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Abstract

The highly variable slow solar wind has been associated with low-latitude regions of the heliosphere most clearly by the Ulysses
spacecraft. Although, it is evident today that the slow solar wind originates in coronal helmet streamers, the mechanism of the slow
solar wind acceleration, and the origin of the variability are still being debated. The combination of new observations and numerical
modeling are beginning to address these questions. I will discuss how recent in-situ observations by Ulysses, white light and EUV
observations by the LASCO and UVCS instruments on SOHO advanced our understanding of the streamer structure, dynamics,
and stability. I will briefly review the current state of numerical MHD modeling of streamers, and the possible mechanisms that may
produce the highly variable slow wind. I will present the results of recent heat-conductive MHD modeling of multiple streamer slow
solar wind with heating function constrained by observations. I will show how multi-fluid numerical modeling of the slow solar wind
in streamers helps to identify the regions of the slow solar wind outflow.
© 2003 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The Ulysses spacecraft (McComas et al., 2000), ACE
(Stone et al., 1998), and WIND (Acuuna et al., 1995)
satellites, the SOHO UVCS (Raymond et al., 1997;
Habbal et al., 1997; Li et al., 1998; Strachan et al., 2002),
LASCO (Sheeley et al., 1997; Tappin et al., 1999; Lewis
and Simnett, 2002), and Doppler Scintillation mea-
surements (e.g., Woo and Gazis, 1994) are a partial list
of observations that provide detailed information on the
composition, outflow velocities, the distribution func-
tion with its moments (density, temperature, etc.),
magnetic field far from the Sun (Ulysses, ACE), and
outflow velocities, densities, and temperatures close to
the sun (UVCS, LASCO). The observations associate
the slow solar wind with the high-density equatorial
streamer belt regions. However, in spite of the wealth of
observational data the exact physical mechanism re-
sponsible for the heating and the acceleration of the
slow solar wind is poorly understood at present. In part
this is due to the fact that most of the detailed obser-
vations of the solar wind were obtained far from the
Sun, while there are no sufficiently detailed observations
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in the acceleration region close to the Sun, and in part
due to the lack of sufficiently detailed physics in current
models.

The main approach that may improve the under-
standing of the slow solar wind formation is to supple-
ment the observations with kinetic and MHD numerical
modeling. Kinetic modeling of the slow wind is difficult
since it requires the solution of the time-dependent
Boltzmann’s equation in six dimensions, with poorly
known boundary conditions, evolution of the collision
term from collisional to nearly collisionless regime, and
forces. To model the acceleration of the solar wind in
coronal streamers using MHD equations at least two
spatial dimensions are required. Pneuman and Kopp
(1971) in their classic work attempted the first 2D MHD
steady state model of a self-consistent solar wind flow in
a coronal streamer. Their model was isothermal and
required iterations between the 2D magnetic field solu-
tions and 1D solar wind flow solutions along the field
lines. For the past three decades the coronal streamers
were extensively modeled with steady state 2D MHD
models (Steinolfson et al., 1982; Washimi et al., 1987,
Cuperman et al., 1990, 1995; Usmanov, 1993a; Wang
et al., 1993; Suess et al., 1994, 1996; Bravo and Stewart,
1997; Stewart and Bravo, 1997; Wiegelmann et al.,
2000), as part of 3D MHD global models (Linker et al.,
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1990; Usmanov, 1993b; Pizzo, 1995; Miki¢ and Linker,

1996; Mikié et al., 1999). Realizing that the heat input

and losses are significantly different between protons,

electrons, and minor ions two-fluid models (Suess et al.,

1999), and three-fluid models of the slow solar wind in

streamers were recently developed (Ofman, 2000).

Usually, in the above models an isothermal, or poly-

tropic energy equation was solved, or an ad-hoc heating

function was introduced.

Recently, semi-empirical modeling of coronal
streamers that combines observational constraints with
MHD solution was proposed by Sittler and Gu-
hathakurta (1999). With this approach observational
constrains are used to quantify the momentum and the
heat input in the solar wind (Sittler et al., 2003). In this
model the observed magnetic field at 1 AU and on the
sun are used as boundary conditions for the MHD
equations.

An alternative view of the formation of the slow solar
wind in the magnetized wake of a streamer was con-
sidered by several authors (Dahlburg et al., 1998; Ein-
audiet al., 1999, 2001). In this model the slow solar wind
is produced by the combination of tearing mode and
Kelvin—Helmholtz instabilities in the velocity and mag-
netic field shear layers believed to exist in the streamer
wakes. Another alternative view suggests that recon-
nection of coronal loops with overlaying open magnetic
field lines is responsible for the slow solar wind forma-
tion (Fisk et al., 1998). This view is motivated by the
minor ion compositional differences (i.e., FIP effect)
between the slow and fast solar wind observed by ACE
and Ulysses.

