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FUNDAMENTAL FLUX TUBES IN THE SOLAR MAGNETIC FIELDS
1. S8ignificance of the flux-amount; possibility of rising and durablllty'

M. H. GOKHALE

ABBTRACT

For a satlefactory underatanding of the eclar magnetio phenomena it may he advantagaous first to intarre-
late phanamanalogically obssarvations [nvolving dlffejent scales of length and time and in different layers of the
sclar stmoaphero e, for example, In Pxddington's modsl (18768, 1976 a, b, 0).

Aas u first mtep towards the conatruotlion of such & phenomenclogioal mode| It |a tentatively aonoluded thet
a large number of the solar magnetlo phenomane may be dus to the rlse of ‘fundamantal flux tubss' of magnetic

fluxes ~ 10'7—10!® Mx (FFT's) prosumably originating In laige (>>10% km) depthe In the oonvectlon zone and
rising across the observabls laysrs of tha solar atmoaphare through bends of sucosssively larger sizes

Such a conolusion posas ssveral 1heorstioal questions, Aw plausible anawers to threa of theaas quaestions
It 1s shown that; (1} FFT’s may provido the most offlcient conveotlon of energy transferred to them by convec-
tive flows In the larga dapths, (W} the thermal diffusion and the heating asacalated with ths Just mentlened

snergy transfar may bs adequate to raisa tha FET from an equilibrium In «lerge* deptha to ‘moderate: (< 10° km)
depths In @ timo scale comparable io ~ Ty, and (I} In the large doptha tha diffusion of the magnstio flux In an
FFT might tako plaos on time acales A3y,

Koy Words : solar magnetic fields—magnetohydrodynamlas.

1. Introduction
Roberts and Stix, 1872).

Krauae end Radler, 1971; Parker, 1970; Stix, 1972;
Howaever, It Is diffloult to

Presontly avallable observational data aboui the
solar magnetlc fields and the relaled phenomona
(especlally tha solar aatlvity) covers a vast range of
length-scales and time-scalea at and above the
photosphere. ©On tho contrary tha nature of the sub-
photoepherlc fields, through which all observations
must be basicelly relatad, remalns a subjeot of
theoraticel extrapolation. Therefore, dotalled theoriea
degling wlith a single set of length-scales and time-
soales (or with Individual iypes of phenomena) are
unlikely elther to reveal the nature of the subphoto-
apherio fielda or to explain the Interrelations batwean
varlous phenomena on different scales. For example,
aome properties of the solar magnetic flelds on scales
larger than or comparable to those of the sunapot
oycle {e.g. the perlodicity, the period and lis antl-
correlatlon to the amplitude etc.) have bean re-
produced by the ‘turbulent field' model based on the
randomnasgs of the flelds on the amaller scales (cf.

Improve upon these models, or to test thefr sssump-
tions using the observations on smaller scales (e.g.
developments of aclive reglons or the struotures and
phenomena within an active regfon). The difficuity
Is that with decreasing scales, the importance of the
magnotic forces which are neglected In these modals
goos on Increasing. Babcook's (1961) schematlc
model and the Lelghton's (1968) aeml-emplrical
models do predict aome medlum ecals observations
such as the laws of the sunapct polarities, the butterfly
diagrams, the formatlon and the expansion of bipoilar
magnetlc reglons etc. However, even with thase
modols, che would face the same difficulty as with tha
random field models when one tries to Incorporate
observations on still smaller scales {(eg. the structures
and phenomena within an actlve rogion). Moreover,
es pointed out by Plddington (1972a, 1976b) the
models of all the forementloned types alao suffer from
several beslc theorsetical difficulties,
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Finally we note that the asesumptions In the
theorles of the small-scale phenomena such aa sun-
apotg, prominences, etc. may not be so reallatic and
mutually consistent s to ylald synthesized models
for the large-scale phenomena like the solar cycle.

