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Fig. 5.— Planet fraction (f = Nplanets/Nstars) as a function of metallicity for our stellar sample (gray histogram). The red filled circles
show the planet fraction predicted by Equation 1 for the masses and metallicities of the stars in each bin. Note that we use a histogram
only for visualization purposes; the data were fitted directly without binning. The blue open diamonds show the best-fitting relationship
between planet fraction and stellar metallicity for M! = 1 M!. None of the 52 stars with [Fe/H] < !0.5 harbor a giant planet.

that planet formation should also be independent of disk
metallicity (Boss 2002). Indeed, Cai et al. (2006) and
Meru & Bate (2010) show that the e!ciency of disk in-
stability to form giant planets decreases with increasing
metallicity.
In contrast to these predictions of the disk instability

model, we observe a strong dependence between planet
occurrence and the physical properties of the star. As-
suming that the present-day mass and metallicity of a
star reflects the conditions in its protoplanetary disk,
then our results suggest that disk instability is not the
primary formation mechanism for the giant planets de-
tected by Doppler surveys. Indeed, it has long been
recognized in that there are theoretical complications in
forming close-in planets via disk instability ?, e.g.. How-
ever, the mechanism may be responsible for planets in
wide orbits (Dodson-Robinson et al. 2009), however see
? for complications with this scenario.
An alternative explanation for the observed planet-

metallicity correlation is the so-called “pollution” model.
In this scenario, planet formation actually occurs around
stars of all metallicities, and the accretion of gas-depleted
protoplanets onto the thin convective layers of stars
gives rise to an enhanced stellar metallicity that is
actually only ”skin deep” (Murray & Chaboyer 2002).
Pasquini et al. (2007) interpreted the flat metallicity dis-
tribution of K giants with planets as evidence for such

an e"ect, since the deepening convective envelopes of
evolved stars should dilute any metallicity enhancement
of its outer layers. However, we find that the planet frac-
tion among our massive subgiants is described well by a
model with a monotonic rise as a function of both mass
and metallicity (Section 6).
While much attention has been given to evolved,

intermediate-mass stars in the investigation of the pol-
lution paradigm (Laughlin & Adams 1997, FV05), stars
at the other end of the stellar mass scale provide an-
other proving ground. M dwarfs have deep convective en-
velopes over their entire lifetimes, and stars with masses
below 0.4 M! are expected to be completely convective,
at least in the absence of strong magnetic activity (e.g.
Mullan & MacDonald 2001).
The evidence for a PMC among the subgiants, to-

gether with a strong PMC seen among the M dwarfs,
are highly suggestive that the present-day metallicities
of stars are representative of the compositions of their
disks during the planet-formation era. One compelling
explanation for both the observed PMC and stellar-mass
correlation is that the surface density of solids is a key
factor in the planet formation process (Laughlin et al.
2004; Ida & Lin 2004; Robinson et al. 2006). If so, both
higher stellar (disk) metallicity and higher stellar (disk)
mass can generate the requisite surface density for planet
formation.

Johnson et al 2010
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where there is a higher incidence of binaries and multiples among the massive
stars compared to the low mass stars (Köhler et al. 2006; Reipurth et al. 2007).
The binary properties of the central Orion Trapezium cluster are summarized in
Figure 1 (adapted from a color version of the figure from Thomas Preibisch3).

Figure 1. A summary of the binary and multiple star properties of the
massive stars in the Orion Trapezium (courtesy of Thomas Preibisch).

2.7. Lunar Occultations

The shadow from the Moon’s passage across a star o!ers another means to
identify binaries as close as 7 mas (Richichi et al. 2006). This technique is
restricted to stars near the ecliptic, but it has been particularly useful for studies
of intermediate mass stars in the Pleiades and the Sco-Cen association.

