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Abstract. Galactic cosmic rays are believed to be generated
by diffusive shock acceleration processes in Supernova Remnants, and the arrival direction is likely determined by the
distribution of their sources throughout the Galaxy, in particular by the nearest and youngest ones. Transport to Earth
through the interstellar medium is expected to affect the cosmic ray properties as well. However, the observed anisotropy
of TeV cosmic rays and its energy dependence cannot be explained with diffusion models of particle propagation in the
Galaxy. Within a distance of a few parsec, diffusion regime
is not valid and particles with energy below about 100 TeV
must be influenced by the heliosphere and its elongated tail.
The observation of a highly significant localized excess region of cosmic rays from the apparent direction of the downstream interstellar flow at 1–10 TeV energies might provide
the first experimental evidence that the heliotail can affect
the transport of energetic particles. In particular, TeV cosmic
rays propagating through the heliotail interact with the 100–
300 AU wide magnetic field polarity domains generated by
the 11 yr cycles. Since the strength of non-linear convective
processes is expected to be larger than viscous damping, the
plasma in the heliotail is turbulent. Where magnetic field domains converge on each other due to solar wind gradient,
stochastic magnetic reconnection likely occurs. Such processes may be efficient enough to re-accelerate a fraction of
TeV particles as long as scattering processes are not strong.
Therefore, the fractional excess of TeV cosmic rays from the
narrow region toward the heliotail direction traces sightlines
with the lowest smearing scattering effects, that can also explain the observation of a harder than average energy spectrum.

1

Introduction

During the last decades, galactic cosmic rays have been
found to have a small but measurable energy dependent uneven arrival direction distribution, with a relative amplitude
of order 10−4 − 10−3 . This anisotropy was observed in the
Northern Hemisphere from energies of tens to several hundreds GeV with muon detectors (Nagashima et al., 1998;
Munakata et al., 2010), and in the multi-TeV energy range
with Tibet ASγ array (Amenomori et al., 2006, 2011a),
Super-Kamiokande (Guillian et al., 2007), Milagro (Abdo
et al., 2009) and ARGO-YBJ (Zhang, 2009; Shuwang, 2011).
An anisotropy was also observed at an energy in excess of
about 100 TeV with the EAS-TOP shower array (Aglietta
et al., 2009). Recently similar observations were reported in
the Southern Hemisphere at energies of 10s to 100s TeV with
the IceCube Observatory (Abbasi et al., 2010, 2012). While
at ∼10 TeV the anisotropy appears to be topologically connected to the GeV-TeV observations in the north above about
100 TeV, the global anisotropy persists but with a different
phase consistent with the results from Aglietta et al. (2009).
The top panel of Fig. 1 shows the combined map in equatorial coordinates of relative intensity of cosmic ray arrival
direction distribution observed by Tibet ASγ at about 5 TeV
in the Northern Hemisphere, and by IceCube at about 20 TeV
in the Southern Hemisphere.
The arrival distribution of sub-TeV cosmic rays revealed
the existence of two kinds of anisotropies, as discussed in Nagashima et al. (1998). One is a global non-dipolar anisotropy
with relative excess approximately centered around equatorial right ascension of 0 hr, and an increasing amplitude up
to 1–10 TeV energies. The other is a directional excess region confined in a cone of half opening angle of 68◦ from
right ascension of about 6 h, and observed for energies below TeV. This region covers a portion of the sky that includes
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Fig. 1. Top panel: map in equatorial coordinates of the relative inFig. 1. Top panel: Map in equatorial coordinates of the relative intensity of the cosmic ray arrival distribution as observed by the Tibet
