THE ASTROPHYSICAL JOURNAL, 870:93 (9pp), 2019 January 10 https://doi.org/10.3847/1538-4357 /aaf1c4

© 2019. The American Astronomical Society. All rights reserved.

CrossMark

The 2014 TeV ~-Ray Flare of Mrk 501 Seen with H.E.S.S.: Temporal and Spectral
Constraints on Lorentz Invariance Violation

H. Abda]lal, F. Aharonian2’3’4, F. Ait Benkhaliz, E. O. Angl’iner5 , M. Arakawa6, C. Arcarol, C. Armand7, M. Arrietag, M. Backes'*’
M. Barnard' , Y. Becherinilo, J. Becker Tjus“, D. Bergelz, S. Bernhardw, K. Bernlijhrz, R. Blackwellm, M. Béttcherl,

C. Boissong, J. Bolmontls, S. Bonnefoylz, P. Bordas’ LT Bregeonm, F. Brun”, P. Brunls, M. Bryanw, M. BiicheleZO, T. Bulikzl,
T. Bylundlo, M. Capassozz, S. Caroff23, A. Carosi7, M. Cerrutils, N. Chakrabortyz’42 , S. Chandral, R. C. G. Chaveslé’43,
A. Chen24, S. ColafranceSCOZ4, B. Condon'’ , L. D. Davidsg, C. Deilz, J. Devinlﬁ, P. deWiltM, L. Dirsonzs, A. Djannati—Ata'l'zé,
A. Dmytriievg, A. Donathz, V. Doroshenkozz, L. O’C. Drury3, J. Dyksz7, K. Egbertszs, G. Emery15 , J.-P. Ernenwein’ s
S. Eschbachzo, S. Fegan23, A. Fiasson7, G. Fontaine*’ , S. Funkzo, M. Fiil?)linglz, S. Gabici26, Y. A. Gallant16, F. Gaté’

G. Giavitto'?, D. Glawion29 J.F Glicenstein18 D. Gottschall22 M.-H. Grondin'’, J. Hahn?, M. Haupt12 G. Heinzelmann25

G. Henr17’0 G Hermann® ,JUA. Hlnton W. Hofmann C. H01schen28 T. L. Holchq’1 M Holler” D Horns?> , D. Huber!?

H. Iwasaki®, A Jacholkowska1542 a4 , M. Jamrozy D. Jankowsky ) F. Jankowsky L. Jouvin®, 1. Jung- Rlchardtzo
M. A. Kastendleck , K. Katarzynskl M. Katsuragawa ,U. Katz?° , D. Kerszberg15 , D. Khangulyan , B. Khélifi*® . K1ng2,
S. Klepser , W. Kluzmak , Nu. Komm , K. Kosacklg, S. Krakau'' , M. Krauszo, P. P. Kn’jgerl, G. Lamanna7, J. Lau'
J. Lefaucheurls, A. Lemiére26, M. Lemoine-Goumard'’ , J.-P. Lenain'® , E. Leserzg, T. L0hse31, M. Lorent218’42,

R. Lépez -Coto?, 1. Lypova12 D. Malyshev22 V. Marandon®, A. Marcowith'®, C. Mariaud*}, G. Marti-Devesa'®, R. Marx?,
G. Maurln P.J. Melntjes A. M W. Mltchell R. Moderski27, M. Mohamed29, L. Mohrmannzo, E. Moulinlg, T. Murachlz,
S. Nakashima>® , M. de Naur01s , H. Ndlyavala , F. Niederwangerl3, J. Niemiec®’ , L. OakesSl, P. O’Brien38, H. Odaka”,

S. Ohmlz, M. Ostrowski32, 1. Oyalz, M. Padovani'® , M. Panterz, R. D. Parsonsz, C. Perennes '’ ’42, P.-O. Petrucci30, B. Peyaudls,
Q. Piel’, S. Pita®®, V. Poireau’, A. Priyana Noel*?, D Prokhorov24 H. Prokoph'?, G. Piihlhofer?”, M. Punch'®?®, A. Quirrenbach?’,
S. Raab20 R. Rauth” A. Reimer'® , O. Reimer'> , M. Renaud , F. Rieger2’45, L. Rinchiusols, C. R0m01i2’42, G. Rowell'* ,
B. Rudak®’ , E. Ruiz-Velasco’ , V. Sahakian™ 0, S. Saito® , D. A. Sanchez7, A. Santangelozz, M. Sasakizo, R. Schlickeiser' l,

F. Schﬁsslerlg, A. Schulzlz, U. Schwanke! , S. Schwemmer29, M. Seglar-Arroyo18 M. Senniappan” A. S. Seyffertl N. Shaﬁ24,

I Shilonzo, K. Shiningayamweg, R. Simonilg, A. Sinha%, H. SolS, F. Spanier1 A Specov1us M. Splr—Jacob L. Stawarz 2,

R. Steenkampg, C. Stegmann12’28, C. Steppazg, T. Takahashi®*, J.-P. Tavernet'”, T. Tavernier'®, A. M. Taylorlz, R. Terrier™®,
L. Tibaldo>®, D. Tiziani*’, M. Tluczykont™, C. Trichard®®, M. Tsirou'®, N. Tsuji®, R. Tuffs?, Y. Uchiyama®, D. J. van der Walt',
C. van Eldikzo, C. van Rensburgl, B. van Soelen35, G. Vasileiadism, J. Vehzo, C. Venterl, P. VincentlS, J. Vinklg, F. VoisinM,
H.J. Vélkz, T. Vuillaume7, Z. Wadiasingh1 .S T Wagnerzg, R. M. Wagner“, R. Whitez, A. Wierzcholska37, R. Yangz,
D. Zaborov>® , M. Zachariasl, R. Zaninz, A. A. Zdziarski27, A. Zechg, F. Zeﬁ23, A. Zieglerzo, J. Zomz, and N. Zywucka32
(H.E.S.S. Collaboration)

