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We explore potential of current and next-generation �-ray telescopes for the detection of weak

magnetic fields in the intergalactic medium. We demonstrate that using two complementary techniques,

observation of extended emission around point sources and observation of time delays in �-ray flares, one

would be able to probe most of the cosmologically and astrophysically interesting part of the ‘‘magnetic

field strength’’ vs ‘‘correlation length’’ parameter space. This implies that �-ray observations with Fermi

and ground-based Cherenkov telescopes will allow to (a) strongly constrain theories of the origin of

magnetic fields in galaxies and galaxy clusters and (b) discover, constrain or rule out the existence of weak

primordial magnetic field generated at different stages of evolution of the Early Universe.
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I. INTRODUCTION

Magnetic fields are known to play an important role in
the physics of a variety of astrophysical objects, from stars
to galaxies and galaxy clusters. The existence of galactic
magnetic fields with strengths in the range 1–10 �G is
established via observations of Faraday rotation and
Zeeman splitting of atomic lines in the radio band and of
polarization of starlight in the optical band [1,2]. Magnetic
fields of similar strength are found in the cores of galaxy
clusters [3]. Weaker magnetic fields with strengths in the
range 10�8–10�7 G were recently discovered at the out-
skirts of galaxy clusters [4,5].

Although the strength and spatial structure of magnetic
fields in the Milky Way and some other galaxies are
reasonably well known today, there is no commonly ac-
cepted theory about the origin of these magnetic fields (see
[1,6–8] for recent reviews of the subject). There is a
general agreement that the observed microGauss magnetic
fields are the result of amplification of weak ‘‘seed’’ fields.
The amplification mechanisms under discussion are the so-
called ‘‘��!’’ dynamo (in the case of spiral galaxies)
and/or compression and turbulent motions of plasma dur-
ing the galaxy/cluster formation processes.

The nature of the initial weak seed fields for the dynamo
or turbulent amplification is largely unknown [1,6–8]. It
might be that the seed fields are produced during the epoch
of galaxy formation by electrical currents generated by the
plasma experiencing gravitational collapse within a proto-
galaxy [9,10], or ejected by the first supernovae [11] or
active galactic nuclei [12]. Otherwise, the seed fields might
originate from still earlier epochs of the Universe expan-
sion, down to the cosmological phase transitions or infla-
tion times [7].

Wide uncertainties in both the mechanism of amplifica-
tion of the seed fields and in the nature of the seed fields
themselves have led, over the last half-a-century, to the
appearance of a long-standing problem of the ‘‘origin of
cosmic magnetic fields’’ (in galaxies and galaxy clusters).
It is clear that the clue for the solution of this problem

might be given by the measurements of the initial seed
fields. However, up to recently there was little hope that the
extremely weak fields outside galaxies and galaxy clusters
would ever be detected.
In what follows we show that direct measurements of the

seed fields and derivation of constraints on their nature
become possible with the newly available observations in
the very-high-energy �-ray band with space and ground-
based �-ray telescopes such as Fermi, HESS, MAGIC,
VERITAS and, in the near future, CTA, AGIS and
HAWC. The method of measurement of ‘‘ExtraGalactic’’
Magnetic Fields (EGMF) with �-ray telescopes is based on
the possibility of detection of emission from electromag-
netic cascade initiated by the primary �-rays emitted by an
extragalactic source and developing throughout the
InterGalactic Medium (IGM) along the line of sight toward
the source [13–18]. Based on the knowledge of sensitivity
of existing and future �-ray telescopes, we find the range of
EGMF parameters, such as the field strength B and the
correlation length �B, in which the EGMF is accessible for
the measurements with one of the two available measure-
ment techniques (imaging [15,17,18] or timing [13,14,16]
of the cascade signal). We demonstrate that most of
the astrophysically and cosmologically interesting range
of EGMF parameters could be probed with �-ray
observations.
The plan of the paper is as follows. In Sec. II we

summarize the existing bounds on the strength and corre-
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lation length of EGMF which come mostly from radio
observations. In Sec. III we discuss limits on the cosmo-
logical magnetic fields from cosmology. Then, in Sec. IV
we compare the existing bounds to the theoretical predic-
tions of two classes of models (’’astrophysical’’ vs ‘‘cos-
mological’’ models) of the seed fields and show that model
predictions normally fall largely below the existing
bounds. In Secs. V, VI, VII, VIII, and IX we first summa-
rize the methods of measurement of EGMF with �-ray
telescopes and then estimate the ranges of EGMF parame-
ters which can be probed with different observational
techniques and different telescopes. Finally, in Sec. X we
draw conclusions from our study.

II. EXISTING LIMITS ON THE EGMF

Contrary to the magnetic fields in galaxies and galaxy
clusters, magnetic fields in the IGM have never been
detected. Only upper limits, obtained by different observa-
tion techniques, exist. In this section we review the existing
observational limits on the EGMF strength.

In the simplest settings, the EGMF configuration can be
characterized by two parameters: the field strength, B, and
the correlation length, �B.

1 It turns out that limits on B
imposed by different observations depend on �B. This
means that the limits could be presented as an ‘‘exclusion
plot’’ in ðB; �BÞ parameter space, shown in Fig. 1.

Magnetic fields in IGM decay due to magnetic diffusion
over the cosmological time on the distance scales [7]

�diff ¼
ffiffiffiffiffiffiffiffiffiffi
TH

4��

s
� 2� 1013 cm; (1)

where TH is the Hubble time and � ’ 1011 s�1 is the
conductivity of the Universe after recombination. This
means that the correlation length of EGMF is limited
from below to �B � �diff . At the same time, there are no
known upper bounds on �B and a natural bound is only set
by the size of the visible part of the Universe, �B � RH,
where RH is the Hubble radius. The lower and upper
bounds on �B are shown as vertical lines in Fig. 1.

A. Zeeman splitting

A straightforward upper bound on the EGMF strength
can be found from the measurements of Zeeman splitting
of 21 cm absorption line in the spectra of distant quasars,
which are used to infer the magnetic field in the MilkyWay
galaxy [19]. The magnetic fields measured via Zeeman
splitting are usually in the range 1–100 �G and are com-
monly attributed to the field in the Milky Way [19] or in

other galaxies (see e.g [20] for detection of 84 �G mag-
netic field in a galaxy at redshift z ’ 0:7). Measurements of
��G galactic magnetic fields via Zeeman splitting tech-
nique rule out the possibility of existence of still stronger
magnetic fields in the IGM. The limit from Zeeman split-
ting measurements, obviously, does not depend on �B and
is shown as a horizontal (weakest) upper bound on B in
Fig. 1.

B. Faraday rotation

Measurements of Faraday rotation of polarized radio
emission from distant quasars provide a possibility of
detection of EGMF of the strength somewhat lower than
the one accessible for the ‘‘direct’’ measurements via
Zeeman splitting. The rotation measure RM ¼ ��=��2

(�� is the change of the polarization angle between the
wavelengths � and �þ��) is proportional to the product
of magnetic field component along the line of sight, Bk and
the electron density of the IGM ne [6]

FIG. 1 (color online). Observational limits on EGMF. Cyan
shaded region shows the upper limit on B imposed by the
Zeeman splitting measurement, the lower bound on the correla-
tion length imposed by the magnetic diffusion and the upper
bound on correlation length given by the Hubble radius. Orange
shaded region shows the limit from Faraday rotation measure-
ments. Filled orange region shows the limit derived in the
Ref. [24], while the orange-hatched region is the limit derived
in the Ref. [22]. Magenta line shows limit which can be imposed
by observations of deflections of UHECR [25]. Violet vertical-
hatched regions and the arrows at �B � 0:5 Mpc and �B � RH

show the limits imposed on cosmologically produced fields by
the CMB observations [37,38,41,46]. Black ellipses show the
ranges of measured magnetic fields in galaxies and galaxy
clusters.

