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Abstract

Supernova remnants (SNRs) are currently believed to be a major source of galactic cosmic rays
(GCRs) from the arguments of energetics, shock acceleration mechanisms, and the elemental
abundances in the source of GCR. However, direct evidence for the SN origin of GCRs at
TeV energies is scarce. Arguably the best evidence for the existence of relativistic electrons
with energies around 100 TeV is the CANGAROOQO observation of TeV gamma-rays from the
northeast rim of SN1006, which coincides with the region of maximum flux in the 2-10 keV band
of the ASCA data. This TeV gamma-ray emission was explained as arising from 2.7 K Cosmic
Microwave Background Radiation photons being Inverse Compton up-scattered by electrons with
energies up to ~ 100 TeV and allowed, together with the observation of non-thermal radio and
X-ray emission, the estimation of the physical parameters of the remnant, such as the magnetic
field strength.

The shell type SNR RX J1713.7—3946 was discovered in the ROSAT All-Sky Survey. Strong
non-thermal X-ray emission from the northwest part of the remnant was detected by the ASCA
satellite. This synchrotron X-ray emission strongly suggests the existence of electrons with
energies up to hundreds of TeV in the remnant. This SNR is, therefore, a good candidate
for TeV gamma-ray source, due to the Inverse Compton scattering of the Cosmic Microwave
Background Radiation by the shock accelerated ultra-relativistic electrons, as seen in SN1006.
An observation of TeV gamma-rays from RX J1713.7—3946 would provide not only further direct
evidence for the existence of very high energy electrons accelerated in the remnant but also other
important information on some physical parameters such as the strength of the magnetic field
which are relevant to the particle acceleration phenomena occurring in the remnant, and would
also help clarify the reason why TeV gamma-rays have until now been detected only from
SN1006.

With the above motivation, we observed RX J1713.7—3946 from May to August 1998 with
the CANGAROO 3.8m atmospheric imaging Cerenkov telescope. We have obtained evidence for
TeV gamma-ray emission from the NW rim of the remnant with the significance of ~ 5.60. The
observed TeV gamma-ray flux from the NW rim region was estimated to be (5.3 & 0.9][statistical]
+ 1.6[systematic]) x 10712 photons cm~2 s~! at energies > 1.8 & 0.9 TeV. The data indicate that
the emitting region is much broader than the point spread function of our telescope. The extent
of the emission is consistent with that of hard X-rays observed by ASCA. This TeV gamma-
ray emission can be attributed to the Inverse Compton scattering of the Cosmic Microwave
Background Radiation by shock accelerated ultra-relativistic electrons. Under this assumption,

a rather low magnetic field of ~ 11uG is deduced for the remnant from our observation.
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(upstream) {downstream)
———- —
Vu Va
E. . Bo
Eo Eo
shock front
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B, = Eo - eap (3n(5 — 60)) (2.6)

000000 (Bell 1978)00000000000000000000000000000000
00000000000000000000000 p00000000000000 (Bell 1978)0
(Y
n:4ir (2.7)
000 v, 00000000000000000 »n00000000000000000000
0000
Py = (1—48y)" (2.8)

00000 (26)0(28)0000000000O00O0O0OOOOOOOOOOOOOOOOODOO

gbooaoo

dP, _ But284
ochn x E Bu=Pa (2.9)
n

N(E)

D0000000000000000003,/8;=40000000000000000000
000000
N(E) x E72 (2.10)
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gbooboboboobooobogooboooobobobooooooboboboboobobon
000000000000o0o0O0O0000oooOOO000O0ooD (2400000000000
O000000oo0)b000oo0o0o0o0oooO0oo0oOoOoOOoUOobOoOOoOoOoUoOoOooOOO
gbbodgbbuoobbuooobooobbooobboobbuoobboobboooobooon
ooooboooooboobobooboo2000b0boobobobobobobooDooboboon
O00000000000000 (Bell 1978, Blandford & Ostriker 1978)0

223 000000000

oo oooooobobobobobobobobobobobobbbobobbobobbobobo
00000000 ooooooooooobobbobobobobobobobobobobbbobbbbobo
oodobooobooobobooooobuooobooobboouboooboboooooon
0000000000000 00000000 (pathlength) 00D O0O0OO0O0OOOOOODO
000o000o0o0o0oooO0ooU0oOoU0oUoOoUo L/MOODOODOOODOOODOOUOOOOOD
oobooooboooboobobooooobobooboobooooooOsleb0booooOO
Hayakawa et al.(1958) 0 0000000000000 O00O0OO00O0OOOOOOOOOOOOO
gbooooooboooooooon

0 O O Yanagita, Nomoto & Hayakawa (1990) 000 0000000000000 000O00OO0O
uggbogubuogubbogubuooubuooubuoobbuooboboobbuoobboobo
gbooobotbooboobuoobuoobDbUob ladbbooboIIoboobooboobobobbo
ugbobooobobodgobogobooobbooobbooooobooobbooobboobo
00000b0o0ob0ob0b0o0bU0 la00bObOOonNbooboobooboobDoonDO syt w
0000 (000 s+t+w=1)0000000000 0000000000 (mass fraction) x;
O0La00000IND000000000000000000000000  2;,SNIas %4,SNIT; Z;ISM
ggoon

Ti = ST 8NIa + L Ti SNII + U Tj 1SM (2.11)

00000000 s+« 0000000000000000000000 x,crs 000000
00 Y, (logzicrs -logr)? 000000000000000000O0O000O0OC,N,?NeO0O
0OHOONOOOOODOOOOOOOOOOOOOOO0O0O0000000000000000
00 WolfRayet 0000000000000 00D0O0O0O0OOOO0OO C,N,2NeDODOOODO
000000000000 HOO NiOOOOODOOOOOOOO0OO0OOO0O0 1.60000000
O000000000000000000000000 (Yanagita & Nomoto, 1999)0
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23 0OO0O0On

