H.g,h-c'neigy Losmu. Pzwt.c,c .:w:obrpfes Il
- Su,:oerr ovae. & (“osmlc-Pau/ Emission -

" PENNSTATE

WW?SG vy
PerthBtateUniversity w

o ISPRPISERGOL J

P oa ¥ L s A & oo Y L
W TR TR TR T W W W
ﬁ’éﬁf&ﬂfﬁ’mf‘%ﬂﬁ’ﬂﬁ’ %A‘ ﬁ’fﬁ %A‘ ﬁ’fﬁ f%,ﬂ f%,ﬂ



"HEY6& H! ()SY&*"+* #'($-./'01H#2

31)&4,5%1*,/*'6* 31)>)",?1)"™* +*AL'$%,-L)",/*'6*
7892::9< Q@&*#AB®D::EEF 789D:M9D
7=3,92::9< GHlI,:2:JK:2J 7=3,9D:M9DF

y ¥ . |

—

!" \ " (4 I " - 2

+$,-./01*, &$%&S$' ()% &* +$,-./01*, &$%&$' ()% &* #$%&$'() %8>



"HS  YH&( H&)™M(+ - (]
"#$%&.()

,%)-./"%01

6.07843$.$8#3'07:.9)&.$)073-."110:7&$:)&.$&17%%.4)3)8-.
9'81)7&T&4 ' 8&:%%$;0.<./7337:&0.'<.01)%0=



"#$  WHE!(‘H#&)™*('+,--".(/
"H#$%&() Y++) %)-/"%01

6.07843$.$8#3'07:.9)&.$)073-."110:7&$:)&.$&17%%.4)3)8-.
9'81)7&T&4 ' 8&:%%$;0.<./7337:&0.'<.01)%0=



"HSUHEY' & (T &++",-)%./,)(0&1"

1500 km
Shock wave
1051
3X10’km  B. E. 10>ergs
~2-3 10> ergs
10 km
proto-neutron star: t~1-2 s 100 km

"#$%&$'()*%+)+%",)-$.,.(/$0" *.(+.1$%, +"$2%, .+%0$.,.(/3



"HE%&' ()F) )"~ QS++$&1$%H %2




"HEY &, () *VoH+&

S|

Relative flux + const

A\
A
| ‘V‘ \‘ r
5/‘ ' M

W\J\%%

3000 4000 5000 6000 7000 8000

Rest wavelength (e)

la



"#3%&'($%F5+,-"%./"0$51% 23B4#5"

5
4 -
1%
c
@)
&)
+ 3r
X
=
2 2Ff .
s _ [Fe II]
1% [Fe ] ype la
Lr [Fe 1] ]
O 1 | L TR AT YA T M !
4000 5000 6000 7000 8000

Rest wavelength (°)



"HE6&" ()*+),*%$-,*..J0&$)120$%3*#/$

[7892:%::%<0=>/

12$$3%$4%56

Core-Collapse SN Fractions

"#$%&8&'%(%)*+%,-%. /0

8B * & C,4$?C,33DAESWEF#$4G,HD$%-4,7%4$1*I3FSYEF#S
&JC*&8I2437?C,33DH#ESWEF#$AG,HD$%-4,7%I8GD48IE%,4%]
&B L289%%ILD4-%7$4K$4%,4%1.289%%ILD4-%B E9D4%JI8GD4

&&*&BG,FG1%8GUEIDA?-,478GK%KD3DM8S$E
&B -,FG1%8G%J,92%E9D47?-,478GK%DGI%$338#98CD3%KDa3l



"H$%&'((( )*+%,-./0/



"HS% &) HH+,+%0*+-/0( 1234 &56+$3%+%7.8'9%:.

I"#$%&&)*+
1054
1092
“ag
S
2
> 1050
S
)
c
&5
o 1048 _
]
- . »¢8°
1046 ® @ 02ap ' /0$/).O(O! .{)1,2$-
| Ordinary SNe Ibc _
{o#4| . NONRELATIVISTC i, RELATIVISTIC
0.01 0.10 1.00 10.00

Ejecta velocity (Ff)



"HS% &) HH+,+%0*+-/0( 1234 &56+$3%+%7.8'9%:.

I"#$%&&)*+

1054
1052

)

.

QL

> 10°0

.

)

c

=]

o 10%

-

< ; &
1046 “0$/).0(0!.01,28.
104 TVISTIC _ «t—» RELATIVISTIC

0.01V0.10 1.00 10.00
Ejecta velocity (Ff)



"HE%6&" (&H#)&*+, -./&0)11"2#3)1

0,122!3341&5*6!/ 0+7'8!195*6!/
\ A
1/ OD">J$23
M*(@!)) A
1 "041&(] 3/1&&>)*3F! AR
s U\ Torporen e

(.

<*=14')1*=)1>8'1/
&THE< 4>$&19% <) I/ ' @!)19%, A
BJ>"3 91&>/$%$3/$2* ATB(1)"%>CE*
9$)12/%2'1"/1)(>)/3*$"*  IGHGY>D3 $"9$)12/*2'1"1)(>)/3*$"*  IGHHG*'(/G*I*)>D



"H$9%8%6' ()*$+,-./$#012/-345

"H$"06" & () "+

"#$%&'($)**)#+,'-'.'/000™*(1'23" 1.%4'5" 4(6
TH+®7:%&)+8"9":<":+=">6"2&@("$: 7A'($)**)#+
)+&("$(=):&('+:&B"('C(&2((+' DEF*:+=' GH(



#5068, () *YoH+,&-(#.8/)01)&23($+.1,)44*(&5306

I"#$#%E&' () *+(#%&S$(, - '6%3,(537&%$(,-8&
&y & 1 55 %" 4/ 015 <:> $0, . &/1$59%:;15

" #$%!&'(")*$'+),-./)
"=0"y 1 #,034=546

Before shock breakout After shock breakout
-.N+1"%$-17

-D+1"%S$-17

/ Shock front

—_—
photon path photon path



"#3%&

Orphan Neutrinos

5'0 ./'0#(

Yo()*+)*,-&&%. |

Precursor Neutrinos

v

060(1-# 2+3(#1-%)4

Prompt Neutrinos

Y- JOH(

v Y

|(1 v '(1
HOAH+THT . 2/3"4
eterial Veterial eterial
!Il #( - . . ™ . . ™ . . ™
789#:89/51.;<1=>583>2@ -
" 789#:89/51.;<1=85>ABC@— — —
0 YOOF K
o
- n #&-_ = _ " $ I *
SO 3 "#3%E&+# ! +,
iy
o HOLREO L]
N
—
= - P
v !u #$ - // —
+ " #!" [ ‘_z
T . L O N
. ) " e " I & " %!"#3%&' Yo (%P + ,-%

JO0# 1%&'%(B3+"#2 4



HE%&™  (")+%&,*.- 1&%/ Q" +-2$8&%63+-%'$*%62"

23 . . . . . . #:4/:<0 "$.
A SLSN! |
2] ﬁ LSSNL | 91=5/>74, /<O@A +>*4,>674B
' * *
L C isntmesnoa_*ssmr | C+0&0>/0880,C7./0(>B.0%4C
o < SN I
D -20F AAQ SN la
s & SN Iblc
o 191 SN Iib
E % SNIIP
S -18¢ ' .
= v
E 17+t
Q
=}
S ‘16
8
< el
v
i e "H "R ()5, +-
1300 0 100 200 300 200 500 600

Days from peak

" #'$ %& '()*+,-./01,+2 3 .[.-)  4/5.674,/08)0./-4/.9
"H'S %&&O'()*+,-./20H4+6:,<7.==>+0;>7 . +4>=04/7 .+>(



44

"HSU&&(%& ) +,)-.'1%01%2$/$%345

" $%&%)*

10
TTeell L1t n-76
L Y
oy
~ 10} .\‘\
& 8 14 @#&B0zh, 5
é 10 \
6#"788971,2) 345 -
1041 N
10 100 1000
log(Days after first detection)
: r : ‘L : : : :
| | /(01,2) 345

10140 ] ‘ [ Wy 31
a WWWN f} ‘\r “‘ 91
= A LV
(:\:0) mrw/ %‘*ﬂwuf W
L “
3}
N
[T

ol
1d 16 ol H#  H' Hel OIH!'  Hel L Call,

4000 5000 6000 7000 8000 9000
Rest wavelength A]

10000

I"H$%&(

Time (days)

