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Learning outcomes and goals

Describe the cosmic ray (CR) energy spectrum and composition. 
Discuss CR origin, acceleration and propagation.

Explain the relationship between charged CRs, gamma-rays and 
neutrinos. 

Discuss the detection principles and measured quantities (mass, 
charge, momentum, energy, rigidity, direction, …) of astroparticle 
physics experiments. 

Interpret the main results of selected experiments

Assess / Evaluate the state of the art of astroparticle physics
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PAO: Pierre Auger Observatory (2008—now) 

Map data ©2021 Google, INEGI 2000 km 

Pierre Auger Observatory

The Auger headquarters are in Malargüe: a 
city in the province of Mendoza (Argentina), in 

the foothills of the Andes.

https://www.auger.org
Map data ©2021 Google 200 km 

Pierre Auger Observatory

Altitude: 1’330 m – 1’620 m
average ~ 1.4 km

Auger is a ground-based, hybrid detector, 
which studies the cosmic rays at the highest 

energies. 

By observing the EASs, Auger measures the 
energy, the arrival direction and the mass of 

the primary cosmic rays. 
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https://www.auger.org/


PAO Collaboration (18 Countries)
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1) Argentina 
2) Australia 
3) Belgium 
4) Brazil 
5) Colombia
6) Czech Republic 
7) France 
8) Germany 
9) Italy 
10) Mexico 
11) Poland 
12) Peru
13) Portugal 
14) Romania 
15) Slovenia 
16) Spain 
17) The Netherlands 
18) USA

https://www.auger.org/collabora
tion/institutions
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The Surface Detector (SD)

• The black dots indicate the water Cherenkov tanks. 

3.6 m

1.6 m 1.2 m

The Surface Detector (SD) covers an
area of 3’000 km2 and consists of:
• 1’600 water Cherenkov detectors

arranged in a triangular grid with
nearest neighbors separated by
1.5 km (SD-1500 array);

• 61 water Cherenkov detectors
distributed over 23.5 km2 and
separated by 750 m (SD-750 or
‘infill’ array).
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Water-Cherenkov tanks
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https://www.flickr.com/
photos/134252569@N0
7/22094523800/in/albu
m-
72157659225375559/
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Atmospheric fluorescence 
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When charged particles of an EAS interact with Nitrogen molecules in air, the Nitrogen molecules get 
excited. When they return to their ground state a typical radiation (5000 photons/km) in the 
wavelength range between 300 nm to 450 nm is emitted. 

It can travel several kilometers through the atmosphere 
and detected by an optical telescope, i.e., mirrors and 

PMTs, typically equipped with fast response electronics 
(fluorescence detectors). 

Fluorescence detectors have low duty cycles: they can 
collect data only during cloudless and moonless nights.

The fluorescence light is emitted isotropically while the Cherenkov light is directional emitted in a 
narrow cone of angle θ ∼ 1°, although Coulomb scattering of the electrons will considerably broaden the 

Cherenkov cone.



The Fluorescence Detector (FD)

3.6 m

1.6 m1.2 m

The Fluorescence Detector (FD)
consists of 4 telescope buildings
(eyes) overlooking SD. Each building
houses 6 telescopes with a 30° ×
28.5° field of view. The fluorescence
light is focused by a spherical mirror
of ∼13 m2 into a camera consisYng
of 440 PMTs.

https://www.flickr.com/photos/13425
2569@N07/22095735509/in/album-
72157659225375559/

• The blue dots indicate the position of the 4 
telescope buildings. 

• The red dot indicates the position of the 3 HEATs: 
the High Elevation Auger Telescopes.

https://en.wikipedia.org/wiki/Pierre_Auger_Observatory
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The Fluorescence Telescopes
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https://www.youtube.com/watch?v=dcNxkiz_hec

∼13 m2

440 PMTs
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The High Elevation Auger Telescopes (HEAT)
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High Elevation Auger Telescopes (HEAT)

Detection of showers with E < 10
18 eV

elevation 30
� � 58

�

PROCEEDINGS OF THE 31st ICRC, ŁÓDŹ 2009 1

Extension of the Pierre Auger Observatory using high-elevation
fluorescence telescopes (HEAT)

Matthias Kleifges∗ for the Pierre Auger Collaboration

∗Forschungszentrum Karlsruhe, Institut für Prozessdatenverarbeitung und Elektronik,
Postfach 3640, 76021 Karlsruhe, Germany

Abstract. The original fluorescence telescopes of the
southern Pierre Auger Observatory have a field of
view from about 1.5◦ to 30◦ in elevation. The con-
struction of three additional telescopes (High Eleva-
tion Auger Telescopes HEAT) is nearing completion
and measurements with one telescope have started.
A second telescope will be operational by the time
of the conference. These new instruments have been
designed to improve the quality of reconstruction
of showers down to energies of 1017 eV. The extra
telescopes are pivot-mounted for operation with a
field of view from 30◦ to 58◦. The design is optimised
to record nearby showers in combination with the
existing telescopes at one of the telescope sites, as
well as to take data in hybrid mode using the mea-
surements of surface detectors from a more compact
array and additional muon detectors (AMIGA). The
design, expected performance, status of construction,
and first measurements are presented.
Keywords: HEAT, high-elevation fluorescence tele-

scope, galactic, extragalactic

I. INTRODUCTION

The Pierre Auger Observatory has been designed to
measure the energy, arrival direction and composition
of cosmic rays from about 1018 eV to the highest
energies with high precision and statistical significance.
The construction of the southern site near Malargüe,
Province of Mendoza, Argentina is completed since mid
2008 and the analysis of the recorded data has provided
first results with respect to the energy spectrum [1], the
distribution of arrival directions [2], the composition,
and upper limits on the gamma ray and neutrino flux
[3], [4]. The measured cosmic ray observables at the
highest energies are suitable to tackle open questions like
flux suppression due to the GZK cut-off, to discriminate
between bottom-up and top-down models and to locate
possible extragalactic point sources.
However, for best discrimination between astrophysi-

cal models, the knowledge of the evolution of the cosmic
ray composition in the transition region from galactic
to extragalactic cosmic rays in the range 1017 eV to
1019 eV is required. Tests of models for the accelera-
tion and transport of galactic and extragalactic cosmic
rays are sensitive to the composition and its energy
dependence in the transition region where the current
observatory has low efficiency.

30° field 
of view

Fig. 1. Effect of limited field of view on reconstruction: Showers
approaching the telescope have much higher reconstruction probability
than those departing.

The fluorescence technique is best suited to determine
the cosmic ray composition by a measurement of the
depth of shower maximum. However, it is difficult to
lower the energy threshold with the original design of
the fluorescence telescopes. As the fluorescence light
signal is roughly proportional to the primary particle
energy, low energy showers can be detected only at
close distance to a telescope. The field of view of the
existing Auger fluorescence telescope (FD) is limited to
30◦ above the horizon (see figure 1). At close distances
only the lowest few kilometres of the atmosphere are
within the field of view. However, low energy showers
reach their maximum of development at higher altitudes.
Thus, the crucial region around the shower maximum
is generally not observable. The small fraction of the
shower development, which falls within the field of view,
is mostly very dim and is insufficient to determine the
depth of shower maximum Xmax. In addition, this cut-
off effect also depends on primary mass and shower
direction. A plain reconstruction of the shower profile
using raw data would yield biased results with respect
to zenith angle and mass composition. Cuts on the data
to remove this bias (anti-bias cuts) are not useful as
only very few showers would be left for the Xmax

determination.
From these arguments it is clear that an effective

and unbiased detection of cosmic rays of lower energies
requires the extension of the field of view to larger eleva-
tions. From the data collected since 2004, we know that
the quality of reconstruction is improved considerably if
showers are recorded by a hybrid trigger. These hybrid
events provide information on the shower profile from
the FD telescopes, but in addition at least one surface
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Auger: a ground-based hybrid detector

SD: measures the EAS
lateral profile
à direction and energy
of the primary CR

FD:  measures the EAS 
longitudinal profile
à energy and mass of 
the primary CR

FD: 10%

SD: 100%

TASK
DUTY CYCLE

The main feature of Auger is the hybrid design à Auger can observe air showers 
simultaneously with two different and complementary techniques. 
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Reconstruction of the primary CR direction with the SD
When a charged particle of the EAS induces the Cherenkov effect inside the water tank, the Cherenkov light is 
detected by 3 photomultipliers, the analog signal is converted into a digital signal by three FADCs (one for each 
photomultiplier) and expressed in VEM (Vertical Equivalent Muon, response to a muon traveling vertically and 
centrally through a tank).
The incoming direction of the primary, or the direction of the shower axis, is determined by measuring the arrival
times (T1, T2, T3, ...) of the shower front on three or more Cherenkov stations.

