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BATE FHREMNTNER

AT CIRi N7z & D1, HHT RO ¥ = VE O X, T <@l 6. 2 2 TR 100
TeV & W) BT RIILE —ICET AR FEASEEE TV A Z EEHI SN TW5b, /2. Fh
MY FHRR (cosmic rays) ONIHIH (O —D2) LKL BA 6N TS,

4.1 FEROBA!

JiL SHERID 6 %0 5 T L 2GRNV F — DU E T H## (cosmic ray) & .5 (HEIIH
V- AT ED R, FROMNIG FTH S, el HiEE b O FHRMIERK D &
DITFHZEMEZ EIEL 206, FHBO BRI 6 FHREZ L Z LidTERn, £
22 T D FHRT R IVF —EREE ~ 1 eV/em?.

4.1.1 FHEEBROI XX —HNM

FHAIRE DO T XOLE — ML FTRIO XS ICHESNTWT, AR FCEE STz 2 A%
K& W72 Z 52T, ~ 5 x 101° eV @D “Knee” & ~ 3 x 10'® eV @ “Ankle” #*
EFRINTNS, FHBRAXT MU Knee & VRO X )VF —Tld E~27 T, SOOIV
X —TlE E-33 TIMEN 5, Knee & Ankle DYFEMN R UL, E72MEZL TvZen,

4.1.2 FHERL S

FHM (IS )3, I k->THT o2, kG BEGMOEREEZ v 2§58, 1
AR LY

02 evB

my—- = (4.1)

p
HIANVFX —DFHRor cZ2HEXADHL., TOTZRINF —myct = B2 LT, Vv A et
BN

myve myc? E _ E2mec he

Be ©~ Be Be B he 2me.c2
E 1 1 1 2keVA
= ( ) 10GeV ( HG) v
10GeV B ) 1uG 9.3 x 10~2terg/G 2 x 511keV

IRAHRAER BT Sh iz TRFIHRT XVF —RFofiis) PROHRETT,
2R =T WF he/2mec = 9.3 x 1072" erg/gauss -7, p.25 B HIT,

r =
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E 1uG
~ 13
~ 3 x 10" cm <1OGeV> ( 5 ) (4.2)

BT Y TEHE 20 ] D&, TR UF =B EWIEE FHEBII RGO ER 2T
<y,

HIERGEES (B ~ 0.1G) 2 52 5 &, 10 GeV D FHMROY ¥ A L ~ 3 x 10° cm & 72
0. HIERFEE (~ 6 x 108 cm) L [AIREEICR D, k5T <10 GeV DT R)VFE — % R0 T
ME., MUY 6T, HIERCEATE 2, HER 2o a2 RyfiaEe LT,
FHRE TRl 3580506, Sh U TOZXNE — D FHMIBATER D, Lo
FIVFX — (GeV) %7 Cut-off Rigidity (COR)” & &3,

10*
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FHROTZINF — A7 MY, ftld FERo TE) Th 52 LICHER, sffld E7° 27, BT
SVFY®HVDT Ty 7 AURL TH D, Anchordoqui et al. 2003, Int. J. Mod. Phys. A18, 2229 £ 0,
KIZITREN TR, E > 10%eV @ “super-GZK” cosmic ray DL, 1 A7 IV 7 1km?, 11
WHzv, H1HTH 5,

LGOI ~ 3uG, BERTERIET O3 T O ERERLZ L ZXA 6 Tns, I
IZ. ~ 1pc (= 3x10"® cm) DRKEE, B~ 10uC 2O 2L 5258, E > 1016
eV (1EE Knee TRIVY —) O FHNIHER ZOMEHCBL 2o onTIcliF L £5, ko
T, HFT RIS FEARIEEZ & LT Knee TRIVE — £ U BT R )VF — £ CHK
THZLIINEETH S,

SANTHRIE DR, #iET — & iz 3 5 NIEBEIFDIZT. CORMBKWE Z A TIEFEHENy 775
Ty RWFOD T, HEEHST — ¥ MinovEr 525,
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EHIT 12 MR NF =G b & SR & 5 Y v A 3 Rl PR JE
(~ 100 pc) ZHATL £ 9. £>T. E > 107 eV OFT :)VF — F AT S RIMETR
ReHEZALNTVS, LY, FEOTFHRIEPHMSNTES T, HERAMMNBFESROT,
AT RV — PR T RN R ERC D 2 L FA 6N 5,

