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ABSTRACT

The flux of high energy (HE, energy 100 Me¥E < 100 GeV) and very high en-
ergy (VHE,E > 100 GeV)y-rays originating from cosmological sources is atten-
uated due to pair production in interactions with photonsl&éviolet to infrared
wavelengths of the extragalactic background light (EBLheTmain components
contributing to the EBL photon density are the starligheégrated over cosmic time
and the starlight reprocessed by dust in galaxies. Consdguthe EBL is an
integral measure of the cosmic star formation history. Depgy on the source
distance, the Universe should be opaque-tays above a certain energy.
Nevertheless, the number of detecteday sources has increased continuously in
recent years. VHE emitting objects beyond redshiftz ©f0.5 have been detected
with imaging air Cherenkov telescopes (IACTs), while fHeays from active galac-
tic nuclei (AGN) above redshiftz > 3 have been observed with the Large Area
Telescope (LAT) on board thieermi satellite.

In this work, a large sample of VHE-ray spectra will be combined with data of
the Fermi-LAT to derive upper limits on the EBL photon densityzat 0. Generic
EBL realizations are used to correct AGN spectra for absmrptvhich are subse-
guently tested against model assumptions. The evolutidredEBL with redshift is
accounted for, and a possible formation of electromagmescades is considered.
As aresult, the EBL density is constrained over almost tbrders of magnitude in
wavelength, between®@um and 10Q:m. At optical wavelengths, an EBL intensity
above 24 nW ¥ srt is ruled out, and betweeny8n and 31um it is limited to be
below 5 nW m?sr?. Inthe infrared, the constraints are within a facta2 of lower
limits derived from galaxy number counts.

Additionally, the behavior of VHE spectra in the transitimom the optical depth
regimesr,, < 1tor,, > 2 is investigated. The absorption-corrected spectra sonsi
tently show an upturn at high optical depths, significanhao level. A source in-
trinsic efect is unlikely to produce such a feature, since the tramsto ther,, > 2
regime occurs at élierent energies for each source. Systematic uncertaitigs t
could mimic the &ect are studied but found unlikely as a possible explanation

A similar study is conducted for photons detected withFaemi-LAT. To this end,
the number of expected photons in the optical thick regincempared to the num-
ber of photons observed with the LAT. Abovg, > 2, three photons are associated
with AGN with high confidence. Under the assumption of certaBL models,
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extrapolating the unattenuated spectrum from low to higdrgaas results in a prob-
ability of 1.2x 10~* to observe these photons. However, the probability forafieig
the high optical depth photons when all LAT detected AGN Witlown redshift are
considered sensitively depends on the the choice of thasitrspectral model.
The indication for a reduced opacity might be explained leydhcillation of pho-
tons into hypothetical axion-like particles (ALPs) in amabi magnetic fields. Such
particles propagate unimpeded over cosmological disgrbereby reducing the
vy-ray opacity. Photon-ALP conversions are studied fiiedent magnetic field con-
figurations, including intracluster and intergalactic metc fields, as well as the
field of the Milky Way. Optimistic values of the field strengihd coherence length
result in lower limits on the photon-ALP coupling,, > 10*2GeV'. For more
realistic magnetic field parameters, couplings abmye: 2 x 1011 GeV* are nec-
essary to explain the indication for the reduced opacitye Twer limits are in
reach of future dedicated ALP experiments.



K URZFASSUNG

Der Fluss der hoch- und sehr hochenergetischen (HE und SldEn@strahlung
von extragalaktischen Quellen wird durch Paarproduktictmimederenergetischen
Photonen des extragalaktischen Hintergrundlichts (EHigeachwécht. Dieses
Hintergrundlicht erstreckt sich von ultravioletten bis tzu ferninfraroten Wellen-
langen. Uber die Zeit integriertes Sternenlicht sowiergelicht, dass durch inter-
stellaren Staub absorbiert und reemittiert wird, machenHhuptbestandteile des
EHL aus. Das EHL kann somit als integrales Mal3 fur die Steentstehungsrate
angesehen werden. Aus der Absorption ergibt sich, dass digersum undurch-
sichtig fur Gammastrahlung jenseits einer bestimmtetadmbhangigen Energie
sein sollte.

Ungeachtet der erwarteten Abschwéachung des intrinsidelsses ist in den letz-
ten Jahren die Anzahl der detektierten extragalaktischenr@astrahlungsquellen
stetig angewachsen. Quellen mit Rotverschiebungen fsnemnz > 0.5 wurden
mit abbildenden Cherenkov-Teleskopen detektiert, akfalaktische Kerne (AGK)
konnten mit dem Large Area Telescope (LAT) an Bord Besni-Satelliten sogar
Uberz > 3 hinaus nachgewiesen werden.

In der vorliegenden Arbeit wird die bis dato grol3te AuswahlSHE Spektren
zusammen mit spektralen Informationen desmi-LAT benutzt, um eine obere
Schranke auf die EHL-Dichte bei= 0 zu bestimmen. Dazu wird eine Absorptions-
korrektur aus generischen EHL-Realisierungen berechnétauf die gemesse-
nen Spektren angewendet. Die so erhaltenden intrinsis8pektren werden an-
schlieliend gegen Modellvorhersagen getestet. Es wird Babécksichtigt, dass
sich das EHL mit der Rotverschiebung @ndert und sich mogthehkise elektro-
magnetische Kaskaden ausbilden. EHL-Intensitaten besasn Wellenléangen
oberhalb von 24 nWnfsr?! konnen ausgeschlossen werden, ebenso wie Inten-
sitaten oberhalb von 5 nWTthsr* zwischen &m und 31um. Damit sind die hier
abgeleiteten oberen Grenzen bei infraroten Wellenlangenach einen Faktor 2
von unteren Grenzen entfernt, die sich aus Galaxienzabtuaggeben.

Des Weiteren wird untersucht, ob sich ein systematischend’in SHE Spektren
im Ubergang vom optisch diinnen,, < 1, zum optisch tiefen Regime,, > 2,
feststellen lasst. Mit einer Signifikanz oberhalb voor @ird konsistent fur alle
untersuchten absorptionskorrigierten Spektren ein @emhdPhotonenfluss bei ho-
hen optischen Tiefen festgestellt. Dieses Verhalten Eisktaufgrund der grof3en
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Spanne von untersuchten Energie- und Rotverschiebuegsatien nur schwer mit
guellintrinsischen Eekten erklaren. Es stellt sich heraus, dass systematisehe U
sicherheiten nur unwahrscheinlich einen solchéel hervorrufen kdnnen.

In &hnlicher Weise werden Beobachtungen BesniLAT auf eine geringe Opa-
zitat hin untersucht. Hierzu wird die Anzahl der beobadrePhotonen im op-
tisch tiefen Regime mit der theoretisch erwarteten Anzanghchen. Oberhalb
von 7, = 2 kdnnen drei Photonen mit hoher Sicherheit AGK zugeordret w
den. Fur diese Quellen wird das unabsorbierte SpektrunfatusiLAT-Daten
bestimmt und zu hohen Energien hin extrapoliert. Unter Bisithtigung theo-
retischer EHL-Modelle kann aus dieser Extrapolation dieam der erwarteten
Photonen bestimmt werden. Es ergibt sich eine Wahrschieksit von 12 - 1074,
diese drei Photonen zu beobachten. Falls die erwartetetofdoaller mit dem
LAT detektierten AGK beriicksichtigt werden, ist die Walrsmlichkeit jedoch
stark abhéngig von dem gewahlten intrinsischen Spektiddtho

Die Anzeichen fur eine geringe Opazitat kdnnen als HinweiseOszillationen
zwischen Photonen und hypothetischen axionartigen Tilgewertet werden. Sol-
che Teilchen kdnnen ungehindert kosmologische Distanmeicklegen. Damit
diese Oszillationen stattfinden, bedarf es magnetischielef-e Es werden Ma-
gnetfelder in Galaxienhaufen, im intergalaktischen Medund in der Milchstral3e
studiert, um die Starke eines mdglicheffekts zu quantifizieren. Fur optimis-
tische Feldstarken und Kohérenzldngen kann die geringei@panit einer Kopp-
lung zwischen Photonen und axionartigen Teilchen ggn> 1072GeV™ erklart
werden. Realistischere Werte flhren zu einer unteren @raunkzdie Kopplung von
Oa, 2 2- 101 GeV . Die erwarteten Sensitivitaten geplanter Laborexpertmen
sind ausreichend, um in Zukunft gezielt nach axionartigeiicfien mit diesen Pa-
rametern zu suchen.



The gjort to understand the universe is one of the very few things
which lifts human life a little above the level of farce andas it
some of the grace of tragedy.

Steven Weinberg
in “The First Three Minutes” (1993)
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1 INTRODUCTION: EXTRAGALACTIC HIGH
AND VERY HIGH ENERGY Y-RAYS

Astronomy is one of the oldest scientific disciplines, anel slgstematic study of
the sky dates back to the ancient Babylonian astronomershemmodern era,
the progress in astronomy was accompanied by technolodgsalopments such
as the invention of the telescope in theé"ld@entury or the photographic plate in
the 19" century. Since the 2Dcentury, the wavelength range accessible for as-
tronomers, hitherto limited to the optical spectrum, haanbextended dramatically.
For instance, the first detection of extraterrestrial radiwes was made by Jansky
(1933) and Penzias & Wilson (1965) discovered the cosmicawiave background
(CMB), the relic radiation of théig Bang Charged particles from outer space,
today referred to as cosmic rays, were first measured by Hegli2 with balloon
flight experiments.

With the advancement in satellite technology, the emissibmery short wave-
lengths, usually absorbed by the Earth’s atmosphere, demutdiciently examined
for the first time.Uhuru, the first X-ray satellite, was launched in 1970 and detected
339 sources in an all-sky survey (Giaccenial, 1971). The frequency range was
further extended tg-ray energies with the-ray satellites SAS-2 and COS-B (Fich-
tel et al, 1975; Hermsewt al,, 1977), with the latter giving the firgt-ray map of
the galaxy. The two instruments operated in the energy sabbgeveen 20 MeV and
1GeV and 2keV to 5 GeV, respectivél\Several years later in 1989, the first source
at very highy-ray energies (VHE; energlf > 100 GeV) was discovered with the
Whipple imaging air Cherenkov telescope (IACT; Weekeal.,, 1989, see Section
1.3.2 for a review of the instrumentation technique andentrexperiments).

The broad multi-wavelength coverage from radio frequentieVHE opened the
window to the analyses @fon-thermakadiation processes, i.e., processes in which
the observed flux does neither follow the spectrum of a black/imor the spectrum

of thermal bremsstrahluAde.g., Longair, 2011). The observation of non-thermal

Throughout this work, energies are frequently given insiniteV (electron volts), with 1 e\
1.602x 1071°J, see also Table 1.2 on page 30. See Table 1.4 on the sameopé#ue firefixes
of units.

2Thermal bremsstrahlung describes the radiation of elestin a plasma that are deflected in
coulomb interactions with plasma ions (e.g., Longair, 2011
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emission at high energies (HE, 100 MeyY E > 100 GeV) and VHE probes the
most powerful accelerators in the Universe, since pagiateelativistic speeds are
required to produce it (see Section 1.1.1 for an overvievhefgossible accelera-
tion and emission processes, including synchrotron riadiand inverse Compton
scattering). Such sources with venffdrent morphologies have been successfully
identified in the Milky Way (see, e.g., Riegeral, 2013, for a recent review). The
majority of extragalactig-ray sources are active galactic nuclei (AGN, see Section
1.1) and their identification adfient y-ray emitters at HE was pioneered with
the Energetic Gamma Ray Experiment Telescope (EGRET) ordlibe Comp-
ton Gamma Ray Observatof¢RGO) satellite (Thompsoet al,, 1993). The third
EGRET catalog release contains more than 66 associated AMaNnfanet al,,
1999). This number has grown tremendously with the operatid the Large Area
Telescope (LAT) on board tHeermisatellite which was launched in 2008 (see Sec-
tion 1.3.1 for a description of the instrument). The 2 yBarmi catalog (Nolan
et al, 2012, henceforth 2FGL) lists 1,298 associated sourceshafhni,017 have
an AGN association. The sensitivity of spaceborne instnimis usually instii-
cient to detect sources at VHE (see Section 1.3). Therefloedfirst extragalactic
source was detected with the ground-based Whipple IACT ¢Ren al, 1992).
Since then, the number of VHE emitting extragalactic olsfebls increased to
more than 50. Photon energies beyond the reach of the Ladg@ri&ollider have
been observed from these sources (e.g., in the observdtMar&arian 501; Aha-
ronianet al, 1999b). Their distancésange from a few Mpc up to several Gpc
corresponding to redshifts beyomd- 0.5. At high energies, the LAT has detected
AGN with distances up to redshifis> 3.

Given the cosmological distances of AGN, the observatibhs@Ts and theé~ermi
LAT offer a unique opportunity to investigate the propagation of atld VHE
vy-rays. As shown in Section 1.2, the interactiomefays with background radi-
ation fields omnipresent in the Universe can lead to an abearpf the emitted
v-ray flux. The difuse radiation field most important for the attenuation at H& a
VHE is the isotropic extragalactic background light (EBbat stretches from ul-
traviolet (UV) to infrared wavelengths and is venytiiult to observe directly (see
Section 2.1 for a review). Knowledge about the EBL is esséitiorder to under-
stand, e.g., the evolution of the star formation rate andlitist content in galaxies,
since the main contributors to the EBL are the integratedigités and the starlight
absorbed and reemitted by dust. In this work, observatibh®s@I's and theFermi
LAT together with assumptions on the emitted spectrum ambioed to derive
upper limits on the EBL photon density over a broad wavelenghge (Chapter 2)

3See, e.ghttp://tevcat.uchicago.edu/ for a VHE source catalog.

4Extragalactic distances are often given in redshift, th#t shwavelength of a photon due to the
cosmic expansiorg = (1 — Ag)/Ag, wWith A the observed and, the emitted wavelength (e.g.,
Peebles, 1993). The redshift can be related to the so-daleidosity distance by means of Eq.
(2.20). Table 1.2 gives the Sl value for a parsec (pc).
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that can in turn be used to constrain the cosmic star formatite (Raue & Meyer,
2012).

Moreover, the growing number of detected AGN with IACTs ameRermi-LAT al-
lows to investigate the question whether the current utaeding of the opacity of
the Universe for HE and VHE-rays is correct (Chapter 3). Interestingly, an indi-
cation is found that the opacity is lower than expected fremrent EBL models.
This includes EBL predictions that closely follow lower iision the EBL photon
density which results in a minimal guaranteed attenuatidheoy-ray flux. This re-
sult can be interpreted in a number of scenarios which ailgmva physics beyond
the Standard Model of particle physics (Chapter 4). An guiimg interpretation
is given by the oscillation of photons into hypothetical yd@-Nambu-Goldstone
bosons in the presence of ambient magnetic fields, review8ddtion 1.4 and 5.1.
These bosons are a common prediction in the compactificatgtnng theory (e.g.,
Cicoli et al,, 2012). If the indication for a reduced opacity is regarde@wadence
for such a mechanism, VH=ray spectra can be used to constrain the parameters
of these particles (Chapter 5). This demonstrates that thygagation of HE and
VHE y-rays can be used to probe fundamental physics. Obvioukbf, the above
analyses require assumptions on the emitted spectrum oGah Ahe current un-
derstanding of these objects is summarized in the next@ecfhe work concludes
with an outlook in Chapter 6.

Major parts of this thesis are already published in peelevesd journals and con-
ference proceedings which are listed on page 167.

1.1 ACTIVE GALACTIC NUCLEI. EXTRAGALACTIC SOURCES OF
HIGH AND VERY HIGH ENERGY Y-RAYS

Observational evidence suggests that galaxies harborex-sugssive black hole
(SMBH) with masses M, < M. < 10°M, at their center, withM, being the
solar mass (see Table 1.2). This conclusion is drawn, eay inferred high den-
sities in galactic centers and high velocities of stars intreg regions of nearby
galaxies (e.g., Rees, 1998). In contrast to inactive gasoyAGN often show one
or more of the following characteristics: They have a compace with a luminos-
ity exceeding that of galaxies with the same classificatiothe Hubble sequence;
they show non-thermal, sometimes variable, continuoussomn from the infrared
to X-rays for which the emitted flux per unit frequency inta@riy, v + dv] follows

a power-law shapeh;, « v?; their spectra encompass a wide range of ionization
emission lines that cannot be attributed to stellar phoiaation (e.g., Unsdld &
Baschek, 2002; Tadhunter, 2008). Only a limited fractiogafxies have an active
nucleus: For instance, Martiei al. (2007) find an average value of5 % in the
observation of galaxy clusters and there is an ongoing ds&on if and how the
AGN fraction is influenced by their environment (e.g., Pirdblet al, 2013, and
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references therein). The small fraction suggests thatcdtats is likely episodic
on timescales of 10'—1¢ years (Di Mattecet al, 2005) and might be initiated
by galaxy merger events (Barnes & Hernquist, 1991) or iatiegalaxy processes
(Krawczynski & Treister, 2013, and references therein).

Active galactic nuclei belong to the most luminous objeatshe Universe, their
power originating from the release of gravitational enedgying the accretion of
matter onto the SMBH. The first optical observations werereu by Fath (1909,
noting strong emission lines in NGC 1068) and Curtis (19i8nmenting on a
ray-like feature emanating from the core of M 87, later to dientified as the jet,
see below), and a first systematic study of active spirabgdavas carried out by
Seyfert (1943). The structure of AGN is displayed in Figure. Emission can be
observed from several regions of the AGN (e.g., Urry & PadqvE995):

AccreTioN pisk.  The emission from the hot disk stretches from optical and UV
wavelengths to soft X-rays and is possibly responsiblelfer‘blue bump” feature
observed in some AGN spectra (e.g., Sun & Malkan, 1989).

Corona. Hot interstellar material can upscatter the high energyofathe disk
emission via Comptonization (see Section 1.1.1) to hardyenergies.

BRrROAD AND NARROW LINE REGIONS.  Fast dense gravitationally bound clouds of inter-
stellar medium in the proximity of the SMBH (at a distance e¥eral light days)
can emit broad emission lines mainly at UV and optical wawgiles (broad line re-
gion, BLR). At larger distances, slower less dense clouds gse to narrow emis-
sion lines (narrow line region, NLR).

Torus. The BLR can be obscured by a dusty torus or warped disk whibkeated
by the core emission and reemits it in the infrared wavelebghd.

Jer.  Perpendicular to the accretion disk, collimated outflopessf of relativistic
particles occur. The inner jet region is believed to be theezfsom which the
broadband continuum emission ranging to HE and VHE origsiaiodels for the
continuum emission are discussed in the following SectiRadio observations of
jets in AGN have revealed substructures (knots and hotsfiatsshow an apparent
speed exceeding the speed of light. Such apparent supedumbtions are at-
tributed to the relativistic beaming of the outflowing plasifithe angleg; between
the jet axis and the line of sight is small. With the bulk spged- vj/c of the
plasma, the bulk Lorentz factdy is (see, e.g., the appendix in Urry & Padovani,
1995, for the formulas below)

)—1/2

ro=(1-4 (1.1)
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Ficure 1.1: Structure of an AGN (not to scale; Figure courtesy of Max Knadteck).
Distances are given in units of Schwarzschild radi, = 2GM,/c? ~
2.95M,/Mg km.

The emission from the jet is then boosted with the Doppletofa;,
-1
8o = [IL(1- B cosg| . (1.2)

The observed apparent speed is given by

ﬁj sinej

Bapparent= m (1.3)
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Radio observations of 135 compact radio sources with thg VYeng Baseline
Array (VLBA) have revealed bulk Lorentz factors in the ranges I'L < 40
(Savolaineret al, 2010). An open question in the understanding of AGN is the
exact mechanism responsible the formation and collimasfaihe jet and for the
necessary extraction of angular momentum from the acereligk. One possibil-
ity is that material from the accretion disk follows open matic field lines that
emerge from the disk. The field lines are co-rotating with diek leading to an
acceleration of the matter by centrifugal forces and amaition into bipolar jets
(Blandford & Payne, 1982). This process could also be acemmeg by the conver-
sion of rotational energy of a spinning black hole in the negnfield of the disk
into electromagnetic energy (Blandford & Znajek, 1977).

Within the general picture sketched in Figure 1.1, thiéedent types of observed
AGN can be explained solely by thefidirent viewing angleg; (Urry & Padovani,
1995). For large viewing angles, the accretion disk and thR Bre obscured by
the torus and only weak continuum emission and narrow eamidsies can be ob-
served. Such objects can be further divided into radiotgund radio-loud objects,
meaning the ratio of the flux at 5 GHz and in the optiBdband (the ratio exceeds
~ 10 for radio-loud objects). Seyfert type Il galaxies faltarthe former (radio-
quiet) and Fanaf®-Riley (FR) type | and Il (Fanaif® & Riley, 1974) into the latter
category (also generically referred to as radio galaxi€gpe | and Il FR galaxies
are distinguished by their morphology: FR | luminositiesipé the core and de-
cline towards the jets, whereas FR Il galaxies peak in thie tatles of the extended
jets and are on average more luminous than FR | type sourddewAr values of
6;, the BLR becomes visible, and in this case radio-quiet abjace referred to
as Seyfert | galaxies or, for higher luminosities, as qsésiiar objects (QS03)
Steep and flat spectrum radio quasars (SSRQs and FSRQs;tieslge are the
radio-loud counterparts, distinguished by the specti@eslat radio frequencies,
@ < 0.5 for FSRQs. For viewing angles < 10°, the emission of AGN is domi-
nated by the continuum emission that is strongly enhanceelbgivistic beaming
(cf. Section 1.1.1). Under this condition, radio-loud atgethat lack broad emis-
sion lines (equivalent line widtk 5 A) are called BL Lac objects (hamed after the
AGN BL Lacertae) otherwise they are referred to as FSRQsemakgether, these
objects are generically referred tolalazars

Before describing models for the continuum emission, ofpetential) extragalac-
tic HE and VHEy-ray sources are mentioned for completeness: Two starburst
galaxies are confirmed VHE-ray emitters; NGC 265 (Aceret al., 2009) and

M 82 (VERITAS Collaborationet al, 2009) which are also listed in the 2FGL.
These galaxies show a high starformation and supernovaasteell as high gas
densities. Very brighy-ray sources are gamma-ray bursts (GRBs), that occur on
very short timescales and can outshine all otheay sources in the sky (see, e.g.,

5The extragalactic nature of QSOs was not confirmed until 296&8n Schmidt determined the
redshift of the QSO 3C 273 to lze= 0.158.
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Mészaros, 2013, for a review). They have been detected wgahifts ofz ~ 9.4
(Cucchiareet al,, 2011). At the time of writing, 32 GRBs are listed in thermi
LAT GRB catalog. Certain scenarios also predict VH&ay emission (e.g., Asano
& Inoue, 2007) but, so far, no GRB has been observed at thesgies. Further po-
tential VHEy-ray sources include galaxy clusters, normal nearby analuthinous
infrared galaxies (see, e.g., Hinton & Hofmann, 2009, afereaces therein).

1.1.1 GONTINUUM EMISSION MODELS

In the following, models for the continuum emission are suarnged (this Section
follows the review of Béttcher, 2010). The high luminosstiehe superluminal mo-
tion, and the variability suggest that the continuum erois$s produced in a com-
pact region of the jet. An upper limit on the siReof the emission zone (primed val-
ues denote the comoving frame) can be inferred from the weddime variability
At due to causality arguments (e.g., Dermer & Menon, 2089% cAtép/(1 + 2),
where the time dilation due to the relativistic movementliggAt = At’(1+ 2)/dp.

It is commonly assumed for simplicity that the emission zon@ sphere of radius
R (“blob”) filled isotropically with magnetic fields and a reilstic plasma which
moves with the bulk Lorentz factai .

The spectral energy distribution (SED), the frequency Wiad flux per unit fre-
guency intervalyF,, of the continuum emission exhibits two distinct bumps gbhi
and low energies (see Figure 1.2). The low energy part isllysatiributed to syn-
chrotron emission of relativistic electrons and positr@msnceforth referred to as
electrons) that are deflected in the magnetic field and |desednerg)E at a rate

: . 4
—E = -mcPy = :—%O'TC,BZ)/ZUB, (1.4)

wherey is the Lorentz factor of the electron with a spged+ denotes the Thomson
cross section (see Table 1.2), ddd = B?/(8n) is the magnetic field energy (the
process is labeled “Sync” in Figure 1.1).

The high energy part of the SED is either modeled with pureptdnic or lepto-
hadronic models. In the former case, photons are upscatigrelectrons by means
of the inverse Compton (IC) process (see the upper jet inr€igul). The seed
photons can originate from the synchrotron radiation geeerin the emission zone
itself (self-synchrotron Compton, SSC, Marscher & Geag5tMaraschiet al.,,
1992; Bloom & Marscher, 1996) or external photon fields (snaeCompton, EC).
External target photons can be supplied by the accretidn rdidiation (Dermer
et al, 1992; Dermer & Schlickeiser, 1993), optigdUV emission, e.g., from the
BLR (Sikoraet al., 1994; Blandford & Levinson, 1995; Ghisellini & Madau, 1996

6http ://fermi.gsfc.nasa.gov/ssc/observations/types/grbs/grb_table/
"The variability time scale can be defined in several ways, thg time it takes for the observed
flux to double.
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Dermeret al,, 1997), the infrared emission of the torus (Btazejowetkal., 2000),
or other synchrotron emission regions inside the jet (Gaworgoulos & Kazanas,
2003; Ghisellini & Tavecchio, 2008). Two distinct regimesde distinguished in
IC scattering (see, e.g., Blumenthal & Gould, 1970, for aitlet review): If, on
the one hand, the initial photon energy in the rest frame efalectrof is much
less than the electron’s rest mass, the scattering occting ihhomson regime. In
this case, the scattering cross section is independeneagand the electron will
loose its energy continuously, according to

: . 4
-E= _mecz'y = §U'TC'}’2Urad, (1.6)
for an isotropic photon energy densitly,q in the electron’s rest frame. In this case,
the average photon energy after scatter{ag, is simply

4
(&) = §y2<e>, (1.7)

for an average photon energy) before scattering. On the other hand, if the initial
photon energy is much higher than the electron rest massc#itering takes place
in the Klein-Nishina (KN) regime. The energy loss of the &lees can no longer be
treated as continuous, since the electron looses a largerdrofits initial energy in

a single scattering event. Neglecting cooling of the etectpectrum, the resulting
instantaneous photon spectrum will steepen in comparstmet Thomson regime
(Blumenthal & Gould, 1970).

In the above mentioned leptonic models an ad-hoc electreatspn is often as-
sumed without discussing how the particles were acceldrmatthe first place (e.qg.,
Bottcher, 2010, for a discussion). One possible scenatizeisicceleration of par-
ticles on shock fronts that are formed due to plasma instigisilin the jet (see,
e.g., Begelmaet al,, 1984, for a review and the sketch in Figure 1.1). Relaiivist
particles scatterd of turbulent magnetic fields and are isotropized on bothsside
of the shock. Each time a particle crosses the shock, it gaiesgy of the or-
der AE/E « u/c, whereu is the bulk plasma velocity upstream of the shock. For
each crossing, there is a finite probability that the partedcapes downstream of
the shock and the competition of acceleration and escagmbpildgies leads to a
power-law shape of the particle distribution (this process originally proposed
by Fermiin 1949, in order to explain the origin of cosmic rapslay it is referred to

8In the rest frame of the electron traveling with a speed c and corresponding Lorentz factor
y = (1 -%)~Y2in the lab frame, the photon energyis given by (e.g., Blumenthal & Gould,
1970)
€ = ye(1- Bcosh), (1.5)

wheree is the photon energy anlthe angle between the photon and electron momenta, both
measured in the lab frame.
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as first-order Fermi acceleration, reviewed, e.g., in Langa@11, or Kirk & Duffy,
1999). In principle, the electron distribution should beamed from a solution of
the Fokker-Planck equation taking into account the inggctof particles and the
adiabatic and radiative cooling (e.g., Bottcher, 2010)wkMer, such solutions can,
in general, only be found numerically.

Leptonic models are usually very successful in describdegoroad-band SEDs of
AGN and the intra-day time variability due to the short cogltime scales of syn-
chrotron emissiontsync = lyI™%, see Eq. (1.4). This is moreffitult to achieve
in lepto-hadronic models (see the lower jet in Figure 1.h)thlese scenarios, the
low energy part of the SED is still attributed to synchrotradiation of electrons,
whereas the high energy end is caused by proton induceddess&IC; Mannheim
& Biermann, 1992; Mannheim, 1993) accompanied by synconatdiation of pro-
tons and secondary muons and mesons, as well as photo-putungtion (Rachen &
Mészaros, 1998; Aharonian, 2000; Micke & Protheroe, 200012Muickeet al.,,
2003). The PIC is initiated by protons with energigs > 10°eV, exceeding the
threshold for pion productiom +y — p+n° or p+y — n+ x*. Neutral pions
quickly decay with a mean life time of 10'®s almost exclusively through the
n° — y + vy channel or through decays involving additiomaé™ pairs (Beringer
et al, 2012). This initiates an electromagnetic pair cascade$getion 1.2.1). The
high proton energies require high magnetic fields of theroofi®(10 G) to confine
the protons to the emission region. Since the cooling timegrotons through, e.g.,
synchrotron emission are large, it isttult to account for the short-time variability
observed in some blazars.

Regardless of the emission model, the produgedys have to be able to escape
the source. This could be prohibited by pair productiony — €* + € in intense
radiation fields in the emission zone. The zone is transpéoery-rays (assuming
the Thomson regime) if the compactnegs= (L’/R)(cr/mec3), of the source is
smaller than- 40 (e.g., Dondi & Ghisellini, 1995; Urry & Padovani, 1995)here
L’ is the intrinsic source luminosity. This is another argutrieriavor of Doppler
boosted emission: The relativistic beaming leads to anrezgraent of the observed
flux, F,(v) = 63F.,(v'), or equivalently of the integrated fli = 53 F’ (e.g., Dermer
& Menon, 2009). The same holds for the luminositywith F = 63 L’/(4rd?),
whered, is the luminosity distance of the source [see Eq. (2.20)ing/the relation
R « dpAt, results in the compactness

L oT

lox 6°———, 1.8
¢ 9D At mec? (1.8)
up to a redshift factor. Thus, relativistic beaming sigmaifitty reduces the compact-
ness and from the above limit aiy a lower limit ondp can be derived from the

observed luminosity and time variability.
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1.1.2 THE BLAZAR SEQUENCE

The majority of AGN detected at HE and VHj=rays are blazars (see, e.g., the
2FGL andhttp://tevcat.uchicago.edu/). Thus, it is worthwhile to search
for an underlying physical mechanism that connects the telasses of blazars,
BL Lacs and FSRQs. Fossat al. (1998) searched for correlations in a set of
blazar observations selected from radio, X-ray, andy surveys. The blazars
were binned according to their radio luminosity and aver&ag®s were derived
in each bin from simple one-zone SSC models (see Figure 1.d fecent ver-
sion by Ghisellini 2011, with a binning according to theay luminosity). They
found a clear anti-correlation between the peak synchmofrequencyv,” and
(1) the integrated luminosity and (2) theray dominance, i.e., the ratio of the
ray luminosity,L,, to the peak synchrotron luminosity. Furthermore, a paositi
correlation between the two peak frequencies at low and énggies was found.
Hence, blazars with a low synchrotron peak frequency (LSPSj < 10**Hz, have
the highest luminosities, strongestay dominance and the high energy compo-
nent of the SED at lower energies. This changes for interategieaked blazars
(ISPs, 18*Hz < v;)™ < 10"™Hz) and high synchrotron peaked blazars (HSP,
vp~ > 10 Hz). The latter class has the lowest luminosity aady dominance
but make up the majority of blazars detected at VHE, ag/they peak frequency
occurs at higher energies. Thikazar sequencean also be recovered if the average
SEDs are binned according to the#ray luminosity (e.g., Ghisellini, 2011). How-
ever, it is discussed if the anti-correlation betwegf” and luminosity is simply due
to selection fects, i.e., mainly bright sources enter the analyzed sanf@i®mmi

et al, 2012). However, as pointed out by Finke (2013),#hay dominance (and a
related quantity, the Compton dominance, the ratio of thekpeminosities in the
synchrotron ang-ray regimes) is independent of redshift agd* is only weakly
dependent on the redshift with {1z). Including sources with unknown redshift,
Finke (2013) finds a clear anti-correlation between the Gomplominance and
vy and concludes that this is likely because of a physical origiher than selec-
tion effects.

The diferences between FSRQs and BL Lacs could also be due tfieaedice

in the accretion flow (e.g., Ghisellini, 2011): In this picua low accretion rate
results in less ionizing radiation from the accretion diskl @onsequently lower
luminosities from the BLR are expected. This could then #sal to a reduced
Compton dominance as less seed photons are available f&€C theocess in EC
scenarios. The reduced radiative cooling due to IC scageilows the electrons
in the jet to reach higher energies, and the peak frequeatibge two SED bumps
are shifted to higher frequencies. Thus, a low accretiom watuld result in a BL
Lac and a high accretion rate in an FSRQ. Although compelhiogfirm evidence
exists for this theory at the moment (Krawczynski & Treis&913).

10
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Log v [Hz]

Ficure 1.2: The blazar sequence (taken from Ghisellini, 2011). Showenazerage
phenomenological SEDs binned according to themy luminosity be-
tween 0.1 GeV and 10 GeV (see caption of Figure 2 in Ghise@ioil):
log,oL, < 455 (blue), 455 < log,oL, < 465 (green), 46 < log,gL, <
475 (red), and log, L, > 485 (black).

1.2 ABSORPTION OF Y-RAYS ON BACKGROUND RADIATION
FIELDS

As mentioned in the previous section, HE and V#tEays can undergo pair produc-
tion with radiation fields in the source. The same proces®caur in the intergalac-
tic medium, leading to an attenuation of theay flux emitted by the AGN (Nik-
ishov, 1962; Jelley, 1966; Gould & Schréder, 1966, 1967) @gp4E) = dNy,s/dE
denote the observed spectrum (photons flux per unit enetgyval) at observed
energyE emitted by a source at redshiff. The interaction betweenjaray and a
background photory + ypg — € + €7, leads to an exponential suppression of the
intrinsic differential photon fluxb(E’), E’ = E(1 + z), commonly denoted as

Dond E) = exp|-7,,(E. )| O(E), (1.9)

wherer,, is the optical depth. It is a threefold integral over the lofesight ¢,
the cosine of the angle between the photon momentand the energy of the

11
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background radiation fiefde.g., Dwek & Krennrich, 2005),

2p +1 [+
1—
TW(E,ZO):fdf(z)fdyTﬂfde'ng(e’,Z)O'W(E’,e’,y). (1.10)
0 -1 €

thr

Pair production is energetically possible above the tholkesbnergy,

2(Mme?)?
E(L-p)’
with €, = en(E’,). The comoving photon number density of the background

radiation field in the intervad’ ande’ + de’ at redshiftzis denoted by (¢’, 2). The
cross section for pair production is given by (e.g., Hejtl&54)

en(E. ) = (1.11)

oy (E. i, €) = % (1-5) [23(52 -2)+(3-4%In (i%ﬁ)] . (1.12)

Ny (1.13)
€

The integration over the line of sight can be substitutecafomtegration over red-
shift, d¢(2) = |d¢/dzdz, with the Jacobian (e.g., Peacock, 1999)

B(E,u, €)

d¢ dt C
iz = ‘&z Ry(l+2EQ@’
E@ = |[1+27@Quz+ D+22+2 [+’ -], (1.15)

(1.14)

whereQ,, andQ, are the matter and radiation density, respectively, naraelto
the critical densityQ, m = prm/pe, With pc = 3H3/(87G), andQ, = A/(3H3) cor-
responds to the energy density attributed to the cosmabgimmstant. The present
day Hubble constant is denoted by = 100hkm s Mpc™, with the Hubble pa-
rameterh. In a flat universe one ha¥ + Qn,, + Q, = 1. These equations are derived
within the standard cosmological model parametrizatiatuiting a cosmological
constant and cold Dark MatteACDM model, see, e.g., Beringet al., 2012, for

a review and Section 1.4 for a short discussion of obsemvatievidence for Dark
Matter and Dark Matter candidates). Measured values camunadfin Beringer
et al.(2012) and values including data from tRancksatellite are given in Planck
Collaboratioret al. (2013).

The cross section for pair production multiplied by the e#lpv = Sc and averaged
over u is shown for diferenty-ray energies as a function of wavelength of the

°If the integrations ovee andu are swapped in Eq. (1.10), the integration oweruns over
[MeC?/E; o0) while the integration over runs from-1 to 1- 2(mc?)?/(E€’) (e.g., Mirizzi &
Montanino, 2009).

12
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Ficure 1.3: The velocity averaged pair production cross section fedénty-ray en-
ergiesE. The maxima are given by Eg. (1.16) and are shown as dashed

lines.

background photon in Figure 1.3. Itis strongly peaked at\weleagthl., evaluated
numerically to be (e.g., Gust al,, 2000)

A= ? ~ 1.24(%) um. (1.16)
The most intense background radiation field is the CMB, pealdat an energy
ecvg = 634ueV or a wavelength ok 2mm atz = 0. Consequently, the pair
production peaks for photon energies~ 1.6 PeV and can be safely neglected
here, as the maximum energy measured from an AGN is of the of & TeV. In
the energy range covered with tRermiLAT and IACTs, HE and VHEy-rays pre-
dominantly interact with soft photons with optigalV to far-infrared wavelengths.
The background radiation at these wavelengths is the EBlewed in Section 2.1.

1.2.1 BEECTROMAGNETIC CASCADES

The relativistice*e™ pairs produced in the interaction betweerays and EBL pho-
tons (see the previous Section) can generate HE and VHE iemIsgupscattering
CMB photons by means of the IC process and initiate an el@egnmetic cascade,

13
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as these photons can again undergo pair production (egnsSen, 1987; Protheroe
& Stanev, 1993; Aharoniaet al., 1994; Daiet al., 2002; Dolaget al., 2009; Kachel-
rieet al, 2012). The amount of cascade radiation that comes fronatine $ine of
sight as the primary emission depends on the field strelBgtfy of the intergalac-
tic magnetic field (IGMF) and its correlation lengtf,,-. The values oB,gvr and
Ajsue are unknown and only upper and lower limits exist (e.g., Nevo& Semikoz,
2009, for a compilation of limits and Section 5.2 for a mor¢aded discussion).

If the field strength is large or the correlation length is Broampared to the IC
cooling lengthctc = c/ly| [see Eq. (1.6)], the pairs are quickly isotropized and
extended halos of-ray emission form around the initial source (e.g., Ahaaoni
et al, 1994; Daiet al,, 2002; Elyivet al,, 2009; Dolaget al, 2009). The time delay
of the cascade emission compared to the primary emissiordalsends oB,gwvr
andAf;,,-- High energy and VHE-rays need to be produced for afstiently long
period, so that the reprocessed radiation is observalge Bermeret al, 2011).

In the following, a simplified treatment to calculate theae spectrum will be
presented. The broadening of the beam due to the deflectitmeqgfairs in the
IGMF will be neglected and only the first generation of theceal is included (see
also Section 2.3.2). This corresponds to the case that tHe §fié¢ctra of blazars
cut of immediately after the highest measured energy point. Hér-a 10 TeV
primaryy-ray, the electrons will have a Lorentz factor E/(2mec?) ~ 10°. Us-
ing Eq. (1.7), the upscattered CMB photons have an energy~of85 GeV. For
all detected extragalactic VHE sources and current EBL nso@ee Section 2.1),
the optical depth is;,, < 1 at these energies and, thus, iffies to include only
the first generation of pairs in the cascade. Furthermomgillibe assumed that
the pairs predominantly loose their energy in IC scatteand not through plasma
instabilities heating the intergalactic medium (Brodkerét al,, 2012; Schlickeiser
et al, 2012, see the discussion in Section 4.1).

With these simplifications, the cascade spectrum can benelokdy solving the

corresponding kinetic equation for the electron distitnuiN(y) in the steady state
limit (Tavecchioet al,, 2011a),

1 s /7 ’/
NG) = f dyQW). (1.17)

with |y| the energy loss of electrons due to IC scattering, see Eg). (he injection
rate,Q(y), is the diterence between observed and emitted photon flux,

Q) = (672 — 1) QudE). (1.18)

The cascade energy spectrum at energy then calculated to be (Blumenthal &

14
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Gould, 1970; Dermeet al., 2011)

9 emc?

"9 = Saiae-0)

(o9 (o)

X f % f dE (€72 — 1) Qoud E)

max{ Ve/decwe.van-Yeng]  2MeC?y

£ .n ',z=0
dee'%lﬂf(e, €,7), (1.19)
0

whereucwe(z = 0) = 0.26 eV cnt?, ecus(z = 0) = 634ueV andncyg(€’, 2) de-
note the energy density, mean energy, arftetgntial photon number density of
the CMB, respectively. The inverse Compton kernel for gcattgy on an isotropic
photon field in the Thomson regime is

Ff(e.€,y) = 4€'y(2eIne + &+ 1-28%), (1.20)

with 0 < FI* < 1 ande€ = ¢/(4€'y?). Klein-Nishina dfects can be safely neglected
at the considered energies. It follows from Eq. (1.5) that ieximum photon
energy in the electron’s rest frameds,, ~ 2ye. Fory ~ 10’ ande = ecyg, One
finds €., < M2 The lower limit for the integration ovey is the maximum of
three diferent constraints op. The first one stems from kinematic constraints of
Compton scattering. The second one denotesg thetor for which the electrons are
deflected outside the opening cone of the blazar jet with @miog angléone ~
1/, with T, the bulk Lorentz factor of the plasma of the jet. And finalhg third
factor gives the minimum possible Lorentz factor if the @®sus active for a certain
time (see Dermeet al, 2011, for further details). The quantitigg andyeng are
calculated by Dermeet al.(2011) under the approximation of small deflections and
small observing angles. In the case of isotropic emissienBgvr ~ 1013 G and

a lifetime of the source okt > 10° years (cf. Section 2.3.2), this approximation no
longer holds and the lower integration-limit is replaced/4ecus.

For an analysis of the induced time delay and angular spretkdeam, as well
as for spectra that extend abovel0 TeV Monte-Carlo simulations are necessary.
Examples for such models can be found in, e.g., Tagtail. (2011) and Kachelriel3
et al.(2012).

