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A B S T R A C T . The behaviour of the magnetic field during the formation and evolution of the Sun 
is investigated. It is shown that an internal poloidal magnetic field of the order of 10 4 — 10 5 G near 
the core of the Sun may be compatible with differential rotation and with torsional waves, travelling 
along the magnetic field lines (Dudorov et al., 1989). 

1. T h e foss i l m a g n e t i c f ie ld 

Es t imates and numerical calculations reveal an intensification of t h e magnet ic field dur ing 
the contract ion of t h e magnet ized protosolar cloud, in spi te of some loss of magnet ic flux 
(Ruzmaik ina , 1981, 1985; Dudorov, 1986; Dudorov and Sazonov, 1981). 

T h e fossil magnet ic field s t rength of t he young Sun has been calculated using a computer 
code for p ro tos ta r evolution (Dudorov and Sazonov, 1981). T h e init ial model is a uniform 
cloud of mass Μ = 1 , 2 Μ Θ , t empe ra tu re To = 10 K, density no = 2 χ 1 0 6 c m - 3 . T h e cloud 
is p e r m e a t e d by a homogeneous magnet ic field of s t rength Β = 4.5 X 1 0 ~ 5 G. T h e evolution 
of t h e magnet ic flux is investigated in t he framework of t h e k inemat ic problem for collapse 
of protoste l lar clouds. T h e computer code based on t h e Lax-Wendroff m e t h o d solves t h e 
gas-dynamic equat ions together with t he induct ion equat ion: 

d B / d * = V χ [ (V - VAD) χ Β] + ( V - V ) B - V χ ( z / m V χ Β ) , (1) 

where V = { 1 ^ , 0 , 0 } is t h e gas velocity, Β = {Br cos0 , — BQ sin 0 ,0} t h e s t reng th of t he 
magne t ic field, vm t h e magnet ic viscosity, and Y AD — 3.6 χ 1 0 3 1 < curl B x B > / n 2 / x 
(cm s " 1 ) t h e velocity of ambipolar diffusion. T h e calculations of ionization degree χ take 
in to account t he collisional and the rmal ionization of elements wi th sufficiently high cosmic 
abundances and low ionization potent ia ls . T h e to ta l ionization r a t e is de termined by the 
collisional and radiat ive ra tes , and by radioactive elements . T h e recombinat ion processes are 
radia t ive recombinat ion and recombinat ion on grains . 
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T h e calculations show tha t during the collapse t he field s t rength changes as Β ~ nk 

with 1/2 < k < 2 / 3 . When an opaque core in the cloud is formed with n t > 10 5 no , the 
ionization ra t io is decreased to χ < 1 0 " 1 2 — 1 0 ~ 1 3 . T h e coupling between p lasma and neutrals 
weakens, giving rise to ambipolar diffusion of the charged particles with t he magnet ic field 
in t he neut ra l gas . An upper limit t o the effective flux loss in t he dense (n = 10 9 no) 
region is de termined by the evaporat ion of dust grains and the the rmal ionization of metals . 
T h e degree of magnet ic decoupling is s trongly influenced by the ionization ra tes , t h e grain 
pa ramete r s , and t h e abundance of metals (Ruzmaikina , 1985; Dudorov, 1986). 

T h e results of t he calculations show t h a t t he magnet ic field s t rength inside t he Sun in 
t he T Tau s tage is 10 2 t imes lower t han t h a t of a frozen-in field. For a short per iod, after 
the Sun has arrived a t the zero-age main sequence, t he magnet ic field may be of t he order 
of 10 5 — 10 6 G a t the core boundary , and 10 4 — 10 5 G near the base of the convection zone. 
T h e exponent in t he relation Β ~ nk is k — 0.57 for the core. 

2 . T h e d y n a m o p r o c e s s 

T h e subsequent evolution of t he fossil magnet ic field depends on hydromagnet ic or resistive 
instabil i t ies , buoyancy, and ohmic and tu rbu len t diffusion. Convection in new-born stars at 
t h e Τ Taur i s tage has a dual character : Inside s tars with masses M « 0.5 — 1.2M© convection 
is e i ther absent a t t h e pre-main sequence s tage, with t he consequence t h a t t h e s t rength of 
t h e fossil magnet ic field is diminished only slightly by ohmic decay, or tu rbu len t convection 
converts t he large-scale magnet ic field in to a small-scale one. T h e buoyancy of t he magnet ic 
flux tubes may cause t he activity of t he pre-main sequence s tars . 