"HSY0&&(&)"*+),-

Time (days)

b, 5 TV e C 200 300 400 500
—~ F 3 1\ r band]17
T C ] NN i band &
w ISN
w T 1 F e 18
5 T 7 Y E
< - N\ D 19 &
31042 My;=0.15£0.02 Mo R a,
3 Mej=1.7£0.2 Mo € &
Ex51=1.75+0.25 erg ] F Pre—explosion Source 120
1041 -
—~ 1040F
2 -
n
Qo
=
L
*®
[ |
1039 L&
SNe Ibc
e 14C
m -
|
o adio
1038 #’. LRI Loy [ errerererarer m e Y S10%
9 0 100 e 200 300 400-.. 500
X Time since Explosion (days)
]
Ha Ha Ha
g 1ol d t=10a] © zry | f t=387 d
“x
g 1 s
=] -2-1 0 1 2 -2 -1 1 2 2-1 0 1 2
§ Velocity (1800 km s-1)

+,-./01-23,4#56#7.,4 #52, 1#3/#(18#0/ . #13993 #:!;1"<

++=H++ HA+>



"HS0& V6 ()*+(,%&-Y0(./0%-+# 1 (#&(23+$H&/+N% 88

"#$9%6&" (1) #+")+(%
#+./&01&2"+3845%'36

I7E

72&890:; A&ITE

$<=5*&)>#?1&@+AI$<.=
B+#*1#/&0C&2"*3R* 3
'11&8&"$'+& E+#+F+?"/&0GR(H

"#EY&SB& VHE*+), +-/((/%'$0$%' 1/*'234$'556 7'89%
& _&H<=$B=>6=: ,3%=ABB'?"=5C: ,,3%=1/*D8EF



HE%&™  (")+%&,*.- 1&%/ Q" +-2$8&%63+-%'$*%62"

23 . . . . . . #:4/:<0 "$.
A SLSN! |
2] ﬁ LSSNL | 91=5/>74, /<O@A +>*4,>674B
' * *
L C isntmesnoa_*ssmr | C+0&0>/0880,C7./0(>B.0%4C
o < SN I
D -20F AAQ SN la
s & SN Iblc
o 191 SN Iib
E % SNIIP
S -18¢ ' .
= v
E 17+t
Q
=}
S ‘16
8
< el
v
i e "H "R ()5, +-
1300 0 100 200 300 200 500 600

Days from peak

"#'$ %& '()*+,-./01,,+2 3 ./.+-)04/5.674,/08)0./-4/.9
"#'$ %&&0'()*+,-./203 64+6:;<7.==>+0;>7.+4>=04/7 .+:



"HS068 ()*+,-&(./"-8&0%(1%&( 2$/34.1" 2

-12

42.5¢

45.0 . . . .
" . PTF 12dam + Magnetar ! t [ T~ L
"#$%%&'( 130M _ He core PISN (ref. 7) .
44.5¢ 100M _ He core PISN (ref. 7) 1 -18
80M _ He core PISN (ref. 7) )
100M _ He core PISN (ref. 8) g o]
440+ - S
whed
~ = 16
& 435} 8 I
(@]
g = 14
.—_.'S 43.0+ -5
8 o
- 7]
Q
<

Compact Remnant

42.0f : 10} @
NN

415} - "
A . . , , -8 ——— —

PR |
D100 D50 0 50 100 150 200 10 100
Time from peak (rest-frame days) day

* QO VkH- * »
E_:?l::*&'*#:@*FG*E#|8$& 7#&,# &. #@ AB D

| "HSHU&' &S+ M 010, * 03B 2T g6
| #((8%""-19)*#::%/1:9'-9<  &9&$<;-(*=19>&$'&,*-9'1*28$%#:*&9&$



"HEHY & (&) +," Vo'~ &IH-,"0#123

"H$%&' ()*+,-&,.(+410'%,012(3%4"&"5($2(6(7/-389(-5(:(7)  "&0%5
Mgj = 5 Mgy My = 0.1 My, Egp = 3! 10> erg
10°° 23
_ 22 ©
2
21 ‘S
g
D) 20
% 10 0
o0 19 I
C
18
o
17
3
1018 16 O
Po [ms] ffﬁ(é/f’i(,f/;’(if-?fé?gﬁc



"% D&Y ()F+,-.)
"#$9%6%%&'() *$+,-./.01-0$23$454678/946

1:1/-1:$10%$;83%$%<%$6;0=:1



"#$5%&' () *+!&,-*)'+.(/00/"#1

"#$%&'()#"%*H#+,%-%./01263

® 0.3-10 keV OLyor K 20-200 keV O 1031 — -
0/ " AR e T, #5]0
0 045; v=0.1c Spectral Features é, _ 89: .1;+6 § I 1029
E 9 . %Narrower 1030 i "I'm
oy = _ L
10" E - I L9
E N i 28
~f T 102 o
:ﬂ K ‘_I‘ 101 102
8 10®k 4 v v (GHz)
> f o PTF10hgi
P en
E 2| 24 a
5 10 ;; . — -
C e 10?7
L %’ ="
1otk L 4
"#$%&'() - : : |
C 1 : 1026 H
*+,-/10 12%3 | | e e 10° 10 102
1040 lIll'le SIFLCE. IS.CO.VEiCy‘ { ays i ) ) ) ) L t (yr)

Time sinoe discovery (days) e 45/678+,020329:662+=> ?2@+:80A+<+2B2@*2



"HHSY& H( &"()*+&(*-"(JO+&+1

"#$%$&" & (#)*%+(", %$$%+' ($"" (%'(-./(010021
3$$+4%)&"*(5%&6('+'7&6"#,)8(",%$$%+'(9#+,() (:+:'<(=:8%)#>

2=#"*%4&"*(@:(ABC(A)$6%:),)(D(B"SE)#+$ OFG&?$""(B"&EH@;IC(A)$6%:),)(D(AB(OIG

M = 3M, , Esp = 10°terg

| s S&I(&)

!II !& -

/«,01. O#+,(A)$6%:),)(D(AB(OI(



HA#

%&|'

H"#

A&J
%&

4'0

3F78*9G+)H

dNCR 0

E! ScR
dE

"H$%" & (J#*+

- &/#+0
,12)2/34/5#63&272)2/34/
8*"+434'$0

OI1#)#&234'$0
&"27234'$0

'&'+56789.:'7
'0I<$ ='0 >7/'0 1<$?'0 >7
@'0!<$ <A'0 >B'0 I<$ <C'0 >7
D'0 I<$ <E'0 >Z'0 '<$~<'0



4S8 HOHEH " &+,,)-)#.9%"/0
"HHSY0" & (o) +, (—++./-0"1(2'+)-1"%2(3!456

357HYD(:2%,™ 9(<"..9(<.-18#*/8(=C%0/",'/6

1"#$%&SH' ()*+,"+-./#0!

481,51,
E'=",(E + upcos$)

1 E u
))*+6-+7,'-8)*-$6$/) —— = 2 —C0S&
E C

14 $#I1#-*79)- -$#! 1 U00SEE= g
1, 9 Vi' V
E 3c




"HB%& )"+, ). #

' 11 ' L]
"#$%&S ("& | #ps " 41" V2)N
VIH&+& H-..("S. Pt Lt p e 3¢

1. I0&LIHIH2("11&3%&*A&(" -2("$& " 1&-5*$-("$&)657!.

Loy 'l

(",-2("$&)#-2&5/ . *#!'20 Rin(up # down) = | dn, v cos# = \;r—nl Id%. dcost = %v N,
up! down 0 0
5+ ("$&)H#-281-8" *#1'20 Rout = NaVo
| 1&#-3'3(6(*% P = Rou _ 4V2
Rin C | N
#!.(15'6&"5231# . N AV
VIHE+& H-..("S. N (17 Pese)™ %0exp c
)("'6&./1,*#52 | ., .
d_n = d_ng | exp " 4(V1 ) VZ)N 1+ 3V2 %p' (1+ Vflv%/z)
dp dtdp 3c Vi" Vs



"H#$%&%' ()*+,-'$)"./0

| 6%),-7.(1+(8(*+$.09,$:;.) $<=.'= <@
/B.0<>CD='E=A=F<?AABH+%().*,.*98.&G28$*&1 . H(%4&

| 62&%$%)(%.+-1&G.1,80.-,*.1&2&-1.,-. 1&*(+%0.,3.*4)84%&-$&
84* *98./(G+/4/.&-&)T#.1,&0

| HS%E! ($58I6&)(*+,- +/80.1828-1.,-. 1+3340+ - $, 833+ G+ O+

4! 4! 1 B CE
t =t +tq= — + — |l = — - _
o T T T e Vo T 3LCag & gz
t tey re(re+1) !
" #$HUI &' ()* &'+ — — "
0!&'() acc " pyp o' 1 V12
tace <tayn = R CHF 1% 00'8 ()
v | $! $! $
E<E nax = E#BZeBR(V/c)%Zlol‘r’ eV # B R v
max T 20 300G 3pc 3000kmg1?

