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In August of 2012 the Voyager 1 space probe has left the solar-wind bubble of ionized gas we call
the heliosphere and entered the denser and colder environment of the interstellar cloud surround-
ing the solar system. Energetic charged particles underwent dramatic changes past the heliopause:
the heliospheric ions disappeared completely, while the galactic cosmic rays were for the first time
measured in their unmodulated state. The interstellar medium turned out to be almost entirely de-
void of turbulent magnetic fluctuations, therefore the transport of cosmic rays is governed by
a large-scale geometry of the magnetic field. We discuss observations of heliospheric ions, in-
cluding anomalous cosmic rays, near the heliopause transition, and propose interpretations of the
measured intensities and pitch-angle distributions based on gradient drift in a weakly nonuniform
magnetic field. The heliopause transition appears to be permeated by magnetic flux tubes con-
nected to the interstellar space and facilitating particle escape. These flux tubes may be a product
of interchange instability driven by a plasma pressure gradient across the heliopause. The cur-
vature of magnetic field lines and the anti-sunward gradient in plasma kinetic pressure provide
conditions favorable for an interchange. The two flux tube crossings by the spacecraft allowed an
indirect measurement of the plasma radial velocity near the heliopause.
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1. Introduction

The heliopause is a pressure equilibrium boundary of the heliosphere, a giant “bubble” in space
filled with plasma from the sun and surrounded by the cold and relatively dense interstellar cloud.
At this time, it is generally agreed that the Voyager 1 space probe has crossed this boundary near
20012.65, and has been traveling through local interstellar medium (LISM) since then [1, 2, 3, 4].
The key observations in favor of the crossing were (a) a rapid depletion of heliospheric ions, ev-
idently as a result of their escape into interstellar space, (b) an increase in galactic cosmic rays
followed by virtually constant intensity for the next two years, (c) a change in the direction and
strength of the magnetic field by about 20° relative to the primarily azimuthal field in the helio-
sphere, (d) detection of plasma waves at frequencies indicating a plasma density of the order of 0.08
cm™, some 30 times the density in the inner heliosheath (the region between the heliopause and
the termination shock), and (e) a near absence of magnetic fluctuation characteristic of the inter-
stellar medium [5]. However, the rotation of the magnetic field occurred gradually before Voyager
crossed the energetic particle escape boundary, known as the heliocliff.

While still in the inner heliosheath, Voyager 1 crossed two particle dropout regions with a
stronger magnetic field. The boundaries of the regions exhibited only a minimal change in the
magnetic field direction [6]. In the models of [7, 8] a direct route for particle escape was created via
magnetic reconnection between the heliospheric and the interstellar fields. An alternative view [1,
9] is that the regions are magnetic flux tubes sunk into the inner heliosheath through an interchange
instability of the heliopause and connected to the LISM at both ends. In this paper we further
develop this idea by performing a linear stability analysis of the surface of the heliopause.

The heliospheric particles developed large anisotropies in the direction normal to the mean
field, i.e., only the gyrating ions remained past the heliocliff. The escape of high-rigidity oxygen
ions was much more gradual than that of anomalous hydrogen and helium that have a smaller
Larmor radius [2]. As proposed in [10], gradient drift in a weakly nonuniform field (lengthscale
of variation ~ 10 AU) efficiently differentiates particles based on their regidity, which explains
why the gyrating oxygen ions did not fully disappear until about 1 AU past the heliocliff. The
two particle dropouts can be explained by the spacecraft crossing the boundaries of the flux tubes.
In the dropouts 5 MeV proton intensities decreased by a factor of ~ 4, which requires that these
particle undergo virtually no pitch-angle scattering inside the flux tubes. The rapid particle drop
and recovery at the boundaries of the flux tubes can be used to estimate the speed of the spacecraft
relative to the background medium and thus deduce the plasma velocity that Voyager 1 does not
measure directly because of a faulty plasma instrument.

