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apping the Heliopause in EUV
ike Gruntman

artment of Aerospace and Mechanical Engineering, MC-1191
niversity of Southern California, Los Angeles, CA 90089-1191

We know very little about the heliopause, a boundary that separates the solar wind and
he galactic plasma of the local interstellar medium (LISM), with the direct experimental data
ext to nonexistent. We propose to explore the heliopause remotely, from 1 AU by an

erver outside of the geocorona. Interstellar plasma ions beyond the heliopause would
under solar extreme-ultraviolet (EUV) radiation in the resonance lines of oxygen (83.4
m) and helium (30.4 nm). The measurements of this glow would map the heliopause.
eliopause mapping in EUV is a way to remotely explore the heliospheric interface region
nd the LISM ionization state and to probe the asymmetry of the interstellar magnetic field.

HELIOPAUSE

The interaction of our star, the Sun,
the surrounding local interstellar

controls the state and behavior of the
asma environment. The heliosphere is a
plicated phenomenon where solar wind
nd interstellar plasmas, neutral interstellar
gas, magnetic fields, anomalous and
galactic cosmic rays. and energetic neutral
atoms play prominent roles (Figure 1).
Experimental data on the sun-LISM
lnost)’lli(:llrii:‘;%'ltOZn‘:irLO;lT:;"[;lrzjlzzllt}(();;dr\,‘i; Figure 1. Possiblc solar w;ind inleraclionl (lv.vo.
Bow very little about the heliopause, a shock model) \.‘wth the LISM: TS - tcrnuna}lon
/ g shock; HP-heliopause; BS - bow shock; CR -
boundary  that separates the so]iar wind  cosmic rays; ISP(G) -interstellar plasma (gas):
plasma and the interstellar plasma. B - magnetic field. Interstellar plasma flows
Many important questions remain  oytside the heliopause (gray area). Angle 0 is
unanswered, for example: What is the counted from the upwind direction.
distance to and shape of the heliopause?
What is the ionization state of interstellar gas in the LISM? What is the direction and
magnitude of the interstellar magnetic field? Is the interstellar wind subsonic or supersonic?
Is a bow shock formed in front of the heliosphere?
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Voyager 1, now approaching 80 AU, is expected to cross the termination shock and
explore the heliospheric sheath properties in one point-direction. The spacecraft may not
however reach the heliopause by the end of the mission in ~2025.

The interstellar wind, solar wind latitudinal

variations, and interstellar magnetic field make 1.08+01
the heliosphere asymmetric. Only remote & + OE+00 ITI"JFTl ﬁ?‘
techniques, complemented by the “ground truth” 'g ’ *
Voyager and future Interstellar Probe in-situ  1.0601
measurements, can provide a global view of the %‘
time-varying three-dimensional heliosphere ona & 402 {
continuous basis. _ g E
The heliopause separates the interstellar and  § 10503 §
solar wind plasmas with the number densities 2 © 3
orders of magnitude different. Figure 2 illustrates 1.0E-04 puusssssge

o 100 200 300 400 50

the dependence of the plasma number density2
heliocentric distance, AU

on the heliocentric distance in the approximately
upwind direction (with respect to the interstellar  Fioure 2. Typical plasma number density
wind). The plasma density rapidly decreases with i the upwind direction. The arrows
the cxpansion of the solar wind. Interstellar indicate the positions of the termination
plasma cannot cross the “heliopause and flows shock (TS), heliopause (HP), and bow
around it. One can imagine the sun surrounded shock (BS).

by an interstellar ion “wall” beyond the empty

cavity, the “heliopause moat,” limited by the heliopause boundary. Is the heliopause stable
under such conditions?

This heliopause moat suggests a way of remote, from 1 AU, mapping of the heliopause.’*
Singly charged interstellar ions (He®, O") would scatter the corresponding solar extreme-
ultraviolet (EUV) line emissions. Measurements of this scattered radiation, the LISM plasma
glow, would open an access to the heliopause and the region beyond. Heliopause imaging
would map the heliopause and provide an important insight into the LISM ionization state
and the asymmetry of the interstellar magnetic field. Heliopause EUV mapping, combined
with the heliosheath plasma imaging in energetic neutral atoms,*”* will explore in detail the
three-dimensional time-varying region of the sun-LISM interaction.