23.1 00O

000 (00000)000000000000000000000000000000000
00000000000000I0000000000II000000000000000000
000000000 LOOIIO00000000000000000000001000000
00000SN1006 (1006 0000000 0)0SN1572 (Tycho)d SN1604 (Kepler) 000 0 00
00000N000000000000019870000000000000000000 1987a
00000000000000000000000a00000000000000000000
0000000000000000000000000000000000 000000007
000000000000000a0000000000000000 8Mg (Me:0000) 00
0000000000000000000000000 “000000007000000000
0000000000000000000000000 (0000000000)0000000
000000000000 NO00000000000000000000000000000
0000000000000000000000000000000000000000000
000000000000000000000hO000000000000000000000
00000010 eg00000000000000000000000000O0000000
0000000000000000000000000000000000000000000
000000000XO00000000000000

23.2 UJ00d0Oboboooobobobuooaoboo

gboobooooboboooobobooooobobooonoboooobooboboooonon 215
0000000000000 (Green 1998) 00U OO0OD0OOO0OODOOOOOOOODOOOODODO
00000000000 (DOooOO0O000O0O0O0) 000000000000 bOODOOOOOd
Cassiopeia A0 Cygnas Loopd SN1006 D000 O0OO0ODOOCOO0OOOOOO0ODOOOOOODOOODO
ubobooobooboboobbooobooboboooboobooobbooonboooobooon
gboboobboobbooobooobooobboobboobobooobooooboobon
gboboooboooboooboooboboobboobobooobooobooooboon
oboooooooooooooobooooo Xgboobobobobobobooboooobooo
booboobobbogbooboboobooboobobo222000000000000
gobooobooobooobooobooobboobbooboboooboooboon
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gboobobobooooobooboboboboobooboboobobobOoooobobon
ugbbooobuoobboobboobbuoobobooobooobboobbuooboboon
ugbbooobuoboboooobooobbooobboobboobbooobobooobbon
gboooooooooooooboboboboboboboboo Xobooooooooo
ugbboobobuoobbooobooobboobboobobuoobboobbooboboan
ugboogooboobooboon

233 0U000OO0OOOOoOobDOOOO

220 0000000000000 000000000 bO Do ooOoooOooOoooDoDoboDooDon
oo oo booooooooooooooooooon
dooooboooooooooooobooooooooooboooooooooooooono
0000000000o0o0oUOo0oooU00o0oo0O0o00UO0O0 (DObooooooOooUo
DDDDDDDDDDDDT{'ODD)DDDDDDDDDDD (Rybicki & Lightman1979, Ramana
Murthy & Wolfendale 1986, Gaisser 1990, Longair 1992)000000000000000000O
000D0000o0oooooooood

000000000 (Synchrotron Emission)

goboobboobobooobooobbooobboobobooobooobbooboba
gobooobobooobbooobboobobooobbooobbuooobbooooboobo
oboooooooooooooooooooDoog

4
Pyyn = gJTmQﬁQUB (2.12)

00D0D0OUp=B?/87s0+40p0000000000000000 (0DOOOBOODOOOO (OO
Ogauss)) D0 0000000000000 0O0OOOOO0O0OODOOOOOOOOOOOOOOO
ubboobooopboobboobbooboboobbooboboooboobobooobobod
0000000000000 0O0000o0O0o0ooo0g (p—1)/2000000000000O0
uboboobooboobobooobooooboobboobbooboonnD px2000000
gboboobobooobooobooobooobooobooobbooboboobooboon
gbooboooboboosboboobobuooboboboobobobobobobobobod
000000000000 (24000)00000000DOO0DOOOCOOOOOODOODOOODO
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ks, 0000000000000

B E.
By = 2 in6 k 2.1
5y (1@A§)(1mﬂbV)Smﬂ eV (2.13)

OO00DpEp. 000O0O0DOOODADODOOODOOODOOOOOODOOOODOOOODODOOX

O0O0OO00 ASCAODDOUOOUOOoOOoOoOoOO SNl DO OoOoDooOOooOOoOoOoOoooooo
oobodoD Xoobooooooboooooboo o TevOODOoooooooboooooooo
0000000000000 (241000)0

00000000 (Inverse Compton Scattering)

gbobobobobobobobooooobobobobobobobonoonoooooog
gbobooooooooooooooooooooonDy AcOODOODODOODOOOOOO

4
HC=§mvﬁﬁ%h (2.14)

0000er0U,04000000000000000000000000000000000
000000000000000000000000000000000000 E0DODOO
000

E ~~?Ey (vEy < mec?) (2.15)

2

E ~ymec® (vEo > mec2) (2.16)

OD000E,0000000000000m 000000000 0000000000000
00000000000000027K000000000000000000000000E,
=264 x100eV (Ir=2728K) 000000000000 vEy<mec2000000000
000000 <1000 TeVOOO0OO0O0O0O0000O0000 (2.15)00 100 TeV 0000 27K O
0000000000000000000000000001TeV 0000000000000
00000000 CANGAROOOOOOOOOO0O000000000SN100600000000
TevOOOOOOOODOOOO0O000000000000000000000 (242000)0

7’00 (Neutral pion decay)

000000000000000000000000000000000000000000
0000000000 % 7%, 2~ 00000000000#°0000 0.83 x 10716 7,0 sec (7,0
O-~°00000000)07+° -2¢y00000200000000000000000y 000
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00000 B, 000000000000000y 000000000000 0000 %00
000000000000 l(E,) 000000 me/2~70MeVOO000000000O00OO
0000000 A°000000070MeV 00000000000000D0O000DODO0O0
0000 A°0000000000000000000000000 E,0y000000000
D00+A°000000 EXMrOQ0

2

min m
ER = By + - ~ By (By > m200) (2.17)
Y

goboobo0ooooobooobb1Tevdy ODOO0OOO0OO0ODOOODOODOOODOODO
0000001 TeVOOOODOOODOO0OO0O0000A°00000000000000000000
000000000000 Drury et al. (1994)0 Naito & Takahara (1994) 0000000000
O0D0D0O0O0ODruryetal. (1994) 00000+ 0000000000 TeVOOOOOOOOO
uboooooboooooon

E —-1.1 E N d -2 n
w0 (2 B) 29> 10 1TeV 10%terg /) \ 1kpc -3 ) o s (2.18)

00000000 DOO00DODOO0ODOD EeNODOOODOOODOOODOOODOOODODOAdO
gbooooooobob n0OO0D0OO0ODOO0ODOOOOOOOODOODOODOOOOOOOODOD
gboboooobooooooooo 2100000000

