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Magnetic transport on the solar atmosphere by turbulent ambipolar diffusion 

V. Krishan '·2•l and S. Masudal 

'Indian Institute of Astrophysics, Bangalore 560034, India 
2Raman Research Institute, Bangalore 560080, India 

3Solar-Terrestrial Environment Laboratory, Nagoya University,Nagoya, Aichi 464-8601, Japan 

Abstract: The lower solar atmosphere consists of partially ionized turbulent plasmas harboring velocity field, magnetic 
field and current density fluctuations. The correlations amongst these small scale fluctuations give rise to large scale 
flows and magnetic fields which decisively affect all transport processes. The three fluid system consisting of electrons, 
ions and neutral particles supports nonideal effects such as the Hall effect and the amhipolar diffusion. Here, we study 
magnetic transport by ambipolar diffusion and compare the characteristic timescales of the laminar and the turbulent 
ambipolar diffusion processes. P s expected from a turbulent transport process, the time scale of the turbulent ambipolar 
diffusion is found to be smaller by orders of magnitude as compared with the laminar ambipolar diffusion. The nonlinearity 
ofthe laminar ambipolar diffusion creates magnetic structures with sharp gradients which are amenable to processes such 
as magnetic reconnection and energy release there from for heating and flaring of the solar plasma. 
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1 Introduction 

The generation and the transport of magnetic fields, in astrophysical objects in general and in the sun in 
particular, is a subject of great interest and an active area of investigation. Several variants of the mean field 
dynamo have been suggested for the generation and migration ofthe magnetic flux [I -4]. In a partially ionized 
plasma the collisions between the charged particles and the neutrals produce additional diffusion mechanisms 
such as the ambipolar diffusion due to ion-neutral collisions and the magnetic resistivity due to the electron
neutral collisions. 

The sun is endowed with a variety of temperature variations reSUlting from a combination of thermal and 
radiative equilibria and departures therefrom. The thermal and the nonthermal nature of processes then 

Pi 
translates into a plasma with varying degrees of ionization. Thus the ionization fraction a = - could 

Pn 
vary over several orders of magnitUde where PI and Pn are respectively the ion and the neutral hydrogen 
mass densities. Discrete structures such as sunspots, prominences and spicules contain plasmas with vary
ing degrees of ionization. The support of the neutral component against gravity is a major concern in the 
stability of these structures. Although the ideal magnetohydrodynamics (MHD) is often used as a starting 
point of an investigation, a partially ionized system dominated by the charged particle-neutral collisions and 
the neutral particle dynamics necessitates a 3-fluid treatment. The strong charge particle-neutral coupling 
endows the neutral fluid with some ofthe properties ofa conducting fluid. The neutral fluid is thus subjected 
to the Lorentz force along with the usual pressure gradient force. This attribute has been invoked to find the 
support for the neutral component of the partially ionized cold and dense solar prominences [5]. The evolu
tion ofa magnetic field in such a plasma would be affected by the multifluid interactions in general and the 
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ambipolar diffusion in particular [6]. The solar magnetic flux, generated in the convection zone, has to pass 
through the partially ionized solar photosphere before it can appear high up in the solar corona. This 
realization is rather recent and is now receiving a lot of attention. Arber et al. [7] has emphasized the profound 
effects on the temperature and the current structure of the overlying chromosphere and the corona that 
the inclusion of the neutral medium can produce. Vogler and SchUssler [8] have invoked dynamo mechanism 
in a region a few hundred kilometers below and above the visible solar surface to account for the stronger 
horizontal magnetic fields. The issue of possible disconnection between the sub-surface and the surface 
solar magnetic field. recently emphasized by SchUssler [9], may have some bearing on the neglect of the 
neutral fluid-plasma coupling in the flux transport on the solar photosphere. It is clear that the transport 
and or generation processes of the magnetic field on the solar photosphere must be studied in a partially 
ionized plasma. The magnetic transport would occur through the large scale flows as well as the turbulent 
fluctuations of the velocity field, the magnetic field and the current density with which the photosphere is 
well endowed. Recently Krishan and Gangadhara [l0] have initiated the study of mean-field dynamo in a 
partially ionized plasma. 

