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Abstract. Giant planets in circumstellar disks can mi- 
grate inward from their initial (formation) positions at 
several AUs. Inward radial migration of the planet is 
caused by torques between the planet and thedisk; out- 
ward radial migration of the planet is caused by torques 
between the planet and the spinning star, and by torques 
due to Roche lobe overflow and consequent mass loss 
from the planet. We present self-consistent numerical 
considerations of the problem of migrating giant plan- 
ets by summing torques on planets for various physical 
parameters of the disk and .of planets. We find that 
Jupiter-mass planets can stably arrive and survive at 
small heliocentric distances, thus reproducing observed 
properties of some of the recently discovered extra-solar 
planets. The range of fates of massive planets is broad, 
and some perish by losing all their mass onto the central 
star during Roche lobe overflow, while others survive for 
the lifetime of the central star. Surviving planets cluster 
into two groups when examined in terms of final mass 
and final heliocentric distance: those which have lost 
mass and those which have not. Some of the observed 
extrasolar planets fall into each of these two exclusive 
classes. We also find that there is an inner boundary 
for planets’ final heliocentric distances, caused by tidal 
torques with the central star. Planets in small orbits are 
shown to be stable against atmospheric loss. 
0 1999 Elsevier Science Ltd. All riehts reserved 

1 Introduction 

The recent discoveries (Mayor & Queloz 1995; Marcy 
& Butler 1996; Butler & Marcy 1996; Butler et al. 
1997; Cochran et al. 1997; Noyes et al. 1997) of extra- 
solar planets have revitalized discussions on the theory 
of planetary system formation and evolution. We have 
studied how giant planets can end up at small heliocen- 
tric distances with Jovian masses. Jupiter-mass plan- 

Correspondence to: D. E. Trilling 

ets can migrate inward from their formation locations 
(see, for example, Goldreich & Tremaine 1980; Ward 
& Hourigan 1989; Lin & Papaloizou 1986; Lin & Pa- 
paloizou 1993; Lin, Bodenheimer, & Richardson 1996; 
Trilling et al. 1998; Murray et al. 1998). We have 
considered under what physical conditions planets may 
migrate inward, as well as how, where, why, and when a 
planet will stop its inward migration. A brief summary 
of our mode1 is included here, followed by discussion of 
results and planetary atmospheric stability. 

2 Brief Summary of the Model 

Our genera1 model is to sum up the torques on a planet 
and find its radial motion in the circumstellar disk. A 
more complete discussion of our model and results is 
given in Trilling et al. (1998). To summarize, we com- 
pute, in a self-consistent one dimensional model, torques 
on a planet due to disk interactions (inward for the pa- 
rameters which we adopt); torques on a planet due to 
interactions with the rapidly-spinning star (outward); 
and torques on the planet due to mass loss onto the star 
(outward for the conservative mass transfer case). 

A giant planet orbitting in a circumstellar disk opens 
a gap in the disk and sends spiral density waves trav- 
eling away from the planet. Interactions of these den- 
sity waves at the planet’s Lindblad resonances cause ex- 
change of angular momentum between the planet and 
the disk; this angular momentum exchange results in a 
change of orbital distance of the planet. This we refer 
to as the planet-disk interactions; for the parameters 
we adopt, this migration is always inward. The tidal 
planet-star interaction is directly analogous to the tides 
in the Earth-Moon system: tidal bulges are raised on 
the central body by the orbitting body. When the tidal 
bulges lead the line of centers between the two bodies, 
the central body is slowed and the orbitting body feels 
a torque which causes it to move away from the cen- 
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tral body. The last torque we consider is the process 
of Roche lobe overflow from the planet onto the central 
star. This occurs when the planet’s radius is larger than 
the Roche radius. Some mass is transferred onto the 
central star, and the planet moves outward, to conserve 
angular momentum. This is the msss loss torque. We 
compute the magnitude of each of these torques at ev- 
ery time step, as well as computing the planet’s radius, 
making these calculations self-consistent and represen- 
tative of physical planets, not just point masses. These 
calculations of these torques are described in more detail 
in Trilling et al. (1998). 

