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Nearly sonic and transsonic convective motions in the so-
lar atmosphere related to the solar wind origin

I.S. Veselovsky

Institute of Nuclear Physics, Moscow State University, 119899, Moscow, Russia

Abstract. Dissipative MHD regimmes in the
solar atmosphere are considered. Dimension-
less parameters in the energy and momentum
transport equations are analysed to understand

the scaling relations between the dominant phys-

1cal mechanisms in the solar atmosphere. The
solar wind originates as a more or less regular
tiny flow when the streamlines are temporary
splitted from the powerful transsonic convec-
tive motions with ascending and descending
nonstationary vortices in the solar atmosphere.
There is no smooth quasistationary ”critical
surface” around the San where the sonic tran-
sition takes place.

Introduction

The lack of the thermodynamical and me-
chanical equilibrium in the solar atmosphere
lead to the formation of the hot solar corona
and supermagnetosonic plasma outflow from
the Sun. The structures and processes involved
in these phenomena are very complicated and
encompass many orders of magnitude in space
and time. The relative role of different scales
is not clear from observational and theoretical
points of view. The complexity of the solar
corona and solar wind structures and processes
prevents their sufficiently complete knowledge
and description not only on the quantitative
but on the qualitative levels as well.

Dimensional analysis of the governing equa-
tions may be helpful in this situation [ Lan-
dau and Lifshits, 1982; Sedov, 1981). Unfor-
tunately such an analysis have not been done
in o systematic way in the monographs on
the solar physics and astrophysics | Kuiper,
1953; Thomas and Athey, 1961; Shklovsky,
1962; Parker, 1963; Spitzer, 1978; Michalas,
1978; Priest, 1982} nor in the current literature
on the solar and stellar winds origin problem
(sce reviews [ Pneuman, 1986; Abbot, 1988;
Drake, 1988; Holzer, 1988]). The aim of this
paper is an attempt to fill this gap and to ob-
tain a new look at the solar wind origin prob-
lem.

The situation in this field seemns to be some-

what analogous to the laboratory plasma stud-
les where the importance of the detailed di-
mensional analysis and of the complete physi-
cal scaling was understood only recently. Early
attemnpts to describe energy losses in tokomaks
based on the restricted dimensional analysis
and physical scalings neglecting the role of the
radiation and macroscopic motions failed and
a new scaling approach appeared | Katomtsev,
1975, 1990].

The approach adapted here is based on the
MHD equations. Hence the most deepest and
interesting questions about the solar corona
and solar wind origin problem residing in ki-
netic physics are beyond the scope of this pa-
per.

©

MHD approach

Let us consider dissipative MHD equations
using the standard notations [ Landau and Lif-
shits, 1982; Priest, 1982},

d -
P+ F(pd) =0,

o (1)

—

- . 1. .
p[g—? + (V)] = —Vp + E[j x Bl+

!

+nlVi+ ,
V& 5

T+ by,

(2)

%[p(u + %)] + (‘7‘?) =-L+A4A (3

where F, is the force due to the radiation, L
represents local energy gains and losses due to
atomic processes {radiation, ionization, exci-
tation etc.), A = —”hfg’c(Fﬂ) is the work of
external (gravity) forces. The energy flux 7 in
Equation (3) is expressed as follows

v? . or
g; = pvi(w + ?) + oy - @

+

€Ty
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where o}, = y(2 + 2% _ 25, Ouy giands for
* ik dzr, 7 8z;  3Vikyg /) °

the viscons tensor.

The clectrodynamic and material equations
(Ohm’s law and the equations of the state)
make the system (1-3) closed

j= 1V B, (5)
j=olE + (7% B)), (6)
(V5) =, 7)

08 - . 2
73? =[O x[@x B+ AR (9

We do not specify the equation of the state
in the explicit way. It may be approximated
by the ideal gas equation with the constant
average mass of particles only with a limited
accuracy in the photosphere and in the solar
corona, but not in the chromosphere, where the
ionization processes are very important and
the ionization balance equations should be tak-
en into account to calculate the effective av-
erage mass of particles in the one fluid MHD
equations used here.

