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ABSTRACT

Aims. A recent debate on the decade-long stability of the interstellar He flow vector, and in particular the flow longitude, has prompted
us to check for any variability in the interstellar H flow vector as observed by the SWAN instrument on board SOHO.
Methods. We used a simple model-independent method to determine the interstellar H flow longitude, based on the parallax effects
induced on the Lyman-α intensity measured by SWAN following the satellite motion around the Sun.
Results. Our results show that the interstellar H flow vector longitude does not vary significantly from an average value of 252.9◦ ±
1.4◦ throughout the 20-year span of the SWAN dataset, further strengthening the arguments for the stability of the interstellar gas
flow.
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1. Introduction

The Sun moves through the diffuse partially ionized interstel-
lar gas at a relative velocity of ∼25 km s−1. The supersonic so-
lar wind (SW) carves out a “bubble”, the heliosphere, through
the interstellar plasma, confining the SW plasma inside the he-
liosphere. On the outside, the interstellar plasma is forced to
heat, decelerate, and deviate around the heliospheric interface
(e.g., Baranov & Malama 1993). The neutral particles (princi-
pally hydrogen with about 15% helium and a small portion
of oxygen atoms) of the interstellar medium have mean free
paths of the scale of the heliospheric interface (∼100 AU,
Baranov & Malama 1993) and can therefore penetrate through
this region into the solar system in the form of an interstellar
wind in the rest frame of the Sun.

The H population is filtered at the heliospheric interface
through resonant charge-exchange coupling with protons (e.g.,
Izmodenov et al. 1998; Izmodenov 2007). This process creates
a population of secondary neutral atoms that conserve the local
dynamic properties of the shocked interstellar plasma (heating,
deceleration, and deflected velocity vector) at the heliospheric
interface. A mixture of the two neutral populations (primary and
secondary) then propagates into the interplanetary medium and
can be observed near the Earth’s orbit via scattered solar Lyman-
α radiation, for example. The Solar Wind ANisotropies (SWAN)
experiment (Bertaux et al. 1995) on board the Solar and Helio-
spheric Observatory (SOHO) has been mapping the backscat-
tered Lyman-α radiation in the interplanetary medium for more
than 20 years and allowed a firm determination of the interstellar

H flow vector coordinates (λ, β) = (252.5◦ ± 0.7◦, 8.9◦ ± 0.5◦)
thanks to Doppler-shift analyses of the backscattered resonance
line using the SWAN hydrogen absorption cell (combined values
from Quémerais et al. 1999; Lallement et al. 2005, 2010). A re-
cent analysis, using SOHO/SWAN and MESSENGER/MASCS
(Mercury Atmospheric and Surface Composition Spectrometer)
mutual observations during the MESSENGER cruise to Mercury
in 2010 and 2011 and a triangulation method of the position of
the maximum emissivity region (MER), confirmed the H flow
vector longitude at 253.2◦ ± 2◦ (Quémerais et al. 2014).

The He cross-section for charge-exchange is much smaller,
and therefore the population that enters the heliosphere preserves
the characteristics of the local interstellar medium. Following a
compilation of several UV, pick-up ion, and neutral particle mea-
surements, a coordinated effort by an international team gath-
ered at the International Space Science Institute (ISSI) in 2003–
2004 solved a long-standing systematic discrepancy between in
situ and particle measurements (Lallement et al. 2004) and de-
fined a weighted mean set of parameters that best reproduced
all the datasets available at the time. These parameters were
(λ, β) = (74.7◦, −5.3◦) downwind, translated into (254.7◦, 5.3◦)
upwind, V = 26.2 km s−1, T = 6300 K, and n = 0.015 cm−3

(see Möbius et al. 2004, for a synopsis). The difference between
H and He incoming directions has been explained by the per-
turbation of H flow around the heliospheric interface, allowing
an estimate of the direction of the interstellar magnetic field
(Lallement et al. 2005).