1A third important parameter is the volume filling factor V of
magnetic fields of a given strength B and correlation length �B

Omitting this parameter we restrict ourself to the task of the
search of the ‘‘dominant’’ EGMF, with volume filling factor
V � 1
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��

��2
’ 0:2�F ðzEÞ

�
Bk;0

10�11 G

��
ne;0

10�7 cm�3

�
m�2; (2)

where zE is redshift of the source of polarized emission (we
use index E for ‘‘emitter’’) and function F ðzEÞ ¼
H0

RzE
0 ð1þ zÞ3ðdt=dzÞdz, if one assumes a simple redshift

evolution of BkðzÞ � Bk;0ð1þ zÞ2, neðzÞ ¼ ne;0ð1þ zÞ3
[8].

In the �CDM cosmology, the derivative dt=dz is given
by

dt

dz
¼ 1

H0ð1þ zÞ
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�Mð1þ zÞ3 þ��

p ; (3)

with H0 ’ 71 km=s=Mpc, �M ’ 0:27 and �� ’ 0:73
being the present-day value of Hubble parameter, the
cold dark matter and cosmological constant energy den-
sities, respectively [21].

Under simplest assumptions, free electrons are distrib-
uted homogeneously through the intergalactic medium.
Using this model for electron distribution, a limit of B �
10�11 G was obtained in the Ref. [22] for the present-day
electron density close to the critical density of the
Universe. Rescaling this limit for the electron density of
the order of the baryon density, one would find a limit
which is a right-bottom corner of the hatched orange region
in Fig. 1.

The limit on EGMF imposed by the Faraday rotation
measurements depends on the EGMF correlation length
�B. If �B � RH, the polarization angle experiences ran-
dom changes due to the passages of multiple ‘‘cells’’ of the
size R� �B with coherent magnetic field. This means that
the � changes proportionally to the square root of the
distance,

��

��2
� ffiffiffiffiffiffiffiffiffiffi

D�B

p
(4)

where D is the distance to the radio source. Nondetection
of the EGMF induced Faraday rotation implies, therefore,

an upper limits on Bwhich scales as B� ��1=2
B . This upper

limit is shown in Fig. 1 as an orange-hatched region.
The simplest assumptions about homogeneous distribu-

tion of free electrons in the IGM might be an oversimpli-
fication. More complicated models of electron distribution
were considered in the Refs. [23,24]. In these references
IGM models based on the Ly� data were considered.
Under certain assumptions about the dependence of ne
and B on the density of the Ly� clouds, the authors of
Ref. [24] derive a limit on B which is weaker than the one
cited above (shown as a filled orange region in Fig. 1). The
limit on Bk depends weakly on �B if �B � �J, where �J is

the Jeans length scale, which characterizes typical distance
between the Ly� clouds [24]. At small correlation lengths,

�B � �J, the limit scales as Bk � ��1=2
B since the Faraday

rotation angle experience random changes during the pas-
sage through each cloud.

C. Deflections of UHECR

Magnetic fields in IGM could be probed by the mea-
surements of their effect on trajectories of charged particles
(high-energy electrons and cosmic ray protons or nuclei), if
their sources are known. Deflections of high-energy elec-
trons and positrons are discussed below in Sec. V. In
principle, measurements of deflections of Ultra-High
Energy Cosmic Rays (UHECR) with energies EUHECR >
1019 eV also can be used to constrain the intergalactic
magnetic fields. In the simplest case, when the energy
losses of UHECR could be neglected, the deflection angle
of UHECR in a regular magnetic field with coherence
length �B larger than the distance to the source D is given
by [25]:

�EGMF ’ ZeB?D
EUHECR

’ 2:6�Z
�
EUHECR

1020 eV

��1
�

B?
10�10 G

��
D

50 Mpc

�
; (5)

where B? is the magnetic field component orthogonal to
the line of sight, EUHECR is particle energy and Z is the
atomic charge.
In an opposite case �B � D one has [25]:

�EGMF ’ 2

�

ZeB?
ffiffiffiffiffiffiffiffiffiffi
D�B

p
EUHECR

’ 0:23�Z
�
EUHECR

1020 eV

��1
�

B?
10�10 G

��
D

50 Mpc

�
1=2

�
�

�B

1 Mpc

�
1=2

(6)

The main energy loss channels of UHECR protons is pion
production on CMB [26], while for heavy nuclei it is
photo-disintegration on cosmic infrared background [27].
In both cases the energy/charge attenuation distances are
<100 Mpc. This limits the distances toward the sources of
the highest energy cosmic rays to be not larger than D�
100 Mpc.
It is clear that measurement of EGMF with UHECR

would be possible only under the condition that extraga-
lactic point sources of UHECR would be detected (which
is not the case at present). Even if the extragalactic
UHECR point sources would be known, attempts of the
measurement of EGMF would face the following principal
difficulty. For a known UHECR source, deflections of
UHECR arrival directions from the real source position
are determined not only by EGMF, but also by the deflec-
tions in the Galaxy, by magnetic fields in the intervening
large scale structure elements, like galaxies or galaxy
clusters along the line of sight and by deflections in the
source host object (galaxy, galaxy cluster). As a result, the
deflection angle � is a sum of at least three terms,

� ¼ �Gal þ �EGMF þ �Source: (7)

Measurement of deflections by EGMF, �EGMF, via mea-
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surement of � implies that the deviation by the Galactic
magnetic field, �Gal and possible deviations by the source
host or intervening galaxies/galaxy cluster(s), �Source, are
known.

The magnetic field of the Milky Way galaxy is conven-
tionally modeled as a sum of the regular and turbulent
components of the field in the disk and halo of the
Galaxy. This means that the term �Gal in the above decom-
position of � is itself a superposition of at least four terms:

�Gal ¼ �
regular
Disk þ �turbulentDisk þ �

regular
Halo þ �turbulentHalo : (8)

Deflection by regular and turbulent components of
Galactic Disk and Halo, �Diskregular, �Haloregular and �Diskturbulent,

�Haloturbulent, can be estimated by substitution of the typical

disk/halo size at the place of D and of the typical disk/halo
field strength and correlation lengths at the place of B, �B

in Eqs. (5) and (6). Deflections of UHECR by the regular

field in the disk �regularDisk were studied in many theoretical

models staring from Ref. [28]. Typical values of parame-
ters entering the analog of Eq. (5) imply substitution D !
2 kpc length scale (for sources located far from the
Galactic Plane) and B ! 2 �G, which give for Eq. (5)

�
regular
Disk ’ 4�. Turbulent fields are typically assumed to have

coherence scale �50 pc and B ’ 4 �G, which, for same
field height scale �2 kpc gives �turbulentDisk ’ 0:5�. Con-

tributions of the Halo fields are less certain, but result in
deflections at least of the same order, see recent discussion
of all components in Refs. [29–31].

Although deflection angles of UHECR by the Galactic
magnetic field can be readily estimated by order-of mag-
nitude, uncertainties in the measurements of Galactic mag-
netic field and discrepancies between the existing
measurements and existing theoretical models of Galactic
fields [29,31] do not allow to predict the deflection angle
and direction of deflection for particular lines of sight
(toward UHECR sources). This means that, most probably,
the details of the structure of the Galactic magnetic field
along the line of sight toward UHECR sources would have
to be deduced from the UHECR data itself, rather than just
taken into account in the UHECR data analysis [32]. This,
obviously, will introduce a large uncertainty into the deri-
vation of the properties of EGMF from the UHECR data.

Finally, the last term in the Eq. (7), �Source, is equally
uncertain. Recent attempts of modeling of deflections of
UHECR by the intervening elements of large scale struc-
ture, such as galaxy clusters and/or filaments by two groups
(see Refs. [33,34]) give contradictory results, which re-
flects uncertainties of the structure of magnetic fields in-
side and around clusters and filaments. In addition, if an
UHECR source is nearby, the source host galaxy or galaxy
cluster could span several degrees on the sky. Significant
deflections of UHECR by magnetic fields in the host
galaxy or galaxy cluster could produce intrinsic 1–10�-
scale extension of the source [35], which would make the
extraction of information about EGMF from the study of

deflections of UHECR arrival directions from the source
position still more problematic.
Neglecting the above-mentioned problems, one could

derive a theoretical ‘‘sensitivity’’ limit of future UHECR
experiments for the detection of EGMF. Taking into ac-
count the typical angular resolution of current and next
generation UHECR experiments, like JEM-EUSO is
�PSF ’ 2� [36], one could find, from Eqs. (5) and (6) that
EGMF with the strength down to B� 10�10 G (in the case
of large correlation length �B) could influence the obser-
vational appearance of the signal from the UHECR source.
Theoretically possible sensitivity limit of UHECR experi-
ments for the measurements of EGMF is shown as magenta
line in Fig. 1.

