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The observation of TeV gamma rays from celestial objects has recently come onto
a firmly founded stage that has several “established” sources with the sensitivity at
the level of ~ 107! erg cm™2 s™1. A quantitative argument has become available
about the underlying process by comparing the high energy gamma ray flux with
the other wavelengths, providing a direct clue to uncover non-thermal high energy
features of the Universe.

1 Introduction

The Universe appears to show a wealth of nonthermal phenomena. Non-
thermal radiation has dominant contribution to the total luminosity of the
gamma ray sources. Gamma rays are linked with matter by interactions of el-
ementary particles, and gamma ray detection verifies the processes of particle
acceleration taking place in bright gamma ray sources, such as AGN (active
galactic nuclei) and pulsars.

Mechanism of the non-thermal emission, characterized by a power law en-
ergy spectrum, gives a monotonously decreasing number of gamima ray photons
with increasing energy. Large collection area is necessary for detectors as well
as a considerable thickness of material to fully absorb a cascade shower that
gamma rays generate in the instruments. The requirement limits the opportu-
nities of launching gamma ray satellites, and has made high energy gamma ray
astronomy to be the last band of electromagnetic radiation to join the modern
astronomy. The EGRET instrument of CGRO (Compton Gamma Ray Obser-
vatory) was launched in 1991 to discover more than 150 gamma ray sources at
100 MeV to 10 GeV energies (1). Ground-based observation that utilizes the
atmosphere as a calorimeter of absorbing gamma rays has a large detection
area of more than 10% ¢cm? and could establish, also recently in 1990’s, several
sources of VHE (very high energy) gamma rays at ~ 1 TeV. The breakthrough
of the ground based detection was enabled by the angular resolution of ~ 0.1°
of IACT (imaging air Cerenkov telescope), being followed by the next gen-
eration of IACT systems for persuing better sensitivities and lower threshold
energies below 100 GeV. The present paper discusses the current status of VHE
gamma ray astronomy (e.g. see (2), references therein), paying atttention to
the relevance of gamma ray astronomy to the title of the present Conference,
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“Origin of Matter and Early Universe”.

2 Current status of VHE gamma ray astronomy

The number of gamma ray sources in the energy range of 100 MeV to 10
GeV is shown in Table 1. Most of the sources are not identified yet with the
objects seen with the other wavelengths. The unidentified EGRET sources

Table 1: Number of high energy gamma ray sources (EGRET sources)

pulsar | normal active unidentified source | EGRET catalogue
galaxy | galaxy | b* < 10° | b™ > 10°
6 1 (LMC) 38 37 43 2nd (1)

3 8 17 Supplement of 2nd
* b is galactic latitude; LMC stands for Large Magellanic Cloud

of galactic latitude < 10° are probably of Galactic origin and some of these
appear within the error circle of detection to be associated with known objects
such as supernova remnant. However, the angular resolution typically of 1°, is
not as good as those in the other wavelengths to conclude that the associated
object is responsible for the observed GeV gamma rays. A typical example of
unidentified gamma ray source was Geminga that had remained long as a riddle
for about 20 years, and the time-modulated signal of gamma ray data could
identify Geminga to be a “middle age” pulsar (3) which is quiet in radio and
X-rays. Many other such pulsars can be hidden in the region of dense matter.
Table 2 is the current list of the objects reported as VHE gamma ray sources.
Requirement of the confirmation by independent detections would conclude six
“established sources” at present. Ater Crab nebula was established by Weekes
et al. (4) in 1989, VHE gamma ray observation has experienced a rapid rise
in the number of sources; yielding three (Crab, Mrk 421 (5) and PSR B1706-
44 (6)) several years ago and still increasing.

Efforts in the VHE gamma ray band to observe EGRET gamma ray pulsars
has failed to detect signals modulated with pulsar period, instead, discovering
unpulsed signals (e.g. for review, sce (7)) from the plerions of Crab, PSR
B 1707-44 and Vela pulsars. Multiple groups have reported VHE detection
of the Crab nebula. The earlier detection of PSR B1706-44 was confirmed
by Durham group (8) at 300 GeV threshold. Evidence of VHE gamma rays
from Vela pulsar direction was repeatedly obtained in the 1993 - 1997 data of
CANGAROO group (9), which indicates that the emission region is the birth
place of the Vela pulsar (10) and is displaced by about 0.13° from the pulsar.
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Table 2: List of Claimed VHE Sources

