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[11 The Fast Imaging Plasma Spectrometer (FIPS) on the MErcury Surface, Space
ENvironment, GEochemistry, and Ranging (MESSENGER) spacecraft has made the first
in situ measurements of solar wind plasma in the inner heliosphere since the Helios 1 and 2
spacecraft in the 1980s. Although the core of the solar wind velocity distribution is
obstructed by the spacecraft sunshade, a data analysis technique has been developed that
recovers both bulk and thermal speeds to 10% accuracy and provides the first measurements
of solar wind heavy ions (mass per charge >2 amu/e) at heliocentric distances within
0.5 AU. Solar wind alpha particles and heavy ions appear to have similar mean flow
speeds at values greater than that of the protons by approximately 70% of the Alfvén
speed. From an examination of the thermal properties of alpha particles and heavier solar
wind ions, we find a ratio of the temperature of alpha particles to that of protons nearly
twice that of previously reported Helios observations, though still within the limits of
excessive heating of heavy ions observed spectroscopically close to the Sun. Furthermore,
examination of typical magnetic power spectra at the orbits of MESSENGER and at

1 AU reveals the lack of a strong signature of local resonant ion heating, implying that a
majority of heavy ion heating could occur close to the Sun. These results demonstrate that
the solar wind at ~0.3 AU is a blend of the effects of wave—particle interactions
occurring in both the solar corona and the heliosphere.
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1. Introduction

[2] The solar wind is the manifestation of the ubiquitous
expansion of the hot solar corona into space. Although the
origin, heating, and acceleration of the solar wind are still
much debated, there is consensus on a number of key issues.
Initial models of the solar wind were based on the assump-
tion of an isothermal plasma, with electrons and ions having
equal temperatures [Parker, 1958]. However, we know from
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ultraviolet observations of neutral hydrogen coupled to solar
wind plasmas near the Sun through charge exchange and
from direct observations of heavy ions (mass > 4 amu) that
the ions are preferentially heated, and that this heating is
necessary to attain the observed solar wind speeds [Kohl
et al., 1997, 1998]. At about 2 solar radii, solar wind ions
associated with coronal holes have relative temperatures that
strongly depend on the ratio of their mass to their charge
(mlq); for instance, ratios of the temperatures of Mg”" and
O’" to that of neutral hydrogen, T; Meo+/ Ty and Tos/ Ty, are
approximately equal to 64 at 1.7 and 2.2 solar radii, respec-
tively [Kohl et al., 1997]. Similarly, the derived flow speeds
near 2 solar radii are also higher for heavy ions, with vgs:/
vy ~ 2 [Kohl et al., 1998].

[3] These remote sensing data elucidate the important role
of wave—particle interactions in most parts of the closed and
open corona, even though the precise physical processes
involved in these interactions is still debated [e.g., Fisk et al.,
1999; Verdini and Velli, 2007; Cranmer et al., 2007]. Most
importantly, these data show that the collisional coupling of
heavy ions to solar wind protons is not as dominant as ini-
tially assumed in the first comprehensive model of heavy
ions by Geiss et al. [1970]. In these collision-dominated
models, heavy ions are coupled to the accelerating protons
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through Coulomb collisions, and thus their velocity is typi-
cally smaller than that of protons. Similarly, due to the domi-
nance of these collisions, heavy ions were predicted to have
thermal speeds smaller than those of protons, again in con-
tradiction with key results from the Ultraviolet Coronograph
Spectrometer (UVCS) [Kohl et al., 1995] on the Solar and
Heliospheric Observatory (SOHO).

[4] In situ observations of solar wind heavy ions to date
have been limited to heliocentric distances of 1 AU and
beyond. These measurements were performed mostly by
solar wind composition instruments such as those on the
Advanced Composition Explorer (ACE), Ulysses, and Solar
TErrestrial RElations Observatory (STEREO) spacecraft
[Gloeckler et al., 1992, 1998; Galvin et al., 2008]. Through
their filtering of ions by energy per charge (E/g) and the
measurement, after post-acceleration, of time of flight and
total energy, the velocity (v), mass (m), and charge (q) of
heavy ions are determined. There are some observational
limitations that are worth mentioning: the Solar Wind Ion
Composition Spectrometer (SWICS) instruments on ACE
and Ulysses measure only the speed of each ion and do not
have sufficient angular resolution to recover the full three-
dimensional orientation of the velocity vector, prohibiting
the analysis of full distribution functions [see von Steiger
and Zurbuchen, 2006]. The Plasma and Suprathermal Ion
Composition (PLASTIC) instrument on STEREO, however,
has the ability to resolve incident direction [Bochsler et al.,
2010].

[5] Generally, these observations near 1 AU show a
streaming of heavy ions that is faster than protons along the
magnetic field at differential velocities that are of the same
order, but typically less than the Alfvén speed [Asbridge
et al., 1976; Zurbuchen et al., 2000; Berger et al., 2011].
The actual amount of differential streaming depends on the
mass and charge of ions in a way that is not fully understood
[Hefti et al., 1998; von Steiger and Zurbuchen, 2006],
although there seems to be an ordering of the data by ¢*/m,
indicating a role of collisional effects. Heavy ions observed
near 1 AU also tend to have thermal speeds that are approx-
imately equal, indicating a mass-proportional temperature.
From a comparison of data gathered near 1 AU with data
from Ulysses that span up to 5.4 AU, it is evident that, with
increasing heliocentric distance, the solar wind becomes
increasingly less collisional.

[6] Simple electrostatic analysis can be used for the mea-
surement of the kinetic properties of alpha particles relative
to protons during time periods when the solar wind is not too
hot [Neugebauer, 1976; Marsch et al., 1982a]. Such analyses
are used as part of the Solar Wind Electron, Proton and Alpha
Monitor (SWEPAM) [McComas et al., 1998a] or Faraday
cup [e.g., Ogilvie et al., 1995] experiments. These works
provide an intriguing picture of the importance of collisional
processes, wave—particle interactions, and plasma instabil-
ities. In interpreting these data, it is critical to recognize that
the alpha particles carry ~20% of the internal pressure of a
solar wind plasma [McKenzie et al., 1995] and are therefore a
major contributor to plasma dynamics, such as the dispersion
properties of waves and instabilities [e.g., Gary et al., 2001].
Following a long-duration analysis of alpha particle and
proton data near 1 AU, Kasper et al. [2008] demonstrated the
importance of collisional processes that shape the relative
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speed, temperature, and temperature anisotropies of alpha
particles and protons. They also argued that there is local
heating through the local dissipation of kinetic Alfvén waves.