On t h e other hand turbulent convection with differential ro ta t ion drives αω-dynamos , 
which begin t o opera te after sufficient tu rbu len t dissipation of t h e fossil magnet ic field has 
taken place. T h e differential ro ta t ion is induced by gravi ta t ional compression of the pro tosun. 
At a nonlinear stabil ization level t he poloidal (Bp) and toroidal (Βφ) components of the 
magnet ic field are connected with t he dynamo number , Νρ = α(άω/'dr)RA /V2, and with the 
tu rbu len t velocity Vt by t he following relat ions (Dudorov et al. , 1989): 

ΒνΒφ = τω HPVU Βφ = NlJ2
 Βρ, (2) 

where ω is t h e angular velocity, Hp t he pressure scale height . We can es t imate Vt, assuming 
t h a t t h e pro tosun luminosity L is entirely determined by convective energy t r anspo r t , which 
gives Vt = (L/M · Ηργ^3, where Hp is t he pressure scale height. This leads t o 

Bp = (8πΗρρβ)1/3 (Hp/R)1/2 (u/R)3/i V?'\ (3) 

Βφ = (24πΗρρ)ι<2 (R/Hp)
1/2 (u3/R)1/4 Vt

1/4. (4) 

For t h e s t a n d a r d solar model wi th a density near t he core of ρ = 10 g c m - 3 , Bp = 10 4 — 10 5 

G, and Βφ = 10 5 — 10 6 G. At the base of t he convection zone ρ = 0.1 g c m - 3 , Bp = 
3 Χ 10 3 - 3 Χ 10 4 G, and Βφ - 3 Χ 10 4 - 3 χ 10 5 G. Such a field evolves wi th t ime to a s ta te 
with Βφ = Bp. 

W h e n t h e Sun arrives a t the main sequence, t he in ternal convection ceases. T w o scenarios 
are possible. In t he first, t he shrinking convection zone rises t o t he solar surface on t h e 
hydrodynamic t ime scale. In th is case t he magnet ic field is re ta ined inside t he Sun. In t he 
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second scenario the convection is a t t enua ted slowly on the hydros ta t ic t i m e scale. In this 
case t he convection, which preserves i ts tu rbulen t character , may weaken the magnet ic field. 
T h e magnet ic field will then be reduced to BP = 10 - 100 G and ΒΦ = 100 - 1000 G for 
ρ = 10 g c m " 3 , and BP = 1 - 10 G and ΒΦ = 10 - 100 G for ρ = 0.1 g c m " 3 . T h e fossil 
magnet ic field influences nei ther the in ternal s t ruc ture of t he Sun nor e.g. t he oblateness of 
the solar core or t he solar neut r inos , bu t it may change the spec t rum of acoustic oscillations 
ei ther directly, or by reducing the gradient of t he angular velocity. 

3 . T h e d i f f e r e n t i a l r o t a t i o n a n d m a g n e t i c f ield 

It is difficult to es t imate the value of the angular velocity gradient in s ta rs a t t he T Tau 
stage. Therefore we assume tha t the differential ro ta t ion inside t he Sun is represented by 
the observations of Duvall, Harvey, and Pomerantz (1986). We s tudy the generat ion of a 
toroidal magnet ic field by the observed differential ro ta t ion tak ing in to account magnet ic 
buoyancy, making use of t he induct ion equat ion (1), where now V = Ω χ r is t he linear 
ro ta t ional velocity. Ins tead of VAD we need to insert t h e buoyancy velocity Vp (Parker , 
1979). An es t ima te shows t h a t a s ta t ionary toroidal magnet ic field establishes itself very 
quickly, having 

Βφ = [gB^P (Hp/uT) (R'/L'f^3, (5) 

where G — rdu>/dr, UT = 10 cm s " 1 (Parker , 1979), HP and V a re t he pressure and 
t empe ra tu r e scale heights , and B! t he t ube radius . At t he core bounda ry ΒΦ — 3 Χ 10 7 G 
and 10 6 G, respectively, for the two scenarios of convective behaviour . T h e poloidal fossil 
magnet ic field leads to the substant ial ly larger value of ΒΦ = 3 χ 10 8 G. Such a field is 
compat ible wi th the virial theorem. One may obta in a great reduct ion of ΒΦ if one assumes 
t h a t differential ro ta t ion exists dur ing some period. 

Hydromagnet ic instabilit ies lead t o an upper limit for t he toroidal field. T h e characterist ic 
t ime scale for magnet ic smoothing of the differential ro ta t ion , the Alfvénic t ime scale, is much 
shorter t h a n t h e evolutionary t ime scale, even for the initial magnet ic field of t h e protosolar 
cloud, BP = 4.5 Χ 10""4 G. Thus a significant and stable j u m p of t h e angular velocity is 
possible for a vanishing poloidal magnet ic field, for instance on t h e surface of a magnetical ly 
insula t ing solar core. Small irregularities of the angular m o m e n t u m may be influenced by 
torsional hydromagnet ic waves between the core and the envelope, where t h e magnet ic field 
lines should be rigidly fixed. In this case the core and t h e envelope of t he Sun may be 
azimuthal ly shifted relative t o each o ther by substant ia l angles. T h e characteris t ic period of 
oscillation is again t he Alfvénic t ime scale (see also Rosner and Weiss, 1985; Gough, 1986; 
Moss, 1987; Mestel and Weiss, 1987). 
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