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Abstract. We present a study of the interplanetary evolution of solar wind
helium (alpha particle) energetics. The analysis of Ulysses observations of the fast
high-latitude solar wind concentrates on the radial evolution of the alpha-proton
differential streaming v.p, the alpha temperature, and the alpha temperature
anisotropy. Ulysses observations show that the average v,, steadily decreases
with radius, ranging from ~40 km s~ at 1.5 AU to ~15 km s™! at 4.2 AU. In
addition, observations indicate that the alphas cool more slowly than what would
be expected from adiabatic expansion. The radial increase in the nonadiabatic
heat content of the alphas matches the free energy liberated as v, decreases with
distance, suggesting that the dissipated energy acts to heat the alpha particles. The
alphas also exhibit a temperature anisotropy of T’ /7, = 0.87, which is essentially
constant with distance. These and other observations reported here place stringent
constraints on recent plasma microinstability models that attempt to explain the
evolution of alpha-proton differential streaming and ion heating in the heliosphere.

1. Introduction

Solar wind helium ions have been the subject of ex-
tensive study because they serve as invaluable tools for
probing the nature of the solar wind. In particular,
those properties of helium ions that distinguish them
from the more abundant protons can help us under-
stand the mechanisms of solar wind acceleration and
the subsequent evolution of interplanetary solar wind
flow. The two principal kinematic properties that dis-
tinguish helium ions from protons are (1) helium ions
drift faster than the protons along the magnetic field
at relative speeds from a few to 50 km s~! at 1 AU,
and (2) helium ions are, on average, significantly hotter
than protons, typically by a factor of 4-5 at 1 AU.

The differential streaming between the alphas and
the protons has been a subject of particular interest.
This phenomenon was first observed by Robbins et al.
[1970]. Helios in-ecliptic observations between 0.3 and
1.0 AU show that near the Sun the alpha-proton dif-
ferential speed v, is as high as 150 km s~! and that
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it slows as the solar wind propagates outward [Marsch
et al., 1982a]. The vap also tends to scale with the
proton speed v,. In fast streams, v,p approaches the
local Alfvén speed v4 whereas in slow plasma, vy is
much less, only a few kiometers per second. On average,
vap ~ 0 km s™! at the heliospheric current sheet [Bor-
rini et al., 1981]. At greater heliocentric distances these
trends persist. Ulysses observations at both high and
low latitudes and at distances between 1 and 5.4 AU
show that v, continues to slow with increasing dis-
tance, dropping well below v4 even in high-speed flow
[Neugebauer et al., 1996].

Although considerable data have been collected that
well characterize the differential streaming, the cause
for the initial superacceleration of the alphas and their
subsequent deceleration relative to the protons is not
well understood. Regarding the initial helium accel-
eration, recent findings from the Ultraviolet Corono-
graph Spectrometer (UVCS) instrument aboard the
SOHO spacecraft [Kohl et al., 1998] support a model
for the preferential heating and acceleration of heavy
ions through ion cyclotron resonance heating [Hollweg
and Turner, 1978; Azford et al., 1999; Cranmer et al.,
1999]. This model explains the observed perpendicu-
lar heating of oxygen ions to temperatures ~60 times
the proton temperature and the subsequent superaccel-
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eration of oxygen. This same model predicts preferen-
tial heating and acceleration of helium ions; however,
because the UVCS instrument was not designed to ob-
serve helium, it has yet to be verified.

The apparent association of va, with the Alfvén
speed in the solar wind and the observed gradual de-
crease of vgp/v4a with distance from the Sun suggest
that some mechanism acts to constrain the alpha/pro-
ton relative drift speed. Marsch and Livi [1987] showed
that alpha particles usually damp the proton/proton
magnetosonic instability, but it is not clear whether
such damping acts to speed up or slow down the alphas.
Here we suggest (see also Gary et al. [2000b]) that in-
stabilities driven by the alpha/proton relative drift may
constrain v,p to the order of vy4.

Coulomb collisions have also been suggested as a pos-
sible mechanism for slowing the alphas, but Neugebauer
et al. [1996] show the collision times are too great for
this to be an effective mechanism, except perhaps in the
slow, dense flow near the heliomagnetic current sheet.
Finally, “rotational” forces on the alphas as they flow
relative to the protons along the spiraling magnetic field
have also been considered [McKenzie et al., 1979; Holl-
weg and Isenberg, 1981; Mckenzie and Azford, 1983).
However, Neugebauer et al. [1996] show that there is
no dependence of v,y on solar latitude, which would be
expected if rotational forces were significant. Thus they
conclude that such forces play no significant role in the
deceleration of the alphas. We will return to this issue
in the discussion of the helium energetics (section 3.3).

It is well established by the great number of plasma
experiments flown at 1 AU that solar wind helium
and hydrogen are most often far from being in ther-
modynamic equilibrium. Taking values compiled from
the IMP 6, 7 and 8 spacecraft [Feldman et al., 1977],
which are typical of the values observed by other space-
craft, at 1 AU the helium temperature is, on average,
5.8 x 10° K compared to the average proton tempera-
ture of 1.2 x 10° K. The reported average alpha-proton
temperature ratio, T, /T)p, is 4.9 £ 1.8. The tempera-
ture ratio is also velocity dependent: in low-speed flow
(vp < 350 km s™1), T /T, = 3.2 +0.9, whereas in high-
speed flow (v, > 650 km s™1), T /T, = 6.2 + 1.3.

The radial dependence of Ty, /T}, and of the alpha tem-
perature was investigated by the Helios spacecraft, but
with perhaps contradictory results. The temperature
ratio based on single-spacecraft observations appears to
drop with heliocentric distance [Marsch et al., 1982a].
For flow above 600 km s~! the ratio varies from 4.5
at 0.3 AU to 3.0 at 1 AU, and for flow below 400 km

s~! the ratio falls from 2.9 at 0.3 AU to 2.3 at 1 AU.