2.8. Adaptive Optics Imaging

The availability of adaptive optics (AO) systems on many telescopes makes
possible di!raction limited imaging (to resolve separations of 100 mas or better).
This approach will selectively detect binaries with long periods and potentially
faint companions (with the best results for relatively nearby targets). In fact,
the large dynamic range of such observations can potentially o!er the means of
finding even the lowest mass stellar companions (provided they have emerged
from their natal cloud), and it may become di"cult to distinguish physical

3http://www.mpifr-bonn.mpg.de/staff/tpreibis/speckle mosaic.html
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Figure 12. Multiplicity statistics by spectral type. The thin solid lines represent
stars and brown dwarfs beyond the spectral range of this study, and their sources
are listed in the text. For the FGK stars studied here, the thick dashed lines show
our observed multiplicity fractions, i.e., the percentage of stars with confirmed
stellar or brown dwarf companions, for spectral types F6–G2 and G2–K3. The
thick solid lines show the incompleteness-adjusted fraction for the entire F6–K3
sample. The uncertainties of the multiplicity fractions are estimated by bootstrap
analysis as explained in Section 5.2.

publications, when available. Otherwise, they are estimated
using mass ratios for double-lined spectroscopic binaries, or
from multi-color photometry from catalogs, or using the !mag
measures in the WDS along with the primary’s spectral type.
Metallicity and chromospheric activity estimates of the primary
are adopted for all components of the system.

5.3.2. Multiplicity by Spectral Type and Color

Figure 12 shows the multiplicity fraction for stars and brown
dwarfs. Most O-type stars seem to form in binary or multiple
systems, with an estimated lower limit of 75% in clusters and
associations having companions (Mason et al. 1998a, 2009).
Studies of OB-associations also show that over 70% of B and
A type stars have companions (Shatsky & Tokovinin 2002;
Kobulnicky & Fryer 2007; Kouwenhoven et al. 2007). In sharp
contrast, M-dwarfs have companions in significantly fewer
numbers, with estimates ranging from 11% for companions
14–825 AU away (Reid & Gizis 1997) to 34%–42% (Henry
& McCarthy 1990; Fischer & Marcy 1992). Finally, estimates
for the lowest mass stars and brown dwarfs suggest that only
10%–30% have companions (Burgasser et al. 2003; Siegler et al.
2005; Allen et al. 2007; Maxted et al. 2008; Joergens 2008).
Our results for F6–K3 stars are consistent with this overall
trend, as seen by the thick solid lines for the incompleteness-
corrected fraction. Moreover, the thick dashed lines for two
subsamples of our study show that this overall trend is present
even within the range of solar-type stars. Of the blue subsample
(0.5 ! B ! V ! 0.625, F6–G2, N = 131), 50% ± 4%
have companions, compared with only 41% ± 3% for the red
subsample (0.625 < B ! V ! 1.0, G2–K3, N = 323).

5.3.3. Period Distribution

Figure 13 shows the period distribution of all 259 confirmed
pairs, with an identification of the technique used to discover
and/or characterize the system. To provide context, the axis
at the top shows the semimajor axis corresponding to the pe-
riod on the x-axis assuming a mass sum of 1.5 M", the aver-
age value of all the confirmed pairs. When period estimates

Figure 13. Period distribution for the 259 confirmed companions. The data
are plotted by the companion detection method. Unresolved companions
such as proper-motion accelerations are identified by horizontal line shading,
spectroscopic binaries by positively sloped lines, visual binaries by negatively
sloped lines, companions found by both spectroscopic and visual techniques by
crosshatching, and CPM pairs by vertical lines. The semimajor axes shown in
AU at the top correspond to the periods on the x-axis for a system with a mass
sum of 1.5 M", the average value for all the pairs. The dashed curve shows
a Gaussian fit to the distribution, with a peak at log P = 5.03 and standard
deviation of !log P = 2.28.