0000 (Bremsstrahlung)

goboobboobbooobooobobooobboobboooboooboboooobobo
gobooobooobooobbooobboobboooboobobuooobooobooon
Ub00oo00oooooooooobooboono MaxwellUDOODODOOODOOOOOOOOOOOO
gobooobooobooobooobboobboobboobDboooboooboon
googbooboooobobbobobobooboboboboooboboboboooobobo
gboooooooog -boboboboboooooboooooboooboooooooboobooboD
gobooooboobooobooooboooobooobooboboobooboobooboobooon
gobogoboooooboooboobooboobbobooboobooboobobobooboooon
D00 +A°0000000000000000000000000000+4°0000000000
b0 7mMeVOOODODOOOOOOOOOOOO0OODOOOO~7MeVODOOOOOOOOO
ooboobooobooboooboooobbooobooboobobobog oMeVvODOODODDO
0000000000000 000000000000000000000A 00000000
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O000000000000000000000000000000000000000 (Gaisser
1990, Gaisser Protheroe & Stanev 1998)0

e —7

Pe
N

00002y 0 p—pO00000000 2°0000000 spectrum-weighted moment 0 0

(2.19)

%0.85><[ o ( 1 n 1.35 1.35>

2ZN_0 \a+1 a—1 «

0 —

00000 ¢e(F) x ET*0¢Nn(EN) x E~* 000000000 « 0000000 OODOOODO
googooboobooobooon

24 O0O0O0O0OO0OOOUOOOUOOLOLUDOOLDOOLOOOO

0000000000000 00D00O00000D00O00000DO00000OOO0O000
0000000000000000000000000000000000000O0ODOO0O0O00
00000 (O kpeOO)0O0OO (DOCOOOODO)0DODOOOOODOOOOODOOODODOODO
DDDDDDDDDDDDDD(DDDDDDDDDDDDDDDDDDDT(ODDDDDDDD)
oot uoooooooo
gooooooboobouooooooouooooooboooobooooboooobooon
000000o00o0O0ooOdbOobOobobOoo0o0oobOobDoDOobOOobDOobOobOOoOowpeGOO
0000000000000 D00000010GeVOOOODOOOOODOO0OO0OO kneeOO (~
3><10156\/)DDDDDDDDDDDDDDDDDDDDDDDDDESpOSiteetal. (1996) O O
Compton Gamma Ray Observatory (CGRO) D00 OOO0O0O EGRETOOOOOOOOOO
0000000000000 (MeV~ GeVOO)0OOOOOODODODODOOO 1400000000
0oo0oo0ooooooooooog s oooooooooooa
00000000000000000000000000000 A°0000000000000
O0O0O0OO0OO0OO0O0OO00OOO0EGRETOOOODOODODOODOODOOOOOOOOA'0000000
00000000000 D000D000 GeVOODODOODOODDOO kneedODODOOODODOOO
0000000000000 00000000X0OO0000 ASCAO TevOOOoOooooooOOd
CANGAROOODOODOOODOO SNIcooOODODODOODODOO~100TeVOOODOODOOOO
O00000000000000 (Koyama et al. 1995, Tanimori et al. 1998b) 00 000000
000D000000ooooooo
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24.1 OODOOSNoo6ODDOOOOXOOOOODO

O0O000SN1oeO 0o 10060 000000000000 DOOO0ODOOO0ODOOOO0ODOO
000000000000 Ia0000 (Minkoski 1966)0 00000 30'0 0000000000
0000000000000 0000000000000000000000 (Roger et al. 1988)0
O000000000D000O0OO0O000D0O00O00 TychoO Keplerd CassiopeirAODOOOOOO
000000 o60000000000000O (Reynolds & Ellison 1992)0 000X 0000
0 ASCAOO0UO0O0O0ODOO0O0DO0OUO0O0ODO0O0UO0O0 XO0OOUoOoUooO (Koyama et
al. 1995)00 2400ASCAOODO SN10060 XOOUOOOODODOOOODOOODOOOOOOO
gobooooobooboobooboboobooboobobooboog 2s0b00b0O0ODODO
000000000000 0000000000000 (0zaki 199700000000 OOOOO
gboooooo Xoooooooooobobobobooboooooooooooooooboo
o0 Xgboooooboboo Xoooboboooooboboboooooboboooboooo
U0 Xooooooobobooo Xgboooooboobooooobooooooobooboooo
OO0Koyamaet al. (1995) 0000000 XO0O0OOOO0oOooOOoOooooooOooooooo
gbooooooooooooo Xooooooobooboboboboboobooooooooo
ubboobobuooobooobooobooobobooooboobooboboooboooobooon
goooooo0oOoooooooDbood ~lopGOOOOODOOODOOOODOOODOOO
0000000000 kneedJO0OODO ~100TeVOODOOOOOOOOOOOASCAODODOD
oooobooboooooooooobooobob knee 000000 OOOODODODOOO
gbooboooboogooo

2.4.2 CANGAROOOOO SN1ooeO OO TeVODOOOOODOODO

OO0 ~100TeVOOOOODOOOOSNIOOGOOOODODODOOODOODOODOOO00O0O 27K
O00000000000oooooooo0o0o000000gg TevOoOOoooooooooog
O00000ASCAOOODDODOOSNIoo6DO OO D000 00000DoD0o00Og TeVOO
O0000000000000000000000 (Pohl 1996, Mastichiadis 1996, Mastichiadis
& de Jager 1996, Yoshida & Yanagita 1997, Naito et al. 1999)0 0 0000000000000
000000 TeVOOOOOOOOOOOO CANGAROO (the Collaboration of Australia and
Nippon for a GAmma-Ray Observatory in the Outback ; 0000 0000000000000O
0000000000000 000O0000O000D0O00O0D)DO00O0O0OO1996019970000
00000 SN1oo6 O OO TeVOOODOODODOODODOOODOODOO XOOOooooooa
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0 24: XOOOOO ASCAOODODODOOOO SN1006 00000 (Ozaki 1997) 0000000
uboboooboooboooobooboonoodgd

