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Global Observations of the Interstellar
Interaction from the Interstellar
Boundary Explorer (IBEX)
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The Sun moves through the local interstellar medium, continuously emitting ionized, supersonic solar
wind plasma and carving out a cavity in interstellar space called the heliosphere. The recently launched
Interstellar Boundary Explorer (IBEX) spacecraft has completed its first all-sky maps of the interstellar
interaction at the edge of the heliosphere by imaging energetic neutral atoms (ENAs) emanating from
this region. We found a bright ribbon of ENA emission, unpredicted by prior models or theories, that may
be ordered by the local interstellar magnetic field interacting with the heliosphere. This ribbon is
superposed on globally distributed flux variations ordered by both the solar wind structure and the
direction of motion through the interstellar medium. Our results indicate that the external galactic

environment strongly imprints the heliosphere.

he Sun continuously emits ionized solar

I wind that flows supersonically outward at
~300 to 800 km s until it reaches the
termination shock (TS), where it slows and
compresses. This flow inflates a bubble in the
local interstellar medium (LISM) called the he-
liosphere. The heliosphere moves through the
LISM at ~26 km s ', so the LISM plasma
dynamic pressure pushes the boundary between
the solar wind and the LISM (the heliopause) in
at the nose and presumably forms a tail in the
opposite direction. The solar wind also contains
interstellar pickup ions (PUIs) with energies of a
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few keV/amu, produced by ionization of cold
interstellar neutrals that drift into the heliosphere.
At the TS, hydrogen PUIs, whose number
density is 10 to 20% that of the solar wind, are
heated, producing a suprathermal population of
ions. These ions dominate the pressure in the
inner heliosheath, which lies between the TS and
heliopause. Energetic neutral atoms (ENAs) are
generated in this region when low-energy [few
electron volts (eV)] interstellar neutrals undergo
charge exchange with either solar wind ions or PUIs
(1—4). Once produced, the ENAs move freely across
magnetic fields that confine the plasma ions, and
some small fraction propagate all the way into
Earth orbit where they can be detected.

NASA’s Interstellar Boundary Explorer (IBEX)
(%) is dedicated to imaging ENAs propagating in
from the far reaches of the outer heliosphere.
IBEX was launched 19 October 2008 and
subsequently maneuvered into a high-altitude,
highly elliptical (~15,000 x 300,000 km), rough-
ly week-long orbit. IBEX caries two high-
sensitivity, single-pixel ENA cameras: IBEX-Lo
(6) measures ENAs from ~10 eV to 2 keV, while
IBEX-Hi (7) measures them from ~300 eV to
6 keV. Over this broad energy range, IBEX
measures H ENAs arising from charge exchange
with both the slower solar wind ions (< ~1 keV)
and PUIs (~1 to a few keV).

Over the first half of 2009, IBEX built up its
first global, energy-resolved maps of ENAs
coming in from the outer heliosphere (5); these
maps generally reflect the solar minimum con-
ditions that have persisted for the past several
years. In addition to the all-sky maps and energy
spectra, IBEX also made direct observations of
interstellar H and O from the LISM (8). These
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observations allow us to differentiate various
particle populations, providing information about
the interaction of the heliosphere with the LISM
and about the interstellar environment itself.

Voyager 1 (9) and later Voyager 2 (10)
crossed the TS and are making in situ measure-
ments along two paths in the inner heliosheath. In
contrast, IBEX’s energy-resolved maps reveal
the global interstellar interaction in all directions.
The most striking feature in the IBEX sky maps
is an unexpected, bright, narrow ribbon of ENA
emissions that snakes between the directions of
the Voyagers. This feature was not predicted by
any model or theory, so interpreting the IBEX
observations will require the development of a
new understanding of the heliospheric interaction
with the LISM.

The IBEX all-sky maps (Fig. 1) show that
ENA fluxes vary over the ribbon, with maxima 2
to 3 times brighter than the surrounding regions.
The ribbon is variable in width from <15° to
>25¢ full width at half maximum (//), contains
fine structure (Fig. 1B), and passes ~25° away
from the heliospheric nose. The ribbon has brighter
emissions from somewhat broader regions at
higher latitudes in both hemispheres (~60°N and
~40°S), with the former having a different spectral
shape than the rest of the ribbon (/2). Although
not optimally shown in these projections, the
ribbon weakens but also extends back behind
the northern pole, nearly closing a loop on the
sky (12).

IBEX-Lo observations independently con-
firm the ribbon in the overlapping energy range
(Fig. 1H) and extend down to ~200 eV (Fig. 1G).
The ribbon is observed from there up to >6 keV,
the top of the IBEX-Hi energy range (Fig. 1F),
with the highest relative intensity at ~1 keV (/7).
Additional observations from Cassini/INCA (13)
indicate that some portions of the ribbon may
extend to even higher energies. Finally, although
observations of the ribbon collected 6 months
apart (~0°, ~180° ecliptic longitudes) indicate
that it remained a largely stable structure during
this period, these observations also suggest the
possibility of some temporal evolution.

