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Very high energy (VHE) gamma-rays undergo pair productidh Wow energy photons of back-
ground radiation fields. This leads to an attenuation of tiragry gamma-ray flux of extragalac-
tic sources in the interaction with the extragalactic backgd light (EBL) which stretches from
ultraviolet to far-infrared wavelengths.

In the presence of magnetic fields, gamma-rays could o&iltéo hypothetical axion-like par-
ticles (ALPs). This might lead to a reduced opacity of thevdrée for VHE gamma-rays, as
ALPs circumvent pair production. Here, the impact of phefdtP conversions on the spectrum
of PKS 1424+240 is demonstrated. A lower limit on the reddifithis blazar was recently de-
termined to bez > 0.6035, making it the farthest source ever observed at VHEg@&®rUnder
the assumption of a specific magnetic field scenario and EBllelnphoton-ALP couplings are
derived that lead to an overall concave intrinsic blazacspen.
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1. Introduction

The interaction ofy-rays with low energy photons originating from the extragft back-
ground light (EBL),yys. — €"e7, leads to an exponential suppression, (exp), of the y-ray
flux emitted by an extragalactic source at high and very higgrgies (VHEE > 100 GeV; see
Ref. [11] for a review). Recently, the imprint of the absaptwas detected in 150 blazar spectra
with the Fermi-LAT within a redshift range 6< z< 1.6 [2]. The effect was independently observed
in data from mainly two blazars observed with H.E.S.S. [§th studies used model templates
for the EBL and best-fit values for the normalization of théicgd depth were derived. The results
are summarized in Fig. 1, showing the normalization foredéht redshift bins. The measurements
are consistent with each other within their uncertaintied iadicate a decrease of the opacity to-
wards higher redshifts. Additionally, a multiwavelengtloaeling of spectral energy distributions
(SEDs) of blazars shows clear evidence for the expected gtighai the VHE flux [10].
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Figure1: Best-fit EBL normalization determined by [2, 16]. Both seslused the EBL model of Ref. [14].

Any modifications to this picture by a non-standard propagabf photons are likely to be-
come competitive at high optical depths;> 2. Indeed, several studies found indications for a
low opacity of the Universe for VHB-rays [3, 5, 13, 8, 19, 23], and also in observations with
the Fermi-LAT [20, 22]. These findings have been interpreted in séva&ranarios, e.g., the effi-
cient acceleration of protons by blazars that subsequartéyact with background radiation fields
and initiate electromagnetic cascades [12]. The produeedrglary photon flux enhances the flux
observed on Earth. Alternatively, photons can evade padymtion if they oscillate into hypothet-
ical axion-like particles (ALPs) in ambient magnetic fieldBhe conversion of VHB/-rays into
ALPs has been studied in different magnetic field settingsluding the intergalactic magnetic
field (IGMF, see Refs. [9, 25]), intracluster magnetic fie{tBMF, see Ref. [18]), the Galactic
magnetic field (GMF, see Ref. [27]), and the magnetic fielchndource itself [17]. In Ref. [24]
different magnetic field scenarios were investigated ireotd derive lower limits ormg,, under the
assumption that ALPs are responsible for the indicationreflaced opacity at VHE. Furthermore,
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photon-ALP oscillation could lead to irregularities in sfra [26, 28] as well as distinct spectral
features around the energy where the mixing becomes magirial

Here, the effect of ALPs on the VHE spectrum of the blazar P&31%240 is studied. The
BL Lac object was observed with VERITAS in 2009 and its speutris best described with a
simple power law, N/dE O E~"vHE, with Mype = 3.8 4 0.5qt5¢+ 0.3sys [1]. No indication for
variability was found during the observations with neit&RITAS nor theFermiLAT. Between
100 MeV and 300 GeV, the analysis of tRermi-LAT data yielded a spectral index Ofrermi =
1.73+0.07sat30.055ys. Recently, the a firm lower limit on the source redshift cdudddetermined
from optical observations through the detection of intamg Ly-8 and ¥ absorption linesz >
0.6035 [15]. This makes the source the most distant blazarreddeat VHE with an optical
deptht > 5.5 for the highest energy data point-at470 GeV (utilizing the best-fit optical depth
normalization and EBL model determined in Ref. [16]). Thilg expected absorption is severe
and photon-ALP oscillations can, in principle, lead to andigant boost of the apparent photon
flux. In the following, the VERITAS spectrum will be corredtéor EBL absorption with and
without the effect of ALPs. The resulting spectrum will bevgmared to thé-ermi-LAT spectrum
in the energy range where the attenuation is negligible.edtite assumption of the best-fit EBL
model of [16] and that the intrinsic blazar spectrum doeshaotien towards higher energies, it is
possible to determine the minimal photon-ALP coupling fdviet I'yvye > IMrermi, i-€., the overall
absorption-correcteg-ray spectrum is concave, as expected in simple blazar iemissdels.