[7] The differential heating of heavy ions with respect to
the protons is expected to occur near the transition of two
subintervals of the magnetic field spectra: the inertial range
and the dissipation range [Coleman, 1968; Bavassano et al.,
1982; Frisch, 1996]. The inertial range as it is expected to
exist in the plasma frame occurs at frequencies substantially
lower than the gyrofrequency of heavy ions, obscured by
Doppler shifts that are a consequence of measuring the
magnetic field B in the spacecraft frame. Here, the energy
transport occurs in an approximately scale-invariant cascade
process, carrying energy to successively smaller spatial
scales and higher values of frequency (f) without any dis-
sipation. The spectral slope of this transport varies as f >
or /~*? for dominant fluid dynamics (Kolmogorov) or
magnetic transport effects (Kraichnan), respectively. At
sufficiently high frequencies, dissipation sets in [Leamon
et al., 1998]. This dissipation strongly depends on the kinetic
properties of the plasma. The importance of various dis-
sipation processes is a subject of current debate [Leamon
et al., 1998, 1999; Bale et al., 2005; Hamilton et al., 2008;
Smith et al., 2012]. In order to test the predictions of such
turbulence models, a combined dataset of heavy ions and
magnetic field measurements is required at multiple helio-
centric distances.

[8] The only comprehensive analysis of solar wind ions
in the inner heliosphere was made by the Helios spacecraft
in the late 1970s and early 1980s. Helios 1 and Helios 2 had
highly eccentric heliospheric orbits with perihelia 0of 0.29 AU
and 0.3 AU, respectively. The mission, payload, and plasma
instrument were described by Schwenn et al. [1975] and
Rosenbauer et al. [1977]. The distribution functions of pro-
tons [Marsch et al., 1982b] and alpha particles [Marsch et al.,
1982a] were characterized in detail, including examinations
of the temperatures and differential flow speeds between
alpha particles and protons as functions of heliocentric dis-
tance and solar wind speed. However, the Helios payload
included no heavy ion instruments, and there have been no
new in situ measurements in the inner heliosphere for the past
30 years.

[v] Here, we focus on the dynamic properties of heavy
ions measured with a mass-resolving instrument that is part
of the MErcury Surface, Space ENvironment, GEochemistry,
and Ranging (MESSENGER) spacecraft that is currently in
orbit about Mercury [Solomon et al., 2001]. We provide the
first combined measurements of solar wind protons, alpha
particles, and a group of heavy ions, and we place these
data into context with previous observations by Helios and
those more recently obtained near 1 AU. Specifically, we
address the nonthermal behavior of alpha particles and
heavy ions, including a discussion of the typical solar
wind turbulent environment inferred from high-resolution
magnetic field measurements from both MESSENGER
and ACE. In Section 2, we provide an introduction of the
methodology for deriving the relevant kinetic parameters
from partially obscured measurements and show the recov-
ered solar wind parameters for the inner heliosphere as
measured by MESSENGER. In Section 3, we detail obser-
vations related to the thermal and kinetic properties of
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Figure 1. Top view of a portion of the MESSENGER
spacecraft depicting the FIPS field of view and the obstruction
of the solar direction by the spacecraft sunshade. Because of
substantial aberration of vy,, from the spacecraft velocity vg,
radially traveling particles are measured with an effective
velocity Vops = Vsw — Vg Dy the spacecraft, allowing, under
some conditions, a fraction of the solar wind distribution to
be sampled by FIPS. The coordinate R is radial to the Sun,
T is formed by the cross product of the solar rotation axis
and R and lies in the equatorial plane, and N completes the
right-handed system.

alpha particles and heavy ions with respect to the protons.
Finally, a concluding discussion of our results appears in
Section 4.

2. Solar Wind Observations by MESSENGER

[10] The Fast Imaging Plasma Spectrometer (FIPS), one
of two charged particle sensors on MESSENGER’s Ener-
getic Particle and Plasma Spectrometer (EPPS) instrument
[Andrews et al., 2007], was designed to measure magneto-
spheric ions around Mercury with m/qg ratios up to 40 amu/e
and F/q ratios ranging from 40 eV/e to 10 keV/e, with energy
scan times of 64 s or 8 s depending on instrument operating
mode. FIPS has a near hemispherical instantaneous field of
view, with 1.47 sr imaged during each scan at an angular
resolution of approximately 10°. Typical solar wind plasmas
fall well within these mass and energy ranges, such that
FIPS is fully capable of resolving the solar wind, including
several of its less abundant ion species and pickup ions.
However, as a consequence of the mission’s thermal design,
the direct line of sight of FIPS in the solar direction is
obstructed by the MESSENGER spacecraft sunshade, as
illustrated in Figure 1. This obstruction nominally prevents
the instrument from sampling the majority of the solar wind
distribution. The time period of the observations presented
here is during the first year of MESSENGER’s primary
orbital mission, from 26 March 2011 to 19 December 2011.
During this period, MESSENGER’s heliocentric distance
varied between 0.3 AU and 0.5 AU.
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[11] Fortunately, due to nonradial particle velocities from
magnetic turbulence, increased plasma temperatures close to
the Sun, and aberration from a substantial spacecraft velocity
in the tangential direction, a portion of the solar wind dis-
tribution function can often be sampled by the instrument
and analyzed. After deriving the moments of a partial
Maxwell-Boltzmann distribution function (Appendix A), we
find that whereas it is difficult to calculate accurately the
plasma density without additional constraints on the three-
dimensional solar wind bulk velocity, the solar wind speed
and thermal velocity should be readily recoverable. Con-
vected isotropic Maxwell-Boltzmann velocity distributions
were used in these derivations to enable near-analytical
integrations, in recognition of the fact that these are idealized
distributions. The derived moments are then applied to more
realistic distributions such as those that include a strong
suprathermal tail and temperature anisotropy. This section
describes a methodology for recovering estimates of solar
wind speed and thermal velocities of diverse ion species
from such partial distributions, as well as an analysis of the
corresponding recovery errors.

2.1. Distribution Functions for Instrument
Observations

[12] A coordinate system in the FIPS instrument frame
with respect to a partially observed solar wind plasma is
defined in Figure 2. This coordinate system will enable the
derivation of a distribution function for FIPS observations
that can be used to recover solar wind bulk and thermal
speeds. The spacecraft sunshade blocks all incident particles
angles within about 12° of the radial direction. The edge of
the sunshade in the spacecraft ram direction, within the FIPS
~1.47 sr field of view (FOV), defines a plane on one side of
which solar wind particles may enter the instrument aperture
and on the other side of which they are obstructed (Figure 1).
The z-axis is defined to be perpendicular to this plane, such
that the +z direction points away from the obstruction. The
x—y plane, therefore, is the plane through the end of this
obstruction. The average velocity of the solar wind is
denoted v,, and its direction is defined such that the center
of the distribution lies in the x—z plane with coordinates

Vo FIpS
Partially observed solar
] wind distribution
0
& VxFIPS
Vy Fips

Not visible due to sunshade
obstruction

Figure 2. Coordinate system centered in the MESSENGER
FIPS frame. Here, the +z-axis points away from the
obstruction defined by the edge of the sunshade in the FIPS
FOV, and the solar wind core is centered at [v, sin (6,), 0,
Vo €08 (6,)]. Only the portion of the solar wind distribution
in the unshaded area is measured by FIPS.
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[vo sin(8,), 0, v, cos(,)], i.e. ¢, = 0. The angle |7/2 — |
represents the minimum angular distance from the distri-
bution center that lies within the instrument’s FOV. Given
the sunshade blockage noted above and an aberration
provided by the spacecraft velocity up to 7°, 6, & 5° for a
purely radially flowing solar wind. This angle can be
further reduced via the turbulent motions of the solar wind
plasmas. Following standard spherical coordinate system
definitions, 6 is the angle from the z-axis and ¢ is the clock
angle in the x—y plane.