1.3 DETECTION OF HIGH AND VERY HIGH ENERGY Y-RAYS

Data taken with th&ermi-LAT and IACTs are used in this work to study the propa-
gation of HE and VHE/-rays through the intergalactic medium. First, the detecti
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¥ | incoming gamma ray

electron-positron pair

Ficure 1.4: Schematic structure of the LAT. As an example;gy is shown that con-
verts into ane"e” pair in the tracker module. The energy of the pair is
measured in the calorimeter.

of y-rays with theFermi-LAT will be reviewed. Thereafter, the imaging Cherenkov
technique is discussed and current experiments are suaedari

1.3.1 Tue Fermi sATeLLITE

The Fermi satellite was launched into orbit on June 11, 2008 and begence
operations on August 13, 2008 (if not cited otherwise, thiitexl description of
Atwoodet al, 2009, is followed here). The satellite orbits the Earthrat &65 km
altitude with a period ot~ 1.5 hours. Two main instruments are supported by the
spacecraft: The Gamma-ray Burst Monitor (GBM) and the Lakgea Telescope
(LAT). In the following, the focus is on the LAT, a pair-comggon telescope with a
broad field of view (FoV) of 2 sr at 1 GeV, which covers a nominal energy range
from about 20 MeV to more than 300 GeV. For most of the obsemwdtme, the
FermiLAT is in the all-sky survey mode: The boresight of the datehlternates
each orbit between the northern and southern hemispheegiocgwhe whole sky
every three hours.

A schematic view of the LAT is shown in Figure 1.4. An incidentay enters one

of the tracker modules and converts intoede™ pair preferentially in one of the 16
tungsten foils (with a high atomic numb&r= 74). The mean free path of photons
for pair production is 79X,, whereX, is the radiation length, conventionally given
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in units of g cm? (Beringeret al., 2012),

7164A ,
cm

T ZZ+ D)In@8TVD) (.2)

with the atomic mas# in gmol™. It is also the characteristic amount of matter tra-
versed by electrons and positrons for bremsstrahlung. Uingsten foils are inter-
leaved with 18 two-layered single sided silicon strip dedexc(SSDs) that measure
the tracks of the charged patrticles.

The probability distribution function (pdf) of the reconstted arrival direction
from a point source is referred to as point spread functi@~jP The reconstruc-
tion of the arrival direction improves if the incideptray converts in one of the first
tungsten foils because tieée™ tracks are recorded by several SSDs. For a 100 MeV
y-ray, missing one of the first foils deteriorates the resofuby a factor o~ 2. As

a compromise between resolution at low energies limited blyipte Coulomb scat-
tering (with a~ 1/E dependence) and high energies requiring converter miateria
the tracker is divided into &ont andbackpart: The first 12 converter foils have a
thickness of 0.03 radiation lengths while the last 4 layeesspproximately 6 times
thicker. A photon from a point source will be reconstructathva 68 % probability
into a circle of radiusgg. This is the radius for which the integral of the PSF over
the scaled-angular deviation (thefdrence between the true and reconstructed ar-
rival direction) is equal to 0.68. The PSF also depends on the photon energy, the
inclination angled (angle between the arrival direction and the LAT axis), the
conversion type (front or back converted events), and tlose event class (see
below). The left panel of Figure 1.5 showg as a function of the-ray energy for

the in-flight PSF which is derived from in-orbit data and idependent of the incli-
nation angle. At 1 GeMgg is twice as large for back converted events compared to
front converted ones.

In the electromagnetic calorimeter, tege™ pair will loose energy predominantly
through bremsstrahlung and the emitted photons produdleefupairs, thus initi-
ating an electromagnetic cascade. This continues uniiation losses dominate
over cooling via bremsstrahlung. The energy loss is equahf®two processes at
the critical energy (Beringeat al., 2012)

_ 800 MeV

Ee= Z+12 (1.22)

below which the cascade formation ceases. The calorimetesist of 96 CsI(TI)
inorganic scintillator crystals grouped into 8 segmentthwi thickness of 8.6 ra-
diation lengths at nominal incidence (10.1 radiation leésghcluding the tracker).

10Details on and the functional form of the PSF can be found uhdep: //fermi .gsfc.nasa.
gov/ssc/data/analysis/documentation/Cicerone/Cicerone_LAT_IRFs/IRF_PSF.
html.
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Ficure 1.5: Left panel: rgg radius of the in-flight PSF for front and back converted
events and diierent event classes. Right panel: relative energy dispersi
(68 % confidence) at nominal incidence foffdrent classes.

The scintillation light of the crystals is measured with ftbodes at both crys-
tal ends. This gives an estimate where in the crystal theggneas deposited.
The segmentation of the calorimeter allows to measure tingitledinal shower de-
velopment resulting in a successful shower energy reaartgin up to TeV ener-
gies. The transversal shower development is charactebiye¢te Moliére radius
Rv = XoEs/E. in which ~ 90 % of the shower energy is contained (Beringeal,
2012). HereEs ~ 21 MeV andE] is the energy for which the ionization loss per
radiation length is equal to the electron energy [this didiniis due to Rossi, 1952,
note the diference to the definition d& in Eq. (1.22)]. The Moliere radius for the
LAT calorimeter isRy = 3.8cm.

The 68 % energy uncertaintykE is calculated similarly to thesg confidence radius
as an integral over the energy dispersion of the LAT whichedelg on the conver-
sion type (back or front part of the tracker), the energylfitiee chosen event class
(see below), and the inclination angleof the photor. It is shown in the right
panel of Figure 1.5.

Most events detected with the LAT are background eventsgeldecosmic rays and
y-rays from the interaction of cosmic rays with the Earth/aasphere (the so-called
Earth albedo, th&ermiLAT spectrum is presented in Abdst al., 2009b). The
anti-coincidence detector (ACD) is designed to deliverjaateon against charged
background particles with arfficiency of at least 0.9997. It covers the entire track-
ing array and consists of 89 overlapping tiles of plastiatitator and scintillating
fiber ribbons, the latter covering gaps between the tileschBie is coupled to
a wavelength-shifting fiber and two photomultiplier tub&hie segmented design
minimizes the chance of a false veto generated by the bad{tsgfect: Charged

ligee http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/
Cicerone_LAT_IRFs/IRF_E_dispersion.html for further details.
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1.3 Detection of high and very high energyrays

particles created in the calorimeter by the shower can nagrdao the ACD and
cause a scintillation-light signal. Therefore, the on+dlozeto is disengaged if the
energy deposition in the calorimeter exceeds 20 GeV.

The background is further reduced by the event-reconstruelgorithm. For ex-
ample, events for which two tracks point back to the sameexeate very likely
caused bye"e pairs created by a primanyray. Furthermore, events can be dis-
carded for which unassociated tracks are present in thieetraénother discrim-
inator against the background is the identification of trectebmagnetic shower.
Showers initiated by hadrons can be distinguished frontrele@ndy-ray induced
showers through their fierent morphology. Combining data from all LAT subsys-
tems, several parameters are defined to assess the quafieyefent reconstruction
and the probability that the event has been initiated pyay. These parameters are
the energy reconstruction quality, the directional retmtsion quality, and the-
ray probability derived from tracker, calorimeter, and AG&ta (Ackermaneet al.,,
2012b). Diferent cuts on these parameters defifietent event classes, and tighter
cuts will result in lower background contamination and ahleigprobability that the
candidate event is indeedyaray. In thePass 7release of thé=ermiLAT data
these classes are called (sorted by increasingly tights) &7rV6_TRANSIENT,
P7V6_SOURCE, P7V6_CLEAN, and P7V6_ULTRACLEANThe event classes
take into account on-orbit data and compare the event titzdgn with detailed
Monte-Carlo simulations (Ackermarat al., 2012b). Since the background rejec-
tion influences the sensitivity of the instrument, the imstental response functions
(IRFs) also depend on the event classes. The instrumespsmse is canonically
factored into the already introduced PSF, the energy dsgperand the fective
area (e.g., Rando, 2009). The latter is the product overrttesesectional geomet-
rical collection area, the-ray conversion probability, and théieiency of an event
selection, given by the event classes above (Ackerneqmh, 2012b). For tighter
constraints on the-ray probability of an event, thefective area will decrease. The
LAT can detect fluxes from point sources at the galactic npotk with a power-law
type spectrum N/dE « ET with an indexI” = 2 down to~ 10 *?ergcnt?s at

~ 1 GeV after 3years of observatitn

1.3.2 MAGING AIR CHERENKOV TELESCOPES

The flux sensitivity of the=ermi-LAT considered at the end of the previous Sec-
tion of vF, = E2dN/dE = 10 *?ergcnm?s! at 1 GeV corresponds to roughly 200
photons per year and?above this energy, assuming again a power law for the dif-
ferential photon flux with an indeK = 2. Above 1 TeV, only~ 2 photons every 10

125ee also http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/
Cicerone/Cicerone_LAT_IRFs/IRF_overview.html.

13g5ee http://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.
htm for plots and discussion of thdfective area and the point source sensitivity.
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1 Introduction: Extragalactic high and very high eneygsays

years and rhare expected. At these energies, the sensitivity oFdteni-LAT is, in
general, not sfticient to provide adequate statistics in order to analyzespeetral
or temporal behavior of the source (e.g., Riegieal,, 2013). A significant increase
in the dtective area is required to compensate for the reduced fluxraethese en-
ergies, and it seems unlikely that a space mission can misaetjuirement in the
foreseeable future. Fortunately, the ground based imagir@herenkov technique
has proven viable to study the VHE regime. It exploits thé flaat VHE y-rays ini-
tiate electromagnetic cascades in the atmosphere anddtieqed relativistie*e”
pairs emit Cherenkov radiation. This radiation can be deteon ground across
hundreds of meters guaranteeirftgetive areas beyond 167* (e.g., Riegeet al,
2013). In the following, the technique and currently op@g@iACT arrays are
summarized (adopted from the review by Aharoreaal., 2008e).

Primary VHEy-rays interact with the atoms of the atmospA€ead producee
pairs at a mean free path of ¥, [see Eq. (1.21)], withX, ~ 36.6 g cnT?, the
atmospheric radiation length. Hence, the Earth’s atmagpaets as a calorimeter
with the same working principle as the calorimeter on boasFermi-LAT: The
pairs loose their energy predominantly through bremskinghand an extensive
electromagnetic air shower (EAS) starts to develop in theaphere. The cascade
will die out once ionization losses start to dominate forcelens and positrons
at the energ\e = E., given in Egq. (1.22). The amount of matter traversed in
the atmospherex (again measured in g cr), is given by the integral over the
density of the atmosphere, which has an exponential ptgfil€z) = po expz/h),
at heightz, with h = 8.5km andpy ~ 1.21 x 103gcnt3. The total thickness of
the atmosphere is 30Xy. A simulated EAS for a 300 GeV primamyray is shown
in Figure 1.6. The shower maximum is reacheca = Xo In(E/E;) with E the
initial energy of they-ray. Showers fluctuate due tofidirences of the depth of
the first interaction. The probability that a primayyray traversedN atmospheric
radiation lengths i®(N) = exp(~9/7N).

Once the shower develops, electrons (and positrons) patipggwith velocities
larger than the speed of light in a#t,> 1/n, wheren = n(2) is the refractive index
of air, will emit Cherenkov light into a cone with opening &ag

1
B2
The refractive index in air scales exponentially with theghein the atmosphere,

N2 = 1+ noexplz/hy), with hy = 7250m andp, = 2.9 x 104 An electron
will continue to emit Cherenkov radiation as long as it's iz factory > yo with

c0sb(2) = (1.23)

14The main atmospheric components asg(RB.08 %, with atomic numbet = 7 and mass number
A = 14 for nitrogen N) and ©(20.95%, withZ = 8 andA = 16 for oxygen O), see, e.g.,
http://nssdc.gsfc.nasa.gov/planetary/factsheet/earthfact.html

15The profile follows from an isothermal slab model: The pressan both sides of the slab is
balanced by the gravitational force on the slab.
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1.3 Detection of high and very high energyrays

Ficure 1.6: Working principle of IACTs: primaryy-rays initiate an air shower and the
particles emit Cherenkov radiation, which is recorded l®y¢hmeras. A
simulated shower initiated by a proton is also shown (imadert from
Hinton & Hofmann, 2009).

Yo = N(2)/ VN?(2) — 1, which decreases fromy ~ 87 atz = 10 km toyy ~ 48 at sea
level. Equivalentlyg. decreases with increasing height, and typically a cone with
radius~ 120 m is illuminated on the ground, sketched in Figure 1.6e &mitted
spectrum and is given by

N _ 2na
dxdi 22

. 2na 1
Siff' g = — (1 - ﬁ2n2(z))‘ (1.24)
The refractive index changes with wavelength and the eomsat wavelengths
shorter than UV is absorbed by the atmosphere. Thus, thee@Gkar spectrum
is strongly peaked in the U¥/optical band.

Unfortunately, the atmosphere is far from being an ideabroaleter. Cherenkov
radiation is subject to Rayleigh scattering (scatterifigpbparticles much smaller
than the photon wavelength), Mie scattering (particle$iwsizes comparable to the
photon wavelength, e.g., aerosols), and scatterihgfavater vapor. Furthermore,
Cherenkov photons can be absorbed by the ozone procgssy © O, + O.

Air showers initiated by cosmic rays constitute the mainkigaocund for IACTs
(a shower initiated by a 1 TeV proton is shown in Figure 1.6psi@ic rays pen-
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1 Introduction: Extragalactic high and very high eneygsays

etrating the Earth’s atmosphere are constituted mainlyratiops (87 %), Helium
nuclei (12 %), and heavier nuclei as well as anti-protore;tebns, positrons, and
neutrinos (e.g., Longair, 2011). A proton interacting watimucleus will produce
fragment nuclei, anti-nuclei, and pions, thus initiatingcleonic cascade (e.g.,
Longair, 2011). Neutral pions predominantly decaysfia— y + y (also initiating
electromagnetic cascades), while charged pions maingydato muons and muon
neutrinosgt — u* +v, andz~ — u~ +v,. Muons will emit Cherenkov light result-
ing in ring or arc images in the camera. However, for largéatiises from the tele-
scope, the images will be compact, mimickingay air shower images. This poses
an irreducible background for single telescope systengs, (dinton & Hofmann,
2009). Observations with IACTs are always background datenh, since the-
ray to cosmic-ray flux is as low as 104 even for the brightesg-ray source¥.
Consequently, anfgcient background rejection is mandatory. Fortunatelyngos
ray andy-ray induced cascades can be distinguished throutgreinces in the cam-
era images of the showers (see below).

Imaging air Cherenkov telescopes record the short flash@b@fenkov light utiliz-
ing large reflectors and high speed cameras in the focal plEme Davies-Cotton
design (Davies & Cotton, 1957) of tessellated mirrors is c@nly used and the
camera consists of an array of photomultiplier tubes (PM@ag¢h PMT being one
camera pixel with exposure times30 ns. The cameras need to have fliciently
large field of view (FoV), so that even those showers are aoedain the camera
for which the telescope is on the edge of the Cherenkov ligbt.pA y-ray shower
image as recorded with the camera is shown in Figure 1.6. Tdjerraxis of the
ellipse is a projection of the shower axis on the plane of #yeasd the intensity
of the ellipse scales with the energy of the primargay. Parameters are defined
which further characterize the shape of the ellipse andsed to reject showers in-
duced by cosmic rays (Hillas, 1985). Imagegafay showers will have a compact
elliptic shape, whereas a cosmic-ray image will have a cerngtructure due to the
hadronic interactions. Cuts in the parameter space of tlagénparameters allow
to reject the background events with a high probability. tkemmore, the angular
resolution of IACTSs of typicallys 0.1° allows to select air showers that have arrived
from the direction of the observed source. For instancepBen2005) simulated
vy-ray showers for a Crab-like-ray spectrum observed with a H.E.S.S. type array
and found a residual cosmic-ray contamination in the dat@?4 % after apply-
ing image and angular cuts. With the same cuts, 40 % of all Isitedry-rays were
retained.

Images will only be taken if some particular trigger critgedare met. Typically, it
is required that the photocurrent in a number of pixels (g2ato 4) exceeds a

16The all-particle cosmic-ray spectrumg$¢E) ~ 2.5 x 10-8(E/1000 GeVy?” cm2s1srlGev?
(e.g., Aharoniaret al,, 2008e), resulting in an integral flux ef 9 x 108 cm2s! above 1 TeV
and a field of view of 5. Compared to the integral flux of the Crab nebula measured By3-S.
of 2.26x 10 cm™? st (Aharonianet al., 2006d), this results in a ratio ef 3 x 1074,
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1.4 Pseudo-Nambu-Goldstone bosons

TasLE 1.1: Selection of currently operating IACT arrays.

Experiment location and a _ b Camera pixels
(site) altitude  Ne® Amiror (M)7 FOV- g pixel size
H.E.S.&¢ Phase | 23S, 17E 4 108 5 960x 0.16°
(Namibia) Phase Il 1800 m 4 614 32° 2048x0.07
MAGIC ¢ 397x0.1°
(La Palma) Phase | 28N, 19W 1 234 Vi3 +180x 0.2°
Phase Il 2230m 41 246 35° 1039x 0.1°
VERITAS® 32N, 11T°W s .
(Arizona, USA) 1268 m 4 106 35 499x0.15

@ Number of telescopes.

b Mirror area per telescope.

¢ High Energy Stereoscopic System (e.g., Hinton, 2004; \ih@005), sedttp: //www.
mpi-hd.mpg.de/hfm/HESS/.

d Major Atmospheric Gamma-ray Imaging Cherenkov Telescdpags, Baixera®t al,
2004; Tridonet al, 2010), seé&ttp://magic.mppmu.mpg.de/ .

€ Very Energetic Radiation Imaging Telescope Array Systei (Maieret al, 2008), see
http://veritas.sao.arizona.edu/.

threshold value in a small time window (of the order of 3 nsGm&). Additionally,
it is often required that the triggered pixels are adjacemach other or are within
the same topological camera sector.

A selection of currently operating IACTs and their instrurted parameters are
listed in Table 1.1 and are shown in Figure'1.7All are operating in stereoscopic
mode, meaning that at least two telescopes observe the sashewers. Requiring
coincident detection of the air shower by several teless@pthin a fixed time win-
dow reduces the background of single muons, helps to regése friggers caused
by fluctuations in the night-sky background and cosmic réyaited showers due to
their irregular time structure. Moreover, stereoscopyltesn a better reconstruc-
tion of the shower core position.

1.4 RROBING PHYSICS BEYOND THE STANDARD MODEL. [HE
CASE OF PSEUDO-NAMBU-(GOLDSTONE BOSONS
The observation of HE and VHfzrays dfers an opportunity to search for physics

beyond the Standard Model (SM) of particle physics, complatary to laboratory
experiments. One prominent example is the indirect seancbBdrk Matter (DM).

YImage credits: H.E.S.S.: http://www.mpi-hd.mpg.de/hfm/HESS/pages/press/
2012/HESS_II_first_light/images/Image_18.]PG; MAGIC telescopes: http:
//magic.mppmu.mpg.de/physics/recent/M87-PR/Fig3_left.jpg; VERITAS: http:
//ecuip.lib.uchicago.edu/multiwavelength-astronomy/images/gamma-ray/
science/New_Array. jpg.
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1 Introduction: Extragalactic high and very high eneygsays

Ficure 1.7: Images of the IACT arrays listed in Table 1.1. From top to dmott
H.E.S.S., MAGIC telescopes, and VERITAS. See footnote ifmnnbext
for image credits.

Several observations suggest that about 25 % of the totedydensity of the Uni-
verse are due to non-baryonic matter that only scarcelyaote with SM patrticles
and is mainly traced through its gravitational interacsigsee, e.g., Bertoret al.
2005, for a review, and Planck Collaboratiehal. 2013 for a recent value of the
DM density including data from thBlanck satellite). Evidence is derived from,
e.g., large-scale structure formation in the Universeyitaaonal lensing data of
galaxy clusters, and rotation curves of galaxies.

A natural DM candidate is a weakly interacting massive pt{WIMP). Ther-
mally produced in the early Universe, such particles witlsses at the TeV scale
could naturally account for the observational evidendasir thigh mass ensuring
that they are dfticiently non-relativistic (or cold) in order not to hinderwtture

24



1.4 Pseudo-Nambu-Goldstone bosons

formation. Candidates for such particles are provided bylightest supersymmet-
ric particle (for a review see, e.g., Jungneml., 1996) or SM extensions involving
extra dimensions such as Kaluza-Klein models (e.g., Ho&gerofumo, 2007, for

a review). If WIMPs are self-annihilating, this processlwitentually also involve
vy-rays that could be detected with IACTs or tRermiLAT. Indeed, recently an
indication for ay-ray line in the vicinity of the Galactic center has been foum
Fermi-LAT data that can be interpreted as an indication for a WIMBh\w& mass
of ~ 130 GeV (Weniger, 2012). However, an analysis conductechbyrermi
LAT collaboration (Ackermanret al., 2013) resulted in a line feature at 133 GeV
with a global significance of.f o, only.

Physics beyond the SM has already been confirmed at smallsoales with the de-
tection of neutrino masses (e.g., Strumia & Vissani, 2006afreview). More gen-
erally, extensions of the SM predict additional broken syetitas and consequently
the existence of pseudo-Nambu-Goldstone bosons (pNGBstiased with these
broken symmetries (see, e.g., Jaeckel & Ringwald, 2010a f@view). Probably
the most extensively studied pNGB is the axion that solvessthong CP prob-
lem in quantum chromodynamics (QCD). In general, QCD alltws term in the
Lagrangian that violates the simultaneous charge corijugand parity transfor-
mation (CP), o
Lep= 4—;9 Tr|G"G,|. (1.25)

whereas is the fine structure constant of the strong interacti@)s,is the gluon
field tensor and its duzﬁﬂy = 1/2¢"*G,,, (throughout this Section, natural units
will be used, i.e.i = ¢ = 1) andd is a free parameter expected to be of order unity
(see, e.g., Peccei, 2008, for a review). This term would teaah electric dipole
moment of the neutron with a strength = 107189lecm, wheree is the electric
charge and = 6 + arg detM, with M the quark mass matrix. Current limits dp
imply that|g] < 1071°, The smallness of this parameter constitutes an unnatneal fi
tuning, also referred to as the strong CP problem. A solwti@asprovided by Peccei
& Quinn (1977) by introducing an additional globd(1) symmetry, promoting

to the dynamical field connected to it. The field relaxes t@zethe symmetry is
spontaneously broken at the scéle The broken symmetry gives rise to a pNGB,
the axion (Weinberg, 1978; Wilczek, 1978). Its mass is cotetkto the scale of the
symmetry breakingn, = 6 meV (18 GeV/ f,). Axions couple to photons described
with the Lagrangian

1 ~
£ay = _ZgayFﬂyFyva = gayE . Ba, (126)
with the electromagnetic field tensby, and its dualf,w. The last equality follows

from an explicit calculation. The coupling constant is aiskated to the symmetry
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Ficure 1.8: The ALP parameter space adopted from Hewetl. (2012) with updates
from Javier Redondo (private communication). Current foisuinom lab-
oratory experiments are shown in blue, limits from astrgital and cos-
mological observations in red. Theoretical preferredaregiare depicted
in green and future experiment sensitivities as purpleheat@nd cross-
hatched regions. See text for details.

breaking scale
a N

Oay = T
with N a model-dependent factor of the order unity. Thus, for axitime mass and
coupling to photons are related. This is not the case fomakke particles (ALPS)
that share the coupling to photons, bytandg,, are independent from each other.
Such particles naturally arise in the compactification ohgttheories (e.g., Cicoli
etal, 2012). From the Lagrangian in Eq. (1.26) itis clear thattphe can oscillate
into ALPs and vice versa in the presence of ambient magnetdsfi As ALPs do
not interact with background radiation fields, their flux & attenuated. Thefect
on the propagation of VHE-rays will be studied in Chapter 5.

Current exclusions of the photon-ALP coupling are shown igufe 1.8 in the
(my, 0ay) parameter space and are briefly summarized below (follpW@aeckel &
Ringwald, 2010).

Light-shining-through-a-wall (LSW) experiments shineaadr beam in a magnetic
field onto an opaque wall and search for a regenerated sighaidbthe wall (also

(1.27)
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1.4 Pseudo-Nambu-Goldstone bosons

in a magnetic field). The non-detection of a signal with theP&Lexperiment (Any
Light Particle Search; Ehret al,, 2010) results in the upper bounds@y, labeled
LSW in the Figure. It is also possible to search for a changbempolarization of

a laser beam induced by the photon-ALPs oscillations. Hewekie sensitivity is
limited due to quantum-electrodynamicdlexts that also change the polarization.
The results are labeled “vacuum birefringence” in the pkog( Zavattiniet al,
2008, for the PVLAS collaboration). For higher masses, aare also search for
ALPs in beam dump experiments (e.g., Riorédmal., 1987).

If ALPs existed they should also be produced in stellar iater(e.g., R&elt, 1996,
2008, for reviews). The CAST (CERN Axion Solar Telescopg)ezknent searches
for solar ALPs by pointing a magnet towards the sun. Insigenttagnet, ALPs
could reconvert into photons. No signal has been detectédipper limits on the
coupling were derived (Andriamongd al., 2007). The ALP production in the sun
would pose an additional energy loss channel. This wouldlfean enhanced pro-
duction of solar neutrinos and neutrino measurements caisdxbto constrain this
scenario (Gondolo & Réelt, 2009, exclusion region labeled Solan Figure 1.8).
The extra energy loss also shortens the lifetime of statddae reached the stage
of helium burning, i.e., energy is generated by fusing melto heavier elements
in the core (Rfelt, 2008). Such stars are located on the horizontal brardBi in
the Hertzsprung-Russell diagram and limits comparabled®AST bounds can be
derived over a broad mass range. The duration of the neldurss in the supernova
SN1987a can also be used to derive constraint§éRa2008): The neutrino emis-
sion is delayed, since neutrinos are trapped in the neutanpsoduced in the core
collapse supernova, and they escape at timescales offfbsedenergy transport.
The emission of ALPs could be the morgeetive energy loss channel. The burst
duration leads to the bounds labeled SN1987a. Limits fraamtin-observation of
ay-ray burst of the supernova SN1987a, as well as bounds frognetia white
dwarfs (dashed-dotted lines in Figure 1.8) will be discdseeChapter 5.

Additionally, cosmological observations can be used tostram the parameter
space. For instance, the neutron to proton ratiq, in the Universe depends on
the time when the weak interactig)n- € < n + v, became inffective in the pri-
mordial plasma and this time depends on the cosmic expan$ioa expansion is
determined from the total energy density of all particleshie plasma. The more
particles, the sooner the above reaction will freeze-aud, taus ALPs would alter
then/pratio (see Cadamuro & Redondo, 2012, for a detailed disonksT he ratio
can be determined by measuring today’s helium abundance.ALR decay into
two photonsa — y + y, has a lifetime ofr, = 64r/(g5,m) (e.g., Cadamuro &
Redondo, 2012). If it occurs ficiently early in the primordial plasma, the injected
photons thermalize with electrons and positrons which in teat the primordial
neutrino bath througle* + e — v + v. The caused neutrino dilution can have
an observablefeect, e.g., on the large-scale structure formation. Cada®uRe-
dondo (2012) have combined the above arguments with fuathalyses to derive

27



1 Introduction: Extragalactic high and very high eneygsays

the bound labeled BBN (Big Bang Nucleosynthesis). The sauntieoss also inves-
tigated the potential impact of the energy injection thtoéd.Ps on the black body
spectrum of the CMB measured with the FIRAS instrument carthdhe COBE
satellite (Fixseret al., 1996). A distortion of the spectrum can only be circumvdnte
if ALPs decay very late or very early. In the latter case, ttapced photons could
rethermalize and no distortion of the CMB is expected. Thévdd constraints are
labeled CMB in Figure 1.8. The CMB spectrum would also be arilted by reso-
nant photon-ALPs oscillations in the presence of a prinangiagnetic field. Lim-
its were derived by Mirizzet al. (2009a), which, however, depend on the unknown
primordial field strength. Furthermore, the ALP decay stiowdt overproduce any
background radiation field such as the EBL (bounds labeled iBBhe figure are
derived by Ariaset al, 2012). Neither must it produce line-like features in gatac
spectra. Aria®t al. (2012) used this argument together with X-ray and optictd da
to exclude regions in the parameter space. Finally, ALPykecauld reionize neu-
tral primordial hydrogen. The produced free electrons catisr the CMB photons
and increase the optical depth to CMB photons. Constraamn$e derived by com-
paring the expected optical depth with measurements fromARMabeledx,, in
Figure 1.8 referring to the reionization fraction; Cadam&rRedondo, 2012).

Green regions in Figure 1.8 correspond to theoreticallyepred parameters. For
the QCD axion, the green band labeled KVSZ shows one specdaehfor the
axion with its order unity model uncertainties (Kim, 197%if&an et al,, 1980).
Moreover, there are indications that an additional coofimechanism is necessary
to explain the observed luminosity function of white dwai#¢D cooling hint, Is-
ernet al,, 2008), see Chapter 5 for a further discussion. Interelstidd Ps could
constitute or add to the DM content of the Universe, provitlhed the ALP lifetime

is longer than the age of the Universe (this excludes thensitained region of the
parameter space for couplings above the BBN bound for ALP .B#)en that the
ALP can have a mass below 1 eV, thermal ALP production woutdewal to cold
DM, required to explain the large scale structure formatimalternative approach
is the non-thermal production of ALPs via the misalignmeethanism (see, e.g.,
Preskillet al. 1983; Abbott & Sikivie 1983; Dine & Fischler 1983 for QCD axio
DM and Ariaset al. 2012 for general ALP DM). Following Ariast al. (2012),
the general idea of this mechanism goes as follows: In thiy &hriverse, ALP
fields will have an initial random value which is fixed by expaom and evolves
on timescales ~ myt. After such time scales, the fields will start to react tothei
potential, minimizing their potential energy. At this tinte= ty, the field strength
is given by¢, = 6. Na/(2r0,,) if the dominant interaction is between photons and
ALPs, whered; = |¢,|/ f, is the misalignment angle, expected to be of order unity.
The coherent oscillations around the minimum have the sajaten of state as
non-relativistic DM. The resulting DM distribution of ALRsucially depends on
when the breaking of the underlyitgf1) symmetry occurs. If it happens before in-
flation, DM will be distributed homogeneously. Otherwisabstructures will form
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that will, however, average to a constant value of the DM dgnglternatively,
cosmic ALP strings could form and their decay could also Gbuate to the DM
density (e.g., Sikivie, 2008). Parameters below the libelled ALP DM in Figure
1.8 correspond to least fine-tuned scenarios in which the WBBs is independent
of time, i.e., not subject to radiative corrections in therrdial plasma. Dark
Matter from larger couplings is also possible, especiallylarge values ofV or
fine-tuned®; values.

The sensitivities of future experiments (ALPS I, Baletal.2013, and the Interna-
tional Axion Observatory, IAXO, Irastorzet al.2011) are shown as purple hatched
and cross-hatched regions in Figure 1.8. The ALPS Il expartris an LSW type
laboratory experiment that will, at its final stage, use a @dw infrared laser as a
photon source, sensitive super-conducting transitiore etiectors to measure re-
converted photonsy100 m long cavities on the production and regeneration side
of the wall, and dipole magnets of the HERA experiment. Ttampéd IAXO ex-
periment is in principle an upscaled version of the CAST expent: It consists of
six vacuum bores attached to X-ray optics in a toroidal magfield to search for
reconverted ALPs produced in the sun.

Given the rich phenomenology of ALPs, it is tantalizing te sE and VHEy-
ray observations to search for possibfieets iny-ray spectra.
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TaBLE 1.2: Constants and their corresponding values used in this veogk, (Beringer
et al, 2012; Unsold & Baschek, 2002).

Symbol  Name Value
c speed of light 209792458« 1P m st
h Planck constant 62606896< 1034 J s
h =h/(2r) reduced Planck constant .064571628< 1034 J s
e electron charge 60217648% 10°°C
Me electron mass 90938215« 10* kg
G Newtonian gravitational constant .6538x 10 *'mikgs2
oT Thomson cross section .8552458558 barn
= 0.6652458558 1072 m?
a fine-structure constant /137.035999679
ks Boltzmann constant .2806504x 102 J K
M, solar mass P89x 10°°kg
pc parsec P856776x 10 m

TasLE 1.3: Abbreviations used throughout this

work
Abbreviation Meaning
HE high energy
VHE very high energy TasLe 1.4: Unit prefixes used
AGN active galactic nucleusnuclei in this work.
BLR broad line region Prefix _Name Value
GRB gamma-ray burst icro 100
SED spectral energy distribution rlrl1 mili 103
CMB cosmic microwave background c centi 102
EBL extragalactic background light K Kilo 108
LAT large area telescope M mega 16
PSF point spread function G giga 18
IACT imaging air Cherenkov telescope T tera 142
PPA pair-production anomaly P peta 167
HOP high optical depth photon
ALP axion-like particle
IGMF intergalactic magnetic field
ICMF intracluster magnetic field
GMF Galactic magnetic field
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2 UPPER LIMITS ON THE EXTRAGALACTIC
BACKGROUND LIGHT DENSITY
IN THE Fermi era

High and very high energy-rays undergo pair production with low energy photons
from background radiation fields (Nikishov, 1962; Jelle966; Gould & Schréder,
1966, 1967, and Section 1.2). The cross section for thisggsis strongly peaked
so that photons in the wavelength rangk@n < A2 < 60um are mainly responsible
for the attenuation of-rays between the energies 100 GEVE < 50TeV [see
Eq. (1.16) and Figure 1.3]. This is the wavelength regimehef éxtragalactic
background light (EBL), the dliuse and isotropic radiation field from ultraviolet
to far-infrared wavelengths, see Section 2.1 for a reviets. direct detection is
extremely dificult due to prominent foreground emission (Hauseal,, 1998, see
below).

The observations of very high energy (VHE; eneEyg 100 GeV)y-rays from ex-
tragalactic sources, mostly active galactic nuclei (AGM}h imaging atmospheric
Cherenkov telescopes (IACTs) has opened a new window tdreamghe EBL den-
sity. If assumptions are made about the properties of thimgit spectrum emitted
by the source, a comparison with the observed spectrum atiowlace upper lim-
its on the EBL intensity (e.g. Stecket al,, 1992). In this context, the spectra of
Markarian (Mkn) 501 during an extraordinary flare (Aharaon& al., 1999b) and
of the blazar H 1426482 (Aharoniaret al, 2003b) resulted in the first constraints
of the EBL density from mid- to far-infrared (MIR and FIR) walengths. With the
new generation of IACTs, constraints could be derived fronumber of spectra.
At near-infrared (NIR) wavelengths, the observations 1E&I1232 and H 2356-
309 (Aharoniaret al, 2006a) and 1ES 022200 (Aharoniaret al,, 2007g) were
used, and the MAGIC observation of 3C 279 (Albettal., 2008b) lead to bounds
at optical wavelengths. A sample of all at that time knowrzata was tested against
a large number of dierent EBL shapes by Mazin & Raue (2007, henceforth MRO7)
who derived robust constraints over a broad wavelengtheraygn > 1 > 80um.
The authors excluded EBL densities that produce VHE spech@aracterized by
dN/dE o« ET, with T < [y (beinglimie = 1.5 for realistic and’y,; = 2/3 for
extreme scenarios) or an exponential pile-up at highesgase
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With the advent of the Large Area Telescope (LAT) on board-drenisatellite (see
Section 1.3.1 and Atwooet al., 2009) and its unprecedented sensitivity at high en-
ergies (HE, 100 MeV< E < 100 GeV), further possibilities arose to confine the
EBL density. Bounds can be derived either by consideringlg&ermiLAT obser-
vations of AGN and gamma-ray bursts (Abeloal., 2010b; Raue, 2010) or by com-
bining HE with VHE spectra (e.g., Georganopouétsal, 2010; Orret al,, 2011).
Recently, thd=ermi-LAT and H.E.S.S. collaborations published independeitigy
detection of the imprint of the EBL om-ray spectra (Ackermanat al, 2012c;
H.E.S.S. Collaboratioat al., 2013, respectively). It has also been proposed that the
FermiLAT can, in principle, measure the EBL photons upscattésedlectrons in
lobes of radio galaxies directly (Georganopouddsal., 2008). Attenuation limits
can also be estimated by modeling the entire spectral emgsgybution (SED) of
blazars in order to forecast the intrinsic VHE emission (Kcaynskiet al., 2002;
Mankuzhiyilet al., 2010).

In this Chapter, results from thHeermitwo year source catalog (Nola al, 2012,
henceforth 2FGL) together with a comprehensive sample dE \$plectra are used
to place upper limits on the EBL density, incorporating theletion of the EBL
with redshift and the formation of electromagnetic cassadéhe approach relies
on minimal assumptions about the intrinsic spectra. The \gBifaple is composed
of spectra measured withftrent IACTSs, thereby ensuring that the results are not
influenced by the possible systematic bias of an individustrument or observa-
tion.

After shortly reviewing the sources, measurements, andefsaf the EBL (based
on the reviews of Hauser & Dwek, 2001; Kashlinsky, 2005; DweKrennrich,
2013), the calculations for the absorption correction (festeed VHEy-ray spectra
with model-independent EBL shapes are presented in Se2tithnThe resulting
intrinsic spectra are subsequently described with amalfunctions. Section 2.3
outlines in detail the dierent approaches to constrain the EBL before the selection
of VHE spectra is addressed in Section 2.4. The combinatioilE and HE
spectra of variable sources will also be discussed. Thdtseare presented in
Section 2.5. Throughout this Chapter a standa@DM cosmology is assumed
with Q,, = 0.3, Q, = 0.7, andh = 0.72 (see Section 1.2). The calculations and
results presented here have been published in Mstyadr (2012D).

2.1 THE EXTRAGALACTIC BACKGROUND LIGHT

Starlight integrated over all epochs and starlight emisseprocessed by interstellar
dust constitute the main contributions to the EBL. These dvstinct components
lead to two maxima in the SED of the EBL, the first-atl um (starlight) and the
second at 100um (dust), see Figure 2.1. Narrow spectral features like rpitisn
lines are smeared out in the integration over redshift,itegatb a smooth shape
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2.1 The extragalactic background light

of the EBL atz = 0. Further contributions may come fromfidise emission from
galaxy clusters (Chelouchet al., 2007), unresolved AGN (Matutet al., 2006),
the first (Population Ill) stars (e.g., Raeeal, 2009), or exotic sources like Dark
Matter powered stars in the early universe (Mawteal, 2012). This renders the
EBL an important probe of the formation and evolution of sténe history of dust
formation and distribution in galaxies, as well as the mptabuction with cosmic
time. Its frequency weighted spectral intensity at redstaihd observed frequency
vis given by an integration over the luminosity dendilyof all contributing sources
up to a maximal redshift,o at which star formation started (Peebles, 1993)

at’

Zmax
C
@) = v f Lv,(z)‘ —|ez. 2.1)

with v = v(1 + Z)/(1 + 2. The EBL is, furthermore, connected to several other
cosmological backgrounds: The cosmic X-ray backgroundamiy due to dust
obscured AGN (Mushotzket al., 2000). The heated dust radiates predominantly
at MIR wavelengths contributing to the EBL (e.g., Francésicét al., 2002). Star-
forming regions show a correlation between radio and IR simisdue to massive
stars that, on the one hand, heat the interstellar mediunmadupe thermal IR
radiation, and on the other hand, end their lives in coréapek supernovae and
the remnants are sources of radio synchrotron emission téetpuet al., 1985).
This connects the EBL with the cosmic radio background (©gek & Barker,
2002). At the same time, the energy release in core-collsygernovae is mostly
in form of neutrinos. Thus, the EBL can also be used to probetsmic neutrino
background (Horiuchet al,, 2009).

Direct detections of the EBL are technically challengingcsi a precise absolute
calibration of the instrument is necessary, and any emiss@m the instrument
components and the Earth’s atmosphere has to be elimindedhermore, di-
rect measurements are severely impeded (especially imfteged) by prominent
foreground sources such as sunlight scattered, absorbddeeadiated by inter-
planetary dust (zodiacal light) and emission from starsthednterstellar medium
(Hausetret al, 1998). These foreground sources have to be carefullyaetbtt and
often only upper limits are given instead of direct measu@ets. A compilation of
data points is shown in Figure 2.1 in which the two maxima ef$ED are visible.
The EBL density can also be probed with integrated galaxyb®rmoounts as done
with, e.g., theHubble Space Telescopethe optical (Madau & Pozzetti, 2000) and
the Spitzertelescope in the infrared (Faza al., 2004) [the data points are also
shown in Figure 2.1]. Even in these deep surveys that haehedaconvergenée

1Convergence is a necessary condition for integrated galamper counts, meaning that the slope
a of galaxy counts per unit flus,dN/dS « S~ is larger than 2, ensuring that the integral
[ S?(dN/dS)dS is finite (e.g., Dwek & Krennrich, 2013).
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Dube 1979/Leinert 1998
Toller 1983/Leinert 1998
Mattila 1990
Martin et al. 1991 (Shuttle/UVX)
Kashlinsky et al. 1996
Dwek & Arendt 1998 (DIRBE)
Dwek & Arendt UL 1998 (DIRBE)
Hauser et al. 1998 (DIRBE/FIRAS)
Hauser et al. UL 1998 (DIRBE/FIRAS)
Brown et al. 2000 (HST/STIS)
Edelstein et al. 2000 (Shuttle/UVX)
Finkbeiner et al. 2000 (DIRBE)
Gorjian et al. 2000 (DIRBE)
Kashlinsky & Odenwald 2000
Lagache et al. 2000 (DIRBE)
Lagache et al. UL 2000 (DIRBE)
Madau & Pozzetti 2000
Wright & Reese 2000 (DIRBE)
Cambresy et al. 2001 (DIRBE/2MASS)
Bernstein et al. 2002, 2005
Elbaz et al. 2002 (ISO)
Metcalfe et al. 2003 (ISO)
Dole et al. 2004 (SPITZER)

1 Fazio et al. 2004 (SPITZER)
l Matsumoto et al. 2005 (IRTS)

Papovich et al. 2004 (SPITZER)

l Dole et al. 2006 (SPITZER)
Frayer et al. 2006 (SPITZER)
Levenson et al. 2007 (SPITZER)
Thompson et al. 2007 (NICMOS)
Levenson & Wright 2008
Matsuura et al. 2010 (AKARI)
Keenan et al. 2010
Bethermin et al. 2010 (SPITZER)
Bethermin et al. 2010 (LL, SPITZER)
Berta et al. 2010 (Herschel/PEP)
Matsuoka et al. 2011 (Pioneer 10/11)
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Ficure 2.1: Limits on and measurements of the EBL density. Figure anereates
adapted from Mazin & Raue (2007) and Raue & Mazin (2011).

it is not guaranteed that all faint sources are resolvedthEumore, truly difuse
emission that might contribute to the overall EBL densitgroat be accounted for
by this method. Thus, the cumulative brightness of galasiasirm lower limit on
the EBL density.

