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Diagnostics of interstellar hydrogen in the heliosphere
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ABSTRACT

Aims. Heliospheric neutral hydrogen scatters solar Lyman-« radiation from the Sun with “27-day” intensity modulations observed
near Earth due to the Sun’s rotation combined with Earth’s orbital motion. These modulations are increasingly damped in amplitude
at larger distances from the Sun due to multiple scattering in the heliosphere, providing a diagnostic of the interplanetary neutral
hydrogen density independent of instrument calibration.

Methods. This paper presents Cassini data from 2003—2004 obtained downwind near Saturn at ~10 AU that at times show undamped
“27-day” waves in good agreement with the single-scattering models of Pryor et al. (1992, ApJ, 394, 363). Simultaneous Voyager 1
data from 2003-2004 obtained upwind at a distance of 88.8-92.6 AU from the Sun show waves damped by a factor of ~0.21. The
observed degree of damping is interpreted in terms of Monte Carlo multiple-scattering calculations (e.g., Keller et al. 1981, A&A,
102, 415) applied to two heliospheric hydrogen two-shock density distributions (discussed in Gangopadhyay et al. 2006, ApJ, 637,
786) calculated in the frame of the Baranov-Malama model of the solar wind interaction with the two-component (neutral hydrogen
and plasma) interstellar wind (Baranov & Malama 1993, J. Geophys. Res., 98, 15157; Izmodenov et al. 2001, J. Geophys. Res., 106,
10681; Baranov & Izmodenov 2006, Fluid Dyn., 41, 689).

Results. We conclude that multiple scattering is definitely occurring in the outer heliosphere. Both models compare favorably to the
data, using heliospheric neutral H densities at the termination shock of 0.085 cm™ and 0.095 cm~3. This work generally agrees with
earlier discussions of Voyager data in Quemerais et al. (1996, AplJ, 463, 349) showing the importance of multiple scattering but is
based on Voyager data obtained at larger distances from the Sun (with larger damping) simultaneously with Cassini data obtained
closer to the Sun.

Key words. ISM: atoms — interplanetary medium — Sun: UV radiation

1. Introduction

Interplanetary Lyman-« radiation, first detected by the Venus
probe Zond 1 (Kurt 1967), is the brightest ultraviolet emis-
sion from interplanetary gas. Subsequent Lyman-a observations
from the Orbiting Geophysical Observatory (OGO-5) showing
a bright upwind and dimmer downwind direction suggested
that the gas was interstellar in origin and flowing through the
solar system (Bertaux & Blamont 1971; Thomas & Krassa
1971). The first spectrum of the interplanetary glow from

Copernicus showed it has the same characteristics (velocity and
density) as the nearby interstellar gas in the upwind direction
(Adams & Frisch 1977). Early research reviewed in Thomas
1978 concludes that interplanetary Lyman-a is produced by res-
onance scattering of solar Lyman-a by interstellar hydrogen gas
approaching the Sun from the upwind direction. The best deter-
mination of the upwind direction was made using the Ulysses
GAS experiment (Witte et al. 1996) to measure the neutral he-
lium flow. In J2000 coordinates, helium approaches the Sun at
26.3 + 0.4 kms~! from ecliptic longitude 255.4 + 0.5 degrees
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and ecliptic latitude 5.1 + 0.2 degrees (Witte 2004, 2007, private
communication). Hydrogen loss processes near the Sun (pri-
marily charge-exchange with solar wind protons, and a smaller
contribution from solar EUV photoionization) lead to a cavity
depleted in slow neutral H that can scatter Lyman-a.

