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Abstract. We discuss the structure and evolution of CIRs and their successors in the outer helio-
sphere. These structures undergo significant evolution as they are convected to greater heliocentric
distances. A progression of different types of structure are observed at increasing distance from the
Sun. Similar structures are observed at similar heliocentric distance at different portions of the solar
cycle. CIRs and their successors are associated with many important physical processes in the outer
heliosphere. We discuss the relationship between these structures and recurrent phenomena such as
cosmic ray variations, and review some of the associated theoretical models on the role of corotating
structures and global merged interaction regions (GMIRS) in global cosmic ray modulation. We also
discuss some outstanding questions related to the origin of non-dispersive quasi-periodic particle
enhancements associated with CIRs and their successors in the outer heliosphere.

1. Introduction

P.R. GAZIS andR. B. DECKER

Corotating interaction regions (CIRs) and their successors play an important role
in the dynamics and evolution of the solar wind in the outer heliosphere. They are a
dominant structure at timescales on the order of a solar revolution throughout much

Ll Space Science Revied9: 269-305, 1999.
'i.‘ © 1999Kluwer Academic Publishers. Printed in the Netherlands.
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of the solar cycle. They convert bulk kinetic energy into thermal energy, and may

be responsible for much of the observed radial profile of solar wind temperature

at large distances from the Sun. They are also associated with important physical
processes such as particle acceleration and cosmic ray modulation.

This chapter describes the structure, evolution, and effects of CIRs in the outer
heliosphere. Section 2 discusses the structure and evolution of CIRs and their
successors, Section 3 the effects of these structures on energetic particles and
cosmic rays, and Section 4 will discuss questions related to the energetic particle
enhancements associated with CIRs and their successors in the outer heliosphere.

Much of our knowledge of the outer heliosphere comes from in-situ obser-
vations from Pioneer 10, Pioneer 11, Voyager 1, and Voyager 2. These spacecraft
constitute a rich source of information about the behavior of CIRs, their successors,
and related phenomena. Figure 1 shows the trajectories of these four spacecraft
from launch through 1999. Heliographic latitude (degrees north/south) in the up-
per panel and radial distance from the Sun in the lower. Pioneer 11, Voyager 1,
and Voyager 2 are headed upstream with respect to the local interstellar medium
(LISM) while Pioneer 10 is headed downstream. Normal reception of data from
Pioneer 11 ended in late 1995, while that from Pioneer 10 was discontinued in mid
1998. Voyager 1 and Voyager 2 should continue to return scientifically useful data
for another 20 years. The trajectories of these four spacecraft have made them
uniquely suited to investigate the radial evolution, latitudinal variation, and solar
cycle variation of a wide range of phenomena in the outer heliosphere.

2. Structure and Evolution of CIRs and Their Successors

P.R. GAZIS andA. J. LAZARUS

CIRs are dominant physical entities at heliocentric distances between 2 and 10 AU
(Burlagaet al, 1985a; Goldstein and Jokipii, 1977; Gosliag al, 1976; 1978;
Schwennet al, 1978). Between 8 and 12 AU, CIRs begin to spread, merge, and
interact, to produce merged interaction regions (MIRs). (Because MIRs are coro-
tating structures like their parent CIRs, they are also referred to as corotating
merged interaction regions or CMIRs.) This process has been studied for individ-
ual events observed during spacecraft alignments out to heliocentric distances of
approximately 15 AU (Burlaga, 1988; Burlaga al., 1983; 1985b).

CIRs and their successors undergo considerable evolution as they are convected
into the outer heliosphere, and many questions remain regarding the nature of these
structures at large heliocentric distances. While the detailed dynamics of the solar
wind has been the subject of numerous models (Gogingl, 1976; Goldstein
and Jokipii, 1977; Pizzo, 1991; 1994a; 1994b), many of these models suffer from
limitations related to the way in which shocks are represented or the assumption
of periodic initial boundary conditions. Most studies of interplanetary shocks have
been limited to larger events or heliocentric distance3) AU (Smithet al,, 1985;
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Figure 1. Trajectories of Pioneer 10 and 11 and Voyager 1 antbp. panel:Heliographic latitude.
Bottom panelHeliocentric distance.

Burlaga, 1994). Recently, Burlaga al. (1997) compared observations from Voy-
ager 2 at 14 and 43 AU during comparable periods of the solar cycle to conclude
that the structure of solar wind streams at large heliocentric distances was qualita-
tively different from the structure observed closer to the Sun, but these observations
were limited to a single spacecraft during the years 1983 and 1994 (Laataalis
1999).
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Figure 2.a) From the top, panels show temperature, density, and speed of the solar wind at Pioneer 10
between days 1 of 1974 and 35 of 1975. Density has been multipliéd tiyaccount for presumed
radial expansion. b) Solar wind parameters at Pioneer 10 between days 1 of 1991 and 35 of 1992.

Figure 2a shows a time series of solar wind parameters observed at Pioneer 10
for a 400-day interval beginning in 1974 as the spacecraft traveled between he-
liocentric distances of 5.1 and 6.6 AU. At these heliocentric distances, the solar
wind was dominated by a regular and periodic succession of CIRs. Each CIR was
characterized by a significant enhancement (typically by a factor of 10-20) in solar
wind density and temperature, most of which were associated with a well-defined
forward and reverse shock pair. These enhancements were on the order of 3-5 days
in duration.

Figure 2b shows a time series of solar wind parameters observed at Pioneer 10
for a 400-day interval beginning in 1991 as the spacecraft traveled between helio-
centric distances of 50.7 and 53.6 AU. At these heliocentric distances, the structure
of the solar wind was significantly different from that observed closer to the Sun.
Small-scale structure is at best only quasi-periodic. Variations in solar wind pa-
rameters were comparatively small and there was little evidence for well-defined
CIRs of the type seen closer to the Sun. Instead, the solar wind was dominated
by variations over timescales of approximately 1-1.3 years of the type reported by
Richardsoret al.(1994) and Gazis (1996).

Many different methods can be used to characterize the evolution of CIRs and
their successors as they propagate outward from the Sun. The discussion that fol-
lows will be based on the results of a physical survey of the entire Pioneer 10 and
Voyager 2 data sets. Peaks in solar wind density (or if density was constant, peaks
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in solar wind speed) were used to identify individual events. These events were
then classified based on duration, the magnitude of variations in solar wind and
IMF parameters, and the presence or absence of shocks, stream interfaces, and
periodicity.

The advantages of this method are that it is simple, well-defined, and the iden-
tification of different types of structures is not affected by details of the data re-
duction. The biggest disadvantage of this method is its inability to resolve fine
distinctions between different types of structure. The need to avoid subjective judg-
ments, particularly at heliocentric distances greater than 15-25 AU, where events
can be irregular and poorly defined, can make it necessary to lump a wide range of
roughly similar events into a single class. But in spite of this limitation, this method
gives consistent results, and it can serve as a basis for and source of comparison
with more elaborate techniques.

2.1. STRUCTURES

Two physical processes occur as CIRs are convected outward from the Sun. First,
CIRs spread, merge, and combine to form more complex structures. Second, shocks
decline in strength to the point where they are difficult to detect, and presumably
have little effect on the dynamics of the solar wind. There do not appear to be signs
of any other processes, except for effects associated with the low inclination of
the heliospheric current sheet (HCS) in the vicinity of solar minimum, when CIRs
may disappear over a wide range of heliographic latitudes (Gzizes., 1988;

1989; Mihalovet al., 1990; Pizzo, 1991; 1994b; Gazis, 1997; Gosling and Pizzo,
1999). In particular, there is no evidence for the formation of new shocks or of any
appreciable strength at heliocentric distances greater than 10 AU.

There appears to be a regular succession of different types of structure at in-
creasing heliocentric distances. Similar structures appear at similar heliocentric
distances throughout most of the solar cycle. Structure at large heliocentric dis-
tances appears to vary with heliographic latitude. Voyager 2 observed different
types of structure when it left the vicinity of the solar equator and began to head
south after its encounter with Neptune in 1989. (There were also solar cycle effects
associated with low inclination of the HCS in 1986, but these are beyond the scope
of this discussion.)

