JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 111, A04216, doi:10.1029/2005JA011530, 2006

Imaging the global solar wind flow in EUV
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[1] We advance the original concept of imaging the three-dimensional solar wind flow
(Gruntman, 2001a) by characterizing expected heliospheric EUV signatures under
assumptions of a realistic solar wind. Charge exchange collisions between the solar
wind alpha particles and heliospheric atomic hydrogen produce unique emissions in the
30.4-nm line. All-sky images at 30.4 nm with high spectral resolution reveal the three-
dimensional flow properties of the solar wind, including the flow in the regions over
the Sun’s poles, and the variability of the global solar wind properties during the 11-year
solar cycle. We simulate global heliospheric images at 30.4 nm for a realistic three-
dimensional solar wind with the Sun’s effective magnetic dipole tilted with respect to the
spin axis, resulting in a complex flow pattern of the plasma. We show that the physical

properties of the flow would permit averaging over several rotations of the Sun, thus
realistically limiting the total number of all-sky images to a few per year. This feature
effectively establishes the sensitivity requirements for an experiment to image the global

solar wind.
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A04216, doi:10.1029/2005JA011530.

1. Three-Dimensional Heliosphere in EUV

[2] The solar wind flow is essentially three-dimensional
and its anisotropy significantly varies during the 11-year
solar cycle. At solar minimum the polar solar wind plasma
is faster and less dense than the low-latitude (heliolatitude)
solar wind within £20° from the equator, as directly
measured by the Ulysses spacecraft [e.g., Neugebauer,
1999; McComas et al., 2000]. Anisotropy diminishes during
solar maximum, with the solar wind flow pattern exhibiting
a complex structure [McComas et al., 2003]. When and how
does the global flow change during the cycle? Is this change
symmetric with respect to heliographic latitude and helio-
graphic longitude? What are the timescales of the change?
These questions are unanswered.

[3] The unique in situ observations of the solar wind from
a single out-of-ecliptic spacecraft such as Ulysses are so
sparse that they make anything more than an initial step in
understanding of the average global configuration of the
solar wind impossible. Single-point measurements do not
separate important temporal and spatial variations in the
solar wind. In addition, propulsion limitations will confine
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most space missions to the ecliptic plane for many years.
Consequently, characterization of an essentially three-
dimensional and time-varying flow pattern of the solar wind
requires remote techniques to complement Ulysses-type
“ground truth” in situ measurements. The recently pro-
posed [Gruntman, 2001a] new concept to remotely probe
the global solar wind flow is based on unique emissions of
the solar wind plasmas in extreme ultraviolet (EUV).

[4] Charge exchange collisions between the solar wind
alpha particles (He*") and heliospheric atomic hydrogen (H)
produce unique emissions in the 30.4-nm line (the reso-
nance transition in He"). The areas of the sky with the
higher solar wind velocity would stand out in brightness
because of the velocity dependence of charge-exchange
cross sections. In addition, solar wind velocities can be
directly determined from Doppler shifts [Gruntman, 2001a].
Other sources of diffuse radiation in the heliosphere at
30.4 nm, with radiances similar to that of the solar wind
emissions, include emissions of hot plasmas in the Local
Bubble and the glow of (scattering of the solar line emission
by) He" ions in interstellar plasma flowing around the
heliopause and the glow of He" pickup ions in the solar
wind. It is important that the solar wind emissions are
spectrally separated (owing to Doppler shifts) from these
other sources of diffuse radiation, which opens a way of
probing the three-dimensional solar wind flow remotely
[Gruntman, 2001a, 2001b].

[5] Remote probing of the solar wind flow constitutes
integral part of global heliosphere imaging in EUV, a
concept that also aims at exploring remotely the properties
of the boundary separating the solar wind and galactic
plasmas, the heliopause, and magnetic field and the ioniza-
tion state and flow field of interstellar plasma beyond
[Gruntman, 2001a, 2001b, 2005; Gruntman et al., 2005].
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Figure 1. During solar minimum the solar wind shows
pronounced anisotropy, with the velocities remarkably
different in the equatorial and polar solar wind flows.
(a) Simplistic model of the solar wind [Gruntman, 2001a],
with the slow solar wind confined within the angle +t¢;
(b) realistic solar wind (this work) with the Sun’s effective
magnetic dipole tilted by angle X\y; with respect to the spin
axis; and (c) complex flow (velocity) field (model of Pizzo
[1994a, 1994D]) of the realistic solar wind (Figure 1b). Note
that the region within ££, is filled with mixed slow and fast
plasma flows (Figures 1b and Ic¢).

