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Abstract. We use magnetic collapse models to place some constraints on the
properties of a centrifugally-supported inner disk that is formed from the col-
lapse of a magnetic core. The core represents an outer nonequilibrium flattened
envelope which collapses dynamically to form a protostar and inner disk. The
inner disk forms after a central protostar has formed, and grows by dynamical
accretion from the envelope. We find that the centrifugal radius of the inner disk
is related to its mass by the two important parameters characterizing the back-
ground medium: the background rotation rate €, and the background magnetic
field strength B,es. To form a star-disk system of the type that is typically ob-
served requires significant redistribution of mass and angular momentum within
the inner disk. As the central star gains mass at the expense of the disk, the disk
radius also increases dramatically if the total angular momentum is conserved.

INTRODUCTION

Disks around young stellar objects are thought be a natural consequence of
the collapse of a rotating interstellar cloud. In this paper, we use a semiana-
lytic collapse model for a rotating, magnetized cloud core [1] to find a connec-
tion between ambient cloud properties and the size of an inner centrifugally-
supported disk that is formed by the collapse.

FORMATION OF A CENTRIFUGAL DISK

Star formation will occur within a flattened envelope in the presence of dy-
namically significant magnetic fields [2]. While maintaining near-equilibrium
along the magnetic field lines, an initially subcritical (i.e., mass-to-flux ratio
below a critical value) cloud will contract radially toward local density peaks
due to ambipolar diffusion, but the contraction will become dynamic within
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a central region when it has achieved a supercritical mass-to-flux ratio [2—4].
The collapse of the inner region of the flattened core leads to power-law radial
profiles in the surface density, angular velocity, and magnetic field strength.
A natural limiting form for isothermal collapse is when the power-law profile
extends inward to radius r = 0, creating a central singularity. Since a finite
mass now exists at r = 0, this moment (labeled ¢ = 0) is usually associated
physically with the formation of a central protostar. The magnetic collapse
models typically lead to the limiting column density profile
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[1], where c is the isothermal sound speed and G is the universal gravitational
constant. The angular velocity €2 achieves the limiting profile
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[1], where €y, is the ambient rotation rate of the cloud and By is a uniform
background, or “reference”, magnetic field. These values are important be-
cause magnetic braking enforces 2 ~ €, until the column density achieves
the critical value oui; ~ 2Bt/ (27GY?) for collapse [4,1]. The subsequent
dynamic collapse is characterized by near angular momentum conservation,
hence the relation 2 o 0. Equations (1) and (2) yield the following relation
between specific angular momentum j = Qr? and the enclosed mass m,
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This j — m relation is preserved during the dynamic collapse phase before a
central protostar is formed (¢ < 0) and also after protostar formation (¢t > 0),
when the collapse becomes even more dynamic in an inner region where the
infall resembles free-fall onto a central point mass. During the time ¢t < 0,
infalling mass shells near the cloud center cannot hit a centrifugal barrier
even if angular momentum is conserved, due to the nature of self-gravity
in a self-similarly collapsing thin disk [5,1]. However, during the phase of
dynamical accretion onto a central point mass (¢ > 0), we can use the relation
gr ~ —Gm/r? for the gravitational acceleration (the equality is exact for a
spherical cloud). Hence, each mass shell (of fixed j and m) will hit a centrifugal
barrier at the radius r. where
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Incorporating equation (3), we see that the centrifugal radius is
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Using some standard values for molecular clouds, we find that
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The squared dependence on €2, and B, allows for a considerable range in
values of r..

The mass m of the star-disk system will grow by dynamical accretion from
the infalling envelope. The mass accretion rate will be of the form rm =
mg /G, where mg is a constant if the solution is strictly self-similar. In
reality, boundary effects act to limit the infall velocity of outer mass shells, and
cause my = my(t) to be a monotonically decreasing function of time through
the accretion phase [1]. The semianalytic collapse model [1] shows that mg(0)
will most likely fall in the range 10-20. The accretion will ultimately have to
be shut off due to either a limited mass reservoir or to some back reaction
from the star, e.g., an outflow.

EVOLUTION OF THE DISK

A centrifugal disk that is formed in the manner described above, with radius
7. given by equation (5), will contain most of its matter in the outer disk. Only
a very small percentage of the mass will fall directly onto the star. Hence, the
creation of typical stars requires that most mass shells shed the bulk of their
angular momentum and accrete onto the central star. Furthermore, estimates
of disk masses around young stellar objects are usually about an order of mag-
nitude below the estimated stellar mass [6,7], implying that the mass transfer
is relatively efficient. The required redistribution of mass may occur if the disk
loses angular momentum to its surroundings, e.g., through a disk wind, or it
may occur due to internal redistribution of mass and angular momentum by
gravitational and/or viscous torques. In the latter case, transport of the bulk
of the mass to the central star also requires that some mass move outward to
carry the angular momentum of the system. The end result is that the size
of the disk increases dramatically, even though it no longer contains most of
the system mass. This evolutionary scenario is consistent with the general
tendency of any disk of a given angular momentum to achieve its lowest en-
ergy state when all of the mass is brought to » = 0 and an infinitesimal mass
carries all of the angular momentum at an infinite radius [8].

In the remainder of this paper, we derive an estimate of the final disk radius
if accretion occurs due to internal torques. We write m = mg + mq, where
ms 1S the mass of the star and mgq is the mass of the disk. If mg > myg, as
suggested by observations, then the Keplerian angular velocity in the disk is
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Q = (Gms)'/?/r3/2. Consequently, if the disk of mass mq contains essentially
all the angular momentum J, then its radius is
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where ¢ is a constant of order unity which depends on the assumed column
density profile in the disk. For the time being, we assume the dependence
o oc 773/2 which is the inferred profile for the protosolar nebula [9]. In this
case { = 4, and if we integrate equation (3) to find the total angular momentum
J, the previous relation can be rewritten as
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For the case m ~ mg > mq, and using equation (5), we find

Tef ™ T (ﬁ)Q ) (9)
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Normalizing to typical values yields
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Equations (5) and (9) bracket the possible radii for protostellar disks in star-
disk systems of mass m. Dynamical accretion from a larger infalling envelope
tends to build up a centrifugal disk of size r., but the disk size tends toward
the value r. if the disk accretion is driven largely by internal redistribution
of angular momentum.
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