2. HELIOPAUSE MAPPING

Interstellar neutral atoms are unsuitable for heliopause mapping because they penetrate
deep into the heliosphere. Most of the glow of heliospheric neutrals, as seen by an observer
near 1 AU, would originate within the 10-AU region. Interstellar protons cannot be imaged
optically at all. Interstellar helium (He") and oxygen (O") ions are ideally suited for
heliopause mapping. Helium is the most abundant interstellar gas constituent (~10%) after
hydrogen, with the exceptionally bright corresponding solar line (30.4 nm). Measurement of
the ionization state of interstellar helium will provide an important insight into heating and
cooling of the LISM. Oxygen is the most abundant interstellar gas minor constituent
(~0.1%). The ionization states of hydrogen and oxygen are tightly coupled by efficient
charge exchange. Therefore, the experimental determination of the ionization state of oxygen
will establish the ionization state of hydrogen.
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Mapping the heliopause in EUV

For an observer at 1 AU looking in the antisolar direction, the radiance (photon em? ¢!
st”') F(0) is an integral along the line of sight

F(6)=% [N, (R.6) g (R)dR

where the g-factor (scattering rate per ion per second) gi(R) depends on the distance from the
sun, Ni+(R,0) is the local ion number density, Rg = 1 AU, and the scattering phase function is
assumed isotropic.

For a simplified case of 1) vanishing ion number density inside the heliopause (R <
Rup) and 2) interstellar plasma (beyond the heliopause) at rest with a uniform number density
and constant temperature, the radiance would be

N, & R; L
4r Ry

where g is the g-factor at 1 AU. The sky brightness is thus inversely proportional to the
distance to the heliopause in the direction of observation. Measuring the directional
dependence (imaging) of the interstellar plasma glow is a way to establish the size and shape
of the heliopause. The detailed temperature, velocity and number density flow fields of the
LISM plasma are needed for accurate treatment of the problem, and the g-factors should be
calculted for the specific local velocity distribution functions of the ions.

The plasma flow field was calculated for this work by Vladimir Baranov and co-workers
in the Russian Academy of Sciences, Moscow using their two-shock sun-LISM interaction
model® with the following LISM parameters (at infinity): velocity, 25 km s™; temperature,
5672 K; electron (proton) number density, n. = 0.07 cm™; neutral hydrogen number density,
ny = 0.14 cm™. The solar wind was assumed to flow spherically symmetric with a velocity of
450 km s’ and a number density of 7 cm™ at 1 AU. Interstellar helium and oxygen
abundances were assumed 0.1 and 7x10, respectively, by the number of atoms relative to
hydrogen.

F(6)=

3. SOLAR LINES, BACKGROUND, AND FOREGROUND

The solar emissions in the He* and O* resonance lines are well known.>'® Figure 3 shows
the line profiles used in this work. The total solar flux in the helium line (30.4 nm) was
assumed to be 6.0x10° cm? s at 1 AU and the line FWHM 0.01 nm (0.1 A).® An oxygen ion
0" has a triplet transition at 83.2754, 83.3326, and 83.4462 nm. Both the solar emission O*
and the nearby O?* multiplet could excite moving interstellar and heliospheric O" ions. The
total solar flux'® in all the lines was assumed to be 5.3x10° cm? s”. The continuum
contribution is 1.8x10® cm? s nm™ and 4.0x10® cm™ s™ nm™ for the helium and oxygen
lines, respectively. This contribution is important for the glow of oxygen ions, but
unimportant for helium.

There are two other major sources of radiation at 30.4 and 83.4 nm, the solar wind
produced foreground and the galactic background. The feasibility of heliopause mapping
critically depends on spectral properties and relative strength (brightness) of this interfering
radiation. One requires the LISM plasma glow (the “heliopause glow™) to be brighter and/or
spectrally separated from the background and foreground radiation.
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Figure 3. Solar emissions in the He" (30.4 nm) and O" (83.4 nm) resonance lines used in this work.
Arrows mark the OII triplet lines; other nearby lines are of the OIIl multiplet. The continuum is
important for the oxygen irradiance, but unimportant for helium.

