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Turbulente Feldkomponente: Diffusion

(Andromeda, M31)
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galaktische Magnetfelder

SN als Quelle von KS verursacht ein Spektrum mit � =2
Diffusion der Teilchen aufgrund der Magnetfelder
kein Entweichen der Teilchen� kein Energieverlust�
quadratische Abhängigkeit auf der Erde messbar
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Vorlesung 10: 
Ausbreitung der kosmischen Strahlung in der Galaxie

Gleichung für Teilchentransport
• Teilchendichte, Diffusion, Quellen
• Energieverlust während des Transports
• Quell- und Verlustterme durch Teilchenerzeugung

Betrachtung von Grenzfällen
• Punktförmige Quelle 
• Unendlich ausgedehntes, homogenes Quellgebiet

http://apod.nasa.gov/apod/ap110405.html
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Figure 10: Left: Shower-to-shower fluctuations of Xmax in the atmosphere as measured by Yakutsk [126] and Auger [130] compared to air shower simulations [132].
Right: Width of a Gaussian fit to the truncated Xmax-distributions as measured by HiRes [129] compared to air shower simulations including detector e⇥ects.

composition is indeed 50-60 (g/cm2)/decade as predicted by the
models. This small value of D10 is confirmed by HiRes, TA, and
Yakutsk, for which the weighted average of elongation rates is
30±9 (g/cm2)/decade.

The absolute depths at 1019 eV are, however, in poor agree-
ment among the four experiments and the di⇥erences of up to
26 g/cm2 between Auger and HiRes are larger than expected for
individual systematic uncertainties at the 10 g/cm2 level. It is
worthwhile noting that without the � correction, the three fluo-
rescence detectors agree almost perfectly at ultra-high energies.
This might be a mere coincidence or a hint that either HiRes and
TA overestimate their bias or that the assumption of � ⇤ 0 does
not hold for Auger.

As explained in Sec. 2.1, the fluctuations of the shower max-
imum provide another composition sensitive observable. The
measurements of �(Xmax) from Auger and Yakutsk are shown
in the left panel of Fig. 10. Both data sets were corrected for
the detector resolution and can thus be directly compared to air
shower simulations. The Auger data shows a significant nar-
rowing of the Xmax-distributions with energy starting at about
the energy of the ankle. The low energy width is compatible
with a light or mixed composition, but the small �(Xmax) at
high energies points to the presence of a significant fraction of
CNO or heavier nuclei with little admixture of light nuclei (cf.
Eq. (12)). The data of the Yakutsk array is compatible with
a light composition at all energies. Below 1019.3 eV there is a

X19 D10 ⇥2/Ndf
[g/cm2 ] [(g/cm2)/decade]

HiRes 784±3 28±12 0.8/4
Yakutsk 773±5 35±19 1.9/5
Auger 758±1 26±5 1.9/5
TA 774±5 32±18 1.4/4

Table 1: Results of a fit with ⌅Xmax⇧ = X19+D10(lg(E/ eV)�19) to ⌅Xmax⇧-data
above 1018.6 eV.

good agreement with the Auger results, but their last data point
contradicts the small width quoted by Auger.

The fluctuation measurements of HiRes are shown in the
right panel of Fig. 10. Instead of �(Xmax), HiRes published
the width of a Gaussian fit to the Xmax-distributions that were
truncated at ±2�(Xmax) without correction for detector resolu-
tion. This variable can then be compared to air shower simula-
tions including detector e⇥ects. As can be seen, HiRes finds a
large width at low energy that is, similar to Auger and Yakutsk,
compatible with a light or mixed composition. Above 1019 eV
the width remains compatible with proton simulations, albeit
with large statistical uncertainties that could also accommodate
a narrower width.

The compatibility of the ⌅Xmax⇧ and �(Xmax) measurements
with air shower simulations can be studied within the �(Xmax)-
⌅Xmax⇧-plane introduced in Sec. 2.1. The Yakutsk data would
cluster at around the simulated proton values in this plane and
the HiRes data cannot be analyzed this way without a full de-
tector simulation. Therefore only the Auger data is shown in
Fig. 11.

If hadronic interactions at ultra-high energies are modeled
correctly and if the cosmic ray composition is any mixture of
elements between proton and iron, then the data points must lie
within the contours shown in Fig. 11. As can be seen, this is not
the case for the outdated QGSJet01 model. For both, QGSJetII
and Sibyll2.1, the Auger data are barely at the edge of the con-
tour, which would imply a somewhat unnatural transition from
a proton- to helium- to nitrogen-dominated composition. Using
Epos1.99, the corresponding composition would be mixed at
low energies and very nitrogen-rich at high energies. Whereas
these considerations clearly demonstrate the power of a com-
bined observation of ⌅Xmax⇧ and �(Xmax), the current system-
atic uncertainties of the Auger measurements do not allow for
a stringent test of the models: If the Auger data are shifted si-
multaneously by ±sys(E), ⇥sys(⌅Xmax⇧) and ±sys(�(Xmax)) as
in [154] (indicated by lines in Fig. 11), then even for QGSJet01

