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FUNDAMENTAL FLUX TUBES IN THE SOLAR MAGNETIC FIELDS

2. QGeneration of the 'FFT's and tha perlodic flald-reversal

M. H. GOKHALE

ABBTRACT

11 18 concalvablo that the periodio revarsal of the Sun’s large-scale magnetio fleld and tho conoentration
af the fleld In strong, thn {lux tubes on smell scales could both roaukt Trom the following Nkoly precesses near
the base of the convectlon zone

it s hkoly that in a'-basa Iayor™ of thlokness ~ 108 km near tha beso of the convaction zone a smaii part
{~ 0.4%,) of tho enargy flux from bolow goas Into an ozimuthsl megnotoacooustio osclilation and onos in
~ 11 y or so suoh on osclllation roachos & cntical smplitudo ~ 104 am e-1 whan 1t undorgoas a ‘shook tramltion
ta a collular (azimuthal) convoctive made. [ shack transitinn will invelve craatlon of olectrlo ouzrent sheatha
and magnutlc flux shaathe of fleld ntonalty ~101Q amd thickneas ~10% km oach near the ‘nodal" merkdian
planas. Tho oloctnio current shoatha would provido tha ‘revoissd: magnelle flekd on one side end the megnetlo
flux sheaths would avantually degeneratoe inlo 'aiuaters: of thousands of flux tubas of fluxes~ 1018 Mx sach,

Thia model does neod furthar detmilod investigation, hut if It 18 valid. it would ba frea (rom the diffioultias

of the aarller modals ol the solar magnollo cyale.

Koy Words : salar sotlvity—solar magnatic flelde —solar convestion—magnetohydrodynamios

1. Introduction

In paper | (Gokhals, 1977) wo have suggosled
that a large varloly of solar magnotlc phenomona on
different acales might arise from the movoments of
magnotio flux tubes of fluxes ~1017-1018 Mx, which
wo have named as ‘‘fundamental Nux tubes’’ or
briefly us **FFT"'s.

1t will be Important 1o know how such flux tubas
could be produced in the Sun.

In principle, the flux tubss of Muxes ~1017-1019
Mx cbsarved at tho photosphero may either result
from a superficlal conoentration of magnetlc fiux by
somse processes near the photoaphere, (which would
imply that the subpholospheric magnstlc fields are
weak and diffusa except In small depths below tho
photosphers); or, a8 suggested in Paper I, they may
be arrlving at the pholosphete after being oreated in
some large depths,

Saveral processes have been suggested in
literature which could iocally concentrate the photo,_

spharlo fleld In flux tubes. Perker (1878) has shown
that most of these procosess are Inadecuate to explain
the observed fleld intensitlea and hes suggested that
Internal cooling of Hux tubes could lead to the fleld
Intenslties as high as suggested by observationa,
But none of thasp processes Including the one
suggosled by Parker can account for the obasrved
order of magnhude of the magnatic flux In the flux
lubes. Qalloway of &/, {1877) have been eble to
account forthe obseived flux magnitudea. Inevitably,
theso models Involve assumptiona about procaesses In
large depths which can nelther be proved nor dlaprov-
od elther theoretleally or chaorvaticnally,

Howaver the maln week point of the models for the
‘guperflolal’ concentration [s that they are based on
the essumption that the sub-photospharlo flelds In
the large depths ere weak and diffuse. For this
gssumptlon to be consistent with the reversal of the
Sun’s largoe-acale magnetlo field avery 11 y or so one
has to invoke the turbulent magnetlo diffusivity as In

the turbulent dynamo modsls (eg Krause and Redier,
1871; Stix, 1971). This application Involves some
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serlous difficultles. These difflculties pointed out by
Piddington (1976b, 1976c) have not found any satfe-
factory answer irom the piroponents of turbulent
dynamo models, (¢f. the discusslon following Pldding-
ton, 1976¢). On the othei hand, Plddington has not
given any dsfinite reasons elther for the formation of
thin flux tubes or for the amounts of flux in them.

