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Integrating (5), we obtain for every instant of time ¢ 2 one-parameter set of field
lines depending on parameter C {integration constant)

deter-

is

(6) r=ry + Vt = (Vjw) atccos (Csin™? @),

The pattern of projection of the magnetic field lines at a fixed moment is shown
qualitatively in Fig. la. The projection of magnetic field lines (circle r = ro +
+ Vi + (r/2) (V]w)) corresponds to the value C = 0. Along this circle, the radiai
component of magnetic field B, = 0 is absent. Along circles r = ro + V1, r = 1o +
+ Vi + n(V/w), etc., on the contrary, the magnetic field projection shows a pure
radial direction.

1 elements near to the starting

1
A\
|-

in interplanciary space due to the ¢fTeet of a constant

formation of new structura
solar wind 2nd of variable solar magnetic ficld can be seen.

S

d
G2

)
N

L/
N
N

L) are presenled. The lime evolution of magnetic fickd lincs

from Lhe Sun, and by continuous

ime instants. The coordinate system is heliocentric, the z-axis points alongr
sults of calculations made for different time instants for T == Infwr =2 2-5%

~-d -

louds away from Lhe Sun

Siv

gLy
P’ E m ok
2% £ 83
Y CINCEE
Fig. 1a. Schematic pattern of the IMF configuration in the meridional cross-section under non- o .m _n_.p il 2 .m
stationary boundary condition {for changes of the dipole solar field). = ”.m 4 W M. w
g g o852
eEEST
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Abstract

Theoretical considerations are presented of the nonlocal electromag-
netic coupling in the heliosphere. Maguetic field line twisting and helicity
estimates are discussed and possible relations to the coronal structures are
indicated in their dependence on the space-time scales. Quasistationary
field-aligued clectric currents in the heliosphere are connected to the Sum,
On open fictd lines they are closing at the Leliospheric boundaries when
providing the coupling between the termination shock, the heliopause and
the corona. On the closed field lines, whicl are less numerous in the
heliosphere, they are predominantly associated with the inhomogencous
heliospheric current sheet and propagating magnetic ficld discontinuities.
Nonstationary field-aligned cleetric currents are always present and asso-
ciated with propagating perturbations, especially ronlinear Alfven waves
and rotational discontinuitios, when providing tomporary clectromagnetic
links between the Sun and the interplanetary medium.

Key words: Solar corona; heliosphere; magnetic fields.

1 INTRODUCTION

Electric currents and magnetic fields in Lhe heliosphere provide nonlocal con-
nections between its different, parts as well as the solar atmosphere, the Sun
and the interstellar medium. H.Alfven (1981) proposed in 1977 the simple
conceptual model of clectric currents in the heliosphere, which was claborated
later (Veselovsky 1994,1996a). The electromagnetic fields in the heliosphere are
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multi-scale and complicated in space and time. The interplay between different
scales is not always clear, but the tendency to form field-aligned structures is
well known in many instances. The purpose of this paper is to describe the
origins and the role of the electric currents along the magnetic field, i.c. the
field-aligned currents in the heliosphere.

2 FIELD-ALIGNED PLASMA STRUCTURES
IN THE SOLAR WIND FORMATION RE-
GION AND THE HELIOSPHERE

Field-aligned density, velocity, temperature, heat, flux, electric current enhance-
ments and rarefactions in the solar corona appear due to the plasma and the
magnetic ficld self-organization processes because of the free (mainly clectro-
magnetic) energy available here. The situation is typical for open nonlinear
systems with the energy, momentum and mass flows through them. It is well
known that all plasma inhomogeneitics tend to be field-aligned in the sulli-
ciently strong magnetic fields. They are considered as good tracers of the mag-
nelic field lines in the solar atmosphere and are often used to "visualize” the
magnetic field geometry which is sometimes f{orce-free. Both dissipative and
nondissipative mechanisms are operative in producing field-aligned propagating
and convective structures.

Numerous rays, loops, jets and more complicated structures tracing the mag-
netic ficlds in the solar atmospherc and especially in the corona are produced by
dissipative processes and the ideal plasma instabilities under the influence of the
available free energy. Corresponding dimensionless parameters allow 16 delimit
many possible regimes in the solar atimosphere and the heliosphere (Vesclovsky,
1996b). Based on this scaling analysis one general statemnent can be done: the
ideal plasma approximations {inviscid flows, frozen magnetic fields etc.) could
be used with the caution and only for sufficiently large scale structures and
fast processes. The deviations from these approximations are not negligible
in many instances in the solar atmosphere and the heliosphere. The smallest
quasi-stationary catitics are always strongly dissipative. They are responsible
for many fine structures observed in the solar plasma and are competitive in
this scnse with propagating waves.

