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Abstract: We discuss the topic of the transparency of the Universe in gamma rays due to extragalactic
background light, and its cosmological and physical implications. Rather than a review, this is
a personal account on the development of 30 years of this branch of physical science. Extensive
analysis of the currently available information appears to us as revealing a global coherence among
the astrophysical, cosmological, and fundamental physics data, or, at least, no evident need so far of
substantial modification of our present understanding. Deeper data from future experiments will
verify to what extent and in which directions this conclusion should be modified.
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1. Introduction

Photons are by far the fundamental channel of information that we have for investigat-
ing the Universe, its structure, its origin. Fortunately, after the optically thick phase ending
at the recombination time 380,000 years from the Big Bang and thanks to the disappearance
of free electrons from the cosmic fluid, photons over a large range of frequencies have been
allowed to travel almost freely across the Universe.

However, Thomson scattering, that was so effective before recombination, is not
the only process limiting the photon path. Once the first cosmic sources—either stellar
populations, galaxies, or gravitationally accreting Active Galactic Nuclei (AGN)—started
to shine at about redshift z ∼ 10 (e.g., [1]), a large flow of low-energy photons progressively
filled up homogeneously the entire Universe. This low-energy photon field, covering a
wide frequency range from the far-UV to the millimeter (0.1 < λ < 1000 µm) and growing
with time down to the present epoch, is indicated as the Extragalactic Background Light
(EBL). It adds to the already present and much brighter relic of the Big Bang, the Cosmic
Microwave Background (CMB).

As a consequence of the presence of such high-density diffuse background radiation,
high-energy particles—both cosmic rays and photons—have a high chance of interaction.
Gamma ray photons, in particular, have a significant probability, increasing with energy, to
collide with background photons and decay into an electron-positron pair [2,3],

γVHE + γEBL → e− + e+,

hence essentially disappearing from view. Subsequent pair cascades, also depending
on the strength of the magnetic field, would scatter the secondary gamma rays at lower
gamma ray energies. Quantum electrodynamics makes precise predictions [4] about such
a probability, that peaks when the product of the two photon energies equals on average
the square of the rest-mass energy (mec2)2. As a consequence, Very High Energy (VHE)
spectra of extragalactic sources show high-energy exponential cutoffs ∝ e−τγγ , where τγγ

is the optical depth to photon–photon interaction. Once the source distance is known, a
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spectral analysis of the gamma ray source, complemented with some assumptions about the
intrinsic spectrum, allows us a measure of τγγ, and hence an inference of the background
photon density.

In conclusion, on one side the γγ interaction analysis is required to infer the intrinsic
source spectrum for physical investigations of its properties. But on the other side, this
opacity effect offers the potential to constrain an observable, the EBL background, which is
of great cosmological and astrophysical interest. The EBL collects in an integrated fashion
all radiation processes by cosmic sources between 0.1 and 1000 µm during the whole
lifetime of the Universe, and then sets a fundamental constraint on its evolutionary history.

Because direct measurements of such radiations are very difficult or even impossible,
the possibility to constrain them via the gamma ray photon opacity analyses is highly
valuable, and makes an interesting bridge between the high-energy physics and the low-
energy astrophysics and cosmological domains.

Photon–photon interactions and opacity effects are also of relevance for other questions
of cosmology and fundamental physics. One is related with the existence of tiny magnetic
fields on large cosmic scales. The latter might originate during the earliest inflationary
phases, or alternatively in dynamo effects during the large-scale structure’s growth. Such
low intensity fields are not directly measurable, e.g., with Faraday rotation, while a potential
probe is offered by magnetic deflections of electron-positron pairs produced by gamma-
gamma interactions and Inverse Compton (IC) scattering of background photons. This
effect produces both extended halos from the reprocessed gamma rays and spectral bumps
and holes, potentially measurable with Fermi/LAT and Imaging Air Cherenkov telescopes
(IACT) telescopes [5,6].

Opacity measurements have also been considered for constraining cosmological pa-
rameters, like the Hubble constant H0 ([7–9], among others). In our view, however, the
degeneracy in the solutions due to the large number of parameters involved is such to
make this application of very limited value compared to the many alternative observational
approaches. This at least until a new generation of IACTs will appear with significantly
better spectral resolution to identify sharp absorption features e.g., due to the integrated
Polycyclic Aromatic Hydrocarbon emissions in the infrared (IR) EBL. Similar problems
limit the possibility to measure the redshifts of distant blazars 1 lacking the spectroscopic
measurement [10].

Processes involving VHE photons and opacity measurements in distant gamma ray
sources allow us important tests for possible deviations from the Standard Model pre-
dictions, and for new physics, well beyond the reach of the most powerful terrestrial
accelerators (e.g., the Large Hadron Collider).

In particular, possible violations of a fundamental physical law such as the special-
relativistic Lorentz Invariance are testable in principle. Such violations may arise in the
framework of alternative theories of gravity and quantum gravity [11,12].

While quantum gravity effects are expected to manifest themselves in the proximity
of the extreme Planck’s energy EQG =

√
hc5/2πG ' 1019 GeV, it turns out that the effects

may be testable even at much lower energies. In particular, the quantization of space–time
may affect the propagation of particles and a modification of the dispersion relation for
photons in the vacuum would appear at an energy given by EQG, bringing for example to
a relation

c2 p2 = E2(1 + λE/EQG +O(E/EQG)
2) (1)

E the photon energy and λ a dimensionless parameter, that, if different from zero, would
violate the Lorentz invariance [13]. Such a dispersion relation leads to an energy-dependent
propagation velocity of photons: v = dE/dp = c(1− λ(E/EQG)), with a consequent time
of arrival also depending on energy that is testable with VHE observations of fast transient
sources like variable blazars or even Gamma Ray Bursts (GRB) [14].

1 Blazars are Active Galactic Nuclei hosting nuclear jets of plasma in directions close to the observer’s line-of-sight. They make, together with
flat-spectrum radio sources, the most numerous population of extragalactic sources at HE and VHE energies.
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The interesting point here is that an anomalous dispersion as above would also affect
the interactions of high energy particles, like the photon–photon collisions. The threshold
condition for pair creation, given one photon of energy and momentum E1 and P1 and a
second with E2 and P2 given by (E1 + E2)

2 − (~P1 − ~P2)
2 ≥ 4m2

e c4, would be modified by
the anomalous dispersion as 2(E1E2)(1− cosθ)− λE3

1/EQG ≥ 4m2
e c4, assuming E1 is the

gamma photon energy and E2 that of the low-energy background. Deviations from Lorentz
Invariance, with λ 6= 0, would then be testable, assuming the characteristic EBL energy of
E2 ' 1 eV, with gamma ray energies in the range E2 ∼ 10 to 100 TeV, that is well below
the Planck energy scale [15]. An observational consequence would be the suppression or
the reduction of the photon–photon interaction and absorption in the spectra of distant
blazars, potentially testable above 10 TeV (see Section 5.3 below).

Similarly, quantum gravitational effects would also influence hadronic and mesonic
processes, like for example the pion decay π0 → γ + γ for energies in the PeV range, as
well as many other processes involving high energy particles [16,17] .

Among the various attempts to achieve a theory of everything of all four fundamental
interactions, including gravity, super-symmetric models and particularly super-string
theories have been considered. A common prediction of these is the existence of spin-
zero, neutral, very light bosons, that are the generalization of the axion particle (see for
a review [18]). Axion-like particles (ALP) are predicted to interact with two photons or
with a photon and a static electromagnetic E and B field. So, in the presence of a magnetic
field, high energy photons and ALPs would oscillate, like it is the case for solar neutrinos:
a VHE photon emitted by a gamma ray source, by interacting with an intergalactic B field,
would transform into an ALP, and the latter be reconverted in a photon after a subsequent
interaction with another B field. Since during the ALP phase there is no interaction with
background photons and pair production, this would overall reduce the photon–photon
opacity. Observations of VHE distant sources can then offer a potential to constrain the
existence of ALPs, by the analysis of their gamma ray spectra.

The paper is structured as follows. A brief historical account on the photon–photon
interaction process in the astrophysical context is reported in Section 2. The Extragalactic
Background Light as the low-energy photon field responsible for the high-energy cosmic
opacity is discussed in Section 3. Its cosmological significance, the issues related with its
measurements and modelling the known-source contributions to the EBL are all discussed
in the relative subsections. The high-energy opacity of the Universe to photon–photon
interaction is reported in Section 4, while specific problems concerning the ultraviolet and
optical EBL, the near-IR and the far-IR EBL are specifically addressed in the Sections 4.2–4.4.
Various aspects and consequences, including current constraints on the ALPs and Lorentz
Invariance Violations (LIV) are discussed in Section 5, together with a mention of the
relevant prospects for improvement expected by forthcoming and future instrumentation.
Conclusions appear in Section 6.

2. Photon–Photon Interaction in the Astrophysical Context: Brief Historical Account

The discovery of the CMB radiation in 1965, in addition to being a game-changer in
our understanding of the Universe, prompted a number of reflections about its physical
and astrophysical implications. People immediately realised that the propagation of high-
energy particles across it might be impeded to some extent (e.g., [19,20]). This was found
to apply to cosmic ray particles, but also to photons [2,3,21,22], still in relation to the CMB
cosmological background, and it was found that extragalactic gamma rays from the cosmos
with energies >100 TeV cannot reach the Earth.

With the early development of the radio and IR astronomy (see for a review, [23]), it
became clear that not only the Universe hosts the dense CMB photon field, but also a rich
variety of other diffuse extragalactic radiations. If the radio background is of no relevance
for gamma ray astronomy, the IR one at shorter wavelengths than the CMB was indicated
by [24,25] to make an important component. Based on the scanty data of the pre-IRAS era,
Puget, Stecker, & Bredekamp [24] predicted quite realistic radiation intensities in the far-
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and mid-IR, results that have been largely confirmed by the first all-sky investigation by
the IRAS satellite in 1984 (see for a review, [26]).

However, it was only with the launch of the first gamma ray observatory in space, the
Compton GRO in 1991, that the first ideas of a profound relationship between low-energy
astrophysics and high-energy physics have started to be considered. In particular, soon
after the launch, a large flare by the distant blazar 3C279 at z = 0.54 was detected by
the Compton GRO at energies between 70 MeV and 5 GeV, showing a perfect power-law
spectrum. Stecker, de Jager, & Salamon [27] argued that, assuming such a HE spectrum
continues at higher energies and a far-IR (FIR) background intensity consistent with the
IRAS data of the epoch, an exponential cutoff due to photon–photon interaction would
be measured in the VHE spectra between 0.1 and 1 TeV by the new generation of air
Cherenkov detectors. They also argued, for the first time, that this would provide an
opportunity to obtain a measurement of, or at least a severe constraint on, the extragalactic
IR background radiation field.

Indeed, a year later, the detection of the low-z (z = 0.03) blazar MKN421 by the
Whipple Cherenkov observatory [28], showing a pure power-law spectrum up to 3 TeV,
prompted Stecker & de Jager [29] to set an upper limit to the near-IR (NIR) EBL intensity
of νI(ν) < 10−8 Watt/m2/sr in the wavelength interval from 1 to 5 µm: this remarkable
constraint on the NIR EBL was essentially confirmed by many later analyses.

Shortly afterwards, MacMinn & Primack [30] suggested that photon–photon opacity
measurements can be used to constrain the processes of galaxy formation and evolution
and offer an interpretation of preliminary evidence for a cutoff above 3 TeV in MKN421
based on their EBL estimate.

