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1. Introduction

The transparency of the universe for very high energy (VHE) photons with energiesE &
100 GeV is limited due to the interaction with background photon fields. The processγVHE+γbkg→

e+ +e− attenuates the intrinsic photon fluxf deabsof a source at a redshiftz:

f obs(E) = exp
[

−τγ(E,z)
]

f deabs(E[1+z]) , (1.1)

whereτγ is called the optical depth. The optical depth is given by a threefold integral of the pair-
production cross-section and the background photon-field density over the distance of the source,
the background photon field energy and the angle between the photon momenta [1]. The interac-
tion rate peaks for a wavelengthλ∗ of the background photons given byλ∗ ≈ 1.4 µm (E/ TeV).
Consequently, the diffuse extra galactic background light (EBL) in the UV to the far-IR regime
is the most relevant photon field for the attenuation of TeV photons [2]. The EBL itself is given
by the (redshifted) integrated starlight that has been emitted over all epochs and the absorbed and
re-emitted light by dust in galaxies. Hence, one expects twomaxima in the spectral energy dis-
tribution (SED) of the EBL. One at a wavelength of roughly 1µm (stellar) and the other around
100µm (dust). Direct measurements of the EBL are challenging given the dominating foreground
emission. In order to calculate the pair opacity one has to rely on models that describe the SED of
the EBL [3 – 5]. If observed spectra are corrected using a certain EBL model they will be referred
to as deabsorbed spectra with a fluxf deabs. The optical depth is further sensitive to effects induced
by non-standard physics e.g. Lorentz invariance violation, as predicted by certain quantum gravity
theories [6, 7], or the presence of exotic particles that interact with the photons of cosmological
sources during their propagation such as axions, axion likeparticles (ALPs) or hidden sector pho-
tons [8 – 11]. In the commonly discussed example of axions or ALPs photons could convert into
these particles in intergalactic magnetic fields and vice versa.

The aim of this article is to introduce a new approach to test spectra of active galactic nu-
clei (AGN) for indications of new physics and to search for anEBL absorption feature. For this
approach currently available energy spectra of AGN measured with the imaging air Cherenkov
telescopes CAT, HEGRA, HESS, MAGIC, VERITAS and WHIPPLE areconsidered. Sources with
unknown redshift are excluded from the test. The reference for each spectrum can be found else-
where [12].

The new approach is based on the unbinned Kolmogorov-Smirnov test. It has the advantage
that every individual data point of the spectra is included in the test. The only (testable) assumption
that is needed is that the intrinsic or observed AGN spectra can be described by power laws (with
an exponential cut-off if necessary).1 Neither any assumption about the spectral index is necessary
nor does the test depend on the evolution of the spectral index with redshift [13, 14]. Moreover, the
individual errors of the data points only enter in the fit of the power law to the data. The test itself
is independent of the uncertainties of each observation.

1Henceforth, it will always be implied that either power lawsor power laws with an exponential cut-off are fitted to
the data where the latter case will not be written out explicitly in the following. Power laws with an exponential cut-off
are used if thep-value of a simple power-law fit is below 0.05.
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2. Method: the Kolmogorov-Smirnov test to investigate VHE blazar spectra

The new approach is based on the unbinned Kolmogorov-Smirnov (KS) test which is tests the
null hypothesis H0 that two data sets withN1 and N2 data points are sampled from an identical
underlying probability distribution function [15]. The data points are assumed to lie at valuesxi,
i = 1, . . . ,N1 andx̃ j, j = 1, . . . ,N2 . Unbiased estimators of the probability distribution functions from
which the measurements were drawn are given by the cumulative distribution functions (CDFs)
SN1(x) andSN1(x). The measure if two sets of data points are drawn from the same underlying
probability distribution is given by the maximum valueD of the difference between the two CDFs,

D = max
−∞<x<∞

∣

∣

∣SN1(x)−SN2(x)
∣

∣

∣ . (2.1)

To quantify the discrepancy between the data and H0 thep-value is used which gives the probability
to find a value ofD larger than the observed one under the assumption of H0. It is approximately
given in terms of the functionQKS by

p≡ Probability(D > observed)= QKS

(

y=
[ √

Ne+0.12+0.11/
√

Ne

]

D
)

, (2.2)

where

Ne=
N1N2

N1+N2
and QKS(y) = 2

∞
∑

j=1

(−1) j−1 exp
(

−2 j2y2
)

. (2.3)

Equipped with these formulae one is now able to search for deviations from standard physics and
EBL absorption features.