The variation with distanee is also-reported in terms
of a radial temperature gradient: in high-speed flow
the parallel alpha temperature T}, goes as v~ %, but
in the slow wind the gradient is flatter: Tjjq ~ =7,
However, the reported temperature ratios as observed
when Helios 1 and 2 were radially aligned show the op-
posite trend, namely, an increasing temperature ratio
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with distance [Schwenn et al., 1981]. The calculated
alpha radial temperature gradient based on these data
is much flatter: T)jo ~ r~3%. This latter observation,
however, is based on a fairly sparse set of temperature
observations; thus it is arguable that this is not typical
of the solar wind. Note also that all the Helios tem-
perature ratios reported at 1 AU are significantly below
those reported by the IMP spacecraft.

One important aspect of the Helios observations that
is consistent in all cases is that the radial decrease in the
alpha temperature is shallower than r—*/3, the expected
falloff for pure adiabatic expansion in an isotropic plas-
ma. This is an indication of heating of alpha particles
between 0.3 and 1 AU.

For completeness we note that the same phenomena
associated with helium appear to act on all solar wind
heavy ions [see, e.g., von Steiger et al., 1995, Hefti et
al., 1998, and references therein]. All heavy ions tend
to drift faster than the protons at speeds comparable
to vqp. Additionally, they are most often hotter than
protons. The temperature ratios among the heavy ions
(including helium) scale closely with ion mass; however,
as with helium, the ion temperatures relative to hydro-
gen are not mass proportional. Rather, they show the
same proton-speed dependence as helium.

In this report we focus on the interplanetary evolu-
tion of solar wind helium ion energetics as observed at
high latitudes by Ulysses during its first orbit. After
some introductory comments on the instrumentation
and analysis procedure (section 2), we present obser-
vations of high-speed solar wind flow concentrating on
the radial evolution of the helium ion temperature (sec-
tion 3.1), temperature anisotropy (section 3.2), energet-
ics(section 3.3) and differential streaming (section 3.4).
In section 4 we argue that these parameters are related
and that the observational data presented here place
more stringent constraints on theoretical models that
attempt to explain the evolution of alpha-proton differ-
ential streaming and ion heating in the heliosphere.

2. Instrumentation and Observational
Considerations

This study is based on Ulysses solar wind plasma ob-
servations from the Los Alamos solar wind ion spec-
trometer [Bame et al., 1992] and magnetic field obser-
vations from the Imperial College/Jet Propulsion Lab-
oratory (JPL) magnetometer [Balogh et al., 1992]. The
data presented here were collected between May 1995
and December 1996 when Ulysses was traveling on the
outbound leg of its first polar orbit and was immersed
in continuous high-speed flow at latitudes above 30° N.
This corresponds to radial distances between 1.5 and
4.2 AU. During this period the spacecraft instruments
detected no coronal mass ejections (CMEs), shocks, or
major compression waves. Thus we have a data set very
useful for the study of solar wind microphysics. There is
minimal processing of the plasma by macroscopic events
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that can easily overwhelm the trends we seek to investi-
gate. The data set is limited to distances within 4.2 AU
because soon after Ulysses passed beyond this point, it
began intersecting stream interaction regions [Gosling,
1996] where the plasma properties began to deviate sig-
nificantly from the steady flow intended for this study.

Plasma moments (densities, velocities, temperatures)
for protons and alpha particles have been calculated
separately by integration of the particle distribution
functions. The analysis makes use of measurements
taken at the highest resolution, typically 4 min. Plasma
properties requiring the evaluation of the distribution
profile transverse to the radial (antisunward) direction
require special consideration. The Ulysses ion spec-
trometer has a 5° polar angular resolution, which makes
it difficult to calculate accurate temperature and veloc-
ity components perpendicular to the radial direction.
This is particularly true for high solar wind speeds and
at large heliocentric distances where the solar wind is
cold. In such cases the value of the distribution func-
tion can drop by many orders of magnitude between ad-
jacent angular measurements, making it impossible to
determine the transverse temperature or velocity with
any reasonable accuracy. On the other hand, the in-
strument energy/charge resolution is very good (5%),
enabling quite accurate radial velocity and temperature
measurements.

Of particular relevance here is the alpha-proton
streaming velocity v,p, which can have a significant
transverse component. To overcome the difficulties de-
scribed above, we take advantage of the fact that the
alphas stream relative to the protons along the mag-
netic field [e.g., Asbridge et al., 1976; Marsch et al.,
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1982a; Steinberg et al., 1996]. Thus we calculate vy, as
follows: ’ v
_ Yra Tp

Yor = =0 g ’ @
where v, and vy, are the radial velocity components
of the alpha particles and protons, respectively, and 6p
is the measured instantaneous angle between the mag-
netic field and the antisunward radial vector. When
calculating vap, we only include observations where
cosfg > 0.3 (fp < 72.5°). For values less than this
the radial difference becomes subject to significant mea-
surement uncertainty and is not a reliable proxy for the
full vector difference.

The second parameter necessary for this study that
depends on a measurement of the transverse distribu-
tion function is the alpha temperature anisotropy. Dis-
cussion of how we handle this measurement difficulty
will be deferred to section 3.2.

3. Observations
3.1. Temperature Evolution

Figure 1 displays the alpha-proton temperature ra-
tio as a function of heliocentric radial distance. Each
data point represents the median temperature ratio for
a 10-day interval. The thick bars span the 25% to 75%
range of the distribution, and the thin bars span the
5% to 95% range. Binning was performed over 10-day
intervals (~0.4 solar rotations) because at finer resolu-
tion, clarity of the plot degrades, yet the resolution is
still fine enough that evolutionary trends are discernible
over relatively short distances. The temperatures were
calculated from the one-dimensional distribution func-
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Figure 1. Alpha-proton temperature ratio as a function of heliocentric distance. Each data
point represents the median temperature ratio over 10-day bins. The thin bars span the 5-95%
percentiles, and the thick bars span the 25-75% percentiles.
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tion (the three-dimensional distribution summed over
angle).