tensity of the cosmic ray arrival distribution as observed by the Tibet
ASγ at about 5 TeV in the Northern Hemisphere (from Amenomori
ASγ at about 5 TeV in the northern hemisphere (from Amenomori
et al., 2011a), and by the IceCube Observatory at a median energy
et al. (2011a)) and by the IceCube Observatory at a median energy
of 20 TeV in the Southern Hemisphere (from Abbasi et al., 2010).
of 20 TeV in the southern hemisphere (from Abbasi et al. (2010)).
Bottom panel: map in equatorial coordinates of the statistical sigBottom panel: Map in equatorial coordinates of the statistical significance of the cosmic ray arrival direction distribution as observed
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out from observations yet, inducing to a possible conclusion
that the bulk of galactic cosmic rays co-rotates with the solar system (Amenomori et al., 2006). Moreover, in the scenario where galactic cosmic rays are accelerated in supernova remnants, their arrival direction should have a relative
excess toward the galactic center, i.e. the line of sight with
the larger expected number of sources. On the other hand the
nearest galactic sources would dominate the observed arrival
distribution, and changes in anisotropy amplitude and phase
with cosmic ray energy can arise as a natural consequence of
the stochastic nature of their sources in the local interstellar
medium (Erlykin and Wolfendale, 2006; Blasi and Amato,
2012).
Propagation properties of cosmic rays in the interstellar
medium are likely to have an important role in shaping the
anisotropy as well (Battaner et al., 2009). For instance, a scenario where the large scale anisotropy is linked to diffusion
of cosmic rays through the LIMF connecting the solar system to the interstellar medium outside the local interstellar
cloud (where the solar system currently resides) was proposed by Amenomori et al. (2007, 2011b). This model accounts for the apparent quadrupolar contribution observed
with the large scale anisotropy. In Frisch (2011) it is noted
that the tail-in excess region, besides including the heliotail
direction, is centered around the direction of the LIMF, therefore linking its origin to their propagation deep inside the tail
or to streaming along the LIMF or the S1 sub-shell of Loop
I superbubble.
Within a distance of a few times the mean free path, diffusion regime breaks down and propagation of cosmic rays
depends on their interaction with the turbulence ripples of
the LIMF. Even though observations suggest that the LIMF
is coherent over scales of about 100 pc, they also imply variations in field directions of less than 30–40◦ , that can be attributed to turbulence (Frisch, 2011). Scattering of TeV-PeV
cosmic ray particles with the turbulent interstellar magnetic
field within the mean free path (i.e. a few 10s pc) can generate intermediate and small scale perturbations over an underlying large scale anisotropy (Giacinti and Sigl, 2011). The
observed anisotropy structure, therefore, could be used to
infer turbulence properties of the LIMF. At energies below
about 100 TeV the proton gyro-radius is a few thousands AU,
thought to be comparable to the length of the heliotail (Izmodenov and Alexashov, 2003). At these energies cosmic
ray anisotropy is likely influenced by the extended and turbulent heliospheric magnetic field, and localized features in arrival direction can arise from the scattering of energetic cosmic ray particles with the heliospheric magnetic field ordered
by the LIMF direction (Desiati and Lazarian, 2011).
Another model aimed to explain the origin of the TeV
small scale anisotropic features, appeals to the observation
that the two localized excess regions in the Morthern Hemisphere are seemingly close to the so-called Hydrogen Deflection Plane (HDP), which is the plane containing the directions of the interstellar flow and of the magnetic field
www.nonlin-processes-geophys.net/19/351/2012/

