arXiv:1310.6497v1 [astro-ph.SR] 24 Oct 2013

DRAFT VERSION OCTOBER 25, 2013
Preprint typeset using B TEX style emulateapj v. 5/2/11

THE EXISTENCE AND NATURE OF THE INTERSTELLAR BOW SHOCK

LOTFI BEN-JAFFEL '
UPMC Univ Paris 06, UMR7095, Institut d’Astrophysique de Paris, F-75014, Paris, France; bjaffel@iap.fr

M. STRUMIK, R. RATKIEWICZ?, J. GRYGORCZUK
Space Research Centre, Polish Academy of Sciences, Bartycka 18A, 00-716 Warsaw, Poland

(Recelved June 19, 2013; Accepted October 20 2013)
Draft version October 25, 2013

ABSTRACT

We report a new diagnostic between two different states of the local interstellar medium (LISM) near our solar
system using a sensitivity study constrained by several distinct and complementary observations of the LISM, solar
wind, and inner heliosphere. Assuming the Interstellar Boundary Explorer (IBEX) He flow parameters for the LISM,
we obtain a strength of ~ 2.7 + 0.2 uG and a direction pointing away from galactic coordinates (28,52) + 3° for the
interstellar magnetic field as resulting from fitting Voyager 1 & 2 in situ plasma measurements and IBEX energetic
neutral atoms ribbon. When using Ulysses parameters for the LISM He flow, we recently reported the same direction
but a strength of 2.2 £ 0.1 uG. First, we notice that with Ulysses He flow, our solution is in the expected hydrogen
deflection plane (HDP). In contrast, for the IBEX He flow, the solution is ~ 20° away from the corresponding HDP
plane. Second, the long-term monitoring of the interplanetary HI flow speed shows a value of ~ 26 km/s measured
at upwind from the Doppler-shift in the strong Lyman-a sky background emission line. All elements of diagnostics
seem therefore to support Ulysses He flow parameters for the interstellar state. In that frame, we argue that reliable
discrimination between superfast, subfast, or superslow states of the interstellar flow should be based on most existing
in situ and remote observations used together with global modelling of the heliosphere. For commonly accepted LISM

ionization rates, we show that a fast interstellar bow-shock should be standing-off upstream of the heliopause.

Subject headings:

interplanetary medium—ISM: magnetic fields—local interstellar matter—Sun:

heliosphere—solar wind—shock waves

1. INTRODUCTION

The detection of interstellar neutral hydrogen in the
neighborhood of the Earth orbit in the seventies of
the twentieth century opened a new era of investi-
gation on the origin and properties of the magne-
tized LISM, particularly its interaction with the time-
variable and anisotropic solar wind plasma and inter-
planetary magnetic field (IMF) (Bertaux & Blamont|
[1971; [Thomas & Krassal[1971; |Axford [1972). The idea
of heliospheric distortion by the interstellar magnetic
field (ISMF) was introduced since the late eighties us-
ing the very simple Newton approximation m
[1988), a concept that was theoretically generalized later
on using magnetohydrodynamic (MHD) 3D simulations
that clearly predict an asymmetric heliosphere in the

presence of an oblique ISMF (Ratkiewicz et al. | [1998;
Pogorelov & Matsuda|[1998). The first evidence for such

an asymmetry was a ~ 12° deflection of the heliosphere’s
nose that was reported using backscattered Lyman-«
emission measured by the Voyager ultraviolet spectrome-
ter deep in the heliosphere 2000). Us-
ing the Lyman-« emission distrbution over the sky as re-
motely observed by the Solar Wind Anisotropies instru-
ment onboard the Solar Wind Heliospheric Observatory
(SoHO/SWAN), it was possible to find that the direction
of the neutral hydrogen after crossing the heliopause is
slightly deflected from the LISM He flow, another new in-
dication on the heliosphere distortion (Lallement et al. |
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2005).
Meanwhile, Voyager 1 & 2 (V1 & V2) in situ measure-
ments of the heliopsheric plasma and field reported along
their trajectories out of the solar system revealed an
asymmetric termination shock shape that is probably re-
lated to the distortion of the heliosphere (Burlaga et al.
[2005; Decker et al. | [2005; |Gurnett & Kurth| [2008
Stone et al. | 12005; [Burlaga et al. | 2008; [Decker et al.
2008; |Gurnett & Kurth | 2008; Richardson et al. | 2008;
Stone et al. | 2008). Nevertheless, the V1 & V2 unique
harvests of in situ measurements corresponding to
a time evolving snapshot of the heliopsheric gas in
two distinct directions of space are raising challeng-
ing questions that nowadays theoretlcal models can-
not answer [2012;
Richardson & Wang|12012; lZ.ankMLJ l2£)lﬂ) Soon af-
ter the V2 termination shock (TS) crossing, a bright
ribbon of energetic neutral atoms (ENAs) was im-

