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Abstract. Maps of energetic neutral atoms (ENA) of the heliosphere from Cassini [1] have been con-
structed spanning the energy range ~ 5 < E <55 keV, and show a “Belt” in the sky of ~ 100° FWHM. Simi-
larly, maps < 6 keV have been obtained by the IBEX mission [2] and show a “Ribbon” that is narrower
than the Belt and inclined to it in both ecliptic latitude (~25°) and longitude (~30°). The overlap in energy
between Voyager ions [3] and Cassini ENA intensities (averaged over the ENA line of sight) enables us to
deduce ion fluxes in the heliosheath, thus providing a continuous spectrum 5 < E <4000 keV. These meas-
urements are then used to estimate the local partial pressure over this energy range (~ 0.1 pPa), suggesting
p >25 [4] and the thickness of the heliosheath (~ 50 AU). Using a simulated PUI distribution [5], we esti-
mate the E < 6 keV contribution to be ~ 0.12 pPa. The balance of the non-thermal pickup ion (PUI) pres-
sure against the stagnation pressure of the interstellar plasma and the local interstellar magnetic field
(ISMF) at the nose of the heliopause implies an upper bound on the ISMF of ~0.64 nT
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INTRODUCTION

The two Voyager (V1, V2) spacecraft have been traversing the heliosheath for the
past few years, transmitting information on the charged particles and fields environment.
Intensities of energetic (> 28 keV) ions, on average, have been remarkably similar at the
two spacecraft, even though they are separated by a distance > 130 AU, at latitudes of ~
35° (V1) and -30° (V2) [6]. These measurements, however, are in situ and the broader
context of the heliosheath remained unknown until the recent ENA images obtained by
the Cassini Magnetospheric Imaging Instrument (MIMI) Ion and Neutral Camera (INCA)
sensor [1] and the IBEX mission [2]. Relating the ENA spectrum in the image pixel con-
taining V2 to the ion source population (5-55keV) and matching it to the overlapping 30-
3500keV ion spectrum measured in situ by V2 enables the computation of the non-
thermal pressure associated with PUIs at E > 5 keV. Adding in an estimate of the non-
thermal pressure at < 5 keV as well as the thermal plasma pressure measured by the
plasma instrument on V2, we can estimate the level of the interstellar magnetic field nec-
essary to contain the hot heliospheric plasma. A by-product of this procedure is an esti-
mate of the thickness of the heliosheath in the direction of V2.

THE ENA “BELT” AND “RIBBON”



The most remarkable aspects of the ENA images are the unexpected spatial distribu-
tion of the emissions and the substantial differences in the shape of low (~1 keV, [7]) and
high (> 5 keV, [1]) energies. Figure 1 shows the Cassini/INCA ENA celestial sphere
plotted in ecliptic coordinates, with the IBEX “ribbon” sketched in. There are emissions
both from the direction of the interstellar flow (Nose) as well as the opposite (Tail), plus
strong intensities through the north and south ecliptic poles. Both Voyagers are located
within the belt, north and south of the ecliptic equator. Note that the belt straddles the ga-
lactic equator.

FIGURE 1. Image of heliospheric ENA in the range 5.2-13.5 keV obtained with Cassini/ MIMI/INCA plotted in
ecliptic coordinates. The location of local interstellar flow (Nose), and its opposite (Tail), and the positions of Voyager
1, 2 in the heliosheath are marked. The thick white line shows the galactic equator. The blue line shows the centerline
of the IBEX ribbon (2) and the magenta and black lines at low (<-30°) and high (> 60°) latitudes indicate the ribbon’s
range at different energies.

Although not clear from this figure, the ribbon forms a near circle [7] of radius 72°
centered on ecliptic (A, p) = (221°, 39°), and its normal is inclined relative to that of the
belt. The Ribbon is relatively narrow at ~ 1 keV and becomes broader at higher energies
[2]. The schematic in Fig. 2 is an attempt at depicting the relative orientation of the low
energy Ribbon and the high energy Belt. Here the width of the heliosheath has been es-
timated as ~ 50 AU [1], while the Ribbon is shown as extending to > 200 AU [8]. At this
point, the radial extent of the ribbon is the subject of extensive debate [2, 9, 10].



