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Magnetic fields can produce non-negligible deflections in the trajectories of Ultra-High Energy
Cosmic Rays (UHECR), hindering the identification of potential sources from their observed
arrival directions. The Galactic magnetic field is rather well understood inside the Galactic disk
both in structure and topology, and its effects can be deconvolved with some degree of confidence.
The extragalactic magnetic field poses a much more complicated challenge, but considerable
effort has been devoted to assessing its effects on UHECR propagation for a variety of models
and assumptions. The halo magnetic field, on the other hand, has been largely neglected in the
literature. Our current knowledge of the halo magnetic field is extremely limited and we do not
know with certainty its intensity, extension or, even more relevant for UHECR propagation, its
topology and extension. In the present work, we use numerical simulations to analyze different
halo magnetic field models and their impact on the interpretation of UHECR directional data. We
show that the effects can be dramatic in some cases, highlighting the importance of taking them
into account when evaluating the true uncertainty intrinsic to many phenomenological analyses.
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1. Introduction

Since they are charged particles, UHECR are deflected by the ambient magnetic fields in the differ-
ent astrophysical regions: extragalactic and Galactic magnetic field (GMF). The extragalactic mag-
netic field is poorly known. Depending on its origin (primordial or plasma ejections from galaxies),
the theoretical constraints can be really different (for a review, see [3]). Although attempts to mea-
sure this field (Faraday rotation of distant blazars, cosmological electromagnetic cascades) have
not been successful so far, upper and lower limits have been imposed on it. Its amplitude is ex-
pected to be between 10~° and 10~!7 G for a coherence length ranging from a few kpc to the size
of the Universe. On the other hand, the GMF is quite well-known inside the Galactic disk [5, 6].
Nevertheless, despite considerable efforts to measure and model its different components, a full
understanding of the global structure of the GMF is still missing (see, e.g., [7, 8] and references
therein). This is particularly true with regard to the long-range behavior: both the amplitude and
structure of the magnetic field in the halo are almost unknown.

A complete parameterization of both the regular and random components of the magnetic field in
our Galaxy is essential in order to predict the pattern of UHECR deflections, identify sources and
gain insight into composition. A way to study the propagation of UHECR in the local magnetized
neighborhood is to use magnetic lenses as described in Bretz et al. [2]. The basic principle is to
backtrack anti-protons from Earth to the border of the Galaxy for a given model of the Galactic
magnetic field. Using a pixelization of the sky following the scheme of HEALpix [4], we can con-
vert with these lenses a probability map of arrival directions outside the Galaxy into a probability
map of observed arrival directions.

In this work, we built different magnetic lenses for different models of the regular component of
the GMF. We consider the models for the disk and the halo considered by Pshirkov et al. [10],
complemented with an extra component we introducefor the halo magnetic field. To illustrate the
importance of the halo magnetic field on the directional observation of UHECR we apply this
magnetic lensing to the case of the full-sky blazars emission at different energies.

2. Galactic magnetic field modeling

We apply the model presented in Ref. [10] as it is implemented in CRPropa 3 [1]. The components
of the magnetic field in cylindrical coordinates are

Bg = B(r,0,z)cosp, B,=B(r,0,z)sinp, B,=0. 2.1
The two versions of the model are specified by the following expressions of B(r, 0,z):

- Assymetrical (ASS) model

Byss(r,0,z) = B(r) e /a0, (2.2)
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- Bisymetrical (BSS) model

Bpss(r,0,z) = B(r) cos (9 —bln RL + ¢> el (2.3)
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The definitions and values of the parameters in the previous formulas are[10]:

Rs distance from Sun to the center of the Galaxy 8.5 kpc

Zo  typical altitude of attenuation 1 kpc

By  initial magnetic field amplitude 2uG

R, Radius of the central region where disk field is constant 5 kpe

d  distance to the first reversal -0.6 kpc

p  pitch angle -5°  (ASS)
-6°  (BSS)

Above the magnetic field in the arms of the Galaxy, the model incorporates a halo component,
which consists of a purely toroidal field whose direction in the southern hemisphere is reversed
with respect to the one in the northern hemisphere:

.
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with the following definition and value of the different parameters [10]:

1
el r/Re, 2.5)

Bf (r,z) = sign(z) By
Ro

Bg initial halo magnetic field amplitude 4uG

zil vertical position of the halo 1.3 kpc

Zi vertical scale of the halo d4kpc (7] <
0.25kpe  (|z] >z

Rl horizontal scale of the halo 8 kpc

In this model, the magnetic field does not extend more than a few kpc above or below (north and
south) the Galactic plane. On the contray, the halo can extend farther than 20 kpc (pehaps up to
100 kpe).

