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Abstract: A model capable of reproducing a set of solar wind parameters along the virtual spacecraft
orbit out of an ecliptic plane has been developed. In the framework of a quasi-stationary axisymmetric
self-consistent MHD model the spatial distributions of magnetic field and plasma characteristics at
distances from 20 to 1200 Solar radii at almost all solar latitudes could be obtained and analyzed.
This model takes into account the Sun’s magnetic field evolution during the solar cycle, when the
dominant dipole magnetic field is replaced by the quadrupole one. Self-consistent solutions for solar
wind characteristics were obtained, depending on the phase of the solar cycle. To verify the model,
its results are compared with the observed characteristics of solar wind along the Ulysses trajectory
during its flyby around the Sun from 1990 to 2009. It is shown that the results of numerical simulation
are generally consistent with the observational data obtained by the Ulysses spacecraft. A comparison
of the model and experimental data confirms that the model can adequately describe the solar wind
parameters and can be used for heliospheric studies at different phases of the solar activity cycle, as
well as in a wide range of latitudinal angles and distances to the Sun.

Keywords: heliosphere; solar wind; MHD modeling; spacecraft Ulysses

1. Introduction

The solar corona is the source of the solar wind (SW), which represents accelerated
supersonic plasma flow with a frozen-in magnetic field (e.g., [1–5]). The interplanetary
magnetic field (IMF) in the SW has a nonstationary turbulent character [6,7]. Various
instabilities accompanied by the processes of magnetic reconnection [8–12], formation of
magnetic islands and particle energization (e.g., [13]) can develop in this active media.
Moreover, the role of various kinetic microinstabilities in the turbulent regions behind
shock waves propagating in the solar wind can be substantial in a formation of a strong
proton temperature anisotropy in solar wind plasma [14–17].

If one averages the observational data over time intervals much larger than the solar
rotation period, the large-scale quasi-stationary structures appear in the SW flow shap-
ing the heliosphere into a whole system, including the bow and terminal shock waves,
heliopause, heliosheath, and the heliospheric current sheet (HCS) [18–21]. Satellite obser-
vations indicate that the HCS having a thickness of about 104 km is embedded within a
relatively thick heliospheric plasma sheet (HPS) with a thickness of about several solar
radii [22]. At the intersection of HCS the magnetic flux extended from the Sun’s corona
changes its sign. Recent experimental observations have shown that HCS has a complex
internal structure [8,23–25] and is surrounded by relatively thin current sheets, in which
proton dynamics is quasi-adiabatic, and the scale of magnetic inhomogeneity is comparable
to ion gyroradii [26–28]. During the Earth’s motion in the ecliptic plane our planet crosses
the folds of HCS, as a result, spacecraft in Earth’s vicinity register the intersections of
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the sector structures of the IMF with multidirectional magnetic fluxes [29,30]. Due to the
cross-section of magnetic sectors, the structure of HCS and HPS at low latitudes is better
investigated in comparison with high latitudes.

High-latitude regions of the heliosphere remained almost unexplored until the launch
of the Ulysses spacecraft (1990–2009), whose main purpose was to measure the physical
characteristics of the Sun’s polar regions (e.g., [31]). Ulysses remains the only spacecraft
that traversed along a heliocentric orbit almost perpendicular to the ecliptic plane. This
made it possible to investigate the properties of SW at high latitudes and in the circumpolar
regions [32,33].

SW modeling is the effective method for studying the heliosphere and interpreting
the available experimental observations. Theoretical models of the heliosphere began to
develop after works of Vsekhsvyatsky et al. [34], Bondi [2], and Parker [1,35], in which
pioneering hypotheses were made about the non-equilibrium nature of the solar amosphere
and its expansion into the surrounding space. The most consistent in theoretical terms
was Parker’s simple model of SW acceleration [1] to supersonic flow moving at a speed
of 300–700 km/s. Several years later the results of the measurements by the Luna-2,3,
Mariner-2, and Venus-spacecraft brilliantly confirmed the model assumptions and main
results [3,36,37].

Since the cycle of Sun activity (so called Hale 22-years cycle) is accompanied by
the heliomagnetic field evolution from dipole configuration (in the solar minimum) to a
quadrupole one (with higher-order multipoles in the solar maximum), it is important to
study the changes of heliosphere that influence the plasma structure of the solar system. At
present, a relatively small number of publications have been devoted to SW modeling taking
into account the cyclic change of the heliomagnetic field. Most of them are semi-empirical,
non self-consistent and based on the method of the potential source surface [38,39]. Some
models allow us to predict the presence of more than one large-scale current sheet in the
heliosphere, along with the HCS, during the periods of significant non-dipolarity of the
Sun’s magnetic field (e.g., [40–45]).

Along with the source surface models, MHD modeling is an effective method for
describing SW structure and dynamics, which makes it possible to study self-consistent
magneto-plasma structures and SW characteristics in the heliosphere (e.g., [46–51]). In
some MHD models, the solar synoptic maps of photospheric magnetic fields are used as a
boundary condition and three-dimensional MHD simulations, including non-stationary
ones, are performed. Such models are effective for the modeling of complex structures, and
correspondingly they strongly depend on the initial conditions (e.g., [52]). Today, there is a
need to study the general SW structure and solve questions about the mechanisms of HCS
and HPS formation, SW latitudinal heterogeneity, and investigations of transition region
from the slow SW at low latitudes to the fast one at high latitudes, as well as characteristics
of the SW at high latitudes at different phases of solar activity.