Cent_re for Space Research, North-West University, Potchefstroom 2520, South Africa
2 Max-Planck-Institut fiir Kernphysik, P.O. Box 103980, D-69029 Heidelberg, Germany
Dublin Institute for Advanced Studies, 31 Fitzwilliam Place, Dublin 2, Ireland
* National Academy of Sciences of the Republic of Armenia, Marshall Baghramian Avenue, 24, 0019 Yerevan, Republic Of Armenia
5 Aix Marseille Université, CNRS /IN2P3, CPPM, Marseille, France
Depmment of Physics, Rikkyo University, 3-34-1 Nishi-Ikebukuro, Toshima-ku, Tokyo 171-8501, Japan
E%aboratmre d’Annecy-le-Vieux de Physique des Particules, Université Savoie Mont-Blanc, CNRS/IN2P3, F-74941 Annecy-le-Vieux, France
LUTH, Observatoire de Paris, PSL Research University, CNRS, Université Paris Diderot, 5 Place Jules Janssen, F-92190 Meudon, France
K University of Namibia, Department of Physics, Private Bag 13301, Windhoek, Namibia
Depanment of Physics and Electrical Engineering, Linnaeus University, SE-351 95 Vixj6, Sweden
! Institut fiir Theoretische Physik, Lehrstuhl IV] 2Weltraum und Astrophysik, Ruhr-Universitidt Bochum, D-44780 Bochum, Germany
DESY, D-15738 Zeuthen, Germany
3 Institut fiir Aitro und Teilchenphysik, Leopold-Franzens-Universitit Innsbruck, A-6020 Innsbruck, Austria
School of Physical Sciences, University of Adelaide, Adelaide 5005, Australia
3 Sorbonne Universités, UPMC Université Paris 06, Université Paris Diderot, Sorbonne Paris Cité, CNRS, Laboratoire de Physique Nucléaire et de Hautes Energies
(LPNHE), 4 place Jussieu, F-75252, Paris Cedex 5, France
Laboratoire Univers et Particules de Montpellier, Université Montpellier, CNRS /IN2P3, CC 72, Place Eugéne Bataillon, F-34095 Montpellier Cedex 5, France
7 Université Bordeaux, %NRS /IN2P3, Centre d’Etudes Nucléaires de Bordeaux Gradignan, F-33175 Gradignan, France
IRFU, CEA, Université Paris-Saclay, F-91191 Gif-sur-Yvette, France
19 GRAPPA, Anton Pannekoek Institute for Astronomy, University of Amsterdam, Science Park 904, 1098 XH Amsterdam, The Netherlands
20 Friedrich-Alexander-Universitit Erlangen-Niirnberg, Erlangen Centre for Astroparticle Physics, Erwin-Rommel-Str. 1, D-91058 Erlangen, Germany
! Astronomical Observatory, The University of Warsaw, Al. Ujazdowskie 4, 00-478 Warsaw, Poland
Insntut fiir Astronomie und Astrophysik, Universitit Tiibingen, Sand 1, D-72076 Tiibingen, Germany
3 Laboratoire Leprince-Ringuet, Ecole Polytechnique, CNRS/IN2P3, F-91128 Palaiseau, France
School of Physics, University of the Witwatersrand, 1 Jan Smuts Avenue, Braamfontein, Johannesburg, 2050, South Africa
25 Universitit Hamburg, Institut fiir Experimentalphysik, Luruper Chaussee 149, D-22761 Hamburg, Germany
APC AstroParticule et Cosmologie, Université Paris Diderot, CNRS/IN2P3, CEA /Irfu, Observatoire de Paris, Sorbonne Paris Cité, 10, rue Alice Domon et Léonie
Duquet, F-75205 Paris Cedex 13, France
27 Nicolaus Copernicus Astronomical Center, Polish Academy of Sciences, ul. Bartycka 18, 00-716 Warsaw, Poland
Institut fiir Physik und Astronomie, Universitit Potsdam, Karl-Liebknecht-Strasse 24/25, D-14476 Potsdam, Germany
9Landessternwarte, Universitidt Heidelberg, Konigstuhl, D-69117 Heidelberg, Germany