In the meantime, progresses have been made on both the theoretical side about
the EBL intensity [31], and the Cherenkov instrumental facilities. The combination of
Compton-GRO, HEGRA and Whipple observations produced a remarkably extended and
well-sampled HE and VHE spectrum of MKN421, showing a significant cutoff above 1
TeV that was interpreted by Stecker & de Jager [32] as a preliminary evidence in favour of
photon–photon absorption. Two EBL model solutions by [31] appeared to be consistent
with the observations.

At the same time in 1997, a huge flare characterizing the other local (z = 0.03) blazar
MKN501 was observed with HEGRA by Aharonian et al. [33] up to an energy of 10 TeV,
thanks to the extreme luminosity of the source. On one side, some improper IR-EBL
corrections and a too low adopted value for H0 have brought to a claim of potential “TeV
gamma ray crisis” [34]. On the other end, Stanev & Franceschini [35] simply inferred
from this a significant upper limit on the IR EBL between λ = 3 and 20 µm (νI(ν) < 5 ×
10−9 Watt/m2/sr), very close to the lower limits set by deep extragalactic counts in the
same wavelength interval by the Infrared Space Observatory’s [36] deep mid-IR surveys.
This was first evidence of very little room left to the IR EBL for a truly diffuse background
in addition the contribution of known sources. These results were confirmed with similar
analyses by Stecker & de Jager [37], Renault et al. [38], Malkan & Stecker [39]. Instead,
Konopelko et al. [40], de Jager & Stecker [41], using a high normalization of the IR EBL
from a model by [37], found an indication for a very large absorption correction (x20-40) in
the HEGRA spectrum of MKN501 at the energy of 20 TeV.

Mazin & Raue [42] attempted to infer constraints on the spectral shape of the EBL
over a large wavelength interval, 0.4 to 80 µm, by a joint analysis of 14 blazar TeV spectra
and using EBL educated guesses by [43]. Although this analysis was limited by the strong
degeneracy in the solutions, it already allowed to constrain the EBL in the near-IR to only a
factor of 2 to 3 above the absolute lower limits set by source counts, hence ruling out the
IRTS measurements of the EBL.

The start of the operations of the HESS large Cherenkov array led to the discovery in
2006 of two very distant blazars, H 2356-309 and 1ES 1101-232 at z = 0.165 and z = 0.186
that allowed Aharonian et al. [44] to set an important constraint on the EBL around
1 µm, essentially ruling out large excesses in the EBL indicated by IR space telescope
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observations [45]. For the first time, photon–photon opacity measurements led to a rather
fundamental achievement for cosmology. This issue will be further discussed below.

More recently, thanks to important developments allowed by new relevant obser-
vational facilities and much better knowledge of the cosmic source populations by as-
tronomical telescopes, during the last decade the field has achieved a maturity. Major
imaging Cherenkov telescope arrays (HESS, VERITAS, MAGIC) operating at VHE have
been implemented, while the multi-epoch all-sky surveys by the Fermi space observatory
have extensively monitored the sky at the HE energies in an extremely complementary and
synergistic fashion. Ultimately, the use of high-quality datasets have allowed to talk of real
measurements of the EBL with credible significance, instead of mere upper limits (see in
particular, [46,47]).

Finally, the operation of a plethora of astrophysical observatories in space (HST, ISO,
Spitzer, Herschel) and from ground offered deep understanding of cosmic low-energy
source populations over a substantial fraction of the Hubble time, hence setting hard lower
limits to the EBL over 4 photon-frequency decades from 0.1 to 1000 µm. All this will be
subject to our later discussion in Section 3.3.

3. The Low-Energy Extragalactic Background Radiation (EBL)
3.1. Origin and Cosmological Significance of the EBL

The Extragalactic Background Light in the wavelength interval between 0.1 and
1000 µm is an important constituent of the Universe, permeating it quite uniformly (e.g.,
Longair [48]). The EBL is the collection of all photon emission processes at these wave-
lengths from the Big Bang till today, and offers an integrated information on all of them.
For this reason it makes a fundamental constraint on our past history.

After recombination, a likely dominant source of energy is thermonuclear burning
in stars, whose past integral peaks in the EBL at around λ ' 1 µm, as a consequence
of surface temperature of stars from few thousands to about 100,000 degrees. However,
stellar activity often takes place in dust-opaque media, as is particularly the case for young
massive and luminous stars, that form inside dusty molecular clouds and exit them at later
stages of their evolution. As a consequence, a significant fraction of the short wavelength
UV-optical stellar photons is absorbed by dust grains and re-emitted by them in the IR via
a quasi-thermal process at the equilibrium temperature of few to several tens of degrees.

The EBL then has two fairly well characterized maxima at λ ' 1 µm and 100 µm
corresponding to the integrated stellar photospheric and dust-reprocessed emissions, with
a minimum between the two at λ ' 10 µm.

Another important energy-generation process originates from gas accretion onto
massive collapsed objects, like it typically happens onto super-massive black-holes (SMBH)
in Active Galactic Nuclei. Similarly to stellar emission, gravitational accretion also emits
fluently in the UV and the optical from the hot accreting plasmas, but again a significant
part of this radiation is absorbed by dust in the accreting matter and emerges in the IR.
In spite of the higher mass-to-energy transformation efficiency η of the latter process
compared to stellar nucleosynthesis, because only about one part of a thousand of the
processed baryon material goes to accrete onto the SMBH, AGN accretion is deemed
to contribute a minor fraction to the EBL compared to stars [49,50]. Assuming a stellar
efficiency of η ∼ 0.001 and the AGN one η ∼ 0.1 and similar evolutionary histories for the
two [49], the average observed ratio of stellar mass to that of SMBH’s in galaxies of about
1000 [51] implies that only about 10% of the EBL intensity can be ascribed to AGN activity.

Astrophysical processes in individual sources so far described are easily detectable
with current imaging telescopes above the map’s background. A question however remains
how much these imagers can detect of more diffuse emissions, like could take place from
low-density regions in the outskirts of galaxies or even from stellar populations distributed
in the intergalactic medium: all these would easily sink onto the background, and possibly
remain completely undetectable. Extreme occurrences of this kind might be a diffuse
medium of decaying particles emerging from the Big Bang or early populations of stars,
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like the so-called Population III stars often invoked to explain the early metal enrichment
in the Universe [52–54].

These cosmological signals are in any case all registered in the EBL spectral intensity.
Therefore, any attempts to retrieve the history of energy production events in the past
history of the Universe has to be confronted with available EBL constraints, like not exceed-
ing in any case the total figure. In particular, the history of star-formation is significantly
constrained by EBL observations.

3.2. Observational Issues Related with the Background Radiations

Unfortunately, direct measurements of EBL all-over its wavelength definition range
are very difficult, and even largely impossible. Excellent reviews of the subject can be
found in [55] for the IR part and in [56] for the optical-UV one. The situation is well
illustrated in Figure 1, showing how the Earth is immersed, more than within the EBL
photon field, inside a variety of radiations of local origin. The major component is the
Zodiacal light, including both Sun scattered light by Inter-Planetary Dust particles, and
their quasi-thermal emission peaking at 10 µm. Contributions by the integrated emission
of faint stars and by high-galactic latitude dust (cirrus) are also indicated.

Figure 1. Overview of the various components of the total night sky background at high galactic
and ecliptic latitudes. The Zodiacal Inter-Planetary Dust emission, Zodiacal scattered light, and
starlight (bright stars excluded) are indicated. The interstellar Galactic (cirrus) emission is normalized
to the minimum column density observed at high Galactic latitudes (NH = 1020 H atoms/cm2).
Atmospheric O2 air glow and OH emissions in the near-IR, as well as the CMB, are also indicated.
(Figure taken from Leinert et al. [57].)

As shown by the figure, even outside the terrestrial atmosphere, these emissions are
so bright compared to the expected level of the EBL (that is around 10−8 W/m2/sr) that
any attempts of a direct measure are prone to huge uncertainties.

One possible exception is the spectral window from λ ∼ 200 to 1000 µm that is at the
minimum of all such radiations. It is exactly there that credible claims of an extragalactic
background radiation signal has been reported by Puget et al. [58], Lagache et al. [59].
While in this case too the total intensity is still dominated by cirrus and CMB emissions, the
EBL can be safely extracted thanks to the a priori knowledge of the CMB spectral intensity
and the clear dependence of the cirrus on Galactic coordinates.

At all other wavelengths, foregrounds are so much dominating to prevent reliable
EBL determinations. This is particularly the case from 5 to 100 µm because of the IPD
brightness and its weak dependence on the ecliptic coordinates (about a factor 2 from pole
to equator) preventing it to be reliable subtracted from the total sky maps.
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A particularly interesting situation has emerged in the range from about 1 to 5 µm (the
near-IR EBL, NIR EBL), where completely different experiments (DIRBE on COBE, [60]);
Spitzer [61]; AKARI [62]; IRTS [63]; CIBER [64], among others) indicated high levels of the
NIR EBL intensity (but see also [65]). Such an intense isotropic radiation would have a
spectrum like the Rayleigh-Jeans tail of a thermal radiation (as also shared by the Zodiacal
scattered light) and a sharp cutoff at about λ ∼ 1 µm, consistent with processes taking
place at high redshift (z ∼ 10), whose light is redshifted to that peak wavelength. Primeval
(Population III) stars have been considered as a possible origin [45,66,67].

These estimates of the EBL are based on detailed modeling of the measured total
intensity and the subtraction of the local Zodiacal and stellar contributions. These results
show quite high values of the NIR EBL, of the order of νI(ν) ' 40–60 nW/m2/sr (see
e.g., the review by, [68]). Unfortunately, they are possibly compromised particularly by
uncertainties in the precise level of the Zodiacal foreground.

A way to circumvent this difficulty was identified in the study of the background fluc-
tuations δIν/Iν instead of the total intensity Iν, under the well-supported hypothesis that
the Zodiacal light is uniform on scales lower than a degree (see for a general review [69]).
Various authors report excess fluctuations in the deep maps in various near-IR and optical
bands, typically showing wavelength dependencies consistent with the Rayleigh-Jeans
law (among others [61,62,64,70–72]). These results have been alternatively interpreted with
sources present during re-ionization at redshift z > 8, or primordial black holes, and with
stellar emission from tidally stripped intergalactic stars residing in dark matter halos, or
extended stellar halos at low z.

Mitchell-Wynne et al. [72] have expanded this search to emissions specifically at
redshifts z > 8, where primeval sources responsible for the cosmological re-ionization are
expected to be found, via an ultra-deep multi-wavelength investigation with HST. They
find faint excess fluctuation signals above the current constraints based on Lyman-dropout
galaxy surveys and low-z galaxies, but with low significance. Their conclusions appear
to disfavour the very high values for the EBL found by the analyses of the foreground-
subtracted total light intensity (see above), and rather consistent with lower EBL values of
νI(ν) ∼ 10 nW/m2/sr. Another relevant outcome of the multiwavelength analysis by [72]
was that good part of the large near-IR intensity fluctuations found by other teams (e.g., by
CIBER, [64]) is likely to be attributed to diffuse light from our Galaxy, with the consequence
to lower also the inferred EBL flux.

Fluctuation studies, in any case, are anything but free of significant uncertainties.
Apart from the problem of the residual local foreground contribution, these measurements
are sensitive to the details of the instrumental point spread function of the imager. One
further difficulty comes from the determination of the level of spatial clustering of the
various source populations contributing to the total fluctuation signal. For example,
Helgason & Komatsu [73] have suggested that some of the claimed excess fluctuations may
be entirely explained by the clustering of ordinary galaxies.

