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Cosmic Rays in the Very Local Interstellar Medium Jamie Sue Rankin

1. Introduction

On August 25, 2012, at a radial distance of 121.6 au from the Sun, Voyager 1 became the
first spacecraft to exit the heliosphere and directly sample the Very Local Interstellar Medium?.
The signatures of its crossings were at first, ambiguous to interpret. The energetic particle
response was characterized by a sudden increase in cosmic ray intensity that coincided with a
sudden depletion of solar particles (Figure 1) [1, 2, 3], indicating a clear transition into a new
region. The nature and magnitude of the magnetic field also changed from the weak, turbulent
field of the heliosheath (0.13 nT) to that of the stronger, smoother field expected for the interstellar
medium (0.49 nT) [4, 5], but its direction remained consistent with that of the Parker Spiral in the
heliosphere. An absence of direct plasma measurements caused Voyager 1 to probe the
environment using other means. Fortuitous radio emissions resulting from electron plasma
oscillations were eventually used to confirm interstellar density values; these revealed plasma
densities (0.08 c¢m™) that were more consistent with estimations for the VLISM (0.1 c¢m™
expected) than the heliosheath (~0.002 c¢cm?) [6, 7]. These collective findings revealed that
Voyager 1 had begun a new phase of its journey — one of interstellar exploration. On November
5, 2018, Voyager 2 joined its twin, and, from contrasting vantage points, the two spacecraft
continue to explore this new region surrounding the heliopause.

Despite the significant differences in the spacecraft trajectories,? the heliopause crossings
occurred at comparable radial distances (121.6 vs. 119.0 au) and were marked by similarly abrupt
transitions in the energetic particles and magnetic fields (under a day), from which [5] calculated
a heliopause thickness of < 5x107 au (assuming it was stationary). The plasma wave instruments
onboard both spacecraft (PWS) showed a clear ramp in plasma density: from ~0.002 ¢cm™ in the
heliosheath to 0.055 cm™ & 0.039 ¢cm™ in the VLISM (for Voyagers 1 & 2, respectively, shortly
after their crossings) — indicative of a plasma boundary layer roughly 10 au or more thick [7]. The
magnetic field directions by both spacecraft also remained consistent with those in the
heliosheath, a detail that is now captured in several models and generally attributed to the draping
of the interstellar magnetic field around the heliosphere [5] (and references therein). Other details
about the plasma were also finally obtained by the plasma instrument on Voyager 2 (PLS) [8]. For
instance, prior to crossing it detected a plasma barrier 1.5 au thick with plasma twice as dense as
typical heliosheath material and a thinner boundary layer (0.06 au before the heliopause), in which
the density and magnetic field increased and the radial flow speed decreased. Data from PLS and
PWS also revealed a variable VLISM that was hotter than expected (30,000 to 50,000 K compared
to the predicted 15,000 to 30,000 K).

1 A re-defining of the term, as proposed by [77]: “that region of the interstellar medium surrounding the Sun that is
modified or mediated by heliospheric processes or material.”

2 The location of Voyager 1’s crossing occurred at 121.6 au, 255.0°, and 35.0° (radial distance, longitude, and
latitude), while Voyager 2’s occurred at 119.0 au, 290.3°, and -32.2° (solar ecliptic coordinates) [5].
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The two crossings also featured some noticeable differences, particularly in cosmic rays, as
shown in Figure 1. For example, [9] reported that the upstream solar ions at Voyager 1 lasted for
~25 days (~0.25 au) and gradually depleted through a generally-smooth reduction, while those at
Voyager 2 lasted ~65 days (~0.6 au) and had a profile marked with substantial structure. [4]
detailed how Voyager 1 encountered the boundary 5 times leading up to its final crossing,
distinguished by jumps in the field that also coincided with reduction of low-energy particles.
These phenomena now understood to result from flux interchange instability [10, 11] enabled
magnetic flux tubes at the heliopause to connect to the outer heliosheath and provide a path for
the particles to escape. Voyager 2’s crossing, on the other hand, was preceded by a large magnetic
barrier, a region of elevated magnetic field strength (~0.3 nT) and smoothly increasing cosmic ray
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Figure 1. Cosmic ray count rates observed by the Low Energy Charged Particle experiments (LECP; Left) and Cosmic Ray
Subsystems (CRS; Right) at each heliopause crossing. Panels showing galactic cosmic rays (GCRs) are noted in green, while
those showing solar particles (ACRs & SW ions) are noted in yellow. The two spacecrafts’ measurements are differentiated by
panel location in the left image (Voyager 1 on top and Voyager 2 on bottom), and by color in the right image (Voyager 1 in red
and Voyager 2 in blue); adapted from [9, 26].

