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Abstract: One of the most promising ways to probe intergalactic magnetic fields (IGMFs) is through
gamma rays produced in electromagnetic cascades initiated by high-energy gamma rays or cosmic rays
in the intergalactic space. Because the charged component of the cascade is sensitive to magnetic fields,
gamma-ray observations of distant objects such as blazars can be used to constrain IGMF properties.
Ground-based and space-borne gamma-ray telescopes deliver spectral, temporal, and angular information
of high-energy gamma-ray sources, which carries imprints of the intervening magnetic fields. This
provides insights into the nature of the processes that led to the creation of the first magnetic fields and into
the phenomena that impacted their evolution. Here we provide a detailed description of how gamma-ray
observations can be used to probe cosmic magnetism. We review the current status of this topic and
discuss the prospects for measuring IGMFs with the next generation of gamma-ray observatories.
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1. Introduction

The advent of imaging air Cherenkov telescopes (IACTs) enabled the study of very-
high-energy (VHE; E 2 1 TeV) processes involving gamma rays with unprecedented
precision. With small angular resolutions (fpss ~ 0.1°), IACTs such as the High-Energy
Stereoscopic System (H.E.S.S.) [1], the Major Atmospheric Gamma Imaging Cherenkov
(MAGIC) [2,3], and the Very Energetic Radiation Imaging Telescope Array System (VERI-
TAS) [4,5] provide a unique view of the gamma-ray universe above TeV energies. These ob-
servations are supplemented, at higher energies, by measurements with water-Cherenkov
detectors such as the High Altitude Water Cherenkov Experiment (HAWC) [6], the Astro-
physical Radiation with Ground-based Observatory at YangBaJing (ARGO-YB]J) [7], the
Large High Altitude Air Shower Observatory (LHAASO) [8], and the Tibet Air Shower
Experiment (Tibet-AS+y) [9]. The launch of the Fermi Large Area Telescope [10] (Fermi-LAT)
in 2008 was undoubtedly one of the most important landmarks in gamma-ray astrophysics.
The complementarity between Fermi-LAT and IACTs has been crucial to glimpse into
extreme cosmic accelerators, and to shed light on large-scale properties of the Universe,
including the topic of this review: intergalactic magnetic fields (IGMFs).

In the last few decades, active galactic nuclei (AGNs) were observed across the whole
electromagnetic spectrum, from radio to gamma rays (for reviews see, e.g., Refs. [11,12]).
Ever since the Whipple Telescope observed the first BL Lac-type AGN at very-high energies,
Mrk 421, in 1992 [13], blazars—a sub-class of AGNs—have been extensively studied.
Because their relativistic jets point approximately towards Earth, their emission can probe
the Universe over vast distances. At gamma-ray energies, in particular, they can be used
to probe the extragalactic background light (EBL) [14-20] and IGMFs [21-23], as well as
fundamental physics [24-26]. It is thanks to combined observations of blazars by IACTs
and Fermi-LAT that the first studies aiming to constrain IGMFs were possible.

The process whereby high-energy gamma rays emitted by blazars initiate electromag-
netic cascades in the intergalactic space has been known for over half a century [27-31].
It follows immediately from the idea of cascades that magnetic fields can interfere with
their development. Despite the numerous works on the topic (e.g., [32-37]), it was not until
later that the potential of electromagnetic cascades as a method to probe IGMFs was fully
realized by Plaga [38], though there have been considerations of the underlying concept
even before that [39].

The seminal work of Neronov and Vovk [40] sparked an avalanche of subsequent inves-
tigations along the same lines in the following years (e.g., [41-47]), most of which derived
lower bounds on the strength of IGMFs ranging from B > 10~ G to B > 10~ G, depend-
ing on the specific details of the analysis, which is in line with more recent works [47-49].
So far, only constraints on IGMFs have been derived, as opposed to actual measurements.
Apart from very general considerations, the coherence length (Lp) of IGMFs has not
been constrained by any analysis until very recently, when somewhat weak bounds were
obtained based on observations of the neutrino-emitting blazar, TXS 0506+056: Lp ~ 10 kpc-
300 Mpc [50].

Large-scale cosmic magnetic fields have been investigated using several techniques.
For instance, X-ray and radio emission by galaxy clusters have been used to probe the
magnetic field in these objects [51,52]. Clusters are connected through magnetized ridges
observed in radio with instruments like the Low-Frequency Array (LOFAR) [53,54]. At
even larger scales, in cosmic voids, measurements are more difficult because of the low
density of these regions. This is where high-energy gamma rays from electromagnetic
cascades excel: they provide tomographic information of the magnetic fields in these
regions. In this case, the short-lived electron—positron ! pairs produced in electromagnetic
cascades are sensitive to the local magnetic field. Given the distance scales involved in this
type of study, it is probable that, on average, the pairs are formed in cosmic voids, which
fill most of the volume of the Universe. Because magnetic fields in voids are virtually
unaffected by structure formation, they provide a direct window into the early Universe
and the magnetogenesis process (see, e.g., [55-59] for reviews). The absence of such fields
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would indicate that seed magnetic fields originated in astrophysical objects, and were
subsequently amplified through dynamo processes until they reached present-day levels
of ~1 puG in galaxies [52,57].

Another way to constrain cosmic magnetic fields (or to explain certain observations)
provides only upper bounds. If IGMFs have been generated in the early Universe—called
primordial magnetic fields (PMFs)—they have an impact on several cosmological aspects.
First of all, they represent an additional constituent of the total energy of the Universe
and, as such, have an impact on its evolution which results in manifold imprints onto
the CMB (see [60] and the references therein). In fact, they may even be able to reduce
the tension between the values of the Hubble constant obtained, on the one hand, from
type la Supernovae observations and, on the other hand, from Planck measurements of
the CMB [61]. Furthermore, there are claims [62] that, depending on their strength, PMFs
created at the electroweak phase transition (EWPT) may prevent the electroweak baryo-
genesis. Contrarily, it has been shown recently that Inflation-generated helical magnetic
fields could create the necessary baryon asymmetry in the first place [63]. Additionally,
strong magnetic fields have an impact on the neutron-proton conversion rate, therefore
affecting the rates of the weak reactions which are responsible for the chemical equilibrium
of neutrons and protons before Big Bang nucleosynthesis (BBN), thus modifying it [55].

This article reviews some key results on cosmic magnetism obtained through gamma-
ray measurements in the last three decades. First, we present a brief overview of intergalac-
tic magnetic fields, their origin, evolution, and properties, in Section 2. Then, in Section 3,
we introduce some gamma-ray sources that have been used for IGMF studies and provide
more details on how high-energy gamma rays propagate in the intergalactic space and how
they can be used to probe IGMFs, followed by some experimental constraints, in Section 4.
Finally, in Section 5, we reflect upon the status and the main challenges of this particular
field, and discuss the prospects for finally measuring IGMFs with gamma-ray telescopes.

2. Intergalactic Magnetic Fields

Magnetic fields are present on all scales, ranging from small objects like planets to
clusters of galaxies and beyond. Galaxies have fields of B ~ 1 uG [52,57,64,65], which
drive the magnetization of the circumgalactic medium via winds [66]. Active galax-
ies can eject jets of magnetized material into galaxy clusters [67] and even into cosmic
voids [68]. Clusters of galaxies are connected to each other through filaments, whose fields
are B ~ 0.1-10 nG [52,57,65]. They compose the cosmic web, whose magnetic properties
are poorly known. This is, to a large extent, due to the scarcity of observational data, owing
to the intrinsic difficulties in measuring magnetic fields at scales larger than clusters of
galaxies. For this reason, numerical simulations play an important role providing the full
picture of how magnetic fields are distributed in the cosmic web. For further details, the
reader is referred to, e.g., Ref. [65].

A natural question that arises is how magnetic fields in galaxies reached the uG level
we observe today. One possible explanation is that astrophysical dynamos can amplify
seed magnetic fields by many orders of magnitude. In this context, these seed fields are
required to have strengths of at least 10722 to 101> G [69,70], the actual value depending
on the particular model. However, if the seeds are strong enough (B > 107! G), one does
not need to invoke dynamos. In this case, adiabatic compression [55] (potentially together
with some stretching and shearing of flows [71]) is sufficient.

Given the distance scales involved in typical IGMF studies using particle probes, only
the large-scale distribution of magnetic fields is relevant. In this case, clusters of galaxies
fill <1073 of the Universe’s volume (the so-called volume filling factor), such that their
magnetic field is virtually negligible if we are studying how particles propagate over large
distances and the effects of magnetic fields upon them. Filaments are believed to have
filling factors ~1073-10~!, whereas cosmic voids are the most important contribution,
with a filling factor 210’1. Therefore, magnetic fields in the voids are, to first order, the
dominant component that determines how particles propagate over cosmological baselines.
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The origin of the seed magnetic fields is one of the main open questions in astrophysics
today. In Section 2.2, we briefly mention some of the main mechanisms for magnetogenesis,
focusing on providing some estimates of the relevant observables—field strength, coher-
ence length, and helicity—that can be probed with high-energy gamma-ray observations.
Before that, in Section 2.1, we provide some important definitions and the mathematical
framework required for understanding cosmic magnetism. Conclusively, in Section 2.3 we
present techniques other than gamma-ray astrophysics used to constrain IGMFs and the
results originating from them.

2.1. Statistical Observables

Stochastic magnetic fields can be characterized by a number of observables which
correspond to different statistical averages. The first one is the average magnetic-field
strength (B). When considering this quantity, it is a common misconception to talk about
the mean of B because at cosmological scales it is expected that (B;) = 0 for each individual
component i, in particular for a Gaussian distribution, which is the typical first-order
assumption. The relevant quantity, in this context, is the root mean square of the magnetic
field, defined from

1
B2 = Bl = o / B2(r) &%, 1)
1%

where V is the considered volume. Another related quantity, the magnetic helicity Hp, is
given by

Hp = /A(r) “B(r)d%, @)
1%

where A(r) is the vector potential, i.e., B =V x A. Originally, Hz had been defined for a
vanishing normal magnetic field component everywhere at the boundary of V, even though
it is possible to drop this condition in a more general case [72]. As the name suggests,
Hp is directly related to the topology of the magnetic field, more precisely to whether the
magnetic field on average is left- or right-handed. It should be noted that magnetic helicity
is a well-defined quantity as it is gauge-invariant if the aforementioned requirement of a
vanishing normal magnetic field at the border is fulfilled. Furthermore, it is conserved in
ideal MHD and plays an important role for the time evolution of the (energy content of
the) magnetic field in general (cf. Section 2.2.1).

To define the other quantities, we need to introduce the Fourier transform, which for
a given (magnetic) field B(r) is given by

~ 1
Blk) = (27)3

/ B(r)e '~ d%, 3)

\%

and represents the mode for the wave vector k. We can then determine the statistical
connection between any two modes, represented by wave vectors k and k/, by calculating
the corresponding ensemble average (denoted as (...)), given by

(Ba(l)By(K') ) = (271)%60) (k — K Py (K') . @)

Assuming that the magnetic field is homogeneous and isotropic, the general form of

Pﬂb is

kaky, i
Pap (k) o< | Ogp — > My + —e€gpckcHy, ©)
k2 CH

where J,;, and €, are the Kronecker delta and the Levi-Civita symbol, respectively, M
is the spectral magnetic energy, Hy is the spectral magnetic helicity density, and cy is a
numerical constant which depends on the convention used. It is important to mention
here that there is a fundamental relation between M} and Hj: one can show (see, for
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example, [73]) that for a given k the value of Hy is limited by the corresponding value
of Mk ’

C
el < lag, ©

such that the right hand side of Equation (6) is also called maximal (spectral) helicity,
and the actual spectral helicity density may be expressed as a fraction fy of it, with
-1<fu <1
In general, one assumes
My ock*1, @)

which means that the spectrum is given by a power law for which the spectral index
«p defines its type. It is assumed that at small scales (i.e., for large values of k), IGMFs
have a Kolmogorov (xp = —2/3, see [74,75]) or an Iroshnikov/Kraichnan (ap = —1/2,
see [76,77]) spectrum at present time. Both values for the spectral index were derived from
dimensional considerations, with the latter one assumed to be valid under the assumption
of a strong mean magnetic field. Still, due to the fact that the numerical values of these two
spectral indices are very close to each other, up to the present day it has not been possible to
distinguish between them experimentally [78,79]. For large scales (i.e., small k) one expects
a Batchelor spectrum (ap = 5), as predicted using general causality arguments in [80] and
confirmed by semi-analytical simulations in [81]. Other works also considered a white
noise spectrum (ap = 3) [82,83]. On the other hand, IGMFs produced during Inflation
(cf. Section 2.2.1) are expected to be scale-invariant, which corresponds to ap = 0 (see,
for example, [84]). Note that there are different ways to define the spectral index, such
that the numerical values in other publications might differ from the one used here while
describing the same kind of spectrum.

The last essential characteristic statistical observable considered here is the correlation
length (Lp) which is given by

27 [ k1M dk

BT T Mdk ®
J M

In a simplified way, Lp can be understood as the average size of the eddies of the
magnetic field. Again it should be noted that several different ways to define the correlation
length are found in the literature, such that small differences (for example by a factor of a
few) are possible. This is discussed, e.g., in [85], where also the power-law case relevant
here is addressed in more detail.

2.2. Origin

While the origin of IGMFs is still unknown, there are two classes of scenarios for their
magnetogenesis present in the literature [55,58,64]. In cosmological scenarios strong seed
magnetic fields were created during the early Universe and later decayed to their present
state. In astrophysical scenarios, on the other hand, weak seed magnetic fields emerged due
to local effects (for example, a battery process) in astrophysical objects, being subsequently
amplified by dynamo mechanisms. In the following, we will present possible mechanisms
for both of these classes of scenarios. Note that this separation is done here purely for
reasons of clarity and comprehensibility. In reality, the situation may be more complex, as
the particular mechanism may be the result of (yet) unknown physics, or the actual origin
of IGMFs may turn out to be a combination of multiple processes, astrophysical and/or
cosmological.

2.2.1. Cosmological Scenarios

The seed magnetic fields of cosmological scenarios, i.e., the PMFs, are thought to be
created by some major cosmological effect, such that they permeate the whole Universe.
Without any claim to completeness (more details may be found in [58,59,86]), we list some
of these possibilities below.
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Inflation. Magnetic fields may have been produced during inflation (for a review on Infla-
tion in general, see, e.g., [87]). However, if Maxwellian conformal invariance is preserved,
these fields are predicted to be exceedingly weak (B < 107" G at the epoch of galaxy
formation [86]), being negligible for all practical purposes [88]. Models for inflationary
magnetogenesis that are of astrophysical relevance must generate much stronger fields.
Because conformally invariant fields are not produced in an expanding conformally-flat
spacetime, one has to introduce a coupling of the electromagnetic field with the inflaton,
and/or an additional coupling which breaks the conformal or gauge invariance, mainly of
the form Ry, yapF WE* or Ry, AM A, respectively [58] (where F* is the electromagnetic field
tensor, Ryy is the Ricci tensor and Ry,,4p is the Riemann curvature tensor), even though
other terms are also possible [88,89]. After the seminal publications in the field [88,90] the
follow-up works (see, for example, [91-99]) then further explored the idea or investigated
more exotic scenarios. Due to a large parameter space the resulting magnetic field strength
estimations, even in the simplest models, range from 10~ to 10~ G [92].

Post-Inflationary. It is also possible that magnetic fields emerged between Inflation and
the EWPT, for example during or before reheating. The general idea is that the coupling
between the electromagnetic and a scalar field breaks the Maxwellian conformal invariance.
In particular, the scalar field in question may be an oscillating inflaton, which decays into
radiation and reheats the Universe [100], resulting in IGMFs with B > 10~'° G on ~ Mpc
scales. In another scenario [101], Majorana neutrino decays result in lepton asymmetries,
and ultimately in baryon asymmetries via anomalous processes, subsequently leading
to the violation of lepton/baryon numbers. This then may produce relic hypercharge
magnetic fields which are converted to electromagnetic fields during the EWPT, giving
~10718 G field strength with Lg ~ 10 pc today. More recently, the idea of a Weibel
instability emerging and subsequently amplifying a possible inflationary magnetic field
during this era has been considered [102].

Electroweak Phase Transition. Within the SM, the EWPT is assumed to be rather smooth [103],
such that in order to realize a first order transition, mechanisms beyond the Standard Model
(BSM) have to be considered [104]. The basic idea of magnetogenesis during the EWPT was
first laid out by [105]. Due to the restrictions of possible values of the vacuum expectation
value of the Higgs field, ®, which breaks the electroweak symmetry, and the fact that it
varies with the position in space, we have 9, ® # 0, such that the electromagnetic field
strength does not necessarily compensate effects arising from the Higgs field. Hence, we
expect a non-vanishing magnetic field after the phase transition. Note, however, that the
magnetic field depends on gradients of ®. Other possible scenarios may be found in [106],
with the general conclusion that magnetic fields of up to ~10~" G on scales of ~10 kpc
are possible [59].

Quantum Chromodynamics Phase Transition. In a similar fashion to the EWPT, it should
be mentioned here that within the Standard Model of particle physics (SM) the quantum
chromodynamics phase transition (QCDPT) is considered to be of the second order or
crossover type [107-110], such that, for it to be of first order, a SM extension has to be
invoked [111]. Several works [112-114] discuss magnetogenesis due to the growth of
bubbles of the hadronic phase and, subsequently, charge separation, which ultimately leads
to the creation of electric currents and consequently of magnetic fields with an estimated
field strength of the order of ~1071® G on ~kpc scales [113].

It is usually assumed that immediately after magnetogenesis most of the magnetic-
field energy is concentrated on a characteristic length called the integral scale. The basic
idea, as described in [115], is that throughout the evolution of the Universe up to the
present day, the magnetic energy decays starting with small scales, such that the integral
scale is increasing until it reaches the coherence length of IGMFs today. Throughout the
years, there has been a large number of simulations, both numerical and (semi-)analytic,
which modelled this time evolution for different magnetogenesis scenarios [81,83,115-120].
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As a final remark it should be pointed out that, due to the fact that magnetic helicity is
(nearly) conserved, it plays an important role in the time-evolution of magnetic fields, in
particular by causing the so-called inverse cascade of energy, i.e., the transfer of magnetic
energy from small to large scale fluctuations [73,115,121-123]. These inverse cascades,
however, do not seem to be exclusive to helical fields, as shown in recent simulations [124].

It is well possible that PMFs actually were helical. One of the first works along these
lines was [125], suggesting the creation of a left-handed PMF due to a change of the Chern—
Simons number. Other possible mechanisms include extra dimensions [126], the coupling
to the cosmic axion field [127] or an axion-like coupling [128], the Riemann tensor [129],
a spectator field [84], or an inherently helical coupling [130] during Inflation in the first
place. Recently, also the possibility of helicity generation via a chiral cosmological medium
around the EWPT has been considered [131], however the authors found the effect to be
suppressed due to the value of the baryon to entropy ratio.

2.2.2. Astrophysical Scenarios

A number of possible mechanisms also exists for the astrophysical scenario. They all
have in common that magnetic fields are created locally due to some astrophysical process.
Some of them are concisely described below.

Biermann Battery. It is manifestly difficult to create magnetic fields from scratch due to the
fact that in classical MHD, if B(r) = 0 at some instant in time, then this is true for all later
times. A way to evade this limitation is through the Biermann battery mechanism [132,133],
for which the basic idea is that the misalignment of temperature and density gradients
induces an electric field which ultimately results in the generation of a magnetic field. Prior
to Reionization, this process produces exceedingly weak fields in the intergalactic space
(B <107 G)[134]. In protogalaxies, these fields can reach B ~ 10-22-10~1 G [135-137].
For other astrophysical and cosmological settings see also [56,57,138-140].

Galactic Outflows. One obvious candidate to produce IGMFs are the galaxies themselves,
as they eject matter and energy into the intergalactic space. Most authors assume that
this can be driven by stars, in particular magnetized winds, or cosmic rays [66,141-144].
However, other possibilities exist as well, including the magnetization of voids by giant
radio lobes or bubbles from AGNSs, even though energetics requirements generally do not
allow for such a substantial effect over the age of the Universe [68,145-147].

Cosmic-Ray Return Currents. In addition to the outflow scenario discussed above, cosmic
rays escaping from a galaxy create a charge imbalance resulting in electric fields and,
subsequently, return currents. Ultimately, these return currents can produce magnetic
fields on scales which are sufficiently large to provide the seed for IGMFs [148,149].

Photoionization during the Reionization Era. During Reionization high-energy photons
are able to escape from objects like population I stars, protogalaxies, and quasars into the
(then) neutral intergalactic medium (IGM). This causes photoionization which ultimately
causes the generation of radial currents (and electric fields), inducing magnetic fields
with strengths B ~ 1072° — 1072 G on scales between ~1 kpc and 10 Mpc [150-152].
Remarkably, this mechanism can generate global magnetic fields through astrophysically-
initiated mechanisms. This seeding scheme agrees with results of large-scale cosmological
MHD simulations by Garaldi et al. [153], although they could, in principle, be subdominant
with respect to seeds produced through the Biermann battery.

Primordial Vorticity. In a seminal paper by Harrison [154], it was suggested that due
to relativistic effects electromagnetic fields are coupled to vorticity 2, such that rotating
protogalaxies could create primordial vorticity that could generate magnetic fields in the
radiation-dominated era. However, vorticity is predicted to decay rather fast in the early
Universe, such that more advanced theories based on the same idea, but with vorticity
appearing at later stages or using higher-order effects, had to be introduced [155-158].
Several of the mechanisms listed above require a dynamo mechanism in order to
amplify the magnetic field strength to the observed present-day values. Especially the
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small-scale dynamo has attracted major interest in this context (see [65,73,159,160] for some
recent results), even though simulating it numerically poses a challenge due to the size of
the scales which have to be resolved.

2.3. General Constraints

In this review we focus on constraints on IGMFs from gamma-ray observations. How-
ever, since IGMFs can interact through various electromagnetic phenomena throughout
the Universe, there are other ways to derive bounds on them. In this section we present the
general ideas to do so, based on Ref. [161] and including some more recent developments.

First, there is a generic lower and upper limit on the coherence length (Lg) [161]. The
latter is given by the size of the observed Universe, i.e., the Hubble radius. On the other
hand, the IGMF decays due to magnetic diffusion, such that the lower limit on Lp is given
by the length scale equivalent to the corresponding decay time, i.e., Lg > 2 x 10! m [55].

As for the magnetic-field strength (B), measurements of the Zeeman splitting of H1
lines can be used to set upper bounds on this quantity. This can be done either for our own
galaxy or for the radiation from distant quasars [162-164], both consistently giving a result
of the order of ~uG. In the latter case, any stronger IGMFs along the line of sight to the
object would have a measurable impact on the observations, thus giving a robust upper
limit for the IGMF strength.

Another constraint on IGMFs is derived from Faraday rotation measurements of
polarized radio emission from quasars and other extragalactic sources. Faraday rotation
describes the (wavelength-dependent) rotation of the polarization plane of polarized
electromagnetic radiation when it traverses a magnetized medium. Therefore, the value
of the relevant observable, the so-called rotation measure (RM), may be subdivided into
contributions from the host galaxy, the IGM, and the Milky Way. With a rigorous statistical
analysis of RM data, one can then identify the impact of the IGMF, and hence derive limits
on the IGMF strength which in general depend on Lp. There are many studies on the
topic [54,165-171], all of which give upper limits ranging from nG to a few uG. This is
also confirmed by other methods, like the interpretation of radio observations as the result
of shock acceleration in galaxy clusters [172,173]. In this context, fast radio bursts (FRBs)
can play an important role [174], delivering both rotation and dispersion measures. As a
consequence, magnetic fields along the line of sight can be better inferred because the use
of these two observables reduce the reliance on models on models of the electron density
distribution [175]. RMs can be related to the magnetogenesis model, as shown in Ref. [176].

In addition, an important set of limits can be derived from cosmology considering
the cosmological scenarios for magnetogenesis (cf. Section 2.2.1). An indirect, theoretical
approach is to consider a given mechanism of magnetic-field generation and derive the
corresponding limits on the initial magnetic-field strength and correlation length, and then
calculate their time evolution via freely-decaying MHD up to the present day. A detailed
description is given in [115], while in Figure 1 we present the region which contains most
of these constraints, following [58]. In general, one can state that these limits bound the
field strength from above and the coherence length from below, the latter due to the fact
that in cosmological scenario IGMFs are generated at small scales (see above).

From an observational point of view, most of the limits on IGMFs from cosmology are
derived using the cosmic microwave background (CMB), as there is a large range of effects
through which magnetic fields can impact the background radiation. The most basic idea,
developed already in [177], is to assume a homogeneous field throughout the Universe and
then to derive the temperature anisotropies expected from that. Comparing this dataset
to data from COBE [178] or, more recently, from Planck [179], gives an upper limit of
around 4 nG (marked in Figure 1 as “CMB anisotropies”). Since then the upper limit has
been dramatically improved by using CMB observations in combination with such effects
as spectral distortions (in Figure 1 we present a limit stemming from this phenomenon
based on [180], denoted “CMB spectrum™), temperature anisotropies, polarization, non-
Gaussianity and Reionization (for a concise review see [60]). The best upper limit so far,
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B ~ 10-50 pG [60], was derived by considering the change of the Recombination process
itself via density fluctuations due to the presence of PMFs. In addition, CMB observations
are also interesting because they may also be used to derive constraints on magnetic
helicity [181-183].

1073
107°
10~

107°

1071 I I I I
10°13 1079 1072 1071 103
L g [Mpc]

Figure 1. Schematic overview of the main constraints on IGMFs, as discussed in Section 2.3. The
lower and upper bounds on Lg come from the decay of magnetic fields due to magnetic diffusion and
the Hubble radius, respectively [161]. The upper bounds are due to Zeeman splitting and Faraday
rotation observations of extragalactic objects [161]. The ‘early magnetic dissipation” bound indicates
the region of the parameter space excluded by freely decaying MHD in the early Universe [58,115].
Other limits from cosmology come from CMB observations (spectrum [58,180] and anisotropies [178]);
the currently strongest limit [60], labelled ‘JS19’, is shown for the case of a scale-invariant spectrum
(«p = 0) which leads to the most conservative bounds.

Finally, ultra-high-energy cosmic rays (UHECRs), i.e., nuclei with energies above
10'® eV, may be used to constrain IGMFs [161,184-188]. The general principle used here is
that, since UHECRs are charged, they are deflected. Hence, once their sources are identified,
the corresponding deflection angle can be measured, providing a direct measure of the
magnetic-field strength orthogonal to the line of sight. Ref. [189] used the observed excess
of UHECRs with energies ~10% eV in the direction of Centaurus A to constrain the local
extragalactic magnetic field, obtaining B < 1078 G. This local constrain evidently serves
as an upper limit for IGMFs. Ref. [190] used the anisotropy reported by the Pierre Auger
Observatory to associate UHECR detections with extragalactic objects and to derive upper
limits of B ~ 1072 G for Ly < 100 Mpc and ~10~1° G for Lg > 100 Mpc. More recently,
Ref. [191] found that for B > 6 x 107! G the Auger anisotropy measurements are in good
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agreement with the local density of star-forming galaxies. On the other hand, if the local
density is treated as a model parameter, the authors found a conservative upper limit of
B L%;/ 2 < 24nGMpc!/2. In principle UHECRs may also be used to constrain the helicity of
IGMFs, as argued in [192] and demonstrated numerically in [193].

