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Abstract we present here a study made by two instruments, Mercury Atmospheric and Surface
Composition Spectrometer (MASCS) on MErcury Surface, Space ENvironment, GEochemistry, and Ranging
(MESSENGER) and Solar Wind Anisotropy (SWAN) on SOHO that observed the interplanetary background
in 2010. The combination of these two data sets allows us to perform the first study of the distribution of
hydrogen atoms inside the Earth’s orbit. Triangulation of the position of the maximum emissivity region
(MER) was performed for the data of the Ultraviolet and Visible Spectrometer (UVVS) channel of the
MASCS-MESSENGER instrument. We find that the ecliptic longitude of the MER is 253.2° + 2.0°. This is the
same value that was found from the analysis of the SWAN-SOHO H cell data obtained in 1996. This strongly
suggests that the direction of the interstellar hydrogen wind has not changed between 1996 and 2010. We
have also determined the distance of the MER to the Sun. We find that the volume emission rate peaks at
2.37 AU + 0.2 AU from the Sun. This value is a good test for the solar parameters for total H ionization and
radiation pressure used in models. Comparison between the two data sets obtained by the UVVS-MASCS
channel and SWAN on SOHO allow to derive the intensity between the two spacecraft at peak emission.
Based on the SWAN-SOHO calibration, we find an intensity of 80 R + 36 R. This corresponds to a column
density of 1540 m=3 AU x 2.3 x 10" m~2, When divided by the distance between the two spacecraft,

we find an average number density of 2300 m~3.

1. Introduction

The interplanetary background emission was first observed in the UV (H Lyman «) at the end of the 1960s
by the OGO-5 mission [Bertaux and Blamont, 1971; Thomas and Krassa, 1971]. While observing the hydro-
gen exosphere of the Earth, the authors noticed an external component. This ubiquitous emission is due to
the scattering of solar photons by hydrogen atoms present in the interplanetary medium. The interaction
between the solar wind and interstellar hydrogen was initially studied by Blum and Fahr [1970].

The main component of the Lyman a background corresponds to the resonance scattering of the solar

H Lyman « line. A similar background is caused by resonance scattering by helium atoms of the 58.4 nm
solar line. Many UV instruments aboard planetary missions have been able to observe this emission [see
Ajello et al., 1987]. Recently, Quémerais et al. [2013] have tried to obtain a comprehensive view of the inter-
planetary background from the inner heliosphere to the outer heliosphere by combining various data
sets (Voyager-ultraviolet spectrometer, SOHO-SWAN, Hubble Space Telescope-Space Telescope Imaging
Spectrograph, and New Horizons-ALICE).

One application of the study of the interplanetary background is to derive information on the local inter-
stellar medium (LISM) environment of the solar system. The hydrogen atoms that are observed in the
interplanetary medium are one component of the interstellar cloud in which the solar system is currently
traveling. The motion of the Sun with respect to the rest frame of the local cloud creates a flow of neu-
tral atoms originating from the so-called upwind region that is defined by the relative velocity vector
between the Sun and the local cloud. Therefore, the parameters of the hydrogen flow that are reflected in
the interplanetary medium atom distributions are defined by the parameters of the local cloud. The case of
hydrogen is complicated by charge exchange processes between neutral hydrogen atoms and protons in
the solar wind and in the interface region between the solar wind and the ionized component of the local
cloud [Baranov and Malama, 1993]. On the other hand, helium atoms are not very much affected by charge
exchange and are used to characterize the parameters of the LISM [Mébius et al., 2004].
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Recent observations by the Interstellar Boundary Explorer (IBEX) mission [Bzowski et al., 2012; Mébius et al.,
2012] have suggested that previous estimates of the relative velocity vector between the solar system and
the LISM cloud should be reevaluated. The IBEX findings give a slightly different direction and velocity com-
pared to earlier results [Witte, 2004]. Similarly, the Voyager 1 spacecraft is now reaching the outer limits

of the heliosphere and should soon be able to provide in situ measurements of the conditions outside of
the heliosphere.

The aim of this paper is to detail observations made by two UV instruments in the inner heliosphere: the
Ultraviolet-Visible Spectrometer (UVVS) during the cruise of the MErcury Surface, Space ENvironment,
GEochemistry, and Ranging (MESSENGER) spacecraft to Mercury and the Solar Wind Anisotropy (SWAN)
photometer on the SOHO mission at the L1 Lagrange point. By combining these two data sets we are able to
derive column densities between the two spacecraft and therefore test models of the distribution of hydro-
gen in the close vicinity of the Sun. In the following sections, we will detail the observations and models
used in this study.

2. Data Sets

This section presents the two data sets that are used in this study.

2.1. UVVS-MASCS on the MESSENGER Spacecraft

The Mercury Atmospheric and Surface Composition Spectrometer (MASCS) instrument on MESSENGER
consists of an Ultraviolet-Visible Spectrometer (UVVS) and a Visible-Infrared Spectrograph (VIRS). UVVS
covers the wavelength ranges of the far ultraviolet (115-180 nm), middle ultraviolet (160-320 nm), and
visible (250-600 nm), with an average spectral resolution of 0.3, 0.7, and 0.6 nm, respectively [McClintock
and Lankton, 2007]. UVVS uses an entrance slit with a field of view of 1° by 0.04° for its airglow studies.
MASCS UVVS has been studying Mercury’s exosphere and surface reflectance properties initially from flyby
observations [McClintock et al., 2008] and more recently from orbit.

