SELF-ORGANIZATION PROCESSES ON THE SUN : THE HELIOSYNERGETICS

V.Krishan
Indian Institute of Astrophysics, Bangalore 560034, India

and

E.l.Mogilevskij
IZMIRAN 142092, TROISTSK, Moscow Region, Moscow, USSR

Abstract Non-linear interactions between small fluid elements, magnetized
or otherwise, in an energetically open nonlinear system facilitate the
formation of large coherent stable structures. This is knwon as self-organi-
zation. We interpret solar granulation on all scales and the formation
and evolution of some structures in solar active regions to be the result
of self-organization processes occur ing in a turbulent medium.

Introduction

In an isolated turbulent medium, decay of large eddies into small eddies
is a common occurrence. The converse i.e. small eddies coalescing into
large ones can be accomplished in an energetically open system with very
special properties. Generally, such a system must be dissipative and descri-
bable by a nonlinear partial differential equation. In the absence of dissipa-
tion, the equation should have two or more. quadratic or higher order
conversed quantities called invariants. On the inclusion of dissipation,
the invariants decay differentially. The nature of the nonlinear interaction
between the fluid elements is such that the slow decaying invariant (sayB)
cascades towards large spatial scale and the fast decaying invariant (sayA)
cascades towards small spatial scales. The intial random field of velocities
and magnetic fields can then be described through a variational principle
in which the invariant A is minimized keeping the invariant B constant

i.e. 8A"->\88=0

where§A,§B are small variations and A is the Lagrange multiplier Hasegawa
(1985).  Kraichnan (1967) found that in two-dimcnsional hydrodynamic
turbulence, the energy invariant cascades towards large spatial scales
and the enstrophy invariant towards small spatial scales where it suffers
heavy dissipation. It is this property of selective decay that facilitates
the formation of large structures. But can one use the results of 2-D
turbulence theory to explain phenomena on a real atmosphere which is
a 3-D system? What one needs is the process of inverse cascade to occur
in a 3-D system and Levich and Coworkers (Levich and Tzvetkov 1985)
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have shown such a possibility. We will use the ideas developed in this
work to construct a model of solar granulation in its entirety from granules
to giant cells.

One can also study the dynamics of a turbulent magnetoactive medium
consisting of small scale strongly magnetized elements embedded in a
large spatial scale weakly magnetized ambient medium. It can be shown
that a stimulating disturbance of the ambient magnetic field enhances
the nonlinear interaction between the small elements and the complete
system is describable by a Schrodinger type equation that gives a full
spectrum of discrete structures depending on the available free energy.
This approach will be used to search sources of solar flares.

Modeling Solar Granulation

The cellular velocity patterns observed on the solar surface are bel'\e}ed
to be manifestations of convective phenomenon occuring in the sub-photo-
spheric layers. (Antia et al (1984) Bogart et al (1980) Brandt et al (1988)
Schwarzschild (1975) and Simon and Leighton (1964). Here, we explore
if the excitation of random small scale motions can lead to large organized
structures which are observed in the form of granules, mesogranules,
supergranules and giant cells. In this picture, large helicity fluctuations
present in a turbulent medium play an essential role in the inverse cascading
process. The helicity density ¥ , a measure of the knottedness of the
vorticity field is defined asy= V-(¥xV/). It is found that the quantity I
defined as7 = [<o(x) ¥(x+2)>o% is also an invariant
of an ideal 3-D hydrodynamic system in addition to the total energy.
Assuming a quasinormal distribution of helicities, the invariant 1 can be
expressed as: .

I= c/[/:‘(kyjz ax 0

where C is a constant and E = JE(k) dk is the total energy density. Using
Kolmogorovic arguments one finds inertial range for energy invariant
to be: -
-5 - ; 2/3
E(k) X K /3 and E X L )

and for 'l' invariant to be: ) /(e
-7 = e = __—
E(h)ox K5 and £ 7 =5 (3)

