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Measurement via 

extensive air showers

Pressing	  ques+ons

‣What are those particles that can 
reach E >1020 eV ?"

‣Where do they come from?
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Pierre Auger Observatory
OBSERVATORY
fluorescence detector (FD)!
27 individual telescopes!
10-15% duty cycle

radio detector (RD)!
AERA!
124 stations! surface detector (SD)!

1660 stations

‣3000 km2 area!‣1.5 km SD spacing !‣data taking since 2004!‣fully operational since 06 / 2008
~100% duty cycle

~100% duty cycle
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Full members
Associate members

In total !
~ 500 members!

from 18 countries

Pierre Auger Observatory

     German!
contribution

• Bergische Universität Wuppertal!
• KIT - Institut für Experimentelle Kernphysik!
• KIT - Institut für Kernphysik!
• KIT - Institut für Prozessdatenverarbeitung und Elektronik!
• Max-Planck-Institut für Radioastronomie, Bonn!
• RWTH Aachen Universität!
• Universität Hamburg!
• Universität Siegen

~100 members

OBSERVATORY

German groups cover the full science 
spectrum and conduct leadership in 
several fields!
Current spokesperson from Germany
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Hybrid detector
OBSERVATORY

~20 km
~10 km

‣FD energy (angular) resolution < 8% (<1°) !‣SD energy (angular) resolution < 12% (<1°) 
above 10 EeV
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Hybrid detector
OBSERVATORY
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Recent results - AGN correlation
OBSERVATORY

Author's personal copy

It has not escaped our notice that the directions of the five most
energetic events are not part of the fraction of events that correlate
with objects in the VCV catalog.

Additional monitoring of the correlation signal with this set of
astronomical objects can also be found in [29]. Further studies of
the correlation exploring other parameters are currently in pro-
gress. One conjecture often made in the literature (see e.g.
[30,31] and references therein) is that powerful radiogalaxies are
the most promising contenders for UHECR acceleration, along with
gamma-ray bursts. The analysis of directional correlations of
UHECRs with positions of AGNs from the VCV catalog discussed
here does not account for any differences among those AGNs. Thus,
a logical next step with respect to [6,7] would consider the AGN
radio luminosity given in the VCV catalog as a fourth scan param-
eter to find a threshold in radio luminosity above which the direc-
tional correlation starts to increase. Such a scan has been
performed with a subset of the data and the signal evolution with
those parameters is being monitored since, similarly as presented
here for all AGN of the VCV. These results will be reported
elsewhere.

The HiRes collaboration has reported [32] an absence of a corre-
lation with AGNs of the VCV catalog using the parameters of the
Auger prescribed test. They found two events correlating out of a
set of 13 arrival directions that have been measured stereoscopi-

cally above an energy which they estimated to be the same as
the Auger prescribed energy threshold. The 38% correlation mea-
sured by Auger suggests that approximately five arrival directions
out of 13 HiRes directions should correlate with an AGN position.
The difference between 2 and 5 does not rule out a 38% correlation
in the northern hemisphere that is observed by the HiRes detector.
Also, it is not necessarily expected that the correlating fraction
should be the same in both hemispheres. The three-dimensional
AGN distribution is not uniform, and the VCV catalog itself has dif-
ferent level of completeness in the two hemispheres. In addition,
comparison of results between the two observatories is especially
challenging in this situation because the energy cut occurs where
the GZK suppression has steepened the already steep cosmic ray
spectrum. A small difference in the threshold energy or a difference
in energy resolution can strongly affect the measurement of a cor-
relation that exists only above the threshold.

It is worth mentioning that while the degree of correlation with
the parameters of the test updated here has decreased with the
accumulation of new data, a re-scan of the complete data set sim-
ilar to that performed in Ref. [7] does not lead to a much more sig-
nificant correlation for other values of the parameters. The largest
departure from isotropic expectations in the scan actually occurs
for the same energy threshold Eth = 55 EeV and maximum redshift
z 6 0.018. There is a spread in the angular scales over which the
correlation departs from isotropic expectations. This issue will be
examined in Section 4, where we explore the correlation with
other sets of nearby extragalactic objects, described by catalogs
more uniform than the VCV compilation.

There is now available a more recent version of the VCV catalog
[33]. Conclusions are similar if the arrival directions are compared
to the distribution of objects in this latest version.

4. Examination of the arrival directions in relation to other
catalogs

As noted in [6], ‘‘the correlation that we observe with nearby
AGNs from the VCV catalog cannot be used alone as a proof that
AGNs are the sources. Other sources, as long as their distribution
within the GZK horizon is sufficiently similar to that of the AGNs,
could lead to a significant correlation between the arrival direc-
tions of cosmic rays and the AGNs positions.” It is therefore appro-
priate to investigate the arrival directions of this data set with
respect to other scenarios for cosmic ray sources in the local
universe.

Fig. 1. The 69 arrival directions of CRs with energy EP 55 EeV detected by the Pierre Auger Observatory up to 31 December 2009 are plotted as black dots in an Aitoff-
Hammer projection of the sky in galactic coordinates. The solid line represents the border of the field of view of the Southern Observatory for zenith angles smaller than 60!.
Blue circles of radius 3.1! are centred at the positions of the 318 AGNs in the VCV catalog that lie within 75 Mpc and that are within the field of view of the Observatory.
Darker blue indicates larger relative exposure. The exposure-weighted fraction of the sky covered by the blue circles is 21%. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. The most likely value of the degree of correlation pdata = k/N is plotted with
black dots as a function of the total number of time-ordered events (excluding those
in period I). The 68%, 95% and 99.7% confidence level intervals around the most
likely value are shaded. The horizontal dashed line shows the isotropic value
piso = 0.21. The current estimate of the signal is 0:38þ0:07
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P. Abreu et al. / Astroparticle Physics 34 (2010) 314–326 319

Measured arrival direction

AGN position < 75 Mpc with 
3.1° opening angle

Figure 5. The sky map of the TA events (white dots) with E > 57 EeV and the zenith angle cut z < 55� in the Galactic coordinates.
The bands of grey represent the expected UHECR flux assuming sources follow the matter distribution in the local Universe, smeared
with the angular scale of 6�.
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Figure 6. Left: The most likely value of the degree of correlation p
data

= k/N is plotted as a function of the total number of
time-ordered events (excluding the data used for the parameter scan) [62]. The 68%, 95% and 99.7% confidence level intervals
around the most likely value are shaded. The horizontal red dashed line shows the isotropic value p

iso

= 0.21 and the full black line
the current estimate of the signal p

data

= 0.33± 0.05. The black symbols show the correlation fraction in independent bins with 10
consecutive events. Right: Number of correlating events from TA (red crosses) [61] as a function of the total number of events. The
black line shows the expected number of random coincidences assuming a uniform background. The latest data correspond to 17
correlating events out of 42. The shaded area shows the expectation (1- and 2� bands) based on the degree of correlation measured
by Auger [62].

this reason, not all components of the low multipoles can be extracted unambiguously from the data of a single
experiment. For instance, because of the (approximate) azimuthal symmetry of the exposure function, only the
(xy)-components of the dipole (in equatorial coordinates) can be obtained in a straightforward way by a single
experiment.

Results of a search for the equatorial dipole have been reported by the Pierre Auger collaboration [18,68]. Fig. 7
(left panel) shows the measurement of the dipole amplitude as a function of energy. Di↵erent analysis techniques
have been used in di↵erent energy bins as indicated in the plot. The measured amplitude of the dipole is consistent
with expectations from the isotropic background. It is interesting to note, however, that the dipole amplitude is
not the most sensitive observable [68] because of the energy binning and related loss in statistics. Even when the
dipole amplitude is not su�ciently large to be detected, its phase may show regular behavior with energy, which
would be an indication for a non-zero dipole. The right panel of Fig. 7 shows the phase of the dipole as a function

9

Figure 5. The sky map of the TA events (white dots) with E > 57 EeV and the zenith angle cut z < 55� in the Galactic coordinates.
The bands of grey represent the expected UHECR flux assuming sources follow the matter distribution in the local Universe, smeared
with the angular scale of 6�.
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Science 318, 938 (2007)

Auger, Kampert 2012 Kampert, Tinyakov 2014

correlation strength 33%!
significance < 3 sigma 
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Fig. 3.— Directional exposure above 1019 eV as obtained by summing the nominal individual ones of the
Telescope Array and the Pierre Auger Observatory, as a function of the declination. The overlapping sky
region is indicated by the yellow band.

dependence on declination can then be obtained in an analytical way (Sommers 2001) as

ωi(n) = Ai(cos λi cos δ sinαm + αm sinλi sin δ), (1)

where λi is the latitude of the considered experiment, the parameter αm is given by

αm =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

0 ; ξ > 1,

π ; ξ < −1,

arccos ξ ; otherwise,

(2)

with ξ ≡ (cos θmax − sinλi sin δ)/ cos λi cos δ, and the normalization factors Ai chosen such that the
integration of each ωi function over 4π matches the (total) exposure of the corresponding experiment. The
directional exposure functions ωi(δ) of each experiment are shown in figure 3. Given the respective latitudes
of both observatories and with the maximum zenith angle used here, overall, it is clearly seen that full-sky
coverage is indeed achieved when summing both functions. Also, and it will be important in the following,
it is interesting to note that a common band of declination, namely −15◦ ≤ δ ≤ 25◦, is covered by both
experiments.

In principle, the combined directional exposure of the two experiments should be simply the sum of
the individual ones. However, individual exposures have here to be re-weighted by some empirical factor b
due to the unavoidable uncertainty in the relative exposures of the experiments:

ω(n; b) = ωTA(n) + bωAuger(n). (3)

Directional 
exposure 
above 1019 
eV

overlap region used 
to match E-scale

First combined Auger and TA analysis (E>10 EeV)!
(accepted for publication in ApJ, arXiv: 1409.3128)

– 29 –
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Fig. 13.— Left: 99% confidence level upper limits on the dipole amplitude as a function of the latitude
and longitude, in Equatorial coordinates and Mollweide projection. Right: Same for the amplitude of a
symmetric quadrupole.

have been obtained by searching for the smallest values of dipole amplitude oriented in each direction d

and quadrupole amplitude oriented in each direction q+ guaranteeing that the reconstructed amplitudes in
simulated data sets are larger or equal to the ones obtained for real data in 99% of the simulations. The
different sensitivities for each direction are caused by the different resolutions for each reconstructed multi-
polar coefficient. Note that the upper limits on the quadrupole amplitude pertain to a symmetric quadrupole
only (that is, a quadrupole with amplitudes such that λ− = λ0 = −λ+/2) to keep the number of studied
variables manageable.