The heliospheric Lyman-« intensity seen in any direction
varies as the Sun rotates, because the Sun’s ultraviolet emissions
are enhanced in localized active regions, generally at low so-
lar latitudes. This modulation in the heliospheric Lyman-« in-
tensity can be estimated from a hydrogen hot model that cal-
culates hydrogen densities (e.g., Thomas 1978) coupled to a
single-scattering radiative transfer calculation that integrates
model emission rates along a given line of sight that can then be
compared to data. The emissions in each direction from the Sun
are estimated using solar Lyman-a values measured by space-
craft near Earth such as UARS (Upper Atmosphere Research
Satellite) SOLSTICE (Solar-Stellar Irradiance Comparison
Experiment) or TIMED (Thermosphere Ionosphere Mesophere
Energetics and Dynamics) SEE (Solar EUV Experiment). Hot
models neglect outer heliospheric effects on the hydrogen popu-
lation, but are still frequently used to describe the hydrogen pop-
ulation inside the termination shock. As first demonstrated by
Shemansky et al. (1984), the Lyman-a modulations seen in he-
liospheric data are reduced in amplitude in the outer heliosphere
compared to the single-scattering models, providing evidence
that multiple scattering is significant in forming the observed
emission. Multiple scattering acts to reduce the flux differences
observed in the heliosphere by increasing the range of angles
over which a localized solar bright spot illuminates the helio-
sphere (Quemerais et al. 1996). Light travel-time effects from
multiple scattering could also act to reduce the 27-day brightness
modulations, but are a minor effect, since most of the scatterings
of interest occur within 1 light-day of the Sun (1 AU corresponds
to 8 light-minutes).

In this paper, we compare recent Voyager and Cassini data
sets to a single-scattering model, demonstrate the presence of
damping in the Voyager data, and then assess the resulting damp-
ing factors (modulation amplitude/near-sun modulation ampli-
tude) in terms of multiple scattering models in order to derive
an estimate of the interplanetary H density at large distances
from the Sun, but inside the H wall outside the recently detected
(Stone et al. 2005) termination shock seen at 94 AU from the
Sun. The termination shock (TS) is formed by the interaction
of the solar wind with the plasma component of the interstel-
lar medium together with the heliopause (HP) and possibly the
bow shock (BS) (see Fig. 1). The atoms of interstellar hydrogen
penetrate into the plasma interaction region (the region between
the BS and TS that is often called the heliospheric interface)
due to their large mean free path. Inside the heliospheric inter-
face the H atoms charge-exchange with protons and are deceler-
ated and heated. As the result of the charge exchange new (so-
called secondary) interstellar atoms are created. These secondary
atoms reflect properties of the interstellar protons in the region
between the HP and BS, i.e. they are hotter and slower as com-
pared with original (or primary) interstellar atoms. Note, that
these are the secondary interstellar atoms that collectively with
the primaries make up the hydrogen wall around the heliopause.
This hydrogen wall was first predicted theoretically by Baranov
et al. (1991) and then observed by Linsky & Wood (1996) in
absorption on the line-of-sight towards the star @ Centauri. The
heliospheric hydrogen wall has now been observed in many di-
rections (see, e.g. recent papers by Wood et al. 2007a,b, and ref-
erences therein).
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Fig. 1. Illustrates how a flow of interstellar neutrals and plasma at ve-
locity Vism from the upwind direction interacting with the solar wind
flowing radially outwards from the Sun (located at Z = 0, X = 0) sets up
a bow shock (BS), heliopause (HP), and solar wind termination shock
(TS) in a Baranov-Malama type model.

Since the interstellar hydrogen is processed in the helio-
spheric interface before it penetrates the termination shock, our
estimates of the hydrogen density will not refer to the local in-
terstellar medium value, but rather the “processed value” after
charge-exchange filtration through the outer heliospheric shock
structures has reduced the interstellar neutral hydrogen density
to a lower density level near the termination shock. These esti-
mates will be compared to other H density estimates near the
termination shock from interstellar absorption measurements,
from hydrogen pickup ion measurements and from solar wind
slowdown measurements described in companion papers in this
issue (Slavin & Frisch 2008; Bzowski et al. 2008; Richardson
et al. 2008).

2. Observations

We will mention interplanetary Lyman-« data from five space-
craft instruments: the Pioneer UV photometers (Judge & Carlson
1974; Carlson & Judge 1974) mounted on Pioneer 10, leaving
the solar system in the downwind direction, and on Pioneer 11,
leaving upwind; the Voyager Ultraviolet Spectrometers (UVS,
Broadfoot et al. 1977), mounted on the Voyager 1 and 2 space-
craft and now leaving the solar system in the upwind direc-
tion; and the Cassini Ultraviolet Imaging Spectrograph (UVIS,
Esposito et al. 2004) on the Cassini orbiter mission to Saturn,
downwind at Saturn arrival in 2004. Specific examples to be dis-
cussed are taken from 3 different solar cycles. Periods near solar
maximum are best because at that time large active regions on
the Sun are most likely to be present, creating 27-day waves of
significant amplitude.