The average temperature ratio at 1.5 AU is 5.1 and
slowly increases to 6.0 at 3 AU, after which it remains
relatively flat. The gradient of the temperature ratio
follows an r%2 power law and shows negligible latitu-
dinal variation, consistent with the detailed analysis of
the radial and latitudinal dependencies of solar wind
properties performed by McComas et al. [2000]. Ex-
trapolating the temperature ratio back to 1 AU results
in a value of 5.0. This value is ~20% lower than the
Ta/T, ratio reported by Feldman et al. [1977] for in-
ecliptic high-speed flow, but it is within their quoted
uncertainty of £25%. On the other hand, the extrapo-
lated 1 AU value is significantly higher than the quoted
Helios 1.0 AU value of T, /T, = 3.

The implication of the growing temperature ratio
with radius is that the alphas cool less rapidly than
the protons as the solar wind expands. This fact is
quantified in greater detail in Figure 2, which plots the
(log) helium temperature as a function of (log) helium
density.

Here, log T, and log N, roughly follow a linear rela-
tion which can be expressed by a single polytrope re-
lation of the form T = aN7"!, where v is the poly-
tropic exponent, which in this case has a value of 1.40.
Polytrope relations are often used to describe the evo-
lution of the internal energy of a gas in the absence of
an explicit energy equation. In a strict interpretation,
polytrope relations should only be applied when follow-
ing the evolution of a single parcel of plasma [Gosling,
1999; Skoug et al., 2000]. However, in the uniform,
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high-latitude flow under consideration here, we make
the reasonable assumption that although we are not
following individual parcels, their average behavior is
consistent. Thus as we follow the radial evolution of the
solar wind as a whole, this serves as a proxy for follow-
ing the radial evolution of a typical individual parcel.

For an ideal isotropic gas, v = 1 for the case of
isothermal expansion and v = 5/3, the ratio of spe-
cific heats, for the case of adiabatic expansion. Thus
the observed value of v = 1.40 for the alpha particles
implies nonadiabatic expansion, and the fact that they
follow a single polytrope relation implies the presence
of a nearly continuous, uniform heat input as they ex-
pand. By comparison, it was shown by Feldman et al.
[1998] for the same data set as used here that the pro-
tons follow a single polytrope relation with v = 1.51.
This value is closer to the adiabatic value but is slightly
lower, also indicating a weak, continuous heat input into
the protons as they expand.

Another way to express the presence of heating is to
look at the radial temperature gradient. For the alphas,
T, o r~%8, and for the protons, T, x r~1-°. By con-
trast, the expected radial falloff for adiabatic expansion
is r=4/3 (assuming N o r~2 and an isotropic plasma;
see next section for consequences when the assumption
of isotropy is lifted). Note also that the observed T, gra-
dient falls between the gradients of 1'% and 7=%75 de-
rived from Helios single-spacecraft observations of high-
and low-speed wind, respectively [Marsch et al., 1982a).
We would expect that the Helios high-speed T, gradient
should be the more appropriate for comparison to the
Ulysses T, gradient; however, these do not agree very
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Figure 2. The relation between alpha temperature T, and alpha density n,, showing the
existence of a single polytrope relation for the radial evolution of the alpha temperature. The
slope of the line, 0.40, corresponds to a polytropic exponent of v ~ 1.40. Each point represents
the mean temperature and density for 0.05 AU radial bins.
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well. This may suggest that at high latitudes a different
mechanism is at work to govern the helium energetics
than in the ecliptic.

3.2. Temperature Anisotropy

At distances beyond a few tenths of an AU the ion
component of the solar wind is essentially collision less,
particularly in high-speed flow. At 1 AU the proton-
proton and alpha-proton collision times are of the order
of 10 times the solar wind expansion time [Feldman et
al., 1977). Consequently, it is not expected that the al-
pha distribution function should be isotropic. In fact,
in the complete absence of coupling between the par-
allel and perpendicular temperatures (with respect to
the local magnetic field direction), the two components
should diverge rapidly, governed by the double adia-
batic invariants [Chew et al., 1956],

-0 o
10 T

where T} and T are temperatures parallel and perpen-
dicular to the local magnetic field B, respectively; n is
the number density, and d/dt is the convective deriva-
tive 8/0t+v-V. For a purely radial field, B ~ =2 and,
consequently, T}; would remain constant while T'| would
fall as r~2. In the more realistic case of B following a
Parker spiral structure, T} will no longer be constant
but will fall with radius, and T, will not fall quite as
rapidly. Nevertheless, they will still remain quite differ-
ent: for 400 km s™* flow, T, /T} = 1/32 at 1 AU [see,
e.g., Phillips and Gosling, 1990]. Nothing close to such
a large anisotropy has ever been observed in the solar
wind, with the implication that a mechanism other than
Coulomb collisions must act to couple the temperature
components. A likely alternative is some sort of wave-
particle interaction as has been suggested by a number
of authors [Marsch et al., 1982b; Meister, 1992; Kellogg,
2000; Gary et al., 2000a].

As discussed in section 2, the measurement accuracy
of the transverse component of the ion distribution func-
tion is poor owing to the combination of high-speed
solar wind and the large distance of Ulysses from the
Sun. Thus we must rely on 1-D measurements of the
distribution function along the energy axis to evaluate
the temperature anisotropy. Of course, we cannot de-
termine the instantaneous temperature anisotropy, but
we can take advantage of (noncompressive) fluctuations
in the magnetic field direction over the course of some
hours to determine an “average” anisotropy for this in-
terval.

We proceed as follows: at the high latitudes consid-
ered here, the solar wind flow is almost always within
1° of the radial (antisunward) direction. Thus since
the velocity (energy flux) vector is essentially parallel
to the radial direction, the 1-D temperature moment
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along the energy/charge axis is effectively a tempera-
ture measurement parallel to the radial direction. Thus,
when the magnetic field is radial, the 1-D radial tem-
perature measurement is a measure of 7). When B is
transverse, the 1-D radial temperature is a measure of
T, . Therefore, to determine the helium temperature
anisotropy, we compare radial temperatures when B is

radial to times when B is transverse.
For this method to work, we must select time in-

