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of the field and the conference.
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   and for not being complete)



CR Overview



energetic (elementary) particles
from space  (Sun, Milky Way, distant galaxies)
bombard Earth continuously.

Energies from    <MeV …. >1020 eV

Cosmic Rays

most relativistic particles
in the Universe

Astroparticle Physics:

Astrophysics with photons and particles. 
Particle physics with probes of astrophysical origin.
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+  can be accelerated 
–  are deflected in el.mag. fields

+  move in straight lines  (astronomy)
–  secondaries

e,  p, He,… 
CNO … Fe ν

γ

electrically charged neutral

gamma rays

neutrinos

must be stable   (to survive travel to us)

What are these cosmic particles?

Cosmic Rays
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p, He, ... Fe
π±

π0

µ± + νµ
e± + νe+ νµ

γγ

Cosmic rays,  gamma rays and neutrinos
come likely from the same sources

difficult  
to detectonly charged particles 

can be accelerated in 
el.mag. fields

reacti
ons 

with fields, 

gas, 
dust
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e

easy to detect

γ,ν 
point back to sources
     (good for astronomy)
but serious backgrounds

γ

but gamma rays are currently  
the most “productive” messengers.

“multi-messenger astrophysics”
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e

easy to detect

γ,ν 
point back to sources
     (good for astronomy)
but serious backgrounds

γ

but gamma rays are currently  
the most “productive” messengers.

“multi-messenger astrophysics”

“cosmic

accelerators”



The highest-energy particles come 
from the most violent environments

(physics in extreme conditions)

The highest-energy    CRs, γ and ν 
come likely from the same sources.

Cosmic accelerators

“multi-messenger” approach
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meV ... eV ... keV ... MeV ... GeV ... TeV ... PeV ... EeV ... ZeV
10-3 ...  1  ... 103   ... 106    ... 109   ... 1012  ... 1015  ... 1018  ... 1021 eV

IR

charged:  p, He, ....  Fe, ...       completely ionised nuclei
electrons 

Neutrinos:

Photons: astronomy

the range of

astroparticle 
physics

non-thermal processes

Energy scale:
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The (simple) world of   cosmic rays

Galaxy

CR source

Solar 
system

magnetic 
fields 

(deflect CRs)

i p

e

CR accelerators 
(uniformly distr.)

spallation

losses
interstellar 

gas

dust

photons  
(2.7K and others)

interactions

galactic



The Sun:   close, dominant, reachable…



The Local Bubble:     many objects shape the environment



Our Galaxy:   ~109 stars,   CR lifetime:  ~107 yrs
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cosmic rays
Galaxy

5 10 15 20 25 300 35

Spallation

Charge Z

CR Mass Composition 
  (in 1 GeV range) 

element and isotope composition 
well known (for E < GeV) 

89% p,   9% He,   2% other nuclei 
<1% electrons 
 “CRs are star matter”   

secondary/primary nuclei: 
  ~ 10 g/cm2 

unstable/stable secondaries: 
  ~ 107 years 
  (decreases with ~E-0.6)



many galaxies, 
intergal. medium:

absorption in EBL,
deflection



CR spectrum
1 particle per m2 sec

Ankle
1 particle per km2 yr

Knee
1 particle per m2 yr

1010 1012 1014 1016 1018 1020
10-28

10-24

10-20

10-16

10-12

10-8

10-4

100

104

Energy (eV)LHC LHCTevatron
coll.

1 particle per
km2 century

coll
14

Almost featureless over  
11 orders of magnitude. 

A sign of a lot of averaging.

composition
   measurements

Sun    galactic       extragalactic



At energies >1014 eV:

Large, natural volumes become 
part of the detectors:

atmosphere, 
ice shields, 
oceans,  
...

instrument (sparsely)
to record secondaries
produced by 
particle interactions

understand / monitor
the “target”
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primary particle:   E, type, θ, φ

indirect measurement:
extensive showers

Energy:     shower size 
Direction: timing
Type: shower shape &

particle contents

measure the shower 
to identify the primary
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composition
gamma - hadron sep.



from MeV … 1020 eV
very forward directions (~0o)
diffractive / non diffractive / nuclear
heavy quark production and decay
fragmentation,  pT,  baryons, … 
for all particles (primary & secondaries)

“Particle physics with astroparticles"

hadrons, 
muons,
e+, e-, γ

Hadronic Interactions …

To connect shower observables
to primary particle.
Models are evolving and improving,
but are nor perfect yet.
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What we see at Earth:  
 A mix of particles  from many different sources / source types  
         from all over our Galaxy  
   solar - local galactic - galactic - extragalactic  
         
   different populations dominate at different energies 

 Processed over long times:    Myrs, (gal)  ….  Gyrs (?  extragal)   

 Mostly diffusion,  directions largely randomised 
 modified / absorbed in propagation 

CRs:  are a non-thermal / relativistic local fog 

 Destructive interaction CRs in atmosphere, 
 to be detected by sparse and imperfect detectors. 

Large uncertainties in every step from source to measurement.



direct
measurements



The PAMELA Mission: 
Heralding a new era in 
precision cosmic ray physics

Physics Reports  544 (2014) 323-370 



air showers



About all we can say about CR origin: 

Hillas Plot
spectrum
composition

What exactly to 
infer from it?



“It is impossible to identify the CR origin 
  from CR measurements alone.”



“It is impossible to identify the CR origin 
  from CR measurements alone.”

but  we can

-  investigate certain aspects where answers are possible

-  make progress in small steps towards a larger, coherent 
   picture of the overall CRs in the future

… the hard chores of Cosmic Ray Physics



The Sun:   close, dominant, reachable…



Particle Physics:

man-made accelerators / controlled lab conditions

fundamental interactions,
basic understanding of processes that are now
crucially important in studies of 

acceleration, sources, propagation, detection
of astroparticles



Astronomy:      study individual remote objects

photons  (meV -  UHE)
easy to detect,  reasonably high fluxes, many sources,
non-thermal processes relate to CRs

neutrinos   (MeV -  UHE)
very difficult to detect, very low fluxes, no sources (yet),
relate to CRs.

UHECR   (> 1020 eV)   
do they point back to sources?
difficult to detect, very low fluxes, no sources (yet)



27

Much of what we know about cosmic rays
is known from photon astronomy, 

largely in wavelength ranges
relating to non-thermal processes:

radio -  X-ray - GeV gamma ray - VHE gamma rays

but also optical and other wave lengths
to characterise astronomical objects.



Gamma Ray Astronomy

lots of results on CR physics
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The Fermi γ-ray sky

6

> 1 GeV
Fermi LAT 

2008-2015
NASA/DoE/Fermi-LAT collaboration

point sources, extended sources and diffuse emission, ...
i.e. CR flux elsewhere
in the Galaxy



L. Tibaldo of 24Status of space-based γ-ray astronomy

• general catalogs, e.g., 3FGL

• 4 years, 100 MeV-300 GeV

• 3033 sources (> 4.1σ)

• specific source classes/energy ranges
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No association Possible association with SNR or PWN AGN
Pulsar Globular cluster Starburst Galaxy PWN
Binary Galaxy SNR Nova
Star−forming region
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Fig. 15.— Full sky map (top) and blow-up of the inner Galactic region (bottom) showing
sources by source class (see Table 6). All AGN classes are plotted with the same symbol for

simplicity.

6%

33% 58%

AGN Unassoc.
Other Galactic SNR/PWN
PSR External galaxy

Fermi LAT collab.  ApJS 218 2015 23A

Resolving the γ-ray sky: sources
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CR origin: testing the SNR paradigm
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• SNR paradigm: 10% of SN energy into cosmic rays

• LAT SNR Catalog, 1-100 GeV

• 30 sources classified as SNRs

• 14 marginal candidates

• 245 upper limits on radio SNRs
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d = 5 kpc & n = 1 cm-3

Young
Interacting

Classified
Marginal
Others

Point
Extended

Galactic Longitude

Fig. 21.— Estimates of the CR energy content (in units of 1049 erg) for all Galactic SNRs, divided into three categories

according to the level of information on their distances and densities (see text for details), and sorted in Galactic

longitude within each subclass. Symbols and color coding are the same as in Figure 8 and are restated in the lower

right corner. The names of the young and interacting SNRs ranked as classified or marginal GeV candidates are also

given. The two dashed lines indicate a CR energy content of 10 and 100% of the standard SN explosion energy. Note

that we added upward arrows for RX J1713.7�3946 and RX J0852.0�4622 (aka Vela Jr) given the respective upper

limits on the ambient density, based on the absence of thermal X-ray emission in these two SNRs.

Fermi LAT collab.  ApJS 224 2016 8A
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A cocoon of freshly accelerated CRs in Cygnus
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encloses 3.2 × 104 (neff/10 cm−3)−1 solar masses
of ionized gas at 1.4 kpc (fig. S1D). However, the
mass is an order of magnitude too low and the
“Local” CR spectrum (i.e., that near the Sun) is
too soft to explain the LAT data (Fig. 4). The
cocoon partially overlaps a concentration of

ionized gas (fig. S1D). We fitted the N(HII) map
to the data in addition to the other interstellar
components. The template is significantly de-
tected, but at the expense of an unusually large
emissivity, much harder than in the other gas
phases (15). Its spectrum compares well with that

extracted with the 2° Gaussian source (fig. S7).
Thus, overlooked gas in any state, illuminated by
the same CR spectrum as found in the rest of the
region, cannot explain the observed hardness
of the cocoon emission. It requires a harder CR
spectrum.

Fig. 2. Photon count maps in the 10- to 100-GeV band (30), smoothed with a s = 0.25° Gaussian kernel, obtained for the total emission (A), after subtraction of
the interstellar background and all known sources but g Cygni (B), and after further removal of the extended emission from g Cygni (C).

Fig. 3. (A) Photon count
residual map in the 10- to
100-GeVband(30), smoothed
with a s = 0.25° Gaussian
kernel, and overlaid with
the 10−5.6 Wm−2 sr−1 white
contour of the 8-mm inten-
sity. The typical LAT angular
resolution above 10 GeV is
indicated. The black circles
mark g Cygni and Cyg OB2.
(B) An 8-mm map and solid
circles for g Cygni and stellar
clusters, as in Fig. 1. The
large magenta circle marks
the location and extent of
the source MGRO J2031+41
(14); dashed circles give
upper limits to the diffusion
lengths of 10, 102, and 103

GeV particles after 5000
years of travel time using
the standard interstellar
diffusion coefficient. Their
origin from the position of
the rim of g Cygni 5000 years
ago is purely illustrative.

www.sciencemag.org SCIENCE VOL 334 25 NOVEMBER 2011 1105
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γ-ray excess counts 8 μm emission (W m-2 s-1 , log10)

• massive star-forming regions

• CR isotopic abundances 
(22Ne, trans-iron)

• 80% SN = gravitational 
collapse of massive star

• superbubbles

• CR cocoon in Cygnus

• single source or superbubble?