intensities that lasted ~80 days (~0.7 au). Oddly, the plasma in this region showed no
corresponding change in the density, temperature or speed [5, 8].

The nature of the recently encountered VLISM juxtaposes that of the well-studied solar
wind in many ways. The quiescence of the field and plasma, as well as the absence of solar
modulation makes this an ideal environment for examining low-energy cosmic rays, particularly
before their transport undergoes significant modification on their inward journey towards the Sun.
Here, we review some of the discoveries and insights that have so far emerged from measuring
cosmic rays in this new regime by highlighting several key observations: i) cosmic ray behavior
at the heliopause boundary, ii) characteristics of the low-energy spectrum (down to a few
MeV/nuc), iii) the discovery of a time-varying, species-dependent anisotropy, and iv) cosmic-ray
disturbances caused by solar transients that pass through the heliosphere and transmit pressure
waves into the VLISM.

2. Cosmic Rays at the Heliopause Boundary

The abruptness of the cosmic ray transition at the heliopause crossing came as somewhat of
a surprise and hints at an interesting contrast between the heliosheath and VLISM plasmas.
Although some change in the diffusion coefficient and cosmic ray intensities was expected,
several models predicted a much more gradual transition than what was observed. For example,
[12] argued that 100 MeV protons beyond the heliopause should increase by 25% to 40% over a
distance of 100 au, implying an average gradient of 0.25% au™! to 0.4%". And yet, observations
showed that the jump in cosmic ray intensities took place over very short temporal and spatial
scales (roughly a day and within fractions of an au), after which the cosmic ray intensities reached
uniform, steady-state levels (where they have remained ever since). Models of radial behavior in
100 MeV protons by [13, 14, 15] demonstrated that small diffusion coefficients (within a factor
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of a few), could, indeed, cause heliospheric modulation to extend tens to a hundred au into the
VLISM. However, reproducing the Voyager observations required a dramatic change in the
diffusion coefficient between the heliosheath and VLISM. The model of [15] indicated that the
perpendicular diffusion coefficient (K ) in the VLISM was reduced to 1/100 of its heliospheric
value and the parallel diffusion term (K||) was enhanced by over a factor of 100. Meanwhile [13]’s
best-matching simulation required that K||/K, increase by a factor of 10'°, Re-creating and
understanding the the full implications of the cosmic ray behavior across the heliopause remains
a challenge for most models, particularly owing to unknowns about the nature of the heliopause
discontinuity, the small spatial resolution required, and the need to include accurate models of
both the heliospheric and interstellar magnetic fields at either side of the boundary. As such, the
topic remains an active area of research.

Meanwhile, [16] examined 3 to 346 MeV cosmic ray protons measured by Voyager 1 over
aroughly 2.5-year time period (from ~2012.9 to ~2015.5) and found no strong evidence of a radial
intensity gradient, reporting a value consistent with zero, with a 1o upper limit of 0.06% au™’.
Prior to these observations, the nature of the gradient in the VLISM was also debated by a variety
of authors, including several who expected a positive gradient that extended many au beyond the
heliopause [17, 12, 18, 19] while others anticipated no gradient at all [13, 15, 20, 21, 22]. The
abruptness of the heliopause transition, the negligible intensity gradient, and the remarkably
similar energy spectra of cosmic rays measured by the two Voyager spacecraft provide strong
evidence that the cosmic ray modulation boundary is likely only a fraction of an au from the
heliopause, and that the energy spectra represents that of the unmodulated local interstellar
medium.