aged by IBEX (McComas et al.| [2009). We remark

that Cassini observed high energy ENAs with a simi-

lar but less clear structure (Krimigis et al. |12009). The

ribbon structure is probably governed by the ISMF
interaction with the heliosphere (Schwadron et al. |
12009; Heerikhuisen et al. | 2010; [Chalov et al. | [2010;
Schwadron & McComas|[2013).

Recently it has been shown that the asymmetries ob-
served in the sky background Lyman-a emission deep
in the heliosphere, in the solar wind (SW) TS posi-
tion as measured by V1 and V2, and in the IBEX rib-
bon of ENAs, can all be explained with a rather weak
[Boo| ~ 2.2 + 0.1 uG ISMF pointing away from galac-
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Table 1
LISM velocity and temperature: Ulysses- and IBEX-based He
parameters. Inflow direction in ecliptic coordinates (A, 3).

He parameters A B Voo Too Ref.

Ulysses 255.4°  5.2° 26.4 km/s 6400 K  (Witte et al. 2004)
IBEX 259.2° 5.1° 228 km/s 6200 K (Bzowski et al. 2012)

tic coordinates (28,52) + 3° (Ben-Jaffel & Ratkiewicz
2012). This direction makes an angle of ~ 42° with
Ulysses helium flow (see Table 1) in agreement with our
first finding (Ben-Jaffel et al. |[2000). The ISMF vector
derived there lies in the HDP (Lallement et al. | [2010),
consistent with an independent analysis of the hydro-
gen flow deflection angle as observed by SOHO/SWAN
(Heerikhuisen & Pogorelov| 2011). We have also shown
that the MHD modeling of the only V1 and V2 in situ
measurements or IBEX data set does not lead to unique
values of the ISMF strength and orientation as previ-
ously expected. The asymmetry thus far reported for
the TS shape is not only the result of the ISMF ef-
fect but also of the SW anisotropy and time variation
(Ben-Jaffel & Ratkiewicz|[2012).

Nevetheless, a controversy is persisting about the ex-
istence of the interstellar bow shock, with opposite di-
agnostics originating from studies that are using dif-
ferent LISM parameters. For example, for the 2000
epoch Ulysses-based helium parameters, the interstellar
bow shock is claimed to exist (Pogorelov et al. | [2009;
Ben-Jaffel & Ratkiewicz| 2012). However, recent ob-
servations from the IBEX satellite show that the rel-
ative motion of the Sun with respect to the interstel-
lar medium is apparently slower than the fast mag-
netosonic speed (Bzowski et al. | 2012; McComas et al.
2012). This leads to a plasma configuration with no fast
bow shock forming ahead of the heliosphere, in contrast
to the idea widely expected in the past. The problem
is that such heliosphere configuration produces plasma
and field distributions that are not consistent with the
Voyagers TS crossings. Indeed, Ben-Jaffel & Ratkiewicz
(2012) showed a direct comparison between their MHD
model and Voyager 1 & 2 TS crossing observations when
using the IBEX He direction and the field strength
(~ 3 4G) derived by McComas et al. | (2012). That com-
parison clearly shows a misfit for both TS crossings (see
their Fig. 2 & 4). We are not aware of any other pub-
lication in the literature showing such direct comparison
when using the IBEX He parameters. The conclusion is
that the IBEX He speed and the field strength derived
by McComas et al. 2012 are not compatible with the
Voyager TS crossings (Ben-Jaffel & Ratkiewicz|2012).