• advection? confinement?

Fermi LAT collab.  Science 334 2011 1103

To reproduce the LAT data with pure ha-
dronic emission (16), we need an amplification
factor of (1.6 to 1.8) × (E/10 GeV)0.3 of the Local
proton and helium spectra in the cocoon. It im-
plies a total CR energy of 1.3 × 1042 J above 2
GeV/nucleon and a volume energy density 50%
larger than that near the Sun.

We calculated an upper bound to the IC emis-
sion expected from CR electrons, with the Local
spectrum, upscattering the stellar light from Cyg
OB2 andNGC6910 (16). The enhanced, infrared-
rich, interstellar radiation field (ISRF) in the re-
gion (fig. S8) also provides hard IC emission in
addition to the cluster contributions and to the
Galactic component included in the background
model. We used radio to infrared maps, the Local
electron spectrum, and a 25-pc (1°) thickness
along the lines of sight to estimate the ISRF and
IC spectra in each pixel subtended by the cocoon
(16). We added stellar light fields to account for
the average abundance of stars outside Cyg OB2
and NGC6910. The total IC emission, integrated
over the cocoon directions, is too faint and too
soft to match the data (Fig. 4). An amplification
factor of 60 × (E/10 GeV)0.5 of the Local electron
spectrum can, for instance, account for the LAT
data without overpredicting the average synchro-
tron intensity we measured at 0.408 and 1.42
GHz in the cocoon. The synchrotron calculation
used a magnetic field of 2 nT deduced from
pressure balance with the gas. The amplified
electron spectrum gives a total energy of 4 ×
1041 J above 1 GeV.

Whether CR electrons or nuclei dominate
the cocoon g radiation, its hardness points to
freshly accelerated particles. TeVelectrons have a
20,000-year lifetime against synchrotron and IC
losses in the cocoon environment (with av-
erage magnetic and ISRF energy densities of
9.9 and 6.8 MeV m−3, respectively). A hard pion
spectrum indicates nuclei having recently left
their accelerator. After a travel time t, particles dif-
fuse to a characteristic length L2D= [4D(E) t]

1/2 for

an interstellar diffusion coefficient D(E) = 1024

(E/10 GeV)1/2 m2/s. They can flood the entire
cocoon in a few thousand years from a single
accelerator anywhere in Cygnus X, with higher-
energy particles reaching farther out (Fig. 3B).
The fact that we obtain consistent widths for the
Gaussian source in the 1 to 10 and 10 to 100 GeV
bands, however, suggests an efficient confine-
ment inside the cocoon.

We conclude that the cavities carved by the
young stellar clusters form a cocoon of hard CRs.
It provides evidence for the long-advocated hy-
pothesis that OB associations host CR factories.

Where is/are the accelerator(s)? g Cygni is a
potential candidate. Its relation to the Cygnus X
cavities is unclear. It expands in low gas densities
[0.3 cm−3 (18)], but a chance alignment in this
crowded direction is possible. g Cygni shelters
energetic particles shining in g rays (figs. S2 and
S3). We used the present expansion character-
istics of the 7000-year-old shockwave to follow
its past evolution and to evaluate the energy the
particles could reach by Fermi acceleration at the
end of the free expansion phase, 5000 years ago
(16). With CR pressure feedback on the shock
and magnetic amplification by the streaming
CRs, we obtain maximum energies of 80 to 300
TeV for protons and 6 to 50 TeV for the radiating
electrons (16). These values are high enough to
explain the LAT emission with nuclei and/or
electron emission after a few thousand years of
interstellar propagation, but not the Milagro flux
with pure IC emission. The anisotropy of the
emission around the supernova remnant chal-
lenges this scenario. The slightly foreground
molecular ridge extending southeast of the
remnant (along L889 and HII region 4) may be
too far to serve as a target mass (10). Another
option involves a champagne flow (19, 20) with
the shockwave breaking away into a cavity and
advecting particles out, independent of their en-
ergy, but there is no evidence that the shockwave
of g Cygni rushes out on its eastern rim (12). In

the absence of advection, the short diffusion
lengths expected in the turbulent medium of
Cygnus X (see below) may rule out the very
young g Cygni as the unique accelerator in the
cocoon.

OB associations are considered as CR accel-
erators from the collective action ofmultiple shocks
from supernovae and the winds of massive stars
[e.g., (5,6,21–23)]. The age ofCygOB2, spreading
from 3:5þ0:75

−1:0 million years in the core to 5:25þ1:5
−1:0

million years in the northwest (9), allows the pro-
duction of very few supernovae, if any. NGC6910
has a comparable age of 6 T 2 million years (24).
We applied the superbubble acceleration formal-
ism (5) solely to the termination shocks of ran-
dom winds in the high gas pressure (10−12 Pa) of
the cocoon (16). Their characteristic size and
mean separation of ~10 pc is taken as the energy-
containing scale of the strong magnetic turbu-
lence (16). It leads to diffusion lengths that are
shorter by a factor of 100 than in the standard
interstellar medium; thus, protons can remain
confined over 100,000 years in agreement with
the time scale implied by isotopic abundances
(1, 25). Their energy distribution peaks at 10 to
100 GeV and extends to 150 TeV, so their g
radiation in the ambient gas can explain the
hard cocoon spectrum (16). It is therefore
possible that the cocoon is an active CR super-
bubble. It provides a test case to study the
impact of wind-powered turbulence on CR
diffusion and its potential for acceleration, both
for in situ CR production and to energize
Galactic CRs passing in the tangled environ-
ment of star-forming regions. Small g-ray spectral
variations across the cocoon can point to a single
accelerator or to a distributed acceleration within
the superbubble.

A dozen outstanding stellar clusters, at least
as young and rich as Cyg OB2, are known in the
Galaxy [e.g., (9)]. The production and confine-
ment of fresh CRs in the Cygnus X cocoon pro-
vides an alternative scenario on the origin of the
TeVemission seen toward several of these clusters
[the Arches, Quintuplet, and Sgr B2 (26), West-
erlund 2 (27), and Westerlund 1 (28)].
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Fig. 4. Energy spectrum of the
cocoon emission. The 1s errors
are statistical; 2s upper limits
are given below 1 GeV. The
Milagro flux (open circle), in-
tegrated over 78.7° < l < 81.7°
and –0.4° < b <2.6°, is
corrected for the extrapolation
of the TeV J2032+4130 source
at energies >10 TeV. The blue
curves show the expectations
from the Local CR spectrum
pervading the ionized gas for
electron densities neff = 10 cm−3

(solid) and 2 cm−3 (dashed). The
black curves give the expect-
ations from the Local CR elec-
tron spectrum upscattering the
stellar light from Cyg OB2 (up-
per dotted curve), NGC 6910 (lower dotted curve), and the interstellar radiation present in the cavity and
PDRs (dashed curve). The red curve sums all IC emissions.

25 NOVEMBER 2011 VOL 334 SCIENCE www.sciencemag.org1106
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Extension to TeV energies
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0.001 0.005 0.013 0.029 0.06 0.12 0.25 0.5 1 2 4

Fig. 1.— Adaptively smoothed count map in the 50GeV–2TeV 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. The color scale is logarithmic and the units
are counts per (0.1 deg)2.
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SNRs and PWNe

Pulsars

BL Lacs

FSRQs

Unc. Blazars

Others

Unassociated

Extended

Fig. 2.— Sky map, in Galactic coordinates and Hammer-Aitoff projection, showing the sources in the 2FHL
catalog classified by their most likely association.
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9%
13%

75%

AGN
Unassoc.
Other Galactic
SNR/PWN
PSR
External galaxy

• segmented ACD/calorimeter: reduce 
back-splash self-veto

• Pass8 analysis

• reliable energy estimate up to 2 TeV

• 25% larger effective area > 10 GeV

• 2FHL Catalog

• 80 months, 50 GeV-2 TeV

• 360 sources → 75% previously 
unknown

• upcoming: 3FHL (1720 sources,          
10 GeV-2 TeV)

Fermi LAT collab.  ApJS 222 2016 5A
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Summary
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Fig. 15.— Full sky map (top) and blow-up of the inner Galactic region (bottom) showing
sources by source class (see Table 6). All AGN classes are plotted with the same symbol for

simplicity.
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Fig. 3. Illustration of the �-ray sky in pseudocolor in Mollweide projection. Panel (a) shows the 6.5 year data. The panels (b) and
(c) show the reconstructed (total) photon flux that in (b) is reconvolved with the IRFs. Panel (d) shows the reconstructed diffuse
photon flux. The panels (e) and (f) reproduce the latter but are overlaid with the feature contours found by Su et al. (2010) (white:
Giant Fermi Bubbles, light magenta: Donut, light blue: North Arc, light gray: Radio Loop I ) and contours of the 408MHz radio
map from Haslam et al. (1982), respectively. Panel (g) highlights the contours defining the “bulge”-, “cloud”-, and “bubble”-like
regions discussed in Section 3.3.

Excluding the point-like contribution from the recon-
volved count map, the diffuse �-ray sky becomes fully re-
vealed, see Fig. 1b. The diffuse count map clearly displays
Galactic features and substructures within the ISM. In com-
parison to the standard Galactic diffuse model3, we find
obvious residuals. These include diffuse structures on very
small scales that are not captured in the reconstruction be-
cause its effective resolution is limited due to signal-to-noise
and IRFs. At high latitudes, extragalactic contributions are
reconstructed and yield an excess compared to the Galactic
diffuse model. While the reconvolved photon count image
appears somewhat smoothed, its deconvolved counterpart
3 The standard Galactic diffuse model is provided by
http://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
aux/gll_iem_v05_rev1.fit.

displays the Milky Way in more detail. The diffuse �-ray
fluxes in the individual energy bands are shown in Fig. 2.
The coarseness of the images increases with energy because
the number of detected photons, and thus the signal-to-
noise ratio, drops drastically. The uncertainties of the re-
constructions are illustrated in the lower panels of Fig. 2.
Nevertheless, the Galactic disk and bulge are clearly visible
at all energies.

3.1.1. Pseudocolor images

In order to obtain a better view on the spectral character-
istics of the �-ray sky, we combine the maps at different
energies by a pseudocolor scheme. This scheme is designed
to mimic the human perception of optical light in the �-

Article number, page 4 of 17

encloses 3.2 × 104 (neff/10 cm−3)−1 solar masses
of ionized gas at 1.4 kpc (fig. S1D). However, the
mass is an order of magnitude too low and the
“Local” CR spectrum (i.e., that near the Sun) is
too soft to explain the LAT data (Fig. 4). The
cocoon partially overlaps a concentration of

ionized gas (fig. S1D). We fitted the N(HII) map
to the data in addition to the other interstellar
components. The template is significantly de-
tected, but at the expense of an unusually large
emissivity, much harder than in the other gas
phases (15). Its spectrum compares well with that

extracted with the 2° Gaussian source (fig. S7).
Thus, overlooked gas in any state, illuminated by
the same CR spectrum as found in the rest of the
region, cannot explain the observed hardness
of the cocoon emission. It requires a harder CR
spectrum.