The recent analyses of neutral atom measurements with the
Interstellar Boundary Explorer low energy channel (IBEX-Lo)
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Fig. 1. Full-sky Lyman-α emission maps in ecliptic (J2000) coordi-
nates recorded by SOHO/SWAN in September 1997 (top panel) and
September 2000 (bottom panel). The maps are presented in ecliptic
coordinates centered at ∼180◦, with ecliptic longitude increasing from
right to left. The color scales are in Rayleighs. The two masked areas
correspond to the shadow of the spacecraft (centered at ∼0◦) and to the
shadows of the Sun shields that protect the sensors from direct sunlight
(centered at ∼180◦).

(Möbius et al. 2012; Bzowski et al. 2012) have deduced quite
different parameters for the interstellar He flow (ecliptic lon-
gitude ∼259◦, ecliptic latitude ∼5◦, velocity ∼23 km s−1, and
a broad temperature range between 5000 K and 8000 K) from
what is traditionally agreed upon. Coincidentally, the differ-
ence was impressive for the flow longitude (over 4◦ in ecliptic
longitude) and velocity, while the latitude remained basically
unchanged. Another analysis (Frisch et al. 2013) took the mat-
ter a step further, claiming that the longitude difference shows a
decade-long trend, based on a compilation of various data sam-
ples since the 1970s, although the validity of this analysis was
strongly challenged by Lallement & Bertaux (2014), who also
pointed out an additional suspicious coincidence in the param-
eter set. Two more recent papers have also argued against the
new IBEX values. The first (Katushkina et al. 2014) reanalyzed
the Ulysses/GAS data and IBEX-Lo data using a time-dependent
3D kinetic model, showing that the IBEX-found flow vector
is incompatible with the Ulysses/GAS data, while the standard
ISSI team consensus of vector parameters might in principle fit
the IBEX-Lo data if the gas temperature were increased from
6300 K to 9000 K. The second paper (Vincent et al. 2014) fit-
ted HST/STIS data of the interplanetary H Lyman-α line during
solar cycle 24 and compared the results (along with a compi-
lation of SWAN data up to 2003) to realistic 3D gas-dynamic
models to show that the interstellar flow velocity vector has not
changed significantly since the Ulysses measurements. More re-
cently even, a refined analysis of the first six years of IBEX data
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Fig. 2. Simulated Lyman-α emissivity (color scale is in arbitrary units)
within the ecliptic plane. The dashed circle shows the approximate
SOHO orbit around the Sun and the small arrows show a sample of
the selected lines of sight (marked F for forward and B for backward-
looking w.r.t. Earth/SOHO motion) for this analysis, projected onto the
ecliptic plane. A projection of the interstellar H flow axis on the ecliptic
plane is also marked.

has also recanted to the standard consensus vector for He, but
with a much higher temperature (7000−9500 K) to reconcile the
IBEX and Ulysses data (Bzowski et al. 2015; McComas et al.
2015; Möbius et al. 2015; Schwadron et al. 2015; Sokół et al.
2015; Swaczyna et al. 2015).

Any variation in the He flow should also be reflected in the
primary H population, and therefore induce changes in the global
average H flow observed near the Sun. In this paper we analyze
20 years of SWAN data to check for variability in the interstellar
H flow direction. We present a simple and model-independent
method (similar to the triangulation used by Quémerais et al.
2014) to determine the H flow axis ecliptic longitude in Sect. 2
and discuss the stability of the results given the influence of solar
activity on the interplanetary H Lyman-α emission in Sect. 3.

2. Data selection and analysis

Operating on board the SOHO spacecraft quasi-uninterrupted
since January 1996, the SWAN instrument (Bertaux et al. 1995)
is a UV photometer with a passband between 110 nm and
160 nm. Two identical units placed at opposite sides of the
SOHO spacecraft (+Z and −Z sides), each equipped with a me-
chanical periscopic scanning system, allow it to produce full-
sky Lyman-α intensity maps with 1◦ by 1◦ resolution approxi-
mately once a day. Details on the operations of the instrument
and data processing for the reconstruction of the Lyman-α maps
are given in Quémerais et al. (1999, 2006b). Each of the sen-
sors is also equipped with a hydrogen absorption cell, which
allows for a fine spectral analysis of the Lyman-α line profile
(Quémerais et al. 2006a). Here we focus on the photometric data
of the instrument.