Heliosphere imaging in EUV will likely be the next logical
step in remote exploration of the galactic frontier of the
solar system [National Research Council, 2004; Gruntman,
2005] after the Interstellar Boundary Explorer (IBEX)
mission [McComas et al., 2004] images the outer helio-
sphere in ENA fluxes in a few years. Scheduled for launch
in 2008, IBEX will reveal the properties of the termination
shock and of the solar wind proton and pickup proton
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populations in the heliospheric sheath [Gruntman, 1997;
Gruntman et al., 2001; McComas et al., 2004].

[6] Imaging the heliosphere in EUV requires obtaining
all-sky maps (angular pixels 5° x 5°) of diffuse radiation at
30.4 nm with high spectral resolution. The resolution of
0.005 nm or better would directly determine the plasma
flow velocities with an accuracy of 50 km s™'. In fact, the
envisioned observations (from a spacecraft outside the
geocorona and radiation belts) would provide a dozen or
so all-sky images (maps) in spectral bins 0.005 nm wide
near 30.4 nm [Gruntman, 2001a, 2001b; Gruntman et al.,
2005]. Imaging the heliosphere at this spectral range will
map the heliopause; probe pickup ions in the solar wind;
and reveal the three-dimensional flow pattern of the
solar wind, including in the regions over the Sun’s poles
[Gruntman and Fahr, 1998; Gruntman, 2001a, 2001b,
2005; Gruntman et al., 2005].

[7] The expected radiance of heliospheric EUV signa-
tures is rather weak, a few milli-Rayleighs (1 mR = 1072 R;
1 R = 10%4x phot cm 2 s~' s '), and its measurement
presents a tough but not impossible instrumental challenge.
Radiance of one milli-Rayleigh equals one photon per
square centimeter in a 6.4° X 6.4° solid angle in one
second. Gruntman et al. [2005] and Lampton et al. [2005]
have developed an instrumental concept to achieve the
required sensitivity and spectral resolution. The enabling
instrumentation is based on a Rowland-type spectrometer
with multiple tall off-plane-blur-free slits of a special shape,
with a large number of slits forming an aperture-coding
pattern. The space mission concept and instrumentation
[Gruntman et al., 2005; Lampton et al., 2005] are beyond
the scope of this article.

[8] The first computer-simulated images of the three-
dimensional solar wind flow in EUV [Gruntman, 2001a]
were obtained for a simplistic model of the solar wind for
solar minimum conditions. This original model assumed
that the slow (equatorial or ecliptic) solar wind was con-
fined within the T, = +20° angle from the ecliptic; that the
Sun effective magnetic dipole was aligned along the Sun
spin axis; and that the Sun’s spin axis was normal to the
ecliptic plane (Figure la). The solar wind flow was thus
axisymmetric, with the fully three-dimensional image fea-
tures caused by asymmetry of the spatial distribution of
atomic hydrogen (charge-exchange collision partners) of
interstellar origin in the heliosphere. As a result, the
simulated images of solar wind emissions exhibited a sharp
boundary between the fast (polar) and slow (ecliptic) solar
wind flows [Gruntman, 2001a, Plate 1]. Obviously two
original simplifying assumptions are not valid: The Sun’s
spin axis is tilted by 7.25° with respect to the normal to the
ecliptic plane and the angle X\y; between the Sun’s effective
magnetic dipole and the spin axis is essentially nonzero and
could be as large as 30° (Figure 1b).