[13] We assume that any other obstructions to the instru-
ment FOV are negligible, so that the solar wind distribution
is visible over the ranges 6 = [0, /2] and ¢ = [0, 27]. The
highly supersonic solar wind is confined to a small angular
width in the instrument FOV, so other obstructions, such as
solar array panels or small protrusions of the spacecraft body
into the FOV, should not markedly affect the fraction of the
distribution observed.

2.1.1. Isotropic Maxwell-Boltzmann Distributions

[14] With the newly defined coordinate system from
above, a model for the solar wind distribution function takes
the form of an isotropic drifting Maxwell-Boltzmann distri-
bution in spherical coordinates:

1\*? 1
0,6) = no(—) —
1.0 =m(5) =
v? 42 — 2vv,(sin Osin 6, cos ¢ + cosfcosb,)
“eXp| — ’ (1)
2y,

where 7, is the plasma density and vy, is related to the tem-

perature T by vy, =\/kgT/m where kg is the Boltzmann
constant.

[15] A FIPS energy scan implicitly integrates over the
instrument FOV to give an observed distribution as a func-
tion of measured speed, fops(v). This integration can be
explicitly written as

/2 2

Joms(¥) = / sin 00 / dé-£(v.6.4). @)

o

[16] Equation (2) can be integrated analytically under the
assumption of supersonic flow and a center of the distribu-
tion near the edge of the sunshade (see Appendix B). From
this solution, the measured quantities Fy, F;, and F, may be
calculated and manipulated to produce the observed density
Nops < Mo and estimates of v, and vy, directly from FIPS
measurements:

Fo= /fobs(v) . Vzdv =~ Robs,
o

N[l obe
F]=<7>:/7-f0bs-v2dv:nb‘,and 3)
v v Vo
o
O N
v v Vo

o
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Hobss Vo, and vy, can be recovered through manipulations of
these moments,

Hobs = F07
Fo
=—,and
Vo 7
F
=, /= 4
Vth F ( )

[17] These relations apply to any measured ion species,
providing that the proper conversion from instrument energy
to ion velocity is determined. Similar moments are used to
derive solar wind parameters for observations from ACE/
SWICS and Ulysses/SWICS [von Steiger et al., 2000].
2.1.2. Kappa Distributions

[18] To first order, an isotropic Maxwell-Boltzmann dis-
tribution is a good description of the solar wind. However, a
more general distribution function for solar wind plasmas is
a kappa distribution [Vasyliunas, 1968],

o\ —(k+1)
Fe(v) ~ (14.1&) ) (5)

2
Ko 2vy

[19] The parameter «, defined for 1.5 < x < oo, describes
the shape of the velocity distribution away from a quasi-
Maxwellian core. A value x = 1.5 gives a v—> power law tail,
i.e., a strong suprathermal particle population commonly
observed in the solar wind. This particular distribution will
place an upper bound on that population, as the measured
tail typically begins at several times the solar wind speed
[Fisk and Gloeckler, 2006; Fisk et al., 2010].

[20] Higher x values describe distributions with weaker
tails, and kK — oo reduces the distribution to a tailless
Maxwellian. However, for a low-x distribution, the results
from Section 2.1.1 may not necessarily apply. The effect
of these tails on the recovery of solar wind parameters will
be to decrease velocity estimates and increase temperature
estimates, due to an increase in measured events at angles far
from the core that, in the instrument frame, are necessarily
measured with a lower and wider energy range than for the
core. Although indices can be created to characterize the
strength of the suprathermal population, larger time accu-
mulations for instrument measured events than those used in
this work would be needed to obtain the required counting
statistics for such an analysis. Therefore, as discussed below,
valid recovery criteria are developed that are independent of
any estimate of the size of the suprathermal population.
2.1.3. Bi-Maxwellian Distributions

[21] In addition to a suprathermal tail, solar wind dis-
tributions can exhibit structure with respect to the direction
of the local magnetic field [Wolfe et al., 1966]. A simple
model of these distributions is a bi-Maxwellian, with char-
acteristic temperatures 7)) and 7, (and corresponding vy,
and vy, ) related to the overall plasma temperature by the
relationship 7= 1/3 x (I} + 2T, ) [Hundhausen et al., 1970].
Here we assume that the magnetic field in the inner helio-
sphere is nearly radial to the Sun, such that the parallel
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Figure 3. Relative error in recovered velocity for (a) isotro-
pic Maxwell-Boltzmann, (b) kappa distribution with x = 1.6,
(c) bi-Maxwellian with 7/T, = 2, and (d) bi-Maxwellian
with T)/T, = 0.5. A decreasing M = v, /vy, indicates hotter,
less supersonic plasma. (90° — 6,) = 0 indicates that 50%
of the distribution is visible, with a lower fraction visible at
increasing angular distance from the core. For all distribu-
tions, when the core is within 20° of the sunshade obstruc-
tion, the velocity is recovered to within 10% accuracy.

direction corresponds to the solar wind flow direction, giving
a distribution of the form

(v = o)’

2
2thLH

2
fm~w( (m), (6)

T2
2Vth,L

where v and v, are the components of the velocity in the
directions parallel and perpendicular to the local magnetic
field.

[22] Previous studies of inner heliospheric plasmas yield
T)/T, in the range 107" to 10" that can vary with different
ion species [Marsch et al., 1982a, 1982b]. Although not
modeled in detail here, a substantial heat flux component
will add an asymmetry into the distribution, usually along
the parallel direction [Li, 1999], resulting in a shift of the
mean velocity and an enhanced thermal velocity due to a
widening of the distribution. These heat flux contributions,
like temperature anisotropy, often exhibit structure with
respect to the magnetic field.

2.2. Recovery Error Estimates

[23] To quantify the recovery errors in v, and vy,, data from
synthetic distributions were analyzed with the methodology
of the previous section. Four sets of distributions were gen-
erated: (1) an isotropic Maxwell-Boltzmann distribution,
(2) a kappa distribution with x = 1.6, (3) a bi-Maxwellian
with T)/T, = 2, and (4) a bi-Maxwellian with 7}/T, = 0.5.
Each set consists of distributions with varying values of M =
Vo/Vin, and 6, values. A value of v, = 450 km/s was selected
with M varying from 3 to 12 and 6, varying from 90° to 120°.
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[24] For a given M and 6, the distribution was sampled
over 6 = [0, /2] and ¢ = [0, 27] at 1° resolution and accu-
mulated to form f,s(v). This f;,s(v) was integrated following
equation (2) to find Fy, F, F, and subsequently estimates
for Vo recovered AN Vih recovered- These estimates were com-
pared with the known input values of v, and vy, and the
relative error between them was calculated from

|Vo — Vo, recovered (M7 60)!
Vo

Evo(M7 90) = (7)

and

M — TecoVver: M,9
Fa,) = 2 OB

[25] The recoveries tested here are applicable to multiple
ion species in the same plasma. Although different species
may have different bulk and/or thermal velocities, only
motion of the distribution core with respect to the plane of
the sunshade results in changes to 6,, i.e., only one dimen-
sion of ion motion can affect 6,. Ion species with different
solar wind speeds, for example, can still have the same 6,
values, and consequently their errors are expected to scale
with one another, allowing for detailed comparison between
them. In addition, included in the conversion from measured
events to phase space density is a v* dependent factor that,
for lower density plasmas, can limit the recovered fops(V)
values at lower measured energies [von Steiger et al., 2000].
This effect was not included as part of this analysis because
it is density dependent and a second order effect.