3. The Low-Energy Very Local Interstellar Spectra

Several years after Voyager 1°s heliopause crossing, [ 16] reported the long-awaited cosmic-
ray measurement of the low-energy very local interstellar spectra. Below energies of several
hundred MeV/nuc, observations of GCRs in the solar wind are completely inhibited by several
factors, including adiabatic energy losses and the dominance of other particle populations (i.e.,
anomalous cosmic rays and solar energetic particles), leaving their spectra virtually unknown [23,
24, 25]. Voyager’s arrival in the VLISM enabled the first measurements of H through Ni from as
low as 3 MeV/nuc up to several-hundred MeV/nuc, as well as electrons from 2.7 to 74 MeV.
Figure 2 compares the energy spectra of electrons (e’ + ¢), H, and He nuclei, measured by both
Voyagers. The spectra are remarkably similar for the two spacecraft, despite their different
measurement times (late-2012 vs. early 2019), large separation distance (~167 au), and North- vs.
South-ward ecliptic trajectories [26].

H and He show a broad maximum from ~10 to 50 MeV/nuc that is preceded by a slight
decrease at low energies and followed by a noticeable drop-off at GeV energies and higher. In
general, their profiles are very similar, with a mostly energy-dependent intensity ratio (H/He =
12), which, as noted by [16], was not obvious at 1 au due to the effects of solar modulation. The
electrons exhibit a power law (index of -1.3) that is consistent across the entire observed range.
Also, the electron intensity below ~50 MeV dominates over H by about a factor of 50, in contrast
to the high energy trend observed at earth (>10 GeV), for which the intensity ratio (e/H) of
electrons is only a few % of H [16].
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In the recent years, these data, along with long-term observations at 1 AU from missions like
ACE, PAMELA and AMS-02 [27, 28, 29]
have led to significant advancements in the 10% .
modeling of solar modulation and cosmic- g
ray transport for particles of many different
species [30, 31, 32, 33, 34, 34]. The spectra
also have important implications for
astrophysics. For example, low-energy
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studies as well, including those which use  (dotted, solid, and dashed lines), along with high-energy

of y-rays to probe the GeV to TeV spectra observations from 1 au, for which modulation effects are likely
. . . small (black triangles and diamonds); see [16] for more details.

at different locations in the galaxy [38, 39]

and even to provide novel constraints for

models of Dark Matter [40, 41, 42, 43].

4. Time-Varying Pitch-Angle Dependent Cosmic Ray Anisotropies

Shortly after Voyager 1 crossed the heliopause, the Low-Energy Charged Particle instrument
(LECP) made an unanticipated discovery concerning the isotropy of cosmic rays. While
intensities appeared mostly uniform and isotropic in the field-aligned (0° pitch angle) and off-
pointing (45° pitch angle) sectors of its rotating bi-directional telescope, proton-dominated
measurements of cosmic rays from the 90° sector revealed a pronounced, but smoothly-varying
reduction in cosmic ray intensity [9].
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Figure 3. From [44]. Cosmic ray counting rates in the VLISM, as viewed by Voyager’s
Low Energy Charged Particle (LECP) experiment and its Cosmic Ray Subsystem
(CRS). During the roughly 6-year time period shown, three large anisotropy episodes
occured (shaded in yellow), lasting ~265 (I), ~100 (II), and ~630 (III) days. Intensity
enhancements are also present, indicative of remote connections to several solar-
transient-induced shocks. (a) LECP’s >211 MeV proton channel reveals the events’
directionally-dependent nature, as they are only evident when its telescope is oriented
approximately perpendicular to the magnetic field (e.g., circular diagram, Sectors 1
and 5). (b) High-resolution time profiles of the anisotropy events are also viewed by
CRS’s omnidirectional anticoincidence counters (220 MeV; proton-dominated), but
for these, the pitch-angle information is absent. (c) Although the CRS telescopes are
body-fixed and do not typically view the anisotropy (i.e., the HET 1 PENH rate shown
here; = 70 MeV; proton-dominated), occasional spacecraft pointing maneuvers cause
the telescope’s field of view to temporarily overlap with the 90° pitch angle sector, as
evidenced by the periodic dips.
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70 MeV; median energies of ~500 MeV)

