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lowerlimitof183TeV,dependingonlyweaklyon
theassumedastrophysicalenergyspectrum(25).
Thevastmajorityofneutrinosdetectedby

IceCubearisefromcosmic-rayinteractionswithin
Earth’satmosphere.Althoughatmosphericneu-
trinosaredominantatenergiesbelow100TeV,
theirspectrumfallssteeplywithenergy,allowing
astrophysicalneutrinostobemoreeasilyidenti-
fiedathigherenergies.Themuon-neutrinoas-

trophysicalspectrum,togetherwithsimulated
data,wasusedtocalculatetheprobabilitythata
neutrinoattheobservedtrackenergyandzenith
angleinIceCubeisofastrophysicalorigin.This
probability,theso-calledsignalnessoftheevent
(14),wasreportedtobe56.5%(17).Although
IceCubecanrobustlyidentifyastrophysicalneu-
trinosatPeVenergies,forindividualneutrinos
atseveralhundredTeV,anatmosphericorigin

cannotbeexcluded.Electromagneticobservations
arevaluabletoassessthepossibleassociationof
asingleneutrinotoanastrophysicalsource.
Followingthealert,IceCubeperformeda

completeanalysisofrelevantdatapriorto
31October2017.Althoughnoadditionalexcess
ofneutrinoswasfoundfromthedirectionofTXS
0506+056nearthetimeofthealert,thereare
indicationsatthe3slevelofhigh-energyneutrino

TheIceCubeCollaborationetal.,Science361,eaat1378(2018)13July20182of8

Fig.1.Eventdisplayfor
neutrinoeventIceCube-
170922A.Thetimeatwhicha
DOMobservedasignalis
reflectedinthecolorofthehit,
withdarkbluesforearliesthits
andyellowforlatest.Times
shownarerelativetothefirst
DOMhitaccordingtothetrack
reconstruction,andearlierand
latertimesareshownwiththe
samecolorsasthefirstand
lasttimes,respectively.The
totaltimetheeventtookto
crossthedetectoris~3000ns.
Thesizeofacoloredsphereis
proportionaltothelogarithm
oftheamountoflight
observedattheDOM,with
largerspherescorresponding
tolargersignals.Thetotal
chargerecordedis~5800photoelectrons.Insetisanoverheadperspectiveviewoftheevent.Thebest-fittingtrackdirectionisshownasanarrow,

consistentwithazenithangle5:7þ0:50
"0:30degreesbelowthehorizon.

Fig.2.Fermi-LATandMAGICobservationsofIceCube-170922A’s
location.SkypositionofIceCube-170922AinJ2000equatorialcoordinates
overlayingtheg-raycountsfromFermi-LATabove1GeV(A)andthesignal
significanceasobservedbyMAGIC(B)inthisregion.Thetansquare
indicatesthepositionreportedintheinitialalert,andthegreensquare
indicatesthefinalbest-fittingpositionfromfollow-upreconstructions(18).
Grayandredcurvesshowthe50%and90%neutrinocontainmentregions,
respectively,includingstatisticalandsystematicerrors.Fermi-LATdataare
shownasaphotoncountsmapin9.5yearsofdatainunitsofcountsper

pixel,usingdetectedphotonswithenergyof1to300GeVina2°by2°
regionaroundTXS0506+056.Themaphasapixelsizeof0.02°andwas
smoothedwitha0.02°-wideGaussiankernel.MAGICdataareshownas
signalsignificanceforg-raysabove90GeV.Alsoshownarethelocationsof
ag-raysourceobservedbyFermi-LATasgivenintheFermi-LATThird
SourceCatalog(3FGL)(23)andtheThirdCatalogofHardFermi-LAT
Sources(3FHL)(24)sourcecatalogs,includingtheidentifiedpositionally
coincident3FGLobjectTXS0506+056.ForFermi-LATcatalogobjects,
markersizesindicatethe95%CLpositionaluncertaintyofthesource.
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 • Introduction 
• Instrumental Techniques 
• Acceleration and Sources 
• Fundamental Physics
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Multi-wavelength astronomy
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Optical 0.4-0.6 μm

π0 decay from interaction of Cosmic Rays with interstellar medium 

γ-ray >100 MeV

very hot, shocked gas

X-ray 0.25, 0.75,1.5 keV

star light

synchrotron emission from HE electrons moving through interstellar magnetic fields