III. LIMITS ON THE COSMOLOGICAL
MAGNETIC FIELDS FROM COSMOLOGY

Zeeman splitting or Faraday rotation methods allow to
detect, or put upper bounds, on the weak ‘‘seed ‘‘ magnetic
fields in the intergalactic medium in the present day
Universe. As it is mentioned in Introduction, such fields
could have been generated either during the epoch of
galaxy formation, or at the earlier stages of evolution of
the Universe. If the seed fields were generated before the
epoch of recombination, additional constraints on the field
strength and correlation length can be derived from the
analysis of the CMB data.
Most of the cosmological ‘‘magnetogenesis’’ models

result in predictions of tangled magnetic field configura-
tions with broad band power-law like spectra in Fourier
space, cut off at a characteristic (model dependent) length
scale �B, so that the Fourier components of the field have
the form [37]

jBkj2 ¼ B2
0

�
k

kB

�
n nþ 3

4�
�ðkB � kÞ; (9)

where kB ¼ 2�=�B and n is the power-law index. The
energy density contained in the EGMF in the present day
Universe, 	0

B ¼ B2
0=ð8�Þ, is expressed as an integral over

the Fourier space 	0
B ¼ 1=ð8�k3BÞ

R
d3kjBkj2. Note that, in

order to have finite energy in magnetic field, one has to
assume n >�3 in the Eq. (9).
Constraints on the parameters of the magnetic field

spectrum come from the measurements of the anisotropies
of the CMB spectrum, Faraday rotation of CMB, chemical
potential of CMB and from Compton parameter measure-
ments (analog of Sunyaev-Zel’dovich effect at recombina-
tion epoch). If the magnetic fields were generated prior to
the epoch of big bang nucleosynthesis (BBN), additional
(weaker) constraints could be derived from the BBN cal-
culations, at the level of B0 < 10�6 G (see, for example,
[7]). It is important to note that constraints on cosmological
magnetic field strength B normally depend not only on the
correlation length �B, but also on unknown power-law
index n.
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The most straightforward limit on the strength magnetic
fields homogeneous over the Hubble distance scale could
be derived from the nonobservation of the large angular
scale anisotropies of the CMB. This gives an upper limit
B � 4� 10�9 G for the fields with �B � RH [38]. The
power-law index dependent limit on the magnetic field
strength were derived from the analysis of the CMB angu-
lar power spectrum in Refs. [39–41]. The envelope of the
upper bounds on ðB; �BÞ for the range of the power-law
indices �3 � n � 2 is the lower boundary of the thin
vertical violet hatched region of ðB; �BÞ parameter space
marked ‘‘CMB’’ in Fig. 1.

Nonthermal dissipation of magnetic field energy into the
energy of electrons/positrons during the recombination
epoch could lead to distortion of blackbody CMB spectrum
[42]. This distortion produces nonzero chemical potential
�, which was calculated in the Ref. [37] in the form of a
double integral. In order to calculate the bounds on B, �B,
we consider two limiting cases in which the integral could
be taken analytically, namely, the cases when the magnetic
field correlation length is much smaller or much larger than
the characteristic damping length scale (the wavelength at
which the magnetic field is damped by a factor e):

�D ¼ 2�

z3=2�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�t0

15n0e�Th

s
	 400 pc; (10)

where time constant is �t0 ¼ 2:4� 1019 s, z� is the char-

acteristic redshift of freeze-out from double-Compton scat-
tering z� ¼ 2:5� 106, n0e is electron density and �Th is

Thomson cross section.
Taking into account the constraint j�j< 9� 10�5 at

95% confidence level from COBE FIRAS data [43], one
can derive limits on magnetic fields in the analytical form
in the two limiting cases. In the case �B � �D one has
[37]:

B< 3:2� 10�8 G
1ffiffiffiffi
K

p
�

�B

400 pc

��ðnþ3Þ=2
; (11)

where K ¼ 1:4�ðn=2þ 5=2Þ�ð3n=5þ 9=5Þ2�ðnþ5Þ=2 �
ð6=5Þðnþ 3Þ is a constant of the order of unity, K ¼
0:8=2:1 for n ¼ �2=þ 1. In the opposite case �B � �D

the constraint is

B< 3:2� 10�8 G
1ffiffiffiffiffiffi
K2

p
�

�B

400 pc

�
; (12)

where K2 is another constant of the order of unity. The
strongest limit on the field strength is obtained for the fields
with correlation length �B � �D. For the fields with such
correlation length no convenient analytical approximation
could be found and instead a numerical integration of
expression of the Ref. [37] should be performed. In
Fig. 1 we show the bound on B, �B implied by the analysis
of distortions of CMB spectrum as extrapolation of the
analytical approximations given by Eq. (11) and (12) for

the whole ranges �B < �D, �B > �D. Note that the depen-
dence of the limits on B, �B on the power-law index n
practically disappears in the case �B � �D (only weak
dependence remains in the constant K2). At the same time,
uncertainty in the value of n ‘‘washes out’’ the upper
bounds on B at the length scales �B � �D.
We have cross-checked the above results by adopting an

assumption that the magnetic field spectrum has the

-function rather than a power-law shape of Eq. (9). In
terms of Eq. (9) this would correspond to the limit n ! 1.
As expected, Eq. (11) does not give any constraints in this
case for �B < �D, while limit Eq. (12) remains as it is.
Apart from producing a nonzero chemical potential,

transfer of the magnetic field energy to electrons/positrons
could result in nonzero Compton parameter y. Taking into
account restrictions y < 1:5� 10�5 from COBE FIRAS,
one finds a limit B< 3� 10�8 G at �� 0:3–0:6 Mpc
[37]. Note, that limits Eq. (11) and (12) constrain magnetic
fields created at z > z� ¼ 2:5� 106, while the limit fol-

lowing from restrictions on y applies for fields created
before recombination z > 2� 104.
Magnetic fields created before recombination could pro-

duce another observable phenomenon: Faraday rotation of
linear polarization of CMBR. Constraints on B, �B stem-
ming from nonobservation of this effect were first dis-
cussed in the Ref. [44] and subsequently updated using
the 5-years data of WMAP in the Ref. [45]. The limits
coming from nonobservation of Faraday rotation in CMB
signal are, at present, weaker than the limits imposed by
the rotation measures of distant blazars or limits from the
CMB angular power spectrum [46]. The limit from non-
observation of Faraday rotation in the CMB signal is
shown by thick violet vertically hatched region.

IV. THEORETICAL PREDICTIONS

The search for extremely weak EGMF is important in
the context of the problem of the origin of magnetic fields
in galaxies and galaxy clusters. The most commonly ac-
cepted hypothesis about the origin of magnetic fields in
spiral galaxies is that they were produced via the so-called
‘‘��! dynamo’’ mechanism from tiny seed fields of
uncertain origin [1]. Estimates of the efficiency of ��!
dynamos imply that the seed field should have strength of
the order of �10�21 G or higher, although these estimates
suffer from large uncertainties.2 Alternatively, magnetic
fields in galaxies and galaxy clusters could be produced
via compression of the seed magnetic fields present during
structure formation epoch, and their amplification by the
turbulence (see e.g. Ref. [7]). Decisive observational test of
alternative theories of the origin of cosmic magnetic fields

2Recent discoveries of strong magnetic fields in galaxies at
significant redshifts imply still stronger seed magnetic fields, see
e.g. [20]

SENSITIVITY OF �-RAY TELESCOPES FOR . . . PHYSICAL REVIEW D 80, 123012 (2009)

123012-5



can be given only by observations of the initial weak seed
fields implied in all the theoretical models.

