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ABSTRACT

Measurements of energetic neutral atoms (ENAs) have been extremely successful in providing very important
information on the physical processes inside and outside of our heliosphere. For instance, recent Interstellar
Boundary Explorer (IBEX) observations have provided new insights into the local interstellar environment and
improved measurements of the interstellar He temperature, velocity, and direction of the interstellar flow vector.
Since particle collisions are rare, and radiation pressure is negligible for these neutrals, gravitational forces mainly
determine the trajectories of neutral He atoms. Depending on the distance of an ENA to the source of a
gravitational field and its relative speed and direction, this can result in significant deflection and acceleration. In
this paper, we investigate the impact of the gravitational effects of Earth, the Moon, and Jupiter on ENA
measurements performed in Earth’s orbit. The results show that current analysis of the interstellar neutral
parameters by I/BEX is not significantly affected by planetary gravitational effects. We further studied the
possibility of whether or not the Helium focusing cone of the Sun and Jupiter could be measured by /BEX and
whether or not these cones could be used as an independent measure of the temperature of interstellar Helium.
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1. INTRODUCTION

Measurements using neutral atoms have tremendously
enhanced the opportunities for exploring the local interstellar
environment. For instance, Ulysses provided the first measure-
ment of the interstellar neutral (ISN) Helium (He) gas flow at
distances ranging from 1.3 to 3 AU from the Sun using a
neutral particle instrument (Witte et al. 1992). From these
measurements, the speed, temperature, and direction of the
interstellar He flow were determined with the help of an (ISN)
trajectory model. These measurements addressed only inter-
stellar neutral He gas. The Interstellar Boundary Explorer
(IBEX; McComas et al. 2009) spacecraft, launched in 2008,
uses two highly sensitive neutral atom cameras on a Sun-
pointing spinning spacecraft and scans the entire sky with a
half-year cadence. For more details concerning the IBEX
instruments and their measurement capabilities, we refer the
reader to the respective IBEX instrument papers (Funsten et al.
2009; Fuselier et al. 2009).

The interstellar medium consists of charged particles, dust,
and neutral atoms. The charged particles are tied to the
interstellar magnetic field lines and do not enter the helio-
sphere. Neutral atoms, however, can enter the heliosphere, and
if they are not ionized (e.g., by solar UV radiation or charge
exchange with the solar wind) or deflected by solar radiation
pressure, they can reach Earth’s orbit and /BEX can measure
them. This population of neutral atoms is called the direct ISN
flow. If a neutral particle approaches the gravitational potential
of a planet, a moon, or the Sun it will follow Keplerian/
hyperbolic orbits.

In our solar system, the Sun, due to its mass, generates the
strongest gravitational field. The strength of the gravitational
forces acting on a particle trajectory depends on the distance
between a massive particle and another massive object. A

known effect of the Sun’s gravitational force on the trajectories
of neutral particles is the gravitational focusing cone (Mdbius
et al. 1985, 1995). The Sun’s gravitation focuses interstellar
neutral He atoms downwind of the Sun into a cone-shaped
density enhancement. Earth passes through this cone-like
structure in December every year. This feature has been
investigated with several space probes including the Solar and
Heliospheric Observatory, using UV scattering (Michels
et al. 2002), and STEREO, using pick-up ions (Saul
et al. 2009; Drews et al. 2010). In addition to the Sun’s
gravitational forces, neutral atoms are also exposed to radiation
pressure and ionization. These interactions are particularly
important for neutral measurements in Earth’s orbit because
ionization by solar radiation can significantly reduce the
number of neutral atoms and radiation pressure can deflect
the neutral atoms. In particular, hydrogen is heavily depleted
with respect to ISN helium due to this effect. Gravitational
forces depend only on the mass of the objects and the relative
distance between the neutral atom and the gravitational source.
The gravitational force of the planet can surpass the
gravitational force of the Sun when the neutral atom is close
enough to the planet.