To resolve thls stelemate some totally fresh
thinking 18 required for understanding the smail-acale
flux concentration and the large-acale fleld reversal
without mutual contradiction. In this paper we probs
the question whether the baslc process responsibla
for the large-scale flald reversal could Itasif lead 1o the
formation of magnetic flux tubes. If itls so, the flux
tubes could later rise across the photosphere and the
outer atmoaphaero (cf. Paper|: Gokhala, 1877), there-
by ylelding, (presumably), the varlous phenomena of
actlvity at and ebove the photosphere {eg. cf. Gokhals,
1976; Piddington, 1976a, 1976a, 1876b).

2. Convaoilonnaar tho Besas of the Convaction
Zone and Its Interaction with the Baaok-
ground Magnstlc Fleld

2.1 Definltlon o} Basa Layor

The polarlty of the Sun’s large-acale fleld s
cdeterminad by the quiet reglon fieids [n high latltudes.
lence the dynamo processes leading to the field
revarsal must coour in the deptha reached by the fleida
in the high latitudes, Stenflo's {(1974) cbservallons
_on the rotatlon of the photosparlc flelds suggest that
the high latitude flelds extend to [arger deptha than
thoae reached by active region flelds. Models of
sunepots (eg. Yun, 1870) Indicate that active reglon
fields extand to depths> 10*km. Hence the

processes leeding to the polarity reversel Ihuat
ocout In soms ‘‘dynamo laysr’’ which must be In
depths > 10%km, In order to play such a cruclal role,
the "’dynamo leyar’’ must have some orucial dlstinc-
tlon compared to the rest of the aonvection zone. In
depths > 10*km, the only {(and parhaps the only ona)
leyer whioh |s grucislly distinot from others ls the
layer of one denslty scale helght near the bass of the
convectlon zone. Across such a layer the mode of
energy tranaport ohanges from '‘totally radiative’*
‘belaw the layer to *‘partly convective’’ above the layer.
We shall oali this ieyer as the "'base layer'*. The
thickness of this laysr would be ~ 10'® cm and the

:mean denslty in it would be ~10-1 gm cm-3 (eg,
‘Spruit, 1974),

Near the base of the convection zone, a small
part of the outward radlative flux must be flrst con-
verlad to the kinsetlc energy of large-scale flows which
fead anergy to the turbulance in the upper layera that
carrles also the rest of the flux convactlvely near the
photospheric layars. Such a ‘paitial converslon’ of
tha radlative fluxInto the ‘kinetic energy of large-scale
flows’ cennot occur acroas a sharply defined boundary
like the conventionally dofined lower boundary (or
bilefly ""CDLB*') which Is defined by the equallly
i~ Vad ( - 9) in the usual notation. For though
the superadiabaticity (v > vaa) [ a sufficlant /ocal
critarlon for the convactive instabllity, the excltation
of /args-scala flows requires that the mean superadia-
batic gradlent (<dy >- <y — v.¢>) ina /ayer of
gome finite t hickness (eg tho '‘base layer'’) exceods
a critlcal value <d g > s0 that the Rayleigh number
R excaeds its critlcal value R.,

This finite thickness of the base layer together
with the finlte rates of energy input and the finite rates
of diealpation by the radlatlve viscosity (of. eg. Seotlon

3) would make the convection near the CDLB non-
&tatlonary.

2.2 The Mods! Assumed for the Large-Scale Flows
In the Baso Layer

Tho oxact naturo of the convection near the base
of the convection zone s however a controverslal and
complicated problem (eg. Gliman, 1974; Howard,
1976). Durney (1870) hea shown that for a certaln
choloe of the baslc parameters {eg. the Raylelgh
number and tha Prandt! number) tha convection In a
rotating sphetical shell may be in the form of about
20 pole-10-pole convective cells each spanning ~m/ie
radiens In longltudes and that the cell pattern may
keap on shifting its positlon |ike a wave golng around
the Sun In~B0 y, As Indicated by hls Figura 8, the,
clreulating flows will be predominently azimuthal neat,
the basa, The convection In the real sltuation may
have similar properties a/thugh the numbserand sizes
of the cells and the life ofthe pattarn may have differ
ant valuss depending upon the real values of th¢
Rayleigh and Prandt numbers. !