However, the nature of the weak seed fields remains
largely unconstrained. Theoretically, two main hypotheses
exist: that of the ‘‘astrophysical origin’’ (see e.g. [1]) and of
the ‘‘cosmological origin’’ (see e.g. [7]) of the seed fields.
The ‘‘astrophysical origin’’ models usually assume that the
seed fields are produced via the so-called ‘‘Biermann
battery’’ effect (difference in mobility of electrons and
protons in astrophysical plasma) at the early stages of
galaxy formation. Different types of collective motions
of plasma could be involved, such as the outflows from
the first supernovae [11], activity of active galactic nuclei
[12], gravitational collapse [9,10] and/or turbulence
[47,48] in proto-galaxies. The cosmological models usu-
ally exploit a similar effect at earlier stages of evolution of
the universe, during or before recombination [49,50], elec-
troweak [51–53] and QCD [54–56] phase transitions or at
still earlier epochs [57–60] (see [7] for a review). It is clear
that detection of the seed magnetic fields would not only
help to resolve the problem of the origin of magnetic fields
in galaxies and galaxy clusters, but also provide a new
observational data constraining physical conditions in the
Early Universe.

The significant difference between the ‘‘cosmological
origin’’ and ‘‘astrophysical origin’’ models of the seed
fields is that in the former case weak seed magnetic field
should be present everywhere the Universe today. In par-
ticular, the seed fields could be found in the voids of large
scale structure, outside galaxies and galaxy clusters. To the
contrary, if the seed fields are produced via astrophysical
mechanisms inside proto-galaxies, no magnetic field gen-
eration outside galaxies and clusters is expected. Magnetic
field in the voids of the large scale structure is expected to
be close to zero.

The ‘‘cosmological origin’’ models could be divided
onto two broad classes: models based on mechanisms
operating during phase transitions in the Early Universe
and models based on mechanisms operating during infla-
tion epoch. In the latter case, the fields might be produced
on a superhorizon scale and no firm theoretical limits on
the characteristic field correlation length can be deduced.
In the former case, the strength and correlation length of
cosmologically generated magnetic fields are well limited
from above.

The correlation length of magnetic field can not exceed
the size of the horizon at the moment of phase transition

�B
 � a0
a
H


� 1ffiffiffiffiffiffiffi
GN

p
T
T0

� 1015
�

T

100 GeV

��1
cm;

(13)

where a, H and T are scale factor, expansion rate, and
temperature of the Universe and GN is the Newton con-
stant. Indices 0 and 
 refer to the parameter values today
and at the moment of magnetic field production, respec-

tively. The magnetic field strength at the correlation length
�B is limited by the requirement that the magnetic field
energy density 	B ¼ B2=ð8�Þ should not overclose the
Universe. Since the magnetic field energy density evolves
in the same way as the radiation energy density, 	B �
	ph � a�4, present day magnetic field at the scale �B is

limited to be below the field for which the energy density is
equal to the CMB energy density,

Bð�B
Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8�ð2=g
Þ1=3	CMB

q
’ 3� 10�6ðg
=2Þ�1=6 G;

(14)

where g
 is the number of relativistic degrees of freedom at
the moment of magnetogenesis. If the magnetic field would
grow so that it would start to contribute significantly to the
overall energy density of the Universe, its further amplifi-
cation during the magnetogenesis epoch would stop be-
cause the energy transferred to the magnetic field would be
dissipated via strong gravitational wave production
[41,61].
The upper limit on the magnetic field strength at the

horizon scale (14) implies an upper limit on superhorizon
scales which follow from straightforward causality argu-
ments [62]. For nonhelical magnetic fields an upper limit
on the strength of magnetic field at arbitrary length scale �
could be obtained taking into account the fact that the
power-law index of magnetic fields produced in a causal
way at phase transition(s) are limited to be n � 2 [62]

Bð�BÞ � Bð�B
Þ
�
�B

�B


��ðnþ3Þ=2 � 3� 10�6

�
�B

�B


��5=2
:

(15)

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 con-
tribution to the magnetic field energy density) with time
[63] up to the scale

�B;I � v

H
(16)

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. Numerically, �B;I �
1½B=5� 10�12 G� kpc for magnetic fields produced
much before recombination epoch and �B;I � 1½B=8�
10�11 G� kpc for the magnetic fields produced at
recombination.
The above constraints limit the possible present day

values of B, �B for the magnetic fields produced in the
Early Universe. The possible ranges of the ðB; �BÞ parame-
ter space are shown in Fig. 2 for the cases when magneto-
genesis proceeds during electroweak or QCD phase
transitions or at the moment of recombination. These
regions are bound on the left by the constraint on �B;I
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given by Eqs. (15) and (16). The right-side boundaries of
the allowed regions are determined by the constraints (14)
and (15).

If the magnetic fields possess nonzero helicity, the en-
ergy contained in the short-wavelength modes can be trans-
ferred to the longer-wavelength modes via the
development of ‘‘inverse cascade’’, rather than dissipated
in the fluid motions. This results in a slower decay of the
magnetic field energy density and faster growth of the
integral scale, than in the case of nonhelical fields [63].

For the helical magnetic fields, the magnetic field power
can be transferred from the initial scale �B
 to a larger
scales ��B via inverse cascade. Conservation of helicity
implies that H � B2L, where L is the distance scale, is
conserved during the inverse cascade. Analytical/numeri-
cal calculations of the inverse cascades show that the

cascade length scale evolves as aL� t2=3 [63] during the
radiation-dominated epoch, which means that

�� B ’
�

T

1 eV

�
1=3

�B
 �Bð ��BÞ ’
�

T

1 eV

��1=6
Bð�B
Þ

(17)

at the end of the radiation-dominated epoch at T � 1 eV.
The causality argument applied for the helical magnetic
fields gives the constraint on the power-law index n � 3 at
the scales � � ��B [62]. The limit (17) is weaker than the
bound (15) on nonhelical magnetic fields. This limit de-
termined the right-side boundary of the allowed regions of

ðB; �BÞ parameter space for the electroweak and QCD
phase transition magnetogenesis in Fig. 2.
It is interesting to note that predictions for the strength

and correlation length of the ‘‘primordial’’ magnetic fields
produced at electroweak and QCD phase transitions fall in
a region of ðB; �BÞ parameter space which is not accessible
for the existing measurement techniques, such as Faraday
rotation or Zeeman splitting methods. However, it turns out
that this region of ðB; �BÞ parameter space is accessible for
the measurement techniques which exploit the potential of
the newly opened field of very-high-energy (VHE) �-ray
astronomy. In the following sections we demonstrate that
using the current and next-generation ground and space-
based �-ray telescopes one could probe the part of ðB; �BÞ
parameter space shown by the light and dark-grey-shaded
regions in Fig. 2 and in this way test the models of the
origin of seed fields and the models of the origin of
magnetic fields in galaxies and galaxy clusters.

V. MEASUREMENTS OF EGMF WITH �-RAY
TELESCOPES

Basic formulas

Multi-TeV �-rays emitted by distant point sources are
not able to propagate over large distances because of the
absorption in interactions with optical/infrared extragalac-
tic background light (EBL).
Redshift-dependent inverse mean free path of such

gamma-rays of the energy E0
�0

propagating at redshift z

FIG. 2 (color online). Model predictions and estimates for the EGMF strength. Cyan shaded region and black ellipses show the
experimental limits and measurements from Fig. 1. Upper bound at B� 10�10 G shown by solid line comes from flux conservation
during galaxy formation argument [7]. Upper bound at B ¼ 10�12 G shows a limit imposed by constrained simulations of magnetic
fields in galaxy clusters [12,34]. Left panel: left and right-hatched regions show theoretically allowed range of values of B, �B for
nonhelical and helical fields generated at the epoch of electroweak phase transition during radiation-dominated era. Middle panel: left
and right-hatched region show ranges of possible B, �B for nonhelical and helical magnetic fields produced during the QCD phase
transition. Right panel: hatched region is the range of possible B, �B for EGMF generated during recombination epoch. Dark grey-
shaded region shows the range of ðB; �BÞ parameter space accessible for the �-ray measurements via �-ray observations. Light-grey
shaded regions show the parts of the parameter space in which the existence of EGMF could be confirmed or ruled out, but no
measurements of EGMF strength is possible.
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through the EBL of the density nEBLð�; zÞ can be defined as
D�ðE0

�0
; zÞ�1 ¼ h���nEBLi

¼
Z 1

�0
min

d�0
dnEBLð�0; zÞ

d�0

�
Z 1

�1
d�ð1��Þ���ðsÞ; (18)

where ���ðsÞ is pair production cross section which de-

pends on s ¼ 2E0
�0
�0ð1��Þ with � being cosine of the

angle between the directions of propagation of �-ray and
background photon. The limit of integration �0min ¼
m2

e=E
0
�0

in Eq. (18) corresponds to the threshold of the

pair production.
Estimates of D�ðE0

�0
; zÞ suffer from significant uncer-

tainty in the modeling of nEBLð�; zÞ. There exist several
theoretical models for the formation of infrared/optical
background based on the models of evolution of starlight
and dust emission from different types of galaxies at differ-
ent redshifts. The resulting estimates of nEBLð�; zÞ widely
differ both in the predicted shape of local nEBLð�; z ¼ 0Þ
and in its evolution with increasing redshift, see Refs. [64–
67]. However, all the models agree in a general trend of
decrease of D� with the increasing energy and redshift.