The development of adequate models describing SW is an important and still not
entirely solved task. These models can also provide useful and effective methods to inves-
tigate the distant regions of the Sun environment where the information from spacecraft
is scarce or not sufficient. Recently, Kim et al. [53] developed a time-dependent 3D MHD
model of SW flow from 1 to 80 AU where protons and neutral hydrogen atoms are described
in a frame of the two-fluid approach. The daily averages of the SW parameters were used
to reproduce time-dependent effects. The model results have been compared with the data
from three spacecraft: Ulysses, Voyager, and New Horizons. It was shown that this model,
with 1 day averaging, is basically in agreement with spacecraft data, but during the years
of the solar maxima, the discrepancy of model results and Ulysses data can be substantial
due to intense coronal ejections supporting strong noises in 1 day averaged data series.

The aim of our work is to develop and verify the axisymmetric stationary MHD
model of the SW presented earlier in [54,55], where discrete heliospheric configurations
corresponding to different states of a heliomagnetic field at certain phases of the solar
cycle are calculated. The model aimed to compare the model data of the SW with the
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observational data along the Ulysses spacecraft trajectory. In the model, we used 25.6
days averages of observational data, that allow the investigation of large-scale spatial and
temporal effects in the SW flow. Our choice of such a simple 2D axisymmetrical MHD
model is based on the standard [56] approach. We try to describe the averaged structure
of the SW and its evolution during the solar activity cycle. In such a formulation of the
problem the tilt of the magnetic dipole and other 3D effects could be neglected. On the
considered large scale of the SW, we assumed that protons and electrons move as a single
fluid flow; thus, a single-fluid approximation was used. Therefore, we are interested
the most general characteristic of SW structure and consider the stationary model with
different boundary conditions (snapshots), corresponding to multipole evolution of the
heliomagnetic field. Non-stationary effects occurring in the SW, such as mass ejections,
plasma turbulence, instabilities and plasma acceleration were not taken into account in
this averaged approach, although they may be very important and interesting in other
investigations. The assessment of SW states at different phases of the solar activity cycle
should allow us to answer the question as to what extent the proposed model is consistent
with in situ observations of the SW. Consequently, this should, in turn, show to what extent
our model can be applied to describe the large-scale structure of the SW in such domains of
the heliosphere that are currently inaccessible for current and planned space missions.

2. Ulysses Data and Modeling
2.1. Flight of the Ulysses Spacecraft

Ulysses [57], launched in 1990, is a unique spacecraft that circled the Sun three times
over its Northern and Southern poles. After passing near Jupiter in 1992, the spacecraft
moved along a heliocentric orbit located at a distance from the Sun at perihelion about
1.3 AU (~200 million km) and at aphelion of 5.4 AU (~810 million km), with a period of
6.2 years. During its mission, between 1990 and 2009, Ulysses observed the solar cycle
minima in 1996 and 2009, and maxima in 1990 and 2000. At the same time, Ulysses crossed
the ecliptic plane five times: in March 1995, May 1998 and 2001, July 2004, and August
2007. The most important result of the Ulysses mission should assume the idea of the four-
dimensionality of the heliosphere, the structure and dynamics of which depend not only on
the spatial coordinates as the distance from the Sun, heliolatitude, and heliolongitude [9],
but also on time [58]. Figure 1 shows the relative position of the ecliptic plane, Figure 1a
the Ulysses orbit and the solar equator, Figure 1b demonstrates the position of Ulysses in
the orbit as a function of time, and Figure 1c illustrates the spherical heliocentric equatorial
coordinate system used in this work.

Figure 1a shows the relative position of the Sun (S), the plane of the ecliptic (shown
by a circle ec), and the orbit of Ulysses (ul). The point Nec is the north pole of the ecliptic
coordinate system. The direction of Ulysses orbit is indicated by the arrow. The plane ul
intersects the plane of the ecliptic ec in a straight line n = ΩulS at an angle of 79.1◦. The
point Ωul is the intersection point of the Ulysses orbit with the ecliptic plane (the ascending
node of the Ulysses orbit on the ecliptic). The major axis (straight line a) of the spacecraft’s
orbit passes through the points: P (the perihelion of the orbit) and S, forming an angle of
–1.1◦ with the line of nodes n. The plane of the solar equator eq intersects with the plane
of the ecliptic ec in a straight line ΩeqS (the line of the equator nodes on the ecliptic) at an
angle of 7.25◦. The point Neq is the Northern pole of the equatorial coordinate system. The
direction of the Sun’s rotation is indicated by an arrow. The angle ΩulSΩeq between the
node lines of the Ulysses orbit and the equator is 98.3◦.

