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Abstract

The Vela pulsar has been observed in TeV gamma rays with the 3.8 m telescope of
the CANGAROO (Collaboration between Australia and Nippon (Japan) for a GAmma-Ray
Observatory in the Outback) project between January 1993 and March 1995. Evidence
of a gamma-ray signal has been detected at the ~ 6 o statistical significance level. The
integral gamma-ray flux is estimated to be (2.5 &+ 0.5 £+ 0.4) x 107'? photons cm™2 sec™!
above 2.5 £ 1.0 TeV, and the signal is consistent with steady emission over the three year
time scale. No pulsed emission modulated with the pulsar period has been detected, and the
95 % confidence level flux upper limit to the pulsed emission from the pulsar is (2.7 £ 0.5) x
1013 photons ecm 2 sec™! above 2.5+ 1.0 TeV.

The most probable direction of the emission appears to be offset from the pulsar by about
0°.14. The tracking accuracy of the 3.8 m telescope was examined by studying the motion
of bright stars in the field of view with the aid of simulations. The result shows that the
tracking is accurate within errors less than 0°.02, which is comparable with the 0°.01 step
size of the telescope driving motors.

The observation method entails imaging the atmospheric Cerenkov light from air showers
which are initiated by gamma rays. The features of Cerenkov light images due to TeV
gamma rays (gamma-ray images) have been investigated using Monte Carlo simulations.
A new analysis method has been developed, and the observed signal appears to show the
gamma-ray-like tendency inferred from the simulations, demonstrating that the signal is
very likely to be due to gamma rays. A method to reconstruct a gamma-ray source direction

has been developed; the “source probability density function (SPDF)”, which enables the
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vi ABSTRACT

gamma-ray source direction to be inferred from the extended structure of the gamma-ray
image, is defined. Using the SPDF, the location of the emission region was reconstructed
with the accuracy of < 0°.18. The possibility of the observed signal being offset from the

pulsar or being extended is examined and discussed.
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Chapter 1

Introduction

Astronomy is based on observing photons coming from the universe. It began with the
observation of optical photons and extended to the other energy windows; radio, infrared,
X-ray, gamma ray and so on. Gamma rays have the highest energy of these and are an
interesting probe because they are directly related to the most energetic phenomena in the
universe. To produce gamma rays, especially for gamma rays of relatively high energies, it
is necessary to accelerate charged particles to at least the same energies as the gamma rays.
Therefore, the neighborhood of a gamma-ray source, or the gamma-ray source itself, must
be a part of the solution to the long-standing question of the origin of cosmic rays.

Recently, gamma-ray astronomy has become a quite active field of astronomy. Gamma
rays in the energy region below 10 GeV (= 10! eV) have been intensively investigated
by the Compton Gamma-Ray Observatory (CGRO) satellite, launched in 1991. The En-
ergetic Gamma-Ray Experiment Telescope (EGRET), which is one of four instruments on
the CGRO, covers the highest energy range of satellite experiments and has revealed more
than 100 gamma-ray sources at 100 MeV [39, 119]. About the half of them have not been
identified with the objects observed at the other wavelengths and the production mechanisms
of the gamma rays in the sources are not well understood. On the other hand, in the energy
region above 200 GeV, the Crab nebula was identified at the Whipple Observatory as the

first “standard” gamma-ray source for ground-based gamma-ray telescopes. Furthermore,
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2 CHAPTER 1. INTRODUCTION

TeV (= 102 V) gamma rays from the Active Galactic Nuclei (AGN), Markarian 421 [91]
and Markarian 501 [93], were detected at the same observatory. In spite of about 40 AGNs
having been identified by EGRET, TeV gamma rays have been detected from the only two
nearby AGNs (z ~ 0.03) so far, and this fact is strong evidence for the absorption of TeV
gamma rays by the intergalactic infrared radiation field [32, 109]. Gamma rays from the
above TeV gamma-ray sources were detected using the atmospheric Cerenkov imaging tech-
nique, and this technique has drastically increased the sensitivity of ground-based gamma-ray
telescopes. The observation and analysis methods in this technique have heen established by
the Whipple Observatory and some other observatories.

The 3.8 m telescope of CANGAROO (Collaboration between Australia and Nippon
(Japan) for a GAmma-Ray Observatory in the Outback) has been in operation since 1992
to search the southern hemisphere for TeV gamma-ray sources. We have ever detected TeV
gamma-rays from the Crab nebula [113] and PSR 1706 — 44 [63] using the atmospheric
Cerenkov imaging technique. In particular, PSR 1706 — 44 has been identified in our ob-
servations as the first TeV gamma-ray source in the southern hemisphere. We have also
observed other TeV gamma-ray source candidates; pulsars (the Vela pulsar, PSR 1055 — 52
and PSR 1259 — 63), AGNs (PKS 0521 — 365 and PKS 2005 — 489) and supernova remnants
(W28). The data are still in analyses.

To date, EGRET has detected pulsed gamma-ray emission from seven pulsars. Pulsars
are rotating, magnetized neutron stars and they are one possible class of candidates for TeV
gamma-ray sources. Many theoretical models for pulsars and their gamma-ray production
mechanisms have been proposed and some models successfully explained several features of
the emission from pulsars and their environments. However, uncertainties still remain and
a self-consistent model of pulsars has not been established. In order to understand high
energy phenomena at pulsars, more TeV gamma-ray observations of pulsars are necessary.
Three of the seven pulsars observed by EGRET are in the southern hemisphere and one of
them, PSR 1706 — 44, has been already identified by the CANGAROO 3.8 m telescope as

a TeV gamma-ray source. The Vela pulsar is another southern EGRET pulsar and is the



brightest source in the EGRET energy region. Therefore, it is natural to think that the
Vela pulsar may also be emitting TeV gamma rays, and it may be possible to contribute to
understanding pulsar mechanisms by investigating TeV gamma-ray emission from the Vela
pulsar. The main purpose of this thesis is to investigate TeV gamma-ray emission from the
Vela pulsar and to discuss the production mechanisms of TeV gamma rays around the pulsar.

Only four TeV gamma-ray sources (the Crab nebula, PSR 1706 — 44, Markarian 421 and
Markarian 501) have been found by ground-based telescopes so far, however, more sensitive
telescopes are planned or under construction at present and it can be expected that more
TeV gamma-ray sources will be found as the threshold energies of the telescopes reduces

towards the EGRET energy.
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Chapter 2

Very High Energy Gamma-Ray

Astronomy

2.1 Classification of Gamma-Ray Astronomy

Gamma rays are the most energetic photons. Their energy extends from 0.51 MeV (the
electron’s rest mass) up to the highest observed particle energy (10% eV). Because of the
wide energy range (fifteen decades!), there are several detection methods for gamma rays
depending on their energy, and gamma-ray astronomy is divided into several energy ranges
based on the detection methods. Following Weekes’s definition [124], they are described in
Table 2.1.

Gamma rays up to about 10 GeV, the “High Energy” (HE) region, have been observed us-
ing gamma-ray satellites, SAS-2 [38], COS-B [94] and CGRO [103]. To date, as mentioned in
Chapter 1, 129 HE gamma-ray sources have been identified [119] and the galactic diffuse HE
gamma-ray distribution has been investigated precisely in their missions [14, 75]. However,
with the present technology it is not feasible to launch satellites which can efficiently detect
gamma rays of energy greater than 10 GeV because of constraints of size and weight and
power law spectra (x E~7) of gamma rays. Therefore, gamma-ray observations at energies

greater than 100 GeV have been carried out using ground-based detectors.
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CHAPTER 2. VERY HIGH ENERGY GAMMA-RAY ASTRONOMY

Energy (eV)

Greek

Classification

Technique

(Observation platform)

(HE, 100 MeV)

5.1 x 10° ~ 1 x 107 | 0.51 ~ 10 MeV | low / nuclear scintillator
(LE) (satellite)
1 x 107 ~ 3 x 107 10 ~ 30 MeV medium Compton telescope
(ME) (satellite)
3 x 107 ~ 1019 0.03 ~ 10 GeV high spark chamber

(satellite)

100 ~ 10 0.01 ~ 100 TeV very high atmospheric Cerenkov
(VHE, TeV) | (mountain / sea level)

10* ~ 1017 0.1 ~ 100 PeV ultra high air shower array
(UHE, PeV) (mountain)

1017 ~ 10% 0.1 ~ 100 EeV | extremely high air shower array

(EHE, EeV) (sea level)

Table 2.1: Classification of gamma-ray astronomy.

If a gamma ray enters the earth’s atmosphere, it initiates an Extensive Air Shower (EAS).
All ground-based gamma-ray detection methods are based on sampling a part of an EAS,
using the atmosphere as a large target. This “indirect” detection method has the advantage
of large effective detection area compared with “direct” detection by satellites, but has the
difficulty of distinguishing EASs initiated by gamma rays from the overwhelming background
EASs initiated by cosmic-ray nuclei.

Gamma rays in the “Very High Energy” (VHE) region are detected using the “atmo-
spheric Cerenkov technique”. In this technique Cerenkov light radiated from relativistic
charged particles in an EAS are detected by one or several ground-based telescopes. Cerenkov
light is radiated in the upper atmosphere, and thus the difference in the development of EASs

between primary gamma rays and primary cosmic rays is well reflected in the angular distri-
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bution of the light. Angular resolution of typically 0°.1 is obtained by imaging the Cerenkov

light.

2.2 VHE Gamma-Ray Production Processes

VHE gamma rays are produced from highly accelerated charged particles in the following

processes.

Neutral pion decay: If a high energy proton (or nucleus) interacts with matter or ambient
radiation, neutral pions are generated in multiparticle production. Each neutral pion
immediately decays into two gamma rays with a mean lifetime of 0.83 x 1076+, sec,

where v, is the Lorentz factor of the neutral pion.

Inverse Compton scattering: In this process, a gamma ray is produced when a relativistic
electron interacts with an ambient photon. An ambient photon of energy e appears to
be moving with an energy ve in the rest system of a relativistic electron with Lorentz
factor . In this inertial frame, the Compton scattered photon has an energy less than
~ ve and, when transformed back to the laboratory system, an energy ~ ~2e. The

energy of the Compton boosted photon is given by

E ~~%  when ~e < m.c?,
(2.1)

E ~~ym.c? when ~e > me.c?,
where m, is the electron’s rest mass. This process is important when the density of

ambient photons is high.

Bremsstrahlung: When an electron (or any other charged particle) is accelerated in the
Coulomb field of a nucleus, bremsstrahlung photons are emitted. The bremsstrahlung
photons have the spectral shape ~ 1/E,, so that more photons are emitted at lower

energies.
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Synchrotron radiation: An electron (or any other charged particle) is accelerated when
it traverses a magnetic field, and, as a result, photons are emitted. In a homogeneous

magnetic field of strength H, the characteristic photon energy E (eV) is [94]
E=5x10""H,~? (2.2)

where 7. is the Lorentz factor of the electron, H, = Hsin# is in gauss and 6 is the
angle between the electron’s velocity and the magnetic field. (2.2) implies that only
extreme relativistic electrons in an extreme strong magnetic field can produce VHE
gamma rays. However, low energy photons generated in this process play an important

role to supply with target photons for inverse Compton process.

Curvature radiation: In the exceptionally strong magnetic field of a pulsar, high energy
electrons and positrons are constrained to move parallel to the magnetic field lines.
The particles are accelerated when they move along the curved field lines, and radiate
“curvature” radiation in their direction of motion. The characteristic energy of this
radiation, E. (eV), is given by [94]

3hey? 2,96 x 107993

E.~ =
2 pe Pe

, (2.3)

where p. (cm) is the radius of curvature of the magnetic field line, 7 = h/27 and v
is the Lorentz factor of the particle. This process is important for very high energy

electrons and positrons in the environments of pulsars.

Among the above processes, inverse Compton scattering is more effective to produce
higher energy photons, because accelerated electrons can give almost all their energies to
scattered photons. Mechanisms to accelerate primary charged particles to the energies greater

than the VHE region are described in the following section.
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2.3 VHE Gamma-Ray Source Models

As mentioned in Section 2.2, highly accelerated charged particles are necessary to produce
VHE gamma rays. In this section, VHE gamma-ray source candidates are reviewed, as well

as their particle acceleration mechanisms.

2.3.1 Pulsars

Pulsars, whose radiation is pulsed with a very regular period, were discovered in radio
observations [56]. Most of the periods observed are ~ 1 sec, but they span the range 0.001 ~
5 sec [115]. Most of pulsars are observed to be slowing down and this fact implies a part
of their energies is released into the interstellar space. A few of more than 500 known radio
pulsars also emit pulses at visible, X-ray or gamma-ray frequencies. Most of pulsars populate
the plane of our galaxy [115] but a few pulsars have been discovered in the Large Magellanic
Cloud (LMC) and the Small Magellanic Cloud (SMC) [76].

It is now generally believed that pulsars are rapidly rotating magnetized neutron stars.
Figure 2.1 shows a schematic view of a pulsar. The magnetic field is thought to be a dipole
field as the most plausible assumption. Magnetic dipole radiation is radiated from a rotating
dipole and for a dipole moment ji rotating at angular frequency €2, with angle o between its
spin axis and /i, the radiation rate is

L 220 sin’ @ sl B 'y P N\ _
E="———~4x10 ( ) ( ) n 2.4
3¢5 1076 Tmsec) T8 (24)

For a neutron star of radius R, the magnetic moment and the neutron star’s surface magnetic
field strength B are related by y = BR?. Assuming the radiation power of (2.4) is equivalent,

to the “spindown luminosity”,
E = —IO0 = 47’IPP 73, (2.5)

where I is the moment of inertia and P = 27/, the neutron star’s surface magnetic field
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Rotation
axis +»Magnetic axis
/
/
/7
Ve
/7
// Beam of radio
y emission

Neutron star

Figure 2.1: A schematic model of a pulsar as a magnetized rotating neutron star in

which the magnetic and rotation axes are misaligned [69].

strength is
S\ 1/2
3c3IPP 19/ > r1/2
where R = 10% ¢cm, I = 10% g ¢em? and sina = 1 are taken. For most of pulsars it is ~ 10'2 G
[87]. This rapidly rotating strong magnetic field induces a strong electric field. Its potential

drop between the magnetic pole and equator is [51]

27R2B B P \!
7 ~ = 1 16 < ) < ) /r. 2
‘ cP 610 1012 G/ \1 sec A (27)

Caused by this strong electric field, any neutron star must be surrounded by plasma [45].
Plasma particles can move only parallel to the magnetic field lines owing to the strong
magnetic field, thus the magnetic field lines become equipotentials (E B = 0). The plasma

particles corotate with the neutron star within the light cylinder, at which the corotating
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6y

Figure 2.2: Schematic locations of vacuum gaps in phenomenological pulsar models.
In the polar cap model (left), vacuum gaps are generated at the magnetic poles of the
neutron star, between the solid and dashed lines [100]. Vacuum gaps in the outer gap

model (right) are generated near the light cylinder (LC) [24].

plasma velocity is equal to the speed of light and its radius is

P
) cm. (2.8)
1 msec

In the above “basic” model, it is impossible to effectively accelerate charged particles

C
RL:Q~1.5><106<

in the pulsar’s magnetosphere because plasma flow neutralizes the electric field parallel to
the magnetic field lines. However, recent phenomenological models indicate the existence of
vacuum gaps in the magnetosphere and high energy “curvature” or “inverse Compton” or
“synchrotron” photons are produced by the accelerated particles. There are now two kinds
of phenomenological models; the “polar cap” model [100, 111] and the “outer gap” model
[24], which differ in the location of gaps. In the polar cap model, vacuum gaps are generated

at the neutron star’s magnetic poles as shown in the left of Figure 2.2. On the other hand
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in the outer gap model, gaps are more distant from the neutron star, but are inside of the
light cylinder as shown in the right of Figure 2.2. They explain the observed pulses due to
rotating narrow radiation from the local vacuum gaps.

Almost all observed radio profiles of pulsars have been explained by the polar cap model
[70]. However, this model has the difficulty explaining observed gamma-ray emissions in
the energy range above 100 MeV, because the polar cap region has a strong magnetic field
(~ 10" G) in which photons of energy greater than ~ 100 MeV immediately pair-produce
(“magnetic pair production” [35]) and cannot escape the polar cap region [5]. On the other
hand, a magnetic field in the outer gap region is much weaker than that in the polar cap
region (10% ~ 10° G for the case of the Vela pulsar [24]) and high energy photons can escape
the outer gap region. In the outer gap model, there are two types of outer gaps on the basis
of their radiation mechanisms; they are the “Crab-type” and “Vela-type” outer gaps [25, 26].
Accelerated electrons and positrons in the Crab-type outer gap lose most of their energies
via curvature radiation instead of synchrotron radiation as in the case of the Vela-type outer
gap. This difference is due to the smaller curvature radii of the magnetic field lines in the

Crab-type outer gap. The Crab-type outer gap will turn to the Vela-type outer gap when

B B 2/5
P>46x10"7 (1012 G) sec, (2.9)

where P is the pulsar period and B is the surface magnetic field [26]. Pulsars having the Crab-
type (Vela-type) outer gap are called Crab-like (Vela-like) pulsars. There are, at present,
only a few observed pulsars in the Crab-like region. The outer gap model predicts gamma-ray

emission from the outer gap turning off when

5/12
P >0.17 ( ) o *sin'/% 9 sec, (2.10)

1012 G
where « is the ratio of the mean distance from the pulsar to the outer gap to the light cylinder

radius and @ is the mean pitch angle of the secondary electrons and positrons® with respect

'In the model of Cheng, Ho and Ruderman [25], electrons and positrons accelerated in the Vela-type outer
gap (primary ei) produce primary gamma rays via inverse Compton scattering. Then, secondary e pairs

are produced by the primary gamma rays [80].
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to the local magnetic field [26]. Therefore, most of radio pulsars (P ~ 1 sec) cannot have
outer gap accelerators [23].