Radio 480 MHz 

Hydrogen 21 cm line, cold interstellar medium (gas)

Radio 21 cm

thermal emission from interstellar dust

Infrared 12, 60, 100 μm

+ high-energetic particles,  
neutrinos, gravitational 
waves
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High-energy / non-thermal astronomy

• Photons / particles with energies much higher  
than their rest mass 
• electron: ~5 x 105 eV ~ 0.6 x 1010 K 
• protons: ~109 eV ~ 1013 K 

• hard-to-achieve temperatures  
non-thermal processes  
dominate above MeV energies

| Astroparticle Physics | Gernot Maier
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High-energy astrophysics
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High-energy astrophysics
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γ

e

Synchrotron

B
γ
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Inverse Compton

γ

e

γ
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Bremsstrahlung

p

γ

p

p-p / p-γ interactions

π0

p,γ

Photon fields (CMB, stellar photons, 
extragalactic background light)
Magnetic fields; turbulences
Secondary cascades;
Heavy ion interaction



Observatories
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SKA Spitzer (IR)Fermi (Gamma-rays)

CTA (Gamma-rays)ELT (Optical)

Suzaku (X-rays)

Auger (Cosmic Rays) LIGO (Gravitational waves)

IceCube 
(Neutrinos)

AMS (Cosmic Rays)

J Webb 
(optical, IR)



Cosmic Rays

“Cosmic rays are high-energy protons and atomic 
nuclei which move through space at nearly the speed 
of light. They originate from the sun, from outside of 
the solar system, and from distant galaxies.” 
(Wikipedia)



Cosmic Ray Energy Spectrum
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98% nuclei, mostly p, He,  
but also heavier nuclei 
2% electrons 
(at a few GeV;  
strongly energy dependent)

Very few particle 
carry a lot of energy!

power law E-2.7-3.0
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cosmic rays energies 
up to 1020 eV 
energy density similar 
to star light  or magnetic fields



The Cosmic Ray Energy Spectrum
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F.Schröder 
(ICRC 2019)

LHCTevatron

HER
A



Cosmic Rays, Neutrinos, Gamma rays
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e.g. Ackermann et al, ApJ 799 (2015)



Viktor Hess
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1912: Several 
ascents up to 5000 m 
1936: Nobel prize



Viktor Hess
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1912: Several 
ascents up to 5000 m 
1936: Nobel prize

Altitude (km) Change in 
Ionization  
(106 m-3)

0 0
1 1,2
3 8,8
4 28,7
5 61,3

Electroscope 
measurements
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High energy astrophysics in one equation
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⇤N

⇤t
= ⇥ · (Di⇥Ni)�

⇤

⇤E
(dE/dtNi(E))�⇥ · ⌅uNi(E)

+ Qi(E, t)� piNi +
v�

m

X

k�i

d⇥i,k(E,E0)

dE
Nk(E

0)dE0

source term

diffusion with diffusion 
coefficient Di

Ni(E,x,t)dE is density of particles of type i at position x with energy between E and dE 

convection with 
velocity ū

loss term

loss term pi =
v⇤
⇥i

+ 1
�⌅i

cascade term: feed-down from higher 
energies and nuclear fragmentation 

processes

energy losses and 
gains

(synchrotron radiation, 
ionization loss, 

reacceleration, ...) 

Secondary particles: 
charged particles, neutrinos, photons

turbulences & magnetic fields



Some of the main 
questions in 
Astroparticle Physics
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1. Cosmic Particle Acceleration

!  How and where are particles accelerated? 

!  How do they propagate? 

!  What is their impact on the environment?

| Astroparticle Physics | Gernot Maier
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2.  Probing Extreme Environments

!  Processes close to neutron stars and black holes 

!  Processes in relativistic jets, winds, accretion, 
explosions, pulsars 

!  Cosmic voids 

| Astroparticle Physics | Gernot Maier

Pulsars
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3.  Exploring Frontiers of Physics

!   What is the nature of dark matter?  
  Does it exist at all? How is it distributed? 

!   Is the speed of light constant? 