On this background we expect haere that Ihﬁ
oonveotlve pattern near the base of the solar convab-
tion zone conaists of about ~10 "'gelis’’ of prodom‘ln-.
ently az/muthal flows, each cell spanning about ~n'js
radlans In longitudes (Fig.1). This corresponds td-q
cell size ~3x10!° cm which Is the slze of the glulit
celis’ as commonly expected from the Interprotatloﬂ
of varlous kinds of observations (of, eg. Slmon anc
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Wolss, 1068; Yoshimura, 1873; Howard and
Yoshlmura, 1978). The inner flows of the cails must
be azimuthal and must be [n the ‘’base layer"’ defined
sbove. Theso flows wlill be celled "‘base flows'".
The merldlen plenes wheia they convarge wlll be
called “"CMP’'s and the meridian planes where thay
diverge wiil be called ‘'DMP’‘s (Fig 1).

CONVENTION
ZONL

BASE LAYER

Flg.1 A schomatlic diagram showing {)) the squaotorial oross-

sootion of the base layer’ noar *CDLB* (lo. tho convon-
ltonally defined lower boundary of the canvection zane), (W
the “"base lows" Ln the base layer which form the part ol the
large-soale osllular oonveative pattarn sssumed In seation
2.2, and (HI) ~DMPra {{*CMF"3) which aro the meridlan
planes at which base tlows divorge (/convergs).

We shall show In Sactlon 3 that the life of sucha
pattern can be ~11y, Here we simply note that such
& long llved convectiva pattern has the followlng
indirect observatlonal veriflcatlon :

() Howard (18971) end Howard and Yoahimura
(1976) have observed photospherlc east-west flows
extending over ranges™ 25° In longltudes and having
Iifetimes of at least aeveral months, These suggest
long lived azimutha! fiows In large depthe.

(I} Motions of varlous magnstic tracere suggest
Meridional flows In moderate depths with latitude
ranges ~ 30° and llfetimea ~ 11 y (Plddington,
19877)., The differentlal rotatlon suggests that thegq
merldional flowe may be coupled to, and might "as

well resuit from, equally long |lved azlmuthal flows fn
large depths.

2.3 The Genaration of the Corvective Mods
2.3.1 Role of the simpls (magneto-) accoustio modes

The genergtlon of any new convectlve mode In
the base layer requlres first tha creatlon of simple
waves (Courant and Friedrichs, 1948, Sec, 29, p.69).
For generating szlmuthal tlows the wave vectors alsc
must be azimuthal. In the presenco of the poloidal
magnetlc fleld the waves would bs magnetoaccoustic
In natura, but for a weak fleld llke the Sun’s general
flold (eg. B,~ 3 G) these wavos may be trested as
piactically "acooustic’’.

The possibillly that euch waves may Indeed be
exclted boefoie the excitation of convactlve modes
follows from the following argument. Chandrasekhar
{1961) has shown that lor an Incompreaslble fluld
layar rotating about a perpendicular axla the critical
Rayleigh number R.® for ‘‘overatabllity’’ Is smeller
than the critical Rayielgh number R, for ‘‘conves-
tive Instabllity*’ when Prandt! number Is beiow some
critlcal value. In Sun the Prandt number I8 extremsly
small and the rotation vector has nonzero normal
component overywhere except near the ecquator,
Although the *'base layer*' (as deflned abovae) I8 not
incomprosalbla, we may expect Chandrasskhar's
conclusion (o be qualltatively applicable. Thus we
may expect overatablllty, but the overstability may
generate ' ‘accoustio’’ modes which we have assumed
to be In the azimuthal direction. Thua, once the mean
temperature gradient <JL > In the base layer reaches
avalus <37 >, correapanding to Rd® the excess flux
corresponding to the dlfforence[<g> rad ™ <s§>']
will be fed to the fastest growing accoustlc mode.

2.3.2 The shock transition from the ascoustle mode to & cellular
conveotra mode

The trans/tion from the slmple {magneto-) acoou-
stlo modes to the cellular convectlve mode would be
an [rreversible transition and would involve creation
of discontinuities In the form of extremely large
gradients of physical quantities llke fluld velocity,
pressure, otc., across very thin layers (viz. ‘shocka’).
For example, the motions in the non-azimuthal direo-
tlon wili be generated when the veloclty gradient |3 |
in such a thin layer exceeds the frequsncy of the
raocoustic’’ mode (Here x ls the x - coordinate of a
Jooal Carteslan system with x- axle along the azimuthal
directlon). Thie condition can be wrltten as :
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auy

1 1
du , (1)

g

where Taco I8 the period of the accoustic wave.