2 IO0 \\‘A. ‘. 

p :d ,, -‘Ml -- 3Mj 

‘I\, ‘.y 
--- 34M, :; 

\._._._._._._._._._ 
+j 
5 -- 35M, \’ f --- 4hij 

---5M :’ 
P ‘O 

., 

Massive planets migrate smoothly as a result of the 
net torques on the body. We find three broad classes 
for massive planets: (I) planets which migrate inward 
very quickly and disappear due to mass loss from Roche 
lobe overflow; (II) planets which migrate inward, lose 
some but not all of their mass, and stably survive at 
small heliocentric distances; and (III) planets which do 
not lose any mass during migration. Some planets in 
class III move radially only a small distance from their 
formation locations. In the context of this picture, mas- 
sive close companions can result from a variety of ini- 
tial conditions, and form a population which overlaps 
with and includes the detected close companion popu- 
lation. Our distribution of final masses and heliocentric 
distances pr&cts that massive planets can be present 
at any heliocentric distance between their formation lo- 
cations and extremely small orbits. 

Fig. 1. Heliocentric distance versus time, for varjous initial 

masses, in the nominal disk. Evident here are all three classes: 

class I, which lose all their nmss (5 3.36M~); class II, with ini- 
tial masses 3.36 MJ < MP < 3.41 MJ; and class III, with initial 

masses 2 3.41 MJ. See text for discussion of these three classes. 

The outward motion of the surviving planets between lo7 and 

10’ years is because the (outward) tidal torque is the only torque 

acting on the planets during this time. The shaded region in the 

lower left represents the radial extent of the central star. 

outward tidal torques, seen as the region at small helio- 
centric distances with significantly shallower, but still 
negative, slopes. Planets’ inward motions are reversed 
if the planetary radius exceeds the Roche radius and 
mass loss begins. 

The aggregate results of our orbital migration model 
are shown in comparison to the observed extrasolar plan- 

3 Results and Discussion 

The general result of our model is that planets migrate 
inward from their formation locations, sometimes quite 
rapidly, and that many planets which form do not sur- 
vive, having lost all their mass onto their central stars. 
Figure 1 shows the results of migration models for plan- 
ets in our nominal disk, with heliocentric distance shown 
as a function of time. The nominal disk has a disk 
lifetime of 10’ years, baaed on observational evidence 
(Zuckerman et al. 1995); we also use the (Y viscosity pro- 
scription of Shakura & Sunyaev 1973) with an (Y value of 
5 x 10m3; Q* of 1.5 x 105, where Q* is the tidal dissipa- 
tion factor for the star (after Lin et al. 1996); diskmass 
of 1.1 x 10-2Mo, from observation (Beckwith & Sar- 
gent 1993); and a stellar despin tlmescale of 10s years 
(Skumanich 1972). These values are varied from nomi- 
nal for our various disks. Migration timescales are a few 
times lo6 years. For planets in class III, the dominant 
effect is that the planets clear a large gap in the disk 
on a timescale shorter than the migration timescale, so 
that the inward disk torque is very small, and the plan- 
ets do not move very far. In general, larger planets are 
generally not found at small heliocentric distances, al- 
though deviations from the nominal disk do allow for 
this to happen. Planets’ inward motions are slowed by 

ets in Figure 2. This is not meant to be a complete pa- 
rameter study, but rather focuses in particular on cases 
interesting to extrasolar planets and to Jupiter. There 
are no class I planets in this figure, since they all lose 
all their mass onto the star and do not survive. Class 
II planets (open circles) are shown, and are similar to 
51 Peg b and 21 And b. The remaining model plan- 
ets are in class III, planets which do not lose any mass 
during their evolution; r Boo b, 55 Cnc b, p CrB b, 
47 UMa b. and Jupiter fall within the copulation of this _ _ - 
class. These planets may not have migrated far, and 
Juniter has Drobablv moved radiallv < 1 AU from its 
formation location. Not shown are tie extrasolar plan- 
ets with high eccentricities (16 Cyg Bb, 70 Vir b), as 
our model does not produce planets in highly eccentric 
orbits. In these systems, it is likely that some post- 
migration dynamical processing has taken place (e.g., 
Cochran et al. 1997; Lin & Ida 1997). 