!   Do axion-like particles exist?

| Astroparticle Physics | Gernot Maier

Pulsars
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Instruments

How to detect cosmic rays, 
gamma rays, neutrinos, … 
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Extensive Air Shower: toy model for particle cascades

• Measure 
• particles reaching ground 
• Superluminal particles create Cherenkov light 
• High-energy electrons excite nitrogen which then fluorescence 

| Astroparticle Physics | Gernot Maier

Heitler Model
here: primary particle is a photon  

(similar: hadronic showers)



Extensive Air Shower
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Extensive Air Shower
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KASCADE 
Karlsruhe Shower Core and Array Detector

Area 40,000 m2

Maier 1999



The Pierre Auger Observatory
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Area 3,000 km2



The Pierre Auger Observatory
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Area 3,000 km2

Area 3,000 km2
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electrons excite N2 
decay to ground state by 
isotropically emitting UV photons 



Extensive air shower: hadronic interactions
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understanding of extensive air showers relies on extrapolations of 
several orders of magnitude using models of the hadronic 
interaction 

Pierog 2017
T. Pierog, KIT - 5/26ICRC – Jul 2017

Interactions EM Signal Muon SignalComparisons

When does a projectile interact ?

For all models cross-section calculation based on optical theorem

total cross-section given by elastic amplitude

different amplitudes in the models but free parameters set to reproduce all 
p-p cross-sections

basic principles + high quality LHC data = same extrapolation  

Pre - LHC Post - LHC



Extensive Air Showers and Cherenkov Emission
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150 m

charged 
particles in 

an air 
shower

Cherenkov 
emission 

angle 
depend on 

atmospheric 
density



Extensive Air Showers and Cherenkov Emission
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150 m

charged 
particles in 

an air 
shower

Cherenkov 
emission 

angle 
depend on 

atmospheric 
density

Cherenkov photon  
densities on ground

10 GeV

500 GeV

Cherenkov light from air showers: 
weak (~10 ph/m2), short (~ns),  
blue (300-550nm) flash of light



Imaging Technique - Air Showers
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C
.S

kole

Cherenkov light



VERITAS
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Imaging Atmospheric 
Cherenkov 
Telescopes 

12 m diameter reflector  
(106 m2 mirror area)



VERITAS
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Imaging Atmospheric 
Cherenkov 
Telescopes 

12 m diameter reflector  
(106 m2 mirror area)

Sophisticated trigger 
system needed to 
suppress night sky 

background  
(120 MHz -> 200 Hz)

499 pixel 
PMT Camera



The Cherenkov Telescope Array (CTA)
Midsize telescopes 
limitation: gamma/hadron separation 
telescopes with 12 m ∅ 
energy range: 100 GeV - 10 TeV

High-energy section 
limitation: effective area 
telescopes with ~4-7 m ∅ 
energy range: > 5 TeV

Low energies 
limitation: photon collection and 
gamma/hadron separation 
large telescopes with 23 m ∅ 
energy threshold: some 10 GeV

29| Astroparticle Physics | Gernot Maier

Array of >50 telescopes 
factor 10 improvement in sensitivity 
20 GeV to >300 TeV energy range 
significantly improved angular resolution 
two observatories: North and South



The Cherenkov Telescope Array - Large Size Telescope
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Opacity of the Universe to high-energy photons
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Neutrino detection
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astrophysical flux: 
O(105) per km2 per year 
above 100 TeV



High-energy neutrino detection

33| Astroparticle Physics | Gernot Maier

Neutrino

Muon

water or ice as detector 
string of photomultipliers



IceCube
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IceCube

34| Astroparticle Physics | Gernot Maier



35| Astroparticle Physics | Gernot Maier
Amundsen-Scott South Pole station

South Pole
Dome

1500 m

2000 m
[not to scale]

IceCube



IceCube

36| Astroparticle Physics | Gernot Maier



37| Astroparticle Physics | Gernot Maier

lower limit of 183 TeV, depending onlyweakly on
the assumed astrophysical energy spectrum (25).
The vast majority of neutrinos detected by

IceCube arise from cosmic-ray interactions within
Earth’s atmosphere. Although atmospheric neu-
trinos are dominant at energies below 100 TeV,
their spectrum falls steeply with energy, allowing
astrophysical neutrinos to be more easily identi-
fied at higher energies. The muon-neutrino as-

trophysical spectrum, together with simulated
data, was used to calculate the probability that a
neutrino at the observed track energy and zenith
angle in IceCube is of astrophysical origin. This
probability, the so-called signalness of the event
(14), was reported to be 56.5% (17). Although
IceCube can robustly identify astrophysical neu-
trinos at PeV energies, for individual neutrinos
at several hundred TeV, an atmospheric origin

cannot be excluded. Electromagnetic observations
are valuable to assess the possible association of
a single neutrino to an astrophysical source.
Following the alert, IceCube performed a

complete analysis of relevant data prior to
31 October 2017. Although no additional excess
of neutrinoswas found from the direction of TXS
0506+056 near the time of the alert, there are
indications at the 3s level of high-energy neutrino

