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ABSTRACT

The Energetic Neutral Atom (ENA) full-sky maps obtained with the Interstellar Boundary Explorer (IBEX) show
an unexpected bright narrow band of increased intensity. This so-called ENA ribbon results from charge exchange
of interstellar neutral atoms with protons in the outer heliosphere or beyond. Among other hypotheses it has been
argued that this ribbon may be related to a neutral density enhancement, or H-wave, in the local interstellar
medium. Here we quantitatively demonstrate, on the basis of an analytical model of the principal large-scale
heliospheric structure, that this scenario for the ribbon formation leads to results that are fully consistent with the
observed location of the ribbon in the full-sky maps at all energies detected with high-energy sensor /BEX-Hi.
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1. INTRODUCTION

The Interstellar Boundary Explorer (IBEX) has provided the
first energy-resolved all-sky maps of the flux of energetic
neutral atoms (ENAs). These /IBEX maps reveal, above a
general solar wind-structured ENA flux background, a “ribbon”
of increased flux. Several models have been proposed to
explain the source, location, and structure of the ribbon.

McComas et al. (2009a) and Schwadron et al. (2009) were
the first to suggest that the ribbon might result from consecutive
charge-exchange processes. This scenario has, subsequently,
been modeled quantitatively (see, e.g., Heerikhuisen et al.
2010; Heerikhuisen & Pogorelov 2011; Strumik et al. 2011;
Mobius et al. 2013; Schwadron & McComas 2013; Zirnstein
et al. 2013; Burlaga et al. 2014; Heerikhuisen et al. 2014;
Isenberg 2014). Despite the model’s basic success in explain-
ing the ENA ribbon, there remain critical open questions
regarding the stability of the (pick-up ion) seed distribution of
the ribbon ENAs in the local interstellar medium (LISM;
Florinski et al. 2010; Gamayunov et al. 2010; Burlaga &
Ness 2014). Other suggestions comprise the ideas that the
source regions of the ribbon ENAs are located far beyond the
heliopause (HP) at the edge of the local interstellar cloud
(Grzedzielski et al. 2010) or rather inside the heliosphere (Fahr
et al. 2011; Kucharek et al. 2013; Siewert et al. 2013). A
different scenario suggests that the LISM has a magnetic and
neutral density structure, but assumes that the production
region of the ENAs is mainly in the inner heliosheath (IHS),
which was proposed recently by Fichtner et al. (2014).

All of these hypotheses have been summarized and critically
assessed in detail in the review papers by McComas et al.
(2014b, 2014a) with the result that, while it is clear that the
ENAs establishing the IBEX ribbon are related to the
interaction of the heliosphere with the LISM, there is no
consensus yet on their source region(s).

In this paper, we follow up on the idea that the /BEX ENA
ribbon is a result of a so-called H-wave (Section 2) transiting
through the heliosphere (Fichtner et al. 2014). In order to
translate that idea into a quantitative model, we construct the
geometry of the ribbon (Section 3) within the framework of a
simple but well-suited model of the principal large-scale
heliospheric structure. We discuss a best fit to the ENA data
obtained with the /BEX-Hi detector along with the significance
for the findings regarding the relation between the ribbon and

the local interstellar magnetic field (Section 4) and the
sensitivity of the results to parameter changes (Section 5).
Section 6 contains a brief summary of results and the
conclusions regarding the H-wave hypothesis.

2. MODEL OF THE HELIOSHEATH AND THE H-WAVE
INDUCED RIBBON FORMATION

2.1. Plasma Flow

For the present purpose, both the solar wind plasma flow in
the IHS and the interstellar plasma flow in the outer heliosheath
(OHS), i.e., in the regions between the termination shock (TS)
and the HP and outside the latter (formally up to the interstellar
bow shock), can be described as being incompressible
(V - u = 0, see Roken et al. 2015):
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with the scalar velocity potential in cylindrical coordinates

ku
D(p, X3) = Upismxs + —=M;

r
where r = /p? + x7, p = x> + x3, and (x;, x5, x3) denote

Cartesian coordinates and uy 1y is the speed of the undisturbed
LISM flow. In this formulation, k uy g\ is interpreted as the
speed of the shocked solar wind in the IHS. The resulting flow
lines x3(p) can be obtained from the equation

k = const. 3)
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or from the associated stream function (see Appendix A) with
the solution