1'$$!. "()0'&'() E<ZeBR $



"H$Y08! () &+

| "HSY& #()*+,- FO#L1%8%. (*+'(&-23) #4+5*3-46'7
| 8+ 90(H4* 1#%50%+ 25#H1H#A+(#-* %43+ #' *
+.0%4-' #A1&+)*1%%09+46'%- *0).+ H#4™** +$%

| <3-46*-95H=>H#()?*2+&+55%5*$*2%6&2%.0#4>5+&
| @%5+(HSH (#4*'3-46'

| @-5%"*-1*&+0#+(#-. *A&+0#+(#HSY B*& VOB C*
| D5%4(&- . *+A44%5%&+(#-.**3%+(#./

| 8+.)%-(3%&*+A44%5%&+(#-.*, %43+ #' '*



"H$%& )*+), ("-.%/0"$%1+2

| "HSSI6&YH'S(&E &)H*+,-.$/&0(2%/3(2
| b, 55-1 s 15-&)H*+&-17(-8#70(2-9%/-.$/&0/-%'&3/:%$%3%(!
| '<(*30%#'-=->'(T?@-87/*3%# A-B/?'(3%*-8%($2&A-"C-8((2:&A-

| 1 ]
50 300 550 800 1050 1300 1550 1800 2050]

100 3 E

f el st 3%B5 /#567]

@ 107" - / Maxwellian at ~ 80%T;, \\ :
e E g \ ]
= i r : : \ - 7 ]
& 10-2? .

10_3§

a EIRY
> . [
- N \
=, 1
o
\
o 1o
\
5 T \
" .-- "
Al \

L L L L P S| L L ool
107 107" 10° 10’ 10°
E/Ea

"[.7%#$%D.%3+#9& HHG .H

—M=5 |
M=10 |
M=30 |

—M=50 ||

"H$B& (H)&*+,-.%
/012

N S IS S S S S ST T ST ST S S S SO S ST S ST SN S NN S S —"
0 10 20 30 40 50 60 70 80
! (deg)



"' $%6&8S () *+,-. /" 0+1-"-%62"2 30'4.- (),$+2

"HE06&" ()*+%',"-&'./"#012)&#"$0)0('&)'&34&5%106&

)77"+"#)(1#
p+p! N/ +X

B
w T ||||! T B
’ #.1 ' W44
.E "y ) e e
o = 10 10 e
o | R -
.E. 10‘ 1 : ‘_I|U) =
] " :
g3 -
Ll
o © E’
3 10-11 :_ * I +, N, T
112 " E I , | ‘
” s [ ./01234&
[ S : “
© \
: 1@ L Best-fit broken power law
| | | 5 1: 1 ®  Fermi-LAT
-o—- MAGIC |:| Statistical uncertainty | ] 10_12 - * f\()G'(;;Ea(IQ)
113 —& Fermi . Systematic uncertalnty - T éremsszahlung
10' TSI Rosis M ||| Y = - e Bremsstrahlung Wlth Break
: - 11 III 1 I 111 II
1 111 1111 1 1111 11 11111l 11 1111 8 10 11 12
10'? 1 10 102 10° 10 10 /0(%9 10 . !
Energy (eV)

"HSH %&(&)*+, SOV 1 810196828, -354-$



"HHSY&EH H() (-

"#$%&'$() St +5%$-./+"(0
10"#*.+2
34#/ +5$/0#*"+#6789:9:7

F&+.G.0H%7280G&( AK#,H
1)*=#E%$0H(&GIBZMN
OCP#,H"QMO"(#R*$GAS#C!IDTE2

&' (O)*(+,-./10#-".1/(%1,%1
2345+*(.67#8#.64/,9,-.+,)%:#
,<#5+*(.6,%1#,%5+.=,/,+0

) ?
534(*%)>.(#,%#?2(N5(#@ %?5A |, —

$<=#>$??@#ABH#CIDTE#



0(1

I"AS$I

&((

AF78+(9G,*H

dNcr %

E I Scr
dE
"#3%"&' () #*+
- &[H#+0
,12)2/34/5#63&272)2/34/

"% 8""+434'$0
9l1#)#&234'$0
A’ 1&"27234'$0
&'((
| "787K7
8 #2.29%2.4,"#0.350.5
('(,16789/:(7

(1"<% = (1>70(1"<% (1>7
@(L"<%A (1 >B(1 "<%<C (1 >7

5(1 D(1 "<%<E (1 >B(1 "<%< (1



"HEVORH H () + H(-+.+/.0S#1  2B45+6014%(

"HE%&' ()*+)" %, #-.10) 1 2##,3,.$-,4)*+)"%,#-./0))

| )4 ~1 7
6" B@/'(
C)D)EFR.
#@'A&' 4 ,"7@;@“, PIER
N
| ) 4= ’? \/
@34
o C)D)GHB.
9(+63:!;<+*=> 4= "
| d=3 2] 5.80 68~ ,(.$-,4)."H$%.)"% #- /07 1 )" "/l

6" ,H#
/ \ m / \ / \ / \ "HI& ()*+()$-.$ /0)(& 1$23$4$5868788)$-.

<J=+)#3$",K) " DF?




"#$%8&'()* +-. +001()2-345$6&04*10-7$%08&15

@7??%A)B(?C%)=D%EF%,27
' ' Ferrr'1i —
Whipple  x ]

HEGRA =
Milagro =
Model

E? dF/dE [MeV ph/cm?/s]

"#$%&' (") *%+,%-%.)$)/)0(%11%,2345
5=)>79 T 107 o° 108 108 o7 10°
Energy [MeV]

67'(8)$)9%1:%4;<



"HIN&' ()**)  +)-$.)/0
"HE%&'()*+,-&.% [#0& )'%&&? &3,((8&4'Y%

"#$%67%:;,&<:&

"#$% | #3%

[5"&4( 2%6788



" H$%0& ' S()*+ (+,-. &/ &HEY' $Yo+0(1.%2*3

-*")10™*.0")#1(23*.+(1)"$ "0"&" &H*
4'5&12%).*6*/))" 7" 1/#%+&*6*2/8&"#%)*9%"7'*/207%9%)/
!ll#$%&l()lll*)+)++&
4"8"72/& 6*,%+99%*<=:
I"H*>"T ) YoH5*P¥) + & H@
)+)++8&*>"T+)%HGA #BCD
"H#FE"/*- ! #
)+)++&*. %Gy | #CD

A+T(2™1 - - D1 #
F1"..(1"3*F | | ADI #B

Hop 1=y Ay %1

.y K™,
Eoeeh - e )°Fu! # K



AF81+(9G,*H

dNCR 0

E! ScR
dE

"#3%"&' () #*+

- &[H#+0
,12)2/34/5#63&272)2/34/
8'*""+434'$0

OI1#)#&234'$0
&"27234'$0

I"A$=

('(,678!9/:(8
(1"<% = (1>80(1"<%’ (1>8
@(1"<%A (1 >B(1 "<%<C (1 >8
D(1 "<%<E (1 >B(1 "<%< (1

0(1 5(1



#5968, ()*+,8$-./0/-1,23&$(240+&5(.21,*2

I] Magnetar
3$?.(*$0 12.+%*0'(?.%*+3$?F+G".#)%

/+8+9:9C H

"-ray burst (GRB)
12.+50"?2*.%* . @A#'%"' (%
B.89: €P.0?E%

Active galaxy (AGN)
12.+3'%*+3%$%%"4.+

S5#$&6+2'#.%
! /1 89: =77 %>(

Galaxy cluster
12.+#$07?.%*+

0 20$4" S ($#+'5].&*
J 408+$+G.KA&

SR ()" (+

,+-+.+/+0+4 &GF 4 B89+HL+B BM@IN.07E%L+
7 4BD@PN?L+1,,80@F &3



"HS%&'S()*+,-"$.,#,%(

0#$()1'2)344

come’  E<ZeB %% = ZeB%¥$®

5,74 2| 2 B$2
+3, (-*" _
#.+" (%" = %L =(4!r" C$)
1"
2
Lg > %! “c$ % " 2# 10" erg $ 1128 1 [E/ (21075 eV)]’

52$(%"-(*36'.28-%3789::<3 6'.2&-%3'138.8&#-"



#5068 ()*+,8$-./0/-1,23&$(240+&  5(.21,*2

I] Magnetar
3$?.(*$0 12.+%*0'(?.%*+3$?F+G".#)%

/+8+9:9C H

"-ray burst (GRB)
12.+50"?2*.%* . @A#'%"' (%
B.89: €P.0?E%

Active galaxy (AGN)
12.+3'%*+3%$%%"4.+

S5#$&6+2'#.%
! /1 89: =77 %>(

Galaxy cluster
12.+#$07?.%*+

0 20$4" S ($#+'5].&*
J 408+$+G.KA&

SR ()" (+

,+-+.+/+0+4 &GF 4 B89+HL+B BM@IN.07E%L+
7 4BD@PN?L+1,,80@F &3



"H$%8% '( )*+,-.