For the sake of simplicity of the discussion
we will neglect tensor properties of the trans-
port coeflicients n,-k(B'), @ik, Tik. Diffusion pro-
cesses are not considered and one-fluid approx-
imation is used becausc of the same reason.
Additional approximations (less realistic in the
upper solar atmosphere) are introduced when
the equation of the state is taken as for an
ideal gas with the constant mean atomic mass
(no diffusion, no ionization changes). Finally,
we will neglect the radiation drag and pressure
term in Equation (2) which is small indeed on-
ly in the upper solar atmosphere in comparison
with other terms in momentum balance Equa-
tion (2).

MHD regimes

There is a large multitude of possible MHD
regimes in the solar atmospherc. Physically
distinguishable regimes may be characterized
by the dimensionless parameters in the MHD
equations. Let us consider the momentum and
the energy equations.

a) Momentum equation

—1i3

We present Equation (2) in the form appro-
priate to the dimensionless analysis neglecting
the radiation term

ot 9 - R
Plg; + (V)] = —Vp+ —[[V x BB
51 1 M2 M;?

+Fviscous + F;ravity (9)

Re~! Fr-1
There are six terms in this equation. The
relative importance of the terms is estimated
using dimensionless parameters S = % the

Strouhal number, M = fs—, the Mach number
(¢s = 4/7L is the sound velocity), M, = o
the Mach-Alfven number (V; = 25 is the

Vimp
Alfven velocity), R, = -‘% &%~ MKn™is
the Reynolds number (v is the kinematic vis-
cosity, ! is the characteristic scale length of the

problem, K'n = % is Knudsen number, A stands
for the mean free path), Fr = ‘;—j, Froude num-

ber (g = —Aigﬁ is the effective gravity accelera-

tion). The second term (the dynamic pressure)
was arbitrary chosen as a scale for comparison.

There is 57 physically different regimes which
result when combining the five dimensionless
parameters and the six possible dominant terms
in momentum equation (9)

6
> Cé =57,
=2

We indicate here the fifteen simplest ”bina-
ry” regimes when only two dominant terms are
important in Equation (9). Only the essential
characteristic dimensionless parameters will be
written explicitly. All other dimensionless pa-
rameters are supposcd to be extremely large
(> 1).

First of all, there are the five nonstationary
binary regimes, namely, 1) inertial (force-frec)
S ~ 1; 2) gasdynamic S ~ M <« 1; 3) cold
MHD S ~ My < 1; 4) viscous S ~ R, < 1;
5) gravity dominated S ~ Fr < 1,

Next, there are the ten quasistationary regimes:

1) Bernoulli regime M ~ 1; 2) cold MHD
M)A ~ 1; 3) viscous R, ~ 1; 4) gravity Fr ~
1; 5) pressure balanced MHD M ~ M, < 1;
6) laminar Stokes M ~ R, < 1; 7) baro-
metric (gravity balanced gas) m ~ Fr < 1;

—



8) viscous MHD M, ~ R, < 1; 9) grav-
ity MHD M43 Fr < 1; 10) sedimentation
B, ~ Fr < 1.

b) Energy equation

Energy equation (3) may be written in the
form convenient for the dimensional analysis
vz) . ( 4 U2+
27T By YT AN

51 M2 1

?—( u -+
get T
M‘mzs—l

!
VO — B—

33:,-

Re™! Re "M -2pp-1

1 C i
+—eiklclmnvak Bn + ueikIJkB[)
4 dmer

-1 ~2 —1
M, My*Re,,

—L+ A

V1 Frt

There are ten terms in this equation. The fourth
term (the kinetic energy flux density) in Equa-
tion (10) was chosen to be of the order of
the unity for the sake of comparisons between
the terms. The relative importance of the
all ten terms is indicated using independent
dimensionless parameters, M, S, M,, Fr and
Re,,, Pr, V.