The main unresolved questions on the properties and
the formation of the slow solar wind are the following:
e What is the physical mechanism that produces the

unsteady slow solar wind?

e What is the role of reconnection and waves in pro-
ducing the slow wind?

e What role does the streamer magnetic, density, and
temperature structure play in the heating and the ac-
celeration of the slow solar wind?

e What are the stability properties of streamers?

e What leads to the compositional differences between
the fast and slow solar wind plasma?

e What heats the slow solar wind electrons and ions?
Several recent observations and modeling efforts that

are aimed at addressing these questions will be discussed

below.

2. Observations of slow solar wind

Perhaps the most striking observations of the slow
solar wind are the Ulysses observations that exemplify
the difference between the slow and fast wind as the
spacecraft travels out of the ecliptic plane. In addition

ACE and WIND satellites provide detailed information
of the slow solar wind velocity, composition, density,
energy, and magnetic field near 1 AU. The SOHO
LASCO white light observations that use the motion of
small density enhancements, or “blobs’ in the slow solar
wind to trace the slow solar wind speed.

The unsteady nature of the slow solar wind far from
the Sun is most evident in Ulysses/SWOOPS ion detec-
tor measurements of the solar wind outflow velocity and
density near the ecliptic plane. In Fig. 1 McComas et al.
(2000) show the latitudinal dependence of the velocity
and density scaled to 1 AU near minimum of solar ac-
tivity cycle. According to McComas et al. (2000) vari-
ability of the low-latitude solar wind in the Ulysses
measurements is likely due to the inclination of the
equatorial streamer belt relative to the solar equator,
which results in “overlapping” regions of fast solar wind
emerging from coronal holes with the slow wind from
streamers. It is thought that the interaction between the
fast and slow solar wind in corotating interacting re-
gions (CIRs) contributes to the solar wind variability.

The most direct observation of the slow solar wind in
the inner corona was first obtained by Sheeley et al.
(1997) using the SOHO LASCO instrument (see also
Lewis and Simnett, 2002). Sheeley et al. (1997) investi-
gated the outflow motions of small density enhance-
ments emerging from streamers as proxies to the slow
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Fig. 1. Ulysses observations of the solar wind in the ecliptic plane and
over the poles. The gray (red and blue in the color online version of
this figure) lines in the polar plot show the solar wind speed for out-
ward and inward magnetic field direction. The white (green in the color
online version of this figure) line shows the density on the logarithmic
scale. For reference, the polar plot is overlaid with the SOHO LASCO/
C2 and Mauna Loa MK3 Coronagraph images, and with the SOHO
EIT image of the solar disk (adapted from McComas et al., 2000).
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Fig. 2. The outflow velocity of 65 density enhancements emerging from
streamers analyzed by Sheeley et al. (1997). The solid line is the best fit
of v = 2a(r — r1). The moving density enhancements (blobs) are be-
lieved to trace the slow solar wind speed (adapted from Sheeley et al.,
1997).

solar wind flow. In Fig. 2 the outflow velocity of 65
density enhancements emerging from streamers ana-
lyzed by Sheeley et al. (1997) are shown. The solid line is
the best fit of v* =2a(r —r;). The moving density
“blobs” are believed to trace the slow solar wind speed,
and the spread is of the order of 100 kms~'. This spread
is likely due to the combined variation of the properties
of the streamers (e.g.. temperature, density, heat input),
and the properties of the blobs.

The SOHO UVCS provides spectroscopic informa-
tion on the slow solar wind in the inner corona (Ray-
mond et al., 1997; Strachan et al., 2002) (see Figs. 6 and
7). For example, recently Strachan et al. (2002) deter-
mined the oxygen ion outflow velocities as a function of
height and latitude in an equatorial streamer. They
found that the outflow velocity increases abruptly from
the core of the streamer to the streamer legs, with no
flows in the core within the error bars. This suggests that
the slow solar wind outflow is along the open field lines
that surround the streamer core (streamer “legs’’). These
observations provide constrains for three fluid models of
the slow solar wind (Ofman, 2000).

3. Slow solar wind models

Below I will summarize several common approaches
that are used to model solar coronal streamers and the
slow solar wind.

