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Auger 252 £ 24 #2
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1 Ljg > 10455erg/so)AGN(e g., FRIER N [F a5 TIE A7
(Nerp~10-(78) Mpc3 << Auger2007 n~10“ Mpc-3)
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Information from UHECR observations
1. Spectrum (SD+FD) -> GZK or non-GZK cutoff?

2. Anisotropy (above the GZK energy) -> correlation with the sources?
3. Composition (Xmax and its fluctuation) -> p or Fe or mixed?

Composition?

R

Nuclei-dominated or mixed Proton-dominated
AGNs, GRBs, clusters, SB galaxies, AGNs, GRBs, or magnetars
or only a few AGNs such as Cen A
(GMF is important!) / \
Persistent Transient
AGNs ?2?27? GRBs

*High-luminosity GRBs
sLow-luminosity GRBs
AGNs
*Blazar-like flares in radio AGNs
*Giant flares?

*Active young AGNs?

(Absence of corr. with sufficiently bright AGNSs)

AGNSs with powerful jets
(Absence of corr. with many radio galaxies)
(FR Il galaxies are too few)

*DSA in or with kinetic jets
*Non-DSA in Poynting jets?

AGNs without powerful jets Newly born magnetars
*Non-DSA in the vicinity of BH?
*Non-DSA in lobes?
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Multi-Messenger Observations

Comsic Rays: Auger, TA, JEM-EUSO? (AGASA, HiRes etc.)
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High Luminosity GRB

BEOOAVTH2HRIN—RE
(Waxman 95, Vietri 95)

Low Luminosity GRB :

FHEDENT T/ NA—R
(KM, loka, Nagataki, & Nakamura 06)

Magnetar

HEER(-ms)DIEEIEPIEFE
(Arons 03, Ghisellini+ 08) ¢

Giant AGN Flare
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1. sources (GRBs, AGNs, magnetars etc.)

2. scenarios (int. shocks, ext. shocks etc.)
3. model parameters (magnetic field etc.)

o Z_TIXGRBZHIIZLTiRBAT S
(GRBEAGNTUFUF TSI EITZLY)

GRB: kM & Nagataki 06a PRD, 06b PRL, KM et al. 08 PRD, KM 07 PRD
AGN: Kotera, Allard, KM et al. 09 ApJ, KM & Takami 10

Magnetar: km, Meszaros, & Zhang 09 PRD

Cluster: km, inoue & Nagataki 08 ApJL, KM, Asano, & Inoue 09 IJMP
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Fireball Model: long GRBs

External Shock

The Flow decelerating into
Internal Shock the surrounding medium

Collisions betw. diff. 1

Meszaros (2001)

parts of theflow




Prompt Gamma-Ray Emission

GEB 930510

Amati et al. (2002)
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Cosmic-ray Spectrum (Fermi) Photon Spectrum (Prompt)
RN p)A Key parameter 1§ ¢ ,N(e )
2p0 CRloading

Epecr= € ,°N(€ )
~& y,pkzN( € r,pk)
& E

» P » 7
~I Gev 10185¢V 1020-5eV € , pi~300keV £

Photomeson Production

0 I 1 1 1 I . I. I
oz | A-Resonance Abbroximation ———— | p+Yy—A—n+n,p+ '’ K, ~ 0.2
_ T A —resonance p+y > N=n+X «, ~(0.4—0.7)
E 08T : :
E osl|l A-resonance approximation
2 e T €,€,~03T2Gev?
i multi-pion production €,,~031?¢€,, ~50PeV
12 F i i - ’
a4k i! ] Photomeson production efficiency
T o 1 2 s i s s ~ effective optical depth for p ¥ process

log(e [GeVI) fo, ~02n,0,, (r/T)

(in proton rest frame)



Meson Spectrum

pion energy € ,~0.2 €,
break energy € ,*~0.06 '/, ,, ~ 10 PeV

~fp 7 Epecr: |

For charged mesons — sync. cooling
(meson cooling time) ~ (meson life time)
c b g m &, > — break energy in neutrino spectra