For Ii low degree of ionization one can define a weakly ionized plasma by the condition [11] that the 

( )

0.5 
-15 8KBT 

electron-neutral collision frequency veil -10 nn --- is much larger than the electron-ion 
1rmen 

collision frequency v"i~6xlO-24niAZ2(KBTt15. This translates into the ionization fraction 

np Inn < 5xl0- 11T2 where n's are the particle densities and T is the temperature in Kelvin. Amajorpart of 

the solar photosphere [5] qualifies as a weakly ionized plasma [12]. 

In this paper, we investigate the magnetic transport by the flow generated by the magnetic field itself through 
the ambipolar diffusion in a self consistent manner. We develop a three fluid framework in section two. The 
turbulent electromotive force and the large scale field dynamics is established in section 3. The advection 
ofthe large scale magnetic field, in the kinematic limit [13] is studied and the timescales of advection by the 
laminar and the turbulent ambipolar diffusion are presented in section 4. We end the paper with a section 
on conclusion. 

2 Three-component magnetofluid 

We begin ~ith the three compone~t weakly ioniz~d plasma consisting of electrons (e), ions (i) of uniform 
mass denSity P, and neutral particles (n) of UnIform mass density Pn • The equation of motion of the 
electrons can be written as: 

(1) 
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where the electron-ion collisions have been neglected since the ionized component is of low density. On 
neglecting the electron inertial force, the electric field Ii is found to he: 

(2) 

This gives us Ohm's law. For time scales of interest larger than the ion-neutral collision time scale the ion 
dynamics can be ignored. The ion force balance then becomes: 

[ [, xll] (T; ) O=-V'p,+en, !i+C -VmP,V:,- En ' 

where vin is the ion-neutral collision frequency, and the ion-electron collisions have been neglected for the 
low density ionized component. Substituting for Ii from Eq. (2) we find the relative velocity between the ions 
and the neutrals: 

(4) 

Where 

(5) 

The equation of motion ofthe neutral fluid is: 

Pn[ a~" + (rn'V') L ] = - V Po - vmp"(rn - L)- (6) 

vnePn(rn - [.) , 

where the viscosity of the neutral fluid has been neglected. Substituting for Vn - V, from Eq. (4), and using 

vmP; = V niP n we find: 

[av (" )] Jx8 Pn ~"+\K./I.VV =-Vp+=-=, 
~ _n C 

(7) 

Where P = Pn + Pi + Pe • Observe that the neutral fluid is subjected to the Lorentz force as a result 
the strong ion-neutral coupling due to their collisions. 

Consider Faraday's law of induction: 

88 
-==-cV'xE ot - (8) 
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By substituting for the electric field from Eq. (2), we get 

(9) 

where the pressure gradient terms have been dropped for the incompressible case with constant tempera

ture. Here 1] = me v."c2 /(47£ e2ne ) is the electrical resistivity predominantly due to electron-neutral 

neutral collisions. Using the construction 

(10) 

and substituting for the relative velocity of the ion and the neutral fluid from Eq. (4), Eq. (9) becomes: 

(11 ) 

One can easily identify the Hall term (.j) ene ), and the ambipolar diffusion term (.1 x !i) [7]. The Hall term 
is much larger than the ambipolar term for large neutral particle densities or for vin » (Oei where (0,.; is 
the ion cyclotron frequency. In this system the magnetic field is not frozen to any of the fluids. 

Equations (7) and (II) along with the mass conservation 

V. [n = 0 (12) 

form the basis of our investigation. 

