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Abstract. We test a theory presented previously to account for the turbulent 
transport of magnetic fluctuation energy in the solar wind and the related dissipation 
and heating of the ambient ion population. This theory accounts for the injection 
of magnetic energy through the damping of large-scale flow gradients, such as 
wind shear and compression, and incorporates the injection of magnetic energy 
due to wave excitation by interstellar pickup ions. The theory assumes quasi-two- 
dimensional spectral transport Of the fluctuation energy and subsequent dissipation 
that heats the thermal protons. We compare the predictions of this theory with 
Voyager 2 and Pioneer 11 observations of magnetic fluctuation energy, magnetic 
correlation lengths, and ambient proton temperatures. Near-Earth Omnitape 
observations are used to adjust for solar variability, and the possibility that high- 
latitude effects could mask possible radial dependences is considered. We find 
abundant evidence for in situ heating of the protons, which we quantify, and show 
that the observed magnetic energy is consistent with the ion temperatures. 

1. Introduction 

For a long time, two contrasting paradigms 
have attempted to describe the nature and evo- 
lution of the low-frequency fluctuations of the 
interplanetary magnetic field (IMF) and asso- 
ciated thermal proton moments (density, veloc- 
ity, and temperature) in the solar wind. In the 
first, fluctuations in the wind and IMF are pre- 
sumed to be waves, most likely Afiv•n waves, 
that are remnant signatures propagating out of 
the solar corona [Coleman, 1966; Belcher and 
Davis, 1971; Barnes, 1979]. In the second the 
fluctuations arise in situ as a result of large- 
scale interplanetary sources such as wind shear 
and evolve nonlinearly in a manner analogous 
to traditional hydrodynamic turbulence [Cole- 
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man, 1968]. Single-point measurements are 
largely incapable of resolving the issue as the 
two viewpoints often predict, or are consistent 
with, similar single-point measurements (possi- 
ble high correlation between the magnetic and 
velocity field fluctuations, density fluctuations 
that are small and correlated with field fluctu- 

ations, magnetic and velocity fluctuations that 
are transverse to the mean magnetic field, min- 
imum variance directions that are aligned with 
the mean field, etc.). The most discriminating 
test of the two viewpoints requires that the evo- 
lution of the system be examined and compared 
with predictions for the two paradigms. 

Low-frequency Alfv•n waves are thought to 
evolve according to leading-order WKB theory 
[Hollweg, 1973, 1974, 1990], wherein the wave 
evolves according to a noninteracting dynamic 
that preserves the identity of each individual 
wave. Any dissipation mechanism that is active 
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within the plasma is expected to leave voids regulates the dissipation processes by control- 
in the spectrum as replenishment cannot oc- ling the level of energy available for dissipation 
cur without some postulated additional source. by the sink terms. 
For this reason, there is a natural limit to the A number of studies address the purported 
heating rate [Schwartz et al., 1981]. The turbu- turbulent evolution of solar wind fluctuations 
lence viewpoint is that the fluctuations (some by examining transport equations for inertial 
of which may be wave-like) represent inherently range fluctuations [Zhou and Matthaeus, 1990; 
nonlinear modes of the system. Such fluctua- Verma and Roberts, 1993; Tu and Marsch, 1995]. 
tions are constantly interacting, and energy is Zank et al. [1996] offer an early test of the 
transferred between the various spatial scales turbulence paradigm for the energy-containing 
represented in the spectrum [Kraichnan and range by examining the radial variation of IMF 
Montgomery, 1980; Matthaeus et al., 1995]. In fluctuation energy using Voyager 1 and 2 and 
the latter viewpoint the large-scale sources of Pioneer 11 observations. The observations are 
the energy act to replenish the smaller scales seen to possess more energy than the simple 
and resupply the dissipation mechanism. The WKB prediction, but significantly less energy 
heating rate is at least partially dictated by the than a modified form of WKB with enhanced 
spectral transfer rate from the large "energy- driving by pickup ions. In the latter prediction 
containing" scales to the small scales. the pickup ions excite additional wave energy 

We can demonstrate these ideas by writing a that is unable to dissipate significantly in the 
simplified, general expression for the transport WKB model, so that the prediction accumu- 
of turbulent energy: lates too much magnetic energy in the outer 

hellosphere. Observations of IMF fluctuation 
•Z 2 •Z 2 A 

+ Vsw 4 Z 2 - D + S, (1) energy beyond ,.•10 AU are too large to be ex- 
ert Or r plained by the turbulence model if wind shear 

where Vsw is the solar wind speed and r is alone drives the turbulence, but are consistent 
the heliocentric distance. Z 2 - {v 2 + b 2) is with the turbulence model if both wind shear 
the ensemble-averaged fluctuation energy den- and pickup ions drive the turbulence. If dissi- 
sity expressed in Els/isser variables with v the pation is as critical as the above suggests, then 
solar wind velocity fluctuation. The magnetic the thermal protons must exhibit a signature of 
field B is expressed in Alfv•n units this in situ heating. 

Richardson et al. [1995] performed an anal- 

b- 5B/v/4•r p, (2) ysis of thermal proton distributions observed 
by Voyager 2 from launch until late 1994 when 

where 5B is the magnetic field fluctuation rel- the spacecraft was at 42 AU. A fit of proton 
ative to the local mean field (B) - B0 and temperatures T produced the result that T - 
p is the mass density. D represents the gen- 3.77 X 10 4 r -ø'49ñø'ø1, where r is the heliocen- 
eral driving terms, while $ collects the sink (or tric distance measured in AU. Arguably, this fit 
dissipation) terms. The prediction for station- begins to degrade beyond •25 AU where the 
ary WKB theory can be obtained by setting observed proton temperatures are falling less 
•Z2/•t - 0, A - 1, D - 0, and $ - 0 to get rapidly than the fit function, but this is not un- 

2 -1 ambiguously clear until the data are extended ZWKs • r Taking into account that p • r -2 ß ] 

we obtain the WKB prediction for the radial to 1998 as we will show in this paper. Richard- 
evolution of magnetic energy (5B) 2 • r -•. The son et al. [1995] observe that the apparent dis- 
source terms are then capable of elevating the agreement may be the result of energy injected 
magnetic energy above the WKB prediction, by the pickup of interstellar neutrals, but also 
while the sink terms reduce the magnetic fiuc- add that other explanations including latitu- 
tuations in favor of heatingthe background par- dinal and solar cycle effects are possible. In 
ticles. Correct determination of D indirectly a related paper, Richardson et al. [1996] ex- 
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amine the thermal anisotropy of the ambient 
proton population observed by the Voyager 2 
spacecraft and provide additional evidence for 
heating, possibly via the pickup of interstellar 
neutrals. While the radial temperature depen- 
dence reported by Richardson et al. [1995], and 
given further examination in this paper, ne- 
glects anisotropy, the anisotropy is not large 
enough to significantly complicate this analy- 
sis. 

Gazis and Lazarus [1982] fit a shorter interval 
of this same Voyager data set from I to 10 AU 
to obtain T crr -ø'7. Both results are easily 
distinguished from the T • r -4/3 prediction 
of adiabatic expansion and provide strong indi- 
cations that heating of the solar wind protons 
occurs within 20 AU. Gazis [1994] argues that 
latitudinal effects may be the dominant consid- 
eration in evaluating the radial dependence of 
Voyager proton temperatures, and so we will 
address this issue in section 3. Observations by 
the Helios spacecraft [Freeman, 1988] are in- 
dicative of interplanetary heating inside 1 AU, 
particularly for intervals with solar wind speed 
Vsw > 500 km s -•. 