In the future, thelames Webb Space Telesc{p&/ST, Gardneet al., 2006) with a
planned launch date in 2018 will make important contritngito the understand-
ing of the EBL. It will be equipped with a 6.5m mirror and sateninstruments
primarily sensitive at NIR wavelengths [Near Infrared Caan@IRCam) sensitive
between 0.@m and Sum and Mid-Infrared Instrument (MIRI) between® and
28um]. Moreover, the spectroscopy of solar absorption linesoafiacal light can
improve the subtraction of this foreground emission (Ketagt al., 2008).

Several authors have modeled the EBL in the past witkidint approaches that can
roughly be divided into backward evolution (BE), forwardg&uion (FE), cosmic
chemical evolution (CE), and semi-analytical (SA) modelgy( Dwek & Kren-
nrich, 2013): In BE models, one fits the present luminositysity £,(z = 0) to
observations of galaxies in the local universe and evolissquantity backwards
in time using diferent prescriptions for the fiierent galaxy morphologies. Recent
versions are given in, e.g., Franceschahal. (2008) and Domingueet al. (2011).
Forward evolution models, on the other hand, use numera@d for the stellar
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[f| = = « Franceschini et al. (2008)
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Ficure 2.2: EBL model predictions for the FE model of Kneiske & Dole (2DHnd
the BE model of Franceschimt al. (2008) for diterent redshifts. For
orientation, the data points (far= 0) presented in Figure 2.1 are shown in

gray.

evolution and take the cosmic star formation rate, theastélitial mass function
(the number of stars per unit mass interval collectivelynbarone event; Kroupa
et al, 2011) and a simple stellar population as input parameffenshermore, these
models need to incorporate the absorption and reemissgtarifyht by dust, which
depends on the dust composition and size distribution¢cétering and absorption
properties, its relative spatial distributions, etc. (ekltauser & Dwek, 2001). The
input parameters are tuned to reproduce observations. [igamwf these models are
provided by, e.g., Razzaqe¢ al. (2009); Finkeet al. (2010); and Kneiske & Dole
(2010, based on Kneiska al. 2002) who fitted their model to the lower limits from
galaxy number counts to provide a model of guaranteed atemuof VHE y-rays.
In CE models, chemical evolution equations are used toceglistently describe
average stellar, gaseous, and radiative contents of galaxid their evolution (see
Peiet al, 1999, for an example of a CE model). The most ambitious ambrds
given by SA models that use structure-formation framewtoksredict the forma-
tion and evolution of galaxies and the EBL (e.g., Someneti@al, 2012; Gilmore
et al, 2012; Inoueet al,, 2012, for recent model versions). These models depend
on a large number of parameters and processes and hence regge amount of
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input data. As examples, the predictions for the EBL SED fiedint redshifts in
two model frameworks are shown in Figure 2.2.

2.2 ABSORPTION CORRECTION OF VHE 7y-RAY SPECTRA FOR
GENERIC EBL DENSITIES

The intrinsic energy spectruniNg,/dE of a source at redshiffy at the measured
energyE differs from the observed spectrumigls/dE due to the interaction of
source photons with the photons of the EBL which is most comiynexpressed as

dNobs _ dNint
dE ~ dE

x exp|-7,,(E. %)| . (2.2)
The strength of the attenuation is given by the optical depthefined in Eq. (1.10)
with n.(e, z) the comoving EBL photon number density in the energy iratHey € +

de]. Itis connected with the EBL SED through the relatidn, (e, 2) = (4r/c)vl, (2).
The comoving EBL photon density is described here by spliN#07):

k
vl = > Wis pe), (2.3)
i=0

with the B-Spliness , (de Boor, 1978),

_ 3 1 g <e<eyandg < 6.1,
S.o(€) { 0 otherwise (2.4)
€ — € € — €
Spl€) = S pa(e) + — 2 5,151(6), (2.5)
€+1— 6 €irp+l — €i+p

and the ordeip = 2. This ensures independence of EBL model assumptions and
allows for a great variety of EBL shapes to be tested. Theaishgplines drasti-
cally reduces thefeort to numerically compute the complete threefold integifal
Eq. (1.10) as shown in MRO7. Each spline is defined by a sétlofot points

€ = hc/a;, 1 =0,...,k, and weightsy; from a grid in the 4,vl,)-plane. The grid
is bound by a minimum and a maximum shape, shown in FigureTh8.setup of
grid points is taken from MRO7. The minimum tested shapetisosseeproduce the
lower limits from the galaxy number counts fradBpitzer(Fazioet al., 2004), while
the maximum shape roughly follows the upper limits deriveahf measurements.
To reduce the computational costs, the extreme cases evedidly MRO7 of the
EBL density in the optical and near-infrared (NIR) are natéd. With current
VHE spectra the EBL intensity is only testable up to a wavgllen ~ 100um,
so no additional grid points beyond this wavelength are usedotal, this range
of knots and weights allows for 1,920,00Gtdrent EBL shapes. A much smaller
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vl, (MW m2 sr‘l)
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Ficure 2.3: Left panel: Grid in wavelength versus the energy densityhefEBL used
to construct the EBL shapes for testing (red bullets). Alsons are the
minimum and maximum shape tested (solid lines) and the samthé
grid of MRO7 (blue triangles; dashed lines). Right panelnidium and
maximum EBL shape tested versus EBL limits and measurenigrag
symbols, see Figure 2.1).

spacing of the grid points is not meaningful as small stmgsare smeared out in
the calculation ofr,, and the EBL can be understood as a superposition of black
bodies that are not arbitrarily narrow in wavelength (MRB@ue, 2007).

In most previous studies, no EBL evolution with redshiftssamed when comput-
ing EBL upper limits using VHE/-ray observations. Neglecting the evolution leads
to an overestimation of the optical depth between 1@%(.2) and 35%#% = 0.5)
(Raue & Mazin, 2008) and too rigid upper limits (see Sectids).2Without evolu-
tion, the défective cosmological photon number density is connecteld thid EBL
density of Eq. (2.3) through (Franceschatial,, 2008)

N.(e,2) = %(1 + 2?1, (e = hv). (2.6)

In this study, the evolution is accounted for by a phenomegioal ansatz (e.g.,
Raue & Mazin, 2008), i.e., the scaling {12)? is changed to (¥ 2)?> . For a
value of fo,o, = 1.2 a good agreement is found between this simplified approach
and complete EBL model calculations for redshifts 0.7 (Raue & Mazin, 2008).
Generally, including the redshift evolution of the EBL degses the attenuation
compared to the no-evolution case and, therefore, weakeligfts are expected.

The intrinsicy-ray spectrum for a given EBL shape and measured spectruen is r
constructed by solving Eq. (2.2) folNg;/dE. For a spectrum witim energy bins
the relation reads

dNint _ dNobs ) L
( iE )i _( iE )i X exp[rw(E.,zo)], i=1,...,n, (2.7)
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TaBLE 2.1: Comparison between the optical depth at the logarithmiccbirter of the
highest energy bin and the averaged value over the bin widte.HEGRA
spectrum is used for Mkn 501 (see Table 2.3 for the refer@nces

Minimum EBL shape tested Maximum EBL shape tested
Source
Tyy Ty (Tyy) [ Tyy Tyy (Tyy) (Tyy) [ Tyy
3C279 3.48 3.34 0.96 18.33 17.61 0.96
H1426+428 | 2.54 2.53 0.99 12.61 12.48 0.99
1ES1101-232 2.69 2.68 1.00 13.62 13.57 1.00
Mkn 501 3.27 3.21 0.98 11.86 11.67 0.98

where the energy of the logarithmic bin center is denotedeby A systematic
error is introduced by using,, calculated for the energy at the bin center, since
the attenuation can change dramatically within relativeilye energy bins and the
mean attenuation actually depends on the intrinsic sgesttegoe in the energy bin
(Stecker & Scully, 2009). The introduced error is studieacbgnparingr,, with an
averaged value of the optical depth over the highest energipbthe spectra that
are attenuated most. These spectra are described with Bicaldunction f(E)

(a power or broken power law, cf. Table 2.2) and the averagédal deptir,,) is

found to be
[ 1,,(E,2f(E)dE

<T7y> _ AE
[ f(E)dE
AE

(2.8)

The results are summarized in Table 2.1. The ratigs)/7,, are close to, but
always smaller than, one and the optical depth is overetihiay< 5 %. Thus, the
simplified approach adds marginally to the uncertaintighefupper limits.

The intrinsic spectra will be described by analytical fuoies in order to test the fit
parameters for their physical feasibility. The parametgesdetermined by fitting
a series of functions listed in Table 2.2 A-minimization algorithm (utilizing the
MINUIT package routines fopython, see James, 1998) is employed, starting with
the first function of the table, a simple power law. The fit i$ considered valid if
the corresponding probability (%) < 0.05. In this case the next function with
a larger number of model parametandrom Table 2.2 is evaluated. For a given
energy spectrum afl data points, only functions are examined with m—- 1 >

0. If more than one fit results in an acceptable fit probabiktyF-Test is used
to determine the preferred hypothesis (e.g., Brandt, 199B¢ parameters of the
model with more fit parameters are examined if the test regult 95 % probability
that the description of the data has improved.
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TasLE 2.2: Analytical functions fitted to the deabsorbed spectra.

Description Name FormulaNy.;/dE m
Power law PL PL, 5
Broken power law

with transition region BPL  PLixCPL 4
Bro_ken power law with tran_S|t|on SEBPL  PLy x CPLy, x Pile 6
region and super-exponential pile-up

Double broken power law DBPL  PLy x CPlLip X CPls 6

with transition region

Double broken power law

with super-exponential pile-up SEDBPL PL; x CPLip x CPLygx Pile 8

Notes: The functions (withm free fit parameters) are a power law, a curved power
law and a super-exponential pile-up defined as

f@G-T/ 6
PLi = NoE™, CPL;j = [1+(E/Eibfeak) ] " Pile = exp[(E/Ep”e)ﬂ],
respectively, where all energies are normalized to 1 Te¥. grhoothness parameters
f, are held constant and the break energi@@ak are forced to be positive. Only
positive pile-up, i.eEpje > 0, is tested.

2.3 EXCLUSION CRITERIA FOR THE EBL SHAPES

In the following, arguments to exclude EBL shapes will bespreed. While the
first criteria are based on the expected concavity of thensitr VHE spectra, the
second set of criteria relies on the integral of the intdAAHE emission.

2.3.1 GnNcaviTy

Observations have led to the commonly accepted pictureptdudicles are accel-
erated in jets of AGN thereby producing non-thermal radrmati As discussed in
Chapter 1, the HE and VHE emission of blazars can be explaiitih leptonic
or hadronic emission scenarios which commonly describendasured data satis-
factorily. These models neither predict a spectral hardgm the transition from
HE to VHE nor one within the VHE barid This is also confirmed by observations
of nearby sources. On the contrary, the spectral slope igtitdo become softer

2A spectral hardening is to be understood as a decreasingpawéndex with increasing energy.
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with energy, due to a possible cuffan the spectrum of accelerated particles and
Klein-Nishina dfects in leptonic scenarios.

However, in more specific scenarios a spectral hardeningssiple. If mecha-
nisms like, e.g., second order inverse Compton (IC) s¢agi¢éBloom & Marscher,
1996), internal photon absorption (Aharonitral., 2008f), comptonization of low
frequency radiation by a cold ultrarelativistic wind of peles (Aharoniaret al,
2002b), or multiple HE and VHE-ray emitting regions in the source (Lefaal.,
2011b) contribute significantly to the overall spectrummwax curvature or an ex-
ponential pile-up can indeed occur. Nevertheless, nonkesiet features has been
observed with certainty at VHE in nearby sources where EBlogtiion is negligi-
ble. Furthermore, it would imply serious fine-tuning if sumimponents appeared
in all examined sources in the transition from the optical,the. r,, < 1, to op-
tical thick regime,r,, > 1. This seems unlikely, considering the large number of
EBL shapes tested. Consequently, EBL shapes leading taramsio VHE spec-
trum which is not concave will be excluded. This expectaitsiormulated through
three test criteria:

FermiLAT spectrRUM As AN UpPER LimIT. With the launch of thd=ermi satellite
and the current generation of IACTSs, there is an increasurglrer of broad-band
AGN energy spectra measured in the HE and VHE domains. Theseast model
dependent approach is to test spectra against a convexua\a the transition
from HE to VHE by regarding the spectral index measureédayni, I'yg, as a limit
on the reconstructed intrinsic index at VHE, Hence, the intrinsic VHE spectrum
is regarded as unphysical if the following condition is met,

I'+ ostar+ Osys < I'He — OHE, stat (2-9)

The statistical errotrg is estimated from the fit of an analytical function to the
intrinsic spectrum whereas the systematic uncertaigjyis used that is estimated
by the respective instrumental team. The statistical darey e, s 0f theFermi
LAT spectral index is given by the 2FGL or the correspondinglation, see
Section 2.4. This exclusion criterion will be referred to\d4E-HEIndexcriterion

in the following. Note that this inotthe same criterion as used by @tral.(2011).
They assume that the VHE index shoulddzpialto the index measured with the
Fermi-LAT.

SUPER-EXPONENTIAL PILE-UP. Furthermore, shapes will be excluded that lead to an
intrinsic VHE spectrum that piles up super-exponentiatlpighest energies. This

is the case if it is best described by the analytical functiabbreviated SEBPL or
SEDBPL, see Table 2.2, and the pile-up energy is positivieiwé lo- confidence,

Epile — Opile > 0. (2.10)
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This additional independent exclusion criterion relieelgoon VHE observations
which are subject to attenuation in contrasFeymiLAT observations. It will be
denoted a®ileUp criterion.

VHE concavity. In the case that the intrinsic spectrum is best describealthgr
a BPL or a DBPL, it is considered as convex if the followingdnoalities arenot
fulfilled,

I'>+ o0
I3 + o3 (DBPL), (2.11)

Fl — 01 <
and TIr—o0, <
and the corresponding EBL shape will be rejected. Againufcertainties of the
fitting procedure are used. This criterion will be referrecas VHEConcavity It
is very similar to thePileUp argument formulated above, as intrinsic spectra that
show an exponential rise may often be equally well descrilyed BPL or DBPL.
However, with thevVHEConcavitycriterion, also intrinsic spectra can be excluded
that show only mild convexity.

2.3.2 (ASCADE EMISSION AND ENERGY BUDGET

In this Section, two new approaches are introduced thatasedon the integrated
intrinsic emission. These methods rely on a number of paensiewhose values
are so far not accurately determined by observations or foclwonly upper and
lower limits exist. Therefore, the following two criteriaatie to be regarded as a
theoretically motivated possibility to constrain the EBLthe future. As it will be
shown in Section 2.5, the final upper limits are not improvedhese criteria and
are, thus, independent of the model parameters chosen here.

Cascapg emissioN.  EBL photons that interact with VHE-rays produce"e™ pairs
which can in turn upscatter cosmic microwave background BEidhotons and
initiate an electromagnetic cascade (see Section 1.2Hg.c@iscade emission has
been used to place lower limits on the intergalactic fi@dyr, and its correlation
length, A7, under the assumption of a certain EBL model, since thetiadithat
reaches Earth depends on the deflection ofetlee pairs in the ambient magnetic
field (Neronov & Vovk, 2010; Tavecchiet al, 2010, 2011a; Dermest al., 2011;
Dolag et al, 2011; Tayloret al,, 2011; Huanret al, 2011). Conversely, one can
place upper limits on the EBL density under the assumpticen @értain magnetic
field strength. This novel approach is followed here, wher@aprevious studies,
the cascade emission is neglected when deriving uppesslonithe EBL density.
A higher EBL density leads to a higher production rate'@™ pairs and to a higher
cascade emission that is potentially detectable with-dreni-LAT. If the predicted
cascade emission exceeds the observations oFe¢hmi-LAT, the corresponding
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EBL shape can be excluded. Conservative upper limits areatkif the following
assumptions are made: (i) The HE emission of the source ielgntiue to the
cascade. (ii) The observed VHE spectrum is fitted with a pdawrwith a super-
exponential cut-fi at the highest measured energy of the spectrum. This miasniz
the reprocessed emission and allows to consider only theginseration of the
cascade. (iii) Thee*e™ pairs are isotropized in the intergalactic magnetic field,
minimizing the reprocessed emission. This condition issttputhe demand that the
deflection angle of the particles in the magnetic field4sz. Assumingiy,, - >
Ctic, with tic = |yt the cooling time of the pairs for IC scattering [see Eq. ([1.6)
the deflection angle for electrons with an eneygy® ~ E/2, whereE is the energy
of the primaryy-ray, can be approximated by (Tavecckioal., 2010; Neronov &

Vovk, 2010)
Clic Bieme _4( 04 )_2
~ — =117 1 — 2.12
ey (1(}156)( t2) 1) (2.12)
with z the redshift where the IC scattering occurs &dhe Larmor radius. The

IC scatterede*e™ pairs give rise tg/-rays with energy

€ ~ y*hvews ~ 0.63(E/TeV)’ GeV, (2.13)

with hvcyg = 634ueV the peak energy of the CMB [cf. Eq. (1.7)]. Thdactor
in Eg. (2.12) can be eliminated in favor efand, solving forB,gvr, the pairs are
isotropized if

Bomr * 42x 107 (1+2)*e/GeV) G2 5x 1013 G (2.14)

for e = 100 GeV, the maximum energy measured with fleemiLAT considered
here and the maximum redshift where the IC scattering caurpce., the redshift
of the sourc& This value ofB,gyr is in accordance with all experimental bounds
(see, e.g., Neronov & Semikoz, 2009, especially Figuresdl2an For correlation
lengthsA%,,- > ctc ~ 0.65(E/TeV) (1 + z)*Mpc ~ O(Mpc) the most strin-
gent constraints come from Faraday rotation measuremkrsljerg & Simard-
Normandin, 1976; Blast al,, 1999) which limitB,gur < 10°°G. Furthermore, the
adopted value cannot be excluded neither with possibleredtsens of deflections
of ultra-high energy cosmic rays (Le¢al., 1995) nor with constrained simulations
of magnetic fields in galaxy clusters, both setting an upipgt bn Bgyr < 102G
(Dolaget al, 2005; Donneret al.,, 2009).

For this value oBgvr, the cascade emission is detectable if a steady emission
of the source for the lagit ~ 10° years is assumed (Dermetral., 2011; Tavecchio
et al, 2011a). Other energy loss channels apart from IC scafték@ synchrotron
radiation or plasma instabilities (Broderiekal., 2012; Schlickeisegt al., 2012, see
also the discussion in Section 4.1) are neglected. Howi\ke latter are present,

3Accordingly, thisB-field value ensures isotropy regardless were the IC saaiteccurs.
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the field strength is even higher, or the lifetime of the VHEr®e is shorter, no
significant cascade emission is produced or it has not red€hgh so far.

The flux of the cascade emissidf,(¢), is calculated with Eq. (1.19) following
Tavecchioet al. (2011a) and Dermest al. (2011). For isotropy, the observed cas-
cade emission has to be further modified with the solid afigle n62,,.into which
the intrinsic blazar emission is collimated, whégg..is the semi-aperture of the ir-
radiated cone. For blazars one Wage ~ 1/I'L wherel', is the bulk Lorentz factor
of the plasma of the jet. The observed emission is then foube (Tavecchiet al,,

2011a)
Q

Feobs(€) = 24—° Fe(e), (2.15)
JT

where the factor of 2 accounts for the contribution of both je the isotropic case.
The exclusion criterion for an EBL shape at the [Rvel reads

Fe,obs(fmeag > Fe,meas+ 20 meas (2-16)

whereemeas Femeas 0meas@re the measured energy, flux, and statistical uncertainty
reported in the 2FGL, respectively. In the case that thecsoig not detected,
Fmeas = 0, andomeasrepresents the & upper limit on the flux. As an example,
Figure 2.4 shows the observed and intrinsic VHE spectrura gprecific EBL shape
of the blazar 1ES 0222200 together with th&ermiupper limits (Tavecchiet al.,
2010). The diferent model curves demonstrate the degeneracy betweeiftdre ok
parameters entering the calculation. The EBL shape useal¢alate the intrinsic
VHE spectrum is not excluded in the isotropic case since thisson does not
overproduce th&ermi upper limits. This is contrary to the case Bfyr = 10°%°

G andAt = 3 years where the predicted cascade flux exceedseitmer-LAT upper
limits in the 1-10 GeV range. Only the isotropic case is agsim the follow-
ing, i.e.,Bieur = 5% 10713 G in order to obtain conservative upper limits on the
EBL. This implies that the source has to be steady for a tifetof At > 10° years.
Furthermore, a Lorentz factor 6f = 10 is generically assumed for all sources.

TotaL ENERGY BUDGET. The jets of AGN, the production sites for HE and VHE
emission, are powered by the accretion of matter onto a aeblkack hole (see
Section 1.1). If the radiation escapes isotropically fromklack hole, the balancing
of the gravitational and radiation force leads to the maximpossible luminosity
due to accretion, the Eddington luminosity, (e.g., Dermévi&on, 2009)

M,

LdeJz126x1§8WFe@ssﬂ (2.17)
o

whereM, is the black-hole mass normalized to the mass of thelgdn Assuming

that the total emission of an AGN is not super-Eddington Btidington luminosity

is the maximum power available for the two jeBe < Leqa/2. The jet power
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At=3yr, B=10"% G
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Ficure 2.4: Cascade emission for a certain EBL shape and the VHE speatfum
1ES 0229200 (Aharoniaret al,, 2007g). The observed spectrum (dark
red points and line) is fitted with a power law with an exporadraut-of
and corrected for the EBL absorption (dark blue dashed Iitkpints).
The green lines show the cascade emission resulting fromefitecessed
flux (light gray shaded area) for a constant emission ovelabethree
years and dferent magnetic field strengths. The red dotted line shows
the reprocessed emission if thee™ pairs are isotropized. The latter does
not overproduce thBermiupper limits (black diamonds; Tavecchébal.,
2010) and hence the corresponding EBL shape is not exclutdesllight
and dark gray area together are equal to the integrated fitiistbompared
to the Eddington luminosity.

iIs a sum of several contributions which all can be represease(e.g., Celotti &
Fabian, 1993; Bonnobt al, 2011)P; = 7R 2I'?pcU/, in the case that the radiation
is emitted by an isotropically radiating relativistic phaa blob in the comoving
frame. The blob of radiu® in the comoving frame moves with a bulk Lorentz
factorI'L and corresponding spegd, andU; is the comoving energy density. The
energy density of the produced radiationus, = L'/(47R'?c) = L/(4n5; R %c).
The last equality connects the comoving luminosity with lilmainosity in the lab
frame via the Doppler factor given in Eq. (1.2}, ~ 2I'L /[(1 + 2)(1 + szl“f)] where

g, is the angle between the jet axis and the line of sight. Thecpation holds for
6 < 1 andlL > 1. Assumingy; ~ cone the Doppler factor and the bulk Lorentz
factor are equal up to the redshift factor 1z, 6p ~ I'L. The power produced in
radiation is a robust lower limit for the entire power of tle¢ je.g., Bonnolet al,
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2.4 VHE AGN Sample

2011),
Prad ~ L/(4T7) < Piet < Leqd/2. (2.18)

Solving the inequality for the observed luminosity, onavas at an additional ex-
clusion criterion for EBL shapes, namely, if the intrinsiceegy flux at VHE is
larger than the associated Eddington energy flux,

Emax
dNimdE . I'?Lead(Mo)

1 2-Tint
(1+2 dE 2102

(2.19)

Emin

with Enin andEax the minimum and maximum energy of the intrinsic VHE spec-
trum which is described with a power law with indEx;. The the factor (& 2)? i
accounts for the K-correction anlj is the luminosity distance given by

d = (1+z)cf dz , (2.20)
Ho ) V(1 +2)3 + Q,

whereH, is today’s Hubble constant. For a conservative estinMte; oy, is used
in the calculation ofLeqq. The assumption of a non-super-Eddington luminosity
is, however, somewhat speculative as super-Eddingtorsemibas been observed,
e.g., in the variable source 3C454.3 (Abdbal, 2011a). For this reason, only
steady sources (listed in Table 2.4) will be considered h@ triterion. In Sec-
tion 2.5, it will be shown that the capability of the Eddingtoriterion to exclude
EBL shapes is extremely limited. Here, it is only emphasited it is in principle
possible to constrain the EBL with this argument.

Excluding EBL shapes with cascade emission [Eq. (2.16)] thedtotal energy
budget of the source [Eg. (2.19)], will be referred to asltit¥ HELumi(short for
intrinsic VHE luminosity) criterion.

2.4 VHE AGN S\mpLE

In the past four years, the number of discovered VHE emiti@@ has more than

doubled. In this section, samples of VHE spectra are defimatchre evaluated with
theVHE-HEIndexPileUp, andVHEConcavitycriteria (Section 2.4.1) and with the
IntVHELumicriterion (Section 2.4.2).

2.4.1 SWMPLE TESTED AGAINST CONCAVITY CRITERIA

For this part of the analysis, 22 VHE spectra from 18atent sources are used.
AGN are included in the sample only if their redshift is kngwirere is no confusion
with other sources, and they are listed in the 2FGL. Thisuees the known VHE
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sources 3C 66A and 3C 66B, 1ES 02280, PG 1553113, and S50716714. Two
spectra from the same source are only considered if theyr cbtferent energy
ranges. The radio galaxies Centaurus A and M 87 are not iedlgdthce they are
too close and measured at too low energies to yield any @nttron the EBL
density. Spectra that are a combination of several IACTsatencluded due to
possible systematic uncertainties. If two or more spectaeailable for a variable
source, the VHE spectrum is chosen that is measured sineoltigty withFermk
LAT observations. If thé-ermiLAT spectrum is best described with a logarithmic
parabola, the spectral index determined at the pivot erisrgged for the compar-
ison with the intrinsic VHE spectra. The entire AGN samplésted in Table 2.3
together with the redshift, the energy range, the spectdax at VHE energies, the
index measured with thEermi-LAT, the variability index given in the 2FGL (see
below), and the corresponding references.

AGN are known to be variable sources with time both in ovdiak and spectral
index. This poses a problem for théHE-HEIndexcriterion, as it relies on the
comparison ofFermiLAT and IACT spectra. This issue is addressed by dividing
the overall source sample into three categories:

1. Steady sources in theermiLAT energy bandin this category, all sources
are assembled that show a variability indeX¥1.64 in the 2FGL which cor-
responds to a probability of more than 1% that the sourcestaezly. For
these AGN, simultaneous measurements are not requireddlesgif they
are steady (like 1IES 1101-232, Aharoninal. 2007c) or variable (for in-
stance H 1426428, see below) at VHE. This does nditezt the upper limits
derived here because tRermi-LAT index remains valid as a lower limit in-
dependent of the VHE index. These sources are marked aslysteathe
last column of Table 2.3.

2. Variable sources with simultaneous measuremereme of the variable
sources were observed simultaneously with fleemiLAT and IACTs in
multiwavelength campaigns, namely PKS 2155-304 with HEA$afonian
et al, 2009c), and PKS 12221 with MAGIC (Aleksi¢ et al,, 2011a). In-
stead of the spectral slopes given in the 2FGL,RaemiLAT spectra from
these particular observations are used to test the EBL shdjpese sources
are marked as “simul” in the last column in Table 2.3. Noteyéeer, that
the observation times might not be equal for the individonatnruments since
the sensitivities for thEermi-LAT and IACTs are diferent. Nevertheless, the
arising systematic uncertainty is negligible for the sesrander considera-
tion. In the case of PKS 2155-304, the source was observedjuiescent
state where no fast flux variability is expected. PKS 122P was observed
in a HE flaring state anBermi-LAT observations are not available during the
30 minutes of MAGIC observations. Instead, Algksi al. (2011a) derive the
Fermi spectrum from 2.5 hours of data encompassing these 30 rainlités
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TasLe 2.3: VHE AGN spectra used to derive upper limits on the EBL density

Energy Range

VHE Slope

Fermi Slope

Variability

Source Redshift Experiment Reference, Comments
(TeV) I' + ogtat = Osys I' + o stat Index
Mkn 421 0.031 H.E.S.S. 1.75-23.1 .08 + 0.22 177 + 0.01 1128 1) hardest index
Mkn 501 0.034 MAGIC 0.17-4.43 .29 + 0.12 164 + 0.09 7233 2 hardest index
Mkn 501 0.034 HEGRA 0.56-21.45 .92 + 0.03 + 0.20 164 + 0.09 7233 3 hardest index
1ES 2344514 0.044 MAGIC 0.19-4.00 .25+ 012+ 020 172 + 0.08 2813 4 steady
Mkn 180 0.045 MAGIC 0.18-1.31 .35 + 0.66 174 + 0.08 1967 (5) steady
1ES 1959650 0.048 HEGRA 152-10.94 .83 + 0.14 + 0.08 194 + 0.03 5230 (6) hardest index
1ES 1959650 0.048 MAGIC 0.19-2.40 .28 + 0.18 194 + 0.03 5230 @) hardest index
BL Lacertae 0.069 MAGIC 0.16 -0.70 .8+ 05 211 + 0.04 2670 (8) hardest index
PKS 2005-489 0.071 H.E.S.S. 0.34-4.57 2B+ 0.16 + 0.10 190 + 0.06 6886 9) hardest index
RGBJ0152017 0.080 H.E.S.S. 0.31-2.95 9% + 036+ 0.20 179 + 0.14 2773 (10) steady
PKS 2155-304 0.116 H.E.S.S. 0.25-3.20 .38+ 0.05 + 010 181 + 0.11 2629 (11) simul
RGBJ0O71@591 0.125 VERITAS 0.42-3.65 .89 + 026+ 020 153 + 0.12 2986 (12) steady
H1426+428 0.129 HEGRA 0.78-5.37 132 + 0.12 2216 (13) steady
1ES 0806524 0.138 MAGIC 0.31-0.63 B8+ 10+03 194 + 0.06 3780 (14) steady
H 2356-309 0.165 H.E.S.S. 0.23-1.71 .08+ 015+ 0.10 189 + 0.17 2019 (15) steady
1ES 1218304 0.182 MAGIC 0.09-0.63 .8+ 04 171 + 0.07 4000 (16) steady
1ES 1218304 0.182 VERITAS 0.19-148 .+ 034+ 020 171+ 0.07 4000 a7) steady
1ES1101-232 0.186 H.E.S.S. 0.18-2.92 .88+ 0.17 180 + 0.21 2574 (18) steady
1ES101%496 0.212 MAGIC 0.15-0.59 .8+ 05 172 + 0.04 4805 (29) hardest index
1ES 0414009 0.287 H.E.S.S. 0.17-1.13 .43 + 0.27 + 0.20 198 + 0.16 1556 (20) steady
PKS 122221 0.432 MAGIC 0.08-0.35 .35+ 027 + 0.20 195+ 0.21 13030 (21) simul
3C279 0.536 MAGIC 0.08-0.48 M+ 07 +020 222+ 002 2935 (22) hardest index
1ES 0229200 0.140 H.E.S.S. 0.60-11.45 52 + 0.19 + 0.10 (23)

Notes:If not stated otherwise in the text, tiermislope and variability index are taken from the 2FGL. Seeédkefor details on th&€ommentgolumn.

References:(1) Tluczykont (2011); (2) Abdet al. (2011b); (3) Aharoniaret al. (1999b); (4) Albertet al. (2007c); (5) Albertet al. (2006b); (6) Aharoniaret al. (2003a);
(7) Albertet al. (2006¢€); (8) Alberet al. (2007a); (9) HESS Collaboratiaet al. (2010b); (10) Aharoniaet al. (2008d); (11) Aharoniaet al. (2009c); (12) Acciarket al. (2010b);

(13) Aharonianret al. (2003c); (14) Acciariet al. (2009a); (15) HESS Collaboraticet al. (2010a); (16) Alberet al. (2006a); (17) Acciarkt al. (2009d); (18) Aharoniaet al.
(20064a); (19) Alberet al. (2007b); (20) H.E.S.S. Collaboratiat al. (2012); (21) Alekst et al. (2011a); (22) Albertt al. (2008b); (23) Aharoniaet al. (2007g)
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is justified, since the source remained in this high flux diateeveral days
with little spectral variations (cf. Figure 2 in Tanakaal, 2011). Accord-
ingly, for the observations to be considered simultane@us,lithe maximum
time lag must not exceed 1 hour.

3. Variable sources not simultaneously measur&dr some variable sources,
no simultaneous data are available, namely 1ES 1036, 1ES 1959650,
3C 279, BL Lacertae, the flare spectra of Mkn501 and Mkn 421yelkas
PKS 2005-489 (see Table 2.3 for the references). In thessctwe liter-
ature is examined for dedicatégrmiLAT analyses of the corresponding
sources in order to find the hardest spectral index publishedhe cases
of 1IES101%496, 1ES 1959650, PKS 2005-489 and Mkn 421 the indices
reported in the 2FGL are the hardest published so far. Thaekaindices
for BL Lacertae and Mkn 501 are obtained by Abetaal. (2010d) and Abdo
et al. (2011c), respectively, see Table 2.3 for the correspondahges. The
distant quasar 3C 279 was observed withFeemi-LAT during ay-ray flare
in 2009 and the measured spectral indices vary betwe2and~ 2.5 (com-
pare Figure 1 in Abdet al, 2010a). Thus, the catalog index a2+ 0.02
is appropriate to use. Table 2.3 refers to all the spectreudsed here as
“hardest index” in the last column.

Additional uncertainties are introduced for those VHE atzagon with a maximum
time lag between the measurement and the launch dfeéhmi satellite, which is
the case for Mkn 501 and H 142828. In the case of H142@128, no detection
has been reported after the HEGRA measurement in 2002 at \igigesting that
the source is now in a quiescent state. The 2002 spectrunawistserved spectral
index of' = 1.93+ 0.47 is used in this study. The hard spectrum promises stronger
limits with the VHE-HEIndexcriterion than the 2000 spectrum which has a spectral
slope of' = 279 + 0.33. The source showed a change in flux by a factor of
2.5 between the 1992000 and 2002 observation runs (Aharonédral., 2003c).
Additionally, theFermi-LAT index of 1.32+0.12 is the hardest of the entire sample
and, in summary, it is chosen to include the source in theystsifor Mkn 501, the
spectrum of the major outbreak was measured up to 21 TeV andequently, it is

a promising VHE spectrum to constrain the EBL density at Fi&elengths. As

it turns out, it excludes most shapes due toRfleUp andVHEConcavitycriteria.
These criteria are independent of trermi-LAT index and are notf@ected by the
difference in observation time.

2.4.2 S\MPLE TESTED AGAINST INTRINSIC VHE LuMINOSITY

For the integral criterion presented in Section 2.3.2, splctra from steady sources
are used in order to avoid systematic uncertainties inteduy variability. Only
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2.4 VHE AGN Sample

TaBLE 2.4: Sources used to exclude EBL shapes with th&/HELumi criterion.
The black hole massebl, are taken from Wagner (2008) except for
RGBJ0718591 and 1ES 0414009 for which the masses are given in Woo
et al. (2005) and Urnyet al. (2000), respectively. No measurements of the
central black hole masses of 1ES 1101-232 and RGB JdIb2 are avail-
able, which is why a fiducial value dfl, = 10°M,, is used here.

Black-hole mass

Source 10g,o(M./Mo)
1ES 0229200 916 = 0.11
1ES 0414009 a3
1ES1101-232 9
1ES 1218304 804 + 0.24
H1426+428 865 + 0.13
H2356-309 &8 + 0.23
RGBJ0152017 9
RGBJ071@591 825 + 0.22

spectra are examined whichfier from large attenuations and are measured at en-
ergies beyond several TeV. These spectra are the most pngnaigndidates for
constraints, as they show the highest values of integrateidsic emission. Note
that the spectrum of 1ES 022900 which has been reanalyzed by Tavecdtial.
(2010) can be tested against tivVHELumicondition as upper limits on the HE
flux sufice and no spectral information from tRermiLAT is required for this cri-
terion. Otherwise, the same selection criteria apply agh®sample tested against
concavity (known redshift, etc.). The VHE spectra evaldatgth the IntVHE-
Lumi criterion together with the central black-hole masses ef ¢brresponding
sources are summarized in Table 2.4.

The final upper limits on the EBL density are derived by cating the envelope
shape of albllowed EBL shapes. The influence of theffdirent exclusion criteria
is examined by inspecting the envelope shape due t&Hie-HEIndexargument

alone and successively adding the other criteria and reatmag the resulting up-
per limits. Furthermore, the impact of the VHE spectra resjae for the most

stringent limits in the optical, MIR, and FIR will be invegéited by excluding these
spectra from the sample and inspect the change in the uppiés.li

49



2 Upper limits on the extragalactic background light dgnsitthe Fermiera

H1426 1ES1101 Mkn501 1ES0414 H2356 PKS1222  PKS2155  1ES1218  1ES0229  PKS2005 RGBJO710  3C279 Mkn501 1ES0806  1ES1218
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Ficure 2.5: Histogram of the fraction of excluded shapes of th€edent VHE spec-
tra. The columns show the total fraction of rejected shagesdll as the
fraction excluded by the fferent criteria. The column labeled “Curvature”
combines th&/HEConcavityand PileUp criteria. Spectra that allow more
than 90 % of all shapes are not shown.

2.5 Resurrs

Figure 2.5 shows a histogram of the fractions of rejectegatly each VHE spec-
trum, where the dierent colors represent thefi@irent criteria that lead to the exclu-
sion of an EBL shape. It should be noted that individual skayga@ be rejected by
several criteria at the same time, and, therefore, tiierént columns may add up to
a number larger than indicated by the total column. Resaitsgectra that exclude
no (BL Lacertae, 1ES 234414, and Mkn 180) or less than 10 % of all EBL shapes
(the MAGIC spectrum of 1ES 195%50, the HESS spectrum of RGB JOX8A7
and Mkn 421, as well as the HEGRA spectrum of 1ES k35) are not shown.
Most EBL shapes are excluded by the VHE spectra of H 3428, 1ES 1101-232,
and Mkn501. The influence of H 142828 and Mkn 501 on the limits in the MIR
and FIR and of 3C 279 together with PKS 12224 in the optical will be examined
by excluding these spectra from the sample. These sourceglprstrong con-
straints in the respective wavelength bands. Interestingmoving 1ES 1101-232
from the source sample does not change the upper limits ainaenber of sources
with comparable redshifts exclude the same EBL shapes,1d&§.0414-009, the
VERITAS spectrum of 1ES 124804, H 2356-309, and PKS 2005-489.

Different combinations of exclusion criteria are shown in theefsmof Figure 2.6.
Each panel depicts the limits for the complete spectrum $aanpd, additionally,
the resulting EBL constraints if the spectra discussed @laog omitted. By itself,
the VHE-HEIndexcriterion gives strong upper limits in the optical and MIR on
the EBL density if all spectra are included (top-left paneFaure 2.6). In the
optical, the limits are dominated by the spectra of 3C 279 RK& 1222-21, as
the restrictions are significantly weaker without thesecsagdashed line in Figure
2.6). The spectra are influenced most by changes of the EBgitgien the optical
which is inferred from the maximum energies of 480 GeV and38V for 3C 279
and PKS 122221, respectively. They translate into a maximum cross cestior
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Ficure 2.6: Limits on the EBL density for dierent exclusion criteria and excluding
different sources from the sample. See text for details.

pair production at 0.6m (3C279) and 0.43m (PKS 1222 21), see Eq. (1.16).
The constraints are almost unaltered if only one of thesetspis excluded from the
sample. In the MIR, the spectrum of H 142828 provides firm limits on the EBL
density whereas hardly any EBL shape is rejected due to #wrsion of Mkn 501
with the VHE-HEIndexcriterion.

The combination of th HE-HEIndexandVHEConcavitycriterion strengthens the
upper limits between 2m and 1Qum, as shown in the top-right panel of Figure
2.6. Convex intrinsic spectra are the result of an EBL dgnsith a positive gra-
dient between lower and higher wavelengths, but a comlsinatith theVHE-HE-
Indexcriterion is necessary to exclude shapes with a high EBLitjathsit are rather
constant in wavelength. Therefore, on their own, neitheiPieUp nor theVHE-
Concavitycriterion provide strong upper limits. Combining tRdeUp andVHE-
HEIndexarguments results in very similar limits as the combinatbdthe VHE-
HEIndexand VHEConcavitycriterion. This degeneracy between tRgeUp and
VHEConcavitycriterion is also demonstrated in Figure 2.7. Correctedh witer-
tain EBL shape, the spectrum of Mkn 501 shows a strong expi@hese at highest
energies but is best described with a double broken power Tdve combination
of the PileUp and VHEConcavitytogether with the/HE-HEIndexcriterion yields
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Ficure 2.7: Left panel: Example of an EBL shape excluded by Mkn 501 witdMHRIE-
Concavitycriterion. Right panel: The spectra of Mkn501 and Mkn 421
corrected with this particular EBL shape. The flux of thedait scaled
by 1073 for better visibility. For Mkn501, a double broken power law
provides the best description with a spectral infigx= —35 at highest
energies, the maximum value tested in the fitting procedurthe case of
Mkn 421, a simple power law lices.

robust upper limits in the FIR as displayed in the bottoniriganel of Figure 2.6.

The constraints in the FIR are entirely due to the spectrumilkri 501 although

the spectrum of Mkn 421 is also measured beyond 20 TeV anddmtites have
a comparable redshift. However, the spectrum of Mkn 421ctejfar less shapes
than Mkn501. An exponential rise is observed in intrinsiecp of Mkn 421 for

certain EBL realizations (e.g., the corrected Mkn 421 gpecin the right panel of

Figure 2.7) but a power law is found to be the best descrigifdhe spectrum.