3 Turbulence in three-component magnetofluid 

One way of studying turbulence in a system is by splitting the physical quantities into small scale and large 
scale parts. The mean-field dynamo [4] is a consequence of such a study. We will tread the same path. The 
magnetic induction equation (11) is written as: 

oB 
-=='V x [VE xB]+ t1'V2B, at -. - 'I -

(13) 

where 
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with 

as the Hall velocity and 

J 
I:::.H =--=-

en" 

v = :Lx!!. 
_Am 

CVwP: 
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(14) 

(15) 

(16) 

could be called the ambipolar velocity. Following the standard procedure [4] the velocity t: Ii and the magne
tic field 12 are split into their average large scale parts and the fluctuating small scale parts as: 

(17) 

B=B+B' (18) 

such that 

B'=O (19) 

In the kinematic dynamo the magnetic induction equation is solved for large and small scale fields. Substituting 
Eqs. (17) and (18) into the induction equation (11), we find, in the first order smoothing approximation, 

and the mean flow is found to be: 

J' J'x B JxB' 
['E = V' n --=-+ =--= + =--=-

en. cVmP, cVmP, 

J JxB J'xB' 
IE = In--=- + -=-=- + =-=- , 

ene CVinPi cVinP, 

(20) 

(21) 

The turbulent electromotive force 8 is a function of the mean magnetic induction ~ and mean quantities 
formed from the fluctuations, and is expressed as: 

.::. =['E X B'=a fl-fJ V' x fl., (22) 

where 
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a =- T,", VI .(V X V' .. ) 3 _F. _F. 
(23) 

Here 

t' --
a =-~V' .0.' 

\I 3 _n n (24) 

is the measure ofthe average kinetic helicity of the neutral fluid in the turbulence possessing correlations over 

time t' cor and 

(25) 

represents the contribution of the Hall effect. The coupling of the charged components with the neutral fluid 
is clearly manifest through the possible correlation between the current density fluctuations and the 
vorticity fluctuations of the neutral fluid 0.' n == V x [' tl • The ambipolar term gives rise to 

A.I. a Am = ~A • B , 
(26) 

with 2" --
c£ :;:: -..!i!1!.- J' xo.' 
_A 3 - - n • 

CPYm 
(27) 

as the contribution from the arnbipolar diffusion with its essential nonlinear character manifest through its 
dependence on the average magnetic induction. One also observes that the Hall alpha (Eq. 25) requires a 
component of the fluctuating current density along the fluctuating vorticity of the neutral fluid whereas the 
ambipolar effect (Eq. 27) thrives on the component of the fluctuating current density perpendicular to the 
fluctuating vorticity. The turbulent dissipation is given by 

with 

R t cor V,2 A A A 
f-' :;:: -3-- l!.' == f'v + tJ H + I-' Am 

t -
R =-£!.!!:...V,2 
f-'v 3-" 

(28) 

(29) 

as tht measure of the average turbulent kinetic energy of the neutral fluid in the turbulence possessing 
correlations over time 'teor and 

f3 H = 2 t"'(Jr J'. ~'n 
3en • 

(30) 
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represents the contribution of the Hall effect. The coupling of the charged components with the neutral fluid 
is clearly manifest through the possible correlation between the current density fluctuations and the velocity 
fluctuations of the neutral fluid. The ambipolar term furnishes 

(31) 

2 .. --
~ = - ---!i.!!!- J'x J" 
-Am 3cpivm - - n 

(32) 

with its essential nonlinear character manifest through its dependence on the average magnetic induction. 
One also observes that the Hall ~H requires a component of the current density fluctuations along the velocity 
fluctuations of the neutral fluid whereas the ambipolar effect thrives on the component ofthe current density 
fluctuations perpendicular to the velocity fluctuations. We have used rigid or perfectly conducting boundary 
conditions (all surface contributions vanish) while determining the averages. The magnetic transport equation 
becomes: 

aB [- - - -] -==V'x VT,.xB+aB-/lV'xB +1]V' 2 B. at -" - - - - (33) 

4 Magnetic transport by turbulent ambipolar diffusion 

In order to highlight the effect of the ambipolar diffusion on the magnetic transport, we ignore all other 
- J 

effects so that the large scale neutral fluid flow Kn = 0, the Hall flow KH = - :n = 0, a = 0, p = 0 , 
and ,,= 0 . The transport equation reduces to e 

aB [JX B - J'x B' -] -= = V' x -=--=-x B + =--=- x B at CVmP, - CVrnPi -

(34) 