Following results of Ref. [68], one can assume that
nEBLð�; zÞ 	 ð1þ zÞ�2nEBLð�; z ¼ 0Þ. In this case the in-
tegrals in the Eq. (18) depend on z only through E0

�0
.

Simplifying the expression (18) in this way, we have found
that in the energy band of interest for the following dis-
cussion, a broad range of model predictions/uncertainties
for D� could be described by the following simple ap-

proximation

D�ðE0
�0
; zÞ ¼ 40

�

ð1þ zÞ2
�

E0
�0

20 TeV

��1
Mpc; (19)

where a numerical factor � ¼ �ðE�0
; zÞ � 1 accounts for

the model uncertainties. Comparing the results of calcula-
tions of the Refs. [64–67] one can find that in the energy
range E0

�0
� 0:1–10 TeV and the redshift range z < 1 the

uncertainty in � is as large as 0:3 � � � 3.
As the �-ray propagates from the source toward the

Earth, the optical depth with respect to the pair production
grows as

d


dt
¼ 1

D�ðE0
�0
; zÞ ; (20)


 reaches 1 at the time t��, which can be implicitly found

from equation

Z t��

tE

dt

D�ðE0
�0
; zÞ ¼

Z z��

zE

dz

D�ðE0
�0
; zÞ

dt

dz
¼ 1; (21)

where tE is the time of emission of photon from the source
and zE and z�� are, the redshifts corresponding to the times

tE and t��.

In principle, the mean free path of very-high-energy
�-rays from distant sources could be large enough so that
z�� could be significantly different from zE. In this case the

exact expression (21) should be used to determine t��. The

‘‘comoving’’ mean free path d� of �-rays of initial energy

E0
�0
ðzEÞ could then be estimated as

d�½E0
�0
ðzEÞ� ¼

Z t��

tE

dt0

aðt0Þ ; (22)

where aðtÞ ¼ a0=ð1þ zÞ.
In the following calculations (which are mostly order-of

magnitude estimates) we will adopt a simplifying assump-
tion that z�� ’ zE. In this case t�� � tE could be explicitly

found from Eq. (21) and expression (22) reduces to

d�½E0
�0
ðzEÞ� ’

D�ðE0
�0
; zEÞ

aðtEÞ : (23)

One should remember, however, that assumption z�� ’ zE
does not hold for relatively low-energy (sub-TeV) �-rays
which could produce cascade signal in Fermi (GeV) energy
band.
Using Eq. (3) one can find the optical depth with respect

to the pair production for the �-rays of the energy E�0
that

reach observer on the Earth:


ðE�0
; zEÞ ¼

Z zE

0
dz

dt

dz

1

D�ðð1þ zÞE�0
; zÞ : (24)

Adopting the approximation (19) for D�0
one finds the

estimate for 



ðE�0
; zEÞ ¼ 2ð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�Mð1þ zÞ3 þ��

p � 1Þ
3H0�MD�ðE�0

; 0Þ : (25)

Uncertainties in the model predictions forD�ðE0
�0
; zÞ result

in the discrepancies between the model predictions for 
.
Comparing the results of different calculations reported in
the literature, one can find, for example, 
 ¼ 1 at z ¼ 0:03
for E� ¼ 5–18 TeV in the models of Ref. [64], E� ¼
9 TeV in the model of [65], E� ¼ 7–8 GeV in the models

of Ref. [66] and E� ¼ 2:7 TeV for fast evolution model of

Ref. [67], the value from Eq. (25) is E� ¼ 6 TeV. One can

verify that the estimate of 
 given by Eq. (25) is within
factor 2 from results of [65] for z < 1 and 0:2 TeV<

E�0
< 30 TeV. This range of primary �-ray energies cor-

responds to the range of secondary �-ray energies
30 MeV<E� < 0:7 TeV [see Eq. (27) below], which

covers the energy range accessible for Fermi as well as
for Cherenkov telescopes. Taking into account the fact that
error introduced by approximation (25) is smaller than
uncertainty of the models, we will use approximations of
Eqs. (19) and (25) instead of exact Eqs. (18) and (24) in the
following sections.
The pair production on EBL reduces the flux of �-rays

from the source by
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FðE�0
Þ ¼ F0ðE0

�0
ðzEÞÞe�
ðE�0

;zEÞ; (26)

where FðE�0
Þ is the detected spectrum, F0ðE0

�0
Þ is the

initial spectrum of the source and 
ðE�0
; zEÞ is the optical

depth (24) and (25).
The eþe� pairs produced in interactions of multi-TeV

�-rays with EBL photons produce secondary �-rays via
inverse Compton (IC) scattering of the CMB photons.
Typical energies of the IC photons reaching the Earth are

E� ¼ 4

3
ð1þ z��Þ�1�0CMB

E02
e

m2
e

’ 0:32

�
E0
�0

20 TeV

�
2
TeV

(27)

where �0CMB ¼ 6� 10�4ð1þ z��Þ eV is the typical energy

of CMB photons. In the above equation we have assumed
that the energy of primary �-ray is E0

�0
’ 2E0

e with E0
�0

being the energy of the primary �-rays at the redshift of the
pair production. Upscattering of the infrared/optical back-
ground photons gives subdominant contribution to the IC
scattering spectrum because the energy density of CMB is
much higher than the density of the infrared/optical
background.

Deflections of eþe� pairs produced by the �-rays, which
were initially emitted slightly away from the observer,
could lead to ‘‘redirection’’ of the secondary cascade pho-
tons toward the observer. This effect leads to the appear-
ance of two potentially observable effects: extended
emission around an initially point source of �-rays
[15,17,18] and delayed ‘‘echo’’ of �-ray flares of extra-
galactic sources [13,16].

The cascade electrons loose their energy via IC scatter-
ing of the CMB photons within the distance

De ¼ 3m2
ec

3

4�TU
0
CMBE

0
e

’ 1023ð1þ z��Þ�4

�
E0
e

10 TeV

��1
cm:

(28)

The deflection angle of the eþe� pairs, accumulated over
the cooling distance, depends on the correlation length of
magnetic field, �B.