Under these conditions It may be advantagaous
to construct first & tentative phenomonologicel modal
tryIng tolink (at least crudely 10 bagin with) obaarved
proparties of as many phenomona of different kinds
and scales as possible, (temporarlly confining
theoraot(cal discussion only to thao pleusibiity con-
sidarations) and then o go in for: (i) a dotalled
examination of the theoretical questions Involved
(1) Inclusion of othor obsarvations and (lii) Incluslon
of more detalls of the phenomena already considered
(I o, the constructlon of detalled models of the
Individual types of phenomenay).

A large number of phenomena with different
scales {upto those of the migrations of the large scale
photospheric flelds) have already been linked pheno-
monologically by Plddington (1876a, 18786 a, b, ¢)
In his model of tho solar magnetic fields as magnetlo
flux tubes and fluxropes. Howevar, In his model the
plausibifity of tho essumed siructures and procasses
Is dlacuseod only In a prellminary (often puroly quail-
tative) way. Moroover the process of the fermation
of the flux tubes and flux ropes Is not discussad, and
(probably beceuse of this) the relation of the Incor-
porated phenomsena with the overall roversal of the
large-scale fleld evory 11 years or so Is not clear,

In the present two papers we altempt to develop
a prellminary phencmenoclogy relating the small and
medium-8cale phenomena with the reversal of the
large-scale fleld, along with a aeml-quantitative (order
of magnltude) dlscuselon of the plauslbllity of the
slructuras and processes assumed.

Flrst, In Section 2 of this paper we emphasize
the fundamental role played by the ~1017 —~101® Mx
flux tubes In relating the amall and largo-scele pheno-
mena. There we tentativaly conclude from varlous
known observations that the magnstie phenomena at
and ebovo the photosphere are due to emergence of
‘fundamental’ flux tubes of magnetio flux ~10!7-1018
Mx from ‘large’ deptha (> 10% Km) in convaotion
zone. The following questions ImmedIately arlse from
the foregoing tentatlve concluslon :

()  What |8 the phyeical significance of the order
of magnitude ~10!7—1018 Mx In a typloal
FFT ?

(I How could such flux tubes (FFT's) be gene.ra-
ted in the convaction zone ?

()  Covld parts of such flux tubes rigse abave the
photosphere on time scales <11y ?

(iv)  Could those portions of the FFT‘s which remaln
In the convoction zone have Iife time>11y?

(v) Whet role would theltr genoration play In the
raversal of the Sun's ganoral field ?

In Sectiona 3, 4 and b wo attempt to give plausible
answora 10 the questions (I}, (ill) and (lv). Ques-
tiona (1) and (v) will be dealt with In paper II.

2, Observntional Background
2.1 Qbserved Flux Tubs Structures (in Ganeral)

Structures nssoclated with solar magnotic flelda
Indicate that the fields are In the form of flux tubes In
&ll the observablo regions of the solar atmosphers,
e.g, 'sunspots’, ‘pores’, ‘magnetio knots’, ‘penumbral
filamenta’ and faculae’ in the photosphere (of Zwaan-

1867 ; Beckers and Schroter, 1968 ; Shesley, 1968),
‘arch fllamentary systema’ (AFS)., ‘fina motties’,
‘eploulss’, ‘Hoc - fibrlls’ In the chromosphaere (of,
Frezier, 1872; Foukal, 1871; Beckers, 1968), ‘loop
prominencea’, ‘aoranal reya’ and ‘streamers’, ‘polar-
plumes’, ‘X-ray arcs’ etc. In the corona (e.g. Bruzek,
1967. Newkirk, 1967; Velana of a/, 1973; and
Piddington, 19872 b}.