The power-law spectral slopes of the ENA
flux (x) display broad variations across the sky
(Fig. 2) that are ordered by ecliptic latitude and
longitude (i.e., the interstellar flow direction).
These observations are generally consistent with
the concept that ENAs are produced from TS-
heated, nonthermal plasma throughout the inner
heliosheath. The spectrum is flatter (lower «)
near the poles relative to the equator; this might
be caused by the faster solar wind at higher
latitudes, which generates and entrains substan-
tially higher-energy PUIs than near the ecliptic.
The spectra toward the tail are steeper (x > 2)
than near the nose (x = 1.5), possibly owing to
longer line-of-sight (LOS) integrations of low-
energy ions toward the tail. Remarkably, the
ribbon is barely visible in this spectral slope map,
even though the fluxes are several times higher.
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As an example of the detailed spectral
information provided by IBEX, Fig. 3 shows
the ENA energy spectra along LOSs toward the
two Voyager spacecraft. These spectra are nearly
straight power laws with slopes of ~1.5 (Voyager
1) and ~1.6 (Voyager 2). Globally, the spectra
generally show simple power laws near the equa-
tor with distinct enhancements at several keV at
higher latitudes (/2), again consistent with higher-
energy PUIs in the high-latitude, fast solar wind.
IBEX observations are consistent with upper
bounds on ENA flux based on Ly-o absorption
(14). Claims of heliospheric ENA measurements
from ASPERA-3 (/5) are inconsistent with
IBEX observations.

The discovery of the ribbon, not ordered by
ecliptic coordinates or the interstellar flow, requires
reconsideration of our fundamental concepts of
the heliosphere-LISM interaction. A possible ex-
planation could be based on the idea that the local
interstellar magnetic field plays a central role in
shaping the outer heliosphere. Figure 4 shows a
concept for the interaction where the external
dynamic and magnetic forces are comparable.
Here we depict the external field (/6) wrapping
around and compressing the heliopause in a way
that pushes in the southern hemisphere (/7)
enough to explain why Voyager 2 crossed the
TS ~10 AU closer to the Sun (/0) than did
Voyager 1 (9), once the effects of the decreasing
solar wind dynamic pressure inside the TS (/8)
are included (/9). The ribbon closely matches
locations where a model (20) using this external
field orientation indicates that just outside the
heliopause, the field is transverse to IBEX’s radial-
viewing LOSs (21).

Several factors could contribute to the sub-
stantially enhanced emission in the ribbon, in-
cluding higher energetic ion intensities along the
LOS and pitch-angle distributions of ions that
preferentially emit radially inward. The combi-
nation of the external plasma dynamic (i.e., ram)
and magnetic (J X B) forces produces a localized
band of maximum total pressure around the helio-
pause, which is substantially offset from the
nose for a strong external field (27). Because
the suprathermal plasma observed in the inner
heliosheath is subsonic, information about the
enhanced pressure at the heliopause propagates
throughout the inner heliosheath, adjusting the
plasma properties and bulk flow and potentially
affecting the TS. Flows at the Voyager loca-
tions appear to be more directed away from the
ribbon than away from the nose. At Voyager 2
(22), south and offset from the nose meridian
(Fig. 1), in radial-tangential-normal (RTN) co-
ordinates, (V1) ~ +48 km s ', whereas (Vy) is
only ~—14 km s™'. At Voyager 1, northward of
the nose, only Vg and V1 were measured (23),
but (V1) ~—40 km s~'. Thus, the ribbon might
indicate the true region of highest pressure in
the inner heliosheath. If so, the location of the
ribbon divides inner heliosheath flows down
the two sides of the heliotail, analogous to a
continental divide; this may explain why Vr is

several times Vy at Voyager 2, as well as the large
transverse flow at Voyager 1.

If the pressure maximum is aligned with the
ribbon and the heliosheath flows are away from
it, then this represents the stagnation flow region,
where inside the heliopause the radial outflow
must go to zero. In this region, the plasma density
should maximize, producing copious ENAs that
would naturally map the region of maximum
pressure. This additional pressure might also ex-
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trude a region of the heliopause, forming a
spatially limited outward bulge with high density
and little bulk flow. Because of the narrow
angular extent of the ribbon, it might be expected
that the emission region could be radially narrow
also, which would require magnetic or some
other sort of plasma confinement. Furthermore,
the spectral slope of the ribbon is similar to that
of the surrounding regions, which suggests that
this feature is not dominated by dynamical effects