The first example, presented by Shemansky et al. (1984), was
Voyager 2 and Pioneer 10 interplanetary Lyman-a modulation
data from 1982 used to infer hot model hydrogen density at large
distances from the sun. Voyager 2 interplanetary data obtained
at ~12 AU out from the Sun in 1982 show modulations almost
as large as the modulations in the Solar Mesosphere Explorer
(SME) solar Lyman-a variation. Shemansky et al. (1984) in-
terpreted the Voyager data as indicating the outer heliospheric
neutral hydrogen density = 0.16—0.17 cm™ based on multiple
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Fig. 2. The Cassini spacecraft’s trajectory to Saturn placed it downwind
with respect to the interstellar hydrogen flow in late 2000 during the
Jupiter swingby. The view is looking from ecliptic north down onto the
ecliptic plane. Downwind is indicated in magenta. The Cassini space-
craft was somewhat more sidewind in 2003-2004. Voyager 1 was up-
wind during this period.

scattering calculations for a hot hydrogen model presented in
Keller et al. (1981). Pioneer 10 data from 30 AU out from the
Sun from the same period in 1982 show much smaller modula-
tions, that Shemansky et al. (1984) interpreted as resulting from
multiple scattering by the outer heliospheric hydrogen with a
density = 0.11-0.12 cm™3.

The second example, presented by Quemerais et al. (1996),
used Voyager data from 1981-1993. At the end of that period,
they found that the estimated solar Lyman-a line-center flux
modulation is damped by a factor of 0.4 (or smaller) in the
Voyager (1 and 2) data, when the spacecraft were at distances
of 56 and 44 AU respectively. They interpreted their data with a
hot model for the hydrogen distribution and a Monte Carlo cal-
culation for photon scattering, and concluded that the observed
degree of damping was consistent with a hydrogen density of
0.15+0.10 cm™.

The third example, previously unpublished, comes from ex-
amination of recent Voyager 1 UVS upwind data (looking gen-
erally upwind, with instrument pointings near ecliptic longitude
263 degrees, ecliptic latitude 20 degrees) from 2003—2004 ob-
tained from 88.8-92.6 AU from the Sun and comparisons with
simultaneous measurements of the upwind hemisphere from
the downwind Cassini UVIS as it approached Saturn. Figure 2
shows the Cassini trajectory, while Fig. 3 shows a high signal-
to-noise ratio UVIS Lyman-a spectrum. The UVIS data spatial
and temporal variations are in reasonable agreement with an op-
tically thin model to be discussed below. The “27-day” waves
due to solar rotation in the Voyager data and the optically thin
model also generally agree in phase and shape, but the waves in
the data are damped by a factor of about 0.21 compared to model
values produced in the optically thin model.

3. Optically thin model

Hot models for hydrogen (e.g., Thomas 1978) begin with ini-
tial thermodynamic parameters for the neutral hydrogen at large
distances from the sun (usually assumed to be near the termina-
tion shock). These key parameters are the neutral hydrogen den-
sity, temperature, and velocity. For density we try 0.085 cm™3,
to match the termination shock value from a Baranov-Malama
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Fig.3. Summed UVIS interplanetary Lyman-a spectrum from
2001-2007 obtained in the widest-slit mode (occultation mode, also
called mode 103). The hydrogen line is spectrally unresolved. The up-
per curve in the figure contains Lyman-a and starlight at longer wave-
lengths. Obvious stars have been filtered to create the lower curve and
the following Cassini data figures.

model of the heliospheric interface with interstellar parameters
described in Table 2 (“Model 2”). The hydrogen bulk velocity
used is 20 kms™! (Clarke et al. 1998), with a temperature of
12000 K based on estimates from SOHO SWAN H absorption
cell data (Costa et al. 1999).