#5968 () *'+' Vo, #-#S.

123(4&%5836,7,583()( 289.8"%8:(

E <ZeB 9%%

<=>

M1'%&'("$01

J#213'+'4 FpHE'2#6#

50

® @ FRI Jet Power Estimates from X-ray Cavities.
@ @ FRIl Jet Power Measurements from Hotspots (g =2).

= = Willott relation with f=20 (upper) and f=1 (lower).
— Extrapolation of FRI Q—L,;, relation.

48

FRII

Q. lergs™]

495 22 24 26 28 30
|—151 [ W HZ Srt]
"#$%8 () *+,-., 10
Lg >"

2# 10% erg & 1 12$' 1 [E/ (21025 eV))?



"HEYo& ()

%o** - ' %$)#(/31-%24%/5'%4.6 P ' SH= $,+BD.A*6/

|"#$#"%&'#()* +I"#$#(,*-.%'/.(.'01/-#22(3!-%24%/5'%4.6

/)1 Ogtp = - dcos" (1 %%cos") d)d—;‘*p-- B (o (B
P 2#5)2/( )(-%2$)")$1

$,7/3(, ", K # BN $OOF3mirasn( (& %96

D1 (*"H#S'H#(/.('OL/-#22/31-%24%/5'%4.6

1 dify 1 2 Z4%! .
%F ) $n mN ¢’ 3 m2 C4(:I I%SInZ%% B°
#S o
$a( 7/ +&$ i 1, 0§ 023567
%



log(t™ [s™])

"#S%&'()*+,-.)H&H+,-+)01+&'-

12'2)3'$4567%56/8'94):)8; <=>?'$S@AB®@056/8' 94):)8;

O NE NN | | | | | | | O | L, | | | | | |
dyn —————
2+ photohadronic _ S 0@ 0 4 k.
2 I"# Bethe-Heitler 2 I"# /6&,.\+, # /0
L . '~.... Syn .............. . ' .,

A HEN& ()HE, el fopp— 1 AR EUHS%& (),

-6 6 . ._._._;.':._.‘,.ﬂ;_..‘::‘.";
I s R Cn

-8 Y 8t 7 f T -
o L 7 e e
° T e

-10 A0— T e dyn - .

______________ photohadronic
T e Bethe-Heitler |
-12 -12 """"""""" Syn ..............
_________ [O—
-14 -14 b ACE v eemeert =
| | | | | | | |
12 3 4 5 6 7 8 9 10 11 12
log(! D [GeV]) log(! D [GeV))

C+"l

- #.101.23 %4 +5 _#.101.23 2 450
6%649%7+809:08: & H#9%!*607 %+ 69649 7+809M<=+=



"HSYRS () *+, +-.

sys. errors: [l Auger TA  ---- (AugeP + TA9)2
84
L v AugerMix, PRD (2014¢ TA
820 = TA, ApJ (2018)
T o Auger, ICRC (2017) unbiased
800
£ 780 SRR E
= - )
=5 760—
£ C
X 740
720
700 EPOSLHC
L ‘ Il Il Il I

W3 4 o6 188 150"
122=7,9*0*P@Q"RHCMI '9(Ero/[eV])

‘ | | | |
19.2 194 19

N
o
4]

log (R,/V)

N
o

19.5

19
18.5

18

2=7,9*HCMF .}

sys. errors: [l Auger TA
80r
701
60—
5 S0
= a0
3 C
£ r
X 30 + ¢
20? v AugerMix, PRD (2014) TA
10i B TA, ApJ (2018)
- o Auger, ICRC (2017) unbiased EPOSLHC
7 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 182 184 186 188 190 192 194 19

I9(Erp/ [eV])

"HEYHE' (H)* I"HHS%& ("$(+,*-)./,0
/-01280134,15
120*3#$%- ("4, *56*/'7+(*8HO*$': ;<
2=7,9*3#$4),:> ?'(0
> )=3/,=8>9'3+*-4=):-)3,

82A2 ACY; AC6EFBACHHIDACECK
> +-9:*8%6,3(9-*8&LMO*4 B
“7-)%),,:%12:N



#5968 ((")*"+$,-.$/-0.1"$2-3"(4)*

" H#S%&'S()($*+,+-&./*01&'2
&$2,30(,45.%'6$,*'2'34.7 /08*9%$&.(0$*%(.
/08'*9$&.,3.%-:,-4,03. 7 '99,%,'34.:,(,34";:*-4,03

<" ='-+5)* 06>.9602/0(,4,03
. 34* 3(,%.-1$3:-3%
1" *-96%'&'*-4,03
%".,3?2'%4,03.2'%>-3, (2

@"=-*:.(/'%4*$2.09.3$%&,
>k A(%-'B.('%4*$2
1" >-% A-9%%0'&*-4":B.(/'%4*$2
06" >-*'3,3:.:$'.40.A'3*:5.80(('(B



102 —

"HSHY& & () + B&H(
I"#$%&" () *+&,+-)$#$.+&/!',0 5 N\
"#$ (%e&)0
%12+-1)*34&567&8+9 ““‘/
! !""#$#! $"%&.l!()*+ &,- / 107 1|0‘25 101 100 10 1([)2 1]0 0°  10° 10° 10’
g|GeV

@ @5&6 A&!+9 D
@ E&Q@ 58AFA

+,%02"$)-&<2)=&$&3+.#>

HEH¥)?7>8<2)=& " "$%+2#.%")$-




"#S%&'()*+,-.)H&H+,-+)01+&'-

()*)+,*-./01./23*4-+5+36

0

-2

4

-6

-8

log(t™ [s™])

-10

-12

-14

T T 1 T T T d)l/n _._.I_._.

n photohadronic ——
#3$%& "-.... Bethe-Heitler ———

- '37"79-2: <#™= IR A

log( i, [GeV])

| S 08I0 *+
- *1&01&/12#"-3#,&.-"*

log(t™ [s™)

12

-10

-12

-14

7/89:*:<=:

QlL./23* 4-+5+36

log( i, [GeV])

| %&AS(S *+&
- *I&0186H ,788*8

| | I'.... T T T T T
#$%&
-137779-2 j<#=
i e dyn ---- _
_."photohadronic
e Bethe-Heitler |
"""""""" Syn
“““““““ IC
e acc .
o | l ! l l | I
3 4 5 6 7 8 9 10 11 12



l0g(E,,ax [€V])

log(fa 1)

22

21

20

18

I"HSYHE

|~

—)

A ©®© N R O B N W b

>

A)$-*B=B@C

A)5$6@G=6:6%$)8)*+>

1 35$6@G=6:6%$)8)*+>%

H@66@*@>$":*-<

" #3%&0 )*+, -
" #.&&/90#0 ,

2,5%$9=-=8<)+*@<=78%)22=;=)8;>

2,,5$6)-78$3*79:;<=78%$)22=;=)8;>

12 125 13 135 14 145 15 155 16 16.5

<€ log(r [cm])

3F7<7-3F)*=; 6@+($9=--=3@<=78
<€ >




"H#$%6& (") *"+$,-.$/-0.1"$2-3"(4)*

" HE%&'S()($H+,+-&.[* 0182
&$2,30(,45.*6$,*2'34.7 /08*9$&.(0$*%0'(.
/08'*9$&.,3.*-:,-4,03. 7 '99,%,'34.,(,34":*-4,03

<" ='-+5)* 06>.902/0(,4,03
' 34*,3(,%.-1$3:-3%
1" *-%%'&"*-4,03
%".,3?'%4,03.2'%>-3,(2

@"=-*.(/'%4*$2.09.3$%&,
>0k A(%-'BL(/'%4%$2
1" >-*1 A-%60%'&"*-4"B.(/'%4*$2
06" >-*'3,3:.:$".40.A'3'*:5.&0(('(B



"HS%&' (%) +,&+./$012-31.4+5  (67+85,$9):57,&8:5

i 7\
I~ /]
Z\% \l Y /7
. &
&/\
v U
{\ 205
WE}S}v
~NE usSE}v
Fwol 200
A &7 8s0f
VP]V r CE]A j g 800l V_’___.._-;'—""::’
o0 _._a—":';i';;—;igiii! s
UKUE U D=2 750p=ggssere
) N0 % oof”

g 650==——

IHSYO&! () (5 #-(*./&.0')* . 1#&) 22#(34+.5# i —

4%(2.63.(4.2#%7 8/%9.(*%/#8&%0.+2 S |
M (24) (%) ((%32#.24)8'(9#28.4%/3&5# <)/0 ir o Tt
="#>34+ H) (#2317 H@AT HAIY(HBBEH v e pr mewe
D"#E%//'+)*l%(#|:"#2*)/G 3/2*#9)+)H' 2 1<) (9I#KLB#IMJI#I<)(9#N#KL#!O




#5908 ()*&+,$-$.8,* /01*&*2('$345,8+,

102 T R Eama e s T

Fo+TA all ———— ]
| ® Auger ICRC2013 H —mm

—_ He —--—-—-—-—-

n CNO ——

a 1025__ BLZ<L12 oot —

_ 3 1227220 — — — — 7

'n 20<7s 26 —

N

|

S

N

>

2

L

o

~

Z

o

el

(]

Xxmax [g/cm?]