objects confirmation by EGRET Note
other 1'epeated. Detection (Object type)
groups | observations
Crab Vv Vv Vv plerion
PSR B1706—44 v V4 Vv plerion
Vela V4 i plerion
SN 1006 V4 shell type SNR
PSR B1509-58 plerion
PSR B1259-63 binary pulsar
J1105-6107 possibly 62 ms pulsar
GRS1915+105 micro quasar
Cen X-3 'Clzumcd p,OSSlbly’_ X-ray binary
in the past time variable
Mrk 421 Vv Vv Vv AGN
Mrk 501 v Vv V4 AGN
1ES2304+-514 AGN
PKS 2005—-61 Vv AGN

Preliminary evidence was reported on PSR B1509-58 (11), and PSR J1105-



in one viewing period of EGRET data (20). The fact that Cen X-3 is a time-
variable GeV source might support the speculation in 1980’s that close X-ray
binaries have VHE activity. The time-variable signals from these objects, if
true, suggests new types of VHE Galactic sources from the vicinity of neutron
stars in binary systems or black holes.

3 Implication of VHE gamma ray data

While the diffuse emission from the Galactic disk is generally understood to
be from cosmic ray protous, the point(-like) sources so far discovered as bright
in GeV and TeV gamma rays are due to abundant energetic electrons (and
positrons). Thus, VHE gamma rays are closely tied with X-ray band, be-
cause the observed emissions in the two bands are explained, respectively by
synchrotron and inverse Compton effect of common progenitor electrons.

3.1  Inverse Compton and synchrotron radiation

Energy loss by synchrotron and inverse Compton processes of electrons is de-
scribed respectively by Loyne = —(dE/dt)syne = (4/3)01¢7?Winae and

Lic = —(dE/dt);c = (4/3)1¢y?*W,aq, where Lyyye and Li. are the luminosity
of synchrotron and inverse Compton radiation, o7 is Thomson cross section
and W, and W,4 are the energy density of magnetic field and the the ambi-
ent photon field, respectively. The ratio, LS},,,(.,/L;(., = VV,,,.dg/Wmd = B, gives
strength of magnetic field B in the emission region. The 2.7K MWB(microwave
background) is dominant as the target photon of the inverse Compton effect,
in most of Galactic VHE sources except for the bright source of Crab nebula,
in which self-synchrotron photons, i.¢. synchrotron radiation by the same pro-
genitor electrons, is Compton scattered. In AGN, either self-synchrotron or
external photons from clouds or accretion disk near the central nuclei of galaxy
is more abundant than 2.7 K MWB. From the target photon of energy ¢, the
energy of Compton-boosted gamma ray photons is calculated to be ~ 72,
where ~ is the Lorentz factor of progenitor electrons.

3.2 Pulsar nebula and plerion

In the case of Crab nebula, the whole energy spectrum of synchrotron and
inverse Compton radiation are measured. The inverse Compton flux can be
compared in detail with the expected one from synchrotron X-rays to give mag-
netic field ~ 300uG, close to the equi-partition value. The strong magnetic
field allows synchrotron radiation in the energy range beyond 100 MeV, and
explains why the Crab nebula appears as a plerion of unpulsed GeV gamma
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Table 3: Pulsars of ASCA Observation

* VHE | pulsar associated object | nebula
(1) v/ | Crab ok

(2) \/ Vela Heskokk

(3) Geminga

(4) | v | PSR B1706—44

(5) | 7 | PSR B1509—58 MSH15-52

(6) PSR B0437—4715 | (5.8 msec pulsar)

(7) PSR B1951+32 EGRET/CTB80

(8) PSR B1046—-58

LN L O

(11) PSR B1929+10

(14) PSR B1821-24 (3 msec pulsar)
(17) PSR B0656+14 EGRET?/Monogem
(18) PSR B0540—69 in LMC