The degree of damping cannot be estimated without a reli-
able model for solar activity. Measured solar Lyman-a values
were provided by Tom Woods (Woods et al. 2000) based on
measurements from Earth orbit by SME (Solar Mesosphere
Explorer), UARS SOLSTICE, SORCE (Solar Radiation and
Climate Experiment) SOLSTICE (McClintock et al. 2005), and
TIMED SEE (Woods et al. 2005). These are line-integrated mea-
surements of the output of the entire Earth-facing hemisphere
of the Sun. Next, the amount of line-center Lyman-« radia-
tion available to excite interplanetary gas is estimated based on
work by Emerich et al. (2005) using the SOHO SUMER (Solar
Heliospheric Observatory Solar Ultraviolet Measurements of
Emitted Radiation) instrument. They found the relationship be-
tween line-center and line-integrated flux to be:

f=0.64F" £0.08

where f is the line-center solar spectral Lyman-a photon irradi-
ance, expressed in units of 1012 s~ cm™2 nm~! and F is the total
Lyman-a photon irradiance, expressed in units of 10" s7! cm=2.
This expression has the effect of varying the ratio of line-center
to line-integrated flux from ~0.85 at solar minimum to ~0.95 at
solar maximum. This expression also affects the derived solar
Lyman-a radiation pressure used in determining the hydrogen
atom trajectories in the hot model.

Our model also includes the time-dependence of two key
loss processes for neutral hydrogen. The largest loss process
is charge-exchange with solar wind protons, producing fast hy-
drogen atoms unable to scatter the solar line because of their
large Doppler shifts. Solar wind mass flux variability (Pryor
et al. 2003) is included in the model using the OMNI database
produced by the NSSDC. The time-dependence of a second
major loss process, EUV photoionization of neutral hydro-
gen, is included using photoionization estimates taken from the
Solar2000 Model (Tobiska et al. 2000, 2006).
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Fig.4. Cassini UVIS Lyman-o data from spacecraft rolls on 2004
day 78 is plotted against ecliptic latitude and compared to two models:
the top panel shows a model with a charge-exchange lifetime parameter
of A = 0.8, and the bottom panel shows a model with A = 0.0. The
A = 0 case which corresponds to a spherically symmetric solar wind
mass flux provides a worse fit to the data than the A = 0.8 case. The
upwind direction is near 250 degrees longitude and contains the max-
imum emission region. The brighter points on the figure (upper arcs)
were obtained in the upwind hemisphere near ecliptic longitude 188 de-
grees, while the lower arcs were obtained in the downwind hemisphere
near ecliptic longitude 8 degrees.

The amount of line-center Lyman-a seen at each longitude
from Earth is used to infer the Lyman-« signal seen from the
spacecraft in a line-of-sight integration through source regions at
a variety of solar longitudes. The hydrogen density model used
to do this is a modified hot model based on the work of Thomas
(1978), and includes a variety of modifications discussed pri-
marily in Pryor et al. (1992) to cope with latitude and longitude
effects in Lyman-a. We did not use our He 1083 nm technique
(Pryor et al. 1996) for modeling Lyman-« data detailed varia-
tions in latitude as well as longitude because the National Solar
Observatory He 1083 nm data sets are in transition to new in-
strumentation at this time.

The model needs to be slightly tuned to fit the spatial varia-
tions across the sky. The major remaining free parameter to do
this is the “A” parameter that controls the solar latitude depen-
dence of the charge-exchange lifetime of neutral hydrogen gy .
The formula is (Witt et al. 1979):

Tsw(latitude) = 74 (equator)/(1 — A sinz(latitude)).

Lyman-a data from UVIS obtained during individual Cassini
spacecraft rolls in 2004 (near solar minimum) indicate that a
model A parameter value of 0.8 fits the Cassini data better than
an A parameter value of 0.0 (Fig. 4). A = 0 is appropriate for a
spherically symmetric solar wind; A > 0 is more appropriate for
enhanced solar wind mass flux near the solar equator.

When applied to the Cassini UVIS time-series Lyman-«
upwind data obtained from downwind near Saturn’s orbit in
2003-2004, the preferred model (using A = 0.8) has time
variations that track the Lyman-a data variations. Data were
obtained with the UVIS FUV detector in 24—25 s integration
intervals. Data were selected when the spacecraft was point-
ing in the upwind hemisphere within 30 degrees of the eclip-
tic plane. Periods with obvious stars contaminating the data

Cassini UVIS Data (black) and Model (red)
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Fig. 5. UVIS data modulations observed in the upwind hemisphere from
downwind on Saturn approach in the period 2003.5-2004.5 are gener-
ally in good agreement with the optically thin model using A = 0.8,
with solar rotations near Cassini opposition in early 2004 modeled bet-
ter than the others.