Note, however, that with the direct UHECR observations available today; it is rather
difficult to derive IGMF constraints, as their sources would have to be known (see also
Sections 3.1 and 4.5 for an indirect gamma-ray-based approach on how to use UHECRs
for deriving IGMF constraints). Moreover, the statistic of events at the highest energies
(E > 4x10Y eV)is fairly limited, while the composition (and thus the charge) of UHE-
CRs is only known statistically, and not on an event-by-event basis [194], posing severe
challenges for any attempt to constrain IGMFs with UHECRs. Finally, the distribution of
magnetic fields in the cosmic web is more complex than that in cosmic voids, and much
more uncertain [65]. Numerical studies of UHECR propagation in magnetic fields lead to
very discrepant results, such that the prospects for UHECR astronomy (and thus IGMF
constraints using UHECRs) are far from clear (cf. [195-198]).

3. Electromagnetic Cascades

In this section we lay out the theoretical foundations for understanding how electro-
magnetic cascades develop in intergalactic space. We start off, in Section 3.1, by describing
some classes of astrophysical objects that can emit particles that initiate the electromag-
netic cascades. We describe two scenarios, depending on the type of particle that initiate
the cascade which ultimately leads to the observed gamma-ray signal. In the first, the
cascades are triggered by high-energy gamma rays (or electrons), whereas in the second,
they are initiated by ultra-high-energy cosmic rays. After describing how electromagnetic
cascades originate, we proceed to Section 3.2, where we give a detailed account of how
they develop, how they interact with the photon fields that pervade the Universe, and
how IGMFs can affect them. In Section 3.3 we present approximate analytical descriptions
for the cascade process, which can also be treated in more detail with numerical codes,
as described in Section 3.6 and illustrated in Section 3.7. In Section 3.4 we chime into the
debate surrounding the role played by plasma instabilities in the development of cascades.
Other potentially relevant propagation effects are concisely mentioned in Section 3.5.

3.1. Origin

The most common source of high-energy gamma rays used in IGMF studies are blazars.
These objects are a sub-class of active galactic nuclei (AGNs) whose relativistic jets point
approximately towards Earth [199]. Their spectral energy distribution is characterized by a
low-energy hump corresponding to synchrotron emission by relativistic electrons [11,12].
There is also a second notable hump which, in the case of high and extreme synchrotron-
peaked objects, is of interest for IGMF studies, peaks at ~TeV energies [12]. These objects
are excellent cosmological probes as the very-high-energy emission assures the production
of a substantial electronic component in the cascade, which can be used to probe IGMFs
and the EBL [200].

An object widely considered in gamma-ray astronomy to constrain IGMFs is the
extreme blazar 1ES 0229+200. It was used, for instance, in Refs. [40-42,47,48,201]. In fact,
there is a population of extreme blazars like 1ES 0229+200 with hard spectra that have
been commonly used for IGMF studies, given the weakness of the ~GeV contribution
with respect to the TeV band [200]. Besides 1ES 0229+200, there are other objects that
are also employed for this purpose, such as: 1ES 0347-121 [202], 1ES 0414+009 [203],
1ES 1101-232 [204], 1ES 1218+304 [205], 1ES 1312-423 [206], 1RXS ]J101015.9-311909 [207],
H 1426+428 [208], H 2356-309 [209], Mrk 421 [13], Mrk 501 [210], PG 1553+113 [211],
PKS 0548-322 [212], PKS 2155-304 [213] RGB J0152+017 [214], RGB J0710+591 [215], and
VER J0521+211 [216]. Note that, while typical IGMF studies are done for blazars that can be
observed both at ~GeV and TeV energies, this is not a strict requirement and magnetic-field
properties can be inferred solely from the cascade signal.
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In general, AGNs are active over time scales of T ~ 10°-108 years [217], which
makes it hard to use temporal information for constraining IGMFs since they are, for all
practical purposes, quasi-steady sources. However, some objects, such PKS 2155-304 [213],
Mrk 421 [13,218] and Mrk 501 [210,219,220], display short-time variability [221]. This
information can, in principle, be used together with light curves in other wavelengths in
the context of multimessenger campaigns to improve the constraints on IGMFs via time
delays (see Section 4). Interestingly, for blazars that are slightly misaligned with respect
to the line of sight, the GeV gamma rays stemming from the TeV emission could still be
observed today over angular scales of ~1° even if the objects are no longer high-energy
emitters [222].

Another class of objects that can potentially be used to probe IGMFs are gamma-ray
bursts (GRBs). They emit highly collimated relativistic jets of high-energy radiation within
a short time. GRBs are the most luminous events known, reaching isotropic-equivalent
luminosities of ~10%* erg s~ (see, e.g., [223-225] for reviews). Only recently were GRBs
observed at very-high energies, with the detection of a bright flash from GRB 190114C [226],
which was used for IGMF studies [227,228].

GRBs are interesting cosmological probes because they can be used exactly in the
same manner as blazars, while in general providing more accurate temporal information.
In this case, the high- and very-high-energy components depend strongly on the prop-
erties of intervening IGMFs [229-231]. Moreover, if their HE light curve were known, in
principle it would be possible to reconstruct a possible TeV emission even in the absence
of VHE measurements, based only on the cascade signal at ~GeV energies, up to high
redshifts [232-234]. Note that this argument only holds if the TeV light curve is known
from theoretical models, which is not the case [223,225], or if there are well-defined relations
between the GeV and TeV light curves.

The shape of the intrinsic spectrum of the sources of interest for this work, whether
a blazar or a GRB, is not precisely known. In general, it is assumed to be a power law of

the form
dN

E O<E_lecut(E)/ (9)

where fcut(E) denotes a function that suppresses the spectrum above a given energy Emax,
which depends on the mechanism responsible for particle acceleration (and consequently
for gamma-ray emission). This function is typically an exponential, log-parabola, or
similar [235-239]. Interestingly, the value of Enax that could be inferred with observations
depends on the opacity of the Universe to gamma-ray propagation, i.e., the distribution of
photon fields such as the EBL, as well as on the properties of the intervening IGMFs [240].
Cosmic-ray-induced electromagnetic cascades in the intergalactic medium may lead to
observational signatures that resemble those initiated by gamma rays. These cascades are
evidently affected by intervening IGMFs, as discussed in, e.g., Refs. [241-246]. Therefore,
gamma rays from cosmic rays can, in principle, also be used to probe IGMFs. In the case
of GRBs, this was suggested by the authors of Ref. [247]. Similarly, blazars are prominent
contenders to emit UHECRs that can induce electromagnetic cascades in the IGM [248,249].
For highly collimated jets, it could be even possible to distinguish this hadronic scenario
from the standard picture wherein gamma rays from the sources induce the cascades [250].
The cosmic rays relevant for this type of analysis are UHECRSs, since they can produce
electromagnetic cascades during intergalactic propagation, via photonuclear or hadronu-
clear interactions. In fact, this type of scenario has been suggested to explain observations
of some blazars, as they lead to better agreement with the measurements [246,248,251-255].
One process that creates electrons and positrons that trigger cascades is Bethe—Heitler
pair production: X + Yog — 4X + e~ +e*, wherein 2X denotes an arbitrary cosmic-ray
nucleus X of atomic mass A with Z protons interacting with a background photon (7py).
Nuclear interactions also produce electrons and photons, starting with the photo-
disintegration of cosmic-ray nuclei (e.g., X + Yog — g‘:}x +p, AX+ Vhg Hé_l X+ n),
possibly producing unstable nuclei (4X*) which decay as 4X* — 4X + 7.
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The most important hadronic channel for the generation of cascade-inducing particles
(electrons and photons) is photopion production. For a cosmic-ray proton, p + ypg —

AT — p+n¥and p+ypg - AT — n+ ", The decay of the neutral pion produces

photons (7% — < + ) and the decay of charged pions ° lead to the generation of leptons
(mt — p* +vy), including muons, whose decays produce electrons (4™ — v, + 7, + ™).
Note that the cascades stemming from the by-products of pion decays also occur for an
arbitrary nucleus 2X. In this case, the production rate depends on the number of each
nucleonic species (see, e.g., Ref. [256] for further details).

While it is, in principle, possible to constrain IGMFs with UHECR-produced gamma
rays, this is not straightforward. Firstly, the sources of UHECRs are not known. Secondly;,
they are deflected by intervening galactic and extragalactic magnetic fields, potentially
spoiling any correlation between the source direction and the gamma rays. For more details
on the cosmic-ray—gamma-ray connection, the reader is referred to some reviews on the
topics: [194,257].

3.2. Theory of Propagation

The particle physics aspects relevant for the propagation of high-energy gamma
rays are well known. At energies E 2 400 GeV high-energy gamma rays interact with
background photon fields predominantly at infrared frequencies, generating electron—
positron pairs: 7 + 9pg — e + e~ . The mean free path for this process is typically of
the order of tens to hundreds of Mpc. These pairs up-scatter photons from (mostly) the
CMB to high energies via inverse Compton scattering (e* + Yog — e* + ). These new
photons, in turn, can either travel straight to Earth or, if their energy is above the threshold
for pair production, restart this process, leading to an electromagnetic cascade in the
intergalactic medium.

The picture outlined in the previous paragraph is theoretically simple, but there are
uncertainties that complicate the modelling of electromagnetic cascades in the IGM. The
most important one is the distribution of the EBL, which is not precisely known. At
extremely high gamma-ray energies (E > 10! eV), the contribution of the cosmic radio
background (CRB) starts to become relevant. A comparison of EBL and CRB models, as
well as the density of CMB photons, is illustrated in Figure 2.

In general, the inverse of the mean free path A for a particle of energy E and mass m

4 dn(e z) .

interacting with isotropically-distributed photons of differential number density is

1 d
AY(E,2) 8E2// "E2) 7(6) dsde, (10)

0 Smin

where z is the redshift (see below), e refers to the energy of the background photon, and F
depends on the process of interest, with kinematic limits sjn and smax. For pair production,
F = sapp( ) with spin = 4m2c* and spmax = 4Ee. For inverse Compton scattering, F =
oic(s — m2c*) / B, wherein denotes the speed of the electrons, i 1n umts of the speed of light.
The kmematlc limits, in this case, are s, = mz 4 and smax = m 44 2Ee(1+ B). Here, opp
and ojc denote, respectively, the cross sections for pair product1on and for inverse Compton
scattering. Note that the minimum and maximum energies are, in principle, unbounded,
ie., €min — 0 and emax — oo, but in practice they quickly vanish outside a given energy
range. In the case of the EBL, for example, for purposes of calculations, emin =~ 1074 eV
and emax =~ 10 eV (see Figure 2).
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Figure 2. Compilation of the density of background photons (11(¢)) with different energies (¢) at z = 0. The curves correspond

to different backgrounds, radio (dashed lines), microwave (dotted), and infrared /optical (solid). Different colors represent
different EBL and CRB models: Franceschini et al. [258], Finke et al. [259], Dominguez et al. [260], Gilmore et al. [261], the
upper (UL) and lower (LL) limits by Stecker et al. [262], Protheroe and Biermann [263], Nitu et al. [264], and measurements
by ARCADE-2 (Fixsen et al. [265]). The frequencies (v) corresponding to the photon energies are shown at the top.

Following Ref. [161], we can approximate Equation (10) as

K E, -1
Avp =40 s (20 TeV> Mpe (11)

for pair production, where « is a model-specific parameter of the order of ¥ ~ 1, and as

1 E. \ !
AIC_32(1+zpp)4<10Tev> kpe, (12)

for inverse Compton scattering.

Typically, gamma rays with ~TeV energies produce pairs after travelling distances
larger than ~100 Mpc. For inverse Compton scattering, the typical distance TeV electrons
travel before they undergo interactions is ~30 kpc. In Figure 3 we show the inverse of the
mean free path for these processes, as obtained from Equation (10).

Higher-order processes to pair production and inverse Compton scattering are impor-
tant for the propagation of gamma rays of E > 10'° eV. In particular, for scenarios wherein
UHECRs induce electromagnetic cascades (see Section 3.1), they are an essential ingredient
to understand gamma-ray production. The higher-order equivalent of the Breit-Wheeler
pair production is the double pair production [266,267] (77 + Ypg — et +e +et4e).
This process has been extensively studied in various astrophysical contexts, including
the propagation of high-energy photons [268,269]. Inverse Compton scattering can also
occur as a second-order process called triplet pair production (e* + YTbg — et +et +e).
Its role in the propagation of high-energy photons has long been recognized [270-273].
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This process starts to become important at E 2> 10! eV, for cosmological distances. The
(inverse) mean free paths for double and triplet pair production are also shown in Figure 3.

The cosmological propagation of any particle is subject to adiabatic energy losses
due to the expansion of the Universe. The change in redshift (dz) for a small propagated
distance (dx) can be written as dz = HEZ) dx, where H(z) is the Hubble parameter, which
in a flat Lambda cold dark matter (ACDM) universe is given by

H(z) = Ho\/Qa + Qu(1+2)?, (13)
with Hy denoting the Hubble “constant”, i.e., the value of the Hubble parameter at present
time. Here, (3, and ()5 parameters represent the fraction of the total energy density of
the Universe corresponding to matter and dark energy, respectively. According to recent
measurements, Hy ~ 67.37 kms™! Mpcfl, 0Oy, =~ 0.3147, and Qp =~ 0.6853 [274].

Generally, in the presence of a magnetic field the charged component of the elec-
tromagnetic cascade (electrons) loses energy through synchrotron emission. However,
synchrotron losses are small for intergalactic gamma-ray propagation, since B < 107° G
(see Figure 1).

double pair production
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Figure 3. Each panel shows the energy-dependent inverse mean free path at z = 0 for the processes relevant for the
cosmological propagation of gamma rays with energies E 2 1 GeV. Different photon backgrounds are considered. Solid
lines correspond to interactions with the EBL, dashed lines are for the CRB, and the dotted line refers to the CMB. The
EBL [259-262] and CRB [263,264] models used are represented by different colors.
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The last theoretical ingredient missing for understanding how electromagnetic cas-
cades propagate is the interaction of its charged component with magnetic fields. The
equation of motion for a particle of charge g with velocity v in a magnetic field B can be
written as 4

P
— =gvXxB, 14
a5 — 1 (14)

where p is the particle momentum. As a consequence of this equation, the electrons
and positrons will deflect away from each other. This deflection consists of a circu-
lar/helical movement (around the magnetic-field lines), characterized by the Larmor
radius rg, given by

n=21 (1)

where p is the absolute value of the particle momentum.

We can now draw a general picture of how gamma rays can be used to constrain
IGMFs. Consider an object located at a distance D from Earth, corresponding to a redshift
Zsre, emitting a jet of high-energy gamma rays with an opening angle ©je, as sketched in
Figure 4. Let Oy, denote the angle between the jet axis and the line of sight, i.e., the angle of
misalignment. The primary gamma rays are generated at a redshift zs,c and produce pairs
at zpp, travelling for a distance dictated by the mean free path for pair production (App)
for the energy and redshift of interest (see Equations (10) and (11)). The pairs produced
are deflected by intervening IGMFs, forming an angle § with the direction of the parent
gamma ray. The distance the electrons travel is typically of the order of the mean free path
for inverse Compton scattering (Ajc; see Equations (10) and (12)). The up-scattered gamma
rays can restart the cascade depending on their energy, such that the cascade would have
multiple generations of particles. In Figure 4 only one generation is shown. Finally, the
secondary gamma rays are detected at Earth forming an angle s with respect to the line
of sight, i.e., the line connecting the observer and the object. With this scheme in mind, we
can estimate the relevant gamma-ray observables, namely the spectrum, arrival directions,
and light curves, either analytically (see Section 3.3) or numerically (see Section 3.6).

The secondary photons resulting from the electrons deflected in the presence of IGMFs
will be delayed compared to primary gamma rays emitted at the same time. Depending
on the distance to the source, the duration of the emission and the properties of the IGMF,
some of the secondary gamma rays from the cascade, produced from electrons via inverse
Compton scattering, will not be able to arrive at Earth within one Hubble time, leading to an
energy-dependent decrease in the flux. Therefore, the three main gamma-ray observables
relevant for IGMF studies are

e  spectral effects;
e angular distribution;
e time delays.

Naturally, quite often combinations of these strategies are employed, as will be pre-
sented in more detail in Section 4.
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Figure 4. Schematic drawing of the development of an electromagnetic cascade. A source (yellow star) with a jet of opening

angle ®je; tilted—with respect to the line of sight—by an angle ®,; emits high-energy gamma rays (dark green line)

forming an angle 0.p,; with this line. After interaction, it produces an electron—positron pair (blue and red arrows) that, in

the presence of IGMFs, is deflected by an angle J with respect to the direction of the original gamma ray. These pairs can

then up-scatter background photons to high energies (light green line), being detected with an angle 6.

3.3. Analytical Description of Propagation and Observables

Neronov and Semikoz [161] presented a pedagogical model describing how gamma-
ray telescopes can be used to probe IGMFs. This model is a suitable approximation for the
energy range of interest, between GeV and tens of TeV. Making use of some simplifying
assumptions, they derived analytical expressions for the expected signatures of specific
combinations of magnetic-field strength (B) and coherence length (Lp). It is beyond the
scope of this review to derive the formulae, but it is certainly worth transcribing the main
results and some of the steps required to obtain them.

One can distinguish two regimes of propagation for the charged component of the
electromagnetic cascades. They are determined by an interplay between the characteristic
scales of inverse Compton scattering (Ajc) and the coherence length of the magnetic field
(L). For Ajc > Lp, the propagation is quasi-rectilinear (ballistic), whereas for Ajc < Lp,
the electrons diffuse before they produce the secondary photons via IC scattering. In the
former case, the electrons can be seen as effectively moving in a homogeneous magnetic
field, such that in the small-angle approximation 6 ~ Lg/ry, wherein ry, is given by
Equation (15). In the latter case, we have § >~ \/AicLg/r1. Together with Equations (12)
and (15) we then obtain the estimate

3 1
([ E, \"i/ B Lg \?
0.03°(1 T2 £ L AMc,
5~ (1+2er) (10TeV) (1015(3) <1kPC> B e (16)
B . . E. \?*/ B
0.003 (1 + pr) 2(10{6\7) (1015G> Lg > Mc,

where E] is the electron energy at redshift zpp. Note that a more detailed investigation [275]
shows that the deflection angle also weakly depends on the spectral index ap of the
magnetic field (see Section 2.1) for Ly < Aqc .
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E 2/ B \?
7><105s(1—T91)(1—|—z)5K( “’) ( ) Ly < Aic,

-2 2
1x10%s(1 -1, H(142)"2 Ey B Ly Lg > Arc.
0 0.1TeV 10-18G /) \1kpc

For distant sources, the pairs are produced closer to the source than to Earth (App < D).
If § < 1, then we can adopt the approximation z >~ zs ~ zpp, which allows us to derive
an analytic expression for Op,g:

3 1
y(my By \HB (L )
07° i) Ly < A
007°(1+2)" (1) (0.1TeV) (10—14G Tkpe BEMC )

1
0.5°(1+2) (10) (0.1 TeV> (10—14(3 L > Aic,

where Ty is the ratio between the angular diameter distance from the observer to the source
and the mean free path for pair production, App. Morphologically, this corresponds to a
“halo” of secondary photons around the point-like source. Note that, while the morphology
of the arrival directions does resemble a halo in the axi-symmetric case, this is not always
the case. Depending on the geometry of the jet (@1, > 0°; see Figure 4) and properties
of the intervening magnetic fields (e.g., helical fields), more complex shapes arise. We
continue to use the term ‘halo’ nonetheless.

An interesting and somewhat more accurate approach to estimate the size of such
haloes was presented in Ref. [276], in which the moments of the halo distribution are
calculated from diffusion-cascade equations. This method is applicable whenever the
distribution of gamma rays emitted by the source is isotropic or the jet opening angle (Ojet)
is sufficiently large.

Another important quantity when determining IGMFs from electromagnetic cascades
is the time delay Atp, defined as the difference between the following two quantities: the
cumulative propagation time of the “reprocessed” gamma rays resulting from the cascades
(see Figure 4), consisting of the lifetime tpp of the primary gamma ray until it results in pair
production and of the duration fse. of the cascade from the secondary gamma rays; and the
light-travel time (fprim) of primary gamma rays. Therefore, one can write the equation

Gobs =

Atg = (tPP + tsec) - tprim . (18)

For the standard consideration of IGMFs we have zpp ~ zg = z < 1 and § < 1, such that

Equation (18) becomes
_5

0.1TeV 10-18G

(19)

The last observable we describe here concerns the probing of magnetic helicity of
IGMFs using gamma rays and was first suggested in [277]. Since then, it has been further
extended and investigated in a significant number of publications [278-287]. There it was
shown that the helical part of the magnetic field spectrum (see Equation (5)) has a direct
impact on the morphology of the halo around the gamma-ray source. In particular, when
the magnetic field is helical, the halo becomes “twisted”, i.e., instead of an (elongated)
circular or oval halo, as one would expect from considering the simple analytic formulae
derived above, the result is a spiral-like pattern (see Figure 8).

This twisted pattern or, more specifically, its handedness, can be measured by the
quantity Q introduced in [277] (and summarized in [59]) as

Q(ﬁllﬁZ/ f(los) = (ﬁl X ﬁZ) “Klos , (20)

where fi; and fi; are the unit vectors of the arrival directions of two particles with the
respective energies E; and E; (with E; < Ej), and X, is the unit vector along the line of
sight from the observer to the source. Using this one can calculate the so-called Q-statistics,
given by

Q( (rJTJaSX) = <Q(ﬁ1/ ﬁlrﬁlos»@obsS@(IE)asx' (21)
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i.e., the average over all photons with angles 6,5 up to a value of 6752~

If the direction of the line of sight is not known, the arrival direction fi3 of a third
particle with an energy E; (with E3 > E; > E;) may be considered instead of %Xj,5. In
fact, by generally considering such triplets of particles from any direction in the sky, one
can calculate the generalized Q-quantity (and, subsequently, the corresponding statistics)
as [279]

1
Q(Elr EZ/ E3/ Qmax) =

= NT. N NT Q ﬁl/ﬁZ/ ﬁ3 ’ (22)
Ny NoN; % P ( )

(g fip) <gmax

where for every particle with the arrival direction fi3 (and given energy E3) the second
summation is carried out over all particles with the given energies E; and E; (with E3 >
E, > E;) with arrival directions fi; and fip, respectively, which lie inside “patches” of
angular size 6™® around fi3. Finally, the values Nj, Ny, and N3 in Equation (22) are the
corresponding total numbers of particles for each of the three energies.

The final step in connecting the Q-statistics (and therefore the handedness of particle
arrival directions) with the handedness of the magnetic field (and therefore its helicity) is
to consider the case 0™%* — 71/2. As shown in [279], this is proportional to the helical part
of the spectrum Hy, as defined in Equation (5).

An alternative to the Q-statistics, introduced in [283], is the S-statistics which, for a
single source, can be used to quantify the spiral shape of the halo.

3.4. Plasma Instabilities

The physics of electromagnetic cascades described above is well understood, but it
neglects the back-reaction of the intergalactic medium on the cascades. This is a common
assumption adopted in most IGMF studies, but if it turns out to be a poor approximation,
plasma effects may become dominant. It was suggested [288] that the electrons in the
cascade interact with the IGM and lead to the generation of plasma instabilities, losing
their energy and consequently heating the IGM. Due to the extreme parameters of the
interacting components (for example, a factor of up to 10** between the density of the
electron beam and the background plasma [289]), it is practically impossible to exactly
calculate the impact of the instabilities on the development of the cascade. Nevertheless,
one can rely on approximations and/or extrapolations.

The IGM parameters relevant for plasma instabilities are its temperature, which is
typically Tigm ~ 10* K [288], and the density, which in the cosmic voids is nigm ~
0.1 m~3 [290]. Another important parameter is density of the gamma-ray beam, which is
related to its luminosity.

As mentioned above, there is no general agreement on whether plasma instabilities
are important for the propagation of electromagnetic cascades. Even if one accepts this
assumption, it is not clear which kind of instability could be dominant. In fact, the modula-
tion [289,291-293], oblique [288,294,295], kinetic [296], and longitudinal [297] instabilities,
as well as non-linear Landau Damping [298] have been considered in the literature. On the
other hand, Ref. [299] found that even if they are present, the effect of plasma instabilities
is too small to cause a significant impact on observations. A comparison of the energy-loss
length for different types of instabilities is shown in Figure 5.

Several authors subsequently published results of actual simulations of gamma-ray
propagation including possible plasma instabilities effects and compared them to actual
observations [300-302]. The results show that, while the instabilities can, indeed, lead to
appreciable deviations from the paradigmatic picture of cascade development, they may
not be sufficient to render gamma-ray constraints of IGMFs completely ineffective. In
this case, all that would be required is a more detailed modelling of the electromagnetic
cascades—which, understandably, would be more susceptible to uncertainties due to the
inclusion of an additional and poorly-understood effect.
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Figure 5. Cooling rates due to plasma instabilities computed at z = 0, according to different
models [288,291,293,294,298]. This example is for a typical scenario for an IGM density of njgy =
10~! m~3 and temperature of 10* K, for a blazar beam with luminosity £ = 1038 J/s. We also present
the inverse mean free path for inverse Compton scattering in the CMB for comparison.

There is also another window of opportunity to evade plasma instabilities, even if
they majorly disrupt electromagnetic cascades. The growth rates of plasma instabilities
are often estimated using simplifying assumptions like a continuous and constant stream
of particles. However, if the object in question emits gamma rays in flares, the temporal
structure of the resulting charged beam should be considered. In particular, if the duration
of the flare is short enough, the instability might not have enough time to fully develop,
consequently having no significant impact on the electrons.

3.5. Other Propagation Phenomena

So far we have discussed how electromagnetic cascades propagate in the Universe in
light of a standard picture entirely contained within the framework of quantum electro-
dynamics (Section 3.2). We also briefly discussed how plasma instabilities could quench
electromagnetic cascades propagating in the IGM (Section 3.4). In this subsection, we briefly
describe how other physical phenomena could affect the development of electromagnetic
cascades and, consequently, observations of high-energy gamma-ray sources, with direct
implications for IGMF studies.

One phenomenon that can interfere with the propagation of gamma rays and con-
sequently compromise IGMF constraints is gravitational lensing. Massive objects can
significantly deform the space-time surrounding them, altering the path along which parti-
cles travel. As a result, in the context of gamma rays, gravitational lenses can significantly
deform the morphology of haloes and, in the case of flaring objects, increase the time delays
due to this gravitationally-induced contribution. The first source for which gravitational
lensing has been observed at gamma-ray energies (up to 30 GeV) was PKS 1830-211 [303].
Since then, the phenomenon has been detected for this and other gamma-ray—emitting
objects [304-307]. Ref. [308] investigated how macrolenses could compromise estimates
of the optical depth for pair production, concluding that this effect would not lead to any
measurable changes in this observable. This result is corroborated by the more detailed
study of [309].

Other potentially important phenomena arise in the context of BSM models. The most
widely studied BSM processes that could interfere with the gamma-ray—-IGMF framework
we present here involve Lorentz invariance violation (LIV) and interactions with axion-like
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particles (ALPs). Because of the potentially important role played by these phenomena in
determining the gamma-ray signatures of sources used for IGMF constraints, we briefly
touch upon these issues.

