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ABSTRACT

We present high-resolution spectra of the emission-line profile of inflowing interplanetary hydrogen
atoms along lines of sight with the Earth orbital motion upwind (into the flow), downwind, and across
the flow to Doppler-shift the line from the geocoronal emission. The line-center positions, in comparison
with hot-model profiles, confirm that the inflow speed of H atoms far from the Sun (~50 AU) is in the
range 18-21 km s~ !, which implies a decrease in the velocity distribution of 5-8 km s~ ! for hydrogen
within the solar system, relative to the He flow and to the local interstellar medium. Best-fit values are
derived for the speed and effective solar gravity along the three lines of sight by comparison with model
profiles convolved with the instrument line-spread function. For the assumed inflow direction, the cross-
flow line profile requires that the u-value be slightly less than unity near solar minimum, and a technique
is presented for determining the exact inflow direction and p-value independently of the other param-
eters. The line widths indicate a broadening along the flow direction in addition to the dynamical effects
near the Sun expected from two different hot models, whereas the cross-flow line width is similar to the
hot-model profiles. The altered velocity distribution in the inflow direction appears likely to be related to
the crossing of the interstellar/interplanetary medium interface structure, although questions remain
about the cumulative effects of changing solar activity on the timescale of the H atom flow through the

solar system.
Subject heading : interplanetary medium

1. INTRODUCTION

The interaction of the local interstellar medium (ISM)
with the solar wind can be considered to demarcate the
outer boundary of the solar system. The magnetohydro-
dynamic interaction of the solar wind plasma with the
ionized component of the ISM leads to the formation of a
so-called interface region, within which both plasma flows
are deflected from their original directions. The heliopause
as a tangential discontinuity separates the two plasma flows
from each other. While they do experience charge-exchange
reactions with solar wind protons, the neutral, local inter-
stellar medium (LISM) hydrogen atoms can penetrate
through this region and flow into the solar system, forming
a wind of interplanetary hydrogen (IPH) atoms. Inflowing
ISM H and He atoms resonantly scatter the bright solar
emission lines H 1 11216 and He 1 4584, first observed as
diffuse Lya emission, in addition to the geocoronal emission
(Bertaux & Blamont 1971; Thomas & Krassa 1971). All-sky
maps of these emissions have been obtained by the Pioneer,
Voyager, and Galileo UV instruments (Pryor et al. 1992;
Hall et al. 1993; Ajello et al. 1994). The IPH temperature
was determined from fits to absorption cell measurements
to be 8000 K (Bertaux et al. 1976; Wu & Judge 1980;
Bertaux et al. 1985) and the inflow speed to be 20 kms™*
(Bertaux et al. 1985). The “inflow ” speeds here refer to the
region, taken to be at a reference distance of 50 AU, before
any significant modification of the flow occurs from near-
solar effects. Absorption cell observations are limited to
roughly half the sky near the crosswind direction by their
limited spectral range, however. The velocity of the H
inflow has also been directly measured by Copernicus
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(Adams & Frisch 1977) and the International Ultraviolet
Explorer (Clarke et al. 1984) at high spectral resolution by
observing when the Earth orbital motion is “upwind ” into
the flow, providing a combined velocity difference of up to
50 kms~! or a 0.20 A Doppler shift of the IPH H Lya line
from the geocoronal emission. At sufficiently high spectral
resolution, both the velocity and line shape can be deter-
mined, providing a direct measurement of the velocity dis-
persion of the inflowing IPH atoms along the line of sight.
The interactions of the IPH with solar gravity, ionization,
and radiation pressure have been modeled for comparison
with the observational data. The most important processes
are (1) charge exchange with solar wind protons and photo-
ionization, which reduces the density of the IPH near the
Sun, (2) radiation pressure from the solar UV resonance
lines, and (3) solar gravity. The “optically thin” solar radi-
ation pressure at a specific frequency and solar gravity are
both R~? forces, and the combined effective potential
(described by u = solar radiation pressure/solar gravity)
leads to a net focusing or divergence in the downwind direc-
tion from the Sun. The temperature of the IPH gas also
affects the degree of focusing in the downwind direction, in
the sense that colder gas is more readily focused, and photo-
ionization and charge exchange with solar wind protons
near the Sun (the lifetime to destruction for the H atom at 1
AU = Tp) act to decrease the local H density. The “hot”
models for the H flow take into account these near-solar
effects, which change the number density and velocity dis-
tribution near the Sun. Initial reports of the Hubble Space
Telescope (HST) Goddard High Resolution Spectrograph
(GHRS) echelle A spectra (Lallement, Bertaux, & Clarke
1993; Clarke et al. 1995) have shown that the measured
downwind H velocity is consistent with an inflow of 20
kms~!, from comparison with a hot-model profile. This
suggested that the H flow is decelerated in the solar system
with respect to the LISM flow (Lallement & Bertin 1992;
Linsky et al. 1993) and also with respect to the He flow at 26