(21) PSR J1105—6107 | 2EGJ1103-6106 ?
(24) PSR B1853+01 W44

(25) PSR B1259-63 binary pulsar
(27) PSR B1610—50 Kes 32

(33) PSR B1055—52 EGRET

*

the number in the order of Lyq/d? (see text)

rays as detected by EGRET. Gamma rays of higher energies can provide more
direct evidence of the maximum energy of accelerated electrons, putting a con-
straint on theoretical models. The CANGAROO data (21) appears consistent
with the spectrum continueing with a constant power index up to at least 50
TeV and possibly to ~100 TeV. In the cases of PSR B1706-44 and Vela, the
energy spectrum of gamma ray emission is less well measured yet, but the
emission in VHE relative to X-ray band restricts magnetic field as well as con-
finement condition of energetic electrons. The magnetic field of ~ 3uG as weak
as the ISM (interstellar medium) one, inferred from the comparison of X-ray
and TeV gamma ray intensities, implies higher energy deunsity of electrouns, by
an order of magniutde, than that of magnetic field, Wy, = B? /87, indicating
that the two energy densities are not in equi-partition. However, magnetic field
is generally not uniform. The intensity of VHE gamma rays and X-rays from
PSR B 1706-44 can be also compatible with B ~ 204G stronger near the center
of nebula than the peripheral region, if we assume the escape time Tescape from
the central region is ~ 10-(E/20TeV)~? yrs with § = 0 ~ 0.5 (Aharonian et al.
1997 (22)). X-ray data of many of the pulsar nebulae listed in Table 3 shows a
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spatial extent more than 0.1°, just as large as the angular resolution of IACT.
VHE gamma rays are likely more extended than X-ray synchrotron nebula.
When we list pulsars in the order of fluence, Lsd/d2 where Liq and d are
spin down luminosity and distance, unpulsed X-ray emission is observed from
most of the high ranked ones, suggesting the existence of synchrotron nebula
around the pulsars(see e.g. (23)). Among those ranked within the top four,
Crab, Vela and PSR B1706-44 except Geminga are VHE sources. We can
expect that more number of inverse Compton nebulae will be discovered. It
is useful, in addition to the work available from the synchrotron X-ray data
(Shibata et al. 1997 (24)), to have systematic investigation also on inverse
Compton nebulae to draw a view on the general feature of pulsar and its
nebula, such as the depencence of magnetic field in nebula, wind velocity and
total number of electron-positron pairs, on the spin-down energy loss of pulsars.

3.8 Supernova remnant

The detection of VHE gamma rays from SN 1006 gives a direct evidence that
particles are accelereted up to ~100 TeV in the supernova shell. The nonther-
mal radiation from SN 1006 is consistent with the view of inverse Compton
and synchrotron radiation to explain the flux of TeV gamma and X-rays as
well as the upper limit of flux in 100 MeV - 10 GeV region by EGRET.

In those SNRs which are located within the error circles of EGRET uniden-
tified sources, the observed GeV gamma rays can be due to proton progenitor.
The acceleration model in the supernova shock gives protous of a hard power
law spectrum of index near to —2, predicting a detectable flux of TeV gamma
rays when we extrapolate the observed GeV flux to higher energies (25) (26).
Extensive efforts (27) (28) have, however, failed to detect VHE gamma rays.
The fact may indicate that the GeV gamma rays are not from proton progeni-
tor but, for example, due to bremsstrahlung process by electrons from plerion
activity which is possibly associated with those SNRs of EGRET detection.
The relative intensity between VHE gamma rays from electron and proton
progeuitors cau vary from object to object, depending on the maximum en-
ergy of accelerated electrons and the morphological complexity of supernova
in association with molecular clouds etc. Comparison with GeV flux and more
accurate spectral information as well as investigation on more number of SNRs
is necessary to infer the contribution from proton progenitor.

3.4 Origin of matter and of cosmic rays

Gamma rays are closely related to “matter” in the Galaxy. Hayakawa (29)
discussed in 1952 high energy gamma rays from my — ~7 decay produced
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by cosmic rays in collision with ISM. Detection of such gamma rays can tell
us the density of matter, irrespective of its state to be as neutral or ionized
atoms or molecules, while radio waves of 21cm and millimeter are to infer the
density of neutral atom and molecular of hydrogen, respectively. The region
of the dense ISM in the Galaxy is where young stars are born to synthesize
nuclear species and to result in frequent supernova explosions, and is also
where energetic “particle beam” and “target material” is abundantly prepared
for generating gamma rays. A considerable portion of EGRET sources is still
unidentified (Table 1), and some of these are appareutly embedded in the
dense matter region (30). High penetrating power of high energy gamma rays
through dense matter is thus useful to exploit unkown phenomena still hidden
from observation.

