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Abstract. Recently Lallement et al. (2005, Science, 307, 1447) reported that the direction of the flow of interstellar neutral
hydrogen in the heliosphere is deflected by ~4° from the direction of the pristine local interstellar gas flow. The most probable
physical phenomenon responsible for such a deviation is the interstellar magnetic field inclined to the direction of the interstellar
gas flow. In this case the flow of the interstellar charged component is asymmetric and distorted in the region of the solar wind
interaction with the local interstellar medium, which is called the heliospheric interface. The interstellar H atoms pass through
the heliospheric interface and interact with the plasma component by charge exchange. Some imprints of the asymmetry of the
heliospheric plasma interface should be seen in the distribution of the interstellar H atom component. In this letter we explore
this scenario quantitatively and demonstrate that our new self-consistent 3D kinetic-MHD model of the solar wind interaction
with the magnetized interstellar plasma is able to produce the measured deviation in the case of a rather strong interstellar
magnetic field of ~2.5 4G inclined by ~45° to the direction of interstellar flow.
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1. Introduction

The heliospheric interface is formed due to the interaction of
the solar wind and interstellar plasmas. The qualitative pat-
tern of the heliospheric interface is shown in Fig. 1. The he-
liospheric interface consists of the termination shock (TS) de-
celerating the supersonic solar wind to subsonic, the heliopause
(HP) — the contact discontinuity separating the interstellar and
solar wind plasmas, and possibly a bow shock (BS). The local
interstellar cloud (LIC) surrounding the Sun is partially ion-
ized. In contrast to the interstellar plasma component, which
is deflected around the heliopause, the interstellar atoms pene-
trate deep into the heliosphere, where they and their derivatives,
such as pickup ions and anomalous cosmic rays (ACRs) can be
observed. The properties of the interstellar H atoms within the
heliosphere can be inferred from the analysis of backscattered
solar Lyman-alpha radiation measurements. In particular, ab-
sorption cell measurements by SOHO/SWAN (Bertaux et al.
1995) allow to measure the Doppler shifts of the backscattered
(by interstellar H atoms) solar Lyman-alpha glow, and, there-
fore, to obtain information on the velocity vector of the inter-
stellar H atom flow in the heliosphere. Recently Lallement et al.
(2005) reported that the flow of interstellar neutral hydrogen
deviates by ~4° from the direction of the unperturbed interstel-
lar flow.
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The most probable explanation for such a deviation is con-
nected with the presence of the interstellar magnetic field in-
clined to the direction of the interstellar wind. The magnetic
field distorts the heliospheric plasma interface making it asym-
metric. Imprints of this asymmetry should be pronounced in
the distribution of interstellar H atoms, because the interstel-
lar H atom and proton components are coupled by charge ex-
change. The process of charge exchange is essentially effective
in the outer heliosheath region between the HP and BS. As the
result of the charge exchange the secondary interstellar H atom
population is created in the region, and the heliosphere is filled
by the mixture of the primary (i.e. original) and secondary pop-
ulations of the interstellar H atoms.

To estimate quantitatively how strong the imprints of the
plasma asymmetry are in the H atom distributions we employ
a 3D kinetic-continuum model of the interface. This model
is an advancement of kinetic-continuum models developed by
the Moscow group, following the approach by Baranov &
Malama (1993). The main advantage of these models is the
rigorous kinetic description of the interstellar H atom compo-
nent, which is required because the mean free path of the in-
terstellar H atoms is comparable with the characteristic size
of the interface. Advanced recent continuum-kinetic models
take into account additional physical effects, such as solar cycle
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Fig. 1. The structure of the heliospheric interface. TS is the termi-
nation shock, HP is the heliopause and BS is the bow shock. Solid
curves correspond to the model, when the interstellar magnetic field is
taken into account, dashed curves correspond the model with vanish-
ing magnetic field.

variations of the solar wind (Izmodenov et al. 2005), interstel-
lar ionized helium and solar wind alpha particles (Izmodenov
et al. 2003b), galactic cosmic rays (Myasnikov et al. 2000),
and anomalous cosmic rays (Alexashov et al. 2004b). In ad-
dition, the Baranov-Malama model was extended far into the
tail direction by Izmodenov & Alexashov (2003a), Alexashov
et al. (2004a). For recent reviews on developments made by the
Moscow group see Izmodenov (2004). However, the role of the
interstellar magnetic field was not explored in these previously
developed models.

