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Abstract: The character of energetic particle transport in the distant helioshedtespecially in the vicinity of the
heliopause could be quite distinct from the other regions of the heliosphleeenagnetic field structure is dominated by a
tightly wrapped oscillating heliospheric current sheet which is transparteigher latitudes by the nonradial heliosheath
flows. Both Voyagers have, or are expected to enter a region domioatéd sectored field formed during the preceding
solar maximum. As the plasma flow slows down on approach to the heliepthesdistance between the folds of the
current sheet decreases to the point where it becomes comparabkedgclotron radius of an energetic ion, such as
a galactic cosmic ray. Then, a charged particle can effectively drifisaca stack of magnetic sectors with a speed
comparable with the particle’s velocity. Cosmic rays should also be abldic@nfly diffuse across the mean magnetic
field if the distance between sector boundaries varies. The region dflibpduse could thus be much more permeable to
cosmic rays than was previously thought. This new transport proposeldlanism could explain the very high intensities
(approaching the model interstellar values) of galactic cosmic raysurezhby Voyager 1 during 2010-2011.
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The years 2009-2011 marked the solar minimum in thBecause the radial flow velocity vanishes on approach to
outer heliosphere. During this period intensities of giatac the heliopause, plasma has a long (several decades) resi-
cosmic-ray protons and alpha particles measured by Vogence time in the heliosheath. The heliosheath is charac-
ager 1 rose to record high levels. At the time of this writterized by nonradial flows as the plasma is deflected away
ing Voyager 1 is at 117 AU heliocentric distance, whichfrom the radial direction by the obstacle (the heliopause).
is at least 23 AU beyond the termination shock. There i§he heliospheric current sheet is stretched in the latitudi
evidence from plasma flow velocity decrease [5] that thaal direction. The process is illustrated in Figure 1, which
spacecraft may be close to the heliopause and is observislgows the shape of the current sheet projected onto the
a nearly pristine interstellar flux of galactic ions. This in meridional plane. This result was obtained using tracers
terpretation, however, is not consistent with models of thembedded in a 3D flow structure produced from an MHD-
global heliosphere that predict a heliosheath thickness ogutral model of the global heliosphere [6]. The initial
~45 AU in the nose direction [9]. tilt angle at the Sun was 20n this simulation. One can
Galactic cosmic ray intensity was expected to be attenuatélfarly see an increase in the latitudinal extent of the cur-
by a wall of enhanced magnetic field near the heliopaud€nt sheetin the heliosheath and a compression of the mag-
[8, 7]. Magnetic field magnitudes measured by Voyagehetic sectors. Similar results have been previously obtain
1 up to 2010 [2] are not consistent with the values predy [4, 1]
dicted for the magnetic wall [1], which could indicate thatin 2010, Voyager 1 was above the northward extent of the
the spacecraft is still far away from the heliopause. Belowurrent sheet in the supersonic solar wind, but most likely
we show that the magnetic wall is actually quite permeableell inside the extended sheet structure shown in Figure
to cosmic rays in the region dominated by the tightly folded. [2]. It was shown [6] that energetic charged particles
neutral sheet. The new transport process, first discusseddicquire a degree of mobility across the stack of magnetic
[6] provides a natural solution to the problem of cosmic ragectors once the width of the sectbbecomes less than
intensity enhancement in the distant heliosheath. 2ry, wherer, is the gyroradius. For a 160 MeV proton,
this condition means a sector width of less than 0.25 AU
assuming a background field intensity|8| = 0.1 nT. In
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Figure 1: A projection of the heliospheric current sheet

onto the meridional plane. The termination shock is shown
with a dashed line (from [6]). Magnetic sectors observed by the Voyagers in the solar

wind have variable widths with about a factor of 10 dif-

ference between the shortest and the longest sectors [3].

