
LPSC X X I I I  1361  

ON THE GENERATION OF MAGNETIC FIELDS IN THE SOLAR NEBULA AT THE LOCATION 
OF THE PRESENT-DAY ASTEROID BELT T.  F. Stepinski, Lunar and Planetary Institute, 3600 Bay 
Area Blvd., Houston, TX 77058, and E. H. Levy, Dept. of Planetary Sciences, Univ. of Arizona, Tucson, 
AZ 85721 

The nebular dynamo hypothesis was originally presented [I] to account for measured meteoritic mag- 
netic remanence. Since then calculations carried out for the nebular dynamo [2,3,4] showed that dynamo 
regeneration is plausible everywhere in the nebula except possibly in the region between approximately 2 
A.U. and 5 A.U, near the midplane, where the gas temperature is too low for thermal ionization to take 
place and the surface density is too high for cosmic rays to sufficiently ionize the equatorial regions of the 
nebula. Ironically, this region coincides with the asteroid belt from which meteorites are believed to  origi- 
nate. Recently, we have reexamined the operation of a dynamo process in the solar nebula a t  the location 
of the asteroid belt. 

Existing nebular dynamo calculations [3,4] are based on a model that assumes that the ionization degree 
of nebular gas at the midplane extends unifomly along the entire nebula thickness (from -h to  +h where h 
is the local density height-scale). In the present calculation we take advantage of the fact that the ionization 
of nebular gas due to cosmic rays (which, in those regions, are the major ionization source) increases rapidly 
away from the midplane. The region of the nebula outward of *h is ionized to a high enough degree to couple 
the magnetic field and gas. Thus, even if the electric conductivity of the midplane gas is too low locally to 
maintain the magnetic field, the field would nevertheless be present due to its diffusion from surface layers. 

We calculated a dynamo model for the nebula extending up to &2h from the midplane and took 
into consideration the vertical variation of an ionization degree of nebular gas. We have adopted a simple 
accretion a-disk nebula model [5 ] .  Physical quantities describing the state of the nebula, such as temperature 
T, disk's half-thickness h, its density p, and surface density a,, are parameterized by five free parameters: 
nondimensional viscosity parameter a, mass of the protosun M, mass accretion rate M,  outer disk radius 
Rout, and opacity coefficient ko. We have adopted M = lMa and Rout = 50 A.U. We also took the opacity 
coefficient Lo = cm/g O K  for regions where opacity is dominated by silicate and Fe metal grains, and 
ko = 2 x cm/g O K  for regions where opacity is dominated by ice. We are considering four models 
evaluated a t  3 A.U. or in the location of the present-day asteroid belt. Table I summarizes the physical 
properties of those four models. 

Table I 

Model a i ~ ( ~ ~ / 1 0 ~ ~ r  TPK) h(cm) u,(g/cm2) D Dmit t d i l l ( ~ r )  t v ( ~ r )  

1 0.1 0.1 160 2.3 x 10 f lZ  98 6.49 0.55 5.87 6.04 

The equilibrium ionization degree of nebular gas is obtained by equating the number of free electrons 
that are created by interaction of cosmic rays with the nebular matter with that lost from the system due 
to  reactions with positively ionized species or by recombination upon grain surfaces [6,2,3]. The resistive 
magnetic diffusion is inversely proportional to the degree of ionization. Thus, the magnetic field loses its 
strength due to  ohmic (resistive) diffusion much faster at the midplane, where the degree of ionization degree 
is low, than in the surface layers, where the degree of ionization is relatively high. In the solar nebula regions 
located a t  3 A.U. the turbulent magnetic diffusions have to be, in general, also taken into consideration. In 
our calculations we assume that the turbulence acts with this same vigour on the midplane gas as well as on 
the surface layer gas, or is vertically constant. Under such an assumption, the role of turbulent diffusion is 
to somewhat even out the vertical distribution of the total magnetic diffusivity in proportion to  the relative 
strength of resistive and turbulent loss mechanisms. Fig. 1 shows the vertical variation of total magnetic 
diffusivity for all four models described in Table I. 
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We consider the local approximation [7,8] to cuw dynamo operating in the solar nebula. Because we concen- 
trate on the problem of the existence of the magnetic field, rather than on its ultimate character, we restrict 
our study to quadrupole modes, which are the easiest to excite in a thin disk geometry [9]. The ability of 
a dynamo process to maintain a magnetic field is measured by comparing the value of a so-called dynamo 
number D with the generation threshold DCrit. A magnetic field can only be generated when D > Dcrit. 
For each nebula model we calculate D and DCrit assuming vacuum boundary conditions at z = f 2h  and 
magnetic diffusivity decreasing with the distance from the midplane as shown on Fig. 1. We have found that 
for all four models D > Dcrit (columns 7 and 8 in the Table 1) and magnetic field can indeed be generated 
a t  3 A.U. in solar nebulae as described by those models. 

These calculations show that when studying mag- l C  '' 3 

netic fields we cannot restrict ourselves to the bulk of . .. 

the gas lying within the typical scale- length of the neb- I 0 . . 
ula. The small amount of nebular material outside the 
&h layer may not be important for overall nebula dynam- 
ics and evolution, but it is very important when studying 
magnetic fields in the nebula. It is crucial to properly ac- 
count for the vertical increase in the ionization degree of 
nebular gas, especially in the regions of the nebula char- t, 
acterized by high surface density. The midplane layers of 
such regions are good isolators, but the rest of the gas, 
away from the midplane, can be a much better conductor lo ,, 

model 1 
10 IS 

of electricity. A magnetic field will diffuse from surface - 
layers, where it is generated, to the midplane region of 
the nebula, where most of the gas and solid bodies are l o  ''I , 

0.60 ' ' b.50' ' ' ; .do '  ' ' i.50 ' ' 

found. For models of the solar nebula considered here, z / h  

magnetic fields grows exponentially with the character- 
istic time tgr given in the 10th column of the Table 1. 
This characteristic time is longer than the characteristic 
time of magnetic field diffusion tdiff given by the 9th 
column of the Table 1. Consequently, the approximately 
uniform vertical distribution of the magnetic field will be 

Figure 1 - Total magnetic diffusivity (in 
cm2/sec) as a function of the distance from the 
midplane (in units of the local density height- 
scale h at  the radial distance of 3 A.U.) for four 
different nebular models labeled 1 to 4. 

established. 

Dynamo generation of magnetic fields depends on the organizing influence of the Coriolis force to 
produce the "spirality" effect on turbulent motion. The magnetic field, in turn, is a source of stress, which 
opposes the Coriolis force in the production of this twist motion. Thus, in order of magnitude, the strength 
of the magnetic field can be estimated from the balance of Coriolis and Lorentz forces at the surface layers of 
the solar nebula. Such estimation yields the strength of magnetic field of the order of 0.1 gauss, in agreement 
with measurements of remanent magnetization of most (but not all) primitive meteorites. 
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