VELOCITY STRUCTURE OF INTERPLANETARY HYDROGEN 483

kms ™! inside the solar system (Witte et al. 1993). It was
proposed that this may occur through charge exchange in
the heliospheric interface region, a process which has been
modeled by several groups (Ripken & Fahr 1983; Fahr &
Ripken 1984; Baranov, Lebedev, & Malama 1991; Malama
1991; Osterbart & Fahr 1992). However, these observations
were in the downwind direction, in which there is substan-
tial modification of the flow by near-solar effects, and the
derived velocity is thus model dependent. While it was well
known that upwind observations would provide a less
model-dependent measurement of the inflow speed, these
observations had to wait for the repair of side 1 of the
GHRS in the 1993 December HST servicing mission.

In this paper we present HST observations with the
GHRS and echelle A grating in the upwind, downwind, and
cross-flow directions, obtained over 1994-1996 for com-
parison with the earlier spectra and derivation of the
properties of the IPH flow within the solar system. We also
present a comparison of the observed IPH profiles with the
results of two “hot” models (hereafter the RL [Lallement,
Bertaux, & Dalaudier 1985; Quemerais, Lallement, &
Bertaux 1993] and HS [Scherer & Fahr 1996; Scherer,
Fahr, & Clarke 1997] models), each treating the modifi-
cations to the flow near the Sun and neither including any
modifications at the heliospheric interface for the results
presented in this paper. By this approach we intend to iden-
tify any effects that can be attributed to near-solar flow
modification and thereby isolate those effects most likely to
be due to modifications at the heliospheric interface. The
nature and location of the heliospheric interface are funda-
mental questions in space plasma physics, and the IPH flow
of neutral H atoms carrying the imprint of this interface
offers a method of remotely sensing the nature of this inter-
face from the vicinity of the Earth.

2. OBSERVATIONS AND DATA REDUCTION

Observations of the IPH H Lya emission with the HST
and GHRS began in 1994 spring and concluded successfully
in 1996 spring, with repeated upwind and downwind
observations because of incomplete initial observations. All
spectra were obtained with the 1774 square large science
aperture (LSA) and echelle A grating with the side 1 Csl
Digicon detector. A detailed analysis of the properties of the
GHRS in this mode have been presented by Clarke et al.
(1995), along with initial observations in the downwind
direction. These properties include the measured line-
spread function (LSF) and a simulation of the instrument
response, the measured-grating scatter profile, including
any grating ghosts, and the sensitivity of the instrument to

diffuse emission. Unless otherwise stated, the spectra pre-
sented here have been reduced by the same procedures as in
Clarke et al. (1995). The LSF for diffuse emission filling the
aperture is nearly rectangular, with a spectral resolution of
0.07 A (17 kms™!). Since the addition of the Corrective
Optics Space Telescope Axial Replacement (COSTAR) in
1993 December, there have been two added reflections and
a slightly smaller aperture field of view, decreasing the sensi-
tivity to diffuse emission at 1216 A by roughly a factor of 2.
Since the GHRS instrument is unchanged, the LSF and
other characteristics are unchanged. The zero point of the
wavelength scale is derived from the observed centroid of
the geocoronal Lya emission after correction for the HST
orbital motion, and the dispersion and LSF are well charac-
terized and stable. The main uncertainty in deriving veloci-
ties from these spectra is the limited signal-to-noise ratio in
the spectra. Pointing locations have been selected for the
directions upwind, downwind, and across (perpendicular to)
the flow, with the upwind direction as determined from the
He flow (Weller & Meier 1974; Witte et al. 1993). Specific
pointings have been toward nearby ISM dust clouds to
minimize the chances of contaminating stellar emission in
the aperture.