13

E [eV]
1510 1610 1710 1810 1910 2010

]2
 [g

/c
m

!
m

ax
X" 

450

500

550

600

650

700

750

800

850

QGSJetII
Sibyll2.1
EPOSv1.99

proton

iron

2=17 g/cm!#"TA, preliminary, 
2=26 g/cm!#"HiRes, 

HiRes/MIA
CASA-BLANCA
Yakutsk
Tunka
Auger

E [eV]
1810 1910 2010

]2
 [g

/c
m

!
m

ax
X" 

700

720

740

760

780

800

820

840

Figure 8: Measurements of ⇤Xmax⌅ with non-imaging Cherenkov detectors (Tunka [117, 125], Yakutsk [126, 127], CASA-BLANCA [122]) and fluorescence
detectors (HiRes/MIA [128], HiRes [129], Auger [130] and TA [131]) compared to air shower simulations [132] using hadronic interaction models [36–38]. HiRes
and TA data have been corrected for detector e⇥ects as indicated by the ⇤�⌅ values (see text). The right panel shows a zoom to the ultra-high energy region.

tributes to the lateral extend of Cherenkov light at ground. Be-
cause the electron energy distribution (and thus the number of
electrons above Cherenkov threshold) as well as their angular
distribution are universal in shower age [133–136], the non-
imaging Cherenkov technique provides a model independent
method to measure both, the calorimetric energy and shower
maximum of air showers.

A characteristic feature of the lateral light distribution at
ground is a prominent shoulder at around 120 m from the
shower core (c.f. Fig. 7) which is due to the strongly forward
focussed emission of the Cherenkov light (� air

C ⇥ 1.4�) from
near the shower maximum in the atmosphere. The slope of the
lateral distribution measured within this 120 m is found to de-
pend on the height of the shower maximum and hence on the
mass of the primary cosmic ray nucleus. The overall Cherenkov
intensity at distances beyond the shoulder, on the other hand, is
closely related to the calorimetric energy.

The ⇤Xmax⌅ measurements from BLANCA [122],
Tunka [117, 125] and Yakutsk [124] are shown in Fig. 8.
At low energies (E<1016 eV) the three measurements disagree
by up to 40 g/cm2, but all three detectors observed small
elongation rates above 5 1015 eV, indicating a change towards
a heavier composition. At around 1017 eV the absolute values
of ⇤Xmax⌅ from Tunka and Yakutsk are approaching the simu-
lations of heavy primaries and beyond that energy the average
shower maximum increases again towards the air shower
predictions for light primaries. At even higher energies, only
the Yakutsk array measured ⇤Xmax⌅ with Cherenkov detectors
and we will discuss this range in the next section together with
the data from fluorescence telescopes.

3.3. Fluorescence Telescopes

After the first prototyping and detection of fluorescence light
from air showers [137–139], the Fly’s Eye detector [140] and

its successor HiRes [141] succeeded to measure the longitudi-
nal development of air showers using fluorescence telescopes
and to study the evolution of the shower maximum with en-
ergy [142, 143]. Currently, there are two operating observato-
ries that use the fluorescence technique for the determination
of the energy scale and for composition studies: The Pierre
Auger Observatory in the Southern hemisphere [144] and the
Telescope Array (TA) in the Northern hemisphere [84].

The measurement of the longitudinal air shower development
with fluorescence telescopes relies on the fact that the charged
secondaries of an air shower excite the nitrogen molecules in
the atmosphere which in turn emit fluorescence light. Since
the light yields [145] are proportional to the energy deposited
in the atmosphere, this observation allows to reconstruct the
longitudinal development of the air shower as a function of slant
depth.

A typical example of a reconstructed energy deposit profile
of an ultra-high energy air shower is shown in Fig. 9. For this
particular shower, the full profile was observed and the total
calorimetric energy could be obtained by simply adding up the
data points. In general, however, only part of the profile can be
detected, because the shower either reaches ground or its ris-
ing edge is obscured by the upper field of view boundary of
telescope. Therefore, the profile is usually fitted with an appro-
priate trial function [146] that allows the extrapolation of the
shower outside of the field of view and to below ground level.
Popular choices for fitting longitudinal profiles are the Gaisser-
Hillas function [147] (used e.g. by Auger [148]) or a Gaussian
in shower age [149] as it was used for the final HiRes analyses.
The calorimetric energy of the shower is then simply given by
the integral of the fitted energy deposit profile.

