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Instruments and γ-sky
at beginning of 1970s

Slides stolen from
welcome address by
Werner Hofmann

diffuse γ sky 1972

Steinke apparatus at Hafelekar
station to measure CR flux
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Instruments and γ-sky
... as of today

Slides stolen from
welcome address by
Werner Hofmann

http://tevcat.uchicago.edu/

> 140 sources (2012)

http://tevcat.uchicago.edu
http://tevcat.uchicago.edu
http://tevcat.uchicago.edu
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Instruments and CR-sky
at beginning of 1960s

1 event at 1020 eV...

Zatsepiu                 @ Pamirs Linsley @ Volcano Ranch
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Instruments and CR-sky
... as of today

 OBSERVATORY 

 

 OBSERVATORY 

 

0180360

>140 events (>55 EeV),
no CR source...
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Main Players

KASACDE-Grande

Tunka

Telescope 
Array

Auger

(HiScore)

AMS

(CALET)

IceTop
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courtesy R. Engel
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Image of non-thermal Universe

„GZK?“

Features of CR spectrum
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courtesy R. Engel
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SNR?

Diffusion losses
from Galaxis ?

p
Fe

....

SNR ?

Galactic CRs?

magn. confinement
➠ Emax ~ Z

The Classical Picture

Fe-knee

p,He-knee



Karl-Heinz Kampert – University Wuppertal γ 2012, Heidelberg11

courtesy R. Engel

Particle Energy (eV)

1310 1410 1510 1610 1710 1810 1910 2010

)
1.

5
 e

V
-1

 s
r

-1
 s

ec
-2

 J
(E

)  
(m

2.
5

Sc
al

ed
 fl

ux
   

E

1310

1410

1510

1610

1710

1810

1910

    (GeV)ppsEquivalent c.m. energy 
210 310 410 510 610

RHIC (p-p)
-p)eHERA (

Tevatron (p-p)
LHC (p-p)

ATIC
PROTON
RUNJOB

KASCADE (QGSJET 01)
KASCADE (SIBYLL 2.1)
KASCADE-Grande (prel.)
Tibet ASg (SIBYLL 2.1)

HiRes-MIA
HiRes I
HiRes II
Auger SD 2008

SNR?

Diffusion losses
from Galaxis ?

p
Fe

....

SNR ?

Galactic CRs?

magn. confinement
➠ Emax ~ Z

Latest Data

Fe-knee

p,He-knee
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All-Particle Spectrum: KA-Grande+Auger
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KASCADE-Grande, APP 36 (2012) 183

Much richer structure than
just simple power law
• concave shape at ~2·1016 eV
• 2nd knee at ~8·1016 eV
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All-Particle Spectrum: IceTop
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concave shape at ~2·1016 eV

threshold
of analysis

1015                    1016                      1017                      1018

Energy (eV)

Alessio Tamburro @ MG13 last week

2nd knee at ~1017 eV

confirms both findings
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Heavy vs Light Primaries

14

KASCADE-Grande, 

PRL 107 (2011) 171104

Structures appear to originate
from heavy component

light  

heavy
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Take Home Message 1

Major progress in 1016 eV to 1018 eV energy range:

➙ evidence for 2nd knee at ~8·1016 eV
    originates from heavy primaries

➙ some evidence for concave curvature @ ~ 2·1016 eV
    may be caused to onset of heavy component

15

Bumpiness of spectrum
due to less galactic diffusion / nearby sources ?

Would be good to confront source and acceleration scenarios 
such as were discussed at this meeting to data
... and to be combined also with galactic propagation
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CR Sky at TeV energies

16

Tibet ASγ

IceCube

Milagro

IceCube

Large-scale anisotropy (>60°) at
the level of 10-3 observed in the
northern and southern sky.

Small-scale anisotropy (10°-20°) 
the level of 10-4

see talk & poster by S. Westerhoff

Could be indicative again for a few nearby SNR sources
a/o local turbulent B-field

see also poster by G. Giacinti
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PeV Protons in Tycho SNR ?

