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Abstract
Voyager 1 (V1) began measuring precursor energetic ion and electron populations
from the heliospheric termination shock (TS) in July 2002. During the ensuing 2.5
years, average particle intensities rose as V1 penetrated deeper into the TS
foreshock. Throughout 2004 V1 again observed even larger (>40/cm’-s-sr-MeV at
40-53 keV), fluctuating intensities of ions from 40 keV to at least 50 MeV nuc” and
of electrons >26 keV to at least 350 keV. On day of year (DOY) 350 of 2004 the
spacecraft observed an intensity spike of ions and electrons that was followed by a
sustained tenfold increase at the lowest energies and lesser increases at higher
energies, larger than any intensities since V1 was at 15 AU in 1982. The TS crossed
V1 on 2004 DOY 351 (during a tracking gap) at 94 AU, evidently as the shock was
moving radially inward perhaps in response to decreasing solar wind ram pressure.
Immediately after the TS crossing, the estimated solar wind radial flow speed was
radially outward at ~100 km s until 2005 DOY 018, when the radial flows became
predominantly negative (i.e., sunward), and fluctuated between =-50 to 0 km s™ until

about 2005 DOY 110 when they become more positive, with recent values (2005



DOY 179) being ~+50 km s™'. The energetic proton spectrum averaged over the
post-shock period is apparently dominated by strongly heated interstellar pickup
ions. We interpret these observations as definitive evidence that V1 is past the

heliospheric TS and has remained in the heliosheath until at least mid-year 2005.

There is now solid evidence that Voyager 1 (V1) was crossed by the heliospheric
termination shock (TS) as it evidently moved radially inward over the spacecraft on 2004
DOY 351 (2004.956) at a radial distance from the Sun of 94.0 AU (AU = astronomical

unit = 1.5 x 10" c¢m) and at heliographic latitude of N34.1°. Since that time V1 has

remained in the shocked plasma downstream of the TS (the heliosheath) until at least
mid-year 2005 (2005.5). This paper describes pre-TS and post-TS data from the Low
Energy Charged Particle (LECP) instrument on V1. The LECP measures intensities of
charged particles with energies from 40 keV to 100 MeV for ions, and from 26 keV to
>10 MeV for electrons, determines the composition for ions >200 keV nuc™, and
provides angular information using a mechanically-stepped platform (1). Ion angular data
from V1 enable us to estimate plasma flow velocities in the absence of such data from the
V1 Plasma Science (PLS) instrument (which has not operated since 1980). Further
evidence relevant to the TS crossing based on data from other instruments on V1 as well
as on Voyager 2 (V2) is discussed in accompanying papers (2-4).

The TS is expected to be a reverse, quasi-perpendicular, collisionless shock across
which the solar wind plasma makes a transition from super- to sub-magnetosonic flow.
At the position of V1 the nominal heliospheric magnetic field (HMF) B makes an acute

angle 6, ~89° with a nominal TS normal 7. However, variations in the direction of the

HMF and of the local TS normal due to sustained departures from nominal values (or



more rapid statistical fluctuations) will produce a more oblique shock regime. It is
expected that across the TS the incident solar wind plasma will be decelerated,
compressed, and heated, and the incident HMF amplitude will be increased by a factor
B,/B,<n,/n =r (plasma density compression ratio, 1<r, <(y, +1)/(y,-1), 7, =
ratio of specific heats; subscripts 1 and 2 denote regions upstream and downstream of the
TS). Magnetic field data relevant to the V1 TS crossing are discussed by Burlaga et al.
(3). Processes such as those that involve the back reaction on the TS of pickup ions or
that can destabilize the TS may produce complex TS transitions (5, 6). Gloeckler et al. (7)
argue that up to 80% of the energy available from the solar wind ram pressure can heat
and accelerate pickup ions at the termination shock.