Admittedly|Zank et al. | (2013) considered IBEX LISM
parameters jointly with TS crossings in their study of
the general problem of formation of shocks mediated
by neutrals. However they assumed the same TS lo-
cation (~ 89AU) for both the V1 and V2 crossings,
which is significantly different from the exact V1 & V2
TS crossings (~ 83.7 AU and ~ 94 AU). On the other
hand considering the subfast LISM interaction, a slow
bow shock ahead of the heliopause can alternatively be
produced (Pogorelov & Zank |12006; [Zieger et al. |12013).
However, MHD theory allows a slow bow shock pro-

vided that the angle between the LISM velocity and
magnetic field vectors is small (Zieger et al.| [2013).
This strong constraint on the magnetic field orienta-
tion contradicts results obtained from models repro-
ducing at least the shape of the measured IBEX rib-
bon (Schwadron et al. | 2009; |Grygorczuk et al. | 2011;
Heerikhuisen & Pogorelov| 2011; [Strumik et al. | 2011
Ben-Jaffel & Ratkiewicz | |2012; [Ratkiewicz et al. | [2012;
Schwadron & McComas|[2013).

In this paper we present a continuation of our sensi-
tivity study but use the LISM He flow parameters as
reported by the IBEX team (see Table 1). Namely, we
try to fit simultaneously the IBEX ribbon and both Voy-
agers crossings using MHD 3D simulations in which we
test a large set of ~ 2100 models of different strengths
and orientations of the ISMF, many SW activities for
the period 2004-2009, and a fine 3D grid. Finally, the
proposed study tests whether available observations and
simulation tools are adequate to discriminate between
two different boundary conditions of the LISM in the
neighborhood of our solar system.

2. MODEL AND METHOD

To study the SW-LISM interaction, we use the same
set of MHD equations that have a source term S
on the right-hand-side (RHS) describing charge ex-
change with the assumed constant flux of hydrogen
(Ratkiewicz and Ben-Jaffel | [2002):

ou —
— +V-F=Q+S (1)
ot
where U, Q, and S are column vectors, and F is a flux
tensor defined as:
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Here, p is the ion mass density, p = 2nkgT is the
pressure, n is the ion number density, T and Ty
(Tu = const) are ion and H atom temperatures,
and u and Vg (Vg = const) are the ion and H
atom velocity vectors, respectively; B is the magnetic
field vector, E = Lﬁ—i—“—;‘—i— BB s the total en-

y—1p 8mp
ergy per unit mass, and H = ﬁ% + 58+ ET];Z’ is en-
thalpy. -~ is the ratio of specific heats. I is the 3
x 3 identity matrix. The charge exchange collision
frequency is v, = ngou,, where ny is H atom num-

ber density, o is the charge exchange cross-section,
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and u, = ((u— Vg)? 4+ 128kp(T 4+ Ty)/(97my))*/? is
the effective average relative speed of protons and H
atoms, assuming that both protons and H atoms veloci-
ties follow a maxwellian distribution. The flows are taken
to be adiabatic with v = 5/3. The divergence-free mag-
netic field constraint, V - B = 0, is expressed in the nu-
merical simulations incorporating the source term Q to
the RHS of (1), which is proportional to the divergence
of the magnetic field. By adding Q to the RHS of (1)
assures that any numerically generated V - B # 0 is ad-
vected with the flow, and allows one to limit the growth
of V-B #0.

The three-dimensional set of equations defined in Eq.
1 is solved using a spatial first order time-marching,
implicit, upwind-differenced scheme based on a finite-
volume approach (Ratkiewicz et al. | [1998). The spher-
ical grid used for the computations is generated inter-
nally in the 3D MHD code, with 100 grid points in the
azimuthal, 146 points in the radial, and 200 points in the
meridional direction.

In the present study, we used the MHD model de-
scribed above with a magnetized interstellar plasma
where the solar wind is also magnetized and its latitu-
dinal anisotropy is included. The simulation frame is
Sun-centered, the inflow LISM velocity vector V., de-
fines the x-axis and the ISMF vector B lies in the x-y
plane. The ISMF orientation is determined by the incli-
nation angle a (between Vo, and B vectors) and the
deviation angle 8 between V -B., plane and the HDP
(Lallement et al. | [2010). We used a five-degree spaced
regular grid for testing different orientations of the ISMF
in the range 0° < a < 90° and —90° < 8 < 90°. The
ISMF strength values used in our study are 2.0, 2.2, 2.4,
2.8, 3.2, and 3.6 uG. After an approximate solution is
derived over the selected ISMF grid, a final MHD simu-
lation is calculated with the obtained fit.

