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Low-energy CRs: rather high flux (1/

m2 s) but absorbed in the upper 

atmosphere. 

Direct detection (top of the 

atmosphere or in space)

Balloons

Rockets

Satellites

High energy cosmic rays: very rare 

(1/km2 y), but “penetrating” up to 

ground (atmospheric air-showers).

Indirect detection: long-lived large 

arrays (ground level)

Large telescopes

Extensive Air showers arrays

Direct
detection

Indirect
detection

...WHOSE LOCATION IS DICTATED BY THE CR FLUX

Filip
Owal



 Medellin, CERN Latin American School 2009, Lecture 1: Cosmic rays

ν Deflection angle ~ 1-2 degrees at 1020eV for protons

♦ Astronomy by hadronic particles?

UHECR propagation in Milky Way



Tibet as-gamma

Kascade

ICE-TOP

Lopes

HiRes

EAS-TOP

Auger

Kascade-Grande

1011-1013 eV:
Areas ≈ 104 m2

Spacing: full coverage
Altitude: very high

OR Cherenkov detectors

1018-1020 eV:
Areas ≈ 108-109 m2

Spacing ≈ 1000 m
Alt.: high

OR Flour. detector

TALE/Telescope 
array

KASCADE

1014-1016 eV:
Areas ≈ 105 m2

Spacing: ≈ 50 m
Altitude: high

TUNKA

ARGO

1016-1018 eV:
Areas ≈ 106 m2

Spacing ≈ 150 m
Alt.: moderate high
OR Radio detector

KASCADE-Grande



• IC22 detector, 4 x 109 events, Median energy ~ 20 TeV

• First indication of large scale ~10-3 anisotropy observed in the South.

• Good match to observations in the North.

Update on CR anisotropy studies with IceCube - ICRC 2013, Rio de Janeiro, Brazil, July 2nd-9thM. Santander 

IceCube - Large scale anisotropy

4

Abbasi et al., ApJ, 718, L194, 2010
arxiv/1005.2960

Relative intensity skymap in equatorial coordinates

(Northern sky)

(Southern sky)

from Marcos Santander ICRC 2013
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Higher Energies: IceTop

• At 400 TeV consistent with IceCube

• Amplitude increases with energy

8 IceCube Collaboration

Low energy High energy

A (�1.58± 0.46± 0.52)⇥ 10�3 (�3.11± 0.38± 0.96)⇥ 10�3

↵s 90.6� ± 6.8� ± 9.3� 88.1� ± 6.8� ± 11.1�

� 21.3� ± 5.8� ± 7.6� 43.1� ± 7.3� ± 13.1�

b (2.61± 0.64± 5.20)⇥ 10�4 (9.37± 1.96± 9.60)⇥ 10�4

�2/dof 13.2/11 10.7/11

Table 2
Fit parameters obtained for both energy datasets for the Gaussian function given in Eq. 3. In all cases, the first quoted uncertainty is

statistical while the second one corresponds to the systematics.

Figure 6. Relative intensity (top) and statistical significance (bottom) maps for the low-energy (left) and high-energy (right) data sets
for a smoothing angle of 20�.

A study of cosmic ray arrival directions with IceTop at
two di↵erent median energies, 400TeV and 2PeV, shows
significant anisotropy in both sets. The skymap is dom-
inated by a single deficit region with an angular size of
about 30�. The skymap at 400TeV is similar to a skymap
of comparable median energy obtained from cosmic rays
in IceCube (Abbasi et al. 2012b). IceTop data show that
this anisotropy persists to 2PeV.
The anisotropy in the southern sky at 400TeV and

2PeV is di↵erent in shape and amplitude from what
is observed at 20TeV. In the northern hemisphere, the
EAS-TOP experiment has also recently found indications
for an increasing amplitude and a change of phase be-
tween 100TeV and 400TeV in a harmonic analysis in
right ascension that considers the first and second har-
monic (Aglietta et al. 2009). The IceTop anisotropy is
not well-described by a sum of a dipole and a quadrupole
moment, so the results cannot be directly compared.
However, both northern and southern hemisphere data
seem to show qualitatively similar trends.
Although these results do not provide conclusive evi-

dence for any particular model, they lend support to sce-
narios where the large-scale anisotropy is a superposition
of the flux from a few nearby sources. The sparse spatial
distribution and the di↵erent ages of nearby supernova
remnants are expected to lead to a bumpy structure in
the amplitude and sudden changes in the phase of the
anisotropy as a function of energy (Blasi & Amato 2012).

Unfortunately, this energy dependence is dominated by
details such as the geometry of the Galaxy, the location,
age and injection spectrum of the sources, and the en-
ergy dependence of the cosmic ray di↵usion coe�cient.
While the predicted strength of the amplitude has the
correct order of magnitude, further quantitative predic-
tions are not possible at this point. In addition, in their
simplest form, these models predict a dipolar anisotropy,
whereas in most cases, the observed anisotropy cannot
be described as a simple dipole, which also means that
“amplitude” and “phase” are not well-defined.
It was recently pointed out that an existing dipolar

flux in addition to cosmic ray propagation in turbulent
magnetic fields close to Earth can explain the appear-
ance of small-scale structure (Giacinti & Sigl 2012). For
cosmic rays with energies from TeV to PeV, the relevant
distance scale is a few tens of parsecs, so the observed
anisotropy at these energies is indicative of the turbu-
lent Galactic magnetic field within this distance from
Earth. The model predicts that the anisotropy is energy-
dependent, but again, due to our poor knowledge of inter-
stellar magnetic fields, it cannot provide more quantita-
tive predictions that can be tested with data. A detailed
measurement of the anisotropy might lead to a better
understanding of these fields.
The observation of cosmic ray anisotropy with IceTop

opens up new possibilities for future studies that go be-
yond mapping the arrival direction distribution as a func-
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Figure 7. Relative intensity as a function of right ascension for the low-energy (left) and high-energy (right) data samples in the declination
band �75� < � < �35�. The error bars are statistical while the colored boxes indicate the systematic uncertainty obtained from analyzing
the same data in the anti-sidereal time frame (see Section 4 for details). The result of a fit using the Gaussian function given in Eq. 3 to
both energy bands are also shown.

050100150200250300350
Right Ascension [�]

-4.0

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

4.0

�
N

/h
N

i[
⇥1

0�3
]

Low energy band (this work)
IceCube (2012)

Figure 8. Comparison between the relative intensity projections
for the IceTop low-energy sample (blue filled circles) and the Ice-
Cube 400 TeV sample (black open circles) reported by Abbasi et al.
(2012b). The location and amplitude of both deficits are consistent
given the statistical and systematic uncertainties. The declination
range for the IceCube plot is �75� < � < �25�, slightly di↵erent
from the IceTop one.

tion of energy. IceTop is designed to measure the energy
spectrum and the chemical composition of the cosmic
ray flux above several hundred TeV, and these capabil-
ities allow for additional studies of the anisotropy. For
one of the excess regions observed in the 10TeV skymap,
the Milagro experiment has reported a di↵erent energy
spectrum than the isotropic cosmic ray flux (Abdo et al.
2008). With data from IceTop, studies of the energy
spectrum and composition of the cosmic ray flux in dis-
tinct regions of the southern sky can be performed.
IceTop is now in stable running mode in its complete

configuration of 81 stations. In two years, the size of
the cosmic ray data set available for anisotropy studies
will be more than twice what was used in the analysis
presented in this paper. Eventually, it will be possible
to extend the analysis of cosmic ray anisotropy to higher
energies.