Here Re,, = *"%" is the magnetic Reyuolds
number, Pr = i is the Prandtl number, i.c.

the ratio of the kinematic viscosity v = g to the

(10)

draly

temperature conductivity y = %. The Prandtl
number is usually ~ 1 in the simple neutral gas
mixtures with nearly equal molecular weights
of the components. In the hydrogen plasma
(Lorentz gas) Pr ~ \/?w &

The dimensionless number V-1 character-
izes the relative role of the ninth term, i.e.
the radiative gains (losses) due to the exci-
tation, deexcitation, recombination, ionization
and other atomic or ion-molecular processes
("reactions”) in comparison with the forth term,
1.c. the kinetic energy of the gas flow. It may
be estimated by the order of magnitude as

I ! T
=1 a
Vol (F"‘)(—) (11)
Ykin Ty
4 . .
where F, ~ "5 1s the atomic encrgy scale;

T

2 . . .
Egin ~ ™ is the kinetic energy of the mass

!

flow (which may be subsonic or supersonic in
the solar atmosphere); 7 ~ f; is the transit time
through the scale length I; 7, stands for the
characteristic effective time scale of the radi-
ation, excitation, ionization, recombination or
other preponderant atomic and radiative pro-
cesses.

Atomic and radiative processes dominate the
flow in the case when V < 1. The flow of the
gas is not essential in the bulk energy balance
equation in this case (slow flows in the lower
solar atmosphere).

Atomic and radiative processes are not cs-
sential in the energy transport when V > 1.
In this opposite case the flow of the gas dom-
inates in the energy balance (fast streams in
the most upper solar atmosphere, solar wind).

There are several length scales which should
be combined when obtaining dimensionless MHD
parameters mentioned above. These length
scales are: [ is the scale length of the phenom-
ena or structure under consideration; [, = vt
1s the convective length scale corresponding

to the characteristic time of the phenomena;
—1/3

Taw = 1 is the average distance between
. 2 R .
the particles; 7, = £ is the classical elce-

tron radius, A, , being the mean free paths of
the charged and neutral particles, r4 is the De-
bye radius, 7;, is ion, electron Larmor radius,

Ty = (%)]5 1s the electrodynamic "magnetic”
length, 7 stands for the heliocentric distance
and others. Not all of themn are independent
and some choice is possible. For example, the
ratio of the ninth term to the eighth one in
energy balance Equation (10), i.c. the radia-
tive/Joule ratio is proportional to 2, which is
known to be related to the Hugill (H) or Mu-
rakami (Mu) numbers defined in the literature
| Kadomtsev, 1990]

end .
H e~ My~ B ~ g,

(12)
The radiation dominates over the Joule heat-
ing when H > 1, i.e. in the dense plasma re-
glons with a low magnetic field . The oppo-
site situation takes place when H < 1, i.e. in
the rarefied strongly magnetized plasma. The
both opposite cases are frequently playing their
important role in the local structures and pro-
cesses in the solar atmosphere.

The scaling relations between the terms in
the cnergy and momentum equations and rel-
evant dimensionless parameters have not been
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studied in a systematic way for the solar at-
mosphere regions and processes. We indicate
here the relation between V and H numbers.

The dimensionless number V' may be ex-
pressed as

V ~ Re,M2H*GY(T.), (13)

where H is the Hugill dimensionless number,
and G(T,) is the function of the dimensionless
temperature 7, = ELM One has G(T,) ~ 1
when 7, ~ 1. In the case of the optically
thin atmosphere the function G(7T,) may be
represented by a sum of the radiative losses
and gains using the known approximations de-
scribed in the literature { Priest, 1982].

Oune may use V or H (or some other com-
bination like the Murakami number) as an in-
dependent dimensionless parameter character-
izing the role of the atomic and radiative pro-
cesses in the plasma energy balance. We have
seen that the choice of the parameter V as in-
dependent one is more natural for the problems
of the solar and stellar wind origin when plas-
ma flows are the main concerns.

The plethora of MHD regimes is enormous
taking into account independent parameters
appearing in the momentum and energy con-
servation equations, Maxwell equations and
material equations. Most of these individual
cases were observed or theoretically anticipat-
ed, but some of them have not been discussed
in the literature.