Fig. 2. Photon count maps in the 10- to 100-GeV band (30), smoothed with a s = 0.25° Gaussian kernel, obtained for the total emission (A), after subtraction of
the interstellar background and all known sources but g Cygni (B), and after further removal of the extended emission from g Cygni (C).

Fig. 3. (A) Photon count
residual map in the 10- to
100-GeVband(30), smoothed
with a s = 0.25° Gaussian
kernel, and overlaid with
the 10−5.6 Wm−2 sr−1 white
contour of the 8-mm inten-
sity. The typical LAT angular
resolution above 10 GeV is
indicated. The black circles
mark g Cygni and Cyg OB2.
(B) An 8-mm map and solid
circles for g Cygni and stellar
clusters, as in Fig. 1. The
large magenta circle marks
the location and extent of
the source MGRO J2031+41
(14); dashed circles give
upper limits to the diffusion
lengths of 10, 102, and 103

GeV particles after 5000
years of travel time using
the standard interstellar
diffusion coefficient. Their
origin from the position of
the rim of g Cygni 5000 years
ago is purely illustrative.
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Fig. 5.— Integral flux above 100 MeV as a function of time during the 2011 April Crab flare. The light
curve is binned into equal exposure bins during times with no Earth occultation, with a mean bin duration
of nine minutes. The dotted line indicates the sum of the 33-month average fluxes from the inverse-Compton
nebula and the pulsar. The dashed line shows the flux of the average synchrotron nebula summed to the
latter. The solid black lines show the best fit of a model consisting of a constant plus an exponential function
at the rise of both sub-flares (see text). The blue vertical lines indicate the intervals of each Bayesian Block
during which the flux remains constant within statistical uncertainties. The time windows are enumerated
at the top of the panel. The corresponding flux is shown by the blue marker below each number. The SED
for each of the time windows is shown in Figure 6.

flux hypothesis. The algorithm to determine the
optimal partition is described by Jackson et al.
(2005). The BB-binned light curve is shown in
Figure 5. It is statistically compatible with the
original light curve (χ2

r/ndf = 257/232). This im-
plies that flux variations within each BB cannot be
distinguished with confidence from a locally con-
stant flux. The shortest BBs are detected at the
maximum of both sub-flares and have durations
of ≈9 hours.

In order to measure the rate of flux increase at
the rising edges of the sub-flares we parametrized
them with an exponential function plus a constant
background. The best-fit functions are shown in
Figure 5. The time ranges over which the fits were
performed were defined by the centers of the BBs
before and at the maximum of each sub-flare. The
resulting doubling time is 4.0 ± 1.0 hours and 7.0
± 1.6 hours for the first and second sub-flare, re-
spectively. As these values depend on the some-
what arbitrarily chosen parametrization and fit

ranges, we conservatively estimate that the dou-
bling time scale in both sub-flares is td ! 8 hours.

The PDS of the April 2011 flare is shown in
Figure 4. It was obtained by computing the
Fourier transform of the autocorrelation function
using an algorithm for unevenly sampled data
(Edelson & Krolik 1988). The PDS can be de-
scribed by a power law of index ≈1.1 and reaches
the noise floor at a frequency of ≈0.6 cycles per
day. The doubling time of the corresponding sinu-
soidal component is ≈10 hours, in agreement with
the expectation from the measured doubling times
of the flares.

The pulsar flux remained unchanged during
the flare, with an average flux above 100 MeV
of FP = (21.7 ± 1.1) × 10−7 cm−2 s−1 dur-
ing the main part of the flare (MJD 55663.70–
55671.02). The flux increase is phase-independent.
This is illustrated in Figure 1, where the pha-
sogram during the main flare period is shown.
The peaks in the on-pulse interval remain at the
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Fig. 14.— Comparison of radio spectal index, ↵, and GeV photon index, �. The expected

correlations are plotted for ⇡0 decay or e± bremsstrahlung (solid) and IC emission from

an electron population that is freshly accelerated (dashed) or cooled by radiative processes

(dotted). Emission via a combination of processes would fall between the lines (e.g. between

the solid and dashed for a combination of ⇡0 decay and IC emission). Symbols, colors, and

error bars are as in Figure 8; ticks along the right hand side show the 1 � 100 GeV photon

indices of those SNRs without reported radio spectral indices.

index measurement by Milne & Haynes (1994). This SNR is neither young nor a TeV source.

SNRs emitting via a combination of mechanisms under these simple assumptions would have

indices falling between the two index relations, that is, they would lie in the region spanned

by the ⇡0/bremsstrahlung (solid) and IC (dashed) lines.

The lack of an observed correlation between the indices as expected under these simple

assumptions suggests that more detailed physical models are required for the majority of

SNR candidates. The observed soft GeV spectra relative to the radio has several potential

explanations. The underlying leptonic and hadronic populations may have di↵erent PL in-

dices. The emitting particle populations may not follow a PL but may instead have breaks or

even di↵ering spectral shapes. Finally, there may be di↵erent zones with di↵erent properties

dominating the emission at di↵erent wavelengths.
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Figure 9: Comparison of representative published limits (curves) and best-fit regions (ellipses) for the bb̄ channel found using
LAT data for several DM targets. References and details about the scenario selected as the representative limit or best-fit
values for each DM target are provided in Tab. 2.

4.3. Limiting Factors in Search Sensitivity

To understand the benefits of additional data taking for DM searches we consider three cases. Because
of the rapidly falling power-law backgrounds, individual search targets might fall under di↵erent cases at
low and high energies.

1. Searches that are or will be systematics limited: for these we cannot expect to improve the sensitivity
dramatically. We do expect that the sensitivity will improve as our knowledge of the �-ray sky and
the astrophysical backgrounds improve, but these improvements are likely to be incremental.

2. Searches that are background limited: here we can expect the sensitivity to improve as
p

t. As the
mission continues, the relative gain in sensitivity from these searches is moderate. Doubling the current
data set would result in a good, but not overwhelming, ⇠ 40% improvement in sensitivity for these
searches.

3. Searches that are signal limited: here we can expect the the sensitivity to improve proportionately
with time. These are the searches that constitute the strongest case for continued data taking.

For many of the targets that we will discuss, the searches are for a small signal against a large background.
For those cases the largest and most problematic systematic uncertainties come for mis-modeling the back-
ground in a way that would induce a fake signal or mask a real signal. Typically such uncertainties will scale
roughly linearly with the background. We have developed and applied a technique for DM searches with
significant systematic uncertainties, namely calculating the “e↵ective background” b

e↵

(i.e., the background
weighted by how strongly it overlaps with the signal) for the search [58, 138, 139]. We estimate systematic
uncertainties by positing that they can be expressed as a fraction of b

e↵

, i.e., f = n
sig

/b
e↵

and measuring
the observed signal in control regions, where no DM signal should be present. This e↵ective background
methodology is discussed in more detail in App. F and in Refs [140–143].

The statistical uncertainties on the number of counts assigned to a signal arising from fluctuation in the

background are expected to be roughly �n
sig

= b
1/2

e↵

. To include the e↵ect of systematic uncertainties we
estimate the total uncertainty of the signal as a fraction of the e↵ective background added in quadrature

15
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Fig. 1.— Adaptively smoothed count map in the 50GeV–2TeV 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. The color scale is logarithmic and the units
are counts per (0.1 deg)2.

22

new frontiers new horizons

– 40 –

Fig. 30.— Residual map (Figure 22, top right) overplotted with the edge of the bubbles. The direction of the bars

perpendicular to the edge corresponds to the local gradient in the residual map; the length of the bars represents

the width of the edge. The location of the curve along the edge corresponds to the locus of the best fit values of

'

0

(Equation 15).

all models of foreground emission and templates of the bubbles is �' = 3.4 ± 2.0[stat]+3.1
�1.7[syst] deg.

The systematic uncertainty boundaries are estimated as values which enclose ±34% of the values above

and below the median value. We take the median instead of the mean in order to avoid bias due to

outliers with large values of the width either due to oversubtractions in the foreground modeling or poor

convergence of the width estimation.

6.4. Spectrum in latitude strips

The spectra for northern and southern bubbles are shown in Figure 32. These spectra are derived

similarly to the overall spectrum of the bubbles, but instead of one template of the bubbles, we fit two

independent templates: for the northern and southern bubbles. We find that the spectra in the North

and in the South agree with each other within the uncertainties. The southern bubbles has a region of

enhanced emission, the cocoon, while the brightness in the northern bubbles is more uniform. The overall

intensities of the two bubbles are consistent with each other.

The spectra in latitude strips are shown in Figure 33. For the derivation of the spectra in strips we

separated the template of the bubbles into 6 independent templates according to latitude. The latitude

boundaries of the stripes are �60� to �40�, �40� to �20� and �20� to �10� in the South and 10� to 20�,

20� to 40� and 40� to 60� in the North. With the current level of statistical and systematic uncertainties,

we cannot detect a variation of the spectrum with latitude. Our results agree with Hooper & Slatyer

(2013) at latitudes |b| > 20�, but we do not find a significant variation of the spectrum of the bubbles

Quasi-periodic modulation in PG 1553+113 5

FIG. 3.— Left top panel: pulse shape (epoch-folded) γ-ray (E > 100 MeV) flux lightcurve at the 2.18 year period (two cycles shown). Left bottom panels:
2D plane contour plot of the CWT power spectrum (scalogram) of the γ-ray lightcurve, using a Morlet mother function (filled color contour). The side panel to
this is the 1D smoothed, all-epoch averaged, spectrum of the CWT scalogram showing a signal power peak in agreement with the 2.18-year value, also showing
the LSP. Dashed lines depict increasing levels of confidence against red-noise calculated with Monte Carlo simulation. The γ-ray signal peak is above the 99%
confidence contour level (< 1% chance probability of being spurious). Right top panel: pulse shape from epoch folding of the optical flux lightcurve at the 2.18
year period (two cycles shown). Right bottom panels: the same CWT and LSP diagrams for the optical lightcurve. The optical signal peak is above the 95%
confidence contour level.

same techniques as for the γ-ray data. This analysis gives a
period of 754±20 days (2.06±0.05 years), consistent within
uncertainties with the γ-ray results (Fig. 3).
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FIG. 4.— Power Density Spectrum (PDS) of the LAT 0.1 − 300 GeV
count rate lightcurve of PG 1553+113 from a 3◦ exposure-weighted aperture
photometry technique with 600-second time bins.

