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In a weakly turbulent disk the Type I inward migration of
objects of size

���������
	
may stall due to the disk feedback

effect [1]. If such objects form in a time [2] comparable to
their migration time of

������������
years [3], gap-opening can

explain planet formation and survival. In such a disk accre-
tion may be driven by the planets themselves. Even though a
giant planet core may stall and begin to open a gap in the disk,
the protoplanet may still grow to a Jupiter size [4]. Indeed
before one of the protoplanets reaches phase III [5] and grows
large enough to gobble up the gas in its extended nursery (with
feeding zone ������� ����� ) and shove aside the unwanted re-
mainder, several protoplanets may peacefully coexist in their
infancy, sharing gas by pushing it into each other’s feeding
zones, and growing together; however, once a giant planet
reaches the runaway phase it undergoes a growth spurt, and
may grow large enough to bully and deprive or even starve its
smaller siblings, which may account for the division between
gas-rich and gas-poor giant planets. This process may lead
to a disk clearing timescale consistent with observational con-
straints of disk lifetimes around T Tauri stars [6], and a disk
clearing lengthscale possibly connected with the Kuiper belt
cut-off at ��� ����� (prior to Neptune’s outward migration by
planetesimal scattering [7]). That is, planetesimals outside the
region where gas was cleared by the giant planets may have
migrated by gas drag before the remainder of the disk photoe-
vaporated [8], thus resulting in a sharp decrease in the number
of PKBOs (progenitor or primordial Kuiper Belt objects) be-
yond the location where the combined effect of the tidal torque
of all giant planets removed the gas in a timescale of � ���! 
years.

An outstanding issue is the presence of close-in extra-
solar planets. Numerous migration mechanisms have been
suggested to explain the observations. We point out that the
effective viscosity due to the presence of planetary compan-
ions may also result in migration. Yet, we revisit the problem
of the in situ formation of close-in giant planets [9]. One of
the main issues facing this scenario is that the isolation mass
decreases with semimajor axis (e.g., [10]), whereas the criti-
cal core mass (CCM) is independent of location in the nebula
(when the envelope is radiative; see [11] and [12] for the case
of a convective envelope). Hence, it is difficult for the core
to grow large enough to efficiently accrete gas. Furthermore,
if it is assumed that the core’s feeding zone is replenished as
it migrates inward (before gap-opening a core would migrate
due to Type I migration), or because solids are brought in by
gas drag and are added to the core at a rate

"�$#&%('*)
, then the

formation times can be comparable to or longer than the ob-
served disk lifetimes [9]. Also, the core’s migration raises the
issue of its survival.

Here we investigate a scenario in which cores as small as
a few Earth masses stall in the terrestrial planet region [1],
but continue to grow as a result of the Type I migration of

other Earth sized objects (a related mechanism is discussed in
[13]), taking place in a timescale � ��� � years [3] similar to the
disk clearing timescale (such migration may thus significantly
reduce the accretion efficiency, particularly in the terrestrial
planet region). Since the core may intercept such inwardly
migrating objects (possibly by altering the surface density to
the point that the object stalls within the core’s feeding zone)
or coalesce with neighboring cores, its growth may continue
until it reaches a CCM.

The question then arises whether such a core can accrete
enough gas to become a Jovian-sized giant planet. In the limit
of low opacity (such that the proto-planet’s tidal torque fails to
clear gas from its feeding zone in time to prevent its accretion),
the final mass of the planet is given by the gaseous isolation
mass (provided +-, ����.0/

[14]1 and that the gas component
dominates the planet’s mass)
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where
� �

is the Hill radius of a planet of mass
�21

, ��� � is the
size of the gaseous feeding zone, and 9`_a9�:=<?>cbed�f ����gL.NZ
is the the surface gas density profile. This gives a Jovian mass
at
�

AU for the Hayashi MMSN ( h _ � f � ) and a feeding
zone of

��� �
(accretion of gas from as far as

�!@ �S� �
may pose

a problem for the spin angular momentum of the planet2, but
there may be mechanisms such as a Rayleigh-Taylor instability
that can redistribute the gas before it is accreted). On the other
hand for h _ �

, this equation gives a planet mass that is
independent of semi-major axis. This might be taken to mean
that for such a disk Jovian sized planets may form at any semi-

1One can estimate the gap size by balancing the tidal torque
formula [15] ijUkmlonAp q�rts MSuwvS/�xyMSz{v�|t}�~ F

, where
}

is the
gap’s half-width and
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, against the viscous torquej�lort�0� u�x�v�M

, where
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. This gives
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we get
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with
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and
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, which is reasonably consis-

tent with the value given in [14] for the value of the disk viscosity
(
� ��� n .0/

) such that the flux through the gap cannot significantly
change Jupiter’s mass during the disk lifetime.

2An estimate for the planetary spin rate and the circumplanetary
disk size can be obtained by assuming that the specific angular mo-
mentum in the planetary envelope is conserved during envelope col-
lapse. This gives gives a spin angular momentum that is much larger
than observed unless

}�v ��� q�� � [16]. Some of this angular mo-
mentum may be shed by the formation of a disk of characteristic size�t� � � � | ��n z�}�v � | q�� � ~ M [17]. In particular, at the tail end of
the planet’s gas accretion phase, when the flux is low and the gap
large, one expects the gas coming through the gap to originate from
the edge of the feeding zone, so that it would form a disk with radius� � � � � | � .
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major axis, but for the actual disk opacity there is likely to be
a competition between the clearing due to the tidal torque
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Figure 1: Plot of the final mass of the giant planet versus
semimajor axis for a gas surface density profile 9 � d .HM . The
total mass of the disk to

� �A���
is roughly

�HC
MMSN. The

opacity is chosen so that the planetary accretion time is
3 �����

years.

and gas accretion. In Figure 1 we plot the final mass as a func-
tion of semimajor axis for parameters as given. In particular,
the disk opacity is chosen so that the planetary accretion time
is
�t� �

years (for more details see [4]). The planet’s mass be-
comes smaller with decreasing semi-major axis in part because
the timescale for the proto-planet’s tidal torque to open a gap
is � ����� ��� , where � is the planet’s orbital period. On the
other hand, the opacity may decrease with semi-major axis, so
that careful modeling is needed to determine whether close-in
Jovian-sized isolated planets may form in situ. One may con-
sider the case of extrasolar planets as close to the central star
as
��@ ���S���

, but at such small distances the disk conditions are
likely to be quite different, and we will not attempt to do so
here.

In the case of isolated planets, an important caveat is the
role of eccentricity. A recent study has a planet’s eccentricity
in a weakly turbulent disk grow and adjust to the gap size
during gap-opening [18], which might make it possible for
a planet to continue accreting gas even after it has opened a
sizeable gap.
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