The observing times and directions are listed in Table 1
and plotted in Figure 1, and the observed spectra are
plotted in Figure 2. The geocoronal emission is much
brighter than the IPH emission and must be fitted and
subtracted to reveal the true profile of the IPH emission.
For each observation we have convolved a Voigt profile
with the GHRS echelle A LSF for diffuse emission filling the
aperture, varying independently the assumed temperature
and intensity of this convolved profile to obtain the best fit
by the method of least squares. In this case, the best-fit
temperature represents an effective fit to the actual geo-
coronal temperature and optical depth along the line of
sight, and we have found that this gives a good fit to the
observed geocoronal line shape, since the echelle A LSF is
much broader than the intrinsic geocoronal line width. We
have limited the wavelength range of the fit to avoid any
substantial contribution from the IPH emission. While
there is no need to vary the central wavelength of the geo-
coronal line, which appears at rest wavelength, both the line
width and central wavelength must be determined for the
IPH emissions. To initially fit the IPH emission profile, we
have also convolved a Voigt profile with the echelle A LSF
and varied independently the central wavelength and inten-
sity of the model, using 20,000 K for upwind and downwind
spectra and 10,000 K for the crosswind spectrum. We have
then varied the temperature and intensity of the model at

TABLE 1

HST/GHRS OBSERVATIONS OF THE INTERPLANETARY MEDIUM

Time Exposure Time Earth LOS Velocity® Brightness
Date (U7 Pointing (minutes) (km s~ 1) R)
1994 Apr 7 ......... 8-10 Upwind 249 +254 960
1994 Jun 4 ......... 5-12 Crosswind 72.5 —29.8 900
1995 Mar 6-7...... 21-4 Downwind 54.4 —299 280
1995 Mar 26 ....... 17-21 Upwind 63.5 +28.2 850
1996 Mar 9 ........ 9-14 Downwind 72.5 —29.8 260

Note—All observations used GHRS echelle A and the large science aperture (1774 square) over 1212.3—
12187 A. Pointings in (right ascension, declination), epoch 2000, are upwind = (252°71,—15°43),
downwind = (71285, + 17°17), and crosswind = (164289, + 0°34).

2 Positive line-of-sight (LOS) velocities are approaching, negative are receding.
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F1G. 1.—Schematic drawing showing orbital orientation of the Earth at
the times of HST/GHRS observations over 1994-1996, looking down
from celestial north. Line-of-sight velocity components are indicated and
discussed in the text. The observing geometry in 1991 May was presented
in Clarke et al. (1995).

the best-fit central wavelength to optimize the fit, and the
best-fit values are listed in Table 2. The model temperature
is an upper limit to the actual temperature of the IPH, since
the observed line is broadened also in part by the velocity
dispersion along the line of sight and the optical depth
effects. More detailed modeling must be performed to deter-
mine the true local temperature of the inflowing IPH atoms.

The upwind IPH line profiles observed in 1994 and 1995
are qualitatively similar, with a longer integration time and
corresponding higher signal-to-noise ratio in the 1995 spec-
trum. In comparison with the convolved Voigt profiles, it
appears that there is some wavelength structure in the IPH
line, particularly in the 1995 spectrum. Higher signal-to-
noise data will be needed to confirm this, but this structure
may reflect regions of varying flow speed in an inhomoge-
neous, inflowing IPH. The crosswind spectrum in Figure 2
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was obtained pointing opposite to the Earth orbital motion
in 1994 and shows some overlap of the geocoronal and
redshifted IPH emissions, since these are separated only by
the Earth orbital motion of 30 km s~ . After subtraction of
the geocoronal emission, the blue side of the line in the
difference spectrum has an added uncertainty from the
potential error in subtraction. The downwind IPH emis-
sions are the faintest and have lower signal to noise, consis-
tent with earlier observations.

