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ABSTRACT
We consider the largest observed sample including all intermediate-frequency peaked
(IBL) and high-frequency peaked (HBL) flaring blazars above 100 GeV up to red-
shift z = 0.6. We show that the best-fit regression line of the emitted spectral in-
dices Γem(z) is a concave parabola decreasing as z increases, thereby implying a sta-
tistical correlation between the {Γem(z)} distribution and z. This result contradicts
our expectation that such a distribution should be z-independent. We argue that the
above correlation does not arise from any selection bias. We show that our expec-
tation naturally emerges provided that axion-like particles (ALPs) are put into the
game. Moreover, ALPs can also explain why flat spectrum radio quasars emit up
to 400 GeV, in sharp contradiction with conventional physics. So, the combination
of the two very different but consistent results – taken at face value – leads to a
hint at an ALP with mass m = O(10−10 eV) and two-photon coupling in the range
2.94 × 10−12 GeV−1 < gaγγ < 0.66 × 10−10 GeV−1. As a bonus, the Universe would
become considerably more transparent above energies E & 1 TeV than dictated by
conventional physics. Our prediction can be checked not only by the new generation
of observatories like CTA, HAWC, GAMMA-400, LHAASO, TAIGA-HiSCORE and
HERD, but also thanks to the planned laboratory experiments ALPS II (upgraded),
STAX, IAXO and with other techniques now being developed by Avignone and col-
laborators.

We wish to dedicate the present work to the memory of our dear friend
Nanni Bignami.

Key words: astroparticle physics – radiation mechanisms: non-thermal – BL Lacer-
tae objects: general – galaxies: jets – gamma-rays: galaxies.

1 INTRODUCTION

Thanks to the observations carried out with the Imaging
Atmospheric Cherenkov Telescopes (IACTs) H.E.S.S. (High
Energy Stereoscopic System)1, MAGIC (Major Atmospheric
Gamma Imaging Cherenkov Telescopes)2 and VERITAS
(Very Energetic Radiation Imaging Telescope Array Sys-
tem)3, according to the Tevcat catalog more than 50 blazars

? E-mail: gam.galanti@gmail.com (GG)
† Deceased
1 https://www.mpi-hd.mpg.de/hfm/HESS
2 https://magic.mpp.mpg.de/
3 http://veritas.sao.arizona.edu/

have been detected so far in the very-high-energy (VHE)
band (100 GeV − 100 TeV)4. We would like to stress that
even though a single collaboration (H.E.S.S., MAGIC, VER-
ITAS) has only a partial sky coverage, H.E.S.S. is located in
Namibia, MAGIC in one of the Canary Islands and VERI-
TAS in Arizona. Because roughly one-third of the considered
sources are observed by each collaboration, their combina-
tion yields a quasi complete sky coverage with the only ex-
ception of the North and South Poles.

Unfortunately, not all these sources are suitable for the
study carried out in the present paper. The reason is four-

4 http://Tevcat.uchicago.edu/
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2 G. Galanti et al.

fold (henceforth we use the terms BL Lac, blazar and source
interchangeably).

(i) We restrict our attention to flaring blazars, namely
those showing episodes of time variability with their lumi-
nosity increasing by more than a factor of two, ranging from
a few hours to a few days: the reason is both their enhanced
luminosity – and so their detectability (Aleksić et al. 2012,
2013) – and our desire to deal with a homogeneous sample.

(ii) In view of our analysis, we need to know the redshift,
the observed spectrum and the energy range in which every
blazar is observed. This information is available only for a
subset of the observed flaring sources.

(iii) We want to avoid cosmological evolutionary effects
inside blazars: this requirement leads us to consider only
sources up to z = 0.6.

(iv) Finally, we want to work with a source sample which
is as homogeneous as possible. For this reason we con-
sider only intermediate-frequency peaked (IBL) and high-
frequency peaked (HBL) flaring BL Lacs with observed en-
ergy E0 & 100 GeV.

We are consequently left with a sample S of 39 flaring
VHE BL Lacs, which are listed in Table I of the Supplemen-
tary Material (SM).

Given the preliminary character of the present inves-
tigation, all observed spectra of the VHE blazars in S are
fitted by a single power-law – neglecting a possible small cur-
vature of some spectra in their lowest energy part – and so
they have the form Φobs(E0, z) = K̂obs(z)E

−Γobs(z)
0 , where

E0 is the observed energy, while K̂obs(z) and Γobs(z) denote
the normalization constant and the observed slope, respec-
tively, for a source at redshift z.

As a matter of fact, the observational results do not
provide any direct information about the intrinsic proper-
ties of the sources, since the VHE gamma-ray data strongly
depend on the nature of photon propagation. Indeed, ac-
cording to conventional physics the blazar spectra in the
VHE band are strongly affected by the presence of the
Extragalactic Background Light (EBL), namely the in-
frared/optical/ultraviolet background photons emitted by
all stars since their birth (for a review, see Dwek & Kren-
nrich 2013). But it should be kept in mind that if some yet-
to-be-discovered new physics changes the photon propaga-
tion, then some intrinsic source properties that are currently
believed to be true may actually turn out to be incorrect.

The conventional view about the observations of blazars
with the IACTs is that the VHE photons impinging on
the atmosphere are produced by the blazars themselves
through photon emission models, which can involve either
a leptonic (Bloom & Marscher 1996; Tavecchio, Maraschi
& Ghisellini 1998) or a hadronic mechanism (Mannheim
1993a,b). In fact, the above-mentioned three IACT collabo-
rations systematically analyze their data using both models.
The alternative possibility of proton emission models (Es-
sey & Kusenko 2010) cannot explain flaring blazars at the
presently probed energies. Indeed, an observed blazars vari-
ability shorter than 0.1 yr can be explained by the proton
emission model only for z > 0.20 at E0 > 1 TeV (Prosekin
et al. 2012). Hence, throughout this paper we will focus our
attention on photon emission models.

Before proceeding further, a warning to the reader is
of paramount important. Whenever we talk about emis-

sion we mean – according to the standard practice in
this field – ‘EBL-deabsorbed’, the reason being that the
EBL-absorption changes the shape of the spectra, whereas
the Malmquist bias does not. Because we are concerned
throughout this paper only with the shape-dependence of
BL Lac spectra on z, the Malmquist bias will be neglected
altogether. We also recall that the observed spectrum is
Φobs(E0, z) ≡ dNobs/(dAdt dE0), where Nobs is the pho-
ton number count and A is the detector area, and likewise
the emitted flux is Φem(E) ≡ dNem/(dAdt dE), where Nem

is the number of emitted photons and A is the area of the
emitting region. Now, both photon emission models predict
emitted spectra which – to a good approximation – have a
single power-law behavior Φem(E) = K̂em E

−Γem for all IBL
and HBL VHE blazars in S, where K̂em is the normalization
constant and Γem is the emitted slope (the specific values of
K̂em and Γem vary from source to source).