3.1. Polytropic MHD model

The polytropic MHD model is based on a simplified
form of the energy equations, with the polytropic index
y =1 for an isothermal model, or 1.05 for nearly iso-
thermal polytropic flow. The normalized MHD equa-
tions with standard notation for the variables (e.g.,
Usmanov, 1993b; Ofman and Davila, 1998) are

op
. =0 1

LY (o) =0, (1
ov Eu 1 JxB
—at+(v~V)vf7—p foF—W2+ P (2)
%—]j =V x (vxB)+S5'V’B, (3)

0 p

“ivv)E2oo. 4
(at+v v)py 0 (4)

In the above equations the normalization is
r—7r/Rg, t —t/ta, v—v/va, B— B/By, p— p/po,
and p — p/po, where, R, is the solar radius, to = R /va
is the Alfvén time, va = Bo/+/4mp, is the Alfvén veloc-
ity, By is the magnetic field, p, is the density, and py is
the pressure. Other physical parameters are the Lund-
quist number S, the Froude number Fr = vi R /(GM),
where G is the gravitational constant and M, is the solar
mass, and the Euler number Eu = py/(povi) = ¢ /yvi,
where ¢; is the speed of sound.

The polytropic model produces qualitatively correct
slow solar wind solutions in streamers. In Fig. 3 a
typical polytropic solution obtained with the 2.5D
MHD model of the inner solar corona with three
streamers is shown. The left panel shows the tempera-
ture in units of 1.6 MK, the middle panel shows the
Ohmic heating power per unit mass and per unit resis-
tivity (/2/p) in units of 10" erg/(s’>g), and the right
panel shows the slow solar wind velocity vectors with
the maximal solar wind speed of 165 kms~!. In this
model the magnetic field strength at the bases of the
corona is 12 G.

The magnetic field and density boundary conditions
are based on observational values (see, Sittler and Gu-
hathakurta, 1999). The polytropic model was applied
successfully to model the three dimensional inner solar
corona by Miki¢ et al. (1999), using the magnetic field
data from NSOKP and WSO as the boundary condi-
tions. In Fig. 4 the results of the 3D MHD calculations
are compared to eclipse observations.

Although the density values of the streamers gener-
ally do not agree with the observed density, it is evident
that this model provides good qualitative agreement
between the calculated and the observed streamer
structures from which the slow solar wind originates.

3.2. Thermally conductive MHD model

The polytropic model provides only qualitative slow
solar wind velocity and density structure, with rudi-
mentary temperature structure. For example, the poly-
tropic model produces constant (for y = 1) or radially
decreasing (for y = 1.05) temperature profile. However,
observations show that the average coronal temperature
peaks at r> 1R, (e.g., r~ 1.5R, in Sittler and
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Fig. 3. The polytropic 2.5D coronal model with three streamers. The left panel shows the temperature in units of 1.6 MK, the middle panel shows the
Ohmic heating density (j2/p) in arbitrary units, and the right panel shows the slow solar wind velocity vectors with the maximal speed of 165 kms™!.
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Fig. 4. Comparison of polytropic 3D MHD computations of the solar corona using magnetic field data from NSOKP and WSO with total solar
eclipse observations. With this model a good qualitative agreement between the modeled and the observed streamer structure is achieved (adapted

from Miki¢ et al., 1999).

Guhathakurta, 1999). The heat conductive model can
produce a temperature profile that is more consistent
with observations. The observed average mass flux of
the solar wind can be better matched with heat con-
ductive models. Thus, to improve the slow solar wind
modeling one needs to use the thermally conductive
energy equation instead of Eq. (4) in the MHD equa-
tions. In terms of temperature the energy equations can
be written as

%f: (= )TV V=V VT +(y - 1)(He/p + Hy),
(5)

where y =5/3, H, = V(ET5/>YLE) . B is the heat con-
duction term projected on the magnetic field lines, ¢ is
the thermal conductivity coefficient, and H; is the heat-
ing term. The heating term can be parameterized with an
expression of the form H; = Hy(r — 1)e™"/*, where the
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values of Hy, and A are chosen to match the observed
solar wind temperature and mass flux at observed lo-
cations. In addition, to match the fast solar wind speed
in coronal holes an ad-hoc momentum input term P, can
be added to the r.h.s. of Eq. (2) (e.g. Suess et al., 1996).

