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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 :

Φmag ∼ RLB(RL) =
Ω2µ

c2
= 3× 1022 µ

1033 cgs

(
Ω

104 s−1

)2

V , (1)

where Ω 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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(
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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(Ω) = qηΦmag = qη
Ω2µ

c2
= 3× 1021Zη1Ω2

4µ33 eV . (7)

Here η 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 η1 ≡ η/0.1). We can see that ultrahigh
energies are easily reached in magnetars for these parameters.
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FRII in arrival direction of highest energy events unless

Continuously emitting sources

Transient sources

Possible sources of UHECRs: anisotropy signatures

- particularly strong extragalactic magnetic field 
- UHECR = heavy nuclei

K.K. & Lemoine 2008b

distortion of arrival direction maps according to LSS

Kalli, Lemoine, K.K., in prep, cf. poster

source already extinguished when UHECR arrives1)
correlation with LSS with no visible counterpart

2) low occurence rate (of GRB/magnetars)
low probability of observing events from a source 
unless scattering of arrival times due to magnetized regions

3) no counterpart in neutrinos, photons, grav. waves
will be observed in arrival directions of UHECRs

4) magnetars and GRBs have same anisotropy signature

enhanced correlation btw UHE events and foreground matter



4

UHE neutrinos?

Transient sources: how to distinguish GRBs from magnetars?

caution: dependency on Physics inside source 
and in source environment + composition of UHECR

Murase et al. 2009
secondary neutrinos from hadronic interactions in 
wind ejecta of newly born magnetar (proton case)

Waxman & Bahcall 1997, Murase et al. 2006, 2008
secondary neutrinos from hadronic interactions of 
UHECRs accelerated in shocks inside GRBs
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= evidence of adequate magnetar parameters for 
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Magnetars and UHECRs

Magnetar characteristics (theoretical predictions):
- isolated neutron star
- fast rotation at birth (Pi ~ 1 ms)
- strong surface dipole fields (B* ~ 1015-16 G)

Duncan & Thompson 1992

Plausible explanation for observed 
Anomalous X-ray Pulsars (AXP) 
and Soft Gamma Repeaters (SGR)

e.g. Koveliotou 1998, 1999, Baring & Harding 2002
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Duncan & Thompson 1992

Plausible explanation for observed 
Anomalous X-ray Pulsars (AXP) 
and Soft Gamma Repeaters (SGR)

e.g. Koveliotou 1998, 1999, Baring & Harding 2002

Magnetars as progenitors of UHECRs: 
idea introduced during the “AGASA era”

Blasi, Epstein, Olinto 2000

Galactic magnetars + iron particles
aim: isotropic distribution in sky

Arons 2003
extragalactic, faint GZK cut-off due to hard spectral index
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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 Ω 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?

ν = Ω/π (52)
Φi = f(νi, B∗) (53)

Ei = qη
π2αR3

∗
2c2

ν3
i (54)

B ∝ 1
r

(55)

E =
v
c
×B (56)

Φ ∼ rE = rB = RLB(RL) (57)

r < RL ≡
c

Ω
(58)

B
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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 Ω 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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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.
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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
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that magnetar signatures in neutrinos should be observed by IceCube, taking a
reasonable density of magnetars that would actually fit the UHECR spectrum (for
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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
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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 Ω 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.
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• 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,
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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 :

Φmag ∼ RLB(RL) =
Ω2µ

c2
= 3× 1022 µ
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V , (1)

where Ω 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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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(Ω) = qηΦmag = qη
Ω2µ

c2
= 3× 1021Zη1Ω2

4µ33 eV . (7)

Here η 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 η1 ≡ η/0.1). We can see that ultrahigh
energies are easily reached in magnetars for these parameters.
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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 Ω 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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that magnetar signatures in neutrinos should be observed by IceCube, taking a
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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
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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-
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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
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gravitational waves at the level that we predict here would be an evidence that high
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ation should take place. As explained briefly before, the GRB in itself (the explosion,
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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,
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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?

ν = Ω/π (52)
Φi = f(νi, B∗) (53)

Ei = qη
π2αR3

∗
2c2

ν3
i (54)

B ∝ 1
r

(55)

E =
v
c
×B (56)

Φ ∼ rE = rB = RLB(RL) (57)

=
Ω2B∗R3

∗
2c2

(58)

∼ 3× 1022 V
B∗

2× 1015 G

(
R∗

10 km

)3 (
Ω

104 s−1

)2

, (59)

r < RL ≡
c

Ω
(60)

E(Ω) = qηΦ = qη
Ω2B∗R3

∗
2c2

(61)

∼ 3× 1021 eV Zη1
B∗

2× 1015 G

(
R∗

10 km

)3 (
Ω

104 s−1

)2

. (62)

∼ 3× 1022 V
B∗

2× 1015 G

(
R∗

10 km

)3 (
Ω

104 s−1

)2

, (59)

r < RL ≡
c

Ω
(60)

E(Ω) = qηΦ = qη
Ω2B∗R3

∗
2c2

(61)

∼ 3× 1021 eV Zη1
B∗

2× 1015 G

(
R∗

10 km

)3 (
Ω

104 s−1

)2

. (62)

particles accelerated to energy:

10%: fraction of voltage 
experienced by particles



relativistic wind

instrument.

• What if magnetars and long-duration GRBs are the same objects? (in terms of
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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 Ω 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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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 :
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where Ω 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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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 :
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Here η 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 η1 ≡ η/0.1). We can see that ultrahigh
energies are easily reached in magnetars for these parameters.
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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 Ω 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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• What if magnetars and long-duration GRBs are the same objects? (in terms of
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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 Ω 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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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 Ω 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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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 :
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where Ω 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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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(Ω) = qηΦmag = qη
Ω2µ

c2
= 3× 1021Zη1Ω2

4µ33 eV . (7)

Here η 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 η1 ≡ η/0.1). We can see that ultrahigh
energies are easily reached in magnetars for these parameters.
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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 Ω 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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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
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As a matter of fact, the question we are trying to answer is more about the accel-
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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
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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 Ω 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)
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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
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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 Ω 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
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• Other sources (e.g. NS-NS) could be distinguished?

ν = Ω/π (52)
Φi = f(νi, B∗) (53)

Ei = qη
π2αR3

∗
2c2

ν3
i (54)

B ∝ 1
r

(55)

E =
v
c
×B (56)

Φ ∼ rE = rB = RLB(RL) (57)

=
Ω2B∗R3

∗
2c2

(58)

∼ 3× 1022 V
B∗

2× 1015 G

(
R∗

10 km

)3 (
Ω

104 s−1

)2

, (59)

r < RL ≡
c

Ω
(60)

E(Ω) = qηΦ = qη
Ω2B∗R3

∗
2c2

(61)

∼ 3× 1021 eV Zη1
B∗

2× 1015 G

(
R∗

10 km

)3 (
Ω

104 s−1

)2

. (62)

∼ 3× 1022 V
B∗

2× 1015 G

(
R∗

10 km

)3 (
Ω

104 s−1

)2

, (59)

r < RL ≡
c

Ω
(60)

E(Ω) = qηΦ = qη
Ω2B∗R3

∗
2c2

(61)

∼ 3× 1021 eV Zη1
B∗

2× 1015 G

(
R∗

10 km

)3 (
Ω

104 s−1

)2

. (62)

particles accelerated to energy:

10%: fraction of voltage 
experienced by particles

t0

E

Ωslow fast

N



relativistic wind

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 Ω 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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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 :
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where Ω 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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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(Ω) = qηΦmag = qη
Ω2µ

c2
= 3× 1021Zη1Ω2

4µ33 eV . (7)

Here η 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 η1 ≡ η/0.1). We can see that ultrahigh
energies are easily reached in magnetars for these parameters.
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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 Ω 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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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 Ω 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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• 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 Ω 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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• 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 Ω 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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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 :

Φmag ∼ RLB(RL) =
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where Ω 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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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(Ω) = qηΦmag = qη
Ω2µ

c2
= 3× 1021Zη1Ω2

4µ33 eV . (7)

Here η 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 η1 ≡ η/0.1). We can see that ultrahigh
energies are easily reached in magnetars for these parameters.
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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 Ω 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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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 Ω 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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• 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 Ω 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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• 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 Ω 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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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 :
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where Ω 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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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(Ω) = qηΦmag = qη
Ω2µ

c2
= 3× 1021Zη1Ω2

4µ33 eV . (7)

Here η 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 η1 ≡ η/0.1). We can see that ultrahigh
energies are easily reached in magnetars for these parameters.
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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 Ω 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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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 Ω 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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• 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 Ω 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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• 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 Ω 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?

ν = Ω/π (52)
Φi = f(νi, B∗) (53)

Ei = qη
π2αR3

∗
2c2

ν3
i (54)

B ∝ 1
r

(55)

6

Acceleration mechanism in magnetars Arons 2003
Blasi et al. 2000

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 :
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where Ω 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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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(Ω) = qηΦmag = qη
Ω2µ

c2
= 3× 1021Zη1Ω2

4µ33 eV . (7)

Here η 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 η1 ≡ η/0.1). We can see that ultrahigh
energies are easily reached in magnetars for these parameters.
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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 Ω 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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enough values for B and Ω are reached and that thus the unipolar induction acceler-
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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):
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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 Ω 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?

ν = Ω/π (52)
Φi = f(νi, B∗) (53)

Ei = qη
π2αR3

∗
2c2

ν3
i (54)

B ∝ 1
r

(55)

6

Acceleration mechanism in magnetars Arons 2003
Blasi et al. 2000

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 :
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where Ω 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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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 :
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Here η 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 η1 ≡ η/0.1). We can see that ultrahigh
energies are easily reached in magnetars for these parameters.
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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 Ω 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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• Other sources (e.g. NS-NS) could be distinguished?
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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 Ω 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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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 :

Φmag ∼ RLB(RL) =
Ω2µ

c2
= 3× 1022 µ

1033 cgs

(
Ω

104 s−1

)2

V , (1)

where Ω 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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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(Ω) = qηΦmag = qη
Ω2µ

c2
= 3× 1021Zη1Ω2

4µ33 eV . (7)

Here η 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 η1 ≡ η/0.1). We can see that ultrahigh
energies are easily reached in magnetars for these parameters.
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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 Ω 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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could be a way to distinguish GRBs and magnetars too. ... But there are also lots of
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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
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As a matter of fact, the question we are trying to answer is more about the accel-
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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
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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 ρGJ c

Ze
=

Ω2µ

|q|c , (8)

where APC is the polar cap surface and ρGJ 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

dΩ

)
dΩ
dE

. (9)

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

−dΩ
dt

=
ĖEM + Ėgrav

IΩ
=

4
9

µ2Ω3

Ic3

[
1 +

(
Ω
Ωg

)2
]

, (10)

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

Ωg ≡
(

5
72

c2µ2

GI2ε2

)1/2

= 3× 103 µ33

I45ε2
s−1 . (11)

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

E ∝ Ω2 (12)
Ω̇ ∝ Ω3 ∝ E3/2 (13)

dΩ
dE

∝ Ω−1 ∝ E−1/2 (14)

Ṅi ∝ Ω2 ∝ E (15)

and equation (9) can be further transformed into:
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, (16)

where
Eg =

Zηeµ
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Ω2

g = 3× 1020 Zη1µ3
33

I2
45ε

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 effects on particle transport, the intergalactic spectrum n(E) (in units
of [E−1] – caution, here, notation is different from Arons 2003) can be determined from:

∂

∂E
(Ėn) = Wgeom nm
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dE
. (18)
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ĖEM + Ėgrav
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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 Ω 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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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 :

Φmag ∼ RLB(RL) =
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where Ω 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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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(Ω) = qηΦmag = qη
Ω2µ
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= 3× 1021Zη1Ω2

4µ33 eV . (7)

Here η 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 η1 ≡ η/0.1). We can see that ultrahigh
energies are easily reached in magnetars for these parameters.
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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 Ω 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?

ν = Ω/π (52)
Φi = f(νi, B∗) (53)

Ei = qη
π2αR3

∗
2c2

ν3
i (54)

B ∝ 1
r

(55)

E =
v
c
×B (56)

Φ ∼ rE = rB = RLB(RL) (57)

r < RL ≡
c

Ω
(58)

B

instrument.

• What if magnetars and long-duration GRBs are the same objects? (in terms of
distinguishing between transient objects)
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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
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eration mechanism: are UHECRs accelerated in shocks or by unipolar induction? If
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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 Ω 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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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 ρGJ c

Ze
=

Ω2µ

|q|c , (8)

where APC is the polar cap surface and ρGJ 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:
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For the detailed expressions of ĖEM and Ėgrav see for example section 10.5 of Shapiro &
Teukolsky (1983). In the equation above, Ωg 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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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 effects on particle transport, the intergalactic spectrum n(E) (in units
of [E−1] – caution, here, notation is different from Arons 2003) can be determined from:
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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 Ω 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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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 :
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V , (1)

where Ω 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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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(Ω) = qηΦmag = qη
Ω2µ

c2
= 3× 1021Zη1Ω2

4µ33 eV . (7)

Here η 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 η1 ≡ η/0.1). We can see that ultrahigh
energies are easily reached in magnetars for these parameters.

1
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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 Ω 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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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 ρGJ c

Ze
=

Ω2µ

|q|c , (8)

where APC is the polar cap surface and ρGJ 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:
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ĖEM + Ėgrav
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For the detailed expressions of ĖEM and Ėgrav see for example section 10.5 of Shapiro &
Teukolsky (1983). In the equation above, Ωg is the angular velocity at which gravity wave
and electromagnetic losses are equal:
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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 effects on particle transport, the intergalactic spectrum n(E) (in units
of [E−1] – caution, here, notation is different from Arons 2003) can be determined from:
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Figure 2: Cosmic ray spectra for pure iron with injection spectral index -1. Left: Emax =
1020.5 eV, right: Emax = 1021.5 eV. Cases for different source evolutions are represented.

where we defined:
χ ≡ 1

Ei,max

s− 1
(Ei,max/Ei,min)s−1 − 1

. (22)

Equation (18) is then transformed into:

J(E) =
∫ Ei,max

Ei,min

∂J(E,Ei)
∂Ei

dEi (23)

=






Wgeom
9

16π

Ic3

Zeµ
nmχ j−(E) if E ≤ Ei,min

Wgeom
9

16π

Ic3

Zeµ
nmχ j+(E) if E > Ei,min ,

(24)

where j(E) and j+(E) are defined as:

j − (E) = E−1Tloss(E)
∫ Ei,max

Ei,min

ln
[
Emax

E

1 + (E/Eg)
1 + (Emax/Eg)

] (
Ei

Ei,max

)−s

dEi (25)

=
E−1Tloss(E)

(1− s)2

{
E1−s

i

E−s
i,max

h(Ei/Eg) + (s− 1) ln
[
(E + Eg)Ei

E(Eg + Ei)

]}Ei,max

Ei,min

, (26)

j + (E) = E−1Tloss(E)
∫ Ei,max

E
ln

[
Emax

E

1 + (E/Eg)
1 + (Emax/Eg)

] (
Ei

Ei,max

)−s

dEi (27)

=
Tloss(E)
(1− s)2

(
E

Ei,max

)−s

×
{

h(E/Eg)− h(Ei,max/Eg)− (s− 1) ln
[
(E + Eg)Ei,max

E(Eg + Ei,max)

]}
. (28)

The hypergeometric function is noted:

h(x) ≡ 2F1(1, 1− s, 2− s,−x) . (29)

7

Possible way to reconcile the magnetar spectrum with observed data

E-1
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Figure 1: Cosmic ray spectra for different compositions and spectral indices as indicated.

2 Taking into account the distribution of initial voltage

The spectrum found in eq. (19) is very hard (index = -1) and only fits mildly the observed
ultrahigh energy cosmic ray spectrum (one would need another extragalactic component
covering the energy range 1018−19.5 eV). This can be seen in Fig. 1 of Arons (2003) for
the pure proton case and in Fig. 1 of these notes for a pure iron injection. In Fig. 1, we
assume that Eg = ∞ (no gravitational wave losses) and consider two maximum energies
of 1020.5 eV and 1021.5 eV. Taking into account source evolutions does not help much (see
Fig. 2).

Equation (18) assumes that all magnetars have the same initial voltage Φi = Ω2
i µ/c2.