[v] The nonzero X\\; angle would result in a complex
three-dimensional structure of the solar wind flow near the
equator. The flow would exhibit a “wavy” pattern of
density and velocity in this region and a washed out
boundary between the fast and slow flows of the solar wind
(Figure Ic; see also Figure 5j in section 3). The solar wind
plasma with typical fast (750 km s ') and slow (450 km s ")
velocities covers 10.8 and 6.5 AU, respectively, during
one full rotation of the Sun (~24.9 days). Solar wind
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Figure 2. (a) Definition of the heliographic inertial
coordinate system (HGI) with respect to ecliptic coordinates
(ECL). The Xpyg-axis points along the intersection line of
the ecliptic and solar equatorial planes. The Sun spin axis
(Zygy) is tilted 7.25° with respect to the normal to the
ecliptic plane (Zgcp). (b) Ecliptic plane with the Xyg-axis
and the projection on the ecliptic plane of the interstellar
wind vector. The interstellar wind comes from the direction
with ecliptic latitude 5.2° and longitude 254.7°, so its vector
points in the direction with latitude —5.2° and longitude
74.7°. Note that the interstellar wind direction is slightly
(1.1°) off the Xygr-axis. Also shown are the projections on
the ecliptic plane of the observation point used in this work
and the lines of sight.

imaging is line-of-sight observations with the regions pro-
ducing the observed radiance, the ‘‘source function,”
stretching from the Sun for 10 AU and more [Gruntman,
2001a] (see also section 3 below). The radiance measured
by an observer in a given direction near the ecliptic would
thus include emissions of the solar wind plasmas that
originated at different heliomagnetic latitudes, with the slow
and fast solar wind plasmas interacting in a complex way
(Figure 1c).

[10] The question of importance for imaging of the
heliosphere in EUV is whether global images (maps) with
high spectral resolution would reveal the boundary between
the fast and slow solar wind velocities in a realistic complex
flow. Here, there are two distinct possibilities with the
observations either resolving angles Tq and \y; or not. In
one case, imaging would determine (1) the angle 4
confining the slow solar wind; (2) the angle \y; between
the Sun’s effective magnetic dipole and the spin axis; and
(3) typical velocities of slow and fast plasma flows (Figure
1b). In the alternative case, the boundary between fast and
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slow flows would be washed out in observations near the
equator and the global maps would establish only the
boundary of the broader region filled with the mixed fast
and slow flows, confined by the angle +£, = £(\\; + T), as
shown in Figures 1b and lc.

[11] The answer to the above question is critically impor-
tant to formulating the concept of the space experiment to
image the global heliosphere and for determining the
requirements to the space mission and instrumentation.
Imaging of the heliosphere in EUV includes simultaneous
mapping of the heliopause and probing of the three-dimen-
sional solar wind flow pattern [Gruntman, 2001a, 2001b]. If
a realistic complex flow pattern (such as shown in Figure 1c)
can be reconstructed from the images, then one would
require obtaining several all-sky images during one Sun’s
rotation, say, one all-sky image per week. If, alternatively,
only a boundary of the broader region (+£) filled with the
mixed slow and fast flows can be obtained, then the all-sky
images can average over several Sun’s rotations. Therefore
these two distinct cases would translate into the require-
ments of one image per week and a few images per year,
respectively. (We note that mapping of the heliopause,
achieved simultaneously with imaging of the solar wind,
would require one or two all-sky images each year
[Gruntman, 2001a, 2001b; Gruntman et al., 2005].) The
full sky (4w sr) contains about 1600 5° x 5° angular
(directional) pixels. Therefore the two cases above would
correspond to accumulation time 400 s and 10,000—20,000
s per pixel, respectively.

[12] The goal of this article is to build on the original
concept of the heliosphere EUV imaging [Gruntman,
2001a, 2001b] and to make the next step in characterizing
expected EUV signatures of the three-dimensional helio-
sphere and to further define the experimental concept under
assumptions of a realistic truly three-dimensional solar wind
flow.