Fang, Kotera, KM & Olinto 12 ApJ
Fang, Kotera, KM & Olinto 14 PRD
see also Arons 03 ApJ of

IS

[T T T T T T s s 1 s et e -&-u-u'ui-u-u-a-'.“-.--i

o(Xmax) [g/cm?]

N
o

1618 10‘19 1020

KM, Meszaros & Zhang 09 PRD 1"I#$50%



"HE%& ()*S+,-, &' (&$./&-*($0*'$12*,3

"#$%8&D"#(#%P)*+,-& #%/*&$"0&$) &) "#&1#)2'+'++,&3+4,5$%C
GH#%#" K& %*/13"* MTNEOSIRER@MMQ

LR 2
-

- 7=

E3®(E)(eVZm 2sr s 1)

A d A . L L
18.0 18.5 19.0 19.5 20.0 20.5

logo(E/eV)

cocoon

70 8#'6'(*,9895($)*'& #; Xx#; =8|
>0 ?$%5&! @#')%4/&@Y%H5* H5

AO B4'(#*&'$,814%C*CH# |
DO =+%%6#($)*+, &EO&%$5*+&9$($F*#IV

.0 18.5 19.0 195 20.0 20.5

log19(E/eV)
'RO&VWXA((*C$, Y &X[BIB*(FI&SS)) " HEY&TM RO6+/81 A% SR SET"S. 08 TME<E




"H$68 () *$+,-, &' (&$./&*($101*22*2$(3$4-/5+65%

I"#$%&'&()$*%0)+,)-.,+, 3/ &+ (#'+ &) &) %&O'H#,& 1% &+])

E20[GeVcm™2s1sr 1]

10>

T

=&K;+L")&(M+HN+J-O¢

— Fermi EGB IceCube (HESE 6yr) KASCADE — all
mm FermiEGB (non — blazar) [l IceCube (v, 6yr) + 4 KASCADE - light
Sy e T W e 1y
10—6 =— Associated yray 010 *+ D ( 0.91)
*ﬂ+,_++ ++ AA--- EE:H‘;eh(:ium/heavy
1077
108
107°
<) E FG HI+D:46(&+J8*.20.
10—10 ‘\‘\ N 900
10t 102 10° 10% 10> 10° 107 10% 10° 10%° 10 — EPos-hc
E[GeV] - =0 QG)SlJetIII-04 _— ::;::,1:::7-‘ P
E 800 . ‘:::_,__,:::-‘-:: ......
"#$ %&' &()*+,-./+ O#'12'8&3&'4 2'+056.4&(. " .
~+'60582/+78#4#92.2'48)(:42#36(2')+92116.2#' E o
O#'.2.48'4+$;+<&(32+:0085& (:42#+=>?@
s | Auger ICRC2015
H((&5:42#'+$;+5:()&%.0:58+.4(6046(& ABCD =g,

18.5 19.0 19.5 20.0

logE[eV]



"HH$Y%& ((

"HEY& )+, %+ + -("$./0.
12'3%0/-,%+'42'(/$., %5& 1% %&58$/.,"0'62'(/$., %58 ,0. &5

7 1#(&30"8/9'&+./:5,+)&3"-#5.,:-&++80<&$'+"H#$%&
5'0<'=>79'08@."-#5.,;-&++&0<&$'./$<&.
3,88%+,.*"A'.$/0+,8&0.+'BIG:>? :IDIC E>?'&.%2F
GH)/.'\+')&'%&0.$/5'&0<,0&1J

7 K"+-,9%;%/*G&-,++,"0J
3,AA#+,8&'+)"%L"/%%&5&%/.,"09'+./03/$3
&+%/(,0<'K>+'M'/%%&5&$/.&3'K>+
N#<&P'$&+#5.+9'0&0'%)/55&0<&+'A"$'+"#$%&'-"3&5+



HS%8 () H#")+, 8- (&)/0(1"#2

"H#$%6$& ()*+,"-./0,)].'%) % $&')'%1)1"220,)/.'%)3450,%$8' 6

The discovery of a neutron star merger event, GW170817, which is coinciae with GRB 170817A, was followed by
the observations of their electromagnetic counterparts. In particular, the optical and infrared counterpart is so-called
a kilonova/macronova, which is likely to be powered byr-process elements. Analogous to supernovae, the ejec
with total mass M freely expands with velocity V. Initially, the system is optically thick, i.e. the optical depth for
the ejecta, ! = "K#R, is larger than unity. Here K is the opacity, # ! % Is the mass density,R is the ejecta
radius, and " = 0.1 is a correction factor related to the density structure. Most of the photons in the ejecta can
break out when the expansion is faster than the photon diusion time. For the near-infrared component, the observec
luminosity at the peak time (about a week after the coalescence) it yr = 10%! erg 8 1 and the € ective temperature

Is Tnyir = 3000 K. For simplicity, the ejecta is assumed to be spherical.

1. Estimate the ejecta radiusR at the peak time.

2. By equating the photon di! usion time to the ejecta expansion time, give the condition for the ploton breakout
using! and V. You may ignore numerical factors.

3. Using the previous result and assuming/ = 0.1c and K = 10 cm? g' !, estimate the ejecta massM .

4. If the ejecta is powered by radioactive nuclei, as in the theory of gpernova light curves, the luminosity around
the peak time is essentially equal to the heating luminosityQ. According to the Fermi theory, the heating

luminosity is roughly given by
' n

me Mc2 t 12 (1)

"AHn, tg  tr ’

wheretr = 8610 s, mp/m ¢ $ 1836 is the proton-electron mass ratio, and'A#is the average mass number.
Assuming that the peak time is 1& s, give the order of magnitude estimate or'A#and discuss its implications.

Q(t) =




"HS%& (") +,&"-.(&)/012

" HSUR)%+,-(.9/0).1--23"-&)4$5-67
+"-89%$1-5.$(-09%-5%:$%%,+0).1-9+;;$1<
="-89+0-)(-09%$-0)*$-$>.%/0).1-.&-,+5)/(-&.,-0¥8$5.> '?2+@%.,-;9+($<
"-89+0-)(-09$-0)*$-$>.96/0).1-.&-)1LA$:0$5-;+,0):%$(-2+((I'B-09+0-)0-)(---

,.:.,0).1+%-0.-$1%$,B@-:+,,)$5-=@-+-(9$%%7<
5"-89+0-)(-09%-0)*$-$>.%/0).1-.&-09%-*+4)*/*-$1$,B@-+((/* )1B-09%-
#$5.> '"?2+@%.,-$4;+1().1<
0).1+%"-
89+0-)(-09$-0)*$-$>.96/0).1-.&-09$-*+4)*/*-$1$,B@-+((/*)1B -09$-
6%+15&.,€:D$$-$4;+1().1-.,-A$0)15/:$5-:.:..1-$4;+1().1<

E" F(0)*+0$-:9.0.5)()10$B,+0).1-.:0):+%-5%;09-&.,-2G#-
HIHIKHIJ
+"-F(0)*+0%$-09%-),.1-$1%,B@-09+0-:+/($(-+-,$(.1+1:$-3) 0% L$M;9.0.1(
="_F(0)*+0$-09$-:9.0.5)()10$B,+0).1-.:0):+%-5%:09

2NOP4!HR$ BR(S-,0MH:*S- | OEH7
_U+1-VWFUX-),. 1(-(/,>)>$<-2+((/*$-:9.0.1-)15$4- " OE"TYP7-



I"HEU& " ()+( M, Yo

Cosmic Ragj

[GeV em?Zstsrl

2




HE6& (") *+, - JHS O+, + ) *-1%23+$) %"

| . B#$Y%SCEH)#=(?830=-#

+-./01 2345611(7(348-3.
q:% ;<!+,#14=>0>48(#.-?31(.@

Active galactic nuclei  1-ray burst

4113(80-=#8- 1-3( 2L-774D.(#-L#
/4. OAHI TALIHK-7( /4..0A(#.843.

p+!1 N"+X

|
A \
"H$06&" (1) V6HE™+( - /7@

Yot +*%#01*

"SOFSH()  +H=217(-=H(=(3G5##
+-J01 2B45#,(.(3A-03.

