Nature Vol. 276 30 November 1978

Magnetic field in
the primitive solar nebula

METEORITES which fall to Earth’s surface generally carry
permanent magnetisation which probably was acquired early in
their history'. In particular, carbonaceous chondrites, which are
generally assumed to be virtually unaltered relicts from the
earliest Solar System processes of condensation and accretion®,
have apparently been magnetised in magnetic fields with
intensities in the range 0.1-10 G (refs 1, 3, 4). The origin of the
magnetising field has remained obscure; explanations proposed
to account for the field, include a strong central solar field in the
early Sun, an intense solar wind magnetic field, magnetic fields
generated in large parent objects—ancestral to the meteorites—
and the interstellar magnetic field transiently compressed during
the Solar System’s formation. So far as we know, none of these
mechanisms has been shown quantitatively capable of account-
ing for measured meteoritic remanence’. We suggest here that
the magnetic field recorded in the remanence of carbonaceous
chondrites may have been produced by a self-excited hydro-
magnetic dynamo in the gaseous preplanetary nebula from
which the Solar System is thought to have formed.

The Solar System is generally thought to have formed from
the collapse of gaseous interstellar matter which, because of the
system’s angular momentum, settled into a disk shaped nebula,
Several models to describe the evolution of such a nebula have
been computed®°. While these models are not unique, they do
give some indication of the processes and conditions involved in
the early evolution of the Solar System. For specificity, we will
use the models recently computed by Cameron'®, which consist
of turbulent and differentially rotating, gaseous disks having
characteristic radial scales of several astronomical units and
characteristics half thicknesses of a few times 10'> cm. In the
models the gas density characterising the region at several
astronomical units from the centre is ~3x 107'° gcm 2 and the
characteristic turbulent fluid velocity is ~4 x 10* em s™'.

Turbulent motions in such a differentially rotating gas nebula
can generate a large-scale magnetic field through hydro-
magnetic dynamo action if the electrical conductivity of the gas
is sufficiently high. At the low temperatures and high gas densi-
ties typical of a preplanetary nebula, the electron density in
thermodynamic equilibrium is too low to support hydro-
magnetic processes. These processes then require nonequilib-
rium effects to raise the electron density and electrical conduc-
tivity. The recent discovery by Lee et al.'' of anomalously large
concentrations of *Mg in some meteorite samples suggests that
the short-lived radioactive isotope ®Al may have been present
in abundant quantities in the nebular material—the °Al
produced in a nearby supernova thought to have precipitated
the Solar System’s formation. Cameron and Truran'® have
estimated that ~2% of the Solar System’s heavy elements may
have been inserted into the nebula by such an event. lonising
radiation from the decay of short-lived isotopes drives up the
electrical conductivity of the nebular gas. In conditions which
characterise nebular models the conductivity may be so large
that the magnetic Reynolds number exceeds unity, thus coupling
the behaviour of magnetic fields to the fluid motion.

In a turbulent, differentially rotating gas the efficacy of the
fluid motions for generating a magnetic field can be expressed
through a dimensionless dynamo number****

N=9yI'8/n" (1)

where y measures the shear produced by differential rotation, I’
measures the helicity of the turbulent convection, § is the
physical scale of the magnetic field, and n is the magnetic
diffusivity ( =c*/dmo; ¢ is the speed of light and o is the
electrical conductivity).

Parker has investigated the regenerative modes of a hydro-
magnetic dynamo operating in a differentially rotating turbulent
disk of gas'® and has found that magnetic fields are produced
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when N = 6. It will be shown elsewhere® that this condition is
satisfied in the model nebula when o =400s™". Consolmagno
and Jokipii'® suggest that ionisation produced by the decay of
26Al can produce an electrical conductivity of the order of
10%s7" in the nebula, thus satisfying the condition for magnetic
field generation.

The maximum field intensity that might be realised by the
dynamo production process can be estimated. We will consider
two dynamical mechanisms that limit the strength of the field.
First, because the Coriolis force provides the ordering influence
that produces efficient magnetic field generation in the dynamo
process, an estimate of the maximum realisable field intensity
can be obtained by setting the Coriolis force equal to the Lorentz
force produced by the magnetic stress'®. Thus, in order of
magnitude

pVQ~(B*/4nb 2)

Taking, in equation (2), the density p=3x10"""gcm™, the
characteristic turbulent velocity V=4x10*cms™, &=
5x 10" cm, the disk scale height, and () the Keplerian angular
velocity at several astronomical units from the Sun, we find for
the characteristic saturation field intensity

(B =5 G (3)

This is the same order of magnitude as the magnetic field which
would be necessary to account for meteorite magnetic
remanence.

Another mechanism which limits the field strength is
ambipolar diffusion, through which the ionised gas and magnetic
field slips past the neutral material'”. Using the results of
Consolmagno and Jokipii'® and equating the ambipolar
diffusion time to the turnover time of the turbulent fluid motions
one finds that ambipolar diffusian limits the further growth of
the magnetic field when the field intensity rises to the order of
1G.

The values derived here are to a large extent model-depen-
dent and will evolve along with our ideas about the charac-
teristics of a preplanetary nebula. However, these crude and
preliminary calculations, taken with the measured remanence of
primitive meteorites, suggest that a large-scale magnetic field
was generated by gas motions in the preplanetary solar nebula.
The intensity of this field may have been as high as 1-10 G.

Such an intense field could have had important dynamical
influences on the evolution of the gaseous nebula. It is easy to
see that the timescale for redistribution of angular momentum
(and thus mass) driven by the magnetic stress, arising from field
intensities in the range 1-10 G, is in the range 10>~10* yr. This is
the same range estimated for the evolutionary time scale of the
primitive solar nebula'®,
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