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Ultrahigh energy cosmic rayssources?



ultrahigh energy
cosmic rays
E > 1017 eV

Energies that cannot be reproduced on Earth!

Universe thru different eyes 

What source(s)? Physical mechanisms?
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The puzzle of ultrahigh energy cosmic rays

flux
30 orders of 
magnitude

energy
10 orders of 
magnitude

LHC



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:
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Why is it so difficult?



4K.K. & Olinto 11

Since 1990 in ultrahigh energy cosmic rays
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Auger SOUTH       
Cerenkov tanks: 3000 km2

1.5 km separation
fluorescence detector (FD) sites: 4 (180o) ~100 events

E > 5.7x1019 eV
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Since 1990 in ultrahigh energy cosmic rays

Auger SOUTH       
Cerenkov tanks: 3000 km2

1.5 km separation
fluorescence detector (FD) sites: 4 (180o) ~100 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)



proton

iron

chemical composition

arrival directions in the sky

What observational information do we have?

other messengers: 
secondary gamma-rays, 

neutrinos
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energy spectrum
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Crucial information from the energy spectrum

KK & Olinto 11, data collected by R. Engel
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Crucial information from the energy spectrum

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

Katz et al. 09
KK & Olinto 11, data collected by R. Engel



6

Crucial information from the energy spectrum

acceleration to E>1020 eV
Hillas criterion Hillas 84
necessary magnetic luminosity (LB≡εBLoutflow):
LB > 1045.5 erg/s Γ2 β-1  Lemoine & Waxman 09

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

Katz et al. 09
KK & Olinto 11, data collected by R. Engel
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EUHECR > 1020 eV: first selection of 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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22 Les rayons cosmiques de très haute énergie : la clé du triptyque

de l’ordre de ⇤conf ⌅ 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 su⇥ra 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��, avec � = 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 e�et, en négligeant les pertes d’énergie par interaction dans le milieu interstellaire :

JGal(E) =
Qinj(E)
⇤esc(E)

. (1.10)

Le temps d’échappement ⇤esc(E) est bien sûr relié au temps de confinement ⇤conf(E) qui peut
être mesuré par des rapports d’abondance d’éléments chimiques 4. Les observations indiquent
que ⇤esc ⇧ E⇥ avec ⇥ ⌅ 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 ⇤esc dépend du transport des particules, et donc du coe⇥cient
de di�usion 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 ⇥ = 1/3. Un
spectre d’injection toujours raisonnable en � ⌅ 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 e�ectué 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.
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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
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EUHECR > 1020 eV: first selection of sources
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e.g. Norman et al. 1995, 
Rachen & Biermann 
1995, Henri et al. 1999,
Lemoine & Waxman 2009
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fréquence dans la Galaxie est de 0.01 par an et l’énergie mécanique libérée en une explosion est
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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
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de ESN ⌅ 1051 erg. Ainsi, la luminosité des supernovæ Galactiques est de LSN ⌅ 3⇥ 1041 erg/s.
Il su⇥ra 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��, avec � = 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 e�et, en négligeant les pertes d’énergie par interaction dans le milieu interstellaire :

JGal(E) =
Qinj(E)
⇤esc(E)

. (1.10)

Le temps d’échappement ⇤esc(E) est bien sûr relié au temps de confinement ⇤conf(E) qui peut
être mesuré par des rapports d’abondance d’éléments chimiques 4. Les observations indiquent
que ⇤esc ⇧ E⇥ avec ⇥ ⌅ 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 ⇤esc dépend du transport des particules, et donc du coe⇥cient
de di�usion 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 ⇥ = 1/3. Un
spectre d’injection toujours raisonnable en � ⌅ 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
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⇥�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
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1 µG

⇥ �
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1 pc

⇥
. (1.12)

On a choisi ici les valeurs numériques moyennes pour des restes de supernovæ. Lagage & Cesarsky
(1983) ont e�ectué 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.
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de l’ordre de ⇤conf ⌅ 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 su⇥ra 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��, avec � = 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 e�et, en négligeant les pertes d’énergie par interaction dans le milieu interstellaire :

JGal(E) =
Qinj(E)
⇤esc(E)

. (1.10)

Le temps d’échappement ⇤esc(E) est bien sûr relié au temps de confinement ⇤conf(E) qui peut
être mesuré par des rapports d’abondance d’éléments chimiques 4. Les observations indiquent
que ⇤esc ⇧ E⇥ avec ⇥ ⌅ 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 ⇤esc dépend du transport des particules, et donc du coe⇥cient
de di�usion 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 ⇥ = 1/3. Un
spectre d’injection toujours raisonnable en � ⌅ 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
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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
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On a choisi ici les valeurs numériques moyennes pour des restes de supernovæ. Lagage & Cesarsky
(1983) ont e�ectué 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.
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de l’ordre de ⇤conf ⌅ 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 su⇥ra 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��, avec � = 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 e�et, en négligeant les pertes d’énergie par interaction dans le milieu interstellaire :

JGal(E) =
Qinj(E)
⇤esc(E)

. (1.10)

Le temps d’échappement ⇤esc(E) est bien sûr relié au temps de confinement ⇤conf(E) qui peut
être mesuré par des rapports d’abondance d’éléments chimiques 4. Les observations indiquent
que ⇤esc ⇧ E⇥ avec ⇥ ⌅ 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 ⇤esc dépend du transport des particules, et donc du coe⇥cient
de di�usion 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 ⇥ = 1/3. Un
spectre d’injection toujours raisonnable en � ⌅ 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 :
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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) :
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On a choisi ici les valeurs numériques moyennes pour des restes de supernovæ. Lagage & Cesarsky
(1983) ont e�ectué 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.
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de l’ordre de ⇤conf ⌅ 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 su⇥ra 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��, avec � = 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 e�et, en négligeant les pertes d’énergie par interaction dans le milieu interstellaire :

JGal(E) =
Qinj(E)
⇤esc(E)

. (1.10)

Le temps d’échappement ⇤esc(E) est bien sûr relié au temps de confinement ⇤conf(E) qui peut
être mesuré par des rapports d’abondance d’éléments chimiques 4. Les observations indiquent
que ⇤esc ⇧ E⇥ avec ⇥ ⌅ 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 ⇤esc dépend du transport des particules, et donc du coe⇥cient
de di�usion 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 ⇥ = 1/3. Un
spectre d’injection toujours raisonnable en � ⌅ 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
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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
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On a choisi ici les valeurs numériques moyennes pour des restes de supernovæ. Lagage & Cesarsky
(1983) ont e�ectué 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.
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de l’ordre de ⇤conf ⌅ 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 su⇥ra 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��, avec � = 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 e�et, en négligeant les pertes d’énergie par interaction dans le milieu interstellaire :

JGal(E) =
Qinj(E)
⇤esc(E)

. (1.10)

Le temps d’échappement ⇤esc(E) est bien sûr relié au temps de confinement ⇤conf(E) qui peut
être mesuré par des rapports d’abondance d’éléments chimiques 4. Les observations indiquent
que ⇤esc ⇧ E⇥ avec ⇥ ⌅ 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 ⇤esc dépend du transport des particules, et donc du coe⇥cient
de di�usion 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 ⇥ = 1/3. Un
spectre d’injection toujours raisonnable en � ⌅ 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 :
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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) :
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On a choisi ici les valeurs numériques moyennes pour des restes de supernovæ. Lagage & Cesarsky
(1983) ont e�ectué 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.
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de l’ordre de ⇤conf ⌅ 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 su⇥ra 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��, avec � = 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 e�et, en négligeant les pertes d’énergie par interaction dans le milieu interstellaire :

JGal(E) =
Qinj(E)
⇤esc(E)

. (1.10)

Le temps d’échappement ⇤esc(E) est bien sûr relié au temps de confinement ⇤conf(E) qui peut
être mesuré par des rapports d’abondance d’éléments chimiques 4. Les observations indiquent
que ⇤esc ⇧ E⇥ avec ⇥ ⌅ 0.6. Avec un spectre d’injection en 2.1, on pourrait alors très bien
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On a choisi ici les valeurs numériques moyennes pour des restes de supernovæ. Lagage & Cesarsky
(1983) ont e�ectué 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
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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 su⇥ra donc d’injecter environ 10% de cette puissance aux rayons cosmiques pour expliquer
leur flux.
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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��, avec � = 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 e�et, en négligeant les pertes d’énergie par interaction dans le milieu interstellaire :
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grammage) traversée. On peut ainsi retrouver leur distance parcourue et leur temps de confinement.



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

7

EUHECR > 1020 eV: first selection of 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

neutron star

proton 10 20
 eV

white 

dwarf

GRB

Fe 10 20
 eV

AGN

AGN jets

SNR

     hot spots

  IGM shocks

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

de l’ordre de ⇤conf ⌅ 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 su⇥ra 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��, avec � = 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 e�et, en négligeant les pertes d’énergie par interaction dans le milieu interstellaire :

JGal(E) =
Qinj(E)
⇤esc(E)

. (1.10)

Le temps d’échappement ⇤esc(E) est bien sûr relié au temps de confinement ⇤conf(E) qui peut
être mesuré par des rapports d’abondance d’éléments chimiques 4. Les observations indiquent
que ⇤esc ⇧ E⇥ avec ⇥ ⌅ 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 ⇤esc dépend du transport des particules, et donc du coe⇥cient
de di�usion 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 ⇥ = 1/3. Un
spectre d’injection toujours raisonnable en � ⌅ 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 :
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La condition de confinement dans une source de taille L s’écrit rL ⇤ L et peut se retranscrire
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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 e�ectué 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.
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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��, avec � = 2.0 � 2.3. Mais ces particules peuvent aussi
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Figure 8: Measurements of hXmaxi with non-imaging Cherenkov detectors (Tunka [118, 126], Yakutsk [127, 128], CASA-BLANCA [123]) and fluorescence
detectors (HiRes/MIA [129], HiRes [130], Auger [131] and TA [132]) compared to air shower simulations [133] using hadronic interaction models [36–38]. HiRes
and TA data have been corrected for detector e↵ects as indicated by the h�i values (see text). The right panel shows a zoom to the ultra-high energy region.

A characteristic feature of the lateral light distribution at
ground is a prominent shoulder at around 120 m from the
shower core (cf. Fig. 7) which is due to the strongly forward
beamed emission of the Cherenkov light (✓ air

Ch ⇡ 1.4�) from near
the shower maximum in the atmosphere. The slope of the lat-
eral distribution measured within this 120 m is found to depend
on the height of the shower maximum and hence on the mass
of the primary cosmic ray nucleus. The overall Cherenkov in-
tensity at distances beyond the shoulder, on the other hand, is
closely related to the calorimetric energy.

The hXmaxi measurements from BLANCA [123],
Tunka [118, 126] and Yakutsk [125] are shown in Fig. 8.
At low energies (E < 1016 eV) the three measurements disagree
by up to 40 g/cm2, but all three detectors observed small elon-
gation rates above 5 ⇥ 1015 eV, indicating a change towards a
heavier composition. At around 1017 eV the absolute values of
hXmaxi from Tunka and Yakutsk are approaching the simulation
results for heavy primaries and beyond that energy the average
shower maximum increases again towards the air shower
predictions for light primaries. At even higher energies, only
the Yakutsk array measured hXmaxi with Cherenkov detectors
and we will discuss this range in the next section together with
the data from fluorescence telescopes.

3.3. Fluorescence Telescopes

After the first prototyping and detection of fluorescence light
from air showers [138–140], the Fly’s Eye detector [141] and its
successor HiRes [142] established the measurement of the lon-
gitudinal development of air showers using fluorescence tele-
scopes and studied the evolution of the shower maximum with
energy [143, 144]. Currently, two observatories are in operation
that use the fluorescence technique for the determination of the
energy scale and for composition studies: The Pierre Auger Ob-
servatory in the Southern hemisphere [145] and the Telescope
Array (TA) in the Northern hemisphere [84].

The measurement of the longitudinal air shower development
with fluorescence telescopes relies on the fact that the charged
secondaries of an air shower excite the nitrogen molecules in
the atmosphere that in turn emit fluorescence light. Since the
light yields [146] are proportional to the energy deposited in
the atmosphere, this observation allows to reconstruct the lon-
gitudinal development of the air shower as a function of slant
depth.

A typical example of a reconstructed energy deposit profile
of an ultra-high energy air shower is shown in Fig. 9. For this
particular shower, the full profile was observed and the total
calorimetric energy could be obtained by simply adding up the
data points. In general, however, only part of the profile can be
detected, because the shower either reaches ground or its ris-
ing edge is obscured by the upper field of view boundary of
telescope. Therefore, the profile is usually fitted with an appro-
priate trial function [147] that allows the extrapolation of the
shower outside of the field of view and to below ground level.
Popular choices for fitting longitudinal profiles are the Gaisser-
Hillas function [111] (used e.g. by Auger [148]) or a Gaussian
in shower age [149] as it was used for the final HiRes analy-
ses. The calorimetric energy of the shower is then given by the
integral of the fitted energy deposit profile.

