Here, | add an estimate of the radiation efficiency, which fsaation of the spin down
luminosity deposited in a given energy range. The estimatiethod is adopted from [4]. When
the observed flux ig,,,, the luminosityL can be calculated a6 = 4 foF,,,D?, where fq
and D are the beaming angle factor and the distance from the pidgae Earth. f, depends
on the inclination angle: of the magnetic dipole axis and the viewing anglgsee Sect 2.7.3).
For the Crab pulsar, assuming the SG model or the OG madel, 70 degrees and ~ 60
degrees well explain the light curves (see e.g. [53]), tHautzetorus structure in X-ray (see
[141]), and the polarization of the optical pulsation (s&&9]). Fora and¢ near these values,
fao ~ 1.0 is the good approximation according to [191]. The distarsckniown to beD =
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2.0 £ 0.2 kpc (see e.g. [184]). From the measuremehjg, above 100 MeV is calculated to be
(1.31 +0.03) x 107 erg/s.
Using £ = 4.6 x 10*® erg, D = 2.0 kpc andf, = 1.0, the efficiency; above 100 MeV is
calculated as
2
n= L _drfelon, D" _ (1.36 4 0.04) x 10? (8.9)
E FE
Only 0.13% of the total energy loss is due to the radiatiorvad®0 MeV. As discussed in Sect.
1.2.4 and Sect. 2.3.2, the rotation energy is carried awastlynoy the pulsar wind.

Fig. 8.8 shows)(F) as a function of energy. Based on the combined analysisideddn
Sect. 7.1.3y for energies between 30 and 100 GeV\(dst + 1.1) x 10, If the spectrum had
shown the pure exponential cut-off, it would have bedris$ x 10~7, which is a factor of- 10
lower than the measurement. The discrepancy between tlomenpal cut-off and the MAGIC
measurement correspondg&x 107%) /(1.4 x 1073) = 6 x 10~ = 0.6% of the radiation energy
above 100 MeV.
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Figure 8.8: The radiation efficiency for different energy intervals. Red points indicate theeshed
results. Below 10 GeV, TP spectrum with the exponentiabffutssumption is used while for the bin
of 10 GeV to 30 GeV, a power law assumption above 4 GeV is usedSgct. 6.6). For the bin of 30
GeV to 100 GeV, combined analysis with an power law assumfiioP1 + P2 is used (see Sect. 7.1.3).
The black point indicates the extrapolation of the expaaéntt-off spectrum of TP based on Fermi-LAT
measurement.
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8.5 Remarks on the High Energy Tail of the Crab Pulsar En-
ergy Spectrum

FermiLAT measured the energy spectrum of the Crab pulsar witldgwecision up to~ 10
GeV, which is only a factor of 2 higher than the exponential cut-off enerdy. (n Eq. 6.5). The
FermiLAT-measured spectrum is consistent with the standardetotherefore, the standard
model is successful in explaining the energy spectrum ofad pulsar in the energy region
where a vast majority of the gamma-ray radiation energy jodited.

On the other hand, MAGIC observed the energy spectrum of tab Qulsar above 25 GeV,
which is a factor of~ 5 higher than the exponential cut-off energy. Only a smalitfca of the
radiation energy is deposited above 25 GeV. The deviatmm the standard model detected by
MAGIC requires only a higher order correction for the stadaodel.

It should also be mentioned that, all the dedeuced elecfrentisa discussed in Sect. 8.2.2
eventually need to be corrected by the “smearing” of the@nédue to the limited and not-
perfectly-known energy resolution. While the simulatictesarly showed that the observed spec-
trum up to 100 GeV is not just an artifact of the energy resotufsee Sect. 7.1.1), | could not
determine the precise partition of genuine high energy gasays and lower energy gamma-
rays mismeasured with higher energy assignment. It is oigwvieat clarification can only come
from better measurements.

8.6 Energy Dependence of the Rising and Falling Edges in the
Light Curve

The basic shape of the light curve is explained by the straatfithe last closed field lines, as
discussed in Sect. 2.7.3. In that explanation, electromsssumed to move parallel to the field
lines, i.e. the pitch angle of electrons is assumed to be 0. Since the beaming angle of the
emitted photons is- 1/T" ~ 1077, all the photons are considered to be emitted tangentially t
the field lines. However, this scenario explains neitheettonential behavior of the edges nor
the energy dependence of the rise/fall time of the edgegwdre clearly visible in the observed
data.

Observed results can be explained by, for example, assuti@dhe emission from each
field line is not beamed with an angle ef 1/T", but has an exponential angular distribution
characterized by its decay constéant

F(8) = Fyexp(—6/6,) (8.10)

wheref. is dependent on the photon energy. Then, the resultingdigive should be broadened
compared with the one without a sizable emission angle ,@srsin Fig. 8.9.

Here, | additionally assume that the shape of the the outgsefthe rising edge of P1 and
the falling edge of P2) reflect the angular distribution & #mission along a single field line,
while the shape of the inner edges (the falling edge of P1lamdsing edge of P2) are governed
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Figure 8.9: Top left: A simplified top view of a pulsar of tharsedard model. The emission is strongly
beamed along the field lines. Bottom left: A simplified topvwé a pulsar of the assumed model. The
emission has an exponential angular distribution alongdfiélel lines. Top right: The emission profile map
of the standard model assuming that inclination angle betwbe rotation axis and the dipole axis is 65
degrees. Figure adopted from [53]. Bottom right: The hytidal light curve. A black histogram shows

the basic structure of the light curve explained by the eimisprofile map shown in the top panel. Red
lines show the hypothetical broadening effect taking irdcoaint the angular distribution of the emission

Original figure is adopted from [53] and red lines are addedrbyself.

by the overall field line structure (see Fig. 8.9). From Egl ahd Eqg. 7.7, the rise time of P1
and the fall time of P2 as a function of energy are:

7~ (0.022 £ 0.0018) — (0.0095 =+ 0.0034) log,,(E[GeV])

(8.11)

where the simple mean of;}, andr/.;, is adopted. Since the emission angean be translated
into the pulse phaseasp = 6/2x, Eq. 8.11 leads to

~

O

(0.14 + 0.01) — (0.06 =+ 0.02) log,,(E[GeV])
(7.9 4+ 0.6) — (3.4 & 1.2) log,o(E[GeV])

[rad]

[deg]

This is by far larger than /T" ~ 10-7. The large emission angle should be the consequence
of the large pitch angle of the high energy electrons. Théserens with a spiral orbit should
emit synchrotron radiation, which should explain the obsdgamma-rays at least below 3 GeV
(where the energy dependence of the edges is clearly seéowan 81 Fig. 7.12.) The strength

(8.12)
(8.13)
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of the magnetic field at 1000 km from the neutron star i$0°G and high energy gamma-rays
are therefore reasonably expected (see Sect. 1.3.3).

However, in order to realize such a large pitch angle orbédré must exist a process which
nearly instantly provides a large perpendicular momentomcause a gradual increase of per-
pendicular momentum cannot occur due to the strong enesgyldp the synchrotron radiation
itself. (This is actually the reason why the pitch angle efcélons is normally considered to be
0.

A possibility that the pitch angleé can has a large value has been discussed by, for example,
S. A. Petrova (see [149] and references therein). The badsgcis as follows: The accelerated
electrons efficiently absorb radio photons with a frequetmyesponding to the cyclotron fre-
guency when it is converted into the electron rest frames Ticlotron resonance absorption of
radio photons is so efficient that it can cause a large pitgkeagven though electrons are contin-
uously losing energy by the synchrotron radiation. Thisiade is used in [93] to reproduce the
Crab pulsar energy spectrum at around 100 MeV (see Fig. Bdyever, this process produces

neither the exponential angular distribution nor the etacenergy dependent pitch angle (see
[149]).

8.7 Energy Dependence of the Peak Phase
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Figure 8.10: Left: Radio delay as a function of energy. A darimear function fit to X-ray range is
indicated by a dashed line. Figure adopted from [137] Rightte same as the left panel but Fermi-LAT
and MAGIC results analyzed by myself are shown. The enemgndence calculated based on Eq. 7.15
is shown as a solid line above 100 MeV. The dotted line is aagodation of it down to 1 MeV. The points
below 1 MeV are copied from the left panel by eye.

In Fig. 8.10, the first peak (P1) position as a function of gpas shown from optical to
high energy gamma-rays. It is expressed as “radio delayficlwtells how much earlier the
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peak at a given energy occurs compared to the radio peake{U&dnk, at 610 MHz). The
energy dependence of the radio delay has been studied inthgpédnge. As discussed by many
authors (see e.g. [115], [156] and [137]), the simplest axgiion for the radio delay and its
energy dependence is the difference in the emission regitinvthe magnetosphere. i.e., the
higher the energy is, the more inner of the magnetosphererttigsion region is. In [137], a
simple linear function was fitted to the data, deriving atshiif).6 & 0.2us keV ! (see the left
panel of the figure). It corresponds to

L(E) = (180%60) x (E[keV]) [m] (8.14)

where indicate the path length difference with respect to theaadnission region. Eq. 7.15
can be rewritten a6l30 + 20) — (70 + 30)log,,(F/GeV) [us| in radio delay, which is shown
as a black line in the left panel of the figure. In path lendtis torresponds to

L(E) = (40=6) — (20 + 9)log,o(E[GeV]) [km] (8.15)

Considering the size of the light cylinde®{ = 1500 km), Eq. 8.14 and Eq. 8.15 are reasonable.
On the other hand Eq. 8.14 and Eq. 8.15 are apparently notstemisas can be seen from
Fig. 8.10. Actually, the shape of the energy spectrum of treb@ulsar (see Fig. 2.29) and
the theoretical model (see Fig. 2.22) suggests differemhar@sms for X-ray and high energy
gamma-ray radiation. Therefore, it may be natural that tleggyy dependence of the radio delay
is different in the two well-separated energy ranges.

It should be noted that the definition of the peak phase i®mifft for different types of
analyses. For example, A. A. Abdo et al. (see [4]), which & dlfficial publication from the
Fermi collaboration, determined the peak phase by fitting an asgtmenLorentzian function
to the binned light curves. In their analysis, the peak plas®s/e 100 MeV is constant and
—0.008 £+ 0.001, which corresponds ta80 + 30 s in radio delay, though their highest energy
bin of 3 to 10 GeV shows marginal deviation-e0.005 + 0.002, corresponding ta70 + 70 us
in radio delay.
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Chapter 9

Development of High Quantum Efficiency
Hybrid Photodetector HPD R9792U-40
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e ee—————— T
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Figure 9.1: Top left: Photograph of the HPD R9792U-40. A 1cewdoin is put as a scale reference.
Top right: The schematic of the electrode inside the HPDtd@wteft: The top view of the HPD. Bottom
middle: The side view of the HPD. Bottom left: The bottom oéthe HPD.

For better pulsar observations by MAGIC, a lower energyshoéd, a higher gamma-ray
detection efficiency, a higher energy resolution and an avgal gamma-ray/hadron separation
would be necessary. All these improvements require thectieteof more Cherenkov photons.
However, the diameter of the reflector of MAGIC is 17 m and dificult to enlarge it, consid-
ering the focusing accuracy and the total load to the tefgsé@me and the drive system. The
better solution would be an improvement of the photodetacaificiency of the photosensors in
the camera.
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| participated in the second phase of the development of gphetosensor, HPD R9792U-40,
together with Hamamatsu Photonics and other colleagué®iNax-Planck-Institut fur Physik.
HPD R9792U-40 is a so-called hybrid photodetector. Thiptdradescribes the property and the
performance of the HPD. Major results are also published 53].

9.1 Structure and Operation Principle of the HPD R9792U-40

9.1.1 Overall Structure

The overall structure of the HPD R9792U-40 is shown Fig. 9The HPD has a hexagonal
cylindrical shape with the major hexagonal diameter of 28 amd the height of 35 mm. On
the top side there is a round glass window with the diametd&9d mm and a semiconductor
photocathode crystal (GaAsP) is attached to it from insilge thickness of the photocathode
is about 1 micrometer. To reduce the work function, cesiund@¥CsO) is evaporated onto it.
Inside the tube, a 3 mm diameter cylindrical Avalanche Pbhaide (APD, made of silicon) is
located on~ 2.5 cm distance from the photocathode and is serving as an @helbbmbarded
anode with an additional internal gain. Its cathode and aruds are visible in the bottom
side of the HPD. There are three electron focusing rings eohdxkin the wall of the tube and
a focusing electrode of a conical shape is located near tiz ARe photocathode high voltage
(HV see Sect. 9.2) is divided by the voltage dividers (seetdberight panel of Fig. 9.1), and
88%, 100% and 59% of the photocathode voltage are applide:td focusing rings in the wall.
To the conical-shaped electrode, the same voltage as ARd®a Sect. 9.2) is applied.

9.1.2 Operation Principle

PHOTOCATHODE
g PHOTON

Electron
Bombardment

1500
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Figure 9.2: A schematical view of the working principle of tHPD. Figure adopted from [94].
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Two voltages are applied to the HPB:—8 kV to the photocathode and 400 V to the APD
anode (inverse bias voltage). When photons hit the phdtodat ph.e.s are produced. They are
accelerated in the high electric field and bombard the APs Bbmbardment produces 1500
electron-hole pairs per one ph.e. (in the case 6f8kV photocathode voltage, see Sect 9.3.1) in
the depleted layer of the APD. The secondary electrons &sesuently accelerated in the high
electric field of the pn structure of the APD and initiate avedhes, providing an additional gain
(see Sect. 9.3.2).
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9.2 Photodetection Efficiency

The sensitivity of a photosensor can be described by theodktection detection efficiency
(PDE). The PDE is the product of the quantum efficiency (QEhefphotocathode and the ph.e.
collection efficiency (CE), i.e., PDE = Qk CE.