x
y

z

IAPP 2025 C. Perrina

Auger Collaboration, 2020 JINST 15 P10021 
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Reconstruction of the primary CR direction with the SD
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When a charged particle of the EAS induces the Cherenkov effect inside the water tank, the Cherenkov light is 
detected by 3 photomultipliers, the analog signal is converted into a digital signal by three FADCs (one for each 
photomultiplier) and expressed in VEM (Vertical Equivalent Muon, response to a muon traveling vertically and 
centrally through a tank).
The incoming direction of the primary, or the direction of the shower axis, is determined by measuring the arrival
times (T1, T2, T3, ...) of the shower front on three or more Cherenkov stations.
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Reconstruction of the primary CR direction with the SD
When a charged parYcle of the EAS induces the Cherenkov effect inside the water tank, the Cherenkov light is 
detected by 3 photomulYpliers, the analog signal is converted into a digital signal by three FADCs (one for each 
photomulYplier) and expressed in VEM (VerYcal Equivalent Muon, response to a muon traveling verYcally and 
centrally through a tank).
The incoming direcYon of the primary, or the direcYon of the shower axis, is determined by measuring the arrival
Ymes (T1, T2, T3, ...) of the shower front on three or more Cherenkov staYons.
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Reconstruction of the primary CR direction with the SD
When a charged particle of the EAS induces the Cherenkov effect inside the water tank, the Cherenkov light is 
detected by 3 photomultipliers, the analog signal is converted into a digital signal by three FADCs (one for each 
photomultiplier) and expressed in VEM (Vertical Equivalent Muon, response to a muon traveling vertically and 
centrally through a tank).
The incoming direction of the primary, or the direction of the shower axis, is determined by measuring the arrival
times (T1, T2, T3, ...) of the shower front on three or more Cherenkov stations.
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Measurement of the primary CR energy with the SD

IAPP 2025 C. Perrina

• The colored stations are the stations 
participating in this event. 

• The color indicates the trigger time 
(yellow is early, red is late).

• The area of the triggered stations is 
proportional to the logarithm of the 
signal. 

A shower detected by the SD and by the FD, reconstructed with zenith angle θ = 36.3° and energy E = 16.76 EeV. 

https://opendata.auger.org/display.php «Golden Hybrid event 2»

• The shower lateral profile is fi\ed with a log-log parabola (Herald 
method):

• In 1970, Hillas discovered that the parYcle density at large distances 
from the core (400–1200 m) is proporYonal to the energy of the 
primary parYcle and is independent of both its nature and the 
interacYon models. This finding has been confirmed by numerous 
Monte Carlo simulaYons.

àThe signal at 1000 m from the core gives an esDmate of the energy of 
the primary CR.

16

For each triggered station: 
the total signal (S) collected in the 
station vs. the distance (r) of the 

station to the shower core. 

ln 𝑆 = 𝐴 ln 𝑟 − 𝐵 ln 𝑟 !

https://opendata.auger.org/display.php


Measurement of the shower Xmax with the FD

IAPP 2025 C. Perrina

• The color indicates the 
Yme at which the light 
reaches each pixel (green is 
early, red is late).

• Dark pixels are random 
coincidences and are not 
used in the reconstrucYon.

Fit of the shower profile with 
an empirical function 

(Gaisser-Hillas function) à
Direct measurement of Xmax

with the FD

A shower detected by the SD and by the FD, reconstructed with zenith angle θ = 36.3° and energy E = 16.76 EeV. 

17



Measurement of the shower Xmax with the FD

IAPP 2025 C. Perrina

• The color indicates the 
time at which the light 
reaches each pixel (green is 
early, red is late).

• Dark pixels are random 
coincidences and are not 
used in the reconstruction.

Fit of the shower profile with 
an empirical func_on 

(Gaisser-Hillas func_on) à
Direct measurement of Xmax

with the FD

A shower detected by the SD and by the FD, reconstructed with zenith angle θ = 36.3° and energy E = 16.76 EeV. 
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Measurement of the primary CR energy with the FD

C. Perrina

The integral of this curve gives an 
estimate of the energy

A shower detected by the SD and by the FD, reconstructed with zenith angle θ = 36.3° and energy E = 16.76 EeV. 

Energy deposited in the 
atmosphere per unit length vs. 
the slant depth crossed by the 
cosmic ray. 
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Longitudinal profile for a high elevation shower
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calibration of the telescopes will be performed in this
position as well. As the field of view of the exist-
ing Coihueco telescopes overlaps with HEAT in down
position, it is possible to record air showers or laser
tracks simultaneously. By comparing the reconstruction
results from both installations one can directly determine
the telescope resolution in energy and Xmax. We also
want to reserve part of the time at one HEAT telescope
for prototype studies for Auger North. Recording the
same event in Coihueco and with the Auger North
prototype will allow a direct comparison of the trigger
and reconstruction efficiencies.
The tilted (‘up’) position is the default HEAT state.

Telescopes are moved into this position at the beginning
of a measuring run and stay that way untill the end
of the run. From the trigger point of view the tele-
scopes operate like a fifth FD building. Data of of the
different installations (HEAT, diffenent FD sites, infill
and Amiga, surface detector) are merged offline only,
but the exchange of triggers in real time makes the
recording of hybrid showers possible. The combined
data will improve the accuracy of shower energy and
Xmax determination at all energies, but especially at the
lower end down to 1017 eV.

IV. FIRST MEASUREMENTS

First measurements were performed with HEAT tele-
scope #2 at the end of January 2009. From January,
30th to February, 1st the telescope was operated for two
nights in up and down position. At first, the camera was
illuminated with a short light pulse from a blue LED
located at the center of the mirror. The High Voltage
for the PMTs and the individual electronic gains were
adjusted to achieve uniform light response in every pixel.
Subsequent measurements with the LED pulser were
performed at different tilting angles, but with the same
settings as found in in down position. No indications
were found for a gain change due to changed orientation
of the PMTs in the Earth’s magnetic field.
In the next step, the mechanical stability of the

optical system was verified. The telescope was tilted
several times from down to up position and back. The
readings of the inclination and distance sensors were
recorded during the movement. The analysis of the dis-
tance between camera and center of the mirror showed
damped oscillations of low amplitude which stopped
within seconds after the movement terminated. At rest
the distance change between up and down position is
less than 0.5 mm which is neglible for the telescope’s
optical properties.
After these cross-checks several showers were re-

corded with the telescope tilted in up position and in
coincidence with Coihueco telescopes #4 or #5. One of
the recorded events is shown in figure 3. The event data
of both telescopes match very well in time (colour of the
pixels in figure 3). The reconstruction yields a shower
distance of 2.83±0.06 km from Coihueco and an energy
of the primary particle of (2.0 ± 0.2) · 1017 eV.
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Fig. 3. This shower was recorded by HEAT telescope #2 and
Coihueco telescope #5.The relative arrival time of the fluorescence
light is coded in the colour of the pixel. The solid line is a fit of the
shower detector plane.

In figure 4, the reconstructed longitudinal shower
profile is shown together with a fit to a Gaisser-Hillas
function. The fit yields a value of (657 ± 12) g cm−2

for Xmax. The plot also accentuates the need for HEAT
telescopes for an accurate reconstruction: Using only the
data point above a slant depth of 700 g cm−2 (Coihueco
data) it would not have been possible to fit the profile
and find a precise maximum.
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Fig. 4. Longitudinal shower profile of event in figure 3 together with
Gaisser-Hillas-fit. Only a fit using both HEAT (left) and Coihueco
(right) data points results in a reasonable Xmax value.

V. CONCLUSION AND OUTLOOK

First measurements with a single telescope have
demonstrated that HEAT will improve the energy thresh-
old of the Pierre Auger Observatory at the Southern
site down to about 1017 eV. The HEAT design satisfies
all requirements with respect to stability and ease of
operation. It is expected that all three HEAT telescopes
are fully operational in September 2009. They will
provide interesting data in the transition region from
galactic to extragalactic sources and allow important
prototype tests for the design of the Auger North FD
system.
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Fig. 3. This shower was recorded by HEAT telescope #2 and
Coihueco telescope #5.The relative arrival time of the fluorescence
light is coded in the colour of the pixel. The solid line is a fit of the
shower detector plane.