4.1.3 SRAIRAFEROI AL F—IX

SR D ER % ~ 100pc, FB%E ~ 20kpe &L T, FHMBOZXINVT —EIEL ~ 1
eV/em? 206 Rl o FHEMO ST R IVF —I3,

E. =7 x (20kpc)? x 100pc x 1eV/em?® ~ 5 x 10°* erg. (4.3)

FHRPORMATTEO MM L0, BN FHEROFME ~ 107 F2 A2b 6 hTn
5, PHIRZIC LY ~ 107 FEITSTICEL 20 6, ZoBFFID ST IET L 52T
Ruvy, 729 FHBROEIGIE. 5 x 105 erg/107 year ~ 1040 erg/s. EFIRETH 5720
ICiE. INETOFHBT RLE —FERNETH B,

ZOIRNFX —JHTHETRIBRE X 5N TW5, O >oHFTEBRTRILEh T 2
JVF =TT ~ 1090 erg. HEFTEIEFROFIEL IR 2R TH 30 R — il 0T, =
FNF = UL OEIGIE. 10° erg /30 year ~ 10*2 erg/s. ZPD 95 10 %A D Hf T %
VE =TS, SHICZD 10 B3RP b 2 2§22 107 erg/s O FHIR
IAINF -G TEHI LIRS,

4.1.4 HESIRIL¥—FEK
FHMO T RIE =08 ~ 1020 oV 2R 5 &, 2.7 K O FHSEEMAEKN o 1 & #fiFEL |
p—{—'y—>p—|—7ro,p+fy—>n—|—7r+ (4.4)

) UEAEE T, PRI RNV E -2 K2 5, 70, 7t DT XNVF —13ZhZh 134.9630
MeV, 139.563 MeV TH 5, [FTFOTRNLF -2~ 1020 eV EZHR 52 &, 4 > 1020/10° ~
10N TH 5., B roffbRT 2.7 K 0 FHEHETREKER O (#HRTo T3 F —id
~1073eV) 2RI &, ZOZXNT —IE 4y TR DE5DT, 100 MeV 2R 5, Lo>Tx
FNE—REHIL D, ~ 140 MeV D 70, 7+ AR BRIC R 5,

e & T kDA v ARORTIHIRRE ~ 10728 cm?, FH AR BRIRN o X BT
~ 410 em ™3 (p.46 BI) 226, FEHEATRIE, (10728 x 410)7! ~ 2.4 x 10%cm ~ 8
Mpc. &>T. ~8Mpe KYVEAFTHREL 72 > 1020 eV OFHHME. (4.4) DUETT IV
¥—%KoTL EIDT, HERE TN, ~ 8 Mpe & U ITH PR O FHARIIIFIE
LZ2VDT, FHBTRIVE — AT MUCIE ~ 1020 eVICH vy M A IRMFEET BT TH
%, Zh% Greisen Zatsepin Khuzmin 1y b A7 (GZK 1y b A7) L IES,

L2L. AGASA. Fly’s Eye FOBHEEIC L > T, ~ 102 eV Z X 5 FH#R (Ultra-
High-Energy Cosmic Ray; UHECR) ORI HE SN T 5, ~ 100 g DEFERR — )L A
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W 100 km CTHRA TS & T DWEIT R LE —D3, ~3x 1020 eV TH D, ZZITIE ~ 102
DG PR EENEH, TRE[EL T XNEX —%2 —2DfF A5 Tnb D) UHECR €
%%, UHECR DEFEHMBEHmFONTH Y., bLIFEFET L TYH,. ZoIHHTE
A RSN

HIRRDIERER, G h,e PO ZXNE —DRITTOWEES & .