Figure 1b shows the orbit of Ulysses (ul), the perihelion of the orbit (P), and the Sun (S).
The time axis is shown as a spiral. To determine the position of the spacecraft in orbit at a
given time, one needs to connect the mark of time on the spiral with a point S, as shown by
the dashed line for the time moments in years 1992, 1993, and 1994. The intersection of this
segment with the orbit gives the position of the satellite at the corresponding time moment.

Figure 1c shows the spherical heliocentric equatorial coordinates used in the article.
The polar angle (co-latitude) θ is measured from the polar axis SNeq. We also use heliolati-
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tude defined as θ∗ = π/2− θ. The azimuthal angle ϕ (heliolongitude) is measured from
the ray SΩeq (i.e., from the ascending node of the equator on the ecliptic) in the direction of
the Sun’s rotation (indicated by an arrow).
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2.2. The Model: Basic Assumptions and Equations

The main assumption of the model is based on the fact that SW averaged over long
periods of time and over large spatial scales can be considered in some approximation as a
quasi-stationary axisymmetric flow [45,54,55,59,60]. In a framework of this supposition,
the following simplifications were made:

(A1) The axes of the magnetic dipole and the symmetric quadrupole of the Sun coincide
with the axis SNeq of its rotation;
(A2) SW flow at distances r ≥ 20RS is quasi-stationary and axisymmetric (where
RS ≈ 6.9 · 105 km is the solar radius);
(A3) Magnetic field is frozen into the plasma, the magnetic diffusion and viscosity are not
taken into account;
(A4) SW plasma satisfies the equation of state of a monatomic ideal gas;
(A5) Thermodynamic processes that take place in SW plasma are adiabatic.

Let us take the center of the Sun S and the axis of its rotation SNeq, respectively, as the
origin (r = 0) and the polar axis (θ = 0) of a stationary spherical coordinate system (r, θ, ϕ),
where θ and ϕ are the polar and azimuthal angles, and r is the distance from the origin
(Figure 1c).

Assumptions (A1–A5) allow us to describe the propagation of SW in spherical coordi-
nates (r, θ, ϕ) by the following stationary system of equations [54,60,61]:

V× B−∇U = 0 (1)

∇ · B = 0 (2)

∇ · (ρV) = 0 (3)

ρ(V · ∇)V +∇P− µ−1
0 (∇× B)× B + GmSρr−3r = 0 (4)
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V · ∇
(

Pρ−γ
)
= 0 (5)

Here, V = (Vr, Vθ , Vϕ) and B = (Br, Bθ , Bϕ) are the velocity and magnetic induction
vectors respectively (in the spherical coordinate system); U, ρ, P are the electric potential,
plasma density, and pressure, respectively; and γ = 5/3 is the adiabatic index. An
important role is also played by both the current density vector J = µ−1

0 (∇× B) and
temperature T associated with the plasma density and pressure by the equation of state
P = kρT. We used the following constants: the gravitational constant G, the Sun’s mass mS,
Boltzmann constant k, and the magnetic constant µ0.

Due to the axial symmetry the ϕ-projection of the Equation (1) has the form
VrBθ − Vθ Br = 0, which means that the two-dimensional vector (Br, Bθ) is parallel to
the two-dimensional vector (Vr, Vθ) at every point in space. Therefore, the system (1–5)
contains seven independent equations and is written for seven independent unknown
values as Vr, Vθ , Vϕ, Br

Vr
, P, ρ, U.

Let us set the boundary conditions for the system (1–5) at the sphere of the radius
r = 20RS. Since the boundary value of the electric potential U can be obtained from Br, Bϕ,
Vr, and Vϕ, and the pressure value P can be calculated from the density ρ and temperature
T values, it is sufficient to set the values of Br, Bϕ, Vr, Vθ , Vϕ, ρ, and T. The boundary
distribution of the azimuthal velocity Vϕ was obtained from the condition of a complete
corotation of the SW up to the boundary sphere r = 20RS, as in our previous works [54,55]:

Vϕ = (45− 6 cos2 θ) sin θ, km/s. (6)

For variables Vθ and ρ the boundary distributions were taken constant in the model,
which is the most simple, but, nevertheless, the realistic assumption

Vθ = 0; ρ = 900 , mp/cm3. (7)

We paid special attention to the choice of boundary conditions for variables Br, Bϕ, Vr,
and T, since we hold the opinion that the correct setting of their values at the boundary
sphere can provide realistic results for numerical integration of Equations (1)–(5) within
the heliosphere.

To find the boundary distributions of Br, Bϕ, Vr, and T on the basis of Ulysses spacecraft
data, let us approximate their dependence on the solar distance r (in RS units), polar angle
θ and time t by expressions:

Br = [(a11 p1(z) + a12 p2(z)) cos τ + (a21 p1(z) + a22 p2(z)) sin τ]r−2 (8)

Bϕ = [(b11 p1(z) + b12 p2(z)) cos τ + (b21 p1(z) + b22 p2(z)) sin τ]
√

1− z2 r−1 (9)

Vr = (c00 + c02z2) + (c10 + c11z + c12z2) cos τ + (c20 + c21z + c22z2) sin τ (10)

T =
[
(d00 + d02z2) + (d10 + d11z + d12z2) cos τ + (d20 + d21z + d22z2) sin τ

]
r−4/3 (11)

where z = cos θ and p1(z) = z, p2(z) = 1
2 (3z2 − 1) are the first and second Legendre

polynomials (corresponding to the dipole and quadrupole components in the multipole
decomposition); τ = ω · (t− t0) and ω are the phase and cyclic frequency, respectively, of
the solar dipole-quadrupole cycle; and t is the time measured in years, and t0 = 1986 is
the year of the solar minimum. The numerical coefficients aij, bij, cij, and dij, as well as the
cyclic frequency ω = 2π/tS (tS is the cycle period) should be found from comparison with
Ulysses data. The required boundary conditions can be obtained by substituting r = 20 in
expressions (8–11).