Matthaeus et al. [1999b] provide a prelimi- 
nary examination of solar wind heating and a 
comparison with turbulence predictions [Marsch 
and Tu, 1989; Zhou and Matthaeus, 1990; Mat- 
thaeus et al., 1996]. Using only Voyager 2 ob- 
servations, they demonstrate that the radial 
evolution of the correlation length for IMF fluc- 
tuations is accurately predicted by the theory. 
In addition, and more important, they show 
that the radial variation of the proton tem- 
perature agrees with predictions derived from 
a theory of two-dimensional turbulence driven 
by wind shear and pickup ions. However, nei- 
ther Zank et al. [1996] nor Matthaeus et al. 
[1999b] considers variations due to solar cycle 
and spacecraft latitude. In this paper we ex- 
amine both of these issues and provide a more 
discriminating demonstration of the validity of 
this theory. 

As with Zank et al. [1996] and Matthaeus 
et al. [1999b], we consider two energy sources 
for driving turbulence, leading to enhanced in 
situ heating of the interplanetary ions: wind 

shear and newborn interstellar pickup ions. We 
will argue that the former is most active for 
r < 20 AU while the latter is active only outside 
the ionization cavity (r > 8 AU). As a source for 
thermal proton heating, wind shear generates 
low-frequency magnetic fluctuations predomi- 
nantly in the energy-containing range at scales 
much larger than either the proton gyroradius 
or the ion inertial length. This energy must be 
transported to smaller spatial scales where var- 
ious kinetic dissipation processes can convert 
the organized plasma fluctuations into heat. In 
section 2 we will describe a theory for the tur- 
bulent transport of magnetic energy that does 
exactly this without consideration for the de- 
tails of the actual dissipation mechanism. It is 
an assumption of the turbulence model that the 
energy dissipation rate is governed by the rate 
of energy transfer through the inertial range, 
and not the specific mechanism of magnetic en- 
ergy dissipation. 

While the pickup process can also excite high- 
frequency waves [Gray et al., 1996] that may di- 
rectly heat the background ions, it is commonly 
held that most of the energy deposition is in 
the form of Alfv•n waves at larger spatial scales 
[Lee and Ip, 1987]. The dynamics of the dom- 
inant Alfv•n wave energy deposition involves 
the scattering of newborn ions out of their ini- 
tial ring beam distribution with concommittent 
generation of MHD waves (see Zank [1999] for 
a review). If one assumes that the scattering 
rapidly leads to a bispherical shell [Johnstone 
et al., 1991; Williams et al., 1995], then one can 
estimate that this process liberates •10% of the 
pickup energy for the excitation of magnetic 
waves. Regardless of the details, the newly 
injected wave energy participates in the same 
turbulent transport of energy to the dissipation 
scales. 

It should be noted that the above estimate 

for the energy in the pickup ion-excited waves 
is very crude and subject to several important 
assumptions. As we discuss below, the energy 
estimate derived from a quasi-linear theory bi- 
spherical calculation should be regarded as an 
upper limit only. Implicit in the assumption 
that the asymptotic ion distribution is a bi- 
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spherical distribution is the assumption that 
the '' pmKup ions lose a maximum amount of en- 
ergy to waves and that the ions experience no 
energization beyond the shell distribution of ra- 
dius Vsw. 

In the section that follows we outline a theory 
for the turbulent heating of the solar wind ther- 
mal ions through the cascade of energy from 
large-scale sources to the dissipation scales. The 
two energy sources that will be considered are 
wind shear and waves due to newborn pickup 
ions. In section 3 we analyze Voyager 2 and 
Pioneer 11 data in a test of the theory. We 
close by summarizing our results and provide 
two appendices that attempt to describe un- 
certainties in this (and potentially any) analy- 
sis of the correlation length of IMF fluctuations 
as well as revealing some of the uncertainty in 
our choices of theoretical parameters. 

Vii 

Figure 1. Bispherical distribution composed 
of the dotted circle for vii < -Ysw,II and the 
dashed circle for vii > -Vsw,II where [I / _1_ in- 
dicates parallel/perpendicular, respectively, to 
the IMF and v is the particle velocity. 

2. Theory 

Three principle sources exist for turbulence 
in tl•e outer heliosphere. The first is shear as- 
sociated with the interaction of fast and slow 

speed streams [Coleman, 1968], and the second 
is compressional effects associated with both 
stream-stream interactions and shock waves. 

The third source, which occurs beyond the ion- 
ization cavity, is turbulence generated by wave- 
particle interactions associated with the ioniza- 
tion of interstellar hydrogen. Both the shear 
and compressional source terms can be scaled 
approximately as [Zank et al., 1996] 

•shear(comp) -- Cshear(comp)• UWz (a) 

where Cshear(comp) are prescribed constants. 
The ionization of interstellar neutral H in- 

troduces an unstable ring beam distribution of 
pickup ions into the solar wind. The pickup 
ions are assumed to scatter in pitch angle by 
excited and ambient low-frequency waves while 
preserving their energy in the wave frame (see 
Figure 1). If the pickup-ion-generated (unsta- 
ble) parallel-propagating modes dominate the 
fluctuation spectrum, then the pickup ions scat- 
ter onto partial shells centered on +V• (dotted 

and dashed circles in Figure 1), where V• is 
the Alfv•n speed, and asymptotically onto a 
"bispherical" shell distribution. This is to be 
contrasted with elastic scattering in the solar 
wind frame, which would yield a spherical dis- 
tribution (solid curve). The difference in kinetic 
energy between the spherical and bispherical 
distributions is given to the waves, and their 
free energy is -• VA/Vsw of the initial pickup 
ion number density [Williams and Zank, 1994]. 
The source term for pickup ion generated tur- 
bulence is [Williams and Zank, 1994] 

•PI : dnpiVAVsw (4) 
dt nsw 

VswVAn• 
exp [-,kp•/r sin 0], 

n•w T.ø ion 

where npi,sw denote pickup ion and solar wind 
number densities, respectively, and the time 
derivative refers to a creation rate rather than 

an advective derivative. We take n•w , the ther- 
mal proton density at 1 AU, to be 5 cm -•. We 
assume V• to be 50 kms -• at all heliocentric 
distances and Vsw - 400 kms -•. We express 
the pickup ion creation rate in terms of the cold 
gas interstellar neutral distribution approxima- 
tion, and n• should be interpreted as the neu- 
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tral number density at the termination shock. 
This approximation is reasonable, provided n• 
is chosen properly, and we take n• - 0.1 cm -•. 
Finally, 0 rio, is the neutral ionization time at 
1 AU, which we take to be 10 • s; •p• is the ion- 
ization cavity length scale, which we take to be 
8 AU; and t• is the angle between the observa- 
tion point and the upstream direction, which 
we take to be 0 ø. 

The parameters used in (5) should also be 
viewed cautiously. Equation (5) assumes a cold 
neutral H distribution [ Vasyliunus and Siscoe, 
1976], which is certainly an inaccurate repre- 
sentation of interstellar neutral H in the helio- 

sphere (see Zank [1999] for an extensive review 
of the hot and cold neutral H models). The 
scale length of the ionization cavity •p• can 
vary with solar cycle, as can the ionization time 

0 
rio,. The value of n•, too, is poorly constrained 
since considerable filtration of interstellar H is 

expected as it enters the heliosphere. In ad- 
dition, the solar wind proton density at 1 AU 
can vary by a factor of 2. Finally, we should 
observe that (5) is valid strictly for a radially 
symmetric solar wind; it does not take into ac- 
count latitudinal variation of the wind. 