where L(t) is the largest length scale excited at time t Levich and Tzvetkov
(1985). In analogy to the 2-D case (Hasegawa 1985) one expects that
in 3-D the invarant 'I' would cascade towards large spatial scales and
the energy towards small spatial scales. The cascading of 'I' towards
large spatial scales essentially enhances the correlation length of helicity
fluctuations, without much increase in energy associated with it, eq.(3).
We propose that this regime of turbulence favours the formation of solar
granulation at the smallest scales. One can ask if there is an upper limit
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to the size of granules, the lower limit of course is determined by dissipation.
We recall that all atmospheres are restricted in the vertical direction
due to gravity. The largest dimension of fully 3-D structures is given
by the ratio I/E = L = L, where L., is the characteristic vertical scale.
We identify this scale w&h the sizé of the region with superadiabatic
temperature gradient, since this is the region that provides energy in
the verticalvelocity field which then drives the horizontal flow. This
limit (Nelson and Musman 1[978) of 1000 km puts the 3-D granules right at
the top of the convection zone. When the correlation length of helcity
fluctuations reaches the limit L., it can only grow in the horizontal plane.
Another consequence of the growth of correlation length is that the yelocity
and vorticity get aligned which reduces the nonlinear term - 9)v =
= Vx(W@of the Navier-Stokes equation and thus retards the flow of energy
to small spatial scales. With the growth of correlation length only in
the horizontal plane, the system becomes more and more anisotropic.
Under these circumstances, the vertical component of velocity V., becomes
independent of (x,y,z) and the horizontal components V_and V_ independent
of Z, leading to wx,y = WXV) x,y = 0. The invariant I becomes

T = /((V;a)z)z>5/xclyd2 5
2 . 2,—’ .

= LV O KPS K 2o Yo = KEK)o L “

and from [ = ‘/[(/()([K’ one finds ..['C(/<j - '3/3 (5)

Here L is the largest length scale in the horizontal plane. Thus (k) spectrum
coincides with the energy spectrum of 2-D turbulence £ («)o 4 ~%/éorrespon-
ding to the inverse cascade. One expects that an increasing fraction
of energy is transferred to large spatial scales as the anisotropy in the
system increases. We propose this part of the turbulence spectrum to
be conducive to the formation of supergranules which appear predominantly
on large horizontal scales with energy spectrum given by eqJ#). The
intermediate region where a 3-D system is developing anisotropw, the
energy spectrum being given by eq.(3) can be identified with mesogranulation
or the gap between granulation and supergranulation. One can again ask
if there is a limit to the size of supergranules. The growth of large struc-
tures in a highly anisotropic turbulence can again be interrupted as a
result of symmetry breaking caused by the Coriolis force. The length
scale L_ where the nonlinear term of Navier-Stokes equation becomes
comparable to the coriolis force, can be determined from

LV 3); = 2( 17;{.5_)—- J—i x(jix&)
or ZC > V/JZ (6)

0

where J1 is the angular velocity. Given sufficient energy, structures
of size L must form. At these large spatial scales, the system simulates
2-D behaViour and enstrophy conservation begins to play its role. One
may consider scales L 2 L _ as a source of vorticity injection into the
system. The enstrophy thenm cascades towards small scales with a power
law spectrum given by
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Eth)ox K2  and Ex1? Ty

Thus there is a break in th«=2 /§nergy spectrum as energy jnust cascade
to larger spatial scales as L and to small scales as L™. Therefore
the energy must accumulate at L~L _ and eventually pass on to the highest
possible scales of the general circula%ion of the atmosphere. It is tempting
to identify this region of turbulence with the excitation of giant cells.
This perhaps is the complete story of the energy spectrum, Figure (1)
in the turbulent medium of the solar atmosphere.

Energetics

According to the picture (Levich and Tzvetkov 1985) presented here,
the energy in the larger structures has been inverse cascaded from the
smaller structures, if so, then the energy density per unit gram E(L) in
the large scale L shoulc&laot exceed that in the small scale (1). From
the energy spectrum Ex L™ 7, it follows that

E(L) < (t}izé)/’wél/j ~ £(¢) (8)

where & is thetime for which energy injection must occur. 1f we take
Z to be the lifetime of tfe lagger spructure then for 2~ 20 hrs for supergra-
nules and £,¢¢) ~ (0.5)" km“/Sec” for energy density/gm in the granules,
one gets L ~ L 36000 Km which is the typical size of a supergranule.
The size of a glant cell can be determined from eq.(6) for <2 =(27/27)
day = and assuming V ~ 0.3 Km/Sec for supergranular velocity (since they
provide the stirring force for turbulencg that organizes itself into giant
cells) one gets L =L ~ 1.17 x 10© Km. Again the energy content
of giant cells shéuld n%g exceed that of supergranules. Using equation
(7) for the energy spectrum in this region, one gets:

S 3, 2 -,
Egc < <E< tse)/it, Z)Z/L oo S £ (Lse) )

: g . L 5
where(EUSC)/“szns the enstrophy injection rate. For L. 10" Km,,
C = %0 da)'s = lifetime of giant cell, LS ~ 30,000 Km, ang sG (0.3)
Km®/Sec®. One finds that eq./9) can %e barely satisfied. Fuﬁhermore,
in the presence of coriolis force, the pressure balance condition becomes:

