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Abstracl

The role played by convection in the formation of slendor magnelic [lux tubes and

in the dynamics of the gas within the tube is discussed in the case of simplified models.

Convection instablility eannat drive systemptic downflows wheseas capveclive bufletling

of the Llube can.

callapse for the formetlion of strong (lelds.

the solar magnelic (lux lubes 15 peinted oul.

1. Introduction

The interaction of velocity and magnetic
figlds has heen well studied in the  context
of magnetoconvection. The work of Parker
(1963), Weiss (1966), Proctor and Galloway
(1979), Galloway and Weiss (1981}, all indicate
that in a Boussinesq Fluid the final result
of the interaction of a circulatery velocity
field and "a wniform magnetic field 1is the
formation of .a structured magnetic field
devoid of flow and a region of flow beraft
of magnetic field. It §s natural to ask
‘the question whether such :
be formed even in the case of compressible

structurés can
magnetoconvection,  This question is particu-
larly important in the light of the highly
structured. nature of - the magnetic ~ fields
observed on the solar surface.

One way of answering this question

wou'ld be to assume a family of equ1iibrihm
structures and examine their stability as

a function of some parameter characterising

The inclusion of heat transpertt reduces the efficiency of convective

The implications of lhess lwo resulls 1oz

the family, e.g. the magnetic field. Stability
analysis of two dinensional structures (e.g.
an axisymmetric tube with area of cross-section
varying with height) Is exceedingly difficuit,

The slender flux tube approximation, introduced

conceptually by Defouw (1976) and established
rigorously by Roberts and Webb (1978), helped

in the linear stability analysis of such

structures. - - Webb and Roberts (1978)_ shiowed

that tubes with fiald strengths smaller than

a critical value are prone Lo ‘a convective

instability. The - critical depends
on the depth of the tube as well as on the

superadiabatic 'temperature_-gradieht. Sbruit

and Zweibel (1979) calculated the growth
rates of the. instability for tubes embedded

in a realistic convection zone environment.

Their critical field streagth was = 1500 G.

These values coMpaFe well with _thé Observed-
field strengths[

va lue

~ However, one does ‘ot know.a priori

© whether the convective .collapse. of weaker
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Tubes  would result in & hydrostatic tube
or hydrodynamic tube within the time scales
of dinterest in the solar context. Hasan

(1483) catculated the nonlinear development
of convective instability of a slender fiux
tube and obtained final hydrodynamic states
independent of the initial value of the magne-
tic. field.
of  our

In this paper we review some
results of similar calculations for
polytropic tubes, both for adiabatic (Venkata-

krishnan, 1983) as well as non-adiabaic (VYenka-

takrishnan, 1984a) conditions,

Furthermore, the
chserved in the

magnetic structures
photosphere are constantly
buffetted by granulation and waves. We shall
also consider the nontinear response of magne-

tic tubes to such perturbations.

2. Ronlinear bDevelopment of Convective
Inst_abﬂity with Siender Flux Tubes

The various parametérs_ that determine
the -evoiutibn of a po1ytrnbica]1y' stratified

siender flux tube areé o, the ratio of initial
yas pressure of magnetic pressure, & the
initial superdiabatic gradient and the bound-
ary  conditions. The basic equations for
a slender Flux tube were first rigorously
formulated by Roberts and WEbb (1978). These
equations are: B

2 (p/B) L 2 (pv/B) L o

(2.1)
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T TM +p82p + g =10 (2.2)
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B = 8“-(pe - Pli_ l?»ﬂl
”whargg:gi p >V , B are. the p?essurE,‘_dénsity

- In this

-z for ‘various

the adiabatic
slow increase till a time T and then a rapid

velocity and magnetic field inside the tube,
p, 15 the pressure outside the tube and F
is the energy flux. We shall first consider
the case F = 0 corresponding to' adiabatic

motions.

2.1. Adiabatic Flow

The egquations {(2.1) through (2.4) with

F = 0 form a system of hyperbolic partial
Eifferentia1 equations which can bhe cast
in the characteristic form. We integrated

these equations using a backward marching
algorithm based on the method of characteris-
tics (For details see Venkatakrishnan, 1984b).
way we obtained the values of ~all
the  dynamical a function of
of time.” In this
paper we shall mainly discuss the evolution
of velocity and magnetic field of the tube

at a few spatial locations.

variables as
instants

We applied two different sets of boundary
conditions. In one set the Eulerian pressure
was kept constant at both ends of the tube.
These conditions could bhe more appropriate
to closed magnetic regions of the sun (Venkata-
Krishnan, 1983). The tubes on which such
conditions were applied will be called 'closed’
tubes in what follows. In the other set
of  boundary conditions the Eulerian pressuﬁe'
was kept constant at the hase ‘of the tube
while the Lagrangian preséure was kept constant
at the top of the tube. This type of boundary
cenditions would "be more appropriate for
open vertical tubes in the sun. These tubes

will be denoted as ‘open' tubes in what follows.