6. ACKNOWLEDGMENTS

Some of the results in this paper have been derived us-
ing the HEALPix (Gorski et al. 2005) software libraries.
We acknowledge the support from the following agen-

cies: U.S. National Science Foundation-O�ce of Polar
Programs, U.S. National Science Foundation-Physics Di-
vision, University of Wisconsin Alumni Research Foun-
dation, the Grid Laboratory Of Wisconsin (GLOW)
grid infrastructure at the University of Wisconsin -
Madison, the Open Science Grid (OSG) grid infrastruc-
ture; U.S. Department of Energy, and National Energy
Research Scientific Computing Center, the Louisiana
Optical Network Initiative (LONI) grid computing re-
sources; National Science and Engineering Research
Council of Canada; Swedish Research Council, Swedish
Polar Research Secretariat, Swedish National Infrastruc-
ture for Computing (SNIC), and Knut and Alice Wal-
lenberg Foundation, Sweden; German Ministry for Ed-
ucation and Research (BMBF), Deutsche Forschungs-
gemeinschaft (DFG), Research Department of Plasmas
with Complex Interactions (Bochum), Germany; Fund
for Scientific Research (FNRS-FWO), FWO Odysseus
programme, Flanders Institute to encourage scientific
and technological research in industry (IWT), Belgian
Federal Science Policy O�ce (Belspo); University of Ox-
ford, United Kingdom; Marsden Fund, New Zealand;
Australian Research Council; Japan Society for Promo-
tion of Science (JSPS); the Swiss National Science Foun-
dation (SNSF), Switzerland.

REFERENCES

Abbasi, R., et al. 2009, Nucl. Instrum. Meth., A601, 294
—. 2010a, Nucl. Instrum. Meth., A618, 139
—. 2010b, The Astrophysical Journal, 718, L194
—. 2011, Astrophys.J., 740, 16
—. 2012a, submitted to NIM A. [arxiv/1207.6326]
—. 2012b, Astrophys.J., 746, 33
Abdo, A. A., et al. 2008, Phys. Rev. Lett., 101, 221101
—. 2009, Astrophys. J., 698, 2121
Aglietta, M., et al. 2009, Astrophys. J. Lett., 692, L130
Alexandreas, D. E., et al. 1993, Nucl. Instr. Meth. A, 328, 570
Amenomori, M., et al. 2005, Astrophys. J., 626, L29
—. 2006, Science, 314, 439
Blasi, P., & Amato, E. 2012, JCAP, 1201, 011

Cosmic Ray Anisotropy with IceTop 9

050100150200250300350
Right Ascension [�]

-4.0

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

4.0

�
N

/h
N

i[
⇥1

0�3
]

Low energy
Gaussian fit

050100150200250300350
Right Ascension [�]

-4.0

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

4.0

�
N

/h
N

i[
⇥1

0�3
]

High energy
Gaussian fit
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band �75� < � < �35�. The error bars are statistical while the colored boxes indicate the systematic uncertainty obtained from analyzing
the same data in the anti-sidereal time frame (see Section 4 for details). The result of a fit using the Gaussian function given in Eq. 3 to
both energy bands are also shown.
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UHECR: Correlations with AGN

• Clear prescription established by Auger
- Energy > 55 EeV
- Veron-Cetty & Veron Catalog (2006) of AGN < 75 Mpc
- 3.1o radius circle
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2MASS Galaxy Redshift Survey

Auger VCV Events
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Current Status: Auger

• From 2011 ICRC
• Current situation ~unchanged (now have 110 events)

- Correlating fraction now at 32% (21% is isotropy) 
and still ~2.8 σ
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Phase vs Amplitude

Pure isotropy
Almost isotropy

(signal size = mean noise)

GAP 2010-057

Sensitivity to large scale anisotropies :
phase versus amplitude measurements

Ra!aella Bonino1, Olivier Deligny2, Haris Lyberis2
1 IFSI-INFN, University of Torino, 2 CNRS/IN2P3 - IPN Orsay

I. PHASE AND AMPLITUDE P.D.F.

First harmonic analysis of arrival directions consists in estimating the amplitude and the phase of any (first har-
monic) genuine modulation. The first setp is to estimate x and y through :

x =
2

N

N
!

i=1

cos!i, y =
2

N

N
!

i=1

sin!i. (1)

From x and y, estimates r and " are then deduced through r =
"

x2 + y2 and " = arctan (y/x). The statistical
properties of r were shown to follow a Rayleigh distribution in case of isotropy, while " follows a uniform distribution [1].

In case of an underlying genuine signal with amplitude s and phase "0, as discussed the 2nd alternative of Linsley [1],
the joint p.d.f. pR,!(r,") of the couple of random variables (R, ") is obtained from the change of variables :

pR,!(r,") = rpX,Y (r cos" ! s cos"0, r sin" ! s sin"0). (2)

X and Y may be considered as independent normal variables centered in (x0 = s cos"0, y0 = s sin"0) with #2 = 2/N
as soon as the number of events N is large enough (in practice, a few tens of events is su#cient). The p.d.f. of the
amplitude pR(r) and of the phase p!(") are thus simply obtained by integrating over " and r respectively :

pR(r) =
r

#2
exp

#

!
r2 + s2

2#2

$

I0

#

rs

#2

$

, (3)

p!(") =
1

2$
exp

#

!
s2

2#2

$

+
s cos (" ! "0)

2
"

2$#

#

1 + erf

#

s cos (" ! "0)"
2#

$$

exp

#

!
s2 sin2 (" ! "0)

2#2

$

. (4)

Examples of pR functions are shown in Fig.1-left for N = 30, 000 events, and s = 0 (in blue) and s = 1% (in red). In
such case, the background noise at the level of

"

$/N # 1% dilutes the genuine signal, and only positive fluctuations
may help to detect a significant signal. Meanwhile, using the exactly same parameters, the distributions of the phases
for both cases are shown in Fig.1-right. The p.d.f. in presence of a genuine signal is already almost Gaussian with a
variance (#/s)2.

Amplitude
0 0.01 0.02 0.03 0.04 0.05

p.
d.

f.

0

20

40

60

80

100
s=0
s=1%

]°[!
-150 -100 -50 0 50 100 150

p.
d.

f.

0

0.2

0.4

0.6
s=0
s=1%

FIG. 1: Left: p.d.f. of the first harmonic amplitude for a set of 30,000 events, without any genuine signal (s = 0) and in case
of a genuine signal s = 1%. Right: p.d.f. of the first harmonic phase ! = "!"0 for a set of 30,000 events, without any genuine
signal (s = 0) and in case of a genuine signal s = 1%.
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Phase vs Amplitude : Detection Power
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FIG. 3: Power of the tests on amplitudes (in blue) and on phases (in red) as a function of the number of bins Nb entering in
each test, in case of a genuine signal s = 1% and with N = 30, 000 events in each bin.

