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[Neronov et al., 2010]

Gamma rays emmitted from a blazar develop an electromagnetic
cascade due to interactions with the Extragalactic Backgriound
Light (EBL) via pair production and Inverse Compton (IC)
scattering. The interaction of this cascade with the EGMF results
in several observational features.
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Point-like sources appear
extensive

[Dolag et al., 2009],
[Neronov et al., 2010]

Time-delayed echos of
primary gamma rays
[Plaga, 1994],
[Murase et al., 2008]

Suppression of observed
photon flux in the GeV
region

[d'Avezac et al., 2007],
[Neronov and Vovk, 2010],
[Vovk et al., 2012]
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However, these results have been criticized:

> After refining the statistical analysis method the zero EGMF
hypothesis has been claimed to be true [Arlen et al., 2012]

» The electromagnetic cascade might heat up the intergalactic
medium (IGM) and therefore rapidly lose energy
[Broderick et al., 2012],[Schlickeiser et al., 2012]; this again
results in a suppresion of the spectrum at GeV energies
[Saveliev et al., 2013a]
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EGMF — Origin

The origin of EGMF is still uncertain — mainly two different
concepts:

» Astrophysical scenario: Seed magnetic fields are generated
during structure formation (e.g. by a Biermann Battery
[Biermann, 1950]) and are then amplified by the dynamo
effect [Zeldovich et al., 1980]

» Cosmological scenario: Strong seed magnetic fields are
generated in the Early Universe, e.g. at a phase transition
(QCD, electroweak) [Sigl et al., 1997] or during inflation
[Turner and Widrow, 1988], and some of the initial energy
content is transfered to larger scales.

The latter are the so-called primordial magnetic fields and will be
focused on in the following.

» Basics for the time evolution: Homogeneous and isotropic
magnetohydrodynamics in an expanding Universe.
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Primordial Magnetic fields - Basic MHD

Magnetohydrodynamics (MHD)

» Maxwell's equations:
V:-B=0, VxXxE=-0B, VxB=4rj

» Continuity equation for mass density p: d¢p + V(pv) =0

» Navier-Stokes equations:
p(Ov+ (v-V)v) = =Vp+pAv+ A+ p)V(V-v)+f
For the magnetic field and the turbulent fluid it follows therefore

8tB:iAB+Vx(vx B)
4o

VxB)xB
(VxB)xB

Oov=—(v-V
v (v-V)v+ I

f,.
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Primordial Magnetic fields - Basic MHD
The aspect of interest is the distribution of energies on different

scales k, i.e. the magnetic spectral energy density M of the
magnetic fields and the kinetic magnetic spectral energy density U

€= l/d3sz(x) :/dgké(k)F Ep/dk/\/lk
8V 8
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Primordial Magnetic fields - Basic MHD
The aspect of interest is the distribution of energies on different

scales k, i.e. the magnetic spectral energy density M of the
magnetic fields and the kinetic magnetic spectral energy density U

1 d3k
eB:&T—V/d3xB2(x):/—\B( p/dkl\/lk

_ P 3.02(v) P 300 _
eK_zv/dxv(x)_Q/dk\v(k fp/dek

In addition, for magnetic helicity one can define the spectral
helicity density H by

V/d3xA _1/d3 ( B k)) - B(k)*

Ep/dka
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Primordial Magnetic fields - Basic MHD

Therefore: Switch to Fourier (k-)space:
B(x) — B(a), v(x) — 0(q)

2:B(q) = —;— o°B(a) + (27Vqu <[ [ @k (sta 1) x 809)]
Dei(a) = — (;) JECCROINEC)
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Primordial Magnetic Fields - Correlation Function

Aim: Computation of the correlation function for B and v
» Homogeneity: The correlation function cannot depend on the
position in space
» Isotropy: The correlation function only depends on the
magnitude of the spatial separation

In Fourier space this means that the most general Ansatz is
[von Kérman and Howarth, 1938, Junklewitz and EnBlin, 2011]

(BOBA(K) ~ 5~ K)[(im — ST )M(K) — sy H(K)]
(10m(K)) ~ 3k — K[ — LY U (k) — 20 b ()]

11 A. Saveliev



Master Equations for the Time Evolution of M, U and 'H

<ath> - /OO dk(At{ - §q2 <Mq> (U — %qz <Mq> (M)
0
+ % (47102 K (Hq) () + /7r a6 B%: (¢ + K = akcos ) sin’ 0 (M) <uk1>} })
o 1
<atuq> = /m dk(At{ . ;,2 (M) <uq> _ ng <uq> (Ug)
0
+ /‘K do {%% (qksin2 0+ 2k12 cosG) sin 6 (M) <Mk1> + %% 3k — qcosQ)sin3 0 (Uyx) <Uk1>
0 1 B
+ ﬁqz%z (72q — gsin? 9+2kc059) sin O (Hy) <Hk1>:| })
1