The IceCube Collaboration et al., Science 361, eaat1378 (2018) 13 July 2018 2 of 8

Fig. 1. Event display for
neutrino event IceCube-
170922A. The time at which a
DOM observed a signal is
reflected in the color of the hit,
with dark blues for earliest hits
and yellow for latest. Times
shown are relative to the first
DOM hit according to the track
reconstruction, and earlier and
later times are shown with the
same colors as the first and
last times, respectively. The
total time the event took to
cross the detector is ~3000 ns.
The size of a colored sphere is
proportional to the logarithm
of the amount of light
observed at the DOM, with
larger spheres corresponding
to larger signals. The total
charge recorded is ~5800 photoelectrons. Inset is an overhead perspective view of the event. The best-fitting track direction is shown as an arrow,

consistent with a zenith angle 5:7þ0:50
"0:30 degrees below the horizon.

Fig. 2. Fermi-LATand MAGIC observations of IceCube-170922A’s
location. Sky position of IceCube-170922A in J2000 equatorial coordinates
overlaying the g-ray counts from Fermi-LAT above 1 GeV (A) and the signal
significance as observed by MAGIC (B) in this region. The tan square
indicates the position reported in the initial alert, and the green square
indicates the final best-fitting position from follow-up reconstructions (18).
Gray and red curves show the 50% and 90% neutrino containment regions,
respectively, including statistical and systematic errors. Fermi-LATdata are
shown as a photon counts map in 9.5 years of data in units of counts per

pixel, using detected photons with energy of 1 to 300 GeV in a 2° by 2°
region around TXS0506+056. The map has a pixel size of 0.02° and was
smoothed with a 0.02°-wide Gaussian kernel. MAGIC data are shown as
signal significance for g-rays above 90 GeV. Also shown are the locations of
a g-ray source observed by Fermi-LAT as given in the Fermi-LAT Third
Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-LAT
Sources (3FHL) (24) source catalogs, including the identified positionally
coincident 3FGL object TXS 0506+056. For Fermi-LAT catalog objects,
marker sizes indicate the 95% CL positional uncertainty of the source.
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Sources of Cosmic 
Rays

What are they? 
Is it a single source? A single source class?  

Where are they? Galactic / extragalactic? 

How? 
acceleration mechanism, feedback on environment, … 



Maximum energy of an accelerator
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Maximum energy of an accelerator
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Emax = Z e B L
To reach 1020 eV: need an LHC of the size of Mercury’s orbit…



Hillas Diagram
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M.Hillas (1984)

E = ß Z e B L

Energy limited by: 
• B-field 
• time for acceleration 
• energy losses



0 0.0099 0.03 0.07 0.15 0.31 0.62 1.2 2.5 5 10

Fig. 1.— Adaptively smoothed Fermi-LAT count map in the 10 GeV–2 TeV band represented in Galactic
coordinates and Hammer-Aitoff projection. The image has been smoothed with a Gaussian kernel whose size
was varied to achieve a minimum signal-to-noise ratio under the kernel of 2.3. The color scale is logarithmic
and the units are counts per (0.1 deg)2 pixel.
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Cosmic Particle Accelerators
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>1500 sources > 10 GeV 
>150 sources > 100 GeV 
diffuse emissionFermi LAT 7-years sky map (10 GeV - 2 TeV)

Supernova Remnants, Binaries, Star forming regions, pulsar wind nebula, active 
galactic nuclei, gamma-ray bursts, nova, diffuse emission, dark matter, ….