Seven gamma-ray emitting pulsars have been identified so far in the mission of the CGRO
satellite. They are the Crab pulsar [82], the Vela pulsar [60], Geminga [13], PSR 1706 — 44
[118], PSR 1055 —52 [40], PSR 1951432 [95] and PSR 0656+ 14 [96]. Of these, only Geminga
has no detectable radio pulses. Of the more than 500 known radio pulsars, these gamma-ray
pulsars belong to the class of the highest values of the total energy flux at the earth, which
is proportional to E /d?, where E is the spindown luminosity and d is the distance to the
pulsar [95], and therefore they are strong candidates for VHE gamma-ray sources. Figure 2.3
shows integral energy spectra of the seven pulsars observed by EGRET. Their spectra are
well represented by power laws, and if they are extrapolated to the VHE region, their fluxes
are well above the sensitivity of the CANGAROO 3.8 m telescope for gamma rays. Figure 2.4
shows the plot of the gamma-ray efficiencies n = L.,/ E (L, is the gamma-ray luminosity at
100 MeV) versus the characteristic ages 7 = P/2P for the EGRET pulsars [95, 96]. The
gamma-ray efficiencies roughly tend to increase with age and are approaching 100 % for
the characteristic ages approaching 10° years. No HE gamma-ray pulsars have been detected
with ages greater than 10° years and this possibly indicates that the HE gamma-ray emission
turns off for older pulsars as expected in the outer gap model [101]. In all of pulsars, not only
the gamma-ray pulsars, visible luminosities, which have ever been given by radio, optical,
X-ray and gamma-ray observations, are much less than the spindown luminosity given by
(2.5), and it is possible that the residual energies are converted into gamma rays of the energy

greater than the HE region.

2.3.2 Supernova Remnants (SNRs)

Supernova remnants (SNRs) are remnants formed after supernova explosions, and gen-
erally believed to be a source of galactic cosmic rays. The first-order Fermi acceleration

by shock waves at the supernova shell is generally accepted as an acceleration mechanism
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Figure 2.3: Integral energy spectra of the seven EGRET pulsars. The wavy line shows

the sensitivity of the CANGAROO 3.8 m telescope for gamma rays.

of cosmic rays [18]. Since cosmic rays can produce VHE gamma rays via interactions with
ambient matter and neutral pion decay (Section 2.2), SNRs can also be candidates for VHE

gamma-ray sources.

Fermi (1949) proposed that cosmic rays are accelerated in the interstellar space of the
galaxy by collisions against moving magnetic fields [37]. Cosmic-ray particles moving among

irregular magnetic fields elastically collide against irregularities of the fields. Since the fre-
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Figure 2.4: The gamma-ray efficiencies (n = L, /E) versus the characteristic ages

(1 = P/2P) for the EGRET pulsars [95, 96].

quency of encounters is proportional to the relative velocity, the probability of a “head-on”
collision is higher than that of an “overtaking” collision. The net mean energy gain per

collision is

AFE V2
—— () . 2.11
E Tv c ( )

The acceleration by (2.11), in which AFE/E is proportional to (V/¢)?, is known as the “second-
order Fermi acceleration”. If this process is associated with a strong shock wave, such as
a supernova shock wave, particles which are repeatedly scattered across the shock can be
efficiently accelerated almost only by head-on collisions because the magnetic flow velocity

upstream of the shock is faster than the downstream velocity. In this case, the energy gain
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per collision is AE/E ~ 2(V/¢), and this process is called the “first-order Fermi accelera-
tion”. The first-order Fermi acceleration is much more efficient than the second-order Fermi
acceleration because V' < c¢. Fermi’s acceleration models have the advantage of yielding
naturally an inverse power law for the spectral distribution of cosmic rays [69].

Naito and Takahara have calculated the gamma-ray spectra resulting from proton-proton
collisions in a spherical supernova shell [79]. If their assumptions are correct, gamma rays
produced via neutral pion decays appear to be observable in the VHE region from nearby
SNRs. They have given several nearby SNRs possible to emit VHE gamma rays in their
model; Vela XYZ (0.5 kpc), SN 1006 (1.0 kpc), Crab (2.0 kpc), IC 443 (2.0 kpc) and W44
(3.0 kpc). Sturner and Dermer have suggested that 13 sources associate with SNRs of the
37 unidentified Galactic plane sources in the first EGRET source catalog [110]. Vela, 1C443
and W44 are also included in the 13 SNRs.

2.3.3 Pulsar Winds and Synchrotron Nebulae

A compact object, a neutron star or a black hole, is theoretically expected to be formed
at a supernova explosion if the progenitor star’s mass exceeds a critical mass (~ 8M; [106]),
and some neutron stars have actually been found as pulsars within SNRs. In this case, sur-
rounding nebulae can be fed a great fraction of the spindown energy by their pulsars. These
filled-center nebulae or SNRs are often called “plerions” [126, 127]. The dipole electromag-
netic waves of (2.4) have the same frequency as the pulsar’s rotation frequency, and cannot

propagate in the plasma because their frequency is well below the plasma frequency v,

1 ( ne* \"”

v=_—— < ) ~ 9.0 x 10°n1/? sec 1, (2.12)
27 \ me€o

where n is the plasma density in cm™ [4]. Instead of the dipole waves, the pulsar spindown

energy is possibly transported by a relativistic magnetohydrodynamic (MHD) wind consist-

ing mostly of electron-positron pairs. This “pulsar wind” can form a shock at which the

surrounding nebula can provide enough pressure to balance the wind ram pressure as shown

in Figure 2.5 [61, 97]. Electrons can be accelerated at the shock and boost synchrotron or
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Figure 2.5: A schematic view of a pulsar wind in a SNR [51]. The inner circle of the

radius r; is the shock generated by the pulsar wind.

background (infrared, 2.7 K) photon energies by inverse Compton scattering possibly up to
the UHE region. If the boosted photon is a synchrotron photon, this process is called the
“synchrotron-self-Compton (SSC) model”.

The Crab nebula has been confirmed as a VHE gamma-ray source by many groups [9,
47,66, 113, 122]. A plausible interpretation for the VHE gamma-ray emission from the Crab
nebula has been given by De Jager and Harding appling the above scenario [31]. In their

model, the maximum electron energy at the shock is given by
Emax ~ eBs'rsa (213)

where B, is the magnetic field strength at the shock and r, is the distance of the shock from

the pulsar. Following Kennel and Coroniti [62], B, is approximated as

: 1/2
bz )"
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Figure 2.6: The expected gamma-ray spectrum of the Crab nebula calculated from
the MHD and SSC models [31]. The observed HE (COS-B) and VHE (the Whipple
Observatory) gamma-ray spectra have been explained to be of synchrotron and inverse

Compton photons, respectively.

where E is the spindown luminosity of the pulsar and ¢ is the ratio of the magnetic energy
density to the particle energy density just ahead of the shock, which has been estimated to
be very small by some authors [34, 61, 97]. Taking the optimum value of o estimated by
Kennel and Coroniti, ¢ = 0.003, E ., ~ 10! eV for the case of the Crab nebula. Figure 2.6
shows the gamma-ray spectrum of the Crab nebula calculated by De Jager and Harding
using the MHD and SSC models. The observed HE and VHE gamma-ray spectra have heen
explained to be of synchrotron and inverse Compton photons, respectively (Aharonian and
Atoyan have, however, suggested that the spectrum of the Crab nebula is not well explained

only by the SSC model and also introduced the bremsstrahlung of relativistic electrons [1]).

The properties of some of the principal plerions are summarized in Table 2.2 [105]. Four
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Source name Central object Period | Distance Age
(msec) | (kpe) | (log(yr))
Crab nebula | PSR 0531 + 21 (Crab pulsar) | 33 2.0 3.09
CTB 80 PSR 1951 + 32 39 3 5.02
SNR 0540 — 69 PSR 0540 — 69 50 55 3.22
Vela X PSR 0833 — 45 (Vela pulsar) 89 0.5 4.05
MSH 15 — 52 PSR 1509 — 58 150 4.2 5.02
G201.2+ 82 PSR 0656 + 14 385 0.4 5.04
CTB 109 - 6980 3.6 5.2
3C58 - - 2.6 2.917
W50 SS433 - 5.5 ?

Table 2.2: Principal plerions [105].

of the seven EGRET pulsars (the Crab pulsar, the Vela pulsar, PSR 1951 + 32 and PSR
0656 + 14) are included in the plerions. Of these, VHE gamma rays have already been
detected from the Crab nebula, and the other three plerions are also strong candidates for
VHE gamma-ray sources because they are fed great energies by their pulsars. SNR 0540 —69,
which is in the Large Magellanic Cloud, most closely resembles the Crab nebula and has been
called the twin’ of the Crab nebula. However, if it has the same luminosity in the VHE region,

its flux will be reduced by more than a factor of 700 because of the greater distance.

2.3.4 Active Galactic Nuclei (AGNs)

Acceleration of high energy particles is thought to take place in Active Galactic Nuclei
(AGNs), which is located in the center of active galaxies. Intense continuum radiation has
been observed from AGNs at optical, radio and X-ray wavelengths which is variable on a

time-scale of weeks and months. Since causality requires the dimensions of the emitting
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volume to be r < cr, where 7 is the time-scale of the variability, this continuum emission

must originate within a very compact region, r < 0.1 pc. Some AGNs have broad emission
lines, which implies the existence of very high velocity gas motions. In a few cases, radio jets
are observed extending from the nucleus. AGNs are classified by their observed profiles as

follows:

Seyfert galaxy: The galaxies in this category were first listed by Seyfert in 1943. Many
strong emission lines are observed in their spectra. They are further classified into two
types (Seyfert I and Seyfert II) owing to their emission line profile. Most of Seyfert

galaxies are classified morphologically as spirals.

Blazar: Compared with Seyfert galaxy, no remarkable emission lines are in the spectrum
of blazars, and their continuum emission is highly polarized. Jets are thought to be
ejected from blazars to the direction of the earth. BL Lac objects and OVV (Optically

Violent Variable) Quasars belong to this category.

Radio galaxy: Most of elliptical galaxies are not observable at radio wavelengths, but a

few of them are strong radio sources. They are called radio galaxies.

Quasar: The spectrum profile of quasars is similar to Seyfert I galaxy, but quasars have
very high redshifts up to z ~ 4. Some of them are also bright at radio wavelengths

(radio loud quasar).

The central compact object of AGN is assumed to be a massive black hole (10 ~ 107,
[69]) and recent observations at optical, radio and X-ray wavelengths support the existence of
massive black holes in some active galaxies [43, 52, 78, 112]. On the basis of the assumption
of the presence of a massive black hole and its accretion disk, a model to interpret observed
profiles of AGNs in a unified scheme is proposed by some authors [3, 7].

Of the about 500 AGNs [39], the two BL Lac objects, Markarian 421 [91] and Markarian

501 [93], have been identified as VHE gamma-ray sources so far. Of particular interest, a
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TeV /X-ray flare from Markarian 421 was detected in May of 1994 by the Whipple Observa-
tory and the X-ray satellite ASCA [72]. The authors have explained the VHE gamma-ray
emission due to inverse Compton scattering in the SSC model. Blazars and quasars are clas-
sified as more active than the other AGNs, and Markarian 421 and Markarian 501 are the
most nearby blazars (their redshifts are 0.031 and 0.034, respectively [27]). It is suggested
that VHE gamma-ray emission from distant AGNs is less observable since the gamma rays
are absorbed in the intergalactic infrared radiation field (IIRF) [32, 109]. A gamma ray of
energy €; can pair-produce interacting with a photon of energy eo, if €; is greater than a

threshold value, €, given by

2m2ct

€9(1 — cosb)’ (2.15)

€ =

where m is the mass of the produced particles and € is the angle between the photon trajec-

tories. Restricting attention to electrons and the case of head-on collisions, we have
€ = 0.26 x 102 /ey, (2.16)

where the energies are in eV. Infrared radiation fields are important for VHE gamma rays

because

2m2ct & \ !
@~ (1 Te\f) ¢ (2.17)

This absorption of VHE gamma rays in the IIRF seems to be plausible taking into account
that VHE gamma rays have been detected from only the two nearby BL Lac objects in
spite of about 40 AGNs having been identified in the HE region [119] and some distant
AGNs are brighter than the two BL Lac objects at 100 MeV. The magnitude of the IIRF
is important in investigating the evolution of galaxies [108] but is difficult to be separated
in direct observations from Galactic foreground radiation and the zodiacal light in the solar
system. The IIRF can, however, be probed by investigating spectral cutoffs of AGNs above
10 GeV [17, 32]. Furthermore, if several AGNs are seen to have spectral cutoffs consistent
with ITRF extinction, it may be possible that the Hubble constant is determined with better

accuracy, say, with an error of about 10 % [102]. There exists a completely unexplored energy
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window between satellite and ground-based experiments from 10 to 200 GeV at present,
and the spectral cutoffs of most of the AGNs detected by EGRET must be in this energy
window. Several ground-based gamma-ray telescopes having reduced energy thresholds (50 ~

100 GeV) are currently planned or under construction [86, 114].



Chapter 3

The Vela Pulsar and the Vela SNR

3.1 The Vela Pulsar

The Vela pulsar, PSR 0833 — 45, is a young (~ 10* year) nearby (~ 500 pc¢) pulsar, which
was first discovered as a radio pulsar in 1968 [67]. Its pulsed radiation, with a short period of
about 89 msec and a relatively large P, is observed at radio, optical, X-ray and gamma-ray
wavelengths. Figure 3.1 shows its pulsed profile which differs hetween the wavelength hands
[20], unlike the case of the Crab pulsar which is often compared with the Vela pulsar. The
radio signal shows a strong single peak, while double peaked profiles are seen at optical [123]
and gamma-ray [60, 117] wavelengths, although the phases of the peaks are not coincident.
Its recently discovered X-ray pulse also seems to have a different profile from the others [83].

The Vela pulsar has the second highest spindown luminosity at the earth (E/d?) of the
known radio pulsars (the Crab pulsar is the first). “Glitches”, which are discontinuities in
the regular change of period of the pulsar, have been observed in the Vela pulsar every 2

Lat a

or 3 years. The proper motion of the pulsar has been measured to be 49 marcsec yr~
position angle of 305° [8], and this direction is almost perpendicular to the pulsar rotation
axis [73].

At the HE gamma-ray band, the Vela pulsar is the brightest discrete object in the sky

[39]. Its HE gamma-ray emission is 100 % pulsed and upper limits for the unpulsed emission

23
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Figure 3.1: The lightcurve from the Vela pulsar at radio, optical, soft gamma rays and

high energy gamma rays [48].

have been given from recent observations with EGRET [60]. As shown in Figure 3.2, the
spectrum of the pulsed emission is well represented by a single power law of the differential
index —1.70 up to 4 GeV. If this spectrum is extrapolated to the VHE range, the expected
flux around 1 TeV is well beyond the sensitivity of the 3.8 m telescope. However, a spectral

break is apparent at energies above a few GeV.

In the outer gap model described in Chapter 2, the Vela pulsar is in the category of
Vela-like pulsars, as the name shows. Cheng, Ho and Ruderman have suggested that VHE
gamma rays can be emitted from the outer gaps of the Vela pulsar via inverse Compton

scattering up to the energy of about 6 x 10'? eV [25]. They have also shown that the ratio of
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Figure 3.2: The spectrum of the pulsed HE gamma-ray emission from the Vela pulsar

detected by EGRET [60]. A spectral break is apparent at energies above a few GeV.

inverse Compton loss to synchrotron loss by secondary electrons and positrons is ~ 1072 and
the total radiated power from the Vela outer gaps is ~ 3 x 10~2F, where E is the spindown
luminosity. Thus, it has been predicted in the outer gap model that the power of ~ 3 x 10™E

is radiated into the VHE region.
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Figure 3.3: A radio contour map of Vela X at radio wavelength A = 11.3 cm showing

the position of the Vela pulsar (@) [127]. Vela YZ are outside of this map.

3.2 The Vela SNR

The Vela pulsar is located almost at the center of the Vela supernova remnant, which has
a shell structure of 8°.3 diameter [6]. The Vela SNR includes the strong radio sources Vela
XYZ. Vela X, of which the radio map is shown in Figure 3.3, is the brightest of these and
is located about 1° from the pulsar to the south-southwest. Vela X is sometimes classified
as a plerion owing to the pulsar-SNR association and is thought to be powered by the Vela
pulsar [127].

At X-ray wavelengths, a strong pointlike DC source exists at the pulsar position [53,
84, 128, although its pulsed signal is weak. In the soft X-ray band (about a few keV), a
compact nebula with a few arcmin radius appears around the pulsar [53, 84]. Furthermore,

recent observations by the Rosat X-ray telescope revealed a jet of diffuse emission which
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Figure 3.4: X-ray maps around the Vela pulsar. The left is a soft X-ray image (0.9
~ 2.0 keV) observed with the Rosat X-ray telescope [74]. The horizontal bar is 10
arcmin long. The right is a hard X-ray contour map (2.5 ~ 10 keV) observed with the
University of Birmingham coded mask telescope flown on the Spacelab 2 [128]. The

line AA gives the orientation of the pulsar spin axis suggested by Manchester [73].

originates at the pulsar and extends in the direction of Vela X (see the left of Figure 3.4).
Markwardt and Ogehnan suggested that the total emitted luminosity in 0.7 ~ 2.4 keV is
~ 10733 erg sec™!. Almost half of the pulsar spindown energy is spent in driving the jet if
their thermal plasma model is correct [74] and Vela X, which is coincident with the end of the
jet, is due to radio synchrotron emission from the electrons shock-accelerated by the sudden
jet termination. On the other hand in the hard X-ray band (about a few tens of keV), diffuse
emission extending about 1° to both the northeast and the southwest appears around the
pulsar and this elongation is roughly aligned with the pulsar rotation axis. Willmore et al.
suggested this elongated region is a synchrotron nebula [128]. This pulsar-nebula association

reminds us of the case of the Crab pulsar and nebula.
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Features Crab Vela
Lightcurve (HE gamma ray) double peak | double peak
Lightcurves at different wavelengths similar different
Continuous emission (HE gamma ray) yes upper limit
Synchrotron nebula yes yes
Jet (X-ray) yes yes
Counter jet (X-ray) yes ?
VHE gamma-ray emission yes (unpulsed) ?

