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Photons produced in astrophysical objects need to travelgfh the galactic and intergalactic
media before reaching the observer. Those having Very Hitgdrdy (VHE; usually defined as
energies above 100 GeV) will interact with the backgroughtlimagnetic fields and the gravita-
tional vacuum as well as may convert to Axion Like Particldence, the flux of photons reaching
the observer will not only have information about the pheanehappening in the astrophysical
source but also on the medium they have traveled throughexXtmgalactic objects, these photons
will undergo those interactions over cosmological diséevhich will provide relevant informa-
tion on both Cosmology and Fundamental Particles Physiesrfy other results on these fields,
the observations of VHE gamma rays have led to lower limitshenQuantum Gravity scale of
Eqc > 1.5-10'° GeV andEqg > 3.0- 10'° GeV for leading order proportional ©(E /Eqg) and
(O(E/Eqg)?, respectively. The VHE gamma-ray data have also been shoywrovide indirect
measurements of cosmological constants. It includes amgic dominated measurement of the
Hubble constant that led tdo = 71.8"28(stat) " [Z5(sys km s7* Mpc~L. The better sensitivity
and reduced systematic uncertainties of CTA should imptioese results in the near future.
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1. Introduction

The field of Very High Energy (VHE; > 100 GeV) gamma-ray astnmy has undergone a
breakthrough in the last decade, mainly led by telescopasube the Imaging Air Cherenkov
Technique (IACT): HESS [1], MAGIC [2] and VERITAS [3]. Fronm¢ detection of a handful of
sources by their predecessors (HEGRA [4] and Whipple [B,rtumber of detected astrophysical
sources has grown to more than hundred sources thanks taitfemicgeneration of IACT tele-
scopes. Water Cherenkov Observatories like MILAGRO [6]ioltstopped data taking in 2008,
and HAWC [7], which is just starting to take physics datapasntribute to improve the knowledge
on how the sky behaves in the VHE regime. The Fermi Gamma-pagesTelescope [8] launched
in 2008 covered the energy range just below the IACTs beirggext help to better understand the
high energy processes happening in the VHE gamma-ray agsigal sources. All together they
have led to a deeper knowledge on the astrophysical souradsging the most energetic particles
in our universe. This knowledge will improve with the advehCTA [9] in the near future.

The VHE gamma rays produced in the astrophysical sourcésimdeergo interactions with
the intergalactic and galactic media while traveling frdra astrophysical sources to the observer.
Therefore, the flux of photons reaching the Earth do not oohtain information on the phenom-
ena happening in the astrophysical sources but also anntrgfrithe interactions that they had
suffered while traveling through the universe. Those canfiiom extragalactic sources will travel
cosmological distances. The long distances travelledthegevith the VHE of the photons allow
to extract information on both Cosmology and Fundamentdidka Physics from the imprint of
the interactions in the photon flux.

The flux of VHE gamma rays that travel through the universdtenaated by the absorption
of gamma rays in the diffuse Extragalactic Background Lidg#BL) through the Quantum Elec-
trodynamics (QED) interactiog/ neyes. — f* . The cross section for this reaction decreases
as the inverse of the square of the final state fermion masshande, other final states thahe™
are negligible. This leads the observed flux to be attenuatedspect to the original flux by a
factorexg—1(E, z)] whereE is the energy of the VHE photon at redshift0the redshift of the
astrophysical source where the photon was produced a@nthe optical depth of the gamma rays
that can be computed as:

z 2 o0
T(E,z):/o dz’c-(;j—; A nsin@d@/ 2es den(e,Z) o[2Ee(14+7Z)*(1—co®)]  (1.1)
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Whereg—tZ is the lookback timeg is the gamma-gamma scattering angfes the fermion massg
is the energy of the EBL target photam(e, Z) is the EBL spectral density at a givérando is the
cross-section fox HeYepL — €7€.

