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Study on the Possible Contribution of Galactic Cosmic Rays to the Galactic Halo Magnetic Field
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Abstract: Based on the measured cosmic ray anisotropy, a model was built to calculate the contribution of the Galactic
cosmic ray (GCR) to the large-scale Galactic magnetic field. A general agreement in the large-scale structure of the
galactic magnetic field between the calculation and the observation was obtained. This result shows that the Galactic halo
magnetic field may partially contributed by the Galactic electric current related to the directional movement of cosmic
rays and the model is the correct approach in understanding the possible contribution of cosmic rays to the galactic
magnetic field. The model also indicates that the observed anisotropy of cosmic rays on the earth is not a local behavior
in the solar vicinity but represents a microcosm of the global anisotropy of GCRs.
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1 INTRODUCTION

The Galactic magnetic field (GMF) structure in the halo
is revealed by the measures of the Faraday rotation of lin-
early polarized radiation from pulsars and extragalactic ra-
dio sources [1, 2, 3]. The measurement suggests the GMF
in the halo to be an anti-symmetric structure, which ex-
hibits the two kinds of magnetic fields in the Galactic halo.
First is the poloidal field, which is shown as a dipole pat-
tern with magnetic fields perpendicular to the plane in the
Galactic Center (GC) region. The second one correspond-
s to the toroidal field, with reversed field directions below
and above the Galactic plane. To produce such a large-
scale magnetic field in the halo, an “A0” dynamo model
was proposed by [4].
Nevertheless, the exact understanding of the question on
the origin and structure of the GMF has not been obtained
[5]. The GMF is commonly considered to be produced by
a dynamo process. Several researchers propose that the
dynamo process may be driven by the cosmic ray (CR)
streams [6, 7]. As the CRs and the GMF have a similar en-
ergy densitiy of ∼1 eV cm−3, they interact with each other
dynamically.
CR streams lead to the anisotropy of CRs. The Galactic
cosmic ray (GCR) anisotropy has been studied for decades,
utilizing both underground μ detectors and ground-based
air shower arrays [8, 9, 10, 11, 12]. Owing to the long-
term observations and newly developed analysis method-
s, the high-precision two-dimensional map of the GCR
anisotropy has been obtained by the Tibet air shower ar-

ray [13], Super-Kamiokande [14], MILAGRO [15], AR-
GO [16] in the northern hemisphere, and IceCube [17] in
the southern hemisphere. In this two-dimensional map,
three broad structures are distinctly presented: an excess
called the “tail-in”distributed around 40−90◦RA; a deficit
called “loss-cone”around 150− 240◦RA; and an excess in
the direction of the Cygnus region. [18, 19] suggested the
anisotropy in these structures to be generated by the GCRs
interacting with the magnetic field in the local interstellar
space. More attempts [20, 21] have been made to explain
the localized (medium size) excess regions that lie in the
“tail-in”region, as reported by MILAGRO [22]. However,
these models generally attribute the anisotropy to the local
environment and are difficult to test experimentally.
Rather than attribute the observed anisotropy of CRs to the
modulation of the local magnetic field, we attempt to ex-
tend the anisotropy image observed in the solar vicinity to
the whole Galaxy. In addition, the anisotropy is mainly
regarded as a measure of the CR streams, i.e., a measure
of the Galactic electric current. Thus, its contribution to
the GMF can be calculated and compared with the obser-
vations. In turn, the correctness of this global anisotropy
image can be tested from the point of view of the GMF
observations.

2 ANISOTROPY AND THE COSMIC RAY
STREAM

Figure 1 is a schematic view of the GCR anisotropy in
the solar system based on the observations mainly ob-
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tained from experiments performed in the northern hemi-
sphere. The picture presents three components of the GCR
anisotropy and their directions.

Figure 1: Schematic view of the anisotropy of the GCRs
observed at the solar position. The three red arrows cor-
respond to three anisotropy components, namely, the tail-
in excess, the loss-cone deficit, and the Cygnus excess,
respectively. The directions of their centers are noted as
Itail−in, Iloss−cone,and Icygnus respectively. Itail−in and
Icygnus are approximately opposite along the local arm.
Iloss−cone is perpendicular to the Galactic plane.

