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Interplanetary Lyman o observations from Pioneer Venus
over a solar cycle from 1978 to 1992

Wayne R. Pryor,' Scott J. Lasica,! A. Ian F. Stewart,' Doyle T. Hall,!
Sean Lineaweaver,' William B. Colwell,' Joseph M. Ajello,? Oran R. White,?
and W. Kent Tobiska*

Abstract. The Pioneer Venus Orbiter ultraviolet spectrometer (PVOUVS) routinely obtained inter-
planetary hydrogen Lyman o, data while viewing ecliptic latitudes near 30°S from 1978 to 1992 (dur-
ing solar cycles 21 and 22). We desctibe "hot" models for this interplanetary Lyman o data that include
the solar cycle variation of (1) the solar flux, as a function of latitude and longitude; (2) the radiation
pressure on hydrogen atoms; (3) the solar wind flux; (4) the solar EUV flux; and (5) the multiple scatter-
ing correction to an optically thin radiative transfer model. These models make use of solar radiation
flux parameters (solar wind, solar EUV, and solar Lyman o) from spacecraft and ground-based solar
proxy observations. Comparison of the upwind data and model indicates that the ratio of the solar Ly-
man o line center flux (responsible for the interplanetary signal} to the observed solar Lyman o inte-
grated flux is constant to within ~20%, with an e¢ffective line width near 1.1 A. Averaging the solar ra-
diation pressure and hydrogen atom lifetime over 1 year before the observation reproduces the upwind
intensity time variation but not the downwind. A better fit to the downwind time series is found using
the 1 year average appropriate for the time that the atoms passed closest to the sun. Solar Lyman o
measurements from two satellites are used in our models. Upper Atmosphere Research Satellite (UARS)

solar Lyman o measurements are systematically higher than Solar Mesosphere Explorer (SME) values
and have a larger solar maximum to solar minimum ratio. UARS-based models work better than SME-
based models in fitting the PYOUVS downwind time series Lyman ¢ data.

1. Introduction

The interplanetary Lyman o glow comes from solar Lyman o
that has been scattered by hydrogen atoms in the very local in-
terstellar medium. At a distance of perhaps 30 AU upwind
from the Sun, well inside the solar wind termination shock,
these hydrogen atoms are currently described by a temperature
T=8000 K, a velocity v=20 km s-1 with respect to the Sun
[Bertaux et al., 1985] and, in our models, by a density n=0.17
cm-3 [4jello et al, 1994]. A recent tabulation of the rather
wide range of hydrogen density values in the literature is
given by Puyoo, et al. [1997). Their work finds a neutral den-
sity at large distances of #=0.25+0.08 cm-3. Solar gravity acts
to focus the hydrogen atoms as they pass the Sun, but is
largely canceled by solar Lyman o radiation pressure that re-
pels the atoms. The ratio of the radiation pressure to the solar
gravity is called p. Solar cycle variations in p can make the
Sun either repel the atoms or slightly focus them downstream.
Fast moving solar wind protons charge exchange with the
slower interstellar neutral hydrogen atoms, creating a popula-
tion. of fast moving hydrogen atoms Doppler-shifted outside
the solar Lyman o line and leaving behind a cavity depleted
in the slow neutrals that scatter solar Lyman o photons. Hy-
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drogen atoms are also ionized by solar EUV radiation. Solar
Lyman o resonance scaltering from the surviving sfow hydro-
gen atoms creates the observed glow.

Modeling the interplanetary Lyman o brightness pattern
requires detailed understanding of the processes listed above.
The Pioneer Venus Orbiter ultraviolet spectrometer
(PVOUVS) interplanetary Lyman o observations provide a
particularly good test of our understanding of the sofar proc-
esses and their variations, since the data were obtained over
more than a full solar cycle (December 29, 1978, to April 18,
1992) at a nearly constant distance of 0.72 AU fiom the Sun.
Other spacecraft (Pioneer 10 and Voyagers 1 and 2) have ob-
tained a long time series of interplanetary Lyman o observa-
tions, but these data sample a range of distances from the Sun,
complicating the interpretation because of the possible pres-
ence of outer heliospheric effects [e.g., Hall, 1992; Hall ef al,
1993; Quemerais et al., 1995, 1996]. Successful modeling of
the PVOUVS inner heliosphere data set is a first step toward
understanding the outer heliospheric data. -

The modeling described here builds on our earlier efforts.
Ajello ef al. [1987] examined the PVYOUVS interplanetary Ly-
man o data set (1979-1985) and used the parallax shift over
the Venus year of the brightest emission region to determine
the hydrogen atom lifetime. Ajello 1990 analyzed a unique set
of PVOUVS Lyman o observations from 1986 covering high
ecliptic latitudes during observations of Comet Halley. Im-
provements in the model reflect subsequent efforts at modeling
Galileo and Voyager data described elsewhere [Pryor et al,
1992, 1996; Hall, 1992; Ajello et al., 1993, 1994]. This paper
applies our latest models to the full PVOUVS data set. These
models explicitly compute the solar Lyman ¢ flux at each lati-
tude and longitude as a function of time by using He 1083 nm
images as a proxy for solar Lyman o [Pryor et al., 1996].
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2. Instrumentation

The PVOUYVS instrument [Stewart, 1980] was a tompact
1/8-m Ebert-Fastie spectrometer with a programmable grating
drive and two photomultiplier tube detectors. The Pioneer
Venus Orbiter spin rate was typically 0.52 £ 0.01 rad s-! be-
fore May 1981 and 0.48 + 0.01 rad s-! after that. The PV Or-
biter spin axis was usually aligned within ~3° of the south
ecliptic pole. The PYOUVS optical axis slanted 60° away
from the spin axis. Thus the instrument field of view (1.4° x
0.14°) observed a small circular strip on the celestial sphere,
with a 1.4° width, at an ecliptic latitude 30+5°S. The
PYOUVS instrument sensitivity at Lyman o found in calibra-
tions was 130 counts s-1 kR-1. Observed stellar brightnesses
indicate that the Lyman o sensitivity was nearly constant
over the course of the mission.