9.2.1 Quantum Efficiency

The quantum efficiency (QE) have been measured in the fallpwiay. A HPD is set up in a
dark box where a HV cable and a current readout cable areéaseX laser (Spectral Products:
ASTN-D1-W150) and a monochromator (Spectral Products: @®) &re also connected to the
dark box, with which HPD photocathode can be illuminatedigitlwith a specific (less than
10 nm in resolution) wavelength. The measurement setupoisrsin the left panel of Fig. 9.3.
For the HPD photocathode,2 kV is applied, which is enough to focus all the ph.e.s onto the
APD 1. The anode and the cathode of the APD are shorted as showa iigtit panel of Fig.
9.3. First, changing the wavelength of the illuminatindtifrom 250 nm to 800 nm, the current
from the APD to the ground, which is equal to the photocathoateent, is measured with a
current meter (KEITHLEY: 6485 picoamperemeter). And thiie, same current measurement
is repeated replacing the HPD with a calibrated PIN photeliglamamatsu Photonics, S6337-
01), whose QE is known with an accuracy of 2%. The ratio of t@wat currents corresponds to
the ratio of the quantum efficiencies. Therefore, the QE eHFPD is measured as

QEupp(N) = QEpin(A) X Inpp(A)/Ipin(A) (9.1)

where) is the wavelength of the light anddenotes measured current.

The QE curves of four HPDs are shown in the left panel of Fig. Bhe QE curve of the cur-
rently used PMT, the Cherenkov light spectrum of an 80 GeVmgarmay shower from the zenith
and the NSB spectrum are also shown in the same figure. The @B dt the wavelengths be-
low 400 nm, while the peak of the Cherenkov spectrum is atrad@B0 nm. In order to enhance
the QE below 350 nm, the wavelength shifter (WLS) coating stadied by M. Hayashida (see
[94]). The improvement by the WLS coating is also shown ingame figure. Convoluted with
the spectrum, the HPD (with the WLS coating) can detedt9 times more Cherenkov photons
than currently used PMT, while it also detests3.4 times more NSB photons.

9.2.2 Collection Efficiency

From the simulation, the collection efficiency (CE) of thelHR known to be more than 99%
while that of the currently used PMT is typically about 80%amlust be noted that in the case of

1As described in 9.5.2, at a certain probability, the ph.ecape from the APD after bombardment due to
backscattering effect. However, these ph.e.s will end upénconical electrode which is electrically connected to
the APD anode. Therefore, the photocathode current candpegy measured in this method.

2Based on the simulation performed by Hamamatsu Photonics
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Figure 9.3: Left: A photograph of the QE measurement setightRThe schematic of the circuit for the
QE measurement. The anode and the cathode of the APD aredhdtten, the current from the APD to
the ground is measured. This current is equal to the phobmcie current.

the HPD, a fraction of the charge (10%) may be lost due to the backscattering effect as will be
described in Sect. 9.5.2.

9.2.3 Improvementin PDE Compared to PMTs

Compared to the currently used PMTs, the number of detectedte@kov photons (from the
zenith) will be raised by a factor of 2.1 (1.9 in QE1.1 in CE). This helps to improve the energy
threshold, the energy resolution, the gamma-ray deteeffaiency and the gamma-ray/hadron
separation, even though the gain in the NSB photon deteetimmency is larger (3.8). A precise
estimation of these improvements must rely on a detailedlsition.

It should be noted that as the zenith angle of the gamma-ynimg direction increases,
the peak of the Cherenkov light spectrum on the ground staifisnger wavelengths due to the
absorption (see Sect. 3.2.2). For example, for the showaingpfrom the zenith angle of 60
degrees, the gains are 2.4 and 3.8 in the number of detectréiitov photons and that of NSB
photons, respectively.

9.2.4 Uniformity of the photocathode

The uniformity of the PDE of the photocathode was measuredimamatsu Photonics with a
light beam of 1 mm diameter spot size. As shown in the righepahFig. 9.4, it is uniform,
i.e., the variation is less than 10% over 16 mm diameter anddess than 20 % over 18 mm
diameter area. It should be noted that, the QE curves shothe ieft panel of Fig. 9.4 have been
measured in the center of the photocathode with a spot sizesofim. Since the uniformity is
rather high, it represents the average QE over the photodathith a good precision.
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Figure 9.4: Left: The measured QE curves of some of HPDs iBlaeen, red and blue lines). As a
reference, the QE curve of the currently used PMT is also shtive pink line). A blue line with triangles
show the QE curve of an HPD coated with wavelength shiftingeria, which enhance the QE below
350 nm. The Cherenkov spectrum and the NSB spectrum measuthd ground are also shown by a
blue and black dotted lines, respectively. Right: The umifty of QE (PDE) over the photocathode area
measured with light of 406 nm wavelength. The PDE normatizéd maximum value is shown by colors.
The right figure provided by Hamamatsu Photonics.

9.3 Galn

9.3.1 Bombardment Gain

A ph.e. bombardment creates a number of electron-hole paitse APD (silicon). 3.6 eV
is necessary for creating a single pair in silicon. The enefgthe accelerated ph.e. (e.g. 8
keV) is consumed to create those pairs in the APD. Howevéralhenergy can be detected as
output charge because some of electron-hole pairs gedendtee non-depleted region can not
propagate into the depletion layer. Such pairs recombitieowt producing any avalanche.

Based on this feature, the bombardment gain has been méasutes following way. In
side a dark box, the HPD is illuminated by a LED (603 nm). Fa &PD bias voltage, 30 V
is applied, under which the avalanche gain should be 1 (no) gaid the leakage current (see
Sect. 9.3.2) is negligible. Changing the photocathode Hvhfd V to —8 kV, output current
was measured by a current meter (KEITHLEY: electromete7§5The output current should
be proportional to the bombardment gain. When the absoélte\of the applied HV is less than
200 V, the current stays almost constant. Assuming thattim®nt corresponds to the HV gain
of 1, the bombardment gains for different HVs are calculated

The results for three HPDs are shown in the left panel of Figh. 9As expected, it is
not linear but curved as shown in Fig. 9.5. Up to 3 keV, the gaismall and afterwards
it increases linearly to the applied HV. The linear part cagllwe represented by a function
Gain = 290x (HV/[kV] —2.9), meaning that the energy loss at the Si@yer and the non-
depleted region is approximately 2.9 kV and tha60/290 = 3.4 eV is needed for creating
an electron-hole pair. The small difference of the energgded for a single pair with respect to
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the literature value (3.6 eV) could be attributed to the perergy dependence of the energy loss
in the non-depleted region.
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Figure 9.5: Left: The bombardment gain as a function of thetpbathode HV. Right: The avalanche

gain (thick lines) and the leakage current (thin lines) asiaction of APD bias voltage (ZJ 2051, ZJ2052,
and ZJ2055 denote the serial number of the HPDs.).

9.3.2 Avalanche Gain and Leakage Current

In the depletion region of the APD, electrons produced bybibiabardment are accelerated by
the bias electric field and create electrons (electron-pales). Newly created electrons will
also be accelerated to create more electron-hole pairgdtingsin the avalanche process. The
APD is operated with a bias voltage lower than the breakdooitage. and there is a finite
resistance between the anode and the cathode. The avajaockss is very fask{ 1 ns). The
multiplication of the pairs depends strongly on the biasags.

Even without an initial creation of the pair by the bombardievhen the bias voltage is
applied, a small current flows across the APD due to the tHerg@nerated electron-hole pairs
in the depletion regiod. This current is called the leakage current. The leakageentiis
also strongly dependent on the bias voltage. Before meagsthe avalanche gain, the leakage
current had been measured by setting an HPD in a dark boxuwtigimy light source and applying
various bias voltages to the APD from 0 V to the maximum aglie voltage (10 V less than
the breakdown voltage). The results for three HPDs are shotire right panel of Fig. 9.5. The
leakage current increases exponentially. Near the breakdoltage, the increase is especially
rapid. The leakage current at the maximum applicable velteag— 10 nA. The leakage current
differs by a large factor from HPD to HPD.

Then, the avalanche gain is measured in the following wagidinthe dark box, the HPD
is illuminated by a LED (603 nm). For the photocathodel kV is applied. Changing the
bias voltage from 0 V to the maximum applicable voltage, thgot current is measured. The

3In addition, there is a contribution from a surface current
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output current with the leakage current subtracted is ptapwl to the avalanche gain. When
the voltage is less than 50 V, the current (with the leakageentisubtracted) doesn’t change.
This current is assumed to be the one with the avalanche §dimiod the avalanche gain with
higher voltages is calculated based on the output curremblaAche gain as a function of the
bias voltage is shown in the right panel of Fig. 9.5. There déff@rence in the avalanche gain
curve among different HPDs but the typical gairzis— 80 at 400V.

9.4 Pulse Shape

Taking into account that the time spread of the atmosphdrez€hkov light reaching the ground
is about 3 ns (for gamma-ray showers below 100 GeV) and tleae tis a constant NSB, the
needed pulse width of the HPD should be below 3 ns in order tonize the contamination of
the NSB photons to the triggers and the shower image.

9.4.1 Standard Readout

MEASURE

READOUT

Figure 9.6: Left: The pulse shape with the standard circiiite rise time, the fall time and the FWHM
are 0.9 ns, 1.5 ns, and 1.9 ns, respectively. Right: The rgtaciuit for the standard operation.

The pulse shape of the HPD and the standard readout cirewsharvn in Fig. 9.6. This HPD
is designed to provide a positive pulse polarity. The rigeetithe fall time and the FWHM of the
pulse is 0.9 ns, 1.5 ns, and 1.9 ns, respectively.

9.4.2 Inverted Polarity

By changing only the readout circuit, the polarity of thegmutan be inverted to the negative, as
shownin Fig. 9.4.2. In this readout circuit, the rise tinte fall time and the FWHM of the pulse
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Figure 9.7: Left: The pulse shape with the polarity inverteddout circuit. The rise time, the fall time
and the FWHM are 1.3 ns, 1.6 ns, and 2.4 ns, respectively. tRigte readout circuit for the polarity
inverted operation.

are 1.3 ns, 1.6 ns, and 2.4 ns, respectively. The degradatibese timing properties compared
to the positive readout result from the additional Z20@esistance. Since the pulse polarity of
the currently used PMTs is negative, a negative readout @dHéduld be of advantage. For

example, the same amplifier used for the current PMTs coulol la¢ used for the HPDs if a

negative readout circuit is used.
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9.5 Charge Resolution

9.5.1 Photoelectron Resolution

As described in [168], the gain fluctuation is mainly detered by the first stage of multipli-
cation, which is the bombardment gain in the case of this HR® the multiplication at the
first dynode in the case of PMTs. Since the first stage mutagbn of the HPD is quite large
(~ 1500) compared to the conventional PMTs (10), the charge resolution of the HPD should
be much better than that of the conventional PMTs. | meagiedharge resolution in the fol-
lowing way: an HPD is set up in a dark box and an LED pulser2(ns in pulse FWHM and
603 nm in wavelength) illuminates the HPD via an optical fiwéh an average intensity of 3
ph.e.. The output signal is integrated for 6 ns and recorgeathloscilloscope (LeCroy: LC684
DXL) making use of its FADC function. The trigger for the démscope is provided by the LED
pulser. The left panel of Fig. 9.8 shows the output charggildigion. The bombardment gain
and the avalanche gain was 1550 and 50, respectively. Géedisg@re visible up to 5 ph.e. The
peak at O ph.e. corresponds to the pedestal.
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Figure 9.8: Left: Output charge histogram for light pulseslucing~ 3 ph.e.s on average. Peaks for
up to 5 ph.e. are clearly visible. The peak at O ph.e. corradpdo the pedestal. Right: Schematical
explanation of the backscattering effect.

9.5.2 Backscattering of Electrons

All peaks except for the pedestal one in the left panel of &i§.have a tail going to lower values.
This can be explained by the backscattering effect. Wherteglerated ph.e. is impinging onto
the APD, it experiences multiple Coulomb scattering and @réain probability, it can escape
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Figure 9.9: Output charge simulation for 2.7 ph.e. levehtigulses with (left) and without (right) the
backscattering effect taken into account.

from the APD (see the left panel of Fig. 9.8). This phenomesaalled backscattering. Once a
backscattering occurs, only a part of the ph.e. energy iesitgul in the APD.
In order to examine this backscattering effect, | performednple simulation assuming that:

e The number of ph.e.s emitted from the photocathode folldvesRoisson statistic with a
mean value of 2.7.

e The backscattering probability is 30%.

e The deposited energy distribution of backscattered elstiollows0.23x (¢ 3¢*— == ¢°),
whereq is a fraction of the initial electron energy< ¢ < 1. On average, a backscattered
electron carries away 43% of the initial energy.

e The fluctuation in avalanche gain follows a Gaussian skegigtith an RMS of 0.06 ph.e..
e The readout noise follows Gaussian statistics with an RM&@6 ph.e..

The backscattering probability and the deposited energlyiblition of the back-scattered
electrons were chosen such that the simulation result depeothe measurement. Indeed, the
simulation well reproduce the measurement, as shown irethpadnel of Fig. 9.9.

