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Abstract: The observation of a broad excess of sub-TeV cosmic raysatibigwith the direction of the heliospheric tail
and the discovery of two significant localized excess regmmulti-TeV cosmic rays by the Milagro collaboration,als
from the same region of the sky, have raised questions ondfigin. In particular, the coincidence of the most sigrfit
localized region with the direction of the heliospherid taid the small angular scale of the observed anisotreiyd{()

is suggestive a local origin and of a possible connectiomédaw energy broad excess. Cosmic ray acceleration from
magnetic reconnection in the magnetotail is proposed assiljje source of the energetic particles.
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1 Introduction sphere downstream the interstellar wind delimited within

the heliopause, i.e. the boundary that separates the solar
During the last decades, galactic cosmic rays have been okind and interstellar plasmas [11]. This broad excess was
served to have a small but measurable energy dependatitibuted to some unknown anisotropic process occurring
broad anisotropy in their arrival direction distributiavith  in the heliotail, and thus it was called tail-in excess.

arelative amplitude of ordei0~* — 10~%. This anisotropy In addition, the discovery of localized excess regions (or-
was observed at energies of 10 to several hundreds GeV [dbr of 10 in size) of multi-TeV cosmic rays in the northern
and in the multi-TeV energy range in the northern hemihemisphere by Milagro [12], and also observed by Tibet
sphere (Tibet A array [2], Super-Kamiokande [3], Mi- ASy [13] and ARGO-YBJ [14] has provided the first evi-
lagro [4] and ARGO-YBJ [5]). The first observation of dence of small angular scale features in cosmic ray arrival
cosmic ray anisotropy in the southern hemisphere in the Iirection distribution. This discovery triggered an astro
TeV range was also reported by IceCube [6]. physical interpretation based on the possibility that dosm
The origin of cosmic rays anisotropy in arrival directionrays accelerated by the supernova that produced Geminga
is still unknown. Even though an anisotropy of galacti@ulsar are focussed by an ad-hoc interstellar magnetic field
cosmic rays might be caused by the discrete and stoch&tructure [15, 16, 17]. Since the most significant of the ex-
tic nature of their sources [7, 8], the properties of cosmigess regions coincides with the direction of the heliotall,
ray propagation in the local interstellar medium likely bav and given its small angular scale, it is argued in this paper
an important role as well [9, 10]. However, the combinedhat its origin is likely related to a nearby phenomenology.
study of the energy evolution of the anisotropy, its anguldn particular that the broad tail-in excess of sub-TeV cos-
scale structure and time variabilities seem to suggest thaic rays and the localized excess of multi-TeV cosmic rays
the observation might likely be generated by a combindrom the direction of the heliotail, have a common origin.
tion of effects, caused by phenomenologies at different didlamely cosmic rays are accelerated in magnetic reconnec-
tances scales from Earth. At the same time, some featuré®n regions in between inverse magnetic field polarities in
observed at different energies and apparently uncortglatgluced by the 11-year solar cycle, and produce an excess
could also have the same origin. with angular scale determined by the particle energy [18].

In particular, the observation of sub-TeV cosmic rays
anisotropy revealed the existence of two distinct features Astrophysical Interpretations
with different energy dependence. One that persists up to

TeV energies with increasing amplitude, and one that MaWyhile no explanation has being attempted to explain the

ifests itself as a broad excess in the direction of the he"%’road sub-TeV tail-in excess, a number of interpretations
spheric tail (of heliotail) that seems to disappear in the Te were provided to address theyorigin of the localized excess

energy range [1]. The heliotail is the region of the helio-Of multi-TeV cosmic rays
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Figure 1: A meridional view of the boundary sectors of

the heliospheric current sheet and how the opposite sectors -
get tighter closer to the heliopause and into the heliotail. Mi N —
The thickness of the outflow regions in the reconnection blow up

region depends on the level of turbulence. The length of

the outflow regions. depends on the mean geometry ofrigyre 2: Upper plot Sweet-Parker model of reconnec-
magnetic field and turbulence. Adapted from [19, 20].  {ion [26, 27]. The outflow is limited by a thin sla,
which depends on Ohmic diffusivity. The other scale is
iAn astrophysical scale > A. Middle plot Reconnection

