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outline
0. introduction
1. Galactic CRs: SNRs

2. UHECRSs: AGNs (blazars)
GRB protons

(GRB nuclei)
(cluster nuclei)

3. knee-ankle CRs: clusters

as hadron indicators

gamma-rays: VS neutrinos:
easy to detect not easy to detect
casily contaminated not easily contaminated

casily absorbed not easily absorbed



observed CR spectrum

Energies and rates of the cosmic-ray particles

— protons only
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up to knee (<10'>-16 ¢V)
Galactic SNRs?
likely, but not yet definitive

knee-ankle (101>-16-1018 V)
Galactic? no new source?

above ankle (>1013 eV)
extragalactic: AGNs?

GRBs?
779



Galactic CRs: SNRs

/Expanding

v, shock

Accelerated

particles
*
confined

in SNR

VN

~gas

l “shock

energetics  Lop~10* erg/s~0.1XEq/tey

radio/X evidence for electron acceleration

BUT

simple theory: E_..~v/cZ e B (vT) Lagage & Cesarsky &3
<10™eV Z V5000kmss” T 1000y:B3u6 <Exnee

no definitive evidence yet for proton acceleration



SNRs: X-rays in high resolution

—>
2.5°'=1.2pc

SN 1006
(AD1006)

Bamba+ 03

shock surfaces ~ very thin filaments
— B~ few 100 uG

CR B amplification?
Lucek Bell 00, Bell 04

acceleration up to E, ..!



SNRs: X-ray variability! Uchiyama+ 07, Nat 449, 576

shock surface hot spots

~ yr time scale variability
— B~1mG!

RX J1713.7-3946 Chandra

C 2000 2005 2006

10 arcsec

favors p-p ¥ as TeV



SNRs: TeV gamma-ray imaging Aharonian+ 04 Nat., 05, 06

RX J1713.7-3946 (discovered by CANGAROO Enomoto+ 02)
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SNRS' Fermi results
0=10 | ( )LeptOﬂlC CasA
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clear detection
clear shell morphology

BUT unclear on 7 bump...

> <100 MeV observations
v observations!

014
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SNRs: Fermi results young vs middle-aged SNRs

C L Funk
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middle-aged SNRs: g
1-10 GeV spectral break -> early CR escape? FEIARDELT TUN
evidence of interaction with molecular clouds <
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other Galactic CR source candidates
hints from TeV

stellar winds Aharonian+ 07
p-p p10 or e-1C?

Declination (J2000)

pulsar wind nebulae?

10"25™ 10"20™ 10724™ 10722" 102"
FghE peasnsion (¢ ) Right ascension (J2000)

y-ray binaries  Aharonian+ 05 Sci., 06
(microquasars) Albert+ 06 Sci.

BH (microblazar) or NS (wind nebulae) Y
v source? \

Galactic GRBs ¢.g. Wick, Dermer & Atoyan 04



TeV unlD sources: dark accelerators!
HESSJ1616-508

possibilities

- stellar winds

- offset pulsar nebulae

- old SNRs

- GRB remnants

- photoexcitation of CR nuclei
- dark matter

Suzaku

HESS

. - —— 277
\ B=10uG HESS . — .
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PeVatron search: wide field facilities
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vy opacity for Galactic interstellar radiation field

—
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additional absorption for < few 100 TeV possible




UHECR sources: acceleration

. adapted from
“Hillas plot” yoshida & Dai 98 E < Ze BR (v/c)
. magnetars confinement
106 ff—>—]
l\‘ E acceleration vs:
max
escape

10°G |- = IS
_lé ’ | source lifetime
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Space\\\
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Galactlc .\, heavy favorite: AGNs
| cllustel‘ls . leading contender: GRBs
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UHECR sources: energy budget SI, arXiv:0809.3205

kinetic E input into the universe AGNs (radio galaxies)

z-dep. LF Willott+ 01
Lyi-L..q correlation  Rawlings 92

I ' I ' I
5 s radio galaxies =
- - - gamma-ray bursts

— cluster accretion |

......... supernovae, GRBs
B oc star formation rate
R, Porciani & Madau 01, Le & Dermer 07