The less coherent 15 GHz lightcurve (5.7-years OVRO
data) shows a signal power peak at 1.9 ± 0.1 year, with an

additional power component at a 1.2-year timescale. Swift
XRT data show a factor of 5 variation linearly correlated with
the γ-ray flux, while the synchrotron peak frequency shows a
factor ∼ 6 increase during high X-ray states, as suggested by
Reimer et al. (2008).
The long-term X-ray count rate lightcurve from the Rossi-

XTE ASM instrument (1996 February 20 to 2010 September
11) and the Swift-BAT (from 2005 May 29) were also ana-
lyzed but do not show any signal above the low-frequency
noise, because of insufficient statistics.
An important diagnostic for multi-frequency periodicity

analysis is the discrete cross-correlation function (DCCF)
used with two independent and complementary approaches.
In the first procedure, flux variations are modeled assum-

ing a simple power law ∝ 1/fα (with f = 1/t) in the PDS
as measured directly from the lightcurve data, allowing us to
estimate the cross-correlations significance avoiding the as-
sumption of equal variability in all sources at the cost of a
model assumption (Max-Moerbeck et al. 2014). For the γ-ray
lightcurve with 20-day binning we obtain a best fit α = 0.8,
but the error is unconstrained, indicating that the length of
the data set is too short (i.e. below five cycles), relative to
the suspected periodic modulation, to enable a reliable data
characterization. The 45-day bin lightcurve yields a best fit
α = 0.1 with unconstrained error. The optical PSD is con-
strained: the best fit value is α = 1.85, with 1σ limits at
[1.75, 2.00]. The 15 GHz flux light curve a slope of α = 1.4,
with unconstrained limits on the α values as for the γ-ray data.



TeVCat

now:    >170 sources (> 100 GeV)

 gal. / extragal. / unid.
background image:
Fermi sky map  (MeV-GeV)

gamma ray emission is present
wherever there are shocks and relativistic flows
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BL Lac object     z = 0.116
bursts on minute scales
Γ  ≥  100 are required

PKS 2155-304 
July 2006

7x Crab
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Crab Pulsar >400 GeV Emission
The Crab Pulsar at TeV Energies 

!  Pulsed emission in the 120-400 GeV range not expected theoretically – challenge to 
pulsar models.  

VERITAS, Nguyen, ICRC 2015 MAGIC, de Oña Wilhelmi, ICRC 2015 

Reshmi Mukherjee TeVPA, Kashiwa 2015 

The Crab Pulsar at TeV Energies 
!  Pulsed emission in the 120-400 GeV range not expected theoretically – challenge to 

pulsar models.  

VERITAS, Nguyen, ICRC 2015 MAGIC, de Oña Wilhelmi, ICRC 2015 

Reshmi Mukherjee TeVPA, Kashiwa 2015 

MAGIC VERITAS



CR	spectrum	in	the	local	Galaxy	

Neronov	et	al.	‘11	

Ackermann	et	al.	‘13	
Molecular	clouds	in	the	local	Galaxy	form	a	ring-like	structure,	

the	Gould	Belt	of	diameter	~1 kpc.	Spectrum	of	gamma-ray	

emission	from	CR	interac*ons	in	the	clouds	provides	a	

measurement	of	the	CR	spectrum	in	the	local	Galaxy	(free	

from	the	Solar	modula*on	effect:	

	–	CR	spectrum	in	the	local	interstellar	medium	is	soi	(Γ=2.9±0.1)	
	in	10-100	GeV	band	…	consistent	with	the	locally	measured	one.	

		

Neronov



CR	spectrum	in	distant	regions	of	Galac4c	Plane	

HAWC,	E~10 TeV
Abeysekara	et	al.	‘16	

Fermi/LAT	E>100 GeV

HESS	survey	E>(several) 100 GeV

Galac*c	Plane	surveys	with	Fermi/LAT,	HESS,	HAWC	reveal	a	set	of	
sources,	not	obviously	iden*fied	with	supernova	remnants	or	
pulsar	wind	nebulae	

	–	large	number	of	sources	have	degree-scale	extensions,		
	which	corresponds	to	~100 pc at	~4 kpc distance.	Typical	size	of	an	OB	
	associa*on	like	Cygnus	OB2	(too	large	for	an	isolated	SNR	or	PWN).	

Neronov,	Semikoz	et	al.	‘12	

Neronov



wind advection

diffusive propagation

Very hard emission, no cutoff, 
untypical for extended emission 

Cosmic ray density profile using matter 
densities from molecular line surveys. 40



wind advection

diffusive propagation

Very hard emission, no cutoff, 
untypical for extended emission 

Cosmic ray density profile using matter 
densities from molecular line surveys.

PeV-atron in the Galactic Centre. 

Constant injection over at least 103 years. 

Current luminosity of GC is not enough.

40



Average	CR	spectrum	in	the	Galaxy	

New	analysis	of	diffuse	emission	by	Fermi	Collabora*on	has	
introduced	Galactocentric-distance-dependent	pion	decay	
emission	templates. 		

	–	average	slope	of	the	CR	spectrum	appears	variable	with	
	distance	from	the	Galac*c	Centre.		It	is	typically	harder	
	within	the	Solar	distance,	compared	to	the	locally	observed	
	slope.	
	–	pion	decay	spectrum	slope	above	~10 GeV is	found	to	be	
	consistent	with	~2.5.	

Acero	et	al.	‘16	

-2.5	

Yang	et	al.	‘16	

Γ=? ; δ=? -(Γ+δ)=2.5

Neronov



The HAWC observatory 

2

Site specifications
- 4100 m above sea level
- Mexico, Sierra Negra,  Lat. +19°
- 300 water-Cherenkov tanks
- Full array operational since March 2015
- 22000 m2, with 57% coverage



European Cosmic-Ray Symposium, September 2016G. Sinnis

HAWC  View of the Sky
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Crab Nebula

Geminga

Mrk 421Mrk 501

Milky Way
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Galactic sources: inner galactic plane (403 days)
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Galactic sources: Cygnus region (403 days)

New TeV source:
2HWCJ2006+341
 > 6σ pre-trails



16

Galactic sources: HAWC source confirmed by Veritas



Direct Detection of CRs 
AMS - Pamela

The largest topic of the conference:
 3  plenary,  14  parallel presentations



GF:	  21.5	  cm2	  sr	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Mass:	  470	  kg	  
Size:	  130x70x70	  cm3	  

Power	  Budget:	  360W	  	   Spectrometer	  	  
microstrip silicon tracking system   +   permanent magnet 

provides:   - Magnetic rigidity  à  R = pc/Ze  
-  Charge sign 
-  Charge value from dE/dx 

Time-‐Of-‐Flight	  
	  
plasMc	  scinMllators	  +	  PMT:	  
-‐ 	  Trigger	  
-‐ 	  Albedo	  rejecKon;	  
-‐ 	  Mass	  idenKficaKon	  up	  to	  1	  GeV;	  
-‐	  Charge	  idenKficaKon	  from	  dE/dX. 
 
ElectromagneMc	  calorimeter	  	  
	  W/Si	  sampling	  (16.3 X0, 0.6 λI)  
-  Discrimination e+ / p,  anti-p/e-p / 
e-  
   (shower topology) 
-  Direct E measurement for e- 

	  
Neutron	  detector	  
3He tubes + polyethylene moderator: 
-‐ 	  High-‐energy	  e/h	  discriminaKon	  
 

+	  	  	  	  	  	  	  	  	  	  	  -‐	  

PAMELA	  launched	  on	  15th	  June	  2006	  recently	  celebrated	  10	  years	  	  	  	  	  

P.	  S.	  Marrocchesi	   5	  	  ECRS	  2016	  	  Torino,	  September	  7,	  2016	  

EllipKcal	  orbit	  350	  –	  610	  km	  
70o	  inclinaKon	  
in	  operaKon	  at	  560	  km	  



P.	  S.	  Marrocchesi	   7	  	  ECRS	  2016	  	  Torino,	  September	  7,	  2016	  

Launched	  in	  2011:	  	  	  5	  years	  aboard	  the	  ISS	  
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 PAMELA:	  	  first	  unambiguous	  evidence	  of	  the	  rise	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  of	  	  the	  positron	  fracKon	  above	  10	  GeV	  

August	  2009	  
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AMS-02:  positron fraction 

[B. Bertucci @LNGS - July 2016] 

[M.	  Accardo	  et	  al.,	  PRL	  113	  (2014)	  121101] 
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①  	   Positron	   spectrum:	   	   is	   harder	   than	   e-‐	   above	   50	   –	   60	   GeV	   and	   has	   similar	   Rigidity	  	  
dependence	   as	   proton.	   IncompaKble	   with	   secondary	   origin	   since	   at	   these	   energies	  
radiaKve	  losses	  (~E2)	  are	  	  	  dominant	  during	  propagaKon.	  	  

② 	  	  Electron	  spectrum:	  	  	  featureless	  up	  to	  at	  least	  1	  TeV	  and	  more	  steep	  than	  e+	  

③ 	  	  Inclusive	  e+	  +	  e-‐	  spectrum:	  	  direct	  measurements	  <	  1	  TeV	  =>	  power	  law	  index	  ~	  -‐3.17	  

	  	  	  Spectrum	  above	  1	  TeV:	  only	  preliminary	  or	  indirect	  measurements.	  

	  	  	  “Great	  ExpectaKons”	  from	  CALET	  and	  DAMPE.	  	  	  

	  	  	  PotenKal	  discovery	  of	  local	  source(s)	  at	  kpc	  distance	  
	  

²  	  Anisotropy	  in	  e+	  and	  e-‐	  data:	  no	  anisotropy	  observed	  at	  all	  angular	  scales	  by	  PAMELA	  

 
Electron	  measurements	  at	  high	  energy	  are	   challenging	  due	   to	   the	   large	  proton	  background.	  
High	  proton	  rejecGon	  power	  (>	  105	  )	  is	  required.	  	  