Without any prior knowledge of the expected amplitudes s, the inputs given to the L1 function are the measurements
performed in each energy interval. By generating bins of N = 30, 000 events drawn from an isotropic distribution
and by calculating the empirical mean phase to build L1, the distribution of the variable !2 ln (!) - centered on
"!2 ln (!)# and scaled by "!2 ln (!) - is shown in Fig. 2 for di!erent number of bins Nb entering in the likelihood ratio
test. The null and alternative hypotheses belonging to separate families of hypotheses1, the asymptotic behaviour of
!2 ln (!) is expected to be Gaussian. This is indeed the case as soon as Nb $ 100. Both "!2 ln (!)# and "!2 ln (!)

may be calculated analytically, but we do not reproduce this calculation as it is irrelevant to deal with the asymptotic
behaviour (large Nb) in realistic cases. In practice, we are thus left to generate by Monte-Carlo, case by case, the
distribution of !2 ln (!) considering the null hypothesis as true. The probability for accepting or rejecting the null
hypothesis is thus calculated by integrating the distribution of !2 ln (!) above the value found in the data.

III. COMPARISON OF THE POWER OF THE TESTS

An alignment of phases in di!erent adjacent bins ordered in energies is, from Fig.1, expected to occur earlier than
the detection of a significant amplitude. This was pointed out in past [2, 3], and we reproduce below an argument
given by Linsley [2]:

Linsley has given a useful example of the behaviour of amplitude and phase estimates in di!erent experiments. If
the number of events available in an experiment is such that the RMS value of r is equal to the true value of s, then
in a sequence of experiments r will only be significant (say p<1%) in one experiment out of ten whereas the phase will
be within 50 degrees of the true phase in two experiments out of three.

By taking independent bins of N=30,000 events and by injecting in each of them a genuine signal s = 1%, we plot
in Fig.3 the power of the two di!erent tests as a function of the number of bins analysed (the threshold of the test
is fixed here at 1%). Clearly, the consistency of the phase measurements leads to a better power (by a factor greater
than 2).

1 s being fixed (s > 0), p! cannot be reduced to piso by fitting only !0.

5

Toy Model
In this particular case (signal ~ bkg noise)

Test on the amplitude for Nb bins

Toy model : N = 30,000 evts in each bin
True signal of 1%

Variation of the number of bins
Probability to accept isotropy

Isotropy :

follows law

Test on the phase for Nb bins

LL ratio method:

pdf have to be computed

➡ Phase test ≈2.5 times 
more efficient 

➡ A consistency of the 
phase measurement in 
adjacent energy intervals 
is thus expected with 
lower statistics than 
that required for the 
amplitude to significantly 
stand out from the 
background noise
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Phase of the First Harmonic
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Antoine Letessier Selvon (CNRS/UPMC) Auger highlights ICRC 2013 Rio de Janeiro

ANISOTROPY I

33

Deligny (679), 
Sidelnik (739), 
de Almeida (768), 
Salesa Greus (1125),
Revenu (1206)

Large scale first harmonic analyses

Data up to December 2010 
(April 2011)

New data
Prescription set

Prescription status

(about 18 more month to go)
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Auger Phase results
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Antoine Letessier Selvon (CNRS/UPMC) Auger highlights ICRC 2013 Rio de Janeiro

ANISOTROPY II

34

Deligny (679), 
Sidelnik (739), 
de Almeida (768), 
Salesa Greus (1125),
Revenu (1206) Large scale first harmonic analyses

Data up to December 31st 2012

Extended energy range

3 bins with chance probability < 1%
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Surface Detector (SD)
507 plastic scintillator SDs 

1.2 km spacing
700 km2

Fluorescence Detector(FD)
3 stations

38 telescopes 

TA detector in Utah

3

3 com. towers

14 telescopes

12 telescopes
12 telescopes

Refurbished HiRes

39.3°N, 112.9°W
~1400 m a.s.l.

Middle Drum
(MD)

Black Rock Mesa (BR)

Long
Ridge
(LR)



5 year TA SD spectrum

14

Broken power law fit

TA data
May, 2008 – May, 20013
Zenith angle < 45o

14787 ev. (E > 1018.2 eV)
Exposure 4500 km2 sr yr



Significance of suppression

15



TA ANISOTROPY
SUMMARY

P. Tinyakov
for the Telescope

Array
Collaboration.

TA detector

Data

Global
distributions

Clustering and
autocorrelations

Search for point
sources

Correlation with
LSS

Low energies
E ∼EeV

Conclusions

Comparison with isotropic distribution by KS
test
KS p-values:

I 2130 events with E > 10 EeV
Coords right ascension declination

Equatorial: 0.23 0.84
Supergalactic: 0.41 0.63

I 132 events with E > 40 EeV
Coords right ascension declination

Equatorial: 0.11 0.27
Supergalactic: 0.08 0.18

I 52 events with E > 57 EeV
Coords right ascension declination

Equatorial: 0.015 0.15
Supergalactic: 0.06 0.003



Correlations with AGN

• 472 AGN from 2006 Veron catalog with z < 0.018
• E > 57 EeV, zenith angle < 45o, N = 42 (5 yr)
• Separation angle = 3.1o

25

P. Tinyakov, oral, 1033



AGN Correlation: TA 

• Applied Auger criteria
• Different sample of AGN (northern hemisphere)
• 17 of 42 events correlate
•  Probability 1.4%

20



Correlations with LSS
E > 10 EeV: 2130 ev. E > 40 EeV:  132 ev.

E > 57 EeV:   52 ev.

27

White dots: TA data with zenith angle < 55o

P. Tinyakov, oral, 1033

Gray patterns:
expected flux density from proton LSS
2MASS Galaxy Redshift catalog (XSCz)



Correlations with LSS
E > 10 EeV E > 40 EeV

E > 57 EeV

28

Theta: deflection angle

~3σ (pre-trial)



Super galactic coordinates

30

KS p-value = 0.06 KS p-value = 0.003



Full-Sky Map >10 EeV           
(60° smoothing)

PRE
LIM

INA
RY
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NTA~1800
(~5200 km sr yr)

NAuger~10900
(~32000 km sr yr)

NTA~650

NAuger~3400

In the 
overlap :

2

2



Full-Sky Map >10 EeV           
(30° smoothing)

PRE
LIM

INA
RY

17

NTA~650

NAuger~3400

In the 
overlap :

NTA~1800
(~5200 km sr yr)2

NAuger~10900
(~32000 km sr yr)
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TO MEASURE COSMIC RAYS AT > 1020: JEM-EUSO

In space: to be installed on ISS (altitude ≈ 400 km)

Fluorescence detector

6000 PMTs for a 2.25 m focal surface

Fresnel lenses

Aperture: 105-106 km2 sr; Energy range: >1020 eV



E. Parizot (APC, Paris 7)!July 2nd, 2013! ICRC 2013 — JEM-EUSO’s Scientific Objectives!

UHECRs: current status 

■   steepening above ~60 EeV (probably GZK  Emax)!

3 

Compatible with standard astrophysical expectations 

 very low fluxes, but also good news! (much fewer sources at UHE) 

■  Very limited statistics at ~100 EeV !!

■  Low level of anisotropy! Interesting hints, but without clear status 

Does not generate info about sources… 

General agreement in the community: current experiments have shown 
that there is something to see at UHE, but much larger statistics will be 
needed to actually see it! 

■  CR composition probably becomes heavier at UHE (or 
showers not understood)!

Important information! 

Does not help the observation of clear, meaningful anisotropies! 