are not available from spectroscopic or visual orbits, we esti-
mate them as follows. For CPM companions with separation
measurements, we estimate semimajor axes using the statistical
relation log a## = log " ## + 0.13 from DM91, where a is the
angular semimajor axis and " is the projected angular separa-
tion, both in arcseconds. This, along with mass estimates as de-
scribed in Section 5.3.1 and Newton’s generalization of Kepler’s
Third Law yields the period. For the remaining few unresolved
pairs, we assume periods of 30–200 years for radial-velocity
variables and 10–25 years for proper-motion accelerations. The
period distribution follows a roughly log-normal Gaussian pro-
file with a mean of log P = 5.03 and !log P = 2.28, where
P is in days. This average period is equivalent to 293 years,
somewhat larger than Pluto’s orbital period around the Sun. The
median of the period distribution is 252 years, similar to the
Gaussian peak. This compares with corrected mean and me-
dian values of 180 years from DM91. The larger value of the
current survey is a result of more robust companion informa-
tion for wide CPM companions. The similarity of the overall
profile with the incompleteness-corrected DM91 plot suggests
that most companions they estimated as missed have now been
found. The shading in the figure shows the expected trend—the
shortest period systems are spectroscopic, followed by com-
bined spectroscopic/visual orbits, then by visual binaries, and
finally by CPM pairs. The robust overlap between the various
techniques in all but the longest period bins underscores the
absence of significant detection gaps in companion space and
supports our earlier statements about the completeness of this
survey. Binaries with periods longer than log P = 8 are rare,
and only 10 of the 259 confirmed pairs (4%) have estimated
separations larger than 10,000 AU. Although separations wider
than this limit were not searched comprehensively, Figure 8
shows that separations of up to 14,000 AU were searched for
some systems, and 56% of the primaries were searched beyond
the 10,000 AU limit. The drop in the number of systems with
companions thus appears to occur within our search space and

e.g. Kratter & Matzner 2006, 
Kratter et al 2008
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Figure 3. Maximum-mass nebulae are unstable to exponentially growing m = 2 spiral waves even though they are locally stable to axisymmetric perturbations. The
left column shows growing eigenmodes in the A star maximum-mass nebula, the middle column shows growing modes in the G star nebula, and the right column
shows spiral structure in the M star nebula. The color scale proceeds smoothly from red in the overdense regions, to green in the unperturbed regions, to blue in the
underdense areas. Maximum surface density perturbations straddle the corotation resonances, located between 15 and 53 AU from the star for the instabilities shown
here. Our numerical experiments demonstrate that gravitational instability is the only viable planet formation mechanism for planets on wide (a ! 35 AU) orbits.

and 1/3 (M star) of the total system mass, the fact that they
become unstable is not at all surprising. Numerous previous
investigations, including Adams et al. (1989), Laughlin et al.
(1998), Lodato & Rice (2005), Kratter et al. (2008), Cai et al.
2008, and Stamatellos & Whitworth (2009), have verified that
cold disks with more than 10% of the mass of their stars are
subject to long-wavelength, global gravitational instabilities.

Again unsurprisingly, we were not able to find growing modes
in our medium-mass nebulae within the limitations of a grid-
based search for modes using the Newton–Raphson scheme. If
planets on wide orbits form by gravitational instability, they can
do so only in massive disks. They must be relics of the early
(Class 0–Class 1) stages of protostar evolution, where massive
disks are still present.

At long last one of our experiments has revealed that there is a
chance of forming the companions to HR 8799 and Fomalhaut,
and placing them on stable orbits, by a known mechanism.
However, there is still a lot of work to be done to confirm
that these planets are products of gravitational instability. Our
experiments have merely verified that our maximum-mass disks
can become unstable. We do not yet know what happens
to the resulting spiral modes. We must rely on the work of
previous investigators, whose simulations have shown spiral
arms in massive disks can fragmenting into self-gravitating
clumps of several Jupiter masses (e.g., Boss 2000; Pickett et al.
2003; Mayer et al. 2004; Boley 2009). Even more importantly,
simulations by Mayer et al. (2004) and Boss (2005) indicate
that the protoplanetary clumps can survive without migrating
into the star.