In addition to the calorimetric energy, the measurement of
the longitudinal energy deposit profile provides a direct obser-
vation of the shower maximum. As can be seen in Fig. 9, where
simulated longitudinal shower profiles are superimposed to the
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Phänomenologische Beschreibung:
Energiespektrum und Elementzusammensetzung
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Data-driven model of the cosmic-ray flux and composition Hans Peter Dembinski

Figure 1: Left: Elements from proton to nickel are sorted into four mass groups, covering roughly equal
intervals in logarithmic mass lnA. The groups are named after the leading element, which provides most to
the differential flux µ dN/dE of the group. The size of the marker indicates the flux ratio fiL relative to the
leading element L of the group, as described in the text. The values are obtained from fits to HEAO data [6].
Right: Fluxes of individual elements measured by satellites and balloons [6, 7, 8, 9, 10, 11, 12], together
with fitted spline curves. Highlighted points and curves show the four leading elements, fainter points and
curves sub-leading elements from the oxygen and iron groups.

air-shower measurements are sensitive to changes in lnA rather than A. Each group has a leading
element L that contributes most of the flux per energy interval. We note that if two elements have
the same abundance in flux per rigidity interval J(R) µ dN/dR, the element with the higher charge
contributes more to the flux per energy interval dN/dE. The leading elements are thus the heaviest
abundant elements in each group; namely proton, helium, oxygen, and iron. The oxygen and iron
groups contain many sub-leading elements. In the oxygen group, carbon contributes nearly as
much as oxygen. In the GSF model, the flux Ji(R) of a sub-leading element i is kept in a constant
ratio fiL to the leading element L 2 {p,He,O,Fe} of its group, Ji(R) = fiL ⇥ JL(R).

This treatment is motivated empirically by low energy data, shown on the right-hand-side in
Fig. 1. If the differential flux is plotted as a function of rigidity, the fluxes of neighboring elements
roughly have the same shape. In other words, the flux ratio of elements within a group is a very
slowly varying function of lnR. We approximate by keeping this ratio constant.

This approximation is rough, but only applied to sub-leading elements. Leading elements are
fitted to experimental data and pull sub-leading elements with them. For many quantities computed
from the GSF model, the exact ratios of sub-leading elements are not important; for example, for the
nucleon flux and mean-logarithmic mass. Sub-leading elements however cannot be neglected. The
fluxes of sub-leading elements contribute roughly a factor of two enhancement over the elemental
fluxes of oxygen and iron for the respective mass groups. Air-shower measurements can only
distinguish mass groups, so this additional flux has to be included. Neglecting this leads to artifacts
in the description of the transition from direct to air-shower measurements.

The differential flux JL(R) of each leading element L is parametrized by a smooth curve. We
use a modified spline curve, build from a linear combination of B-splines [13] shaped by a power-
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Data-driven model of the cosmic-ray flux and composition Hans Peter Dembinski

Figure 2: All-particle flux (black thick solid line), the flux contributed by protons (red line solid line),
helium (yellow dashed line), the oxygen group (gray dash-dotted line), and the iron group (blue dotted line).
Bands around the model lines show a variation of one standard deviation. Data points show measurements
which were energy-scale adjusted as described in the text. Error bars represent combined statistical and
systematic uncertainties. Data points of composition measurements from air-showers are not shown without
error bars for clarity. In case of oxygen and iron, both the elemental flux and the group flux are shown; the
smaller flux without error band is the elemental flux in each case. TA stands for Telescope Array, KG for
KASCADE-Grande.

Figure 3: Left: Particle flux in linear scale, split into a light (proton and helium) and heavy (others elements)
component. The black solid line represents the all-particle flux. KASCADE-Grande and ARGO-YBJ re-
ported their composition measurements in this split. For other experiments, synthetic points are generated
for visual comparison from the more detailed composition data. The ARGO-YBJ points marked with crosses
are not used in the fit. Right: Ratios of energy scales used by an experiment relative to the cross-calibrated
energy scale established by the GSF model. Error bars represent the reported systematic uncertainties of the
energy scales. TA stands for Telescope Array, KG for KASCADE-Grande.
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Dipolstruktur (Auger)
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Large-scale anisotropies measured by the Pierre Auger Observatory Esteban Roulet
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Figure 1: Map in Equatorial coordinates of the CR flux above 8 EeV, averaged on top-hat windows of 45�

radius. The location of the Galactic plane is shown with a dashed line, and the Galactic center is indicated
with a star.

significant result is the right ascension modulation in the cumulative bin above 8 EeV that was con-
sidered in [3], which now gives d� = 0.060+0.010

�0.009. The overall distribution of the flux in this bin,
averaged on top-hat windows of 45�, is displayed in Fig. 1, showing a clear dipolar pattern. The
total dipole amplitude in this bin is d = 0.066+0.012

�0.008, and it points � 125� away from the direction of
the Galactic centre (shown with an asterisk), indicating that this anisotropy has an extragalactic ori-
gin. Considering the four energy bins above 4 EeV, a growth of the dipole amplitude with increas-
ing energy is found, which is approximately reproduced with the expression d = d10(E/10EeV)� ,
with d10 = 0.051±0.007 and � = 0.96±0.16. A fit with an energy-independent dipole amplitude
(� = 0) is disfavored at the level of 5.1� by a likelihood ratio test. These results are shown in
Fig. 2, where they are also compared to the predictions from Ref. [12] for scenarios of extragalac-
tic sources with a mixed CR composition compatible with that inferred by Auger, having a density
10�4 Mpc�3 and being sampled either form an isotropic distribution or according to the distribution
of galaxies in the 2MRS catalog. The direction of the dipolar anisotropy in the different bins is dis-
played in Fig. 3, in which the contours of equal probability per unit solid angle, marginalized over
the dipole amplitude, that contain the 68%CL range are displayed. In all cases, it turns out to be not