There are detailed studies about the backscattering effestexample, according to [60],
for the ph.e. energy of0 — 25 keV, backscattering in silicon happens at a probability @¥2
and the scattered electron possesses 65% of the initiajyeoneraverage. The reason for the
discrepancy between these values (20% and 65%) and the aises ¥30% and 43%) could be
attribute to the electric field around APD produced by theitp@spotential conical electrode,
which may attracts low energy electrons. In order to dematesthe effect of the backscattering,
the simulation results with the same settings except fob#uikscattering probability being O is
shown in the right panel of the same figure.
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9.6 Dynamic Range

The dynamic range of the HPD had been measured by M. Hayaishidax-Planck-Institut fur
Physik (see [94]). As shown in Fig. 9.10, the output is prdpoal to the input from 1 ph.e. to
at least~ 5000 ph.e.. This dynamic range is more than enough for MAGIC.
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Figure 9.10: The measurement of the dynamic range. Figuopid from [94].

9.7 Afterpulsing

During operations of PMTs or HPDs, shortly after a signakpubnother delayed pulse could
be seen. This effect is called afterpulsing. Afterpulsiagyenerally explained by molecules
ionized by accelerated ph.e.s. Even if the vacuum inside & ®MHPD is very high, still some
molecules remain. They are mainly absorbed on the surfatteeadynodes and the anode but
some are present as residual gas. When a ph.e. hits a madexlienizes it, the electric field
accelerates the positive ion toward the photocathode. Wheeion hits the photocathode, many
electrons are knocked out from the photocathode, usualyltieg in a big and delayed output
pulse (see Fig. 9.11). The amplitude of an afterpulse carplie & 30 ph.e. As discussed in
Sect. 3.4.7, this makes the signal clipping inevitable en$tUM trigger system, which reduces
the collection area by 50%. at 30 GeV. In the case of HPD R9782Un addition to the ion-
feedback afterpulsing, two other types of afterpulsing@&# have been found, which will be
described in this section.

9.7.1 Afterpulsing Probability

| measured the afterpulsing probability of an HPD in thedaihg way: An HPD is set up in
a dark box and an LED pulser(2 ns in pulse FWHM and 603 nm in wavelength) illuminates
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Figure 9.11: Explanation of the ion-feedback for the aftdsing effect. Both the PMT case (left) and the
HPD (right) case are shown.

the HPD via an optical fiber as shown in Fig. 9.12. The outpgmali is recorded by a 2 G
Sample/s FADC (Acqiris cc103) for 500 ns. The trigger for BADC is provided by the LED
pulser. The afterpulses are searched for from 33 ns to 45fardt@e main pulse. Two different
LED light pulse intensities are used, namely3 ph.e. and~ 90 ph.e. levels. Because every
single impinging ph.e. can produce an afterpulse, themitsing probabilityP,» is computed
by using the following formula,

Nap

Pip=— "
A Nyp x Myp

(9.2)
whereNp, Nyp, and M, p are the number of afterpulses, the number of main pulsegdls
caused by the LED light pulse), and the mean number of pm¢hgimain pulses. The measured
afterpulsing probability as a function of the thresholdllés shown in Fig. 9.13. As a reference,
the afterpulsing probability of the currently used PMT iscashown.

The two measurements with different light intensitiesy ph.e. and~ 90 ph.e. level) agree
well. When the threshold level is larger than 1 ph.e., therpftlsing probability of the HPD
is ~ 3 x 10~°, which is~ 500 times lower than that of the currently used PMTs. Therefore,
the clipping in the SUM trigger system may not be necessarHfRDs, leading to 50% larger
collection area, even without taking into account the improent in photodetection efficiency.
However, a detailed MC study has not yet been done. If thesliold is set at 0.5 ph.e. level,
the afterpulsing probability of the HPD suddenly increasgs factor of~ 200. This cannot
be attributed to the misidentification of the pedestal bseahe charge of the pedestal and a
single ph.e. are clearly separated, as shown in Fig. 9.8.daHecount rate of the HPD on the
single ph.e. level is known to be less than 100 kHz and it caerplain the high probability
either. Although such a low charge afterpulsing should @aoise any problem in the telescope
system (0.1% increase in NSB rate), since HPDs have nevemseel in any IACTSs, the detector
properties should be understood in detail.
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Figure 9.12: Left: A photograph of the afterpulsing measueat setup inside the dark box. An optical
fiber that guides the LED light pulse can be seen on the ledt $tight: An example of the recorded pulse
traces in the FADC. Three main pulses can be seer8 (ph.e. level), where the second main pulse is
followed by a large afterpulsex( 10 ph.e. level)).
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Figure 9.13: The probability of the afterpulsing as a fupctiof the threshold level. Red open squares
and red filled circles denote the results for the HPD measwitd 3 ph.e. and 90 ph.e. level light pulses,
respectively. The blue circles denote the results for tleeatly used PMTS, provided by C.C. Hsu.
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9.7.2 Timing Properties of Afterpulses

In order to identify the cause of the high-probability segh.e. afterpulses and also in order to
understand other afterpulses better, | studied the timioggaty of the afterpulsing. The timing
property of the afterpulsing above 0.5 ph.e. (strongly dwatgd by the single ph.e. afterpulses)
and that above 1.5 ph.e. are studied separately becauseeiyitikely that they have different

origins.
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Figure 9.14: Left: Schematical view of the ion-feedbackictvicreate peaks in the distribution of the
time difference between the main pulse and the afterpulggt:RThe distribution of the time difference
between the main pulse and the afterpulse with the amplitarder than 1.5 ph.e. Several peaks can
be seen. They can be explained by the travel time of the ioddfefent masses from the APD to the

photocathode.

The arrival time distribution of afterpulses with an amyudie larger than 1.5 ph.e. is shown
in the right panel of Fig. 9.14. Several peaks can be seendat ~ 60, ~ 90, ~ 135, and~ 180
ns, some of them are not pronounced, though. They can bexpddlieed as molecules absorbed
on the surface of the APD which are ionized at a certain pritibaby impinging 8 keV ph.e.s
and accelerated toward the photocathode. The delay timetfie main pulse to the afterpulse
can be roughly estimated since the dimensions of the HPDlandpplied voltage are known.
Basically, the set-up resembles a simple time-of-flight srgsectrometer. Assuming that the
electric field is uniform with 8 kV of potential difference @that the distance of 2.8 cm between
the photocathode and the APD, the delay time can be estimaatedi5,/) /M, /Z ns, where
M, M,, andZ are the mass of the ion, the mass of proton, and the charge asril(in unit of
electron charge), respectively. Peaks seen &%, ~ 60, and~ 90 in the right panel of Fig. 9.14
may reflect feedbacks of ions witti//M,)/Z = 1, 2 and 4, where protons, hydrogen molecular
ions and helium ions are the likely candidates. The resptmgins for the peak at 135 ns, if
it is genuine, is not clear but\//M,)/Z should be~ 9. Unresolved complex between 150 and
200 ns are likely to originate from methane, nitrogen, oxyged hydroxide ions, for example.
There is also some contribution from gas ionization addinigpé continuum under the peaks.
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The very low ion-feedback rate compared to the PMTs is drigdtributed to the higher
vacuum. But the conical electrode would also play an importale. From the arrival time
distribution, it is clear that most of the ion-feedback awaf the surface of the APD. The conical
electrode (see the top right panel of Fig. 9.1) around the ABB positive electric potential.
Therefore, the only ions which initially possess a large rantam toward the photocathode
can reach the photocathode and the rest would land somewhmurad the APD. Therefore,
the conical electrode, whose primary purpose is focusiegthe.s, serves as an ion-feedback
suppression electrode

Arrival Time Distribution of Single ph.e. Afterpulses
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Figure 9.15: Left: Schematical view of the scintillationgbbn-feedback, which creates an exponential
decay in the distribution of the time difference betweemtha pulse and the afterpulse with an amplitude
of single ph.e.. Right: The distribution of the time diffeze between the main pulse and the afterpulse
with the amplitude larger than 0.5 ph.e. As can be seen fragn Bi.13, it is strongly dominated by
single ph.e. afterpulses. It shows two components of exfiahdecays. They could be explained by the
scintillation light caused by the backscattered ph.e.daghe HPD.

For investigating the arrival time distribution of the siagh.e. afterpulses, the recording
time window of the FADC has been increased from 500 ns t.2The result is shown in the
right panel of Fig. 9.15. The distribution can be fitted by $lien of two exponential functions

R(t) = Arexp(t/m1) + Az exp(t/ ) (9.3)

obtainingA; = 283 + 13, Ay = 59.5 + 34, 7y = 140 + 7 ns, andr, = 816 + 31 ns. Given the

fact that always single ph.e. afterpulses are created atdxponential decays in arrival time
are seen, one of the reasonable explanations would bellstiati light created inside the HPD.
The ph.e.s may undergo backscattering in the APD as dedamb8ect. 9.5.2. Such a ph.e.
may subsequently hit the ceramic wall of the HPD tube at ategrobability. The energy of

4The original idea of suppressing the ion-feedback by artrelde was presented by D. Ferenc [74]
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scattered electrons is high enough (some keV) to produadlktion light. In order to explain
the two time constants; and 7,, there may be two different components responsible for the
single ph.e. afterpulses.

9.7.3 Fast-and-huge afterpulses

As mentioned before, the afterpulsing probability was @lalied from the time range between
33 ns and 450 ns after the main pulse. As one can see from Hig, iPseems that most of the
afterpulses* 1.5 ph.e.) are well included in this range. However, during soneasurements,
unusual afterpulsing events were found in the oscilloschgglay. They appeared 3 ns after
the main pulse and their amplitude was huge. They appearotieat they are not counted in
the afterpulsing probability calculation.

| studied this “fast-and-huge” afterpulsing, using theilbsscope. By flashing the HPD with
the 3 x 20000 light pulses with intensities of 3 ph.e, 10 ph.e and 20 pheselk, the number
of fast-and-huge afterpulses were counted. The resultshenen in the left panel of Fig. 9.16.
As the light intensity increases, the number of fast-angehafterpulses linearly increases, which
means its rate is proportional to the original ph.e. ratefiipg a linear function, the probability
for a single ph.e. to produce a fast-and-huge afterpulsiegtimated to b&r + 1) x 10~°, which
is one order of magnitude higher than ion-feedback aftsipg!

There is another interesting feature. In most of the casesamplitude of the fast-and-
huge afterpulses is similar and &t 200 ph.e. level. The right panel of the Fig. 9.16 is the
photograph of the oscilloscope display showiitg of fast-and-huge afterpulsing. It was taken
in the following way: the HPD was put in a dark box and the teggf the oscilloscope was set at
100 ph.e. level. The thermal ph.e. emission from the phatocke (dark count) can make very
small signals, but not on the level of 100 ph.e.. However,Aih@ events were triggered within
20 minutes due to the fast-and-huge afterpulsing.1() kHz of a dark count ratex (~ 1200
second of operation) (~ 7 x 10~° of the fast-and-huge afterpulsing probability) would eipl
the 776 events. Most of the pulses have an amplitude 260 ph.e.

This fast-and-huge afterpulsing might be explained in tiWing way. Silicon can emit
characteristic X-rays at 1.74 keV (L shell to K shell) or 1k&V (M shell to K shell). The bom-
bardment of the 8 keV electron may trigger these emissidiisisl X-ray hits the photocathode,
all the energy of the X-ray will be transfered to a single glatin the GaAsP via a photoelectric
effect. Then, this energetic electron will cause (phoxebn emission from the photocathode.
In the case of Gallium, the attenuation coefficient of theke®8 X-ray (determined by photo-
electric effect) is~ 2 x 10* cm~' (see [219]), which corresponds to Q:fn in mean free path.
Since the thickness of the photocathodéyim, it is very likely that the photoelectric effect hap-
pens inside the photocathode. Then, the scattered eletuzes an emission of more ph.e.s. 1.8
keV electron lose 36 MeV in every 1 g/émof Gallium (see [217]), which corresponds+o2
keV per 0.1um. Nearly all the energy of the electron should be lost withi& photocathode.
Therefore, it is reasonable that this fast-and-huge aftsimg has an almost constant amplitude,
although the ph.e. production efficiency 1.8 keV / 200 ph.&. eV/ ph.e. should still find an
explaination. The reason why this afterpulsing is muchefasitan the ion-feedback one is that,
unlike the ions, the X-ray can reach the photocathode withiims The~ 3 ns delay could be
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explained by the travel time of the ph.e.s. from the photowde to the APD.
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Figure 9.16: Left: The number of fast-and-huge afterpulseis20000 main pulses as a function of the
light pulse intensity. Right: A photograph of the displaytie# oscilloscope showingi6 fast-and-huge
afterpulses. The oscilloscope was operated at a selfariggode with the threshold level of 100 ph.e..
Most of the pulses have an amplitude~o200 ph.e..
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Figure 9.17: A possible interpretation of the fast-and-awgterpulses. The ph.e. bombardment causes a
characteristic X-ray emission from silicor-(1.8 keV). The X-ray hit the photocathode and all the energy
is transferred to an electron via a photoelectric effect.aNe all the energy of the electron should be
deposited within thém thick photocathode, producing a roughly constant numbke2({0) of ph.e.s.
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9.8 Lifetime

A GaAsP photocathode is known to have a very high quantumesifig, as shown in Sect. 9.2.1.
At the same time, it is also known to have a very short lifetiffige reason for the short lifetime
is as follows: In order to reduce the work function of a phatbode, in general, cesium is evap-
orated to the photocathode. However, this cesium (CsOj) ljached to a GaAsP photocathode
is more fragile than that attached to, for example, a bialkabtocathode. Therefore, the ion
feedback breaks the cesium layer on a GaAsP photocathodeeaasily, leading to a relatively
short life time. On the other hand, as mentioned in Sect29tlis HPD has an extremely low
ion feedback rate. Therefore, one can expect a sufficienly lifetime. Hamamatsu Photonics
measured the lifetime of four HPDs and | measured that okthtEDs in the following way:
The three HPDs, a white LED, and a PIN diode are set up in a daxdee Fig. 9.18). The
LED illuminates the HPDs with an intensity corresponding-td0 times brighter than the NSB
intensity in LaPalma. The current from the PIN photodiode wantinuously monitored to en-
sure the stability of the LED intensity. The relative outputrents form the three HPDs were
monitored for~ 20 days to see the degradation of the photocathode QE.

