
GRBs and UHECRs in the multi-messenger era�
Susumu Inoue (ICRR/MPP)	


with help from many collaborators	


p…Fe	


?�



outline	

1. observational status of UHECRs	

2. acceleration	


multi-messenger, multi-wavelength approach	

UHECR	

gamma-ray	

neutrino	


UHE nuclei synchrotron	


5. tests: CRs, gamma rays, neutrinos	


GRBs and UHECRs�

3. energetics	

4. escape	


6. use(?)	




cosmic vs terrestrial accelerators	

EUHECR ~3x1020 eV ~50J	


kinetic E of housefly	

Efly ~200 TeV (20mg, 7km/h)	


EKEKPS~ 12 GeV ~ kin. E	

   of mosquito (3mg, 5cm/s)	


EUHECR~ 3x1020 eV ~50J	

~kinetic E of 100km/h fastball	

               160km/h tennis serve	


kinetic E of fastball	

EMT ~8x1020 eV (145g, 155km/h)	


kinetic E of free kick	

ECR7 ~2x1021 eV (430g, 130km/h)	


ELHC~ 7 TeV ~< kin. E	

   of housefly (20mg, 7km/h)	


ELHC ~7 TeV	

<< �



1. observational status of UHECRs	


multi-messenger, multi-wavelength approach	

UHECR	

gamma-ray	

neutrino	


UHE nuclei synchrotron	




observed CR spectrum	


knee	


ankle	


toe	


great power-law in the sky	


 up to knee (<1015-16 eV)	


LGCR~1041 erg/s	

      ~0.1xESN/tSN	


BUT	


Galactic SNRs?	

likely, but not yet definitive	


above ankle (>1018 eV)	

extragalactic: AGNs?	


GRBs?	

???	


simple theory: Emax<1014eV?	

no direct evidence for protons	


knee-ankle (1015-16-1018 eV)	

Galactic? no new source?	


Gaisser 05	




UHECR observatories today:���
Auger and TA	


slide from T. Yamamoto	




Antoine Letessier Selvon (CNRS/UPMC) Auger highlights ICRC 2013 Rio de Janeiro
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Ravignani (693), 
Tueros (705), 
Schulz (769), 
Bäuml (806),
Verzi (928),  
Matthews (1218) UHECR spectrum: Auger, TA	
 talks from Rio ICRC 2013	


Spectrum overview
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D. Bergman, oral, 221 



UHECR Xmax (composition?): Auger	
 Letessier-Selvon	

Rio ICRC 2013	


evidence for:	

heavier composition at higher E	

or nontrivial hadronic interactions �
NB: data from HiRes and TA consistent so far with light	

as well as heavy composition	

(official conclusion from UHECR12 working group) �



UHECR anisotropy: Auger vs TA	
 Beijing ICRC 2011	

slide from T. Yamamoto	




UHECR anisotropy���
 TA “hotspot”	

Abbasi+	

arXiv:1404.5890 	


clustering at	

E > 57 EeV	

20 deg radius circle	

5.1σ significance	

chance prob 3.7x10-4	


	

~20 deg off SGP	

Ursa Major cluster?	

(not far from	

Coma, Virgo)	




recipe for a good CR source	


good source =	

good accelerator -> good confiner  	

+ efficient escape, inefficient adiabatic losses	

-> good deconfiner	


multi-messenger, multi-wavelength approach	

UHECR	

gamma-ray	

neutrino	


UHE nuclei synchrotron	


+ inefficient radiative losses	

-> no-good radiator of neutrinos/hadronic gamma-rays	




2. acceleration	


multi-messenger, multi-wavelength approach	

UHECR	

gamma-ray	

neutrino	


UHE nuclei synchrotron	


-> Lemoine�



UHECR sources: acceleration	


UHECR	

note: top-down models	

strongly constrained by EGB	


nonstandard physics	

(topological defects, superheavy DM,	

EHE ν Z-bursts, …	

UHECRons, broken Lorentz invar., …)	


less motivation…	


GRBs	


AGN jets	


clusters	


adapted from	

Yoshida & Dai 98	


E ≦ Ze B R (v/c)	


