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Abstract

The core-accretion mechanism for gas giant formation may be too slow to create all observed gas giant planets during reas
disk lifetimes, but it has yet to be firmly established that the disk instability model can produce permanent bound gaseous pro
under realistic conditions. Based on our recent simulations of gravitational instabilities in disks around young stars, we suggest th
instabilities due to disk self-gravity do not produce gaseous protoplanets directly, they may create persistent dense rings that are
to accelerated growth of gas giants through core accretion. The rings occur at and near the boundary between stable and unstab
the disk and appear to be produced by resonances with discrete spiral modes on the unstable side.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The theory of gas giant planet formation is at a cr
cal juncture between the two major theories—core accre
(Perri and Cameron, 1974; Mizuno, 1980)and disk insta-
bility (Kuiper, 1951; Cameron, 1978). In its classic form,
core accretion works sufficiently fast for Jupiter and S
urn in our own Solar System but encounters time sc
problems for Uranus and Neptune(Pollack et al., 1996
Wuchterl et al., 2000). As argued byBoss (2001), the rela-
tively short disk lifetimes in star forming environments (e.
Briceño et al., 2001; Haisch et al., 2001; Lada and La
2003) and the nature of observed extrasolar planets, w
include hot Jupiters close to their stars as well as su
Jupiters of many Jupiter masses (MJ) at greater distance
(e.g.,Marcy et al., 2003; Udry et al., 2003), pose difficult
challenges for the core-accretion model. This situation
been made even more difficult recently by indirect evide
for a planet in the 106 year old star/disk system CoKu Tau

* Corresponding author. Fax: +1-812-855-8725.
E-mail address: durisen@astro.indiana.edu(R.H. Durisen).
0019-1035/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2004.08.003
(Forrest et al., 2004). Migration in a laminar nebula may pre
vent gas giants from achieving multiple Jupiter masses
core accretion(Terquem et al., 2000; Nelson et al., 200.
However, the magnitude and even direction of migratio
now subject to doubt(Masset and Papaloizou, 2003; Nels
and Papaloizou, 2003, 2004; Terquem, 2003). Gas giants can
be formed in close orbits by core accretion without mig
tion (Bodenheimer et al., 2000; Ikoma et al., 2001), and time
scales for core accretion can be shortened if dust opac
in the accreting gas envelopes are lowered(Lissauer, 2001
Hubickyj et al., 2003)and if migration becomes a ran
dom walk due to turbulence(Rice and Armitage, 2003
Laughlin et al., 2004).

As reviewed inDurisen (2001)andDurisen et al. (2003),
modern 3D hydrodynamics simulations have shown
gravitational instabilities (GI’s) in protoplanetary disks c
lead to fragmentation of the disk into dense spiral arcs
clumps for sufficiently short cooling times(Boss, 2001,
2002, 2003, 2004; Gammie, 2001; Rice et al., 2003a, 20
Johnson and Gammie, 2003; Mejía et al., 2004, hereafter
MDPC) or under isothermal conditions(Nelson et al., 1998
Pickett et al., 1998, 2000a, 2000b; Boss, 2000; Johnson
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Gammie, 2003; Mayer et al., 2002, 2003, 2004). Boss (1997,
1998)was the first to revive the idea that such clumps co
become permanently bound and evolve into gas giant p
ets. For isothermal disks, a few global 3D hydrodynam
calculations have been followed long enough to show de
multiJupiter mass clumps surviving for many(Boss, 2000)
or even very many (Mayer et al., 2002, 2004)orbits. The
beauty of the disk instability mechanism is that, if it works
can produce multiJupiter mass planets and even entire
etary systems (Mayer et al., 2002, 2004)within a few tens
of disk orbits, obviating disk lifetime problems. Neverth
less, it remains to be demonstrated that clumps will sur
as bound gaseous protoplanets in disks with realistic t
mal physics.Boss (2001, 2002)has included cooling b
radiative diffusion, but none of his 3D hydro disk simu
tions are integrated for long enough times at high eno
resolution to be conclusive about clump survival. Other
searchers (Nelson et al., 2000; Mejía et al., 2003; Mejía,
2004; PhD dissertation) generally do not see dense clu
when using alternative treatments of radiative cooling
the best of our own simulations published to date (Pickett
et al., 2003, hereafter PMD) (the isothermal case with 2
azimuthal zones), we do not see permanent bound proto
etary clumps. We admit that 256 azimuthal zones may
insufficient to allow clumps to survive in a grid-based cal
lation(Boss, 2000), but clumps are also not permanent in o
more recent simulations (MDPC) with 512 azimuthal zon
The extreme clump longevity in smoothed particle hyd
dynamics (SPH) simulations(Mayer et al., 2004)needs to
be confirmed in grid-based codes to ensure that it is no
artifact of numerical features unique to SPH. Although
work of Boss and Mayer et al. is suggestive, we feel i
premature to conclude that disk fragmentation leads to
toplanets.