were removed by comparing individual spectra to an uncontam-
inated Lyman-a spectra using a least-squares fit test. Figure 5
shows the rough agreement between a model and data ob-
tained in 2 different instrument configurations: configuration 103
for occultation slit mode (8 mrad x 60 mrad), and configura-
tion 104 for low-resolution slit mode (1.5 mrad x 60 mrad). Data
(and model) were binned in time (by 80 24-s integrations for
occultation mode, and by 192 24-s samples for low-resolution
mode) to improve the signal-to-noise ratio. The results are
largely independent of slit width, as they should be for a dif-
fuse source with well-understood detector backgrounds. During
some solar rotations the model modulations are the same size as
the data modulations within a few percent. The agreement is best
near opposition (early January, 2004) when the Sun, Earth, and
Cassini are aligned. This is related to better knowledge of the
solar Lyman-« flux on the side of the Sun facing Earth. We in-
terpret the agreement between data and model near opposition to
mean that for Cassini, the hydrogen column between the Sun, the
relatively near-Sun scattering points that dominate the observed
intensity, and the observer remains optically thin.

When the same single-scattering model is applied to the
Voyager 1 data from 2003-2004 (Figs. 6, 7), damping is seen:
the periodic waves in the data, while statistically significant, are
much smaller than the waves in the optically thin model. We es-
timate the damping factor from the data and model comparison
as follows. First, the average value of the data was scaled to the
average value of the model, creating an empirical calibration fac-
tor. Next, a least-squares fit of a line to an 81-day running smooth
of the model is subtracted from the model and the data to obtain
detrended data and model, leaving the waves but no mean off-
set from 0. Then, a least-squares fit of the detrended data to the
detrended model was used to find the damping factor of 0.21 +
0.02. That is, the 27-day wave amplitude is about 5 times smaller
in the data than in the optically thin model. The resulting fit of
a “damped” model with waves reduced in amplitude by a factor
of 0.21 to the original data is plotted in Fig. 7. The conclusion
is that as Voyager 1 has traveled from 56 AU to 88—92 AU, the
damping factor has dropped from ~0.4 (Quemerais et al. 1996)
to the new value of ~0.2, a trend anticipated by those authors.
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Fig. 6. Voyager 1 Lyman-a daily average count rates for the same pe-
riod were obtained with the spacecraft upwind (88—92 AU from the
Sun, at ecliptic longitude 251-252 degrees, ecliptic latitude 34 degrees)
looking generally upwind (ecliptic longitude 263 degrees, ecliptic lati-
tude 20 degrees). A 3-day running smooth has been applied to the data.
Estimated statistical errors are 1-2 percent of the daily average val-
ues. Statistically significant modulations due to the Sun’s rotation are
observed in this period.

Interpretation of the damping factor in terms of hydrogen densi-
ties requires additional modeling with Monte Carlo techniques,
to be discussed below.

4. Multiple scattering models

A preliminary approach to studying the modulation is
to compare the new results with published curves in
Quemerais et al. (1996). In this case examination of Fig. 6 in that
paper indicates their models never covered damping as extreme
as seen in the newer Voyager data. Nevertheless, it appears by
extrapolation that wave damping would reach a factor of 5 near
120 AU in their calculation, for a termination shock hydrogen
density of 0.15 cm™. To move this degree of damping inwards
to 90 AU where the new Voyager 1 data were acquired requires
INCREASING the density by a factor of 4/3, or creating a termi-
nation shock value of 0.20 cm™3. Three possible problems with
this approach include:

1) their hydrogen “hot model” uses a constant hydrogen density
in the outer heliosphere and neglects the outer heliospheric
hydrogen wall that may begin to increase the damping in the
most recent data;

2) extrapolation here is difficult to do accurately;

