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The puzzle of ultrahigh energy cosmic rays

Energies that cannot be reproduced on Earth!
Universe thru different eyes

Why do we care about cosmic-rays?

What source(s)? 
What physical mechanism(s)?

The puzzle:



ultrahigh energies that cannot be reproduced on Earth (E ~ 2x1020 eV)
shower development (hadronic interactions) still unknown

Astrophysical issues: 

UHECRs are charged particles and the Universe is magnetized 
Physics of powerful astrophysical objects is not known in detail

Particle Physics issues:

energetics
arrival directions in sky
chemical composition
multi-messengers (neutrinos, gamma-rays)

What observational information do we have?
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Why is it so difficult?



4K.K. & Olinto 11

Since 1990 in ultrahigh energy cosmic rays

Auger SOUTH       
Cerenkov tanks: 3000 km2

1.5 km separation
fluorescence detector (FD) sites: 4 (180o) ~90 events

E > 5.7x1019 eV

~30 events
E > 5.7x1019 eV

Telescope Array (TA)
Northern hemisph.

scintillators: 762 km2

1.2 km separation
FD sites - 3 (180o)
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22% systematics

(2011)

UHECR energy budget [@E=1019 eV]: 
  ~ 0.5x1044 erg Mpc-3 yr-1

Katz et al. 09

acceleration to E>1020 eV
necessary magnetic luminosity 
(LB≡εBLoutflow):
LB > 1045.5 erg/s Γ2 β-1

Lemoine & Waxman 09

Crucial information from the energy spectrum



accelation ok,
but tight energy budget 
because rare source

GRB

e.g. Waxman 1995,
Vietri 1995, Murase 2008

accretion shocks 
R ~ 1-10 Mpc, Bdownstr ~ 1 µG 
--> E ~ 1020 eV ?
but maybe Bupstream << 1 µG 

clusters

e.g. Kang et al. 1997, 
Miniati et al., 2000, 
Murase et al. 2008
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EUHECR > 1020 eV: first selection of local sources

black holes/jets/hot spots
acceleration limited 
by radiation losses

AGN

e.g. Norman et al. 1995, 
Rachen & Biermann 
1995, Henri et al. 1999,
Lemoine & Waxman 2009

steady 
sources

pulsars very promising for those 
found in superluminous 
supernova!

Fang, K.K., Olinto 2012

transient 
sources

confinement of particle in source:
particle Larmor radius < size of source

! caution when applied to relativistic outflows

updated Hillas diagram
K.K. & Olinto 11
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de l’ordre de τconf ∼ 107 ans. On peut comparer cette luminosité à celle des supernovæ : leur
fréquence dans la Galaxie est de 0.01 par an et l’énergie mécanique libérée en une explosion est
de ESN ∼ 1051 erg. Ainsi, la luminosité des supernovæ Galactiques est de LSN ∼ 3× 1041 erg/s.
Il suffira donc d’injecter environ 10% de cette puissance aux rayons cosmiques pour expliquer
leur flux.

Les restes de supernovæ présentent des chocs forts non relativistes à l’interface entre l’en-
veloppe éjectée et le milieu interstellaire, ce qui constitue un site idéal d’accélération de Fermi.
D’après l’équation (1.8), on s’attend donc que des particules soient injectées dans le milieu Ga-
lactique avec un spectre Qinj ∝ E−α, avec α = 2.0 − 2.3. Mais ces particules peuvent aussi
s’échapper de la Galaxie et le spectre à l’équilibre des rayons cosmiques Galactiques JGal peut
se calculer en se plaçant dans le modèle de la “bôıte fuyante” (Leaky Box en anglais). On peut
écrire en effet, en négligeant les pertes d’énergie par interaction dans le milieu interstellaire :

JGal(E) =
Qinj(E)
τesc(E)

. (1.10)

Le temps d’échappement τesc(E) est bien sûr relié au temps de confinement τconf(E) qui peut
être mesuré par des rapports d’abondance d’éléments chimiques 4. Les observations indiquent
que τesc ∝ Eδ avec δ ∼ 0.6. Avec un spectre d’injection en 2.1, on pourrait alors très bien
reproduire l’indice spectral des rayons cosmiques observés avant le genou.

On peut aussi remarquer que τesc dépend du transport des particules, et donc du coefficient
de diffusion dans le champ magnétique Galactique (voir annexe A.1.3). En supposant que la
turbulence magnétique Galactique est de type Kolmogorov, on trouve cette fois δ = 1/3. Un
spectre d’injection toujours raisonnable en α ∼ 2.35 serait alors nécessaire pour retrouver le flux
des rayons cosmiques observé.