As discussed in Appendix A, the assumption 
that the pickup ions scatter rapidly onto a bi- 
spherical distribution is not completely justi- 
fiable. We further disregard acceleration pro- 
cesses (Fermi, drift, etc.) for pickup ions that 
are a potential source of wave energy. The 
present approach therefore allows a calculation 
of an upper limit on the pickup-ion-induced en- 
hancement of the ambient turbulent magnetic 
field fluctuation spectrum. We allow for in- 
complete scattering of the pickup ions and sub- 
sequently limited wave generation and proton 
heating by the pickup population below. 

The combination of our assumptions under- 
lying both the bidirectional distribution and 
the physical parameters needed for the pickup 
ion wave source term must render the actual 

value of/•p• very uncertain. However, as noted, 
(5) provides a maximum estimate (subject to 
our assumed parameters) of the turbulence lev- 
els that interstellar pickup ions can drive. Ac- 
cordingly, we introduce a parameter 0 _< ft) _< 

1, which multiplies the right-hand side of (5) to 
give a fraction for the maximum possible mag- 
netic fluctuation energy that can be driven by 
interstellar pickup ions. We then scan the 
parameter space of solutions to find appropri- 
ate values that are consistent with observations. 

In this rather crude manner we hope to sub- 
sume into a single parameter ft) the complex- 
ities of the pickup ion scattering process, the 
nonisotropic and temporal character of the so- 
lar wind, and the complex physics of neutral H 
transport throughout the heliosphere. This mo- 
tivation for ft) is discussed further in Appendix 
A. 

To develop a tractable model for the radial 
evolution of MHD-scale solar wind fluctuations, 
we make use of advances in MHD turbulence 

theory, as well as developments in transport 
theory for MHD fluctuations in an inhomo- 
geneous medium. The strategy is to employ 
flameworks that are general enough to accom- 
modate solar wind fluctuations as we currently 
understand them, while also simplifying the 
theoretical description as far as possible. 

As a first step, we view the fluctuations lo- 
cally as nearly incompressible [Zank and Mat- 
thaeus, 1992a], strongly nonlinear, and homo- 
geneous [Tu et al., 1984; Zhou and Matthaeus, 
1990]. This will simplify the description of 
both the transport and the turbulent dynam- 
ics. Transport equations for such locally ho- 
mogeneous incompressible fluctuations, derived 
using an assumption of scale separation (;k/r 
1), thereby generalizing WKB theory [Marsch 
and Tu, 1989; Tu and Marsch, 1993; Zhou and 
Matthaeus, 1990; Matthaeus et al., 1994], have 
been used to explain various features of solar 
wind turbulence in recent years. These trans- 
port equations involve various correlation func- 
tions (up to 16 in number) that can be written 
in terms of the Elsiisser variables z+ = v-•-b. 
Matthaeus et al. [1994] have shown how these 
equations simplify greatly for the case of the 
energy-containing fluctuations, for which de- 
tailed spectral information is not needed. Zank 
et al. [1996] and Matthaeus et al. [1996] dis- 
cuss how considerable further simplification can 
be employed for application to the outer helio- 
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sphere, for which, for example, the inequality 
U >> Vn may be exploited, along with the 
condition of low or zero net cross helicity (v 
and b uncorrelated). 

To describe turbulent evolution and decay, 
a simplified phenomenological (or "one-point") 
theory can be derived for the evolution of the 
"energy-containing eddies" in a homogeneous 
turbulent MHD medium [Dobrowolny et al., 
1980; Grappin et al, 1982; Hossain et al., 1995]. 
This approach is analogous to the Taylor-von 
K•rm•n approach [Taylor, 1935; yon Kdrmdn 
and Howarth, 1935] for hydrodynamics. A dis- 
tinguishing feature of the MHD case with a lo- 
cally uniform mean magnetic field B0 is the ap- 
pearance of anisotropy in wave number space 
[$hebalin et al., 1983; Oughton et al., 1994; 
$ridhar and Goldreich, 1994; Matthaeus et al., 
1998; Oughton et al., 1998] associated with sup- 
pressed spectral transfer in the direction par- 
allel to B0. For simplicity, we postulate that 
spectral transfer is of the quasi-two-dimensional 
(quasi-2D) or nearly "zero frequency" type, usu- 
ally described by reduced MHD [Montgomery, 
1982; Zank and Matthaeus, 1992b; Oughton et 
al., 1998; Kinney and McWilliams, 1998]. 

The homogeneous decay phenomenology can 
be married to the transport formalism in the 
spirit of a scale-separated expansion [Marsch 
and Tu, 1989; Zhou and Matthaeus, 1990; Mat- 
thaeus et al., 1994]. Accordingly, after assem- 
bly of the above theoretical pieces and imposing 
the simplifications appropriate to the outer he- 
llosphere [Zank et al, 1996; Matthaeus et al., 
1996, 1999b], the theory takes the form 

dZ • A • Z• c• Z a /•PI dr - r U A 4- U' (5) 

dA C' • /• A dr r U Z • ' 

dT 4 T 2 mp oz Z 3 
= + . (7) 

dr 3r 3keU A 

Note that several constants appear in the equa- 
tions. These are either fixed by boundary data, 
determined by our model for shear and pickup 
driving, or else are either fixed or tightly con- 
strained by the geometry (rotational symme- 

try) or other properties of the turbulent fluctu- 
ations [see, e.g., Zank et al., 1996; Matthaeus et 
al., 1996]. We discuss these issues presently. 

Although (5)-(7) are given in steady state 
form, they are derived as initial value equa- 
tions with their temporal variation expressed 
as an advective derivative. We take Vsw = 
400 km s -• to be the (presumed constant) solar 
wind speed. It then becomes necessary to spec- 
ify the initial (boundary) conditions at 1 AU for 
the magnetic fluctuation energy Z•AU, the sim- 
ilarity scale A•AU, and the proton temperature 
T•AU. The remaining parameters: A •, C •, c• and 
•, are heavily constrained by rotational symme- 
try, Taylor-K•rm•n local phenomenology, and 
solar wind conditions [Matthaeus et al., 1996; 
1999b]. We take A •- -1.1, C •- 1.8, c•- 1, 
and /• - 1. /•p• is the energy injection rate 
due to pickup ions defined above. The similar- 
ity scale A may be associated with a correla- 
tion scale transverse to the mean field [Batch- 
elor, 1953] given by f•o RNN(r •, 0, 0)dr • -- L - 
AZ •, where RNN is the two-point autocorre- 
lation function for the N component of mag- 
netic fluctuations. An alternate e-folding def- 
inition for A is that separation distance where 
RNN(A •) -- RNN(O)/e (where e is the base of 
natural logarithms 2.718...). A more detailed 
description of the theory is available [Matthaeus 
et al., 1999b], while Appendix B discusses dif- 
ficulties in associating the similarity scale with 
the correlation length. Z •, A, and T will be 
compared to observations in the following sec- 
tion after identification of 1 AU initial condi- 
tions. 

Last, we define parameters used in the fol- 
lowing comparisons to model the driving terms: 
To model the wind shear and compression, we 
will vary ashear-•-Ccomp in the following anal- 
ysis. Since the functional forms for shear and 
compression driving are the same in the approx- 
imation given by Zank et al. [1996] and above, 
we hereafter refer only to ashear when the sum 
of both source terms is implied. The pickup en- 
ergy input scales as t•r• •, f•v•Un•t/•-, where 
ns is the density of interstellar neutrals and 
•- is their ionization time. We will adjust the 
strength of this term by varying f• below. As 
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an example, if we take f• - 0.04, this would ?50 
mean that only 4% of the particle energy avail- • 
able for wave production by scattering of the • 550 
newborn pickup ions from a beam to a bish- • 
erical distribution is assumed to be deposited • 

> 350 into the flow. A closer examination of this as- 

sumption is presented below and in Appendix •o • 
A. 