Lorentz invariance violation is a possible consequence of various BSM approaches,
especially in the context of quantum gravity. The standard approach, from the field theory
side, is to create a minimal SM extension, in particular by introducing additional terms to
the SM Lagrangian, resulting in a effective field theory with LIV [310].

In terms dynamics, the main effect when it comes to the propagation of particles is the
modification of the dispersion relation, given by

n+2
P

n 4
MPI

Ery =E2+7 (23)
where Ejv and E is the particle energy with and without LIV, respectively, 7 is a dimen-
sionless parameter measuring the strength of the LIV, and Mp; is the Planck mass. This,
on the one hand, changes the threshold of a given reaction, and, as a consequence, also
changes the corresponding propagation length, as it modifies the limits of the integral in
Equation (10). In addition, new reactions, which are not possible without LIV, may then be
kinematically allowed, such as, to name the ones most relevant in the context of this review,
spontaneous photon decay into pairs/photons, the vacuum Cherenkov effect for electrons
and charged UHECRs, as well as spontaneous photodisintegration of multi-nucleon nuclei.
For an overview on the modifications of the processes in the electromagnetic cascades and
in UHECR propagation, see [311-313] and [311,314,315], respectively. All this may result in
a significant modification of particle propagation and, therefore, impact the corresponding
observations. In particular, [316] showed that LIV might dramatically increase the inter-
action length of pair production for energies above 100 TeV and therefore suppress the
cascade development. On the other hand, LIV might also imply that the photons’ speed is
energy-dependent, thus resulting in energy-dependent time delays [313].

Axion-like particles, or ALPs, appear in extensions of the SM. They are pseudo
Nambu-Goldstone bosons associated with a broken symmetry U(1). They were originally
introduced by Peccei and Quinn [317,318] as a solution to the strong CP problem. ALPs
couple to standard-model particles via the Lagrangian [319]

1
Acav = —1ng«/ - Bext s (24)

where E, denotes the electric field of the photon itself, and Beyxt represents an external
magnetic field (in the context of this review, IGMFs). The coupling constant g,, determines
how strongly photons, in our case gamma rays, will interact with the ALP field. For a
distance x, the probability of a photon to convert into an ALP (and vice-versa) is

1 2A 1
) ay . 2 A2
Py (x) = sin (2 arctan(Aa — Av)) sin <2x\/(A| Ay) +4Aa”r) . (25)

Here the A terms refer to the solution of the equation of motion derived from the Lagrangian
(Equation (24)). They describe: the coupling between photons and ALPs (Azy = g4y BT)
between a photon of energy E and the ALP field for a an external magnetic field Br
transverse to the direction of propagation of the photon; the kinetic term (A, = m?2 /2E) for
an ALP of mass m,; the polarization states of the photon (AH and A | ), which, in our case,
encompass the contribution of the IGM plasma (A = —wp/2E) for a plasma frequency

wpl, and the QED vacuum polarization (Agep o B%), which depends on the direction
(AQep, 1 = 7AQep/2 and Agep,| = 2AqgED). For more details, the reader is referred to, for
example, Ref. [319].
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Two regimes of propagation can be identified [320], depending on whether the gamma-
ray energy is larger or smaller than the critical energy (E;), given by:

2 2
o omp—wp ‘ma - wp1‘ (10—9 G) (10—11 GeV~!

2.5
40, 1020 eV?2 Br Say

) GeV.  (26)

The limit E > E. corresponds to the so-called strong mixing. In this case, the probabil-
ity of conversion (see Equation (25)) does not depend on the energy. If E < E, the energy
dependence becomes salient leading to an effective low-energy cut-off.

The propagation of gamma rays will be affected by ALPs in multiple ways. Firstly,
the magnetic fields in the sources will contribute to the total ALP-photon mixing. Secondly,
once the gamma rays are injected into the intergalactic space, they may initiate electro-
magnetic cascades as described in Section 3.2. Upon entering the Galaxy, ALP-photon
mixing may also occur due to the Galactic magnetic field. The oscillation probability from
Equation (25) will then be a combination of the probabilities in each of these environments,
as discussed in, e.g., Refs. [321-324].

In the case of gamma rays propagating over cosmological distances, the oscillation
probability from Equation (25) implies deviations from the expected transparency of the
Universe, since gamma rays will be able to travel longer without undergoing pair produc-
tion. A number of works investigated the possibility that this “pair production anomaly”
could be related to ALPs (e.g., [323,325-328]).

The effects of IGMFs on gamma-ray—ALP interconversion has been studied adopting
several methods ranging from semi-analytical approaches to more detailed simulations.
While the first studies on the topic assumed relatively simple magnetic-field configurations,
later studies [329,330] improved the treatment including turbulent fields (see Section 2.1
for details). Investigations considering the actual distribution of magnetic fields in the
magnetized cosmic web have also been performed [331]

While ALPs are an important ingredient that could play a leading role on the in-
tergalactic propagation of gamma rays in a magnetized Universe, they have not been
observed and only constraints exist. Some limits were derived using gamma-ray obser-
vations [327,332-334], but much of the parameter space is excluded due to observations
of photons in wavelengths other than gamma rays. Interestingly, some works have been
obtaining combined limits on IGMFs and ALPs together [335]. For reviews on the status of
the field, see, e.g., Refs. [336-338].

3.6. Propagation Codes

The simulation of the propagation of electromagnetic cascades in the intergalactic
medium is often done numerically, employing some approximations to enable
(semi-)analytical solutions (e.g., [48,339,340]). In the last decade, Monte Carlo methods
have been used to treat this problem [44,283,341-344]. Many codes are now publicly
available.

Elmag [341,344] is a Fortran code that tracks the development of electromagnetic
cascades. In the first two versions of the code [341], the effects of magnetic fields on the
charged cascade component, namely time delays and deflections, were taken into account
using the small-angle approximation. Therefore, this version was limited to low magnetic-
field strengths. The newest version, Elmag 3.01 [344], adds a Lorentz-force solver that
enables three-dimensional simulations assuming turbulent magnetic fields generated based
to Equations (5) and (7), following Refs. [345,346], as well as custom grids.

CRPropa [342,347,348] is a well-known code for ultra-high-energy cosmic-ray propaga-
tion, written in C++ and with Python bindings (since version 3). The original CRPropa [347]
and CRPropa 2 [348] made use of the numerical methods from Ref. [339], namely using
transport equations to treat the development of electromagnetic cascades. The newest
version include a full treatment of electromagnetic cascades [285,342,349]. A variety of
magnetic-field configurations are available, and the code is flexible enough to handle
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customizations and arbitrary magnetic-field grids. Moreover, it can generate turbulent
magnetic fields on the grid or using grid-less methods [350], with improvements from [351].
Earlier releases of CRPropa 3 supported the propagation of gamma rays with energies
>10'7 eV through the Monte Carlo EleCa code [352]. Due to the computational limitations,
EleCa is restricted to the highest energies, but in CRPropa a hybrid approach using the
transport-equation treatment of [339] was available. Recent developments enable a full
Monte Carlo treatment of photons from ultra-high down to GeV energies, which is useful
for exploring the UHECR-induced cascade scenarios (see Section 3.1).

A Fortran code for cascade propagation was developed by Fitoussi et al. [343]. It does
not rely on any approximations, performing the full three-dimensional propagation of the
cascades. In this code, the magnetic field is composed of cells with randomly oriented
strengths. A semi-analytical treatment of the cascade development in Mathematica is
implemented in y-Cascade [353].

Plasma instabilities are often neglected in simulations, or treated within a dedicated
MHD computational framework. In [302], grplinst was presented. It is a module for the
CRPropa code that implements plasma effects on the electrons as an additional energy-loss

term of the form
_dEe

dx

where x is the length of the trajectory described by an electron (or positron) of energy E,, z
is the redshift, and 7 is the electron energy-loss time due to the plasma instability. Within
this simplified treatment, the time scale in which the instability grows (7') is taken to be
the electron cooling time (7). Therefore, Equation (27) is overestimated, since in reality
T < 1. More recently, these same parametrizations of grplinst [302] were implemented
in Elmag 3.02.

E,

E S —
(Ee,x,2) cT(Ee, x,2)”

(27)

3.7. Examples

To illustrate the effects of IGMFs, we present the results of Monte Carlo simulations of
the development of electromagnetic cascades in the IGM. To this end, we use the CRPropa
code [342], but similar results could have been derived with, e.g., Elmag [341,344] or the
code presented in Ref. [343].

We first select the archetypical blazar 1ES 0229+200 [201], used in several IGMF studies
(cf. Section 3.1). This object is located at a distance corresponding to z ~ 0.14. We fix the
coherence length to Lg = 1 Mpc to illustrate the formation of the haloes around the source.
This is shown in Figure 6. Note that these plots are shown in the coordinate system of the
simulation, as we would observe from Earth, but they can be immediately converted to
another coordinate system, such as galactic or equatorial.

It is evident from Figure 6 that a significant fraction of the flux is not contained within
a finite-sized containment radius centred at the source. This causes spectral changes with
respect to the point-like source flux, as shown in Figure 7.

If magnetic fields are maximally helical, then the halo shape shown in Figure 6 changes
considerably. In fact, the changes can be so drastic that the morphology of the arrival
direction pattern is no longer a standard axi-symmetric halo. For a source pointing straight
at Earth (©y.5), we expect a spiral-like pattern, as shown in Figure 8 for a hypothetical
source at z = 0.08. In this case, the handedness of the halo reflects the sign of the helicity:
left-handed for Hp > 0, and right-handed for Hg < 0.

The arrival directions of gamma rays can be quantified through the calculation of the
Q-factors (see Equation (22)). The effects of the helicity of IGMFs are more pronounced for
large coherence lengths, hence the choice of Ly = 250 Mpc in the example of Figure 8. The
smaller the ratio between the source distance and the coherence length, the more diluted
the signal is, which would reflect in the Q-factors (see [283,287]).
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Figure 6. Simulated pair haloes around the blazar 1ES 0229+200, for the magnetic-field strengths indicated in the figures.
The intrinsic source spectrum is a power-law with & = 1.5 and Emax = 5 TeV, following Ref. [45]. The coherence length is
assumed to be Ly = 1 Mpc in this example. All gamma rays with E 2 1 GeV are considered in this plot.
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Figure 7. This figure illustrates the expected point-like flux from 1ES 0229+200 obtained with Monte
Carlo simulations. The lines corresponds to different magnetic-field strengths, indicated in the
legend. The data points represent measurements by Fermi-LAT [45] and H.E.S.S. [201]. The source

parameters are the same as in Figure 6.
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Figure 8. This figure illustrates the expected arrival directions of gamma rays considering arbitrary realizations of a helical
turbulent magnetic field of strength B = 10~1° G with a Batchelor spectrum (ap = 5) and coherence length Lg = 200 Mpc.
The left panel corresponds to a realization with maximally positive helicity (Hp = 1), whereas the right one corresponds

to another realization with negative helicity (Hp = —1). The source, assumed to be located at z = 0.08, emits gamma rays

with a spectrum E ~15 and an exponential cutoff at Emax = 100 TeV (see Equation (9)). Its jet has an opening angle Oje; = 5°

and it points directly at Earth (®,,4 = 0°; see Figure 4). The color scale indicates the normalized spectrum-weighted number

of detected events in the angular bin.

4. Results

Fluxes of distant objects, like the ones used in IGMF studies, are normally computed
for a point-like source. The magnetically-induced broadening of the electromagnetic
cascade will naturally affect the measured point-like flux, especially at lower (typically
E < 10 GeV) energies, since these are predominantly secondary gamma rays if the intrinsic
spectrum extends beyond ~TeV energies. In this case, the larger the angular broadening
caused by IGMFs, the more pronounced is the suppression of the gamma-ray flux from a
point-like source, since a fraction of the events will leak outside the point spread function
(PSF) of the detector.

Gamma-ray sources are observed during a given time. If IGMFs are such that the
incurred time delays (%) exceed this window of observation, then the measured flux will
be affected. The suppression will, in general, be stronger as energy decreases because this
contribution is likely produced by lower-energy electrons whose Larmor radii increase with
energy (see Equation (15)). The relevance of this effect depends on an interplay between
the duration of the emission, which depends on the type of object (see Section 3.1), the time
window of observation, and the magnetically-induced time delay.

A number of studies attempted to constrain IGMFs based on gamma rays using
different methods. One possible way to classify these studies is the number of sources used,
such that in Section 4.1 we describe the results of analyses of individual gamma-ray sources,
and in Section 4.2 those of multiple stacked sources. In general, the results are for the
magnetic-field strength. However, there have also been attempts to constrain the coherence
length and helicity of IGMFs with gamma rays, which we discuss in Sections 4.3 and 4.4,
respectively, followed by results for IGMFs considering that the cascades are induced
by UHECRs in Section 4.5. Finally, in Section 4.6 we discuss the prospects for IGMF
measurements with gamma-ray observatories.

4.1. Analyses of Individual Sources

The first constraints on IGMFs using gamma rays were derived by Neronov and
Vovk [40], using observations by Fermi-LAT and IACTs of the blazars 1ES 0229+200,
1ES 0347+121, and 1ES 1101-232. The results suggest that B > 107165 G for Ly > 1 Mpc
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and BL%;/ 2>10105 GMpc!/? for Ly < 1 Mpc, as shown in Figure 9. This dependence of
the lower limit of IGMFs on the coherence length, Lg, follows from the simplified approach
commonly used (see Section 3.3), and is adopted in most of the works to which we refer
below, with a few exceptions. Most importantly, this work was the first to firmly exclude
the case B = 0. An earlier investigation [354] of the blazar 1ES 1101-232 concluded that
an exceedingly hard intrinsic spectrum for this object would be required to account for
observations, unless the EBL was more intense and the IGMF were stronger (B 2 10715 G).
Ref. [355] argued along the same lines, when interpreting observations of the blazar
H1426+428.

Following Neronov and Vovk’s [40] influential work, much attention has been given
to this topic, new objects were used in the analyses and other observables were introduced.
For instance, the MAGIC Collaboration obtained compatible results via the non-observation
of pair haloes around Mrk 421 and Mrk 501 [21]. In [41], the authors analyzed gamma-
ray observations of 1ES 0229+200, excluding B < 107> G. A more comprehensive
study included additional sources (1ES 0347+121, and 1ES 1101-232, RBG ]J0152+017, and
PKS 0548-322) and showed that, if the emission by these objects is stable over a time scale
T ~ 107 yr, then, in general, B 2, 10-15 G [42].

A thorough analysis of Fermi-LAT and IACT observations of five blazars was per-
formed in [48], excluding B < 1071 G (for Lg > 1 Mpc) at a 50-level, as indicated in
Figure 9. These results are robust with respect to the choice of the EBL model, variability
of the source (%), and jet opening angle (®jet). Moreover, the authors perform additional
checks about the energy range of the Fermi-LAT data used in the analysis, demonstrating
that the results are the same regardless of whether a dataset containing gamma rays with
energies starting from 100 MeV or 1 GeV is used. The significance of these results decreases
slightly for other EBL models (Refs. [258,356]). Note that a more detailed treatment of the
cascade interactions would increase the flux at lower energies, so that these estimates are
actually conservative.

The H.E.S.S. Collaboration [22] combined its own observations with those of Fermi-
LAT. The absence of a detectable halo around PKS 2155-304 excludes 107155 < B/G <
10712 at a 99% C.L., assuming Lg > 1 Mpc. Constraints in a similar range (1071%° <
B/G < 10~'%9) were obtained by the VERITAS Collaboration [23], at a 90% C.L., from
1ES 1218+304. The constraints by both H.E.S.S. and VERITAS are shown in Figure 9. In
principle, because the coherence length was assumed to be Ly = 1 Mpc in both works, one
could be tempted to extrapolate the conclusions to Lz > 1 Mpc. However, because the
objects used to derive the constraints (1ES 1218+304 and PKS 2155-304) show some intrinsic
variability [357-359], care should be taken extrapolating the bounds to larger values of the
coherence length.

The Fermi-LAT Collaboration [47] compiled a catalogue of sources that was used to
constrain IGMFs and performed a detailed analysis of this sample of blazars. They found
no evidence of extended emission, neither around individual objects, nor in the stacked
analysis. This way, they could constrain the allowed values for the strength of IGMFs:
B > 107165 G for Lg > 10 kpc. This result is conservative, assuming T ~ 10 yr. If this
condition is relaxed, the bounds are even stronger: B > 10~!* G and B > 10712 G, for
T ~ 10* yr and T ~ 107 yr, respectively, as shown in Figure 9. While these limits were
derived for a jet with half-opening angle Ojer < 10° (see Figure 4), no misalignment was
considered (@), = 0°). These results were derived for a combination of sources which
include, among others, 1ES 0229+200 and 1ES 1218+304. Because there are indications
that they could be variable [358,360], if these sources are removed from the analysis, limits
which are more conservative are obtained.
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Figure 9. Compilation of some constraints found in the literature. Colored regions represent excluded
regions of the parameter space, whereas non-filled bounded by a line indicate allowed regions.
The regions shown in green are exclusions by Neronov and Vovk [40], Dermer et al. [340], and
Finke et al. [48]. The purple regions are bounds derived by Fermi-LAT and Biteau [47], for different
source activity times (). The region labelled ‘conservative” excludes from the analysis the blazars
1ES 0229+200 and 1ES 1208+304 (see text for details). Constraints by VERITAS [23] and H.E.S.S. [22]
are shown as pinkish rectangles. The red rectangle corresponds to the 95% C.L. allowed region
according to Essey et al. [252]. The orange lines demarcate the best-fit regions (68% C.L.) of the
parameter space according to Alves Batista and Saveliev [50] for the EBL models labelled D11 [260]
and the lower-limit 5161 model [262]. Note that the regions plotted refer exclusively to the region of
the parameter space reported in the corresponding references, without extrapolations to high/low
values of the coherence length. The grey region are the combined excluded regions from Figure 1,
obtained via other methods.

The time scale over which a given source emits gamma rays (¥) influences the bounds
one can derive. For instance, Ref. [43] analyzed VERITAS and Fermi-LAT data. The lower
bounds they obtained for Lz > 1 Mpc were B > 3 x 10718 Gand B > 2 x 1071 G, for
source activity periods ¥ ~ 3 yr and T — oo, respectively. The former is evidently more
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conservative, as it encompasses exclusively the period for which there are observations
of the object (RBG J0710+591). Similar considerations about ¥ were discussed in [340],
which obtained B > 10718 G for Ly > 1 Mpc, for 1ES 0229+200 (see Figure 9). These
results are order-of-magnitude compatible with the lower limits by Ref. [361], which are
B>10"1°-10"8 G.

The flaring object Mrk 501 drew much interest for IGMF constraints, due to its vari-
ability (see, e.g., [21,23,47,362-367]). The prospect for detecting pair echoes from this same
object was studied in [368]. With an analysis of observations of its 2009 flare by MAGIC,
VERITAS, and Fermi-LAT, the authors of [365] argued that its spectrum and time profile
could be explained by IGMFs with B ~ 10717-1071¢ G (for Ly > 1 Mpc). Ref. [366] studied
the pair echoes from this same blazar, concluding that B > 10~ G, assuming L ~ 1 kpc,
at a 90% confidence level. Making use of similar methods, Ref. [369] analyzed data from
ARGO-YBJ and Fermi-LAT for Mrk 421, excluding B < 1072%° G for L ~ 1 kpc, at a 40
level. The results of the latter analysis are particularly interesting because they do not
make assumptions about the intrinsic spectrum of the source during periods when it is not
observed.

A somewhat elaborate treatment of the cascade development was adopted in [44],
in which Monte Carlo simulations were used to derive bounds on IGMFs for a sample
of three blazars (1ES 0229+200, RBG J0710+591, and 1ES 1218+304). The limits obtained
depend on the strategy adopted for the analysis: B > 10~!°> G considering the absence of
haloes, as observed by Fermi-LAT, and B > 10~'” G considering time delays.

An important factor that significantly affects IGMF estimates is the model of the EBL.
Ref. [45] studied this dependence for the archetypical extreme blazar 1ES 0229+200. They
found B > 10~ G, which can increase by nearly two orders of magnitude depending
on the EBL model. In fact, the EBL is one of the main intrinsic uncertainties that hinders
the exclusion of the scenario B = 0, as argued in [370]. In this analysis, among the seven
blazars considered, only one led to B > 0 irrespective of the choice of EBL model. However,
the uncertainties in the intrinsic source spectrum and EBL model might be unrealistic, as
noted in refs. [58,59].

The analysis by Dolag et al. [46] is interesting because it employed magnetic fields
obtained from cosmological magnetohydrodynamical simulations from [195]. These simu-
lations are constrained, i.e., they roughly reproduce the distribution of large-scale structures
up to hundreds of Mpc. At larger distances, this cosmological volume was replicated up to
the distance of 1ES 0229+200. The authors showed that more than ~60% of the Universe
along the line of sight of this object have magnetic fields with strength B > 107! G. Inter-
estingly, this analysis also showed that haloes can be used to probe the maximal energy of
the gamma rays emitted by a source, Emax (see Equation (9)). In fact, there is a considerable
correlation between the value of Enax that could be inferred from fits in the presence and
in the absence of IGMFs [240].

Ref. [371] employed a Monte Carlo code to model the development of electromagnetic
cascades initiated by GRBs. However, because GRBs had not been detected at TeV energies
until recently, when MAGIC observed GRB 190114C [226], the authors extrapolated the
GeV flux of GRB 130427A measured by Fermi-LAT up to TeV energies. If the extrapolation
is correct, the lower limit obtained is B ~ 10717 G (for Ly > 1 Mpo).

With the first observation of VHE emission by a GRB, it was possible to effectively
constrain IGMFs with gamma-ray observations. By combining Fermi-LAT and MAGIC
data, Ref. [228] obtained a lower limit of B > 10719° G for Lz > 100 kpc. Ref. [227]
performed a similar analysis for GRB 190114C using Monte Carlo simulations. They
concluded that Fermi-LAT is not sensitive enough to detect the cascade signal from this
GRB on time scales of one month. The discrepancy between these two works is due to a
combination of factors. Firstly, the former employed a simpler semi-analytical method,
whereas the latter performed detailed Monte Carlo simulations using the three-dimensional
version of the Elmag code. Moreover, the authors of [227] reconstructed the intrinsic
spectrum following [254], while in Ref. [228] a fixed spectral index & = 2 (for a power-law
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distribution « E~%) was assumed. Yet another difference is the treatment of the time
information of the photons. While [227] accounted only for photons detected more than
62 s after the burst, [228] adopted 6 s. This issue is far from simple, as it requires knowledge
of the inner workings of gamma-ray bursts. For further details, the interested reader is
referred to the works on GRB 190114C by the MAGIC Collaboration [226,372].

4.2. Stacked and Diffuse Analyses

It is rather difficult to observe magnetically-induced haloes from individual sources,
as they are normally not bright enough to be detected [37,373-375]. Hence, techniques that
are more sensitive are needed. Analyses of stacked samples of blazars could be useful for
this purpose, since the signal-to-background ratio increases, easing the identification of
any excess to the detector’s PSE.

The authors of [376] performed a stacked analysis of 170 AGNs using 11 months of
Fermi-LAT data. They claim to have found an excess to the PSF of the detector ~0.5 — 0.8°,
at a 3.50 level. Haloes of these sizes are caused by B ~ 10715 G (see Equation (17)).
Nevertheless, it was later shown that these results could be attributed to instrumental
effects associated to different treatments of photons measured in different parts of the
detector [377] (see also Ref. [378]). This was not included in the PSF used in Ref. [376], thus
leading to an incorrect estimate of the strength of IGMFs.

The stacked analysis from Ref. [379] considered 24 selected high-synchrotron-peaked
BL Lacs, at z < 0.5. Using Fermi-LAT data, the authors found indications of extended
emission, consistent with B ~ 1077-10"1 G. However, an updated analysis using
12 objects of the same population resulted in no compelling evidence for an extended
emission, with only a modest 2¢ significance for B ~ 10~ G [380].

Another stacked analysis of a sample of 394 AGNs, 158 of which present flaring activity,
was performed in Ref. [381]. Interestingly, the method employed considers temporal
information of the sources by comparing the fluxes during low quiescent states and during
flaring periods. No evidence for pair haloes was found. The recent analysis by Fermi-
LAT [47] corroborates this result, finding no indications for extended emission in the
stacked source samples of high-synchrotron peaked BL Lacs.

Using the method introduced in [382], Ref. [375] identified misaligned blazars from a
catalogue of radio-loud AGNSs, and performed a search for pair haloes around the stacked
sample of these objects. They showed that a magnetic field with B L}g/ 2 <1075 GMpc!/?
would lead to specific halo anisotropy patterns that are not observed, thus providing an
upper limit on the strength of IGMFs. Note, however, that the assumptions about the
intrinsic properties of the considered sources are subject to uncertainties. Considering
the available lower limits derived in the works discussed above, the parameter space that
would remain available for IGMFs would be tiny or, considering the stronger constrains
from the recent results by Fermi-LAT [47], inexistent. The authors of [375] then conclude
that, if there is indeed no room for IGMFs that can explain the observations, then some
other process might be at play that quenches the electromagnetic cascades. They claim that
this could be due to, for instance, plasma instabilities (see Section 3.4). More recently, the
same group claimed to have found convincing evidence of the non-existence of pair haloes.
Using the same method, they exclude B ~ 10714-1071> G with Lg > 100 Mpc at a 3.9¢
level, and B ~ 10~17-1071* G at 20 [49] (see Figure 9).

An interesting idea to constrain IGMFs is to study their possible imprints on the diffuse
gamma-ray background (DGRB) [383,384], even though the validity of the assumptions
used in these analyses is unclear. The presence of IGMFs may suppress the lower-energy
diffuse gamma rays measured. Interestingly, the authors of Ref. [383] claim that, in fact,
the observations by Fermi-LAT already disfavors the scenario with null IGMEF. This agrees
with [384], who found that the contribution of cascade gamma rays from blazars to the
DGRB changes significantly in the presence of IGMFs, such that for B > 10712 G the blazar
contribution to the spectrum of the DGRB changes.
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In the context of diffuse searches, it is important to keep in mind that, in addition
to the uncertainties in the EBL models (see Figure 2), there are fluctuations correlated
to the processes that produce the EBL photons. This leads to inhomogeneities in the
EBL distribution that can affect the propagation of electromagnetic cascades. However,
as shown in [385], this effect is small (S1%), so it should have little impact on IGMF
measurements using diffuse gamma-ray observations.

4.3. Bounds on the Coherence Length

A method to measure the coherence length was suggested in Ref. [386]. In this case,
the slope of the light curve of secondary gamma rays would provide an upper limit on
Lg. More specifically, the time dependence of the flux would be o 1/+/Atg for coherence
lengths much larger than the mean free path for inverse Compton scattering (Lp > Ajc),
and approximately constant if Ly < Ajc. Similarly, the angular profile of the haloes can
also retain information about the coherence length. For Lp < Ajc, the surface brightness
profile is roughly uniform, whereas for Lg > Ajc it decays as the angular distance to the
centre of the source increases.