SN1D0E IN] (fHted BG + Z—component NED Rim—Interior{867) spectrum (power—lew X assorption)
o s01vBinl phe ../whola/s01, rim, VgniBACKSCAL, bin2_ aper. fits
5 °F ' % '
3 S :
& g
5. 5
e g 5t :
o r o
2R E
g 7-?‘ g ; 3 4'
3 T % Y T
o
. B AR .
; JuuEas LR
i 0.5 3 2 5
channel energy (keV) channel emergy (keV)

- i R

025 XO0OOOO ASCAOODODOOODOOSNIoo6OOOOOOOO0OO00OO (Ozaki 1997)00
gbobooobooobooobbooobobooobboobobooobooobooooboobon
00000000000000X0U000o0oooooo Xoooooo (Dooooooo)o
goooobooobd
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000000000000000 TeVOOOODOOODOOOO (Tanimori et al. 1998b)00 00
000000000000000000000 TeVOODOODOOODOOOODODOOOOO0O0ODOO
00000000000000000 TeVOOOODOOOODODOO0OO0O0ODOO000 TeVODO
00D0000000199601997 00 000000000000 (4.6+060000]+ 1400
00]) x 1072 em™ 2 sec™! (> 1.7 £ 0.5 TeV)D (24 £ 050000 £0.7[0000]) x 10712
em™Zsec™! (>3.0+£09TeV)DDODOOOOOSNI060000000000000000O0O
0000 TeVOODOOOOOODOOODODOODOOO0ODOO0OO0O0DO000000027KO0O0
D000000000000000000000000000000000000000000
0000000000 Yoshida & Yanagita (1997) 000 000000000000000000
O0000000000000000000000000 6.5xGO00000000CANGAROO
OO0 SN100600000000 TeVOOOOODOOOOODOOODO ~100TeVOOOOO
D000000000000000000000000000000000000000000

243 0O0O0OO0OOO0OODOODO TeVOODOOOD

XO0O0O0O00O ASCAOOO CANGAROOO OO SN1oo6O0 OO0 0000000000 ~ 100TeV
O0000D000000D000000000000000O0O SN1oosDOOOoOoOoOooDooooOog
00000 TeVOODODOOOOODDOOOODODDOOOODODDODODODOODOO0OO0OOO00O0O TevODO
00000000000 000 WhippleD OOODOODOOOOO600D0OOOOODOOO
(W440 W510~+—Cygnill W630 TychoO 1C443) OO D 0O OO0OOTeVOOOOOODOOODODO
000000 EGRETOOODOOODOO ~CygniDIC4430W44 OO DO OODOOODODOOOOO
goboooouooobooooboooooogobooooooooboooooooon
O0000000000000000000000 (Buckley et al. 1998)00 00 CANGAROODO
000ooDoooooboooooooow2000000000000000O0DODODOOODO0O
O (Rowell et al. 1999)0 000000000000 CassiopeiaA 00000000 OO Whippled
HEGRAOCATOOOOODOOOOOOO (Puhlhofer et al. 1999, Lessard et al. 1999, Goret et
al. 1999) 000 000HEGRADDODOODO TeVOOOODODODODOOOOOO preliminaly 0000 0O
000000000 OWhippled CATOOODDOOODODOODOOODOOODOOODOODOOO
0000000000000 00DOO0000oOonooooDOoosSNIcosOooooooooooa
O0oooo TeVvOOOOOOOODOOOOOOOOOODOOOOOoOooooOoooooooon
00000000000 o00DO0dDooO0oOoooOoooooOooOooosSNIcoeDODoooonoa
00000000000 DOOOoSN1oo6 0 0000000000000 0000004dSN10060
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deq
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0 2.6: CANGAROOO OO DODOOOO SN1006 0 0000 (Tanimori et al. 1998b)00 0 00O
0000000 TeVOOOOOOOOOOOOO0O00000XO0O0O000 ASCAOODODODDD
OO contowr 00O DOOO0D0OO0ODOODOOODOODOOOO XOUOODOOUODODOODOODOO
OO0 TevOODOOOOOOODOOOOOOD
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0000000000000000OOOOOOOOO0OOO000000000000000
OO0knee 000000000000000O00000000000SN10060000000000
000 TeVOOOOOOOOOO0O00O0O0O000000O000000000000000000
0000000 RXJ1713.7-39460 000000 SN10060 0000000000000 XOO
00000”7000 SN1006 (SN1006Jr)” 0000000000 (Koyama et al. 1997)0 0 0O
000000000 RXJ1713.7-3946 000000000

244 00000 RXJ1713.7-39460 00000 XO0O0OOOO

RX J1713.7-3946 (G347.3—0.5) 00X 00000 ROSATOOO0OOOOOOOOOOOO
00000000000000000000000 (Pfeffermann & Aschenbach 1996)0 ROSAT
OD000DD00O0ODD 270000000000000007/'000000000000000
D0000000000000000000000000000000 X0000000 ~4 x
1079 erg cm™2 sec™ (0.1 - 24keV 000000 00) 00000000000 O000O0ODODO
000000000 XO000000000000000000000000000000000
D0000000000000XO00000KT =48keVOOD kT =05keVO0000000
00000000000000000000000000000020000000000000
0000000 Wolf-Rayet starD000 G5IAstar 0000 0000000000000000O0
D000000000000000000ROSATOOO000000DDOOOWang et al. (1997)
0000000000000 0RXJ1713.7-39460 A.D.3930000000000000000
000000000000

ROSATOO0000000ASCAOOOONONONONODDDDODDODODOOOOOOOOOOO
0000000000 (Koyamaetal. 1997) 0000000000000 X0000000 kT
=3~4%keV0000000000000000000000000O0O0OOOOODOOO0
0000000000000000000D000 XO000O0O0O000000000 (Koyama et
al. 1997)000000000000000 XO0000000 ~2x 1071 ergem™2 sec™! (0.5 -
10keVOODODODOO0O00)00000D0D0O0O0O0 SNIOO6OOO0O0O000OD XO0OOOOOO 3
000000000000 0000000000000 X00000000000000000
00 O Koyama et al. (1997) DORXJ1713.7-39460 00 0000000000000 XOO0O
000 SN1006 00000 (“SN1006Jr”) 0000000000 100 TeVOOODODOOOOOO
D0000D0000D000D0OooOg

ODOO0DASCAOOD RXJ1713.7-3946 0000000000000 (Slane et al. 1999, Tomida
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IRXS J171333,1-394544