3. Observations ,v, 05 , , 1 

Omnitape 

The theory described above assumes a steady, 
radially dependent energy injection terms (wind 
shear and newborn pickup ions) and a con- 
stant source boundary for the solar wind and 
IMF fluctuations. Because the theory assumes • 5 
(v. b / - 0, we neglect measurements taken in 
the inner heliosphere (r • 1) and by Ulysses 
which explored the high-latitude wind. We o 
use the National Space Science Data Center • •o • 
(NSSDC) Omnitape data set [King and Pa- 
pitashvili, 1994] to provide a baseline for so- ,v 10 2 

lar wind observations starting well before the 
launch of the Voyager spacecraft and continuing lO 0 
into the present. The Omnitape measurements 
are used to normalize the Voyager observations 
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in the hope of removing the variability of the Figure 2. (top to bottom) Solar wind speed 
solar source. taken from hourly averages of interplanetary 

observations recorded in near-Earth' orbit as 
3.1. Omnitape Obtained from the NSSDC Omnitape data set 

and averaged over one solar rotation; proton 
Figure 2 shows a series of solar rotation aver- temperatures recorded on the same data set 

and averaged in the same manner, with the ages of the interplanetary plasma parameters as 
recorded on the Omnitape data set from 1977 dashed line set at 3.77 x 10 4 K; solar rotation 

averages of the IMF fluctuation energy at 1 AU 
through 1998. Figure 2 (top) shows the average contained within the N component only as de- 
wind speed with some evidence of solar cycle rived from 10-hour means and averaged over 50 
effects. It is interesting to note that while so- consecutive subintervals; and solar rotation av- 
lar maximum is expected to bring the greatest erages of the combined magnetic and velocity 

fluctuation energy in Alfv•n units, Z • number of disturbances, the average wind speed ' 
actually decreases during these times and the 
highest average wind speeds are observed dur- 
ing solar minimum. Variability from one solar manner, together with the 3.77 x 104K value 
rotation to another is a basic feature of these taken for the mean proton temperature at 1 AU 
data sets and a good measure of the unpre- by Richardson et al. [1995] in their analysis of 
dictability in these numbers as we will be using the Voyager 2 proton temperatures. This value 
them. The systematic variability with solar cy- appears to be low, and the variability seen in 
cle is a good example of the motivation for per- Figure 2 (top) is again present. 
forming the 1 AU normalization described be- Figure 2 (third panel) shows solar rotation 
low. Figure 2 (second panel) shows averages of averages of the IMF fluctuation energy calcu- 
the proton temperature computed in the same lated from 10-hour samples (Ncomponent only) 



8260 SMITH ET AL.' HEATING OF LOW-LATITUDE SOLAR WIND 

over the same period. We use 1-hour averages 
of the N component only, which is generally free 
of sector crossings; compute a 10-hour mean 
and a resulting variance; and average over 50 
such sequential and nonoverlapping 10-hour pe- 
riods to obtain each point in this panel. Subin- 
tervals with variances larger than the magni- 
tude of the mean are discarded under the as- 

sumption that they are contaminated by shocks 
and other transient signals. A high degree of 
variability is seen in association with the l 1- 
year solar cycle. Figure 2 (bottom) shows solar 
rotation averages of Z• as computed for the N 
component only. Variability is seen from l0 • to 
l0 • km • s -• with some anomalously high values 
around 1980; values of Z • - 200 to 400 km • s -• 
are most typical. It is essential that we take 
into account the observed variability of 1 AU 
parameters when examining IMF power and 
proton temperatures in the outer heliosphere 

[Burlaga and Ness, 1993; Zank et al., 1996], 
or temporal variations of the solar source may 
mask the true radial dependence of the data. 

3.2. Voyager 2 

Figure 3 was computed in a manner similar 
to Figure 2, except for the additional top panel 
showing the spacecraft's heliocentric distance 
(solid curve) and heliographic latitude (dashed 
curve). Note that the spacecraft remains within 
l0 ø of the heliographic equator until after mid- 
1993. Figure 3 (second panel) shows the av- 
erage wind speed, which again shows some de- 
gree of variability in association with the so- 
lar cycle. The average wind speed remains 
below 550 km s -• except for a few isolated so- 
lar rotations, suggesting that the spacecraft is 
sampling approximately no more of the high- 
latitude wind than is seen in the Omnitape data 
set. 

The third panel in Figure 3 shows the vari- 
ability of the ambient proton temperature with 
a systematic decrease until -•1988, at which 
time the temperature levels off and begins a 
slow and highly variable increase. (The 1 AU 
value given by Richardson et al. [1995] is again 
plotted for reference as the dashed line.) This 
panel also shows the r -4/3 behavior of the pro- 
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Figure 3. (top to bottom) Solar rotation av- 
erages of the heliocentric distance (solid curve) 
and heliographic latitude (dashed curve) of the 
Voyager 2 spacecraft from launch until late in 
1998; solar rotation averages of the solar wind 
speed; proton temperature averaged over ap- 
proximate solar rotations showing an end to the 
temperature decline starting at -•1990 followed 
by a slow increase in proton temperature while 
the spacecraft remains at relatively low latitude 
for over 5 years with dotted curve representing 
the adiabatic expansion prediction r-4/3; and 
IMF fluctuation energy contained within the N 
component only as computed for hourly sam- 
ples from a 10-hour mean and averaged over 50 
consecutive 10-hour intervals. Analysis is lim- 
ited to pre-1990 observations when spacecraft 
noise is not yet a significant problem. 

ton temperature predicted under the assump- 
tion of purely adiabatic expansion. It is clear 
from the comparison of the observations with 
this prediction that energy is supplied to the 
plasma in the form of heat [Richardson et al., 
1995]. This is made more dramatic by the ob- 
served increase in proton temperature begin- 
ning in 1988. 
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Voyager 2 temperatures (Figure 3) do not rise 
significantly or dramatically as the normalized 
wind speed (Figure 4) rises and the spacecraft 
latitude decreases beyond approximately - 15 ø 
after 1995. 

We now apply the theory of turbulent heat- 
ing and transport outlined in section 2. We do 
so with a sequence of three plots that explore Figure 4. Simple time-lagged ratio of the so- 

lar wind speed observed by Voyager 2 (averaged the parameter space available to the theory and 
over one solar rotation) versus the same for the examine the ability of each parametric variation 
Omnitape data set. The time lag uses the aver- to fit the observed behavior of the data. 
age solar wind speed observed for the particular Figure 5 shows the three analyses of solar subinterval of Voyager 2 data and the observed 
spacecraft location. Note that the upturn in wind measurements we will need to test this 
solar wind speed does not occur until -01995, theory. The IMF fluctuation energy of the N 
when the spacecraft latitude becomes large. component (top) computed as above and nor- 

malized by the time-lagged analysis of the Om- 
nitape IMF data set analyzed in the same fash- 

Figure 3 (bottom) shows the generally de- ion is compared with three different parame- 
creasing IMF fluctuation energy as the space- terizations of the initial conditions for the solar 
craft moves to greater heliocentric distance in wind at 1 AU. The solid curve shows the solu- 
keeping with the analysis of Zank et al. [1996] tion for Z•2AU = 350 km 2 s -2, •AU -- 0.03 AU, 
and Matthaeus et al. [1999b]. Analysis of the and T•AU -- 60,000 K. The long-dashed curve 
IMF data stops before spacecraft noise contam- represents the solution for Z•2^u - 400 km 2 s -2, 
inates the results. •^u - 0.025 AU, and T•^u - 40,000 K. The 