Dissipative phenomena are playing the decisive role in these self-organization
processes at sufliciently small scales. The formation of the field aligned inho-
mogeneities takes place more or less independent on the initial and boundary
conditions in many important situations only because of the anisotropy intro-
duced by the presence of the magnetic field. This anisotropy is rather strong in



the solar atmosphere especially in the rarcfied regions. All transport cocfficicnts
are tensor quantities here with larger components along the field. Because of
this all dissipative (sufficiently small scale) structures tend to have elongated
shapes along the magnetic field.

To illustrate this tendency, let us consider for example a point-like or some
other perturbation (a fluctuation) of the ion concentration at some initial time
moment. This fluctuation could be initiated by the internal or external driving
forces. The following time evolution of this perturbation is described by the
corresponding Green funciion of the governing equations {dissipative MHD or
kinetic ones). For the simplest geometries this Green function may bec written
exIplicitly. The physical result. is well known: the plasma diffusion Process across
the magnetic field is suppressed in comparison with the "free” diffusion along
the field in the ratio of the mean free path length to the ion Larmor radius. This
ratio is increasing with the height in the solar atmosphere. The * pencil-like”
concentration inhomogenetties appear as a consequence of the evolution even for
round-shaped initial inhomogencities. The limitation processes for this tendency
arc also working and they could be related to other plasma and electromagnetic
scales.

In the similar way as the anisotropic diffusion produces ficld-aligned density
ithomogeneitics, the anisotropic viscosity leads to the formation of the suff-
ciently small scale field-aligned velocity fluctuations (jots). Elongated temper-
ature inhomogencities appear in the same way because of the anisotropic heat
conductivity. Heat Huxes and clectric currents are structured according to the
anisotropic heat conductivity and the electric conductivity. An example of the
nondissipative process leading to the ficld-aligned structuring will be consid-
cred later (polar plume formation). Electric and magnetic fields are important
drivers of this process and we consider them first of all.

In summary, ficld aligned structures in the heliosphere can be of different phys-
ical nature: dissipative or not dissipative, quasistationary or essentially time-
dependent and propagating.

3 ELECTROMAGNETIC FIELDS AND THEIR
SOURCES IN THE HELIOSPHERE

Electric fields in the heliosphere are connected with the free electric charges
(potential electric ficlds) or time variable electric currents associated with alter-
nating magnetic fields {induction electric ficlds). The clectric fields are expressed
through the the scalar potential ¢ and the vector potential 4 according to the
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definition ,
B g = ~vp - 12400 1)

Potentials are related to the electric charge density p and electric current density
7 by the volume integrals according to the formulae

man=fmfﬁﬂ*ﬂf, 2)
A = ¢ [ ortas, 3)

where R = |7~ 7|.

Potential electric fields and clectric charges are sometimes a priori neglected
or underestimated without sufficient grounds {sce e.g. Cowling 1953, 1957;
Dungey 1958) based only on the estimates for frozen-in conditions, which are
not always fulfilled in the solar and space plasmas. The limited validity of the
ideal plasma conductivity approximation is well known and was stressed many
titnes by 1L Alfven. In the application o the overall heliospheric current circuit
this means the unavoidable existence of double electric layers, which are still
not sufficiently investigated in the heliosphere (Alfven 1981). Probably these
potential jumps cxist not only in polar regions as was initially anticipated, but
this problem remains open. Detailed measurements in the regions closer to
the Sun where the dissipation is more important could give needed information
about their existence, spatial distribution and paramneters,

The local charge densities and the electric current densitics are uniquely deter-
mined and can by calculated by the local differentiation of the fields or potentials
when they arc known as functions of their variables. In this sense the fields and
potentials are more fundamental physical quantities then charges and currents,
which also can !¢ used to determine fic' Is ard putentials nonlocally by volume
integrals {2,3).

The relative importance of potential and induced clectric ficlds can be estimated
using equations (1-3) as follows. Lel use consider the dimensionless number
F = }?TZEFE where characteristic values of the charge density, the electric current
density, the space scale and the tine scale are combined. The value F could
be termed as Faraday number because it indicates that induction electric fields
dominate when F' > 1. This happens when clectric currents are strong, time
variable and Lhe considered plasma volumes are sufficiently large. This situation
is well investigated in the solar physics.

In the opposite case, when 7 « 1, the electrostatic charging dominate over
the electromagnetic induction. The charging of the solar and space plasma is

—Al~



poorly known and not appreciated. Nevertheless, it should be very important.
The steady state situation dominated by the induction clectric field is impos-
sible. The only possible steady state should be dominated by the potential
electric fields. It is clear from this consideration, that the plasma behaviour
at the largest times could not he correctly described if even small charging is
present, but neglected a priori. Deviations from the plasma ncutrality and the
charge separation cffects are known inside thin layers and small cavities with
the non-maxwellian plasma. Strong Langmuir waves and oscillations as well
as other clectrostatic modes and their manifestations in the particle distribu-
tion functions {accelerated particles and other deviations from the Maxwellian
shape) should be searched in the solar and hehiospheric plasma especially in the
perturbed conditions, closer to the Sun and far from the equilibrium.

