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Abstract. Cosmic rays are observed to possess a small non uniform distribution in arrival direction. Such
anisotropy appears to have a roughly consistent topology between tens of GeV and hundreds of TeV, with a
smooth energy dependency on phase and amplitude. Above a few hundreds of TeV a sudden change in the topol-
ogy of the anisotropy is observed. The distribution of cosmic ray sources in the Milky Way is expected to inject
anisotropy on the cosmic ray flux. The nearest and most recent sources, in particular, are expected to contribute
more significantly than others. Moreover the interstellar medium is expected to have different characteristics
throughout the Galaxy, with different turbulent properties and injection scales. Propagation effects in the inter-
stellar magnetic field can shape the cosmic ray particle distribution as well. In particular, in the 1–10 TeV energy
range, they have a gyroradius comparable to the size of the Heliosphere, assuming a typical interstellar mag-
netic field strength of 3 µG. Therefore they are expected to be strongly affected by the Heliosphere in a manner
ordered by the direction of the local interstellar magnetic field and of the heliotail. In this paper we discuss on
the possibility that TeV cosmic rays arrival distribution might be significantly redistributed as they propagate
through the Heliosphere.

1 Introduction

In the last few decades a number of experiments have pro-
vided long term and high statistical significance evidence
of a global anisotropy in the cosmic ray distribution with a
relative amplitude of order 10−4–10−3. Observations in the
Northern Hemisphere were reported from energies of tens to
several hundreds of GeV with muon detectors (Nagashima
et al., 1998; Hall et al., 1999; Munakata et al., 2010), in the
one to tens of TeV energy range with various surface arrays
and underground detectors (Amenomori et al., 2005, 2006,
2011; Guillian et al., 2007; Abdo et al., 2009; Amenomori
et al., 2009; Cui, 2011; Di Sciascio, 2013; de Jong, 2011;
BenZvi et al., 2013; Santander et al., 2013a), up to hun-
dreds of TeV (Aglietta et al., 2009). Recently, similar ob-
servations of a large angular scale anisotropy were reported
in the Southern Hemisphere by the IceCube Observatory, in
the energy range between 10 TeV and a few PeV (Abbasi

et al., 2010, 2012; Aartsen et al., 2013). These results show
that the anisotropy matches the observations in the Northern
Hemisphere and that a sudden change in its topology occurs
at energy in excess of a few hundreds of TeV, confirming
the observations byAglietta et al.(2009). The transition be-
tween the two anisotropy regimes is preceded by a steady de-
crease of the amplitude at particle energy above 10 TeV, fol-
lowing an increase trend at lower energies (seeAmenomori
et al., 2005 for instance). The global anisotropy cannot be
described with a simple dipole, but as a superposition of
spherical harmonic contributions, where statistically signif-
icant small angular scale features, with amplitude of order
10−5–10−4, are also observed (Abbasi et al., 2011; Santander
et al., 2013a), in agreement with similar observations in the
Northern Hemisphere (Amenomori et al., 2007; Abdo et al.,
2008; Bartoli et al., 2013; BenZvi et al., 2013), as shown in
Fig. 1. SeeBenZvi (2014) for more information.
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The origin of the observed anisotropy is not understood
yet. However it is reasonable to assume that it is a combi-
nation of effects correlated to the distribution of the galactic
sources of cosmic rays, of the geometry and turbulent proper-
ties of the galactic magnetic field and on propagation. These
are likely also responsible for the complex shape of the en-
ergy spectrum (Gaisser et al., 2013). Since we don’t know
where the sources of cosmic rays are and we don’t know the
details of the interstellar magnetic field, explaining the ob-
servations is not an easy task.