Figure 2: Energy dependence of the dipolar amplitude measured above 4 EeV. Also shown are the predic-
tions from scenarios [12] with extragalactic sources.
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Einfluss des galaktischen Magnetfelds auf einen Dipol
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range between densities of galaxy clusters, jetted radio
galaxies, Seyfert galaxies, and starburst galaxies, the dipole
amplitude turns out to be at the level of a few percent at E∼
10 EeV, both for scenarios with light (Harari et al. 2014) and
with mixed CR compositions (Harari et al. 2015). A density of
sources smaller by a factor of 10 leads on average to a dipolar
amplitude larger by approximately a factor of two. An
enhanced anisotropy could result if the sources were to follow
the inhomogeneous distribution of the local galaxies, with a
dipole amplitude larger by a factor of about two with respect to
the case of a uniform distribution of the same source density.
The expected behavior is exemplified in Figure 6, where we
have included the observed dipole amplitude values together
with the predictions from Harari et al. (2015) for a scenario
with five representative mass components (H, He, C, Si, and
Fe) having an E−2 spectrum with a sharp rigidity cutoff at 6EV
and adopting a source density ρ=10−4 Mpc−3 (ignoring the
effects of the Galactic magnetic field). The data show
indications of a growth in the amplitude with increasing
energy that is similar to the one obtained in the models. Note
that this kind of scenario is also in line with the composition
favored by Pierre Auger Observatory data (The Pierre Auger
Collaboration 2017c).

Regarding the direction of the dipolar modulation, it is
important to take into account the effect of the Galactic
magnetic field on the trajectories of extragalactic CR reaching
Earth.100 The facts that the Galactic magnetic field model is not
well known and that the CR composition is still uncertain make
it difficult to infer the dipole direction associated with the flux
outside the Galaxy from the measured one. As an example, we
show in Figure 7 the change in the direction of an originally
dipolar distribution after traversing a particular Galactic
magnetic field, modeled in this example following Jansson &
Farrar (2012). The arrows start in a grid of initial directions for
the dipole outside the Galaxy and indicate the dipole directions
that would be reconstructed at Earth for different CR rigidities.
The points along the lines indicate the directions for rigidities

of 32, 16, and 8EV, and the tip of the arrow indicates those for
4EV. We see that after traversing the Galactic magnetic field
the extragalactic dipoles originally pointing in one half of the
sky, essentially that of positive Galactic longitudes, tend to
have their directions aligned closer to the inner spiral arm, at
(l, b);(80°, 0°) (indicated with an I in the plot). On the other
hand, those originally pointing to the opposite half tend to align
their directions toward the outer spiral arm, at (l, b);(−100°,
0°) (indicated with an O in the plot). The measured dipole
direction for E�8 EeV is indicated with the shaded area, and
one can see that it lies not far from the outer spiral arm
direction. The line color shows the resulting suppression factor
of the dipole amplitude after the effects of the Galactic
magnetic field deflections are taken into account. Qualitatively
similar results, showing a tendency for the direction of the
dipolar component to align with the spiral arm directions, are
also obtained when adopting instead the Galactic magnetic field
from Pshirkov et al. (2011).
The detection of large-scale anisotropies could open the

possibility to jointly probe the distribution of UHECR sources
and that of extragalactic magnetic fields (Sigl et al. 2004). In
particular, the growth of the dipole with energy is reproduced
in the scenarios considered in Wittkowski & Kampert (2018),
di Matteo & Tinyakov (2018), and Hackstein et al. (2018),
which further investigate the expected strength of the
quadrupolar moments, none of which is found to be significant
in our study. In Wittkowski & Kampert (2018) actually the full
angular power spectrum Cl up to l=32 is obtained considering
the mixed CR composition scenarios with a common maximum
rigidity at the sources that best fit the Pierre Auger Observatory
results (Wittkowski 2017). They found that only for l=1,
corresponding to the dipole, is the Cl expected to be greater
than the 5σ CL range of isotropy when a number of events like
that recorded by the Pierre Auger Observatory are considered.
In di Matteo & Tinyakov (2018) the dipole and quadrupole
amplitudes are examined under several assumptions on the
mass composition, for a scenario of sources distributed as in
the Two Micron All Sky Survey Galaxy Redshift Catalog. The
amplitudes of the dipole moment reported in the present work
can be well reproduced in their scenario with intermediate-mass
nuclei. In Hackstein et al. (2018) pure proton or pure iron
compositions and different magnetogenesis and source

Figure 7. Change of the direction of the dipolar component of an extragalactic flux after traversing the Galactic magnetic field, modeled as in Jansson & Farrar (2012).
We consider a grid (black circles) corresponding to the directions of a purely dipolar flux outside the Galaxy. Points along the lines indicate the reconstructed
directions for different values of the particle rigidity: 32, 16, and 8EV, and, at the tip of the arrow, 4EV. The line color indicates the resulting fractional change of the
dipole amplitude. The observed direction of the dipole for energies E�8 EeV is indicated by the gray plus sign, with the shaded area indicating the 68% CL region.
The labels I and O indicate the directions toward the inner and outer spiral arms, respectively.