The purpose of this short paper is to focus on a partic
feature of the PMD and MDPC simulations in light of t
ongoing debate about gas giant planet formation. We sug
that, even if GI’s do not lead to permanent clump formati
they may significantly accelerate core accretion by crea
persistent dense gas rings near boundaries between GI
and inactive regions. As an interesting hybrid of the co
accretion and disk instability planet formation theories,
feel it warrants being brought to the attention of the plane
science community quickly in a separate paper.

2. Simulations

PMD discuss two relevant grid-based 3D hydrodyna
ics simulations of disks around young stars. As explaine
that paper, it is possible to scale our disk models to diffe
masses and radii. For this paper, the initial disk will be
sumed to extend from 3 to 40 AU and orbit a star with a m
Ms = 1M�. The disk massMd is 0.14M� and is distributed
so that initially the surface mass densityΣ ∼ r−1/2 except
near the edges. With such a large mass, the star/disk s
-

-

t

e

d

probably be construed as being very young, possibly
in its embedded phase. Letε be the internal energy densi
andΛ the volumetric cooling rate. Cooling is characteriz
by a time scaletcool = ε/Λ which is chosen to be consta
and equal to 2 orps everywhere that it is applied. One
p” or “outer rotation period” is 179 yr and corresponds
the orbit period at about 33 AU. In the PMD calculati
called HighQ-HC-Full, here referred to simply as “Full
the initial disk is marginally stable to GI’s with a minimu
ToomreQ of 1.8, and the cooling is turned on througho
the disk during the simulation. For the LowQ-HC-Half case
in PMD, which we will call “Half,” the initial outer disk is
strongly GI unstable (Q ∼ 1), and cooling occurs only in th
outer half of the disk. The only source of dissipative int
nal heating for both simulations is artificial bulk viscos
in regions of strong compressions, such as shocks. The
tial disk is quiescent and in hydrodynamic equilibrium w
no heat sources. Due to cooling, the Full disk cools to in
bility in its outer region and develops a strong four-arm
spiral by 4 orps (717 yr). The instability appears soone
the Half disk. In PMD, the Half case is followed for 10
orps (1864 yr), and the Full case for 16.6 orps (2975 yr).

By design, Half has a hot, high-Q, stable inner disk with
little nonaxisymmetric structure. By the end of the simu
tion, the outer disk settles into a nearly steady-state l
of GI activity that drives mass inward. Because the in
disk cannot sustain transport, a persistent dense ring
strong but transient dense clumps forms at the boun
(r ≈ 20 AU) between the GI-active and inactive regions (
Fig. 7b of PMD).

By about 12 orps, the Full simulation in PMD establish
a dynamic quasi-equilibrium of GI activity where sho
heating by spiral waves balances thetcool = 2 orp cooling
everywhere outsider ≈ 10 AU to maintain an overall av
erageQ ≈ 1.45. To verify that this is a quasi-steady sta
MDPC have now continued this integration out to 23.5 o
(4211 yr) and find that this asymptotic behavior persi
New insights have been gained by analyzing this lengthe
simulation. Fourier decomposition of the complex non
isymmetric spiral structure in ther > 10 AU region, as dis
cussed in PMD and MDPC, shows that this GI activity
dominated by a few discrete underlyingm = 2 (two-armed)
patterns with corotation radii (CR’s) near 26 and 29 AU. A
eraged over long times, there is a net steady mass inflo
side 29 AU at a rate of about 10−6M�/yr due in great part to
these modes. Although the global two-armed modes ap
to dominate transport, there is significant power in all
imuthal Fourierm-values with a complex pattern of perio
icities indicative of extremely strong nonlinear coupling,
ferred to as “gravito-turbulence” byGammie (2001), which
involves dozens to hundreds of modes for eachm over them-
range analyzed (m = 1 to 6) (see alsoLaughlin et al., 1997
1998). In MDPC, the dependence on the cooling timetcool
for various characteristics of the asymptotic state are te
by rerunning the simulation from 11 to 18 orps withtcool
decreased from 2 orps to 1 orp. The Fourier mode am