The large scale anisotropy can be qualitatively explained
on the basis of diffusive propagation of cosmic rays in
the Milky Way from stochastically distributed sources. Nu-
merical studies show that it is possible to find a given
realization of galactic source distribution that might ex-
plain the observed non monotonic energy dependence of the
anisotropy amplitude, although for an ensemble of realiza-
tions the mean amplitude is overestimated compared to ob-
servations (Erlykin and Wolfendale, 2006; Blasi and Amato,
2012; Ptuskin, 2012; Pohl and Eichler, 2013; Sveshnikova
et al., 2013). Even accounting for a more likely anisotropic
diffusion, observations appear to be outliers compared to pre-
dictions (Effenberger et al., 2012; Kumar and Eichler, 2014).
The fact that cosmic ray anisotropy is not a simple dipole but
can be mostly explained with a superposition of a dipole and
quadrupole term, seems to suggest that other transport pro-
cesses might be important as well. For instance drift diffusion
driven by a gradient of cosmic ray density in the local inter-
stellar medium, producing a bi-directional anisotropy, was
considered byAmenomori et al.(2007) andMizoguchi et al.
(2009).

The small scale anisotropy may be produced by the in-
teractions of cosmic rays with an isotropically turbulent in-
terstellar magnetic field. Scattering processes with stochas-
tic magnetic instabilities produce perturbations in the arrival
direction distribution of an anisotropic distribution of cos-
mic ray particles within the scattering mean free path. Such
perturbations may be observed as stochastic localized excess
or deficit regions (Giacinti and Sigl, 2012; Biermann et al.,
2012), and the corresponding angular power spectrum can be
analytically predicted from the Liouville Theorem (Ahlers,
2014). The injection scale of interstellar turbulence is of or-
der 10 pc within the galactic arms and 100 pc in the inter arm
regions (Haverkorn et al., 2006). In the cascading processes
down to smaller scales, the turbulent eddies become elon-
gated along the magnetic field lines. This anisotropic turbu-
lence makes scattering processes inefficient, and scattering
mean free path can be larger than turbulence injection scale,
so that particles basically stream along magnetic field lines
with small cross fieldline transport (Yan and Lazarian, 2008;
Lazarian and Yan, 2013).

Besides the cascading interstellar magnetic field turbu-
lence down to damping scale (typically of order 0.1 pc),
there are other sources of magnetic perturbations on smaller
scales. The closest to Earth is represented by the Heliosphere,

formed by the interaction between the solar wind and the in-
terstellar flow. It is about 600 astronomical units (AU) wide
and it can extend several thousands AU downstream the in-
terstellar wind (Pogorelov et al., 2009). Globally, the Helio-
sphere constitutes a perturbation in the 3 µG Local Interstel-
lar Magnetic Field (LIMF) with injection scale comparable
∼ 10 TeV proton gyroradius. It is therefore reasonable that
the LIMF draping around the Heliosphere might be a signif-
icant source of resonant scattering, capable of redistributing
the arrival directions of TeV cosmic cosmic ray particles.

In this paper we briefly summarize the current understand-
ing of the effects of the Heliosphere on TeV cosmic rays and
whether we can use the anisotropy observations as a probe
into the properties of the heliospheric boundary with the lo-
cal interstellar medium.

2 The Heliosphere

The solar system is located approximately 8 kpc from the
galactic center and it takes part in the global galactic rotation,
similarly to the Local Interstellar Medium (LISM). However,
there is a relative motion of the solar system with respect to
the LISM. This is determined by the expansion of the Loop
I superbubble from the Scorpion-Centaurus Association (at a
distance of about 60 pc), which is near the apparent direction
of the galactic center (Frisch et al, 2011). The solar system is
currently located within an expanding shell of Loop I, which
is breaking up in smaller cloudlets that share similar compo-
sition and velocity. And the LIMF appears to be almost paral-
lel to the shell front and relatively coherent within a distance
of order 100 pc. One of these cloudlets, the so called Local
Interstellar Cloud (LIC) is where the solar system is located,
and it moves at a velocity of approximately 23 km s−1 with
respect to the Sun (McComas et al., 2012). The interaction
of the supersonic outward solar wind and the incoming in-
terstellar flow produced a comet shaped interface where the
interplanetary and the interstellar magnetic fields rearrange.
At a distance of about 80 AU from Earth the termination
shock is formed where the solar wind becomes subsonic, but
the separation between the heliospheric and the interstellar
medium occurs at a distance of about 120 AU in the upstream
direction, where the heliopause is located. From numerical
simulations, the Heliosphere is expected to be as thick as
600 AU and to form an elongated tail in the downstream di-
rection that can be as long as several thousand AU (Pogorelov
et al., 2009).

