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Abstract. The asymmetric propagation through the solar wind of shocks from solar eruptions
influences the dynamics of the outer heliosphere. In 2002, these effects — and not the crossing of
the termination shock (TS) —may have been responsible for the differencesin observations made
by Voyager 1 (V1) at 85 AU, 34° North and Voyager 2 (V2) at ~67 AU, 24° South. We suggest
these observations stemmed from two series of solar eruptionsthat propagated asymmetrically in
longitude and primarily to the south. At V1 this led to unusually weak magnetic fields and
increased access to particles from two sources: the TS and particles accelerated at the shocks
created by the second series of solar eruptions as they propagated outward, passing V2. Because
V1 was farther out, these particles showed anisotropies from an interior source. We used the
HAFv2 modd to study the propagation of the solar events. It predicted: 1) the 1 August 2002
shock observed on V2; 2) the trends in the V2 plasma and magnetic field datain August 2002;
and implied 3) an extended period of increased particle transport near V1 in 2002. We estimate
that on Augugt 1, 2002 the termination shock was at ~ 121 AU.

INTRODUCTION

Krimigis et al. [1] concluded that V1 exited the solar wind and crossed the TS.
McDonald et al. [2] concluded that V1 approached the TS and observed precursors.
Burlaga et al. [3] examined V1 interplanetary magnetic field (IMF) data and
concluded that V1 had not crossed the TS. We suggest that V1 and V2 observed
different effects of the asymmetric propagation of solar events to the outer
heliosphere. We used the 3D HAFv2 (Hakamada — Akasofu — Fry version 2) model
[4,5] and validated its results through comparisons of its predictions with VVoyager
data and with the predictions of the 1D and 2D MHD models[6,7].

ASYMMETRIC PROPAGATION

Figure l1a (February 12, 2002) shows the results after 100 days of propagation of
the 6-29 November 2001 events using the HAFv2 model [4]. This kinematic model
projects solar wind flow from inhomogeneous sources on a surface at 2.5 solar radii
out into space while adjusting the flow for stream-stream interactions as faster streams
overtake slower ones. It uses a 3D approach to construct plane of sky maps of
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disturbances caused by solar events. In Fig. 1athe light (dark) circular lines show the
IMF toward (away) sectors. The results show the distortions of the IMF lines from the
spiral field configuration. In Fig. la the disturbance propagates in the downwind
direction away from V1 and the solar apex direction.

Since the HAFv2 model is mainly used < 10 AU, it does not take into account the
effects of pickup ions. These effects generally lead to a ~ 10% slowing of the solar
wind [6]. For the ecliptic plots in our paper, thiswould imply the shock front and IMF
distortions could be about 10% closer to the Sun than depicted. Fig. 1b (April 3)
shows the events' increased extent in radial distance and in azimuthal width. The IMF
between V2 and the Sun is deformed. In both downwind quadrants (right half of
figure), the event propagated > 67 AU, alowing particles near the foreshock to
propagate along field lines to V2, as discussed below. In Fig. 1c (May 23) the lower
flank of the event is close to V2. Although V1 is magnetically connected to the shock
front in both right quadrants, no flanks of the event reached V1.

Feb, 12 2002 (100 days) April, 3 2002 (150 days)