The flux of hydrogen was assumed to be constant
(Ratkiewicz and Ben-Jaffel| [2002), where the neutral
H number density ny = 0.11 cm™3 is in the range
0.1 — 0.2 cm~? indicated by Tzmodenov et al. | (2003).
It is important to stress that the asymmetry of the TS
is not affected by the treatment of neutrals, provided
the density at the TS location is consistent with ob-
servations (Izmodenov et al. | 2003; [Alouani-Bibi et al.
2011)). Though using a simplified treatment of neutrals,
our approach provides reliable estimations for ISMF pa-
rameters as recently shown in comparison to results ob-
tained from independent models using a full kinetic de-
scription for neutrals (Heerikhuisen & Pogorelov| 2011}
Strumik et al. |12011; Ben-Jaffel & Ratkiewicz|2012).

In addition to the parameters shown in the second row
of Table 1, the LISM plasma density n, = 0.095 cm ™3 is
used in the outer boundary condition for our simulations.
The selected LISM plasma density is in the middle of the
density range thus far reported n, ~ 0.05—0.13cm ™2 in
the literature (Slavin & Frisch|[2008), yet the impact of
the full density range on the existence of the insterstellar
bow-shock will be discussed in section 3.3.

Ideally, time- and latitude- dependent solar wind
boundary conditions should be included for every set
of the LISM parameters listed above (~ 2100 cases).
At present, time dependent simulations of the helio-
sphere are feasible for fixed values of LISM parameters

1897 o

Figure 1. Contours of regions in galactic coordinates of the ISMF
orientations where the MHD model reproduces the TS crossing for
V2 on 2007 August 30 for the ISMF strength equal to (blue) 2.0,
(green) 2.2, (red) 2.4, (pink) 2.8, and (black) 3.6 uG (contours
are shown from top to bottom in increasing strength order). For
the IBEX ribbon, the small black contour (indicated by an arrow)
shows |B - R| < 0.03 obtained for 2.7uG as the best fit (embedded
between red (2.4) and orange (2.8) contours at latitudes higher than
30°). The B - R = 0 condition does not show a high sensitivity to
the ISMF strength and only the best solution is shown.

(Washimi et al. | [2011; [Pogorelov et al. | 2013). How-
ever, a comprehensive sensitivity study using fully time-
dependent approach is beyond the presently available
computational resources. Here, solar cycle effects are
included in a simplified manner. We tested five val-
ues of the slow solar wind speed in the range from 420
to 500 km/s, consistent with majority of measurements
made by the plasma detector on V2 and by the Advanced
Composition Explorer (ACE), an Earth-orbiting satel-
lite. The fast wind speed is assumed ~ 1.9 times the
slow speed value (Tokumaru et al. |[2010). We use yearly
maps of observed interplanetary scintillations provided
by (Tokumaru et al. |[2010) to fix the latitudinal extent
of the slow and fast solar wind in our model. These obser-
vations suggest that the fast wind cone extends outside
the latitudes range ~ 456 + 6° for the period of 2001-
2005, and ~ 436 4 6° for the period of 2006-2008 (he-
liographic latitudes measured from Sun equator). Dur-
ing the intermediate period of 2005-2006 the fast wind
cone was assumed to shrink linearly between the two val-
ues. The plasma density at 1 AU is assumed ngw = 5.2
em 3, thus the corresponding SW dynamic pressure (in
the range of 1.4—2.1nPa) is proportional to the square of
the SW speed variation. The solar equator is tilted 7.25°
with respect to the ecliptic plane and the ecliptic longi-
tude of the Sun’s ascending node is 75.77°(J2000). The
interplanetary magnetic field has the form of Parker’s
spirals, where the radial component is equal to 35.5 uG
at 1 AU.

Assuming the IBEX-based He parameters, the estima-
tion of the ISMF parameters consists in finding a sim-
ulation case that gives the best fit to existing observa-
tions. In the first step, we test the model simultaneously
against the IBEX ribbon observations and the TS cross-
ing by V2 using in situ plasma and magnetic field mea-
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Figure 2. Comparison of the V2 measurements (gray) and MHD
model results (black solid) for simulation parameters a = 45°,
B = 20°, ISMF strength 2.7 uG, and a SW speed of ~ 420km/s.
This model is the best solution obtained when using the IBEX He
parameters (Fig. 1). From the top panel, we show the plasma
speed, density, and magnetic field strength.

surements. The solar wind speed and density are not
available from plasma experiment on V1, but we assume
that they can be derived from V2 plasma measurements
obtained at the time of TS crossing by V1 and ACE
observations obtained about one year earlier and propa-
gated properly from the ACE location to the V1 position.
This procedure allows us to test the model also for TS
crossing by V1. This kind of approach was shown to
work well in our previous studies (Strumik et al. |[2011;
Ben-Jaffel & Ratkiewicz|[2019), thus should also provide
an ISMF vector consistent with all observations but ob-
tained for the new IBEX He flow parameters.

