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Abstract. We present results on the recurrence of High Energy lons (HEIs) in the V2 data about 90
days after the initial sunward-moving termination shock (TS) crossings of V2 in Aug.-Sept. 2007. We
associate the HEIs in Nov.-Dec. 2007 with the outward motion of the TS or with a ripple in the TS so
that the TS is again near V2. Comparisons of the timings of the recurrence of the HEI detections and the
simultaneous V2 convective plasma, energetic particle, and magnetic field data indicate that the
variations in all these V2 data sets are consistent with the TS re-approach to V2 in Nov.-Dec. 2007. We
use our three-dimensional (3D) kinematic HAFSS model to investigate whether the timing of the arrival
at V2 of the increase in solar wind dynamic pressure associated with the December 2006 solar events
could have been responsible for the dynamic pressure pulse that moved the TS outward toward V2 ~ 90
days after the initial TS crossings of V2. This explanation or, alternatively, a 3D solar wind
inhomogeneity-caused TS ripple (on the scale of ~ 1 AU) could be viable scenarios to explain the
recurrence of the HEIs in the V2 data in Nov. - Dec. 2007.
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INTRODUCTION

Previously we reported [1,2] evidence of the presence of High Energy lons (HEIS)
in the Voyager 2 (V2) Plasma Subsystem (PLS) data associated with the termination
shock (TS) crossings near Day 242-244, 2007 [3-7]. V2 plasma waves also were
detected [1,2,7]. It was tempting to associate these plasma waves with a two-stream
instability arising from the lower energy and higher energy ion beams in the plasma.
Beginning about 90 days later on Day 333, 2007 and continuing through Day 348,
2007 even more HEIs have been detected by the V2 PLS [8]. The intensity is greater
and the duration is longer of these HEI detections near the end of 2007 than during the
earlier interval near Day 243, 2007. These recent detections are discussed in the next
section.

As in the earlier interval of HEI detections [1,2], we associate these more intense
HEI detections with the proximity of the TS or its approach or a ripple in the TS. The
TS ripple could be caused by three-dimensional (3D) in-homogeneities in the sunward
solar wind plasma and magnetic field. During the Day 333-348, 2007 interval these
HEIls also appear to be associated with significant changes in the V2 Low Energy
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Charged Particle (LECP) instrument detections and in the V2 Cosmic Ray Subsystem
(CRS) detections of ions, electrons, and anomalous cosmic rays (ACRs). These
variations also are associated with concurrent changes in the measured V2 convective
plasma and magnetic field parameters. These particle and field variations also are
consistent with the approach of the TS. These in-situ measurements are discussed in
the second section below. Between the initial TS crossings of V2 near Day 242, 2007
at ~ 83.6 AU and this latter time interval (Day 333-348, 2007), V2 traveled to ~ 84.6
AU, about 1 AU farther away from the Sun. Thus, if these HEIs are associated with
the TS, this implies that the TS moved outward away from the Sun or that there is a
ripple in the TS on the scale of ~ 1 AU.

To investigate the possibility of the TS moving outward during this time interval,
we examined the plasma dynamic pressures at 1 AU and at V2. Even though it was
solar minimum in 2006 and 2007, there were variations in the plasma pressure at both
locations: In December 2006 there were four solar events that gave rise to
interplanetary (IP) shocks and, at V2 in Nov.- Dec. 2007, there were several increases
in the plasma pressure that could be associated with traveling IP shocks and/or the TS
approach. To estimate the propagation of the Dec. 2006 events from the Sun to V2 in
the heliosheath (HS) we used our 3D kinematic HAFSS (Hakamada Akasofu Fry
Source Surface) model [14]. The HAFSS model results and comparisons with V2 data
are presented in the second section below. In the last section we discuss the
implications of these analyses.

ANALYSES OF V2 HIGH ENERGY IONS IN THE PLASMA
DATA NEAR THE TERMINATION SHOCK

In [1,2] we showed evidence that the V2 HEI detections near the TS were indicative
of the presence of pickup ions and/or reflected ions in the plasma data on V2. These
pickup ions and/or reflected ions have a unique signature of elevated readings on
energy/unit charge (E/Q) step 12 (corresponding to a proton speed of ~ 554 km/s) in
the L-mode of the B-Cup [8], one of the three sunward-facing cups on the V2 PLS. In
the present paper we extend this work by showing that these HEIs can be used as a
tracer or a fiduciary to alert us to Voyager 2’s proximity to the TS.