Figure 4 shows an analysis of the average short-dashed curve represents the solution for 
wind speed observed by Voyager 2 divided by Z•2AU -- 250 km 2 s -2, •AU -- 0.03 AU, and 
a time-lagged average of the Omnitape obser- T•AU -- 90,000 K. These initial conditions are 
vations. The time lag is computed to be con- well within the range shown in Figure 2. In 
sistent with the advection time from 1 AU to all cases we take C•h•ar = 2 and the pickup ion 
the spacecraft. Note that the resulting nor- source is turned off (fz> - 0). The theoretical 
malized wind speed is remarkably constant un- predictions for the magnetic energy are virtu- 
til -01995, at which point the average wind ally identical and in good agreement with the 
speed observed by the Voyager 2 spacecraft be- observations. The predictions for the magnetic 
gins a steady increase relative to the Omni- correlation length are also nearly identical and 
tape observations. This is a full 7 years af- seen to be in good agreement with the observa- 
ter the leveling of the Voyager proton temper- tions, with some underestimation of the obser- 
atures, which strongly suggests that the Voy- vations at the larger heliocentric distances. 
ager observations before this point are not the The fact that the three parameterizations 
result of observations of the high-latitude solar yield similar predictions for the magnetic en- 
wind but, in fact, result from enhanced heat- ergy is not unexpected. In fact, the WKB pre- 
ing of the interplanetary protons. At this time diction is also nearly identical to the observed 
(the beginning of 1995) the Voyager 2 space- results [Roberts et al., 1990; Zank et al., 1996]. 
craft is at 45 AU. High-speed winds at 1 AU are This is because the theory assumes that what- 
observed to be generally hotter than the sur- ever energy is added to the IMF fluctuations 
rounding plasma [Barnes, 1979], and Ulysses is ultimately dissipated by spectral transfer to 
observations at high latitudes and in high-speed the small scales. An enhanced spectrum leads 
wind show similarly consistent high tempera- to enhanced cascade and an increase in dissi- 
tures [McComas et al., 2000]. The normalized pation, so that a wide range of parameteriza- 
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tions lead to very nearly identical magnetic en- 
ergy levels. The same cannot be said of the 
proton temperature since heating is the end 
result of the turbulent energy cascade. The 
proton population can accumulate significantly 
distinct levels of thermal energy depending on 
the heating rate. This is perhaps the key dis- 
criminator for solar wind heating models. 

Figure 5 (second panel) shows the measured 
correlation length for the N component com- 
puted from the integration definition (squares) 
and e-folding definition (pluses) described in 
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section 2. Values for the correlation length 
are computed using 120-hour maximum lags for 
individual solar rotations. The resulting esti- 
mates are then averaged over 3 AU. Values for 
1 AU are obtained from the Omnitape data set 
using the same analysis method. Theoretical 
predictions for the correlation length derived 
from the same solutions of (6) are also plotted 
using the same solid and dashed line convention 
as above. Again, the agreement is generally 
good with the theoretical predictions showing 
nearly identical results and slightly underesti- 
mating the observations. 

The third panel of Figure 5 shows the mea- 
sured proton temperature normalized by the 
time-lagged analysis of the Omnitape data set. 
The observations are consistently bracketed by 
the three theoretical formulations until the most 

recent observations beyond •40 AU. Consider- 
ation of solar cycle effects fails to resolve the 
clear difference between the observations and 

the predictions of simple adiabatic expansion 
given by the r -4/3 dashed line. Evidently, wind 
shear alone provides a good description for the 
proton temperature out to •40 AU. From this 
point outward, the ambient protons are system- 

Figure 5. (top to bottom) Observed IMF fluc- 
tuation energy in N component normalized by 
1 AU observations (squares) versus the theoret- 
ical predictions for turbulence driven by wind 
shear alone for three different sets of initial con- 
ditions as described in the text; observed corre- 
lation length for the N component computed by 
integration method (squares) and e-folding def- 
inition (pluses) versus theoretical predictions 
for the same three sets of initial conditions 
and with values for 1 AU computed from the 
NSSDC Omnitape data set; observed proton 
temperature normalized by 1 AU observations 
(squares) plotted versus the theoretical predic- 
tions, with dotted curve showing the nondissi- 
pative prediction of adiabatic expansion r-4/•; 
and specific heating rates as predicted by the 
model for the three cases shown above. Note 
that while the heating rates of the three param- 
eterizations are nearly identical, the initial con- 
ditions assume different values for T•AU so that 
different fractional temperature changes are ob- 
tained for the same heat input. 
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atically hotter than the wind-shear-driven the- 
ory predicts. 

There appears to be a significant rise in the 
observed temperature beyond 40 AU, and it is 
unclear from this plot whether the observed be- 
havior is the result of enhanced heating at this 
distance or perhaps the result of latitudinal ef- 
fects (recall that Voyager is observing higher 
wind speeds than Omnitape at this time). We 
will return to this question below. 

Figure 5 (bottom) shows the predicted spe- 
cific heating rates derived from the theory for 
the three parameterizations described above. 
Because all three solutions possess the same 
parameterizations for the driving terms (•'shear, 
Ccomp, and fD), the specific heating rates are 
nearly identical with the variation due only 
to the initial conditions (recall that this is a 
nonlinear theory). The nearly identical spe- 
cific heating rates still produce significant dif- 
ferences in the predicted normalized temper- 
atures shown in the above panel, largely be- 
cause these are normalized to 1 AU values and 

the fractional temperature change for approxi- 
mately equal heat input varies with T•AU. 

Figure 6. (top to bottom) Observed IMF fluc- 
tuation energy in N component normalized by 
1 AU observations (squares) versus the theo- 
retical predictions for turbulence for three dif- 
ferent parameterizations of the shear driving 
term and initial conditions that are identical 
to those used for the solid curve in Figure 5; 
observed correlation length for the N compo- 
nent computed by integration method (squares) 
and e-folding definition (pluses) versus theoret- 
ical predictions for same initial conditions and 
wind shear terms with values for 1 AU com- 
puted from the NSSDC Omnitape data set; ob- 
served proton temperature normalized by 1 AU 
observations (squares) versus the theoretical 
predictions with dotted curve representing the 
nondissipative prediction of adiabatic expan- 
sion r-4/3; and specific heating rates as pre- 
dicted by the model for the three cases shown 
above. Note that while the three parameteri- 
zations use the same value of T•^u, the heating 
rates are changed in response to the three val- 
ues of ashear leading to three different temper- 
ature curves. 

In addition to possible sensitivity to initial 
conditions, the theory parameterizes the driv- 
ing terms for wind shear and pickup ions. We 
next examine the sensitivity of these results to 
parametric variation Of the driving term due to 
wind shear Cshear. 