It is interesting to note the following definition of the "plasma” concept: "plasma
is the system of charged particles with the total electric charge equal to zero
and with the charge separation scale length much less then the dimensions of
the system” (Frank-Kamenctskii 1968). According to this definition, there is
no sense to use the term "plasma” in the opposite situation, but other authors
still use the term "plasima” in a broader context even in this case. We conclude,
that both extreme situations arc present in the solar and space plasmas. The
dotmains where electrostatic charging is cssential in the heliosphere deserve more
altentive investigation taking into account their principal physical role.

Magnetic fields in the electrically conducting medium are produced by the con-
ductivity currents, convective currents and displacement currents. It is well
known, that displacement currents are cssential only for fast clectrodynamic
processes (waves). The conductivity currents dominate in the plasma in many
instances but not always. Somectimes electric currents are transported by the
convection of the charged fluid. It is possible to indicate a dimensionless number
o= %;f which can be used to delimit the situations dominated by the conduc-
tive or convective electric currents. Ilere e = ';1 is the excess number density of
the positive particles, v is the hydrodynamical velocity, n is the plasma number
density, vy is the relative drift velocity between positive and negative particles.
The conductive current is dominant when ¢ << 1. This is the common situation
because of good plasma quasi-nentrality. The convective current is dominant
when @ 3> 1. This possibility is less investigated {charged fluid) and it is not
kirown in applications to the heliosphere.

4 HELICAL STRUCTURES

Helical, kinked, sheared, twisted and more complicated writhed and linked struc-
tures in the solar atmosphere are very common. They are indicative of electric
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currents. Formal mathematical definitions of the local and global geometry
properties of the nonpotential fields can be found in the literature. Different
point and integral quantities are sometimes named by the same term "helic-
ity”, referring to the presence, strength and the dircction of electric curreats.
The simplest definition of the helicity for the given field A is {AlV x A It
is a local not normalized helicity which represents the combined geometry and
power characteristics of the field. The normalized local helicity is given by the
expression {A[V x A'])(|/-f||€' x A|)='. This quantity varies between (-1,1) and
represents the local property of the fickd geometry. The left spirals correspond
to -1, and the right spirals 1o -+1. The volume integrals of these local character-
istics define global helicities. Other global quantities like the number of turns
around the axis (so called twist), linkings, etc. arc also represented as integrals.

"The Faraday’s relations between magnetic fields and clectric currents allow to
interrelate these different definitions of the magnetic helicity. The magnetic ficld
A is given by the vector potential A according to the definition

Bt = [6 x A(F, c)] . (4)

Let us consider first of all local helicitics. The vector potential helicity (A'ﬁ),
the magnetic field helicity (Brot£) and the eletric current helicity (Grot7) arc
connected each Lo other because of the Maxwell equations, the relation

- 1

AT 1) = E/ [E(F',t} x ﬁ] R™3d%, (5)

and the Bio-Savart law:
B(F,t) = %f [}'(F',t) x fé] R3d3, (6)

where £ = 7 — #'. The relation (6) is valid for quasistationary ficlds when dis-
placement currents are negligible i comparison with conductivity and convec-

tion electric currents 7. 1 it is not the case, the displacement current ZI? Unagl
appears and this additional term shoukl be retained together with the current 7
in equation (6). It is scen that the ficld-aligned current density is very important
ingredicnt in any case.

Ficld-aligned electric currents in the polar regions are responsible for the forma-
tion of the helical structures which are seen from times to times in polar plumes
{Vesclovsky et al. 1999). The helical angle is rather small and indistinguishable
in many instances, but sometimes attains values of 30-40 degrees. F icld-aligned
electric currents produce transversal nonradial magnetic fields which strongly
affect the local Lransport processes inside and around the plumes. The rough
order of magnitude estimates of the electric current per each plume give values

— 13 —



of several 10°A. These currents are presumably closing the global clectric cir-
cuit in the heliosphere which is formed in the essential measure by the partial
azimuthal ring currents of the strcamers inside the main heliospheric current
sheet and the transient convective and propagating current sheets associated
with shock waves and discontinuities (Vesclovsky et al.1999).

Much stronger clectric currents (up to ~ 101! — 1024 by the order of magni-
tude) are associated with the main heliospheric current sheet especially with its
parts nearest to the Sun. The heliospheric current wedpe restructuring because
of internal and external causes can be associated with eruptive events. Eruptive
events like prominences and coronal mass cjections often appear as complicated
multi-scale phenomena containing helical structurcs clearly seen during the ac-
tive phase initiated by the electric current changes. The helicity of the more
stable configurations scems to be not so pronounced.