2.2 Speaiality of the ‘10\" — 108 Mx Flux Tubss’

Among the above mentloned structures, the
crose geotlons of the thinnest structures so far
regolved {viz. tha magnelic knots, penumbral fllaments
faoulee, Indlvidual filaments in the AFS, flne mottles,
apicules, end the coronal rays} and the corresponding
observed or expected fleld Inlensitles Indicate that
thesa structures are assoclated with flux tubesa of
magnetlec fluxes ~1017—-1018 Mx, Foatures of the
aame order of magnetic flux have aleo bean observed
in the Intarplanetary space around~1 AU (e.g. of.
Burlagae, 1872},

The structuras with larger megnetlc fluxes e.g.
spota, AFS, prominences, coronal streamers, eto,
often show fine structures of dimenslona comparable
to the thinnesat structures [n the respectlve regiona,
Decay of pores and sunspots |8 epparently by dispersal
of ~1017 1018 Mx flux tubss’ from their boundarles
(Harvay and Hervey, 1872). These observations
Indicate thet in all the cheerved layers, the thloker
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structures may be essentlally bundies of ~ 101710
Mx flux tubes’.

it ia quite [Ikely that unresolved thinner festures
ox|st withln the presently resalved ‘‘thinnest’” struct-
urea mentiohed hers. In fact in the interplanetary
spdace, many observed feastures do have scales much
smaller than those of the ‘filaments’ observed by
Buriaga. However, the questlon arises why struct-
ures corresponding to a specific order of magnitude
of magnetic Rux, viz ~10'7 - 101® Mx should slways
be present In phenomena Involving so widely different
acales and In all the leyere of the solar stmosphare.
A sgimple plausible explanation s that these structures
may be parts of "1017-10!* Mx flux tubes’ rising

across the soler stmoaphere on sucessively larger
acaies,

2.3 Intarrelations between the Photospharle Flald
Davelopments on Small and Largs Scales

2.8.1 "10I7-7018 Mx flux tubss’ s common constHusnts of
the active mglon fakids snd the qulet ngion flalds

From comporisons of simultanacus recordings In
varlous magnetlcally sensitive Fe | lines Llvingston
and Harvey {1969), Howard end Stenflo (1972},
Frazler and Stenfio (1872) and Stenflo {1973) have
shown thal the photoapheric magnestic flux every-
wherse outside the pores and apots, even outside tha
active reglons, Is concentrated [n fiux tubes of fluxes
~ 1017 - 10!8 Mx (‘Mangnaetic fllaments‘). Chapman
(1974) has atrived at a siimitar conclusion. Stenflo
(1974 )aiso has arrived at a sfmller conclusion Inde-
pendentiy from hls observations about the differentlal
rotatlon of the photoaspheric magnetic features and
the photospheric plasma although these last mention-
od observations do not iead to any estimate of the
magnetlc flux content of the flux tubes,

Thue, ‘10!7 —-10!8 Mx flux tubes’ seem to be the
oommon constityants of the active region flelds and
the qu/st reglon flelds at the photosphere. Therefore,
the corresponding flux tubes may provide the requirad
link (cf. Introduction) between the emall scale ob-
servatlons (e.g. structures and phenomena within
the active regfons) and the large-scale phenomena
{e.g. BMR's and the solar cycle)}.

The simplest way to reconclie the near absence
of any magnetic flux outalde the magnetic fliaments
with the dllution and the migrations of the large-soele

(BMR) fields (e.g. Babcock, 1961 ; Lelghton, 1964 ;
and Howard, 1974) ia to supposo that the dilution
and the migrations of tho large-scale flelds are dua to
horizontal movements of the flux tubes constituting
the ‘magnetic filaments’. (The vertical movements
of the horizontal parts of these fiux tubes might
account for the diseppearance of most of the total
photospharlc magnetic flux appearing In the thou-

sands of active reglons areatedin an 11y’ cycle : Cf.
Gokhale, 1876).

2 3.2 Roguirements of the proposed mefation

The connection between the small-acale and the
large-scale photospherlc phenomena as just proposed
would also require that; (1) the real life of magnetic
flaments be =1y (the time scales of dilution and
migration), l.e. very large compared to the time ~1 h
for which a magnetic fillament can be tracked from Ita
thermal identity as a ‘‘magnatic knot’* (e.q. Beckers

and Schroter, 1868) and that (i) the flux tubes of the
magnetic filaments In the high latitudes (e.g. = 40°)

should reach large depths{ > 103 km) In the convec-
tlon zone whare the reverse fleld for the succeeding
cycie s presumably formed.