tervals short enough that the temperature distribution
does not evolve significantly and also times when the
changes in the field direction are not associated with dy-
namic changes in the plasma. Fortunately, such times
are common in the solar wind, particularly at high lati-
tudes, because of the near-ubiquitous presence of large-
amplitude Alfvén waves. Smith et al. [1995] report that
Alfvén waves are almost continuously present at high
latitudes and at small heliospheric distances, slowly di-
minishing in frequency of occurrence with distance, but
prevalent even out to 4 AU. Because the field fluctua-
tions associated with Alfvén waves are largely noncom-
pressive swings in the field direction, changes in the ra-
dial temperature as the field changes direction indicate
a temperature anisotropy. Figure 3 shows solar wind
parameters for a typical high-latitude 16-hour interval.
The first two panels show the N-S magnetic field com-
ponent By and velocity component vy, which demon-
strate that the field fluctuations are indeed Alfvénic.
The magnetic field direction and the 1-D alpha tem-
perature are compared in the third and fourth panels.
The (anti)correlated variation of the magnetic field di-
rection and temperature demonstrate the presence of
the temperature anisotropy. The fifth panel of Figure 3
shows a scatterplot of 8p versus T, to make the corre-
lation more apparent. Over this interval the anisotropy
is significant, T o /7| = 0.7.

Figure 4 shows the observed temperature anisotropy
for helium versus heliocentric distance, indicating an av-
erage anisotropy of T' o /Tjjo = 0.87+0.092 (at 10) that
is essentially independent of distance. Each point repre-
sents a calculation of the temperature anisotropy using
the prescription described above for a 12-hour period
when Alfvén waves were continuously present. Interval
selection was performed by calculating the correlation
between By and vy. Twelve-hour periods for which the
correlation coefficient between By and vy was >0.85
were included. We should point out that the observed
anisotropy is not particularly sensitive to the choice of

correlation criteria or correlation interval, which is a
reflection of the fact that the high-latitude solar wind

is essentially unstructured and that fluctuations in the
field direction are almost always due to Alfvén waves.
The £0.092 scatter in the observed anisotropy values re-
flects actual fluctuations of the temperature anisotropy.
The instrumental uncertainty in determining the tem-
perature ratio is negligible.

The mean anisotropy value of 0.87 confirms that there
is significant coupling between the temperature compo-
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Figure 3. Correlation of radial temperature fluctuations with Alfvén waves. Top two pan-
els plot the N-S magnetic field component By and velocity component vy, respectively, for a
typical 16-hour period in the high-latitude wind (A = 53.6°,7 = 1.53 AU). The strong degree
of (anti)correlation seen between these two components demonstrates that the B field fluctu-
ations are almost purely Alfvénic. Next two panels plot fp, the angle of B with respect to
the radial (antisunward) direction, and T,, the alpha particle temperature, respectively. A weak
(anti)correlation is observed. The anticorrelation is more apparent in the bottom panel, a scatter-
plot of 8 versus T,,. The temperature change as the field rotates is a consequence of a significant

temperature anisotropy, 7', / Ty =0.7.

nents. Although the actual coupling mechanism is not
known, we can nevertheless calculate an “effective” col-
lision rate ves(r) necessary to drive the temperature
components to near isotropy. In Appendix A, we cal-
culate veg(r) with the assumption of a Parker spiral’
magnetic field configuration. The resulting relation for
the effective collision frequency (equation (A10)) can be
easily evaluated as a function of the proton speed, the
heliographic latitude, and the solar rotation rate. This
can be compared to the average alpha-proton Coulomb
collision frequency and the proton cyclotron frequency

(2, = B/65.8, where B is in nanoteslas). The veg(r)
and the cyclotron frequency can readily be calculated
from the Ulysses data. The alpha-proton collision fre-
quency for relaxation of the temperature anisotropy was
originally derived by Kogan [1961] and can be found in
the Naval Research Laboratory (NRL) Plasma Formu-
lary [Book, 1998]. All these frequencies are plotted ver-
sus heliocentric distance in Figure 5 between 1.5 and 4.5
AU. The effective collision frequency is calculated from
(A10) assuming a constant proton velocity of 767 km
s~!, the average solar wind speed for the northern polar
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Figure 4. Dependence of the alpha temperature anisotropy 7't /T on heliocentric distance. See
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ratio for a single 12-hour period.

pass [McComas et al., 2000]. It can be seen that veg(r)
is ~4 orders of magnitude larger than the Coulomb
collision frequency, reconfirming that Coulomb colli-
sions are not a likely mechanism for isotropizing the
plasma. The relaxation time corresponding to veg(r)
is ~10% s, which is roughly 10% times the cyclotron pe-
riod. Recent simulations of the electromagnetic pro-
ton cyclotron anisotropy instability [Gary et al., 2000c]

yield proton anisotropy reduction frequencies v, in the
range 1073 < v,/Q, < 0.10, indicating that ion-driven
electromagnetic instabilities are capable of yielding the
observed veg. We suggest that this anisotropy reduc-
tion rate can serve as a useful constraint on any wave-
particle or other scattering theory which attempts to de-
scribe the observed alpha temperature anisotropy. We
will return to this issue in the discussion.
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Figure 5. Various derived timescales as a function of heliocentric distance. Top curve shows
proton cyclotron frequency, middle curve shows effective collision frequency needed to account
for observed temperature anisotropy, and bottom curve shows alpha-proton Coulomb collision

frequency.
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It is worth noting that Marsch and Richter [1987]
follow a procedure similar to the one described here
to derive an effective collision frequency for the proton
temperature isotropization based on the proton tem-
perature anisotropy observed by Helios. They report
an anisotropy of 0.9 that is nearly constant between 0.3
and 1.0 AU and nearly independent of flow speed. It is
coincidental that the Helios proton anisotropy is nearly
equal to the Ulysses alpha anisotropy, but given that
the calculation only depends on the degree of anisotropy
and not the ion species, it should be no surprise that the
resultant collision frequency they derive has the same
magnitude and radial dependence as what we report
here.