- .ﬁ_f::-.-::m:: N Egrp=10* erg, indep. of beaming

cluster accretion

Press Schechter mass function

| | . | | L...(M)~0.9x10% (M/10'°> Mg)>" erg/s
0 | 2 3 4 5 Keshet+ 04

log (dEj,/dz) [erg Mpc ™|

differential (per unit z) UHECR bu:iget @101 eV
dE,. /dz=(dt/dz)/dL L dn/dL ueg ~3x10°19 erg cm™

~10°*erg Mpc?



local extragalactic gamma-ray horizon

A(Mpc)
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active galactic nuclei (AGNs) FR 2 GeV blazar

supermassive black hole radio

+accretion disk (flow) high- galaxy

radio-loud power
@ (relativistic jet) 1%,

low- 90/

radio-
X ower
quiet ~90% P TeV blazar
(no jet) (BL Lac)
FR 1
radio
Seyfert galaxy galaxy strong nonthermal

emission
=particle acceleration

radio-quiet quasar

activity timescales
~106-103 yr




AGNSs: acceleration sites
high power (FR 2) radio galaxy

from Chandra webpage

near-nucleus
highest E not expected

inner jet (blazar)
EmaX~Epy~<102°eV

accel./escape nontrivial

hot spot
R~10?' cm B~1mG
EmaXNEESCNI()zo-zleV

accel./escape easier

bow shock
R~103 cm B~0.1mG

EmaXNEeSCNI 02%V
Berezhko 08
accel. nontrivial



Cen A

Cen A excess events:

UHECR (nucler)

accelerated 1n jet core

-> escape along jet

-> deflected by lobe MF
+deflected by Galactic M

20.000

c.f. Rachen 08
Lemoine & Waxman 0

%alactic Laﬂ.tude (degqg)
[
e
o
o
o

320.000 310.000 300.000
Galactic Longitude (deq)

Moskalenko+ 09



proton blazar model Mannheim 93, etc
€'+B—>€'-|-’YLE
Py =N+ 0, i 1052y mwh—et+3v
— V+Y g — ere'
|
e'e+B— e'ety
|

proton-induced cascade

p+tBop+y proton synchrotron °F

14

difficulties
1. poor fit to broadband spectra?

13E

2.1, too long(?) to explain
<day timescale X-TeV correlation
subminute TeV variability 10¢

AN|og(vF,/Jy Hz)
N

however: 0
can we still see UHE proton signatures
mixed with leptonic emission?

log (v/Hz)



leptonic+hadronic emission model
Cerruti, Zech, SI & Boisson, in prep.

leptonic model of Katarzynski, Sol & Kus 01

- one zone synchrotron+SSC

- electron spectrum: phenomenological broken power-law
- 1nternal yy pair absorption

hadronic processes

- proton synchrotron

- photomeson interactions (SOPHIA)
- syn+IC emission secondary pairs

(- Bethe-Heitler pair production)

(- muon synchrotron)

EBL: Kneiske+04 best fit model

compare with PKS 2155-304 2008 simultaneous data
HESS, Fermi, RXTE, ATOM Aharonian+ 09




leptonic emission model

SSC Model
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B=0.018 G, R=4.7x10'® cm?



leptonic+hadronic emission model

Lepto-Hadronic Model
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B=0.25 G, R=5.2x10'5 cm?, U /U =1

GeV “feature”~ p sync? test with variability




hadronic emission model

Hadronic Model
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B=70G, R=1.0x10"> ¢cm?, U /U=10"

TeV “excess”~ py cascade? test with variability




short timescale flare from

max

I(>200 GeV) [ 10° cm?s™]
N

jet-star interaction?