Figure 6 shows the result of this variation 
for three different values of ashear ---- I (short- 
dashed curve), 2 (solid curve), and 3 (long- 
dashed curve). In each case we use the ini- 
tial conditions' ZX2AU = 350km2s -2, A XAU = 
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0.03 AU, and Tmu - 60,000 K, which is the 
same initial condition shown in the solid curve 

in Figure 5. Again, the magnetic energy (Fig- 
ure 6, top) shows almost identical predictions 
that consistently underestimate the observed 
magnetic fluctuation energy. Enhancing the 
driving term separates the predicted similarity 
length scales (Figure 6, second panel), so that 
the more aggressively the turbulence is driven, 
the greater the prediction underestimates the 
observed correlation lengths. The proton tem- 
perature (Figure 6, third panel) is again brack- 
eted nicely by the range of driving terms; how- 
ever, the theory fails to account for the upturn 
in the temperature observed beyond 40 AU. Be- 
yond this limitation, neither parameterization 
of the driving term shows significant disagree- 
ment with the observations. The predicted 
heating rates are shown in Figure 6 (bottom). 
Since Cshear now varies, it is not surprising that 
the specific heating rates vary, too, and this ac- 
counts for the different temperatures predicted 
by the three solutions. 

Leamon et al. [1999] examined magnetic fluc- 
tuation spectra at 1 AU. By employing a model 
for magnetic dissipation based on kinetic Alfv•n 
waves, they offered an estimate for the pro- 
ton heating rate to be 3 7 x 10 -17 J s -1 m -3 ß ] 

which was 58% of the total dissipation they 
inferred. The remaining energy was argued 
to be go into electron heating. For the spe- 
cific interval they modeled, the proton density 
was 4.54 cm -s which translates the above into 

a specific heating rate of 0.48 x 104j s -1 kg -1. 
This is --3 times the value given by the three 
solutions shown in this figure and 5 times the 
lowest valued solution shown in Figure 5. There 
is as yet no indication whether the prediction 
of Leamon et al. will be sustained when other 
intervals are modeled in the same fashion. Since 

wind shear and compressive heating require time 
to reach peak e•ciency and since 1 AU obser- 
vations are a function of inner heliospheric dy- 
namics, it is likely that 1 AU spectra may yield 
different results than the fitting of Voyager ob- 
servations will provide. Leamon et al. do argue 
that their results agree more nearly with the 
inferred heating rates derived from Helios ob- 

servations [Freeman, 1988] than with Voyager 
observations [Richardson et al., 1995]. 

Last for the Voyager 2 data set, we examine 
the possible role of pickup ions in driving inter- 
planetary turbulence in the outer heliosphere. 
Figure 7 shows a variation of the pickup ion 
source term f• -0.0, 0.01, 0.04, 0.10, and 1.0, 
where progressively higher values of f• are rep- 
resented by shorter dashed lines. In all cases we 
use the same initial conditions used in Figure 6, 
but with a slightly elevated initial tempera- 
ture' Z12AU = 350 km • s -•, Ainu - 0.03 AU, and 
TIAU = 70,000 K, and we use the wind shear 
driving term Cshear -- 2. 

The addition of the pickup ion term, which is 
active outside the ionization cavity and gener- 
ally at larger heliocentric distances than where 
the shear driving term contributes, introduces 
three significant changes in the results shown. 
First, the predicted magnetic fluctuation en- 
ergy is enhanced and the five values of fD can 
be seen to produce five distinct predictions for 
the magnetic energy that offer better agreement 
with the observations than obtained previously 
(Figure 7, top). Second, the predictions for 
the similarity length scales now diverge quite 
severely from the computed correlation lengths 
of the fluctuations (Figure 7, second panel). 
The discrepancy between theory and observa- 
tion is a clear weakness in this version of the 

theory. This discrepancy may be due to the 
theory itself in the way that driving by pickup 
ions influences the similarity scale, to our asso- 
ciation of the similarity scale A with the correla- 
tion scale Ac, to problems inherent in any mea- 
surement of the correlation scale, or to a combi- 
nation of these possibilities (see Appendix B). 
Third, the predicted proton temperature can 
now be seen to possess a distinct upturn in 
the outer heliosphere which appears to be in 
better keeping with the observations (Figure 7, 
third panel). Values of fD • 0.1 give the best 
agreement with the observations. The stronger 
driving due to fD • 0.1 provides too much 
dissipation and excessive proton temperatures 
for these values of initial conditions and wind 

shear driving. Figure 7 (bottom) shows the spe- 
cific heating rates for these five solutions, with 
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the most striking result being that the addition 
of the pickup ion term leads to asymptotically 
constant specific heating rates in the outer he- 
liosphere. 

In spite of the improved agreement with the 
observations offered by the pickup ion driving 
term, it would seem that there is a precipitous 
rise in temperature beyond -040 AU that is too 
abrupt to be matched by the predictions. This 
occurs at approximately the same time that 
the spacecraft is moving below -10 ø of helio- 
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graphic latitude (-01995) and when the space- 
craft is getting well into solar minimum condi- 
tions. Since solar minimum implies the estab- 
lishment of a consistent high/low wind speed 
source pattern at the Sun in association with 
high/low source latitudes, it seems likely that 
Voyager is at this time sampling high-latitude 
and high-speed wind sources that are separate 
from the observations recorded on the Omni- 

tape for near-Earth spacecraft within the eclip- 
tic plane. This suggestion is supported by the 
upturn in the normalized wind speed at this 
time shown in Figure 4. Therefore we now ex- 
amine Pioneer 11 observations as they provide 
a separate and independent trajectory into the 
high-latitude wind that may confirm or refute 
the suggestion that the observed behavior of 
the Voyager temperatures beyond -040 AU are 
linked to spacecraft latitude. 

3.3. Pioneer 11 

The precipitous rise in the normalized proton 
temperature observed by the Voyager 2 space- 
craft from •40 AU onward and as the space- 
craft descends below -10 ø heliographic latitude 
may be the result of increased sampling of the 
fast, hot, high-latitude wind observed by the 
Ulysses spacecraft [McComas et al., 2000]. We 

Figure 7. (top to bottom) Observed IMF fluc- 
tuation energy in N component normalized by 
1 AU observations (squares) versus the theoret- 
ical predictions for turbulence for five differ- 
ent parameterizations of the driving by pickup 
ions term with identical initial conditions and 
wind shear terms as described in the text; 
observed correlation length for the N compo- 
nent computed by integration method (squares) 
and e-folding definition (pluses) versus theo- 
retical predictions with values for 1 AU com- 
puted from the NSSDC Omnitape data set; ob- 
served proton temperature normalized by 1 AU 
observations (squares) versus the theoretical 
predictions with dotted curve representing the 
nondissipative prediction of adiabatic expan- 
sion r-4/3; and specific heating rates as pre- 
dicted by the model for the three cases shown 
above. Enhanced heating due to pickup ions 
leads to nearly constant specific heating rates 
in the outer heliosphere. 
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Yigu•e 8. (top to bottom) $o]• •ot•t[o• •v- 
erages of the heliocentric distance (solid curve) 
and heliographic latitude (dashed curve) of the 
Pioneer 11 spacecraft from launch until late in 
1992; solar rotation averages of the solar wind 
speed showing a marked increase starting possi- 
bly as early as 1980 and peaking in 1987; proton 
temperature showing a remarkably fiat form 
that drops only slightly from 1985 onward with 
comparison to Voyager 2 observations suggest- 
ing that the relatively rapid rise in heliographic 
latitude may account for the systematic rise in 
wind speed and sustained level of ambient pro- 
ton temperature; and solar rotation averages 
of the IMF fluctuation energy contained within 
the N component only. 

can look for possible confirmation of this inter- 
pretation by examining the Pioneer 11 data set. 
The Voyager 1 plasma instrument failed shortly 
after its encounter with Saturn, making high- 
latitude measurements unavailable from that 

spacecraft, and the Pioneer 10 spacecraft has 
not achieved the high latitudes needed for this 
study. Figure 8 shows the basic Pioneer 11 ob- 
servations computed in the same manner as was 
used in the Voyager analysis shown in Figure 3. 