17

Y. Uchiyama at Gamma2012

Eriksen+11

 Non-linear DSA theory with magnetic field amplification 
due to CR current driven instability can explain the stripes 
(Bykov+11):

• magnetic turbulence wave spectrum may have a peak, if 
turbulence cascading along the mean field is suppressed 
(Vladimirov+09)

Separation of stripes: 

Gyroradius of highest energy 
protons (~1015 eV)

Stripes

Y. Uchiama

A. Bykov
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PeV Protons in SNRs

Tony Bell,  Young high velocity SNRs may reach PeV scale 
B. Reville:  protons, but need
    amplified B-Field

Matthieu Renaud: SN1993a
    ~1016 eV protons
    within a few days !!?
Vikram Dwarkadas: Emax reached 
    fast, 10s of years

L.T. Ksenofontov: SN1006 from
    HESS obs. ➙ ~ 2PeV

G. Morlino, D. Caprioli: Tycho efficient CR accel. ε~12%, Emax~0.5 PeV

Mikhail Malkov: strong self confinement of escaping CRs
.. and many more specific models

18
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Ongoing and New Projects @ GeV-range

19

AMS
• most complex instrument
• launched 16.05.2011
• will measure light CR isotopes
• ~400 MeV - ~ 10 GeV

➙ improve understanding of CR 
propagation in galaxy
• still calibrating, no data release yet

CALET (see Poster by M. Mori)
• CALorimeteric Electron Telescope
• 0.12 m2 sr
• 30 X0 calorimeter
• dedicated for electrons
• nuclei 50 GeV - ~100 TeV
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Ongoing and New Projects @ PeV-range

20

IceTop & IceCube: (see talk by I. Taboada)
• em component @ surface
• µ component underground

➙ analysis in progress

Cherenkov
light cone

HiSCORE @ Tunka

Radio 
detection

HiScore @ Tunka + Radio

• GeV-TeV γ‘s by open Cherenkov
• PeV - EeV CRs by Radio Detection

➙ engineering array under 
construction, first light seen

(see poster by M. Tluczykont)
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Ongoing and New Projects @ PeV-range

21

LHAASO

• γ sky above 100 GeV

• γ spectra above 100 TeV

• CRs above 30 TeV

➙ preparatory phase,
    mostly driven by China

HAWK (see talk by A. Sandoval)

• γ sky above 100 GeV

• CR anisotropies @ TeV-scale

➙ under construction
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courtesy R. Engel
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Galactic CRs?

magn. confinement
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Towards the Ankle and GZK-region

Fe-knee

p,He-knee

AGN ?

Extragal. CRs?

    extragal.
component

p
classical
ankle model
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courtesy R. Engel
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courtesy R. Engel
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Active Galactic
Nuclei (AGN)

LHC

GRB

AGN-Jets

SNR

Colliding Galaxies
Milky-Way

Cosmic Ray Accelerators
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Neutron Stars

white dwarfts

Active Galactic Nuclei ?

jets from radio
Interplanetary
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Hybrid Observation of EAS

26

Particle-density and
-composition at ground

light trace
at night-sky
(calorimetric)

Also:
Detection of Radiosignals

Fluorescence light
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The UHECR Hybrid Generation

27

talk by Stefan Westerhoffposter by T. Nonaka

same scale

3000 km2700 km2

Pierre Auger Observatory

Telescope Array
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Energy Spectra
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TA
(T. Nonaka)

Auger
(S. Westerhoff)

Eank=1018.69 eV

  Ecut=1019.68 eV

• Auger has about 10 times larger statistics

• Spectra are consistent within their systematic uncertainties

• Can be brought to agreement by constant energy

  shifts (TA E × 0.906,  Auger E × 1.102).

Is this the GZK cut-off ?

 OBSERVATORY 
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CR Mass Composition
29
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CR Mass Composition

For distant sources GZK-effect will
 • rapidly photodisintegrate nuclei (if they were present)

 • degrade proton energy
 ➙ composition will be light in GZK-domain

 ➙ expect secondary (cosmogenic) γ‘s and ν‘s 

Maximum energy of nearby sources will
 • naturally enhance heavy primaries by EA = Z ⨉ Ep

    (same effect as kmown from knee)
 ➙ compos. will become heavy towards cut-off region

30
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Longitudinal Shower Development

31

 OBSERVATORY 

 

Example of a 3·1019 eV EAS event

KHK, Unger APP 2012
EPOS 1.99 Simulations
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〈Xmax〉and RMS(Xmax) from Auger
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change of composition

from light to heavy ?

 OBSERVATORY 

 

Auger Collab. PRL 104, 2010, updated: Facal, ICRC 2011

Sys. uncertainty:  13 g/cm2 (mean)
      6 g/cm2 (RMS)

Independent confirmation from
other composition indicators

talk by Stefan Westerhoff
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Does Auger see the limiting energy of CR sources?