The	  CR	  leptonic	  sector	  puzzle	  	  (observaGons)	  
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The	  CR	  leptonic	  sector	  puzzle	  	  (theoreGcal	  interpretaGons)	  

²  Positron excess from Astrophysical sources including: 
 

•  Pulsar Wind Nebulae (PWN) where the pulsar produces e+e- pairs  

     + acceleration away from the neutron star (at termination shock) 
 

•   SuperNova Remnants (SNR)  for	  a	  recent	  eview	  e.g.:	  [P.Serpico,	  Astropart.	  Phys.	  39-‐40	  ,	  2] 
 

•   Local source(s):  order 0.1% anisotropy expected at ~ 100 GeV 

 

²  Positron excess from Dark Matter for	   a	   recent	   review	   e.g.:	   [M.	   Cirelli	   -‐	   Dark	   Mazer	  

phenomena	  -‐	  Rapporteur	  Talk	  at	  ICRC2015] 
 

  



  New experiments: CALET Identification of Electron Sources	

Expected flux　"
for 5 year mission   "
	

Expected Anisotropy"
　from Vela SNR	

~10% @1TeV		

>	  10	  GeV	 ~	  2.7	  x	  107	

>100	  GeV	 ~	  2.0	  x	  105	

>1000	  GeV	 ~	  1.0	  x	  103	

Some nearby sources, e.g. Vela SNR, might have unique signatures"
in the electron energy spectrum in the TeV region (Kobayashi et al. ApJ 2004)	

Identification of the unique signature from nearby SNRs, "
such as Vela in the electron spectrum by CALET	

P.	  S.	  Marrocchesi	   18	  

Calculated results normalized  
to the observed at 100 GeV 
Original flux x 0.65	

	  ECRS	  2016	  	  Torino,	  September	  7,	  2016	  
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p/He	  raMo	  

      clear evidence of  different 
      H and He slopes above ~ 10 GV 

O. Adriani et al., Science  332 (2011) 6025  l  First high-statistics and high-precision 
measurement over three decades in energy 

l  Deviations from  single power law (SPL):                  
•  Spectra gradually soften in the range 

30÷230GV 
•  Spectral hardening  @ R~235GV  

Δγ~0.2÷0.3 
  Single power-law rejected at 98% CL 

 

 

PAMELA:	  Proton	  and	  Helium	  Nuclei	  Spectra	  	  &	  	  H/He	  raKo	  
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Two	  power	  laws	  with	  a	  characterisKc	  transiKon	  rigidity	  R0	  and	  a	  smoothness	  parameter	  s	  
are	  used	  by	  AMS-‐02	  to	  fit	  the	  measured	  H	  and	  He	  spectra:	  	  

[V. Choutko ICRC 2015] 

AMS proton flux 
(300 million events) 

[S. Haino ICRC 2015] 

AMS He flux 
(50 million events) 

Proton and He fluxes measured by AMS-02 
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fit	  range	  
	  proton	  

γγp	  	  
fit	  range	  

	  He	  
	  γγHe	  
	  

PAMELA	   80-‐230	  GV	   -‐2.844±0.02	   80-‐250	  GV	   -‐2.753±0.03	  

AMS-‐02	   45-‐330	  GV	   -‐2.816±0.006	   45-‐250	  GV	   -‐2.743±0.006	  

New	  era	  of	  precision	  spectral	  measurements:	  
²  good	  agreement	  between	  PAMELA	  and	  AMS-‐02	  on	  p	  and	  He	  spectra	  	  

proton	   He	  

[M.Boezio	  @LNGS	  Jul	  2016]	  
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The	  CR	  hadronic	  sector	  puzzle	  (observaGons)	  

Emerging	  picture	  from	  current	  observaKons:	  

•  break	  in	  power	  law	  in	  rigidity	  around	  200-‐300	  GV	  for	  p,	  He,	  Li,	  ...	  	  	  

•  violaKon	  of	  univerality	  of	  spectral	  indices:	  protons	  spectrum	  is	  soÇer	  by	  	  Δγ	  ~	  0.1	  
	  

SKll	  to	  be	  clarified	  experimentally:	  

① 	  sharp	  spectral	  break	  or	  conKnuos	  curvature	  ?	  

② 	  is	  there	  a	  break	  also	  in	  C	  spectrum	  (unclear	  from	  preliminary	  data)	  	  

③ Is	  He	  index	  idenKcal	  to	  C,	  O	  ...	  Fe	  ?	  
	  

•  accurate	  measurements	  of	  p,	  He	  bridging	  in	  energy	  PAMELA	  and	  AMS	  to	  CREAM	  data:	  
•  posiKon	  and	  Δγ of	  spectral	  break	  vs.	  nuclear	  species	  

•  precision	  differenKal	  measurement	  of	  spectral	  dγ/dΕ + extension	  to	  higher	  energy	  

	  

v MulK-‐TeV	  region	  largely	  unexplored	  
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The	  CR	  hadronic	  sector	  puzzle	  (theoreGcal	  interpretaGon)	  
	  
Broken	  power	  law	  	  interpretaKons	  include:	  

•  diffusion	  effects	  	  (source	  spectra	  assumed	  to	  be	  single	  power	  law):	  

•  non	  factorizable	  spaKal	  and	  rigidity	  dependence	  of	  diffusion	  coefficient	  [N.	  TomasseÖ,	  Astrophys.	  J.	  752	  ,	  L13]	  

•  non	  linear	  diffusion	  on	  external	  turbolence	  (self-‐generated	  waves)	  above	  (below)	  the	  break	  [Blasi,Amato,Serpico,	  PRL	  109]	  
•  acceleraGon	  effects	  (observed	  features	  are	  imprinted	  on	  producKon	  spectra):	  

•  	  DSA	  acceleraKon	  non-‐linear	  effects	  (CR	  feed-‐back)	  	  [V.	  Ptuskin,	  V.	  Zirakashvili	  and	  E.	  S.	  Seo,	  Astrophys.	  J.	  763]	  

•  	  	  	  	  AcceleraKon	  by	  different	  sources	  (e.g.:	  OB	  associaKons,	  SuperBubbles,	  W-‐R	  stars)	  	  [TStanev,	  Biermann	  &	  Gaisser,	  Astron.	  Astrophys.	  274	  ,	  902]	  

•  	  Weak	  re-‐acceleraKon	  	  	  [E.	  Seo	  and	  V.	  Ptuskin,	  Astrophys.	  J.	  431]	  

•  local	  sources:	  
•  	  Young	  nearby	  objects	  accounKng	  for	  He	  harder	  spectrum	  are	  in	  tension	  with	  anisotropy	  measurements	  [Blasi,	  Amato,	  JCAP	  1201	  ,	  011]	  	  

	  

ViolaKon	  of	  universality	  of	  spectral	  indices	  	  interpretaKons	  include:	  

	  

•  e.g.:	  He	  accelerated	  “earlier”	  	  (with	  	  higherMach	  number	  than	  proton)	  ?	  
•  	  He	  more	  efficient	  at	  injecKon	  than	  proton	  +	  slower	  decline	  with	  Mach	  number	  	  	  [Malkov,	  Diamond	  &	  Sagdeev,	  Phys.	  Rev.	  Lez.	  108]	  

•  	  	  	  	  Variable	  He/p	  ion	  concentraKon	  in	  the	  medium	  swept	  by	  shocks	  	  	  [L.	  O.	  Drury,	  Mon.	  Not.	  Roy.	  Astron.	  Soc.	  415	  ,	  1807]	  
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(A. Oliva, ICRC 2015)



AMS-‐02	  vs	  PAMELA	  &	  BESS	  	  

290,000	  p	  events	  	  

B. Bertucci, CRIS 2015 

anK-‐proton/proton	  raKo	  	  
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[Kounine@ICRC2015]  

•  AMS-‐02	  selecKon	  in	  rigidity	  range	  1-‐400	  GV	  	  
•  PAMELA	  data	  from	  60	  MeV	  to	  350	  GeV	  
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Experiment	   e+	  |	  e-‐	  	  

(present	  data)	  

e++e-‐	  	  

(Energy	  range)	  
CR	  nuclei	  	  
(Energy	  range)	  

charge	  
Z	  

gamma	   Type	   Launch	  	  

PAMELA	   e+	  <	  300	  GeV	  

e-‐	  <	  625	  GeV	  
1-‐700	  GeV	  
(3	  TeV	  with	  cal)	  

1	  GeV-‐1.2	  TeV	  
(extendable	  -‐>	  2TeV)	  

	  
1-‐8	  	  

	  

	  
-‐	  	  	  	  	  	  

SAT 2006  
Jun 15 

FERMI	  	   -‐	   7	  GeV	  –	  2	  TeV	   	  50	  GeV-‐1	  TeV	   1	   20	  MeV	  –	  300	  GeV	  
GRB	  	  8	  KeV	  –	  35	  MeV	  

SAT 2008  
Nov 11 

AMS-‐02	   e+	  <	  500	  GeV	  
e-‐	  <	  700	  GeV	  

	  1	  GV-‐1	  TV	  
(extendable)	  

1	  GV-‐1.9	  TV	  
(extendable)	  

1-‐26	  ++	   1	  GeV-‐1	  TeV	  
	  (calorimeter)	  

ISS 2011  
May 16 

NUCLEON	   -‐	   100	  GeV-‐3	  TeV	   100	  GeV-‐1	  PeV	  	   1-‐30	   -‐	   SAT 2014/12/26  
Dec 26  

CALET	   -‐	   1	  GeV-‐10	  TeV	  
(extendable	  -‐>	  20TeV)	  

10	  GeV-‐1	  PeV	  	   1-‐40	  	   10	  GeV-‐10	  TeV	  
GRB	  7-‐20	  MeV	  

ISS 2015 
Aug 19  

DAMPE	   -‐	   10	  GeV-‐10	  TeV	   50	  GeV-‐500	  TeV	   1-‐20	   5	  GeV-‐10	  TeV	   SAT 2015  
Dec 17  

ISS-‐CREAM	   -‐	   100	  GeV-‐10	  TeV	   1	  TeV-‐1	  PeV	  	   1-‐28	  ++	   -‐	   ISS ~ 2017 

CSES	   -‐	   3-‐200	  MeV	   30-‐300	  MeV	   1	   -‐	   SAT ~ 2017 

GAMMA-‐400	   -‐	   1	  GeV-‐20	  TeV	   1	  TeV-‐3	  PeV	  	   1-‐26	   20	  MeV-‐1	  TeV	   SAT ~2023-25 

HERD	   	  -‐	   10(s)	  GeV–10	  TeV	   up	  to	  PeV	   TBD	   10(s)	  GeV–10	  TeV	   CSS ~2022-25 

HELIX	   	  -‐	   -‐	   <	  10	  GeV/n	   light	  
isotopes	  

-‐	   LDB proposal 

HNX	   -‐	   -‐	   ~	  GeV/n	   6-‐96	   -‐	   SAT proposal 

GAPS	   -‐	   -‐	   <	  1GeV/n	   AnK-‐p,	  D	  	   -‐	   LDB proposal 
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Pamela & AMS:    a good competition

lots of results,  initially contradicting   
surprising and potentially very interesting findings

very detailed study of systematics  (for years!!)
good statistics

now:  fair agreement of results
critical assessment of remaining differences

only through such a process can
community be convinced of reliability of results.

Many new missions upcoming and planned
with improved performance.



Extragalactic CRs
Auger & TA
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V.Verzi, Cosmic Rays: Rapporteur talk, ICRC 2015

The ultra-high-energy regime

Galactic Extragalactic



Propagation effect or source exhaustion? 