The spectrum of cosmic rays extends at least to 102°eV. Galactic cos-
mic rays of energy lower than < 10'eV are generally believed to be shock-
accelerated in supernova remmnants. VHE gamma ray astronomy is expected
to uncover the “origin of cosmic rays”, by tracing the interactions of cosmic
rays. The acceleration of cosmic rays to their relativistic energies is in princi-
ple by transferring and deviding the energy of a bulk motion of a macroscopic
system into protons or nuclei. Cosmic rays are strongly coupled to their en-
vironmental medium, as is shown by the fact that the energy density of cos-
mic rays appears in equi-partition with that of magnetic field in the Galactic
disk, Weosmicray ~ Wmag- The matter synthesized in stars is supplied to ISM
through stellar winds and supernova explosions, which are also the most likely
processes of the Galactic cosmic ray acceleration. Cosmic rays are confined
in the Galactic disk and their propagation process is affected by the general
structure of the matter in the Galaxy.

The Lorentz factor v of accelerated electrons, or the maximum energy
possibly achieved in candidate objects of the origin of cosmic rays, can be
inferred from comparison of synchrotron and inverse Compton radiation. In
the case of gamma rays of TeV energy generated by Compton scattered 2.7K
photons, the Lorentz factor v of progenitor electrons is ~ 10%, s.c. ~ 10'* eV
of electron energy. Infrared to optical photons are considered to be the target
of inverse Compton process in the intense radiation field of AGN, implying
that electrons of lower energies produce TeV gamma rays than in the case of
Galactic sources. In addition, the progenitor electrons are in a bulk motion of
jet having a Lorentz factor I. This fact causes a Doppler shift in the frequency
of radiation; v,ps = v0, where the suffix “obs” and “0” designate the observer’s
and jet frame. The beaming factor 6 is 6 = 1/T(1 — Scos), where 3 = v/c,
velocity of jet, I' = 1/4/1 — 32, and 6 the viewing angle of the jet direction. A
typical value is 6 &~ 10 (e.g. see (31)).



Thus, the maximum value of v seems smaller in blazars than the Galactic
gamma ray sources such as Crab (e.g. (32)). We need deeper survey of VHE
gamma ray sources for the place where particles of v ~ 10'! are accelerated
somewlere in extragalactic objects of a large scale of spatial extension (32), in
order to explain the cosmic rays of 10%° eV. Rich clusters of galaxies can be a
source of VHE gamma rays if strong wind from early type galaxies is converted
into non-thermal acceleration energy (33), which should be detectable by the
next generation of IACT, such observation providing evidence of locating the
origin of the highest energy cosmic rays and of investigating cosmological his-
tory of these objects.

3.5  Towards early Universe

Extragalactic cosmic rays could tell us about non-thermal activity in early
Universe. However, cosmic rays suffer from deflection by magnetic field and
are confined within a limited travelling distance. Instead, gamima rays provide
us with knowledges on high energy particles in remote objects. The gamma
ray flux from LMC detected by EGRET has demonstrated that cosmic ray
intensity in the neighboring galaxy is weaker than ours. The result also suggests
that the cosmic ray intensity varies from galaxy to galaxy, and has enabled us
to see the cosmic rays beyond our Galaxy. Detection of gamma rays from AGN
has pushed the horizon even further to red shift z ~ 2.5 by GeV and to the
distance of ~100 Mpc by TeV gamma rays.

High energy gamma rays also suffer from absorption due to creation of
a pair of electron and positron when they collide with ambient background
photons, 4.e. ~ + ambient photon — e* + ¢~. With increasing energy of
gamma rays, softer photons can exceed the threshold energy of about 1 MeV
for the pair creation in the center of mass system of the collision. The 2.7 K
MWB can become the target for gamma rays of energy > 10'* eV, with the
absorption length of gamma rays as short as ~10 kpc. Infrared and optical
photons are most effective in the extragalactic space for TeV gamma rays,
giving the travelling distance of about 100 Mpc (e.g. Stecker et al. 1992 (34)).
By observing VHE gamma rays, we can thus extend the study on high energy
non-thermal phenomena beyond our Galaxy, but the reach is limited within
the Universe not much earlier than the present time. The attenuation length
of VHE gamma rays is schematically shown in Fig. 1. Travelling distance of
cosmic rays is also estimated from a simplified view of the diffusion during the
life time of cosmic rays as calculated from v ¢RT, where ¢, R and T are the light
velocity, gyro radius of protons and diffusion time (for more careful treatment,
e.g., see (35)). The Galactic case (a) corresponds to magnetic field 3-107°G
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Figure 1: Travelling distance of gamma rays and cosmic rays is schematically shown against