\J ./

BH

4= Aharonian+ 06
3.5 .
3 HESS observations of
o min timescale flare
= in PKS 2155-304
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hot spots: UHECR-induced emission

log[d(L,/erg s")/dlog(ET/eV)]
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pPY pair cascade
Mannheim+ 91

proton synchrotron
Aharonian 02

generally not strong,

but worth reconsideration
for CTA



GRBs: acceleration sites

Progenior : Waxman 95
(massive slar) Vietri 95

External

Internal shocks

Alterglow

prompt X-y emission optical flash, radio flare radio-IR-opt-X afterglow
internal shocks external reverse shock external forward shock
R~I"ct,, ~10!2-10'% cm R~R..~10'% cm R~R ;..-Ryg~101-10'8 cm
B~10°-103 G B~10G B~10-0.01 G? >>Bq,

1—‘relN 1 1_qlrelN 1 1_1rel>> 1



GRBs as UHECR sources: diagnostics

time delay
t(Ep,D)~62D/4c

10—14 —

Waxman &

107 2 2 2
107 yr Ep,zo DlOOMpc lMpcB—S
10-15

—

=
1
—
[=:]
|

.].-

o/ dE (E2/10%0 eV) [m™2 s71]

CR spectra of individual source
narrow at given time?

d
-
<
3
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Miralda-Escude 96 _

J 10

->need large statistics Lo

secondary neutral (gamma & neutrino)
signatures essential to identify sources
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O K. Asano w:106MeV. 4, =22x10 s



GRB GeV-TeV emission from electrons+protons

- electrons+protons acceleration in internal shocks (prompt phase)
- pair cascading, py interactions, various radiative processes...
- parameters: pulse energy E, pulse timescale At, I', fz=ug/u,

fix E,=300 keV, B=2.5, assume u,=u,, p,=2

- fluence spectra, z=0.1, no intergalactic yy Asano & S107

£,/e. =1 (proton-electron equip.) E. ;=10 erg

,1SO
inverse Compton roton synchrotron

ef(e) [crgfﬁm:] ef(e) Lct‘gfﬂmzlp

B BN AL BELALLL LA BN B
103k fi=0.1, Bg=10"" crg, 10k f,=30, L =10 cre, =
: [=300, Al=0L37 & * - =300, Ai=(012 & .

ep/€.=0.1 ep/€.=30

1 L0k

[0+ E
- 1 107

r : oo i Lid
10 108 108 107 ¢ eV 108 10 10 £ leV]



GRB GeV-TeV emission Asano & SI 07

_ : —1053
g,/€.=1 (proton-electron equip.) E, i, =10 erg
secondary pair synchrotron+ ~muon synchrotron+
ef(e) |crafems] ef(e) |crafems]
ok f=1.0, By=10% crg, | 107F £,=30, =107 crg, 5

=300, Ai=0012 & E

D=1000, Ai=33 ms
ep/€.=30

ep/e.=1

1 L0+

10+ .
; 1107

107 107 108 107 108 10 19“-‘ 107 10" 10 108 10%
€ |eV]

double (multiple) breaks
-> proton signature

Fermi, Cerenkov telescopes...



GRB GeV-TeV

At=001s, E,=10"" erg

I i RAA YT

woE I IC ¢ I¢C IC IC+PH
IC IC IC IC IC £
IC IC  IC+SS IC+SS 58S SS
. . IC455 55 . S5

100} 1 1T ~

SR R SRR B ¢

0.1 1 10 fp =ep/e,

proton-induced y components require gg/e,>1

ngRO'W<1



GRB GeV-TeV - UHECR - neutrino connection

At=0.1s, E,=10"" crg
IIT'I L ] 'ITIITl'I' T L TIIIl'II

r

ook IC IC IC IC IC IC+PS

UHECR escape
IC IC IC IC IC Py < R
Texp = Tpy~My RGOy
....... PSP S —- o ——C A S
Vo Tex >7T
] P~ “py
* e IGs % ¢ 5 neutrino emission
100 e . . . . e { 1..~n R0, <1
PN e T T v Y YY
0.1 1 10 R

proton-induced y components: g3/e . >1

T upe>~300 (A/0.15)*3(E/105 erg)"S
GeV-TeV (inc. IC) : 1, <1 -> 1, <7, efficient UHECR escape

exp



GRBs: Fermi results
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GRBs: Fermi results