2. Model

[13] We use the heliographic inertial coordinate system
(HGI), which is a natural coordinate system for description
of the solar wind flow. The system reference vector Zyg;
(the vector of the Sun’s rotation) is normal to the solar
equator and tilted 7.25° with respect to the normal to the
ecliptic plane. The Xygr-axis is directed along the intersec-
tion line of the ecliptic and solar equatorial planes; ecliptic
longitude of the Sun’s ascending node is 75.77° (J2000).
The Yygr-axis completes the right-handed set. Heliographic
latitude varies from —90° at the south pole to +90° at the
north pole and longitude is counted from the Xygi-axis
from 0—360°. Figure 2a shows the HGI coordinate system
with respect to the ecliptic coordinate system. The ecliptic
plane with the Xyg-axis and the projection of the interstel-
lar wind vector are shown in Figure 2b.

[14] Solar wind EUV emissions are produced by charge
exchange of the solar wind alpha particles. The surrounding
local interstellar medium (LISM) moves with respect to the
Sun (the interstellar wind) with the velocity ~26 km s™'.
Interstellar hydrogen atoms penetrate the solar system and
fill the heliosphere, providing charge-exchange collision
partners. (Note that heliospheric hydrogen energetic neutral
atoms (ENAs) significantly contribute to the population of
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Figure 3. Observer is at (Rg, 6y, o), 09 and @y being
heliographic latitude and longitude. The axes Xy, Y, and Z,
of the system of coordinates fixed with the observer are
parallel to the XyGr, Yugr, and Zygr axes, respectively. The
direction of observation (line of site) is characterized by two
angles, 0 and ¢, that are defined similarly to heliographic
latitude 0, and longitude .

atomic hydrogen within 1 AU [Gruntman and Izmodenov,
2004]. We disregard the ENA source in this work.) The
direction (latitude and longitude) from where the interstellar
wind comes from is well established: 5.2° and 254.7° in
ecliptic coordinates [Witte, 2004; Gloeckler et al., 2004;
Lallement et al., 2005; Moebius et al., 2004; Vallerga et al.,
2004] or 5.0° and 178.3° in HGI. The wind velocity vector
thus points in the direction with latitude and longitude
—5.2° and 74.7°, respectively, in ecliptic coordinates and
—5.0° and —1.7°, respectively, in heliographic coordinates.
Note that the interstellar wind vector is close to the line of
intersection of the ecliptic plane and the solar equator (the
XHGI axis).

[15] The 30.4-nm radiance F (photons cm 2 s~ ' sr™ ') at
an observation point O is an integral over the line of sight 5

1

[o¢]

F=—
47
Point O

as) ds, (1)

where a(s) is the rate of (assumed isotropic) emission of
photons in a unit time at a point s [Gruntman, 2001a]. The
emission rate «(s) at a given point s = s(R, 0, ¢) is equal to

as) = a(R,0,0) = nge+ (R,0,0)Vew (R,0,0) ni(R,0,0) 0304 (1),
(2)

where n;,.- and Vgy are the local solar wind alpha particle
number density and velocity, respectively; n;; is the local
number density of hydrogen atoms; 03¢ 4(1) is the velocity-
dependent cross section to produce a 30-4-nm photon in a
He®"—H collision with a relative velocity u; and R is the
heliocentric distance (radius). Figure 3 shows the definition
of heliographic latitude and longitude.

[16] The velocity of interstellar hydrogen atoms inside the
heliosphere is much smaller than the velocity of the solar
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wind, so we assume that the collision velocity is always
equal to that of the solar wind, u = V. The cross section
030.4(1t) roughly linearly increases with the collision veloc-
ity in the 300—800 km s™' range [Gruntman, 2001a], and it
can be approximated as

0304(u) = 1.41 x 107 x uy — 4.3 x 1071,

where the collision velocity u is in km s~ and the cross
section 034 is in cm?. Alpha-particle abundances vary in
the solar wind with time and direction [e.g., Bochsler,
1998]. We discussed these variations as well as particle
streaming elsewhere [Gruntman, 2001a]. In this work, we
assume that alpha particles constitute 4.5% of the solar wind
ion number density. We note that expected variations of the
abundances of alpha particles will actually increase the
contrast of images [Gruntman, 2001a].