In Fig. 5 typical slow solar wind solutions obtained
with the thermally conductive MHD model are shown.
The initial magnetic field was a multipolar expansion
that qualitatively matches observations. After the model
was evolved for about 11 h to a steady state, coronal
streamers with open field lines and slow solar wind
outflow reaching 157 kms~! at 5R. have formed. The
upper left panel shows the magnetic field vectors, the
upper right panel shows the outflow velocity vectors of
the solar wind, the lower left panel shows the tempera-
ture structure, and the lower right panel shows the oh-
mic heating term due to the current “sheets” of the
streamers. The effect of heat input and thermal con-
duction is most evident in the temperature structure in
Fig. 5 compared to Fig. 3.

3.3. Semi-empirical MHD model

Recently, Sittler and Guhathakurta (1999) have
proposed a semi-empirical approach to model the for-
mation of both, fast and slow solar wind. With this
approach the heat and the momentum input into the
solar wind are estimated based on quantitative obser-

Magnetic field
IR SR e e

Te

5.00 1.5e+00

1.00
0.00 8 3.14

‘ 4.08=01 1.00

vational constrains. The present version of this ap-

proach is outlined as follows:

1. The magnetic field and the solar wind are calculated
using MHD model with photospheric boundary con-
ditions, and a zero-order heat and momentum input.

2. The effective heat flux and effective temperature are
estimated empirically by solving energy and momen-
tum conservation equations along open field lines us-
ing measured solar wind parameters at 1 AU, and the
magnetic field from #1.

3. The magnetic field configuration and the solar wind
are recalculated using MHD model with updated
heat flux and effective temperature.

Early results with this approach show that the for-
mations of the slow solar wind can be understood in
terms of heat input alone, in contrast to the fast solar
wind, which requires momentum input in addition to
heat input (Sittler et al., 2003).

3.4. Multi-fluid model

Observations show that the electrons, protons, and
various minor ions in the solar corona and the solar
wind have dramatically different thermodynamic prop-
erties and outflow speeds. In addition there are com-
positional differences between the fast and slow solar
wind. Thus, understanding the dynamics and kinetics of
minor ions is crucial for the interpretation of these ob-

Velocity field

5.00 9.4e—-01

0.08+00

0.00 8 3.14

Fig. 5. Results of thermally conductive three-streamer coronal model. The upper left panel shows the magnetic field vectors, the upper right panel
shows the outflow velocity vectors of the solar wind, the lower left panel (a) shows the temperature structure, and the lower right panel (b) shows the
ohmic heating due to the current “sheets” of the streamers (adapted from Sittler et al., 2003).
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servations. In the weakly collisional coronal plasma the
normalized three-fluid MHD equations are (see Ofman,
2000)

on

6_tk+ V- (mVi) =0,
ov Zin

ny aitk + (Vk . V)Vk = —EM/cVPk - Eueﬁvpm (6)
Mk +ank(V><B)><B+F (7)

2 Ak . k,couls
OB 1
a:_vxE, E:—VC,XB—&—EVXB, (8)
1

Ve=—(n,V, +ZnV, ~ bV x B), ©)

o7,

a_tk:_(yk_UTkv'Vk_Vk'VTkv (10)

where the index k£ = p,i (in Eq. (10) k = e,p,i) and p is
protons, i is ions, and e is electrons. The following
normalization is used: r — r/R., where R, is the solar
radius; t — t/ta; V — V/Va; B — B/Bo; Niep — Niep/
neo; S = 1,/7a the Lundquist number; 7, = 4nR2 /vc? the
resistive time scale, where v is the resistivity, and c is the
speed of light; T4 = R./Va the Alfvén time scale; V) =
Bo/(4nm,n,)"* is the Alfvén speed; Eu,, = (kyT,,0/mp)/
V2 the electron or proton Euler number; Eu;, =
(kyT;0/m;)/V} the ion Euler number; Fr = ViR, /(GM.,)
the Froude number, where G is the universal gravita-
tional constant and M, is the solar mass: and the nor-
malization constant; b = ¢By/(4nenoR-Va), where A is
the atomic mass of each species, and Z; is the charge
state. The Coulomb friction term Fy g is given in Of-
man and Davila (2001). In this model Ofman (2000)
assumed that the corona is nearly isothermal (i.e.,
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7¢ ~ 1), did not include heat sources explicitly, and as-
sumed flows parallel to magnetic field lines in the mo-
mentum equations. The polytropic indices in this model
are yos+ = 1, and y, =y, = 1.05.

