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The magnetic fields in our Galaxy, in the intergalactic space and around cosmic ray sources have
significant effects on the observed arrival direction distribution, spectrum and composition of the
ultra-high energy cosmic rays observed at Earth. I revisit some selected topics regarding the
propagation in the regular Galactic magnetic field and in turbulent extragalactic magnetic fields.
These include the formation of multiple images and the modification of large-scale anisotropies
of extragalactic origin by the Galactic field. The arrival direction distribution and enhancement
of the flux from a source in the presence of a turbulent field is also discussed, as well as the
magnetic horizon effect that limits the flux of low-energy particles from a distribution of
sources. The role of these effects in scenarios proposed to explain the spectrum, composition and
anisotropies is highlighted.
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1. Introduction

While cosmic rays (CR) travel from their sources to the Earth, they traverse magnetic
fields that deflect their trajectories, both in the intergalactic space as well as within our Galaxy.
The deflections are inversely proportional to the cosmic-ray energy and proportional to their
charge. Thus, the smallest deflections are expected at the highest energies and for the lightest
particles. Since cosmic magnetic fields are uncertain, we do not know the size of the deflections
they suffer and whether their propagation is diffusive or quasi-rectilinear for each energy and
charge. The deflections may significantly affect both the arrival directions and the spectrum of
the particles reaching the Earth.

We suspect in fact that the effects of magnetic fields on cosmic rays are significant. On the
one hand, the interpretation of the recent results on the spectrum and composition from the
Pierre Auger Observatory indicates that above ~ 3 EeV cosmic rays become progressively
heavier and with little admixture of masses at any given energy, what leaves little room for light
particles at the highest energies, as can be seen in Fig. 1 [1,2].
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Figure 1: Interpretation of the spectrum and maximum depth of the showers (X,.x) measurements by the Pierre Auger
Collaboration for the EPOS-LHC hadronic interactions model [1,2].

On the other hand, anisotropy measurements have revealed a significant large-scale dipolar
anisotropy with amplitude of 7.3% for energies above 8 EeV [3], some hints of intermediate
scale anisotropies at angular scales of ~ 30° from the Cen A region with a significance of ~ 4 ¢
[4] and no evidence of anisotropies at small angular scales. These observations provide
indications of the presence of large deflections in Galactic and/or extragalactic magnetic fields,
compatible with the heavy composition inferred at the highest energies.

The main problem to identify the ultra-high energy cosmic ray (UHECR) sources is that
both the Galactic and extragalactic magnetic fields are poorly known. The deflection of a
particle of energy E a charge Z after traversing a distance L in a regular magnetic field B(x) is
given by
o EeV |t d% % B

EIZ |y kpc ™ 2uG/|
while the root mean square deflection in a turbulent magnetic field of root mean square
amplitude B,., and coherence length /. is given by

=10
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Measuring magnetic fields in cosmic structures is difficult and different methods are
used to gather information [5]. A widely used probe is the measurement of the Faraday rotation
of the polarization of the radio emission from distant sources. The change in the polarization
angle after traversing the foreground magnetized plasma is proportional to the integral of the
magnetic field component along the line of sight times the electron density. Another
complementary probe of cosmic magnetic fields is the diffuse radio synchrotron emission from
the magnetized plasma. This emission is proportional to the integral of the square of the
magnetic field component perpendicular to line of sight times the electron density.

The magnetic field in the Milky Way has been extensively studied analysing the
Faraday rotation of pulsars in the Galaxy and other faraway sources and the synchroton
emission from the Galactic medium. Although different groups have different models to account
for the data, a consensus about some basic facts has been reached [6]. The Galactic magnetic
field (GMF) has both a regular and a turbulent component, with amplitudes of about few pG.
The regular field has several components: the disk one following different spiral arms, a halo
component with toroidal shapes in the north and south Galactic hemispheres and an X
component, named in this way because of the shape of the field lines observed when looking to
the Galaxy edge-on. In addition to this component, the Galaxy has also a turbulent or random
component with a similar or larger amplitude than the regular one, which is less well known. A
discussion of recent GMF models is presented in [7,8].

