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1. Introduction

The transparency of the universe for very high energy (VHEQtpns with energie€ >
100 GeV is limited due to the interaction with backgroundtphdields. The procesg/He + yokg —
e* + e attenuates the intrinsic photon fli%e2PSof a source at a redshift

fOPS(E) = exp|—7,(E.2)| {****YE[1 +7]), (1.1)

wherer, is called the optical depth. The optical depth is given byradfold integral of the pair-
production cross-section and the background photon-fietasity over the distance of the source,
the background photon field energy and the angle betweerhtbterp momenta [1]. The interac-
tion rate peaks for a wavelength of the background photons given Ry ~ 1.4 um (E/ TeV).
Consequently, the ffuse extra galactic background light (EBL) in the UV to thelfarregime

is the most relevant photon field for the attenuation of Tedtphs [2]. The EBL itself is given
by the (redshifted) integrated starlight that has beentechitver all epochs and the absorbed and
re-emitted light by dust in galaxies. Hence, one expectsmagima in the spectral energy dis-
tribution (SED) of the EBL. One at a wavelength of roughlyrh (stellar) and the other around
100uwm (dust). Direct measurements of the EBL are challengingrgthe dominating foreground
emission. In order to calculate the pair opacity one haslyoare models that describe the SED of
the EBL [3—-5]. If observed spectra are corrected using aiceEBL model they will be referred
to as deabsorbed spectra with a flif22°S The optical depth is further sensitive tfiexts induced
by non-standard physics e.g. Lorentz invariance violatspredicted by certain quantum gravity
theories [6, 7], or the presence of exotic particles thatraxt with the photons of cosmological
sources during their propagation such as axions, axiorplkgcles (ALPs) or hidden sector pho-
tons [8—11]. In the commonly discussed example of axionsldP#\photons could convert into
these particles in intergalactic magnetic fields and viceave

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

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

IHenceforth, it will always be implied that either power lagrspower laws with an exponential cuftare fitted to
the data where the latter case will not be written out exyien the following. Power laws with an exponential cuf-o
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-Sm{i®) test which is tests the
null hypothesis I that two data sets with; and N, data points are sampled from an identical
underlying probability distribution function [15]. The @apoints are assumed to lie at values
i=1,...,Nrandx], j=1,...,N> . Unbiased estimators of the probability distribution ftioies from
which the measurements were drawn are given by the cumeildistribution functions (CDFs)
Sn, (X) and Sy, (X). The measure if two sets of data points are drawn from thessamlerlying
probability distribution is given by the maximum valeof the diference between the two CDFs,

D= max [Sn,(X) - Sn,(¥)|. (2.1)

—00<X<00

To quantify the discrepancy between the data agthid p-value is used which gives the probability
to find a value oD larger than the observed one under the assumptiomofths approximately
given in terms of the functio®ks by

p= Probability© > observed): Qs (y = [ vNe+0.12+0.11/ y/Ne| D), (2.2)
where
NN, N Nl avn o2
No= N and QKs(y)—ZJZ:;( 1) exp(-2%). (2:3)

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

2.1 Search for exotic physics

If particles such as axions or ALPs existed they would aherdptical depth especially for
large values ofr, [6, 11, 10]. There are only a few measurements availabledataespond to
optical depths beyond values of one since such large vataaslate to observations of distant
sourcesZ > 0.2) at VHE energies beyond 1 TeV. As a compromise between expected deviations
from standard physics and a reasonable number of data goimtstain a statistical significant
result, a limiting value ofr, = 2 is chosen a priori above whiclffects induced by e.g. ALPs are
searched for. Moreover, ALPs can reduce the photon flux malkinto 2/3 of the initial value
[16]. Such a drop is flux is also naturally expected becausieeoihteraction of VHE photons with
background photons at, ~ 0.41. The value ofr, = 2 avoids any confusion between these two
phenomena.

The null hypothesis (b) is that the intrinsic spectra follow power laws. The obsérgpectra
are deabsorbed with a lower limit EBL model [4] and a power lawitted to each spectrum
but only to data points that correspond to an optical depth,cf 1. The fit is extrapolated to
data points with a larger value ef and for thei-th measurement of these data points the ratio
Rieabs (fdeabs_ fext) (fdeabs, fext) petween the deabsorbed flfife3*Sand the flux extrapolated
from the fit fiext is calculated. If H is correct the following two distributions naméd,;, for optical
thin andNiick for optical thick regions (i.er, > 2) should not dfer significantly from each other,

Ninin = { R*®2 1 < 7,(E;,2) < 2; Vi }, (2.4)
Ninick = { R 7, (Ei,2) > 2; Vi |, (2.5)
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and should both scatter symmetrically around valueR ef0. On the other hand, if the universe
is more transparent to VHE photons foy > 2 than predicted by the lower limit EBL model or
the underlying assumptions of power laws foes not hold thes@&f Nyick 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 maximuntheinimum (see Section
1) leads to a distinctive plateau between 1 Fe¥ < 5 TeV at redshiftz < 0.6 in the optical depth
[4] whereT, is almost constant in energy. Superimposed with a powerhé&ngads to dumpin
the observed spectfa.