Results of the three-fluid model are compared to
SOHO/UVCS observations in Figs. 6 and 7. The model
was initiated with a dipole magnetic ficld and a uniform
proton and ion density. The model was run until the
streamer was formed self-consistently and reached a
steady state after about 16 h. The current “‘sheet” has a
resolved finite thickness determined by the resistivity
and Hall terms in the code (the Lundquist number was
10%). The qualitative agreement between the model cal-
culations of the proton and ion density structure, and
the UVCS observations is evident in Fig. 6. Ofman
(2000) found that due to Coulomb friction the oxygen
ions flow with the protons in the open field line regions,
and thus mark the outflow of the slow solar wind in the
spectroscopic observations.
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Fig. 7. Proton and oxygen ion outflow velocities across the streamer.
Three fluid results of a model streamer are shown in the left panel
(based on Ofman, 2000); UVCS observations of the oxygen ions out-
flow velocity across a streamer observed during April 23-27, 1997 are
shown on the right panel (adapted from Strachan et al., 2002).
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Fig. 6. Comparison of SOHO/UVCS 12 October 1996 observation of an equatorial streamer in O VI (upper left panel) and in Ly o (lower left panel)

with the results of the three-fluid model of a coronal streamer. In the model, the density is given in units of 10® cm

—3 and 0 is in radians. Note the

good qualitative agreement between observations and model of the oxygen ion bifurcated streamer structure (the two left panels were adapted from
Kohl et al., 1997; the two right panels were adapted from Ofman, 2000).
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Fig. 8. Same as upper right panel in Fig. 6, but for He™* ions.

In Fig. 7 a cut across the latitudinal direction of a
streamer observed during April 23-27, 1997 and ana-
lyzed by Strachan et al. (2002) is shown. For compari-
son, the latitudinal cut of the three-fluid streamer is also
shown. The good qualitative agreement between model
and observations of the outflow speed of O’ ions is
evident.

Future observations that will provide information on
other minor ions, such as He™ ™, in the solar wind close
to the sun will help to improve the multi-fluid modeling
of the slow solar wind. The improved modeling will help
to better understand the acceleration mechanism of the
slow wind. The outflow of He*™ ions in a streamer were
modeled with the three fluid equations, by setting 4 = 4,
Z = 2. with the temperature Ty = 3 MK, and density of
10% for helium ions. In Fig. 8 a typical result of this
calculation is shown. It is evident that He'" streamer
appears dark compared to the surrounding coronal
plasma, similar to the effect seen in oxygen streamer.
This is due to the Coulomb friction between the out-
flowing protons and He'™" ions, and gravitational set-
tling of He™™ ions in the core of the streamer. The effect
is stronger then in O°" due to the higher collision fre-
quency between electrons, protons and He™™ ions, and
due to the much higher density of He™" ions compared
to O°* ions.

4. Conclusions

In-situ and remote sensing observations show that the
physical properties of the slow solar wind are strikingly
different from the fast wind. The slow solar wind is not
only slower by a factor of two than the fast wind, but also
is much denser then the fast wind, and appears to be less
steady. In addition the slow wind plasma has different
minor ion composition, and temperature then the fast
wind plasma. Coronal streamers have been identified as
the source regions of the slow wind, with most direct
evidence provided by the SOHO LASCO and UVCS
instruments. Spectroscopic imaging observations by the
SOHO UVCS of streamers in Lya and OVI emission
lines provide information about the source regions of the
slow solar wind outflow of hydrogen and oxygen ions,
and the relative abundance of the oxygen ions.

The slow solar wind in streamers has been modeled
using 2D and 3D single fluid polytropic MHD as part of
global models for decades. Models with more advanced
energy equations, such as thermally conductive and
semi-empirical models help to quantify the spatial dis-
tribution of the energy input required to produce the
observed slow solar wind. The minor ion emission ob-
servations provide detailed information on the slow
solar wind outflow regions, and require multi-fluid and
kinetic modeling in order to interpret the results. In
light of recent observations two- and three- fluid models
of streamers were developed. These models can account
for the different thermal properties of electrons, pro-
tons, and minor ions. Although the exact physical
mechanism that produces the slow solar wind is un-
known, recent models and observations strongly con-
strain the properties of this mechanism. Investigating
the properties of streamers (B, T, n, njo,, etc.) and their
stability are also necessary for the understanding of the
unsteady nature of the slow solar wind, and of coronal
mass ejections (CMEs) associated with streamer erup-
tions. The role of high frequency waves, low frequency
waves, reconnection, and turbulence needs to be ex-
plored self consistently in streamers in order to under-
stand how the slow solar wind may be produced and
affected by these processes.
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