3. Observations

The Pioneer Venus Orbiter maintained a polar orbit around
Venus with a 24-hour period. Typical distances fiom planet
center were ~70,000 km for apoapsis and 6200-8000 km for
periapsis. Interplanetary Lyman o data were obtained at ir-
regular intervals when ground stations were available and
when Venus was not in conjunction with the Sun. The in-
strument operated in fixed grating position mode, typically us-
ing a 32-ms integration. This integration period leads to a
spin sméarirg of about 0.9°. In orbits where two sets of 240°
arcs were taken, the data were combined for a full 360° cover-
age in longitude. Figure 1 illustrates the spacecraft orbit and
the PVOUVS observing géometry.

4. Data Reduction

Because PV obtained interplanetary Lyman o data near Ve-
nus, careful exclusion of the Lyman o signature of the Venus
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hydrogen corona was necessary. We exaniined the brightness
of the corona as a function of the closest approach distance d of
the look vector to the center of the planet [Lasica et al., 1993].
Data obtained with J greater than 5 Venus radii from the
planet center (30,255 km) had <5% contamination and could
safely be included in the interplanetary data to be reduced.
The coronal contamination was largest near solat maximum and
was unobservable past 5 Venus radii at solar minimum. The
Venus corona and its variation over a solar cycle are discussed
by Colwell [1997]. A time-dependent instrumental back-
ground of 7-12 R due to cosmic rays was subtracted from the
data. This background was largest near solar minimurn and
smallest near the two solar maxima.

Because of a minor problem in the grating drive system, dif-
ferent fixed grating positions were used to observe the Lyman
o line during different parts of the rission. The reported in-
tensities were corrected to reflect the part of the instrumental
line profile being observed. No overall systematic offsets be-
tween data and model were identified that could be conclu-
sively attributed to the use of these different grating steps.
However, residual differences bétween data and models in
early 1979 may be related to incompletely cortecting for the
transition from grating step 42 to step 41 on orbit 70 (1979
day 43).

5. Modeling

Plate 1 includes a color display of the PYOUVS data se-
lected for modeling, with time on the horizontal axis and eclip-
tic longitude on the vertical axis. The data are brightest in
upwind longitudes near ecliptic longitude 250° and dimmest
near the downwind direction, where slow neutrals have been
depleted by charge exchange and photoionization. Data be-
came sparser as the mission progressed due to reduced ground
station coverage. The brightest data are at the two ends of
Plate 1 during maxima in the solar activity cycle. The data

SPACECRAFT
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x = SUBSOLAR POINT AT VOI
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Figure 1. Illustration of the Pioneer Venus Orbiter polar 24-hour orbit. The PVOUVS observed in longitude circles at -30°
ecliptic latitude. Interplanetary Lyman o data used here were obtained where the distance from the instrument look vector to the
planet center exceeded 5 Venus radii. Times from periapsis are indicated. VOI stands for Venus Orbit Insertion.
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Figure 2. An illustration of the upwind-downwind viewing geometry at two spacecraft locations. The ecliptic plane is viewed
edge-on. The interstellar wind (ISW) flows to the left. A cavity in the ISW hydrogen near the Sun is carved by solar wind
protons charge exchanging with the slow interstellar neutral hydrogen population, creating fast neutrals which are Doppler-
shifted off the solar Lyman o line and are therefore invisible. The contour lines schematically illustrate the variations in the
Lyman o volume emission rate. It has a local minimum centered on the Sun, and a local maximum (the maximum emission region)
upwind of the Sun, about halfway between the Sun and the upwind cavity boundary. Waves visible in Plates 1 and 2 related to
the motion of Venus {and the PV Orbiter) about the Sun are due to distance variations between the look vector in the upwind

direction and the maximum emission region.

The PYOUVS views in longitude circles near -30° ecliptic latitude.

These

instrument look directions approach the maximum emission region more closely when the spacecraft is upwind.

taken from 1983 to 1987 are the least bright, corresponding to
solar minimum.

The best fit SME-based “lagged” model is also presented in
Plate 1. Details of this model will be discussed below. Plate
2 presents the data and best fit SME-based lagged model for
the first 2 years of the mission. Apparent in the models (Plates
1b and 2b), and somewhat less apparent in the data, is a modu-
lation or waviness in the upwind intensity associated with
the 225-day orbital period of Venus. When the spacecraft is
on the upwind side of the Sun (times marked with "U" in
Plates 1a and 2a), it is closer to the upwind maximum emission
region, increasing its angular extent (Figure 2). A parallax
shift in the direction to the maximum emission region due to
the orbital motion of Venus makes these waves appear diago-
nal in Figure 2. The brightness maximum on each wave tends
to pass through the upwind direction when the spacecraft is
directly upwind. In Plate 2 a diagonal variation is also visi-
ble correlated with the ~25-day sidereal rotation period (28
days as seen from Venus) of Lyman o bright solar active re-
gions. A detailed study of one such wave was presented by
Ajello et al. [1987]. .

The model developed for fitting Galileo extreme ultraviolet
spectrometer data [Pryor et al., 1996] was used here. This
model is a version of a "hot" density model described by Tho-
mas [1978]. The mode! has evolved to include latitudinal
anisotropies in the solar wind flux [Witt ef al., 1979], as well
as latitudinal and longitudinal anisotropies in the solar Ly-
man o flux [Pryor et al, 1992, 1996]. One troubling, persis-
tent problem found in our modeling efforts is the difference in
absolute calibrations at Lyman o between different spacecraft.
PVOUVS reported Lyman « intensities are ~2.13 times lower
than simultaneous measurements by Galileo when it passed
Venus [Colwell 1997, also personal communication 1998].

Throughout this paper, the PVOUVS values are scaled to the
Galileo-based model values. The scaling factors are near 2 but
vary somewhat due to modeling variations and uncertainties.
Using the Galileo calibration [Hord ef al, 1992], the current
models require a high number density of hydrogen inside the
termination shock, #=0.17 cm~3 [djello et al, 1994] as op-
posed to earlier models that found #»=0.07£0.01 cm= [4jello et
al, 1987], somewhat increasing the importance of multiple
scattering.