2.2.1. Bulk Velocities

[26] For almost all distributions visible to within 20° of the
core, regardless of the suprathermal population, the error in
recovered velocity is less than 10%, as demonstrated in
Figure 3, which shows the relative error in recovered bulk
velocities for all sets of analyzed distributions. Small-scale
structure in these images is because multiple pairs of M
and 6, values produce similar distributions. Because of the
finite sensitivity of FIPS and typical solar wind plasma
densities in the inner heliosphere [Marsch et al., 1982b], it is
unlikely that any distribution centered more than 20° away
from the sunshade obstruction will generate any noticeable
measured events within the detector. It is therefore expected
that, under the stated assumptions, FIPS can produce accu-
rate estimates of solar wind speeds for any measured solar
wind distribution.

2.2.2. Thermal Velocities

[27] As expected from Appendix A, and shown in
Figure 4a, the error in recovered thermal velocity is very
small for the isotropic Maxwell-Boltzmann distribution and
is relatively independent of the visible fraction of the dis-
tribution function. A strong suprathermal tail, however
(Figure 4b), creates substantial errors in recovered thermal
velocity except for either very hot (M =~ 3) distributions or
when almost half of the distribution function is visible. For
the bi-Maxwellian cases, the recovered thermal velocity is
dominated by the vy, | component, specifically for 77/T, > 1,
since the integration is most sensitive to contributions from
the flow/magnetic field direction. A substantial temperature
anisotropy, therefore, can lead to a bias in recovered thermal
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Figure 4. Relative error in recovered thermal velocities for
(a) isotropic Maxwell-Boltzmann, (b) kappa distribution
with k = 1.6, (c) bi-Maxwellian with T}/T, = 2, and (d) bi-
Maxwellian with 7)/T, = 0.5. For the Maxwell-Boltzmann
case, the recovered thermal velocity is within 10% indepen-
dent of the fraction of the distribution function that is visi-
ble to FIPS. For the x = 1.6 case, however, the strong
suprathermal tail creates large changes in recovered vy, with
angular distance from the core. The recovered thermal veloc-
ities for the bi-Maxwellian cases are most sensitive to vy, |,
especially for 7)/T > 1.

velocity independent of the fraction of the distribution
visible.

[28] Although the errors for the x = 1.6 case may be dis-
couraging, they can nonetheless be used to aid in identifi-
cation of periods of recoverable thermal velocities. Consider
the turbulent solar wind moving in and out of the FIPS FOV.
As this movement occurs, the instantaneous 6, value chan-
ges. Following the results in Figure 4b, such movement in
the presence of a strong suprathermal population will create
sharp changes in the recovered vy, value as a function of
time. Therefore, despite a lack of knowledge of the precise
values of 6, or x, if the recovery of thermal velocity is
restricted to time periods where there is a stably recovered
vi, with time, it is likely that either FIPS is observing a near-
Maxwellian distribution or that it is close to the solar wind
core such that the effects of the suprathermal particle popu-
lation will not affect the recovery. During these time periods,
and with the given assumptions, it is estimated that the
recovery of thermal velocity will be accurate to within 10%.

2.3. Recovery Criteria

[29] From Section 2.2, bulk and thermal velocities of solar
wind ions can be recovered to within 10% accuracy. How-
ever, the solar wind is not the only plasma population mea-
sured by FIPS as MESSENGER orbits Mercury, passing
through the planet’s magnetosphere twice per day during the
primary orbital mission. Not only are criteria needed to
determine whether or not we can expect accurately recov-
ered solar wind parameters for a particular ion species, but
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the plasma population that is being measured by the instru-
ment must be determined.

[30] The highest count rates in the instrument correspond
to proton events. Therefore, a set of filters that examine the
plasma properties of the measured protons were used to
determine whether the solar wind distribution was being
observed. Less abundant species such as He?" and other
heavy ions were recovered only during these times. H"
velocities were recovered for each instrument energy scan,
averaged over approximately 1 min or 10 s depending on
instrument operating mode. Longer time-averaged velocities
of H' are averages of these individual scans. Heavy ion
measurements, due to limited statistics, were summed over
several scans before recovering their velocities. The thresh-
olds below which velocities were not recovered due to
insufficient statistics were selected as nops <5 X 107 cm™>
for bulk velocity and ng,s < 1.5 X 1072 cm > for thermal
velocities.

[31] Because of the limitations of mass resolution for
FIPS, heavy ion charge states such as 0" and C>* cannot be
easily separated. Consequently, events from all ions with
m/q between ~2 and 3 amu/e were accumulated together.
These events, however, will typically be dominated by O%*
and C°*, the most abundant heavy ion species in the solar
wind [von Steiger et al., 2000]. For this reason, the average
heavy ions will be denoted as (OC). Since the conversion
from energy-per-charge to velocity depends on m/g, an
average solar wind m/g of 2.5 was assumed on the basis of
abundances reported by von Steiger et al. [2000]. This
factor may introduce additional errors on the order of about
5% to the determination of the average heavy ion velocities.

[32] Bulk velocities were recovered from FIPS measure-
ments if: (1) sufficient numbers of H+ events were measured
to obtain 10% peak widths, (2) MESSENGER was outside
of Mercury’s bow shock as determined by data from mag-
netic field measurements (R. M. Winslow et al., Mercury’s
magnetopause and bow shock from MESSENGER obser-
vations, submitted to Journal of Geophysical Research,
2012), (3) the measured H" energy distribution was singly
peaked, (4) the mean incident location of events was calcu-
lated to be within 30° of the radial direction, and (5) more
than two consecutive energy scans met criteria (1-4). Ther-
mal velocities were recovered if criteria (1-5) were met with
the added restriction that there must be recoverable thermal
velocities from at least five consecutive energy scans and
that the standard deviation of those velocities stayed below 5
km/s, indicating a stable recovery. Heavy ion parameters
were recovered when the above criteria were met for H™ and
when sufficient numbers of heavy ion events were
measured.