Although there are not many measurements of magnetic fields in the cosmic structures,
observations indicate that their strength strongly depend on the environment, with larger values
in denser regions [9]. In collapsed structures such as galaxies and cluster centers, magnetic
fields of a few puG have been inferred, while in cluster outskirts, 100 nG fields have been
measured. Also filaments with a few tens of nG fields have been detected, and in voids, upper
bounds B < nG have been established. In recent years, there has been a huge computational
effort to incorporate magnetohydrodynamics into large-scale structure formation simulations to
understand the process of magnetogenesis. The magnetic fields result from the gravitational
collapse compression and eventual dynamo processes and their amplitude depends on the
generation mechanism of the initial seeds. These can be primordial, from processes taking place
close to the Big Bang, like in inflation or early universe phase transitions before recombination.
Alternatively (or additionally), they could arise from astrophysical processes taking place at low
redshifts, e.g. star formation in galaxies and/or the formation of supermassive black holes which
can expel magnetized plasma into the inter-galactic medium through galactic winds. Jets and
winds from active galactic nuclei can also magnetize the central regions of clusters. Dynamo
processes can further amplify the magnetic fields. These mechanisms can produce magnetic
fields with strengths increasing with the matter overdensity and reaching the observed
amplitudes in clusters [10].
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2. Regular Galactic magnetic field effects on cosmic rays

The main effects of the regular GMF on cosmic rays reaching the Earth can be visualized in Fig.
2. It depicts the directions outside the halo of a regular grid of directions at Earth, obtained by
backtracking antiparticles with rigidity £/Z = 20 EeV in the GMF model from Jansson and
Farrar [11]. The mapping depends on the rigidity considered, with larger deformations taking
place for smaller rigidities.

JF12 E/Z=20 EeV
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Figure 2: corresponding directions outside the halo for a regular grid of directions at Earth after propagation through
the Jansson & Farrar Galactic magnetic field model.

Several features are evident in the figure. The deformation of the mapping indicates the
deflections resulting for the different sky directions. In several places, folds appear in the map.
This means that, in some cases, cosmic rays coming from the same direction outside the halo
can arrive at Earth from different directions. This gives rise to multiple images of a source,
which appear in different directions in the sky. Sources located in a region of the sky where the
grid looks stretched will be demagnified, since the apparent solid angle at Earth is smaller than
in the absence of the GMF and the surface brightness is conserved in the presence of magnetic
deflections. On the contrary, sources located in regions where the grid is compressed will appear
brighter, since the apparent solid angle at Earth is larger [12]. In particular, an isotropic
distribution of equal-luminosity sources outside the halo will appear at Earth fainter and more
dense in the regions where the grid looks stretched and brighter and more separated in the
regions where the grid looks compressed. In the limit of an infinitely dim and dense population
of sources, both effects cancel each other and an isotropic flux outside the halo is also isotropic
at Earth after traversing the GMF, as expected from the Liouville theorem.

Different possible signatures of the regular GMF effects on the cosmic-ray flux can be
expected to be observed. For instance, cosmic rays of the same mass composition coming from
the same source should appear aligned in the sky and ordered in energy. These magnetic
multiplets are expected to be detectable if there is a fraction of light cosmic rays at the highest
energies. The Pierre Auger Collaboration has looked for them, with no significant detection
[13], what is compatible with the inferred heavy composition at the highest energies.

The appearance of multiple images of a single source is actually a very plausible
possibility even at very large energies, taking into account the composition inferred from the
Xrmax measurements by Auger. Figure 3 displays the expected images of nitrogen cosmic rays
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with energy of 20 EeV coming from a source at M82 (left) and at CenA (right) after traversing
the GMF model of Jansson and Farrar [14].

E=20 EeV ; N flux E=20 EeV ; N flux

Figure 3: Images at Earth of a source of 20 EeV nitrogen cosmic rays in the direction of M82 (left panel) and Cen A
(right panel) [14].

The GMF is also expected to have a significant effect on the large-scale anisotropy
observations, changing the direction as well as the amplitude of the dipolar anisotropy measured
at Earth with respect to that of the cosmic-ray flux outside the Galactic halo. As shown in Fig.
4, the deflections in the GMF tend to move the dipole direction closer to the outer or the inner
spiral arm, depending on the original direction, and to decrease its amplitude for decreasing
rigidities [15].
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Figure 4: Dipolar component direction at Earth for different directions (black circles) of a perfect dipole outside the
halo for different rigidities E/Z = 32, 16, 8 (intermediate points) and 4 EeV (tip of the arrow). The colors indicate the
fractional decrease of the dipole amplitude for the Jansson and Farrar GMF model (from [15]).