Figure 3a shows a time series of solar wind and IMF parameters observed at
Pioneer 10 between days 100 and 150 of 1974 when that spacecraft was in the
vicinity of 5.2 AU. Three CIRs were observed during this time period: between
days 106 and 109, days 121 and 127, and days 134 and 137. These events are
typical of CIRs observed between heliocentric distances of 2 and 8 AU. At these
heliocentric distances, the duration of CIRs is comparatively short: on the order
of 3—6 days. Most CIRs are associated with a forward and reverse shock pair and
a stream interface (shown in figure). In most cases, the region prior the stream
interface is characterized by high density and moderate temperature while the



274 P.R. GAZIS, F.B. MCDONALD ETAL.

100 110 120 130 140 160 170 180 190 200 210
L 1 L L 1 L 1 1 1 1
a =] [=] Q
<] o Ll re
E 1 2 E
& =
Z a o ¥ o+ ro
s 3 g5 8 2
3 3 3 3
I I - al
] — "o o
— =
= For B2 wo ko
£ £
= - & - b
=] (=] Q
B ebhe 2%
= s o ey a-
6 o o
=] 6 = 1 ra
Q e © 9
i=] [=] (=] (=]
Q =] o _ ~Q
j&] (2] (5] ™
s, ® & e, w7 ra
[+ a3
Z =1 =] Z (= Lo
E E g E
o-f =1 o =]
a = o =
[=1u] re [=Ra . re
5 e L L g g7 N , , , =
Pioneer 10 — 5.2 AU | [ Pioneer 10 — 74 AU | | 1
i [ Vi | T | | 1
o 1 L o ol i N i [ JW“*« °
a ! - Fo o+ ! [ ! Lo =]
" \\\JMJ\\\\ wph%M \'\mk‘ A s /L‘\\\\:’\r\’j‘”‘u\' ?
| I ¥
; ™ j\‘\ | L e ™ phoi | R
a . o | L o [=] h ™ i i [ =]
a JETHIN. 3 F o8 R Fisl | R =1 o | r FIFSE | R Fi Fi % IR 2
0) 100 110 120 130 14U 150 b) 160 170 180 150 200 21y
1974 1975

Figure 3.a) From the top, panels show azimuthal angle and magnitude of the IMF, and temperature,
density, and speed of the solar wind at Pioneer 10 between days 100 and 150 of 1974. Density has
been multiplied byR? to account for presumed radial expansion. Forward and reverse shocks and
stream interactions are indicated by vertical dashed lines and stream interfaces by vertical dotted
lines. b) IMF and solar wind parameters at Pioneer 10 between days 160 and 210 of 1975.

region after the stream interface is characterized by moderate density and higher
temperatures.

At larger heliocentric distances, CIRs begin to interpenetrate and merge. Fig-
ure 3b shows solar wind parameters observed at Pioneer 10 between days 160 and
210 of 1975 at a heliocentric distance of 7.4 AU. Two merged interaction regions
were observed during this time period: between days 162 and 174 and between
days 186 and 200. These are typical of the structures observed between heliocentric
distances of 8 and 12 AU. These merged interaction regions (MIRs) are wider than
the CIRs observed closer to the Sun: on the order of 10-15 days as opposed to 3—-6
days. Each event may contain multiple shocks and stream interfaces, but they often
retain the general pattern of high density and moderate temperature followed by
moderate density and higher temperatures.

At larger heliocentric distances, shocks decay to the point where they are dif-
ficult to detect. The resulting structures have been described by Burlaga (1983) as
‘corotating pressure waves without streams’, but this terminology is suggestive of
smaller-scale effects such as MHD waves, so for the purposes of this survey, these
events will be referred to as corotating pressure enhancements. Figure 4a shows
solar wind and IMF parameters measured at Voyager 2 between days 150 and 200
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Figure 4.a) From the top, panels show azimuthal angle and magnitude of the IMF, and temperature,
density, and speed of the solar wind at Voyager 2 between days 150 and 200 of 1984. Density has been
multiplied by R? to account for presumed radial expansion. b) Solar wind parameters at Pioneer 10
between days 280 and 330 of 1985.

of 1984, during which Voyager 2 observed two of these events: between days 159
and 170 and between days 186 and 192. These corotating pressure enhancements
are even wider (10-25 days) than merged interaction regions and in most cases
they are not associated with any shocks. But they still tend to be quasi-periodic and
they often retain the pattern of high density and moderate temperature followed by
moderate density and high temperature that was characteristic of CIRs and MIRs
closer to the Sun.

At even larger heliocentric distances, this organization disappears. Figure 4b
shows observations from Pioneer 10 between days 280 and 330 of 1985 when the
spacecraft was in the vicinity of 36.7 AU. This is typical of structure observed at he-
liocentric distances greater than 15 AU in the vicinity of the solar equator. At these
heliocentric distances, the spacecraft observed broad but irregular enhancements in
density and temperature. These events can be extremely witle days). They are
not associated with any significant shocks, but they do involve correlated enhance-
ments in density and temperature, sometimes preceded by a slight enhancement in
speed. The variation in solar wind speed can be extremely small. These events do
not appear to be periodic. This makes it difficult to determine if they are associated
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Figure 5.a) From the top, panels the temperature, density, and speed of the solar wind at Voyager 2
between days 100 and 150 of 1994. Density has been multipli&d tiyaccount for presumed radial
expansion. b) Solar wind parameters at Pioneer 10 between days 140 and 190 of 1996.

with temporal variations in the solar wind source region or remnants of MIRs that
have spread to extremely large size.

Different types of structure are observed at higher latitudes. Figure 5a shows
data from Voyager 2 between days 100 and 150 of 1994 when the spacecraft was
at comparable a heliocentric distance (42.8 AU) during a comparable phase of
solar activity but significantly farther from the plane of the solar equatot§12
versus 3N). At these heliocentric distances and heliographic latitudes, Voyager 2
observed quasi-periodic enhancements in solar wind speed and temperature of the
sort reported by Burlaget al.(1997). The width of these structures varied between
15-25 days. These structures involved correlated enhancements in solar wind speed
and temperature while the variation in density was extremely small.

These events were described in detail by Burlegal. (1997), who also com-
pared them to the 1983 (14 AU) Voyager 2 observations at a similar phase of cycle
21, during which Voyager 2 observed corotating pressure enhancements of the type
shown in Fig. 4a. Burlaga and co-workers suggested that these qualitative differ-
ences between Voyager 2 observations at 14 and 43 AU represent a change in the
state of the solar wind marking a transition from a quasi periodic (ordered) state in
B andN near 14 AU to a disordered state in the more distant heliosphere with just
the opposite happening withandT as they approach an ordered state in the outer
heliosphere. But comparison with observations from Pioneer 10 and Voyager 2 in
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Figure 6. Top panelHeliographic latitude of Pioneer 10 and Voyager 2 plotted versus heliocentric
distanceBottom panelDifferent types of structure observed at Pioneer 10 and Voyager 2 piatted
heliocentric distance. Solar minimum and maximum are indicated for each spacecraft and times at
each spacecraft are shown at top of page. See text for abbreviations.

the vicinity of the solar equator suggests that the speed-temperature enhancements
were generally restricted to latitudesl(°.

At larger heliocentric distances, the variation in speed decreases until these
quasi-periodic velocity and temperature variations are replaced by structures that
only involve a variation in temperature. A structure of this type is shown in Fig. 5b.
These structures involve quasi-periodic variations in solar wind temperature with
width on the order of 15-25 days, but the associated variations in speed and density
are extremely small.

2.2. RaDIAL EVOLUTION

Figure 6 summarizes the radial evolution of solar wind structure observed by Pio-
neer 10 and Voyager 2. A succession of different types of structure was observed at
increasing distance from the Sun. These types of structure can be distinguished by



278 P.R. GAZIS, F. B. MCDONALD ETAL.

gualitative differences, such as the presence or absence of shocks. Similar struc-
tures were observed at comparable heliocentric distances at different spacecraft
during different portions of the solar cycle. At heliocentric distances between 2—

8 AU, CIRs were the most common structures. Between 5-8 AU, MIRs began to
replace CIRs, until MIRs became the most common structure between 8-12 AU.
At even larger heliocentric distances, between 10-12 AU, shocks declined in fre-
guency and strength and MIRs were replaced by corotating pressure enhancements.
These corotating pressure enhancements were a common structure between 12 AU
and 15-20 AU.