Compared to the Ulysses spacecraft (Witte et al. 1992),
which took neutral measurements at a distance of 1.3-3 AU,
which is far from planets or moons, IBEX performs energetic
neutral atom (ENA) measurements in Earth’s orbit, and
changes in deflection angles due to Earth’s gravity may be
important. These neutral atoms are traveling at high speeds, and
therefore it is expected that these angular changes may be
small. However, the determination of the ISN parameters
strongly depends on the accuracy of the interstellar flow
direction. A change of even just one degree can have a
significant impact on the determined speed and the temperature
of the interstellar flow (see McComas et al. 2012; Mobius
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et al. 2015) for the equations that show the strong coupling of
interstellar parameters allowable by IBEX observations. There-
fore, the goal of this paper is to investigate the possible impact
of Earth’s gravitation on the /BEX measurements.

The purpose of this study is to investigate all of the possible
gravitational effects that could impact current and future neutral
atom measurements with a spacecraft in Earth’s orbit such as
IBEX. This paper contributes to the error and uncertainty
estimates of the interstellar flow parameters derived from /BEX
measurements. This paper is organized as follows. In Section 2,
we address the basic theory for the trajectory of an atom in the
vicinity of a gravitational field and the associated acceleration.
In Section 3, we investigate the possible impact of the Earth’s
gravitation on deflection of the interstellar ENAs during the fall
and spring seasons. In Section 4, we discuss the impact of the
Earth’s gravitation on the measured fall signal. We will also
discuss the impact of the gravitational forces of the Moon and
Jupiter on neutral atom measurements. Before we summarize,
we will also discuss the possibility of detecting the gravita-
tional focusing cones.

This study is part of a coordinated set of papers on
interstellar neutrals as measured by IBEX. The paper by
McComas et al. (2015) provides an overview of this
Astrophysical Journal Supplement Series Special Issue.

2. NEUTRAL MEASUREMENTS NEAR A PLANET OR
A MOON

The trajectory of an interstellar neutral atom in the
gravitational field of a planet orbiting the Sun is a three-body
problem. Depending on the distance between the planet and the
atom, the contribution of the forces acting on the atom is
mostly determined by the gravitational field of the Sun or the
planet, or a combination of both. In our solar system, the Sun—
because of its mass—has the largest gravitational potential.
However, if the distance of an atom to a planet is sufficiently
small or the planetary gravitational field is sufficiently large,
then the atom will experience the same or more attraction from
the planet than from the Sun. At some distance from the planet,
the atom moves on a trajectory without (or with little) an effect
from the Sun’s gravitation. Under these circumstances, the
three- or even many-body problem (if moon(s) are orbiting the
planet) can be reduced to a two-body (planet-atom) problem.
The distance at which an atom is mostly under the gravitational
influence of a planet is well known through celestial
mechanics. In three dimensions this is the radius of a sphere,
which is called the sphere of influence (SI), with a radius of

MP )2/5
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rsp = RSP( (1)

where Rgp is the distance between the Sun and the planet, M, is
the mass of the planet, and Mg, is the mass of the Sun. In the
case of Earth, the sphere of influence is 145 Earth radii (Rg), or
2.4 times the distance between Earth and the Moon. For this
study, we will concentrate on a two-body problem. For the
validity of this approach, we refer interested readers to Fahr
et al. (1976).

IBEX is orbiting Earth in a highly elliptical orbit (with an
apogee altitude of ~50gg and a perigee altitude between 5000
and 12,000 km). Following a maneuver in 2011, the IBEX
spacecraft was injected into a new, more stable orbit with a
perigee of ~8 Rg. For more information, see McComas et al.
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(2011). Figure 1 shows a sketch of a typical pre-maneuver orbit
of IBEX when taking measurements of interstellar atoms in the
spring (left) and fall (right) of each year. To minimize
magnetospheric contamination of the interstellar neutral
measurements, the IBEX data recording starts and ends when
the spacecraft is at a distance of ~15 Rg from Earth. The Moon
orbits the Earth at an average distance of about 60 Rg and the
distance to the IBEX spacecraft varies. Compared to Earth, it
has a much lower mass (0.012 Earth’s masses), and thus its
gravitational acceleration is smaller, as is its sphere of influence
(rMoon /rEarrh < 1/13)

As mentioned above, within the sphere of influence, any
neutral particle is mainly in the gravitational field of the Sun, a
planet, or a moon. Depending on the energy of the neutral
particle and the relative orientation of the velocity vectors of
the particle and the planet, the particle may either gain or lose
energy and speed and will change direction. This effect is well
known in orbital mechanics as gravity assist or gravitational
deflection (see van Allen 2002 for a tutorial).