Numerical 2D MHD modeling of the heliospheric plasma
interface was performed by Fujimoto & Matsuda (1991),
Baranov & Zaitsev (1995), Myasnikov (1997). It was shown
that the interstellar magnetic field (ISMF) could change the
structure of the interaction region as well as locations and
shapes of the termination shock and heliopause. Inclined mag-
netic field, when the angle between the direction of ISMF and
the direction of the interstellar flow is between 0° and 90°,
distorts the heliospheric interface making it essentially three-
dimensional (Ratkiewicz et al. 1998, 2000; Linde et al. 1998;
Pogorelov & Matsuda 1998, 2000; Tanaka & Washimi 1999;
Opher et al. 2004; Pogorelov 2004). To evaluate how these
plasma distortions in the heliospheric interface are pronounced
in the distribution of H atoms inside the heliosphere proper 3D
self-consistent modeling is required. Up to date mutual effects
of the interstellar H atoms and the interstellar magnetic field
were considered only in the case, when the direction of IMF
coincides with the direction of the interstellar flow (Alexashov
et al. 2004b; Florinski et al. 2004). Interstellar H atoms are
treated kinetically in the first paper, while Florinski et al. (2004)
employ multi-fluid approach. The essential differences between
kinetic and multi-fluid approaches are discussed in detail by
Alexashov & Izmodenov (2005).
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We present results of a new 3D kinetic-MHD model of the
heliospheric interface, which allows quantitative study of com-
bined effects of the tilted ISMF and interstellar H atoms. In
this Letter we focus our study on the direction of the resulting
interstellar H flow vector in the heliosphere and compare our
model predictions with the recently reported results obtained
from SOHO/SWAN solar Lyman-alpha backscattering obser-
vations. The comparison of model and data allow to constrain
the direction and magnitude of the interstellar magnetic field.

2. Model

In this work we present results of our new 3D kinetic-
continuum model of the solar wind interaction with a two-
component (plasma component and interstellar H atoms) inter-
stellar medium. The kinetic equation of the interstellar H atom
component was solved self-consistently together with the ideal
MHD equations for the charged component. The charged
and neutral components interact mainly by charge exchange.
Photoionization and electron impact ionization are also taken
into account in the model. For simplicity, we assume here
that solar gravitation is equal to the solar radiation pressure,
ie. 4 = Frag/Femit = 1. The influence of the interstellar
H atoms was taken into account on the right-hand sides of the
MHD equations. Details on the governing equations and ex-
pressions for the source terms can be found, for example, in
Izmodenov (2004).

The boundary conditions for the charged component are
determined by the solar wind parameters at the Earth’s orbit
and by parameters in the undisturbed LIC. At the Earth’s or-
bit it is assumed npp = neg = 7.39 cm™, Vg = 432 km s71,
Te = 51109 K. The velocity and temperature of the pristine
interstellar medium were recently determined from the consol-
idation of all available experimental data (Mdbius et al. 2004;
Witte 2004; Gloeckler 2004; Lallement 2004a,b). We adopt in
this paper Viic = 26.4 km sl and Ty ¢ = 6527 K. In order
to get a noticeable effect on the direction of the H atom flow
we assume a rather strong ISMF, Byjc = 2.5 uG, which cor-
responds to an Alfvénic Mach number M, = 1.18, and fast
magnetosonic Mach number is 1.01. The angle between the di-
rection of the interstellar magnetic field and the direction of
the interstellar flow is assumed to be 45°. For the local in-
terstellar H atom and proton/electron number densities we as-
sume ngpic = 0.18 cm™3 and npLic = 0.06 cm™3, respectively.
The velocity distribution of interstellar atoms is assumed to be
Maxwellian in the unperturbed LIC. For the plasma component
at the outer boundary in the tail we used soft outflow boundary
conditions. For the details of the computations in the tail di-
rection see Izmodenov & Alexashov (2003a), Alexashov et al.
(2004a).