We also consider the implications of the observed
weak anisotropy on the assumption made in the previ-
ous section that the expected radial temperature depen-
dence for adiabatic expansion is r~4/3. Since this is only
true for an isotropic plasma, we should evaluate what
the expected adiabatic radial falloff in temperature is
for slightly anisotropic plasma. As the anisotropy is
roughly constant with distance, our job is greatly sim-
plified since we know that T, and T\, will have the
same radial functional dependence. In Appendix A we
calculate the radial temperature dependence for adia-
batic expansion of a nonisotropic, magnetized plasma
(A9). Assuming an alpha temperature anisotropy of
0.87 and again using a proton velocity of 767 km s~!,
T(r)q is well approximated between 1 and 5 AU by a
power law:

T(r)e ocr™ 128, 4)

The observed fluctuation of the solar wind speed is only
424 km s~1, which adds negligible uncertainty. The lat-
itude dependence of T'(r),, for latitudes between 30° and
80° is also negligible. The difference between this gra-
dient and the 7~%/% dependence of an isotropic plasma
is quite small, particularly as compared to the observed
77980 dependence of the alpha temperature. Thus our
conclusion that the alpha particles experience excess
heating stands.

3.3. Radial Evolution of Helium Energetics

Now we turn to an analysis of the energetics of the
helium streaming. Ulysses observations of the high-
latitude alpha-proton differential speed from the first
orbit northern polar pass are presented in Figure 6a.
The average vq, starts at ~40 km s~! at 1.5 AU and
smoothly slows to ~15 km s™! by 4.1 AU. In Figure 7
we compare the steadily decreasing free energy available
in the alpha streaming to the non-adiabatic heat con-
tent of the alpha particles as a function of heliocentric
distance. The alpha free energy is simply calculated
as K(r) = 1/2mqu,(r). As discussed in section 3.1,
the alphas are at a temperature above that expected
for adiabatic expansion. We can estimate the required
heat input Q(r) by calculating

Q(r) = %kT(r) _ ngor%, (5)
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where Tp is a normalization constant such that for R =
1.5 AU, the closest distance of the Ulysses spacecraft to
the Sun for our data set, @ = 0. That is, Top = T(R =
1.5)/(1.5)=%/3. Each point in Figure 7 represents an
average of these parameters over 0.1 AU bins.

The sum of the two quantities K (r) and Q(r) is also
plotted in Figure 7. This sum is essentially constant
with radius, having a mean value of 4.47 + 0.43 x 101!
ergs. This suggests that the energy liberated as the
alphas decelerate acts to heat the alpha particles. We
consider this a very significant result, as it is highly
unlikely that these two quantities would coincidentally
balance.

The balance is perhaps all the more remarkable be-
cause we are not following the evolution of individual
flux tubes. Rather, we sample the plasma of many flux
tubes that have different histories, as governed by the
properties of their foot points in the photosphere. Fur-
thermore, there are weak stream interactions at high
latitudes (coined “microstreams” by Neugebauer et al.
[1995]) that generate small (~%25%) temperature fluc-
tuations. Regardless of source, any temperature fluctu-
ations are amplified in the sum K(r) + Q(r), because
Q(r) is defined in terms of a temperature difference. At
small distances the variation of K (r)+Q(r) is most pro-
nounced because the difference T'(r) — Tor*/? is small,
less than ~10% of T(r). By 4 AU the difference has
grown to ~ 60% of T'(r), and the fluctuations are sig-
nificantly diminished.

In the Introduction we mention the potential abil-
ity of “rotational” forces to slow the alphas. As the
alpha particles are turned by the tightening Parker spi-
ral, they experience a centripetal force which slows them
at the expense of accelerating the protons. Because of
the looser winding of the magnetic field at higher lat-
itudes, alphas at higher latitudes should experience a
much smaller rotational force. In Figure 8 we compare
the vqp radial profile observed by Ulysses to that ex-
pected by sole action of the rotational force. We also
compare the high-speed wind v,, profile observed by
Helios between 0.3 and 1.0 AU [Marsch et al., 1982a]
to the Helios profile expected because of the rotational
force. Our calculation follows from the derivation of
McKenzie et al. [1979]. For the Ulysses calculated pro-
file we take 150 km s™! as the initial differential speed
at 0.3 AU, reflecting the Helios high-speed wind obser-
vations.

For this calculation we have assumed a “classic”
Parker spiral, reflecting the field configuration based on
the assumption that the Sun is a perfect monopole. The
observed interplanetary magnetic field at solar mini-
mum is under-wound compared to the classic Parker
spiral as a consequence of the overexpansion of the po-
lar coronal holes [Smith et al., 1997]. The analytic solar
magnetic field model of Banaszkiewicz et al. [1998],
which reproduces these observations, describes a spiral
field that is under-wound by 20% at the equatorial cur-
rent sheet, 10% under-wound at a latitude of 60°, and
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Figure 6. (a) Differential alpha-proton streaming velocity magnitude v, (solid circles), and the
Alfvén speed vy (open circles) as a function of heliocentric distance. Each bar characterizes the
speed distributions over 10-day bins, as described in Figure 1. Note that not only do both vqyp
and vy4 decrease with radial distance, but also vq, appears to track the small-scale fluctuations (~
0.1 AU) in the radial evolution of v4. (b) Same as Figure 6a, except over a much narrower range
of distance, showing that on even smaller scales, v, (solid circles) tracks v4 (grey diamonds).

“correctly” wound over the poles. The rotational forces
due to such a field would be even smaller than those
described here; thus our calculation can be considered
a worst case.

From Figure 8 we conclude that the rotational force
alone cannot explain the observed vy, profiles. In fact,
the predicted profiles have the wrong shapes. When
Ulysses is near 80° (2 AU), the field is essentially ra-
dial and there is negligible deceleration due to rotation.
Hence at 2 AU the predicted Ulysses v, observation

is actually faster than at 1.5 AU (where Ulysses was
at ~45°). The Ulysses data show no evidence of this;
rather, the observed profile is, in fact, most rapidly de-
creasing across this range. The discrepancy between
Helios predicted and observed v, is even greater. Thus
the observations imply that the rotational force has lit-
tle effect on the differential streaming deceleration.

By contrast, the observed quasiconservation of K (r)+
Q(r) shown in Figure 7 suggests that a local mechanism
capable of transferring heat to the alphas must be in ac-
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tion, such as the magnetosonic instability suggested by
Gary et al. [2000b] and discussed further in section 4.
Stated another way, the observed balance between K (r)
and Q(r) places a clear constraint on any theory at-
tempting to explain the deceleration of the alphas: any
such theory must predict the transfer of the dissipated
streaming energy into the ultimate heating of the alpha
particles.