For the first time, the upper limits on the dipole amplitude reported in figure 13 do not rely on any
assumption on the underlying flux of cosmic rays thanks to the full-sky coverage achieved in this joint
study. With partial-sky coverage, similar sensitivity could be obtained in this energy range but assuming
a pure dipolar flux (The Pierre Auger Collaboration 2012). In addition, the sensitivity on the quadrupole
amplitude (and to higher order multipoles as well) is the best ever obtained thanks, also, to the full-sky
coverage.

The cross-calibration procedure designed in this study pertains to any combined data sets from different
observatories showing an overlap in their respective directional exposure functions and covering the whole
sky once combined. It is conceivable to apply it in an energy range where the detection efficiency is not
saturated. Then, future joint studies between the Telescope Array and the Pierre Auger collaborations will
allow further characterisation of the arrival direction distributions down to ≃1018 eV.

Appendix

We provide in this appendix the transformation rules between the multipole coefficients and the param-
eters of the dipole vector and the quadrupole tensor. The multipole coefficients are assumed to be calculated

dipole upper limits @ 99% C.L. symmetric quadrupole upper limit 
@ 99% C.L.

No	  significant	  
devia+on	  from	  

isotropic	  expecta+on

OBSERVATORY
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Diffuse neutrino and photon searches

Karl-Heinz Kampert – University Wuppertal Mercur Winter School (Bad Honnef) 01/2014

No GZK photons and neutrinos, yet
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induced shower simulations (+9%, -33%) and of the neu-
trino cross-section (± 7%) [11]. For the ES analysis, the
systematic uncertainties are dominated by the energy losses
of the tau (+25%, -10%), the shower simulations (+20%,
-5%), and the topography (+18%, 0%).

4 Results and conclusions
Using the combined exposure and assuming a F(E

n

) = k ·
E�2

n

differential neutrino flux and a 1:1:1 flavour ratio, an
upper limit on the value of k can be obtained as:

k =
Nup

R Emax
Emin

E�2
n

Etot(En

) dE
n

(1)

The actual value of the upper limit on the signal events
(Nup) depends on the number of observed and expected
background events as well as on the confidence level re-
quired. Using a semi-Bayesian extension [9] of the Feldman-
Cousins approach [10] to include the uncertainties in the
exposure, Nup is different from the nominal value for zero
candidates and no expected background (Nup = 2.44 at 90%
C.L.), and is different for each channel depending on the
type of systematic uncertainties, and the reference exposure
chosen [6, 7].

The updated single-flavour 90% C.L. limit is:

k90 < 1.3⇥10�8 GeV cm�2 s�1 sr�1 (2)

and applies in the energy interval ⇠ 1.0⇥1017 eV�1.0⇥
1020 eV where ⇠ 90% of the event rate is expected. The
result is shown in Fig. 5 along with the limit in different
bins of width 0.5 in log10 E

n

(differential limit) to show at
which energies the sensitivity of the SD of the Pierre Auger
Observatory peaks. The search period corresponds to an
equivalent of almost 6 years of a complete Auger SD array
working continuously. The inclusion of the latest data from
1 June 10 until 31 December 12 in the search represents
an increase of a factor ⇠ 1.7 in event number with respect
to previous searches [6, 7]. The relative contributions of
the ES:DGH:DGL channels to the total expected event rate
assuming a flux behaving with neutrino energy as E�2

n

, are
0.73:0.23:0.04 respectively.

The current Auger limit is below the Waxman-Bahcall
bound on neutrino production in optically thin sources
[14]. With data unblinded up to 31 December 12, we are
starting to constrain models of cosmogenic n fluxes that
assume a pure primary proton composition injected at
the sources. As an example we expect ⇠ 1.4 cosmogenic
neutrino events from a model normalised to Fermi-LAT
observations (solid line, bottom right panel in Fig. 4 of [15],
also shown in Fig. 5 in this work). The gray shaded area in
Fig. 5 brackets the cosmogenic neutrinos fluxes predicted
under a wide range of assumptions for the cosmological
evolution of the sources, for the transition between the
galactic and extragalactic component of cosmic rays, and for
the UHECR composition [17]. The corresponding expected
number of cosmogenic neutrino events ranges between
⇠ 0.2 and ⇠ 0.6.

The two events in the PeV energy range recently reported
by the IceCube collaboration are compatible with a power-
law flux which follows E�2

n

with normalisation E2
n

F
n

=
1.2 10�8 GeV cm�2 s�1 sr�1 for each flavour (see Fig. 5 in
[18]). Extending this upper limit to the flux with the same
power-law up to 1020 eV we would expect ⇠ 2.2 events
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Figure 5: Differential and integrated upper limits (at 90%
C.L.) from the Pierre Auger Observatory for a diffuse flux
of UHE neutrinos. The search period corresponds to ⇠ 6
yr of a complete SD. We also show the integrated limits
from ANITAII [12] and RICE [13] experiments, along with
expected fluxes for several cosmogenic neutrino models
[15, 16, 17] as well as for astrophysical sources [1, 14].

in Auger while none is observed. The possibility that such
a neutrino flux also represents the flux at UHE energies is
excluded at close to 90% C.L.
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‣ Top-down models severely constrained!‣ Optimistic GZK-predictions in reach‣ Limits constrain models with proton 
primaries & strong source evolution

utilizing photon-sensitive 
observables in a multivariate 

analysis⌧
⌫⌧

Only a neutrino can induce 
a young horizontal shower!
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Fig. 10.— Celestial map of photon flux upper limits in
h
photons
km2·yr

i
illustrated in Galactic

coordinates.

The energy flux in TeV gamma rays exceeds 1 eV cm�2 s�1 for some Galactic sources with581

a di↵erential spectral index of E�2 (Hinton & Hofmann 2009; H.E.S.S. 2011). A source582

with a di↵erential spectral index of E�2 puts out equal energy in each decade, resulting in583

an expected energy flux of 1 eV cm�2 s�1 in the EeV decade. No energy flux that strong584

in EeV photons is observed from any target direction, including directions of TeV sources585

such as Centaurus A or the Galactic center region. This flux would have been detected with586

> 5� significance, even after penalizing for the large number of trials (using Eqn. 6 and587

Eqn. 7). Furthermore, an energy flux of 0.25 eV cm�2 s�1 would yield an excess of at least588

5� for median exposure targets. If we make the conservative assumption that all detected589

photons are at the upper energy bound, a flux of 1.44 eV cm�2 s�1 would be detectable.590

This result for median exposure targets is independent of the assumed photon spectral591

index, and implies that we can exclude a photon flux greater than 1.44 eV cm�2 s�1 with592

5� significance.593

28

The Astrophysical Journal Letters, 789:L34 (7pp), 2014 July 10 Aab et al.

Table 1
Results of the Combined Analysis for each Target Set and Each Energy Range

Class No. Weighted P-value Pw Unweighted P-value P

!1 EeV 1–2 EeV 2–3 EeV !3 EeV !1 EeV 1–2 EeV 2–3 EeV !3 EeV

msec PSRs 68 0.48 0.40 0.22 0.61 0.86 0.53 0.64 0.65
γ -ray PSRs 77 0.23 0.13 0.71 0.24 0.82 0.96 0.38 0.64
LMXB 87 0.37 0.43 0.81 0.40 0.041 0.12 0.13 0.54
HMXB 48 0.014 0.011 0.061 0.27 0.095 0.090 0.22 0.66
H.E.S.S. PWN 17 0.083 0.021 0.98 0.21 0.88 0.87 0.75 0.042
H.E.S.S. other 16 0.91 0.93 0.94 0.35 0.42 0.83 0.66 0.028
H.E.S.S. UNID 15 0.82 0.78 0.98 0.94 0.48 0.69 0.88 0.86
Microquasars 13 0.28 0.16 0.85 0.96 0.031 0.26 0.23 0.56
Magnetars 16 0.69 0.52 0.60 0.46 0.73 0.85 0.83 0.41
Gal. center 1 . . . . . . . . . . . . 0.24 0.48 0.22 0.17
Gal. plane 1 . . . . . . . . . . . . 0.96 0.91 0.70 0.25

Table 2
Results for the Most Significant Target from Each Target Set

Class R.A. [◦] Decl. [◦] Obs Exp Flux U.L. E-Flux U.L. p-value p-value
(km−2 yr−1) (eV cm−2 s−1) (penalized)

msec PSRs 260.27 −24.95 237 214 0.019 0.14 0.058 0.98
γ -ray PSRs 8.59 −5.58 176 149 0.024 0.18 0.016 0.70
LMXB 264.57 −26.99 265 219 0.028 0.20 0.0012 0.10
HMXB 152.45 −58.29 283 248 0.019 0.14 0.014 0.49
H.E.S.S. PWN 128.75 −45.60 275 248 0.018 0.13 0.043 0.53
H.E.S.S. other 269.72 −24.05 235 211 0.019 0.14 0.054 0.59
H.E.S.S. UNID 266.26 −30.37 251 227 0.018 0.13 0.055 0.57
Microquasars 262.75 −26.00 247 216 0.022 0.16 0.020 0.23
Magnetars 81.50 −66.08 268 241 0.016 0.11 0.040 0.48
Gal. center 266.42 −29.01 234 223 0.014 0.10 0.24 . . .

Gal. plane |Gal. lat.| < 1.◦17 16965 17197 0.077 0.56 0.96 . . .

Note. The upper limits are computed at 95% confidence level.

The expected number of events in a given target circle is taken to
be the average number found in 10,000 simulated data sets, each
having the same number of events as in the actual data set. As in
Abreu et al. (2012a), the arrival directions in a simulation event
set are produced by sampling independently from the measured
distributions for zenith angle, azimuth angle, and sidereal time.
The average of many simulation data sets has no structure on
small angular scales, providing a robust measure of the expected
cosmic-ray background in each target.

The result for any target i is summarized by a p-value pi.
This p-value is here defined by pi ≡ 1/2[Poisson(n, b) +
Poisson(n+ 1, b)], where Poisson(n, b) is the probability of get-
ting n or more arrival directions in the target when the observed
value is n, and the expected number from the background is b,
as determined using simulated data sets. Averaging the values
for n and n + 1 avoids the bias toward high p-values that occurs
with Poisson(n, b) and the bias toward low p-values that occurs
with Poisson(n + 1, b) for pure background fluctuations. When
combining probabilities from a large target set with the Fisher
formula (Fisher 1925), it is important that the individual p-values
pi have uniform expected distributions in the absence of any sig-
nal. Then for N targets with probabilities pi, i = 1, 2, ..., N , the
chance probability for their product (Π) not to be greater than
their actual product (Π0) is:

P(Π ! Π0) = Π0

N−1!

j=0

(− log Π0)j

j !
= 1−Poisson(N,− log Π0).

For a weighted set of N targets with weights wi , the combined
p-value Pw is given by Good’s formula (Good 1955). It is
the chance probability for the weighted product of p-values
(but sampled from uniform distributions) not to be greater
than the actual weighted product Πw. The weighted product
is the product of factors p

wi

i . Each p-value pi is raised to the
power wi in the product of p-values, so the weight wi can be
regarded as the “number of times” the result for target i is
counted relative to other targets of the set. In practice, the Good
combined Pw is evaluated numerically using an ensemble of sets
pi (i = 1, 2, ..., N) with every pi sampled randomly between 0
and 1.