= 40 4 5 2 5
(0t Hq) = dk| At gk (Mq) (Hy) — 39 (M) (Hq) — 39 (Uk)(Hq)
0

i 442
+/ de[%qki‘ sin39<uk1><nk>]})
0

Energy/helicity conservation: Oieg = p [dq (0:Mq + 0:Uq) =0
and Othg = p [dqOH, =0
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Results on the Time Evolution of Primordial Magnetic
Fields without Helicity
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Results on the Time Evolution of Primordial Magnetic
Fields without Helicity

[Saveliev et al., 2012]
> Starting either with

an initial power-law ... 1

> ... or a concentration 10
of the spectral 51070
energies on a single Jlo E
scale the qualitative T 107 3
result is similar: a 107
tendence to 107 0 o i o8
equipartition and q/Mpc™" (comoving)
both M, ocsq4
(i.e. Box g2) and » A rough estimate for B ( for the
Uq ~ q* at large QCD phase transition) is given by
scales. B(200pc) <5x10712G

A. Saveliev
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Including magnetic
helicity for the same
initial conditions
results in an inverse
cascade, a fast
transport of big
amounts of magnetic

energy to large scales.

This is due to helicity
conservation.

[Saveliev et al., 2013b]
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Results on the Time Evolution of Primordial Magnetic
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> Including magnetic [Saveliev et al., 2013b]

helicity for the same
initial conditions
results in an inverse
cascade, a fast
transport of big
amounts of magnetic
energy to large scales.
This is due to helicity 107y i o o o8
conservation. ‘
» Two regimes are visible: When helicity is small, the
considerations of the non-helical case are valid; once helicity
reaches its maximal value, the behaviour changes dramatically
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» Taking the resulting time
evolution for helical and
non-helical fields...

» ..further constraints are
possible.

» Considering the power-law
slope for the spectral
energies, causality dictates
further limits.

15 A. Saveliev



Conclusions and Outlook

» Little is known about EGMF in voids, even a recently found
lower limit on B is uncertain

16

A. Saveliev



Conclusions and Outlook

» Little is known about EGMF in voids, even a recently found
lower limit on B is uncertain

» One possible origin is the time evolution of primordial
magnetic fields during which energy, among other things, can
be transported from smaller to larger scales

16 A. Saveliev



Conclusions and Outlook

» Little is known about EGMF in voids, even a recently found
lower limit on B is uncertain

» One possible origin is the time evolution of primordial
magnetic fields during which energy, among other things, can
be transported from smaller to larger scales

» Helicity enhances this effect by creating an inverse cascade
which results in much higher magnetic fields today compared
to the non-helical case

16 A. Saveliev



Conclusions and Outlook

» Little is known about EGMF in voids, even a recently found
lower limit on B is uncertain

» One possible origin is the time evolution of primordial
magnetic fields during which energy, among other things, can
be transported from smaller to larger scales

» Helicity enhances this effect by creating an inverse cascade
which results in much higher magnetic fields today compared
to the non-helical case

» The expicit computation of the back-reaction of the magnetic
field on the medium gives the result of a power-law behavior
with My ~ ¢* (i.e. B ~ q%) and U, ~ g* and equipartition at
large scales.

16 A. Saveliev



Conclusions and Outlook

16

Little is known about EGMF in voids, even a recently found
lower limit on B is uncertain

One possible origin is the time evolution of primordial
magnetic fields during which energy, among other things, can
be transported from smaller to larger scales

Helicity enhances this effect by creating an inverse cascade
which results in much higher magnetic fields today compared
to the non-helical case

The expicit computation of the back-reaction of the magnetic
field on the medium gives the result of a power-law behavior
with My ~ ¢* (i.e. B ~ q%) and U, ~ g* and equipartition at
large scales.

In the future comparison of the presented results from a
semi-analytical approach with numerical simulations —
Collaboration with Robi's group

A. Saveliev



Conclusions and Outlook

16

Little is known about EGMF in voids, even a recently found
lower limit on B is uncertain

One possible origin is the time evolution of primordial
magnetic fields during which energy, among other things, can
be transported from smaller to larger scales

Helicity enhances this effect by creating an inverse cascade
which results in much higher magnetic fields today compared
to the non-helical case

The expicit computation of the back-reaction of the magnetic
field on the medium gives the result of a power-law behavior
with My ~ ¢* (i.e. B ~ q%) and U, ~ g* and equipartition at
large scales.