Since the base layer has finite boundarles, the
coneervation of momentum requires that the ‘shocks’
ylelding the transition are created in peirs of equally
strong shocks propagating in opposite directiona.
For setting up a cellular convective pattern like the
one assumed in Saction 2,2, about b pairs of shocks
must be craated s/multaneously near the merldian
planes which become (after the shock transltion) the
DMP’s of the cellular pattem.

2.4 Gensration of Elsciric Current Shesths and
Magnetic Flux Sheaths duting the Transition

During the generation of the pairs of shock layers
leading to the above mentloned ‘transition” the pres-
sure gradlent across each shock layer wlll go In :

(1) accelarating the plasma at a rate ~gu? |:—:] {1)

oveicoming the chmic disgipatlon ~J3/o through an
sleotrio ourrent

J=o(E+UxB) (2

and (111) amplifylng the current |j} along with the fluld
veloclly so as to malntain the equation {2) which must
be malntalned &t each Instant {slnce the curront re-
laxatlon time for the relevant valuos of g and T s
~10-18 g},

Here we note that duo to the Inltlal proximlity of
tha two shooks In the shock palr near any DMP, the
electric currants, which wiil bo directed mutually op-
posite In the two shocks, will close the alroult for
each othaer and hance can avold charge accumulation.
This way the possibllity of| E+u: B[ becoming loo
smali compared to |u ~ B| may be avoided, Thus, In
order of magnltude, Eq (2) can be written as :

lilmo[u-B| . (3)

If we assume that the energy going In process
(i) 1s comparabie to that Input In process (I}, then
in order gf magnitude one must have :

l!

- mgut

du

d_xl (4)
Using the approximation (3), we see that one must
have :

gut I% = gu?B*

du _ [du

a‘xl" dxl.- (®)
where

il _ gnt

dxl. [

For the values o~ 10-6emu. B x B, » 3G and

¢ = 10! gm cm-2, whlch are appropriate 1o the bage
{ayel, wa have

du 8 gl
E—;,“N‘IO’B (6)

Thus the gradienta [du/dx| must reach values ~ 103 g*!
across the shock layeis.

It follows that the time-scales . of the transition
from the accoustfc lo the convectic mode must bo ;

Ta10? 3

2 4.1 Justlfication for the assumed celli-sixe

Conditlons (1) (6} and (8) imply that only thosa
accoustic modos which have frequencies <10 g1
(l.e. periods> 10%s8) will be able to generate collular
convaective patterns thiough Lthe proceasea dlscussed
so [ar. Since the accoustic spaed in the baso layer I8
~1073cm 8%, {8g. a&s follows from the values of
Pand g In Spruit's (1974) model) the accoustlc mode
must have wavelengths =, 10198 cm. But aince the
relovant waveveoctors are azimuthal, the wavelenghths
muat be ~27R/m=3x101)fm cm where m s an Inte-
ger not too amell, and Rw6 10%om. Thus the

wavalenglh of the accouslic mode cannot be much
larger than ~1010'8 om,

This justifies the cell size essumed in Section 2.2,

2 4.2 The Dimensionz of the generated curret sheaths

it {ollows from Sectlon 2.4 thet the oreatlon ofthe
shock pair at each DMP (say DMP1 In Flgure 2a wiil
also create a palr of current sheaths of antiparallel
currents with one sheath on each side of the DMP
{ag. ‘D1E‘, 'D1W"’ at DMP1, elc. In Fig. 28) and that
Ineach of these curront sheaths, the velacity gradient
[$¢] will be ~10 3 8-1.

For justification which will be given in the appen-
dix A we make a ciuclal assumption that the shock
trensition ocours when the velocity emplitude of the
accoustic mode reachesavalue u,»10*cmse-!, Then
the flow valocity just after the shock will also be
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u,=410*om s-! and hence the thickness of each gene-
rated cunient sheath will bo

d~ Un/| % '. 107 cm , )]

end the avarage magnetlc fleld across It will be

B, = VAmg u, = 104G (8)

2.4.3 The magnolic structuios coroxponding to the gonerstod
cunel sheathe

The magnetic structure of cach current sheath
will be a magnetlc *'flux roll’" conasisting of two flux
sheaths : (1) the “front" flux sheath with its flold In
the sama diraction as the hackgroundflold (ag. ‘DIEe’,
“DIWw’', *D2Ee”’, ""D2Ww' eic. and (i1} the
**back’’ flux shoath with Its flold dilecled opposHe
to the background flold (eg. ‘'‘D1Ew’‘, “‘D1We'’.
“D2Ew", “'D2We’’, stc.) (cf. Figuro 2a).