We may want to take into account the distribution of magnetar rates according to the
starting voltage in this calculation, as done by Arons (2003) in Eq. (33), assuming a
power-law:
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For RSFR(z), we use the same expression as Regimbau & Mandic (2008) normalized
to unity at z = 0 (from Hopkins & Beacom 2006):
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Figure 4: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency. Solid black lines: distribution of νi,
B∗ constant (Eq. 40), with B∗ = 1016 G, I = 1.4 × 1045 cgs, R∗ = 10 km, and injection
parameters s = 2.2, Ei,min = 3× 1018 eV, Ei,max = 1021.5 eV. The source density is chosen
to fit the observed cosmic ray spectrum: nm = εmngνm/f ∼ 10−6 Mpc−3 yr−1. The
three lines with increasing thickness correspond to β = 100, 1000, 10000 respectively (i.e.
increasing ellipticity). Black dashed line: basic spectrum (Eq. 32) with B∗ = 1016 G,
I = 1.4 × 1045 cgs, R∗ = 10 km, β = 100, nm = εmngνm ∼ 3.3 × 10−8 Mpc−3 yr−1 and
Emax = 1020.5 eV. The green dotted line represents the LIGOIII sensitivity (Buonanno
2003), the pink dotted lines the DECIGO and DECIGO Advanced sensitivities (Kawamura
et al. 2006) and the purple dotted line the BBO sensitivity (Corbin & Cornish 2006),
all in correlation modes. The values on the upper x axis represent the energy E = 3 ×
1021Zη1µ33{[πν0(1+zsup)]/104}2 eV, with zsup = 2, the redshift of maximum star formation
rate.
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interactions with the cosmological photon backgrounds) and eq. (16), we get:

J(E) =
c

4π
n(E) = Wgeom

9
16π

Ic3

Zeµ
nm E−1Tloss(E) ln

[
Emax

E

1 + (E/Eg)
1 + (Emax/Eg)

]
. (19)

Figure 1: Cosmic ray spectra for different compositions and spectral indices as indicated.

2 Taking into account the distribution of initial voltage

The spectrum found in eq. (19) is very hard (index = -1) and only fits mildly the observed
ultrahigh energy cosmic ray spectrum (one would need another extragalactic component
covering the energy range 1018−19.5 eV). This can be seen in Fig. 1 of Arons (2003) for
the pure proton case and in Fig. 1 of these notes for a pure iron injection. In Fig. 1, we
assume that Eg = ∞ (no gravitational wave losses) and consider two maximum energies
of 1020.5 eV and 1021.5 eV. Taking into account source evolutions does not help much (see
Fig. 2).

Equation (18) assumes that all magnetars have the same initial voltage Φi = Ω2
i µ/c2.

We may want to take into account the distribution of magnetar rates according to the
starting voltage in this calculation, as done by Arons (2003) in Eq. (33), assuming a
power-law:
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For RSFR(z), we use the same expression as Regimbau & Mandic (2008) normalized
to unity at z = 0 (from Hopkins & Beacom 2006):

RSFR(z) =
1 + 7.64z

1 + (z/3.3)5.3
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Figure 4: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency. Solid black lines: distribution of νi,
B∗ constant (Eq. 40), with B∗ = 1016 G, I = 1.4 × 1045 cgs, R∗ = 10 km, and injection
parameters s = 2.2, Ei,min = 3× 1018 eV, Ei,max = 1021.5 eV. The source density is chosen
to fit the observed cosmic ray spectrum: nm = εmngνm/f ∼ 10−6 Mpc−3 yr−1. The
three lines with increasing thickness correspond to β = 100, 1000, 10000 respectively (i.e.
increasing ellipticity). Black dashed line: basic spectrum (Eq. 32) with B∗ = 1016 G,
I = 1.4 × 1045 cgs, R∗ = 10 km, β = 100, nm = εmngνm ∼ 3.3 × 10−8 Mpc−3 yr−1 and
Emax = 1020.5 eV. The green dotted line represents the LIGOIII sensitivity (Buonanno
2003), the pink dotted lines the DECIGO and DECIGO Advanced sensitivities (Kawamura
et al. 2006) and the purple dotted line the BBO sensitivity (Corbin & Cornish 2006),
all in correlation modes. The values on the upper x axis represent the energy E = 3 ×
1021Zη1µ33{[πν0(1+zsup)]/104}2 eV, with zsup = 2, the redshift of maximum star formation
rate.
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Figure 1: Cosmic ray spectra for different compositions and spectral indices as indicated.

2 Taking into account the distribution of initial voltage

The spectrum found in eq. (19) is very hard (index = -1) and only fits mildly the observed
ultrahigh energy cosmic ray spectrum (one would need another extragalactic component
covering the energy range 1018−19.5 eV). This can be seen in Fig. 1 of Arons (2003) for
the pure proton case and in Fig. 1 of these notes for a pure iron injection. In Fig. 1, we
assume that Eg = ∞ (no gravitational wave losses) and consider two maximum energies
of 1020.5 eV and 1021.5 eV. Taking into account source evolutions does not help much (see
Fig. 2).

Equation (18) assumes that all magnetars have the same initial voltage Φi = Ω2
i µ/c2.

We may want to take into account the distribution of magnetar rates according to the
starting voltage in this calculation, as done by Arons (2003) in Eq. (33), assuming a
power-law:
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with Φi,min ≤ Φ ≤ Φi,max. As a function of the initial acceleration energy Ei, we get:
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equivalent to distribution in max acceleration energy:

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:

f =
χ

(1− s)2
E1−s

E−s
i,max

=
1

s− 1
E1−s

E1−s
i,max

1
(Ei,max/Ei,min)s−1 − 1

(30)

∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56
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where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:
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with ν ∈ [0,Ωi/π], (33)

where (see Eq. 3):
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=
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(35)

with β the distortion parameter. The integral upper bound zsup is given by:

zsup =
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− 1 otherwise,

(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:
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qη
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i

c2
. (37)



Figure 2: Cosmic ray spectra for pure iron with injection spectral index -1. Left: Emax =
1020.5 eV, right: Emax = 1021.5 eV. Cases for different source evolutions are represented.
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where j(E) and j+(E) are defined as:
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The hypergeometric function is noted:

h(x) ≡ 2F1(1, 1− s, 2− s,−x) . (29)
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Here Wgeom = 0.5 is a geometrical factor that accounts for the fact that all magnetars
cannot inject ions from the stars’ atmospheres into the wind in the rotational equator (see
section 4.4 of Arons 2003). Integrating equation (18) using Ė = −E/Tloss (losses due to
interactions with the cosmological photon backgrounds) and eq. (16), we get:

J(E) =
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Figure 1: Cosmic ray spectra for different compositions and spectral indices as indicated.

2 Taking into account the distribution of initial voltage

The spectrum found in eq. (19) is very hard (index = -1) and only fits mildly the observed
ultrahigh energy cosmic ray spectrum (one would need another extragalactic component
covering the energy range 1018−19.5 eV). This can be seen in Fig. 1 of Arons (2003) for
the pure proton case and in Fig. 1 of these notes for a pure iron injection. In Fig. 1, we
assume that Eg = ∞ (no gravitational wave losses) and consider two maximum energies
of 1020.5 eV and 1021.5 eV. Taking into account source evolutions does not help much (see
Fig. 2).

Equation (18) assumes that all magnetars have the same initial voltage Φi = Ω2
i µ/c2.

We may want to take into account the distribution of magnetar rates according to the
starting voltage in this calculation, as done by Arons (2003) in Eq. (33), assuming a
power-law:
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with Φi,min ≤ Φ ≤ Φi,max. As a function of the initial acceleration energy Ei, we get:
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distribution of magnetar rates according to starting voltage
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[ν0(1 + z)] if ν0 <
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1 + zmax
,
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ν1−2s
i dνi

∫ zsup(νi)
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dz
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(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] otherwise ,

(40)

with
κ = χ

2qηµπ2

c2
. (41)

For RSFR(z), we use the same expression as Regimbau & Mandic (2008) normalized
to unity at z = 0 (from Hopkins & Beacom 2006):

RSFR(z) =
1 + 7.64z

1 + (z/3.3)5.3
. (42)

Figure 4: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency. Solid black lines: distribution of νi,
B∗ constant (Eq. 40), with B∗ = 1016 G, I = 1.4 × 1045 cgs, R∗ = 10 km, and injection
parameters s = 2.2, Ei,min = 3× 1018 eV, Ei,max = 1021.5 eV. The source density is chosen
to fit the observed cosmic ray spectrum: nm = εmngνm/f ∼ 10−6 Mpc−3 yr−1. The
three lines with increasing thickness correspond to β = 100, 1000, 10000 respectively (i.e.
increasing ellipticity). Black dashed line: basic spectrum (Eq. 32) with B∗ = 1016 G,
I = 1.4 × 1045 cgs, R∗ = 10 km, β = 100, nm = εmngνm ∼ 3.3 × 10−8 Mpc−3 yr−1 and
Emax = 1020.5 eV. The green dotted line represents the LIGOIII sensitivity (Buonanno
2003), the pink dotted lines the DECIGO and DECIGO Advanced sensitivities (Kawamura
et al. 2006) and the purple dotted line the BBO sensitivity (Corbin & Cornish 2006),
all in correlation modes. The values on the upper x axis represent the energy E = 3 ×
1021Zη1µ33{[πν0(1+zsup)]/104}2 eV, with zsup = 2, the redshift of maximum star formation
rate.
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Figure 3: Cosmic ray spectra when the distribution of initial angular velocity is included
(Eq. 24), for different source evolutions as indicated. A pure proton composition is injected
with the following parameters: s = 2.2, Ei,min = 3 × 1018 eV, Ei,max = 1020.5 eV and
Eg = 3×1020 eV. All spectra presented here have the same normalization. [Note: here the
normalization is done by eye and arbitrary (not using the magnetar parameters) because
of some normalization bug in the code that I haven’t found yet.]

3.1 B∗ constant, νi varies

Assuming that the magnetic dipole moment µ does not vary from one source to another
(i.e. B∗ remains constant), one can re-write the distribution of initial voltages (Eq. 21) as
a function of the initial frequency νi as follows:

dnm

dνi
=

dnm

dEi

dEi

dνi
= nmχ

2qηµπ2

c2
νi

(
νi

νi,max

)−2s

. (38)

Taking into account the distribution of sources according to the initial voltage, i.e.
to the initial frequency νi under our hypothesis, we obtain:

Ωgw(ν0) = 5.7× 10−56

(
0.7
h0

)2

nm,0 κ ν0 ν2s
i,max ×

∫ νi,max

νi,min

ν1−2s
i dνi

∫ zsup(νi)

0
dz

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] , (39)

= 5.7× 10−56

(
0.7
h0

)2

nm,0 κ ν0 ν2s
i,max ×

Figure 2: Cosmic ray spectra for pure iron with injection spectral index -1. Left: Emax =
1020.5 eV, right: Emax = 1021.5 eV. Cases for different source evolutions are represented.

where we defined:
χ ≡ 1

Ei,max

s− 1
(Ei,max/Ei,min)s−1 − 1

. (22)

Equation (18) is then transformed into:

J(E) =
∫ Ei,max

Ei,min

∂J(E,Ei)
∂Ei

dEi (23)

=






Wgeom
9

16π

Ic3

Zeµ
nmχ j−(E) if E ≤ Ei,min

Wgeom
9

16π

Ic3

Zeµ
nmχ j+(E) if E > Ei,min ,

(24)

where j(E) and j+(E) are defined as:

j − (E) = E−1Tloss(E)
∫ Ei,max

Ei,min

ln
[
Emax

E

1 + (E/Eg)
1 + (Emax/Eg)

] (
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)−s

dEi (25)
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E−1Tloss(E)

(1− s)2
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i

E−s
i,max

h(Ei/Eg) + (s− 1) ln
[
(E + Eg)Ei

E(Eg + Ei)

]}Ei,max

Ei,min

, (26)

j + (E) = E−1Tloss(E)
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E
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1 + (Emax/Eg)

] (
Ei
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)−s

dEi (27)

=
Tloss(E)
(1− s)2

(
E

Ei,max

)−s

×
{

h(E/Eg)− h(Ei,max/Eg)− (s− 1) ln
[
(E + Eg)Ei,max

E(Eg + Ei,max)

]}
. (28)

The hypergeometric function is noted:

h(x) ≡ 2F1(1, 1− s, 2− s,−x) . (29)

corrected energy spectrum: s = 2.2

Here Wgeom = 0.5 is a geometrical factor that accounts for the fact that all magnetars
cannot inject ions from the stars’ atmospheres into the wind in the rotational equator (see
section 4.4 of Arons 2003). Integrating equation (18) using Ė = −E/Tloss (losses due to
interactions with the cosmological photon backgrounds) and eq. (16), we get:

J(E) =
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Figure 1: Cosmic ray spectra for different compositions and spectral indices as indicated.

2 Taking into account the distribution of initial voltage

The spectrum found in eq. (19) is very hard (index = -1) and only fits mildly the observed
ultrahigh energy cosmic ray spectrum (one would need another extragalactic component
covering the energy range 1018−19.5 eV). This can be seen in Fig. 1 of Arons (2003) for
the pure proton case and in Fig. 1 of these notes for a pure iron injection. In Fig. 1, we
assume that Eg = ∞ (no gravitational wave losses) and consider two maximum energies
of 1020.5 eV and 1021.5 eV. Taking into account source evolutions does not help much (see
Fig. 2).

Equation (18) assumes that all magnetars have the same initial voltage Φi = Ω2
i µ/c2.

We may want to take into account the distribution of magnetar rates according to the
starting voltage in this calculation, as done by Arons (2003) in Eq. (33), assuming a
power-law:
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dΦi
=

nm
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s− 1
(Φi,max/Φi,min)s−1 − 1

(
Φi

Φi,max

)−s

, (20)

with Φi,min ≤ Φ ≤ Φi,max. As a function of the initial acceleration energy Ei, we get:

dnm

dEi
=

dnm

dΦi

dΦi

dEi
= nmχ

(
Ei

Ei,max

)−s

, (21)

equivalent to distribution in max acceleration energy:

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:

f =
χ

(1− s)2
E1−s

E−s
i,max

=
1

s− 1
E1−s

E1−s
i,max

1
(Ei,max/Ei,min)s−1 − 1

(30)

∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56
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where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:
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with ν ∈ [0,Ωi/π], (33)

where (see Eq. 3):
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(35)

with β the distortion parameter. The integral upper bound zsup is given by:

zsup =
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νi

1 + zmaxνi
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− 1 otherwise,

(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:

Φi =
Ei

qη
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Figure 2: Cosmic ray spectra for pure iron with injection spectral index -1. Left: Emax =
1020.5 eV, right: Emax = 1021.5 eV. Cases for different source evolutions are represented.
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Here Wgeom = 0.5 is a geometrical factor that accounts for the fact that all magnetars
cannot inject ions from the stars’ atmospheres into the wind in the rotational equator (see
section 4.4 of Arons 2003). Integrating equation (18) using Ė = −E/Tloss (losses due to
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Figure 1: Cosmic ray spectra for different compositions and spectral indices as indicated.

2 Taking into account the distribution of initial voltage

The spectrum found in eq. (19) is very hard (index = -1) and only fits mildly the observed
ultrahigh energy cosmic ray spectrum (one would need another extragalactic component
covering the energy range 1018−19.5 eV). This can be seen in Fig. 1 of Arons (2003) for
the pure proton case and in Fig. 1 of these notes for a pure iron injection. In Fig. 1, we
assume that Eg = ∞ (no gravitational wave losses) and consider two maximum energies
of 1020.5 eV and 1021.5 eV. Taking into account source evolutions does not help much (see
Fig. 2).

Equation (18) assumes that all magnetars have the same initial voltage Φi = Ω2
i µ/c2.