3. Turbulent magnetic field effects on cosmic rays

A turbulent magnetic field also affects the distribution of arrival directions and spectrum
of cosmic rays. Let us consider an isotropic turbulent field with root mean square amplitude Bims
and coherence length /. There is a critical energy for which the Larmor radius of particles with
energy E. and charge Z equals the coherence length, £.= ZeBumsl.= 0.9 Bms[/(nG Mpc) EeV. For
E < E; particles will experience resonant diffusion, while for £ > E, they will experience small
deflections within /.. After traversing a distance equal to the diffusion length /p the particles are
deflected by an angle of one radian. For a Kolmogorov spectrum one has that [16]

2 1/3
I,(E)~1 4(£ +09| £ +o.23(E£) .
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The main characteristic of UHECRS trajectories in the presence of a turbulent magnetic
field can be obtained by the numerical integration of a stochastic differential equation [17,16,18]
dn,=(1/1,)n;cde+(1/\1,) P,dw,
where P;= 6,.j—nl. n; is the projection tensor onto the plane orthogonal to the direction of the
CR velocity n=(n,,n,,n;) and (dW,,dW,,dW,) are three Wiener processes such that
(dW;)=0 and (dW,dW,)=cdt o,
Cosmic rays from a single source will reach the observer from a set of directions around
the source location, with an increasing spreading for decreasing rigidities. At high rigidities a
single, slightly displaced image appears, while new multiple images start to appear for
decreasing rigidities, leading to an increasingly blurred image. For low rigitidies, the
distribution of directions is well described by a Fisher distribution dN/dcosé o« exp(x(R)cosH),
with 6 the angle between the source direction and the CR arrival direction [19]. The left panel of
Fig. 5 shows the angular distribution of arrival directions for three values of the ratio between
the distance to the source r; and the difussion length, R = r/lp, where the transitions between a
more concentrated image for low R to a more dipolar-like one for large R can be seen. The dots
correspond to the integration of the stochastic differential equation. The concentration parameter
x determines the dispersion of the directions, with larger values corresponding to smaller
dispersion. It is a decreasing function of the ratio R, as shown in the top right panel of Figure 5.
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Figure 5: Distribution of arrival directions from a single source for different values of the ratio between the source
distance and the diffusion length, R (left). Concentration parameter (top right) and mean cosf (bottom right) as a
function of R [19].

The dipolar component of the distribution can be obtained from (cos#) shown in the
bottom left panel of Fig. 5 as A = 3 {cosf). The fit shown corresponds to {cosf) = (1- exp(-3R-
7R*/2))/3R, smoothly interpolating from A ~3/p/r in the diffusive regime (Fick’s law) and A =~
3 (1- 7/31p) in the ballistic regime, i.e. (¢*)~ 2r/3lp ~(r/6L.)(E/E.) at large energies.

The turbulent magnetic field also affects the observed flux from a source. Let us first consider
the case of a steady source, neglecting energy losses. The spatial density of CRs from the source
will reach an asymptotic stationary regime in which it does not depend on time, and the flux
through any sphere around the source has to be the same. Due to the spherical symmetry
n(E,rs) 4w ric (cosO(E,rs)) = Q(E),

with n(E,rs) the density of CRs at the observer’s position and Q(F) the emissivity of the source.
For quasi-rectilinear propagation n(E,rs) oc 72, while in the diffusion regime n(E,r;) o 5", As a
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result of the diffusion process, the spectrum of the flux observed from a given source is
modified, with the flux of lower-energy particles being enhanced by an amount that depends on
the distance from the observer to the source and on the properties of the magnetic field. We
define the enhancement factor & as the ratio between the actual density and the one that would
result in the case of rectilinear propagation,
- n(E,r) 1
" Q(E)/(4mric) (cos®)

We then see that the flux enhancement is inversely proportional to the dipolar component of the

flux arriving from the source [20]. Figure 6 shows the enhancement for different distances to the
source as a function of E/E.. At high energies, for which Ip > 7, the propagation is quasi-
rectilinear. The enhancement starts at higher energies for farther away sources.
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Figure 6: Enhancement of the flux from a single source at a distance 7, due to diffusion [19].