Gas giant planet formation in rings 419

for
).
ures
ABR

the
-

um
ble

er

by

he
uter
nd
n.
en-
ump
ver
igh
ps

k at
nd
orps

out
t the

gs
d-
een
ac-

tent
es

l
ns-
GI-
ry.
e
-
tive
AU

n-
cy
No

ions,
for
ra-
cal

h it
For
-
its
Fig. 1. Logarithmic grey scale representation of the midplane density
the inner disk of thetcool = 2 orp Full simulation at 22.0 orps (3942 yr
Each side of the panel is 84 AU in length. Arrows indicate several feat
discussed in the text. SBR stands for “secondary boundary ring,” and
for “active boundary ring.”

Fig. 2. Plot of the azimuthally averaged disk surface densityΣ(r) that illus-
trates the growth of the rings in thetcool = 2 orp Full simulation. The times
shown correspond tot = 0,12,18, and 23.5 orps.

tudes of the quasi-steady nonaxisymmetric structure and
inward mass transfer rate forr < 29 AU increase by corre
sponding factors.

The inner disk of Full also reaches a quasi-equilibri
balance of heating and cooling but maintains a GI-sta
value of Q. Except for localized edge modes at the inn
edge and important resonances withr > 10 AU patterns,
the inner disk region is not GI-active but is dominated
three dense, nearly axisymmetric rings (seeFigs. 1 and 2).
The density peak at 3 AU is just the inner edge itself. T
ring at about 9.5 AU sits at the boundary between the o
GI-active low-Q region and the inner GI-inactive region a
is similar dynamically to the ring in the Half calculatio
Although on average this is a ring-like surface density
hancement, it contains a semipersistent three or four-cl
structure, where the individual clumps come and go o
several orbits. These clumps do not have extremely h
contrast with their surroundings like the isolated clum
and arcs found in a fragmented disk. The middle pea
r ≈ 6.7 AU remains nearly, but not quite, axisymmetric a
grows steadily in peak density and mass from about 12
onward, as shown inFig. 2. By 23.5 orps, it is about 1.5 AU
in full width, contains about 6MJ, and is still growing. The
ring peaking atr ≈ 9.5 AU is 3 AU in full width, contains
18MJ, and maintains a quasi-steady structure. Whentcool is
decreased from 2 orps to 1 orp, the 6.7 AU ring grows ab
twice as fast, reaching the same mass by 18 orps tha
tcool = 2 orp disk reaches by 23.5 orps.

3. Possible causes for the rings

We will refer to the outermost of the three rin
(r ≈ 9.5 AU) in the Full calculation as an “active boun
ary ring” (ABR), because it occurs at the boundary betw
GI-active and inactive regions and because it displays
tive nonaxisymmetric dynamics, namely, the semipersis
dense clumps. It is well known that gravitational torqu
due to GI’s produce inward transport of mass(Larson, 1984;
Boss, 1984; Durisen et al., 1986). Since there is no globa
mechanism in the inner hot regions to continue the tra
port inward, mass piles up at the boundary on the
active side with an ongoing multiclump nonaxisymmet
Disks are expected to haveQ-distributions that decreas
outward (e.g.,D’Alessio et al., 1999), and so disks expe
riencing GI’s should have boundaries between GI-ac
and inactive regions. This could also happen at a few
if matter is piling up in a dead zone(Gammie, 1996;
Armitage et al., 2001). How strong the enhancement of de
sity will be in the ABR probably depends on the effica
of other transport mechanisms in the GI-inactive region.
such mechanisms have yet been included in our simulat
and their effect on the ABR will be an interesting subject
future study. The ABR itself is well resolved (about 15
dial cells in Full), and we are confident it is a real physi
phenomenon.