Dark Box

44\@_
Y]
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Figure 9.18: Left: A photograph of the experimental setfiogthe aging measurement. Right: Schemati-
cal view of the setup inside the dark box. HPDs, a PIN photbeliand a white LED are pointing upward.
The inner side of the lid of the box is painted white and thitligpm the LED are scattered, uniformly
illuminating the HPDs. Output current of the HPDs and the L&® measured outside the box.

The results are shown in the left panel of Fig. 9.19. The lootial axis is the operation
time normalized to the true NSB rate and the vertical axihésrelative output current with
respect to the initial current. In one year (one cycle), th&QVC telescope is operational for
approximately 1000 hours in dark time. The figure shows th® ld&n hold more than 80% of
the initial QE for 10 years, which should be long enough. Tigktipanel of Fig. 9.19 shows the
QE degradation map over the photocathode after aging testsured in Hamamatsu Photonics.
The ratio between the initial value and the value after 68¢gat#ation in average QE is shown.
The closer to the center, the larger the degradation. Thiglisar evidence that QE degradation
is caused by ion-feedback. As discussed in Sect. 9.7.2 odine tthe conical electrode (see top
right panel of Fig. 9.1), the ions which could reach the phatbode must have passed the center
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of the conical electrode. Such ions should hit the photazilaround the center.
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Figure 9.19: Left: Relative output currents with respecttte initial value as a function of the operation
time. The operation time is scaled to the nominal NSB intgndissuming there is 1000 hours of obser-
vation in one year, the QE holds 80% of the initial value forrenthan 10 years. Right: The degradation
of the QE over the photocathode measured by Hamamatsu Rtmtohhe ratio to the initial value is
indicated as colors. The closer to the center, the largerdbgradation. Figure provided by Hamamatsu
Photonics.
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9.9 Temperature Compensation

The avalanche gain has a strong temperature dependenceasurad the dependence of the
avalanche gain in the following way. The HPD is set up in a terajure regulation box (Heraus
Votsch: VMT 04/30, see the left panel of Fig. 9.20). The LEOIger (603nm) illuminates
the HPD via an optical fiber with a dim light( 2 ph.e. level) and an output charge histogram
(similar to the left panel of Fig. 9.8) is produced. The pebhkrge of the single ph.e. is used
to estimate the change in avalanche gain. The bias voltatieePD is set such that the gain
at 25C is 30. In order to make sure that the temperature in the chamsbwell stabilized
and there is no hysteresis, the measurement is done tvacagtifirst the temperature is raised
from ~ 20°C to ~ 40°C and then lowered back te 20°C. The result is shown in the right
panel of Fig. 9.21 as a blue line. The temperature coeffi@éhe gain change amounts to
~ —2%/°C. During the operation of the MAGIC, the temperature of thenera might change
easily by~ 5°C and hence, this strong temperature dependence of theggaot acceptable
for being used in the MAGIC camera. | developed a temperatomgpensation circuit based on
three resistors, a DC/DC converter (Systems Developmentlé&tisns, APD 5P501201) and a
thermistor (Ishizuka Electronic Corporation, 103AT22as shown in the right panel of Fig. 9.20.
The DC/DC converter requires the operation voltage of 5 V amdntrol voltage from 0 V to
2.5V. The output is 200 times larger than the control voltaggditionally it provides a reference
voltage of 2.5V, which is a part of the compensation circad ahown in the right upper corner
of the right panel of Fig. 9.20. The resistance of the thetonis expressed as

1 1
27315+ T  273.15 + 25

10 exp(3435 ( )) kQ (9.4)
which is shown also in the left panel of Fig. 9.21. As the terapee increases, the resistance
of the thermistor decreases, which leads to the higher lmkiage. Thus, the reduction of the
avalanche gain is compensated by the higher bias voltagth ttWs compensation circuit, the
temperature dependence of the avalanche gain is measuhedsame way as without the circuit.
The results are shown in the right panel of Fig. 9.21 as a red The temperature dependence
of the avalanche gain was reduced to the level @f.3%/°C from 25 to 35, which is the same
level as that of the PMT gaih. The numerical calculation of the avalanche gain is showa as
green line in the same figure, which agrees well with the nreasent. It should be noted that |
tuned the system for a mean temperature 6f 8ich shall be the nominal temperature inside
the MAGIC camera, but that it is easy to shift the optimal temagure range by changing the
resistors of the circuit.

5The idea of using a thermistor was given by M. Hayashida.
5Typically, the temperature dependence of the PMT gain §52%/°C
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Figure 9.20: Left: A photograph of the experimental setupth® temperature compensation of the
APD gain. Inside the copper box, readout circuit and an afigsliare set up. On top of the copper box,
the compensation circuit is seen. Right: A schematic of ¢éhgerature compensation circuit. As the
temperature increases, the resistance of the thermistoredses, leading to the higher bias voltage. In
this way, the reduction of the avalanche gain by increasemifperature is compensated.
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Figure 9.21: Left: The resistance of the thermistor (Isk&tElectronic Corporation, 103AT-2) as a
function of temperature. It is 10kat 25 C and has anti-correlation with temperature expressed as Eq
9.4. Right: The avalanche gain as a function of temperatdiee blue and the red line show the gain
without and with the compensation circuit, respectivelge Temperature dependence is suppressed from
—2%/°C t0 0.3%/°C between 25 degree and 35 degree. The green line is the raaheaiculation for

the temperature compensation. It agrees very well with teasurement.



9.10 Safety Circuit 251

9.10 Safety Circuit

9.10.1 Limitation of the Photocathode Current
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Figure 9.22: Left: The schematics of the voltage distribatacross the electrodes inside the HPD. The
50 (X2 resister for the photocathde protection is indicated byrggkdotted box. Middle: The (inverted)
electrical potential distribution at the center of the HPDbe as a function of the distance from the
photocathode, under nominal light condition. There is a pyproduced by the second ring. Right: The
same as the middle panel but under the strong light conditibphotocathode currently is large, due to
the 50 @ resistance indicated in the left panel, the photocathoderm@! drops signicantly. If the drop
amounts to 19% of the initial value, no ph.e. can overcomdtimp and hence, photocathode current is
saturated at the value that causes 19% of the potential drop.

During operation, an unwanted strong light such as car fladrstar light might shine onto
the photodetectors of the MAGIC camera, which shorten fietirtie of the photocathodes sig-
nificantly. In order to avoid this problem, a 50 X3esister is inserted in the connection of the
HV supply and the photocathode after the voltage divideirchaross the HPD, as shown in
the left panel of Fig. 9.22. It works as follows: The elecpmtential at the center of the tube
as a function of the distance from the photocathde is scheatigtshown in the middle panel
of Fig. 9.22. Due to the potential of the rings, there is a hanhthe second ring. If a large
photocathode current is generated by intense illuminatlm 50 G2 resister cause a potential
drop at the photocathode. When the potential of the phdtodatdrops by more than 19%, none
of the ph.e. can overcome the hump. Therefore, the photeatirrent is satulated at the value
that causes 19% of the potential drop.

In the case when-8 kV is applied to the photocathode, the 19% corresponds t&k\,.5
for which 30 nA is needed. In the dark night, the NSB ph.e. vedelld be 500 MHz, which
corresponds to 0.08 nA. However strong the intensity oflamiinating light is, the photocathode
current is less than 400 times the one caused by NSB. In thisthvafast degradation of the QE
by a very strong light can be prevented.
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9.10.2 Limitation of the APD Current

The 50 G2 protection resister is meant for the strong constant li§bor. a fast and very strong
pulsed light (less than 100 ms in duration), it does not wofke reason is as follows: The
capacitance of the photocathode with respect to the grouatérial is estimated to be 1 pF.
When -8 kV is applied, a charge of 8 nC is stored on the photocathofla.strong and fast
pulsed light illuminates the photocathode, these chargkdevemitted from the photocathode
and accelerated toward the APD. Until 1.5 nC leave the platihacie (potential drops by 1.5 V),
the current flows.

When the bombardment gain is 1500 and the avalance gainis #al ~ 10 ;C of charge
goes through the APD. If the light pulse is as short as 0.1as&rond, the current amounts to
100 A, which may cause a damage on the APD. To protect the ABR fuch an event, the
feeding capacitance shown in the left side of Fig. 9.23 hkdively small capacitance (220
pF). For short time scales, the current flowing throuth thé®A® provided by this capacitance
but only 88 nC (220 pFx 400 V = 88 nC) is available. Thus, the current is limited bysthi
capacitance.

READOUT

Figure 9.23: The small feeding capacitor for limiting the BReurrent. With 220 pF of the capacitance,
only 220 pFx ~ 400V = ~ 88 nC is charged to the capacitor. This can limit the APD currkatvever
strong a light pulse illuminate the photocathode.

9.11 Installation to MAGIC

After studying the basic properties of the HPD describetiéydrevious sections, | requested the
engineers in the Max-Planck-Institut fur Physik (O. RemmaD. Fink, et al) to produce some
HPD clusters which consist of 7 HPDs and can be exchangelddd®MT clusters currently used
in the MAGIC camera.

The cluster design is shown in the bottom left panel of Fi@49.Right behind the HPDs,
there is a print circuit board (PCB) with amplifiers, tempera sensors, the APD bias voltage
supplies, and test pulse injection circuits. The coppey ohthe HPD has thermal contact with
an aluminum plate whose temperature is regulated by thengpsystem. The plate serves as
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a shield for the amplifier, too. Behind the aluminum plateréhare 7 PCBs which carry an
amplifier bias voltage supply, a VCSEL and a DC/DC convewettie APD bias voltage. The
DC/DC converter for the photocathode HV is placed insidelamaum box at the bottom of
the cluster.

Currently, a prototype with 6 HPDs (the central pixel is rmg$ is installed to the edge of
the MAGIC-II camera (see the top left panel of Fig. 9.24. Thaded check of the performance
will be carried out in the following months.

Amplifier bias, VCSEL,
APD converter PCB (7x)

T Aluminum plate
(Amplifier shielding + HPD temp stabilization)

Figure 9.24: Top left: The completion drawing of the HPD ¢&usFigure provided by D. Fink. Top right:
Current status of the installation of a prototype clustetta edge of the MAGIC-II camera. The central
pixel is still missing. Three HPDs are not equipped with astén Cone in order to study the possible
spark effect between the PMT and the HPD photocathode. &igiavided by D. Fink. Bottom: Essential
components of the HPD cluster. Figure provided by D. Fink.
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The next goal of the HPD camera development would be thelliatsten of 61 clusters (427
pixels) in the central region of the MAGIC-II camera (see.F8325). Considering the price (
~ 10 times more expensive than PMTSs), filling up whole camera withHPDs may only be
realized after the gain in sensitivity from the central cegihas been proven.

Figure 9.25: The future plan of the HPD installation in placEPMTs in the MAGIC Il camera. Brown
colored area are currently occupied with the PMTs. The blaekagons indicate the planned area for the
61 HPD clusters. Figure provided by M. Teshima.

9.12 Concluding Remarks

| participated in the development of a new photosensor HPIPORY-40 together with Hama-
matsu Photonics and colleagues in Max-Planck-InstituPfiysik, aiming for better observations
of pulsars and other sources below 100 GeV with MAGIC. Itslggantum efficiency of about
50% between 450 and 550 nm and its high photoelectron cilieefficiency provides more
than twice as many photon detections as the currently usetsPWhe width of the output pulse
in the case of a delta light flash4s 2 ns in FWHM, which is favorable for the IACT technique.
The polarity of the pulse can be both positive and negatiyedéding on the readout circuit. It
also has an excellent charge resolution, which enablestimeup to 5 ph.e.s, even though the
backscattering effect worsens the resolution. The raterefeedback of the HPD which causes
afterpulsing is 500 times less than that of the currentlyduBBITs, although it has two other
different types of afterpulsing, which are possibly expéal by scintillation light and the char-
acteristic X-ray inside the HPD. The lifetime of the HPD is¢penough to be used in MAGIC
for 10 years. The temperature dependence of the avalanaheagabe successfully suppressed
by a simple compensation circuit. The protection of the HgBimst the strong light is done by
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a 50 @ resistance connected to the photocathode and a small feedpacitance at the APD
cathode. The mechanical and electronic design for the fiosbfype of the 7-HPD cluster have
been done by the engineers in Max-Planck-Institut fur Bhgsd one cluster has already been
installed in the MAGIC-II camera. The performance studydsg to be done in the near future.
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Chapter 10

Conclusions and Outlook

10.1 Conclusions

Before 2007, the energy spectrum of the Crab pulsar had beasured only up te- 5 GeV by
the satellite-borne detector, EGRET, while IACTs had setdipper limits only above 100 GeV.
There existed no sufficient measurement at around the €enefgy, i.e, at energies between a
few GeV and a few tens of GeV, while the spectral shape at arthancut-off energy is essential
to constraining the emission region of the pulsation,

The MAGIC telescope with the newly implemented SUM triggeccessfully detected emis-
sion from the Crab pulsar above 25 GeV during the obsenatimtween October 2007 and
February 2008 thanks to the collective efforts of my collezgy T. Schweizer, M. Lopez, A. N.
Otte, M. Rissi and M. Shayduk. However, an in-depth analgsis detailed discussion in com-
parison with the adjacent energy range had not yet beenrpestb Also, a new satellite-borne
detectorermi-LAT, became operational in August 2008 and the observatidata were made
public in August 2009.