Not at all easier is the direct measurement of the optical-UV EBL, not only because of
faint stars and the Sun-scattered light, but also due to the diffuse high-Galactic latitude
dust reflecting starlight. Important data have been recently obtained from the photometric
camera onboard the New Horizon spacecraft observing at >40 AU from the Sun, so as to
get rid of the Zodiacal light. The data analysis by Lauer et al. [74] (see also [75]) has derived
a total EBL intensity at the band-center of λ = 0.6 µm of (17.4± 5) nW/m2/sr, about
half of which due to the integrated emission of galaxies and half to a diffuse unresolved
component of unknown origin. It will be interesting to check later if such high background
can be reconciled with the constraints set by the photon–photon opacity determinations.

In summary, while being a fundamental cosmological component of great significance,
and in spite of the enormous effort dedicated to its determination, the EBL is escaping
any reliable direct measurement over most of its waveband range of definition. The next
Sections will be dedicated to infer entirely independent constraints of its value.



Universe 2021, 7, 146 8 of 25

3.3. Modelling the Known-Source Contributions to the EBL

Thanks to the variety of astronomical facilities, both from ground and from space,
operative over the full wavelength range of 0.1 to 1000 µm, we can at least set a reliable
minimum boundary to the extragalactic radiation field from known sources, that in turn
will set a minimal threshold to the cosmic photon–photon opacity.

Many attempts have been published to model the known source contributions to the
EBL based on the statistics of the multi-wavelength populations of galaxies and AGNs.
The present-time EBL intensity can be obtained by the relation with the differential source
number counts N(Sν) [sources/unit flux-density interval/unit solid angle], S(ν) being the
source flux density [erg/s/Hz]:

I(ν) =
∫ Sν,max

Sν,min

N(Sν)Sν dSν [erg/s/cm2/sr] (2)

or in the equivalent time-honoured units of Watt/m2/sr. N(Sν) is the immediate observable
that can be obtained from a sky survey based on observations at the frequency ν. If instead
we are interested in the evolution of the intensity with cosmic time, which is needed to
estimate the opacity for a distant gamma ray source, then the approach is complicated to
account for the progressive production of photons by sources and their redshift effects. In
this case, the background intensity at redshift z∗ reads:

Iν0(z
∗) = 1

4π
c

H0

∫ zmax
z∗ dz j[ν0(1 + z)](1 + z)−1[(1 + z)3Ωm + ΩΛ]

−1/2, (3)

for a flat universe with Ωm +ΩΛ = 1, with j[ν0] being the galaxy comoving volume emissivity:

j[ν0] =
∫ Lmax

Lmin

d log L · nc(L, z) · K(L, z) · Lν0 , (4)

with K(L, z) the K-correction, K(L, z) = (1 + z)Lν0(1+z)/Lν0 and nc the comoving luminos-
ity function at the redshift z expressed in number of galaxies per Mpc3 per unit logarithmic
interval of luminosity L at frequency ν0, L the luminosity in [erg/s/Hz]. The local back-
ground intensity as in Equation (2) coincides with Equation (3) for z∗ = 0.

From Equation (3), the photon differential proper number density [photons/cm3/Hz]
at the redshift z∗ is given by:

dnγ(ε0, z∗)
dε

=
4π

c
· Iν0(z

∗)

ε
, (5)

where ε0 = hν0 is the photon energy.
Two main strategies have been followed to model the source contributions to the EBL.

3.3.1. Empirical Models

One approach to model the EBL was to be as adherent as possible to the multi-
wavelength observational data, including the source number counts, redshift distributions,
and the redshift-dependent luminosity functions. The models here have to identify the
main population components, like star-forming and quiescent galaxies, and Active Galactic
Nuclei of various categories, each one with its own statistical properties and its - somehow
physically motivated—redshift evolution. The latter are fitted with simple parametric
functions, that are needed to interpolate binned and discretized data (like the redshift
dependencies), and to extrapolate them to regions of the parameter space where they are
not directly measured (like the luminosity functions at the lowest—immeasurable—L).

An important aspect about this approach and supporting it has been emphasized by
Madau & Pozzetti [76]: the observational number counts of extragalactic sources are so
deep from the UV to the IR and cover such a large fraction of the flux-density range at the
various λ in Equation (2) that the undetected sources below the flux detection limits give
completely negligible contributions to EBL.
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The quality of these empirical models of the EBL then rests on their ability to offer
precise fine-grade description of the data and the ability to account for all the available ob-
servational constraints. Models of this sort are discussed in particular in [31,39,43,50,77–83].

The proper photon density and redshift variation, as well as the modelled local EBL
spectral intensity, based on [82], are reported in Figure 2.

Figure 2. (Left): the energy-weighted proper number density of EBL photons as a function of the
energy ε. The various curves correspond to different redshifts, as indicated. The contributions of
CMB photons appear in the fast rise below 0.01 eV. (Right): the corresponding EBL spectral intensity
(thick line). The data-points correspond to the integration of the known-source number counts as in
Equation (2). (Taken from [82]).

3.3.2. Physical Models

In a somewhat complementary fashion, models have been devised that predict the
emissivity of cosmic sources based on a priori treatment of their origin and cosmic evolution
based on physical prescriptions. In particular, an approach of this kind was pioneered by
Primack et al. [84] and further developed by Gilmore et al. [85], based on semi-analytic
ΛCDM modelling of galaxy formation [86].

An advantage of this is that the effects of different assumptions about the values of
the cosmological parameters can be investigated, and that interpolations and, particularly,
extrapolations outside the observationally-constrained parameter space are physically
motivated. A serious draw-back is that it is almost impossible by these means to achieve
full compliance with the observational statistics and the model suffers some rigidity to
reproduce them because it combines constraints from observational data and the physi-
cal prescriptions.

3.3.3. Other Approaches

Of some historical interest, EBL models have been published less directly related to
the data and rather built on some parametrization of the history of the star-formation rate
in galaxies. The latter is complemented with prescriptions about the source spectral energy
distributions, dust extinction, and their evolution. An advantage here is that it is possible
to discuss the model uncertainties by simple variations of the model parameters, which is
definitely not the case for the previously mentioned more elaborated ones.

Mazin & Raue [42] have adopted a new approach to constrain a kind of free-form
representation of the EBL spectrum and its redshift dependence directly from observations
of the photon–photon opacity based on the VHE spectra of 14 extragalactic sources. Useful
limits on the EBL have been inferred in this way. As an interesting development of this
kind of thought, Biteau & Williams [7] have analysed a very large sample of 106 blazars
producing some 300,000 detected photons: by assuming an EBL spectral shape as in [77,85]
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and a simplified treatment for the redshift-dependence of the EBL intensity, they have
found a remarkable agreement among all these data with an EBL local spectrum as reported
in Figure 3.

Figure 3. EBL intensity at z = 0 from the analysis of Biteau & Williams [7]. The best-fit spectra
derived there are shown with light blue (gamma rays only, four point spectrum) and blue points
(gamma rays + direct constraints, eight-point spectrum) based on best-fit scaled-up models by [77,85],
1σ confidence. Lower and upper limits are shown with orange upward-going and dark-brown
downward-going arrows, respectively. The results by [47] and the H.E.S.S. Collaboration (2013) are
shown for comparison. (Kind permission by Biteau & Williams [7]).

4. EBL and the Cosmological Photon–Photon Opacity

One clearly established fact about the EBL is the existence of a minimum intensity
threshold imposed by the existence of numerous sources populating the sky, and the
condition of general homogeneity and isotropy of the Universe. This is an unavoidable
condition, on top of which other radiations of more diffuse origin can add. The latter
are mostly impossible to measure, given the previously mentioned foreground problem,
and the lack of absolute photometric measurement capabilities of the typical astronomical
facility. Our approach will then be to calculate photon–photon opacities for this minimal
EBL and test against gamma ray source spectra such predictions.

This can be immediately performed assuming an EBL spectral intensity and its cosmic
evolution (see Figure 2), complemented with Standard Model treatment of the photon–
photon interaction and pair creation process [4].

4.1. Cosmic Opacity due to Known Sources

The optical depth as a function of the gamma ray source distance and photon energy
is given, for an EBL density dnγ(ε, z)/dε as in Figure 2, by

τ(E, ze) = c
∫ ze

0
dz

dt
dz

∫ 2

0
dx

x
2

∫ ∞

0
dε

dnγ(ε, z)
dε

σγγ(β) (6)

where σγγ is the pair-creation cross section and the argument β is computed as: β ≡
(1 − 4m2

e c4/s)1/2; s ≡ 2Eεx(1 + z)2; x ≡ (1 − cos θ), θ being the angle between the
colliding photon directions, and, for a flat universe,

dt/dz = H−1
0 (1 + z)−1

[
(1 + z)3Ωm + ΩΛ

]−1/2
.
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The intrinsic spectrum Sint of a gamma ray source at redshift ze is then absorbed as a
function of energy as: Sabs = Sint exp [−τ(E, ze)].

This σγγ cross-section implies that the absorption is maximum for photon energies

εmax ' 2(mec2)2/Eγ ' 0.5
(

1 TeV
Eγ

)
,

or in terms of wavelength
λmax ' 1.24(Eγ[TeV]) µm. (7)

The plot in Figure 4 shows the optical depth as a function of the gamma ray energy for
a range of values of the redshift of the source. In addition to our modelled EBL we include
here also the contribution to the opacity coming from the high density of CMB photons,
assuming a temperature of T = 2.728 K. This shows up as a fast increase of τ at high values
of Eγ.

Figure 4. The optical depth by photon–photon collision as a function of the photon energy for sources
located at z = 0.003, 0.01, 0.03, 0.1, 0.3, 0.5, 1, 1.5, 2, 2.5, 3, 4, from bottom to top. The fast rise at the
high τ and Eγ values is due to the large volume density of CMB photons. The graph is based on the
model by [82].

The effects of the CMB and radio-backgrounds are further reported in Figure 5, show-
ing the redshifts at which the photon–photon optical depth assumes the values of of τ = 1,
2, 3, and 4.6, as a function of the gamma ray energy. All over the interval from 105 to
1010 GeV the uncertainties are virtually absent, thanks to the precision with which the CMB
spectrum is known [87]. At all other energies the uncertainties are also small if we assume
that the γ− γ optical depths are only due to known sources, for which the EBL and radio
backgrounds are set by the source number counts, that are available with good precision at
all frequencies.
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Figure 5. Graphical representation of the global photon–photon opacity. The graph shows the source
redshifts zs at which the optical depth takes fixed values as a function of the observed hard photon
energy E0; the y-scale on the right side shows the distance in Mpc for nearby sources. The curves
from bottom to top correspond to a photon survival probability of e−1 = 0.37 (the horizon), e−2 = 0.14,
e−3 = 0.05 and e−4.6 = 0.01. For D > 8 kpc the photon survival probability is larger than 0.37 for any
value of E0. (Kind permission by [88]).

4.2. Constraining the Near-IR EBL (NIR-EBL)

As mentioned in Section 3.2, background radiations at near-IR wavebands have been
intensively investigated by several independent experiments, with claims of intensities
largely in excess of the baseline EBL from known sources, as shown in Figure 2 right. Such
excesses would amount to several tens of nW/m2/sr in the figure. Thanks to the very
sensitive instrumentation (HST and Spitzer from space, very large telescopes from ground),
the baseline EBL is very well constrained and understood at these wavelengths. At the
same time, from Equation (7) these background photons produce opacity effects in the
VHE spectra of sources at gamma energies of∼1 TeV, where IACT’s are maximally efficient.
This combination then offers a good chance to test the excess NIR-EBL hypothesis via the
pair-production effect.