In addition to the calorimetric energy, the measurement of
the longitudinal energy deposit profile provides a direct ob-
servation of the shower maximum. As can be seen in Fig. 9,
where simulated longitudinal shower profiles are superimposed
on the measured profile, even on a shower-by-shower basis a
rough distinction between heavy and light primaries is possi-
ble by comparing the position of Xmax. In principle, the full
distribution of shower maxima for showers with similar energy
contains the maximum information about composition that can
be obtained from fluorescence detectors. Given enough statis-
tics and an exact knowledge of the expected distributions for
di↵erent primaries, it should be possible to extract composition
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Figure 8: Measurements of hXmaxi with non-imaging Cherenkov detectors (Tunka [118, 126], Yakutsk [127, 128], CASA-BLANCA [123]) and fluorescence
detectors (HiRes/MIA [129], HiRes [130], Auger [131] and TA [132]) compared to air shower simulations [133] using hadronic interaction models [36–38]. HiRes
and TA data have been corrected for detector e↵ects as indicated by the h�i values (see text). The right panel shows a zoom to the ultra-high energy region.

A characteristic feature of the lateral light distribution at
ground is a prominent shoulder at around 120 m from the
shower core (cf. Fig. 7) which is due to the strongly forward
beamed emission of the Cherenkov light (✓ air

Ch ⇡ 1.4�) from near
the shower maximum in the atmosphere. The slope of the lat-
eral distribution measured within this 120 m is found to depend
on the height of the shower maximum and hence on the mass
of the primary cosmic ray nucleus. The overall Cherenkov in-
tensity at distances beyond the shoulder, on the other hand, is
closely related to the calorimetric energy.

The hXmaxi measurements from BLANCA [123],
Tunka [118, 126] and Yakutsk [125] are shown in Fig. 8.
At low energies (E < 1016 eV) the three measurements disagree
by up to 40 g/cm2, but all three detectors observed small elon-
gation rates above 5 ⇥ 1015 eV, indicating a change towards a
heavier composition. At around 1017 eV the absolute values of
hXmaxi from Tunka and Yakutsk are approaching the simulation
results for heavy primaries and beyond that energy the average
shower maximum increases again towards the air shower
predictions for light primaries. At even higher energies, only
the Yakutsk array measured hXmaxi with Cherenkov detectors
and we will discuss this range in the next section together with
the data from fluorescence telescopes.

3.3. Fluorescence Telescopes

After the first prototyping and detection of fluorescence light
from air showers [138–140], the Fly’s Eye detector [141] and its
successor HiRes [142] established the measurement of the lon-
gitudinal development of air showers using fluorescence tele-
scopes and studied the evolution of the shower maximum with
energy [143, 144]. Currently, two observatories are in operation
that use the fluorescence technique for the determination of the
energy scale and for composition studies: The Pierre Auger Ob-
servatory in the Southern hemisphere [145] and the Telescope
Array (TA) in the Northern hemisphere [84].

The measurement of the longitudinal air shower development
with fluorescence telescopes relies on the fact that the charged
secondaries of an air shower excite the nitrogen molecules in
the atmosphere that in turn emit fluorescence light. Since the
light yields [146] are proportional to the energy deposited in
the atmosphere, this observation allows to reconstruct the lon-
gitudinal development of the air shower as a function of slant
depth.

A typical example of a reconstructed energy deposit profile
of an ultra-high energy air shower is shown in Fig. 9. For this
particular shower, the full profile was observed and the total
calorimetric energy could be obtained by simply adding up the
data points. In general, however, only part of the profile can be
detected, because the shower either reaches ground or its ris-
ing edge is obscured by the upper field of view boundary of
telescope. Therefore, the profile is usually fitted with an appro-
priate trial function [147] that allows the extrapolation of the
shower outside of the field of view and to below ground level.
Popular choices for fitting longitudinal profiles are the Gaisser-
Hillas function [111] (used e.g. by Auger [148]) or a Gaussian
in shower age [149] as it was used for the final HiRes analy-
ses. The calorimetric energy of the shower is then given by the
integral of the fitted energy deposit profile.

In addition to the calorimetric energy, the measurement of
the longitudinal energy deposit profile provides a direct ob-
servation of the shower maximum. As can be seen in Fig. 9,
where simulated longitudinal shower profiles are superimposed
on the measured profile, even on a shower-by-shower basis a
rough distinction between heavy and light primaries is possi-
ble by comparing the position of Xmax. In principle, the full
distribution of shower maxima for showers with similar energy
contains the maximum information about composition that can
be obtained from fluorescence detectors. Given enough statis-
tics and an exact knowledge of the expected distributions for
di↵erent primaries, it should be possible to extract composition
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Figure 8: Measurements of hXmaxi with non-imaging Cherenkov detectors (Tunka [118, 126], Yakutsk [127, 128], CASA-BLANCA [123]) and fluorescence
detectors (HiRes/MIA [129], HiRes [130], Auger [131] and TA [132]) compared to air shower simulations [133] using hadronic interaction models [36–38]. HiRes
and TA data have been corrected for detector e↵ects as indicated by the h�i values (see text). The right panel shows a zoom to the ultra-high energy region.

A characteristic feature of the lateral light distribution at
ground is a prominent shoulder at around 120 m from the
shower core (cf. Fig. 7) which is due to the strongly forward
beamed emission of the Cherenkov light (✓ air

Ch ⇡ 1.4�) from near
the shower maximum in the atmosphere. The slope of the lat-
eral distribution measured within this 120 m is found to depend
on the height of the shower maximum and hence on the mass
of the primary cosmic ray nucleus. The overall Cherenkov in-
tensity at distances beyond the shoulder, on the other hand, is
closely related to the calorimetric energy.

The hXmaxi measurements from BLANCA [123],
Tunka [118, 126] and Yakutsk [125] are shown in Fig. 8.
At low energies (E < 1016 eV) the three measurements disagree
by up to 40 g/cm2, but all three detectors observed small elon-
gation rates above 5 ⇥ 1015 eV, indicating a change towards a
heavier composition. At around 1017 eV the absolute values of
hXmaxi from Tunka and Yakutsk are approaching the simulation
results for heavy primaries and beyond that energy the average
shower maximum increases again towards the air shower
predictions for light primaries. At even higher energies, only
the Yakutsk array measured hXmaxi with Cherenkov detectors
and we will discuss this range in the next section together with
the data from fluorescence telescopes.

3.3. Fluorescence Telescopes

After the first prototyping and detection of fluorescence light
from air showers [138–140], the Fly’s Eye detector [141] and its
successor HiRes [142] established the measurement of the lon-
gitudinal development of air showers using fluorescence tele-
scopes and studied the evolution of the shower maximum with
energy [143, 144]. Currently, two observatories are in operation
that use the fluorescence technique for the determination of the
energy scale and for composition studies: The Pierre Auger Ob-
servatory in the Southern hemisphere [145] and the Telescope
Array (TA) in the Northern hemisphere [84].

The measurement of the longitudinal air shower development
with fluorescence telescopes relies on the fact that the charged
secondaries of an air shower excite the nitrogen molecules in
the atmosphere that in turn emit fluorescence light. Since the
light yields [146] are proportional to the energy deposited in
the atmosphere, this observation allows to reconstruct the lon-
gitudinal development of the air shower as a function of slant
depth.

A typical example of a reconstructed energy deposit profile
of an ultra-high energy air shower is shown in Fig. 9. For this
particular shower, the full profile was observed and the total
calorimetric energy could be obtained by simply adding up the
data points. In general, however, only part of the profile can be
detected, because the shower either reaches ground or its ris-
ing edge is obscured by the upper field of view boundary of
telescope. Therefore, the profile is usually fitted with an appro-
priate trial function [147] that allows the extrapolation of the
shower outside of the field of view and to below ground level.
Popular choices for fitting longitudinal profiles are the Gaisser-
Hillas function [111] (used e.g. by Auger [148]) or a Gaussian
in shower age [149] as it was used for the final HiRes analy-
ses. The calorimetric energy of the shower is then given by the
integral of the fitted energy deposit profile.

In addition to the calorimetric energy, the measurement of
the longitudinal energy deposit profile provides a direct ob-
servation of the shower maximum. As can be seen in Fig. 9,
where simulated longitudinal shower profiles are superimposed
on the measured profile, even on a shower-by-shower basis a
rough distinction between heavy and light primaries is possi-
ble by comparing the position of Xmax. In principle, the full
distribution of shower maxima for showers with similar energy
contains the maximum information about composition that can
be obtained from fluorescence detectors. Given enough statis-
tics and an exact knowledge of the expected distributions for
di↵erent primaries, it should be possible to extract composition
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Figure 8: Measurements of hXmaxi with non-imaging Cherenkov detectors (Tunka [118, 126], Yakutsk [127, 128], CASA-BLANCA [123]) and fluorescence
detectors (HiRes/MIA [129], HiRes [130], Auger [131] and TA [132]) compared to air shower simulations [133] using hadronic interaction models [36–38]. HiRes
and TA data have been corrected for detector e↵ects as indicated by the h�i values (see text). The right panel shows a zoom to the ultra-high energy region.

A characteristic feature of the lateral light distribution at
ground is a prominent shoulder at around 120 m from the
shower core (cf. Fig. 7) which is due to the strongly forward
beamed emission of the Cherenkov light (✓ air

Ch ⇡ 1.4�) from near
the shower maximum in the atmosphere. The slope of the lat-
eral distribution measured within this 120 m is found to depend
on the height of the shower maximum and hence on the mass
of the primary cosmic ray nucleus. The overall Cherenkov in-
tensity at distances beyond the shoulder, on the other hand, is
closely related to the calorimetric energy.

The hXmaxi measurements from BLANCA [123],
Tunka [118, 126] and Yakutsk [125] are shown in Fig. 8.
At low energies (E < 1016 eV) the three measurements disagree
by up to 40 g/cm2, but all three detectors observed small elon-
gation rates above 5 ⇥ 1015 eV, indicating a change towards a
heavier composition. At around 1017 eV the absolute values of
hXmaxi from Tunka and Yakutsk are approaching the simulation
results for heavy primaries and beyond that energy the average
shower maximum increases again towards the air shower
predictions for light primaries. At even higher energies, only
the Yakutsk array measured hXmaxi with Cherenkov detectors
and we will discuss this range in the next section together with
the data from fluorescence telescopes.

3.3. Fluorescence Telescopes

After the first prototyping and detection of fluorescence light
from air showers [138–140], the Fly’s Eye detector [141] and its
successor HiRes [142] established the measurement of the lon-
gitudinal development of air showers using fluorescence tele-
scopes and studied the evolution of the shower maximum with
energy [143, 144]. Currently, two observatories are in operation
that use the fluorescence technique for the determination of the
energy scale and for composition studies: The Pierre Auger Ob-
servatory in the Southern hemisphere [145] and the Telescope
Array (TA) in the Northern hemisphere [84].

The measurement of the longitudinal air shower development
with fluorescence telescopes relies on the fact that the charged
secondaries of an air shower excite the nitrogen molecules in
the atmosphere that in turn emit fluorescence light. Since the
light yields [146] are proportional to the energy deposited in
the atmosphere, this observation allows to reconstruct the lon-
gitudinal development of the air shower as a function of slant
depth.

A typical example of a reconstructed energy deposit profile
of an ultra-high energy air shower is shown in Fig. 9. For this
particular shower, the full profile was observed and the total
calorimetric energy could be obtained by simply adding up the
data points. In general, however, only part of the profile can be
detected, because the shower either reaches ground or its ris-
ing edge is obscured by the upper field of view boundary of
telescope. Therefore, the profile is usually fitted with an appro-
priate trial function [147] that allows the extrapolation of the
shower outside of the field of view and to below ground level.
Popular choices for fitting longitudinal profiles are the Gaisser-
Hillas function [111] (used e.g. by Auger [148]) or a Gaussian
in shower age [149] as it was used for the final HiRes analy-
ses. The calorimetric energy of the shower is then given by the
integral of the fitted energy deposit profile.

In addition to the calorimetric energy, the measurement of
the longitudinal energy deposit profile provides a direct ob-
servation of the shower maximum. As can be seen in Fig. 9,
where simulated longitudinal shower profiles are superimposed
on the measured profile, even on a shower-by-shower basis a
rough distinction between heavy and light primaries is possi-
ble by comparing the position of Xmax. In principle, the full
distribution of shower maxima for showers with similar energy
contains the maximum information about composition that can
be obtained from fluorescence detectors. Given enough statis-
tics and an exact knowledge of the expected distributions for
di↵erent primaries, it should be possible to extract composition
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Figure 8: Measurements of hXmaxi with non-imaging Cherenkov detectors (Tunka [118, 126], Yakutsk [127, 128], CASA-BLANCA [123]) and fluorescence
detectors (HiRes/MIA [129], HiRes [130], Auger [131] and TA [132]) compared to air shower simulations [133] using hadronic interaction models [36–38]. HiRes
and TA data have been corrected for detector e↵ects as indicated by the h�i values (see text). The right panel shows a zoom to the ultra-high energy region.