Table 3.1: Principal observed features of the Crab and Vela pulsars/nebulae.

3.3 Comparison with the Crab Pulsar and Nebula

The Crab pulsar and the Vela pulsar are the two main prototypical pulsars and their
features are often compared including their nebulae or SNR associations. The comparison is

a convenient way to emphasize their characteristics.

The two pulsars have the largest two values of the spindown luminosity among all of
the known pulsars. Both the Crab nebula and Vela X are classified as plerions. The HE
gamma-ray lightcurve of the Crab pulsar is double-peaked as in the case of the Vela pulsar,
but lightcurves of the Crab pulsar in the other wavelengths have almost the same double-
peaked profiles [124]. In the HE gamma-ray region, continuous emission is also detected
from the direction of the Crab pulsar, unlike the case of the Vela pulsar, and this is known
to be the contribution from the nebula [82]. At X-ray wavelengths, an X-ray emitting jet
is ejected from the Crab pulsar like the case of the Vela pulsar, and it is aligned with the
pulsar rotation axis [55]. However, the existence of a counter jet has not been confirmed in
the case of the Vela pulsar unlike the Crab. As described in Chapter 2, the Crab nebula has
been confirmed as a VHE gamma-ray source by many groups, but pulsed emission has not

been detected from the Crab pulsar. The above features are summarized in Table 3.1.



3.4. PREVIOUS VHE GAMMA-RAY OBSERVATIONS 29

As reviewed above, the observed features around the Vela pulsar are very complicated. We
can find several promising features for the generation of VHE gamma rays in the region near
the pulsar: the jet, the synchrotron nebula, the material of the SNR and of course the pulsar
itself. Therefore, there is no doubt that the Vela SNR, including the pulsar, is a strong
candidate VHE gamma-ray source, but it is possible that VHE gamma rays are emitted
from different regions away from the pulsar because several extended structures are seen a
few degrees from the pulsar. If a VHE gamma-ray signal is detected, the position and the
size of the source are important parameters for an understanding of the physical phenomena
around the pulsar. The CANGAROO 3.8 m telescope has the finest-pixel imaging camera
of the current experiments as mentioned in Chapter 4 and it is adequate to determine the

position and the size of the VHE gamma-ray source precisely.

3.4 Previous VHE Gamma-Ray Observations

The Vela pulsar is a strong candidate for a VHE gamma-ray source as mentioned above
and has been a high priority object in southern hemisphere VHE gamma-ray observations.

Previous observations of VHE gamma rays from the Vela pulsar are summarized in Table 3.2.

Positive observations of VHE gamma rays from the Vela pulsar have been reported by
two groups so far. Grindlay et al. detected a pulsed signal from the Vela pulsar at the 4 o
level. The signal showed a single peaked lightcurve and the peak was seen 3 msec before the
radio pulse [49]. However, they couldn’t confirm their result by their further observations
and concluded there was no evidence for pulsed emission. The Tata group also reported the
detection of VHE gamma rays from the pulsar. The 1979 data set showed evidence for a
double peaked lightcurve [15], while only a single peak was found in the data between 1982
and 1985 [16]. Absolute phase was not known for the 1979 observations, but it was available
during the latter observations. They noted the single peak was close to the phase of the first

optical peak. However, pulsed emission from the Vela pulsar has not been detected in the
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Group Site Year Energy Flux Lightcurve | Reference
(TeV) | (1072 em™2 sec™!)

Sydney Narrabri 1972 0.3 10+ 3.3 single peak [49]
Sydney Narrabri 1973 5 0.7+0.3 single peak [49]
Sydney Narrabri 1974 0.3 <20 [49]
Tata Ooty 1979 10.4 15+3 double peak [15]
Tata Ooty 1979 ~ 1980 9.3 <0.2 [16]
Tata Ooty 1982 ~ 1983 4.7 1.1+0.3 single peak [16]
Tata Ooty 1984 ~ 1985 5.4 1.0+0.3 single peak [16]
Adelaide White Cliffs 1986 ) < 58 [28]
Durham Narrabri 1987 0.3 <60+15 [19]
Potchefstroom | Nooitgedacht 1989 2 <17 [80]
Potchefstroom | Nooitgedacht 1992 2.3 <6 [81]
Adelaide Woomera 1989 ~ 1992 0.8 < 67 [33]

Table 3.2: Previous observations of VHE gamma rays from the Vela pulsar.

recent observations by other groups [19, 28, 33, 80, 81], and the results of the Tata group
have not been confirmed yet.

One should note that, with the exception of a short subset of Grindlay et al.’s data,
only pulsed and transient emission has been searched for in the previous VHE gamma-ray
observations of the Vela pulsar. Our 3.8 m telescope using the atmospheric Cerenkov imaging
technique can detect DC gamma-ray emission and it is possible that VHE gamma rays are
steadily being emitted from the vicinity of the Vela pulsar taking into account its similarities

with the Crab.
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Atmospheric Cerenkov Technique

4.1 Overview

As mentioned in Chapter 2, VHE gamma rays are detected using atmospheric Cerenkov
telescopes. Charged particles in EASs initiated by VHE gamma rays lose their energies
in ionizing atmospheric nuclei and most of them are attenuated in the atmosphere before
arriving at the ground. However, the atmosphere is quite transparent for Cerenkov light
radiated from charged particles in EASs. “Cerenkov observations” are possible only on moon-
less clear nights because of the low intensity of Cerenkov light, and the use of reflectors is
necessary to collect Cerenkov photons. The Cerenkov observation has the advantage of the
large gamma-ray detection area, which is about 10* times larger than the typical area in
satellite detection.

Atmospheric Cerenkov telescopes detect not only gamma rays but also the numerous
backgrounds due to cosmic-ray nuclei. Therefore, it is important to eliminate background
events for effective detections of gamma rays. Fortunately, there are several important differ-
ences in the development between EASs initiated by gamma rays ( “gamma-ray showers”) and
EASs initiated by cosmic-ray nuclei (“hadronic showers”), and differences in the Cerenkov
light profile can be used to differentiate between them and enhance gamma-ray signals.

There are currently a few kinds of techniques for Cerenkov observation. Of these, the

31
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“imaging technique” is the most powerful for rejecting background events. In this technique,
Cerenkov images on the focal plane are recorded with an imaging camera consisting of many
photomultiplier tubes (PMTs), and the images well reflect the profile of the development of
the EAS because Cerenkov photons are radiated within a cone of about 1° with respect to
the shower axis. Imaging telescopes have an angular resolution as good as 0°.1 and this is
an epoch-making improvement in the signal-to-noise ratio comparing the angular resolution

of ~ 1° in non-imaging telescopes.

4.2 Extensive Air Showers

A gamma ray entering the earth’s atmosphere initiates an electromagnetic cascade. In the
electromagnetic cascade, electrons, positrons and gamma rays increase via pair production
and bremsstrahlung. The energy of the primary gamma ray is divided into particles in the
cascade and the average particle energy decreases as the cascade proceeds. Finally, ionization
loss becomes dominant for the particles and the cascade will decay.

On the other hand, a primary cosmic-ray nucleus entering the atmosphere interacts with
an atmospheric nucleus and generates a nuclear cascade. A nuclear interaction causes multi-
particle production, in which secondary nucleons and mesons are produced. Pions constitute
the greatest fraction of nucleonic cascade particles. Neutral pions decay into gamma rays
as 7 — 27 (Chapter 2) and electromagnetic cascades are produced by the gamma rays as
mentioned above. Since the lifetime of charged pion is 2.603 x 1073y, sec, where v, is the
Lorentz factor of the charged pion, and the mean free path for charged pion in the atmosphere
is ~ 80 g cm 2, charged pions of the energies well greater than 10 GeV further interact with

atmospheric nuclei, while the others decay as follows;

™ = ut+u, (4.1)

O TR o 7 (4.2)

The high energy muons generated in the early stage of the development of the EAS can
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Figure 4.1: Basic elements in the development of the EAS [124].

come to the ground without decaying (the lifetime of muon is 2.197 x 1075y, sec). The

above elements in the development of the EAS are summarized in Figure 4.1.

There are several important differences in the development of EASs between gamma-ray
showers and hadronic showers. First, hadronic showers develop later (lower in the atmo-

sphere) because of the longer interaction length. Second, nuclear cascades have larger trans-
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verse momenta than electromagnetic cascades and, as a result, hadronic showers are more
extended transversely than gamma-ray showers as shown in Figure 4.2. These two facts also
mean there are larger fluctuations in the development of hadronic showers. Third, comparing
at the same energy of the primary particle, the number of particles in an EAS is roughly one
third as many in hadronic showers because pions of all charges are produced in almost equal

numbers in multiparticle production, and hadronic showers have more muons.

4.3 Cerenkov Radiation

In a medium of a refractive index n, the velocity of light is ¢ = ¢/n, where ¢ is the
velocity of light in a vacuum. A charged particle which is moving at a velocity v > ¢ in the
medium radiates Cerenkov radiation. The radiation is only permitted at a particular angle
# (“Cerenkov angle”) with respect to the track of the particle;

1
08l = — 4.
coS Bn’ (4.3)

where 3 = v/c. For the wavelength 400 nm, The refractive index of air at temperature 7' K

can be expressed as;

n = 1.0+ 0.000296 ( (4.4)

r) (man)
1030 g cm=2 ) \273.2 K ’

where x g cm™2 is the atmospheric depth and T is written as 7' = 204 + 0.091z [57]. Since
n ~ 1.00027 at 1 atm, the Cerenkov angle is # < 1°.3 for relativistic particles (3 ~ 1) in an
EAS from (4.3). Therefore Cerenkov radiation from the EAS is radiated in a few degrees
with respect to the shower axis.

The energy output of Cerenkov radiation per unit path is represented by the following

dE  7Z%e? 1
i 1-— d 4.5
dl 2 /ﬂn>1 ( /6’2712) e (4:5)

where Ze is the particle charge and w is the frequency of Cerenkov radiation [59]. From

equation;
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(4.5), the number of photons radiated into the wavelength range between \; and Ao is

1 1 1
N — 72 - _
N = 2raZ’l ( ™ A2) <1 32,”2) , (4.6)

where a = €?/hc is the fine structure constant. The total number of Cerenkov photons

radiated from an EAS is proportional to number of electrons in the EAS, and therefore,
from the above mentioned, the number of Cerenkov photons from a gamma-ray shower is
three times more than that from a hadronic shower. The lateral distribution of Cerenkov
light initiated by a gamma ray is almost flat out to a ~ 150 m radius at sea level and the
detection area is the order of 10* m?, which is much larger than the typical area of 1 m? in
satellite detection. Moreover, the Cerenkov photon density detected at sea level is a good
estimator for the primary gamma-ray energy. Some of the Cerenkov photons are Rayleigh
or Mie scattered in the atmosphere before arriving on the ground [11], and the number of
Cerenkov photons from an EAS initiated by a 1 TeV primary gamma ray is only 20 ~ 50 m~2

in 350 ~ 550 nm at sea level. Therefore, it is necessary for the efficient detection of VHE

gamma rays to use reflectors collecting Cerenkov photons from the EAS.

4.4 Atmospheric Cerenkov Imaging Technique

The gamma-ray flux from a strong source, such as the Crab nebula, is ~ 107! cm 2 sec ™!

2 -1 1

above 1 TeV, while The cosmic-ray (background) flux is ~ 107 em 2 sec ! str! above
1 TeV. Assuming an effective field of view of a telescope being 1073 str (~ 1° radius), the
signal-to-noise ratio in the detected events is ~ 1073, Therefore, it is necessary to eliminate
background events for efficient detection of gamma rays. Non-imaging telescopes before
developing the imaging technique had an angular resolution of ~ 1° and no background
rejection technique. However, the angular resolution in the imaging technique is ~ 0°.1,
thus the signal-to-noise ratio in the imaging technique is about 10? times better than that
of non-imaging telescopes, considering only the angular resolution.

The imaging Cerenkov observation is schematically shown in Figure 4.3. Cerenkov pho-
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Figure 4.3: The principle of detecting gamma rays through the Cerenkov imaging
technique. The image of the light measured with the telescope basically represents the
shape of the electron-positron cascade, which is elongated along the shower axis in the

direction to the object at which the telescope is aimed [64].
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Figure 4.4: Typical Cerenkov images of a 1 TeV gamma, ray (left) and a 3 TeV proton
(right). The dots represent the positions of Cerenkov photons on the focal plane and
photons are detected by an array of PMTs. The source is located at the center of the

field of view (x) for both pictures. The large squares represent fields of 3° x 3°.

tons collected with a reflector make an image on the focal plane. The image is considered
to be a projection of the shower development onto the focal plane and represents the shape
of the electron-positron cascade, which is elongated along the shower axis parallel to the
direction to the object at which the telescope is aimed. As a result, Cerenkov images of
gamma rays (“gamma-ray images” ) elongate to the source in the field of view. On the other
hand, Cerenkov images due to cosmic-ray nuclei (“hadronic images” ) have random directions
in the field of view reflecting the random primary directions of the nuclei and the irregularity

of the shower development.

In the imaging technique, images are detected by an imaging camera consisting of many



4.4. ATMOSPHERIC CERENKOV IMAGING TECHNIQUE 39

Length

S

N\

Width

Centroid
Alpha

Distance

Source

Figure 4.5: Definition of image parameters.

PMTs, as shown in Figure 4.4. Hillas (1985) has shown that a parameterization based on
fitting an ellipse to the Cerenkov images is effective in extracting the characteristics required
to enhance gamma-ray signals [58]. The image parameters generally used in the imaging

technique are schematically shown in Figure 4.5, where:

Width: The rms spread of light along the minor axis of the image; a measure of the lateral

development of the cascade.

Length: The rms spread of light along the major axis of the image; a measure of the vertical

development of the cascade.
Distance: The distance between the centroid of the image and the source position.

Conc: The degree of light concentration as determined from the ratio of the two largest

tube signals to the sum of all signals.



40 CHAPTER 4. ATMOSPHERIC CERENKOV TECHNIQUE

Alpha: The angle between the major axis and a line joining the centroid of the image to

the source.

The simulated distributions of the above parameters for primary gamma rays and primary
protons are shown in Figure 4.6. The Monte Carlo simulation has been done assuming the
primary directions to be of a point source for gamma rays while isotropic for protons. As one
can expect from the above, hadronic images should generally be broader in Width, longer in
Length and lower in Conc owing to the irregular, wide-spread development of their showers.
These image parameters are called “shape parameters”. Also Alpha values of gamma-ray
images should be concentrated near Alpha = 0°, while Alpha values of hadronic images
should be uniform. Alpha is called an “orientation parameter”. The above features can
indeed be seen in Figure 4.6. The good angular resolution of the imaging technique is due to

the strong directionality of gamma-ray images as seen in the Alpha distribution of Figure 4.6.

Telescopes for the imaging Cerenkov observation are generally operated by two observa-
tion methods. They are “on/off tracking” and “continuous tracking”. Even if many back-
ground events are successfully eliminated using the above image parameters, it is impossible
to completely eliminate all of them because of the large fluctuation of hadronic showers. In
the on/off tracking method, an off-source observation with no prior gamma-ray source in
the field of view is done night by night under the almost same conditions as the on-source
observation. The off-source data are used to estimate background counts in the imaging tech-
nique, and a DC gamma-ray signal from a source can be evaluated subtracting the off-source
counts from the on-source counts. On the other hand, the continuous tracking method is
not generally used to detect DC signals, and the data are usually used to search for periodic
emission or bursts from a source. If DC gamma-ray signals can be detected effectively with-
out any off-source observation, continuous source tracking has the advantage of two times
longer exposure time than on/off tracking. New methods to evaluate a DC signal without
any off-source observation have recently been proposed by some authors [22, 41, 63|, and it

may be possible in the near future.
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Figure 4.6: Image parameter distributions predicted by simulation for an on-axis
gamma-ray source at the zenith and an isotropic background of protons. The solid
lines in the figures represent distributions of gamma-ray images and the dashed lines
are of proton images. The simulation has been done using the same telescope and
the same PMTs as the CANGAROO 3.8 m telescope, but much more PMTs have
been arrayed on the focal plane to eliminate edge effects of the imaging camera (see

Chapter 7).
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Group Location Reflectors Cameras

CANGAROO | Woomera, Australia (137°E, 31°S) | 11.2 and 12.6 m? | 256 and 37 pixels

CAO Crimea, Ukraine (34°E, 45°N) 13.5 m? x 2 37 pixels x 2
Durham Narrabri, Australia (150°E, 30°S) 42 m? 109 pixels
HEGRA La Palma, Canaries (18°W, 29°N) 8.5 and 5.0 m? 61 and 37 pixels

Whipple Mount Hopkins, USA (111°W, 32°N) 11 and 10 m* 109 pixels x 2

“Diameters.

Table 4.1: Current experiments using the imaging technique.