3) the model was run for a heliospheric H temperature near
the termination shock of 8000 K; more recent work with
the SOHO (Solar and Heliospheric Observatory) SWAN
(Solar Wind Anisotropy Experiment) absorption cell sug-
gests a better temperature value to use in a hot model is
11500 + 1500 K (Costa et al. 1999). This change should af-
fect the estimate as follows: the expression for line center op-
tical depth is (Hall 1992) proportional to density divided by
the square root of temperature. Thus raising the temperature
from 8000 to 11500 K reduces the line-center optical depth
at a given distance from the Sun by a factor of the square root
of (8000/11500) = 0.83. Thus Quemerais et al. (1996) over-
estimated optical depths by 17 percent for a given density
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Fig.7. Top panel: comparing the Voyager 1 data from this period to the
optically thin model shows many of the same features are present in
both time-series, but with greatly reduced amplitude in the data. This
indicates that multiple scattering is important at this large distance from
the Sun. Bottom panel: improved agreement between the model and the
Voyager 1 data from late 2003 to early 2004 is obtained in this case by
reducing the amplitude of the 27-day waves in the optically thin model
by a damping factor of 0.21. The interval plotted is shorter to avoid edge
effects from the 81-day smoothing used to detrend the data.

and distance, raising the estimated termination shock density
derived from the damping data presented here by 17 percent
from 0.2 to 0.23 cm™ for a hot model (that neglects the hy-
drogen wall). This rather large density estimate may indicate
that the spacecraft observations are beginning to sample the
larger hydrogen densities beyond the termination shock in the
hydrogen wall.

A second, probably better approach to the new data is to use
a Monte Carlo radiative transfer model (Gangopadhyay et al.
2002, 2006) for wave damping by artificially placing a bright
spot 10 degrees in radius on the Sun alternately on the upwind
axis and the downwind axis. This radiative transfer model uses
the distribution of hydrogen obtained in the frame of a station-
ary Baranov-Malama model of the heliospheric interface. Basic
results of the model are reported in recent reviews by Baranov &
Izmodenov (2006) and Izmodenov & Baranov (2007). This spot
or “active region” is given an enhanced output in accordance
with the “contrast factor” of 4.6 compared to non-active regions
presented for Lyman-« active regions in Cook et al. (1981). The
upwind maximum heliospheric Lyman-« intensity is obtained
for the spot upwind, while the upwind minimum is obtained
for the spot downwind. These two extreme cases correspond to
the intensity maxima and minima seen in the Voyager data. The
damping of this modulation with distance is directly comparable
to the damping seen in the Voyager upwind data. We performed
radiative transfer calculations by using hydrogen distributions
(Fig. 8) obtained in the frame of a modified Baranov-Malama
model that includes influences of interstellar helium ions and so-
lar wind «a particles (Izmodenov et al. 2003) with two different
sets of interstellar proton and neutral hydrogen number densities
(see Table 1). Other interstellar and solar boundary parameters
remain the same for the two sets of calculations. Local inter-
stellar velocity and temperature were assumed as 26.4 kms™!
and 6500 K that is closer to the values derived from measure-
ments of interstellar helium inside the heliosphere (Witte et al.
1996; Witte 2004; Mobius et al. 2004). Solar wind number
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Table 1. Two-shock heliospheric models compared to Voyager data.
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Model Proton H neutral H neutral Hneutral Termination = Damping
density at  density at  density at  density at shock factor D
the outer  the outer  termination 90 AU distance at 90 AU
boundary  boundary shock (cm™) (AU)
(cm™) (cm™) (cm™)
Model 1 0.06 0.18 0.095 0.092 97 0.27 £ 0.07
Model 2 0.05 0.15 0.085 0.082 106 0.24 +0.07
Voyager 94 0.21 £ 0.02
1 data
0.3 Model intensity from upwind looking upwind
» E — Model 1 with bright spot upwind E
‘_%' — Model 1 with bright spot downwind
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o 20 40 60 80 100 120
Distonce from Sun (AU)
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Fig. 8. The radial hydrogen density profile in the upwind direction is
shown for the two models described in Table 1. Model 1 is the upper
curve and has a termination shock distance of 97 AU and Model 2 is
the lower curve with a termination shock distance of 106 AU. A hydro-
gen wall is present (local maximum) between 200 and 300 AU in both
models. The Voyager data modeled here involve upwind lines-of-sight
that sample a region of increasing density with distance.

density and velocity at the Earth’s orbit were assumed as
7.39 cm~3 and 432 kms~!. For each model over 10 million pho-
tons were launched in the Monte Carlo simulation and propa-
gated through the heliosphere to examine the damping of the
modulation with distance. The final run of the completed ra-
diative transfer model took 2 months of computer time. The
error estimates in Table 1 reflect the observed scatter in the
Monte Carlo results.
Model modulation M is here defined as:

M= (Iupwind & spot upwind Iupwind & spot downwind)/lupwind & spot upwind

where Iipwind & spot upwind 18 the upwind intensity when the spot
is upwind and Jypwind & spot downwind 18 the upwind intensity when
the spot is downwind. The modulation in the upwind direction
is somewhat larger in the denser Model 1 (Fig. 9), because pho-
tons from the downwind spot have a harder time scattering all
the way around the Sun to upwind in the denser hydrogen cloud.
We tested this interpretation by also running a case for each
model with no spot at all, and found that adding a downwind
spot contributed about 10 percent of the upwind intensity in the
less dense Model 2 and contributed a negligible amount to the
upwind intensity in the somewhat denser Model 1.