Much work has been done to predict the nature and location of the TS (8-24)
especially its radial distance from the Sun, in part to prepare for the eventual crossing, or
multiple crossings, of the TS by V1 and V2 (25). V1 moves radially outward from the
Sun at speed 17.2 km s (3.62 AU yr™), relatively slowly compared with typical solar
wind flow speeds 300-400 km s in the outer heliosphere. The helioradius of the TS at a
given latitude and longitude can vary on the short term (~solar rotations) by pressure
changes due to transient and recurrent solar wind disturbances and on the long term
(~years) due to slow variations in the solar wind kinetic (ram) pressure (26). Thus, it has
been considered likely that the TS would actually cross V1 during the decline of solar
activity, leaving V1 in the heliosheath as the TS moved radially inward in response to
pressure decreases, and then possibly re-cross V1, leaving V1 back in the solar wind as

the TS moved outward in response to pressure increases as solar activity rises. It appears



that the TS did indeed cross V1 due to a slow decrease in solar wind ram pressure.
Whether the TS will move back out and re-cross V1 remains to be seen.

LECP observations from 2002.0 to 2005.5, during which V1 moved from 83.4 to 96.0
AU, are shown in Figure 1. The proton and electron profiles (27) in panels (a) and (d)
suggest a convenient division into four periods, A-D, which we discuss below. Angular
data are taken in seven of eight sectors, each of full width 45°, by stepping in a scan
plane that is nearly coplanar with the R-T plane of the RTN system (28), and by
accumulating data for 192 sec in each sector. There are no data from sector 8 because it is
behind a sunshade and contains the calibration source. Panel (c¢) shows a vector (sans
arrows, referred to as a “whisker”) rendition of the first-order anisotropy A/4y in the
LECP scan plane of the 3.4-17.6 MeV protons (29). The whiskers show the direction that
particles are traveling.

Panel (f) shows estimates of the radial component of the solar wind plasma

convection velocity V, based on analysis of directional data in the low-energy proton

channels. Extracting convection velocities from angular data taken in the spacecraft
frame is complicated by the presence of large, non-convective anisotropies in all the low-
energy ion channels (data in panel (c) are representative of other ion channels). The
method used by Krimigis et al. (30) to derive flow speeds from the angular distributions
of ions 40-4000 keV averaged the input data over relatively long time stretches. This was
required for the V1 measurements during Period A because intensities were relatively
low and long time averages were necessary. However, during the 2004 precursor event
(Period C) and the 2005 TS-crossing/heliosheath-entry (Period D), intensities are

sufficiently high that flow velocities can be determined for periods as short a one day. We



have developed a velocity-extraction method that permits derivation of convective flow
velocities on a day-by-day basis and that incorporates magnetic field vector data in a
consistent manner (31).

Observations in Period A (2002.58-2003.10) gave the first indication that V1 (85.3-
87.3 AU) was observing new phenomena, specifically, large (=10- to 50-fold) increases
in the intensities and in the level of superposed intensity variations of ions 40 keV to >30
MeV and of electrons 26 keV to 1.5 MeV. In addition, ion angular distributions showed
large unidirectional, beamlike anisotropies, with the beams directed mainly outward away
from the sun in a near-azimuthal direction, i.e., along the -T axis (30). We combined
daily-averaged ~1 MeV proton angular data with magnetic field vector data to construct
pitch angle distributions, and showed that the anti-sunward beams observed during Period
A were indeed field-aligned, with the mean anisotropy 0.55 £+ 0.21 (32). These beamlike
ion foreshock precursor distributions could develop either when ions in the nonthermal
tail of the incident solar wind are further accelerated and reflected at the TS, when ions
accelerated and transmitted downstream of the TS manage to re-enter the upstream
region, or both. The presence of ion beams at V1 that are outwardly directed along a
nominal Parker spiral field imply a broad source region located at a smaller helioradius
and at a larger heliolongitude than those of V1. The long-term stability (~few years) of
this geometrical arrangement, required by observations such as those in Figure 1(c), has
prompted scenarios that involve a proposed flaring of the TS away from the stagnation
point (33) or an asymmetrical distortion of the TS associated with the interstellar
magnetic field orientation (34). Period A ended when intensities decreased abruptly, but

temporarily, probably caused by the passage of a merged interaction region (MIR) (35).