[33] As an example, Figure 5 shows a period of recovered
bulk and thermal velocities for HY, He?", and (OC) for the
period from 21 June to 1 July 2011. The stream structure of
the solar wind [McComas et al., 1998b] as well as plasma
temperatures consistent with previous observations of inner
heliospheric solar wind from Helios 1 and 2 [Freeman,
1988; Marsch et al., 1982b] were recovered from the fil-
tered dataset. The solar wind parameters derived here were
also compared with those generated by the Wang-Sheeley-
Arge ENLIL model (D. N. Baker et al., Solar wind forcing
at Mercury: WSA-ENLIL model results, submitted to
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Figure 5. Recovered (a) bulk velocities and (b) thermal
velocities of H, He*", and (OC) for the period from 21 June
to 1 July 2011. These filtered datasets show typical solar
wind structure, with speeds and temperatures characteristic
of inner heliospheric plasma. Time accumulations for each
data product are indicated.

Journal of Geophysical Research, 2012), and they were
found to be in good agreement during quiet solar conditions.

3. Heavy lon Measurements in the Inner
Heliosphere

[34] With bulk and thermal velocities recoverable for both
solar wind protons and heavy ion species, the effects of
propagating Alfvénic fluctuations and average heavy ion
kinetic properties can be characterized in the inner helio-
sphere (solar distance R < 0.5 AU) with data from both the
FIPS and the Magnetometer (MAG) [4nderson et al., 2007]
on MESSENGER.

3.1.

[35] Alfvénic fluctuations are ubiquitous structures in the
solar wind [Coleman, 1968; Belcher and Davis, 1971],
particularly in fast streams associated with coronal holes
[Smith et al., 1995]. These fluctuations have been observed
in situ as close as R = 0.3 AU by Helios [Grappin et al.,
1990]. They are identified as periods of nearly constant
magnetic field magnitude |[B| and plasma density n (mass
density p), with correlations between changes in the mea-
sured solar wind velocity and magnetic field vector, such that

Identification of Alfvénic Turbulence

V=V — (V) 9)
and

6B =B — (B). (10)
with dv proportional to 6B, where v is the solar wind velocity
vector and B is the magnetic field vector. The proportionality
constant (6v/6B) is related to the wave velocity v,, of the
propagating fluctuation by the relation [B. E. Goldstein et al.,
1995]

[36] Foranideal Alfvén wave, 6v = +£0B/+/47p, leading to
a wave propagating with the Alfvén speed along the direc-
tion of B. Because of the large uncertainties in p from FIPS
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measurements, the local Alfvén speed cannot be reliably
determined. However, from the correlation between 6v and
OB, the effective wave speed from (11) is readily calculable.

[37] For large-amplitude nonlinear Alfvénic fluctuations,
correlations in v and B are present in all vector components,
not just those transverse to the direction of propagation
[Belcher and Davis, 1971]. However, any analysis of FIPS
observations is restricted to the direction radial to the Sun, as
the recovered speed is approximately equal to the radial
component of the solar wind velocity. Therefore, Alfvénic
fluctuation events will be identified as time periods during
which the measured vy correlates with the radial (with
respect to the Sun) component of the magnetic field, By, and
the magnetic field magnitude |B| is nearly constant. The
constant of proportionality between vy and 0By has been
used to derive the radial propagation speed of the fluctuation
from equation (11).

3.2. Differential Streaming of Heavy Ions

[38] Two periods of propagating Alfvénic fluctuations
identified in the FIPS dataset on 19 April 2011, from
00:00:00 to 02:40:00 UTC, and 28 August 2011, from
14:00:00 to 15:00:00 UTC, are shown in Figures 6 and 7,
respectively, with proton and heavy ion velocities from FIPS
and corresponding magnetic field vector measurements from
MAG. In each case, there is a nearly constant |B|, consistent
with incompressible turbulence. There are also observable
correlations between vy and Br with correlation coefficients
#*=0.62 and 0.73 for the 19 April 2011 and 28 August 2011
events, respectively. The time resolution of the data from
each event varies because of different FIPS instrument
operating modes. For each case, the maximum available time

——— H"(1 min)
He2' (1 min)
<QC> (5 min)

Z 500 ¢

400 1

Br
By
By
— 18]

B (nT)

10, 1
20p (b)

00:00:00

01:12:00 02:24:00

Time (UTC)

Figure 6. Alfvénic fluctuation event for 19 April 2011,
from 00:00:00 to 02:40:00 UTC, in instrument survey mode.
(a) FIPS-measured bulk speeds of H", He**, and (OC) show
differential streaming of heavy ions with respect to solar
wind protons. Time accumulations for each data product
are indicated. (b) Magnetic field measurements from MAG
(1-min averages) indicate strong correlations of Br and vy«
with a nearly constant |B|.
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Figure 7. (a and b) Same as Figures 6a and 6b but for
28 August 2011, from 14:00:00 to 15:00:00 UTC. (c¢) Corre-
sponding thermal velocities. During this time period, FIPS
was in its “burst” scanning mode. Time accumulations for
each data product are indicated. The magnetic field data were
averaged over 10-s intervals in order to observe the fine
structure of the Bg — vy correlation.

resolution was used to derive vy in order to resolve the fine
structure of the fluctuations. The thermal velocities for the 19
April event did not meet the stability criteria for a reliable
recovery and are, as a consequence, not included in this
analysis. However, for the 28 August event, the H", Hez+,
and (OC) thermal velocities are available and are shown in
Figure 7.

[39] From previous observations [von Steiger and
Zurbuchen, 2006], it is expected that the timescale of inter-
actions between solar wind ions and propagating waves
scales as (g/m)”, where « is related to the spectral slope of
the magnetic field fluctuations. Heavier ions should there-
fore scatter quickly into the frame of the waves or of the
Alfvénic turbulence, leading to a motion relative to protons,
and also excessive heating. In addition, these ions are heated
such that their thermal velocities approach that of the wave
speed. This process results in differential streaming of heavy
ions with respect to the protons in the direction of the
magnetic field [Asbridge et al., 1976; Marsch et al., 1982a;
Zurbuchen et al., 2000; Berger et al., 2011]. Since waves
tend to propagate outward from the Sun [Roberts et al.,
1987; Gosling et al., 2009], such streaming results in an
increased measured solar wind speed of heavy ions.

[40] This wave—particle scattering is incomplete, however,
and particles have been observed to stream with only a
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fraction of the propagating wave speed. Some weak corre-
lation between the He®" speed and By in Figures 6 and 7 is
further evidence of this incomplete scattering process, as
only particles not traveling in the frame of the wave could
be susceptible to such interactions. The constant of pro-
portionalities between vy and 6Br for the events in
Figures 6 and 7 are —9.2 km/s'nT and —2 km/s'nT,
respectively, leading to maximum calculated wave speeds
of 175 km/s and 80 km/s. The He*" bulk radial velocities
appear to stream ahead of the protons at a fraction of
this speed, approximately 70%, for both the 19 April and
28 August events, consistent with the results of Marsch et al.
[1982a]. The {OC) bulk velocities also appear to lead the
protons by similar factors, though with the longer required
accumulation time and consequently fewer available data
points for heavy ions, this relationship is less clear.

[41] For the 28 August event, the heavy ion thermal
velocities also lead that of the proton velocity, indicating
substantial heating for each species when compared with H'.
The average thermal velocity of heavy ions during the event
is approximately 90 km/s, consistent with particles scattered
into the frame of the propagating wave. lons with markedly
different thermal speeds could result in biases in their recov-
ered bulk velocities, following the derivation in Appendix A.
However, the effect of this bias would be to decrease the
recovered speed of the heavy ions, such that their relative
streaming speed would be slightly underestimated.