Current experiments using the imaging technique are summarized in Table 4.1. The
pioneer in the imaging technique is the Whipple group. They succeeded in eliminating more
than 99 % of the background events in their analysis [92, 98]. The Whipple telescopes
have the largest reflectors (10 and 11 m diameters) of the current telescopes and the lowest
energy threshold (200 GeV). They have discovered three VHE gamma-ray sources so far
(Crab nebula [125, 122], Markarian 421 [91] and Markarian 501 [93]). Their results for
the Crab nebula and Markarian 421 are shown with Alpha plots in Figure 4.7. The Crab
nebula and Markarian 421 have also been observed by the HEGRA group [65, 88]. They
have two imaging telescopes at present and are planning to do stereoscopic observations with
five imaging telescopes. The Japanese telescope of the CANGAROO group has the finest-
pixel imaging camera with 256 PMTs at present [50]. A radio and gamma-ray (100 MeV)
pulsar PSR 1706 — 44 was identified as a VHE gamma-ray source by the CANGAROO group
[63]. The Alpha distributions for PSR 1706 — 44 reported by the CANGAROO group are
shown in Figure 4.8. The fine-pixel imaging camera can detect more detailed structure of
Cerenkov images and makes more sensitive gamma-ray detection possible. The fine-pixel
imaging telescope of the CAT group (588 pixels) is under construction at present, and will

start operation at the beginning of 1996 [29].



4.4. ATMOSP

Number of showers per S degree bin

Figure 4.7

HERIC CERENKOV IMAGING TECHNIQUE

L1 (0 i e e e e e L o o o e e e S e B ) A
a b
140 Mk 421 Crab Nebula
1.000
On-source On ”
120 -source
Off-source == OHf-SOUrCE  +rereeeenes

800

8

| L B BN B BN LB

3
o

FA LA A RSN S S S B SN (R SSS L

Number of showers per 3 degree bin

TS IR A AN (AP E U AU AN AT i AT S ETATa

T S SO V'm0 VAU SN MU SO NSNS WU N ST

60
: AAAAAA 400
w0 L
C 200
20— .
o-llllllllllllllllL olll]lllllllllllll
0 20 40 60 80 [ 20 40 60 80

Orientation angle alpha (degrees)

: Alpha distributions for the Crab nebula and Markarian 421 reported by

the Whipple group [91].

Figure 4.8:

PSR 1706—-44
1000 H CANGAROO Result (1993)
—— ON-source
""" OFF—source
800 M
0
5] 600 r
=]
o
S
=4
400 r
200 r
0 .
0 20 40 60 80

Alpha [degree]

Alpha distributions for PSR 1706 — 44 reported by the CANGAROO group.
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Chapter 5

The CANGAROO 3.8 m Telescope

5.1 The CANGAROO Project

The CANGAROO project is a collaboration between the University of Adelaide and

Japanese institutes for VHE gamma-ray observations.! Two atmospheric Cerenkov imaging

'CANGAROO collaboration:
Y. Hayami, F. Kakimoto, S. Ogio, T. Ohsaki, K. Sakurazawa, T. Tanimori, T. Tsukagoshi, T. Yoshikoshi,
Tokyo Institute of Technology
N. Hayashida, T. Kifune, M.D. Roberts, M. Teshima, Institute for Cosmic Ray Research, University of Tokyo
S.A. Dazeley, J.R. Patterson, G.P. Rowell, G.J. Thornton, University of Adelaide
Y. Matsubara, T. Matsuoka, Y. Muraki, T. Sako, Solar-Terrestrial Environment Laboratory, Nagoya Uni-
versity
H. Katsumata, T. Konishi, S. Oda, T. Suda, A. Suzuki, Kobe University
A. Masaike, R. Susukita, Kyoto University
T. Hara, Yamanashi Gakuin University
M. Fujimoto, T. Mizumoto, National Astronomical Observatory
P.G. Edwards, Institute of Space and Astronautical Science
T. Tamura, Kanagawa Unzversity
M. Mori, Miyag: Unwersity of Education
H. Muraishi, S. Yanagita, T. Yoshida, Ibaraki University
H. Fujii, S. Kabe, Y. Watase, National Laboratory for High Energy Physics
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telescopes are located near Woomera, South Australia (longitude 136°47'E, latitude 31°06'S,
160 m a.s.l.). The Japanese 3.8 m telescope [50] is located 100 m to the east of BIGRAT
(the Blcentennial Gamma-RAy Telescope). Stereoscopic observations have been done since

1992 using the two telescopes [120, 121].

5.2 The 3.8 m Telescope

5.2.1 The Reflector and Imaging Camera

Figure 5.1 shows the CANGAROO 3.8 m telescope. The reflector of the 3.8 m telescope
has a parabolic shape and both its diameter and focal length are 3.8 m. The telescope
was originally used for lunar ranging in the National Astronomical Observatory at Mount
Dodaira, Japan, about 20 years ago, and its surface quality was designed to have a blur much
better than 1 arcmin. The current accuracy after the installation at Woomera is as good
as a few arcmin. The reflector is made of aluminized duralumin and is canigen-plated. The
current reflectivity of the reflector is about 50 % at 482 nm.

The telescope is mounted on an alt-azimuth mount. Two pulse-counting motors for
altitude and azimuth rotations are controlled by a personal computer (NEC PC98), and the
use of two encoders gives a tracking accuracy of 0°.01. The motors are going to be replaced
with AC-servo motors in January 1996.

The imaging camera consists of 10 mm (3/8 inch) x 10 mm Hamamatsu R2248 square
photomultiplier tubes. The photocathode area of the PMT is 8 mm x 8 mm, which corre-
sponds to an angular extent of 0°.12 x 0°.12, and covers about 40 % of the field of view.
The photocathode material is bialkali and the quantum efficiency is about 20 % in the range
between 350 nm and 550 nm. Additional 32 PMTs were added to the camera in May 1995,
and the present camera contains 256 PMTs, which gives a field of view of about 3°.2 in
diameter (Figure 5.2). Each group of eight PMTs is installed in a single box (Figure 5.3)

and supplied a common preset high voltage. The operation of the PMTs with a low gain
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Figure 5.1: The CANGAROO 3.8 m telescope.

(x ~ 10°) is employed in our camera and can reduce the effect of gain variation of the PMTs
due to variation of the sky brightness.

A blue light emitting diode (LED, the peak wavelength is 450 nm) is set at the center of
the reflector (3.8 m distant from the camera). Blue light pulses of about a 20 nsec width are

generated using this LED to calibrate the relative gains of the PMTs.

5.2.2 Electronics and Event Trigger

Outputs of the PMTs are first amplified by buffer amplifiers (x2) in the high voltage

boxes, then are fed into the electronics hut (Figure 5.4) via 30 m long twisted pair cables.
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Figure 5.2: The array of PMTs used in the imaging camera. The small squares represent
the photocathode area (8 mm x 8 mm) of the PMTs. The left array was used until

April 1995, and the present array is shown on the right.

In order to process the signal pulses we developed a special circuit module instead of using
separate circuit modules such as analogue to digital converters (ADCs) and time to digital
converters (TDCs). This module is called the Cerenkov Circuit Module (CCM). One CCM
has 16 input channels and consists of high gain amplifiers, current amplifiers, discriminators,
ADCs, TDCs, scalers, DC current monitors and summing circuits (Figure 5.5). The ADC
and TDC have 4096 counts (12 bits) maximum, with a resolution of 0.025 pC and 0.25 nsec
per count respectively. The ADC gate width is about 50 nsec, which is wide compared with
the time of Cerenkov pulse. However, the TDC has the advantage of eliminating signals
caused by background light. The scaler and DC current monitor also have 4096 counts

maximum. The scaler for each PMT counts number of pulses exceeding the discrimination
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Figure 5.3: The box in which each eight PMTs are installed. Groups of eight PMTs

are supplied a common preset high voltage.

level for 1 msec after an event trigger. The count of the scaler is a good indicator of the sky
brightness in the field of view of the PMT, and is useful in calibrating the PMTs (Chapter 6).

In the CCM each pulse from each PMT is first amplified, and then divided into four
pulses. These are sent to an ADC, a discriminator, a DC current monitor and a summing
circuit. The pulse sent to a summing circuit is added with those of the other 15 channels,
and then output as a “Linear Sum”. Each discriminator gives an output if the input exceeds
a preset level, and this output is sent to a TDC, a scaler and a summing circuit after division.
The discriminator output sent to a summing circuit is also added with those of the other
15 channels, and output as a “Hit Sum”.

The “Linear Sum” and “Hit Sum” outputs from each CCM are added together in linear
fan-in/out modules, and are used to generate a trigger pulse for recording data. Figure 5.6

shows a block diagram of the electronics circuits for generating a master pulse for an event
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Figure 5.4: A schematic view of the experimental setup of the 3.8 m telescope [64].

trigger.

Our electronics circuit has two preset threshold levels for an event trigger as mentioned
above. They have been calibrated using Monte Carlo simulations (Appendix B) and the
standard value of the night sky background light. The present thresholds corresponds to
3 photoelectrons for the discriminators in the CCMs and 5 discriminated PMTs for the “Hit

Sum” in average.

If a trigger pulse is generated, the data processed by the CCM are sent to a memory
module in a CAMAC crate. The CAMAC system is controlled by an on-board micro proces-
sor, M68020, in which a real time operating system, OS9, of multi-tasking capability is used.
The data are recorded on an 8 mm video tape using an EXABYTE and can be checked and

analyzed by a workstation in Woomera.

In August 1993, a Global Positioning System (GPS), with an absolute accuracy of 200
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Figure 5.5: The block diagram of the CCM.

nsec, and a CAMAC module counting GPS pulses were installed. The CAMAC module
measures the time differences between the GPS pulse and the pulse from our crystal clock,
which has a drifting rate of ~ 1077, every second, and the differences are recorded with the
data in every triggered event. It is possible to get accurate arrival times of events correcting
them by the time differences.

Data recorded after an event trigger consist of a run number, an event number, clock
data including outputs from the GPS module, outputs from the CCMs (TDC counts, ADC
counts, counts of the scalers and DC currents) and several kinds of flags. In the stereoscopic
observation with BIGRAT, trigger signals are sent to each other via underground cables.

The trigger signals from BIGRAT are recorded as flags into data.
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Chapter 6

Calibration of Tracking Accuracy of

the 3.8 m Telescope

6.1 Motivation

As mentioned in Chapter 4, orientation of gamma-ray images is very sensitive to the
position of the source in the field of view. Therefore, it is important to calibrate tracking
accuracy of the telescope for source identifications with an angular resolution of < 0°.1. The
gamma-ray source candidates reviewed in Chapter 2 are not bright at optical wavelengths,
and we cannot directly find the position of any source in counting rates of the PMTs. How-
ever, counting rates of the PMTs increase owing to bright stars in the field of view. Since
the 3.8 m telescope is mounted on an alt-azimuth mount and the imaging camera is fixed
to the reflector, the field of view rotates when the telescope is tracking a point of the sky.
Therefore it is possible to calibrate the tracked point using the rotating starlight signals. A
method to calibrate a tracked point in the field of view using starlight is proposed in this
chapter, and its accuracy is estimated by simulation.

There are various errors which cause a tracked point differing from the center of the
camera; the setting error of the camera position with respect to the reflector, the error in a

direction of the telescope from a calculated direction and the error in the tracking program

=
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to control the telescope itself. Precision of our tracking program has been checked when
the telescope was first installed, and the accuracy was as good as about 0°.01, which is the
same as the resolution of our encoders. If the error in the tracking program and the error in
the azimuthal direction of the telescope are small enough to be ignored, the tracked point is
fixed in the field of view of the camera. In this case, the tracked point in the camera can be
determined precisely using starlight signals rotating around the tracked point. The very fine
pixel of our imaging camera (0°.18 spacing) allows an accurate determination of a tracked

point.

6.2 Method of the Calibration

As mentioned in Chapter 5, counts of the scaler for each PMT give a good indication of
the sky brightness in the field of view of the PMT. When bright stars are in the field of view
of the camera, the scaler counts of the PMT which views one of the stars increase as shown
in Figure 6.1. Such increase of scaler counts moves from one PMT to the other as the star
position rotates as a function of time. The rotation center should be at the center of the field
of view of the camera, if tracking of the telescope is correctly done. Inversely, possible errors
of the telescope tracking can be monitored by the change of scaler counts of the PMTs.

The position of the nominal tracked point in the field of view of the imaging camera is

estimated in the following procedure.

1. To extract the starlight signals from scaler counts, background levels for the scaler
counts are first estimated for each PMT. Figure 6.2 shows a time profile of the scaler
counts of a PMT. The scalar counts due to the background light (airglow, zodiacal light
and artificial and natural light scattered by aerosols), except for the counts around the
peak coincident with the passage of a star, are fitted to a quadratic function. Every
scaler count is compared with this time-dependent background and counts obviously

exceeding from the background are extracted together with the corresponding time.



6.2. METHOD OF THE CALIBRATION

Figure 6.1: An example of the increasing scaler counts due to the passage of bright
stars. The arcs in the left figure represent the expected paths of the stars in the field
of view during an observation of PSR 1706 — 44, and black and gray squares are the
PMTs which showed an increase of the scaler count. In the figures on the right it is

shown that the increase of the scaler count moves between the gray PMTs as a star of
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Figure 6.2: A time profile of the scaler counts during an observation of the Vela pulsar.
The left peak coincides with the passage of a star of magnitude 5.99. The curve represents

the background level and is determined by the fitting to a quadratic function.

2. A vector pointing from the position of a simulated starlight photon to the position of the
PMT whose scaler count shows the starlight effect is defined as shown in Figure 6.3. On
average, this vector is nearly equal to the vector pointing from the center of the camera
to the tracked point. A few tens of starlight photons are simulated for each starlight
signal to take into account the effect of the coma aberration. Since the reflector of
the 3.8 m telescope is parabolic, the photon distribution of starlight on the focal plane
is blurred by the coma aberration. As seen in Figure 6.4, the blur is larger in the
outside of the field of view and the size is at most about 0°.2 in the field of view of the
camera (the size of the photocathode is 0°.12 x 0°.12). The above vector is calculated
for each simulated starlight photon and is superimposed in a map as shown in the right

of Figure 6.3.



ot
-~

6.2. METHOD OF THE CALIBRATION

@ Camera Center
y
' ¥ Tracked Point

==

* Expected Star H
Photon =
- Genuine Star

Photocathode

Figure 6.3: A schematic diagram of a method to calibrate a tracked point in the field of
view of the imaging camera. For each scaler count including the starlight effect, vectors
are taken from the expected positions of photons to the PMT. Then, the vectors are

superimposed on a map.

3. A peak should be found at the tracked point in the superimposed map, for example as
in the left of Figure 6.5. This peak is fitted to a two-dimensional Gaussian distribution,
and the peak maximum position of the fitted Gaussian distribution is taken as the most

probable position for the tracked point.

In the above method, at least one bright star is necessary to be in the field of view, and
several stars should rotate longer in the field of view to determine a tracked point with better
accuracy. The left map in Figure 6.5 was obtained from the data of which the observed object
was the Vela pulsar. Figure 6.6 shows the distribution of bright stars around the Vela pulsar.
At least four stars are in the field of view while the Vela pulsar is tracked by the 3.8 m

telescope. If stars of the visual magnitude < 6 are considered to be useful in this calibration,
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Figure 6.4: Photon images of the coma aberration for the CANGAROO 3.8 m telescope.
The offset photon directions with respect to the direction of the telescope are 0°.2, 0°.4,

0°.6, 0°.8, 1°.0 and 1°.2, from the left.

about two of such stars are in a field of view of our camera in average. Therefore, we can
expect the tracked point to be given with rather better accuracy in the case using the data
of the Vela pulsar. The most probable position of the tracked point given from the left map

of Figure 6.5 is at (0°.013, —0°.018) with respect to the center of the camera.

6.3 Accuracy of the Calibrated Tracked Point

Assuming that the spectrum of starlight is of the blackbody radiation, B(\,T), photon

flux of starlight at the ground is calculated by the following equation,

AN ) Amaz BN, T,)
ISR 0-4mv/ PUh L) (A 6.1
dsdt 0 N 7y e Ol (6.1)
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Figure 6.5: Maps indicating the position of each tracked point in the field of view of
the camera (the origin is the center of the camera). The left map was produced by the
superposition of vectors defined in Figure 6.3 using observed data (the target is the Vela
pulsar). The star represents the most probable position of the tracked point determined
by fitting the distribution to a two-dimensional Gaussian distribution. The right map
was obtained by the same method but using simulated scaler data instead of the observed
data. The scaler data were simulated using the same star paths in the field of view as of

the left map. Thus, the right map has a similar structure to the left map.

where C' is a normalization constant, m,, is the visual magnitude of the star, Ly = 3.64 x 107
erg sec 'em~2A " is the flux of a star of visual magnitude m, = 0.0 [85], T} is the surface
temperature of the star and €;(\) is a transmissivity of the atmosphere for the photon of
the wavelength \. Photoelectrons are generated at a photocathode of a PMT by the above

starlight in the following rate,

dN,.. dN,
= = 5,66 ) 6.2
it dSat et (62)
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Figure 6.6: Bright stars around the Vela pulsar. The size of filled circles represents the
star’s visual magnitude as shown in the right of the figure. The positive y direction is

the north.

where S, is the area of the reflector, €, is the reflectivity of the reflector, ¢, is the quantum
efficiency of the PMTs and ¢, is the collection factor of a PMT for reflected photons, which
is calculated for each PMT and each star in the field of view taking the effect of aberration
into account. In this equation, the quantum efficiency of the PMTs is approximated to be
a constant of 0.2 between \,;, = 350 nm and A,.x = 550 nm. The observed data show a
positive correlation between the above rates generating photoelectrons and the scaler counts.
A correlation function has been determined using an observed data including signals of some

bright stars. This function is used to convert a photoelectron rate to a scaler count.
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Figure 6.7: Errors of tracked points obtained by the simulation. Arrows of the left figure
represent differences between input and output of the tracked points. The differences
are compiled into a histogram in the right figure and the circular probable error is

about 0°.01.