16


https://orcid.org/0000-0003-1720-7959
https://orcid.org/0000-0003-1720-7959
https://orcid.org/0000-0003-1720-7959
https://orcid.org/0000-0002-0266-8536
https://orcid.org/0000-0002-0266-8536
https://orcid.org/0000-0002-0266-8536
https://orcid.org/0000-0002-3134-1946
https://orcid.org/0000-0002-3134-1946
https://orcid.org/0000-0002-3134-1946
https://orcid.org/0000-0002-9850-5108
https://orcid.org/0000-0002-9850-5108
https://orcid.org/0000-0002-9850-5108
https://orcid.org/0000-0002-2357-1012
https://orcid.org/0000-0002-2357-1012
https://orcid.org/0000-0002-2357-1012
https://orcid.org/0000-0002-7063-4418
https://orcid.org/0000-0002-7063-4418
https://orcid.org/0000-0002-7063-4418
https://orcid.org/0000-0002-7576-7869
https://orcid.org/0000-0002-7576-7869
https://orcid.org/0000-0002-7576-7869
https://orcid.org/0000-0001-7159-6532
https://orcid.org/0000-0001-7159-6532
https://orcid.org/0000-0001-7159-6532
https://orcid.org/0000-0002-4462-3686
https://orcid.org/0000-0002-4462-3686
https://orcid.org/0000-0002-4462-3686
https://orcid.org/0000-0001-7284-9220
https://orcid.org/0000-0001-7284-9220
https://orcid.org/0000-0001-7284-9220
https://orcid.org/0000-0002-7808-8693
https://orcid.org/0000-0002-7808-8693
https://orcid.org/0000-0002-7808-8693
https://orcid.org/0000-0001-6036-8569
https://orcid.org/0000-0001-6036-8569
https://orcid.org/0000-0001-6036-8569
https://orcid.org/0000-0003-2303-0096
https://orcid.org/0000-0003-2303-0096
https://orcid.org/0000-0003-2303-0096
https://orcid.org/0000-0002-9516-1581
https://orcid.org/0000-0002-9516-1581
https://orcid.org/0000-0002-9516-1581
https://orcid.org/0000-0003-0452-3805
https://orcid.org/0000-0003-0452-3805
https://orcid.org/0000-0003-0452-3805
https://orcid.org/0000-0002-1229-278X
https://orcid.org/0000-0002-1229-278X
https://orcid.org/0000-0002-1229-278X
https://orcid.org/0000-0001-6802-4744
https://orcid.org/0000-0001-6802-4744
https://orcid.org/0000-0001-6802-4744
https://orcid.org/0000-0001-7523-570X
https://orcid.org/0000-0001-7523-570X
https://orcid.org/0000-0001-7523-570X
https://orcid.org/0000-0002-9249-0515
https://orcid.org/0000-0002-9249-0515
https://orcid.org/0000-0002-9249-0515
https://doi.org/10.3847/1538-4357/aaf1c4
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/aaf1c4&domain=pdf&date_stamp=2019-01-11
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/aaf1c4&domain=pdf&date_stamp=2019-01-11

THE ASTROPHYSICAL JOURNAL, 870:93 (9pp), 2019 January 10

N 30 Univ. Grenoble Alpes, CNRS, IPAG, F-38000 Grenoble, France

" Institut fiir Physik, Humboldt-Universitit zu Berlin, Newtonstr. 15, D-12489 Berlin, Germany
32 Obserwatorium Astronomiczne, Uniwersytet Jagielloniski, ul. Orla 171, 30-244 Krakéw, Poland
33 Centre for Astronomy, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University, Grudziadzka 5, 87-100 Torun, Poland

34 Kavli Institute for the Physics and Mathematics of the Universe (Kavli IPMU), The University of Tokyo Institutes for Advanced Study (UTIAS), The University of

Tokyo, 5-1-5 Kashiwa-no-Ha, Kashiwa City, Chiba, 277-8583, Japan
33 Department of Physics, University of the Free State, PO Box 339, Bloemfontein 9300, South Africa
36 RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan
3 Instytut Fizyki Jadrowej PAN, ul. Radzikowskiego 152, 31-342 Krakéw, Poland

38 Degmment of Physics and Astronomy, The University of Leicester, University Road, Leicester, LE1 7RH, UK

39 Department of Physics, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan

Yerevan Physics Institute, 2 Alikhanian Brothers Street, 375036 Yerevan, Armenia
41 Oskar Klein Centre, Department of Physics, Stockholm University, Albanova University Center, SE-10691 Stockholm, Sweden

Received 2018 September 18; revised 2018 November 14; accepted 2018 November 15; published 2019 January 11

Abstract

The blazar Mrk 501 (z = 0.034) was observed at very-high-energy (VHE, E 2 100 GeV) gamma-ray wavelengths
during a bright flare on the night of 2014 June 23-24 (MJD 56832) with the H.E.S.S. phase-II array of Cherenkov
telescopes. Data taken that night by H.E.S.S. at large zenith angle reveal an exceptional number of gamma-ray
photons at multi-TeV energies, with rapid flux variability and an energy coverage extending significantly up to
20 TeV. This data set is used to constrain Lorentz invariance violation (LIV) using two independent channels: a
temporal approach considers the possibility of an energy dependence in the arrival time of gamma-rays, whereas a
spectral approach considers the possibility of modifications to the interaction of VHE gamma-rays with
extragalactic background light (EBL) photons. The non-detection of energy-dependent time delays and the non-
observation of deviations between the measured spectrum and that of a supposed power-law intrinsic spectrum
with standard EBL attenuation are used independently to derive strong constraints on the energy scale of LIV
(Eqg) in the subluminal scenario for linear and quadratic perturbations in the dispersion relation of 7photons. For the
case of linear perturbations, the 95% confidence level limits obtained are Egg; > 3.6 X 107 GeV using the
temporal approach and Egg; > 2.6 X 10" GeV using the spectral approach. For the case of quadratic
perturbations, the limits obtained are Egg, > 8.5 X 10'°GeV using the temporal approach and EqGa >

Abdalla et al.

7.8 x 10'' GeV using the spectral approach.

Key words: astroparticle physics — BL Lacertae objects: individual (Mrk 501) — gamma rays: galaxies

1. Introduction

Blazars are commonly considered to be active galactic nuclei
with jets closely aligned with the line of sight to the observer
(Urry & Padovani 1995). They exhibit flux variability on
timescales ranging from years to minutes over the entire
electromagnetic spectrum, from radio to very-high-energy
(VHE, E Z 100 GeV) ~-rays. Observation of the flaring
activity of blazars at VHE provides insights into the
acceleration mechanisms involved at the source. These
observations are also relevant for the study of propagation
effects not directly related to the source. This includes
fundamental physics aspects like Lorentz invariance viola-
tion (LIV).