The first term on the right hand side represents the laminar ambipolar diffusion. The second term represents 
the turbulent ambipolar diffusion or transport of the magnetic induction. We estimate the second term as 
follows: 

-,-, [ V'B'2 B'. V'll.'] JxB = -c--+c=---
- - 81l' 41l' 

(35) 

The left hand side is the average Lorentz force due to magnetic fluctuations and we assume that it is nonzero. 
On the right side, the first term is symptomatic of the turbulent magnetic pressure and the second is the 
contribution to the turbulent curvature. If magnetic fluctuations are introduced in a fluid initially at rest, the 
Lorentz force will drive motion in the fluid. In an incompressible fluid the direction of the flow is along the 
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predominant component of the fluctuating field. This arises through the curvature term fl'. V!J.' since only 
the solenoidal part of the Lorentz force can drive flows in an incompressible fluid or in a compressible fluid 
under the Boussinesq approximation as discussed by Ogilvie [14]. The gradient part of the Lorentz force is 
compensated by the pressure gradient. Here we shall make an approximate estimate of this tenn as: 

-" B' C B2 .x ~--- , 
- - 4nl. "If 

(36) 

where Aw , is the correlation length of the magnetic fluctuations. We follow Krause and Radler (1980) [4] 
in order to estimate the mean square of the magnetic fluctuations 7:3'2. In the high conductivity limit mean 
(" "" 0) the fluctuation fl' is produced by the interaction of the turbulent velocity field V' E with the 
magnetic field !J. over a time scale "'<"Ilr' where rcor is the correlation timescale of the fluctuating fields. 
Thus the elemental field B'", is given by 

(37) 

After a time interval 

the turbulent f.\. 
"feor the turbulent field f.\ changes nearly completely. This new realization of 

interacts with !J. to produce another elemental field B'el uncorrelated with the 

".1 previous field element. Each field element survives over the dissipation time scale 'el,. ~....E!!!.. much 
11 

larger than the correlation time 'l cor' Thus the total fluctuating field S' is the incoherent sum of these ele-
mental fields B'eI . The number n of these elemental fields is given by 

.,1.:'or 
n~--

1]7: cor 

Thus, to the order of magnitude, S' is found to be 

V,2 
H'teor B 

And 

where 

s V' E 'cor 

A cor 

11 

(38) 

(39) 

(40) 

(41) 

are respectively the ma.gnetic Reynolds number and the Strouhal number. We can now estimate the time
scales ?f the laminar a~bipolar diffusion, TLA and the turbulent ambipolar diffusion, T. from the 
magnetIc transport equatIOn (Eq.34) as: TA 

T 4nL2p,vm 
LA ~ S2 

T 47tLAcorPi Vin 
TA ~ Bt2 ' 

(42) 
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where L is the characteristic spatial scale associated with the mean magnetic field B. Substituting from 
Eq. (40), we find the ratio of the two timescales to be: 

{43) 

Now the magnetic Reynolds number RM » I, the Strouhal number S < I and the correlation length 
"-cor« L ; therefore the turbulent ambipolar diffusion timescale Tlll can be much smaller than the laminar 
ambipolar diffusion timescale TIA . This is exactly what is expected of a turbulent transport process. The 
reason for the greater efficiency of a turbulent transport over a laminar transport is that in a turbu lent process 
a physical attribute on a large scale is transferred to a small scale and it is much easier for a small scale quantity 
to diffuse than for a large scale one. For the typical values of the physical parameters at a 
height of 500 km on the solar atmosphere we find Tl.A "" 106 sec and T1:4 could be smaller by several 
orders of magnitUde. 

Conclusion 

It is found that the ambipolar diffusion is an important effect in the partially ionized part of the solar atmosphere. 
The laminar ambipolar transport is known to create magnetic structures (6) with steep gradients. The turbulent 
part ofthe ambipolar diffusion co.uld transport these structures on a timescale which could be shorter by orders 
of magnitude than all other processes. Thus the formation and migration of magnetic structures to higher up in 
the solar atmosphere could be the result of ambipolar diffusioll. 
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