In figure 4, the reconstructed longitudinal shower
profile is shown together with a fit to a Gaisser-Hillas
function. The fit yields a value of (657 ± 12) g cm−2

for Xmax. The plot also accentuates the need for HEAT
telescopes for an accurate reconstruction: Using only the
data point above a slant depth of 700 g cm−2 (Coihueco
data) it would not have been possible to fit the profile
and find a precise maximum.
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Fig. 4. Longitudinal shower profile of event in figure 3 together with
Gaisser-Hillas-fit. Only a fit using both HEAT (left) and Coihueco
(right) data points results in a reasonable Xmax value.

V. CONCLUSION AND OUTLOOK

First measurements with a single telescope have
demonstrated that HEAT will improve the energy thresh-
old of the Pierre Auger Observatory at the Southern
site down to about 1017 eV. The HEAT design satisfies
all requirements with respect to stability and ease of
operation. It is expected that all three HEAT telescopes
are fully operational in September 2009. They will
provide interesting data in the transition region from
galactic to extragalactic sources and allow important
prototype tests for the design of the Auger North FD
system.
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illuminated with a short light pulse from a blue LED
located at the center of the mirror. The High Voltage
for the PMTs and the individual electronic gains were
adjusted to achieve uniform light response in every pixel.
Subsequent measurements with the LED pulser were
performed at different tilting angles, but with the same
settings as found in in down position. No indications
were found for a gain change due to changed orientation
of the PMTs in the Earth’s magnetic field.
In the next step, the mechanical stability of the

optical system was verified. The telescope was tilted
several times from down to up position and back. The
readings of the inclination and distance sensors were
recorded during the movement. The analysis of the dis-
tance between camera and center of the mirror showed
damped oscillations of low amplitude which stopped
within seconds after the movement terminated. At rest
the distance change between up and down position is
less than 0.5 mm which is neglible for the telescope’s
optical properties.
After these cross-checks several showers were re-

corded with the telescope tilted in up position and in
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of both telescopes match very well in time (colour of the
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Fig. 3. This shower was recorded by HEAT telescope #2 and
Coihueco telescope #5.The relative arrival time of the fluorescence
light is coded in the colour of the pixel. The solid line is a fit of the
shower detector plane.

In figure 4, the reconstructed longitudinal shower
profile is shown together with a fit to a Gaisser-Hillas
function. The fit yields a value of (657 ± 12) g cm−2

for Xmax. The plot also accentuates the need for HEAT
telescopes for an accurate reconstruction: Using only the
data point above a slant depth of 700 g cm−2 (Coihueco
data) it would not have been possible to fit the profile
and find a precise maximum.
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Fig. 4. Longitudinal shower profile of event in figure 3 together with
Gaisser-Hillas-fit. Only a fit using both HEAT (left) and Coihueco
(right) data points results in a reasonable Xmax value.

V. CONCLUSION AND OUTLOOK

First measurements with a single telescope have
demonstrated that HEAT will improve the energy thresh-
old of the Pierre Auger Observatory at the Southern
site down to about 1017 eV. The HEAT design satisfies
all requirements with respect to stability and ease of
operation. It is expected that all three HEAT telescopes
are fully operational in September 2009. They will
provide interesting data in the transition region from
galactic to extragalactic sources and allow important
prototype tests for the design of the Auger North FD
system.
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Fig. 3. This shower was recorded by HEAT telescope #2 and
Coihueco telescope #5.The relative arrival time of the fluorescence
light is coded in the colour of the pixel. The solid line is a fit of the
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profile is shown together with a fit to a Gaisser-Hillas
function. The fit yields a value of (657 ± 12) g cm−2

for Xmax. The plot also accentuates the need for HEAT
telescopes for an accurate reconstruction: Using only the
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data) it would not have been possible to fit the profile
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Fig. 4. Longitudinal shower profile of event in figure 3 together with
Gaisser-Hillas-fit. Only a fit using both HEAT (left) and Coihueco
(right) data points results in a reasonable Xmax value.

V. CONCLUSION AND OUTLOOK

First measurements with a single telescope have
demonstrated that HEAT will improve the energy thresh-
old of the Pierre Auger Observatory at the Southern
site down to about 1017 eV. The HEAT design satisfies
all requirements with respect to stability and ease of
operation. It is expected that all three HEAT telescopes
are fully operational in September 2009. They will
provide interesting data in the transition region from
galactic to extragalactic sources and allow important
prototype tests for the design of the Auger North FD
system.
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as a consequence of the energy independence of the
uncertainty in the FD calibration, which makes the dom-
inant contribution.

D. ESD: Resolution and bias

Our final aim is to estimate the energy spectrum above
2.5 × 1018 eV. Still it is important to characterize the
energies below this threshold because the finite resolution
on the energies induces bin-to-bin migration effects that
affect the spectrum. In this energy range, below full
efficiency of the SD, systematic effects enter into play
on the energy estimate. While the FD quality and fiducial
cuts still guarantee the detection of showers without bias
toward one particular mass in that energy range, this is no
longer the case for the SD due to the higher efficiency of
shower detection for heavier primary nuclei [30]. Hence the
distribution of S38 below 3 × 1018 eV may no longer be
fairly averaged over the underlying mass distribution, and a
bias on ESD may result from the extrapolation of the
calibration procedure, in addition to the trigger effects that
favor positive fluctuations of S38 at a fixed energy over
negative ones. In this section, we determine these quan-
tities, denoted as σSDðE; θÞ=E for the resolution and as
bSDðE; θÞ for the bias, in a data-driven way. These
measurements allow us to characterize the SD resolution
function that will be used in several steps of the analysis
presented in the next sections. This, denoted as
κðESDjE; θÞ, is the conditional probability density function
(p.d.f.) for the measured energy ESD given that the true
value is E. It is normalized such that the event is observed at
any reconstructed energy, that is,

R
dESDκðESDjE; θÞ ¼ 1.

In the energy range of interest, we adopt a Gaussian curve,
namely:

κðESDjE; θÞ ¼
1ffiffiffiffiffiffi

2π
p

σSDðE; θÞ

× exp
"
−
ðESD − Eð1þ bSDðE; θÞÞÞ2

2σ2SDðE; θÞ

#
: ð2Þ

The estimation of bSDðE; θÞ and σSDðE; θÞ is obtained
by analyzing the ESD=EFD histograms as a function
of EFD, extending here the EFD range down to 1018 eV.
For Gaussian-distributed EFD and ESD variables, the
ESD=EFD variable follows a Gaussian ratio distribution.
For a FD resolution function with no bias and a known
resolution parameter, the searched bSDðE; θÞ and σSDðE; θÞ
are then obtained from the data. The overall FD energy
resolution is σFDðEÞ=E ≃ 7.4%. In comparison to the
number reported in Sec. II B, σFDðEÞ=E is here almost
constant over the whole energy range because it takes into
account that, at the highest energies, the same shower is
detected from different FD sites. In these cases, the energy
used in analyses is the mean of the reconstructed energies

(weighted by uncertainties) from the two (or more) mea-
surements. This accounts for the improvement in the
statistical error.
Examples of measured and fitted distributions ofESD=EFD

are shown in Fig. 4 for three energy ranges: the resulting SD
energy resolution is σSDðEÞ=E ¼ ð21.5% 0.4Þ%, ð18.2%
0.4Þ% and ð10.0% 0.8Þ% between1018 and1018.1 eV, 1018.4

and 1018.5 eV, 1019 and 1019.1 eV, respectively. The param-
eter σSDðEÞ=E is shown in Fig. 5 as a function of E: the
resolution is ≃20% at 2 × 1018 eV and tends smoothly to
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Error bars: stat. uncertainties on the point
Shaded band: stat. uncertainties on the fit • The relative error on the energy estimated with 

the FD (dotted-dashed red line) is :

• The relative error on the energy estimated with 
the SD (continuous red line) is well described 
with the fit function:

≃7% above 2 × 1019 eV. Note that no significant zenithal
dependence has been observed. The bias parameterbSDðE; θÞ
is illustrated in Fig. 6 as a function of the zenith angle for four
different energy ranges. The net result of the analysis is a bias
larger than 10% at 1018 eV, going smoothly to zero in the
regime of full efficiency.
Note that the selection effects inherent in the FD field of

view induce different samplings of hybrid and SD showers
with respect to shower age at a fixed zenith angle and at a
fixed energy. These selection cuts also impact the zenithal
distribution of the showers. Potentially, the hybrid sample
may thus not be a fair sample of the bulk of SD events. This
may lead to some misestimation of the SD resolution
determined in the data-driven manner presented above. We
have checked, using end-to-end Monte-Carlo simulations
of the observatory operating in the hybrid mode, that the
particular quality and fiducial cuts used to select the hybrid
sample do not introduce significant distortions to the
measurements of σSDðEÞ shown in Fig. 5: the ratio between
the hybrid and SD standard deviations of the reconstructed
energy histograms remain within 10% (low energies) and
5% (high energies) whatever the assumption on the mass
composition. There is thus a considerable benefit in relying
on the hybrid measurements,to avoid any reliance on mass
assumptions when determining the bias and resolution
factors.
From the measurements, a convenient parametrization of

the resolution is

σSDðEÞ
E

¼ σ0 þ σ1 exp
!
−

E
Eσ

"
; ð3Þ

where the values of the parameters are obtained from a fit to
the data: σ0 ¼ 0.078, σ1 ¼ 0.16, and Eσ ¼ 6.6 × 1018 eV.