353

upstream the heliospheric nose (Amenomori et al., 2011b).
According to this model, cosmic rays propagating along the
heliotail within the HDP are bent by the heliospheric magnetic field, so that two localized excess regions are formed
symmetrically separated with respect to the direction of the
heliotail on the HDP. This implies that the heliospheric magnetic field between about 70 AU and 340 AU along the heliotail is responsible for the two localized regions observed in
the Northern Hemisphere in the energy range between 4 and
30 TeV. The heliospheric magnetic field has a complex structure determined by the combined effects of the 26 day rotation period of the Sun and of the 11 yr solar cycle (Pogorelov
et al., 2009a). This complex time-dependent magnetic field
structure should produce an observable time variability in the
relative intensity and position of the localized fractional regions over an 11 yr period.
Some other models rely on an astrophysical origin of the
observation. In Salvati and Sacco (2008); Drury and Aharonian (2008); Salvati (2010) it is noted that the two observed
localized excess regions in the Northern Hemisphere, surround the present day apparent location of Geminga pulsar.
The supernova that gave birth to the pulsar exploded about
340 000 yr ago, and the accelerated cosmic rays might have
propagated along interstellar magnetic fields connecting the
region of Geminga to Earth. Since nothing or very little is
known of the local interstellar medium properties, cosmic ray
diffusion is not sufficiently constrained to provide a coherent
scenario that can explain the observations without considerable fine tuning.
Due to the coincidence of the most significant localized
excess observed by Milagro with the heliotail, it is possible that we are seeing the effects of neutron production in
the gravitationally focussed tail of the interstellar material,
as suggested by Drury and Aharonian (2008). Cosmic rays
propagating through the direction of the tail interact with
matter and magnetic fields to produce neutrons and hence
a localized excess of cosmic ray in that direction. But while
the target size has about the right size compared to the decay length of multi-TeV neutrons (∼0.1 pc), the increase of
the gravitating matter density is too low to account for the
observed excess.
In Malkov et al. (2010) it is proposed that cosmic rays
emitted by a source (like a supernova remnant for instance)
within a few 100 pc are scattered by a strongly anisotropic
Alfvén wave spectrum, formed by the turbulent cascade
across the local field direction. Cosmic rays with small pitch
angle with respect to the local interstellar magnetic field undergo the highest scattering, thus producing a faint localized
excess region. An outer scale of the interstellar medium turbulence of about 1 pc would explain the observations.
The fractional excess relative to the cosmic ray background observed by Milagro in the direction of the heliotail is ∼6 × 10−4 , i.e. about 1/10 the amplitude of the global
anisotropy at TeV energy. This is comparable to the amplitude that the broad tail-in excess would have if extrapolated
Nonlin. Processes Geophys., 19, 351–364, 2012
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from 100s GeV to TeV energies (Nagashima et al., 1998).
Such an excess was found to be consistent with hadronic
cosmic rays with an energy spectrum of the form N (E) ∼
E −γ e−E/Ec with spectral index γ < 2.7 (i.e. flatter than the
average cosmic ray spectrum) at 4.6 σ level, and a cut-off energy Ec = 3 − 25 TeV (Abdo et al., 2008). A similar spectral
hardening was observed by ARGO-YBJ (Di Sciascio and the
ARGO-YBJ Collaboration, 2012).
In this paper we discuss the scenario where the excess region of cosmic rays from the direction of the heliotail observed from a few tens GeV to about 10 TeV is generated by
re-acceleration processes of a fraction of energetic particles
propagating through magnetic reconnection regions along
the heliotail. A concurrent contribution from scattering with
the turbulence ripples of the heliospheric magnetic field cannot be excluded, especially in relation to the other observed
localized fractional excess regions, although this possibility
is the topic of another paper (Desiati and Lazarian, 2011).
3
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Magnetic field structure at the heliotail

The motion of the solar system through the local partially
ionized medium1 produces a comet-like interface due to
the solar wind plasma advected downstream by the interstellar flow, called the heliosphere. A termination shock,
where the solar wind pressure equals that from the interstellar flow, is formed at approximately 100 AU from the Sun.
The interface separating interplanetary and interstellar magnetic fields, called heliopause, is at a distance of approximately 200 AU in the upstream direction, and it may extend
downstream several thousands AU (Izmodenov and Kallenbach, 2006) where it could be about 600 AU wide (Pogorelov
et al., 2009a). The LIMF drapes around the heliosphere, imprinting a deformation that affects its internal structure as
well (Pogorelov et al., 2009b). The heliospheric magnetic
field has been studied with detailed MHD simulations, where
the effects from the 26 day solar rotation and the 11 yr solar cycle were considered (Pogorelov et al., 2009a) (see also
Scherer and Fahr, 2003). Over solar cycles the magnetic
field polarity is reversed every 11 yr, generating unipolar regions dragged along the heliotail by the ∼100 km s−1 solar wind (Parker, 1979). In particular these magnetic regions
grow to their maximum latitudinal extent during solar minimum (about 200–300 AU in size) and reduce to zero at solar maximum, when the heliospheric plasma is dominated by
the strongly mixed polarity domains (about 0.1–1 AU in size)
from solar rotation (Nerney et al., 1995). Due to the tilt of
the solar magnetic axis with respect to its rotation axis, the
unipolar regions are thinner at lower latitudes (as shown in
Fig. 2). Therefore, the tailward line of view is dominated
1 the solar system is located at the edge of the so-called local