With the first multimessenger observations of high-energy neutrinos from the flaring
blazar TXS 0506+056 in coincide with electromagnetic radiation [387,388], Ref. [50] used
the cascade signal delayed with respect to the neutrino emission to constrain IGMFs. The
derived limits depend on the EBL model, such that the hypothesis of null IGMFs could only
be rejected for two out of the four models tested (Dominguez et al. [260] and the lower-limit
model by Stecker et al. [262]). Interestingly, while the bounds are not robust, this work
derived, within the investigated parameter space , limits on the coherence length of IGMFs for
the first time: 30 kpc < Lp < 300 Mpc, at a 90% C.L., shown in Figure 9. Naturally, the
significance of this result depends on the reliability of the neutrino—gamma-ray correlation
and on the assumptions made, namely that the IGMF has a Kolmogorov power spectrum,
and that the intrinsic spectrum of TXS 0506+056 both during the flaring and quiescent
periods can be described by a power-law with an exponential cut-off.

4.4. Constraints on the Magnetic Helicity

There has been a growing interest in probing the helicity of IGMFs, given its impor-
tance for understanding magnetogenesis. All-sky analyses of Fermi-LAT data employ-
ing the parity-odd correlators described in Section 3 found indications of IGMFs with
B~ 10"% GatLg ~ 10 Mpc and an overall negative (left-handed) helicity [278,280].
More recently, a re-analysis of a larger data set showed this result to be a fluctuation stem-
ming from a miscalculation of the statistical significance that neglected the look-elsewhere
effect [287]. The same publication also claims that it is currently challenging to detect
helicity, both in the fluxes of individual sources and in the diffuse gamma-ray background.
In addition, the authors of [286] claim that they did not find any handedness using the
Q-statistics for Fermi data, being, however, unable to state definitively whether there is
actually no handedness present or whether the Q-statistics is not sensitive enough for
measuring it.

The signatures of helical IGMFs on the shape of haloes are unique, with significant
deviations from axial symmetry, as illustrated in Figure 8. Moreover, the sign of the helicity
directly correlates with the handedness of the morphology of the arrival directions of
gamma rays. In Ref. [281], the authors employed a semi-analytical method to show that
spiral-like patterns are the natural shape of the arriving gamma rays for helical fields.
Nevertheless, within this simple framework, IGMFs were assumed to be homogeneous,
which is not realistic unless the coherence lengths involved are exceedingly high, compa-
rable to the distance of the source. In the more realistic case of turbulent magnetic fields
with coherence lengths possibly shorter than the distance from Earth to the gamma-ray
source in question, the spiral pattern could vanish, being diluted into something closer to
a typical axisymmetric halo. This was, indeed, observed in a more detailed study using
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three-dimensional Monte Carlo simulations [283]. This work, however, does support the
measurement of the helicity of IGMFs for Lg 2 50 Mpc, for sources at redshifts z < 0.10.

4.5. Constraints from UHECR-Produced Gamma Rays

In Section 3.1 the model proposed in Refs. [248,251] was presented. In this scenario, the
flux of some extreme blazars could be attributed to cosmic-ray interactions along the line of
sight. Essey et al. [252] constrained IGMFs considering that the gamma rays observed are a
combination of those emitted by the blazars and those stemming from CR interactions. In
this case, the combined limits from all three blazars analyzed favor 10~ < B/G < 107145,
at 95% C.L. This result is robust with respect to the choice of EBL model. It is also shown in
Figure 9. Other authors also performed similar investigations (e.g., [255,389-392]).

Interestingly, within the UHECR-cascade framework, photons with E 2 10 TeV could
be detected even if the sources are very distant (z 22 0.1). Nevertheless, for IGMFs with
B > 107 G, significant deviations from a point-like flux would be expected due to
magnetically-induced deflections, compromising any constraints that one could derive in
the context of this hadronic model [252].

For blazars, the investigations of the role of line-of-sight interactions in gamma-ray
measurements [248,249] were also shown to lead to time variabilities that are characteristic
for specific magnetic-field properties, of the order of years for B = 1071 G [389]. Neverthe-
less, the variabilities cannot be too short since even for weak IGMFs of the order of 10718 G
cascade photons with E = 10 GeV would be magnetically-delayed by ~10 yr [390]. In the
purely leptonic scenario, this timescale is shorter by a ten fold [250].

A detailed account of the effect of magnetic fields on both the electromagnetic cascades
as well as on their progenitor UHECRs was presented in [255]. Using three-dimensional
simulations of the magnetized cosmic web from [195] and detailed numerical methods,
the authors found that the cascade broadening could be detected with next-generation
gamma-ray telescopes and possibly some of the ones in operation today.

Note that the propagation of cosmic rays is not trivial. There are many uncertainties
involved (see, e.g., [393,394] for a discussion), which might compromise the production of
gamma rays. Moreover, depending on the location of the blazar in the cosmic web, local
magnetic fields (e.g., in filaments) might significantly deflect cosmic rays away from the
line of sight [195-198] (see the discussion at the end of Section 2).

4.6. Prospects for Measurements of IGMFs

From the discussion so far a general picture of IGMFs emerges, wherein gamma rays
play a fundamental role in excluding part of the parameter space shown in Figure 1, as
summarized in Figure 9. It is important to bear in mind that there are many factors that
could compromise the derived limits shown in the latter figure. This includes uncertainties
regarding the intrinsic source spectrum and possible variability, the knowledge of the EBL,
the distribution of magnetic fields in the Universe, the contribution of a putative hadronic
component to the cascade, etc. Moreover, plasma instabilities may quench electromagnetic
cascades, even if this effect is minor. The central question that arises is, therefore, if the next
generation of gamma-ray telescopes, whether ground- or space-based (or a combination of
both), will be able to unambiguously detect them. In this subsection we briefly revisit the
theory that can be directly connected to the experiments. In particular, we highlight here
the requirements for next-generation detectors to be sensitive enough to detect IGMFs.

In general, the detection of haloes depends on two factors. First, the size of the
extended emission should be such that it is fully contained within the field of view (FoV)
of the detector, of size 6,,. Second, this extension must exceed the angular resolution of
the detector (6psf). In other words, the signal can be observed if the PSF and FoV of the
instruments satisfy 6,5 < Oops < Ogov-

Current-generation IACTs (VERITAS, MAGIC, H.E.S.S.) can resolve scales of ~0.08°,
with a typical FoV of <6°. The upcoming Cherenkov Telescope Array [395] will reach
angular resolutions as high as ~0.02° with a field of view of ~20°, improving the possible
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constraints on IGMFs [396-399]. For instance, 50 hours of observations of the blazar
1ES 0229+200 could be used to probe magnetic-field strengths of B ~ 10713 G at a 50-level,
for Lg 2 1 Mpc [400]. In particular, with angular resolutions of ~0.13° at E 2 100 GeV, a
combination of CTA and Fermi-LAT observations could also be used to probe magnetic
helicity [283], although it is not clear if any measurable signal could be extracted [287].

Figure 10 shows the region of the parameter space that can be probed with the halo
strategy. Note that, while the PSF must necessarily be smaller than the size of the halo for
any extended emission to be identified, the condition 6o, > 6 is not a strict requirement.
Nevertheless, if the halo is not entirely contained within the field of view of the instrument,
it becomes difficult (but not impossible) to reconstruct the image, due to uncertainties
stemming from the reconstruction procedure and the motion of the telescope to scan the
region surrounding the source. Typically, IACTs have higher angular resolutions near the
centre of the FoV, decreasing radially from that point.
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Figure 10. This figure shows the typical size of the extended emission (6,ps) for different combinations of B and L, for
gamma rays of energy 10 GeV (left panel) and 100 GeV (right). This example was calculated using the approximation given
by Equation (18) [161]. The source is assumed to be located at a distance corresponding to redshift z = 0.10.

Figure 10 was obtained using simplifying assumptions, in particular Equation (17),
derived in [161]. If these estimates were improved using detailed Monte Carlo simulations
and instrument response functions were accounted for, then the picture could change
slightly. Nevertheless, a recent work by the CTA Consortium [400] using simulations
obtained with the CRPropa code is in qualitative agreement with Figure 10.

More generally, IGMF constraints based on gamma-ray observations employing the
halo strategy depend on the point-source sensitivity of the instruments, shown in Figure 11.
A simple comparison with the simulations of Figure 7 demonstrates that instruments like
CTA will be able to probe IGMFs stronger than ~107 G, as shown in Ref. [400]. The
sensitivities shown in Figure 11 are a useful guide for a first assessment of the instrumental
capabilities in IGMF studies through simple comparisons with theoretical expectations
(Figure 7). Nevertheless, there are multiple conceivable ways to probe IGMFs with halo
searches. The simplest one is the direct search for an extended emission, as we discussed in
the preceding paragraphs, but one could also employ methods involving the fit of the halo
profile and comparison with the background, for example. This would lead to differences
in the sensitivity curves, as discussed in detail in Ref. [396] for the case of CTA.

It is worth stressing that facilities operating at slightly higher or lower energies can
play an important role in this type of study, despite being seldom considered for IGMF
studies. They can be used to constrain putative PeV gamma rays as well as cascade photons
in the GeV band. The current and upcoming facilities operating at higher energies, like
LHAASOQ [8] and the planned Southern Wide-field Gamma-ray Observatory (SWGO) [401],



Universe 2021, 7, 223

32 0f 48

formerly known as the Southern Gamma-ray Survey Observatory (5GSO), can help in the
precise determination of the intrinsic spectrum of the sources and consequently lead to
better models. Observatories such as the planned e-ASTROGAM [402] and the All-sky
Medium Energy Gamma-ray Observatory (AMEGO) [403] can detect secondary (cascade)
photons in the MeV-GeV band, thus providing additional insights into IGMFs. For the
extreme blazars with hard spectra (see discussion in Section 3.1), in particular, this will
ultimately reduce the uncertainties when constraining IGMFs. Interestingly, observa-
tions around GeV energies may also probe spectral features expected from some plasma
instability models (e.g., [302]; see also Section 3.4).
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Figure 11. Comparison of the point-source sensitivity for various gamma-ray observatories. The
Fermi-LAT band encompasses sources at various positions in the sky, for the PBR3_SOURCE_V2 instru-
ment response function [404]. The sensitivities for the IACTs, namely VERITAS [405], MAGIC [3],
H.E.S.S. [406], and CTA [395] are given for 50 h of observations. For SWGO [401] and LHAASO [8],
the curves shown are for 5 and 1 year, respectively. The 1 year is also the observation time used
to derive the sensitivity for AMEGO [403]. For HAWC [407], the curve corresponds to 507 days
(which is equivalent to approximately 3000 hours) of observations. The thick black lines correspond
to the simulations from Figure 7. Note that the instrument response functions of each detector are
not folded into the simulations; the corresponding sensitivities are shown here just for the sake of
comparison.

All currently operating instruments can resolve short-duration events from sources
at distances closer than z ~ 1, probing magnetic fields with strengths B < 10~ G for
Lp 2 1 Mpgc; note that the exact value of B that can be probed depends on the distance
to the source. For stronger magnetic fields, however, it becomes difficult to detect time
delays if they are larger than a few years or a decade. In fact, according to Equation (18),
the expected time delay for 10 GeV gamma rays assuming B > 10~!7 G and Ly > 100 kpc
would already be Atg 2 100 yr, posing obstacles for measurement within a reasonable
time window of a few decades.

Figure 12 shows the region of the parameter space that can be probed with the
time-delay strategy. It is clearly favorable for probing the region of the parameter space
corresponding to weaker magnetic fields (compared to Figure 10). This particular example
is for a source at redshift z = 0.42, the same as GRB 190114C [226].

In a recent work [367], the prospects for measuring strong IGMFs (B 2> 10712 G) were
analyzed using the constrained cosmological simulations of the cosmic web from Ref. [408],
based on gamma-ray observations from both Mrk 421 and Mrk 501. The authors argue
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that, at least for the latter object, IGMFs with B > 10712-10"!! G and Lp < 10 kpc could be
measured in the energy range between 1 and 10 TeV via halo searches. Such strong IGMFs
could, in principle, be invoked to resolve the Hubble tension [61].
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Figure 12. This figure shows the typical size of the extended emission (6,ps) for different combinations of B and L, for

gamma rays of energy 10 GeV (left panel) and 100 GeV (right panel). This example was calculated using the approximation

given by Equation (18) [161]. The source is assumed to be located at a distance corresponding to redshift z = 0.42.

5. Outlook

Following on the footsteps of pioneer ground-based gamma-ray detectors, in particu-
lar IACTs like the Whipple Observatory and HEGRA, currently-operating facilities such as
H.E.S.S., VERITAS, MAGIC have made outstanding progress in studying the VHE universe.
Complemented by space-borne detectors like Fermi-LAT and AGILE at energies below
~100 GeV, and by ground-based particle detectors such as HAWC, Tibet-AS+y, and ARGO-
YBJ at higher energies (~100 TeV), we have in recent years made significant progress
towards understanding the Universe at high energies. At the dawn of the multimessenger
era, the discovery potential of ground-based gamma-ray facilities can be maximized by
working with other observatories across the whole electromagnetic spectrum, as well
partners measuring cosmic rays, neutrinos, and gravitational waves. In this context, joint
studies through multimessenger networks such as the Astrophysical Multimessenger
Observatory Network (AMON) [409] are extremely useful to orchestrate campaigns of
follow-up observations. It is through coordinated efforts of multiple of these facilities
that we can pave new roads to fully exploit the potential of gamma rays as probes of
cosmology and fundamental physics (e.g., Lorentz invariance violation, axion-like particles;
see Section 3.5). Within this landscape, we identify a unique opportunity for measuring
IGMFs using gamma rays as well as other messengers.

Many challenges lie ahead in the coming decade. Firstly, it is possible that next-
generation IACTs like CTA will still not be sensitive enough to enable measurements
of magnetically-induced haloes. This limitation is certainly true for other ground-based
instruments given the lower angular resolution of water-Cherenkov detectors compared to
IACTs. Secondly, there are theoretical issues that need to be addressed, including the issue
of plasma instabilities (see Section 3.4). Moreover, future studies should start relying on
more detailed magnetic-field models, capturing also the magnetization of the cosmic web
wherein the gamma-ray sources used as “lighthouses” to probe the cosmos are embedded.
We are entering an era of precision measurements and, therefore, also require more accurate
tools to model the three-dimensional propagation of electromagnetic cascades if we wish to
exploit the data as much as possible. Finally, there is room for novel methods to be devised
to measure IGMFs, involving, among other messengers, gamma rays.
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New insights into cosmic magnetism will be obtained with the Square Kilometre Array
(SKA) [410,411]. Through measurements of Faraday of polarized extragalactic sources
(e.g., FRBs, GRBs, quasars) SKA will deliver a tomographic map of extragalactic magnetic
fields, disentangling part of the IGMF component, and offering clues on the structure and
evolution of IGMFs [412].

Figures 1 and 9 neatly summarize the space of parameters for IGMFs allowed by
measurements. However, the landscape of cosmic magnetism is more complex than
this simple two-dimensional parameter space. Besides the magnetic-field strength (B)
and the coherence length (Lg), IGMFs may be helical, such that a third dimension (Hp)
should be added to this plot. Moreover, the magnetic power spectrum (ap) can also play
a role in the development of electromagnetic cascades, adding a fourth dimension. It is
manifestly difficult to scan over all these parameters (B, Lg, Hp, and ap) simultaneously.
Still, these caveats should be borne in mind when constraining IGMFs, since there might
be degeneracies. In this context, observation of gamma-ray sources can play an important
role, given its ability to probe all these parameters. Nevertheless, besides more sensitive
gamma-ray observatories, theoretical efforts in this direction are needed.

With the promising prospects for measuring IGMFs using next-generation gamma-ray
observatories, we can invert the reasoning presented in Section 2.3: from the measure-
ments, assuming IGMFs have a cosmological origin, we could constrain certain aspects
of cosmology by inferring the specific parameters that characterize them. In fact, all the
IGMF parameters mentioned in the previous paragraph may, in principle, be used for
this purpose. With the measurement of B, one directly obtains the overall energy content
of IGMFs. Like any other form of energy permeating the Universe, this would have an
immediate impact in its global evolution, such that it could be necessary to consider this
contribution as an addition to the standard ACDM model. Moreover, measurements of
both the spectral index («p) and the coherence length (L) could be used to constrain the
major processes from which they originate, like Inflation, QCDPT and EWPT. In the case
of a phase transition, in particular, these measurements could allow us to infer its order.
Finally, the measurement of a non-zero magnetic helicity (Hp) would strongly hint at a
general CP violation in the Universe, with clear implications for various aspects of particle
cosmology.

In summary; it is fair to say that gamma rays represent a unique observational window
into cosmic magnetism. With the advances in gamma-ray astronomy, we could already cap-
italize on this window of opportunity to better understand IGMFs and to start constraining
the B-Lp parameter space. In the coming decades, the next generation of instruments might
improve our understanding of cosmic magnetism more than ever, probing magnetism at
cosmological scales and providing us a glimpse into the mechanisms whereby magnetic
fields originated.
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Abbreviations

The following abbreviations are used in this manuscript:

AGN
ALP
AMEGO
AMON
ARGO-YB]J
ASTRI
BBN

BL Lac
BSM
C.L.
CMB
CRB
CTA
DGRB
DPP
EBL
EGRET
EWPT
Fermi-LAT
FoV

FRB
FSRQ
GRB
HAWC
H.E.S.S.
IC

IGM
IGMEF
ACDM
LHAASO
LIV
LOFAR
MAGIC
MHD
PMF

PP

PSF
QCDPT
SED

RM
SGSO
SKA

SM
SWGO
TPP
VERITAS
VHE
UHECR
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electroweak phase transition

Fermi Large Area Telescope

field of view

fast radio burst

flat-spectrum radio quasar

gamma-ray burst

High Altitude Water Cherenkov Experiment
High-Energy Stereoscopic System

inverse Compton

intergalactic medium

intergalactic magnetic field

Lambda cold dark matter

Large High Altitude Air Shower Observatory
Lorentz invariance violation

Low-Frequency Array

Major Atmospheric Gamma Imaging Cherenkov
magnetohydrodynamics

primordial magnetic field

pair production

point spread function

quantum chromodynamics phase transition
spectral energy distribution

rotation measure

Southern Gamma-ray Survey Observatory
Square Kilometre Array

Standard Model of particle physics

Southern Wide-field Gamma-ray Observatory
triplet pair production

Very Energetic Radiation Imaging Telescope Array System
very-high-energy

ultra-high-energy cosmic ray

1. Hinton, J.A. The status of the HESS project. New Astron. Rev. 2004, 48, 331-337. [CrossRef]

2. MAGIC Collaboration. The major upgrade of the MAGIC telescopes, Part I: The hardware improvements and the commissioning
of the system. Astropart. Phys. 2016, 72, 61-75. [CrossRef]

3. MAGIC Collaboration. The major upgrade of the MAGIC telescopes, Part II: A performance study using observations of the
Crab Nebula. Astropart. Phys. 2016, 72, 76-94. [CrossRef]


http://doi.org/10.1016/j.newar.2003.12.004
http://dx.doi.org/10.1016/j.astropartphys.2015.04.004
http://dx.doi.org/10.1016/j.astropartphys.2015.02.005

Universe 2021, 7,223 36 of 48

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

Weekes, T.C.; Badran, H,; Biller, S.D.; Bond, I; Bradbury, S.; Buckley, J.; Carter-Lewis, D.; Catanese, M.; Criswell, S.; Cui, W.; et al.
VERITAS: the Very Energetic Radiation Imaging Telescope Array System. Astropart. Phys. 2002, 17, 221-243. [CrossRef]
VERITAS Collaboration. VERITAS: The Very Energetic Radiation Imaging Telescope Array System. New Astron. Rev. 2004,
48, 345-349. [CrossRef]

HAWC Collaboration. Sensitivity of the High Altitude Water Cherenkov detector to sources of multi-TeV gamma rays. Astropart.
Phys. 2013, 50-52, 26-32. [CrossRef]

Di Sciascio, G. Latest results from the ARGO-YB] experiment. J. Phys. Conf. Ser. 2015, 632, 012089. [CrossRef]

LHAASO Collaboration. The Large High Altitude Air Shower Observatory (LHAASO) Science White Paper. arXiv 2019,
arXiv:astro-ph.HE /1905.02773.

Tibet ASy Collaboration. Underground water Cherenkov muon detector array with the Tibet air shower array for gamma-ray
astronomy in the 100 TeV region. Astrophys. Space Sci. 2007, 309, 435-439. [CrossRef]

Fermi-LAT Collaboration. The Large Area Telescope on the Fermi Gamma-Ray Space Telescope Mission. Astrophys. ]. 2009,
697,1071-1102. [CrossRef]

Padovani, P,; Alexander, D.M.; Assef, R.].; De Marco, B.; Giommi, P.; Hickox, R.C.; Richards, G.T.; Smol¢i¢, V.; Hatziminaoglou, E.;
Mainieri, V.; Salvato, M. Active galactic nuclei: what’s in a name? Astron. Astrophys. Rev. 2017, 25, 2. [CrossRef]

Blandford, R.; Meier, D.; Readhead, A. Relativistic jets from active galactic nuclei. Annu. Rev. Astron. Astrophys. 2019, 57, 467-509.
[CrossRef]

Punch, M.; Akerlof, C.W.; Cawley, M.E; Chantell, M.; Fegan, D.].; Fennell, S.; Gaidos, ].A.; Hagan, J.; Hillas, A.M.; Jiang, Y.; et al.
Detection of TeV photons from the active galaxy Markarian 421. Nature 1992, 358, 477-478. [CrossRef]

H.ES.S. Collaboration. A low level of extragalactic background light as revealed by y-rays from blazars. Nature 2006,
440, 1018-1021. [CrossRef] [PubMed]

MAGIC Collaboration. Very-High-Energy gamma rays from a distant quasar: How transparent is the Universe? Science 2008,
320, 1752. [CrossRef] [PubMed]

H.E.S.S. Collaboration. Measurement of the extragalactic background light imprint on the spectra of the brightest blazars
observed with H.E.S.S. Astron. Astrophys. 2013, 550, A4. [CrossRef]

MAGIC Collaboration. MAGIC observations of the February 2014 flare of 1ES 1011+496 and ensuing constraint of the EBL
density. Astron. Astrophys. 2016, 590, A24. [CrossRef]

H.E.S.S. Collaboration. Measurement of the EBL spectral energy distribution using the VHE «-ray spectra of H.E.S.S. blazars.
Astron. Astrophys. 2017, 606, A59. [CrossRef]

VERITAS Collaboration. Measurement of the extragalactic background light spectral energy distribution with VERITAS.
Astrophys. ]. 2019, 885, 150. [CrossRef]

MAGIC Collaboration. Measurement of the extragalactic background light using MAGIC and Fermi-LAT gamma-ray observations
of blazars up to z = 1. Mon. Not. R. Astron. Soc. 2019, 486, 4233—4251. [CrossRef]

MAGIC Collaboration. Search for an extended VHE v-ray emission from Mrk 421 and Mrk 501 with the MAGIC Telescope.
Astron. Astrophys. 2010, 524, A77. [CrossRef]

H.E.S.S. Collaboration. Search for extended <y-ray emission around AGN with H.E.S.S. and Fermi-LAT. Astron. Astrophys. 2014,
562, A145. [CrossRef]

VERITAS Collaboration. Search for magnetically broadened cascade emission from blazars with VERITAS. Astrophys. J. 2017,
835, 288. [CrossRef]

Ellis, J.; Mavromatos, N.; Nanopoulos, D.; Sakharov, A.; Sarkisyan, E. Probing Quantum Gravity using photons from a flare of the
active galactic nucleus Markarian 501 Observed by the MAGIC telescope. Phys. Lett. B 2008, 668, 253-257. [CrossRef]

H.E.S.S. Collaboration. Search for Lorentz Invariance breaking with a likelihood fit of the PKS 2155-304 flare data taken on MJD
53944. Astropart. Phys. 2011, 34, 738-747. [CrossRef]

H.E.S.S. Collaboration. The 2014 TeV <y-ray flare of Mrk 501 seen with H.E.S.S.: temporal and spectral constraints on Lorentz
invariance violation. Astrophys. J. 2019, 870, 93. [CrossRef]

Jelley, ].V. High-energy 7y-ray absorption in Space by a 3.5 °K microwave field. Phys. Rev. Lett. 1966, 16, 479-481. [CrossRef]
Gould, RJ.; Schréder, G. Opacity of the Universe to high-energy photons. Phys. Rev. Lett. 1966, 16, 252-254. [CrossRef]

Hillas, A.M. Cosmic rays in an evolving universe. Can. . Phys. Suppl. 1968, 46, 623. [CrossRef]

Strong, A.W.; Wdowczyk, J.; Wolfendale, A.W. The gamma-ray background: A consequence of metagalactic cosmic ray origin? J.
Phys. A 1974, 7,120-134. [CrossRef]

Berezinsky, V.S.; Smirnov, A.Y. Cosmic neutrinos of ultra-high energies and detection possibility. Astrophys. Space Sci. 1975,
32,461-482. [CrossRef]

Bonometto, S.A.; Lucchin, . On the transparency of extragalactic space very-high-energy protons. Lett. Nuovo C. 1971,
2,1299-1304. [CrossRef]

Wdowczyk, J.; Tkaczyk, W.; Wolfendale, A.W. Primary cosmic 7y-rays above 1012 eV. J. Phys. A 1972, 5, 1419-1432. [CrossRef]
Protheroe, R.J. Effect of electron-photon cascading on the observed energy spectra of extragalactic sources of ultra-high-energy
gamma-rays. Mon. Not. R. Astron. Soc. 1986, 221, 769-788. [CrossRef]

Ivanenko, L.P; Sizov, V.V. Generation of gamma-rays in electron-photon cascades-Part one-monoenergetic photon field. Astrophys.
Space Sci. 1991, 182, 111-125. [CrossRef]


http://dx.doi.org/10.1016/S0927-6505(01)00152-9
http://dx.doi.org/10.1016/j.newar.2003.12.050
http://dx.doi.org/10.1016/j.astropartphys.2013.08.002
http://dx.doi.org/10.1088/1742-6596/632/1/012089
http://dx.doi.org/10.1007/s10509-007-9395-x
http://dx.doi.org/10.1088/0004-637X/697/2/1071
http://dx.doi.org/10.1007/s00159-017-0102-9
http://dx.doi.org/10.1146/annurev-astro-081817-051948
http://dx.doi.org/10.1038/358477a0
http://dx.doi.org/10.1038/nature04680
http://www.ncbi.nlm.nih.gov/pubmed/16625189
http://dx.doi.org/10.1126/science.1157087
http://www.ncbi.nlm.nih.gov/pubmed/18583607
http://dx.doi.org/10.1051/0004-6361/201220355
http://dx.doi.org/10.1051/0004-6361/201527256
http://dx.doi.org/10.1051/0004-6361/201731200
http://dx.doi.org/10.3847/1538-4357/ab4817
http://dx.doi.org/10.1093/mnras/stz943
http://dx.doi.org/10.1051/0004-6361/201014747
http://dx.doi.org/10.1051/0004-6361/201322510
http://dx.doi.org/10.3847/1538-4357/835/2/288
http://dx.doi.org/10.1016/j.physletb.2008.08.053
http://dx.doi.org/10.1016/j.astropartphys.2011.01.007
http://dx.doi.org/10.3847/1538-4357/aaf1c4
http://dx.doi.org/10.1103/PhysRevLett.16.479
http://dx.doi.org/10.1103/PhysRevLett.16.252
http://dx.doi.org/10.1139/p68-311
http://dx.doi.org/10.1088/0305-4470/7/1/019
http://dx.doi.org/10.1007/BF00643157
http://dx.doi.org/10.1007/BF02770388
http://dx.doi.org/10.1088/0305-4470/5/9/015
http://dx.doi.org/10.1093/mnras/221.4.769
http://dx.doi.org/10.1007/BF00646447

Universe 2021, 7,223 37 of 48

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.
65.