We may want to take into account the distribution of magnetar rates according to the
starting voltage in this calculation, as done by Arons (2003) in Eq. (33), assuming a
power-law:
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dnm

dEi
=

dnm

dΦi

dΦi

dEi
= nmχ

(
Ei

Ei,max

)−s

, (21)

distribution of magnetar rates according to starting voltage

Here Wgeom = 0.5 is a geometrical factor that accounts for the fact that all magnetars
cannot inject ions from the stars’ atmospheres into the wind in the rotational equator (see
section 4.4 of Arons 2003). Integrating equation (18) using Ė = −E/Tloss (losses due to
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We may want to take into account the distribution of magnetar rates according to the
starting voltage in this calculation, as done by Arons (2003) in Eq. (33), assuming a
power-law:
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with Φi,min ≤ Φ ≤ Φi,max. As a function of the initial acceleration energy Ei, we get:
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with
κ = χ
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. (41)

For RSFR(z), we use the same expression as Regimbau & Mandic (2008) normalized
to unity at z = 0 (from Hopkins & Beacom 2006):

RSFR(z) =
1 + 7.64z

1 + (z/3.3)5.3
. (42)

Figure 4: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency. Solid black lines: distribution of νi,
B∗ constant (Eq. 40), with B∗ = 1016 G, I = 1.4 × 1045 cgs, R∗ = 10 km, and injection
parameters s = 2.2, Ei,min = 3× 1018 eV, Ei,max = 1021.5 eV. The source density is chosen
to fit the observed cosmic ray spectrum: nm = εmngνm/f ∼ 10−6 Mpc−3 yr−1. The
three lines with increasing thickness correspond to β = 100, 1000, 10000 respectively (i.e.
increasing ellipticity). Black dashed line: basic spectrum (Eq. 32) with B∗ = 1016 G,
I = 1.4 × 1045 cgs, R∗ = 10 km, β = 100, nm = εmngνm ∼ 3.3 × 10−8 Mpc−3 yr−1 and
Emax = 1020.5 eV. The green dotted line represents the LIGOIII sensitivity (Buonanno
2003), the pink dotted lines the DECIGO and DECIGO Advanced sensitivities (Kawamura
et al. 2006) and the purple dotted line the BBO sensitivity (Corbin & Cornish 2006),
all in correlation modes. The values on the upper x axis represent the energy E = 3 ×
1021Zη1µ33{[πν0(1+zsup)]/104}2 eV, with zsup = 2, the redshift of maximum star formation
rate.
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Figure 3: Cosmic ray spectra when the distribution of initial angular velocity is included
(Eq. 24), for different source evolutions as indicated. A pure proton composition is injected
with the following parameters: s = 2.2, Ei,min = 3 × 1018 eV, Ei,max = 1020.5 eV and
Eg = 3×1020 eV. All spectra presented here have the same normalization. [Note: here the
normalization is done by eye and arbitrary (not using the magnetar parameters) because
of some normalization bug in the code that I haven’t found yet.]

3.1 B∗ constant, νi varies

Assuming that the magnetic dipole moment µ does not vary from one source to another
(i.e. B∗ remains constant), one can re-write the distribution of initial voltages (Eq. 21) as
a function of the initial frequency νi as follows:

dnm

dνi
=

dnm

dEi

dEi

dνi
= nmχ

2qηµπ2

c2
νi

(
νi

νi,max

)−2s

. (38)

Taking into account the distribution of sources according to the initial voltage, i.e.
to the initial frequency νi under our hypothesis, we obtain:

Ωgw(ν0) = 5.7× 10−56

(
0.7
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)2

nm,0 κ ν0 ν2s
i,max ×
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= 5.7× 10−56
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nm,0 κ ν0 ν2s
i,max ×

Figure 2: Cosmic ray spectra for pure iron with injection spectral index -1. Left: Emax =
1020.5 eV, right: Emax = 1021.5 eV. Cases for different source evolutions are represented.

where we defined:
χ ≡ 1

Ei,max

s− 1
(Ei,max/Ei,min)s−1 − 1

. (22)

Equation (18) is then transformed into:

J(E) =
∫ Ei,max

Ei,min

∂J(E,Ei)
∂Ei

dEi (23)

=






Wgeom
9

16π

Ic3

Zeµ
nmχ j−(E) if E ≤ Ei,min

Wgeom
9

16π

Ic3

Zeµ
nmχ j+(E) if E > Ei,min ,

(24)

where j(E) and j+(E) are defined as:

j − (E) = E−1Tloss(E)
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[
Emax
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] (
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dEi (25)
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E−1Tloss(E)
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i

E−s
i,max

h(Ei/Eg) + (s− 1) ln
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(E + Eg)Ei

E(Eg + Ei)

]}Ei,max
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, (26)

j + (E) = E−1Tloss(E)
∫ Ei,max

E
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] (
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Tloss(E)
(1− s)2
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)−s

×
{

h(E/Eg)− h(Ei,max/Eg)− (s− 1) ln
[
(E + Eg)Ei,max

E(Eg + Ei,max)

]}
. (28)

The hypergeometric function is noted:

h(x) ≡ 2F1(1, 1− s, 2− s,−x) . (29)

corrected energy spectrum: s = 2.2

Here Wgeom = 0.5 is a geometrical factor that accounts for the fact that all magnetars
cannot inject ions from the stars’ atmospheres into the wind in the rotational equator (see
section 4.4 of Arons 2003). Integrating equation (18) using Ė = −E/Tloss (losses due to
interactions with the cosmological photon backgrounds) and eq. (16), we get:

J(E) =
c

4π
n(E) = Wgeom

9
16π

Ic3

Zeµ
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]
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Figure 1: Cosmic ray spectra for different compositions and spectral indices as indicated.

2 Taking into account the distribution of initial voltage

The spectrum found in eq. (19) is very hard (index = -1) and only fits mildly the observed
ultrahigh energy cosmic ray spectrum (one would need another extragalactic component
covering the energy range 1018−19.5 eV). This can be seen in Fig. 1 of Arons (2003) for
the pure proton case and in Fig. 1 of these notes for a pure iron injection. In Fig. 1, we
assume that Eg = ∞ (no gravitational wave losses) and consider two maximum energies
of 1020.5 eV and 1021.5 eV. Taking into account source evolutions does not help much (see
Fig. 2).

Equation (18) assumes that all magnetars have the same initial voltage Φi = Ω2
i µ/c2.

We may want to take into account the distribution of magnetar rates according to the
starting voltage in this calculation, as done by Arons (2003) in Eq. (33), assuming a
power-law:
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s− 1
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(
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)−s
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with Φi,min ≤ Φ ≤ Φi,max. As a function of the initial acceleration energy Ei, we get:

dnm
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= nmχ

(
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)−s

, (21)

equivalent to distribution in max acceleration energy:

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:

f =
χ

(1− s)2
E1−s

E−s
i,max

=
1

s− 1
E1−s

E1−s
i,max

1
(Ei,max/Ei,min)s−1 − 1

(30)

∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56

(
0.7
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)2

nm,0 ν0

∫ zsup

0

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] dz , (32)

where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:

dEgw

dν
(ν) = K ν3

[
1 +

K

π2Iν2

]−1

with ν ∈ [0,Ωi/π], (33)

where (see Eq. 3):

K =
12π4β2R10

∗ B2
∗

5c2GI
=

48π4β2R4
∗

5c2GI
µ2 , (34)

(35)

with β the distortion parameter. The integral upper bound zsup is given by:

zsup =






zmax if ν0 <
νi

1 + zmaxνi

ν0
− 1 otherwise,

(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:

Φi =
Ei

qη
=

π2µν2
i

c2
. (37)



Figure 2: Cosmic ray spectra for pure iron with injection spectral index -1. Left: Emax =
1020.5 eV, right: Emax = 1021.5 eV. Cases for different source evolutions are represented.
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where j(E) and j+(E) are defined as:
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The hypergeometric function is noted:
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Here Wgeom = 0.5 is a geometrical factor that accounts for the fact that all magnetars
cannot inject ions from the stars’ atmospheres into the wind in the rotational equator (see
section 4.4 of Arons 2003). Integrating equation (18) using Ė = −E/Tloss (losses due to
interactions with the cosmological photon backgrounds) and eq. (16), we get:
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Figure 1: Cosmic ray spectra for different compositions and spectral indices as indicated.

2 Taking into account the distribution of initial voltage

The spectrum found in eq. (19) is very hard (index = -1) and only fits mildly the observed
ultrahigh energy cosmic ray spectrum (one would need another extragalactic component
covering the energy range 1018−19.5 eV). This can be seen in Fig. 1 of Arons (2003) for
the pure proton case and in Fig. 1 of these notes for a pure iron injection. In Fig. 1, we
assume that Eg = ∞ (no gravitational wave losses) and consider two maximum energies
of 1020.5 eV and 1021.5 eV. Taking into account source evolutions does not help much (see
Fig. 2).

Equation (18) assumes that all magnetars have the same initial voltage Φi = Ω2
i µ/c2.

We may want to take into account the distribution of magnetar rates according to the
starting voltage in this calculation, as done by Arons (2003) in Eq. (33), assuming a
power-law:
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s− 1
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with Φi,min ≤ Φ ≤ Φi,max. As a function of the initial acceleration energy Ei, we get:
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distribution of magnetar rates according to starting voltage

Here Wgeom = 0.5 is a geometrical factor that accounts for the fact that all magnetars
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2 Taking into account the distribution of initial voltage

The spectrum found in eq. (19) is very hard (index = -1) and only fits mildly the observed
ultrahigh energy cosmic ray spectrum (one would need another extragalactic component
covering the energy range 1018−19.5 eV). This can be seen in Fig. 1 of Arons (2003) for
the pure proton case and in Fig. 1 of these notes for a pure iron injection. In Fig. 1, we
assume that Eg = ∞ (no gravitational wave losses) and consider two maximum energies
of 1020.5 eV and 1021.5 eV. Taking into account source evolutions does not help much (see
Fig. 2).

Equation (18) assumes that all magnetars have the same initial voltage Φi = Ω2
i µ/c2.

We may want to take into account the distribution of magnetar rates according to the
starting voltage in this calculation, as done by Arons (2003) in Eq. (33), assuming a
power-law:
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(40)

with
κ = χ

2qηµπ2

c2
. (41)

For RSFR(z), we use the same expression as Regimbau & Mandic (2008) normalized
to unity at z = 0 (from Hopkins & Beacom 2006):

RSFR(z) =
1 + 7.64z

1 + (z/3.3)5.3
. (42)

Figure 4: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency. Solid black lines: distribution of νi,
B∗ constant (Eq. 40), with B∗ = 1016 G, I = 1.4 × 1045 cgs, R∗ = 10 km, and injection
parameters s = 2.2, Ei,min = 3× 1018 eV, Ei,max = 1021.5 eV. The source density is chosen
to fit the observed cosmic ray spectrum: nm = εmngνm/f ∼ 10−6 Mpc−3 yr−1. The
three lines with increasing thickness correspond to β = 100, 1000, 10000 respectively (i.e.
increasing ellipticity). Black dashed line: basic spectrum (Eq. 32) with B∗ = 1016 G,
I = 1.4 × 1045 cgs, R∗ = 10 km, β = 100, nm = εmngνm ∼ 3.3 × 10−8 Mpc−3 yr−1 and
Emax = 1020.5 eV. The green dotted line represents the LIGOIII sensitivity (Buonanno
2003), the pink dotted lines the DECIGO and DECIGO Advanced sensitivities (Kawamura
et al. 2006) and the purple dotted line the BBO sensitivity (Corbin & Cornish 2006),
all in correlation modes. The values on the upper x axis represent the energy E = 3 ×
1021Zη1µ33{[πν0(1+zsup)]/104}2 eV, with zsup = 2, the redshift of maximum star formation
rate.
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magnetars as a function of the observed frequency. Solid black lines: distribution of νi,
B∗ constant (Eq. 40), with B∗ = 1016 G, I = 1.4 × 1045 cgs, R∗ = 10 km, and injection
parameters s = 2.2, Ei,min = 3× 1018 eV, Ei,max = 1021.5 eV. The source density is chosen
to fit the observed cosmic ray spectrum: nm = εmngνm/f ∼ 10−6 Mpc−3 yr−1. The
three lines with increasing thickness correspond to β = 100, 1000, 10000 respectively (i.e.
increasing ellipticity). Black dashed line: basic spectrum (Eq. 32) with B∗ = 1016 G,
I = 1.4 × 1045 cgs, R∗ = 10 km, β = 100, nm = εmngνm ∼ 3.3 × 10−8 Mpc−3 yr−1 and
Emax = 1020.5 eV. The green dotted line represents the LIGOIII sensitivity (Buonanno
2003), the pink dotted lines the DECIGO and DECIGO Advanced sensitivities (Kawamura
et al. 2006) and the purple dotted line the BBO sensitivity (Corbin & Cornish 2006),
all in correlation modes. The values on the upper x axis represent the energy E = 3 ×
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rate.

Figure 3: Cosmic ray spectra when the distribution of initial angular velocity is included
(Eq. 24), for different source evolutions as indicated. A pure proton composition is injected
with the following parameters: s = 2.2, Ei,min = 3 × 1018 eV, Ei,max = 1020.5 eV and
Eg = 3×1020 eV. All spectra presented here have the same normalization. [Note: here the
normalization is done by eye and arbitrary (not using the magnetar parameters) because
of some normalization bug in the code that I haven’t found yet.]

3.1 B∗ constant, νi varies

Assuming that the magnetic dipole moment µ does not vary from one source to another
(i.e. B∗ remains constant), one can re-write the distribution of initial voltages (Eq. 21) as
a function of the initial frequency νi as follows:
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Taking into account the distribution of sources according to the initial voltage, i.e.
to the initial frequency νi under our hypothesis, we obtain:
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Figure 2: Cosmic ray spectra for pure iron with injection spectral index -1. Left: Emax =
1020.5 eV, right: Emax = 1021.5 eV. Cases for different source evolutions are represented.
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Equation (18) is then transformed into:

J(E) =
∫ Ei,max

Ei,min

∂J(E,Ei)
∂Ei

dEi (23)

=






Wgeom
9

16π

Ic3

Zeµ
nmχ j−(E) if E ≤ Ei,min

Wgeom
9

16π

Ic3

Zeµ
nmχ j+(E) if E > Ei,min ,

(24)

where j(E) and j+(E) are defined as:

j − (E) = E−1Tloss(E)
∫ Ei,max

Ei,min

ln
[
Emax

E

1 + (E/Eg)
1 + (Emax/Eg)

] (
Ei
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)−s

dEi (25)
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E−1Tloss(E)

(1− s)2
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h(Ei/Eg) + (s− 1) ln
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, (26)

j + (E) = E−1Tloss(E)
∫ Ei,max

E
ln

[
Emax

E

1 + (E/Eg)
1 + (Emax/Eg)
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=
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(1− s)2
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{

h(E/Eg)− h(Ei,max/Eg)− (s− 1) ln
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(E + Eg)Ei,max
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]}
. (28)

The hypergeometric function is noted:

h(x) ≡ 2F1(1, 1− s, 2− s,−x) . (29)

corrected energy spectrum: s = 2.2
E-s x E-d

Here Wgeom = 0.5 is a geometrical factor that accounts for the fact that all magnetars
cannot inject ions from the stars’ atmospheres into the wind in the rotational equator (see
section 4.4 of Arons 2003). Integrating equation (18) using Ė = −E/Tloss (losses due to
interactions with the cosmological photon backgrounds) and eq. (16), we get:

J(E) =
c

4π
n(E) = Wgeom

9
16π

Ic3

Zeµ
nm E−1Tloss(E) ln

[
Emax

E

1 + (E/Eg)
1 + (Emax/Eg)

]
. (19)

Figure 1: Cosmic ray spectra for different compositions and spectral indices as indicated.

2 Taking into account the distribution of initial voltage

The spectrum found in eq. (19) is very hard (index = -1) and only fits mildly the observed
ultrahigh energy cosmic ray spectrum (one would need another extragalactic component
covering the energy range 1018−19.5 eV). This can be seen in Fig. 1 of Arons (2003) for
the pure proton case and in Fig. 1 of these notes for a pure iron injection. In Fig. 1, we
assume that Eg = ∞ (no gravitational wave losses) and consider two maximum energies
of 1020.5 eV and 1021.5 eV. Taking into account source evolutions does not help much (see
Fig. 2).

Equation (18) assumes that all magnetars have the same initial voltage Φi = Ω2
i µ/c2.

We may want to take into account the distribution of magnetar rates according to the
starting voltage in this calculation, as done by Arons (2003) in Eq. (33), assuming a
power-law:

dnm

dΦi
=

nm

Φi,max

s− 1
(Φi,max/Φi,min)s−1 − 1

(
Φi

Φi,max

)−s

, (20)

with Φi,min ≤ Φ ≤ Φi,max. As a function of the initial acceleration energy Ei, we get:

dnm

dEi
=

dnm

dΦi

dΦi

dEi
= nmχ

(
Ei

Ei,max

)−s

, (21)

equivalent to distribution in max acceleration energy:

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:

f =
χ

(1− s)2
E1−s

E−s
i,max

=
1

s− 1
E1−s

E1−s
i,max

1
(Ei,max/Ei,min)s−1 − 1

(30)

∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56

(
0.7
h0

)2

nm,0 ν0

∫ zsup

0

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] dz , (32)

where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:

dEgw

dν
(ν) = K ν3

[
1 +

K

π2Iν2

]−1

with ν ∈ [0,Ωi/π], (33)

where (see Eq. 3):

K =
12π4β2R10

∗ B2
∗

5c2GI
=

48π4β2R4
∗

5c2GI
µ2 , (34)

(35)

with β the distortion parameter. The integral upper bound zsup is given by:

zsup =






zmax if ν0 <
νi

1 + zmaxνi

ν0
− 1 otherwise,

(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:

Φi =
Ei

qη
=

π2µν2
i

c2
. (37)



Figure 2: Cosmic ray spectra for pure iron with injection spectral index -1. Left: Emax =
1020.5 eV, right: Emax = 1021.5 eV. Cases for different source evolutions are represented.
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The hypergeometric function is noted:

h(x) ≡ 2F1(1, 1− s, 2− s,−x) . (29)
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Here Wgeom = 0.5 is a geometrical factor that accounts for the fact that all magnetars
cannot inject ions from the stars’ atmospheres into the wind in the rotational equator (see
section 4.4 of Arons 2003). Integrating equation (18) using Ė = −E/Tloss (losses due to
interactions with the cosmological photon backgrounds) and eq. (16), we get:
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Figure 1: Cosmic ray spectra for different compositions and spectral indices as indicated.