The wavelength range of the EBL that is relevant for the adgons with the VHE gamma
rays goes from-1um to ~100um. At these wavelength range the direct measurememt&ofire
challenging mainly because of the strong foreground eoms&odiacal light, airglow). Still the
great progress in the observation of faint sources of EBavallquite accurate modeling afe)
including its dependence on the redshift [10]. The recotitn of the energy spectrum with high
resolution of the VHE flux from extragalactic sources allmaperform indirect measurements of
n(e) through the imprint of the gamma-gamma interaction in theeoked flux [11]. Alternatively,
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the attenuation of the flux can be used to measure the cosivallaignsities and the Hubble con-
stant through the dependence of the lookback time on thein RIRthis indirect measurement

related to cosmology need to make assumptions on the iistspectra, look for a common trend
from many sources or both.

Although photons are not deviated by the magnetic fields émepunter while traveling, the
ete  pairs produced by the interactioRneyes. — ™ f~ do. Thosee™e™ pairs will also loose
energy via inverse Compton scattering and produce secpgdanma rays that would be detected
with some time delay and slightly deviated from the origigiaéction of the gamma rays produced
in the astrophysical source. The detection of these secpigdanma rays or upper limits on their
fluxes provide information about the magnetic fields the gamays have crossed in their path to
the observer [13].

In addition to expected standard model interactions, liesé mentioned above, other inter-
actions which may alter the energy or state of the photonrcaninciple be probed. Gamma rays
traversing cosmological distances should also notice tizatym fluctuations in the gravitational
vacuum which unavoidably should happen in any quantum yhafagravitation. These fluctuations
may occur on scale sizes as small as the Planck ldngth 10-33cm or time-scales of the order
of tp ~ 1/Ep, with Ep ~ 10'°GeV. Hence, the gamma rays will experience a vacuum polarizatio
correction, which should be very smal)(E/Eqc) whereE is the energy of the gamma ray and
Eqc is an effective scale for Quantum Gravity, which might beaage asEp) but might become
measurable after the gamma rays have traversed cosmdldigtznces. In this Quantum Gravity
scenario, the requirement of violation of the Lorentz-hmsace symmetry [14] emerges naturally,
providing an energy dependent propagation speed for etaanetic waves. Therefore, gammas
of different energies being emitted simultaneously by #adissource should reach the observer at
different times.

Axions were introduced in the framework of Quantum Chrommadyics as pseudoscalar par-
ticles that would solve the strong CP problem [15]. Afterdgathey became candidates to be part of
the cold dark matter [16, 17, 18]. On the context of undeditamthe constituents of dark matter,
similar but more generic particles were introduced: axike-particles (ALPs) [19]. ALPs could
couple to photons via a two-photon vertex, just as the axa@sdAlthough, the mass and coupling
constant for the ALPs are independent. The VHE photons are e{pected to get mixed with
possible ALPs. This coupling leads to the conversion of VidEhgha rays to ALPs and vice-versa
while traveling through the universe from the source to thgeover. This conversion will lead to
alterations in the spectra observed [20].

This paper will center on the imprints of the interactionttthee VHE photons undergo while
traveling through the universe that provide information@wsmology and Fundamental Particle
Physics, which are not discussed elsewhere in these pliagsedThese are namely the tests of
Lorentz Invariance and the measurements of cosmologicestants.

2. Test of Lorentz Invariance

When developing any model for Quantum Gravity, it appeatsrafly the necessity to modify
some of the most basic continuous symmetries of spacetimel, & Lorentz Invariance [21, 22,
23]. The violation of the Lorentz Invariance symmetry (LI¥jodifies the dispersion relation
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giving the propagation speed for gamma rays in a theory diggrmanner. However, since in
all plausible approaches the actual effects are expectbeg wmall, they can be studied from a
phenomenological point of view using an expansion in terinthe gamma energy divided by
the effective Quantum Gravity scalEdg). Therefore, the actual gamma dispersion relation for a
massless particle can be expressed in leading order as:

E2- P~ & <£)a (2.1)
EQG
whereE and p denotes the energy and the momentum of gammas¢ ardl a are the LIV free
parameters.
In this scenario, gamma rays traveling in vacuum can be se@awersing a material medium
[24]. Hence, the propagation speed of a gamma ray that redlcbeEarth with energg, when it

was at a redshift is: g
E l1+a/ E \@
v_d—F)_c[lJrfT(E—%) ] (2.2)
Therefore, the time needed for gamma rays to travel from stephysical source to the
observer will depend on their energy and the time propagalifference when they reach the
Earth can be expressed as:

z, ¢ c\dt 1+a B} —E“ (2 dt
At =tg, —tp = — = —dz~ -6 —F——" 1 a—d 2.3
B TE /0 (vEy VE{/)dZ z ¢ 2 Edc /o( +2) az"’ (2:3)

To be able to extract some information on LIV from the detédf¢lE photons, one needs to
to know the difference between the times of their productiothe astrophysical sources. Then
one could translate their different arrival time to the oliseto a different propagation time. This
can be done by using fast variable phenomena as flaring AG@alactic Nuclei (AGN), Gamma
Ray Bursts (GRBSs) or pulsars. Still there, the photons lggtanto the fast transient could have an
intrinsic time-energy relationship at their productioite.sTherefore, any claim about LIV based
on energy dependent time lag observed on the photons dittegtgamma observatories would
need to be confirmed by different transients (different typdshift or energy range).

The power of VHE gamma rays to measure or constrain the erdrtdpe Quantum Gravity
scale was already used by the Whipple collaboration witlptbeeering IACT telescope Whipple.
The data from a TeV gamma-ray flare from the AGN Mrk 421 obstve 15 May 1996 was used
to place bounds on the possible energy dependence of the epéight in terms of an effective
scale for quantum gravitational effects. That data led toveel limit at 95% confidence level
(CL) of 4-10' GeV [25] for a=1. The limits were improved by the current generation of TAC
with a flare from Mrk 501 detected by MAGIC in 2005 [26] and fré?KS 2155-304 detected by
HESS in 2006 [27], leading to the current best limits with Vpltibtons:Eqg > 2.1-10'8 GeV and
Eqoc > 6.4- 10'° GeV for a=1 anda=2 respectively at 95% CL. The improvement came from both
a new analysis method [28] and the better sensitivity ofrisriiments. Since then, other fast flares
from AGNSs detected by IACTs have not improved the limits amastikely improvement from
VHE gamma-rays will only come with the future Cherenkov Selepe Array (CTA) [9], although
HAWC with its capability to detect GRB may also provide sgenconstraints. Currently, the best
constraints from gamma rays come from observations of Higgr@y (HE; HE>0.1 GeV) gamma
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rays from the GRB 090510 with Fermi [29qc > 1.5-10'° GeV andEqg > 3.0- 10'° GeV for
a=1 anda=2 respectively at 95% CL. All these lower limits on the effee Quantum Gravity
scale obtained from VHE and HE gamma rays are shown in Figure 1
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Figure 1: Lower limits for the effective Quantum Gravity scales dedfrom VHE and HE gamma-ray
data. Result for both a linean (= 1) and quadraticq = 2) leading order on the gamma dispersion relation
are shown. The lower limits coming from VHE gamma-ray dataderived from flaring AGNs: Mrk 421
[25], Mrk 501 [26] and PKS 2155-304 [27]. The lower limits blving also HE gamma-ray data are based
on a Gamma Ray Burst: GRB 090510 [29].