The form of time dependencies Br, Bϕ, Vr, and T given by Formulas (8)–(11) can be
interpreted as a Fourier decomposition, in which only the longest-period harmonics are
taken into account. We assume that the average value of the magnetic field induction for
the solar cycle is zero, i.e.,

∫ 2π
0 B(τ) dτ = 0. This means that there is no zero harmonic in
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the decompositions (8, 9) for Br and Bϕ. For the values Vr and T, we assume that their
average per cycle distributions are symmetric (even) relative to the solar equator, so the
odd zero-harmonic coefficients in expressions (10) and (11) are zero: c01 = d01 = 0.

Earlier in Maiewski et al. [54], in a frame of axisymmetric MHD model of the SW the
estimates of asymptotic behavior of the magnetic field, velocity, temperature, and plasma
density were obtained, that are generally consistent with the classical Parker model [1]:

Br ∼ r−2 , Bϕ ∼ r−1 , Vr ∼ 1 , T ∼ r−4/3 , ρ ∼ r−2. (12)

Thus, we used these asymptotics for the estimates of the Fourier decomposition
coefficients as functions of r and z. The dependence on r is modeled by the main asymptotic
term: r−2, r−1 for Br, Bϕ, respectively. On the other hand, for radial velocity Vr the Parker
model [1] gives a logarithmic growth, but the Parker model is isothermal and our model is
adiabatic. The asymptotics r0, r−4/3 for the radial velocity Vr and temperature T correspond
to the adiabatic model [54,60]. Furthermore, all the asymptotics assumed by expressions
(8–11) are based on our previous results [45,54,55] and correspond precisely to numerical
calculations in the space domain 200 ≤ r ≤ 1200.

The dependence Br, Bϕ on z is represented by the Legendre polynomial decomposition
(multipoles), from which only the first two terms are taken into account. The dependencies
Vr, T on z are represented by a power series decomposition up to the second order.

Ulysses data Br, Bϕ, Vr, and T are taken from the official website [62] and are averaged
over the time interval of 25.6 days = 0.07 years, which corresponds to the sidereal period
of the Sun’s rotation for the middle latitudes. The averaging over the rotation of the Sun
eliminates the dependence of the solar data on the solar longitude which enables the most
adequate comparison with the axisymmetric model. The averaging scheme discussed
above does not take into account the angular velocity of the spacecraft, which is negligible
compared to the angular velocity of the Sun.

3. Results
3.1. The Initial Data on the Boundary Sphere

The search of coefficients in decompositions (8–11) has been performed in two stages.
At the first stage, the solar cycle period tS = 19.3 years and coefficients were found by the
least squares method from a comparison with the Ulysses data. At the second stage, the
obtained decompositions (8–11) at r = 20RS were used as the boundary conditions for the
system (1–5), and then the numerically obtained solution was once again compared with
the Ulysses data. This comparison allowed us to correct boundary conditions and finally to
present them in the following form:

Br = −0.46p1(z) cos τ + 0.10p2(z) sin τ, µT, (13)

Bϕ = [0.022p1(z)− 0.005p2(z)]
√

1− z2 cos(τ − τ0) , µT, (14)

Vr = (310 + 180z2) + (−30z− 25z2) cos τ + (−80z + 120z2) sin τ, km/s, (15)

T = (4.0 + 3.3z2) + (−0.7− 0.4z) cos τ + (−1.8z + 2.4z2) sin τ, MK, (16)

where τ0 = 0.062π is the phase shift.
The time dependence Br in (13) is consistent with the commonly accepted view that

the radial magnetic field has a dipole shape at the minimum of the solar activity (τ = 0),
and a quadrupole shape at its maximum (τ = π/2) [55,60]. Thus, we can approximately
assume that during the solar 19.3-year cycle, the radial magnetic field Br changes according
to the harmonic law (13), evolving from the dipole phase to the quadrupole one, then to the
dipole with the opposite sign, and then again to the quadrupole with the opposite sign, etc.

Note that in contrast to the Formula (13), the ratio of the contributions of dipole and
quadrupole components to the total expression for Bϕ remains constant in (14) and during
the cycle only the total amplitude factor experiences changes.
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The ratio of the maximum amplitudes of the dipole and quadrupole components for
Br and Bϕ in (13, 14) remains the same and is equal to 4.5.