In this thesis, the Crab pulsar has been studied in detdiepteviously (almost) unstudied
energy gap between 5 GeV and 100 GeV. For the analysis, | heethta from both the upgraded
MAGIC telescope and the publiermiLAT data. The main results are summarized as follows:

e MAGIC observations between October 2007 and January 2G8tee in the detection
of the Crab pulsar above 25 GeV with a statistical signifieaoic4.30, 7.40 and 7.50
for the first peak (P1), the second peak (P2), and the sum dinthgeaks (P1 + P2),
respectively.

e The energy spectrum of the Crab pulsar is consistent with a peer law with an index
of ~ —3.5 4+ 0.5 between 25 GeV and 100 GeV for P1, P2 and P1 + P2. At 30 GeV, the
flux of P2 is twice as high as that of P1.

e A variation of the flux and the light curve of the Crab pulsaraopearly time scale were
not found in the MAGIC data.
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One year ofFermi-LAT data showed a clear detection (100 o) of the Crab pulsar from
100 MeV to~ 30 GeV. Between 100 MeV and 30 GeV, the energy spectrum is consis-
tent with a power law with an exponential cut-off, for totallge (TP), P1, P2 and P1 + P2.
The cut-off energies are estimated tothe+ 0.5 GeV,3.7 + 0.3 GeV,5.9 + 0.7 GeV and
4.5+ 0.3 GeV for TP, P1, P2 and P1 + P2, respectively. Due to the smidttr area of
~ 1 m?, the statistical uncertainty of the spectrum abeve) GeV is rather large and it is
not possible to detect any pulsed signal above 30 GeV.

From the Fermi-LAT observations, the superexponential cut-off assumptin (I'; = 2.0
in Eq. 6.5) is ruled out by 4.80, 5.0, 4.3 and 7.7 for TP, P1, P2 and P1 + P2,
respectively.

The combination of the results from MAGIC and FermiLAT revealed that the ex-
ponential cut-off spectra determined byFermi-LAT are inconsistent with MAGIC re-
sults above 25 GeV by> 2.10, > 4.30 and > 5.30 for P1, P2 and P1 + P2, respectively,
even if the possible absolute energy scale difference betethe two experiments is
carefully taken into account (up to 30%).

The flux ratio of P2 to P1 and that of Bridge to P1 increase tgpiith energy between
100 MeV and 100 GeV. This behavior is similar to that in thergpeange below 1 MeV
but contrary to that in the energy range between 1 MeV to 10U.Me

Both edges of the two peaks show a clear exponential behavidn addition, the outer
edges, i.e., the rising edge of P1 and the falling edge of P2doene sharper as the
energy increases, while the inner edges, i.e. the falling @d of P1 and the rising edge
of P2 have no energy dependence.The rise time of P14"!) and the fall time of P2
(r/.11) can be expressed as

7Pl (B) = (2.0240.08) x 1072 — (9.4 £ 1.3) x 10 *log,,(E[GeV])

rise

Tﬁ%l(E) = (2.4240.16) x 1072 — (9.6 + 3.1) x 10 *log;o(E[GeV])

The phase of the first peak has a slight but significant energyaependence. This shift
can be expressed as

Peak1(F) = (—3.8 £ 0.6) x 107 + (2.1 £+ 0.9) x 10 %log;,(E[GeV]). As the energy
increases, the peak position shifts to a later time in thea legirve. For the second peak,
because of the broader width, the peak phase is determirtleéwiorse precision, and no
significant energy dependence has been found.

In the Fermi-LAT data above 10 GeV, a hint of the third peak is seen at pha8&’5 with

a significance of 3.5. However, in the MAGIC data, only a 147excess has been found
and the flux upper limit based on the MAGIC data is in margiraitcadiction with the
FermiLAT results.

Aiming for better observations of pulsars and other soubetsw 100 GeV with MAGIC,
| participated in the development of a new photodetecta, Hlamamatsu hybrid pho-
todetector HPD R9792U-40. Compared to the currently used$?Ms photodetection
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efficiency is twice higher and its ion-feedback rate is 50@es lower. Its charge resolu-
tion is excellent, too. The lifetime of the photocathode \wesven to be long enough to
allow a ten year observation time without significant degtamh. A compensation circuit

for the correction of the temperature dependence of theagairsafety circuits against the
strong light were also successfully developed.

Based on these results, the following physics conclusians been drawn:

The extension of the pulsed gamma-ray emission up to 100 Ge¥reed by MAGIC sets
a lower limit in height of the emission region at 7.8 timestleaitron star radius. This rules
out the inner magnetosphere emission scenario, i.e. ttze ap model, for the pulsation
mechanism. Strong rejection of the super-exponentiabffudssumption byFermiLAT
also favors the outer magnetosphere emission scenariothieeSlot Gap model or the
Outer Gap model.

The rejection of the exponential cut-off assumption by tbmbined analysis offermk
LAT results and MAGIC results requires modifications of tii@nslard outer magneto-
sphere model. If the magnetic field has an ideal dipole siracthere must be a place
where the acceleration electric field is more than 10 timegelathan that of the standard
model & 3.3 x 107 [V/cm]). A distorted dipole structure of the magnetic fiefdanother
possible explanation.

It is unlikely that the contribution of the inverse Comptaraiering is the reason for the
discrepancy between the standard outer magnetospherd ematéne observed results,
considering the energy of accelerated electrons and thmissible target photons.

The radiation efficiency above 100 MeV is estimated tqbg6 + 0.04) x 103 from the
Fermi-LAT measurement while that above 30 GeV is estimated t@Bbe+ 1.1) x 10°°
from the MAGIC measurement. The discrepancy in the radiagioergy above 30 GeV
between the standard outer magnetosphere model and the /d@&asurement amounts
to 0.6% of the radiation energy above 100 MeV.

The exponential behavior of the pulse edges can be explaynadsuming that the emis-
sion angle with respect to the magnetic field line has an eapiad distribution. Under this
assumption, the energy dependence of the exponential deocayant, can be expressed
asf. = (7.9 +0.6) — (3.4 £ 1.2) log,,(F[GeV]) [deg], E < 100 GeV.

The simplest explanation for the energy dependence of thle please is that the emission
region shifts inward toward the neutron star. The energyeddent difference in path
length ZL( ) with respect to the radio emission region can be written as

L(FE) = (40 = 6) — (20 £ 9)log,,(E/GeV) [km], E < 100 GeV.
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10.2 Future Prospect: Observations of Other Gamma-ray Pul-
sars

The power-law-like extension of the gamma-ray energy spetbf the Crab pulsar beyond the
cut-off energy is a new discovery and currently there is nocoete theoretical explanation for
it, except the discussions presented in this thesis. Itavbalnecessary to check if this feature
is unique for the Crab pulsar or common for all/some of theofulsars. AlthougkermiLAT
detected 46 gamma-ray pulsars, it is not possible to stuglgplectral behavior well beyond the
cut-off energy withFermi-LAT data due to the limited effective area of the detectoAGAC is
currently the only detector that can study pulsars at easngell beyond the cut-off energy. The
next target of observation for MAGIC could be the Gemingapulwhich is the second brightest
above 1 GeV (next to the Crab pulsar) among the pulsars inkheegion which MAGIC can
observe. Above 10 GeV, its flux is comparable to that of théo@uasar, according to thieermi
LAT observations.

10.3 Future Prospect: Improvement of the Telescope Perfor-
mance

The Crab pulsar is the only pulsar that has up to now beenteetéy an IACT. Other pulsars
have never been detected from ground despite tremendautsetEven for the Crab pulsar, the
energy spectrum could be determined only with the modetatestical significance after 59.1
hours of observations, which is relatively long for IACT ebgations. The measured energy
spectrum of the Crab pulsar is consistent with a power laweal2d GeV. However, if the sta-
tistical uncertainty of the measurements is smaller an@tigegy resolution is better, a possible
curvature of the spectrum might become visible, which suhelps to understand the reason for
the spectral extension after the cut-off.

In order to detect more pulsars and determine the energyrapewith higher precision, one
needs to meet the following requirements:

e A lower energy threshold.

A larger effective area below 100 GeV

A better (hadron+muon)/gamma separation below 100 GeV

A better angular resolution below 100 GeV

A better energy resolution below 100 GeV

For meeting these requirements, several improvementd imégexplored, as described in the
following subsections.
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10.3.1 Installation of the HPD R9792U-40

The replacement of the PMTs in the camera with the HPDs desitmn Chapter 9 would improve

the telescope performance. The HPDs will double the numbdetected Cherenkov photons
from air showers. One can record shower images with higtesigion, which will lead to a better

(hadron+muon)/gamma separation, a better angular rezolahd a better energy resolution.
The energy threshold will also be lowered. The effectivaaieould also increase largely, not
only thanks to the higher photodetection efficiency but dlse to the lower ion-feedback rate,
allowing a more efficient trigger. However, the effect of fast-and-huge afterpulsing, which
may be attributed to the generation of characteristic Xsliagide the HPD, should be carefully
studied.

10.3.2 Stereoscopic Observation with the MAGIC StereoscaopSystem
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Figure 10.1: Left: A photograph of the two MAGIC telescopéspied from [214]. Right: Concept for the
stereo observations. Using two images recorded by the til@sdepes, the arrival direction, the shower
maximum height and the impact point of an air shower can bensitucted with a much higher precision
than with a single telescope.

In October 2009, MAGIC started stereoscopic observatiatistwo telescopes. As schemat-
ically explained in the right panel of Fig. 10.1, if an air ghey image is recorded by the two
telescopes, the arrival direction can be reconstructaeridtan by a single telescope. In addi-
tion, the impact point of the shower and the shower maximuightean be determined with
higher precision. This leads to a better energy resolufidre information of the shower max-
imum height has another advantage. A muon image may lookalik®v energy gamma-ray
image if the impact distances from both telescopes are (arg® m). However, the majority of
muons can be identified by the reconstructed shower maxinaight(a muon does not produce
a shower but can create a shower-like image). In the case ohnmages, the height should
be reconstructed to be 5 km, which is unusually low for low energy gamma-rays (see Fig
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10.2). Also, Hadron/gamma-ray separation will improve @iydue to the double amount of
information from the two telescopes.
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Figure 10.2: The shower maximum height distributions faseled data (black histograms) and gamma-
ray MC (red histograms)SIZE < 100 (left), 100 < SIZE < 500 (middle) andSIZE > 500 (right)
are shown. AS/ZFE > 500, two distributions are not clearly separated. Ki0 < SIZFE < 500, two
peaks can be seen for the observed data. The first pealba&m can be explained by the the contribution
from large-impact-distance muons (see text for detailguagation). AtSIZFE < 100, only one peak
can be seen at 6 km for the observed data, suggesting that most of the evenlarge-impact-distance
muons. Consequently, the distribution of the observed idatkearly separated from that of the gamma-
ray MC. Therefore, the shower maximum height, which caniggcbe estimated only with the stereo
observations, is a powerful parameter for the gamma-ragvba separation for very low energies.

However, the requirement for a coinciding signal from the telescopes reduces the effec-
tive area especially for low energies. Below 50 GeV, the céida can be as large as a factor of
~ 5. The energy threshold also increases. The trigger condit®. whether or not the coinci-
dence condition is fulfilled, must be carefully studied takinto account the advantage and the
disadvantage of stereoscopic observation.

10.3.3 Pulsar Observation with CTA

A new project in VHE gamma-ray astronomy named Cherenkoesbelpe Array (CTA) was

recently proposed and a large international collaboratvas formed (see [208]). The basic

concept of CTA is an array of a large number of IACTs spread asgjuare kilometer area.
The telescope configuration would be as follows;

e The array consists of 3 different sizes of telescopes large size one20 — 30 middle
size ones, and) — 30 small size ones.

e The large size telescopes have a reflector diametersf m with a FoV of 5 degree.

e The middle size telescopes have a reflector diameter of m with a FoV of 8 degree.
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Figure 10.3: Left:An illustration of the CTA project. Figuadopted from [208]. Right: Sensitivity curves
for currently operational experiments (GLAST(Fermi-LAWIAGIC, HESS, VERITAS and Milagro) and
expected sensitivity curves for future experiments (HAVWC@ETA).Figure adopted from [210].

e The small size telescopes have a reflector diameter @f m with a FoV of 10 degree.
e The distance between telescopes is around the order of 100 m.

e Two arrays will be constructed, a larger one in the southemisphere and a smaller one
comprising only 23 m and 12 m telescopes in the northern hmare.

The parameters described above such as the numbers obpssthe diameters of reflectors
and the angle of FoVs are not yet fixed. The primary purposeefITA project is the obser-
vation of VHE gamma-ray sources in the energy range betw®0nGeV and 10 TeV with a
sensitivity5 — 10 times higher than that of current IACTs. The accessibleggnemge will also
be extended down tt) — 20 GeV and up to 100 TeV.

For pulsar observations, a sensitivity below 100 GeV ismsale Below 100 GeV, the sensi-
tivity is mainly determined by the large size telescopespsareflector area will be 1.7 times
larger than that of MAGIC. If the SUM trigger system is used’ifA, and if a coincidence be-
tween multiple telescopes is not required for a triggem tthe energy threshold of the CTA may
be roughly estimated to be 15 GeV by scaling with the reflector diameter. Since there well b
3 - 5 telescopes, the effective area would increase comelapgly. The coincidence requirement
might increase the threshold energy, but the reductionegétfective area may not be as much
as in the case of the MAGIC-stereo system. The gain in seitgibelow 100 GeV should be
intensely studied before all the designs are fixed and thstaartion of telescopes starts.



