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I review the recent evidence for existence of large scale intergalactic magnetic fields (IGMF) de-
rived from the gamma-ray observations of distant TeV gamma-ray loud blazars. Non-observation
of the signal from electromagnetic cascade initiated by TeV gamma-rays in the intergalactic
medium imposes a lower bound on IGMF strength at the level of B > 10~!7 G if the IGMF
correlation length is larger than ~ 1 Mpc and the cascade signal is assumed to be suppressed due
to the time delay of the cascade emission. The bound is B > 10~'® G for Mpc-scale correlation
lenght if the cascade emission is not observed due to the extended nature of the cascade emis-
sion. The bound improves as A ~'/2 if magnetic field correlation length is much smaller than a
Mega-parsec. This lower bound constrains models for the origin of cosmic magnetic fields.
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1. Introduction

The presence of magnetic fields in galaxies and galaxy clusters plays a key role in present
day astrophysical studies. However, the origin of these fields remains largely uncertain [1, 2,
3, 4]. A commonly accepted hypothesis is that relatively strong galactic and cluster magnetic
fields result from the amplification of much weaker pre-existing “seed” fields via compression and
turbulence/dynamo amplification in the course of structure formation process [5].

The origin of these seed magnetic fields is unknown. It is possible that the seed fields are pro-
duced locally in (proto)galaxies via the so-called “Biermann battery” mechanism [6, 7]. Otherwise,
the seed fields might be of primordial origin, i.e. produced at the moments of phase transitions in
the Early Universe [2, 3]. Constraints on the nature of the seed fields could potentially be de-
rived from the measurements of weak magnetic fields in the intergalactic medium which are not
amplified by the action of different types of dynamos.

Most of the attempts to measure IGMF have concentrated up to recently on the measurement
of Faraday rotation of polarized radio emission from distant sources and/or search for the magnetic
field-related features in the CMB power spectrum and polarization[1, 2, 3, 4]. A new handle on
the EGMF measure, using the cascade emission from blazars, is now emerging as an alternative
probe. In this method, multi-TeV y-rays from distant (> 100 Mpc) blazars attenuate through pair
production interactions on the extragalactic background light (EBL), leading to the development of
electromagnetic cascades [8, 9, 10, 11, 12, 13, 14, 15, 16]. Angular pattern of the secondary cascade

emission from e™

e~ pairs deposited in the intergalactic medium in result of the pair production
depends on the EGMF strength. Detection (non-detection) of the cascade emission signal from
known TeV y-ray emitting blazars could result in the measurement of (lower bound on) the strength
of magnetic field in the intergalactic space along the line of sight toward these blazars. The first
application of this method for deriving lower bounds on the EGMF have been carried out [17, 18,

19], suggesting that a measure of the EGMF may finally soon be within reach.

2. TeV gamma-ray induced cascades in intergalactic medium

Y-rays with energies above ~ 1 TeV can not propagate over cosmological distances because of
absorption due to interactions with diffuse Extragalactic Background Light (EBL) [20, 21, 22, 23].
The mean free path of y-rays of energy E, through EBL is D, ~ 80k [Eyo /10 TeV] ! Mpc, where
K ~ 1 is a numerical factor which accounts for uncertainties of the measurements and modeling of
the EBL [14]. Interactions of multi-TeV y-rays with the EBL lead to the deposition of electron-
positron pairs in the intergalactic space. These e*e™ pairs emit secondary cascade y-rays via In-
verse Compton (IC) scattering of CMB photons. Typical energies for the IC photons emitted by
electrons of energy E, ~ Ey /2 are E, = (4/3)ecyp(Ee/mec?)?* ~ 88 [E, /10 TeV]2 GeV where
gcmp = 6 x 107 eV is the typical energy of CMB photons and E,,m, are the energy and mass of
electron. Pairs loose energy on IC scattering on the distance scale D, ~ 10?*(E,/10 TeV)~! c¢m,
which is much smaller than the y-ray mean free path Dy. Power removed from the primary y-ray
beam is transferred to the cascade y-ray emission.

If magnetic fields, which deviate electron and positron trajectories, are negligibly small, the
IC emission from the electromagnetic cascade contributes to the primary point y-ray source flux.
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Otherwise, if magnetic fields along the path of development of the cascade are strong enough to
deviate the trajectories of the pairs, the cascade emission appears as extended and delayed emission
around the initial point source.