The radiometric sensitivity of the far ultraviolet (FUV) channel of MASCS was determined prior to the launch
of the MESSENGER spacecraft. Measurements were conducted in vacuum by observing the output from

a monochromator with both MASCS and a photomultiplier detector, which itself was calibrated against

a National Institute of Science and Technology photodiode. Flight observations of stellar sources provide
an opportunity to validate the MASCS radiometric calibration. An adjustment of approximately 20% was
applied to the MASCS spectral sensitivity in order to provide agreement with the Solar Radiation and
Climate Experiment satellite SOLar STellar Irradiance Comparison Experiment-measured irradiance of the
star Alpha Virginis (Spica) in the wavelength range 130-190 nm [Snow et al., 2013] and near Lyman «

(M. A. Snow, private communication, 2012).

After launch on 3 August 2004, MESSENGER had an extended cruise phase of its mission in the inner helio-
sphere until its orbital insertion at Mercury on 18 March 2011. During part of the cruise phase, in 2009-2011,
Lyman a observations were obtained by UVVS over great circles as the spacecraft rolled at roughly right
angles to the spacecraft-Sun line at distances from the Sun ranging from 0.30 to 0.57 astronomical units
(AU). Because UVVS is a spectrometer, it is possible to separate the spectrum into heliospheric Lyman «
emissions (excess counts within 0.3 nm of the Lyman « 121.6 nm emission) and longer-wavelength starlight.
By combining these observations, a Lyman a map of the full sky was obtained.

2.2, SWAN on the SOHO Spacecraft

The SOHO mission was launched in December 1995. This mission is a cooperation between European Space
Agency (ESA) and NASA and is dedicated to the study of the Sun and its environment. While the main
mission was intended to last 2 years (1996 to 1998), many of the SOHO instruments are still active in 2014.

The SWAN instrument (Solar Wind Anisotropy) is a Lyman a photometer developed in cooperation between
France (Service d’Aeronomie, CNRS) and Finland (Finnish Meteorological Institute, Helsinki) [Bertaux et al.,
1995]. The SWAN experiment is composed of two identical units containing a periscope system, a hydrogen
cell and an intensified anode detector with a Csl photocathode. Thanks to its periscope systems, the SWAN
units can point in almost any direction that is not blocked by the spacecraft. The units are placed on oppo-
site sides of the SOHO spacecraft, and data can be combined to cover all directions in the sky. A complete
observation of the sky is performed in roughly 24 h.
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T ‘ One of the science objectives of SWAN is to
DOW‘,NW\’N-D_ 1 derive the pattern of the solar wind mass flux
’ o and its variations. SWAN records full sky maps
) of backscattered Lyman « intensity (i.e,, inter-
planetary background) on a daily basis. These
maps are used to determine the distribution of
interplanetary hydrogen atoms [Bertaux et al.,
1995, 1997; Quémerais et al., 2006]. Based on
comparisons between data and models of
the interplanetary hydrogen distribution, the
maps are used to derive the heliographic lati-
tudinal distribution of the ionizing fluxes from
the Sun. In the inner heliosphere, hydrogen
atoms are ionized through charge exchange
1 or photoionization processes. The main con-
1 tributor is charge exchange between hydrogen
100 e LT T 1.0 atoms and solar wind protons. The charge
ASTRONOMICAL UNIT exchange rate is equal to the product of the
Figure 1. Mutual observation geometry between SOHO and velocity-dependent cross section by the solar
MESSENGER. The plot shows the position of the spacecraft in wind mass flux. Therefore, these measurements
the ecliptic plane; the Sun is at the center. The X and Y axes are  can be used to derive solar wind mass flux
distances in AU. The diamonds show the position of MESSEN- distributions and their temporal and spatial
GER for each of the 143 rolls. The dotted circle shows the trace
of the orbit of SOHO around the Sun. The solid lines are the two
examples of mutual observations when SOHO is behind MES-
SENGER. The dashed line shows the case when SOHO is ahead

of MESSENGER. The thin dotted line shows the projection of the
interstellar wind axis onto the ecliptic plane.
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variations. Steps of the inversion scheme are
detailed in Quémerais et al. [2006].

The SWAN instrument calibration is detailed

in Quémerais et al. ([2013] International Space
Science Institute (ISSI)). The units were not
accurately calibrated on the ground, and the
absolute calibration was obtained by comparison with measurements of the interplanetary background
made by the Hubble Space Telescope in 1996 and 2001 when SWAN was looking in the same direction at
the same time. Both SWAN units are intercompared on a daily basis because they can be pointed to the
same area of the sky close to the ecliptic plane. This ensures an accurate tracking of the cross calibration of
the two units. Temporal variations of the SWAN unit calibration factors are tracked by looking at stars on a
regular basis (weekly basis before 2003 and daily basis since 2003).

Since 2007, SWAN has been performing full sky observations everyday. Before that period, full sky obser-
vations were performed every other day with special observations in-between, like dedicated comet
observations, for example. At the time of the mutual observations with UVVS during the MESSENGER cruise,
SWAN was performing daily observations with a few gaps caused by spacecraft maneuvers.