The analysis of the two distant blazars by Aharonian et al. [44] offered the first
important test exploiting pair production effects, that ruled out the reality of the excess at
the levels previously indicated and the possibility that such a large signal might originate
from the first light sources at z ∼ 10. All subsequent analyses have fully confirmed this
result, leaving little room for any truly diffuse background at such wavelengths (e.g., [77]).
Eventually, this EBL level turned out to be consistent with recent developments about the
background signals as in [72,73].

4.3. Constraining the UV-Optical EBL (UV-EBL)

The Fermi space observatory offered, during the last decade and counting, the first
major facility promoting gamma ray to a fully-fledged and mature field of astronomy. Its
LAT instrument detected several thousands of extragalactic sources between 20 MeV and
300 GeV, including many high-z ones. Since the cutoff energy due to pair production scales
with redshift approximately as

Eγ,cuto f f (z) ∼ 800(1 + z)−2.4 GeV,

the observatory turned out to be in the ideal position to investigate how this cutoff evolves
with z, hence, from Equation (7), how the UV-EBL intensity evolves with time. This analysis
was performed by Ackermann et al. [47], who have performed a detailed comparison and
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found excellent agreement with the model predictions by [77], and also good agreement
with [78,79,85,89]. This analysis was further expanded by [90] to include the spectra of as
many as 739 active galaxies and one GRB up to a redshift z ' 4.35. The inferred constraints
on the UV-EBL are so precise and detailed that, assuming recipes for the dust-extinction
from literature, these data were used to estimate the evolutionary UV-emissivity and the
history of star-formation in the Universe per average comoving volume, given the tight
relation of UV light and the rate of SF.

These results appear remarkably consistent, over the full range of EBL wavelengths of
0.1 < λ < 5 µm, with the mere integrated emissions of known galaxies. Instead, they are
not entirely consistent with the latest direct evaluation of the local EBL at λ = 0.608 µm by
the New Horizon interplanetary explorer of νI(ν) ' 17.5 ± 4.2 nW/m2/sr (see Section 3.2),
against the intensity of νI(ν) ' 6+2

−1 nW/m2/sr allowed by the pair-production constraint.
This is a significant inconsistency that has to be resolved in some way. It is not to be
excluded that this may indicate some improper calibration of the Horizon photometers.

4.4. Constraining the Far-IR EBL (FIR-EBL)

The wide wavelength interval from 5 to 300 µm hosts a large portion of the integrated
radiant energy by cosmic sources (Figure 2). This is radiation by dust extinguishing
short-wavelength emission by galaxies and AGNs, and re-processing it as quasi-thermal
radiation. Indeed, major episodes in the formation of galaxies, of their stellar populations,
and of AGN gravitational accretion happen inside dust-opaque media, where extinction of
energetic radiation favours the coalescence and collapse of the primordial gas [49,50,91].

We have seen in Section 3.2 that over that wavelength interval direct observations of
the Infrared EBL are precluded by the dominance of the Inter-Planetary Dust and Galactic
dust emissions ([55] and Figure 1). Infrared telescopes from space can detect point sources,
but are blind to diffuse emission, like extended halos of dust emission or truly diffuse
processes, because of the huge background noise. Also, the source confusion problem
due to the limited angular resolution at such long wavelengths prevents the detection of
faint sources.

Clearly pair-production opacity effects detectable in the spectra of distant gamma
ray sources offer an interesting tool to indirectly measure the IR-EBL [92]. From Equa-
tion (7) the FIR-EBL can be constrained by VHE observations at energies above sev-
eral TeV. With the current IACT instrumentation, the highest energy photons so far de-
tected by extragalactic sources came from the two lowest-z prototypical blazars MKN421
and MKN501. Aharonian et al. [33], Stanev & Franceschini [35], Stecker & de Jager [37],
Aharonian et al. [93,94,95], took advantage of exceptional flaring events of the two sources
in 1999-2001 and 1997, to constrain their spectra up to 10-20 TeV.

Equation (7) tells, however, that to constrain EBL over a larger portion of the dust-
reprocessing region in Figure 2 requires probing VHE spectra well above 10 and possibly
up to 50–70 TeV. Now from Figure 4 it is evident that such high energy photons are
detectable (say with τ[Eγ,z] < 10) only from very low redshift sources, say z < 0.03,
meaning that even MKN421 and MKN501 are too far away to be suitable, while better
chances are offered by long VHE observations of local radio-loud AGNs, like IC310 and
M87 [92]. Figure 6 illustrates expected observations with various future VHE observatories
of these two local radio sources during high-states and an outburst. With sufficiently long
integrations (particularly promising observations with CTA and LHAASO), the spectra
could be measured up to several tens of TeV and the FIR-EBL be constrained almost up to
100 µm.
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Figure 6. Left panel: Top: The photon–photon absorption correction (exp[τγγ]) for the source IC
310 at z = 0.0189, based on the EBL model by [82]. Bottom: The blue data-points and continuous
line were taken during an outburst phase, the red data and continuous line during a prolonged
high-state. The 50-h 5σ and 100 h 2σ sensitivity limits for CTA, and the HAWC 5 years limits are
shown. The blue dotted line and the red dashed one indicate the SWGO and LHAASO 5 year 5σ

limits, respectively. The 50-h limit for the forthcoming ASTRI mini-array is shown in green. Right
panel: Photon–photon absorption for the source M 87 at 18.5 Mpc. The observed (open red and
continuous line) and absorption-corrected (black line) spectral data are reported. Same as in the left
panel. (Figure taken from [92]).

5. Discussion

An important cautionary note is in order. The analyses based on the photon–photon
interaction suffer a limitation in the degeneracy between the source gamma ray spectra and
the EBL spectral intensity. For example, any attempts dedicated to constraining the EBL
intensity should include some prior knowledge and assumptions about the extrapolations
of the source spectra to the highest energies, where pair-production cutoffs show up.
Therefore, these analyses offer significant model constraints and consistency checks more
than precise measurements and parameter estimation.

We discuss in this Sect. some of such investigations. We can outline our discussion by
splitting it into two sections: one considering constraints on astrophysics and cosmology,
the other concerning themes relevant for fundamental physics. The former will assume
Standard Model physical prescriptions for the photon–photon interaction, while the latter
will instead adopt standard assumptions for astrophysics and look for consistencies, or
inconsistencies, that would require modifications to the Standard Model.

5.1. Some (Resolved?) Controversy

Let us first of all anticipate a brief mention to a controversy that has originated from
analyses of the cosmological gamma ray horizon and pair production process. Using
IACT spectral data published during the last decade, some groups have found indications
that EBL model corrections for pair production opacity over-predict the observed gamma
ray attenuation [96–101]. This would manifest itself by a spectral hardening after EBL
absorption correction at photon energies corresponding to a high optical depths.

Thanks to the joint efforts from space (Fermi) and the IACTs from ground looking at
blazars over a range of redshifts, the analysis was performed by comparing the gamma
ray spectral slopes at HE and at VHE and searching for spectral hardening with the
photon energy. Horns [101] in particular reports some indications for anomalous cosmic
transparency by plotting the spectral slopes α as a function of the γ− γ optical depth τγγ:
he finds that while α naturally steepens for small values of optical depth up to τγγ ∼ 1,
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for τγγ > 1.5 it seems to show an upturn, that he attributes to anomalous transparency,
considering that it would be contrived if such a hardening occurred in sources at exactly
the energy where τγγ > 1, instead of depending on the source distance.

Various other teams have argued against such an evidence [7,47,77,82,90,102]. A
particularly extensive analysis is reported by Biteau & Williams [7]: based on their large
VHE database of 106 gamma ray spectra they report finding “no significant evidence
for anomalies”.

Of course, in the presence of such steep VHE spectra under the effect of the photon–
photon interaction, all statistical and instrumental corrections become important for an
appropriate interpretation. One of the most important is the statistical effect known
as Eddington bias, that applies when trying to measure a quantity for a statistical set,
subject to errors, in the presence of strong gradients in the probability distribution of that
quantity ([103,104] among others). This is certainly considered at least at the first order
in analyses ran by Cherenkov observatory teams based on fits of event distributions (or
un-binned fits of event lists) fully accounting for the instrument response function (IRF),
including the energy resolution. However second-order corrections to the observational
data accounting in detail for the model spectral cutoffs could become important, in addition
to the systematic uncertainties induced by the energy scale of the instrument.

In conclusion, it is perhaps fair to say that such controversy has recently somewhat
weakened. Supporters of the anomaly seem to agree that the effect may not be so significant
and anyhow requiring confirmation by future more sensitive experiments [105]. With
the currently available data set, mostly from existing IACT and Fermi observations, our
analyses did not so far appear having revealed significant inconsistencies with the present
physical and astrophysical understanding so as to require fundamental revision.

Certainly this is not to say that everything is clear and settled—further discussion will
be reported in later subsections. And, in any case, forthcoming and future instrumentation
will go to investigate regions of the parameter space that are so far uncovered.

5.2. The Present Understanding: Constraints on Astrophysics and Cosmology
5.2.1. The History of Star-Formation

We have summarized in Section 4 a number of studies reporting constraints on EBL
from gamma ray observations. The bottom line appears to be that no major evidence has
so far emerged for excess radiation components of EBL in addition to what is contributed
by known source populations. Some remaining open questions that might require further
inspection concern the large claimed excess at near-IR wavelengths from space IR observa-
tories and the factor ∼2 excess background at λ = 0.6 µm reported by the New Horizon
spacecraft, two results however uncertain for various reasons, especially because of the
foreground contamination, and also not very statistically significant.

Not unexpected, but not even entirely obvious a priori, data on the photon–photon
opacity did not require EBL levels lower than the minimal baseline set by the integrated
emission of source, as inferred from cosmological deep surveys and based on Equation (2).

Now, let us reverse the argument, i.e. having in mind that the gamma ray data appear
so far largely consistent with the mere EBL from known sources, a question might arise
if there would be indications from astrophysics and cosmology of processes and events
implying larger background fluxes at some wavelengths. One such instance would be the
source population responsible for the early metal enrichment of the primordial gas and for
the re-ionization of the Universe at z ≥ 9, the Population III stars, that are the products
of zero-metallicity star-formation [53,106]. Such faint sources would be undetectable
individually by astronomical telescopes, but their integrated emission might be substantial,
and indeed these were mentioned as the possible origin of the putative large NIR-EBL
excess in Section 3.2.

The general question about such past excess activity can be addressed by consideration
of the local relics of the past history, like the stellar mass and black-hole mass functions,
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and the metal abundances observed in cosmic plasmas, all remnant products of high-z
stars and AGNs.

Madau & Silk [107] dedicated a detailed analysis of the consequences of trying to
explain the NIR-EBL excess. While not excluding that a small portion of that excess—say of
order of few nW/m2/sr—might still be present, they conclude that attempt to explaining
the whole claimed excess faces a number of inconsistencies making this a very unlikely
possibility. These are related to the uncomfortably large amount of metals produced and,
alternatively, the excess amount of intermediate-mass black holes (by a factor 50 more mass
than hosted in galactic nuclei), creating problems with the data on the X-ray background.

Similar constraints apply to populations of normal galaxies and AGNs in excess of
those already categorized. A question might arise of how much our current understanding
of galaxy and AGN formation and evolution offers a consistent picture, or if inconsistencies
of any kind would call for major revisions, with impact on their EBL contributions. Once
more radiations from remote sources can be compared with the various local relics.