Fig.9. Top panel: Monte Carlo simulations of the Lyman-« intensity
upwind viewed from the upwind axis as a function of heliocentric dis-
tance using Model 1 for 2 extreme cases: a bright spot on the Sun on
the upwind axis, and a bright spot on the Sun on the downwind axis.
Calculations were performed at 10 AU steps. 1-sigma statistical error
bars are shown. Middle panel: the expected “27-day” upwind modu-
lation in the Lyman-« brightness as seen from the upwind axis as a
function of heliocentric distance is shown for Models 1 and 2, com-
puted from the 2 extreme cases in the top panel. Displayed values in the
lower 2 panels are a 3-point running average to minimize statistical fluc-
tuations. Bottom panel: the damping factor upwind (modulation divided
by the modulation at 10 AU from the Sun) as seen from the upwind axis
as a function of heliocentric distance. The measured damping for the
Voyager 1 data is also indicated (heavy plus sign near 90 AU from the
Sun). Termination shock (T.S.) locations for Voyager 1, Models 1 and 2
are also shown.

Model damping, D, is defined as
D = M(distance)/M(at 10 AU)

that is, the modulation at a given distance divided by the mod-
ulation at 10 AU from the Sun. 10 AU is used as the reference
because it was the first grid point in the calculation and should
be undamped or almost undamped. The modulation damping
near 90 AU in both Models 1 and 2 (Fig. 9) is similar to the
modulation damping found in the Voyager data near 90 AU.
Note that the statistical errors in the Monte Carlo model mod-
ulation and damping are sizeable (20—30 percent) because they
involve differences of similar quantities. Therefore we should
not over-interpret these calculations, but it appears that densities
in these models are reasonably close to the truth in the sense that
the damping and associated error-bars for the Models 1 and 2
(0.27 £ 0.07 and 0.24 + 0.07 respectively) overlap the error-bars
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Table 2. Estimates of neutral H density (near termination shock TS) from Lyman-a wave damping with distance.

Reference Data source Observation  Distance to Sun  H density at TS
Year (AU) (cm™)
Shemansky et al. (1984) Pioneer 10 1982 30 0.11-0.12
Shemansky et al. (1984) Voyager 2 1982 12 0.16-0.17
Quemerais et al. (1996) Voyager 1, 2 1981-1993 up to 56, 44 0.15 +0.10
This paper Cassini UVIS,  2003-2004 10, 90 ~0.085-0.095
Pryor et al. (2008) Voyager

on the observed damping in the Voyager data (0.21 + 0.02). A
possible problem with this approach is that the degree of damp-
ing may be somewhat sensitive to the assumed solar brightness
distribution (see Quemerais et al. 1996). The two models shown
here are not a full parametric study, and additional model con-
straints are needed to arrive at a clear picture.

5. Conclusions

While the damping factor compared to the well-established hot
models is a fairly robust result, derivation of the hydrogen den-
sity is more model-dependent. For example, in a strictly single-
scattering model, the waves should be undamped with distance.

Figure 6 clearly rules out models that do not contain sig-
nificant amounts of multiple scattering in forming the observed
Lyman-a signal at Voyager. This is an important result, as a re-
search paper by Scherer (1996) and a review chapter by Scherer
(2000) both discount the importance of Lyman-a multiple scat-
tering in the heliosphere based on their radiative transfer calcula-
tions. Scherer & Scherer (2001), also argued that the Pioneer 11
data out to 30 AU demonstrate optically thin behavior, be-
cause they observe a constant H/He UV emission ratio from
1972—-1984. This argument seems incomplete without consid-
eration of the different solar cycle variations in the two solar
lines, H Lyman-a 121.6 nm and He 58.4 nm, that excite the in-
terplanetary emissions. Their paper also shows the ratio is very
different for Pioneer 10 and 11, perhaps indicating instrumen-
tal changes, probably in Pioneer 10. This discrepancy makes it
difficult to draw firm conclusions from the long-term time-series
data, although it would be a valuable project to see if existing
H and He models can reproduce the observed trends from either
spacecraft.