On day 333, 2007, about 90 days after the reported TS crossings of V2 near Day
242, 2007, the elevated B-Cup readings on E/Q step 12 reoccurred in the V2 PLS L-
Mode data. Figure 1 shows the B-Cup E/Q spectra as a function of average proton
speed on Day 334, 2007. The presence of the two plasma components - the convective
HS plasma (from the solar wind core plasma) and the HEIs (probably pickup or
reflected ions) - are evident in the data. Comparable elevated B12 detections also were
observed on Day 333 and on Days 335-348, 2007. As shown in Fig. 1, the elevated
readings are intermittent and not present in all of the E/Q spectra.

ANALYSES OF 3D SIMULATIONS AND V2 DATA NEAR THE
TERMINATION SHOCK

The 3D simulations starting at the Sun [2,9-15] can address fundamental questions
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of solar transient propagation in the 3D time-dependent global heliosphere. The 3D
kinematic HAFSS has a well-established heritage [9 - 14] that has shown successful
modeling of the propagation of solar transients to the HS. From our previous modeling
of
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FIGURE 1. Voyager 2 E/Q spectra of PLS ion detections on the sunward-facing B-Cup in L-Mode
scans [1-2] as a function of average proton speed on Day 334, 2007. Start times of some E/Q spectra are
shown. The bulk convective heliosheath plasma can be seen below the average proton speed of ~ 200
km/s. The high energy ions (HEIs) are associated with the plasma detections having an average proton
speed of 554 km/s. The HEIs are not present in all spectra.

our 3D magnetohydrodynamic (MHD) hybrid heliospheric modeling system with
pickup protons (HHMS-PI) [2, 9-15] and comparisons with spacecraft data, we know

350 SOLAR WII\,D DYNA M| PRE! SSU?E
- Solar Wind Flow Pressure ‘
3 -
187,200 ‘[ 25—DAY AVERAGES At V2
250 6
X
i £ ) A ;
. A P | ~Day 348
z g \
E A
1.00 ‘
Pressure pulse 7%/‘/\ / / JV M Vﬂ\/ﬁ/ \/\"A 1
«{ At1 AU ;
0.00 0‘ 1 L \w\'\’*“'\
1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009) 2008 2004 VW;OD" 2

FIGURE 2. Comparison of dynamic plasma pressure at 1 AU in the solar wind and at V2 in the outer
heliosphere (OH) and heliosheath (HS). Note in the V2 data near Day 242, 2007 (i.e., 2007.66) the
sharp transition at the termination shock (TS) between the outer heliosphere and the heliosheath. Also
note the two pressure increases in 2007 at V2 following the TS crossing.
[15] that the presence of pickup protons slows the propagation of IP shocks. We
believe that such IP shock deceleration may be due to some of the IP shock energy
being transferred to pickup protons.

Figure 2 shows the dynamic pressure at 1 AU and at V2. This figure shows that
there are discernable variations in the pressure at both locations during the 2006-2007
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time frame. In Figure 2 at 2007.66 the TS crossing of V2 is evident by the abrupt
decrease in the plasma pressure as V2 exits the outer heliosphere (OH) and is
immersed in the HS plasma with its associated decrease in convective speed and
increase in density. At the end of 2007 there are two pressure pulses at V2 that we
associate, respectively, with the arrival at V2 of the IP shock (discussed below)
associated with the December 2006 solar events and the re-approach of the TS as it
moves outward due to the increased solar wind pressure exerted on it from the arrival
of the pressure pulse from the Dec. 2006 solar events.

V2 Plasma Data and HAFSS Comparisons
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FIGURE 3. HAFSS results for the arrival of the interplanetary (IP) shock and its associated plasma
parameters compared with VVoyager 2 data from Day 213 to 365, 2007. In each of the panels the HAFSS
simulations are the continuous line and the V2 data are shown with the vertical lines. The top panel
shows the HAFSS simulated speeds (see label on right) and the V2 plasma speed (km/s) as shown on
the left. The bottom panel shows the comparison between HAFSS results and the V2 plasma densities.
From our earlier work we know that the HAFSS model predicts an earlier arrival of the IP shock than
the more accurate 3D HHMS-PI model that takes into account the effects of pickup protons. HAFSS
also predicts an earlier arrival than the spacecraft data that show the actual arrival of the events. In this
case, as shown between the two panels, we estimate that the HAFSS IP shock arrival is ~ Day 263,
2007 and that the actual shock arrival in the V2 data in the heliosheath is on ~ Day 304, 2007.