Details in the interpretation of data from this episode were, and continue to be, under
debate (30, 36, 37). However, it was clear that V1 had made the first definitive
measurements of the quasi-permanent population of precursor energetic particles related
to the foreshock region of the heliospheric TS.

Period B, 2003.10-2004.07 consisted of a year-long diminution (but not
disappearance) of precursor ion intensities, marked by smaller, more impulsive (time
durations ~days) intensity increases, by reductions in the duration and amplitude of the
ion beaming anisotropies, and by more instances when azimuthal beaming anisotropies
were directed toward the Sun, i.e., in the +T-direction (see Figure 1(c)). Period C,
2004.07-2004.96, marked a 0.9-year return to high intensities and to large, mainly
outwardly directed unidirectional anisotropies like those observed during Period A. The
intensities of ions 40 keV to 4 MeV observed during Period C exceeded those in Period
A, but the energy spectral shapes for the two periods were similar (38). The ion
intensities during Period C were characterized by an elevated baseline upon which were
superposed quasi-recurrent (<13 and 26 days) variations (39). Elevated intensities
continued, peaking during 2004.6-2004.7, until =2004.78, when they decreased abruptly,
remained low for about 65 days, then increased rapidly on 2004.96.

The fourth and most recent Period D, 2004.96 to 2005.50, began on 2004 DOY 350 with
a short-lived (few hours) intensity spike of ions 40 keV to =20 MeV and a similarly
directed beam of electrons 0.35-1.5 MeV.

Higher time resolution data are shown in Figure 2. The seven hours of data on DOY
350 show a highly anisotropic shock spike in the immediate upstream vicinity of the TS.

For example, data in Figure 2 imply a proton anisotropy (S3-S7)/(S3+S7) =0.92 during



hour 0900 and an electron anisotropy =~0.16 during hour 1900. This intensity spike is
unusual not only for its short duration and intense beaming, but also because the ions and
electrons are streaming sunward along the HMF, which on DOY 350 had a projection
onto the LECP scan plane lying nearly along the line separating sectors 3 and 4 [L. F.
Burlaga, private communication]. A reasonable hypothesis is that the anisotropic ion and
electron distributions on DOY 350 were particles emitted from the TS that was still
radially beyond the spacecraft, with the particles streaming away from the shock along
the local HMF. If the relativistic electrons are in the high-energy tail of an upstream
electron beam that extends to lower energies, then this low-energy electron beam (which
we can not measure) could become unstable and produce electron plasma waves. The
plasma oscillations measured during DOY 350 by the PWS instrument (4, 41) and the
presence of the high-energy component of an electron beam during the same period are
additional evidence of an imminent TS crossing. Plasma oscillations were also observed
in four instances earlier in 2004, near times of large intensity increases of the protons (see
Figure 1(e)), supporting our characterization of the LECP particle increases as being
related to an extended foreshock region.

The vertical dashed line in Figure 1 at the start of period D represents the TS crossing
on DOY 351. There is a marked transition across the TS of the 40-53 keV ion intensity in
Panel (a). During Period C the intensity varied typically from =10 to ~40 (intensity unit
implied), reaching occasional peaks ~80. At the TS crossing the intensity reached a new
peak =500, dropped, and thereafter was relatively smooth varying typically by no more
than £20% about a mean of =300 for the next six months. The 3.4-17.6 MeV proton

intensity profile in Figure 1b has a notably different temporal evolution compared to the



low-energy ions. The shock-spike on DOY 350 produces a =~10-fold increase relative to
the intensity five days earlier, and (like the low-energy ions) the peak is followed by a
decrease. Then on 2005 DOY 009 (2005.022) (second post-TS minimum in Panel (b)) the
intensity increases by a factor of 2 within 10 days, and then increases, on average, in an
exponential manner by a factor of 4 over the remaining 0.45 year. Again, this increase is
relatively smooth and steady from day to day.