The first requirement seems theoretically plausi-
ble {cf. Section 3.3). The second requirement sgems
to be Indeed satlsfied as shown by Stenflo's (1874)
observations. From his observailons about the rota-
tion of photospheric magnetic fleids he concluded
that the magnetic flelds are in the form of thin flux-
tubes whioch are pushed by faster moving deeper
layers in the convectlon zone and that the largest
depths are reached In the high letitudes. He polnted
out that these depths must be the depths whera flslds
for sucocesslve cyclas orlginate.

2.4 Summary of subssctions 2,2 and 2, 3 .

Summarizing the last twp: aubu onp ' We
tentatively conclude that & Iargo-numben'iof ‘the phe-
santly observed solar magnetic phenomana ofidifferent
scales may be due to: .,

(1 flux tubes of fluxes'. . A11017 —1018 Mx orlgina-
ting (presumably).from large depthe In the convection
zone and finslly rising across the observable layers
with bends of ditterent slzes (eg. the smalier bends
merging with one anotherto form succesasively large’
bends),

(H) creatlon, annihilatlon and movements of the
photospheric intersections of these flux tubes as
they rise In the above mentfoned fashion,
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In view of thelr posalbly fundamentel rale In such
a phenomenology, the 1017 —10t% Mx flux tubes wiil be
called ‘‘fundamental fluxiubes’' or bilefly as’' FFT''s,

This tentative concluslon leads to the theoratlcal
questions listed In Sectlon 1. We now turn to some
of theas quastions,

3. The Role of the FFT’s in the Energy
Transport in the Convection Zone

3.1 Transfer, Transport and Disslpation of Enotgy
near a8 Magnatic Flux Tubs

At some dapth In tho convectlon zona, let thors
be a more or leas horlzontal flux tube which has stable
magnetle atructure and which ia long and thin com-
paradto the dimenslona of the surrcunding flows.

Let us supposa that Initlally the average denalty
<¢,> ofthe plasma Inltfsthe same as tho denslity ¢
of the surrounding plasma l. o.

<gi>-g . (1

The lateral pressute equllibrlum requires that the
temperature T, of the plasma Inside It must be lower
than the temparature T of tho outsido plasma |. o,

TI<T . (2)

The magnetic fleld Intensity In such flux tube will
be hold around a value

Ba 4/ dmp v (3)

where v s the typlocal velocity of the flows at that
depth (eg. Welss, 1971). Therefore portlons of such
a flux tube wlll act as non-rigld obstacles in the paths
of the eurrounding flows (excepting for those rare

flows, If any, which heppen to be parallel to the
flux tube).

Any such non - parallel flow will first push the
flux tube portion on Its way to an extreme poslition
heyond which further dleplacement Is not possiblo eg.
due to the magnetic tenalon in the seame fjux tuba
or due to the pressure of other flux tubes
downetrearn {as in the case of flux tubes near the
surface of a cluster of flux tubes). Further transfer of
energy from the flow to the flux tubas will be through
the turbulence with eddies of dimenslons~d which
wlll have meanwhlle developed In the neighbourhood
of the flux tube, where d |8 the mean dimenalon of
the crosa sectlon of the fiux tube.

If €1aw |8 the energy Input in this: turbulence
per unit mase per unlt time in the steady state then

13

tha mean veloclly V4 of these d — slzs eddles will be
glven by
Vllalzd “ e turb 0 (4)

Thie energy will disslpate at the same rate on the
‘’smallest’’ scales A such that

W3- 23 wb 1 (5)
and

AW D . 8)

where W Is the valocity of the ‘‘smallest’’ eddies and
D Is tho largest among the thermal (red!stivae), the
ohmic and the viscoua diffuslon coefficlants.