2.1. Gravity Assist on ENAs

If particles are within the sphere of influence of a planet or a
moon, then the gravitational fields will change the magnitude
and direction of the velocity vector of these particles. The mass
of the planet and the particle will not change, and the total
momentum is conserved.

DV, = r,Vp. 2)

In Equation (2), D is the impact parameter (the distance from
the asymptote of a hyperbolic trajectory to the center of mass of
the planet). Vp is the velocity of the particle at the pericenter
radius r, (the radial distance of the closest approach to the
planet). Using energy conservation, we obtain

Gpl Ggl 2
rP:—@‘l' Q—FD. (3

In this simple picture, we also assume that the energy of the
particle is conserved in the reference frame of the planet but not
in the direction of the velocity. For a neutral atom that enters
the sphere of influence from infinity on a hyperbolic trajectory
to the center of mass with a velocity of V,,, one can determine
the asymptotic bending angle v (Cornelisse et al. 1979) see

sin(%)z e —— 4)
|4 2 4 2V
Gpl sz]

where Gy, is the gravitational parameter of the planet, G, =
M, G. Here, M, is the planet mass and G is the universal
gravitational constant. Figure 2 illustrates the situation and
explains all of the geometric parameters used in Equations (2)—
(4). Note that the deflection angle is independent of the masses
of the neutral particles.

This is a very simplistic approach with a number of
restrictions. In this approach, we calculate the deflection in
the plane of the trajectory around a planet and the problem is
reduced to two dimensions. Also, atmospheric effects (which
play a role for very close flybys of planets with dense
atmospheres) are not included. As Equation (4) shows, the
deflection angle in this simple, planetocentric model only
depends on the impact parameter and the velocity of a particle.
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Figure 1. (Right) Orbit# 98 a typical fall orbit and (left) orbit# 116 a typical spring orbit of the IBEX spacecraft. The dashed lines show the IBEX field of view
(FOV). Also shown is the Moon’s orbit (black line), Earth’s bow shock (red line), and the magnetopause (blue line). The thick black arrows indicate the INS flow,

whereas the thin black arrow indicates the direction from Jupiter.

Figure 2. Gravity assist near a planet. The parameter D is the impact parameter.
The pericenter radius is denoted by r,. The angle « is the bending angle.

This deflection angle is extremely important because all of the
determined parameters of the interstellar flow, such as the bulk
velocity of the flow and the temperature, depend on the
accuracy of this angle. We now investigate the possible impact
of Earth’s gravitational field on /BEX measurements during the
spring and fall seasons by measuring the interstellar flow and
determining the interstellar flow parameters.

3. INTERSTELLAR NEUTRAL FLOW MEASUREMENT

The determination of the physical parameters of the
interstellar flow beyond the termination shock is a difficult
endeavor because it is very sensitive to the measured direction
which the ISN flow arrives at IBEX. This flow direction
(determined by two angles) is very closely coupled to the
bulk speed and the temperature of the interstellar flow at

infinity /(in interstellar space; Bzwoski et al. 2012; McComas
et al. 2012; Mobius et al. 2012, 2015; Bzowski et al. 2015;
Leonard et al. 2015; Schwadron et al. 2015). For hydrogen,
understanding the integrated effects of the radiation pressure of
the Sun is also critical for resolving the inflow parameters of
this species (Schwadron et al. 2013). There are two seasons
during which /BEX could, in principle, observe the interstellar
flow: in spring (February and March) and fall (October and
November) of each year where the peak of the ISN signal is
observed. In spring, IBEX, in its orbit of Earth, is moving into
the ISN flow, while in fall /BEX is moving along with the flow.
Figure 3 shows various positions in the /BEX orbit, IBEX’S
field of view (FOV), and the orientation of the Earth’s bow
shock (blue line) and the magnetosphere during the spring
(lower part) and fall seasons (top part), respectively.