We caution that the viability of disk instability as a planet
formation mechanism has not been fully established. The
fragment survival issue requires further investigation, as Mejı́a
et al. (2005) show that clumps may be sheared apart within
an orbit or less. Pickett & Durisen (2007) caution that clump

longevity in numerical simulations strongly depends on artificial
viscosity, which is implemented differently in smoothed particle
hydrodynamics and grid-based calculations. Boley et al. (2007)
and Cai et al. (2009) improve upon the radiative transfer
treatment of Boss (2007), who found rapid disk cooling and
fragmentation, and recover a cooling rate too slow for any
fragmentation to occur over several outer disk rotations. The
emerging consensus seems to be that while fragmentation cannot
occur in the inner disk, a ! 20–40 AU (Rafikov 2005; Boley &
Durisen 2008; Stamatellos & Whitworth 2008; Cai et al. 2009;
Forgan et al. 2009), it does occur in extended disks outside
of a few tens of AU (Boley 2009; Stamatellos & Whitworth
2009) provided that the disks are massive. The analytical work
of Clarke (2009) demonstrates that disks accreting from the
protostellar core inevitably fragment upon reaching a radial
extent of 70 AU.

At this point, we have only circumstantial evidence that mas-
sive planets on wide orbits, beyond 35 AU, form by gravitational
instability. In this work, disk instability emerges as the only pos-
sible theory from a “survival of the fittest” experiment, but it is
possible that some fundamental piece of physics is missing from
our understanding of planet formation. Nevertheless, unless the
wide-orbit planetary systems we have observed are dynamically
unstable—unlikely given their apparently near-circular orbits—
it seems like there is no other possibility. Core accretion at large
stellar separations unequivocally does not work. Our numeri-
cal experiments demonstrate that gravitational instability is the
only viable planet formation mechanism for planets on wide
(a " 35 AU) orbits. We predict that HR 8799 b, c, and d,
Fomalhaut b, and similar planets that may yet be discovered are
the result of gravitational instabilities in protostellar disks.

Boley (2009) argues for two modes of planet formation, with
core accretion dominating near the star and disk instability
forming a population of gas giants at large radii. To Boley’s

Dodson-Robinson et al 2009 Kratter et al 2010
=

1.Does the disk fragment? Depends on star formation 
history (KMCY 2010), accretion rates are typically low (Offner, Kratter et al 
2010), cooling times prohibit inner disk fragmentation

2.Do fragments make planets? Fragments grow! 
Need a thin (cold) disk to fragment into low mass objects 
(KMCY 2010). Need low viscosity post-fragmentation to control 
growth (e.g. Lissauer et al 2009). Needs to happen late in disk 
timescales, but we don’t see massive disks (Andrews et al 2009), 
inward migration, resonant configuration

Growing spiral modes are 
not equivalent to 

fragmentation
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GI predicts a population of more 
massive objects!

The Astrophysical Journal, 729:128 (20pp), 2011 March 10 Currie et al.

also Rafikov 2011).16 Detailed numerical simulations confirm
that this rapid growth phase can be reached if collisional
fragmentation and gas drag are properly treated (Kenyon &
Bromley 2009). The Dodson-Robinson et al. planet–planet
scattering simulations also were conducted assuming gas free,
planetesimal-free conditions and assumed that planets could not
further grow after scattering. However, gas drag and dynamical
friction from planetesimals are critically important as they
promote orbit circularization and stability (e.g., Goldreich et al.
2004; Ford & Chiang 2007).17 Cores with masses sufficient for
rapid gas accretion can circularize after being scattered to the
outer disk (Bromley & Kenyon 2011; S. Kenyon 2010, private
communication). Simulations by E. Thommes et al. (2011, in
preparation) show that the HR 8799 planet cores could acquire
most of their gas after scattering.