5. RESULTS FOR THE TARGET SETS

Results are shown in Tables 1 and 2. The first table gives the
unweighted combined p-value P for each of the 11 target sets
and for each of the four energy ranges. The weighted combined
p-value Pw is also given for each of the nine target sets that have
multiple targets.

The second table presents specific information for each target
set about the candidate source that had the smallest individual
p-value pi for the full energy range E " 1 EeV. The direction
of the source is given together with the observed number of
events in the target, the expected number, the neutron flux upper
limit, energy flux upper limit (assuming a 1/E2 spectrum),
and the p-value. The final column gives the penalized p-value
p∗ = 1 − (1 − p)N . This is the chance probability that one or
more of the N candidate sources in the target set would have a
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Table 1
Results of the Combined Analysis for each Target Set and Each Energy Range

Class No. Weighted P-value Pw Unweighted P-value P

!1 EeV 1–2 EeV 2–3 EeV !3 EeV !1 EeV 1–2 EeV 2–3 EeV !3 EeV

msec PSRs 68 0.48 0.40 0.22 0.61 0.86 0.53 0.64 0.65
γ -ray PSRs 77 0.23 0.13 0.71 0.24 0.82 0.96 0.38 0.64
LMXB 87 0.37 0.43 0.81 0.40 0.041 0.12 0.13 0.54
HMXB 48 0.014 0.011 0.061 0.27 0.095 0.090 0.22 0.66
H.E.S.S. PWN 17 0.083 0.021 0.98 0.21 0.88 0.87 0.75 0.042
H.E.S.S. other 16 0.91 0.93 0.94 0.35 0.42 0.83 0.66 0.028
H.E.S.S. UNID 15 0.82 0.78 0.98 0.94 0.48 0.69 0.88 0.86
Microquasars 13 0.28 0.16 0.85 0.96 0.031 0.26 0.23 0.56
Magnetars 16 0.69 0.52 0.60 0.46 0.73 0.85 0.83 0.41
Gal. center 1 . . . . . . . . . . . . 0.24 0.48 0.22 0.17
Gal. plane 1 . . . . . . . . . . . . 0.96 0.91 0.70 0.25

Table 2
Results for the Most Significant Target from Each Target Set

Class R.A. [◦] Decl. [◦] Obs Exp Flux U.L. E-Flux U.L. p-value p-value
(km−2 yr−1) (eV cm−2 s−1) (penalized)

msec PSRs 260.27 −24.95 237 214 0.019 0.14 0.058 0.98
γ -ray PSRs 8.59 −5.58 176 149 0.024 0.18 0.016 0.70
LMXB 264.57 −26.99 265 219 0.028 0.20 0.0012 0.10
HMXB 152.45 −58.29 283 248 0.019 0.14 0.014 0.49
H.E.S.S. PWN 128.75 −45.60 275 248 0.018 0.13 0.043 0.53
H.E.S.S. other 269.72 −24.05 235 211 0.019 0.14 0.054 0.59
H.E.S.S. UNID 266.26 −30.37 251 227 0.018 0.13 0.055 0.57
Microquasars 262.75 −26.00 247 216 0.022 0.16 0.020 0.23
Magnetars 81.50 −66.08 268 241 0.016 0.11 0.040 0.48
Gal. center 266.42 −29.01 234 223 0.014 0.10 0.24 . . .

Gal. plane |Gal. lat.| < 1.◦17 16965 17197 0.077 0.56 0.96 . . .

Note. The upper limits are computed at 95% confidence level.

The expected number of events in a given target circle is taken to
be the average number found in 10,000 simulated data sets, each
having the same number of events as in the actual data set. As in
Abreu et al. (2012a), the arrival directions in a simulation event
set are produced by sampling independently from the measured
distributions for zenith angle, azimuth angle, and sidereal time.
The average of many simulation data sets has no structure on
small angular scales, providing a robust measure of the expected
cosmic-ray background in each target.

The result for any target i is summarized by a p-value pi.
This p-value is here defined by pi ≡ 1/2[Poisson(n, b) +
Poisson(n+ 1, b)], where Poisson(n, b) is the probability of get-
ting n or more arrival directions in the target when the observed
value is n, and the expected number from the background is b,
as determined using simulated data sets. Averaging the values
for n and n + 1 avoids the bias toward high p-values that occurs
with Poisson(n, b) and the bias toward low p-values that occurs
with Poisson(n + 1, b) for pure background fluctuations. When
combining probabilities from a large target set with the Fisher
formula (Fisher 1925), it is important that the individual p-values
pi have uniform expected distributions in the absence of any sig-
nal. Then for N targets with probabilities pi, i = 1, 2, ..., N , the
chance probability for their product (Π) not to be greater than
their actual product (Π0) is:

P(Π ! Π0) = Π0

N−1!

j=0

(− log Π0)j

j !
= 1−Poisson(N,− log Π0).

For a weighted set of N targets with weights wi , the combined
p-value Pw is given by Good’s formula (Good 1955). It is
the chance probability for the weighted product of p-values
(but sampled from uniform distributions) not to be greater
than the actual weighted product Πw. The weighted product
is the product of factors p

wi

i . Each p-value pi is raised to the
power wi in the product of p-values, so the weight wi can be
regarded as the “number of times” the result for target i is
counted relative to other targets of the set. In practice, the Good
combined Pw is evaluated numerically using an ensemble of sets
pi (i = 1, 2, ..., N) with every pi sampled randomly between 0
and 1.

5. RESULTS FOR THE TARGET SETS

Results are shown in Tables 1 and 2. The first table gives the
unweighted combined p-value P for each of the 11 target sets
and for each of the four energy ranges. The weighted combined
p-value Pw is also given for each of the nine target sets that have
multiple targets.

The second table presents specific information for each target
set about the candidate source that had the smallest individual
p-value pi for the full energy range E " 1 EeV. The direction
of the source is given together with the observed number of
events in the target, the expected number, the neutron flux upper
limit, energy flux upper limit (assuming a 1/E2 spectrum),
and the p-value. The final column gives the penalized p-value
p∗ = 1 − (1 − p)N . This is the chance probability that one or
more of the N candidate sources in the target set would have a
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Table 1
Results of the Combined Analysis for each Target Set and Each Energy Range

Class No. Weighted P-value Pw Unweighted P-value P

!1 EeV 1–2 EeV 2–3 EeV !3 EeV !1 EeV 1–2 EeV 2–3 EeV !3 EeV

msec PSRs 68 0.48 0.40 0.22 0.61 0.86 0.53 0.64 0.65
γ -ray PSRs 77 0.23 0.13 0.71 0.24 0.82 0.96 0.38 0.64
LMXB 87 0.37 0.43 0.81 0.40 0.041 0.12 0.13 0.54
HMXB 48 0.014 0.011 0.061 0.27 0.095 0.090 0.22 0.66
H.E.S.S. PWN 17 0.083 0.021 0.98 0.21 0.88 0.87 0.75 0.042
H.E.S.S. other 16 0.91 0.93 0.94 0.35 0.42 0.83 0.66 0.028
H.E.S.S. UNID 15 0.82 0.78 0.98 0.94 0.48 0.69 0.88 0.86
Microquasars 13 0.28 0.16 0.85 0.96 0.031 0.26 0.23 0.56
Magnetars 16 0.69 0.52 0.60 0.46 0.73 0.85 0.83 0.41
Gal. center 1 . . . . . . . . . . . . 0.24 0.48 0.22 0.17
Gal. plane 1 . . . . . . . . . . . . 0.96 0.91 0.70 0.25

Table 2
Results for the Most Significant Target from Each Target Set

Class R.A. [◦] Decl. [◦] Obs Exp Flux U.L. E-Flux U.L. p-value p-value
(km−2 yr−1) (eV cm−2 s−1) (penalized)

msec PSRs 260.27 −24.95 237 214 0.019 0.14 0.058 0.98
γ -ray PSRs 8.59 −5.58 176 149 0.024 0.18 0.016 0.70
LMXB 264.57 −26.99 265 219 0.028 0.20 0.0012 0.10
HMXB 152.45 −58.29 283 248 0.019 0.14 0.014 0.49
H.E.S.S. PWN 128.75 −45.60 275 248 0.018 0.13 0.043 0.53
H.E.S.S. other 269.72 −24.05 235 211 0.019 0.14 0.054 0.59
H.E.S.S. UNID 266.26 −30.37 251 227 0.018 0.13 0.055 0.57
Microquasars 262.75 −26.00 247 216 0.022 0.16 0.020 0.23
Magnetars 81.50 −66.08 268 241 0.016 0.11 0.040 0.48
Gal. center 266.42 −29.01 234 223 0.014 0.10 0.24 . . .

Gal. plane |Gal. lat.| < 1.◦17 16965 17197 0.077 0.56 0.96 . . .

Note. The upper limits are computed at 95% confidence level.

The expected number of events in a given target circle is taken to
be the average number found in 10,000 simulated data sets, each
having the same number of events as in the actual data set. As in
Abreu et al. (2012a), the arrival directions in a simulation event
set are produced by sampling independently from the measured
distributions for zenith angle, azimuth angle, and sidereal time.
The average of many simulation data sets has no structure on
small angular scales, providing a robust measure of the expected
cosmic-ray background in each target.

The result for any target i is summarized by a p-value pi.
This p-value is here defined by pi ≡ 1/2[Poisson(n, b) +
Poisson(n+ 1, b)], where Poisson(n, b) is the probability of get-
ting n or more arrival directions in the target when the observed
value is n, and the expected number from the background is b,
as determined using simulated data sets. Averaging the values
for n and n + 1 avoids the bias toward high p-values that occurs
with Poisson(n, b) and the bias toward low p-values that occurs
with Poisson(n + 1, b) for pure background fluctuations. When
combining probabilities from a large target set with the Fisher
formula (Fisher 1925), it is important that the individual p-values
pi have uniform expected distributions in the absence of any sig-
nal. Then for N targets with probabilities pi, i = 1, 2, ..., N , the
chance probability for their product (Π) not to be greater than
their actual product (Π0) is:

P(Π ! Π0) = Π0

N−1!

j=0

(− log Π0)j

j !
= 1−Poisson(N,− log Π0).

For a weighted set of N targets with weights wi , the combined
p-value Pw is given by Good’s formula (Good 1955). It is
the chance probability for the weighted product of p-values
(but sampled from uniform distributions) not to be greater
than the actual weighted product Πw. The weighted product
is the product of factors p

wi

i . Each p-value pi is raised to the
power wi in the product of p-values, so the weight wi can be
regarded as the “number of times” the result for target i is
counted relative to other targets of the set. In practice, the Good
combined Pw is evaluated numerically using an ensemble of sets
pi (i = 1, 2, ..., N) with every pi sampled randomly between 0
and 1.