We refer to the papers (Veselovsky 1994,1996a) for the details of the heliospheric
clectrojet models and the global magnctic field configuration in the solar wind
formation region. The possibility of the intermittent closure currents inside the
heliosphere was not taken into account in the initial concept of the cquivalent
quasistationary current system with all closure currents between low and high
heliolatitudes supposed to be concentrated exclusively at the heliopause {Alfven
1981). We suggest the modificd concepl of the equivalent current system which
scems 10 be more realistic in comparison with previous constructions. The
branching ratio between different meridional currents in the heliosphere, at its
boundaries and in the interstellar medium need additional investigations and
should be solar cycle dependent.

o ESTIMATES OF THE DISSIPATION IN THE
SOLAR ATMOSPHERE

It is well known that the Joule dissipation is concentrated at different places
under different boundary conditions. It is concentrated at the places of the
maximal electrical conductivity, where maximal current densities exist under the
conditions of a given electric ficld intensity (parallel shunting). It is concentrated
at the places of the minimal conductivity, where maximal electric fields exist
under the conditions of a given clectric current, strength (consecutive chain).
Both situations are known in the solar atmosphere. The global electric circuit
in the system ”Sun-hcliosphere-interstellar medium” encompasses the regions
with different physical parameters, but the lowest temperatures and field-aligned
conductivitics (¢ ~ T73/2 } are met in the solar atmosphere. Because of this,
the main Joule dissipation occurs here.

Y4 -
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Let us consider in brief toroidal and poloidal electric currents in the heliosphere
(Alfven 1981, Veselovsky 1994). The strongest toroidal electric currents in the
heliosphere are associated with the permanent existence of the magnetic field
sector structure and the radial magnetic field component with the intensity
independent on the angular coordinates on the sphere around the Sun. These
toroidal currents are concentrated near the Sun in the heliospheric current sheet
with the surface current density ~ r—* and its continuation inside the streamer
belt around filaments and preminences with more complicated geometry of cur-
rent distributions. The integral current strength is about ~ 10! —10'?4 by the
order of magnitude. The quasi-stationary part of this current is of a drift na-
ture and dissipationless. The alternating part is of the same order of magnitude
according to the interplanetary magnetic field measurements. This part pene-
trates deep in the solar corona and dissipate the encrgy via Joule heating and
viscous [riction in moving circuit elcments. The cffective potential drop along
this current loop can be estimated as follows 2n 2 B Rg ~ 10!V, The magnetic

energy stored by this current is of the order of %:?—R% ~ 10%7J. This free energy
is sufficient to feed even the most powerful events like coronal mass cjections
on the Sun and represents their upper limit. The existence of such a limit in-
dicates on the important role of the free energy accumulation and recuperation
inside the corona. The power needed to support this alternating current against
the dissipation is of the order of ~ 1022W. This power is sufficient to cover
the total energy losses by the solar corena provided by the heat conduction, the
clectromagnetic radiation and the solar wind outflow acting together in different
proportions depending on locations and the solar cycle phase, The geometry of
this current loop is rather simple and quiescent during the solar minimum years,
but it is much more complicated and dynamical during solar maxima. The parts
of this loop nearest to the Sun play their role in the coronal mass ejections pro-
cesses from the global and biggest events with encrgies of 1026 —10%7J up to the
smallest and indistinguishable transients distributed in the energy according to
the turbulent power laws.

The clectric field in the heliosphere in the reference frame fixed to the moving
solar wind in the region beyond the solar wind source surface E' = E'+ Lo x B
is small because of the high electrical conductivity, E' = 0. The frozen-in-
conditions are approximately valid here. They are stronger violated in the
regions where the conductivity is the lowest, i.e. near the Sun. The tangential
(horizontal} electric field is continuos on the solar wind source surface and be-
low this surface in the solar atmosphere. The flow velocity is negligible here,
v = 0 and the horizontal electric ficld "penctrates” to lower levels in the solar
atmosphere from the upper levels in heliosphere where it is supported by the
solar wind induction. Ience, E = —'E[if % ﬁ], 7 = cE, are good zcro order
approximations at the levels below the solar wind source surface (for simplicity
we neglect at the moment the tensor properties of the conductivity, ji = o Bk).
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Horizontal electric currents tend to be ficld-aligned in the given clectric field be-
cause of higher conductivities along the magnetic field. The high conductivity
channels are formed self-consistently as in nonlinear percolation problems with
given boundary conditions. The maximal dissipation jE = o E? takes place in
these "current channels” with maximal effective conductivities which are trac-
ing the maguetic field geometry. The interplay between the local and the global
geometry could explain the diversity of the visual shapes in the solar corona.
Unfortunately, the sensitivity of the photospheric magnetic ficld measurements
is not sulficient to measure the presence and the structure of the global hor-
izontal and vertical magnetic ficlds (several Gauss) on the Sun produced by
the licliospheric current sheet. We conclude that external {hcliospheric) electric
ficlds and currenis are essential in the solar corona in many respects.