Figure 1 shows typical maps of the Lyman-α background
measured by SWAN during the minimum and maximum phase
of the solar activity, composed of the two halves measured by
the two sensors. Two areas in the sky cannot be observed: the
largest is blocked by the spacecraft, while the smaller area cor-
responds to the shadows of the shields protecting the two sensors
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Fig. 3. Lyman-α intensities as a function of time for the 0◦ latitude coupled lines of sight. Red points represent the forward-pointing (w.r.t.
Earth/SOHO motion) line of sight and blue points represent the backward-pointing line of sight. The biannual crossing of the interstellar plane of
symmetry where the forward and backward lines of sight point through equal-emitting gas volume is clearly visible.

from direct sunlight. Save for contamination from bright early-
type stars (mainly in the southern ecliptic hemisphere), which
is removed with a mask during data processing, the entire sig-
nal in this map is the solar Lyman-α radiation backscattered by
interstellar H atoms that are permanently flowing within the he-
liosphere.

The SWAN maps present a characteristic pattern reflecting
the effect of solar activity (gravity/radiation pressure equilibrium
on the atom trajectories), ionization processes, and Lyman-α il-
lumination on interstellar H atoms. In the upwind side of the
flow (∼253◦ ecliptic longitude), where H atoms approach clos-
est to the Sun before they are ionized, the MER is observed,
while on the downwind side (∼73◦ ecliptic longitude) where
H atoms are less likely to survive ionization, a so-called ioniza-
tion cavity forms, which is devoid of neutral atoms. During so-
lar minimum, when global ionization is lower, H atoms survive
closer to the Sun, and the MER is located closer to the observer
(Lallement et al. 1984, 1985). Moreover, the higher ionization
rate associated with the slow solar wind confined in the low he-
liographic latitude zone during solar minimum is responsible for
the groove pattern observed in intensity maps, which divides
the MER into two lobes roughly north and south of the eclip-
tic plane. This pattern had already been observed in the Prog-
noz 5 data (Bertaux et al. 1996), and has since been confirmed
in solar minimum maps recorded by SWAN (e.g., Fig. 1 – top,
and also in Bertaux et al. 1997). In reverse, during solar max-
imum, when the ionization rate becomes isotropic at most lat-
itudes (Quémerais et al. 2006b), the groove tends to disappear
and the MER shape becomes more circular-like and is centered
only a few degrees north of the ecliptic plane (Fig. 1 – bottom).

Owing to the MER and the ionization cavity (Fig. 2), the par-
allax effects, which are well documented in previous analyses of
the SWAN data (Quémerais et al. 2006b), induce a modulation
of the intensity that is observed for a given constant line of sight
as SOHO orbits around the Sun. In general, the Lyman-α in-
tensity will increase when SOHO approaches the MER, while it
will decrease when the spacecraft travels downwind through the
ionization cavity. Since the interstellar H flow is, to first order,
axisymmetric, it is possible to find viewing directions that scan
through equal volumes of emitting interstellar H gas and there-
fore measure the same Lyman-α intensity. When we assume that
solar effects on the interstellar H distribution (Lyman-α solar il-
lumination and SW ionization processes) are averaged over solar
rotation, these lines of sight should be symmetrical with respect
to the plane including the flow axis and the solar rotation axis.
Then, the “equal emitting volume” condition is satisfied when
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Fig. 4. Example of SWAN data fit for 1999, at −29◦ latitude. The di-
amonds and full line represent the data points and fit for solar UV-
corrected data, respectively. The dotted and dashed lines represent the
data and fit for the uncorrected case, respectively.

the SOHO orbit intercepts this plane, twice a year on the upwind
and downwind directions of the interstellar H flow axis.

Here, we make use of these parallax effects to determine the
interstellar flow ecliptic longitude. We chose two directions that
are symmetrical with respect to the plane including the SOHO-
Sun line and the north ecliptic pole, instead of the solar rotation
axis. Since the SOHO orbit around the Sun lies close to the eclip-
tic and the ascending node of the heliographic equator (λ ∼ 75◦)
almost coincides with the interstellar axis downwind direction, it
is simpler to assume the north ecliptic pole to define this symme-
try plane. Then, as this plane rotates along with SOHO around
the Sun, the “equal-emitting volume” condition is fulfilled when
the plane is aligned with the interstellar flow axis, allowing us to
determine the ecliptic longitude of the interstellar flow vector.