The function and its statistical uncertainty from the fit are
shown in Fig. 5. It is worth noting that this parameterization
accounts for both the detector resolution and the shower-to-
shower fluctuations. Finally, a detailed study of the
systematic uncertainties on this parametrization leads to
an overall relative uncertainty of about 10% at 1018 eV and
increasing with energy to about 17% at the highest
energies. It accounts for the selection effects inherent to
the FD field of view previously addressed, the uncertainty
in the FD resolution and the statistical uncertainty in the
fitted parametrization.
The bias, also parametrized as a function of the energy,

includes an additional angular dependence:

bSDðE; θÞ ¼ ðb0 þ b1 exp ð−λbðcos θ − 0.5ÞÞÞ log10
!
E%
E

"
;

ð4Þ

for log10 ðE=eVÞ ≤ log10 ðE%=eVÞ ¼ 18.4, and bSD ¼ 0
otherwise. Here, b0 ¼ 0.20, b1 ¼ 0.59 and λb ¼ 10.0.
The parameters are obtained in a two steps process:
we first perform a fit to extract the zenith-angle dependence
in different energy intervals prior to determining the energy
dependence of the parameters. Examples of the results of
the fit to the data are shown in Fig. 6. The relative
uncertainty in these parameters is estimated to be within
15%, considering the largest uncertainties of the data
points displayed in the figure. This is a conservative
estimate compared to that obtained from the fit, but this
enables us to account for systematic changes that would
have occurred had we chosen another functional shape for
the parametrization.
The two parametrizations of Eqs. (3) and (4) are

sufficient to characterize the Gaussian resolution function
of the SD in the energy range discussed here.

IV. DETERMINATION OF THE
ENERGY SPECTRUM

In this section, we describe the measurement of the
energy spectrum, JðEÞ. Over parts of the energy range, we
will describe it using JðEÞ ∝ E−γ , where γ is the spectral
index. In Sec. IVA, we present the initial estimate of the
energy spectrum, dubbed the “raw spectrum,” after explain-
ing how we determine the SD efficiency, the exposure and
the energy threshold for the measurement. In Sec. IV B, we
describe the procedure used to correct the raw spectrum for
detector effects, which also allows us to infer the spectral
characteristics. The study of potential systematic effects is
summarized in Sec. IV C, prior to a discussion of the
features of the spectrum in Sec. IV D.

A. The raw spectrum

An initial estimation of the differential energy spectrum
is made by counting the number of observed events, Ni, in
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FIG. 6. Relative bias parameters of the SD as a function of the
zenith angle, for four different energy ranges. The results of the fit
of the ESD=EFD distributions with the statistical uncertainties are
shown with symbols and error bars, while the fitted parametriza-
tion is shown with lines.
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Differential energy flux above 2.5 × 1018 eV 
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response function. The observed changes in curvature
result from the interplay between the changes in spectral
indices occurring in fairly narrow energy windows (fixed
by the parameters ωij ¼ 0.05) and the variations in the
response function. At high energy, the coefficients tend
toward a constant as a consequence of the approximately
constancy of the resolution, because in such a regime, the
distortions induced by the effects of finite resolution result
in a simple multiplicative factor for a spectrum in power
law. Overall, the correction factors are observed to be close
to 1 over the whole energy range with a mild energy
dependence. This is a consequence of the quality of the
resolution achieved.
We use the coefficients to correct the observed number of

events to obtain the differential intensities as Ji ¼ ciJrawi .
This is shown in the left panel of Fig. 9. The values of
the differential intensities, together the detected and
corrected number of events in each energy bin are
given in Appendix D. The magnitude of the effect of

the forward-folding procedure can be appreciated from
the following summary: above 2.5 × 1018 eV, where there
are 215,030 events in the raw spectrum, there are 201,976
in the unfolded spectrum; the corresponding numbers
above 5 × 1019 eV and 1020 eV are 278 and 269, and 15
and 14, respectively. Above 5 × 1019 eV (1020 eV), the
integrated intensity of cosmic rays is ð4.5# 0.3Þ ×
10−3 km−2 yr−1 sr−1 (ð2.4þ0.9

−0.6Þ × 10−4 km−2 yr−1 sr−1).
In the right panel of Fig. 9, the fitted function JðE; s0Þ,

scaled by E3 to better appreciate the fine structures, is
shown as the solid line overlaid on the data points of the
final estimate of the spectrum. The characteristics of the
spectrum are given in Table III, with both statistical and
systematic uncertainties (for which a comprehensive dis-
cussion is given in the next section). These characteristics
are further discussed in Sec. IV D.

C. Systematic uncertainties

There are several sources of systematic uncertainties
which affect the measurement of the energy spectrum, as
illustrated in Fig. 10.
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TABLE III. Best-fit parameters, with statistical and systematic
uncertainties, for the energy spectrum measured at the Pierre
Auger Observatory.

parameter value #σstat # σsys:

J0 [km−2 sr−1 yr−1 eV−1] ð1.315# 0.004# 0.400Þ × 10−18

γ1 3.29# 0.02# 0.10
γ2 2.51# 0.03# 0.05
γ3 3.05# 0.05# 0.10
γ4 5.1# 0.3# 0.1
E12 [eV] (ankle) ð5.0# 0.1# 0.8Þ × 1018

E23 [eV] ð13# 1# 2Þ × 1018

E34 [eV] (suppression) ð46# 3# 6Þ × 1018
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FIG. 8. Unfolding correction factor applied to the measured
spectrum to account for the detector effects as a function of the
cosmic-ray energy.
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215’030 events

1. The so-called «ankle» of the spectrum, near 5 × 1018 eV, is confirmed.

2. A new feature has been identified in the spectrum: above the «ankle» the spectral index 
changes from g2 to g3.

3. The steepening of the spectrum at around 5 × 1019 eV is confirmed. 
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suppression, is a new observation. For all parameters and
observables presented in the text, the first error is statistical
and the second systematic.
From the measured energy spectrum one can infer the

differential energy density per dex (dex indicates decade in
log10 E, following the convention of [22]), obtained as
lnð10Þð4π=cÞE2JðEÞ. It provides a measurement of the
energy density of the local Universe attributable to cosmic
rays. Above the ankle, a range in which UHECRs are of
extragalactic origin [5], the integration over energy results
in ð5.66# 0.03# 1.40Þ × 1053 ergMpc−3. This translates
into constraints on the luminosity of the sources, as
discussed below.
A detailed examination of the systematic uncertainties of

the energy spectrum is reported in [8]. The uncertainty in
the flux amounts to 30%–40% near 2.5 × 1018 eV, 25% at
1019 eV, and 60% at the highest energies. The uncertainties
include contributions from the absolute energy scale (the
largest), the exposure, the unfolding procedure, and the
Sð1000Þ reconstruction. No indication of further systematic
uncertainties has been found from a comparison of the
spectra calculated over different time periods, seasons, and
ranges of zenith angle.