1
2 2R 2
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The parameter 7 is identifying the flow lines and k characterizes
the relative strength of the solar and the interstellar wind, which
we take as k = 2 (see Roken et al. 2015). With this and n = 1
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Figure 1. Flow lines in the inner and outer heliosheaths (see Equation (4)). The
outer thick black line is the heliopause (n = 1, see Equation (5)). The red color
corresponds to the inner heliosheath ( < 1) and the blue color to the outer
heliosheath (n > 1). The inner circle is the termination shock.

we obtain the following formula for the HP surface

1
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Figure 1 illustrates the resulting flow lines in the IHS and the
OHS. The interstellar flow comes from the positive z-direction.
The black lines indicate the HP 1 = 1 (see Equation (5)) and
the TS, respectively. For simplicity, we assume the latter to be
a Sun-centered sphere. The red lines in the IHS correspond to
1 < 1, the blue ones in the OHS to n > 1 (see Equation (4)).

2.2. Structure in the Neutral Gas

Fichtner et al. (2014) have summarized the arguments
supporting the view that the LISM is inhomogeneous and is
likely to exhibit propagating wave- or pulse-like structures.
These authors argued that the waves in the plasma must be
expected to induce (via charge exchange coupling) associated
structures in the neutral gas (see also Shaikh & Zank 2010). In
particular, as a consequence of a slow wave in the plasma (that
propagates along the magnetic field, which is oriented as
sketched in the top panel of Figure 2, see McComas et al.
2009b), there should be a wave in the neutral gas as well as a
so-called H-wave. The bottom panel of Figure 2 shows a sketch
of such an H-wave, representing an enhancement of interstellar
gas density that propagates along the interstellar magnetic field
and, after decoupling from the plasma that flows around the
“obstacle” heliosphere, penetrates the heliosphere. While in this
sketch the H-wave front is perpendicular to the undisturbed
interstellar magnetic field, other orientations are also quantita-
tively studied below. The production rate of ENAs is highest in
the THS (see, e.g., Sternal et al. 2008) and directly proportional
to the neutral density (e.g., Fahr et al. 2007) so that one must
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Figure 2. Top panel: the flux of energetic neutral atoms projected onto the
heliopause around which the interstellar magnetic field lines are draping
(adopted from McComas et al. 2009b). Bottom panel: sketch of the H-wave
scenario in a plane perpendicular to the orientation of the undisturbed
interstellar magnetic field (IMF, black lines). An enhancement of interstellar
density, i.e., an H-wave of thickness o is propagating through the heliosphere
that is depicted by the terminaton shock (TS) and the heliopause (HP). In the
intersection region, which is indicated by the shaded areas and forms a ring-like
structure in 3D, the production rate of ENAs is increased due to the higher
neutral density.

expect an increased ENA flux to be generated in the shaded
regions shown in the bottom panel of Figure 2.

3. DESCRIPTION OF THE RIBBON GEOMETRY

Figure 3 illustrates the basic geometry of the ribbon in the
scenario suggested by Fichtner et al. (2014). The TS is assumed
as a Sun-centered sphere with radius R, the HP as an
axisymmetric surface defined by Equation (5), and the H-wave
is indicated as the thick black line E. The angle between the
directions to the intersection of E with the TS and the normal
vector 1 is denoted by «, defining the “inner boundary (IB)” of
the ribbon in a given plane:

d
« = arccos (E) (6)

Here d denotes the shortest heliocentric distance to the plane E.
The “outer boundary (OB)” of the ribbon is defined by the
directions to the intersections of the plane £ with the HP. In a
given plane, those directions can be specified in terms of the
angles y and +/. If ryp and ryjp denote the heliocentric directions
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Figure 3. Geometry of the intersection of the H-wave with the heliosphere: in
the chosen plane, the termination shock (TS) is the inner circle, the heliopause
(HP) is the outer curve and the H-wave is indicated by the plane E with a
normal vector n. The angles «, 7, and + represent, respectively, the “inner
boundary” and “outer boundary” of the ribbon and, thus, its angular width. For
more details see the text.