2 Taking into account the distribution of initial voltage

The spectrum found in eq. (19) is very hard (index = -1) and only fits mildly the observed
ultrahigh energy cosmic ray spectrum (one would need another extragalactic component
covering the energy range 1018−19.5 eV). This can be seen in Fig. 1 of Arons (2003) for
the pure proton case and in Fig. 1 of these notes for a pure iron injection. In Fig. 1, we
assume that Eg = ∞ (no gravitational wave losses) and consider two maximum energies
of 1020.5 eV and 1021.5 eV. Taking into account source evolutions does not help much (see
Fig. 2).

Equation (18) assumes that all magnetars have the same initial voltage Φi = Ω2
i µ/c2.

We may want to take into account the distribution of magnetar rates according to the
starting voltage in this calculation, as done by Arons (2003) in Eq. (33), assuming a
power-law:
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s− 1
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)−s
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with Φi,min ≤ Φ ≤ Φi,max. As a function of the initial acceleration energy Ei, we get:
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, (21)

distribution of magnetar rates according to starting voltage

Here Wgeom = 0.5 is a geometrical factor that accounts for the fact that all magnetars
cannot inject ions from the stars’ atmospheres into the wind in the rotational equator (see
section 4.4 of Arons 2003). Integrating equation (18) using Ė = −E/Tloss (losses due to
interactions with the cosmological photon backgrounds) and eq. (16), we get:
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2 Taking into account the distribution of initial voltage

The spectrum found in eq. (19) is very hard (index = -1) and only fits mildly the observed
ultrahigh energy cosmic ray spectrum (one would need another extragalactic component
covering the energy range 1018−19.5 eV). This can be seen in Fig. 1 of Arons (2003) for
the pure proton case and in Fig. 1 of these notes for a pure iron injection. In Fig. 1, we
assume that Eg = ∞ (no gravitational wave losses) and consider two maximum energies
of 1020.5 eV and 1021.5 eV. Taking into account source evolutions does not help much (see
Fig. 2).

Equation (18) assumes that all magnetars have the same initial voltage Φi = Ω2
i µ/c2.

We may want to take into account the distribution of magnetar rates according to the
starting voltage in this calculation, as done by Arons (2003) in Eq. (33), assuming a
power-law:
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with Φi,min ≤ Φ ≤ Φi,max. As a function of the initial acceleration energy Ei, we get:
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RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] if ν0 <

νi,min

1 + zmax
,
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ν1−2s
i dνi

∫ zsup(νi)
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dz

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] otherwise ,

(40)

with
κ = χ

2qηµπ2

c2
. (41)

For RSFR(z), we use the same expression as Regimbau & Mandic (2008) normalized
to unity at z = 0 (from Hopkins & Beacom 2006):

RSFR(z) =
1 + 7.64z

1 + (z/3.3)5.3
. (42)

Figure 4: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency. Solid black lines: distribution of νi,
B∗ constant (Eq. 40), with B∗ = 1016 G, I = 1.4 × 1045 cgs, R∗ = 10 km, and injection
parameters s = 2.2, Ei,min = 3× 1018 eV, Ei,max = 1021.5 eV. The source density is chosen
to fit the observed cosmic ray spectrum: nm = εmngνm/f ∼ 10−6 Mpc−3 yr−1. The
three lines with increasing thickness correspond to β = 100, 1000, 10000 respectively (i.e.
increasing ellipticity). Black dashed line: basic spectrum (Eq. 32) with B∗ = 1016 G,
I = 1.4 × 1045 cgs, R∗ = 10 km, β = 100, nm = εmngνm ∼ 3.3 × 10−8 Mpc−3 yr−1 and
Emax = 1020.5 eV. The green dotted line represents the LIGOIII sensitivity (Buonanno
2003), the pink dotted lines the DECIGO and DECIGO Advanced sensitivities (Kawamura
et al. 2006) and the purple dotted line the BBO sensitivity (Corbin & Cornish 2006),
all in correlation modes. The values on the upper x axis represent the energy E = 3 ×
1021Zη1µ33{[πν0(1+zsup)]/104}2 eV, with zsup = 2, the redshift of maximum star formation
rate.






∫ νi,max

νi,min

ν1−2s
i dνi

∫ zmax

0
dz

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] if ν0 <

νi,min

1 + zmax
,

∫ νi,max

νi,min

ν1−2s
i dνi

∫ zsup(νi)

0
dz

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] otherwise ,

(40)

with
κ = χ

2qηµπ2

c2
. (41)

For RSFR(z), we use the same expression as Regimbau & Mandic (2008) normalized
to unity at z = 0 (from Hopkins & Beacom 2006):

RSFR(z) =
1 + 7.64z

1 + (z/3.3)5.3
. (42)

Figure 4: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency. Solid black lines: distribution of νi,
B∗ constant (Eq. 40), with B∗ = 1016 G, I = 1.4 × 1045 cgs, R∗ = 10 km, and injection
parameters s = 2.2, Ei,min = 3× 1018 eV, Ei,max = 1021.5 eV. The source density is chosen
to fit the observed cosmic ray spectrum: nm = εmngνm/f ∼ 10−6 Mpc−3 yr−1. The
three lines with increasing thickness correspond to β = 100, 1000, 10000 respectively (i.e.
increasing ellipticity). Black dashed line: basic spectrum (Eq. 32) with B∗ = 1016 G,
I = 1.4 × 1045 cgs, R∗ = 10 km, β = 100, nm = εmngνm ∼ 3.3 × 10−8 Mpc−3 yr−1 and
Emax = 1020.5 eV. The green dotted line represents the LIGOIII sensitivity (Buonanno
2003), the pink dotted lines the DECIGO and DECIGO Advanced sensitivities (Kawamura
et al. 2006) and the purple dotted line the BBO sensitivity (Corbin & Cornish 2006),
all in correlation modes. The values on the upper x axis represent the energy E = 3 ×
1021Zη1µ33{[πν0(1+zsup)]/104}2 eV, with zsup = 2, the redshift of maximum star formation
rate.






∫ νi,max

νi,min

ν1−2s
i dνi

∫ zmax

0
dz

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] if ν0 <

νi,min

1 + zmax
,

∫ νi,max

νi,min

ν1−2s
i dνi

∫ zsup(νi)

0
dz

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] otherwise ,

(40)

with
κ = χ

2qηµπ2

c2
. (41)

For RSFR(z), we use the same expression as Regimbau & Mandic (2008) normalized
to unity at z = 0 (from Hopkins & Beacom 2006):

RSFR(z) =
1 + 7.64z

1 + (z/3.3)5.3
. (42)

Figure 4: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency. Solid black lines: distribution of νi,
B∗ constant (Eq. 40), with B∗ = 1016 G, I = 1.4 × 1045 cgs, R∗ = 10 km, and injection
parameters s = 2.2, Ei,min = 3× 1018 eV, Ei,max = 1021.5 eV. The source density is chosen
to fit the observed cosmic ray spectrum: nm = εmngνm/f ∼ 10−6 Mpc−3 yr−1. The
three lines with increasing thickness correspond to β = 100, 1000, 10000 respectively (i.e.
increasing ellipticity). Black dashed line: basic spectrum (Eq. 32) with B∗ = 1016 G,
I = 1.4 × 1045 cgs, R∗ = 10 km, β = 100, nm = εmngνm ∼ 3.3 × 10−8 Mpc−3 yr−1 and
Emax = 1020.5 eV. The green dotted line represents the LIGOIII sensitivity (Buonanno
2003), the pink dotted lines the DECIGO and DECIGO Advanced sensitivities (Kawamura
et al. 2006) and the purple dotted line the BBO sensitivity (Corbin & Cornish 2006),
all in correlation modes. The values on the upper x axis represent the energy E = 3 ×
1021Zη1µ33{[πν0(1+zsup)]/104}2 eV, with zsup = 2, the redshift of maximum star formation
rate.

magnetar rate necessary at z=0:

~ hypernovae rate

Figure 3: Cosmic ray spectra when the distribution of initial angular velocity is included
(Eq. 24), for different source evolutions as indicated. A pure proton composition is injected
with the following parameters: s = 2.2, Ei,min = 3 × 1018 eV, Ei,max = 1020.5 eV and
Eg = 3×1020 eV. All spectra presented here have the same normalization. [Note: here the
normalization is done by eye and arbitrary (not using the magnetar parameters) because
of some normalization bug in the code that I haven’t found yet.]

3.1 B∗ constant, νi varies

Assuming that the magnetic dipole moment µ does not vary from one source to another
(i.e. B∗ remains constant), one can re-write the distribution of initial voltages (Eq. 21) as
a function of the initial frequency νi as follows:

dnm

dνi
=

dnm

dEi

dEi

dνi
= nmχ

2qηµπ2

c2
νi

(
νi

νi,max

)−2s

. (38)

Taking into account the distribution of sources according to the initial voltage, i.e.
to the initial frequency νi under our hypothesis, we obtain:

Ωgw(ν0) = 5.7× 10−56

(
0.7
h0

)2

nm,0 κ ν0 ν2s
i,max ×

∫ νi,max

νi,min

ν1−2s
i dνi

∫ zsup(νi)

0
dz

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] , (39)

= 5.7× 10−56

(
0.7
h0

)2

nm,0 κ ν0 ν2s
i,max ×

Figure 2: Cosmic ray spectra for pure iron with injection spectral index -1. Left: Emax =
1020.5 eV, right: Emax = 1021.5 eV. Cases for different source evolutions are represented.

where we defined:
χ ≡ 1

Ei,max

s− 1
(Ei,max/Ei,min)s−1 − 1

. (22)

Equation (18) is then transformed into:

J(E) =
∫ Ei,max

Ei,min

∂J(E,Ei)
∂Ei

dEi (23)

=
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9

16π
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Zeµ
nmχ j+(E) if E > Ei,min ,

(24)

where j(E) and j+(E) are defined as:

j − (E) = E−1Tloss(E)
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[
(E + Eg)Ei

E(Eg + Ei)

]}Ei,max

Ei,min
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j + (E) = E−1Tloss(E)
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The hypergeometric function is noted:

h(x) ≡ 2F1(1, 1− s, 2− s,−x) . (29)

corrected energy spectrum: s = 2.2
E-s x E-d

Here Wgeom = 0.5 is a geometrical factor that accounts for the fact that all magnetars
cannot inject ions from the stars’ atmospheres into the wind in the rotational equator (see
section 4.4 of Arons 2003). Integrating equation (18) using Ė = −E/Tloss (losses due to
interactions with the cosmological photon backgrounds) and eq. (16), we get:
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Figure 1: Cosmic ray spectra for different compositions and spectral indices as indicated.

2 Taking into account the distribution of initial voltage

The spectrum found in eq. (19) is very hard (index = -1) and only fits mildly the observed
ultrahigh energy cosmic ray spectrum (one would need another extragalactic component
covering the energy range 1018−19.5 eV). This can be seen in Fig. 1 of Arons (2003) for
the pure proton case and in Fig. 1 of these notes for a pure iron injection. In Fig. 1, we
assume that Eg = ∞ (no gravitational wave losses) and consider two maximum energies
of 1020.5 eV and 1021.5 eV. Taking into account source evolutions does not help much (see
Fig. 2).

Equation (18) assumes that all magnetars have the same initial voltage Φi = Ω2
i µ/c2.

We may want to take into account the distribution of magnetar rates according to the
starting voltage in this calculation, as done by Arons (2003) in Eq. (33), assuming a
power-law:
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dΦi
=

nm
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s− 1
(Φi,max/Φi,min)s−1 − 1
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Φi,max

)−s

, (20)

with Φi,min ≤ Φ ≤ Φi,max. As a function of the initial acceleration energy Ei, we get:
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dEi
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dEi
= nmχ

(
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)−s

, (21)

equivalent to distribution in max acceleration energy:

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:

f =
χ

(1− s)2
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E−s
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=
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(30)

∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56

(
0.7
h0

)2

nm,0 ν0

∫ zsup

0

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] dz , (32)

where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:

dEgw

dν
(ν) = K ν3

[
1 +

K

π2Iν2

]−1

with ν ∈ [0,Ωi/π], (33)

where (see Eq. 3):

K =
12π4β2R10

∗ B2
∗

5c2GI
=

48π4β2R4
∗

5c2GI
µ2 , (34)

(35)

with β the distortion parameter. The integral upper bound zsup is given by:

zsup =






zmax if ν0 <
νi

1 + zmaxνi

ν0
− 1 otherwise,

(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:

Φi =
Ei

qη
=

π2µν2
i

c2
. (37)
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Implications for the gravitational stochastic background

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:

f =
χ

(1− s)2
E1−s

E−s
i,max

=
1

s− 1
E1−s

E1−s
i,max

1
(Ei,max/Ei,min)s−1 − 1

(30)

∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56

(
0.7
h0

)2

nm,0 ν0

∫ zsup

0

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] dz , (32)

where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:

dEgw

dν
(ν) = K ν3

[
1 +

K

π2Iν2

]−1

with ν ∈ [0,Ωi/π], (33)

where (see Eq. 3):

K =
12π4β2R10

∗ B2
∗

5c2GI
=

48π4β2R4
∗

5c2GI
µ2 , (34)

(35)

with β the distortion parameter. The integral upper bound zsup is given by:

zsup =






zmax if ν0 <
νi

1 + zmaxνi

ν0
− 1 otherwise,

(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:

Φi =
Ei

qη
=

π2µν2
i

c2
. (37)

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:

f =
χ

(1− s)2
E1−s

E−s
i,max

=
1

s− 1
E1−s

E1−s
i,max

1
(Ei,max/Ei,min)s−1 − 1

(30)

∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56

(
0.7
h0

)2

nm,0 ν0

∫ zsup

0

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] dz , (32)

where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:

dEgw

dν
(ν) = K ν3

[
1 +

K

π2Iν2

]−1

with ν ∈ [0,Ωi/π], (33)

where (see Eq. 3):

K =
12π4β2R10

∗ B2
∗

5c2GI
=

48π4β2R4
∗

5c2GI
µ2 , (34)

(35)

with β the distortion parameter. The integral upper bound zsup is given by:

zsup =






zmax if ν0 <
νi

1 + zmaxνi

ν0
− 1 otherwise,

(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:

Φi =
Ei

qη
=

π2µν2
i

c2
. (37)

cosmological param.

Figure 6: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency, assuming B∗ = ανi, with s = 2.2 and
νi,min and νi,max calculated from Eq. (46) for Ei,min = 3 × 1018 eV, Ei,max = 1021.5 eV.
Increasing thickness for α = 1013,14,15 G Hz−1 respectively. Blue lines: β = 100 and red
lines: β = 1000. Solid and dashed black line: as in Fig. 4 (Eq. 40 and 32 respectively),
with β = 100.

sensitivity hrms is∼ (∆fT )1/4 where ∆f is the bandwidth and T the total observation
time. Henceforth, we shall show the sensitivities obtained correlating two ground-
based detectors. Assuming a constant GW spectrum, and correlating for fourth
months, we obtain at 90% confident level for two LIGOIII: h2

0ΩGW = 3.7× 10− 11.
In the case of LISA, since only one space-based detector is currently planned, the
method of correlating two detectors cannot be used. [In N. Cornish (2000), N. Cornish
and S. Larson (2001) optimal orbital alignements for correlating a pair of future LISA-
kind detectors have been investigated.]
Then are BBO and DECIGO correlation modes possible?? (Okay, BBO is designed
to work in correlation mode by itself, thanks to multiple detector units, Corbin &
Cornish 2006.)
Why does BBO measure up to 100 Hz in Jedamzyk et al. (2010) though Corbin &
Cornish (2006) talk about 1 Hz maximum?