There was some suggestion that different types of structure persisted to larger
heliocentric distances during the declining phase of the solar cycle. MIRs persisted
to 12 AU at Voyager 2 during 1984 versus 9 AU at Pioneer 10 during 1977. Coro-
tating pressure enhancements were significantly more common between 14—-20 AU
at Voyager 2 during 1984-1987 than they were at Pioneer 10 during 1978-1980.

At heliocentric distances greater than 15-20 AU, two different types of structure
were observed. When Pioneer 10 and Voyager 2 were in the vicinity of the solar
equator, they observed non-periodic enhancements in density and temperature. As
Voyager 2 ascended to higher heliographic latitudes after 1989, it began to observe
periodic enhancements in temperature and speed. As Voyager 2 is headed upstream
with respect to the LISM while Pioneer 10 is headed downstream, it remains to be
determined to what extent the difference between Voyager 2 and Pioneer 10 is due
to latitudinal gradients, solar cycle variation, or the effect of interstellar pickup
ions.

3. Behavior of Energetic Particles and Cosmic Rays

R.B. DECKER F.B. MCDONALD, andM. S. FOTGIETER

We now discuss observations of energetic particles and cosmic rays measured
in the distant heliosphere. We first define a few terms. By ‘distant heliosphere’
we mean the volume between 10-30 AU and the termination shock. Beyond 10—
30 AU, pickup ions play a major role in determining the global structure of the
heliosphere €.g, Gloeckleret al, 1993; Burlagaet al, 1994; Zank and Pauls,
1997; Whang, 1998), including how disturbances such as CIRs and their successors
evolve, which in turn affects the ability of such structures to accelerate energetic
particles and modulate cosmic rays.

By ‘energetic particles’ we mean suprathermal charged particles, mainly ions,
with kinetic energies in the range a few keV to a few MeV/amu that, as implied
in the previous sentence, are accelerated at CIR and MIR shocks or within the
turbulent interaction region plasma, or both, and therefore exhibit CIR- or MIR-
associated intensity increases. The term ‘cosmic rays’ includes galactic cosmic ray
(GCR) ions as well as anomalous cosmic rays (ACR), pickup ions convected to and
accelerated at the termination shock, with both populations expected to undergo
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recurrent modulation in the enhanced, turbulent magnetic fields within CIRs and
MIRs.

3.1. OVERVIEW

Figure 7 shows time histories of 26-day averaged GCR helium, He, (top panel),
hydrogen, H, (middle panel), and 10-22 MeV/amu ACR He (bottom panel) from
IMP 6, 7, and 8 at 1 AU, and at Voyager 2 and Pioneer 10 at larger heliocentric
distances (helioradii of Pioneer 10 and Voyager 2 are listed at the top of Fig. 7).
Time periods with significant fluxes of solar energetic particle&@ MeV) have

been eliminated from these data sets. After 1993.0 the Pioneer 10 fluxes are 3-
period (78-day) moving averages to remove data gaps produced by the on-board
power sharing plan. The anomalous He in the lower panel has not been corrected
for the presence of galactic He (which is important only near solar maximum).

Time histories of energetic protons observed at Pioneer 10, Voyager 1, Voy-
ager 2, and IMP 8 are shown in Fig. 8. The traces are 10-day averaged intensities
for protons 3.51-5.16 MeV from the Cosmic Ray Telescope (CRT) on Pioneer 10
(e.g, Trainoret al, 1974), protons 0.57-1.78 MeV from the Low Energy Charged
Particle (LECP) instrument on Voyager 1 (Krimiget al, 1977), protons 0.52—

1.45 MeV from the LECP instrument on Voyager 2, and protons 0.50-0.96 MeV
from the Charged Particle Measurement Experiment (CPME) on IMR)8 $arris

et al, 1978). Helioradii and heliographic latitudes of Pioneer 10, Voyager 1, and
Voyager 2 are listed atop the respective panels. Times covered by Solar Cycles 20—
23 are listed above the IMP 8 panel. Intensity increases of protons by about a few
MeV are due mainly to solar energetic particles (SEPS), injected at the Sun and
convected to spacecraft in the distant heliosphere, and to protons accelerated at
traveling shocks (those associated with MIRs and GMIRs) and recurrent shocks
(those associated with CIRs and MIRS).

It is instructive to compare general features in Figs. 7 and 8. Periods of minimal
solar activity {.e., 1976-1977, 1986-1987, 1996-1997) are associated with cosmic
ray intensity maxima and energetic particle intensity minima oat 7@ AU within
~3( of the heliographic equator. (The CPME trace in Fig. 8 does not reach as low
a minimum in 1996-1997 as compared with 1976-1977 and 1986-1987 due to
partial failure of an anti-coincidence detector.) During periods of maximal solar
activity (i.e., 1979-1981, 1989-1991) there are sustained injections of SEPs that
elevate intensities of protons near 1 AU and in the distant heliosphere; indeed,
several of the broad structures seen in the IMP 8 data in Fig. 8 during 1989—
1991 survive intact after convecting for several months to Voyager 2, Voyager 1,
and Pioneer 10. As is evident in Fig. 7, enhanced modulation associated with high
levels of solar activity produces minima in the galactic and anomalous cosmic
ray intensities. Note that peak SEP intensities during solar active periods decrease
radially outward, as spacecraft recede from the source (the Sun), whereas ACR and
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Figure 7.From top to bottom, time histories of the galactic cosmic ray (26-day averages) He, H and
10-22 MeV/amu anomalous helium from IMPs 6, 7, and 8 at 1 AU and Voyager 2 (Moyager 2) and
Pioneer 10 (Pioneer 10) at larger heliocentric distances. Time periods with significant fluxes of solar
energetic particles{20 MeV) have been eliminated from these data sets. After 1993.0 the Pioneer 10
fluxes are 3 period (78 day) moving averages to remove data gaps produced by the on-board power
sharing plan. The anomalous He in the lower panel has not been corrected for the presence of galactic
He (which is important only near solar maximum).
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Figure 8. From top to bottom, time histories of energetic protons (H) observed at Pioneer 10,
Voyagers 1 and 2, and Earth-orbiting IMP 8. Data are 10-day averaged intensities for protons
3.51-5.16 MeV from the Cosmic Ray Telescope (CRT) on Pioneer 10, protons 0.57-1.78 MeV from
the Low Energy Charged Particle (LECP) instrument on Voyager 1, protons 0.52-1.45 MeV from the
LECP instrument on Voyager 2, and protons 0.50-0.96 MeV from the Charged Particle Measurement
Experiment (CPME) on IMP 8.

GCR peak intensities increase radially outward, as spacecraft approach the sources
(the termination shock and interstellar medium, respectively).

Our focus here is to describe effects on energetic particles and cosmic rays
that are associated with MIRs. For the most part, these effects are not evident in
Figs. 7 and 8, both because of the rather long time averages used (26- and 10-
days), and because of the predominant role played by 11- and 22-year processes.
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This is particularly relevant for cosmic rays, where intensity variations mediated
by MIRs are essentially of second-order compared to those driven by solar-cycle
processes. Consequently, to properly elucidate MIR-associated effects it is neces-
sary to examine data at higher time resolution for shorter time periods when it is
either clear from supporting data (such as plasma and magnetic field) that MIRs are
present, or else their presence is strongly suspected based on indirect evédgnce,
characteristic signatures in either the energetic particle data, the cosmic ray data,
or both. In Sects. 3.2 and 3.3 we discuss MIRs in the distant heliosphere during
two-year stretches in the decline-to-minimum activity phases of Solar Cycles 21
(1983-1984) and 22 (1993-1994). It is during this phase of the solar activity cycle
that CIRs and MIRs are most prominent in the heliosphere. In Sects. 3.4 and 3.5
we describe some aspects of MIR-associated particle data during the near-minimal
activity periods of Cycles 21 (1986-1987) and 22 (1996-1997), and in Sect. 3.6
models on the role of CIRs, GMIRs, and other structures in global cosmic ray
modulation are reviewed.
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3.2. RECURRENTPHEMONA IN THE OUTER HELIOSPHEREDURING DECLINE
TO SOLAR MINIMUM : PERIOD 19831984