The first-order anisotropy vector (Figure 1(c)) during most of 2004 consists of a -T
component and a +R component, i.e., streaming outward away from the sun, with
amplitude 4,/4, typically within ~0.2-0.4. In the post-TS region, from 2004 DOY 355
(2005.967) to about 2005 DOY 026 (2005.068), the amplitude decreases from to ~0.2 to
~0.1, but the direction remains similar to that in the pre-TS data (i.e., -T, +R
components). However, A;/4ychanges markedly on DOY 026-027 when the amplitude
decreases to ~0.03, and more significantly, the direction reverses, i.e., A;/4ydevelops a
+T component and an R component that fluctuates about zero. This pattern continues
until about DOY 105 (2005.285), after which A;/A alternates from being near zero, to
developing small -T and -R components, going to near zero again, and most recently
going through a period of small -T and +R components. Qualitatively, such quasi-regular
variations of Ai/4, in the heliosheath are found for all ion channels 40 keV to 20 MeV,
but quantitatively there are significant energy-dependent differences. Also, with the
exception of the shock spike on 2004 DOY 350, the 0.35-1.5 MeV electron angular
distributions are remarkably isotropic, despite the frequent occurrence of impulsive
(~hours) intensity variations in Periods A and C. In the heliosheath these electrons remain

nearly isotropic. However, both the post-TS intensity variations and the nearly



exponential recovery after 2005 DOY 020 (2005. 052) (Figure 1(d)) bear a striking
resemblance to those of the 3.4-17.6 MeV proton profile in Figure 1(c). Finally, during
Period A the plasma beta (ratio of particle pressure to magnetic field pressure) calculated
using the pressure in ions 40 keV to 4 MeV and the measured HMF was >1, and is also
>1 for 2004.0-2005.5 based on extrapolated 2002 HMF data (42).

Figure 1(f) summarizes estimates of the radial component of flow velocity V. Upper
and lower bounds of V; estimates during Period A and the latter half of Period C

(2004.56- 2004.78) are indicated by the cross-hatched rectangles and the means by the
horizontal bars. Estimates of V;in the foreshock region are relatively low, typically
within the 100-300 km s range. There is suggestion of a reduction in speed with time
that could be interpreted as a steady slowing down of the upstream plasma flow with
decreasing distance from the TS, which would be consistent with some model predictions
(43). The large spread in V; estimates for Periods A and C results from the domination of
the radial convective component by that of the streaming in the near-azimuthal, anti-
sunward streaming and the quasi-recurrent (=<26-day) intensity variations that are present
in all ion channels.

Deducing heliosheath plasma flows is facilitated by the much higher particle
intensities and the weaker anisotropies. Within 5-6 days after the TS crossing (2004 DOY
356-357), V1 began measuring a positive radial flow component fluctuating around V; =
+100 km s, which continued for 27-28 days, until 2005 DOY 017-018 (2005.045),

whenV; decreased rapidly (within about 5 days), and during =DOY 024-110 (2005.063-
2005.300) fluctuated between V, ~-50 to 0 km s'. From about DOY 110-163

(2005.300-2005.444) V, =~ 0 to +30 km s™'. V, increased again around DOY 163, and



since then V,, = +40 to +50 km s until at least DOY 179. We emphasize that the
heliosheath flow velocity is has three components, and that by determining only V;, we

may be neglecting significant flow in the T-N plane. Nonetheless, the patterns in the

temporal evolution of V; are clear, and we believe that the excursions of V; from

positive to negative and back to positive values over a period ~90-140 days may well
result from V1 sampling the downstream flow of an inwardly moving TS. Also,
convective flow at V1 (moving at 17.2 km s™) that fluctuates about zero implies that V1
would essentially be riding with and sampling the same parcel of plasma for an extended
period (44), which is consistent with MAG measurements of a steady, positive HMF
polarity in the heliosheath until at least 2005 DOY 061 (3).