The last two aquations vield:

A ~ 231+lel-vd-514dlli . (7)
and
W m 2U4DUAY Biégis | (8)

Across o thin layer of thickness ~1 at the
boundary of the {lux tubs the anergy wlill diffuse Into
the flux tube and thereby heat the plasma Inside the
flux tubo. The power Py going in such heating will
be approximately equal to the power dissipated in the
boundary leyor, and therefore

Pund ® 3 nappAds ms gWids
-3 2-11"9D5l‘v‘l'1*d|“‘= (9)

whero s is the lateral dimension of the flow.

At the sama timo the d-slzo addles wlil keap on
shaking the flux tube tranaversely and thersby crasting
slow mhd waves which will longitudinally carry away
part of the energy Input Into the turbulence. The
power so escaping will be

Piung ™ Pvd!VuCF r
whero

Ve ® Bj+/4mp

Is the vslooity of slow mhd waves and waves going in
both the directions along the flux tube are taken Into
acoount. Since Va m V aocording to Equatlon (3),
wa have

Pmha ™ @ Va2 Vd2 (10)

3.2 A "Convectlon Meschaniam'' Provided by the
Magnetlc Flux Tubss

The slow mhd wavees generated during the aotlon
of the convective flows on a magnetic flux tuba will
keep on Imparting wave energy tothe flux tube. This
enérgy will remain assoclated with the fluxtube (This

"la true alsp for flux tubes which are only partlally
'below the photosphere alnce at the photoshphere the
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slow mhd waves are substantlaliy reffecied down-
ward : cf. Savage, 1969; Willeon, 1875).

The heating by Px wil reduce the plasma denslty
within the flux tubs and thereby tend to bulid up the
buoyancy forces.

Through these two processes the actlon of the
flows on the magnetic flux tube provides a *‘con-
vaectlve mechanism'’ for the upward transport of
energy.

3.8 The Most Efficlent Comvection’

In the foregolng action of a flow on a flux tube,
Pn can never exceed Pusa 8/Nce Py > Pyupa would imply
8 prafarence for focal hasting over an sasler sscape
of ansrgy (Here we have sssumed that the energy
exits from tne system as fast es It can). Thus

Ph < Puna a

The most efficient heating of the flux tube wiil occur
when

Pu==Pana

Further, since the turbulence is generated and main-
tained by the flow, we shall have :

Vad Y ,

The rate B ., of energy sxtraction from the flow
wili be maximum when ;

Ya~V (12)

It follows from Sectlon 3.2 that the most efficlent
convective transport from the fiows at any given
depth will be given by those flux tubes which aatisfy
squations (11) and {12) s/muftansously. From
equations (9) and (10) it follows that such
flux tubes must have mean thickneas d~ d., whered.
ia glven by :

do= 27177 DT SNl (13)

The magnetic flux of such a flux tube wouid be :

Po= Bde2= 257 (grg)1i2 D8I T gbiT (14)

Thus. at any given depth the flux tubes of flux
~ ¢, provide the most efficlent conveotion of snergy
from the flows at that depth.

In Table | we glive the values of ¢. for varlous
plauglble values of s and V at different depths in the
convection zone. The values of D and ¢ correspond
to the values of the thermodynamlcal quantlties In

Sprult's (1974) model (According to Spruit, the valuos
of the thermodynamical quantities are more reliable
than the values of s and V).

We note that near the base of the C.Z. the value
of @, is of the oider ~1017—10!8 Mx,

Thus we can conclude that flux tubes of flux
~10'7 —1018 Mx may provide ‘‘the most efflclent
comvection' (l.e. the most efficlent heating &nd the
maximum extraction) of energy from the flows near
the base of the C.Z,

3.4 Vsluas of (Va[V) and (Pu/Pmna) for flux tubes

For aflux tube with ¢>¢. we cannot have
Pn = Pmna since this would roquire V4 > V. For such
flux tubes the fastest dlspoaal of energy would Imply

Vg = Vand this would coirespond to Pu/Pmhs ™
(defd) 1%,

For a flux tube withg) < o, we cannot heve
Va = V, since this would require Py> Prnsa. In this