At low-latitudes, CIRs, MIRs, shocks at their leading and/or trailing edges, and
energetic ions accelerated at these shocks, should show time variations correlated
with those of equatorward extensions of polar coronal holes. Christon and Stone
(1985) compared recurrent energetic protatD.6 MeV) events observed over

450 days during 1983-1984 at Voyager 2 (11-14 AUS-2M48 S), Pioneer 11 (13—

16 AU, 12-1#N), and Voyager 1 (15-20 AU, 1723 N). The top panel in Fig. 9
shows 1-day averaged proton count rates from the Voyager 1 CRS (0.6-17.5 MeV),
Pioneer 11 CRT (0.8-1.6 MeV), and Voyager 2 CRS (0.4-15.5 MeV). For ease of
data intercomparison, observation times have been time-shifted back to the Sun us-
ing spacecraft helioradius and a convection speed of 500 km/s; the Voyager 2 time
is indicated for reference. This procedure removes, for the most part, convective
time delays among the three spacecraft, so that a convecting structure will then ap-
pear at nearly the same time in the time-shifted intensity profiles. The bottom panel
shows the solar latitude of estimated coronal hole boundaries (based on He 10830
line) versus Carrington solar rotation (synodic period about 27.28 days), with the
shaded (unshaded) regions having the same magnetic polarity as the predominant
high-latitude northern (southern) coronal hole.

The dashed vertical lines in Fig. 9 separate the 18 rotations into three periods of
interest, based upon comparison of relative intensities and passage times of recur-
rent protons events as observed at Voyager 2, Pioneer 11, and Voyager 1. Observed
differences among the three spacecraft are nicely ordered, at least on a qualitative
level, by evolution of the finger-like extensions of the coronal hole boundaries and
their associated fast flows to low latitudes. For example, during the first interval
(rotations 1730-1738), the dominant source of fast solar wind is the equatorial
extension of the northern polar hole, consistent with six or86-day recurrent
proton events observed with similar intensities and in near time coincidence at
all three spacecraft. During the second interval (1738-1744), the north polar hole
recedes to high latitude while the south polar hole extends toward the equator,
consistent with observed decreases in recurrent proton intensities at Voyager 1 and
Pioneer 11 and with the maintenance of those at Voyager 2. Finally, during the third
interval the north polar hole extends again toward the equator, and the intensities
at Voyager 1 and Pioneer 11 increase, as expected.

Gold et al. (1988) investigated spatial variations in MIR-associafed 1 ion
intensities, 30 keV to 4 MeV, using Voyager 1 and Voyager 2 LECP data in 1984—
1986. All of 1984 showed large recurrent ion intensity peaks at both spacecratft,
with these peaks superposed on an enhanced, plateau-like background of shock-
accelerated ions (this14-month wide “square-wave” structure is evident in Fig. 8
in the two middle panels during 1984 to early 1985). On average during 1984,
Voyager 1 saw one peak per solar rotation, while Voyager 2 saw two. (Figure 9
shows data from Voyager 1 and Voyager 2 for over 6 solar rotations in 1984; the
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difference in proton event recurrence rates at Voyager 2 and Voyager 1 is evident
during the first two rotations in 1984). The shock-accelerated ion energy spectra
extended from at least 30 keV to 4 MeV at both Voyager 1 and Voyager 2 (Mason,
von Steigeret al., 1999). Early in 1985 both Voyagers saw a dramatic decrease
in the elevated background intensity, with the aforementioned plateau essentially
disappearing with~90 days, corresponding to a facteb0 drop in the intensity

of ~1 MeV protons. This background decrease was also observed earlier at IMP 8
(e.g, bottom panel in Fig. 8), and based on delay times, was consistent with a
heliosphere-wide depletion in the background level of MIR shock-accelerated ions
that swept outward from the Sun at about 570 km/s (@bldl., 1988).

3.3. RECURRENTPHENOMENA IN THE OUTER HELIOSPHEREDURING
DECLINE TO SOLAR MINIMUM : PERIOD 1993-1994

Implications for Evolution of MIRsIn 1994 during the recovery phase of cycle

22 there was reasonable stability in the coronal hole structure of the sun and well
defined solar wind streams in the inner heliosphere. However there were strong
coronal mass ejections occurring in late February, March and June 1994. At this
time in the distant heliosphere the Voyager 2 (43 AUSR2plasma experiment
observed a gradual increase in the solar wind veld¢itfrom ~450 km/s to a peak
velocity of 630 km/s in 1994.55 (Fig. 10). Superimposed on this velocity peak were
large, quasi-periodic variations that extended from 1994.2-1995.2. There were
accompanying increases in the intensity of 0.043-3.5 MeV ions (Destkat,
1981a; Krimigiset al, 1995), that were in phase with the individual increases in
the solar wind velocity. Also shown in Fig. 10 is the integral rate of galactic cosmic
rays with energies-70 MeV/amu and the intensity of 6-10 MeV/amu anomalous
He. In the lower panel is shown the available magnetic field data from the Voyager 2
magnetometer experiment (Burlagial, 1997). The dashed lines mark the times

of rapid increases W for the individual peaks.

There is a striking correspondence between the time historyaoid that of the
low energy protons and between the modulation of galactic cosmic rays and the
low energy anomalous He. However in contrast to the observations in the inner
heliosphere, there does not appear to be a well-defined phase relation between
V and low energy proton increases and the short-term cosmic ray decreases. In
fact, the limited set of magnetic field data suggest this modulation may be due
to increases in the interplanetary magnetic field as Burktgal. (1985a) have
proposed from previous Voyager observations.

On 20 February 1994 there began the largest solar energetic particle increase
observed since the intense series of events in March/June 1991. This increase was
associated with a solar event at NO9/WO2 and with a particularly strong CME.
At the same time in the inner heliosphere Bothmeéral. (1995) noted in the
Ulysses data that a transient such as this one results in a higher intensity in the
next recurrent low energy proton peak that decreases over subsequent recurrent
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Figure 10.Top to bottom, time histories of the solar wind speed (24-hr averages) from the MIT
Voyager 2 solar wind experiment; 1.85-2.65 MeV H, galactic cosmic ray rate forigddleV/amu;
anomalous cosmic ray He, from the CRS Voyager 2 experiment; and daily averages of the Voyager 2
magnetic field experiment. The data gaps in the magnetic field measurements are periods dominated
by spacecraft generated interference. The vertical dashed lines mark the time when there was a rapid
increase in the solar wind velocity. The solid line through the integral rates shown in the center panel
is a smoothed fit to the 26-day averages of this data.

events. This behavior was interpreted as possible evidence that these solar energetic
particles might provide a portion of the seed population for the recurrent CIRs to
accelerate. If there were no deceleration of the shock from this event on its passage
from the Sun to 43 AU then it should arrive at Voyager 2 around 1994.46 which is
close to the time of the peak value\f A smooth fit (3-day running averages) to

the galactic cosmic ray day (center panel of Fig. 10) clearly shows a small decrease
starting near 1994.4 and extending over some 5—-6 months. It appears very probable
that the CME associated with the solar event of 20 February is shaping the time
histories shown in Fig. 10. During this time period at Voyager 1 (56 AUN3}4
cosmic ray intensities showed no recurrent patternsqdnifleV proton intensities
displayed a few sporadic, narrow increases, but, compared to those at Voyager 2,
were relatively flat during most of 1994.¢, compare the top two left-hand panels

in Fig. 12).
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As described in Sect. 2, CIRs and their successors appear to undergo a signifi-
cant transition as they move into the distant heliosphere. Also, Buetagh(1997)
have suggested their studies of the magnetic turbulence suggest a shock-dominated
spectrum at 14 AU that evolves to a preponderance of Kolmogorov turbulence at
43 AU.

In fact, the Voyager 1 energetic particle observations beyond 60 AU (beyond
mid-1995) suggest that the low energy proton increases, if present, are below the
level of detectability of the energetic particle experiments. Furthermore the absence
of periodic variations in the cosmic ray intensity over the 1993-1994 time period
is an additional argument that MIRs are not an important factor in the more dis-
tant heliosphere during the time of declining solar activity. However as shown in
Sect. 3.5, this changes dramatically over solar minimum at the Voyager 1 location
in the Northern hemisphere but not at Voyager 2 in the Southern Hemisphere.

