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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 uG. 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 et al, 201Q 2012 Aartsen et a].2013. These results show

that the anisotropy matches the observations in the Northefn

Hemisphere and that a sudden change in its topology occu
In the last few decades a number of experiments have proat energy in excess of a few hundreds of TeV, confirming
vided long term and high statistical significance evidencethe observations bglietta et al.(2009. The transition be-
of a global anisotropy in the cosmic ray distribution with a tween the two anisotropy regimes is preceded by a steady d
relative amplitude of order 1@-10-3. Observations in the  crease of the amplitude at particle energy above 10 TeV, fol
Northern Hemisphere were reported from energies of tens tgowing an increase trend at lower energies (egenomori
several hundreds of GeV with muon detectddagashima et al, 2005 for instance). The global anisotropy cannot be
et al, 1998 Hall et al, 1999 Munakata et aJ.2010, inthe  described with a simple dipole, but as a superposition o
one to tens of TeV energy range with various surface arrayspherical harmonic contributions, where statistically signif-

and underground detector&rgenomori et al. 2005 2006  jcant small angular scale features, with amplitude of ordef

2011 Guillian et al, 2007 Abdo et al, 2009 Amenomori  10-5-1074, are also observedbbasi et al.2011; Santander
et al, 2009 Cui, 2013, Di Sciascig 2013 de Jong201L et al, 20133, in agreement with similar observations in the
BenZvi et al, 2013 Santander et 3120133, up to hun-  Northern HemisphereAmenomori et al.2007 Abdo et al,
dreds of TeV Aglietta et al, 2009. Recently, similar ob- 2008 Bartoli et al, 2013 BenZvi et al, 2013, as shown in
servations of a large angular scale anisotropy were reportegtig. 1. SeeBenZvi (2014 for more information.

in the Southern Hemisphere by the IceCube Observatory, in

the energy range between 10 TeV and a few PAWb@asi
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The origin of the observed anisotropy is not understoodformed by the interaction between the solar wind and the in-
yet. However it is reasonable to assume that it is a combiterstellar flow. It is about 600 astronomical units (AU) wide
nation of effects correlated to the distribution of the galacticand it can extend several thousands AU downstream the in-
sources of cosmic rays, of the geometry and turbulent properterstellar wind Pogorelov et a).2009. Globally, the Helio-
ties of the galactic magnetic field and on propagation. Thesesphere constitutes a perturbation in the 3 uG Local Interstel-
are likely also responsible for the complex shape of the endar Magnetic Field (LIMF) with injection scale comparable
ergy spectrum@aisser et al.2013. Since we don't know ~ 10TeV proton gyroradius. It is therefore reasonable that
where the sources of cosmic rays are and we don'’t know thehe LIMF draping around the Heliosphere might be a signif-
details of the interstellar magnetic field, explaining the ob-icant source of resonant scattering, capable of redistributing
servations is not an easy task. the arrival directions of TeV cosmic cosmic ray particles.

The large scale anisotropy can be qualitatively explained In this paper we briefly summarize the current understand-
on the basis of diffusive propagation of cosmic rays in ing of the effects of the Heliosphere on TeV cosmic rays and
the Milky Way from stochastically distributed sources. Nu- whether we can use the anisotropy observations as a probe
merical studies show that it is possible to find a giveninto the properties of the heliospheric boundary with the lo-
realization of galactic source distribution that might ex- cal interstellar medium.
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 ob2 The Heliosphere
servationsErlykin and Wolfendalg2006 Blasi and Amato
2012 Ptuskin 2012 Pohl and Eichler2013 Sveshnikova The solar system is located approximately 8 kpc from the
et al, 2013. Even accounting for a more likely anisotropic galactic center and it takes part in the global galactic rotation,
diffusion, observations appear to be outliers compared to presimilarly to the Local Interstellar Medium (LISM). However,
dictions Effenberger et al2012 Kumar and Eichlgr2014). there is a relative motion of the solar system with respect to
The fact that cosmic ray anisotropy is not a simple dipole butthe LISM. This is determined by the expansion of the Loop
can be mostly explained with a superposition of a dipole andl superbubble from the Scorpion-Centaurus Association (at a
quadrupole term, seems to suggest that other transport pralistance of about 60 pc), which is near the apparent direction
cesses might be important as well. For instance drift diffusionof the galactic centeirfisch et al2011). The solar system is
driven by a gradient of cosmic ray density in the local inter- currently located within an expanding shell of Loop I, which
stellar medium, producing a bi-directional anisotropy, wasis breaking up in smaller cloudlets that share similar compo-
considered byAmenomori et al(2007) andMizoguchi etal.  sition and velocity. And the LIMF appears to be almost paral-
(2009. lel to the shell front and relatively coherent within a distance