3. Results

Figure 1 presents the shapes of the termination shock (TS), he-
liopause (HP), and the bow shock (BS) in the plane xz plane
along with their heliocentric distances. The xz plane is de-
termined by the Sun-LIC relative velocity and the interstellar
magnetic field vectors. The direction of the z axis is chosen to
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be opposite to the interstellar gas velocity vector. The direction
of the ISMF vector constitutes —135° relative to the z axis. For
the purpose of comparison Fig. 1 presents the TS, HP and BS
for the case of vanishing ISMF (dashed curves). It is seen that
the interstellar magnetic field pressure pushes the heliopause
and the termination shock towards the Sun as compared with
a model without magnetic field. In the upwind direction the
TS and HP are closer to the Sun by ~10 AU and ~20 AU, re-
spectively. The maximum and minimum of the magnetic field
pressure occur in the directions of § = —45° and 6 = 45°, re-
spectively. (The definition of € is given in Fig. 1, and an interval
—180° < 6 < 180° is adopted here.) The difference in magnetic
pressure creates a strong asymmetry of the heliopause with re-
spect of the z axis. The distances to the heliopause are ~144 AU
and ~164 AU, for 6 = —45° and 8 = 45°, respectively. For
comparison, the distance to the HP is ~180 AU in the case of
a vanishing magnetic field. The asymmetry is weaker, but still
pronounced, for the TS. The distances to the TS are 87 AU for
6 = —45° and 95 AU for 6 = 45°, respectively.

The asymmetry of the bow shock (Fig. 1) is connected with
both the asymmetry of the heliopause, which serves as an ob-
stacle for the interstellar plasma flow, and different propaga-
tion of MHD waves along and perpendicular to the interstellar
magnetic field. As a result of the discussed asymmetry, the dis-
tance between the HP and BS is larger in the upper half of the
zx-plane, where 6 is positive, as compared with the negative
half of the plane. In fact, the interstellar plasma is more com-
pressed for the positive values of 6 and less compressed for its
negative values (see also Fig. 2A). The maximum of the plasma
pileup region is shifted towards the upper half of the plane in
Fig. 2A. It is important to note that due to the rather strong
magnetic field and the massloading of interstellar plasma by
charge exchange with secondary interstellar atoms the BS be-
comes very weak and tends to turn into the characteristic.

Figure 2A presents also the streamlines of the plasma com-
ponent. The stagnation point is located in the upper half of the
zx plane. The stagnation point is shifted by ~10° away from
the z axis. It is important to note that the velocity vector of the
plasma passing through the region of maximum plasma den-
sity has a noticeable V, component. The secondary interstellar
atoms, which originate in the region between the BS and the
HP, should have the properties of the plasma of this region.
Figure 2B presents the number density of this secondary in-
terstellar atom component. The maximum density appears in
the region between the TS and HP. This is so-called hydrogen
wall, which was predicted by Baranov et al. (1991) and con-
firmed later by Linsky & Wood (1996). It is seen in the figure
that the maximum of the hydrogen wall is also slightly shifted
to the upper half of the XZ plane and reflects the behavior of the
plasma distributions. “The streamlines” of the H atom compo-
nent are also shown in Fig. 2B. “The streamlines” were plotted
based on the mean velocity field distribution of the interstel-
lar H atoms, which was calculated in a Monte-Carlo scheme as
the integral Vy = f w fy(r,w)dw, where fy(r,w) is the veloc-
ity distribution function of the H atom component. The veloc-
ity vector Vy determines the direction of the H atom flow on
average. It is seen from the figure that in the heliosphere the
velocity vector Vi has a noticeable V, component even very
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Fig. 2. Isolines of the number density and streamlines of the plasma
component A) and secondary H atom population B). The asymmetry
of the plasma pileup region due to the ISMF is clearly seen.