Gamma-ray bursts
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DESY, Science Communication Lab



Tidal Disruption Events
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DESY, Science Communication Lab



Nova

44| Astroparticle Physics | Gernot Maier

DESY, Science Communication Lab
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Supernova remnants
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X-ray
radio

optical
Supernova remnant SN1006

angular size similar to moon
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X-ray
radio

optical
Supernova remnant SN1006

angular size similar to moon
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X-ray
radio

Supernova remnant SN1006
optical
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X-ray
radio

2400-3000 km/s

Supernova remnant SN1006
optical



Cassiopeia A Supernova Remnant
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Chandra X-ray observations of Cassiopeia A: 

Synchrotron emission from energetic electrons

core-collapse Supernova remnant 

historical (1608)

Gamma-ray 
Angular 
Resolution

VERITAS



Cassiopeia A - Spectral Energy Distribution
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Chandra X-ray observations of Cassiopeia A: 

Synchrotron emission from energetic electrons

Supernova remnants: Cas A 

   Weaker magnetic field                   Stronger magnetic field 
 
 
 
 
 
 
 
 
Electrons: magenta and green   Hadrons: blue 
Distinguishing requires information at 1-400 MeV 

10 years VERITAS Jun 28-29, 2017 

radio

X-ray

gamma-ray

magnetic field 
(250µG)



Cassiopeia A - Spectral Energy Distribution
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Chandra X-ray observations of Cassiopeia A: 

Synchrotron emission from energetic electrons

Supernova remnants: Cas A 

   Weaker magnetic field                   Stronger magnetic field 
 
 
 
 
 
 
 
 
Electrons: magenta and green   Hadrons: blue 
Distinguishing requires information at 1-400 MeV 

10 years VERITAS Jun 28-29, 2017 

radio

X-ray

gamma-ray

Electrons 
Synchrotron Protons 

Pion Decay

Electrons 
Thermal 
Bremsstrahlung

Electrons 
Non-thermal 
Bremsstrahlung Electrons 

Inverse Compton
magnetic field 
(250µG)



Supernovae Explosions & Energy Budget
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assume Milky Way is filled uniformly with Cosmic Rays (CR), diffuse out  diffuse out of 
this volume in typically tGD≈107y 

CR energy density: ρE ≈ 0.5 eV/cm3 (similar to starlight)

LCR = VGD·�E

tGD ' 3⇥ 1040erg/s



Supernovae Explosions & Energy Budget
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assume Milky Way is filled uniformly with Cosmic Rays (CR), diffuse out  diffuse out of 
this volume in typically tGD≈107y 

CR energy density: ρE ≈ 0.5 eV/cm3 (similar to starlight)

LCR = VGD·�E

tGD ' 3⇥ 1040erg/s

Wenxing Tongkoa (1181)

typical 2-3 Supernovae per 100 y in our Galaxy are  
enough to sustain this luminosity assuming a 10% 
conversion rate from mechanical to cosmic-ray energy 



Observational Bias…
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Active Galactic Nuclei
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Active Galactic Nuclei
M87 
HST optical
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Active Galactic Nuclei
M87 
HST optical

core and 
accretion disk

jet: relativistic hot, 
magnetized plasma

50
00

 lig
ht y

ea
rs

hot spots: 
shocked jet 
plasma

 blue light: 
synchrotron radiation 
from HE electrons 

Event Horizon Telescope
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D =
p

1��2

1�� cos�

Iobs� (D�) = D3Iem� (�)

Doppler boosting in jets
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D<1

D=1 w=w’

D>1

beam opening angle Θb 

Observer 1

Observer 2

blueshifted, 
boosted

Observer 3
Observer 4

Observer 5

redshifted, 
de-boosted D=10-30

Source

even mildly relativistic jets 
result in a large intensity boost 

into the forward direction

Doppler boosting of a power-
law source: 

Iem⇥ (�) / ���

Iobs⇥ = D3+�Iem⇥ (�)

Variability time 
scale shorted 

by 1/D
plasma velocity of 0.95c, 
Θ=5 deg —> D~200



Active Galactic Nuclei - leptonic emission
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Pian 2019



Active Galactic Nuclei - Hadronic emission
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Pian 2019



IceCube-170922A
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most probable neutrino energy of 290 TeV  
signalness to be 56.5% 

TXS 0506+056



New Physics

Random example!