On peut enfin se demander jusqu’à quelle énergie les restes de supernovæ peuvent contribuer
au spectre des rayons cosmiques. Le mécanisme de Fermi ne peut fonctionner que si les particules
restent confinées dans la zone d’accélération. Ce confinement a lieu grâce au champ magnétique
et il faut donc que le rayon de Larmor de la particule soit inférieur à la taille de la source. Le
rayon de Larmor d’une particule d’énergie E et de charge Z dans un milieu de champ magnétique
moyen B s’écrit :

rL = 1.08 MpcZ−1

(
E

1018 eV

) (
B

1 nG

)−1

. (1.11)

La condition de confinement dans une source de taille L s’écrit rL ≤ L et peut se retranscrire
en terme d’énergie de la façon suivante (c’est le critère de Hillas 1984) :

E ≤ Emax ∼ 1015 eV× Z

(
B

1 µG

) (
L

1 pc

)
. (1.12)

On a choisi ici les valeurs numériques moyennes pour des restes de supernovæ. Lagage & Cesarsky
(1983) ont effectué un calcul plus détaillé en prenant en compte l’évolution des supernovæ, et
montrent que Emax ∼ 2×1014 eV×Z (B/1 µG). La prise en compte de l’amplification du champ
magnétique dans le choc par la rétroaction des rayons cosmiques permet d’atteindre au moins
l’énergie du genou pour les protons. Dans tous les cas, l’énergie maximale calculée simplement
en (1.12) est trop proche de celle du genou (pour les protons) pour ne pas y voir une relation.

4. Par exemple, les noyaux de bore (B) étant naturellement peu abondants dans la Galaxie, on estime que

ceux observés sont essentiellement des particules secondaires produites par des noyaux de carbone (C) primaires.

Le rapport B/C indiquera donc le taux d’interaction subi par les primaires et donc la densité de colonne (ou

grammage) traversée. On peut ainsi retrouver leur distance parcourue et leur temps de confinement.

22 Les rayons cosmiques de très haute énergie : la clé du triptyque
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22% systematics

(2011)

GZK cut-off?
maximum acceleration energy? 

or

UHECR energy budget [@E=1019 eV]: 
  ~ 0.5x1044 erg Mpc-3 yr-1

Katz et al. 09

acceleration to E>1020 eV
necessary magnetic luminosity 
(LB≡εBLoutflow):
LB > 1045.5 erg/s Γ2 β-1

Lemoine & Waxman 09

Crucial information from the energy spectrum

Galactic? extragalactic? 

ankle 

for particles with E > EGZK (~6x1019eV)
sources within ~ few 100 Mpc

ankle @ E~1018.5 eV:
Galactic/extragalactic transition?



AGN

GRB

pulsars

clusters

heavy nuclei?
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at the sources: 
heavy nuclei if metal-rich or nucleosynthesis
escape difficult due to photo-disintegration in source?

Puzzling composition measurements

e.g., Lemoine 02, 
Pruet et al. 02, 
Wang et al. 08, 
Murase et al. 08

hope for GRBs: 
Horiuchi et al. 2012

metal-rich surface, 
iron could escape

e.g., Ruderman & 
Sutherland 75, Arons 
& Scharlemann 79, 

Blasi et al. 00, 
Fang et al. 2012

Auger 
ICRC 2011

??? what composition is that ???

T.A.
ICRC 2011

talk by R. Engel, 
+ Session T7



source??

Auger 
@ Earth

Arrival directions in the sky & magnetic fields

Extragalactic magnetic fields?

deflection : spatial decorrelation
time delay : temporal decorrelation if transient source

+ Galactic magnetic fields...

poorly known (no observation)
upper limits: B lcoh

1/2 < 1-10 nG Mpc1/2  
simulations --> complex and contradictory

Propagation of UHECR 
in extragalactic magnetic fields?

Beck 08, Vallée 04, Dolag et al. 05, Sigl et 
al. 05, Ryu et al. 98, Donnert et al. 09...

e.g., Dolag et al. 05, Sigl et al. 05, Ryu et al. 
98, Takami & Sato 08, KK & Lemoine 08a, 
KK & Lemoine 08b

complicated because B not known
standard B lead to low proton deflections

9
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>165 events ( >4 years with Auger South)
to reach a 5σ significance Will better statistics help?

density map of 2MRS

Arrival directions in the sky seen by Auger

hint of 
correlation 
with LSS

no powerful 
source in arrival 

directions

   

no correlation with
secondary neutrinos, photons, grav. waves

OR
source already extinguished when UHECR arrives
correlation with LSS with no visible counterpart

GRB

pulsars

transient source?