The solid line in Figure 2 represents an inner bound- 
ary for close planetary companions. The slope of this 
line is governed by the tidal torque between the planet 
and the central star: this torque has an outward sense, 
and a magnitude proportional to the mass of the planet 
(yielding the positive slope in mass-distance space). This 
slope corresponds to a Q* of 1.5 x 105, where &* is the 
tidal dissipation factor for the star. There are three par- 
allel trends with this slight positive slope, corresponding 
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Fig. 2. Final mass versus helioc&tric distance, for model runs 
plus observed extrasolarplanets. This &rre includes results from 
many model runs with different physical parameters varied, but is 
not mea& to be an evenly gridded or complete parameter study. 
Initialmasses are integers between 1 and 13 MJ, and also 0.5 and 
0.75 MJ for several sets of parameters. Open circles show planets 
which lose some mass during their migration, but survive (class 
II). Filled circles indicate models in which the planet does not lose 
any mass during its evolution and migration (cks III). ‘I&angles 
show observed extras&r planets. We find a wide range of final 
heliocentric distances and masses for migrating planets. The pre- 
ponderance of models which have final masses of 1 MJ reflects 
an excess of model runs with this initial mazs, in order to study 
Jupiter’s evolution. The curving trends of planets at > 5 MJ and 
> 1 AU represent planets which are massive enough to clear their 
disks before they can migrate inward very far. More massive plan- 
ets clear their disks more quickly, so that the most massive planet 
in our models, 13 MJ, has a final heliocentric distance which is 
only a few percent diRerent than its starting position. In general, 
more massive planets do not more as far, although we have several 
examples of large (>5 MJ) planets at small heliocentric distances, 
due to migrations in disks with varying diskmasses or viscosities. 
The solid line represents an inner tidal limit. The dashed line rep 
resents the boundary between surviving planets which have lost 
mass and those which have not. Observed planets included are 
the following: 51 Peg b, v And b, 55 Cnc b, p CrB b, 47 UMa 
b, and 7 Boo b. Jupiter is the diamond at 5.2 AU and 1 MJ. 
Importantly, two (51 Peg b, v And b) of the observed extrasc- 
lar planets are found within the region of planets which have lost 
mass during their evolution. See text for discussion. 

to the three different &* values used in our study (&* 
greater than and less than nominal by factors of ten). 
Systems in which the tidal torque is active long after 
the other torques, and which have &* within the range 
considered in this work, should not have planets inward 
of this inner limit, and this late tidal outward evolu- 
tion has the effect of erasing any locational signatures 
of previous evolutionary stages. There is also a very 
late inward migration, typically much longer timescales 
than the age of a main-sequence star (Rasio et al. 1996), 
which we do not consider. 

The dashed line in Figure 2 delineates a cutoff be- 
tween class II and class III planets. There are no class 
II planets, in Mf - af space, above and to the right of 
this line; and there are no class III planets below and 
to the left of this line. This segregation is found over 
a wide range of disk parameters. Therefore, we suggest 
that observed planets within this region likely are class 
II planets, having lost some but not all of their mass. 
This region includes 51 Peg b and v And b. Therefore, 
we believe that our model is important in understand- 
ing the evolution of extra-solar planets, since two planets 
fall within the region where mass loss almost certainly 
is important. 