The relationship between Φobs(E0, z) and Φem(E) can
be generally expressed as

Φobs(E0, z) = Pγ→γ(E0, z) Φem

(
E0(1 + z)

)
, (1)

where Pγ→γ(E0, z) is the photon survival probability from
the source to us, which is usually written in terms of the
optical depth τγ(E0, z) as

Pγ→γ(E0, z) = e−τγ(E0,z) . (2)

The main issue we are going to address is a possible
correlation between the {Γem} distribution of the blazars in
S and their redshift z.

At first sight, the reader might well wonder about such a
question. After all, why should a correlation of this kind exist
for the blazars belonging to S? Cosmological evolutionary
effects in the sources are certainly harmless up to redshift
z = 0.6 and when observational selection biases are properly
taken into account we are unable to figure out which kind of
physical mechanism can be responsible for such a statistical
correlation. As a consequence, we expect that the best-fit
regression line of the {Γem} distribution should be a straight
horizontal line in the Γem − z plane.

Actually – in order to avoid repetitions – we proceed to
summarize the story told in the present paper in a way that
also the content of all Sections becomes apparent.

We report all observational information needed for our
treatment in Sect. 2 and Table I of the SM. Sect. 3 is devoted
to inferring for any source in S the emitted spectral index
– to be denoted by ΓCP

em (z) – starting from the observed one
Γobs(z) assuming conventional physics (CP), namely taking
into account the effect of the EBL absorption alone. Af-
ter performing a statistical analysis of the emitted spectral
indices {ΓCP

em (z)}, we end up with the conclusion that the
best-fit regression line of the {ΓCP

em (z)} distribution is a con-
cave parabola in the ΓCP

em −z plane decreasing as z increases,
thereby implying that blazars with harder spectra are found
on average only at larger redshifts. More generally, a sta-
tistical correlation between the {ΓCP

em (z)} distribution and
z shows up. Manifestly, the most natural explanation that
comes to mind are selection effects. Yet, a deeper scrutiny
– reported in Sect. 4 – based on the observational informa-
tion shows that, although the dimming bias can never be
avoided, we strongly argue that it does not give rise to the
above correlation. Moreover, we demonstrate that the vol-
ume dimming is not responsible for such a correlation either.

MNRAS 000, 1–13 (2019)



ALP hint from z dependence of blazar spectra 3

So, as explained above, we fail to understand the phys-
ical origin of such a conclusion. Otherwise stated, how can
the sources get to know their z so as to tune their ΓCP

em (z)
in such a way to reproduce the above statistical correlation?
We call the existence of such a correlation the VHE BL Lac
spectral anomaly, which of course concerns flaring BL Lac
alone.

In Sect. 5 we turn the argument around, plotting the
same data for all sources of S in the ΓCP

em − z plane and
imposing by hand that they are fitted by a horizontal straight
line. But we must conclude that such a procedure does not
work.

As an attempt to get rid of the VHE BL Lac spec-
tral anomaly, in Sect. 6 we introduce axion-like particles
(ALPs) (for a review, see Jaeckel & Ringwald 2010; Ring-
wald 2012). They are spin zero, neutral and extremely light
pseudo-scalar bosons predicted by several extensions of the
Standard Model of particle physics, and especially by those
based on the M theory which encompasses superstrings and
superbranes (see e.g. Cisterna, Erices, Kuang & Rinaldi 2018
and references therein). They interact in particular with
two photons. Depending on their mass and two-photon cou-
pling, they can be quite good candidates for cold dark mat-
ter (Arias et al. 2012) and are attracting an ever growing
interest (see Galanti & Roncadelli 2018a,b; Galanti, Tavec-
chio & Landoni 2019; Galanti 2019 and references therein).

As a matter of fact, we suppose that photon-ALP os-
cillations (Sikivie 1984; Anselm 1988; Raffelt & Stodolsky
1988) take place in the extragalactic magnetic field, as first
proposed in De Angelis, Roncadelli & Mansutti (2007). As
a consequence, photon propagation gets affected by EBL
plus photon-ALP oscillations. Assuming a specific set of al-
lowed values for the model parameters, we re-derive for every
source in S the emitted spectral index – to be denoted by
ΓALP

em (z) – starting from the observed one Γobs(z). Proceed-
ing then again as before, a statistical analysis of the emit-
ted spectral indices {ΓALP

em (z)} shows that now the best-fit
regression line of the {ΓALP

em (z)} distribution becomes inde-
pendent of redshift, being a horizontal straight line in the
ΓALP

em − z plane. This result looks astonishing to us, since –
among infinitely many possibilities – it is the only one for
which no statistical correlation of the considered kind shows
up, and so in agreement with our expectation. We stress that
– if this result were instead due to dimming biases – then the
combined energy sensitivity threshold of H.E.S.S., MAGIC
and VERITAS should indeed be exceptional. Moreover, we
show in Sect. 7 that a new scenario for flaring BL Lacs nat-
urally emerges with the introduction of ALPs, wherein the
values of ΓALP

em (z) for the individual blazars exhibit a small
scatter about the horizontal straight best-fit regression line.
Finally, in Sect. 8 we offer our conclusions. It looks amazing
that for the same values of the model parameters which lead
to the above result also an explanation arises as to why flat
spectrum radio quasars (FSRQs) emit up to 400 GeV, in
sharp disagreement with conventional physics (which would
predict a gamma-ray emission only up to 30 GeV at most)
provided that the emitting region is before or inside the
broad line region (Tavecchio, Roncadelli, Galanti & Bonnoli
2012). Thus, the combination of the two very different re-
sults – taken at face value – offers a hint at an ALP with
mass m = O(10−10 eV) and two-photon coupling in the
range 2.94 × 10−12 GeV−1 < gaγγ < 0.66 × 10−10 GeV−1.

And as a bonus, the Universe becomes considerably more
transparent for E0 & 1 TeV (De Angelis, Galanti & Ron-
cadelli 2011) as compared to the predictions of conventional
physics (De Angelis, Galanti & Roncadelli 2013). We con-
clude Sect. 8 by emphasizing that the ALP in question is
planned to be searched for both with the next generation
of VHE observatories and in laboratory experiments with
various techniques.

In order to avoid breaking the main line of development
by long Tables concerning the properties of all considered
blazars and somewhat involved technicalities, we report all
of them in the Supplementary Material (SM). Specifically,
the properties of the blazars considered are reported in Ap-
pendix 1 of the SM, the evaluation of the photon survival
probability in the presence of ALPs is contained in Appendix
2 of the SM, and Tables containing the emitted properties of
all considered blazars inferred within the ALP scenario are
listed in Appendix 3 of the SM. Likewise, the counterpart
of Sect. 4 for the ALP scenario is presented in Appendix 4
of the SM, whereas an aspect concerning the z-dependence
of the spectral indices in both contexts is the subject of Ap-
pendix 5 of the SM.

We would like to emphasize that the analysis presented
in this paper should be regarded as preliminary, and so a
more thorough treatment is needed to assess our conclusions.