/
Shock—generated |-
\

Aries

FIGURE 1. HAFv2 results show the asymmetric propagation of the November 2001 solar eruptions. a.
Ecliptic plane projection of IMF lines in heliographic inertia coordinates showing the longitudinal
distribution on Feb. 12, 2002 after 100 days since the initiation of the solar eruptions. The Sun is at the
origin of the X axis. Theradius extendsto 90 AU. b. on April 12 after 150 days, c. on May 23 after 200
days. d. Latitudina distribution. Line of sight (LOS) densty obtained on the +X axis (0°) a 2 AU
looking back at the Sun on November 29. The ecliptic plane coincides with the —90° to + 90° horizontal
line.
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Figure 1d shows the Hammer-Aitoff projection [5] of the plane of sky extent of the
event seen by an observer on the +X (0°) axis at 2 AU looking back at the Sun. Since
the main direction of propagation is along this axis, an observer is viewing the
strongest part of the event. The lower panel shows the shock generated LOS density
obtained by subtracting the background LOS density (middle panel) from the total
LOS density (top panel). The event is mainly in the south; it will engulf V2 and extend
to > 45° South. Probably it will not extend as far north as V1. Galactic cosmic rays
(GCRs), anomalous cosmic rays (ACRs), and particles (e.g., ions, electrons)
associated with the TS entering the outer heliosphere will have accessto V1. Whereas,
in the south, this event will overtake, sweep up, and accelerate the interplanetary
particles; and also act as a barrier preventing the accessto V2 of GCRs, ACRs, and TS
particles.

HAFV2 MODEL VALIDATION AT VOYAGER 2

In Fig. 2 the jump in speed shows the shock arrival a V2 on 1 August
(observations) and on 3 August (HAFv2 model). This shock arrival comparison
validates a second HAFv2 model prediction associated with the solar eruptions
between 1 March and 29 April 2002. The model’s higher plasma speeds reflect the
fact that effects of interstellar pickup ions are not included as well as other aspects of
the model that are currently being adapted to analyze the outer heliosphere. For
example, several brief speed dropouts, due to numerical noise not associated with
physical processes, occurred prior to the modeled shock arrival.

Figure 3a (20 April) shows that these events propagated mainly along the -X axis
(180°) toward V1 and V2. Fig. 3b (9 June) shows the leading shock approaching V1
and V2, followed by several more shocks and distortions in the IMF lines. The HAFv2
modeling in Fig. 3c (29 July) and Fig. 2 suggest that, between 27 July and 3 August,
the leading shock engulfed V2.

Solar Wind Speed at Voyager 2 (67AU)
,,,,,, HAF model V2 Obs.
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FIGURE 2. The arriva of the shock on 1 August 2002 at V2 in the solar wind speed data (hourly
averages) and on 3 August in the HAFv2 results. The shock arrival validates the predictions of the
HAFv2 modd.
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A further validation of the HAFv2 model is obtained by comparing its predictions
with the V2 plasma and IMF data and with the Richardson et al. [7] model (Fig. 4).
The speed and IMF increase between 2002.5 and the shock arrival at ~2002.6 as
expected by the HAFv2 model (Fig. 3c). A strong shock propagates through the solar
wind at a much higher speed than the solar wind speed. Thus, one would not expect
the solar wind speed to be as high as the shock speed or the transit speed. After
2002.6, the IMF and the speed decrease again in agreement with the HAFv2 model
(Fig. 3c) which shows a void after the arrival of the shock. In contrast, the Richardson
et a. model (Figs. 4a,b) predicts a general decrease in speed before the arrival of the
shock and a large increase in IMF strength afterwards. Thus, the IMF decrease after
2002.6 is more consistent with the HAFv2 model predicted IMF void than with the
Richardson et al. [7] predicted increase. As noted above (Fig. 1b), the increase in 2-3
MeV H in March (2002.2) is also consistent with HAFv2 predictions.

April, 20 2002 ( 50 days) June, 9 2002 (100 days)
90 0

Distribution of Integrated density along LOS
T=00 UT 2,/2002

Total

Voyager

180

Shock—generated |7

FIGURE 3. SameasFig. 1 for the March/April 2002 solar events. a. 20 April (after 50 days). b. 9 June
(after 100 days). c. 29 July (after 150 days). d. Latitudinal overview on 22 April seen by an observer a
1 AU on theradial vector extending from the Sun to V2 looking back towards the Sun.
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VOYAGER 1AND 2ASYMMETRIES