027 XO00O0O0O ROSATOOOODODOOO RXJ1713.7—3946 0 0.1 — 2.4keV energy band O
O00000000000000 “The ROSAT All-Sky Survey Bright Source Catalogue (1RXS)”
0000 (http://www.rosat.mpe-garching.mpg.de/cats/src-browser/img/2438_0000.gif )0
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17947 17137 gy |

028 XOOOOO ASCAOUOODDODOOO RXJ1713.7-3946 0 GISO O U O (Tomida 1999)0
000 soft band DO OO (0.7 — 3.0keV)O O OO hard band DO OO (3.0 - 10keV)O O OO
contor U OO O0ODOO0ODOOODODOO0ODOODODO 2800000
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—38°30'F

—40°0"

Declination {J2000)

178 1g™ 14= g™ T

Right Ascension (J200{3)

029 00000 RXJ1713.7-3946SO0 00000000 (Slane et al. 1999)0

31
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1999)00 2800ASCAOOD 0.7-10keV 0 0000000000000 XOODOOODOOO
(Tomida 1999)0 ASCAOODODOO0DODOODDOO Koyama et al. (1997) 00000000
000000000000000000X000000000000000000000000
D000000000D00OSN10060000000000000000X000000000O0
D000000000000Slaneetal. (1999) 0000000 XO0O0O0O0ODO0O0OD0OO0OODOOO00O0O0O
0000000000000 0000RXJ1713.7-39460000 la000000 DO OO0 SN1006
00000000000000 (IbODODODOOOIIO)00000000O00O00 (Slane et al.
1999) 00O DOSlane et al. (1999) 0000000000000000000000D0O000OXO
0000000000000000000000000 (029000000000000000
000000000000000000Slaneet al. (1999)0 0000000000 CO emission
000000000000000000000000000RXJ1713.7-394600000000
HIIO O G347.614+0.20 (Lockman 1979) 0000000000000 000D00O0000D0DO0
D0000000000HIDOODO000000 6kpe0000000 (Slane et al. 1999)0 0
00 Tomida (1999) 0000000 XO0OODOOODOO SedovO0 00000 35kpe 00000
0000000000000000000 NgODOOODOOO00O0O00000 1.6~ 4.0kpecO0O
000000 (Tomida 1999)0 0000000000000 emission measure 10000000
0 0.014 — 0.28 (d/6kpe)*° em™ (000 d000000D0D)00000000 (Slane et al.
1999)00000000000000000000000DO00D0DOO00D0DOO
ODO00O0D0RXJ1713.7-39460000000000000000000D0O0O0O0DOODOOOO0O
D00000000100TeV 000000000000 00D0O00O0O0O0DOO0OOODOOSN1006
00000D000000000D27KO00000000D0000O0O000DODOO00ODOO0O0
TeVvODOOOOOOODOOODOOODOODOO0ODOO0DO0O00000O0 TeVOOOOOOODODODO
SN10060 00000000 TeVOOOOODDOOODOODDOODOODOODOODOOOOODODOOOO
00000000000000000000000000000000000000000000
000000000000000000000 (136°47E031°06’S) 0000000000000
0000000000 (CANGAROODOOOD)OODOOOODOO0ODDOO0D RXJ1713.7—-3946
000 TeVOODOOOOOOOODORXJI713.7-39460000000000000000000
050000000000 TeVOOOOODODOODDOODOOOO
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30 tUbgtdbootdbootubootubogd
TeVUOUOUOOGOooQ

ogoooobstooooooooooooono TevooOoooooooooooooobooboo
00000000000 TevOOOOOOOOO00oooooOo0o0ooooooOo0oo0000o0
O0000000000000OoOoO00O00O00000000000000O0OOOOOOODOOOO
OooooooooooooOooooooObooOoOoooO0TevOoOoOoOOOOOOOOOOD
O0000000000000000000000000000000O0O0O0OOO0OODO0O0OO0
000000000000 0000000000000000000O0OOOOOOODOO0O0
OTevOODOOOOOODOOOOOOOOOOOOOOODOODOOOOOOOOOOOOOOOOO
O0000000000000000000000000000000D0OOOOOO0ODO0O0O0
O00000000000000000000000000000000OOOOOOOODOO0O0O
0000000000000000000000000000000000OOOOOODO0O0O0
OO00OC0OOO0OO00O00o0ooooDDOOC0OOOO00000000 WhippleDOOOOOOOOODO
O (Weeks et al. 1987, Vacanti et al. 1991, Punch et al. 1992)0 00000 “0000000” 0
O0000000000000000o00000000o0oooooooooooooooOor’or’oO
O00000000000000oooOoO0O0O000000oooOoooooooooooooOO
o0oooooo«“coo0o0o000ooooo’ooooOO0oooOoooooOooOoooOooDooo
O0000000000000ooOooOoO0O0O0O00000D00ooooooooooooDoOoOO
O0o0o0oooooooooobo TeVOOOOOOOOOOOOOOOOOOoOoooo

3.1 0o0oood

0000000000000000000000000000000000000 ete™ 00
00000t e 0000000000000000000O0D0O0O0000O0O0OOOOO000
0000000000000000(03.1)000000000000000000000000
0000000000000000000000000000000000000000000
000([@MO00000000000000 81MeVOOO (Sato 1996))0
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Mean energy per

. Distance through
article or photon medium
E, ¥ R
E 12 2R
E, /4 y 3R
E./8 e 4R
E6 ¢ et e SR
i
v

031: 00000000000 (Longair 1992)0

Primary ¢osmic ray

—
e

@
=
¥
i-““;'_‘

Electromagnetic
shower
Nucleonic cascade

Depth of atmasphere, 10000 kg m?