[17] The velocities of alpha particles in the solar wind
plasma associated with the propagating corotating interac-
tion regions and coronal mass ejections (CMEs) may have
significant nonradial and thermal components. Higher par-
ticle velocities will increase emission probabilities because
of the higher charge exchange cross sections. Nonradial
velocity components will result in reduced Doppler shifts
of the observed radiation. The region with such alpha
particles would be limited in size and its contribution will
likely be small compared to the emissions of the solar wind
plasma along the line of sight. Whether imaging of the
solar wind is sensitive to transient structures in the solar
wind, such as CMEs, is an open question [Gruntman,
2001a], and this subject is beyond the scope of the present
study.

[18] We assume that the solar wind flow is axisymmetric
with respect to the effective solar magnetic dipole. This
dipole is tilted with respect to the Sun spin axis by an angle
s, With the slow solar wind confined within the angle +7,
from the magnetic equator (Figure 1b). Our tilted-dipole
model describes the spatial evolution of a steady (in a frame
rotating with the Sun), three-dimensional magnetohydrody-
namic (MHD) solar wind where the solution is built up over
a range of heliocentric distances by outward integration of
the mass, momentum, energy, and magnetic flux conserva-
tion equations in spherical shells. The details of the model
assumptions and implementation are given by Pizzo [1982,
1994a, 1994b].

[19] Over the magnetic poles, the solar wind plasma is
relatively fast, hot, and tenuous. At the magnetic equator, it
is relatively slow, cold, and dense. At the inner computa-
tional boundary of 0.15 AU, we adopt the polar solar wind
velocity 530 km s~ '. This velocity corresponds to a velocity
of 760 km s~ ' and number density 2 cm > at 1 AU. The
slow solar wind with the velocity 230 km s is confined to
+7¢ = £15° at the inner boundary. At 1 AU, the slow solar
wind would be characterized by the velocity 320 km s~
and number density 10.5 cm . (The detailed conditions at
the inner computational boundary are shown in Figures 5a
and 5c in section 3.) In this work, we assume the dipole tilt
angle \;, = 30°. The solar wind flow is simulated up to the
25-AU distance. A “side view” of the resulting complex
flow pattern is shown in Figures 1c and 5j. The region with
the mixed fast and slow solar wind flows is thus confined
within ££, = +(\3; + T¢) = £45°. Only a few percent of the
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expected photon fluxes (that reach an observer at 1 AU)
originate beyond 25 AU, so we disregarded the contribution
of those distant regions in this work.

[20] Interstellar hydrogen number density distribution in
the heliosphere was calculated using the hot model [e.g.,
Fahr, 1974; Holzer, 1977; Meier, 1977]. This computation-
ally convenient model does not include important plasma-
gas coupling in the heliospheric interface which modifies
the properties of the inflowing interstellar hydrogen [e.g.,
Izmodenov et al., 2001]. The hot model can be reliably used
however for many applications if one accounts for the
interface effect by “adjusting” the velocity and temperature
of the inflowing interstellar gas [Gruntman, 1994]. The
adjusted parameters are inferred from observations at 1 AU
of heliospheric hydrogen [e.g., Costa et al., 1999]. Such an
approximation is adequate for the purposes of the present
work focused on sorting out the importance of relevant
physical processes and establishing main properties of
heliosphere images in EUV. The following (adjusted) inter-
stellar atomic hydrogen parameters are used in this work:
number density no = 0.14 cm 3 temperature 12000 K; bulk
velocity 20 km s~ '; radiation-to-gravitation force ratio 0.8;
and ionization rate 6.0 x 1077 s~ ' at 1 AU. The ionization
rate is assumed inversely proportional to the square of the
distance from the Sun and independent of ecliptic latitude
and longitude.

3. Results and Discussion

[21] We simulate global heliospheric images for an
observer at a point

(Ro, 00, &g) = (1 AU, 0°, 120°)

in heliographic coordinates; ecliptic latitude and longitude
are 6.3° and 196.0°, respectively (Figure 2b). This
observation point is at the solar equator (and consequently
close to the ecliptic plane) and roughly 60° from the upwind
(interstellar wind) direction. The observation point is
purposefully selected at a location that would show
asymmetries caused by both the interstellar wind (distribu-
tion of atomic hydrogen in the heliosphere) and the solar
wind flow.