Compared to th& HE-HEIndexcriterion alone, the combination with thetVHE-
Lumicriterion leads to minor improvements in the MIR (bottorft-p@anel of Figure
2.6). Most shapes are rejected by the VHE spectrum of 1IES#ZI®which is also
the sole spectrum which excludes a very limited number gbetavith the Edding-
ton luminosity argument. Remarkably, the spectrum exdudere than 60 % of
all shapes. ThintVHELumicriterion has the most substantidliext in the infrared
part of the EBL density, as the highest energies of the spactf 1ES 0229200
contribute most to the integral flux. The maximum energy messin the spec-
trum is 11.45TeV and, thus, the limits are most sensitivehi@anges in the EBL
around 14: m. The influence of the choice of the bulk Lorentz fadipi(and hence
of the Doppler factobp sincel', ~ 6p is assumed) on the envelope shape can be
seen from Figure 2.8 where the upper limits are showrdfo 5, 10, and 50. As
I'. enters quadratically into the calculation of the flux [cf..E8.15)] and for the
Eddington luminosity [Eq. (2.19)], the choice of the valdd is critical for the
number of rejected EBL shapes. The bulk Lorentz factor iswomin for the sources
tested with théntVHELumicriterion, and for the combination with the other crite-
ria. = 10 is generically chosen. However, even with this oversiitepl choice
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Ficure 2.8: Upper limits solely due to théntVHELumicriterion for diferent values
of the bulk Lorentz factol', and the Doppler factofp of the emitting
region. With increasing Lorentz and Doppler factor, resigely, the limits
become worse [see Eq. (2.15) and (2.19)].

of 'L, theIntVHELumi criterion does not lead to improvements of the upper lim-
its compared to the combination of te1E-HEIndex VHEConcavity andPileUp
criteria. Conversely, this implies that the final upper tenwill not depend on the
specific choice of model parameters and assumptions thet #m@ evaluation of
the IntVHELumi criterion.

The final result for the upper limits is the combination of&iteria and all VHE
spectra, shown in Figure 2.9. It is the envelope shape olleved EBL realiza-
tions (cf. top-left panel of Figure 2.9), which itself is éxded by several VHE
spectra and it should not be regarded as a possible levet &Bh density. For the
maximum energy of all VHE spectra of 23.1 TeV, the cross eadbr pair produc-
tion peaks at a wavelength of the EBL photond.ok 29um. More than half of the
interactions occur in a narrow interval = (1+1/2)A, around the peak wavelength
(e.g., Aharoniaret al,, 2006a) and hence the constraints are not extended beyond
100um. Albeit including the evolution of the EBL with redshifthe¢ derived up-
per limits are below 5 nW nif srt in the range from @m to 31um. A comparison

of the constraints with previous works is shown in the tagtipanel of Figure
2.9. Above 3Qum, the constraints are consistent with those derived in MF®r
wavelengths betweenuin and 4um, the limits are in accordance with the results
of Aharonianet al. (2006a, 2007g) and Albesdt al. (2008b). The strong limits

of Albert et al. (2008b) who utilized the spectrum of 3C 279 are not reproduce
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Ficure 2.9: Upper limits derived in this study. (a) The envelope shajppéu limits)
of all allowed shapes (dark gray lines). Also shown are thée goints
as light gray bullets. (b) The constraints compared to tlkeeugbper limits
of MRO7, Aharoniaret al. (2006a, 2007g), and Albeet al. (2008b). (c)
Upper limits of this study together with three EBL modelsaikeeschini
et al, 2008; Kneiske & Dole, 2010; Dominguez al., 2011). (d) Upper
limits requiring diferent minimum numbers of VHE spectra that exclude
one EBL shape.

These limits are derived by changing certain free paraméeeg., the fraction of
UV emission escaping the galaxies) of the EBL model of Kneiskal. (2002)
while the current approach allows for generic EBL shapes.ERh shape with a
high density at UV optical wavelengths followed by a steep decline towards opt
cal and NIR wavelengths produces a soft intrinsic spectriBC®279 that cannot
be excluded by any criterion. Furthermore, an inspecticgh@tpectrum of 3C 279
shows that the fit will be dominated by the first two energy ldos to the smaller
error bars. Thus, a convex spectrum is often stiflisiently described with a soft
power law. In general, it should be underlined that all of dbeve limits from re-
cent studies use a theoretically motivated bound on thengitrspectral slope of
I' = 1.5. This value is under debate, as a harder index can be pgdsibinstance,
if the underlying population of relativistic electrons iery narrow (Katarzgiski
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Ficure 2.10: Upper limits of this work together with previous limits an@E models
and measurements.

et al,, 2006; Tavecchiet al., 2009; Lefaet al,, 2011a), particles are accelerated at
relativistic shocks (e.g., Stecket al, 2007), in the case of internal photon absorp-
tion (Aharonianet al, 2008f), or in proton-synchrotron models (e.g., Aharonian
2000; Zacharopoulost al,, 2011).

The upper limits derived here are not in conflict with the EBbdul calculations
of Franceschinét al. (2008), Kneiske & Dole (2010), and Dominguetzal. (2011)
and are compatible with the lower limit galaxy number coutgsved fromSpitzer
measurements (see the bottom-left panel of Figure 2.9ndr-R, the models of
Franceschinet al. (2008) and Domingueet al. (2011) lie above the derived upper
limits, but the EBL limit at these wavelengths relies on g@grspectrum (Mkn 501).
Between~ 1um and~ 14um there is a convergence between the upper limits and
model calculations and at 13#h the EBL is constrained below 2.7 nWfrsr?,
just above the EBL models. This leaves not much room for adait components
such as Population Il stars or dark stars and implies theatlitect measurements
of Matsumotoet al. (2005) are foreground dominated as discussed in Dstek.
(2005). The EBL models, the upper limits from previous worksd the results
derived here are shown together in Figure 2.10.

In general, most of the tested EBL shapes are excluded by tim@neone spectrum
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Ficure 2.11: Percentage of all shapes excluded by at least a certain mohfgectra.
The majority of rejected shapes is not allowed by more thandpectra.

(Figure 2.11). While 0.23 % of all EBL shapes are excludedridy one of the spec-
tra in the sample, the majority of shapes (93 %) is rejectefiveyspectra or more.
The bottom-right panel of Figure 2.9 shows the limits fdfelient minimum num-
bers of VHE spectra that rule out an EBL shape. From NIR to MBelengths,
the limits are only slightly worsened if at least two speetra required to exclude
EBL shapes. If at least five spectra are ought to reject an ERpes, the EBL den-
sity remains confined below 40 nW$m=2 in the optical. Thus, from optical to
MIR wavelengths, the limits are robust against individyedcra that possibly have
a peculiar intrinsic shape due to one of the mechanismssBscun Section 2.3.1.
Especially in the MIR and FIR, however, the limits are weada@as they mainly
depend on two spectra, H 142428 and Mkn501. This underlines the need for
more spectra measured beyond several TeV in order to dragiusions about the
EBL density in the MIR and FIR from VHE blazar measurements.

The dfect of the evolution of the EBL density with redshift is stediwith three of
the most constraining spectra, namely 1ES 1101-232, H442®, and Mkn 501,
as well as 3C 279 which is the source with the largest redshi#z = 0.536 in

the sample. The four spectra are tested againsVtie-HEIndex PileUp, and

VHEConcavitycriteria and the envelope shape is determined with and wittie

evolution with redshift discussed in Section 2.2. Not sisipgly, the EBL density
is less confined if the evolution is accounted for, as seem frigure 2.12. The
differences are most pronounced in the optical, where the ic#uaiBC 279 is the
strongest (light blue shaded region in Figure 2.12). Withaling the evolution
into account, the limits are overestimated by up to 40 % auM6At higher wave-
lengths, the dference is not as distinct as in the optical. This outcome asipbs
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Ficure 2.12: Upper limits with and without evolution for four VHE spectréhe indi-
vidual spectra have the strongest influence in the correkpgly shaded
regions.

that the evolution of the EBL density with redshift has a magligible dfect on
upper limits, especially for sources with a large redshift.

Given the similarities in procedures used here and in MR®¥ systematic uncer-
tainties of the limits derived here are similar to the onasved in MRO7 (see also
Raue, 2007; Raue & Meyer, 2012). They have been estimateel 84 b6 in opti-
cal to near infrared and 32 - 55 % in mid to far infrared wavgtés, mainly from
the grid spacing and the uncertainties on the absolute gsesde of ground based
VHE instruments which is taken to be 15 %. However, Meastal. (2010) achieved
a cross-calibration between thermi-LAT and IACTSs using the broadband SED of
the Crab Nebula, reducing the uncertainty of the absoluéeggnscale to~ 5 %.
Additional uncertainties arise from the phenomenologésscription of the EBL
evolution & 4% for a redshifz = 0.2 and< 10% forz = 0.5, Raue & Mazin
2008). Uncertainties in the calculation of the cascade sionsare caused by the
choice of the model parameters which are, howevéigcdit to quantify. The same
applies for the assumption that steady sources do not shpgvr-&ddington lumi-
nosities. Since the most stringent limits do not rely on&wsclusion criteria, these
uncertainties do notfeect the final results of the upper limits.

Additionally, the measurement capabilities of trermiLAT affect theVHE-HE-
Index criterion and hence the upper limits. While the 2FGL doesquaite the
systematic errors on the individual spectral indices \vegia number of sources of
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systematic uncertainties: théective area, the éfuse emission model, and the han-
dling of front and back converted events. The systematar em the &ective area
Is estimated to be between 5% and 10 %, while the errors onithese emission
model mainly &ect sources inside the galactic plane. Furthermore, theoso
emission for front and back converted events is assumed ¢égj&. This leads to
underestimation of the flux below 400 MeV and might producgl@asource spec-
tra. As harder spectra in tHermiLAT band weaken the upper limits, the results
derived here can, again, be regarded as conservative.

Certain mechanisms are discussed in the literature thetteely reduce the at-
tenuation ofy-rays due to pair production. For instance, if cosmic raysipced

in AGN are not deflected strongly in the intergalactic magngeld, they could
interact with the EBL and produce VH=rays that contribute to the VHE spec-
trum (Essey & Kusenko, 2010; Essey al,, 2010, 2011, and Chapter 4). Other
suggestions are the conversion of photons into axion-ki&qes (e.g., de Angelis
et al, 2007; Mirizzi & Montanino, 2009, and Chapter 5) or the viada of Lorentz
invariance (e.g., Jacob & Piran, 2008, and Chapter 4).

Future simultaneous observations of extragalactic béawah theFermiLAT and
IACTs have the potential to further constrain the EBL denskurthermore, the
projected energy threshold for the recently inauguratesetl of the H.E.S.S. ex-
periment is about 30 GeV in mono ard50 GeV in stereo mode (Becherigi al,,
2012b), enabling the simultaneous observation of intrirmsid absorbed blazar
spectra. The same opportunity holds for the planned Cherefi&lescope Array
(CTA; Mazinet al, 2013).

To conclude this chapter, the main results are summarizewbe

e VHE y-ray spectra from a sample of 19 AGN with redshifts in the eafigm
0.031 to 0536 are used in conjunction witfermiLAT spectra to constrain
the EBL density.

e Alarge number of generic EBL realizations is investigatbwing for pos-
sible features, e.g., from Population Il stars.

e The evolution of the EBL density is accounted for, using arnimeenological
prescription (e.g., Raue & Mazin, 2008).

e The EBL density is constrained by testing the absorptiamected spectra
for their physical feasibility, employing, in principleyo criteria: (1) The in-
trinsic spectrum is not convex neither in the transitiomfidE to VHE nor in
the VHE regime alone and (2) the absorbed emission repred@ssan elec-
tromagnetic cascade does not overshootRieni-LAT measurements, and
the total intrinsic VHE emission does not exceed the Eddimdiminosity.
The second criterion depends on the integral flux of thensitispectrum.
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e The resulting upper limits stretch over a broad wavelengtige between
0.4um and 10Qum, limiting the EBL density below 5nWndsrt at MIR
wavelengths.

e The large number of used sources guarantees robust uppesr déven if in-
dividual spectra are removed from the sample. This is, hewawt true
at FIR wavelengths, where solely the spectrum of Mkn 501lt®su strong
constraints.
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3 INDICATIONS FOR AN ANOMALOUS
PROPAGATION OF Y-RAYS FROM HIGH AND
VERY HIGH ENERGY OBSERVATIONS

High and very high energy-rays undergo pair production with the photons of the
extragalactic background light (EBL), leading to an expura suppression of the
source-intrinsic flux with the optical depth), (see Section 1.2 and Nikishov, 1962;
Jelley, 1966; Gould & Schréder, 1966, 1967). The opticatliépa monotonously
increasing function with the observed photon endeigyhe source redshift, and
the EBL photon density [see Eq. (1.10)]. As discussed in tiegipus Chapter,
direct measurements of the EBL ardhdult due to the contamination with fore-
ground emission, and only firm upper and lower limits can hévdd from direct
observations. The upper limits derived in the last Chaptenfthe combination of
very high energy (VHE; energl > 100 GeV)y-ray spectra with observations of
the Large Area Telescope (LAT) on board thermi satellite suggest a low EBL
density, especially in the infrared. Evidence for a low otyacf the Universe for
VHE vy-rays has also been inferred from the observations of diflazars (e.qg.,
Aharonianet al,, 2006a, 2007g; Alberet al, 2008b) or the lack of a correlation
between the redshift and the spectral index (de Angtled., 2011). In principle,
the spectral index should become softer with the redstsftha EBL absorption
increases. The imprint of the EBL on high and VHE spectra hsast@en observed
with the Fermi-LAT (Ackermannet al,, 2012c) and H.E.S.S. (H.E.S.S. Collabora-
tion et al, 2013) in data sets dominated by photons ofdp#cal thin regimgi.e.,
photons for whichr,, < 1).

A low opacity of the Universe foy-rays could also be interpreted in terms of an
indication for apair-production anomalyPPA): The observations of sources in the
optical thick regimg(i.e., the photon energy and source redshift resutt,jn> 1)
offer the unique opportunity to probe mechanisms tliggca the propagation of
VHE y-rays over cosmological distances. In this regime, the grynp-ray flux is
strongly attenuated, decreasing the probability to oleséme source. Thus, even
minute dfects that change the propagationefays and occur with a low probabil-
ity can have a substantial impact on the observed flux. Sketheraries exist which
predict a change in theffective opacity compared to the standard picture outlined
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in Section 1.2. Within the Standard Model of particle phgsicray emission be-
yondr,, > 1 might be the result of electromagnetic cascades. In sumtasios,
either photons or cosmic rays interact with backgroundatazh fields (the EBL
or the cosmic microwave background, CMB) and produce segndrays via the
upscattering of CMB photons or photo-pion production (ePgotheroe & Stanev,
1993; Essey & Kusenko, 2010). Alternatively, certain thembeyond the Standard
Model dtect the photon propagation. These include Lorentz inveeamnolation
(LIV; Coleman & Glashow, 1999; Kifune, 1999), oscillatiomdo hidden sector
bosons (Okun, 1982), or the conversion into pseudo Nambdds@me bosons such
as axion-like particles (Csaki al, 2003; de Angelit al, 2007). These mecha-
nisms will be further discussed in the Chapters 4 and 5. e d#ta is available in
the high optical depth regime due to the exponential supme®f they-ray flux.
Thus, the accordance between data and EBL model predictodsin particular,
the question if the Universe appears more transparent iogheal thick regime,
can only be investigated with large samples of high and veergyy-rays obser-
vations of theFermi-LAT and imaging air Cherenkov telescopes (IACTS).

In principle, any observation of high energy (HE; 100 M&VE < 100 GeV) and
VHE v-rays from environments for which a high optical depth isextpd can be
used to search for a PPA. For example, Tavecehal.(2012) used the MAGIC ob-
servations of the FSRQ PKS 12221 to investigate the possibility of photon-ALP
oscillations facilitating the escape of VHjzrays from the source. The observed
short-term variability (Aleksi et al,, 2011a), suggests a compact emission region.
If this region was located inside the broad line region,th@ay absorption would
be severe (Tavecchit al., 2011b).

In the first part of this Chapter, a non-parametric test vélifdiroduced that relies on
as little model assumptions as possible and uses all al@N&teE y-ray spectra to
search for deviations from EBL model expectations in theditéon from the optical
thin to the optical thick regime. The results for the EBL mioafeKneiske & Dole
(2010, henceforth KD model) have been published in Horns &&M€2012), and
the analysis of further models has been presented in Matyak (2012c). In the
second part of the Chapter, photons detected withFdreni-LAT are associated
with active galactic nuclei (AGN) with known redshift. Urdie assumptions of
certain EBL models, the probability will be assessed to pless@hotons whose
energy and redshift correspond to the optical thick regifereliminary analysis
of the results presented here has been published in (Mgt 2012a).

3.1 SuatisTICAL ANALYSIS OF VHE y-RAY SPECTRA
All published VHE spectra are included in the search for a RIPAvhich the source

redshift is unambiguously determined and larger than 0ie latter constraint
leads to an exclusion of the spectra of the radio galaxies &Y Centaurus A.
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Ficure 3.1: Fazio-Stecker relation for the KD model with energy bins ¢fB/spectra
that have points in the regimsg, > 1. Also shown are isocontours for
constant values of the optical depth = 1,...,5.

These spectra do not extent to high enough energies to igatsthe attenuation
of y-rays. All remaining sources are blazars. The sample of VpHesa is listed
in Table 3.1 together with the energy rangEs,if — Emax), the source redshift, the
number of energy bins in the regimes < 1, 1< 7, < 2, and 2< 7,,, and the
corresponding references. The optical depth is compuded fine KD model with a
T,, Normalization ofx = 1, a conservative choice to investigate an enhanced trans-
parency, since this model results in a minimum attenuatfoHE y-rays at TeV
energies. The sample spans a broad range of energies (¥.08728.1 TeV) and
redshifts (0.031 — 0.536). This can also be seen from FigurevBich shows the
energy bins of VHEy-ray spectra plotted against the source redshift (thisesspr-
tation is sometimes referred to as the Fazio-Stecker oglafiazio & Stecker, 1970;
Kneiskeet al.,, 2004).

In the following, two statistical tests are introduced t@red for an anomalous
propagation.
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Tasre 3.1: Table of VHE spectra used to search for a PPA, sorted by asapretishift

Z

il AGN Instrument z Eumin — Emax 1 Np N
(TeV) T,y < <Tyy<2 2<T,y

1 3C66B MAGIC 0.021 0.11-1.85 4 0 0
2 Markarian 421 HEGRA 0.031 0.82-13.59 9 1 0
3 Markarian 421 HEGRA 0.031 0.82-13.59 9 1 0
4 Markarian 421 MAGIC 0.031 0.13-1.84 7 0 0
5 Markarian 421 MAGIC 0.031 0.45-4.24 6 0 0
6 Markarian 421 WHIPPLE 0.031 0.38-8.23 9 0 0
7 Markarian 421 HEGRA 0.031 0.56-6.86 12 0 0
8 Markarian 421 H.E.S.S. 0.031 1.12-17.44 11 2 0
9 Markarian 421 H.E.S.S. 0.031 1.75-23.10 11 2 1
10 Markarian501 VERITAS 0.034 0.26-3.80 8 0 0
11 Markarian501 VERITAS 0.034 0.27-3.86 8 0 0
12 Markarian501 HEGRA 0.034 0.56-21.45 14 2 1
13 Markarian501 VERITAS 0.034 0.25-3.89 7 0 0
14 Markarian501 MAGIC 0.034 0.17-4.43 7 0 0
15 Markarian501 VERITAS 0.034 0.22-1.90 6 0 0
16 Markarian501 MAGIC 0.034 0.10-1.76 7 0 0
17 Markarian501 VERITAS 0.034 0.25-3.81 7 0 0
18 Markarian501 CAT 0.034 0.40-10.00 8 0 0
19 1ES2344514 MAGIC 0.044 0.19-4.00 7 0 0
20 Markarian 180 MAGIC 0.045 0.18-1.31 4 0 0
21 1ES 1959650 HEGRA 0.048 1.59-10.00 4 1 0
22 1ES 1959650 HEGRA 0.048 1.52-10.94 6 2 0
23 1ES 1959650 MAGIC 0.048 0.19-2.40 6 0 0
24 1ES 1959650 MAGIC 0.048 0.19-1.53 5 0 0
25 PKS0548-322 H.E.S.S. 0.069 0.34-3.52 5 0 0

!References1: Aliu et al. (2009); 2: Aharoniaret al. (2002a); 3: Aharoniaet al. (2002a); 4:
Albert et al. (2007d); 5: Alekst et al. (2010); 6: Krennrichet al. (2002); 7: Aharoniaret al.
(1999a); 8: Horns (2005); 9: Tluczykont (2011); 10: Gall & the VERITAS Collaboration
(2009); 11: Gall & for the VERITAS Collaboration (2009); 12haronianet al. (1999b); 13:
Abdo et al. (2011b); 14: Abdocet al. (2011b); 15: Gall & for the VERITAS Collaboration
(2009); 16: Anderhulet al. (2009b); 17: Abdcet al. (2011b); 18: Djannati-Ataiet al. (1999);
19: Albertet al. (2007c¢); 20: Alberet al. (2006b); 21: Aharoniasgt al.(2003a); 22: Aharonian
et al.(2003a); 23: Tagliaferet al.(2008); 24: Alberet al.(2006€); 25: H. E. S. S. collaboration
. F. Aharoniaret al. (2010); 26: Albertet al. (2007a); 27: HESS Collaboratiat al. (2010b);
28: HESS Collaboratioat al. (2010b); 29: Aharoniaet al. (2008d); 30: Acciaret al.(2008a);
31: Acciariet al. (2009b); 32: Aharoniarmt al. (2005c); 33: Aharoniaret al. (2005d); 34:
Aharonianet al. (2007a); 35: Aharoniaet al. (2009c); 36: Aleksi et al. (2012); 37: Acciari
et al. (2010b); 38: Aharoniamt al. (2003c); 39: Acciariet al. (2009a); 40: Aharoniaet al.
(20079); 41: Aharoniaet al. (2006a); 42: Aharoniaet al. (2006c); 43: HESS Collaboration
et al. (2010a); 44: Aliuet al. (2011); 45: Albertet al. (2006a); 46: Acciaret al. (2009d); 47:
Aharonianet al. (2006a); 48: Aharoniaet al. (2007e); 49: Aliuet al. (2012a); 50: Albert
et al. (2007b); 51: H.E.S.S. Collaboratiat al. (2012); 52: Aliuet al. (2012b); 53: Wagner &
H.E.S.S. Collaboration (2010); 54: Aleksit al. (2011a); 55: Alberet al. (2008b); 56: Alekst
etal.(2011b)
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BL Lacertae
PKS 2005-489
PKS 2005-489
RGB J0152017
W Comae

W Comae

PKS 2155-304
PKS 2155-304
PKS 2155-304
PKS 2155-304
B3224%381
RGB J0718591

H1426+428

1ES 0806524
1ES 0229200
H 2356-309
H 2356-309
H 2356-309

RXJ0648.#1516

1ES 1218304
1ES 1218304
1ES1101-232
1ES0347-121
RBS 0413
1ES 1012496
1ES 0414009
1ES 0414009
PKS 1510-089
PKS 122221
3C279
3C279

MAGIC
H.E.S.S.
H.E.S.S.
H.E.S.S.
VERITAS
VERITAS
H.E.S.S.
H.E.S.S.
H.E.S.S.
H.E.S.S.
MAGIC
VERITAS
HEGRA,CAT,
WHIPPLE
MAGIC
H.E.S.S.
H.E.S.S.
H.E.S.S.
H.E.S.S.
VERITAS
MAGIC
VERITAS
H.E.S.S.
H.E.S.S.
VERITAS
MAGIC
H.E.S.S.
VERITAS
H.E.S.S.
MAGIC
MAGIC
MAGIC

0.069 0.16-0.70
0.071 0.23-2.27
0.071 0.34-4.57

0.080 0.31-2.95

0.102 0.26-1.15

0.102 0.19-1.49
0.116 0.23-2.28
0.116 0.23-3.11
0.116 0.22-4.72
0.116 0.25-3.20

0.119 0.24-0.93

0.125 0.42-3.65

0.129 0.25-10.12

0.138 0.31-0.63

0.140 0.60-11.45
0.165 0.18-0.92
0.165 0.22-0.91
0.165 0.23-1.71

0.179 0.21-0.48

0.182 0.09-0.63

0.182 0.19-1.48
0.186 0.18-2.92
0.188 0.30-3.03

0.190 0.30-0.85

0.212 0.15-0.59

0.287 0.17-1.13

0.287 0.23-0.61
0.361 0.15-0.32

0.432 0.08-0.35

0.536 0.08-0.48

0.536 0.15-0.35
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3.1.1 METHOD AND RESULTS

MerHOD 1: THE KOLMOGOROV SMIRNOV TEST.

The first method compares the behav-

ior of the spectra in the regimes<r,, < 2 and 2< r,,. The choice ofr,, > 2is

a compromise between an expectéee of mechanisms altering the optical depth
and stficient statistics. The test utilizes the Kolmogorov Smirjg®) test that
has the advantage of rendering any prior knowledge of thenlyidg probability
distribution function (pdf) unnecessary (e.g., Presal, 2002). Furthermore, all
data points in these two regimes are taken into accountyriegstine largest data
sample possible. Each observed flux pgiat the energyg;; of thei-th spectrum,
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3 Indications for an anomalous propagatiory aiys

CDif}bS, is corrected for absorption according to

q)ij = exp[Tyy(Eij, Z|)] (Diojbs- (31)
The following assumptions are made: (1) the part of the gimor-corrected spec-
trum in the optical thin regimer(, < 1) is a valid representation of the actual
intrinsic spectrum emitted by the blazar and (2) it can bewdlesd with an analyti-
cal functionf;. The function is either a power law (PL), or in case the fit jadaibty

ph- is less than 5% a logarithmic parabola (LP),

3.2
No(E/1 TeV) (+£In(E/L1TeV)  gtherwise (3-2)

() = {NO(E/l Tev)T pfl > 0.05,
The normalizationNy, the spectral indeX’, and the curvatur@ are determined
from ay?-minimization using the MINUIT package (James, 1998)fpthon, only
requiring the spectral parameters to remain finite duriedith These two functions
are consistent with generic features expected from VHE ®onisnodels of blazars
(see Section 1.1.1). In case the logarithmic parabola fitehis probability of
pr. < 0.05, or the number of data points in the optical thin regimessthan 2 the
spectrum is discarded from the analysis.
The obtained intrinsic spectr§, are extrapolated to the data points that correspond
to an optical depthr,, > 1. The deviation between the extrapolation and the ab-
sorption corrected flux is quantified with the normalizedorat

O — f(E::
- ey @3
ij i\Eij
with R; > 0 if the absorption corrected data point lies above the patedion. The
set of all ratios is split into two distributions, the firste)rSKde, containing all
ratios in the transition from the optical thin to the optitdack regime whereas the
second onegS,.., , consist of the ratios in the optical thick regime. The KS tes
is used to calculate the probabilipks that the two distributions follow the same
underlying pdf. This probability is derived from the maximuistanceD, of the
two cumulative distribution functions (CDFs) 6., <> andSa., , and is equal to
the probability of finding by chance a valueDflarger than the observed vallg.
It is given by (Pressgt al,, 2002)

Prs(D > Do) = Qs (| VN +0.12+ 0.11/ y/Negr| Do) , (3.4)

whereNg; = NiN>/(N; + Ny) with N; being the number of ratios iﬁKTw<2 andN,

2The correction should actually be calculated as an averageaach energy bin. In Chapter 2
it was shown that the fference is negligible and the introduced error is of the oofer few
percent only.
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3.1 Statistical analysis of VHf-ray spectra

being the number of ratios containedSa.. ,, and

Qus(X) = 2 ) (-1 exp(-2j5). (3.5)

=1

The KS test will result in a low probability especially if theo distributions are
shifted against each other. It is less sensitive to detdfdrdnces in the tails of
the two distributions (Presst al, 2002). The statistical uncertainties; (68 %
confidence) ord;; enter only through the fit to the intrinsic spectra. Intaregy,
the statistical uncertainties seem to be overestimateid.clm be seen from the the
fit residuals, given by

O;; - fi(Ejj)

O'ij

Xij = (3.6)
which should follow a (0,1) normal distribution. Using th&derson-Darling test
(basically a modified KS test; Anderson & Darling, 1954), grebability of the
entire y;;-distribution to be compatible with a Gaussian is opiy = 0.02, with
a mean ofy = 0.06 + 0.04 and a standard deviatien, = 0.85+ 0.03. This is
merely compatible with a (0,1) normal distribution (the quatibility is found to be
5.59x 10™* using the KS test), and especially the low valuerpfsuggests that the
statistical uncertainties of the spectra are indeed otierated.

If the KD model describes the entire intrinsic spectrum ecily, one expects that
in both distributionsSi<., > andSa. , the values of the ratiog; scatter randomly
around zero, and as a consequence both CDFs should be clogefts R; ~ 0.
However, as shown in Figure 3.2, the CDFs of the two distigngt are shifted
against each other. All except two data points of the distioim of S, are larger
than zero, indicating that the correction of the chosen ERIdehis too strong at
high optical depths. The maximum distance is found t®pe- 0.68 and the prob-
ability that the two underlying pdfs are equalpgs = 3.39x 10> = 3.89 (one
sided confidence interval). The two distributions show aldéterent behavior con-
cerning the correlation between the ratisand the corresponding optical depths
7,,(z, Eij). TheSi«. <> sample shows a negative correlation (using the Spearman-
rank correlation coicient, see, e.g., Pressal, 2002),cor(Si,,, <2) = —0.15 with

a probability of a non-zero correlation pf,(Si<-,,<2) = 0.11. For the optical thick
sample one finds a positive correlatiorcof(Sa.,,) = 0.39 andpeor(Sa«r,,) = 0.09.
This is also apparent from the scatter plot in Figure 3.3 Wisitows the ratios ver-
sus the optical depth and a smoothed average of the two taarisiolid black line,
obtained from a LOESS average with the degree of the undegrfyolynomials set
to 1, see Cleveland 1979).

MetHop 2: THE t TEsT. The second method relies on théest which gives the
probability that a measured mean of Gaussian distributedid@ompatible with a

67



3 Indications for an anomalous propagatiory aiys
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Ficure 3.2: Cumulative distribution functions of the rati®& corresponding to an op-
tical depth 1< r,, < 2 (black bullets) and X 7, (red squares) for the
EBL model of Kneiske & Dole (2010).

theoretical one. The method of computing this probabilitys similar to the one
presented for the KS test above. Again, the absorption ceadespectra are fitted
with the analytical functions of Eq. (3.2), this time inciod all data points. Hence,
no extrapolation from the optical thin to the optical thidgme is required. The
fit residuals are computed according to Eq. (3.6). As notedealthe fit residuals
should follow a (0,1) normal distribution, and this shoulsiebe true for the subset
of residuals, R, that correspond to thh,., ~data points in the optical thick
regime,r,, > 2. This requires the additional assumption that the distion R
indeed follows a Gaussian with megnand standard deviation, but allows to
incorporate the statistical uncertainties self-consibge For the null hypothesis
x = 0 (i.e., the absorption is correctly described by the KD nhaal¢he optical
thick regime) the variable

X
to = ——— (3.7)
2Y; 0-)(/N2<‘rw

follows at distribution and the probability to find a valtie t; is defined as

Pt > o) = 1 - F(to). (3.8)
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Ficure 3.3: Scatter plot of the ratioR versus the optical depth,,. The marker size
corresponds to the redshift of the source, while the coldirgpindicates
the energy of the corresponding energy bin. The ratios optiets in-
cluded in the fit to determine the intrinsic spectrum, (< 1) show a mild
scatter around zero as expected from theninimization procedure. The
scatter increases for the ratios&lkwd but on average the ratios stays
close to zero, also seen by the smoothed average (solid loi@3k Above
7,y = 2 aclear trend towards higher valuesRoi visible.

The cumulative distribution functioR(t) for v = N, — 1 degrees of freedom of the
Student's distribution is given by (e.g., Brandt, 1999):

7 F(5) frootyw
F(to) = f ftydt = — 2L f(1+ —) dt, (3.9)
4 VAT (3)
with the pdf f(t) and the Gamma function. A mean of the residuals iR>.,
greater than zero indicates an overcorrection of the spedth the tested EBL
model and will result in larger values tfand smaller values qf. Bad fit qualities,
on the other hand, will lead to larger valuesaf and smaller values df. Not
discarding fits with low fit probabilities will thus lead to amservative result fop;,
I.e., in accordance with the null hypothesis, and this walldone here. Similarly, if
the measured uncertainties are overestimated)l, by definition, tend to smaller
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Ficure 3.4: Same as Figure 3.3, this time showing the residyal&rsus the optical
depth. Again, forr,, > 2 the residuals increase towards positive val-
ues. The top panels show the histograms of the residuabdititm for the
different optical depth regimes. The mean values of the disititmi are
shown as stars in the scatter plot.

values and consequently also to valuep@afloser to one.
With this method, one would expect a mearRef,,, compatible with zero if the KD
model describes the data correctly. Similar to the ratidhénoptical thick regime,
the residuals in th&,., sample show an indication for a positive correlation with
the optical depth. It is found to beor(Rx., ) = 0.11 with peor(Ro<,,,) = 0.34.
The distribution has a mean gf = 0.76 + 0.19 and a standard deviatien, =
0.51+0.09. The aforementioned Anderson-Darling test gives a fntibaof pap =
0.27 that the sample follows a Gaussian distribution and thaicgtion of thet
test is justified. It results in a probability gf = 7.23x 10°% = 4.340 for the

x = 0 hypothesis and confirms the indication found with the K$ ttest the KD
model overcorrects the spectra in the optical thick regiRigure 3.4 shows again
a scatter plot of the residuals versus the optical depthsofimgpanel) together with

the histograms of the fierent optical depth regimes (top panel).
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Ficure 3.5: Dependence of the test significances on the spectra in tleabibtick sam-
ple. For each point, the given spectrum is added to the safogulered by
redshift). For only one spectrum, the number of data pog®t sificient
to calculate the test significances.

3.1.2 S'STEMATIC EFFECTS

The methods introduced above of searching for an anomalopsigation of VHE

y-rays, are subject of systematic uncertainties relatesgamhknown intrinsic VHE
spectra, the reconstruction of the observed spectra, atmdtselection bias of ex-
tragalactic VHE emitting sources, and the unknown levehefEBL density. In the
following, the impact of thesefiects on the significance is estimated.

SOURCE RELATED EFFECTS.  The indication is not caused by a single source spectrum
only. This conclusion is non-trivial, as it is beforehandknown if, e.g., the dif-
ferent source types such as BL Lacs or FSRQs, or the sour@ndes introduce

a bias of some sort. However, it is evident from the scattetspFigures 3.4 and
3.6), as diferent AGN at diferent energies and redshifts contribute to the over-
all significance. Sorting the sources by redshift and indgdhem one at a time
each time recalculating theand KS test shows that the significance gradually in-
creases with increasing number of data points in the optitek sample. This is
shown in the cumulative plot in Figure 3.5. For the KS test, dlgnificance stays
constant if 1ES 0228200 and one spectrum of 3C 279 are included, since these
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3 Indications for an anomalous propagatiory aiys

two spectra do not have enough data points in the opticakégime to determine
the intrinsic source spectrum. The significance decreasedsS 0347-121 due to
the extrapolation of the two data points in the optical tregime: All remaining
data points are below the expected flux. All spectra and ttwiresponding fits
can be found in Figure A.1 in Appendix A. The largest contrif comes from
the spectrum of 1ES 1101-232. Excluding this source reguléssignificance of
Pks = 1.32x 1073 = 3.010 andp; = 1.34x 10* = 3.650, respectively. In general,
the sources contribute more or less equally to the overalifstance, and a redshift
or source-class dependeffifeet is not evident.

It is difficult to say how a selection biadtects the PPA significance, and this
question might be answered in the future by an all-sky imsént (e.g., the High-
Altitude Water Cherenkov Observatory, HAWCSinniset al. 2005). At the mo-
ment, no all-sky survey at VHE is available, and instead isé\w=arch criteria are
adopted to select promising AGN targets. For instance,dbeces should be bright
in X-rays or have a high VHE flux according to the extrapolatoed their Fermk
LAT spectrum. Likewise, an observation might be triggergdathigh state of the
object at frequencies below the VHE regime. A non-deteatigght have a number
of reasons such as the observation conditions, the intrgp@ctrum, or the activ-
ity state of the source. Blazars are known to be variablecgsirand the VHE
observations are carried out irfidirent states of the sources’ activity.

In principle, the overcorrection could be caused by annstd spectral hardening.
Such features have been observed in flaring states of seaenales and theoreti-
cally discussed (see, e.g., Abdbal, 2011c; Lefaet al,, 2011b, for the observation
and discussion of a spectral hardening at GeV energiesglariflaring state of
Mkn501). Moreover, in certain emission scenarios, an egpbal pile-up at the
high energy end of the spectra is expected (e.g., Aharatiah, 2002b). Another
possibility might be the upscattering of CMB photons in exked jets if the parti-
cles are still being accelerated to relativistic speedfierkpc scale (Bottcheat al,,
2008). This mechanism would show a redshift dependencee #ire energy density
of the CMB scales with (¥ 2)*. These fects might mimic the indication found
here. Except for the upscattering of CMB photons in jetss¢hgpectral features
should not depend on the redshift of the source and shoulshow up at arbi-
trary values of the optical depth. Otherwise, this wouldegpond to an unnatural
fine-tuning. This is also underlined in Figure 3.6, whichwhdthe ratios and residu-
als, respectively, versus the corresponding energy ofdteebints. No systematic
trend towards higher energies is seen; the distributioearspalmost flat for both
tests.

3The sensitivity of HAWC at low energies will probably not hefficient to probe the optical thin
and thick regime simultaneously. However, HAWC will pofatly be able to detect transient
sources, such as gamma-ray bursts at high redshift. Suenvaltions will give further informa-
tion on the significance of the PPA.
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Ficure 3.6: Scatter plots for the ratios (left panel) and residualshfriganel) against

the corresponding energy. The point size is scaled withetshift of the
corresponding source.

ENerGY REsoLUTION.  The energy resolution of IACTSs is limited due to several rea
sons (Hofmanret al, 1999, and Section 1.3.2): For instance, the localization o
the shower core can be erroneously reconstructed, the slaawelopment fluctu-
ates due to variations of the height of the first interactibthe VHE y-ray with
the atmosphere, and the number of photoelectrons fluctbatssuse of the Pois-
sonian noise in the photon signal at the photocathode. &utthcertainties are
introduced by the incomplete knowledge of the telescopéerydhat influences
Monte-Carlo simulations of air showers. The limited resiolu might lead to a
false reconstruction of events in the highest energy biteats of the second last
one, resulting in an overestimation of the flux in the last (sometimes referred
to as the spilloverféect). Another possibility is the false reconstruction oémets
with energiesE > E o into the highest energy bin. As a result, the flux in the last
significantly detected bin is again overestimated, and ladrignergy bin that might
resultin a low value of the ratio or the residual falls beltw tetection significance.
Especially soft spectra could bé&ected by this ffect. A conservative approach to
eliminate any bias introduced by the spillovéiieet is to remove the last energy bin
of all spectra. This results in a reduced significance@f= 1.02x 102 = 3.090
andp; = 7.28x 1072 = 2.440. However, this &ect should in general be accounted
for in the spectral reconstruction (e.g., forward or uniieickechniques).

A systematic uncertainty, inherent of all IACT experimemgsthe unknown abso-
lute energy calibration. The relative uncertainty of theorestructed energy of the
primaryy-ray that initiated the shower is commonly estimated ta:th& % (e.g.,
Aharonianet al, 2006d). The ffect on the test results is assessed by conservatively
downscaling the energies of all data points by this valuenséquently, the number

of data points in the optical thick regime is reduced to 12doth tests. The sig-
nificances change tpxs = 2.93x 10* = 3440 andp, = 1.18x 10 = 3.680.
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Ficure 3.7: Histogram of the significances of the KS test using the moc¢& dample
of galactic spectra.

Combining the two fects (spillover and unknown absolute energy scale) leaves
only a marginal significances of the PPA pfs = 6.74 x 1023 = 2440 and

pp = 2.33x 102 = 1.990. Especially for thet test, this value is close to the
test result if no absorption correction is applied. Theseesare found to be
Pks = 0.32= 0.470 andp, = 3.37x 102 = 1.830. However, a value o5 % for

the energy uncertainty seems to be more realistic as ddrwada cross calibration
between IACTs and theermi-LAT (Meyer et al., 2010). TheFermi-LAT was cali-
brated on ground using particle beams of accelerators (@dvbal., 2009). Thus,

the corresponding results underestimate the true signdesa

Mock pata sampLE.  AS noted above, the spectral reconstruction and the unknow
absolute energy scale might cause the indication for thenaho An independent
data set of galactic spectra is used to investigate sucheatmatbias (see Appendix

B for a list of the used spectra). A redshift randomly drawanirthe distribution

of redshifts of the sources observed at VHE (see Table 3.a¥sgyned to each
spectrum of a galactic VHE source in order to define the sasdple. <2, Sa,,,
andRo.,,, but the spectra are not corrected for absorption. Thispsated one
thousand times and the resulting test significances arersioWwigure 3.7. The
significance is below 0.01 for 33 % and above 5 2.87 x 10~/ for 0.1 % of all
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realizations for the KS test. For thdest, no realization results in a significance
smaller than 1%. This result shows again thatttest is the more conservative
choice, as discussed above: The galactic spectra are ysuadisured with high
precision and small statistical uncertainties. Thus, thgualities are often poor,
and the residual distributions are broad, giving a smabduesfort [cf. EqQ. (3.7)]
and a smaller overall significance. The KS test, on the othledhshows a tendency
to produce a slight bias in the data set. One has to keep in, inaveever, that the
galactic sources haveftkrent spectral properties and are measured in some cases
up to~ 50 TeV in contrast to the AGN spectra. This causes the highifgignces
with pxs < 107%: In these cases, the ratios#a..  are always below 0, i.e., below
the extrapolation, indicating a spectral cuifis present in the spectra. For thiest,

no extrapolation is necessary, so that this behavior ismoiwntered.

EBL pensity. Since the KD model closely follows the lower limits on the IEB
density in the infrared, it can be expected to predict theektvopacity of the Uni-
verse and consequently the lowest significance of the padtymtion anomaly. Dif-
ferent EBL models that result in higher values of the optigdth not only change
the values of the ratioR; and residualg;;, but also the number of data points that
enter the dierent distributions used for the tests. Foffisiently high EBL den-
sities, many data points will populate the optical thickineg, and as long as the
overall fit stays reasonable the distributi@s. will be shifted closer to zero, and
the PPA significance will decrease. Likewise, the cumudadiistribution functions
Si<r, <2 aNd Sy, Will become more similar, and less points of the spectrum can
be used to determine the intrinsic spectrum.