FIGURE 2. Schematic of the radial and latitudinal extent of the Belt and the Ribbon as seen from outside the helio-
sphere. The Sun is at the center (yellow), the solar wind proper is black inside the Termination Shock (TS) set at ~ 90
AU, the heliopause at ~ 140 AU is the estimated radial extent of the Belt, while the Ribbon is shown as extending from
the TS to well beyond the heliopause, allowing for the present range of estimates on its extent. The galactic and ecliptic
equators are indicated.

ENERGY SPECTRA IN THE HELIOSHEATH

The presence of the two Voyagers in the heliosheath provides “ground truth” meas-
urements on the actual intensities of protons (and heavier ions under certain assumptions)
so that one can relate these to the ENA line-of-sight intensities observed inside the helio-
sphere without needing assumptions on pitch angle distributions, extinction factors, etc.,
provided that there is energy overlap in the respective data channels. A partial overlap
exists between the Voyager 1, 2 Low energy Charged Particle (LECP) ion instrument
([11], 28 < E <4000 keV) and the Cassini ENA INCA sensor (5.2 < E <55 keV) used to
obtain the heliosphere images. There is also a plasma instrument (PLS) on Voyager 2
[12] that covers the nominal range ~10 eV < E < 6 keV, but is only sensitive to E < 1 keV
in the heliosheath. Thus there is little overlap between PLS and the IBEX ENA sensors.

Using INCA images similar to that of Fig. 1 it is possible to construct ENA spectra
for various locations in the sky. Spectra from selected areas shown in Fig. 3 (lower
grouping) illustrate the range of intensities from minima to maxima, a factor of ~ 6 for
the lowest energy channel. The differential intensity varies as E~ and it is nearly inde-
pendent of location in the sky. A more detailed spectral map (not shown) reveals that this
is a general result throughout the celestial sky. The V1 and V2 spectra measured in the
heliosheath [3] on the right exhibit the well-known E-' form. A most remarkable aspect
of the deduced proton spectra in the heliosheath is that the higher energy points fit
smoothly onto the V2 and V1 spectra, but are substantially steeper as the energy de-
creases, as some of the simulations predict [5].
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FIGURE 3. ENA spectra of INCA data over the energy range 5.2-55 keV (lower grouping) from selected locations
shown in Fig.1, and deduced proton spectra (upper grouping). Laboratory charge exchange cross sections for protons
on hydrogen are used for each channel in a medium with density 0.1 cm™, with the 44 keV channel normalized to the in
situ intensity measured by Voyager 2 at ~ 90 AU. The normalization factor is used to estimate the size of the region
beyond the TS at ~ 50 AU.

A by-product of this procedure is an estimate of the heliosheath thickness in the V2
direction. The line-of-sight intensity jena, i0n intensity jo, local hydrogen density in the
heliosheath ny, charge exchange cross section o', and the average radial interval L;,, be-
yond the TS where the product ngjy is relatively constant are related [1] by the expression

jo = jena/(c 1OnojoLion)

In Fig. 3 we multiplied the ENA intensity at 44 keV (geometric mean of highest energy
INCA channel) by a factor of 80 in order to obtain jo= 0.335 that fits on the V2 spectrum
between the 33.5 and 56.5 keV points (upper set of curves). Assuming no= 0.1(x 20%)
cm™, we deduce that Lip,= 54 (+30, —15) AU, where the errors include uncertainties as-
sociated with the laboratory-measured value of '°. We adopt 50 AU as a nominal value
for the width of the heliosheath. Note that we deduced the value of L;,, by matching the
INCA-inferred ion spectrum to the in situ measured V2 spectrum; at no point in our
analysis in this paper do we ever need to assume a value for L;o, or to invoke any model
for ion intensities in the heliosheath.