interstellar cloud, which is part of a complex cloudlet structure expanding from the Scorpion-Centaurus Association (see Frisch et al.,
2011)
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heliosheath and propagate outward into the local interstellar
medium. Therefore, although more investigations are needed
in order to understand the detailed plasma properties in the
heliotail and its outer boundary, it is reasonable to assume
here that magnetic fields in the heliotail are weakly stochastic, and likely reconnecting as the gradient in solar wind advects magnetic field lines closer to each other. The Alfvén
velocity of the turbulence in the heliotail is expected to be approximately 40–70 km s−1 , with the actual value depending
on the location within the sectored magnetic field (Pogorelov
et al., 2009a). This is smaller than the solar wind speed downstream the termination shock, therefore magnetic reconnection in the heliotail is not expected to change the overall magnetic field structure. Nevertheless, the effects of turbulence
are very important from the point of view of magnetic reconnection and the particle acceleration that it entails.
Simulations of the magnetic fields in the heliotail are extremely challenging due to its extension and to the complex interaction with the interstellar wind and between heliospheric magnetic field and the LIMF, but mainly because
there is currently no direct data collection from this remote
portion of the heliosphere. Future refinements of MHD simulations will provide higher resolution mapping of the heliotail and of the plasma properties, that will help improving our
knowledge of its effects on TeV cosmic ray propagation.

4

Stochastic magnetic reconnection

Astrophysical plasmas are often highly ionized and magnetized (Parker, 1970), and they undergo dissipative processes,
which annihilate the magnetic fields and convert electromagnetic energy into plasma energy. Due to these processes,
plasma from regions of a given polarity becomes magnetically connected to that of opposite polarity: this is when magnetic reconnection occurs. However, reconnection speed, and
therefore the rate at which magnetic energy is converted into
plasma energy, is too small to be important for acceleration
of energetic particles, unless the effects of plasma resistivity
are negligible.
In the Sweet-Parker model of reconnection (Sweet, 1958;
Parker, 1957) the outflow is limited within the transition
zone 1, which is determined by Ohmic diffusivity (see
top of Fig. 3). In this model reconnection speed is smaller
than the Alfvén velocity of the plasma by a factor equal to
S −1/2 = (L VA /η)−1/2 , where S is the Lundquist number,
L the length of the current sheet, VA the Alfvén speed and
η is the Ohmic resistivity of the plasma. The length of the
current sheet is determined by the extent of magnetic flux
tubes that get in contact. Although the properties and dimensions of the heliotail are not well constraint yet, it is possible to state that the extension of current sheets between sectored heliospheric magnetic field in the heliotail could lay between about 100 AU and 300 AU (Pogorelov et al., 2009a).
Assuming the same plasma properties as in the heliosheath
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be within the range 100–500 AU (the higher bound being
approximately the heliotail thickness), therefore the maximum energy that cosmic rays can achieve is approximately
between 0.5–10 TeV. This means that the fractional excess
region observed in the direction of the heliotail is likely expected to have a harder spectrum than the average cosmic
rays up to about 1–10 TeV. Above this energy the spectrum
transitions back to the steeper ∼ E −2.7 . Scattering processes
within the heliotail can mitigate the acceleration effects and
the related cosmic ray distribution at a given energy. Based
on the global magnetic field structure in the heliotail, confirmed in MHD simulations (see Sect. 3), TeV cosmic particles experience the lowest scattering along the line of sights
parallel to the interstellar downstream flow, where magnetic
field is strongly mixed at small scale. While away from this
direction scattering in the unipolar magnetic domains scrambles particles direction and effectively reduces the overall acceleration efficiency. At sub-GeV energies, the stronger scattering along the heliotail would degrade anisotropy and spectral features. As stated in Lazarian and Desiati (2010), the
properties of magnetic reconnections are still under extensive study, and their level of complexity is being subject of
debate. At the same time the very little explored tail region
of the heliosphere, makes the problem under discussion here
even more uncertain. However, it is suggestive that the observation of TeV cosmic ray arrival distribution and energy
spectrum over small angular regions could be used to probe
properties over the most remote regions of the heliosphere.
Although there is no energy spectral determination in the
sub-TeV energy range, the significant hardening of the spectrum observed by Milagro (Abdo et al., 2008) and ARGOYBJ (Di Sciascio and the ARGO-YBJ Collaboration, 2012)
is indicative of a possible re-acceleration mechanism that involves a fraction of cosmic rays propagating from the direction of the heliotail. While waiting for other experimental
results that can confirm a harder than average energy spectrum of cosmic rays within the localized excess region, the
energy flux corresponding to the ∼6 × 10−4 fractional excess from ∼10 GeV to a few tens of TeV can be estimated to
be approximately between 10−9 and 10−8 erg cm−2 s−1 , for
γ = 2.7–2.0, respectively. The corresponding average power
dissipated in the re-acceleration of such energetic particles is
approximately between 1020 and 1022 erg s−1 . Even though a
precise quantitative assessment of the power necessary to reaccelerate the fraction of energetic cosmic rays forming the
Milagro localized excess region is not possible at this point,
this simple estimation shows that the fraction of heliospheric
plasma power dissipated into cosmic ray kinetic energy is
very small if compared to that transported by the solar wind
(≈1027 erg s−1 , see Parker, 1962).
It is interesting to note that within the last few years,
experimental evidence that cosmic ray spectrum becomes
harder at about 0.2–0.3 TeV/nucleon has been accumulated
by ATIC-2 (Wefel et al., 2008), CREAM (Ahn et al.,
2010) and PAMELA (Adriani et al., 2011). In particular the
Nonlin. Processes Geophys., 19, 351–364, 2012