Flg. 2 Schematic diagrama showling steps {a), (b). (c). (d) In
the 1eversal of Sun's genoral magnollc [|sld (of Section 2.8).
The diagiams show the part of the approximatoly oylindrical
osntial sectlon of the *basa layer balweon two DMP-a and
Lbetwean ~ 40 N and ~ 40'8 moppod on the plane of tha
papei. The photoaphorlo aress poleward of ~ 40'N and ~
40'S are mapped on the horzontal ltnos marked ‘-photo-
spherer’. The giees beyond thuaa lines roprosont the apace
external tn the Sun (ol, diagiam 28) Airowhoads in the

ehading reprosont the ditoction of the 1okl In the fux rolle
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Fig. 2a The aroas asctions of tho oleotric current sheaths (D1E.
D1W. D2E, D2W) and the asscciated magnetjo flux shestha
{D1Ee. D1Ew otc) genorated (al. Sccllons 2,4.2 and 2.4.3) during
the birthof & oallular convective pattern (like the ona asaumed
in Beotion 2.2) from the azimuthal [lows pear the CDLB o
suggesled Is Seotlon 2.3,

The mean Inlonsity B, and the thlokness d of
each flux sheath will be » 10* G and ~ 107 cm res-

poctively. The width of each flux sheath along the
u B (l.e. radial) direction will be roughly equal to the
thickness of the base layer i e. ~ 101®em. Hence
the flux conlent of each flux sheath wlll be ~ 102! Mx
which Is comparable to tho magnatls flux of a typlosl
active region.

2.4.4 Formstlon of 'fundamantal flux tubes”

It [s reasonable to expect that each of the flux
shoaths wlll eventually split into a ‘cluster’ of about
~10? flux tubes ('FFT's) each of thickness ad (l.e,
a107cm) and magnetic flux m~ B,d? ~ 1018 Mx,

2.6 Formatlon of Flux Sheaths near the "CM#P''s

As the shocks proceed from the DMPa to CMPe
they wlill compress the flux of the background mag-
netle flelda In flux shoaths near CMPs (eg. 'C1E”,
*C1W" eto. in Flg. 2b; Cf, og. Walss, 1966). Since
the distance D between 8 DMP and the neighbouring
CMP 15 ~1010'5 cm and the thickness Hof the beae layer
is~10!%m, tha flux of each flux sheath o formed near
tho CMPs wilil also be: Bi DH ~ 10% Mx. Also,
the fleld Intenslty In such flux sheaths wlll be
s 4/drg 1’ =~ 10* G and hence the thickness wiil be
s 10%cm. Hence, like the ‘*front” flux sheathe of
the nowly creatod flux reils, these flux sheaths formed
near the CMP’s also may split In ““clustera’ of ~ 103
flux tubes {'FFT's) of flux amounts s 10'® Mx saoch.

Flg. 2b The magnetlo configuration after the background field
|8 *packed® Into flux sheaths nearthe CMP*s (eg CAE. C1W),
These {lux simaths are expaoted to have & thiekness ~ 107 am
and flux = 1021 Mx each,
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2.6 Reversal of the Sun’'s Gensral Fleld tube portions above the photosphere. However
unfika the flux of the flux sheaths formed near the
CMPs, the flux inthe'front’ flux sheathsD1Ww,D2Ea
ste. of the *flux rol{s” cannot laave the Sun as it Is
connacted to the ‘back’ flux sheaths ofthe’ flux rolls’.
Instead, the polawaidmost [ntersectlons of the FFT2
oftheae ' fiont’ flux sheaths willprovida tha *‘ reversed”’
photospharic field in the high latitudes (Fig. 2d).