33

Protons Emax,p = 1018.4 eV

Iron Emax, Fe = 26 Emax,p

        = 1020 eV

(Allard, arXiv:1111.3290, APP 2012)

lg(E/eV)
1810 1910 2010

]2
) [

g/
cm

m
ax

R
M

S(
X

10

20

30

40

50

60

70

proton

Iron

Flucutations of Xmax

Natural transition to heavier
composition at high energy !

Note: In this picture flux
is not suppressed by GZK!

(see also talk by
M. Hardcastle)
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〈Xmax〉and RMS(Xmax) from TA

34

light composition at 
all energies

Sys. uncertainty: 
  13 g/cm2 (mean)

poster T.  Nonaka
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Preliminary
BR/LR Stereo events

logE=18.2-18.4

Fe (GQSJET II)

p (GQSJET II)

logE=19.4-19.6

Auger and TA data 
are not consistent
No issue of analyses 
identified so far
Collaboration 
working to solve/ 
understand issue
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CR Composition: World Compilation

35

KHK, Unger APP 35:660 (2012)
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KHK, Unger APP 35:660 (2012)
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Complementary Info from γ‘s and ν‘s
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nearby source (10 Mpc) :

Fν ~ Fγ ~ 1% FCR at EeV

CR

γ ν  

distant sources:

Fν ~ FCR

Fγ ~ 0.1% FCR at EeV

CR

ν  
γ 

(N. Nierstenhöfer, A. van Vliet)

target for
Satellites

! � + ⌫
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Photon Limits

38

Exotic Models of CR origin disfavored, GZK not yet reached

GZK p

γ-showers
penetrate deeper 
into atmosphere and 
contain almost no µ‘s

Remember: exotic models
were invented to explain
apparent absence of GZK-
suppression

GZK γ‘s may be in reach, 
if p-sources
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Neutrino Limits

39

GZK p

KHK, Unger APP 35:660 (2012)

GZK Fe

GZK ν‘s or γ‘s
could be the 
smoking gun
for GZK-effect!

GZK mixed

Talk by I. Taboada:

IceCube found 2 ν events 
but at lower energies, 
GZK origin very unlikely

Auger
ANITA-IIIceCube
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CR Astronomy
40
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0180360

41

event position

AGN position
(3.1° circle)

Astropart. Phys. 34 (2010) 314

33±5%
Total: 28/84
P=0.006

Telescope Array:
11/25 = 44%
with iso-bkg = 24%
➙ 2% chance probability
➙ agree with Auger
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Current Status of Correlation with AGN

poster T.  Nonaka
talk by S. Westerhoff

arXiv:1205.5984



Closest Active Galactic Nucleus: Centaurus A

Moon for comparison of apparent size

21
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Cosmic'ray'constraints'

•  RGs'can'accelerate'protons'to'the'highest'
observed'energies'in'the'lobes'(MJH+'09,'MJH'
10)'but:'
– Must'be'FRIs'(no'FRIIs'<'GZK)'
– Lobes'must'be'large'+'luminous'(Hillas'criterion)'
– Mag.'fields'in'lobes'must'be'>~'equiparNNon'
– Alfven'speeds'in'lobes'must'be'high'
– SubstanNal'energy'in'turbulent'
component'of'magneNc'field.'

Martin Hardcastle
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A"plausible"(but"disappoin0ng)"

model:"MJH"10"
•  RG"giant"lobes"are"the"main"or"only"sources"of"UHECR"
accelera0on."They"operate"below"the"op0mal"
condi0ons"–"protons"get"up"to"~"1019"eV"and"light"
nuclei"to"~1020"eV."

•  The"accelerated"par0cle"popula0on"is"the"maLer"
entrained"by"the"jet"on"kpc"scales"–"significantly+metal.
enriched+by"stellar"winds."

•  Light"nuclei"origina0ng"in"the"giant"lobes"of"Cen"A"(3.7"
Mpc"away)"will"not"be"excessively"deflected"and"can"be"
detected"as"an"excess"(Liu+"12)."

•  But"other"sources’"light"nuclei"at"larger"distances"will"
be"deflected"by"IG"mag"fields…"no"other"discrete"
source"will"ever"be"detected."