3.2. Comparison of Numerical Results with the Observational Data

System (1–5) with the boundary conditions (6, 7, 13–16) was solved numerically. The
results were obtained for variables V = (Vr, Vθ , Vϕ), B = (Br, Bθ , Bϕ), U, ρ, and P calculated
at discrete time moments t as functions on heliodistance r and polar angle θ. After that the
numerical results were compared with similar observed data along the Ulysses trajectory,
which is defined by the dependences r = rul(t) and θ = θul(t).

Figure 2 shows the simulation results (red line) in comparison with satellite measure-
ments (black line) for: (a) radial velocity Vr, (b) radial magnetic field Br, (c) azimuthal
magnetic field Bϕ, (d) temperature T, and (e) density ρ as functions on the time along the
Ulysses orbit. In figures (f) and (g), the latitude θ∗ = 90

◦ − θ and the heliodistance r are
correspondingly coordinates of the current position of Ulysses. Each point of the black line
was obtained as a result of Ulysses measurements [62] averaged over the solar rotation
period of 25.6 days. During this time, Ulysses made about 105 − 106 measurements. Thus,
each point of the black line is the averaging of the sample of the specified volume, while the
vertical gray segments show the value of the standard deviation. Note that the considered
dependencies cover the wide range of the heliodistance r, which varies from 300 to 1150 RS
due to the significant eccentricity (~0.6) of the Ulysses’ orbit.

Comparison of the behavior of values in Figure 2a–e demonstrates the best agreement
for radial and azimuthal magnetic components Br, Bϕ in Figure 2b,c, as well as for plasma
density ρ in Figure 2e. Three plasma density peaks seen in Figure 2e can be associated
not only with the fact that at these moments the spacecraft is near the solar equator and
crosses the HCS, but also with the fact that it passes the perihelion of its orbit and is at the
minimum distance from the Sun (the density of the SW plasma behaves approximately as
ρ ∼ r−2 according to the Formula (12).

It can be seen that model values of the radial plasma velocity Vr in Figure 2a generally
repeat the experimental curve and these values are comparable in order of magnitude to the
experimental ones. The greatest discrepancies are evident during the years of maximum
solar activity, when the role of non-stationary processes in the SW (which are not taken into
account) increases.

As for the temperature profile comparisons in Figure 2d, it is obvious that the model
curve, firstly, gives underestimated values of temperature and, secondly, does not describe
sharp dips of its value during the passage of the HCS by spacecraft, especially noticeable
during the solar minimum. The possible underestimation of the temperature values may
be due to two factors: (1) in the model, the temperature decreases in the radial direction
somewhat faster than in the in situ conditions; and (2) the model does not take into account
non-stationary processes such as turbulence, plasma reconnection, acceleration, and heating
in both HPS and HCS regions that take place in the real system [63,64].

A sharp drop in temperature value (almost two times, in HCS region during periods
of solar minimum) may be associated with the properties of plasma sources near the HCS,
as well as, possibly, with the interaction of plasma flows with a rarefied dust component or
with other possible factors not taken into account that require further investigation and
interpretation (e.g., [65–69]).

On the basis of this comparison, we can conclude that the model and experimental data
are in a reasonable quantitative and qualitative agreement, in a framework of simplified
assumptions made in the model about the quasi-stationarity of plasma processes and the
absence of additional sources of heating and dissipation of plasma temperature inside
the HCS.
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3.3. Description of the Solar Wind Structures in the Framework of an Axisymmetric Model

The boundary conditions at the inner sphere of this model were actually determined
based on the analysis of one-dimensional data measured by the Ulysses spacecraft along
the trajectory of its motion. At the same time, the developed model allows us to obtain
results in the form of a two-dimensional spatial distribution of physical quantities that
depend on the phase of the solar cycle, and, consequently, on discrete moments of time
associated with phase changes. Comparison with the Ulysses data (Figure 2) showed that
the model is generally consistent with the spacecraft data. The maximum divergences are
found during the years of maximum solar activity, when the contribution of non-stationary
processes to the SW properties can become decisive. Thus, the model can be applied to
describe the quasi-stationary averaged state of the plasma and the IMF in the heliosphere.

Below, we consider the applicability of the model to describe the general characteristics
of the SW and their distribution for two characteristic periods when the relative contribution
of the quadrupole component is negligible or comparable to the contribution of the dipole
component. We will choose the phase τ of the solar cycle corresponding to the minimum
solar activity in 1986 before the launch of Ulysses as a starting point (τ = 0). The full cycle
of the Sun’s activity is comparable to the phase shift of 2π. Thus, the first reversal of the
Sun’s magnetic field from the beginning of the reference phase takes place for the phase
τ = π, while the return to the original configuration is realized for τ = 2π. Thus, the
phases π/2, 3π/2 occur in the moments of maximum solar activity, when the magnetic
field of the Sun is closest to a purely quadrupole configuration.

The amplitudes of the dipole and quadrupole parts in the decomposition (13) of the
radial field Br are 0.46 cos τ and 0.1 sin τ, respectively. At the phase τ close to 0, the dipole
part is negligible compared to the quadrupole. The phase τ = π/4 is exactly in the middle
in time between a pure dipole and a pure quadrupole. However, the amplitude of the
dipole refers to the amplitude of the quadrupole as 4.6, so the influence of the quadrupole
is still small here. Their amplitudes become equal when tan τ = 4.6, i.e., at τ = 6.88π/16.
That is, the quadrupole begins to make a significant contribution to the overall picture of
the radial field at the phase τ ∼ 7π/16, and the phase 8π/16 already corresponds to a
pure quadrupole. We believe that in the mixed phase 7π/16 the picture is more interesting
than in the pure phase π/2.