The glow of the He" and O" ions in the solar wind would produce the foreground
radiation. These ions are produced by ionization of interstellar neutrals penetrating the
heliosphere. The newly formed ions are picked up by the solar wind flow and carried to the
termination shock as the pickup ions.'"'? The pickup ions are singly charged and
characterized by a spherical shell velocity distribution function. The glow of the pickup ions
is the line radiation spectrally similar to the LISM plasma glow.

We calculated the number densities of the pickup ions describing the inflowing
interstellar neutral helium and oxygen by the hot model. Interstellar helium is only slightly
affected by the crossing of the heliospheric intreface region. In contrast, the properties of
interstellar oxygen are significantly modified by the crossing, which requires use of modified
gas parameters at infinity. The details of the calculations can be found elsewhere.*'> The
glow of the pickup ions was calculated similarly to that of the LISM plasma beyond the
heliopause. We used the spherical shell velocity distribution function in calculations of the g-
factors. The observed asymmetry'*'* of the ion distribution function would only slightly
modify the expected pickup ion glow and was disregarded in this work.

At 304 nm, there is another important source of the foreground, viz. the emissions
produced in charge exchange between the solar wind alpha-particles (He*") and heliospheric
atomic hydrogen. The existence of this emission was known for some time,'®'” but only
recently it was analyzed in detail.'”® This emission is spectrally separated from the glow of
the LISM and pickup ions and would not interfere with heliopause mapping (see below). We
also note here that the all-sky images in the charge-exchange emissions will remotely reveal
the three-dimensional solar wind flow properties everywhere in the heliosphere, including in
the regions over the sun’s poles and on the other (from the observer) side of the sun.'®

Two main sources of the EUV background are the radiation emitted by hot interstellar
plasmas (diffuse galactic background) and by the stars (stellar radiation field). The stellar

-266—



Mapping the heliopause in EUV

radiation field is a

continuum with € Canis Majoris

. . . Adhara/Adara
pegligible line o Centaur Earth on i~ 1108 deg )
emissions, whl'le hot A=239.4 deg March 21 B=-51.4deg
plasmas emit a =.42.5deg Earth on
continuum with Earth on /- January 12
prominent line

emissions. The stellar
radiation dominates the

Interstellar Wind
(heliocentric V)

EUV continuum V =26 km/s \
background at |A=252deg " Gi91-B2B
wavelengths > 20 |B=*7deg A= 80.6 deg
nm.'*? The total (at B=+29.8 deg
least 90% complete) Earth on
continuum radialim% ber 12
field is ~13 photon cm’ A =270 deg Feige 24
s nm® and ~9.3 B=+54 deg Vernal Equinox A=37.6deg
photon cm™ s nm™ at Earth on B=-10.9deg
30.4 nm and 83.4 nm, June 22 Earth on
l'cspectively.zo October 29

The stellar EUV ) oo o
background radiation is Figure 4. Projections on the ecliptic plane of the most important
highly anisot.ropic.m A stellar sources (Adhara, G191-B2B, and Feige 24) of the

background radiation at 30.4 nm and 83.4 nm; A and P are the
ecliptic longitude and latitude, respectively. Also shown are the
interstellar wind, solar apex, and the closest star, a Centauri.

single bright star, €
Canis Majoris -(Adhara
or Adara), produces
most of the radiation at
83.4 nm. Two white dwarfs, Feige 24 and G191-B2B dominate the background at 30.4 nm.2°
For isotropic background, the estimated stellar radiation?® field translates into the ~1.3x10
mR/nm and ~9.3x10”> mR/nm at 30.4 nm and 83.4 nm, respectively. (1 Rayleigh=1R =10’
mR = 10° uR = 10%(4 ) phot cm™ s sr''.) For observations in the directions other than
toward these bright sources (Figure 4), the stellar continuum background would be
significantly smaller.