The center of the “tail-in” component is at
(Dec∼−22◦30′, R.A.∼97◦24′), close to the direction
of the heliomagnetic tail (Dec∼−29◦12′, R.A.∼90◦24′)
which is opposite to the proper motion direction of the
solar system [23]. This direction is quite close to the tan-
gential direction of the local arm, and it may be explained
as an inward CR flow along the local arm . The flow is
possibly slightly deflected by the field of the heliomagnetic
tail.
The direction of the center of the “loss-cone” componen-
t points to the north Galactic pole (NGP) direction. We
interpret it as an outward flow of the CR streaming to-
ward the NGP perpendicular to the Galactic plane. Note
that if this image is correct, the GCR anisotropy observed
by the southern hemisphere experiment should present an
excess component from the south Galactic pole (SGP)
(Dec∼−27◦6′, R.A.∼12◦48′) direction perpendicular to
the Galactic plane. This expectation is consistent with the
observation made by the IceCube experiment [17].
The excess component related to Cygnus region peaks
at (Dec∼38◦, R.A.∼309◦) and is in the direction of the
Cygnus region. For this reason, this component indicates
an outward CR flow along the local spiral arm in the case
where the anisotropy is assumed to be due to the kinetic
effect.
The structure of the “tail-in” and “loss-cone” is almost sta-
ble in the energy range of 1 − 100 TeV [12, 14, 16], and
insensitive to solar activities [24]. This indicates that the
GCR anisotropy in this energy range may not be related
much to the heliospheric magnetic field, favoring the large-
scale causation. Based on the point of view that our solar
system is not in a special position in the Galaxy, we should
be able to extend the abovementioned anisotropy image in
the solar vicinity to the whole Galaxy. In this way, the

CR plasma should have global streams in three directions:
along the spiral arms inward, outward, and perpendicular
to the Galactic disk plane outward. The velocity of CR
streams can be calculated from the anisotropy observations
according to the Compton-Getting (CG) effect [25, 26] by
the formula

v

c
≈ 1

2 + γ
· ξ, (1)

where c is the speed of light, γ ≈ 2.7 is the GCR spectral
index, and ξ is the amplitude of the intensity modulation of
the GCRs, i.e. the anisotropy of the GCRs. According to
the observations of various CR experiments, the amplitude
of the anisotropy in the energy range of 100 GeV to 100
TeV can be parameterized by the following expression:

ξ =

{
aE + b (0.1 TeV < E < 1 TeV )
0.0005 (1 TeV < E < 100 TeV ),

(2)

where a = 0.044%, b = 0.006%, and E is the energy of
the particles in a unit of TeV.
The stream of the CR plasma can be regarded as a large
number of high-energy CR particles in a directional move-
ment and can thus form an electric current. The strength of
the electric current can be calculated by

I = nqSv. (3)

Here, n is the density of GCR particles, which is
10−9 cm−3 for CR particles with energy above 1 GeV and
∼4×10−13 cm−3 for particles with energy above 100 GeV,
assuming a spectral index of 2.7. q is the charge of one CR
particle with a value of 1.6 × 10−19 C. S is the cross-
section area of the current, whereas v is the directional ve-
locity, which can be obtained by Formulas (1) and (2).
As a result, the current density in the solar vicinity induced
by the GCR plasma with particle energy above 100 GeV
(I>100GeV ) is ∼ 6 × 10−22 Am−2. Estimating the cur-
rent induced by GCR below 100 GeV or with a negative
charge is difficult due to the lack of the two-dimensional
observation of the GCR anisotropy and the information of
their directional movement. Nevertheless, we can assume
that the direction of the stream of low energy or negative
particles is the same as the high energy particles, the dis-
tribution of the magnetic field induced by I>100GeV can
reflect structure of the magnetic field induced by the total
current. In the current work, we first calculate the magnetic
field induced by I>100GeV and discuss the magnetic field
induced by total current after the calculation.

3 GALACTIC HALO MAGNETIC FIELD

3.1 Magnetic field induced by inward currents a-
long spiral arms

The spiral arm of the Galaxy or the magnetic field in disk
can be described by a logarithmic spiral function represent-
ed by the formula
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R = aeθcotϕ. (4)

Here, θ is the angle of rotation in the polar coordinate, R
is the distance to the Galactic center, and ϕ is the angle
between the tangent and radial line at the point (R, θ). The
complementary angle of ϕ is called the pitch angle, and the
mean pitch angle of Galactic spiral arm is 12◦ [27]. (The
halo magnetic field is calculated with pitch angles 8− 16◦.
The structure remains the same, and the magnitude changes
within 7%). When 0 < θ < 3π and R < 10 kpc the
constant a is 1.35.
We further assume that the inward current is confined to the
disk plane. It is described by adopting an exponential atten-
uation in the Z direction (i.e., the direction perpendicular to
the Galactic plane),

Iin(Z) = Iin0 e−|Z|/H1 , (5)

where, H1 is the attenuation length. A value of 100 pc,
which is the half-thickness of the inner disk [28], is cho-
sen for this work. Iin0 is the current on the Galactic plane
that can be determined by the amplitude of the observed
anisotropy in the solar position.
Given the current, the magnetic field distribution can be
numerically calculated by Biot-Savart Law. The resulting
magnetic field consists of a poloidal magnetic field (Fig. 2
) and a toroidal magnetic field. The poloidal magnetic field

Figure 2: Structure of the Galactic halo magnetic field con-
tributed by the GCRs. The GMF in the halo is composed
of a poloidal magnetic field and a toroidal magnetic field.
The direction of the poloidal field is from Galactic north
to south, passing through the disk plane. The toroidal field
has reversed directions below and above the Galactic plane.
The arrows indicate the directions of the magnetic fields.