2. Absorption-corrected y-ray spectrum of PK S1424+240

The intrinsic spectrum of PKS 1424+240 can be estimated ffermiLAT measurements
contemporaneous with VERITAS observations that yieldedwaeap law with spectral index of
MFermi = 1.734 0.07stt £ 0.05sys between 100 MeV and 300 GeV [1], and is shown in Fig. 2.
Above ~ 27 GeV, the attenuation becomes larger than 1 %, thud;dhai-LAT spectrum already
extends into the energy regime where absorption becomesicégmt. However, this will mainly
affect the high energy end of the spectrum where count statiare low and the impact on the
overall spectrum should be small.

The figure also shows the observed and absorption-corretattd points of the VERITAS
observation (gray and red bullets, respectively). A fit mabsorption-corrected data points results
in a spectral index dfyye = 0.55+0.56, in conflict with the assumption the{e > ' rermi, €ven if
the statistical uncertainties are taken into account. fémsins true even if the EBL normalization
o is scaled within the statistical uncertainties derivedl®]froma = 1.27 toa — g, = 1.12. This
normalization gives a softer spectral index @f;e = 0.85+ 0.56.

The effect of ALPs is demonstrated within a specific scen@hie same scenario label&du-
cial in Ref. [24], where more details are given): it is assumetl BieS 1424+240 is located in the
center of a galaxy cluster with radius of 2/3 Mpc that is filleith a cell-like structured magnetic
field with a field strength of LG. The IGMF is modeled with the same morphology and with
a field strength of 0.01 nG. The large-scale regular compooiethe GMF is described with the

LAlthough not expected in the simplest blazar models, spebardening can occur as demonstrated in specific
scenarios (see, e.g., Ref. [4]). Furthermore, the usaghedfarmiLAT spectrum as an estimator for the intrinsic
spectrum is debated [7].
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Figure 2: Spectral energy distribution for PKS 1424+240. The gragdsid area shows the extrapolation of
the Fermi-LAT spectrum under the assumption of the best-fit EBL mo@¢tdnined in Ref. [16].

model outlined in [21]. In total, 5000 realizations are siated each for the randomly orientated
ICM and IGMF.

The observed VERITAS spectrum corrected with the medianllakalizations along with
the 68 % and 95 % confidence contours is shown in Fig. 2 for atoph&LP coupling of 5x
10 11GeV! andm, = 1neV. The choice of this particular mass ensures a maximedhmbe-
tween photons and ALPs and is assumed henceforth. Cleaglyesulting intrinsic spectrum is
softer than in the no-ALPs case. The difference betweertrspéadices AI' = IN'vne — IMeermi, fOr
different values ofya, is shown in Fig. 3. For each value, the observed spectrumrigated for
absorption with the median of all realizations. If, instedidhe median, the 68 % confidence con-
tours of allB-field realizations (cf. the dark-blue shaded region in Rigare used to calculate the
intrinsic spectrum, the best-fit spectral index changesraaay to the blue-shaded region in Fig.
3. Forga, 2 4 x 10 11GeV ! the resulting intrinsic index is softer than the Fermi indking
the statistical uncertainties into account (the uncetyaifithe Fermiindex is shown as a red solid
line in Fig. 3). The blue shaded region in case of no ALP mixgg = 0GeV 1) indicates the fit
results ifa is varied within its statistical uncertainties.

3. Summary and discussion

Under the assumption of a specific magnetic field scenarimstbeen shown that the conver-
sion of photons into hypothetical ALPs can lead to absonptiorrected spectra that do not show a
spectral hardening as predicted from standard blazar emissenarios. This cannot be achieved
if the current best fit of the EBL determined from VHE blazasetvations is used. Interestingly,
the obtained minimum value @f, that leads to an overall concave intrinsic spectrum agresdis w
with the lower limits ong,, determined in Ref. [24].
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Figure 3: Difference of spectral indices at high and very high enexgioints below the uncertainty of the
index determined witlrermi-LAT data (red solid line) indicate convex spectra not expeéin simple blazar
models.

Although these findings cannot be directly interpreted édemce for ALPs, they highlight the
potential importance of these particles for the propagatifgphotons. Future observations with the
Fermi-LAT (especially with the upcomingass 8event class release), currently operating imaging
air Cherenkov telescopes (IACTs) and the the Cherenkos@epe Array (CTA) will shed further
light on the opacity of the Universe and the existence of ALPke latter will also be tested in
future laboratory experiments (e.g., Ref. [6]).
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