For the present analysis, we encountered a difficulty due to the fact the SWAN maps have gaps of spatial
coverage close to the ecliptic plane. The first gap is due to the fact that SWAN cannot look close to the Sun
which is too bright. Direct sunlight on the photocathode of the intensifiers would damage the detectors
permanently. Therefore, the look direction of the unit must be kept at an angle larger than 10° from the Sun.
To prevent accidental observations, the direction of the Sun is blocked by an external occultor that blocks
the SWAN unit field of views. Unfortunately, grazing sunlight on the edge of the occultors also cause some
straylight within 15-20° of the solar direction. On the antisolar direction, a large portion of the sky is blocked
by the SOHO spacecraft. Reflected sunlight on the spacecraft also causes some straylight within a

Table 1. True Mutual Observations Between SOHO and MESSENGER

Roll Number  Date of Observation? = MESSENGER Longitude ~ SOHO Longitude  Delay in Days

37 2010/08/08 25.4943 315.665 1.19238
92 2010/11/12 342.867 48.1157 3.06836
108 2010/12/13 152.688 84.1970 2.57373

aDates are formatted as year/month/day.
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FCLIPTIC PLANE few degrees from the blocked portion of the
1.0 \ WA T T ] sky. When data necessary for our analysis were
" (a) < \ I 1 missing because of the gaps in the SWAN maps,
I . ‘ : ] we have interpolated the maps using inter-
planetary background models. More details are
given below.
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3. Mutual Observations

The work presented here is based on the analy-
sis of mutual observations performed between
SWAN on SOHO and UVVS on MESSENGER
during the MESSENGER cruise to Mercury in
2010 and 2011. These observations were purely
N = serendipitous and were made possible by the

NN fact that MESSENGER was rolling around its axis
L RRSAR toward the Sun while SWAN was covering the
-1.0 = L e : entire sky.
—-1.0 -0.5 0.0 0.5 1.0
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Mutual observations between two UV instru-
ments measuring the interplanetary back-
ground on two different spacecraft can be used
to cross-calibrate the two instruments. It also
allows us to derive the intensity between the
two spacecraft. Such observations were per-
formed by the two Voyager spacecraft, and the
results are presented in Hall [1992].

i The basic concept is illustrated in Figure 1.
NS E Assume two spacecraft, S; and S, in the helio-
' sphere, are able to measure the backscattered
Lyman a emission. The mutual observation is
achieved when both instruments record the
Lyman « intensity in the interplanetary medium
when looking toward the other spacecraft and
an ‘ | in the opposite direction. If the column den-
/ il 1. 1 sity of hydrogen between the two spacecraft
is small, so that it can be considered optically
thin, then the sum of the two intensities mea-

-1.0 = =
=10 -05

(L] L
0.0 0.5 1.0

Figure 2. Delayed mutual observation geometry between sured by each spacecraft should be the same.

SOHO and MESSENGER. The plots show all existing rolls and the . .

position of both spacecraft. (a) For UVVS looking ahead toward We can note the intensity measured by space-

SOHO and (b) for UVVS looking behind toward SOHO. craft S; when looking toward Sj as g and then
the intensity measured by S; when looking in

the direction opposite to S; as /; _;. In that case we can show that, because extinction between S; and S, is
negligible, we have

lagy +la-2 =lon +la-1 (M

The validity of equation (1) can be shown by considering the computation of the background intensity
along the line of sight from S, looking toward S,. The intensity is the integral of the volume emission rate
multiplied by the extinction between the observer (S,) and the scattering point of the photons [see, for
instance, Quémerais, 2000]. This term takes into account the angle dependence of the phase function of
the resonance scattering [see Quémerais, 2000]. When the medium is optically thin, the emissivity term,
i.e., the density multiplied by the excitation rate, must be multiplied by the phase function term. Let us
introduce the intensity observed by S; emitted between S; and S,. Here the integration over the line

QUEMERAIS ET AL.
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r 1 observer S;. When the extinction
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Figure 3. Comparison of the data of a roll (#37). The intensities are plot- Because the extinction on the line of

ted as a function of the angle of the line of sight with the ecliptic plane. sight is negligible between S; and S,,
An angle of 90° points to North Ecliptic. The SWAN data are shown by ~ then we can split the integral of inten-
the top curve with spikes corresponding to stars in the field of view. sity in two terms when computing the
The boTtom curves show the UVVS data with no stellar contamination. intensity recorded by S, when looking
The noisy curve corresponds to raw data and the smooth curve to the . .
smoothed data. The thick line shows the same UVVS data scaled by the toward S,. The first term is the integral
factor 1.39 explained in the next figure. The corresponding error bars between 5, and S,, and the second term

have been added to the scaled UVVS curve. is the integral starting at S, looking away
from §,.
oo S, o0
/ e(r) - T(S;,r) -dr = / e -dr+ / e(r) - T(S,,r) - dr (3)
5 51 52

For a point on the line of sight going from S, to S, and beyond S,, the extinction between S, and that point
and the extinction between S, and that point are the same in this case. Note also that the phase function
term is the same because it depends on the square of the cosine of the scattering angle. Therefore, from
equation (3), we can write

S.
g =18 +la, 4
S;
lay =12 + 14 ) 5)
S _

I =102 —la—1) = lan —la- ©6)

The last equality is equivalent to the statement that the sum of intensities of one spacecraft is equal to the
sum of the other spacecraft as given by equation (1). Using this equality, it is therefore easy to cross-calibrate
the two instruments by comparing the sum of the two intensities for the two spacecraft.