The right map of Figure 6.5 shows a resultant distribution indicating the tracked point
given from the simulation. The simulation has been done using the same paths of stars
as used in making the left map of Figure 6.5 and the tracked point has been input so
as to agree with the center of the camera (the origin of the figure). It is seen that the
simulation accurately reproduces the peak of the ohserved data. To estimate the accuracy
of the calibration method, the simulated data have been fed into the calibration program,
and differences between the input positions and the output positions of the tracked points
are used as errors. The evaluation of the accuracy has been carried out in the field of view
of 0°.6 x 0°.6 centered on the camera center as shown in Figure 6.7. The errors are shown

by arrows in the left of Figure 6.7 and the right of Figure 6.7 is the histogram of the errors.
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The circular probable error of this distribution is about 0°.01. This accuracy rather depends
on the distribution and magnitude of stars in the field of view. Stars in the field of view
around the Vela pulsar are used in the simulation of Figure 6.7, and the resultant accuracy
of 0°.01 is rather better than the accuracy given by other fields of view because relatively
many stars are in the field of view of the Vela pulsar. If paths of stars in the field of view
are long enough, the accuracy is at most 0°.02, which is as good as the telescope’s step size
of 0°.01. The most probable position calibrated using the observed data, (0°.013,—0°.018),
almost agrees with the center of the camera. This calibrated position of the tracked point

has been used in the image analysis in this thesis.



Chapter 7

Data Analysis Methods

7.1 Image Cleaning Procedures

As mentioned in Chapter 5, 12 bits values of an ADC, a TDC, a scaler and a DC current
monitor for each PMT are recorded when a trigger pulse was generated. At the first step in
the analysis, each ADC value must be subtracted by its pedestal value. The pedestal values
include the effects of night sky background light, and are defined here as zero levels without
Cerenkov light. There are two methods to calculate the ADC pedestal values and they are
almost same as the methods taken in the Whipple group [36, 98]. In the first, the camera is
artificially triggered so as to capture ADC values with no genuine input signal. The pedestal
value and the pedestal standard deviation are calculated from simple moments of the pulse
height spectrum generated from these injected events. In the second, the pedestal value
and the pedestal standard deviation can be calculated using Cerenkov light triggered events,
since only a small number of the PMTs contain a signal. After omitting any PMT which
contains a signal or is adjacent to a PMT containing a signal, the pulse height spectrum is
fitted to a Gaussian distribution as shown in Figure 7.1. To judge whether a PMT contains
a signal, the TDC signal is used as a sign of a discrimination of the signal. These procedures
give almost same results in the pedestal value and the pedestal standard deviation.

The pedestal standard deviation represents a noise level of the ADC value due to night sky

63
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Figure 7.1: The determination of ADC pedestal values and their standard deviations.
The histogram represented by the solid line is a raw pulse height spectrum. The signal-
rejected histogram (dashed line) is fitted to a Gaussian (solid curve). The pulse height
spectrum of artificially triggered events (dotted line) gives consistent results with the

dashed histogram.

background light and electronic noises. The brightness of night sky background light is about
1 x 10® photons cm ™2 sec ! str™! in the wavelength region from 350 nm to 550 nm [59], in
which the PMT is sensitive in terms of the quantum efficiency, and because of this background
light, 0.25 photoelectrons are, in average, generated in the photocathode of one PMT in the
~ 50 nsec gate for the ADC. This is a small value compared with the discrimination level of
~ 3 photoelectrons for TDCs, scalers and an event trigger, but this noise distorts the shape
of the image especially having small ADC values. Therefore, any PMT signal lower than a

certain threshold based on the noise level is rejected from the image. In the present analysis,

1 ¢ is taken for this threshold.
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After subtraction of the ADC pedestal values, the ADC values of a Cerenkov image are
normalized by their relative gains. To determine relative PMT gains, about a few thousand
images are recorded several times a night using a fast-timing (~ 20 nsec) blue LED illumi-
nating the camera from the 3.8 m distance. Using the LED data, relative gains are calculated

night by night.

The gate width of our ADC is about 50 nsec as mentioned above, and this is relatively
wide compared with the time scale of a Cerenkov light wave which is less than 10 nsec.
However, our TDC compensates this demerit. Since the probability in which a random
background signal coincides with a Cerenkov light wave is very low, Most of signals due to

night sky background can be rejected using fast timing of the TDC.

TDCs also have different pedestal values. The TDC pedestal value is calculated using
the above LED data, and it is defined as a mean value of the TDC distribution. TDC values
in a raw Cerenkov image are subtracted by their pedestal values and any signal whose TDC
value is outside of a time window is rejected. Figure 7.2 shows the distribution of TDC
values subtracted by their pedestal values. At present analyses, only PMTs having TDC
values between the dashed lines in Figure 7.2 are used in calculation of image parameters.

The width of this time window corresponds to about 70 nsec.

To reject the false events, which is caused by accidental coincidences due to night sky
background light or electronic noises, the images are discriminated depending on the total
ADC counts and number of PMTs possible to use in the parameterization. This discrim-
ination is based on the facts that an image having a lower total ADC counts and a small
number of PMTs includes more noises, and thus is difficult to be reconstructed. The dis-
crimination levels used now are > 200 for the total ADC counts, which corresponds to about

20 photoelectrons, and > 5 for the number of PMTs.

Sometimes we have found electronic noises due to the motors controlling the telescope
especially in our old data. The images due to this noises have a typical pattern in which

PMT signals cluster only at a box of eight PMTs. Eight PMTs of one box share a common
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Figure 7.2: The distribution of TDC values subtracted by their pedestal values. Only
PMTs having TDC values between the dashed lines (the shaded area) are used in the

image analysis.

ground which is possibly different from other boxes, and thus the noise was probably picked
up simultaneously for eight PMTs. However, This noises can be rejected using the ratio
of the number of signal PMTs in a box to the total number of signal PMTs in the image.
This ratio should be ~ 1 for the noise images, whereas shower images do not have such a
tendency. Image centroid distributions in the field of view before this noise rejection and
after the rejection are shown in Figure 7.3. It appears that the noises have been successfully
rejected. The fraction of the gamma-ray image having this noise pattern has been checked
by Monte Carlo simulations and only ~ 2 % of the simulated gamma-ray images are lost by

this noise selection. This noise has been recently reduced by improvement of the system.
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Figure 7.3: Image centroid distributions before the noise rejection (left) and after the
rejection (right). The noises observed in a box of eight PMTs represented by the thick

lines have been rejected in the right distribution.

7.2 Selection of Gamma-Ray-Like Images

7.2.1 Selection Criteria

An image selected in the above procedures is fitted to an ellipse and the parameters defined
in Chapter 4 are calculated for each event. On the basis of the parameter distributions given
by Monte Carlo simulations of gamma-ray and proton showers, which are shown in Figure 4.6,
“canonical” selection criteria for the enhancement of a gamma-ray signal from a point source

are defined as follows:
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For image shape:

0°.01 < Width < 0°.08
0°.1 < Length < 0°4 (7.1)
0.4 < Conc < 0.9
For image location:
0°6 < Distance < 1°.3 (7.2)
For image orientation:
Alpha < 10° (7.3)

Before the selection using the above criteria, the images near the edge of the camera,
whose centroids are more than 1° distant from the center of the camera, are eliminated
since a part of such an image is probably outside of the camera and the image is distorted.
Distance and Alpha distributions of observed background images before and after this edge
selection are shown in Figure 7.4, where Distance and Alpha are calculated assuming that
the nominal source is at the center of the camera. The Alpha distribution of background
images should be flat as described in Chapter 4. However, the Alpha distribution before
the edge selection is not flat. This effect is reduced by the edge selection and a flat Alpha
distribution is obtained as shown in the figure. 50 ~ 60 % of background images are rejected
by this edge selection, while ~ 60 % of the simulated gamma-ray images remain after this
selection.

Of the above canonical criteria, the selection for Distance has two meanings. Distance
of the gamma-ray image has a positive correlation with the impact parameter between the
shower axis and the telescope. Thus, the upper limit for Distance roughly represents the
maximum radius of the Cerenkov lateral distribution of gamma-ray showers. On the other
hand, gamma-ray showers having small impact parameters make nearly circular images near
the source direction in the field of view. The lower limit for Distance is set to reject such

images of which Alphas are less accurately determined. The background images passing
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Figure 7.4: Distance and Alpha distributions of observed background images before
and after the edge selection. The shaded histograms represent the distributions after
the selection. The edge effect seen in the Alpha distribution is reduced by the selection

and the flat Alpha distribution is obtained.

through the edge selection are further reduced to about 20 %, 60 %, 10 % and 2 % by the
shape selections (Width, Length and Conc), the location selection (Distance), the orientation
selection (Alpha) and the all selections, respectively. On the other hand, about 80 %, 80 %,
90 % and 70 % of the gamma-ray images remain after the shape, location, orientation and

all selections, respectively.

The numbers of selected events of on-source and off-source data are compared together,
and a gamma-ray signal should appear as a positive excess of the on-source event rate against

the off-source.
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7.2.2 Definition of Significance

As described in Chapter 4, Cerenkov telescopes detect the numerous backgrounds due
to cosmic-ray nuclei. They cannot be rejected completely even after the above selections.
Therefore, any detected gamma-ray signal is used to be compared with the fluctuation of the
background level. If N, and N,g events were recorded from a suspected source direction
and background regions using the on/off tracking, the observed signal, the probable number

of gamma rays contributed by the source, is

"7\75 — ]\Ton — <]\/Yb> = ]\/ron - Oé]\’roﬁ‘, (74)

where (NN,) is the estimate of the background included in N, and « is the ratio of the
on-source and off-source exposures. Since on-source and off-source counts are results of two

independent measurements, one can estimate the standard deviation of the signal N;:

(05) = ({(Ton)” + a*(00tr)*)/* = (Now + &” Nogr)' /2, (7.5)

where (0.,) and (o.g) are the expected standard deviations of the on-source and off-source
counts, respectively. In the above equation, the error of a has been ignored. Defining the
significance S as a ratio of the excess count above background to its standard deviation, we
have

N, Ny—aNg
<05> - (.Z\’Ton + CVQ]\’TOﬁ‘)I/Q ’

S = (7.6)

Significances calculated by the above equation have been investigated using Monte Carlo
simulations by Li and Ma under the hypothesis that only background events have been
detected, and are consistent with the Gaussian probabilities for « = 1, but are systematically
underestimated for a < 1 and overestimated for @ > 1 [68]. Since our observations have
usually been done in the on/off tracking and o = 1, (7.6) will be used in the following

analyses.
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7.2.3 Asymmetry

In Chapter 4, the image parameters were defined assuming gamma-ray images to bhe
elliptical. However, gamma-ray images are asymmetrical along their major axes since they
elongate in the opposite side against the source position in the field of view, where the impact
parameter between the shower axis and the telescope is smaller. The simulated gamma-ray
image in Figure4.4 indeed shows this tendency. Using this tendency of gamma-ray images,
we can determine directions of primary gamma-rays with higher accuracy, and thus gamma-
ray sources can be detect with higher sensitivity. On the basis of this tendency, a new image
parameter “Asymmetry” was recently proposed by Punch [92] (its basic idea has originally
been shown by MacKeown et al. [71]) and he showed it was useful for further enhancement
of gamma-ray signals using the data including gamma-ray signals from the Crab nebula.
Asymmetry gives an asymmetry of the photon density on the image along the major axis.
The location of the peak intensity of Cevenkov light is rather shifted to the source from the
image centroid for the gamma-ray image. To detect this tendency, the “Asymmetry Vector”
A is defined so as to point towards the source position from the centroid and have a length
equal to the cubic root of the third moment of the image along the major axis, since the
asymmetry of the photon density is reflected in its odd moments. See Appendix A in detail.
The vector is schematically shown in Figure 7.5. If D is an distance vector pointing from
the image centroid to the assumed source, Asymmetry normalized by Length is given as the
following formula;

A-D
Distance Length cos(Alpha)

Asymmetry = (7.7)

Asymmetry distributions of Monte Carlo simulated Cerenkov images are shown in Fig-
ure 7.6. The distribution of gamma-ray images is well one-sided and concentrated around
Asymmetry = 1, while the distribution of background (proton) images is almost symmetrical

since the directions of the simulated primary protons are isotropic.
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Figure 7.5: A schematic diagram of a typical gamma-ray image to define Asymmetry
Vector A. The Asymmetry Vector is taken along the major axis of the image and points
to the source. Its length is the cubic root of the third moment of the image along the

major axis.

7.3 Reconstruction of a Gamma-Ray Source Direc-
tion

The gamma-ray source has been assumed to be at the center of the field of view in the
above. However, the gamma-ray source should lie along the major axis of the gamma-ray
image as mentioned in Chapter 4, and thus the source position in the field of view can be
reconstructed even if it is not at the center of the field of view. Akerlof et al. first suggested
a conventional method to reconstruct a source position in the field of view using their Crab
data base and they could determine the source position with errors of 0°.13 ~ 0°.21 for

an averaged gamma-ray image [2]. This method is useful to search a field of view of about
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Figure 7.6: Asymmetry distributions of Monte Carlo simulated images. The distribu-
tion of gamma-ray images is represented by a solid line, while the dashed line is of

proton images.

1° radius for the source of which the position is unknown. Moreover, the “good” angular
resolution of this method is an advantage of the Cerenkov imaging technique compared with
resolutions of the other gamma-ray experiments (about 1° in both of satellite experiments
and air shower arrays). In this section, methods to reconstruct a source position in the field

of view are explained and an advanced method is proposed.

7.3.1 Conventional Method

Gamma-ray signals can be estimated as a function of the position in the field of view as
the following procedure. First, a Cartesian grid is overlapped on the field of view as shown

in Figure 7.7. Each mesh point is assumed to be a possible gamma-ray source. The image
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Figure 7.7: A schematic diagram of a method to search a gamma-ray source in the
field of view. The image parameters are calculated assuming each mesh point to be a
possible gamma-ray source. The hatched areas represent source candidate regions for

the image given by the selection criteria for Distance and Alpha.

parameters are calculated for each event about every mesh point, then they are checked
for compatibility with the gamma-ray selection criteria defined above. By carring out this
process for every event in the data, a two-dimensional histogram can be constructed of events
versus right ascension and declination. A map of the excess counts of on-source events above
the background is obtained subtracting the corresponding off-source histogram from the on-
source histogram. If a gamma-ray source is in the field of view of the on-source, a significant

excess should appear at its location.
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In the above method, only values of Distance and Alpha depend on the assumed source
location. From the selection criteria for Distance and Alpha, mesh points in the hatched
areas of Figure 7.7 are the probable candidates for the source location of the event. Thus,
we take the hatched areas to be the source location with an equal weight. The “fan” shape

of this weighting function is taken just for simplicity.

7.3.2 Source Probability Density Function

A weighting function reflecting the source position more precisely should be determined
using Monte Carlo simulated gamma-ray images. This function is defined here as the “Source
Probability Density Function (SPDF)”. The SPDF is given by the following procedure.
Monte Carlo simulated gamma-ray images are distributed as the left of Figure 7.8 if the
source is at the center of the field of view. After calculating their centroids and major axes,
all of these images are transformed together with the source positions so as to have the same
centroid and the same axis, then a distribution of the transformed source positions with re-
spect to the unified image is given. If the distribution of the source positions is approximated
to a two-dimensional Gaussian distribution, it represents a probability density function of the
source location with respect to the gamma-ray image. In the case that the centroid and the

major axis correspond to the origin and the z axis respectively, the SPDF has the following

o s T )
+4mlzay exp (—% { <x;:d)2 + (%)2}) . (7.8)

0., 0, and d are given as simple moments of the above distribution, and they are determined

formula;

as follows for the 3.8 m telescope by simulation;
d =0°.940, o0, =0°.252, o, = 0°.088. (7.9)

In the definition of (7.8), two two-dimensional Gaussian distributions are superimposed sym-

metrically with respect to the image centroid since the asymmetry of the image is not taken
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Figure 7.8: A schematic diagram of a method to obtain the SPDF. Monte Carlo simu-
lated gamma-ray images are distributed as the left figure, where the source is located
at the center of the field of view (x). These images are transformed to the same image

as the right, and the SPDF is given by the distribution of transformed source locations.

into account here. (7.8) is defined as the “symmetrical SPDF”.

A two-dimensional distribution of event density is obtained by superimposing SPDF's of
gamma-ray like images given after the image shape selections, as shown in Figure 7.9, instead
of the “fan” shaped function of Figure 7.7. In the case using the conventional method, the
vertical axis of the two-dimensional histogram does not have a clear meaning. However the
superposition of SPDFs gives the vertical axis the meaning of event density since each SPDF

is a probability density function and its integration is equal to 1.

In the conventional method, statistical significance of an excess count for each mesh point

is calculated using (7.6) with a = 1. A similar quantity is obtained about every mesh point



7.3. RECONSTRUCTION OF A GAMMA-RAY SOURCE DIRECTION 7

DOODDODODOODOonEAD
DOODDODOoDOOooO O
0o 7/ fRIN
0o 100
0ol 100
0ol 100
0ol ; 100
0o 100
0oh 100
0oy i 100
0ol il 100
0ol v 100
DoODooDoADOooonoon
OD0D0oDZoOoOoDooooo

Figure 7.9: A diagram similar to Figure 7.7 using a SPDF.

summing up probabilities, or expectations, of events given by SPDFs, but the fluctuation
of the quantity is not of the Poisson fluctuation. By defining 5; as the sum of probabilities

given by the SPDF for the sth mesh point of the coordinates (z;,y;), that is,

n

S; =Y P(X;;,Yy), (7.10)
J
then the fluctuation of S;, o;, is
:ZP Xij, Yi5) (7.11)
J
where (XU,Y;]) is
Xij = (@i —(x);)cosb; + (y: — (y);)sinb;, (7.12)

Yij = —(a; —(x);)sinb; + (i — (y);) cos ;. (7.13)
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({(x);, (y);) and §; are the coordinates of the centroid for the jth event and the angle of the
major axis from the x axis for the jth event, respectively. In this case, statistical significance

of an excess signal is given by the following equation instead of (7.6);

Son — Moff
ST i

where the amounts of exposure are assumed to be same between the on-source and off-source
observations. The indicator ¢ is omitted in (7.14).