Figure 3 shows the following general characteristics of the SW as functions of the
heliodistance r and latitude θ∗: the radial and azimuthal magnetic components Br, Bϕ,
radial velocity Vr, temperature T, and plasma density ρ, multiplied by their corresponding
asymptotic multipliers in the form rµ defined by (12). Due to asymptotic multipliers, the
plasma and magnetic physical quantities do not depend on the heliodistance (for large
heliodistance values) and can be easily compared.

Figure 3a–e at the left panel correspond to the phase τ = π/4, and Figure 3f–j at the
right panel correspond to τ = 7π/16. In Figure 3a,b,f,g the solid lines represent the lines of
zero magnetic component level, i.e., they actually indicate the position of the neutral surface
of the magnetic field in the SW. The non-zero level lines in Figure 3a,b,f,g are shown as a
dashed lines; in the remaining Figure 3, all level lines are shown by solid lines. At the left
panel (with τ = π/4) the magnetic field is almost dipole, so the position of the neutral line
in the SW is almost equatorial (Figure 3a,b). The right panel (with τ = 7π/16) corresponds
to the substantial quadrupole contribution. We can see in Figure 3f that a second neutral
line appeared in the Northern subpolar region, but, despite this, the subequatorial neutral
line still remains almost at the equator.

It is seen in Figure 3 that at large heliodistance values r the level lines become almost
horizontal, which means that the physical quantities reach their asymptotic behavior (12).
One can see that this happens at distances r > 200 RS, i.e., beyond the Earth’s orbit. At the
same time, some of the variables reach their horizontal asymptotics faster, while others are
slower, and these trends vary slightly with the phase of the cycle.
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In particular for Figure 3a,b,f,g, this means that at a fixed time moment t, the neutral
surfaces Br(t, r, θ) = 0, Bϕ(t, r, θ) = 0 in the region r > 200 RS has approximately conic shapes
with axis aligned with the axis of Sun’s rotation and the vertices pointing to its center. The
angles of these cones depend on time during the cycle of solar activity. Comparison of the left
and right panels in Figure 3 shows that the mixing of the dipole and quadrupole components
is the reason of the formation of the magnetic field asymmetry in the Northern and Southern
hemispheres. This conclusion is also consistent with other investigations [70,71].

Figure 4a–d shows the dependences at the sphere r = 200 RS of: (a) radial magnetic
field Br, (b) azimuthal magnetic field Bϕ, (c) radial velocity Vr, (d) temperature T, and
(e) density ρ on the phase τ and heliolatitude θ∗ = 90◦ − θ. This choice of the solar
distance r is due to the fact that at large distances the parameters of the SW almost reach
their asymptotic behavior (12), which can be seen in Figure 3. In addition, the distance
r = 200 RS approximately corresponds to the Earth’s orbit. For this distance, abundant
measurements provided by various satellites are available, and the model results can be
reliably compared with them.

In Figure 4a,b, as in Figure 3a,b,f,g, solid and dashed lines represent the lines of the
zero and non-zero magnetic field levels, respectively. In particular, the solid lines show
the location of the neutral magnetic field surfaces. Figure 4a,b shows the evolution of the
heliomagnetic field (calculated in the model) during the solar activity cycle. In the phases
of maximum activity π/2, 3π/2 , the magnitude of the modeled magnetic field is minimum
in the cycle.

The position of the neutral line in the SW separating the magnetic fluxes of the
opposite polarity is of particular interest. Therefore, at the beginning of the cycle (solar
minimum), the neutral line is located at the zero latitude. Then it moves to the Southern
hemisphere, and another neutral line appears in the Northern hemisphere. According
to model, during the time of solar activity maximum in the SW, two neutral lines can
simultaneously exist at high latitudes in the Northern and Southern hemispheres. As it can
be seen from Figure 4c,d, the distribution of both radial velocity and temperature in the SW
has a pronounced asymmetry in the Northern and Southern hemispheres during periods
of maximum solar activity. The temperature and density of the plasma in Figure 4d,e,
as a whole, correlate with the position of the neutral or current surfaces, and they are in
the counter-phase: the maximum density corresponds to the minimum temperature and
vice versa.

It is known that at high latitudes, the radial SW velocity Vr reaches the greater values
(fast SW) than in the subequatorial region (slow SW). Our calculations show in Figure 4c
that, during the solar cycle, the ratio of radial velocities at the poles can changes significantly,
but in the near-equatorial region, the radial velocity remains almost constant. According to
Figure 4c, the radial velocity in the Southern circumpolar region changes with a greater
amplitude than in the Northern one. At the same time, the maximum of the radial velocity
Vr at the North is achieved approximately during the dipole phase of the cycle, while the
maximum of Vr at the South occurs at the quadrupole phase.