Additionally, the modified gamma dispersion relation (Bipa2.1) would also lead to dif-
ference on the cross section for the QED interactipnees. — f+ . Even assuming that the
dynamics of the interaction keeps unaltered in a more getierary than QED, the threshold value
for the gamma ray momentum to produe'ee is modified [30], which leads to a modified energy
threshold condition for the EBL photon in Equation 1.1 [31]:

(2.4)

4 1+a
b — 2méc 2 [E(1+2)] 1 )

=1
E(1—cod)(1+7)? ¢ (1—coh)1+7) 4EG 20

The modified threshold energy leads the universe to havehahigansperency at TeV energies
[31] producing a signature in the observed spectra for gatemtic sources that could be in the
reach for CTA [32] .
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3. Determination of Cosmological Constants

In the framework of the Standard Model of particle interaes, high energy gamma rays
traversing cosmological distances are expected to beladxbduy their interaction with the diffuse
EBL, producingete  pairs. TheyyeyepL — €€ cross section is strongly peaked By ~
1.8 x (2mec?) and therefore, there is a specific range in the EBL energywisiprobed by each
gamma ray energy [33]. The imprint on the measured VHE spetthis absorption, which can be
estimated following Equation 1.1, has extensively beemnl tiegut constraints and try to measure
the EBL [11].

Alternatively, the imprint of the absorption of a gamma-ifayx while traveling from the
source to the observer could be used to measure Cosmoldgicedtants [12, 34]. The power
to get information on cosmological constants comes fronddpendence of the lookback time on
the cosmological densitie€fy, Qx andQx) and the Hubble constarit):

dt 1/(1+2)
dz  Ho[Qw(1+2)3+ Qk(1+2)2+ QpY/2

(3.1)

The precision one could get for the Cosmological Constantst better than the ones one can
obtain with other methods like SNe, CMB fluctuations or bargooustic oscillations [35, 36] even
with the future generation of IACT. Still, the method prostdan independent observable with dif-
ferent systematic uncertainties. The predictions for thgdal Depth and the Gamma Ray Horizon
(GRH; 1(E, 2)=1) normalized to their values at= 0.01 are shown in Figure 2. For comparison,
thezvariation of the Luminosity-Distance, used for the deteration of the cosmological parame-
ters using SNe observations and of the Geodesical-Distgidreg the gamma ray path length, are
shown. One can see that the Optical Depth has a quite diffbedravior depending on the gamma
ray energy explored. To give a feeling of the actual averdgpendence of the Optical Depth, the
prediction for an hypothetical EBL spectrum that does ngiethel on the wavelength of the EBL
photons is also shown.

The observations of VHE photons with the current IACTs thgetwith the complementary
input provided by Fermi at HE, has lead to the first experimlestidence of the GRH [37], which
is consistent with the predictions of the state-of-theEBt. models [10]. This detection has been
used to extract a measurement for the Hubble constept= 718722 (stat) 1.2, (sy§ km st
Mpc~? [38], where the systematics only include those coming frieemhethod used to compute the
GRH and do not include the systematics of the VHE observatibemselves. Those systematics
together with the knowledge of the EBL are two of the main tations of the method to perform
precision measurements. The effect of the former will beiced with the future observatory of
IACTs: CTA, for which a huge effort to reduce systematicsasily done. The need to disentangle
the imprint in the observed spectra due to the EBL absorpgtimhthose features that are intrinsic to
the spectra, as for instance a possible cut-off, is also iliion. Additionally, to get information
on the cosmological densities one needs energy spectiaimgae 100 GeV with good statistics
from sources at redshift ~ 1, since the sensitivity to them is maximal there. CTA is etpe
to provide hundreds of AGNs detected with reasonable ergrggtra fron~10 GeV to energies
above 100 GeV, some of them at redshift larger tiad [39]. Hence, it will help to disentangle
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Figure 2: Redshift dependence of different observables. The piediare normalized to their value at
z=0.01. The solid lines correspond to the Optical Depth prealicfor gamma rays of different energies
(20 GeV to 20 TeV). The dashed blue shows the hypotheticamignce with redshift of the Optical Depth
if the EBL density would not depend on the wavelength. The GRHe gives the dependence of the
inverse of the GRH energy. (Figure from [34])

possible intrinsic features and will enable the possipilid measure the cosmological densities
[40].
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