66.
67.

Ivanenko, I.P; Sizov, V.V. Generation of gamma-rays in electron-photon cascades-Part two-photon field of the power-law
spectrum. Astrophys. Space Sci. 1991, 182, 127-140. [CrossRef]

Aharonian, EA.; Coppi, PS.; Voelk, H.J. Very high energy gamma rays from active galactic nuclei: Cascading on the cosmic
background radiation fields and the formation of pair halos. Astrophys. . Lett. 1994, 423, L5-L8. [CrossRef]

Plaga, R. Detecting intergalactic magnetic fields using time delays in pulses of gamma-rays. Nature 1995, 374, 430. [CrossRef]
Honda, M. A Study of the Intergalactic Magnetic Field using Extragalactic Ultra-High-Energy Gamma-Ray Sources. Astrophys. ].
1989, 339, 629. [CrossRef]

Neronov, A.; Vovk, I. Evidence for strong extragalactic magnetic fields from Fermi observations of TeV blazars. Science 2010,
328,73. [CrossRef]

Tavecchio, F.; Ghisellini, G.; Foschini, L.; Bonnoli, G.; Ghirlanda, G.; Coppi, P. The intergalactic magnetic field constrained
by Fermi/Large Area Telescope observations of the TeV blazar 1ES0229+200. Mon. Not. R. Astron. Soc. 2010, 406, L70-L74.
[CrossRef]

Tavecchio, F.; Ghisellini, G.; Bonnoli, G.; Foschini, L. Extreme TeV blazars and the intergalactic magnetic field. Mon. Not. R.
Astron. Soc. 2011, 414, 3566-3576. [CrossRef]

Huan, H.; Weisgarber, T.; Arlen, T.; Wakely, S.P. A new model for gamma-ray cascades in extragalactic magnetic fields. Astrophys.
J. Lett. 2011, 735, L28. [CrossRef]

Taylor, A.M.; Vovk, I; Neronov, A. Extragalactic magnetic fields constraints from simultaneous GeV-TeV observations of blazars.
Astron. Astrophys. 2011, 529, A144. [CrossRef]

Vovk, I; Taylor, A.M.; Semikoz, D.; Neronov, A. Fermi/LAT observations of 1ES 0229+200: Implications for extragalactic
magnetic fields and background light. Astrophys. J. Lett. 2012, 747, L14. [CrossRef]

Dolag, K.; Kachelrie3, M.; Ostapchenko, S.; Tomas, R. Lower limit on the strength and filling factor of extragalactic magnetic
fields. Astrophys. |. Lett. 2011, 727, L4. [CrossRef]

Fermi-LAT Collaboration. The Search for Spatial Extension in High-latitude Sources Detected by the Fermi Large Area Telescope.
Astrophys. ]. Suppl. Ser. 2018, 237, 32. [CrossRef]

Finke, ].D.; Reyes, L.C.; Georganopoulos, M.; Reynolds, K.; Ajello, M.; Fegan, S.J.; McCann, K. Constraints on the intergalactic
magnetic field with gamma-ray observations of blazars. Astrophys. J. 2015, 814, 20. [CrossRef]

Tiede, P; Broderick, A.E.; Shalaby, M.; Pfrommer, C.; Puchwein, E.; Chang, P.; Lamberts, A. Constraints on the intergalactic
magnetic field from bow ties in the gamma-ray sky. Astrophys. J. 2020, 892, 123. [CrossRef]

Alves Batista, R.; Saveliev, A. Multimessenger constraints on intergalactic magnetic fields from the flare of TXS 0506+056.
Astrophys. J. Lett. 2020, 902, L11. [CrossRef]

Asseo, E.; Sol, H. Extragalactic magnetic fields. Phys. Rep. 1987, 148, 307-436. [CrossRef]

Vallée, J.P. Magnetic fields in the galactic Universe, as observed in supershells, galaxies, intergalactic and cosmic realms. New
Astron. Rev. 2011, 55, 91-154. [CrossRef]

Govoni, F; Orriy, E.; Bonafede, A.; Iacobelli, M.; Paladino, R.; Vazza, F; Murgia, M.; Vacca, V.; Giovannini, G.; Feretti, L.; etal. A
radio ridge connecting two galaxy clusters in a filament of the cosmic web. Science 2019, 364, 981-984. [CrossRef] [PubMed]
O’Sullivan, S.P; Briiggen, M.; Vazza, F; Carretti, E.; Locatelli, N.T.; Stuardi, C.; Vacca, V.; Vernstrom, T.; Heald, G.; Horellou, C,;
et al. New constraints on the magnetization of the cosmic web using LOFAR Faraday rotation observations. Mon. Not. R. Astron.
Soc. 2020, 495, 2607-2619. [CrossRef]

Grasso, D.; Rubinstein, H.R. Magnetic fields in the early Universe. Phys. Rep. 2001, 348, 163-266. [CrossRef]

Widrow, L.M. Origin of galactic and extragalactic magnetic fields. Rev. Mod. Phys. 2002, 74, 775-823. [CrossRef]

Ryu, D.; Schleicher, D.R.G.; Treumann, R.A.; Tsagas, C.G.; Widrow, L.M. Magnetic fields in the large-scale structure of the
Universe. Space Sci. Rev. 2012, 166, 1-35. [CrossRef]

Durrer, R.; Neronov, A. Cosmological magnetic fields: Their generation, evolution and observation. Astron. Astrophys. Rev. 2013,
21, 62. [CrossRef]

Vachaspati, T. Progress on cosmological magnetic fields. Rep. Prog. Phys. 2021, 84, 074901. [CrossRef]

Jedamzik, K.; Saveliev, A. Stringent limit on primordial magnetic fields from the cosmic microwave background radiation. Phys.
Rev. Lett. 2019, 123, 021301. [CrossRef]

Jedamzik, K.; Pogosian, L. Relieving the Hubble tension with primordial magnetic fields. Phys. Rev. Lett. 2020, 125, 181302.
[CrossRef]

De Simone, A.; Nardini, G.; Quiros, M.; Riotto, A. Magnetic fields at first order phase transition: A threat to electroweak
baryogenesis. J. Cosmol. Astropart. Phys. 2011, 10, 30. [CrossRef]

Kushwaha, A.; Shankaranarayanan, S. Helical Magnetic Fields from Riemann Coupling Lead to Baryogenesis. arXiv 2021,
arXiv:hep-ph/2103.05339.

Kulsrud, R-M.; Zweibel, E.G. On the origin of cosmic magnetic fields. Rep. Prog. Phys. 2008, 71, 046901. [CrossRef]

Vazza, F; Brunetti, G.; Briiggen, M.; Bonafede, A. Resolved magnetic dynamo action in the simulated intracluster medium. Mon.
Not. R. Astron. Soc. 2018, 474, 1672-1687. [CrossRef]

Bertone, S.; Vogt, C.; Ensslin, T. Magnetic field seeding by galactic winds. Mon. Not. R. Astron. Soc. 2006, 370, 319-330. [CrossRef]
Dubois, Y.; Teyssier, R. On the onset of galactic winds in quiescent star forming galaxies. Astron. Astrophys. 2008, 477, 79-94.
[CrossRef]


http://dx.doi.org/10.1007/BF00646448
http://dx.doi.org/10.1086/187222
http://dx.doi.org/10.1038/374430a0
http://dx.doi.org/10.1086/167323
http://dx.doi.org/10.1126/science.1184192
http://dx.doi.org/10.1111/j.1745-3933.2010.00884.x
http://dx.doi.org/10.1111/j.1365-2966.2011.18657.x
http://dx.doi.org/10.1088/2041-8205/735/2/L28
http://dx.doi.org/10.1051/0004-6361/201116441
http://dx.doi.org/10.1088/2041-8205/747/1/L14
http://dx.doi.org/10.1088/2041-8205/727/1/L4
http://dx.doi.org/10.3847/1538-4365/aacdf7
http://dx.doi.org/10.1088/0004-637X/814/1/20
http://dx.doi.org/10.3847/1538-4357/ab737e
http://dx.doi.org/10.3847/2041-8213/abb816
http://dx.doi.org/10.1016/0370-1573(87)90127-X
http://dx.doi.org/10.1016/j.newar.2011.01.002
http://dx.doi.org/10.1126/science.aat7500
http://www.ncbi.nlm.nih.gov/pubmed/31171695
http://dx.doi.org/10.1093/mnras/staa1395
http://dx.doi.org/10.1016/S0370-1573(00)00110-1
http://dx.doi.org/10.1103/RevModPhys.74.775
http://dx.doi.org/10.1007/s11214-011-9839-z
http://dx.doi.org/10.1007/s00159-013-0062-7
http://dx.doi.org/10.1088/1361-6633/ac03a9
http://dx.doi.org/10.1103/PhysRevLett.123.021301
http://dx.doi.org/10.1103/PhysRevLett.125.181302
http://dx.doi.org/10.1088/1475-7516/2011/10/030
http://dx.doi.org/10.1088/0034-4885/71/4/046901
http://dx.doi.org/10.1093/mnras/stx2830
http://dx.doi.org/10.1111/j.1365-2966.2006.10474.x
http://dx.doi.org/10.1051/0004-6361:20078326

Universe 2021, 7,223 38 of 48

68.
69.
70.
71.

72.
73.

74.
75.
76.
77.
78.
79.

80.
81.

82.
83.
84.
85.

86.
87.

88.
89.

90.
91.

92.
93.
94.

95.
96.

97.

98.

99.

100.
101.

102.
103.

104.

105.

Furlanetto, S.R.; Loeb, A. Intergalactic magnetic fields from quasar outflows. Astrophys. J. 2001, 556, 619-634. [CrossRef]
Parker, E.N. The generation of magnetic fields in astrophysical bodies. II. The galactic field. Astrophys. J. 1971, 163, 255. [CrossRef]
Zeldovich, Y.B.; Ruzmaikin, A.A.; Sokoloff, D.D. Magnetic Fields in Astrophysics; The Fluid Mechanics of Astrophysics and
Geophysics; Gordon and Breach: New York, NY, USA, 1983.

Dolag, K.; Bartelmann, M.; Lesch, H. Evolution and structure of magnetic fields in simulated galaxy clusters. Astron. Astrophys.
2002, 387, 383-395. [CrossRef]

Berger, M.A; Field, G.B. The topological properties of magnetic helicity. |. Fluid Mech. 1984, 147, 133-148. [CrossRef]
Brandenburg, A.; Subramanian, K. Astrophysical magnetic fields and nonlinear dynamo theory. Phys. Rep. 2005, 417, 1-209.
[CrossRef]

Kolmogorov, A. Lokal’'naya struktura turbulentnosti v neszhimayemoy vyazkoy zhidkosti pri ochen” bol’shikh chislakh
Reynol’dsa. Dokl. Akad. Nauk SSSR 1941, 30, 301-305.

Kolmogorov, A.N. The local structure of turbulence in incompressible viscous fluid for very large Reynolds numbers. Sov. Phys.
Uspekhi 1968, 10, 734-746. [CrossRef]

Iroshnikov, P.S. Turbulence of a conducting fluid in a strong magnetic field. Sov. Astron. 1964, 7, 566.

Kraichnan, R.H. Inertial-Range Spectrum of Hydromagnetic Turbulence. Phys. Fluids 1965, 8, 1385-1387. [CrossRef]

Ng, C.S.; Bhattacharjee, A.; Munsi, D.; Isenberg, P.A.; Smith, C.W. Kolmogorov versus Iroshnikov-Kraichnan spectra: Conse-
quences for ion heating in the solar wind. J. Geophys. Res. (Space Sci.) 2010, 115, A02101. [CrossRef]

Treumann, R.; Baumjohann, W.; Narita, Y. Ideal MHD turbulence: The inertial range spectrum with collisionless dissipation.
Front. Phys. 2015, 3, 22. [CrossRef]

Durrer, R.; Caprini, C. Primordial magnetic fields and causality. ]. Cosmol. Astropart. Phys. 2003, 11, 10. [CrossRef]

Saveliev, A.; Jedamzik, K,; Sigl, G. Time evolution of the large-scale tail of non-helical primordial magnetic fields with back-
reaction of the turbulent medium. Phys. Rev. D 2012, 86, 103010. [CrossRef]

Kahniashvili, T.; Brandenburg, A.; Tevzadze, A.G.; Ratra, B. Numerical simulations of the decay of primordial magnetic
turbulence. Phys. Rev. D 2010, 81, 123002. [CrossRef]

Jedamzik, K.; Sigl, G. The evolution of the large-scale tail of primordial magnetic fields. Phys. Rev. D 2011, 83, 103005. [CrossRef]
Fujita, T.; Durrer, R. Scale-invariant helical magnetic fields from Inflation. J. Cosmol. Astropart. Phys. 2019, 09, 008. [CrossRef]
Harari, D.; Mollerach, S.; Roulet, E.; Sanchez, F. Lensing of ultrahigh-energy cosmic rays in turbulent magnetic fields. J. High
Energy Phys. 2002, 03, 045. [CrossRef]

Kandus, A.; Kunze, K.E.; Tsagas, C.G. Primordial magnetogenesis. Phys. Rep. 2011, 505, 1-58. [CrossRef]

Martin, J. Cosmic Inflation: trick or treat? In Fine-Tuning in the Physical Universe; Cambridge University Press: Cambridge, UK,
2020; pp. 111-173. [CrossRef]

Turner, M.S.; Widrow, L.M. Inflation produced, large scale magnetic fields. Phys. Rev. D 1988, 37, 2743. [CrossRef]

Atmjeet, K.; Pahwa, I.; Seshadri, T.R.; Subramanian, K. Cosmological magnetogenesis from extra-dimensional Gauss Bonnet
gravity. Phys. Rev. D 2014, 89, 063002. [CrossRef]

Ratra, B. Cosmological ‘seed” magnetic field from Inflation. Astrophys. . Lett. 1992, 391, L1-L4. [CrossRef]

Martin, J.; Yokoyama, J. Generation of large-scale magnetic fields in single-field Inflation. J. Cosmol. Astropart. Phys. 2008, 01, 025.
[CrossRef]

Subramanian, K. Magnetic fields in the early universe. Astron. Nachrichten 2010, 331, 110-120. [CrossRef]

Kunze, K.E. Large scale magnetic fields from gravitationally coupled electrodynamics. Phys. Rev. D 2010, 81, 043526. [CrossRef]
Motta, L.; Caldwell, R.R. Non-Gaussian features of primordial magnetic fields in power-law Inflation. Phys. Rev. D 2012,
85,103532. [CrossRef]

Jain, R.K; Sloth, M.S. Consistency relation for cosmic magnetic fields. Phys. Rev. D 2012, 86, 123528. [CrossRef]

Domenech, G.; Lin, C.; Sasaki, M. Inflationary magnetogenesis with on-shell local U(1) symmetry. J. Phys. Conf. Ser. 2017,
883, 012013. [CrossRef]

Markkanen, T.; Nurmi, S.; Rasanen, S.; Vennin, V. Narrowing the window of Inflationary magnetogenesis. |. Cosmol. Astropart.
Phys. 2017, 06, 35. [CrossRef]

Chakraborty, S.; Pal, S.; SenGupta, S. Inflationary Magnetogenesis and Anomaly Cancellation in Electrodynamics. arXiv 2018,
arXiv:gr-qc/1810.03478.

Bamba, K.; Elizalde, E.; Odintsov, S.D.; Paul, T. Inflationary magnetogenesis with reheating phase from higher curvature coupling.
J. Cosmol. Astropart. Phys. 2021, 4, 9. [CrossRef]

Kobayashi, T. Primordial magnetic fields from the post-inflationary universe. J. Cosmol. Astropart. Phys. 2014, 5, 40. [CrossRef]
Long, A.].; Sabancilar, E.; Vachaspati, T. Leptogenesis and primordial magnetic fields. J. Cosmol. Astropart. Phys. 2014, 2, 36.
[CrossRef]

Mirén-Granese, N.; Calzetta, E.; Kandus, A. Primordial Weibel Instability. arXiv 2021, arXiv:astro-ph.HE /2101.03644.

Aoki, Y. Four-dimensional simulation of the hot electroweak phase transition with the SU(2) gauge Higgs model. Phys. Rev. D
1997, 56, 3860-3865. [CrossRef]

Espinosa, J.R.; Konstandin, T.; Riva, F. Strong electroweak phase transitions in the Standard Model with a singlet. Nucl. Phys. B
2012, 854, 592-630. [CrossRef]

Vachaspati, T. Magnetic fields from cosmological phase transitions. Phys. Lett. B 1991, 265, 258-261. [CrossRef]


http://dx.doi.org/10.1086/321630
http://dx.doi.org/10.1086/150765
http://dx.doi.org/10.1051/0004-6361:20020241
http://dx.doi.org/10.1017/S0022112084002019
http://dx.doi.org/10.1016/j.physrep.2005.06.005
http://dx.doi.org/10.1070/PU1968v010n06ABEH003710
http://dx.doi.org/10.1063/1.1761412
http://dx.doi.org/10.1029/2009JA014377
http://dx.doi.org/10.3389/fphy.2015.00022
http://dx.doi.org/10.1088/1475-7516/2003/11/010
http://dx.doi.org/10.1103/PhysRevD.86.103010
http://dx.doi.org/10.1103/PhysRevD.81.123002
http://dx.doi.org/10.1103/PhysRevD.83.103005
http://dx.doi.org/10.1088/1475-7516/2019/09/008
http://dx.doi.org/10.1088/1126-6708/2002/03/045
http://dx.doi.org/10.1016/j.physrep.2011.03.001
http://dx.doi.org/10.1017/9781108614023.004
http://dx.doi.org/10.1103/PhysRevD.37.2743
http://dx.doi.org/10.1103/PhysRevD.89.063002
http://dx.doi.org/10.1086/186384
http://dx.doi.org/10.1088/1475-7516/2008/01/025
http://dx.doi.org/10.1002/asna.200911312
http://dx.doi.org/10.1103/PhysRevD.81.043526
http://dx.doi.org/10.1103/PhysRevD.85.103532
http://dx.doi.org/10.1103/PhysRevD.86.123528
http://dx.doi.org/10.1088/1742-6596/883/1/012013
http://dx.doi.org/10.1088/1475-7516/2017/06/035
http://dx.doi.org/10.1088/1475-7516/2021/04/009
http://dx.doi.org/10.1088/1475-7516/2014/05/040
http://dx.doi.org/10.1088/1475-7516/2014/02/036
http://dx.doi.org/10.1103/PhysRevD.56.3860
http://dx.doi.org/10.1016/j.nuclphysb.2011.09.010
http://dx.doi.org/10.1016/0370-2693(91)90051-Q

Universe 2021, 7,223 39 of 48

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.
120.

121.

122.

123.

124.

125.
126.

127.
128.
129.
130.
131.
132.
133.
134.
135.
136.
137.

138.

Ellis, J.; Fairbairn, M.; Lewicki, M.; Vaskonen, V.; Wickens, A. Intergalactic magnetic fields from first-order phase transitions. J.
Cosmol. Astropart. Phys. 2019, 9, 19. [CrossRef]

Fodor, Z.; Katz, S.D. Critical point of QCD at finite T and mu, lattice results for physical quark masses. J. High Energy Phys. 2004,
4,50. [CrossRef]

Aoki, Y;; Endrodi, G.; Fodor, Z.; Katz, S.D.; Szabo, K.K. The order of the quantum chromodynamics transition predicted by the
Standard Model of particle physics. Nature 2006, 443, 675-678. [CrossRef] [PubMed]

Bali, G.S.; Bruckmann, F.; Endrodi, G.; Fodor, Z.; Katz, S.D.; Krieg, S.; Schafer, A.; Szabo, KK. The QCD phase diagram for
external magnetic fields. J. High Energy Phys. 2012, 2, 44. [CrossRef]

Bhattacharya, T. QCD phase transition with chiral quarks and physical quark masses. Phys. Rev. Lett. 2014, 113, 82001. [CrossRef]
Schwarz, D.J.; Stuke, M. Lepton asymmetry and the cosmic QCD transition. J. Cosmol. Astropart. Phys. 2009, 11, 25. [CrossRef]
Quashnock, ].M.; Loeb, A.; Spergel, D.N. Magnetic field generation during the cosmological QCD phase transition. Astrophys. J.
Lett. 1989, 344, 1L.49-1.51. [CrossRef]

Cheng, B.L; Olinto, A.V. Primordial magnetic fields generated in the quark—Hadron transition. Phys. Rev. D 1994, 50, 2421-2424.
[CrossRef]

Sigl, G.; Olinto, A.V,; Jedamzik, K. Primordial magnetic fields from cosmological first order phase transitions. Phys. Rev. D 1997,
55, 4582-4590. [CrossRef]

Banerjee, R.; Jedamzik, K. Evolution of cosmic magnetic fields: From the very early Universe, to Recombination, to the present.
Phys. Rev. D 2004, 70, 123003. [CrossRef]

Kahniashvili, T.; Brandenburg, A.; Campanelli, L.; Ratra, B.; Tevzadze, A.G. Evolution of Inflation-generated magnetic field
through phase transitions. Phys. Rev. D 2012, 86, 103005. [CrossRef]

Tevzadze, A.G,; Kisslinger, L.; Brandenburg, A.; Kahniashvili, T. Magnetic fields from QCD phase transitions. Astrophys. J. 2012,
759, 54. [CrossRef]

Kahniashvili, T.; Tevzadze, A.G.; Brandenburg, A.; Neronov, A. Evolution of primordial magnetic fields from phase transitions.
Phys. Rev. D 2013, 87, 083007. [CrossRef]

Subramanian, K. The origin, evolution and signatures of primordial magnetic fields. Rep. Prog. Phys. 2016, 79, 76901. [CrossRef]
Brandenburg, A.; Kahniashvili, T.; Mandal, S.; Roper Pol, A.; Tevzadze, A.G.; Vachaspati, T. Evolution of hydromagnetic
turbulence from the electroweak phase transition. Phys. Rev. D 2017, 96, 123528. [CrossRef]

Saveliev, A.; Jedamzik, K.; Sigl, G. Evolution of helical cosmic magnetic fields as predicted by magnetohydrodynamic closure
theory. Phys. Rev. D 2013, 87, 123001. [CrossRef]

Brandenburg, A.; Durrer, R.; Kahniashvili, T.; Mandal, S.; Yin, W.W. Statistical properties of scale-invariant helical magnetic fields
and applications to cosmology. J. Cosmol. Astropart. Phys. 2018, 8, 34. [CrossRef]

Brandenburg, A.; Durrer, R.; Huang, Y.; Kahniashvili, T.; Mandal, S.; Mukohyama, S. Primordial magnetic helicity evolution with
a homogeneous magnetic field from Inflation. Phys. Rev. D 2020, 102, 23536. [CrossRef]

Brandenburg, A.; Kahniashvili, T.; Tevzadze, A.G. Nonhelical inverse transfer of a decaying turbulent magnetic field. Phys. Rev.
Lett. 2015, 114, 75001. [CrossRef] [PubMed]

Vachaspati, T. Estimate of the primordial magnetic field helicity. Phys. Rev. Lett. 2001, 87, 251302. [CrossRef]

Atmjeet, K.; Seshadri, T.R.; Subramanian, K. Helical cosmological magnetic fields from extra-dimensions. Phys. Rev. D 2015,
91, 103006. [CrossRef]

Campanelli, L.; Giannotti, M. Magnetic helicity generation from the cosmic axion field. Phys. Rev. D 2005, 72, 123001. [CrossRef]
Caprini, C.; Sorbo, L. Adding helicity to inflationary magnetogenesis. J. Cosmol. Astropart. Phys. 2014, 10, 56. [CrossRef]
Kushwaha, A.; Shankaranarayanan, S. Helical magnetic fields from Riemann coupling. Phys. Rev. D 2020, 102, 103528. [CrossRef]
Shtanov, Y. Viable inflationary magnetogenesis with helical coupling. J. Cosmol. Astropart. Phys. 2019, 10, 8. [CrossRef]
Vachaspati, T.; Vilenkin, A. Cosmological chirality and magnetic fields from parity violating particle decays. Phys. Rev. D 2021,
103, 103528. [CrossRef]

Biermann, L. Uber den Ursprung der Magnetfelder auf Sternen und im interstellaren Raum (mit einem Anhang von A. Schliiter).
Z. Naturforsch. Teil A 1950, 5, 65. [CrossRef]

Biermann, L.; Schliiter, A. Cosmic radiation and cosmic magnetic fields. II. Origin of cosmic magnetic fields. Phys. Rev. 1951,
82, 863-868. [CrossRef]

Naoz, S.; Narayan, R. Generation of primordial magnetic fields on linear over-density scales. Phys. Rev. Lett. 2013, 111, 51303.
[CrossRef] [PubMed]

Kulsrud, R.M.; Cen, R.; Ostriker, J.P.; Ryu, D. The protogalactic origin for cosmic magnetic fields. Astrophys. J. 1997, 480, 481-491.
[CrossRef]

Davies, G.; Widrow, L.M. A possible mechanism for generating galactic magnetic fields. Astrophys. ]. 2000, 540, 755-764.
[CrossRef]

Graziani, C.; Tzeferacos, P.; Lee, D.; Lamb, D.Q.; Weide, K.; Fatenejad, M.; Miller, J. The Biermann catastrophe in numerical
magnetohydrodynamics. Astrophys. J. 2015, 802, 43. [CrossRef]

Gnedin, N.Y,; Ferrara, A.; Zweibel, E.G. Generation of the primordial magnetic fields during cosmological Reionization. Astrophys.
J. 2000, 539, 505-516. [CrossRef]


http://dx.doi.org/10.1088/1475-7516/2019/09/019
http://dx.doi.org/10.1088/1126-6708/2004/04/050
http://dx.doi.org/10.1038/nature05120
http://www.ncbi.nlm.nih.gov/pubmed/17035999
http://dx.doi.org/10.1007/JHEP02(2012)044
http://dx.doi.org/10.1103/PhysRevLett.113.082001
http://dx.doi.org/10.1088/1475-7516/2009/11/025
http://dx.doi.org/10.1086/185528
http://dx.doi.org/10.1103/PhysRevD.50.2421
http://dx.doi.org/10.1103/PhysRevD.55.4582
http://dx.doi.org/10.1103/PhysRevD.70.123003
http://dx.doi.org/10.1103/PhysRevD.86.103005
http://dx.doi.org/10.1088/0004-637X/759/1/54
http://dx.doi.org/10.1103/PhysRevD.87.083007
http://dx.doi.org/10.1088/0034-4885/79/7/076901
http://dx.doi.org/10.1103/PhysRevD.96.123528
http://dx.doi.org/10.1103/PhysRevD.87.123001
http://dx.doi.org/10.1088/1475-7516/2018/08/034
http://dx.doi.org/10.1103/PhysRevD.102.023536
http://dx.doi.org/10.1103/PhysRevLett.114.075001
http://www.ncbi.nlm.nih.gov/pubmed/25763960
http://dx.doi.org/10.1103/PhysRevLett.87.251302
http://dx.doi.org/10.1103/PhysRevD.91.103006
http://dx.doi.org/10.1103/PhysRevD.72.123001
http://dx.doi.org/10.1088/1475-7516/2014/10/056
http://dx.doi.org/10.1103/PhysRevD.102.103528
http://dx.doi.org/10.1088/1475-7516/2019/10/008
http://dx.doi.org/10.1103/PhysRevD.103.103528
http://dx.doi.org/10.1515/zna-1950-0201
http://dx.doi.org/10.1103/PhysRev.82.863
http://dx.doi.org/10.1103/PhysRevLett.111.051303
http://www.ncbi.nlm.nih.gov/pubmed/23952384
http://dx.doi.org/10.1086/303987
http://dx.doi.org/10.1086/309358
http://dx.doi.org/10.1088/0004-637X/802/1/43
http://dx.doi.org/10.1086/309272

Universe 2021, 7,223 40 of 48

139.