This behavior is demonstrated with the EBL model of Franceset al. (2008,
henceforth FRV model). It is also allowed for an additior@lsga of the optical
depth. A best-fit value of = 1.27°312 is obtained from H.E.S.S. observations for
the FRV model (H.E.S.S. CoIIaboratlenaI 2013). The scatter plots of Figure 3.8
show that more data points populate the optical thick regifhe significances are
Pks = 1.66x1072 = 2.130 andp, = 4.61x10°2 = 2.600 fora = 1. Fora = 1.3, the
tests givepks = 0.17 = 0.970 andp, = 2.33x 104 = 3.500. However, the same
trend as with the KD model of increasing ratios and residwélsincreasing optical
depth is clearly visible. Especially for the KS test, thetalg sources have not
suficient number of data points to determine the intrinsic spett Since the test
does not sfier from this problem, it is better suited to probe the PPA thiteary
EBL models. The significance is also reduced if the KD modstaed downwards.
Fora = 0.7, the indication becomes margingks = 4.34x 102 = 2.630 and

pr = 4.23%x 102 = 1.730, and only six data points remain in the regime > 2
Below a ~ 0.6, not enough data points are left in the optical thick regifech a
low EBL density is, however, in strong conflict with the lowenits derived from
galaxy number counts.

The significances of the fierent systematic checks are summarized in Table 3.2.
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3 Indications for an anomalous propagatiory aiys

TasLE 3.2; Summary table of test results includingfdrent systematic uncertainties.
For comparison, the test results are also shown in the testflno absorp-
tion correction is applied to the spectra.

Significance Significance

Pxs Pt

-15 % energy scaling 293x10* 3440 |118x10* 3680

Removed last energy pointl.02x 103 3.090 | 6.74x 103 2440

Removed lastenergy poifits 71 143 5445 | 233x 102 1.99¢

and -15 % energy scaling

FRV model 1.66x 102 2130 | 461x10° 2600

FRV model scaled by 1.3 0.17 0970 | 233x 10* 3500

KD model scaled by 0.7 | 434x 1023 2630 | 423x10% 1730

No absorption correction 0.32 0470 | 3.37x10? 1830

Systematic check

The indication for the PPA persists if no drastic systensaie invoked (such as the
downscaling of the EBL by 30 %, or an energy scaling-&6 % and discarding the
highest energy point of each spectrum). As long as the biigtanR,.. follows a
Gaussian, thetest is the more reliable variant to search for the PPA, agdasahot
rely on an extrapolation to the optical thick regime, in@dadhll spectra, and gives
conservative results if the fit probability for a spectrunsnsall.

A definite answer on the indication of the PPA at VHE can onlyneawith further
measurements of the EBL and observations of VHE sourceseiroptical thick
regime. At the moment, the sample of spectra with data powtts 7,, > 1 is
dominated by sources betweed & z < 0.2 with a median redshift of = 0.14 and
amedian energlf = 1.49 TeV. Consequently, the tests are most sensitive to ckange
in the EBL at infrared wavelengths [cf. Eq. (1.16)]. Obs¢itvas of nearby sources
beyond tens of TeV and of distant sources beyond severalrédsaf GeV will
allow to probe the entire wavelength range of the EBL.
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sity is given by the model of Franceschgtial. (2008), which is addition-
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3 Indications for an anomalous propagatiory aiys

3.2 (BSERVATIONS OF HIGH ENERGY Y-RAYS IN THE OPTICAL
THICK REGIME WITH THE FermiLAT

Observations with the LAT on board tikermi satellite enable an independent test
for the indication of an anomalous propagationyafays at HE. In the following,
photons detected with tiHeermi-LAT will be associated with extragalactic sources
of known redshift. Events will be identified that correspdodan optical depth
7,, = 1 (high optical depth photon, HOP). These sources will bth&rranalyzed

in order to calculate the probability of detecting the assed photon under the
assumption of dierent EBL models.

Single photons have already been used by Abdal. (2010b) with one year of
Fermi-LAT data to constrain the opacity of the Universe, and alsinmethod will

be utilized here. Neronoet al. (2012b) associated single photons with energies
above 100 GeV with sources of redshi#t$.5 to search for promising distant VHE
source candidates. None of these studies, however, baseddharch explicitly on
the optical depth regime. They have not tested the consistiEBL predictions
with these photon observations.

3.2.1 S\MPLE OF HIGH OPTICAL DEPTH PHOTONS

For each photon with an enerd@y > 10 GeV and arriving from a galactic latitude
b > 10° observed in the first 4.3 years (until November 29, 201Besii-LAT op-
erations, a counterpart is searched for among AGN. Only AGtdd in the second
Fermi-LAT source catalog (Nolaet al., 2012, henceforth 2FGL) with known red-
shift are considered. Additionally, the AGN identified as Klemitters inFermi
LAT data (Neronowt al, 2011) are included. The redshifts are obtained from the
Roma BZCAT catalo(Massarcet al,, 2009) and Shawt al. (2013), whereas the
source positions are taken from the N4RAC extragalactic database

The events are extracted using ffermi science tools9r27p?. Besides the en-
ergy cut, photons with a zenith anglg < 100 are selected in order to minimize
the contamination fromy-rays originating from the Earth’s albedo. In addition,
only photons of the P7V6_ULTRACLEAN instrumental respofisection (IRF)
are used, ensuring the highest data quality with the leadgtotnation from back-
grounds (see Section 1.3.1). Furthermore, the standasdrecommended by the
LAT team on the time interval are made: Time periods are eatduwhere the Earth
is either in the field of view, the rocking angle of the spaatas larger than 52

or the data quality or LAT configuration is flagged as bad.

“http://www.asdc.asi.it/bzcat/

SNED, http://ned.ipac.caltech.edu/

6http://fermi.gsfc.nasa.gov/ssc/data/analysis/

"The zenith angle is the angle between the surface normakdEé#nth passing through the LAT
and the arrival direction of the photon.
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3.2 Observations of-rays in the optical thick regime with tHeermiLAT

Energy (GeV)

Redshift z

Ficure 3.9: Same as Figure 3.1, this time for the all photons of the P7\U6_U
TRACLEAN event class associated with AGN of known redshiid avith
energies above 10 GeV.

A photon will be associated with an AGN if the angular diseddcbetween the
event and the source position is smaller than the 68 % comdeadius,teg, Of
the photon. This confidence radius igfdrent for each photon event. Here, the
in-flight calibrated PSF is used which is constant for allimation angles (see Sec-
tion 1.3.1 for further details). If a counterpart is founke tsource redshift can be
used together with the photon energy to calculate the dafigath of the event.
All associated photons are shown in Figure 3.9 in the Famok&r representation.
In total, Nuop = 23 photons fromNs = 21 sources are detected with, > 1
(Nvop = Nsic = 9 for 7, > 2) in the KD model and are listed in Table 3.3. The
HOP corresponds to the highest energy photon associateeadh source in all but
one case, the exception being 1ES 08625, for which three photons with, > 1
can be associated. The reconstructed energy of the highesiyephoton origi-
nating from RBS 0405 is above 700 GeV and above 500 GeV for BB3+&75.
Consequently, only a small part of the electromagnetic nasvcontained in the
calorimeter (the vertical radiation length of the calorierels 86 x X;), but the
energy can be reconstructed from the longitudinal showetiler(Atwood et al.,
2009, and Section 1.3.1). However, the templates for tiias#i background emis-
sion only reach up te 511 GeV. Hence, no trustworthy reconstruction of the source
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3 Indications for an anomalous propagatiory aiys

spectra up to these energies is possible, and the sourceschbe excluded from
further analysis. The other photons have energies from A6upeo 444 GeV, and
the source redshifts range fron88 < z < 2.661.

Most HOPs have a relatively larggs > 0.25° since their first interaction occurred
inside the thick layer of th&ermiLAT tracker (back converted events) at the ex-
pense of a reduced angular resolution (see Section 1.3&)thickness of the last
four tungsten foils is six times larger than that of the fir& and thus the high
energetic HOPs convert with a higher probability in thislopart of the tracker.
Most sources are FSRQs that are flagged as variable in the .ZAt&Lvariability
is confirmed in the light curves of the sources which can badan Appendix C.
The detection significances of the associated AGN range ff&@ o to ~ 1040,
as can be seen from Table 3.3. They are roughly equal to theesgqoot of the
T S values, which are the result of a log likelihood ratio testra null hypothesis
(no source) and the alternative hypothesis that a sourceegept at a given po-
sition (see the 2FGL). Interestingly, with these propsrstimost of the associated
sources are not included in the analysis of Ackermetrad. (2012c), who restricted
their sample to BL Lac objects that have been significanttgated above 3 GeV.
Ackermanret al. (2012c) found an imprint of the EBL in 150 BL Lac spectra and
a best-fit value of the EBL normalization af = 1.02 + 0.23 for the FRV model.
Consequently, the analysis presented here is compleméent@ckermannet al.
(2012c) and concentrates on the optical thick regime only.

3.2.2 METHOD FOR SEARCHING THE ANOMALY IN FermrLAT para

The probability of detecting each of the HOPs depends omtini@sic source spec-
trum, the EBL, and the probability that the associated phmot@inates from dtuse
background emission rather than the AGN itself.

The FermiLAT covers a broad energy range and, thus, the intrinsiufeattenu-
ated) spectrum can be extracted fréermiLAT data as well. Once the intrinsic
spectrum is determined, it can be extrapolated to highegerseand absorbed with
a particular EBL model. The only assumption that entersas tifie spectra do not
harden towards higher energies. This is basically the sasugption that was al-
ready made in the previous section. Itis highly unlikelytthapectral hardening or
exponential pile-up occurs for all analyzed sources in fitecal thick regime. The
intrinsic spectrum will be described with a simple power lavensure a conserva-
tive prediction of the number of expected photons in theoaptihick regime and
is determined as follows (similar to Ackermaanal,, 2012c): First, the spectrum
between 1 GeV and 500 GeV is fitted with a power law. The fit isexdended
down to, e.g., 100 MeV. For most sources, the fit would be dateshby the low
energy part of the spectrum, potentially leading to an ineate extrapolation to
high energies. The same time range, IRF, and cuts are appltéd raw data as in
the previous Section. The binned likelihood analysis clvafuded in thepython
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TasLE 3.3: Associated photons that correspond to an optical degthsorted by descending,, .

: Source Enop A b res d AES Apred? pe Adif Aan’ p_h Source Variability

(GeV) vy (degrees) (degrees) (GeV) x1072) (x107%) (x10%) (x1072) sre typé index
1 TXS 0904230 360.09 2.661 11.64 0.27 0.19 30.52 »2@® 0.36 0.36 1.01 221073 FSRQ (LSP) 108.18
2 $5103981 44400 1.260 8.66 0.26 0.18 53.79 210  0.14 0.14 1.07 12102 FSRQ (LSP) 51.87
3 PMN J2135-5006 240.30 2.181 7.53 0.27 0.23 29.99 xB1’ 9.15 9.19 2.13 0.11 FSRQ (Unc.) 35.09
4 RBS 0405 702.21 0.443 3.70 0.26 0.21 107.87 ... . . ... . BL Lac (HSP) 31.62
5 Ton599 300.88 0.725 3.03 0.27 0.26 33.46 0.09 2.00 0.70 1.42 0.95 FSRQ (LSP) 406.93
6 PKS 0048-071 103.66 1.975 2.57 0.29 0.19 6.85 0.11 9.25 7.64 3.93 0.81 FSRQ (LSP) 192.85
7 S4021835 178.65 0.944 2.22 0.28 0.15 21.46 0.91 18.4 4.92 3.37 0.98 SRQHUnc.) 157.51
8 1ES 0502675 546.94 0.340 2.13 0.11 0.00 51.95 ... ... 1.47 0.79 FSRQ (LSP) 41.46
9 348.99 0.340 1.25 0.27 0.02 40.83 e 1.47 1.49 1.00 BL Lac (HSP) 41.46
10 .. 32450 0.340 1.12 0.27 0.14 39.94 26.6 59.4 1.47 1.49 1.00 &L(HSP) 41.46
11 GB6J100%2911 307.54 0.558 2.13 0.27 0.27 38.86 0.12 2.35 0.63 1.54 2 0.9 BL Lac(ISP) 109.00
12  B2223428A 200.17 0.790 1.98 0.28 0.15 5.29 0.12 5.29 3.58 0.43 0.90 SR (LSP) 379.91
13 PKS0426-380 133.79 1.111 1.85 0.12 0.01 12.45 34.9 402 3 09 376 1.00 FSRQ (LSP) 920.63
14  PKS 1329-049 66.58 2.150 1.48 0.30 0.17 3.83 0.32 35.2 31.2 4.23 0.55 FSRQ (LSP) 322.35
15 4C+55.17 141.20 0.899 1.44 0.28 0.06 16.00 27.9 340 5.00 3.64 0 1.0 FSRQ (LSP) 23.41
16 MG4J0008084712 64.42 2.100 1.38 0.13 0.07 5.17 18.1 243 11.8 9.62 0.99 ROFESP) 19.32
17 PKS1144-379 116.58 1.048 1.37 0.12 0.03 10.82 2.43 37.3 34 2. 4.82 0.99 FSRQ (LSP) 52.88
18 TXS1726-102 168.22 0.732 1.35 0.12 0.02 16.23 0.43 7.73 1.44 3.04 0.99 FSRQ (LSP) 91.68
19 B2211433 72.54 1.596 1.21 0.13 0.07 3.18 331 992 22.4 6.49 1.00 FERB)( 68.77
20 4C+51.37 81.69 1.379 1.19 0.13 0.03 7.03 1.08 194 3.70 6.63 0.98 FSRQ (LSP) 432.08
21 MG3J0212522246  240.37 0.459 1.11 0.27 0.12 21.27 0.30 6.38 1.97 1.78 5 0.9 BL Lac (HSP) 27.48
22 PKS0302-623 79.09 1.348 1.10 0.29 0.22 7.01 0.93 27.5 14.3 5.66 0.73 FSRQ (LSP) 70.21
23 B31343451 46.44 2.534 1.00 0.13 0.03 3.61 92.4 746 10.5 10.3 1.00 QHEBP) 392.94

2 Redshift of the source.

b Optical depth of the HOPs in the KD model.

¢ Energy dispersion at 68 % confidence (see Section 3.2.4).

d Predicted number of-rays detected from the source fo= 1 (see Section 3.2.4).

€ Poissonian probability to observe at least the detectecorunf photons from the sourceat 1 (see Section 3.2.4).
f Expected number of background photons determined froma ikt intrinsic spectrum (see Section 3.2.3).

9 Expected number of background photons determined fronophaiunting (see Section 3.2.3).

h Probability that the HOP originates from the source (evatiavithgtsrcprob, see Section 3.2.3).

I Taken from the 2 year Fermi AGN catalog (3gep: //www.asdc.asi.it/fermi2lacand Ackermanmt al, 2011). The abbreviations in brackets refer to the frequefithe synchrotron

peak of the SED, see Section 1.1c. stands for uncertain.
kK Variability index taken from the 2FGL.
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3 Indications for an anomalous propagatiory aiys

tools of theFermi science toolss used for the fit. The radius of the region of in-
terest (ROI) is chosen to be %nd sources with an angular distance up to&e
included in the fitting procedure. The spectral parametetiseo2FGL are used as
initial values, and all parameters up to an angular distanhdé are left free to vary
during the fit. Between a distance ¢f dnd 8, only the normalization is left free,
and all parameters of sources with larger distances areriroAdditionally, two
background models are considered, the isotropifusie emission modeled with
theiso_p76clean template and the galacticftlise emissiongal_2yearp7v6)
whose normalizations are left as free parameters. The besidies are used in a
second step as input parameters to determine the intripsatrsim between 1 GeV
and the energiqg, Which is defined as the energy for which the absorption islequ
to 1%, i.e., expfr,,(z Eoo)] = 0.99. The optical depth to calculaf, is taken
from the KD model. It predicts a relatively high EBL densitlyaptical and ul-
traviolet wavelengths and consequently a high optical ldeptthe energy range
accessible with th&ermi-LAT. Thus, a low value ofEg is obtained. The same
fit parameters are left free as in the determination of thetsype of the entire en-
ergy range. The resulting intrinsic spectra of all sourcesshown in Figure 3.10
together with the best fit values. Even though some soura®s alclear indica-
tion for curvature, e.g. PKS 0426-380, a power law is useounout in order to
maximize the number of expected photons in the optical tregkme.

In a third step, the intrinsic spectrum is extrapolated ghkr energies and attenu-
ated with the EBL absorption exp¢t,,), wherea € [-0.5, 1.5], and the number of
predicted photons abog,op is determined. This results in an upper bound on the
number of photons if no spectral hardening is assumed. Atispé@rdening for a
number of blazars would correspond to less fine-tuning dsVHE case, because

a fixed energy range between 1 — 500 GeV is considered for eaches Since a
little number of photons is expected in the optical thickimeg, the unbinned anal-
ysis chain of thd-ermi science tools used, and all fit parameters are fixed to their
final values of the intrinsic fit. The built-in functiolpredvalue folds the input
spectrum with the instrumental response to determine theat&d number of pho-
tons in the entire ROI from the source betwéger and 500 GeV. The number has
to be scaled by a factapseto account for the fact that in the present analysis the
photons are associated with a source only if the angulaartistis smaller thang.
This number should be close tpse = 0.68 and this value is also adopted Here
The expected number of photons withig is denoted ag; peq. The probability to

8Note that the KD model is designed to predict a minimal EBleratiation for TeVy-rays only.
Accordingly, the EBL density is minimal at infrared wavedghs but not necessarily at optical
wavelengths, see Eq. (1.16) and Figure 2.2.

%Itis also confirmed from simulations using tireobssimtool. Photons from the blazar 4655.17
are simulated using the best-fit parameters of the intrfitsidbove 10 GeV, the source is found
within thergg distance for 66.9 % of all photons.
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Ficure 3.10: Spectral energy distributions of the sources with an aatsgtiphoton in
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observe at least the detected number of photagisis then calculated from

0 /l!( noj—1 Ik
pi = p(n > no;) = kz T expe) =1~ kzc; T epEl).  (3.10)
=Ng;i =

which is the folded Poisson statistic to measure either agphivom the source or
from the background, i.edi = Ajpred + Aipkg, Whered; g is the expected number
of background photons. The contribution from the backgdsunill be addressed
in the next section. The indax= 1,..., N runs over the number of sources in
the sample of Table 3.3. Each source can be regarded as gemnt test of the
same null hypothesis, namely that under the given EBL matttharmalizationy,
the probability of observing the detected photon(s) is equhigher than a certain
confidence level. Following Abdet al. (2010b), the probabilities of thg of the

single sources can thus be combined using Fisher's methsldeff: 1925): The
guantity

X?=-23"Inp (3.11)

follows ay?-distribution with 2N, degrees of freedom from which the probability
of the hypothesis to observe the HOPsp,, can be derived. Similar to the tests in
the VHE domainpPppa Will be calculated for the sources with), > 1 andr,, > 2

to address the significance of the PPA dfatent values of the optical depth.
Instead of the Poissonian probability given in Eq. (3.1®)dAet al. (2010b) sim-
ulated a large number of observations under the assumpitithie antrinsic source
model. The probability was then calculated by comparingribaber of simula-
tions where the photon was detected to the total number aflatrons. Repeating
their analysis with the same sources and data sets as in étbdb (2010b) but
using the Poissonian probability yields similar resultsthe probability to observe
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3.2 Observations of-rays in the optical thick regime with tHeermiLAT

the photon. Thus, it is not necessary to derive the prohkesify, from simulations.

3.2.3 ESTIMATION OF THE BACKGROUND PROBABILITY

The HOPs may be falsely associated with the AGN listed ind8I8. Instead they
could originate from background sources:

e Galactic difuse emission. Cosmic-ray electrons and protons produse thi
emission in the interaction with interstellar gas and phdields in terms
of bremsstrahlungs® decay, and inverse Compton (IC) scattering (see, e.g.,
2FGL). It is incorporated in the fit through the spatial andcpal template
gal_2yearp7v6_v0 provided by thé=ermiLAT science and support center
and is derived from a fit of a model to 24 monthsk&rmiLAT data. The
model is a linear combination of gas column densities andténisity maps
in different Galactocentric rings. The IC emission is modeled thighGAL-
PROP cod¥. Furthermore, several additional spatial components féiisk
emission, such as, e.g., the lobes north and south of thetgatdane (Su
et al, 2010) are included in the template.

¢ Isotropic difuse emission. This background component comprises misiden

tified cosmic rays as well as the extragalagtiay background (EGB). Even
though the usage of the P7V6_ULTRACLEAN IRF guarantees thmeeét
background contamination, it is still possible that residcosmic rays are
present in the data sample, if, e.g., they are not rejectéudognti-coincidence
detector (ACD), which cannot cover the entire area of thekeerand calorime-
ter due to screw holes of edge corners (Atwe@b@l., 2009). Another back-
ground source are events which enter the calorimeter fraintdeand reach
the thick part of the tracker, thus mimicking a signal of-eay which had its
first interaction in this part of the tracker. Especially foclination angles
6 > 65°, the rejection of cosmic rays worsens significantly (Ackanmet al.,
2012a). However, only the photon associated with B2 228A has a high
inclination ofg = 73.6°. The EGB, on the other hand, consistyafys from
unresolved extragalactic and trulyfilise sources (Abdet al, 2010c, and
references therein). Thus, the EGB also contains the tomitsn of unre-
solved point sources. Photons that originate from pointcaswhich are not
part of the 2FGL are not included in the fitting procedure towdethe in-
trinsic spectrum. To overcome this, one could in princiahputeTS maps
of each region of interest (ROI) for each source (similar ttatvhas been
done in the 2FGL) to search for additional hot spots thatcdouicate new
sources. This is, however, a computational intensive tadktas not guaran-
teed that the flux of potential new sources is high enough tebected with

10see the 2FGL andhttp://fermi.gsfc.nasa.gov/ssc/data/access/lat/Model_
details/Pass7_galactic.html
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3 Indications for an anomalous propagatiory aiys

this method. A conservative estimation of the overall baclgd can also be
used instead (see below). The EGB and residual cosmic-rapaoents are
again modeled through a templaiso_p7v6clean, provided by the~ermi
science and support centea spectral template for theftlise all-sky emis-
sion. Most of the HOPs (15 out of 23) have arrived from a gaddatitude
Ib| > 3C°, thus it is important to include this background template.

The number of expected photons from the two background tepfor the entire
region of interest of 15 Ny, can be directly determined from the fit of the extrap-
olated data using, again, the built-in functipredvalue. The resulting number
of predicted background photons has to be scaled from tibaagjle of the region
of interest,Qro), to the solid angle corresponding to thg confidence radius (in
general diferent for each photon, cf. Table 3.8)gg,

r .
Qeg N j(')68 dd sindd N 1 - cosrgg
Qrol o fOrRO' d9sing - COSIroI

Adie = Naie (3.12)

On the other hand, an estimation of the maximum backgrouoblgtility that in-
corporates all potential background sources can be madedigmcounting. Under
the assumption that the backgrounds behave similar for staohgalactic latitude,
one can count all the detected photoNg,, within a band of thicknesk + Ab in
galactic latitude and length-Al in galactic longitude that have an eneigyop+AE.
The 68 % energy uncertain\E is calculated similarly to thesg confidence radius
as an integral over the energy dispersion of the LAT (seei@edt3.1). The ac-
quired photon sample can be further enlarged by mirroriedtimd b + Ab, | + Al)
on the galactic plane. The number of counted photons is da®darom the solid
angle of the two bands to the solid angle of the average cord@eadiusrgg) of
all photons in the sample. The expected number of backgrphatbns is found to

be
Qg NI (1 —cosres))
200 2 4Al sinbsinAb’

The factor of 4 in the denominator stems from the 2 mirrorezeshand an addi-
tional factor of 2 from the integration over galactic laties The number of photons
depends on the thickneab and lengthl of the sheet. As an example, Figure 3.11
shows the dependence &f; on the choice oAl and Ab for the HOP associated
with Ton 599. For largeAb the number of expected background photons increases
as one approaches the Galactic plane. Thus, a small valtie ef5° is chosen in
order not to overestimate this already conservative agprogorAl it is settled on

a value of 90.

The two values for the predicted number of background phetan be found in Ta-
ble 3.3. As expectediy, > Aqis for all sources. It is underlined thay, is certainly
an upper limit on the true number of background photons eskmown sources are
also included besides thefiilise emission and unidentified point sources.

Aail = Naj

(3.13)
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Ficure 3.11: Dependence of the estimation of the expected number of bawkd pho-
tons, A4, on the length of the sheal (top panel) and thicknegsb (bot-
tom panel). The two lines show thefldirent solid angles used for the
normalization. The dashed line is the resultg§ of the HOP is used,
whereas for the solid line the average confidence radiud phatons in
the two sheets is utilized. The photon energy and arrivaction are
those of the event associated with the BL Lac Ton 599.

As an additional test, the probabiliBg. (@ = 0) can be determined that the HOP
is associated with the source in the fitting procedure peréar by the likelihood
maximization routine. IfPs(a = 0) is too small, including theftect of the EBL
will only decrease the valugs defined in Eq. (3.10). The probability is calculated
using theFermi science tool functiomtsrcprob, which takes the final parame-
ters of the intrinsic spectral fit and the event file of the pnstwithE > Epop as
input parameters and calculateg. for all sources in the ROI. The sum over all
Psrc IS equal to one. The results are also listed in Table 3.3. lk@three photons
with the highest,,, the Ps-values are belowt 10 %. So even with no absorption
it is unlikely that these photons originate from the assedaources. Instead, the
photons associated with PMN J2135-5006 and S5 483%nost probably originate
from either the galactic éfuse or isotropic background with probabilities of 84%
and 31 %, respectively, for the former and 5% and 50 %, resedgtfor the latter
component. The photon of TXS 098230 is assigned with 99.7 % probability to
the high synchrotron peaked BL Lac RXJ09088311 at a redshift = 0.223. Be-
tween 1 GeV and 500 GeV, RX J09082311 has a hard spectrum described with a
power law with a photon indek = 1.54+ 0.12 and a flux normalization at 5.1 GeV
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Ficure 3.12: Probabilities as function of EBL normalization of obseryiat least the
number of associated photons from each AGN. The FRV modedad u
to extrapolate the spectra and only those sources are éttlicat which
Psrc > 0.9. The number of background photons is givendgy and the
combined probabilityPppa is shown as a solid dark red line.

of Ng = (2.16 + 0.43) x 10**MeVscm™. The angular distance of the recon-
structed photon arrival direction to RX J090828B11 is 040° compared to A9 for
TXS090#230. The 68 % confidence radius of the HOP .87®. Thus, it seems
likely that the photon indeed originates from this sour¢keathan TXS 090¥230.
The optical depth changes from, = 11.64 tor,, = 0.74 in the KD model, and the
photon has to be discarded from the HOP sample. Without RB&0982311, the
photon is associated with-a81 % probability with TXS 090#230 and with~ 8 %

(~ 8%) with the galactic (isotropic ffuse) background component. For the final
results, it is conservatively required tHag. > 0.9.

3.2.4 R:SULTS AND SYSTEMATIC UNCERTAINTIES

Similar to the VHE case, the result of the combined probgbdre influenced by
a number of systematic uncertainties, and their impact erfittal results will be
discussed in the following. For brevity, the influence of $igstematics is discussed
for the combination of sources from which photons with) > 1 are detected.
The discussion is equally well applicable to the > 2 case, and all results are
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summarized in Table 3.4.

For a fiducial set up, the FRV model is chosen. It predicts al®l density at
optical and ultraviolet wavelengths and accordingly a lterauation for the photon
energies accessible with tkRermi-LAT. Moreover, a scaling of the optical depth of
a = 1.02+ 0.23 is found as a best fit for the EBL imprint &@rmi-LAT spectra in

a large sample of BL Lacs (Ackermaehal, 2012c). As discussed in the previous
section, a probability oPg. > 0.9 is required for a source to be included in the
sample, and the background is estimated wih. The probabilities of observing
the photons withr,, > 1 of the remaining sources are shown in Figure 3.12 as
a function of the EBL normalizatior. As expected, the probabilities decrease
with increasing absorption and are lower for higher optaapth photons. For
a = 0, no probability is smaller than 1%, and they faff by roughly an order of
magnitude tar = 1 with the exception of the sources with photons closgjox 1.
The combined probability derived with Fisher's method skasteep decline from
Pppa(@ = 0) = 1.46 x 1072 t0 Pppa(@ = 1) = 1.37 x 10°8 what corresponds to a
significance 560 (using once again a one-sided confidence interval).

In this fiducial set up, photons with,, > 2 are detected from 3 AGN, namely from
Ton 599, S4021835, and GB6J10042911. Combining the probabilities from
these sources only results in a significanc®gi(e@ = 1;7,, > 2) = 6.57x 10° =
4.360.

SOURCE RELATED EFFECTS. The various sources contributefdrently to the overall
significance, as visible from Figure 3.13. Interestinghge tAGN from which a
photon withr,, > 2 is observed give a strong increase in the significance aimil
to the trend found in the same optical depth domain at VHEgeer Conversely,
the significance of observing the photons does not increasié four sources of
B22114+33, MG4 J008084712, 4C+55.17, and PKS 0426-380.

The source sample is dominated by FSRQs. Observations bfdiae line region
(e.g., Netzer, 2008) and the accretion disk itself (assediaith the presence of
a “blue bump” in the SED; Sun & Malkan, 1989) are taken as iatilbims thaty-
ray emission is due to the upscattering of photons of exteadation fields, e.g.,
from the accretion disk (Dermer & Schlickeiser, 1993) thedut line region (Sikora
et al, 1994) or a dusty torus (Btazejowséi al., 2000). Depending on the location
of the emission site, the external photon fields can lead touace intrinsic at-
tenuation of they-ray flux and consequently a steepening of the the spectya (e.
Tavecchio & Ghisellini, 2008), see also Section 1.1.1. €fae, the probability of
observing the HOPs is also calculated in the case that ailh&it spectra are de-
scribed with logarithmic parabolas (LPs; dashed line irtdperight panel of Figure
3.14). Not surprisingly, the significance increases dcali, and even forr = 0
one findsPppa = 1.24x 1077, This indicates that this choice for the intrinsic spectra
is not justified, as the number of expected photons is cleartierestimated. Fur-
thermore, for most sources, the fits do not improve signifigahan LP is used
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Ficure 3.13: Cumulative probabilities. As in Figure 3.5, the combinedhability is
computed, in each step including one more spectrum (sortasidending
order of the optical depth of the associated photon). Btazearked with
a star correspond to sources with a HOP with > 2.

to describe the intrinsic spectrum. The improvement candaatfied in terms of
TSit = —2(logLp. — log L p), whereL;, j = PL, LP, are the maximum likelihood
values for the power-law and logarithmic-parabola fit, ezgely. Positive values
of TSs; indicate an improvement of the fit with an LP, and the highedtes are
found for PKS 0426-3801(S;; = 8.81) and B3 1343451 (T S5 = 8.43) what cor-
responds to an improvement by almost using Wilks’ theorem stating that the
T S;i; values follow ay2-distribution Wilks, 1938) . The indication for curvaturarc
also be seen from the negative residuals of the highesteiarg in Figure 3.10.
Using logarithmic parabolas for these two sources onlyeases the significance
of the PPA toPppa(a = 1) = 5.12x 1071 = 6.12¢ (dash-dotted line in the top left
panel of Figure 3.14, whereas the solid line shows the coaddfar, if the time
averaged intrinsic spectra are all described with powes)aw

AGN are also known to be variable sources in time both in fluk iarspectral in-
dex. The light curves in the energy range 1 Ge¥gy (Figure C.1 in Appendix
C) show that most associated sources undergo periods ofiegdhactivity. If the
HOP is emitted during such times, the number of predictedgisomight be un-
derestimated by the extrapolation of the time averagethsitr spectrum. Using
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the normalizatiorN™" derived from the time bin of the light curve of the intrinsic
spectrum in that the HOP arrived instead of the time averagedNy, results in
the significances shown as a dotted curve in the top rightlpdiégure 3.14. One
finds Pppala = 1) = 5.81x 1077 = 4.860, and in contrast to the time averaged
intrinsic spectrum the significance of the PPA is smallevalao> 0.2. The reason
can be read f6 from the light curves in Figure C.1 that also show the arriirak

of the HOP (dashed vertical line) and the value\gfwith its uncertainties (gray
shaded region). Photons associated with sources thatlmaetsignificantly to the
combined probability (e.g., Ton 599) have often arrivedmyflaring periods and,
consequentIyNéHOP > Np. Thus, using\lg'OP to extrapolate the spectrum leads to
a larger number of predicted photons ab&gp and a better accordance between
the observations and EBL models.

In times of high flux states, the spectral index can also chaAgpectral hardening
has been observed, e.g., in Mkn 501 above 10 GeV (Adida., 2011c; Neronov
et al, 2012a). This has been investigated for Ton 599 for a 20 dag tiin centered
around the arrival time of the HOP. Repeating the binnedyaisaktchain for this
case results in a power law between 1 GeV Epgiwith a spectral index ofy,., =
2.29+0.25 and a normalization of (85+ 0.65)x 101 MeV~'slcm2 at 546 MeV.
The normalization is about two times larger than it is fortihee averaged spectrum
but the spectral indices agree with each other within their uhcertainties, the
average value being = 2.54 + 0.06 (cf. Figure 3.10). Although not significant,
a spectral hardening up te 0.25 could be hidden in the uncertainties. The EBL
absorption limits the number of photons observed aldéysge and no meaningful
spectrum can be derived above this energy in this time bin. abBout half the
spectra, only upper limits are available for the time binsesponding to the arrival
time of the HOP, and it has to be assumed that the time aversgsttrum is a
good representative of the overall spectrum. However, ghinstill be possible
that the spectra show an intrinsic hardening towards highergies. The top-right
panel of Figure 3.14 shows thdéfect on the overall probability if all power-law
spectra become harder by one or twg which denotes the 68 % confidence interval
derived from the power-law fit. Physically, this correspsrd a harder intrinsic
spectrum. If all sources ardfacted by such a spectral change, the probability is
increased by 2 or even~ 4 orders of magnitude for a spectral indexef o and

I' — 207, respectively.

ENerGy REsoLuTION. The energy resolution of the LAT is of the ord&E/E ~
10 % for the HOPs (cf. Table 3.3). It depends on the energy hednclination
angle of the incident photon (see Section 1.3.1). The uaicgyt introduced by
the finite energy resolution is estimated by recalculathmg gredicted number of
photonsdyeq aboveEnop — KAE, for k = 1,2. The bottom-left panel of Figure
3.14 shows thefeect of the energy resolution. If it is applied to all photons i
the sample, the significance decreases by about one ordeagifitmde for each
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Ficure 3.14: Influence of diferent systematic fiects on the combined probability,
Pppa. See text for details.

additional decrease & 0p by AE. Interestingly, the £ect is weakened due to the
additional photon from 1ES 058875. Its energy is below 500 GeV if shifted by
KAE, and it can be included in the hypothesis test.

SOURCE PROBABILITY AND EXPECTED NUMBER OF BACKGROUND PHOTONS.  If the condition
Psrc > 0.9 is relaxed, more sources contribute to the combined pitityaBppa. Do-
ing so increases the significance of the PPA, as shown in ttierbaight panel of
Figure 3.14. If the conservative photon counting methodsisduto calculate the
expected number of background photong, the significance at = 1 decreases
by ~ 3 orders of magnitude. Of all systematic uncertainties,béekground es-
timation has thus the strongest impact®Bspa. As stressed beforely, certainly
overpredicts the true number of background photons. Withooess to the raw
data of theFermiLAT, it is, however, dificult to predict the residual cosmic-ray
contamination in the P7V6_ULTRACLEAN event class. A detkcbstudy, espe-
cially at energiess 13 GeV in connection with the extragalacjigay background
is currently conducted by tHeermi-LAT collaboration that could be used in a future
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analysis for a better discrimination betweenay and background evetts

EBL uncertaiNTY. The choice of a dierent EBL model has a negligible impact
on the combined probabilitPrpp. Apart from the FRV model, the models of
Dominguezet al. (2011), Inoueet al. (2012), and the KD model are tested. The
results are comparable, although the EBL photon densitytaedolution with red-
shift are diferent in each model. The highest value of the significanceusd for
the KD model, since the predicted EBL density is large ataultlet and optical
wavelengths even at high redshifts (see Figure 2.2 in Chapteith Pppa(a = 1) =
5.06 x 10° = 5.730. The lowest significancePppa = 1.34 x 10 = 5560, is
found for the model of Inouet al. (2012), marginally lower than the result for the
FRV model. This might come as a surprise since the EBL denmsitlyis model is
larger atz = 0 below~ 0.7 um than the prediction of the FRV model. However, the
optical depths of Ton599 and GB6 J18®B11 are smaller by a factor ef 3/4,
giving rise to the slightly reduced significance.

TRIAL FACTORS AND FAILED DETECTIONS. Each AGN with an associated photon poses
an independent hypothesis test of the same null hypotledetéct the HOP above
T,, > 1orr,, > 2. Alow value ofp; [see Eq. (3.10)] of a single source might be
caused by a statistical fluctuation and this can be accodatday including trial
factors. In this case, the number of trials is equal to thelmemof tested sources.
In the fiducial set up discussed at the beginning of this gecthe number of trials
IS Nyiw = 13 andNyia = 3, for sources withr,, > 1 andr,, > 2, respectively.
The singlep; are corrected for trials according P posttrial = 1 — (1 — pi)™e lead-
ing to a combined probability oPppa post-tiai, USiNg again Fisher's method. The
significances are reduced Bppa posttial(@ = 1;7,, > 1) = 0.06 = 1.570 and
Pppa posttrial(@ = 1;7,, > 2) = 1.17x 10* = 3.680, respectively. Clearly, no
indication for the PPA is present in the data for sources wjth> 1. However,
the indication persists for AGN with,,, > 2, similar to the VHE case with at a
comparable confidence level. This finding is in agreemertt thié expectations of
non-standard mechanisms of the photon propagation: Tregd@enhancement of
the flux in these scenarios should be more pronounced foehastical depths and
should leave the predictions of the EBL models foy ~ 1 basically unchanged
(see Chapters 4 and 5 for detailed discussions).

In contrast to IACTs, with thé&ermiLAT and its large field of view of 2.4 sr the
entire sky is surveyed about every three hours. Thus, it $sipte to account for
failed detections, or equivalently to calculate the prolitstio detect the observed
number photons in the,, > 1,2 regime from all AGN with known redshift in the
2FGL. For a maximum photon energy of 500 GeV, the minimalesponding red-

HSee the talk by M. Ackermann at the 20A&rmi Symposiumhttp: //fermi.gsfc.nasa.gov/
science/mtgs/symposia/2012/program/thu/MAckermann.pdf

95



3 Indications for an anomalous propagatiory aiys

TasLE 3.4: Significance values dPppa including diferent systematic uncertain-
ties. The values are given for sources with associated photdth
7,, > 1 andr,, > 2, together with the corresponding confidence lev-
els in terms ofr (one-sided confidence interval). See text for further

details.
Cross check | Pepale = 1,7y, > 1) | Pppala = 157, > 2)
fiduciaP [ 1.37x10° 5560 [ 657x10° 4.360
Intrinsic spectrum and spectral hardening
LP all spectra 530x 10 7430 | 9.69x 10" 4.760
LP for TSy > 8 512x101° 6120
Intrinsic indexI” — o 921x107 4770 |185x10° 4160
Intrinsic indexI’ — 20 | 6.21x10° 3.840 | 6.08x10° 3.840
NormalizationNé”OP 581x 107 4860 |515x10°% 4410
Energy resolution

Enor — AE 7.32x10°% 5260 | 3.34x10° 3.990
Enor — 2AE 496x10°% 4420 |191x10*% 3550

Source probability B(a = 0) and number of background photons
Psre = 0.95 3.84x 107 4940 |262x10*% 3470
Psic = 0.5 750x 1012 6.750 | 6.96x 107 4.830
Psrc = 0.05 8.65x 101® 7.060 | 7.69x 108 5240
Aall 554x10° 3870 |813x10* 3150

EBL models
KD model 506x 10° 5730 | 7.75x10°% 4320
Dominguezt al.(2011)| 1.27x 108 5570 | 590x 10°® 4.38c0
Inoueet al. (2012) 1.34x 108 5560 | 241x10° 4.060
Trial factors

Including trials | 006 1570 | L17x10* 3.68¢

2 In the fiducial set up, the EBL is given by FRV model, all spacire
described by the time-averaged power laRg, = 0.9, andAgig is used
for the number of background photons.

shift in the KD model is found to be > 0.2 (z > 0.35) forr,, > 1 (7,, > 2),
resulting inNgc ~ 453 (~ 387) sources listed in the 2FGL. Note that this is a dif-
ferent hypothesis than before: Instead of calculating tlobatility separately for
every source with an associated HOP, now the total numbebsérged HOPs is
compared to the total number of predicted photons from alNAG the regimes
7,, = 1,2. This number can be calculated similarlyt{g.q. for every source the in-
trinsic spectrum is determined through a power-law or LP fitolv is subsequently
extrapolated to higher energies. The predicted number ofopis for the source
in question above the ener@y, -1, defined byr,, (E. -12,2) = 1,2, is obtained
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Ficure 3.15: Left panel: Histogram of the expected number of photons fatilPAGN

in the 2FGL with known redshift abovlé,w>1. A power law is assumed
for the intrinsic spectrum for all sources. Right panel: tBistion of
randomly drawn background photon numbe’cg}f. The same sources
are used as in the left panel.

with the functionNpredvalue and scaled bgese. Similarly, the background com-
ponents are determined. If no photon is observed in theahick regime, thegg
value is calculated from the PSF for the enegy -1 ». The conversion type (front
or back) is randomly chosen with a probability of 54.76 % fdir@t converted
photon. This probability corresponds to the ratio of froomweerted events to all de-
tected events above 10 GeV in the first 4.3 yeasesmi-LAT operation. With this
reg Value, the number of background photongy, is calculated from Eq. (3.12).
Only those sources are considered for which the intrinsgivfgs aT S value larger
than 25. This assures a firm source detection and deteromnaitthe intrinsic best-
fit parameters. The expected numbers are shown in the hastdgrthe left panel of
Figure 3.15 for an EBL normalizatian= 1 and the FRV model (the following dis-
cussion will focus on this choice of the EBL). In totag’fed = 24.60 (3.28) photons
are expected for,, > 1 (r,, > 2). As before, the intrinsic spectra are also fitted
with LPs. The corresponding results if the fit improves atTi8; > 8 confidence
level or if all spectra are described with a logarithmic jpala are summarized in
Table 3.5.