Hot (~10° K) interstellar plamas efficiently emit EUV radiation that includes both the line
emissions and continuum. The sun is embedded in a relatively small, a few parsec long, and
dense (~0.1 ¢cm™) local interstellar cloud. This local interstellar cloud (LIC), our LISM, is too
cold (~7000 K) to emit EUV radiation. LIC is positioned in the center of a region, the Local
Bubble, filled with hot and dilute plasmas. These plasmas would emit the EUV radiation that
after partial absorption in the LIC would reach the sun.

The hot plasma EUV background (line emissions and continuum) was calculated using a
standard plasma emission model?' with the temperaure 10° K, emission measure 0.0006 cm™®
pe, and 10'® cm column density of the absorbing LIC hydrogen.'®

Charge exchange of the solar wind alpha-particles would form, with some probability,
single charged helium ions in the metastable state.'® The metastable ions would decay by a
two-photon emission process contributing to the background for A>30.4 nm. Actually, this
two-photon decay would dominate the continuum background in most directions in the 35-90
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nm wavelength range.'® The contributions from various sources to the background EUV

continuum are summarized in Table 1.
Table 1
Background EUV continuum spectral radiance, mR/nm
Wavelength | Stellar field (isotropic) | Local Buble plasma Solar Wind charge
emission exchange emission
30.4 nm 1.3x10? 6.7x10* 0
83.4 nm 9.3x 107 43x10° (1.0-2.8) x 10

4. RADIANCE AT 30.4 NM AND 83.4 NM

Figure 5 shows the calculated radiance of the glow of the LISM plasma beyond the
heliopause and the glow of the pickup ions. The helium glow is much brighter (milli-
Rayleighs) as compared to the oxygen glow (micro-Rayleighs). The initial slight increase of
the LISM plasma brightness with the angle 6 is due to the Doppler effect as the velocity
radial component diminishes in the plasma turning around the heliopause.The glow falls as
the heliopause moves away from the sun and the Doppler effect reduces the g-factor.

If the plasma had the constant number density, velocity and temperature beyond the
heliopause, then the glow angular dependence would have been inversely proportional to the
distance to the heliopause. This latter inverse radial dependence is shown by the solid curves.
The difference between the solid curves and the calculated radiance (empty circles) illustrates
the sensitivity of heliopause mapping to the plasma flow field beyond the heliopause.

18 45
[ 1 | l J ; I I 1
16 +{ LISM/Heliopause 4.0 ,gﬂd.,_ LISM/Heliopause |
[ L 9 [+]
144 F ! 35 F— I\ p
% 12 E E He+ pi*up ions 5 %. 30 E \\0
" \ 3 \
g 1% g 25¢
s 8% e B 20+ A
§ 8+ A\ e | B sk o
L ‘.. ..0.
4 1.0+ s -
2 = 05 £ hd
L “!\? E] O+ pickup ions "‘-rt—
o'. e FETTE FTTTE freee N Q aiaa 0‘0 ----- !-__.! ________ .o.h'....
0 30 60 9% 120 150 180 0 30 60 9 120 150 180
0, deg ) a'dogme

Figure 5. Glow at 30.4 nm and 83.4 nm of the LISM plasma beyond the heliopause and the
solar wind pickup ions. The solid curves are the function 1/Ryp normalized at 6 = 0, Ryp is the
distance to the heliopause.
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10 I i —
|_{Ne =0.14 cm”(-3)

N = 0.07 em?(-3) | |

The assumed ion-to-neutral ratios
were 0.3125 and 0.5 for helium and
oxygen. respectively. The brightness of
the LISM plasma glow is roughly
proportional to the number density of the
interstellar gas ionized component, while
the pickup ion glow is roughly
proportional to the number density of the

—{ne =0.105 cm*(-3)
Nk =0.105 cmA(-3)| |

radiance, uR

neutral component. Figure 6 illustrates 2 {{ne = 007 cm*(3)
this effect for oxygen,' showing the [ | nv=0.14 cma(3)
angular dependence of the radiance for N ST P Bl Oman Bé
three different ion-to-neutral ratios, 1:2, 0 3 8 9 120 150 180

I:1. and 2:1. Helium glow properties
exhibit a similar dependence on the
ionization state. By measuring the
upwind-to-downwind  brightness ratio  Figure 6. Sky radiance directional dependence at
one would establish the ionization state 3.4 nm for various ionization states of the LISM.
Interstellar oxygen is assumed ionized similarly to
hydrogen. Total LISM number density is 0.21 ¢m™,

5. SPECTRAL RADIANCE and the oxygen relative abundance is 7x10™,

0, deg

of helium and oxygen.