Poloidal clectric fields and currents are driven by the unipolar induction of
the rotating Sun (sce ¢.g. Alfven and Falthammar 1963). The characteristic
order of magnitude estimates of the clectric field potential are ~ 0,1GV, the
clectric current ~ 1G A, the dissipated power ~ 1017, which is too small in the
global balance. Some remarks are in order about the magnetic field geometry.
Horizontal magnetic fields are relatively small in the coronal holes Because of
this, the horizontal electric fields are also small. The horizontal magnetic fields
are strongest in the active regions. This means that induced electric fields and
currents are strongest here. The difference between the dissipation level in
coronal holes and active regions is also mediated by the conductivities which
are dependent on the temperature and the magnetic field geometry. Simplest
geometries correspond to the homogeneous approximation in the box with given
boundary conditions. More complicated situations correspond to the one-scale
inhomogeneity in the box. The real solar situations are multi-scale and three
dimensional ones. We mention the possibility to have locally field-aligned but
globally cross-ficld structures. An illustrative example: the rcal inhomogeneous
heliospheric current sheet. Another possible situation: globally field-aligned but
locally cross-field structures. This situation is not known in the heliosphere.
We have considered mainly the Joule dissipation, which is locally important
and provided by field-aligned currents. The viscous dissipation seems to be
not less important and may be even the dominant mechanisin in the overall
coronal heating, but it is related to the electric currents across the magnetie
field accelerating the plasina elements by the Ampere force.

6 POLAR PLUME FORMATION PROCESS

Let us consider the nondissipative process of the field-aligned structure appear-
ance due to the clectric drifts in the time dependent magnetic ficld in the solar
atmosphere. Nonstationary clectric fields are especially important in erupting
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prominences, rising and shrinking coronal loops {Vesclovsky 1998). The corre-
sponding process is also associated with the polar plume formation on the tops
of ephemeral magnetic regions under some appropriate conditions on the Sun
(Vesclovsky et al. 1998).

Ephemeral magnetic regions in the photosphere represent bipolar magnetic
structures with different orientations and characteristic values of By ~ 10G,
time scale ¢ ~ 3 - 10's and space scales b ~ 10 Mm. They generate induced
electric fields E ~ 0,3 V/m according Lo the Faraday’s law

Y 5 ) 5| pesye.
E{Ft) = o [ 2 x R R~°d"r (N

= — —-'
where R =7F—17 .

Induced electric fields {7) bring the plasma in a drift motion across the magnetic
field with the vclocity

- {E x B]

VJ._ = —BT (8)
The magnetic ficld consists of several parts aceording to partial clectric currents
of the model representation.

In our analytical model we assume B(r t) = By + Bi(t), where By is the global
quasistationary magnetic field in polar regions given with a good accuracy for
the low activity phase of the solar cycle by the superposition of the point dipole
placed in the center of the Sun and the thin heliospheric current sheet in its
equatorial plane, sce [[Ves96a. Global magnetic ficld lines in this model are
described by the formula

p=sin?@(C —2|cos® n-t, o)

where p = r/a - dimensionless heliocentric distance, a = 211/ ® - characteristic
length, ¢ - magnetic dipole of the Sun, 47& - open magnetic flux of the Sun, §
- polar angle, € > 0 - arbitrary constant scrving as a parameter for open field
lines in polar regions.

The part B) represents potential fields of the ephemeral magnetic region as-
sumed for the simplicity to be a time-dependent point magnetic dipole /i {(#) on
the photosphere. This lowest order approximation is sufficient for our purposes
to demonstrate the role of nonstationary electric drifts, but in reality a more
complicated geometry and underlying magnetic field structures obviously could
exist.

With these assumption, drift velocities are estimated from (8) and (7) as follows

vi(km/s) ~ 10° (%) (%) (10)
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where r (Mm} is the characteristic scale across the magnetic ficld and t(s) is
the corresponding duration time. For v} ~ b~ 10Mm, { ~3-10%, B, ~ B
we obtain from (4) an estimate vy ~ 0,3km/s. The drift is subsonic and sub-
alfvenic.

The simplest geometry which allows a detailed analytical treatment corresponds
Lo the paraxial approximation near the poles with the vertical F;{t). This axi-
ally symmetric case with vertical time-dependent magnetic ficlds and azimuthal
induced electric ficlds was investigated. The resulis are described below.

The time-dependent magnetic configuration B(F,¢) in this case is rather sim-

1/3
. . . L

ple and contains separators and zero-points at distances about ~ (I—l—) ,
(1]

which are larger but comparable to b and determine the space scale r; of the
plicnomenon.

The continuity equation for the plasma density n

on
- = 11
5t +V(ni) =0 (11)
was approximated as
dn
it 7)) = 12
gn + Va(né ) =0 (12)

or a ( )
n n)
“67 + o 0 (13)

depending on the ratio € = -5 between the velocities and scales along and
across the magaetic field.