from Voyager 1’s Cosmic
Ray Subsystem (CRS) to
analyze three  distinct
periods of  anisotropy,
observed from the time of
the heliopause crossing
(2012.65) up to 2018.0, as
shown in Figure 3. These
episodes ranged in duration
from ~100 to ~630 days,
with a small, but

statistically-significant
reduction of up to 3.8% in
its omnidirectional
counters.  Viewing  the
anisotropy through CRS’s
body-fixed high-energy
telescopes (HETs 1 & 2)
proved a challenge, because
the usual spacecraft
pointing orientation placed
the telescope field of views
well outside of the 90°

pitch-angle sector.
Nonetheless, by taking
advantage  of  regular

spacecraft rolls and offset—
pointing maneuvers®, [44]
confirmed that the dropouts
were centered on 90° pitch

angle (to within 8.6°), and further used the off-pointing between the two telescopes to derive a
characteristic width of the distribution. They found the anisotropy episodes to be well-described
by a “notch” of missing particles in an otherwise uniform pitch angle distribution that was, on
average, 22° wide and 15% deep — thus signifying a broad and shallow depletion region.

3 Multiple days of repointing that occured roughly every other month, which positioned telecope boresights to overlap

with the 90° pitch-angle viewing direction.
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4.1 Anisotropy Events: A Plausible Physical Mechanism

As for the mechanism behind the unusual pitch-angle-dependent behavior, one of the leading
explanations was proposed by [45], who suggested the anisotropy events could arise due to
trapping and cooling of energetic particles downstream of weak shocks. Several shocks had been
observed by the Magnetometer [46] and were known instigators of the electron plasma
oscillations measured by the Plasma Wave Subsystem (PWS) [47, 6]. Numerical simulations by
[48] showed that a gradual compression, followed by a slow weakening of the magnetic field,
could account for the pitch angle and time profiles of two types of interactions observed near the
shocks: (i) short-lived cosmic-ray intensity enhancements reflected and accelerated prior to the
shock’s arrival and (ii) the long-duration anisotropic decreases arising from particles trapped and
cooled downstream (ref. Figure 3). The results of [48]’s adiabatic heating and cooling model
applied to a simple parabolic shock are shown in Figure 4.

As discussed by [44], the first anistropy event detected by Voyager 1 in 2013 provided
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Figure 4. From [48]. Left Panel: Simulated behavior of magnetic structure within a shock moving away from the Sun at a speed of
40 km s™'. As Voyager 1 (V1) crosses through the field line system, it encounters two regions, the first comprised of the gradual
compression of the shock itself (between the two dashed lines; DB/Dt > 0), from which cosmic rays are accelerated and reflected
producing short-lived intensity enhancements. The second region is characterized by gradual expansion (DB/Dt < 0) in which
particles with the largest pitch angles (e.g., near 90°) are the most effectively trapped and cooled (strong fields shown in red, weak
fields shown in blue). Right Panel: results from a simulation of 200 MeV cosmic rays interacting with a simple compression
(spherical shell) for an assumed magnetic field profile, B, that is gradually increasing over time (magenta). The various colors
represent cosmic ray intensity responses for 4 different segments of pitch-angle, @, where 4 = cos a. The intensity reduction is
evident for pitch angles of 75° to 90° (1 = 0.00 to 0.25), in agreement with Voyager obserations.