Madau & Dickinson [49] have performed an extensive review to map the cosmic
history of star formation, and heavy element production. Under the assumption of a
universal initial stellar mass function (that proposed by Chabrier [108] in particular), the
average stellar mass density in galaxies observed as a function of z matches well the integral
of all the previous star-formation activity. The comoving rates of star formation and central
black hole accretion, all consistent with a huge amount of published observational data,
follow a similar redshift evolution. The corresponding predicted rise of the mean metallicity
of the Universe is also consistent with the observations of the abundance of metals in
various cosmic sites and also, though a bit marginally, with the energy requirements by the
cosmological re-ionization from the cosmic “dark ages” to the present. Many published
reports agree with the results of this analysis [82,109–112].

Driver et al. [109] operate an equally extensive analysis, including as many as 600,000
galaxies over the whole Hubble time, reaching similar conclusions. However with the
important addition that all these data not only offer a consistent picture of galaxy activity,
as discussed above, but also strongly limit the fraction of stellar mass being stripped or
ejected by the individual galaxies to not exceed the 13%.

All this is entirely consistent with the EBL modelling as in Sections 3.3 and 4, with
little room for optical Intra-Cluster Light and Intra-Halo Light, and consistent with data on
the photon–photon opacity.

5.2.2. Potential Constraints on Primeval Re-Ionization Sources

Certainly, the new generation of large IACT telescope arrays, like CTA [113], will
offer such a large sensitivity gain over current instrumentation, including the Fermi space
observatory, to extend the observational horizon at tens to hundreds GeV up to substantial
redshifts, z ∼ 1 to several. In relation to the mentioned Population III and cosmic re-
ionization sources, some new tests would then become feasible to detect such emissions
from the pre-galactic era in the form of excess γγ absorption. This is based on the fact that,
while major part of the EBL photons by galaxies are produced at z < 1 (e.g., Figure 2) and
their proper density vanishes at higher z, those from primeval sources strongly increase
proportionally to (1 + z)3 because of the simple cosmological expansion. An example is
reported in Figure 7, where a modest excess EBL flux at z = 0 from very high-redshift
sources becomes a factor 50 in photon density already by z = 2, making a significant and
possibly measurable contribution to the opacity in z > 1 blazars.
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Figure 7. Energy-weighted proper number density of EBL photons as a function of the energy ε and
for various redshifts. The standard EBL evolution, as in Figure 2, is compared to the densities when
including photons from primeval objects: an excess local background by less than a factor 2 at 1.4 µm
becomes a factor 50 by z = 2 due to the (1 + z)3 increase in the proper photon density. The color
palette for the lines is the same as in Figure 4.

Similar considerations relating the primeval re-ionization sources with EBL excesses
are developed in [77,114]

5.3. Constraints on New Physics: Lorentz Invariance Violations and Photon to Axion-Like
Particle Mixing

Playing with such high-energy photons as those observable at HE and VHE with
Cherenkov observatories offers also invaluable tests of fundamental physics.

A major frontier for today’s physics is the attempt to describe the gravitational inter-
action with the language of quantum mechanics, trying to achieve a coherent picture. In
this context, modifications to the relativistic Lorentz transformation are expected at VHE
energies by many proposed theories [115–117]. Indeed tests of the Lorentz Invariance with
VHE gamma rays allow us probing it at the highest observable energies.

A predicted effect of LIV may be an energy-dependent variation of the speed of light
with respect to the standard value in the vacuum, as previously mentioned. This would
make a small effect (10−15 in relative velocity units) even at the highest detectable photon
energies, that has been however investigated based on observations of flaring AGN [118],
GRB [119], or other sources [120].

A better testable potential effect concerns anomalies in the kinematics of particle
collisions and scattering, particularly in the pair-production processes, with consequences
for the photon absorption effect. Kifune [117], among others, based on Equation (1), for
λ = ±1 and assuming the emergence of quantum-gravity effects at the Planck energy,
predicts that significant anomalies, like spectral upturns or strong convergences would
be observable at blazar photon energies larger than ∼ 10 TeV. While this is at the edge of
the capabilities of current-day gamma ray observatories (among the tightest constraints
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on the LIV energy can be found in [121]), the new generation of instruments, both IACT’s
(CTA [122] and ASTRI [123], in particular) and water-Cherenkov arrays (LHAASO [124] in
particular, including the currently working HAWC [125]) will be perfectly suited to cover
with sufficient sensitivity this extreme spectral range up to and above 100 TeV. It should
be noted, however, that the poor energy resolution of water-Cherenkov detectors, such as
LHAASO and HAWC, may be a limiting factor in the analysis of the sharp cutoff expected
from the rising cosmic IR background.

Another potential source of anomalous γγ opacity might be the existence of axions or
axion-like particles, mentioned in Section 1, these being one of the considered candidates
for the long-sought non-baryonic dark matter. Their expected behavior of mixing with two
photons or a gamma ray and a virtual photon associated with environmental magnetic
fields would have potentially important observational consequences in terms of a reduced
photon–photon opacity, because during the ALP phase no interaction with the EBL photons
is expected to occur.

Waiting for direct laboratory detection of such extremely elusive particles, some in-
direct evidence could be achieved from detailed analyses of the associated anomalous
photon–photon absorption effects on distant blazar spectra. This is what de Angelis,
Galanti, & Roncadelli [126] and Galanti et al. [127], among others, have attempted, by com-
paring the spectral properties for samples of BL Lac blazars at various redshifts and VHE
energies. The authors argue that, after standard EBL corrections (from [82]), the spectral in-
dices Γem of their sources show a correlation with redshift that has no physical justification,
hinting for a lower average opacity as allowed by the photon-ALP mixing. While formally
indicative of a few σ effect calling for new physics, their result mostly weights on just a
couple of objects around z ∼ 0.5 with inferred very low Γem ' 1–1.5 values.

Cenedese & Franceschini [128] further tested the scaling of VHE spectral slopes of
blazars (mostly High-Peaked BL Lacs) between redshift z=0 and 0.5 based on an improved
sample of all blazars in the TevCat sample [129] including VHE spectra observed at various
epochs. Their results are summarized in Figure 8: on the left panel the power-law fit to the
observed VHE spectra at around 1 TeV are reported, where the increase is caused by the
stronger spectral softening at larger redshifts due to the larger cosmic opacity. The right
panel plots the distribution of spectral indices after correction for EBL absorption as in [82]:
a marginal residual dependence of Γem is indicated, but only at the 2− σ significance level.
It should also be cautiously considered that the observed trend, if any, might reflect a
bias introduced by the Malmquist effect, emphasizing higher luminosity sources at larger
redshifts, with possibly slightly different spectral properties.
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Figure 8. Left panel: Values of the observed spectral indices Γobs for the blazar sample analysed
by [128], versus redshift. Fits with different polynomials are indicated. Right panel: Same as on the
left panel, but after correction for EBL absorption following [82] (Γem). The red continuous curve is
the best-fit regression line to the data, showing a modest redshift dependence.

In conclusion, gamma ray astronomy has an enormous potential to probe physics at
extreme energies. However, at the sensitivity limits of current instrumentation no evident
discrepancy has been revealed that would call for modifications to the Standard Model. In
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particular, testing Lorentz Invariance requires extending the IACT’s or water Cherenkov
observations to energies >10 TeV, that will be feasible only with very large arrays, while tests
of ALP mixing will need better sensitivities to expand the observational parameter space
and strengthen the statistics. Both requirements will be fulfilled by CTA, as extensively
discussed in the review by Abdalla et al. [130]. Detailed simulations carried-out there
indicate in particular the low-redshift radio galaxy NGC 1275 and the two blazars MKN
501 and 1ES 0229+200 as optimally suited for ALP and LIV investigations, respectively.

5.4. Other Open Questions and Prospects for Astrophysics and Cosmology
5.4.1. Jet Astrophysics

Gamma ray astronomy also offers invaluable tests of astrophysics of extreme envi-
ronments. Astrophysical jets from galactic and extragalactic sources are certainly among
these, while the detected highest energy cosmic rays can hardly be classified differently
than their most extreme manifestation. A possible link between the two has been recently
suggested by the detection of a PeV neutrino from the direction of a blazar, with con-
comitant flaring gamma ray emission from the object [131]. Blazars and blazar jets are
therefore suggested to be considered as the sources of high-energy cosmic rays. The clear
consequence would be that jets not only include leptonic particles and processes (electrons,
positrons, Synchrotron-Self-Compton, etc.), but also collimated beams of hadrons.

Hadron beams have been studied by various authors (e.g., among others [132–134]).
Emitted protons and heavier nuclei would produce VHE photons via interactions and
cascades along their trajectory, at some distance from Earth, whose paths then are shorter
than the source distance, with an overall reduced photon–photon opacity. Within this
scenario, we would expect the emergence of spectral components at energies well above
the TeV. However, while hadronic components in jets cannot be ruled out, the present
phenomenology of blazar properties appear still overall consistent with standard leptonic
processes like the synchrotron self-Compton model

5.4.2. Cosmology

Finally, VHE photon propagation effects testable by gamma ray astronomy have in-
teresting potential for analyses of cosmological interest. One of the hot topics in today’s
cosmology concerns the precise value of the Hubble constant, that turned out to show in-
consistent determinations based on local (H0 > 72 km/s/Mpc) and high-redshift (H0 < 68)
observables. Such inconsistency has no explanation so far, and may even require new
physics or substantial modification of the standard ΛCDM model of cosmology [135].

Because the photon–photon optical depth is obviously dependent on the scale of the
universe, hence on H0, observations of VHE sources at various z and of their spectral cutoffs
can offer an entirely independent test. Preliminary attempts in this direction reported large
uncertainties compared to other methods [8]. Good progress could be achieved with
CTA, although I am not entirely confident that this might become really competitive with
existing methodologies for measuring the cosmological parameters, due to the previously
mentioned degeneracies.

Intergalactic magnetic fields permeating the universe on large scales could be both of
primordial origin from the earliest expansion phases, or ejected later from galaxies. Their
presence and properties, unfortunately, are very difficult to investigate, e.g., via the Faraday
rotation effect. Because electromagnetic cascades initiated by photon–photon absorption
are influenced by intervening magnetic fields, the latter can be probed in gamma rays in
various ways. One would be to look at time delays in the cascade emission, or the presence
of HE broad spectral features due to the cascade (e.g., [136]). The likely most promising
technique will be to identify extended halos around distant point-like sources. Again
simulations for perspective CTA studies are extensively discussed in [130].
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6. Conclusions

Gamma ray astronomy, particularly after the successful space mission Fermi and the
implementation of the first IACT observatories, is becoming a clearly mature science. Its
current main limitation rests on the VHE domain, above 100 GeV, because of the rarity of
photonic events: the number of such energetic photons is decreasing very sharply with
energy (Sν ∝ ν−2,−3 at least). Fortunately, major progress is expected by the forthcoming
implementation of very large arrays of IACT’s (CTA) and water-Cherenkov (LHAASO)
arrays, that will compensate such extremely low rate of arrival with the expansion of the
photon collectors.

Major progress is expected in many fields from these developments. For astrophysics,
fundamental topics like the origin of the high-energy cosmic rays and the structure of astro-
physical jets will largely benefit. Furthermore, the technique based on the photon–photon
opacity analysis also offers interesting tests and constraints in the field of observational
cosmology, for the topic of the history of stellar formation and AGN accretion, hence
uniquely embracing high-energy physics with low-energy astrophysics and cosmology.