5
E, = % ~ 10% eV (4.5)
L5, TNMT IV I IXNVE—T, B OB FURNEEIIRDLL EXA 6N RV
X =A== NVTH5D, RN MEZEE FHOTEBRT L2 L3 RfiEE 2 60T,
ZDITFNF — A = )VOBHITFE L L CulBEHED S 2 DX FHMLZT TH L, (LAL. %
72 8 /& D 7 unl)

4.2 FermiiliR

HIHTRIRHLD S = VT, " Fermi A" 12 & - THFOA ~ 100 eV ETMH SN TS
EEZLNTND,

WSV THNWTWS ERRDFE (W TORW)ICTRNVE — BEOR A 05 L7 I
SOy, IEAHRE BHERE FET 5L, TXVX—OWINAE/EE (V/e)2 iIcHAIT %
(X 4.10; second-order Fermi accerelation), —7j. KRN 2D FEICHRENT, ZD
RIFEAS B 43k E 55> T B LI WIRBRE R 2 8. IEMIfrRAZ T2V PATZ 2ITRY,
AE/EZ (V/e) \CHAIT % (3N 4.9; first-order Fermi accerelation). K f-%EHT 2 IkHLH D
W k> THL 2w o h, IRENO Lt Tz iT-720 K205 812k -T, [
FRORDIAIFKBIL T D (Lt THROWEEED VISHET 5). K8 101° ~ 106 eV F
THSNHITONT, Vv A PENRE QY. HHFTEL S T L TFHC R 5.

Section 3.6.8 CIRAN7z & 1T, AT EIEEL RXJ 1713.7-3946 @ X Mk, A7 > < RBEHIE.
vrvrabayigegar s s ViR > TOLEFOMBANY Mk « E2 2T
e D FELBHATE A, M EREF CO Fermi dix 5258, ZOAXRT MUY
HIRCHIHTE 5 (X 4.17).

4.2.1 Lorentz Transformation

Consider two systems, one of which is moving at the constant velocity u relative to the
other.

The following “four vectors” follow the Lorentz transformation:

YPHAT =Y a v FOBIRED S | [ROHIHTRAUICRAYT S UHECR 2BUIL . GZK Ay M4 7 Dk
#F% 9 % EUSO (Extreme Universe Space Observatory) aHEASEERINICHED ST 5,
SFermi MIEVE/12# 07 BT, Erfe Mlbay, ET1. BT, EFACERCETE 5,
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ct et c c E/c
dx
T dxt gL U U P
I'M: , UN: y — g; =~ x 7PM:m07 T _ J:
Yy T dar Uy Uy Dy
d
z = U, (1 Dz

where v = (1 —u?/c?)~1/2 and my is the rest-mass. “Lengh” of the four vectors is Lorentz
invariant. They are respectively the following:
(et)? + (5 P+ ),
V(= +u?) = =,
—E?/c* 4 p* = miyA (2 ) = —micl.
Lorentz transformation can be written as

/ v
o = A" oY,

where A*, is the 4 x 4 transformation matrix. In the case that the relative movement is

in the z-direction,p A¥, may be written as follows:

v =By 00

— 00
An = | TP

0 0 10

0o 0 01

4.2.2 Fermi NIRD AHh=X L

Let’s consider head-on collision of a light particle with the mass m traveling fast with
the velocity v and an infinitely heavy cloud with the mass M moving slowly with the
velocity V' (v > V and M > m). The mass and the cloud collide elastically (but the
cloud does not change velocity). In this case, the center of momentum frame is that of
the cloud.

Let’s put the energy and momentum of the particle in the rest-frame FE and p. Lorentz

transformation of E and p to the frame of the cloud gives,
VE
E':’V(E+Vp),p’:’y(p+ 6—2) ,

where v = (1 — ‘g—;)*lﬁ.
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Since we consider elastic collision, in the frame of the cloud, Eéefore = E(’lfter7 and
the momentum only changes the sign. Therefore, Lorentz transformation back to the
rest-frame gives,

E// :’)/(E,—i-Vp,)

=7<7(E+Vp)+V7<p+%)>

V2E
2 <E+2Vp+ 5 )
C
V2
= +°E (1 + C—2> +27%*Vp

P BN
2

(—)

—E—i-E1 2+27Vp

62

— Eto2EY <Z+%)
c \ ¢ E

v

:E+272EK (Z+—),
C C C

where we used cp/E = v/c.
Namely, if we put the energy gain of the particle AFE,

AE = 22EY (K + 3) . (4.6)
C

C C

For the tail-on collision, we put —V instead of V, then the energy gain will be negative:

1% 14
AE = —22B~ (9 - —> . (4.7)
c\c ¢
Probablhty of the head-on collision is § ((V +v)/v) and that of the tail-on collision is
3 L ((v = V) /v). Consequently, the mean energy gain per collision is
1/V vV /v 1 /v=V Vv 14
I
2 v c\c ¢ 2 v c \c c

(2 (2 ()3 0-E)on () 1-3)
(B {00 (+7)- 6D 0-8)

1
2
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= 47°E (%)2 (4.8)

In the equation (4.6), since V << v = ¢,

AFE Vo Vv

— 2 2. 4.9
E c? c (4.9)
This is the case of the first-order Fermi acceleration when only head-on collision is taken

into account. When we consider both head-on and tail-on collision, from equation (4.8),

AE 2
S8 x4 (%) . (4.10)

This is the case of the second-order Fermi acceleration.

4.2.3 Fermi MNRICLBHFOIRILF—AM

Let’s consider the case that a particle is confined between two walls (i.e., magnetic
mirrors) being apart by the distance [, and one of the wall is approaching with the velocity

V. Namely,
V= —ﬂ. (4.11)
dt
The first Fermi acceleration takes place by the head-on collision of the particle by the
approaching wall. The number of collision per second is 57. Hence, from equations (4.9)

and (4D 1dE .V 1dl
C

Edt  “c2 ldt
or equivalently,

d(nE) _ dll

dt dt
Namely, the confined particle accelerates as the two magnetic mirrors are approaching.

The same mechanism happens when charged particles go back and forth between the
upstream and downstream sides of a collision-less shock in the supernova remnants.
In equation (4.9), a relativistic particle (v = ¢) with the energy E gains the additional

“wall” moving at the

energy AF from a single, elastic head-on collision with the massive
velocity V. In the case of shock wave, i.e., the particle goes from the up-stream to the
down-stream then back to the up-stream, V may be taken as the discontinuity of the flow
velocity on either side Au = uy — us.

In general case (i.e., not head-on), this equation has to be averaged over the angle.
Note, the number of collision per unit area is proportional to cosf, and additionally the

momentum transfer is proportional to cosf. Consequently,

<ﬁ> B 2Z27rf0ﬂ/281n000829d6? 4V
E ¢ 27rf0”/281n60089d0 e

(4.12)
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If we define 3 as the fractional energy gain before and after the collision,
4 Ul — U2

=14 =
g 3

Next, let’s consider the probability that the particle goes from the up-stream to the

(4.13)

down-stream, then back to the up-stream again. In the up-stream, the cosmic ray particles
have nearly the light velocity ¢, and direction of the motion is random. If we take the
particle number density N7, the number of particles which cross the unit surface area per

second is proportional to cos 6, thus

N C27T fJ/Q sinfcosfdd  Nic
1 = :
27 fJ/Q sin 6df 4

On the other hand, in the down-stream, the particles are swept away by the flow and the
ug N9 particles will go away to the downward. Therefore, the probability of the particles
going to down-stream and coming back to the up-stream is

p— %N 1C — U,2N2
iNe
24V1
where we may assume N7 = N (i.e., cosmic rays do not know the presence of shock front),

4
p=1--%2 (4.14)
c
From equations (4.13) and (4.14), using the fact u; < ¢ and us < ¢,

4 Uy — U2 4UQ

Ing ~ InP~-——= 4.15
npa s s M2 (1.15)
therefore,
In P 3ug
=— =1, 4.16
lnﬁ Ul — U9 ( )

where we used u; = 4ug, which is derived from the strong shock condition ps = 4p; and
the mass conservations says piu; = paus.
After the k collision, E = Eyf* and N = NyP*, where N is the number of particles

having at least energy E. Eliminating k,

In P
]V_(E)M
No \Ep ’
dN IR
R E Ing |
dE =

Using (4.16), in the case of shock acceleration, the particle energy spectrum is approxi-

mated with IN
— x E72 4.17
15 & (4.17)