As shown in Figure 3, during the spring season, the
spacecraft orbit is mostly outside of the magnetosphere and it
is possible to detect ENAs in the pristine solar wind. The
impact from Earth’s bow shock is very limited. This clear
viewing time was actually one of the design constraints for the
original /BEX mission. This design drove the launch window to
guarantee the first six months of global ENA viewing and the
ram-direction ISN season (the spring season). During the fall
seasons, the spacecraft orbit is mostly inside the magnetosphere
or downstream of Earth’s bow shock. Only at the end of the fall
season can the spacecraft observe ENAs outside of the bow
shock. Therefore, the fall ENA observations are performed in
an environment of enhanced background level, which needs to
be considered in the data analysis (Galli et al. 2015). An
enormous advantage is the triple coincident technique, which is
built into the /BEX-lo detector and guarantees low noise and
background levels (Funsten et al. 2009; Fuselier et al. 2009;
Wurz et al. 2009).
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Figure 3. IBEX orbits during the spring (January—March) and fall (September—November) seasons. Shown is the flow direction of the interstellar neutrals, the
orientation of the magnetopause and Earth’s bow shock with respect to the Sun, and the orientation of the /BEX orbit and the FOV. This figure also shows the

gravitational deflection by Earth relative to the Sun in fall and spring.

In this paper, however, we will concentrate on gravitational
effects only. The biggest gravitational effect is from the Sun.
The sphere of impact of the Earth is small compared to the
sphere of influence of the Sun, and therefore the gravitational
impact of the Sun on the large scale is larger than the impact of
Earth’s. Thus, gravitational effects from Earth are considered to
constitute a relatively small contribution. The bending angle
only depends on the strength of the gravitational force (distance
to the planet) and on the time a particle stays in the sphere of
impact, that is, the speed of the particle. In the fall season, the
spacecraft orbit is outside of Earth’s orbit. IBEX starts
collecting ENAs at a radial distance from Earth at 15 Rg.
Therefore, the ISN flow is collected outside of Earth’s orbit and
the gravitational acceleration of the Sun and the Earth add up
and produce a slightly larger deflection of the neutral flow.
During the spring season, the ISN flow would be detected
inside Earth’s orbit where the gravitational forces act on the
neutral particles and try to move them in opposite directions.
Then, the bending angle is slightly smaller than without Earth’s
gravity. For a particle of a given speed, the bending angle is the
same in fall and in spring. The biggest difference between the
spring and fall seasons is the arrival velocity of the ENAs with
respect to Earth. During the spring season, the speed of the ISN
flow as seen by IBEX is higher than during fall because Earth is
moving against the ISN flow. In the following, we determine
the average deflection angle as a function of the ISN bulk flow
speed. Although possible, but relatively complicated, an exact
description of the deflection angle during every orbit is outside
the scope of this paper.

3.1. ISN Spring Season

During the ISN spring season, IBEX orbiting the Sun is
moving toward the interstellar flow. The bulk velocity of the
interstellar neutrals is then the sum of the Sun’s motion with
respect to the interstellar medium plus Earth’s motion with
respect to the Sun plus the velocity the neutral atoms gained
due to the Sun’s gravitational acceleration. As described above,
the correctness of the inferred ISN parameters depends
crucially on all of the gravitational forces, which when
combined determine the peak location of the distribution.

Using Equation (4), we determine the possible impact of
Earth’s gravitational field. We use the distance of the closest
approach rp and the velocity of the atom at infinity and
calculate the deflection angle «.. Figure 4 shows a contour plot
of the deflection angle « as a function of rp and the speed of the
atom. The deflection angle becomes larger with decreasing
distance to the planet and decreasing particle velocity.

Figure 3 illustrates that in fall the gravitational force of the
Earth adds to the gravitational force of the Sun, whereas in
spring it acts against it. The deflection of the ENA trajectories
is significantly larger in fall than in spring because of the
slower speed of the ISN with respect to Earth’s orbital speed.
During the spring season, the population of interstellar neutral
helium atoms has a bulk velocity of 80km sfl, which
corresponds to 132eV.

The shaded areas in Figure 4 mark the velocity ranges of an
interstellar neutral atom for the fall and spring seasons,
respectively. The contour lines indicate the range of deflection
angles at different distances rp (in units of Earth radius Rg) of
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Figure 4. Deflection angle as a function of ENA velocity and distance of the
closest approach rp. The contour lines show the deflection angle « in degrees.
The areas shaded in light brown and light green show the angular range/
velocity range of the ENAs in fall and in spring, respectively. The red line
indicates the distance at which /BEX-Lo starts/stops detecting science data.

nearest approach. As one can see, the maximum deflection
angle above the red line marking the 15 Rg limit ranges from
a = 5° to a = 0201. The most likely deflection angle for an
atom with a velocity of V = 75-80kms~' at a distance of
rp = 15 Rg — 50 Rg is in the range o = 021-0°03 degrees in
the spring season. These additional deflection angles are quite
small and the impact on the deduced ISN flow speed, flow
vector, and temperature will be very small.