R	


B	


B~∝R-1	


“Hillas plot”	
 E ≦ Ze B R (v/c)	

confinement	


acceleration vs:	
Emax	

escape	

source lifetime	

adiab. expansion loss	

radiative loss	


L > (2cΓ2/βεBe2)(E/Z)2	

   =1045.5 erg/s	

      (Γ2/βεΒ)(E/Zx1020eV)2	


Waxman 03	


B2/8π=εBL/4πR2Γ2βc ->	

power limit	


magnetars	


UHECRathlon	


old favorite: AGNs	

leading contender: GRBs	

dark horse: magnetars	

                     clusters, etc.	


upsets do occur…	




GRBs: acceleration sites	

Waxman 95	

Vietri 95	


R~Γ2ctvar~1012-1016 cm	

B~106-103 G	

Γrel~1	


R~Rdec~1016 cm	

B~10 G	

Γrel~1	


R~Rdec-RNR~1016-1018 cm	

B~10-0.01 G? >>BISM	

Γrel>>1	


prompt X-γ emission	

internal shocks?	

B reconnection?	


optical flash, radio flare	

external reverse shock	


radio-IR-opt-X afterglow	

external forward shock	


adapted from Meszaros 01	


escape nontrivial	
 accel. nontrivial	


宇宙最大爆発�

energetics: stringent requirements -> proton-dominated?	




3. energetics	


multi-messenger, multi-wavelength approach	

UHECR	

gamma-ray	

neutrino	


UHE nuclei synchrotron	
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UHECR sources: energy budget	


differential (per unit z)	

dEkin/dz=(dt/dz)∫ dL L dn/dL	


UHECR budget	

uCR ~10-19 erg cm-3	

          ~3x1054 erg Mpc-3 	


kinetic E input into the universe	


GRBs	


@1018.5 eV	


AGNs (radio galaxies)	

z-dep. LF	
 Willott+ 01	

Lkin-Lrad correlation	
 Rawlings 92	


∝ star formation rate	

Porciani & Madau 01, Le & Dermer 07	


cluster accretion	


Lacc(M)~0.9x1046 (M/1015 MΘ)5/3 erg/s	

Press Schechter mass function	


Keshet+ 04	


EGRB=1054 erg, indep. of beaming	

ESN=1051 erg	


SI, arXiv:0809.3205	


Inoue astro-ph/0701835	


UHECR �

stringent requirements	

-> proton-dominated?	




GRB energetics: radio afterglow calorimetry	
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Fig. 3.— Best fits to the GRB 030329 broadband radio afterglow assuming a uniform medium

(a) and a stellar wind (b).

late time radio afterglow after non-relativistic transition	

-> total beaming-corrected blastwave energy �
GRB 030329 -> E~1051 erg �

Mesler & Pihlstrom 13�



4. escape	


multi-messenger, multi-wavelength approach	

UHECR	

gamma-ray	

neutrino	


UHE nuclei synchrotron	




CR acceleration and escape in SNRs	

from Uchiyama �

from S. Funk�

young�

mid-age�

- higher-energy CRs likely escape earlier	

- CR spectrum at acceleration ≠ observed	

- energy losses of CRs small� -> talks on Friday �



Target

Accelerator (e.g. SN 1006)

Probing escape and propagation of Cosmic Rays

For the first time “measure” proton spectrum in SNRs

• CR e�ciency ~5%. Strongly depends on assumed density
• Reason for high-energy break not fully understood

Preliminary

27

confined and escaping CRs in SNRs	

from S. Funk�

similar expectation for relativistic forward shocks	

Katz, Meszaros & Waxman 2010 �



GRBs: acceleration sites	

Waxman 95	

Vietri 95	


R~Γ2ctvar~1012-1016 cm	

B~106-103 G	

Γrel~1	


R~Rdec~1016 cm	

B~10 G	

Γrel~1	


R~Rdec-RNR~1016-1018 cm	

B~10-0.01 G? >>BISM	

Γrel>>1	


prompt X-γ emission	

internal shocks?	