The total number of expected background photons is cakxuifabm a toy Monte-
Carlo simulation. From the set of all AGN that are detectethWiS > 25, single
sources are drawn without replacement and for each sothreenumber of detected
photonsN; is randomly determined from the Poissonian probability srfasction
f(k, 4i) = expEAi)AX/K!, where, as beforeli = A preq + Aigir- If Ni > 0, a HOP is
“detected” and the corresponding number of expected baadkgrphotonsy; g, IS
added to the total number of background photaff§, Sources are drawn from the
sample until the sum over aN; exceedsNyop. This is repeateds, times to form
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3 Indications for an anomalous propagatiory aiys

TasLE 3.5 Results for the total number of expected photons above thrjies corre-
sponding tar,, > 1,2 for all AGN with known redshift in the 2FGL that are
firmly detected withT S > 25 between 1 GeV anHgg. The results utilize
the FRV model withe = 1. The intrinsic spectra are modeled with either
power laws (PL) or logarithmic parabolas (LP).

Ty 21 Ty 2 2
/ltported A Pa /ltported A Pai
PL all 24.60 042 0.87 3.28 0.04 0.12
LPTS; >8|21.75 0.71 0.63 2.87 0.03 0.07
LP all 8.86 0.22 117x10°%|098 0.01 %H9x103

a distribution ofAt.. This method is analogous to repeating the observatiori of al
AGN Ngim times. The distribution oftl\. for Nsim = 5000,7,, > 1, and intrinsic
power-law spectra is shown in the right panel of Figure 3.11% skewed with a
tail extending to larger valuet.. Thus, the median’?.. of the distribution is used

to estimate the number of expected background photons. ralm valuest;
are found to be larger than the sum over the background valughe AGN with
associated HOPs. This is expected since now all backgroainéy are determined
for energies for whichr,, = 1, whereas for the 21 sources, thg values are all
larger than one. Consequently, for the 21 AGN the energigs are also higher,
resulting in lower numbers of expected background photéies.the diferentr,,
ranges and choices of intrinsic specttg.. is also listed in Table 3.5.

Finally, the probabilityP,, of observing at leastl,,op photons from all AGN above

the required redshift an@S > 25 is again evaluated with the Poissonian probabil-
ity:

Nnop-1
1

~ k ~
Pai(N > Nuop) = 1 - ] (A9 + Ape) exp|- (At + Age)]. (3.14)
k=0

The detected number of photonsNgep = 20 forr,, > 1 and 6 forr,, > 2
(the highest energy photon of 1ES 05@&75 is excluded along with the photon of
RBS 0405 and TXS 0967230). The results are summarized in Table 3.5.

Only if all spectra are described with a logarithmic parabah indication for the
PPA s found at a ®4¢ (r,, > 1) and 3260 (r,, > 2) confidence level. Otherwise,
the number of expected photons exceeds the number of obgametons forr,, >

1. This is in contrast with the previous result of the soufoesvhich a HOP was
detected (cf. Table 3.2). The expected number of photormisrthted by a handful
of bright sources for which; yeqis of the order 1 (forr,, > 1) and most of which
are best described with a power law as the intrinsic spectrlinese sources are
all FSRQs or BL Lacs with a synchrotron peak at low frequen¢ieSP), except
one source, where the synchrotron part of the SED peakseatriatliate values. In
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general~ 66 % (~ 75 %) of the sources in the tested > 1 (r,, > 2) samples are
FSRQs. As discussed above, for this source class high enetgyts are expected
in certain emission models to which the present method ensisive. Even though
a logarithmic parabola might not be preferred in the intdesergy range, a cutfo
is possible at higher energies.

Another possibility to explain the lack of observed photeosmpared to the pre-
dicted number might be the limited signal to noise ratio asthenergies. In this
respect, a definitive answer on the PPA freermi-LAT data might be given in the
future with the updated instrumental response functiéass 7 Reprocesseahd
Pass 8 The former includes reprocessed data with updated cabbraonstants
of the various subsystems of the LAT, e.g., for the light ¢ief the Csl crystals
of the calorimeter (Bregeost al, 2013). Preliminary results indicate a signif-
icant improvement of the PSF above 1 GeV and possible enexgpnstructions
and background templates up to 1 TeV (Bregeoml, 2013). An enhanced PSF
will also improve the source association and the impact efitiickground which
is scaled to theeg radius of the photon event [see Egs. (3.12) and (3.13)]. The
energy reconstruction to very high energies promises ttextien of photons with
even higher values af,,. In these respects, thRass 8RF will have an even larger
impact. It comprises completely new algorithms to recartdtthe particle tracks
in the tracker and the deposited energy in the calorimetendgdd et al., 2013).
Furthermore, events that are only detected in the tracker thre calorimeter but
not in both can be analyzed. At the moment these events argletaly discarded.
A further advantage will be the fact that tiass 8PSF will be determined sep-
arately for each event. Consequently, a 15% — 20 % increaeihigh energy
acceptance, a better overall PSF, and event reconstrugiitm3 TeV are expected
(Atwood et al.,, 2013).

Furthermore, albeit recentferts (e.g., Shavet al, 2013), for about 50 % of the
AGN included in the 2FGL, the redshift remains unknown. Btth VHE and
Fermi-LAT analyses will benefit from future redshift determirats, as the number
of sources included in the test for a PPA can be increased.

To conclude this chapter, the results for the indication &fPA are summarized
below.

e Considering all VHE spectra from AGN with known redshift, ialication
for an overcorrection of EBL absorption is found in the titioa from the
optical thin ¢,, < 1) to the optical thick regimer(, > 2) at a~ 40 con-
fidence level. This behavior is coined pair-production aalynfPPA). Two
independent statistical tests give agreeing results. Thietéist is based on
the Kolmogorov-Smirnov test and does not require any assamabout the
underlying distribution function. The second method ubesfit residuals of
the spectra and relies on the assumption that the resichiaw/fa (0,1) nor-
mal distribution. In the second method, no extrapolatiothefspectrum to
high optical depth values is necessary.
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e Several systematic uncertainties are discussed to explgimdication, in-
cluding a potential bias from flerent source classes, the energy resolution
and absolute energy calibration of IACTs, andfelient EBL models. The
test methods are checked with an independent mock datasafm@lalactic
VHE sources. As long as no drastic systematftieets are invoked (e.g., scal-
ing all data points by-15 % in energy and discarding the highest energy data
point), the indication for a PPA persist (cf. Table 3.2).

e FermiLAT observations are used as a complementary test of thealyo
Photons above 10 GeV and galactic latitudes10° detected with th&ermi
LAT in the first 4.3 years of operation are associated with A@ikh known
redshift which are listed in the 2FGL. In case of a success$sbciation,
the optical depth for this photon is calculated, and the aVgrobability
is determined to detect the number of observed photons myjth> 1 and
7,, > 2. Thisis achieved by an extrapolation of the source intriggectra to
higher energies under the assumption of a certain EBL model.

e In total, 23 photons are found that correspondrip > 1. Two of these
photons have an energy larger than the maximum energiesc&fjtzaind
templates required for further analysis. Moreover, onetqgiads probably
falsely associated with a distant FSRQ, as it is most likeljted by a closer
BL Lac. The combined probability for observing the remagn@® photons is
0.06 after excluding photons that are not associated wWitABN with more
than 90 % confidence and after correcting for trials. For tived photons
abover,, > 2, the combined probability is found to bel¥ x 10 for a
power-law fit of the intrinsic spectrum and the EBL model o&iezeschini
et al.(2008).

e Similarly to the VHE case, several systematic uncertasntiat reduce the
significance of the indication are discussed. The deternmimaf the ex-
pected number of background photons has the stronffest.eA very con-
servative choice, in which the number is estimated frometiedted photons,
results in a reduced significance al2 x 102 = 2.28¢ for 7, > 2 after
accounting for trials.

e An estimation of the expected number of photons from all AGkwnown
redshift that are firmly detected above 1 GeV does result imdication for
a PPA only if spectral curvature is assumed for all sources.
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4 |NTERPRETATIONS OF THE ANOMALOUS
PROPAGATION OF Y-RAYS

The indication for an enhanced transparency of the Univeaserery high en-
ergy (VHE; energyE > 100 GeV)y-rays found in the data at high optical depths
(7,, > 2) described in the previous Chapter can only be explainéamthe stan-
dard paradigm oy-ray propagation if several systematic uncertainties mrekied
simultaneously (see Section 3.1.2). Otherwise, mechanisgxe to exist that al-
ter the opacity of the Universe. The situation is less caietufor high energy
v-rays detected with the Large Area Telescope (LAT) on bolaed-ermi satellite
in the optical thick regime: Above,, > 2 the probability is as small as2ix 10~ to
detect the three observed photons. However, if all actilectia nuclei (AGN) with
suficiently large redshift are taken into account, the prolighihcreases to 0.12.
This result depends on the assumed intrinsic spectrumpifarithmic parabola is
used instead of a power law to describe the intrinsic specthe probability is only
increased to B x 1073,

This chapter reviews approaches discussed in the litertitat can potentially ease
the tension between VHE data and EBL models.

4.1 BE.ECTROMAGNETIC CASCADES

Thee'e pairs created in the interaction of VHErays with photons of the extra-
galactic background light (EBL) can upscatter low energgtphs of the cosmic
microwave background (CMB) via the inverse Compton (IC)cess, and initiate
an electromagnetic cascade (see Sections 1.2.1 and 2TBi2)reduces thefkec-
tive optical depth and might explain the indication for ttergoroduction anomaly
(PPA).

Aharonianet al. (2002b) used this mechanism to quantitatively explain ticesias-
ing flux above 10 TeV in the spectrum of Markarian 501 duringaganflare event
in 1997 (Aharoniaret al, 1999b, see top-right panel of Figure A.2 in Appendix
A for the spectrum). They identified several requirementgstie cascade mecha-
nism to produce the pile-up at the highest energies of thetepa. The deflection
of the pairs in the intergalactic magnetic field (IGMF) irduzes a time delay of
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the secondary-rays, At « BZ,,,-E™/?, for coherence lengthg,, of the IGMF
larger than the cooling length of IC scattering axtdx B%,,,-E~? otherwise (Plaga,
1995; Neronov & Semikoz, 2009; Taylet al,, 2011, see also the discussion of cas-
cade emission in Chapter 2). Hence, the IGMF should not ext6&2 G, so that
the observed variability of Markarian 501 of less than saMeours is not smeared
out (Aharoniaret al., 2002b). Even with such small valuesByr, the minimal
variability of secondaryy-rays is of the order of 10 hours due to the transversal
momentum spread in the cascade formation (Neronov & Sem#ai®) in conflict
with the data. Moreover, the enhancement of the \JHEy flux is only dficient

up to distances of 100 Mpc, because of the competition of creation and absorp-
tion of y-rays, and requires hard intrinsic spectra with spectrdices 2 that
extend at least up to 100 TeV (see Figures 5 and 6 in Aharcetiai., 2002b).
Since the luminosity distance of Markarian 501 (redshift 0.034) is~135 Mpc,
the distance constraint does not apply for this source. Kewehe indication of
the PPA discussed in this work is due to sources at a varietistdnces mostly
beyond 100 Mpc. Together with the requirements on the spacénd the on the
Biemr Value, this renders the electromagnetic cascade initiat@dimaryy-rays an
unlikely explanation for the evidence of the PPA.

Another possibility is that the cascade is initiated by thteriaction of cosmic rays
with background radiation fields (Essey & Kusenko, 2010gkss$al.,, 2010, 2011).
Cosmic rays and especially protons are believed to be aatetein jets of AGN up
to energie€, ~ 107 eV (Berezinskyet al, 2006). Above~ 3x 10*eV, the proton
flux is strongly attenuated due to the interaction with theBSM + ycvg — p + 7°
andp+vycweg — N+xt (so-called GZK cut-&; Greisen, 1966; Zatsepin & Kuz’min,
1966). Below this threshold energy, protons can transpuetgy dficiently over
cosmological distances. They rarely interact with backgtbphotons, predom-
inantly through the Bethe-Heitler proceps+ ycvg — p + € + € but also via
P+ vesL — P+7°0r p+yes. — N+7*. Inthe last process, the decay produces
neutrinos and a detection of the neutrino flux could be uspdabe this mechanism
(Esseyet al,, 2010, 2011). The other processes initiate an electrontiagrescade
(directly or via ther® — y +vy decay). If this occurs within a distance from Earth of
the order of the mean free pathypfays, the observed VHE flux can be enhanced
by the secondary photons, as their energy is cascaded dovaVtenergies (Aha-
ronianet al, 2013). This secondary component should start to dominagetbe
primary flux at optical depths between 1 and 3, exactly whakjgected from the
PPA (Essey & Kusenko, 2012). The protons only propagatertbsvaarth if they
are not deflected substantially in the IGMF. This requirdd s&rength of the order
of 101G or less in accordance with currently allowed values (Ess&y, 2011).
Furthermore, they should not be deflected in regions of exdthfield strength like
galaxies or galaxy clusters. Berezinsiyal. (2002) estimated the mean free path
of cosmic rays for the interaction with such magnetic bublaled find it to be of
the order (1 — 2) Gpc, sticient for observed blazars. This argument does, however,
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4.1 Electromagnetic cascades

not apply if the AGN itself is located inside a galaxy cluster

The deflections of protons and the creadée pairs also wash out the time variabil-
ity of the primaryy-rays. Prosekiet al.(2012) investigated the variability behavior
of the cascade and concluded that at most a variability obttier of months is ex-
pected for sources with> 0.2 andy-ray energie€ > 1 TeV for Bgur ~ 101°G.
Interestingly, the variability should show an energy dejmm behavior. Secondary
v-rays of TeV energies are created in proton interactionseclto Earth and arrive
earlier with respect tg-rays with lower energies. The latter form at later stages
of a cascade that is initiated farther away from Earth. AbbVeV, the time delay
should be roughly constant, as it is determined by the dedlexbf protons in the
IGMF and the maximum energy of the proton acceleration ajetiion spectrum.
For lower energies, the time delay is dominated by the trenss¥ spread and the
deflection of the particles in the cascade.

Current observations of variability at very high energiesidt contradict this model.
The minute scale variability of the blazar PKS 2155-304 wiaseoved for ener-
giesE > 200 GeV (Aharoniaret al,, 2007a) or optical depths,,(z = 0.116 E >
200 GeV)> 0.12 (with the EBL model of Kneiske & Dole, 2010). Likewise, the
flux doubling on a thirty minute time scale of Markarian 42bed 2 TeV (Horns,
2005) corresponds to an optical depthrpf(z = 0.031 E > 2 TeV) > 0.33. In these
7,, regimes, a mixture of primary and secondaryays is expected, i.e., the short
term variability is attributed to the primary component.

A fixed spectral shape of the secondaryays is expected for sources at redshifts
between (L < z < 0.2; The spectrum should be flat Ef with a modest maximum
around 100 GeV and only weakly dependent on the injectiootsgpa (modeled as
Ep "O(Ep — Emax) for the proton energ§,; Esseyet al, 2011). For large redshifts,
z > 1, the expected spectrum shows a steep decline in flux belaV,1al spec-
tral hardening around 1 TeV, and an extension of the emisgiaio ~ 10 TeV; the
exact shape depending on the injection spectrum for pratergéesE, < 10'8eV
(Aharonianet al., 2013).

Typically, a spectral index of the proton spectrumagf = 2 is assumed for the
cascade mechanism to worktieiently (Essey & Kusenko, 2010; Essetyal., 2010,
2011; Prosekiret al,, 2012; Essey & Kusenko, 2012; Aharonianal, 2013), in
contrast to the observed cosmic-ray spectrum which haser sodex ofacg = 2.7.
This difference can be explained by the superposition of sourcegdhalt in a
harder spectrum at low energies (Berezinskyal, 2006). For indices, < 2.2,
Muraseet al. (2012) and Razzaquet al. (2012) point out that the isotropic jet
luminosities have to be of the order of the Eddington lumityas higher [see Eq.
(2.17)]. Albeit the observation of super-Eddington lunsiti@s in variable AGN
(e.g.,in 3C 454.3; Abdet al, 2011a), the energy requirements are still challenging
in standard blazar emission models. This issue could bévessd high Doppler
boost factor$p ~ 100 of the jets are assumed (Aharon@ral.,, 2013).

Other cooling mechanisms might dominate over the IC scagi@f thee"e™ pairs,
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inhibiting the formation of an electromagnetic cascadedgricket al. (2012) and
Schlickeiseet al.(2012) consider the possibility that tbee™ pairs constitute a cold
ultrarelativistic plasma beam with typical Lorentz fastafy ~ 10° propagating
in the background plasma of the intergalactic medium (IGINBre, “cold” refers
to a small transversal momentum dispersion with respedteédéam propagation
direction. Brodericket al. (2012) estimate that the transversal momentum spread
is dominated by heating of the plasma due to the pair proolicand that is of
the ordermec®> < p;, with p; the longitudinal momentum. In such a pair beam,
the interactions of plasma waves with the beam particlesleat to the growth
of plasma instabilities, and as a consequence the partozdes energy by heating
the IGM instead of upscattering CMB photons. Plasma inktigisi arise only if

a suficient number of pairs are present in the beam; this depentisegnray (or
proton) luminosity of the blazars and the optical depth féiB&4-rays (or protons).
For VHE y-rays as the source for secondary photons, Schlickeisat. (2012)
estimate that pair beam density, = 10-22cm3n,,, must obeyn,, > n. = 4.8 x
1073T, with T, = 10°T the temperature of the IGM. The fastest growing instabiiti
are found to be the electrostatic and electromagnetic obliggo-stream instabilities
(Brodericket al,, 2012; Schlickeisegt al., 2012). Following Brodericlet al.(2012),
the two-stream instability can be envisaged as a Langmuwevplasma density
fluctuation) that propagates parallel to the longitudinahmentum of the beam, but
in opposite direction. Electrostatic fields caused by treegh separation decelerate
the particles in the beam, and due to the coupling of the wavbe background
plasma energy is deposited in the heating of the IGM. In tHigoé instability, the
Langmuir wave propagates at an an@le n with respect top;, and the particles
are not decelerated but deflected in thdields. The cooling rate of the oblique
instability dominates the IC cooling rate, and the formatd the electromagnetic
cascade is strongly inhibited. For weak blazars, aboutdfatie beam energy is
dissipated by heating the IGM, so the cascade formatiorsssalppressed to some
degree (Schlickeiseaat al,, 2012).

However, the numerical calculations performed for the icmptate due to the in-
stability are done for mildly relativistic beamsg ¢ 3), and not for ultrarelativistic
ones. Additionally, the numerical results need to be exii@pd over many or-
ders of magnitude in density ag/ney ~ 10718 (Broderick et al, 2012), since
equal densities of the beam and background plasma are adsuiagher doubts
on the growth rates of the instabilities were raised by MideElyiv (2012): They

find from Monte-Carlo simulations of the particles in the cade that the trans-
verse momentum spread can be large, and consequently onmalaraimber of

particles that are in resonance with the Langmuir wave darit to the instability
growth (Schlickeiseet al. 2012 and Brodericlet al. 2012 resort to @ approxima-

tion of the transversal momentum spread). Furthermordtesoay between pairs
and background plasma ions (so-called non-linear Landeapuhey) can compete
with the instability growth until an equilibrium is reache@his can stabilize the
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plasma beam on time scales larger than the Hubble time. Bladgmomogeneities
can also contribute to this stabilization.

To conclude, proton initiated electromagnetic cascadsg jpm interesting possi-
bility to explain the PPA, as the observeday flux is enhanced for optical depths
7,, 2 1in this mechanism. The model is testable with future daatduits pre-
dictions of the spectral shape and variability. The protascade can only produce
a seizable amount of secondaryays if either the isotropic proton luminosity of
the relativistic jet is close to the Eddington luminositytioe jet is highly Doppler
boosted in the observer’s frame with Doppler factéys~ 100. Furthermore, there
is an ongoing discussion if an electromagnetic cascadétisted at all or if, alter-
natively, the energy of the pairs is dissipated by heatied @M.

4.2 BEYOND THE STANDARD MODEL

Extension of the Standard Model (SM) of particle physicsicélnence the propa-
gation of VHEy-rays. These models typically do neither require high AGMilu
nosities, nor do they change the intrinsic variability af #ource. This comes at the
“price” of, e.g., Lorentz invariance violation or the exdste of non-SM particles.
In the latter case, photons could oscillate into these gastiand circumvent pair
production.

4.2.1 LORENTZ INVARIANCE VIOLATION

Certain quantum gravity theories that aim to unify the Seaddviodel with grav-
ity predict Lorentz invariance violation (LIV) at energiegar the Planck scale,
Ep = VAC®/G = 1.22x 10" GeV, with the reduced Planck constdntthe speed
of light ¢, andG the gravitational constant entering in Newton’s law (seg., &hao

& Ma, 2010, for a review). Examples of these theories are gumaroop (e.g.,
Gambini & Pullin, 1999), space-time foam (e.g., Elisal., 2000), or double spe-
cial relativity theories (e.g., Amelino-Camelia & Ahluvial 2002). Some classes
of theories can be expressed #getive field theories by including additional terms
in the Lagrangian. All renormalizable additional operatbave been calculated
by Colladay & Kostelecky (1998) with couplings of the ordéra@(10-2%). Non-
renormalizable 5- or 6-dimensional operators are alsoilplesshich are, however,
suppressed bfp or E3 (Myers & Pospelov, 2003; Mattingly, 2008). A conse-
quence of LIV is the modification of the dispersion relatidheptons and photons
(with photon energ¥ and three momentuk) (Shao & Ma, 2010),

E2 — kZ[li i (gi )n] (4.1)
n=pPI

n=1
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with ¢ = # = 1. The scale of the quantum gravity theory is givenéhlgp;, with

&, > 0 and expected of order one. From the observational pointegif,the most
important terms that can have measuralfiieats are the linear and quadratic terms
in the above expansion. All higher orders are neglected fromon. For example,
space-time foam models hage+# 0 andé, = 0, and no LIV for charged patrticles,
whereas 6-dimensionaftective field theories lead only to quadratic modifications,
& = 0andé,; # 0 (Shao & Ma, 2010). The+” in the above equation corresponds
to superluminal motion of photons, whereas thé 8ign results in subluminal mo-
tions (increasing or decreasing velocity of the particléh wnergy, respectively).
Thus, also the photon changes its speed depending on igyeretditionally, the
transformation between fiierent inertial frames are not given by Lorentz transfor-
mations any longer, making the lab frame the only accessiie

The breakdown of Lorentz invariance has several consegséehat &ect the prop-
agation of high and very high energyrays from astrophysical sources. For in-
stance, as suggested by Amelino-Cametial. (1998),y-ray bursts (GRBs) can be
used to probe LIV. These bursts occur on very short timeseadd are very brightin
y-rays, and consequently detectable up to very large diegfsee, e.g., Mészaros,
2013, for a recent review). Theftkrent speeds of photons withfidirent energies
induce a time lag that is enhanced by cosmological expanBimmexample, the ob-
servation of a 31 GeV photon from the GRB090510 at a redshit00.903+0.003

with the Fermi-LAT is used to set a lower bound on the LIV parameter above the
Planck scale$; > 1.22, for subluminal motion (Abdet al,, 2009a).

Most importantly in the present context, LIV results in a nfiedtion of the thresh-
old energy for pair production. This has been utilized byesalauthors to explain
the high energy end of the intrinsic spectra of Markarian 8@d Markarian 421
(Kifune, 1999; Stecker & Glashow, 2001; Stecker, 2003; Ba&adPiran, 2008).

The modified threshold energy for head-on collisions=( -1, cf. Eq. 1.11) at
z = 0 for subluminal motion reads (Jacob & Piran, 2008)

_ M L EY
Ehr = E + Z (m) E, (42)

with £, a parameter of order one that depends on whether LIV dfsota leptons.
This expression is derived under the assumption that erremgyientum conserva-
tion is undfected by LIV. For superluminal motions, the new extra ternuldde
subtracted, which would lead to a decreased threshold gmohextial cut-s in
all spectra in tension with current observations. In thdwguinal case, however,
the threshold follows the classical behavior until a calkienergyw, is reached. For
energiesE > wc, the threshold increases again and pair production is sesped.
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Photon survival probability

2=0.03
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Ficure 4.1: Optical depth in the presence of LIV for thredfdrent redshift values. The
critical energyw, is shown as a dotted line and the dashed lines show the
optical depth fog; — oo.

The critical energy is the energy for whiefy, becomes minimal, i.e.,

1
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(n+ 1),

=0 & w= (4.3)

For the linear case angl = 1, one findsw, ~ 185¢,° TeV andw, ~ 93.9¢)* PeV
for n = 2. The dfect on the optical depth for = 1 andé, = £, = 1 is displayed in
Figure 4.1 for three diierent redshifts. The optical depth is derived by integatin
over the EBL densityl, = ¢/(4r)e?n.(¢) predicted by the EBL model of Kneiske
& Dole (2010). The &ect of LIV clearly depends only om. which evolves only
weakly with redshift and the transparency of the Universeesgored at dferent
values of the optical depth, betweep = 1.5 for z = 0.031 andr,, = 838 for

z = 0.536 (using again the EBL of Kneiske & Dole 2010). This implikat LIV

is not able to explain the indication for the PPA found in thevous Chapter. The
indication shows up for,, > 2 and thus for very dierent energies for the fiierent
redshifts of the VHE emitting AGN. If LIV was present a trendiwenergy should
be visible, e.g., in Figure 3.6. On the other hand, LIV canpetruled out for
& > 1 with the non-observation of thigfect, as most blazar spectra are measured
at energies below.. Stringent limits can be placed @h by considering the non-
observation of photons above energieg 10'° eV. Such photons are the result of
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the decay of neutral pions that are produced in the intenactf cosmic rays with
the CMB. These photons are attenuated by pair productidnlam energy photons
from the CMB and the radio background. Under the assumpficerain cosmic-
ray spectra and cosmic-ray composition, Galaverni & SiQD@) are able to obtain
the stringent constrai, > 4.17 x 10* for both sub- and superluminal motions
andé, 2 4.17 x 1P for subluminal motions only. Maccioret al. (2010) extended
these bounds on space-time foam theories. Further camsteaid prospects for the
Cherenkov Telescope Array (CTA) are reviewed by Ellis & Mawatos (2013).

4.2.2 HDDEN GAUGE BOSONS

Pair production can be circumvented if VHEays convert into particles that do not
interact with EBL photons. Viable candidates for such gt are given in SM ex-
tensions that predict additiondl1) symmetry groups under which the SM patrticles
are uncharged (see, e.g., Jaeckel & Ringwald, 2010, foriawgvSuch “hidden”
symmetry groups arise, e.g., in the compactification ohgttheories (e.g., Abel
et al, 2008). The hidden sector can interact with SM particlesugh heavy par-
ticles with masses above the electroweak scale that argeghainder the SM and
the additional hiddemJ(1). The new interactions are typically suppressed by the
masses of the heavy particles (Holdom, 1986). However, timéom can kineti-
cally mix with its hidden partner, the so-called hidden arkdahoton (Okun, 1982;
Holdom, 1986). The Lagrangian of such mixing can be writter{ag., Mirizzi

et al, 2009b)

1 1 sin co<
£ 2R, - e O o SN0y e (4.

whereF,, is the electromagnetic field tensor aKg, the equivalent in the hidden
sector with the corresponding hidden photon fi¥Jd The third term denotes the
kinetic mixing with a mixing anglg,. The hidden photoy’ can acquire a mass
m,, through a hidden Higgs or Stueckelberg mechanism (e.g.d&set al., 2009).
Interestingly, the mass of the hidden photon can be in theeSukange, making it
a weakly interacting sub-eV particle (WISP). Similar to tvewo oscillations, the
propagation and interaction eigenstates of the photon @ienger equivalent to
each other and the oscillation probability over a distanae vacuum between the
photon of energ¥e and hidden (sterile) propagation eigenstatg (s given by (e.g.,
Ahlerset al,, 2007)

m2 L
P,y = SiMf(2xo) sinz[i—E). (4.5)

108



4.2 Beyond the Standard Model

The oscillation length for which the argument of the sin baes equal tar is

AnE E\/ m, |2
Lo=2= o8 106(—)( ) G 4.6
o= 2 \Tev/\ToTev) CPE (4.6)

Effects of the{y < ys} oscillations can be searched for in astrophysical environ-
ments and in the laboratory. For example, the productiondefdn photons would
influence the stellar evolution (Ralt, 1996; Redondo, 2008; Aet al, 2013a,b),

or the CMB (Jaeckett al,, 2008; Simha & Steigman, 2008; Mirizet al., 2009Db).

In the laboratory, bounds were placed on the mixing angleshyching for alterna-
tions from the inverse distance squared behavior of Couklal (Williamset al,,
1971; Goldhaber & Nieto, 1971; Okun, 1982; Popov, 1999) dhwght-shining-
through-a-wall experiments (e.g., Ehedtal, 2009). For a compilation of limits,
see the review by Jaeckel & Ringwald (2010, especially Egirand references
therein.

Hidden photons do not interact with EBL photons and thus eyadr production.

If a significant part of the photon beam is in the sterile sthteng the propaga-
tion towards Earth, a flux enhancement is possible. This @visaprint an oscilla-
tory feature on the spectrum. In contrast to electromagmescade scenarios, any
source intrinsic variability would be conserved.

The parameter space relevant for photon-hidden-photalatigns is given by two
conditions, namely that (a) the oscillation length is seralhan the distance to the
source Lo < d, so that conversions can indeed occur, and (b) the osoillstre
coherent. The first condition leads to a lower boundpn(neglecting cosmological
expansion),

1/2
m, > 2.83x 10-1°(£) (

d 1/2
oV ) eV~ 107eV, (4.7)

Gpc
for luminosity distances of 1 Gpc (equal to a redshift ~ 0.2) andE = 1TeV.
The second condition ensures that the wave packets of thke sted active state
have a sflicient overlap in order for the two states to mix. A quantum nagacal
calculation results in the coherence length (Nussinov61&iunti & Kim, 1998;
Zechlinet al,, 2008)

420 ,E? E (o m, \2
Leon= —V2*= _ 55 1032(—) Ix (—) G 4.8
coh me, % TeV/ \pc)\107e PG (4.8)
whereoy = /o2, + 02, is quadratic the sum of the spatial uncertainties of the
production ) and detection processp). Coherence is satisfied lif,sc < Lcon
andoy < Losc (Nussinov, 1976; Giunti & Kim, 1998). The spatial uncertgiof

the production is determined by the process responsiblth®oVHE emission in
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4 Interpretations of the anomalous propagation-cys

the blazar, e.qg., in leptonic scenarios, photons of syrabmar external radiation
fields upscattered by the inverse Compton process. In tisis, cgechlin (2009)
findsoy ~ 0.16 kpc for the Crab nebula, much larger than the upper bourtdeon
extension of the nebula in the VHE regime which is inferremrfrobservations to
be of the order of 1 pc (Aharoniagt al, 2004). At mostoy should be equal to
the size of the emission zone, which is in a blazar often asdumbe of the order
of 0(0.1 pc), the size of a relativistic plasma blob in the jet (kgtarzynskiet al.,
2001). The spatial uncertainty of the detection processushnsmaller and can be
neglected (Zechlin, 2009). If one conservatively ggts 1 pc, fromoy < LoscONe
arrives at an upper bound for,,

6 E 1/2 Ty 1/2 .
m, < 8.9x 10 (ﬁ/) o) eve10tev. (4.9)

For this mass range, 105 (m, /eV) < 10°°, the current bounds on the mixing an-
gle giveyo < 10" mainly from the searches for deviations from Coulomb’s |z a
CMB polarization induced by hidden photons (see Figure 4atlel & Ringwald,
2010). Hence, only a small number of photons will convertitilbn photons and
no significant change in the spectra is expected. In rediigyphoton beam will not
propagate through vacuum but through media. Similar to ¢wtrimo case (Kuo &
Pantaleone, 1989), this leads to a modification of the @$@h probability because
of the dfective photon mass. The mixing angle in meglias related to the vacuum
angle through (Redondo, 2008; Jaeaiehl.,, 2008),

Sinyo
sirf(2yo) + (Cos(Zo) — £)2

with £ = m,/m,, the ratio between theffective photon mass and the hidden photon
mass. Fo& > 1, oscillations are strongly damped apd— 7/2, while vacuum
oscillations are recovered fgr< 1, so thafy — yo. A strong enhancement of the
oscillation occurs at the resonante = m,, for which the mixing becomes maxi-
mal, y — n/4. Approximating the photon mass with the plasma frequeneldy

m§ ~ “’rzal = 4rane/me, With the fine structure constaatand the electron number

densityne, so thatm, ~ 3.7 x 107*}(n,/ cm3)"/2eV. For the resonance to occur in
the desired mass range, an electron demsity 10* cm3 would be required. The
highest densities can be expected inside the source redierewthe VHE emission
is produced. As an example for a quantitative treatmentydhges obtained from
a model fit to a multiwavelength spectral energy distributid a quiescent state
of the blazar PKS 2155-304 are used (Aharorgaal, 2009c). The best-fit values
are obtained with an electron density given by a double brgaver law between
Lorentz factorsymin = 1 andymax = 10°° with spectral indicep; = 1.3 between
Ymin @andy; = 1.4 x 104, p, = 3.2 betweeny,; andy, = 23 x 1%, andp; = 4.3

sin(2y) = (4.10)
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4.2 Beyond the Standard Model

abovey,. The integrated number of electrons is found toNag = 6.8 x 10°* in-
side a plasma blob of radilR = 1.5 x 10'"cm in the comoving frame. Under
the assumption of a homogeneous plasma, the average alectnaber density is
ne = 0.5cnm® <« 10°cm™3. Even for larger densities andor smaller emitting
regions, it is unlikely that dticiently large number densities are reached for the
electrons responsible for upscattering synchrotron pisoto TeV energies, as the
electron spectra are generally soft. The required Loremttofs are of the order
y ~ 10* [assuming the Thomson regime for IC scattering and X-rayetgohotons,
see Eg. (1.7)]. Nevertheless, even if resonant productemnealized somewhere
in the source, such high densities are not realized in thexviehing interstellar,
intracluster, or intergalactic media and the reconversitmphotons would be sup-
pressed. Consequently, the conversion into hidden pha@msot serve as an ex-
planation for the indication of the PPA.

4.2.3 AXION-LIKE PARTICLES

More promising WISP candidates to reduce the opacity of thigdsse are pseudo-
Nambu-Goldstone bosons also called axion-like particdsP§), which were al-
ready introduced in Chapter 1. In the presence of ambientetaxfields, photons
and ALPs can oscillate into each other and thus the photorisoient pair produc-
tion. This mechanism is used to explore the possibility teevtre photons from the
decay ofr® mesons produced in the GZK cuff¢Csakiet al., 2003) and the impact
on VHE spectra was first discussed by Mirietial. (2007) and de Angelist al.
(2007). In contrast to hidden photons, the parameter spaeeesting for the ALP
mixing with VHE y-rays is less constrained (see the review in Chapter 1 anad-ig
1.8 for current experimental bounds). In the next Chaptestgn-ALP oscillations
are discussed in detail. The photon-ALP couplings and ALBsesthat reduce the
significance of the PPA will be identified. In this way, the ffil@wver limits from
VHE vy-ray observations on the photon-ALP coupling will be dedive
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5 HRST LOWER LIMITS ON THE
PHOTON-AXION-LIKE-PARTICLE COUPLING
FROM VHE y-RAY OBSERVATIONS

Indications exist that the Universe is more transparenety nigh energy (VHE;
energyE > 100 GeV)y-rays of cosmological sources than suggested by current
models of the extragalactic background light (EBL). In tkenslard paradigm, the
reactionyyne + yesL — €' + € leads to an exponential suppression of the flux with
the optical depth,,(z E) (cf. Chapter 1.2 for further details and Nikishov, 1962,
Jelley, 1966; Gould & Schréder, 1966, 1967). Above a cegaargy, the Universe
should thus become opaqueytaays from stficiently distant sources.

The observations of distant blazars with data points in tpical thick regime
(t,y = 1) (e.g., Aharoniaret al, 2006a, 2007g; Alberet al., 2008b) and the in-
dication for an pair-production anomaly (PPA) found in Clea(8 point to a low
opacity of the Universe for VHE-rays. This is also confirmed with upper limits
on the EBL photon density derived in Chapter 2. In the previ@hapter, sev-
eral mechanisms along with arguments against them have saeemarized that
attempt to explain this low opacity. An appealing altervais the conversion of
VHE vy-rays into axion-like particles (ALPs, e.g., de Angedisal,, 2007; Mirizzi

et al, 2007; De Angeliet al., 2009). ALPs are pseudo Nambu-Goldstone bosons
that are created if additional global symmetries to theddesh model are sponta-
neously broken (see, e.g., Jaeckel & Ringwald, 2010, foviaweand Section 1.4).
Such fields are a common prediction in compactified stringribe (e.g., Cicoli

et al, 2012). Their phenomenology is closely related to that edr@xwhich solve
the strong CP problem in QCD (Peccei & Quinn, 1977; Weinb2833; Wilczek,
1978). Most importantly in the present context, ALPs shaeegame coupling to
photons as axions, characterized by the Lagrangian

1 ~
-an = _Zgay Fvayva = gay E-B a, (51)

whereF*” is the electromagnetic field tensor (with electric and mégrfeslds E

and B, respectively),F* is its dual,a is the ALP field strength, and,, is the
photon-ALP coupling strength which has the dimension (gyet. In contrast to
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5 First lower limits on the photon-axion-like-particle quimg

the axion, the ALP mags, is unrelated to the coupling strength. The spin mismatch
between the ALP and the photon requires the existence affr@ttmagnetic fields
for the conversion. Theffect of photon-ALP mixing on VHEy-ray spectra in
different magnetic field settings has been extensively disdussthe literature,
the basic idea being that ALPs traverse cosmological disnnimpeded and the
reconversion into photons enhances thmy flux observed on Earth. The case
of a conversion in an intergalactic magnetic field (IGMF) vealsiressed by, e.g.,
de Angeliset al. (2007); Mirizzi et al. (2007); Mirizzi & Montanino (2009); de
Angeliset al. (2011); Wouters & Brun (2012). The magnetic fields in and atbu
the source were included by Sanchez-Coedal. (2009); Tavecchiet al. (2012),

and Simetet al. (2008) studied the back conversion of ALPs into photons @ th
galactic magnetic field (GMF) of the Milky Way. Recently, thigoton-ALP mixing

for sources located inside galaxy clusters and the recsiorein the GMF was also
investigated (Hornst al., 2012). Usually, previous studies used fixed values for the
ALP mass and coupling close to current experimental boumdsder to maximize
the @fect on they-ray spectra.

As will be shown in the following, the photon-ALP oscillatis can lead to an en-
hancement of the-ray flux forr,, > 2. This behavior matches the4 o indication
for the PPA that is evident in VHE spectra above this valu@efdptical depth. Ad-
ditionally, ALPs do not share some of the problems of thera#teve mechanisms
presented in the previous chapter: photon-ALP oscillatipreserve the possible
intrinsic source variability and alter the spectra in,adependent way (rather than
at a fixed energy as in Lorentz invariance violation scesdritm this Chapter, the
goal is to determine the preferred region in thg,@.,) parameter space that sig-
nificantly minimizes the tension between data and modeligtieds. This allows,
for the first time, to place a lower limit on the photon-ALP pting to explain the
observed transparency of the Universe for ViEays. Four diferent scenarios for
the intervening magnetic field will be considered, inclgdmixing in the IGMF,
the intracluster magnetic field (ICMF), and the GMF of the kyiWay. In two
cases, the parameters of the IGMF and ICMF will be chosen asvisgically as
possible in order to derive lower limits ap,. Additionally, a more conservative
choice ofB-field model parameters will be investigated. Furthermose, differ-
ent EBL model realizations will be studied. The results présd here have been
published inPhysical Review PHornset al,, 2012; Meyetret al,, 2013).

5.1 RioroN-ALP CONVERSION IN MAGNETIC FIELDS

The photon-ALP interaction is described by the Lagrangian

L= Lay + ~£EH + La, (52)
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5.1 Photon-ALP conversion in magnetic fields

whereL,, is given in Eq. (5.1). From the scalar prodéct B it follows that only
the externaB-field component transversal to the photon propagatiorctire, B | ,

couples to ALPs sincE is perpendicular to the wave vectoof theE field (Rdfelt

& Stodolsky, 1988). Furthermore, it can be shown that ongy¢bmponent oE

in the plane defined bB, andk mixes with ALPs (e.g., de Angelist al, 2011).
Thus, the photon-ALP oscillations act as a polarimeter. Jéwond termLgy, is

the dfective Euler-Heisenberg Lagrangian accounting for omg-loorrections in
the photon propagator (e.qg., ltzyksenal.,, 1984),

Loy = 2 [(E2 - 52)2 +7(E- B)Z] (5.3)
EH 45mg , .
with the fine structure constantandm, the mass of the electron. The kinetic and
mass term of the ALP are included £},

1 1
La= anaaf‘a— Emgaz. (54)

Throughout this section, natural units will be used, e, ¢ = 1. For a monochro-
matic photorf ALP beam of energ¥ propagating along the; axis in a cold plasma
with a homogeneous magnetic field, it can be shown thikdads to the following
Schrodinger-like equation of motion (Realt & Stodolsky, 1988):

(Idix?) +E+ Mo) lP(Xg) =0, (55)

with ¥(x3) = (A1(X3), Ax(X3), a(x3))"T whereA;(xs) and Ax(x3) describe the linear
photon polarization amplitudes alomgandx,, respectively, and(xs) denotes the

ALP field strength. If one choosé&, to lie only along thex, direction, the mixing
matrix My can be written as

A, 0 O
MO =10 A” Aa), . (56)
0 Ay Aa

The mixture of the photon polarization states due to Farad&tion can be safely
neglected for the energies considered here, asftbetescales with the square of
the photon wavelength (see below). The matrix elemanpts Ay + 7/2Aqep and
A, = Ap + 2Aqep account for mediumféects on the photon propagation, where
Ap = —wp/(2E) with the plasma frequency of the mediumy,. The plasma fre-
quency is connected to the ambient thermal electron demsttyroughw = 3.69x

10 y/ng/cmr3eV. The QED vacuum birefringencdfect is included inMAgep =
aE/(45r)(B, /(mZ/€))?, with the electric charge. The termA, = —mé/(2E) ac-
counts for the ALP mass and the photon-ALP mixing is inducethk af-diagonal
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5 First lower limits on the photon-axion-like-particle quimg

elementA,, = 1/29,,B.. The numerical values in suitable units are found to be
(see, e.g., Hornet al, 2012)

_ Ne| E Y,
Ay = -11x1 7( e )( ) kpc L, 7
Pl x 10 103cm3)\Gev) “P° (5.7)
A 41x1@9(i) B.) kpcL (5.8)
QED = ™ GeV/\ G ’ '
L (my 2 E N
A, = -78 102(—) (—) kpc'L, 5.9
2 % nev/ \Gev) “P° (5-9)
_ 2(__ 9  \(Bi), 1
Ae = 152x10° (1crllee\r1)(ue) kpc'L. (5.10)

If photons are lost due to the interaction with the EBL, thenatntsA , are mod-
ified to include a complex absorption term,, — A, +i/(24)™), whered)™ is
the mean free path for photons undergoing pair productignakon (5.5) is solved
with the transfer functio (xs, 0; E), i.e., ¥(x3) = €537 (xs, 0; E)¥(0), with the
initial condition77(0, O0; E) = 1 (see Appendix D for further details).