The apparent absence of interplanetary shocks at 43 AU in 1994 raises the
guestion as to the nature of the acceleration process for the MeV protons. The
composition data at these relatively low intensities is not adequate to provide any
information. There remains the possibility that the CIRs and CMEs at lesser helio-
centric distances may have played an important role. The fact that the short-term
modulation of galactic and low energy anomalous cosmic rays is identical does not
rule out the possibility that significant pre-acceleration of the anomalous cosmic
rays at low energiese(g.10-100 keV/amu) is occurring in this region prior to their
encounter with the termination shoak §.Gloeckleret al, 1994).

H/He Ratio in Recurrent Structure$he above discussion and that of Lazarus
et al. (1999) in this volume regarding the observations of plasma, magnetic field,
energetic particle, and cosmic rays at Voyager 2 during 1994 emphasize that mature
MIRs that have evolved and merged during their transit to several tens of AU from
the sun are physically distinct from, and have different effects upon ambient parti-
cles, than their youthful counterparts-25—10 AU. Burlageet al.(1997) question
whether these structures a5 AU can properly be classified as MIRs. In any
case, as MIRs or their remnants propagate radially outward, they are still often
observed in association with increased energetic ion intensities, yet the temporal
association between ion intensity peaks and the passage of a shock, if indeed a
shock is even identifiable, becomes ambiguous further from the Sun. Perhaps the
energetic particle distributions are themselves remnants, accelerated earlier before
the MIR shocks dissipated, and left to convect outward with the solar wind, cooling
adiabatically and diffusing spatially as they do so. Or perhaps the adiabatic cooling
is offset partially by wave-particle acceleration that continues to draw energy from
turbulence in the remnant MIR. This issue remains unresolved.

An effective diagnostic tool, which may help shed light on questions of seed
particles and acceleration/transport processes, and which takes advantage of com-
parable data from CIR-associated ion events observed over a range of latitudes
near 5AU, is to examine the radial evolution of MIR-associated ion composition
data. Figure 11 (adapted from Krimigs al., 1997) contains Voyager 2 data, again
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Figure 11.Voyager 2 data during 1994. Top to bottom: daily averages of solar wind speed from
the PLS instrument; count rate of protons (H) 0.52—-1.45 MeV from LECP instrument; count rate of
helium nuclei (He) 0.42—1.70 MeV/amu from LECP instrument; ratio H/He of background-corrected
intensities of H and He in middle two panels.

during 1994. From top to bottom, we see solar wind speed (1-day averages) from
the PLS instrument, count rate of protons (H) 0.52-1.45 MeV, count rate of helium
nuclei (He) 0.42-1.70 MeV/amu, and ratio H/He. Energetic particle data are 2-day
moving averages from the LECP instrument, and the ratio H/He was computed
from the H and He rates after these data were first corrected for background and
then converted to intensities.

Two aspects of Fig. 11 are of interest. First, peaks in the H and He rates are
nearly coincident, and occur near, but not necessarily at, times of rapid rise in
solar wind speed (dashed vertical lines, reproduced from Fig. 2, Laearak,
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1999). Second, the intensities between the peaks during mid-1994 remain elevated,
yielding a statistically significant inter-peak ratio H/He. On average, during mid-
1994 at 43 AU, H/He-30 during peaks and 15 between peaks. Ratios H/Hd 5—

30 at~1 MeV/amu are comparable to those reported, at similar energy per amu
(nucleon), for in-situ, low-latitude observations at reverse CIR shocks near 5 AU,
while at forward shocks the ratio is typically some 5-10 times larger than at reverse
shocks €.g, Barnes and Simpson, 1976; Decletral., 1981b). At first sight this

may seem curious, since the plasma data show that during 1994 at Voyager 2 the
~26-day recurrent structures bear signatures of forward shocks (Buetagh

1997; Lazarut al, 1999). However, the reverse-shock-like H/He ratio may have
“frozen-in” much earlier, when particle intensities were dominated by acceleration
at reverse shocks (as is generally the case«®10 AU), before these reverse
shocks were destroyed by MIR evolution. Or, maybe the small ratio HelB—

30 reflects a “preference” at MIR forward shocks in the distant heliosphere for
injection and acceleration te1 MeV/amu of pickup helium over protons. More
work needs to done to clarify these issues.

Finally, as pointed out above during the discussion of Fig. 10, the 6-10 MeV/amu
ACR He and>70 MeV GCR have similar time histories, indicating that, like the
GCR, ACR He at this energy is being modulated. It is interesting that at only a
factor ~10 lower in energy, the time history of 0.42—1.70 MeV/amu He in Fig. 11
is similar to those of the 0.52—-1.45 MeV protons in same figure and the 1.85—
2.65 MeV protons in Fig. 10, indicating that intensities of He and HaMeV/amu
are dominated by MIR-associated acceleration processes, whether such processes
occurred at the time of observation or earlieg, when the shocks still present or
were perhaps more effective at accelerating particles.

Voyager 2 — Ulysses Comparisondulti-spacecraft studies are also valuable
tools for gaining insight into processes that are inherently of a global nature. The
left-hand panel of Fig. 12 shows daily averages-4fMeV proton intensities from
(top to bottom) Voyager 1 LECP (Krimigist al,, 1977), Voyager 2 LECP, Ulysses
HI-SCALE (Lanzerottiet al, 1992), and IMP 8 CPME (Sarrt al,, 1978), from
1992 to 1995.5. Note the striking difference between the intensity variations at
Voyager 1 (32N) and Voyager 2 (5-15°S), showing the presence of large spatial
variations over latitude separationgt(®®. Our focus here is a comparison of the
Voyager 2 and Ulysses proton data during 1992.5-1993.5. The right-hand side of
Fig. 12 shows (top to bottom) solar wind speed, Voyager 2 LECP protons, and
Ulysses HI-SCALE protons. Simnedt al. (1997) compared the40 keV electron
fluxes and~1 MeV proton fluxesj.e. those in Fig. 12, from recurrent CIRs at
Ulysses and quasi-recurrent MIRs (or MIR remnants) at Voyager 2 during the pe-
riod corresponding to the 1992 Ulysses passage through the southern heliosphere.
During late 1992 to early 1993 Ulysses§AU, ~13°S-20S) and Voyager 2
(~38 AU, ~8°S-10S) were at comparable southern latitudes and were sampling
energetic particles evidently associated with the same (albeit, radially convected)
recurrent structures. Thel MeV proton fluxes during the maxima of the recur-
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Figure 12. Left-hand sidefFrom top to bottom daily-averaged intensities, 1992.0-1995.5, of pro-
tons with energies: 0.57-1.78 MeV from Voyager 1 LECP; 0.52-1.45 MeV from Voyager 2 LECP;
0.48-0.97 MeV from Ulysses HI-SCALE; and, 0.50-0.96 MeV from IMP 8 CPRiight-hand side:

From top to bottom daily-averages, 1992.5-1993.5, of: solar wind speed from Voyager 2 PLS; protons
intensity 0.52-1.45 MeV from Voyager 2 LECP; protons intensity 0.48-0.97 MeV from Ulysses
HI-SCALE; and, estimates of Ulysses/Voyager 2 intensity ratioszdMeV protons during max-

ima and minima of recurrent proton events, indicted by dashed horizontal lines in panels showing
Voyager 2 and Ulysses proton data.

rent events were<4000 times higher at Ulysses, while those during the minima
(still well above background) were onty5 times higher at Ulysses (box in lower
right-hand side of Fig. 12).