As shown In Pape: |, the flux of the flux sheaths
**C1E", "C1W"’ etc. formed near the CMP's wilil riae
to the layers sbove the base layer, (possibly In the
form of clusters of 'FFT's aa Indlcated before). Thers,
for several years (cf. Paperl) the 'FFT's will be
alongated and wound by the diffarentlal rotation and
willl finally rlse above the photosphere part by part
ylelding & serles of ‘active reglons’ (eg. as In
Babcock's. 1961, model). The tralllng paris of the
'FFT's In between the active reglons wlill keep on
rising above the’ photosphare thereby removing the
photospheric Intersectlons which form the actlve
reglan fields (eg. Gokhale, 1976). Finally the emer-
gence of the polewardmost subphotospherlc segmentsa
(elther with or without reconnections) will remove
the polewardmost Intersectlons of these 'FFT's. In |
thls way all the flux of the background' field In the }
basa layer collected in the flux sheatha C1E, C1W etc.
near the CMP’s will /save the Sun, cerrying away with E
&t also the associated ('background') photospharic
lalds In the high latitudss (Flg. 20). =l LIS

Fig. 2d The configuratlon aftar the magnetlo Flux In the
sheaths D1Ww and D2Ee have gons abova the photosphere,
ylalding another serles of actlvo reglons.

Finally the magnetic flux In the ‘'baok’ flux
sheaths "DiWe’", D2Ew’’, .. eta. wlil ba sproad over
the whole baae layer between the CMPs and DMPs
to provide a ‘'reversed’’ fleld of ~ 3@ forthestart of
a new magnatic cycle at the time of the generation of
the now cellular pattern by the '‘next’’ shock tranaitlon
(of. Soctlon 3.2), Thls spreading of flux can ocour on
time scales <11 y I the flux tubes formed from
the flux sheaths have thelr currents oconcentrated
near the surface in sufficiently thin current |ayers
£ and/or If the base flows create enough turbulence

% ﬂ at thalr boundarles {cf. Paper I).
Gar un) 1o
Flg, 20 The magnstlc oconflguration after the magnetlo flux In 3. The "11-y’ Periodlolty
C1E snd C1W has gone above the photosphers sfter ylelding 3.7 The Decay of the Base Flows

a aories of /active reglons’ | "
#otiva reglona’” In tho cantrel latitudes At the time of the shock transltion the kinetio
energy of the accoustic mode per ‘‘unit column‘’ {l.e,

column of unit cross section and helght H same ag
that of the base layer) will be '

=7

e}~
%’;

B!

Simllarly the flux in the **front'’ flux sheaths eg.
"DIWw'', “D2Ee’" etc. of the newly generated
*flux rolls** will aleo rlse, ylelding a second serlea of

actlve reglons with the same polarlty orientations as E@ u,wuz Hwm65::100ergom? . (9)
those In the first serles given by the flux sheaths e ° V
formed near the CMPe. Photospheric fislds of the The /nitial velocity of the established base flows

active reglons of this second serles will elso be  will also be & u, » 10% cm &', and the Initlel anorgy.
annihiated by the emergence of the Intermediate flux  E, of the base flows per ‘‘unit column’’ will be
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Eo ® Eyoy (10)

This energy will |be gradually transferred by
viscous dissipation to the turbulance in the layers
above the base layer.

At any subsequent Instant, the kinetlc energy
content of the base flow per ‘‘unit column** will be
given by

E - dgu?H (11)

where u is the Inetantaneous veloclty amplitude of
the flow. The rate of depletlon of E due to the
turbulence In the upper layer will be :
. H
E #— Yiurb P'U dag ) g 9'% (12)
where ¢’ Is the denalty In the uppar layet, Ve lathe
turbulent kinamatlcal vlacosity, and

du o~ U
& H
ls the velocity gradlent aoroes the top of the base

layer. This depletion constitutes an upward non-
radiative flux

(13)

AF ~ —E (14)
across the top of base layer.

From Equatlons (11} and (12) It follows that E varies
with time as :

whers
H? H?
Te N ST Vo~ 2@ B O

where L and V are the mean eddy size and mean eddy
valoclty In the turbulance near the top of tha base
layer, and b Is a fractlon=1/3, This gives ;

Ew=E. oxp (-4/T), (17)

where t Is tha time measured from the birth of the
cellular pattern,

3.2 The ‘Next’' Shock Transitlon

It follows from Eqns (14) and (17) that as E de-
creases with time, the non-radiatlve flux AF at the
top of the base layer will go on reducing from an
Initial valus

(AF), » EofTe (18)

to almost nil at the end.