B reconnection?	


optical flash, radio flare	

external reverse shock	


radio-IR-opt-X afterglow	

external forward shock	


adapted from Meszaros 01	


escape nontrivial	
 accel. nontrivial	


宇宙最大爆発�

energetics: stringent requirements -> proton-dominated?	




5. tests: CRs, gamma-rays, neutrinos	


multi-messenger, multi-wavelength approach	

UHECR	

gamma-ray	

neutrino	


UHE nuclei synchrotron	


-> Murase, Allard, Bustamante, Petropoulou… �



GRBs as UHECR sources: diagnostics	


spectra���
individual sources, narrow at high E?	


Waxman &	

Miralda-Escude 96	
t(Ep,D)~θ2D/4c���

    ~107 yr Ep,20
-2 D100Mpc

2lMpcB-8
2	


Waxman 95, 04, review astro-ph/0103186	

Vietri 95, Vietri et al 03	


Wick, Dermer & Atoyan 04	


CR spectra of individual sources ���
narrow at given time?	


secondary neutral (gamma & neutrino)���
signatures essential to identify sources	


Gialis & Pelletier 03, Wick, Dermer & Atoyan 04…	


time delay	


anisotropy signatures?	


(JEM-EUSO)	


Takami & Murase 12	

maybe unlikely with realistic luminosity function	




survival of Fe nuclei in GRBs	

jet acceleration phase � dissipation phase�

jet base� collimation shock �

Fe may survive destruction throughout the processes of jet	

formation, shock formation and particle acceleration in GRBs	


Horiuchi+ 12�

GRBのジェット形成、ジェット伝播、衝撃波形成、粒子加速	

等の各過程を通じてFeが生き残ることは可能	


NB: supernovae produce more metals than they destroy	


-> Horiuchi�



UHECR composition vs low-energy anisotropy	

Lemoine & Waxman 09	


If heavy nuclei with Z produce anisotropy at E:	

protons produce anisotropy at E/Z stronger by	

p/nuclei abundance ratio at source 	


If strong anisotropy not observed at ~2 EeV:	

- heavy nuclei not dominant at highest E 	

-  Auger anisotropy at E>55 EeV weaker than reported	

-  protons underabundant compared to GCR	




Auger anisotropy: Cen A	


>~3 sigma excess at E>55 EeV	

for ~20 deg around Cen A	


Auger 2011 (arXiv:1106.3048)	


no corresponding anisotropy	

at e.g. E>55/26 EeV	




Auger anisotropy implications	
 Auger 2011 (arXiv:1106.3048)	


possible interpretations:	

- nuclei strongly overabundant compared to protons: Fe/H>~0.5-10	

- Auger anisotropy at E>55 EeV not significant	

- heavy nuclei not dominant at highest E (Xmax evol. from hadronic inter.)	


upper limits on	

number ratio	

at source	

at low E�

CR spectral index	

(C/H>~0.3-2)	




composition of metal-rich clumps in young SNRs	


Cas A	
 O, Si, Fe-rich clumps	

nA>nH	


Chandra	


Hwang & Laming 03, 09; Hwang+ 04…	


SN IIb (H layer nearly stripped), 300 years after explosion	

case of Cas A	




e-	

B	

γ	

γ	

γ	
p	 γ	

π+	n	

B	

γ	

γ	
μ	νμ	

B	

γ	

γ	

e+	
νμ	

νe	

γ	 γ	e-	e+	
γ	

γ	

μ：106MeV, tdec＝2.2×10-6 s	
© K. Asano	




GRB neutrino limits 	


large parameter space not ruled out	

with large Γ, large R	

-> better conditions for UHECR	

     production+escape	

~better conditions for γ-ray escape	


Abbasi+ 12	
 -> Murase�

non-detection hardly rules out	

(in some senses even supports)	