For simplicity, for every SWAN star-corrected Lyman-α
intensity map we selected a line of sight perpendicular
to the SOHO-Sun line at every 1◦ latitude between ±30◦
from the ecliptic plane. In Fig. 3 we plot the Lyman-α inten-
sity for the coupled lines of sight at 0◦ latitude as a function of
time. The annual modulation that is due to the motion of SOHO
around the Sun is clearly visible, as well as the intersection of the
curves when the SOHO-Sun line is aligned with the interstellar
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Fig. 5. Results of the flow ecliptic longitude (X-axis) derived from fitting SWAN data over a ±30◦ latitude range of coupled forward/backward
pointing lines of sight for every year between 1996 and 2015.

flow plane of symmetry and the two lines of sight point through
an equal-emitting gas volume. The gaps in the data correspond
to maps where the selected lines of sight points are removed be-
cause of starlight contamination. The effect of the 11-year solar
activity cycle is also visible, with the solar maximum marked
by the enhancement of the absolute Lyman-α intensity in 2000–
2002 (and to a lesser extent in 2011–2013). The annual trend of
the data is the same in every same-latitude sample.

We then extracted the annual Lyman-α intensity for ev-
ery same-latitude line of sight pair and plotted it as a function

of the spacecraft ecliptic longitude. We corrected for the solar
Lyman-α variations by dividing by the solar Lyman-α flux
(Woods et al. 2000) measured four days before the SWAN data
for the lines of sight pointing forward, and four days after the
SWAN data for the lines of sight pointing backward. As ex-
plained above, for symmetry reasons, the intensities should be
equal when SOHO is along the wind axis, either upwind or
downwind. We calculated the difference of the two coupled
curves (forward – backward), and linearly fit the data as function
of the SOHO ecliptic longitude. A fit example for the upwind
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Fig. 6. Annual results for the flow ecliptic longitude derived from the
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of the flow ecliptic longitude derived with different methods are also
marked: the Quémerais et al. (1999) Lyman-α line profile reconstruc-
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and the Quémerais et al. (2014) triangulation method from SWAN and
MESSENGER coupled observations in 2010 (circle). All previous de-
terminations lie within the standard deviation range (dotted lines) deter-
mined in our analysis.

position of SOHO is shown in Fig. 4, where the smoothing effect
of the solar Lyman-α correction is clearly visible in the data. In
general, the solar Lyman-α correction improves the linear fit χ2

by several factors. Using the fit parameters (α, β) and their error
bars (σα, σβ) calculated from the SWAN data standard devia-
tions, we solved the equation y = αx + β for y = 0, where y is
the Lyman-α intensity difference and x is the SOHO ecliptic lon-
gitude in degrees. For each same-latitude line of sight pair, the
ascending and descending slope equations give us two solutions,
one for the upwind and one for the downwind ecliptic longitude
of SOHO. In the following sections we discuss the results only
for the upwind longitude, but the downwind analysis, results, and
conclusions are the same.

3. Discussion

The annual results for the upwind ecliptic longitude are pre-
sented in Fig. 5. The main prominent feature in the results is
a modulation of the ecliptic longitude derived from high-latitude
data, especially during the solar minimum periods (1996–1998
and 2006–2010). During solar minimum, when the MER is di-
vided into two lobes by the Lyman-α groove, the derived flow
longitude shifts toward higher values in the northern hemi-
sphere and toward lower values in the southern hemisphere. On
the other hand, at 0◦ latitude, the flow upwind ecliptic longi-
tude value is stable throughout the solar cycle at an average
value of 252.9◦ ± 1.4◦ (Fig. 6). In the same figure we include
previous determinations from i) a model-independent method
of Lyman-α line profile reconstruction and projected velocity
map based on 1996–1997 SWAN hydrogen-cell data (252.3◦ ±
0.7◦; Quémerais et al. 1999); ii) the zero-Doppler-shift local-
ization method, fitting a hot model to the same data in 1996–
1997 (252.5◦ ± 0.5◦; Lallement et al. 2005) and 2001–2002
(252.9◦ ± 0.5◦; Lallement et al. 2010); and iii) the MER triangu-
lation method from SWAN and MESSENGER coupled observa-
tions in 2010 (253.2◦ ± 2◦; Quémerais et al. 2014). All of these