2 OBSERVATIONAL INFORMATION

As already pointed out, the observational quantities con-
cerning every blazar in S are: the redshift z, the observed
spectral index Γobs(z) with the associated error bar and the
energy range ∆E0(z) wherein a source at redshift z is ob-
served. Specifically, the redshift is taken directly from the
Tevcat catalog5, while the other information from the orig-
inal papers quoted by Tevcat for every blazar (when more
than one redshift is available, we use the one reported by
Tevcat). All these quantities are summarized in Table I of
the SM, and the values of the observed spectral indices
Γobs(z) are plotted in Fig. 1 for all sources in S.

Moreover, in order to clarify a situation that we shall
encounter, we will also need two further quantities.

One is the observed flux normalization constant K̂obs(z)
entering the expression of Φobs(E0, z) for every source in S
(we take it from the original papers). Unfortunately, the er-
ror bars associated with K̂obs(z) are not always reported
in the published papers, but for our considerations this
is not a problem. It has to be noted that the quantity
K̂obs(z) is generally defined at different energy for differ-
ent sources. So, for the sake of comparison among all ob-
served flux normalization constants we need to perform a
rescaling K̂obs(z)→ Kobs(z) in the observed flux of the con-
sidered blazars in such a way that Kobs(z) coincides with
Φobs(E0, z) at the fiducial energy E0,∗ = 300 GeV for every
source in S (this convention is implicitly assumed henceforth
throughout the paper). Correspondingly, the observed flux
takes the form

Φobs (E0, z) = Kobs(z)

(
E0

E0,∗

)−Γobs(z)

. (3)

5 http://Tevcat.uchicago.edu/

MNRAS 000, 1–13 (2019)



4 G. Galanti et al.

Figure 1. The values of the observed spectral index Γobs with

the corresponding error bars are plotted versus z for all blazars
in S.

The other quantity is the observed surface luminos-
ity density Fobs,∆E0(z), defined as the observed lumi-
nosity per unit detector area, which – recalling that
Φobs(E0, z) = dNobs/(dAdt dE0) – clearly arises as the inte-
gral of Φobs(E0, z) over the energy range ∆E0 for any source
belonging to S, to wit

Fobs,∆E(z) ≡ Kobs(z)

∫ E0,max(z)

E0,min(z)

dE0

(
E0

E0,∗

)−Γobs(z)

,

(4)
where E0,min(z) and E0,max(z) are the lower and upper val-
ues of ∆E0(z). The numerical values of Fobs,∆E(z) are ob-
tained from Eq. (4) in terms of those reported in Table I of
the SM: they are plotted in Fig. 4 below.

3 CONVENTIONAL PROPAGATION IN
EXTRAGALACTIC SPACE

After a long period of uncertainty on the EBL precise spec-
tral energy distribution and photon number density, to-
day a convergence has been reached (Dwek & Krennrich
2013), well represented e.g. by the model of Franceschini and
Rodighiero (FR), Franceschini & Rodighiero 2017), which
we use for convenience.

Owing to the γ + γ → e+ + e− scattering off EBL pho-
tons (Breit & Wheeler 1934; Heitler 1960), the emitted VHE
photons undergo an energy-dependent absorption, so that
the VHE photon survival probability is given by Eq. (2)
with τγ(E0, z) → τFR

γ (E0, z), where τFR
γ (E0, z) is the opti-

cal depth of the EBL as evaluated within the FR model in
a standard fashion using the photon spectral number den-
sity (Nikishov 1962; Gould & Schréder 1967; Fazio & Stecker
1970). As a consequence, the observed flux Φobs(E0, z) is re-
lated to the emitted one ΦCP

em (E) by

Φobs(E0, z) = e−τ
FR
γ (E0,z) ΦCP

em

(
E0(1 + z)

)
, (5)

Figure 2. The values of the emitted spectral index ΓCP
em with

the corresponding error bars are plotted versus z for all blazars
in S.

where we recall that CP stands for conventional physics.
Let us begin by deriving the emitted spectrum of every

source in S, starting from each observed one, within conven-
tional physics. As a preliminary step, thanks to Eq. (3) we
rewrite Eq. (5) as

ΦCP
em

(
E0(1 + z)

)
= eτ

FR
γ (E0,z) Kobs(z)

(
E0

E0,∗

)−Γobs(z)

.

(6)
Because of the presence of the exponential in the r.h.s. of

Eq. (6), ΦCP
em

(
E0(1 + z)

)
cannot behave as an exact power

law. Yet, we have pointed out in Sect. 1 that it is expected

to be close to it. Therefore, we best-fit (BF) ΦCP
em

(
E0(1+z)

)
to a single power-law expression

ΦCP,BF
em

(
E0(1 + z)

)
= KCP

em (z)

(
E0(1 + z)

E0,∗

)−ΓCP
em (z)

(7)

over the energy range ∆E0(z) where a source is observed,
and so E0 varies inside ∆E0(z) (which changes from source
to source). Correspondingly, the resulting values of ΓCP

em (z)
and KCP

em (z) are quoted in Table II of the SM, and those of
ΓCP

em (z) are plotted in Fig. 2.
We proceed by performing a statistical analysis of all

values of ΓCP
em (z) as a function of z. Specifically, we use the

least square method and try to fit the data with one param-
eter (horizontal straight line), two parameters (first-order
polynomial), and three parameters (second-order polyno-
mial). In order to test the statistical significance of the fits
we evaluate the corresponding χ2

red,CP. The values of the
χ2

red,CP obtained for the three fits are 2.37 (one parameter),
1.49 (two parameters) and 1.46 (three parameters). Thus,
data appear to be best-fitted by the second-order polyno-
mial

ΓCP
em (z) = − 5.33 z2 − 0.66 z + 2.64 . (8)

MNRAS 000, 1–13 (2019)



ALP hint from z dependence of blazar spectra 5

Figure 3. Same as Fig. 2, but with superimposed the best-fit

regression line with χ2
red,CP = 1.46.

The best-fit regression line given by Eq. (8) turns out to be
a concave parabola shown in Fig. 3.

We emphasize that in order to appreciate the physical
consequences of Eq. (8) we should keep in mind that ΓCP

em (z)
is the exponent of the emitted energy entering ΦCP

em (E).
Hence, in the two extreme cases z = 0 and z = 0.6 we
have

ΦCP
em (E, 0) ∝ E−2.64 , ΦCP

em (E, 0.6) ∝ E−0.33 , (9)

thereby implying that the hardening of the emitted flux pro-
gressively increases with the redshift.

The mismatch between our expectation – namely a
straight horizontal line in the Γem − z plane – and the con-
cave parabolic behaviour of the best-fit regression line (8)
reported in Fig. 3 is termed VHE BL Lac spectral anomaly.

4 SELECTION BIASES

As previously stressed – since we are concerned with a rel-
atively local sample – cosmological evolutionary effects in
the sources are insignificant (observe that evolutionary ef-
fects in the considered EBL model have instead been taken
into account).

Therefore, a priori the most obvious origin of the VHE
BL Lac spectral anomaly is expected to be a selection bias.
Hence, a very careful analysis of this issue is compelling.