Figure 3 combines ion count rate and ion composition data over the 160-day period
2004 DOY 352 to 2005 DOY 144. It is believed that a fraction of interstellar neutrals,
including H, He, and O atoms that are ionized within the heliospheric cavity and picked
up by the solar wind (pickup ions) are then convected to and accelerated at the TS to
energies ~1-100 MeV nuc™ (45-49). Some of these anomalous cosmic ray (ACR) ions
then propagate back into the supersonic solar wind, where solar wind processes modify
their distributions. Under transport conditions prevailing during the current negative
polarity of the HMS, the TS curvature will cause the spectrum to fold over beyond ~100-
200 MeV nuc™. Tons in the energy range 40 keV to 20 MeV in Figure 3 are well fit by a

power law in energy with indexn , =1.7. However, these are not ACR per se, but rather,

obs
represent a separate low-energy population. The high-energy ACR ions that been the
focus of extensive modeling (47-49) are those in the portion of the spectrum in Figure 3

that extends from >10° MeV down to ~ 100 MeV (25 MeV nuc™' He, 6.25 MeV nuc™' O)
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and then folds over below 100 MeV. Clearly, the high-energy ACR continue to exhibit
low-energy modulation below 100 MeV. But the data in Figure 3 are taken in the near
post-TS region, essentially where the high-energy ACR accelerator is expected to exist
and where the ACR spectrum would have been expected to have completely “unfolded”
to a single power-law extending below 100 MeV, filling in the notch from =20 to ~100
MeV.

The 40 keV to 20 MeV portion of the spectrum in Figure 3 may not necessarily be the
product of diffusive shock acceleration. Gloeckler et al. (7) argue that the post-shock
LECP protons up to at least 10 MeV are pickup ions (as presumably would be the He and
O). We have fit a kappa distribution for downstream protons to the PL0O channels (inset to
Figure 3) by setting the density to that deduced by Gurnett and Kurth (4) from upstream
plasma oscillations multiplied by the shock compression ratio estimated by Burlaga et al.
(3). The remaining parameter (thermal velocity) was then determined to be 55 km/s,
consistent with that calculated by Gloeckler et al. (8) from heating of pickup protons at
the TS.

Figure 4 is a conceptual overview, based on the V1 observations, that synthesizes the
TS region and the semi-permanent population of precursor energetic particles that thread
its foreshock region and whose propagation, and possibly origin, are controlled by
processes in the heliosheath region. The viewpoint is that of an observer looking down on
the heliosphere from above (solar spin axis vector out of the page), and scales are
intended to be illustrative. The Sun is at the origin, the radial path of V1 at N34° is
indicated by the long black arrow, and the direction of inflow of the interstellar gas is

indicated by the heavy black arrow. The inner boundary (dashed green line) marks the
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region ~10-15 AU in width that is dominated by TS foreshock particles (ions and
electrons), extending in energy from (at least) a few tens of keV to tens of MeV. Within
the inner boundary, large anti-sunward, unidirectional anisotropies (short black arrows)
have large -T components and smaller +R components (as discussed earlier, the origin of
the -T streaming may be related to global TS geometry; however, the origin of the +R
component (see Figure 1(c)) cannot be due entirely to convection, even at the full solar
wind velocity of 400 km s™ (30)). Within the inner boundary, the plasma convective flow
(yellow arrows) slows markedly compared to a typical value of 400 km s™' in the inner
heliosphere, and across the TS (thick solid green curve) flow is reduced further. The
shortest radially outward yellow flow vector and the short black arrows within the
transition region across the TS denote the roughly 28-day period of ~100 km s™' flow
(Figure 1(f)) and of ion anisotropy vectors with reduced lengths, but with directions
similar to those observed in the foreshock (Figure 1(c)). After this period the radial
component of heliosheath flow reverses (sunward pointing short yellow arrow) and ion
anisotropies develop -R components as well (small white arrows). Colored shading
suggests the relative intensities and spatial distributions of high-intensity, low-energy
ions (blue), of medium-intensity, medium-energy ions (red), and of low-intensity, high-
energy ions, i.e., anomalous and galactic cosmic rays (pink). Temporal profiles of the
first two populations through the TS foreshock and well into the heliosheath, based on the
V1 data (Figure 1(a) and 1(b)), are illustrated in the two lower panels. The spherical
distribution of galactic and anomalous cosmic rays sketched in Figure 4 can only be
regarded, for now, as the simplest configuration; given the complexities of the energetic