On the other hand, as it is well known, part of the Sun’s magnetic field is carried by the solar wind
plasma, filling the heliosphere completely. The global structure of the heliospheric magnetic field
is well described by the Parker spiral model [9]. A similar effect associated with the rotation of the
Galaxy as a whole could produce an additional component of the magnetic field that extends long
distances in the Galactic halo. To circumvent the mentioned limitation, we complement the previ-
ous model by adding a Parker like component to the halo magnetic field. In spherical coordinates,
this field is given by

By(r,60,2) = (l:)OYBr(Po% By(r,60,2) = (?)3390’0)7 By(r,6,2) = (l:)o) By (po) (2.6)
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where p is the radial component of the position and py is the corresponding radial position of the
limit of the Galactic plan such as pg = pzo/z. B/(po), Be(po) and By(po) are the component of the
Pshirkov et al. [10] at the border of the Galaxy in pg.

3. Impact on sources observations

To highlight the impact of the halo magnetic field, we simulated four different sources located at
25 Mpc in different direction of the sky. The sources are considered emitting isotropically iron
nuclei at 200 EeV. The results of interactions (photo-pion production, photo-disintegration, nuclear
decay) and transport (no extragalactic magnetic field) is detected when they reach a sphere of 100
kpc around the center of the Galaxy.

To model the deflection due to the Galactic and halo magnetic field, we used the lensing technique
presented in Bretz et al. [2]. We built our own magnetic lens by backtracking anti-protons following
the magnetic field implemented at the previous section. The limit on the extension of the halo is
put by limiting the size of the sphere around the center of the Galaxy up-to which we backtrack
particles (20, 40, 100 kpc). The color scale gives the energy of the cosmic rays.

On figure 1 is presented the result of the deflection of cosmic rays by the two different Galactic
magnetic field models (ASS left column and BSS right column) and different halo magnetic field
extension (from top to bottom none, 20 kpc, 40 kpc, 100 kpc). Each map shows the arrival direction
of cosmic rays from four different sources with different positions in the sky. The blue area around
the sources shows the arrival direction of all cosmic rays from this source outside the Galaxy.
Cosmic rays are identified by their source of origin: source 1 purple dots, source 2 green crosses,
source 3 orange triangle and source 4 red pentagons. The color scale depicts the energy of cosmic
rays (log scale).

Two aspect of the magnetic field are impacting the arrival direction of the cosmic rays: the modeling
of the arm magnetic field (ASS or BSS) and the extension of the halo magnetic field.

The first line of figure 1 shows the impact of the different model of Galactic arm magnetic field:
ASS (left) and BSS (right). Source 3 (in the left bottom quarter of the map) is almost not affected
by the changing of modeling. Source 4 (right bottom quarter), in the case of the BSS model, is
separated in three spots with one appearing in the northern hemisphere. The source 1 also shows a
second spot for the BSS model. The source 2 located at the Galactic center is the most affected by
the model of magnetic field inside the arms.

Adding the extra halo component up to 20 kpc drastically change the arrival direction of cosmic
rays for sources located at the Galactic and anti-Galactic center (source 1 and 2), both for ASS and
for BSS. In particular, for source 1 a secondary component appears in the southern hemisphere for
the ASS model. Surprisingly, this secondary component only exists for a halo of 20 kpc. If the halo
extends further (40, 100 kpc), then this component disappears. The source 2 is especially affected
in the BSS case where the events are closer to the source. Increasing the halo size, bring the event
closer. The source 4 is really affected if the halo extend beyond 30 kpc and start to exhibite specfic
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Figure 1: Arrival direction of cosmic rays for four different sources. Blue area around each source represents
the arrival directions of all cosmic rays on the exterior of the Galaxy. Purple points, green crosses, orange
triangles and red pentagons represent cosmic rays after being deflected by the Galactic and halo magnetic
field for, respectively source 1, 2, 3 and 4. Color scale represents the energy in log scale. Left: ASS model,
right: BSS model. From top to bottom: no halo, halo extending up-to 20, 40, 100 kpc.
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patterns in the sky. Finally, source 3 is barely affected by the configuration of the magnetic field in
the Galaxy and the halo.
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