Neglecting the birefringence contribution for a momentgah be shown that the
photon-ALP oscillations become maximal and independerthefenergyE and
ALP masam, for an energy above the critical energy

Aa — Apl Mg — w2 0o  \!( B\
E. g2 55 ( ) GeV., (5.11
ot 2A,, 1neV \10uGev?t) \14G (5.11)

defining the so-called strong mixing regime. However, asgibe here is to con-
strain the (n,, gsy) parameter space, it is generally not the case that the guixin
occurs in this regime.

So far, only a polarized photon beam has been consideredf tagay, the polar-
ization of VHE y-rays cannot be measured and one has to consider an unpdlariz
photon beam and reformulate the problem in terms of denstyioes. The general
polarization matrix is given by

Ai(Xs) .
P(X3) = [Ax(Xs) | ® (Al(x3) Ax(Xa) a(Xs)) ; (5.12)
a(xs)
and the equation of motion takes the form of a von Neumaradduation,
. do
i—— = [p, Mo], (5.13)

dX3

which is solved byp(xs, E) = 7 (Xs,0; E) p(0)7 "(X3,0;E). In the more general
case in whictB, has an arbitrary orientation and forms an angigith the x, axis,
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the solution can be found via a similarity transformation

cosy —sing O
V(y) =|sing cosy O], (5.14)
0 0 1

so thatM = V(¥) MoV (), and the solution to the modified Eq. (5.13) is
T (%3, 0, E; ¢) = V()T (%, 0; E)V' (). (5.15)

If, moreover, the beam path can be split up intdomains with a constant and ho-
mogeneous magnetic field in each domain but a changing atient(and strength)
from one domain to the next, the complete transfer matrixngply given by the
product over all domains,

n-1

T (Xan, X3.0; E;¥n-1, ..., ¥0) = l_l Tx(Xak+1> Xak: E; ¥)s (5.16)
k=0

with one mixing matrixMy for each domain. The transition probability of observ-
ing a photory ALP beam in the statgs,, after the crossing af magnetic domains
reads

Pinal = Tr(0finai” (Xan, Xa0; E; -1, - - ., Yo)p(Xa.0)T ' (Xan, Xa0; E; Y1, - - ., ¥0)).
(5.17)
Equipped with this formula, the photon transition probipiP,, is defined as the
sum of the transition probabilities from an initially unpaked pure photon state
punpol = 1/2diag(3 1, 0) to the final polarization statgg; = diag(1, 0,0) andpz, =
diag(Q 1, 0):
P,y =Pui+Pyp=Tr [(1011 +p22)7upunpol‘7‘r] : (5.18)

Without absorption7™ is unitary and it is easy to show thf, > 1/2 is always true
for an initially unpolarized photon beam (see Appendix E).

5.2 MAGNETIC FIELD CONFIGURATIONS AND SCENARIOS

As the photory ALP beam propagates towards Earth, it crosséemint regions of
plasma and magnetic field configurations. The following emwnents are consid-
ered, ordered by increasing distance from Earth:

1. The Galactic magnetic field of the Milky Way (GMF).

2. The intergalactic magnetic field (IGMF).
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3. The magnetic field inside a galaxy cluster (intraclustagnetic field, ICMF)
in the vicinity of the emitting source.

The goal is to find the magnetic field configuration within emtr observational
bounds which results in a maximal photon-ALP mixing. In thisy, a lower limit
ong,, can be derived. The observational evidence and model assuns for each
region are discussed in the following subsections. In jgplegcmagnetic fields can
be probed through Faraday rotation measurements, obiseredsynchrotron radi-
ation, and, mainly in the Milky Way, Zeeman splitting and atption and emission
from magnetically aligned dust grains (see, e.g., Nou@§2, for a review). Fara-
day rotation causes a change of the polarization aggied?(RM) + ¢, compared
to the initial polarizationpy, and the éect increases with the square of the wave-
lengthA. The dfect scales with the rotation measure (RM), the line of sigtetgral
over theB field parallel to the propagation direction multiplied wite ambient
electron number density. The synchrotron emission dependise magnetic field
transversal to the line of sight and the degree of polanmatan be used as a probe
for the structure of the magnetic field (e.g., Widrow, 2002).

The origin of cosmic magnetic fields is under debate (see, Widrow, 2002; Kul-
srud & Zweibel, 2008, for reviews). The current paradigmhiattseed fields are
initially produced and subsequently amplified. Seed fieldsresult from the Bier-
mann battery mechanism (Biermann, 1950) during structmmadtion. It follows
from the idea that an electric field is created to countersectharge separation due
to gas pressure. If the pressure gradient and the partictdbaudensity are not
collinear, a magnetic field will be created as well (e.g., @o\& Feretti, 2004).
This can happen in shock fronts, stars, or in accretion disk&GN that expel
plasma and the frozen-iB field in jets. Another possibility is that the seed fields
are created in the electroweak or QCD phase transition, (&igirow, 2002, and
references therein). Possible amplification mechanisiudecthe standard—w
dynamo (e.g., Parker, 1979) or turbulences (e.g., Kulsr#h&erson, 1992).

5.2.1 MaGNETIC FIELD OF THE MILKY WAY

The regular component of th field of the Milky Way, coherent over galactic
scales, will be described with the analytical GMF model pn¢ed in Jansson &
Farrar (2012a). The model consists of three componentsska dihalo, and a
so-called X component; and it predicts a field strength ofdtaerO(uG). The
model parameters were determined withy’aminimization utilizing the data of
the WMAP7 synchrotron emission maps and Faraday rotatiomsorements of
extragalactic sources. Compared to previous models @spirkovet al, 2011), a
relatively large field strength and extent is predicted far halo and X component
which leads to a comparatively large photon-ALP convergiarbability in certain
regions in the sky.
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Ficure 5.1:

10 °F regular component
10-8 L turbulent component, L, =100.0 pc
F turbulent component, L, =10.0 pc
9L P——— ‘ P
107 0 1
10 10 10

Gary (1071 Gev'1)

Oscillation of a monochromatic ALP beam with = 1 TeV into an un-
polarized photon beam in the regular and turbulent componérhe
GMF. For the turbulent field, coherence lengths of 10 pc arfdiptOare
assumed and the resulting magnetic field strength folloars fEg. (5.19).
A source position at RA= 64.22 and DEC= 1.09 (consistent with the
blazar 1ES 0414009) is chosen and the path length through the GMF is
~ 50kpc. The mean electron density along the line of sightiivelé from
the NE2001 code witme ~ 0.66 cnT3. For the turbulent field, 5000 re-
alization are simulated, 68 % of which result in the shadedsrwhereas
the solid lines depict the median values. The dashed lineskite oscil-
lation length in units of kpc as a function of the photon-AL&upling for
the mearB field and mean electron density crossed by the beam.

The turbulent field is presented in Jansson & Farrar (201R23.modeled with a
purely random and a striated component, where the lattefaiosvs the regular
field on large scales but randomly changes its sign on smalkscThe root mean
square (rms) values of the turbulent field are found to be megg larger than the
field strengths of the regular component. The model does a&erany predictions
of the coherence length of the turbulences. These are bdli®vbe of the order

of O(10 pc)

and the magnetic energy spectrum integrated up t@la scan be

described by (e.g., Haet al, 2004; Mirizziet al.,, 2007)

(IBP2) s\t
el Brz”‘s(smax) : (5.19)
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5 First lower limits on the photon-axion-like-particle quimg

For scales between 4 pc and 80 pc, the slofenot well determined but probably
lies between the Kolmogorov value & 5/3) anda = 2/3 with syax = 1 kpc and
Bms » 5uG (Hanet al, 2004; Minter & Spangler, 1996). For these values, the
conversion probability of a pure ALP beam into an unpolatipboton beam in a
random field is calculated and compared to the regular coemidsee Figure 5.1).
The random field is assumed to have a domain-like structutie eanstantB,,s

but randomly changing orientation. It is found to be appmedely three orders
of magnitude below the value for the regular component foolaecence length

s =100 pc due to the large oscillation lengti/A s of the ALP, where

Aosc = [(Aa - AII)2 + 4A§y] 1/2, (5.20)

which is of the ordeiO(100 kpc). Even though this is a simplified approach, as
the regular and turbulent component can strictly speakotgoe disentangled, it
justifies that the latter component will be neglected in thikiving.

For each extragalactic VHE-ray source, the conversion probability is evaluated
along the line of sight where it is assumed that the GMF is taomisand homoge-
neous on a length scale of 100 pc. It was checked that smallgewfor the domain
length do not alter the results. Moreover, the density otlleemal electron plasma
is calculated with the NE2001 code (in accordance with danésFarrar, 2012a)
which predicts densities of the order of 1@m= (Cordes & Lazio, 2002). A sum-
mary of the magnetic field components can be found in AppeRdbgether with
the necessary projection of the GMF onto the line of sightraeoto calculate the
magnetic field transversal to the photon direction. FiguBeshows an all-sky map
in galactic coordinates with the conversion probabilityaopure ALP beam into
photons in the regular component of the Jansson & Farrar Ghgdrem

5.2.2 NTERGALACTIC MAGNETIC FIELD

In contrast to the GMF, little is known about the intergalaatagnetic field. From
the observational side, only upper limits exist on the figtdrggth, which constrain
the IGMF atz = 0 to a few 10°G (Kronberg, 1994). Blaset al. (1999) find
B%wr = Biowr(z = 0) < 6 x 10°°G for a coherence length af;,,- = 50 Mpc
using Faraday rotation measurements of quasars. Howewge bcale structure
formation with magnetic field amplification and cosmic rayleletion simulations
suggest smaller values no larger t3,,- = 2 x 102G (Dolaget al, 2005) or
B%ye ~ 101G in voids (Siglet al, 2004). The morphology of the IGMF is not
known either and the most simple assumption is a domainslikecture which is
also adopted here. The field strength is constant in eaclaceélbnly grows with
cosmic expansion, i.eBieue(2) = BY,-(1 + 2)?, but the orientation changes ran-
domly from one cell to another. The domain length is givenify,-. As shown in

Wouters & Brun (2012), adopting a Kolmogorov-type turbwerspectrum instead
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O known VHE AGN sources

| . 1 |
0.00 0.25 0.50 0.75 1.00

Conversion probability F,,

Ficure 5.2: Healpix representation (Gorskt al, 2005, withNsjge = 256) of the con-
version probability of a pure ALP beam into an unpolarizedtph beam
entering the Milky Way and propagating towards Earth. Theuased
photon-ALP coupling isga, = 5 x 10711 GeV, for ALPs with energy
of E = 1 TeV. The conversion probability is close to one in the \igif
the galactic center due to the stroBdields of the halo and X component.
Also shown are the positions of known extragalactic VHE sesir(white
bullets).

of the simple domain structure has negligibfeets on the results. In principle, the
same procedure is followed here as presented in de Angjedis (2011), with the
exception that the assumption of a strong mixing is dropped.

A scan over a logarithmic grid with 100 100 pixels in the A% Blye) Space
is performed to determine the most optimistic magnetic fegtlip. For each grid
point, the photon survival probability is calculated witly.E(5.18) for 5000 real-
izations of the orientation 0Bgyr for a fixed source distance= 0.536, energy
E = 0.574TeV (this combination of and E corresponds to an optical depth of
7 = 4 with the EBL model of Kneiske & Dole, 2010, henceforth KD netid an
ALP massm, = 0.1 neV, and two dterent values of the coupling. Only the con-
version in the intergalactic magnetic field with absorptere to the EBL of the
KD model is taken into account. The impact of the photon-AldAversions is
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5 First lower limits on the photon-axion-like-particle quimg

quantified with the boost factd, defined by
B =P,/ expl1,y), (5.21)

whereP,, is the median of the distribution of photon survival prolisies. The me-
dian is preferred over the mean value since the distribwifd®,, is highly skewed
(see below). The result is shown for twdfdrent values of the photon-ALP cou-
pling in the top row of Figure 5.3. As one would naively expéat a large coupling

of ga, = 5x 10711 GeV* (top-right panel) the boost factor increases with incregsi

B% - and increasingl%,, - up to a value of 1% ~ 2.5. For even higher values,
the boost factor starts to decrease again and shows anatagilbehavior. This
feature was already observed by de Angetisl. (2011): If the conversion prob-
ability becomes too high, the photon fraction in the beanaigé at all times; but

at the same time, the photon flux is attenuated by the interaaiith the EBL. As

a consequences declines, and one is tempted to choose the value gt and
B%ye from within the 04 contour. The situation changes, howeveg.if is de-
creased (top-left panel) by more than an order of magnitadOt'’GeV'. The
entire region ofB > 0 is shifted towards higher values in th&4,, BY,,-) plane.
Without anya priori assumption about values of the ALP mass and coupling, it is
thus advisable to select the maximum valuesigf,- andBY%,,,- that are allowed by
observations and it is settled faf.,,- = 50 Mpc andB{;,,- = 5nG. For the thermal
electron density in the intergalactic medium, a typicaligabfne, ;g = 107 cm™
is adopted, derived from the baryon density measured withARNUarosiket al,,

2011).

5.2.3 NTRACLUSTER MAGNETIC FIELDS

In contrast to intergalactic magnetic fields, the existesicmtracluster magnetic
fields is well established. Synchrotron emission of theaititrster medium together
with Faraday rotation measurements at radio frequencies led to the common
picture that turbulent magnetic fields of the ordeif:G) fill the cluster volume
(e.g., Govoni & Feretti, 2004; Feretit al, 2012, for reviews and typical values
of the model parameters used below). The turbulence is lysiedcribed with a
Kolmogorov-type spectrum, or with the simpler cell-likeustture which is again
used here. There is evidence that the magnetic field strdaljtivs the radial
profile of the thermal electron distributian, ,cyv in the cluster,

Biemr (1) = Bl (NeLiom (/NS 1om ) - (5.22)

with typical values &b < < 1 and central magnetic fields up t010uG in the
most massive clusters. The thermal electron density igitbestcby

Nel, icm ()= n(e)l, ICM 1+ r/rcore)_gﬁ/2 > (5.23)
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Ficure 5.3: Parameter space scan in th&,Bp) plane. Top row: Photon-ALP-
conversion in the IGMF. The color map displays the boostofaot the
median of all simulatedB|gur-field realizations; see Eq. (5.21). The
adopted values for the coupling (Left column: large cousinRight col-
umn: small couplings) are displayed in the figure togethéh ttie critical
energy above which the conversion occurs in the strong mirggime.
Bottom row: Conversion in the ICMF. In the left panel, thearotoding
shows the fraction of the initial photon beam that is coreetrto ALPs
(median over all realizations). The median of the convargimbability is
constant for constant values B§ x vLcon, as indicated by the red dashed
line. The bottom-right panel displays the dependenc@ag)fon the cou-
pling ga, for different values 0By x VLcon In this panel, 68 % of all
B-field realizations for eacBg x vLcon value fall into the corresponding
shaded regions. See text for further details.

with characteristic values ¢f = 2/3 andr..e = 200kpc. The coherence length
is usually assumed to be comparable to galactic scales afrtte of 10 kpc. As
before, a grid scan over tha,,-, B%,,-) plane is performed in order to deter-
mine the parameters that maximize the photon-ALP convessi@\ cluster with

a radius of 2Mpc is assumed together with= 0.5. Instead of the boost fac-
tor, the fraction of ALPsP,,, in the final state [i.e.pina = p33 = diag(QO0, 1)]

is shown in the bottom row of Figure 5.3 for an initially unpoked pure photon

123



5 First lower limits on the photon-axion-like-particle quimg

beam,Pa, = Tr(03s7 punpol? ). Again, 5000B,cue-field realizations are simulated,
and the mediaﬁ’ay is computed. The more ALPs leave the cluster the stronger the
effect will be on the VHE spectra because more ALPs can convekt inéo pho-
tons in the GMF and enhance the observed flux. The bottonpdefél of Fig. 5.3
clearly shows that more ALPs are produced for stronger ntagields and longer
coherence lengths for a photon-ALP coupling strengtig,pf= 10'GeV . In-
terestingly, the conversion probability is constant fonstant values oBg x /Lcon
(red dashed line), anﬁay increases quadratically with growing coupling strength
until the maximum probability of 1/3 is reached (bottom-right panel of Fig. 5.3).
Not surprisingly, the maximum is reached for smaller caugifor larger values of
Bo X VLcon. Thus, for an optimistic scenario, a central ICMF valuBgf= 10uG
with a coherence length of 10 kpc is chosen and it is assuna¢thida VHE-emitting
AGN is located at the center of a galaxy cluster. The coremtaéelectron density

i 0 — 2 -3
is taken to beng o\, = 10“cm™.

5.2.4 NMAGNETIC FIELD SCENARIOS

Now that the most optimistic values for thefférent magnetic fields are identified,
four scenarios are presented for which thEee of photon-ALP oscillations on
VHE-y-ray spectra will be investigated. In all four configuragothe conversion
in the GMF is included.

1. In the first scenario, callegeneral sourcénereafter, no specific environment
is assumed for the ALP production and only the conversiom&GMF is
included. Instead, an initial beam polarizatiof, = 1/3diage™, e, 1) is
considered. This situation corresponds to a maximal mixisgme turbulent
magnetic field inside or around the source and a subsequenuation of
the photon fraction of the beam. In this general scheme, ®met forced
to apply some sort of averaging over the many possible @tiemts of the
random magnetic field.

2. In asecond configuration, namegtimistic ICM it is optimistically assumed
thatall VHE y-ray-emitting AGN are located at the center of galaxy clisste
of a 2 Mpc radius. The magnetic field changes over the distbooe the
cluster core as in Eq. (5.22) with a central magnetic fiel@pf,- = 10uG
and a coherence length 4, = 10kpc. Any conversion in the intergalactic
magnetic field is neglected, as well as any attenuation optimton flux by
local radiation fields inside the galaxy cluster. Upon ekibe galaxy cluster,
the photon beam will be attenuated by the interaction wiehEBL whereas
the ALP fraction propagates unhampered over the entirartistto the Milky
Way. In the GMF, ALPs and photons can again convert into edtoéro

3. Thirdly, it will be assumed that no AGN idtacted by the photon-ALP con-
version inside a galaxy cluster but, on the other hand, ttezgalactic field
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Ficure 5.4: Left panel: Photon survival probability with and withouethontribution
of ALPs. The d&ect of ALPs is demonstrated for two particular realiza-
tions of the random magnetic field for twofidirent ALP masses (solid
blue lines). The light-blue shaded region shows the enéiggon of P,,
covered by 1000 realizations Bfcmr. The reduced survival probability at
low energies is due to the photon-ALP mixing in the GMF whielissin
between 100 MeV and 1 GeV. Right panel: Histogram of all reions of
Bicmr for a fixedy-ray energy of 1.9 TeV and an ALP mass of 1 neV. The
survival probability without ALPs is again shown as a redmaksline.

will be taken to its most optimistic values, i.dY,,,- = 5nG andi%,,,. =
50 Mpc. This setup is labeleaptimistic IGMFand is basically the same as
the one considered in, e.g., de Angaisal. (2011) apart from the complete
energy-dependent treatment applied here.

4. Finally, a set of more conservative model parametersaseinto study both
the conversion in the IGMF and ICMF. The parameters are coasee in the
sense that they are not as close to the observational bosintthe optimistic
scenarios introduced above. Only the AGN listed in Table Hofmset al.
(2012) are assumed to be located inside a galaxy clusterhé\sposition
relative to the cluster core in unknown, a constant ICMF p€lis assumed.
Furthermore, a value afyser = 2/3Mpc is adopted as the distance that
photons propagate through the intra-cluster mediurhe value of the IGMF
Is motivated by simulations of large scale structure foramet (Siglet al,
2004; Dolaget al., 2005). This framework will be callefiducial

All scenarios are analyzed with two EBL models, namely theehof Franceschini
et al. (2008, FRV model) and the lower limit prediction of the KD nabd The

1This value is motivated by the following reasoning: if an A@Mblaced randomly inside a sphere
with a radius of 2Mpc and one computes the distance to the efitfee sphere, the median
distance that a photon travels through the sphere is four tapproximately /B Mpc for a
large number of simulations (10
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5 First lower limits on the photon-axion-like-particle quimg

TasLE 5.1; Model parameters for the fiierent magnetic field scenarios. In frameworks
including the conversion inside galaxy clusters, the bearassumed to
travel the distanceqster through the volume filled with & field. In the
optimistic ICM scenario, theB field varies as in Eq. (5.22). All AGN
are assumed to be located at the center of a cluster. Ifidheial case,
the magnetic field and thermal electron density are assumbd tonstant
throughout the cluster volume. Only AGN listed in Table 1 afrhset al.
(2012) are assumed to lie within galaxy clusters. See tefufther details.

IGMF ICM
Name Bowe  Aiowr ”gL IGM Bemr  Afowe  Teluster ”gL IcM Fcore 71
(nG)  (Mpc) 107ecm3) | (uG) (kpc) (Mpc) &103cm3)  (kpc)
general source Only conversion in GMF, buyti,i; = 1/3diage ", e 7, 1)
optimistic IGMF 5 50 1
optimistic ICM 10 10 2 10 200 0.5
fiducial 0.01 10 1 1 10 23 1 ... .

optical depth of the former is additionally scaled by a factb~ 1.3, as suggested
by recent studies of VHE-ray spectra (H.E.S.S. Collaboratiehal,, 2013). These
two EBL models more or less bracket the range of the EBL dgaBawed by lower

limits from galaxy number counts and upper limits deriveahirVHE-y-ray spectra

(cf. Chapter 2). Moreover, it was shown in Chapter 3 thateéhe® models result
in a high significance of the PPA; and it can be expected thaipemably small

photon-ALP couplings are able to reduce this tension sigamtly and, thus, to
derive conservative lower limits on the photon-ALP couglin

As an example, thefiect of photon-ALP oscillations for theptimistic ICM sce-
nario is illustrated in Figure 5.4 (left panel) for an extéartic VHE source con-
sistent with the position of the blazar 1ES 0414-009. Thevesion into ALPs can
increase the photon flux by several orders of magnitudecesfyeat high energies,
compared to the case without ALPs. Higher ALP masses caes&tribng mixing
regime to be shifted towards higher energies, as shown biltleeand dark-blue
lines [see also Eq. (5.11)]. Outside this regime, the temfiinctions shows an
oscillatory behavior. Some realizations can also resudniadditional dimming of
the photon flux, however, the majority of the simulationsegan enhancement of
the survival probability. Theféect of ALPs becomes strongest for optical depths
T,, = 2. Interestingly, in this regime, the indication for an paioduction anomaly
is found in VHEy-ray spectra (see Chapter 3). The distribution of the 100 si
lated values oP,, is highly skewed as shown in the right panel of Figure 5.4. All
but one realization lead to an increased survival proldgititihe optical depth of the
scaled FRV model is 6 at 1.9 TeV).

The diferent scenarios and their corresponding model parametesimmarized
in Table 5.1. The photon-ALP conversion inside the sourg®tsexplicitly taken
into account here, but a possible contribution is accouftteith the general source
scenario.
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5.3 Probing the Opacity with VHE gamma-ray spectra

5.3 RoBING THE OpaciTY WITH VHE GAMMA-RAY SPECTRA

With the framework to calculate the photon survival probgbP,, introduced in
the previous sections, the observed ViHEay spectra are corrected for absorption
in the presence of ALPs. As it is not assumed that the photoR-@onversions oc-
cur in the strong mixing regimé,,, can show a strong oscillatory behavior. There-
fore, thej-th observed spectral point from a spectrumvith a flux <I>i°jbS over an
energy binAE;; with central energyE;; is corrected with an average transfer func-
tion,

(Pyij = dE P,,(E), (5.24)

AEI] AE;jj

so that the absorption corrected fiiy is obtained by
Djj = (P, )it OO (5.25)

In practice, the photon survival probability is calculafed 40 energies for each
source and linearly interpolated in Ig¢F) and log(P,,). This has been cross-
checked for onenf,, ga,) pair with 100 energies and the results are found to be
compatible if only 40 energies are used.

The same technique as put forwardMsthod 2in Section 3.1.1 is used here to
quantify the significance of the PPA in the presence of ALPschEspectrum
with data points that correspond t9,(z, E;;) > 2, i.e., the optical thick regime,
is fitted with an analytical functiorij(E). A list with all considered spectra that
fulfill this criterion is shown in Table 5.2. The functidi(E) is either a power law,
or, in case the fit probability igf;- < 0.05, a logarithmic parabola, compare Eq.
(3.2). For each data point in the optical thick regime, th&dweal is calculated
according to Eq. (3.6). Under the hypothesis tAgtgives a correct prediction of
the opacity of the Universe to VHE=rays, the residuals in the optical thick regime
should follow a Gaussian distribution with zero mean. Thiejecture is checked
with thet test, for which the variabledefined in Eq. (3.7) follows &distribution
from which the significance (one-sided confidence interva) be calculated. This
method to quantify the accordance between model and datekasl advantages.
Firstly, the functions to parametrize the spectra do noeddpon any particular
blazar emission model, as no constraints on the photon indern the curvature
are made during the fit. Most spectra are adequately deddojpéhese functions,
as shown in Appendix A. Secondly, no extrapolation from tp&aal thin to the
optical thick regime is required, and the statistical utaaties of the measurement
enter the significance test self-consistently.

Without the contribution of ALPs, one finds for the spectsidd in Table 5.2 a
significance of 2 x 10°® ~ 4.3¢ for the KD model and 3 x 10* ~ 3.5¢ for
the scaled FRV model that the models do not describe the ttataight come as
a surprise that the scaled FRV model gives a lower signifiedinan the minimal
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5 First lower limits on the photon-axion-like-particle quimg

TasLE 5.2: List of VHE y-ray spectra included in the analysis. The table shows the
redshift of the source, the IACT experiment that measurgthé energy
range covered by the spectrum and the number of data poitite ioptical
thick regime for the optical depth given by the KD model andhwy scaled
version of the FRV model. The references are listed in Taldle 3

. . . Energy range Nes2 Nes2
j Source Redshift Experiment (Tev) (r, =1x ko) (1, = 13% erv)
1 Mrk 421 0.031 HEGRA 0.82-13.59 0
2 Mrk 421 0.031 HEGRA 0.82-13.59 0 1
3 Mrk 421 0.031 H.E.S.S. 1.12-17.44 0 2
4 Mrk 421 0.031 H.E.S.S. 1.75-23.10 1 4
5 Mrk 501 0.034 HEGRA 0.56 —21.45 1 3
6 1ES 1956650 0.048 HEGRA 1.59-10.00 0 1
7 1ES 1956650 0.048 HEGRA 1.52-10.94 0 1
8 PKS 2155-304 0.116 H.E.S.S. 0.23-2.28 0 2
9 PKS 2155-304 0.116 H.E.S.S. 0.23-3.11 0 3
10 PKS2155-304 0.116 H.E.S.S. 0.22-4.72 0 6
11  PKS2155-304 0.116 H.E.S.S. 0.25-3.20 0 2
12 RGBJ0718591 0.125 VERITAS 0.42 -3.65 0 2
13 H1426:428 0.13 HEGRA, 0.25-10.12 2 5
CAT, WHIPPLE
14 1ES0229-200 0.140 H.E.S.S. 0.60—11.45 3 6
15 H2356-309 0.165 H.E.S.S. 0.18-0.92 0 1
16  H2356-309 0.165 H.E.S.S. 0.22-0.91 0 1
17 H2356-309 0.165 H.E.S.S. 0.23-1.71 0 1
18 1ES 1218304 0.182 VERITAS 0.19-1.48 0 3
19 1ES1101-232 0.186 H.E.S.S. 0.18-2.92 3 7
20 1ESO0347-121 0.188 H.E.S.S. 0.30-3.03 2 4
21 RBS0413 0.190 VERITAS 0.23-0.61 0 1
22 1ES0414009" 0.287 H.E.S.S. 0.17-1.13 2 3
23 1ES0414009" 0.287 VERITAS 0.23-0.61 0 1
24 PKS122221 0.432 MAGIC 0.08-0.35 0 1
25 3C279 0.536 MAGIC 0.15-0.35 1 1
26 3C279 0.536 MAGIC 0.08-0.48 1 2

1 Assumed to be located in a galaxy cluster infidecial scenario (see Horret al., 2012, Table 1).

attenuation KD model. The reason for this is that more datatponigrate into the
optical thick regime as the EBL density increases. Thisdg¢adn overall residual
distribution closer to a zero mean and shows the limitatidh@method: as long as
the overall fit to all spectra is acceptable, the entire redidistribution must scatter
around zero (see Section 3.1.2 for further details).

In the following discussion, ALPs are included in the cofi@t of the observed
spectra. For this purpose, the transition probability fibfaur scenarios and the
two different EBL models is calculated separately for each soustedlin Table
5.2. This is necessary because each AGN haferent redshift (important for the
attenuation) and a fierent position in the sky (influencing the conversion in the
GMF). FurthermoreP,,, is computed over a grid of equally spaced values in the
(log,;o(Ma), 109,0(0a,)) Space. For the coupling constant, the range”iBeV* <

Ja, < 10°29GeV* is chosen for all magnetic field frameworks. The upper bound
is motivated by the bound set by the CAST experimerg.pf< 8.8 x 1011 GeV*
(Andriamonjeet al,, 2007, and Section 1.4), while for the lower bound the con-
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tribution of ALPs is expected to become negligible. On theeothand, the range
of the tested ALP massesfidirs in the diferent scenarios. It is determined by
the critical energy given in Eq. (5.11) that should span daryal that includes
the minimum and maximum energies of the VHE spectrum sanmpleable 5.2,
namely 0.08 TeV and 23.1 TeV. Thefldirent magnetic fields and thermal electron
densities result in dierent mass ranges. For tgeneral sourcandoptimistic ICM
configurations, a mass range of 1nevVm, < 10°neV is chosen; whereas for
the optimistic IGMF setup, the smaller values &gy and the ambient density
lead to a shift in the mass to T®neV < m, < 10*°neV. In the combinedidu-
cial scenario, it is settled for the intermediate range®¥@eV < m, < 10*°neV. A
resolution of the grid of 3% 32 = 1024 points is selected in the particular ranges
of (10g;(m), 109;4(0a)).

A complication is introduced by the random magnetic fieldthim scenarios apart
from thegeneral sourcease. Since the exact orientation of the IGMF and ICMF
in each domain is unknown, a large numbgy, of simulated random realizations
is required. HerelNs,, will be set to 5000, and therefore for each.(ga,,) pair one
ends up with 5000 values for the significance level oftthest, p;. One solution
would be to compute the median (or mean) of the transfer fomend afterwards
calculatep;. However, in the averaging process all information ongjdaistribution

is lost, and it is unclear if this certain value is statidticguitable to deduce a
lower limit on g,,. Instead, thep; distribution is used to determine tig value
for which 95 % of all B-field realizations result in a worse compatibility of the
particular framework with the data (i.e., those realizasithat result in a smallgx
value). This particular significance is henceforth den@ggdgs. In summary, for
each scenario, one now has qmg value for each grid point in therg, ga,) space.
The lower limit ong,, is then defined as the contour line for whipé = 0.01. In
this way, (n., da,) values are regarded to improve the compatibility betweedeh
and data if at least 5% of the realizations give an accordbatter than 1%. For
the two EBL models used here, this corresponds to a decré#se significance of
the PPA by a factor of .2 x 10°* (KD model) and 23 x 102 (scaled FRV model).

5.4 Resurrs

The results for the significance test introduced in the ptevsection are presented
for each of the four scenarios developed in Section 5.2. pewupanels of of
Figure 5.5 show they values for thegeneral sourceconfiguration for the KD
model (top-right panel) and the scaled FRV model (top-lafgd). In this sce-
nario, no random magnetic field is involved, and thus thereniy one p; value
for each pixel. The color coding and the contour lines shaw-ttog,,(p;) values
and larger values agf; [smaller values of- log,4(p:)] represent a higher probability
that the correspondingvalue is the result of a statistical fluctuation; i.e., a leigh
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Ficure 5.5: Significance map for the photon-ALP conversion in th&,Qa,,) plane.
Smaller values (brighter regions) indicate less accomdmtween the
model and the data. Upper pangd; values for thegeneral sourcesce-
nario, shown as-log;o(pt). Lower panel: pgs values for theoptimistic
ICM case. For each pixel, 5000 realizations of the random miginet
are simulated anggs is determined from the resulting 50@9 values (cf.
Section 5.3). In the left column, the attenuation due to theraction of
VHE y-rays with the EBL is given by the KD model, whereas in the righ
column the scaled FRV model is utilized. The maps are smdatking a
bilinear interpolation between the singles ga,) pixels.

probability that the transfer function is in accordancewtiie data. Clearly, thp,
values increase with an increasing photon-ALP couplinge Bwer limit onga,,
(p: = 0.01 corresponds to thelog,4(py) = 2 contour line) is~ 7.8 x 10711 GeV*
for the KD model- and~ 1.4 x 102 GeV™ for the scaled FRV model, respec-
tively, in the regime where the mixing becomes independémhe ALP mass at
my < 15neV. This mass marks the onset of the strong mixing regB8mR) for all
spectra in the environment of the Milky Way. For higher massge critical energy
increases, and so does the number of spectral points oti€i@®&MR. Higher cou-
plings ofg,, are necessary to compensate tiis& and to retain a low level of the
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significance of the PPA. Above, > 250 neV, the tested coupling does not lead to a
reduction of the tension between the model and data in casqueto the no-ALPs
case. These observations are valid for both EBL models.

A similar overall behavior is found in theptimistic ICMcase (Figure 5.5, bottom-
right panel: KD model; bottom-left panel: scaled FRV mod&he color code now
displays thepgs values for the 5000 simulated realizations of the random FGM
each pixel. Apart from the overall trend, peculiar regiores\asible for the contour
lines. In certain mass ranges, the lower limit contourdgrextends down to al-
mostg,, = 1012GeV * using the scaled FRV model. These features are caused by
the oscillatory behavior oP,, outside the SMR whichftects the low-energy data
points in the spectra. These data points usually have thebest statistics, small-
est error bars, and the strongest influence on the overallrapét. The oscillations

in the transfer function can lead to a correction that isrgnm one energy bin but
small in the adjacent bin. As a result, the spectral fit igattend leads to residuals
in the optical thick regime that are closer to zero for cer{ai, g9,,) pairs. Thus, it

Is expected that these features will change if more VHE spece included in a fu-
ture analysis. Furthermore, the oscillations of the tran&fnction lead to a poor fit
quality for the spectra with the best overall statisticskM21 (Tluczykont, 2011),
Mrk 501 (Aharoniaret al, 1999b), and PKS 2155-304 (Aharoniahal., 2007a)]
and to a small overall fit probability (see Appendix A). Thisltead to a broaden-
ing of the residual distribution and a possible overestiomatf the pgs values closer

to 1. These features should not be taken as a preferred paramgion for ALPs

to explain the opacity of the Universe.

In the optimistic IGMF scenario with the KD model, the only significant improve-
ment over the no-ALP case is actually outside the SMR, as eaaén from Figure
5.6 (top-right panel). Note that the mass range in which tiéwasition to the SMR
occurs has now shifted to lower masses due to the smaller I&MFambient elec-
tron density compared to the intracluster case. With thenatition of the scaled
FRV model, the optimistic parameter choices B, andAf,,,. lead to a lower
limit on g,, as low as~ 3 x 10 GeV* (top-left panel of Figure 5.6).

The bottom row of Figure 5.6 displays the results for the noorgservative param-
eter choice of thdiducialframework. In this scenario, one cannot strictly speak
about a lower limit org,, as neither the values of the magnetic fields nor the val-
ues for the coherence lengths are set to their observayaibwed upper limits.
The (M., a,) pairs that result ipgs > 0.01 can thus rather be seen as a preferred
region in the parameter space if one tries to explain theigpatthe Universe
with photon-ALP conversions. One has to keep in mind, thotigdt the majority

of simulatedB-field realization results in smallgx values. Not surprisingly, one
can conclude that the photon-ALP conversion in the IGMF gligéle, since the
peos = 0.01 contour line does not extend to lower valueggfatm, ~ 1neV, as
observed in theptimistic IGMFcase. Compared to theptimistic ICM case, the
lower limit contour line has shifted towards higher valuesld, because a smaller
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Ficure 5.6: Significance maps for the photon-ALP conversion. Same dsattem row
in Fig. 5.5, but for theptimistic IGMFscenario (top row) anfiducial case
(bottom row).

number of AGN is assumed to be located inside galaxy clusteraever, it has to

be underlined that ALPs are still able to improve the accoecdaof the model with
the data significantly.

From Figures 5.5 and 5.6 it is obvious that in the KD model bigialues of the
photon-ALP coupling are necessary to reduce the tensioneaet model and data
below the threshold ofgs = 0.01 (more stringent lower limits) than in the scaled
FRV model. The reason for this is twofold: On the one handheuit ALPs, the ab-
sorption correction in the scaled FRV model is larger fohrogtical depths, which
leads to higher residuals in some spectra. Lower photon-@duplings skice in
these cases to reduce the residuals. On the other handgtfigcaince of the PPA
is lower in the scaled FRV model to begin with (cf. Section)5Bemanding the
same decrease of the significance as in the FRV model withbBsAo the lower
limit value (23 x 104 to 0.01) in the KD model-case results in a significance value
of ~ 3.1 x 104, close to thep, = 10°* contour line. Especially in theptimistic
IGMF and fiducial scenarios this line is in good agreement with fhe= 102
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contour line in the FRV model case.

VHE y-ray spectra are subject to systematic uncertainties wdaohalso &ect the
significance test used here. In Section 3.1.2, several aswtuncertainties in
the quantification of the significance of the PPA are idemtiBach as a selection
bias of VHE sources, the uncertainty of the overall energlesof IACTs, and
spillover dtects in the highest energy bins due to the limited energylugso of
IACTSs. Including these féects leads in general to a reduction of the significance.
The strongest reduction @ ~ 2.0 (scaled FRV model) is found if the last energy
bins of all spectra are excluded from the analysis and theggnmints are simul-
taneously scaled by15 % in energy (a conservative choice, as it was shown that a
scaling of the order of 5% is in better agreement with a crossetation between
IACTs and theFermi-LAT; see Meyeret al,, 2010). This certainly poses a lower
limit on the significance, as it seems unlikely that all VHEespa are influenced
by these systematics in the same way. Nevertheless, a lowieof pgs = 0.01
with the inclusion of ALPs would not help to significantly imgwve the accordance
between model and data in this case of a marginal indicaliéw.Ps were required

at all, higher photon-ALP couplings would be necessary. elmw, the goal here
is to set lower limits org,, if the PPA is not explained by invoking all systematic
uncertainties on the VHE observations at once.

Figure 5.7 compares the lower limits derived here with auradservational upper
limits, regions of theoretical interest, and sensitigié planned experiments. Only
the lower limits for the scaled FRV model are shown, sincg #idie below the lim-

its derived with the KD model. The lower limits clearly extebelow the stringent
upper limits from the CAST experiment (dark shaded regiongd#amonjeet al.,
2007). In theoptimistic IGMFcase, they also lie below the upper limit derived from
the non-observation of promptrays from the supernova SN 1987a (gray shaded
region; Brockwayet al., 1996; Grifolset al, 1996). These/-rays would be the
result of ALPs reconverted in the GMF that are produced instifgernova explo-
sior?. The dotted-dashed lines show theoretical upper limitg.pealculated from
magnetic white dwarfs (mWDs; Gill & Heyl, 2011). Photon-AkBnversions lead

to a linear polarizatio?, of the photon beam (BRIt & Stodolsky, 1988), and by
treating the current observations of mMWDs as a limit, Pe.g 5 %, one can derive

a limit on the photon-ALP coupling. Theftierent lines correspond toftkrent val-
ues of the magnetic field strength of the mWDs arftedent values for the limit on
P.. Although the magnetic field and ambient density in the vigiof mMWDs are
very different from the scenarios considered here, the mWD consioiesaurn out

to be sensitive in the sammy, g,,) region as the VHE observations. Nevertheless,
the limits use @-field model inferred from one single mWD. If they are confidne
with future observations, they will strongly constrain fr@rameter space for ALPs
that can potentially decrease the opacity of the Univers&/HE y-rays. On the

2The limits should be considered as an order of magnitudmatgisince they rely on some simpli-
fications. For instance, a constant photon-ALP conversiohability in the GMF is assumed.
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Ficure 5.7: ALP parameter space with the lower limits gy, derived here. The lower
limits for the diferent scenarios are displayed as blue shaded regions, or
in the case of thgeneral sourcescenario, as a dark blue solid line. They
are only shown for the scaled FRV model, so that the optigaildis given
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See text for further details.

other hand, ALPs could solely be responsible for the enbeeoved linear polariza-
tion. Consequently, the limits can also be regarded as anpeef parameter range
for ALPs.
The lower limits of the optimistic scenarios extend into fireferred region for
the ALP parameters to explain the white dwarf (WD) coolinglgem. 1t is dif-
ficult with current theoretical models to satisfactorilypreduce the observed WD
luminosity function. The production of ALPs, on the othentdawith a mass and
coupling within the light-gray-shaded band in Figure3ss@rves as an additional
cooling mechanism for WD and can reduce the tension betwaeart model pre-
dictions and data (Iserat al., 2008). This issue is, however, subject to ongoing

3Isernet al. (2008) set bounds on the mass of the QCD axion or equivalentlhe electron-
axion coupling. This can be translated into a bound on thégohaxion coupling (Réielt, 2008;
Redondo, 2013) and consequently on the photon-ALP couplifite values shown here are

taken from Hewetet al. (2012).
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discussion (Melendeet al., 2012).

Interestingly, the ALP parameter space of fiaeicialscenario can be probed with
planned experiments. The sensitivity forecasts for theravgd Any Light Parti-
cle Search (ALPS II; Bahret al,, 2013) and the International Axion Observatory
(IAXO; Irastorzaet al, 2011) are displayed as a crosshatched and right-hatched
region, respectively, in Figure 5.7. The lower limits dedvhere thus pose an addi-
tional physics case for these future experiments.