A characteristic feature of the lateral light distribution at
ground is a prominent shoulder at around 120 m from the
shower core (cf. Fig. 7) which is due to the strongly forward
beamed emission of the Cherenkov light (✓ air

Ch ⇡ 1.4�) from near
the shower maximum in the atmosphere. The slope of the lat-
eral distribution measured within this 120 m is found to depend
on the height of the shower maximum and hence on the mass
of the primary cosmic ray nucleus. The overall Cherenkov in-
tensity at distances beyond the shoulder, on the other hand, is
closely related to the calorimetric energy.

The hXmaxi measurements from BLANCA [123],
Tunka [118, 126] and Yakutsk [125] are shown in Fig. 8.
At low energies (E < 1016 eV) the three measurements disagree
by up to 40 g/cm2, but all three detectors observed small elon-
gation rates above 5 ⇥ 1015 eV, indicating a change towards a
heavier composition. At around 1017 eV the absolute values of
hXmaxi from Tunka and Yakutsk are approaching the simulation
results for heavy primaries and beyond that energy the average
shower maximum increases again towards the air shower
predictions for light primaries. At even higher energies, only
the Yakutsk array measured hXmaxi with Cherenkov detectors
and we will discuss this range in the next section together with
the data from fluorescence telescopes.

3.3. Fluorescence Telescopes

After the first prototyping and detection of fluorescence light
from air showers [138–140], the Fly’s Eye detector [141] and its
successor HiRes [142] established the measurement of the lon-
gitudinal development of air showers using fluorescence tele-
scopes and studied the evolution of the shower maximum with
energy [143, 144]. Currently, two observatories are in operation
that use the fluorescence technique for the determination of the
energy scale and for composition studies: The Pierre Auger Ob-
servatory in the Southern hemisphere [145] and the Telescope
Array (TA) in the Northern hemisphere [84].

The measurement of the longitudinal air shower development
with fluorescence telescopes relies on the fact that the charged
secondaries of an air shower excite the nitrogen molecules in
the atmosphere that in turn emit fluorescence light. Since the
light yields [146] are proportional to the energy deposited in
the atmosphere, this observation allows to reconstruct the lon-
gitudinal development of the air shower as a function of slant
depth.

A typical example of a reconstructed energy deposit profile
of an ultra-high energy air shower is shown in Fig. 9. For this
particular shower, the full profile was observed and the total
calorimetric energy could be obtained by simply adding up the
data points. In general, however, only part of the profile can be
detected, because the shower either reaches ground or its ris-
ing edge is obscured by the upper field of view boundary of
telescope. Therefore, the profile is usually fitted with an appro-
priate trial function [147] that allows the extrapolation of the
shower outside of the field of view and to below ground level.
Popular choices for fitting longitudinal profiles are the Gaisser-
Hillas function [111] (used e.g. by Auger [148]) or a Gaussian
in shower age [149] as it was used for the final HiRes analy-
ses. The calorimetric energy of the shower is then given by the
integral of the fitted energy deposit profile.

In addition to the calorimetric energy, the measurement of
the longitudinal energy deposit profile provides a direct ob-
servation of the shower maximum. As can be seen in Fig. 9,
where simulated longitudinal shower profiles are superimposed
on the measured profile, even on a shower-by-shower basis a
rough distinction between heavy and light primaries is possi-
ble by comparing the position of Xmax. In principle, the full
distribution of shower maxima for showers with similar energy
contains the maximum information about composition that can
be obtained from fluorescence detectors. Given enough statis-
tics and an exact knowledge of the expected distributions for
di↵erent primaries, it should be possible to extract composition
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Figure 8: Measurements of hXmaxi with non-imaging Cherenkov detectors (Tunka [118, 126], Yakutsk [127, 128], CASA-BLANCA [123]) and fluorescence
detectors (HiRes/MIA [129], HiRes [130], Auger [131] and TA [132]) compared to air shower simulations [133] using hadronic interaction models [36–38]. HiRes
and TA data have been corrected for detector e↵ects as indicated by the h�i values (see text). The right panel shows a zoom to the ultra-high energy region.

A characteristic feature of the lateral light distribution at
ground is a prominent shoulder at around 120 m from the
shower core (cf. Fig. 7) which is due to the strongly forward
beamed emission of the Cherenkov light (✓ air

Ch ⇡ 1.4�) from near
the shower maximum in the atmosphere. The slope of the lat-
eral distribution measured within this 120 m is found to depend
on the height of the shower maximum and hence on the mass
of the primary cosmic ray nucleus. The overall Cherenkov in-
tensity at distances beyond the shoulder, on the other hand, is
closely related to the calorimetric energy.

The hXmaxi measurements from BLANCA [123],
Tunka [118, 126] and Yakutsk [125] are shown in Fig. 8.
At low energies (E < 1016 eV) the three measurements disagree
by up to 40 g/cm2, but all three detectors observed small elon-
gation rates above 5 ⇥ 1015 eV, indicating a change towards a
heavier composition. At around 1017 eV the absolute values of
hXmaxi from Tunka and Yakutsk are approaching the simulation
results for heavy primaries and beyond that energy the average
shower maximum increases again towards the air shower
predictions for light primaries. At even higher energies, only
the Yakutsk array measured hXmaxi with Cherenkov detectors
and we will discuss this range in the next section together with
the data from fluorescence telescopes.

3.3. Fluorescence Telescopes

After the first prototyping and detection of fluorescence light
from air showers [138–140], the Fly’s Eye detector [141] and its
successor HiRes [142] established the measurement of the lon-
gitudinal development of air showers using fluorescence tele-
scopes and studied the evolution of the shower maximum with
energy [143, 144]. Currently, two observatories are in operation
that use the fluorescence technique for the determination of the
energy scale and for composition studies: The Pierre Auger Ob-
servatory in the Southern hemisphere [145] and the Telescope
Array (TA) in the Northern hemisphere [84].

The measurement of the longitudinal air shower development
with fluorescence telescopes relies on the fact that the charged
secondaries of an air shower excite the nitrogen molecules in
the atmosphere that in turn emit fluorescence light. Since the
light yields [146] are proportional to the energy deposited in
the atmosphere, this observation allows to reconstruct the lon-
gitudinal development of the air shower as a function of slant
depth.

A typical example of a reconstructed energy deposit profile
of an ultra-high energy air shower is shown in Fig. 9. For this
particular shower, the full profile was observed and the total
calorimetric energy could be obtained by simply adding up the
data points. In general, however, only part of the profile can be
detected, because the shower either reaches ground or its ris-
ing edge is obscured by the upper field of view boundary of
telescope. Therefore, the profile is usually fitted with an appro-
priate trial function [147] that allows the extrapolation of the
shower outside of the field of view and to below ground level.
Popular choices for fitting longitudinal profiles are the Gaisser-
Hillas function [111] (used e.g. by Auger [148]) or a Gaussian
in shower age [149] as it was used for the final HiRes analy-
ses. The calorimetric energy of the shower is then given by the
integral of the fitted energy deposit profile.

In addition to the calorimetric energy, the measurement of
the longitudinal energy deposit profile provides a direct ob-
servation of the shower maximum. As can be seen in Fig. 9,
where simulated longitudinal shower profiles are superimposed
on the measured profile, even on a shower-by-shower basis a
rough distinction between heavy and light primaries is possi-
ble by comparing the position of Xmax. In principle, the full
distribution of shower maxima for showers with similar energy
contains the maximum information about composition that can
be obtained from fluorescence detectors. Given enough statis-
tics and an exact knowledge of the expected distributions for
di↵erent primaries, it should be possible to extract composition
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Figure 8: Measurements of hXmaxi with non-imaging Cherenkov detectors (Tunka [118, 126], Yakutsk [127, 128], CASA-BLANCA [123]) and fluorescence
detectors (HiRes/MIA [129], HiRes [130], Auger [131] and TA [132]) compared to air shower simulations [133] using hadronic interaction models [36–38]. HiRes
and TA data have been corrected for detector e↵ects as indicated by the h�i values (see text). The right panel shows a zoom to the ultra-high energy region.

A characteristic feature of the lateral light distribution at
ground is a prominent shoulder at around 120 m from the
shower core (cf. Fig. 7) which is due to the strongly forward
beamed emission of the Cherenkov light (✓ air

Ch ⇡ 1.4�) from near
the shower maximum in the atmosphere. The slope of the lat-
eral distribution measured within this 120 m is found to depend
on the height of the shower maximum and hence on the mass
of the primary cosmic ray nucleus. The overall Cherenkov in-
tensity at distances beyond the shoulder, on the other hand, is
closely related to the calorimetric energy.

The hXmaxi measurements from BLANCA [123],
Tunka [118, 126] and Yakutsk [125] are shown in Fig. 8.
At low energies (E < 1016 eV) the three measurements disagree
by up to 40 g/cm2, but all three detectors observed small elon-
gation rates above 5 ⇥ 1015 eV, indicating a change towards a
heavier composition. At around 1017 eV the absolute values of
hXmaxi from Tunka and Yakutsk are approaching the simulation
results for heavy primaries and beyond that energy the average
shower maximum increases again towards the air shower
predictions for light primaries. At even higher energies, only
the Yakutsk array measured hXmaxi with Cherenkov detectors
and we will discuss this range in the next section together with
the data from fluorescence telescopes.

3.3. Fluorescence Telescopes

After the first prototyping and detection of fluorescence light
from air showers [138–140], the Fly’s Eye detector [141] and its
successor HiRes [142] established the measurement of the lon-
gitudinal development of air showers using fluorescence tele-
scopes and studied the evolution of the shower maximum with
energy [143, 144]. Currently, two observatories are in operation
that use the fluorescence technique for the determination of the
energy scale and for composition studies: The Pierre Auger Ob-
servatory in the Southern hemisphere [145] and the Telescope
Array (TA) in the Northern hemisphere [84].

The measurement of the longitudinal air shower development
with fluorescence telescopes relies on the fact that the charged
secondaries of an air shower excite the nitrogen molecules in
the atmosphere that in turn emit fluorescence light. Since the
light yields [146] are proportional to the energy deposited in
the atmosphere, this observation allows to reconstruct the lon-
gitudinal development of the air shower as a function of slant
depth.

A typical example of a reconstructed energy deposit profile
of an ultra-high energy air shower is shown in Fig. 9. For this
particular shower, the full profile was observed and the total
calorimetric energy could be obtained by simply adding up the
data points. In general, however, only part of the profile can be
detected, because the shower either reaches ground or its ris-
ing edge is obscured by the upper field of view boundary of
telescope. Therefore, the profile is usually fitted with an appro-
priate trial function [147] that allows the extrapolation of the
shower outside of the field of view and to below ground level.
Popular choices for fitting longitudinal profiles are the Gaisser-
Hillas function [111] (used e.g. by Auger [148]) or a Gaussian
in shower age [149] as it was used for the final HiRes analy-
ses. The calorimetric energy of the shower is then given by the
integral of the fitted energy deposit profile.

In addition to the calorimetric energy, the measurement of
the longitudinal energy deposit profile provides a direct ob-
servation of the shower maximum. As can be seen in Fig. 9,
where simulated longitudinal shower profiles are superimposed
on the measured profile, even on a shower-by-shower basis a
rough distinction between heavy and light primaries is possi-
ble by comparing the position of Xmax. In principle, the full
distribution of shower maxima for showers with similar energy
contains the maximum information about composition that can
be obtained from fluorescence detectors. Given enough statis-
tics and an exact knowledge of the expected distributions for
di↵erent primaries, it should be possible to extract composition
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Figure 8: Measurements of hXmaxi with non-imaging Cherenkov detectors (Tunka [118, 126], Yakutsk [127, 128], CASA-BLANCA [123]) and fluorescence
detectors (HiRes/MIA [129], HiRes [130], Auger [131] and TA [132]) compared to air shower simulations [133] using hadronic interaction models [36–38]. HiRes
and TA data have been corrected for detector e↵ects as indicated by the h�i values (see text). The right panel shows a zoom to the ultra-high energy region.

A characteristic feature of the lateral light distribution at
ground is a prominent shoulder at around 120 m from the
shower core (cf. Fig. 7) which is due to the strongly forward
beamed emission of the Cherenkov light (✓ air

Ch ⇡ 1.4�) from near
the shower maximum in the atmosphere. The slope of the lat-
eral distribution measured within this 120 m is found to depend
on the height of the shower maximum and hence on the mass
of the primary cosmic ray nucleus. The overall Cherenkov in-
tensity at distances beyond the shoulder, on the other hand, is
closely related to the calorimetric energy.