Lorentz invariance has been established to be exact up to the
precision of current experiments. Some approaches to quantum
gravity (QG) suggest, however, that Lorentz symmetry could
be broken at an energy scale thought to be around the Planck
scale  (Bpanck = +/7c7/G ~ 122 x 10" GeV); see, e.g.,
Jacobson et al. (2006), Amelino-Camelia (2013), Mavromatos
(2010). A generic approach to LIV effects for photons consists
in adding an extra term in their energy-momentum dispersion

42 Corresponding author. Email: contact.hess @hess-experiment.eu

43 Funded by EU FP7 Marie Curie, grant agreement No. PIEF-GA-2012-
332350.

4 Deceased.
4 Heisenberg Fellow (DFG), ITA Universitit Heidelberg, Germany.

relation:

B~ e+ | £ | (1)
P E
QG

where E and p are the energy and momentum of the photon,
Eqg is the hypothetical energy scale at which Lorentz
symmetry would be broken, and »n is the leading order of the
LIV perturbation. The sign of this perturbation is model-
dependent and refers to subluminal (—) and superluminal (+)
scenarios. In some theoretical models the sign of the
perturbation can also be related to the polarization of the
particle.

A non-infinite value of Eqg in Equation (1) would induce
non-negligible observational effects. It would cause an energy-
dependent velocity of photons in vacuum that in turn would
translate into an energy-dependent time delay in the arrival
time of v-rays traveling over astrophysical distances (Amelino-
Camelia et al. 1998; Ellis & Mavromatos 2013). Another
interesting effect is on the kinematics of photon interactions
like the production of electron—positron pairs from the
interaction of VHE ~-rays with photons of the extragalactic
background light (EBL), resulting in deviations with respect to
standard EBL attenuation in the energy spectrum of blazars
(Stecker & Glashow 2001; Jacob & Piran 2008a).

Valuable constraints on Eqgg considering linear (n=1) or
quadratic (n =2) perturbations in Equation (1) have already
been obtained from observations of several ~-ray bursts
(GRBs) at high energy (HE, 100 MeV < E < 100 GeV) and
flares of blazars at VHE, mostly looking for energy-dependent
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time delays (for a review see, e.g., Horns & Jacholkowska 2016
and references therein). With H.E.S.S., temporal LIV studies in
particular have been conducted using the flares of the blazars
PKS 2155-304 (z = 0.116) (Abramowski et al. 2011) and
PG 15534113 (z ~ 0.49) (Abramowski et al. 2015). For the
linear case, the best existing limits are obtained using GRBs
and have reached the Planck scale (Vasileiou et al. 2013). The
constraints on the quadratic term remain several orders of
magnitude below the Planck scale and will continue to be a
challenge for future studies.

Both the temporal and spectral LIV effects can be used to put
competitive constraints on Eqg using VHE ~-ray observations
of a blazar flare, given certain conditions on the energy
coverage and distance to the source.

Markarian 501 (Mrk 501) is a well-known nearby blazar at
redshift z = 0.034 (Moles et al. 1987). It was the second
extragalactic source discovered at VHE in 1995 (Quinn et al.
1996) and has been extensively monitored since then. In 1997,
Mrk 501 showed an exceptional flare at VHE with an integral
flux up to four times the flux of the Crab Nebula (Catanese
et al. 1997; Petry et al. 2000; Aharonian et al. 1999; Djannati-
Atai et al. 1999). The hard VHE spectrum extending up to
~20TeV measured by HEGRA (Aharonian 1999, 2001)
during this 1997 flare triggered wide interest in EBL
attenuation and LIV (see, e.g., Aharonian et al. 2002;
Tavecchio & Bonnoli 2016). In 2005, rapid flux variations
observed at VHE by MAGIC (Albert et al. 2007) also triggered
interest in LIV from the point of view of energy-dependent
time delays (Albert et al. 2008).

In 2014, the monitoring46 of Mrk 501 with the First G-APD
Cherenkov Telescope (FACT) (Anderhub et al. 2013; Biland
et al. 2014; Dorner et al. 2015) led to the detection of several
high-state events, which triggered observations with the H.E.S.S.
experiment. On the night of 2014 June 23-24 (MJD 56832) a
flare comparable to the 1997 maximum was observed with
the full array of H.E.S.S. telescopes. This flare corresponds
to the highest flux level of Mrk 501 ever recorded with the
H.E.S.S. telescopes. Data analysis reveals an exceptional ~-ray
flux at multi-TeV energies, with a rapid flux variability and an
energy spectrum extending up to 20 TeV. This data set thus has
excellent properties for the investigation of LIV effects through
both temporal and spectral channels.

This paper is organized as follows. The H.E.S.S. observa-
tions of the 2014 flare of Mrk 501 and the data analysis are
described in Section 2. The temporal study of the flare is
presented in Section 3, focusing on the search for LIV with
time delays. The spectral study of the flare is presented in
Section 4, investigating the possibility of LIV through
modifications to standard EBL attenuation. Results are
discussed and summarized in Section 5.

