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How cosmic rays might be responsible for the primordial magnetic field



z = 8.45

Magne&c field in early universe

Must be generated from zero field

Hubble deep field:
galaxies at time of formation

McClure et al (MNRAS 2010)

Thermal plasma:  ne~10-4cm-3, T~1K (>100kpc from galaxies), ionisation fraction ~ 10-4

Universe at time of reionization, first stars/galaxies:  t <1 Gyr,  z ~ 6 - 10

Distance between galaxies: ~ 1 Mpc



Ways of producing magnetic field from nothing

1. Biermann battery (baroclinic source)

2. Weibel instability

3. Resistive field generation



       Biermann battery (baroclinic source)
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       Biermann battery (baroclinic source)
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Borghesi et al 1998

Magnetic field in laser-plasma experiments



Weibel instability: opposing energetic electron beams

1) Perturbed beam density          2) Magnetic field      3) Focus currents 

Produces field on small scale near shocks

Martins et al 2009, electron ion plasma



Electron beam  filamentation

       Ramakrishna et al (2009)



Resistive field generation

Tatarakis et al, PRL 81, 999 (1998)

Produced by charge energetic particle currents in a resistive plasma

Laser incident on this solid foil
Produces energetic electrons

Electrons self-collimate into beam
in glass target

Borghesi et al PRL 83, 4309 (1999)



Resistive field generation
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Resistive magnetic field generation

in the early universe



Resistive field generation in the early universe
from megaGauss/psec to attoGauss/Gyr

Resistivity η1

Resistivity η2

cosmic ray
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Magnetic field for constant CR current
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where: L is the galaxy luminosity
L*= luminosity of typical bright galaxy
R is the distance from the galaxy
pmin is the minimum CR momentum
CR energy spectrum ~p-2.3

CR energy production assumed to be 30% efficient
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Produces an electric field



Cosmological simulation 
(Miniati)

Baryon gas density at z = 10
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T ~1K



Magnetic field around bright galaxy

Units
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How do different processes contribute?

Weibel instability  (large B but on small scale)
• Requires strong anisotropy:  stress tensor, diffusion insufficient
• Occurs near shocks (eg Medvedev et al 2006)
• Grows on small scale c/ωpe

Biermann battery  (up to B ~ 10-18 G eg Gnedin et al  2006)
• Grows on large scale
• Field limited by small thermal energy Te

Resistive generation (B ~10-16G on kpc scale) 
• Grows on large scale of cluster/galaxy formation
• Large B because E determined by cosmic ray energy (>>Te)
• Requires low temperature for high resistivity

Compton drag (Harrsion 1970, Ichiki etal 2006)
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Conclusion

First cosmic rays from first supernovae

may account for primordial magnetic field