The hXmaxi measurements from BLANCA [123],
Tunka [118, 126] and Yakutsk [125] are shown in Fig. 8.
At low energies (E < 1016 eV) the three measurements disagree
by up to 40 g/cm2, but all three detectors observed small elon-
gation rates above 5 ⇥ 1015 eV, indicating a change towards a
heavier composition. At around 1017 eV the absolute values of
hXmaxi from Tunka and Yakutsk are approaching the simulation
results for heavy primaries and beyond that energy the average
shower maximum increases again towards the air shower
predictions for light primaries. At even higher energies, only
the Yakutsk array measured hXmaxi with Cherenkov detectors
and we will discuss this range in the next section together with
the data from fluorescence telescopes.
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from air showers [138–140], the Fly’s Eye detector [141] and its
successor HiRes [142] established the measurement of the lon-
gitudinal development of air showers using fluorescence tele-
scopes and studied the evolution of the shower maximum with
energy [143, 144]. Currently, two observatories are in operation
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particular shower, the full profile was observed and the total
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data points. In general, however, only part of the profile can be
detected, because the shower either reaches ground or its ris-
ing edge is obscured by the upper field of view boundary of
telescope. Therefore, the profile is usually fitted with an appro-
priate trial function [147] that allows the extrapolation of the
shower outside of the field of view and to below ground level.
Popular choices for fitting longitudinal profiles are the Gaisser-
Hillas function [111] (used e.g. by Auger [148]) or a Gaussian
in shower age [149] as it was used for the final HiRes analy-
ses. The calorimetric energy of the shower is then given by the
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In addition to the calorimetric energy, the measurement of
the longitudinal energy deposit profile provides a direct ob-
servation of the shower maximum. As can be seen in Fig. 9,
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Magnetars as accelerators of UHECR

Kumiko

July 16, 2010

1 Magnetar energetics for particle acceleration (Arons 2003)

I do not discuss here the intricate issues concerning the exact acceleration site, the escape
from the wind, etc. These are all fully detailed in Arons (2003). I only summarize here
the final relations that Arons obtains and take for granted the fact that they are valid.
As we are concerned about the production of purely iron cosmic rays, we will also have to
consider the escape of iron from the wind at some point.

Relativistic magnetic rotators have magnetospheric voltage drops across the magnetic
field with magnitude :

�mag ⌅ RLB(RL) =
⇥2µ

c2
= 3� 1022 µ

1033 cgs

�
⇥

104 s�1

⇥2

V , (1)

where ⇥ is the angular velocity of the star (we assume here that magnetars begin their
lives as millisecond rotators), µ its dipole moment and RL the radius of the light cylinder.
These latter quantities are linked together through the following formulæ (see Eq. 10.5.9
and 10.7.3 of Shapiro & Teukolsky 1983):

RL =
c

⇥
⌅ 30 km

�
⇥

104 s�1

⇥�1

(2)

µ =
B⇥R3

⇥
2

= 1033 cgs
�

B⇥
2� 1015 G

⇥ �
R⇥

10 km

⇥3

(3)

B(r) =
1
2
B(R⇥)

�
R⇥
r

⇥3

for r ⇤ RL, implying: (4)

B(RL) ⌅ 7.4� 1013 G
�

B⇥
2� 1015 G

⇥ �
R⇥

10 km

⇥3 �
RL

30 km

⇥�3

(5)

B(r) ⌅ B(RL)
�

RL

r

⇥
for r > RL (6)

Here R⇥ is the radius of the star, I the principal moment of inertia and B⇥ the magnetic
field at the magnetic pole.

We can then assume that particles with charge q each gain the energy :

E(⇥) = q��mag = q�
⇥2µ

c2
= 3� 1021Z�1⇥2

4µ33 eV . (7)

Here � is the fraction of the open field line voltage experienced by each particle on its way
from the star to the outside world (and we define �1 ⇥ �/0.1). We can see that ultrahigh
energies are easily reached in magnetars for these parameters.

1

light cylinder

instrument.

• What if magnetars and long-duration GRBs are the same objects? (in terms of
distinguishing between transient objects)
Section 14.8 [5] of Woods & Thompson (2004): whether a proto-magnetar is also
a viable source of gamma-ray burst emission (as suggested independently by Usov
1992 and Duncan & Thompson 1992) is problematic: the net mass released during
neutrino cooling is a few orders of magnitude larger than what will quench gamma-ray
emission from the expanding relativistic wind.
As a matter of fact, the question we are trying to answer is more about the accel-
eration mechanism: are UHECRs accelerated in shocks or by unipolar induction? If
GRBs and magnetars are the same objects, the observation of gravitational waves
would still give us a proof that the acceleration mechanism happens through unipolar
induction and not shock acceleration in the GRB explosion. The unipolar induction
model requires indeed the magnetar to have a certain level of pulsation and magnetic
fields that should lead to the emission of gravitational waves (through electromagnetic
torques or gravitational radiation if the ellipticity is high enough). The detection of
gravitational waves at the level that we predict here would be an evidence that high
enough values for B and ⇥ are reached and that thus the unipolar induction acceler-
ation should take place. As explained briefly before, the GRB in itself (the explosion,
not its progenitor) only leads to a weak signal.

• Understand surf-riding acceleration mechanism (Arons 2003)

• Note on the neutrino production by magnetars: Murase et al. (2009) calculate
that magnetar signatures in neutrinos should be observed by IceCube, taking a
reasonable density of magnetars that would actually fit the UHECR spectrum (for
their lower estimate, their higher estimate overshooting the cosmic ray spectrum):
⇤ 2� 10�6 Mpc�3 per year. Such a flux could be detected by IceCube. It is worth
mentioning howbeit that this signal depends on the opacity inside the source (though
the column density of the envelope the particle goes through is constrained by the
fact that UHECRs need to escape, see Blasi et al. 2000). So neutrinos, if detected,
could be a way to distinguish GRBs and magnetars too. ... But there are also lots of
scenarios that predict a high flux of neutrinos from GRBs depending on the Physics
inside the source.

• Other sources (e.g. NS-NS) could be distinguished?

⇤ = ⇥/⌅ (52)
�i = f(⇤i, B⇥) (53)

Ei = q⇥
⌅2�R3

⇥
2c2

⇤3
i (54)

B ⌅ 1
r

(55)

E =
v
c
�B (56)

� ⇤ rE = rB = RLB(RL) (57)

r < RL ⇥
c

⇥
(58)

2% : millisecond pulsars
at birth (NOT recycled)

e.g., Shapiro & Teukolsky 83
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locity

vej = vSN =

„
2

Eej

Mej

«1/2

⇤ 4.5� 108 cm s�1 E1/2
ej,51M

�1/2
ej,5 ,

(1)
where Mej,5 ⇥ Mej/5 M⇤. After a few expansion timescales
tex = Rej,i/vSN, where Rej,i is the radius of the star that
led to the explosion, the ejecta enters into a stage of
homologous expansion where its size scales as R = vejt and
its internal energy as Eint(t) ⇤ (Eej/2)(tex/t).

The ejecta is first optically thick to electron scattering.
Noting � and ⇤ the opacity and density of the supernova
envelope, one can estimate the optical depth of the ejecta:
⌅ = R�⇤. Assuming a constant central supernova density
profile (see Matzner & McKee 1999 and Chevalier 2005 for
more detailed modeling of the interior structure of super-
novae) ⇤ = 3Mej/(4⇥R3), one can define the e⇥ective di⇥u-
sion time (for thermal photons to cross the ejecta):

td ⇥
„

Mej�
4⇥vejc

«1/2

(2)

⇤ 1.6� 106 s M1/2
ej,5�1/2

0.2

„
vej

2� 109 cm s�1

«�1/2

, (3)

with the opacity to electron scattering defined as
�0.2 ⇥ �/(0.2 g�1 cm

2
) for thermal photons. This sets

the timescale of the supernova light curve, under the
assumption that the opacity remains constant throughout
the ejecta (no ionization e⇥ect), and in the absence of
pulsar or 56Ni heating. For more detailed computation of
the these timescales, see, e.g., Kasen & Woosley (2009).

As the ejecta expands, it reaches a time tthin when it
becomes optically thin to electron scattering, for thermal
photons (⌅ = 1):

tthin =

„
3Mej�
4⇥v2

ej

«1/2

⇤ 1.9� 107 s

„
vej

2� 109 cm s�1

«
. (4)

For the numerical estimates of vej, we are using the final
velocity of the ejecta after its modification by the shock at
the interface between the pulsar wind and the initial ejecta,
for Eej,51, Mej,5, and Pi = 10�3 s (see Eq. 8 in Section 2.2).

The pulsar spins down by electromagnetic energy losses
that is transferred to the surrounding environment. The de-
position of this energy happens over the spin-down timescale
of the pulsar (Shapiro & Teukolsky 1983):

tp =
9Ic3

2B2R6
⇥�2

i

⇤ 3.1� 107 s I45B
�2
13 R�6

⇥,6P
2
i,�3 . (5)

We will consider two regimes for the calculation of ra-
diative emissions from the ejecta: optically thin (t > tthin),
and optically thick (t < tthin) for thermal photons. The de-
position of pulsar rotational energy will have di⇥erent e⇥ects
on the supernova radiative emissions according to the opti-
cal depth of the ejecta at time tp.

2.2 Characteristics of the supernova ejecta and of
the embedded pulsar wind nebula

The interaction between the pulsar wind and the supernova
ejecta leads to the formation of the following structures, il-
lustrated in Fig. 1: a forward shock at the interface of the

pulsar

contact
discontinuity

forward 
shock

reverse shock
termination shock

blast (at rest)
pulsar wind nebula

cold 
SN ejecta

relativistic
pulsar wind

Figure 1. Scheme of the structures created by the interaction
between the pulsar wind and the SN ejecta in the blast rest mass
frame.

shocked and unshocked ejecta, and a reverse shock at the
interface between the shocked and unshocked wind (clas-
sically called “termination shock”). The shocked material
between the forward and the reverse shock constitutes the
pulsar wind nebula (PWN, e.g., Chevalier 1977; Chevalier
& Fransson 1992; Gaensler & Slane 2006).

The pulsar wind carries a total energy:

Ep =
I�2

i

2
⇤ 1.9� 1052 erg I45P

2
i,�3 , (6)

and injects a luminosity (Shapiro & Teukolsky 1983)

Lp(t) =
Ep

tp

1
(1 + t/tp)2

. (7)

into the cold supernova ejecta. The evolution of the pul-
sar luminosity over time, for magnetic dipole spin-down, is
represented in Fig. 4.

The characteristic velocity of the ejecta is not a⇥ected
by the pulsar wind nebula expansion if Ep ⌅ Eej. How-
ever, if the pulsar input energy overwhelms the initial ejecta
energy Ep ⇧ Eej, the ejecta is swept up into the shell at a
final shell velocity vf = (2Ep/Mej)

1/2 (Chevalier 2005). Tak-
ing into account these two extreme cases, one can estimate
the characteristic ejecta velocity as

vej = vSN(1 + Ep/ESN)1/2 . (8)

For Ep ⌅ Eej, the evolution of the pulsar wind nebula
takes place in the central part of the SN ejecta, where the
density profile is nearly flat, with ⇤ ⌃ t�3(r/t)�m. We will
assume here that m = 0. For times t ⇥ tp where Lp ⇤
Ep/tp, the radius of the pulsar wind nebula can then be
expressed (Chevalier 1977)

RPWN ⇤
„

125
99

v3
ejEp

Mejtp

«1/5

t6/5, for t ⇥ tp, Ep ⌅ Eej (9)

Beyond the characteristic velocity vSN, the density pro-
file of the ejecta steepens considerably, reaching spectral in-
dices b � 5 (e.g., Matzner & McKee 1999). For Ep ⇧ Eej,
the pulsar wind nebula expands past this inflection point and
its size depends on whether the swept-up shell breaks up by
Rayleigh-Taylor instabilities. Chevalier (2005) discusses that
if the shell does not break up, the expansion is determined
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�1/2
ej,5 ,

(1)
where Mej,5 ⇥ Mej/5 M⇤. After a few expansion timescales
tex = Rej,i/vSN, where Rej,i is the radius of the star that
led to the explosion, the ejecta enters into a stage of
homologous expansion where its size scales as R = vejt and
its internal energy as Eint(t) ⇤ (Eej/2)(tex/t).