Figure 3 shows the comparisons of the 3D HAFSS results for the Dec. 2006 events
and the V2 plasma speed (top panel) and density (bottom panel). Our earlier
comparisons [15] of the 3D HHMS-PI MHD results that take account of the effects of
pickup protons have shown that the pickup protons slow down the propagation of
interplanetary shocks. In the case of the Halloween events at V1 in the outer
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heliosphere at 93 AU, the 3D kinematic shock arrived ~ 14 days early [10]. For the
Dec. 2006 IP shocks the HAFSS results in Figure 3 may indicate that the modeled IP
shock arrived on ~ Day 263, 2007, and the actual IP shock may have arrived at V2 in
the HS on ~ Day 304, 2007. The HAFSS result is a considerably earlier arrival (~ 41
days) than the case of the 2003 Halloween events when the IP shock arrived ~ 14 days
after the HAFv2 predicted arrival [10]. On the other hand, at the time of the
Halloween 2003 events, V1 was in the OH. However, for the Dec. 2006 events, V2
was in the HS so that the IP shock had to propagate beyond the TS. We anticipate that,
for these events in the OH and in the HS, our future work with the full 3D MHD
HHMS-PI simulations (that take account of the effects of pickup protons) [15] will
greatly improve our knowledge of the significant underlying physical mechanisms
responsible for the phenomena revealed in the V2 data.

Figure 4 shows the V2 magnetic field and plasma parameters from Day 220-365,

V2 Magnetic Field and Plasma Data
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FIGURE 4. Comparisons of the V2 magnetic field and plasma data from Day 220 to Day 365, 2007.
The first vertical dashed line on the left denotes the sunward-moving TS crossing of V2 on Day 242,
2007 near 83.6 AU. The second dashed vertical line on Day 304 denotes the suggested time of arrival at
V2 of the IP shock associated with the Dec. 2006 solar events. The set of two dashed vertical lines on
the right show the Day 333 to Day 348, 2007 time frame when the HEIs are detected by the V2 plasma
probe near 84.6 AU. Note the discontinuity in the data ~ Day 340. We suggest that these HEI detections
are associated with the re-approach of the TS as it moves outward toward V2 due to the pressure pulse
associated with the Dec. 2006 IP shock(s). It is also possible that V2 is detecting the effects of a ripple
in the TS (see text).
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2007. From examination of these data it appears reasonable to suggest that the Dec.
2006 IP shock arrived at V2 on ~ Day 304, 2007 (second vertical dashed line on left).
This arrival time would coincide with noticeable changes in the magnetic field
orientation and increase in magnitude and with the change in plasma flow direction
and increase in temperature. We also have indicated — on the right with dashed vertical
lines and “TS approach” - the later time interval (Day 332-349) that encompasses the
HEI detections. We associate this later time interval with the outward motion of the
TS and its re-approach to V2. Note the changes in the field and plasma parameters
during this interval; and following this interval the increased plasma temperature and
density, and the change in flow parameters. During this interval there also are abrupt
and large changes near ~ Day 340 in the magnetic field magnitude, orientation, and in
the plasma data. After the interval the field magnitude decreases, and the orientation
changes. All of these plasma and magnetic field characteristics could be consistent
with the re-approach of the TS as a result of its outward motion toward V2 or due to
V2’s proximity to a ripple in the TS.