Some proposed models rely on astrophysical origin. . - ) .
[15, 16, 17] it is noted that the two observed localized eXc_)f weakly stochastic magnetic field according to Lazarian
%/ishniac [28]. The outflow is limited by the diffusion

cess regions surround the present day apparent Iocationgt? < field i hich d d field hasti
Geminga pulsar. The supernova that gave birth to the pLﬁ- magnetic fie INes, which depends on fie stoc 6.‘5“0'
Lower plot An individual small scale reconnection

sar exploded about 340,000 years ago, and the acceleralttéfd_ T . I h ; .
cosmic rays might have propagated along interstellar maff£9'o"- 'he reconnection over small patches of magnetic

netic fields connecting the region of Geminga to Earth (s ld deter.mlnes the local rec;onnectlon rate. Th? global
also [10]). Since nothing or very little is known of the local€CONNection rate is substantially larger as many indepen-

interstellar medium properties, cosmic ray diffusion i$ n _den_t pat(ghes come_tofgel'ijher. Tdhe _bottler:je_ck for the process
sufficiently constraint to provide a coherent scenario th g given by magnetic field wandering and it gets compara-

can explain the observations without considerable fine tu le tOL. as the turbulence injection velocity approaches the
ing. Alfvenic one. From [24].

The coincidence of the most significant localized excess

observed by Milagro with the heliotail, supports the idea8 Magnetic field structure at the heliotall

that the heliosphere could somehow have a role. The possi-

bility that we are seeing the effects of neutron productioniFig. 1 represents the possible structure of the heliotail
the gravitationally focussed tail of the interstellar mi@te  which arises from the solar magnetic field cycles [21].
was considered in [16]. Cosmic rays propagating througiagnetic field regions of opposite polarities emerge as the
the direction of the tail interact with matter and magnetigesult of 11 year solar dynamo cycle. As the magnetic field
fields to produce neutrons and hence a localized excessigtarried away by solar wind, the reversed polarity regions
cosmic ray in that direction. But while the target size haare accumulated in the heliotail region. This is where re-
about the right size compared to the decay length of multconnection is expected to occur.

TeV neutrons £ 0.1 pc), the increase of the gravitatingThe actyal heliotail is subject to turbulence, which is not
matter density is too low to account for the observed SXepresented in the figure. Since the Alfven speed of the
cess. turbulence is smaller than the solar wind speed, magnetic
Itis possible to argue that the large angular scale aniggtroreconnection does not change the overall magnetic field
in cosmic rays arrival direction might be generated bgtructure. Nevertheless, the effects of turbulence arg ver
a combination of astrophysical phenomena, such as timportant from the point of view of magnetic reconnection
distribution of nearby recent supernova explosions [7knd the particle acceleration that it entails.

particularly in_conjunction with the observed positronrye simylations of the magnetic fields in the heliotail are
anomaly [8]. But also by propagation effects [9, 10] and,remely challenging (see [22, 23]) and have not been
the structure of the interstellar magnetic field. On the bthey;ne with the sufficient resolution and extent. While we
hand it is hard to exclude local effects as possible explgygjieve that future research will provide details necassar
nation of the small angular scale anisotropies. Itis hearlyy, o,antitative modeling, the schematic representatfon o
proposed that the excess of cosmic rays from the directiqRe magnetotail structure depicted in Fig. 1 is true in terms
of the heliotail are connected to particle interaction acid a ¢ major features. In what follows, it will be used for de-
celeration processes within the heliotail itself. scribing the scenario for the origin of the cosmic ray excess
that we advocate in this paper.
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Figure 4: Cosmic rays spiral about a reconnected magnetic
field line and bounce back at points A and B. The recon-
| ¢ ¢ B0 Pu=T k=8 | nected regions move towards each other with the reconnec-
] tion velocity Vi. The advection of cosmic rays entrained
ook : | on _ma_gn_etic field lines happens at the outflow_ velocity,
CETTTTTTTT R i“‘f{”“‘: which is in most cases of the order &f;. Bouncing at
[ ] points A and B happens because either of streaming insta-
bility induced by energetic particles or magnetic turbgken
in the reconnection region. In reality, the outflow region
getsfilled in by the oppositely moving tubes of reconnected
flux which collide only to repeat on a smaller scale the pat-
107 1073 1072 tern of the larger scale reconnection. Thus our cartoon also
M illustrates the particle acceleration taking place at f&mal
scales. From [30].
Figure 3: Upper plot dependence of the reconnection