6

1. Propagation scenario 
(GZK / photo-disintegration) 

 p +  π0

p + !CMB             n +  π+

cosmogenic 
photons

cosmogenic 
neutrinos

2. Limitation of the maximal 
energy at the source

proton

iron

E ≳ 1019.5 eV,  “horizon” ~ 100 Mpc  

mixed composition 

1 Introduction

E µ
Z dE

dX
dX

Emax
Z µ Z ⇥ Emax

p

E µ
Z dE

dX
dX

g = �2.849+0.002
�0.002(fit)+0.004

�0.003(sys)

Dg = 0.133+0.032
�0.021(fit)+0.046

�0.030(sys)

s = 0.024+0.020
�0.013(fit)+0.027

�0.016(sys)

R0 = 336+68
�44(fit)+66

�28(sys)[GV]

g = �2.780 ± 0.005(fit)± 0.001(sys) (1)

Dg = 0.119+0.013
�0.010(fit)+0.033

�0.028(sys) (2)

s = 0.027+0.014
�0.010(fit)+0.017

�0.013(sys) (3)

R0 = 245+35
�31(fit)+33

�30(sys) (4)
(5)

s
Auger
p�air (E = 1017.9 eV) = 457.5 ± 17.8 (Stat) +19

�25 (Syst) [mb]

s
Auger
p�air (E = 1018.2 eV) = 485.8 ± 15.8 (Stat) +19

�25 (Syst) [mb]

sTA
p�air(E = 1018.68 eV) = 567.0 ± 70.5 (Stat) +29

�25 (Syst) [mb]

• Simulations time dependent

• Process the sims

• RecalculateWi –¿ needed to update wi,actually renamed to wi2

• ExtractInfo –¿ for Daniel’s scrambling

• The code ScrambleGenMap.cc
(gridui:/nfs/argo/nexus05/settimo/work/Anisotropy/Toolkit-v3.0/) calculate the
wnorm factors and makes the scramble
In the code I need to update: fStartDate, fEndDate, N0, N1, N2 not clear what they are,

gpsmin, gpsmax.
It produce a txt file as output including some infos

• scrambling

Combined fit of Pierre Auger spectrum and composition data Armando di Matteo
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D - D model SPG best fit 2nd local min

J0 [eV�1 Mpc�3 yr�1] 7.17⇥1018 4.53⇥1019

g 0.94+0.09
�0.10 2.03

log10(Rcut/V) 18.67±0.03 19.84
pH 0.0+29.9% 0.0%
pHe 62.0+3.5
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pN 37.2+4.2
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pFe 0.8+0.2
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D (J), D (Xmax) 18.8, 159.8 14.5, 220.5
p 2.6% 5⇥10�4

Figure 1: Left:
p

D�Dmin where D is the profile deviance as a function of (g,Rcut) and Dmin is the best-fit
deviance. Each coloured area corresponds to 1s , 2s , ... confidence intervals. The inset shows the values of
D along the dotted curve. Right: best-fit and second local minimum parameters for model SPG.
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Figure 2: Top: simulated energy spectrum of UHECRs (multiplied by E3) at the top of the Earth’s atmo-
sphere with the best-fit parameters (left) and the local minimum at g ⇡ 2 (right) for model SPG, along with
Auger data points [10]. Partial spectra are grouped according to the mass number as follows: A = 1 (red),
2  A  4 (grey), 5  A  26 (green), 27  A (blue), total (brown). Bottom: average and standard deviation
of the Xmax distribution as predicted (assuming EPOS-LHC UHECR-air interactions) for the model predic-
tions in the two scenarios (brown), pure 1H (red), 4He (grey), 14N (green) and 56Fe (blue). Only the energy
range where the brown lines are solid is included in the fit.

of this on our results, we repeated the fit described in the previous section for each of the various
propagation models listed in Table 1. The results are shown in Table 2.

From Fig. 3, it can be seen that the relationship between g and Rcut and the position of the
second local minimum are very similar from one model to another, but the position of the best fit
within the ‘valley’ and the height of the ‘ridge’ between the two local minima are strongly model-
dependent. Furthermore, propagation models with lower photodisintegration rates3 tend to result
in better fits to the Auger data, except at very low values of g and Rcut.

3The Domínguez EBL model has a stronger far infrared peak than the Gilmore model, and TALYS predicts sizeable

4

A = 1 

2 ≤ A ≤ 4 

5 ≤ A ≤ 22 

27 ≤ A ≤ 56 

Total

Auger 2015, 
best-fit mixed comp.



How to discriminate the two scenarios?

7

‣ Energy Spectrum features 
increase statistics, pile-up for the GZK scenario 
  

‣ Mass composition (in the GZK region)  

‣ Observation of cosmogenic photons/neutrinos  
specific signature of GZK process (or new physics) 

‣ Anisotropy  
small scale in case of a light composition (see next talk)

OUTLINE 
  Detection techniques, 

  experiments in operation and some recent results 



Two observatories for UHECRs

11

Pierre Auger Observatory

Malargue, Argentina,  
3000 km2, 1400 m a.s.l. 

       since 2004 

OBSERVATORY

Telescope Array
Millard County, Utah, USA,       
         700 km2,1400 m a.s.l.  

       since 2008

One in each hemisphere: 
different skies observed! 

Auger

TA

Total

Auger exposure:  
50000 km2 sr yr  

~ 10 times larger than TA
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Figure 13: Energy evolution of the first two central moments of the Xmax distribution compared to air-shower
simulations for proton and iron primaries [80, 81, 95–98].
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What have we learnt? 

18

Conclusions
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→ 01/01/04–15/05/13 
    4 photon candidates above 10 EeV
→ strictest limits in the range E > 1 EeV
→ top-down model strongly disfavoured
→ preliminary U.L. above 10 EeV start constraining 
    the most optimistic models of cosmogenic photons 
    with p primaries injected at the source 

 

→ 01/01/04–20/06/13 no n candidate

→ search not limited by background 
→ limit below the WB bound
→ top-down (exotic) models strongly constrained
→ cosmogenic model with pure p composition 
    at the source and strong FRII evolution disfavoured
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Muons in highly inclined events 

The number of muons per unit area at the ground level has a shape 
which is almost independent of energy, composition or hadronic model
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The measured muon scale factor N19 with respect to muon reference 
density profiles is converted to

Analysis details:

➤ data set: 01/2004 - 12/2013
➤  E > 4 x 1018 eV (100% SD trigger)
➤  zenith angles [62°, 80°] (low EM contamination)
➤ 174 hybrid events after quality cuts
➤ systematic uncertainty on Rμ: 11%

reference function 
ρμ,19 (θ,ϕ,x,y)

p QGSJetII-03
E = 1019 eV
θ = 80°
Φ = 0°

neutrino and photon limits  
constrain source properties

TA 

Auger
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Measurement of the 
depth of maximum

of air-shower profiles 
and its composition 

implications

The Pierre Auger Collaboration
Av. San Martin Norte 304, 5613 Malargüe, Argentina

http://www.auger.org/archive/authors_2016_08.html

Presenter: Vitor de Souza (University of Sao Paulo-Brazil)

XXV ECRS 2016
Torino - Italy
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moments

Clear break @
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Mean ln A

Clear trend:

1017 <  E < 1018.27 eV: getting 
ligther

E > 1018.27 eV: getting heavier
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s ² ( ln A) measures the 

purity of the sample:

● pure A → s 2 (ln A) = 0

● 50:50 Pr:Fe →s 2 (ln A) ≈ 4

J. Lisley, ICRC 1985

Variance of ln A

s 2 
(ln A) 



28

proton + helium + nitrogen + iron
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final remarks

● data 

– all information is public: distributions, 
resolution, systematics and acceptance

– largest statistics with controlled 
systematics

● Xmax moments

– clear break @ log (E/eV)  = 18.27 

– showers with E > 1018.27 eV are shallower 
and fluctuate less than proton simulations
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Muon number in hybrid events with θ<60° 
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• ⟨Xmax⟩, σ(Xmax), rG(Xmax/S(1000))  
➙ Mixed composition around and above the ankle 
    (if LHC-inspired extrapolations are ok) 

• Muon number  
➙ At odds with predictions for mixed composition 
➙ Muon deficit in simulations 

• Muon production depth vs. Xmax 
➙ QGSjetII-04: marginally compatible 
➙ EPOS-LHC: incompatible

23

Summary

 Xmax
μ

 Xmax

Auger is going to extend the composition 
measurements up to highest energies  
measuring e±/γ & muons with 2 arrays: 

AugerPrime 
 (szintillators accompanying WCDs; see Tiina’s talk)

Hadronic Interactions
muon number:
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E = 1019 eV, θ = 67◦EPOS LHC

QGSJet II-04

QGSJet II-03

QGSJet01

Pierre Auger Collaboration, PRD91 (2015) 3, 032003

MC energy scale:

Telescope Array Collaboration, UHECR14 Symposium
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Comparison of lnA from Xμmax and Xmax
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➤ QGSJetII-04: compatible values within 1.5 σ
➤ EPOS-LHC: incompatibility at a level of at least 6 σ

see talk by T. Pierog on EAS and pion interactions (id=803)

Laura Collica - Measurement of the muon content in air showers at the Pierre Auger Observatory 15

Muon number in hybrid events with θ<60°

➤  No energy rescaling is needed

➤  The observed muon signal is a factor 1.3 to 1.6 larger than predicted by models

➤ Smallest discrepancy for EPOS-LHC with mixed composition, at the level of 1.9 σ

Laura Collica - Measurement of the muon content in air showers at the Pierre Auger Observatory 10

Auger Preliminary 2015

 RE,
 Rhad



10

WCD+SSD	measurements

Complementarity	of	particle
response	will	be	used	to	discriminate
electromagnetic	and	muonic
components	of	air	showers.

Matrix		based	method
Other	methods	based	on	the	multivariate	analysis	or	on	the	shower	universality

Auger upgrade for better composition sensitivity



Anisotropy



Dipole Observations

�4

IceCube/IceTop

• Northern hemisphere: Tibet AS!, Super-Kamiokande, Milagro, EAS-TOP, MINOS, ARGO-YBJ 
• Southern hemisphere: IceCube/IceTop

Tibet

≈10-3 
anisotropy 

contrast

O. Deligny, Orsay
… a nice review



Summary
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‣ Quest of UHECR origin more difficult than expected

‣ Anisotropies up to ≈PeV energies well established

• Not only dipoles! 
• Important developments for local CR propagation

• No small-scale clustering observation, only dipoles seem at reach! 
• Need for composition-based searches 
• Need for (much) larger exposure keeping similar resolutions…
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Emission mechanisms

Askaryan effect ~ 10%geomagnetic effect ~ 90%

Tim Huege, Phys Rep 2016
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Conical radio emission with asymmetric footprint

CoREAS simulations 
By T. Huege et al., ARENA2012

shower 
inclination:
q = 45°

43 – 74 MHz

Radio emission well understood.
How to use it best for improved CR measurements??
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1 km

CODALEMA3
(57) 

Compilation by A. Zilles

Designs of modern radio arrays
(mostly externally triggered)
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Measurement of the properties of 
cosmic rays with the LOFAR radio 

telescope
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Figure 8. Polarization footprint of a single air shower, as recorded with the LOFAR low-band
antennas, projected onto the shower plane. Each arrow represents the electric field measured by one
antenna. The direction of the arrow is defined by the polarization angle  with the ê~v⇥ ~B axis and
its length is proportional to the degree of polarization p. The shower axis is located at the origin
(indicated by the black dot). The median uncertainty on the angle of polarization is 4� and the value
for each antenna is indicated by the grey arrows in the background. Except for a few antennas in
the lower left station they are mostly small, indicating that the pattern is not the result of a random
fluctuation.

location in the shower plane according to eq. (5.4). In figure 9 this dependence can clearly
be seen for two measured air showers.