I ' I
L ] - GeV afterglow
: 1 up to few ks
oc  tl2gls
10% _E
. *_IGR8980425 1 - consistent with
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hadronic emission model: i
GRB 090510 £ w
Asano+ 09
ef(e) [erg/cm?/s]
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hadronic emission model: TN "‘"""
GRB 090902B o ‘ M o]
Asano, SI & Meszaros 10 g o " ﬂ%ﬂ ;
“% 10-% jr#tl i
. 10-* _'_T _
107" L ll_1|-__-
ef(e) [erg/lem®/s]  R=10% cm, I'=1300, U,/U,=3, ugé@ﬁg*ﬂw .| " g L
mmq—mmmmq—ﬁrqu—w—:{+ i --,-ﬂﬂ'l'lﬁq.n:-' I I :|:“l:i:|:_|"_|-_|_
107 | _ { ooy Gy .
: R=10%cm
I'=1300
Up/U~1
L/L=3
10°F .
= L /L =0.042




hadronic process timescales courtesy Asano

tl[?)]5 R=10"'cm, =150, Lg/L,=10°, L,/L =200

The cooling timescale
(comoving frame) of
protons due to
synchrotron, inverse
Compton, Bethe-Heitler,
and photopion
production are plotted.
The dynamical
timescale is R/T'c.

A long cooling aCC The maximum
timescale -> low energy is determined
efficiency of by the dynamical




light curve modeling courtesy Asano

currently leptonic only
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CTAIC KB GRBHiHI

1. 10 GeVIC1HD T+ LF—BHE (<<IRITIACT)

> FEHES=MEE (EBL) (CXKByyIRINZEZ(F(C <L)

2. EIRIBM4EEE : 180deg/20sec for LST (MAGlczc‘:H"a%)
> long GRBODEBNEFNETH (CERDRIF G

3. BEXAERERE : >10'm2@30GeV (Femnd)l?ﬂﬁ)

> [ERIINIRIEFRET. sFHIRANRT ML - BFRZEND|E

Fermi LAT GRB 080916C Abdo+ 09

> 10 GeV photon —
Fermi#{Fe > § = ||
CTAZXRF |8




Galactic CRs: knee-ankle region
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KASKADE

SNRs in stellar winds? multiple SNRs in OB associations
Galactic wind termination shocks?

cluster merger/accretion shocks?

low-energy extension of UHECR spectra (no new source)?



knee-ankle CRs from clusters and p-p neutrinos

0 g+
PcrR™Picm— T T

T =2V, V,

-5 ] | I I I — 1 I
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IceCube-40 limit Abbasi+ arXiv:1012.2137

Berezinsky+ 97
Colafrancesco & Blasi 98

| Murase, SI, Nagataki 08

- promising for IceCube

| - probe of PeV

CR confinement
(difficult with y

due to yy horizon)

Catalog N Sources Model p-value vy Sensitivity vy Upper Limit vy + vr Sensitivity vy + v+ Upper Limit
Mil g 17 E~2, Uniform 0.32 &9 — 9.0 $90 =123 $9 = 15.8 &0 =245
Hagro sources 6 6 SNR Assoc.? c SF = 2.9 SF = 7.2
Starburst Galaxies 127 E~2 x FIR Flux — ®% =331 d9 =331 9 — 58.6 &% = 58.6
Model AP SF = 8.4 SF = 7.8
. Model BP SF = 14.4 SF = 12.0
Clusters of Galaxies 5 Isobaric? 0.78 SF — 13.9 SF — 13.2
Central AGNP SF = 6.0 SF = 6.0
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