We prefer to use the more recent Galileo calibration for the
following reasons. Because of launch delays, there was ade-
quate time for extensive characterization and calibration of the
Galileo UVS. The Galileo UVS laboratory absolute calibra-
tion at wavelengths greater than 1300 A, based on National
Institute of Standards and Technology (NIST) standard pho-
todiodes, is estimated to be accurate to better than 20%. We
also obtained Galileo UVS laboratory spectra of electron im-
pact on Hy and Nj that provide a high-quality relative calibra-
tion in the FUV, including Lyman o [4jellc et al., 1988; Hord
et al, 1992]. The estimated additional uncertainty at Lyman o
with this technique is ~20%. Comparison of Galileo UVS
spectra of the star Sirius with rocket observations shows ex-
cellent agreement (<20%) at wavelengths greater than 1300 A
where sufficient stellar signal is present (W. McClintock, pri-
vate communication, 1998]. Based on these considerations,
the density derived from Galileo Lyman o measurements, in-
cluding estimated error bars from the calibration only, is'~0.17
+£0.05em™.

The density used here should also be compared to neutral
hydrogen density estimates from pickup ion studies. Gloeck-
ler et al. [1997] used Ulysses solar wind ion composition
spectrometer (SWICS) pickup ion measurements to derive a
neutral hydrogen density near the termination shock of 0.115
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+0.025 cm®. The SWICS estimate and the Galileo estimate
have overlapping error bars. Another technique, measurement
of the solar wind slowdown due to mass loading, has been
studied by Richardson et al. [1995]. From a measured solar
wind slowdown of ~30 km s-1 between 1 and 40 AU, they es-
timate a low neutral hydrogen density of 0.05 cm?, based on
theory presented by Lee [1997]. Another model for the slow-
down presented by Isenberg [1986, Figure 2] shows that a
slowdown of ~30 km s at 40 AU corresponds to a neutral
hydrogen density of Q.1 cm™, closer to the Gloeckler et al. re-
sults. Recent work by Isenberg [1997] shows that a neutral
hydrogen density of 0.125 ¢m™ near the termination shock is
consistent with an analysis of anomalous cosmic ray specira
by Stone et al. [1996].

The solar cycle variations of five quantities are included in
the model as follows:

5.1. Solar Flux Variation

Our model uses solar He 1083-nm images to compute the
solar Lyman o flux on a given day at any solar latitude and
longitude {Pryor et al.,, 1996]. The He 1083-nm image set ob-
tained at Kitt Peak provides a valuable indicator of the Sun's
Lyman o distribution, The disc-averaged equivalent width is
an excellent proxy for Lyman o [Harvey, 1984; Tobiska 1991;
Harvey and Livingston, 1994]. Harvey and colleagues have
combined these images into Carrington rotation maps, which
provide the equivalent width as a function of latitude and
longitude for each solar rotation. These Carrington maps form
the basis for our calculation. First, holes and artifacts in these
images were corrected by using information from neighboring
Carrington rotations. This procedure may introduce some er-
rors in the record, particularly in the late 1970s when more
data gaps were present. Next, an integral was performed which
finds the disc-averaged equivalent width that would be seen
above any solar latitude and longitude on any given day.
This procedure reproduces in considerable detail the previ-
ously reported disc-integrated equivalent widths in the eclip-
tic plane. Tt was then assumed that the same linear relation-
ship that exists between the ecliptic plane disc-averaged
equivalent width of He 1083-nm and disc-integrated, line-
integrated Lyman o flux [Tobiska, 1991] exists at all other
latitudes. Two different relationships were used here. The lin-
ear refationship between the He 1083-nm equivalent width
(EW) and the Solar Mesosphere Explorer (SME) line-
integrated solar Lyman o measurements is [Tobiska, 1991]

Lyman o SME= 8.40x10'° + 3.78x10°xEW

in units of photons om-2 s~t at 1 AU from the Sun. Measured
values of EW range from 39 to 97. The linear relationship be-
tween the He 1083 nm equivalent width and the Upper At-
mosphere Research Satellite (UARS) solar Lyman o time series
in the same units (through the end of 1995) is

Lyman o UARS=0.95x(2.10x10'*+7.07x10°x EW).

The UARS data come from the Solar Stellar Intercomparison
- Experiment (SOLSTICE) measurements [Woods and Rottman,
1997] and have been scaled by the factor of 0.95 because the
other Lyman « instrument on UARS (Solar Ultraviolet Spec-
tral Irradiance Monitor (SUSIM)) reports Lyman o values 10%
lower than SOLSTICE. The UARS instruments were probably
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better calibrated than SME. The relative calibration as a func-
tion of time of SOLSTICE is closely monitored by measure-
ments of a suite of stars. The UARS Lyman o fluxes are sys-
tematically higher than the SME measurements, by ~30% or
more, and have a larger solar maximum to solar minimum ratio
[Woods and Rottman, 1997; Tobiska et al., 1997, de Toma et
al., 1997]. Figure 3a shows the computed ecliptic and polar
Lyman o fluxes for the SME model. As we have previously
suggested [Pryor et al., 1992; Ajello et al., 1994], the com-
puted polar Lyman « flux is substantially (~20%) below the
equatorial flux at solar maxima. Figure 3b compares the SME-
based and UARS-based ecliptic Lyman o fluxes. .

A key assumption in the modeling is that the unmeasured
Lyman o line center flux (photons cm-2 s=1 A-1) responsible for
resonance scattering from interstellar neutral hydrogen equals
about 0.9 A-t times the SME- or UARS-derived integrated so-
lar Lyman o flux {photons em-2 s-1) throughout the solar cycle.
Ajello et al. [1987] used PYOUVS data to show that this ratio
is fairly constant over the solar cycle. The rough validity of
this assumption is tested here by trying models that assume
the factor of 0.9 A-1 for all orbits. The 0.9 A-1 estimate comes
from recent measurements of the disc-integrated solar Lyman o
line shape obtained at solar minimum by the Solar Ultraviolet
Measurements of Emitted Radiation (SUMER) instrument on
the Solar Heliospheric Observatory (SOHO) [Lemaire et al,
1998). Our previous models {Ajello et al., 1987, 1994; Pryor
et al,, 1992, 1996] assumed a factor of 1.0 A™'. SUMER results
from closer to solar maximum may shed light on this problem in
the future.