[22] Figure 4 shows solar wind conditions and radiation
properties along two representative lines of sight, one (left
column) for the direction 6; = 0 and ¢, = 178.3° and the
other (right column) for 6, = 60° and ¢, = 178.3°. Line of
sight directions are characterized by two angles, the “lati-
tudinal” angle 6 varying from —90° to +90° and the
“longitudinal” angle ¢ from 0° to 360°. The axes Xo, Yo
and Z, of the coordinate system fixed with the observer
point in the directions parallel to the Xygi, Yuar, and Zygr
axes, respectively (Figure 3). The angle 0 is counted from
the plane normal to the Zy (Zygp) axis and the longitudinal
angle ¢ is counted from the X axis.

[23] We will call these two selected directions “1” and
“2,” respectively. While both directions point away from
the Sun, the entire line of sight in direction 1 is in the solar
equatorial plane and thus in the region of the “ecliptic solar
wind” with the mixed slow and fast flows. It is close to the
upwind (interstellar wind) direction (Figure 2b). Direction
2 points 60° off the solar equator plane and consequently
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the line of sight is predominantly in the fast polar solar
wind.

[24] The local emission rate in a given point is a product
of the local atomic hydrogen number density, solar wind
number density, solar wind velocity, and velocity-
dependent charge-exchange cross section (equation (2)).
These parameters are shown in Figures 4a—4c for two
selected lines of sight. The number densities of helio-
spheric atomic hydrogen (normalized to the number density
no “at infinity” in interstellar medium) smoothly increase
with the increasing heliocentric distance along the lines of
sight, reaching 80—85% (at 25 AU) of the number density
in the LISM (Figure 4a). The dependences of solar wind
number densities and velocities are essentially different for
two selected observational directions (Figure 4b). Both
the number density and velocity vary significantly along
direction 1 in the equatorial solar wind, going through the
regions with high and low densities and velocities. In
contrast, the dependences are smooth along direction 2
when the line of sight enters the region of high-speed solar
wind at s > 1 AU. The charge exchange cross section
between alpha particles and atomic hydrogen is velocity
dependent, and Figure 4c shows the cross sections
corresponding to the local solar wind velocities along the
lines of sight.

[25] Figure 4d shows the variation of the solar wind
emission rate a(s) (in mR/AU) along the lines of sight.
The radiance reaching the observer is an integral of the
emission rate along the line of sight (equation (1)) or the area
under the curves in Figure 4d. These curves are the source
functions for the observed radiances. For direction 1, one
can see that the maxima of solar wind 30.4-nm emissions
are associated with the maxima of the solar wind number
density and velocity. The maxima correspond to the areas
where the line of sight crosses the corotation interaction
regions (CIRs) in the solar wind.

[26] The situation is quite different for direction 2 with
the line of sight out of the ecliptic plane. Roughly at s =
1 AU, the line of sight leaves the slow (~400 km s~ ") solar
wind region. The contribution of the slow solar wind to the
total radiance is clearly insignificant (the short-wavelength
peak in Figure 4e, right) for this direction. The region with
the high solar wind velocity (polar solar wind) and corre-
spondingly with a large charge exchange cross section
would account for most of solar wind emissions (the
long-wavelength Doppler-shifted peak in Figure 4e, right)
for this direction.

[27] Figure 4e shows the expected spectral radiance from
the selected directions, integrated over 0.005-nm bins. In
addition to wavelength, we show the corresponding
(Doppler shift) velocity of emitting ions along the X axis.
One can see that spectral radiance obtained for direction 2
allows clear determination of the velocity of the solar wind
in polar regions. Spectral radiance for direction 1 is spread
over several spectral bins resulting from a complex flow
along the line of site crossing the regions with slow and fast
velocities.