The asymmetrical feature of the gamma-ray image mentioned in Section 7.2 can be in-
cluded in this method, and increases the reliability of the estimated source position. If
simulated gamma-ray images are transformed in Figure 7.8 so that their Asymmetry Vectors
have the same directions as the x axis, the source distribution is fairly one-sided and its
projection to the z axis is similar to the Asymmetry distribution of Figure 7.6 as seen in Fig-
ure 7.10. Here two-dimensional Gaussian distributions are obtained in the regions of x > 0

and r < 0 separately. As a result, the “asymmetrical SPDF” has the following formula;

P(z,y) = —2770510 : exp (_%{(:ﬁ;;ﬁ) + <0i1> })
1—f 1 (2 +ds\° 2
+mwﬂiﬂ@m(_2{(T;;> +<;;)}>. (7.15)

The profile of this function is also shown in Figure 7.10. The parameters in (7.15) are

determined by the simulation as follows;

f=0.829, (7.16)
dy = 0°.931, 0,4 =0°.248, 0,4 =0°.083, (7.17)
dy = 0°.981, 0,9 = 0°.266, 0,5 =0°.107. (7.18)

The value of f ~ 0.83 means that a gamma-ray image points to the direction of its source
in the field of view in the probability of ~ 83 %.
The spread of the source position derived from the above method is estimated using Monte

Carlo simulation. The point spread function (PSF) for the case using the asymmetrical SPDF
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Figure 7.10: A contour plot and a histogram of the asymmetrical SPDF. The scatter
plot of the left figure is the distribution of gamma-ray sources relative to the images
given by a Monte Carlo simulation. The arrow in the typical gamma-ray image repre-

sents the Asymmetry Vector defined in Section 7.2.

is shown in Figure 7.11. This PSF is well approximated to a sum of two two-dimensional

Gaussian distributions as

(1 —2)2+ (y — ys)2> +(1— f)exp <_(x — 2"+ (y - ys)Q) ,

F(I, Y Ts, yS) = fQXp <_ 20_% 20%

(7.19)
where (z4,ys) is the position of the gamma-ray source in the field of view and the other

parameters have been obtained by fitting the distribution of Figure 7.11 to (7.19) as
f=10.692, o =0°.130, oo =0°.266. (7.20)

This approximated function is shown in the right of Figure 7.11. If gamma rays are emitted

from an extended region, the reconstructed peak profile will be broader than that of the above
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Figure 7.11: The point spread function (PSF) in the source reconstruction method
using the asymmetrical SPDF. The PSF is well approximated to a sum of two two-
dimensional Gaussian distribution and the line in the radial profile (right) shows the

approximated function (7.19).

PSF. Assuming that the gamma-ray intensity distribution is of a Gaussian distribution, (7.19)
can be modified for the diffuse emission as

rine ) = e (_ e arren W) (1= Pexp (‘ ey ys)z) ,

(7.21)

The position and size of an observed gamma-ray source can be estimated by fitting the

distribution of excess event density, S, — Sor (5 is obtained by (7.10)), to the above function.



Chapter 8

Results

8.1 Overview

After the description of observations of the Vela pulsar in Section 8.2, the analysis in this
chapter will be presented as follows:

In Section 8.3, the search for continuous emission from a gamma-ray source will be made
using the image analysis. After noise cleaning of the raw data and the selections related
to the image shape, a search for gamma-ray emission from the direction of the Vela pulsar
will be made using the canonical selections. Then, the area of search will be extended
around the pulsar, and the mapping by the symmetrical SPDF will be applied to the data.
If any positive excess is found in the data, its Asymmetry distribution will be checked for
compatibility with the Asymmetry distribution of gamma-ray images. Further enhancement
of gamma-ray events will be tried using the asymmetrical SPDF. Then, the position and
size of the gamma-ray emission region will be estimated using the modified PSF described
in Chapter 7.

In Section 8.4, a search for periodic gamma-ray emission will be made about the Vela
pulsar and any detected gamma-ray signal. The periodicity search will be done at the pulsar
period given by radio observations and for a region around the fundamental period.

In Section 8.5, the detected gamma-ray flux or the flux upper limit to the gamma-ray

81
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Year Raw Selected

(hours) (events) | (hours) (events)

1993 on-source 47.6 161614 32.6 116873
off-source 42.8 125662 32.6 103309
1994  on-source 69.7 295732 41.9 194795
off-source 61.9 227122 419 162029
1995 on-source 56.5 237474 449 183262
off-source 51.8 196231 449 169425

total on-source 173.8 694820 119.4 494930

off-source 156.5 549015 1194 434763

Table 8.1: A summary of observations of the Vela pulsar with the CANGAROO 3.8 m telescope.

signal will be estimated. Variability of the gamma-ray flux will also be investigated.

8.2 Observations of the Vela Pulsar

The Vela pulsar has been observed by the CANGAROO 3.8 m telescope for four years
so far. However, the 1992 data include many noises since it was immediately after the
installation of the telescope and the data are not used in the following analysis. The other
observations are summarized in Table 8.1.

We usually take long on/off tracking (2 ~ 5 hours each) in our observations instead of
the short ones (about 30 minutes each) taken at the Whipple observatory. This long on/off
tracking can maximize the on-source exposure time, but is more affected by the change of
the atmosphere. The raw data summarized in Table 8.1 includes the events for which no
corresponding on-source or off-source observation has been done in the same atmospheric
conditions or through the same horizontal coordinates. To estimate a continuous signal from

a certain source comparing an on-source event count with an off-source one, the horizontal
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coordinates of the observations should be same between on-source and off-source since the
threshold energy for gamma rays depends on the source elevation. First, to reject such
events and to equalize conditions in the observations, rough selections are applied to all of
the data taking into account the weather, the horizontal coordinates, transient noises and
compatibility of PMT gains between on-source and off-source observations. The number
of the selected events are also summarized in Table 8.1, and these events are used in the
estimation of continuous emission in the next chapter. However, all of the raw data are used
in the period analyses since the off-source events are not necessary and the change of the

atmospheric conditions does not affect the results much.

8.3 Image Analysis

8.3.1 Noise Rejection and the Selections Related to Image Shape

A large difference in number between the on-source and off-source events remains even
after matching runs by weather conditions and horizontal coordinates because noise events
are still included. Selections to reject the noise events are applied to the data as described
in Chapter 7. The remaining event counts are shown in the left column of Table 8.2. Here,
the large difference of Table 8.1 has disappeared. Since the 1993 data include more noises
than the other data, a severer selection for noise is applied to the 1993 data and the fraction
of rejected events is higher than the others. Next, images near the edge of the camera are
rejected as described in Chapter 7, and then the selections for the image shape parameters
(Width, Length, Conc) are applied. After the selections for the image shape, an excess at
3.3 o level has already been detected in the total event counts. Only the events selected by
the image shape, listed in the right column of Table 8.2, will be used in all of the following

analysis.
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Year Noise Rejection | Edge Selection | Shape Selections
(events) (events) (events)

1993 on-source 36665 18226 3778
off-source 35438 17709 3592

1994  on-source 88966 41039 12097
off-source 88827 41110 11799

1995 on-source 100519 40141 9230
off-source 101304 40662 8990

total on-source 226150 99406 25105
off-source 225569 99481 24381

Table 8.2: Changes of remaining event counts by the sequential selections.

8.3.2 Search for a Gamma-Ray Source at the Vela Pulsar

Gamma rays should be searched from the position of the Vela pulsar at first. The image
parameters Distance and Alpha have been calculated with respect to the pulsar position
in the field of view, and Alpha distributions of all events selected by Distance are shown
in Figure 8.1. If the Vela pulsar is a VHE gamma-ray source, a narrow peak of excess
counts should be found near Alpha = 0° as described in Chapter 4. In fact, a remarkable
excess of the on-source counts exists near Alpha = 0°. The statistical significance of the
excess of Alpha < 10° is at 3.5 o level. However, this peak is broader than the peak of
a point source, compared with the Alpha distribution of Figure 4.6. Selecting events with
Alpha < 20° instead of Alpha < 10°, the significance of the excess is enhanced to 4.4 o.
Alpha distributions are also plotted year by year in Figure 8.2. An excess of the on-source
counts is found near Alpha = 0° in each year’s Alpha distribution. Counts of the remaining

events are summarized in Table 8.3.

There are two possibilities for the broadness of the Alpha peak; an extended gamma-
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Figure 8.1: Alpha distributions for all of the data sets of the Vela pulsar after the
image shape selections and the Distance selection. In the left figure, the histogram
represented by the solid line is the distribution of on-source data and the dashed line

is of off-source data. The right histogram is the distribution of excess counts.

ray source exists in the direction of the Vela pulsar, or a gamma-ray source exists near the
direction of the Vela pulsar with a small offset between them. In both of the cases, one can
easily understand the broadening of the Alpha peak since the fraction of the images pointing
to directions offset with respect to the Vela pulsar increases. Alpha distributions due to
gamma rays from some extended sources have been obtained by Monte Carlo simulations
and shown in Figure 8.3. Indeed, the broader distribution can be seen as the source is more

extended.

Since background images should not have any directionality, we can expect the Alpha

distribution of background images to be flat. The Alpha distribution after reducing the edge
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Year Distance Selection | Alpha < 10° | Alpha < 20°
(events) (events) (events)
1993 on-source 1875 253 476
off-source 1777 211 441
excess 98 (1.6 o) 42 (1.9 o) 35 (1.2 o)
1994 on-source 8322 1037 2148
off-source 8019 951 1918
excess 303 (2.4 o) 86 (1.9 o) | 230 (3.6 o)
1995 on-source 5501 692 1426
off-source 5393 608 1304
excess 108 (1.0 o) 84 (2.3 0)| 122 (2.3 0)
total on-source 15698 1982 4050
off-source 15189 1770 3663
excess 509 (2.9 0) | 212(3.50)| 387 (4.4 0)

Table 8.3: Changes of remaining event counts after the selection of Distance and Alpha.
Distance and Alpha for every event have been calculated with respect to the position

of the Vela pulsar.

effect is indeed flat as shown in Figure 7.4. However after the application of the canoni-
cal gamma-ray selections, the Alpha distributions of background images in Figure 8.1 and
Figure 8.2 do not look flat, and have bumps near Alpha = 20° and gradually decrease as
Alpha increases. This fact may be explained assuming that the edge effect has not been
rejected completely. If images are selected by their distance from the center of the camera
with the above edge selection (the source is assumed to be at the center of the camera), the
images with narrow shape and smaller Alpha are susceptive to this effect because the effect

always increase the Alpha value larger than the presumed value of about ~ 0° producing a
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Figure 8.4: Schematic diagrams to explain hypotheses for the shape of background
Alpha distributions after the canonical selections. The solid line represents the edge of
the camera and the dotted line represent the boundary line of the edge selection. Of
the narrow images near the boundary, images with small Alphas are susceptive to the
edge effect because the effect always increase the Alpha value larger than the presumed
value of about ~ 0° producing a bump around Alpha = 20° in the Alpha distribution.

The centroid of such images are also drawn into the inside of the camera.

bump around Alpha = 20° in the Alpha distribution. This effect is schematically shown in
Figure 8.4. Furthermore, the edge-affected images of small Alpha are drawn into the inside
of the camera and easy to pass the edge selection. Thus, the part of the distribution with
small Alphas will be higher than the part with large Alphas. This hypotheses should be
confirmed by Monte Carlo simulation, but this confirmation takes a very long CPU time and

is still in progress.
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Figure 8.5: Histograms of number of events passing the gamma-ray selection criteria
of (7.1) ~ (7.3). The on-source histogram is on the left and the off-source histogram is

on the right.

8.3.3 Search for a Gamma-Ray Source around the Vela Pulsar

As mentioned above, it is possible that a gamma-ray source exists at a direction different
from, but near to, the Vela pulsar, and the field of view around the pulsar should be searched.
Here, the field of view less than about 1° from the Vela pulsar is searched by the conventional

method and the method using the symmetrical SPDF as described in Chapter 7.

The conventional method is first applied to search for a gamma-ray source. As described
in Chapter 7, a grid is overlapped on the field of view centered on the pulsar, and image
parameters are calculated for each event and every mesh point. Two-dimensional histograms
for all the events passing the gamma-ray selection criteria of (7.1) ~ (7.3) are shown in

Figure 8.5. In these histograms, the center of the horizontal axes is taken to coincide with
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Figure 8.6: A histogram of excess counts of the on-source events (the difference between
the histograms of Figure 8.5). The origin of horizontal axes are taken to coincide with

the Vela pulsar (x), and the positive y direction is the direction of the north.

the pulsar, and the positive z direction is the west and the positive y direction is the north.
It is apparent that the histograms remarkably differ near the center, that is, near the pulsar.
Although the off-source (background) histogram has a raised structure in the center of the
field of view, this is because the effective area is smaller in the region outside of the field
of view. A histogram of excess counts is given after subtracting the off-source histogram
from the on-source histogram, and it is shown in Figure 8.6. A remarkable peak is found at
0°.1 ~ 0°.2 southeast from the pulsar. This peak is statistically significant, and the maximum
significance of the excess counts given by (7.6) is 5.3 ¢ at (—0°.15,0°.0), which corresponds

to the probability of 4.0 x 1075,

To get a more precise position of the above peak of excess counts, the method using the
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Figure 8.7: Distributions of event density given by superimposing symmetrical SPDFs
for all of the on-source and off-source data. The left is of the on-source data and the

right is of the off-source data.

symmetrical SPDF is applied to the same data set. The on-source and off-source distributions
of event density given after superposition of SPDFs are shown in Figure 8.7. The shapes of
the distributions are almost the same as the histograms given by the conventional method
(Figure 8.6). A distribution of excess event density is given by subtracting the off-source
distribution from the on-source distribution, and it is shown in Figure 8.8. A peak of excess
event density is found at almost the same position as in Figure 8.6, but it is naturally
smoothed by the use of the SPDF. The maximum statistical significance of this excess is
5.3 o at (—0°.1,—0°.05) and it is of the same level as of the conventional method. The shape
of this peak looks broader than that of the PSF for the SPDF shown in Figure 7.11, and

it may imply that the gamma-ray source is extended. This will be further discussed in the
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Figure 8.8: A distribution of excess event density of the on-source events (the difference
between the on-source and off-source distributions of Figure 8.7). The coordinates are

taken to be the same as of Figure 8.6.

following.

The above distribution of excess event density is divided into each year’s distributions in
Figure 8.9. A peak of excess event density is still seen in each year’s distribution, and their
positions are nearly the same as of Figure 8.8 although the peaks are not clear as they are
affected by the background fluctuation. Their statistical significances are still more than 3 o

in each year.

Here, Alpha distributions are recalculated because the gamma-ray source position appears
to be different from the pulsar position as obtained from the symmetrical SPDF method.
Assuming that the most probable source position differs by (—0°.1, —0°.05) from the pul-

sar, Alpha distributions for all observed data with respect to this position are shown in
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Figure 8.10: Alpha distributions with respect to the peak position of excess event

density in Figure 8.8 for all observed data.

Figure 8.10. The peak of excess counts near Alpha = 0° is obviously sharper than the
peak obtained for the pulsar position. The Alpha distributions for each year’s data set are
also plotted in Figure 8.11. Each peak of excess count near Alpha = 0° is not significant,
but roughly looks sharper than the peak obtained for the pulsar position. The numbers
of remaining events passing through the Distance and Alpha selections are summarized in

Table 8.4.

Figure 8.12 shows the Alpha distributions of the events rejected by the gamma-ray se-
lections of (7.1) ~ (7.2) (Width, Length, Conc and Distance). The flat distributions of the
on-source and off-source events are obtained in the left histograms and no significant peaks
appear in the excess distribution. The distributions seem to be due to only background

events and this means that the above gamma-ray selections are reliable. To investigate from
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Year Distance Selection | Alpha < 10° | Alpha < 20°
(events) (events) (events)

1993 on-source 1889 259 497
off-source 1800 221 427

excess 89 (1.5 o) 38 (1.7 o) 70 (2.3 o)

1994 on-source 8372 1081 2155
off-source 8006 919 1944
excess 366 (2.9 0) | 162 (3.60)| 211(3.30)

1995 on-source 5544 744 1465
off-source 5428 634 1318
excess 116 (1.1 0) | 110 (3.0 0) | 147 (2.8 0)

total on-source 15805 2084 4117
off-source 15234 1774 3689
excess 571 (3.2 0) | 310 (5.0 0)| 428 (4.8 0)

Table 8.4: Changes of remaining event counts after the selection of Distance and Alpha.

Distance and Alpha for every event have been calculated with respect to the peak

position of the excess event density distribution of Figure 8.8.