to these intersections, the corresponding angles follow from

@) .
L B @

0 —
") = arccos .
|r(,)HP| |n|

Given the chosen symmetrical TS, the angle « is the same
for both “sides” of the ribbon in a given plane, while the angles
~ and +/ are different. With «, ~, and + it is now
straightforward to formulate the condition that a given line of
sight intersects the ribbon:

a<B<y, (®)

where (3 is the angle between the chosen heliocentric direction
r and the normal n (see Figure 3), i.e.,

r-n
[ = arccos ( )
|r{ln|
xin + xony 4+ x3n3

= arccos 9
\/(xlz + x22 + x32)(n12 + n22 + n32)

where in the Cartesian coordinates as defined in Section 2.1:
n = (n, ny, n3) and r = (x, x2, X3). (10)

With these formulas, we are now in the position to calculate the
location and angular width of the ribbon in the all-sky ENA
flux maps as observed with the /BEX spacecraft.

4. THE RESULTING RIBBON GEOMETRY

For the visualization of the resulting band of higher ENA
fluxes in the all-sky maps, we use an Aitoff projection (see
Appendix B) for all of the following figures. As a first step, we
check on the principal location and width of the ribbon
originating from an H-wave, i.e., we choose its thickness
o = d, — d; (with d,, denoting the shortest heliocentric
distances of its sunward and anti-sunward side, respectively)
and its orientation given by the normal vector n.
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Figure 4. Observed ENA ribbon in an all-sky map of the observed ENA fluxes
(ENAs/ (cm? s stkeV) at 0.71 keV vs. different model results. Top panel: the
ribbon (two thick black lines) as resulting from an infinitely thin H-wave with
o =0, i.e., a plane E with d = 0.1R (see Figure 3). Note that also for this case
the ribbon has a finite angular width because the angles «, v, and + are
different. Middle panel: the ribbon resulting from an H-wave with finite
thickness 0 = d,—d; = 0.4R — 0.1R = 0.3R is the region between the black
lines indicating its inner (upper) and outer (lower) boundary. Bottom panel: the
ribbon location and thickness resulting from a transformation of the heliopause
defined with Equation (5): while the latter results in a lower boundary indicated
by the green line, one obtains the red and blue lines when it is tilted by 5° and
10°, respectively. The untilted but polynomial heliopause (see the text) leads to
an almost identical result (black line) as in Equation (5), i.e., the green line. For
these and all following all-sky maps, the data of which is available via the IBEX
data release website http://ibex.swri.edu/researchers/publicdata.shtml, an
Aitoff-projection was used such that the heliospheric nose direction is in the
center of the map (see Appendix B).