T

4L waxman & Bahcall, PRL (1997) [ |

Neutrino Spectrum _ i
t Mi +Vu(vu) Gamma-Ray Spectrum

a-3~-2.0

o

+ + o > 0
A(L:,,ZN(S,/)IVl ¢ +Ve(Ve)+V“(Vu) AgYZN(gy) T Yty
a-1~0 a-1~0
B-1~1 @ -3~-2.0 B-1~1
E E
> >’
& Vb & 1/7!.‘syn Eyb Eymax
neutrino energy € , ~0.25 € , ~0.05 € y-ray energy € ~05¢€,~0.1 €&
v lower break energy € b~ 2.5 PeV Y lower break energy eyb ~5 PeV

v higher break energy € , 7" ~25PeV Y maximum energy &€ ™ ~0.1 g m



Calculation of High-Energy Emission

(e.g., KM 2007, PRD, 76, 123001; 2008, PRD(R), 78, 101302)
e Input
MRS F: N(e,)oc e, Pexp(-e/e,m®), p~2
BRHEF Eﬁzﬂ'léhfb\éx’\ﬁb)lx
INGA—B HGE B . YA X r

« Meson& i Iits (py and pp)
(experimental data, Geant4, and SIBYLL)
*IEHBDIREEE
BRI FDARGEILD IN—F7REETL

o AHILEFE: syn., IC, ad., BH, py, pp, (photodis.)
KR ARIRILE—DRE
(acc. time ~ g,/eBc) < (cooling time), (dyn. time) + Hillas
kmesondAHHE &
1:cool < 1:decaya)t=éeig
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The Cumulative Neutrino Background

GRB prompt¥magnetarZi E WD D F A (L 1F KR EE AT BE

5 | " HL GRB (prompt) ——
= AGN (inner jiet) —_—
L6 agnetar -------- _
5o - A, Clusters of Galaxies -
o -7 - Cosmaogenic (ankle scenario) - -~ .
o
€ 8
;;; :

@ -9
=
$-10
(8]
LIJ}
11
g |
-12

l0g(E, [GeV))
« GRB prompt (waxman & Bahcall 97 PRL, KM et al. 06 ApJL)

« AGN jet (flare/non-flare), Cluster of galaxies (e.qg., KM etal. 08ApJL)
« Newly born fast rotating magnetar (<m, Meszaros, & Zhang 09 PRD)
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Importance of y & vObservations

* Fe:photodisintegrated at the energy of the GZK cutoff
(A+y—(A-1)+n/p) — spectrum cannot tell us p or Fe

» Fe: deflected by ~10° due to the magnetic field
— difficulty In using positional correlations
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Questions

1. When UHECRSs are heavy nuclel, what are the
necessary conditions?

2. When UHECRSs are heavy nuclel, can we
expect detection of high-energy neutrinos?

3. When UHECRSs are heavy nuclei, what Is the
smoking gun to prove nuclel acceleration?



Conditions for UHE Nuclel Sources

 Hillas condition
E<ZeBrf
E=1020 eV — Ly =¢gL > 10%> erg/s (2/26)2 T2
Much dimmer sources are allowed as UHECR sources

 Survival for photodisintegration (ta,~n, c,, (r'T) < 1)
photon and matter density should be small enough

e One can build scenarios where UHECRsS can survive

GRB (KM, loka, Nagataki, & Nakamura 08 PRD, Wang+ 08 ApJ)
AGN (Pe’ er, KM, & Meszaros 09 PRD)

clusters (Inoue+ 07, Kotera, Allard, KM et al. 09, ApJ)
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necessary conditions?

2. When UHECRSs are heavy nuclel, can we
expect detection of high-energy neutrinos?

3. When UHECRSs are heavy nuclei, what Is the
smoking gun to prove nuclel acceleration?



Neutrino Limits from UHECR Sources

Waxman-Bahcall bounds (waxman & Bahcall 98 PRD)
reasonable bounds of cumulative vs from UHECR sources
assumption: UHECR spectrum N(g,) ocg,™

meson production efficiency f (< 1) — 1 "formal” limit

(f,,~0.2n, 0, (T))

Upper Limits

1 SF_I)

vfluxe?N(g)~0.25f, €2N(g,) 1, »-
— (1-4) X108 GeV cm=2 st sr-d
— ~ 100 events/yr by IceCube

obscured

Tay 1

AMANDA B10

W&B

—8F

Most theoretical predictions lie
under WB landmarks

log(E* I(E)/ GeV em™

ICECUBE
L | L L

Tpp<1 N

W&B (no evol.)