But does not prevent it either! further speaks for larger exposures 



E. Parizot (APC, Paris 7)!July 2nd, 2013! ICRC 2013 — JEM-EUSO’s Scientific Objectives!

Specific focus of JEM-EUSO 
4 

■  Part of a global effort to understand the UHE universe!
- Complementary to ground-based UHECR observatories 

- Complementary to gamma-ray, neutrino and non-thermal astronomy 
- In coordination with the global study of cosmic rays, particle acceleration 
in astrophysical environments and the modeling of high-energy sources 

■  Main focus of JEM-EUSO: the extreme energies!!

- instead of building larger arrays, with more and more detectors, go to 
space and look down to cover a huge area with a single instrument 

■  New, innovative answer to the problem of very low fluxes!

Gather as much information as possible about EECRs 

Establish the first consistent, high-sensitivity, 4π-steradian map 
of the UHECR sky 

Explore the UHE universe with unprecedented power 

Discover and study the first sources of UHECRs 



E. Parizot (APC, Paris 7)!July 2nd, 2013! ICRC 2013 — JEM-EUSO’s Scientific Objectives!

“5 orders of magnitude to go!” 
5 

■  Current area covered < 10-5 × Earth’s surface!

- JEM-EUSO will pioneer 
UHECR studies from space!

(i.e. Auger × 9) 

- JEM-EUSO will instantly 
monitor > 106 km3 of atmosphere!

- Achieving an annual exposure in 
Nadir mode of 60 000 km2 sr yr!



JEM-EUSO

• Huge exposure ---> Significant anisotropy expected! 
(0984 Parizot)

• 31 CR-contributions
• R&D successful
• Pathfinders: TA-EUSO, EUSO-Baloon
• Launch: 2017

0738 Santangelo/Picozza

37



E. Parizot (APC, Paris 7)!July 2nd, 2013! ICRC 2013 — JEM-EUSO’s Scientific Objectives!

13 
Simulated sky maps 

Example for Emax(p) = 15 EeV and ns = 10
-4 Mpc-3 

“Auger statistics”: 69 events above 55 EeV 



E. Parizot (APC, Paris 7)!July 2nd, 2013! ICRC 2013 — JEM-EUSO’s Scientific Objectives!

Simulated sky maps 
14 

Example for Emax(p) = 15 EeV and ns = 10
-4 Mpc-3 

“JEM-EUSO statistics”: 1100 events above 50 EeV (Auger energy scale) 



E. Parizot (APC, Paris 7)!July 2nd, 2013! ICRC 2013 — JEM-EUSO’s Scientific Objectives!

Specific focus of JEM-EUSO 
4 

■  Part of a global effort to understand the UHE universe!
- Complementary to ground-based UHECR observatories 

- Complementary to gamma-ray, neutrino and non-thermal astronomy 
- In coordination with the global study of cosmic rays, particle acceleration 
in astrophysical environments and the modeling of high-energy sources 

■  Main focus of JEM-EUSO: the extreme energies!!

- instead of building larger arrays, with more and more detectors, go to 
space and look down to cover a huge area with a single instrument 

■  New, innovative answer to the problem of very low fluxes!

Gather as much information as possible about EECRs 

Establish the first consistent, high-sensitivity, 4π-steradian map 
of the UHECR sky 

Explore the UHE universe with unprecedented power 

Discover and study the first sources of UHECRs 



E. Parizot (APC, Paris 7)!July 2nd, 2013! ICRC 2013 — JEM-EUSO’s Scientific Objectives!

Main science objectives 7 

■  Begin the new field of particle astronomy & astrophysics by 
identifying the first sources of UHECRs!

 Reach an exposure of 300 000 km2 sr yr in a 5-years mission 

+ each additional year will add the equivalent of 9 years of operation of a ground 
detector as large as Auger at the highest energies 

■  Unprecedented anisotropy studies!

Search for the first UHECR sources 

Establish the first consistent 4π-sr map of the UHECR sky 

Study signatures of the cosmic variance / constrain source density 

Constrain UHECR composition through anisotropy measurements 

Study large scale anisotropies (dipole and quadrupole) (~uniform full-sky 
coverage!) 

Constrain source density / deflections / magnetic fields 

- close multiplets => protons ! - study of extended multiplets (energy/deflection) 



JEM-EUSO Collaboration
• 13 (+1) countries, 80 institutions, > 285 researchers 

"Japan  : RIKEN, Konan Univ., Fukui Inst. Tech., Aoyama Gakuin Univ., Saitama Univ., NIRS, Univ. Tokyo, Hokkaido Univ., 
ICRR/Univ. Tokyo, Nagoya Univ., KEK, Chiba Univ., NAOJ, ISAS/JAXA, Kanazawa Univ., STEL/Nagoya Univ., YITP/Kyoto Univ., 
Kyoto Univ., Kobe Univ., Kinki Univ., Hiroshima Univ., Osaka Univ., Osaka City Univ., Tokyo Inst. Tech. , Kavli IPMU/Univ. 
Tokyo, Nihon Univ.. 

"USA : Univ. Alabama, Univ. Chicago, NASA/MSFC, Univ. Wisc. Milwaukee, Color. Sch. Mines, UC Berkeley, Vanderbilt Univ. 

"France  : APC-Paris 7, LAL/IN2P3-CNRS, CESR 

"Germany: MPI Munich, Univ. Tuebingen, MPI Bonn, Univ. Wuerzburg, Univ. Erlangen, LMU & MPQ, Univ. Hamburg, KIT 

"Italy : INFN & Univ.Bari, INFN & Univ.Catania, CNR-INO Firenze, CNR-IFAC Firenze, INFN-LNF, INFN-Naples, Univ. “Federico 
II” di Napoli, IASF-PA/INAF, INFN & Univ. Rome “Tor Vergata”, INAF-IFSI Torino, INFN & Univ. Torino, Univ. Torino / ARPA 
Piemonte, INAF-OATO 

"Mexico : ICN-UNAM, UNAM-II, BUAP, UMSNH 

"Republic of Korea : Ehwa W. Univ., Yonsei Univ., KASI, Pusan National Univ., Sungkunkwan Univ., Hanyang Univ., 
Chungam National Univ.,  KAIST 

"Russia : SINP MSU, Dubna JINR 

"Switzerland : CSEM, ETHZ, ISDC 

"Spain : Univ. Alcala, INTA, Univ. Carlos III, IACT 

"Poland : IPJ, Podlasie Univ., Kielce Univ., Jagiellonian Univ. 