_case the fastest disposal of energy would Imply Py, =

Pend  and this would correspond to Va/V = (d/d. )7

4. Tha Rise of the FFT's

4.1 The necessity of assuming an Initlal equilibrium
for the FFT's

If the FFT's were formed with the same temperature
Inaide as that outslds, then they would rise rapidly
above the photosphere by magnetic buoysncy (cf.
Parker, 18B6). in that case to account for the
appearance (end disappeearance) of the total photo-
spheric magnetic flux ~ 3 x 10% Mx withln an 11y
cycle from an Initial pololdal fleld of ~ 103% Mx, the
FFT's would have to undergo rapld raoonnaotlons,
ag. on tima scales much lsss than a faw years. Such
reconnactions are rather unlikely (of Sectlon B; see:
also Piddington, 1878 b) Alternativaly, the large value
of the totel photoapherio magnetic flux appearing in
an 11 y cycle may be accounted for by slongation of
the FFT’'s e.g. as In Babcock's (1961) mods!. For
thle the FFT's wiil have to remaln within the con-
vactlon zone for at least a few years or s0. For th/s
reason we assums thst the FFT's are sither croatsd
with the equllibrium conditions (1) and (2) or soma-
how achieve that state. The buoyanoy forces w/l
have ta ba bullt up Tor ralsing them from such an
equllibrium.
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4.2 Rols of the heating procsss of ssctlon 3.1 in
ralsing the FFT's.

In all except the smalleat ( < 102 km) depths the
magnsetic energy danslty In an FFT will gonsrally not
exceed the kinetlc energy density in the surrounding
flows and theiefore the transverse (bending) forces
Frow migV4ds exerted by the flowa will be atrong com-
pared to the restoring forces F .., » Bid?/ 8w exerted
by the magnetic tensions (For example, if B aA/AmQY ,
Frow/Fasx ™ 8/d).  Hence the flows will generally
impart 1o the FFT's curvatures ~ s-!. Thoss ourvat.
ures will be further accentuated by the buoyancy
(/gravity) forces on the density-Inhomogoneities
which would be praduced by tho longitudinal mass
motlons resulting from the bending. However due lo
those procesaes an FFT will asimply keep on fluctuat-
ing around a mean horizontal positlon. Even If aome
upward bends could ocoasionally roach the photo-
sphere, thelr magnetlc tenalons would not be
adequate to puil up the Intermediate segmenta from
the large deptha, (Such a pulling Is necessary for
the ultimate removal of most of tho total - 3 x 1024
Mx or 8o -—magnetlc flux formed during each ‘11 vy’
cycla,) Thus In the large depths, some Indepondent
meahanism wlll bo noeded to produce an overall rlae
of the FFT's,

The heating process of Section 3.1 can provide
such a mechanlam by keeping on reducing the overall
denslty in lengths (of FFT's) even larger than s and
thereby keep on bullding up the buoyancy forces on
length-scales >,

4.3 Timoe scales for “Triggering’’ the riso ofen'FFT’
by heating

For an FFT portion to start tlsing as a result of
the buoyanoy force
fum (Bg) g
{per unlt length), this foroe must overcome the restor-
Ing force of the magnetlo tension, which la

foug ™ (Bid?/847) o™
(per unlt length,) owing to the curvatures e.! which
exist at any Instant of time (cf. Sectlon 4.2). Here,
Ag - o-0 .,
whoere ¢, and ¢ are the mass denalties within andout-
slde the FFT portion. (Of courae, the buoyancy force
Fu (misfy) may not and nead not overcome the foroes
Frn.w exerted by the downward flows which, at any

Inatant, would tamporarily hold down some portions
of the FFTs).

The condition
fo > foug

wlil be satisfled when Ag reaches a critical value

(Ag). given by: .

