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Structures and Spectral Variations of
the Outer Heliosphere in IBEX
Energetic Neutral Atom Maps
H. O. Funsten,1* F. Allegrini,2,3 G. B. Crew,4 R. DeMajistre,5 P. C. Frisch,6 S. A. Fuselier,7
M. Gruntman,8 P. Janzen,9 D. J. McComas,2,3 E. Möbius,10 B. Randol,3,2 D. B. Reisenfeld,9
E. C. Roelof,5 N. A. Schwadron11
The Interstellar Boundary Explorer (IBEX) has obtained all-sky images of energetic neutral atoms
emitted from the heliosheath, located between the solar wind termination shock and the local
interstellar medium (LISM). These flux maps reveal distinct nonthermal (0.2 to 6 kilo–electron
volts) heliosheath proton populations with spectral signatures ordered predominantly by ecliptic
latitude. The maps show a globally distributed population of termination-shock–heated protons
and a superimposed ribbonlike feature that forms a circular arc in the sky centered on ecliptic
coordinate (longitude l, latitude b) = (221°, 39°), probably near the direction of the LISM
magnetic field. Over the IBEX energy range, the ribbon’s nonthermal ion pressure multiplied by its
radial thickness is in the range of 70 to 100 picodynes per square centimeter AU (AU, astronomical
unit), which is significantly larger than the 30 to 60 picodynes per square centimeter AU of the
globally distributed population.
nergetic neutral atoms (ENAs) are formed
when energetic ions in the heliosheath,
predominantly H+, are neutralized by charge
exchange with the neutral component of the
interstellar gas, predominantly H0. Imaging and
spectroscopy of these ENAs are used to remotely
survey the structure and dynamics of heliosheath
plasmas (1, 2). The IBEX-Lo (3) and IBEX-Hi
imagers (4) on the Interstellar Boundary Explorer
(IBEX) mission (5) measure heliosheath ENAs
over the energy range from ~0.2 to 6 keV. The
IBEX-Hi and IBEX-Lo all-sky maps show a
ribbon (6, 7) that was not anticipated by current
models of the structure and dynamics of the
interaction region (8). The ribbon is superim-
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posed on a globally distributed ENA flux that
varies slowly over the sky (6). Here we characterize the underlying plasma structures in the
heliosheath by analyzing the spectral index
derived from the ENA flux maps (6) both inside
and outside the ribbon.
The ENA spectra show two distinct spectral
shapes independent of ecliptic longitude l (Fig. 1,
A to C). The blue (north) and red (south) spectra
are similar in shape, even though their corresponding intensities vary over a factor of ~2 to 3,
with higher intensities in the ribbon. They all exhibit a conspicuous flattening of their slopes for
energies >1 keV, which is the characteristic energy range for pickup ions in the fast solar wind
that are further heated at the termination shock
(9). At each energy passband, the ENA fluxes of
all north and south spectra of Fig. 1, A to C
(except for the northern tail, which contains the
ribbon), are similar, with average fluxes of 192,
79, 30, 17, and 8.7 cm−2 s−1 sr−1 keV −1 at energy
passbands centered at 0.7, 1.1, 1.7, 2.7, and 4.3 keV,
respectively, and standard deviations within 10%
of the average flux values at each energy.
In contrast to the high-latitude spectra, the
smooth low-latitude (green) spectra can be
approximated as a power law spectrum with a
single spectral index k (8). This applies even in
the ribbon, which exhibits a larger overall in-
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tensity but a similar single slope as compared to
nonribbon spectra (Fig. 2, A and C). The value of
k at low latitudes shows a weak trend with
longitude (Fig. 1D), with fits of the data over the
nine energy channels yielding k = 1.5 for the
nose and k = 2.1 for the tail. The nose and tail
spectral shapes are also slightly but consistently
different, possibly resulting from longer line-ofsight (LOS) integrations of low-energy ions
toward the tail. Another exception is the spectrum
in the direction of Voyager 1 (6), which is more
characteristic of high-latitude spectra.
The spectral index k at higher energies is
predominantly ordered by ecliptic latitude b
(Fig. 2, A and B). The spectral indexes within
the ribbon nearly overlap with and show the
same strong latitude dependence as the globally
distributed flux outside the ribbon. For the
globally distributed flux that does not include
the ribbon, the average spectral index at low
latitudes (–30° ≤ b ≤ 30°) is k = 1.95 T 0.09 at
1.7 keV and k = 1.91 T 0.07 at 2.7 keV, and at
high latitudes (b ≤ –54°, b ≥ 54°) is k = 1.49 T
0.05 and k = 1.36 T 0.08, respectively, revealing
a distinctly different higher-energy ion population at high latitude.
These observations show that the global characteristics of nonthermal heliosheath ions are
ordered predominantly by ecliptic latitude, regardless of whether they reside inside or outside
of the ribbon. Because ecliptic latitude is almost
indistinguishable from heliographic latitude, this
spectral signature is probably imposed by the
latitude dependence of the solar wind, whose
transition from slow (equatorial) to fast (polar)
solar wind in the outer heliosphere occurs at midlatitudes throughout the present minimum phase
of the solar cycle (10). It also suggests that the
intensity features of the ribbon are not produced
by local heliosheath acceleration processes that
would presumably impose a different spectral signature associated only with these higher fluxes. If
the solar wind orders the spectral characteristics of
heliosheath plasma, we expect temporal variation
of the globally distributed flux, and possibly structures such as the ribbon, caused by the changing
solar wind pattern throughout the 11-year (and
possibly 22-year) solar cycle.
We divided the ribbon into three regions
based on differences in spectral signature (Fig. 2,
C and D). The spectra of regions 1 and 3 are
consistent with the spectral signatures of lowand high-latitude regions, respectively (Fig. 1, A
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Identifying the ribbon over a broad energy
range has implications for its stability. ENAs with
energies of 1 keV take ~1.1 years to propagate from
100 AU to Earth, whereas ENAs with energies of
0.2 keV take ~2.4 years to make the same journey.
Thus, the ribbon must exist over at least ~1 year.