97

another viewpoint whether the above peak of excess events is due to VHE gamma rays, the

tendency of Asymmetry distributions is checked for the events selected with respect to the

above peak position. The gamma-ray selection criteria of (7.1) ~ (7.3) are applied to pa-

rameters calculated with respect to the peak position which differs by (—0°.1, —0°.05) from

the pulsar, and Asymmetry is calculated using (7.7). The resultant Asymmetry distributions

are shown in Figure 8.13. The left histograms in Figure 8.13 represent the on-source and

off-source distributions, and their differences, N, — Ny, are plotted on the right. The Asym-

metry distribution of gamma-ray images should be one-sided with the peak on the positive
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Figure 8.12: Alpha distributions of the events rejected by the criteria of (7.1) ~ (7.2).
The solid line in the left figure represents the distribution of the on-source events, while
the dashed line is the off-source distribution. The right histogram is the distribution

of the excess events.

side. The on-source histograms still include many background events, therefore the numbers
of events with negative Asymmetry are almost the same as in positive Asymmetry, as seen in
the simulated proton distribution of Figure 7.6. However, the excess in the Asymmetry dis-
tributions of Figure 8.13 are one-sided on the positive side as expected for gamma-ray events,
and similar excesses are detected in each year. The ratio of the number of excess events in
the positive side to in the negative side is similar to the ratio in the simulated gamma-ray
distribution of Figure 8.13. This result is strong evidence that the detected excess events of
Figure 8.8 are due to VHE gamma rays.

The above tendency in Asymmetry should be effective in further enhancement of the

gamma-ray events. Therefore, the asymmetrical SPDF proposed in Chapter 7 is applied to
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The solid lines in the left figures represent distributions of the on-source
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distributions of the excess events.
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Figure 8.14: The distribution of excess event density of the on-source events given by
superpositions of asymmetrical SPDFs. The coordinates are taken to be the same as

of Figure 8.6.

the data in the same way as the case of the symmetrical SPDF. The resultant distribution of
excess event density for all observed data is shown in Figure 8.14. The peak of excess event
density has become more significant as expected a priori, and the statistical significance
is 6.2 o at the peak maximum of (—0°.1,—0°.1), which is slightly shifted from the peak
maximum in Figure 8.8. Furthermore, the shape of the peak has become sharper than
that of Figure 8.8, and the rather extended feature of the peak in Figure 8.8 has not been
enhanced. The extended feature is possibly due to a fluctuation of the background. The
same plot is obtained for each year in Figure 8.15. The peak at about 4 ¢ level is obtained

in each year and also looks sharper than the corresponding peak of Figure 8.9.

The above result means that the use of the image asymmetry is effective in enhancing
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the distribution.
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Figure 8.16: Alpha distributions obtained for the peak position of excess event density,
(—=0°.1,-0°.1), in Figure 8.14 for all observed data. Asymmetry > 0 is used in the

gamma-ray selection together with the other parameters except for Alpha.

gamma-ray events. This fact can also be confirmed using Asymmetry conservatively. If a

criterion for Asymmetry is roughly taken as
Asymmetry > 0, (8.1)

and applied to the above data together with the other gamma-ray selection criteria except
for Alpha, the Alpha distributions with respect to the peak position (—0°.1,—0°.1) are given
in Figure 8.16. The peak near Alpha = 0° in the excess histogram is sharper than the peak
of Figure 8.10, and this fact is consistent with the sharpness of the peak in Figure 8.14. The
statistical significance of the peak (Alpha < 10°) is 5.8 0.

As a summary of the image analysis, the Alpha distributions of the all observed data after

the each step of the selection are shown in Figure 8.17. In this figure, the source position has
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been assumed to be at (—0°.1,—0°.1), and the selections have heen applied in the order of
(1) ~ (8). It can be seen that the excess of the on-source events near Alpha = 0° has been
enhanced step by step. Figure 8.18 shows these excess distributions in terms of significance.

The significance of the Alpha peak increases as more gamma-ray selections are applied.

8.4 Period Analysis

The periodicity of the events from the Vela pulsar and the direction of the above gamma-
ray-like peak is investigated in this section. The search for pulsed emission has been done for
the three kinds of data sets; (1) after the noise rejection described in Chapter 7, (2) after (1)
and the canonical gamma-ray selections of (7.1) ~ (7.3) and (3) after (2) and the Asymmetry
selection of (8.1). Here, the events rejected in the above analyses due to the differences of the
conditions between the on-source observations and the off-source observations are revived,
but the data observed in 1993 are not included in the analysis since the GPS system had not
been installed during 1993 observations. Numbers of events used in the period analysis are
summarized in Table 8.5. The excess position has been taken to be offset by (—0°.1, —0°.1)
from the pulsar. If the events having corresponding off-source observations are taken out
from the events of Table 8.5 and the event count is compared with the off-source event
count, 4.7 ¢ excess events are still included with respect to the excess position. The fraction

of the excess events is about 15 % of the total events after the selections.

8.4.1 Method of the Analysis

The arrival time of each event must be first transformed to the solar system barycentric
(SSB) arrival time because of the relatively short period of the Vela pulsar (~ 89 msec). A
derivative of the TEMPO programs [116] is used for the transformation of the event arrival
times. The solar system ephemeris used in the analysis comes from the Jet Propulsion

Laboratory (JPL) and is based on epoch 2000 (DE 200) [107]. The SSB arrival time is
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Year Kind of the data Pulsar position | Excess Position
(events) (events)

1994 (1) noise rejection 139100 139100
(2) = (1) + canonical selections 1592 1670

(3) = (2) + Asymmetry 748 782

1995 (1) noise rejection 117408 117408
(2) = (1) + canonical selections 878 946

(3) = (2) + Asymmetry 473 522

total (1) noise rejection 256508 256508
(2) = (1) + canonical selections 2470 2616

(3) = (2) + Asymmetry 1221 1304

Table 8.5: Numbers of events used in the period analysis. The excess position has been

taken to be offset by (—0°.1, —0°.1) from the pulsar.

reduced to a pulsar phase according to

1 1
¢ = vAT + 5pAT2 + émT?;

vwhere AT =T — Ty, T is the SSB arrival time and Tj is the reference epoch. v, 7 and 7 are

(8.2)

the pulsar frequency, its first and second derivative, respectively. They comes from the radio
observations and the values used in the analysis are summarized in Table 8.6. The reference
epochs in Table 8.6 have already been transformed to the SSB arrival time of a radio pulse.

The most commonly used test of periodicity is the Rayleigh test. This test can be
visualized by representing the N phases, ¢;(¢ = 1,...,N), by N unit vectors, each oriented
at an angle 27¢; with respect to a particular direction. The Rayleigh statistic, R, is then the
length of the resultant vector divided by N. However, if the lightcurve of a particular source

has a narrow and double-peaked structure, for example as seen in Figure 3.1, the Rayleigh

test may not be sensitive since the resultant vector is likely to be small. Therefore, the Z2
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Date

Epoch®
Ty (MJID)

Frequency

v (sec™h)

1st Derivative

7 (1071 sec™2)

2nd Derivative

7 (1072 gec™3)

1994 Jan. 15 - Jan. 21
1994 Feb. 5 - Mar. 12
1995 Jan. 7

1995 Jan. 27 - Mar. 5

49353.002394239
49428.003321521
49710.002067014
49772.003547013

11.1975539227276
11.1974528567704
11.1970840126856
11.1970002349415

—1.55984
—1.55935
—1.56447
—1.56344

0.172
0.792
2.36
2.63

The radio arrival time at the SSB.

Table 8.6: Ephemerides used in the period analysis.

test [21], which is more sensitive to the above case, is used here to investigate the periodicity

of the events. The Z2 statistic is defined by the following equation:

n N N 2
7% = i > [(Z cos 2771{@) + <Z sin 27rkq5i> ] .
N i=1

k=1 [ \i=1
This statistic is equivalent to using the Rayleigh statistic if n = 1 and is thus the Rayleigh

2

(8.3)

statistic modified to include n harmonics. For a uniform phase distribution, Z2 is distributed

asymptotically as \%(2n).

8.4.2 Results

The Z2 statistics have been calculated for the data in Table 8.5 and they are listed in
Table 8.7 together with the corresponding chance probabilities. The Z2 column also lists the
contribution from the first and second harmonics separately in parentheses. No significant
value is seen in Table 8.7 and these results are consistent with no pulsed emission having
been detected with the period of the Vela pulsar. The resultant lightcurves are also shown in
Figure 8.19 for the events selected by the canonical criteria of (7.1) ~ (7.3). No significant
excess is seen in any phase bin.

To calculate the upper limit to the pulsed gamma-ray fraction in the data, we assume the

pulse profile to be of a delta function, which is more appropriate for the Vela pulsar than a
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Year Pulsar position Excess position
73 probability Z3 probability
1994 (1) | 2.99 (1.99 + 1.00) 0.56 (0.37 + 0.61) | 2.99 (1.99 + 1.00) 0.56 (0.37 + 0.61

1.22 (0.66 + 0.56) 0.88 (0.72 4+ 0.76) | 6.45 (0.94 + 5.51) 0.17 (0.63 + 0.06

2.34 (1.66 + 0.69) 0.67 (0.44 +0.71) | 4.25(0.12 4+ 4.13) 0.37 (0.94 + 0.13

2.24 (1.35+ 0.89) 0.69 (0.51 + 0.64) | 1.65 (1.09 4+ 0.56) 0.80 (0.58 + 0.76

1.33 (0.28 + 1.05) 0.86 (0.87 + 0.59) | 1.31 (1.07 + 0.25) 0.86 (0.59 + 0.88

(1) ( ) ( ) ( ) ( )
(2) ( ) ( ) ( ) ( )
(3) ( ) ( ) ( ) ( )
1995 (1) | 2.69 (0.91 + 1.78) 0.61 (0.63 + 0.41) | 2.69 (0.91 + 1.78) 0.61 (0.63 + 0.41)
(2) ( ) ( ) ( ) ( )
(3) ( ) ( ) ( ) ( )

Table 8.7: Results of the Z3 test. The first and second harmonics are also shown in

parentheses. See Table 8.5 for the explanation of (1) ~ (3).

sinusoidal function taking its HE gamma-ray lightcurve (see Figure 3.1) into account. If f
is the pulsed fraction in N events tested, Z2 is asymptotically distributed as

Z2

T 2 T T
palZ35 EN) = [ (28 PN (23 - 23 fN)ZE, (8.4)

where

Iy ({2F2N Z211/2
pi(Z2 f2N) = o (121 4 ),
2exp (f2N + Z2/2)

and I is the modified Bessel function of the first kind of order zero [89]. If independent M

(8.5)

trials have been done and Z,,4, is the maximum value of Z3, the upper limit to f2N at a
confidence level C' is obtained by solving

C=1- {1 - /OO pa( Z2; fQN)dzg}M. (8.6)

Zmaz

Table 8.8 shows the 95 % confidence upper limits to the pulsed fraction calculated from the
values of Z3 in Table 8.7.
The Z3 tests have also been done on a day-by-day basis. The observations of the Vela

pulsar has been done on 48 nights for the two years, and the maximum values of the 72
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Year Pulsar position Excess position
pulsed fraction (%) pulsed events | pulsed fraction (%) pulsed events
1994 (1) < 0.35 < 494 < 0.35 < 494
(2) <19 < 30.0 <45 <753
(3) <43 < 321 <55 <433
1995 (1) < 0.37 < 432 < 0.37 < 432
(2) <3.9 < 34.0 <31 <294
(3) < 3.7 < 17.7 <35 < 18.3
total (1) < 0.20 < 522 < 0.20 < 522
(2) < 1.7 < 40.8 < 3.3 < 86.9
(3) <2.0 <239 < 3.7 < 48.2

Table 8.8: The 95 % confidence upper limits to the pulsed fraction and the correspond-

ing numbers of events on the basis of the Z3 test. See Table 8.5 for the explanation of

(1) ~ (3).

statistic are 12.7 (noise rejection only) and 15.9 (after the canonical selections) for the pul-
sar position and the excess position, respectively. These values correspond to the chance
probabilities of 1.3 x 1072 and 3.3 x 1073, but reduced to 0.46 and 0.15 considering that
the independent 48 observations have been done. These results are also consistent with no

pulsed emission.

It is possible that the excess events detected from the different direction from the Vela
pulsar have periodicity in a different period from the pulsar period. A #£0.1 msec range
around the pulsar period has been searched with respect to the excess position using the Z3
test on a day-by-day basis. The maximum Z2 value of all tests is 28.7 at 89.265 msec given
by 7520 sec data observed on 3rd March 1995 after the canonical gamma-ray selections. This

value corresponds to the chance probability of 8.9 x 107%, but reduced to 5.1 x 1073 after
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considering the number of independent periods in the range searched, n;, given by

3TAP
p?

ny o~

(8.7)

where P is the fundamental pulsar period, AP is the width of the range searched and 7' is the
time interval over which the observations were made [90]. The chance probability is further
reduced to 0.22 after considering the number of observations, 48, and this is compatible
with no pulsed emission having been detected. The periodograms for all observations have
also been summed incoherently but no significant signal has been found from the summed

periodogram.

8.5 Flux Estimation and Variability

To obtain the flux corresponding to the above excess count and the flux upper limit
to the pulsed signal, the effective area of our telescope for gamma-ray detection has been
investigated by a Monte Carlo simulation (see Appendix B). Figure 8.20 shows the effective
area of the 3.8 m telescope as a function of energy for gamma rays from a point source. In the
figure, both the effective area by the trigger only and after the canonical gamma-ray selection
of (7.1) ~ (7.3) are plotted. The direction of the simulated gamma-ray showers is at the zenith
and the effective area of Figure 8.20 is almost the same as for the observations of the Vela
pulsar which have been done mainly at zenith angle < 20°. If it is assumed that the power of
the source differential spectrum is —2.5, which is roughly the same as the extrapolation of the
Vela pulsar’s spectral break observed by EGRET, and the threshold energy for gamma-ray
detection is defined to be at the energy of the maximum differential flux, the threshold energy
after the gamma-ray selection is about 2.5 TeV as shown in Figure 8.21. The systematic error
for the threshold energy has been estimated to be about £1 TeV assuming the uncertainties
of the differential spectral index, the trigger conditions and the reflectivity of the reflector to
be —3.0 ~ —2.0, £0.5 photoelectrons x £0.5 PMTs and +5 % respectively. The effective

area is averaged in the energy greater than 2.5 TeV assuming that the power of the source
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Figure 8.20: Effective area of the 3.8 m telescope as a function of energy for gamma
rays given by Monte Carlo simulation. Filled circles indicate the effective area by the

trigger only, while open circles indicate the effective area after the gamma-ray selection.

spectrum is —2.5. The averaged effective area then is (3.36 £ 0.04 £ 0.6) x 10 m?. The first
and second errors are statistical and systematic respectively. The systematic error has been
estimated assuming the above uncertainties. Thus, the gamma-ray integral flux detected
near the direction of the Vela pulsar (0°.1 to the south and 0°.1 to the east from the pulsar)

is

F(>25TeV) = (2.5+0.5+0.4) x 1072 photons cm™2 sec™". (8.8)
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Figure 8.21: Definition of the threshold energy for gamma rays. The source differential
spectrum is assumed to be —2.5. Then, the threshold energy is defined at the energy of
the maximum differential flux and is about 2.5 TeV for gamma rays after the gamma-ray

selections. The arrow shows the point of the maximum flux.

Once again, the first and second errors in this flux are statistical and systematic respectively.
A severe cut for noise rejection has been applied to the 1993 data as mentioned above, and
the effect has been considered in the calculation of the above flux. On the other hand, the
95 % confidence upper limits to the pulsed emission can also be calculated from the upper
limits to the pulsed fraction in Table 8.8 under the assumption of a delta function phase

distribution. From the results using the canonical gamma-ray selections ((2) in Table 8.8),
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the 95 % confidence flux upper limits for the pulsar position and the excess position are

Foutsar(> 2.5 TeV) < (2.7 £ 0.5) x 107" photons cm™ sec™, (8.9)
and
Foeess(> 2.5 TeV) < (5.7 4 1.0) x 107" photons ecm™ sec™ !, (8.10)

respectively. The errors in (8.9) and (8.10) are systematic only.

The above fluxes are plotted in Figure 8.22 and Figure 8.23, together with HE and VHE
gamma-ray fluxes previously reported by other groups. As mentioned in Chapter 3, the
HE gamma-ray spectrum from the Vela pulsar reported by the EGRET group has a spectral
break above 4 GeV and the dashed lines in Figure 8.22 and Figure 8.23 are its extrapolation
in the energy greater than 4 GeV (the integral power ~ —1.59). Our results are further
below the extrapolation. The EGRET group has also reported the upper limits to the
unpulsed emission, and they are plotted by the open circles in Figure 8.22. On the other
hand comparing with the other results in the VHE region, our detected flux is rather lower
than the others. However, if any previous upper limit for the flux from the Vela pulsar
was lower than our detected flux, it is not inconsistent with our result since our flux is the
first one for the continuous emission from the direction of the Vela pulsar, while the other
previous reports were results of period analyses. Our upper limit for the pulsed emission is
of the lowest level of all the reported VHE fluxes.