On the other hand, Keller & Thomas (1979), Keller et al.
(1981), Hall (1992), Hall et al. (1993), Quemerais & Bertaux
(1993), Quemerais et al. (1996), and Gangopadhyay et al. (2006)
have all calculated a major role for multiple scattering in the
outer heliosphere. Our observational results support this theo-
retical conclusion: “27-day” waves seen in the Voyager outer
heliosphere data are damped compared to well-tested optically
thin heliospheric hot models, but are more consistent with the
expectations of multiple scattering calculations.

Derived density values are likely to remain controversial.
Density values computed strictly based on UV calibrations have
led to a wide variety of results, with a larger spread of results
than is seen in our Table 2 (e.g., Ajello et al. 1987; Quemerais
et al. 1994). The results presented here, based on the damping
technique and the best available models for heliospheric hydro-
gen, are a step towards improved understanding of the hydrogen
densities.

Figure 9 shows that the damping behavior with distance is
somewhat different for the two different heliospheric models,
suggesting that it will be valuable in the future to compute the
damping factor in the Voyager data as a function of distance

over the mission and use it to discriminate between different pro-
posed heliospheric models. This will require extensive computa-
tion to further reduce the error bars on the damping seen in the
Monte Carlo simulations.

Comparison with other hydrogen density determination
techniques is the main point of this special section of the journal
based on an ISSI team effort (Mobius et al. 2005). Measurements
of H absorption in spectra of the closest stars indicate the average
neutral H density along the line of sight to be close to 0.1 cm™3
(Fig. 14 in Wood et al. 2005). On the other hand, Slavin &
Frisch (2008) calculate that the neutral H density just outside
the heliosphere in the Circum-Heliosphere Interstellar Cloud
(CHIC) is higher, 0.19-0.20 cm™3, (with an estimated electron
density = 0.05-0.08 cm™) because we are in one of a cluster
of local interstellar clouds. Their calculation is based on radia-
tive transfer modeling of the sightline to the hot star Epsilon
Canis Majoris, using helium, nitrogen and oxygen constraints.
Heliospheric models then typically reduce these outer boundary
condition hydrogen density values by a filtration factor due to
charge-exchange during passage through about 200 AU of he-
liosheath to obtain the interstellar hydrogen density at the ter-
mination shock. A suite of such models examined by Mueller
et al. (2008) had neutral hydrogen filtration factors of 0.52—-0.74.
Models 1 and 2 compared to data here (Table 1) from Izmodenov
used interstellar values of 0.18 and 0.15 cm™ respectively for
the neutral hydrogen density, with electron densities in 0.06 and
0.05 cm™ in general agreement with the Slavin & Frisch (2008)
boundary condition, although Model 1 is in better agreement
with their results. After filtration, the termination shock values
for neutral hydrogen were 0.095 and 0.085 cm™ respectively.
The termination shock locations in the two models were at 97
and 106 AU, in reasonable agreement with the first reported ter-
mination shock crossing at 94 AU on 16 Dec. 2004 by Voyager 1
(Stone et al. 2005).

Our results for the H density can be compared with re-
sults from pickup proton density measurements that lead to
neutral hydrogen density estimates near the termination shock
(Gloeckler & Geiss 2001; Izmodenov et al. 2003) with a most
recent neutral hydrogen density estimate of 0.11 + 0.022 cm™
at the termination shock (Bzowski et al. 2008) after filtration
from local interstellar cloud values of neutral hydrogen den-
sity 0.195 + 0.02 cm™, and a plasma proton density 0.04 +
0.02 cm™3. Another indicator of the H density is solar wind slow-
down in the outer heliosphere due to mass loading by pickup hy-
drogen ions, leading to a hydrogen density estimate of 0.09 =+
0.01 cm™ at the termination shock (Richardson et al. 2008).
Thus it appears that a consistent picture is slowly emerging of
the heliospheric hydrogen densities near the termination shock
based on these various techniques.
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