previous determinations lie within the standard deviation range
(dotted lines in Fig. 6) derived in our analysis. As seen in Fig. 5,
for solar maximum periods (1999–2005 and 2011–2015), the up-
wind ecliptic longitude values for all latitudes tend to converge
toward the same value as the one derived for lines of sight near
the ecliptic, consistent with the quasi-circular and well-centered
shape of the MER near the ecliptic plane.

The reason for the high-latitude modulation lies in the shape
and inclination of the MER off-ecliptic lobes. In our method we
assumed that the interstellar flow is perfectly axisymmetric at
infinity and that the interstellar plane of symmetry includes the
ecliptic pole axis. However, the lobes are not exactly aligned
with the ecliptic pole axis, but rather with the solar rotation
axis, since the effects of Lyman-α illumination, lower radiation
pressure during solar minimum, and charge-exchange ionization
processes are averaged in the SWAN maps by solar rotation.
To demonstrate this effect, we used two simulations of the he-
liosphere during solar minimum conditions performed with the
IKI global time-dependent 3D model (Izmodenov et al. 2013). In
the first case, the solar rotation axis is tilted to its natural value
of 7.25◦, while in the second, it was considered with no tilt at
all with respect to the ecliptic pole axis. In Fig. 7 we present the
results of the simulations on the shape of the MER during solar
minimum, along with a SWAN data projection of the MER re-
gion and the average upwind longitudes derived from all latitude
parallels. Despite the simplified assumptions in our method, the
effect is undeniable, since the figure shows that the MER lobes
and the averaged flow longitudes derived from this analysis align
when the solar rotation axis is tilted.

4. Conclusions

We have used SWAN interplanetary Lyman-α data and the paral-
lax effects induced by the SOHO annual motion in the Lyman-α
intensity to calculate the ecliptic longitude at which the space-
craft crosses the interstellar H-flow plane of symmetry and thus
derived the ecliptic longitude of the interstellar H-flow vector.
In the last 20 years of SWAN operations we find no significant
change in the interstellar H-flow vector longitude, except for a
modulation at higher latitudes that is correlated with the solar cy-
cle. This modulation is mainly due to the presence of the Lyman-
α groove pattern in the MER produced by the highly anisotropic
SW during solar minimum. Near the ecliptic plane, where vari-
ations are considerably reduced, the average value for the flow
upwind ecliptic longitude is found to be 252.9◦ ± 1.4◦, in very
good agreement with previous determinations (Quémerais et al.
1999, 2014; Lallement et al. 2005, 2010). In the years of solar
maximum, the results at all latitudes tend to converge toward
this “canonical” value, supporting the general idea of a more
isotropic SW and a quasi-circular MER centered near the eclip-
tic plane. These results further support the argument in favor of
the long-term stability of the interstellar vector for the H flow
and in consequence for He as well. A more detailed analysis
of the SWAN H-absorption cell data should allow a firm deter-
mination of the interstellar H flow vector in both longitude and
latitude (λ, β) throughout the last solar cycles.
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We show the SWAN data for Dec. 3, 2009 (left), a simulation result calculated for this date using the Moscow full-heliospheric model (middle), and
the same simulation assuming that the solar rotation axis is perfectly aligned with the ecliptic axis (right). The black crosses represent the average
upwind longitude derived from this analysis for the different latitude parallels. The black line approximately traces the north-south direction on
which these directions are aligned, while the dashed lines in the center and right panels show the alignment of the MER north and south lobes in
the model maps. No such alignment could be precisely defined from the data maps, as there was a large gap in the data that is due to the detector
shield.
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