We also show in Figure 2 that planets can be found at 
a range of heliocentric distances and masses. Because of 
planetary migration, there is no such thing as a “sacred” 
region for giant planets, that is, a span of heliocentric 
distances which represents the only possible location for 
giant planets. Instead, giant planets can be found at 
any distance from their formation distance in to several 
stellar radii (inward of that the planets are unstable to 
mass loss and cannot survive). The discovery of giant 
planets at a range of distances, and the subsequent mod- 
eling which has shown how this is possible, have changed 
the paradigm of the early solar system from a relatively 
quiescent model to a dynamic one in which large ranges 
of heliocentric distances are covered by giant planets. 
Similarly, masses between 1 and 5 Jupiter masses are 
all likely, if planets of all these masses can be created. 
The population of giant planets is likely much more di- 
verse than was expected before the first announcement 
of extrasolar giant planets. 

4 Stability of Close Planet Atmospheres 

The presence of planets extremely close to their cen- 
tral stars raises the question of atmospheric stability 
against the solar wind. Guillot et al. (1996) studied 
this problem initially, showing that atmospheric mass 
loss from 51 Peg b is small; here, we re-examine atmo- 
spheric stability in greater detail. Atmospheric mass 
loss may take place either through classical Jeans evap- 
oration or through nonthermal production of ions by 
absorption of UV flux from the central star. Guillot 
et al. showed that classical Jeans escape is negligible 
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for planets at 0.05 AU. In our model, however, planets 
can migrate inward of this distance, thereby increas- 
ing the heating from the central star. Furthermore, we 
no-w explicitly include planetary evolution (e.g., change 
in planetary radius) in the Jeans escape calculations. 
However, even considering migration and the details of 
planet evolution, Jeans escape is still small, and there- 
fore is a negligible mass loss process. 

Non-thermal production of ions and consequent mass 
loss presents a more complex issue. Guillot et al. scaled 
the current UV flux at Jupiter to a heliocentric distance 
of 0.05 AU, and found that mass loss was less than 1% 
of the planet’s total mass over the lifetime of the planet. 
However, the young sun had a UV flux which was 3 
to 4 orders of magnitude more intense than the current 
solar UV flux (Canuto et al. 1982). We incorporate this 
increased UV flux into our migration model and find 
that non-thermal msss loss could become important, by 
the simple scaling argument, with more than 10% of 
the planet’s mass lost through hot ion production and 
escape. However, as shown by Hunten & Watson (1982), 
the actual rate of escape is limited by heat exchange into 
the region where mass loss is taking place. By applying 
the heat balance arguments of Hunten & Watson, we 
find that for all reasonable cases of planetary migration 
and evolution, the mass lost is always less than 0.1% 
of the planet’s mass. Therefore, non-thermal escape of 
a close planet’s atmosphere is, as stated in Guillot et 
al., almost certainly negligible, though for the reasons 
stated here. 

5 Conclusions 

Planets in circumstellar disks are subject to various torques 
which can cause the planets to migrate inward. We 
present results from a self-consistent quantitative model 
which describes-evolution and migration of giant plan- 
ets. Some planets migrate very rapidly and disappear 
due to mass loss in less time than the disk lifetime. 
Other planets or planets under other disk conditions 
can be left in various orbits, from very close to the star 
to very close to where they started, and with masses 
equal to or less than their initial masses. There is a 
wide range of possible fates (heliocentric distance and 
final mass) for migrating Jupiters. A migrating planet 
may survive, possibly without moving radially very far. 
Other migrating planets lose all their mass due to Roche 
lobe overflow. There exists a region of Mf - al space 

populated only by planets which have lost mass and in- 
cluding 51 Peg b and z, And b. All observed extrasolar 
close companions fall within the population of surviving 
planets in our model, suggesting that this mechanism 
may explain the presence of planets very close to their 
stars. We also find an inner boundary created by late 
outward tidal torques on the planet. Close companion 
planets are stable against atmospheric mass loss despite 
their extreme proximity to their central stars. 
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