3.2. ISN Fall Season

In fall /BEX orbits Earth and is moving with the interstellar
flow, and therefore the bulk speed of the atoms with respect to
Earth and IBEX is lower and so is the energy of a neutral
entering the instrument. A relative velocity between /BEX and
the interstellar neutrals of 10-20 km s~ ' corresponds to a peak
energy of the ISN distribution of 2-8 eV for helium. This peak
energy is lower than the lowest energy step of IBEX-Lo,
11-21 eV. Therefore, during the first fall season in 2009, IBEX-
Lo did not detect a clear signal of the interstellar flow. For the
fall season in 2010, a new operational mode was employed
which allowed the detection of neutral atoms with bulk
energies of 7-15eV. As pointed out in the paper by Galli
et al. (2015), the energy of the He neutrals is below the
sputtering threshold at these energies, and thus is not
observable by IBEX. These authors also showed that the Fall
oxygen signal is of the order of one count/hour, which is
approximately the same count rate as the background generated
by the energetic ions of Earth’s magnetosphere. Therefore, it is
even more important to provide a theoretical prediction of the
peak location of the ISN flow. Because of the lower bulk speed,
neutral atoms entering the sphere of influence of a planet are
exposed longer to the gravitational field. This leads to a larger
deflection angle a.

Figure 4 also shows the situation during the fall season (see
brown shaded area). For neutral atoms within a velocity range
of 1520 km s~ and a distance rp, larger than 15 Rg, one would
expect a deflection angle in the range of 0°4-5°. Compared to
the spring season, this is a significant change in the arrival
direction, which needs to be added to the deflection due to the
Sun’s gravity. While for the spring season the impact of the

KUCHAREK ET AL.

Earth’s gravity might be negligible, or in the range of other
systematical errors, it would have a much larger effect on the
results for the interstellar parameters, such as flow speed and
temperature, in the fall season.

3.3. Impact on the Velocity and Temperature Determination

Any additional change to the bending angle may result in an
uncertainty of the determination of the peak location in the
ecliptic longitude of the interstellar neutral atoms as well as on
the width of the distribution angle. Furthermore, during any
orbit /IBEX is collecting neutrals at different distances from
Earth and at different locations along Earth’s orbit. To address
this problem in a fully self-consistent manner would require
extensive numerical simulations, which is beyond the scope of
this paper. Here, we estimate the minimum and maximum
impacts of Earth’s gravity on the velocity and the temperature
of the interstellar flow. In the /BEX analysis of the interstellar
parameters, these are not independent, they are correlated. In
the following, we study the correlated uncertainty of the
velocity and temperature of the interstellar flow.

In the /IBEX data analysis, these two parameters (location and
width of the distribution) determine the bulk speed of the
interstellar flow into the heliosphere as well as the temperature
of the interstellar neutral in interstellar space. The velocity and
temperature determination have been described in previous
publications (McComas et al. 2012; Mobius et al. 2012;
Lee et al. 2012). Using their approach, one obtains a direct
relation between the change in the angle in ecliptic longitude
at infinity A\jgp and the change of the speed of the interstellar
flow VISM~

Under the assumption that M,.. is accurate, one has a
relation between AXgy and AVigm

2
Adpeak = Apeak + @ = cos! [—1/(1 + A“f;“)], 5)
E

where « is the angular change due to the Earth’s gravitation.
For the change in Vig\, we obtain

-1

— 6
cos(A + A)\peak) ©)

AVism = Vism + Vo = VE\/

In this equation, V,, is the variation in velocity infered from
the change in angle in ecliptic longitude due to the Earth’s
graviation. The constant A = 180 — A,cax. In most of the recent
papers on [IBEX observations of the interstellar flow, the
temperature of the interstellar medium is defined using the
Mach number M, which is the ratio of Vignm/Cs, where Cs is
the speed of sound. If the gas is adiabatic, then the speed of
sound is given by