Let us now consider the case of a source emitting CRs since a finite time #. In this case
a decrease of the flux of the lowest energy particles is expected due to the magnetic horizon
effect (MHE). This happens when, due to the diffusive propagation, the time required for low-
energy particles to reach the observer becomes larger than the emission time of the source.
Figure 7 shows the expected enhancement of the flux for protons accelerated in a source at 4
Mpc for different emission times (left panel). The low-energy suppression of the flux is stronger
for the shorter period of emission. The right panel shows the mean cosine angle of CR arrival
direction with respect to the source direction. As the emission period decreases, the arrival
directions become more concentrated around the source, since only the particles with straighter
trajectories have enough time to reach the observer [20].

100

T 1
\ ctj=5Mpc —— ! ;
20 Mpc ——
N 80 Mpc
= \ 320 Mpc
2 L steady —— 01} re=4Mpc -
(] \ I, = 30 kpc
8
=
5 10 \ ] é
£ \ 2 0.01
\
§ \ re =4 Mpc v
£ I = 30 kpc
£
5 0.001 | ¢t =5 Mpc
20 Mpc
1F 80 Mpc
320 Mpc
| | | ; i §teady —_—
0.1 . 10 100 0.0001 0.1 1 10 100
E/E, E/E,

Figure 7: Enhancement of the flux from a single source emitting since # (left) and mean cosine angle of the arrival
directions with respect to the source location (right).
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In the case of a single source emitting protons, there exist an analytic solution for the
spectrum of particles in an expanding universe in the diffusive propagation regime [21],

e )2 2 - # !
B :/ 2 ySxp Lri/4X] A, AZ(E,z):f g/ |98\ DU =)
J0

(47A2)3/2  dE 0 a?(z")
where E, is the energy of the particles emitted by the source and E that of those reaching the
observer and the diffusion coefficient is D = ¢ Ip/3. This solution is shown with a solid line in

dt

dz’

ﬁ
dz

Qs(Eg, 2

Fig. 8 for a source at 7, = 36 Mpc emitting protons with a spectrum £ ~ since a zm = 1 in a
turbulent magnetic field with Bms = InG with /. = 1Mpc. At low energies, where particles are
propagating diffusively, the solution agrees with the results from numerical simulations
represented by dots. At larger energies, for which Ip(E) = 7, (in this case E =~ 3 E. ~ 3 EeV),
the propagation becomes ballistic and the spectrum follows that of the emitted particles. At even
larger energies, around 100 EeV, photo-pion production by interactions with the cosmic
microwave photons leads to the GZK suppression [22,23], with a pileup of higher-energy
particles that lost energy through interactions.
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Figure 8: Expected spectrum at Earth from a proton source at 36 Mpc emitting since zm=1 in dots (numerical
simulation) and analytical diffusion solution (line).

When multiple sources are present, their fluxes must be summed. A very interesting
result, known as the propagation theorem, establishes that as long as the distance to the nearest
sources is smaller than the diffusion and the energy loss lengths, the total CR flux is the same as
that in the absence of magnetic fields and for a continuous distribution of sources [24]. This can
be proved by adding sources, expressing ¥ as the integral 41 dr and using that

fdr 4xr2exp(—r2/422)/(4xr2)*=1
0

4. The magnetic horizon effect

In the case in which the distance to the closest sources is larger than the diffusion
length, a suppression of the low-energy particles appears since these have not enough time to
reach the observer [25,26,27]. Notice that the relevant magnetic field for this effect is the one in
the region between the observer and the closest sources, in our case this most probably
corresponds to that within the Local Supercluster. Figure 9 shows in the left panel the
modification of the spectrum of protons resulting from the magnetic horizon for different values

of the normalized intersource distance X ,=d./v R, L.=(d,/20 Mpc)\100kpc/L, , with
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Ry the Hubble radius and ds the mean intersource distance, related to the source density s
through ds.  The be function

G(E/E_ X,)= JZ(E,XS)/JZ(E)dS_,O , displayed in the right panel. Larger intersource

distances lead to stronger flux suppression.
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Figure 9: Suppression of the flux for a proton source distribution for different normalized inter-source distances [28].