However, the total energy flux coming up from
the Sun's radlatlve core across the base of the base
layer will be roughly constant, Therefare as AF
dwindies, the onergy will go on accwnulating in the
base leyer at a rate

(6F)} - (AF). (19)

For the ressons mantioned sarller in Sectlon 2.3.1
thls accumulatlon will be Inthe form of some fastast
growing simple (magneto-) accoustic mode. The
energy per unit column 8o accumulated upto a time t
will be given by

Euce () - j [ (AF)a—(AF) ] dt (20)
which, using (14) (17) and (18) givas :
Euco (t) Eu[{- 1lexp(-tm)] C@n

From this and from Eq. {10} it follows that at ebout
t- 2T. the energy E... accumulated In the new accoue-
tlc mode wlll reach the same value Es: at which the
earlier sccoustic mode got convorled to the callular
mode by the shock tranaltion st t- o, Thus at about
t—2T. the new accoustic mode may be axpected to
get convarted to a new cellular flow pattern. At thls
momant the energy of the old collular pattern wlll have
been reduced by s factor e (cf. Eq 17) l.e,lhe old
cellular conveotion will heve almost come to a halt.

Thus the whole process of amplification of the
accoustic mode and its eventual converslon to &
cellular mode by a shock transltlon may repeat ltself
with a perlod

To & 2T, (22)

3.3 The'11-Y’ Periodichy

From Sections 2.4-2.6 and3.2 f{ollows the
perlodicity of the Sun’s large-scale fiald reversal. For
atriking an agreement of T, with the observed perlods

~11y, one should have :
T.~ 1671003 . (23)

For this, all one neads Is that In formula (18),

(g_')bVL =+ 1011°3 om! &L,
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IfV a5 103*3 cms-1 and L & 10%3 em (8g. Sprult, 1974),
one needs(g’/p) b =~ & and this is certalnly possible

3
3.4 Tha Maintenance of the Lsvel of the Reverssl
Operstion

Conventlonal models ilke Babcock'e (1961) model
have no explanation why the level of the reversal
processes does not go on rising with successive
cycles (Piddington, 1872). In our present model, as
the **FFT’*s of the "’front’' flux sheaths go on rlalng
higher and higher, the mass in them will flow back
longitudinally along the FFT‘s and will bs ultimately
dumped in the “‘back’’ flux sheaths llke *‘D1We'’,
*'D2Ew'’ atc. Some mass, of courss will be Indeed
carried away In the farm of solar wind along the fleld
lines reaching the interplanatary distances. Haowaver,
It may be verified that during the entlre |Ife of the Sun,
thla mass Joas will hardly displace the centre of gravity
of the masa assoclated with the background ffeld In
the base layer (viz. the total mass of the '’base layer’’).
This will maintain the level of the fleld revarsal
operation of our model In the '‘base layer*’,

wlthin reasonable (Imits (egg—’ a 116' b ~ 1).

4, Conocfuding Remarks

As mentloned In the Introducation we have dons
here a prallminary exploration of the possibliity that
tha smali-acale flux concentration and the large-scale
fleld reversal could result from one and the same
process. We hava also Identifled the shock transition
from (magneto-) accoustic mods to ths convectlve
mode atthe bese of the convettlon zone as the ‘Ilkely’
proceas responsible for the two phenomena. It Is
concaded that at this stage the suggested processes
arenotyet well understood. But the order-of-magni-
tude mgresment with the widely different kinds of
observational constraints shows that the suggested
processes ocariainly deserva further study. For
example, ihe detalled structure of the shock layer, its
ganaration and propagation need mathematical t roat-
ment. |t In also necessary to derive a theorstical
formula for tha ampllitude u. of the accoustic mods at
which It gets converted to the "’convaective’’ mods.