• Why are long-duration GRBs supposed to produce only faint gravitational wave
signals?
Let us stress that when we are talking about GRBs, we are not talking about their
progenitors (e.g. collapsars, neutron star mergers, magnetars...) but about the ex-
plosion itself that can possibly accelerate particles to UHE. See calculation in Piran
(2005): the gravitational wave signal due to the GRB itself (due to collision of par-
ticles) is very much diluted (not collimated) and too faint to be observed by any

gravitational stochastic background spectrum:

Regimbau & Mandic 2008
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Implications for the gravitational stochastic background

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:

f =
χ

(1− s)2
E1−s

E−s
i,max

=
1

s− 1
E1−s

E1−s
i,max

1
(Ei,max/Ei,min)s−1 − 1

(30)

∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56

(
0.7
h0

)2

nm,0 ν0

∫ zsup

0

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] dz , (32)

where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:

dEgw

dν
(ν) = K ν3

[
1 +

K

π2Iν2

]−1

with ν ∈ [0,Ωi/π], (33)

where (see Eq. 3):

K =
12π4β2R10

∗ B2
∗

5c2GI
=

48π4β2R4
∗

5c2GI
µ2 , (34)

(35)

with β the distortion parameter. The integral upper bound zsup is given by:

zsup =






zmax if ν0 <
νi

1 + zmaxνi

ν0
− 1 otherwise,

(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:

Φi =
Ei

qη
=

π2µν2
i

c2
. (37)

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:

f =
χ

(1− s)2
E1−s

E−s
i,max

=
1

s− 1
E1−s

E1−s
i,max

1
(Ei,max/Ei,min)s−1 − 1

(30)

∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56

(
0.7
h0

)2

nm,0 ν0

∫ zsup

0

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] dz , (32)

where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:

dEgw

dν
(ν) = K ν3

[
1 +

K

π2Iν2

]−1

with ν ∈ [0,Ωi/π], (33)

where (see Eq. 3):

K =
12π4β2R10

∗ B2
∗

5c2GI
=

48π4β2R4
∗

5c2GI
µ2 , (34)

(35)

with β the distortion parameter. The integral upper bound zsup is given by:

zsup =






zmax if ν0 <
νi

1 + zmaxνi

ν0
− 1 otherwise,

(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:

Φi =
Ei

qη
=

π2µν2
i

c2
. (37)

cosmological param.
observed frequency
related to rotation velocity

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 Ω 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?

ν = Ω/π (52)

Figure 6: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency, assuming B∗ = ανi, with s = 2.2 and
νi,min and νi,max calculated from Eq. (46) for Ei,min = 3 × 1018 eV, Ei,max = 1021.5 eV.
Increasing thickness for α = 1013,14,15 G Hz−1 respectively. Blue lines: β = 100 and red
lines: β = 1000. Solid and dashed black line: as in Fig. 4 (Eq. 40 and 32 respectively),
with β = 100.

sensitivity hrms is∼ (∆fT )1/4 where ∆f is the bandwidth and T the total observation
time. Henceforth, we shall show the sensitivities obtained correlating two ground-
based detectors. Assuming a constant GW spectrum, and correlating for fourth
months, we obtain at 90% confident level for two LIGOIII: h2

0ΩGW = 3.7× 10− 11.
In the case of LISA, since only one space-based detector is currently planned, the
method of correlating two detectors cannot be used. [In N. Cornish (2000), N. Cornish
and S. Larson (2001) optimal orbital alignements for correlating a pair of future LISA-
kind detectors have been investigated.]
Then are BBO and DECIGO correlation modes possible?? (Okay, BBO is designed
to work in correlation mode by itself, thanks to multiple detector units, Corbin &
Cornish 2006.)
Why does BBO measure up to 100 Hz in Jedamzyk et al. (2010) though Corbin &
Cornish (2006) talk about 1 Hz maximum?

• Why are long-duration GRBs supposed to produce only faint gravitational wave
signals?
Let us stress that when we are talking about GRBs, we are not talking about their
progenitors (e.g. collapsars, neutron star mergers, magnetars...) but about the ex-
plosion itself that can possibly accelerate particles to UHE. See calculation in Piran
(2005): the gravitational wave signal due to the GRB itself (due to collision of par-
ticles) is very much diluted (not collimated) and too faint to be observed by any

gravitational stochastic background spectrum:

Regimbau & Mandic 2008
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Implications for the gravitational stochastic background

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:

f =
χ

(1− s)2
E1−s

E−s
i,max

=
1

s− 1
E1−s

E1−s
i,max

1
(Ei,max/Ei,min)s−1 − 1

(30)

∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56

(
0.7
h0

)2

nm,0 ν0

∫ zsup

0

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] dz , (32)

where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:

dEgw

dν
(ν) = K ν3

[
1 +

K

π2Iν2

]−1

with ν ∈ [0,Ωi/π], (33)

where (see Eq. 3):

K =
12π4β2R10

∗ B2
∗

5c2GI
=

48π4β2R4
∗

5c2GI
µ2 , (34)

(35)

with β the distortion parameter. The integral upper bound zsup is given by:

zsup =






zmax if ν0 <
νi

1 + zmaxνi

ν0
− 1 otherwise,

(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:

Φi =
Ei

qη
=

π2µν2
i

c2
. (37)

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:

f =
χ

(1− s)2
E1−s

E−s
i,max

=
1

s− 1
E1−s

E1−s
i,max

1
(Ei,max/Ei,min)s−1 − 1

(30)

∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56

(
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)2

nm,0 ν0

∫ zsup

0

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] dz , (32)

where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:

dEgw

dν
(ν) = K ν3

[
1 +

K

π2Iν2

]−1

with ν ∈ [0,Ωi/π], (33)

where (see Eq. 3):

K =
12π4β2R10

∗ B2
∗

5c2GI
=

48π4β2R4
∗

5c2GI
µ2 , (34)

(35)

with β the distortion parameter. The integral upper bound zsup is given by:

zsup =






zmax if ν0 <
νi

1 + zmaxνi

ν0
− 1 otherwise,

(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:

Φi =
Ei

qη
=

π2µν2
i

c2
. (37)
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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 Ω 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?

ν = Ω/π (52)

Figure 6: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency, assuming B∗ = ανi, with s = 2.2 and
νi,min and νi,max calculated from Eq. (46) for Ei,min = 3 × 1018 eV, Ei,max = 1021.5 eV.
Increasing thickness for α = 1013,14,15 G Hz−1 respectively. Blue lines: β = 100 and red
lines: β = 1000. Solid and dashed black line: as in Fig. 4 (Eq. 40 and 32 respectively),
with β = 100.

sensitivity hrms is∼ (∆fT )1/4 where ∆f is the bandwidth and T the total observation
time. Henceforth, we shall show the sensitivities obtained correlating two ground-
based detectors. Assuming a constant GW spectrum, and correlating for fourth
months, we obtain at 90% confident level for two LIGOIII: h2

0ΩGW = 3.7× 10− 11.
In the case of LISA, since only one space-based detector is currently planned, the
method of correlating two detectors cannot be used. [In N. Cornish (2000), N. Cornish
and S. Larson (2001) optimal orbital alignements for correlating a pair of future LISA-
kind detectors have been investigated.]
Then are BBO and DECIGO correlation modes possible?? (Okay, BBO is designed
to work in correlation mode by itself, thanks to multiple detector units, Corbin &
Cornish 2006.)
Why does BBO measure up to 100 Hz in Jedamzyk et al. (2010) though Corbin &
Cornish (2006) talk about 1 Hz maximum?

• Why are long-duration GRBs supposed to produce only faint gravitational wave
signals?
Let us stress that when we are talking about GRBs, we are not talking about their
progenitors (e.g. collapsars, neutron star mergers, magnetars...) but about the ex-
plosion itself that can possibly accelerate particles to UHE. See calculation in Piran
(2005): the gravitational wave signal due to the GRB itself (due to collision of par-
ticles) is very much diluted (not collimated) and too faint to be observed by any

gravitational stochastic background spectrum:

Regimbau & Mandic 2008
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Implications for the gravitational stochastic background

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:

f =
χ

(1− s)2
E1−s

E−s
i,max

=
1

s− 1
E1−s

E1−s
i,max

1
(Ei,max/Ei,min)s−1 − 1

(30)

∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56

(
0.7
h0

)2

nm,0 ν0

∫ zsup

0

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] dz , (32)

where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:

dEgw

dν
(ν) = K ν3

[
1 +

K

π2Iν2

]−1

with ν ∈ [0,Ωi/π], (33)

where (see Eq. 3):

K =
12π4β2R10

∗ B2
∗

5c2GI
=

48π4β2R4
∗

5c2GI
µ2 , (34)

(35)

with β the distortion parameter. The integral upper bound zsup is given by:

zsup =






zmax if ν0 <
νi

1 + zmaxνi

ν0
− 1 otherwise,

(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:

Φi =
Ei

qη
=

π2µν2
i

c2
. (37)

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:

f =
χ

(1− s)2
E1−s

E−s
i,max

=
1

s− 1
E1−s

E1−s
i,max

1
(Ei,max/Ei,min)s−1 − 1

(30)

∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56

(
0.7
h0

)2

nm,0 ν0

∫ zsup

0

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] dz , (32)

where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:

dEgw

dν
(ν) = K ν3

[
1 +

K

π2Iν2

]−1

with ν ∈ [0,Ωi/π], (33)

where (see Eq. 3):

K =
12π4β2R10

∗ B2
∗

5c2GI
=

48π4β2R4
∗

5c2GI
µ2 , (34)

(35)

with β the distortion parameter. The integral upper bound zsup is given by:

zsup =






zmax if ν0 <
νi

1 + zmaxνi

ν0
− 1 otherwise,

(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:

Φi =
Ei

qη
=

π2µν2
i

c2
. (37)
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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 Ω 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?

ν = Ω/π (52)

Figure 6: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency, assuming B∗ = ανi, with s = 2.2 and
νi,min and νi,max calculated from Eq. (46) for Ei,min = 3 × 1018 eV, Ei,max = 1021.5 eV.
Increasing thickness for α = 1013,14,15 G Hz−1 respectively. Blue lines: β = 100 and red
lines: β = 1000. Solid and dashed black line: as in Fig. 4 (Eq. 40 and 32 respectively),
with β = 100.

sensitivity hrms is∼ (∆fT )1/4 where ∆f is the bandwidth and T the total observation
time. Henceforth, we shall show the sensitivities obtained correlating two ground-
based detectors. Assuming a constant GW spectrum, and correlating for fourth
months, we obtain at 90% confident level for two LIGOIII: h2

0ΩGW = 3.7× 10− 11.
In the case of LISA, since only one space-based detector is currently planned, the
method of correlating two detectors cannot be used. [In N. Cornish (2000), N. Cornish
and S. Larson (2001) optimal orbital alignements for correlating a pair of future LISA-
kind detectors have been investigated.]
Then are BBO and DECIGO correlation modes possible?? (Okay, BBO is designed
to work in correlation mode by itself, thanks to multiple detector units, Corbin &
Cornish 2006.)
Why does BBO measure up to 100 Hz in Jedamzyk et al. (2010) though Corbin &
Cornish (2006) talk about 1 Hz maximum?

• Why are long-duration GRBs supposed to produce only faint gravitational wave
signals?
Let us stress that when we are talking about GRBs, we are not talking about their
progenitors (e.g. collapsars, neutron star mergers, magnetars...) but about the ex-
plosion itself that can possibly accelerate particles to UHE. See calculation in Piran
(2005): the gravitational wave signal due to the GRB itself (due to collision of par-
ticles) is very much diluted (not collimated) and too faint to be observed by any

gravitational stochastic background spectrum:

Regimbau & Mandic 2008
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Implications for the gravitational stochastic background

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:

f =
χ

(1− s)2
E1−s

E−s
i,max

=
1

s− 1
E1−s

E1−s
i,max

1
(Ei,max/Ei,min)s−1 − 1

(30)

∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56

(
0.7
h0

)2

nm,0 ν0

∫ zsup

0

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] dz , (32)

where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:

dEgw

dν
(ν) = K ν3

[
1 +

K

π2Iν2

]−1

with ν ∈ [0,Ωi/π], (33)

where (see Eq. 3):

K =
12π4β2R10

∗ B2
∗

5c2GI
=

48π4β2R4
∗

5c2GI
µ2 , (34)

(35)

with β the distortion parameter. The integral upper bound zsup is given by:

zsup =






zmax if ν0 <
νi

1 + zmaxνi

ν0
− 1 otherwise,

(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:

Φi =
Ei

qη
=

π2µν2
i

c2
. (37)

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:

f =
χ

(1− s)2
E1−s

E−s
i,max

=
1

s− 1
E1−s

E1−s
i,max

1
(Ei,max/Ei,min)s−1 − 1

(30)

∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56

(
0.7
h0

)2

nm,0 ν0

∫ zsup

0

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] dz , (32)

where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:

dEgw

dν
(ν) = K ν3

[
1 +

K

π2Iν2

]−1

with ν ∈ [0,Ωi/π], (33)

where (see Eq. 3):

K =
12π4β2R10

∗ B2
∗

5c2GI
=

48π4β2R4
∗

5c2GI
µ2 , (34)

(35)

with β the distortion parameter. The integral upper bound zsup is given by:

zsup =






zmax if ν0 <
νi

1 + zmaxνi

ν0
− 1 otherwise,

(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:

Φi =
Ei

qη
=

π2µν2
i

c2
. (37)
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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 Ω 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?

ν = Ω/π (52)

gw energy spectrum for 1 magnetar
function of B*, I, Ω
function of distortion param. β

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:

f =
χ

(1− s)2
E1−s

E−s
i,max

=
1

s− 1
E1−s

E1−s
i,max

1
(Ei,max/Ei,min)s−1 − 1

(30)

∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56

(
0.7
h0

)2

nm,0 ν0

∫ zsup

0

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] dz , (32)

where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:

dEgw

dν
(ν) = K ν3

[
1 +

K

π2Iν2

]−1

with ν ∈ [0,Ωi/π], (33)

where (see Eq. 3):

K =
12π4β2R10

∗ B2
∗

5c2GI
=

48π4β2R4
∗

5c2GI
µ2 , (34)

(35)

with β the distortion parameter. The integral upper bound zsup is given by:

zsup =






zmax if ν0 <
νi

1 + zmaxνi

ν0
− 1 otherwise,

(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:

Φi =
Ei

qη
=

π2µν2
i

c2
. (37)

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:

f =
χ

(1− s)2
E1−s

E−s
i,max

=
1

s− 1
E1−s

E1−s
i,max

1
(Ei,max/Ei,min)s−1 − 1

(30)

∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56

(
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h0

)2

nm,0 ν0

∫ zsup

0

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] dz , (32)

where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:

dEgw

dν
(ν) = K ν3

[
1 +

K

π2Iν2

]−1

with ν ∈ [0,Ωi/π], (33)

where (see Eq. 3):

K =
12π4β2R10

∗ B2
∗

5c2GI
=

48π4β2R4
∗

5c2GI
µ2 , (34)

(35)

with β the distortion parameter. The integral upper bound zsup is given by:

zsup =






zmax if ν0 <
νi

1 + zmaxνi

ν0
− 1 otherwise,

(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:

Φi =
Ei

qη
=

π2µν2
i

c2
. (37)

,

Figure 6: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency, assuming B∗ = ανi, with s = 2.2 and
νi,min and νi,max calculated from Eq. (46) for Ei,min = 3 × 1018 eV, Ei,max = 1021.5 eV.
Increasing thickness for α = 1013,14,15 G Hz−1 respectively. Blue lines: β = 100 and red
lines: β = 1000. Solid and dashed black line: as in Fig. 4 (Eq. 40 and 32 respectively),
with β = 100.

sensitivity hrms is∼ (∆fT )1/4 where ∆f is the bandwidth and T the total observation
time. Henceforth, we shall show the sensitivities obtained correlating two ground-
based detectors. Assuming a constant GW spectrum, and correlating for fourth
months, we obtain at 90% confident level for two LIGOIII: h2

0ΩGW = 3.7× 10− 11.
In the case of LISA, since only one space-based detector is currently planned, the
method of correlating two detectors cannot be used. [In N. Cornish (2000), N. Cornish
and S. Larson (2001) optimal orbital alignements for correlating a pair of future LISA-
kind detectors have been investigated.]
Then are BBO and DECIGO correlation modes possible?? (Okay, BBO is designed
to work in correlation mode by itself, thanks to multiple detector units, Corbin &
Cornish 2006.)
Why does BBO measure up to 100 Hz in Jedamzyk et al. (2010) though Corbin &
Cornish (2006) talk about 1 Hz maximum?