2. HEE.S.S. Observations and Data Analysis

H.E.S.S. is an array of five imaging atmospheric Cherenkov
telescopes located in the Khomas Highland, Namibia (23°16
18"”'S, 16°30/01” E), at an elevation of 1800 m above sea level.
H.E.S.S. is the first hybrid array of Cherenkov telescopes since
the addition in 2012 of a fifth 28 m diameter telescope (CT5) at
the center of the original array of four 12 m diameter telescopes
(CT1-4). This configuration (H.E.S.S. phase-Il) can be
triggered by events detected either by CT5 alone (monoscopic

46 http:/ /fact-project.org /monitoring
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events), or by any combination of two or more telescopes
(stereoscopic events). Reconstruction and analysis can be
performed in different modes depending on the selection of
monoscopic and stereoscopic events. To fully exploit all the
available information, a combined mode makes use of both
monoscopic and stereoscopic events. In case of an event for
which both monoscopic and stereoscopic reconstructions are
possible, the choice is made depending on the uncertainty on
the reconstructed direction (Holler et al. 2015a, 2015b).

The H.E.S.S. observations of Mrk 501 over the month of
2014 June have been reported in Cologna et al. (2017). The
presented work only regards H.E.S.S. data taken on MJD
56832. Four consecutive observation runs (~28 minutes each)
were taken on Mrk 501 that night, with the participation of all
five telescopes. These four runs pass the standard H.E.S.S.
data-quality selection criteria (Aharonian et al. 2006), yielding
an exposure of 1.8 hr live time. Mrk 501 being a northern-sky
blazar, H.E.S.S. observations were taken at large zenith angles,
between 63° and 65°. At such large zenith angles, both the
increased atmospheric absorption as well as the increased size
of the Cherenkov light pool lead to a reduced Cherenkov light
density at the ground. This causes the energy threshold to be
particularly high (21 TeV). On the other hand, the effective
area is enhanced at the highest energies due to the increased
geometrical area covered by the light pool of inclined showers
(Aharonian et al. 2005).

Data reconstruction is performed using the Model Analysis
technique (de Naurois & Rolland 2009) in which recorded air-
shower images are compared to template images pre-calculated
using a semi-analytical model and a log-likelihood optim-
ization technique. The combined analysis mode taking into
account CTS monoscopic, CT1-5 stereoscopic, and CT1-4
stereoscopic events is used for an optimal energy coverage. A
selection criterion on the image charge of 60 photoelectrons is
applied. The on-source events are taken from a circular region
centered around Mrk 501 with a radius of 0°1225. This relaxed
cut on the aperture is motivated by the large signal over the
background ratio. The background is estimated using the
Reflected Region method described in Berge et al. (2007).

In the signal region 1930 events are observed, versus 334
events in the background region. With a solid angle ratio of
8.95 between the background and signal regions, this translates
into a signal over background ratio of 46.5 and an excess of
1889.3 ~-rays detected with a significance of 83.3¢, following
the statistical approach of Li & Ma (1983). Two cross-check
analyses based on a different calibration chain yield compatible
results. The first follows an adaptation of the method described
in Aharonian et al. (2006) to allow the analysis of CT1-5
stereoscopic events and the second is based on the analysis of
CT5 monoscopic events as described in Murach et al. (2015).47

3. Temporal Study
3.1. Rapid Flux Variability

H.E.S.S. observations of this flare show rapid flux variations
at multi-TeV energies. Earlier observations of Mrk 501 at VHE
have shown variations down to timescales of a few minutes
(Albert et al. 2007). However, these previously reported flares
were dominated by photons of energies of a few hundred GeV.
Because of the large zenith angle observations with H.E.S.S.,

47" At the time of writing, these cross-check analyses had no combined analysis
capability.
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the variability observed during this flare is restricted to
TeV energies. The average integral flux above 1 TeV observed
from Mrk 501 during the peak of this flare is 7(>1 TeV) =
(4.4 £ 0.8y £ 1.8) x 107" em ™2 57!, There is evidence
for multi-TeV flux variations on timescales of minutes. The
atmospheric transparency is verified to be stable over the
course of observations using the transparency coefficient
described in Hahn et al. (2014), therefore no significant
spurious variability can be attributed to variations of the
Cherenkov light yield (e.g., due to clouds).

This flare shows an excess variance, as defined in Vaughan
et al. (2003), of F,, = 0.188 &£ 0.003, for a time binning of
seven minutes. Considering a longer time window capturing
the rise and fall of the flare, an even larger value, Fy, =
1.03 £ 0.01 is obtained. The detailed discussion on astro-
physical implications of this rapid variability relative to the
long-term activity of Mrk 501 seen in ~-rays by H.E.S.S. along
with FACT and Fermi-LAT is left for a dedicated forthcoming

paper.

3.2. LIV: Time of Flight Study

The rapid flux variability at multi-TeV energies observed
during the flare of Mrk 501 is used to constrain the LIV scale
(Eqc) through the search for energy-dependent time delays as
outlined in Section 1. Assuming the LIV-modified dispersion
relation of Equation (1), the relative energy-dependent time
delay due to LIV effects for two photons with an energy
difference AE, = E{" — E;' and a time difference At, can be
expressed as in Jacob & Piran (2008b):

7At,,win+1 1 2 (1 + )y
AE, 2 ElgJdo  H@)

dz, 2)

Tn

where H (z) = Hyy/Q(1 4 2)* + ., assuming a flat ACDM
cosmology with Hubble constant Hy = 67.74 km Mpc~!s7!,
matter density parameter €2,, = 0.31 and dark energy density
parameter 2, = 0.69 (Ade et al. 2016). In the following, 7,
values are estimated using a likelihood method.