- particularly strong extragalactic magnetic field 
- UHECR = heavy nuclei

steady sources?

AGN

clusters



measurement of correlation btw observed 
and predicted event distributions

isotropic
LSS

Kalli, Lemoine, K.K., 2011

deflection effects for
transient sources
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time delay effects (deflections in magnetic fields) 
-> distribution of UHECRs for transient sources different from LSS

separation possible for

YES

Separate source populations with anisotropy

103 events 
above 60 EeV
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Adams et al. 2012, arXiv:1203.3451

A clear necessity: increasing the statistics...

JEM-EUSO

Eth > 1020 eV 

duty cycle 20%

Auger S x (~30)
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... and look at other messengers

Auger Coll. 2008  

no powerful sources 
as counterparts!

at the source

astrophysical sources

UHECR

acceleration

Extragalactic magnetic fields?

secondary astroparticles 
observable?

what information ?

 γ raysneutrinos

interactions on baryonic and 
photonic backgrounds 

cosmogenic



K.K., Allard & Olinto, 2010
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What cosmogenic neutrinos could tell us

cosmogenic neutrino fluxes 
and instrument sensivities

“reasonable”

FRII galaxies and other sources 
with strong emissivity evolution
excluded by Auger and soon by IceCube

1) top-down models excluded
2) FRII galaxies excluded
3) reasonable models within reach?
4) there is a bottom

pure iron, no source evolution
iron rich, no source evolution

proton dominated dip model
proton dominated ankle model

proton dom., no source evolution

see also Decerprit & Allard 2011
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Neutrino fluxes expected at the source

GRB

observed

 γ rays

neutrinos

p, e+- 
acceleration e.g., Waxman & Bahcall limit (1997)

IceCube ruling out GRBs??

infer fluxes
assumptions

baryon loading 
burst Lorentz factor
Emin, Emax of cosmic rays
acceleration region (internal/external/reverse shock?)
cosmic ray composition
...

He et al. 2012

He et al. 2012

He et al. (2012)

GRBs are not ruled out yet...
He et al. (2012) arXiv:1204.0857 

Li (2011), Hümmer (2011)



Meanwhile, case/case study of sources...

Hillas diagram
secondary

emission limits

if heavy nuclei
injection

pulsars

pulsars

pulsars

no source in arrival directions:
transient or heavy nuclei

pulsars



strong magnetic field

unipolar induction in the pulsar wind

particles accelerated to energy:

10%: fraction of voltage 
experienced by particles

t1
t0

t2
t3

E

Ωslow fast

N

fast rotation velocity
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4.5. Secondary messengers

Neutrinos: cosmogenic, as in KAO10.

from escape (as Murase et al. 09): to be computed
(show plot: proton, iron)

gamma-rays: beyond the scope of this paper: requires
cascading of both internally created and cosmogenic
components. Could potentially be constrained by Fermi.
Left for further studies.

gravitational waves: proton case as in K11, iron case
is classical

Ω (39)

B (40)

E = −Ω× B (41)

E(Ω) ∼ 8.6 × 1020 Z26η1Ω
2
4µ31 eV (42)

5. CONCLUSIONS

We thank C. Fryer for suggesting us the accretion in-
duced collapse scenario and for providing us with the cor-
responding simulated envelope profiles. We also thank
V. Dwarkadas, S. Horiuchi, M. Lemoine, H. Li, B. Met-
zger, K. Murase, T. Pierog, and the Auger group at the
University of Chicago for very fruitful discussions. This
work was supported by the NSF grant PHY-0758017 at
the University of Chicago, and the Kavli Institute for
Cosmological Physics through grant NSF PHY-0551142
and an endowment from the Kavli Foundation.
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4.5. Secondary messengers

Neutrinos: cosmogenic, as in KAO10.

from escape (as Murase et al. 09): to be computed
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components. Could potentially be constrained by Fermi.
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Acceleration of UHECR in newly-born ms pulsars Blasi et al. 00, 
Arons 03, 
Fang, KK, Olinto 2012

supernova envelope: do accelerated particles survive? ?
SN envelope = dense baryonic background
UHECR experience hadronic interactions
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Parameter space for successful acceleration+escape

?

pulsar
magnetic moment µ,

rotation velocity Ω, 
particle acceleration rate η

supernova
ejecta energy Eej,
ejected mass Mej, 

Fang, KK, Olinto 2012

- Analytical estimates
- Monte-Carlo propagation, 

hadronic interactions with 
EPOS + CONEX

Mej = 10 Msun

ESN = 1051 erg 

tight for protons 
(would work for very dilute SN envelopes)