5. RESULTS FOR THE TARGET SETS

Results are shown in Tables 1 and 2. The first table gives the
unweighted combined p-value P for each of the 11 target sets
and for each of the four energy ranges. The weighted combined
p-value Pw is also given for each of the nine target sets that have
multiple targets.

The second table presents specific information for each target
set about the candidate source that had the smallest individual
p-value pi for the full energy range E " 1 EeV. The direction
of the source is given together with the observed number of
events in the target, the expected number, the neutron flux upper
limit, energy flux upper limit (assuming a 1/E2 spectrum),
and the p-value. The final column gives the penalized p-value
p∗ = 1 − (1 − p)N . This is the chance probability that one or
more of the N candidate sources in the target set would have a

5

most !
significant !

target

mailto:kuempel@physik.rwth-aachen.de


Daniel Kuempel

Directional 
photon and neutron point source searches

9Astroteilchenphysik in Deutschland 2014

Fig. 10.— Celestial map of photon flux upper limits in
h
photons
km2·yr

i
illustrated in Galactic

coordinates.

The energy flux in TeV gamma rays exceeds 1 eV cm�2 s�1 for some Galactic sources with581

a di↵erential spectral index of E�2 (Hinton & Hofmann 2009; H.E.S.S. 2011). A source582

with a di↵erential spectral index of E�2 puts out equal energy in each decade, resulting in583

an expected energy flux of 1 eV cm�2 s�1 in the EeV decade. No energy flux that strong584

in EeV photons is observed from any target direction, including directions of TeV sources585

such as Centaurus A or the Galactic center region. This flux would have been detected with586

> 5� significance, even after penalizing for the large number of trials (using Eqn. 6 and587

Eqn. 7). Furthermore, an energy flux of 0.25 eV cm�2 s�1 would yield an excess of at least588

5� for median exposure targets. If we make the conservative assumption that all detected589

photons are at the upper energy bound, a flux of 1.44 eV cm�2 s�1 would be detectable.590

This result for median exposure targets is independent of the assumed photon spectral591

index, and implies that we can exclude a photon flux greater than 1.44 eV cm�2 s�1 with592

5� significance.593
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Table 1
Results of the Combined Analysis for each Target Set and Each Energy Range

Class No. Weighted P-value Pw Unweighted P-value P

!1 EeV 1–2 EeV 2–3 EeV !3 EeV !1 EeV 1–2 EeV 2–3 EeV !3 EeV

msec PSRs 68 0.48 0.40 0.22 0.61 0.86 0.53 0.64 0.65
γ -ray PSRs 77 0.23 0.13 0.71 0.24 0.82 0.96 0.38 0.64
LMXB 87 0.37 0.43 0.81 0.40 0.041 0.12 0.13 0.54
HMXB 48 0.014 0.011 0.061 0.27 0.095 0.090 0.22 0.66
H.E.S.S. PWN 17 0.083 0.021 0.98 0.21 0.88 0.87 0.75 0.042
H.E.S.S. other 16 0.91 0.93 0.94 0.35 0.42 0.83 0.66 0.028
H.E.S.S. UNID 15 0.82 0.78 0.98 0.94 0.48 0.69 0.88 0.86
Microquasars 13 0.28 0.16 0.85 0.96 0.031 0.26 0.23 0.56
Magnetars 16 0.69 0.52 0.60 0.46 0.73 0.85 0.83 0.41
Gal. center 1 . . . . . . . . . . . . 0.24 0.48 0.22 0.17
Gal. plane 1 . . . . . . . . . . . . 0.96 0.91 0.70 0.25

Table 2
Results for the Most Significant Target from Each Target Set

Class R.A. [◦] Decl. [◦] Obs Exp Flux U.L. E-Flux U.L. p-value p-value
(km−2 yr−1) (eV cm−2 s−1) (penalized)

msec PSRs 260.27 −24.95 237 214 0.019 0.14 0.058 0.98
γ -ray PSRs 8.59 −5.58 176 149 0.024 0.18 0.016 0.70
LMXB 264.57 −26.99 265 219 0.028 0.20 0.0012 0.10
HMXB 152.45 −58.29 283 248 0.019 0.14 0.014 0.49
H.E.S.S. PWN 128.75 −45.60 275 248 0.018 0.13 0.043 0.53
H.E.S.S. other 269.72 −24.05 235 211 0.019 0.14 0.054 0.59
H.E.S.S. UNID 266.26 −30.37 251 227 0.018 0.13 0.055 0.57
Microquasars 262.75 −26.00 247 216 0.022 0.16 0.020 0.23
Magnetars 81.50 −66.08 268 241 0.016 0.11 0.040 0.48
Gal. center 266.42 −29.01 234 223 0.014 0.10 0.24 . . .

Gal. plane |Gal. lat.| < 1.◦17 16965 17197 0.077 0.56 0.96 . . .

Note. The upper limits are computed at 95% confidence level.

The expected number of events in a given target circle is taken to
be the average number found in 10,000 simulated data sets, each
having the same number of events as in the actual data set. As in
Abreu et al. (2012a), the arrival directions in a simulation event
set are produced by sampling independently from the measured
distributions for zenith angle, azimuth angle, and sidereal time.
The average of many simulation data sets has no structure on
small angular scales, providing a robust measure of the expected
cosmic-ray background in each target.

The result for any target i is summarized by a p-value pi.
This p-value is here defined by pi ≡ 1/2[Poisson(n, b) +
Poisson(n+ 1, b)], where Poisson(n, b) is the probability of get-
ting n or more arrival directions in the target when the observed
value is n, and the expected number from the background is b,
as determined using simulated data sets. Averaging the values
for n and n + 1 avoids the bias toward high p-values that occurs
with Poisson(n, b) and the bias toward low p-values that occurs
with Poisson(n + 1, b) for pure background fluctuations. When
combining probabilities from a large target set with the Fisher
formula (Fisher 1925), it is important that the individual p-values
pi have uniform expected distributions in the absence of any sig-
nal. Then for N targets with probabilities pi, i = 1, 2, ..., N , the
chance probability for their product (Π) not to be greater than
their actual product (Π0) is:

P(Π ! Π0) = Π0

N−1!

j=0

(− log Π0)j

j !
= 1−Poisson(N,− log Π0).

For a weighted set of N targets with weights wi , the combined
p-value Pw is given by Good’s formula (Good 1955). It is
the chance probability for the weighted product of p-values
(but sampled from uniform distributions) not to be greater
than the actual weighted product Πw. The weighted product
is the product of factors p

wi

i . Each p-value pi is raised to the
power wi in the product of p-values, so the weight wi can be
regarded as the “number of times” the result for target i is
counted relative to other targets of the set. In practice, the Good
combined Pw is evaluated numerically using an ensemble of sets
pi (i = 1, 2, ..., N) with every pi sampled randomly between 0
and 1.

5. RESULTS FOR THE TARGET SETS

Results are shown in Tables 1 and 2. The first table gives the
unweighted combined p-value P for each of the 11 target sets
and for each of the four energy ranges. The weighted combined
p-value Pw is also given for each of the nine target sets that have
multiple targets.

The second table presents specific information for each target
set about the candidate source that had the smallest individual
p-value pi for the full energy range E " 1 EeV. The direction
of the source is given together with the observed number of
events in the target, the expected number, the neutron flux upper
limit, energy flux upper limit (assuming a 1/E2 spectrum),
and the p-value. The final column gives the penalized p-value
p∗ = 1 − (1 − p)N . This is the chance probability that one or
more of the N candidate sources in the target set would have a
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Table 1
Results of the Combined Analysis for each Target Set and Each Energy Range

Class No. Weighted P-value Pw Unweighted P-value P

!1 EeV 1–2 EeV 2–3 EeV !3 EeV !1 EeV 1–2 EeV 2–3 EeV !3 EeV

msec PSRs 68 0.48 0.40 0.22 0.61 0.86 0.53 0.64 0.65
γ -ray PSRs 77 0.23 0.13 0.71 0.24 0.82 0.96 0.38 0.64
LMXB 87 0.37 0.43 0.81 0.40 0.041 0.12 0.13 0.54
HMXB 48 0.014 0.011 0.061 0.27 0.095 0.090 0.22 0.66
H.E.S.S. PWN 17 0.083 0.021 0.98 0.21 0.88 0.87 0.75 0.042
H.E.S.S. other 16 0.91 0.93 0.94 0.35 0.42 0.83 0.66 0.028
H.E.S.S. UNID 15 0.82 0.78 0.98 0.94 0.48 0.69 0.88 0.86
Microquasars 13 0.28 0.16 0.85 0.96 0.031 0.26 0.23 0.56
Magnetars 16 0.69 0.52 0.60 0.46 0.73 0.85 0.83 0.41
Gal. center 1 . . . . . . . . . . . . 0.24 0.48 0.22 0.17
Gal. plane 1 . . . . . . . . . . . . 0.96 0.91 0.70 0.25

Table 2
Results for the Most Significant Target from Each Target Set

Class R.A. [◦] Decl. [◦] Obs Exp Flux U.L. E-Flux U.L. p-value p-value
(km−2 yr−1) (eV cm−2 s−1) (penalized)

msec PSRs 260.27 −24.95 237 214 0.019 0.14 0.058 0.98
γ -ray PSRs 8.59 −5.58 176 149 0.024 0.18 0.016 0.70
LMXB 264.57 −26.99 265 219 0.028 0.20 0.0012 0.10
HMXB 152.45 −58.29 283 248 0.019 0.14 0.014 0.49
H.E.S.S. PWN 128.75 −45.60 275 248 0.018 0.13 0.043 0.53
H.E.S.S. other 269.72 −24.05 235 211 0.019 0.14 0.054 0.59
H.E.S.S. UNID 266.26 −30.37 251 227 0.018 0.13 0.055 0.57
Microquasars 262.75 −26.00 247 216 0.022 0.16 0.020 0.23
Magnetars 81.50 −66.08 268 241 0.016 0.11 0.040 0.48
Gal. center 266.42 −29.01 234 223 0.014 0.10 0.24 . . .

Gal. plane |Gal. lat.| < 1.◦17 16965 17197 0.077 0.56 0.96 . . .

Note. The upper limits are computed at 95% confidence level.

The expected number of events in a given target circle is taken to
be the average number found in 10,000 simulated data sets, each
having the same number of events as in the actual data set. As in
Abreu et al. (2012a), the arrival directions in a simulation event
set are produced by sampling independently from the measured
distributions for zenith angle, azimuth angle, and sidereal time.
The average of many simulation data sets has no structure on
small angular scales, providing a robust measure of the expected
cosmic-ray background in each target.