The ejecta is first optically thick to electron scattering.
Noting � and ⇤ the opacity and density of the supernova
envelope, one can estimate the optical depth of the ejecta:
⌅ = R�⇤. Assuming a constant central supernova density
profile (see Matzner & McKee 1999 and Chevalier 2005 for
more detailed modeling of the interior structure of super-
novae) ⇤ = 3Mej/(4⇥R3), one can define the e⇥ective di⇥u-
sion time (for thermal photons to cross the ejecta):
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with the opacity to electron scattering defined as
�0.2 ⇥ �/(0.2 g�1 cm

2
) for thermal photons. This sets

the timescale of the supernova light curve, under the
assumption that the opacity remains constant throughout
the ejecta (no ionization e⇥ect), and in the absence of
pulsar or 56Ni heating. For more detailed computation of
the these timescales, see, e.g., Kasen & Woosley (2009).
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«
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For the numerical estimates of vej, we are using the final
velocity of the ejecta after its modification by the shock at
the interface between the pulsar wind and the initial ejecta,
for Eej,51, Mej,5, and Pi = 10�3 s (see Eq. 8 in Section 2.2).

The pulsar spins down by electromagnetic energy losses
that is transferred to the surrounding environment. The de-
position of this energy happens over the spin-down timescale
of the pulsar (Shapiro & Teukolsky 1983):
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9Ic3

2B2R6
⇥�2

i

⇤ 3.1� 107 s I45B
�2
13 R�6

⇥,6P
2
i,�3 . (5)

We will consider two regimes for the calculation of ra-
diative emissions from the ejecta: optically thin (t > tthin),
and optically thick (t < tthin) for thermal photons. The de-
position of pulsar rotational energy will have di⇥erent e⇥ects
on the supernova radiative emissions according to the opti-
cal depth of the ejecta at time tp.

2.2 Characteristics of the supernova ejecta and of
the embedded pulsar wind nebula

The interaction between the pulsar wind and the supernova
ejecta leads to the formation of the following structures, il-
lustrated in Fig. 1: a forward shock at the interface of the

pulsar

contact
discontinuity

forward 
shock

reverse shock
termination shock

blast (at rest)
pulsar wind nebula

cold 
SN ejecta

relativistic
pulsar wind

Figure 1. Scheme of the structures created by the interaction
between the pulsar wind and the SN ejecta in the blast rest mass
frame.

shocked and unshocked ejecta, and a reverse shock at the
interface between the shocked and unshocked wind (clas-
sically called “termination shock”). The shocked material
between the forward and the reverse shock constitutes the
pulsar wind nebula (PWN, e.g., Chevalier 1977; Chevalier
& Fransson 1992; Gaensler & Slane 2006).
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I�2

i

2
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2
i,�3 , (6)

and injects a luminosity (Shapiro & Teukolsky 1983)

Lp(t) =
Ep

tp

1
(1 + t/tp)2

. (7)

into the cold supernova ejecta. The evolution of the pul-
sar luminosity over time, for magnetic dipole spin-down, is
represented in Fig. 4.
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Ep/tp, the radius of the pulsar wind nebula can then be
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• What if magnetars and long-duration GRBs are the same objects? (in terms of
distinguishing between transient objects)
Section 14.8 [5] of Woods & Thompson (2004): whether a proto-magnetar is also
a viable source of gamma-ray burst emission (as suggested independently by Usov
1992 and Duncan & Thompson 1992) is problematic: the net mass released during
neutrino cooling is a few orders of magnitude larger than what will quench gamma-ray
emission from the expanding relativistic wind.
As a matter of fact, the question we are trying to answer is more about the accel-
eration mechanism: are UHECRs accelerated in shocks or by unipolar induction? If
GRBs and magnetars are the same objects, the observation of gravitational waves
would still give us a proof that the acceleration mechanism happens through unipolar
induction and not shock acceleration in the GRB explosion. The unipolar induction
model requires indeed the magnetar to have a certain level of pulsation and magnetic
fields that should lead to the emission of gravitational waves (through electromagnetic
torques or gravitational radiation if the ellipticity is high enough). The detection of
gravitational waves at the level that we predict here would be an evidence that high
enough values for B and ⇥ are reached and that thus the unipolar induction acceler-
ation should take place. As explained briefly before, the GRB in itself (the explosion,
not its progenitor) only leads to a weak signal.

• Understand surf-riding acceleration mechanism (Arons 2003)

• Note on the neutrino production by magnetars: Murase et al. (2009) calculate
that magnetar signatures in neutrinos should be observed by IceCube, taking a
reasonable density of magnetars that would actually fit the UHECR spectrum (for
their lower estimate, their higher estimate overshooting the cosmic ray spectrum):
⇥ 2� 10�6 Mpc�3 per year. Such a flux could be detected by IceCube. It is worth
mentioning howbeit that this signal depends on the opacity inside the source (though
the column density of the envelope the particle goes through is constrained by the
fact that UHECRs need to escape, see Blasi et al. 2000). So neutrinos, if detected,
could be a way to distinguish GRBs and magnetars too. ... But there are also lots of
scenarios that predict a high flux of neutrinos from GRBs depending on the Physics
inside the source.

• Other sources (e.g. NS-NS) could be distinguished?

⇤ = ⇥/⌅ (52)
�i = f(⇤i, B⇥) (53)

Ei = q⇥
⌅2�R3

⇥
2c2

⇤3
i (54)

B ⇤ 1
r

(55)

Magnetars as accelerators of UHECR
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1 Magnetar energetics for particle acceleration (Arons 2003)

I do not discuss here the intricate issues concerning the exact acceleration site, the escape
from the wind, etc. These are all fully detailed in Arons (2003). I only summarize here
the final relations that Arons obtains and take for granted the fact that they are valid.
As we are concerned about the production of purely iron cosmic rays, we will also have to
consider the escape of iron from the wind at some point.

Relativistic magnetic rotators have magnetospheric voltage drops across the magnetic
field with magnitude :

�mag ⌅ RLB(RL) =
⇥2µ

c2
= 3� 1022 µ

1033 cgs

�
⇥

104 s�1

⇥2

V , (1)

where ⇥ is the angular velocity of the star (we assume here that magnetars begin their
lives as millisecond rotators), µ its dipole moment and RL the radius of the light cylinder.
These latter quantities are linked together through the following formulæ (see Eq. 10.5.9
and 10.7.3 of Shapiro & Teukolsky 1983):
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c
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�
⇥
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for r ⇤ RL, implying: (4)

B(RL) ⌅ 7.4� 1013 G
�
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⇥3 �
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(5)

B(r) ⌅ B(RL)
�

RL

r

⇥
for r > RL (6)

Here R⇥ is the radius of the star, I the principal moment of inertia and B⇥ the magnetic
field at the magnetic pole.

We can then assume that particles with charge q each gain the energy :

E(⇥) = q��mag = q�
⇥2µ

c2
= 3� 1021Z�1⇥2

4µ33 eV . (7)

Here � is the fraction of the open field line voltage experienced by each particle on its way
from the star to the outside world (and we define �1 ⇥ �/0.1). We can see that ultrahigh
energies are easily reached in magnetars for these parameters.

1

light cylinder
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• What if magnetars and long-duration GRBs are the same objects? (in terms of
distinguishing between transient objects)
Section 14.8 [5] of Woods & Thompson (2004): whether a proto-magnetar is also
a viable source of gamma-ray burst emission (as suggested independently by Usov
1992 and Duncan & Thompson 1992) is problematic: the net mass released during
neutrino cooling is a few orders of magnitude larger than what will quench gamma-ray
emission from the expanding relativistic wind.
As a matter of fact, the question we are trying to answer is more about the accel-
eration mechanism: are UHECRs accelerated in shocks or by unipolar induction? If
GRBs and magnetars are the same objects, the observation of gravitational waves
would still give us a proof that the acceleration mechanism happens through unipolar
induction and not shock acceleration in the GRB explosion. The unipolar induction
model requires indeed the magnetar to have a certain level of pulsation and magnetic
fields that should lead to the emission of gravitational waves (through electromagnetic
torques or gravitational radiation if the ellipticity is high enough). The detection of
gravitational waves at the level that we predict here would be an evidence that high
enough values for B and ⇥ are reached and that thus the unipolar induction acceler-
ation should take place. As explained briefly before, the GRB in itself (the explosion,
not its progenitor) only leads to a weak signal.

• Understand surf-riding acceleration mechanism (Arons 2003)

• Note on the neutrino production by magnetars: Murase et al. (2009) calculate
that magnetar signatures in neutrinos should be observed by IceCube, taking a
reasonable density of magnetars that would actually fit the UHECR spectrum (for
their lower estimate, their higher estimate overshooting the cosmic ray spectrum):
⇤ 2� 10�6 Mpc�3 per year. Such a flux could be detected by IceCube. It is worth
mentioning howbeit that this signal depends on the opacity inside the source (though
the column density of the envelope the particle goes through is constrained by the
fact that UHECRs need to escape, see Blasi et al. 2000). So neutrinos, if detected,
could be a way to distinguish GRBs and magnetars too. ... But there are also lots of
scenarios that predict a high flux of neutrinos from GRBs depending on the Physics
inside the source.

• Other sources (e.g. NS-NS) could be distinguished?
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2% : millisecond pulsars
at birth (NOT recycled)

e.g., Shapiro & Teukolsky 83
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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)
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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+

Gallant, Y. A., & Arons, J. 1994, ApJ, 435, 230
Gill, R., & Heyl, J. 2007, MNRAS, 381, 52
Goldreich, P., & Julian, W. H. 1969, ApJ, 157, 869
Greisen, K. 1966, Phys. Rev. Lett., 16, 748
Haensel, P., Lasota, J. P., & Zdunik, J. L. 1999, A&A, 344, 151
Harding, A. K., & Lai, D. 2006, Reports on Progress in Physics,

69, 2631
Harding, A. K., & Muslimov, A. G. 2001, ApJ, 556, 987
—. 2002, ApJ, 568, 862
Herpay, T., & Patkós, A. 2008, Journal of Physics G Nuclear

Physics, 35, 025201
Herpay, T., Razzaque, S., Patkós, A., & Mészáros, P. 2008, JCAP,
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If conduction currents are the sole source of the electromagnetic fields and if a charged
particle beam carries all of the current, one can express the instantaneous injection rate
as :

Ṅi =
APC ⇥GJ c

Ze
=

�2µ

|q|c , (8)

where APC is the polar cap surface and ⇥GJ the Goldreich & Julian (1969) charge density
that is extracted from the surface of the star.

Now the spectrum of the particles accelerated by a magnetar during its spin-down
reads:

dNi

dE
= Ṅi

�
� dt

d�

⇥
d�
dE

. (9)

The spin-down is driven by electromagnetic energy losses and gravitational wave losses:

�d�
dt

=
ĖEM + Ėgrav

I�
=

4
9

µ2�3

Ic3

⇤
1 +

�
�
�g

⇥2
⌅

, (10)

For the detailed expressions of ĖEM and Ėgrav see for example section 10.5 of Shapiro &
Teukolsky (1983). In the equation above, �g is the angular velocity at which gravity wave
and electromagnetic losses are equal:

�g ⇤
�

5
72

c2µ2

GI2⇤2

⇥1/2

= 3⇥ 103 µ33

I45⇤2
s�1 . (11)

To sum up, from equations (7), (8) and (10) we have the following relations:

E ⌅ �2 (12)
�̇ ⌅ �3 ⌅ E3/2 (13)

d�
dE

⌅ ��1 ⌅ E�1/2 (14)

Ṅi ⌅ �2 ⌅ E (15)

and equation (9) can be further transformed into:

dNi

dE
=

9
4

c2I

ZeµE

�
1 +

E

Eg

⇥�1

, (16)

where
Eg =

Z�eµ

c2
�2

g = 3⇥ 1020 Z�1µ3
33

I2
45⇤

2
eV . (17)

Equation (16) is the spectrum that is injected by a single magnetar in the interstellar
medium, over 1� 2 hours.

Arons assumes that normal galaxies inject particles into intergalactic space at the
average rate per unit volume per year nmdNi/dE, where nm is the rate of contributing
magnetars per unit volume per year. Assuming that scattering in intergalactic magnetic
fields has negligible e�ects on particle transport, the intergalactic spectrum n(E) (in units
of [E�1] – caution, here, notation is di�erent from Arons 2003) can be determined from:

⌅

⌅E
(Ėn) = Wgeom nm

dNi

dE
. (18)

energy spectrum for one pulsar:
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104 s�1
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, (59)

r < RL ⇤
c

⇥
(60)

E(⇥) = q�� = q�
⇥2B⇥R3

⇥
2c2

(61)
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B⇥

2⇥ 1015 G

�
R⇥
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⇥3 �
⇥

104 s�1

⇥2

. (62)

Ṅi =
APC ⇥GJ c

Ze
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⇥2B⇥R3
⇥

2|q|c , (63)
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dt
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spin-down rate:

angular velocity at which
e.m. losses = grav. losses
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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
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E

Ωslow fast

N

If conduction currents are the sole source of the electromagnetic fields and if a charged
particle beam carries all of the current, one can express the instantaneous injection rate
as :

Ṅi =
APC ⇥GJ c

Ze
=

�2µ

|q|c , (8)

where APC is the polar cap surface and ⇥GJ the Goldreich & Julian (1969) charge density
that is extracted from the surface of the star.