Electromagnetic
shower

Eiectromagnetic
shower

0320000000000 (Longair 1992)0
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Typical Photocathode Spectral Response
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gooooobbobboodooooooooboobboooooooooooooooo
00000000000 TeVOODODODOODDODOODODODODDODODODDODOODODOoDOOooOooooo
o000 ooooooooooooboboboboboboboobbobDbobo
gboboooboooboooobooboboooogboobooogbobooooboboboooobobo
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Energy (TeV)
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O000°400000000000000 (o)000000O 18TeVOOOOODODO
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000000000000000 TeVOOOODOOOOOODODOOO0O0OO0DO0000000000
00000000000000062000000°400000000000000000000
0000000000000000000000000000000000000000000
00000000000000000000000000 SgxE 2400000630000
0000000000000 00000000000000 Buwes 0000000000000
00Ss 000000000000 0000O0O0D0O0O0D0O0O00O0O0ODODOOO0O0O0000000
000000000000000000000000000000000 0°400000000
0000000000000000000000000000000000000000000
00000000000000000000000000000000 ~1.200000000
00000000000000000000000000000000000g

6.3 RXJ1713.7-39460 00 TeVUO O DODOOOOOO

00000000 TeVOODODOOODODOOOO SN1006000000000 TeVODODODOO
00 ~100TeVOOOODODODO0O00000D0D 27KO0D0D00000000000000000
0000000000 (Tanimoriet al. 1998)0000000000000000000000O0
0000000000000 RXJ1713.7-39460 00000 TeVO DO OO0 SN10060 0000
000000000000000000000000000000000 TeVOOODODOOOO
000000+ 000000000000000003000000000000000000
0000D0000000000+°0000000000000000000000000000
O00000000000000000000000000000000000000D00000
Ooo000o0oo0oo

0000000 A°000000000000000000000+A°0000000000 TeV
000000000002300000 (2.18)00000 (Drury et al. 1994) 0000060 000
0000000000 En 000000000000000000000d00000D000O0
000 »00000000000000000000000000000000O0O000000
0000000021 0000000024400000000RXJ1713.7-39460000000
O000000000000000000000000 Slane et al. (1999) 0000 d = 6 kpc
00000000000000000002440000000 n =0.28(d/6kpc) %5 atoms cm™3
00000 (Slaneet al. 1999)0000004° 0000000000 TeVOOOOOODODODOO
00001.8TeVOOO Fo<4x107™ photonscm™2sec ! 00 0000000000000
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00000000 (0 (6.4)00)000000000DOOOOODOOOOOOOOODOOODOO
0000000000000000000000000+A° 00000 TeVOODOODOOODO
O00000000000000000000Slane et al. (1999) 0 0O RX J1713.7-3946 000 0O
goo0dbo ~0°40000000000000DO00O0DO00ODOO0OOOODOODOOODODOOO
oo ooooooooooobobobooobobooboobooobobobobobbobn
00000000000000000+°0000000000000000000000000
udoboobobooooooobobbdioodn sebbbbodooobbobboooobo
oo boboboboboboboboboboboboobobooboobobo
0oodoooboboboboobooooono Tevooooooobooboboooboooooo
00000000000000000000000 A°00000 TeVOODOOOODOOOODO
000 00CANGAROOII (Tanimori et al. 1999)0 CANGAROOIIT (Mori et al. 1999) O O O
0000000000000 00000000 ~0°.1000000000000000000A0
O000000oooo TeVOOODODOOODOOODODOODODOOOODOoOoooooOooO 70MeV
000000000000000000000000000000000000000000#Y
00o00000o00o0o0oo0oU0oo0oOo0o0oO0o0oOoO0oooOo0LOoOOoooOO (2,19 0
0oob0obbibde=200000000000000000000DO0O0O0O0ODOOODOO
00 1/10000000 2y, =016 00000000000 (21900000 ~6% 0000
000000000000 /000000000000 TeVOOOOOOOOOOODDOOO
ooobooooboooobooobooogobobo TevOoOOOoooOooooOOooooOoooDOO
gboooooooooooboooboobooooobgoobon

64 U0OOOOOOOOOOO

00000000000000 (?77)0(2.12) 0000000000000 L eODOOOOOO
000000 L, 0000000000000000000000000 (Rybicki & Lightman

1979)0
Lon _ Us
Lic  Upn

gogd UB:B2/87rDUphDDDDDDDDDDDDDDDDtargetphotonDDDDDDl]DD

(6.5)

oooobooboobooboooboobbooboooobboooooboobooboobDOonD Lye
0 Ly, 00000000000000000000 luminosityJ10000000000O000O0O
00000000 TeVOOOOOODOOOOOOOOO Ly, 0000000000 ASCAODO
O 05 10keVOUODODOODOODOODOOODOOOOOOODOODODODOODOOOODOO
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gbooooooooooooooon

E—1.44dE
Emin

Lsyn = LASCA —701ev (6.6)

/ pl4dgp
0.5keV

O000Lasca =20x10"0ergem™2s7 !0 ASCADDODOODOOOODOODOODO 0.5-
10keVODOOODOODOO0D0O00O0 X0O luminesity 000000 1440000000000
00000000000000 (Tomida 1999)0 000 ERi = 0.14(B/10uG) keV 00 2.7K O
0000000000000000000000000000000000000000000
000 1.8TeVOODOODOOOODOODOOO0OODDDOOOOODOODOOOODODOOOOO (O
(2.15)00 (2.13)00)0000L,c 000000000 TeVOOODODOODOOOOOO FOO

googoboobooboobobon

/ EE2*(E
1.8(?08‘/ (67)

/ p-244p
1.8TeV

L[C:FX

0000 Lic~42x107Mergem™?s 1 0000000000000 0O0DOO0O0OOOOODO
00000000000 00000000000000000000000000000000
0D0000TeVODOODO photon indexD 24400000000000 L0 Lyy,,000 2.7K0
D000000000000 Upp,=42x10Bergem™ 00 (6500000000 (6.5)00
000000000000 000000000000000000000D0000000000
00 ~108xGO00000000000000000000 ERr=015keV0000000

ASCAOOUODOODOOUODOOOOOoGkeVOOODOOD300ODOODOODODOODODOOO
L, 000o0000o0oooooooooooooooooooooooooon

6.5 UUOOLOOOOooon

oboobooooobDonD RXJIT13.7=3946 000 TeVvO O ODUODODOODUODODOODOODO
o000 Xoooooooooooooboboobobobobooobooooooooooooo
ubobooobooobooobooobboobboobobooboboooboooobooon
gbobooobooobooobboobooobbooboboooboooboboooobobon
obobooobobobooobuoboobobobooooboboDobobUbodFermiobonoon