[28] Figure 4d also clearly shows that the regions con-
tributing most to the observed radiance stretch up to 10 AU
and beyond. We note that that both directions 1 and 2 point
in the upwind (with respect to the interstellar wind) hemi-
sphere. Observational directions in the downwind hemi-
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Figure 4. Properties of the solar wind and expected radiance for two directions (6, ¢): (left) (0°, 178.3°);
(right) (60°, 178.3°); the observer is at (R, 6y, ©g) = (1 AU, 0°, 120°]. Dependences along the line of site
s: (a) neutral atomic hydrogen number density (normalized to its value ng at “infinity’’); (b) normalized
solar wind number density ngw (R/Ry)* (solid lines) and solar wind velocity (dashed lines); (c) velocity-
dependent charge-exchange cross section; and (d) emission rate or the source function (mR/AU) for the
radiance reaching the observer. (e) Spectral radiance summed up over 0.005-nm bins; also shown are the
corresponding (Doppler shift) flow velocities along the horizontal axes.

sphere would cross the region with a significantly lower
number density of heliospheric atomic hydrogen and the
distances up to 20 AU or even more would significantly
contribute to observed radiance. The solar wind plasma flow
with typical fast and slow velocities covers roughly 11 and
6 AU, respectively, during one full rotation of the Sun.
Therefore emissions contributing to observed radiance
would be produced by the solar wind plasma originating
during one-to-four solar rotations, depending on the partic-
ular line of sight.

[29] Figure 5 shows the three-dimensional properties of
the solar wind flow and the resulting simulated all-sky
images. The images are presented in the Mercator projec-
tion. For the selected observation point, the Sun is at (6, @) =

(0, 300°) in the images (arrows in Figures 5e, 5f, 5g, and
2h). Figures 5a and 5c show solar wind flow properties (all
latitudes and longitudes) at the inner computational bound-
ary R = 0.15 AU. The solar wind velocity (in km s™') in
shown in Figure 5a and the normalized number density, or
ngw X (R/Rg)% in cm > is shown in Figure 5c. One can
clearly see the effect of the rotation of the Sun’s effective
magnetic dipole, with the dipole tilt axis \y; = 30° and the
slow solar wind confined within +7, = £15°. The solar wind
flow pattern is largely preserved at 1 AU. Figures 5b and 5d
show the solar wind velocity and normalized number
density, respectively, at 1 AU. Note that the initial (at
0.15 AU) sharp boundary between the fast and slow solar
wind gradually evolves.
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Figure 5. Solar wind flow properties (all latitudes and longitudes) at (a, c) the inner computational
boundary R =0.15 AU and at (b, d) 1 AU: Figures 5a and 5b show solar wind normalized number density
Ngw X (R/Rg)? (in em™2); Figures 5¢ and 5d show solar wind velocity Vsw (in km s™'). All-sky maps
(Mercator projection) in total solar wind emissions (milli-Rayleigh) for (¢) a simplified case of Ny = 0
and (f) a realistic case of the tilted Ay = 30° effective solar dipole. All-sky maps of the solar wind
emissions in two (roughly 0.005-nm wide) spectral bins corresponding to (g) slow (500 < Vgw < 550 km
s~ ") and (h) fast (750 < Vgy < 800 km s~ ') solar wind. The arrows in Figures Se—5h show the vicinity of
the Sun as several blackened pixels. (i) Spectral radiance for a swath in the sky (latitudes from —90° to
+90°) in the direction ¢ = 120°, with the corresponding (Doppler shift) velocity shown along the
horizontal axis. (j) Color representation of Figure Ic.
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[30] Figures 5e and 5f show all-sky maps of total radiance
produced by the solar wind charge-exchange emissions.
Figure 5e corresponds to a simplistic case with the effective
Sun’s magnetic dipole aligned along the Sun’s spin axis, that
is A\ = 0. (This was the assumption in the original work by
Gruntman [2001a].) The all-sky map shows a clear boundary
between the fast and slow solar wind velocities in this case,
with the directions primarily in the high-velocity solar wind
standing out in brightness. Both, the tilt of the effective
magnetic dipole \y; and the region containing the low-
velocity solar wind +7( can be obtained from such an image.