140.

141.

142.

143.

144.

145.
146.
147.
148.
149.
150.
151.

152.
153.

154.
155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Widrow, L.M.; Ryu, D.; Schleicher, D.R.G.; Subramanian, K.; Tsagas, C.G.; Treumann, R.A. The first magnetic fields. Space Sci.
Rev. 2012, 166, 37-70. [CrossRef]

Attia, O.; Teyssier, R.; Katz, H.; Kimm, T.; Martin-Alvarez, S.; Ocvirk, P.; Rosdahl, J. Cosmological magnetogenesis: The Biermann
battery during the epoch of Reionization. Mon. Not. R. Astron. Soc. 2021, 504, 2346-2359. [CrossRef]

Arieli, Y.; Rephaeli, Y.; Norman, M.L. Dispersal of galactic magnetic fields into intracluster space. Astrophys. J. 2011, 738, 15.
[CrossRef]

Beck, A.M.; Hanasz, M.; Lesch, H.; Remus, R.S.; Stasyszyn, F.A. On the magnetic fields in voids. Mon. Not. R. Astron. Soc. 2013,
429, L60-L64. [CrossRef]

Samui, S.; Subramanian, K.; Srianand, R. Efficient cold outflows driven by cosmic rays in high redshift galaxies and their global
effects on the IGM. Mon. Not. R. Astron. Soc. 2018, 476, 1680-1695. [CrossRef]

Aramburo Garcia, A.; Bondarenko, K.; Boyarsky, A.; Nelson, D.; Pillepich, A.; Sokolenko, A. Magnetization of the intergalactic
medium in the IllustrisTNG simulations: the importance of extended, outflow-driven bubbles. Mon. Not. R. Astron. Soc. 2021,
505, 5038-5057. [CrossRef]

Kronberg, P.P.; Dufton, Q.W.; Li, H.; Colgate, S.A. Magnetic energy of the intergalactic medium from galactic black holes.
Astrophys. ]. 2001, 560, 178. [CrossRef]

Barai, P. Large-scale impact of the cosmological population of expanding radio galaxies. Astrophys. J. Lett. 2008, 682, L17.
[CrossRef]

Barai, P.; Martel, H.; Germain, J. Anisotropic active galactic nucleus outflows and enrichment of the intergalactic medium. II.
Metallicity. Astrophys. J. 2011, 727, 54. [CrossRef]

Miniati, F; Bell, A.R. Resistive magnetic field generation at cosmic dawn. Astrophys. J. 2011, 729, 73. [CrossRef]

Ohira, Y. Magnetic field generation by an inhomogeneous return current. Astrophys. J. Lett. 2020, 896, L12. [CrossRef]

Durrive, J.B.; Langer, M. Intergalactic magnetogenesis at cosmic dawn by photoionization. Mon. Not. R. Astron. Soc. 2015,
453, 345-356. [CrossRef]

Durrive, J.B.; Tashiro, H.; Langer, M.; Sugiyama, N. Mean energy density of photogenerated magnetic fields throughout the
Epoch of Reionization. Mon. Not. R. Astron. Soc. 2017, 472, 1649-1658. [CrossRef]

Langer, M.; Durrive, ].B. Magnetizing the cosmic web during Reionization. Galaxies 2018, 6, 124. [CrossRef]

Garaldi, E.; Pakmor, R.; Springel, V. Magnetogenesis around the first galaxies: the impact of different field seeding processes on
galaxy formation. Mon. Not. R. Astron. Soc. 2021, 502, 5726-5744. [CrossRef]

Harrison, E.R. Origin of magnetic fields in the early Universe. Phys. Rev. Lett. 1973, 30, 188-190. [CrossRef]

Mishustin, I.N.; Ruzmaikin, A.A. Occurrence of “priming” magnetic fields during the formation of protogalaxies. Sov. J. Exp.
Theor. Phys. 1972, 34, 233.

Matarrese, S.; Mollerach, S.; Notari, A.; Riotto, A. Large-scale magnetic fields from density perturbations. Phys. Rev. D 2005,
71,043502. [CrossRef]

Takahashi, K.; Ichiki, K.; Ohno, H.; Hanayama, H. Magnetic field generation from cosmological perturbations. Phys. Rev. Lett.
2005, 95, 121301. [CrossRef]

Banik, N.; Christopherson, A.J. Recombination era magnetic fields from axion dark matter. Phys. Rev. D 2016, 93, 043003.
[CrossRef]

Donnert, J.; Vazza, E; Briiggen, M.; ZuHone, ]. Magnetic field amplification in galaxy clusters and its simulation. Space Sci. Rev.
2018, 214, 122. [CrossRef]

Dominguez-Ferndndez, P; Vazza, F; Briiggen, M.; Brunetti, G. Dynamical evolution of magnetic fields in the intracluster medium.
Mon. Not. R. Astron. Soc. 2019, 486, 623-638. [CrossRef]

Neronov, A.; Semikoz, D.V. Sensitivity of y-ray telescopes for detection of magnetic fields in the intergalactic medium. Phys. Rev.
D 2009, 80, 123012. [CrossRef]

Heiles, C.; Troland, T.H. The Millennium Arecibo 21 Centimeter Absorption-Line Survey. III. Techniques for spectral polarization
and results for Stokes V. Astrophys. J. Suppl. Ser. 2004, 151, 271-297. [CrossRef]

Wolfe, A.M.; Jorgenson, R.A.; Robishaw, T.; Heiles, C.; Prochaska, J.X. An 84 microGauss magnetic field in a galaxy at redshift
2=0.692. Nature 2008, 455, 638. [CrossRef] [PubMed]

Wolfe, A.M.; Jorgenson, R.A.; Robishaw, T.; Heiles, C.; Prochaska, ] X. Spectral polarization of the redshifted 21 cm absorption
line toward 3C 286. Astrophys. J. 2011, 733, 24. [CrossRef]

Kronberg, P.P.; Bernet, M.L.; Miniati, F; Lilly, S.J.; Short, M.B.; Higdon, D.M. A global probe of cosmic magnetic fields to high
redshifts. Astrophys. J. 2008, 676, 7079. [CrossRef]

Bonafede, A.; Feretti, L.; Murgia, M.; Govoni, F.; Giovannini, G.; Dallacasa, D.; Dolag, K.; Taylor, G.B. The Coma cluster magnetic
field from Faraday rotation measures. Astron. Astrophys. 2010, 513, A30. [CrossRef]

Neronov, A.; Semikoz, D.; Banafsheh, M. Magnetic Fields in the Large Scale Structure from Faraday Rotation Measurements.
arXiv 2013, arXiv:astro-ph.CO/1305.1450.

Akahori, T.; Kumazaki, K.; Takahashi, K.; Ryu, D. Exploring the intergalactic magnetic field by means of Faraday tomography.
Publ. Astron. Soc. Jap. 2014, 66, 65. [CrossRef]

Xu, J.; Han, J.L. Redshift evolution of extragalactic rotation measures. Mon. Not. R. Astron. Soc. 2014, 442, 3329-3337. [CrossRef]


http://dx.doi.org/10.1007/s11214-011-9833-5
http://dx.doi.org/10.1093/mnras/stab1030
http://dx.doi.org/10.1088/0004-637X/738/1/15
http://dx.doi.org/10.1093/mnrasl/sls026
http://dx.doi.org/10.1093/mnras/sty287
http://dx.doi.org/10.1093/mnras/stab1632
http://dx.doi.org/10.1086/322767
http://dx.doi.org/10.1086/591029
http://dx.doi.org/10.1088/0004-637X/727/1/54
http://dx.doi.org/10.1088/0004-637X/729/1/73
http://dx.doi.org/10.3847/2041-8213/ab963d
http://dx.doi.org/10.1093/mnras/stv1578
http://dx.doi.org/10.1093/mnras/stx2007
http://dx.doi.org/10.3390/galaxies6040124
http://dx.doi.org/10.1093/mnras/stab086
http://dx.doi.org/10.1103/PhysRevLett.30.188
http://dx.doi.org/10.1103/PhysRevD.71.043502
http://dx.doi.org/10.1103/PhysRevLett.95.121301
http://dx.doi.org/10.1103/PhysRevD.93.043003
http://dx.doi.org/10.1007/s11214-018-0556-8
http://dx.doi.org/10.1093/mnras/stz877
http://dx.doi.org/10.1103/PhysRevD.80.123012
http://dx.doi.org/10.1086/381753
http://dx.doi.org/10.1038/nature07264
http://www.ncbi.nlm.nih.gov/pubmed/18833273
http://dx.doi.org/10.1088/0004-637X/733/1/24
http://dx.doi.org/10.1086/527281
http://dx.doi.org/10.1051/0004-6361/200913696
http://dx.doi.org/10.1093/pasj/psu033
http://dx.doi.org/10.1093/mnras/stu1018

Universe 2021, 7,223 41 of 48

170.

171.

172.

173.
174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.
187.

188.

189.

190.

191.

192.
193.

194.

195.

196.

197.

198.

199.
200.

201.

Pshirkov, M.S.; Tinyakov, P.G.; Urban, ER. New limits on extragalactic magnetic fields from rotation measures. Phys. Rev. Lett.
2016, 116, 191302. [CrossRef] [PubMed]

Amaral, A.D.; Vernstrom, T.; Gaensler, BM. Constraints on large-scale magnetic fields in the intergalactic medium using
cross-correlation methods. Mon. Not. R. Astron. Soc. 2021, 503, 2913-2926. [CrossRef]

Bagchi, J.; Ensslin, T.A.; Miniati, F.; Stalin, C.S.; Singh, M.; Raychaudhury, S.; Humeshkar, N.B. Evidence for shock acceleration
and intergalactic magnetic fields in a large scale filament of galaxies ZwC1 2341.1+0000. New Astron. 2002, 7, 249. [CrossRef]
Di Gennaro, G. Fast magnetic field amplification in distant galaxy clusters. Nature Astron. 2021, 5, 268-275. [CrossRef]
Hackstein, S.; Briiggen, M.; Vazza, F; Gaensler, B.M.; Heesen, V. Fast radio burst dispersion measures and rotation measures and
the origin of intergalactic magnetic fields. Mon. Not. R. Astron. Soc. 2019, 488, 4220-4238. [CrossRef]

Akahori, T;; Ryu, D.; Gaensler, B.M. Fast Radio Bursts as Probes of Magnetic Fields in the Intergalactic Medium. Astrophys. ].
2016, 824, 105. [CrossRef]

Vazza, F; Briiggen, M.; Hinz, PM.; Wittor, D.; Locatelli, N.; Gheller, C. Probing the origin of extragalactic magnetic fields with
Fast Radio Bursts. Mon. Not. R. Astron. Soc. 2018, 480, 3907-3915. [CrossRef]

Zeldovich, Y.B.; Novikov, I.D. Relativistic Astrophysics, Vol. 2: The Structure and Evolution of the Universe; University of Chicago
Press: Chicago, IL, USA 1983.

Barrow, ].D.; Ferreira, P.G,; Silk, J. Constraints on a primordial magnetic field. Phys. Rev. Lett. 1997, 78, 3610-3613. [CrossRef]
Planck Collaboration. Planck 2013 results. XVI. Cosmological parameters. Astron. Astrophys. 2014, 571, A16. [CrossRef]
Jedamzik, K,; Katalinic, V.; Olinto, A.V. A limit on primordial small scale magnetic fields from CMB distortions. Phys. Rev. Lett.
2000, 85, 700-703. [CrossRef]

Caprini, C.; Durrer, R.; Kahniashvili, T. The cosmic microwave background and helical magnetic fields: the tensor mode. Phys.
Rev. D 2004, 69, 63006. [CrossRef]

Kahniashvili, T.; Ratra, B. Effects of cosmological magnetic helicity on the cosmic microwave background. Phys. Rev. D 2005,
71,103006. [CrossRef]

Horttia, H.J.; Castafieda, L. Reduced bispectrum seeded by helical primordial magnetic fields. J. Cosmol. Astropart. Phys. 2017,
6,20. [CrossRef]

Rachen, J.; Biermann, P.L. Ultrahigh-energy cosmic rays from Fanaroff Riley class II radio galaxies. AIP Conf. Proc. 1992, 264, 393.
[CrossRef]

Rachen, J.P; Biermann, P.L. Extragalactic ultra-high energy cosmic rays. I. Contribution from hot spots in FR-II radio galaxies.
Astron. Astrophys. 1993, 272, 161-175.

Kronberg, P.P. Extragalactic magnetic fields. Rep. Prog. Phys. 1994, 57, 325-382. [CrossRef]

Lee, S.; Olinto, A.V,; Sigl, G. Extragalactic Magnetic Field and the Highest Energy Cosmic Rays. Astrophys. J. Lett. 1995, 455, L21.
[CrossRef]

Lemoine, M; Sigl, G.; Olinto, A.V.; Schramm, D.N. Ultra-high-Energy Cosmic-Ray Sources and Large-Scale Magnetic Fields.
Astrophys. ]. Lett. 1997, 486, L115-L118. [CrossRef]

Yiiksel, H.; Stanev, T.; Kistler, M.D.; Kronberg, P.P. The Centaurus A Ultrahigh-energy Cosmic-Ray Excess and the Local
Extragalactic Magnetic Field. Astrophys. |. 2012, 758, 16. [CrossRef]

Bray, ].D.; Scaife, AM.M. An upper limit on the strength of the extragalactic magnetic field from ultra-high-energy cosmic-ray
anisotropy. Astrophys. J. 2018, 861, 3. [CrossRef]

Van Vliet, A ; Palladino, A.; Taylor, A.; Winter, W. Extragalactic Magnetic Field Constraints from Ultra-High-Energy Cosmic Rays
from Local Galaxies. arXiv 2021, arXiv:2104.05732.

Kahniashvili, T.; Vachaspati, T. On the detection of magnetic helicity. Phys. Rev. D 2006, 73, 63507. [CrossRef]

Alves Batista, R.; Saveliev, A. On the measurement of the helicity of intergalactic magnetic fields using ultra-high-energy cosmic
rays. J. Cosmol. Astropart. Phys. 2019, 3, 11. [CrossRef]

Alves Batista, R.; Biteau, J.; Bustamante, M.; Dolag, K.; Engel, R.; Fang, K.; Kampert, K.H.; Kostunin, D.; Mostafa, M.; Murase,
K.; etal. Open questions in cosmic-ray research at ultrahigh energies. Front. Astron. Space Sci. 2019, 6, 23. [CrossRef]

Dolag, K.; Grasso, D.; Springel, V.; Tkachev, I. Constrained simulations of the magnetic field in the local Universe and the
propagation of ultrahigh energy cosmic rays. J. Cosmol. Astropart. Phys. 2005, 2005, 009. [CrossRef]

Alves Batista, R.; Shin, M.S.; Devriendt, J.; Semikoz, D.; Sigl, G. Implications of strong intergalactic magnetic fields for ultrahigh-
energy cosmic-ray astronomy. Phys. Rev. D 2017, 96, 023010. [CrossRef]

Hackstein, S.; Vazza, F; Briiggen, M.; Sorce, ].G.; Gottlober, S. Simulations of ultra-high energy cosmic rays in the local Universe
and the origin of cosmic magnetic fields. Mon. Not. R. Astron. Soc. 2018, 475, 2519-2529. [CrossRef]

Aramburo Garcia, A.; Bondarenko, K.; Boyarsky, A.; Nelson, D.; Pillepich, A.; Sokolenko, A. Ultra-High Energy Cosmic Rays
Deflection by the Intergalactic Magnetic Field. arXiv 2021, arXiv:2101.07207.

Urry, C.M.,; Padovani, P. Unified schemes for radio-loud active galactic nuclei. Publ. Astron. Soc. Pac. 1995, 107, 803. [CrossRef]
Bonnoli, G.; Tavecchio, F; Ghisellini, G.; Sbarrato, T. An emerging population of BL Lacs with extreme properties: towards a class
of EBL and cosmic magnetic field probes? Mon. Not. R. Astron. Soc. 2015, 451, 611-621. [CrossRef]

Aharonian, F.; Akhperjanian, A.G.; De Almeida, U.B.; Bazer-Bachi, A.R.; Behera, B.; Beilicke, M.; Benbow, W.; Bernlohr, K;
Boisson, C.; Bolz, O.; et al. New constraints on the mid-IR EBL from the HESS discovery of VHE <-rays from 1ES 0229+200.
Astron. Astrophys. 2007, 475, L9-L13. [CrossRef]


http://dx.doi.org/10.1103/PhysRevLett.116.191302
http://www.ncbi.nlm.nih.gov/pubmed/27232014
http://dx.doi.org/10.1093/mnras/stab564
http://dx.doi.org/10.1016/S1384-1076(02)00137-9
http://dx.doi.org/10.1038/s41550-020-01244-5
http://dx.doi.org/10.1093/mnras/stz2033
http://dx.doi.org/10.3847/0004-637X/824/2/105
http://dx.doi.org/10.1093/mnras/sty1968
http://dx.doi.org/10.1103/PhysRevLett.78.3610
http://dx.doi.org/10.1051/0004-6361/201321591
http://dx.doi.org/10.1103/PhysRevLett.85.700
http://dx.doi.org/10.1103/PhysRevD.69.063006
http://dx.doi.org/10.1103/PhysRevD.71.103006
http://dx.doi.org/10.1088/1475-7516/2017/06/020
http://dx.doi.org/10.1063/1.42713.
http://dx.doi.org/10.1088/0034-4885/57/4/001
http://dx.doi.org/10.1086/309812
http://dx.doi.org/10.1086/310847
http://dx.doi.org/10.1088/0004-637X/758/1/16
http://dx.doi.org/10.3847/1538-4357/aac777
http://dx.doi.org/10.1103/PhysRevD.73.063507
http://dx.doi.org/10.1088/1475-7516/2019/03/011
http://dx.doi.org/10.3389/fspas.2019.00023
http://dx.doi.org/10.1088/1475-7516/2005/01/009
http://dx.doi.org/10.1103/PhysRevD.96.023010
http://dx.doi.org/10.1093/mnras/stx3354
http://dx.doi.org/10.1086/133630
http://dx.doi.org/10.1093/mnras/stv953
http://dx.doi.org/10.1051/0004-6361:20078462

Universe 2021, 7,223 42 of 48

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.
216.
217.
218.
219.

220.
221.

222.
223.
224.
225.
226.
227.
228.
229.
230.

231.

Aharonian, F.; Akhperjanian, A.G.; De Almeida, U.B.; Bazer-Bachi, A.R.; Behera, B.; Beilicke, M.; Benbow, W.; Bernlohr, K.;
Boisson, C.; Bolz, O.; et al. Discovery of VHE <y-rays from the distant BL Lacertae 1ES 0347-121. Astron. Astrophys. 2007,
473,1.25-1.28. [CrossRef]

Abramowski, A.; Acero, E; Aharonian, F; Akhperjanian, A.G.; Anton, G.; Balzer, A.; Barnacka, A.; de Almeida, U.B.; Becherini, Y.;
Becker, J.; et al. Discovery of hard-spectrum y-ray emission from the BL Lacertae object 1ES 0414+009. Astron. Astrophys. 2012,
538, A103. [CrossRef]

Aharonian, F; Akhperjanian, A.G.; Bazer-Bachi, A.R.; Beilicke, M.; Benbow, W.; Berge, D.; Bernlthr, K.; Boisson, C.; Bolz,
O.; Borrel, V.; et al. Detection of VHE gamma-ray emission from the distant blazar 1ES 1101-232 with HESS and broadband
characterisation. Astron. Astrophys. 2007, 470, 475-489. [CrossRef]

VERITAS Collaboration. VERITAS Observations of the BL Lac Object 1ES 1218+304. Astrophys. J. 2009, 695, 1370-1375. [CrossRef]
H.E.S.S. Collaboration. HESS and Fermi-LAT discovery of -rays from the blazar 1ES 1312-423. Mon. Not. R. Astron. Soc. 2013,
434, 1889-1901. [CrossRef]

H.E.S.S. Collaboration. Discovery of VHE y-ray emission and multi-wavelength observations of the BL Lacertae object 1IRXS
J101015.9-311909. Astron. Astrophys. 2012, 542, A94. [CrossRef]

VERITAS Collaboration. Detection of the BL Lacertae object H1426+428 at TeV gamma-ray energies. Astrophys. ]. 2002,
571,753-762. [CrossRef]

Aharonian, F; Akhperjanian, A.G.; Bazer-Bachi, A.R.; Beilicke, M.; Benbow, W.; Berge, D.; Bernlohr, K.; Boisson, C.; Bolz, O.;
Borrel, V,; et al. Discovery of very high energy -ray emission from the BL Lacertae object H 2356-309 with the HESS Cherenkov
telescopes. Astron. Astrophys. 2006, 455, 461-466. [CrossRef]

Quinn, J.; Akerlof, C.W.; Biller, S.; Buckley, J.; Carter-Lewis, D.A.; Cawley, M.E; Catanese, M.; Connaughton, V.; Fegan, D.J.;
Finley, J.P; Gaidos, J.; et al. Detection of gamma rays with E > 300 GeV from Markarian 501. Astrophys. ]J. Lett. 1996, 456, L83.
[CrossRef]

MAGIC Collaboration. Detection of very high energy radiation from the BL Lacertae object PG 1553+113 with the MAGIC
telescope. Astrophys. |. Lett. 2007, 654, L119-L122. [CrossRef]

H.E.S.S. Collaboration. Discovery of VHE -y-rays from the BL Lacertae object PKS 0548-322. Astron. Astrophys. 2010, 521, A69.
[CrossRef]

Chadwick, PM.; Lyons, K.; McComb, T.J.L.; Orford, K.J.; Osborne, J.L.; Rayner, S.M.; Shaw, S.E.; Turver, K.E.; Wieczorek, G.J.
PKS 2155-304 - a source of VHE <y-rays. Astropart. Phys. 1999, 11, 145-148. [CrossRef]

Aharonian, F.; Akhperjanian, A.G.; De Almeida, U.B.; Bazer-Bachi, A.R.; Behera, B.; Beilicke, M.; Benbow, W.; Bernlthr, K.;
Boisson, C.; Borrel, V.; et al. Discovery of VHE <y-rays from the high-frequency-peaked BL Lacertae object RGB J0152+017. Astron.
Astrophys. 2008, 481, L103-L107. [CrossRef]

VERITAS Collaboration. The Discovery of y-Ray Emission from the Blazar RGB J0710+591. Astrophys. J. Lett. 2010, 715, L49-L55.
[CrossRef]

VERITAS Collaboration. Discovery of a new TeV gamma-ray source: VER J0521+211. Astrophys. ]. 2013, 776, 69. [CrossRef]
Parma, P.; Murgia, M.; de Ruiter, H.R.; Fanti, R. The lives of FR I radio galaxies. New Astron. Rev. 2002, 46, 313-325. [CrossRef]
MAGIC Collaboration. Unraveling the complex behavior of Mrk 421 with simultaneous X-ray and VHE observations during an
extreme flaring activity in 2013 April. Astrophys. J. Suppl. Ser. 2020, 248, 29. [CrossRef]

HEGRA Collaboration. Measurement of the flux, spectrum, and variability of TeV <-rays from Mkn 501 during a state of high
activity. Astron. Astrophys. 1997, 327, L5-L8.

MAGIC Collaboration. Variable VHE gamma-ray emission from Markarian 501. Astrophys. J. 2007, 669, 862-883. [CrossRef]
HAWC Collaboration. Daily monitoring of TeV gamma-ray emission from Mrk 421, Mrk 501, and the Crab Nebula with HAWC.
Astrophys. ]. 2017, 841, 100. [CrossRef]

Neronov, A.; Semikoz, D.; Kachelrie}, M.; Ostapchenko, S.; Elyiv, A. Degree-scale GeV “jets” from active and dead TeV blazars.
Astrophys. ]. 2010, 719, L130-L133. [CrossRef]

Gebhrels, N.; Ramirez-Ruiz, E.; Fox, D.B. Gamma-ray bursts in the Swift era. Annu. Rev. Astron. Astrophys. 2009, 47, 567-617.
[CrossRef]

Piron, F. Gamma-ray bursts at high and very high energies. C. R. Phys. 2016, 17, 617-631. [CrossRef]

Schady, P. Gamma-ray bursts and their use as cosmic probes. R. Soc. Open Sci. 2017, 4, 170304. [CrossRef] [PubMed]

MAGIC Collaboration. Teraelectronvolt emission from the y-ray burst GRB 190114C. Nature 2019, 575, 455-458. [CrossRef]
Dzhatdoev, T.A.; Podlesnyi, E.I.; Vaiman, LA. Can we constrain the extragalactic magnetic field from very high energy
observations of GRB 190114C? Phys. Rev. D 2020, 102, 123017. [CrossRef]

Wang, Z.R; Xi, S.Q.; Liu, R.Y,; Xue, R.; Wang, X.Y. Constraints on the intergalactic magnetic field from y-ray observations of GRB
190114C. Phys. Rev. D 2020, 101, 083004. [CrossRef]

Guetta, D.; Granot, ]. High energy emission from the prompt gamma-ray burst. Astrophys. J. 2003, 585, 885-889. [CrossRef]
Wang, X.; Cheng, K.S.; Dai, Z.G.; Lu, T. Constraining the origin of TeV photons from gamma-ray bursts with delayed MeV-
GeV emission formed by interaction with cosmic infrared /microwave background photons. Astrophys. J. 2004, 604, 306-311.
[CrossRef]

Veres, P.; Mészaros, P. Prospects for GeV-TeV detection of short gamma-ray bursts with extended emission. Astrophys. J. 2014,
787,168. [CrossRef]


http://dx.doi.org/10.1051/0004-6361:20078412
http://dx.doi.org/10.1051/0004-6361/201118406
http://dx.doi.org/10.1051/0004-6361:20077057
http://dx.doi.org/10.1088/0004-637X/695/2/1370
http://dx.doi.org/10.1093/mnras/stt1081
http://dx.doi.org/10.1051/0004-6361/201218910
http://dx.doi.org/10.1086/340019
http://dx.doi.org/10.1051/0004-6361:20054732
http://dx.doi.org/10.1086/309878
http://dx.doi.org/10.1086/511384
http://dx.doi.org/10.1051/0004-6361/200912363
http://dx.doi.org/10.1016/S0927-6505(99)00039-0
http://dx.doi.org/10.1051/0004-6361:200809603
http://dx.doi.org/10.1088/2041-8205/715/1/L49
http://dx.doi.org/10.1088/0004-637X/776/2/69
http://dx.doi.org/10.1016/S1387-6473(01)00201-9
http://dx.doi.org/10.3847/1538-4365/ab89b5
http://dx.doi.org/10.1086/521382
http://dx.doi.org/10.3847/1538-4357/aa729e
http://dx.doi.org/10.1088/2041-8205/719/2/L130
http://dx.doi.org/10.1146/annurev.astro.46.060407.145147
http://dx.doi.org/10.1016/j.crhy.2016.04.005
http://dx.doi.org/10.1098/rsos.170304
http://www.ncbi.nlm.nih.gov/pubmed/28791158
http://dx.doi.org/10.1038/s41586-019-1750-x
http://dx.doi.org/10.1103/PhysRevD.102.123017
http://dx.doi.org/10.1103/PhysRevD.101.083004
http://dx.doi.org/10.1086/346221
http://dx.doi.org/10.1086/381745
http://dx.doi.org/10.1088/0004-637X/787/2/168

Universe 2021, 7,223 43 of 48

232.