A quite instrumental quantity in this respect – de-
fined in analogy with Eq. (4) – is the emitted surface
luminosity density FCP

em,∆E(z), defined as the emitted lu-
minosity per unit emitting area, which – recalling that
Φem(E) = dNem/(dAdt dE) – manifestly arises as the inte-
gral of Φem(E) over ∆E(z) = (1 + z)∆E0(z) for any source
in S, namely

FCP
em,∆E(z) ≡ (1 + z)KCP

em (z)× (10)

×
∫ E0,max(z)

E0,min(z)

dE0

(
E0(1 + z)

E0,∗

)−ΓCP
em (z)

,

where E0,min(z) and E0,max(z) are the lower and upper val-
ues of the energy range ∆E0(z). Both the values of ∆E0(z)
and those of FCP

em,∆E(z) are reported in Table II of the SM.

Basically, two selection biases are relevant in the present
context.

Dimming bias: As we look at larger distances only the
brighter sources are observed while the fainter ones progres-
sively disappear. This arises from two distinct effects.

Malmquist bias – This is due to the fact that the really emit-
ted luminosity goes like the inverse of the square distance.
As already stressed, it does not affect the shape of blazar
spectra and so it cannot be responsible for the VHE BL Lac
spectral anomaly. Hence, it will henceforth be discarded.

EBL-absorption – This is due to the reaction γ+γ → e++e−,
which strongly affects the spectra.

Volume bias: Looking at greater distances entails that
larger regions of space are probed, and so – under the as-
sumption of an uniform source distribution – a larger num-
ber of brighter blazars should be detected. Because this is
a purely geometric argument, the EBL-absorption must be
subtracted. As a consequence, we have to deal with deab-
sorbed spectra, namely with the emitted ones.

4.1 Discussion of the dimming bias

It is obvious from the outset that nobody can get rid of the
EBL-absorption in general, and the only way to reduce it is
to lower the instrumental energy sensitivity threshold. Yet,
both in order to probe its relevance – as well as to check
how stable is the result of Sect. 3 against a change in the
number of sources – we proceed as follows. We somewhat ar-
bitrarily divide the considered z range into two equal parts,
the midpoint being z = 0.3. Then, we remove the 11 sources
of S with z < 0.3. Accordingly, the original sample S of
39 sources gets reduced to the subsample S0 of 28 sources:
this construction is illustrated in Fig 4, where also the cor-
responding values of Fobs,∆E(z) obtained from Eq. (4) – in
terms of the quantities reported in Table I of the SM – are
plotted.

Moreover, the plot of the values of Γobs(z) pertaining
to S0 – listed in Table I of the SM – is shown in Fig. 5.

We proceed along just the same steps of the analysis re-
ported in in Sect. 3. So, we start by de-absorbing the spectra
of all sources in S0. The resulting values of the emitted spec-
tral index – reported in Table II of the SM – are plotted in
Fig. 6.

Next, we perform a statistical analysis of all values
of ΓCP

em (z) in Fig. 6. As before, we use the least square
method and try to fit the data with one parameter (horizon-
tal straight line), two parameters (first-order polynomial),
and three parameters (second-order polynomial). In order
to test the statistical significance of the fits we evaluate the
corresponding χ2

red,CP. The values of the χ2
red,CP obtained

for the three fits are 3.12 (one parameter), 1.87 (two param-
eters) and 1.82 (three parameters). Thus, data appear to be

MNRAS 000, 1–13 (2019)



6 G. Galanti et al.

Figure 4. Out of the original sample S – represented by all points

– we have constructed the subsample S0 of sources denoted by
black points.

Figure 5. The values of Γobs with the corresponding error bars
are plotted versus z for all blazars of S0.

best-fitted by the second-order polynomial

ΓCP
em (z) = − 6.11 z2 − 0.37 z + 2.64 . (11)

The best-fit regression line given by Eq. (11) is shown in
Fig. 7.

Thus, the result for S0 is hardly distinguishable from
that for S: just compare Fig. 3 with Fig. 7. So, this exer-
cise strongly suggests – even if does not demonstrate – that
the existence of the VHE BL Lac spectral anomaly is quite
robust.

Figure 6. The values of ΓCP
em with the corresponding error bars

are plotted versus z for all blazars in S0.

Figure 7. Same as Fig. 6, but with superimposed the best-fit
regression line with χ2

red,CP = 1.82.

4.2 Discussion of the volume bias

Let us come back to our whole blazar sample S, plotting the
values of FCP

em,∆E(z) from Table II of the SM in Fig. 8.
A look at Fig. 8 shows that the volume selection bias is

indeed present, thereby providing a check that our procedure
is correct.

Now, the physical explanation of the parabolic best-
fit regression line (8) shown in Fig. 3 would naturally arise
only under the presumed assumption that FCP

em,∆E(z) were
tightly correlated with ΓCP

em (z) in such a way that brighter
sources have harder spectra as z increases. Otherwise stated,
FCP

em,∆E(z) should increase as ΓCP
em (z) decreases and z in-

MNRAS 000, 1–13 (2019)
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Figure 8. The values of FCP
em,∆E are plotted versus z for all

blazars of S.

creases. Then the considered selection bias would translate
into the statement that looking at greater distances implies
that a larger number of blazars with harder spectra should
be observed, which is precisely what Fig. 3 tells us.

Hence, the real question concerns the validity of the
presumed assumption. Now, a glance at Fig. 8 shows that
FCP

em,∆E(z) indeed increases with z. Therefore, the previous
question becomes: does FCP

em,∆E increase as ΓCP
em decreases?

Actually, the answer is already implicitly contained in Eq.
(10). In order to bring it out explicitly, we perform the in-
tegral. The result is

FCP
em,∆E(z) =

KCP
em (z)E0,∗

ΓCP
em (z)− 1

× (12)

×
[(

E0,∗

E0,min(z)(1 + z)

)ΓCP
em (z)−1

−

−
(

E0,∗

E0,max(z)(1 + z)

)ΓCP
em (z)−1 ]

.

In order to get a deeper insight into the meaning of
Eq. (12), we note from Table II of the SM that only in the
case of PG 1553+113 is ΓCP

em < 1, whereas all other sources
have ΓCP

em > 1. So, in order to simplify our discussion we
neglect PG 1553+113. Let us consider first the factor in front
of the square brackets. Evidently, as ΓCP

em decreases such a
factor increases. What is the effect of the terms in the square
brackets? Recalling that E0,∗ = 300 GeV, a look at Table
II of the SM shows that the term involving E0,max(z) (1 +
z) is always larger than E0,∗, whereas the term containing
E0,min(z) can be larger or smaller than E0,∗. In either case,
it follows from Table II of the SM that the dominant term
in the square bracket is the first. Therefore, when it is larger
than 1 the square bracket decreases as ΓCP

em decreases, while
in the opposite case the square bracket increases as ΓCP

em

decreases. By and large, FCP
em,∆E(z) is linearly proportional

to KCP
em (z), up to random variations around KCP

em (z) brought

about by ΓCP
em (z). A picture clarifies the situation: we plot

FCP
em,∆E both versus ΓCP

em as well as versus KCP
em in Fig. 9.