As for fundamental physics, laboratory experiments and large particle accelerators
have likely reached their current technological frontier, while the next steps forward will
require lot of effort, resources, and time. An excellent complement at much lower price,
however, is offered by gamma ray astronomy at its VHE limits, with opportunities to test
the validity of fundamental laws in regimes—e.g., close to the Planck energy—where they
have never been tested, to set the stage for higher level theories beyond the Standard Model.

If we have to summarize our present understanding, it seems to us that current
investigation concerning the highest energy photons from cosmic sources has not found
clear and significant evidence for deviations and need for new physics, either in the field
of astrophysics and cosmology or that of fundamental physics.

No doubt, however, that improved instrumentation, refined observational techniques,
and new ideas will call for the next steps in our understanding of the universe and its
fundamental laws.

Funding: This research received no external funding.

Data Availability Statement: Part of the dataset on the photon-photon opacity used in this paper
can be found in: http://www.astro.unipd.it/background/, accessed on 7 May 2021.

Acknowledgments: I am grateful to Leinert et al. [57], De Angelis, Galanti, & Roncadelli [88], and
Biteau & Williams [7], for kindly allowing reproduction of their published results. I benefited by
extensive discussions with Alessandro De Angelis, Michele Doro, Mose’ Mariotti, Giulia Rodighiero,
and Elisa Prandini, among many others. Part of Section 5.3 comes from ongoing work with Francesco
Cenedese. I am indebted to various anonymous referees for their careful reading of a previous
version of the manuscript and their very useful comments and to the Journal editors for help in
the manuscript editing. The University of Padua is also warmly thanked for continuous support to
this research.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Stiavelli, M.S. From First Light to Reionization: The End of the Dark Ages; Wiley: Hoboken, NJ, USA, 2009.
2. Nikishov, A.I. Absorption of High-Energy Photons in the Universe. JETP 1962, 14, 393.
3. Gould, R.J.; Schréder, G. Opacity of the Universe to High-Energy Photons. Phys. Rev. Lett. 1966, 16, 252. [CrossRef]
4. Heitler, W. The Quantum Theory of Radiation; Clarendon Press: Oxford, UK, 1960.
5. Aharonian, F.A.; Coppi, P.S.; 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. J. Lett. 1994, 423, L5. [CrossRef]
6. 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]
7. Biteau, J.; Williams D.A. The extragalactic background light, the Hubble constant, and anomalies: conclusions from 20 years of

TeV gamma-ray observations. Astrophys. J. 2015, 812, 60. [CrossRef]

http://www.astro.unipd.it/background/
http://doi.org/10.1103/PhysRevLett.16.252
http://dx.doi.org/10.1086/187222
http://dx.doi.org/10.1111/j.1365-2966.2011.18657.x
http://dx.doi.org/10.1088/0004-637X/812/1/60


Universe 2021, 7, 146 21 of 25

8. Domínguez, A.; Wojtak, R.; Finke, J.; Ajello, M.; Helgason, K.; Prada, F.; Desai, A.; Paliya, V.; Marcotulli, L.; Hartmann, D.H. A
New Measurement of the Hubble Constant and Matter Content of the Universe Using Extragalactic Background Light γ-Ray
Attenuation. Astrophys. J. 2019 885, 137. [CrossRef]

9. De Jager, O.C.; Stecker, F.W.; Salamon, M.H. Estimate of the intergalactic infrared radiation field from γ-ray observations of the
galaxy Mrk421. Nature 1994, 369, 294–296. [CrossRef]

10. Prandini, E.; Bonnoli, G.; Maraschi, L.; Mariotti, M.; Tavecchio, F. Constraining blazar distances with combined Fermi and TeV
data: an empirical approach. Mon. Not. R. Astron. Soc. Lett. 2010, 405, L76–L80. [CrossRef]

11. Aharonian, F.; Buckley, J.; Kifune, T.; Sinnis, G. High energy astrophysics with ground-based gamma ray detectors. Rep. Prog.
Phys. 2008, 71, 096901. [CrossRef]

12. Amelino-Camelia, G.; Ellis, J.; Mavromatos, N.; Nanopoulos, D.V.; Sarkar. S. Tests of quantum gravity from observations of
gamma ray bursts. Nature 1998 393, 763–765. [CrossRef]

13. Carroll, S. M.; Harvey, J. A.; Kostelecký, V. A.; Lane, C. D.; Okamoto, T. Noncommutative Field Theory and Lorentz Violation.
Phys. Rev. Lett. 2001, 87, 141601. [CrossRef]

14. Ellis, J.; Mavromatos, N. E.; Nanopoulos, D. V.; Sakharov, A. S.; Sarkisyan, E. K. G. Robust limits on Lorentz violation from
gamma-ray bursts. Astropart. Phys. 2006, 25, 402–411. [CrossRef]

15. Liberati, S. Tests of Lorentz invariance: A 2013 update. Class. Quantum Gravity 2013, 30, 133001. [CrossRef]
16. Amelino-Camelia, G.; Piran, T. Planck-scale deformation of Lorentz symmetry as a solution to the ultrahigh energy cosmic ray

and the TeV-photon paradoxes. Phys. Rev. D 2001, 64, 036005. [CrossRef]
17. Amelino-Camelia, G. Spacetime quantum solves three experimental paradoxes. Phys. Lett. B 2002, 528, 181–187. [CrossRef]
18. Massó, E. Axions and Their Relatives. In Axions; Kuster, M., Raffelt, G., Beltrán, B., Eds.; Springer: Berlin/Heidelberg, Ger-

mary, 2008.
19. Greisen, K. End to the Cosmic-Ray Spectrum? Phys. Rev. Lett. 1966, 16, 748–750. [CrossRef]
20. Zatsepin, G.T.; Kuz’min, V.A. Upper Limit of the Spectrum of Cosmic Rays. JETP Lett. 1996, 4, 78–80.
21. Fazio, G.G. Gamma Ratiation from Celestial Objects. Annu. Rev. Astron. Astrophys. 1967, 5, 481–524. [CrossRef]
22. Stecker, F.W. The Cosmic Gamma-Ray Spectrum from Secondary-Particle Production in the Metagalaxy. Astrophys. J. 1969, 157,

507. [CrossRef]
23. Rieke, G.H.; Lebofsky, M.J. Infrared Emission of Extragalactic Sources. Annu. Rev. Astron. Astrophys. 1979, 17, 477–511. [CrossRef]
24. Puget, J.L.; Stecker, F.W.; Bredekamp, J.H. Photonuclear interactions of ultrahigh energy cosmic rays and their astrophysical

consequences. Astrophys. J. 1976, 205, 638. [CrossRef]
25. Stecker, F.W.; Puget, J.L.; Fazio, G.G. The cosmic far-infrared background at high galactic latitudes. Astrophys. J. 1977, 214,

L51–L55. [CrossRef]
26. Soifer, B.T.; Neugebauer, G.; Houck, J.R. The IRAS View of the Extragalactic Sky. Annu. Rev. Astron. Astrophys. 1987, 25, 187–230.

[CrossRef]
27. Stecker, F.W.; de Jager, O.C.; Salamon, M.H. TeV Gamma Rays from 3C 279: A Possible Probe of Origin and Intergalactic Infrared

Radiation Fields. Astrophys. J. 1992, 390, L49–L52. [CrossRef]
28. Mohanty, G.; Akerlof, C.W.; Cawley, M.F.; Fegan, D.J.; Fennell, S.; Gaidos, J.A.; Hillas, A.M.; Kerrick, A.D.; Lamb, R.C.; Lewis,

D.A.; et al. The Very High Energy Photon spectrum of Markarian 421. In Proceedings of the 23rd International Cosmic Ray
Conference, Calgary, AB, Canada, 19–30 July 1993.

29. Stecker, F.W.; de Jager, O.C. New Upper Limits on Intergalactic Infrared Radiation from High-Energy Astrophysics. Astrophys J.
1993, 415, L71. [CrossRef]

30. MacMinn, D.; Primack, J.R. Probing the era of galaxy formation via TeV gamma ray absorption by the near infrared extragalactic
background. Space Sci. Rev. 1996, 75, 413–422. [CrossRef]

31. Franceschini, A.; Mazzei, P.; de Zotti, G.; Danese, L. Luminosity Evolution and Dust Effects in Distant Galaxies: Implications for
the Observability of the Early Evolutionary Phases. Astrophys. J. 1994, 427, 140. [CrossRef]

32. Stecker, F.W.; de Jager, O.C. On the Absorption of High-Energy Gamma-Rays by Intergalactic Infrared Radiation. Astrophys. J.
1997, 476, 712. [CrossRef]

33. Aharonian, F.; Akhperjanian, A.G.; Barrio, J.A.; Bernloehr, K.; Beteta, J.J.G.; Bradbury, S.M.; Contreras, J.L.; Cortina, J.; Daum, A.;
Deckers, T.; et al. Measurement of the flux, spectrum, and variability of TeV γ-rays from MKN 501 during a state of high activity.
Astron. Astrophys. 1997, 327, L5.

34. Protheroe, R.J.; Meyer, H. An infrared background-TeV gamma-ray crisis? Phys. Lett. B 2000, 493, 1–6. [CrossRef]
35. Stanev, T.; Franceschini, A. Constraints on the extragalactic infrared background from gamma-ray observations of MKN 501.

Astrophys. J. Lett. 1998, 494, L159. [CrossRef]
36. Cesarsky, C.J.; Abergel, A.; Agnese, P.; Altieri, B.; Augueres, J.L.; Aussel, H.; Biviano, A.; Blommaert, J.; Bonnal, J.F.; Bortoletto, F.;

et al. ISOCAM in flight. Astron. Astrophys. 1996, 315, L32.
37. Stecker, F.W.; de Jager, O.C. Absorption of very high energy gamma-rays by intergalactic infared radiation: A new determination.

Astron. Astrophys. 1998, 334, L85.
38. Renault, C.; Barrau, A.; Lagache, G.; Puget, J.L. New constraints on the cosmic mid-infrared background using TeV gamma-ray

astronomy. Astron. Astrophys. 2001, 371, 771–778. [CrossRef]

http://dx.doi.org/10.3847/1538-4357/ab4a0e
http://dx.doi.org/10.1038/369294a0
http://dx.doi.org/10.1111/j.1745-3933.2010.00862.x
http://dx.doi.org/10.1088/0034-4885/71/9/096901
http://dx.doi.org/10.1038/31647
http://dx.doi.org/10.1103/PhysRevLett.87.141601
http://dx.doi.org/10.1016/j.astropartphys.2006.04.001
http://dx.doi.org/10.1088/0264-9381/30/13/133001
http://dx.doi.org/10.1103/PhysRevD.64.036005
http://dx.doi.org/10.1016/S0370-2693(02)01223-6
http://dx.doi.org/10.1103/PhysRevLett.16.748
http://dx.doi.org/10.1146/annurev.aa.05.090167.002405
http://dx.doi.org/10.1086/150091
http://dx.doi.org/10.1146/annurev.aa.17.090179.002401
http://dx.doi.org/10.1086/154321
http://dx.doi.org/10.1086/182441
http://dx.doi.org/10.1146/annurev.aa.25.090187.001155
http://dx.doi.org/10.1086/186369
http://dx.doi.org/10.1086/187035
http://dx.doi.org/10.1007/BF00195049
http://dx.doi.org/10.1086/174127
http://dx.doi.org/10.1086/303668
http://dx.doi.org/10.1016/S0370-2693(00)01113-8
http://dx.doi.org/10.1086/311183
http://dx.doi.org/10.1051/0004-6361:20010448