The small scale anisotropy may be produced by the in-of order 100 pc. One of these cloudlets, the so called Local
teractions of cosmic rays with an isotropically turbulent in- Interstellar Cloud (LIC) is where the solar system is located,
terstellar magnetic field. Scattering processes with stochasand it moves at a velocity of approximately 23 kmtswith
tic magnetic instabilities produce perturbations in the arrivalrespect to the SurMcComas et aJ.2012. The interaction
direction distribution of an anisotropic distribution of cos- of the supersonic outward solar wind and the incoming in-
mic ray particles within the scattering mean free path. Suchterstellar flow produced a comet shaped interface where the
perturbations may be observed as stochastic localized excegsterplanetary and the interstellar magnetic fields rearrange.
or deficit regions Giacinti and Sigl 2012 Biermann et al. At a distance of about 80 AU from Earth the termination
2012, and the corresponding angular power spectrum can bshock is formed where the solar wind becomes subsonic, but
analytically predicted from the Liouville Theoremlflers the separation between the heliospheric and the interstellar
2014. The injection scale of interstellar turbulence is of or- medium occurs at a distance of about 120 AU in the upstream
der 10 pc within the galactic arms and 100 pc in the inter armdirection, where the heliopause is located. From numerical
regions Haverkorn et a].2008. In the cascading processes simulations, the Heliosphere is expected to be as thick as
down to smaller scales, the turbulent eddies become elon600 AU and to form an elongated tail in the downstream di-
gated along the magnetic field lines. This anisotropic turbu-rection that can be as long as several thousand?dg ¢relov
lence makes scattering processes inefficient, and scatteringt al, 2009.
mean free path can be larger than turbulence injection scale, Since the LISM is a partially ionized medium, neutral par-
so that particles basically stream along magnetic field linedicles can penetrate through the heliopause and have charge
with small cross fieldline transpor¥dn and Lazariaj2008 exchange with the highly ionized solar wind. Such processes
Lazarian and Yar2013. create instabilities on the heliopause in the upstream direc-

Besides the cascading interstellar magnetic field turbu+ion, that propagate along the flanks and that can reach spa-
lence down to damping scale (typically of order 0.1 pc), tial scales of 10—100 AURorovikov, 2008. Another source
there are other sources of magnetic perturbations on smallesf instabilities on the heliopause is the solar cycles affecting
scales. The closest to Earth is represented by the Heliospherthe heliospheric magnetic field pressure that determines the
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location of the heliopauséfgorelov et a.2013. The mag- o
netic field polarity inversions due to solar cycles, also pro- ’
duce unipolar regions of magnetic fields that, dragged by the , 7=
solar wind, drift along the heliotaiRogorelov et a).2009. 7

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 prog 099 0999 1.000 1001 1002
agate through. Milagro + IceCube TeV Cosmic Ray Data (10° Smoothing)
In Desiati and Lazaria(013 the scenario of TeV cosmic
ray interaction with the Heliosphere was first presented as ¢
possible cause of the observed anisotropy. It is known tha
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 gyroradit
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 irFigure 1. Top: map in equatorial coordinates constructed by com-
coming flux of TeV cosmic rays with an initial anisotropy bining relative intensity distributions of cosmic ray counts indepen-
(e.g. induced by uneven distribution of galactic sources) maydently normalized within declination bands of orde*-%. The
be subject to a significant redistribution of arrival direction Map shows the observation by Tibet Aft about 5 TeV in the

when crossing the Heliosphere, even without affecting theNorthern Hemisphere\menomori et al.2011) and by IceCube at

amplitude of the anisotropy. a median energy of 20 TeV in the Southern Hemisphidobasi

- L . et al.(2010. Bottom: map in equatorial coordinates of the statisti-
Figure 1 shows the sky map of the relative intensity of thecal significance of the observed cosmic ray counts. The map show

global cosmic ray anisotropy (on the top) and the sky MaPthe observation by Milagro at about 1fig01.pdfTeV in the Northern
of statistical significance of the small scale anisotropy (0Ngemisphere (from\bdo et al, 2008 and that by the IceCube Ob-
the bottom) obtained by filtering out all the cosmic ray count servatory at a median energy of 20 TeV in the Southern Hemispher
gradients compatible with a dipole and a quadrupole. In bothfrom Abbasi et al. 2011). Also shown the equator “at infinity”
maps the observations from IceCube, at median particle ensee text) in black continuous line, corresponding to the directior]
ergy of 20 TeV, are shown. In the Northern Hemisphere theof LIMF inferred in Funsten et al(2009 circular symbols), that
figures show the results from Tibet-ASwith median en- in black dotted line fronSchwadron et al2009 square symbols),
ergy of 5TeV) and from Milagro (with median energy of and that in black dashed line frquerikhuisen et aK.Z(.)loltrian-
about 1 TeV). The figures show a degree of matching com_gle ;ymbols). The star _symbol indicates the down\_/vm_d interstella
patibility between the different observations from the North- m?d'um flow with Coord'n‘f"t.e S hkl?o.)' Color scale |nd|cate§ rel- .
ern and Southern Hemispheres, the differences possibly a —tr';/ﬁg(g;z; gig)f:zdaﬂzfé:gl(glue) with respect to average intensity.
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 frofAunsten et al.2009 ordering by the heliotail direction as well (almost coincid-
Schwadron et al.2009 Heerikhuisen et al.2010, in par- ing with the downstream interstellar medium flow direction,
ticular the fact that the magnetic equator “at infinity” (i.e. the represented with a white star in Fig. 1).