"Slovakia : Inst. Experimental Phys./ KOSICE 

"Bulgaria : Univ. of Sofia 



New Type of Cosmic Ray 
Observatory onboard the ISS 

JEM-EUSO Mission

Japanese Experiment Module 
(JEM) 
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Japanese Experiment Module 
(JEM) 

JEM Exposure Facility 
 (JEM-EF)

JEM Pressurized Module 
 (JEM-PM)

Candidate position 

for JEM-EUSO 
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Science Instrument 
 UV Telescope + Atmospheric Monitoring

Outfitting 

Telescope Structure 

DAQ Electronics  

Support Structure 

Focal Surface Detector 

Atmospheric Monitoring 

Rear Fresnel Lens  

Iris 

Front Fresnel lens  

Optics 

Precision 
Fresnel lens  

Housekeeping On-board Calibration 



The UV Telescope Parameters 

7 

Parameter Value 

Field of View ±30° 

Monitored Area >1.4×105km2 

Telescope aperture ≥2.5 m 

Operational wavelength 300-430 nm 

Resolution in angle 0.075° 

Focal Plane Area 4.5 m2 

Pixel Size <3 mm 

Number of Pixels ≈3×105 

Pixel size on ground ≈560 m 

Time Resolution 2.5 µs 

Dead Time <3%   

Photo-detector Efficiency ≥20% 





Observation principle

Observation principle

Observable at orbit
Fluorescence
Cherenkov (scatter; reflection)

Extensive air shower
develops in 
atmosphere
below ~20km altitude



E=1020eV; Θ=60°

Temporal-spatio-profile: arrival direction determination
Reflected Cherenkov signals: Impact position determination 
Fluorescence signals: energy & Xmax estimation

Observable at orbit
Fluorescence
Cherenkov (scatter; reflection)

E = 1020 eV from Θ=60° → 10,000 photons to pupil

Observation principle



At small tilting angle 
(Area scaling) ~ (cos ξ)-3

H=400km
Nadir
Tilt ξξ=30º

JEM-EUSO FOV 
@Tokyo

- In case of lower altitude operation (eg. 350km), titling ~25º 
  (quasi-nadir mode) allows recovery in reduced observation area
- Large tilting angle ~30º and higher enhances observation area up to 
  ~6 times to explore extreme energies 

Observation areas in tilt mode



Science Instrument on HTV 
H2B Transfer Vehicle (HTV)

H2B Rocket

Stowing configuration 
to carry by HTV

Side view

3.7m

1.
7
3 
m




Deployment 
Mechanism

Pallet

Atmospheric 
Monitoring 
System

Science Instrument 
Side view

Focal Surface

Focal Surface  
Detector and  
Electronics

Front Lens

Middle Lens

Rear Lens

OpRcs

JEM‐EUSO 
Telescope will be 
deployed àer it is 
aXached at the ISS 

Other opRons are 
under study. 



Breadboard Model Lenses 

2.65 m  

1.5 m  

3 Breadboard Model (BBM) 
Fresnel lenses (1.5m φ) are 
manufactured and tested. 

Tested performances meet 
the requirements. 
 Result: 〜3mm RMS 
 Req.  : 4.6mm RMS 

1.5 m  



Spot size at the Focal Surface 
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(Ptns in spot / Ptns on the front lens)

Simulation 

Throughput is the ratio between the 
number of photons in the spot area 
and those passing through the 
Aperture Stop.

2.5mm φ

Simulated spot size is < 2.5 mm in diameter. 

2.9mm

spot size  <   pixel size of photo-detector (2.9mm) 



Elementary Cell 
(2x2 PMTs = 256 pixels) 

Focal Surface detector 
137 PDMs  
= 0.3M Pixels 

4932 
MAPMTs 
(8x8 pixels) 
 

   
Photo-Detector Module 
(3x3 ECs = 2,304 pixels) 
  
9 High Voltage / PDM 
 

Focal Surface DetectorFocal Surface Detector



Single photoelectron distribution
pixel 0

pixel 63 pixel 8

pixel 56

average S/N 
ratio = 35.8 dB

data 
fitting curve

8×8 pixel 
MAPMT

SPACIROC can measure 1 p.e. for every MAPMT ch 

MAPMT + 
SPACIROC1



Data Acquisition and Trigger SystemData Acquisition and Trigger System

FEE 

ASIC
+FPG
A 

Count 

PDM Control 
Board 
 

FPGA 
 

Track Trigger 

Cluster 
Control Board 

 

DSP 
 

Fine Trigger 

20CCB 

FS Control 
Board 

 

MPU 
 

Operation 
Control 

137 Boards 18 Boards 

8PDM 

2   Boards 316kch 
1,233 EC 

9EC 

297 kbps
 3 Gbyte/day

137 GB/s (FS) 

PhotoDetectPhotoDetect
or Modulesor Modules

10-4 compression 10-3 compression

LVDS with SpaceWire (ECSS-E-50-12A)  

2222

Focal 
Surface 
Detector

PMT

Frontend 
electronics

PDM CCB

J. Bayer 
et al. 
ID 1256

Integrated test is progressing by TA-EUSO and EUSO-Balloon.



Calibration and Monitor by Onboard LIDAR,
 Infrared Camera Infrared Camera and Global Light System 

JEM-EUSO Onboard LIDAR 
To measure cloud top altitude < To measure cloud top altitude < 
500mm
•   355 nm  355 nm,  > 1HzHz, 20 mJ/pulse20 mJ/pulse 
•   Steering  angle ±30°

23 

Infrared CameraInfrared Camera
To measure cloud amountTo measure cloud amount
•   Temp  Temp.. resol resol.. < 3K < 3K
•   Uncooled Microbolometer Array  Uncooled Microbolometer Array
•   10 -13   10 -13 mmmm

M. D. Rodriguez‐Frias et al.  
ID 900 
Today’s talk 

Onboard calibration 
UV-LED + integ. spheres

M. Karus, N. Sakaki et al.  
ID 545 

In-flight  calibration 
Use of moonlight

N. Sakaki et al.  
ID 546 

6 LIDARs 12 Xe Flashers 

50mJ Nd:YAG 3rd  

Global Light System 

L. Wiencke et al.  
ID 818 

12 GLS stations
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TA-EUSO 

The first integrated test using various elements 
developed for the JEM-EUSO UV telescope at the 
Telescope Array site in Utah.

Light from Electron 
Light Source (ELS) 
and LIDAR of TA can 
be observed besides 
cosmic ray events. 

Electron Light 
Source Central 

Laser 
Facility

M. Casolino et al.  
ID 1213 
Today’s talk



 located at Black Rock Mesa FD Station

–Electron Light Source at 100m

–Most nearby SD is at ~3.5 km

–Central Laser Facility ~21km

Pathfinders: EUSO-TA

TA FD

(Fluorescence detector) 

ELS: Electron Light 

Source

TA-EUSO locaion

TA site, UTAH, Black Mesa

EUSO-TA: Cross-Calibration tests at the 

Telescope Array site in Utah in 

collaboration with the ICRR in Tokyo and 

the TA collaboration  Integration of the 

PDM in RIKEN completed; Campaign 

sommer 2013



EUSO-TA (2) 

Lens have been installed, Focal Surface integration completed

Casolino et al. CR-IN04  EUSO-TA
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EUSO-Balloon 

The first integrated test 
using various elements 
developed for the JEM-
EUSO UV telescope from 
a high altitude of ~40km. 
 
IR camera is also used. 
 
0.2-0.3 CR events/10hr 
E ≥ 2 x 1018 eV 
 
Launch : 2014 

P. von Ballmoos et al.  
ID 1171



Cosmic Ray Energy Spectrum

•The differential Cosmic 
Ray spectrum is described 
by a steep power law with 
a E-2.75 decline.

•Low-energy cosmic rays 
can be directly measured.

•High-energy cosmic rays 
are measured through 
their air showers.

UHECRs



Tim Huege <tim.huege@kit.edu>3 Radio Highlight Talk, ICRC 2013

To understand the sources of cosmic rays …

we need to 
know their

arrival 
direction

energy

and mass

we need large 
statistics

large 
effective 
areas and 
high duty 
cycles

diagram by R. Engel

RADIO



Cherenkov radiation: Electrons and positrons 
in the shower travel faster than the speed of light 
in air and emit Cherenkov radiation, mostly in the 
forward direction

Fluorescence radiation: The passage of air 
shower e.m. particles in atmosphere results in the 
excitation of the gas molecules (mostly nitrogen). 
Some of this excitation energy is emitted in the 
form of isotropic visible and UV radiation. 