The factor~4000 is well above the factar60 expected if the peak flux of
recurrent ions decreases inversely as the square helioradius, as demonstrated by
Deckeret al.(1981a). However, as Simneit al. (1997) emphasize, this is likely
because during late 1992 to early 1993, Voyager 2 sampled only the transition
zone to the polar high speed stream, while Ulysses was already measuring the
highest~1 MeV proton fluxes that is would encounter en route to its southern
polar pass. The most interesting result, however, is the small radial gradient in the
between-peak, minimum fluxes. The authors conclude the relatively low flux of
protons associated with acceleration at recurrent shocks is very effectively con-
fined throughout the heliosphere. Simredttal. (1997) were also able to establish
an upper limit at Voyager 2 on the intensity of recurrent electron events, which
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were routinely observed at Ulysses in 1992-1994. As stated above, at low latitudes
(within ~20°S) the peak flux of=1 MeV protons is lower at Voyager 2 by a factor
~4000: the upper limit on the:40 keV electron flux at Voyager 2 is consistent with
this factor.

3.4. RECURRENTPHENOMENA IN THE OUTER HELIOSPHERE ATSOLAR
MINIMUM : PERIOD 1986-1987

At solar minimum, the heliospheric neutral current sheet (HCS) reaches its low-
est inclination and the CIRs with their energetic ion enhancements become much
smaller. However in the outer heliosphere at moderate latitudes, recurrent (26 day)
phenomena are observed in the solar wind velocity, interplanetary magnetic field,
and in the intensity changes of galactic and anomalous cosmic rays but there is a
striking absence of low energy MeV ion increases.

These solar cycle related changes in the intensity of low energy ions can be seen
in Fig. 8 which shows the time history of 0.5-1.5 and 3.3—4.8 MeV protons over a
26 year period during which Pioneer 10 and the Voyagers move out to heliocentric
distances beyond 70 AU. With the approach of each of the 3 solar minimum periods
there is a rapid decrease in the intensity of these MeV ions down to the background
level of the detector systems that persist over a period of several yearsdiGalld
1988; McDonald and Selesnick, 1991).

The variations in the integral counting rate of cosmic rays0 MeV from
energetic particle experiments on IMP 8, Voyager 1 (31 AU, 3%9)4 Pioneer 11
(23.7 AU, 16.5N) and Pioneer 10 (41.4 AU, 3.1l) are shown in Fig. 13 for 1986.5—
1987.5 along with the Pioneer 11 solar wind velocity,and Pioneer 11 and Voy-
ager 1 magnetic field dat&. The Pioneer 11 and Voyager 1 observations display
a well-defined 26-day periodicity that is anti-correlated with Bi@andV data.

At 1 AU the amplitude of the cosmic ray variations are smaller and at Voyager 2
(20AU, 1.2S, not shown) they appear to be almost totally absent. At Pioneer 10
there are small amplitude variations that suggest a quasi-periodicity on the order of
13 days.

From 1986.6-1987.5 the Voyager 1 galactic cosmic ray data exhibits a peri-
odicity of 25.A4-0.06 days with an average peak to peak variation 0f3.4%.
Assuming that the galactic and anomalous cosmic rays have the same phase it is
possible to sum over the 10 cycles and determine the amplitude of the variations of
representative galactic and anomalous cosmic ray components. Within the errors it
is found that the ratio of the amplitude of this variation to the latitudinal gradient,
G,, of cosmic ray intensity is as consistent as had been previously found by Zhang
(1997) using Ulysses data in the inner heliosphere.

Cummings and Stone (1988) had noted the large recurrent variations in the
Voyager 1 integral rate of nuclei70 MeV and in the intensity of 6-17 MeV/amu
anomalous oxygen that were not present at Voyager 2. This study was extended by
Webber and Lockwood (1997) who determined the variations of the modulation
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Figure 13. Integral counting rate of cosmic rays70 MeV from energetic particle experiments
on IMP 8 (bottom panel), Voyager 1 (31 AU, 31N, top panel), Pioneer 11 (23.7 AU, 1606, 5
panel from top) and Pioneer 10 (41.4 AU, 3\l bottom panel) for 1986.5-1987.5. Also plotted are
Pioneer 11 solar wind velocity,, (3 panel from top) and Pioneer 11 and Voyager 1 magnetic field
data,B (4" and 29 panels from top, respectively).

amplitude and the latitudinal gradier®,, combined with a variation in mag-
netic heliolatitude produced by the wavy neutral current sheet sadhat- G, A6
whereAJ/J is the amplitude of the intensity variation affl = 26ycs (Wherebycs
is the current sheet inclination.

However for the Ulysses data in the inner heliosphere, Zlengl. (1995)
found no correlated phase relationship between the phase of the tilted HCS and the
26-day recurrent modulation of the cosmic ray intensity. It was also found that the
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amplitude of the modulation &.cs~15° and 30 was independent of the value

of Bycs (Simpson, 1998). In fact, Webber and Lockwood (1997) observed that

the modulation amplitude for the 1986—-1987 Voyager 1 data had its largest value
when the current sheet inclination is near its minimum value, and the value of
G), 26cs was~0.25 of the predicted value. Furthermore the form of the measured

and predicted curves over the).25 year interval were not in good agreement.

However, Perko (1993) was able to reproduce the Voyager 1 and Voyager 2 time
history profiles of the integral rate of ions70 MeV, and hence the observed nega-
tive latitudinal gradients, over the 1986—1988 time period using a one-dimensional
diffusion coefficient based on the in-situ magnetic field observations and the large
increase in solar wind speed seen at the higher heliographic latitude.

It must also be noted over the 1995-1997 solar minimum, when the drift im-
posed flow of ions into and out of the heliosphere has been reversed from the
pattern of 11 years earlier, the latitudinal gradients are positive but much smaller
in magnitude than the large negative values observed in 1986—-1987 (Cunehings
al., 1995; Webber and Lockwood, 1997; McDonaldal., 1998). These observa-
tions over two successive solar minima suggest that both diffusion and drift-related
effects are important in the outer heliosphere at this time and a proper interpretation
of the intensity changes and latitudinal gradients must take both into account. These
effects will be discussed in Sect. 3.6.

3.5. RECURRENTPHENOMENA IN THE OUTER HELIOSPHERE ATSOLAR
MINIMUM : PERIOD 1996-1997

Energetic ParticlesThe Voyager 1 and Voyager 2 traces in Fig. 8 show that during
1995 to late 1998 intensities ef1 MeV protons remain, for the most part, near
instrumental background levels. Intensity rises in late 1998 at both Voyager 1 and
Voyager 2 are apparently signatures in the outer heliosphere of new solar activity
starting in late 1997 (note the intensity increases at IMP 8 in 1997-1998). However,
there are modest increases during 1995 and 1997 at Voyager 2 that are of a quasi-
recurrent nature.

Figure 14 shows an expanded view of Voyager 2 LECP and PLS observations
during 1996.8-1997.5, when Voyager 2 was~di1 AU, 21°S latitude (time tics
are at 26-day intervals). From top to bottom, we see: intensities of Zourl
ion channels, covering 43-540 keV (5-day averages); intensity of protons 0.52—
1.45MeV (1-day averages); and, solar wind speed from PLS instrument (1-hour
averages). The five dashed vertical lines mark rapitH2 hour) rises in solar wind
speed, all of which occur either at the peaks.(the F, 2"d and 4" cases) or at
the onsets (8 and 3" cases) ofv1 MeV proton intensity increases. The Voyager 2
1997 plasma data are discussed in greater detail by Lagtrals(1999).

The five peaks evident in theel MeV protons are seen as well in the four
Z > 1 ion intensities in the top panel. As during 1994 at Voyager 2, these non-
dispersive, quasi-recurrent energetic ion increases are associated with modest but
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impulsive, albeit not necessarily MIR shock-associated, jumps in solar wind bulk
flow. Again, it is not clear from these data alone whether (a) the energetic ions
are being accelerated locally by shocks, or (b) whether the MIR shocks have long
since decayed and what we are observing is the remnant energetic ion population
tied to the convecting azimuthal IMF. However, the survey results discussed in
Sect. 2 and summarized in Fig. 6 provide strong observational support for scenario
(b). In this case the ions will undergo CIR shock acceleration out to 15-20 AU,
and thereafter their transport into the outer heliosphere will involve convection,
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adiabatic deceleration, and spatial diffusion mediated by magnetic fluctuations that
may well contribute to further acceleration leyg, the second-order Fermi process.