Let us consider the behavior of the temperature T as a function on latitude in Figure 4d.
Generally, the temperature distribution is similar to the radial velocity Vr distribution. Thus,
in the circumpolar regions, the temperature is usually higher than in the subequatorial
region. However, the relationship is more complex than for the radial velocity, and the
temperature asymmetry of hemispheres is more pronounced. At different phases of the
cycle, the dependence of temperature on latitude is different. In the dipole phase, a
noticeable maximum appears at the equator. In the quadrupole phase, it is absent. In
some transition phases, the north-south asymmetry is so large that the dependence T(θ)
becomes monotonic.



Universe 2022, 8, 324 12 of 18
Universe 2022, 8, x FOR PEER REVIEW 14 of 22 
 

 

 
Figure 4. According to the model: dependencies of rB  (а), Bϕ  (b), rV  (c), T  (d), and ρ  (e) 

on the cycle phase τ  and heliolatitude *θ  at the sphere of 200 Sr R= . The solid and dashed 
lines mark the level lines as in Figure 3. 

In Figure 4a,b, as in Figure 3a,b,f,g, solid and dashed lines represent the lines of the 
zero and non-zero magnetic field levels, respectively. In particular, the solid lines show 
the location of the neutral magnetic field surfaces. Figure 4a,b shows the evolution of the 
heliomagnetic field (calculated in the model) during the solar activity cycle. In the phas-
es of maximum activity 2, 3 2π π , the magnitude of the modeled magnetic field is 
minimum in the cycle. 

The position of the neutral line in the SW separating the magnetic fluxes of the op-
posite polarity is of particular interest. Therefore, at the beginning of the cycle (solar 
minimum), the neutral line is located at the zero latitude. Then it moves to the Southern 

Figure 4. According to the model: dependencies of Br (a), Bϕ (b), Vr (c), T (d), and ρ (e) on the cycle
phase τ and heliolatitude θ∗ at the sphere of r = 200 RS. The solid and dashed lines mark the level
lines as in Figure 3.



Universe 2022, 8, 324 13 of 18

Concerning the density ρ, during almost all phases of the cycle it reaches its maximum
near the equator and minimum in the circumpolar regions (Figure 4e). This maximum is
pronounced in the dipole phase more than in the quadrupole phase. Moreover, during the
transition from the dipole phase to the quadrupole phase, the maximum density shifts from
the equator, following the evolution of the neutral line Br, but the second maximum does
not appear. In the second quadrupole phase (3π/2), the maximum is so weakly expressed
that the dependence ρ(θ) becomes almost monotonous.

3.4. Geometry of Neutral Surfaces in the Solar Wind

Let us consider in more detail the question of the geometry of the magnetic neutral
surfaces in the SW. From the comparison of the dependence of the modeling radial magnetic
component Br with latitude of spacecraft in orbit shown in Figure 2b,f, it can be seen that
the radial magnetic field Br ∼ sin θ∗ = cos θ is approximately dipole over the entire period
of time except for 2001–2002. This is shown more clearly in Figure 5.
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Let us have a look at the neutral surfaces Br = 0 in Figure 5. One can see that for a
significant part of the cycle, there is a single such surface (i.e., single value of θ∗), inclined
to the equator by no more than 10◦.

In quite short periods of time (May 1990–1992 and 2000–May 2001), according to the
model, there are two neutral surfaces. The durations of these time intervals are 6.9% of the
cycle period, i.e., 1.33 years (as it mentioned above the cycle period is 19.3 years—according
to the model). The radial field Br is mostly quadrupole during this interval. According to
the model, in 2001, the satellite crossed the neutral surface Br = 0 two times. Therefore,
during this time interval, Ulysses observes mostly quadrupole radial magnetic field Br.
Comparison with Figure 2b shows that the measured changes of the radial field were more
complicated during this interval, sometimes being in counter-phase with the model data.
However, the red line of the model data in Figure 2b confidently fits between the gray bars
of the root-mean-square errors, which are very large during this interval.

The current density is defined by J = µ−1
0 (∇× B), therefore, the radial magnetic

field Br is related with the azimuthal current Jϕ, and azimuthal field Bϕ is related with
radial current Jr. In our previous works [45,54,55], it was shown that on the sphere with
heliodistance r the azimuthal current Jϕ is maximum when approximately Br = 0, i.e., the
neutral surface Br = 0 corresponds to current sheet Jϕ. Analogically, the maximum of a
radial current Jr is concentrated on a neutral surface Bϕ = 0. Let us note that accordingly to
Figure 5, the deviation of the neutral surfaces Br = 0 and Bϕ = 0 from the equatorial plane
is not large and generally does not exceed 10◦.
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4. Discussion

In this paper, we present a model that allows us to determine the parameters of the SW
along the orbit of the Ulysses spacecraft. A quasi-stationary axisymmetric self-consistent
MHD model was constructed to simulate the SW observations. The model permits the
finding of the spatial distribution of the characteristics of the magnetic field and plasma
at distances from 20 to 1200 Solar radii at almost all solar latitudes. A comparison of the
characteristics of the magnetic and plasma data of Ulysses spacecraft during its flight in the
heliosphere from 1990 to 2009 years with simulation results obtained in the framework of
our stationary axisymmetric MHD model of SW is performed. As a development of idea by
Kim et al. [53], the averaging used in our model allowed us to study large scale distribution
of SW characteristics for different latitudes and heliocentric distances in the interplanetary
space. The model also takes into account the mutual influence of the IMF and the plasma
velocity field.