'é‘/%#z Ve +£ = 2V7/ie (10)

in contrast to the case with no coriolis force where}l‘/vp/'-‘—’ V2/L « Thus
one concludes that larger energy density is required to maintain structures
at scale L,.. This may be the reason for their rare observability. The
appearance of structures at Lc must be accompanied by a corresponding
increase in the convective flux and therefore probably of total solar flux.
Total solar luminosity changes of 1% have been obscrved. If we attribute
all of this 1% to increase in the convective flux, equation (10) can be
satisfied and structures of size Lc can be excited. The differential rotation
of the sun favours the formation of larger structures at the polar regions

https://doi.org/10.1017/S0074180900087854 Published online by Cambridge University Press


https://doi.org/10.1017/S0074180900087854

129

in comparison to the equatorial regions. This is further substantiated
by the fact that the dominantly open magnetic fields in polar regions
do not inhibit flow of convective flux. Thus one may look for probable
correlation between polar phenomena and solar luminosity enhancements
with the appearance of giant cells. A very steep spectrum eq.(7) practically
forbids further organization of turbulence into structures larger than Lc.
The simultaneous organization of the velocity and magnetic field is discussed
elsewhere in these proceedings.

Energy injection in solar active regions

The observations show that magnetic field variations in the flaring active
regions either are of the same order as without flares, or have a reversible
character. Therefore the currents associated with the evolutionary changes
in the active regions though play an active role (like accelerating the
particles) in the flare process are not the primary sources of flare energy.
It is proposed here that the current changes that are induced by the external
stirring provided by the active region subphotospheric zone in the form
of non-linear impulses, are responsible for the flaring of the plasma.

The solar convection zone can be regarded as a kinetic active medium
whero; turbulent dynam% generates most probably, small scale (cross section

10, cm; length 10° cm) magnetoplasma elements with a lifetime of

107 sec a magnetic field strength of 2-3 KG (Parker 1979). If the energy
supply is sufficient, the concentration of these magnetic elements reaches
a threshold (and then exceeds) value at which pairwise non-linear interactions
become effective. This is because each magnetic element absorbs energy
from the surrounding turbulent medium of the convection zone and emits
sound waves in the nearby zone, which primarily results in a close coupling
between magnetic elements. Such a process of non-linear wave interaction
repeated more than once in element pairs and other combinations leads
to the formation of large scale structures such as pores, sunspots, arches,
etc. This is an equivalent description of the inverse cascade of energy
where it tends to accumulate at the largest scales. A dispersive disturbance
propagating in such a non-linear medium can develop into a soliton which
retains its characteristics over long distances of propagation. We propose
that this is the form in which flare energy is transported from subphoto-
spheric layers to the flaring region, Mogilevskij (1984).

The common occurrence of helical structures in a flare active region
is evidence of the presence of helicity in the magnetic and velocity fields
at the photospheric and subphotospheric layers. As discussed in Sec.
1l, the formation of large structures is favoured in a medium possessing
large correlated helicity fluctuations. The helicity density h of magnetic
field B is definedas h =4.3 - 4.(3x4) where S is
the vector potential such that 3= $x7 . The inverse cascade of energy
to large scales follows the increase in the correlation length of the helicity
fluctuations, which happens in a Gromeko-Beltramy flow given by
TxV =/ - Analogous to this situation, the magnetic field is also expected
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to attain this form since the increase of magnetic helicity leads to the
alignment, of the magnetic field T? and the vector potential A& such
that V<A = x4 and Vx3 = where ox is a constant. If we
take the model of convection zone suggested by Spruit (1978), then for
subphotospheric layers /3 :(é"_kA'L/E,,,“ x4 .In this case, the kinematics of
magnetoplasma in the active region will be combined with Gromeko-Beltramy
motion i.e. PxV= xi/ , v.V=0 , V<l where V_ is the sound
speed. Under these circumstances the magnetic and veloCity fields are
transported such that

— 2 >
Tx (BVIV = o BTV

ey~ =2
B = x(Viv)E

and _V"x C Vi (11)

The term(.%vV) V., descrjbes velocity transport at the magnetic field gradient
and the term (W ﬁ)é describes magnetic field transport at the velocity
gradient. Then operator rotor over these convection terms will define
the currents and Eqgs.(1!) will represent the force free character of these
currents. This is the energy state to which an active region will evolve
under the absence of external disturbances. \l}'e shall consider the problem
of a large wavelength disturbance (A 2 10° cm) propagating vertically
across the magnetic field near the neutral line (at B = 0) at the photospheric
level. The origin of this disturbance could be iraced to the restricted
zones of enhanced energy release (e.g. due to He” abundance) at the core
convection zone boundary. This energy could be transported towards
the photosphere efficiently in the form of long non-linear waves in a
medium of decreasing pressure and density. These upward propagating
waves in a dispersive medium like the convection zone may develop into
solitons. The non-linear Egs.(11) in a dispersive medium can be shown
to attain the form