2.1 Search for exotic physics

If particles such as axions or ALPs existed they would alter the optical depth especially for
large values ofτγ [6, 11, 10]. There are only a few measurements available thatcorrespond to
optical depths beyond values of one since such large values translate to observations of distant
sources (z& 0.2) at VHE energies beyond∼ 1 TeV. As a compromise between expected deviations
from standard physics and a reasonable number of data pointsto obtain a statistical significant
result, a limiting value ofτγ = 2 is chosen a priori above which effects induced by e.g. ALPs are
searched for. Moreover, ALPs can reduce the photon flux maximally to 2/3 of the initial value
[16]. Such a drop is flux is also naturally expected because ofthe interaction of VHE photons with
background photons atτγ ≈ 0.41. The value ofτγ = 2 avoids any confusion between these two
phenomena.

The null hypothesis (H0) is that the intrinsic spectra follow power laws. The observed spectra
are deabsorbed with a lower limit EBL model [4] and a power lawis fitted to each spectrum
but only to data points that correspond to an optical depth ofτγ < 1. The fit is extrapolated to
data points with a larger value ofτγ and for thei-th measurement of these data points the ratio
Rdeabs

i = ( f deabs
i − f ext

i )/( f deabs
i + f ext

i ) between the deabsorbed fluxf deabs
i and the flux extrapolated

from the fit f ext
i is calculated. If H0 is correct the following two distributions namedNthin for optical

thin andNthick for optical thick regions (i.e.τγ ≥ 2) should not differ significantly from each other,

Nthin =
{

Rdeabs
i | 1≤ τγ(Ei ,z) < 2; ∀i

}

, (2.4)

Nthick =
{

Rdeabs
i | τγ(Ei ,z) ≥ 2; ∀i

}

, (2.5)
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and should both scatter symmetrically around values ofR= 0. On the other hand, if the universe
is more transparent to VHE photons forτγ ≥ 2 than predicted by the lower limit EBL model or
the underlying assumptions of power laws foes not hold the ratios of Nthick will increase since the
applied correction is too large.

2.2 Search for an EBL absorption feature

The decrease in the SED of the EBL between the first maximum andthe minimum (see Section
1) leads to a distinctive plateau between 1 TeV. E . 5 TeV at redshiftsz. 0.6 in the optical depth
[4] whereτγ is almost constant in energy. Superimposed with a power law this leads to abumpin
the observed spectra.2

To test whether this feature is indeed significant, power laws are fitted to the spectra this
time excluding data points in the region between 1 TeV≤ E ≤ 5 TeV from the fit. The bump
should appear for observations that suffer from a high attenuation, thus the limit above which this
absorption feature is expected to occur is set a priori toτγ = 1. The ratios are again defined as
Ri = ( f obs

i − f ext
i )/( f obs

i + f ext
i ).

The null hypothesis is formulated as follows: the distribution of the ratios forobservedmea-
surements forτγ < 1 is equal to the distributions ofobserveddata points withτγ ≥ 1. One expects
that belowτγ = 1 the ratios scatter randomly around one whereas aboveτγ = 1 they should increase
to values larger than one if the bump is present. This is againtested with the KS test by comparing
the two distributions of ratios

Nnobump=
{

Robs
i | τγ(Ei ,z) < 1; 1 TeV≤ Ei ≤ 5 TeV; ∀ i

}

, (2.6)

Nbump =
{

Robs
i | τγ(Ei ,z) ≥ 1; 1 TeV≤ Ei ≤ 5 TeV; ∀ i

}

. (2.7)

If the bump is significant and has its origin in the attenuation of VHE γ-rays by the EBL, deab-
sorbing the spectra and repeating the test with thedeabsorbedratios should lead to a decreased
significance of this feature.