00000000 tewee 00000000000 (Drury 1983)0

ZL/acc = 3 (Hu + Kd) (68)

Uy — Vg \ Uy Vd




98 gedd OO

0000000 uwdd00000000000000v000000k=2AX¢/3(A: 00000
0)00000000000000000000 EOO0OOOOOO0OOOO ADOO0OOO
0r,=FE/(eB)00OO00DD0O00000DO000 k, =k = Ec/(3¢B) 0000000000
vs=1v,0000 r.=v4/v, 000000 (68)0000000000000

re(re+1) Ec
re—1 eBuv?

tace =

(6.9)

0000000000000000000000000000000000000000000
00000000

000000000000000000000000000000000000000000
00000000000 cooling time O Otgy, = 6rm2c3/(B%orE) (or: 000000000O)
D0000000000000 tey, 0 tee 000000000000000O0000DO0OO
E,, 00000000000 (Yoshida & Yanagita 1997)0

E %( Us )( B )45TV (6.10)
ms ™ [§] .
1000km s~! 10uG

O0000o0oooooooo (=4 000000RXJ1713.7-3946000000000000
00000000 00000000 3x10*0000000 (Slaneet al. 1999) 00000000
000 ~1700km s~ ' 000000000 000O00OOOD »0000000000000O0
OO00000D0 ~108uGOOOODOODOODORXJ1I713.7-394600 000 Epns ~ 40 TeV O
goooaoo

gboboobobbobooboobobooboboobobobobooboobooboooono
0(6.9)0000 t, . 000000 t,,6 00000000000000000D0O00O0 Ep O
0000000000 (Yoshida & Yanagita 1997)0

E z@< Us Y( B )( fage >RN (6.11)
ma 1000km s+ 10pG /) \ 10000year '

O00ooooooooooo0n (=4 000000RXJ1I713.7-39460 000000000

Ub000o00oo00oooo0ooooooonoooonoon By ~420TeVOODOOOODO
O0O000RXJIT13.7-3946 000000000 0O0O0O0OD0OO0OOO0O0OO0O0ODOO0ODOO
gbooooooboobobooooooobobobobooooobobobbooDobOnD TeVO
gobooboobobo Xoboooooooooboboooobooo TevOobOoooooooOO
ubooobuoobooobooboobooboaoo
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6.6 UUOLUOOoOoLLobboooooon

O0000000RXJ1713.7-3946 000000000 TeVOOODOODODOODOOODODOO
D0000000000000000000000000 kneedO (10%V) 00000000
ugoboooboboooooooobooooooobooboboooooooooooboboooooon
RXJ1713.7=-3946 0 0000000000 D0ODO0ODbDObOObOOoO0OoobOoooooooDoonoo
oooobooobOFrFermiDODO0O0 2200000000000 00O00DOOO0ODOOO
oboooooooboonoooRrRXJir3r=3946 0000000000 bO0b0oboobooooon
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6.7 TeVUUOUUOOUODDOOODOOOOOOUOUOOOUOOOO
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OO0OO0OD0OOSNIooeOODOOOOoOO TevODOOODOOODOOODOODOUODOODOO
D000000000000000000000000000 A/°0000000000000
uboboooboobooobboooboooboboooooobooooobooooboobboon
OO00OODOOoO0OgoSNiopeOOODOoOoOoDoOobOoOooOoDOobOoOooOoogoboobooog
oo Xbooooooooooooooooooooooooooooooooooooooo
CANGAROODOUODOODOOOO TeVOODOODOOODOODOODODO 27KODOODOODOD
000000000000 0DOO000O00C00O0O0DO00ODOODOOODOOO SN1eoooo
RXJ1713.7-3946 00 000 000O00ODO0ODLOO0ODO0O0ODO0ODOOODOOO TevOOooooD
OO00000D0000SN10060 RXJ1713.7-3946000000000000000O00O0O0OO
000000 (Slaneet al. 1999) OO0 000000000 OOOO0OOOOOOOOOOOODO
ooobooooobobooobboobooboboobboobbooooDbDbOOoOoDoO~100TeVOO
goooboooobobooooboboooobooboooobobooooboboboobobo
0000000000000 00000O0O00000ooooOoOOoOooooooooD (O0e6.1)O
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00000000 A°000000000000 emissivity 00 000000000000000O
oOoogosNooe DO OO0OD0OD0OD0O0D0O0DO0ODOOOOSNIcO6 DO DODO0DOO0DO0O0O0On
00000000000 00000SN1oo60 000 la00000O00OD0OOOODOODOODOODO
O0RXJ1713.7-3946 0 0000000000000 O0OOO0OOOOOO Slane et al. (1999)
0000000000000 000000000000000000RX J1713.7-39460 000
lad0OO0O SNIoo6 OO OOODOODOO0ODOODOOO0ODODOO0OO00O0OODOO0ODOOO00DO0n
RXJ1713.7-3946 000 00000000000 0ODOOOOODOOOONO supernova progenitor [
0000000000000 0000000000000000000000 (Slane et al. 1999)0
o000ooob0oboboboooooobOobO0obobboO0 TeVvOOOobobooooo
SN1006 O RXJ1713.7—-3946 000 0000O0ODO0ODO0ODO0ODOODOODODODODOOOOOOOooOGg
000000000000 0000000D0000000000000000 XO00oO0ooood
O000000000000000D000000 (Tomida 1999) 0000000000000 TeV
O00ooooooooooono
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oo oo ao oo oo oogd Xxad
(kpce) (0) (em™3) Jy@1GHz  erg cm=2 571

v Cygni(G78.2+2.1) 1.5~1.8 5400~10000 1.1~1.5 340
1C443(G189.1+3.0) 1.5~2.0  3000~6200 5~20 160
W44(G34.7-0.4) 2.0~4.0  6000~20000 24 230
W51(G49.2—0.7) 2.5~6.0 30000 0.13~10 160
W63(G82.2+5.3) 1.5~2.0 24000 0.2~100 120
Tycho(G120.14+1.4) 1.8~2.8 425 0.28~1.13 56
Cassiopeia A(G111.7—2.1) 2.8 300 1.0 2720
SN1006(G327.6+14.6) 1.7 990 0.4 19 0.7 (0.5-10keV)
RXJ1713.7—3946(G347.3—0.5) 1.4~6.0 2100~40000 0.014~0.28 6 2.0 (0.5-10keV)