OK for iron: 
accelerated to Z x higher E when SN envelope dilute 

proton iron

log Eesc [eV] log Eesc [eV]

our successful accelerator: 
millisecond pulsar 

in standard core-collapse SN
birth rate needed: 0.01% of total ‘normal’ extrag. 

pulsar rate (10-4 Mpc-3 yr-1)
B~1012-13G

P~1ms
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Collateral good news: spectrum, composition! Fang, KK, Olinto 2012

secondary 
protons

iron 
cut-off

injected iron 
(slope -1)

escaped spectrum
pure iron injection

escaped slope ~-2!

light heavy
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A scenario that fits UHECR Auger data (rare) Fang, KK, Olinto 2012 
Fang, KK, Olinto, in prep.

propagated 75%p, 20%CNO, 5%Fe @injection

composition

spectrum



arrival directions

- no coincidence from source out of Local Group expected, as pulsars cannot be observed

- ms pulsar in core-collapse SN in our Local Group: 

- neutrinos produced during escape possibly observable by IceCube 
(Murase et al. 2009 --> high density chosen though)

- diffuse gravitational wave signatures in some highly optimistic cases (K.K. 2011)

14

4.5. Secondary messengers

Neutrinos: cosmogenic, as in KAO10.

from escape (as Murase et al. 09): to be computed
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Campi, X., & Hüfner, J. 1981, Phys. Rev. C, 24, 2199
Cheng, K. S., Ho, C., & Ruderman, M. 1986a, ApJ, 300, 500
—. 1986b, ApJ, 300, 522
Chevalier, R. A., & Klein, R. I. 1978, ApJ, 219, 994
Contopoulos, I., & Kazanas, D. 2002, ApJ, 566, 336
Contopoulos, I., Kazanas, D., & Fendt, C. 1999, ApJ, 511, 351
Coroniti, F. V. 1990, ApJ, 349, 538
Douvion, T., Lagage, P. O., & Cesarsky, C. J. 1999, A&A, 352,

L111
Drout, M. R., Soderberg, A. M., Gal-Yam, A., Cenko, S. B., Fox,

D. B., Leonard, D. C., Sand, D. J., Moon, D. ., Arcavi, I., &
Green, Y. 2010, arXiv:1011.4959

Falk, S. W., & Arnett, W. D. 1973, ApJ, 180, L65+

protons: a burst lasting

delayed of that time after onset of explosion.

iron: will appear as an increase of number of events for ~70 years
if sudden decrease of number of events happens, could be associated with birth of pulsar 70 yrs ago
but some anisotropy would then be apparent
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Smoking gun of the millisecond pulsar scenario

Ecut --> no recovery expected unlike in GZK cut-off

energy spectrum at E>1020 eV

secondaries

Fang, KK, Olinto 2012
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newly formed SN remnant 

powered by millisecond pulsar: - possibly ultraluminous
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ESN = 1051 erg 

10% pulsar rotational 
energy into radiation

X and gamma ray 
injection from pulsar 

wind nebula

SN ejecta opaque to X rays --> thermalization

transparent : X ray emission

thermal
low E emission

non thermal
high E emission

Rest et al. (2011)

observation of SN2003a (thermal)

Follow up of SN 
lightcurves over 

a few years 
will be crucial

Peculiar supernova lightcurves
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shower development, parameters for hadronic interactions

Astrophysics: 
better understanding of most powerful sources: escape issues
measurements of intergalactic magnetic fields

Particle Physics:

multi-wavelength 
studies from radio to 

gamma-rays

Other messengers:

cosmogenic neutrinos (produced during propagation)
gamma-rays (GeV to UHE) 
gravitational waves    KK 2011

measurement 
of gamma-ray halos? 

(e.g. Neronov & Semikoz 09)

could be observed for 
reasonable source 

scenarios if composition is 
dominated by protons

What will be needed to find the sources of UHECRs

more statistics for anisotropy signatures (transient/steady sources)
more statistics for shape of energy spectrum at highest E
more statistics for chemical composition at highest E

UHECR data:

JEM-EUSO

Surprisingly promising candidate: millisecond pulsars
signatures if birth in our Local Group
look for signatures in SN light curves @ few years after explosion

KK, Allard & Olinto 2010
KK, Allard & Lemoine 2011

Fang, KK, Olinto 2012
Fang, KK, Olinto in prep.
KK, Phinney, Olinto in prep.