The middle ring (r ≈ 6.7 AU) in the Full simulation does
not exhibit marked nonaxisymmetric structure, althoug
does occasionally contain one semipersistent clump.
lack of better terminology, we will simply call it a “sec
ondary boundary ring” or SBR. We are not certain of
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Fig. 3. Comparison ofQ(r) and azimuthally averaged surface densityΣ(r)

with inner Lindblad resonance (ILR) locations. Here, the ToomreQ is
csκ/πGΣ , where the sound speedcs and the epicyclic frequencyκ (≈
the rotational angular frequencyΩ) are evaluated using azimuthally a
eraged quantities in the midplane. The horizontal lines show approxi
locations of ILR’s for strong patterns identified by Fourier analysis of
density in the azimuthal direction. The corotation radii (CR’s) for the p
terns are as follows: For the two-armed patterns, designated by a “2
CR’s are at approximately 11, 14, 16–19, and> 20 AU in order of increas-
ing r . The horizontal band marked “3, 5” corresponds to the approxim
ILR locations for three and five-armed modes with CR at 9.5 AU; the
izontal band marked “3, 4, 5” for three, four, and five-armed modes
CR at 10.5–12. The ILR marked “3” corresponds to a three-armed m
with CR at about 18.5 AU. Only the most distinct patterns are noted h
Power exists at other pattern periods, and the spectrum of modes be
increasingly complex as bothr increases and the number of arms increa

cause, but there may be contributions from two interrela
mechanisms—resonances with nonaxisymmetric struc
and axisymmetric wave dissipation. As shown inFig. 3,
Fourier analysis of time series data for density structur
the azimuthal direction over the time interval 18–23.5 o
reveals that the region between the 6.7 and 9.5 AU r
contains strong inner Lindblad resonances (ILR) for sev
persistent 2-, 3-, 4-, and 5-armed patterns with CR’s
side or in the ABR. Nonaxisymmetric waves generate
these ILR’s will drain angular momentum from material
the region and cause it to pile up in the SBR that lies inte
to these ILR’s. Similarly, as illustrated inFig. 3, the inner
part of the GI-active region seems to be sculpted by IL
of discrete waves. The ILR’s of severalm = 2 modes with
CR’s beyond 20 AU lie outside and probably cause the
dial concentration of mass at about 13.5 AU. This is no
axisymmetric ring but consists of several strong spiral
tures with CR near the same location (seeFig. 1). The ILR
for an m = 2 wave with CR at 14 AU lies just outside th
s

SBR. Them = 3, 4, and 5 ILR’s due to structure in the ou
part of the ABR lie outside the SBR, and them = 2 ILR for
this structure, plus them = 3 and 5 ILR’s for structure in th
ABR may be spawning another ring just inside the SBR.
analysis using time series data from 11 to 18 orps sho
similar but not identical pattern of ILR’s. The ILR’s asso
ated with the strongest radial concentrations of mass do
to be present in both time intervals.

The coincidence of strong resonances with radial c
centrations in the azimuthally averagedΣ(r), as shown in
Fig. 3, is a strong argument for the role of resonances in
formation. Given the multiple resonances inside and out
the SBR, substructure might appear in this region if the
culation had higher resolution. However, the SBR itsel
straddled by low-order resonances with strong signals
would probably remain a single strong ring. Complex
teractions of discrete low-order modes acting over dista
greater than the disk scale height (< 1 AU at these radii)
mean that a local thin-disk treatment of GI’s(Gammie, 2001
Johnson and Gammie, 2003)would miss essential feature
of GI activity in this disk (see alsoLaughlin and Rozyczka
1996; Balbus and Papaloizou, 1999; MDPC).

Additional analysis suggests there may also be axis
metric waves, with typical radial wavelength similar to t
spacing between the rings, which penetrate into the in
disk through the ABR. They extend down to the SBR,
end there. It is clear that the strong nonlinear coupling in
GI-active region will generate axisymmetric waves(Laugh-
lin et al., 1997, 1998). Both axisymmetric and nonaxisym
metric waves are probably best viewed as part of one
linear process. The Half simulation indirectly corrobora
this interpretation. In Half, both artificial bulk viscosity an
cooling are turned off inside the ABR, and no SBR appe
Although heating by dissipation of waves contributes to
high-Q thermal balance achieved in the inner disk reg
of Full, the values ofQ in and near the SBR, though to
high for strong nonaxisymmetric instability, are low enou
to allow even nonaxisymmetric waves to penetrate from
GI-active side (seeFig. 3).