Since the LISM is a partially ionized medium, neutral par-
ticles can penetrate through the heliopause and have charge
exchange with the highly ionized solar wind. Such processes
create instabilities on the heliopause in the upstream direc-
tion, that propagate along the flanks and that can reach spa-
tial scales of 10–100 AU (Borovikov, 2008). Another source
of instabilities on the heliopause is the solar cycles affecting
the heliospheric magnetic field pressure that determines the
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location of the heliopause (Pogorelov et al., 2013). The mag-
netic field polarity inversions due to solar cycles, also pro-
duce unipolar regions of magnetic fields that, dragged by the
solar wind, drift along the heliotail (Pogorelov et al., 2009).

3 Heliospheric influence on TeV cosmic rays

Globally, the Heliosphere is a perturbation of the LIMF on a
scale of about 600 AU. In addition, complex structures in the
inner heliospheric magnetic field of about 100–200 AU and
instabilities on the heliopause of approximately 10–100 AU,
have necessarily an effect on the charged particles that prop-
agate through.

In Desiati and Lazarian(2013) the scenario of TeV cosmic
ray interaction with the Heliosphere was first presented as a
possible cause of the observed anisotropy. It is known that
galactic cosmic rays below 100 GeV are strongly influenced
by solar activity and by the geometry and small scale insta-
bilities (sub-AU scale) of the interplanetary magnetic field
within the termination shock. In the TeV energy scale such
small scale effects are subdominant because the gyroradius
of a proton is larger than the termination shock size, in the
inner heliospheric magnetic field. However TeV cosmic rays
are in gyro-resonance with the large scale heliospheric mag-
netic field, with unipolar magnetic regions in the inner helio-
tail and with the instabilities on the boundary with the LISM,
depending on the local pitch angle. As a consequence, an in-
coming flux of TeV cosmic rays with an initial anisotropy
(e.g. induced by uneven distribution of galactic sources) may
be subject to a significant redistribution of arrival direction
when crossing the Heliosphere, even without affecting the
amplitude of the anisotropy.

Figure 1 shows the sky map of the relative intensity of the
global cosmic ray anisotropy (on the top) and the sky map
of statistical significance of the small scale anisotropy (on
the bottom) obtained by filtering out all the cosmic ray count
gradients compatible with a dipole and a quadrupole. In both
maps the observations from IceCube, at median particle en-
ergy of 20 TeV, are shown. In the Northern Hemisphere the
figures show the results from Tibet-ASγ (with median en-
ergy of 5 TeV) and from Milagro (with median energy of
about 1 TeV). The figures show a degree of matching com-
patibility between the different observations from the North-
ern and Southern Hemispheres, the differences possibly at-
tributed to the different sensitivities of the cited experiments
on the energy and, possibly, mass composition of the cos-
mic rays. Some visible features seem ordered by the LIMF
(with three direction estimates fromFunsten et al., 2009;
Schwadron et al., 2009; Heerikhuisen et al., 2010), in par-
ticular the fact that the magnetic equator “at infinity” (i.e. the
plane perpendicular to the unperturbed LIMF and passing by
Earth, and represented with black lines in Fig. 1) seems to
be aligned with the boundary region between the excess and
the deficit of the anisotropy. But there appears to be some

Figure 1. Top: map in equatorial coordinates constructed by com-
bining relative intensity distributions of cosmic ray counts indepen-
dently normalized within declination bands of order 1◦–5◦. The
map shows the observation by Tibet ASγ at about 5 TeV in the
Northern Hemisphere (Amenomori et al., 2011) and by IceCube at
a median energy of 20 TeV in the Southern HemisphereAbbasi
et al.(2010). Bottom: map in equatorial coordinates of the statisti-
cal significance of the observed cosmic ray counts. The map shows
the observation by Milagro at about 1fig01.pdfTeV in the Northern
Hemisphere (fromAbdo et al., 2008) and that by the IceCube Ob-
servatory at a median energy of 20 TeV in the Southern Hemisphere
(from Abbasi et al., 2011). Also shown the equator “at infinity”
(see text) in black continuous line, corresponding to the direction
of LIMF inferred in Funsten et al.(2009, circular symbols), that
in black dotted line fromSchwadron et al.(2009, square symbols),
and that in black dashed line fromHeerikhuisen et al.(2010, trian-
gle symbols). The star symbol indicates the downwind interstellar
medium flow with coordinate (5 h,+17◦). Color scale indicates rel-
ative excess (red) and deficit (blue) with respect to average intensity.
FromDesiati and Lazarian(2013).

ordering by the heliotail direction as well (almost coincid-
ing with the downstream interstellar medium flow direction,
represented with a white star in Fig. 1).