[42] Although the full time interval of each event appears
to have a strong v+ — By correlation, there are short periods
within each period with no observed differential streaming,
i.€., ViI+ = Vheavy- These periods can be understood as marking
changes in the propagation direction of the fluctuations.
Nominally, Alfvén waves are transverse perturbations that
travel parallel to the mean field. However, for nonlinear
high-amplitude waves, the propagation direction may be
altered by large fluctuations. During these events, although
the wave speed |v,,| must stay constant, the individual com-
ponents can change to accommodate an evolving direction
of propagation. The periods in Figures 6 and 7 at which
Vi+ = Vheavy CoOrrespond to times when the magnetic field
became notably nonradial, i.e., |Br|, |Bn| > |Br|, in agree-
ment with the analysis of Berger et al. [2011] at 1 AU. With
the direction of propagation no longer in the radial direc-
tion, the differential speed of heavy ions and H" measured
by FIPS should be small. These observations indicate that
Alfvénic fluctuations travel along the local magnetic field
direction. High time-cadence measurements are vital for
resolving this phenomenon, as average heavy ion velocities
over the timescale of the fluctuations can wash out this effect.

3.3. Average Heavy Ion Kinetic Properties

[43] Because of the limited solar wind dataset of FIPS, it
is not possible to identify all potential Alfvénic fluctuation
events from instrument observations. Consequently, wave
speeds can be identified only for a handful of events for
which there are large segments of continuous measurements.
Nonetheless, it is possible to investigate average trends of
heavy ion dynamics. Such data for the inner heliosphere
(R < 0.5 AU) from FIPS can be compared with previous
observations at 1 AU. For the full time range available in
2011, average bulk and thermal velocities were recovered
from FIPS measurements.
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Figure 8. vy as a function of (a) H" bulk velocities and (b) (OC) bulk velocities measured by FIPS.
For lower solar wind speeds (v <450 km/s), helium and hydrogen travel together. For higher speed winds
(v>450 km/s), at which Alfvénic turbulence becomes more prevalent, the helium ions stream ahead of the
protons. Helium and {OC) flow together for all measured solar wind speeds.

3.3.1. Bulk Flow

[44] The average bulk velocity of He*" compared with
those of H" and (OC) are shown in Figure 8. At lower solar
wind speeds (v < 450 km/s), vy+ = vye, indicating the
absence of substantial differential streaming. However, for
higher speeds (v > 450 km/s), the helium ions consistently
stream ahead of the protons, a trend in good agreement with
increased Alfvénic wave activity in coronal-hole winds. For
all measured solar wind speeds, however, there does not
appear to be any average streaming between alpha particles
(m = 4 amu) and heavier ions (m = 12-16 amu). Such
behavior is consistent with an m/g-dependent physical pro-
cesses, in which higher-m/q ions all flow with the protons in
the slower solar wind and all stream ahead of the protons
with similar velocities during times of increased Alfvénic
wave activity in the fast wind.
3.3.2. Thermal Properties

[45] The thermal velocities are compared between He”"
and H" and between He?" and (OC) in Figure 9. Lines
indicating thermal equilibrium, equal thermal speeds, and
the maximum differential thermal speeds (Vin,os/Vinu = 2.33

150

at 3.5 solar radii [Kohl et al., 1998] observed close to the
Sun by UVCS are included in the figure. Although UVCS
observed temperatures only of neutral hydrogen, similar
trends are expected to hold for that of H'. Here it is also
assumed that the observations of O°" are representative of
coronal He*", since no corresponding spectroscopic data are
available. Heavy ions seen by MESSENGER are observed
to be substantially hotter than protons, with few observed
alpha particles in thermal equilibrium with the protons, in
contrast to analogous observations at 1 AU. The maximum
ViHe2+/ Vi i+ from FIPS, however, stayed within the bounds
of UVCS observations, indicating that a substantial addi-
tional heating source outside the solar wind acceleration
region may not be required to explain FIPS observations.
Further, Figure 9b indicates that the thermal velocities for
He*" and (OC), like their bulk velocities, are nearly
identical.

[46] For Parker spiral geometry and a solar wind density
that scales as 1/R%, the Alfvén speed (v,) increases by about
a factor of 2 from 1 AU to 0.4 AU, the average distance of
MESSENGER from the Sun during the time period of this
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Figure 9. vy, e as a function of (a) H' thermal velocities and (b) (OC) thermal velocities measured by
FIPS. Helium is substantially heated with respect to the protons; on average Tije-/Tiy- = 9. Both He*" and
(OC) have similar thermal speeds, indicating substantial heating of the heavier ions as well.
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Figure 10. T.,./Ty- as a function of solar wind speed for

He?* and (OC). The error bars for each point indicate count-
ing uncertainty, with the percent error scaling as the inverse
square root of the number of measurements, 1/v/N. With
decreasing solar wind speed, i.c., less Alfvénic turbulence,
the plasma tends toward a lower temperature ratio. The tem-
perature ratio T(ocy/ The>+ 1 approximately equal to mocy/
mye>, implying similar thermal speeds for heavy ions, as
shown in Figure 9b.

study. The proton thermal speed, however, for a measured
R799 scaling for temperature in the fast solar wind in the
inner heliosphere [Totten et al., 1995], increases only by a
factor of approximately 1.5 from 1 AU to 0.4 AU, such that
the overall ratio va/vy, i+ Will increase by a factor of 1.3, i.e.,
the proton thermal velocity does not scale with the Alfvén
speed. As discussed in Section 3.2, He*" ions can be heated
by propagating Alfvénic fluctuations such that their thermal
speed approaches that of the Alfvén speed. It follows that the
helium thermal velocity during these times should scale with
the Alfvén velocity. At 1 AU, Tye/Ty+ = 4, i.e., equal
proton and alpha thermal speeds correspond to time periods
of increased magnetic wave activity and differential
streamlng [Kasper et al., 2008]. Inside 1 AU, therefore, if
He?" particles have thelr thermal speeds ordered by the
Alfvén speed, a peak in the ratio Tye+/Ty+ =~ 8 is expected.
From Helios, Tye+/Ty+ in the inner heliosphere was 5—6
[Marsch et al., 1982a]. The average Tye:+/Ty- from FIPS
observations, ~11, is higher than this scaled ratio and
nearly twice that of the previous Helios observations.

[47] Temperature enhancements measured by FIPS as a
function of v+ for He*" and (OC) are shown in Figure 10
for an average (OC) mass of 14.4 amu [von Steiger et al.,
2000]. In the fast wind, where Alfvénic turbulence is most
prevalent, the temperature ratio between the heavy ions and
protons is largest, with the maximum ratio approaching the
maximum observed heavy ion heating from UVCS mea-
surements [Kohl et al., 1998]. The minimum ratios occur for
the lowest measured solar wind speeds, at which Coulomb
collisions are expected to play an increasingly important role
in heavy ion kinematics. The temperature ratio T¢ocy/Tye 18
approximately equal to m(pcy/mye+, consistent with results
shown in Figure 9b, indicating that heavy ions move with
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similar thermal velocities. From this analysis, measurements
of T,on/Ty- in the inner heliosphere appear to be ordered by
the solar wind regime, consistent with similar analysis at
1 AU by Kasper et al. [2008], but with substantially higher
observed alpha particle temperatures.