i
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Fig. 1. IBEX all-sky maps of measured ENA fluxes in Mollweide projections in ecliptic coordinates
(J2000), where the heliospheric nose is near the middle and the tail extends along both sides. The pixels
are 6° in spin phase (latitude), with widths (longitude) determined by the spacecraft pointing for different
orbits. Maps are shown in the spacecraft frame for passband central energies from IBEX-Hi of (A) 1.1 keV,
(C) 0.7 keV, (D) 1.7 keV, (E) 2.7 keV, and (F) 4.3 keV, and from IBEX-Lo of (G) 0.2 keV and (H) 0.9 keV.
Also shown in (A) is the galactic plane (red curve), which clearly does not coincide with the ribbon, as well
as directions toward Voyager 1 (V1) (35°, 255°), Voyager 2 (V2) (—32°, 289°), and the nose (5°, 255°).
(B) Magnified section of the ribbon where each 0.5° in spin phase is averaged with nearest neighbors to
reach 100 counts (10 counts standard deviation). Because of contamination of ENAs from Earth’s
magnetosphere, a small region on the right side of each map was not sampled in the first 6 months of
data; these regions have been filled in with average values from the adjacent areas and appear

unpixelated.
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only ~30 to 60 AU thick could still be in rough
pressure balance with the combined external dy-
namic and magnetic forces (27).

(e.g., different energization processes at the TS or
elsewhere) but simply reflects the accumulation
of particles. Integration of our measured distri-

butions of ENAs over energy suggests that the
pressure in the ribbon is considerably higher than
in the rest of the sky (/2); nonetheless, a region

Fig. 2. Sky map, in ecliptic coordinates,
of the average power-law spectral
slope (k) from ~0.5 to 6 keV using
IBEX-Hi channels 2 to 6. The mea-
surements were transformed into the
rest frame of the Sun; unlike Fig. 1,
the unsampled region is left black in
this image. Although statistical uncer-
tainty remains in individual 6° pixels,
global variations are clearly evident.

Another way to trap hot, inner-heliosheath
plasma in a relatively narrow structure might be
via large-scale, Rayleigh-Taylor-like instabilities
(24), which can be driven by neutrals and de-
stabilize the heliopause. Some models show
large, semicoherent structures with higher ion
densities and sizes greater than tens of AU,
moving tailward at <60 km/s along the helio-
pause (25). Magnetic reconnection across the
heliopause would also allow suprathermal helio-
sheath ions out into the cooler, denser outer

Spectral Siope () heliosheath, potentially confining them in narrow

0 1 structures. For any method that traps hot plasma

farther out beyond the heliopause, expected

Fig. 3. Energy spectra for 20° x 20° T higher densities of interstellqr neutrals there would
regions centered on the Voyager IBEX-Lo IBEX-Hi also enhance ENA production. . .

1 (thick lines) and Voyager 2 (thin *—;1000 Another possible ENA source is from outside

lines) directions. Prelaunch cross- 2 the heliopause, where compression of the exter-

calibration of the IBEX-Lo (red) and -Hi % nal field would both enhance densities and pro-

(blue) sensors simultaneously inasingle 00 | vide perpendicular heating to produce more

chamber produces quantitative matching & ~Voyager2 | perpendicular ion pitch-angle distributions (2/).

between the spectra. Error bars show <’ Such ions preferentially emit ENAs where the

counting statistics plus likely system- T LOS is transverse to the interstellar magnetic

atic errors of +20% for IBEX-Hi and = 10l Voyager 1 | field. A possible source of ENAs could be fast

+30% for IBEX-Lo. = : neutrals emitted from the inner heliosheath,

0.1 0.3 1 3 6  which become ionized just outside the heliopause

Energy [keV] and then reneutralize, emitting back inward pref-

Fig. 4. Schematic diagrams of Parker's limiting cases for the i/—' Heliopause B
heliospheric interaction (28). (A) “Hydrodynamic” interaction,

where the external dynamic forces >> magnetic forces. (B)

“Diamagnetic cavity” interaction, where the external magnetic

forces >> dynamic forces. (C) Schematic showing an intermediate v
case, where the external magnetic and dynamic forces are
comparable. The measured flux at ~1.1 keV is superposed on the
heliopause; the ribbon appears to correlate with where the field is
most strongly curved around it.
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erentially where the field is perpendicular to
IBEX’s radial LOS. A simulation including this
effect but using only isotropic distributions showed
a weak ENA signal (2). Producing a strong, nar-
row feature would require the PUIs to remain a
ring distribution, in the face of instabilities, long
enough for many to neutralize. It is also possible
that the ribbon ENAs come from inside the TS,
perhaps from shock-accelerated PUls (26) prop-
agating inward through the region where the
solar wind decelerates by ~20% over ~10 AU,
just inside the shock (27).