3.1. True Mutual Observations

Mutual observations are not always easy to perform between two spacecraft. The operational constraints
do not always make such observations possible even if the spacecraft are at the correct position. In our
study, MESSENGER was on its cruise to Mercury and performed three elliptical orbits linking Venus to Mer-
cury. In the same time SOHO at roughly 1 AU from the Sun was on a nearly circular orbit around the Sun.
The MASCS instrument could only observe during the MESSENGER cruise in a plane perpendicular to the
Sun-MESSENGER line. This means that there are only two positions possible for other spacecraft such as
SOHO in orbit around the Sun, one with a larger ecliptic longitude (called ahead or SOHO A) and one with a
smaller ecliptic longitude (called behind or SOHO B). Of course, the probability that SOHO was at the right
position at the right time was rather small. Figure 1 shows two examples of mutual observations between
MESSENGER and SOHO when SOHO is behind. There was also one case when SOHO is ahead of MESSENGER.

The correct geometry was obtained in the three cases shown in Table 1. For these cases, we have accepted
that there may be up to 3 days between the MESSENGER observation and the SWAN observation.

QUEMERAIS ET AL.
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Figure 4. Explanation for the geometry of the observation in roll 37.
The contour plot shows the volume emission rate derived from the
model in the plane perpendicular to the ecliptic plane and containing
the line passing through the positions of SOHO and MESSENGER. The
axes are distances in AU. The X axis is this line passing by the positions
of MESSENGER and SOHO. In this case, SOHO is behind MESSENGER
(SOHO B). The corresponding position of SOHO ahead of MESSENGER
(SOHO A) is shown too. The point at (0,0) is the point of the X axis clos-
est to the Sun. The difference in intensities observed by SWAN and
UVVS outside the ecliptic plane is caused by a parallax effect between
MESSENGER and SOHO B. From this graph we see that SWAN measure-
ments peak at lower latitude than UVVS measurements which is what
is seen in the previous graph.

Because these observations are per-
formed at the same time, it is not nec-
essary to account for time-dependent
effects in the interplanetary background.
For delays more than a few days, it is nec-
essary to correct for solar illumination
variations because rotational modula-
tions of the solar illuminating flux could
induce variations up to 25% at Lyman

a during maximum solar activity [Pryor
et al., 1992]. The observations studied
here were obtained in 2010 and 2011
during the ascending phase after the
solar minimum in 2008.

3.2. Extension to Delayed

Mutual Observations

Although the three true mutual obser-
vations identified above are quite
interesting because the results will be
independent of any assumption con-
cerning time-dependent effects, the
number of mutual observations between
SOHO and MESSENGER can be drasti-
cally increased if we allow some delays
between the observations by SWAN and
MASCS. In this case, we can call them
delayed mutual observations. In fact,
for each roll performed by MESSEN-
GER, there are always two points that
cross the orbit of SOHO. In each case, we
can compute the date when SOHO is at
that position and choose the observa-
tion which is closest in time to minimize
effects of temporal variations of the

interplanetary background. The longest delay is 6 months since this is the maximum time between two

positions on the 1 year orbit of SOHO.

Figure 2 shows the delayed mutual observations when SOHO is ahead and behind, respectively. During the
1 year orbit of SOHO, MESSENGER performs three orbits around the Sun. When combining both ahead and
behind cases, we obtain a good coverage of almost all parts of the inner heliosphere.

4, Data Analysis

The data obtained with the MESSENGER rolls during the cruise to Mercury allow us to get a precise value of
the cross-calibration factor between the two UV instruments. The first task is to extract the corresponding

data from the data sets of the two instruments.

Figure 3 shows a typical example of the data. The measured brightness are plotted versus the angle of
the line of sight with the ecliptic plane. The UVVS roll values are shown by the lower curve in the figure.
The noisy line shows the original data corresponding to individual data points. We have also plotted the
smoothed data. The smoothed curve of UVVS data was obtained by applying a gliding mean filter to the
raw data. The width of that filter is 10° wide. The UVVS data used here have no stellar contamination. The

instrument is a spectrometer, and its spectral bandwidth at Lyman «a is very narrow (about 1 nm). Therefore,
only hot stars can produce a contribution. This contamination is easily removed from the roll data by filter-

ing out any spike outside of the measurement scatter. Extraction of the mutual observation measurements
is straightforward. The two values for the mutual observations correspond to angles of zero and 180°.

QUEMERAIS ET AL.
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Figure 5. Cross calibration of SWAN and UVVS-MASCS. The plot shows
the sum of in-ecliptic intensities for both spacecraft. The SWAN values
are shown by triangles. The solid line shows the scaled UVVS values.
The bottom line shows the result of the linear regression between
SWAN and UVVS values. The cross-calibration factor between both
instruments is 1.39 + 0.05 . The diamonds show the ratio between
SWAN and UVVS. There is no temporal effect over the 1 year period of
this study.

The SWAN data are shown by the top
curve for the same roll angle values.
These data are strongly affected by stel-
lar light. This is due to two reasons.

First, there is no spectral filter and the
photometer bandpass is 115-160 nm.
Although the pixel size projected on

the sky is 1° by 1°, because of chromatic
aberration created by the hydrogen cell
in the optical path; around 150 nm, the
spot size corresponding to a star can be
as large as 2° [Bertaux et al., 1995].
Consequently, the SWAN data often
show stellar contamination mainly along
the plane of the galaxy. Isolated stars can
easily be removed, and the background
level can be interpolated. Some areas
along the galactic plane are too large to
be interpolated accurately. The exam-
ple shown in Figure 3 illustrates a good
case when the gaps in SWAN data do not
prevent the extraction of the relevant
data for the mutual observations. Out of

all the mutual observations, about a third have incomplete SWAN data rolls that could not be interpolated

with confidence.