the solar wind sectors are about 3 AU apart and their wid{y/hen the sector width varies in a random way, cosmic rays
decreases to under 1 AU downstream _Of the terminatiqihgergo random walk (diffusion) in the cross-sector direc-
shock. The width continues to decrease into the helioshegi, particles reverse the direction of drift motion when

without a comparable increase in the magnitud8dthe e next sector encountered is wider than their gyroradius.
excess plasma escapes between the current sheet to hlgg%pose the sectors are, on average, parallel tg-thiane
latitudes). It is likely that the condition < 2ry is sat- \yith the magnetic field = +Bj. The trajectory of the
isfied at the current position of Voyager 1. As we show iyarticle’s guiding centeg(t) in the direction perpendicular

the following section, cosmic ray ions experience enhanceg ine sectors«() is described by the following relation:
transport across a stack of closely spaced sectors. This is a

essentially kinetic process that depends on a patrticle’s gy _Jody =&, dn =& <y,
rophase. It is not captured with a nearly isotropic (Parker) St = { &n, dp — &, > 1y, 2)
model of cosmic ray transport [10].
tn+ 72 (77 —cos™! f—’g’ —cos! 7d",._{]£”> )
3 Cosmic ray drift and diffusion in a sec- ¢, = Ci" —&n <7y,
tored field o+ 22 (7w —cos™1 &),

dn - gn > Tgs

When the conditioml < 2r, is satisfied, a charged particle ©))

is unable to close its gyroorbit inside one sector and wilvhere the index: refers to nth sector. The turn-around

cross into an adjacent sector of opposite magnetic palarigondition isd,, — &, > ry.

The guiding center then undergoes drift motion both paraGuiding center motion is strictly diffusive if,, is a random

lel to the current sheets and across the sectors. When Wagiable. In [6] sector widths were uniformly distributed

sectors all have the same widihthe drift velocity in the between 0 and. A trajectory calculated according to (2)—

perpendicular direction is given by [6] (3) has no memory of sectors encountered previously (be-
fore a trajectory reversal). A particle’s guiding centsftdr

vdeB . . - 2 .
= (1) along the sector boundaries (thdirection), which implies
pe(m — d1 — 62) that the sector width must also vary randomly in thei-

wheree is the particle’s charge; velocity, p momentum, ection (i.e., with latitude).

and ¢1, ¢ are the gyrophases corresponding to the tradere we extend the analysis of [6] with a series of guiding
jectory crossing points with two adjacent current sheetsenter trajectory simulations to reveal the dependence of
The drift is bi-directional, i.e., particles can cross theck  the current-sheet diffusion coefficient on sector width and
of sectors both left-to-right and right-to-left, deperglion  particle’s gyroradius. Figure 2 plots the dimensionle$s di
their initial position and gyrophase. fusion coefficienk,,, calculated by fitting the mean square

Vdz
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Figure 3: Cross-sector diffusion coefficiety, as a func-

tion particle’s speed. Herg corresponds to, = D. Dot- |
A 5 ‘ -200

ted line isk,, ~ v°. =200

displacement(z — (x))?) with a power law with index 1in  Figure 4: Regions of different magnetic polarities at the
time, as a function of /r, (for a fixedr,). The dependence time of a negative solar minimum in the inner heliosphere.
is asymptotically<,, ~ D~ atlarge and smalD /r, with  The projections of the termination shock and heliopause
a rapid transition neab/r, = 1. Evidently, when the on the meridional plane are shown with dashed lines. The
sector width is large, particles tend to drift along a singlelotted line is Voyager 1 trajectory.

current sheet and their cross-sector transport is supgatess

The second set of simulations reveals the dependence_ﬁ%‘

iffusion on particle’s velocity. The result f [ : : ;
diffusion on particle's velocity. e result for (v)is form polarity (toward the Sun in the north and away in the

shown in Figure 3. Here, corresponds to a gyroradius ) . L .
r, = D. Velocity dependence is well approximated with asouth). The near-equatorial region in between is filled with

cubic fit at large and small with a more rapid transition _?_h\{varpe_(j curretnt Zhiethanr?l ht"?‘ts dm|x9dtrr]nar?nlgtlchpotlﬁrlty.
in between. Using3 = 0.1 nT andD = 0.2 AU yields a b IS reglorﬁhex.en sto 'Igth atl'l'tj eslmt € s,'[fls €9 . (@
perpendicular diffusion coefficient,, = 1.5 x 1022 cm?/s ~ Pccause ofthe increase n the tit angie toward the previous