B
(Ag)e ™ Gorgs (18)
Starting from an squilibrlum satlsfying ecuations (1)
and (2) the density reduction {(A@). Ineide the flux tube

may be achleved by ralalng the Internal temperature
Ti by an amount

_BIT

-
(AT)e & 5~ (Ag)e ®Foom

Hero, for eatimaeting the order of magnitude of (AT).
we have Ignoied the changes & (A P) inthe pressurs
difference AP P — P;in comparlson to the pres-
sura Piinafdethe flux tubeand the prossure P outside.

The foromantloned rise In temparature would re-
quire the following amount of hoat Input per unit
mase of the plasma Instde tho flux tube;

GrBET

AQ - GP (AT)I - Bﬂ-ga; r

(16)
where Cp 18 the spoclfic heat at constant pressure,

Durlng the Iife of each external flow ecting on
the FFT, the heating process desorlbad In Section 3.2
provides hoat enorgy al a rate:

Q ~ Py/ (gcia)

per unlt mass per unlt tima.

(17)

Hence In a duratlon

tn - ‘(_Ang'! NCP—B—’-T—q: ?
Q gmEPs (18)

etarting from the equllibrium satisfying condltions (1)
and (2), a flow would heat the FFT portlon across [ts
path to a stage where the upward thrust of the buoy-
ancy force In that portlon would overcome the resto-
ring foroe of the magnetic tenslon.

Taking Px from (8), writing d = ¢, 1728-172 whers
¢ .~ 10'°Mx or 101"Mx and using Equation (3), we
obtaln the followlng expresslon for the t, correspon-
ding to the FFT's,

Co T 11 Vo
te A 218 g e gTNE PRI Ty

Finally, since . = ¢. near the base of the C.Z. and
%o > $oInthe upper layers, wa take V = Vy (Gf
eg.Sactlon 3.3),
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Thus

CP T ¢- "
Lo & TRT RTITE gIn e NG (19)

This glves the values t, corresponding to the diffarent
depths as glven In Table 1. These values should be
compared with t,4 2 d? D, which are the tima scales
for direct heating by radlatlve diffuslion.

When t. or 1,4 I8 lees than the Ilfe tnow of B
typicel flow, It represents ths duration required for
trlggering the rlse of a typlcal FFT segmeant of length
~8, Howevar since sach FFT sagment In the glven
depth will be acted upon by some typlcal iow In that
dapth, t. or t.a would also represent the duration for
triggering the rlse of the whole length of the FFT in
that depth., From Table 1 we flnd that in most cases
trd, te > trow. In such oeses, the longitudinal mass
motlons during the rearrangements of the flows will
tend to average out the dansity deficlancias Ag In
different sagmenta. Howaever, in order of magnltude
the average rate of heatlng on length saales >s and
and time scales > tnaw Wil be the sama as that given
by equation {(17), and all other equatlons will stll
be valld except that Ag, AQ, etc. will have to be
reptaced by thelr averages < Ag>, < AQ> stc. for
lengths > s, Therefore sven whenta orte > trgw,
ta (ort;) can be taken aaa crude est/mate of the
duratlon required by the heating process of Secifon
3.1 to “trigger’’ the overall rlse of an FFT starting
from an "'equllibrium’* at a glven dapth,

4.4 Time Scales of Rise

The condltion (1B) would Impart the rsing FFT
segments accelerations of the order ;

(A9) 8 B*
8w ] = Brrps

when B? & 4mp V2, we have:
8~ V22,

Hence the time scale of actual rlse aoross a scale-
helight {assumed to bens) wlil ba

trl.. -] 2IN-
The total time required by a flux tube to rlse through
a scalehelght will be :

Tiet ™ tok telse OF Tty M™ted + towe  Whichever Is
smaller,

4.4.1 The riaing from ‘large’ (>109 km) depths to ‘modemis
(<105 km) depths

The estimates t. near the baso of the convection
zone and near the middle of the convaction zone are
comparable fo t.4. This Indicates that In thesa depths
the haating machaniam of Sactlon 3.1 will contrIbute
substantlally to the heating of the FFT's.  The total
heating wlil raise the FFTs from the base of tha
convoction zone to well sbove the middle of the
convectlon zone In a perlod~ T 11 which is (sss than
a faw yaars.