As explained in the previous section, we expect that the intensity recorded by both instruments in the eclip-
tic plane are equal if the space between the two spacecraft is empty of hydrogen atoms. In such a case, it is
clear that the UVVS channel data are too low or the SWAN data too high. The thick line shows the UVVS roll
data multiplied by a factor of 1.39 so that the two instruments agree in the ecliptic plane. This coefficient will
be justified in the next paragraph. We also note that the SWAN data are higher than the scaled UVVS data
for roll angles between 90° and 180°. This is due to a parallax effect that is shown in Figure 4. That figure
shows contour plots of the volume emission rate in a plane containing the SOHO-MESSENGER line and that

MESSENGER VALUES
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RAYLEIGH
LA B A I L+ O L
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0 100 200 300
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S
o
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Figure 6. Values of intensities measured in the ecliptic plane by UVVS
as a function of the longitude of MESSENGER. The two curves corre-
spond, respectively, to the ahead geometry case (triangle and blue)
and the behind geometry case (diamond and green). The two curves
are fits of the observations (see text). The residual scatter of the mea-
surements from the fits is 20 Rayleigh. The ahead geometry data peak
before the upwind longitude at 252°. The behind geometry peaks
after 252°.

is perpendicular to the ecliptic plane (the
normal vector of that plane is in the eclip-
tic plane). Volume emission rate is equal
to the density multiplied by the excitation
rate which is proportional to the inverse
square of the distance to the Sun. The
intensity is the integral of the emission rate
on the line of sight. At the time of observa-
tion, there is more ionization in the ecliptic
plane which is close to the solar equato-
rial plane (7°), causing the local maximum
of volume emission rate to be split in two
parts: one above the ecliptic plane and
one below the ecliptic plane. These max-
ima have an ecliptic longitude which is
close to the longitude of the upwind direc-
tion. Therefore, MESSENGER is closer to the
Maxima than SOHO, which is in the SOHO
B (behind) position. In that case, because
of parallax, the maximum of intensity is
seen by SWAN at a lower latitude than

in the case of UVVS which explains why
SWAN values are higher than UVVS values
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1200 SWAN VALUES at midlatitude. If the maximum of volume

emission rate had been at a low latitude,
the effect would have been inverted and
UVVS values at midlatitude would have
been larger than SWAN values. The com-
parison proves that the maximum of
volume emission rate is close enough to
create a parallax and that it is at midlat-
itudes and not in the ecliptic plane. This
constitutes a confirmation of an enhanced
hydrogen ionization rate along the solar
equator which lies close enough to the
ecliptic plane.
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MESSENGER ECL. LONGITUDE 4.1. Cross-Calibration Factor
Figure 7. Values of intensities measured in the ecliptic plane by The cross-calibration factor between
SWAN as a function of the longitude of MESSENGER. The two curves SWAN and UVVS can be obtained rig-
correspond, respectively, to the ahead case (triangle and blue) and orously by using the sum of intensities

the behind case (diamond and green). The two curves are fits of the
observations (see text). The residual scatter of the measurements
from the fits is 30 Rayleigh. In the case of the SWAN, the data in the ~ €quation (1)). A linear regression between
downwind region are rather sparse, but there are still some good the two data sets found a ratio of 1.39 +
observations that cross this region. 0.05. The values are shown in Figure 5. The

two upper curves show the sums of inten-
sities for both instruments. The solid line shows the UVVS-MASCS values multiplied by 1.39, and the triangles
give the corresponding SWAN values. The bottom diamonds show the ratio between the actual data points.
This is added to demonstrate that there is no pattern in the ratio. The straight line is the constant value of
the cross-calibration factor at 1.39 . The ratio is constant over the whole period showing that there is no
degradation of one of the instruments compared to the other.

obtained in the mutual observations (see

Therefore, we can conclude that SWAN and UVVS measurements at Lyman « differ by a constant ratio of
1.39. This ratio is constant over the 1 year period considered.

4.2, Instrument Data Cross Comparison

Once the cross-calibration factor is computed, it is possible to compare the two data sets. Although the
discrepancy between the two sets of measurements is large, almost 40%, it is a constant ratio over the whole
data sets. On the one hand, the SWAN data have been compared to other measurements [see Quémerais

et al., 2013]. On the other hand, the UVVS channel calibration is pretty robust, as shown above. At the time
of writing, we cannot conclude on this matter. Future instrumentation like the PHEBUS instrument of the
Bepi-Colombo mission [Chassefiére et al., 2010] will bring new information on this matter.

For the present work, we can still obtain useful information about the hydrogen distribution in the inner
heliosphere. Indeed, the question is to determine how much emission comes from between MESSENGER
and SOHO. Since there is a constant factor between SWAN and UVVS data equal to 1.39, we have normalized
the UVVS data to the SWAN calibration value. This choice is arbitrary and has been done for simplification.
This will be discussed in section 6.

Figure 6 shows the UVVS measurements when the UVVS values have been multiplied by a factor of 1.39.
The intensities are shown as a function of the ecliptic longitude of MESSENGER. There are two sets of values,
one when UVVS is looking ahead (SOHO has a larger ecliptic longitude) and the other when UVVS is looking
behind (SOHO has a smaller longitude). The two curves that fit the data (blue and green) correspond to
the best numerical model given the measurement uncertainties. They were obtained by comparing the
data with a radiative transfer model combined with a hot model of the hydrogen distribution [Quemerais,
2000]. Then, the residuals between model and data were fitted by a polynomial expression as a function of
the intensity values. After the fit, there is no systematic bias remaining between the data and the fit. The
remaining scatter between data and fit is 20 Rayleigh, corresponding to the measurement uncertainty.