The VHE gamma-ray luminosity at the emission region can be estimated from the above
detected flux assuming that the distance to the emission region ~ 500 pc, the power of the
differential spectrum ~ —2.5, the maximum gamma-ray energy ~ 10 TeV and the emission

is isotropic (no beaming). The resultant gamma-ray luminosity is
L, ~52x10% erg sec™", (8.11)
This luminosity corresponds to the efficiency for VHE gamma-ray production, 7,

L, ]
= 75 x 1073, 8.12
n= (8.12)
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Figure 8.22: Integral gamma-ray fluxes from the direction of the Vela pulsar. Our
results are plotted by filled circles with “CANGAROQO”. The upper filled circle repre-
sents the detected flux from the direction 0°.14 to the southeast of the pulsar, and the
lower one is the upper limit to the pulsed emission from the Vela pulsar. The solid line
represents the HE gamma-ray spectrum from the Vela pulsar observed by EGRET and
the dashed line indicates the extrapolation of its spectral break seen above 4 GeV. The
open circles are the upper limits to the HE unpulsed emission reported by the EGRET

group [60].
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Figure 8.23: Integral VHE gamma-ray fluxes from the direction of the Vela pulsar.
The dashed line is the extrapolation of the EGRET spectral break (Figure 8.22). Our
results are plotted by filled circles as explained in the caption of Figure 8.22. The

previous results summarized in Table 3.2 are also plotted.

where £ = 6.9 x 100 erg sec™!

is the spindown luminosity of the Vela pulsar [115]. This
efficiency is much lower than in the HE gamma-ray region (n = 2.4 x 1073 [95]) and it is
not energetically incompatible with a hypothesis that a part of the pulsar spindown energy
is converted into the VHE gamma-ray emission, considering the visible energy from the

Vela pulsar is much lower than the total spindown energy. The upper limit to the pulsed
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Year Flux
(107" photons cm ™2 sec™!)
1994 2313
1994 3.24+09
1995 20+£0.7
total 25£0.5

Table 8.9: Detected year-by-year and total fluxes. The errors are statistical.

gamma-ray luminosity from the Vela pulsar can be calculated as well as the above detected
luminosity. However, it is here assumed instead of the above assumptions that gamma rays
are emitted as a beam of 1 str in solid angle and the maximum gamma-ray energy is ~ 6 TeV
following the prediction of the outer gap model [25]. Then, the upper limit to the pulsed

VHE gamma-ray luminosity is
L, 512x10* erg sec™, (8.13)
This corresponds to the upper limit to the VHE gamma-ray efficiency
n< 1.7 %107 (8.14)

This is about two orders of magnitude smaller than the prediction of the outer gap model
described in Chapter 3. This result indicates that most of inverse Compton photons must
be emitted below 2.5 TeV from the Vela outer gaps, even if the prediction of Cheng, Ho and
Ruderman is correct.

To investigate time variability of the flux, the integral flux of (8.8) is divided into year-
by-year fluxes. They are shown in Table 8.9 and plotted in Figure 8.24. The year-by-year
fluxes agree well with their mean flux as seen in Figure 8.24. Thus, the data are compatible

with no variation having been detected on the time scales of a year.
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Chapter 9

Discussion and Conclusions

Gamma-ray-like events were detected from the direction of the Vela pulsar, but the posi-
tion of the excess peak maximum is likely to differ from the pulsar position. If the signal is
correlated with the pulsar, the distance of the emission region from the pulsar is an impor-
tant parameter to understand the gamma-ray emission mechanism. In Chapter 8, the peak
maximum position (—0°.1,—0°.1) in Figure 8.14 has been determined from the mesh points
of 0°.05 spacing. However, as mentioned in the end of Chapter 7, a more probable position of
the gamma-ray emission region can be estimated by fitting the peak profile of Figure 8.14 to
the modified PSF, together with the size of the emission region. The parameters in the func-
tion (7.21) have been obtained by the fitting as; (x,,ys) = (—0°.11,—0°.08) and s = 0°.09.
Note that o, means the standard deviation of the gamma-ray intensity distribution assumed
to be a Gaussian distribution as defined in Chapter 7.

The errors of the above parameters due to the fluctuation of the background distributions
have been estimated by simulations. The off-source map of Figure 8.7, which has been given
by the asymmetrical SPDF, can be simulated assuming that the centroids and directions of
background images are randomly distributed in the field of view. On the other hand, the on-
source map has been simulated by superposing a gamma-ray peak, which has been simulated
as the PSF of Figure 7.11 using the Monte Carlo simulation, to a simulated off-source map.

A map of excess event density is obtained subtracting a simulated off-source map from a

119
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Figure 9.1: The distribution of the gamma-ray source positions obtained by fitting the
simulated maps to the modified PSF. The source inputted to the simulation is at the
origin of the left figure and its size is 0°.0. The right figure shows the radial error

distribution. The standard deviation of this error distribution is about 0°.03.

simulated on-source map, and is fitted to the modified PSF to obtain (z;,y,) and o, as well
as the above case for the observed map. This simulation has been done for the gamma-
ray source sizes of 0°.0, 0°.05, 0°.1 and 0°.15, and their gamma-ray intensity distributions
have been assumed to be Gaussian distributions (the above source sizes correspond to their
standard deviations). Figure 9.1 shows the distribution of the estimated position (,,ys) for
the source of the size 0°.0 at the center of the field of view (the origin of the figure). The
standard deviation of this “error” distribution is about 0°.03. However, it increases with the
source size. When the source size is about 0°.1 as the case of the detected peak, the standard

deviation is ~ 0°.04. Thus, the position of the observed emission region is offset from the
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pulsar by
(rs,ys) = (—0°.11 £ 0°.04, —0°.08 = 0°.04), (9.1)

where the errors are statistical.

Considering that the tracking accuracy of our telescope is as good as 0°.01 (Chapter 5)
and the calibration of the tracked point has been done with the accuracy better than 0°.02
(Chapter 6), the offset of about 0°.14 to the southeast from the pulsar is probably significant.
It is possible to refute the thought that the offset is the result of not correctly ‘flat fielding’
the imaging camera, for example to errors in PMT gains, since such effects are canceled as
the field of view rotates (more than 90° in a long run). The effect of stars in the field of
view are checked using the same method as that of Krennrich [66]. The position angle of
the image centroid with respect to the position of the excess peak is calculated for every
gamma-ray selected event, and the distribution of the excess events in terms of significances
as a function of the position angle is shown in Figure 9.2. The position angles of the stars in
the field of view are shown by the arrows in the figure, together with their visual magnitudes.
There is no significant correlation between the star’s position angles and the distribution of
the excess events. Therefore, the offset of the excess peak is not likely to be caused by the
stars.

The angular size of the emission region is also an important parameter. In particular,
if the emission region actually differ from the pulsar as mentioned above, it is interesting
whether the pulsar is included in the emission region. The results of the above simulations
are summarized with respect to the source size in Figure 9.3. The simulations have been
done 100 times for each input source size, and the median values of the distributions of the
output source size are plotted by the filled circles in the figure together with their error bars
representing the range from 16 % to 84 %. It appears that the source sizes are reproduced
by the fitting to the modified PSF with the accuracy of ~ 0°.03. Thus, the size (radius) of

the observed emission region is estimated as

7, = 0°.09 & 0°.03, (9.2)
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Figure 9.2: The distribution of the excess events in terms of significances as a function
of the position angle with respect to the excess peak in Figure 8.14. The position angles
of the stars in the field of view less than 1°.5 from the peak position are shown by the

arrows. The star’s visual magnitudes are also shown by the corresponding arrow.

Here, we assume that the source direction is ~ 0°.14 to the southeast of the pulsar and
the angular size of the source is ~ 0°.18 in diameter following the above estimation. In
this case, the distance of the emission region from the pulsar is about 1.2 pc assuming the
pulsar distance of 500 pc. Thus, the emission region is much more distant from the pulsar
than the light cylinder radius (~ 107 pc), and it is probably impossible for the detected
signal to be due to particle acceleration at a site very close to the pulsar, say, the polar cap
or the outer gap. This hypothesis is also supported by the fact that no pulsation has been
detected at the pulsar period. If the detected emission is associated with the pulsar, the

particle acceleration possible at a region 1 pc distant from an isolated pulsar is the pulsar



123

©
N

0.18
0.16
0.14

0.12

Output Source Radius (degrees)
=
[N

0.08
0.06

0.04

0.02

,
7

"

\H\‘HH‘HH‘\\H‘\H\‘\H\‘HH‘HH‘HH‘HH

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Input Source Radius (degrees)

o
OO

Figure 9.3: The source radii inputted to the simulations versus the output source radii.
The filled circles represent the median values of the distributions of the output source

size. The error bars show the range from 16 % to 84 % of the output distributions.

wind shock acceleration. This reminds us the case of the Crab pulsar and nebula. Thus, the
plausible interpretation for the detected emission is that VHE gamma rays are emitted from

shock accelerated particles by inverse Compton scattering.

One can estimate the maximum electron energy at the above shock near the Vela pulsar
using the equations (2.13) and (2.14). Taking 0 = 0.003 and r, ~ 4 x 10! ¢cm (~ 1.2 pc), the
maximum electron energy is E,., ~ 7 x 10'* eV. Thus, VHE gamma rays can be produced

by the electrons accelerated at the shock in the model of Kennel and Coroniti.

On the other hand, the emission region has been assumed to be ~ 0°.18 (~ 1.6 pc) above,
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and does not possibly include the pulsar. There are two possible interpretations about the

association between the pulsar wind and the emission region:
e A directional wind (a jet) is ejected to the southeast.

e A spherical wind is ejected, but the pressure of the ambient matter is higher at the

emission region.

Jets from the Crab pulsar and the Vela pulsar have actually been observed at X-ray wave-
lengths and it is not unnatural for jets to be ejected from pulsars. However, all of the observed
jets are ejected to the direction of the pulsar rotation axes, while the direction of the above
emission region from the pulsar is almost perpendicular to the pulsar rotation axis. This
asymmetrical jet with respect to the pulsar rotation axis is not likely to be explained by any
currently existing model.

Here, let us assume both the pulsar winds and the gamma-ray emission from the emission

region to be spherical (isotropic). If S is the size of the emission region, the luminosity

2

transported to the emission region from the pulsar is ~ S2E /4xr2. If f is the conversion

factor of the luminosity to the VHE gamma-ray emission in the emission region,

L, S%f ol S N e\
==~ =1.4x10 : 9.3
" E  4mr? . f 1.6 pc 1.2 pc (93)

Equating this equation with (8.12),

FaGx10- (2 (Y (9.4)
1.6 pc 1.2pe) - '

As seen in Section 8.3, the gamma-ray luminosity corresponding to the detected flux is much

smaller than the spindown luminosity of the Vela pulsar. However, the energy in the emission
region is converted into VHE gamma rays in at least an order of magnitude higher efficiency
in this model.

At the end of the discussion, it is pointed out that an interesting feature which may
imply the existence of a shock at the southeast of the pulsar is found in the ROSAT image

of the region around the Vela pulsar (Figure 3.4). In this image, diffuse X-ray emission is
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present at the direction of the detected gamma-ray signal. The authors have not given any
interpretation of this diffuse emission.

In conclusion, we have observed the Vela pulsar with the CANGAROO 3.8 m telescope
during January 1993 and March 1995. A gamma-ray signal has been detected from the
direction of the Vela pulsar at about 6 ¢ level using the atmospheric Cerenkov imaging

2 sec™ ! above

technique. The integral gamma-ray flux is (2.5+0.5+0.4) x 10~'2 photons cm ™~
2.5+ 1.0 TeV, and is steady on a one year time scale. The signal is likely to be offset from
the pulsar position to the southeast, and the emission region is likely to be extended but
small compared with the offset. No pulsed emission has been detected from the pulsar nor
the direction of the detected signal. The 95 % confidence flux upper limit to the pulsed

2

emission from the pulsar has been set to be (2.7 + 0.5) x 107'3 photons ecm™2 sec™! above

2.5+ 1.0 TeV.

A calibration technique to get a tracked point in the field of view of the imaging camera
using starlight has been developed. The accuracy of the calibration was confirmed to be
less than 0°.02 using simulations, and this is as good as the tracking accuracy of the 3.8 m
telescope. Results of this calibration have been reflected in the above analyses.

New analysis techniques have been developed and applied to the data including the above
gamma-ray signal. A new image parameter “Asymmetry” has been expected to be effective
to extract a tendency of gamma-ray images pointing to their source. This tendency has
been found in the Asymmetry distribution of the detected excess events, and this is strong
evidence of the excess events being due to gamma rays. On the other hand, the “source
probability density functions” have been defined from the source distribution with respect
to the position of simulated gamma-ray images, and the use of this function instead of the
conservative method is more effective to accurately determine a gamma-ray source position
in the field of view. It has been confirmed that both of the techniques are also effective to
enhance a gamma-ray signal.

Our new project for observations of 50 GeV gamma rays with a 10 m telescope has been

financed in 1995 and the telescope will be in operation four years later. VHE gamma-ray
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observations with higher resolution and a lower threshold energy will be possible with the
10 m telescope. Therefore, the above features around the Vela pulsar will be revealed more

clearly by the 10 m telescope.
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Appendix A

Definition of the Image Parameters

Definition of the image parameters used in this thesis is almost the same as of the Hillas
parameters originally used in the Whipple group [92, 98]. However, the following definition
based on the Asymmetry Vector is convenient to make event maps as described in Chapter 7.
Suppose the ith PMT is given by coordinates (x;,y;) in degrees and registers a signal s;. The

following is first defined:

XS 2 Sl v
<l‘> - Zsi ) < >_ Esi ) (f\l)
N XSy o XSl ,
<.I'>— Zsi ) <$y>— Zsi ) <y>_ Zsi ) (*P\Q)
5 sl s\ X STy o X SilY? 5 LSy ‘
<'T>_ Zsi ’ <'I y>_ Zsi ) <1‘y>— Zsi ’ < >_ Zsi - (‘AS)
The coordinates ({(z), (y)) correspond to the centroid of the image. The following is further
defined:
02 = (2%) = (1), 0wy = (2y) = (2)(y), 0 = (¥°) = (), (A.4)
a3 = (17) = 3(x?)(w) + 2(2)?, oy = () = 3(¥*Ny) + 2(v)°, (A.5)
0,2y = (@”y) — 2(ay)(x) + 2(x)(y) — (&N Y), oue = (ay”) — 2(zy)(y) + 2(2)(y)” — (¥’ )(x).
(A.6)
Ifd=o0, -0, and z = [d* + 402,]'/?, then
, 2 Fop —2\1/? 2 0o+ 212 .
Width = (U <27y Z) , Length = (0 gy Z) ) (A7)
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If an assumed source position in the field of view is (zg,ys) and the Distance vector D =

(xp,yp) is defined as

then

Distance = (22, + y5)'/2.

If an unit vector of the major axis, @ = (x4, Yu), iS
i = = d\"” sign(o,,) Zhd v
B 2z » SIBM Ty 2z ’

TuTp + YulYD )
Distance '

then
Alpha = cos™ (

The Asymmetry vector A = (z4,y4) is
A= —0oall,
where
oA = {043 c08° ¢+ 30,2y cos? ¢sin ¢ + 30,2 COS @ sin? ¢ + Oy sin® gb}l/3

and ¢ is the angle of @ with respect to the z axis. Asymmetry is defined as

— —

|O-A| _ 44.'_D

Asymmetry = sign(ff : 5)

If the largest two PMT signals in the image is S; and S, then

S1 + Ss
s

Conc =

Length  Distance Length cos(Alpha)’

(A.8)

(A.10)

(A.11)

(A.12)

(A.13)

(A.14)



Appendix B

Monte Carlo Simulation of

Atmospheric Cerenkov Light

Monte Carlo simulation of atmospheric Cerenkov light used in this thesis is shortly ex-
plained here. The simulation program consists of production of an EAS from a primary
particle, production of Cerenkov photons from the EAS and production of triggered images
by telescopes distributed on the ground.

To generate EASs, GEANT version 3.15 has been used. GEANT is a system of detector
description and simulation tools for the high energy particle physics and has been developed
in CERN. We have considered the atmosphere as a particle detector of 80 layers and the US
standard atmosphere has been used to calculate air density.

Cerenkov photons are produced from each particle generated by GEANT. Numbers of
Cerenkov photons have been calculated using the equation (4.6) assuming that the quan-
tum efficiency of the PMTs is constant in the wavelength region from 350 nm to 550 nm.
The numbers of Cerenkov photons have further been reduced taking the Rayleigh and Mie
scattering into account.

Generated Cerenkov photons have been collected by the reflectors put on the ground.
They have been checked for compatibility with the trigger criteria described in Chapter 5

and an image has been constructed for each triggered event taking the noise level into account.
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The simulated images are fed to the same program used in the analysis of real data.

The Monte Carlo simulation of background showers (proton showers) has been done and
the results have been checked for compatibility with real observations in the triggering rate
and the parameter distributions. The proton showers have been simulated in the energy
range from 500 GeV to 20 TeV with the primary differential power of —2.7. The primary
directions of the protons have been distributed uniformly in the 3° radius field, which is
about four times larger than the field of view of the camera, and the shower axes have also
been distributed uniformly in the area less than 300 m from the telescope, which is much
larger than the effective detection area. The expected triggering rate, R, can be calculated
as

Emax

R ~ nAQ F(E)E, (B.1)

Emin

where 7 is the trigger efficiency given by the simulation, Q = 27(1 — c0s 3°) ~ 8.6 x 1073 str,
A = 7(300 m)? ~ 2.8 x 10° cm? and f(F) = 1.8E7>7 em™2 sec™! str™t GeV~! [44] is the
differential spectrum of cosmic rays. 2873 simulated events have been triggered out of 1.1
million trials, thus n ~ 2.6 x 1073. Then, the expected triggering rate due to background
showers is obtained as R ~ 0.9 Hz. This result is consistent with the triggering rate in real
observations (~ 1 Hz).

The image parameter distributions for simulated proton showers have also been com-
pared with the distributions for observed background showers. (Figure B.1). Although there
seems to be a small difference between the distributions in Conc, the observed parameter

distributions have been reproduced well by the simulation.
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Figure B.1: Image parameter distributions given by real observations (solid lines) and
the Monte Carlo simulation (dashed lines). The primary particle used in the Monte
Carlo simulation is proton and the power of the primary differential spectrum is —2.7.
The maximum core distance in the simulation is 300 m. The primary directions are
taken randomly in the region less than 3° from the zenith, while the real data have
been taken in the zenith angles less than 20°. The histograms have been normalized

with the total number of events.
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