[31] Figure 5f illustrates a case of a realistic solar wind
with the tilted magnetic dipole. The tilt of the magnetic
dipole causes the north-south asymmetry although it man-
ifests in a more complex way in contrast to the simple zero-
tilt case shown in Figure Se. The upwind direction with the
higher atomic hydrogen number densities corresponds to
longitudinal angles ¢ in the 90—-270° range. Consequently,
the directions with such longitudes are much brighter, as
expected. Clearly, one cannot now separate the contribu-
tions of the dipole tilt (\y;) and of the latitude range (7¢) of
the slow solar wind from an image in Figure 5f. The sum of
these two effects, however, the angle £, = X\ + T, can be
obtained from such an all-sky map.

[32] Note that the shown simulated sky maps (Figure 5f)
is a “snapshot” at a certain moment of time. In reality it will
take a certain time (at least a week [Gruntman et al., 2005])
to obtain an all-sky image, further significantly complicat-
ing extraction of the flow pattern near the equator. Therefore
obtaining the exact flow pattern of the complex flow near
the equator with the mixture of regions with fast and slow
flows seems to be very difficult if not impossible from
global heliospheric images. In contrast, if the map accumu-
lation takes a few Sun rotations, than one can expect that the
image would show a broad band (+£, wide) of relatively
low brightness centered on the equator and two high-
latitude bands of relatively bright polar regions. From such
an image one should be able to determine the angle €, in a
straightforward way.

[33] Heliosphere imaging in EUV with high spectral
resolution [Gruntman et al., 2005] would produce sky maps
covering the spectral band corresponding to Doppler-shifted
velocities in the 300—800 km s~ range. The nominal width
of spectral bins is 0.005 nm which roughly corresponds to
the velocity bins of 50 km s™'. Two examples of such maps,
one for a relatively slow solar wind (velocity 500 < Vgyw <
550 km s~ ") and the other for a relatively fast solar wind
(velocity 750 < Vgw < 800 km s~ ') are shown in Figures 5g
and 5h, respectively. The regions with the slow solar wind
are close to the equator (Figure 5g) and would exhibit a
complex rapidly changing in time pattern. In contrast, the
regions with the high velocity solar wind would be pro-
nounced and stable near the polar regions, with temporal
changes occurring only near the boundary (+£,) of the high-
velocity region.

[34] The simulated all-sky maps clearly show that it
would be very difficult if not impossible to reconstruct the
exact flow pattern in the near-equatorial region. In addition,
accumulation of a all-sky image would require at least
1 week [Gruntman et al., 2005], washing out many features.
Therefore a realistic experiment will not be able to separate
the contributions of the dipole tilt (\y) and of the latitude
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range (7o) of the slow solar wind. Determining the sum of
these two effects, however, the angle &, = Ny + 7o, 1S
possible even from all-sky images obtained over a period
of several rotations of the Sun. Consequently, a space
experiment should realistically focus on measuring the
angle £, and require obtaining a few all-sky images per
year. This latter requirement is consistent with another goal
of heliosphere EUV imaging, mapping of the heliopause
[Gruntman, 2001a, 2001b; Gruntman et al., 2005].

[35] The global conditions of the three-dimensional solar
wind can be inferred, however, more frequently. The local
conditions in the antisolar direction from the Earth, that is
corresponding to a given heliographic longitude, can be
determined perhaps in a day or two. Instead of measuring
all-sky images, one can require obtaining an image of the
one-pixel wide (or a few-pixel wide) swath in the sky, from
south to north, in the antisolar direction. Figure 5i shows
spectral radiance for such a swath in the sky in the
antisolar direction. Such an image can be obtained with
high spectral resolution perhaps in a day or two [Gruntman
et al., 2005]. In addition, the instrument boresight will
always be pointed at least 90° from the direction toward
the Sun, thus significantly simplifying the baffle system.
The horizontal axis (Figure 5i) shows the corresponding
Doppler-shifted velocities. Therefore one can monitor the
solar wind velocities on the daily basis. Since the Sun
rotates, such one-dimensional observations during one
rotation of the Sun (~27 days as observed from the Earth
moving around the Sun) would allow inferring of the
three-dimensional flow field of the solar wind in the
heliosphere.
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