If the correlation length �B is much larger than De,
motion of electrons and positrons at the length scale De

could be approximated by the motion in homogeneous
magnetic field. In this case typical deflection angle 
 is
estimated as a ratio ofDe to the Larmor radius in magnetic
field B0,

RL ¼ E0
e

eB0 ’ 3� 1028
�

B0

10�18 G

��1
�

E0
e

10 TeV

�
cm: (29)

Note, that, in principle, the EGMF depends on the redshift,
B0 ¼ B0ðzÞ. In the simplest case, when the magnetic field
strength changes only in result of expansion of the
Universe, B0ðzÞ � B0ð1þ zÞ2, where B0 is the present
epoch EGMF strength. This gives


 ¼ De

RL

’ 3� 10�6ð1þ z��Þ�4

�
B0

10�18 G

��
E0
e

10 TeV

��2

’ 3� 10�6ð1þ z��Þ�2

�
B0

10�18 G

��
E0
e

10 TeV

��2
(30)

If the correlation length of magnetic field, �0
B, is much

less than electron cooling distance De, electron deflections
are described as diffusion in angle, so that the deflection
angle is estimated as


 ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
De�B

p
RL

’ 5� 10�7ð1þ z��Þ�2

�
E0
e

10 TeV

��3=2

�
�

B0

10�18 G

��
�0
B

1 kpc

�
1=2

’ 5� 10�7ð1þ z��Þ�1=2

�
E0
e

10 TeV

��3=2
�

B0

10�18 G

�

�
�
�B0

1 kpc

�
1=2

(31)

where we have assumed that �0
B scales with z as �0

B ¼
�B0ð1þ zÞ�1 with �B0 being the present epoch EGMF
correlation length.
Knowing the deflection angle of electrons, one can read-

ily find the angular extension of the secondary IC emission
from the eþe� pairs using simple geometrical calculation
in the comoving reference system, shown in Fig. 3. In this
figure dE is the comoving distance to the source, defined as

dE ¼
Z tE

0

dt

aðtÞ ¼
1

a0H0

Z zE

0

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�Mð1þ zÞ3 þ��

p dz (32)

and d� is the �-ray mean free path given by Eq. (22) which,

in the case z�� ’ zE can be calculated using Eq. (23). The

angle �ext is expressed through dE, d� and 
 as

sinð�extÞ ¼
d�½E0

�0
�

dE
sin
: (33)

In the case z ¼ zE ’ z�� the above expression reduces to

�extðE�Þ ¼
D�ðE0

�0
; zÞ

D�ðzÞ 
 ¼ 



�ðE�0
; zÞ ; (34)

where D� ¼ aðtEÞdE is the angular diameter distance,

� ¼ D�=D� and we have assumed 
� > 1, 
 � 1. For

small z, 
� is close to 
ðE�0
; zÞ. Numerically, the above

estimate of the size of extended emission around an extra-
galactic point source is

d γ
Θext

δ

dE

FIG. 3. Geometry of propagation of the direct and cascade
�-rays from the source (on the left) to the observer (on the right).
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�ext ’
�
0:5�ð1þ zÞ�2½
�10��1½ E�

0:1 TeV��1½ B0

10�14 G
�; �0

B � De

0:07�ð1þ zÞ�1=2½
�10��1½ E�

0:1 TeV��3=4½ B0

10�14 G
�½ �B0

1 kpc�1=2; �0
B � De

(35)

A clear observational signature of the presence of EGMF
induced cascade emission around an initially point source
is the decrease of the extension of the source with the
increase of photon energy.

The difference in the path between the direct and cas-
cade �-ray leads to the appearance of delayed emission
from a flaring extragalactic �-ray source. The geometrical
scheme of Fig. 3 enables to estimate the time delay be-
tween the direct photons and secondary inverse Compton
�-rays produced by deflected electrons as

Tdelay ¼ t�� � ðtE � tcascadeÞ (36)

where t�� is found from Eq. (21), tE is the light travel time

of direct �-rays from the source,

tE ¼
Z zE

0

dt

dz
dz (37)

and tcascade is the travel time of the secondary IC photons,
which is implicitly expressed through the equation

Z t0

t0�tcascade

dt0

aðt0Þ ¼ ðd2E þ d2�� � 2dEd�� cosð
þ�extÞÞ1=2

(38)

where t0 is the present time.
In the case z�� ’ zE ¼ z, 
 � 1 the resulting expres-

sion is

Tdelay ’ ð1þ zÞD�ðE0
�0
; zÞ
2

2

�
1�D�ðE0

�0
; zÞ

D�ðzÞ
�
: (39)

Numerically, at z � 1, the time delays for the cases of
magnetic fields with large and small correlation lengths are
given by

Tdelay ’
�
7� 105�ð1� 
�1

� Þð1þ zÞ�5½ E�

0:1 TeV��5=2½ B0

10�18 G
�2 s; �0

B � De

104�ð1� 
�1
� Þð1þ zÞ�2½ E�

0:1 TeV��2½ B0

10�18 G
�2½ �B0

1 kpc� s; �0
B � De

: (40)

The magnetic field induced time delays could be identified in the observational data via their characteristic dependence on
the photon energy.

The magnetic field induced extended emission and delayed echo of �-ray flares are detectable only if the deflection
angle 
 is larger than the intrinsic angular scatter of the cascade particles, which is estimated as 
limit ’ me=Ee. Comparing

 from Eqs. (30) and (32) with 
limit one finds that the measurement of magnetic fields via the detection of cascade
emission is possible for B0 larger than

Blimit
0 ¼

�’ 3� 10�22 Gð1þ zÞ2½ E�

0:1 GeV�1=2; �0
B � De

’ 1:8� 10�20 G
ffiffiffiffiffiffiffiffiffiffiffiffi
1þ z

p ½ E�

0:1 GeV�1=4½ �0
B

1 kpc��1=2; �0
B � De:

(41)

From the above equation one can see that lowering the
energy threshold of a �-ray telescope enables to measure
weaker magnetic fields. This means that the weakest mag-
netic fields at the level of the lower bound for the galactic
dynamos,B� 10�21 eV could be best explored with Fermi
which detects photons with energies above 0.1 GeV.

VI. LOWER LIMIT ON THE EGMF STRENGTH VS
‘‘UNIVERSAL GEV TAILS OF TEV �-RAY

FLARES’’ EFFECT

From the discussion of Sec. IV it is clear that a possi-
bility that the EGMF strength is B � Blimit, where Blimit is
given by Eq. (41), is not ruled out observationally and/or
theoretically. Moreover, most of the ‘‘astrophysical origin’’
models of the seed fields for the dynamo/compression/
turbulence amplification invoke mechanisms which pro-
duce seed fields locally in the parent (proto)galaxy, rather

than throughout the IGM, so that the field in the IGM is
expected to be nearly zero.
The possibility of the absence of magnetic fields in

excess of Blimit (41) in the IGM could be readily tested
via observations with Fermi. Indeed, if the EGMF in the
voids of large scale structure does not significantly deflect
eþe� pairs produced via absorption of the highest energy
�-rays from TeV blazars, one still expects that the IC
emission from the secondary eþe� pairs will produce an
observable contribution to the detected �-ray signal.
Moreover, the cascade emission is expected to produce a
delayed ‘‘tail’’ of the �-ray flares, because of the deflec-
tions of eþe� pairs by an angle 
limit �me=Ee.
Substituting 
limit at the place of 
 into Eq. (39) one finds

Tdelay;limit ’ 106
�ð1� 
�1

� Þ
ð1þ zÞ

�
E�

0:1 GeV

��3=2
s (42)
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The time delay of the cascade induced tails of �-ray
flares depends only on the energy of the detected photons
and on the distance to the source. This means in the case
B � Blimit one expects to

(i) (a) detect echoes in the E� � 0:1–1 GeV energy

band in the flares of all blazars with spectra extend-
ing up to the E�0

� 1 TeV energy band,

(ii) (b) detect the increase of the time delay of the
echoes with the increase of the source redshift and

(iii) (c) detect the decrease of the time delay of the
echoes with the increase of the �-ray energy.

Systematic observation of such delayed ‘‘echoes’’ in
Fermi energy band would be an unambiguous evidence
for the hypothesis of extremely weak or zero magnetic
fields B � Blimit in the IGM. At the same time, nondetec-
tion of the �-ray flare echoes with ‘‘universal’’ parameters
for all blazars would rule out the possibility of extremely
weak magnetic fields or, in other words, impose a lower
bound on the EGMF strength,

B � Blimit: (43)

and, in this way, rule out a range of ‘‘astrophysical origin’’
or ‘‘cosmological origin’’ models of the seed field.

The curve B ¼ Blimit for E� ¼ 0:1 GeV (typical energy

of �-rays observed by Fermi) is shown by the thick black
dashed line in the left panel of Fig. 4.