The top panel of Figure 4 gives the result of an infinitely thin
H-wave (i.e., with vanishing thickness o) oriented perpendi-
cularly to the vector n = (—1.8, 1.3, 1.5), which is
corresponding to the unit vector n/|n| ~ (—0.672, 0.485,
0.560) and which is anti-parallel to the most likely direction
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of the undisturbed local interstellar magnetic field (see the
discussion in Section 5). Its shortest heliocentric distance is
d = 0.1R. Note that although the H-wave is infinitely thin, the
corresponding ribbon is not: in an all-sky map, it has a finite
angular width because the angles «, ~, and /' are different, as is
evident from the sketch in Figure 3. The middle panel shows
the result for an H-wave with the same orientation, but a finite
width (as sketched in Figure 2), namely 0 = d, — d; = 0.4R —
0.1R = 0.3R. The inner (upper in the all-sky map) angular
ribbon boundary is determined by the angle « resulting from
the intersection of the anti-sunward plane with the TS, and the
outer (lower) boundary by the angles v, + resulting from the
intersection of the sunward plane with the HP, as described
in Section 3. The bottom panel shows the effect of different
transformations of the HP on the lower ribbon boundary. First,
a transformation to a polynomial shape is achieved by a Taylor
expansion of the HP function defined with Equation (5); for
details, see Appendix C. Comparing the green line (resulting
from Equation (5)) and the black line (Taylor-expanded HP
function) reveals that the effect of a polynomial HP on the
ribbon location and width is negligible. This can easily be
understood as a consequence of the fact that, in the upwind
heliosphere (z > 0), even in lowest (second) order the Taylor
expansion is well approximating the HP defined with
Equation (5); see Figure 7 in Appendix C. Second, a tilt of
the HP by 5° or 10°, achieved by subsequent rotations about
the x and y axes, results in the lower boundary indicated by the
red and blue lines, respectively. These tilt angles are motivated
by the recent finding by Wood et al. (2014) that the heliotail
direction is deviating at most by 10° from the inflow direction
of the LISM. Evidently, the effect is significant and one
concludes (1) from a comparison of the red and the green line
that a tilt of the HP improves the agreement between the
modeled and the observed ribbon and (2) from a comparison of
the red and the blue line that the tilt must be expected to be less
than 10°, consistent with the findings by Wood et al. (2014).
Therefore, for all following computations, we used the HP
function Equation (5) with an additional tilt by 5°.

The results shown in Figure 4 make it evident that the
H-wave hypothesis results in an ENA ribbon at the correct
location in the all-sky maps and that its width must be a few
tens of AU, as was already speculated in Fichtner et al. (2014).
The given geometrical H-wave parameters were iterated such
that the resulting ribbon geometry is a simultaneous best fit to
the high-energy ENA maps at 1.11, 1.74, and 2.73 keV
provided by the IBEX-Hi sensor. The results for these are
shown in Figure 5, which demonstrates that the H-wave
induced ENA ribbon geometry is generally consistent with the
IBEX measurements at all of these energies. Note that for the
highest energy channel at 4.3 keV, shown in the bottom panel,
the ribbon feature is clearly present and well-fitted at high
northern latitudes (top of the map), but that there are significant
ENA emissions outside the ribbon at lower latitudes. These
additional signals at higher energies are also known from
measurements with the INCA instrument on board Cassini
(Krimigis et al. 2009). An explanation of the associated
“broadening” of the ribbon at higher energies probably requires
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Figure 5. All-sky maps of the ENA fluxes (ENAs/ (cm? s sr keV) as observed
by IBEX-Hi and the simulated best-fit (see the text) ribbon geometry for the
energies 1.11, 1.74, 2.73, and 4.29 keV from top to bottom.
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Figure 6. All-sky maps of observed ENA fluxes (ENAs/ (cm? s st keV) at 1.1 keV and overlayed simulated ribbon geometry. The upper two plots show the result if
the normal vector of the H-wave front is changed by 5 and 10 degrees from the best-fit direction. The lower two plots display the results for the best-fit direction but
with the two different H-wave widths 0 = d, — d; = 0.3R — 0.1R = 0.2R and 0 = d, — d; = 0.45R — 0.1R = 0.35R.

invoking additional ENA sources, like secondary ENAs as,
e.g., discussed in Heerikhuisen et al. (2014).

The above findings corroborate the assumption that the
ENAs forming the ribbon in the /BEX-Hi all-sky maps can
indeed originate in the intersection region of an H-wave with
the IHS. While this represents a rather different explanation
from all other scenarios that have been suggested, so far, it does
confirm the relation of the ribbon to the local interstellar
magnetic field that is needed in most other scenarios as well.
One must distinguish in the present model, however, between
the field direction and the normal vector to the H-wave front: as
discussed in Fichtner et al. (2014), it is, in principle, possible
that the H-wave front is not perpendicular to the magnetic field.
The effect of a different orientation along with different widths
of the neutral density enhancement is discussed in the next
section.