Let us discuss briefly the relative importance
of the different heating mechanisios in the up-
per solar atmosphere based on the dimensional
analysis. The ratio of Joule/viscouse terms ac-

cording to Equation (10) is equal to M ;> ReRe;!.
This ratio may be represented as M 37, /%Lm—%z(n

in the case of the fully ionized plasma. Esti-
mates show that this ratio is very small (< 1)
in the solar corona. Hence the solar corona is
heated mainly by viscous friction {Shklovsky,
1962]. The Joule heating dominates locally in
the denser and colder plasma with slower mo-
tions in the strong magnetic fields. Such con-
ditions are met in the solar atmosphere local-
ly in-between the corona and the photosphere.
But the lower solar atmosphere is only weakly
ionized and the Joule heating again is relative-
ly unimportant here. The competition between
the viscous heating, heat conduction and radi-
ation takes place here.

I

Discussion and Conclusions

The view of the solar atmosphere as an open
system out of the mechanical and thermody-
namical equilibrium is very useful for a better
understanding of many questions about the so-
lar corona and the solar wind structures and
Processes.

Physically plausible and correct answers have
been suggested a long time ago on this way to
the general questions about the hot solar coro-
na and wind origins (see for example excellent
but partially forgotten classical review papers
by K.O.Kiepenheuer and H.C.Van der Hulst
in the monograph | Kuiper, 1953]). Natural-
ly, many important details appear now more
clear, and some unresolved questions remained
when new ones arise.

It is interesting that a number of early and
very tentative negative statements, which seems
to be never precisely formulated nor proven or
seriously tested, were not critically accepted
and repeated during a long time by different
authors and still appear in the current litera-
ture. We indicate here one example, namely,
the prejudice that the velocities of the plas-
ma flow across magnetic fields are slow com-
pared with velocities along field lines was advo-
cated by C.T.Cowling neglecting electric drifts
(sce, e.g., his article in the same monograph |
Kuiper, 1953]. No strict theoretical arguments
exist supporting this general rule, v; < vy,
in plasmas. Many counterexamples show that
it is not the case in the laboratory and space
plasmas (eruptive prominances on the Sun, so-
lar wind streams in the heliosphere beyond 1
a.u., plasma flows in the magnetosphere dur-
ing substorms). This rule is often absolutely
nof tenable in the stationary situations and
{¢ dspecially violated when induction electric

fields V x E = —%B—H are present due to time
variations of the magnetic field. The topolo-
gy of the magnetic field (open-closed) is of the
sccondary importance and not relevant in this
sense when induced and potential electric fields
are present in the moving plasma. Magnetic
zero points and field line topology are general-
ly not invariant against moving coordinate sys-
tem transformations when the electric field is
not zero in the magnetic zero points. It is clear
that the knowledge of the electric field in the
solar atmosphere is very important in the solar
wind origin problem but still not sufficiently



elaborated. The leading role of the open mag-
netic configurations in the solar wind source
regions is anticipated, but was not proven as
yet cf. | Parker, 1992; Axford and McKenzie,
1992].

But the topology may be important in the
sense, that electric drifts are faster in the low
magnetic fields, i.e. around zero points of the
magnetic field, when electric fields are more or
less homogeneous. In the case of drifts under
the influence of the inductive electric fields due
to the magnetic field time variations one ob-
taius in general faster flows when larger scales
are Involved in the rapid time changes. We
hope that the study of the local nonstationary
nearly sonic and supersonic convective motions
in the solar atmosphere will allow to elucidate
the role of parallel and perpendicular veloci-
ties.

The existing observational data lead us to
the conclusion that the solar wind originates
as a more or less regular low when the stream-
lines are temporary splitting from the power-
ful transsonic convective motions with ascend-
ing and descending vortices in the solar atmo-
sphere. There is no smooth quasistationary
“critical surface” around the Sun where the
sonic transition takes place.
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Turbosphere and Turbopause in the Solar
Wind Formation Region

Igor S. Veselovsky

Institute of Nuclear Physics, Moscow State University, Moscow 119599, Russia

Abstract. The MHD classification of the regimes is based on the relative values of the phase veloeities versus the turbulent
velocity dispersion ¢ and regular tlow velocity I Concepts of the turbosphere and the turbopause arcund the Sun are mtroduced
as lollows. In the solar atmosphere near the Sun one has @ > I This demain may be termed as the turbosphere around the Sun.
An opposile situstion, @ < I i1s characteristic for the fully developed supermagnetosonic solar wind tlow suttictently fur from the
Sun. The turbopause represents a transition region around the Sun, where the condition ¢ = I is achieved. The turbopause
delimits the sites of dominant plasma heasting near the Sun from the sites of the dominant solar wind acccleration farther out.