The November 2001 and March/April 2002 eruptions caused effects near V1 that
were very different from those near V2. These differences are reflected in the V1 and
V2 data. Fig. 5ashowsthe V1 IMF magnitude. The 2001 values are adapted from [3].
The 2002-2003 values were provided by Ness and Burlaga. As noted above (Fig. 1b),
the increase in 2 -3 MeV H ions seen on V2 near 2002.2 came from the acceleration
of particles at the downwind foreshock of the November 2001 events. These particles
found their way to V2 probably along IMF lines that threaded through both the
foreshock region and the vicinity of V2. This particle increase endured for months as
the shock propagated farther out in the heliosphere. It was ongoing on 1 August when
the shock from the March/April eruptions arrived at V2. This arrival at V2 was seen
as a modest but sharp increase in the 2-3 MeV H ions (Figs. 4, 5). In the >70
MeV/nuc ions (Figs. 4, 5), the shock arrival was observed first as an increase due to
particle acceleration and then as a (Forbush) decrease due to the shielding effect of the
shock. The modest increase at V2 on 1 August is consistent with our analysis for two
reasons. the November 2001 shocks had earlier swept up and carried off particles in
the south and, as these shocks propagated beyond V2, they continued to act as barriers
to incoming particles from the TS. Thus, there were not many particles available for
the March/April shocks to accelerate near V2.

At V1 the situation was different. The November event did not reach V1 in the
north as shown in Fig. 1d and confirmed by the V2 IMF data in Fig. 5. From mid-
March 2002 to early August, the IMF magnitude was unusually low, below the 0.041
nT 2002 yearly average value[3]. Thisis consistent with the HAFv2 predictions that

>70 MeV/nuc Ions
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FIGURE 4. V2 data from 2001.0 to 2003.5. a. IMF magnitude. b. solar wind speed. c. CRS six-hour
average counting rates of the 2-3 MeV hydrogen and the >70 MeV/nuc ions. Pandls a. and b. (adapted
from Richardson et al. [7]) show the daily averages of the parameters where the solid lines are the data
and the dashed lines are from their model. 1 August 2002 corresponds to ~ 2002.6.
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the November events did not reach V1, since the arrival of the shock would have been
indicated by a sharp increase in the IMF data. There was a small increase in 2-3 MeV
H ions near 2002.4 from the magnetic connection between V1 and the November
event shock (Fig 1c).

INCREASED PARTICLE TRANSPORT NEAR VOYAGER 1

On 1 August the energetic particle intensities greatly increased following the
interval of unusually low IMF strength. The low IMF strength implies reduced shear
and compression in the solar wind, which in turn implies increased particle transport
[8]. This increased particle transport led to enhanced fluxes of TS particles and GCRs
entering the heliosphere near V1. Therefore, it is tempting to associate the preceding ~
4.5 months of unusually low IMF values with this sudden particle increase and with
the location of the TS. If we assume that the sudden increase in particles is because
there is a magnetic “channel” of low values of IMF magnitude between V1 and the
TS, we can estimate the distance to the TS. The average solar wind flows 100 AU/
year. For ~0.367 year there were unusualy low IMF values. This implies that the
termination shock is ~36.7 AU beyond V1 (100AU/yr x 0.367 yr) or a ~ 121 AU.

On 1 August, V1 was magnetically connected to the TS, and observing enhanced
particle fluxes, beaming, and anisotropies. If, on 1 August, V1 also detected GCRs,
ACRs, and other TS particles that had been deflected toward the outer heliosphere by
the 1 August shock near V2, then these particles may have been streaming from radial
distances closer to the Sun than V1 and from more southerly latitudes. This could
provide an explanation for the observations at V1 — the beaming, anisotropies,
electrons, and the particle abundances, including the low carbon abundance.
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FIGURE 5. V1 and V2 data from 2001 to 2003. a. V1 IMF magnitudes (5-day running averages). b.
CRS 2-3 MeV hydrogen data. c. CRS > 70 MeV/nuc ions (CRS counting rates are six-hourly averages).
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