The spacecraft climbed rapidly to -+-15øN lati- 
tude after its encounter with Saturn in 1980. 

There is an unexplained data outage of the 
plasma instrument from day 102 of 1975 un- 
til day 341 of 1977. With the spacecraft lati- 
tude increasing, the observed mean wind speed 
starts to increase as early as 1980, with the 
same short-term variability seen in the Voyager 
data set, and continues until late in 1987 when 
the wind speed falls precipitously. Throughout 
the climb in wind speed the proton temperature 
is observed to be remarkably constant when 
compared with the Voyager 2 observations, and 
this is probably due to the increasing spacecraft 
latitude. Figure 8 (bottom) shows the observed 
magnetic fluctuation energy in the N compo- 
nent, to which we return below. 

Figure 9 shows the average Pioneer 11 wind 
speed normalized by lagged Omnitape observa- 
tions in the same manner as was used in Fig- 
ure 4. This analysis seems to reduce the in- 
terval of high wind speed observed by Pioneer 
11 to the period beginning in 1985, which sug- 
gests that the apparently elevated wind speed 
in Figure 8 from 1980 to 1985 may be related 
to the solar cycle. The precipitous decrease in 
the wind speed, to levels consistent with Omni- 
tape observations, which occurs late in 1987 is 
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Figure 9. Simple time-lagged ratio of the so- 
lar wind speed observed by Pioneer 11 and av- 
eraged over one solar rotation and the same 
for the Omnitape data set. The time lag uses 
the average solar wind speed observed for the 
particular subinterval of Pioneer 11 data and 
the observed spacecraft location. This analysis 
seems to suggest that the rise in wind speed rel- 
ative to the 1 AU in-ecliptic observations starts 
in 1985 when the spacecraft is at 16 øN latitude 
and the solar cycle is in solar minimum. The 
subsequent decline in average wind speed at 
this latitude may be associated with the onset 
of solar maximum. 
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Figure 10. Pioneer 11 analysis. (top) Ob- 
served IMF fluctuation energy in N component 
normalized by 1 AU observations (squares) ver- 
sus the theoretical prediction using the same 
five parameterizations as shown in Figure 7. 
(middle) Observed correlation length for the 
N component computed by integration method 
(squares) and e-folding definition (pluses)ver- 
sus theoretical predictions. Values for 1 AU 
are computed from the NSSDC Omnitape data 
set. (bottom) Observed proton temperature 
normalized by 1 AU observations (squares) ver- 
sus theoretical prediction. Dotted line is the 
adiabatic expansion prediction r -4/3. 

confirmed here. It would seem that solar cycle 
effects at this time have permitted both Pioneer 
and Omnitape to observe similar percentages of 
high wind speed intervals, thereby negating any 
latitudinal effects in the observed temperature 
at thi s time. 

Figure 10 shows the analysis of the Pioneer 
11 data set using the same analysis method em- 
ployed above and compares the Pioneer obser- 
vations with•the predictions of the transport 
theory. The same parameterizations of the the- 
ory as used in Figure 7 are used here. The mag- 
netic energy agrees well with the theory, but the 
correlation lengths continue to provide striking 
disagreement beyond •10 AU. Disagreements 
between the correlation lengths computed from 
the Voyager and Pioneer data sets are not un- 
derstood at this time. We take this up in Ap- 
pendix B. The observed proton temperatures 
are in good agreement with the theory until 
-•20 AU, when they systematically exceed the 
fD = 0 prediction. Excitement of magnetic en- 
ergy and heating of the ambient proton popula- 
tion beyond •20 AU are well characterized by 
fD •> 0.1. However, 20 AU corresponds to the 
high wind speed period of the Pioneer obser- 
vations. The observed proton temperatures re- 
main in keeping with the theoretical predictions 
when the observed wind speed returns to Om- 
nitape levels. This would seem to confirm the 
general applicability of the theory. The sugges- 
tion that the departure of the Voyager observa- 
tions from the theoretical predictions observed 
during recent years is most likely interpreted as 
a latitudinal effect rather than a disagreement 
with the theory would seem to remain unan- 
swered except for the unexplained rapidity of 
the rising temperatures in recent years. 

4. Summary 

We have presented a test of a recent model 
for the turbulent heating of the interplanetary 
plasma. Heating by preexisting fluctuations 
[Schwartz et el., 1981] is insignificant in com- 
parison with the energy that spectral trans- 
port can deliver from the large-scale fluctua- 
tions. The large-scale wind shear and magnetic 
waves generated by the scattering of suprather- 
mal pickup ions constitute a large energy source 
available to the dissipation processes. The non- 
linear processes inherent in the turbulent evo- 
lution of the fluid transport the low-frequency 
energy to smaller spatial scales where resonant 
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and nonresonant processes can dissipate the en- 
ergy, thereby heating the background ions. The 
details of the dissipation process are not impor- 
tant to this model (see Leamon et al. [1998a, b, 
1999, 2000] for discussions of IMF dissipation 
processes). 

We have argued and attempted to demon- 
strate that solar wind protons undergo signifi- 
cant heating as the wind advects outward and 
that the heating continues as far as Voyager ob- 
servations extend. Solar wind expansion is far 
from adiabatic. In so demonstrating, we have 
attempted to take into account solar variability 
using the Omnitape data set and changing heli- 
ographic latitude using both Omnitape and the 
Pioneer l l observations. We have shown that 

a relatively wide range of initial values repre- 
senting solar wind conditions at 1 AU in com- 
bination with a range of parameters describ- 
ing interplanetary turbulence conditions can re- 
produce the observations. This is a nonlin- 
ear model, and it must be admitted that ex- 
treme solutions can be generated, but we have 
attempted to demonstrate that a wide range 
of parameterizations lead to general agreement 
with the observed behavior. Further refinement 

of the applicable parametric range of this model 
is probably not possible and is not warranted 
given the variability of solar wind conditions. 
However, further refinement of the model it- 
self is possible and efforts to explain the clear 
disparity between the predicted similarity scale 
and the observed correlation scale of the tur- 

bulence are ongoing. W'e are presently engaged 
in an effort to apply a suitable extension of 
this model to the high-latitude observations of 
the Ulysses spacecraft where nonzero correla- 
tion between the magnetic and velocity fluctu- 
ations must be taken into account. 

Last, we note that Leamon et al. [1999] pre- 
dict that dissipation of magnetic fluctuations in 
the interplanetary medium will lead to a signif- 
icant degree of heating of the ambient electron 
population at 1 AU. In their theory an approxi- 
mately equal amount of heat is injected into the 
thermal proton and electron populations. The 
theory discussed here omits electron heating, 
but it appears clear from the range of param- 

eters presented that a similar measure of elec- 
tron heating could be permitted without sig- 
nificantly altering the predictions for the mag- 
netic fluctuation energy or similarity scale. In 
closing, it appears unlikely that consideration 
of electron heating will significantly alter the 
conclusions reached here. 

Appendix A' Variation of Pickup Ion 
Source 

Neutral atoms from the local interstellar me- 

dium flow slowly (• 20kms -1 for neutral hy- 
drogen) into the heliosphere where some are 
ionized, by either solar EUV radiation or charge 
exchange with solar wind protons, to become 
pickup ions. Self-generated and in situ waves 
act to scatter the pickup ions in pitch angle 
toward a nearly isotropic bispherical distribu- 
tion [Lee and Ip, 1987; Johnstone et al., 1991; 
Williams and Zank, 1994; Isenberg and Lee, 
1996]. Quasi-linear calculations by Lee and Ip 
[1987] predicted that the timescale for isotropiza- 
tion of newborn pickup ions should be short 
compared to the ionization timescale. 