The mass ratio and semimajor axis distribution of wide plan-
ets and low-mass brown dwarfs may help constrain the forma-
tion mechanism for HR 8799’s planets (Kratter et al. 2010).
Core accretion preferentially forms planets with smaller masses
and orbital separations, while disk instability has difficulty pro-
ducing lower-mass gas giants and forming them close to the
star (e.g., Rafikov 2005; Kratter et al. 2010). Therefore, if
HR 8799bcde formed by core accretion (disk instability), they
should comprise the high-mass extrema (low-mass tail) of a pop-
ulation continuous with radial-velocity-detected planets (brown
dwarf companions). Using our new results for the masses of
the HR 8799 planets, we update Kratter et al.’s plot comparing
planet and brown dwarf distributions. We also add the planet-
mass companions to 1RXJS1609.1-210524, and 2M J044144b
(Todorov et al. 2010; 5–10 MJ , 15 AU); the planet/brown dwarf
companion to GSC 06214-00210B (14 MJ , !300 AU; Ireland
et al. 2011); and the low-mass brown dwarf companion GJ 758B
(25–40 MJ , 44 AU; Currie et al. 2010).

As shown by Figure 15, the revised masses for the HR 8799
planets and the addition of HR 8799e expand the space between
them and brown dwarf companions (asterisks). Visually, they
join with the distribution of closer-separation planets plausibly
formed by core accretion. The other new companions (red
triangles) are continuous with brown dwarfs that may form by
disk fragmentation.

While core accretion—especially when coupled with
planet–planet scattering—may form the HR 8799 planetary sys-
tem, HR 8799-like systems are still plausibly uncommon. The
Gemini Deep Planetary Survey of 85 nearby, young (mostly
solar-mass) stars was typically sensitive to 2 MJ planets at
40–200 AU yet failed to detect any (Lafreniere et al. 2007b).
Similarly, nondetections from the deep (M < 1 MJ) survey from
Kasper et al. (2007) showed that the giant planet populations
detected at small separations (a ! 4 AU) by RV surveys cannot
extend to separations larger than !30 AU. More massive stars
like HR 8799 likely have more massive disks, which aid gas gi-
ant planet formation. However, their disks also dissipate much
more rapidly (Currie et al. 2009): even if critical core masses are

16 At first glance, Equation (17) in Rafikov (2011) appears to imply that the
limiting distance for core accretion in shear-dominated growth is comparable
to Dodson-Robinson et al.’s estimate (44 AU versus their 20–35 AU).
However, Rafikov’s result of 44 AU is valid for a Minimum Mass Solar Nebula
case (Hayashi 1981). Adopting initial assumptions more comparable to those
that Dodson-Robinson et al. assume—e.g., a disk more massive than the
Minimum Mass Solar Nebula or a longer-lived one with !disk = 5 Myr instead
of 3 Myr—implies that gas giants can in some cases form by core accretion at
separations comparable to HR 8799c and b.
17 In fairness, they clearly acknowledge that their study does not consider
planet–planet scattering in a gaseous disk, which may result in a more
favorable outcome for core accretion.
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Figure 15. Updated version of the mass ratio vs. orbital separation plot from
Kratter et al. (2010) incorporating our revised masses for HR 8799bcd (magenta
dots). We also include HR 8799e, assigned a mass of 7 MJ from Marois
et al. (2011), and displayed as the leftmost magenta dot. The " Pic planet
is specifically identified as a green dot (Lagrange et al. 2010). Fomalhaut b
is a downward-pointing magenta triangle (Kalas et al. 2008; Chiang et al.
2009). Substellar companions discovered after or not included in the Kratter
et al. (2010) publication—1RXJS1609.1-210524, GJ 758B, 2M J044144b, and
GSC 06214-00210B—are plotted as red triangles. Black crosses, purple crosses,
and purple squares denote radial velocity, transit, and microlensing-detected
planets around stars with three mass bins: M# ! 0.4 M", M" = 0.1–0.4 M",
and M# < 0.1 M". For direct comparisons and simplicity, we plot the same
population of exoplanets not detected by direct imaging as that used by Kratter
et al. (2010; e.g., we do not include planets discovered by RV or transits since
the publication of this paper). Black asterisks denote the sample of substellar
companions listed in Zuckerman & Song (2009). Jupiter and Saturn are plotted
as blue diamonds.
(A color version of this figure is available in the online journal.)

reached, the leftover mass of gas may be small. Moreover, rapid
core growth results from being able to fragment and then dynam-
ical cool the surrounding planetesimal population. The current
state-of-the-art simulations show that this requires Pluto-mass
cores to start with (e.g., Kenyon & Bromley 2009), yet the for-
mation time for Pluto-mass objects at wide separations may
be long (e.g., Rafikov 2011). Thus, forming HR 8799-like sys-
tems by core accretion is difficult, though not impossible, and
probably happens infrequently.