3. COMPARISON OF OBSERVED LINE PROFILES WITH
MODEL PROFILES

3.1. Upwind

The upwind IPH line profile provides the most direct
measurement of the IPH velocity, with the largest Doppler
shift from the geocoronal line, the brightest emission, and
the least influence of near-solar effects. The upwind profile
has a moderate sensitivity to values of y, and only a weak
sensitivity to values of T}, and temperature. From the cross-
wind spectrum modeling (where the value of u is better
defined), we adopt values for y = 0.8-1.0, and we consider
values of T,, = (1.0-2.0) x 10° s. Changes in T, produce a
small shift of the center of the IPH line in the upwind spec-
trum, too small to significantly distinguish between different
reasonable values of T}, (Puyoo, BenJaffel, & Emerich 1997).
Variations in u from 0.8 to 1.0 produce a 1-2 kms ™! change
in the upwind profile centroid, which is large compared
with the observed variations from changes in the value of
Tp. Changes in the temperature change the observed width
of the line but not the central wavelength. An assumed
temperature of 8000 K gives a line significantly narrower
than the observed profile in all cases, and temperatures of
the order of 20,000 K are needed to give satisfactory fits. An
alternative would be to include a fractional superthermal
population in the flow, which would also broaden the line.
Lacking further knowledge of such an effect, we have not
applied any specific model for a superthermal population at
this time. We have varied the model velocity to obtain a
best least-squares fit to the observed profile, with the model
intensity allowed to vary to minimize x> for each assumed
velocity. The best-fit line-of-sight velocities far from the Sun
are listed in Table 2. The main uncertainties are from the
limited signal to noise in the line profile and a 1-2 kms ™!
difference between the two models used (RL and HS). One
caveat is that while the hot models take into account the
acceleration of the flow near the Sun for values of < 1,
appropriate to these observations near solar minimum, they

TABLE 2

INTERPLANETARY EMISSION-LINE FITS

Geocoronal Apr® IPH Inflow Speed®
Date Pointing Temperature® IPH Temperature® (f\) (km s~ 1) IPH ¢
1994 Apr 7 Upwind 2100 25410 x 10° 1215.483 + 0.003 18+2 0.98
1994 Jun 4 Crosswind 1800 9+2x10° 1215.781 + 0.002 1842 1.04
1995 Mar 6-7  Downwind 1900 30 +£ 15 x 10° 1215.872 + 0.007 20+ 4 1.01
1995 Mar 26 Upwind 2400 17 +4 x 10° 1215.459 + 0.002 2142 1.08
1996 Mar 9 Downwind 3100 1545 x 10° 1215.893 + 0.004 1543 0.93

2 Temperatures (in kelvins) are determined by least-squares fit to a Voigt profile convolved with the echelle A line-spread function
and are thereby only representative of the actual velocity distribution and optical depth.

b Best-fit IPH line-center wavelength.

© Best-fit inflow speed from comparison with hot-model profiles, assuming pu = 0.99, T, = 1.25 x 10°, and best-fit IPH tem-

perature.

4 Calculated values of u for the IPH line-of-sight motion in the solar rest frame, using solar Lya fluxes from the SOLSTICE
experiment (Tobiska et al. 1997) and the solar line profile from LeMaire et al. (1978).
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FiGc. 2—Montage of spectra and overplotted fits to geocoronal and IPH emissions for observations over 1994-1996. Fits to the geocoronal and IPH
emission lines are Voigt profiles convolved with the GHRS echelle A LSF, and best-fit parameters are listed in Table 2.

do not include variations in solar parameters during the
IPH flow through the inner solar system. Since the IPH
flow at 20 km s~ ! is roughly 4 AU per year, variations in
solar activity will be reflected in the flow with solar distance,
and an improved modeling would include these variations
with time.