particle precursor and the foreshock region, the cosmic ray distribution may vary along
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the TS. In fact, the novel properties of this first termination shock ever observed in a
space plasma (e.g., the mediation of the TS by the heated pickup ions) demand new
theoretical explanations, not only for the in situ measurements, but in order to have a
theoretical basis for extrapolating from the Voyager 1 measurements to the global nature

of this vast structure.
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Figure Captions

Figure 1. Data from Voyager 1 during the period 2002.0 to 2005.5 (83.4 to 96.0 AU).
Data in panels (a)-(d) and (f) are based on five-point moving averages of daily averaged
values. All data have been corrected to remove background counts due to penetrating
cosmic rays. Panels (a), (b), and (d) show scan-averaged intensities (i.e., averaged over
particle arrival directions) of ions with total energy 40-53 keV, of protons 3.4-17.6 MeV,
and of electrons 0.35-1.5 MeV, respectively (the terms particles, ions, and protons are
used interchangeably unless otherwise specified). Panel (¢) shows the first-order
anisotropy vector A/A4y in the LECP scan plane as calculated from angular data (29) for

the proton channel in panel (b) when the intensity exceeded 0.0025 flux units. The panel

(c) inset shows the orientation of Rand T (28). Panel (e) consists of the vertical black
bars indicating times when the Plasma Wave (PWS) instrument on V1 measured electron
plasma oscillations that are often observed upstream of planetary and interplanetary
shocks (4). Panel (f) shows estimates of the radial component of the plasma convection
velocity calculated using low-energy (40-220 keV) ion angular data and the velocity
extraction algorithm (31). V1 MAG daily vector data were included in the flow speed
extraction algorithm for the period 2004.000-2005.164. Horizontal bars during 2002.041-
2002.172 and 2003.257-2003.322 are from Krimigis et al. (30). Vertical dashed lines
separate Periods A-D, as described in the text, with the line on 2005.96 (2005 DOY 351)

indicating the passage over the spacecraft of the termination shock (TS).

Figure 2. Angular count rate data during 2004 DOY 344-359 for (a) protons 0.57-1.78
MeV and (b) electrons 0.35-1.5 MeV. Panel (a) shows hourly averaged rates and Panel

(b) hourly averaged rates on DOY 350 (dashed vertical lines) and daily averages
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elsewhere. The inset pie diagram in panel (a) indicates view directions the of the eight
45° sectors in the LECP scan plane, which is nearly parallel to the local R-T plane (R-
axis points radially outward from the sun, T-axis points in the direction of planetary
motion). VI MAG data show a significant jump in field magnitude between DOY 350
and 352 (40) suggesting that the V1 TS crossing occurred on DOY 351, on which day no

data exist due to a gap in spacecraft tracking.

Figure 3. Composite of LECP ion rate channel data and multi-detector “dE/dx vs E”
elemental composition measurements over the 160-day period 2004 DOY 352 to 2005
DOY 144. The solid (red) circles are ion (assumed to be protons) intensities from eight
Z>1 ion channels 0.04-4.0 MeV (denoted PLO0), the open red circles H, the open blue
squares He ions, and the open green triangles O ions. The energy spectra are plotted as a
function of total energy, and each of the four separate spectra (PLO, H, He, and O ions)
vertically scaled to construct a single spectrum that covers 4.3 decade in kinetic energy.