[48] As discussed in Appendix A, the recovery of the
thermal velocities of ion species relies on the assumption
of an isotropic plasma. Although there may be biases in
the recovered of thermal velocities from partially observed
solar wind plasmas, any bias in the Tjje/Ty+ ratio must be
due to a difference in biases between the alpha particles
and the proton gopulation. If substantial anisotropy is
present in the He*" particles with respect to those of H',
ie., Tyer, /Ty > 1, the ratio of the recovered thermal
velocities could be biased. Furthermore, there may also
be a larger or more variable suprathermal population for
heavier ions than for H', enhancing the estimates of alpha
particle temperatures. Finally, the solar wind populations
most easily measured by FIPS have higher plasma tempera-
tures in general due to the tendency of colder distribution
functions to remain hidden behind the spacecraft sunshade.

[49] As indicated by data gaps in the observations of
Marsch et al. [1982a] close to the Sun, however, available
Helios observations may exhibit an opposite bias. Alpha
particles and protons become increasingly more difficult to
separate with increasing Tye/Ty- ratios using only electro-
static deflection, leading to a possible explanation for the
increased temperatures measured by MESSENGER when
compared with Helios observations. Notwithstanding any
bias, however, from FIPS observations, there are few recov-
ered thermal velocities indicating that He*" and H' are in
thermal equilibrium, in striking contrast to data collected at
1 AU.

3.3.3. Magnetic Turbulent Heating

[50] To interpret the non-thermal heating and differential
acceleration of heavy ions as a function of heliocentric dis-
tance, a comparison of two representative spectra of locally
measured magnetic field data in the fast solar wind (vy- =
500 km/s) at 0.37 and 1 AU is shown in Figure 11. The ACE
data were measured by the magnetometer on ACE [Smith
et al., 1998] with a maximum time-resolution of 3 vectors/s.
MESSENGER data were measured with a maximum time-
resolution of 20 vectors/s. Spectral densities for the trace of
the total power of fluctuations in the magnetic field compo-
nents (Pr;) and the total power of fluctuations in the magnetic
field magnitude (Pyg)) are shown. For each spectrum there is
a power law fit in the inertial frequency range 102 Hz < f <
10~" Hz. Figure 11 also marks the gyrofrequencies of H',
He?*, and (OC).

[51] In the low-frequency inertial regime, the spectral
shape of Pr, is almost independent of heliocentric distance,
consistent with Helios observations [Marsch, 1991]. The
power law fits in this reglon show a slope consistent with
Kolmogorov scaling, i.e., £~ for both spectra. However,
the spectral power at 0. 37 AU is elevated by a factor of
20 in the frequency range 103 Hz < f< 10 Hz. Following
the Wentzel-Kramers-Brillouin (WKB) approx1mat10n and
under steady plasma conditions, P|B| is expected to increase
following a R~ dependence in the inner heliosphere [Isenberg
and Hollweg, 1982], consistent with the observed change
in P [BJ-
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Figure 11. Representative high-resolution spectra for MESSENGER (in blue) and ACE (in black) during
a time of coronal-hole-associated wind (ACE: 6 March 2011, 04:00:00-07:59:59 UTC; MESSENGER:
29 June 2011, 01:26:00-02:08:00 UTC). Power spectra are shown for (a) the trace of three-dimensional
spectral density distributions of B, i.e. Pr; and (b) fluctuations in the magnitude of B, i.e., Pjg. The local
gyrofrequencies of key ions (H*, He*", and (OC)) are computed from average [B| values during this time
period, ~5 nT and ~30 nT for ACE and MESSENGER, respectively.

[52] As discussed in Section 3.1, one view of the fluctua-
tions in B can be expressed as a combination of inward- and
outward-propagating Alfvén waves that interact in a non-
linear fashion [Marsch, 1991; M. L. Goldstein et al., 1995].
Interactions between these large-amplitude waves and parti-
cles are expected to be the physical reason for the differential
streaming of solar wind heavy ions. The spectral density
of Pyg, is smaller than Pr, by over two orders of magnitude,
indicating that these inertial range fluctuations are approxi-
mately incompressible. This incompressibility is consistent
with the observed properties of Alfvénic fluctuations for
which |B| remains nearly constant but with large fluctuations
in all individual components. However, the spectral slope
of Py is substantially flatter than that of Pr,, indicating
increasingly compressible turbulence toward the transition
to the dissipative range.

[53] At both ACE and MESSENGER, the transition from
the incompressible inertial range to the compressible dissi-
pation range manifests as a change in spectral slope near
f=0.5 Hz. Although the heavy ion gyrofrequencies at 1 AU
are well within the inertial range, the corresponding gyro-
frequencies at R = 0.37 AU occur near this point. Despite
important Doppler shifts not having been included in the
labeling of ion gyrofrequencies in Figure 11, a few impor-
tant conclusions can be drawn from this analysis: (1) the
transition from inertial to dissipation ranges and the kinetic
timescale of heavy ions and protons in the inner heliosphere
evolve differently with heliocentric distance but span a
similar band of frequencies; (2) solar wind heavy ions will
necessarily interact with solar wind turbulence at lower fre-
quencies, and consequently will always experience a sub-
stantially larger power level than that of the protons, e.g.,
Pr(foc) = 5P fii+) in the inertial range; (3) there appears
to be a distinct increase in the compressive nature of fluc-
tuations in the frequency range near the ion gyrofrequencies
in the inner heliosphere; and (4) for local heavy ion resonant
interaction, one would expect spectral breaks at the locations
of heavy ion gyrofrequencies. The absence of these markers

suggests that either the majority of the heavy ion wave-
heating process occurs close to the Sun, or that the turbulent
cascade masks any signature of a gradual heliospheric
process.

4. Concluding Remarks

[54] Observations by the FIPS sensor on MESSENGER
constitute the first measurements of the properties of heavier
ions in the solar wind at ~0.3 AU, and the first measurements
of any solar wind properties at this heliocentric distance
since observations by the Helios spacecraft 30 years ago.
Our results, as in the case of the solar wind at 1 AU, are
divided by the dominant source of turbulence, i.e., by fast
solar wind, which has substantial Alfvénic turbulence, versus
slow solar wind, which has more compressive turbulence.
In the case of the slow wind, the protons and heavier ions
tend to have the same flow speed and approximately equal
temperatures, which were presumably set in collision-
dominated processes in the solar corona. In the case of the
fast wind, the presence of Alfvénic turbulence causes the
heavier ions to flow faster than protons by a sizable fraction
of the Alfvén speed. Although this fraction is similar to that
observed at 1 AU, the Alfvén speed at 0.3 AU is approxi-
mately a factor 3 larger than at Earth. Similarly, the heavier
ion temperatures are markedly larger in the fast solar wind
than those of the protons.