Appandix A
Comments Justifying the Cholce of u,

(1) In Section 2.4.2 the value u, » 10*cm a-! was
chosen somewhat arbitrarily. However it |s Important
to note that this single cholce ylelds B, = 10* @ and

d » 107 cm almulteneously from /ndepsndsnt con-
sidarations (Eqns. (7} and (8) )} and that these values
of B, and d automatically satlsfy the following con-
straints s/muftaneously :

() the flux of the newly created ’‘reversed’ fleld
(viz. the *back’ flux sheaths) becomes roughly same
as that of the original background field thereby main~
taining the overall magnetic flux roughly of the aame
order from one ‘cycie’ to the next cycle and

(li) the flux of the possible 'flux tubea’ bacomes
roughly same as that of the small-scale fleld con-
centrations obaarved at the photosphere.

Thus the single cholce of u, is consistent with twe
diffsrent theorstical constraints (Eqns. (7) and (8))
and also with two diffarant obsarvational constraints.
This Indlicates that the suggested processes may be
real and the chosen value may be reallstia,

{2) The mixing length models fall to account for the
mean non-radiative flux (AF), across the ‘last mixing
length’ which ‘ends’ at the ‘CDLE’ (conventionally
deflned lower boundary; ot. Sectlon 2.2). The attempt
to avold this difficulty by chooaing the mixing
length to vanlsh at the boundary (eg. Bohm and
Stuckl, 1864) implles a transfer of energy from the
armaller addies at the ‘CDLB’ to Isrger sddles In the
upper layers, which seems againat the second lew of
thermodynamlos. Qur present suggestion that in a
‘base layer’ (of finite thlokness) the energy goes firat
in an accoustic mode accounts for the (AF}), If the
average non-radlative flux across the base layer inour
model-~which lsm (AF) defined in Sectlon 3.1—is

also comparable to (AF),.
!

The amount of this ‘unaccounted’ fiux (AF), la,
in fact
(AF)y ™ Fo (1—¥ actuntf 7 ead)

where F, =7 x 10!%rg cm*s*! is the constant totsl
flux and ¥ acroal 8Nd ¥ rad @re the values of the ‘actual’
and the ‘radiative’ temperature gradients In the 'last’
step of inward Integration in the mixing langth model.
Values from Spruit's model yleid (AF), 3 x 10%rg
oem 28! requiring (AF) 3 x 108 erg com2s°!, This
acoording to Eq. 18 requires E, a 4 x 10'%erg om'2,
which corresponds to u,=10*cms*!, This Is another
reason why the choice u, = 10* om &' may Indeed
be appropriate. :

{(3) It may finally be noted that If any substantial
part of the mass flux In the ‘celiular pattern’ ' reaches
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observable layers then the velocity u,~10* cm 8! of
hase flows would imply suifaca velocitlcs too laige
compared to those observed (sg. Howard, 1971).
Howaver If most of the ‘rovorse’ mass flux In lhe
colls’ is confined ta, say, only one or two &cela
helghts immediately above the base layei (or, or ox-
ample, if the raeverse maas flux In tha uppoi layers
goos on decroasing as fast as the donsity) then tharo
will be no contradiction with observationa.

Appendix B

Meifts of the Prasent Model for the Fleld Revarsal

(1) It |8 free {rom the difficultles {polnted out by
Piddington, 1972) In the conventlonal models by
Babcock (1961) and Leilghton (1864, 1969) and in

the turbulent dynamo modeia (eg. Krause and Redlsr,
1971).

(2) It provides a plausibla thecretical link betwesn :
{(a) the flux content of the small-acale megnetic Mux
tubes (which seem to constitute most of the fleid
struoctures directly or indirectly obseivod) and (b} the
large-scalo phanomona like the solar magnetlc cycle.

(3) It also Incorporales tho non-axisymmetry which
sgems essential 10 oxplaln tho occurrence of the
“preferrad longltudes’’ and the "’sector strucluras*’
of the large-scale photcapharic flold (cf. Stix, 1871),
Although Yoshimura (1878) hag glso glven & modet
based on a non-axisymmelric convaction, he has
used tho turbulent magnetio diffuslvity on global
scalos which may nol be applicable to the solar
dynamo problem when the fislde havo the small-acale
structures llko those observod (cf. Piddingion, 1976D).

(4) The model devolopod in sectlons 3.1-3.3 for Lhe
periodicity of the convectlon noar the CDLB may
agoount forthe likely varlation of lhe soler constant

assoclated wlith the 11-y eycle of actlvity (eg. Labs
and Nickel, 1871).
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