P
C? =42, 7
P

where -y is the adiabatic index for an ideal gas. For an atomic
gas v = 5/3. For diatomic molecular gases (such as for
molecular hydrogen gas in cold interstellar clouds (H,)) v =
7/5. The pressure P links the temperature and the number
density N:

P = NkgT, (®)
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Table 1
Change of the Inflow Longitude, the Inflow Velocity, and the Temperature of the Interstellar Flow Due to Earth’s Gravitational Effects
Season A Nsm (deg) A Vigy (kms™) A Vism/Vism A T(K) AT/Tism
Spring 0-0.1 0-0.066 0.275% 048 0.57%
Fall 0.4-5.0 0.33-3.6 15% 273-2910 34.6%

Note. Note that for the relative values, we used the maximum AV and AT.

where kg is the Boltzmann constant. Under these assumptions,
for the temperature we obtain
_ P Clp _ Viuha
N kB NkB’y M 2’}/163 ’

©)

where N, is the atomic mass of the gas and M is the Mach
number. Note that Vigm and M are a function of A, as is 7.

In this approach, the impact of an interstellar magnetic field
or an additional hotter or colder interstellar gas component
have not been taken into account for the ISN particle
distributions. Both would change the Mach number. For
instance, a significant contribution of the so-called “Warm
Breeze” (Kubiak et al. 2014) could change the Mach number.
Following the arguments described in McComas et al. (2012),
for the Mach number we find

M? = ag + ajAswm, (10)

where ag and a; are the fit parameters. The temperature is now
a function of A\jgp and Vigyg, which also depends on Ajgy. For
the temperature change, we obtain

Na AVigm

AT=2a_ SVsw (11
Ykg (a0 + a1AXism)

Using Equations (9) and (14), we can determine the velocity
change as well as the temperature change, which is due to
Earth’s gravitation. As stated previously, we assume that the
biggest gravitational effects are due to the Sun’s gravity, and
the effects of Earth’s gravity are treated as relatively small
perturbations. We therefore use the constants aq and a; and the
Apeak (Which is measured) from the paper by McComas et al.
(2012; Mobius et al. 2012) and determined AVigy and AT,
with ayg = —13.5, a; = 02489, and Ape = 130.29 £ 0°47. In
Table 1, we summarize the results for the velocity and
temperature changes during fall and spring due to Earth’s
gravitation. For more detailed information on the error
estimation on the width of the distribution, we refer interested
readers to Mobius et al. (2015).

4. DISCUSSION

As described above, the derivation of the interstellar
parameters from the IBEX-L.o measurements are model
dependent. Because of the numerical complexity, all of the
current models do not include effects due to Earth’s gravity.
This analysis shows that the gravitational effects of Earth have
relatively negligible effects on the measurements taken during
the spring season, but could have significant impact in the fall if
IBEX were able to make measurements then. The deflection
during the spring season appears to be small (« = 021-0203).
ENAs around 15 R would experience a deflection of a = 021
and at 50 Rg a deflection of o = 0703, respectively. When
passing Earth’s sphere of influence, the ISN flow distribution
may also be slightly focused by gravitational deflection

(Mobius et al. 2015). In fall, this deflection may also lead to
a broadening effect of the distribution function, which can lead
to a higher apparent temperature.

If we were able to make measurements, or if a future detector
on a future mission would be able to take fall measurements,
then one would have to take the following considerations into
account.

In fall, the IBEX orbit is outside of Earth’s orbit and the
gravitational forces of the Sun and Earth add up. In other
words, with Earth’s gravity the ISN flow is deflected more and
the ISN flow detection would be shifted to later times, or larger
ecliptic longitude. The additional deflection angle is (o = 5°).
If IBEX could detect the fall signal, then this effect would
indeed be beneficial because during this time the /BEX orbit is
moving out of the magnetosphere.

Figure 5 shows oxygen measurements of the ISN flow
during the fall season (Galli et al. 2015). The impact of the
magnetosheath and magnetosphere up to orbit 98 (red pixels) is
very prominent. The peak of the fall signal was expected to be
seen in orbits 97 and 98 (blue arrow). A possible shift of the
signal to a later orbit might slightly improve the situation. Such
a shift could actually be the cause of a possible signal at one
orbit 99 (red arrow). One would also expect a broader, less
peaked, distribution. In fact, there are some indications of an
elevated signal at spin-angles 120° and 70°. However, the low
counting statistics do not allow for a clearer identification of the
fall signal.