The SBR in the Full simulation is only about 7 rad
zones wide, and so we need to be cautious. It is pos
that the ring itself or at least its detailed characteristics
artifacts of our 3D hydro code’s von Neumann and Ric
meyer artificial bulk viscosity scheme, the presence o
inner edge, or some other yet unidentified numerical p
lem. Our simulations are computer-intensive, and we h
not performed extensive experiments to probe the de
dence of the SBR on numerical parameters. However
have rerun short stretches of thetcool = 1 orp simulation
starting at 11.5 orps under different conditions. When
turn off both heating and cooling inside 10 AU, the SB
does not grow at all, as we expect on the basis of the
calculation, which shows no SBR. Dissipation of disk
ergy is clearly necessary for ring growth. When we turn
only the heating by artificial bulk viscosity inside 10 AU, t
SBR grows at a similar or perhaps somewhat faster rate.
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might be tempted to conclude that wave dissipation is no
volved in SBR growth. However, all finite difference cod
have some dissipation introduced by truncation error ter
Also, as seen inFig. 3, Q in the ring itself is actually fairly
low, and so self-gravity is important enough to enhance
growth in the face of continued cooling once the ring is w
established. We recognize the need for much more ex
imentation, especially at higher spatial resolution, and
plan to do so.

We have recently computed disk evolutions with realis
radiative cooling (Mejía, 2004; PhD dissertation). The t
longest simulations, forMs = 0.5M� and Md = 0.07M�,
one with stellar irradiation at the disk surface and one w
out, have so far only been computed to about 11 orps;
in the case without stellar irradiation, a distinct ABR a
an SBR are already evident at 10.6 orps with masses o
and 7MJ, respectively, and they occur at similar disk radii
they do in Full. Overall disk cooling times are on the ord
of a few to tens of orps in the inner disk region, for the opa
ties used(D’Alessio et al., 1999). These opacities are simila
to those inBoss (2001, 2002, 2004), but we do not see th
fast cooling by convection and disk fragmentation that he
ports. We currently suspect the discrepancy is due in pa
different treatments of boundary conditions, and we are
tively investigating this issue.

We will not discuss the inner edge ring (r ≈ 3 AU) fur-
ther, because it is clearly an artifact of imposing a large in
disk radius on our initial disk model. Little mass inflow a
pears to occur interior to the middle ring, and the inner r
does not grow.

4. Consequences for planet formation

One simple effect of ring formation is the enhancem
of surface density. In Full, at 23.5 orps (4211 yr),Σ at
6.7 and at 9.5 AU are 1300 and 900 g/cm2, which are en-
hancements by factors of 2.6 and 2.3, respectively, ove
initial values at these radii. If the planetesimal surface d
sity passively follows these enhancements, this would
sufficient to speed up gas giant formation by compara
factors (Greenzweig and Lissauer, 1992; Lissauer, 199.
So gravity-induced enhancements over initial conditions
are ripe for GI’s may also produce dense rings conduciv
rapid core accretion.

However, it is not density enhancement alone that m
produce faster planet formation in rings. As shown inFig. 4,
there are significant pressure maxima associated with
ring-like structures. As a result, any large solids produ
before or during the GI-active phase will be drawn into
centers of the rings by drag forces.

Thinking along similar lines, in light ofBoss (2001,
2002, 2003)GI simulations,Haghighipour and Boss (2003
2003b, hereafter HB3a and HB3b) have begun to c
sider how solids will drift and accumulate against the ba
ground of high-contrast disk structure. It has been kno
Fig. 4. Plot of the azimuthally averaged pressure distributionP(r) in the
midplane for thetcool = 2 orp Full simulation over the SBR and ABR regio
for t = 0 and 23.5 orps.

for some time that solid particles orbiting in a gaseous d
drift radially in the direction of a radial pressure gradie
(Weidenschilling, 1977). Drift is fastest for particles of orde
meters in size. Using the simple “perturbed Keplerian flo
approximation discussed inWeidenschilling (1977)and us-
ing Eqs. (4) and (8) of HB3a for the drag force, we calcul
that particles with radii of 10 m near the foot of the SBR ri
will drift radially by 1 AU, enough to drift into its peak, in
only about 300 yr. A similar analysis for the ABR gives
AU radial drift times of about 103 yr for the same particle
size. Particles of order one meter in size should drift a fa
of several 10’s of times faster (see Figs. 2 and 3 in HB
Note that these drift times are much shorter than the d
tion of our simulations! HB3b shows that vertical settling
meter-sized particles proceeds on similarly short time sca
andHaghighipour (2004)finds that growth of small particle
occurs at an enhanced rate in the presence of a radial
sity enhancement. With 6 and 18MJ of gas within the SBR
and ABR, respectively, up to 10 and 30 Earth masses (ME)
of solids could be concentrated into narrow regions near
ring pressure maxima.