VII. MEASUREMENTS OF THE EGMF VIA TIME
DELAYS IN �-RAY FLARES

A. Fermi

If B � Blimit, the time delay of the �-ray flare signal
increases above the minimal possible value given by

Eq. (42) and starts to depend on B. Measuring the (energy
dependent) time delay one can, therefore, determine the
value of EGMF in the region of the size R�D�ðE�0

Þ
around the �-ray source.
Typical durations of the flares of blazars monitored by

Fermi are Tflare � 1–10 days.3 If 
ðE�0
; zÞ> 1, most of the

primary source flux at the energy E�0
is absorbed in

interactions with EBL and is subsequently reemitted within
the time Tdelay at the energy E�. The flux of the delayed

emission could be estimated as

Fdelay � Tflare

Tdelay þ Tflare

F0ðð1þ zÞE�0
Þ: (44)

The spectra of all the TeV �-ray loud blazars have
photon indexes harder than � ¼ 2, which corresponds to
the equal power emitted per decade of energy. This means
that for the TeV blazars the energy flux F0ðð1þ zÞE�0

Þ is
normally higher than F0ðE�Þ. This, in turn, implies that for

sufficiently distant sources with 
ðE�0
; zÞ> 1 (significant

fraction of the primary source power at the energy E�0
is

transferred to the secondary pairs) the delayed cascade flux
is comparable or larger than the primary flare flux at the
energy E�, as long as Tdelay � Tflare. Thus, if the primary

source flare is detectable with Fermi, the secondary cas-
cade emission should be also readily detectable, at least for
the range of time delays Tdelay � Tflare � 1–10 d.

To deconvolve the cascade contribution from the
direct emission from the source one has to simultaneously
fit the light curves in different energy bands with a sum

FIG. 4 (color online). Left panel: Grey shaded region shows the range of ðB; �BÞ parameter space which can be excluded via
nonobservation of ‘‘minimal possible’’ time delay of �-ray flares by Fermi. Cyan colored limits on ðB; �BÞ are the limits shown in
details in Figs. 1 and 2. Middle panel: region of ðB; �BÞ parameter space which can be probed via observations of time delays of �-ray
flares with Fermi (dark-grey shaded) and current and next-generation atmospheric Cherenkov telescopes (orange hatched). Right
panel: region of ðB; �BÞ parameter space which can be probed via observations of extended emission with Fermi (dark-grey shaded)
and current and next generation atmospheric Cherenkov telescopes (orange hatched).

3See the Fermi lightcurves of selected blazars at http://fermi.
gsfc.nasa.gov/ssc/data/access/lat/msl_lc/.
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of direct time dependent emission from the source
exp½�
ðE�; zÞ�F0ðE�; tÞ plus a delayed contribution. The

expected light curve of the delayed emission is obtained
via a convolution of the direct emission light curve with an
exponential kernel [16]

Fdelayðt; E�Þ ¼
Z t

�1
ð1� e�
ðE�0

;zÞÞF0ðð1þ zÞE�0
; t0Þ

� exp

�
� t� t0

TdelayðE�Þ
�
dt0 (45)

The GeV �-rays are emitted by electrons/positrons pro-
duced by the primary �-rays of the energies E�0

’ 1:3 TeV

[see Eq. (27)]. Such �-rays can travel over several hundred
Mpc distances [see Eq. (19)]. This means that the timing
observations with Fermi would reveal the magnetic fields
averaged over many voids of the large scale structure.

To estimate the maximal magnetic field detectable via
the measurements of time delays, we notice that if the time
delay becomes much larger than the duration of the flare,
the delayed flux diminishes by a factor Tdelay=Tflare � 1,

compared to the primary source flux [see Eq. (45)]. If the
delayed flux becomes much smaller than the quiescent
source flux, the delayed emission is difficult to detect.
Assuming that the flux enhancement in the 1–10 d time
scale flares of Fermi blazars is by a factor of �10, we can
estimate that the maximal detectable time delays are of the
order of Tdelay � 102 days. Since the EGMF induced time

delay is smallest at the largest energies, the maximal time
delay is best detectable at the highest energies accessible
for the observations, which are E� � 100 GeV for Fermi.

Substituting the estimated maximal Tdelay and E� into

Eq. (40) one finds that the maximal magnetic field is

Bmax
0 ’

�
4� 10�18��1=2ð1� 
�1

� Þ�1=2ð1þ zÞ5=2½ E�

0:1 TeV�5=4½Tdelay

102 d
�1=2 G; �B � De

3� 10�17��1=2ð1� 
�1
� Þ�1=2ð1þ zÞ½ E�

0:1 TeV�½ �B;0

1 kpc��1=2½Tdelay

102 d
�1=2 G; �B � De

: (46)

The range of EGMF strengths measurable via time delays with Fermi is shown as the lower dark grey-shaded region in the
middle panel of Fig. 4.

B. Cherenkov telescopes

Ground-based Cherenkov telescopes detect �-rays of somewhat higher energies (E� � 50 GeV) than Fermi. Next-

generation Cherenkov telescopes, like CTA, are expected to reach the low-energy threshold of about E� � 10 GeV. Higher

threshold energy of Cherenkov telescopes leads to a somewhat higher limiting magnetic field (41)

Blimit
0 ’

�
3� 10�21ð1þ zÞ2½ E�

10 GeV� �B � De

6� 10�20
ffiffiffiffiffiffiffiffiffiffiffiffi
1þ z

p ½ E�

10 GeV�1=4½�BðzÞ
1 kpc��1=2 G; �B � De

(47)

and much shorter minimal delay time, Tlimit ’ 103�ð1�

�1
� Þð1þ zÞ�1½E�=10 GeV��3=2 s.
It is clear that in the absence of magnetic fields in excess

of Blimit one expects to observe the ‘‘universal GeV tails of
TeV flares’’ effect, discussed in the previous section also
with the next-generation Cherenkov telescopes. The pros-
pects for detection and study of such ‘‘universal tails’’ with
Cherenkov telescopes are potentially even better than with
Fermi. The effective collection area of the ground-based
�-ray telescopes at the low-energy threshold is at least 4
orders of magnitude larger than the effective area of Fermi.
This enables detection of very short time delays. In fact,
the measurements of time delay between the signal of
blazar �-ray flares in different energy bands reach �10 s
already with the current generation instruments [69,70]. At
the energies above�10 GeV the minimal measurable time

delays with the next-generation instruments will be limited
mostly by the intrinsic time spread of the �-ray flare, rather
then by the sensitivity of the instrument. At the moment,
fastest observed variability time scale of blazar flares is
�1 min , comparable to the minimal possible variability
time scale, given by the light-crossing time of the blazar’s
central engine, the supermassive black hole [71–73].
Assuming that the minimal measurable time delays are
Tdelay � 10 s, one can check that the fields of the strength

at the level given by Eq. (49) could be readily measured.
Rescaling the estimate of the maximal measurable mag-

netic field (46) to the higher energies accessible for
Cherenkov telescopes one finds that the timing measure-
ments are sensitive to the magnetic fields with the strength
up to

Bmax
0 ’

�
10�15��1=2ð1� 
�1

� Þ�1=2ð1þ zÞ5=2½ E�

10 TeV�5=4½Tdelay

102 d
�1=2 G; �B � De

3� 10�15��1=2ð1� 
�1
� Þ�1=2ð1þ zÞ½ E�

10 TeV�½ �B;0

1 kpc��1=2½Tdelay

102 d
�1=2 G; �B � De

: (48)
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The range of EGMF strengths measurable via time
delays with Cherenkov telescopes is shown as the
orange-hatched region in the middle panel of Fig. 4.

VIII. MEASUREMENTOF EGMF VIA DETECTION
OF EXTENDED EMISSION AROUND
EXTRAGALACTIC POINT SOURCES

A. Fermi

If the magnetic field is large enough, deflections of the
cascade eþe� pairs can be detected not only via time delay
of the cascade emission, but also as extended emission of
the angular size (35) directly in the images of the extra-
galactic �-ray sources.