5.2. Solar Radiation Pressure Variation

Estimates of the radiation parameter | also rely on assuming
the numerical correspondence between line center and inte-
grated solar Lyman o, emissions. The radiation pressure has a
latitude dependence directly caused by the latitude depend-
ence of the solar flux [4jello et al, 1994]. Atoms that pass
over the solar poles are exposed to a lower average radiation
pressure than those that pass over more equatorial latitudes.
This effect is crudely represented by averaging the 12-month
average ecliptic value of B, with the lower polar value. The
time average is used to compensate for the varying .pressures
experienced by a hydrogen atom as it approaches and then re-
cedes from the Sun. During a I-year period a hydrogen atom
travels 4.2 AU at a velocity of 20 km s-1. This is roughly com-
parable to the scale size of the system: the maximum emission
region is at distances r /2 from 2.25 to 3.35 AU from the Sun,
depending on the hydrogen atom lifetime [Ajello ef al, 1987].
Here r is the distance along the upwind axis fiom the Sun to
the point where ionization has attenuated the original density
by a factor of /e.

Both the ecliptic value and polar values of | are estimated
from the He 1083-nm solar images. The solar flux information
in Figures 3a and 3b is used to compute the equatorial and po-
lar 1-year-average ratio of radiation pressure to solar gravity.
The computed polar 1-year-average radiation pressure is lower
than the equatorial value by 10-20% at solar maxima. For
modeling purposes we use the average of the polar and equato-
rial I-year-average radiation pressures, shown in Figure 3c.
SME and UARS-based models of the radiation pressure are
both shown for cases with the line center flux equal to 0.9 A-1
and 1.0 A-1 times the line-integrated flux. The radiation pres-
sure parameter [ for the SME-based Lyman « fluxes is gener-
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Figure 3a. The daily SME-based solar Lyman ¢ line-integrated flux for the ecliptic plane énd for the two solar poles for the PV
period. Values are taken from the He 1083-nm calculation using the proxy model described in the text. Models in this paper use
the line center flux, assumed to be 0.9 times the values shown.

soxio V\lpbm—mm—m—mm™mMmMm™mr—————— 17— .

6.0x10" !

|JIIlIIIl]I\1H||I]1

5.0><1011

4.0x10""

'llllllliHHIlI"llH]IIIIlHHHIH

Ecliptic Solar Lyman—a (Photons cm™2 s7")

3.0x10"" |
2.0x10'1 £ 3
1.ox10' 1 E ' 3
: r  -—— UARS—based 3
E —— SME-based 3
0 E 1 1 L L L ] | I 1 L 1 | 1 i L P L 3

1980 1985 1990 1995

Year

Figure 3b. The SME- and UARS-based solar Lyman o liné-integrated ecliptic flux computed from the He 1083-nm calculation.
Models in this paper use the line center flux, assumed to be 0.9 times the values shown.
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Fig_ixre_l.?»c. Assuming a one-to-one correspondence betwee_rzl t1_1le n_l{merical values of -line-integrated Lyman ¢ solar flux (photons
em~ s') and line center Lyman o solar flux (photons em™ s” A™) leads to l-year average (before the indicated date) radiation
pressure parameter | values for SME and UARS fluxes. The average of the north and south polar | values has been averaged with
the ecliptic | value to estimate the "average” radiation pressure (solid lines). Models in this paper use radiation pressure values
(dashed lines) equal to 0.9 times the solid lines. The horizontal line at p=1 separates |l values that lead to a net solar attraction of
hydrogen atoms by the sun (u<l) from values with net solar repulsion (u>1).

ally less than 1, so the net effect in passing the Sun is focus-
ing. -However, the UARS-based Lyman o fluxes imply | gen-
erally >1, so the net effect is repulsion,

5.3. Solar Wind Flux Variation

Charge exchange between slow (20 km s-1}) interstellar hy-
drogen atoms and faster (~300-700 km s-1) solar wind protons
creates a cavity near the Sun depleted in slow neutrals that can
scatter the solar Lyman o line. The rate of this process in the
ecliptic is estimated from the National Space Science Data
Center (NSSDC) on-line database of solar wind proton den-
sity and velocity measurements at 1 AU. These measurements
made by the near-Earth spacecraft ISEE 1, ISEE 3, IMP 7, and
IMP 8 are documented by King [1977a, b, 1979, 1983]. Most
of the data used here come from the IMP 8 spacecraft. Hydro-
gen atom-proton charge exchange cross sections are from Bar-
nett et al. [1990]. The rate of the charge exchange process at
other ecliptic latitudes is not well known; finding this rate is
one goal of our modeling efforts. If ©(0) is defined to be the
time-averaged lifetime against solar wind charge exchange in
the ecliptic (ecliptic latitude O degrees), then the lifetime at
ecliptic latitude [3 is assumed to be of the form

YBy=1(0)/[1. - 4 sin?(B)]

where 4 is the solar wind asymmetry parameter.

Our initial model approximates the varying solar wind
fluxes encountered by the interstellar neutrals by averagiiig
the solar wind flux over the 12 months before a given observa-
tion. This is the same timescale used for the radiation pressure
calculation, for the same reasons discussed above. Figure 4
shows the monthly average hydrogen lifetime against solar
wind charge exchange at 1 AU and the 12-month-average life-
time. The average values range from'~1.2 to 1.9x10°s. The ac-
tual lifetime will be somewhat shorter due to solar EUV pho-
toionization of hydrogen.

5.4, Solar EUV Flux Variation

A secondary loss process for ground state (1s) interstellar
hydrogen is photoionization by photons with wavelengths
less than 91.2 nm. The solar EUV flux variation over a solar
cycle is not particularly well known. Ogawa et al., [1995]

‘evaluated the total photoionization rate B, including a very

minor component from loss of metastable (2s) hydrogen. Us-
ing Ogawa et al.’s, Table 3, we represent the total photoioni-
zation rate at 1 AU, B, in s-1 as

B =1.50x10"+ (2.42x107-1.50x107)

x ((F10.7-62.7)/(214.0-62.7))

where F10.7 is the 10.7 em radio flux fiom the Sun in units of
10-2 W m-2 Hz-1. The photoionization lifetime T is the recip-
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Figure 4. The variation in the monthly average hydrogen atom lifetime against solar wind charge exchange. Also shown is the
12-month average of the monthly average lifetime before a given time, for charge exchange only; and for charge exchange

combined with photoionization.
Center (NSSDC) database.

rocal of B, A value of F10.7=62.7 is a very low solar minimum
value, while F10.7=214.0 is more typical of solar maximum
conditions. For a solar minimum value of F10.7=62.7,
B=1.50x10-7 51 and 1=6.67x10° s. For a solar maximum value
of F10.7=214.0, B=2.42x10-7 s-1 and 1=4.13x106 s. In both
cases the photoionization lifetime 1 is substantially longer
than the hydrogen atom lifetime against solar wind charge ex-
change. One-year averages of the photoionization lifetime
were used in the models here. Combining the photoionization
lifetime and the solar wind charge exchange lifetime yields a
surprisingly constant lifstime for slow neutral hydrogen (Fig-
ure 4). Photoionization is largest near solar maximum when
the charge exchange rate is smallest. The ecliptic lifetime
found from solar wind and solar EUV flux measurements in
Figure 4 is generally near ~1.2x10% s, This compares favorably
with the lifetime of 1.1x10° sec derived from parallax shifts of
the maximum emission region in Pioneer Venus interplanetary
data {Ajelio et al., 1987].