Figure 7 shows the SWAN data as a function of MESSENGER longitude. The intensities shown here are the
values obtained when SWAN is looking away from MESSENGER. The two continuous curves correspond
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0.5 R e o o to numerical fit that represent the data

] within 30 Rayleigh and that were obtained
in the same fashion as explained in the
previous paragraph. As expected from the
previous section, the SWAN measurements
are systematically equal or lower than the
B MESSENGER values.

0.0

-0.5

The ahead and behind observations from
the UVVS channel can be used to triangu-
late the position of the maximum emissivity
region in the ecliptic plane. From Figure 6,
we can derive the position of the maximum
of intensity in both ahead and behind cases.
From Figure 6, computing the derivative

] of the fit, we find that the peak intensity

Pe ] is reached when MESSENGER is at longi-
—25 L TR TR - tude 172.9°. For the behind case the peak

-2 —1 (0] 1
ASTRONOMICAL UNIT is reached for longitude 332.7°. For these

Figure 8. Triangulation of the position of the maximum emissiv- two observations, the distance between
ity region from the UVVS channel data in the ecliptic plane. The the Sun and MESSENGER is 0.40 AU for
positions of the MESSENGER spacecraft are shown by the dia- the ahead geometry and 0.44 AU for the
monds. Each observation is made in the plane perpendiculartothe  behind geometry. Because of the geometry
MESSENGER—Sun line. The positions Qf the sp.acecraft for the two of the MESSENGER observations (rolls per-
intensity peaks are shown. The MER is at the intersection of the two . X
lines. The uncertainty is estimated by varying the positions by 2°. pendicular the Sun-MESSENGER line), the
The distance between the Sun and the MER is 2.37 + 0.2 AU. maximum emissivity region (MER) is at the
The ecliptic longitude of the MER is 253.2° + 2.0°. intersection of the two lines perpendicular
to the Sun-MESSENGER line in the ecliptic
plane. The solution is found by searching
the unique point of the first line that belongs to the second one. Figure 8 shows the geometry of the MER
triangulation in the ecliptic plane. The value found for the distance between the MER and the Sun is 2.37 AU.
The ecliptic longitude of the MER is 253.2°.

ASTRONOMICAL UNIT

—-2.0

|
o
L s B e e B L e S B e

The values given above for the maximum intensity of the ahead and behind cases are model dependent.
Therefore, to evaluate the accuracy of our determination of the direction of the interstellar hydrogen flow,
we have used the following approach. First, we note that the two curves of the ahead and behind intensities
have one crossing point in the upwind direction and one in the downwind direction. Each crossing point
corresponds to the case when the difference of both intensities is equal to zero. Geometrically this happens
when MESSENGER crosses the plane containing the wind axis and the vector perpendicular to the ecliptic
plane. Figure 9 shows the two intensity curves ahead and behind. The diamonds show the difference. This
difference becomes zero when the ecliptic longitude of MESSENGER is equal to the ecliptic longitude of
the interstellar H flow. The ecliptic longitude of the H flow may be slightly offset but this is not the matter
here. We want to determine the accuracy with which this longitude is determined and not the actual value
which was already obtained above. This is done by a linear fit of the difference curve taking into account the
statistical uncertainty. We used the algorithm given in numerical recipes (Press et al.) pages 655 to 657. The
linear fits are shown in Figure 9. The linear fit of the difference is written as a + b - /, where [ is the longitude.
If o, and o, are the uncertainties on coefficients a and b in the fit, and noting the longitude of the H flow as
L,, and the corresponding uncertainty as o, then we have

a

Ly=— 7

H= (7)
0.2 0202

=t (®)

The values shown in Figure 9 give a corresponding uncertainty of 2°. The value found for the position of the
MER gives an ecliptic longitude of the MER that is equal to the value found by Quemeérais et al. [1999] from
the analysis of the SWAN H cell data. These data were obtained in 1996 and 1997, while the MESSENGER
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EMISSIVITY MAP in ECLIPTIC PLANE data have been obtained in 2010. This

- - proves that over a period of 14 years,
the direction of the hydrogen flow has
not changed.

0.5
Based on the data shown in Figures 6 and 7,

; we can derive the intensity between SWAN
00 T A A ey and MESSENGER by substraction of the

: ‘ curves. When MESSENGER is in the down-

wind cavity, the difference is equal to zero
within the uncertainty of the data. Since this
is obtained by a difference of two data sets,
we estimate the uncertainty by taking the
square root of the sum of the square of both
uncertainties, which gives 36 Rayleigh.