If we assume that on ~ Day 300 the TS was still near 83.6 AU, the location where it
crossed V2 on ~ Day 242, 2007, and, then, that the TS eventually moved outward to
84.4 AU, where V2 was on ~ Day 333, 2007, then the TS would have moved outward
a distance of ~ 1 AU. [Following the TS crossing of V2 near Day 243, 2007, it had
been estimated [5] that, associated with this “TS-2” crossing, the TS moved outward at
a speed of ~ 94 km/s.] If we assume this is the average speed of the outward moving
TS, and if we also assume that the TS moved steadily outward without stopping or
breathing inward at times, then it would have taken the TS at least ~ 14 days to re-
approach V2 as V2 traveled farther out away from the Sun. Thus, in order to have the
outward moving TS arrive in the vicinity of V2 on ~ Day 333, 2007 (when the HEI
ions re-appear), the TS would have had to be impacted by the Dec. 2006 IP shock at
least 14 days earlier (before ~ Day 319, 2007.) However, if the faster-moving Dec. IP
shock reached V2 on ~ Day 304, 2007, then, if we further assume the IP shock was
traveling at an average speed of ~ 300 km/s then the IP shock probably impacted the
TS earlier than Day 304, for example, on ~ Day 299-300, 2007. This would imply that
it took the TS about 30 days to move outward to V2 or about twice the time it would
have taken if it were moving steadily outward at ~ 94 km/s without stopping or
breathing inward, etc. If the Dec. 2006 IP shock were propagating more slowly in the
HS than 300 km/s then it would have impacted the TS before ~ Day 300 (since then it
would have taken the IP shock more than 30 days to move from the TS to V2),
assuming that the TS was still at ~ 83.6 AU. Or, if the Dec. 2006 IP shock were
propagating faster in the HS than 300 km/s it would have impacted the TS after ~ Day
300 (since then it would have taken the IP shock less than 30 days to move from the
TS to V2), assuming the TS was still at ~ 83.6 AU. It is possible that after the
sunward moving TS crossed V2 near ~ Day 243, it continued moving sunward. If this
were the case, then the IP shock(s) from the Dec. 2006 events may have impacted the
TS earlier than ~ Day 300 at a distance closer to the Sun than ~ 83.6 AU.
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FIGURE 5. V2 LECP data for the same time interval as the magnetic field and plasma parameters in
Figure 4: Day 220-365, 2007. The first vertical dashed line on the left denotes the sunward-moving TS
crossing of V2. There is a peak (see vertical upward pointing arrows in each panel on Day 304) in the
LECP data near Day 304, 2007 that could be associated with the arrival of the Dec. 2006 IP shock(s) at
V2. The outer two solid vertical lines on the right encompass the time of the HEI detections in the V2
plasma data. Note they also coincide with slightly increased LECP fluxes in the top three panels. They
also coincide with the interval we associate with the re-approach of the TS. The middle solid vertical
line at Day 340 shows the time of the abrupt decrease in the LECP detections in the two lowest energy
ranges in the upper two panels, coinciding with the changes in the magnetic field and plasma (see
Figure 4).
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FIGURE 6. Comparisons of the V2 plasma dynamic pressure and the CRS measurements from the
beginning of 2007 into 2008. The possible re-approach of the TS outward to the vicinity of V2 in Nov.-
Dec. 2007 is indicated and is consistent with the changes in the CRS and plasma data seen in the figure.
HTS denotes the sunward-moving TS crossing. TSP indicates the termination shock particles. GCR
indicates galactic cosmic rays; e denotes electrons. ACR indicates anomalous cosmic rays.

Figure 5 shows the V2 LECP data for the same times as shown in Figure 4. These
LECP data show an isolated peak at ~ Day 304, 2007. Thus, in the LECP data also, we
can associate this event with the arrival of the Dec. 2006 IP shock(s) at V2. With
regard to the possible re-approach of the TS near Day 332-349, 2007, we note an
increase in the count rate starting at ~ Day 332 in the lowest energy ion channel (top
panel in Figure 5). Note each channel shows somewhat similar behavior after ~ Day
349, to that shown in the same channel after the TS crossing ~ Day 243, denoted by
the dashed vertical line on the left. The discontinuity in the LECP data on ~ Day 340
coincides with those in the magnetic field and plasma data (Fig. 4) on ~ Day 340.
Figure 6 shows the V2 CRS data and the plasma dynamic pressure from 2007 to
2008.3. Again the variations are evident in the data when the HEIs are detected (see
brackets with short solid vertical line labeled “TS approach”). These cosmic ray
variations also are consistent with the outward motion of the TS so that it re-
approaches V2 near Day 333-349, 2007. Due to the lack of higher time resolution data
in this plot, at this time we are not able to identify if the possible arrival of the IP
shock associated with the Dec. 2006 solar events is observed in the V2 CRS data.

DISCUSSION

V2 was crossed by the sunward movement of the TS on ~ Day 242, 2007. We have
found a prolonged interval (~ 16 days) of HEI detections in the V2 plasma data near
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the end of 2007, about 90 days after the ~ Day 242 TS crossings of V2. We associate
these later HEI detections with the subsequent TS outward motion and re-approach to
V2. The simultaneous changes in the V2 magnetic field, convective bulk plasma
parameters, LECP, and CRS energetic particle observations appear to be consistent
with this interpretation. We suggest that the interplanetary shock(s) associated with the
Dec. 2006 solar events may have given rise to an increase in the solar wind dynamic
pressure in the outer heliosphere that pushed the TS outward ~ 1 AU so that the TS re-
approached V2 in Nov.-Dec. 2007. It is also possible that there is a ripple in the TS on
the order of ~ 1 AU and that V2 and the ripple in the TS were in close proximity in
Nov. - Dec. 2007.

ACKNOWLEDGMENTS

We acknowledge John Richardson for sharing the V2 plasma data and Gary Zank for
useful discussions and for providing their preprint. The merged V2 magnetic field and
plasma data are from the NSSDC. We appreciate the reviewer’s constructive
comments.