233.

234.

235.
236.

237.
238.

239.
240.

241.
242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.
254.

255.

256.

257.
258.

259.

260.

261.

262.

Ichiki, K.; Inoue, S.; Takahashi, K. Probing the nature of the weakest intergalactic magnetic fields with the high energy emission
of gamma-ray bursts. Astrophys. J. 2008, 682, 127. [CrossRef]

Takahashi, K.; Murase, K.; Ichiki, K.; Inoue, S.; Nagataki, S. Detectability of pair echoes from gamma-ray bursts and intergalactic
magnetic fields. Astrophys. J. 2008, 687, L5. [CrossRef]

Takahashi, K.; Inoue, S.; Ichiki, K.; Nakamura, T. Probing early cosmic magnetic fields through pair echoes from high-redshift
GRBs. Mon. Not. R. Astron. Soc. 2011, 410, 2741-2748. [CrossRef]

Kardashev, N.S. Nonstationarity of spectra of young sources of nonthermal radio emission. Sov. Astron. 1962, 6, 317.
Katarzynski, K.; Ghisellini, G.; Mastichiadis, A.; Tavecchio, F.; Maraschi, L. Stochastic particle acceleration and synchrotron
self-Compton radiation in TeV blazars. Astron. Astrophys. 2006, 453, 47-56. [CrossRef]

Giebels, B.; Dubus, G.; Khélifi, B. Unveiling the X-ray/TeV engine in Mkn 421. Astron. Astrophys. 2007, 462, 29-41. [CrossRef]
Stawarz, L.; Petrosian, V. On the momentum diffusion of radiating ultrarelativistic electrons in a turbulent magnetic field.
Astrophys. J. 2008, 681, 1725-1744. [CrossRef]

Matthews, ].H.; Bell, A.R.; Blundell, K.M. Particle acceleration in astrophysical jets. New Astron. Rev. 2020, 89, 101543. [CrossRef]
Saveliev, A.; Alves Batista, R. The intrinsic gamma-ray spectrum of TXS 0506+056: Intergalactic propagation effects. Mon. Not. R.
Astron. Soc. 2021, 500, 2188-2195. [CrossRef]

Uryson, A.V. Identification of sources of ultrahigh energy cosmic rays. Astron. Rep. 2001, 45, 591-599. [CrossRef]

Ferrigno, C.; Blasi, P.; De Marco, D. High energy gamma ray counterparts of astrophysical sources of ultrahigh energy cosmic
rays. Astropart. Phys. 2005, 23, 211-226. [CrossRef]

Gabici, S.; Aharonian, FA. Gamma ray signatures of ultrahigh energy cosmic ray accelerators: Electromagnetic cascade versus
synchrotron radiation of secondary electrons. Astrophys. Space Sci. 2007, 309, 465-469. [CrossRef]

Kotera, K.; Allard, D.; Lemoine, M. Detectability of ultrahigh energy cosmic ray signatures in gamma rays. Astron. Astrophys.
2011, 527, A54. [CrossRef]

Ahlers, M.; Anchordoqui, L.A.; Gonzalez-Garcia, M.C.; Halzen, F; Sarkar, S. GZK Neutrinos after the Fermi-LAT Diffuse Photon
Flux Measurement. Astropart. Phys. 2010, 34, 106-115. [CrossRef]

Aharonian, F.A.; Kelner, S.R; Prosekin, A.Y. Angular, spectral, and time distributions of highest energy protons and associated
secondary gamma-rays and neutrinos propagating through extragalactic magnetic and radiation fields. Phys. Rev. D 2010,
82, 043002. [CrossRef]

Waxman, E.; Coppi, P. Delayed Gev-TeV photons from gamma-ray bursts producing high-energy cosmic rays. Astrophys. J. Lett.
1996, 464, L75-1.78. [CrossRef]

Essey, W.; Kalashev, O.E.; Kusenko, A.; Beacom, ].F. Secondary photons and neutrinos from cosmic rays produced by distant
blazars. Phys. Rev. Lett. 2010, 104, 141102. [CrossRef]

Essey, W.; Kalashev, O.; Kusenko, A.; Beacom, ].F. Role of Line-of-sight Cosmic-ray Interactions in Forming the Spectra of Distant
Blazars in TeV Gamma Rays and High-energy Neutrinos. Astrophys. J. 2011, 731, 51. [CrossRef]

Takami, H.; Murase, K.; Dermer, C.D. Disentangling Hadronic and Leptonic Cascade Scenarios from the Very-high-energy
Gamma-Ray Emission of Distant Hard-spectrum Blazars. Astrophys. J. Lett. 2013, 771, L32. [CrossRef]

Essey, W.; Kusenko, A. A new interpretation of the gamma-ray observations of distant active galactic nuclei. Astropart. Phys.
2010, 33, 81-85. [CrossRef]

Essey, W.; Ando, S.; Kusenko, A. Determination of intergalactic magnetic fields from gamma ray data. Astropart. Phys. 2011,
35, 135-139. [CrossRef]

Ahlers, M.; Salvado, J. Cosmogenic gamma-rays and the composition of cosmic rays. Phys. Rev. D 2011, 84, 085019. [CrossRef]
Dzhatdoev, T.A.; Khalikov, E.V.; Kircheva, A.P.; Lyukshin, A.A. Electromagnetic cascade masquerade: A way to mimic
y-axion-like particle mixing effects in blazar spectra. Astron. Astrophys. 2017, 603, A59. [CrossRef]

Khalikov, E.V.; Dzhatdoev, T.A. Observable Spectral and Angular Distributions of y-rays from Extragalactic Ultrahigh Energy
Cosmic Ray Accelerators: The Case of Extreme TeV blazars. arXiv 2019, arXiv:astro-ph.HE/1912.10570.

Morejon, L.; Fedynitch, A.; Boncioli, D.; Biehl, D.; Winter, W. Improved photomeson model for interactions of cosmic ray nuclei.
J. Cosmol. Astropart. Phys. 2019, 2019, 7. [CrossRef]

Anchordoqui, L.A. Ultra-high-energy cosmic rays. Phys. Rep. 2019, 801, 1-93. [CrossRef]

Franceschini, A.; Rodighiero, G.; Vaccari, M. Extragalactic optical-infrared background radiation, its time evolution and the
cosmic photon-photon opacity. Astron. Astrophys. 2008, 487, 837-852. [CrossRef]

Finke, ].D.; Razzaque, S.; Dermer, C.D. Modeling the extragalactic background light from stars and dust. Astrophys. J. 2010,
712,238-249. [CrossRef]

Dominguez, A.; Primack, J.R.; Rosario, D.J.; Prada, F.; Gilmore, R.C.; Faber, S.M.; Koo, D.C.; Somerville, R.S.; Pérez-Torres, M.A.;
Pérez-Gonzalez, P; et al. Extragalactic background light inferred from AEGIS galaxy-SED-type fractions. Mon. Not. R. Astron.
Soc. 2011, 410, 2556-2578. [CrossRef]

Gilmore, R.C.; Somerville, R.S.; Primack, J.R.; Dominguez, A. Semi-analytic modelling of the extragalactic background light and
consequences for extragalactic gamma-ray spectra. Mon. Not. R. Astron. Soc. 2012, 422, 3189-3207. [CrossRef]

Stecker, EW.; Scully, S.T.; Malkan, M.A. An empirical determination of the intergalactic background light from UV to FIR
wavelengths using FIR deep galaxy surveys and the gamma-ray opacity of the Universe. Astrophys. J. 2016, 827, 6. [CrossRef]


http://dx.doi.org/10.1086/588275
http://dx.doi.org/10.1086/593118
http://dx.doi.org/10.1111/j.1365-2966.2010.17639.x
http://dx.doi.org/10.1051/0004-6361:20054176
http://dx.doi.org/10.1051/0004-6361:20066134
http://dx.doi.org/10.1086/588813
http://dx.doi.org/10.1016/j.newar.2020.101543
http://dx.doi.org/10.1093/mnras/staa3403
http://dx.doi.org/10.1134/1.1388924
http://dx.doi.org/10.1016/j.astropartphys.2004.04.013
http://dx.doi.org/10.1007/s10509-007-9429-4
http://dx.doi.org/10.1051/0004-6361/201015259
http://dx.doi.org/10.1016/j.astropartphys.2010.06.003
http://dx.doi.org/10.1103/PhysRevD.82.043002
http://dx.doi.org/10.1086/310090
http://dx.doi.org/10.1103/PhysRevLett.104.141102
http://dx.doi.org/10.1088/0004-637X/731/1/51
http://dx.doi.org/10.1088/2041-8205/771/2/L32
http://dx.doi.org/10.1016/j.astropartphys.2009.11.007
http://dx.doi.org/10.1016/j.astropartphys.2011.06.010
http://dx.doi.org/10.1103/PhysRevD.84.085019
http://dx.doi.org/10.1051/0004-6361/201629660
http://dx.doi.org/10.1088/1475-7516/2019/11/007
http://dx.doi.org/10.1016/j.physrep.2019.01.002
http://dx.doi.org/10.1051/0004-6361:200809691
http://dx.doi.org/10.1088/0004-637X/712/1/238
http://dx.doi.org/10.1111/j.1365-2966.2010.17631.x
http://dx.doi.org/10.1111/j.1365-2966.2012.20841.x
http://dx.doi.org/10.3847/0004-637X/827/1/6

Universe 2021, 7,223 44 of 48

263.

264.

265.

266.
267.

268.

269.

270.

271.

272.

273.

274.
275.

276.

277.

278.

279.

280.

281.

282.
283.

284.

285.

286.

287.
288.

289.
290.

291.

292.

293.

294.

Protheroe, R.J.; Biermann, P.L. A new estimate of the extragalactic radio background and implications for ultra-high-energy ~-ray
propagation. Astropart. Phys. 1996, 6, 45-54. [CrossRef]

Nitu, I.C.; Bevins, H.T.J.; Bray, ].D.; Scaife, A.AM.M. An updated estimate of the cosmic radio background and implications for
ultra-high-energy photon propagation. Astropart. Phys. 2021, 126, 102532. [CrossRef]

Fixsen, D.J.; Kogut, A.; Levin, S.; Limon, M.; Lubin, P.; Mirel, P; Seiffert, M.; Singal, J.; Wollack, E.; Villela, T.; Wuensche, C.A.
ARCADE 2 Measurement of the Absolute Sky Brightness at 3-90 GHz. Astrophys. J. 2011, 734, 5. [CrossRef]

Cheng, H.; Wu, T.T. Cross Sections for Two-Pair Production at Infinite Energy. Phys. Rev. D 1970, 2, 2103-2104. [CrossRef]
Brown, R.W.; Hunt, W.E; Mikaelian, K.O.; Muzinich, L. Role of 7+ — e* +¢~ +et +¢~ in Photoproduction, Colliding
Beams, and Cosmic Photon Absorption. Phys. Rev. D 1973, 8, 3083-3102. [CrossRef]

Demidov, S.V.; Kalashev, O.E. Double pair production by ultra-high-energy cosmic ray photons. Sov. J. Exp. Theor. Phys. 2009,
108, 764-769. [CrossRef]

Ruffini, R.; Vereshchagin, G.V.; Xue, S.S. Cosmic absorption of ultra high energy particles. Astrophys. Space Sci. 2016, 361, 82.
[CrossRef]

Bonometto, S.A.; Marcolungo, P. Metagalactic opacity to photons of energy larger than 10'7 eV. Lett. Nuovo Cimento 1972,
5,595-603. [CrossRef]

Bonometto, S.A.; Lucchin, F.; Marcolungo, P. Induced Pair Production and Opacity Due to Black-body Radiation. Astron.
Astrophys. 1974, 31, 41.

Dermer, C.D.; Schlickeiser, R. Effects of triplet pair production on ultrarelativistic electrons in a soft photon field. Astron.
Astrophys. 1991, 252, 414.

Mastichiadis, A.; Protheroe, R.].; Szabo, A.P. The Effect of Triplet Production on Pair/Compton Cascades in Thermal Radiation.
Mon. Not. R. Astron. Soc. 1994, 266, 910. [CrossRef]

Planck Collaboration. Planck 2018 results. VI. Cosmological parameters. Astron. Astrophys. 2020, 641, A6. [CrossRef]

Caprini, C.; Gabici, S. Gamma-ray observations of blazars and the intergalactic magnetic field spectrum. Phys. Rev. D 2015,
91, 123514. [CrossRef]

Ahlers, M. Gamma-ray halos as a measure of intergalactic magnetic fields: A classical moment problem. Phys. Rev. D 2011,
84,063006. [CrossRef]

Tashiro, H.; Vachaspati, T. Cosmological magnetic field correlators from blazar induced cascade. Phys. Rev. D 2013, 87, 123527.
[CrossRef]

Tashiro, H.; Chen, W.; Ferrer, F.; Vachaspati, T. Search for CP violating signature of intergalactic magnetic helicity in the
gamma-ray sky. Mon. Not. R. Astron. Soc. 2014, 445, L41-145. [CrossRef]

Tashiro, H.; Vachaspati, T. Parity-odd correlators of diffuse gamma-rays and intergalactic magnetic fields. Mon. Not. R. Astron.
Soc. 2015, 448, 299-306. [CrossRef]

Chen, W.; Chowdhury, B.D.; Ferrer, F.; Tashiro, H.; Vachaspati, T. Intergalactic magnetic field spectra from diffuse gamma-rays.
Mon. Not. R. Astron. Soc. 2015, 450, 3371-3380. [CrossRef]

Long, A.J.; Vachaspati, T. Morphology of blazar-induced gamma ray halos due to a helical intergalactic magnetic field. J. Cosmol.
Astropart. Phys. 2015, 2015, 65. [CrossRef]

Vachaspati, T. Fundamental implications of intergalactic magnetic field observations. Phys. Rev. D 2017, 95, 63505. [CrossRef]
Alves Batista, R.; Saveliev, A.; Sigl, G.; Vachaspati, T. Probing intergalactic magnetic fields with simulations of electromagnetic
cascades. Phys. Rev. D 2016, 94, 83005. [CrossRef]

Duplessis, F; Vachaspati, T. Probing stochastic inter-galactic magnetic fields using blazar-induced gamma ray halo morphology.
J. Cosmol. Astropart. Phys. 2017, 5, 5. [CrossRef]

Alves Batista, R.; Saveliev, A. Morphological properties of blazar-induced gamma-ray haloes. Proc. Sci. 2017, ICRC2017, 602.
[CrossRef]

Asplund, J.; Jéhannesson, G.; Brandenburg, A. On the measurement of handedness in Fermi Large Area Telescope data. Astrophys.
J. 2020, 898, 124. [CrossRef]

Kachelrief3, M.; Martinez, B.C. Searching for primordial helical magnetic fields. Phys. Rev. D 2020, 102, 083001. [CrossRef]
Broderick, A.E.; Chang, P.; Pfrommer, C. The cosmological impact of luminous TeV blazars. I. Implications of plasma instabilities
for the intergalactic magnetic field and extragalactic gamma-ray background. Astrophys. J. 2012, 752, 22. [CrossRef]
Schlickeiser, R.; Ibscher, D.; Supsar, M. Plasma effects on fast pair beams in cosmic voids. Astrophys. J. 2012, 758, 102. [CrossRef]
Hui, L.; Gnedin, N.Y. Equation of state of the photoionized intergalactic medium. Mon. Not. R. Astron. Soc. 1997, 292, 27—-42.
[CrossRef]

Schlickeiser, R.; Krakau, S.; Supsar, M. Plasma effects on fast pair beams. II. Reactive versus kinetic instability of parallel
electrostatic waves. Astrophys. J. 2013, 777, 49. [CrossRef]

Kempf, A ; Kilian, P.; Spanier, F. Energy loss in intergalactic pair beams: particle-in-cell simulation. Astron. Astrophys. 2016,
585, A132. [CrossRef]

Vafin, S.; Rafighi, I.; Pohl, M.; Niemiec, ]. The electrostatic instability for realistic pair distributions in blazar/EBL cascades.
Astrophys. ]. 2018, 857, 43. [CrossRef]

Sironi, L.; Giannios, D. Relativistic pair beams from TeV blazars: A source of reprocessed GeV emission rather than intergalactic
heating. Astrophys. J. 2014, 787, 49. [CrossRef]


http://dx.doi.org/10.1016/S0927-6505(96)00041-2
http://dx.doi.org/10.1016/j.astropartphys.2020.102532
http://dx.doi.org/10.1088/0004-637X/734/1/5
http://dx.doi.org/10.1103/PhysRevD.2.2103
http://dx.doi.org/10.1103/PhysRevD.8.3083
http://dx.doi.org/10.1134/S1063776109050057
http://dx.doi.org/10.1007/s10509-016-2668-5
http://dx.doi.org/10.1007/BF02752747
http://dx.doi.org/10.1093/mnras/266.4.910
http://dx.doi.org/10.1051/0004-6361/201833910
http://dx.doi.org/10.1103/PhysRevD.91.123514
http://dx.doi.org/10.1103/PhysRevD.84.063006
http://dx.doi.org/10.1103/PhysRevD.87.123527
http://dx.doi.org/10.1093/mnrasl/slu134
http://dx.doi.org/10.1093/mnras/stu2736
http://dx.doi.org/10.1093/mnras/stv308
http://dx.doi.org/10.1088/1475-7516/2015/09/065
http://dx.doi.org/10.1103/PhysRevD.95.063505
http://dx.doi.org/10.1103/PhysRevD.94.083005
http://dx.doi.org/10.1088/1475-7516/2017/05/005
http://dx.doi.org/10.22323/1.301.0602
http://dx.doi.org/10.3847/1538-4357/ab9744
http://dx.doi.org/10.1103/PhysRevD.102.083001
http://dx.doi.org/10.1088/0004-637X/752/1/22
http://dx.doi.org/10.1088/0004-637X/758/2/102
http://dx.doi.org/10.1093/mnras/292.1.27
http://dx.doi.org/10.1088/0004-637X/777/1/49
http://dx.doi.org/10.1051/0004-6361/201527521
http://dx.doi.org/10.3847/1538-4357/aab552
http://dx.doi.org/10.1088/0004-637X/787/1/49

Universe 2021, 7,223 45 of 48

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.
306.
307.
308.
309.
310.
311.
312.
313.

314.
315.

316.
317.
318.

319.
320.

321.

322.

323.

324.

325.

326.

Chang, P.; Broderick, A.E.; Pfrommer, C.; Puchwein, E.; Lamberts, A.; Shalaby, M. The effect of nonlinear Landau damping on
ultrarelativistic beam plasma instabilities. Astrophys. J. 2014, 797, 110. [CrossRef]

Perry, R.; Lyubarsky, Y. The role of resonant plasma instabilities in the evolution of blazar induced pair beams. Mon. Not. R.
Astron. Soc. 2021, 503, 2215-2228. [CrossRef]

Shalaby, M.; Broderick, A.E.; Chang, P.; Pfrommer, C.; Puchwein, E.; Lamberts, A. The growth of the longitudinal beam-plasma
instability in the presence of an inhomogeneous background. J. Plasma Phys. 2020, 86, 535860201. [CrossRef]

Miniati, F; Elyiv, A. Relaxation of blazar induced pair beams in cosmic voids: measurement of magnetic field in voids and
thermal history of the IGM. Astrophys. J. 2013, 770, 54. [CrossRef]

Rafighi, I.; Vafin, S.; Pohl, M.; Niemiec, J. Plasma effects on relativistic pair beams from TeV blazars: PIC simulations and
analytical predictions. Astron. Astrophys. 2017, 607, A112. [CrossRef]

Saveliev, A.; Evoli, C.; Sigl, G. The Role of Plasma Instabilities in the Propagation of Gamma-rays from Distant Blazars. arXiv
2013, arXiv:astro-ph.HE/1311.6752.

Yan, D.; Zhou, J.; Zhang, P.; Zhu, Q.; Wang, ]. Impact of plasma instability on constraint of the intergalactic magnetic field.
Astrophys. J. 2019, 870, 17. [CrossRef]

Alves Batista, R.; Saveliev, A.; de Gouveia Dal Pino, E.M. The impact of plasma instabilities on the spectra of TeV blazars. Mon.
Not. R. Astron. Soc. 2019, 489, 3836. [CrossRef]

Barnacka, A.; Glicenstein, J.F.; Moudden, Y. First evidence of a gravitational lensing-induced echo in gamma rays with Fermi
LAT. Astron. Astrophys. 2011, 528, L3. [CrossRef]

Cheung, C.C,; Larsson, S.; Scargle, ].D.; Amin, M.A.; Blandford, R.D.; Bulmash, D.; Chiang, J.; Ciprini, S.; Corbet, R.H.D.; Falco,
E.E.; et al. Fermi Large Area Telescope Detection of Gravitational Lens Delayed y-Ray Flares from Blazar B0218+357. Astrophys. J.
Lett. 2014, 782, L14. [CrossRef]

Barnacka, A.; Geller, M.].; Dell’Antonio, I.P.; Benbow, W. Resolving the High-energy Universe with Strong Gravitational Lensing;:
The Case of PKS 1830-211. Astrophys. J. 2015, 809, 100. [CrossRef]

Fermi-LAT Collaboration. Gamma-Ray Flaring Activity from the Gravitationally Lensed Blazar PKS 1830-211 Observed by Fermi
LAT. Astrophys. J. 2015, 799, 143. [CrossRef]

H.E.S.S. Collaboration. H.E.S.S. observations of the flaring gravitationally lensed galaxy PKS 1830-211. Mon. Not. R. Astron. Soc.
2019, 486, 3886-3891. [CrossRef]

Barnacka, A.; Bottcher, M.; Sushch, I. How Gravitational Lensing Helps y-Ray Photons Avoid y—y Absorption. Astrophys. J. 2014,
790, 147. [CrossRef]

Bottcher, M.; Thiersen, H. Gravitational light-bending prevents <y absorption in gravitational lenses. Astron. Astrophys. 2016,
595, A14. [CrossRef]

Colladay, D.; Kostelecky, V.A. Lorentz violating extension of the standard model. Phys. Rev. D 1998, 58, 116002. [CrossRef]
Mattingly, D. Modern tests of Lorentz invariance. Living Rev. Rel. 2005, 8, 5. [CrossRef] [PubMed]

Galaverni, M.; Sigl, G. Lorentz violation and ultrahigh-energy photons. Phys. Rev. D 2008, 78, 63003. [CrossRef]
Martinez-Huerta, H.; Lang, R.G.; de Souza, V. Lorentz invariance violation tests in astroparticle physics. Symmetry 2020, 12, 1232.
[CrossRef]

Bietenholz, W. Cosmic rays and the search for a Lorentz invariance violation. Phys. Rep. 2011, 505, 145-185. [CrossRef]
Saveliev, A.; Maccione, L.; Sigl, G. Lorentz invariance violation and chemical composition of ultra high energy cosmic rays. J.
Cosmol. Astropart. Phys. 2011, 3, 46. [CrossRef]

Vankov, H.; Stanev, T. Lorentz invariance violation and the QED formation length. Phys. Lett. B 2002, 538, 251-256. [CrossRef]
Peccei, R.D.; Quinn, H.R. CP conservation in the presence of pseudoparticles. Phys. Rev. Lett. 1977, 38, 1440-1443. [CrossRef]
Peccei, R.D.; Quinn, H.R. Constraints imposed by CP conservation in the presence of pseudoparticles. Phys. Rev. D 1977,
16,1791-1797. [CrossRef]

Raffelt, G.; Stodolsky, L. Mixing of the photon with low-mass particles. Phys. Rev. D 1988, 37, 1237-1249. [CrossRef] [PubMed]
de Angelis, A.; Mansutti, O.; Roncadelli, M. Axion-like particles, cosmic magnetic fields and gamma-ray astrophysics. Phys. Lett.
B 2008, 659, 847-855. [CrossRef]

Hochmuth, K.A ; Sigl, G. Effects of axion-photon mixing on gamma-ray spectra from magnetized astrophysical sources. Phys.
Rev. D 2007, 76, 123011. [CrossRef]

Sanchez-Conde, M.A.; Paneque, D.; Bloom, E.; Prada, F.; Dominguez, A. Hints of the existence of axionlike particles from the
gamma-ray spectra of cosmological sources. Phys. Rev. D 2009, 79, 123511. [CrossRef]

De Angelis, A.; Galanti, G.; Roncadelli, M. Transparency of the Universe to gamma-rays. Mon. Not. R. Astron. Soc. 2013,
432, 3245-3249. [CrossRef]

Dobrynina, A.; Kartavtsev, A.; Raffelt, G. Photon-photon dispersion of TeV gamma rays and its role for photon-ALP conversion.
Phys. Rev. D 2015, 91, 83003. [CrossRef]

De Angelis, A.; Mansutti, O.; Persic, M.; Roncadelli, M. Photon propagation and the very high energy y-ray spectra of blazars:
how transparent is the Universe? Mon. Not. R. Astron. Soc. 2009, 394, L21-L25. [CrossRef]

Horns, D.; Meyer, M. Indications for a pair-production anomaly from the propagation of VHE gamma-rays. J. Cosmol. Astropart.
Phys. 2012, 2012, 33. [CrossRef]


http://dx.doi.org/10.1088/0004-637X/797/2/110
http://dx.doi.org/10.1093/mnras/stab324
http://dx.doi.org/10.1017/S0022377820000215
http://dx.doi.org/10.1088/0004-637X/770/1/54
http://dx.doi.org/10.1051/0004-6361/201731127
http://dx.doi.org/10.3847/1538-4357/aaef7d
http://dx.doi.org/10.1093/mnras/stz2389
http://dx.doi.org/10.1051/0004-6361/201016175
http://dx.doi.org/10.1088/2041-8205/782/2/L14
http://dx.doi.org/10.1088/0004-637X/809/1/100
http://dx.doi.org/10.1088/0004-637X/799/2/143
http://dx.doi.org/10.1093/mnras/stz1031
http://dx.doi.org/10.1088/0004-637X/790/2/147
http://dx.doi.org/10.1051/0004-6361/201628286
http://dx.doi.org/10.1103/PhysRevD.58.116002
http://dx.doi.org/10.12942/lrr-2005-5
http://www.ncbi.nlm.nih.gov/pubmed/28163649
http://dx.doi.org/10.1103/PhysRevD.78.063003
http://dx.doi.org/10.3390/sym12081232
http://dx.doi.org/10.1016/j.physrep.2011.04.002
http://dx.doi.org/10.1088/1475-7516/2011/03/046
http://dx.doi.org/10.1016/S0370-2693(02)02005-1
http://dx.doi.org/10.1103/PhysRevLett.38.1440
http://dx.doi.org/10.1103/PhysRevD.16.1791
http://dx.doi.org/10.1103/PhysRevD.37.1237
http://www.ncbi.nlm.nih.gov/pubmed/9958803
http://dx.doi.org/10.1016/j.physletb.2007.12.012
http://dx.doi.org/10.1103/PhysRevD.76.123011
http://dx.doi.org/10.1103/PhysRevD.79.123511
http://dx.doi.org/10.1093/mnras/stt684
http://dx.doi.org/10.1103/PhysRevD.91.083003
http://dx.doi.org/10.1111/j.1745-3933.2008.00602.x
http://dx.doi.org/10.1088/1475-7516/2012/02/033

Universe 2021, 7,223 46 of 48

327.