Here, it is important to clarify our implementation of
testing the global agreement between results of modeling
and the IBEX ribbon observations. Assuming the IMSF
direction of (ecliptic longitude= —120°, latitude= 31°),
Schwadron et al. | (2009) first showed a correlation be-
tween the measured ribbon ridge and the B - R =
locus obtained from simulations, where B is the draped
field vector outside the heliopause and R denotes the ra-
dial vector along the line of sight. As the IBEX ribbon
arc was almost circular, its center was found probably

Figure 3. The sky-projected positions (galactic coordinates) of
computed (solid line) compared to observed (open diamond) IBEX
ribbon estimated for the best fit derived in Figure 1 (SW speed
~ 420 km/s). A similar fit is also obtained for V1 TS-crossing time
in 2004 (SW speed ~ 440km/s)

near the direction of the ISMF, an approach that is is
not considered here (Funsten et al. |12009). In our sim-
ulations (Grygorczuk et al. | 2011 |Strumik et al. | 2011;
Ben-Jaffel & Ratkiewicz|[2012; [Ratkiewicz et al. |2012),
we are rather finding the simulated ribbon as a loci of the
strongest field outside the heliopause at which B-R = 0.
For each assumed ISMF strength and orientation, the
resulting simulated ribbon is compared directly to the
measured IBEX ribbon ridge of enhanced ENA emission
observed at ~ 2.7keV (Funsten et al. |12009). Note that
we do not calculate the ENA fluxes because this would
require other (kinetic) treatment of neutrals. Even then,
our previous results [2011)) are consis-
tent with the ribbons of simulated ENA fluxes by other
authors (Chalov et al. |2010; [Heerikhuisen & Pogorelov|
2011).

3. RESULTS AND DISCUSSION
3.1. Results for the IBEX He flow

Following the method described above, we first con-
ducted a sensitivity study to produce a large database
of ~ 2100 distinct MHD simulations that we compare to
the V2 TS crossing on 2007 August 30 and the IBEX rib-
bon observations. The database is then used to compare
galactic latitudes/longitudes for which the MHD model
agrees approximately with the measured plasma param-
eters observed during the V2 TS crossing for different
strengths of the ISMF (Fig. 1). We note that the en-
semble of solutions is sensitive to the field strength and
orientation. Our parametric study shows that our MHD
model reproduces the position of the IBEX ribbon and
the TS crossing conditions for V2 at ~ 83.7 AU, when
the ISMF magnitude is in the range of 2.7 + 0.2 uG and
is pointing away from ecliptic coordinates (224, 36) & 3°,
a direction that corresponds to simulation frame angles
a ~ 45° and 8 ~ 20°. This solution was obtained for a
slow SW heliographic latitudes range of ~ +36° with a
density of ~ 5.2cm™2 and a speed of ~ 420km/s at 1
AU, consistent with measurements obtained respectively
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Figure 4. The deep heliosphere magnetic field strength. V1 mea-
surements (gray) compared to MHD model (solid line) for simula-
tion parameters a = 45°, 5 = 20°, ISMF strength 2.7 uG, and SW
speed ~ 440km/s. This model is the best solution obtained in Fig-
ure 1 but for the V1 SW conditions (IBEX-based He parameters).

by V2 and by ACE before SW propagation to the TS
crossing. The fit to the plasma parameters during the
V2 TS crossing is shown in Figure 2 (solid line), and the
fit corresponding to the IBEX ribbon is shown in Figure
3.

The second step in our approach is to determine
whether, given the SW conditions that best correspond
to the V1 TS crossing on 2004 December 16, and with the
ISMF vector derived in step 1, our MHD model provides
a good fit to the position of the TS as measured by V1
in the interplanetary magnetic field. As shown in Fig-
ure 4 (solid line), a rather good fit is obtained with the
same ISMF strength and orientation obtained from V2
and IBEX data analysis but for SW speed ~ 440km/s
and density 5.2cm™3 (SW ram pressure ~ 1.681nPa).
In addition, for the V1 plasma conditions derived above,
a good fit (not shown) is also obtained for the IBEX
ribbon, confirming the weak sensitivity of the outer he-
liosheath to SW conditions (Izmodenov et al. |12005a).