The peculiarity of this model is that the non-adiabatic and non-stationary processes
occuring in the SW are not taken into account. Really these processes can be accompanied
by plasma heating/acceleration or temperature depressions [13,72,73]. SW can be heated
locally by interacting with propagating waves [74] as well as with shock waves of planetary
magnetospheres, or CME (coronal mass ejections) or CIR (corotating interaction regions)
(e.g., [75–78]). Turbulence and magnetic reconnection processes are assumed to be the main
mechanisms of plasma heating ([13], and references therein).

The absence of accounting for heating processes can lead to the underestimation of
plasma temperature in the SW during periods of maximum solar activity, when the role of
non-stationary and non-adiabatic processes increases (Figure 2d). In some SW models, the
heating on turbulence was taken into account [48,79,80]. It was shown in works [81–84]
that the effects of turbulent cascade influence the SW temperature and its evolution. In
our model, only most general characteristics of the SW were considered, in particular, the
processes of formation and evolution of large-scale current sheets, along with the HCS.
Non-adiabatic processes were not taken into account.

As it follows from the comparison of theoretical and experimental data along the
Ulysses trajectory in Figure 2, the description of the magnetic field in the model is in
satisfactory agreement with the observational data; thus, the model results mostly lie within
the corridor of standard deviations. Large-scale changes of IMF in the SW, depending on the
solar cycle, are, at best, consistent with model results during the minimum periods. General
discrepancies are observed during periods of solar maxima, when the heliomagnetic field
is dominated by the quadrupole component, and the model predicts the presence of two
neutral surfaces at high latitudes instead of one neutral surface in the subequatorial region
at the minimum. Thus, the Ulysses data show the intersection of several current sheets (at
least three zero-value intersections are visible) in the subequatorial region during the years
near the maxima of solar activity. This may be due to the presence of not only quadrupole
magnetic component of the heliomagnetic field, but also the octupole component, which is
not taken into account in our model. A possible geometry of large-scale current sheets in
SW, taking into account the octupole component, is given in [59,85], where it is shown that,
under its presence, the appearance of three neutral lines are characteristic for the SW, i.e.,
one of them is located at low latitudes and the other two are located at high latitudes.

Large-scale changes of the SW radial velocity are roughly consistent with the model
data, although it is obvious that the model does not describe small-scale fluctuations.
Comparison of plasma density shows a quite good agreement between observational data
and numerical calculations.

The largest deviations of the model results from the Ulysses data are noticeable on
temperature profiles, where the model gives underestimated (~1.5–2 times) temperature
values. In addition, Ulysses observations show a sharp temperature dips in the HCS/HPS
region. The general underestimation of the value of plasma temperature in the SW may be
due to the fact that the model does not take into account the processes of plasma heating
in the solar corona (flares, coronal mass ejections, etc.), as well as the local non-stationary
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processes. The problem of underestimating of theoretical dependences in comparison with
the observational data is the important problem that requires the identification of additional
energy sources in the SW that can contribute to the local or global heating of the plasma
inside the HPS. As for the sharp temperature dips inside the HPS, as mentioned above,
they may be due to the influence of slow-wave sources, as well as the dust component of
the plasma in the heliospheric current sheet, or other reasons [6,7,22,67–69,86].

In this paper, we compared, for the first time, the results of the MHD model of the
SW with 25.6 day averages of SW observations by Ulysses spacecraft along its trajectory at
low and high latitudes, at different radial distances from the Sun and in different phases
of the solar cycle. A satisfactory agreement was obtained in the description of large-scale
changes of IMF, plasma density, and radial velocity in SW, which indicates the adequacy
of the model and the possibility of its applicability for similar studies in other areas of
the heliosphere. At the same time, it is shown that the setting of adequate boundary
conditions on the sphere around the Sun, taken with the same order of SW parameters
from experimental observations, gives the underestimated temperature of SW plasma at
low latitudes and does not explain the features of radial plasma temperature profiles in
the subequatorial region. This suggests the necessity to take into account some additional
heating factors in the model, both global (e.g., processes in the solar corona) and local (e.g.,
turbulence [87], shock waves [88], and magnetic reconnection in SW [13]).

In conclusion, we note that the results of recently launched spacecraft Solar Orbiter
would be very interesting and useful for space research, particularly for presented theo-
retical work, because Solar Orbiter should observe the Sun’s polar regions and answer
the general question “How does the Sun create and control the heliosphere?” [89]. We
suppose that new observational data allow solving the questions of the evolution and
displacement of the HCS in the solar activity cycle, as well as the question of possible
existence of several large-scale current sheets in the heliosphere, that are the objects of our
theoretical consideration. Perhaps the obtained data make it possible to draw a global
current circuit linking together the entire heliosphere from the corona of the Sun to the
heliopause, investigate its evolution in the solar cycle, and to understand its driver.
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