The wide declination range covered, from δ ¼ −90° to
δ ¼ þ24.8°, allows a search for dependencies of energy
spectra on declination. For this, we have divided the sky
into three declination bands of equal exposure. In each
band, the estimation of the spectrum is made as for the
whole field of view, but using unfolding-correction factors
relevant to the band in question. We report in Table I the
parameters characterizing the spectral features for each
declination range. They are seen to be in statistical agree-
ment. There is thus no obvious dependence with declina-
tion over the energy range covered. A trend for the intensity
to be slightly higher in the Southern Hemisphere is
observed [8], consistent with the anisotropy observations
[6]. We therefore claim a second new result, namely that the
energy spectrum does not vary as a function of declination
in the range accessible at the Auger Observatory other
than in the mild excess from the Southern Hemisphere
expected in line with the known energy-dependent anisot-
ropies above 8 × 1018 eV. A comparison of the spectrum
with that of Telescope Array measured in the Northern
Hemisphere is discussed in [8] and references therein.
Astrophysical implications of the features of the energy

spectrum.—We now examine the validity of models pro-
posed to explain features of UHECRs using the new
information given here and the data on mass composition
and arrival directions recently reported [5,6,23–28]. If
UHECRs are produced throughout the Universe, to reach
Earth they must cross the background photon fields
permeating the extragalactic space. In particular, the cosmic
microwave background photons induce pion production
with protons colliding at around 5 × 1019 eV and photo-
disintegration of heavier nuclei at a roughly similar thresh-
old, leading to the expectation of a spectral steepening (the
Greisen-Zatsepin-Kuzmin (GZK) effect [29]). Depending
on the energy and chemical composition of the UHECRs,
higher-energy background photons, such as infrared light,
may also be responsible of interactions producing the flux
steepening.
A popular framework has been that what is observed

comes from universal sources, uniformly distributed, that
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FIG. 1. Top: energy spectrum scaled by E2 with the number of
detected events in each energy bin. In this representation the data
provide an estimation of the differential energy density per
decade. Bottom: energy spectrum scaled by E3 fitted with a
sequence of four power laws (red line). The numbers
(i ¼ 1;…; 4) enclosed in the circles identify the energy intervals
where the spectrum is described by a power law with spectral
index γi. The shaded band indicates the statistical uncertainty of
the fit. Upper limits are at the 90% confidence level.

TABLE I. Spectral parameters in three different declination
ranges. The energies E12, E23, and E34 are given in units of
1018 eV and the normalization parameter J0 in units of
1018 km−2 sr−1 yr−1 eV−1. Uncertainties are statistical.

½−90.0°;−42.5°' ½−42.5°;−17.3°' ½−17.3°;þ24.8°'
J0 1.329# 0.007 1.306# 0.007 1.312# 0.006
γ1 3.26# 0.03 3.31# 0.03 3.30# 0.03
γ2 2.53# 0.04 2.54# 0.04 2.44# 0.05
γ3 3.1# 0.1 3.0# 0.1 3.0# 0.1
γ4 5.2# 0.4 4.4# 0.3 5.7# 0.6
E12 5.1# 0.2 4.9# 0.2 5.2# 0.2
E23 14# 2 14# 2 12# 1
E34 47# 4 37# 4 51# 4
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The most precise 
measurement 
ever done.
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End of the CR spectrum
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Energy spectrum suppression above ~ 5 x 1019 eV confirmed unambiguously

Auger Collaboration, JCAP04(2017)038 

Source effect

Energy spectrum suppression due to 
the maximum acceleration energy

Emax(A) = Z Emax(p)
(sources run out of steam) 

Propagation effect 

Energy spectrum suppression due to 
the GZK effect
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Figure 3. Top: simulated energy spectrum of UHECRs (multiplied by E3) at the top of the Earth’s
atmosphere, obtained with the best-fit parameters for the reference model using the procedure de-
scribed in section 3. Partial spectra are grouped as in figure 2. For comparison the fitted spectrum
is reported together with the spectrum in [4] (filled circles). Bottom: average and standard deviation
of the Xmax distribution as predicted (assuming EPOS-LHC UHECR-air interactions) for the model
(brown) versus pure 1H (red), 4He (grey), 14N (green) and 56Fe (blue), dashed lines. Only the energy
range where the brown lines are solid is included in the fit.

H He N Si γ

He −0.78

N −0.61 −0.01

Si −0.43 −0.08 +0.75

γ −0.26 −0.32 +0.80 +0.89

log10(Rcut/V) −0.59 +0.00 +0.93 +0.84 +0.86

Table 2. Correlation coefficients among fit parameters (SPG model, EPOS-LHC UHECR-air inter-
actions) as derived from the mock simulated sets.

Including the systematics as nuisance parameters in the fit, we obtain the results in
table 3. Here the average value and uncertainty interval of the model parameters include

– 13 –
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Figure 4. Same as figure 3 at the local minimum at γ = 2.04, SPG propagation model, EPOS-LHC
UHECR-air interactions.

both statistical and systematic uncertainties of the measurement. Also shown are shifts in
the energy scale and Xmax scale of the experiment as preferred by the fit. Both remain
within one standard deviation of the given uncertainties. The effect of fixed shifts within the
experimental systematics are reported in table 4.

From the results one can infer that the total deviance of the fit is not strongly sensitive
to shifts in the energy scale, though the injection mass fractions are. This is because an
increase (or decrease) in the observed position of the energy cutoff can be reproduced by
assuming a heavier (lighter) mass composition, as the photo-disintegration threshold energy
is roughly proportional to the mass number of the nuclei.

On the other hand, a negative 1 σ change on the Xmax scale does not change D(J)
and slightly improves D(Xmax) and moves γ towards somewhat larger values. A positive
change dramatically drives γ towards negative values outside the fitted interval and moves
Rcut towards lower values, since it implies a lighter composition at all energies, in strong
disagreement with the width of the Xmax distributions. Taking into account systematics as
in tables 3 and 4, the p-value of the best fit becomes p ≈ 6%. In figures 5, 6 the changes of
the D(γ) and D(Rcut) relations with systematics are reported.
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1st Hp: protons dominate at the highest energies 2nd Hp: Heavier nuclei dominate at the highest energies

What is the origin of the spectrum suppression? Emax or GZK? 

https://arxiv.org/abs/1612.07155


Reconstruction of the primary CR mass with the FD 
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Mass composition measurements with FD - the best available method

Ø Mass composition NOT constant

Ø The inferred mass composition relies heavily on validity of hadronic interaction models 
(see the talk by Dariusz Góra)

Ø No Xmax data above 3 x 1019 eV.
Ø Need composition from SD at the highest energies! (measurement of muon component)

8

proton

ironXmax(Fe)  <  Xmax(p)                

s[Xmax(Fe)]  <  s[Xmax(p)]

average Xmax Xmax fluctuations

• Mass composition NOT constant:
• At low energy: composition compatible with a light or mixed one; 
• At high energy: composition quite heavy.

• The inferred mass composition relies heavily on the hadronic interaction models.

The depth at which the maximum of the energy deposition 
occurs (Xmax) is used to infer the primary particle mass.
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Muonic component
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The muonic component derives from the decay of charged pions 
and kaons. 

Since muons do not multiply and lose their energy only by 
ionization, the muon component after its maximum attenuates 
slowly, differently from the electronic component which 
disappears rapidly.

From Monte Carlo simulations:
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Showers from light primaries contain less muons

7.4 Extensive Air Showers 265

Fig. 7.27 Lateral and longitudinal shower profiles for vertical proton-induced showers of 1019 eV,
simulated with the program CORSIKA-SIBYLL2.1. The lateral distribution of shower particles
has been simulated for a shower depth of 870g/cm2, corresponding to the atmospheric depth of
the Auger experiment for vertical incidence. The energy thresholds for secondary particles are
0.25MeV for photons, electrons, and positrons and 0.1GeV for muons and hadrons [126]

Figure 7.26 shows schematically the longitudinal development of the various
components of an extensive air shower in the atmosphere for a primary energy of
1019 eV. The lateral spread of an extensive air shower is essentially caused by the
transferred transverse momenta in hadronic interactions and by multiple scattering
of low-energy shower particles. The muon component is somewhat flatter compared
to the lateral distribution of electrons and hadrons. Figure 7.27 shows the lateral
particle profile for the various shower components. Neutrinos essentially follow the
shape of the muon component.

Even though an extensive air shower initiated by primary particles with ener-
gies below 100TeV does not reach sea level, it can nevertheless be recorded via
the Cherenkov light emitted by the shower particles (see Sect. 6.4 on gamma-ray
astronomy). At higher energies one has the choice of various detection techniques.