Martin Hardcastle

44

... but origin of UHECR would be answered !
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A	  slightly	  altered	  plausible	  model

•	  RG	  giant	  lobes	  are	  the	  main	  or	  only	  sources	  of	  UHECR	  
accelera9on.	  They	  operate	  up	  to	  their	  limits
	  –	  protons	  get	  up	  to	  ~	  1019	  eV	  and	  light	  nuclei	  to	  ~1020	  eV.

•	  The	  accelerated	  par9cle	  popula9on	  is	  the	  maEer	  
entrained	  by	  the	  jet	  on	  kpc	  scales	  –	  significantly	  metal-‐
enriched	  by	  stellar	  winds.

•	  Light	  nuclei	  origina9ng	  in	  the	  giant	  lobes	  of	  Cen	  A	  (3.7	  
Mpc	  away)	  will	  not	  be	  excessively	  deflected	  and	  can	  be	  
detected	  as	  an	  excess.

•	  But	  other	  sources’	  light	  nuclei	  at	  larger	  distances	  will	  be	  
deflected	  by	  IG	  mag	  fields…	  no	  other	  discrete	  source	  will	  
ever	  be	  detected.

really depends on EGMF and Emax 
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Andrew Taylor 

17

New Extragalactic Magnetic Fields 
Bounds

New exclusion 
regions from 
Blazar 
measurements

Strength of EGMF

New exclusion regions 
from Blazar 
measurements

Andrew Taylor

Alexander Kusenkorelated:

critical region
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Cosmic Magnetic Fields

Halo B?

Extra-galactic B < nG ?

γ,n

weak deflection

RL = kpc  Z-1 (E / EeV) (B / μG)-1

RL = Mpc Z-1 (E / EeV) (B / nG)-1

strong deflection

Milky way

B ~ μG

E > 1019eV

E < 1018eV

�(E,Z) ⇥ 0.8�
�

1020 eV
E

⇥ ⇤
L

10 Mpc

⇤
Lcoh

1 Mpc

�
B

1 nG

⇥
· Z

CR Deflections in B-Fields
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Volume limited all-sky catalog of RG

48

Sjoert van Velzen, KHK, et al.

arXiv:1206.0031, ApJ in press

constructed from NVSS 
and SUMSS radio surveys 
+ 2MASS Redshift Survey 
(2MRS)

Galactic coordinates

• z <  0.03

• K > 11.75 & ( F1400 >  213 mJy or F843 >  289 mJy)

• total of 575 sources

• area of circles ~ radio flux of the source
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Hillas Diagram of RG
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Figure 1: Two examples of radio galaxies with lobes. The contours show the radio
emission (data from NVSS), with each individual Gaussian component indicated by a
purple box. The galaxies from the 2MRS catalog are labeled with green pentagons.
UGC 7360 shows radio lobes without central emission for the core of the jet, while
NGC 547 displays both jet and lobe emission (a second radio-emitting galaxy, without
lobes, can be seen west of NGC 547)
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Figure 2: The radio luminosity and size of radio-emitting galaxies within z = 0.04 (or
a co-moving distance of 170 Mpc), for the region with the largest value of B ⇥ R. For
components that are not resolved, we use the upper limit on R given by the resolution
of the radio survey (at 50 Mpc this corresponds to 10 kpc). The minimum luminosity
and size that are needed to contain cosmic rays (Eq. 3) are shown. Only a handfull of
sources within the GZK volume are above the limit for protons of 1020 eV, while all
sources are large enough to contain iron nuclei of this energy.
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Sjoert van Velzen et al. (work in progress)

Ep~1020 eV 

~5·1019 eV 

EFe~1020 eV 

Radio galaxies as the source of UHECRs:
Hillas diagram, energy injection, and

cross-correlation

Sjoert van Velzen, Heino Falcke, and Jörg Hörandel

June 14, 2012

Abstract

Radio galaxies are a longstanding candidate source of ultra-high energy cosmic
rays (UHECRs). Observations of the lobes of the prototypical radio galaxy Cen A
indicate that this source could be large and luminous enough to accelerate charged
particles to the ultra-high energy scale. We therefore wish to find all galaxies like
Cen A within the GZK horizon (100 Mpc) and check whether the properties of this
sample are consistent with the observed spectrum and angular distribution of UHE-
CRs. With this goal in mind, we have constructed a new catalog of radio-emitting
galaxies covering the entire extra-galactic sky. From our catalog we construct an
empirical Hillas diagram to identify all radio galaxies with lobes that are large
enough to contain ultra-high energy protons. We find that the total energy injected
per unit volume by the jets that are powering these lobes is su�cient to explain the
observed UHECR flux. However, we also find that the cross-correlation of radio
galaxies with UHECRs is not significantly stronger than the cross-correlation with
the local matter distribution. We conclude by discussing how our catalog can, in
principle, be used to rule out the hypothesis that radio galaxies are the source of all
ultra-high energy protons