Radio emission: Air shower electrons and 
positrons are deflected in the Earth’s magnetic 
field. Because of their relativistic velocities, they 
emit synchrotron radiation, beamed very sharply 
downwards, at radio frequencies below 100 MHz. 
Many sparkles together produce a bright radio 
flash 

RADIATION FROM SHOWER DEVELOPMENT

Primary CR

UV fluorescent 
photons

Isotropic emission

Electromagnetic 
particles 

Cherenkov 
radiation Forward 

emission

Radio 
emission



Tim Huege <tim.huege@kit.edu>4 Radio Highlight Talk, ICRC 2013

Limitations of current detection techniques

particle detectors

sample showers only at a particular atmospheric depth

suffer from uncertainties in hadronic interaction models (muons)

fluorescence detectors

allow calorimetric energy measurement

directly yield mass-sensitive depth of shower maximum (Xmax)

but have only ~10% duty cycle



Tim Huege <tim.huege@kit.edu>5 Radio Highlight Talk, ICRC 2013

The promises of radio detection

information complementary to
surface particle detectors

pure electromagnetic component

calorimetric energy measurement

near 100% duty cycle (cf. 10% of
optical fluorescence detectors)

Xmax sensitivity

high angular resolution (< 0.5°)

simple (potentially cheap) detectors

how well does it all work in practice
and on large scales?



RADIO EMISSION FROM EAS

Geomagnetic effect: 

deflection of charged 

particles in Earth’s 

magnetic field (B). Electric 

current develops when the 

plasma moves through B. 

Radiation emitted by time 

varying electric current

Askarian effect: 

radio emission in the form of 

Cherenkov radiation. Due to 

the annihilation of positrons 

an excess of negative 

charge is created, 

producing Cherenkov 

radiation as it moves 

through the medium (air)



Particle detectors

DIFFERENT DETECTORS FOR DIFFERENT EAS OBSERVABLES

Optical 
detectors

Optical 
and radio 
detectors



DIFFERENT DETECTORS FOR DIFFERENT EAS OBSERVABLES
Radio detectors (100% duty cycle)

The measurement of the radio signal requires a 

detection device, i.e, a radio antenna. Typically, one 

detector station consists of two antennas that are 

aligned perpendicular to each other, to allow for a 

measurement of the signal in two polarisations (EW-

NS). Antennas can be triggered by traditional EAS 

arrays, or self-trigger Antenna triggered by 
particle detectors

Self-triggered
antennas



Advantages of Radio Air Showers

•Particle detectors on ground 
only measure a small fraction 
of electrons produced

•Height of cosmic ray 
interaction depends on energy

•Energy calibration is greatly 
improved by additional 
information (e.g., Cerenkov)

•Radio could
–Observe 24hrs/day

–See shower maximum and 
possibly evolution of shower

–Coherent emission reveals shape

Radio measurements are usually 
triggered by particle detectors



Radio Emission from Cosmic Ray Air 
Showers: History

•First discovery: Jelley et al. 
(1965), Jodrell Bank at 44 MHz. 

•Theory papers by Kahn & Lerche 
(1968) and Colgate (1967)

•Firework of activities around the 
world in the late 60ies & early 
70ies.

•In the late 70ies radio astronomy 
moved to higher frequencies and 
also CR work ceased.

Jelley et al. (1965)



Tim Huege <tim.huege@kit.edu>9 Radio Highlight Talk, ICRC 2013

First-Generation modern MHz experiments

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 … …

Falcke & 
Gorham 
propose 
„geosyn-
chrotron 
approach“

LOPES

CODALEMA TREND

Prototypes at Auger

YAKUTSK



LOFAR

•interferometer for the 
frequency range of 10 - 200 
MHz

•array of 100 stations of 100 
dipole antennas

•baselines of 10m to 400 km

•fully digital: received waves 
are digitized and sent to a 
central computer cluster

•Ideal for observing transient 
events



Hardware of LOPES10

LOPES-Antenna



KASCADE

•The KASCADE experiment is 
situated on the site of 
Forschungszentrum Karlsruhe in 
Germany. 

•It measures simultaneously the 
electromagnetic, muonic and 
hadronic components of 
extensive air showers. 

•The goal of KASCADE is the 
determination of the chemical 
composition of primary particles 
of cosmic rays around and 
above the "knee„ (1015-1016 eV)



Solar Burst Oct. 28
All-Sky Dirty Map (AzEl)

Solar Burst

Integration: 1 ms

Frequency: 45-75 
MHz

Bandwidth: 30 MHz

Antennas: 8

Resolution: ~3°

Location: Karlsruhe 
(research center)



Correlation, Imaging, and 
Cleaning with aips++

dirty map simulated 
map

cleaned 
map

circular 
beam

Solar Burst

Integration: 1 ms

Frequency: 45-75 
MHz

Bandwidth: 30 MHz

Antennas: 8

Resolution: ~3°

Location: Karlsruhe 
(research center)



Bright Event
Power



Bright Event
Power after Beamforming



Tim Huege <tim.huege@kit.edu>23 Radio Highlight Talk, ICRC 2013

Accuracy of direction reconstruction

F.G. Schröder et al. (LOPES 
Coll.), ECRS2012 bigger 

arrays 
should 
do 
even 
better



Tim Huege <tim.huege@kit.edu>10 Radio Highlight Talk, ICRC 2013

Second-Generation modern MHz experiments

2010 2011 2012 2013

AERA

LOFAR

Tunka-REX



AUGER EXTENSION TO RADIO-TECHNIQUES: AERA

20 km2

-Foreseen layout: 160 antennas over 20 km2 
(spacing 250-350 m)

-Currently: 21 150 m spaced antennas (since 
Sept 2010)

-Aim: “FD-like” detector (EAS longitudinal 
development), but with > 90% d.c.

-Energy threshold: ≈ 1017 eV



Tim Huege <tim.huege@kit.edu>17 Radio Highlight Talk, ICRC 2013

Comparison of simulations with AERA data

AERA provides detailed, well-calibrated event data

simulations can reproduce measurements

absolute amplitude

complex LDF

Pierre Auger Collaboration, ICRC2013, id #899



Tim Huege <tim.huege@kit.edu>15 Radio Highlight Talk, ICRC 2013

Geomagnetic seen by all – but charge excess?

observation of a non-
geomagnetic emission 
component of
14 ± 6% at 22.5 MHz

CODALEMA reports 
core-shift ↔ east-
west asymmetry ↔ 
charge-excess at 
ICRC 2011

AERA quantifies radial 
component to 14 ± 2%

Prescott, Hough, 
Pidcock, Nature (1971)

V. Marin et al. (CODALEMA 
Coll.), ICRC2011

Pierre Auger Coll., 
ICRC2013, id #661

14%



GHz R&D AT THE PIERRE AUGER OBSERVATORY

Credit Pedro Facal



The LOFAR Radio Telescope 
as Cosmic-Ray Detector

LOFAR key science project Cosmic Rays:
Stijn Buitink, Arthur Corstanje, J. Emilio Enriquez, Heino Falcke, Wilfred Frieswijk, 
Jörg R. Hörandel, Maria Krause, Anna Nelles, Satyendra Thoudam, Pim Schellart, 
Olaf Scholten, Sander ter Veen, Martin van den Akker for the LOFAR Collaboration

Jörg R. Hörandel, Radboud University Nijmegen, The Netherlands http://particle.astro.ru.nl



Anna Nelles, 2013, ICRC 558

The Low Frequency Array

2

van Haarlem et al. : LOFAR: The Low-Frequency Array

Fig. 3.Current distribution of the European LOFAR stations that have been built in Germany (5), France (1), Sweden (1) and the UK (1). The color
scheme for the stations is the same as in Fig. 2. A sixth German station located near Hamburg (shown in yellow) has recently begun construction
and is expected to be online by the end of 2013. Data from all international stations is routed through Amsterdam before transfer to CEP in
Groningen, NL. For the German stations, data are first routed through J̈ulich before transfer on to Amsterdam (see Sect. 5).