to C). However, region 2 is a highly localized
knot of ENA emission that is apparent in the
ENA flux maps and lies within –30° to 12°
longitude and 38° to 72° latitude. The flux is
enhanced relative to region 3 at 1.7 and 2.7 keV
and is highly variable over small spatial scales.
By 4.3 keV, the fluxes converge to the values of
region 3. These observations suggest the presence
of a dynamic process whose characteristic signature lies in the energy range from ~1 to 2.7 keV.
Region 2 lies toward the northern extent of the
interaction region of fast and slow solar wind and
might, for example, arise from preferential ion
acceleration near the termination shock (11).
The ribbon is probably associated with an
enhanced plasma pressure, consistent with plasma flow away from the ribbon measured at the
Voyager spacecraft, whose locations straddle the
ribbon (6). Along a single LOS, heliospheric
ENAs are emitted from a source region with
average thickness L. The energetic ions over this
emission region exert an average nonthermal
partial pressure DPion. We estimate the product
DPionL by assuming an isotropic ion distribution of intensity jion(E). The average ENA flux
along the LOS as measured by IBEX is jENA(E) =
s10(E)nH jion(E)L, where s10(E) is the charge
exchange cross section for H+ + H0 → H+ + H0
(12) and nH ≅ 0.1 cm−3 is the lower-bound density of H0 from the local interstellar medium
(LISM) along the LOS (13). The ion partial pressure over an energy range DE (such as an IBEX
energy passband) is DPion= (4p /3)jion(E)pionDE,
where pion is the ion momentum.
Over the energy range from 0.2 to 6.0 keV,
the ribbon dominates DPionL, ranging from 70 to
110 pdynes cm−2 AU as compared to 30 to 60
pdynes cm−2 AU for the globally distributed flux
(Fig. 3). The larger DPionL in the ribbon could be
from higher ion pressure, a thicker plasma source
region, or a combination of both. Using DPionL ≈
100 pdynes cm−2 AU and assuming that the
ribbon radial thickness L ≈ 50 AU is similar to
its apparent 20° width (9) at 150 AU, the average IBEX partial pressure in the ribbon is DPion ≈
2 pdynes cm−2 (~0.2 pPa), which is comparable
to the estimated external forces exerted by the
LISM (8).
The pressure produced by the nonthermal
ion distribution probably governs the structure,
dynamics, and geometry of the heliosheath. The
region of highest DPionL (~100 pdynes cm−2
AU) follows a circular arc whose center is the
likely direction of the LISM magnetic field direction. The arc center, derived by linear regression using the latitude of the 6° × 6° pixel
having maximum DPionL at each longitude, lies
along a LOS through ecliptic (l, b) = (221°,
39°), which is ~46° from the heliospheric nose.
The mean angle between the LOS of the arc
center and the LOS of the DPionL maxima is
71.6° T 3.9°. The three-dimensional geometry of
the regions of enhanced DPionL is therefore a
cone through the heliosheath with the Sun as its
apex. The ribbon’s arc of high DPionL is con-
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Fig. 1. ENA spectra from several regions. Measurements were transformed into the rest frame of the Sun.
Average fluxes from 24° longitude × 12° latitude areas in longitudinal slices centered on the heliospheric
(A) nose (l = 255°), (B) tail, and (C) right flank (60° from the nose) are shown. The green spectra are from
low ecliptic latitudes (–30° ≤ b ≤ 30°), and the blue and red spectra are from northern (b ≥ 54°) and
southern (b ≤ –54°) polar regions, respectively. The low-latitude spectra with the highest flux in (A) and
(C) are from latitudes centered on –12° and –24° and contain the ribbon. The north latitude spectra with
the highest flux in (B) also contain the ribbon. (D) Spectra from 20° × 20° regions centered on the nose
(red) and tail (blue) and fit over nine energy passbands of IBEX. Typical error bars in (D) represent
counting statistics and systematic errors of T20% for IBEX-Hi and T30% for IBEX-Lo.