PUI PRESSURE AND THE INTERSTELLAR MAGNETIC FIELD

The V1 and V2 crossings of the TS revealed that PUI pressure in the heliosheath was
significantly higher than magnetic field pressure, as shown in Fig. 4. The pressure at V2
in particular (lower panel) at E > 28 keV was 0.023 pPa at TS crossing and peaked at
0.036 a few days later, i.e. i.e., just this partial pressure alone was ~5 times the measured
magnetic pressure (B*/2uo ~ 0.004 pPa for B = 0.10 nT). The ion PUI spectra shown in
Fig. 3 implies a pressure over the energy range 8-44 keV of 0.077 pPa, giving a partial

pressure 5-3500keV of 0.10 pPa. Neglect overlap.
FIGURE 4. Time history of the pressure of
energetic protons just upstream and also
daily avg. VA/LECP ion partial pressure downstream of the TS for Voyager 1 (top)
0.04-4.0 MeV ] and Voyager 2 (bottom) is plotted in the indi-
cated energy intervals. The in situ magnetic
pressure is shaded in. The heliosheath is con-
sistently B > 1, even counting only the partial
pressure due to ions E>28 keV.

The only component of the
pressure not measured directly is
the E < 6 keV, i.e. the energy
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tion [5] that is able to reproduce
the observed intensity of the E™'~
e non-thermal tail of ions with E >
$10 e E 28 keV at V2 downstream of the
g ] TS and is found to be ~ 0.121
° pPa. This compares well with the
V2/MAG IBEX estimate of 0.15 pPa at the
B/ V2 pixel [7] if one assumes Lio;=
—— 50 AU. Thus the overall (iso-
2010 tropic) pressure in the heliosheath
immediately downstream of the
TS is Piotat = Pth + Pstt + Pst2 TPep + Pmag = (0.005+0.121+0.077+0.023+0.004) = 0.230 pPa.
In addition, there is also the ram pressure of the downstream thermal ions measured by
V2 of pV?~0.075 pPa [13], but this must be “book-kept” separately (below).

Finally, we utilize these pressure values in order to estimate the magnitude of the in-
terstellar magnetic field (ISMF). We think it reasonable to presume that the pressure at
V2 of ~ 0.23 pPa is similar to that at V1 (Fig. 4) and is therefore characteristic of the nose
portion of the termination shock because of the remarkable agreement of the intensities in
the E™'~ tails above ~ 28 keV (despite the separation of the two spacecraft by 130 AUY).
We will assume that the same pressure is carried out to the heliopause. True, there will
be some adiabatic cooling and charge-exchange loss en route (although this could be
compensated by “ubiquitous” compressional acceleration [14], so our estimate of the
ISMF should be considered an upper limit. The thermal ram pressure (if it persists from
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the TS to the heliopause) will not affect the force balance there, because (by definition)
there is no flow across an ideal heliopause. We estimate the pressure at the Nose of the
heliopause due to stagnation flow of the interstellar plasma flow in the approximation of
slow incompressible flow (Bernoulli’s equation). We have also neglected the magnetic
tension stress (B:VB/ug) produced by the draping of the field around the heliopause, so
again, our estimate should yield an upper limit on the ISMF. Then pV?/2+P+B*/2u, =
constant along a flow streamline. In the interstellar medium the thermal pressure (nkT);s
=0.010 pPa while (pV*/2)is= 0.0565 pPa if we assign a plasma density of 0.1 cm™.

The required magnetic pressure outside the heliopause should therefore be
Pismr=Piowa-(pV>/2+1nk T)1s=0.230-0.0665=0.1635 pPa. This is 3.5 times the stagnation
pressure of the interstellar flow, so although the flow effects should affect the structure of
the nose heliopause somewhat, the effects of the ISMF should dominate. Our upper limit
for the ISMF value is Bis ~ 0.64 nT, which is significantly larger than the commonly as-
sumed value of 0.25 nT. We note, however, that estimates for the magnitude of the ISMF
as high as 0.7 nT [15] are in the literature. In fact, models used to explain the observed
asymmetry between the north (94 AU) and south (84 AU) asymmetry of the TS, can only
do so with large values of ~ 0.4 nT [16] and 0.35-0.55 nT [17] for the ISMF. We con-
clude that the non-thermal PUI pressure measurements, despite some uncertainties, point
to a stronger ISMF than assumed heretofore.
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