61

Lorenz Invariance Violations

• Standard Model and General Relativity:  
best theories describing the four fundamental forces 
• no conflict between them - but fundamentally different 

• —> Quantum Theory of Gravity? 
• zoo of theories of Quantum Gravity 
• predict in general new physics at the Planck Energy 

Scale  
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EPl ' 1.2⇥ 1019 GeV
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LIV: arrival time measurements

• new dispersion relation 
 
 
 
 

• time delays in arrival times of photons
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depending on sign: subluminal or superluminal case
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Figure 1. Crab Pulsar folded light curves (two full phases), fitted with a Gaussian pulse shape plus flat background model for
the P2 inter-pulse. The main and inter-pulse regions are binned with a width of 0.005 phases, while the intermediate ranges use
coarser bins. The bin width of the pulse regions are chosen to fit a reasonable number of bins into the region, while the coarse
bins are selected to fit an integer number of bins into each region. All bin widths have been chosen a priori, independently of
the fitting results. The likelihood fit assumes Poissonian fluctuations for the predicted sum of background plus pulse shape from
phase 0.37 through 0.87. The background is subtracted here for display only, but is included in the fit. Two distant energy
ranges are shown: between 55 and 100 GeV (top) or 400 and 600 GeV (bottom) in red, and above 600 GeV (both figures) in
blue. The last one is artificially offset by 100 counts for better visibility. The traditional OFF-region is underlaid with a gray
area, the P1 region with green, and the P2 region with red (Ansoldi et al. 2016). The bridge region (Aleksić et al. 2014) between
P1 and P2 is underlaid with yellow.

Relatively nearby - but repeating gamma-ray source

MAGIC 2017

Upper limits: 
~ 1017 - 1018 eV
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Fermi Observations of High-Energy
Gamma-Ray Emission from GRB 080916C
The Fermi LAT and Fermi GBM Collaborations*

Gamma-ray bursts (GRBs) are highly energetic explosions signaling the death of massive stars in
distant galaxies. The Gamma-ray Burst Monitor and Large Area Telescope onboard the Fermi
Observatory together record GRBs over a broad energy range spanning about 7 decades of gamma-
ray energy. In September 2008, Fermi observed the exceptionally luminous GRB 080916C, with the
largest apparent energy release yet measured. The high-energy gamma rays are observed to start
later and persist longer than the lower energy photons. A simple spectral form fits the entire GRB
spectrum, providing strong constraints on emission models. The known distance of the burst enables
placing lower limits on the bulk Lorentz factor of the outflow and on the quantum gravity mass.

Gamma-ray bursts (GRBs) are the most
luminous explosions in the universe and
are leading candidates for the origin of

ultrahigh-energy cosmic rays (UHECRs). Prompt
emission from GRBs from ~10 keV to ~1 to

5 MeV has usually been detected, but occa-
sionally photons above 100 MeV have been
detected by the Energetic Gamma-Ray Experi-
ment Telescope (EGRET) (1) and more recently
by Astro-rivelatore Gamma a Immagini LEggero
(AGILE) (2). Observations of gamma rays with
energies >100 MeV are particularly prescriptive
because they constrain the source environment

and help understand the underlying energy
source. Although there have been observations
of photons above 100MeV (3–5), it has not been
possible to distinguish competing interpretations
of the emission (6–8). The Fermi Gamma-ray
Space Telescope, launched on 11 June 2008,
provides broad energy coverage and high GRB
sensitivities through the Gamma-ray Burst
Monitor (GBM) and the Large Area Telescope
(LAT) (9). The GBM consists of 12 sodium
iodide (NaI) detectors, which cover the energy
band between 8 keV and 1 MeV, and two bis-
muth germanate (BGO) scintillators, which are
for the energy band between 150 keV and 40
MeV. The LAT is a pair conversion telescope
with the energy coverage from below 20 MeV to
more than 300 GeV (supporting online text). In
this paper, we report detailed measurements of
gamma-ray emission from the GRB 080916C
detected by the GBM and LAT.

Observations. At 00:12:45.613542 UT (T0)
on 16 September 2008 the GBM flight software
triggered on GRB 080916C. The GRB produced
large signals in 9 of the 12 NaI detectors and
in one of the two BGO detectors. Analysis of
the data on the ground localized the burst to a
right ascension (RA) = 08h07m12s, declination

*The full list of authors and affiliations is presented at the
end of this paper.