100 These deflections not only can lead to a significant change in the dipole
direction and in its amplitude but also can generate some higher-order
harmonics even if pure dipolar modulation is only present outside the Galaxy
(Harari et al. 2010).
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of 1%–3%. The phases measured in most of the bins below
1EeV are not far from the direction toward the Galactic center.
All this suggests that the origin of these dipolar anisotropies
changes from a predominantly Galactic one to an extragalactic
one somewhere in the range between 1EeV and fewEeV. The
small size of the dipolar amplitudes in this energy range,
combined with the indications that the composition is relatively
light (The Pierre Auger Collaboration 2014a), disfavor a
predominant flux component of Galactic origin at >E 1 EeV
(The Pierre Auger Collaboration 2013). Models of Galactic
CRs relying on a mixed mass composition, with rigidity
dependent spectra, have been proposed to explain the knee (at
∼4 PeV) and second-knee (at ∼0.1 EeV) features in the
spectrum (Candia et al. 2003). The predicted anisotropies
depend on the details of the Galactic magnetic field model
considered and, below 0.5EeV, they are consistent with the
upper bounds we obtained. An extrapolation of these models,
considering that there is no cutoff in the Galactic component,
would predict dipolar anisotropies at the several percent level
beyond the EeV, in tension with the upper bounds in this range.
The conflict is even stronger for Galactic models (Calvez et al.
2010) having a light CR composition that extends up to the
ankle energy (at ∼5 EeV). The presence of a more isotropic
extragalactic component making a significant contribution
already at EeV energies could dilute the anisotropy of Galactic
origin, so as to be consistent with the bounds obtained.
Note that even if the extragalactic component were completely
isotropic in some reference frame, the motion of the Earth
with respect to that system could give rise to a dipolar
anisotropy through the Compton–Getting effect (Compton &
Getting 1935). For instance, for a CR distribution that is
isotropic in the CMB rest frame, the resulting Compton–
Getting dipole amplitude would be about 0.6% (Kachelriess &
Serpico 2006). This amplitude depends on the relative velocity
and on the CR spectral slope, but not directly on the particle
charge. The deflections of the extragalactic CRs caused by the
Galactic magnetic field are expected to further reduce this
amplitude, and also to generate higher harmonics, in a rigidity
dependent way, so that the exact predictions are model
dependent. The Compton–Getting extragalactic contribution

to the dipolar anisotropy is hence below the upper limits
obtained.
More data, as well as analyses exploiting the discrimination

between the different CR mass components that will become
feasible with the upgrade of the Pierre Auger Observatory
currently being implemented (Castellina 2019), will be crucial
to understand in depth the origin of the CRs at these energies
and to learn how their anisotropies are produced.

The successful installation, commissioning, and operation of
the Pierre Auger Observatory would not have been possible
without the strong commitment and effort from the technical
and administrative staff in Malargüe. We are very grateful to
the following agencies and organizations for financial support:
Argentina—Comisión Nacional de Energía Atómica;

Agencia Nacional de Promoción Científica y Tecnológica
(ANPCyT); Consejo Nacional de Investigaciones Científicas y
Técnicas (CONICET); Gobierno de la Provincia de Mendoza;
Municipalidad de Malargüe; NDM Holdings and Valle Las
Leñas; in gratitude for their continuing cooperation over land
access; Australia—the Australian Research Council; Brazil—
Conselho Nacional de Desenvolvimento Científico e Tecnológico
(CNPq); Financiadora de Estudos e Projetos (FINEP); Fundação
de Amparo à Pesquisa do Estado de Rio de Janeiro (FAPERJ);
São Paulo Research Foundation (FAPESP) grants No.2010/
07359-6 and No.1999/05404-3; Ministério da Ciência, Tecno-
logia, Inovações e Comunicações (MCTIC); Czech Republic—
grant No.MSMT CR LTT18004, LO1305, LM2015038 and
CZ.02.1.01/0.0/0.0/16 013/0001402; France—Centre de Calcul
IN2P3/CNRS; Centre National de la Recherche Scientifique
(CNRS); Conseil Régional Ile-de-France; Département Physique
Nucléaire et Corpusculaire (PNC-IN2P3/CNRS); Département
Sciences de l’Univers (SDU-INSU/CNRS); Institut Lagrange de
Paris (ILP) grant No.LABEX ANR-10-LABX-63 within the
Investissements d’Avenir Programme grant No.ANR-11-IDEX-
0004-02; Germany—Bundesministerium für Bildung und For-
schung (BMBF); Deutsche Forschungsgemeinschaft (DFG);
Finanzministerium Baden-Württemberg; Helmholtz Alliance for
Astroparticle Physics (HAP); Helmholtz-Gemeinschaft Deutscher
Forschungszentren (HGF); Ministerium für Innovation, Wis-
senschaft und Forschung des Landes Nordrhein-Westfalen;