3.4. Differential Streaming

A further clue to aid our understanding of the mech-
anism governing the v, deceleration may lie in the re-
lationship between the alpha-proton differential speed
and the Alfvén speed. Ulysses observations of alpha-
proton differential streaming at high latitudes have been
reported by Neugebauer et al. [1996], who show the
gradual decrease in the ratio vep/v4 with heliocentric
distance. Here we expand on their work and compare
Uap to the local Alfvén speed in more detail. Figure 6a
plots the average for both v, and v4 over 0.1 AU bins
as a function of radial distance. What stands out fore-
most is that v, is lower than v4, dropping from ~80%
of the Alfvén speed at 1.5 AU to ~45% at 4.2 AU.
Although the fractional difference grows, the relative
speed difference between v,p and v4 remains a rela-
tively constant 15 km s~!. The second point to notice
is that vap roughly tracks v4, as can be seen by the
obvious correlation between the fluctuations in v,, and
in vy. Figure 6b, which plots v,, and v4 between 2.60
and 2.65 AU, shows that on even very short distance
scales (0.05 AU), vqp tracks v4. (The gaps in the time
series shown in Figure 6b are due to the selection cri-
terion in the calculation of v,y that the cosine of the
angle between the magnetic field and the radial direc-
tion be >0.3. As discussed in section 2, we do this to
limit the instrumental uncertainly in the determination
of Vap-)

The implication of the spatial correlation between
Vop and vy is that v4 somehow governs the differential
streaming. Such would be the case if, for example, vqp
is limited by the magnetosonic instability (see section 4
and Gary et al. [2000b]). However, theory suggests the
instabilities usually act only when vqp > va, which is
clearly not the case here. Nevertheless, the tracking of
Vap With vy still implies a mechanism must be at work
to slow vap, which likely involves an electromagnetic
instability.

That v, rarely exceeds the local Alfvén speed may,
in fact, not be a problem for the proposed theoretical
mechanisms. Again turning to Figure 6a, we notice
that within a given 0.1 AU bin, the maximum values of
vap approach but rarely exceed the minimum value of
v4. Because the alpha particles are streaming through
the proton population (which, along with B, largely de-
termine the Alfvén speed), this suggests that at some
point in a given alpha particle’s past, its differential
speed did reach and possibly exceed the local Alfvén
speed. If this occurs, then the conditions for instability

5703

are met, possibly causing the particle to slow rapidly
to the observed situation of vep < v4. We will return
to this point later in section 4, where we discuss a pos-
sible instability mechanism that may operate in this
regime. We note that a similar argument is used by
Goldstein et al. [2000] in the context of proton-proton
differential streaming to explain why the bulk of the ob-
served proton-proton speed differences are considerably
below the threshold for their proposed instability-driven
damping mechanism.

We can, in fact, estimate the frequency with which
alpha particles drifting through the proton flow will en-
counter regions where vap/va > 1. The procedure we
follow is based on the premise that the time series of
plasma observations taken by Ulysses can be converted
into a spatial map of the solar wind. That is, if the vari-
ations in the time series solar wind measurements are
due to spatial variations propagating past the space-
craft, then Ulysses measurements at earlier times can
be used to project the solar wind parameters to spatial
locations beyond Ulysses for later times. Because the
alphas stream relative to the protons along field lines,
ideally, we require a map of plasma variations along a
flux tube. However, we do not have such data; the time
series observations are not samples along any single flux
tube but, instead, are samples of plasma from many ad-
jacent flux tubes convecting past the satellite. We have
no choice but to use our derived spatial map as a proxy
for the plasma environment the alpha particles would
experience as they flow along a flux tube. Since we are
only interested in obtaining the order of magnitude of
the drift time, we believe that our proxy approach is
reasonable.

We construct the spatial map from the time series
measurements by the following procedure. For each
point in the time series, we determine a time tstream,
the estimated time for an alpha particle to propagate
into a region of instability. Given a sample at time
t = tg, we take the local value of the alpha-proton drift
speed vqp(to) and then march backward through the
time series until we reach a time t* where the condition
Vap(to)/va(t*) > 1 is met. That is, by marching back
to earlier times we are approximating a look at solar
wind conditions farther out than Ulysses is at time #o.
Presumably, when the above condition is met, the alpha
beam becomes unstable and will then slow down. The
time interval in the spacecraft time series (t* — to) can
then be converted into the time tgiream that the alpha
population located at r(¢o) takes to drift into the region
where the beam becomes unstable:

(t* —to)(vp — v;°)
Vap(to)(cos ¢B)

where v£°¢ is the radial component of the spacecraft ve-
locity and (cos¢g) is the cosine of the Parker spiral
angle averaged over the range [r(to),r(t*)]. Including
(cos ¢ ) corrects for the fact that the alphas drift along
the field rather than radially. Note, however, that we

(6)

tstream =
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make no attempt to account for fluctuations in the mag-
netic field, such as from Alfvén waves.

If the distance the solar wind travels in this time is
a significant fraction of an astronomical unit, then the
Alfvén speed observed by the spacecraft must be ad-
justed to take into account the r=0-5 falloff of v4 that
occurs in the high-latitude solar wind [McComas et al.,
2000]. Then our instability criteria in the solar wind
downstream of the spacecraft becomes

1/2
Vap(to) r(t*)
'UA(t*) t* (t*—t0)vp(vp—v5) > 1. (7)
r(t) + St eo s

We are only concerned with that part of the alpha
population that requires slowing by the time it reaches
4.2 AU. In Figure 6 we see that the median of vy, ap-
proaches a value of ~ 15 km s™! by 4.2 AU, with the
bulk of the alphas within + 3 km s~ *of this mark. Thus,
the observations suggest that there is no requirement
that the alpha population flowing at or below ~18 km
s~! need ever become unstable to a beam instability. In
fact, including this population would incorrectly skew
the average streaming time to longer times because it
is so infrequent that v4 < 18 km st (until well be-
yond 4 AU). We therefore include in our analysis only
differential speeds observed for which v, > 18 km s™1.