The extension of the source could be detected if the
source size is larger than the point spread function (PSF)
of a telescope. The minimal magnetic field measurable via
the study of extended emission is the one at which the
extension of the source becomes larger than the telescope’s
PSF at low-energy threshold.
In the particular example of Fermi, the PSF depends on

the photon energy, decreasing roughly as �PSF ’
0:3�½E�=1 GeV��0:8 below E� ’ 1 GeV and slowly im-

proving from �0:3� at 1 GeV to �PSF ’ 0:1� at E� �
100 GeV.
Substituting the reference energy E� ¼ 1 GeV and

�ext ¼ 0:3� into Eq. (35) one can find the minimal field
measurable with Fermi

Bmin
0 ’

�
6� 10�17 
�

10 ð1þ zÞ2½ E�

1 GeV�½�ext

0:3�� G; �B � De

1:3� 10�15
�ð1þ zÞ1=2½ E�

1 GeV�3=4½ �B0

1 kpc��1=2½�ext

0:3�� G; �B � De

: (49)

It is interesting to note that, in principle, the size of the
extended source grows with the decrease of energy below
E� � 1 GeV, so that, apparently, it should be easier to
detect the extension of the source at lower energies, close
to the low-energy threshold of Fermi, E� � 0:1 GeV.
However, for Fermi, �PSF grows with the decrease of
energy below E� � 1 GeV roughly in the same way as
�ext, so that the decrease of the photon energy does not
facilitates the detection of extended emission.

The total flux of the extended source does not depend on
the magnetic field strength. This means that the surface
brightness of the source decreases inversely proportional to
the �2

ext. Detection of extended emission becomes impos-
sible when the surface brightness of the extended source
becomes comparable to the fluctuations of the diffuse

background. If the minimal point source flux detectable
by telescope is FPSF, the minimal detectable extended
source flux scales with the source size as Fext ’
ð�ext=�PSFÞ. For Fermi, FPS depends on the photon energy
approximately as FPS ’ 10�12ðE�=1 GeVÞ erg=cm2 s at

E� � 1 GeV.

The flux of the brightest TeV blazars reaches F0 �
10�10 erg=cm2 s. If the source is at sufficiently large dis-
tance, so that 
�ðE�0

; zÞ � 1, the extended source flux at

the energy E� is Fext � F0. Such flux can be detected by

Fermi up to the energies E� � 100 GeV if the source size

is not larger than �ext � 0:1�ðE�=100 GeVÞ�1. This en-

ables to estimate the maximal magnetic field measurable
with Fermi as

B0;max ’
�
2� 10�15ð1þ zÞ2½
�10�½�ext

0:1�� G; �B � De

1:4� 10�14ð1þ zÞ1=2½ E�

100 GeV�3=4½ �B0

1 kpc��1=2½�ext

0:1��½
�10� G; �B � De

: (50)

The range of magnetic fields measurable via a study of extended emission around extragalactic point source with Fermi
is shown as an upper dark shaded region in the right panel of Fig. 4.

B. Cherenkov telescopes

The angular resolution of Cherenkov telescopes is comparable to that of Fermi at the energies E� � 100 GeV. A

somewhat higher low-energy threshold of Cherenkov telescopes results in a higher estimate of the minimal magnetic field
strength measurable via detection of extended emission,

Bmin
0 ’

�
2� 10�16
�ð1þ zÞ2½ E�

10 GeV�½�ext

0:1�� G; �B � De

2:5� 10�15
�ð1þ zÞ1=2½ E�

10 GeV��1=4½ �B

1 kpc��1=2½�ext

0:1�� G; �B � De

: (51)
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Amuch larger effective collection area of Cherenkov telescopes explains their better performance at the highest
energies. Assuming that photons of the energy up to �6 TeV (produced by the primary �-rays of the energies E�0

’
100 TeV could be detected, one can estimate the maximal EGMF strength from the condition that the size of the extended
source should be smaller than the size of the telescope’s field of view (FoV)

Bmax
0 ’

�
3:6� 10�12ð1þ zÞ2½ E�

6 TeV�½
�10�½�ext

3� � G; �B � De

9� 10�12ð1þ zÞ1=2½ E�

6 TeV�3=4½ �B0

1 kpc��1=2½�ext

3� �½
�10� G; �B � De

(52)

Typical sizes of the FoV of Cherenkov telescopes are
several degrees. Obviously, extension of the FoV up to
�10�, expected e.g. with the high-energy part of CTA or
with AGIS will extend the range of EGMF strengths ac-
cessible for the study toward stronger fields.

The range of the field strengths measurable via study of
extended emission around extragalactic sources with
Cherenkov telescope is shown at the red right-hatched
region in the right panel of Fig. 4.

IX. EVIDENCE FOR STRONG EGMF

If the search of EGMF with ðB; �BÞ in the range outlined
by the grey-shaded region in Fig. 2 will not give positive
results and the lower bound on EGMF strength discussed in
Sec. VI would be confirmed, this would signify that mag-
netic fields in excess of �10�12 G are present all over the
IGM. A direct test of this result will be possible with the
help of imaging of extragalactic �-ray sources. Strong
EGMF should cause a phenomenon of the presence of
universal extended pair halos around all extragalactic
multi-TeV �-ray sources [74], with properties which de-
pend on the source redshift, but do not depend on the
EGMF strength.

Namely, if the magnetic field is strong enough, trajecto-
ries of eþe� pairs are strongly deflected over the cooling
lengthDe, so that the deflection angle 
 becomes 
� 1. In
this case the secondary IC photons are emitted isotropi-
cally from a region of the size R�D�ðE�0

Þ around the

primary �-ray source. If the primary source emits �-rays
isotropically, the expected flux of the extended halo at the
energy E� is equal to the primary unabsorbed source flux at

the energy E�0
. The angular size of the halo, �haloðE�Þ �

D�ðE�0
Þ=D ’ 1=
�ðE�0

; zÞ, depends on the source redshift,
but not on the intrinsic properties of the source or on the
EGMF strength.

If the primary source (e.g. a blazar) emits the primary
�-ray flux anisotropically, in a jet with an opening angle
�jet, the cascade emission fills a cone with an opening

angle �jet and height H �D�ðE�0
Þ, rather then forms a

spherically symmetric halo around the source. In this case
the size of extended source produced by the cascade emis-
sion is expected to be smaller, �halo �D�ðE�0

Þ�jet=ðD�
D�ðE�0

ÞÞ ’ �jet=ð
�ðE�0
; zÞ � 1Þ. At the same time, the

flux in the extended source is expected to be suppressed

by a factor�2
jet, compared to the primary source flux at the

energy E�0
.

The halos around sources which are distant enough,

ðE�0

; zÞ � 1, and having significant fluxes at high ener-

gies, F0ðE�0
Þ � FðE�Þ, should be readily detectable with

the current and next-generation VHE �-ray telescopes. In
fact, if the primary source flux is characterized by the
photon index �< 2 the extended halo flux could dominate
over the primary source flux at the energy E�, in the case of

an isotropic primary source and be moderately below the
point source flux in the case of an anisotropic primary
source. For example, the flux from the brightest TeV
blazars is at the level F0ðE�0

Þ � 10�10 erg=cm2 s at the

energies E�0
� 1–10 TeV. If the primary emission from

the source is beamed into a jet with an opening angle
�jet � 5� (plausible assumption which implies the bulk

Lorentz factor �10 for the blazar jet), the expected
EGMF-independent extended emission flux at the energies
i.e. at the level detectable by Fermi.
The part of the ðB; �BÞ parameter space in which the

existence of nonzero EGMF could be established via imag-
ing �-ray observations, but no measurement of EGMF is
possible, is shown as an upper light-grey-shaded region in
Fig. 2.

X. CONCLUSIONS

We have discussed the prospects of detection of weak
magnetic fields in the intergalactic medium with the novel
techniques of timing and imaging observations with
ground and space-based �-ray telescopes. These tech-
niques enable measurements of extremely weak magnetic
fields with strengths much lower than the ones accessible
for the measurements with radio telescopes (via Zeeman
splitting and/or Faraday rotation techniques).
We have demonstrated that using �-ray observations one

can detect, or rule out the possibility of existence of
cosmologically or astrophysically produced seed magnetic
fields in the voids of the large scale structure, which are
conjectured to exist in a range of theories of the origin of
magnetic fields in galaxies and galaxy clusters (see Fig. 2).
To summarize, we find that the discovery or nondetec-

tion of weak magnetic fields in the voids of the large scale
structure should provide, in the nearest future, a decisive
test of the theories of the origin of cosmic magnetic fields.
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