A similar suppression results for heavier primary nuclei as shown in the left panel of
Figure 10. Since the magnetic horizon depends on the rigidity of the particles, the suppression is
the same for the different mass groups when plotted as a function of E/E. as shown in the right

panel. Analytic expressions fitting G (solid lines) can be found in [28].
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Figure 10: Magnetic horizon suppression for primary nuclei with different charges [28].
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Secondary particles produced from the photo-disintegration of heavier nuclei are,
however, less suppressed than the primary ones, as can be seen for protons in the left panel of
Figure 11. The reason is that they are, on average, produced at higher redshift and have thus a
longer time to reach the Earth, as can be seen in the right panel.
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Figure 11: Magnetic horizon suppression for secondary protons [28].
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5. Explaing the observed spectrum and composition

The Pierre Auger Observatory performed detailed measurements of the CR spectrum and
distribution of the atmospheric depth at the maximum development of the air showers, Xmax,
which is a reliable estimator of the mass composition. These measurements indicate a
composition increasingly lighter from 0.6 EeV to 3 EeV, getting progressively heavier above 3
EeV and with little mixing of masses, as shown in the right panel of Fig. 1. These results have
been interpreted in scenarios with two populations of uniformly distributed sources accelerating
a mixed mass composition of CRs with power-law spectra and rigidity-dependent cutoffs
proportional to sech(E/ZR..)"*, with the coefficient A regulating the steepness of the cutoff [1].
The left panel of Fig. 1 shows the best fit result when considering A = 1 and the EPOS-LHC
hadronic interaction model for the air-shower development in the atmosphere. This fit requires
for the high-energy population a very hard spectrum E *. The question of whether the hardness
of the spectrum of the high-energy population could result from the magnetic horizon effect has
been recently analysed by the Pierre Auger Collaboration [2]. A combined fit to the spectrum
and Xm.x measurements including the possible MHE for the high-energy population was
performed. For a soft cutoff with A =1, the best fit solution was close to the no B case, with a
very hard spectrum at the sources, as it is shown in the left panel of Fig. 12 for the Sibyll 2.3d
hadronic interaction model. Instead, when a sharper cutoff with A = 3 was adopted, the best-fit
solution (right panel) corresponds to a significant MHE and a considerably softer spectrum at
the source, E?, compatible with the expectations from the diffusive shock acceleration
mechanism. This solution requires a strong extragalactic magnetic field in the region between

the Milky Way and the closest sources  (B,,,/50nG )y/1./100kpc(d,/20 Mpc)~1-2 . A

low-energy component with mixed light to intermediate (p+He+N) mass composition and with a

soft E 2 spectrum is also required to explain the observations above 0.6 EeV.
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Figure 12: Best fit solution to the spectrum and composition for the Sibyll 2.3d hadronic interactions model and for a
soft cutoff A= 1 (left) where the fit is close to the no B case and sharp cutoff A =3 (right) with significant MHE [2].
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Another possible scenario to explain the observations above the ankle is to consider that the flux
is dominated by a single nearby source, like the radio-galaxy Cen A [29]. As discussed in
Section 3, for a source emitting CRs since an initial time ¢, the flux reaching an observer at a
distance 7 after propagating in a turbulent magnetic field is modified by the factor displayed in
the left panel of Fig. 7. A good fit to the spectrum and composition is obtained as shown in Fig.

10
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13 including also a low-energy extragalactic component similar to that of the previous case. The
best fit source spectrum for this case is £ "7 and the source started to emit 600 Mly ago. A
strong magnetic field of few tens nG between the Milky Way and the nearby source is needed.
Note that this will produce a significant blurring of the source, while the Galactic magnetic field
can lead to lensing effects and multiple imaging which would spread the arrival distribution of
the CRs and leads to a better agreement with the observations [29]. As an example, the expected
flux distribution at 10 EeV is shown in the right panel of Fig. 13.
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Figure 13: Cen A scenario. Left: contribution to the flux of the different components. Right: distribution of the flux at
10 EeV [29].

5. Dipole expectations

An important measurement is the dipolar anisotropy observed above the ankle energy. It
grows with energy from about 2% at 5 EeV to 17% above 32 EeV [3]. This behavior may be
attributed to CR energy losses from interactions with background radiation, resulting in a
shrinking horizon at higher energies. This is expected to lead to a growing relative contribution
from nearby sources, whose distribution is more inhomogeneous, resulting in an increase in the
dipole amplitude as a function of energy. It has been shown that the expected dipole from
sources following the distribution of galaxies, with a source density of 107> Mpc™ or 10 Mpc™,
and emitting according to the model for the high-energy population that fits the spectrum and
composition, is consistent with dipole measurements both in amplitude and direction [3].