REFERENCES

1. D.S. Intriligator, J. Intriligator, W. D. Miller, and W. R. Webber, Higher energy plasma ions found
near the termination shock: Analyses of VVoyager 2 data in the heliosheath and in the outer
heliosphere, J. Geophys. Res., 2009JA014967, in press, 2010.

2. D.S. Intriligator, T. Detman, J. Intriligator, C. Gloeckler, W. Sun, W. D. Miller, W. R. Webber, and
M. Dryer, Shock Waves in Space Environments, Shock Waves in Space and Astrophysical
Environments, (Eds., X. Ao, R. Burrows, and G. Zank), Amer. Inst. of Phys. Conf. Proc. 1183, p.
167, 2009.

3. E.C. Stone, A. C. Cummings, F. B. McDonald, B. C. Heikkila, N. Lal, and W. R.Webber, An
asymmetric solar wind termination shock, Nature 07022, 454, doi:10.10.38, p. 71-74, 2008.

4. R. B. Decker, S. M. Krimigis, E. C. Roelof, M. E. Hill, T. P. Armstrong, G. Gloeckler, and D. C.
Hamilton, Mediation of the solar wind termination shock by non-thermal ions, Nature 07030, 454,
doi:10.10.38, p. 67-30, 2008.

5. Richardson, J. D., J. Kasper, C. Wang, J. Belcher, & A. Lazarus, Cool heliosheath plasma and
deceleration of the upstream solar wind at the termination shock, Nature 07024, 454, doi:10.10.38/
p.63 — 66, July, 2008.

6. Burlaga, L.F., N. Ness, M. Acuna, R. Lepping, J. Connerney, & J. Richardson, Magnetic fields at
the solar wind termination shock, Nature 07029, 454, doi:10.10.38/ p.75 — 77, July, 2008.

7. Gurnett, D., and W. Kurth, Intense plasma waves at and near the solar wind termination shock,
Nature 07023, 454, doi:10.10.38, p. 78-80,2008.

8. Bridge, H.S., J.W. Belcher, R. Butler, A.J. Lazarus, A.M. Mavretic, J. D. Sullivan, G.L. Siscoe, \
V.M. Vasyliunas, The plasma experiment on the 1977 VVoyager mission, Space Sci. Rev., 21, 259,
1977.

9. D. S. Intriligator, M. Dryer, W. Sun, C.D. Fry, C. Deehr, and J. Intriligator, Physics of the Outer
Heliosphere, (Eds., V. Florinski, N. Pogorelov, and G. Zank) AIP 719, 2004.

10. D. S. Intriligator, W. Sun, M. Dryer, C. Fry, C. Deehr, and J. Intriligator, J. Geophys. Res.,
doi:10.1029/2004JA010939, 2005.

11. D. S. Intriligator, T. Detman, M. Dryer, C. Fry, W. Sun, C. Deehr, and J. Intriligator, The Physics of
Collisionless Shocks, (Ed., G. Li), Amer. Inst. of Phys. Conf. Proc. 781, p. 304, 2005.

12. D. S. Intriligator, W. Sun, T. Detman, M. Dryer, C. Fry, C. Deehr, and J. Intriligator, Physics of
The Inner Heliosheath, (Ed., J. Heerikhuisen), Amer. Inst. of Phys. Conf. Proc. 858, p. 64, 2006.

13. D. S. Intriligator, A. Rees, T. Horbury, W. Sun, T. Detman, M. Dryer, C. Deehr, and J. Intriligator,
Turbulence and Nonlinear Processes in Astrophysical Plasmas, (Eds., D. Shaikh, G. Zank), Amer.

156



Inst. of Phys. Conf. Proc. 932, p. 167, 2007.

14. D. S. Intriligator, W. Sun, A. Rees, T. Horbury, W.R. Webber, C. Deehr, T. Detman, M. Dryer, and
J. Intriligator, Particle Acceleration and Transport in the Heliosphere and Beyond (Eds. G. Li, Q.
Hu, O. Verkhoglyadova, G. Zank, R. Lin, and J. Luhmann) AIP 1039, p. 375-383, 2008.

15. T. R. Detman, D. S. Intriligator, M. Dryer, W. Sun, C. S. Deehr, and James Intriligator, The
influence of pickup protons, from interstellar neutral hydrogen, on the propagation of the
interplanetary shocks to ACE and Ulysses from the Halloween 2003 solar events: A 3D MHD
modeling study, J. Geophys. Res., submitted, 2010.

157



Copyright of AIP Conference Proceedingsis the property of American Institute of Physics and its content may
not be copied or emailed to multiple sites or posted to a listserv without the copyright holder's express written
permission. However, users may print, download, or email articles for individual use.



	copyright1: 