Compressions or rarefactions of the density on the given ficld line appear because
of the drifts (8) according to equation (12), which is valid for £ < 1. It is casy
to sce that divy(ni)) < 0 and ’U—t‘ > {if % > (. This result corresponds
to the "frozen-in condition” in the cylindrical case (6). We suppose that the
approximation € < 1 is a rcasonable one in the lower parts of plumes where
v € vy. Further out from the Sun, in the main body of the visible plumes,
€ ~ 1 because of the solar wind formation and v 3» v, ry < [ here. Finally,
at the tops , where the supersonic solar wind formation is mostly completed,

¢ >» 1 and the approximation of thiu tubes (7) is applicable.

Momentum balance equations for the plume formation process are written in a
standard form :

dv a 1] 1.
nmy, (“5% + vy EE’UL) = —% + E Jo B, (14)
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where my, is the proton mass. The energy balance equation is substituted by the
assumption T' = const for simplicity and because of our poor knowledge of the
rcal cnergetics, which may be complicated. The justification for the assumption
of nearly isothermal conditions with slow coronal motions was given in the
literature, see [|Parker58 and [|ParkerG3. The detailed analysis of equations (8,9)
is rather complicated and will not be reproduced here, because it is more or less
irrelevant for the main ideas of this paper about the dominant role of inductive
electric fields for the phenomenon under consideration. It should be mentioned
only that equation (8) determincs transversal pressure balance conditions. The
term — 13 B, is less important aud was omitted in this equation. Equation (9)
deseribes trans-sonic flows along thin flux tubes and was studied in many papers
on the solar wind theory.

The solution show that for the initial development phase of a plume, when én .,

ot
0, vy <0, %’f > 0 and the lincar time dependence of the magnetic ficld may

be assumed, we have n(f) = npexp f (—=Vati ) dt. The density exponentially
increases with the eharacteristic time of the magnetic ficld, attains the observed
maximal value which is several times higher than background values ng and
stagnate when % =0, vy =0 The plume decays, %’% < (0 when %—f < 0,
vy > 0.

Because of thie continuity equation, cach plume development is associated with
the adjacent depletion region formation. Dark lanes n < ng appear at the
sites where the local magnetic ficld initially decreases with time %{; < 0 and
Ltheir evelution may be considered in a sunilar way. It is known for a long time
that polar plumes are intermingled with dark lanes, see [[Vsess65. Our model

explains this observational fact.

We conclude that polar plumes represent essentially nonstationary and three-
dirnensional MHD phenomenon driven by the clectromagnetic induction. Time-
scales and transversal space scales of ephemeral regions, XBPs and polar plumes
are comparable, but the detailed one-to-one correspondence sometimes is ob-
scured or lacking because of geometry conditions. Mutual angles between global
fields, local cphemeral fields and viewing direction determine a large manifold
of possibilities in this respect.
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7 CONCLUSIONS

Field-aligned electric currents in the heliosphere are important in several as-
pects: 1) They represent the closure parts of the global electric circuit supported
by the induced and potential electric fields. 2} They are also elements of the qua-
sistationary sell-organized force-free and pressure balanced structures as well as
evolving helical convective inhomogeneities and propagating perturbations. 3}
They participate in the energy transport between different domains in the helio-
spherc and provide the Joule dissipation in the solar atmosphere. 4) Often they
appear as an immediate causc of instabilitios and waves, but somctimes they are
driven by waves or could be self-consistently adjusted to the situation depending
on initial and boundary conditions. 5) They are related to the charge scparation
mechanisms responsible for the formation of the eloctric potential jumps and en-
ergetic particle acceleration. We conclude that field-aligned clectric currents in
the heliosphere play their role which needs additional quantitative investigation.

The work was partially supported by the Russian Foundation of Basic Research
Grants 96-15-96710, 98-02-17660 and the State Program " Astronomy” Project
1.5.6.2. The author is grateful to the Local Organizing Committee for the sup-
port facilitating his attendance at the 9th Buropean Mecting on Solar Physics
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SOLAR WIND VORTEX FLOwW IN THE
OUTER HELIOSPHERE

LS. Vcsclovsky
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the development of a wide Ipectrum of waves in  the interpianetary Plasma
More over Nonstatijiocnary and inhomogeneous boundary conditions near the
retating Syn are also a source of Perturbations Propagating ip the =aoiar
wind. Besides Potentiag disturbances there may exist vortex motions. The
below Presented consideration wag undertaken to investigate a regular
Structure of Vortex streams in the sciar wind with the smallegt radial

A body flown around and qualitatively corresponds tg the stream Structure
sbaerved on  board Spacecrafts near the equatorial Plane 1ip the outer
“eliogsphere /1-3/,

2. Let Us consider the equations of motion of Polytropic gas

- d

Pt Vipw) = 0,

P [o + (59) 21 = - ¥p,
: - (1}
5+ (09) 5 = a,
S = p g,
“2t ap axially Symmet.ric radial expansion be in the Zero upproximation:
P -]

v

Tir Perturbation e, o . P, one always has near @ = N/2 in the local linear
3
1:prox:‘mation:

-

P . v . P x exp i(ka—wt).
i 1 t
o . 2 _ . e L
5 kvm)p’.-'- 1kp0u’u+ : oaop’+ [(n/z B}pougi-# e, ot poua‘]a 4}
Yoo “a
. 3 .
po{-l (m—kuwluax“ _T__} lkP‘ : (2)
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r 2 -r-1 apo z -y dc.
-l[w—kvao]po [p‘—c.p’]—rOAOpo ax [pi—c.p‘]—Zumopo €e 32

Here the trait denotes differentiation over &,

. 1 s
p = £, (N/2) + 7 P, (0-11/2)

- ) z
Yoo umo(ﬂ/Z) + 3 Uao(e ns2)" .