It is interesting to discuss the effect that a turbulent extragalactic magnetic field has on the
dipolar anisotropy in the case of a distribution of CR sources, extending the discussion of the
single source case presented in Section 3. The total dipole is given by the vectorial sum of the
dipoles from each individual source,

B(e)=3 ) g,

ij ”t(E) l

where the index i runs over the sources and j over the mass groups contributing to the flux. The

dipole of the mass group j and from the source i points to the source direction 7, and has an
amplitude equal to  AY'=3(cos 7)f, , and thus decreases for increasing spreading of the
arrival direction of the diffusing particles. Each individual dipole has to be weighted by the
relative contribution of that source and mass group to the total flux, nl(-j Il n, .As we have

discussed in Section 3, when CRs propagate diffussively in the presence of a turbulent field

11
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there is an enhancement in the density, that for steady sources (and neglecting energy losses) is
inversely proportional to the decrease in the dipole amplitude, ngj ):Q(I.j ] (4 m‘?(cos ng )>) ,
with Q.9 the emissivity of source i of particles in the mass group j. Then, the product

(J)
nl(j)&l(_j)_ 3 Qij

4 Jrrl.2 &
is the same in the presence or in the absence of the turbulent magnetic field. We see that the
effects of the dipole dilution and the flux enhancement compensate each other in this ideal case.
Then, as long as n, is not affected by the extragalactic turbulent magnetic field (i.e. the
propagation theorem holds), the total dipolar component of the anisotropy is nearly independent
of the field strength. This cancellation only applies for the dipole, while smaller scale
anisotropies are instead affected by the EGMF. The independence of the dipole amplitude from
the magnitude of the turbulent magnetic field present also holds to a good approximation in the
more realistic case in which the interactions with the radiation backgrounds are taken into
account, as shown in the left panel of Fig. 14 [18].
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Figure 14: Left: dipolar anisotropy for a uniform distribution of sources with spatial density of 10° Mpc™ for the
model of ref. [18] and different amplitudes of the turbulent field. Right: Dipole amplitude for the model with MHE
(right panel of Fig. 12) presented in Section 4, for sources distributed like galaxies and a density 10* Mpc™ and a
turbulent field with B = 50 nG and /= 25 kpc.

Also when larger turbulent magnetic fields are considered, such as those leading to a
strong MHE effect discussed in Section 4, the dipole amplitude is only mildly affected, as
shown in the right panel of Fig.14. The expected dipole amplitude for the best fit model of
spectrum and composition depicted in the right panel of Fig. 12, considering sources distributed
like galaxies and with a density of 10 Mpc?, is very similar when a strong magnetic field of 50
nG is included in the simulations and in the no magnetic field case. Let us note that the expected
amplitude also agrees well with the measurements of the Pierre Auger Collaboration [3].

6. Summary

Galactic and extragalactic magnetic fields likely significantly affect the flux of cosmic
rays reaching Earth, even at the highest observed energies, influencing both arrival directions
(and thus observed anisotropies) and the spectrum.

The regular magnetic field deflects the cosmic-ray trajectories by an amount inversely
proportional to their rigidity, and thus could lead to sets of events ordered in energy in the sky
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along a preferred direction, although this has not yet been detected. Another interesting effect
resulting from the regular GMF is the possibility of multiple images of one source, that is CRs
from the same direction outside the halo can arrive to the Earth following very different
trajectories. Given the inferred heavy composition at the highest energies, with corresponding
rigidities below 4 — 5 EV, this is expected to happen for certain directions of the sky up to the
maximum observed energies, complicating the identification of CR sources. The Galactic
magnetic field also significantly affects the large-scale anisotropies, in particular the direction of
the dipolar component of the flux reaching the Earth is rotated towards a direction closer to the
spiral arm direction and its amplitude is reduced compared to that outside the halo.

Turbulent magnetic fields blur the image of a single source; this blurring increases with
distance and decreases with energy, resulting in a weaker dipolar flux component from the
source. At the same time, the diffusion of CRs leads to an enhancement of the flux that for
steady sources is inversely proportional to the dipole decrease. For a source emitting since a
finite time the spectrum is suppressed at low energies due to the magnetic horizon effect.

On the other hand, the flux of particles from a distribution of many sources is not affected
by the turbulent magnetic field as long as the diffusion length is larger than the average
intersource distance. When this is not the case, a depletion of the total flux at low energies
appears. This has been proposed as a possible explanation for the observed hardness of the
spectrum of the high-energy extragalactic CR component.

Another scenario that provides a good fit to the spectrum and composition measurements
at the highest energies is that of a local dominant source emitting since a limited time.

In summary, several possible scenarios explain the observations, and understanding the
effects of cosmic magnetic fields is key to their study.
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