The classical technique for the measurement of extensive air showers is the sam-
pling of shower particles at sea level with typically 1m2 large scintillators or water
Cherenkov counters. This technique is sketched in Fig. 7.28. In the Auger project
in Argentina 1600 sampling detectors spread over an area of 3000km2 will be used
for the measurement of the ground-level component of extensive air showers. How-
ever, the energy assignment for the primary particle using this technique is not very
precise. The shower develops in the atmosphere, which acts as a calorimeter of 27
radiation lengths thickness. The information on this shower is sampled in only one,
the last layer of this calorimeter and the coverage of this layer is on the order of much

Increasing the statistics with the currently working detectors is not sufficient, we need: 
1. measurement of the primary CR mass with SD at the highest energies &

2. measurement of the shower muon component
Emax or GZK? 



The future of Auger: Auger Prime

IAPP 2025 C. Perrina

1. New Scintillator Surface Detector (SSD): primarily sensitive to the e.m.
component of the EAS. Combined with the SD, which responds to both 
e.m. particles and muons, it enables an improved estimation of the 
muon content.

2. Upgrade of the Underground Muon Detector (UMD).
[Showers from light primaries contain less muons]

• New Radio Detector (RD) on each water Cherenkov station (3000 km2

radio array) à measurement of the radio emission of air showers. 
• Increase of the FD operation time (extend measurements into periods 

with higher night sky background and twilight) by reducing the PMT 
gain from 50 k to 5 k à FD enables direct measurements of Xmax -
currently the best method of mass composition determination. 

• SD electronics improvements:
• faster sampling of ADC traces
• better GPS timing accuracy
• larger dynamic range
• more sophisticated local triggers. 

data acquisi1on 
during full moon 

The upgrade of the Pierre Auger Observatory is ongoing.
Operation of the upgraded Observatory is expected for at least 10 years. 
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Neutral cosmic rays: cosmic photons
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Astronomy
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Up to a couple of decades 
ago, our knowledge of the 
Universe was mainly based 

on observations of 
electromagnetic radiations of 

different wavelengths. 

• Astronomy (i.e., the identification of cosmic sources in the sky) is 
only possible with neutral probes (photons and neutrinos) of any 
energy and with very high-energy protons.

ü Charged particles at very high energies (>1019 eV) travel 
along approximately straight lines through the irregular 
interstellar and intergalactic magnetic fields. 

Ø Gravitational Waves

29



Detection of cosmic photons
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Gamma rays, X-rays and 
ultraviolet light blocked by the 

upper atmosphere à best 
observed from space 

Visible light 
observed 

form Earth 
with some 

atmospheric 
distortion 

Most of the infrared 
spectrum absorbed by 
atmospheric gasses à

best observed from 
space 

Radio Waves 
observable from 

Earth. 

Long-
wavelength 

Radio Waves 
blocked by 

the 
atmosphere
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Sources of Gamma Rays (10 MeV – 100 TeV)
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https://glast.sites.stanford.edu/fermi-overview-presentation
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Photon Production mechanisms
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6.4 Gamma Astronomy 181

Fig. 6.43 Production of synchrotron radiation by deflection of charged particles in a magnetic field

Fig. 6.44 Production of bremsstrahlung by deflection of charged particles in the Coulomb field of
a nucleus

(c) Inverse Compton Scattering:
In the twenties of the last century Compton discovered that energetic photons
can transfer part of their energy to free electrons in a collision, thereby losing
a certain amount of energy. In astrophysics the inverse Compton effect plays
an important role. Electrons accelerated to high energies in the source collide
with the numerous photons of the blackbody radiation (Eγ ≈ 250µeV, pho-
ton density Nγ ≈ 400/cm3) or starlight photons (Eγ ≈ 1eV, Nγ ≈ 1/cm3) and
transfer part of their energy to the photons, which are ‘blueshifted’ (Fig. 6.45).

(d) π0 Decay:
Protons accelerated in the sources can produce charged and neutral pions in
proton–proton or proton–nucleus interactions (Fig. 6.46). A possible process is
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can transfer part of their energy to free electrons in a collision, thereby losing
a certain amount of energy. In astrophysics the inverse Compton effect plays
an important role. Electrons accelerated to high energies in the source collide
with the numerous photons of the blackbody radiation (Eγ ≈ 250µeV, pho-
ton density Nγ ≈ 400/cm3) or starlight photons (Eγ ≈ 1eV, Nγ ≈ 1/cm3) and
transfer part of their energy to the photons, which are ‘blueshifted’ (Fig. 6.45).

(d) π0 Decay:
Protons accelerated in the sources can produce charged and neutral pions in
proton–proton or proton–nucleus interactions (Fig. 6.46). A possible process is
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Fig. 6.45 Collision of an
energetic electron with a
low-energy photon. The
electron transfers part of its
energy to the photon and is
consequently slowed down

Fig. 6.46 π0 production in
proton interactions and π0

decay into two photons

p + nucleus → p′ + nucleus′ + π+ + π− + π0 . (6.4.6)

Charged pions decay with a lifetime of 26ns into muons and neutrinos, while
neutral pions decay rapidly (τ = 8.4 × 10−17 s) into two γ quanta,

π0 → γ + γ . (6.4.7)

If the neutral pion decays at rest, both photons are emitted back to back. In
this decay they get each half of the π0 rest mass (mπ0 = 135MeV). In the π0

decay in flight the photons get different energies depending on their direction

Inverse Compton 
Scattering 
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Fig. 6.47 e+e− pair production into two photons

of emission with respect to the direction of flight of the π0 (see Example 10,
Sect. 3.4). Since most pions are produced at low energies, photons from this
particular source have energies of typically 70MeV.

(e) Photons from Matter–Antimatter Annihilation:
In the same way as photons can produce particle pairs (pair production), charged
particles can annihilatewith their antiparticles into energy. The dominant sources
for this productionmechanismare electron–positron andproton–antiproton anni-
hilations,

e+ + e− → γ + γ . (6.4.8)

Momentum conservation requires that at least two photons are produced. In
e+e− annihilation at rest the photons get 511keV each corresponding to the
rest mass of the electron or positron, respectively (Fig. 6.47). An example for a
proton–antiproton annihilation reaction is

p + p̄ → π+ + π− + π0 , (6.4.9)

where the neutral pion decays into two photons.
(f) Photons from Nuclear Transformations:

Heavy elements are ‘cooked’ in supernova explosions. In these processes not
only stable but also radioactive isotopes are produced. These radioisotopes will
emit, mostly as a consequence of a beta decay, photons in the MeV range like,
e.g.,

60Co → 60Ni∗∗ + e−+ ν̄e
60Ni∗ +γ (1.17MeV)

60Ni+γ (1.33MeV) .
(6.4.10)

Matter–Antimatter 
Annihilation 

182 6 Primary Cosmic Rays

Fig. 6.45 Collision of an
energetic electron with a
low-energy photon. The
electron transfers part of its
energy to the photon and is
consequently slowed down

Fig. 6.46 π0 production in
proton interactions and π0

decay into two photons

p + nucleus → p′ + nucleus′ + π+ + π− + π0 . (6.4.6)

Charged pions decay with a lifetime of 26ns into muons and neutrinos, while
neutral pions decay rapidly (τ = 8.4 × 10−17 s) into two γ quanta,

π0 → γ + γ . (6.4.7)

If the neutral pion decays at rest, both photons are emitted back to back. In
this decay they get each half of the π0 rest mass (mπ0 = 135MeV). In the π0

decay in flight the photons get different energies depending on their direction

Decay of p0
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Fig. 6.47 e+e− pair production into two photons

of emission with respect to the direction of flight of the π0 (see Example 10,
Sect. 3.4). Since most pions are produced at low energies, photons from this
particular source have energies of typically 70MeV.

(e) Photons from Matter–Antimatter Annihilation:
In the same way as photons can produce particle pairs (pair production), charged
particles can annihilatewith their antiparticles into energy. The dominant sources
for this productionmechanismare electron–positron andproton–antiproton anni-
hilations,

e+ + e− → γ + γ . (6.4.8)

Momentum conservation requires that at least two photons are produced. In
e+e− annihilation at rest the photons get 511keV each corresponding to the
rest mass of the electron or positron, respectively (Fig. 6.47). An example for a
proton–antiproton annihilation reaction is

p + p̄ → π+ + π− + π0 , (6.4.9)

where the neutral pion decays into two photons.
(f) Photons from Nuclear Transformations:

Heavy elements are ‘cooked’ in supernova explosions. In these processes not
only stable but also radioactive isotopes are produced. These radioisotopes will
emit, mostly as a consequence of a beta decay, photons in the MeV range like,
e.g.,

60Co → 60Ni∗∗ + e−+ ν̄e
60Ni∗ +γ (1.17MeV)

60Ni+γ (1.33MeV) .
(6.4.10)
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of emission with respect to the direction of flight of the π0 (see Example 10,
Sect. 3.4). Since most pions are produced at low energies, photons from this
particular source have energies of typically 70MeV.