3.2.1. Likelihood Method

The maximum likelihood (ML) method for the extraction of
energy-dependent time lags was first proposed in Martinez &
Errando (2009) and then extensively applied for LIV analyses
in HE.S.S. with the flares of PKS 2155-304 (Abramowski
et al. 2011) and PG 15534113 (Abramowski et al. 2015). The
ML method relies on the definition of a probability density
function (PDF) that describes the probability of observing a
photon at energy E and arrival time ¢, assuming an energy-
dependent delay function D(E,, T,,), where E; is the energy at
the source. As the data show a very high signal over
background ratio (46.5), the background -contribution is
neglected for the PDF. For each event, the PDF can be written
as proposed in Martinez & Errando (2009):

dP 1 00
GEdr = Ny h TEICE, DGIE. E, o(E)]
Elt — D(E,, m)1dE;, 3)

where N(7,) is a normalization factor, I'(E,) is the photon
energy distribution at the source, C(Ej, 1) is the collection area,
and G[E, E;, o(Ey)] is the instrument energy response function.
F(t,) is the emission-time distribution at the source, i.e.,
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Figure 1. Light curve used for F(f) estimation in the range 1.3 < E <
3.25 TeV. The thick line corresponds to the best fit and the thin ones
correspond to the 1o error envelope. The parameters of the fit function are
shown in Table 1.

without any LIV time delay. In previous LIV studies with
H.E.S.S (Abramowski et al. 2011, 2015), the template F(f) was
estimated from low-energy events (below an energy E.,),
assuming no LIV time lag (i.e., D(E;, 7,) = 7,E"). In the
present analysis, due to the high threshold (=1 TeV), LIV time-
lag effects on the template are taken into account and D is
defined as D(E,, 7;,) = 7,E" — 7,,Er", where E7 is the mean
energy of the events in the template energy range. The
likelihood is a function of parameter 7,, and is built using a
selection of events above E.,, multiplying their PDF together:

L(Tn) = H Pi(tia Ei’ Tn)~ (4)

3.2.2. Data Selection

From the full data sample described in Section 2, two regions
are defined with two energy selections. At low energies, the
template region is defined for which 1.3 < E < E =
3.25TeV. The threshold value of 1.3 TeV corresponds to the
energy at which the effective area of these observations reaches
15% of its maximum value. The 773 events in the template
range are used to estimate the function F(¢) by fitting their time
distribution. The template fit is shown in Figure 1 and chosen
as the sum of two Gaussian functions. The result of the fit
yields a x?/ndf of 15.9/10. The double-Gaussian function is
favored over a Gaussian for which x?/ndf = 38.1/13. The fit
parameters and associated errors are given in Table 1. The 662
events above 3.25 TeV are used to compute the likelihood and
obtain the best estimate, 7, pes- The energy cut at 3.25 TeV is
chosen as a trade off between a robust estimation of F(f) and
the largest number of events for the likelihood calculation. The
photon energy distribution I'(E;) is obtained from a power-law
fit approximation above E., with a resulting index of
3.1 £0.1.



THE ASTROPHYSICAL JOURNAL, 870:93 (9pp), 2019 January 10

Table 1
Parameters of the Function F(f)

Parameters Value Error
Al 80.5 6
11 (8) 2361 185
oy (s) 2153 301
Ay® 60.5 11
1o (8) 6564 220
05 (8) 676 283
Note.

 Expressed in 1072 cm 251,

3.2.3. Results

The 7, pest Value of the LIV estimator is defined as the 7,
value minimizing the —2In(L) function. Figure 2 presents the
log-likelihood functions for the linear (left) and the quadratic
(right) models. Each curve has a quadratic behavior and shows
a single minimum. No significant energy-dependent time lag is
measured.

The statistical uncertainties quoted in Figure 2 are derived by
requesting —2Alog(L) = 1. These values are obtained from
one realization and may be overestimated or underestimated.
Calibrated statistical uncertainties are considered instead, as
derived from the ML analysis of 1000 simulated data sets
mimicking actual data, i.e., with identical light curves and
spectral shapes and no LIV time lag. The resulting distributions
of reconstructed T, pes parameters for n = 1, 2 are normally
distributed, and their standard deviations are considered
calibrated statistical errors.

Systematic uncertainties are also estimated using simulations
by looking at the induced variations on the reconstructed 7, pest
distribution when the spectral index and F(f) parameters are
smeared within their error intervals and when changing energy
intervals boundaries according to the energy resolution. The
ML analysis is also applied to photon lists from cross-check
analyses to check the influence of reconstruction methods on
the measured lag. The most important sources of systematic
uncertainties are found to be related to the determination of
F (), mainly the position of the peaks as already pointed out in
Abramowski et al. (2011), and to the analysis chain. A possible
contribution of the background is also investigated and found
to be negligible.

The obtained values of 7, .y, With their 1o statistical and
overall systematic errors are:

Tipest = —8.2 & 215y £ 14.2¢ys s TV,
T2, best — —-0.6 + 1.8(5[30 + O~7(syst) S T€V72.

These values are subsequently used to compute the 95%
confidence level limits on the QG energy scale Eqg, following
Equation (2). For the subluminal and superluminal scenarios,
the obtained limits are

3.6 x 107 GeV (subluminal),
EqG,1> 17 .
2.6 x 10" GeV (superluminal),

8.5 x 10'©GeV (subluminal),
Eqg2 > 10 .
73 x 10" GeV (superluminal).
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4. Spectral Study

The energy spectrum of Mrk 501 is obtained using the
forward-folding method described in Piron et al. (2001).
The energy threshold used in the spectral analysis is defined as
the energy at which the effective area reaches 15% of its
maximum value, yielding a threshold of 1.3 TeV. The energy
spectrum extends up to ~20TeV, as shown in Figure 3. A
simple power-law shape does not provide a good fit to the data,
as the observed spectrum is significantly curved. This curvature
can be interpreted in terms of attenuation of the intrinsic
spectrum on the EBL.