However the situation is quite different for the cosmic ray components. The 3-
day moving averages of 6-10 MeV/amuHeearly show the continuous presence
of ~26 day periodic variations in the Voyager 1 data over this 3.4 interval year and
their apparent absence in the Voyager 2 observations. The Voyager 1 periodicities
also occur in the other galactic and anomalous cosmic ray components but are
strongest near 6 MeV/amu in the region of the peak of thé eleergy spectrum.
There does not appear to be a consistent relation between the variations in cosmic
ray intensity (Fig. 15) and the variations in solar wind speed at Voyager 2 (Fig. 14),
but two of the five rapid rises in solar wind speed observed at Voyager 2 (1997.22
and 1977.30) are in reasonable close association with short term modulation events.

The difference between the Voyager 1 and Voyager 2 observations may reflect
the actual heliomagnetic latitude of the two spacecraft with respect to the helio-
spheric current sheet. In 1997.0, Voyager 1 is at a nominal heliolatitude Nféd
Voyager 2 is at 17S. However the 1994—-1995 Ulysses cosmic ray studies during
the fast latitude scan indicated a displacement of the surface of symmetry of the
modulation by about I of the heliographic equation (Simpsen al, 1996;
Heberet al, 1996). If this shift was present in the outer heliosphere and persisted
through 1998.4, then Voyager 2 would be appreciably closer to the heliographic
equator.

Studies of the long-term modulation of galactic and anomalous cosmic rays
over this period (McDonaldt al, 1998) indicate that the recovery rate observed at
Voyager 1 and Voyager 2 are remarkably similar. This would argue that the 26-day
variations observed at Voyager 1 do not have any significant effect on the long-term
modulation of cosmic rays.

3.6. ROLE OFCIRs, GMIRS, AND OTHER STRUCTURES INGLOBAL COsMIC
RAY MODULATION: A MODELING PERSPECTIVE

The development and utilization of comprehensive models, especially time-depen-
dent models within the framework of the standard transport theory, have been
responsible for much progress in understanding the relative importance of the
various mechanisms involved in cosmic ray modulation at different time scales.
An important step in the modeling tng-term modulationvas achieved when Le
Roux and Potgieter (1990) illustrated that the general observed modulation features
from 1985 to 1987 could be reproduced well by using the wavy heliospheric current
sheet (HCS) as thanly time-dependent parameter in a drift model that accounts for
drift-related as well as diffusion and convective effects. Before and after this period
the model was less successful, so that they concluded that drifts were of primary
importance as long as the waviness of the HCS was modezatéth ‘tilt angles’

a < (35+5)°. Becausan is a good indicator of solar activity, this indicates that
for several years around solar maximum the modulation is not drift ‘dominated’.
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The transition may happen either gradually (between 1984 and 1987.3, increasing
drift effects) or rapidly (after 1987, decreasing drift effects), depending on the rate
of change in global solar activity and therefore on global modulation conditions
(Potgieter and Le Roux, 1992a; 1992b). A reason why the mentioned model was
less successful after the 1987 solar minimum was that the deformation, together
with the spatial evolution, of the wavy neutral current sheet were ignored. Once
these effects were simulated it became evident that the net result was to produce
less drift effects (Le Roux and Potgieter, 1992). It also clearly showed that more
than just the changes in the HCS was necessary in the models to understand what
happened to modulation during moderate to large solar activity periods.

From an observational point of view, the large and discrete steps in modulation,
especially during periods of moderate to high solar activity, have been known since
the 1960s (Lockwood, 1960). However, it was only in the 1980s that McDatald
al. (1981) had put new perspective on these phenomena and their role in long-term
modulation. This stepwise modulation has clearly been detected by spacecraft out
to beyond~ 50 AU (e.g, McDonaldet al, 1993; Van Allen, 1993). These steps
are very prominent in the outer heliosphere, especially when solar activity exceeds
moderate levels. Furthermore, these steps had occurred episodically during both
magnetic cycles, whereas drift models predict an insensitivity to changes in the
HCS during so-called > 0 cycles. HCS drifts still occur, of course, but due to the
direction of the drift velocity field, the wavy HCS ‘surrenders’ its dominance as
an important modulating parameter. But, depending on the level of solar activity,
global drifts together with the other main, and well-known, modulating mecha-
nisms of diffusion, convection and adiabatic cooling still have a long-term effect,
causing what may be considered the base-line of 11 and 22 year modulation cycles
on which recurrent events of whatever size are superimposed.

Burlagaet al.(1985a; 1991; 1993) illustrated that one could attribute the mod-
ulation steps detected by the Voyager spacecraft to the passage of relatively long-
lived shells with intense and disturbed magnetic fields, which emphasized the
importance of these large-scale phenomena and that they ought to be taken into
account in modulation studies. The concept of MIRs corresponds to the so-called
propagating ‘barriers’ that were used in a time-dependent numerical model first by
Perko and Fisk (1983), see also Perko (1993). The concepts of both a ‘semi-steady-
state barrier’ (beyond the termination shock) and propagating ‘time-dependent
barriers’ (inside the shock) as large-scale diffusive modulation features have been
advanced by several authors, although with emphasis on different aspegts (
Quenbyet al, 1990). The MIR concept for time-dependent, propagating ‘barri-
ers’ seems to be the most plausible so far. It is clear that a new paradigm of CR
modulation developed that incorporated both the effects of long-lived, large-scale
transients moving through the outer heliosphere and that of gradient, curvature and
HCS drifts. There had been three key elements in the evolution of this concept (see
McDonaldet al., 1993; Potgieteet al, 1993; Potgieter, 1994):

() The study of the temporal and spatial variations of galactic and anomalous
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cosmic rays at multiple locations throughout the heliosphere.

(ii) The observations of large-scale transients in the interplanetary medium formed
beyond 15 AU during periods of enhanced solar activity.

(iii) The development of global, time-dependent simulations (models) of the mod-
ulation process that allow detailed exploration of the effects of drifts with the
changing inclination of the HCS, of the effects of large-scale disturbances moving
out in the solar wind and of the consequences of combining both drifts and GMIRs.

The incorporation of GMIRs in global models gives a very natural and con-
vincing explanation for the observed large step decreases in long-term modula-
tion (Potgieteret al, 1993; Potgieter and Le Roux, 1994). The simulation of
two GMIRs, together with a decreasing ‘tilt angle’ for the HCS for bgtk O
andA < 0 epochs, illustrated that the effects of the 2 GMIRs could be completely
different, but very significant, during the recovery phases of these polarity epochs.
Le Roux and Potgieter (1995) showed, to the first order, that the main features
of the complete 1977 to 1987 proton modulation cycle can be reproduced with a
HCS-drift model combined with 4 major GMIRs which was the number observed
during that cycle. Each simulated GMIR was assumed to affect the CR intensity
for a maximum of two years, so that long-term modulation for the first and last 2—3
years of the 19741987 simulated cycle was totally controlled by the changing
HCS. The peaked profile for the< 0 polarity epoch, in contrast to the plateau-
like profile of theA > 0 epoch, is a characteristic feature of drift models. From this
it became evident that aaxtendedCR intensity-time plateau region, as observed
from 19721978, does not necessarily have to occur again during the present
A> 0 epoch, which seems to be the case. A plateau-like region should, however,
be seen when solar activity approaches minimum values and drift effects become
important. For more detail, see the review by Potgieter (1995). The parameters that
are important to GMIRs were discussed in detail by Potgieter and Le Roux (1994)
and Haasbroekt al.(1995).

Potgieter and Le Roux (1994) emphasize that the simulated GMIRs give a very
natural and convincing explanation for the observed large step decreases in CR
modulation and that without drifts, and without GMIRSs, the simulation of long-
term modulation becomes inadequate, implying that the combination of drifts and
GMIRs is essential in explaining long-term modulation over 11- and 22-year cy-
cles. The combination of drifts and GMIRs in one comprehensive model provides
the best theoretical simulation of complete 11 year and 22 year CR modulation
cycles so far.

Other types of MIRs were found to be of secondary importance in long-term
modulation modeling but cannot be neglected (Le Roux and Potgieter, 1995). A
series of these effects, and for that matter also CIRs with a relatively large spatial
extent, can influence modulation on a time-scale of a year or even more. They
can moderate the recovery (or enhance the long-term decrease rate) of cosmic
rays as apparently happened in 1993-94. For this to be effective, the modeling
indicates that a whole series of CIRs has to occur, and they should be relatively
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large recurrent structures; a few small structures will have no effect, at least not on
what can be considered long-term modulation.