The expected spectral radiance at 30.4 nm is shown in Figure 7. The LISM plasma
and pickup ion glows are in practically the same spectral range. Most of the adjacent plasma
line emissions (from the Local Bubble) are produced by interstellar OIII, AIIX. and SiXI
ions. The continua of the plasma emission and the stellar radiation field are negligible. The

10 I I
8 [ S.Ol:r Wind A Solar Wind
£ [ z:gWUp on "charge
5 6 : :::2::)?1& Local Bubble
8‘ K /\ | _—|interstellar plasma
% 4 [HLISM plasma =l emission
£ :_I("heliopause‘) f__,%/%
2 Haglow = ‘
0 F— ‘ : ﬁ =N | . . ) ) ) . l )
30.3 304 305 306

wavelength, nm

Figure 7. Typical spectral radiance at 30.4 nm. The glow of the LISM plasma beyond the
heliopause is shown as white (empty) bars. Also shown are the pickup ion glow (light gray
bars), Local Bubble interstellar emissions (black bars), and the solar wind charge-exchange
emission (dark gray bars; the two peaks correspond to the fast/polar and slow/ecliptic solar
wind).
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Doppler shifted solar wind charge-
exchange emissions'® are clearly spectrally
separated from  other  emissions.
Measurements of the heliopause glow with
the spectral resolution ~0.025 nm would
allow one to eliminate the interfering
contributions of the solar wind emissions.
In order to efficiently remove the
contributions of the interstellar lines, one
would require the resolution of 0.005 nm.

Figure 8 shows the spectral radiance at
83.4 nm. The glows of the LISM plasma
and the solar wind pickup ions are of
comparable total radiance of several milli-
Rayleighs. However, the spectral radiance
of the LISM plasma glow is about one
order of magnitude brighter since it is
concentrated in the narrower spectral range
(Figure 8a,b). The continuum radiation due
to two-photon decay of the metastable ions
in the solar wind'® and stellar radiation
field” are not negligible (Table 1). The
combined spectral radiance from all
sources is shown in Figure 8c for a typical
continuum 0.16 uR/(0.01nm).

The glow measurements with a 0.01-
nm spectral resolution would allow
identification of the contributions from the
LISM plasma and from the pickup ions.
Much modest resolution of ~0.1 nm, should
provide the combined glow radiance.

The recently developed EUV
spectrometers EURD advanced the
sensitivitif of the diffuse radiation detection
to 1 mR.* The new space mission CHIPS,
presently under preparation, will study the
diffuse galactic radiation with a sensitivity
of ~1 mR/line at A< 26 nm. The proposed
heliopause mapping requires, however,
significantly higher (a factor of 100)
spectral resolution at 304 nm and
significantly higher sensitivity (a factor of
100) at 83.4 nm. Development of diffuse
EUV radiation spectrometers with such
advanced performance characteristics is a
challenging but not impossible task.
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Figure 8. Spectral radiance at 83.4 nm. a)
LISM plasma glow; b) pickup ions glow;
¢) combined spectral radiance including

the continuum.
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Mapping the all-sky radiance at 30.4 nm and 83.4 nm will establish the distance to and
shape of the heliopause. The ionization states of interstellar helium and oxygen (and
correspondingly hydrogen) will be obtained from such measurements. The asymmetry of the
insterstellar magnetic field would also be pronounced and identified in the all-sky maps. The
geocorona is bright at 30.4 nm and 83.4 nm, and too many photons would reach the night
side through multiple scattering.® The heliopause mapping experiment can be performed
only from a spacecraft outside the geocorona.
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