close to the Sun. Therefore, the effect observed by Lallement
et al. (2005) is clearly reproduced by our numerical results. To
quantify the effect we plot the angle ay, which determines the
direction of the H atom flow: ay = acrtg (V,u/V, u). Figure 3
shows ay for the primary (right plot) and secondary (left plot)
populations of the interstellar H atoms. ay is presented as func-
tion of the heliocentric distance for three different lines of sight,
which correspond to the angles 6 = 0°,45°, —45°. It is seen that
for the upwind direction (6 = 0°) ayg ~ —5° for the secondary
interstellar H atom population and @y ~ —1° for the primary
interstellar H atoms. The small erratic variations on the curves
are due to statistical uncertainties in our Monte-Carlo calcula-
tions. Dashed curves in Fig. 3 correspond to lines of sight of
6 = 45° and —45°. It is seen that the curves are nearly sym-
metric around ay = —5° for the secondary H atom component
and ag = —1° for the primary interstellar component. For the
purposes of comparison Fig. 3 also shows ay toward 6 = 45°
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Fig. 3. The angle ay = arctan (Vxu/Vzn) as a function of the heliocen-
tric distance for the primary A) and secondary B) interstellar H atoms.
ay is shown for different line of sights and for the models with and
without interstellar magnetic field.

and —45° lines of sight for the axysimmetric model, when the
ISMF vanishes. It is seen that the curves are symmetric around
ay = 0 in this case. Therefore, we conclude that for the ISMF
under consideration the direction of the secondary H atom flow
is @g = —5° and that of the primary H atom population is
ayg = —1°. The direction of the combined H flow in the he-
liosphere is the averaged sum of the two populations, which is
~3.5-4°. This number is in very good agreement with the re-
sults obtained by Lallement et al. (2005) from the analysis of
backscattered solar Lyman-alpha radiation.

4. Conclusions

Our new 3D continuum-kinetic self-consistent model of the he-
liospheric interface, which takes into account effects of both the
interstellar magnetic field and the interstellar H atom compo-
nent have shown that there is a ~4° difference in the direction
of the interstellar H atom flow in the heliosphere as compared
with the direction of the undisturbed interstellar flow. This re-
sult, which is in agreement with observational evidence re-
ported by Lallement et al. (2005), was obtained in the case of a
moderately strong interstellar magnetic field of Bric = 2.5 uG
with a direction of 45° relative to the interstellar flow vector.
The results presented here demonstrate that the direction of the
interstellar H atom flow in the heliosphere determined from
SOHO/SWAN experiment can serve as unique diagnostics of
the interstellar magnetic field amplitude and direction. A para-
metric study is needed in order to establish the magnetic field
direction and amplitude more accurately.

Another important result, which is presented in this letter,
is that the magnetic field significantly influences the location
of the TS. Therefore, the distance of the TS in two different
directions, which can be determined in the near future when
both Voyager spacecraft cross the shock, will also serve as a
crucial tool to establish constraints on the total pressure of the
LIC, and the direction of the ISMF. Together with estimations
of the interstellar H atom number density at the TS provided
by 1) Ulysses/SWICS and ACE/SWICS observations of pickup
ions and 2) the deceleration of the distant solar wind measured
by Voyager 2 could be sufficient to establish both the magnitude
and direction of the interstellar magnetic field as well as the
interstellar proton and H atom number densities.
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