4.1. EBL Absorption and Mrk 501 Flare Spectrum

The EBL is the background photon field originating from the
integrated starlight and its reprocessing by dust over cosmic
history. It covers wavelengths ranging from the ultraviolet to
the far-infrared. VHE ~-rays traveling over cosmological
distances can interact with EBL photons and produce
electron—positron pairs (yy — eTe™), resulting in an attenuated
observed VHE flux above the pair production threshold
(Nikishov 1962; Gould & Schreder 1967; Stecker et al.
1992). The observed VHE spectrum of a blazar ®,s(E,) at a
redshift z, is the product of its intrinsic spectrum ®;,(E,) with
the EBL attenuation effect:

q)obs(Ew) = q)int(Ev) X eiT(EA‘"Z"), Q)

where 7(E,, z,) is the optical*® depth to ~-rays of observed
energy E.. It takes into account the density of EBL photons
ngpr. and consists in an integration over the redshift z, the
energy of EBL photons ¢, and the angle between the photon
momenta 6:

s dl > . dngpr 2o
E,X:fd—fd ,fd—M,,
TE = k) e @D, ey

(6)

where p1 = 1 — cos(), and o, is the pair production cross
section (Breit & Wheeler 1934). The square of the center-of-
mass energy s for an interaction with a ~-ray of energy
E/ = (1 4 z)E, is given by

s = 2E/ e, @)

and the threshold EBL photon energy for pair production e, in
the case of a head-on collision (6 = ) is

m?2c*
E/(1+72)

L 026 (E)T -
A+ 2|\ Tev ‘

ene(Ey, 2) =

EBL attenuation leaves a redshift-dependent and energy-depen-
dent imprint on the observed spectrum of blazars and can be used
to probe the spectral energy distribution (SED) of the EBL.
Knowledge of the EBL SED has greatly improved over the last
decade. Predictions from models (Franceschini et al. 2008; Finke
et al. 2010; Dominguez et al. 2011; Gilmore et al. 2012),

8 The letter 7 is used here for consistency with established nomenclature
although it has been previously used in a different context in the previous
section.
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Figure 2. Likelihood function obtained from Mrk 501 data for linear (left) and quadratic (right) models. The best-fit values 7, e are given with their 1o errors.
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Figure 3. Energy spectrum observed from the flare of Mrk 501. The best-fit
EBL-attenuated power law is displayed by a solid line. The spectral points are
obtained from residuals to the fit. A minimum significance of 3¢ is required for
each point. The red dashed line represents the expected spectrum for the same
intrinsic shape but considering subluminal linear LIV with Eqg 1 = Epjanck-

constraints from ~-rays (Meyer et al. 2012; Biteau & Williams
2015; Abdalla et al. 2017), and results from empirical determina-
tions (Stecker et al. 2016) agree between lower and upper limits.
In the following, the model of Franceschini et al. (2008) is used as
a reference.

Despite a low redshift of z = 0.034, EBL attenuation for
Mrk 501 is non-negligible at energies larger than 1 TeV. The
associated optical depth reaches 1 around 10 TeV (Franceschini
et al. 2008), corresponding to mid-infrared EBL wavelengths
(Equation (8)).

The Mrk 501 flare intrinsic spectrum measured by H.E.S.S.
is well fitted by an intrinsic power law (®i(E,) = ¢oE; ")
attenuated on the EBL using the optical depth of the model of

Franceschini et al. (2008), as shown in Figure 3. The fitted
intrinsic index is o = 2.03 £ 0.044,; £ 0.2. Intrinsic shapes
with curvature or a cutoff are not preferred over the simple
power law. In this standard picture, EBL attenuation at the level
of the model of Franceschini et al. (2008) is sufficient to
account for the entire observed curvature. The use of models
with a significantly lower level of EBL density at infrared
wavelengths would require intrinsic curvature. On the other
hand, the use of models with a significantly higher level of
EBL density at infrared wavelengths would cause an upturn in
the intrinsic spectrum. This degeneracy is difficult to break, but
current knowledge of the EBL SED gives good confidence that
the VHE Mrk 501 flare intrinsic spectrum follows a simple
power law behavior up to ~20 TeV. The intrinsic power-law
shape is considered in the following as the natural choice
accounting for the standard case. In the LIV case an intrinsic
curvature could compensate for a genuine LIV effect. This
degenerate scenario with no extrapolation to the standard case
is not considered in this study.

4.2. Opacity Modifications due to LIV

The non-observation of deviations with respect to standard
EBL attenuation at energies above 10 TeV can be used to put
competitive constraints on Eqg. In the presence of LIV, the
perturbation in the dispersion relation Equation (1) propagates
into the EBL optical depth (Equation (6)). The center-of-mass
energy squared s (Equation (7)) and threshold energy for pair
production ey, (Equation (8)) are modified with an extra term
(Tavecchio & Bonnoli 2016):

s — 5+ EWMH and € — €nr F lEﬂ?Hl )
EsG 5 thr thr 4 E&; .