Now the spectrum of the particles accelerated by a magnetar during its spin-down
reads:

dNi

dE
= Ṅi

�
� dt

d�

⇥
d�
dE

. (9)

The spin-down is driven by electromagnetic energy losses and gravitational wave losses:

�d�
dt

=
ĖEM + Ėgrav

I�
=

4
9

µ2�3

Ic3

⇤
1 +

�
�
�g

⇥2
⌅

, (10)

For the detailed expressions of ĖEM and Ėgrav see for example section 10.5 of Shapiro &
Teukolsky (1983). In the equation above, �g is the angular velocity at which gravity wave
and electromagnetic losses are equal:

�g ⇤
�

5
72

c2µ2

GI2⇤2

⇥1/2

= 3⇥ 103 µ33

I45⇤2
s�1 . (11)

To sum up, from equations (7), (8) and (10) we have the following relations:

E ⌅ �2 (12)
�̇ ⌅ �3 ⌅ E3/2 (13)

d�
dE

⌅ ��1 ⌅ E�1/2 (14)

Ṅi ⌅ �2 ⌅ E (15)

and equation (9) can be further transformed into:

dNi

dE
=

9
4

c2I

ZeµE

�
1 +

E

Eg

⇥�1

, (16)

where
Eg =

Z�eµ

c2
�2

g = 3⇥ 1020 Z�1µ3
33

I2
45⇤

2
eV . (17)

Equation (16) is the spectrum that is injected by a single magnetar in the interstellar
medium, over 1� 2 hours.

Arons assumes that normal galaxies inject particles into intergalactic space at the
average rate per unit volume per year nmdNi/dE, where nm is the rate of contributing
magnetars per unit volume per year. Assuming that scattering in intergalactic magnetic
fields has negligible e�ects on particle transport, the intergalactic spectrum n(E) (in units
of [E�1] – caution, here, notation is di�erent from Arons 2003) can be determined from:

⌅

⌅E
(Ėn) = Wgeom nm

dNi

dE
. (18)

energy spectrum for one pulsar:

⌅ 3⇥ 1022 V
B⇥

2⇥ 1015 G

�
R⇥

10 km

⇥3 �
⇥

104 s�1

⇥2

, (59)

r < RL ⇤
c

⇥
(60)

E(⇥) = q�� = q�
⇥2B⇥R3

⇥
2c2

(61)

⌅ 3⇥ 1021 eV Z�1
B⇥

2⇥ 1015 G

�
R⇥

10 km

⇥3 �
⇥

104 s�1

⇥2

. (62)

Ṅi =
APC ⇥GJ c

Ze
=

⇥2B⇥R3
⇥

2|q|c , (63)

�d⇥
dt

=
ĖEM + Ėgrav

I⇥
=

1
9

B2
⇥R

6
⇥⇥3

Ic3

⇤
1 +

�
⇥
⇥g

⇥2
⌅

, (64)

spin-down rate:

angular velocity at which
e.m. losses = grav. losses
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particles accelerated to energy:

10%: fraction of voltage 
experienced by particles

fast rotation velocity

14

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)
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If conduction currents are the sole source of the electromagnetic fields and if a charged
particle beam carries all of the current, one can express the instantaneous injection rate
as :

Ṅi =
APC ⇥GJ c

Ze
=

�2µ

|q|c , (8)

where APC is the polar cap surface and ⇥GJ the Goldreich & Julian (1969) charge density
that is extracted from the surface of the star.

Now the spectrum of the particles accelerated by a magnetar during its spin-down
reads:

dNi

dE
= Ṅi

�
� dt
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. (9)

The spin-down is driven by electromagnetic energy losses and gravitational wave losses:
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ĖEM + Ėgrav
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, (10)

For the detailed expressions of ĖEM and Ėgrav see for example section 10.5 of Shapiro &
Teukolsky (1983). In the equation above, �g is the angular velocity at which gravity wave
and electromagnetic losses are equal:
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To sum up, from equations (7), (8) and (10) we have the following relations:
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and equation (9) can be further transformed into:
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Equation (16) is the spectrum that is injected by a single magnetar in the interstellar
medium, over 1� 2 hours.

Arons assumes that normal galaxies inject particles into intergalactic space at the
average rate per unit volume per year nmdNi/dE, where nm is the rate of contributing
magnetars per unit volume per year. Assuming that scattering in intergalactic magnetic
fields has negligible e�ects on particle transport, the intergalactic spectrum n(E) (in units
of [E�1] – caution, here, notation is di�erent from Arons 2003) can be determined from:
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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)
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8, 25
Hirotani, K., & Shibata, S. 1999, MNRAS, 308, 67
Hoffman, R. D., Woosley, S. E., & Qian, Y.-Z. 1997, ApJ, 482, 951
Hooper, D., Taylor, A., & Sarkar, S. 2005, Astroparticle Physics,

23, 11
Hoshino, M., Arons, J., Gallant, Y. A., & Langdon, A. B. 1992,

ApJ, 390, 454
Jun, B.-I. 1998, ApJ, 499, 282
Kalli, S., Lemoine, M., & Kotera, K. 2011, A&A, 528, A109+
Kasen, D., & Bildsten, L. 2010, ApJ, 717, 245
Katz, B., Budnik, R., & Waxman, E. 2009, Journal of Cosmology

and Astro-Particle Physics, 3, 20
Kennel, C. F., & Coroniti, F. V. 1984, ApJ, 283, 694
Kifonidis, K., Plewa, T., Janka, H.-T., & Müller, E. 2000, ApJ,

531, L123
Kirk, J. G., & Skjæraasen, O. 2003, ApJ, 591, 366
Komissarov, S. S., & Barkov, M. V. 2007, MNRAS, 382, 1029
Kotera, K. 2011, in preparation
Kotera, K., Allard, D., Murase, K., Aoi, J., Dubois, Y., Pierog, T.,

& Nagataki, S. 2009, ApJ, 707, 370
Kotera, K., Allard, D., & Olinto, A. V. 2010, JCAP, 10, 13
Kotera, K., & Olinto, A. V. 2011, ArXiv e-prints
Lemoine, M. 2002, A&A, 390, L31
Lyubarsky, Y., & Kirk, J. G. 2001, ApJ, 547, 437
Matzner, C. D., & McKee, C. F. 1999, ApJ, 510, 379
Metzger, B. D., Giannios, D., & Horiuchi, S. 2011a, arXiv:

1101.4019
Metzger, B. D., Giannios, D., Thompson, T. A., Bucciantini, N.,

& Quataert, E. 2011b, MNRAS, 445
Michel, F. C. 1975, ApJ, 197, 193
—. 1991, Theory of neutron star magnetospheres (Chicago, IL,

University of Chicago Press, 1991, 533 p.)
Muno, M. P., Clark, J. S., Crowther, P. A., Dougherty, S. M.,

de Grijs, R., Law, C., McMillan, S. L. W., Morris, M. R.,
Negueruela, I., Pooley, D., Portegies Zwart, S., & Yusef-Zadeh,
F. 2006, ApJ, 636, L41

14

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.

REFERENCES

Abbasi, R. U., et al. 2005, Astrophys. J., 622, 910
—. 2008, Physical Review Letters, 100, 101101
—. 2009, Astroparticle Physics, 32, 53
Abraham, J., et al. 2010a, Phys. Rev. Lett., 104, 091101
—. 2010b, Physics Letters B, 685, 239
Abreu, P., et al. 2010, Astroparticle Physics, 34, 314
Allard, D., Parizot, E., Olinto, A. V., Khan, E., & Goriely, S. 2005,

A&A, 443, L29
Allard, D., et al. 2008, JCAP, 10, 33
Aloisio, R., Berezinsky, V., & Gazizov, A. 2009, ArXiv e-prints,

0907.5194
—. 2011, Astroparticle Physics, 34, 620
Arons, J. 1983, ApJ, 266, 215
—. 2003, ApJ, 589, 871
Arons, J., & Scharlemann, E. T. 1979, ApJ, 231, 854
Baring, M. G., & Harding, A. K. 2001, ApJ, 547, 929
Barkov, M. V., & Komissarov, S. S. 2010, ArXiv e-prints
Beck, R., Gaensler, B., & Feretti, L. 2007, SKA and the Magnetic

Universe (Springer-Verlag), 103
Bednarek, W., & Protheroe, R. J. 1997, Physical Review Letters,

79, 2616
—. 2002, Astroparticle Physics, 16, 397
Begelman, M. C., & Li, Z.-Y. 1992, ApJ, 397, 187
Bergmann, T., et al. 2007, Astropart. Phys., 26, 420
Bertone, G., Isola, C., Lemoine, M., & Sigl, G. 2002, Phys. Rev.

D, 66, 103003
Blasi, P., Epstein, R. I., & Olinto, A. V. 2000, ApJ Letters, 533,

L123
Bonazzola, S., & Gourgoulhon, E. 1996, A&A, 312, 675
Bucciantini, N., Quataert, E., Arons, J., Metzger, B. D., &

Thompson, T. A. 2007, MNRAS, 380, 1541
—. 2008, MNRAS, 383, L25
Bucciantini, N., Quataert, E., Metzger, B. D., Thompson, T. A.,

Arons, J., & Del Zanna, L. 2009, MNRAS, 396, 2038
Bucciantini, N., Thompson, T. A., Arons, J., Quataert, E., & Del

Zanna, L. 2006, MNRAS, 368, 1717
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from escape (as Murase et al. 09): to be computed
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E

Ωslow fast

N

If conduction currents are the sole source of the electromagnetic fields and if a charged
particle beam carries all of the current, one can express the instantaneous injection rate
as :

Ṅi =
APC ⇥GJ c

Ze
=

�2µ

|q|c , (8)

where APC is the polar cap surface and ⇥GJ the Goldreich & Julian (1969) charge density
that is extracted from the surface of the star.

Now the spectrum of the particles accelerated by a magnetar during its spin-down
reads:

dNi

dE
= Ṅi

�
� dt

d�

⇥
d�
dE

. (9)

The spin-down is driven by electromagnetic energy losses and gravitational wave losses:

�d�
dt

=
ĖEM + Ėgrav

I�
=

4
9

µ2�3

Ic3

⇤
1 +

�
�
�g

⇥2
⌅

, (10)

For the detailed expressions of ĖEM and Ėgrav see for example section 10.5 of Shapiro &
Teukolsky (1983). In the equation above, �g is the angular velocity at which gravity wave
and electromagnetic losses are equal:

�g ⇤
�

5
72

c2µ2

GI2⇤2

⇥1/2

= 3⇥ 103 µ33

I45⇤2
s�1 . (11)

To sum up, from equations (7), (8) and (10) we have the following relations:

E ⌅ �2 (12)
�̇ ⌅ �3 ⌅ E3/2 (13)

d�
dE

⌅ ��1 ⌅ E�1/2 (14)

Ṅi ⌅ �2 ⌅ E (15)

and equation (9) can be further transformed into:

dNi

dE
=

9
4

c2I

ZeµE

�
1 +

E

Eg

⇥�1

, (16)

where
Eg =

Z�eµ

c2
�2

g = 3⇥ 1020 Z�1µ3
33

I2
45⇤

2
eV . (17)

Equation (16) is the spectrum that is injected by a single magnetar in the interstellar
medium, over 1� 2 hours.

Arons assumes that normal galaxies inject particles into intergalactic space at the
average rate per unit volume per year nmdNi/dE, where nm is the rate of contributing
magnetars per unit volume per year. Assuming that scattering in intergalactic magnetic
fields has negligible e�ects on particle transport, the intergalactic spectrum n(E) (in units
of [E�1] – caution, here, notation is di�erent from Arons 2003) can be determined from:

⌅

⌅E
(Ėn) = Wgeom nm

dNi

dE
. (18)

energy spectrum for one pulsar:

⌅ 3⇥ 1022 V
B⇥

2⇥ 1015 G

�
R⇥

10 km

⇥3 �
⇥

104 s�1

⇥2

, (59)

r < RL ⇤
c

⇥
(60)

E(⇥) = q�� = q�
⇥2B⇥R3

⇥
2c2

(61)

⌅ 3⇥ 1021 eV Z�1
B⇥

2⇥ 1015 G

�
R⇥

10 km

⇥3 �
⇥

104 s�1

⇥2

. (62)

Ṅi =
APC ⇥GJ c

Ze
=

⇥2B⇥R3
⇥

2|q|c , (63)

�d⇥
dt
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ĖEM + Ėgrav
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⇥R

6
⇥⇥3
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�
⇥
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, (64)

spin-down rate:

angular velocity at which
e.m. losses = grav. losses
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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)
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E

Ωslow fast

N

If conduction currents are the sole source of the electromagnetic fields and if a charged
particle beam carries all of the current, one can express the instantaneous injection rate
as :

Ṅi =
APC ⇥GJ c

Ze
=

�2µ

|q|c , (8)

where APC is the polar cap surface and ⇥GJ the Goldreich & Julian (1969) charge density
that is extracted from the surface of the star.