5.4. Implications for the Atmospheres of Other Substellar
Companions: A Possible Fundamental Difference Between

Planetary-mass Objects and M > 15–20 MJ Brown Dwarfs

In some ways, the difficulty in reproducing the IR SEDs
of the HR 8799 planets mirrors difficulties in modeling other
planetary-mass objects detected prior to HR 8799bcde. In
particular, 2M 1207b also appears discrepant compared to
standard atmosphere models as noted in Mohanty et al. (2007)
and discussed in this work. Like HR 8799b, 2M 1207b is
noticeably underluminous (!2.5 mag) in the near-IR (Mohanty
et al. 2007, this work).

To explain 2M 1207b’s properties, Mohanty et al. (2007)
propose that the object is occulted by an edge-on disk with
large, gray dust grains. Alternatively, Mamajek & Meyer (2007)
propose that 2M 1207b’s properties can be explained as resulting
from a recent protoplanet–protoplanet collision. Comparing
high-resolution spectra of 2M 1207b to the DUSTY atmosphere
models from Allard et al. (2001), Patience et al. (2010) identify
a problem similar to that noted for modeling HR 8799b from
Bowler et al. (2010) and this work. Namely, allowing the object

18

Currie et al, 2011, 
Kratter, Murray-Clay & Youdin, 2010

Brown Dwarf (and 
massive planet) 
Desert is real (Nielsen & 
Close 2009, Lafreniere et al 
2007, Quanz et al 2011)

More massive stars 
do not have frequent 
similar (or higher) 
mass companions 
either (Leconte et al 2010, 
Hinkley et al 2010)
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Is core accretion too slow?

Planetesimal 
formation can get a 
head start (Chiang & 
Youdin 2010, Youdin 2010)

Critical core mass gets 
smaller (not always 10 
Me, Rafikov 2011)

Faster accretion 
rates are possible (Dones 
& Tremaine 1993, Goldreich 
Lithwick & Sari 2004,  Rafikov 
2003,2006,2011, Kenyon & 
Bromley 2009, 2011, Inaba & 
Ikoma 2003)

The Astrophysical Journal, 727:86 (8pp), 2011 February 1 Rafikov

Figure 2. Plot of the limiting semimajor axis alim beyond which CA cannot
produce planets within 3 Myr as a function of !1—surface density of solids
at 10 AU in a MMSN-like protoplanetary disk (see Equation (4)). The solid
curve is for planetesimal accretion proceeding at maximum possible rate Ṁmax
(Equation(17)); the dotted curve is for Ṁ = Ṁtr (Equation (20). Dashed
lines correspond to alim in a marginally gravitationally unstable disk, both for
Ṁ = Ṁmax (Equation (19), upper line) and Ṁ = Ṁtr (lower line). See the text
for details.

our standard choice of parameters. In Figure 2, we display
different expressions for alim as functions of !1—value of !s at
10 AU—obtained for !0.1 = 1, "c,1 = 1, µ2 = 1, #neb = 3 Myr
under a variety of assumptions regarding !s and $ .

Clearly, less efficient accretion results in significantly more
compact region of the disk where the CA can occur. In fact,
Equation (20) implies that the formation of Saturn by CA with
planetesimal accretion at the rate Ṁtr at 10 AU in our solar
system would only be possible if the surface density of the proto-
solar nebula was at least four times higher than in the MMSN
or if the nebula dissipation timescale was at least 10 Myr. This
conclusion is in agreement with existing studies which assume
planetesimal accretion at Ṁ ! Ṁtr (Ida & Lin 2004). However,
such an increase of nebular surface density is not necessary if
Ṁ ! Ṁmax, see Equation (17).