5.5. Multiple Scattering Correction

Next, the time dependence of the multiple scattering correc-
tion was included in our optically thin model. (Current com-
putational limits favor a hybrid approach between fast opti-
cally thin models and slow multiple scattering codes.) The
multiple scattering model used [Hall, 1992; Ajello et al.,
1994] assumes cylindrical symmetry; no attempt is made to
deal with latitudinal variations in the solar wind flux or the
solar Lyman « flux. Multiple scattering corrections were com-
puted for six cases, involving three realistic values of the ra-

Values of solar wind density and velocity are taken from the National Space Science Data

diation pressure and two values of the hydrogen atom lifetime
at 1 AU. Linear interpolation between these six cases was
made to derive the multiple scattering corrections appropriate
for a given day. These corrections were computed for a space-
craft 1 AU downstream from the Sun, with values for atomic H
outside the cavity but well inside the heliopause, of »=0.17
em3, v=20.0 km s-1, and 7=8000 K. The dependence on dis-
tance from the sun and on spacecraft ecliptic longitude is as-
sumed to be minor. The corrections to an optically thin model
brightness 1Ihin are represented as

KOY=I

1in(89(0)

The angle from the upwind direction is denoted 6. For 6=0,
upwind, the corrections are negligible (<2%), while down-
stream, 6=180, they become important. The monotonically in-
creasing function ¢(8), where & is in degrees, can be well rep-
resented as a polynomial:

g(®)=a ta O+a, (92+a3 03

Table 1 shows the six cases used. This multiple scattering cor-
rection scheme was used for all models shown. A similar cal-
culation for n=0.10 em™ gave similar results (within 3%), in-
dicating that the correction factors are not a strong function of
density between 0.10 and 0.17 em”. An independent calcula-
tion by Quemerais and Bertaux [1993, Table 3] found that ¢
increases from 1.09 to 1.23 to 1.30 to 1.34 to 1.36 in the
downwind multiple scattering correction when the density
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Table 1. Multiple Scattering Corrections

TS g 2 4

a, a, q(180)

1.4x106 0.75 0.99126 ~ -2,1501x10-4
1.4x106 1.10 0.98381  8.1145x10-s
1.4x106 1.60 0.97097  6.0193x10-4
2.1x106 0.75 1.0005 -3.1373x10-4
2.1x10s6 1.10 0.99048  1.76%0x10-5
2.1x106 1.60 0.97638  4.8491x10-4

6.0459x10-6 2.6745x10-8 1.301
-2.6860x10-6 9.5069x10-8 1.462
-1.8731x10-5 2.1399x10-7 1.716
7.8907x10-6 -4.1819x10-10  1.195
-8.1105x10-7 7.06844x10-8 1.377
-1.7107x10-5 1.9652x10-7 1.651

(n=0.17 cm-3)

increases from 0.01 to 0.05.to 0.1 to 0.15 to 0.20 cm®, for an
observer 1 AU from the Sun and 90° from the upwind axis.
Their results support the idea that the multiple scattering cor-
rection is not-too sensitive to density variations in the range
0.1-0.2 cm™.

Increasing radiation pressure depletes the downwind den-
sity, leading to a very anisotropic density distribution. Mul-
tiple scattering produces a brightness distribution that is less
anisotropic than would be obtained in a single-scattering
model. The derived multiple scattering corrections are a
strong. function of the assumed radiation pressure. A hydro-
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gen atom lifetime at 1 AU of 1.4x108 s is fairly realistic; chang-
ing to a 50% longer and less realistic lifetime of 2.1x10° s has
only a modest effect on the correction. An extensive discus-
sion of these radiative transfer effects is presented by
Quemerais and Bertaux [1993].

6. Modeling Results

An initial attempt was made to fit the time series of the up-
wind and downwind data sets with an SME-based model,
where the radiation pressure, hydrogen atom lifetime, and mul-
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Figure 5. Initial model fits to the time serics PYOUVS interplanetary Lyman ¢ data. The data have been scaled upward to fit the
model derived for Galileo data of Pryor et al., [1996]. This scaling reflects calibration differences between instruments. This
initial model uses solar radiation pressure, solar wind ionization, and photoionization values averaged over the 1 year prior to
the observation. A solar wind asymmetry parameter of 4=0.6 was used. (a) Fit to the upwind data. Data represent the average of
three 10° bins centered on the upwind direction. Model points have been computed for each day and connected with a line for
clarity; data are shown as dots, the actual locations of points can be more easily seen in Figures Sc and 5d. (b) Fit to the
downwind data with the same model. Data represent the average of six 10° bins centered on the downwind direction. This
model fits the downwind time series poorly. (c) The time series of data divided by medel in the upwind direction. (d) The time