Fig. 2. Global spectral variation with latitude and within the ribbon. The variance-weighted mean of k for
the ribbon (red) and globally distributed flux outside the ribbon (black) are calculated using three
adjacent IBEX-Hi energy passbands centered on (A) 1.7 keV and (B) 2.7 keV. Error bars represent errors in
the weighted mean. The 2.7-keV ENA flux map (C) is centered on ecliptic (l, b) = (221°, 39°) and shows
three regions of the ribbon. (D) Spectra from these three regions are derived from the average ENA flux in
areas 6° in longitude by 18° in latitude centered on the ribbon.
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Fig. 3. The product of
the ion pressure DPion in
the heliosheath and the
radial thickness L of the
ENA emission in units of
pdynes cm−2 AU over the
energy range from 0.2 to
6 keV that includes the
0.44-keV passband of
IBEX-Lo and the 0.7-,
1.1-, 1.7-, 2.7-, and 4.3keV passbands of IBEX-Hi.
The black swath is data
removed because of poor
statistics in the IBEX-Lo
energy passband.
sistent with the locus of points for which the
external LISM magnetic field vector lies transverse to the IBEX LOS, a region of comparably
strong dynamic and magnetic force exerted by
the LISM (6, 8). The likely LOS direction (l, b) =
(221°, 39°) parallel to the interstellar magnetic
field derived here lies within the range 210° ≤
l ≤ 240° and 30° ≤ b ≤ 60°, obtained using the
offset in flow directions between interstellar H0
and He0 (14), and is consistent with the direc-

tion inferred from 2- to 3-kHz radio emissions
measured at the Voyager spacecraft (15).
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Simulations of energetic neutral atom (ENA) maps predict flux magnitudes that are,
in some cases, similar to those observed by the Interstellar Boundary Explorer (IBEX)
spacecraft, but they miss the ribbon. Our model of the heliosphere indicates that the local
interstellar medium (LISM) magnetic field (BLISM) is transverse to the line of sight (LOS) along the
ribbon, suggesting that the ribbon may carry its imprint. The force-per-unit area on the
heliopause from field line draping and the LISM ram pressure is comparable with the ribbon
pressure if the LOS ~ 30 to 60 astronomical units and BLISM ~ 2.5 microgauss. Although various
models have advantages in accounting for some of the observations, no model can explain all the
dominant features, which probably requires a substantial change in our understanding of the
processes that shape our heliosphere.
revious models of energetic neutral atom
(ENA) maps (1) provide limits on possible emission patterns depending on the
assumed proton distributions in the heliosheath.
Models with assumed Maxwellian distributions
in the heliosheath show a broad enhanced emission region near the nose where the flow stagnates, whereas highly nonthermal distributions
dominated by pickup ions (PUIs) show higher
intensities in the sidewind direction and toward
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the tail where the line-of-sight (LOS) integrations across the heliosheath extended over
large distances [hundreds of astronomical units
(AU)]. Three-dimensional (3D) models incorporating a k distribution, defined in (2), as a
distribution with a Gaussian-like core and a
power-law tail, manifest structure influenced
by the local interstellar medium (LISM) magnetic field (BLISM) (3). The observed difference
inside the termination shock (TS) between in-

13 NOVEMBER 2009

VOL 326

SCIENCE

5. D. J. McComas et al., Space Sci. Rev., 10.1007/s11214009-9499-4 (2009).
6. D. J. McComas et al., Science 326, 959 (2009); published
online 15 October 2009 (10.1126/science.1180906).
7. S. A. Fuselier et al., Science 326, 962 (2009); published
online 15 October 2009 (10.1126/science.1180981).
8. N. A. Schwadron et al., Science 326, 966 (2009);
published online 15 October 2009 (10.1126/science.
1180986).
9. R. B. Decker et al., Nature 454, 67 (2008).
10. D. J. McComas et al., Geophys. Res. Lett. 25, 1
(1998).
11. N. A. Schwadron, D. J. McComas, Geophys. Res. Lett. 30,
1587 (2003).
12. B. G. Lindsay, R. F. Stebbings, J. Geophys. Res. 110,
A12213 (2005).
13. H. R. Muller, G. P. Zank, J. Geophys. Res. 109, A07104
(2004).
14. R. Lallement et al., Science 307, 1447 (2005).
15. D. A. Gurnett, W. S. Kurth, I. H. Cairns, J. Mitchell, AIP
Conf. Proc. 858, 129 (2006).
16. We thank all the IBEX team members, who enabled
the success of IBEX through their individual talents,
dedication, and hard work. This work was funded by the
NASA Explorer Program. Work at Los Alamos was
performed under the auspices of the U.S. Department
of Energy.

21 August 2009; accepted 2 October 2009
Published online 15 October 2009;
10.1126/science.1180927
Include this information when citing this paper.

terstellar helium flow and the hydrogen flow
(4), which interacts more strongly with the
outer heliosheath plasma (beyond the heliopause), suggests that BLISM lies in the plane of
the two flow vectors (the hydrogen deflection
plane), which can push the TS closer to the
Sun in the Southern Hemisphere, helping to
explain why Voyager 2 (V2; –29° latitude)
crossed the TS ~10 AU closer to the Sun than
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