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The rapid formation of self-gravitating clumps of
gas and dust in a marginally gravitationally unstable disk
requires a reasonably efficient means of cooling the disk
gas. Clumps form on the dynamical time scale of a few
orbital periods in the disk instability scenario. Radiative
transfer is not able to cool the midplanes of optically
thick protoplanetary disks fast enough to permit the disk
instability mechanism to form dense clumps. However,
vertically-oriented convective cells, driven by the tem-
perature gradient between the disk’s midplane and sur-
face, appear to be capable of cooling the disk midplanes
on the desired time scale. We demonstrate this possibil-
ity by analyzing the vertical convective energy fluxes in
one of the first three dimensional radiative hydrodynam-
ics model (HR) of clump formation by disk instability
[1]. Convective cells can be seen in the model, with ver-
tical velocities (� ��� km s��) and energy fluxes large
enough to cool the disk at the desired rate.

Fig. 1 shows the temperature distribution in the K=
380 (K is the model index in the � direction) azimuthal
plane after 339 yrs. The inner and outer boundaries of
the computational volume are evident at radii of 4 AU
and 20 AU, respectively. The left border is the rotational
(�) axis, and the midplane falls at the bottom of the plot.
The models start with a uniform temperature in the �

(vertical) direction so that the disks are assumed to be
stable with respect to vertical convection initially.

The Schwarzschild criterion for convection in the
vertical (�) direction [2] requires that�� � ���� where
��� is the adiabatic temperature gradient � ����� and
�� is the vertical temperature gradient. Fig. 2 shows
contours of �� where �� � �����, indicating instabil-
ity to vertical convection, plotted with the vertical scale
expanded by a factor of ten. A number of regions in the
outer disk are convectively unstable, located just above
the midplane (which is formally stable to convection),
and spanning at least several cells above the midplane.
The maximum value of�� is� 3.5, more than 10 times
the critical value of � 0.286. Comparing to Fig. 1, con-
vective instability is indicated only where the disk tem-
perature near the midplane has risen above the initial
temperature of 40 K.

Fig. 3 plots the velocity field with the vertical scale
expanded by a factor of ten, and the radial scale limited
to 8 AU (0.4) to 14 AU (0.7). This figure shows the
presence of upwelling and downwelling patterns in the
velocity field resembling convection cells. Figs. 2 and
3 show that the regions of convective instability accord-
ing to the Schwarzschild criterion are generally associ-

ated with regions where the velocity field is upwelling.
Model HR thus seems to demonstrate self-consistent ev-
idence for the presence of convective cells predicted by
the Schwarzschild criterion. Typical convective veloci-
ties are � ��

� cm s��, fast enough to traverse the � �

AU disk half-thickness at 12 AU in � �� yrs, compa-
rable to the orbital period at 12 AU of 42 yrs, and con-
sistent with estimates of convective velocities in disks
[2,3].

For each hydrodynamical cell, the vertical convec-
tive energy flux is ����� � ����	
 (minus as �� points
downward near the midplane), where �� is the vertical
velocity, � is the area perpendicular to this velocity, 	
is the specific internal energy, and 
 is the density. This
flux is summed over surfaces of constant angle � (index
J), as these surfaces are nearly horizontal for cells close
to the midplane. As J increases, the vertical distance
from the midplane increases. Fig. 4 shows the result for
rings extending from about 8.7 AU to 13.5 AU, where
dense clumps tend to form [1]. Positive log fluxes cor-
respond to upward transport, while negative log fluxes
correspond to downward transport. The net upward flux
reaches a maximum value of � ��

�� ergs s�� about 3
cells above the midplane, where the convective buoy-
ancy is lost (Fig. 2). This portion of the disk has a mass
of � ������� above the midplane, a mean density of
� �� ��

��� g cm��, and a mean temperature of � ��

K. With an upward convective flux of � ��
�� ergs s��,

this ring can be cooled enough to lose all of its thermal
energy in about 50 yrs. This time scale is the same time
scale as was estimated for the convective velocities seen
in Fig. 3 to traverse the distance from the disk midplane
to the surface. These estimates present a self-consistent
argument for the efficiency of convective cooling in this
model of a clump-forming disk instability.
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Fig. 1. Temperature distribution in the azimuthal plane
with K = 380 for model HR at time 339 yrs.

Fig. 2. Contours of the vertical temperature gradient
�� in plane with K = 380 for model HR at time 339 yrs
(vertically expanded).
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Fig. 3. Velocity vectors for model HR in the azimuthal
plane with K = 380 at time 339 yrs, showing convective
upwellings with �� � ��� km s��. Region is vertically
and radially expanded to show cells and vertical infall
onto disk.
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Fig. 4. Log of the total vertical convective energy flux
for model HR at time 339 yrs integrated over roughly
horizontal surfaces.

Lunar and Planetary Science XXXV (2004) 1124.pdf