The general behaviour- of velocity for
case consisted of an initial

increase beyond that time.  The onset of

.thé_nonl}near phase was delayed for strqhgér
 intiaJ;fmthetﬁC fields (small' values . of -

Balo . Iffwas;apparént that T+ as g, tended’
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to some finite value ®2.0 (Figure 4 of Venkata-
krishnan, 1983). Furtharmore, the intensifica-
tien of the field was not seen t» be sustained
during - the nonlinear phase for Bo = 4.0, 5.0
and - 6.0,  An Interesting example of oversia-
bility was seen for B¢ = 2,0 in the case of
an open tube. When Bo = 4.0, however, it
that steady magnetohydrodynamic
states are attained. For Bo = 6.0, the non-
lingar regime showed unsteady behaviour even
until 30 free fall times.

was. §een

The following picture
these calculations.

emerged out of
The magnetic field inhi-
bits the convective c¢oliapse of flux tubes.
For -some value of the field, overstable oscill-
ations set in while for weaker Fields steady
dynamic states are attained. Even this is
not poSs1b1e for  the weakest fields studied
here, and 1in these cases unsteady behaviour
persists for large times. The actual values
of field strengths demarcating these raegimes
the boundary conditions, with
open tubes exhibiting greater stability compar-
ed to ¢losed tubes.

depends an

2.2. Effect of Radiative Heat Transport

The energy equation for an
thick slender flux tube is:

optically

(AT 0 4 T (B 8 2 0, (2.5)
: Q

(FOr a derivation of this equation see Venkata-

krishnan 1984a), The first term on the R.H.5.

of the equation (é.ﬁ) represents the lateral

heat exchange.  The second term represents

longitudinal heat diffusion for constant

heat conductivity K, while the third term
' ~represents ‘the - influence of variable conduct-

jvity.,  Here we shall discuss only the case

“to the adiabhatic case.

of constant K.

When Tlateral hest exchange alone was
considered 1n an open tube, it was seen that
oscillations were produced. The amplitude
of these oscillations fncreased with decreasing
radius r, of the tube.  For e < 0.6 the
osciltations became so large that . Tocal
pressure enhancements rendered the magnetic
field imaginary asd precluded further computa-
iions, The amplitude of oscillation was
seen to he drastically reduced for B8, = 4.0,
as compared to the case for Ry = 6.0. When
longitudinal heat transport was included,
the frequency of the oscillations was
to be doubled and the amplitede - reduced.
This perhaps could be due to the excitation

seen

of a new mode or harmonic,

Thus heat transport was seen to shift
the state of marginal stability to
vatues of the magnetic field as
Wherever the instabili-
ty was evidenced, it was only in the form
of oscillations and not monotonic as. seen
in ﬁhe case of adiabatic flow.

lower
compared

3. Response of Tubes to External Turbulence

Let us for a moment. forget the considera-
tions of stability and assume that a- stable’
magnetostatic flux tube exists in the solar
atmosphere,  This tube cannot cemain static
since it is embedded in a highly chaotic
environment, - The - environment can inf luence
the tube  broadly in 3 ways. It can twist,
bend or squeeze the tube, A twist cannot

inf luence the dynamics of ‘the gas inside

“the tube while bending and squeezing motions
-can, - In what follows we report some results

concerning-the}?ﬁgponse of this-gas to bending

motions of the ftbe (Hasan and Venkatakrishnan
1980) as well the response to squeezing motions

(Venkatakrishnan, 1984b).
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3.1, Response of Squeezing Motions

The equations (2.1) through (2.4) descri-
bed the state of a tube with a time independent
environment. pressure perturba-
tions are applied then they would induce changes
in the internal gas pressure and, therefore,
create - a flow of gas along the field. We
applied two forms of external perturbations.
In one form the fluctuations were oscillatory
in time but decreasing exponertially with
height,  The response of the gas within the
tube is maximum when the scale length of
tha perturbation 1is approximately equal to
the distance trave]led by  a tube wave n
ong period - of the oscillation (Figure 1),

If external
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Fig.1. R.esp'un'se of gas to. syueszing motiohs

on Lhe tube - eifect of expanentialty
decaylng ' fluctuations “with different
values of scala helght H, :

‘Moreover, the rasu?tihg flow along the tube
is oscillatory.
-Sma]]er..than-'the tube travel TEngth "§hg
velocity  amplitude ~is smaller and the  flow
tends to drift into a down flow.

When the scale 1ength is

The second form of the pressure perturba-
tion was chosen to be oscillatory in space
as well as in time. -~ In this case, the maximum

_response is seen to occur when the. wave Tength

of the 'perturbation matches with the  tube
travel length (Figure 2).  This confirms
the resonance predicted by  Roberts  (1979)
on the basis of Jlinear analysis. It must
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Fig.2. Same a3 ™ Flgure 1 bul far wavellke
pressute fluctuations for wvarious rallos
A of wave to lube speed. '

be seen, however, whether the resonant build
up of amplitudes Teads to a shock wave or.
whether_:the resonance fis destroyed at large
times. | ' - '

_ For “the solar atmosphere if one takes
the dimensions of the scale height of granular

velocity. decay into account then it wou Id
seem from these vresults that for strong

tubes - the _most‘ preferred response wou 1d be

an oscillatory flow."