The brightest regions of the ribbon occur well
away from the nose and at latitudes where the slow
and fast solar winds interact, forming corotating
interaction regions. This suggests that the emis-
sions in the ribbon are at least partially related to
the solar wind properties as well as to the external
environment. Additionally, although the ribbon
appears as a continuous feature, it could be a
string of more localized, overlapping “knots™ of
emission. Certainly other ideas need to be exam-
ined, and while our data support some earlier

ideas, in other areas a completely new paradigm
is needed for understanding the interaction be-
tween our heliosphere and the galactic environment.
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Width and Variation of the ENA Flux
Ribbon Observed by the Interstellar

Boundary Explorer

S. A. Fuselier,™* F. Allegrini,®® H. O. Funsten,® A. G. Ghielmetti, D. Heirtzler,” H. Kucharek,’
0. W. Lennartsson,® D. ]. McComas,? E. Mébius,” T. E. Moore,® S. M. Petrinec,®
L. A. Saul,” J. A. Scheer,” N. Schwadron,® P. Wurz’

The dominant feature in Interstellar Boundary Explorer (IBEX) sky maps of heliospheric energetic
neutral atom (ENA) flux is a ribbon of enhanced flux that extends over a broad range of ecliptic
latitudes and longitudes. It is narrow (~20° average width) but long (extending over 300° in the
sky) and is observed at energies from 0.2 to 6 kilo—electron volts. We demonstrate that the flux in
the ribbon is a factor of 2 to 3 times higher than that of the more diffuse, globally distributed
heliospheric ENA flux. The ribbon is most pronounced at ~1 kilo—electron volt. The average width
of the ribbon is nearly constant, independent of energy. The ribbon is likely the result of an
enhancement in the combined solar wind and pickup ion populations in the heliosheath.

Boundary Explorer (IBEX) is to discover

the global interaction between the Sun’s
solar wind and the interstellar medium (/). This
objective is accomplished through the use of two
high-sensitivity neutral atom cameras that detect
ENAs from 0.01 to 6 keV. Here, the full energy
range of the IBEX payload is used to investigate

The scientific objective of the Interstellar
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average characteristics of the ribbon of enhanced
hydrogen flux (Fig. 1) detected by IBEX across a
large fraction of the sky (2).

The sky map for 0.2-keV hydrogen [see
Fig. 1G in (2)] shows evidence of enhanced
0.2-keV hydrogen flux that generally follows the
ribbon seen in Fig. 1. In the 0.2-keV sky map,
there is also a high-flux region centered approx-
imately on the ecliptic from roughly the nose
direction to —150° longitude. A similar region is
evident in a sky map of oxygen (3). These are
interstellar oxygen neutrals originating from the
nose. The interstellar oxygen is not observed ex-
actly in the nose direction because neutrals are
deflected by the Sun’s gravity and IBEX mea-
sures them in the Earth’s reference frame (3).
Energetic oxygen neutrals create a hydrogen sig-
nature in the IBEX-Lo sensor by knock-off of

negative hydrogen ions from the sensor’s neutral-
to-negative ion conversion surface (4). Thus, the
high-flux region in the 0.2-keV sky map near the
nose is not associated with heliospheric hydro-
gen. Rather, it is a secondary product in the
IBEX-Lo sensor from interstellar oxygen. Indeed,
sky maps at £ < 0.2 keV (3) are dominated by the
secondary hydrogen flux produced by both in-
terstellar oxygen and helium in the sensor, and it is
difficult to identify a ribbon at energies below 0.2
keV. Thus, the ribbon extends from 0.2 to 6 keV
[the upper energy of the 4.3-keV sky map in (2)].

To investigate average properties of the rib-
bon, we integrated the maps at each energy
parallel to the thick black curve in Fig. 1 in 6°-
wide bins. These integrals define the average
cross section profile of the ribbon (Fig. 2A). The
ribbon is centered near —3° for all energies,
except at 0.2 keV. It is not symmetric about 0°
because there is structure in the ribbon at higher
angular resolution than shown here (2). The rib-
bon is a flux enhancement above a more diffuse,
globally distributed heliospheric ENA flux (2, 5)
(the fluxes at [-30, —24°] and [24, 30°] define
the distributed flux). It is most pronounced at
0.9 keV, where it is a factor of 2.3 times more
intense than the distributed flux. At both higher
and lower energies, the average intensity of the
ribbon decreases so that at 0.2 and 2.7 keV, the
ribbon flux is only ~25% more intense than the dis-
tributed flux. The ribbon is centered in the same
location up to 6 keV [the highest IBEX energy;
see Fig. 1F in (2)].

At 0.2 keV, the influence of the interstellar
neutrals is seen from 12° to 30°. In addition, the
ribbon appears to be wider and somewhat dis-
placed from the location at all other energies.
Below 0.2 keV), it is difficult to identify a ribbon
because hydrogen created in the sensor from
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