Fig. 1. Light curves for GRB 080916C
observed with the GBM and the LAT,
from lowest to highest energies. The
energy ranges for the top two graphs
are chosen to avoid overlap. The top
three graphs represent the background-
subtracted light curves for the NaI, the
BGO, and the LAT. The top graph shows
the sum of the counts, in the 8- to 260-
keV energy band, of two NaI detectors
(3 and 4). The second is the corre-
sponding plot for BGO detector 0,
between 260 keV and 5MeV. The third
shows all LAT events passing the
onboard event filter for gamma-rays.
(Insets) Views of the first 15 s from
the trigger time. In all cases, the bin
width is 0.5 s; the per-second counting
rate is reported on the right for
convenience.

RESEARCHARTICLES

27 MARCH 2009 VOL 323 SCIENCE www.sciencemag.org1688
GRB 080916C  
at z=4.3 
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relation of photons and electrons (e.g., Amelino et al. 1998; Tavecchio & Bonnoli 2016):

E2 = p2c2 +m2c4 + S E2

(

E

ELIV

)n

, (1)

where c is the conventional speed of light in vacuum, “S = −1” represents a subluminal scenario (decreasing photon
speed with increasing energy), and “S = +1” represents the superluminal case (increasing photon speed with increasing
energy). The characteristic energy ELIV is parameterized as a fraction of the Planck energy, ELIV = EP /ξn, where the
dimensionless parameter ξn and the order of the leading correction n depend on particle type and theoretical framework
(e.g., Amelino et al. 1998; Tavecchio & Bonnoli 2016). A value of ELIV ∼ EP (i.e., ξ1 = 1) has been considered to
be the physically best motivated choice (e.g., Liberati & Maccione 2009; Fairbairn et al. 2014; Tavecchio & Bonnoli
2016) This is consistent with the results of Biteau & Williams (2015) which constrained ELIV > 0.65 EP . Some
authors (e.g., Schaefer 1998; Billers et al. 1999) argue that the best constraint from current data is ξ1 ≤ O(1000).
In the literature (e.g., Tavecchio & Bonnoli 2016), usually only the subluminal case is considered for the LIV effect

on γγ absorption, as this is the case that could lead to an increase of the γγ interaction threshold and consequently,
a decrease of the opacity. In this work, for completeness, we consider both the subluminal and superluminal cases.
Based on the revised dispersion relation (1) with n = 1, the modified pair-production threshold energy εmin can be

written as (e.g., Tavecchio & Bonnoli 2016):

εmin =
m2c4

Eγ
− S

E2
γ

4ELIV
. (2)

Using equation (2), the target photon energy threshold for pair-production as a function of the γ-ray photon energy
for the subluminal and the superluminal cases is illustrated in Figure 2.

Figure 2. Left panel: Photon target energy at threshold for pair-production as a function of γ-ray photon energy, for the
subluminal case. The black solid line represents the case of standard QED and the dashed lines show the LIV-modified
threshold for different values of ELIV . Right panel: Same as the left panel, but for the superluminal case.

Also from equation (1), an effective mass term for photons can be defined as (e.g., Liberati & Maccione 2009;
Tavecchio & Bonnoli 2016):

(mγ c
2)2 ≡ S

E3(1 + z)3

ELIV
. (3)

Following (Fairbairn et al. 2014; Tavecchio & Bonnoli 2016), we assume that the functional form of the γ − γ cross
section (as a function of the center-of-momentum energy squared s) remains unchanged by the LIV effect, and only
the expression for s is modified. The optical depth at the energy Eγ and for γ-ray photons from a source at redshift
zs can thus be evaluated as (Fairbairn et al. 2014; Tavecchio & Bonnoli 2016):

τγγ(Eγ , zs) =
c

8E2
γ

∫ zs

0

dz

H(z)(1 + z)3

∫
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∫ s(z)max
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[s− (mγ c
2)2]σγγ(s)ds, (4)

where H(z) = H0

√

[Ωm(1 + z)3 + ΩΛ], smin = 4(me c2)2 and s(z)max = 4εEγ(1 + z) + (mγ c2)2. n(ε, z) is the EBL
photon energy density as a function of redshift z and energy ε, and σγγ(s) is the total pair production cross-section as
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photon target energy at threshold 
for pair production
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Summary - astroparticle physics

• cosmic rays - cosmic environment - fundamental 
physics 

• exciting new results from neutrino and gravitational 
wave observatories 

• large number of new instruments coming online in the 
next years: 
• Cherenkov Telescope Array 
• IceCube 2 
• Auger upgrades 
• Gravitational wave observatories
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