The lower limits derived here could be further relaxed iféiddal contributions to
the GMF are realized in nature, such as a kiloparsec-scagmetiaed wind (Ev-
erettet al., 2008) that could further enhance the conversion proligbiis noted

at the end of Chapter 3, at the time being the sample of VHEtspecdominated
by sources with a redshift.D < z < 0.2 and is thus most sensitive to changes
in the EBL density at near-infrared wavelengths. As a consege, certain EBL
model realizations exist for which the PPA is less signifiamd higher values of
0a, Would be required to obtain a significant improvement ovestikuation without
ALPs. One improvement would be to parametrize the EBL madd¢pendently
(for instance, with splines, as done in Chapter 2) and ratatle the significances
in the presence of ALPs. This is left for future investigaso Firm conclusions
can only be drawn with future direct observations of the EBd & HE measure-
ments in the optical thick regime of both distant sourcegatal hundreds of GeV
and nearby sources at several tens of TeV, which will alsdlerfarther tests of
ALP scenarios. Several such observations have alreadyaresuncetiand will
become more feasible with the next generation of air showeerements such as
the Cherenkov Telescope Array (CTA; Acesal, 2011), the High Altitude Water
Cherenkov Experiment (HAWC; Sinng al,, 2005), and the Hundred*i Square-km
Cosmic ORigin Explorer (HISCORE; Tluczykoet al,, 2011).

To conclude, the results are summarized as follows:

e Without absorption, the median of the photon-ALP convergimbability is
constant for constant values B /Lo, and increases quadratically with the
coupling until it saturates at 1/3.

¢ Including absorption, the median values show an oscifatehavior for
large B x vL¢on, as the photon fraction in the beam that can be attenuated
is always high (as already noted by de Angeisal, 2011). This allows
to identify the most optimisti®-field parameters for photon-ALP mixing in
intracluster and intergalactic magnetic fields.

e If the indication of the PPA found in Chapter 3 is not attrgmito systematic
uncertainties thatféect all spectra of all instruments, ALPs can ease the ten-

4For example, the detection of the distant BL Lac KUV 0031B4%ith H.E.S.S. or the ob-
servation of a flaring state of Markarian421 with VERITAS weecently announced, see
http://tevcat.uchicago.edu/
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sion between model and data significantly. For optimiBtiteld scenarios,
this is achieved for couplings, > 102GeV* (optimistic IGMFcase and
optimistic ICMcase). More fiducial parameters yiglg > 2 x 1011 GeVv*
(fiducial case). These results include the contribution of the GMFaahdl
energy dependent treatment of the oscillations.

These first lower limits owy,, derived from VHEy-ray observations are well
in reach of future laboratory experiments as ALPS Il and IAZQ reach
into the region of the parameter space favored for an aaditid/D cooling
mechanism (Iseret al,, 2008).

The lower limits are worsened outside the strong mixingmegias the oscil-
latory behavior of the transfer function leads to small falgabilities. On the
other hand, this behavior can be used to search for ALPs asristiain the
parameter space (as suggested by Wouters & Brun, 2012).



6 SUMMARY AND OUTLOOK

In this thesis, the opacity of the Universe for high and veghrenergy (HE and
VHE) y-rays originating from cosmological sources has been studihe opacity
arises through the attenuation pfrays through the interactions with photons at
ultraviolet to far infrared wavelengths of the extragalabaickground light (EBL).
Constraints on the EBL photon density have been derived anatysis of 22 VHE
spectra from 19 dierent blazars in conjunction with data taken in the first 2yea
of operation of the Large Area Telescope (LAT) on boardRbemi satellite. The
Fermi-LAT measures the considered spectra of active galactien(AGN) at en-
ergies where absorption is negligible. Consequently, pleetsal slope determined
from Fermi-LAT observations serves as a limiting value for the absonptorrected
slope at VHE, if an overall concave shape of the intrinsicipen is assumed. This
relaxes the need to make specific theoretical assumptiotieantrinsic photon in-
dex at VHE. Blazars are known to be variable in time, thusseigmultaneous mea-
surements with imaging air Cherenkov telescopes (IACTdYaeFermiLAT, or, if
unavailable, the most conservative measured values fantitesic blazar spectrum
have been used. With the further assumption of concaverspedhe VHE band,
upper limits on the EBL photon density have been derived waie independent
of specific EBL models and span roughly three orders of madaitn wavelength
from 0.4um to 100um. The EBL intensity is limited below 5 nWhsrt at mid-
infrared wavelengths, close to the lower limits derivedrirgalaxy number counts.
The calculation of the upper limits also accounts for thduiamn of the EBL den-
sity with redshift and for the possible formation of electr@gnetic cascades. A
novel exclusion criterion for EBL densities has been inti@et, which relies on the
assumption that the VHE luminosity of blazars should noteexkcthe Eddington
luminosity.

Based on the spectral data obtained, it has been investigdiether current EBL
models predict an overcorrection of VHEray spectra in the regime where the
exponential flux suppression exceeds two e-foldings cpomding to an optical
depthr,, > 2. For this purpose, VHE spectra of sources with unambiguedshift
determination have been corrected for absorption undeagkemption of various
EBL models. Special emphasis is placed on the EBL model ofigkees Dole
(2010, KD model), which results in a minimal attenuation aVTenergies and
follows closely the lower limits on the EBL density in theiafed regime derived
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from galaxy number counts. The overcorrection has beerclsedrfor with two
statistical tests: The absorption-corrected energy hitiseospectra in the,, < 1
regime are fitted with an analytical function and the fit isegblated to data points
with 7,, > 1. Subsequently, the ratios between the absorption-¢edtenceasured
flux and the flux obtained from the extrapolation are cal@adai he distribution of
ratios in the regimes & 7,, < 2 andr,, > 2 are compared with the Kolmogorov-
Smirnov (KS) test. In a second test, all absorption-coeetctata points of each
spectrum are included in fit. The mean of the fit-residualitistion for data points
with 7, > 2 is compared to an expected mean of 0 using the Studeets.

For the KD model, an indication for a reduced opacity of theverse, coined
pair-production anomalyPPA), with a significance.8 o and 43 ¢ has been found
consistently for the KS test arnidest, respectively. Several systematics influencing
this result have been studied, and the unknown absolutgyenalibration together
with the limited energy resolution of IACTs have been idéedi as the major un-
certainty. However, it seems unlikely that all studied $ggeare influenced by these
systematics in the same way.

A complementary search for the PPA has been conducted Reitmi-LAT data
collected in the first 8years of operation. To this end, photons above 10 GeV
have been associated with AGN with known redshift which eted in the second
(2 year)Fermi-LAT source catalog (2FGL). Sources with one or more assedia
photons with an energy resulting#, > 1 have been further analyzed to determine
the intrinsic unattenuated spectrum. From the extraplab higher energies, the
expected number of photons beyond > 1 andr,, > 2 has been calculated and
compared to the number of observed photons. Each analyzedesoonstitutes
an independent hypothesis test, so that multi-trial fachave to be taken into ac-
count. Combining the results from all sources includingltfactors results in no
significant deviation in the case all sources with an assedig, > 1 photon are
considered. If the sample is limited to sources with an aasatr,, > 2 photon,

an indication of 37 ¢ is found that the predicted EBL absorption is too strong. In
total,~ 400 AGN that are listed in the 2FGL with ficiently large redshift to emit

a photon in the optical thick regime in the energy range ofRbeni-LAT. It has
been studied how the detected 20 (6) photons below 500 GdVanibptical depth
7,y = 1 (1), > 2) compare to the expected number of photons from these A@GN. R
calculating this number, an indication for a PPA is only fduifrthe intrinsic spectra
are modeled with curved spectra rather than simple powes (dvwe curved intrinsic
spectrum results in a lower number of expected photons hehgnergies).

The possibility that conversions of photons into hypottataxion-like particles
(ALPs) can explain the indication for the PPA has been adeéckf detail. Since
the conversion probability depends on the strength andhtatien of the ambient
magnetic field, dferent environments are examined including galaxy clustkes
intergalactic medium, and the Milky Way. In the first two regs$, the magnetic
fields are modeled with a domain-like structure, the fieltheionstant and ran-
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domly orientated in each cell. Without photon absorptidw@ photon-ALP con-
version in such fields scales with the square of the photoR-&dupling,g,,, and
increases with increasing values®k /Lo, With the field strengttB and the co-
herence lengtl.., (equal to the domain size). It has also been shown analltical
that for an initially unpolarized pure photon beam, the Al&cfion in the beam
can never exceedd. Values close to the observational bounds for the intecgial
magnetic field and values equal to measurements of the lu$tac magnetic fields
in the most massive clusters allow, for the first time, todetower limits ong,,
from VHE y-ray observations. The resulting boundjis > 10-'2GeV*. For more
conservativeB-field parameters in a sense that they are not equal to oliserak
bounds, the limity,, > 2x 10711 GeV* is obtained, well in range for detection with
the future experiments ALPS Il and IAXO.

A straightforward extension of the presented work is thdiagtion of the photon-
ALP oscillation framework developed in Chapter 5 téermi-LAT data. The first
result of this application is shown in the panels of Figurg. 6For the analysis,
the extrapolation of the intrinsic LAT spectrum (discusse@hapter 3.2) includes
photon-ALP oscillations. The post-trial probabili®ppa posttriai, 10 detect the ob-
served photons is calculated with the EBL model of Frandesehal. (2008, FRV
model) and in th@eneral sourcescenario (cf. Section 5.2) for two valuesgf. In
this scenario, the initial photon polarization matrix nesary to compute the photon
survival probability from Eq. (5.18) is chosen to pbg; = 1/3 diage ™,e ™, 1).
This means that already a large fraction of the beam has dexdvimto ALPs. A
low ALP mass ofm, = 0.01 neV is assumed to ensure the onset of the strong mix-
ing regime below the energy range of thermi-LAT, i.e., Egir < 100 MeV [cf.
Eq. (5.11)]. This implies that the intrinsic flux normalizat determined from a fit
to FermiLAT data (see Section 3.2.2) has to be upscaled by a fact8f2§ince
one third of the photons emitted by the source has alreadyectmd into ALPs.
When applied to blazars that are firmly associategl (> 0.9) with a high optical
depth photon (HOP), photon-ALP oscillations result in acréased probability to
observe the detected photons above an EBL normalizatien1, especially for
photon-ALP couplings close to current limits. For valuegigfclose to the lower
limits of the general sourcescenario (cf. Figure 5.5), an increase is still observed
which is, however, less pronounced (see Figure 6.1). Tlab/ais can be extended
in the future to include the oth&-field scenarios considered in Chapter 5. It will be
interesting to examine thod$&field realizations that maximize the photon survival
probability. In this way, it can be investigated by how mudtomn-ALP oscilla-
tions can increase the probability of observing the thresqis withr,, > 2.

This first result demonstrates that photon-ALP conversaamssignificantly &ect
the number of expected photons observed withReemiLAT. Nevertheless, its
current sensitivity is indfticient to give a definitive answer on the nature of the

1The photon-ALP conversion code writtenpigthon will be made publicly available atttps:
//github.com/me-manu/Phot-ALPs.
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Ficure 6.1: Post-trial probability of the PPA including photon-ALP e@nsions. Top
panel: All blazars listed in Table 3.3 are included with a firmssociated
(Psrc > 0.9) HOP with7,, > 1. Bottom panel: only the three AGN are
included that have a,, > 2 associated HOP witRg,c > 0.9.

PPA. This might change in the future with the upda®ads 8nstrumental response
functions that promise an increase of 15 — 20 % in acceptaruglaenergies and
an energy reconstruction up to 3 TeV (Atwoeidal., 2013).

It should be noted that the search for an regenerateay flux due to photon-
ALP conversions is not limited to the absorption due to thé.HB principle, any
environment in which the optical depth fgrrays is high and magnetic fields are
present can be used to test the ALP scenario. For examplepamgrsion inside an
AGN has been neglected in the analysis in Chapter 5. In FSR@sttenuation of
y-rays can be severe [equivalent to a high compactidgsdefined in Eq. (1.8)] due
to the high photon density of the broad line region (BLR),uieiqg that the emis-
sion zone is outside the BLR (Tavecclabal., 2011b). This might not be necessary
in the presence of ALPs (Taveccha al., 2012). Furthermore, including ALPs
might reduce the large Doppler factofg, > 60, needed to explain the minute-scale
time variability observed in PKS 2155-304 (Aharongtrel., 2007a).

A different approach would be to search for the transition fromweak to the
strong mixing regime arounf;; [cf. Eq. (5.11)] in IACT orFermiLAT spectra.
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TasLE 6.1 The five Fermi-LAT detected pulsars with minimal photon survival proba-
bility P,, in the strong mixing regime. A photon-ALP coupling @f, =
5x 1011 GeV ! is assumed. Also given are the pulsar position in galactic
longitude and latitudel (b), the pulsar distancd, and its detection signifi-
cance between 100 MeV and 100 GeV as listed in the 2FGL.

Pulsar name | (degrees) b (degrees) d (kpc) P,, Significance

J1112-6103 291.22 -0.46 30.00 0.861 11233
J0248-6021  136.90 0.70 23.23 0.875 1733
J20213651 75.22 0.11 18.88 0.865 9501
J20306-3641 76.12 -1.44 11.17 0.900 1707
J0218-4232  139.51 -17.53 5.85 0.931 2669

For instance, the transition could show up as a “steda@miLAT pulsar spectra
(such a spectral feature has also been discussed, e.g.,dyridth & Sigl, 2007;
Sanchez-Condet al, 2009). The strength of the feature should depend on the
pulsar distanceand its position due to the fierent Galactic magnetic field (GMF)
along each line of sight. Given th& field strength of the coherent GMF, such a
search would be sensitive to an ALP mass around 1 neV for ocwgobf the order of

Jay ~ 10°11GeV L. The photon survival probability for the strong mixing e in

the GMF is shown in the all-sky map in Figure 6.2. PositionSsesimiLAT detected
pulsars are also marked in this figure. The most promisingcgssuto study the
photon-ALP oscillations are distant pulsars with a lineighsclose to the Galactic
center (maximizing theftect of ALPs) detected with a high significance (for high
quality spectra). The five pulsars with a minimal photon sw@ivprobability are
listed in Table 6.1.

More generally, further observations in the optical thieigime will give a more
definite answer on the PPA. Such measurements will also belpristrain the EBL
further, especially at optical and far-infrared waveldrsgivhere the limits depend
on just a few (or even only one) AGN spectra. At (mid-) infcaneavelengths,
the large number of spectra considered in this work enswfasst limits against
potential biases in individual spectra. Several obsewuatiof blazars in the op-
tical thick regime have already been made. The BLLac KUV 003238 at a
redshift ofz > 0.506 has been observed with H.E.S.S. between 2010 and 2011
(Becheriniet al, 2012a). The major flare of Mkn 421 in 2010 has been detected
with VERITAS yielding a preliminary spectrum from 200 GeV to energies larger
than 20 TeV (Fortsoet al., 2012). This measurement is particularly interesting for
EBL constraints at far-infrared wavelengths. Recentlgveer limit on the redshift

(z > 0.6035) of PKS 1424240 has been published, suggesting that the VERITAS
observations of this blazar (Acciaet al, 2010a) extend to optical depths, > 5

2The pulsar distances are obtained from the ATNF pulsaragfat tp: //www.atnf.csiro.au/
people/pulsar/psrcat/.
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Ficure 6.2: All-sky map of the photon survival probability in photon-RLoscillations
in the GMF. The color scale corresponds to the survival gridiba for
photons withE > E; originating from a source at a distance of 8.5 kpc.
A photon-ALP coupling offa, = 5x 10"1*GeV is chosen. The markers
show positions of pulsars listed in the 2FGL. The markersssmle with
the pulsar distances. The marker color scales with the tiesignifi-
cance given in the 2FGL (see upper color bar).

(Furnisset al,, 2013). These measurement can be easily integrated in #igsas
presented in this work.

After the ongoing commissioning, the second phase of the 3HE experiment
will lower the energy threshold of the array t030 GeV in single telescope and
~ 50 GeV in stereoscopic observations (Bechegiral., 2012b), enabling the mea-
surement of the intrinsic and absorbed part of AGN spectrauléaneously. In
this respect, the prospects for the planned CherenkovciiesArray (CTA; Actis

et al, 2011) are even more promising for studying ALPs and EBL giigm. The
array will incorporate three fterent sizes of IACTs to cover an energy range from
tens of GeV up te- 100 TeV with an energy resolution of the order of 10 — 15 %, a
temporal resolution down to seconds, and an angular résolom the arcmin scale.
The projected sensitivity is a factor ef 10 better than that of currently operating
IACTs. From the analysis presented in Inaitel. (2010), Mazinet al. (2013) es-
timated that about 100 new AGN can be detected within the Siy&tars of CTA
operation. This demonstrates that CTA observations wilefhe way for disentan-
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gling source intrinsic spectral features from the EBL imfsion the spectra. CTA
telescopes will have a rapid slewing capability (18020 s) promising the detec-
tion of ~ 1 gamma-ray bursts per year (Mazanal., 2013). With the observation of
these bright transient phenomena, the EBL density can paligrbe constrained
up to redshifts oz > 4 (Mazinet al,, 2013).

If at one point the EBL upper limits fall below the lower lirmifrom galaxy number
counts, processes beyond the Standard Model mifjat a solution. It has been
shown here that photon-ALP mixing seems to be the most viedoididate, as the
spectra are altered ing, dependent way. Doret al.(2013) have studied the CTA
performance of detecting the regenerated photon flux fromgrhALP oscillations
from a source with the same spectrum and redshift as PKSt222@bserved with
MAGIC (Aleksic et al, 2011a). The authors only consider the conversion in the
IGMF with a field strength of 0.1 nG and assume that the specaxtends up to
2 TeV. MAGIC detected the source in a flaring state that lakied 30 minutes. If
at some point a similar event lasting for 5 hours was obsemiddCTA, coupling
constants down te 1016 GeV could be probed for an ALP with a mass of 1 neV.
These calculations could be refined with the framework ghiced in this work,
including the mixing in the GMF and inside galaxy clusters.

Within the Standard Model, electromagnetic cascadesitediby cosmic rays could
also explain the regenerated photon flux and the indicatothie PPA. In such a
scenario, a large fraction of the blazar luminosity mustraadferred to the accel-
eration of cosmic rays. Furthermore, a future observati@nshort-term variability
of AGN inther,, > 2 regime would be in contradiction with the expectationsfro
the cascade.

Complementary to constraints on the EBL density obtainewhfy-rays, theJames
Webb Space telescopeheduled to be launched in late 2818ill measure the EBL
with unprecedented sensitivity at near infrared wavelen@Gardneet al.,, 2006).
Such measurements will also shed further light on the natitee PPA.

3See, e.ghttp://www.jwst.nasa.gov/.
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A FiT QuaLITIES FOR VHE y-RAY SPECTRA
IN THE OPTICAL THICK REGIME

This appendix summarizes the spectral fits to the very highiggn(VHE) spec-
tra which are used in Chapter 3 to calculate the significahtieeopair-production
anomaly. For the model of Kneiske & Dole (2010, KD model) of #xtragalac-
tic background light (EBL), the fits to the optical thin pafteach spectrum that
contains data points correspondingrtg > 2 are shown in Figure A.1. Spectra
are excluded which have only one data point in the opticaltbgime, since no in-
trinsic spectrum can be derived (the spectrum of 1ES 8200 and one spectrum
of 3C 279). All y?>-values indicate that the optical thin spectra are well desd
with the chosen analytical functions as mpgtvalues are close to one. The bottom
panels display the ratid? defined in Eq. (3.3) used for the Kolmogorov-Smirnov
test.

Figure A.2 shows again the spectra with data points inrthe= 2 regime, but this
time the entire energy range is included in the determinatfche best-fit param-
eters. The fit residuals [cf. Eq. (3.6)] are displayed in tb&#dm panels. Again,
the fit probabilities are close to one for most spectra. THg exceptions are the
spectrum of Mkn 501 and one spectrum of 3C 279. The formertgpads mea-
sured with high accuracy resulting in very small statigteraors. It is dominated
by its systematical uncertainties (see gray band in FigOrenJAharonianet al,
1999b) which are not included here. The spectrum of 3C 278isbanly of three
data points, making a power law the only meaningful fittingdtion.

They?- andpyg.-values for the fit of the entire energy range are summarizddble
A.1 for the KD model and additionally the EBL model of Frandeisi et al. (2008)
(FRV model) scaled by 1.3 as used in Chapter 5. The combifiedlues translate
into satisfactory overall fit probabilities qd;; = 0.160 andps; = 0.303 for the KD
model and FRV model, respectively.

In Chapter 5, the féect of photons mixing with axion-like particles (ALPS) is in
cluded in the de-absorption of the observed VHE spectrahisncase, the fit quali-
ties are poorfi; < 1) in the transition to the strong mixing regime (SMR), ifer,
energies belovE.;, defined in Eq. (5.11). The corresponding hjghvalues are
dominated by a few spectra only (as in the no-ALPs case), lyaimase with high
count statistics and consequently small error bars. Tihygesarcontributions come
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A Fit qualities for VHEy-ray spectra in the optical thick regime
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Ficure A.1: Top panels: VHE spectra with data points in the optical thegime. The
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color coding of the absorption-corrected data points seittethe optical
depth. Observed data points are shown in gray. The bestHievand
the corresponding?- and ps-values are also shown, the fit is represented
by the solid line, the extrapolation by the dashed line. Liopanels: ra-
tios between the (extrapolated) fits and absorption-ctadedata points
defined in Eqg. (3.3).
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A Fit qualities for VHEy-ray spectra in the optical thick regime
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TasLE A.L: List of fit qualities for all VHEy-ray spectra if no ALPs are included

in the de-absorption of the spectra. The table showg thealues,

the degrees of freedom (d.o.f.), and the resulting fit priditi@s p;
for the KD model and the scaled FRV model. See Table 3.1 for the

references of each spectrum.

j Source Experiment Fit K2 (dof) i x*(dof) P
functiont Tyy = 1X Tk Tyy = 13X TFRy
1 Mkn 421 HEGRA LP 4.10 (7) 0.768
2 Mkn 421 HEGRA PL 8.75(8) 0.364
3 Mkn 421 H.E.S.S. LP 14.75 (10) 0.142
4 Mkn421 H.E.S.S. LP,PL| 16.97(11) 0.100| 13.95(12)  0.304
5  Mkn501 HEGRA LP | 29.78(14) 0.008| 38.55(14)  0.000
6 1ES 1956650 HEGRA PL ... ... 0.78 (3) 0.854
7 1ES 1956650 HEGRA PL 7.89 (6) 0.247
8 PKS 2155-304 H.E.S.S. PL 9.57 (7) 0.215
9 PKS 2155-304 H.E.S.S. PL 8.34 (8) 0.401
10 PKS2155-304 H.E.S.S. LP 11.48 (14) 0.648
11  PKS2155-304 H.E.S.S. PL 5.46 (3) 0.141
12 RGBJ0716591 VERITAS PL . e 2.00(3) 0.573
HEGRA,

13 H1426+:428 CAT, WHIPPLE PL 9.06 (10) 0.526 9.33 (10) 0.501
14 1ES0229-200 H.E.S.S. PL| 317(6) 0787| 3.86(6)  0.695
15 H2356-309 H.E.S.S. PL ... ... 3.56 (6) 0.735
16 H2356-309 H.E.S.S. PL 4.20 (6) 0.649
17 H2356-309 H.E.S.S. PL 3.70 (6) 0.717
18 1ES1218304 VERITAS PL o . 2.33(5) 0.802
19 1ES1101-232 H.E.S.S. PL 5.70 (11) 0.892 6.83 (11) 0.813
20 1ES0347-121 H.E.S.S. PL| 259(5) 0.763| 230(5)  0.807
21 RBS0413 VERITAS PL ... ... 0.02 (2) 0.988
22 1ES 0414009 H.E.S.S. PL 1.86 (4) 0.761 2.95(4) 0.567
23 1ES 0414009 VERITAS PL o . 0.51(2) 0.776
24 PKS122221 MAGIC PL ... ... 0.24 (3) 0.971
25 3C279 MAGIC PL | 346(1) 0.063| 3.95(1)  0.047
26 3C279 MAGIC PL 3.64 (3) 0.303 4.48 (3) 0.214
Combined 76.25 (65) 0.160| 173.88 (165) 0.303

1 PL = power law, LP= logarithmic parabola.

2 The spectrum is fitted with a logarithmic parabola in the KDd@loand with a power law in the FRV
model, respectively.

from the spectra of Mrk421 (Tluczykont, 2011) and Mrk 501 ébnianet al,

1999b), for the KD model, and, additionally, the spectrunP&fS 2155-304 (Aha-
ronianet al, 2007a) for the FRV model. Again, these spectra are donunaye
their systematic uncertainties which are not included.here

The reason for the large contribution of these spectra tddtae y2-values is the
oscillatory behavior of the photon survival probabilitegsEq. (5.18)] outside the
SMR. As a result of the oscillations, the fit residuals alsatter strongly around
zero and give rise to a low fit probability. If the spectra witigh statistics are
removed from the samples, thré/d.o.f. values are close to one for all tested values
of the ALP massn, and the coupling to photor, .

The fits to most spectra in they, g,,) parameter space are acceptable. In the case
of a small overall fit probability, the lower limits ogy, are pushed towards lower
values as the residual distribution broadens (see thestignuin Chapter 5).
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B GaLactic VHE y-RAY SPECTRA USED
TO CROSS CHECK THE PAIR PRODUCTION
ANOMALY

In Section 3.1.2 galactic very high energy (VHE) spectraused as a control sam-
ple to ensure that an indication of a pair-production angnshot mimicked by
an instrumentalfect. This Appendix lists the utilized galactic spectra ibl€B.1
together with their corresponding energy range and reteren

TasLe B.1: Galactic VHE spectra used to cross check the indication ef ghir-
production anomaly.

il Source Instrument Energy range (TeV)
1 J1800-240B H.E.S.S. 0.31-2.31

2 w28 H.E.S.S. 0.41-1.73

3 CTB37A H.E.S.S. 0.47 - 13.77

4 CTB37B H.E.S.S. 0.42-1.27

5 CTB37B H.E.S.S. 0.37-3.66

6 Crab H.E.S.S. 0.52-30.50

7 Crab MAGIC 0.08-6.94

8 Crab HEGRA 0.31-37.62

!References (1) Aharonianet al. (2008c); (2) Aharoniaret al. (2008c); (3) Aharoniaret al.
(2008b); (4) Aharoniaet al.(2006e); (5) Aharoniaat al.(2008a); (6) Aharoniaat al.(2006d);
(7) Albert et al. (2008c); (8) Aharoniaret al. (2004); (9) Celik (2008); (10) Aharoniagt al.
(2005e); (11) Aharoniaat al. (2009d); (12) Alberet al.(2006d); (13) Aharoniast al. (2006e€);
(14) Aharonianet al. (2006e); (15) Aharoniaet al. (2006e); (16) Aharoniaet al. (2006e);
(17) H.E.S.S. Collaboratioet al. (2011a); (18) Aharoniaat al. (2007d); (19) Aharoniaet al.
(2008c); (20) Aharoniart al. (2006e); (21) Aharoniaet al. (2007d); (22) Aharoniaret al.
(2006e); (23) Alberet al. (2006c); (24) Aharoniaet al. (2006e); (25) Aharoniaat al. (2006e);
(26) Albertet al. (2006f); (27) Aharoniaet al. (2006e€); (28) Aharoniaet al.(2009a); (29) Aha-
ronianet al. (2006b); (30) Aharoniasgt al. (2006b); (31) Alberet al.(2008a); (32) Alberet al.
(2009); (33) Anderhulet al. (2009a); (34) Acciariet al. (2008b); (35) Albertet al. (20069);
(36) Acciari et al. (2009c); (37) Aharoniaret al. (2009¢); (38) Aharoniaret al. (2005b);
(39) Aharonianet al. (2009b); (40) Aharoniart al. (2005a); (41) Aharoniaet al. (2007f);
(42) Aharoniaret al. (2007h); (43) Acercet al. (2010); (44) Acercet al. (2010); (45) Aharo-
nianet al. (2007b); (46) H.E.S.S. Collaborati@hal.(2011b); (47) H.E.S.S. Collaboratienal.
(2011b)
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B Galactic VHEy-ray spectra used to cross check the PPA
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

Crab
G0.9+-0.1

Galactic Center
Galactic Center

J1616-508
J1634-471
J1640-465
J1708-410
J1708-443
J1718-385
J1800-240A
J1804-216
J1809-193
J1813-178
J1813-178
J1825-137
J1834-087
J1834-087
J1837-069
J1908-06

Kookaburra (Pulsar)
Kookaburra (Rabbit)

LSH61303
LSH61303
LSH61303
LSH61303
LSH61303
LSH61303
PSR B1259-63
PSR B1259-63
RCW86

RX J0852.0-4622 (Vela Junior)
RX J0852.0-4622 (Vela Junior)
RXJ1713.7-3946

SN 1006
SN 1006
Westerlund 2

Westerlund 2 (J1023-575)
Westerlund 2 (J1026-582)

VERITAS

H.E.S.S.
H.E.S.S.
MAGIC
H.E.S.S.
H.E.S.S.
H.E.S.S.
H.E.S.S.
H.E.S.S.
H.E.S.S.
H.E.S.S.
H.E.S.S.
H.E.S.S.
H.E.S.S.
MAGIC
H.E.S.S.
H.E.S.S.
MAGIC
H.E.S.S.
H.E.S.S.
H.E.S.S.
H.E.S.S.
MAGIC
MAGIC
MAGIC
VERITAS
MAGIC
VERITAS
H.E.S.S.
H.E.S.S.
H.E.S.S.

H.E.S.S.
H.E.S.S.

H.E.S.S.
H.E.S.S.
H.E.S.S.
H.E.S.S.

H.E.S.S.
H.E.S.S.

0.31-6.17
0.23-6.16
0.28-32.36
0.60-14.94
0.38-18.24
0.32-2.16
0.28-2.93
0.38-4.73
0.91-19.08
1.22 -33.20
0.31-1.73
0.19-10.78
0.36 —33.07
0.32-22.05
0.50-7.98
0.20-42.92
0.27-2.95
0.18-1.81
0.22-16.45
0.38-14.75
0.39-24.45
0.39-15.43
0.36 -4.94
0.36 -2.56
0.36 -2.56
0.61-0.73
0.22-4.34
0.78-3.08
1.40-50.87
0.46-2.46
0.90-18.91
0.53-12.00
0.37-15.83
0.33-81.26
0.29-5.55
0.23-15.70
0.79-10.67
0.79-10.67
1.27-2351




C LicHT cURVES OF AGN ASSOCIATED
WITH A HIGH OPTICAL DEPTH PHOTON

The variability of the active galactic nuclei (AGN) assde with a high optical
depth photon (HOP, photon energy and source redshift nestlf > 1, see Section
3.2.1) is analyzed by calculating the light curves of theimsic spectrum, i.e., in
the energy range 1 GeVEgyg (see Section 3.2.2 for the definition Bfy).

The light curves are derived using theethon implementation of the unbinned anal-
ysis chain of théd=ermi science toolsThe best-fit values of the intrinsic spectrum
and sources within a ¥%adius of the entire considered time range hé3years
of Fermi-LAT operation) serve as input parameters for each time Alhsources
are described by power laws and the spectral indices arerfriaztheir initial val-
ues. Only the power-law normalizations of sources withimagular distance of*4
from the central sources and the normalizations of the tvetadr@und components
(galactic difuse and isotropic) are allowed to vary during the fit. A birgnif three
weeks is chosen for all AGN. Upper limits are derived if th8 value in the cor-
responding time bin falls below 4. The results for all AGNdig in Table 3.3 are
shown in Figure C.1 in descending order with the optical kegtthe associated
HOP.
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C Light curves of AGN associated with a high optical depthtpho
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Ficure C.1: Light curves of the intrinsic spectra of the AGN associatétha HOP.
Flux points are shown in blue. For time bins wh&® < 4, flux points are
depicted in gray and @ upper limits on the flux are derived (red arrows).
The arrival time of the HOP is shown as a dashed vertical lme: the
horizontal gray band indicates the integrated average flux.
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C Light curves of AGN associated with a high optical depthtpho
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D SOLUTION TO THE EQUATION OF MOTION
OF PHOTON-ALP OSCILLATIONS

In this appendix, the equation of motion for the conversibplatons into axion-
like particles (ALPs) given by Eq. (5.5) is solved in termstlo¢ transfer matrix
7 (%3, 0; E) for one domain of a constant homogeneous magnetic fieldg&heral
case of oscillations outside the strong-mixing regime isstdered [energ <
E.it, sSee Eq. (5.11)], and the possibility is included that phetare lost due to pair
production. The calculation will be similar to the case & #trong mixing regime,
presented, e.g., in de Angebs al. (2011). From Eq. (5.6), the mixing matrix can
be written as

t+iw 0 0

Mo=| 0O u+iw v|, (D.1)
0 v S

sothatt =A,,u=A;,w=1/(21,), S= A, andv = A,,. The eigenvalues of this

matrix are determined by solving datlp — A1) = 0, which gives,

A1 = t+iw, (D.2)
1 .
Ayz = E(s+u+|w¢ D), (D.3)

with D = y/[s— (u+iw)]2 + 42, The transfer matrix is found with the ansatz
3 .
T (%, 0;E;y = 0) = > €UT|(E;y = 0), (D.4)
=1

whereys denotes the angle between tkedirection and the transverse component
of the B-field, B,. TheT; are determined with Eq. (A17-A19) in de Angetisal.
(2011),

100
Ty =0) = [o 0 o], (D.5)
000
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D Solution to the equation of motion of photon-ALP osciltats

and
0 0 0
To(E;y=0) = |0 WD -L (D.6)
0 _ Vv —S+(u+iw)+D
2D
0 0 0
T3(E;p=0) = [0 =D v | (D.7)
0 v S—(u+iw)+D
D 2D

The similarity transformation of Eq. (5.14) yields the fimabult for the transfer
matrix for arbitrary angles af,

V@) Ty =0) V)=

cos y —singcosy O
— siny cosy sirt y O], (D.8)
0 0 0
V) Ty =0) V)=
s—(u+iw)+D szw s—(u+iw)+D SlnlﬂCOSlﬁ v Sinlﬂ
s (““‘”%*D singcosy = 8*'“”) Pcogy Y cos«p] (D.9)
~Lsiny —¥ cosy w
V@) Tslw=0) V)=
—s+(u+iw)+D szw —s+(u+iw)+D SinlﬂCOSlﬂ v Sinlﬂ
—S+(LI+IV\?)+D SlnlﬁCOS(ﬂ s+|?u+|w)+D COSzlﬁ COS(ﬂ ] (D.lO)
X siny L cosy %

in accordance with the result obtained by de Angelial. (2011).
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E THEORETICAL BOUND ON THE PHOTON
SURVIVAL PROBABILITY IN PHOTON-ALP
OSCILLATIONS

In the following, it will be proven that the photon survivaigbability, P,,, intro-
duced in Eqg. (5.18), is always larger thafRifor an initially unpolarized photon
beam. For the proof, a photon beam propagating inxthdirection in a turbu-
lent magnetic field is considered. Neglecting absorptibe, dscillations of pho-
tons into axion-like particles (ALPs) can be described i unitary transfer ma-
trix 7°. If the initial photon beam is unpolarized, the density nxais given by
pi = 1/2diag(1 1, 0). The probability for ALPs in the final state is

Pya=Tr|paal o7, (E.1)

with paa = diag(Q0, 1). Lett; denote the entries of with i, j = Xy, a, then an
explicit calculation gives

1

Pry = 5 (ol + Itgl? + 1] + [t7) (E.2)
1

Pra = 5 (ltad” + Itay?). (E-3)

It follows from the unitarity of the transfer matrif;7 " = 777 = 1, that

[t + [ty + [tad® = 1, (E.4)
|txy|2"‘|tyy|2"‘|tay|2 = 1 (E-S)
ltal® + [tyal® + Itaadl® = 1, (E.6)

and equally for{i < j}. Inserting these relations into Eqgs. (E.2) and (E.3) one
arrives at

, (E.7)

NI =

P,=1- %(|tax|2 +ltaf?) =1-Pa=1- %(1 ~ Itaal®) >

and, thusP,, < 1/2.
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E Theoretical bound on the photon survival probability imfgm-ALP oscillations

Including absorption, the transfer matrix is not unitarymore. However, the nu-
merical simulations in Chapter 5 show that the result stlids. This has been
independently confirmed by Daniele Montanino.
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F THE GALACTIC MAGNETIC FIELD IN
HELIOCENTRIC SPHERICAL COORDINATES

The model of Jansson & Farrar (2012a) is used to describetjutar galactic mag-
netic field of the Milky Way (GMF) and to compute the conversobability of
photons into axion-like particles (ALPs) and vice versa. discussed in Chapter
5, ALPs only mix with the magnetic field component transviiséhe propagation
direction. The projection of th8 field onto the line of sight is best calculated if
the magnetic field is given in heliocentric spherical cooaties. This requires the
transformation of the magnetic field originally given in @etiocentric cylindrical
coordinates, ¢, z) to heliocentric spherical coordinates, I b), with s the dis-
tance from the sun, andl b) the galactic longitude and latitude, respectively. The
corresponding calculation is presented here, togethéradditional details on the
GMF model. First, the components of the GMF are briefly sunredr(see Jansson
& Farrar, 2012a, for further details in references therein)

Disk CompoNent. This component is confined to th&y) plane. For distances
from the Galactic center (GG) < 3kpc, the field strength is set to zero, while for
3kpc< p < 5kpc the field is constant with a valuelaf,g and has only a azimuthal
(i.e., ¢-) component. Up to the maximum distance of 20 kpc, the fielnasleled
with 8 arms of a logarithmic spiral that intersect the negat-axis according to
the equation = r_yexp[( — 270°)/ tan(90 — i)], with the opening angle= 115°
(note that there is a misprint in the manuscrigt:270) has to be divided by and
not multiplied with the tan-expression). Each ring has isdield strengthp;,
j=1,...,8, and thep and¢ components are given by

.. [5kpc
B,.disk(0, #,2) = bjsini (Tp) L(z hisk» Waisk) (F.1)
. [(5kpc
By.disk(0, ,2) = Dbjcosi (Tp) L(z Ngisk, Waisk) (F.2)
BZ = Oa (F3)
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F The Galactic magnetic field in heliocentric spherical cirates

where the extension dgisx IS modeled withhgisx andwgisk entering through

14— h

L(z hw) =[1+ exp(T)]_ . (F.4)

Haro component. The halo component is completely toroidal withtdrent field
strengths B, Bs) and radial extensiong(, ps) horth and south of the Galactic
plane:

Bn(:L - L(P,pn, Whalo)), if z>0,

B(1 - L(0, ps, Whato)), if z<O.

By.haio(0» 2) = €Xp12l/Z0)L(Z haisk, Waisk) X {
(F.5)

X compoNenT. In addition to the halo component, the X component conteibu
to the field outside the galactic plane with a radial ancomponent. The field
has a constant elevation an@§ = <(o, 2) for distancep > p%. For these radii,
the field strength varies dx(op)op/p, Wherep, = p — |2/ tan@%) andby(pp) =

Bx exppp/px). BelowpS, which is left free during the fit, the elevation an@le
increases until it reaches 9for p = 0. In this regime, the field strength decreases

asby (op)(op/p)? with

PPp
- , F.6
o 18 + 1/ tan@Y) (9)
Ox(p,2) = arctar( 12 ) (F.7)
P = Pp

In total, this component has four free paramet&g:©Y, px, andp$. The magnetic
field components are given by

Ox, if 0,

By = CcoSOy | z> (F8)
cos(90 - By), if z<0,
inBOy, if 0,

Bx = S v (F.9)
sin(90 — By), if z<0,

where®x has to be replaced W% if p > p$. Additionally, for the central region
with +/p? + Z2 < 1 kpc, the X component is set to 0.

The values for the free parameters are subsequently deeinly a best fit of
Beomre = Buisk + Bhaio + Bx to the WMAP7 Galactic synchrotron emission map and
over 40,000 rotation measures, and the best-fit parametarbe found on Table

1 of Jansson & Farrar (2012a). The model is chosen suchhd@gyr = O.
The implementation of the GMF model is shown in Figure F.1 sinows perfect
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Ficure F.1: Right panel: &, y) plane of the GMF foz = 0.01 kpc. Left panel: X, 2)
plane of the GMF foly = Okpc. The blobs at = Okpc correspond to
the disk component of the GMF. The color coding gives the f#ddngth
v|Bawmrl? with negative values if theé-component is oriented clockwise.
The sun is located at = —8.5 kpc andy = z= 0 kpc.

agreement with the results presented in Figure 5 and 7 ofdar&sFarrar (2012a).

For the photon-ALP conversion probability, one has to knbe magnetic field
along the line of sight pointing to an extragalactic sourddus, the cylindrical
galactocentric coordinates are best expressed as hdliacgpherical coordinates
(s I,b). Lettingd = —8.5kpc denote the position of the sun in Cartesian galacto-
centric coordinates, the two coordinate systems are celage

p = V2co2b+ d?+ 2scosl cosb, (F.10)
ssinl cosb

¢ = arctar( scosl cosb + d)’ (F11)

z = ssinb. (F.12)

Furthermore, only the magnetic field transversal to the @ihgropagation direc-
tion, §, contributes to photon-ALP mixing. This component is founydrewriting
both the unit vectors of the heliocentric spherical cocaitis and the magnetic field
in terms of the translational invariant Cartesian basisy,@),

S = cosl cosbx + sinl coshy + sinbz, (F.13)
b = coslsinbX + sinl sinby — cosb2, (F.14)
[ = —sinlk +cosly, (F.15)
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F The Galactic magnetic field in heliocentric spherical cirates

and
B = [B, cos¢ — B, sing]X + [B, sing + B, cosp]y + B,z (F.16)

With these expressions, it is now possible to compute thgtions ofBgur onto
the unit vectorsg, b, 1) of the heliocentric coordinate system:

Bs=(B,5 = cosb[B,cos{-¢)+ B,sin( —¢)] + B,sinb, (F.17)
B = (B, b) sinb[B, cos( — ¢) + B, sin( — ¢)] + B,cosb,  (F.18)
B, = (B,1) B, sin( — ¢) + B, cosg — ). (F.19)

Only theB, andB, component contribute to the photon-ALP oscillations.

The maximum distance, traveled by ay-ray through the Milky Way also de-
pends on the position of source. It has to obey the relapoa$max = 20 kpc and
z < 50kpc. Inserting the relations fprandz from Egs. (F.10) and (F.12) yields

. 1 Zmax
— _ - (_ 2 —_d2 7
Smax = mln[C ( dcosl + vd2cogl — d?cog b + pma) Sinb

= ] . (F.20)
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