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ABSTRACT. We investigate the propagation of
extragalactic cosmic rays (ECRs) in the regular
component of the Galactic magnetic field. Especially
we numerically calculate the expected time delay of
ECRs due to curvature of trajectories. The maps of
time delay depending on energy and arrival directions
of ECRs have been constructed. = We show that
regular component of Galactic magnetic field increases
the time delay up to 700 kyr for low-energy part
(E > 3 x 10'7eV) of ECRs. This value is noticeably
larger than the expected time delay in a random
(turbulent) component of the Galactic magnetic field.
Both regular and turbulent components of Galactic
magnetic field do not modify considerably ECR flux
and spectrum at energy E > 108 eV,
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1. Introduction

Transition from Galactic to extragalactic component
in total flux of cosmic rays is still a point at issue
(Berezinskii et al., 1990; Berezinskii et al., 2004). As
it is argued in (Berezinskii et al., 2004) extragalactic
cosmic rays (ECRs) are expected to dominate in the
total flux of cosmic rays at energy E > 1x 108 eV and
are comprised predominantly of protons. Galactic and
extragalactic magnetic fields affect the trajectories
and propagation time of ECRs and can considerably
change the total flux and spectrum of ECRs (Sigl et
al., 2004; Parizot, 2004). For example, it is expected
that the random extragalactic magnetic field and
both regular and random components of Galactic
magnetic field considerably increase the time-in-flight
of low energy part of ECRs outside and inside Galaxy
- up to the energy loss time scale, which can result
in suppressing of ECR flux (low-cut filter (Parizot,
2004)). In our work we analyse the influence of the
Galactic magnetic field on the time delay of ECRs.
For symmetric and asymmetric models of regular
component of the Galactic magnetic field (Han&Qiao,
1994; Sofue&Fujimoto, 1983; Tinyakov&Tkachev,
2002) we numerically calculate the maps of time delay

depending on energy and arrival directions of ECRs.
We estimate also the time delay created by random
(turbulent) component of the Galactic magnetic field
and show that both regular and turbulent components
of the Galactic magnetic field do not modify consider-
ably ECR flux and spectrum at energy E > 108 eV,

2. The Galactic magnetic field model

Galactic magnetic field consists of a regular and a
random (turbulent) components. Both components
have similar amplitudes (Br; ~ 3 X 107G and
Biur =~ 5 x 107G for regular and random compo-
nent respectively), but different scales. Basic scale of
turbulent magnetic field is of order of [. ~ 100 pc.
For regular magnetic field we use model proposed in
(Tinyakov&Tkachev, 2002), in which regular compo-
nent traces the spiral structure, reversing (bisymmet-
ric model) or not (axisymmetric model) field direction
between spiral arms. Radial and transverse (toroidal)
field components are B, = B(r,0)sin(p) and By =
B(r,0) cos(p), respectively, where p = —8° is the pitch
angle of the local magnetic field,

B(r,0) = B(r) x cos(8 — 8 x In((r/R) + ¢)),

8 = 1/tan(p), ¢ = Bn(l + d/R) — /2, B(r) =
BoR/(rcos(¢)), R = 8.5 kpc is the distance from the
Galactic center to the Sun, By = 1.4 uG is the strength
of magnetic field near the Sun, d = —0.5 kpc is the dis-
tance from the Sun to the position of the first field
reversal (in direction to the Galactic center).

Following (Tinyakov& Tkachev, 2002) we consider
bisymmetric model with halo (magnetic field extends
up to Ryae = 20 kpe from Galactic center) with two
possibilities for halo field: symmetric model with par-
allel fields above and below the disk

Bsym(r,0,2z) = B(r,0) x exp (—Z') ,

fields:
where

and asymmetric one with anti-parallel
Basym (Tv 0, Z) = SZQTL(Z) X Bsym (’/’, 0, Z),
h = 1.5 kpc is the height scale of the disk.
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Figure 1: The propagation time maps for cosmic rays with energy 10%°eV (a),
10" eV (b), 1018 eV (c), 3 x 10'7eV (d) in the symmetric magnetic field and with
energy 3 x 10'7 eVl in the asymmetric magnetic field (e).
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3. The maps of the propagation time

We assume that extragalactic cosmic rays are pro-
tons (Berezinskii et al., 1990; Berezinskii et al., 2004).
If we eject from Earth an antiproton (a particle with
the proton mass but with opposite to proton electric
charge) in arrival direction of proton from ECR flux,
antiproton will restore the original proton trajectory.

Therefore, we eject antiprotons with certain energy
in the all possible directions from the Earth, and calcu-
late trajectories and the propagation time of antipro-
tons from Earth to the edge of the Galactic magnetic
field (and vice versa for cosmic ray protons).

In Fig.1(a) we show the propagation time for pro-
tons with energy E = 102Ye¢V. As the distance from
Earth to the Galactic center is 8.5 kpc, the propaga-
tion time changes in the range from 37 to 93 kyr. Due
to the fact that at such a high energy protons move
practically rectilinearly, the time delay (as a difference
between propagation time for proton and photon for
given direction) in this case is practically absent.

With decreasing of energy of ECRs the propagation
time increases (Fig.1(b-e)) and reaches a saturation
for 1017eV - 10'%eV at a maximum value of order
of 650 kyr, i.e., the maximum value of time delay is
Tinaz ~ 600kyr. The main reason for the limited
value of time delay is the regular character of the
Galactic magnetic field considered.

4. Turbulent component of the magnetic field

Larmor radius r;, = E/eByy, of ECR proton with
energy E > 3 x 10'7 eV in magnetic field By, =
5 x 107G is considerably larger than basic scale
of turbulent magnetic field [, = 100pc. Therefore,
penetrating in the turbulent Galactic magnetic field
ECRs move initially quasi-rectilinearly with the ran-
dom small-angle scattering, resulting in the r.m.s. de-
flection angle 6 over a distance r (Sigl et al., 2004)

E r
0 ~ 400 —1 1/2
(1018 eV) (1kpc)
and the time delay
r

-2 2
7 ~ 0.38( 1018 eV) (1 kpc) kyr

For all directions out of Galactic plane ECRs with
E > 10 eV can penetrate Galactic disk and reach
Earth in ballistic regime without considerable flux sup-
pression. The transition to diffusive regime takes place
at distances where 0 ~ 7 or rq;y > 2kpc at energy
E >3x10Y7 eV . Since raif > h, diffusive regime does
not affect considerably the time delay of ECRs.

To summarise, both regular and turbulent compo-
nents of the Galactic magnetic field do not modify
considerably ECR flux and spectrum at energy
E>108¢V.
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