plane perpendicular to the unperturbed LIMF and passing by At 10 TeV, cosmic ray protons streaming along the LIMF
Earth, and represented with black lines in Fig. 1) seems tdhave gyroradii comparable to the heliospheric size, thus mak
be aligned with the boundary region between the excess anithg it possible for them to undergo resonant scattering. Thu
the deficit of the anisotropy. But there appears to be somel0 TeV energy scale represents a transition scale between

12 8 ) 0 1 8 12
significance

(7]
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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
Figure 2. lllustration of the turbulent ripples at large scale on the plasma might be able to produce the observed localized ex-
outer heliospheric boundary. High energy cosmic rays propagatingess regions of TeV cosmic rayBriiry, 2013.
from the upstream direction into the front of the Heliosphere reso-  |n conclusion, the effect of the Heliosphere in the local
nantly scatter W?th the trailing magnetic fie_ld perturbatiqns on_the interstellar magnetic field, produces resonant scattering pro-
flanks of th.e Hgllosphere f’;\nd alqng the hellqtall. The uniform pitch cesses on 10 TeV scale cosmic protons. Depending on the in-
angle distribution makes it possible fo_r particles to scatter back .toﬁtabilities of the heliospheric magnetic fields, such resonant
Earth. The grey blurred area schematically represents the possible o . .
scattered particle trajectories toward Earth. progesses may.be strong enogg_h to re.d Ismbu.te t.he.am\./al di-

rection of cosmic rays from an initial anisotropic distribution.

This is quite a different scenario that the very recent studies
the lower energies, where cosmic rays follows adiabaticallyhere it was found that the Heliosphere has only a perturba-
the magnetic field lines, and the higher energies, where th&Ve effects on TeV cosmic rays. The authors are studying this
heliospheric influence starts to become subdominant. Thi$henomenon in great details, utilizing the state-of-the-art he-
is in general agreement with the energy dependence of thBospheric modeling including magnetic instabilities. Results
anisotropy amplitude that increases up to about 10 TeV andVill be published soon.
decreases above this energynienomori et al.2009. Res-
onant scattering may be able to redistribute the3lidter-

stellar anisotropic component of the cosmic ray arrival dis-ACknOWIedgemems' P. Desiati acknowledges the support from
p P y he U.S. National Science Foundation-Office of Polar Programs.

tribution, depending on particle energy and pitch angle, an A. Lazarian acknowledges the support of the NSF grant AST-

on the properties of heliospheric magnetic field inside the;212096 NASA grant X5166204101, and of the NSF-sponsored
tail and on the heliopause. Backscattering on the magneti¢enter for Magnetic Self-Organization.

instabilities at the boundary with the LISM (see Fig. 2 for
a simple illustration) may have the effect to locally amplify Edited by: J. Tjus
particle density gradients which can be interpreted as localReviewed by: R. Tautz and one anonymous referee
ized features@esiati and Lazarigr2013.

The localized excess region of cosmic rays observed in thgeferences
direction of the heliotail, highly pronounced in the sub-TeV
energy rangeNagashima et g1.1998, seems to be char- Aartsen, M. G., Abbasi, R., Abdou, Y., et al. (IceCube Collabo-
acterized by a harder than average energy spectrum up to ration): Observation of Cosmic-Ray Anisotropy with the Ice-
about 10 TeV Abdo et al, 2008 Bartoli et al, 2013. If con- Top Air Shower Array, Astrophys. J., 765, 55, dkf):1088/0004-
firmed, such observations might indicate that the small frac- 637X/765/1/552013.
tion of cosmic rays from this narrow angular region might be Abzﬁzbsé’pébo‘iog(;;%iﬁ?gfii’rﬁ’\ﬁ’I;-r’eecttiilr-;s'\cv?t?]sl‘gscr:“ueb”; o/i;he
reaccelerated in magnetic reconnection processes occurrin . . P
in between the unipglar magnetic domair?s generated by So_g trophys. J. Lett., 718, L194, ddi0.1088/2041-8205/718/2/L194

. ; L . 2010.
lar cycles (azarian and Desiat?01Q Desiati and Lazarign Abbasi, R., Abdou, Y., Abu-Zayyad, T., et al.: Observation of

2012. Such reacceleration processes would only involve a - apjsotropy in the Arrival Directions of Galactic Cosmic Rays
negligible fraction of the total turbulent energy transported  at Multiple Angular Scales with IceCube, Astrophys. J., 740, 16,
by the solar wind across the heliotail. doi:10.1088/0004-637X/740/1/18011.
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