328.

329.

330.

331.

332.

333.
334.
335.
336.
337.
338.

339.
340.

341.

342.

343.

344.

345.

346.

347.

348.

349.

350.
351.

352.

353.

354.

355.

356.
357.

Meyer, M.; Horns, D.; Raue, M. First lower limits on the photon-axion-like particle coupling from very high energy gamma-ray
observations. Phys. Rev. D 2013, 87, 035027. [CrossRef]

Rubtsov, G.I; Troitsky, S.V. Breaks in gamma-ray spectra of distant blazars and transparency of the Universe. Sov. J. Exp. Theor.
Phys. 2014, 100, 355-359. [CrossRef]

Mirizzi, A.; Montanino, D. Stochastic conversions of TeV photons into axion-like particles in extragalactic magnetic fields. J.
Cosmol. Astropart. Phys. 2009, 2009, 4. [CrossRef]

Meyer, M.; Montanino, D.; Conrad, J. On detecting oscillations of gamma rays into axion-like particles in turbulent and coherent
magnetic fields. J. Cosmol. Astropart. Phys. 2014, 2014, 3. [CrossRef]

Montanino, D.; Vazza, E; Mirizzi, A.; Viel, M. Enhancing the spectral hardening of cosmic TeV photons by mixing with axionlike
particles in the magnetized cosmic web. Phys. Rev. Lett. 2017, 119, 101101. [CrossRef]

Abramowski, A.; Acero, F.; Aharonian, F; Benkhali, F.A.; Akhperjanian, A.G.; Angtiner, E.; Anton, G.; Balenderan, S.; Balzer, A.;
Barnacka, A.; et al. Constraints on axionlike particles with H.E.S.S. from the irregularity of the PKS 2155-304 energy spectrum.
Phys. Rev. D 2013, 88, 102003. [CrossRef]

Fermi-LAT Collaboration. Search for Spectral Irregularities due to Photon-Axionlike-Particle Oscillations with the Fermi Large
Area Telescope. Phys. Rev. Lett. 2016, 116, 161101. [CrossRef]

Buehler, R.; Gallardo, G.; Maier, G.; Dominguez, A.; Lépez, M.; Meyer, M. Search for the imprint of axion-like particles in the
highest-energy photons of hard y-ray blazars. J. Cosmol. Astropart. Phys. 2020, 9, 27. [CrossRef]

Masaki, E.; Aoki, A.; Soda, ]. Photon-axion conversion, magnetic field configuration, and polarization of photons. Phys. Rev. D
2017, 96, 43519. [CrossRef]

Redondo, J.; Ringwald, A. Light shining through walls. Contemp. Phys. 2011, 52, 211-236. [CrossRef]

Horns, D.; Jacholkowska, A. Gamma rays as probes of the Universe. C. R. Phys. 2016, 17, 632-648. [CrossRef]

Meyer, M. Searches for Axionlike Particles Using —Ray Observations. In Proceedings of the 12th Patras Workshop on Axions,
WIMPs and WISPs, AXION-WIMP 2016, Jeju Island, Korea, 2024 June 2016. [CrossRef]

Lee, S. Propagation of extragalactic high energy cosmic and <y rays. Phys. Rev. D 1998, 58, 43004. [CrossRef]

Dermer, C.D.; Cavadini, M.; Razzaque, S.; Finke, ].D.; Chiang, J.; Lott, B. Time delay of cascade radiation for TeV blazars and the
measurement of the intergalactic magnetic field. Astrophys. J. Lett. 2011, 733, L21. [CrossRef]

Kachelriefs, M.; Ostapchenko, S.; Tomas, R. ELMAG: A Monte Carlo simulation of electromagnetic cascades on the extragalactic
background light and in magnetic fields. Comp. Phys. Commun. 2012, 183, 1036-1043. [CrossRef]

Alves Batista, R.; Dundovic, A.; Erdmann, M.; Kampert, K.H.; Kuempel, D.; Miiller, G.; Sigl, G.; van Vliet, A.; Walz, D.; Winchen,
T. CRPropa 3—A public astrophysical simulation framework for propagating extraterrestrial ultra-high energy particles. ].
Cosmol. Astropart. Phys. 2016, 5, 038. [CrossRef]

Fitoussi, T.; Belmont, R.; Malzac, J.; Marcowith, A.; Cohen-Tanugji, J.; Jean, P. Physics of cosmological cascades and observable
properties. Mon. Not. R. Astron. Soc. 2017, 466, 3472-3487. [CrossRef]

Blytt, M.; Kachelriefs, M.; Ostapchenko, S. ELMAG 3.01: A three-dimensional Monte Carlo simulation of electromagnetic cascades
on the extragalactic background light and in magnetic fields. Comp. Phys. Commun. 2020, 252, 107163, [CrossRef]

Giacalone, J.; Jokipii, ].R. Charged-particle motion in multidimensional magnetic field turbulence. Astrophys. |. Lett. 1994,
430, L137. [CrossRef]

Giacalone, J.; Jokipii, ].R. The transport of cosmic rays across a turbulent magnetic field. Astrophys. J. 1999, 520, 204-214.
[CrossRef]

Armengaud, E.; Sigl, G.; Beau, T.; Miniati, . CRPropa: A numerical tool for the propagation of UHE cosmic rays, y-rays and
neutrinos. Astropart. Phys. 2007, 28, 463-471. [CrossRef]

Kampert, K.H.; Kulbartz, J.; Maccione, L.; Nierstenhoefer, N.; Schiffer, P.; Sigl, G.; van Vliet, A.R. CRPropa 2.0—A public
framework for propagating high energy nuclei, secondary gamma rays and neutrinos. Astropart. Phys. 2013, 42, 41-51. [CrossRef]
Heiter, C.; Kuempel, D.; Walz, D.; Erdmann, M. Production and propagation of ultra-high energy photons using CRPropa 3.
Astropart. Phys. 2018, 102, 39-50. [CrossRef]

Tautz, R.C.; Dosch, A. On numerical turbulence generation for test-particle simulations. Phys. Plasmas 2013, 20, 22302. [CrossRef]
Schlegel, L.; Frie, A.; Eichmann, B.; Reichherzer, P; Becker Tjus, J. Interpolation of turbulent magnetic fields and its consequences
on cosmic ray propagation. Astrophys. J. 2020, 889, 123. [CrossRef]

Settimo, M.; De Domenico, M. Propagation of extragalactic photons at ultra-high energy with the EleCa code. Astropart. Phys.
2015, 62, 92-99. [CrossRef]

Blanco, C. y-cascade: A simple program to compute cosmological gamma-ray propagation. J. Cosmol. Astropart. Phys. 2019,
2019, 13. [CrossRef]

D’Avezac, P; Dubus, G.; Giebels, B. Cascading on extragalactic background light. Astron. Astrophys. 2007, 469, 857-860.
[CrossRef]

Fan, Y.Z.; Dai, Z.G.; Wei, D.M. Strong GeV emission accompanying TeV blazar H1426+428. Astron. Astrophys. 2004, 415, 483-486.
[CrossRef]

Kneiske, T.M.; Dole, H. A lower-limit flux for the extragalactic background light. Astron. Astrophys. 2010, 515, A19. [CrossRef]
H.E.S.S. Collaboration. VHE -y-ray emission of PKS 2155-304: Spectral and temporal variability. Astron. Astrophys. 2010, 520, A83.
[CrossRef]


http://dx.doi.org/10.1103/PhysRevD.87.035027
http://dx.doi.org/10.1134/S0021364014180088
http://dx.doi.org/10.1088/1475-7516/2009/12/004
http://dx.doi.org/10.1088/1475-7516/2014/09/003
http://dx.doi.org/10.1103/PhysRevLett.119.101101
http://dx.doi.org/10.1103/PhysRevD.88.102003
http://dx.doi.org/10.1103/PhysRevLett.116.161101
http://dx.doi.org/10.1088/1475-7516/2020/09/027
http://dx.doi.org/10.1103/PhysRevD.96.043519
http://dx.doi.org/10.1080/00107514.2011.563516
http://dx.doi.org/10.1016/j.crhy.2016.04.006
http://dx.doi.org/10.3204/DESY-PROC-2009-03/Meyer_Manuel
http://dx.doi.org/10.1103/PhysRevD.58.043004
http://dx.doi.org/10.1088/2041-8205/733/2/L21
http://dx.doi.org/10.1016/j.cpc.2011.12.025
http://dx.doi.org/10.1088/1475-7516/2016/05/038
http://dx.doi.org/10.1093/mnras/stw3365
http://dx.doi.org/10.1016/j.cpc.2020.107163
http://dx.doi.org/10.1086/187457
http://dx.doi.org/10.1086/307452
http://dx.doi.org/10.1016/j.astropartphys.2007.09.004
http://dx.doi.org/10.1016/j.astropartphys.2012.12.001
http://dx.doi.org/10.1016/j.astropartphys.2018.05.003
http://dx.doi.org/10.1063/1.4789861
http://dx.doi.org/10.3847/1538-4357/ab643b
http://dx.doi.org/10.1016/j.astropartphys.2014.07.011
http://dx.doi.org/10.1088/1475-7516/2019/01/013
http://dx.doi.org/10.1051/0004-6361:20066712
http://dx.doi.org/10.1051/0004-6361:20034472
http://dx.doi.org/10.1051/0004-6361/200912000
http://dx.doi.org/10.1051/0004-6361/201014484

Universe 2021, 7,223 47 of 48

358.

359.

360.

361.

362.

363.

364.
365.

366.

367.

368.

369.

370.

371.

372.
373.

374.

375.

376.

377.

378.

379.

380.

381.

382.

383.

384.

385.
386.

387.

388.

VERITAS Collaboration. Discovery of Variability in the Very High Energy 7-Ray Emission of 1ES 1218+304 with VERITAS.
Astrophys. ]. Lett. 2010, 709, L163-L167. [CrossRef]

H.E.S.S. and Fermi-LAT Collaborations. Gamma-ray blazar spectra with H.E.S.S. Il mono analysis: The case of PKS 2155-304 and
PG 1553+113. Astron. Astrophys. 2017, 600, A89. [CrossRef]

VERITAS Collaboration. A Three-year Multi-wavelength Study of the Very-high-energy y-Ray Blazar 1ES 0229+200. Astrophys. ].
2014, 782, 13. [CrossRef]

Yang, Y.P; Dai, Z.G. Time delay and extended halo for constraints on the intergalactic magnetic field. Res. Astron. Astrophys.
2015, 15, 2173. [CrossRef]

Stanev, T.; Franceschini, A. Constraints on the extragalactic infrared background from gamma-ray observations of MKN 501.
Astrophys. ]. Lett. 1998, 494, 1.159-L162. [CrossRef]

Dai, Z.G.; Zhang, B.; Gou, L.J.; Meszaros, P.; Waxman, E. GeV emission from TeV blazars and intergalactic magnetic fields.
Astrophys. J. Lett. 2002, 580, L7-L10. [CrossRef]

Yang, C.Y,; Fang, J.; Lin, G.F,; Zhang, L. Possible GeV Emission from TeV Blazars. Astrophys. J. 2008, 682, 767-774. [CrossRef]
Neronov, A.; Semikoz, D.; Taylor, A.M. Very hard gamma-ray emission from a flare of Mrk 501. Astron. Astrophys. 2012, 541, A31.
[CrossRef]

Takahashi, K.; Mori, M.; Ichiki, K.; Inoue, S. Lower bounds on intergalactic magnetic fields from simultaneously observed
GeV-TeV light curves of the blazar Mrk 501. Astrophys. ]. Lett. 2012, 744, L7. [CrossRef]

Korochkin, A.; Kalashev, O.; Neronov, A.; Semikoz, D. Sensitivity reach of gamma-ray measurements for strong cosmological
magnetic fields. Astrophys. J. 2021, 906, 116. [CrossRef]

Murase, K.; Takahashi, K.; Inoue, S.; Ichiki, K.; Nagataki, S. Probing intergalactic magnetic fields in the GLAST era through pair
echo emission from TeV blazars. Astrophys. J. Lett. 2008, 686, L67. [CrossRef]

Takahashi, K.; Mori, M.; Ichiki, K.; Inoue, S.; Takami, H. Lower bounds on magnetic fields in intergalactic voids from long-term
GeV-TeV light curves of the blazar Mrk 421. Astrophys. J. Lett. 2013, 771, L42. [CrossRef]

Arlen, T.C.; Vassilev, V.V.; Weisgarber, T.; Wakely, S.P.,; Yusef Shafi, S. Intergalactic magnetic fields and gamma-ray observations
of extreme TeV blazars. Astrophys. ]. 2014, 796, 18. [CrossRef]

Veres, P.; Dermer, C.D.; Dhuga, K.S. Properties of the intergalactic magnetic field constrained by gamma-ray observations of
gamma-ray bursts. Astrophys. J. 2017, 847, 39. [CrossRef]

MAGIC Collaboration. Observation of inverse Compton emission from a long «y-ray burst. Nature 2019, 575, 459-463. [CrossRef]
Elyiv, A.; Neronov, A.; Semikoz, D.V. Gamma-ray induced cascades and magnetic fields in the intergalactic medium. Phys. Rev.
D 2009, 80, 023010. [CrossRef]

Broderick, A.E.; Tiede, P; Shalaby, M.; Pfrommer, C.; Puchwein, E.; Chang, P.; Lamberts, A. Bow ties in the sky I: the angular
structure of inverse compton gamma-ray halos in the Fermi sky. Astrophys. J. 2016, 832, 109. [CrossRef]

Broderick, A.E.; Tiede, P; Chang, P.; Lamberts, A.; Pfrommer, C.; Puchwein, E.; Shalaby, M.; Werhahn, M. Missing gamma-ray
halos and the need for new physics in the gamma-ray sky. Astrophys. J. 2018, 868, 87. [CrossRef]

Ando, S.; Kusenko, A. Evidence for gamma-ray halos around active galactic nuclei and the first measurement of intergalactic
magnetic fields. Astrophys. J. Lett. 2010, 722, L39-L44. [CrossRef]

Neronov, A.; Semikoz, D.V,; Tinyakov, P.G.; Tkachev, LI. No evidence for gamma-ray halos around active galactic nuclei resulting
from intergalactic magnetic fields. Astron. Astrophys. 2011, 526, A90. [CrossRef]

Fermi-LAT Collaboration. Determination of the point-spread function for the Fermi Large Area Telescope from on-orbit data and
limits on pair halos of active galactic nuclei. Astrophys. J. 2013, 765, 54. [CrossRef]

Chen, W.; Buckley, ]. H.; Ferrer, F. Search for GeV <y-ray pair halos around low redshift blazars. Phys. Rev. Lett. 2015, 115, 211103.
[CrossRef]

Chen, W,; Errando, M.; Buckley, ] H.; Ferrer, F. Novel search for TeV-initiated pair cascades in the intergalactic medium. arXiv
2018, arXiv:astro-ph.HE/1811.05774.

Prokhorov, D.A.; Moraghan, A. A search for pair haloes around active galactic nuclei through a temporal analysis of Fermi-Large
Area Telescope data. Mon. Not. R. Astron. Soc. 2016, 457, 2433-2444. [CrossRef]

Tiede, P; Broderick, A.E.; Shalaby, M.; Pfrommer, C.; Puchwein, E.; Chang, P.; Lamberts, A. Bow ties in the sky. II. Searching for
gamma-ray halos in the Fermi sky using anisotropy. Astrophys. J. 2017, 850, 157. [CrossRef]

Venters, T.M.; Pavlidou, V. Probing the intergalactic magnetic field with the anisotropy of the extragalactic gamma-ray background.
Mon. Not. R. Astron. Soc. 2013, 432, 3485. [CrossRef]

Yan, D.; Zeng, H.; Zhang, L. Contribution from blazar cascade emission to the extragalactic gamma-ray background: what role
does the extragalactic magnetic field play? Mon. Not. R. Astron. Soc. 2012, 422, 1779-1784. [CrossRef]

Abdalla, H.; Bottcher, M. EBL Inhomogeneity and Hard-Spectrum Gamma-Ray Sources. Astrophys. J. 2017, 835, 237. [CrossRef]
Neronov, A.; Taylor, A.M.; Tchernin, C.; Vovk, I. Measuring the correlation length of intergalactic magnetic fields from
observations of gamma-ray induced cascades. Astron. Astrophys. 2013, 554, A31. [CrossRef]

IceCube Collaboration. Neutrino emission from the direction of the blazar TXS 0506+056 prior to the IceCube-170922A alert.
Science 2018, 361, 147-151. [CrossRef]

Aartsen, M.G.; Ackermann, M.; Adams, J. Multimessenger observations of a flaring blazar coincident with high-energy neutrino
IceCube-170922A.. Science 2018, 361, eaat1378. [CrossRef]


http://dx.doi.org/10.1088/2041-8205/709/2/L163
http://dx.doi.org/10.1051/0004-6361/201629427
http://dx.doi.org/10.1088/0004-637X/782/1/13
http://dx.doi.org/10.1088/1674-4527/15/12/005
http://dx.doi.org/10.1086/311183
http://dx.doi.org/10.1086/345494
http://dx.doi.org/10.1086/589326
http://dx.doi.org/10.1051/0004-6361/201117083
http://dx.doi.org/10.1088/2041-8205/744/1/L7
http://dx.doi.org/10.3847/1538-4357/abc697
http://dx.doi.org/10.1086/592997
http://dx.doi.org/10.1088/2041-8205/771/2/L42
http://dx.doi.org/10.1088/0004-637X/796/1/18
http://dx.doi.org/10.3847/1538-4357/aa87b1
http://dx.doi.org/10.1038/s41586-019-1754-6
http://dx.doi.org/10.1103/PhysRevD.80.023010
http://dx.doi.org/10.3847/0004-637X/832/2/109
http://dx.doi.org/10.3847/1538-4357/aae5f2
http://dx.doi.org/10.1088/2041-8205/722/1/L39
http://dx.doi.org/10.1051/0004-6361/201015892
http://dx.doi.org/10.1088/0004-637X/765/1/54
http://dx.doi.org/10.1103/PhysRevLett.115.211103
http://dx.doi.org/10.1093/mnras/stw056
http://dx.doi.org/10.3847/1538-4357/aa9375
http://dx.doi.org/10.1093/mnras/stt697
http://dx.doi.org/10.1111/j.1365-2966.2012.20752.x
http://dx.doi.org/10.3847/1538-4357/835/2/237
http://dx.doi.org/10.1051/0004-6361/201321294
http://dx.doi.org/10.1126/science.aat2890
http://dx.doi.org/10.1126/science.aat1378

Universe 2021, 7,223 48 of 48

389.

390.

391.

392.

393.

394.

395.
396.

397.

398.

399.

400.

401.

402.

403.

404.

405.
406.

407.

408.

409.

410.

411.
412.

Prosekin, A.; Essey, W.; Kusenko, A.; Aharonian, F. Time structure of gamma-ray signals generated in line-of-sight interactions of
cosmic rays from distant blazars. Astrophys. J. 2012, 757, 183. [CrossRef]

Murase, K.; Dermer, C.D.; Takami, H.; Migliori, G. Blazars as Ultra-high-energy Cosmic-ray Sources: Implications for TeV
Gamma-Ray Observations. Astrophys. J. 2012, 749, 63. [CrossRef]

Oikonomou, F.; Murase, K.; Kotera, K. Synchrotron pair halo and echo emission from blazars in the cosmic web: application to
extreme TeV blazars. Astron. Astrophys. 2014, 568, A110. [CrossRef]

Dong, Q.; Zheng, Y.G.; Yang, C.Y. Two components model for TeV gamma-ray emission from extreme high-energy BL Lac objects.
Astrophys. Space Sci. 2021, 366, 36. [CrossRef]

Alves Batista, R.; Boncioli, D.; di Matteo, A.; van Vliet, A.; Walz, D. Effects of uncertainties in simulations of extragalactic UHECR
propagation, using CRPropa and SimProp. J. Cosmol. Astropart. Phys. 2015, 10, 063. [CrossRef]

Alves Batista, R.; Boncioli, D.; di Matteo, A.; van Vliet, A. Secondary neutrino and gamma-ray fluxes from SimProp and CRPropa.
J. Cosmol. Astropart. Phys. 2019, 5, 006. [CrossRef]

CTA Consortium. Science with the Cherenkov Telescope Array; World Scientific: Singapore 2019. [CrossRef]

Sol, H.; Zech, A.; Boisson, C.; Barres de Almeida, U.; Biteau, ]J.; Contreras, J.L.; Giebels, B.; Hassan, T.; Inoue, Y.; Katarzyriski,
K.; etal. Active Galactic Nuclei under the scrutiny of CTA. Astropart. Phys. 2013, 43, 215-240. [CrossRef]

Meyer, M.; Conrad, J.; Dickinson, H. Sensitivity of the Cherenkov Telescope Array to the Detection of Intergalactic Magnetic
Fields. Astrophys. J. 2016, 827, 147. [CrossRef]

Gaté, F; Alves Batista, R.; Biteau, J.; Lefaucheur, J.; Mangano, S.; Meyer, M.; Piel, Q.; Pita, S.; Sanchez, D.; Vovk, I. Studying
cosmological y-ray propagation with the Cherenkov Telescope Array. Proc. Sci. 2016, ICRC2017, 623. [CrossRef]

Fernandez Alonso, M.; Supanitsky, A.D.; Rovero, A.C. Probing the IGMF with the next generation of Cherenkov telescopes.
Astrophys. ]. 2018, 869, 43. [CrossRef]

Cherenkov Telescope Array Consortium. Sensitivity of the Cherenkov Telescope Array for probing cosmology and fundamental
physics with gamma-ray propagation. |. Cosmol. Astropart. Phys. 2021, 2, 48. [CrossRef]

SWGO Collaboration. Science case for a wide field-of-view very-high-energy gamma-ray observatory in the southern hemisphere.
arXiv 2019, arXiv:astro-ph.HE /1902.08429.

e-ASTROGAM Collaboration. Science with e-ASTROGAM. A space mission for MeV-GeV gamma-ray astrophysics. J. High
Energy Astrophys. 2018, 19, 1-106. [CrossRef]

AMEGO Collaboration. All-sky medium energy gamma-ray observatory: Exploring the extreme multimessenger Universe. Bull.
Am. Astron. Soc. 2019, 51, 245.

Bruel, P.; Burnett, T.H.; Digel, S.W.; Johannesson, G.; Omodei, N.; Wood, M. Fermi-Lat Improv. Pass8 Event Sel. arXiv 2018,
arXiv:astro-ph.IM/1810.11394.

Park, N. Performance of the VERITAS experiment. Proc. Sci. 2016, ICRC2015, 771. [CrossRef]

Holler, M.; Berge, D.; van Eldik, C.; Lenain, ].P.; Marandon, V.; Murach, T.; de Naurois, M.; Parsons, R.D.; Prokoph, H.; Zaborov,
D. Observations of the Crab Nebula with H.E.S.S. Phase II. Proc. Sci. 2016, ICRC2015, 847. [CrossRef]

HAWC Collaboration. Observation of the Crab Nebula with the HAWC Gamma-Ray Observatory. Astrophys. J. 2017, 843, 39.
[CrossRef]

Jasche, J.; Wandelt, B.D. Bayesian physical reconstruction of initial conditions from large-scale structure surveys. Mon. Not. R.
Astron. Soc. 2013, 432, 894-913. [CrossRef]

Ayala Solares, H.A.; Coutu, S.; Cowen, D.F; DeLaunay, J.J.; Fox, D.B.; Keivani, A.; Mostafd, M.; Murase, K.; Oikonomou, F.;
Seglar-Arroyo, M.; Te$i¢, G.; Turley, C.F. The Astrophysical Multimessenger Observatory Network (AMON): Performance and
science program. Astropart. Phys. 2020, 114, 68-76. [CrossRef]

Gaensler, B.M.; Beck, R.; Feretti, L. The origin and evolution of cosmic magnetism. New Astron. Rev. 2004, 48, 1003-1012.
[CrossRef]

SKA Magnetism Science Working Group. Magnetism science with the Square Kilometre Array. Galaxies 2020, 8, 53. [CrossRef]
Vacca, V.; Oppermann, N.; Ensslin, T.A.; Selig, M.; Junklewitz, H.; Greiner, M.; Jasche, J.; Hales, C.A.; Reneicke, M.; Carretti,
E.; et al. Statistical methods for the analysis of rotation measure grids in large scale structures in the SKA era. Proc. Sci. 2015,
AASKA14,114. [CrossRef]


http://dx.doi.org/10.1088/0004-637X/757/2/183
http://dx.doi.org/10.1088/0004-637X/749/1/63
http://dx.doi.org/10.1051/0004-6361/201423798
http://dx.doi.org/10.1007/s10509-021-03938-2
http://dx.doi.org/10.1088/1475-7516/2015/10/063
http://dx.doi.org/10.1088/1475-7516/2019/05/006
http://dx.doi.org/10.1142/10986.
http://dx.doi.org/10.1016/j.astropartphys.2012.12.005
http://dx.doi.org/10.3847/0004-637X/827/2/147
http://dx.doi.org/10.22323/1.301.0623
http://dx.doi.org/10.3847/1538-4357/aae976
http://dx.doi.org/10.1088/1475-7516/2021/02/048
http://dx.doi.org/10.1016/j.jheap.2018.07.001
http://dx.doi.org/10.22323/1.236.0771
http://dx.doi.org/10.22323/1.236.0847
http://dx.doi.org/10.3847/1538-4357/aa7555
http://dx.doi.org/10.1093/mnras/stt449
http://dx.doi.org/10.1016/j.astropartphys.2019.06.007
http://dx.doi.org/10.1016/j.newar.2004.09.003
http://dx.doi.org/10.3390/galaxies8030053
http://dx.doi.org/10.22323/1.215.0114

	Introduction
	Intergalactic Magnetic Fields
	Statistical Observables
	Origin
	Cosmological Scenarios
	Astrophysical Scenarios

	General Constraints

	Electromagnetic Cascades
	Origin
	Theory of Propagation
	Analytical Description of Propagation and Observables
	Plasma Instabilities
	Other Propagation Phenomena
	Propagation Codes
	Examples

	Results
	Analyses of Individual Sources
	Stacked and Diffuse Analyses
	Bounds on the Coherence Length
	Constraints on the Magnetic Helicity
	Constraints from UHECR-Produced Gamma Rays
	Prospects for Measurements of IGMFs

	Outlook
	References