3.2. Crosswind

In the crosswind spectrum, the center of the bright geo-
coronal line is easily determined, and the magnitude of the
model LSF fitted to this line for subtraction then deter-
mines the residual shape of the blue wing of the IPH emis-
sion. The shape of the IPH line center in the difference
spectrum is little affected by reasonable values for the geo-
coronal subtraction, and the scaling of the geocoronal
brightness has been optimized to leave an IPH blue wing
symmetric with the observed red wing, within a rather high
level of noise in the blue wing from the difference of two
large values. With an observation perpendicular to the flow
direction, there should be little sensitivity to the assumed

inflow speed, and, in fact, assumed values from 10 to 30
kms~?! in the hot-model profiles give reasonable fits. The
residual crosswind IPH emission line does appear offset
toward the blue of the line center determined solely from
the Earth orbital motion, implying a net motion of 2-3
kms ™! of the IPH approaching the Earth along this line of
sight, which implies a value of u slightly less than 1. We
have also calculated the expected value of u for each date of
observation (Table 2), taking the measured solar Lya flux at
1 AU from the Solar Stellar Irradiance Comparison Experi-
ment (SOLSTICE), Tobiska, Pryor, & Ajello 1997) and
then estimating the flux at the position in the line profile
appropriate to the solar rest-frame motion of the IPH along
the line of sight, using a measured solar line profile (Lemaire
et al. 1978). The u-values based on solar observations are
similarly close to or just less than 1. For the assumed flow
direction, values of u from 0.8 to 1.0 give good hot-model
fits to the observed IPH profile, with good fits also obtained
for T, = (1.0-2.0) x 10° s. However, the RL and HS models
differ from each other by 2-3 kms ™! in the IPH line-center
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position for the same assumed parameters, making an exact
determination of u impossible at this time. An assumed
temperature of 8000 K provides a good fit to the crosswind
IPH profile, unlike the upwind and downwind profiles,
which appear broader than the model 8000 K profiles. The
possibility of different velocity dispersions in the parallel
and perpendicular directions should be considered in future
modeling.

3.3. Downwind

The IPH parameters are only loosely constrained by the
faint downwind IPH line. The assumed values for u and T},
and inflow speeds of 15-20 kms ™! fit the observed profile;
but there is little sensitivity to u and T, and the inflow
speed is constrained only within several km s~ . It is inter-
esting that the 1996 downwind emission is best fitted with
an inflow speed significantly lower than the other obser-
vations. However, the low signal-to-noise ratio and greater
degree of model sensitivity in the downwind direction
require that this finding be verified by other observations. A
better fit is obtained for a line broader than the result of a
8000 K model profile, but with only a weak sensitivity to
the exact value of the temperature. Voigt profiles of 15,000—
30,000 K convolved with the GHRS LSF give plausible fits
to the observed emission profiles (Table 2).

4. DISCUSSION

The derived parameters for the IPH flow listed in Table 2
are remarkable in the observed variations, both with line of
sight and over time in the same viewing direction. The
properties of the IPH flow through the inner solar system
are clearly more complicated than an assumed uniform flow
modified by constant solar parameters. In fitting the flow
parameters, the HST/GHRS crosswind observation con-
strains the IPH p-value, and the upwind observations
provide determinations of the inflow speed and velocity dis-
persion. We have compared the observed profiles with the
results of two hot models, and compared the results of these
models with each other for a range of conditions and lines
of sight to determine the sensitivity to the model used. The
RL and HS models operate in somewhat different fashions.
The RL model calculates the motion and loss rates for each
monokinetic parcel of inflowing atoms, then integrates over
velocity space and along the line of sight to calculate line
profiles. Recent additions to this model, which have been
incorporated in this paper, include an estimate of self-
absorption but do not include multiple scattering. The HS
model uses the density model of Osterbart & Fahr 1992,
which calculates the H atom distribution function at each
point in space, then integrates along a line of sight and
calculates the line profile, including radiative transfer, as
described by Scherer & Fahr (1996). The two hot models
yield upwind and downwind line profiles for the same
assumed conditions, whose line centers are coincident
within 1-2 kms ™! with similar line widths (Fig. 3). However,
the model profile centroids for the crosswind direction differ
by 2-3 km s~ ', and they display different sensitivities to
changing values of u. A comparison with the model profiles
confirms that the H inflow speed far from the Sun is 18-21
km s, considerably less than the He inflow speed and the
speed of the local ISM, and we show that there are varia-
tions in the flow speed with line of sight and with time.