– 13 –

Polarization footprint 
of an individual air shower

P. Schellart et al., JCAP 10 (2014) 014

geomagnetic Askaryan



Figure 14: Air shower as measured with LOFAR with a best fit to the data (equation (10)). Left: Pattern projected into the
shower plane. The circles indicate the measurements, the background indicates the fit. The integrated total pulse power is
encoded in color. Right: Pulse power as a function of the distance to the shower axis. The open black squares indicate the
measurements, the full red circles show the fit to the data.

The fit can essentially be reduced to four parameters, given that in experiments the arrival direction is
estimated independently of the signal strength via timing. We exemplary show that the parameterization
reproduces air showers as measured with LOFAR. This is the first analytic parameterization to do so.

In further investigations we will study methods to derive X
max

based on the discussed parametrization
from measured data and explore the achievable resolution. For LOFAR, this parameterization can for now
simplify and speed up the identification of X

max

, compared to the current method that is based on individual
simulations for every air shower covering the whole parameter space.

If one wants to use the lateral distribution of the radio emission of air showers as an independent tool
to determine all air shower characteristics, one needs to provide a su�ciently high number of independent
measurements of the signal strength. Experiments measuring the radio emission then need to be set-up
accordingly. In oder to be able to use the most minimal parametrization of the lateral distribution at least
four measurements are needed.

Appendix A. Fit parameters
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encoded in color. Right: Pulse power as a function of the distance to the shower axis. The open black squares indicate the
measurements, the full red circles show the fit to the data.
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telescope. Showers that occurred within an hour of lightning activity 
or that have a polarization pattern that is indicative of influences from 
atmospheric electric fields are excluded from the sample15.

Radio intensity patterns from air showers are asymmetric, owing to 
the interference between geomagnetic and charge-excess radiation. 
These patterns are reproduced from first principles by summing the 
radio contributions of all electrons and positrons in the shower. We 
use the radio simulation code CoREAS16, a plug-in of CORSIKA17, 
which follows this approach.

It has been shown that Xmax, the atmospheric depth of the shower 
maximum, can be accurately reconstructed from densely sampled 
radio measurements18. (The atmospheric depth is the air density 
integrated over the path that the particle has travelled, starting at the 
top of the atmosphere.) We use a hybrid approach that involves simul-
taneously fitting the radio and particle data. The radio component is 
very sensitive to Xmax, whereas the particle component is used for the 
energy measurement.

The fit contains four free parameters: the shower core position (x, y), 
and scaling factors for the particle density (fp) and the radio power (fr). 
If fp deviates substantially from unity, then the reconstructed energy 
does not match the simulation and a new set of simulations is pro-
duced. This procedure is repeated until the energies agree within the 
chosen uncertainties. The ratio of fr and fp should be the same for all 
showers, and is used to derive the energy resolution of 32% (see Fig. 1).

The radio intensity fits have reduced χ2 values ranging from 0.9 to 
2.9. All features in the data are well reproduced by the simulation (see 
Extended Data Figs 1–5), which demonstrates that the radiation mech-
anism is well understood. The reduced χ2 values that exceed unity 
could indicate uncertainties in the antenna response or the atmos-
pheric properties that were not already accounted for, or limitations 
of the simulation software.

Radio detection becomes more efficient for higher-altitude show-
ers that have larger footprints (that is, larger areas on the ground in 
which the radio pulse can be detected). However, the particle trigger 
becomes less efficient because the number of particles reaching the 
ground decreases. To avoid a bias, we require that all the simulations 
produced for a shower satisfy a trigger criterion (see Methods). Above 
1017 eV, this requirement removes four showers from the sample. At 
lower energies, the number of showers excluded increases rapidly, and 
so we exclude all showers with energies less than 1017 eV from our 
analysis.

Furthermore, we evaluate the reconstructed core positions of all 
simulated showers. Showers with a mean reconstruction error greater 

than 5 m are rejected. This criterion does not introduce a composition 
bias because it is based on the sets of simulated showers, not on the 
data. The final event sample contains 118 showers.

The uncertainty in Xmax is determined independently for all show-
ers18, and has a mean value of 16 g cm−2 (see Extended Data Fig. 6). 
Figure 2 shows our measurements of the average Xmax, 〈Xmax〉, which 
are consistent with earlier experiments using different methods. The 
high resolution for Xmax per shower allows us to derive more informa-
tion about the composition of cosmic rays, by studying the shape of 
the Xmax distribution. For each shower, we calculate a mass-dependent 
parameter:

=
〈 〉−
〈 〉− 〈 〉

( )a
X X
X X

1proton shower

proton iron

in which Xshower is the reconstructed Xmax, and 〈Xproton〉 and 〈Xiron〉 
are mean values of Xmax for proton and iron showers, respectively,  
predicted by the hadronic interaction code QGSJETII.0419.

The cumulative probability density function (CDF) for all showers 
is plotted in Fig. 3. First, we fit a two-component model of protons and 
iron nuclei (p and Fe), with the mixing ratio as the only free parameter.  
To calculate the corresponding CDFs we use a parameterization of the 
Xmax distribution fitted to simulations based on QGSJETII.04. The 
best fit is found for a proton fraction of 62%, but this fit describes  
the data poorly, with p = 1.1 × 10−6. (The test statistic for this fit is 
the maximum deviation between the data and the model CDFs, and p 
represents the probability of observing this deviation, or a larger one, 
assuming the fitted composition model; see Methods.)

A better fit is achieved with a four-component model of protons and 
helium, nitrogen and iron nuclei (p, He, N and Fe), yielding p = 0.17. 
Although the best fit is found for a helium fraction of 80%, the fit qual-
ity deteriorates slowly when replacing helium nuclei with protons. This 
is demonstrated in Fig. 4, in which p is plotted for four-component 
fits for which the fractions of helium nuclei and protons are fixed, and 
the ratio of nitrogen and iron nuclei is the only free parameter. The 
total fraction of light elements (p and He) is in the range [0.38, 0.98] 
at a 99% confidence level, with a best-fit value of 0.8. The heaviest 
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Figure 1 | Energy resolution. The distribution of fr/fp (blue bars) is fitted 
with a Gaussian (red dashed curve), yielding a standard deviation of 
σ = 0.12 on a logarithmic scale, which corresponds to an energy resolution 
of 32%; this value is the quadratic sum of the energy resolution of the radio 
and particle resolutions. In this analysis, there was no absolute calibration 
for the received radio power, so fr has an arbitrary scale.

log10[E (eV)]

〈X
m

ax
〉 (

g 
cm

–2
)

750

700

650

600

800

Pierre Auger (ref. 26)
LOFAR

HiRes/MIA (ref. 27)

Yakutsk  (ref. 28)
Tunka  (ref. 29)

550
17.517.0 18.0
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Xmax as a function of energy E for LOFAR, and for previous experiments 
that used different techniques26–29. Error bars indicate 1σ uncertainties. 
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− g14
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indicated by the shaded band. The Pierre Auger Observatory26 measures 
the fluorescent light emitted by atmospheric molecules excited by  
air-shower particles. HiRes/MIA27 used a combination of this fluorescence 
technique and muon detection. The Yakutsk28 and Tunka29 arrays use  
non-imaging Cherenkov detectors. The green (upper) lines indicate 〈Xmax〉 
for proton showers simulated using QGSJETII.04 (solid) and EPOS-LHC 
(dashed); the red (lower) lines are for showers initiated by iron nuclei.
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A large light-mass component of cosmic rays at 
1017–1017.5 electronvolts from radio observations
S. Buitink1,2, A. Corstanje2, H. Falcke2,3,4,5, J. R. Hörandel2,4, T. Huege6, A. Nelles2,7, J. P. Rachen2, L. Rossetto2, P. Schellart2,  
O. Scholten8,9, S. ter Veen3, S. Thoudam2, T. N. G. Trinh8, J. Anderson10, A. Asgekar3,11, I. M. Avruch12,13, M. E. Bell14,  
M. J. Bentum3,15, G. Bernardi16,17, P. Best18, A. Bonafede19, F. Breitling20, J. W. Broderick21, W. N. Brouw3,13, M. Brüggen19,  
H. R. Butcher22, D. Carbone23, B. Ciardi24, J. E. Conway25, F. de Gasperin19, E. de Geus3,26, A. Deller3, R.-J. Dettmar27,  
G. van Diepen3, S. Duscha3, J. Eislöffel28, D. Engels29, J. E. Enriquez3, R. A. Fallows3, R. Fender30, C. Ferrari31, W. Frieswijk3,  
M. A. Garrett3,32, J. M. Grießmeier33,34, A. W. Gunst3, M. P. van Haarlem3, T. E. Hassall21, G. Heald3,13, J. W. T. Hessels3,23,  
M. Hoeft28, A. Horneffer5, M. Iacobelli3, H. Intema32,35, E. Juette27, A. Karastergiou30, V. I. Kondratiev3,36, M. Kramer5,37,  
M. Kuniyoshi38, G. Kuper3, J. van Leeuwen3,23, G. M. Loose3, P. Maat3, G. Mann20, S. Markoff23, R. McFadden3,  
D. McKay-Bukowski39,40, J. P. McKean3,13, M. Mevius3,13, D. D. Mulcahy21, H. Munk3, M. J. Norden3, E. Orru3, H. Paas41,  
M. Pandey-Pommier42, V. N. Pandey3, M. Pietka30, R. Pizzo3, A. G. Polatidis3, W. Reich5, H. J. A. Röttgering32, A. M. M. Scaife21,  
D. J. Schwarz43, M. Serylak30, J. Sluman3, O. Smirnov17,44, B. W. Stappers37, M. Steinmetz20, A. Stewart30, J. Swinbank23,45,  
M. Tagger33, Y. Tang3, C. Tasse44,46, M. C. Toribio3,32, R. Vermeulen3, C. Vocks20, C. Vogt3, R. J. van Weeren16, R. A. M. J. Wijers23, 
S. J. Wijnholds3, M. W. Wise3,23, O. Wucknitz5, S. Yatawatta3, P. Zarka47 & J. A. Zensus5

Cosmic rays are the highest-energy particles found in nature. 
Measurements of the mass composition of cosmic rays with energies 
of 1017–1018 electronvolts are essential to understanding whether 
they have galactic or extragalactic sources. It has also been proposed 
that the astrophysical neutrino signal1 comes from accelerators 
capable of producing cosmic rays of these energies2. Cosmic 
rays initiate air showers—cascades of secondary particles in the 
atmosphere—and their masses can be inferred from measurements 
of the atmospheric depth of the shower maximum3 (Xmax; the depth 
of the air shower when it contains the most particles) or of the 
composition of shower particles reaching the ground4. Current 
measurements5 have either high uncertainty, or a low duty cycle 
and a high energy threshold. Radio detection of cosmic rays6–8 is 
a rapidly developing technique9 for determining Xmax (refs 10, 11) 
with a duty cycle of, in principle, nearly 100 per cent. The radiation 
is generated by the separation of relativistic electrons and positrons 
in the geomagnetic field and a negative charge excess in the shower 
front6,12. Here we report radio measurements of Xmax with a mean 
uncertainty of 16 grams per square centimetre for air showers 

initiated by cosmic rays with energies of 1017–1017.5 electronvolts. 
This high resolution in Xmax enables us to determine the mass 
spectrum of the cosmic rays: we find a mixed composition, with 
a light-mass fraction (protons and helium nuclei) of about 80 per 
cent. Unless, contrary to current expectations, the extragalactic 
component of cosmic rays contributes substantially to the total flux 
below 1017.5 electronvolts, our measurements indicate the existence 
of an additional galactic component, to account for the light  
composition that we measured in the 1017–1017.5 electronvolt range.