Universe 2021, 7, 146 22 of 25

39. Malkan, M.A.; Stecker, F.W. An Empirically Based Calculation of the Extragalactic Infrared Background. Astrophys. J. 1998, 496,
13. [CrossRef]

40. Konopelko, A.K.; Kirk, J.G.; Stecker, F.W.; Mastichiadis, A. Evidence for Intergalactic Absorption in the TEV Gamma-Ray
Spectrum of Markarian 501. Astrophys. J. Lett. 1999, 518, L13. [CrossRef]

41. De Jager, O.C;, Stecker, F.W. Extragalactic Gamma-Ray Absorption and the Intrinsic Spectrum of Markarian 501 during the 1997
Flare. Astrophys. J. 2002, 566, 738. [CrossRef]

42. Mazin, D.; Raue, M. New limits on the density of the extragalactic background light in the optical to the far infrared from the
spectra of all known TeV blazars. Astron. Astrophys. 2007, 471, 439–452. [CrossRef]

43. Kneiske, T.M.; Mannheim, K.; Hartmann, D.H. Implications of cosmological gamma-ray absorption. I. Evolution of the
metagalactic radiation field. Astron. Astrophys. 2002, 386, 1–11. [CrossRef]

44. Aharonian, F.; Akhperjanian, A.G.; Bazer-Bachi, A.R.; Beilicke, M.; Benbow, W.; Berge, D.; Bernlöhr, K.; Boisson, C.; Bolz, O.;
Borrel, V.; et al. A low level of extragalactic background light as revealed by γ-rays from blazars. Nature 2006, 440, 1018–1021.
[CrossRef]

45. Matsumoto, T.; Matsuura, S.; Murakami, H.; Tanaka, M.; Freund, M.; Lim, M.; Cohen, M.; Kawada, M.; Noda, M. Infrared
Telescope in Space Observations of the Near-Infrared Extragalactic Background Light. Astrophys. J. 2005, 626, 31. [CrossRef]

46. Abdalla, H.; Abramowski, A.; Aharonian, F.; Benkhali, F.A.; Akhperjanian, A.G.; Andersson, T.; Angüner, E.O.; Arakawa, M.;
Arrieta, M.; Aubert, P.; et al. Measurement of the EBL spectral energy distribution using the VHE γ-ray spectra of HESS blazars.
Astron. Astrophys. 2017, 606, A59. [CrossRef]

47. Ackermann, M.; Ajello, M.; Allafort, A.; Schady, P.; Baldini, L.; Ballet, J.; Barbiellini, G.; Bastieri, D.; Bellazzini, R.; Blandford,
R.D.; et al. The Imprint of the Extragalactic Background Light in the Gamma-Ray Spectra of Blazars. Science 2012, 338, 1190–192.
[CrossRef]

48. Longair, M.S. Galaxy Formation; Springer: Berlin/Heidelberg, Germany, 2008.
49. Madau, P.; Dickinson, M. Cosmic Star-Formation History. Annu. Rev. Astron. Astrophys. 2014, 52, 415–486. [CrossRef]
50. Franceschini, A.; Aussel, H.; Cesarsky, C.J.; Elbaz, D.; Fadda, D. A long-wavelength view on galaxy evolution from deep surveys

by the Infrared Space Observatory. Astron. Astrophys. 2001, 378, 1–29. [CrossRef]
51. Magorrian, J.; Tremaine, S.; Richstone, D.; Bender, R.; Bower, G.; Dressler, A.; Faber, S.M.; Gebhardt, K.; Green, R.; Grillmair, C.;

et al. The Demography of Massive Dark Objects in Galaxy Centers. Astron. J. 1998, 115, 2285. [CrossRef]
52. Heger, A.; Woosley S.E. The Nucleosynthetic Signature of Population III. Astrophys. J. 2002, 567, 532. [CrossRef]
53. Schaerer, D. On the properties of massive Population III stars and metal-free stellar populations. Astron. Astrophys. 2002, 382,

28–42. [CrossRef]
54. Carr, B.J.; Bond, J.R.; Arnett, W.D. Cosmological consequences of Population III stars. Astrophys. J. 1984, 277, 445. [CrossRef]
55. Hauser, M.G.; Dwek, E. The Cosmic Infrared Background: Measurements and Implications. Annu. Rev. Astron. Astrophys. 2001,

39, 249–307. [CrossRef]
56. Mattila, K.; Väisänen, P. Extragalactic background light: inventory of light throughout the cosmic history. Contemp. Phys. 2019, 60,

23. [CrossRef]
57. Leinert, C.; Bowyer, S.; Haikala, L.K.; Hanner, M.S.; Hauser, M.G.; Levasseur-Regourd, A.-C.; Mann, I.; Mattila, K.; Reach, W.T.;

Schlosser, W.; et al. The 1997 reference of diffuse night sky brightness. Astron. Astrophys. Suppl. Ser. 1998, 127, 1–99. [CrossRef]
58. Puget, J.-L.; Abergel, A.; Bernard, J.-P.; Boulanger, F.; Burton, W.B.; Desert, F.-X.; Hartmann D. Tentative detection of a cosmic

far-infrared background with COBE. Astron. Astrophys. 1996, 308, L5.
59. Lagache, G.; Haffner, L.M.; Reynolds, R.J.; Tufte, S.L. Evidence for dust emission in the Warm Ionised Medium using WHAM

data. Astron. Astrophys. 2000, 354, 247–252.
60. Wright, E.L. DIRBE minus 2MASS: Confirming the Cosmic Infrared Background at 2.2 Microns. Astrophys. J. 2001, 553, 538.

[CrossRef]
61. Kashlinsky, A.; Arendt, R.G.; Mather, J.; Moseley, S.H. New Measurements of Cosmic Infrared Background Fluctuations from

Early Epochs. Astrophys. J. Lett. 2007, 654, L5. [CrossRef]
62. Matsumoto, T.; Seo, H.J.; Jeong, W.-S.; Lee, H.M.; Matsuura, S.; Matsuhara, H.; Oyabu, S.; Pyo, J.; Wada, T. AKARI Observation of

the Fluctuation of the Near-infrared Background. Astrophys. J. 2011, 742, 124. [CrossRef]
63. Matsumoto, T.; Kim, M.G.; Pyo, J.; Tsumura, K. Reanalysis of the Near-infrared Extragalactic Background Light Based on the

IRTS Observations. Astrophys. J. 2015, 807, 57. [CrossRef]
64. Zemcov, M.; Smidt, J.; Arai, T.; Bock, J.; Cooray, A.; Gong, Y.; Kim, M.G.; Korngut, P.; Lam, A.; Lee, D.H.; et al. On the origin of

near-infrared extragalactic background light anisotropy. Science 2014, 346, 732–735. [CrossRef]
65. Dwek, E.; Arendt, R.G. A Tentative Detection of the Cosmic Infrared Background at 3.5 µm from COBE/DIRBE Observations.

Astrophys. J. Lett. 1998, 508, L9. [CrossRef]
66. Cambrésy, L.; Reach, W.T.; Beichman, C.A.; Jarrett, T.H. The Cosmic Infrared Background at 1.25 and 2.2 Microns Using DIRBE

and 2MASS: A Contribution Not Due to Galaxies? Astrophys. J. 2001, 555, 563. [CrossRef]
67. Kashlinsky, A.; Arendt, R.; Gardner, J.P.; Mather, J.C.; Moseley, S.H. Detecting Population III Stars through Observations of

Near-Infrared Cosmic Infrared Background Anisotropies. Astrophys. J. 2004, 608, 1. [CrossRef]
68. Matsumoto, T. On the origin of the optical and near-infrared extragalactic background light. Proc. Jpn. Acad. Ser. B 2020, 96,

335–350. [CrossRef] [PubMed]

http://dx.doi.org/10.1086/305384
http://dx.doi.org/10.1086/312062
http://dx.doi.org/10.1086/338275
http://dx.doi.org/10.1051/0004-6361:20077158
http://dx.doi.org/10.1051/0004-6361:20020211
http://dx.doi.org/10.1038/nature04680
http://dx.doi.org/10.1086/429383
http://dx.doi.org/10.1051/0004-6361/201731200
http://dx.doi.org/10.1126/science.1227160
http://dx.doi.org/10.1146/annurev-astro-081811-125615
http://dx.doi.org/10.1051/0004-6361:20011175
http://dx.doi.org/10.1086/300353
http://dx.doi.org/10.1086/338487
http://dx.doi.org/10.1051/0004-6361:20011619
http://dx.doi.org/10.1086/161713
http://dx.doi.org/10.1146/annurev.astro.39.1.249
http://dx.doi.org/10.1080/00107514.2019.1586130
http://dx.doi.org/10.1051/aas:1998105
http://dx.doi.org/10.1086/320942
http://dx.doi.org/10.1086/510483
http://dx.doi.org/10.1088/0004-637X/742/2/124
http://dx.doi.org/10.1088/0004-637X/807/1/57
http://dx.doi.org/10.1126/science.1258168
http://dx.doi.org/10.1086/311714
http://dx.doi.org/10.1086/321470
http://dx.doi.org/10.1086/386365
http://dx.doi.org/10.2183/pjab.96.025
http://www.ncbi.nlm.nih.gov/pubmed/33041268


Universe 2021, 7, 146 23 of 25

69. Kashlinsky, A.; Arendt, R.G.; Atrio-Barandela, F.; Cappelluti, N.; Ferrara, A.; Hasinger, G. Looking at cosmic near-infrared
background radiation anisotropies. Rev. Mod. Phys. 2018, 90, 025006. [CrossRef]

70. Kashlinsky, A.; Arendt, R.G.; Mather, J.; Moseley, S.H. Tracing the first stars with fluctuations of the cosmic infrared background.
Nature 2005, 438, 45–50. [CrossRef]

71. Kashlinsky, A.; Arendt, R.G.; Ashby, M.L.N.; Fazio, G.G.; Mather, J.; Moseley, S.H. New Measurements of the Cosmic Infrared
Background Fluctuations in Deep Spitzer/IRAC Survey Data and Their Cosmological Implications. Astrophys. J. 2012, 753, 63.
[CrossRef]

72. Mitchell-Wynne, K.; Cooray, A.; Gong, Y.; Ashby, M.; Dolch, T.; Ferguson, H.; Finkelstein, S.; Grogin, N.; Kocevski, D.; Koekemoer,
A.; et al. Ultraviolet luminosity density of the universe during the epoch of reionization. Nat. Commun. 2015, 6, 7945. [CrossRef]

73. Helgason, K.; Komatsu, E. AKARI near-infrared background fluctuations arise from normal galaxy populations. Mon. Not. R.
Astron. Soc. Lett. 2017, 467, L36–L40. [CrossRef]

74. Lauer, T.R.; Postman, M.; Weaver, H.A.; Spencer, J.R.; Stern, S.A.; Buie, M.W.; Durda, D.D.; Lisse, C.M.; Poppe, A.R.; Binzel, R.P.;
et al. New Horizons Observations of the Cosmic Optical Background. Astrophys. J. 2021, 906, 77. [CrossRef]

75. Zemcov, M.; Immel, P.; Nguyen, C.; Cooray, A.; Lisse, C.M.; Poppe, A.R. Measurement of the cosmic optical background using
the long range reconnaissance imager on New Horizons. Nat. Commun. 2017, 8, 15003. [CrossRef]

76. Madau, P.; Pozzetti, L. Deep galaxy counts, extragalactic background light and the stellar baryon budget. Mon. Not. R. Astron.
Soc. 2000, 312, L9–L15. [CrossRef]

77. 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]