264 10. Conclusions and Outlook




Bibliography

(1]

(2]

(3]

(4]

(5]

(6]

[7]
(8]

9]

(10]
(11]
(12]

(13]

(14]

(15]

(16]

Abbasi, R. U., et al., "Measurement of the Flux of UltrghiEnergy Cosmic Rays from Monocular Obser-
vations by the High Resolution Fly’s Eye Experiment”, PlogsiReview Letters, 92 p151101, 2004

Abdo, A. A, et al., “Measurement of the Cosmic Ray + e~ Spectrum from 20 GeV to 1 TeV with the
Fermi Large Area Telescope”, Physical Review Letters, p281101, 2009

Abdo, A. A,, et al., “Fermi Large Area Telescope Measuesnts of the Diffuse Gamma-Ray Emission at
Intermediate Galactic Latitudes”, Physical Review Lettdi03, p251101, 2009

Abdo, A. A, et al., “Fermi Large Area Telescope Obseiwmas of the Crab Pulsar and Nebula”, ApJ, 708,
pl254, 2009

Abdo, A. A. for the Fermi LAT collaboration, "The First @i Large Area Telescope Catalog of Gamma-ray
Pulsars”, arXiv:astro-ph/0910.1608, 2009

Abdo, A. A, et al., "The Vela Pulsar: Results from thedgiivear of Fermi LAT Observations”, ApJ, 713,
pl54, 2010

Acero, F., et al., "Detection of Gamma Rays from a Stasb@alaxy”, Science, 326, p1080, 2009

Aharonian, F., et al., "Phase-resolved TeV gamma-rayratteristics of the Crab and Geminga pulsars”,
A&A, 346, p913, 1999

Aharonian, F., et al., "The Crab Nebula and Pulsar betw®@0 GeV and 80 TeV: Observations with the
HEGRA Stereoscopic Air Cerenkov Telescopes”, ApJ, 6147p2004

Aharonian, F. A, “Very High Energy Cosmic Gamma Raitiat, World Sicentifc Publishing, 2004
Aharonian, F., et al., “Observations of the Crab nebuta HESS”, A&A, 457, p899, 2006

Aharonian, F., et al., "3.9 day orbital modulation irethieVy-ray flux and spectrum from the X-ray binary
LS 5039”, A&A, 460, p743, 2006

Aharonian, F., et al., "Primary particle accelerataiyove 100 TeV in the shell-type supernova remnant RX
J1713.7-3946 with deep HESS observations”, A&A, 464, p28®,7

Aharonian, F., et al., "New constraints on the mid-IRLEBom the HESS discovery of VHE-rays from
1ES 0229+200", A&A, 475, pL9, 2007

Albats, P., Frye, G. M. and Zych, A. D., "Detection of 100 MeV y-Rays from the Crab Nebula Pulsar
NP 0532”, Nature, 240, p221, 1972

Albert, J., et al., "Variable Very-High-Energy GamnRay Emission from the Microquasar LS | +61 303",
Science, 312, p1771, 2006



266

BIBLIOGRAPHY

(17]

(18]

(19]

(20]

(21]

[22]

(23]

(24]

(25]

(26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

Albert, J., et al., "Observation of Gamma Rays from theddgtic Center with the MAGIC Telescope”, ApJ
Letters, 638, pL101, 2006

Albert, J., et al., "Variable Very High Energy-Ray Emission from Markarian 501", ApJ, 669, p862, 2007

Albert, J., et al., "FADC signal reconstruction for theAGIC telescope”, Nuclear Instruments and Methods
in Physics Research A, 594, p407, 2008

Albert, J., et al., “WVHE gamma-Ray Observation of th@lCNebula and its Pulsar with the MAGIC Tele-
scope”, ApJ, 674, p1037, 2008

Aleksit, J., et al., "MAGIC Gamma-ray Telescope Ohbseion of the Perseus Cluster of Galaxies: Implica-
tions for Cosmic Rays, Dark Matter, and NGC 1275”, ApJ, 7684 2010

Aliu, E., et al., "Observation of PulsegRays Above 25 GeV from the Crab Pulsar with MAGIC”, Science,
322, p1221, 2008

Aliu E., et al., “Improving the performance of the siegilish Cherenkov telescope MAGIC through the use
of signal timing”, Astropart. Phys., 30, p293, 2009

Amelino-Camelia, G., Ellis, J., Mavromatos, N. E., addnopoulos, D. V., "Distance Measurement and
Wave Dispersion in a Liouville-String Approach to Quanturmma@ty”, International Journal of Modern
Physics A, 12, p607, 1997,

Amenomori, M., et al., “Multi-TeV Gamma-Ray Obsenatifrom the Crab Nebula Using the Tibet-III Air
Shower Array Finely Tuned by the Cosmic Ray Moon’s ShadowdJ 24692, p61, 2009

Amsler, C., et al., Particle Data Group, "Review of Raet Physics”, Physics Letters B, 667, p1, 2008

Anchordoqui, L. A., Goldberg, H., Hooper, D., MarfatiB. and Taylor, T. R., "Neutralino dark matter
annihilation to monoenergetic gamma rays as a signal of lassnsuperstrings”, Physics Letters B, 683,
p321, 2010

Arons, J. and Scharlemann, E. T., “Pair Formation AbBuksar Polar Caps: Structure of The Low Altitude
Acceleration Zone”, ApJ, 231, p854, 1979

Arons, J., “Some Problems of Pulsar Physics”, SpaceRgsi., 24, p437, 1979

Arons, J., “Pair Creation Above Pulsar Polar Caps: Gefital Structure And Energetics of Slot Gaps”,
ApJ, 266, p215, 1983

Atwood, W.B., et al., “The Large Area Telescope on thenligGamma-ray Space Telescope Mission”, ApJ,
697, p1071, 2009

Auger, P., Ehrenfest, P., Maze, R., Daudin, J. and frBo A., "Extensive Cosmic-Ray Showers”,Reviews
of Modern Physics, 11, p288, 1939

Baring, M. G., "ldentifying the Mysterious EGRET Soes: Signatures of Polar Cap Pulsar Models”,
arXiv:astro-ph/0106161, 2001

Baring, M. G., "High-energy emission from pulsars: thaar cap scenario”, Advances in Space Research,
33, p552, 2004,

Baym, G. C., Pethick, D. and Sutherland, P., “The grostiate of matter at high densities: Equation of state
and stellar models”, ApJ, 170, p299, 1971



BIBLIOGRAPHY 267

(36]

(37]

(38]

(39]

[40]

[41]

[42]

(43]

[44]

[45]

[46]

[47]

(48]
[49]

[50]

[51]

[52]

(53]

[54]

Bean, S.J. and Tsokos, C.P., “ Developments in NonpetgerDensity Estimation”, Internatinal Statistical
Review, 48, p267, 1980

Becker, W. and Aschenbach, B., “ROSAT HRI Observatiofithe Crab Pulsar, An Improved Temperature
Upper Limit for PSR 0531+21", The Lives of the Neutron Sta47, 1995

Bednarek, W., ¥-ray production in young open clusters: Berk 87, Cyg OB2 amstéflund 2", MNRAS,
382, p367, 2007

Bednarek, W. and Sitarek, J., "High-energyays from globular clusters”, MNRAS, 377, p920, 2007

Berezinsky, V., Bottino, A. and Mignola, G., "High emggrgamma-radiation from the galactic center due to
neutralino annihilation”, Physics Letters B, 325, p136949

Bernlohr, K., "Impact of atmospheric parameters ondhlreospheric Cherenkov technique*”, Astroparticle
Physics, 12, p255, 2000

Bertero, M., “Linear inverse and ill-posed problemA&tvance in Electronics and Electron Physics, 75, p1,
1989

Biller, S. D., et al., "Limits to Quantum Gravity Effeebn Energy Dependence of the Speed of Light from
Observations of TeV Flares in Active Galaxies”, Physicaliee Letters, 83, p2108, 1999

Biermann, P. L., "TOPICAL REVIEW: The origin of the higist energy cosmic rays”, Journal of Physics
G: Nuclear Physics, 23, p1, 1997

Birk, G. T., Crusius-Wtzel, A. R. and Lesch, H., "HarddRa Spectra from Reconnection Regions in Galac-
tic Nuclei”, ApJ, 559, p96, 2001

Bock, R. K., et al., “Methods for multidimensional everlassification: a case study using images from
a Cherenkov gamma-ray telescope”, Nuclear Instrumentdvieidods in Physics Research A, 516, p511,
2001

Bradt, H., Rappaport, S. and Mayer, W., "X-Ray and Cgti©bservations of the Pulsar NP 0532 in the
Crab Nebula”, Nature, 222, p728, 1969

Breiman, L., “Random Forests”, Machine Learning, 45, p001
Camenzind, M., “Compact Objects in Astrophysics”, i8per, 2007

Carruthers, P. and Duong-van, M., "New scaling law lblase the hydrodynamical model of particle pro-
duction”, Physics Letters B, 41, p597, 1972

Chaves, R. C. G, et al., "HESS J1848-018: Discovery BE4-ray Emission From The Direction Of W
43", American Institute of Physics Conference Series, 198%2, 2008

Cheng, K. S., Ho, C. and Ruderman, M., “Energetic RagliiaEFrom Rapidly Spinning Pulsars. I. Outer
Magnetosphere Gaps”, ApJ, 300, p500, 1986

Cheng, K.S., Ruderman, M. and Zhang, L., “A Three-disienal Outer Magnetospheric Gap Model for
Gamma-Ray Pulsars: Geometry, Pair Production, EmissiorpMiogies, and Phase-resolved Spectra”,
ApJ, 537, p964, 2000

Chiu, H.-Y. and Salpeter, E. E., "Surface X-Ray Emissitom Neutron Stars”, Physical Review Letters,
12, p413, 1964



268

BIBLIOGRAPHY

[55]

[56]

[57]

(58]

[59]

(60]

[61]

(62]

(63]

(64]

(65]

(66]

(67]

[68]

(69]

[70]

[71]

[72]

Cocke, W. J., Disney, M. J. and Taylor, D. J., "DiscovefyOptical Signals from Pulsar NP 0532, Nature,
221, p525, 1969

Comella, J. M., Craft, H. D., Lovelace, R. V. E., and ®uitJ. M., “Crab Nebula Pulsar NP 0532”, Nature,
221, p453, 1969

Commichau, S., “Observation of Very High Energy GamReays from the Galactic Center with the MAGIC
Telescope, considering Geomagnetic Field Effects on treging Technique”, PhD Thesis, ETH Ziirich,
March 2007

Cronin, J. W., Gaisser, T. K. and Swordy, S. P., "Cosnaigsrat the energy frontier”, Scientific American,
276, p32, 1997

Cusumano, G., et al., "Swift observations of GRB 0509@# most distant cosmic explosion ever ob-
served”, A&A, 462, p73, 2007

D’Ambrosio, C. and Leutz, H., "Photoelectron backsedhg from silicon anodes of hybrid photodetector
tubes”, IEEE Transactions on Nuclear Science, 47, p168H) 20

Daugherty, J. K. and Harding, A. K., "7Gamma-Ray Puls&sission from Extended Polar CAP Cascades”,
ApJ, 458, p278, 1996

Daum, A., et al., "First results on the performance af tHEGRA IACT array”, Astroparticle Physics, 8,
pl, 1997

Davison, A. C. and Hinkley, D., “Bootstrap Methods ahdit Application” Cambridge Series in Statistical
and Probabilistic Mathematics, 2006

de Gouveia dal Pino, E. M. and Lazarian, A., "Productidrthe large scale superluminal ejections of the
microquasar GRS 1915+105 by violent magnetic reconnegifaRA, 441, p845, 2005

de Jager, O. C., "Pulsar observations above 1 GeV wiilréuground-based gamma-ray telescopes”, Bul-
letin of the Astronomical Society of India, 30, p85, 2002

Dole, H., etal., "The cosmic infrared background resal by Spitzer. Contributions of mid-infrared galaxies
to the far-infrared background”, A&A, 451, p417, 2006

Domingo-Santamaria, E., et al., "The DISP analysishuodtfor point-like or extended gamma source
searches/studies with the MAGIC Telescope”, Proceedif@9ih International Cosmic Ray Conference,
5, p363, 2005

Drury, L. O., "Time-dependent diffusive acceleratioftest particles at shocks”, MNRAS, 251, p340, 1991

Dyks, J. and Rudak, B., "Signatures of pulsar polar-eapssion at the high-energy spectral cut-off”, Ad-
vances in Space Research, 33, p581, 2004

Efron, B., “Bootstrap Methods: Another Look at the Jagite”, The Annals of Statistics, 7 p1, 1979

Ellis, J., Mavromatos, N. E., Nanopoulos, D. V. and Saklv, A. S., "Cosmology: Synchrotron radiation
and quantum gravity”, Nature, 428, p386, 2004

Erber, T., "High-Energy Electromagnetic Conversiaméesses in Intense Magnetic Fields”, Reviews of
Modern Physics, 38, p626, 1966



BIBLIOGRAPHY 269

(73]

[74]

[75]
[76]

[77]

[78]

[79]

(80]

(81]
(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

Fan, Y. and Piran, T., "Gamma-ray burst efficiency andgilde physical processes shaping the early after-
glow”, MNRAS, 369, p197, 2006

Ferenc, D., Hrupeca, D and Lorenz, E., “Solution to thie feedback problem in hybrid photon detectors
and photomultiplier tubes”, Nuclear instruments and Mdthim Physics Research A, 427, p518, 1999