Now the spectrum of the particles accelerated by a magnetar during its spin-down
reads:

dNi

dE
= Ṅi

�
� dt

d�

⇥
d�
dE

. (9)

The spin-down is driven by electromagnetic energy losses and gravitational wave losses:

�d�
dt

=
ĖEM + Ėgrav

I�
=

4
9

µ2�3

Ic3

⇤
1 +

�
�
�g

⇥2
⌅

, (10)

For the detailed expressions of ĖEM and Ėgrav see for example section 10.5 of Shapiro &
Teukolsky (1983). In the equation above, �g is the angular velocity at which gravity wave
and electromagnetic losses are equal:

�g ⇤
�

5
72

c2µ2

GI2⇤2

⇥1/2

= 3⇥ 103 µ33

I45⇤2
s�1 . (11)

To sum up, from equations (7), (8) and (10) we have the following relations:

E ⌅ �2 (12)
�̇ ⌅ �3 ⌅ E3/2 (13)

d�
dE

⌅ ��1 ⌅ E�1/2 (14)

Ṅi ⌅ �2 ⌅ E (15)

and equation (9) can be further transformed into:

dNi

dE
=

9
4

c2I

ZeµE

�
1 +

E

Eg

⇥�1

, (16)

where
Eg =

Z�eµ

c2
�2

g = 3⇥ 1020 Z�1µ3
33

I2
45⇤

2
eV . (17)

Equation (16) is the spectrum that is injected by a single magnetar in the interstellar
medium, over 1� 2 hours.

Arons assumes that normal galaxies inject particles into intergalactic space at the
average rate per unit volume per year nmdNi/dE, where nm is the rate of contributing
magnetars per unit volume per year. Assuming that scattering in intergalactic magnetic
fields has negligible e�ects on particle transport, the intergalactic spectrum n(E) (in units
of [E�1] – caution, here, notation is di�erent from Arons 2003) can be determined from:

⌅

⌅E
(Ėn) = Wgeom nm

dNi

dE
. (18)

energy spectrum for one pulsar:

⌅ 3⇥ 1022 V
B⇥

2⇥ 1015 G

�
R⇥

10 km

⇥3 �
⇥

104 s�1

⇥2

, (59)

r < RL ⇤
c

⇥
(60)

E(⇥) = q�� = q�
⇥2B⇥R3

⇥
2c2

(61)

⌅ 3⇥ 1021 eV Z�1
B⇥

2⇥ 1015 G

�
R⇥

10 km

⇥3 �
⇥

104 s�1

⇥2

. (62)

Ṅi =
APC ⇥GJ c

Ze
=

⇥2B⇥R3
⇥

2|q|c , (63)

�d⇥
dt

=
ĖEM + Ėgrav

I⇥
=

1
9

B2
⇥R

6
⇥⇥3

Ic3

⇤
1 +

�
⇥
⇥g

⇥2
⌅

, (64)

spin-down rate:

angular velocity at which
e.m. losses = grav. losses



strong magnetic field

unipolar induction in the pulsar wind

particles accelerated to energy:

10%: fraction of voltage 
experienced by particles

fast rotation velocity

14

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.

REFERENCES

Abbasi, R. U., et al. 2005, Astrophys. J., 622, 910
—. 2008, Physical Review Letters, 100, 101101
—. 2009, Astroparticle Physics, 32, 53
Abraham, J., et al. 2010a, Phys. Rev. Lett., 104, 091101
—. 2010b, Physics Letters B, 685, 239
Abreu, P., et al. 2010, Astroparticle Physics, 34, 314
Allard, D., Parizot, E., Olinto, A. V., Khan, E., & Goriely, S. 2005,

A&A, 443, L29
Allard, D., et al. 2008, JCAP, 10, 33
Aloisio, R., Berezinsky, V., & Gazizov, A. 2009, ArXiv e-prints,

0907.5194
—. 2011, Astroparticle Physics, 34, 620
Arons, J. 1983, ApJ, 266, 215
—. 2003, ApJ, 589, 871
Arons, J., & Scharlemann, E. T. 1979, ApJ, 231, 854
Baring, M. G., & Harding, A. K. 2001, ApJ, 547, 929
Barkov, M. V., & Komissarov, S. S. 2010, ArXiv e-prints
Beck, R., Gaensler, B., & Feretti, L. 2007, SKA and the Magnetic

Universe (Springer-Verlag), 103
Bednarek, W., & Protheroe, R. J. 1997, Physical Review Letters,

79, 2616
—. 2002, Astroparticle Physics, 16, 397
Begelman, M. C., & Li, Z.-Y. 1992, ApJ, 397, 187
Bergmann, T., et al. 2007, Astropart. Phys., 26, 420
Bertone, G., Isola, C., Lemoine, M., & Sigl, G. 2002, Phys. Rev.

D, 66, 103003
Blasi, P., Epstein, R. I., & Olinto, A. V. 2000, ApJ Letters, 533,

L123
Bonazzola, S., & Gourgoulhon, E. 1996, A&A, 312, 675
Bucciantini, N., Quataert, E., Arons, J., Metzger, B. D., &

Thompson, T. A. 2007, MNRAS, 380, 1541
—. 2008, MNRAS, 383, L25
Bucciantini, N., Quataert, E., Metzger, B. D., Thompson, T. A.,

Arons, J., & Del Zanna, L. 2009, MNRAS, 396, 2038
Bucciantini, N., Thompson, T. A., Arons, J., Quataert, E., & Del

Zanna, L. 2006, MNRAS, 368, 1717
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8, 25
Hirotani, K., & Shibata, S. 1999, MNRAS, 308, 67
Hoffman, R. D., Woosley, S. E., & Qian, Y.-Z. 1997, ApJ, 482, 951
Hooper, D., Taylor, A., & Sarkar, S. 2005, Astroparticle Physics,

23, 11
Hoshino, M., Arons, J., Gallant, Y. A., & Langdon, A. B. 1992,

ApJ, 390, 454
Jun, B.-I. 1998, ApJ, 499, 282
Kalli, S., Lemoine, M., & Kotera, K. 2011, A&A, 528, A109+
Kasen, D., & Bildsten, L. 2010, ApJ, 717, 245
Katz, B., Budnik, R., & Waxman, E. 2009, Journal of Cosmology

and Astro-Particle Physics, 3, 20
Kennel, C. F., & Coroniti, F. V. 1984, ApJ, 283, 694
Kifonidis, K., Plewa, T., Janka, H.-T., & Müller, E. 2000, ApJ,

531, L123
Kirk, J. G., & Skjæraasen, O. 2003, ApJ, 591, 366
Komissarov, S. S., & Barkov, M. V. 2007, MNRAS, 382, 1029
Kotera, K. 2011, in preparation
Kotera, K., Allard, D., Murase, K., Aoi, J., Dubois, Y., Pierog, T.,

& Nagataki, S. 2009, ApJ, 707, 370
Kotera, K., Allard, D., & Olinto, A. V. 2010, JCAP, 10, 13
Kotera, K., & Olinto, A. V. 2011, ArXiv e-prints
Lemoine, M. 2002, A&A, 390, L31
Lyubarsky, Y., & Kirk, J. G. 2001, ApJ, 547, 437
Matzner, C. D., & McKee, C. F. 1999, ApJ, 510, 379
Metzger, B. D., Giannios, D., & Horiuchi, S. 2011a, arXiv:

1101.4019
Metzger, B. D., Giannios, D., Thompson, T. A., Bucciantini, N.,

& Quataert, E. 2011b, MNRAS, 445
Michel, F. C. 1975, ApJ, 197, 193
—. 1991, Theory of neutron star magnetospheres (Chicago, IL,

University of Chicago Press, 1991, 533 p.)
Muno, M. P., Clark, J. S., Crowther, P. A., Dougherty, S. M.,

de Grijs, R., Law, C., McMillan, S. L. W., Morris, M. R.,
Negueruela, I., Pooley, D., Portegies Zwart, S., & Yusef-Zadeh,
F. 2006, ApJ, 636, L41

14

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.

REFERENCES

Abbasi, R. U., et al. 2005, Astrophys. J., 622, 910
—. 2008, Physical Review Letters, 100, 101101
—. 2009, Astroparticle Physics, 32, 53
Abraham, J., et al. 2010a, Phys. Rev. Lett., 104, 091101
—. 2010b, Physics Letters B, 685, 239
Abreu, P., et al. 2010, Astroparticle Physics, 34, 314
Allard, D., Parizot, E., Olinto, A. V., Khan, E., & Goriely, S. 2005,

A&A, 443, L29
Allard, D., et al. 2008, JCAP, 10, 33
Aloisio, R., Berezinsky, V., & Gazizov, A. 2009, ArXiv e-prints,

0907.5194
—. 2011, Astroparticle Physics, 34, 620
Arons, J. 1983, ApJ, 266, 215
—. 2003, ApJ, 589, 871
Arons, J., & Scharlemann, E. T. 1979, ApJ, 231, 854
Baring, M. G., & Harding, A. K. 2001, ApJ, 547, 929
Barkov, M. V., & Komissarov, S. S. 2010, ArXiv e-prints
Beck, R., Gaensler, B., & Feretti, L. 2007, SKA and the Magnetic

Universe (Springer-Verlag), 103
Bednarek, W., & Protheroe, R. J. 1997, Physical Review Letters,

79, 2616
—. 2002, Astroparticle Physics, 16, 397
Begelman, M. C., & Li, Z.-Y. 1992, ApJ, 397, 187
Bergmann, T., et al. 2007, Astropart. Phys., 26, 420
Bertone, G., Isola, C., Lemoine, M., & Sigl, G. 2002, Phys. Rev.

D, 66, 103003
Blasi, P., Epstein, R. I., & Olinto, A. V. 2000, ApJ Letters, 533,

L123
Bonazzola, S., & Gourgoulhon, E. 1996, A&A, 312, 675
Bucciantini, N., Quataert, E., Arons, J., Metzger, B. D., &

Thompson, T. A. 2007, MNRAS, 380, 1541
—. 2008, MNRAS, 383, L25
Bucciantini, N., Quataert, E., Metzger, B. D., Thompson, T. A.,

Arons, J., & Del Zanna, L. 2009, MNRAS, 396, 2038
Bucciantini, N., Thompson, T. A., Arons, J., Quataert, E., & Del

Zanna, L. 2006, MNRAS, 368, 1717
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8, 25
Hirotani, K., & Shibata, S. 1999, MNRAS, 308, 67
Hoffman, R. D., Woosley, S. E., & Qian, Y.-Z. 1997, ApJ, 482, 951
Hooper, D., Taylor, A., & Sarkar, S. 2005, Astroparticle Physics,

23, 11
Hoshino, M., Arons, J., Gallant, Y. A., & Langdon, A. B. 1992,

ApJ, 390, 454
Jun, B.-I. 1998, ApJ, 499, 282
Kalli, S., Lemoine, M., & Kotera, K. 2011, A&A, 528, A109+
Kasen, D., & Bildsten, L. 2010, ApJ, 717, 245
Katz, B., Budnik, R., & Waxman, E. 2009, Journal of Cosmology

and Astro-Particle Physics, 3, 20
Kennel, C. F., & Coroniti, F. V. 1984, ApJ, 283, 694
Kifonidis, K., Plewa, T., Janka, H.-T., & Müller, E. 2000, ApJ,

531, L123
Kirk, J. G., & Skjæraasen, O. 2003, ApJ, 591, 366
Komissarov, S. S., & Barkov, M. V. 2007, MNRAS, 382, 1029
Kotera, K. 2011, in preparation
Kotera, K., Allard, D., Murase, K., Aoi, J., Dubois, Y., Pierog, T.,

& Nagataki, S. 2009, ApJ, 707, 370
Kotera, K., Allard, D., & Olinto, A. V. 2010, JCAP, 10, 13
Kotera, K., & Olinto, A. V. 2011, ArXiv e-prints
Lemoine, M. 2002, A&A, 390, L31
Lyubarsky, Y., & Kirk, J. G. 2001, ApJ, 547, 437
Matzner, C. D., & McKee, C. F. 1999, ApJ, 510, 379
Metzger, B. D., Giannios, D., & Horiuchi, S. 2011a, arXiv:

1101.4019
Metzger, B. D., Giannios, D., Thompson, T. A., Bucciantini, N.,

& Quataert, E. 2011b, MNRAS, 445
Michel, F. C. 1975, ApJ, 197, 193
—. 1991, Theory of neutron star magnetospheres (Chicago, IL,

University of Chicago Press, 1991, 533 p.)
Muno, M. P., Clark, J. S., Crowther, P. A., Dougherty, S. M.,

de Grijs, R., Law, C., McMillan, S. L. W., Morris, M. R.,
Negueruela, I., Pooley, D., Portegies Zwart, S., & Yusef-Zadeh,
F. 2006, ApJ, 636, L41

14

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.