compelling evidence concerning the influence of adiabatic cooling in the anisotropy’s
development. As shown in Figure 5, the field weakened as the particle intensities declined (i.e.,
from ~2012.9 to ~2013.35; up to the anisotropy’s minimum) and its recovery began as the field
had stabilized around ~0.46 nT and was no longer expanding (Figure 5, ~2013.35 to ~2013.6).
The third episode in 2015 showed similar, but not identical behavior in that its development
occured in a two-step process (from ~2014.65 to ~2015.35 and ~2015.35 to ~2016.0) as the
field also weakened in two phases.



Cosmic Rays in the Very Local Interstellar Medium Jamie Sue Rankin

However, the data also
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Figure 5. From [44]. Time profiles of cosmic rays (top panel; =20 MeV; proton-
dominated) and the magnetic field (bottom panel), in response to solar-caused
disturbances in the VLISM. The timing of the electron plasma oscillations is
captured by the horizontal blue bars, and the onset times of forward (F), and

region which, “in addition to
being affected by temporarily
compressed fields from
traveling disturbances, could

possible reverse (R) shocks are delineated in green.

also be affected by the
presence of a steady state enhanced magnetic field near the heliopause”. This steady-state field is
consistent with the compressed field observed by IBEX at the heliopause near the ribbon [49, 50].
[51] similarly argued that the draping of the magnetic fields around the heliopause could be
essential to the anisotropy’s formation. However, they came to a different conclusion about where
the trapping might occur: “the anisotropy-causing physical process that suppresses intensities at
~90° pitch angles relies on [cosmic rays] escaping from a single compression in the draping
region, not on [cosmic rays] trapped between two compressions.” As a whole, the mechanism
introduced by [48, 45] is somewhat supported by observations, but there are many aspects of the
events that are not yet fully understood.

4.2 Anisotropy Events: Evidence of Species Dependence

In a follow-on study, [52] expanded their approach to include electrons, along with protons
in a few discrete low-energy bands. Their observations are summarized in Figure 6. In this, they
reported an unexpected new finding: electrons exhibited no strong evidence of anisotropy. Unlike
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their proton counterparts, even
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Figure 6. From [52]. Observations from the Voyager 1 Cosmic Ray Subsystem
(CRS) reveal a lack of noticeable anisotropy in cosmic-ray electrons. Clear
intensity reductions occur in omnidirectional protons >20 MeV (omnidirectional
protons; panel a; grey) and bi-directional >70 MeV protons when the telescopes
are re-pointed during 70°-offset maneuvers (panels b-d; black). ~5 to ~105 MeV
electrons on a separate telescope show very little response, despite a being more
directly aligned to view pitch angles of 90° (panel b; red). Even electrons (~3 to
~14 MeV; green) and protons (~18 to ~70 MeV; blue) on the same telescope
differ in their responses (panels ¢ & d), eliminating possible differences due to
pointing. The protons in panel ¢ (blue) and electrons in panel b also cover similar
energy ranges, and so the behavior likewise cannot be simply attributed to
energy dependence.

effectively trapped or cooled
downstream of the interstellar
shocks? The authors concluded
that ineffective trapping was
not the case for several reasons,
including the fact that precursor
“shock spike” intensity
enhancement features (known
to precede the electron plasma
oscillations) [47] were evident
in both electrons and protons, indicating that both species were clearly interacting with the shock
boundaries. Inneffective cooling was also ruled out, since the steeper spectrum [16] should yield
more effective adiabatic cooling, and therefore produce a greater intensity change for electrons
compared to protons — contrary to what the observations showed. Drifts were considered as
another viable mechanism, particularly since they are known to influence the paths of particle
propagation in a charge-dependent way. However, since curvature-gradient drifts (which
dominate in the VLISM) have no divergence, they were not expected to directly contribute to
adiabatic cooling or energy loss [53], thereby making it unclear as to what influence drifts may
have (if any) on the anistropy events.