3.2. Need for new constraints

In the following, we clarify why it is critical to use most
of the available in situ measurements and remote obser-
vations to properly constrain the ISMF vector, and more
generally to make any diagnostic about the state of the
external interstellar medium near our solar system. In
the previous section, our analysis was based only on the
IBEX ribbon and the V1 & V2 TS crossings and showed
that the solution thus far obtained for the strength of
the ISMF depends on the ISM external interstellar con-
ditions assumed. This dependency can be understood
from the cumulative effect of several sources of pressure
on the heliopause that result from both the gas dynamics
and the fields. Therefore, if the given values for the ISM
flow are not accurate, any uncertainty in its parameters
are immediately propagated to the fields, thereby leading
to a degeneracy that hides the exact value of the ISMF.

As a further example of the relative limitation of any
approach that uses only a subset of available observa-
tions, we briefly discuss the recent report on the ISM

strength as derived from the LISM Lyman-« absorption
line profile observed for nearby stars when assuming the
He LISM parameters obtained from IBEX (Zank et al.
2013). First, we remark that none of the three models
(corresponding respectively to 2, 3, and 4 uG) simultane-
ously fit the Lyman-a absorption observed for the four
stars thus far selected. In the upwind direction, the best
fit is obtained for an ISMF strength of 2 uG, a solution
that is rejected by our analysis of the Voyager 1 & 2 TS
crossings (e.g., Figure 1). Although they do not show
residuals between model fits and observed Lyman-« ab-
sorption profiles, one can see that their models with 2
and 3 uG are closest to the observations (see their Fig-
ure 10). This degeneracy calls for additional and distinct
observations to constrain the ISMF parameters, includ-
ing the Lyman-a absorption technique that should not
be used alone.

Other constraints are thus required in order to ac-
curately derive the ISMF strength, and more generally
the LISM properties. The first suggestion for such a
new constraint comes from the SOHO/SWAN experi-
ment that determined the direction from which neutral
hydrogen enters the inner heliosheath (Lallement et al.
2010). This direction and He inflow define the HDP,
assuming that the deflection of the neutral H flow is
caused by an asymmetry in the LISM plasma distri-
bution just outside the HP (Lallement et al.| [2005).
This suggestion was supported theoretically by MHD-
kinetic models that simulated solar wind-LISM interac-
tion ignoring the IMF but including charge exchange
between ions and neutrals, with an ISMF vector lying
in the HDP (Izmodenov et al. | [2005b). As shown by
(Pogorelov & Zank|[2006) and (Pogorelov et al. | [2007),
who included the IMF in the model, the plane defined
by LISM velocity and magnetic field vectors does not ex-
actly coincide with the HDP. Building upon this idea,
Pogorelov et al. | (2008) used a kinetic model in which
the interstellar plasma pressure was not that different
from the value used here (~ 20% smaller in their case),
yet they obtained one of the largest asymmetry in the T'S
shape. For that configuration, [Pogorelov et al. | (2008)
found that the combined distribution of primary and
secondary populations of HI atoms is deflected ~ 3.8°
in the HDP and ~ 0.05° perpendicular to it, confirm-
ing that the deflection is produced mainly in the HDP.
In contrast, the peaks of distributions of the different
HI populations showed slightly larger angles, which al-
lows to bound the angle between the plane formed by
the ISMF and He flow vectors and the resulting HDP to
be smaller than ~ 15°. If this is true, the ISMF vector
oriented ~ 20° from the corresponding HDP could not
be an acceptable solution.