Figure 1. Reconstructed equatorial dipole amplitude (left) and phase (right). The upper limits at 99%CL are shown for all the energy bins in which the measured
amplitude has a chance probability greater than 1%. The gray bands indicate the amplitude and phase for the energy bin E�8 EeV. Results from other experiments
are shown for comparison (IceCube Collaboration 2012, 2016; KASCADE-Grande Collaboration 2019).
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Figure 1. Left above: The density field of the local universe derived from CosmicFlow-2 (Hoffman et al. 2018) in Super-
galactic coordinates; a 3D interactive view is available at [https://sketchfab.com/3d-models/quasi-linear-construction-of-the-density-field-
91448f58ed5b4a30b5dc270a34fb4352] Left below: The intensity map of the flux illuminating the Galaxy � 8 EeV, for sources following
the CosmicFlow-2 density field using the Eq. 1, “d90”, treatment; the pattern is virtually identical for the sharp-horizon treatment, but with
maximum relative flux =1.47 instead of 1.67 as in “d90”. The direction of the dipole component is not far from the CMB dipole. Right panels:
The colored lines are the percentage contribution to the observed UHECR flux coming from the indicated distance bins, as a function of energy,
for the parameters of the best-fitting d90 (above) and sharp-horizon SH* (below) models detailed in Table 1. The dots represent the average
over the energy bin indicated at the top. The actual calculation uses 1 Mpc bins in distance and 0.1 bins in log10(E).

discussed in Table 1; the meaning should be clear in context.)
Even if the source spectrum were known, Eq. 1 is not an ex-
act description because the energy loss rate evolves during
evolution as the composition and energy change. Moreover
the d90(A, E) values available in the literature are integrated
above a threshold rather than applying to a bin of energy.
A future more accurate treatment needs to take this into ac-
count as well as taking the source spectrum as an unknown
to be self-consistently fit.

We explore the possible spreading of the source images
and reduction in horizon due to diffusion in the EGMF, us-
ing the sharp-horizon treatment. We adopt the simplest hy-
pothesis that the universe is filled with homogeneous and
isotropic turbulent magnetic fields. While the turbulence
level of the EGMF is still unknown, upper limits obtained by
various measurements or arguments exist (Durrer & Neronov
2013). We adopt a Kolmogorov spectrum and – to fully

cover the possible parameter space – we consider rms ran-
dom field strength 0.08  BEG  10 nG and coherence
length 0.08  �EG  0.5 Mpc. The diffusion coefficient,
DEG, and indeed all magnetic deflections, depends on rigid-
ity, E/Z; in the relevant rigidity domain, DEG is proportional
to
⇣
E/ZBEG�0.5

EG

⌘2
(Globus et al. 2008). The intensity profile

of a single source depends on the diffusion coefficient and on
the distance to the source; it is calculated by a method fol-
lowing the diffusion of light in scattering media, that allows
to take into account the transition between quasi-linear and
diffusive regimes, as detailed in Appendix A.

For a given assumed EGMF, composition and energy, and
adopting either the sharp-horizon or d90 attenuation, we cal-
culate the weight of a 1-Mpc-thick shell of matter at dis-
tance z in the total observed CR flux at the given (A, E). The
final illumination map for that (A, E) and attenuation model
is then the weighted sum of the surface mass density in each
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Figure 4. Comparison between observed and model anisotropy. Left panel: The magnitude of the LSS-induced dipole amplitude for different
energy bins is compared to the data (black dots with error bars). The orange and cyan dots show the prediction for the d90 and SH* models
given Auger’s exposure. For comparison, the purple diamonds show the d90 prediction with full-sky exposure and the purple squares show the
prediction without GMF processing; see Table E2 in the Appendix for the full set of dipole components. Skymaps: Left column: Auger data
maps from Aab et al. (2018a) and Caccianiga (2019). The top hat maps from Aab et al. (2018a) are re-plotted using the same smoothing method
as for the model maps as detailed in Sec. B.3. The closed black curves show the 68% and 95% confidence level regions of dipole direction,
with the black dot indicating the center. Center (right) columns: SH* (d90) predictions; note that sampled with the same number of events as
in the data maps, the predicted LSS maps are similarly blotchy as the data maps. Top (middle) rows: � 8 EeV (� 32 EeV), smoothed by a 45�

top-hat for comparison to the Auger sky maps. The colored dot is the dipole direction of the model, reconstructed with detector exposure and
lmax = 1; the purple diamond is the dipole direction for full-sky exposure and lmax � 1. Bottom row: Li-Ma significance above 38 EeV with
search radius of 27 degrees, for Auger (left) and SH* model (center).

LSS model. As can be seen from Table 1, the overall qual-
ity of fit is marginally better for SH* than for the d90 treat-
ment, and better still for SH which does not fit to the events.
The best-fitting composition changes from SH* to d90, but
without changing the quality of fit to the composition data.
The SH fit gives a significantly worse fit to the composition
data. In principle the d90 treatment should be more accu-
rate than the sharp horizon models but, as noted above, the
source spectral index of -2.4 underlying the d90(A,E) values
may not be the optimal representation of the spectrum, and
the energy-averaged character of the present d90 treatment is
only a first approximation.