The resulting streaming times are presented in Fig-
ure 9 as a function of initial alpha observation lo-
cation (solid circles). The curve drawn through the
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points represents a best fit to the data, having the form
tstream = 1.497747. where tgream 1S given in days. The
results are also represented in terms of the free stream-
ing distance (right axis of graph) determined by scaling
the streaming time by the average high-latitude flow
speed, 767 km s~!. We see that alphas streaming at
1.5 AU will stream, on average, ~2.5 days (1 AU) be-
fore entering an instability region; by 3 AU the alphas
will stream ~6 days (2.75 AU) before entering an in-
stability region. On the basis of this, we expect to see
most of the beam deceleration between 1.5 and 3 AU,
whereas beyond 3 AU, it is unlikely for the beam to de-
celerate much more before the alphas reach 4.2 AU, the
limit of the high-latitude solar wind observation range.
As we see in Figure 6, this is just what is observed to
occur.

Once plasma enters an instability region, we can ask
how much time is available for the instability to act be-
fore the critical condition vep/v4 > 1 is no longer met.
To address this, we have calculated the instability du-
ration time in a manner similar to the calculation of the
streaming time. This result is also presented in Figure 9
(open circles). Again, an empirical curve is fit to the
data, of the form tinstability = 0.0839r'%%. Thus, for ex-
ample, plasma observed at 1.5 AU will stream for ~2.5
days and then enter an instability region lasting for, on
average, 0.2 days. Note that the streaming and insta-
bility curves have roughly the same functional shape,
and the ratio tinstability /tstream 1S, on average, ~0.085
(the range is 0.07 at 1.5 AU to 0.10 at 4.2 AU). Thus
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Figure 9. Average time for alpha particles to drift into region where the instability condition
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the instability is in action for ~8.5% of the time the
solar wind flows outward. We point out that the calcu-
lated instability duration time is an upper limit. We do
not account for the effect of the instability, namely, the
deceleration of the alpha beam. We are only working
with empirical information and do not speculate on the
strength of the instability action that slows down the
beam. Thus it may be the case that the duration of
the instability is shorter since the instability condition
Vap/va > 1 may no longer be met after the instability
mechanism has had some time to act.

4. Discussion

We have presented the following key observational
results for alpha particles in the high-latitude solar
wind: (1) Energy is deposited in the form of heat into
the alpha particles as they stream outward. (2) The
alpha-proton differential streaming velocity gradually
decreases with distance from the Sun. (3) Helium ions
exhibit a weak temperature anisotropy (Tio/Tj. =
0.87) that is constant with distance, on average. (4)
The ratio of the streaming speed wv,, to the Alfvén
speed v4 steadily drops from 0.80 at 1.5 AU to 0.45
at 4.2 AU; however, at all distances the maximum v,
roughly matches the minimum v 4.

In addition, we have presented a set of derived re-
sults based on these solar wind observations: (5) We
have calculated the nonadiabatic heat content of the
alphas, arriving at the important result that this heat
‘excess closely matches the amount of energy dissipated
as the alpha-proton streaming decreases. (6) On the
basis of the observed helium anisotropy, we have com-
puted the collision rate necessary to counter the ex-
pected anisotropy growth with distance as is dictated
by double-adiabatic invariance. The calculated colli-
sion frequency is ~107° s~1. (7) Finally, we have es-
timated the distance alphas must travel, on average,
until they enter a region where the critical condition
Vap/va > 1is met, with the result that alphas observed
between 1.5 and 3.0 AU should become unstable to the
magnetosonic beam instability before reaching 4.2 AU,
the boundary of the range covered by the Ulysses high-
latitude observations. Furthermore, the size of the in-
stability region is such that alphas will spend, on aver-
age, ~8.5 % of their time in such regions as they travel
out to 4.2 AU.

The core issue that this study leaves unexplained is
what actual physical mechanism (mechanisms) is (are)
responsible for slowing and heating the alpha beam and
maintaining the observed anisotropy. However, we be-
lieve this set of observations strongly constrains any the-
ory that attempts to model the physics. Alpha/proton
microinstability models have recently appeared in the
literature that may serve as candidates [Li and Habbal,
2000; Gary et al., 2000a).

Models based on wave-particle scattering have the po-
tential to explain all of these observations. A plausible
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scenario is as follows: In the solar corona, wave-particle
interactions accelerate helium ions (as well as all heavy
ions) to speeds substantially greater than the average
proton flow speed. As the solar wind expands away from
the Sun, the Alfvén speed decreases so that eventually
the alpha/proton relative flow speed exceeds the thresh-
old condition of one or another kinetic instability. Ex-
citation of these short-wavelength growing modes leads
to enhanced electromagnetic fluctuations; the fluctua-
tions, in turn, scatter the alphas. Various instabilities
yield different consequences, but all alpha/proton insta-
bilities yield two common results: the alpha/proton rel-
ative flow velocity is reduced, and the alphas are heated
more strongly than the protons.

In this scenario, points (2) and (5) above are a natu-
ral consequence; wave-particle scattering translates rel-
ative kinetic energy into thermal energy. Whether or
not points (3) and (4) are satisfied depends on which
alpha/proton instability is excited; and satisfaction of
point (1) may depend on the variation of a critical pa-
rameter, such as the proton beta §p, with distance from
the Sun, which may determine the relative heating rates
of the alphas and the protons. In order to demonstrate
the self-consistency of any model, it must finally be
shown to operate at a frequency necessary to satisfy
(6) and (7).

Hybrid simulations of the alpha/proton magnetosonic
and Alfvén instabilities have recently been carried out
[Gary et al., 2000a, b]. If vep/va =~ 1, the latter modes
have appreciable growth rates only at a proton parallel
beta B, << 1 [Daughton and Gary, 1998] and thus are
unlikely to play an important role in scattering alphas
in the high-speed solar wind (where 1 < By, & 3)-
However, Figure 4 clearly demonstrates T« /T| < 1,
and as Li and Habbal [2000] showed, this anisotropy re-
duces the value of vap/v4 necessary to excite the mag-
netosonic mode. Gary et al. [2000b] carried out hy-
brid simulations of the magnetosonic instability with
initially anisotropic alphas. The simulations showed
that wave-particle scattering by enhanced fluctuations
from the alpha/proton magnetosonic instability yields
an increase in T, /Tp, a reduction in the alpha tem-
perature anisotropy and, at 3, > 2, a decrease of the
alpha/proton relative flow speed to vep/va < 1.