1 Introduction
Nearby radio galaxies have been considered a potential source of ultra-high energy
cosmic rays (UHECRs) since the 1960s [1]. The jets of radio galaxies carry energy of
the accretion disk away from the black hole, creating lobes filled relativistic electrons
that emit synchrotron radiation. The magnitude of the magnetic field (B) in these lobes
can be estimated from their observed radio luminosity (L⌫) and radius (R). For any
synchrotron-emitting source, the total energy is minimum when the energy density
of the magnetic fields (UB) is in equipartition with the relativistic particles that are
emitting the radiation (Ue). Using this minimum energy argument, we find

B =
 

L⌫/✏
1031 erg s�1Hz�1

!2/7  
R

100 kpc

!�6/7 ✓ ⌫
GHz

◆1/7
µG (1)

1

Magnetic field inferred from radio luminosity and size



Karl-Heinz Kampert – University Wuppertal γ 2012, Heidelberg

Neutron Astronomy
ddecay = 9.2 kpc ⨉ E (EeV)
➙ above 2 EeV see most of galactic disk
produced more efficiently than γ‘s from π0:
 • pUHECR+pISM ➙ nUHECR + pISM + π+  (n takes most of energy)
" • pUHECR+pISM ➙ pUHECR + pISM + π0  (π0 takes small energy only)

50

➙ galactic TeV sources should plausibly
    produce neutrons
energy flux some γ sources exceed
1 eV/cm2/s at Earth
➙ assuming E-2 spectrum expect also 1 
eV/cm2/s @ EeV energy
upper limits of neutrons further down
by more than a factor of 10!

lo
g 

(F
)

log (E)

E-2

TeV PeV EeV

1 eV/cm 2/s

<0.1 eV/cm2/s
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Neutrons Upper Limit Sky-Maps

51

Fig. 4.— Celestial maps of the flux upper limit (particles
km2yr

) in Galactic coordinates.

6. Summary and discussion259

The blind search for a flux of neutral particles using the Auger SD data set finds no260

candidate point on the sky that stands out among the large number of trial targets. Upper261

limits have been calculated for all parts of the sky using four di↵erent energy ranges. Three262

of those ranges are independent data sets and the fourth is the combination of the other263

three. These upper limits pertain to neutrons, with systematic uncertainties as discussed in264

Section 4. (The methods used in this paper are less sensitive to photons.)265

The upper limits are generally more stringent where the directional exposure is266

relatively high, but they are strong enough to be of considerable astrophysical interest in267

all parts of the exposed sky. Above 1 EeV, the typical (median) flux upper limit is 0.0114268

25

1-2 EeV 2-3 EeV

>1 EeV >3 EeV

Auger (ICRC 2011), submitted to Journal

if hadronic galactic sources with E-2

spectrum up to EeV, we would have seen them
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Where do we go at highest energies...

52

• Ground based observatories (Auger, TA, Yakutsk) have formed

   joint working groups with joint analysis of data

• Upgrades of present observatories

 - mostly to enhance capabilities

• Ongoing R&D program for future ground based

   World-Observatory
 - understanding the origin of UHECR will require high precision data
 - opportunity for doing particle physics at Ecms = 10 x ELHC

• ... and rich physics (astro)program to be exploited

   by running observatories
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UHECRs  γ1912+100

53

Sorry, Victor, we couldn‘t find the sources yet...

... but we can smell them!

• 2nd („Fe“)-knee now established

• rich structure in the energy spectra, no simple power-laws

• no exotic models of UHECR origin needed

• Flux suppression unambiguously established
 - Is it the GZK suppression or limiting source energy ?

• Composition may provide the key

 - No unambiguous conclusion yet
 - No composition data for highest energies > 5⨉1019 eV

• Indications for weak anisotropy

• Particle physics with air showers

 - Model predictions bracket LHC data
 - Extension of energy range beyond LHC possible
 - Deficit in predicted number of muons at ground

}not addressed 
at this meeting