4.1. Other Possible Gravitational Impacts

The impact of Earth’s gravitation potential on the neutral
atom measurements in Earth’s orbit is most obvious. However,
IBEX almost reaches the Moon’s orbit and neutrals could be
deflected by the Moon’s gravitation as well. Furthermore,
gravitational forces on neutral atoms of large planets, such as
Jupiter, could be large enough to generate a measurable change
in the IBEX signal.

4.1.1. Possible Gravitational Effects of the Moon

Depending on the position of the Moon with respect to
IBEX, neutral atoms could pass the Moon close enough so that
the Moon’s gravitation alters their trajectories. Using Equa-
tion (4) and the mass of the Moon, we calculated the deflection
angle « as a function of the neutral particle speed and the
distance the neutral is passing the Moon. The results are shown
in Figure 6. During the spring season, the deflection angle is
very small (0°05), even when the atom passes the Moon at very
close distance. During the fall season when the atom velocity is
of the order of 20 kms ™', the average deflection angle is still
lower than 1°. Also, the possibility that the Moon and IBEX are
in alignment in the direction of the interstellar flow is relatively
small. Furthermore, these time intervals are explicitly elimi-
nated from the ISN flow observations (Mobius et al. 2012;
Leonard et al. 2015). Because of this, and the fact that the
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Figure 5. Fall ENA signal during the fall season (2010). The blue arrow
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Figure 6. Deflection angle « as a function of ENA velocity and distance 7;, (in
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deflection is generally very small, the gravitational impact of
the Moon on the /BEX neutral measurement can be considered
negligible.

4.1.2. Possible Gravitational Effects of Jupiter

Jupiter is the largest planet in our solar system with a mass
some 317 times the mass of Earth, and thus it has a strong
gravitational influence. Its diameter is 11.2 times larger than
Earth’s. Figure 7 shows the deflection angle as a function of the
distance rp and the neutral velocity. An interstellar neutral
passing Jupiter at a distance of 50 Jupiter radii Ry with a speed
of 20-32km s_l, i.e., the typical ISN flow speed, at 5 AU
would be deflected by about 10°, which is larger than one pixel
of IBEX-lo. An area of 50 Ry in radius at a distance of 4 AU
from Earth would affect 1/5 of a 6° x 6° IBEX pixel.
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Figure 7. Deflection angle « as a function of ENA velocity and distance rp (in
units of Jupiter radii) for Jupiter. Contour lines are in units of degrees.

Therefore, a Jupiter passage during the ISN flow observation
will result in a relatively temporary change of the angular
distribution and either an increase or decrease in the intensity,
depending on the temperature of the ISN flow or, in other
words, a focusing of the ISN flow distribution, as we will
investigate in the next section.

4.1.3. The Helium Focusing Cone of Jupiter and the Sun

Using the approach from Feldman et al. (1972), one can

determine the helium density variation of the focusing cone of
the Sun:

—WréP(rE)
V2emr |

where r is the distance in radial direction to the planet/Sun, § is
the angle from the center of the cone, and b = GM /(V,.)?:

5 — 3( 7m(Vi)? 1z
2\ 2kgT '

1
nue(r, 0) = %nHe (%)(%)2 exp

c

12)

13)

In this approach, a parabolic interpolation is used to
construct values for ny, (r, 6) at arbitrary angles 6:

npe (7, 6) = nye (1, 0)(1 — C62). (14)

nye (r, 0) is the helium number density in radial direction. The
parameter C is determined by

2
:27rm<Voo) . (15)
27kgT

In these equations kg is the Boltzmann constant and P(rg) is
the ionization probability per second at Earth’s orbit
re = 1 AU. G is the gravitational constant, M the mass of the
Sun (planet), m the mass of the particle, and T its temperature.
As one can see in these equations, the ratio of the number
density at a certain radial distance nye(r, 0) and in interstellar
space nye (00) depends strongly on the temperature 7, the bulk
speed at infinity (V,), and the P(rg) chosen to be
6.8 x 107®s~'. The same equation can be used for Jupiter
by turning off/reducing ionization.