This will have at least two effects favorable to co
accretion–runaway growth times for solid planetary embr
will decrease by factors similar to the surface density
hancements of solids, and, as solids grow to meter s
anywhere in the rings, they will rapidly drift into the fee
ing zone of the largest particle growing near the peak
the ring. It is at least plausible to imagine that a large fr
tion of solids in the rings can accumulate into a single s
core on a time scale much shorter than the several mi
years typically cited for core accretion. Similar accelerat
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of planet formation by disk structure has been suggeste
other contexts, e.g., in vortices (Klahr and Henning, 1997;
Klahr, 2003, private communication) and at edges of g
(Bryden et al., 2000).

A potential problem in our case might be fluctuating g
velocities, especially in the ABR. Our simulations show t
variations from the mean flow are typically less than or
the order of the solid–gas relative velocities but do exc
the radial drift velocities of 10 m solids. These fluctu
ing velocities vary not only spatially but change their pe
amplitudes with time in a complicated way, perhaps du
propagation of waves into the ABR generated stochastic
by GI turbulence. Comparisons between runs with and w
out artificial viscosity turned on in the ABR suggest that
peak values of the fluctuations are roughly the same in
cases. More detailed calculations are needed to deter
the effect that random buffeting due to gas velocity fl
tuations has on the concentration of solids. As the so
grow and deplete, radiative opacities should decrease
stantially, and this will additionally enhance the rate of g
giant growth by core accretion(Hubickyj et al., 2003). The
growth rate of the SBR itself will increase as 1/tcool as dust
growth decreases opacity, andQ in the ring will drop as the
ring grows, which may eventually lead to GI-induced ri
fragmentation. With all these processes working toget
gas giant planet formation could become a runaway proc

Recent work on migration and gas giant formation i
turbulent disk(Nelson and Papaloizou, 2003b; Rice and
mitage, 2003; Laughlin et al., 2004)will need to be extende
to GI active disks and to rings. Although the self-gravitat
waves in the active region are constantly and perhaps c
ically changing, the dominant modes present are globa
scale and may therefore produce systematic effects.
reduction of cooling time by growth of solids may ma
the entire disk susceptible to fragmentation(Gammie, 2001
Johnson and Gammie, 2003)in addition to accelerating rin
growth at boundaries. Calculations combining gas dynam
with the growth, drift, and diffusion of solids are going
become necessary to understand planet formation by G

5. Conclusion

On the basis of the evidence presented here from ou
merical disk experiments, we propose a hybrid scenario
gas giant planet formation. Even if the occurrence of G
does not lead directly to the formation of dense, bound
toplanets, density-enhanced rings may form near bound
between GI-active and inactive regions due to resona
with discrete spiral modes in the active region combi
with energy dissipation. Surface densities can increas
factors of several in just a few thousand years. Core accre
may then be accelerated in the rings by several effects w
ing in concert—the enhanced gas densities themselves
radial drift and concentration of meter-sized solids tow
the ring peaks on time scales of only hundreds to thous
e

-

.

-

-

s

e

of years, the decrease in gas opacity due to growth and
pletion of solids, and decreasingQ in the rings. It is unclea
how formation of a core at the center of a dense narrow
ring will affect migration. If migration is inhibited, then th
rate of gas giant planet growth should depend primarily
how fast the core can accrete its gaseous envelope(Wuchterl
et al., 2000)under these conditions.

We realize that there are a number of unresolved iss
so we consider this so far to be only a provocative sug
tion. Particularly important tasks, which we hope to addr
in the near future, are to: (1) elucidate the ring format
mechanism, (2) test its dependence on numerical eff
and (3) study boundary regions when other mass trans
mechanisms operate in the GI-inactive region. The gro
of solids, their drift and accumulation, the growth of a g
giant by core accretion in the environment of either an A
or a SBR, and migration in the presence of a dense,
row, and possibly turbulent gas ring also need to be stu
more carefully. Finally, it will be important to verify tha
ring formation can and will occur under realistic conditio
Our new calculations with radiative cooling are a start,
they must still be incorporated into a reasonable evolution
scheme, which includes effects of the star/disk system e
ronment, like irradiation, when appropriate. We have s
efforts underway.
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