REFERENCES

Abbasi, R. U., et al. 2005, Astrophys. J., 622, 910
—. 2008, Physical Review Letters, 100, 101101
—. 2009, Astroparticle Physics, 32, 53
Abraham, J., et al. 2010a, Phys. Rev. Lett., 104, 091101
—. 2010b, Physics Letters B, 685, 239
Abreu, P., et al. 2010, Astroparticle Physics, 34, 314
Allard, D., Parizot, E., Olinto, A. V., Khan, E., & Goriely, S. 2005,

A&A, 443, L29
Allard, D., et al. 2008, JCAP, 10, 33
Aloisio, R., Berezinsky, V., & Gazizov, A. 2009, ArXiv e-prints,

0907.5194
—. 2011, Astroparticle Physics, 34, 620
Arons, J. 1983, ApJ, 266, 215
—. 2003, ApJ, 589, 871
Arons, J., & Scharlemann, E. T. 1979, ApJ, 231, 854
Baring, M. G., & Harding, A. K. 2001, ApJ, 547, 929
Barkov, M. V., & Komissarov, S. S. 2010, ArXiv e-prints
Beck, R., Gaensler, B., & Feretti, L. 2007, SKA and the Magnetic

Universe (Springer-Verlag), 103
Bednarek, W., & Protheroe, R. J. 1997, Physical Review Letters,

79, 2616
—. 2002, Astroparticle Physics, 16, 397
Begelman, M. C., & Li, Z.-Y. 1992, ApJ, 397, 187
Bergmann, T., et al. 2007, Astropart. Phys., 26, 420
Bertone, G., Isola, C., Lemoine, M., & Sigl, G. 2002, Phys. Rev.

D, 66, 103003
Blasi, P., Epstein, R. I., & Olinto, A. V. 2000, ApJ Letters, 533,

L123
Bonazzola, S., & Gourgoulhon, E. 1996, A&A, 312, 675
Bucciantini, N., Quataert, E., Arons, J., Metzger, B. D., &

Thompson, T. A. 2007, MNRAS, 380, 1541
—. 2008, MNRAS, 383, L25
Bucciantini, N., Quataert, E., Metzger, B. D., Thompson, T. A.,

Arons, J., & Del Zanna, L. 2009, MNRAS, 396, 2038
Bucciantini, N., Thompson, T. A., Arons, J., Quataert, E., & Del

Zanna, L. 2006, MNRAS, 368, 1717
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If conduction currents are the sole source of the electromagnetic fields and if a charged
particle beam carries all of the current, one can express the instantaneous injection rate
as :

Ṅi =
APC ⇥GJ c

Ze
=

�2µ

|q|c , (8)

where APC is the polar cap surface and ⇥GJ the Goldreich & Julian (1969) charge density
that is extracted from the surface of the star.

Now the spectrum of the particles accelerated by a magnetar during its spin-down
reads:

dNi

dE
= Ṅi

�
� dt

d�

⇥
d�
dE

. (9)

The spin-down is driven by electromagnetic energy losses and gravitational wave losses:

�d�
dt

=
ĖEM + Ėgrav

I�
=

4
9

µ2�3

Ic3

⇤
1 +

�
�
�g

⇥2
⌅

, (10)

For the detailed expressions of ĖEM and Ėgrav see for example section 10.5 of Shapiro &
Teukolsky (1983). In the equation above, �g is the angular velocity at which gravity wave
and electromagnetic losses are equal:

�g ⇤
�

5
72

c2µ2

GI2⇤2

⇥1/2

= 3⇥ 103 µ33

I45⇤2
s�1 . (11)

To sum up, from equations (7), (8) and (10) we have the following relations:

E ⌅ �2 (12)
�̇ ⌅ �3 ⌅ E3/2 (13)

d�
dE

⌅ ��1 ⌅ E�1/2 (14)

Ṅi ⌅ �2 ⌅ E (15)

and equation (9) can be further transformed into:
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9
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c2I

ZeµE
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E
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, (16)

where
Eg =

Z�eµ

c2
�2

g = 3⇥ 1020 Z�1µ3
33

I2
45⇤

2
eV . (17)

Equation (16) is the spectrum that is injected by a single magnetar in the interstellar
medium, over 1� 2 hours.

Arons assumes that normal galaxies inject particles into intergalactic space at the
average rate per unit volume per year nmdNi/dE, where nm is the rate of contributing
magnetars per unit volume per year. Assuming that scattering in intergalactic magnetic
fields has negligible e�ects on particle transport, the intergalactic spectrum n(E) (in units
of [E�1] – caution, here, notation is di�erent from Arons 2003) can be determined from:

⌅

⌅E
(Ėn) = Wgeom nm

dNi

dE
. (18)

energy spectrum for one pulsar:
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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)
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If conduction currents are the sole source of the electromagnetic fields and if a charged
particle beam carries all of the current, one can express the instantaneous injection rate
as :

Ṅi =
APC ⇥GJ c

Ze
=

�2µ

|q|c , (8)

where APC is the polar cap surface and ⇥GJ the Goldreich & Julian (1969) charge density
that is extracted from the surface of the star.

Now the spectrum of the particles accelerated by a magnetar during its spin-down
reads:

dNi

dE
= Ṅi

�
� dt

d�

⇥
d�
dE

. (9)

The spin-down is driven by electromagnetic energy losses and gravitational wave losses:

�d�
dt

=
ĖEM + Ėgrav

I�
=

4
9

µ2�3

Ic3

⇤
1 +

�
�
�g

⇥2
⌅

, (10)

For the detailed expressions of ĖEM and Ėgrav see for example section 10.5 of Shapiro &
Teukolsky (1983). In the equation above, �g is the angular velocity at which gravity wave
and electromagnetic losses are equal:

�g ⇤
�

5
72

c2µ2

GI2⇤2

⇥1/2

= 3⇥ 103 µ33

I45⇤2
s�1 . (11)

To sum up, from equations (7), (8) and (10) we have the following relations:

E ⌅ �2 (12)
�̇ ⌅ �3 ⌅ E3/2 (13)

d�
dE

⌅ ��1 ⌅ E�1/2 (14)

Ṅi ⌅ �2 ⌅ E (15)

and equation (9) can be further transformed into:

dNi

dE
=

9
4

c2I

ZeµE

�
1 +

E

Eg

⇥�1

, (16)

where
Eg =

Z�eµ

c2
�2

g = 3⇥ 1020 Z�1µ3
33

I2
45⇤

2
eV . (17)

Equation (16) is the spectrum that is injected by a single magnetar in the interstellar
medium, over 1� 2 hours.

Arons assumes that normal galaxies inject particles into intergalactic space at the
average rate per unit volume per year nmdNi/dE, where nm is the rate of contributing
magnetars per unit volume per year. Assuming that scattering in intergalactic magnetic
fields has negligible e�ects on particle transport, the intergalactic spectrum n(E) (in units
of [E�1] – caution, here, notation is di�erent from Arons 2003) can be determined from:

⌅

⌅E
(Ėn) = Wgeom nm

dNi

dE
. (18)

energy spectrum for one pulsar:

⌅ 3⇥ 1022 V
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�
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10 km

⇥3 �
⇥

104 s�1

⇥2

, (59)

r < RL ⇤
c

⇥
(60)

E(⇥) = q�� = q�
⇥2B⇥R3

⇥
2c2

(61)

⌅ 3⇥ 1021 eV Z�1
B⇥

2⇥ 1015 G

�
R⇥

10 km

⇥3 �
⇥

104 s�1

⇥2

. (62)

Ṅi =
APC ⇥GJ c

Ze
=

⇥2B⇥R3
⇥

2|q|c , (63)

�d⇥
dt
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ĖEM + Ėgrav
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1
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, (64)

spin-down rate:

angular velocity at which
e.m. losses = grav. losses
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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)
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N

If conduction currents are the sole source of the electromagnetic fields and if a charged
particle beam carries all of the current, one can express the instantaneous injection rate
as :

Ṅi =
APC ⇥GJ c

Ze
=

�2µ

|q|c , (8)

where APC is the polar cap surface and ⇥GJ the Goldreich & Julian (1969) charge density
that is extracted from the surface of the star.

Now the spectrum of the particles accelerated by a magnetar during its spin-down
reads:

dNi

dE
= Ṅi

�
� dt

d�

⇥
d�
dE

. (9)

The spin-down is driven by electromagnetic energy losses and gravitational wave losses:

�d�
dt

=
ĖEM + Ėgrav

I�
=

4
9

µ2�3

Ic3

⇤
1 +

�
�
�g

⇥2
⌅

, (10)

For the detailed expressions of ĖEM and Ėgrav see for example section 10.5 of Shapiro &
Teukolsky (1983). In the equation above, �g is the angular velocity at which gravity wave
and electromagnetic losses are equal:

�g ⇤
�

5
72

c2µ2

GI2⇤2

⇥1/2

= 3⇥ 103 µ33

I45⇤2
s�1 . (11)

To sum up, from equations (7), (8) and (10) we have the following relations:

E ⌅ �2 (12)
�̇ ⌅ �3 ⌅ E3/2 (13)

d�
dE

⌅ ��1 ⌅ E�1/2 (14)

Ṅi ⌅ �2 ⌅ E (15)

and equation (9) can be further transformed into:

dNi

dE
=

9
4

c2I

ZeµE

�
1 +

E

Eg

⇥�1

, (16)

where
Eg =

Z�eµ

c2
�2

g = 3⇥ 1020 Z�1µ3
33

I2
45⇤

2
eV . (17)

Equation (16) is the spectrum that is injected by a single magnetar in the interstellar
medium, over 1� 2 hours.

Arons assumes that normal galaxies inject particles into intergalactic space at the
average rate per unit volume per year nmdNi/dE, where nm is the rate of contributing
magnetars per unit volume per year. Assuming that scattering in intergalactic magnetic
fields has negligible e�ects on particle transport, the intergalactic spectrum n(E) (in units
of [E�1] – caution, here, notation is di�erent from Arons 2003) can be determined from:

⌅

⌅E
(Ėn) = Wgeom nm

dNi

dE
. (18)

energy spectrum for one pulsar:

⌅ 3⇥ 1022 V
B⇥

2⇥ 1015 G

�
R⇥

10 km

⇥3 �
⇥

104 s�1

⇥2

, (59)

r < RL ⇤
c

⇥
(60)

E(⇥) = q�� = q�
⇥2B⇥R3

⇥
2c2

(61)

⌅ 3⇥ 1021 eV Z�1
B⇥

2⇥ 1015 G

�
R⇥

10 km

⇥3 �
⇥

104 s�1

⇥2

. (62)
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spin-down rate:

angular velocity at which
e.m. losses = grav. losses
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, (65)hard injection spectrum:
-1 slope
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secondary 
protons

iron 
cut-off

injected iron 
(slope -1)

escaped spectrum
pure iron injection

escaped slope ~-2!

light heavy ... and after propagation in the Universe
with EXTRAGALACTIC pulsar population:



A scenario that fits UHECR Auger data (rare) Fang, KK, Olinto 2012 
Fang, KK, Olinto, 2013

propagated in the IGM

spectrum

uniform source emissivity evolution
@injection: 50%P, 30%CNO, 20%Fe

P

Fe

    

    

P

Fe

    

composition
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Galactic pulsars
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4 Spectrum for integrated pulsars with a dis-
tribution

Figure 5: Expected neutrino spectrum from integrated pulsars with mixed
composition and birthrate determined by fitting to measured UHECR spec-
trum and composition, like in Fang et al 2013. Pulsars are assumed to be
log-normally distributed on B-field and normally distributed on spin period
P at birth. η = 0.3, Mej = 10Msun. The source emissivity is assumed to be
uniform (black) and SFR (blue) over time.

5

Ultrahigh energy neutrinos from the pulsar model

pp-->ν

Fang, KK, Murase, Olinto, in prep.

Neutrino flux for population of pulsars 
fitting the UHECR spectrum

@injection: 65%P, 20%CNO, 15%Fe
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Observable���������	
��������������������  with���������	
��������������������  IceCube���������	
��������������������  
in���������	
��������������������  2���������	
��������������������  years!
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Observable���������	
��������������������  with���������	
��������������������  
NuSTAR���������	
��������������������  or���������	
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