4. The Origin of Recurrent Non-Dispersive Particle Enhancements in the
Outer Heliosphere

J.R. OKIPII, R. B. DECKER, andP. R. GAZIS

The Voyager 1 and Voyager 2 spacecraft both observed non-dispersive quasi-recurrent
energetic ion increases at low to moderate heliographic latitud85°} at large
distances from the Sun. These energetic particle enhancements were observed at
heliocentric distances as great as 45 AU. As discussed in Sect. 3 in the discussion
for Figs. 9, 10, 11, 12, and 14, these events were correlated with increases in solar
wind speed. They resemble the energetic particle enhancements associated with
shock acceleration closer to the Suf {5 AU). But there is little evidence for
corotating interplanetary shocks at these large heliocentric distances and the origin
of these events has yet to be explained. This constitutes an important unsolved
problem in the outer heliosphere.

Observational studies of the evolution of interplanetary shocks at heliocentric
distances less than15 AU (Smith and Wolfe, 1976; Mihalov and Wolfe, 1979;
Gazis, 1984; Gazist al, 1985; Dryer, 1987; Mihalov, 1987). These studies sug-
gest while some transient events can persist to large distances from the Sun, shocks
associated with CIRs and their successors decline in frequency and strength at
heliocentric distances greater thad—5 AU.

There are very few reports of direct observations of corotating shocks at helio-
centric distances greater tharl5 AU. Smithet al. (1985) conducted a survey of
interplanetary events at heliocentric distances up to 30 AU, but most of the shocks
they observed were associated with transient events. Burlaga (1994) conducted a
survey of shocks observed at Voyager 2 between 1986 and 1989 as that spacecraft
traveled between 18.9 and 30.2 AU. Only 5 shocks were observed at Voyager 2 dur-
ing this time period. Three of these shocks were very wéék € 1.5) while one
of the remaining events occurred in association with a global merged interaction
region and may have been associated with a transient event. La&taati$1999)
reported that many events observed at Voyager 2 near 45 AU that resemble shocks
do not appear to be shocks upon closer examination.

Observations such as these suggest that corotating shocks are rare at large he-
liocentric distances, and should not be a significant source of particle acceleration.
This suggests two possibilities: 1) Some particles may accelerated in the outer
heliosphere in the absence of shocks. 2) The energetic particle enhancements ob-
served in the outer heliosphere are remnants of shock acceleration events that
occurred closer to the Sun.

We consider the conditions under which diffusive shock acceleration may occur.
The point is that a shock in nature is not really discontinuous, but has a char-
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acteristic scald.g, over which the fluid velocity changes. Clearly,Lif, is small
enough, the shock can be regarded as discontinuous, and particles will be efficiently
accelerated, whereasli;, is too large, the particles will simply see a slow change

in velocity and not be much accelerated.

Clearly, then, for acceleration to occur in this shock, the shock sggtaust be
smaller than a characteristic scale of the diffusive motion of the particle. There are
three length scales which might be relevant. These are the particle gyro-radius in
the average local magnetic fielg, the diffusive scattering mean free pakhand
the diffusion lengthLqir = Kxx/Ux 1, Where we takex to be the direction normal
to the shock front antly ; is the upstream flow speed normal to the shock. The
guestion to be answered is which scale determines the effect of the shock on the
particles?

To answer this, first note that in diffusive shock acceleration is described well
by the Parker (Parker, 1965) transport equation for the pitch-angle-averaged dis-
tribution functionf(r, p,t) as a function of positiom, particle momentunp, and
timet, in a fluid moving with velocityU(r,t). The equation may be written as

of 0 [ (g0f 1 of

— =— |k —|—-U-0f=Vq -Of+=0-U|=—— 1
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where the successive terms on the right-hand side correspond to diffusion, con-

vection, particle drift, adiabatic cooling or heating and any local soQrcEere,

for particles of speed, momentump and chargey, and scattering time somewhat

greater than the gyroperiod, the drift velocity is

_ pew B
Vd— 3q [ x |:BZ:| (2)

where c is the speed of light an(éf) is the symmetric part of the diffusion tensor,
corresponding to the diffusive random walk of the particles. In general, we may

write Ki(-S) in terms of the magnetic field componeBsandk|| andk  , the diffusion
coefficients parallel and perpendicular to it, as
K. —Kj) BiB;j
o =r) BB 3)
B

Because of the general nature of the transport equation, it may be applied equally
well to perpendicular and parallel shocks. Notice that the gyroragiasd mean
free pathA do not appear in this equation and hence are not relevant. Indeed, it may
be shown that the solutions to this equation for a velocity profile corresponding

to a planar shock with velocity scaley, approach the standard diffusive shock
acceleration solutions for the case

Lait < Lsh (4)

whereas in the opposite limit, the particles are simply compressed adiabatically as
the gas is compressed in the decreasing flow.

Kip = K.8ij -
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If the diffusion limit is inapplicable €.g, for example, if the particle speeds are
small compared with)y 1) then one of the other scales, the gyroradius or scattering
mean free path must be considered. It remains to be determined which of these
distance scales is appropriate. A detailed survey of shock-like structures in the outer
heliosphere will be required to determine if these structures could be associated
with particle acceleration.

If the energetic particle enhancements observed in the outer heliosphere are
not generated locally, but are remnants of shock acceleration events that occurred
closer to the Sun<15-20 AU), their transport into the outer heliosphere will
involve convection and adiabatic deceleration, and spatial diffusion mediated by
magnetic fluctuations. Magnetic fluctuations may also contribute to further accel-
eration by the 2nd-order Fermi process. It is clear that we need to take a fresh
look at the available energetic ion data from the perspective that shock acceleration
may well have ceased beyond 10-15 AU, take a careful look at intensity and en-
ergy spectral variations as a function of radial distance, and compare these results
against theoretical expectations.

5. Conclusions

P.R. GAZIS andR. B. DECKER

CIRs and their successors continue to evolve as they are convected to greater he-
liocentric distances. A succession of different types of structure are observed at
increasing distance from the Sun. Most of the structures observed at heliocentric
distances less than 15-20 AU appear to be corotating. CIRs are a dominant struc-
ture between 2-8 AU. Between 8-12 AU, CIRs are replaced by MIRs. Between
distances of+12 AU and 15-20 AU, shocks decline in frequency and strength and
MIRs are replaced by corotating pressure enhancements.

At heliocentric distances greater than approximately 15-20 AU, two different
types of structure are observed. In the vicinity of the solar equator, both Pioneer 10
and Voyager 2 observed broad and non-periodic enhancements in solar wind den-
sity and temperature during which solar wind speed remains constant. These may
be remnants of the corotating structures that are observed close to the Sun, but the
lack of periodicity also suggests that they might be related to temporal variations at
the solar wind source region. At higher heliographic latitudes, Voyager 2 observed
periodic enhancements in solar wind temperature and speed during which solar
wind density remained constant. The cause of these differences is also an unsolved
guestion. It may be related to latitudinal gradients, solar cycle variations, or the
effect of pickup ions at Voyager 2.

Energetic particle enhancements, similar to those that are associated with shocks,
are observed at heliocentric distances as great as 45 AU during the decline phases
of solar cycles 21 and 22. These energetic particle enhancements were associated
with enhancements in the H/He ratio of 15-30, which is similar to the enhancement
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in H/He associated with reverse shocks at smaller heliocentric distances. The origin
of these particle enhancements remains to be determined, as there is little evidence
for corotating shocks at these heliocentric distances. Such jumps in solar wind and
IMF parameters as occurred were not always correlated or discontinuous. It may
be that these events were still sufficiently narrow that some particle acceleration
occurred. Another possibility might be that the particle enhancements observed at
large heliocentric distances are associated with events that occurred closer to the
Sun.

Near the 1986 and 1997 solar minima, energetic particle enhancements dis-
appear, but periodic cosmic ray modulations were observed with periods in the
vicinity of 26 days. These events were often anti-correlated ®Witfihese events
appear to be associated with the low inclination of the HCS.
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