• Why are long-duration GRBs supposed to produce only faint gravitational wave
signals?
Let us stress that when we are talking about GRBs, we are not talking about their
progenitors (e.g. collapsars, neutron star mergers, magnetars...) but about the ex-
plosion itself that can possibly accelerate particles to UHE. See calculation in Piran
(2005): the gravitational wave signal due to the GRB itself (due to collision of par-
ticles) is very much diluted (not collimated) and too faint to be observed by any

gravitational stochastic background spectrum:

Regimbau & Mandic 2008
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Implications for the gravitational stochastic background

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:
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for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56
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(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:

Φi =
Ei

qη
=

π2µν2
i

c2
. (37)
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for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):
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where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:
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with β the distortion parameter. The integral upper bound zsup is given by:

zsup =






zmax if ν0 <
νi

1 + zmaxνi

ν0
− 1 otherwise,

(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:
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qη
=
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. (37)
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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 Ω 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?

ν = Ω/π (52)

gw energy spectrum for 1 magnetar
function of B*, I, Ω
function of distortion param. β

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:
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, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):
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respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
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with β the distortion parameter. The integral upper bound zsup is given by:

zsup =






zmax if ν0 <
νi

1 + zmaxνi

ν0
− 1 otherwise,

(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
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for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56

(
0.7
h0

)2

nm,0 ν0

∫ zsup

0

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] dz , (32)

where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:
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where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:
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Figure 6: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency, assuming B∗ = ανi, with s = 2.2 and
νi,min and νi,max calculated from Eq. (46) for Ei,min = 3 × 1018 eV, Ei,max = 1021.5 eV.
Increasing thickness for α = 1013,14,15 G Hz−1 respectively. Blue lines: β = 100 and red
lines: β = 1000. Solid and dashed black line: as in Fig. 4 (Eq. 40 and 32 respectively),
with β = 100.

sensitivity hrms is∼ (∆fT )1/4 where ∆f is the bandwidth and T the total observation
time. Henceforth, we shall show the sensitivities obtained correlating two ground-
based detectors. Assuming a constant GW spectrum, and correlating for fourth
months, we obtain at 90% confident level for two LIGOIII: h2

0ΩGW = 3.7× 10− 11.
In the case of LISA, since only one space-based detector is currently planned, the
method of correlating two detectors cannot be used. [In N. Cornish (2000), N. Cornish
and S. Larson (2001) optimal orbital alignements for correlating a pair of future LISA-
kind detectors have been investigated.]
Then are BBO and DECIGO correlation modes possible?? (Okay, BBO is designed
to work in correlation mode by itself, thanks to multiple detector units, Corbin &
Cornish 2006.)
Why does BBO measure up to 100 Hz in Jedamzyk et al. (2010) though Corbin &
Cornish (2006) talk about 1 Hz maximum?

• Why are long-duration GRBs supposed to produce only faint gravitational wave
signals?
Let us stress that when we are talking about GRBs, we are not talking about their
progenitors (e.g. collapsars, neutron star mergers, magnetars...) but about the ex-
plosion itself that can possibly accelerate particles to UHE. See calculation in Piran
(2005): the gravitational wave signal due to the GRB itself (due to collision of par-
ticles) is very much diluted (not collimated) and too faint to be observed by any

gravitational stochastic background spectrum:

Regimbau & Mandic 2008
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Implications for the gravitational stochastic background

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:
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, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):
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Φi through the formula:
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for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):
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respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:

dEgw

dν
(ν) = K ν3

[
1 +

K

π2Iν2

]−1
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where (see Eq. 3):
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with β the distortion parameter. The integral upper bound zsup is given by:

zsup =
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where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:
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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 Ω 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?

ν = Ω/π (52)

gw energy spectrum for 1 magnetar
function of B*, I, Ω
function of distortion param. β

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:

f =
χ

(1− s)2
E1−s

E−s
i,max

=
1

s− 1
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∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56
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where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:
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with β the distortion parameter. The integral upper bound zsup is given by:
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where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:
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c2
. (37)
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for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56

(
0.7
h0

)2

nm,0 ν0

∫ zsup

0

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] dz , (32)

where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:
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with β the distortion parameter. The integral upper bound zsup is given by:
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where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:

Φi =
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Figure 6: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency, assuming B∗ = ανi, with s = 2.2 and
νi,min and νi,max calculated from Eq. (46) for Ei,min = 3 × 1018 eV, Ei,max = 1021.5 eV.
Increasing thickness for α = 1013,14,15 G Hz−1 respectively. Blue lines: β = 100 and red
lines: β = 1000. Solid and dashed black line: as in Fig. 4 (Eq. 40 and 32 respectively),
with β = 100.

sensitivity hrms is∼ (∆fT )1/4 where ∆f is the bandwidth and T the total observation
time. Henceforth, we shall show the sensitivities obtained correlating two ground-
based detectors. Assuming a constant GW spectrum, and correlating for fourth
months, we obtain at 90% confident level for two LIGOIII: h2

0ΩGW = 3.7× 10− 11.
In the case of LISA, since only one space-based detector is currently planned, the
method of correlating two detectors cannot be used. [In N. Cornish (2000), N. Cornish
and S. Larson (2001) optimal orbital alignements for correlating a pair of future LISA-
kind detectors have been investigated.]
Then are BBO and DECIGO correlation modes possible?? (Okay, BBO is designed
to work in correlation mode by itself, thanks to multiple detector units, Corbin &
Cornish 2006.)
Why does BBO measure up to 100 Hz in Jedamzyk et al. (2010) though Corbin &
Cornish (2006) talk about 1 Hz maximum?

• Why are long-duration GRBs supposed to produce only faint gravitational wave
signals?
Let us stress that when we are talking about GRBs, we are not talking about their
progenitors (e.g. collapsars, neutron star mergers, magnetars...) but about the ex-
plosion itself that can possibly accelerate particles to UHE. See calculation in Piran
(2005): the gravitational wave signal due to the GRB itself (due to collision of par-
ticles) is very much diluted (not collimated) and too faint to be observed by any

gravitational stochastic background spectrum:

Regimbau & Mandic 2008



Figure 3: Cosmic ray spectra when the distribution of initial angular velocity is included
(Eq. 24), for different source evolutions as indicated. A pure proton composition is injected
with the following parameters: s = 2.2, Ei,min = 3 × 1018 eV, Ei,max = 1020.5 eV and
Eg = 3×1020 eV. All spectra presented here have the same normalization. [Note: here the
normalization is done by eye and arbitrary (not using the magnetar parameters) because
of some normalization bug in the code that I haven’t found yet.]

3.1 B∗ constant, νi varies

Assuming that the magnetic dipole moment µ does not vary from one source to another
(i.e. B∗ remains constant), one can re-write the distribution of initial voltages (Eq. 21) as
a function of the initial frequency νi as follows:

dnm

dνi
=

dnm

dEi

dEi

dνi
= nmχ

2qηµπ2

c2
νi

(
νi

νi,max

)−2s

. (38)

Taking into account the distribution of sources according to the initial voltage, i.e.
to the initial frequency νi under our hypothesis, we obtain:

Ωgw(ν0) = 5.7× 10−56
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[ν0(1 + z)] , (39)

= 5.7× 10−56
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nm,0 κ ν0 ν2s
i,max ×

distribution of initial voltages:

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 Ω 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?

ν = Ω/π (52)
Φi = f(νi, B∗) (53)

(54)
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Implications for the gravitational stochastic background

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:

f =
χ

(1− s)2
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s− 1
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1
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∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56
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where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:
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with β the distortion parameter. The integral upper bound zsup is given by:

zsup =
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where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:
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. (37)

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:

f =
χ

(1− s)2
E1−s

E−s
i,max

=
1

s− 1
E1−s

E1−s
i,max

1
(Ei,max/Ei,min)s−1 − 1

(30)

∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):
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where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:
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with β the distortion parameter. The integral upper bound zsup is given by:
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where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:
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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 Ω 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?

ν = Ω/π (52)
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Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min
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for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):
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where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
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where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:
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Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:
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for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):
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in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
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where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:
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Figure 6: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency, assuming B∗ = ανi, with s = 2.2 and
νi,min and νi,max calculated from Eq. (46) for Ei,min = 3 × 1018 eV, Ei,max = 1021.5 eV.
Increasing thickness for α = 1013,14,15 G Hz−1 respectively. Blue lines: β = 100 and red
lines: β = 1000. Solid and dashed black line: as in Fig. 4 (Eq. 40 and 32 respectively),
with β = 100.

sensitivity hrms is∼ (∆fT )1/4 where ∆f is the bandwidth and T the total observation
time. Henceforth, we shall show the sensitivities obtained correlating two ground-
based detectors. Assuming a constant GW spectrum, and correlating for fourth
months, we obtain at 90% confident level for two LIGOIII: h2

0ΩGW = 3.7× 10− 11.
In the case of LISA, since only one space-based detector is currently planned, the
method of correlating two detectors cannot be used. [In N. Cornish (2000), N. Cornish
and S. Larson (2001) optimal orbital alignements for correlating a pair of future LISA-
kind detectors have been investigated.]
Then are BBO and DECIGO correlation modes possible?? (Okay, BBO is designed
to work in correlation mode by itself, thanks to multiple detector units, Corbin &
Cornish 2006.)
Why does BBO measure up to 100 Hz in Jedamzyk et al. (2010) though Corbin &
Cornish (2006) talk about 1 Hz maximum?

• Why are long-duration GRBs supposed to produce only faint gravitational wave
signals?
Let us stress that when we are talking about GRBs, we are not talking about their
progenitors (e.g. collapsars, neutron star mergers, magnetars...) but about the ex-
plosion itself that can possibly accelerate particles to UHE. See calculation in Piran
(2005): the gravitational wave signal due to the GRB itself (due to collision of par-
ticles) is very much diluted (not collimated) and too faint to be observed by any

gravitational stochastic background spectrum:

Regimbau & Mandic 2008



Figure 3: Cosmic ray spectra when the distribution of initial angular velocity is included
(Eq. 24), for different source evolutions as indicated. A pure proton composition is injected
with the following parameters: s = 2.2, Ei,min = 3 × 1018 eV, Ei,max = 1020.5 eV and
Eg = 3×1020 eV. All spectra presented here have the same normalization. [Note: here the
normalization is done by eye and arbitrary (not using the magnetar parameters) because
of some normalization bug in the code that I haven’t found yet.]

3.1 B∗ constant, νi varies

Assuming that the magnetic dipole moment µ does not vary from one source to another
(i.e. B∗ remains constant), one can re-write the distribution of initial voltages (Eq. 21) as
a function of the initial frequency νi as follows:
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Taking into account the distribution of sources according to the initial voltage, i.e.
to the initial frequency νi under our hypothesis, we obtain:
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distribution of initial voltages:

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 Ω 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?

ν = Ω/π (52)
Φi = f(νi, B∗) (53)

(54)
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Implications for the gravitational stochastic background

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:
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for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):
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where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:
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with β the distortion parameter. The integral upper bound zsup is given by:
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where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:
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Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min
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for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):
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where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:
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with β the distortion parameter. The integral upper bound zsup is given by:

zsup =






zmax if ν0 <
νi

1 + zmaxνi

ν0
− 1 otherwise,

(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:
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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 Ω 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?

ν = Ω/π (52)

gw energy spectrum for 1 magnetar
function of B*, I, Ω
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Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min
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for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):
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where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
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where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:
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for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):
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respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:
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Figure 6: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency, assuming B∗ = ανi, with s = 2.2 and
νi,min and νi,max calculated from Eq. (46) for Ei,min = 3 × 1018 eV, Ei,max = 1021.5 eV.
Increasing thickness for α = 1013,14,15 G Hz−1 respectively. Blue lines: β = 100 and red
lines: β = 1000. Solid and dashed black line: as in Fig. 4 (Eq. 40 and 32 respectively),
with β = 100.

sensitivity hrms is∼ (∆fT )1/4 where ∆f is the bandwidth and T the total observation
time. Henceforth, we shall show the sensitivities obtained correlating two ground-
based detectors. Assuming a constant GW spectrum, and correlating for fourth
months, we obtain at 90% confident level for two LIGOIII: h2

0ΩGW = 3.7× 10− 11.
In the case of LISA, since only one space-based detector is currently planned, the
method of correlating two detectors cannot be used. [In N. Cornish (2000), N. Cornish
and S. Larson (2001) optimal orbital alignements for correlating a pair of future LISA-
kind detectors have been investigated.]
Then are BBO and DECIGO correlation modes possible?? (Okay, BBO is designed
to work in correlation mode by itself, thanks to multiple detector units, Corbin &
Cornish 2006.)
Why does BBO measure up to 100 Hz in Jedamzyk et al. (2010) though Corbin &
Cornish (2006) talk about 1 Hz maximum?

• Why are long-duration GRBs supposed to produce only faint gravitational wave
signals?
Let us stress that when we are talking about GRBs, we are not talking about their
progenitors (e.g. collapsars, neutron star mergers, magnetars...) but about the ex-
plosion itself that can possibly accelerate particles to UHE. See calculation in Piran
(2005): the gravitational wave signal due to the GRB itself (due to collision of par-
ticles) is very much diluted (not collimated) and too faint to be observed by any

by an efficient αω-dynamo that operates at low Rossby numbers and requires millisecond
birth periods. Neutron stars born with initial periods Pi are predicted to generate large
scale magnetic fields of B∗ = 3 × 1017 G (1 ms/Pi) under optimum conditions. These
values being quite optimistic, we keep the dependency in Pi but explore lower values for
the numerical factor at the front (for a start):

B∗ = ανi , α ∈ [1013, 1016] G Hz−1 (45)

The initial voltage can then be expressed as:
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i
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and the distribution of magnetars according to the initial frequency reads:
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4 Questions to investigate

• How do we calculate the stochastic gravitational background, how is it measured?
Why is the observed frequency range different from that of single sources?

• General current knowledge on gravitational waves from magnetars: check Stella et
al.

• What is the correlation mode? (from Buonanno 2003)
A stochastic background is a random process which is intrinsically indistinguishable
from the detector noise. The GW signal is expected to be far too low to exceed
the noise level in any existing or planned single detector on the earth. Moreover, the
instrumental noise level will not be known sufficiently well a priori to search for excess
noise in each instrument. Therefore, the optimal strategy which has been proposed
(N. Christensen, 1992; E.E. Flanagan, 1993; B. Allen and J.D. Romano, 1999) is
to perform a correlation between two or more detectors, possibly widely separated
to minimize common noise sources. By correlating two detectors the increase in
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noise in each instrument. Therefore, the optimal strategy which has been proposed
(N. Christensen, 1992; E.E. Flanagan, 1993; B. Allen and J.D. Romano, 1999) is
to perform a correlation between two or more detectors, possibly widely separated
to minimize common noise sources. By correlating two detectors the increase in
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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 Ω 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?

ν = Ω/π (52)
Φi = f(νi, B∗) (53)

Ei = qη
π2αR3

∗
2c2

ν3
i (54)

gravitational stochastic background spectrum:

Regimbau & Mandic 2008



Figure 3: Cosmic ray spectra when the distribution of initial angular velocity is included
(Eq. 24), for different source evolutions as indicated. A pure proton composition is injected
with the following parameters: s = 2.2, Ei,min = 3 × 1018 eV, Ei,max = 1020.5 eV and
Eg = 3×1020 eV. All spectra presented here have the same normalization. [Note: here the
normalization is done by eye and arbitrary (not using the magnetar parameters) because
of some normalization bug in the code that I haven’t found yet.]

3.1 B∗ constant, νi varies

Assuming that the magnetic dipole moment µ does not vary from one source to another
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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 Ω 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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Implications for the gravitational stochastic background

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:
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for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):
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where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
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with β the distortion parameter. The integral upper bound zsup is given by:
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where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
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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 Ω 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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could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
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even be enough... Note however that the magnetar birthrate is poorly known. Taking into
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the overall flux, looking at Fig. 3.
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where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:

Φi =
Ei

qη
=

π2µν2
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Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:
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, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):
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where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
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Figure 6: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency, assuming B∗ = ανi, with s = 2.2 and
νi,min and νi,max calculated from Eq. (46) for Ei,min = 3 × 1018 eV, Ei,max = 1021.5 eV.
Increasing thickness for α = 1013,14,15 G Hz−1 respectively. Blue lines: β = 100 and red
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sensitivity hrms is∼ (∆fT )1/4 where ∆f is the bandwidth and T the total observation
time. Henceforth, we shall show the sensitivities obtained correlating two ground-
based detectors. Assuming a constant GW spectrum, and correlating for fourth
months, we obtain at 90% confident level for two LIGOIII: h2

0ΩGW = 3.7× 10− 11.
In the case of LISA, since only one space-based detector is currently planned, the
method of correlating two detectors cannot be used. [In N. Cornish (2000), N. Cornish
and S. Larson (2001) optimal orbital alignements for correlating a pair of future LISA-
kind detectors have been investigated.]
Then are BBO and DECIGO correlation modes possible?? (Okay, BBO is designed
to work in correlation mode by itself, thanks to multiple detector units, Corbin &
Cornish 2006.)
Why does BBO measure up to 100 Hz in Jedamzyk et al. (2010) though Corbin &
Cornish (2006) talk about 1 Hz maximum?