The result for any target i is summarized by a p-value pi.
This p-value is here defined by pi ≡ 1/2[Poisson(n, b) +
Poisson(n+ 1, b)], where Poisson(n, b) is the probability of get-
ting n or more arrival directions in the target when the observed
value is n, and the expected number from the background is b,
as determined using simulated data sets. Averaging the values
for n and n + 1 avoids the bias toward high p-values that occurs
with Poisson(n, b) and the bias toward low p-values that occurs
with Poisson(n + 1, b) for pure background fluctuations. When
combining probabilities from a large target set with the Fisher
formula (Fisher 1925), it is important that the individual p-values
pi have uniform expected distributions in the absence of any sig-
nal. Then for N targets with probabilities pi, i = 1, 2, ..., N , the
chance probability for their product (Π) not to be greater than
their actual product (Π0) is:

P(Π ! Π0) = Π0

N−1!

j=0

(− log Π0)j

j !
= 1−Poisson(N,− log Π0).

For a weighted set of N targets with weights wi , the combined
p-value Pw is given by Good’s formula (Good 1955). It is
the chance probability for the weighted product of p-values
(but sampled from uniform distributions) not to be greater
than the actual weighted product Πw. The weighted product
is the product of factors p

wi

i . Each p-value pi is raised to the
power wi in the product of p-values, so the weight wi can be
regarded as the “number of times” the result for target i is
counted relative to other targets of the set. In practice, the Good
combined Pw is evaluated numerically using an ensemble of sets
pi (i = 1, 2, ..., N) with every pi sampled randomly between 0
and 1.

5. RESULTS FOR THE TARGET SETS

Results are shown in Tables 1 and 2. The first table gives the
unweighted combined p-value P for each of the 11 target sets
and for each of the four energy ranges. The weighted combined
p-value Pw is also given for each of the nine target sets that have
multiple targets.

The second table presents specific information for each target
set about the candidate source that had the smallest individual
p-value pi for the full energy range E " 1 EeV. The direction
of the source is given together with the observed number of
events in the target, the expected number, the neutron flux upper
limit, energy flux upper limit (assuming a 1/E2 spectrum),
and the p-value. The final column gives the penalized p-value
p∗ = 1 − (1 − p)N . This is the chance probability that one or
more of the N candidate sources in the target set would have a

5

weighted!
P-value

Unweighted!
P-value

OBSERVATORY

photon point source search!
ApJ, 789 (2014) 160!

(utilizing hybrid data and multivariate analysis)

targeted neutron search!
ApJL, 789 (2014) L34

‣ No photon or neutron point source found!‣ Absence of neutrons suggests that sources are extragalactic  
(or transient, or emitting in jets, or optically thin to escaping protons)!

‣ Constrain models in which EeV protons are produced by a low density 
of strong sources in the galaxy

galactic coordinates

The Astrophysical Journal Letters, 789:L34 (7pp), 2014 July 10 Aab et al.

Table 1
Results of the Combined Analysis for each Target Set and Each Energy Range

Class No. Weighted P-value Pw Unweighted P-value P

!1 EeV 1–2 EeV 2–3 EeV !3 EeV !1 EeV 1–2 EeV 2–3 EeV !3 EeV
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Magnetars 16 0.69 0.52 0.60 0.46 0.73 0.85 0.83 0.41
Gal. center 1 . . . . . . . . . . . . 0.24 0.48 0.22 0.17
Gal. plane 1 . . . . . . . . . . . . 0.96 0.91 0.70 0.25
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Results for the Most Significant Target from Each Target Set

Class R.A. [◦] Decl. [◦] Obs Exp Flux U.L. E-Flux U.L. p-value p-value
(km−2 yr−1) (eV cm−2 s−1) (penalized)

msec PSRs 260.27 −24.95 237 214 0.019 0.14 0.058 0.98
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LMXB 264.57 −26.99 265 219 0.028 0.20 0.0012 0.10
HMXB 152.45 −58.29 283 248 0.019 0.14 0.014 0.49
H.E.S.S. PWN 128.75 −45.60 275 248 0.018 0.13 0.043 0.53
H.E.S.S. other 269.72 −24.05 235 211 0.019 0.14 0.054 0.59
H.E.S.S. UNID 266.26 −30.37 251 227 0.018 0.13 0.055 0.57
Microquasars 262.75 −26.00 247 216 0.022 0.16 0.020 0.23
Magnetars 81.50 −66.08 268 241 0.016 0.11 0.040 0.48
Gal. center 266.42 −29.01 234 223 0.014 0.10 0.24 . . .

Gal. plane |Gal. lat.| < 1.◦17 16965 17197 0.077 0.56 0.96 . . .

Note. The upper limits are computed at 95% confidence level.

The expected number of events in a given target circle is taken to
be the average number found in 10,000 simulated data sets, each
having the same number of events as in the actual data set. As in
Abreu et al. (2012a), the arrival directions in a simulation event
set are produced by sampling independently from the measured
distributions for zenith angle, azimuth angle, and sidereal time.
The average of many simulation data sets has no structure on
small angular scales, providing a robust measure of the expected
cosmic-ray background in each target.

The result for any target i is summarized by a p-value pi.
This p-value is here defined by pi ≡ 1/2[Poisson(n, b) +
Poisson(n+ 1, b)], where Poisson(n, b) is the probability of get-
ting n or more arrival directions in the target when the observed
value is n, and the expected number from the background is b,
as determined using simulated data sets. Averaging the values
for n and n + 1 avoids the bias toward high p-values that occurs
with Poisson(n, b) and the bias toward low p-values that occurs
with Poisson(n + 1, b) for pure background fluctuations. When
combining probabilities from a large target set with the Fisher
formula (Fisher 1925), it is important that the individual p-values
pi have uniform expected distributions in the absence of any sig-
nal. Then for N targets with probabilities pi, i = 1, 2, ..., N , the
chance probability for their product (Π) not to be greater than
their actual product (Π0) is:

P(Π ! Π0) = Π0

N−1!
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(− log Π0)j
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= 1−Poisson(N,− log Π0).

For a weighted set of N targets with weights wi , the combined
p-value Pw is given by Good’s formula (Good 1955). It is
the chance probability for the weighted product of p-values
(but sampled from uniform distributions) not to be greater
than the actual weighted product Πw. The weighted product
is the product of factors p

wi

i . Each p-value pi is raised to the
power wi in the product of p-values, so the weight wi can be
regarded as the “number of times” the result for target i is
counted relative to other targets of the set. In practice, the Good
combined Pw is evaluated numerically using an ensemble of sets
pi (i = 1, 2, ..., N) with every pi sampled randomly between 0
and 1.

5. RESULTS FOR THE TARGET SETS

Results are shown in Tables 1 and 2. The first table gives the
unweighted combined p-value P for each of the 11 target sets
and for each of the four energy ranges. The weighted combined
p-value Pw is also given for each of the nine target sets that have
multiple targets.

The second table presents specific information for each target
set about the candidate source that had the smallest individual
p-value pi for the full energy range E " 1 EeV. The direction
of the source is given together with the observed number of
events in the target, the expected number, the neutron flux upper
limit, energy flux upper limit (assuming a 1/E2 spectrum),
and the p-value. The final column gives the penalized p-value
p∗ = 1 − (1 − p)N . This is the chance probability that one or
more of the N candidate sources in the target set would have a
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A. Abramowski et al.: VHE γ-rays from PSR B1706−44 and SNR G 343.1−2.3

Fig. 1. Left: image of the VHE γ-ray excess (in units of γ-rays arcmin−2) from H.E.S.S. J1708−443, smoothed with a 2D Gaussian with a width
σ = 0.10◦. The blue-to-red color transition is chosen to reduce the appearance of features which are not statistically significant. The white cross
is located at the best-fit position of the center-of-gravity of the emission and its size represents the statistical error of the fit. The small and large
dotted white circles, labeled A and C, respectively, denote the regions used for spectral analysis. The a priori defined Region B, from which the
detection significance was calculated, is represented by a dotted green circle. The three regions are summarized in Table 2. The position of
the pulsar PSR B1706−44, at the center of region A, is marked by a square. The inset (bottom-left corner) shows the point-spread function of the
H.E.S.S. telescope array for this particular dataset, smoothed in the same manner as the excess image. Radio contours of constant intensity, as
seen at 330 MHz with the Very Large Array (VLA), are shown in green. The radio data were smoothed with a Gaussian of width σ = 0.03◦. The
local maximum in the radio contours at the center of the image is largely due to PMN J1708−4419, an extragalactic object seen in projection (see
Sect. 4.3). Right: gamma-ray excess in quadratic bins of 0.175◦ width. The upper number in each bin is the excess summed within this bin, and the
lower number is the corresponding statistical error. The blue contours correspond to a smoothed excess of 0.14, 0.17, and 0.21 γ-rays arcmin−2,
taken from the image on the left. The red-rimmed bin is centered on the pulsar position. Note the different field-of-view used in the two figures.

Nebula (Aharonian et al. 2006a). This upper limit corresponds
to ∼1% of the flux of the Crab Nebula in the same energy range.

The energy spectrum of the entire source is extracted from
Region C. Within the large integration circle, 615 excess γ-ray
events were found, corresponding to a statistical significance
of 6.8σ (pre-trials). The differential spectrum (Fig. 2) is well-
described by a power law φ = φ0 (E/1 TeV)−Γ with a spectral
photon index Γ = 2.0±0.1stat±0.2sys and a flux normalization at
1 TeV of φ0 = (4.2±0.8stat±1.0sys)×10−12 cm−2 s−1 TeV−1. The
integral flux F(1–10 TeV) = 3.8 × 10−12 ph cm−2 s−1 is ∼17%
of the Crab Nebula flux in the same energy range. The extracted
flux points from the extended emission and the fitted power law
are shown in Fig. 2. The results presented above have been cross-
checked, using an independent calibration of the raw data and an
alternative analysis chain. The cross-checks included a spectral
analysis using the reflected region background method (Berge
et al. 2007), which requires observations to be centered outside
of the emissive region and thus used only half of the available
dataset. All cross-checks confirmed the primary results within
the stated statistical uncertainties.

The most recent observations and analysis by CANGAROO-
III also give an indication of extended emission in the vicinity
of PSR B1706−44 (Enomoto et al. 2009). However, their results
differ significantly from those given in this paper. For example,
the morphology of the VHE γ-ray excess reported by Enomoto
et al. (2009), using an ON-OFF background technique, is that
of a source centered roughly at the pulsar position, as opposed
to H.E.S.S. J1708−443, whose centroid is clearly offset from the
pulsar. Furthermore, CANGAROO-III measures a Crab Nebula-
level integral flux (above 1 TeV) within 1.0◦ of the pulsar, which
is inconsistent with the ∼18% Crab flux measured by H.E.S.S.