Multiplicative scaling factors are PLO X 0.4, H x 0.6, He x 1.0, and O x 3.0. The dashed

line is a power-law with slope 711, =1.7 fit through points 40 keV to 20 MeV. The inset

obs

shows a kappa distribution fit (solid curve) to the 0.04 - 4.0 MeV ion points (solid
symbols) assuming a post-TS speed flow /=0 km s, a post-TS plasma density N=0.0025
cm, consistent with compression of the pre-TS density 0.001 cm™ inferred from the
PWS data (4) by a factor 2.5 indicated by the MAG data (3). The kappa value of 1.7
comes from the slope of the ion spectrum. Using these values we obtain a best-fit post-TS

thermal speed w= 55 km s
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Figure 4. Conceptual overview that synthesizes current picture, based on the V1
observations, of the termination shock and of the populations of energetic particles whose
propagation, and possibly origin, are controlled by processes in the plasmas upstream and

downstream of the termination shock (TS). See text for discussion.
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As a measure of scales involved, ions (assumed to be mainly protons) 40-53 keV,
protons 3.4-17.6 MeV, and electrons 0.35-1.5 MeV have, respectively, mean speeds

v =1.7,22, and 158 AU day”, mean gyroradii in a B = 0.05 nT magnetic field r, =
4.1 x107,5.4x 107, and 1.9 x10™* AU, and for a plasma speed V =350 km s,
mean convection times ¢ = r,/V =0.5, 6.4, and 0.02 hr for one gyroradius to

convect past V1 (note that ¢ is unchanged across a stationary perpendicular shock
since VB =const.).
The RTN system is a local Cartesian system with unit vectors R radially outward

from the Sun, 7 in the direction of normal planetary motion, and N=RxT.
To parameterize angular data, spacecraft-frame intensities are represented by a

second order Fourier series in the scan angle 0 <¢ <27

J(@)= A, + A cos(¢— @)+ A, cos[2(9 — §,)] (1)
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30.

31.

The five parameters (4o, 41, 42, @,, ¢,) are determined by a least-squares fit to

intensities in the seven sectors 1-7. In Figure 1(c) the direction of each whisker

Ay/Ay is determined from ¢,.

S. M Krimigis et al., Nature 426, 45 (2003).
Assume that the directional intensity of a given ion energy channel in the frame
moving with the flow (the flow frame) is adequately represented by the first three

terms of the Fourier-Legendre series
JW) = a, (V) +a, (V)W +a, (V)G ~1)/2 ()
where u’” is the cosine of the pitch angle between the particle velocity v’ and

magnetic field vector, and v’ is the ion speed in the flow frame (a transverse
diffusive anisotropy is not included in either the upstream or downstream region).
We established (30), using a mathematical argument that was independent of the
value of the transverse diffusion coefficient, that the observed large (order-of
magnitude) amplitude upstream intensity variations would have required
unacceptably large intensity gradients to produce a transverse diffusive anisotropy
comparable to the convective anisotropy in a nominal solar wind. Downstream, the
measured anisotropies are considerably smaller, but the intensity variations are
orders of magnitude smaller than they were upstream; compare period D with
periods A and B in Figures 1(a) and 1(b). There are insufficient radial gradients in
the heliosheath to produce a transverse diffusive anisotropy that is comparable to
the convective anisotropy, even if the plasma velocity is as little as 50 km s™.
Using Equation (2), Liouville’s theorem enables us to calculate the directional

intensity in the spacecraft frame, where data are actually acquired. This Galilean
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33.

34.

35.

36.

37.

38.

frame transformation involves the sought for convective flow velocity. The best-fit
velocity is determined by minimizing the least-squares error based on the measured
intensities in the seven sectors, and by further minimizing the resulting least-
squares error. The exact algorithm is highly nonlinear, requiring iterative methods
for convergence for each channel for each time point. Considerable simplification

accrues by expanding the system of equations in the smallness parameter e=V/v,

where V' = flow speed and v = particle speed in the spacecraft frame, and retaining

terms through second order in &. This second-order expansion allows a direct, non-

iterative calculation of the best-fit flow speed. If in addition, the measured vector
magnetic field data is folded into the calculation, the flow velocity direction (i.e.,
two angles) can be determined iteratively, yielding the vector flow velocity. The
magnetic field component out of the LECP scan plane is correctly included in the
flow extraction procedure when field data are used. In this paper this technique by
assuming that only the radial component of the flow velocity is non-zero.
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