Fermi, E., "On the Origin of the Cosmic Radiation”, Ploa Review, 75, p1169, 1949
Fermi, E.,"Galactic Magnetic Fields and the Origin aistnic Radiation.”, ApJ, 119, p1, 1954

Fierro, J. M., Michelson, P. F., Nolan, P. L. and ThompsD. J., "Phase-resolved Studies of the High-
Energy Gamma-Ray Emission from the Crab, Geminga, and VEWAdPs”, ApJ, 494, p734, 1998

Flowers, E. G., Sutherland, P. G. and Bond, J. R., "Neatpair bremsstrahlung by nucleons in neutron-star
matter”, Physical Review D,12, p315, 1975

Freese, K., "Review of Observational Evidence for Dititter in the Universe and in upcoming searches
for Dark Stars”, EAS Publications Series, 36, p113, 2009

Fryer, M. J., “A refiew of Some Non-parametric MethodsD#nsity Estimation”, Journal of Mathematics
and its Applications, 20, p335, 1977

Furry, W. H., A Symmetry Theorem in the Positron Theiyhysical Review, 51, p125, 1937
Gaisser, T. K., “Cosmic rays and particle physics”, @aitige University Press, 1990

Garcia-Munoz, M., et al., "Cosmic-ray propagationlietGalaxy and in the heliosphere - The path-length
distribution at low energy”, ApJS, 64, p269,1987

Ginzburg, V. L. and Zhelezniakov, V. V., "On the pulsanission mechanisms”, Annual review of astronomy
and astrophysics, 13, p511, 1975

Globus, N., Allard, D. and Parizot, E., "Propagationhih-energy cosmic rays in extragalactic turbulent
magnetic fields: resulting energy spectrum and compos$jti®A, 479, p97, 2008

Gogberashvili, M., Sakharov, A. S. and Sarkisyan, EGK.”Probing brane-world scenarios with vacuum
refraction of light using gamma-ray bursts”, Physics Lett®, 644, p179, 2007

Goldreich, P. and Julian, W. H., “Pulsar Electrodynesiij ApJ, 157, p869, 1969

Grupen, C., Bohrer, A., and Smolik. L., “Particle Detms”, Cambridge Monographs on Particle Physics,
Nuclear Physics and Cosmology, 1996

Gunn, J. E. and Ostriker, J. P., “Acceleration of higiesyy cosmic rays by pulsars”, Physical Review
Letters, 22, p728, 1969

Harding, A. K., Baring, M. G. and Gonthier, P. L., "Phatsplitting Cascades in Gamma-Ray Pulsars and
the Spectrum of PSR 1509-58", ApJ, 476, p246, 1997

Harding, A. K., “Gamma Rays From Rotation-Powered Big$ arXiv:astro-ph/0208421, 2002

Harding, A. and Muslimov, A., "Pulsar Slot Gaps and Usndified Egret Sources”, Astrophysics and Space
Science, 297, p63, 2005



270 BIBLIOGRAPHY

[93] Harding, A. K., Stern, J. V., Dyks, J. and Frackowiak, MHigh-Altitude Emission from Pulsar Slot Gaps:
The Crab Pulsar”, ApJ, 680, p1378, 2008

[94] Hayashida, M., “ Observation of Very-High-Energy GaaxRays from Blazars with the MAGIC Tele-
scope” PhD Thesis, LMU Miunchen, March 2008

[95] Hearn, A. G., “The Absorption of Ozone in the Ultra-watland Visible Region of the Spectrum”, Proc.
Phys. Soc., 78, p932, 1961

[96] Heitler, W., “The Quantum Theory of Radiation”, Clageon Press, 1954

[97] Hengstebeck, T., “Measurement of the energy spectifithredBL Lac object PG1553+113 with the MAGIC
telescope in 2005 and 2006”, PhD thesis, Humbolt-Univatrgii Berlin.

[98] Hess, V., “Observations of penetrating radiation dgiseven free balloon flights”, Physikalische Zeitschrift,
13, p1084, 1912

[99] Hewish, A., Bell, S. J., Pilkington, J. D. H., Scott, R.dhd Collins, R. A., “Observation of a Rapidly
Pulsating Radio Source”, Nature, 217, p709, 1968

[100] Hillas, A. M., "Cerenkov light images of EAS producey primary gamma”, Proceedings of 19th Interna-
tional Cosmic Ray Conference, 3, p445, 1985

[101] Hillas, A. M., "Cosmic Rays: Recent Progress and someéht Questions”, arXiv:astro-ph/0607109, 2006

[102] Hirotani, K. and Shibata, S., "Electrodynamic Sturetof an Outer Gap Accelerator: Location of the Gap
and the Gamma-Ray Emission from the Crab Pulsar”, ApJ, 5585 2001

[103] Hirotani, K., Harding, A. K. and Shibata, S., "Eleatiymamics of an Outer Gap Accelerator: Formation of
a Soft Power-Law Spectrum between 100 MeV and 3 GeV”, ApJ, p9334, 2003

[104] Hirotani, K., “Outer-Gap Versus Slot-Gap models faigar High-energy Emissions: The Case of the Crab
Pulsar”, ApJ, 688, pL25, 2008

[105] Horns, D. and Aharonian, F. A., "The Crab Nebula: LimxiMeV Synchrotron and 50 TeV Inverse Compton
Photons”, ESA Special Publication, 552, p439, 2004

[106] Jackson, J. D., "Classical electrodynamics”, Wilt975

[107] Jauch, J. M. and Rohrlich, F., "The theory of photond alectrons. The relativistic quantum field theory of
charged particles with spin one-half”, Springer, 1976

[108] Joshi, B., et al.,"Magnetic Reconnection During theoTphase Evolution of a Solar Eruptive Flare”, ApJ,
706, p1438, 2009

[109] Karpov, S., et al., "Short time scale pulse stabilityte Crab pulsar in the optical band”, Astrophysics and
Space Science, 308, p595, 2007

[110] Kazbegi, A. Z., Machabeli, G. Z. and Melikidze, G. 1Qf the circular polarization in pulsar emission”,
MNRAS, 253, p377, 1991

[111] Kennel, C. F. and Coroniti, F. V., “Confinement of theaBPulsar’s Wind by its Supernova Remnant”, ApJ,
283, p694, 1984



BIBLIOGRAPHY 271

[112] Kim, Y. G., Nihei, T., Roszkowski, L. and Ruiz de AustR., "Upper and Lower Limits on Neutralino
WIMP Mass and Spin Independent Scattering Cross Sectiah)rapact of New (g-2) Measurement”,
Journal of High Energy Physics, 12, p34, 2002,

[113] Klepikov N.P., Zh. Eksperim. i Theo. Fiz. 26, p19, 1954

[114] Kuiper, L., et al., “The Crab Pulsar in the 0.75-30MeAhge as seen by CGRO COMTEL", A&A, 378,
p918, 2001

[115] Kuiper, L., et al., "Absolute timing with IBIS, SPI anEM-X aboard INTEGRAL. Crab main-pulse arrival
times in radio, X-rays and high-energy gamma -rays”, A&A14fL 31, 2003

[116] Langair, M. S., “High Energy Astrophysics”, Cambratniversity Press, 1981

[117] Langmuir, I, “The Effect of Space Charge And Residuak&s on Thermionic Currents in High Vacuum”,
Phys. Rev., 2, p450, 1913

[118] Lessard, R. W., et al., "Search for Pulsed TEV Gammg-Raission from the Crab Pulsar”, ApJ, 531,
p942, 2000

[119] Li, T.-P. and Ma, Y.-Q., "Analysis methods for resultsgamma-ray astronomy”, ApJ, 272, p317, 1983

[120] Lucarelli, F., et al., “The Central Pixel of the MAGIE€lescope for optical observations”, Nuclear Instru-
ments and Methods in Physics Research A, 589, p415, 2008

[121] Lyne, A. G., Pritchard, R. S. and Graham-Smith, F., &Rty-Three Years of Crab Pulsar Rotational His-
tory”, MNRAS, 265, p1003, 1993

[122] Lyutikov, M.,"Role of reconnection in AGN jets”, Newgtronomy Review, 47, p513, 2003
[123] Manchester, R. N. and Taylor, J. H., “Pulsars”, Freepi®77

[124] Manchester, R. N., Hobbs, G. B., Teoh, A. and Hobbs;TWhe Australia Telescope National Facility Pulsar
Catalogue”, Astronomical Journal, 129, p1993, 2005

[125] Marchenko, V. V., Hnatyk, B. |. and Pekur, D. V., "Paté Acceleration in Hypernova Explosion”, Proceed-
ings of the 16th Young Scientists’ Conference on Astrononty &pace Physics, p62, 2009

[126] Massaro, E., et al., "The pulse shape and the spectfid®B B0531+21 (Crab pulsar) in the low-energy
gamma rays observed with FIGARO 11", A&A, 338, p184, 1998

[127] Massaro, E., Cusumano, G., Litterio, M., and Mineq,"Fine phase resolved spectroscopy of the X-ray
emission of the Crab pulsar (PSR B0531+21) observed witlp88AX", A&A, 361, p695, 2000

[128] Mattingly, D., “Modern Tests of Lorentz Invariancd’iying Review in Relativity, 8, p5, 2005

[129] Mazin, D. and Raue, M., "New limits on the density of tragalactic background light in the optical to
the far infrared from the spectra of all known TeV blazars&/ 471, p439, 2007

[130] Mazin, D, “A study of very high energy gamma-ray emigssfrom AGNs and constraints on the extragalactic
background light”, PhD Thesis, Technische Universitaridfien 2007

[131] Meegan, C., et al., “The Fermi Gamma-ray Burst MorijtdpJ, 702, p791, 2009

[132] Mineo, T., etal., "A BeppoSAX observation of the Cralgar (PSR B0531+21)", A&A, 327, pL21, 1997



272 BIBLIOGRAPHY

[133] Mirabel, I. F., "Very energetic gamma-rays from migu@asars and binary pulsars”, Science, 312, p1759,
2006

[134] Mitra, D., Gil, J. and Melikidze, G. I., "Unraveling éhNature of Coherent Pulsar Radio Emission”, ApJ
Letters, 696, pL141, 2009

[135] Mirzoyan, R. and Lorenz, E., “Measurement of the nigjtit light background at La Palma”, MPI-PhE/94-
35.,1994

[136] Moffett, D. A. and Hankins, T. H., "Multifrequency RaxlObservations of the Crab Pulsar”, ApJ, 468,
p779, 1996

[137] Molkov, S., Jourdain, E. and Roques, J. P., "Absoluteifig of the Crab Pulsar with the INTEGRAL/SPI
Telescope”, ApJ, 708, p403, 2010

[138] Musquere, A., "Search for VHE pulsed emission from @rab pulsar with the CELESTE experiment”,
Proceedings of 26th International Cosmic Ray Conferenge537, 1999

[139] Negele, J. W., and Vautherin, D, “Density-matrix empin for an effective nuclear Hamiltonian II”, Phys.
Rev. C, 11, p1031, 1975

[140] Nel, H. I. and de Jager, O. C., "Gamma-Ray Pulsars: rRofP or Outer Gap Emission?”, Astrophysics
and Space Science, 230, p299, 1995

[141] Ng, C.-Y. and Romani, R. W., "Fitting Pulsar Wind Toli. Error Analysis and Applications”, ApJ, 673,
p411, 2008

[142] Nolan, P. L., et al., "Observations of the Crab pulsad aebula by the EGRET telescope on the Compton
Gamma-Ray Observatory”, ApJ, 409, p697, 1993

[143] Nomoto, K., et al., "Hypernovae: Their Properties @&amma-Ray Burst Connection”, Progress of Theo-
retical Physics Supplement, 155, p299, 2004

[144] Ochelkov, V. V. and Usov, V. V., "Curvature radiationi ielativistic particles in the magnetosphere of
pulsars: Theory”, NASA STI/Recon Technical Report N, 800239, 1979

[145] Oosterbroek, T., et al., "Simultaneous absoluterignaf the Crab pulsar at radio and optical wavelengths”,
A&A, 488, p271, 2008

[146] Oser, S., etal., "High-Energy Gamma-Ray Observatagtthe Crab Nebula and Pulsar with the Solar Tower
Atmospheric Cerenkov Effect Experiment”, ApJ, 547, p943) P2

[147] Paneque, D., Gebauer, H. J., Lorenz, E. and MirzoyarARmethod to enhance the sensitivity of photo-
multipliers for Air Cherenkov Telescopes by applying a laeqgthat scatters light”, Nuclear Instruments and
Methods in Physics Research A, 518, p619, 2004

[148] Pelletier, G., Lemoine, M. and Marcowith, A., "On Fdratceleration and magnetohydrodynamic instabil-
ities at ultra-relativistic magnetized shock waves”, MNR/A93, p587, 2009

[149] Petrova, S. A., "The effect of synchrotron absorptionthe observed radio luminosities of pulsars”, MN-
RAS, 336, p774, 2002

[150] Piran, T., "Gamma-Ray Bursts as Probes for Quanturwi§falLecture Notes in Physics, Berlin Springer
Verlag, 669, p351, 2005



BIBLIOGRAPHY 273

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]
[164]
[165]
[166]

[167]

[168]

[169]

[170]

Rankine, W. J. M., “On the Thermodynamic Theory of W&eé Finite Longitudinal Distrubance”, Philo-
sophical Transactions, 160, p277, 1870

Rees, M. J., and Gunn, J. E., “The origin of the magrfetid and relativistic particles in the Crab Nebula”,
MNRAS 167, p1, 1974