Starburst galaxy Galaxy group/cluster

KOGK#.84B-3/480-=#  G0G4=801#3(.(3A-03.#N%#
M#/4=5#.7D(3=-A4( 60PQ#GA74:5#/(3G(3.#

p+p! N/+X

|

A
2-HY6 3 WHO(4%. %
1+ UHOL \‘@\




"HB%& ' ()*+(H,-. " Yo-#

Starburst galaxies Galaxy clusters/groups A"

9:" :
<=7 2@ "#$%E&™ ()* <=>7' 221@
o) o 1)2)30$!
: ﬁ$ A)&”g)$ (+$+(,#&($' )/.0($,1)2)30$!
#%)+,-"%!.! 1)2)3+,4$%1%$%!
)/.0(3,1)2)303! )1%%$.0'&,!5'/6!

I"HS068 (&) &+#
34

7'$-,8,9)34)&,:;

<=>2&"$,8, @)1).)60 :A
* &)+(0)1#-).(Yo&H23H!"#1%4-$)/
B55&"&+08.*2C&103(1*234%$

H# '+0+(1*234%$2)(+2
+$"):+2/&8C#B82&08+()"8&#0%

"#05&0+627*2%)10+8&"25&+.6$



mixed 1uG

10_9.—_.

10—10

cool core cool core

— mixed 10uG
............ mixed 3uG
- - —— protons 10uG
_______ mixed no B
_ mixed 1OILG)

mixed 30uG

shifted 100kpc

E? dN/dE [GeV cm™® 57" sr7'] / (Leraa X Neg,-s)

log E [GeV]

10°

GeVicn’ s sr]

A'&>0>.)&.3BCS |

'4>)9D,.0'&>
4(.$(&A)9.,0& |

19

0

lll#$%&#

\ "#$%&' ()$*$ +,-,.,/0 12

AMANDA(\! u); Baikal(!-e).

12(8%-12/(+

10 10° 10’

109 1011



"#35%&D" (I"#F )*+3,-./01#2#3-4'506#'- 7"

I "#$%&'()*+,-./-0'#12.
3456.7895:;<. ! —>?@.$,A B.0=5>> A &
%#$8EC.3D8d. (—>7@.5.,K B.0=@>. A%
'(EAA $+FP=@.$,A% B.0=5>> A &

I 9G.+,,-F-)+1H)'
D(l-)OHJ+-6.%2I-)0OHJ+-6.8GK'6.
D(lI-) &E(EEF-'.LA(F1#1B7- M
8+F+N2.A-)$-)'6.087

I"#$%&S'()*+,-*./$01+-*./ Qcr " 85# 10" erg Mpc ° yr' * &1 1(skr,1 3

LDP8.9G.-0-)$2.E(/$-1 = 3#FQ2 R+2.9G.E(/$-1.# .=@>.1#A- F4$-)M
20314.*+$.9)1$ 5#2'6$7*+08 tesc ! tagyv ! h/Vyw $ 3.1 Myr (h/ kpC)V\,\!,,%.5

99%1::*4*1+4/ fpp I &p#pp nCteSC $ 11 $g,! 1VVEI,%.5(tesclt adv)



!II##"

P& ()*)+*

- 10-#'1*"02304*4

"#$5%&S" )#*+(Yo++,(-+"+."+-(/,(0+12 3+1 4#55#($#6'

log,, [vL, (erg s1)]

45+601237-./0123

40

I' #$%&(
10° T A
0 e T %
: 3
S =3
% 107 g
: z
“ W
10'5 1 1 1
10 10 10° 10° 10°
Energy (MeV)
7. 8+$5#,,9( (
TP T T T T T
u M82
B = 150 uG -

8

®
| 31
I
’ =g\ B —
o, EX 3
|7\ > g i
. / X 21 B
| Y TR -2 <L RPN SRR I
-4 -3-2-10 1 2 3 4 5 6 7 8 9

10°
NGC 1068
* LAT
o HE.S.S. 10
0%k V7 [ 12 2 5§
] — »
[T g
8
107 z
T 1012
)II|8
10° 2 3 4 5 6 7
10 10 10 10 10 10

Enerav (MeV)

)< +8%%,

10° 10 10° 10°
Energy(MeV)

7<=>(3#,49(:?(7<=@(A+,49(: B(7< @’(O$/CC/ 9(Bt=@

log,, [vL, (erg s1)]

L =" R B B L R A T
u M82

40 B = 400 uG H
,_I,,'T‘

-./*0123

8>oE$/& ) F(G+#£.E5 :2(7<=



"HE%&'S()  *"%o+($8%%6,-,./0&1$H2(1)

%"$+7$K)7,9+6)K$6<$.0)$!,0),0.)9$1-*,.+;* PO SNV

" C3YBC3FE % A$.<?+,0/$+*1909)K$/-:+*;7+.<

H)KT7O+.$)J:/-.+*ASCN HE$2$.:$TC3$1;9$'3UT2

S | %, O)**+,-.. [012$$

%! %#3435 "9:+$,://06;90.+;*$3D$V? V2

'607+,$089)):)*.$14%,0/;9+:).9<2

=$>.<?+,0/@F  *)-.9+*%$/-:+*7+.<A
B% C$DE3¥F)98% 73

>)),.+J) @PK)*7+.<AG3HLM?, HN
,0$6)$9)0,0)K$6<$P)*D$' (MSQ$ROE:0*$3S2



"H#$ 0R'S()*+,1"#S-. $/"01#2#3)4/50  //507

Ly $%&'( H#3%,$$#(>*2, (I(IK(LM(NO>P
Ly $%8&+

~
~
IS
-~
~
~
~
-~
~
~
~
~
o ~
~ ~
~ ~
~
~
~
~
~
~
L ]
~
~
'S
o

|1 " | ) 1
!II "t !Il !ll " ' # Ill $ !ll A) !|| &‘ !II

Y-
HSO&S™ (JHH(+, "< HIO(- 1+ *( | #52(" * 3&I"H*- & IOA(Y%&" (5-+( *(3.52
6 7.83# 8" (&) SHHO: 1 ABH) S (>270). . %&" @

6 +-)"$H/(.*2.)-'(#P-(&*)-$"#.%(9),&/2(%-( o BCDE#"(F.GF(-*-$G.-'@



"4 $$Y6& ()*(+,".

I"HE%& &()*+$,-$+./01#"2
34//1$&1$5%/7
8$4/"1#94:$:4//$&1$ <=>>F/7

@:#2&'$+".[#4:A&/I$B C@/DS&#/$4:1$
+"EE909/41%$1:$/(.'&94$F>6/F$ H&1&

"H#HPN&' (#"'&)*$"+#
-(((/1$'&0#(123&$/$'0(*" (445 oow(>
6(-7/83'9+"1";  7<' = QoW(>N(X$)W(,CN(G'W¥F
>-(?91+#@29'&1*$: $#*$A(#)3'9+": 1

B1221 @918(%)9#*#0"(R(V19(,CN(Y1+BW(,F
C-(?83' (D D##H3'9+":1"
F-(G)3'9 @6)%6%68# Z$91J1#[: S&RE")#IS+ H
H-(5<(0$#J@09%:"+()*/&"K# 21206m90mv(,C
L-(51&1M8(2'9B'9# 01#[$8121(R(O'#P19"# ,C

/0"128..)3%

‘7; 107
g

& o108 L
55

10°

E (GeV)

G'++" ND'#P19"#N(QON(9K1&0 R(S"#(,F( 13T
US1"ND'#P19"#N(QO(R(V1S$(, 1T



"H#$%8&" ()*+(,-./$0'1""-23$4#$506

S2/)27)%2%-4/,-832+,2$/001-+C80/%~ " %$@702/,+37%01-272""-
1"-56-/44+0+)/23)%-/)+-@3)+-83.4)>70-2A/,-%78+),3*/+-T?%3,(-2A+-& ++U
=" H#$>>7%$3,-%A370(-2+-@ 74A-%03.+)-2A/,-+C8+42+(-DRB-ZALK/0/C1
D"-Q+,%$3,-.$2A-E+)@$-/,(-JO5Q-(/2/-T,3) @/0$V/2$BA323,-$,(+CU
F$7G-HIG-J,37+G-K+-L-M/,B-1Q8P