2U+(Urt)
ot

where U represents the velocity or magnetic field disturbance. If propagation
takes place in a non-linear medium with a dispersion[a)/ufz) =/(+e,e’where
€= !/x* is the dispersion length, the intial disturbance = U, & < (8-
is transformed in accordance with Eq.(12) into an MHD soliton of the

type ] ’
U= U, Jech § §=<L%.g)yz(é_%)

U + (U*i) S?_}_U =0

(13)
For such a disturbance, the energy conservation law may be written as

WA = Constant , A = 8 <&

3
where W »:_LJal'z is the energy in a unit wavelength of the disturbance/\ .
The total energy that reaches the photosphere in one MHD-soliton propaga-
ting at speed v > |/, the Alfven speed can be estimated as :
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2
Eyy = Em Ve £7aT (1)

‘where&,, = b/87 s the average magnetic energy density in the soliton,

t is the éifetime of the solit%n at the photospherig level. If we assums
b ~ 4 x 10° Gauss, V,~ 6 x 10° cm/sec, £ = 7 x 10" cm and t = 6 x10
sec, then E_~~x 103/ ergs. Thus either a series of successive solitons
or a distribufion of solitons in the vicinity of the neutral line may account
for the total energy of a large flare. In fact it can be shown that a
single large soliton can be formed from the many interacting solitons
through self-organization processes, Hasegawa (1985). Dissipationless
KDV equation has an infinite number of conserved quantities; its solution
permits n solitons and dispersive wave for arbitrary initial conditions.
In the presence of dissipation, the differential dissipation of the conserved
quantities leads to an inverse cascade in the wave number spectrum
and the soliton gas is expected to condense into one big soliton, Hasegawa
et al. (1981). Since the conserved quantities of KDV equations are of
order higher than quandratic, the organized state obtained from variational
principle is non-linear localized state.

Conclusion

Formation of large coherent structures in an otherwise turbulent medium
occurs if it is injected with enough energy. A Navier-Stokes system
has been investigated to explore the possibility of organizing energy
associated with solar granules into supergranules and giant cells. The
suggested correlation between the solar luminosity increases and the
appearance of the giant cells should be looked for. In addition, with
the availability of extremely high resolution observations of the photo-
spheric velocity fields (Brandt et al. 1988) it should be possible to estimate
the quantity 'I' at various heights on the photosphere. The general
overall spectrum except at the breaks is the well-known Kolmogorov
law K-573.,

In the second example trying to understand the nature of the initial
source of flare energy,it is found that a magnetoactive medium possessing
helicity will submit itself to the formation of solitons which themselves
could be organized state of a non-linear medium describable by KDV
equation. A gas composed of many solitons can get further organized
into one big soliton which would carry energy enough for a big flare.
Observationally, this phenomenon could be identified with magnetic
transients, multiple flares and multiple electron beams accelerated during
the collision of this soliton with the pre-existing current carrying plasma.
In fact, one could equally well give a 'soliton interpretation' for the
supergranular and the giant cells. We hope to accomplish this in the
near future.
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logL (Km)

Fig. 1. Turbulent energy spectrum. L, = scale of the first break due
to anisotropy, l.C = scale of the second break due to the Coriolis
force, G = granule, MG = mesogranule, SG = supergranule and

GC = giant cell.
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DISCUSSION

CHITRE: I am just curious to know how the energy content in granulation compares with
that in super-granulation in your inverse-cascade picture.

KRISHAN: Since the energy in the larger structures has been inverse-cascaded from
smaller structures, the energy density per unit gram E(L) in the large scale (L) should not
exceed that in the small scale (£ ). This consideration determines the sizes of super-granules
and giant cells if the energy injection at small scales takes place at least as long as the lifetime
of the larger structure.

WEISS: Recent high-resolution observations at La Palma and the Pic du Midi suggest that
granules emerge at the centres of meso-granules and move outwards. Some large granules
explode, generating rapid outward motion and it is not clear how much of the meso-granular
flow is produced by these exploding granules. Is this mechanistic description compatible
with your statistical model?

KRISHAN: In my statistical model, meso- and super-granules originate from a
reorganization of the energy contained in granules. In this sense, it may be compatible with
the observations that link meso- and super-granules with the agglomeration and explosion of
granules. More can be said only after the dynamics of these structures has built up.
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