CREAM results seem to suggest that cosmic ray spectrum
may become softer again at about 10 TeV/nucleon, although
more observation is needed on this regard. The direct observation of a correlation between spectral features and arrival
direction would provide a breakthrough on the role of the
heliotail in the TeV cosmic ray properties.

7

Conclusions

The observation that cosmic rays are anisotropic has gained
special attention in the last decade, since it could provide information about the galactic sources of the energetic particles
and about the properties of the local interstellar medium and
of the heliospheric magnetized plasma. Of particular interest
is the evolution with energy of its angular structure, especially of the tail-in anisotropy which appears as a broad excess at sub-TeV energies from the direction of the heliotail,
and seemingly degenerate into separate localized fractional
excess regions above a few TeV. The directional coincidence
of the tail-in excess at sub-TeV energies, and of the most
significant of the localized fractional excess regions at TeV
energies with the heliotail provides a compelling connection
to this little known extended portion of the heliosphere.
Although we cannot exclude that other phenomena occur
and might dominate the origin of the observation, such as the
effect of energetic cosmic ray interaction with the turbulent
ripples along the heliotail, in this paper another mechanism is
discussed. Namely that a fraction of cosmic rays propagating
through the heliotail are re-accelerated via first-order Fermi
acceleration mechanism in weakly stochastic magnetic reconnection processes that originate in sectored magnetic field
domains produced by the 11-yr solar cycle. In general, 3-D
numerical simulation show that such an acceleration mechanism can be efficient up to a few TeV, where a flatter than
average spectrum could arise, depending on the competing
effects of multiple acceleration processes and escape or loss
effects, and back-reaction. On the other hand, the properties
of magnetized plasma in the heliotail are not yet fully understood, therefore details of cosmic ray propagation in this
region are still uncertain. Sub-TeV cosmic rays may be accelerated over extended regions and may undergo more scattering, thus producing a broader arrival distribution. While
multi-TeV cosmic rays undergo more efficient acceleration
and their localized substructure in arrival direction are more
related to the acceleration sites along the heliotail, such acceleration mechanism is intrinsically anisotropic and as long
as scattering is sub-dominant it would generate a net energy
gain that could explain the seemingly harder spectrum observed within the localized excess regions by Milagro.
Acceleration processes in weakly stochastic magnetic reconnection regions as described by de Gouveia Dal Pino
and Lazarian (2003) have been used in Lazarian and Opher
(2009) to explain the origin of the anomalous cosmic
rays. The Voyager spacecraft measurements show that the
www.nonlin-processes-geophys.net/19/351/2012/
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anomalous cosmic rays persist also downstream the termination shock, indicating that the site of their acceleration
is within the heliosheath closer to the heliopause in the
upstream interstellar flow direction. The sectored magnetic
field arising from the 26 day solar rotation and originated
by the difference between rotation and magnetic axes are
pushed away by the solar wind and compressed upstream
toward the heliopause, causing magnetic reconnection and
energetic particle acceleration. A similar model for the origin of anomalous cosmic rays was proposed by Drake et al.
(2010) where the process of collisionless reconnection was
discussed. In this paper we discussed a similar mechanism of
the re-acceleration of energetic cosmic ray particles, where
the scale of the sectored magnetic field is significantly larger.
The higher magnetic energy involved provides the possibility
to accelerate higher energy particles in an observable manner
in terms of a slightly anomalous energy spectrum and arrival
distribution.
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