3.2 Response to Bending Motions

Inorde  to *study bending - motions,
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it 1is convenient to consider the motion of
infinitesimal flux tubes with area of cross-
section 8A which 1is inversely proportional
to the local field strength. For'this‘case,
we imposed a lateral velocity for the field
line and studied the resulting flow along
the field.  The equations relevant to this
study were written in a frame of reference
moving with' the field 1Tine, These euations
are (Hasan and Venkatakrishnan, 1980);

N 4y 48
= - 5 ds g cosd + Vndt

48 (3.1)

v R - A, (32

p/pY =  constant, (3.3)

where Py 0 VS and 0 are the gas pressure,
density, velocity along the fieid, and the
angle made by the fieid to the vertical respec-
tively. The coordinate 's' 1s the distance
measured along the field and Vn is thg veJo;jty
normal to the fleld direction. Once . again
these equations were 1nfegrated‘by the method
of .characteristics. A detailed description
of the resulting motion for two assumed forms
of V, is given fin Hasan and Venkatakrishnan
(1980).
to be .accelerated in the direction of increasing
v . Physically ‘this effect fis because of

n e .
the centrifugal acceleration on the gas cons-

The main result is that gas 1S5 seen

trained to move in a curved path -because

of the non-uniform Vn'

This effect can be ‘applied to the tase

of granule flux tube interaction. It is
_Kngwn that the rms granular velocity decreases
with height (Durrant et al. 1979). Thus

if * the tube is- bent.-with 'a “corresponding
lateral velocity -decreasing with height,

to  drive the

then. a downflow would result, A numarical
simulation of - this effect was performed by
Venkatakrishnan and Hasan (1981). The result-
ing velocities (Figure 3) compared favourably
with some observations (e.g. those of Giovan-
elll et al, 1978). A detailed account of

the Mmitations of such an approach of modelng

the interaction can be found in Venkatakrishnan
{1984b) .
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Fig.3. Interaction of granules with mﬂgnelic'

© flux tubes - evelution of spatial wvelocity

profiles.
4. Application to Solar Kilogauss Fields

There are two ways in which one can
consider these results in the _context of
the tiny kilogauss f1lux tubes found in the
solar photosphere. If one considers the
dynamics of the gas within these  Tux tubes,

‘then it would appear from all the above results

that convective collapse with heat transport
and external pressure fluctyations both produce -
only oscillatory motion. - It is. only the
buffetting. of -granules that can bé -expected.
abserved  downf Tows  in these
fubes; The problem of. gas supply exists,
however, and. there - is a school of thought
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which-even doubts the reality of the downf lows.
However: the fact remains that the stochastic
jostTing of flux tubes with a spat1a11y statio-
nary gradient in the rms
necesséri]y lead to a downf low.
only’ vemains as to the exact magnitude of
the  downf low. Recent obsgrvétidns using
the 1-m FTS at Kitt Peak National Observatory
(Stenflo et al. 1984)
necessity of including
in flux tube models.

The question

do demonsirate the
velocity gradients

‘The second aspect concerns the problem
~of ;onvect%Ve collapse. For polytropic fubes
we have shown that radiative heat diffusiqh
shifts- the state of marginal stability to
tower of the field and introduces
oscillations of the field strength as well.
It remains- to. be seen ‘whether_.ca]culations
for non-polytropic realistic tubes would
y1e1d 51m11ar resu1ts. Such - caicnlatiens
would put better ‘theoretical limits on the
minfmum ‘field strength of the flux tubes
and alse - provide ' the exact  amplitudes and
periods of the oscillations, §f any.

- valies
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DISCUSSION:

BALASUBRAMANIAM:l What sort ' of observations

can one make, ‘to JooK for these osciliations
How: do you think they will
shaw up? . o

VENKATAKRISHNAN:  Oscillations are
known -to occur- Tn sunspots.
at tiny flux - tubes.

“already
My work 1s aimed
Only observations of

~high spatial resolution can detect the oscilla-

tions.of field strength. Velocity oscillations
can be detected using the shift.in the - zero
point of the V-Stokes profile but- one needs
high:spectra? ‘resolution in this case,

-Can . your computations be used
for some inferénces regarding the -three tier
nature of solar .convection zone? “For example,
in "the middle convection tier a single strong

flux tube gives rise to many thin flux tubes
in - the upper tier, where the radiation becomes
very important. = Can the oscillation of the

C middle tier. flux tubes be considered as the

temporal shaking of the thin “upper’ tier flux
tubes?
One can  always. think of’

stryctures -governed by the. h1erarchy of

'_convect1ve cel]s. However  this - is beyond
“the scope of my work, - Moreover ‘my work is:
concerred  with the dynamics . of 1nd1v1duaig

tubes and- can therefore. say nothing regard1ngé
aggregates of - tubes. coup1ed~ to ‘each. other