Therefore, we end up with the conclusion that the as-
sumed correlation – which would provide a cheap explana-
tion of Fig. 3 – is just wrong.

* * *

Thus, the behaviour of the parabolic best-fit regression
line given by Eq. (3) and shown in Fig. 3 is not due to the
volume bias. Even though we cannot exclude that the VHE
BL Lac spectral anomaly might arise from EBL-absorption
our analysis in Subsect. 4.1 has shown that this is a very
remote possibility, and anyway cannot arise from the volume
bias. Therefore, we are strongly motivated to believe that
conventional physics is afflicted by the VHE BL Lac spectral
anomaly.

The redshift dependence of the slope difference
Γobs(z)− ΓCP

em (z) is discussed in Appendix 5 of the SM.

5 AN ATTEMPT BASED ON
CONVENTIONAL PHYSICS

In spite of the previous findings, let us nonetheless try to im-
pose by hand that the same data set {ΓCP

em (z)} corresponding
to S be fitted by a horizontal straight regression line – so
that the VHE BL Lac spectral anomaly would disappear –
and let us see what happens. Proceeding as before, the re-
sult is exhibited in Fig. 10. In this case, we have ΓCP

em = 2.41
and χ2

red,CP = 2.37.
Manifestly, this scenario is very hard to believe, since

the value of χ2
red,CP is unduly large. By and large, this fact is

to be expected, since we are not best-fitting the data. Still,
this is a useful exercise, since it quantifies the price we have
to pay in order to have a horizontal straight regression line
– in agreement with our expectation – within conventional
physics, and it is a benchmark for comparison when a new
scenario for flaring blazars will be considered in Sect. 7.

Much for the same reason, it is instructive to encompass
95 % of the considered sources inside a strip centered on the
horizontal fitting line ΓCP

em = 2.41. What is its half-width
δΓCP

em ? The answer is δΓCP
em = 0.47, which is 20 % of the

value ΓCP
em = 2.41. This means that the scatter of the values

of ΓCP
em (z) for 95 % of the blazars in S is at most 20 % about

the mean value set by horizontal straight regression line,
namely 0.47.

6 AN ATTEMPT BASED ON AXION-LIKE
PARTICLES (ALPS)

As an alternative possibility to avoid the VHE BL Lac spec-
tral anomaly, we invoke new physics in the form of axion-like
particles (ALPs). Their most characteristic feature is to cou-
ple to two photons with a coupling constant gaγγ according
to the Feynman diagram shown in Fig. 11.

Clearly, in the presence of the extragalactic magnetic
field B one photon line in Fig. 11 represents the B field
– while the other photon line the E field of a propagating
photon – and so we see that in such a situation energy-
conserving conversions between VHE gamma-rays and ALPs
take place. Because these conversions repeatedly occur as
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Figure 9. Left panel: the values of FCP
em,∆E are plotted versus ΓCP

em for all blazars in S. Right panel: the values of FCP
em,∆E are plotted

versus KCP
em for all blazars in S.

Figure 10. Horizontal fitting straight line in conventional

physics. The values of ΓCP
em with the corresponding error bars

are plotted versus z for all blazars belonging to S. Superim-
posed is the horizontal straight regression line ΓCP

em = 2.41 with

χ2
red,CP = 2.37. The light blue strip encompasses 95 % of the

sources and its total width is 0.94, which equals 39 % of the mean
value ΓCP

em = 2.41.

a photon/ALP beam emitted by the source propagates to-
wards us, photon-ALP oscillations show up (De Angelis,
Roncadelli & Mansutti 2007). Incidentally, this kind of os-
cillations are quite similar to those of massive neutrinos of
different flavour, apart from the fact that the photon has
spin one while the ALP has spin zero, hence the presence
of an external field is compelling in order to compensate for

Figure 11. Feynman diagram for the two-photon ALP coupling.

the spin mismatch (Sikivie 1984; Anselm 1988; Raffelt &
Stodolsky 1988).

Accordingly, photons acquire a split personality, travel-
ing for some time as real photons – which suffer from EBL-
absorption – and for some time as ALPs, which are unaf-
fected by the EBL (as explicitly shown in Appendix 2 of
the SM). Therefore, τγ(E0, z) – chosen before to be equal
to τFR

γ (E0, z) – gets replaced by the effective optical depth
τ eff
γ (E0, z), which is manifestly smaller than τFR

γ (E0, z) and
τ eff
γ (E0, z)/τ

FR
γ (E0, z) turns out to be a monotonically de-

creasing function of both E0 and z. Because in the present
context Eq. (2) gets replaced by

PALP
γ→γ(E0, z) = e−τ

eff
γ (E0,z) , (13)

the crux of the argument is that even a small decrease of
τ eff
γ (E0, z) with respect to τFR

γ (E0, z) gives rise to a large
increase of the photon survival probability as compared to
the case of conventional physics. So, the main consequence
of photon-ALP oscillations is to substantially attenuate the
EBL-absorption, thereby enlarging the cosmic transparency
above E0 & 1 TeV. It goes without saying that all this takes
place for a specific set of allowed values of the model param-
eters.
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ALP hint from z dependence of blazar spectra 9

Actually, PALP
γ→γ(E0, z) can be computed exactly as out-

lined in Appendix 2 of the SM, where it is also explained that
the extragalactic magnetic field B is usually supposed to
originate from quasars and primeval galactic outflows, and
it is modeled as a domain-like network, where B is homo-
geneous over a domain of size Ldom set by the B coherence
length and has approximately the same strength B in all do-
mains, but its direction changes randomly from one domain
to the next (Kronberg 1994; Grasso & Rubinstein 2001). As
we see in Appendix 2 of the SM, the preferred ranges are
1 Mpc . Ldom . 10 Mpc and 0.1 nG . B . 1 nG, with the
upper bound of 1.7 nG at the 2σ level (Pshirkov, Tinyakov &
Urban 2016). As far as gaγγ is concerned, two observational
upper limits are available: one obtained by the CAST ex-
periment at CERN which reads gaγγ < 0.66× 10−10 GeV−1

for an ALP mass m obeying the condition m < 0.02 eV at
the 2σ level (Anastassopoulos et al. 2017), and an identical
astrophysical one based on the study of 39 Galactic globular
clusters (Ayala et al. 2014). We also see in Appendix 2 that
the considered ALP scenario contains three free parameters
which enter PALP

γ→γ(E0, z): Ldom, ξ defined as

ξ ≡
(
B

nG

)(
gaγγ 1011 GeV

)
, (14)

and the ALP mass m. In particular, owing to the previous
bounds on B and gaγγ Eq. (14) yields ξ < 11.22. In order
to be specific, as benchmark values we take Ldom = 4 Mpc,
10 Mpc, and in order not to stay too close to the latter bound
we choose ξ = 0.1, 0.5, 1, 5. Note that the advantage to deal
with ξ is that we do not have to commit ourselves with the
values of B and gaγγ separately (the above preferred range
for B is considerably uncertain and nothing is known about
the actual value of gaγγ).