INTRODUCTION

There is no standard generally accepted quantitative
definition of the turbulent and laminar regimes. Instead.
infuitive and descriptive concepts of turbulent and
laminar motions prevail in the literature (sec. e.g.. [1]).
Turbulent motions are moere dynamical. comnplicated and
irregular. Their theeretical description mcets severe
difficulties. Because of this. cven a scmi-semanlic
analysis of the role of the "“turbulence” and mixing in
space plasmas is not an easy problem (see. e.g. [2])
Many examples show that there are no "universal”
turbulent states.

Multiscale dimenstonal analysis and observations
indicate that the turbulence in the solar atinosphere is
not fully developed. It is intermittent. inhomogeneous
and anisotropic here. Laminar and turbulent structurcs
coexist in the solar atmosphere in different proportions
depending on the solar cvcle phase. The permanent solar
wind outflow from the Sun introduces a natural velocity
scalc for the description of the turbulent regimes in the
solar atmosphere. This scale is the bulk or average flow
velocity 17 which is increasing with the heliocentric
distimce. The purpose of (his paper is 1o present a
classification  of turbulent regimes in the solar
atmosphere using this velocity scale.

LAMINAR AND TURBULENT
STRUCTURES IN THE SOLAR
ATMOSPHERE

Motions in the solar atmosphere are supported by the
frce energy of the thermal. electromagnetic. mechanical
and gravijational forces. Numerous laminar aad
turbulent structures are formed here depending on imtial
and boundary conditions. The transitions between
regular and irregular states arc mediated locally and
globally by the complicated non-lincar dissipative
mechanisms, The corresponding Revnolds nummbers arc
uscful dimenstonless parameters. which delimit the
laminar and turbulent behaviour. As a consequence,

sufficiently small structures are strongly dissipative and
appear as laminar entities in many instances (loops.
threads. rays. jets etc.). At larger scales we often meet
turbulent motions inside the chromosphere and corona.
Turbulent motions arc ubiquitous here but they arc
cspecially remarkable for most dynamical cvents like
eruptions. The gravity and magnetic ficlds introduce an
obvious anisotropy.

The mechanical Reynolds number Re can be cstimated
as follows

1)
Re ~ s ~ k) (h
n

where £ is the mass densily. T° and / are (he

charactenistic velocity and space scales of the structure
under constderation, 77 is the corresponding componert
of the viscosity tensor in the magnetic field |3.4]. Af ~
e, 1s the Mach number. ¢, is the sound speed, As ~ 2.
/I is the Knudsen number, 7 is the mean Coulomb free
path length for protons. o is the factor depending on the
geometry and the magnctic field strength, The factor « ~
I along the magnetic {ield hines and o~Of(w,, 1,)" == |
across the magnetic field. where o, 1s the proton
cyclotron frequency. T, is the mean free time for proton
Coulomb collisions. ¢ = 1 or 2 for different viscosity
components. A strong magnelic field means here o1,
>> 1, 1.e. "magnetised” protons. This condition is. as a
rule. fulfitled in the upper solar atmosphere. Becausc of
this. the turbulence is quasi-two-dimensional at the
smallesi hydrodynamic scaics and mostly represcnied
here by sheet-like and tube-like structures  stretched
along magnetic field lincs.

Onc gencral comment is in order at this pomnt about a
hypothctical "universal statistics” in a theory of the so-
called Muily devetoped hydredynamic turbulence with
scaling differing from the well known sclf-similar
exponents in the inertial mange [5]. In reality the
turbulence is far from being homogencous. isotropic and
statistically stationary in manv instances. It 1s composed
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from different branches of convective and propagating
penturbations. They are numerous even in the lincar one-
Muid MHD  approximation. Several types can be
indicated:  potential entropy  perturbations.  solcnoidal
entropy perturbations (vortices). gravity waves, Alfven
waves. fast and slow magnctosonic waves. Morcover.
non-lincar couplings between different modes and inside
the maodes make the analytical description practically
intractable. The influcnce of the boundary and initial
conditions. as well as the kinetic structures. introduce
additional ample diversity of turbulent plasma states.
The solutions of the governing nen-linear dynamical
Cuations are not unique. especiaily for marginally
stable situations. Bifurcations appear cven for a weak
focal non-lincarity.