A second suggestion to take off the degeneracy in the
ISMF strength and the related ISM properties comes
from the long-term monitoring of the interplanetary HI
flow speed measured upwind from the corresponding
strong Lyman-« sky background emission line. For ref-
erence, we recall that the Lyman-a glow backscattered
by the interplanetary hydrogen (IPH) was at the heart
of the discovery of extrasolar HI of interstellar origin
near the Earth’s orbit. The HI speed is derived directly
from the Doppler separation between the interplanetary
and Earth geocorona Lyman-a emission lines. The mea-
sured speed corresponds to a specific weighted average
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HI atoms velocity over the line of sight in the upwind di-
rection. Hydrogen atoms consist of several populations
(primary, secondary, etc.) corresponding to the level of
charge exchange they suffered. Indeed, interstellar neu-
tral atoms start their charge-exchange with decelerated
ions near the heliopause region but are deflected/ionized
near the Sun (Wallis! [1975; [Baranov et al. | [1991)). All
kinetic and radiation transfer models thus far proposed
for the Lyman-« line Doppler shift agree that the derived
IPH average speed should be smaller than the speed of
the flow at infinity (Bzowski et al. |[1997; |Scherer et al.

1999; [Quémerais et al. ||2008; [Katushkina & Izmodenov

2011). The IPH speed also depends on the solar wind
activity. It was monitored with SOHO/SWAN and the
Space Telescope Imaging Spectrometer onboard the Hub-
ble Space Telescope (HST/STIS) during cycle 22, giving
a rather coherent view from both observations and mod-
els that the ITPH speed is at all times consistent with
the ~ 26km/s measured by Ulysses for the He flow
(Vincent et al. | 2011, Vincent et al., 2013, in prepara-
ration). In contrast, the same monitoring showed that
on several dates, the IPH speed does exceed the He ve-
locity of ~ 23km/s reported by IBEX (see Figure 8 of
Vincent et al. |2011). We do not see how the hydrogen
population, which suffers important charge-exchanges
near the heliopause, could have a line of sight average
speed that is comparable to or exceeds the He flow speed
(Bzowski et al. | [1997; IQuémerais et al. | 2008). All to-
gether, the import of the HDP plane and the indepen-
dent constraint from the IPH flow speed are clearly in
favor of Ulysses He flow velocity of ~ 26km/s.

3.3. Diagnostic on the LISM bow shock

The conclusion regarding the LISM He flow parame-
ters that favors the Ulysses measurements as the unique
parameters of the LISM bulk flow, also gives us an op-
portunity to achieve a better insight into the state of the
plasma upstream of the heliopause. In the recent con-
text of contradicting conclusions regarding the nature of
the LISM bow shock (superfast, subfast, or superslow),
we try in the following discussion to clarify the problem
using most reasonable parameters of the LISM plasma.
Our discussion is based on the fast magnetosonic speed

Cf:

¢ =05(+0>+/(c® +b%)? — 4c2h? cos?0)  (2)

where ¢ and b denotes sound and Alfvenic speed, re-
spectively, and 6 is the angle between the wave vector
and the magnetic field vector. The maximum value for
the fast speed c;i. appears when 6 = 90° :

0}2 =+ 12 (3)

Having the undisturbed LISM plasma parameters, one
can calculate the minimal fast magnetosonic Mach num-
ber My = V/(c}). When the minimal My > 1, the flow
is superfast. In Table 2, the M for the LISM parameters
in the range Boo ~ 2.0 — 4.0 uG, velocity Voo ~ 22.8 —
26.4km/s, and n, ~ 0.05 — 0.13cm > assumed at the
outer boundary is calculated (Slavin & Frisch |[2008). As
one can see for Voo = 26.4km/s, the flow is superfast (or
marginally superfast) for the ISMF solution B, ~ 2.2+

Table 2
Minimum fast magnetoacoustic Mach number M for different
LISM parameters.

np(cm 3) \ Bos (uG) 2.0 22 27 30 40 Vg (km/s)
0.048 1.10 1.03 0.88 0.81 0.63 26.4
0.095 1.36 1.29 1.13 1.05 0.84 26.4
0.13 1.47 140 1.25 117 0.96 26.4
0.048 0.96 0.89 0.76 0.70 0.54 22.8
0.095 1.18 1.12 0.99 091 0.73 22.8
0.13 1.28 1.22 1.09 1.02 0.83 22.8

Table 3
B for Ulysses- and IBEX-based He parameters in ecliptic (Aec,
Bec), galactic (I,b) and simulation (a, ) coordinates.