• Why are long-duration GRBs supposed to produce only faint gravitational wave
signals?
Let us stress that when we are talking about GRBs, we are not talking about their
progenitors (e.g. collapsars, neutron star mergers, magnetars...) but about the ex-
plosion itself that can possibly accelerate particles to UHE. See calculation in Piran
(2005): the gravitational wave signal due to the GRB itself (due to collision of par-
ticles) is very much diluted (not collimated) and too faint to be observed by any

by an efficient αω-dynamo that operates at low Rossby numbers and requires millisecond
birth periods. Neutron stars born with initial periods Pi are predicted to generate large
scale magnetic fields of B∗ = 3 × 1017 G (1 ms/Pi) under optimum conditions. These
values being quite optimistic, we keep the dependency in Pi but explore lower values for
the numerical factor at the front (for a start):
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See Fig. 6 for application for some values.

4 Questions to investigate

• How do we calculate the stochastic gravitational background, how is it measured?
Why is the observed frequency range different from that of single sources?

• General current knowledge on gravitational waves from magnetars: check Stella et
al.

• What is the correlation mode? (from Buonanno 2003)
A stochastic background is a random process which is intrinsically indistinguishable
from the detector noise. The GW signal is expected to be far too low to exceed
the noise level in any existing or planned single detector on the earth. Moreover, the
instrumental noise level will not be known sufficiently well a priori to search for excess
noise in each instrument. Therefore, the optimal strategy which has been proposed
(N. Christensen, 1992; E.E. Flanagan, 1993; B. Allen and J.D. Romano, 1999) is
to perform a correlation between two or more detectors, possibly widely separated
to minimize common noise sources. By correlating two detectors the increase in
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4 Questions to investigate

• How do we calculate the stochastic gravitational background, how is it measured?
Why is the observed frequency range different from that of single sources?

• General current knowledge on gravitational waves from magnetars: check Stella et
al.

• What is the correlation mode? (from Buonanno 2003)
A stochastic background is a random process which is intrinsically indistinguishable
from the detector noise. The GW signal is expected to be far too low to exceed
the noise level in any existing or planned single detector on the earth. Moreover, the
instrumental noise level will not be known sufficiently well a priori to search for excess
noise in each instrument. Therefore, the optimal strategy which has been proposed
(N. Christensen, 1992; E.E. Flanagan, 1993; B. Allen and J.D. Romano, 1999) is
to perform a correlation between two or more detectors, possibly widely separated
to minimize common noise sources. By correlating two detectors the increase in

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 Ω 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?

ν = Ω/π (52)
Φi = f(νi, B∗) (53)

Ei = qη
π2αR3

∗
2c2

ν3
i (54)

gravitational stochastic background spectrum:

Figure 6: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency, assuming B∗ = ανi, with s = 2.2 and
νi,min and νi,max calculated from Eq. (46) for Ei,min = 3 × 1018 eV, Ei,max = 1021.5 eV.
Increasing thickness for α = 1013,14,15,16 G Hz−1 respectively. Blue lines: β = 100 and red
lines: β = 1000. Solid and dashed black line: as in Fig. 4 (Eq. 40 and 32 respectively),
with β = 100.

sensitivity hrms is∼ (∆fT )1/4 where ∆f is the bandwidth and T the total observation
time. Henceforth, we shall show the sensitivities obtained correlating two ground-
based detectors. Assuming a constant GW spectrum, and correlating for fourth
months, we obtain at 90% confident level for two LIGOIII: h2

0ΩGW = 3.7× 10− 11.
In the case of LISA, since only one space-based detector is currently planned, the
method of correlating two detectors cannot be used. [In N. Cornish (2000), N. Cornish
and S. Larson (2001) optimal orbital alignements for correlating a pair of future LISA-
kind detectors have been investigated.]
Then are BBO and DECIGO correlation modes possible?? (Okay, BBO is designed
to work in correlation mode by itself, thanks to multiple detector units, Corbin &
Cornish 2006.)
Why does BBO measure up to 100 Hz in Jedamzyk et al. (2010) though Corbin &
Cornish (2006) talk about 1 Hz maximum?

• Why are long-duration GRBs supposed to produce only faint gravitational wave
signals?
Let us stress that when we are talking about GRBs, we are not talking about their
progenitors (e.g. collapsars, neutron star mergers, magnetars...) but about the ex-
plosion itself that can possibly accelerate particles to UHE. See calculation in Piran
(2005): the gravitational wave signal due to the GRB itself (due to collision of par-
ticles) is very much diluted (not collimated) and too faint to be observed by any
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Figure 3: Cosmic ray spectra when the distribution of initial angular velocity is included
(Eq. 24), for different source evolutions as indicated. A pure proton composition is injected
with the following parameters: s = 2.2, Ei,min = 3 × 1018 eV, Ei,max = 1020.5 eV and
Eg = 3×1020 eV. All spectra presented here have the same normalization. [Note: here the
normalization is done by eye and arbitrary (not using the magnetar parameters) because
of some normalization bug in the code that I haven’t found yet.]

3.1 B∗ constant, νi varies

Assuming that the magnetic dipole moment µ does not vary from one source to another
(i.e. B∗ remains constant), one can re-write the distribution of initial voltages (Eq. 21) as
a function of the initial frequency νi as follows:
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Taking into account the distribution of sources according to the initial voltage, i.e.
to the initial frequency νi under our hypothesis, we obtain:
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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 Ω 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?

ν = Ω/π (52)
Φi = f(νi, B∗) (53)

(54)
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Implications for the gravitational stochastic background

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:
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for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):
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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 Ω 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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for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
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tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.
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one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.
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where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
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Figure 6: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency, assuming B∗ = ανi, with s = 2.2 and
νi,min and νi,max calculated from Eq. (46) for Ei,min = 3 × 1018 eV, Ei,max = 1021.5 eV.
Increasing thickness for α = 1013,14,15 G Hz−1 respectively. Blue lines: β = 100 and red
lines: β = 1000. Solid and dashed black line: as in Fig. 4 (Eq. 40 and 32 respectively),
with β = 100.

sensitivity hrms is∼ (∆fT )1/4 where ∆f is the bandwidth and T the total observation
time. Henceforth, we shall show the sensitivities obtained correlating two ground-
based detectors. Assuming a constant GW spectrum, and correlating for fourth
months, we obtain at 90% confident level for two LIGOIII: h2

0ΩGW = 3.7× 10− 11.
In the case of LISA, since only one space-based detector is currently planned, the
method of correlating two detectors cannot be used. [In N. Cornish (2000), N. Cornish
and S. Larson (2001) optimal orbital alignements for correlating a pair of future LISA-
kind detectors have been investigated.]
Then are BBO and DECIGO correlation modes possible?? (Okay, BBO is designed
to work in correlation mode by itself, thanks to multiple detector units, Corbin &
Cornish 2006.)
Why does BBO measure up to 100 Hz in Jedamzyk et al. (2010) though Corbin &
Cornish (2006) talk about 1 Hz maximum?

• Why are long-duration GRBs supposed to produce only faint gravitational wave
signals?
Let us stress that when we are talking about GRBs, we are not talking about their
progenitors (e.g. collapsars, neutron star mergers, magnetars...) but about the ex-
plosion itself that can possibly accelerate particles to UHE. See calculation in Piran
(2005): the gravitational wave signal due to the GRB itself (due to collision of par-
ticles) is very much diluted (not collimated) and too faint to be observed by any

by an efficient αω-dynamo that operates at low Rossby numbers and requires millisecond
birth periods. Neutron stars born with initial periods Pi are predicted to generate large
scale magnetic fields of B∗ = 3 × 1017 G (1 ms/Pi) under optimum conditions. These
values being quite optimistic, we keep the dependency in Pi but explore lower values for
the numerical factor at the front (for a start):

B∗ = ανi , α ∈ [1013, 1016] G Hz−1 (45)
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Which yields for the gravitational wave spectrum:
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See Fig. 6 for application for some values.

4 Questions to investigate

• How do we calculate the stochastic gravitational background, how is it measured?
Why is the observed frequency range different from that of single sources?

• General current knowledge on gravitational waves from magnetars: check Stella et
al.

• What is the correlation mode? (from Buonanno 2003)
A stochastic background is a random process which is intrinsically indistinguishable
from the detector noise. The GW signal is expected to be far too low to exceed
the noise level in any existing or planned single detector on the earth. Moreover, the
instrumental noise level will not be known sufficiently well a priori to search for excess
noise in each instrument. Therefore, the optimal strategy which has been proposed
(N. Christensen, 1992; E.E. Flanagan, 1993; B. Allen and J.D. Romano, 1999) is
to perform a correlation between two or more detectors, possibly widely separated
to minimize common noise sources. By correlating two detectors the increase in
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dnm

dνi
=

dnm

dΦi

∂Φi

∂νi
+

dnm

dΦi

∂Φi

∂µi

dµi

dνi
(47)

= nmχ
3qηπ2

c2

αR3
∗

2
ν2
i

(
νi

νi,max

)−3s

. (48)

Which yields for the gravitational wave spectrum:

Ωgw(ν0) = 5.7× 10−56

(
0.7
h0

)2

nm,0 χ
3qηπ2

c2

αR3
∗

2
ν0 ×

∫ νi,max

νi,min

ν2
i

(
νi

νi,max

)−3s

dνi

∫ zsup(νi)

0
dz

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z), νi] , (49)

with

K =
12π4β2R10

∗ α2

5c2GI
ν2
i . (50)

(51)

See Fig. 6 for application for some values.

4 Questions to investigate

• How do we calculate the stochastic gravitational background, how is it measured?
Why is the observed frequency range different from that of single sources?

• General current knowledge on gravitational waves from magnetars: check Stella et
al.

• What is the correlation mode? (from Buonanno 2003)
A stochastic background is a random process which is intrinsically indistinguishable
from the detector noise. The GW signal is expected to be far too low to exceed
the noise level in any existing or planned single detector on the earth. Moreover, the
instrumental noise level will not be known sufficiently well a priori to search for excess
noise in each instrument. Therefore, the optimal strategy which has been proposed
(N. Christensen, 1992; E.E. Flanagan, 1993; B. Allen and J.D. Romano, 1999) is
to perform a correlation between two or more detectors, possibly widely separated
to minimize common noise sources. By correlating two detectors the increase in

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 Ω 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?

ν = Ω/π (52)
Φi = f(νi, B∗) (53)

Ei = qη
π2αR3

∗
2c2

ν3
i (54)

gravitational stochastic background spectrum:

Figure 6: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency, assuming B∗ = ανi, with s = 2.2 and
νi,min and νi,max calculated from Eq. (46) for Ei,min = 3 × 1018 eV, Ei,max = 1021.5 eV.
Increasing thickness for α = 1013,14,15,16 G Hz−1 respectively. Blue lines: β = 100 and red
lines: β = 1000. Solid and dashed black line: as in Fig. 4 (Eq. 40 and 32 respectively),
with β = 100.

sensitivity hrms is∼ (∆fT )1/4 where ∆f is the bandwidth and T the total observation
time. Henceforth, we shall show the sensitivities obtained correlating two ground-
based detectors. Assuming a constant GW spectrum, and correlating for fourth
months, we obtain at 90% confident level for two LIGOIII: h2

0ΩGW = 3.7× 10− 11.
In the case of LISA, since only one space-based detector is currently planned, the
method of correlating two detectors cannot be used. [In N. Cornish (2000), N. Cornish
and S. Larson (2001) optimal orbital alignements for correlating a pair of future LISA-
kind detectors have been investigated.]
Then are BBO and DECIGO correlation modes possible?? (Okay, BBO is designed
to work in correlation mode by itself, thanks to multiple detector units, Corbin &
Cornish 2006.)
Why does BBO measure up to 100 Hz in Jedamzyk et al. (2010) though Corbin &
Cornish (2006) talk about 1 Hz maximum?

• Why are long-duration GRBs supposed to produce only faint gravitational wave
signals?
Let us stress that when we are talking about GRBs, we are not talking about their
progenitors (e.g. collapsars, neutron star mergers, magnetars...) but about the ex-
plosion itself that can possibly accelerate particles to UHE. See calculation in Piran
(2005): the gravitational wave signal due to the GRB itself (due to collision of par-
ticles) is very much diluted (not collimated) and too faint to be observed by any

increasing thickness: 

Figure 6: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency, assuming B∗ = ανi, with s = 2.2 and
νi,min and νi,max calculated from Eq. (46) for Ei,min = 3 × 1018 eV, Ei,max = 1021.5 eV.
Increasing thickness for α = 1013,14,15 G Hz−1 respectively. Blue lines: β = 100 and red
lines: β = 1000. Solid and dashed black line: as in Fig. 4 (Eq. 40 and 32 respectively),
with β = 100.

sensitivity hrms is∼ (∆fT )1/4 where ∆f is the bandwidth and T the total observation
time. Henceforth, we shall show the sensitivities obtained correlating two ground-
based detectors. Assuming a constant GW spectrum, and correlating for fourth
months, we obtain at 90% confident level for two LIGOIII: h2

0ΩGW = 3.7× 10− 11.
In the case of LISA, since only one space-based detector is currently planned, the
method of correlating two detectors cannot be used. [In N. Cornish (2000), N. Cornish
and S. Larson (2001) optimal orbital alignements for correlating a pair of future LISA-
kind detectors have been investigated.]
Then are BBO and DECIGO correlation modes possible?? (Okay, BBO is designed
to work in correlation mode by itself, thanks to multiple detector units, Corbin &
Cornish 2006.)
Why does BBO measure up to 100 Hz in Jedamzyk et al. (2010) though Corbin &
Cornish (2006) talk about 1 Hz maximum?

• Why are long-duration GRBs supposed to produce only faint gravitational wave
signals?
Let us stress that when we are talking about GRBs, we are not talking about their
progenitors (e.g. collapsars, neutron star mergers, magnetars...) but about the ex-
plosion itself that can possibly accelerate particles to UHE. See calculation in Piran
(2005): the gravitational wave signal due to the GRB itself (due to collision of par-
ticles) is very much diluted (not collimated) and too faint to be observed by any

Figure 6: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency, assuming B∗ = ανi, with s = 2.2 and
νi,min and νi,max calculated from Eq. (46) for Ei,min = 3 × 1018 eV, Ei,max = 1021.5 eV.
Increasing thickness for α = 1013,14,15 G Hz−1 respectively. Blue lines: β = 100 and red
lines: β = 1000. Solid and dashed black line: as in Fig. 4 (Eq. 40 and 32 respectively),
with β = 100.

sensitivity hrms is∼ (∆fT )1/4 where ∆f is the bandwidth and T the total observation
time. Henceforth, we shall show the sensitivities obtained correlating two ground-
based detectors. Assuming a constant GW spectrum, and correlating for fourth
months, we obtain at 90% confident level for two LIGOIII: h2

0ΩGW = 3.7× 10− 11.
In the case of LISA, since only one space-based detector is currently planned, the
method of correlating two detectors cannot be used. [In N. Cornish (2000), N. Cornish
and S. Larson (2001) optimal orbital alignements for correlating a pair of future LISA-
kind detectors have been investigated.]
Then are BBO and DECIGO correlation modes possible?? (Okay, BBO is designed
to work in correlation mode by itself, thanks to multiple detector units, Corbin &
Cornish 2006.)
Why does BBO measure up to 100 Hz in Jedamzyk et al. (2010) though Corbin &
Cornish (2006) talk about 1 Hz maximum?