Fig. 2. Differential energy spectrum of H.E.S.S. J1708−443, extracted
from Region C (see Table 2). The solid line shows the result of a power-
law fit. The error bars denote 1-σ statistical errors. The bottom panel
shows the residuals of the power-law fit. Events with energies between
0.6 and 28 TeV were used in the determination of the spectrum, and the
minimum significance per bin is 1σ.

in the same energy range. The difference is possibly due to the
exact methods used for background subtraction; in the H.E.S.S.
analysis, the OFF data are normalized to source-free regions of
the ON data, because the background can vary significantly de-
pending on the observing conditions.
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An	  energy	  flux	  of	  1	  eV	  /	  cm2	  /	  s	  would	  
have	  been	  detected	  with	  >	  5	  sigma
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‣ Auger	  observes	  spectral	  structure:	  
‣ Consistent	  picture:	  
‣ The	  „ankle“	  at	  about	  5	  x	  1018	  eV	  
‣ Flux	  suppression	  at	  highest	  energies.	  Origin	  sDll	  unclear!
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Fit Examples

Source exhaustion
example

GZK example

Need for excellent composition measurement
to determine nature of flux suppression 

D. Walz, PASCOS 2014 D. Walz, PASCOS 2014

‣ Differentiation via measurement of mass composition in suppression region!‣Need high statistic data and particle identification!!
➡  Requires surface detector with good muon separation

OBSERVATORY

Auger data !
2013 preliminary

mailto:kuempel@physik.rwth-aachen.de


Daniel Kuempel

Mass composition

12Astroteilchenphysik in Deutschland 2014

20

E [eV]
1018 1019 1020

hX
m

ax
i
[g

/c
m

2 ]

650

700

750

800

850 data ± sstat
± ssys

EPOS-LHC
Sibyll2.1
QGSJetII-04

iron

proton

E [eV]
1018 1019 1020

s
(X

m
ax
)
[g

/c
m

2 ]

0

10

20

30

40

50

60

70

80

iron

proton

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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Figure 14: Average of the logarithmic mass and its variance estimated from data using di↵erent interaction models.
The non-physical region of negative variance is indicated as the gray dashed region.

subm. to PRD, arXiv: 1409.4809
OBSERVATORY

‣ Data	  suggestes	  that	  flux	  of	  cosmic	  rays	  is	  
predominantly	  light	  around	  1018.3	  eV	  

‣ FracDon	  of	  nuclei	  increasing	  up	  to	  
energies	  of	  1019.6	  eV

heavier comp.

heavier comp.

subm. to PRD, arXiv: 1409.4809
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FIG. 4: Fitted fraction and quality for the scenario of a complex mixture of protons, helium nuclei, nitrogen nuclei, and iron
nuclei. The upper panels show the species fractions and the lower panel shows the p-values.
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FIG. 4: Fitted fraction and quality for the scenario of a complex mixture of protons, helium nuclei, nitrogen nuclei, and iron
nuclei. The upper panels show the species fractions and the lower panel shows the p-values.

Obtained by fitting measured Xmax distributions with predictions from a 
variety of hadronic interaction models

Goal: Estimate the fractions of groups of nuclei contributing to the cosmic-ray flux

‣ Substantial change in the proton fractions  
(60% around the ankle, few % for E just above 1019 eV with a possible resurgence at higher energies)!‣ Widths of the data distributions do not allow much room to accommodate a significant 
contribution from iron nuclei

almost no iron

decreasing proton fraction

increasing helium fraction

OBSERVATORY

subm. to PRD, arXiv: 1409.5083
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FIG. 4: Fitted fraction and quality for the scenario of a complex mixture of protons, helium nuclei, nitrogen nuclei, and iron
nuclei. The upper panels show the species fractions and the lower panel shows the p-values.
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FIG. 4: Fitted fraction and quality for the scenario of a complex mixture of protons, helium nuclei, nitrogen nuclei, and iron
nuclei. The upper panels show the species fractions and the lower panel shows the p-values.

Obtained by fitting measured Xmax distributions with predictions from a 
variety of hadronic interaction models

Goal: Estimate the fractions of groups of nuclei contributing to the cosmic-ray flux

‣ Substantial change in the proton fractions  
(60% around the ankle, few % for E just above 1019 eV with a possible resurgence at higher energies)!‣ Widths of the data distributions do not allow much room to accommodate a significant 
contribution from iron nuclei

almost no iron

decreasing proton fraction

increasing helium fraction
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Inelastic Proton-Proton Cross-Section

Standard Glauber conversion + propagation of modeling uncertainties
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Figure 4: The contributions of different components to the
average signal as a function of zenith angle, for stations at 1
km from the shower core, in simulated 10 EeV proton air
showers illustrated for QGSJET-II-04. The signal size is
measured in units of vertical equivalent muons (VEM), the
calibrated unit of SD signal size [18].

where a is the energy scaling of the muonic signal; it has the
value 0.89 in both the EPOS and QGSJET-II simulations,
independent of composition [19].

Finally, the variance of S(1000) with respect to Sresc must
be estimated for each event. Contributions to the variance
are of two types: the intrinsic shower-to-shower variance in
the ground signal for a given LP, sshwr, and the variance due
to limitations in reconstructing and simulating the shower,
srec and ssim. The total variance for event i and primary
type j, is s

2
i, j = s

2
rec,i +s

2
sim,i, j +s

2
shwr,i, j.

sshwr is the variance in the ground signals of showers
with matching LPs. This arises due to shower-to-shower
fluctuations in the shower development which result in
varying amounts of energy being transferred to the EM and
hadronic shower components, even for showers with fixed
Xmax and energy. sshwr is irreducible, as it is independent
from the detector resolution and statistics of the simulated
showers. It is determined by calculating the variance in the
ground signals of the simulated events from their respective
means, for each primary type and HEG; it is typically
⇡ 16% of Sresc for proton initiated showers and 5% for iron
initiated showers.

srec contains i) the uncertainty in the reconstruction of
S(1000), ii) the uncertainty in Sresc due to the uncertainty
in the calorimetric energy measurement, and iii) the uncer-
tainty in Sresc due to the uncertainty in Xmax; srec is typi-
cally 12% of Sresc. ssim contains the uncertainty in Sresc due
to the uncertainty in S

µ

and SEM from the S(1000)�w
µ

fit
and to the limited statistics from having only three simu-
lated events; ssim is typically 10% of Sresc for proton initi-
ated showers and 4% for iron initated showers.

The resultant model of si, j is checked using the 59 events,
of the 411, which are observed with two FD eyes whose
individual reconstructions pass all required selection cuts
for this analysis. The variance in the Sresc of each eye is
compared to the model for the ensemble of events. All
the contributions to si, j are present in this comparison
except for sshwr and the uncertainty in the reconstructed
S(1000). The variance of Sresc in multi-eye events is well
represented by the estimated uncertainties using the model.
In addition, the maximum-likelihood fit is also performed
where sshwr is a free parameter rather than taken from the

 0.4
 0.6
 0.8

 1
 1.2
 1.4
 1.6
 1.8

 2

 0.7  0.8  0.9  1  1.1  1.2  1.3

R µ

RE

Systematic Uncert.
QII-04 p

QII-04 Mixed
EPOS-LHC p

EPOS-LHC Mixed

Figure 5: The best-fit values of RE and R
µ

for QGSJET-II-
04 and EPOS-LHC, for mixed and pure proton composi-
tions. The ellipses show the one-sigma statistical uncertain-
ties. The grey boxes show the estimated systematic uncer-
tainties as described in the text; these will be refined in a
forthcoming journal paper.

models; no significant difference is found between the value
of sshwr from the models, and that recovered when it is a fit
parameter.

The results of the fit for RE and R
µ

are shown in Fig.
5 and Table 1 for each HEG. The ellipses show the one-
sigma statistical uncertainty region in the RE � R

µ

plane.
The systematic uncertainties in the event reconstruction
of Xmax, EFD and S(1000) are propagated through the
analysis by shifting the reconstructed central values by their
one-sigma systematic uncertainties; this is shown by the
grey rectangles.1 As a benchmark, the results for a purely
protonic composition are given as well2.

The signal deficit is smallest (the best-fit R
µ

is the closest
to unity) in the mixed composition case with EPOS. As
shown in Fig. 6, the primary difference between the ground
signals predicted by the two models is the size of the muonic
signal, which is ⇡15(20)% larger for EPOS-LHC than
QGSJET-II-04, in the pure proton (mixed composition)
cases respectively. EPOS benefits more than QGSJET-II
when using a mixed composition because the mean primary
mass determined from the Xmax data is larger in EPOS than
in QGSJET-II [20].

4 Discussion and Summary
In this work, we have used hybrid showers of the Pierre
Auger Observatory to quantify the disparity between state-
of-the-art hadronic interaction modeling and observed at-
mospheric air showers of UHECRs. The most important ad-
vance with respect to earlier versions of this analysis[21], in
addition to now having a much larger hybrid dataset and im-
proved shower reconstruction, is the extension of the anal-

1. The values of ssim, srec and sshwr and the treatment of system-
atic errors used here will be refined with higher statistics Monte
Carlo simulations and using the updated Auger energy and Xmax
uncertainties, for the journal version of this analysis.

2. Respecting the observed Xmax distribution is essential for evalu-
ating shower modeling discrepancies, since atmospheric attenu-
ation depends on the distance-to-ground. This is automatic in
the present analysis, but the simulated LPs – which are selected
to match hybrid events – is a biased subset of all simulated
events for a pure proton composition since with these HEGs
pure proton does not give the observed Xmax distribution.
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Inelastic Proton-Proton Cross-Section

Standard Glauber conversion + propagation of modeling uncertainties
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Figure 4: The contributions of different components to the
average signal as a function of zenith angle, for stations at 1
km from the shower core, in simulated 10 EeV proton air
showers illustrated for QGSJET-II-04. The signal size is
measured in units of vertical equivalent muons (VEM), the
calibrated unit of SD signal size [18].

where a is the energy scaling of the muonic signal; it has the
value 0.89 in both the EPOS and QGSJET-II simulations,
independent of composition [19].

Finally, the variance of S(1000) with respect to Sresc must
be estimated for each event. Contributions to the variance
are of two types: the intrinsic shower-to-shower variance in
the ground signal for a given LP, sshwr, and the variance due
to limitations in reconstructing and simulating the shower,
srec and ssim. The total variance for event i and primary
type j, is s

2
i, j = s

2
rec,i +s

2
sim,i, j +s

2
shwr,i, j.

sshwr is the variance in the ground signals of showers
with matching LPs. This arises due to shower-to-shower
fluctuations in the shower development which result in
varying amounts of energy being transferred to the EM and
hadronic shower components, even for showers with fixed
Xmax and energy. sshwr is irreducible, as it is independent
from the detector resolution and statistics of the simulated
showers. It is determined by calculating the variance in the
ground signals of the simulated events from their respective
means, for each primary type and HEG; it is typically
⇡ 16% of Sresc for proton initiated showers and 5% for iron
initiated showers.

srec contains i) the uncertainty in the reconstruction of
S(1000), ii) the uncertainty in Sresc due to the uncertainty
in the calorimetric energy measurement, and iii) the uncer-
tainty in Sresc due to the uncertainty in Xmax; srec is typi-
cally 12% of Sresc. ssim contains the uncertainty in Sresc due
to the uncertainty in S

µ

and SEM from the S(1000)�w
µ

fit
and to the limited statistics from having only three simu-
lated events; ssim is typically 10% of Sresc for proton initi-
ated showers and 4% for iron initated showers.