Finally, the photon-ALP conversion probability is max-
imal – and energy-independent as well as m-independent
– provided that we are in the strong mixing regime: as we
carefully discuss in Appendix 2 of the SM this requirement
translates into the constraint m = O(10−10 eV).

We emphasize that for the considered strength of B no
cascade induced by e+, e− – produced in the process γ+γ →
e++e− – is expected to be seen around a source or along the
line of sight, indeed in agreement with observations. We also
show in Appendix 2 of the SM that ALPs do not interact
with the ionized intergalactic medium.

* * *

At this point – knowing PALP
γ→γ(E0, z) from Appendix 2

of the SM – we proceed as in Sect. 3. To wit, we first rewrite

Eq. (1) with Pγ→γ(E0, z) → PALP
γ→γ(E0, z) and Φem

(
E0(1 +

z)
)
→ ΦALP

em

(
E0(1 + z)

)
, which for our purposes can be

recast into the form

ΦALP
em

(
E0(1 + z)

)
=

(
PALP
γ→γ(E0, z)

)−1

× (15)

×Kobs(z)

(
E0

E0,∗

)−Γobs(z)

,

owing to Eq. (3). Next – as in Sect. 3 – we best-fit

ΦALP
em

(
E0(1 + z)

)
to the single power-law expression

ΦALP,BF
em

(
E0(1 + z)

)
= KALP

em (z)

(
E0(1 + z)

E0,∗

)−ΓALP
em (z)

(16)
over the energy range ∆E0(z) where a source is observed,
hence E0 varies within ∆E0(z). Such a best-fitting pro-
cedure is performed for every benchmark value of ξ and
Ldom specified above. The resulting values of ΓALP

em for
the blazars in S are reported in Table III of the SM for
Ldom = 4 Mpc, ξ = 0.1, 0.5, 1, 5, and in Table IV of the SM
for Ldom = 10 Mpc, ξ = 0.1, 0.5, 1, 5.

We proceed to carry out a statistical analysis of the val-
ues of ΓALP

em (z) for all blazars in S, again for any benchmark
value of ξ and Ldom. We use the least square method already
employed in Sect. 3 and we try to fit the data with one pa-
rameter (horizontal line), two parameters (first-order poly-
nomial) and three parameters (second-order polynomial).

Finally, in order to quantify the statistical signifi-
cance of each fit we compute the corresponding χ2

red,ALP,
whose values are reported in Table 1 for Ldom = 4 Mpc,
ξ = 0.1, 0.5, 1, 5, and in Table 2 for Ldom = 10 Mpc,
ξ = 0.1, 0.5, 1, 5. In both Tables the values of χ2

red,CP are
reported for comparison.

Basically, such a statistical procedure singles out two
preferred situations (corresponding to the minimum of
χ2

red,ALP): one for Ldom = 4 Mpc and the other for Ldom =
10 Mpc. In either case, we get ξ = 0.5 and a straight best-
fit regression line which is exactly horizontal (in the case
of equal χ2

red,ALP values we obviously choose the model
with the lower number of fit parameters). Specifically, for
Ldom = 4 Mpc we find χ2

red,ALP = 1.29 and ΓALP
em = 2.54,

while for Ldom = 10 Mpc we obtain χ2
red,ALP = 1.25 and

ΓALP
em = 2.60. Manifestly, both cases turn out to be very

similar. We plot the values of ΓALP
em (z) in Fig. 12 only for

the two considered situations.
Thanks to the fact that ξ = 0.5 is our preferred value,

we are now in position to make a sharp prediction of the
ALP parameters. As it is shown in Appendix 2 of the SM
the ALP mass must be m = O(10−10 eV). Moreover, by
employing Eq. (14) with ξ = 0.5 and recalling the upper
bounds on gaγγ and B we get 2.94× 10−12 GeV−1 < gaγγ <
0.66× 10−10 GeV−1.

In view of our later needs, we also report the plot the
values of KALP

em (z) from Table V of the SM in Fig. 13.
Yet, before claiming that our goal has been achieved,

we have to make sure that the above results do not arise
from a selection bias. This is done in Appendix 4 of the SM.

As a consequence, we have indeed succeeded in getting
rid of the VHE BL Lac spectral anomaly. We stress that it
is an automatic consequence of the ALP scenario, and not
an ad hoc requirement as in the case discussed in Sect. 5.

We remark in passing that it can be shown that for any
given choice of Ldom the above statistical procedure fixes the
values of ξ and χ2

red,ALP. Even though we have taken realistic
values for Ldom, in the lack of any reliable information about
its actual value it can well happen that other interesting
results can emerge for different values of Ldom.

It is convenient to discuss the redshift dependence of
the slope difference Γobs(z)−ΓALP

em (z) in the previous case in
Appendix 5 of the SM, in order to facilitate the comparison
with the case of conventional physics.
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# of fit parameters χ2
red,CP χ2

red,ALP

ξ = 0.1 ξ = 0.5 ξ = 1 ξ = 5
1 2.37 2.29 1.29 1.31 1.43

2 1.49 1.47 1.29 1.31 1.38

3 1.46 1.46 1.32 1.31 1.37

Table 1. Values of χ2
red,CP in the case of conventional physics and χ2

red,ALP within the ALP scenario, for all blazars belonging to S.

The first column indicates the number of fit parameters, the second column concerns conventional physics and the third column refers to

the ALP scenario for Ldom = 4 Mpc and our benchmark values of ξ. The number in boldface corresponds to the minimum of χ2
red,ALP.

# of fit parameters χ2
red,CP χ2

red,ALP

ξ = 0.1 ξ = 0.5 ξ = 1 ξ = 5
1 2.37 2.05 1.25 1.39 1.43

2 1.49 1.44 1.26 1.37 1.38

3 1.46 1.46 1.28 1.36 1.37

Table 2. Same as Table 1 but for Ldom = 10 Mpc.

Figure 12. Left panel: the values of ΓALP
em with the corresponding error bars are plotted versus z for all considered blazars in the

case Ldom = 4 Mpc, ξ = 0.5. Superimposed is the horizontal straight best-fit regression line with ΓALP
em = 2.54 and χ2

red,ALP = 1.29.

Right panel: Same as left panel, but corresponding to the case Ldom = 10 Mpc, ξ = 0.5. Superimposed is the horizontal straight best-fit
regression line with ΓALP

em = 2.60 and χ2
red,ALP = 1.25.

7 A NEW SCENARIO FOR FLARING BL LACS

Besides getting rid of the VHE BL Lac spectral anomaly,
the ALP scenario naturally leads to a new view of flaring
BL Lacs.