The deflection angle & depends on the correlation length of the magnetic field. If Ag > D,,
the motion of electrons/positrons can be approximated by the motion in a homogeneous magnetic
field. In this case 6 ~ D, /R, ~3 x 10~*[B/107'° G| [E./10 TeV] 2 is a ratio of D, to the Lar-
mor radius R;. If Ag < D,, electron deflections are describable by diffusion in angle, so that the
deflection angle is § = v/D,Az/Ry ~ 5 x 1073 [E,/10 TeV]73/2 [B/107'° G| [A5/1 kpc]l/z. The
size of the extended cascade source is estimated as @y ~ 8/7, where T = D/Dy is the optical
depth for y-rays from a source at a distance D with respect to absorption on EBL [14]. The time
delay of the cascade signal is given by Tgetay =~ (1+2)Dy6% (1 —Dy/D) /2 =7 x105(1 -7~ 1)(1+
2) 77 [Ey/0.1 TeV| /2 [B/107'8 G] > s in the case of magnetic fields with large correlation length
and Tyelay = 10*(1 — 771) (1 +2) 2 [E,/0.1 TeV] - (B/10718 G]z [Ag/1 kpc] s in the case of mag-
netic fields with short correlation legngth Az < D,.

Recent attempts of detection of the cascade emission contribution in the GeV-band spectra of
blazars have not resulted in positive detecitons up to now [17, 18, 19, 24]. The upper limits dervied
from the Fermi/LAT data are below the expected cascade flux calculated under the assumption of
zero IGMF. The GeV band cascade emission produced in result of interactions of TeV y-rays with
EBL could be suppressed in two ways. First, the cascade emission might be not detectable if the
signal is stretched in time by the time delay Tyelay Which is much larger than the typical period of
source activity. Otherwise, the cascade emission might be not detectable if the cascade signal is
much more extended than the point spread function of a y-raytelescope.

The cascade signal is expected to be strongest for the TeV blazars with hard intrinsic spectra
situated at large (for VHE 7-ray astronomy) redshifts. These are the same blazars which provide
best constraints on the EBL, e.g. 1ES 02294200, 1ES 0347-121, 1ES 1101-232. The cascade
emission could be detectable only if the primary soruce spectrum extends to the multi-TeV band.
The time delay of the cascade signal is uncertain by many orders of magneitude. If IGMF are
relatively strong, at the level of 10715 G and above, the time delay at 0.11-10 GeV energies could
reach the scales comparable to the life time of AGN. Otherwise, if EGMF is 1018 G and weaker,
the time delay in the same energy band could be in the range of months-to-years. This means that
the cascade GeV emission could appear either quasi-simultaneously with the direct TeV emission or
be present as a persistent emission uncorrelated with the TeV band direct emission. The uncertainty
of the time delay implies that quasi-simultaneous observations of blazars in the GeV and TeV band
should be preferentially used to derive constraints on EGMFE. Reports on such observations have
started to appear over the last year in the literature.

The studies reported in references [19] and [24] have used the simultaneous observations of
TeV blazars by Fermi and by the ground-based 7y-ray telescopes to derive the lower bounds on
IGMF strength imposed by the non-observation of the cascade emission in the GeV band, assuming
that the cascade emission is suppressed due to the time delay of the cascade signal (see right panel
of Fig. 1). The lower bound on IGMF derived under this assumption is at the level of 10717 G
if the magnetic field correlation length is larger than ~ 1 Mpc. If the correlation length of IGMF

1/2

is smaller, the bound improves at A~'/#, because stronger magnetic fields are needed to deflect
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Figure 1: The effects of the presence of an IGMF on the arriving cascade from the blazar 1ES 0229+200.
Two panels show the two possibilities of suppression of the cascade flux via extension of the cascade source
and time delay of the cascade emission. From [24].

electrons and positrons by the same angle within a given cooling time, see Fig. 2.

The bound B > 10~!7 G derived from the time delay assumes that the period of activity of a
blazar (e.g. 1ES 0229+200) is just of the order of the time span of simultaneous observations in
the GeV and TeV energy band. It the typical time span of activity of the blazar is much larger than
1 yr, the cascade emission could not be suppressed by the time delay effect. Typical estimates of
the lifetimes of AGN are 107 — 10% yr. Assuming that the time of activity of the blazar is much
longer than the observation time span, one finds that the only way to suppress the cascade signal is
via the extension of the cascade source. This mechanism of suppression was assumed by [14, 18]
who derived a tighter lower bound B > 3 x 107!¢ G for Az > 1 Mpc under this assumption. The
suppression of the cascade emission due to the extended nature of the cascade signal in the case of
Fermi observations of 1ES 0229+200 is shown in the left panel of Fig. 1. The bound derived under
the assumption of suppression of cascade signal due to extended emission also improves as /ll;/ 2
if the correlation length of IGMF is shorter than ~ 1 Mpc. This bound is shown by the light-blue
shading in Fig. 2.

The mean free path of primary multi-TeV y-rays is of the order of ~ 100 Mpc . The largest
structures in the Universe, galaxy clusters, have typical sizes of the order of several Mpc and their
volume filling factor is small. Most of the volume of the sphere of radius ~ 100 Mpc around TeV
blazars is occupied by the voids in the Large Scale Structure. Fig. 2 summarizes the known limits
on the strength and correlation length of IGMF in the voids.