(e) Photons from Matter–Antimatter Annihilation:
In the same way as photons can produce particle pairs (pair production), charged
particles can annihilatewith their antiparticles into energy. The dominant sources
for this productionmechanismare electron–positron andproton–antiproton anni-
hilations,

e+ + e− → γ + γ . (6.4.8)

Momentum conservation requires that at least two photons are produced. In
e+e− annihilation at rest the photons get 511keV each corresponding to the
rest mass of the electron or positron, respectively (Fig. 6.47). An example for a
proton–antiproton annihilation reaction is

p + p̄ → π+ + π− + π0 , (6.4.9)

where the neutral pion decays into two photons.
(f) Photons from Nuclear Transformations:

Heavy elements are ‘cooked’ in supernova explosions. In these processes not
only stable but also radioactive isotopes are produced. These radioisotopes will
emit, mostly as a consequence of a beta decay, photons in the MeV range like,
e.g.,

60Co → 60Ni∗∗ + e−+ ν̄e
60Ni∗ +γ (1.17MeV)

60Ni+γ (1.33MeV) .
(6.4.10)
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Spectral Energy Distribution (SED)
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Astroparticle Physics, March 2018 Juan A. Aguilar
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«Spectral flux density»: the rate at which energy 
is transferred by electromagnetic radiation 
through a real or virtual surface, per unit area 
and unit frequency 𝜈.
Possible units are erg s-1 cm-2 Hz-1
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𝐉 𝝂 ∝ 𝜈𝐹(𝜈) = 𝐸!"
𝑑𝑁!
𝑑𝐸!

𝑭(𝝂)

«Flux density» , it is used to compare the 
electromagnetic energy emission in 
different region of the electromagnetic 
spectrum. Possible units are erg s-1 cm-2



Spectral Energy Distribution (SED)

IAPP 2025 C. Perrina

Inverse Comptonà Leptonic Production
Pion Bump à Hadronic Production

????

Decay of p0
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SED measurements 
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FIGURE 1. On the left: runA (b = 10 and ' = 0.025) simulated brightness map in X-ray band, in logarithmic scale and
normalized to the maximum value. On the right: runA simulated spectral index map in X-ray band. Distances from the central
pulsar are reported on the axes, expressed in light year (ly) units.

FIGURE 2. On the left: Kennel and Coroniti 2-D spectra. On the right: runA spectra. Crab observed data are also plotted.

FIGURE 3. Simulated brightness maps (in units of erg/(sr cm2s Hz) in logarithmic scale) at 350GeV. On the left: IC from CMB
target. In the middle: IC from FIR target. On the right: IC from synchrotron target.

218

D. Volpi et al., AIP Conference 
Proceedings 983, 216 (2008) 
 Pulsar Wind Nebulae (e.g., Vela and Crab Nebula) are 

characterized by non-thermal radiation at all wavelengths, 
mostly synchrotron (from radio to X-ray bands) and Inverse 

Compton (gamma-ray band), 
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SSC: Synchrotron Self-Compton, is the process occurring when high-
energy electrons emit synchrotron radiation and then they inverse 
scatter the produced synchrotron photons increasing their energy. 
FIR: Far Infrared Radiation

Integral flux density of the Crab Nebula 



Gamma-ray experiments (now)
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Satellites (E < 100 GeV)

Imaging Atmospheric Cherenkov Telescopes “IACTs”  
(E > 100 GeV)

Extensive Air Shower Detectors (E < 100 TeV)
HAWC

DAMPE
Fermi

MAGIC

H.E.S.S.

Veritas
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Fermi (2008 -- now)
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h\ps://www.nasa.gov/content/fermi-gamma-ray-space-telescope
Live orbit: h\ps://www.n2yo.com/?s=33053

• Launched on June 11, 2008.

• Fermi is a satellite experiment for the 
observation of the cosmos. Fermi studies the 
extreme phenomena of the universe, from 
gamma-ray bursts and black-hole jets to pulsars 
and  supernova remnants.

Formerly called the Gamma-ray Large Area Space Telescope (GLAST).
Also called Fermi Gamma-Ray Space Telescope (FGST).

5-10 years (planned), still running (~ 17 years)
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https://www.nasa.gov/content/fermi-gamma-ray-space-telescope
https://www.n2yo.com/?s=33053


Fermi Collaboration (12 Countries)
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Non funding countries: Germany, Iceland, Ireland, Slovenia, South Africa, 
Spain, United Kingdom
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Fermi detectors and sky coverage
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Gamma-ray Burst Monitor (GBM)
• 14 scintillator detectors 

4.3 tons (DAMPE: 1.45 tons)
1.8 × 1.8 × 2.8 m! (DAMPE: 1.2 × 1.2 × 1 m!)

70 cm
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~70%

Large Area Telescope (LAT)
• 16 identical towers (4 x 4 matrix)



Fermi detectors: LAT and GBM

C. Perrina

Large Area Telescope (LAT)
• 16 identical towers
• Each tower is a pair-conversion telescope with a calorimeter
o Background rejection: 99.9999%.
o Angular resolution: 0.1°
o Energy range: 20 MeV to > 300 GeV

16 Tungsten foils 

18 x-y layers of
Silicon detectors

Gamma-ray Burst Monitor (GBM) 
• 12 Sodium Iodide (NaI) scintillators

o Energy range: 8 keV to 1 MeV
o Burst trigger and location within few degrees

• 2 Bismuth Germanate (BGO) scintillators
o Energy range: 150 keV to 30 MeV

NaI (location & low-energy spectrum)

BGOs (mid-energy spectrum)

https://www.youtube.com/watch?v=ESkHDCEAqZk

40IAPP 2025

à complete sweep of the sky 
every ~3 hours

https://fermi.gsfc.nasa.gov/ss
c/observations/types/post_an
omaly/

~20%

https://www.youtube.com/watch?v=ESkHDCEAqZk
https://fermi.gsfc.nasa.gov/ssc/observations/types/post_anomaly/
https://fermi.gsfc.nasa.gov/ssc/observations/types/post_anomaly/
https://fermi.gsfc.nasa.gov/ssc/observations/types/post_anomaly/


LAT visibility
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The orbital period is 96.5 minutes.
LAT can scan the full sky in 2 orbits (~ 3 hours).

https://fermi.gsfc.nasa.gov/ssc/data/access/lat/LightCurveRepository/

Galactic Longitude 
(symbol l) measures 
the angular distance of an 
object eastward along the 
galactic equator from the 
galactic center.

GalacDc LaDtude 
(symbol b) measures 
the angle of an object 
northward of the galacYc 
equator.

https://fermi.gsfc.nasa.gov/ssc/data/access/lat/LightCurveRepository/


Extraordinary features of GBM

C. Perrina

• GBM detects more than 200 gamma ray bursts (GRBs) per year.

• GBM detects a GRB à the spacecraft can orient LAT in the GRB direction.

• GBM transmits the burst data to ground stations which then forward Fermi’s information to the Swift telescope 
and other multiwavelength observers for detailed analysis of the GRB source 
(https://www.astronomerstelegram.org. The Astronomer’s Telegram (ATel) is an available online database of 
astronomical research and discoveries of transient sources. A ATel entry usually includes the name, 
coordinates, and event type, as well as more detailed information, such as its frequency band, spectral and 
temporal evolution, and the results of follow-up observations. ATels are typically released within hours or days 
after an observation and provide a quick overview of the discovery and initial analysis.

42IAPP 2025

https://www.astronomerstelegram.org/


Fermi science program
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g-ray counterpart of neutrinos g-ray counterpart of 
Gravitational waves



All-Sky Map
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Data taken by the Energetic 
Gamma Ray Experiment 
Telescope (EGRET) aboard the 
Compton Gamma Ray 
Observatory (CGRO), using 9 
years of data,from 1991 to 2000

Data taken by Fermi using 9 
years of data collected from 
2008 to 2017.

Before Fermi

Fermi
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DAMPE All-Sky Map
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By Jennifer Frieden 
(PhD student, EPFL)

DAMPE can scan the full sky in 6 months.