78. Finke, J.D.; Razzaque, S.; Dermer, C.D. Modeling the Extragalactic Background Light from Stars and Dust. Astrophys. J. 2010, 712,
238. [CrossRef]

79. Domínguez, 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-González, P.; et al. Extragalactic background light inferred from AEGIS galaxy-SED-type fractions. Mon. Not. R. Astron. Soc.
2011, 410, 2556–2578. [CrossRef]

80. Dwek, E.; Krennrich, F. The extragalactic background light and the gamma-ray opacity of the universe. Astropart. Phys. 2013, 43,
112–133. [CrossRef]

81. Inoue, Y.; Inoue, S.; Kobayashi, M.A.R.; Makiya, R.; Niino, Y.; Totani, T. Extragalactic Background Light from Hierarchical Galaxy
Formation: Gamma-Ray Attenuation up to the Epoch of Cosmic Reionization and the First Stars. Astrophys. J. 2013, 768, 197.
[CrossRef]

82. Franceschini, A.; Rodighiero, G. The extragalactic background light revisited and the cosmic photon-photon opacity. Astron.
Astrophys. 2017, 603, A34; Erratum in 2018, 614, C1. [CrossRef]

83. Andrews, S.K.; Driver, S.P.; Davies, L.J.M.; Lagos, C.D.P.; Robotham, A.S.G. Modelling the cosmic spectral energy distribution
and extragalactic background light over all time. Mon. Not. R. Astron. Soc. 2018, 474, 898–916. [CrossRef]

84. Primack, J.R.; Bullock, J.S.; Somerville, R.S.; MacMinn, D. Probing galaxy formation with TeV gamma ray absorption. Astropart.
Phys. 1999, 11, 93–102. [CrossRef]

85. Gilmore, R.C.; Somerville, R.S.; Primack, J.R.; Domínguez, 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]

86. Somerville, R.S.; Gilmore, R.C.; Primack, J.R.; Domínguez, A. Galaxy properties from the ultraviolet to the far-infrared: A cold
dark matter models confront observations. Mon. Not. R. Astron. Soc. 2012, 423, 1992–2015. [CrossRef]

87. Mather, J.C.; Cheng, E.S.; Cottingham, D.A.; Eplee, R.E., Jr.; Fixsen, D.J.; Hewagama, T.; Isaacman, R.B.; Jensen, K.A.; Meyer,
S.S.; Noerdlinger, P.D.; et al. Measurement of the Cosmic Microwave Background Spectrum by the COBE FIRAS Instrument.
Astrophys. J. 1994, 420, 439–444. [CrossRef]

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

89. Kneiske, T.M.; Dole, H. A lower-limit flux for the extragalactic background light. Astron. Astrophys. 2010, 515, A19. [CrossRef]
90. Fermi-LAT Collaboration. A gamma-ray determination of the Universe’s star formation history. Science 2018, 362, 1031–1034.

[CrossRef]
91. Blain, A.W.; Smail, I.; Ivison, R.J.; Kneib, J.-P.; Frayer, D.T. Submillimeter galaxies. Phys. Rep. 2002, 369, 111–176. [CrossRef]
92. Franceschini, A.; Foffano, L.; Prandini, E.; Tavecchio, F. Very high-energy constraints on the infrared extragalactic background

light. Astron. Astrophys. 2019, 629, A2. [CrossRef]
93. Aharonian, F.A.; Akhperjanian, A.G.; Andronache, M.; Barrio, J.A.; Bernlöhr, K.; Bojahr, H.; Calle, I.; Contreras, J.L.; Cortina, J.;

Daum, A.; et al. Observations of MKN 421 during 1997 and 1998 in the energy range above 500 GeV with the HEGRA stereoscopic
Cherenkov telescope system. Astron. Astrophys. 1999, 350, 757.

94. Aharonian, F.A.; Akhperjanian, A.G.; Barrio, J.A.; Bernlöhr, K.; Bolz, O.; Börst, H.; Bojahr, H.; Contreras, J.L.; Cortina, J.;
Denninghoff, S.; et al. Reanalysis of the high energy cutoff of the 1997 Mkn 501 TeV energy spectrum. Astron. Astrophys. 2001,
366, 62–67. [CrossRef]

95. Aharonian, F.; Akhperjanian, A.; Beilicke, M.; Bernlöhr, K.; Börst, H.; Bojahr, H.; Bolz, O.; Coarasa, T.; Contreras, J.; Cortina, J.;
et al. Variations of the TeV energy spectrum at different flux levels of Mkn 421 observed with the HEGRA system of Cherenkov
telescopes. Astron. Astrophys. 2002, 393, 89–99. [CrossRef]

http://dx.doi.org/10.1103/RevModPhys.90.025006
http://dx.doi.org/10.1038/nature04143
http://dx.doi.org/10.1088/0004-637X/753/1/63
http://dx.doi.org/10.1038/ncomms8945
http://dx.doi.org/10.1093/mnrasl/slw251
http://dx.doi.org/10.3847/1538-4357/abc881
http://dx.doi.org/10.1038/ncomms15003
http://dx.doi.org/10.1046/j.1365-8711.2000.03268.x
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/10.1016/j.astropartphys.2012.09.003
http://dx.doi.org/10.1088/0004-637X/768/2/197
http://dx.doi.org/10.1051/0004-6361/201629684
http://dx.doi.org/10.1093/mnras/stx2843
http://dx.doi.org/10.1016/S0927-6505(99)00031-6
http://dx.doi.org/10.1111/j.1365-2966.2012.20841.x
http://dx.doi.org/10.1111/j.1365-2966.2012.20490.x
http://dx.doi.org/10.1086/173574
http://dx.doi.org/10.1093/mnras/stt684
http://dx.doi.org/10.1051/0004-6361/200912000
http://dx.doi.org/10.1126/science.aat8123
http://dx.doi.org/10.1016/S0370-1573(02)00134-5
http://dx.doi.org/10.1051/0004-6361/201935617
http://dx.doi.org/10.1051/0004-6361:20000098
http://dx.doi.org/10.1051/0004-6361:20021005


Universe 2021, 7, 146 24 of 25

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

97. Horns, D.; Meyer, M. Indications for a pair-production anomaly from the propagation of VHE gamma-rays. J. Cosmol. Astropart.
Phys. 2012, 2, 33. [CrossRef]

98. 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]

99. Costamante, L. Gamma-Rays from Blazars and the Extragalactic Background Light. Int. J. Mod. Phys. D 2013, 22, 1330025.
[CrossRef]

100. Horns, D.; Jacholkowska, A. Gamma rays as probes of the Universe. C. R. Phys. 2016, 17, 632–648. [CrossRef]
101. Horns, D. The transparency of the universe for very high energy gamma-rays. In Proceedings of the Fourteenth Marcel

Grossmann Meeting On Recent Developments in Theoretical and Experimental General Relativity, Astrophysics, and Relativistic
Field Theories, Rome, Italy, 12–18 July 2015. [CrossRef]

102. Sanchez, D.A.; Fegan, S.; Giebels, B. Evidence for a cosmological effect in γ-ray spectra of BL Lacertae. Astron. Astrophys. 2013,
554, A75. [CrossRef]

103. Eddington, A.S. On a formula for correcting statistics for the effects of a known error of observation. Mon. Not. R. Astron. Soc.
1913, 73, 359–360. [CrossRef]

104. Hogg, D.W.; Turner, E.L. A Maximum Likelihood Method to Improve Faint-Source Flux and Color Estimates. Publ. Astron. Soc.
Pac. 1998, 110, 727. [CrossRef]

105. Meyer, M. Indirect Axion and Axionlike Particle Searches at Gamma-Ray Energies. In Proceedings of the 7th International Fermi
Symposium, Garmisch-Partenkirchen, Germany, 15–20 October 2017.

106. Madau, P.; Rees, M.J. Massive Black Holes as Population III Remnants. Astrophys. J. Lett. 2001, 551, L27. [CrossRef]
107. Madau, P.; Silk, J. Population III and the near-infrared background excess. Mon. Not. R. Astron. Soc. Lett. 2005, 359, L37–L41.

[CrossRef]
108. Chabrier, G. Galactic Stellar and Substellar Initial Mass Function. Publ. Astron. Soc. Pac. 2003, 115, 763. [CrossRef]
109. Driver, S.P.; Andrews, S.K.; da Cunha, E.; Davies, L.J.; Lagos, C.; Robotham, A.S.G.; Vinsen, K.; Wright, A.H.; Alpaslan, M.;

Bland-Hawthorn, J.; et al. GAMA/G10-COSMOS/3D-HST: the 0 < z < 5 cosmic star formation history, stellar-mass, and
dust-mass densities. Mon. Not. R. Astron. Soc. 2018, 475, 2891–2935. [CrossRef]

110. Eales, S.; Smith, D.; Bourne, N.; Loveday, J.; Rowlands, K.; van der Werf, P.; Driver, S.; Dunne, L.; Dye, S.; Furlanetto, C.; et al. The
new galaxy evolution paradigm revealed by the Herschel surveys. Mon. Not. R. Astron. Soc. 2018, 473, 3507–3524. [CrossRef]

111. Franceschini, A.; Rodighiero, G.; Vaccari, M.; Berta, S.; Marchetti, L.; Mainetti, G. Galaxy evolution from deep multi-wavelength
infrared surveys: A prelude to Herschel. Astron. Astrophys. 2010, 517, A74. [CrossRef]

112. Gruppioni, C.; Pozzi, F.; Rodighiero, G.; Delvecchio, I.; Berta, S.; Pozzetti, L.; Zamorani, G.; Andreani, P.; Cimatti, A.; Ilbert, O.;
et al. The Herschel PEP/HerMES luminosity function—I. Probing the evolution of PACS selected Galaxies to z ' 4. Mon. Not. R.
Astron. Soc. 2013, 432, 23–52. [CrossRef]

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

114. Raue, M.; Kneiske, T.; Mazin, D. First stars and the extragalactic background light: How recent γ-ray observations constrain the
early universe. Astron. Astrophys. 2009, 498, 25–35. [CrossRef]

115. Amelino-Camelia, G.; Ellis, J.; Mavromatos, N.E.; Nanopoulos, D.V. Distance Measurement and Wave Dispersion in a Liouville-
String Approach to Quantum Gravity. Int. J. Mod. Phys. A 1997, 12, 607–623. [CrossRef]

116. Amelino-Camelia, G.; Ellis, J.; Mavromatos, N.E.; Nanopoulos, D.V.; Sarkar, S. Tests of quantum gravity from observations of
γ-ray bursts. Nature 1998, 395, 525. [CrossRef]

117. Kifune, T. Invariance Violation Extends the Cosmic-Ray Horizon? Astrophys. J. Lett. 1999, 518, L21. [CrossRef]
118. Abdalla, H.; Aharonian, F.; Benkhali, F.A.; Angüner, E.O.; Arakawa, M.; Arcaro, C.; Armand, C.; Arrieta, M.; Backes, M.; Barnard,

M.; et al. The 2014 TeV γ-ray flare of Mrk 501 seen with HESS: Temporal and spectral constraints on Lorentz invariance violation.
Astrophys. J. 2019, 870, 93. [CrossRef]

119. Fermi LAT Collaboration. Testing Einstein’s special relativity with Fermi’s short hard γ-ray burst GRB090510. Nature 2009, 462,
331. [CrossRef]

120. [MAGIC Collaboration]; Ahnen M., L.; Ansoldi, S.; Antonelli, L.A.; Arcaro, C.; Babić, A.; Banerjee, B.; Bangale, P.; De Almeida, U.B.;
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