Adl this taken together restricts the applicability of the
tdeas of the universality in the theory of turbulence.
Deviations from an expected self-similar fractal or
mliifractal - betuviour  are typically non-negligible.
Nevertheless,  these  model approaches  have  (heir
heuristic significance and the inferred scaling can be
considered as useful intermediate asymptolic within the
timuts, which are not known apriori and should be
attentively checked by experiments. The quantitaive
assessment of internal and external scales as well as
estimates of the mentioned deviations is bevond the
scope of available heoretical approaches that are bascd
oil dvnamical cquations and first principles. In sutunary,
the impression of a broad diversity of possible turbulent
regimes differing in their types. strengihs. scaling and
micrmilicnce pattems secms Lo be more adequate view
for applications in plasma physics [6]. The complicated
plienomena in the solar atmosphere give a good example
supporiing this general view.

TURBULENCE LEVEL

It is natural 10 use characicristic velocities v.. of the
propagating small amplitude lincar wave perturbattons
(sound speed ¢, Alfven speed 17, fast and slow mode
speeds v, and v, and others) as scales for measuring the
relative strength of different turbulent motions with
velocity o Weak, moderaie and strong turbulence
regnnes could be defined theoretically as (he states with
O < ¥, . O ~y.0r 0 >y accordingly. The
corresponding Mach numbers A/ are low. intermediate
or lugh in comparison with 1 in a local reference frame
co-moving with the bulk plasma vetocity. Nevertheless.
another terminology ts often used in the literature: weak
(A= 1), strong (Af ~ 1). and SUPCr-sirong or SUPCrsonic
(Af = 1) turbulence A general theory of a weak
turbulence is rather well developed  cspecially  in
quasiiinear approximations bascd on the hypotheses of
the phase mixing. [n the case of a strong turbulence non-
linear cffects are very important. which makes the
theorctical  descripion  principally  much  more
complicated. Shock waves and sirong discontinnitics are

unediate signatures of a strong turbulence. We often
meet afl these situations in the solar atmosphere,
cspecially in "perturbed conditions”.

TURBOSPHERE AND TURBOPAUSE
AROUND THE SUN

The concepts of the turbosphere and turbopause
around the Sun are introduced as follows. The solar
wind bulk velocity I increases with a distance from the
Sun becausc of the density decrease and  mass
conservation in the solar atmosphere. The solar wind
velocity  somewhere near the Sun s negligible in
compartson with turbulent motions and one has & = |-
Hence. tlus domain may be termed as the turbosplicre
around the Sun. The turbosphere cncompasses the fower
parts of the solar corona and the chromosphere. The
nearly sonic and trans-sonic values & ~(1-10 kn/s) arc
often scen in the turbosphere. The estimated radial
cxpansion velocity 17 is of an order of | kimvs at the
density level ~10° cm™ of the corona and rapidly
decreases with depth in the atmosphere. It is about | my/s
at the density level ~10" cm? of the middie
chromosphere and only 107 covs at the densily Ievel
~10" ¢ of the chromospheric botiom.

The corresponding residence or replenishment times
cstimated by the transit time across the height of the
standard atmosplicre arc about several days-wecks for
the coronal height and many years for the photosphere,

The Lagrangian fluid particle trajectory lengths L

between radial distances # and 7, are estimated (o be
g 1
of an order of 1. ~ kFAI‘ where Ar =1, ~ £ The

numerical geometry factor 1s cqual 10k =2 for one-
dimensional vertical up-and-down motions controlled by
the strong magnetic ficlds, k=7 for the circular
vortices with the horizontal axis. & >> | for vortices
with the vertical axis. There is no large sensc (o follow
tmgled and wavy trajectorics close to the Sun because
of dissipative hmits, which destroy fluid particles.
Nevertheless. the solar wind keeps (he partial meory of
the non-lingar dissipative sclf-organisation processcs
ncar the Sun.