series of data divided by model in the downwind direction.
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tiple scattering correction are all represented as a 1-year aver-
age before the time of the observation. The upwind and down-
wind -time series data with the Pioneer Venus calibration are
independentlty scaled to the Galileo-based model. For suc-
cessful models the two scaling factors should be similar and
near 2 in order to match the cross-calibration results obtained
when both PV and Galileo were near Venus. A solar wind
asymmetry factor of 4=0.6 was used (Figures 5a-5d). Three
bins 10° wide in ecliptic longitude centered on the upwind
direction were modeled separately and then combined to form
the upwind set. Six of the dimmer 10° bins centered around
downwind were combined to provide counting statistics simi-
lar to those of the upwind set. The downwind bin containing
the star Jota Orionis was excluded. Each data point in this set
contains at least 85 counts, while most contain several hun-
dred counts. The upwind data are in fair agreement with the
model, but the downwind data lead to a systematic problem:
the data are higher than the model near the two solar maxima
and lower than the model near the solar minimum.
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Physically, the light observed downwind is coming fiom
hydrogen atoms which passed the suh in earlier years (see
Appendix A for more justification). This travel time effect sug-
gests that the 1-year-averaging scheme is not adequate for de-
sctibing the downwind hydrogen. Hydrogen atoms down-
wind at solar minimum may have passed the Sun at solar maxi-
mum, when the radiation pressure is much larger. A variation
on the model was constructed to account for the time lag. Up-
wind volume emission rates are computed using the radiation
pressure and hydrogen atom lifetimes averaged over 1 year
before the observation. For downwind volume elements the
radiation pressure and hydrogen atom lifetimes are averaged
over 1 year before the time when the atoms in that volume ele-
ment cross a plane 6 months downwind of the Sun, assuming a
bulk hydrogen velocity of 20 km s™'. This approximation as-
sumes that the largest effect on the atoms occurs in the year
when they are closest to the sun (Appendix A). Solar wind 1-
year-average ecliptic data were used beginning in January
1975. Radiation pressure 1-year-average data derived fiom He
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Figure 6. The fit of the best SME-based lagged model (used in Plates 1 and 2 and Figures 6 and 7) to the time series PVOUVS

interplanetary Lyman o data.

This model computes downwind densities using solar radiation pressure and solar wind

ionization and photoionization values averaged over the year when the downwind hydrogen atoms had crossed the upwind-

downwind plane, assuming a bulk downwind flow of 20 km s,
ionization values averaged over 1 year before the observation.

Upwind densities are computed for radiation pressure and

Scaling factors have been applied to the data with the PV

calibration to bring them into agreement with the Galileo-derived model. A solar wind asymmetry parameter of A=0.6 was used.
(2) Fit to the upwind data. Data (points) represent the average of three 10° bins centered on the upwind direction. (b) Fit to the
downwind data with the same model. Data (points) represent the average of six 10° bins centered on the downwind direction.
This model does better at fitting the downwind time series than the model in Figure 5. (¢) The time series of data divided by
model in the upwind direction. (d) The time series of data divided by model in the downwind direction.
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Figure 7. The fit of the best (4=0.6) SME-based lagged model (used in Plates 1 and 2 and Figures 6 and 7) to PVOUVS
interplanetary Lyman o data from two "typical” days. Scaling factors have been applied to the data to bring them into agreement
with the solar wind asymmetry parameter 4=0.6 model. Also shown are models with 4=0.25 and 4=0.0. (a) For February 24,
1980 (orbit 446), during solar maximum. (b) For January 10, 1985 (orbit 2227), during solar minimum.

1083 nm images was used beginining in July 1977. The val-
ues for January 1975 and July 1977 were used for the solar
wind and radiation pressure data, respectively, when examin-
ing volume elements where the atoms had passed the Sun be-
fore those two dates. As our PV data span 1979-1992, this is
not 2 major handicap in the modeling, except possibly in the
first year or two. Figures 6a-6d show the results of this SME-
based lagged model. The quality of the downwind fit to the
data is now much closer to the quality of the upwind fit, sug-
gesting that this crude time-dependent model has captured the
essence of the effect. This lagged model also fits the upwind-
downwind variation observed on individudl daily data sets.
This is illustrated in Figure 7 for two "typical" days, one near
solar maximum and one near solar minimum. Figure 7 also il-
lustrates the effect of the solar wind asymmetry parameter 4 on
the upwind to downwind ratio. Increasing A4 reduces this ra-
tio, although we should again point out that many factors in-
fluence the upwind to downwind ratio and that the PYOUVS
data are not ideal for determining A.

Finally, we show a lagged model based on the UARS
SOLSTICE solar fluxes, which are systematically higher than

the SME fluxes, and have a larger solar maximum to solar mini-
mum brightness ratio. Woods and Rottman [1997] suggest
scaling the UARS SOLSTICE fluxes by 0.95 to reflect the av-
erage of the UARS SOLSTICE and UARS SUSIM Lyman o
measurements. This is done here for both the model solar Ly-
man ¢ flux and the model radiation pressure. This model han- -
dles the time dependence in the same way as in Figure 6. Fig-
ures 8a-8d show the UARS-based fit to the time series, in this
case for 4=0.75. The model brightnesses are not very different
from before because increasing the radiation pressure has
largely compensated for the increasing solar flux. The dewn-
wind.time series data are now better fit by the model. The large
radiation pressure associated with the UARS fluxes depletes
the downwind hydrogen more than in an SME-based model,
For a UARS-based mode] with 4=0.5 the scaling factors up-
wind and downwind are ~20% different, with an upwind scal-
. ing factor to apply to the data of 1.99 and a downwind factor of
1.65. Using A=0.75 provides somewhat better agreement
(within ~10%) in scaling factors: upwind is 2.03 and down-
wind is 1.82. This asymmetry parameter corresponds to a polar
hydrogen atom lifetime 4 times longer than the equatorial one.
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Figure 8. The fit of a UARS-based lagged model (solid line) to the time series PVOUVS interplanetary Lyman o data.

This

model computes downwind densities using solar radiation pressure and solar wind ionization and photoionization values
averaged over the year when the downwind hydrogen atoms had crossed the upwind-downwind plane, assuming a bulk
downwind flow of 20 km s~ Upwind densities are computed for radiation pressure and ionization values averaged over one year
before the observation. Scaling factors have been applied to the data to bring them into agreement with the model. A solar wind
asymmetry parameter of 4=0.75 has been used. (a) Fit to the upwind data. Data (points) represent the average of three 10° bins
centered on the upwind direction. (b) Fit to the downwind data with the same model. Data (points) represent the average of six
10° bins centered on the downwind direction. This model fits both time series but does not simultaneously fit upwind and
downwind with the same scale factor. (c¢) The time series of data divided by model in the upwind direction. (d) The time series of

data divided by model in the downwind direction.