1/ Z

c = (rp/p) ig the adiabatic sound velocity.

Let us examine now a fairly short-wave perturbation of the

acoustic type

p‘-c:pl. v,,~ const + o(6 — M/2). ka >>1 near & = N/2. The set of equations

{2) can be rewritten as

_(w—kvo)pl+ikp°u¢l+[(G—H/leovg*+po (Q-HIZ)UOl] - 0,

- . -1 .
P, {1(m—kvao)v¢1+udo(9—n/2)uota } 1kpl.

P
1
Po {(w_kuao)uoa} I—

Z
- C .
pl -pl

Perturbations Vot P, . p‘m(e—ﬂ/2) can be expressed through

pl-1(u - RUQO}(S - ﬂ/2)p°vp‘ R

In the case when the angular width of a sheet occupied Dby

satisfies the condition e« <C(M Kk A} t, M e w v
BT ) TE

for protons., v__ being their thermal velocity. Eg. (3) vields

w=k [ -u —,)
A0 P

ipt*
v = _FTE_'(G
a P,

If k 2 «> 1, the dispersion relation reads

- H/Z)uel.

w=x kle *c)
o [ ]

and perturbations LN and P, are expressed through v
Yo ika(9di/2) Vo,

a1

p =*tika o c (8 =~ NI/2) &, .
1 o B 81
1f M '<< k 2 o << 1, then

. B -z/2
w ku&O[ 1 {enldoc ) ]

The available imaginary parts prove to be of a higher order of

strong instabilities in the local approximation are

are still lacking.
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3. Formqlae (7) describe two sets of vortex Perturbations
type dr;ven_by the stream with the velocity an

v - upstream and downstream. %é
the qualitative form of the Summary field of velocities in the

system moving with velocity This velocity field has the
vortex with zero points of two types.

i

@ 3
/\/\

8

Fig.1. The qualitative pattern of a velocity field in the Propagating
vortex structures near the sclar equatorial plane in the sclar wind.

X
6-%

At @=M1/2 The x-type zero points are cbserved, at Some value of €, there are

o-type zero Points. The o-type zera points represent the vortex centres
located at the diatance Z =t 2kazupt/ u;;- (8,~ N/2)2  from the Plane @-m/3.

This distance can be seen to increase with the Perturbation amplitude, with
the distance from the Sun and with decreasing slope of the Profile 040(9)_ At

the centres gf vortices Propagating downstream (the sign “+" ip (6), (7))
there is a Pressure minimum as in "cyclones", At the centres of vortices
Propagating upstream (the sign "-~ jp (6),{7)) there is a pressure maximum as

N "anticyclones".

4. It is of interest to compare qualitatively the resuits obtained with
>bservations of oscillations in the Solar wind stream near the heliocequator
plane at distances up to 25 a.u, /1,2/. Firstly, the correlated character of
“hanges (gee Fig.o2 in /2/ and Fig.3 in /3/), having the same phase according
‘o {7) and the period arproximately equal to the Sun's rotation period
ittract attention. Secondly, in the ‘"Voyager-2 Spacecraft data under
-onsideratijon one can also observe & correlated character of variation of v,

and v, . however changed strongly compared With a simple linear theory, duye

el Perturbations being nonlinear. A rapid steepening of the fronts of the
radia] velocity and a large amplitude of density and Pressure variaticns can
“¢ seen. The frozen—in magnetic field calculated in Kinematic approximation
‘¥ equal tg Bvx-—B v Je where Bvo iz the unperturbed spiral field.

i linear gas—dvnamic consideration indicates only the Possibility of vortex
“-l1ons in the solar wind. A more complete theory should regard nonlinearity
Kd the role of the magnetic field a3 well ag a real geometry of the flow,
;% role of these factors is discussed ip /3~8/ however at Present a real
Fitterp remains insufficiently clear both ijn theory ang observations. En
=Milcu1ar, it is stilt partially unclear why the stream structure observed
? iarde distances in the heliosphere on board the "Voyvagers" and "Pioneers"
”!;ecrarts seems to be simpler than at the Earth's orbit and compriseg the
‘5_3 rotation Period as the main time scale, while near the Earth's orbit 4
”d:lerhscale Structures are Prevailing,
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OPEN, CLOSED AND INTERMITTENT MAGNETIC
STRUCTURES IN THE SOLAR CORONA AND THEIR
HELIOSPHERIC IMPRINTS DURING THE SOLAR
CYCLE

1.S.Veselovsky

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

"ABSTRACT

A short account of theoretical and observational studies is
presented supporting the ideas about complicated topological
properties of the coronal and heliospheric magnetic fields and
their changes during the solar cycle. The analogy is marked
between the non-linear solar cycle behaviour and recursive
magnetic phase transitions from more ordered (solar minima) to
disordered (solar maxima) nonequilibrium states.