For the majority of the array located in the Netherlands, the
geographic distribution of stations shows a strong central con-
centration with 24 stations located within a radius of 2 km re-
ferred to as the “core”. Within the core, the land was purchased
to allow maximum freedom in choosing station locations. This
freedom allowed the core station distribution to be optimized to
achieve the good instantaneousuvcoverage required by many of
the KSPs including the epoch of reionization (EoR) experiment
and radio transients searches (see Sect. 13). At the heart of the
core, six stations reside on a 320 m diameter island referred to as
the “Superterp”; “terp” is a local name for an elevated site used

for buildings as protection against rising water. These Superterp
stations, shown in Fig. 1, provide the shortest baselines in the ar-
ray and can also be combined to effectively form a single, large
station as discussed in Sect. 12.10.

Beyond the core, the 16 remaining LOFAR stations in the
Netherlands are arranged in an approximation to a logarithmic
spiral distribution. Deviations from this optimal pattern were
necessary due to the availability of land for the stations as well
as the locations of existing fiber infrastructure. These outer sta-
tions extend out to a radius of 90 km and are generally classified
as “remote” stations. As discussed below, these remote stations
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Fig. 2.Geographic distribution of LOFAR stations within the Netherlands.Left:This panel shows the distribution for the majority of the stations
within the LOFAR core. The central, circular area contains the six Superterp stations described in the text. The white, polygonal areas mark the
location of LOFAR core stations. In addition to the Superterp stations, 16 of the remaining 18 core stations are shown.Right:This panel shows
the distribution of remote stations within the Netherlands located at distances of up to 90 km from the center of the array. Stations shown in green
are complete and operational while yellow depicts stations that are under construction as of March 2013 (see Sect. 14.1).

eral non-trivial technical challenges. For example, the meter-
wave wavelength regime is prone to high levels of man-made in-
terference. Excising this interference requires high spectral and
time resolution, and high dynamic range analog to digital (A/D)
converters. Furthermore, for the typical sampling rate of 200
MHz, the raw data-rate generated by the entire LOFAR array
is 13 Tbit/s, far too much to transport in total. Even utilizing
beam-forming at the station level, the long range data transport
rates over the array are of order 150 Gbit/s requiring dedicated
fibre networks. Such large data transport rates naturally also im-
ply data storage challenges. For example, typical interferometric
imaging observations can easily produce 35 Tbyte/h of raw, cor-
related visibilities. LOFAR is one of the first of a number of
new astronomical facilities coming online that must deal with
the transport, processing, and storage of these large amounts of
data. In this sense, LOFAR represents an important technologi-
cal pathfinder for the SKA and data intensive astronomy in the
coming decade.

In addition to hardware and data transport challenges,
LOFAR faces many technical challenges that are conceptual
or algorithmic in nature. Low-frequency radio signals acquire
phase-shifts due to variations in the total electron content of
the ionosphere. For baselines longer than a few kilometers, the
dynamic and non-isoplanatic nature of the ionosphere has a
dramatic impact on the quality of the resulting scientific data.
Correcting for these effects in LOFAR data has required improv-
ing existing calibration techniques that can simultaneously de-
termine multi-directional station gain solutions to operate in the
near, real-time regime. Likewise, LOFAR’s huge FoV means the
traditional interferometric assumption of a coplanar array is no
longer valid. Consequently, highly optimized versions of imag-
ing algorithms that recognize that the interferometric response
and the sky brightness are no longer related by a simple 2-D
Fourier transform were required. These and similar issues have
driven much of the design for LOFAR’s processing software and
computational architecture.

Scientifically, this new technology makes LOFAR a pow-
erful and versatile instrument. With the longer European base-
lines in place, LOFAR can achieve sub-arcsecond angular res-
olution over most of its 30–240 MHz nominal operating band-
pass, limited primarily by atmospheric effects and scattering due
to interplanetary scintillation (IPS). This resolution, when com-
bined with the large FoV, makes LOFAR an excellent instrument
for all-sky surveys. Exploiting this potential has been one of
LOFAR’s key science drivers from its inception. The large effec-
tive area of LOFAR’s densely populated core, support for multi-
beaming, and inherent high time resolution also make LOFAR
a breakthrough instrument for the detection and all-sky mon-
itoring of transient radio sources. Finally, the ability to buffer
large amounts of data at the dipole level provides a unique ca-
pability to perform retrospective imaging of the entire sky on
short timescales. Among other applications, these buffers are
used to detect radio emission from CR air showers. As discussed
later, this versatility is apparent in the wide array of key science
projects (KSPs) that have driven the initial design and commis-
sioning phase.

3. Array configuration

The fundamental receiving elements of LOFAR are two types of
small, relatively low-cost antennas that together cover the 30–
240 MHz operating bandpass. These antennas are grouped to-
gether into 48 separate stations distributed over the northeastern
part of the Netherlands as well as in Germany, France, the UK,
and Sweden. The majority of these stations, 40 in total, are dis-
tributed over an area roughly 180 km in diameter centered near
the town of Exloo in the northeastern Dutch province of Drenthe.
This area was chosen because of its low population density and
relatively low levels of radio frequency interference (RFI). The
feasibility of obtaining the land required to build the stations
(∼20000 m2per station) also played an important part in the fi-
nal decision to site the array here.
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•large distributed radio telescope
•per station/location ~ 200 antennas
•two types of antennas
•sensitivity: 10 - 90 MHz and 
110 - 250 MHz

•raw voltage trace buffered at 
every antenna parallel to other 
observations

Stations:

operating

under 
construction

F. de Gasperin et al.: M87 at metre wavelengths

!"#$%&#'()*

Fig. 5: LOFAR-HBA image of Virgo A at 140 MHz. The rms noise level isσ=20mJy/beam, the flux peak is 101 Jy/beam
and the beam size is 21×15 (ellipse in the bottom-left corner). Some deconvolution errors arevisible as small holes
slightly above and below the bright core.

servation (45−77 MHz) and a third one from the VLA at
325 MHz.
The central cocoon of the source has a spectral in-

dex4ranging from−0.55 to−0.6, consistent with what has
been observed by other authors at higher frequencies up to
the optical band (Biretta et al. 1991). The spectrum is a
straight power-law down to 30 MHz (see Fig. 10). No ev-

4 Spectral index definition:Fν∝ν
α.

idence of a turnover due to self-absorption is visible down
to these frequencies. From the total integrated spectrum
shown in Fig. 4 a possible sign of a turnover in the source
integrated flux is visible at frequencies 20 MHz, so out-
side our frequency coverage. Features north of the bright
core are likely affected by deconvolution errors and we do
not consider them as real.
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de Gasperin et al
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Measuring Air Showers
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LOFAR Radboud Air Shower Array - LORA