Virtually all theoretical work addressing in- 
terstellar pickup ions in the solar wind over the 
last --25 years has assumed that pickup ions 
generate significant levels of magnetic field fluc- 
tuations. The fluctuations were then assumed 

to scatter the pickup ions rapidly, so ensuring 
that the pickup ion distribution was essentially 
isotropic in the solar wind frame and comoving 
with the solar wind. Concerns about the above 

picture for the pickup of interstellar ions, wave 
generation, and scattering had begun to emerge 
in the early to mid 1990s when a concerted ef- 
fort by several groups failed to find definitive 
observational evidence for wave generation by 
pickup ions in the outer heliosphere. While this 
work is largely unpublished (see Zank [1999] 
for a summary), the few events interpreted to 
date in terms of pickup-ion-driven waves, iden- 
tified as enhancements of magnetic fluctuation 
spectra near the ion cyclotron frequency, all 
occurred during periods when the large-scale 
interplanetary magnetic field IMF was quasi- 
radial [Smith et al., 1994; Murphy et al., 1995, 
1998; Intriligator et al., 1996; Zank, 1999]. 
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These concerns were reinforced when Gloeck- 

let et al. [1995] presented results from a 30-day 
integration of pickup ion protons by the Solar 
Wind Ion Composition Spectrometer (SWICS) 
on Ulysses over the south polar coronal hole, 
which showed significant anisotropies in the ob- 
served pickup ion distribution; in particular, 
pickup ions in the sunward hemisphere of parti- 
cle velocity phase were far more numerous than 
antisunward ions, with radial anisotopies ex- 
ceeding 50%. Moreover, the observed pickup 
ion spectra appeared to be most anisotropic 
during periods when the IMF was quasi-radial 
and almost isotropic during those periods when 
the IMF and the radial solar wind were oriented 

at angles •>45 ø to each other [MSbius et al., 
1995]. These observations suggest that pickup 
ions experience great difficulty scattering into 
the antisunward hemisphere of velocity phase 
space when the average magnetic field is quasi- 
radial. Obviously, if the IMF is highly oblique 
to the radial direction, the induced cyclotron 
motion of the pickup ion will populate the an- 
tisunward hemisphere of phase space within a 
gyroperiod. In a quasi-radial IMF, if transport 
in particle pitch angle is slow compared to the 
ionization time, a sunward anisotropy in the 
pickup ion distribution must occur. Further- 
more, as noted by Isenberg [1997], if the scatter- 
ing rate is slow, substantial adiabatic cooling of 
the pickup ions will have occurred before they 
reach the sunward hemisphere, resulting in a 
particle energy spectrum that falls with increas- 
ing energy as it approaches the expected cut- 
off velocity at v - 2V•w (where Vs• v refers to 
the radial component of the solar wind speed). 
Such spectra were reported by Mobius et al. 
[1995] for pickup helium. 

The difficulty in identifying enhancements in 
local IMF spectra that might be associated with 
waves driven by pickup ions [Smith et al., 1994; 
Murphy et al., 1995; Intriligator et al., 1996], 
even during periods when pickup ions were ob- 
served in the quasi-radial IMF within the ion- 
ization cavity, suggest that the wave growth 
rate Fob• m 0 much of the time. Such low effec- 
tive growth rates would be consistent with the 
observed anisotropic pickup ion spectra. The 

observations stand in contrast to the predic- 
tions of quasi-linear theory and/or the bispheri- 
cal distribution model (our equation (5)). Zank 
and Cairns [2000] have attempted to resolve 
this observational puzzle by observing that the 
locally defined mean IMF is changing contin- 
ually. This holds most strongly for the polar 
magnetic field, which is quasi-radial on large 
scales but changing continually owing to large- 
scale fluctuations. However, the near-ecliptic 
IMF observations can also demonstrate large 
swings toward the radial direction [Smith and 
Bieber, 1993]. Zank and Cairns [2000] suggest 
that these variations in field direction engen- 
der spatial and temporal variations in the dis- 
tributions of pickup ions that can lead to the 
wave growth varying in a stochastic manner. 
They develop a stochastic growth theory (SGT) 
model for MHD waves driven by pickup ions, 
calculating the mean, variance, and characteris- 
tic timescales of the pickup-ion-generated wave 
growth rate in a quasi-radial IMF, so as to ex- 
plicitly justify why the wave growth should be 
stochastic. 

A primary conclusion to emerge from the 
study of Zank and Cairns [2000] is that the 
dynamical character of the IMF prevents the 
formation of statistically steady state pickup- 
ion-driven wave enhancements in the magnetic 
fluctuation spectra. The main parameter con- 
trolling the frequency of wave enhancements is 
the variance in the orientation of the fluctuat- 

ing IMF about the mean field. They show that 
even were the mean field radial, a large stan- 
dard deviation from the radial direction in the 

local IMF fluctuations on the scale of the corre- 

lation length would lead to very little effective 
wave growth. 

In order to model this and related physics, 
we have used the multiplicative factor f• to 
modify the magnetic energy introduced by the 
scattering of interstellar pickup ions. 

Appendix B' Correlation Lengths 

The theory we present fails to adequately 
reproduce the observed behavior of the mea- 
sured correlation lengths, particularly beyond 
,.•lO AU. There are potentially several reasons 
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Figure 11. A test of the stability and repro- 
ducibility of the measured magnetic correlation 
lengths as a function of maximum lag. The 
solid curve and short-dashed curve are derived 
from the theoretical predictions with ZZ2AU = 
250km •s -•, AZAU -- 0.04AU, and TzAu = 
70,000 K. The pickup ion eificiency parameter 
varies with fD- 0 (solid curve) and fD- 0.04 
(short-dashed curve). The long-dashed curve is 
generated using Z12AU : 650km2s -2, '•IAU : 
0.03 AU, and TZAU = 40,000 K with fo = 0.04. 

for this. First, the theory can be extended to 
better account for the effects of pickup ions on 
the similarity scale A, and this effort is un- 
derway. The resulting equations are signifi- 
cantly more complicated that those presented 
here and have been omitted in this simpler com- 
parison. 

Second, the theory derives the evolution of 
the similarity scale that controls the spectral 

cascade, and we associate this quantity with 
the correlation length A½. This association is 
not uncommon [e.g., Matthaeus et al., 1996] 
and may be quite reasonable as A½ is a mea- 
sure of the energy-containing scales. However, 
the association is not required or exact. 

Third, measurements of magnetic fluctua- 
tion correlation lengths are unavoidably com- 
plicated by the difficulty in separating low- 
frequency power due to interplanetary fluctua- 
tions and the very large power contained in fea- 
tures that are most credibly attributed to solar 
sources. The latter is expected to produce long 
lag correlations of either positive or negative 
sign that significantly alter the computed corre- 
lation length [Matthaeus et al., 1999a]. For in- 
stance, Figure 11 shows that as the correlation 
function is computed out to longer lags, the cor- 
relation length is extended with that function. 
This is in part due to the increasing contribu- 
tion of power associated with very large struc- 
tures on the scales up to and including several 
days. It is a highly subjective matter of opinion 
as to what length scales should be used in this 
analysis. Whatever scales are chosen, the data 
analysis fails to record the downturn in the cor- 
relation lengths predicted by the theory as the 
result of interstellar pickup ions. We also take 
this opportunity to show several more solutions 
for the predicted similarity scale A. 
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