4,42 The subseguent ruing

Tho observed length scalos of the arch fila-
mentary systems (eg. Frazier, 1972} indicate thet the
mechanism just diecussed may not be raising an FFT
all the way above the photosphete in ons single step.

This suggests that after belng ralsed to well
above the middle of the convaction zone the FFT's
must be reaching another ‘quaslequilibrium’ before
reaching the photosphars,

The values of t. and t.a In depthsa=10* km
indicate that the heating mechanlsm dlscussed here
will be much more sfficlent than the heating by direct
diffusion, However aven this more efficlent mecha-
nism may or maynot be adequateto raise the FFT's
from the quesel equillbrium In such depths to the photo-
sherlc |ayers on time scales <11 y. [Thla wiil allow
the FFTs to remaln in tho convection zone for long
enough to be highly elongated by the ditferential rota-
tlon of the convactlon zone as roquired for producing
hundreds of active reglons wlth total magnatic flux
two orderg of magnitude larger than the pololdal flux
(cf. eg. Babcock, 1961)]. Howaver, the foroes
Fnow oxortad by the upward supergranulfation flaws
may eventually bring segments of comparabla lengths
right upto the photosphere where the local buoyanoy
forces In such segmants may become dominant and
lead to thelr further rise (ag. Parker, 1966). Finaliy
the magnetlc tenslons, which domlnate at small
depthe and above the photosphore, may pull up the:
intermadiate asegments above the photoaphere whan
theee segments are released from the withholding
forces exertad by the downweard supergranulation
flows (eg. Gokhale, 1875).

8. The llfe of an FFT-Portion Near the Base of
the Convection Zone

For the decay of the elactric currents In a portlon
of an FFT, the maximum magnetlc diffusivity will be
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operative during the presence of the turbulence
maintained by the sxiernal flows atits boundaries
(Cf. section 3.1). The magnitude 73 of thia diffu-

slvity wlll be glven by

pEax o (1/2) WO (20)
whare
§ ~ (4mgW?/B2)A (21)

is the distance through which an addy In the tuibulence
dispiaces the magnetic flux across [ts path egainal
the magnetlc tension, and A and W are respectively
the mean eddy size and the mean eddy valacity given
by equations (7) and (B). Equatfon {21} follows from
tha comparlson of tha magnetio and the eddy foices,

A crude astimate T, of the “‘llife’’ of an FFT por-
tlon (dlemeter d¢) wlil be d.?/y M=x which together with

b

aquations {7), (8), (13), glvea;
Ti s 2 D37 -4y glofr (22)

For ‘FFT-portions’ Indepths> 103 km this glves, with
values of D, V and s as before,

T) s 1010-F g (2 102 y)

The actual “'life’’ Tz may be

T o ( Aid:) Ti. (23)

If tha eletric currents are concentrared In a thin 2haeet
of thickness b at the boundary of the FFT.

Howaever, [f the elatrlc ourrents are generated from
the Interaction of the flows of veloclty Va10t cm s
and an Initial wesk field of intensity B, » 3 G then
the current denslty J may not exceedo By V & 1093
emu (where ¢ = 103 emu Is tho slectricel conducti-
vity in the depths under consideration}, The product
J&  (whiegh [s the current per unit length) musat ba
a 10% amu for ylelding an average fleld ~ 10* @ In
the flux tube (eg. as in the case of a current carrylng
solenold}, and hence the current ahest thicknass A
must be v 10%3 om. (Thie I3 also Just sufflclently
iarge for the appiicabllity of the turbulont ditfuaivity
with eddles of alzea A~10% cm which |e used here.)
Thus, [f the electric currents In an FFT portion In [arge
depths happen to be congentrated In e thinnost possi-

ble laysr &t the boundary, the "’life’’ Ts of the portion
will be = 102 8 (l.e. 3y). The ‘‘life’* will be larger
If the current sheate are thicker.
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