The right panels of Fig. 4 show the observed sky maps
compared to the SH* and d90 model predictions for the ar-
rival maps, for the energy bins � 8 EeV and � 32 EeV.
(Also the LiMa map above 38 EeV, discussed below.) Un-
like the observation sky map � 8 EeV, the sky above 32 EeV
does not look like a simple dipole. It has two distinct re-
gions of excess, one in the Northern sky and another toward
the Galactic South Pole. The LSS model gives a reasonable
explanation for this. The increase of energy threshold re-
sults in the decrease of horizon size, which in turn leads to
substantial increase in the percentage of flux from the Local
(Virgo) and Hydra-Centaurus superclusters which give ex-
cess to the northern sky. It also increases the percentage flux
from Perseus-Pisces Supercluster which, after processing by
the GMF, gives regions of excess as seen in the Southern

hemisphere. These effects can be seen in Fig. 2. The pat-
tern of excess seen in Fig. 4 is evocative of the pattern from
Perseus-Pisces (after GMF deflections) and suggests that an
improved treatment of attenuation could lead to a somewhat
stronger contribution from the Perseus-Pisces region and en-
able a better fit the Auger observations � 32 EeV.

3.4. Dipole Anisotropy, Discussion

As already mentioned, in the LSS model the ob-
served UHECR dipole anisotropy is the result of an inter-
play between composition-dependent horizon and rigidity-
dependent deflection/diffusion in the GMF. Energy-loss pro-
cesses should be well-determined from laboratory measure-
ments (but see Alves Batista et al. 2015), so if the matter
distribution is sufficiently well-known, anisotropies can con-
tribute to disentangling composition and GMF since they im-
pact the arrival direction maps differently. Some sensitivity
to EGMF diffusion may also be possible, as discussed earlier.

The left column of Fig. 2 shows the surface density con-
trast of individual 40 Mpc shells out to 120 Mpc, for our two
fiducial models, SH* and d90. In the absence of EGMF dif-
fusion, the illumination map from each 1 Mpc shell used in
the computation is independent of the composition and at-
tenuation model, because it is just set by the surface density
distribution of the shell. The illumination map of the 40 Mpc
shells shown in the figure are slightly different from one an-
other, because within the 40 Mpc shell the 1 Mpc shells are
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Figure 1: (a) A significance map of the UHECR events with E > 57 EeV for 11 years of TA data (May 2008
- May 2019) in the equatorial coordinates. Events are smoothed by 25◦ oversampling radius circle, which is
defined in this paper. (b) A significance map of the UHECR events with E > 57 EeV for events observed in
the 1st 5 years of TA data (May 2008 - May 2013). Events are smoothed by 20◦ oversampling radius circle
according to our original paper [4]. The solid curves indicate supergalactic plane (SGP) and the galactic
plane (GP).

Figure 2: Number of cumulative events of the hotspot region (Red curve), and cumulative background
events (Blue curve), respectively, above 57 EeV. The green and yellow shaded areas show ±1σ and ±2σ
deviations from the rate of data observation respectively, assuming a linear increase in rate.

approximately double statistics of the first 5-year observation. These events are summed over dif-
ferent five oversampling radius circles, 15◦, 20◦, 25◦, 30◦, and 35◦. The centers of tested directions
are on a 0.1◦×0.1◦ grid in the equatorial coordinates. We then search for the maximum significance
over all grid points and five oversampling radius circles. We found the maximum significance of
5.1σ at a position R.A.=144.3◦, and Dec.=40.3◦ with 25◦ oversampling radius circle. The chance
probability of the 11-year hotspot in an isotropic sky is estimated to be 2.1×10−3 (2.9σ ). Figure 1
(a) shows the significance maps of the UHECR events with E > 57 EeV for 11 years with 25◦

radius circle, compared with our previous result for the 1st 5 years of data with 20◦ shown in Fig.1
(b) [4]. The 11-year hotspot looks larger size than the 5-year hotspot (the number of background
events in 25◦ radius circle is 50% higher than that of 20◦ radius circle). It has extended all the way
to the supergalactic plane (SGP), and is irregular in shape. Therefore a circular oversampling shape
is not really appropriate. In that case, the significance of such an excess might be underestimated.
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figure 7 are generally considered with special interest in the context of spatial diffusion.
The dipole moment is then naively expected to provide a way to probe the particle den-
sity gradient shaped by the diffusion in interstellar magnetic fields on scales of the scat-
tering diffusion length. In this picture, for stationary sources smoothly distributed in the
Galaxy, the dipole vector should align roughly with the direction of the Galactic center
with an amplitude increasing with energy in the same way as the diffusion coefficient,
typically E 0.3°0.6. However, this simple picture is not confirmed by the measurements,
showing that the dipole amplitude is not described by a single power law and that the
dipole phase does not align with the Galactic center and undergoes a rapid flip at an en-
ergy of 0.1-0.3 PeV. Recent studies have put this (too) simple picture into question, and
will be discussed farther in § 4.2.

At higher energy, in the PeV–EeV energy range, the expected increase of anisotropy
contrasts does not compensate, yet, the decrease in the collected statistics with increas-
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Galaxy, the dipole vector should align roughly with the direction of the Galactic center
with an amplitude increasing with energy in the same way as the diffusion coefficient,
typically E 0.3°0.6. However, this simple picture is not confirmed by the measurements,
showing that the dipole amplitude is not described by a single power law and that the
dipole phase does not align with the Galactic center and undergoes a rapid flip at an en-
ergy of 0.1-0.3 PeV. Recent studies have put this (too) simple picture into question, and
will be discussed farther in § 4.2.

