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Introduction: Observational studies of exoplanets show
that the probability of finding a planet around a star increases
with the host star’s metallicity [1, 2]. This trend suggests that
metal-rich protoplanetary disks are more conducive to gas giant
planet formation than their metal-poor counterparts. Calcula-
tions show that this trend can probably be explained within the
framework of the core accretion scenario [3, 4]. On the other
hand, in 3D hydrodynamics simulations with radiative cooling,
Boss [5] finds that rapid cooling produces gravitational insta-
bilities (GIs) strong enough to form protoplanetary clumps
regardless of metallicity, and he [6] attributes the observed
metallicity trend in planet detection to other causes. Using
a different treatment of radiative cooling, which incorporates
both optically thin and thick regions of the disk coupled by
an Eddington-like atmosphere boundary condition, Mejia [7]
sees longer cooling times (f.001) and no persistent clumps in
her simulations. Here we use Mejia’s methods to test whether
GI strengths vary with metallicity and grain size.

Methods: We perform our disk simulations using the
Indiana University 3D Hydrodynamics Group code [7, 8, 9].
We adopt the treatment of radiative physics in Mejia [7] but add
irradiation by a 15K envelope that is approximated as shining
vertically down on the disk [10]. The opacities and molecular
weights used in our simulations are described in D’ Alessio et
al. [11]. As in Boss [5], the metallicity variation is modeled
by multiplying the tabulated mean opacities by a factor f, =
Z/Zs, where Z is the metallicity (see Table 1).

Simulations: The initial axisymmetric model for all the
calculations is the same one used by Mejia et al. [9]. It has
a central star of 0.5 Mg and a disk of 0.07 M, with surface
density ©(r) oc 7~ from 2.3 AU to 40 AU. The grid has
an initial size in cylindrical coordinates of (7, @, z) =(256,
128, 32) above the equatorial plane. A minimum value of
the Toomre Q = 1.5 means that the disk is initially marginally
unstable to GI's (see [9]). Assummarized in Table 1, we evolve
the disk using four different metallicities: 1/4 Zg, 1/2 Zo,
Zo,2 Ze. The 1/4 Z simulation is started from the 1/2 Zg
disk at 13.0 outer rotation periods (ORPs) to save computing
resources. The ORP is defined as the initial rotation period at
33 AU, which is about 250 years. These four cases are done
using a maximum grain size ama, = lpm. A fifth simulation
with @maer = 1 mm and Z = Zg explores the effect of grain
growth.

Results: As in Mejia [7] and Mejia et al. [9], these
disks remain fairly axisymmetric until a burst phase of rapid
GI growth. The disks then gradually transition into a quasi-
steady state or asymptotic phase, where heating and cooling
are in rough balance (see also [12]). The ¢; and > in Table
1 mark the beginning of the burst phase and the asymptotic

phase, respectively. As in the radiative simulations presented
in Mejia [7], no persistent dense clumps form in these simu-
lations, but higher resolution tests are still underway. During
the asymptotic phase, in all cases, the Toomre Q values are
roughly constant at 1.3 to 1.8 between 10 to 40 AU and change
little with time. The mass transport rates during this phase
peak at 10™°M¢, /yr, with no significant differences between
the 1/2 Zg and 2 Zg runs.

Figure 1 shows that GI-generated structure is much stronger
for Z = 1/4 Z than for Z =Z. Inorder to quantify these dif-
ferences, we compute a total amplitude for m-armed density
structure [13]

f pmrdrdz

Ap = ,
f pordrdz

where po is the axisymmetric component of density and p, is
the amplitude of the mth Fourier component of the density in
the azimuthal direction. To measure total nonaxisymmetry, we
sum the A,,’s for m = 2 to 63 and average this sum from 14.5
to 15.5 ORPs. The resulting time-averaged sums are tabulated
inTable 1 as < A >. Clearly, < A > is greatest for 1/4 Z and
decreases with increasing metallicity and increasing grain size.
This, together with the fact that the burst is delayed in higher
metallicity runs, indicates that, overall, lower metallicities and
smaller grain size lead to more violent Gl-activity.

In our simulations, GI's behave as a global phenomenon,
with transport dominated by low-m spiral modes [7, 8, 9].
During the asymptotic phase, we define a global cooling time
by dividing the total internal energy of the disk by the total
disk luminosity. As can be seen in Table 1, this overall £co0; 1S
shorter for lower metallicity cases. For the Imm case, outside
the inner few AU, bigger grains make the disk more opaque
to long wavelength radiation, and ¢.,0; becomes even longer
than for the highest metallicity case (Z = 2 Zg). Differences
between the total cooling rates are dominated by cooling in the
optically thin regions, which Boss [5] does not treat explicitly.
Substantial vertical entropy gradient inversions do occur in
some cases, and we are investigating whether this signals the
occurrence of thermal convection.

Discussion: Unlike Boss [5], our results show that the
strength of Gls varies with metallicity and grain size in the
sense that, overall, GIs become weaker as the opacity in-
creases, a trend which runs counter to the observed correlation
between metallicity and probability of planet detection. In
all cases, our global cooling times are much longer than the
value required for fragmentation of the disk, about half an or-
bit period according to Gammie [14]. However, we are still
investigating whether shorter localized cooling times, possibly
due to convection, might lead to fragmentation.

So far, our results seem to favor gas giant planet formation
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by core accretion. Nevertheless, GIs may still play an impor-
tant role. Dense gas rings produced by GIs in the inner disk
may accelerate the growth of solid cores [15]. Such rings are
produced in all our calculations and appear to be still growing
when the calculations end (see Figure 1). If rings are present,
then less energetic GIs mean that gravitoturbulence will cause
less interference with the radial drift of solids into the rings
[15]. In addition, rings provide a natural shelter for the grow-
ing solid cores by preventing loss of the cores into the star by
rapid Type I migration. These effects may contribute to the
connection between planet formation and metallicity.

L1551 IRSS Disks: Recently, more and more disks in em-
bedded star/disk systems are detectable with newly-equipped
sub-millimeter instruments and interferometers. For instance,
Osorio et al.[16] have studied the L1551 IRSS binary system in
unprecedented detail and estimated disk parameters based on
fitting the observed fluxes with irradiated steady-state c-disk
models. We will present preliminary results from a simulation
of a disk based on their parameters. So far, we find that, al-
though assessment of initial stability is complicated by strong
irradiation and finite disk thickness [17, 18], the disk is in
fact gravitationally unstable and develops a strong two-armed
mode within a few rotation periods. The disk expands rapidly
to a size approaching the Roche lobe radii in the system. The
Osorio et al. models are thus not physically self-consistent for
the L1551 IRSS disks. Some more complex model account-
ing for the dynamical effects of GlIs and system binarity are
required.
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Figure 1: Midplane density maps at 15 ORPs for the 1/4 Z¢g
(top panel) and Z¢ simulations near their ends. Each square
is 113 AU on a side. Densities are displayed on a logarithmic
scale from blue (low density) to red (high density). The scale
saturates to white at the highest densities.

Table 1: Characteristics for Varied Metallicity Runs
Case fr | amax t1 t3 (4) cool
/420 | 1/4 | 1pm | N/A | N/A | 1.04 | 35
12Zs | 172 | 1pum | 4.0 10 | 0.82 | 5.0
Zo 1.0 | 1pm | 5.0 10 | 0.78 | 55
270 20| lpm | 5.0 10 | 0.52 | 6.6
Imm 1.0 | Imm | 7.0 11 | 0.58 | 10.0

%All times are given in units of ORPs.
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