. : . solar maximum and (b) because the warped current sheet
for a 160 MeV proton. This value is well in excess of the . . ) o )
b s carried to higher latitudes by latitudinal flows in the he-

perpendicular diffusion coefficient predicted by the NLGq.
theory [13]. We conclude that cross-field diffusion in the ©Sn€ath-
tightly compressed sector field in the heliosheath is veryhe current sheet tilt was low during the previous positive
efficient which could explain the evident lack of cosmic-Solar minimum around 1996. Solar wind plasma ejected
ray attenuation in the distant heliosheath. by the Sun during that minimum is still traversing the he-
liosheath. This region is represented by two thin slices de-
scending toward the ecliptic from high latitudes in the hort
4 The effect of solar cycle in the distant he- and in the south in Figure 4. Voyager 1 trajectory passes
liosheath above the lowest latitude of the 1996 solar minimum re-
gion. Given that the plasma velocity is near zero at Voy-
Owing to long plasma residence times in the heliosheatRger 1 [5], the spacecraft may well be sampling parcels of
a record of the entire previous solar Cyc|e is preserved ﬁplar wind emitted at ianeaSingly earlier times. Itis even
a Compressed form [11, 12] Using the tracer method, V\fé)nceivable that Voyager 1 will revisit the preViOUS solar
performed a simulation of the current sheet with a variabl@inimum in the heliosheath before its encounter with the
tilt angle o given by following expression heliopause.

e two lobes in the north and south are regions of uni-

. 27t . .
a=T7+36.5 (1 + sin T) ) (4) 5 Discussion

whereT = 11 yrs and the angles are in degrees. Figur€onditions in the heliosheath vary on slower time scales
4 shows the minimum (southward) and maximum (norththan in the supersonic solar wind. One cannot easily char-
ward) extent of the heliospheric current sheet during a timecterize these conditions as specific to the solar minimum
near a negative solar minimum in the inner heliospherer solar maximum because both are present at the same
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time. Voyager 1 may now be sampling solar wind emitted

by the Sun during the descending phase of solar cycle 23.
In the framework of this model, one can even interpret the

long positive sector observed by Voyager 1 at the end of
2009 [2] as an encounter with the positive unipolar region

shown in Figure 4.

The tightly folded heliospheric current sheet is expected t
dominate cosmic-ray transport near the heliopause, dt leas
at low and mid latitudes. As the magnetic sectors become
thinner, particles acquire mobility in the perpendicular d
rection allowing them to cross the modulation wall with rel-
ative ease. This process could be responsible for the record
high galactic cosmic ray intensities measured by the Voy-
ager probes during the past two years.

This research was supported, in part, by NASA grant
NNX10AE46G, by NSF grant AGS-0955700 and by a co-
operative agreement with NASA Marshall Space Flight
Center.

References

[1] Borovikov, S. N., et al., Astrophys. J., 201128 L21

[2] Burlaga, L. F., Ness, N. F., Astrophys. J., 201@5.
1306-1316

[3] Burlaga, L. F., Ness, Richardson, J. D., 2003, J. Geo-
phys. Res.108 8028

[4] Czechowski, A., et al., Astron. Astrophys., 20B16.
Al7

[5] Decker, R. B., etal.: 2010, Pickup lons Throughout the
Heliosphere and Beyond, ed. le Roux et al., AIP

[6] Florinski, V., Adv. Space Res., 20128 308-313

[7] Florinski, V., Pogorelov, N. V., Astrophys. J., 2009,
701 642-651

[8] Florinski, V., Zank, G. P., Pogorelov, N. V., J. Geophys.
Res., 2003108 1228

[9] Heerikhuisen, J., et al., Astrophys. J., 208682 679-
689

[10] Kota, J., Jokipii, J. R., Astrophys. J., 199¥®9 385-
390

[11] Nerney, S., Suess, S. T., Schmabhl, E. J., J. Geophys.
Res., 1995100 3463-3471

[12] Pogorelov, N. V., et al., Astrophys. B96. 1478—
1490

[13] Zank, G. P, et al.,, J. Geophys. Res., 20009
A04107