5. SENSITIVITY TO THE H-WAVE PARAMETERS

To illustrate the sensitivity of the result to the orientation of
the H-wave front, i.e., to check on the goodness of the best fit,
the upper two panels of Figure 6 give the ribbon geometry for a
wave normal vector n whose direction differs by 5 and 10
degrees, respectively, from the best-fit direction. While the first
result (upper left panel) is still compatible with the observa-
tional data, the second (upper right panel) is clearly not.

It is interesting to note that the best-fit normal vector and the
upwind direction —uy gy have an angle of (55 + 5)°, which
is close to the 49° between the upwind direction for the
untilted HP and the interstellar magnetic field estimated by

Heerikhuisen et al. (2014). The ecliptic longitude Ao, ~ 205°
and latitude 8. ~ 35° of the best-fit normal vector are also
slightly different than the values discussed in the literature
(e.g., Witte et al. 1996; Heerikhuisen & Pogorelov 2011;
Borovikov & Pogorelov 2014; Wood et al. 2015). Keeping in
mind, however, the simplifying assumptions regarding the TS
and HP surfaces made in our analytical approach, one can
safely state that the normal vector is closely related to the
direction of the undisturbed local interstellar magnetic field.
The two lower plots in Figure 6 show the influence of the
H-wave width and reveal that the region of increased neutral
density as well as, in turn, of enhanced ENA production and
flux must indeed be assumed to be about 25-28 AU wide,
assuming a TS radius of 84-94 AU (Stone et al. 2005, 2008).

6. CONCLUSION

In this paper, we have constructed an analytic model that
reproduces the correct geometry of the /BEX ribbon in the all-
sky ENA flux maps and, thereby, corroborates the hypothesis
that a propagating localized density increase in the neutral
interstellar gas, termed an H-wave, can be the cause of the
IBEX ribbon. The best fit of this geometry to /BEX ENA data
depends particularly on the orientation and width of the
H-wave whose transit through the heliosphere leads to an
increased production of ENAs in the IHS. Despite the
simplifying assumptions regarding the TS and HP surfaces,
the proposed scenario, although rather different from all others
that have been invoked to explain the /BEX ribbon, makes it
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likely that the ribbon is closely related to the direction of the
undisturbed local interstellar magnetic field.

In a subsequent work, we will extend the modeling to a
computation of the actual fluxes of ENAs resulting from an
H-wave intersecting the IHS, i.e., we will evaluate the relevant
line-of-sight-integrals (see, e.g., Sternal et al. 2008; Fichtner
et al. 2014) from an IB at the detector to an OB sufficiently
beyond the ENA source region (i.e., in the present case beyond
the HP):

1

—j;;)B [I’lgji) (Vp)nHUeerel]ds (11)

®(Epna, 9, @) = y

with the solar wind and pick-up ion proton velocity (vp,)
distribution function f, and number density n,, the charge
exchange cross section o, and the relative speed v, between a
proton and an interstellar neutral hydrogen atom. There are two
key ingredients. First, the proton velocity distribution function
whose evolution has to be computed from a transport model
like in Fahr & Fichtner (2011) or Fahr et al. (2014), but here for
the IHS. The structure of f, in the intersection region of the
H-wave and the IHS determines the “fine structure” of the ENA
fluxes in the ribbon in the all-sky maps at different energies.
Second, the ENA flux is directly proportional to the number
density ny of the hydrogen atoms and, thus, to the H-wave
signature. From astronomical observations (e.g., Haverkorn &
Goss 2007; Welty 2007) and corresponding simulations
(Hennebelle & Audit 2007) it is derived that ny can easily
vary by a factor of two and more down to the few AU scale in
the so-called warm neutral (interstellar) medium. Since the
latter reflects the properties of the neutral component in the
LISM (e.g., Stanimirovi¢ 2009), one can expect to see such
variation as a local H-wave with a two- to threefold enhanced
ny. This directly translates, via Equation (11), into a
correspondingly increased ENA flux, which in turn represents
the general ribbon feature in the all-sky maps.
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APPENDIX A
ANALYTICAL CALCULATION OF THE FLOW LINES