The resultant model of si, j is checked using the 59 events,
of the 411, which are observed with two FD eyes whose
individual reconstructions pass all required selection cuts
for this analysis. The variance in the Sresc of each eye is
compared to the model for the ensemble of events. All
the contributions to si, j are present in this comparison
except for sshwr and the uncertainty in the reconstructed
S(1000). The variance of Sresc in multi-eye events is well
represented by the estimated uncertainties using the model.
In addition, the maximum-likelihood fit is also performed
where sshwr is a free parameter rather than taken from the
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for QGSJET-II-
04 and EPOS-LHC, for mixed and pure proton composi-
tions. The ellipses show the one-sigma statistical uncertain-
ties. The grey boxes show the estimated systematic uncer-
tainties as described in the text; these will be refined in a
forthcoming journal paper.

models; no significant difference is found between the value
of sshwr from the models, and that recovered when it is a fit
parameter.

The results of the fit for RE and R
µ

are shown in Fig.
5 and Table 1 for each HEG. The ellipses show the one-
sigma statistical uncertainty region in the RE � R

µ

plane.
The systematic uncertainties in the event reconstruction
of Xmax, EFD and S(1000) are propagated through the
analysis by shifting the reconstructed central values by their
one-sigma systematic uncertainties; this is shown by the
grey rectangles.1 As a benchmark, the results for a purely
protonic composition are given as well2.

The signal deficit is smallest (the best-fit R
µ

is the closest
to unity) in the mixed composition case with EPOS. As
shown in Fig. 6, the primary difference between the ground
signals predicted by the two models is the size of the muonic
signal, which is ⇡15(20)% larger for EPOS-LHC than
QGSJET-II-04, in the pure proton (mixed composition)
cases respectively. EPOS benefits more than QGSJET-II
when using a mixed composition because the mean primary
mass determined from the Xmax data is larger in EPOS than
in QGSJET-II [20].

4 Discussion and Summary
In this work, we have used hybrid showers of the Pierre
Auger Observatory to quantify the disparity between state-
of-the-art hadronic interaction modeling and observed at-
mospheric air showers of UHECRs. The most important ad-
vance with respect to earlier versions of this analysis[21], in
addition to now having a much larger hybrid dataset and im-
proved shower reconstruction, is the extension of the anal-

1. The values of ssim, srec and sshwr and the treatment of system-
atic errors used here will be refined with higher statistics Monte
Carlo simulations and using the updated Auger energy and Xmax
uncertainties, for the journal version of this analysis.

2. Respecting the observed Xmax distribution is essential for evalu-
ating shower modeling discrepancies, since atmospheric attenu-
ation depends on the distance-to-ground. This is automatic in
the present analysis, but the simulated LPs – which are selected
to match hybrid events – is a biased subset of all simulated
events for a pure proton composition since with these HEGs
pure proton does not give the observed Xmax distribution.
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Science goals for an Auger upgrade
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1. Elucidate the origin of the flux suppression, i.e. GZK 
vs. maximum energy scenario 

• fundamental constraints on UHECR sources 
• reliable prediction of GZK neutrino and gamma fluxes 

!
2. Search for a flux contribution of protons up to the 

highest energies at a level of ~ 10% 
• proton astronomy up to highest energies  
• prospects of future UHECR experiments 

!
3. Study of extensive air showers and hadronic 

multiparticle production above √s=70 TeV 
• particle physics beyond man-made accelerators 
• derivation of constraints on new physics phenomena 

(new interaction channels, best limits on Planck-suppressed Lorentz invariance violations, …)

OBSERVATORY
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How to answer these questions?

16Astroteilchenphysik in Deutschland 2014

Requires: Composition sensitivity event-by-event into the flux 
suppression region!

‣Up to now, composition based solely on fluorescence telescopes  
(duty cycle ~10-15%, different operation modus planned to yield factor ~2) 
‣most effectively achieved by upgrade of surface detectors  

(duty cycle 100%) 
!
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Muons may even outperform Xmax

at highest energies !

‣ immediate boost in statistics 
by a factor of ~10 !  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(and time resolution)
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Different upgrade options under study
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Improved new 
electronics upgrade to 
facilitate readout

Need to improve on em/mu separation in air showers
OBSERVATORY
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Scintillator on top!
(ASCII)

Improved new 
electronics upgrade to 
facilitate readout

Need to improve on em/mu separation in air showers
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Scintillator on top!
(ASCII)

Segmented !
tank (LSD)

Improved new 
electronics upgrade to 
facilitate readout

Need to improve on em/mu separation in air showers
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Different upgrade options under study
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Scintillator on top!
(ASCII)

Segmented !
tank (LSD)

Scintillators under ground!
(AMIGA-Grande, TOSCA)

Improved new 
electronics upgrade to 
facilitate readout

Need to improve on em/mu separation in air showers

PMT PMT PMT

PMT
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spherical Fresnel lenses

Observed area:
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at 400 km (ISS)
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Figure 1: Left: Illustration of UHECR observation principle in the JEM-EUSO mission.
For the telescope at H0 ∼ 400 km altitude, the main signals are fluorescence photons along
the EAS track and Cherenkov photons diffusely reflected from the Earth’s surface. Right:
Components of the photon signal at the entrance aperture for a standard EAS with E =
1020eV and θ = 60◦ as simulated by ESAF (see Section 5).

onto the FS which consists of 137 Photo-Detector Modules (PDMs). Each105

PDM comprises a 3 × 3 set of Elementary Cells (ECs). Each EC is formed by106

a 2× 2 array of Multi-Anode PhotoMultiplier Tubes (MAPMTs) – Hamamatsu107

Photonics K.K. R11265-03-M64 – with 8 × 8 (=64) pixels. Each pixel has a108

spatial resolution of 0.074◦. The FS detector converts photons into electrical109

pulses with ∼2 ns width, which are accumulated by the electronics during Gate110

Time Units (GTU) of 2.5 µs.111

The orbit of the ISS has an inclination 51.6◦ and H0 can range between112

278 km and 460 km according to the operational limits [24]. The sub-satellite113

speed of ISS and the orbital period are ∼ 7 km s−1 and ∼ 90 min, respectively.114

Apart from effects of orbital decay and operational boost-up, the ISS orbit is115

approximately circular. The ISS attitude is normally +XV V +ZLV attitude116

[25] and deviates from it only for very short periods. +XV V +XLV is the117

operational attitude for JEM-EUSO. H0 varies on long-time scale. In the present118

work, we assume H0 = 400 km as a constant value.119

The observation area of the Earth’s surface is essentially determined by the120

projection of the FoV of the optics and the area of the FS. The FoV of the optics121

is estimated using ray tracing simulations [17, 26]. Ray tracing can be used to122

map the focal surface onto the surface of the Earth as shown in Figure 2.123
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Extreme !
Universe !
Space !
Observatory

Extreme Universe Space Observatory
ISS

Detection principle 
• fluorescence light 

(calorimetric measurement) 
• Cherenkov light 

!
Large field of view 

•    30° thanks to double sided  
spherical Fresnel lenses 

!
Observed area (at 400 km on ISS) 

• 2 x 105 km2 (nadir mode) 
• up to 106 km2 (tilted mode)

±
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Scientific goals

20Astroteilchenphysik in Deutschland 2014

Initiate a new field of astronomy:  
Astronomy and Astrophysics through the particle channel!

!

Physics and Astrophysics at E > 5 × 1019 eV
=

Exploratory objectives: (dependent on nature of extreme cosmic ray flux) 
1. New messengers 

• Discovery of UHE neutrinos 
discrimination and identification via X0 and Xmax 

• Discovery of UHE photons 
by geomagnetic and LPM effect of photons 

!
2. Study of galactic and extragalactic magnetic fields 
!
3. Atmospheric science 

• Night glow 
• Transient luminous events 
• Studying processes at the interface of space and atmosphere
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2Andreas Haungs for the JEM-EUSO Collaboration
2

Method: 
fluorescence (full calorimetric)

Large field of view: 
± 30° by double sided spherical 
Fresnel lenses

At 400 km (ISS):
2∙105 km2 (nadir mode) 
up to 106 km2 (tilted mode)

No need for stereo: 
400 km >> shower length 
(TPC with a drift velocity = c)

JEM-EUSO main features

JEM-EUSO Kollaboration
16 countries, 86 institutes, 346 members

• ECAP, University of Erlangen-Nuremberg!
!

• Karlsruhe Institute of Technology (KIT)!
!

• Ludwig Maximilian University, Munich!
!

• Institute for Astronomy and Astrophysics, Kepler Center, University of Tübingen!

!
• Institut für Theoretische Physik und Astrophysik, University of Würzburg
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JEM-EUSO focal surface

Focal surface: 
- prototypes of PDM available
- FoV of 1 PDM = 27 x 27 km2
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Focal surface: 
- prototypes of PDM available
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Optical system of the telescope

20

Andreas Haungs 13September 2012

13

Method: fluorescence (full calorimetric)

Large field of view: ± 30° thanks to double sided spherical Fresnel lenses

At 400 km (ISS): 2 105 km2 (nadir mode) up to 106 km2 (tilted mode)

No need for stereo: 400 km >> shower length (TPC with a drift velocity = c)

JEM-EUSO main features

Andreas Haungs 15September 2012

JEM-EUSO telescope

Lenses: 
- produced in  Japan + tested in US 
- PSF = 3 mm (PMT pixel = 2.88 x 2.88 mm) 

Mechanics: 
- extendable system developed by Russia
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EUSO focal surface and lensing system
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JEM-EUSO aperture
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JEM-EUSO: aperture

• Uniform coverage of both hemispheres!
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JEM-EUSO: aperture

• Uniform coverage of both hemispheres!

Uniform	  aperture	  of	  both	  hemispheres
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Main purpose: Background measurements and engineering  tests 
• Engineering test
• UV-Background measurement
• Air shower observations from 40 km altitude
First flight: 2014!

Andreas Haungs for the JEM-EUSO Collaboration

EUSO-Balloon
JEM-EUSO prototype at 40km altitude

Daniel Kuempel

R&D activities
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10Andreas Haungs for the JEM-EUSO Collaboration

TA-EUSO
Cross-calibration tests at Telescope Array site, Utah

Main purpose: calibration using existing FD telescope
• Lidar and electron beam Î absolute calibration 
• Few showers in coincidence with TA 
• 2 (squared 1 m2) Fresnel Lenses Î FoV = 8 degree
• focal surface: 1 PDM (36 MAPMT, 2304 pixels)
Operation autumn 2014!