107 | o, ;
: i €63 --- v v (m+cas) ]
- FB% -------- vy (7% only)
0 I % ]
j) %ﬁi }_?:15 (all I bined)
1 _ vor, mbin
Im 10 7 . }i{lﬂfl L a a o}{:o e é
g !.«":_‘,:jj.'_'.".".':fe;,.,_".,..,,::‘ 'H' Tl I ’Jf
% , '.11::" " N =~ 1 ) 4
9/ , \ N ~ N _
LJ - \\\ A
=z - o \ \ -
O [ SPL Teg=2.1 R N Voo
(] L So R \\ \ |
| BPL I'=2.0/2.5 N\ N !
107° ! ‘ L | ‘ Mot
10° 10? 10* 10° 10°

Energy (GeV)

" #3%&'()$*+,-.$,(%-/)+-0$&+01-23-/44+0+)/2+-56%-7B-23-:- ;+<
=" #$>>7%3$3,-43+>>$4%5+,2%-46@H05)3@-2A3%+-3>-%2/)'>3) @$,B-B/0/(
D" 53,%%$%2+,2-E+)@%-03@%$2%-/,(-56-%8+42)/-4/,-?+-Al)(+)-



"HEU0&' (VH&H +)* - %/)#01)2&./3"/

| "#$%&' () *$+% ,&*-.+#*/$0-12#34#5
#6789 ", 9=-&->+4778; F<1'+#$+%5

| AB-&"+(+%&$3%*
&'$/C+-,&(&'S/"-#)' (+/
&"%+$/3#-*D3'2*-1;&**/C+-'()*$+%*5
&(&?0E'()*$+%-;+%,+%*

123(48961)*+ $*%-(.&+$*%- Qcr " 3.2# 10%° erg Mpc ° yr' ' % 1 1L 45%cc 1 5
#5968 (#)*+ $%-(.&+$*%- Qo " 1.0# 10" erg Mpc ° yr' * % 1 1L acas.5%6c,! 5

//(&00*1*&+!- fop ! &#ppnCling $ 0.76# 10 ° gmy 4(tint / 2 Gyr)



HE BO"& (),

i T "39.2.8+98-=28>-9397+8+"8239
3@-,ABBA-#AC.

ODE8-"399+"8239-83-8>+-72@@
@FE(-2.-A"8EAFFC-938-8#2G2/

KM, Asano & Inoue 08 [JMPD o

log(E, [erg])

., $%&' ()% +#,-.) 012#,34
5-6 .,7! ,8:$5:(0% 9 +#, o |

KM & Beacom 13 JCAP

] ]
1.5 1.75 2 2.25
S

2.5



FS"L (E > 500 MeV) [ph/ cm?/ §]

HH D& ()1 &'0.14+%23+

> N("112%@%>7A

109,

e ' T

mmmmmmmmmmm o)
< < < < < < < < << <O

B$$8/$9
41 41" HYo+*(*2$%&) (% 1/"10#%-+8$2/1$
4 Y1$,"2*1C%3*8&8$/M4!"#%60.CD

4 1"3%%%-'1$21"12$%8&.196("$$*)/%-+852/1$

AE%$7/-2!"+%*13*-/$%-"11'2%0/%$2//7
"--112%1%$,'-.%%$-/1"1*'%*$%3*$&")'1/3%

T

| 1"#$%&!" (%)*1*"+%3$,'-.$%
,")/%0//1%-'1$2!"*1/3
456%7!/$$8!/9%
100;<%'&%02,/!("+%7'/$$8!/

4 56%/&&*-*[1-#9%:%;=<%%
0829%$//9%>-./1("11?%;F¥r7 A

1#( .

6/*$$7%:G

LIS LIS LI

UL LI T
7.819/:1:<=>2>5@-

7.81AB5/1;,CC17.8@ — —— ]
7.81DE1.>=>FG1A=H4:/51.5BH3—— |
AB43BK/ED2 -~~~




FS"L (E > 500 MeV) [ph/ cm?/ §]

HH D& ()1 &'0.14+%23+

> N("112%@%>7A

109,

e ' T

¢t 2 9 b o ®m» ¥ WV o N

HCG94

mmmmmmmmmmm o)
< < < < < < < < << <O

FORNAX |

B$$8/$9

41 41" HY%+*(*2$%&.) (% 1/"10#%-+8$2/'$
4 Y1$,"2*1C%3*8&8$/M4!"#%60.CD

4 1"3%0-'1$21"1 2$%&1%("$$*)/%-+8$2/1%%

[G@cm'2 st sr'l]

AE%$7/-21"+%*13*-/$%-"11'2%0/%$2//7 ™
"1/2%1%$, - %$-11"1* %*$%3*S&") /3%

| 1"H$9&! (%) 1" +96$, - $%

,")/%0//1%-'1$2!"*1/3
456%7!/$$8!/9%
100;<%'&%02,/!("+%7'/$$8!/
4 56%/&&*-*[1-#9%:%;=<%%
0829%$//9%>-./1("11?%;F¥r7 A

6/*$$7%:G

10®

107

LELE

LIS LIS

LN
AGN Jet (Blazar)

AGN Core (LL AGN)
AGN in Galaxy Cluster/Group
Cosmogenic

10

11



"H$%& ($")*)+,$-*./'01/

| "#$%&'&()*)+,-(/(012(%2()$3)45)6(5.(7)(8%,8()*.",8(((
9%/(:;<(#+)(58)(2.'+4)2(./(=>?012@

| %, #*5%4A(B(01(4.*/%*)&)*5 %¥#2- 9?(C()D1EFGF)I@
01 6%i2%.*(5%&) tair | (13, /6D)$ 16Gyr" 17°B/"gs(Icon/ 30 kpe) ¥ °M5°

tair = ting == "P! 0.04'0$ 2.0PeVB, ¢5(lcon/ 30 kpc) “M Z(tinj/ 2 Gyr)' °
I 1"#$%

| AN'25)+(&#22(/"*45%.*S(T*.U*
ON.UB#22 4N'25)+24+) %&3.+5#*5@

;< )V.N'5%.*S OFWT @

| #2 6)*2%5-S +)N#5%V)N- T* U*

Jtt++)*K ( THLEMOb#E . NL O( 9 3+./%N)@
P).6.+. GQER

B +)#2.5#7N) 3+)6%45%.*2



"HS%&' () )"H+%* -, "/#01203"4$*%& #

"HSU&S "V H+,-.(/ 112034567 BITH*S$,:-"$,7(:$(< 3<. 7:$$7@
A H+B(7*8"-$'.(/ ;12034567 38C)(,12030567 389:#" E-

77k&.|"-3.‘|"/:h nopt * 1 n nopit 1
4SS $%"&($#)%*%$&)' +8&%,) "4 $%"&($H)6HS$,8'+($&,
-'#.)$%+'/0),&+'/", &, -'#.)$%+'/0)4+1+70)61",&%',
" $ | AL R rorrTrTTy
| *=@!"(AB*=@$!&(BCAS —— ] " Virgo —— ' ' '
%6 *=@!"(AB*=@$!&( .............. ] 69 PFornax - |||1%2)#u& .
- r ..............
! 86960"/% %$< | B[  Coma -
' —>0)# ’5? 67 L Ophiuchus

*+-./01203/4567089: | ;

e #
3 N
!"#$%&§$2
L .\\ paal ]

’ !II % !ll & !II ! !II (
D <=>7

S
F5(G(Q#+:#/(24 F5(G(H-#7:; 28(1JKL

ASM(TNBIT-((-(-8"$,1/(, O[> ($--$E: $GM-*(#S-(7:$ $-7"

2.25 2.5 2.75 3



log(! [Mpc])

!II##II

HE%&() " H)$++ 1%, 1+)0)

B6"&' ()" +,")-*.&

&+1F. LH)HS HS-1)#./%.1'+

1000§ L ) e e )
3 - F3-G7 H&'?+=60+ $CDBE """
100 & 3
2 ’
10 =
1
0 1F E
_1 ht 0.1 = \\\_;
-2 2 N L - A ~1
""" 0.01 3 =
3k ]
- 0.001 ¢ =
-4 wSyn E 3
AB $CDG6EF
-5 l l l l l 0.0001 & 3
0 2 4 6 8 10 12 -
log(E [GeV]) 10-6 Li i/ RV BT
0.01 0.1 1 10 100 1000
E [TeV]
L #S%%E *+,&-./01(,02&L#3%'() *+,&013,4/,010&

5(0-36(&70&6+0074.(&*+,8(..7617-3.&83.397(0&(9-(61&*+,&+

L0 <0

83==3&,3>0807?+/.@&(0-36( *,+=1?( 0+/,-(0



HSYR () +,- JH#%01$%2)(

[GeV cm? st sr'l]

2




"HSYR ((VF'+,-.(/%0,12+$%0#, 3204*+.")5(

!II##II

$%&' ()$* + -/

-5
10 IceCube (HESE 4yr) KASCADE — all
==V — allflavor * ¢ KASCADE - light
Murase — Beacom 2010 +* A Auger (E x 1.05)
— -6 TA + TALE (E x 0.91)
e 10 ﬂ A‘A = CR - all
B + = CR —medium/heavy
— A— CR —light
I
v 10~
9
&
(@)
> -8
> 10
O,
9
w 107° A
10-10 ++'
102 104 10° 108 1010

"HS0&' () Yokt +, - $H# ..