At higher energy, in the PeV–EeV energy range, the expected increase of anisotropy
contrasts does not compensate, yet, the decrease in the collected statistics with increas-
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Figure 1. Trajectories of iron anti-nuclei backtraced from the Earth. Left panel: Energies equal
to (1, 4, 8)⇥ 1018 eV; Right panel: Energies equal to (1, 4, 10)⇥ 1019 eV. For details on the Galactic
magnetic field model, see text.

shows the variety of CR propagation types in the transition from “purely” di�usive (here at
1018 eV) to “purely”ballistic (here above >⇤ (2 � 4) ⇥ 1019 eV). This energy range is shifted
when the magnetic field parameters are changed. The regular GMF used for these plots is the
PTKN-BSS model. The turbulent component has a Kolmogorov spectrum with Lmin = 1AU,
Lmax = 200 pc, the profile 1 with z0 = 2kpc, and a strength set to Brms = 4µG.

The left panel of Figure 1 display the trajectories of 1, 4 and 8 ⇥1018 eV iron anti-
nuclei. Values of spatial coordinates on the axes are given in kilo-parsecs. For these GMF
parameters, the Larmor radius of the 1018 eV nuclei is smaller than the correlation length
Lc ⌅ 40 pc of the turbulent component. The trajectory of this cosmic ray resembles a random
walk, see the red line. The green (4⇥1018 eV) and blue (8⇥1018 eV) trajectories, respectively,
correspond to di�usion in the regimes when rL ⌅ Lc and rL > Lc. The trajectory of the
8⇥ 1018 eV iron anti-nucleus is still confined in the Galactic plane for an extended time. On
the right panel of Figure 1, one can see that this anti-nucleus goes back and forth in the disk.
It propagates especially along the regular field lines which are locally approximately oriented
along the x axis.

The right panel of Figure 1 shows the trajectories of 1, 4 and 10⇥1019 eV iron anti-nuclei.
At 1019 eV (red line), the CR is still strongly deflected before escaping the Galaxy. If one
sums up all deflections along its trajectory, it exceeds 360�. This iron anti-nucleus is weakly
deflected over distances up to ⇤ 1 kpc. It is strongly deflected only locally, when it reaches
regions with stronger turbulent magnetic field fluctuations. At 1020 eV, the trajectories are
fully ballistic, see the blue line. At such energies, one expects that iron nuclei su�er deflections
of the order of ⇤ 20� � 40� before escaping the Galaxy. The 4 ⇥1019 eV anti-nuclei are not
di�usive any more. However, they still experience large deflections. For instance, there is a
big wiggle on the 40EeV particle trajectory, see the green line in the right panel.

In principle, the best way to compute the anisotropy of Galactic CR at Earth is to
use forward tracking. One should inject cosmic rays in the Galaxy at the source locations
and only record the momenta of CR which cross a sphere around the Earth. The radius
of this sphere should be small compared to the CR Larmor radius. This is, however, not
feasible within reasonable computing times for the lowest rigidities we study. Therefore, we
use a method first proposed in Ref. [42], and reused in more recent works such as Ref. [43].
It consists in backtracking anti-particles with random initial momenta from the Earth to
outside the Galaxy, and to record for each one the total path length in the source region. This

– 6 –
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Figure 9.2 Schematic view of the galaxy seen edge on. In the exploded section of
the disk, arrows indicate possible regions of cosmic ray acceleration as supernova
remnants expand into the intestellar medium.

will need for the discussion of galactic cosmic rays [278].1 The basic structure
is illustrated in Figure 9.2. The disk of the Galaxy has a radius of about 15 kpc
(1 parsec “ 3 ˆ 1018 cm) and a scale height „ 250 pc at the radius of the Sun,
« 8.5 kpc. The density of diffuse neutral hydrogen is „ 0.5 cm´3. There is a dif-
fuse component of ionized hydrogen an order of magnitude lower in density that
extends into the Galactic halo („ kpc). In addition there are molecular clouds with
densities thousands of times above average on scales of 1 to 10 pc. The central
region of the Galaxy (inside „4 kpc) is more dense than the local disk and mostly
molecular. Propagation of cosmic rays extends into the halo. In example calcula-
tions in this chapter, we assume a total gas density of one hydrogen atom per cc in
a disk of thickness 200 pc, with a more diffuse ionized component extending into a
galactic halo. More details about the Milky Way can be found also in Chapter 13.
In some numerical examples in this chapter, we will treat the disk of the Galaxy as
a uniform thin cylinder of thickness 2 h “ 200 pc and radius 15 kpc with a density
of one hydrogen atom per cm3.

1 An earlier standard reference on the ISM is the book [279].
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Transportgleichung: Diffusion im Magnetfeld
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Exkurs: 1tes Ficksches Gesetz (Gastheorie)
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Transportgleichung: kontinuierliche Energieverluste

25



26



27