In cylindrical coordinates (p = x4+ x7, X3), the velocity
potential (Equation (3)) reads

kuyism (12)
VPO X3

with uy 150 denoting the velocity of the undisturbed LISM and
k the relative strength of the (shocked) solar and interstellar
wind. The flow lines are on surfaces of constant stream
function . The latter can be derived from the incompressibility
condition V - uw = 0, which reads in cylindrical

®(p, x3) = urismxs +
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coordinates explicitly:
10 0
0=V u=——~(~"pu,) + —(uy). (13)
pOp 0x3

From this, it follows that the stream function must fulfil the two
following equations,

190 19V

—u; -y, 14
pdxs " pap O ° 1
which have the solutions:
o — kupism p? d + G(p) = kuy ismx3 +G(p)
Y0+ x5 N
(15)
and
LISMP
= —f urismpdp + f dﬂ + F(x3)
Yp?+ x5
Liprowp? — KU (16)

— ZULISMP —
2 \/pz + x32

with two functions G(p) and F(x3;) occuring as integration
constants regarding integration w.r.t. x3 and p, respectively.
Chosing G (p) = 7uLISM p? and F(x3;) = 0 leads to

ku X 1
D M (17)

/p2+x32 2

The condition ¥(p, x3) = 7) = const describes the flow lines.
With the definition 7 = —7)/(kugisp) one has

V(p, x3) = —

P2 X3

n=—+—
2k \/p2+x32

from which one finds the desired Equation (4) for the flow lines
’ _1
2 2 2
4 4
X = - — 1 - - — 19
3(p) (n 2k)p[ [n Zk]J 19)

APPENDIX B
COORDINATE TRANSFORMATION AND AITOFF
PROJECTION

The Cartesian coordinates introduced in Section 2 are related
via

(18)

= Rsind cos p; xp, = R sin 9 sin ;
x;3 = R cos ¥ (20)

to a heliocentric spherical polar coordinate system. In order to
plot the desired all-sky maps centered on the heliospheric nose
the following transformation is applied.

xz/ = X2
—x; = R cos ¥/ 20

x/ = x3 = R sin ¥’ cos ¢';
: I Qi /. I
=Rsin¥' sin¢’; x5 =

with the new latitude and longitude angles ¥ and ¢'.
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Figure 7. HP curve defined with Equation (5) (red line). Also shown are its
Taylor approximations up to second (green line) and fourth (blue line) order
and an extremely narrow HP.

The Aitoff projection maps these spherical polar coordinates
on Cartesian ones (x, y) in a plane via

(A
2 cos(@)sin (5) o sin(6)
X = : Y= s
sin(a) sin(a)
a= arccos(cos(qb)cos (%)) 22)

The dependence of the angles ¢ and A on ¢ and ¢’ as well as
on ¢ and ¢ is given by

¢ = g — ' = arcsin(—cos ¢ sin 9);

A = ¢’ = arccos(cos ¥/cos ¢) (23)

and they must be interpreted as the latitude and longitude from
the central meridian, respectively.

APPENDIX C
POLYNOMIAL HP FUNCTION

The Taylor expansion of the HP function Equation (5) up to

sixth order reads
32, 52, 12
T

SN/)
x3(p) 16 P D)

6+ O(pg).
(24)

The corresponding “polynomial” HP surfaces are illustrated
with Figure 7 where the parabolic HP (up to second order,
green line) is plotted in the x—z plane along with the expansion
to fourth order (blue line) in comparison with the HP according
to Equation (5) shown as the red line. Evidently, even in lowest
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order the approximation is already reasonable in the upwind
heliosphere, i.e., for positive z. By multiplying one or more
Taylor coefficients with factors greater than unity a narrower
HP can be obtained, like the example illustrated with the violet
line (obtained by multiplying the coefficient of the sixth order
by 100). These HP shapes are not only strongly deviating
from the HP function Equation (5) and are, thus, strongly
inconsistent with the flow field, but they still, like all
polynomial surfaces, are characterized by a diverging cross
section of the heliotail, an undesired feature that the HP defined
with Equation (5) avoids.
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