An opposite sitnation. o < 17 is characteristic for the
fully developed supermagnetosonic solar wind (low
sulficiently far from the Sun. The kinctic cnergy of the
solar wind dominates everywhere above the turbosphierc.
The turbopause represents the transition region around
the Sun, where the condition ¢ = 17 is achieved. There
are no tarning points 1n the radial direction of the flow
behind the turbopause. i.c.. all zero points of the radial
veloctty are situated in the turbosphere. There are two
different types of streamlines and trajectories in the
turbosphere: with/without zero points of the radial
velocity. There is only onc type of thesc curves farther
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out in the solar wind: without zero points. The
turbopause delimits the sites of the dominant plasma
mixing and heating ncar the Sun from the sites of the
dominant plasma accelcration farther out n the solar
wind formation reglon.

The structure and position of the turbospherc and
turbopause arc space and time dependent.  This
dependence is strong and multiscale becausc of turbulent
processcs.  An  approximate  cquipartition  between
kinetic. thermal. magnetic and potential gravity cnergies
is fulfilled at the turbopause. This situation is favourable
for intensive fluctuations of plasma and magnetic ficld
parameters with relative amplitudes comparable for all
thesc degrees of freedom. Below the turbopause several
regimes arc possibic. These regimes are known from
observations as  different  morphological clements:
corona] holes. coronmal streamers. promincences. etc. Up-
and-down flows associated with chromosphenc spicules
represent complicated regnnes diflering in two aspects:
there is no essential outward expansion velecity. the
radiation processes are very important in the energy
balance. Thermal. gravitational. mechanical  and
electromagnetic  forces  support  conveetive  motions
mside the trbosphere. This situation is different from
the photosphere. where only the two first forces
dominate. as a rule.

Telescopically unresolved ncarly sonic and supersonic
up-and-down motions in (he solar atmosphere lead to the
nonthermal spectral line broadening observed at the
disc. Large amplitude Alfven perturbations i the low 3
plasma are especially effective in this respect at the tops
of the coronal loops. The same periurbations arce
effective 1 the scuse of the line broadening both for
open and closed magnetic stnictures at the limb.

The plasma drifts produce numerous cxpanding loops
in the solar corona across magnctic fields duc to the
induced clectric ficlds

. 1 ¢|Rx B‘]
Liry= —— | —= (j'%,r'1 2
) 4m-I 3 @
where R =7 - 7"
The drifi velocty
o [@.fﬁl &

B-
can be estimated as 1"~ # /. where #and [ are the

characteristic space-time scales of the ficlds under
considcration.

SOLAR WIND ORIGINS
The solar wind formation rcgion is not a strictly
defined volume around the Sun. In our context. this
definition is not so relevant as the energy. momentum
and mass flux patterns. The velocity ficld pattern is
rather comiplicated. The low beta coronal plasma flow
geometry i1s regulated here by the magnetic ficld

structures. which form locally  specific  nozzles.
Lagrangian fluid panticle trajeciories coincide with
strcamlines for stationary flows I is not the case in the
turbosphere as a rule. Maximal mass flow denstlies are
attained at critical points. which are single or multiple
along these curves. Collisional or turbulent mixing
processes arc cffectively acting against the inerttal.
gravitational and magnetic ion mass separation. Becausc
of this. only moderate changes are taking place in the
ion composition of the hot corona and the solar wind.
The opposite situation is met at higher levels behind the
turbopause.

The anisotropy of the turbulence in the solar lormation
region is an important factor. Two limiting cascs should
be mentioned: 1) the locally isotropic turbulence: 2)
waves propagating [rom the Sun. In the first casc the
turbulence dissipation is mainly responsible for an
additional heating. The thermally driven expansion
appcars as a consequence of this process  which
presumably dominates inside thz turbosphere. In the
second casc. the branching ratio between the heating and
acceleration of the plasma by waves depends on many
specific details of the local MHD and kinetic situation.
For examplc. an additional supersonic acceleration by
Alfven waves oulside the turbopause in the coronal
holes is a viable mechanism for producing fast solar
wiid streams,