In order to better appreciate this point, it is enlighten-
ing to recall what we found in Sect. 5 within conventional
physics. We have fitted the values of ΓCP

em (z) by a horizon-
tal straight regression line, at the price of relaxing the best-
fitting requirement. Accordingly, we have seen that the scat-
ter of the values of ΓCP

em (z) for 95 % of blazars belonging to S
is less than 20 % of the mean value set by horizontal straight
regression line, namely equal to 0.47. Superficially, the VHE
BL Lac spectral anomaly problem would be solved – but in
reality is not – since we correspondingly have χ2

red,CP = 2.37
which is by far too large.

The results obtained in Sect. 6 leads to a similar but

much more satisfactory picture. In the first place, we are
dealing with a horizontal straight best-fit regression line,
and in addition the corresponding χ2

red,ALP turns out to be
considerably smaller. Specifically, the scatter of the values
of ΓALP

em (z) for 95 % of the considered blazars is now less
than 13 % about the mean value set by ΓALP

em = 2.54 for
Ldom = 4 Mpc and less than 13 % about the mean value set
by ΓALP

em = 2.60 for Ldom = 10 Mpc, namely equal to 0.33
for Ldom = 4 Mpc and equal to 0.32 for Ldom = 10 Mpc.
This situation is shown in Fig. 14.

We argue that the small scatter in the values of ΓALP
em (z)

implies that the physical emission mechanism is the same for
all flaring blazars, with the small fluctuations in ΓALP

em (z)
arising from the difference of their internal quantities: af-
ter all, no two identical galaxies have ever been found! On
the other hand, the larger scatter in the values of KALP

em (z)
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Figure 13. The values of KALP
em are plotted versus z for all considered blazars belonging to S. Left panel: Case Ldom = 4 Mpc and

ξ = 0.5. Right panel: Case Ldom = 10 Mpc and ξ = 0.5.

Figure 14. The values of ΓALP
em with the corresponding error bars are plotted versus z for all considered blazars within S in the ALP

scenario. The light blue strip encompasses 95 % of the sources. Left panel: Case Ldom = 4 Mpc. Superimposed is the horizontal straight
best-fit regression line ΓALP

em = 2.54 with χ2
red,ALP = 1.29 and the width of the light blue strip is ∆ΓALP

em = 0.66 which equals 26 % of

the value ΓALP
em = 2.54. Right panel: Case Ldom = 10 Mpc. Superimposed is the horizontal straight best-fit regression line ΓALP

em = 2.60
with χ2

red,ALP = 1.25 and the width of the light blue strip is ∆ΓALP
em = 0.65 which equals 25 % of the value ΓALP

em = 2.60.

shown in Fig. 13 – presumably unaffected by photon-ALP
oscillations when error bars are taken into account – is natu-
rally traced back to the different environmental state of each
flaring source, such as for instance the accretion rate.

A natural question finally arises. How is it possible that
the large spread in the {Γobs(z)} distribution exhibited in
Fig. 1 arises from the small scatter in the {ΓALP

em (z)} distri-
bution shown in Fig. 12? The answer is very simple: most
of the scatter in the {Γobs(z)} distribution arises from the
large scatter in the source redshifts.

8 CONCLUSIONS

We have performed a preliminary, comparative analysis of
the most homogeneous set of all IBL and HBL flaring BL
Lacs for which the redshift, the observed spectrum and the
energy range wherein they are observed are known. In or-
der to avoid cosmological evolutionary effects in the consid-
ered blazars, we have restricted our sample S to the redshift
range 0 ≤ z ≤ 0.6. We have addressed a possible correlation
between their VHE emitted spectra and their redshift. Our

MNRAS 000, 1–13 (2019)



12 G. Galanti et al.

analysis has been carried out within the standard photon
emission models.

Given the exploratory nature of our investigation, we
have made two simplifying assumptions: we have assumed
that all observed VHE spectra of the blazars in S can be
fitted by a single power-law (neglecting a possible small cur-
vature of some spectra in their lowest energy part, see Eq.
(3)), and we have inferred the emitted spectra by deabsorb-
ing the observed ones and best-fitting the result to a single
power law (see Eqs. (7) and (16)).

According to a logical standpoint, we have obtained two
different results.

(i) Working within conventional physics (CP), we have
discovered a statistical correlation between the {ΓCP

em (z)} dis-
tribution and z. We have strongly motivated our belief that
such a statistical correlation does not arise from the EBL-
absorption. We have also demonstrated that the above cor-
relation is not due to the volume bias. The statistical correla-
tion in question has a best-fit regression line given by a con-
cave parabola decreasing as z increases with χ2

red,CP = 1.46,
which implies that blazars with harder spectra are found
on average only at larger redshifts. Therefore, the obvious
question arises: how can each source get to know its z and
manages to arrange its ΓCP

em (z) so as to reproduce the above
statistical correlation? We are unable to conceive a physical
mechanism that is responsible for such a statistical corre-
lation. Hence, we expect the {ΓCP

em (z)} distribution to be
statistically uncorrelated with z: geometrically, this means
that the best-fit regression line of the {Γem} distribution
should be a straight horizontal line in the Γem−z plane. We
have called the existence of such a correlation the VHE BL
Lac spectral anomaly (which concerns flaring sources alone).
We have tried to get rid of it by fitting the data with a hor-
izontal straight regression line ΓCP

em = 2.41. However – since
it does not best-fit the data – we have found χ2

red,CP = 2.37,
which is unacceptably large. Thus, we do not see any way
out of such conundrum within conventional physics.

(ii) As an attempt to get rid of the VHE BL Lac spectral
anomaly, we have worked within the ALP scenario, where
photon-ALP oscillations in extragalactic space reduce the
EBL absorption. We have assumed the standard domain-like
morphology for the extragalactic magnetic field B with co-
herence length 1 Mpc . Ldom . 10 Mpc and the B strength
in the range 0.1 nG . B . 1 nG, as strongly suggested by
quasar and primeval galactic outflows models. Moreover, as-
suming for the ALP mass m = O(10−10 eV) and the two-
photon coupling in the range 2.94× 10−12 GeV−1 < gaγγ <
0.66 × 10−10 GeV−1 we have shown that the VHE BL Lac
spectral anomaly disappears altogether, since the best-fit
regression line becomes exactly straight and horizontal in
the Γem − z. Hence, the effect of photon-ALP oscillations
in extragalactic space combined with the EBL-absorption
is to turn it into the horizontal straight best-fit regression
lines ΓALP

em = 2.54 and ΓALP
em = 2.60 for Ldom = 4 Mpc

and Ldom = 10 Mpc, respectively (both cases correspond to
ξ = 0.5). Beside elegantly solving the VHE BL Lac spectral
anomaly problem, this result looks astonishing. Of course, by
changing the effective level of EBL absorption we expect the
z-dependence of the best-fit regression line of the {ΓALP

em (z)}
distribution to differ from that of the {ΓCP

em (z)} distribution.
As a consequence, the shape of the best-fit straight regres-

sion line in the Γem − z plane changes. But to become ex-
actly straight and horizontal – which is the only possibility in
agreement with our expectation out of infinitely-many ones
– is a highly nontrivial fact! We emphasize that if this result
were due to a selection bias, then it would mean that the
combined energy sensitivity threshold of H.E.S.S., MAGIC
and VERITAS should indeed be exceptional! Actually, even
from a purely statistical point of view the ALP scenario is
better than the conventional one, in which we have found
χ2

red,CP = 1.46 for the best-fit regression line (Sect. 3) or
χ2

red,CP = 2.37 for the horizontal straight fitting line (Sect.
5). Instead, with photon-ALP oscillations the resulting hori-
zontal straight best-fit regression lines have χ2

red,ALP = 1.29
for Ldom = 4 Mpc and χ2

red,ALP = 1.25 for Ldom = 10 Mpc
(see Sect. 6). Finally, a new scenario for flaring blazars arises,
in which it is natural to suppose that the slope ΓALP

em (z) is
governed by fundamental physics and the internal BL Lac
properties, while the normalization constant KALP

em (z) de-
pends on the environmental conditions.