The role that turbulence might play in the development of these events (or lack thereof)
proved perhaps the most puzzling. It seemed plausible to [52] that turbulence could scatter the
electrons and thereby effectively erase evidence of their pitch angle distributions. However, the
negatively-sloped power spectra reported by [54, 55] and [56, 57] suggested that amplitudes at
resonantly-interactive wavelengths were 2-3 orders of magnitude larger for the lowest-energy
protons compared to the highest energy used by [52]. Evidently, it was the protons, not the
electrons, that should have been more effectively scattered by ambient turbulent fluctuations in
the VLISM. However, as the authors noted, turbulence could instead participate in the formation
of the anisotropies in protons or possibly contribute to the scattering of electrons in some other
way. For example, an isotropic turbulence model by [58] demonstrated that pre-existing VLISM
turbulence could effectively trap suprathermal protons (of a few keV in energy) with near-90°
pitch angles through magnetic mirroring, and their results were generally consistent with the
enhanced energetic neutral atom signature of the IBEX ribbon [59]. Although the Voyager
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anisotropies occur at much higher energies (few to hundred MeV’s) and reflect energy losses
rather than intensity gains, the role of turbulence in the pitch-angle-dependent perturbation of
cosmic ray protons merits further exploration.

Returning to the possiblity of turbulence-induced scattering of electrons, several authors
have found that the shocks which typically precede the anisotropy events likely change the local
turbulence conditions [60, 55]. For example, [61] performed a multi-scale analysis of turbulence
in the VLISM using high-resolution data (48 s cadence) on Voyager 1. They found significant
large-scale fluctuations, shock-induced turbulence, and intermittency on small scales, as well as
magnetic energy flux significantly larger than reported by prior studies of turbulence in the
VLISM [57]. The latter led the authors to suggest PUI instability as a candidate process for
generating tubrulence in the high-frequency range, a regime that could potentially isotropize ~1
to 100 MeV electrons. This topic, too, is recommended for follow-on study.

Lastly, [52] ventured beyond turbulence to suggest that the type of mechanism needed to
explain their observations would most likely (i) depend on mass or charge, (ii) enable scattering
through 90° pitch angle near the resonant gap, and (iii) as a result of effective pitch-angle
scattering, increase the probability for electrons to escape the magnetic trap and thereby prevent
effective cooling. They further argued that electric fields — particularly electromagnetic ion
cyclotron waves — could fulfill many of these conditions.

So far, the lack of anisotropy in cosmic-ray electrons still remains open question, and
although several compelling options have been proposed, other reasonable mechanisms could also
exist. The authors encourage the theoretical and modeling communities in particular to “push
deeper into the explanation of these surprising and therefore fundamentally important
observations.”

5. Transient Disturbances from the Heliosheath to the VLISM

In addition to the multiple episodes of anisotropy in cosmic-ray protons, several other
types of transient events have been regularly observed by both Voyager spacecraft in the VLISM.
[4, 56] reported several weak laminar, quasi-perpendicular, subcritical shocks — a few thousand
times thicker than their 1-au counterparts — as well as an unusual disturbance which comprised of
a ~35 day increase in the magnetic fields, followed by a ~340-day decay [5]. The latter was likely
a time-delayed manifestation of the large increase in solar wind dynamic pressure responsible for
inflating the heliosphere that mwas detected by the Interstellar Boundary Explorer beginning in
late 2017 [62, 63, 64].
[6, 47, 65] compared
the locally-generated
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model”. According to this model, the cosmic ray and plasma events could be explained as shock
precursors, analogous to those typically observed upstream of planetary bowshocks. The arrival
time of each event was determined by the spacecraft’s connectivity to the shock front, with the
highest-energy particles reflected and accelerated from the shock first (e.g cosmic-ray electrons
and protons in the comic ray foreshock region), followed by the electrons plasma oscillations (few
to hundred eV), and then, in many cases, the shock itself, as summarized by the schematic in
Figure 7.