GRB origin of UHECRs �



hadronic interpretation ���
(pγ-induced cascade)���
Fermi GRB 090510	

Asano+ 09	


R=1014 cm	

Γ=1500	

UB/Uγ=0.001-0.1	

Lp/Lγ=30-200�

fν=Lν/Lγ=0.40�



hadronic interpretation ���
(proton synchrotron)���
Fermi GRB 090510	


R=1014 cm	

Γ=2000-3000	

UB/Uγ=200-300	

Lp/Lγ=100-300�

Asano+ 09	




GRB GeV-TeV	


τγγ~ngRσγγ<1	


proton-induced γ components require εB/εe>1	

=εB/εe	


Asano & SI, 2007	




GRB GeV-TeV - UHECR - neutrino connection	


τγγ~nγRσγγ<1	


ΓUHE>~300 (Δt/0.1s)-0.3(E/1051erg)0.5	

proton-induced γ components: εB/εe>1	


 τexp < τpγ~nγRσpγ	


 τexp > τpγ	


UHECR escape	


neutrino emission	


c.f. Asano 05	


n conversion	


GeV-TeV (inc. IC) : τγγ<1 -> τexp < τpγ  efficient UHECR escape	


=εB/εe	
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expansion limited case	


log ν	
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tacc(∝Z)=tdyn	
 EZ∝Z, nZ∝Z3/A3, tZ∝A4/Z5	


p dominant, but tsyn shorter -> late appearance of He?	


abundance at low E=Galactic CR source at fixed E/A	

H=1, He=0.07, C=3x10-3, O=3.7x10-3, Si= 7x10-4, Fe=7x10-4	


normalize to proton synchrotron spectrum	


(note: metals may be enhanced in GRBs!)	


pure CO or Fe different Epeak, tsyn	
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abundance at low E: enhanced Fe/H~4	

H=0.2, He=0.014, Fe=0.8 (C=3x10-3, O=3.7x10-3) 	


C,O 	


Fe�
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Inoue, in prep.	


expansion limited case	
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tacc(∝Z)=tdyn	
 EZ∝Z, nZ∝Z3/A3, tZ∝A4/Z5	


p dominant, but tsyn shorter -> late appearance of He?	


abundance at low E=Galactic CR source at fixed E/A	

H=1, He=0.07, C=3x10-3, O=3.7x10-3, Si= 7x10-4, Fe=7x10-4	


normalize to proton synchrotron spectrum	


(note: metals may be enhanced in GRBs!)	


pure CO or Fe different Epeak, tsyn	


lo
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abundance at low E: enhanced C,O/H~4	

H=0.2, He=0.014, C=0.22, O=0.28 (Fe=7x10-4) 	


C,O 	




6. use?	


multi-messenger, multi-wavelength approach	

UHECR	

gamma-ray	

neutrino	


UHE nuclei synchrotron	




use of UHECRs:	

Think how important your work might be for	

your colleagues next door	


multi-messenger, multi-wavelength approach	

UHECR	

gamma-ray	

neutrino	


UHE nuclei synchrotron	


i.e. besides confirmation of Hillas condition	


conseil no2�
do they tell us something unique and important���
about their sources? �



use of UHECRs:	

Think how important your work might be for	

your colleagues next door	


multi-messenger, multi-wavelength approach	

UHECR	

gamma-ray	

neutrino	


UHE nuclei synchrotron	


i.e. besides confirmation of Hillas condition	


Ask not what you can do for CRs,	

ask what CRs can do for you! �

conseil no2�
do they tell us something unique and important���
about their sources? �



survival of Fe nuclei in GRBs	

jet acceleration phase � dissipation phase�

jet base� collimation shock �

Fe may survive destruction throughout the processes of jet	

formation, shock formation and particle acceleration in GRBs	


Horiuchi+ 12�

GRBのジェット形成、ジェット伝播、衝撃波形成、粒子加速	

等の各過程を通じてFeが生き残ることは可能	


NB: supernovae produce more metals than they destroy	


-> Horiuchi�
heavy-dominant composition -> magnetic acceleration favored? �



summary	

- one of few realistic candidates for UHECR sources	

  but energetics remain a challenge	

- if confirmed, heavy composition provides some support	

  but identification via CRs more difficult	

- neutrino and gamma-ray tests crucial	

  but non-detections not decisive	

  (IceCube limits hardly rule them out)	

- need to think more about escape processes, potential use?	


GRBs as origin of UHECRs �



final remark	


Allez SVOM!	




final remark	


Allez SVOM!	


Mais pas de la grève,	

s’il vous plaît…	