Moreover, it turns out that for the same values of the
model parameters which lead to the above conclusion ALPs
also explain a very different result. According to conven-
tional models, flat spectrum radio quasars (FSRQs) should
not emit above 30 GeV at most. This is due to the fact that
higher energy photons accelerated in the jet enter – at a
distance of about 1018 cm from the centre – the so-called
broad-line region (BLR), whose high density of ultraviolet
photons gives rise to an optical depth τ ' 15 owing to the
same γ+γ → e++e− absorption process which is responsible
for the EBL-absorption in extragalactic space. Yet, several
FSRQs have been detected at energies up to 400 GeV, and
so this fact poses a serious challenge for conventional mod-
els. A striking case concerns the FSRQ PKS 1222 + 216,
which has been observed simultaneously by Fermi/LAT in
the energy range 0.3 GeV . E . 3 GeV and by MAGIC in
the energy range 70 GeV . E . 400 GeV. Actually, MAGIC
has detected an intense VHE emission that doubles in only
about 10 minutes, thereby implying that the size of the emit-
ting region is about 1014 cm: apparently such a small blob
very far from the centre emits like a whole BL Lac! So far,
only ad hoc astrophysical explanations have been put for-
ward, in the sense that they are devised only to explain
such an effect (Tavecchio et al. 2011; Petropoulou, Nalewa-
jko, Hayashida & Mastichiadis 2017). Instead, a natural ex-
planation emerges within conventional blazar photon emis-
sion models containing ALPs, since photon-ALP oscillations
substantially lower the photon absorption inside the BLR,
thereby allowing VHE photons to escape from the BLR and
be emitted, in remarkable quantitative agreement with ob-
servations (Tavecchio, Roncadelli, Galanti & Bonnoli 2012).

Thus, the combination of the two very different results
– taken at face value – provides a hint at an ALP with mass
m = O(10−10 eV) and two-photon coupling in the range
2.94×10−12 eV < gaγγ < 0.66×10−10 eV, which is consistent
with all available constraints (as shown in Appendix 2 of the
SM). And last but not least, the Universe correspondingly
becomes considerably more transparent above energies E &
1 TeV than as implied by conventional physics.

We would like to point out that our proposal is quite
predictive and can be checked not only with the advent of
new gamma-ray detectors like the CTA (Cherenkov Tele-
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scope Array)6, HAWC (High-Altitude Water Cherenkov
Observatory)7, GAMMA-400 (Gamma Astronomical Multi-
functional Modular Apparatus)8, LHAASO (Large High Al-
titude Air Shower Observatory)9, TAIGA-HiSCORE (Hun-
dred Square km Cosmic Origin Explorer)10 and HERD
(High Energy Cosmic Radiation Detection, Huang et al.
2016), but also thanks to laboratory data based on the
planned experiments ALPS II (Any Light Particle Search,
upgraded)11, STAX (Sub-THz-AXion, Capparelli et al.
2016) and IAXO (International Axion Observatory, Iras-
torza et al. 2011; Armangaud et al. 2019), which will have
the capability to discover or rule out an ALP with the prop-
erties assumed in the present analysis. The same is true for
laboratory experiments exploiting the techniques discussed
in Avignone (2009); Avignone, Crewick & Nussinov (2009,
2011).

We again emphasize that the whole analysis reported
in this paper should be regarded as a preliminary attempt,
and a more thorough discussion is needed to assess our con-
clusions.

Nevertheless, our Universe may in this way be offering
us a compelling reason to push physics beyond the Standard
Model along a very specific direction, which possibly sheds
light also on the nature of cold dark matter.
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Aleksić J. et al., 2013, Astron. Astrophys., 556, A67

Anastassopoulos V. et al., 2017, Nature Physics, 13, 584

Arias P. et al., 2012, JCAP, 06, 008

Armangaud E. et al. [IAXO Collaboration], 2019, JCAP, preprint
(arXiv:1904.09155)

Avignone F. T. III, 2009, Phys. Rev. D, 79, 035015

Avignone F. T. III, Crewick R. J., Nussinov S., 2009, Phys. Lett.

B, 681, 122

Avignone F. T. III, Crewick R. J., Nussinov S., 2011, Astropart.

Phys., 34, 640

Ayala A. et al., 2014, Phys. Rev. Lett., 113, 191302

Bloom S. D., Marscher A. P., 1996, Astrophys. J., 461, 657

6 https://www.cta-observatory.org/
7 http://www.hawc-observatory.org/
8 gamma400.lebedev.ru/gamma400e.html
9 http://english.ihep.cas.cn/ic/ip/LHAASO/
10 www.desy.de/groups/astroparticle/score/en/
11 https://alps.desy.de/e141064

Breit G., Wheeler J. A., 1934, Phys. Rev., 46, 1087

Capparelli L. M. et al., 2016, Phys. Dark Universe, 12, 37
Cisterna A., Erices C., Kuang X.-M., Rinaldi M., 2018, Phys.

Rev. D, 97, 124052

De Angelis A., Galanti G., Roncadelli M., 2011, Phys. Rev. D,
84, 105030 (E) ibid., 84 105030 (2013)

De Angelis A., Galanti G., Roncadelli M., 2013, MNRAS, 432,

3245
De Angelis A., Roncadelli M., Mansutti O., 2007, Phys. Rev. D,

76, 121301

Dwek E., Krennrich F., 2013, Astroparticle Phys., 43, 112
Essey W., Kusenko A., 2010, Astroparticle Physics, 33, 81

Fazio G. G., Stecker F. W., 1970, Nature, 226, 135

Franceschini A., Rodighiero G., 2017, Astron. Astrophys., 603,
A34

Galanti G., 2019, Frascati Physics Series, Vol. 69,
arXiv:1911.09372

Galanti G., Roncadelli M., 2018a, Phys. Rev. D, 98, 043018

Galanti G., Roncadelli M., 2018b, J. High Energy Astrophys., 20,
1

Galanti G., Tavecchio F., Landoni M., 2019, arXiv:1911.09056
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