The largest possible correlation length of IGMF could be of the order of the Hubble radius.
Magnetic fields with such large correlation length could be produced only during Inflation epoch
in the Early Universe [25, 26]. Otherwise, magnetic field produced in a causal way at later epochs
could not have corrleation length larger than the size of the cosmological horizon at the "magne-
togenesis" epoch, typically associated to one of the phase transitions in the Early Universe, such
as recombination [27, 28], electroweak [29, 30, 31] and QCD [32, 33, 34] phase transitions. If the
cosmological magnetogenesis happens before Recombination, the correlation length of the relic
IGMF left from the Early Universe could not exceed the size of horizon at the Recombination. If
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Figure 2: Bounds on magnetic field derived from the simultaneous GeV-TeV data. Blue shaded regions
show the previously known bounds on B and Ag, summarized by [14]. Orange shading shows the upper
bound on B, Az which could be generated before the epoch of recombination, derived by [41].

IGMF is produced at the stage of structure formation e.g. by the outflows of magnetized plasma
induced by supernovae [35], activity of active galactic nuclei [36] or gravitational collapse [6, 7] of
proto-galaxies, the correlation length of IGMF should be of the order of typcial correlation length
of galactic and clusted magnetic fields, which is in the 0.1-10 kpc range. A lower bound on ISMF
correlation length could be derived from the requirement that the resistive dissipaiton time of IGMF
is larger than the Hubble time. This gives a lower bound of ~ 10" cm [2] shown as a vertical line
in Fig. 2.

An upper bound on the IGMF strength could be derived from the natural assumption that the
IGMF does not exceed the typical field strength measured in the galaxies (including the Milky Way
galaxy) and galaxy clusters. The direct measurements of the field strength in galaxies are possible
via the detection of Zeeman splitting of spectral lines [37]. These measurements are sensitive down
to the micro-Gauss-scale strength, which could be considered as an absolute upper bound on the
IGMF strength. This absolute upper bound does not depend on the correlation length.

An alternative technique used for the measurement of magnetic fields in galaxies and galaxy
clusters is via detection of Faraday rotation of the polarization plane of radio emission from distant
radio sources (e.g. quasars) [1]. This technique is also sensitive for micro-Gauss-scale magnetic
fields if the correlation length is in the range of typical correlation lengths of galactic magnetic
fields, ~ 0.1 kpc. Non-observation of IGMF-induced Faraday rotation of polarized emission from
distant quasars imposes a limit on IGMF at the level of ~ uG for Az ~ 0.1 pc. Contrary to the limit
from Zeeman splitting, the Faraday rotation limit depends on Ag. If Az < Ry, the polarization
angle experiences random changes due to the passages of multiple "cells" of the size R ~ Ag with
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coherent magnetic field. This means that the the position angle of the polarization plane ) changes
proportionally to the square root of the distance, Ay /AA% ~ /DAg where D is the distance to the
radio source. Non-detection of the EGMF induced Faraday rotation implies, therefore, an upper
limits on B which scales as B ~ A, 2 This upper limit is shown in Fig. 2 as an inclined blue-
shaded region.

If EGMF was produced in the Early Universe before the epoch of CMB decoupling, strong
enough IGMF could have influenced the angular power spectrum of CMB fluctuations. In this
case a limit on the strength magnetic fields homogeneous over the Hubble distance scale could be
derived from the non-observation of the large angular scale anisotropies of the CMB. This gives an
upper limit B < 4 x 10~ G for the fields with Az ~ Ry [38]. The powerlaw index dependent limit
on the magnetic field strength were derived from the analysis of the CMB angular power spectrum
in the Refs. [39, 40]. The envelope of the upper bounds on (B, Az) for the range of the powerlaw
indices —3 < n < 2 is the lower boundary of the upper bound region of (B, Ap) parameter space
marked "CMB" in Fig. 2.

Energy contained in magnetic fields with small enough correlation length is dissipated in the
course of evolution of the universe. This leads to the increase of the "integral scale" (i.e. the
distance scale which gives dominant contribution to the magnetic magnetic field energy density)
with time [41] up to the scale Ag; ~ v/H where v is the characteristic velocity scale, which is of
the order of either Alfven or viscous velocity at different epochs of the Universe expansion. Nu-
merically, Ag; ~ 1 [B /5% 10712 G] kpc for magnetic fields produced much before recombination
epoch and Ag; ~ 1 [B /8x 10~ 1 G] kpc for the magnetic fields produced at recombination. This
limit on cosmologically produced IGMF is shown as an orange-hatched region in Fig. 2.

Evidence for existence of magnetic fields in the voids provides a new important clue about
the origin of the weak seed fields which serve as starting point of amplification in basically all the
theoretical models of the origin of magnetic fields in galaxies and galaxy clusters: it is possible that
the detected IGMF are just these seed fields in their unamplified form. Further study of IGMF using
the gamma-ray observations, possibly in combination with radio and microwave band observations
could advance the resolution of the long-standing problem of the origin of cosmic magnetic fields.
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