It is not entirely clear that we are solving for the physical
quantity A4 in this data set because the look direction is al-
ways at -30°. :

7. Discussion

A key result in this study is that the downwind brightness
is larger than expected at solar maximum and less than expected
at solar minimum in a 1-year-average model. We have argued
that this is due to the fact that downwind atoms reflect condi-
tions near the Sun in earlier years. A crude model of this effect
has improved the fits to the Pioneer Venus Lyman o data.
Other workers have argued that such a time dependence is
needed. Blum et al. [1993] used a Monte Carlo simulation to
show that the downwind direction contains a series of hydro-
gen density waves persisting to hundreds of AU resulting
from the time dependence of L. Kyrola et al. [1994], Rucinski
and Bzowski [1995], and Summanen [1996] performed similar
calculations showing more modest, but real, density waves

that damp rapidly with heliocentric distance. Outer helio-
spheric models of the downwind hydrogen (Pioneer 10 data)
will need to incorporate this effect in the future.

A major assumption in the modeling effort was that the disc-
integrated solar line center Lyman o flux, which is responsible
for the resonance scattering (and radiation pressure) effects,
has a constant line center to line-integrated flux ratio of 0.9,
based on initial SOHO SUMER results at solar minimum [Le-
maire et al., 1998]. It would be of interest to see if spatially
resolved solar Lyman o spectra from the Solar Max Mission
{(SMM) could be disc-integrated to test this conclusion, as has
been done for the O 130.4-nm emission [Gladstone, 1992].
Spatially resolved SMM solar Lyman o spectra have a wide
variety of shapes, with differing degrees of self-reversal [Fon-
tenla et al., 1988]. Their SMM quiet Sun profiles have a line
center to integrated flux ratio of ~1.06. Their SMM active Sun
profiles include both larger and smaller ratios. Our successful
modeling efforts suggest that the disc-integrated flux and line
center flux must be roughly proportional to each other or the
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time series data would not track with the model. The cavity
shape also depends on this ratio, through the radiation pres-
sure parameter [L. Variations in W substantially alter the cavity
shape and affect our ability to simultancously fit the data from
different longitudes. Our best fitting model parameters should
not be considered a unique solution to the problem, as other
effects, such as the time ‘dependence of the solar wind latitude
asymmetry, may be involved. Solar wind monitoring satellites
in the ecliptic do not record solar wind events at high solar
latitudes that might change the latitude asymmetry.

The PYOUVS data modeled here only sample one ecliptic
latitude (-30°), so they are not particularly well suited for de-
termining the value of 4. 4 primarily affects the downwind
brightness and may be a function of time. We found that to si-
multaneously fit the PVOUVS data obtained over a solar cycle
in both the upwind and downwind hemispheres with an SME-
based model requires an average value of 4=0.5-0.6. Fitting
the UARS-based models required a larger value of A=0.75 or
more.

Our earlier modeling studies of 4 used SME-based models.
Galileo EUVS Lyman o data from near solar maximum favor a
low asymmetry parameter 4=0 [Pryor et al., 1992, 1996]., This
result may be compared with 4=0.25+0.25 derived from Gali-
leo UVS data from 1990 [4jelio et al., 1994] at solar maximum.
Independent work has found 4=0.30£0.05 from some special
high-latitude PVOUVS observations made during the 1986
encounter with Comet Halley at solar minimum [Lallement
and Stewart, 1990]. The models are particularly sensitive to A4
at solar minimum when the solar Lyman ¢ flux is more symmet-
tic [4jello 1990; Ajello et al, 1994]. A companion paper
[Pryor et al., this issue] reports evidence from Ulysses inter-
stellar neutral gas (GAS) Lyman o maps that the asymmetry
parameter is larger at solar minimum than solar maximum.

The interplanetary Lyman o data can be compared to other
measurements of the solar wind asymmetry. Radio observa-
tions combined with white light coronagraph observations
imply that in going from solar equator to solar pole, the solar
wind mass flux (density ng, times velocity vg,) decreases by a
factor of 2.3 and solar wind velocity v, increases by a factor of
2.2 at solar minimum [Woo and Goldstein, 1994]. At a typical
ecliptic solar wind speed of 350 km s-1, the charge exchange
cross section ¢is 1.91x10-15 em=2; at a polar wind speed of
350x2.2=770 km s, ¢ falls to 1.30x10-15 cm™ [Barnest et al.,
1990]. Thus, if the lifetime against charge exchange T of a hy-
drogen atom at 1 AU 1=1/[ng vsw 6(vs)], then

1;polej'teq'.mu:)r
=[nswVsw G(Vew) loquator/ [FiswVsw O(Vsw)]pote=2.3(1.91/1.30)= 3.37.

This ratio corresponds to 4=0.70. This estimate is not too
different from the UARS-based models evaluated here. Direct
solar wind measurements by Ulysses at solar minimum [Phil-
lips et al., 1995] found the median mass flux between -80.2
latitude (September 12, 1994) and 80.2 latitude (July 31,
1995) to be nearly constant with latitude. However, the more
relevant quantity for the hydrogen density, the mean mass flux
found in these solar wind experiments, decreases by ~40%
from equator to pole [Summanen, 1996, Summanen et al.,
1997]. A “harmonic” representation of the Ulysses data
(based on the ionization rates of Summanen et al. [1997, Fig-
ure 2, after subtraction of the photoionization component)
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would have a solar wind charge exchange lifetime asymmetry
factor of A=0.5. The Ulysses measurement is obviously more
direct and is in satisfactory agreement with the SME-based
Lyman o models discussed here. Summanen et al., [1997] ar-
gued that the A representation does not very accurately repre-
sent the Ulysses solar wind data, which leads to an ionization
rate that is sharply peaked near the ecliptic plane. They find
that use of the A representation overestimates the mean ioniza-
tion rate by 20%. Pryor. et al., [this issue] report on different
representations for the solar wind mass flux in fitting Ulysses
GAS Lyman o maps that are better suited for studying the so-
lar wind asymmetries.