Riegel, B., et al., “A tracking monitor for the MAGIC Tesscope”, Proceedings of 29th International Cosmic
Ray Conference, 5, p219, 2005

Rissi, M, “Detection of Pulsed Very High Energy Gamiays from the Crab Pulsar with the MAGIC
telescope using an Analog Sum Trigger”, PhD Thesis, ETHchi2009

Romani, R. W., "Gamma-Ray Pulsars: Radiation Praeessthe Outer Magnetosphere”, ApJ, 470, p469,
1996

Rots, A. H., Jahoda, K. and Lyne, A. G., "Absolute Timiof the Crab Pulsar with the Rossi X-Ray Timing
Explorer”, ApJ Letters, 605, pL129, 2004

Ruderman, M. A. and Sutherland, P. G., “Theory of PugsRolar Gaps, Sparks, and Coherent Microwave
Radiation”, ApJ, 196, p51, 1975

Saito, T.Y., et al., “Very high QE HPDs with a GaAsP pbedthode for the MAGIC telescope project”,
Nuclear Instruments and Methods in Physics Research A, 848,[2009

Saito, T.Y. and Sitarek, J., “ Improvement of #ifeanalysis by using the Random Forest method in the DISP
estimation”, MAGIC internal notes, TDAS09-01, 2009

Sarkar, S.,"Possible Astrophysical Probes of QuartBravity”, Modern Physics Letters A, 17, p1025, 2002

Scharlemann, E. T., Arons, J, and Fawley, W. M., “Pbo&iDrops Above Pulsar Polar Caps: Ultrarelativis-
tic Particle Acceleration Along The Curved Magnetic FieldpJ, 222, p297, 1978

Schmelling, M., et al., “The method of reduced crost-@y. A general approach to unfold probability
distributions.”, Nuclear instruments and Methods in Pby$tesearch A, 340, p400, 1994

Schmelling, M., “Numerische Methoden der DatenasalyMPI-K Heidelberg, 1998

Schmidt, F., “CORSIKA Shower Images”, http://mwwwtéeses.ac.uk/ fs/showerimages.html

Shapiro, I. I., “Fourth Test of General Relativity"h¥sical Review Letters, 13, p789, 1964

Shapiro, S. L and Teukolsky, S. A., “Black Holes White/&xfs, and Neutron Stars”, Wiley-VCH, 1983

Shayduk, M., et al., “New Image Cleaning Method for ti&GIC Telescope”, MAGIC internal notes,
TDASO05-09, 2005

Shockley, W. and Pierce, J. R., “A theory of noise faotton multipliers”, Proc. Inst. Radio Eng., 26, p321,
1938.

Stowikowska, A., Kanbach, G., Kramer, M. and Stefane®\., "Optical polarization of the Crab pulsar:
precision measurements and comparison to the radio emisMdNRAS, 397, p103, 2009

Spergel, D. N, et al., "Three-Year Wilkinson MicroveeAnisotropy Probe (WMAP) Observations: Impli-
cations for Cosmology”, ApJS, Cosmology: Cosmic Microwdackground, Cosmology: Observations,
170, p377, 2007



274 BIBLIOGRAPHY

[171] Staelin, D. H. and Reifenstein, I, E. C., "PulsatiRadio Sources near the Crab Nebula”, Science, 162,
pl481, 1968

[172] Swordy, S. P, et al.,"Relative abundances of secgratad primary cosmic rays at high energies”, ApJ, 349,
p625, 1990

[173] Takami, H., Yoshiguchi, H. and Sato, K., "Propagatidrultra-High-Energy Cosmic Rays above'1&V
in a Structured Extragalactic Magnetic Field and Galactaghetic Field”, ApJ, 639, p803, 2006

[174] Takata, J. and Chang, H.-K., "Pulse Profiles, Speatrd,Polarization Characteristics of Nonthermal Emis-
sions from the Crab-like Pulsars”, ApJ, 670, p677, 2007

[175] Takata, J., Chang, H. K. and Shibata, S., “Particlekation and non-thermal emission in the pulsar outer
magnetospheric gap”, MNRAS, 386, p748, 2008

[176] Takeda, M., et al., "Extension of the Cosmic-Ray Ege®gectrum beyond the Predicted Greisen-Zatsepin-
Kuz'min Cutoff”, Physical Review Letters, 81, p1163, 1998

[177] Tang, A.P.S., Takata, J., Jia, J. J. and Cheng, K. ReWisit of the Phase-resolved X-Ray and Gamma-Ray
Spectra of the Crab Pulsar”, ApJ, 676, p562, 2008

[178] Tapia, R.A. and Thompson, J.R., “Nonparametric Digrisstimation”, John Hoplins University Press, 1978
[179] Thompson, D. J., “Gamma Ray Pulsars”, arXiv:astrédgth2272, 2003

[180] Thompson, D. J., "High Energy Emission from Active ®aiis”, Advances in Space Research, 25, p659,
2000

[181] Tikhonov, A. N. and Arsenin, V. J., “Methods of Solutiof lll-posed Problems”, Nauka, 1979

[182] Toll, J.S., “The Dispersion Relation for Light and Agplication to Problems Involving Electron Pairs.”,
Ph.D. thesis, Princeton University, 1952

[183] Toor, A. and Seward, F. D., "Observation of X-rays fridm Crab Pulsar’,ApJ 216,p560, 1077
[184] Trimble, V., "The Distance to the Crab Nebula and NP25®ub. Astron. Soc. Parcific, 85, p579, 1973

[185] Tsai, W.-Y. and Erber, T., "Photon pair creation inense magnetic fields”, Physical Review D, 10, p492,
1974

[186] Turlach, B. A., “Bandwidth Selection in Kernel Denskstimation: A Review”, Techinical Report 9317,
C.O.R.E. and Institut de Statistique Universite Cathaige Lauvain, 1993

[187] Uchiyama, Y., Takahashi, T., Aharonian, F. A. and Mzjt). R., “ASCA View of the Supernova Remnant
~ Cygni (G78.2+2.1): Bremsstrahlung X-Ray Spectrum fromd-fiattened Electron Distribution”, ApJ,
571, p866, 2002

[188] Volk, H. J., Aharonian, F. A. and Breitschwerdt, DT He Nonthermal Energy Content and Gamma-Ray
Emission of Starburst Galaxies and Clusters of Galaxigsac8 Science Reviews, 75, p279, 1996

[189] Wagner, R., “Measurement of VHE gamma-ray emissiomffour blazars using the MAGIC telescope and
a comparative blazar study” Ph.D. Thesis, Technische Usiié Miinchen, 2006

[190] Wagner, R., “VHE gamma-ray Sky Map and Source Catalog”
http://www.mppmu.mpg.de/ rwagner/sources/, 2009



BIBLIOGRAPHY 275

[191]

[192]

[193]

[194]
[195]
[196]
[197]

[198]

[199]

[200]

[201]

[202]

[203]
[204]

[205]

[206]
[207]
[208]
[209]
[210]
[211]

[212]

Watters, K. P., Romani, R. W., Weltevrede, P. and J@msS., "An Atlas for Interpreting-Ray Pulsar
Light Curves”, ApJ, 695, p1289, 2009

Webb, G. M., Drury, L. O. and Biermann, P., "Diffusivieak acceleration of energetic electrons subject to
synchrotron losses”, A&A, 137, p185, 1984

Weekes, T. C., etal., "Observation of TeV gamma ragsifthe Crab nebula using the atmospheric Cerenkov
imaging technique”, ApJ, 342, p379, 1989

Wills, R. D., et al., "High-energy gamma-ray light serof PSR0531+21", Nature, 296, p723, 1982
Wilson, D. B. and Rees, M. J., “Induced Compton scattein pulsar winds”, MNRAS 185, p297, 1978
Wittek, W., “Image parameters”, MAGIC internal notdOAS 02-03, 2002

Xiao, C. J., et al., "In situ evidence for the structofehe magnetic null in a 3D reconnection event in the
Earth’s magnetotail”, Nature Physics, 2, p478, 2006

Zatsepin, G. T. and Kuzmin, V. A., “Upper limit on theesgrum of cosmic rays”, JETP Letters, 4, p78,
1966

Zatsepin, G. T. and Kuzmin, V. A., “End to the cosmig-spectrum?”, Physical Review Letters, 16, p748,
1966

Zhang, L. and Cheng, K. S., "High-Energy Radiationnfr&apidly Spinning Pulsars with Thick Outer
Gaps”, ApJ, 487, p370, 1997

MAGIC Collaboration, "Very-High-Energy gamma ray®in a Distant Quasar: How Transparent Is the
Universe?”, Science, 320, p1752, 2008

VERITAS Collaboration, "A connection between starrfmtion activity and cosmic rays in the starburst
galaxy M82", Nature, 462, p770, 2009

“The ATNF Pulsar Catalogue”, http://www.atnf.csiaa/research/pulsar/psrcat/

“BeppoSAX ASI Science Data Center”, http://www.astht.it/bepposax, Observation Codes 20795007 and
207950071

“Chandra :: Photo Album :: CL 0542-4100 & CL 0848.6+845
http://chandra.harvard.edu/photo/2007/agns/

“Chandra :: Photo Album :: Crab Nubula”, http://chaadharvard.edu/photo/1999/0052/
“CGRO Archive”, ftp://cossc.gsfc.nasa.gov/comptiata/comptel/

“The Cherenkov Telescope Array project”, http://wwapi-hd.mpg.de/hfm/CTA/

“Fermi Science Support Center: Fermi Data”, httprifi.gsfc.nasa.gov/ssc/data/

“HAWC, The High Altitude Water Cherenkov Experimentittp://hawc.umd.edu/science.php

“HEASAR@nline Service”, http://heasarc.gsfc.nasa.gov/cgiiBBrowse/w3browse.pl,
observation identifier RH400639N00

“HubbleSite - NewsCenter - Happy Sweet Sixteen, Hafiglescope!”,
http://hubblesite.org/newscenter/archive/relea$&§214/



276 BIBLIOGRAPHY

[213] “JODRELL BANK CRAB PULSAR MONTHLY EPHEMERIS”,
http://www.jb.man.ac.uk/ pulsar/crab.html

[214] “MAGIC - Album: pictures”, http://wwwmagic.mppmu.py.de/gallery/pictures/

[215] “Magnetar images and drawings — NASA Science”,
http://science.nasa.gov/newhome/headlines/astO®miaHtm

[216] “National Radio Astronomy Observatory Image Galglhttp://images.nrao.edu/393

[217] “Stopping-Power and Range Tables for Electrons, df®t and Helium
http://www.nist.gov/physlab/data/star/index.cfm

[218] “Tempo”, http://www.atnf.csiro.au/research/prbempo/
[219] “XCOM: Photon Cross Sections Database”, http://waist.gov/physlab/data/xcom/index.cfm

[220] Private communication with Jirgen Hose

lons”,



Acknowledgement

First of all, I would like to thank Prof. Dr. Masahiro Teshirfta providing me with the opportunity to join
the MAGIC collaboration and to do research in the Max-Plaimdititut fir Physik. | also appreciate Prof.
Dr. Christian Kiesling for being my academic advisor at thellwig-Maximimlian-Universitat Minchen.

| am also deeply grateful to Dr. Thomas Schweizer, Dr. Nego@tie, Dr. Michael Rissi and Dr.
Maxim Shayduk for their greatest achievement of lowerirggghergy threshold of the MAGIC telescope
by developing and installing the SUM trigger. Without thie@mendous efforts and ability, this PhD work
would not have been realized.

| am very happy to have been supervised by Prof. Dr. Masakdshiina, Dr. Thomas Schweizer, Dr.
Maxim Shayduk, Dr. Razmick Mirzoyan and Dr. Eckart Lorenisdissions with them were always con-
structive, educative and very inspiring. Whenever | gotlsin my research, Masahiro gave me accurate
advice, which immediately brought things forward. Thommaeep knowledge, wide experiences, and ag-
ile mind helped me to accomplish this work. Maxim, with whospent most of my PhD time in the same
office, always took great care of my work. | learned many detdithe IACT technique and photosensors
from Razmick. His expiation was always so quantitative theduld have a clear understanding of the
IACT technique and photosensors. Eckart guided my workeaithht direction by giving me advice from
a long-term perspective, which he can do better than anyeoause of his long experience of assisting
students. In addition, Eckart’s help was essential for izivgg this thesis.

I would also like to thank all my friends in the Max-Planckstitut fur Physik, Daniela Borla Tridon,
Emiliano Carmona, Pierre Colin, Antonios Dettlaff, Tonidethardt, Christian Fruck, Florian Gobel,
Dennis Hafner, Jurgen Hose, Tobias Jogler, Hanna KedarnmJulian Krause, Matthias Kurz, Hiroko
Miyamoto, Koji Saito, Maxim Shayduk, Julian Sitarek, Buaktl Steinke, Hajime Takami, Robert Wagner
and many others. | enjoyed with them having many partiegimamany different sports, chatting during
lunch and break time and having many physics discussion. mgntieem, | had the best time with Julian
Sitarek and Maxim Shayduk. It was great fun to talk with thessduse they are not only intelligent but
also very cheerful. | am also very grateful to other collabors in different institutes. Drinking with them
after the collaboration meeting in many different citiesswilae best pleasure during my PhD time.

I thank my parents, my brother and my sister who supported nov@ fny home country. Their
letters and their e-mails encouraged me very much. Moreowghing could have made me happier than
Japanese foods they regularly sent me. Last but not ledsinktand will thank for all my life my wife,
Emi, who came over to Munich to live together with me. | couléi@ome many difficulties in doing my
PhD work just because she was always with me.