[65] tested the theory by using the timing of precursor enhancements in relativistic-energy
cosmic ray electrons (~5 to 100 MeV) in conjuction with the onset times of the plasma oscillation
events to estimate, for the first time, the energies of the electron beams responsible for the plasma
oscillations. The values (20 to 100 eV; with an average of ~50 eV) were found to be comparable
to those responsible for driving Type-II radio bursts in the solar wind.

The influence of solar transients on the VLISM had long ago been anticipated by [66] who
observed radio waves early on in the Voyager mission and after each successive solar maxima.
The first two events were particularly dramatic in that they took place ~400 days after some of
the largest Forbush decreases ever observed (1983-1984 and 1992-1994). [66] conjectured that
the large solar transient events had coalesced to form merged interaction regions (MIRs), that
survived out to the heliopause and drove shocks in the surrounding interstellar material, therby
producing the electron beams
responsible  for  generating

6x10 55 plasma emissions.
. 3 A prime opportunity to
5x1075F 3 gain more insight into these
i ] occurrences arose during the
N ~6 years when Voyager 2 was
R T in the heliosheath while
& § ] Voyager 1 was in the VLISM.
o 3x107%k E This was pursued by [67].
. 3 Noting that the arrival of solar
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appeared in mid-2012, they
] identified 5 possible MIRs
s observed by Voyager 2 (from
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Figure 8. From [67]. Dynamic pressure peaks measured by the Voyager 2 plasma n the heliosheath ~ were

instrument in the heliosheath. The thick black lines at the top depict the timing characterized by large

i i of o il whie e bk o st increases in plasma_pressure

VLISM. The dashed black line shows when Voyager 1 crossed the heliopause (enhancements of ~50% to

and the solid diagonal lines link disturbances at Voyager 2 that are the likely 300%) followed by

candidates for driving the plasma wave events at Voyager 1. pronounced decreases in
cosmic ray intensity (the magnetic field data were not available during this time). The largest of
these pressure pulses (observed by Voyager 2 in late 2015) has since been associated with the
previously-mentioned pressure front seen by IBEX (enhanced ENA emissions at 1 au in late 2017,
[63] & references therein) and Voyager 1 (e.g the unusual, long-duration magnetic disturbance
from late 2016 to late 2017) [5]. By comparing arrival times of MIRs in the heliosheath to the
timing of plasma oscillations and shocks in the VLISM, [67] concluded: “the data seem consistent
with the hypothesis that the pressure pulses observed at [Voyager 2] are driving the transients
observed in the LISM by [Voyager 1].”

11



Cosmic Rays in the Very Local Interstellar Medium

Jamie Sue Rankin

[68] found further evidence in the cosmic rays to support [67]’s claims. They discovered

cosmic ray disturbances at each spacecraft
which showed remarkable similarities (having
a correlation of 91.2%), indicating that these
events were very likely linked by a common
cause. Evidently, a global merged interaction
region (GMIR), had passed through the
heliosheath in mid-2012, and after its
detection by Voyager 2, collided with the
heliopause, transmitted a pressure wave into
the VLISM, and drove the first large
anisotropy event seen by Voyager 1 just 130
days later. Using the observed time delay, they
calculated the average speed of the GMIR
through the heliosheath as a function of
temperature in the VLISM. The speed of the
event, along with in-situ measurements of the
magnetic field and plasma and several well-
supported assumptions enabled them to derive
previously unmeasured properties of the
heliosheath — a range of plausible sound
speeds and total effective pressures.