[s5] The fast solar wind appears to be a blend of thermal
speeds that are determined in the heliosphere and those
determined in the solar corona. The ratios of ion temperatures
to proton temperatures at ~0.3 AU are larger than would
result if the ions simply acquired a fraction of the Alfvén
speed as their thermal speed, as is observed at 1 AU, pro-
viding evidence of m/g-dependent heating that has been
observed spectroscopically at the Sun. An examination of the
magnetic environment at both MESSENGER and ACE
reinforces this observation, as although the turbulent power
associated with Alfvénic fluctuations is an order of magni-
tude higher at R ~ 0.3 AU than at Earth, there is no strong
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spectral signature of local heating at either heliocentric
distance.

[s6] Despite the fact that the FIPS sensor on MESSENGER,
with its view partially obstructed by the spacecraft sun-
shade, is not ideally suited for observing the solar wind, it
has been possible to draw conclusions about the properties
of heavier ions in the solar wind at 0.3 AU, and thus place
constraints on the mechanisms of the acceleration and
evolution of the solar wind as it propagates outward from
the Sun. Moreover, we should expect that the accuracy of the
results presented here will improve with additional observa-
tions and sharpened statistics as MESSENGER continues in
its extended mission.

Appendix A: Moments of Partial Velocity
Distribution Functions

[57] To understand the effects of observing only a fraction
of the solar wind plasma, we take the moments of the
obstructed drifting isotropic Maxwell-Boltzmann velocity
distribution defined by

1\? 1

f(vX7 Vy, Vz) =nNo (ﬂ) %exp (_

[s8] Here, n, is the proton density, v, is the bulk speed,
and vy, is the thermal speed that is related to the proton
temperature by the definition

(A2)

[59] The plasma will be visible for all v, and v, but will be
obstructed in the v, direction for v, < v, mi, as shown in
Figure Al. It is assumed that no more than 50% of the dis-
tribution function will be in the observable range v, yin > 0.
The distribution function in Figure Al is not in the same
references frame as that illustrated in Figure 2. The frame
center here was shifted to a lower v, value by v, i, to pro-
vide a mathematically simplified analysis that can then
related to more detailed instrument geometry.

Visible

V.

X

Not Visible

Figure Al. Illustration of an obstructed isotropic drifting
Maxwell-Boltzmann velocity distribution with center
[vo, 0, 0]. The distribution is visible for all values of v, and
vy but blocked for v, < v, min.
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[60] The observed moments of interest are the Oth
(density), Ist (velocity), and 2nd (temperature) moments of
the distribution function, defined here as

Nobs :/// dedVdex ‘f(vxvvyvvz)7

Tobs (V) = /// dv,dvydvy - v - f(vx, vy, v, ),and

ans ((v = ¥o)” ) = /// dvydvydvy - (V= Vo) - f (e, vy, V).

(AS)

(A3)

(A4)

[61] To take into account the obstruction, the limits of
integration in (A3)—(A5) are from —oo to +oo for vy and vy,
and for v, are from v, i, to +oo.

Al. Density
[62] Integrating (A3) yields

o0
Nobs = /

Vz, min

o Vz, min

=5 erfc (V—m> .
where erfc is the complementary error function. Because only
a partial distribution function is observed, only a fraction of
the density is recovered, i.e., fops < 115/2. Unless v, min/Vin 15
well known, the total density n, cannot be determined.
Therefore, for an observing instrument, unless the location of
the core of the distribution is well constrained, it will be
difficult to recover the density from a partially observed
distribution.

a’vz/ dvy/ dvy - f(vxavyavz) (A6)

(A7)

A2. Velocity
[63] Integrating (A4) yields,
<Vx> = Vo, (AS)
(vy) = 0,and (A9)
/// Vv, - dv,dvydvy ~f(vx, vy, vz)
(vz) = (A10)
Hobs
o (5)
A/ Vth
™ erfc (:)ﬁ>
\/E Vz min
— * Vth, — <1
= n VthA (A11)
Vz min; Y2,min > 1.
' Vth
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[64] Unlike (v,), (v,) will yield a non-zero value as a
consequence of its non-symmetric limits of integration. Two
limiting cases of {v,) can be considered here and are shown
in equation (A10). For v, min/Vin < 1, i.e., if approximately
50% of the distribution is visible, (v,) is offset from the
distribution center by approximately vg,. For v, min/vin > 1,
(v,» will be equal to Vv, min, i.€., the location of the obstruc-
tion. For either case, for a distribution with a bulk velocity
Vo/Vths Vo/Vzmin > 1, the error introduced into the determi-
nation of (v) from a (v,) offset will be relatively small.

A3.

[65] For vo/Vin, Vo/Vzmin > 1, integrating (AS) yields,

<(v — v0)2> ~ <(Vx _ v0)2>
B /// dv,dvydvy - (v — VO)Z 'f(Vx,Vy,vZ) )

- — Vth

Nobs
(A12)

Temperature

[66] For a supersonic plasma, the thermal velocity can
therefore be recovered independent of the fraction of the
distribution that is visible. The recovered temperature from
an isotropic Maxwellian velocity distribution is therefore
expected to be accurate provided it is above the detection
limit.

Appendix B: Derivation of Observed Distribution
Function

[67] Equation (1) can be substituted into (2), and the

Bessel function identity, 1,(x) = (1/27) foz "d¢ - exp(x cos @)
[Arfken et al., 2000], where I, is modified Bessel function of
the first kind, can be used to replace the integration over ¢,
yielding

" 1\ 1
Sobs(v /s1n0d6’-n0 — -
2w Vi

0

. 7\/2 + 2 — 2w, cos fcos b,
o 27

x2m L, (vvo sin@sin@o)-
Vi

(B1)

[68] For a supersonic distribution, i.e., v,/vg, > 1, and
using the asymptotic approximation, /,(x) = exp(x)/v/27x,
x > 1/4, (B1) can be written as

/2 -
L 1 / d0. §1n0
27 V3 /o sinf,
0
X exp(—

Sobs(vV) = 1o

2,2 _
V2 4+ vZ — 2vv,cos (6 90))‘ (B2)

2
2vy
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[69] Since 6 = 6, = 7/2 for any expected solar wind dis-
tribution, equation (B2) can be approximated as

fons(V) = 1 1 . (v —1o)*
obs\V) ~ Hgy - — X —
Job 27 V3 /o P b
7r/2
sind W 5
—6,)%). B
sm0 thhg 9)> (B3)
[70] For Sslﬂ‘e ~1, equation (B3) can be integrated

analytically, yielding

Jobs(V) = no - D

1
. exp| —
V2TV v P (

where

=gt -9) 425 0-9). 09

[71] Equation (B5) is in the form of the observed distri-
bution function described by von Steiger et al. [2000] for
Ulysses/SWICS, but with a different effective duty cycle
factor, D. D depends on both v and 6,. However, for a
supersonic distribution, D is assumed to be constant in order
to derive analytical moments of f;s.
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