2. Stability of the heliopause

In the upwind-facing direction (relative to the flow of the interstellar gas past the sun) the heliopause
may be locally represented as a spherical segment with a radius equal to the distance of Voyager
1 crossing (122 AU). This geometry may be tested for stability using the standard techniques de-
veloped for cylindrical plasmas in the fusion confinement community [11]. Without getting into
too much detail, the MHD system of equations is linearized about the equilibrium state (with zero
plasma velocity) and the perturbed system for one Fourier mode (, k) reduced to a single second-
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order differential equation for the radial component of the perturbed velocity u,
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Here py and pg are the equilibrium values of the plasma density and pressure, respectively, cg, Vg,
vs, and vy are the wave speeds (sound, Alfvén, slow, and fast, respectively), and Qﬁ =w?— (k- Va)z.
The wavevector k is tangent to the sphere.

The system (2.1)—(2.4) is integrated numerically over a radial interval much larger than the
width of the heliopause transition in order to find the eigenfunctions that satisfy the zero boundary
conditions far away from the heliopause. There are usually an infinite number of eigenfunctions,
but the one with zero radial nodes is always the most unstable, if it is unstable at all. Across the
transition the plasma pressure decreases and the magnetic field increases, so that the plasma beta
drops from 5.5 in the inner heliosheath to 0.36 in the LISM, based on Voyager observations and
models [3, 12]. This configuration may become unstable and develop interchange perturbations
because the curvature of magnetic field lines is directed into the region of high beta (sunward).
The growth rate evidently depends on the propagation direction, the width of the transition, and the
amount of magnetic shear from the misalignment of the fields on the two sides of the heliopause.

Growth rate, s

Figure 1: Theoretical linear growth rates at
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In almost all cases studied the growth rate is maximized for perpendicular propagation (pure
interchange involving no bending of magnetic lines of force). We show the dependence of the
instability growth rate on wavelength for the transition widths of 0.01 AU, 0.1 AU, and 1 AU
in Figure 1. At the right end of the figure, the growth rates for short waves corresponds to an



Cosmic rays beyond the boundary of the heliosphere V. Florinski

exponential growth time of about 2 months, which is fast compared to the typical dynamic timescale
in the region. Because large &, is favored, the interchange will develop as thin and long (k; — 0
for normal propagation) filaments, consistent with the diameter of the flux tubes encountered by
Voyager 1.

The shear (rotation) of magnetic field across the heliopause would tend to weaken the insta-
bility reducing the growth rate. Our analysis, which will be reported in a separate publication,
shows that the heliopause remains unstable for a shear of up to 8° for a 0.1 AU wide transition.
The threshold can be relaxed if the transition is wider or the radius of curvature smaller, perhaps
as a result of a fold or protrusion developed on the heliopause. In that case the heliopause remains
unstable for the field rotation measured by Voyager 1 (14°). The transition region may look like
that depicted in Figure 2, where the flux tubes from the interstellar medium become immersed in
the inner heliosheath plasma. The Voyager 1 path is shown crossing two of the tubes. Note that
interchange is only possible if the field lines inside and outside the tubes are parallel to each other;
the instability therefore may provide a mechanism for aligning the field locally with a slow rotation
between the equilibrium states far away from the transition region. In the direction of Voyager 2,
however, the angle of rotation is larger and the heliopause is therefore likely to be stable against
magnetic interchange.
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3. Anomalous cosmic rays

This section is based on our previously published results [10]. We assume the transition region
geometry shown in Figure 2. Trajectories of the Boltzmann equation for the charged particles
are integrated backward in time, from the “detection” point and until the trajectory leaves the
computational box. Written in terms of the phase space density f(r,v), the equation we solve is
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where ¢ is gyrophase, V| and V | are the gradient operators in the directions parallel and perpen-
dicular to B, respectively, and Vg, is the gradient in velocity space at v = const. The transport



Cosmic rays beyond the boundary of the heliosphere V. Florinski

coefficients D and K describe pitch-angle scattering and field line random walk, respectively. The
scattering rate may be estimated from Voyager 1 measurements of magnetic fluctuations [13, 5].
Assuming for simplicity isotropic scattering, the rate is calculated as

D= DOE g, 3.2)
By YA

where Q is the charge number, A is the mass number, 7 is the Lorentz factor, and Dy is the reference

value of the scattering coefficient that depends on the turbulent power. From Voyager data we are

able to estimate Dy ~ 10~% s~ ! in the inner heliosheath, while its value in the LISM is at least 100

times smaller.