energy. Solid and dashed curves are for gamma ray and cosmic ray, respectively. Ambient

photons collide with gamma rays to produce a pair of electron and positron when the center

of mass energy exceeds twice of the energy of electron rest mass. The ambient photon

contributing to the process is infrared and star lights for ~1 TeV, and 2.7K MWB for ~1

PeV gamma rays. Distance cosmic rays can reach by diffusion are to be as large as (a) and
(b), respectively in the Galactic and extragalactic cases (see Text).

and T assumed to be 107 - (E/1TeV)™"7 yrs and in the extragalactic case (b)
magnetic field of 3-107°G and T = 10'® yrs are assumed. The life time of
cosmic ray protons is determined by their collision with matter, and can be as
long as 10



us about DEBRA. (ii) Pairs of electrons and positrous from absorbed gamma
rays then emit secondary high energy gamma rays through inverse Compton
collision with MWB to form a halo emission around AGN. The relaxation time
of the secondary processes is determined by the life time of electrons, to be
comparable with the accretion life time ~1 Gyr of AGN having a massive black
hole of 10® solar mass. Such ‘pair halos’ of gamma rays (see e.g. Aharonian et
al. 1992 (36)) can be also formed around those AGN which are presently quiet
but were active in the past. (iii) The gamma rays and cosmic rays of energies
> 1 TeV that are generated at a site farther than 100 Mpc suffer from suc-
cessive cascades of photo-nuclear interaction and electromagnetic processes, of
which space and time scale is characterized by the travelling distances shown
in Fig. 1, and would finally produce copious gamma rays in the energy region
of 10 GeV to 100 GeV, contributing to diffuse extragalactic gamma rays (e.g.,
see (37)). Thus, the study of diffuse and/or granularly extended extragalactic
VHE gamma rays provide information on high energy activity in early Uni-
verse of producing highest energy cosmic rays or gamma rays, to discover or
put constraint on the exotic processes such as the topological defects. The
observation with next generation TACTs attempts to cover the energy region,
which remains still unobserved with both the two methods of satellite and
ground-based instruments.

4 Conclusion

The VHE gamma ray sources have copious production of accelerated electrons
and positrons. The energy spectrum of pulsar nebulae and SN 1006 as well
as the time variable emission from AGN over radio to TeV bands is counsistent
with the scheme of synchrotron and inverse Compton radiation by electron
progenitor. Most of the pulsars with high value of fluence L,y /d? accompany
X-ray synchrotron nebula and suggest the inverse Compton counterpart of
the nebulae. Detection of the gamma rays will inform us of the strength
of magnetic field and spatial characteristics in the plerions. Coutribution of
protons to VHE gamma rays remains to be investigated for the site of “origin
of cosmic rays” in both the Galactic and extragalctic cases.

The current sensitivity of VHE observation is shown in terms of fluence ¢.e.
energy flux, plotted for Galactic objects in Fig. 2. The next generation of [ACT
with sensitivity better than ~ 10~ '2ergem2s~! and reduced threshold energy
below 100 GeV will be capable throughout whole the Galaxy of detecting the
sources of VHE luminosity ~ 10%° erg s~!. Extragalactic gamma rays, for
example, from Perseus cluster of galaxies is estimated to be (5.1 —0.5) x 10712

photons cm™% s~! (> 1 TeV) (33) (which corresponds to ~ 1-107'% erg cm™?
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Figure 2: Fluence from varous galactic objects. The sensitivity of VHE detection has reached
a level somewhat below 107 1! erg s™! ecm ™2, better than that in GeV region, which corre-
sponds to the luminosity 1033 erg s~' at a distance of 1 kpc.

s71) and would become detectable. New types of VHE gamma ray sources will
appear to show us a rich variety of non-thermal features of the Universe, to
extend our scope towards earlier Universe, as well as into the region of dense
matter where young stars are being formed and of extreme environmental
conditions in the vicinities of black holes and neutron stars.
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