0 6.1: TeVOOOOOODODOODODODODODODODODOOO0OO0O0ODO0O0O0O0OO0O0OO000O0O (Buckley

et al. 1998, Koyama et al. 1995, Tanimori et al. 1998b, Tomida 1999, Slane et al. 1999)0 O O

UboooooooooonD RXJ1713.7=3946 0 00000000000 0ODO0ODO
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0000000000000 0000000000 CANGAROOODOODODODODOOODOO
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OoOoooooboDooOoO TevOOODOOOOODOSNIOOGOOOOODOODODOOOOO
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gbooooooobobobooboobobooboobobobobboono TeVODODOOODO
ugboogoboboobuodoboobbon

F(>1.840.9TeV) = (534090 000]+1.6[0000]) x 10~ 2photons em™ 2 s™!  (7.1)

goboooboobbooobooobooobboobboooboooboobboon
goooboboboobooboboobobboobogboo 400D ODOLO
obobOobOobooboobooobobuobUTeVOOOOUOOobOOobUobDOoDoOoobDDODO
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boboboobobobobooobobobuoboboooboobooboboooboboobono
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obobob TevOOOOooooooooooDO



104

O

0o000ooo0ooooooooooooooooooobooooooooooooooooon
O0OCANGAROOOODODOOOODDOODDOODOOOOOODOODODOOOODODDOOODOOO
0000000000000000000O0D0DOO00000ODO0O0O00000DO0O00O0OO000
0O RXJ1713.7-3946 00 00 0000000000000 0O0O0O0ODODOO0OO0OO0OO0OO0OO
0000000000 000000000000O00000000000O00000OOO0O000
0 (D0ooooooOoO0)DoooOoooooooooOOOOoO0oOoDOoOoOoUOoOobOOoDODODO
oo oo oooobooooooon
oo oo booogobobooon
goobooooobooooobuoooobuooooobooon

000000000000 ooooooooooooooooooooooooooXxo
0000 ASCAOUOODODOOODO RXJI713.7-3946 0 00000000000 0OODOOO
gooooooooooooooooooonooooooooooooooooooooon
goooooooooooooooooooooooooooo
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0O 0OA 0O0000O0O0O0O0o0n

000000000000000000000000000000 (Hillas 1985, Reynolds et al.
1993, Yoshikoshi 1996)0 00000 i000 PMTOOOOOOOOOOO (a4,y) 000000
Ub0 s, 0000000000000 0O0000O0

(@) = 55, () = Z2 (A1)
() = ZIEL () = B2y T (A2)
) = T gy S BAOU gy BT gy TE ()
000 ({z), () 000000000000000000000000000
722 = (a) — (a2, 0y = (ay) — ()0}, 032 = 4P) — (0)? (A4)
720 = (@) = 3} ) + 20)", 7,0 = (%) = 3P0} +20)° (A5)

02y = (2y) —2(zy)(x) +2(x)* (y) — (2*) (), 042 = (2y?) —2(zy) (y) +2(x) (y)* — () (y*) (A.6)

000 d=oy2 — 0,202 = (d*+402,)/? 0000 0 widthD length O

N 1/2 1/2
width = (W) , length = (W) (A7)

00000000000000000000 (z,,y) 000000000 D= (zp,yp) O
D = (x5 — (), ys — (v)) (A.8)

O000 distanced

1/2
distance = (x% + y%) / (A.9)

0000000000000 0000000000 4= (2y,yu) O
. Z—d 1/2 ‘ Z+d 1/2
0= << 5, ) , sign (ogy) (22) (A.10)

1 { @uZD + YuYD
Ipha = 1 u) A1l
@pAa = o8 ( distance ( )

000000 alphad
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00o0oooooooasymmetry O

loa] A.-D

asymmetry = sign (j [j) length — distance - length - cos(alpha) (A-12)
gooooooood

A= (xa, ya) = —oal (A.13)

o4 = (0,3 cos® ¢+ 30,2, cos® ¢sin ¢ + 30,2 cOS sin’ ¢ + oys sin® ¢)1/3 (A.14)

O000¢0D0000 ¢0 00000 0O0DODODOODOOOOC concentration0 00000000

PMTOOO S1085, 0000
S1+ So
> 86

concentration = (A.15)

ogboogooog
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OO0O00DO0OO0O0OO0GEANTOOODOOOODOOOODOOOODOOOODOOOODOO
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060%0000 30% 00000000000000000000000O000 43000000
0000000000000 0000000 ( <3 photoelectrons PMTO 50) 000000
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00000000000 Jelly (1958) 000000

d*w
dSdtdw

=2.125 x 10 %erg cm ™2 sec ™! str™! (430 ~ 550 nm) (B.1)

0000000 (Yoshikoshi 1993, Muraishi 1997) 00 0000000000000 O00O0O0O0OO
OO0000000 A =350nm~ X A=5550nm 0000000000DOO

d3N

_ 7 S J R |
TSdidn = 9.628 x 10'erg cm™“ sec™  str (B.2)
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0000000000000 000oooooOoO0 (PMT) 100000 photoelectron O 0 O

N &N )
&~ dSdtdw < Om <V e
S, 0 \?/e €
0 <1i2xuﬁaﬂ><09n> (&2 0.5

photoelectron nsec™! PMT™} (B.3)

S, ...00000 =1.12 x 10° cm?
¢ ..000000000
¢, ...00000000000 =0.2

e ...000000 =0.5
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O photoelectoron D 00~ 300 00000000 0O0OO0O0OO0O0LOOOO0OOOODOODOOD
googoo
goboobobooobooobooobboobbuooobooobboobbooobobo
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gbooboboboooboobobooboboboboBl0bOoOOoOooOoboOobOobOobLOoDbDOn
ubooboboobuoobooboobooboobobooobooobooa

ADCOQOOnO

Oo00o00o0oo0o0ooOooOo0ooDooOooco00oDooOoooooOoUOOo AbcOoDoooono
0000000000000 00000000O0O0O00000000O PMTO (Nhit)ODOOODO
00000000 OFFOUOOOO0OUODOODODDODOOOO (Kamei 1997) 000 NhitOO DO
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