INTRODUCTION

The purpose of this paper is twofold. First of all, theoretical
models are discussed, which show explicitly open, semi-open and
closed magnetic fluxes. Secondly, their suggested manifestations
are indicated in the solar wind and galactic cosmic ray data
during the solar cycles 20-22. A short account of our recent works
is presented. |

THEORETICAL CONSIDERATIONS
IMPLICATIONS

ISCS meeting, Nagoya, Japan, July 11, 1998
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IMPLICATIONS

The observed and expected characteristics of the three-dimensional heliospheric
magnetic flelds near solar minima and at solar maxima were discussed in the
literature (Balogh, 1996).

Considering our theoretical and observational grdunds we are able to make several
additional speculations about the solar cycle manifestations in the heliospheric
magnetic fields in three dimensions:

1) The overall magnetic field in the heliosphere at solar maxima should be higher
than at solar minima by a factor of about 1.5.

2) Nonstationary magnetic fields (transients, magnetic clouds and filaments, shocks,
differ¢nt waves and discontinuities) are obviously more often and several times
stronger during solar maxima. Nevertheless, the remaining quasi-stationary
heliospheric field detrended from these strong nonstationary perturbations should
be well organised by the heliospheirc current sheet, which is inclined, corrugated
and may be sometimes multiple or not one-connected due to the long-term and large-
scale solar activity.

3) The natural demarcation between quasi-stationary and nonstationary heliospheric

< . . vt
structures is given be the dimensionless Strouhal numbers § = —, where A and t
14
are characteristic space-time scales, V is the solar wind velocity.

4) The strength of the heliospheric current sheet and the corresponding radial
magnetic fields are expected to be higher at solar maximum. The radial component
of the quasi-stativnary magnetic {ield outside (broader) current sheet regions should
be roughly constant in its absolute value at the given sphere around the Sun.

S) Semi-open magnetic fluxes dominate in the inner heliosphere during solar
minima, especially at high latitudes. Closed and intermittent magnetic configurations
are more numerous near the Sun especially at maxima and near the heliospheric
current sheet. The quantitative proportions are to be determined by observations.

6) A rapid transformation from solar minima to solar maxima and slower decay
after maxima to minima could be associated with the underlying non-linear
dynamics analogous to the recursive phase transitions in open systems out of the
equilibrium. Corresponding models are under investigation and will be
communicated separately.
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1)

2)

3)

4)

6)

7)

)

())

Conclusions.

Solar wind and interplanctary magnetic ficld arc remarkably variable at the
Earth’s position in the heliosphere over the whole time scale rangc under
investigation from | hour up to 30 years corresponding to the frequency range

o=1710":66-10"%s"". These variations descrve  more altentive
investigations. )

Statistical distributions of’ main hcliospheric parameters arc broad and show log-
normal corcs in many cascs, but significant deviations arec noted for ali
paramcters. Deviations from purcly Gaussian functions show both random and
rcgular manifestations in the heliosphere. The . turbulence in the
heliosphere is not fully developed. 1t is intermittent in space and time because of
the presence of convective and propagating structures.

Correlations between different-parameters are scen in several instances, but the
level of the coherent variations is rather low as a nule, especially for long-tcrm

variations.

General trends definitely exist in the heliospheric parameters during the last three
soldr cycles Ne 20, 21, and 22. These trends may be tentatively interpreted as
parts of the solar and heliospheric cycle with the duration 60 - 70 years.

Specific solar cycle variations are found for all heliospheric parameters to be of
the order of several 107" They are confirmed for the interplanctary magnetic ficld,
the solar wind velocity and the dynamic pressure at the Earth’s position in the

hcliosphere.

Temperature shows distinet solar cycle variations well corrclated with the
veloctty .

Variations of the mean solar wind density during the solar cycle may be described
roughly as follows. Relatively low one - year averages are observed for periods of
time about 1-2 years just before solar minima and during solar maxima. For the
samc sofar cycles, relatively high mean densitics appear 1-2 years before and after
solar maxima. As a result, the five-ycar wave dominates over the cleven-year

wave in the solar cycle mean density variations.

Gencral trends and solar cycle variations of the mean heliospheric parametcrs arc
clearly manifested in the geomagnetic activity indices.

The observed long-term variations of the heliospheric parameters and their phase
rclations as well as statistical characteristics docs not contradict the concepts of
the solar wind sources from magnctically open, closed and intermittent structures

on the Sun.
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