Under the parameters used by Gary et al. [2000b],
the magnetosonic instability cannot be excited or re-
duce the alpha/proton relative drift if vap/va < 1 and
Byp < 2. This may be a serious limitation on the appli-
cation of this mode, because the relatively large values
of vap/v4 used in the By, < 2 simulations of Gary et al.
[2000b] are not observed by Ulysses. However, we note
that the magnetosonic instability threshold value of
Vap/v4 is diminished by a reduction in T'; o/ T} [Lé and
Habbal, 2000]. A stronger anisotropy than the one re-
ported here may, in fact, be present in the high-latitude
solar wind. Recall the recipe we use for determining
T o/T) averages of the anisotropy over 12-hour inter-
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vals, which will have the effect of smoothing out any
stronger anisotropies present at higher time resolution.
So, if higher time resolution measurements of the alpha
anisotropy could be made in the solar wind and if those
measurements could show stronger alpha anisotropies
than those reported above, the magnetosonic instabil-
ity could become active at vop/va ~ 1 and B, < 2,
thereby corresponding to a greater share of the Ulysses
observations.

Thus, at least in a qualitative sense, the alpha/proton
magnetosonic instability has the capability to yield the
following observed solar wind properties: (1) the alphas
are heated, (2) the alpha/proton differential streaming
velocity is reduced with distance from the Sun, and
(3) the alphas maintain a weak temperature anisotropy
T10/Tjo < 1. So we believe that the simulations sup-
port, if not validate, the scenario described above and
that the magnetosonic instability may play an impor-
tant role in determining the properties of alpha particles
in the solar wind.

To conclude, we return to the most intriguing obser-
vational aspect of the paper, namely, that the nonadi-
abatic heat content of the alphas matches the energy
dissipated as the alpha-proton streaming speed decel-
erates (Figure 7). As there is no a priori relation be-
tween these two quantities, it is highly unlikely that
they would necessarily balance. It appears therefore
that this is a fundamental measurement of energy trans-
fer from the kinetic flow to the internal motion of solar
wind helium.

Appendix A: Radial Dependence of
Solar Wind
Temperature Components

In the absence of strong collisional coupling between
the particle constituents in the solar wind, the particle
distribution functions are not guaranteed to be isotropic
as they are for an ideal gas. Thus expectations for the
energetics of solar wind evolution may be flawed if they
are based on the behavior of an ideal gas. Here we
investigate the degree of departure of the alpha particles
from ideal gas behavior based on the observed alpha
temperature anisotropy.

We start with the double-adiabatic invariant rela-
tions (equations 2 and 3), and following Phillips and
Gosling [1990], we reduce them to relations relating
the alpha temperature components to the interplane-
tary magnetic field B and the heliocentric distance r.
In the limit of time stationary evolution and purely ra-
dial outflow, dt — v.dr, and by conserving alpha flux,
equations 2 and 3, become

ary 4 1d_,
o = NGrmEgt) B
Ty T, d

—_B. A2
dr BdrB (42)
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As the purpose here is to generate some basic intu-
ition for the evolution of alpha distributions in the ab-
sence of strong coupling rather than performing a rig-
orous study, we make the simplifying assumption that
the magnetic field can be described with a spiral model
dependent on a constant convection speed v, solar ro-
tation rate (2, and heliographic latitude 6, in the usual
manner. We can eliminate B from the above equations,
arriving at

dT) 2rQ2 cos? §

e B L A
dr Ty v2 + Q2 cos? fr2’ (A3)
I, 2021~ + Q2 cos? Or

Tdar —TL v2 + 02 cos? Or2 (A4)

As discussed in section 3.2, on the basis of these re-
lations alone, one finds that the temperature will be
highly anisotropic for any reasonable values of v, Q,
and 6. At this point we need to introduce collision
terms to reproduce the observed weak anisotropy. How-
ever, incorporating explicit expressions based on a for-
mal theory describing the rearrangement of internal en-
ergy between the particles is beyond the present scope.
Following the lead of Marsch and Richter [1987], we
instead use a simple relaxation time approximation in-
corporating an effective mean collision frequency veg(r)
to represent isotropic scattering events due to particle-
particle or, more likely, wave-particle interactions. We
implement collisional relaxation according to the follow-
ing expressions, which ensure the invariance of the total
internal particle energy:

dTL) 1 (dT”)
—=) =-5|—=) =vea(T-TL). (A5)
< dt coll 2 dt coll ¢ !

On the basis of this expression, we now add additional
terms to the right side of (A3) and (A4) to yield the
following coupled equations:

Ty T 2rQ22 cos? § B
dr o2 ¥ 2cos20r2

2 T —T

_V‘i‘f(iilj__l_), (A6)
Ty T 202r~1 4+ rQ2 cos? 6
dr LT £ 202 cos2 0

T —T
Verr ( ||v J.). (A7)

Phillips and Gosling [1990] replace ves with an expres-
sion for the Coulomb collision rate in order to predict a
temperature anisotropy for electrons. Here we use the
observed alpha anisotropy and introduce it into (A6)
and (A7) to determine T, (r), T)(r), and veg(r). Since
the anisotropy A = T /T) is observed to be, on av-
erage, constant with radius, the calculation is greatly
simplified. In fact, the solutions have an analytical form
(again, v is considered a constant here):
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Ty(r) ATy (r), (A8)
Ty(r) = Tyor > x
(v? + 1202 cos® §)2(=2+3C)  (AQ)
1-4 20-4)77"!
l/eﬁ‘(’l‘) = [ A0 + ( " )] X

202r~1 — Q2 cos? 9
v2 — 12012 cos? 6

) . (A1)

where C' = 2A4/1 + 2A. Note that in the limit 4 — 1,
Tj(r) = T||0r“4/ 8. The implications of these equations
are addressed in section 3.2.
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