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UHECR propagation in a turbulent intergalactic
magnetic field in the diffusion regime is well under-
stood for propagation distances much larger than the
field coherence scale, see e.g. Refs. [1–4]. The diffu-
sion theory doesn’t work and unexpected effects may
appear for propagation over smaller distances, from a
few and up to 10-20 coherence scales [5–7]. We study
the propagation of UHECRs in this regime, which may
be relevant for intermediate mass UHECR nuclei and
nG scale intergalactic magnetic fields with 1 Mpc co-
herence scale. We found that the trajectories form a
non-trivial caustic-like pattern with strong deviation
from isotropy. Thus, measurements of the flux from a
source at a given distance will depend on the position
of the observer.

In general, deflections of cosmic rays in a turbulent
field with coherence length λC as a function of distance
has three regimes. At D < λC , the deflection occurs
across the main direction of the magnetic field in the
given region. As a result, the deflection grows almost
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linearly θ = (D/D0)
α with α = 0.9 in our case. For

D > 5λC deflections occur in diffuse regime and a typ-
ical power law corresponds to α = 0.5. Therefore, for
D ≫ λC and small deflection angles
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where Z is the atomic number of the primary particle.
Finally, in the intermediate regime λC < D < 5λC , and
on average, the exponent α is interpolated between the
above values.

However, averaging can erase important properties
of UHECR propagation at a given distance from the
source, and two-dimensional slices of the density dis-
tribution of cosmic rays propagating from a source
have never been studied. In this work, medium-scale
anisotropies are revealed in a certain range of parame-
ters in the two-dimensional distribution of cosmic rays
on spheres around the source.

The physical reason for the appearance of
anisotropies during propagation in a turbulent
field can be understood analytically. In [6] it is shown
that in the case of initially parallel proton beam,
inhomogeneities in the particle distribution are caused
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Fig. 1. UHECR distribution on a sphere with a radius of

10 Mpc. From top to bottom, the magnetic field was turned

off after 1,3,10 correlation lengths, respectively.

by fluctuations of the magnetic field rotor along
the trajectories of neighbouring particles. Namely,
the cross-sectional area A(D) of the particle beam
trajectories turns out to be linearly dependent on the
magnetic field rotor [6]. In the case of a diverging
beam, results of Ref. [6] should be modified due to
different beam geometry, which determines different
initial conditions. We have used corresponding initial
conditions and have derived the equation for the
diverging beam:

A(D) = A0



1− Ze

E

D∫

0
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(
1− s

D

)
(rot ~B · d~s)



 . (1)

It should be noted that the equations are valid only
for small amplification (A(D)−A0)/A0 ≪ 1 and small
deflections of particles. Rewriting Eq. (1) in terms of

10−1 100 101 102
F/Fav

10−3

10−2

10−1

100

p

D=1 Mpc
Histogram
Gauss erf fit χ2=0.234

10−1 100 101 102
F/Fav

10−3

10−2

10−1

100

p

D=10 Mpc
Histogram
Gauss erf fit χ2=9.125

10−1 100 101 102
F/Fav

10−3

10−2

10−1

100

p

D=100 Mpc
Histogram
Gauss erf fit χ2=0.267

Fig. 2. The cumulative probability of detecting an above-

average flux on a sphere with a radius of 1, 10 and 100 Mpc

from the source. At a distance close to the Larmor radius, the

distribution is strongly non-Gaussian.

the number of particles N , we arrive to a relation that
can be verified directly in numerical simulations:

∆N

N
=

1

RL
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DB


 , (2)

where RL is a Larmor radius.

We use publicly available codes CRbeam [9] and
CRPropa [10, 11] for cosmic ray propagation. All in-
teractions and cosmological expansion of the Universe
are turned off. The particles were emitted isotropically
and propagated until they reached a sphere of a given
radius D. The resulting output is processed with the
package healpy [12, 13].
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In Fig. 1, lower panel, we show a sky map with
UHECR density at a fixed radius of the sphere around
the source. This figure shows an example of a UHECR
with E = 10 EeV propagating in a turbulent mag-
netic field with strength B = 1 nG and coherence scale
λC = 1 Mpc. With such a field and energy of cosmic
rays, we expect that the maximum anisotropy in the
UHECR distribution will be reached at 10 correlation
lengths, i.e. at a distance of D = 10 Mpc. The bar
under the figure shows the color correspondence to the
density of cosmic rays in the structures. Three types
of structures can be identified: knots with the highest
density, filaments and voids with the lowest density.
Note that the typical size of a magnetic field domain
with λC = 1 Mpc has an angular scale of 6-10 degrees
on this map and corresponds to small features. How-
ever, the most prominent and highly visible are the
medium-scale structures, with a typical scale of about
60 degrees. To understand the angular scale of these
structures, we have shown in Fig. 1 the UHECR den-
sity at D = 10 Mpc, but when the magnetic field is set
to zero outside the 1 and 3 Mpc spheres, see top and
middle panels respectively. It can be seen that most of
the global structure observed at a distance of 10 Mpc
is formed during the passage of the first 3 correlation
lengths from the source, its physical size corresponded
to the correlation length at that time. Later on the
structure mainly sharpens.

By randomly changing the location of the observer,
we calculate the cumulative probability of detecting a
flux above a given value which is shown in the Fig. 2.
The x-axis is normalized to the mean density on the
sphere. We plot the cumulative probability at a dis-
tance of 1, 10, and 100 Mpc from the source, from the
top panel to the bottom, respectively. Both at small
and large distances, the probability distribution is simi-
lar to Gaussian. However, in the middle panel it is very
far from Gaussian. The probability of getting a flux be-
low average is 80%. At this distance from the source,
the initial flux is likely to decrease, e.g. by a factor of
10 with a probability of about 20%. The probability of
an order of magnitude gain is only 2% .

Finally, we have verified that the appearance of
caustic-like structures does not depend on specific pa-
rameters of the magnetic field spectrum. In particular,
our results are robust to changes in the ratio of maxi-
mum and minimum turbulence scales.

Conclusions. In this work, we have studied the
propagation of UHECRs in a turbulent intergalactic
magnetic field in the small-angle scattering regime. We

found that even if UHECRs are emitted isotropically
from their source, they are distributed anisotropically
at a distance of the order of the Larmor radius, and
again isotropically at a distance 10 times greater. The
enhanced regions merge into a filamentary, caustic-like
structure on the sphere. The angular arrangement of
these regions is dictated by the structure of the mag-
netic field at several coherence lengths from the source.

The relative size of the enhanced regions depends
on the coherence length of the magnetic field. This
anisotropic distribution can affect the UHECR spec-
trum at distances from the source comparable to the
Larmor radius. In addition, this can also lead to the
formation of hot spots in the observer’s distribution of
cosmic rays over the sky, and can also affect the ra-
tio between the number of observed hot spots and the
density of UHECR sources.
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