In the future comparison of the presented results from a
semi-analytical approach with numerical simulations —
Collaboration with Robi's group

A. Saveliev



16

Arlen, T. C., Vassiliev, V. V., Weisgarber, T., Wakely, S. P.,
and Shafi, S. Y. (2012).

Intergalactic Magnetic Fields and Gamma Ray Observations of
Extreme TeV Blazars.

Biermann, L. (1950).

Uber den Ursprung der Magnetfelder auf Sternen und im
interstellaren Raum (mit einem Anhang von A. Schliter).
Zeitfschrift f. Naturforschung A, 5:65.

Broderick, A. E., Chang, P., and Pfrommer, C. (2012).
The Cosmological Impact of Luminous TeV Blazars. |.
Implications of Plasma Instabilities for the Intergalactic
Magnetic Field and Extragalactic Gamma-Ray Background.
Astrophys. J., 752(1):22.

d'Avezac, P., Dubus, G., and Giebels, B. (2007).
Cascading on Extragalactic Background Light.
Astron. Astrophys., 469:857-860.

A. Saveliev



16

Dolag, K., KachelrieB, M., Ostapchenko, S., and Tomas, R.
(2009).

Blazar Halos as Probe for Extragalactic Magnetic Fields and
Maximal Acceleration Energy.

Astrophys. J., 703(1):1078.

Junklewitz, H. and EnBlin, T. A. (2011).

Imprints of Magnetic Power and Helicity Spectra on Radio
Polarimetry Statistics.

Astron. Astrophys., 530:A88.

Murase, K., Takahashi, K., Inoue, S., Ichiki, K., and Nagataki,
S. (2008).

Probing Intergalactic Magnetic Fields in the GLAST Era
through Pair Echo Emission from TeV Blazars.

Astrophys. J. Lett., 686(2):L67.

Neronov, A., Semikoz, D., KachelrieB, M., Ostapchenko, S.,
and Elyiv, E. (2010).
Degree-Scale GeV "Jets" from Active and Dead TeV Blazars.

A. Saveliev



16

Astrophys. J. Lett., 719(2):L130.

Neronov, A. and Semikoz, D. V. (2009).

Sensitivity of ~y-ray Telescopes for Detection of Magnetic
Fields in the Intergalactic Medium.

Phys. Rev. D, 80:123012.

Neronov, A. and Vovk, |. (2010).

Evidence for Strong Extragalactic Magnetic Fields from Fermi
Observations of TeV Blazars.

Science, 328(5974):73-75.

Plaga, R. (1994).

Detecting Intergalactic Magnetic Fields Using Time Delays in
Pulses of v-Rays.

Nature, 374:430-432.

Saveliev, A., Evoli, C., and Sigl, G. (2013a).

The Role of Plasma Instabilities in the Propagation of
Gamma-Rays from Distant Blazars.

Submitted to Mon. Not. R. Astron. Soc.

A. Saveliev



16

Saveliev, A., Jedamzik, K., and Sigl, G. (2012).

Time Evolution of the Large-Scale Tail of Non-Helical
Primordial Magnetic Fields with Back-Reaction of the
Turbulent Medium.

Phys. Rev. D, 86:103010.

Saveliev, A., Jedamzik, K., and Sigl, G. (2013b).

Evolution of Helical Cosmic Magnetic Fields as Predicted by
Magnetohydrodynamic Closure Theory.

Phys. Rev. D, 87:123001.

Schlickeiser, R., lbscher, D., and Supsar, M. (2012).
Plasma Effects on Fast Pair Beams in Cosmic Voids.
Astrophys. J., 758(2):102.

Sigl, G., Olinto, A. V., and Jedamzik, K. (1997).
Primordial Magnetic Fields from Cosmological First Order
Phase Transitions.

Phys. Rev. D, 55:4582-4590.

A. Saveliev



16

Turner, M. S. and Widrow, L. M. (1988).
Inflation-Produced, Large-Scale Magnetic Fields.
Phys. Rev. D, 37:2743-2754.

von Karman, T. and Howarth, L. (1938).
On the Statistical Theory of Isotropic Turbulence.
Proc. R. Soc. London, Ser. A, 164(917):192-215.

Vovk, I., Taylor, A. M., Semikoz, D., and Neronov, A. (2012).
Fermi/LAT Observations of 1ES 02294-200: Implications for
Extragalactic Magnetic Fields and Background Light.
Astrophys. J. Lett., 747(1):L14.

Zeldovich, Y. B., Ruzmaikin, D. D., and Sokoloff, D. D.
(1980).

Magnetic Fields in Astrophysics.

McGraw-Hill.

A. Saveliev



	Extragalactic Magnetic Fields (EGMF)
	Primordial Magnetic Fields - Basic Properties
	Results on the Time Evolution of Primordial Magnetic Fields
	Conclusions and Outlook