It is assumed that the modified center-of-mass energy
squared s is still an invariant quantity in the LIV framework
(Fairbairn et al. 2014; Tavecchio & Bonnoli 2016). The effects
of LIV on electrons are neglected, as the constraints on the LIV
scale for electrons are stringent (Jacobson et al. 2003).
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In the context of investigations for a potential transparency
excess of the universe to VHE ~-rays (as hinted at in Horns &
Meyer 2012), only the subluminal case (minus sign in
Equation (1)) is considered: if non-negligible, the LIV term
will induce lower values for s (higher threshold value €g,)
suppressing pair creation on the EBL, therefore causing an
excess of transparency of the universe to the most energetic
~-rays.*’

In the subluminal LIV scenario, the threshold energy is
given by

n+1
me2 ct 1 En,/
Ethr = ———,— — .
E, 4 Ejg

(10)

This threshold energy is no longer a monotonic function in
E.. The critical ~y-ray energy corresponding to the minimal
threshold energy can be obtained from the derivative of
Equation (10). For linear (n=1) perturbations, this critical

Eqc,1 1

/3
energy is 18.5TeV . Extragalactic ~-rays at this

energy can thus probe Plilanfikck scale linear LIV, as shown by
the red dashed line on Figure 3.

4.3. Constraints on the LIV Scale

Optical depths to ~y-rays using the EBL SED of the model of
Franceschini et al. (2008) are computed considering modifica-
tions due to subluminal LIV for linear and quadratic
perturbations. The forward-folding fit of the Mrk 501 flare
spectrum is performed assuming an intrinsic power law with
spectral index and normalization free in the fit. Values of Eqg
are scanned logarithmically in the range of interest for
observable deviations in the covered energy range. As the
spectrum shows no evidence for an upturn, LIV-free optical
depth values are preferred and the best-fit x> values reach
plateaus corresponding to the standard case. In order to
quantify this effect, the following test statistic is considered:
TS = x*(Eqs) — X*(Eqg — 00), where Eqgg — 00 corre-
sponds to the standard case. TS profiles for linear and quadratic
cases are represented in Figures 4(a) and (b), respectively.

From these TS profiles exclusion limits on Eqg are obtained.
In the linear case the limit Egg; > 2.6 X 10" GeV (i.e.,
2.1 X Epjanex) 1s obtained at the 95% confidence level. Epjanck
is excluded at the 5.8¢ level. These results are comparable with
the limits obtained using the 1997 flare spectrum of Mrk 501
observed by HEGRA (Biteau & Williams 2015; Tavecchio &
Bonnoli 2016). These Planck scale limits on linear LIV are
competitive with the best limits obtained considering time
delays with GRBs. In the quadratic case, the limit Eqg, >
7.8 x 10" GeV (ie., 6.4 x 1078 X Epjanei) is Obtained at the
95% confidence level. This is the best existing limit on
quadratic LIV perturbations for the dispersion relation of
photons.

The main source of uncertainty on the derived limits on Eqg
through this spectral method is the degeneracy between the
spectral upturn caused by LIV and the possibility of an intrinsic
upturn, together with the uncertainty related to EBL attenuation.
Using the lower-limit EBL model of Kneiske & Dole (2010)

4% An excess of transparency of the universe to -rays could also be caused by
the conversion of photons to axion-like particles in magnetic fields; see, e.g.,
Sanchez-Conde et al. (2009).

30 Planck scale is, however, out of reach in the case of quadratic (n 5 /%)

. .. s . E
perturbations, as the critical energy in this case is ~8 x 10* TeV (%
Eplanc
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Figure 4. TS profiles obtained from the fit of the flare spectrum to an intrinsic
power law absorbed on the EBL model of Franceschini et al. (2008) for the
case of subluminal linear Figure (4(a)) and quadratic Figure (4(b)) LIV
perturbations. The black dashed line corresponds to the lower limit on Eqg at
the 95% confidence level.

the value of Eqg required for an equivalent flux attenuation at
20 TeV would be six times higher than the value using the EBL
model of Franceschini et al. (2008). The above limits are valid
considering the natural interpretation that the intrinsic VHE
spectrum of the Mrk 501 flare has a power-law behavior and is
attenuated using state-of-the-art EBL models.

5. Discussion and Conclusions

The observation of a bright flare of Mrk 501 with H.E.S.S. in
2014 June reveals multi-TeV variability on timescales of
minutes and an energy spectrum extending up to 20 TeV
compatible with a simple power law attenuated by the EBL.
These characteristics make this flare a unique opportunity to
probe LIV in the photon sector with H.E.S.S. using both
temporal and spectral methods. Competitive results on the LIV



THE ASTROPHYSICAL JOURNAL, 870:93 (9pp), 2019 January 10

energy scale Eqg are obtained considering linear or quadratic
perturbations in the dispersion relation of photons. Temporal
and spectral methods are kept separate as a proper combination
of results is considered complex due to the very different
analysis procedures. Such a combination would moreover not
be beneficial to the LIV constraints given the order of
magnitude separating the results from both approaches.

Using the temporal method, the limit for the linear case
considering a subluminal LIV effect is similar to the one
obtained by H.E.S.S. using PG 1553+113 data (Abramowski
et al. 2015). For the quadratic case, the limit obtained is the best
time-of-flight limit obtained with an AGN, slightly above the
one obtained by H.E.S.S. with PKS 2155-304 (Abramowski
et al. 2011). This follows from the exceptional energy coverage
of this flare with a substantial sample of photons above 10 TeV.

Assuming the EBL-attenuated power-law spectral behavior
presented in Section 4.1 and the framework described in
Section 4.2, the spectral method yields an exclusion limit for
the linear case above the Planck energy scale and the best
existing limit for the quadratic case. Thus, it places the blazar
flare studies with VHE ~-ray astronomy instruments at the level
of the time-of-flight limits obtained with GRBs (e.g., GRB
090510 Vasileiou et al. 2015).

These results will be useful for LIV studies combining data
from several ~-ray instruments, as in Nogués et al. (2017). This
is particularly promising in the context of the advent of the
CTA observatory (Acharya et al. 2017), which will allow
population studies with unprecedented sensitivity.
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