The results were obtained for a range of
VLISM temperatures®, but [68] exemplified
their findings using a nominal temperature of
20,000 K (illustrated in Figure 9), consistent
with expectations from models [69]. However,
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Figure 9. From [68]. Illustration of a GMIR that likely
produced an isotropic disturbance of cosmic rays at Voyager 2,
collided with the heliopause, and transmitted a pressure wave
into the VLISM, thereby producing a causally related, but
anisotropic disturbance at Voyager 1. The respective cosmic
ray observations shown in red (Voyager 1) and blue (Voyager
2) occurred 130 days apart, with a high coefficient of
correlation (91.2%). The heliosheath pressure (P) and sound
speed (CS) listed here were calculated assuming a VLISM

temperature of 20,000 K.
results from Voyager 2 have more recently

revealed VLISM temperatures that are somewhat higher than anticipated (30,000 K to 50,000 K)
[8], so it is the 40,000 K results that we summarize here (ref. Tables 1 & 2 of [68]). For Tyrsm=
40,000 K, [68] calculated speeds of vy = 392 + 40 km s for the GMIR in the heliosheath
and vy sy = 51.6 + 4.9 km s™! for the pressure pulse in the VLISM. From this, they derived
an average sound speed of Cyg = 299 + 31 km s and total effective pressure of Piprq; =
242 + 50 fPa in the heliosheath. It is interesting to compare this latter result to partial pressures
inferred from IBEX and Voyager observations (see [68], Table 1). Constituents of this total
pressure are as follows: 1.3% = thermal; 2.2% = magnetic; ~12% = dynamic pressure of the solar
wind; ~21% = anomalous and galactic cosmic rays; ~45% = pickup ions. This leaves 18.5% that
is presently unaccounted for (e.g., not directly measured by Voyager or IBEX), possibly due to
electrons [70, 71].

The findings of [68] are supported by more recent studies, such as [72, 73], but also posed a
challenging question: given their surprisingly similar time profiles, why was the cosmic ray
disturbance isotropic in the heliosheath but highly anisotropic in the VLISM? An interesting
solution was put forth by [74], who simulated the perturbation of cosmic-rays by GMIRs in the
heliosheath and employed a Vlasov-Fokker-Planck equation to allow for the transport of particles
having significant anisotropy. Their model demonstrated that the Forbush-decrease-like
modulation of cosmic rays by GMIRs in the heliosheath vs. the anisotropic, pitch-angle limited
modulation of cosmic rays in the VLISM could be accounted for by the turbulence in the two
regimes. Due to the weak scattering of the VLISM, the memories of pitch angles are preserved as
particles are trapped and cooled in regions of rarefied magnetic field downstream of interstellar
shocks. In the heliosheath, similar adiabatic cooling likely takes place, but the strongly turbulent
magnetic field rapidly scatters particles at all pitch angles, forming a mostly isotropic distribution.

4 Temperatures ranging from 7,500 to 40,00 K led to pressure estimates from 292 4 60 to 252 4 50 fPa.
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6. Conclusion

The nearly decade of in-situ measurements in the VLISM by the two Voyager spacecraft has
resulted in a rich new data set that continues to yield fresh insights and exciting discoveries,
particularly for cosmic-rays. The work we have highlighted here is mostly derived from already-
published findings from Voyager 1, but each type of observation mentioned has a Voyager 2
counterpart that is soon to be analyzed and deciphered. Over the past 10 years, substantial
progress has been made concerning the fundamental physics of cosmic rays and also towards
broader questions in heliophysics. By sampling this new plasma environment, we have probed
the global properties of the solar wind, measured how the interstellar medium influences our
heliosphere, and witnessed how the Sun and heliosphere interact with their surroundings. Indeed,
these represent historic achievements on behalf of all humankind as we finally explore our stellar
neighborhood from the outside-in, rather than inside-out. But there is also still more work to be
done and we look forward to future studies that will undoubtedly address open questions, further
current understanding, and help us gain new wisdom about our place within the galaxy.
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