At 10 TeV, cosmic ray protons streaming along the LIMF
have gyroradii comparable to the heliospheric size, thus mak-
ing it possible for them to undergo resonant scattering. Thus
10 TeV energy scale represents a transition scale between
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Figure 2. Illustration of the turbulent ripples at large scale on the
outer heliospheric boundary. High energy cosmic rays propagating
from the upstream direction into the front of the Heliosphere reso-
nantly scatter with the trailing magnetic field perturbations on the
flanks of the Heliosphere and along the heliotail. The uniform pitch
angle distribution makes it possible for particles to scatter back to
Earth. The grey blurred area schematically represents the possible
scattered particle trajectories toward Earth.

the lower energies, where cosmic rays follows adiabatically
the magnetic field lines, and the higher energies, where the
heliospheric influence starts to become subdominant. This
is in general agreement with the energy dependence of the
anisotropy amplitude that increases up to about 10 TeV and
decreases above this energy (Amenomori et al., 2005). Res-
onant scattering may be able to redistribute the 10−3 inter-
stellar anisotropic component of the cosmic ray arrival dis-
tribution, depending on particle energy and pitch angle, and
on the properties of heliospheric magnetic field inside the
tail and on the heliopause. Backscattering on the magnetic
instabilities at the boundary with the LISM (see Fig. 2 for
a simple illustration) may have the effect to locally amplify
particle density gradients which can be interpreted as local-
ized features (Desiati and Lazarian, 2013).

The localized excess region of cosmic rays observed in the
direction of the heliotail, highly pronounced in the sub-TeV
energy range (Nagashima et al., 1998), seems to be char-
acterized by a harder than average energy spectrum up to
about 10 TeV (Abdo et al., 2008; Bartoli et al., 2013). If con-
firmed, such observations might indicate that the small frac-
tion of cosmic rays from this narrow angular region might be
reaccelerated in magnetic reconnection processes occurring
in between the unipolar magnetic domains generated by so-
lar cycles (Lazarian and Desiati, 2010; Desiati and Lazarian,
2012). Such reacceleration processes would only involve a
negligible fraction of the total turbulent energy transported
by the solar wind across the heliotail.

In Schwadron et al.(2014) numerical calculations show
that TeV cosmic ray arrival direction distribution, originally
ordered by the LIMF, is perturbed so that they appear to be
ordered by their entry into the Heliosphere, assuming the di-
rection of the interstellar medium flow velocity and of the
LIMF as evaluated from the analysis of data by the Inter-
stellar Boundary Explorer (IBEX). A similar result was ob-
tained byZhang et al.(2014). If a dipole anisotropy is as-
sumed, either from the contribution of a nearby recent source
of cosmic rays or simply from the convective gradient due to
the relative motion with respect to the LISM, the deforma-
tion induced by the LIMF draping around the Heliosphere
was estimated and found to globally resemble the actual
observations.

Another heliospheric scenario appeals to the possibility
that electric fields arising from the motion of the heliospheric
plasma might be able to produce the observed localized ex-
cess regions of TeV cosmic rays (Drury, 2013).

In conclusion, the effect of the Heliosphere in the local
interstellar magnetic field, produces resonant scattering pro-
cesses on 10 TeV scale cosmic protons. Depending on the in-
stabilities of the heliospheric magnetic fields, such resonant
processes may be strong enough to redistribute the arrival di-
rection of cosmic rays from an initial anisotropic distribution.
This is quite a different scenario that the very recent studies
where it was found that the Heliosphere has only a perturba-
tive effects on TeV cosmic rays. The authors are studying this
phenomenon in great details, utilizing the state-of-the-art he-
liospheric modeling including magnetic instabilities. Results
will be published soon.
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