E[GeV]

'/012-3-(#'3-'4#5'6'78 ¥ #$%';2/ < &$*=



"HS 0&'(J#*+,-./"0+12)3"04(+&' ()#(3"0.

N
w
|

(IGRB) \

41 | | | | | | | | | | | |
g 9 10 11 12 13 14 15 16 17 18 19 20

"#$# %&'&()*+,- log(E [eV])
JOL(2#384(0*5#+10#+66H#789:+1+3604: +H#<0=BGA "7 BA2B.C

log(E dQ/dE [erg Mpc'3 yr'l])

N
N
|
|




"HS OR'(J#++ -./"0+12)3"04(+& ()#(3"0.

-ray upper limit on
CR sources with,f.,=0.1

N
ol

-ray upper limit on
CR sources with f..,>1

constraint on

log(E dQ,,/dE [erg Mpc:'3 yr'l])
I
N

43 CR sources T
with f . >1
42 + -
41 I I I I I I I I I I I I
8 9 10 11 12 13 14 15 16 17 18 19 20
I"4#$H %&'&()*+,- log(E [eV])

101(2#38&4A(0*5#+10#+664#789:+1+360#; +#<0=@AGLRH"7 BA2B.C



"HE0&'(V*+,,+  )-J01  O("2$&('3

"#$% &B()(*#+(,$ ;) $-'+"($,./ O#11#2"#3.242567809.
| "#5%&'(! )&*&+,-+./(0'(1)+234+5"*6+1(178'14+%144+*6&(+& Q15
| "4.8&%'(8 234 ;& .I(*7'.<*1 */ *61/,417=1)+>?"23 0%<#

107> Y

— Fermi EGB IceCube (HESE 6yr) * KASCADE — all
A ) © Mger (2 1.08) F&8 GHI JK+B&*<71+96-4'4
— —6 | = Associated yray — source Murase — Beacom 2010 x 0.
TL 10 A ted yray *+ + AA _'(I;AR-t'gﬁLE.(E 0.91)
h + A == CR—rTwedlum/heavy
— A= CR —light
w 107
|
=
(@]
2 1078
O
—_ 900
© — EPOS-LHC
W 107° g50| - Sibyli2.1 _—1p
o QGSJetll-04 /:_—:.T:::: -----
. g 800 /1____,:,::::: ,,,,,
\ \ S ,__..—..1-’--"""
10719 1 2 3 - 5 6 7 8 9 10 7011 A 750 ~{Fe
10~ 10 10° 10* 102 10° 10’ 10° 10° 10*° 10 x
E[GeV] £ 700
I @AB+&4+C>?"23D+&..1%17&*/74 v
650 gt
! 23+(<%1'E+6&7)17+*6&(+23+$7/*/(4 e | Auger ICRC2015

)<1+*/+$6/*/)'4I(*187&*'/(4"(4')1+_%<4*174 17.5 18.0 18I.§gE[e\§?.o 19.5 20.0



"#$%8&'()(



"HEN&S'() "+, -

I"HS%8()*&
+,&- .

0&'()1
e 2 3%$+4&568788<8& =§,,. >?

2 1"#$%&<&0I&+%F&@A9B+,5C
-6,$%B%3$,+,5A6&5E&F5GG$E

2 H6@%$%,+56,5E&56&I+F%AC
56,%%+@,5A6&9AF$DE



"5 Y08 &"()*)+, -

L sibyli2.1 S ' ' ]
- QGSJET I1-4 —a— "HBI%% &)+, "+ &'+ # ]
HC .

TIEXE ; %% 2 %E 1 i e H
1. —

T T =
N et Lo L e T
7310'2% f } 1




"#$"%&'&"()*")'+,)-"./0,%1

[N
%

j; .. ) I"HS%8, (&)*1+

HEN&()*+$,& 5 |
/012384456 & \
78+$78'7%8+9-(9'77798 | 100
[ 410 i \
-y /1013=
) ol
10157 -
:@AO]_OA 1|8 1£|;.5' I19

— 900

€ F  EPOS-LHC H




"H$Y6&, ()& HE&+%%

"HHSY& () #+ S+ #,-.$*/'01,.2$3/3" 4/+5'6&/758

Z < - 11
| JE # X i d :ﬂ:FGRB " L max d" 0o E%aXdEOdNAOd#AAO!E; EO;Z

Zmin dZ _ d L EO d EO d E

0
AS i L min min



"HS%&'SOF (H(,  -+.J$)(0$'1*2&//&  -3&1*4.50'0

"#S 0&H'()* +,-#.[*OH&-1* E,6(FG*HI*-+*61J*KLMN*OA=
2 345(86(7-8*.-951+9%: #0*9+-116.*-#15+<#( [+ ‘eem ™ =T
2 377-1-.6+<#(8*.-951+9* #0*=>3 o R
2 >5.:<:618*469-&*#(*??*@AB*#49- 6+<#(9=

E 10% -. *
>$-7+. 50*C*7#O$#9<+<#(*6 F(HA*-- z
=)
e e 3
g =
E
E 10767 T 9.0 105 200 205
g log1o(E/eV)
¥
18 N
I
LUy 0 ©
AR
Si-F 2 (16T))
107 10° 10° 1610 10 i |
r [cm]
!"#$%&'(#")#*)$+, , T -+ )/0"1(1)23)4#"%5 18.0 185 19.0 195 200 20.5

log1o(E/eV)



"HBU&H V6! (%) (H+'%+*,-%.1081%  234%

I"#$%



"4 Y&, ()%, S

_ | regular turbulent regular turbulent
'Gal = 'pisk T !Disk * a0 T 'Halo

I"H$"06& ()*+,*&-"*(.I"."1*/0$0%& '%*102)" &' Uo*#"$!

| " 1+ P H P
. " #1
po 9 gy P d B

RL 1020 eV 1kpc pG

I"#$"06&' ()*+,*&-"*"3&.020$0%8& '%*102)" & Uo*#" $1*0*%(-".") %" *$") 2&-*$,

# # i
. @AIVE _$#1 g Swa# | Sy 08
rms RL . 1020 eV 10 MpC 1MpC 10°9G
&'1"*1"$0,*4*&'1"*56."0!
! o . - -
"2 d/4! 15" 10°Z2 c "

1020 eV 10 Mpc 1Mpc 10 °G



D" ssoee ()*1),-..-/0'1-,)1%23-

| #*405)64)(634/-()*4-)-78-99-9)
'+)(043/034-9) 7*:+-0'/)."-29(
;043/034-9)7*:+-0'/)."-29(
[23(0-4(<)=>?7@™>% A)
S2*T7-+0<)=@ D >>)+$

"HS0&' ()*+$, +-&%.)&.%*/+0' 1L (*&2)+32*4/5

Frequency

Frequency

0.5

o

0.1 Hi

0

0.4 ———1—
0.35 |
0.3 |-
0.25 |
0.2 |

0.15 -

0.1
0.05
0

4
0.3 i

0.2 {i:

BY%)CD'E*T >FAP'E*7' C)B%)@G

Cluster (center) |:|
Cluster (R=1Mpc)

Filament 2212200 |
GMF (BS-S) s

T T

0O 10 20 30 40 50 60 70 80 90
Deflectlon Angle [deg]

T
Cluster (center) ——
Cluster (R=1Mpc)

Filament <::::2:5%
GMF (BS-S) s

H ]
H H .
H H s
: H ]
z H . -
L o
B E P
: : . .
H T H '
H HEH . .
HE I . .
: - . .
B E O . :
E I . .
i [ -t .
H - i | .
- HEH [ H
- - | [
EIE I B H
HH HE I N
b3 E O E O R b,
HINER S - - LT - I - T e =N s .

10° 10 10° 10 10* 10° 10® 10’

Time-delay [yr]



2(-.

#5068 ()" (*+,-./*0&$. . ¥0$&&,1'2)$"

(/0

"H#$%E&SP!™

(&+,$-." (/01 0*

(&+,$'394!1'34%$%,5#"6478
I"#$%&P!" +#5#96,!":;!

)< |
2('3%411'34$9$,5#"6478'
74"347=6%>?'@,"

7,,2'2(9;
A$,763"647!'=4$'B,$>6C'D2(C'
), 7 EEC'GH<*," IGHIK#9>#7-LM