Figure 8 shows the ratio ny. (r, 0)/nge (c0) for the Sun and
Jupiter as a function of the heliospheric distance r from the
Sun/Jupiter. The left panel shows the ratio along the center of
the cone for the Sun, whereas the right panel shows the
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situation for Jupiter. As one can see, there is a strong distance
and temperature dependence. Due to the Sun’s ionization, the
ratio starts low and increases quickly with increasing helio-
spheric distance. It peaks at around 0.5 AU and decreases at
larger distances. The temperature dependence of the overall
intensity of the ratio could be used as an independent measure
of the temperature of helium at infinity.

For Jupiter, the evolution of the ratio as a function of
heliospheric distance looks different. Assuming that there is no
ionization (a reasonable assumption), the helium ratio is
maximal in the close vicinity of Jupiter. Again, depending on
the temperature, the helium cone could well exceed 1 AU
(which is in agreement with the prediction of Fahr et al. 1976).
At some distance, the ratio becomes smaller than one (dashed
line), indicating depletion. This happens particularly at high
temperatures, but this depletion could be as high as 50%.
Considering an average distance from Earth to Jupiter of 4 AU
and an ISN temperature of 7500-8000 K (Bzowski et al. 2015;
Mobius et al. 2015), it may be worth using IBEX to search for a
temporary depletion in the ISN flow signal due to the
Jovian cone.

IBEX should be able to measure the Helium focusing cone of
the Sun. The abundance ratio is well above one (see Figure 8
right side). It peaks inside 1 AU and the peak broadens with
increasing temperature. The ratio decreases by a factor of four
when the temperature increases from 1000 to 10,000 K.
However, the ISN flow atoms have trajectories downwind of
the Sun that are too far from tangential to Earth’s orbit, and so a
larger re-orientation capability is needed than /BEX can offer.
Therefore, the IBEX viewing is not favorable for the cone. In
addition, /BEX observes the “He Warm Breeze” around the
location of the focusing cone (Kubiak et al. 2014). The flux of
the ISN flow trajectories that arrive tangential to Earth’s orbit in
the downwind region is much lower than the Warm Breeze
fluxes. For more details on cone observations with pick-up
ions, we refer interested readers to Mobius et al. (1995; see also
Gloeckler et al. 2004; Drews et al. 2010).

5. CONCLUSION

In this paper, we have investigated the possible impacts of
planetary gravitation on /BEX ENA measurements as well as
on the ISN flow observations and analysis. We investigated

possible impacts of Earth’s and the Moon’s gravitation on the
determination of the interstellar parameters during the fall and
spring observational seasons. In spring, the impact of Earth’s
gravitational force is negligible. The maximum deflection is on
average 0707. Such a small systematic error is included in the
overall error estimate (Mobius et al. 2015). During the fall
season, Earth’s gravitational effects are larger. A larger
deflection of the neutral atoms and the ISN flow due to Earth’s
gravity leads to a significant change of the observed ISN flow
peak longitude.

The impact of the Moon’s gravitation on the measurements
of the interstellar parameters is negligible. First, the Moon is
not always in the FOV when IBEX measures the interstellar
flow. In particular, the Moon viewing time is omitted in the
ISN flow analysis. Second, even, if the interstellar neutral
atoms would pass the Moon at close distance, the deflection
would be still very small. The current sky maps, which have a
resolution of 7°, are likely not impacted by Earth’s or the
Moon’s gravitational effects.

Jupiter may have a significant impact on the interstellar
neutral trajectories. In the range of 10-50 Jupiter radii and for a
speed of ~20-30 km s~ ! the deflection angle is ~20°-30° and
would be registered in different pixels in the detector. In this
study, we also have shown that the focusing cone of the Sun,
and possibly Jupiter, could be used as an independent measure
of the temperature of the interstellar matter.

Future missions measuring neutral (interstellar) particles will
have a high angular resolution and take measurements at lower
energies, and thus these effects could become more important.
For these measurements, one should select satellite positions
that are possibly not in Earth’s sphere of influence or the sphere
of a more massive object, other than the Sun. Therefore, a
spacecraft positioned at the L1 Lagrangian point appears to be
ideal to avoid potential planetary gravitational effects.
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