Another key ingredient of the model is the presence of a latitudinal gradient of the magnetic
field strength, shown with an arrow in Figure 2. This gradient results in a radial drift of gyrating ions
with speed vy ~ r v, /(2L), where r, is the Larmor radius and L is the scale length of the magnetic-
field variation. With L = 10 AU, the effect of drifts differentiates charged particles based on their
Larmor radius (i.e., rigidity). For example, at the same energy per nucleon singly anomalous
oxygen ions, which are primarily single charged, have 16 times the rigidity of protons, so these
ions are able to penetrate much deeper into the LISM before they become scattered and escape
along the field lines. The simulation size was about 2 AU wide in the radial direction and 60 AU
wide in the azimuthal direction. The latter value is also the length of the flux tubes discussed in
Section 2.

Figure 3 shows model-derived intensities of 5 MeV/n anomalous hydrogen, helium and oxygen
ions near the heliocliff, which is located at » = 0 in this figure. The prominent dropouts correspond
to the interiors of the flux tubes, where particle escape into the LISM. Past the heliocliff, the
streaming ions (circles) are depleted first with the resulting distribution becoming flattened near
u = 0. In the model, the intensity of singly charged oxygen ions remains relatively high for much
longer than hydrogen, which is consistent with the Voyager observations [2].
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The dropouts also offer a unique opportunity to estimate the speed of plasma flowing past
Voyager 1 (whose plasma instrument is not functioning). Figure 4 compares the count rates of 2—8
MeV protons measured by two Voyager CRS sensors near the second dropout. The pointing of the
CRS instrument sensors is such that one of them (LET B) is observing ions whose guiding centers
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lie closer to the sun, while another sensor (LET D) is measuring ions with guiding centers located
farther away. When crossing a large intensity gradient, such as at a boundary of a flux tube, LET
B temporal profile trails that of LET D by approximately the time it takes for the spacecraft to
travel a distance of 2r7 in the plasma frame. From Figure 4 one estimates the temporal delay to be
about 13 hrs, which gives a range of radial plasma velocities of between —5 km s~! and +1 km
s~!, given the uncertainties in the direction of the flux tube axis. This very small radial speed is
consistent with the indirect measurements of the velocity based on Compton-Getting anisotropy of
low energy ions [14].
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4. Discussion

Three years after the 2012 events at Voyager 1 it appears that the crossing of the heliopause was
consistent with the theory predictions, for the most part (galactic and anomalous cosmic rays,
magnetic field strength, turbulent fluctuations, plasma density). Certain magnetic field observations
(in particular, an apparent absence of directional change at the heliocliff) generated a great deal of
controversy, leading some [15, 16] to conclude that Voyager 1 crossed not the heliopause, but a
different magnetic boundary still in the inner heliosheath. In fact, the direction did change by about
20° gradually over 30 days prior to the heliocliff [6]. Global MHD models predict that the draping
of the interstellar magnetic field lines around the heliopause could rotate the LISM field to within
10° of the measured direction at the Voyager 1 location [17], see also [18, 19]. The proximity of the
draped field direction to the azimuthal is therefore coincidental and limited to the direction Voyager
1 is traveling.

The complex evolution of the magnetic field prior to the heliocliff suggests that the heliopause
is not a thin surface, but a region of some 0.3 AU in width with the heliocliff as its leading edge,
as measured from the LISM. We propose that this regions is permeated by turbulence-free LISM
magnetic flux tubes with diameters of the order of 0.1 AU and perhaps 50-100 AU in length that
allow anomalous cosmic rays to escape the region by free streaming. For galactic cosmic rays,
the same tubes would provide a more direct access to the inner heliosheath. It is essential that
the magnetic fields inside and outside the tubes to be parallel, otherwise the interchange would
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not occur. The development of the instability may actually lead to such an alignment at selected
locations if the initial magnetic shear is not too large.

The model presented here has the advantage of being consistent, on the quantitative level,
with the observations and theoretical interpretations of the energetic particle intensities and pitch
angle distributions before and after the heliocliff [9, 10]. In the interchange scenario the flux tubes
are connected to the LISM at both ends, and the energetic particles can escape in both direction
with equal probability, so the remaining gyrating population develop a large second-order and only
a modest first-order anisotropy, as observed [1, 2]. The consistent time shift between the ACR
intensities measured by two Voyager 1 LET telescopes supports the interpretation of the dropouts
as flux tube crossings, rather than repeated encounters of a single moving boundary.
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