The origins of the slow solar wind remain not clear.
Several ideas were suggested. According to one point of
view. rather small open magnetic configurations inside
coroual streamers are thought to be sources of a slow
solar wind. Another possibility is also discussed in the
litcrature. Namely, it is supposcd that the slow solar
wind arises at a boundary between coronal streamers
and the adjacent fast flows from surrounding large
coronal holes. A viscous drag due to laminar and
turbulent lateral interactions between coronal strcamcers
and large holes could be important in this casc. A
streamer is considered more or less as a passive clement.
In this case. the energy for the acceleration inside the
strcamer is supplicd from its Iateral boundary. The Urd
possibility is not cxcluded too: nonstationary magnetic
ficlds at the bottoms produce ¢lectric drifts in the plasma
as described by formulac (2.3). This mechanism is
operating  both  for open and  closed  magnelic
configurations inside and outside streamers. [n this
sense. the whole surface of the Sun can be considered as
a source of the solar wind encrgy and mass. Quantitative
assessments of these ideas are possible by future
obscrvations of vector velocity compenents in the solar
wind formation region.

Continuous spectra of perturbations in the solar
atmosphere have local features comresponding fo the
eigenmodes and regular convective structures cvolving
with time. Direct and inverse wave cnergy cascades
coexist n this complicated open sysiciu with (the cnergy.
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womentun and mass flows, The relative importance of
these processes in the solar corona is not sufficiently
mvestigated and any conjectures about their role in the
solar wind ongin and coronal heating would be
premature.

Morcover. the ideas that the quasi-statonary clectric
currents are the inunediate driving agents of the solar
wind acceleration and their dissipation provides the
energy 1o heat the corona are stll attractive because of
their simplicity. Hence. the fourth mechanisin of the
solar wind acceleration could be related to the quasi-
stationary Ampere forces. In thus casc. non-propagaling
convective siructures are more important than waves in
the energy. momentum and mass balance.

The open questions in the solar wind ongin and
coronat heating problems can be formulated as follows.
What are space-time structures. which are responsible
for the energy and mass supply to the solar corona and
the solar wind? What regimes domunate inside these
structures: MHD or kinetic?

The fact that the Sun is the source of the supersonic
plasma. which is escaping always and everywhere in the
interplanctary space was understood many vears ago
{scc. e.g.. [7]). The term "wind" and reasonable valucs
for this phenomenon were regularly used in the
scientific papers (see ¢.g. 17]). The beautiful poctic
image of the "solar wind" ("solncchnyi wveter" in
Russiun) can be found in the non-astrophysical context
in the storics written in  1933-1939  during the
imnugration in France by the Russian writer. the Nobel
prize laurcale in literature. 1A Bounine. As it often
happens. unclear dreams were going ahead of the precise
knowledge.

The theory of sphetically svinmetric {lows describing
the stattonary hydrodynamic motions of the polytropic
gas in the gravity ficld of a star was available in 1952,
Multiplc subsonic. supersonic and {wo critical (rans-
sonmic branchies have been found and analysed. One of
the critical solutions was selected to describe the trans-
sonic accretion near (he star 8], Nevertheless. the
possibility of the traus-sonic coronal cxpansion |9},
given by the second critical solution, was not indicated
in [R]. Sotutions of the governing Bernoulli equation in
this theory arc twice croded and do nol determine the
velocity stgn. Entropy growth argumcengs allow sclection
of the correct velocity direction for both  critical
branches  descnibing  acceleration  or  cxpansion.
respectively.

It is imteresting to note that critical solutions arc
unstable against the sound wave generation |10]. This
means that the inhomogencous corenal expansion could
be onc of the imporant Iree cuergy sources for waves
inside the turbosphere aronnd the Sun

CONCLUSIONS

The concepts of the turbosphere and turbopausc
around the Sun arc uscful for the interpretation of the
existing  observations. They are adequate for  the
description  of the nonstationary  and non-hincar
multiscale structures 1n the solar wind formation rcgion.
The physical meamng of these newly introduced
concepts for the solar wind problem is very simple:
down-flows are possible only within the turbosphere.
There are no down-flows outside the urbosphere.
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