is similar to a dipole pattern, where the direction of the
magnetic lines of force is from the Galactic north to south
passing through the disk plane. In Fig. 3, the strength of the
magnetic field decreases with the Galactocentric radius (R).
Similarly, the strength decreases with the increase in height
from the disk plane (Z). A quantitative comparison with the
observation is not possible due to the lack of observational
data. In the GC region, observations suggest the existence
of a poloidal field whose strength is estimated from tens
of μG [29] to ∼1 mG [30]. The field in GC induced by
I>100GeV has the same direction as in the observations, and

the strength is in the order of 90 μG, which is within the
allowed range. The poloidal field in the solar vicinity is
estimated to be ∼0.2 μG based on observations [5, 31].
The poloidal field in the solar vicinity induced by I>100GeV

is 2.2 μG, one order of magnitude larger than that estimated
from the observations.
The structure of the toroidal magnetic field is also present-
ed in Fig. 2. However, the strength is one magnitude s-
maller than that of the poloidal magnetic field. The struc-
ture is antisymmetric, with a counter-clockwise direction
in the north Galaxy and a clockwise direction in the south.
As will be discussed below, the toroidal magnetic field in-
duced by the outward current perpendicular to the Galactic
disk will present the same structure. However, the strength
of the magnetic field will be larger.
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Figure 3: Distribution of the poloidal magnetic field
strength. The solid line is the strength of the poloidal mag-
netic field as a function of the Galactocentric radius (R)
at a given height (Z). The lines from top to bottom corre-
spond to the heights at 2, 4, 6, and 8 kpc, respectively. The
strength of the magnetic field is the magnetic field induced
by I>100GeV multiplied by 0.05.

3.2 Field induced by outward currents perpen-
dicular to the galactic disk

Similarly, the outward currents to the NGP above the disk
plane and to the SGP below the plane are described by ex-
ponential attenuations in both Z and R directions,

Iout(R,Z) = Iout0 e−|Z|/H2e−|R|/R0 . (6)

We chose 1 kpc for H2 considering that the thickness of the
Galactic plane is ∼2 kpc, and the size of the halo for the
propagation of CR is larger than 4 kpc, following the mod-
el of [32]. The attenuation in the radial direction comes
from the idea that CR sources have a higher density in
the center region [33]. R0 was designated to be 4 kpc to
match with the model of the halo magnetic field described
by [34]. This outward current generates a toroidal magnetic
field with strength greater than that produced by the inward
currents, as mentioned in the previous section.
Figure 4 shows the strength of the toroidal magnetic field
as a function of the radial distance for various heights. The
radial distance where the field strength reaches its maxi-
mum varies according to the height. As for a given radial
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distance, the strength decreases with the increase in height.
As parameterized by [34], a function of R and Z describing
the toroidal magnetic field can reproduce the observational
data efficiently. Comparing this function with our calcula-
tion, we find that the distribution behavior of them is sim-
ilar and the toroidal field induced by I>100GeV is 20 times
larger than the observation.
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Figure 4: Distribution of the toroidal magnetic field
strength. The solid line is the strength of the toroidal mag-
netic field as a function of the Galactocentric radius (R) at
a given height (Z). The strength of the magnetic field (solid
line) is the magnetic field induced by I>100GeV multiplied
by 0.05 for the convenience of compare the distribution be-
havior. The dashed lines present the strength distribution of
the toroidal magnetic field derived from the parameterized
model [34]. The solid lines and the dashed lines from top
to bottom correspond to the height at 2, 4, 6, and 8 kpc,
respectively.

4 DISCUSSION AND SUMMARY

Qualitatively, the CR streams inferred from the anisotropy
of the GCRs can generate a large-scale magnetic field with
a poloidal and toroidal structures consistent with the obser-
vations. This is true if the streams observed in the solar
system can be extended to the whole Galaxy. Moreover,
the anisotropy of the GCR provides a new measure to s-
tudy the Galactic electric current as well as a new window
to understand the origin of the GMF.
Quantitatively, the strength of GMF induced by the cur-
rent related to particles with energy above 100 GeV is ap-
proximately 20 times larger than that observed. So far, this
calculation only contains the contribution of CR particles
with a positive charge, without considering the abundan-
t CR particles with a negative charge in our Galaxy. In
fact, the motion of particles with a negative charge con-
tributes negative currents and subsequently a reversed mag-
netic field. The overall contribution is expected to be much
smaller than the result which only calculated with positive
particles. Another causation is the simplified extension of
the local anisotropy to the whole Galaxy. As we know, CR
sources are mainly located in spiral arms of the Galaxy, and
it should be natural to assume that the CR streams are more
concentrated in the spiral arms than in other places. In this
case the overall magnetic field will be much lower than the

case with simple extension to the whole Galaxy. Therefore,
an improved modeling of the electric current in the Galaxy
is necessary in the future to make the quantitative compar-
ison meaningful.
The agreement in the magnetic field structure between the
model and the observations indicates that the extension of
the local anisotropy to the whole Galaxy is reasonable.
This will help in further understanding the origin of the
anisotropy of the GCRs.
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