speedV,.. on injection powerP;,;. Lower plot depen- o ] .
dence of the reconnection spegg.. on the uniform re- While in the Sweet-Parker scenario, the reconnection rate

sistivity 7,. Open symbols are for Sweet-Parker reconnedePends on the resistivity of the plasma and it does not

tion scenario [26, 27], and filled symbols are for weaklyi&Pend on the turbulence power, in the Lazarian & Vish-
stochastic reconnection scenario [28]. From [29]. niac scenario it shows no dependency on resistivity and it
increases with injected power of the turbulence, as pre-

dicted in [28]. The fast nature of the weakly stochastic
4 Stochastic magnetic reconnection magnetic reconnection mechanism is a consequence of the
turbulence in the plasma. Astrophysical plasmas are natu-
Astrophysical plasmas are often highly ionized and magneally turbulent and likely have low resistivity, and stosha
tized [25], and they undergo dissipative processes, whid¢te magnetic reconnection provides an efficient mechanism
convert electromagnetic energy into plasma energy. Due to transfer electromagnetic energy into plasma energy.
these processes, plasma from regions of a given polarity be-
comes magnetically connected to the one of opposite polar- . . .
ity: this is when magnetic reconnection occurs. Turbulen?ré Acceleration in reconnection regions
that naturally permeates magnetized plasmas is important
for the efficiency of magnetic reconnection and the corVhile magnetic field regions of opposite polarities are
responding particle acceleration processes. In the Swegmpressed in the heliotail, the outflow volume is filled
Parker model of reconnection [26, 27] the outflow is lim-with the reconnected turbulent field lines moving closer to
ited within the transition zoné\, which is determined by €ach other. Reconnection converts magnetic energy into
ohmic diffusivity (see top of Fig. 2). According to Lazar- kinetic energy of the outflow, and in the presence of cos-
ian & Vishniac model of reconnection of weakly stochastidNic ray particles, a portion of this energy can be utilized
magnetic field [28], on the other hand, the outflow is limfor their acceleration. As a particle bounces back and forth
ited by the diffusion of magnetic field lines, which depend§€tween converging magnetic lines it gains energy through
on turbulence only (see center of Fig. 2). The reconnectidiist-order Fermi mechanism (see Fig. 4). If particle dif-
rate, as a consequence, is increased simply by the turbulé#tion parallel to magnetic field lines is larger than per-
effect of many magnetic field lines, and its speed is clog@endicular diffusion, this acceleration mechanism gamns i
to the turbulent velocity of the medium. efficiency.
Fig. 3 shows the dependence of reconnection rate on tA€ reconnection processes are ubiquitous in astrophysics,

turbulence injection power and on the plasma uniforrif is expected first-order Fermi acceleration mechanisms
resistivity, as obtained from numerical calculations [29]commonly occur in turbulent plasmas. Numerical 3D sim-

Sweet—Parker
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ulations of energetic particle transport in weakly stotieas cient acceleration and their localized substructure iwvalrr
reconnection regions provide results consistent with-firstlirection are more related to the acceleration sites.

order fermi acceleration [29, 31]. In particular it is founda similar process was proposed to explain the origin of
that within contracting magnetic island or current sheetgnomalous cosmic rays as due to acceleration in stochas-
particles mainly accelerate via first-order Fermi accelergic reconnection region within the heliosheath, produced b
tion mechanism, while outside those regions drift accelergnagnetic polarity changes induced by the 27-day solar ro-
tion occurs due to magnetic field gradients [32]. tation [35, 36].
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Itis argued that the broad tail-in excess of sub-TeV cosm
rays and the highly significant localized excess region
multi-TeV cosmic rays are two manifestations of the sam
phenomenology. Namely it is proposed that cosmic ra
propagating through the turbulent heliotail are accetetat
via first-order Fermi acceleration mechanism via stochastj
magnetic reconnection. In general 3D numerical simul
tion show that such an acceleration mechanism can be v
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