Observations were made with the Low Frequency Array (LOFAR13), 
a radio telescope consisting of thousands of crossed dipoles with 
built-in air-shower-detection capability14. LOFAR continuously 
records the radio signals from air showers, while simultaneously 
running astronomical observations. It comprises a scintillator array 
(LORA) that triggers the read-out of buffers, storing the full wave-
forms received by all antennas.

We selected air showers from the period June 2011 to January 2015 
with radio pulses detected in at least 192 antennas. The total uptime 
was about 150 days, limited by construction and commissioning of the 

1Astrophysical Institute, Vrije Universiteit Brussel, Pleinlaan 2, 1050 Brussels, Belgium. 2Department of Astrophysics/IMAPP, Radboud University Nijmegen, PO Box 9010, 6500 GL Nijmegen,  
The Netherlands. 3ASTRON, Netherlands Institute for Radio Astronomy, Postbus 2, 7990 AA Dwingeloo, The Netherlands. 4Nikhef, Science Park Amsterdam, 1098 XG Amsterdam, The Netherlands. 
5Max-Planck-Institut für Radioastronomie, Auf dem Hügel 69, 53121 Bonn, Germany. 6Institute for Nuclear Physics (IKP), Karlsruhe Institute of Technology (KIT), Postfach 3640, 76021 Karlsruhe, 
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Composition sensitivity for inclined showers

Only radio emission + muons survive for inclined showers
Complementary information on shower Æ primary particle type
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ARA Collaboration ARIANNA Collaboration

Neutrino-induced showers in ice
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T. Huege et al., 
ICRC 2015, Den Haag

antenna stations
particle detectors

The Square Kilometer Array: ultra high precision

Phase 1: ~ 60,000 antennas on ½ km²
Scintillator array planned for E > 1016 eV



Not sure yet whether Radio Emission can make a  
transformational difference for CR experiments.



Galactic CRs 
Spectra & Composition

Knee - 1018 eV



Kascade 
Kascade Grande
Tunka
IceTop
Auger HEAT
TALE

Energy:    Knee - 1018 eV
Composition:  light - heavy

Difficult to see a coherent picture.
Experiments with very different systematics ?
 



Modelling



SNR paradigm:

SNRs have the right energetics 

Diffusive Shock Acceleration produces power-laws 

B amplification enhances particle diffusion

99

Is acceleration at shocks efficient? When? 

How do CRs amplify the magnetic field? 

How are particles injected in DSA?

BUT

G292.0+1.8

Cosmic-Ray Acceleration 
 (and Propagation)

D Caprioli



Collisionless shocks

Mediated by collective electromagnetic interactions   

Show prominent non-thermal activity

100



Hybrid simulations of collisionless 
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Out of plane B FIELD
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Initial B field

 dHybrid code (Gargaté et al, 2007; DC & Spitkovsky 2014)
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 dHybrid code (Gargaté et al, 2007; DC & Spitkovsky 2014)



CR-driven instability

102

DC & Spitkovsky, 2013

Initial B field 
Ms=MA=30



CR-driven instability

102

DC & Spitkovsky, 2013

Initial B field 
Ms=MA=30



Kinetic simulations 

Electron physics, heavy nuclei, plasma instabilities 

Multi-scale approach 

From microphysical to phenomenological scales  

Gamma-ray/neutrino observatories 

More spatially-resolved sources 

Active role of CRs in galactic dynamics 

Generation of B fields, ionization, CR-driven winds

What do we need to do better 
What you can do for CRs

What can CRs do for you?

End



THE&GALPROP&TEAM:&&
I.&Moskalenko&and&A.&Strong&(original&developers),&&
S.&Digel,&G.&Johannesson,&E.&Orlando,&T.&Porter,&A.&Vladimirov&&&

&hVp://galprop.stanford.edu&

It&solves&the&transport&equa+on&(energy&losses,&diffusion,&accelera+on,&
convec+on,&fragmenta+on,&radioac+ve&decay)&for&all&CR&species&

5&Elena&Orlando&

CR&Propaga+on:&GALPROP&



What’s&cooking?&

GALPROP&

“non5standard
”/propaganon

/models//Aniso
tropic

&IC&

Stay&tuned&!&
Elena&Orlando& 25&



Sergey Ostapchenko

Hadronic Interaction Models for Air shower simulations

Valuable new data from LHC

Improved understanding of model subtleties.

Tensions with Auger experimental findings persist for now.

(QGSJET-II-04)    



Summary

1 LHC studies of pp collisions constrained interaction models

most important for CR physics: σ
tot/el
pp by TOTEM & ATLAS

of importance: to resolve the diffraction issue

2 Differences for predicted Kinel
p−air (⇒ Xmax):

model assumptions for constituent parton Fock states

can be discriminated by combined measurements with forward
& central detectors

e.g. studies of CMS-TOTEM correlation may refute SIBYLL

3 Present uncertainties for EAS predictions:
largely due to the treatment of pion-air interactions

can be constrained by X
µ
max measurements in CR experiments

4 Present PAO data on X
µ
max: push towards a light composition

but: conflict with PAO results on RMS(Xmax)

Sergey Ostapchenko



Main Themes of 
the Current Discussions



The  three “S” of Cosmic Ray Research:
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Most results in CR physics are plagued by systematics
on various levels.

difficult questions tackled with too simple experiments

differences between similar experiments.
differences between data and sims.
differences between model variants.

Need to investigate / discuss the systematics 
in great detail, and lay it open to scrutiny 
by the wider community

An experimental result without extensive discussion 
of the systematics is not credible.



good examples for detailed systematic studies:

e.g.    AMS,  Pamela,    Auger, 
(a lot of work …)

Experimental results should ideally get 
an independent confirmation.

Competition is healthy and improves greatly 
the quality of results and the overall understanding.

(e.g.     AGASA - Fly’s Eye,    Auger - TA,    KASCADE - IceTop,
Pamela - AMS, Galprop - CRpropa,     QGSjet - EPOS, … )   



Many CR experiments start out with 
an experimental setup that turns out not to be 
good enough to answer credibly the science question
originally aimed at.

Leads to:    add-ons,  extensions,  upgrades
in the hope to achieve (more) conclusive results.

Define clearly / quantify the scientific objective 
of your planned experiment.
Check first  that the experiment can actually deliver 

what it is supposed to do.



CR physics is difficult / complicated
and scientists tend to be too optimistic. 

But better planning is now possible:
simulation tools can tell what performance can be
reached, before building / extending an experiment.

Don’t take a  “suck and see”  approach. 



“Extraordinary claims require  
extraordinary evidence”

and also: 
extraordinary control of the experiment

openness on calibration & analysis
detail in documentation

efforts to convince the community

If you cannot convince the community, it’s not good enough.

Is your result well acknowledged & cited?
Does it make it into text books ?

the PDG reviews?



Keep the measurements and 
the interpretation of results well separated. 

The former should remain unchanged with time,
The latter should be revised, as more knowledge accumulates.

Make data and analysis publicly available  
(data preservation) so that others can redo the analysis later.



Summary  I
good incremental progress has been achieved recently
on many fronts.

We saw vibrant reports on a broad cross-section 
of exciting scientific questions.

Progress is limited more by systematics than by statistics.

A large range of new experiments are planned which 
undoubtedly extend our knowledge on Cosmic Rays.



Frustrated about the slow progress 
in Cosmic Ray research?



26 years ago 
Rapporteurs talks of
ICRC 1990 Adelaide

Frustrated about the slow progress 
in Cosmic Ray research?



SNR, Fermi acceleration at strong shocks,  
Radio (synchrotron), X-rays to study acceleration in SNRs 
UHECR ???



1989:  Crab nebula in TeV gamma rays 

Hype in gamma detection:  
many sources, claimed at  
 TeV … PeV …EeV 

Her X1, Cyg X3, Cen-A,  Sco-X1,  
3C273, 3C279, M87, …  
not confirmed as claimed.



SN 1987a:  neutrinos  seen !! 

indications of deficit in muon neutrinos: 
 oscillations 

TeV neutrinos expected from putative gamma 
sources.  IMB, KGF, Kamiokande, …  
atmospheric neutrino background discussed 

DUMAND planned (cancelled 1995) 
Baikal:  first strings deployed.



SN 1987a:  high expectations 
TeV… PeV  gamma ray claimed, not confirmed 

composition below the knee:     
  CRN, Sokol, Jacee 

above:  Fly’s Eye, Yakutsk     
  protons, but shifted X_max 

at UHE:    no ankle no GZK cut-off.



22th ICRC, Adelaide,  Jan 1990



Since then: lots of new experiments / activities / techniques / tools:

AGASA, Hires, Auger, TA, …
Kascade, Kascade Grande, IceTop, …   
balloon expts:  HEAT, Cresst, Tracer, Cream, … LD balloonflights
Space expts.  … CGRO, Fermi,  Pamela, AMS … 

Cherenkov telescopes, 
Neutrino telescopes (DUMAND planning, Baikal first strings deployed) 
Hybrid expts.  (array + fluorescence)  
Radio detection of air showers  
FD from space

CORSIKA, QGSjet, EPOS, GEANT
Galprop, CRPropa, 
mag. field amplification,  
numerical simulations of acceleration processes,

multivariate analyses, neural nets, …
massive computing power, 

multi wavelength, multi messenger approach



Summary  II
HUGE progress has been achieved in the last 26 years, 
much of it in small, incremental steps. 

There is no reason why this should slow down in the 
next decades.

Key to success: 

Imagination & Motivation of Scientists, 

Good reliable results to keep community 
and funding agencies supportive for new experiments



A warm    “Thank You”  

to the organisers of this meeting and  
to all participants for presentations, posters  
and fruitful discussions.