3. Results

3.1 Search for exotic physics

The result of the KS test is shown in Fig. 1. The upper panel shows the optical depth plotted
against the ratios (blue diamonds for ratios ofN1 and red circles for ratios ofN2, see Eqns. 2.4 and
2.5). The lower panel shows the corresponding CDFs for the distributionsNthin (blue line) andNthick

(red line). The ratios with 1≤ τγ < 2 scatter around zero as expected under H0 as it is seen from
CDF which is≈ 0.5 atR= 0. On the other hand, the ratios ofNthick show an systematic increase
towards values larger than zero which indicates a hardeningof the intrinsic spectra forτγ ≥ 2. The
p-value for H0 is found to be 2.59× 10−3, hence there is evidence that the two distributions are
different from each other. Albeit the large value ofD the significance of two different distributions
does not exceed≈ 3σ due to the small number of ratios forτγ ≥ 2. If the significance of a disproof
of H0 increases with future data either intrinsic AGN spectra arenot well described by power laws
or there might be an exotic mechanism at work that reduces thepair opacity for VHE photons.

2This feature is e.g. visible in the spectrum of 1ES 1101-232 [17]
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Figure 1: Result of the KS test searching for exotic physics. Upper panel: the optical depth is plotted
against the ratios of the deabsorbed and the extrapolated flux. Aboveτγ = 2 (light blue shaded region) the
ratios do increase but the difference is not significant. Lower panel: the CDFs for the two sets N1 andN2 of
Eqn. 2.4 and 2.5. The maximum distanceD is 0.617 which results in ap-value of 2.589×10−3 that the two
distributions are equal and the intrinsic spectra follow power laws.

3.2 Search for an EBL absorption feature

Fig. 2 and 3 show the results of the KS test for the EBL absorption feature. Fig. 2 depicts
the same as Fig. 1 but this time for the distributions defined in Eqn. 2.6 and 2.7. The majority of
ratios withτγ ≥ 1 lies aboveR= 0 which is apparent from the lower panel as the corresponding
CDF shows a sharp increase atR≈ 0.2. On the other hand, the ratios withτγ < 1 do scatter around
zero. The KS test results in a mildly significant probabilitythat the distributions are different, i.e.
the p-value is found to be 2.57×10−2. Fig. 3 illustrates the result for the KS test for the deabsorbed
spectra. The CDF for the ratios withτγ ≥ 1 now features a plateau betweenR≈ 0 andR≈ 0.2. As
a consequence, thep-value that no bump is present is increased to 7.55×10−2.

Hence, for the particular EBL model [4] considered here an absorption feature is found with a
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Figure 2: Results of the KS test searching for an EBL absorption feature in the observed spectra. The upper
panel shows the optical depth against ratios of data points between 1 TeV≤ E≤ 5 TeV. Ratios corresponding
to τγ ≥ 1 (red circles) lie in the light-blue shaded region. In the lower panel the corresponding CDFs are
shown. While the CDF of the ratios corresponding toτγ < 1 (blue line) increases symmetrically around
R= 0 the CDF for ratios withτγ ≥ 1 (red line) with a sharp increase aroundR= 0.2.

mild significance which is reduced by deabsorbing the spectra as it is expected for a feature induced
by the attenuation of cosmologicalγ-ray sources by the EBL.

4. Conclusion

In this article a new approach based on the Kolmogorov-Smirnov test is presented that allows
to examine VHE spectra of AGN for deviations from standard physics and to search for an imprint
of the EBL on these spectra. It includes every data point of every considered spectrum thus allowing
for a large data sample to be analyzed. A further advantage ofthe approach is the fact that the
observational errors only enter in the power law fits but not into the KS test itself. Hence, over- or
underestimated errors do not affect the probabilities estimated here.

As a first result an evidence is found that the observed spectra deabsorbed by a lower limit
EBL model cannot be described by power laws. This could implythat either the intrinsic AGN
spectra cannot be described by power laws or that the universe is more transparent to VHE photons
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Figure 3: The same as Fig. 2 for the deabsorbed spectra. The ratios withτγ ≥ 1 are shifted towardsR= 0
which results in an increased significance that the two distributions are equal compared to the case of the
observed spectra.

than predicted by a lower limit EBL model e.g. due to exotic mechanisms such as ALPs. For a
definite answer more data has to be considered where in the near futureO(10) new AGN spectra
should be published.3

Secondly, an absorption feature is found with a mild significance (the two distributions are
different with a probability of 2.57×10−2). The significance is reduced for the deabsorbed AGN
spectra supporting the conclusion that this characteristic is indeed induced by the absorption of
VHE photons by the EBL. This result has to be confirmed with more data and other EBL models
[12] and it can be used to design a model which eliminates the absorption feature entirely, either by
freely varying the entire EBL SED or by scaling the dust and starlight component relative to each
other.
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