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Possible Extreme Accelerators

Pulsar

Hilas 1984
Kotera & Olinto 1101.4256 galaxies of cluster
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Fast-spinning pulsars
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Hint of Heavy Composition

Neutron stars are favorable sites for heavy nuclei injection
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Pulsars: Cosmic Ray Acceleration 

Blasi, Epstein & Olinto ApJ 533 (2000)
Arons, ApJ 589 (2003)
Lemoine, Kotera & Petri 1409.0159
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Interaction with Ejecta
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KF, Kotera & Olinto, ApJ, 750, 118, 2012

Monte Carlo simulation tracking particle propagation 
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KF, Kotera & Olinto, ApJ, 750, 118, 2012
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Integrated Extragalactic Pulsars
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Integrated Extragalactic Pulsars

Newborn pulsars can be 
successful UHECR accelerators!

KF, Kotera & Olinto, ApJ, 750, 118, 2012
KF, Kotera & Olinto, JCAP 03(2013)010
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What about their Galactic Counterparts?

dN/d$P$
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Mostly light composition 
below the knee

KASCADE, 1306.6283

But changed to heavy dominated  
at the transition regime

Galactic - 
Extragalactic 

Transition
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Galactic pulsars can fill the gap

Contribution from Galactic pulsars - Spectrum

KF, Kotera & Olinto, JCAP 03(2013)010
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Galactic pulsars can 
contribute between 
the knee and the ankle!

Contribution from Galactic pulsars - Composition

KF, Kotera & Olinto, JCAP 03(2013)010

• Unger, Farrar & Anchordoqui, 1505.02153
• Tilav, UHECR 2014, “Global View of Cosmic Ray 

Data”
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galaxies of clusters
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Cosmic Ray Acceleration Keshet, Waxman, Loeb+ 2003
Inoue & Aharonian 2005
Murase, Inoue & Nagataki 2008
Kotera, Allard, Murase+ 2009
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Cluster Environment
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Particle Trajectory - 10 EeV 

D
total

= 46Mpc

Bc = 10µG,M = 1015 M�
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Particle Trajectory - 0.1 EeV 
Bc = 10µG,M = 1015 M�

Kotera & Lemoine  0706.1891

Dtotal ⇠ tHubble
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Cosmic Ray Flux from One Single Cluster
Bc = 10µG,M = 1015 M�
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Neutrino Flux from One Single Cluster
Bc = 10µG,M = 1015 M�
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Integrated Cluster Contribution
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The Integrated Cosmic Ray Flux from Clusters
Bc = 3µG, fCR = 1%
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Neutrinos from Accretion Shocks
Bc = 3µG, fCR = 1%
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Neutrinos from Sources Inside Clusters
Bc = 3µG, fCR = 1%
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Galactic newborn pulsars 
above the second knee,


Extragalactic newborn pulsars 
above the ankle 


Galaxy Clusters  

up to the second knee