3 6 9 12
log(E /GeV)



Landmarks from UHE Nuclel Sources

Nucleus-survival requirement t,, <1
res. approx. = f. .o ~ (0.2/A) n_ A o, (rT') ~ 1, (0.2 5, /o,,) < 103
KM & Beacom PRD (2010)

I
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log(E,, [GeV])

If nuclel survive in all the sources and when the res. approx. is valid,
detections of photomeson vs from UHECR sources may be difficult



Landmarks from UHE Nuclel Sources

Tpy < 1 may be too strong

fag = Kay Tay~ (L/A) 14, <1 would be more conservative
KM & Beacom PRD (2010)
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Not applicable to hadronuclear vs (e.g., KM+ 08 ApJL for vs from clusters)
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How about y Rays?

« When disintegration (A+y—(A-1)+n/p) loss is not
Important in the source, it is difficult to see vs and
UHE ys from UHECR sources (kv & Beacom 2010 PRD)

« Hadronic GeV—TeV yrays?
merit: When UHE Fe survive, electromagnetic
cascades in the source can be neglected
Ope, ~ 8 X102 cm? ~oc,, ~ 0.1 o; ~7 X 10 cm?
(KM, loka, Nagataki, & Nakamura 08 PRD)

T, ~Trey — radiation processes in the source can be seen

 Then, iIs it possible to observe hadronic y rays
(r%-decay y rays, nucleus-synchrotron)?



But... two difficulties in detections of hadronic y rays

1. 100TeV-EeV photons interact with the cosmic
background radiation via pair creation
cascades — difficulty in direct detections of ©% photons

log(A [Mpc])

Pair Creation

Pair Creation (w. CRB) ———
Inverse- Compton
Inverse- Compton W. (.FBB;
6 L Synchrotron (B G

. Synchrotron {é,q 107 G) o

0 2 4 6 8 10 12
log(E [GeVT)

2. Difficulty in proving nuclel acceleration
nV-decay y rays are similarly generated from p

p-synchrotron easily hinders nucleus-synchrotron



We want to find UHECR sources even if UHECRS are nuclel

But...

« Cosmic-ray obs.
nuclei are easily deflected
by cosmic magnetic fields

e Neutrino obs.
neutrino flux i1s small

« Gamma-ray obs.

1)

i

I-;:g[E‘.2 i, [ergcm’

i
=

-11

-12

Escaping =¥ photons are attenuated by cosmic radiation fields

nucleus-syn. emission is easily masked by leptonic emission

Even if detected, signals are not unique for nuclei accelerators

They seem disappointing... Is it really hopeless?

— No!

We found potentially critical signals, which give us hope
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The 3" Process: De-Excitation Process

Excited at photodisintegration
— successive y-ray emission at de-excitation
New! - not considered for extragalactic sources

around the resonance: A +y — (A-1)* + p/n
(A-1)* — A-1 +y

Many excited states — difficulty of very

guantitative calculations (but not necessary)

From experimental data
Ejcex ~1-5 MeV, multiplicity ~ 1-3

Here, E, .., =2.5 MeV, multiplicity=2 are adopted



Photodisintegration TeV-PeV y Rays

Typlcal Fe energy: Er. opr
(EFe GDR/mA) Edeex ~3 TeV

Nearby low-luminosity GRB
(like GRB 060218)
Eecr ~ 10%°erg
D=100 Mpc
p 50 % Fe 50 %

KM & Beacom arXiv:1002.3980
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Power-law spectrum reflecting the target photon spectrum
Characteristic of UHE nuclel and important at TeV-100TeV



Can we identify de-excitation signals?

l

Yes, possible (but depends on source models and parameters...)

* We can discern between hadronic and leptonic signals by spectra
Internal cascade making both the signals similar are not relevant

« There is possibility that de-excitation signals dominate
In our case, Klein-Nishina is important at g, ~I"y,,m.c>~50GeV
(If KN is absent the SSC peak is around ¢ ég\|~2*y g ~TeV)
In our case, YnoKN ~1 leads to SSC fluence at TeV of ~10-8 erg/cm?
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