Fermi LAT 4th Catalog
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S. Abdollahi et al 2020 ApJS 247 33

highly curved spectrum. We have slightly changed the
definition of Flag 5 on the conservative side. For any source,
we define its best band k0 as before (i.e., the highest-energy
band in which it has TS>25, or the band with highest TS if
none reaches 25). Defining TS0 as the TS of the source in that
band, we now consider that a neighbor is brighter whenever it
has TS>TS0 in band k0 or in any higher-energy band. This
catches soft sources close to a harder neighbor only somewhat
more significant. The localization check with gtfindsrc (Flag 7
in 3FGL) was not done because unbinned likelihood is very
slow and does not support energy dispersion nor weights. The
Sun check (Flag 11 in 3FGL) is no longer necessary since we
now have a good model of the solar emission.

In total, 1164 sources are flagged in 4FGL (about 23%,
similar to 3FGL). Only 15% of the sources with power-law
index Γ<2.5 are flagged, but 47% of the soft sources with
Γ�2.5. This attests to the exacerbated sensitivity of soft
sources to the underlying background emission and nearby
sources. For the same reason, and also because of more
confusion, 52% of sources close to the Galactic plane (latitude
less than 10°) are flagged while only 12% outside that region
are. Only 15% of associated sources are flagged but 45% of the
non-associated ones are flagged. This is in part because the
associated sources tend to be brighter, therefore more robust,
and also because many flagged sources are close to the Galactic
plane where the association rate is low.

Figure 14. Full sky map (top panel) and blow-up of the Galactic plane split into three longitude bands (bottom panel) showing sources by source class (see Section 6,
no distinction is made between associations and identifications). All AGN classes are plotted with the same blue symbol for simplicity. Other associations to a well-
defined class are plotted in red. Unassociated sources and sources associated to counterparts of unknown nature are plotted in black.

20

The Astrophysical Journal Supplement Series, 247:33 (37pp), 2020 March Abdollahi et al.
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https://iopscience.iop.org/article/10.3847/1538-4365/ab6bcb


Fermi LAT 4th Catalog
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The 4FGL catalog includes 5064 sources above 4σ significance, for which localization and spectral 
properties are provided. 
• 358 sources are considered as identified based on angular extent, periodicity, or correlated 

variability observed at other wavelengths.
• 239 are pulsars.

• > 3130 of the identified or associated sources are active galaxies of the blazar class. 
• 1336 sources have not counterparts at other wavelengths (unassociated).

5064358 13363370
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Detec=on of GRB 090510 – Lorentz Invariance valida=on
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The Lorentz Invariance prediction of Einstein’s Special 
Theory of Relativity hold that all observers measure 
the same speed of light in vacuum i.e., the speed of 
light in vacuum does not depend on the energy of 
photons.

In May 2009, both low energy (30 MeV)  and high 
energy (30 GeV) photons from a GRB were detected 
by Fermi at the same time.

Constraints on Lorentz Invariance Violation with Fermi-LAT Observations of Gamma-Ray Bursts
33ND INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

GRB Time Range (s) r N100 g Ntemplate Nfit Ecut (MeV)
All Methods SMM PV & SMM Likelihood

n = 1 n = 2 n = 1 n = 2 n = 1 n = 2 n = {1,2} n = {1,2} n = 1 n = 2 n = {1,2}
080916C 3.53–7.89 3.53–7.80 50 30 59 59 2.2 82 59 59 100
090510 -0.01–3.11 -0.01–4.82 50 70 157 168 1.5 148 118 125 150

090902B 5.79–14.22 5.79–14.21 80 80 111 111 1.9 57 87 87 150
090926A 8.92–10.77 9.3–10.76 25 30 60 58 2.2 53 48 47 120

Table 2: Configuration details. r is the tuning parameter used in the SMM’s sharpness measure; N100, the number of events
above 100 MeV used with PV and SMM; g , the photon index of the spectrum of detected events assuming the energy
distribution follows a power-law (µ e�g ). Ecut is the separating energy between the Ntemplate low-energy events used for
building the lightcurve template and the Nfit high-energy events used in the calculation of the likelihood.
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Figure 1: Event energy versus event time scatter plot
(left) and lightcurve (right) of the detected events from
GRB090510. The external pair of vertical dashed lines
shows the time interval for analysis.

with t{i, j} and E{i, j} the arrival time and the reconstructed
energy of the photon {i, j}, n the order of LIV effect (linear
for n = 1 and quad. for n = 2). The most probable value is
kept as the best estimate of the parameter tn. This is done
by using a Kernel Density estimation [6] of the distribution
of Li, j values.

Energies below 100 MeV have been discarded to mini-
mize possible contamination by the Band component [7].
There are N100 events left for the calculation of the Li, jn(n);
values of N100 for each GRB are given in table 2.

3.2 Sharpness Maximization Method

Due to LIV-induced dispersion, the time distribution of the
photons is spread or equivalently the sharpness of the light
curve is reduced. The method consists in finding the value
of the parameter tn that, when inversely applied on the data,
will recover the sharpness of the light curve (assumed as
initially maximal).

For each tested parameter tn: the arrival times are shifted
by a factor �tnEn; the resulting modified times t 0 are then
sorted from smallest to largest; the sharpness of the resulting
set of times t 0i is calculated.

This method is similar to DisCan by Scargle et al. [8]: in
their work, different definitions of the ”sharpness” of the
time distribution have been used. In this study, a modifica-
tion of Shannon function is used, given by the following
sum over the photons i:

S(tn) =
N�r

Â
i=1

log

 
r

t 0i+r � t 0i

!
(4)

where r is a parameter defined a priori for each GRB
from simulated datasets so as to maximize the sensitivity
of the method. Small (resp. large) values of r will result in
the method focusing on small (large) timescales.

3.3 Maximum likelihood

A model of the emission of photons at the source is built and
then used to calculate the probability that the events in the
data caracterized by (ti, Ei) have been subject to dispersion
by a factor tnEn.

Several assumptions/simplifications have been made:
� the energies are well reconstructed (no smearing);
� the energy distribution follows a power-law spectrum

of index g (cf. table 2);
� no spectral variability (e.g. variation of index g with

time) shows up;
� the emission lightcurve (at the source) is approximated

by the lightcurve of the lowest-energy events (in the data).
These assumptions lead to the following probability

density function (PDF) of emission:

P(t,E|tn) =
1

Npred
L(E) f (t � tnEn) (5)

where Npred is the number of photons emitted by
the source, L(E) the observed power-law spectrum, f a
parametrization of the emission lightcurve, obtained from a
2- or 3-gaussian fit of the low energy event times.

A separating energy Ecut is chosen so as to split the
dataset into two sets: the Ntemplate lowest-energy events
(with E < Ecut) are used to build a template lightcurve,
while the Nfit highest-energy events (E >Ecut) are processed
in the calculation of the likelihood.

4 Data analysis: confidence intervals

The measurement of the dispersion tn (directly in the data)
doesn’t distinguish between dispersion arising from LIV
effect itself (we call it tLIV) and spectral variability as the
source, that could mimic a dispersion factor (tint). Hence
we have

tn = tLIV + tint (6)

Previous studies have ignored the term tint, assuming
tn = tLIV. Here, we calculate a first confidence interval (CI)
on the total degree of dispersion tn; we then give a CI for
the dispersion possibly arising because of LIV effects tLIV,
based on conservative assumptions on tint.

4.1 Confidence intervals on tn
The CI is done in differents ways for PV/SMM and ML.

For PV and SMM, sets are created by randomizing the
associations of time and energy from the original dataset.

C. Couturier et al., https://arxiv.org/pdf/1308.6403.pdf

30 MeV

30 GeV
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Fermi and LIGO detect a Binary Neutron Star Merger
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• At 8:41 a.m. EST on August 17, 2017, LIGO, the 
twin Laser Interferometer Gravitational Wave 
Observatories in Hanford (WA, USA) and 
Livingston (LA, USA) detected a gravitational wave 
signal.

• The VIRGO interferometer near Pisa (Italy) 
detected the same signal.

This Gravitational wave signal had the theoretical 
predicted characteristic of a binary neutron star 
merger from the galaxy NGC 4993 that should 
produce a very short high energy gamma ray burst.

• 2 s later, the Fermi GBM detected a very short, 
high energy GRB in the galaxy NGC 4993, located 
130 million light-years from the Earth in the 
constellation Hydra.

• LIGO/VIRGO and Fermi sent worldwide a 
notification that triggered more than 70 follow-up 
detections and confirmations of this 
multimessenger event.
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