Assuming that the measured He inflow direction is also
the H inflow direction, the observed crosswind blueshift can
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be reproduced by assuming a value of y slightly less than 1
in the hot-model profile, as expected near solar minimum.
This observation is the first measurement technique in
which the value of u can be determined independently of the
other parameters. In principle, the observed approaching
motion could also be due to an error in the assumed inflow
direction, in which case the observed blueshift could be a
component of the inflow motion. The inflow direction
would need to be approximately 7° from the assumed direc-
tion to reproduce the observed blueshift, which is compar-
able to the uncertainty in the determination of the Lya
intensity maximum (Ajello et al. 1987). Future crosswind
observations both toward and opposite the Earth orbital
motion could address the directional uncertainty, since a
net focusing of the IPH near the Sun (x4 < 1) would produce
a blueshift of the IPH line in both directions. Observations
with higher spectral resolution (to separate the IPH from
the geocorona) would also allow crosswind measurements
along lines of sight above and below the ecliptic plane,
corresponding to a range of solar latitudes and radiation
pressures, to test the extent to which u varies with solar
latitude and activity. These measurements will be needed to
derive an accurate picture of the three-dimensional TPH
flow through the solar system.

The difference in velocity distributions between the
upwind/downwind and crosswind profiles is a significant
development in our understanding of the near-solar flow
region. Earlier derivations of the IPH temperature gave
values near 8000 K, with these observations limited to
regions of the sky +45° of the crosswind direction because
of the limited spectral range of absorption cells. The HST/
GHRS observations are consistent with these line widths
along a similar line-of-sight crosswind, but at the same time
indicate much greater velocity widths both upwind and
downwind. We interpret this as reflecting an increase in the
velocity dispersion in the flow direction from a combination
of solar attraction/repulsion, plus any modification by
charge-exchange reactions in the heliospheric interface
region. In this case the derived temperatures listed in Table
2 are effective fits to the profiles, while the actual velocity
distributions are likely to be nonthermal in nature. These
velocity distributions could be derived more accurately
from the observed line profiles with higher signal-to-noise
data at a similar or slightly higher spectral resolution. Note
that the present derivation of flow parameters does not use
the absolute intensities, which have been measured and are
listed in Table 1. The intensities that we have observed are
similar to earlier quoted observations near solar minimum
(Wu & Judge 1980; Bertaux et al. 1985; Ajello et al. 1987;
Pryor et al. 1992). The modeled intensities can be made to
fit the observed profiles by varying either the IPH density or
the solar flux, and the density does not affect the velocity
distribution while the solar flux has been determined
through the limits on y from the crosswind profile.

While the increased velocity dispersion in the flow direc-
tion may be consistent with either a variable solar flux or
modification at the heliospheric interface, the overall
decrease in flow speed for H atoms within the solar system
appears to require a substantial shift in the velocity dis-
tribution at large distances from the Sun. The inflow direc-
tion would have to differ from the assumed line of sight by
more than 30° to explain a 5-8 kms ™! velocity decrease by
an alteration of the flow direction from that for He atoms,
which would be inconsistent both with the direction of the
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F1G6. 3.—Comparison of hot-model profiles with observed GHRS IPH data for selected cases and lines of sight, demonstrating the sensitivity to assumed

inflow speed and hot model used.

observed H intensity maximum (Ajello et al. 1987) and with
prior absorption cell measurements (Bertaux et al. 1985).
The added observations of different parallel and perpen-
dicular velocity distributions, and different flow speed and
IPH temperatures at different times and along different
lines of sight, appear consistent with some results of recent
modeling by Williams et al. (1997). The inclusion of H-
proton and H-H thermalizing collisions, in addition to
charge-exchange reactions between solar wind protons and
IPH neutrals, led these authors to suggest that the IPH H
flow should have an increased velocity dispersion as well as
an overall decrease in flow speed. These and other inter-
pretations of the line profiles will benefit from further com-
parison with the observational data.
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