-0.5

AU

When MESSENGER peaks on the upwind
side of the inner heliosphere, the maxi-
‘ mum intensity between the two spacecraft
72‘91,5‘ - Lw‘,o‘ - Lo‘5‘ - ‘ojo‘ - ‘o,‘5‘ — 1,‘0‘ - ‘1,5 is equal to 80 + 36 R. The peak intensity
A for UVVS is 1100 R, which means that the
Figure 9. Difference of intensities measured in the ecliptic plane by  intensity between SWAN and MESSENGER
UVVS as a function of the longitude of MESSENGER. The two dotted  ¢orresponds to 7% of the total. If we apply
lines at the top correspond to the data shown in the previous figure, the UVVS calibration. this value becomes
the ahead geometry case and the behind geometry case. The dia- " . K
monds show the difference of the data sets and the corresponding 58 R+ 25 R. Transforming the intensity value
error bars. The difference becomes zero once in the upwind direc-  into a column density is not straightforward
tion and once in the downwind direction. This corresponds to the because the solar flux varies over the line of
positions when MESSENGER is closest to the wind axis. The ecliptic  sjght and the derived value depends on the
longitude of MESSENGER is determined by fitting a straight line to
the data, and the corresponding uncertainty of 2° is obtained from
the result of the linear fit.

|
o
T T T T T T T

distance between the Sun and the scatter-
ing atoms. However, a model comparison
can give an estimate. This will be discussed
in the next section.

5. Comparison to Model

Figure 10 displays a contour plot of the modeled volume emission rate (density divided by the square of
the distance to the Sun) in the ecliptic plane. The Cartesian grid in the ecliptic plane is labeled in AU. The
Sun position is at (0, 0), and the wind axis projection on the ecliptic plane is shown by the dashed line. The
maximum of volume emission rate (MER) is shown by the bright region of the contour plot. The dark part
extending in the downwind region is the downwind cavity which is empty of hydrogen atoms.

This model distribution is detailed in Izmodenov et al. [2013] and depends strongly on the solar parameters
for total ionization rate of H atoms and on the radiation pressure coefficient. Increasing radiation pressure
or total ionization increases the size of the cavity surrounding the Sun. This model corresponds to solar
conditions derived in 2009 [Katushkina et al., 2013].

The orbit of SOHO is shown by the dotted line, and the MESSENGER cruise orbit is shown by the diamonds.
Each diamond corresponds to one of the rolls used in this study. Two examples of mutual observations are
shown in the plot. In one case (MESSENGER longitude is 25°), the line of sight looking ahead goes through
the cavity. For this line of sight both UVVS and SWAN will measure the same value. In the second case
(MESSENGER longitude close to 190°), the line of sight looking ahead goes through the maximum volume
emission rate region. This will give a maximum intensity for both SWAN and UVVS, but UVVS will have an
excess of 80 Rayleigh over SWAN. When looking ahead, the intensity peaks before MESSENGER reaches the
upwind longitude, and when looking behind, the peak intensity is obtained for a longitude that is larger
than the upwind longitude. The triangulation of the MER position for these two peaks was shown in the pre-
vious section. We have compared this position to two models of the hydrogen atoms distributions described
in Katushkina et al. [2013]. One was obtained for solar conditions in 2003 so after the solar maximum of 2001.
The second distribution (shown in Figure 10) was computed for the solar conditions of 2009, so rather
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MESSENGER VALUES close to the time of the
T o A MESSENGER-MASCS Interplanetary
Hydrogen (IPH) rolls. The hydrogen
interstellar wind direction in the model
was chosen as 253.2°. The results are
summarized in Table 2. The “close to
solar maximum” model for 2003 gives a
MER-Sun distance equal to 2.2 AU which
is close to the MASCS value. On the other
hand, the model estimates the maximum
intensity between SOHO and MESSEN-
GER to be about 11 R when the data give
80 R. The second model for 2009 solar
400 conditions gives an estimate of the maxi-

mum intensity of 70 R which is very close
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Flg.ur.e 10. Contours of.the volume emission rate map in 2009 in the to the data but gives a MER-Sun dis-

ecliptic plane. The maximum of volume emission rate in the plane is o

shown by the white region and is aligned with the direction of the tance equal to 1.4 AU which is too small

incoming interstellar wind. The orbit of SOHO is shown by the dotted compared to the MASCS value.

line, and the MESSENGER position for the rolls is shown by the dia-

monds. Two examples of mutual observations are shown. One of the e

examples shows a maximum of excess intensity for UYVS when the line  Mated the column density (in

of sight crosses the maximum of volume emission rate region at ecliptic ~ units of m=3 AU). The column

longitude 253°. density is expressed in this unit
because typical lengths are

of the order of the astronomical unit. The values are shown in Table 2. From the geometry of

observation, we can compute the distance between SOHO and MESSENGER for the maximum intensity.

The value is 0.68 AU.

For each model we have esti-

The best model (2009) gives a SOHO-MESSENGER intensity of 70 R. If we correct for the actual value of 80 R,
we get a column density of 1540 m~3 AU. So the average density between SOHO and MESSENGER peaks
at 2300 m~3 + 1000 m~3 . Using the 2003 model gives a maximum column density only 20% larger. This
means that this derivation, although it is approximated, is not very sensitive to the actual hydrogen distri-
bution model used. The peak intensity in the model must be scaled to the peak intensity between the two
spacecraft derived from the data.

In conclusion, we have determined the distance between the Sun and the MER from the
MESSENGER-MASCS data. Comparison with hydrogen models derived for solar conditions in 2003 and 2009,
respectively, shows that the best agreement is obtained for the conditions close to the solar maximum of
2003. This suggests that in the 2009 model the H atoms are too close to the Sun (1.4 AU) compared to the
data. Therefore, in this model, either the ionization rate or the radiation pressure is not high enough.