We have attempted to use the best available input parame-
ters in the models, but the uncertainties in some of them remain
uncomfortably large. One concern is in the wide range of pub-
lished densities for hydrogen near the termination shock. The
old standard picture favored an inflowing hydrogen gas den-
sity of #=0.06-0.08 cm™. However, “a consensus has been
building for a higher hydrogen density” [Isenberg, 1997, p.
623] greater than 0.1 cm™, Our hydrogen density based on our
Galileo UVS calibration of n=0.17+0.05 cm™ is a bit higher
than average, but the error bar overlaps with the recent pickup
ion results of Gloeckler et al., [1997] (n=0.115+0.05 cm™) and
the Lyman o radiation analysis of Quemerais et al, [1994]
(#=0.16520.035 cm™). Detection of a solar wind slowdown
between 1 and 40 AU by Richardson et al. [1995] was attrib-
uted to a rather low hydrogen density of 0.05 cm”. However,
this low density of 0.05 cm™ requires only a modest multiple
scattering correction for an observer at 1 AU from the Sun
looking downwind (from sidewind) of ~23% instead of ~35%
for n=0.17 cm™ [Quemerais and Bertaux, 1993, Table 3] and
makes it somewhat harder to reconcile the models with the ob-
served upwind to downwind ratios [4jello et al., 1994].

A second major concern is the large difference between SME
and UARS SOLSTICE solar Lyman o fluxes. -Tobiska et al,
[1997] use the Pioneer Venus data set from this paper to
bridge the gap in time between SME and UARS. As can be.-
seen in Figure 6, there is no large jump in the ratio of the PV
data to the model between the end of SME and the beginning
of UARS. Differences between the large UARS solar Lyman
o irradiance values and smaller SME irradiance values proba-
bly reflect absolute calibration differences, as was also found
by Woods and Rotiman [1997] using other solar proxies. de
Toma et al. [1997] also found a calibration difference between
SME and UARS by using Voyager interplanetary Lyman o
data to compare the solar measurements.

Using a UARS-based model provides improved agreement
with the PV downwind time series data. However, the large
radiation pressures in the UARS-based model make the de-
rived asymmetry parameter 4 somewhat larger than expected
from previous work in order to match the observed upwind to
downwind ratio. Other factors besides 4 may contribute to
the upwind to downwind ratio. For example, a minor popula-
tion of superthermal H atoms may act to fill in the downwind
cavity. High spectral resolution Hubble Space Telescope
(HST) measurements [Clarke et al., 1995] of the hydrogen col-
umn between Earth and Mars also indicate an unexpectedly
large amount of hydrogen (of noncometary origin) in the
downwind cavity. Interplanetary line shape measurements
from the Solar Wind Asymmetry (SWAN) experiment on
SOHO and the Hydrogen Deuterium Absorption Cell
(HDAC) experiment on Cassini may help better characterize
the downwind material.
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Appendix: Justification for a Model with a
“Lagged” Radiation Pressure and Lifetime

First, consider the source function for emission, also
known as the volume emission rate. Formally, it is the
product of the hydrogen density n, the solar flux, the
scattering cross section, and the phase function. We use the
standard table of hydrogen densities of Thomas [1978] to
evaluate the source function. The relative source function
for an cobserver at the Sun is simply the product of density
and 1/72, where r is the distance from the Sun in AU. Figure
Al illustrates the relative density and source function. The
upwind source function is rather sharply peaked near the
maximum emission region, 1-2 AU upwind of the Sun. The
downwind source function is rather broad, with substantial
contributions from a range of distances. This means that
light coming from downwind is being scattered from

hydrogen atoms that passed the Sun at various times in the -

previous few years, when solar conditions were different
from the current conditions. We show below that a
reasonable first approximation is to model the source
function for each downwind volume element using the solar
conditions during the year when the hydrogen atoms in that
volume element moving at the bulk velocity passed the Sun.
The ionization, radiation pressure, and solar gravity all
have a 1/12 dependence. The ratio of the Lyman o radiation
pressure force on a hydrogen atom to solar gravity is called
. Define the effective gravity force F,=GMm(u-1)/7? where
G is the gravitational constant, M is the mass of the Sun, and
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m is the mass of a hydrogen atom. Since =1, the acceleration
due to effective gravity is smaller than that due to solar
gravity. Finding the trajectory due to effective gravity is
analogous to a small angle Coulomb scattering problem
[Nicholson, 1983). Define 8 as the angle between the ray
from the Sun in the upwind direction and the ray from the
Sun to the atom. Define the impact parameter for an atom
moving past the Sun as the closest approach distance p.
Then the perpendicular velocity acquired in passing the Sun
is

]
= dtGM(p—1)sin@

_ T dtGM(L—1)sin B

(plsin 8)*

Let x be the position at time ¢, given an initial velocity Vv,

along the upwind-downwind direction.  Assuming the

upwind-downwind plane is crossed at ¢=0, then

—pcos6
siné

X =Vt =—rcosf =

so that
pde
v, sin’ @

dit =
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Figure Al. Table 2a of Thomas [1978] presents relative hydrogen densities for the case of initial density »=1 cm™, velocity v=20
km s, and temperature 7=10,000 K, ionization rate at 1 AU B=5x107 s, and p=0.75. (a) The relative densities from that table
along the upwind-downwind axis are shown. Upwind is on the left. (b) The relative source function (volume emission rate) is
shown in arbitrary units. Note the broad downwind source function.
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and finally

v, = G_W__.]..)_]rdeane
VoP 0

The last integral numerically equals 2. For atoms traveling
at the bulk velocity v =20 kms™, a distance of 42 AU is
traveled in 1 year, for example, from 2.1 AU upwind to 2.1
AU downwind in 1 year. Consider an atom with impact
parameter p=2.1 AU. In that 1-year interval, § varies from
~45° to ~135°, if the effective gravity is small. The same
integral evaluated from 45° to 135° numerically equals
1.414. In this case, 1.414/2.0=71% of the transverse
velocity is acquired in the year of closest approach to the
Sun. For atoms with a few AU impact parameter the
radiation pressure and effective gravity during the year of
closest approach to the Sun control the trajectory.

We also estimate the relative importance of ionization at
different distances. This is important for evaluating the
right impact parameters p for the preceding estimate: if p is
too small, ionization may leave no downwind slow neutral
component. A table of interplanetary hydrogen densities
presented by Thomas [1978, Table 2a) indicates that for an
impact parameter of 1 AU, the density at the upwind-
downwind plane crossing is only 3% of the initial density.
For a 4-AU impact parameter, the density at plane crossing
is 30% of the initial density. A few AU seems to be a
reasonable estimate for the impact parameter to use in the
preceding calculation on transverse velocities.  This
discussion suggests that a 1-year average of ionization rates
and radiation pressures for the period centered on upwind-
downwind plane crossing is a useful first approximation to
use in evaluating downwind densities at different phases of
the solar cycle.
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