Boo strength Aec Bec l b @ B

Ulysses 2.2+0.1puG  241+£3° 39+3° 28+3° 524+3° 4242° 0+£2°
IBEX 2.7+£02uG 241+£3° 394+3° 28+3° 52+3° 454+3° 20+£3°

0.1 uG derived in Ben-Jaffel & Ratkiewicz (2012) and
for all possible cases of LISM density (Slavin & Frisch
2008). For Vo, = 22.8km/s, and the corresponding ISMF
values By, ~ 2.740.2 uG, a solution that is not compat-
ible with SOHO/SWAN and HST observations, the flow
is subfast for small n, ~ 0.048 cm ™3, but marginally su-
perfast for n, > 0.095 cm™3.

The tabulated results explain that the contradict-
ing conclusions about the nature and existence of
the bow shock do not originate from observations
but from different parameters assumed for the LISM
flow (Ben-Jaffel & Ratkiewicz | [2012; [Zank et al. | 2013;
Zieger et al. | 2013). Therefore, based on our sensitiv-
ity study and the additional arguments that support the
Ulysses He flow of 26.4 km/s, the interstellar bow shock
does exist for all reasonable LISM proton densities.

4. SUMMARY AND CONCLUSIONS

We have shown that the asymmetries observed in the
sky background Lyman-a emission deep in the helio-
sphere, in the TS position as measured by V1 and V2,
and in the IBEX ribbon of ENAs, can all be explained
with a local interstellar magnetic field pointing away
from galactic coordinates (28, 52)+3° but with a strength
that depends on the LISM He parameters thus far as-
sumed for the external boundary condition of the model.

For instance, this direction makes an angle of ~ 42°
and ~ 45° respectively with the Ulysses and IBEX he-
lium flows. For the Ulysses-based He parameters, the
ISMF vector was found in the HDP plane, consistent
with an independent analysis of the SOHO/SWAN hy-
drogen flow deflection angle (Heerikhuisen & Pogorelov
2011; Ben-Jaffel & Ratkiewicz|[2012). However, for the
IBEX-based He parameters, the ISMF vector derived
here is oriented ~ 20° away from the corresponding HDP,
in contrast to the solution reported in [McComas et al.
(2012). Our solution for the ISMF vector indicates
degeneracy in the field strength that depends on the
assumed external ISM boundary conditions. For the
Ulysses He parameters, a rather weak field of 2.24+0.1 uG
is required while for IBEX-based ISM parameters, a field
strength of 2.7+ 0.2 uG is needed. Our sensitivity study
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showed the need for new constraints (other than only
using the IBEX ribbon and the V1 & V2 TS crossing
observations) to avoid that degeneracy.

A first suggestion comes from the SOHO/SWAN ob-
servation of the HI direction of deflection. With Ulysses
He flow, our solution is in the HDP (uncertainty of ~ 2°),
consistent with the general idea that the magnetic field
should be in that plane. In contrast, for the IBEX He
flow, the solution is ~ 20° away from the HDP. A second
suggestion to better constrain the ISM He flow comes
from the solar cycle monitoring of the interplanetary
HI flow speed measured upwind from the correspond-
ingly strong Lyman—a emission line. Independently of
the simulations described here, the existing HI speeds
are consistent with Ulysses He flow of ~ 26km/s. All
elements of the diagnostics reported here seem to sup-
port Ulysses He flow parameters for the interstellar state,
which allows to diagnostic the nature and existence of the
interstellar bow shock. In that frame, our results show
that the interstellar bow-shock does exist.

Finally, we want to highlight some critical findings and
our recommendations based upon those findings. First,
it is possible to make a definite and safe diagnostic about
the interstellar medium state in the neighborhood of our
solar system when using most existing in situ and re-
mote observations. The diagnostic provided by the IBEX
ENAs spatial distribution is a key ingredient for obtain-
ing the orientation of the ISMF. The simple, pioneering
technique to monitor the IPH speed during the solar cy-
cle is also a second, key ingredient to constrain the bulk
velocity of the ISM. Measurements made in situ bring
answers to fundamental questions about the physics of
the SW-LISM interaction and the local conditions of the
time-variable plasma state in the heliosphere. All these
ingredients will be much needed in the future if we de-
sire to monitor any change in the interstellar medium
conditions that our Sun may encounter on its galactic
orbit. These goals will not be achieved without thinking
right now about new interstellar probes particularly in
the downwind direction, a refurbished version of IBEX,
and a far ultraviolet capability to replace the Hubble
Space Telescope. Those are the unique capabilities that
may provide the key ingredients to allow a reliable diag-
nostic of the solar system local environment in the future.
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