120-240 MHz 30-80 MHz particle detector

~400 m
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Measuring Air Showers
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Cosmic-Ray Trigger from 
LORA particle detectors

Ongoing 
observation

Analysis Pipeline
(P. Schellart 
ICRC 556)

Read-out 
Buffers

100 - 900 data points per event
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In-situ calibration of the antennas

Setup of measurements

Octocopter with reference

antenna,

Far field:r>2D2/ (30-50 m)

Outer and inner antenna,

Measurement of one polarisation

5

LBA - receiving 
antenna 

transmitting 
antenna 

Vector Network Analyser 

24 m 

60 m 

r 

Bias Tee 

amplifier 

Setup of measurements

3

Setup of measurements

Octocopter with reference

antenna,

Far field:r>2D2/ (30-50 m)

Outer and inner antenna,

Measurement of one polarisation

5
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Measured air showers

30-80 MHz

120-240 MHz

first measurement of radio emission from 
air showers in the 120-240 MHz regime



Wavefront curvature

•Subtracting the plane wavefront 
solution, treating curvature as a 
perturbation gives ~6 ns delays 
at edge of the array

•This can be directly measured 
with LOFAR

•Preliminary results point to 
mixed spherical / conical 
wavefront shape

•Wavefront curvature may 
provide measurement of Xmax 
independent of pulse power 

Corstanje et al. (in prep)



Pulse detection and direction fit to arrival times

Particle Detector & Radio Agree

Curvature



Anna Nelles, 2013, ICRC 558

Air Showers at 30 - 80 MHz

5

Measurement with low-band 
antennas

•scintillator array used as 
trigger, trigger threshold:
2.4  x 1016 eV

•triggers are accepted whenever 
parallel observation allows

•375 cosmic ray events 
detected

•arrival directions: clear 
north-south asymmetry

•probability of a detected event 
to be from north: 0.69 +/- 0.02
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Event at 30 - 80 MHz

7

•For energy calibration:

•full reconstruction of lateral 
profile needed, including 
parameters such as shower 
core, energy, direction, 
magnetic field, Xmax

•lateral profile not radial 
symmetric (circular 
distribution of antennas can 
be seen)

•too early for full model of 
lateral distribution 

•Can energy calibration be 
established without exact 
knowledge of form?



Stijn Buitink - ICRC 2013

radio pattern

v x B 

v x v x B 

v x B 

v x v x B 

vector sum of geomagnetic and charge excess component
relativistic beaming

distortion by Cherenkov-like effects (n≠1)

CoREAS simulation



Stijn Buitink - ICRC 2013

ID 81409140

zenith 26 deg
279 antennas
χ2 / ndf = 1.3

Buitink et al., in prep 
(2013)

best fit out of 40 simulations



Stijn Buitink - ICRC 2013

ID 63246771

zenith 17.5 deg
190 antennas
χ2 / ndf = 1.3

Xmax = 672 ± 17 g/cm2

Preli
mina
ry



Stijn Buitink - ICRC 2013

ID 81147431

Cherenkov ring

zenith 55 deg
419 antennas
χ2 / ndf = = 1.1

Xmax = 697 ± 25 g/cm2

Preli
mina
ry
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Radio amplitude - energy correlation results

Auger Coll., JINST 2012

B. Revenu, ARENA2012
CODALEMA Auger Prototype

Tunka-REX

Tunka-REX Coll., ICRC2013, id #452

LOFAR

LOFAR Coll., ICRC2013, id #558

LOFAR
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Expected energy sensitivity of radio detection

Fe – flat
p – steeper, fluctuating

γγ – steepest, fluctuating

TH, Ulrich, Engel
(Astrop. Phys. 2008)

energy determination at distance
with minimum fluctuations

linear scaling & characteristic distance for best energy estimate
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LOPES has made quantitative analyses

linear correlation with 20-25% 
combined LOPES-KASCADE-
Grande energy resolution

radio probably better, limited 
by KASCADE-Grande energy
uncertainty of ~20%

simulations: ~8% intrinsic

also works with interferometric 
analysis, yielding again ~20% 
uncertainty

N. Palmieri et al. (LOPES Coll.), ICRC2013, id #439

F.G. Schröder et al. (LOPES Coll.), ARENA2012
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Lateral distribution as probe for composition

simulations for proton and iron primaries show systematic differences

vertical proton shower
at LOPES frequencies
simulated with CoREAS

vertical iron shower
at LOPES frequencies
simulated with CoREAS

TH et al., ARENA2012
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Xmax reconstruction with LOPES

with simulations, radio LDF slope can be related to Xmax

using parameterisations derived with CoREAS simulations,
Xmax is estimated for each individual LOPES event
(method σXmax ~ 50 g/cm2)

N. Palmieri et al. (LOPES Coll.), ICRC2013, id #439TH, Ulrich, Engel (Astrop. Phys. 2008)

small Xmax

large Xmax



Tim Huege <tim.huege@kit.edu>20 Radio Highlight Talk, ICRC 2013

External versus self-triggering

external triggering works well

LOPES

CODALEMA

AERA

LOFAR

self-triggering is very challenging

transient noise (RFI)

it has been done successfully

TREND

AERA prototype and AERA

CODALEMA-III

but: radio trigger purity is very 
low

need coincidence with other 
detector for clear identification

or need to use many details of 
radio signal (LDF, polarization) 
to identify air showers - what is 
realistic in a low-level trigger?

Is a self-triggering stand-alone 
radio detector what we really 
need? Do we not strive to do 
hybrid measurements anyway?
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CODALEMA experiment: the antenna array

Nançay Observatory

✔ Area: 0.5km² →more statistics in 1016 – 1018eV 
energy range

✔ Better understanding of lateral/longitudinal profiles
✔ Cosmic rays composition at the 2nd knee
✔ R&D for future giant & hybrid detectors (AERA, 
Auger next)
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23/06/2011

Filter 23-83MHz

June 2011

 09/06/2011 20:30:49 TU

07/03/2012 06:33:07 TU – 14 self-triggering antennas in 

coincidence with scintillators

Wave transit time: 4.3µsEvent observed by all dipole 
antennas!

EAS detection & polarization 
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Direction reconstruction with pulse timing

CODALEMA 
approach 

analyse 
channels
individually
(no inter-
ferometry)

direction 
from peak 
timings

as for 
particle 
detectors

time [µs] time [µs]

north-south arm east-west arm

a
m
pli
t
u
d
e 
[
V]

P. Lautridou et al
 (CODALEMA coll.),
ARENA 2008
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How to detect it ?

Observable Advantages Drawbacks

Water Cherenkov 
Detectors

Scintillators 

Particle density at the 
ground level

↓
Lateral spread

Duty cycle~100%

Direct measure of the 
particle density

Model-dependent 
for energy 
computation

Air Fluorescence 
Detectors

Nitrogen 
fluorescence in the 
atmosphere

↓
Longitudinal spread

3D shower 
development

Detection at several 
km

Low duty cycle

Radio-Detection

Electric field

↓
Lateral spread of the 
electric field +

Longitudinal spread? 

High duty cycle

Low cost

Angular acceptance

Sensitivity to the 
Radio Frequency 
Interferences

 

Extensive Air Showers: detection instruments