To test whether this feature is indeed significant, powerslane fitted to the spectra this
time excluding data points in the region between 1 k¥ <5 TeV from the fit. The bump
should appear for observations thaffetufrom a high attenuation, thus the limit above which this
absorption feature is expected to occur is set a prioti,te 1. The ratios are again defined as
R = (inbs_ fiext)/(fiobs+ fiext)_

The null hypothesis is formulated as follows: the distritntof the ratios forobservedmea-
surements for, < 1 is equal to the distributions @bserveddata points withr, > 1. One expects
that belowr, = 1 the ratios scatter randomly around one whereas above they should increase
to values larger than one if the bump is present. This is agabed with the KS test by comparing
the two distributions of ratios

Nnobump = { R | 7y(Ei,2) < 1; 1 TeV< E <5 TeV; Vi |, (2.6)
Noump = { RP%®| 7,(E1.2) 2 1; 1 TeV< E; <5 TeV; Vi }. (2.7)

If the bump is significant and has its origin in the attenuatid VHE y-rays by the EBL, deab-
sorbing the spectra and repeating the test withdib@bsorbedatios should lead to a decreased
significance of this feature.

3. Reaults

3.1 Search for exotic physics

The result of the KS test is shown in Fig. 1. The upper panelsttbe optical depth plotted
against the ratios (blue diamonds for ratiod\gfand red circles for ratios df,;, see Eqgns. 2.4 and
2.5). The lower panel shows the corresponding CDFs for stelolitionsNiin (blue line) andNick
(red line). The ratios with ¥ 7, < 2 scatter around zero as expected undgaslit is seen from
CDF which is~ 0.5 atR= 0. On the other hand, the ratios Nf,ick Show an systematic increase
towards values larger than zero which indicates a hardesfittee intrinsic spectra for, > 2. The
p-value for H, is found to be B59x 1073, hence there is evidence that the two distributions are
different from each other. Albeit the large valuebthe significance of two dlierent distributions
does not exceed 30 due to the small number of ratios foy > 2. If the significance of a disproof
of Ho increases with future data either intrinsic AGN spectranatewvell described by power laws
or there might be an exotic mechanism at work that reducegainepacity for VHE photons.

2This feature is e.g. visible in the spectrum of 1ES 1101-232 [
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Figure 1. Result of the KS test searching for exotic physics. Upperepathe optical depth is plotted
against the ratios of the deabsorbed and the extrapolatedfhover, = 2 (light blue shaded region) the
ratios do increase but theftéirence is not significant. Lower panel: the CDFs for the twie Mg andN; of
Eqn. 2.4 and 2.5. The maximum distari2és 0.617 which results in p-value of 2589x 1072 that the two
distributions are equal and the intrinsic spectra followpolaws.

3.2 Search for an EBL absorption feature

Fig. 2 and 3 show the results of the KS test for the EBL absmmpitature. Fig. 2 depicts
the same as Fig. 1 but this time for the distributions defimeign. 2.6 and 2.7. The majority of
ratios witht, > 1 lies aboveR = 0 which is apparent from the lower panel as the corresponding
CDF shows a sharp increaseRat 0.2. On the other hand, the ratios with < 1 do scatter around
zero. The KS test results in a mildly significant probabitityat the distributions are filerent, i.e.
the p-value is found to be 837x1072. Fig. 3 illustrates the result for the KS test for the deabsdr
spectra. The CDF for the ratios with) > 1 now features a plateau betweer 0 andR~ 0.2. As
a consequence, thevalue that no bump is present is increased. 5% 1072.

Hence, for the particular EBL model [4] considered here aogtiion feature is found with a
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Figure 2: Results of the KS test searching for an EBL absorption fedtuthe observed spectra. The upper
panel shows the optical depth against ratios of data pogiteden 1 Te\k E <5 TeV. Ratios corresponding
to 7, > 1 (red circles) lie in the light-blue shaded region. In therdo panel the corresponding CDFs are
shown. While the CDF of the ratios correspondingrjo< 1 (blue line) increases symmetrically around
R =0 the CDF for ratios witfr, > 1 (red line) with a sharp increase arouRet 0.2.

mild significance which is reduced by deabsorbing the spextit is expected for a feature induced
by the attenuation of cosmologicgiray sources by the EBL.

4. Conclusion

In this article a new approach based on the Kolmogorov-Siitast is presented that allows
to examine VHE spectra of AGN for deviations from standarggids and to search for an imprint
of the EBL on these spectra. Itincludes every data pointefyesonsidered spectrum thus allowing
for a large data sample to be analyzed. A further advantadieeofpproach is the fact that the
observational errors only enter in the power law fits but nti the KS test itself. Hence, over- or
underestimated errors do ndiect the probabilities estimated here.

As a first result an evidence is found that the observed speeabsorbed by a lower limit
EBL model cannot be described by power laws. This could intipat either the intrinsic AGN
spectra cannot be described by power laws or that the ueii&more transparent to VHE photons
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Figure 3: The same as Fig. 2 for the deabsorbed spectra. The ratios it are shifted towardB=0
which results in an increased significance that the twoibigions are equal compared to the case of the
observed spectra.

than predicted by a lower limit EBL model e.g. due to exoticchmnisms such as ALPs. For a
definite answer more data has to be considered where in thdutese O(10) new AGN spectra
should be published.

Secondly, an absorption feature is found with a mild sigaifite (the two distributions are
different with a probability of 57x 1072). The significance is reduced for the deabsorbed AGN
spectra supporting the conclusion that this characteristindeed induced by the absorption of
VHE photons by the EBL. This result has to be confirmed withemata and other EBL models
[12] and it can be used to design a model which eliminatestiberation feature entirely, either by

freely varying the entire EBL SED or by scaling the dust ardllistht component relative to each
other.
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