On the other hand, the 2009 model gives an estimate of the SOHO-MESSENGER peak intensity of 70 R,
which is very close to the peak intensity in the data (80 R), deriving the corresponding column density is
model dependent. The value found from the 2009 model divided by the SOHO-MESSENGER distance gives
an average number density of hydrogen atoms between SOHO and MESSENGER of 2300 m~3 + 1000 m~3.
This value is based on the SWAN calibration level. If we use the MASCS-UVVS calibration level, the value

of the mean density is 1640 m~3 + 700 m~3. Saul et al. [2012] have published values of the interplanetary
hydrogen seen by IBEX-Lo. To compare to our results, one would have to assume a velocity profile. A very
simple calculation can be done by assuming an average velocity of 25 km s' . In such a case, we get a flux of
5750 cm~2 s~' . This value is larger, by a factor of 5 to 6, than the flux given in Figure 6 of Saul et al. [2012].

Table 2. True Mutual Observations Between SOHO and MESSENGER

MER Distance ~ SWAN-SOHO Maximum Intensity ~ Maximum Column Density

Data (2010)  2.37 +0.12 AU 80 + 36 R
2003 Model 2.2 AU 1R 2603 AU=39x 103
2009 Model 1.4 AU 70 R 1350 m=3 AU = 2.0 x 10"
QUEMERAIS ET AL. ©2014. The Authors. 8027
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When using the MASCS-UVVS calibration the ratio is decreased by a factor of 1.39. Given the simple
calculation performed here, it would be best to do the actual modeling of the H distributions. This will be
studied in future works.

6. Conclusion and Discussion

The data analysis presented here shows that the mutual observations are a very effective way to
cross-calibrate two instruments at Lyman a even if their respective fields of view and spectral bandwidth
are different. Indeed, SWAN is a photometer with a 110-160 nm bandwidth and with a 1° by 1° field of view,
while UVVS is a grating spectrometer with a resolution of 0.3 nm and a field of view defined by a slit of 1°
by 0.04°.

We have shown that the necessity of performing the mutual observations at the same time can be allevi-
ated if there are many observations and they are performed within 6 months of each other. In times of solar
maximum, it is necessary to correct the data for solar flux variations. However, in the work presented here
corrections for solar flux variations were not applied. We estimated the corrections based on solar Lyman

a flux measurements at the time our observations were made. We found that the corrections were always
smaller than 5 to 10% and could be neglected here.

When performing the cross calibration, we found that the ratio between the two data sets was very stable,
with a mean value of 1.39 + 0.05. A similar result was found by Pryor et al. [2013]. In this work, the authors
scaled both data sets to a model and derived a cross-calibration ratio of 1.3. At the present time, it is not
possible to clarify this matter any further but a similar topic was discussed at length by the Fully Online
Database of UV Emissions (FONDUE) working group which was sponsored by ISSI (see Cross-Calibration of
Far UV Spectra of Solar System Objects and the Heliosphere, ISSI Scientific Report Series, Volume 13.ISBN
978-1-4614-6383-2, editors E. Quémerais, M. Snow, and R.M. Bonnet, 2013).

The MESSENGER-MASCS data can also be used to triangulate the position of the maximum of volume
emission rate (MER) in the interplanetary medium. This maximum is aligned with the direction of the inter-
stellar hydrogen wind. Its ecliptic longitude (J2000) is equal to 253.2° & 2.0°. This value is very close to the
one found by Quémerais et al. [1999] when analyzing the SWAN hydrogen cell data obtained in 1996 and
1997. This suggests that the interstellar hydrogen wind directions have been stable between 1996 and
2010. Recently, Frisch et al. [2014] suggested that the He interstellar wind may have been shifting in the
last few decades. Our conclusion about interstellar hydrogen does not support this suggestion. If the claim
of Frisch et al. [2014] is correct, it will be necessary to understand why the interstellar hydrogen direction
seems stable.

In this work, we also find that at the time of IPH observations by MASCS in 2010, the MER is at 2.37 + 0.2 AU
from the Sun. This does not compare well to our current model for close to solar minimum conditions
because it gives a MER-Sun distance equal to 1.4 AU. On the other hand, the model for close to solar maxi-
mum conditions gives a distance of 2.2 AU. This would suggest that the in-ecliptic parameters are not large
enough (radiation pressure or hydrogen total ionization). This will be studied in detail in future works with
the SWAN data that can be used to get the MER position from parallax values and triangulation.

By comparison with models that propagate hydrogen atoms in the solar system [Izmodenov et al., 2013] and
using time-dependent simulations to include the variations of the solar parameters for the solar wind and
the radiation pressure, we find that the 80 Rayleigh emission observed between SOHO and MESSENGER is
compatible with model predictions using solar parameters that correspond to close to solar minimum con-
ditions. Similar computations for solar maximum conditions show that the model predicts that there will

be almost no hydrogen atom within 1 AU from the Sun because of the combination of a larger radiation
pressure and stronger ionization fluxes from the Sun. Based on this model and scaling to the actual value
observed by the two instruments, we can derive the column density between SOHO and MESSENGER at the
peak of emission, and knowing the distance, we can derive an average number density for interplanetary
hydrogen. Finally, this can be compared to the interplanetary fluxes measured by IBEX and reported by Saul
et al. [2012]. Assuming an average H atoms velocity of 25 km s~', we find a flux that is 4 to 6 times larger
than the one reported by Saul et al. [2012]. This last comparison is not very accurate as we simply multi-
plied our number density by an average velocity and a more complete computation using an actual velocity
distribution will be performed in a future work.
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