TA FD
(Fluorescence 

detector)

ELS: Electron 
Light Source

TA-EUSO

TA site, UTAH, 
Black Mesa Simulation of UV photons of TA ELS

Squares: FoV of the TA-EUSO

TA-EUSO:  
Calibration using existing FD telescope!
‣ Lidar and electron beam èabsolute 

calibration!
‣ Few showers in coincidence with TA!
‣ Operation autumn 2014!

EUSO-Balloon:!
‣ UV-background measurements!
‣ Engineering tests!
‣ Air shower observations from 40 km 

altitude

First flight in Canada on August 25th 2014!
‣5h of data available
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R&D activities
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Mini-EUSO: Small (25 cm lenses + 1 PDM) prototype at ISS 
Science objectives:!
‣ UV emissions from night-Earth; Map of the Earth in UV!
‣ Study of atmospheric phenomena and bioluminescence at Earth!
‣ Study of meteors!
Technological objectives:!
‣ First use of Fresnel lenses in space!
‣ Optimization of characteristics and performances of EUSO!
‣ Raise the technological readiness level of the Hardware

14Andreas Haungs for the JEM-EUSO Collaboration

Mini-EUSO
Small (25 cm lenses + 1 PDM) prototype at ISS 

Scientific objectives
1) UV emissions from night-Earth; Map of the Earth in UV 
2) Study of atmospheric phenomena and bioluminescence at Earth
3) Study of meteors 
Technological objectives
1) First use of Fresnel lenses in space
2) Optimization of characteristics and performances of EUSO
3) Raise the technological readiness level of the Hardware
Operation 2019?!

 

Figure 1 MINI-EUSO block scheme: Optical system with two Fresnel Lenses (25 cm diameter) focalizes UV light on a focal 
surface of 1 PDM, 36 multi-anode PMTS, total  2304 pixel Collaboration work is going on.
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Opera+on	  
in	  2019?

mailto:kuempel@physik.rwth-aachen.de


Daniel Kuempel

JEM       K-EUSO ?
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K-EUSO (KLYPVE-EUSO)

• Mirror (r~1.7m, TBC)+ Lens Opt.
• On Russian ISS module, MRM-1

KLYPVE JEM-EUSO

K-EUSO

(Mirror optics) (Lens optics)

Collaboration work is going on.

Andreas Haungs for the JEM-EUSO Collaboration

Optimized exposure max 0.5 x JEM-EUSO

mailto:kuempel@physik.rwth-aachen.de


Daniel Kuempel

Conclusion / Summary

27Astroteilchenphysik in Deutschland 2014

Pierre Auger Observatory: !
‣ The Pierre Auger Observatory is taking data since 2004!
‣ Very robust technique to detect CRs at highest energies!
‣ Exciting results (flux suppression, composition, anisotropy, hadr. interactions, …)!
‣ Upgrade addresses questions for next decade:  

(Origin of flux suppression, composition at highest energies, particle astronomy, 
hadronic multiparticle production above √s=70 TeV)

JEM-EUSO: !
‣Next generation experiment to observe cosmic ray air showers from space!
‣ Initiate a new field of astronomy!
‣First R&D experiments successfully started!
‣Cooperation with Russian segment on ISS è K-EUSO ?

2014 2017 2020 2024

15

The latest status of JEM-EUSO

20172014 2024

2020 2024
AO from NASA in 2014?

TUS

“K-EUSO”

Collaboration with a Russian project, KLYPVE

TA-EUSO
EUSO-Balloon

Mini-EUSO

SiPM-PDM ?
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Andreas Haungs for the JEM-EUSO Collaboration

TA-EUSO EUSO-Balloon Mini-EUSO K-EUSO ?

OBSERVATORY

Auger is well in place to address these questions and 
to be a pathfinder for future UHECR experiments
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backup slides
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Composition Telescope Array
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Figure 28: The final Middle Drum hybrid composition
result using geometry and pattern recognition cuts for
QGSJET-01c, QGSJETII-03, and SIBYLL 2.1 hadronic
models. Data are the black points with error bars. The
solid black line is a fit to the data. Colored lines are fits
to MC. Blue is proton and red is iron. The green hashed
box indicates the total systematic error on <X

max

>.

that di↵erences in aperture, reconstruction and modeling

by Monte Carlo simulations do not lead to any significant

systematic di↵erences in the final physics result in the case

of identical fluorescence detectors.

The measured average X

max

at 1019 eV is

751±16.3 sys.±9.4 stat. g/cm2 and the elongation rate is

24.3±3.8 sys.±6.5 stat. g/cm2. Assuming a purely pro-

tonic composition, the QGSJETII-03 model, and taking

into account all reconstruction and acceptance biases, we

would expect the averageX
max

at 1019 eV to be 753 g/cm2

and the elongation rate to be 30.2 g/cm2 per energy decade.

Considering the fact that TA hybrid and PAO hybrid

data have di↵erent acceptances and analysis techniques a

direct comparison of the results can be misleading. De-

tailed comparisons using a set of simulated events from a

mix of elements that are in good agreement with the PAO

data are in progress [32]. Such a mix can be input into the

TA hybrid simulation and reconstruction programs and

the result will be a prediction of what TA should observe

given a composition inferred from PAO data. A direct

comparison with the TA data can then be made. Since

this work is in progress, we simply remark that a light,

nearly protonic, composition is in good agreement with

the data for both simple geometric cuts and pattern recog-

nition cuts that result in improved X

max

resolution.
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"compared to SIBYLL 2.1, QGSJETII-04 is only ~2 g/cm2 shallower and!
EPOS-LHC is expected to give a 20 g/cm2 deeper Xmax result"
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Large scale anisotropy
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OBSERVATORY

The Astrophysical Journal Letters, 762:L13 (8pp), 2013 January 1 Abreu et al.
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Figure 4. Amplitudes of the quadrupolar moment as a function of the energy using a multipolar reconstruction up to ℓmax = 2. The dotted lines stand for the 99% CL
upper bounds on the amplitudes that could result from fluctuations of an isotropic distribution.
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Figure 5. 99% CL upper limits on dipole and quadrupole amplitudes as a function of the energy. Some generic anisotropy expectations from stationary galactic sources
distributed in the disk are also shown, for various assumptions on the cosmic ray composition. The fluctuations of the amplitudes due to the stochastic nature of the
turbulent component of the magnetic field are sampled from different simulation data sets and are shown by the bands.
(A color version of this figure is available in the online journal.)

smooth behavior is observed using the analysis presented here
and applied to a data set containing two additional years of data.

Assuming now that the angular distribution of cosmic rays is
modulated by a dipole and a quadrupole, the intensity Φ(n) can
be parameterized in any direction n as

Φ(n) = Φ0

4π
(1 + rd · n + λ+(q+ · n)2 + λ0(q0 · n)2 + λ−(q− · n)2),

(7)
with the constraint λ+ + λ− + λ0 = 0. It is convenient to define
the quadrupole amplitude β ≡ (λ+ − λ−)/(2 + λ+ + λ−), which
provides a measure of the maximal quadrupolar contrast in the
absence of a dipole. Hence, any quadrupolar pattern can be
fully described by two amplitudes (β, λ+) and three angles:
(δ+,α+), which define the orientation of q+, and (α−), which
defines the direction of q− in the orthogonal plane to q+. The
third eigenvector q0 is orthogonal to q+ and q−. The estimated
amplitudes λ+ and β are shown in Figure 4 as functions of
the energy. In the same way as for dipole amplitudes, the 99%
CL upper bounds on the quadrupole amplitude that could result
from fluctuations of an isotropic distribution are indicated by the
dashed lines. Throughout the energy range, there is no evidence
for anisotropy.

There are small uncertainties in correcting the estimator of the
energy for weather and geomagnetic effects, and these propa-
gate into systematic uncertainties in the measured anisotropy

parameters. As well, anisotropy parameters may be altered
in a systematic way by energy dependence of the attenuation
curve. All these systematic effects have been quantified (Pierre
Auger Collaboration 2012). They do not change significantly the
results presented here.

From these analyses, upper limits on dipole and quadrupole
amplitudes can be derived at 99% CL. They are shown in
Figure 5 for the dipole amplitudes, accounting for the systematic
uncertainties. We illustrate now their astrophysical interest by
calculating the amplitudes of anisotropy expected in a toy
scenario in which sources of EeV-cosmic rays are stationary,
densely, and uniformly distributed in the galactic disk, and emit
particles in all directions.

Both the strength and the structure of the magnetic field in
the Galaxy, known only approximately, play a crucial role in
the propagation of cosmic rays. The field is thought to contain a
large-scale regular component and a small-scale turbulent one,
both having a local strength of a few microgauss (see, e.g., Beck
2001). While the turbulent component dominates in strength
by a factor of a few, the regular component imprints dominant
drift motions as soon as the Larmor radius of cosmic rays is
larger than the maximal scale of the turbulences (thought to
be in the range 10–100 pc). We adopt here a recent parame-
terization of the regular component obtained by fitting model
field geometries to Faraday rotation measures of extragalactic

6

proton

iron

data

galactic plane

Expect dipolar 
anisotropies as a 

result of the escape 
of UHECR from the 

galaxy

expectations from stationary 
galactic sources distributed 
in the disk (depends on 
magnetic field model)

light	  CR	  component	  seen	  at	  1	  EeV	  cannot	  originate	  from	  
sta+onary	  sources	  in	  the	  galac+c	  disk

Auger 2012Auger 2012ApJ Suppl., 203 (2012) 34 ApJ Suppl., 203 (2012) 34
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Mean deflection for Auger and TA site
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Based on JF2012 model

central 68% quantile

‣ Mean	  deflecDon	  assuming	  that	  parDcles	  
arrive	  isotropically	  at	  the	  edge	  of	  the	  
galaxy	  

‣ Events	  recorded	  at	  each	  site	  up	  to	  60°	  in	  
zenith	  angle

proton deflection

TA	  and	  Auger	  observe	  
different	  deflec+ons.	  
Important	  when	  

comparing	  Auger	  and	  
TA	  measurements

mean
mean
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JEM-EUSO exposure (… Nadir mode)
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7Andreas Haungs for the JEM-EUSO Collaboration

JEM-EUSO  Exposure  (…Nadir  mode)

60,000 km2sr yr

7,000 km2sr yr

lkTA uuuK

• With tight geometrical cuts a direct comparison with ground-based 
observatories possible 

• full FOV provides about one order higher exposure than Auger at 
higher energies 

• When accepting higher BG level improvements possible

TA = Trigger Aperture
K = duty cycle
k = cloud impact
l = city lights & lightnings
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