• Why are long-duration GRBs supposed to produce only faint gravitational wave
signals?
Let us stress that when we are talking about GRBs, we are not talking about their
progenitors (e.g. collapsars, neutron star mergers, magnetars...) but about the ex-
plosion itself that can possibly accelerate particles to UHE. See calculation in Piran
(2005): the gravitational wave signal due to the GRB itself (due to collision of par-
ticles) is very much diluted (not collimated) and too faint to be observed by any

Figure 6: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency, assuming B∗ = ανi, with s = 2.2 and
νi,min and νi,max calculated from Eq. (46) for Ei,min = 3 × 1018 eV, Ei,max = 1021.5 eV.
Increasing thickness for α = 1013,14,15 G Hz−1 respectively. Blue lines: β = 100 and red
lines: β = 1000. Solid and dashed black line: as in Fig. 4 (Eq. 40 and 32 respectively),
with β = 100.

sensitivity hrms is∼ (∆fT )1/4 where ∆f is the bandwidth and T the total observation
time. Henceforth, we shall show the sensitivities obtained correlating two ground-
based detectors. Assuming a constant GW spectrum, and correlating for fourth
months, we obtain at 90% confident level for two LIGOIII: h2

0ΩGW = 3.7× 10− 11.
In the case of LISA, since only one space-based detector is currently planned, the
method of correlating two detectors cannot be used. [In N. Cornish (2000), N. Cornish
and S. Larson (2001) optimal orbital alignements for correlating a pair of future LISA-
kind detectors have been investigated.]
Then are BBO and DECIGO correlation modes possible?? (Okay, BBO is designed
to work in correlation mode by itself, thanks to multiple detector units, Corbin &
Cornish 2006.)
Why does BBO measure up to 100 Hz in Jedamzyk et al. (2010) though Corbin &
Cornish (2006) talk about 1 Hz maximum?

• Why are long-duration GRBs supposed to produce only faint gravitational wave
signals?
Let us stress that when we are talking about GRBs, we are not talking about their
progenitors (e.g. collapsars, neutron star mergers, magnetars...) but about the ex-
plosion itself that can possibly accelerate particles to UHE. See calculation in Piran
(2005): the gravitational wave signal due to the GRB itself (due to collision of par-
ticles) is very much diluted (not collimated) and too faint to be observed by any

x 100

Regimbau & Mandic 2008



Figure 3: Cosmic ray spectra when the distribution of initial angular velocity is included
(Eq. 24), for different source evolutions as indicated. A pure proton composition is injected
with the following parameters: s = 2.2, Ei,min = 3 × 1018 eV, Ei,max = 1020.5 eV and
Eg = 3×1020 eV. All spectra presented here have the same normalization. [Note: here the
normalization is done by eye and arbitrary (not using the magnetar parameters) because
of some normalization bug in the code that I haven’t found yet.]

3.1 B∗ constant, νi varies

Assuming that the magnetic dipole moment µ does not vary from one source to another
(i.e. B∗ remains constant), one can re-write the distribution of initial voltages (Eq. 21) as
a function of the initial frequency νi as follows:

dnm

dνi
=

dnm

dEi

dEi

dνi
= nmχ

2qηµπ2

c2
νi

(
νi

νi,max

)−2s

. (38)

Taking into account the distribution of sources according to the initial voltage, i.e.
to the initial frequency νi under our hypothesis, we obtain:

Ωgw(ν0) = 5.7× 10−56

(
0.7
h0

)2

nm,0 κ ν0 ν2s
i,max ×

∫ νi,max

νi,min

ν1−2s
i dνi

∫ zsup(νi)

0
dz

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] , (39)

= 5.7× 10−56

(
0.7
h0

)2

nm,0 κ ν0 ν2s
i,max ×

distribution of initial voltages:

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 Ω 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?

ν = Ω/π (52)
Φi = f(νi, B∗) (53)

(54)
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Implications for the gravitational stochastic background

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:

f =
χ

(1− s)2
E1−s

E−s
i,max

=
1

s− 1
E1−s

E1−s
i,max

1
(Ei,max/Ei,min)s−1 − 1

(30)

∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56

(
0.7
h0

)2

nm,0 ν0

∫ zsup

0

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] dz , (32)

where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:

dEgw

dν
(ν) = K ν3

[
1 +

K

π2Iν2

]−1

with ν ∈ [0,Ωi/π], (33)

where (see Eq. 3):

K =
12π4β2R10

∗ B2
∗

5c2GI
=

48π4β2R4
∗

5c2GI
µ2 , (34)

(35)

with β the distortion parameter. The integral upper bound zsup is given by:

zsup =






zmax if ν0 <
νi

1 + zmaxνi

ν0
− 1 otherwise,

(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:

Φi =
Ei

qη
=

π2µν2
i

c2
. (37)

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:

f =
χ
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∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56

(
0.7
h0

)2

nm,0 ν0

∫ zsup

0

RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] dz , (32)

where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:

dEgw

dν
(ν) = K ν3

[
1 +

K

π2Iν2

]−1

with ν ∈ [0,Ωi/π], (33)

where (see Eq. 3):

K =
12π4β2R10

∗ B2
∗

5c2GI
=

48π4β2R4
∗

5c2GI
µ2 , (34)

(35)

with β the distortion parameter. The integral upper bound zsup is given by:

zsup =






zmax if ν0 <
νi

1 + zmaxνi

ν0
− 1 otherwise,

(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:

Φi =
Ei

qη
=

π2µν2
i

c2
. (37)

star formation rate

cosmological param.magnetar rate at z=0
observed frequency
related to rotation velocity

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 Ω 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?

ν = Ω/π (52)

gw energy spectrum for 1 magnetar
function of B*, I, Ω
function of distortion param. β

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:

f =
χ
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s− 1
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E1−s
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(Ei,max/Ei,min)s−1 − 1

(30)

∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56
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where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:
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with β the distortion parameter. The integral upper bound zsup is given by:

zsup =
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ν0
− 1 otherwise,
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where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:

Φi =
Ei

qη
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π2µν2
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c2
. (37)

Neglecting the cut-off functions, the energy spectrum at a given energy E > Ei,min

differs according to Eq. (18) of a factor:
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(30)

∼ 3.3× 10−2

(
E

1019.6 eV

)1−s

, (31)

for Ei,min = 3× 1018 eV, Ei,max = 1020.5 eV, Eg = 3× 1020 eV and s = 2.2.
Arons (2003) pointed out that assuming that all galaxies hosted magnetars, that the

galaxy density ng ∼ 10−2 Mpc−3 and the magnetar birthrate νm ∼ 10−4 yr−1, Eq. (18)
could be reconciled with the observed cosmic ray flux if 5% of the magnetars had ini-
tial voltages large enough to accelerate particles up to the ankle energy. This calibration
followed the AGASA spectrum normalisation. The latest spectrum normalisation as mea-
sured by Auger indicate that the flux should be lower of a factor 2 − 3. The fraction of
magnetars needed is then decreased to εm ∼ 0.02. The number given in Eq. (31) still im-
plies that nm = εmngνm has to be quite high: with ng ∼ 10−2 Mpc−3 and νm ∼ 10−4 yr−1,
one would need all magnetars to accelerate particles above the ankle and this might not
even be enough... Note however that the magnetar birthrate is poorly known. Taking into
account the evolution of source density in redshift would not be of much help increasing
the overall flux, looking at Fig. 3.

3 Implication for the diffuse gravitational wave signal

The spectrum of the gravitational stochastic background can be characterized by the di-
mensionless quantity (see e.g. Regimbau & Mandic 2008):

Ωgw(ν0) = 5.7× 10−56

(
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h0

)2

nm,0 ν0

∫ zsup
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RSFR(z)
(1 + z)2Ω(z)

dEgw

dν
[ν0(1 + z)] dz , (32)

where ν0 and ν = ν0(1 + z) are the frequencies in the observer and in the source frame
respectively, Ω(z) ≡ [ΩΛ +Ωm(1+ z)3]1/2, nm,0 ≡ nm(z = 0) is the source density at z = 0
in Mpc−3 yr−1, RSFR(z) is the dimensionless star formation rate normalized to 1 at z = 0.
dEgw/dν is the gravitational spectral energy emitted by a single source and reads:

dEgw

dν
(ν) = K ν3

[
1 +

K

π2Iν2

]−1

with ν ∈ [0,Ωi/π], (33)

where (see Eq. 3):
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48π4β2R4
∗

5c2GI
µ2 , (34)

(35)

with β the distortion parameter. The integral upper bound zsup is given by:

zsup =






zmax if ν0 <
νi

1 + zmaxνi

ν0
− 1 otherwise,

(36)

where zmax = 6 and νi ≡ Ωi/π is the initial frequency corresponding to the initial voltage
Φi through the formula:

Φi =
Ei

qη
=

π2µν2
i

c2
. (37)
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magnetars as a function of the observed frequency, assuming B∗ = ανi, with s = 2.2 and
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sensitivity hrms is∼ (∆fT )1/4 where ∆f is the bandwidth and T the total observation
time. Henceforth, we shall show the sensitivities obtained correlating two ground-
based detectors. Assuming a constant GW spectrum, and correlating for fourth
months, we obtain at 90% confident level for two LIGOIII: h2

0ΩGW = 3.7× 10− 11.
In the case of LISA, since only one space-based detector is currently planned, the
method of correlating two detectors cannot be used. [In N. Cornish (2000), N. Cornish
and S. Larson (2001) optimal orbital alignements for correlating a pair of future LISA-
kind detectors have been investigated.]
Then are BBO and DECIGO correlation modes possible?? (Okay, BBO is designed
to work in correlation mode by itself, thanks to multiple detector units, Corbin &
Cornish 2006.)
Why does BBO measure up to 100 Hz in Jedamzyk et al. (2010) though Corbin &
Cornish (2006) talk about 1 Hz maximum?

• Why are long-duration GRBs supposed to produce only faint gravitational wave
signals?
Let us stress that when we are talking about GRBs, we are not talking about their
progenitors (e.g. collapsars, neutron star mergers, magnetars...) but about the ex-
plosion itself that can possibly accelerate particles to UHE. See calculation in Piran
(2005): the gravitational wave signal due to the GRB itself (due to collision of par-
ticles) is very much diluted (not collimated) and too faint to be observed by any

by an efficient αω-dynamo that operates at low Rossby numbers and requires millisecond
birth periods. Neutron stars born with initial periods Pi are predicted to generate large
scale magnetic fields of B∗ = 3 × 1017 G (1 ms/Pi) under optimum conditions. These
values being quite optimistic, we keep the dependency in Pi but explore lower values for
the numerical factor at the front (for a start):

B∗ = ανi , α ∈ [1013, 1016] G Hz−1 (45)

The initial voltage can then be expressed as:
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and the distribution of magnetars according to the initial frequency reads:
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Which yields for the gravitational wave spectrum:
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See Fig. 6 for application for some values.

4 Questions to investigate

• How do we calculate the stochastic gravitational background, how is it measured?
Why is the observed frequency range different from that of single sources?

• General current knowledge on gravitational waves from magnetars: check Stella et
al.

• What is the correlation mode? (from Buonanno 2003)
A stochastic background is a random process which is intrinsically indistinguishable
from the detector noise. The GW signal is expected to be far too low to exceed
the noise level in any existing or planned single detector on the earth. Moreover, the
instrumental noise level will not be known sufficiently well a priori to search for excess
noise in each instrument. Therefore, the optimal strategy which has been proposed
(N. Christensen, 1992; E.E. Flanagan, 1993; B. Allen and J.D. Romano, 1999) is
to perform a correlation between two or more detectors, possibly widely separated
to minimize common noise sources. By correlating two detectors the increase in
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4 Questions to investigate

• How do we calculate the stochastic gravitational background, how is it measured?
Why is the observed frequency range different from that of single sources?

• General current knowledge on gravitational waves from magnetars: check Stella et
al.

• What is the correlation mode? (from Buonanno 2003)
A stochastic background is a random process which is intrinsically indistinguishable
from the detector noise. The GW signal is expected to be far too low to exceed
the noise level in any existing or planned single detector on the earth. Moreover, the
instrumental noise level will not be known sufficiently well a priori to search for excess
noise in each instrument. Therefore, the optimal strategy which has been proposed
(N. Christensen, 1992; E.E. Flanagan, 1993; B. Allen and J.D. Romano, 1999) is
to perform a correlation between two or more detectors, possibly widely separated
to minimize common noise sources. By correlating two detectors the increase in

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 Ω 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?

ν = Ω/π (52)
Φi = f(νi, B∗) (53)

Ei = qη
π2αR3

∗
2c2

ν3
i (54)

gravitational stochastic background spectrum:

Figure 6: Energy density of the stochastic gravitational wave background produced by
magnetars as a function of the observed frequency, assuming B∗ = ανi, with s = 2.2 and
νi,min and νi,max calculated from Eq. (46) for Ei,min = 3 × 1018 eV, Ei,max = 1021.5 eV.
Increasing thickness for α = 1013,14,15,16 G Hz−1 respectively. Blue lines: β = 100 and red
lines: β = 1000. Solid and dashed black line: as in Fig. 4 (Eq. 40 and 32 respectively),
with β = 100.

sensitivity hrms is∼ (∆fT )1/4 where ∆f is the bandwidth and T the total observation
time. Henceforth, we shall show the sensitivities obtained correlating two ground-
based detectors. Assuming a constant GW spectrum, and correlating for fourth
months, we obtain at 90% confident level for two LIGOIII: h2

0ΩGW = 3.7× 10− 11.
In the case of LISA, since only one space-based detector is currently planned, the
method of correlating two detectors cannot be used. [In N. Cornish (2000), N. Cornish
and S. Larson (2001) optimal orbital alignements for correlating a pair of future LISA-
kind detectors have been investigated.]
Then are BBO and DECIGO correlation modes possible?? (Okay, BBO is designed
to work in correlation mode by itself, thanks to multiple detector units, Corbin &
Cornish 2006.)
Why does BBO measure up to 100 Hz in Jedamzyk et al. (2010) though Corbin &
Cornish (2006) talk about 1 Hz maximum?

• Why are long-duration GRBs supposed to produce only faint gravitational wave
signals?
Let us stress that when we are talking about GRBs, we are not talking about their
progenitors (e.g. collapsars, neutron star mergers, magnetars...) but about the ex-
plosion itself that can possibly accelerate particles to UHE. See calculation in Piran
(2005): the gravitational wave signal due to the GRB itself (due to collision of par-
ticles) is very much diluted (not collimated) and too faint to be observed by any
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Summary: recipe to identify UHECR sources

Kumiko Kotera, University of Chicago TeV Particle Astrophysics, Paris 20/07/10 9

By increasing the statistics and looking at 
anisotropy signatures:
if anisotropy persists and no visible counterpart, 
source is probably transient

Astrophysical sources with sufficient energetics:
FRII/FSRQ   GRB    magnetars

How do we discriminate them?

distribution of initial voltages needed to reconcile 
spectrum generated by magnetars with observed data

Figure 3: Cosmic ray spectra when the distribution of initial angular velocity is included
(Eq. 24), for different source evolutions as indicated. A pure proton composition is injected
with the following parameters: s = 2.2, Ei,min = 3 × 1018 eV, Ei,max = 1020.5 eV and
Eg = 3×1020 eV. All spectra presented here have the same normalization. [Note: here the
normalization is done by eye and arbitrary (not using the magnetar parameters) because
of some normalization bug in the code that I haven’t found yet.]

3.1 B∗ constant, νi varies

Assuming that the magnetic dipole moment µ does not vary from one source to another
(i.e. B∗ remains constant), one can re-write the distribution of initial voltages (Eq. 21) as
a function of the initial frequency νi as follows:

dnm

dνi
=

dnm

dEi

dEi

dνi
= nmχ

2qηµπ2

c2
νi

(
νi

νi,max

)−2s

. (38)

Taking into account the distribution of sources according to the initial voltage, i.e.
to the initial frequency νi under our hypothesis, we obtain:

Ωgw(ν0) = 5.7× 10−56
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= 5.7× 10−56

(
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h0

)2

nm,0 κ ν0 ν2s
i,max ×

UHECR spectrum

lead to characteristic gw spectrum
signal higher of 2-3 orders of magnitude 
in region ν<100 Hz measurable with upcoming instruments

GW spectrum

If the source is transient, how do we tell apart GRBs from magnetars?

observation of specific spectrum of GW 
= evidence of adequate magnetar parameters for acceleration of UHECR

By looking at diffuse secondary emissions:

UHE neutrino spectrum Murase et al. 2009
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Figure 3: Cosmic ray spectra when the distribution of initial angular velocity is included
(Eq. 24), for different source evolutions as indicated. A pure proton composition is injected
with the following parameters: s = 2.2, Ei,min = 3 × 1018 eV, Ei,max = 1020.5 eV and
Eg = 3×1020 eV. All spectra presented here have the same normalization. [Note: here the
normalization is done by eye and arbitrary (not using the magnetar parameters) because
of some normalization bug in the code that I haven’t found yet.]

3.1 B∗ constant, νi varies

Assuming that the magnetic dipole moment µ does not vary from one source to another
(i.e. B∗ remains constant), one can re-write the distribution of initial voltages (Eq. 21) as
a function of the initial frequency νi as follows:
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Taking into account the distribution of sources according to the initial voltage, i.e.
to the initial frequency νi under our hypothesis, we obtain:
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