5.3. Sensitivity to Opacity Variations

Rather interestingly, our calculations find very weak depen-
dence of both !lim and alim on !0. Although the reduction of
!0 does help to reduce Mcrit and Mlim (our dependence of Mcrit
on ! represented by Equation (12) is similar to that found by
Stevenson (1982) and Ikoma et al. (2000)), the values of !lim and
alim remain virtually unaffected. This is because our constraint
on the CA involves the timescale for the gas runaway to occur
and the growth history of the solid core assumed here is such
(Mc " # 3; see Equation (6)) that # (Mc) depends on Mc rather
weakly (see Equation (8)). Given the large uncertainty in the
value of !0 (Podolak 2003; Movshovitz & Podolak 2008) this
property further strengthens our estimates of !lim and alim.

Recently Hori & Ikoma (2010) calculated Mcrit as a function
of Ṁ for protoplanets with dust-free (possible if dust grains sed-
iment from the outer layers of the protoplanetary atmosphere)

and metal-free (i.e., containing only H and He) atmospheres and
found values of Mcrit lower by up to an order of magnitude (as
low as 2 M# in the metal-free case for Ṁ = 10$6 M# yr$1)
than in the dusty case. It would certainly be interesting to repeat
calculations done in Sections 4, 5, and the Appendix for the
case of dust-free atmosphere to see how this extreme reduction
of opacity would extend the radial range available for CA.

In practice, we cannot do such calculation at present since
it is not possible to calibrate Matm against the results of Hori
& Ikoma (2010) as we did in Equations (10), (11), and the
Appendix. This is because in the absence of dust ! is a
function not only of gas temperature but also of gas density. As
demonstrated in R06, in this case Mcrit is no longer independent
of the ambient temperature T0 and density "0 of the nebula as
the original analyses of Mizuno (1980) and Stevenson (1982)
suggest. Instead, one finds that Matm " ("0/T 3

0 )q/(1+q), where
q % % ln !/% ln " (R06). Obviously, Mcrit then also depends on
"0 and T0, and knowledge of this dependence is very important
for obtaining !lim and alim in the dust-free case. Unfortunately,
we do not possess this knowledge from first principles as opacity
calculations are rather complicated, and in any case we cannot
currently calibrate Mcrit as functions of Mc, T0, and "0 against
numerical results because the calculations of Hori & Ikoma
(2010) were done for a single value of the planetary semimajor
axis (meaning fixed values of T0 and "0), while Ṁ was varied.
The scaling of Matm and Mcrit with T0 and "0 and its implication
for the possibility of CA thus remain worthwhile issues for
future investigation.

We can still get a qualitative idea of how alim changes in the
dust-free case by setting opacity in Equation (17) at the very
low level consistent with pure gas opacity, e.g., ! = 10$4 cm2

g$1. We then find aMMSN
lim & 80 AU compared to 44 AU that

Equation (17) predicts for ! = 0.1 cm2 g$1. Thus, opacity
reduction due to sedimentation and coagulation of dust grains
in the protoplanetary atmosphere may help in extending the
range of distances in which the CA is possible.

6. DISCUSSION

Despite the robustness of our arguments it is not inconceiv-
able that some additional factors can weaken them and make
giant planet formation by CA possible even beyond the limits
represented by Equations (14) and (17). Alternatively, it is quite
possible that some of the assumptions used in deriving these
results are too extreme and one can get even better constraints
by focusing on less dramatic assumptions. Below we review
factors that can work one way or another.

6.1. Extending CA to Larger Radii

One possible way to facilitate CA and increase alim is
to consider the possibility of planetesimal accretion at rates
exceeding Ṁmax. This is very difficult (since there are many
factors that tend to reduce Ṁ compared to Ṁmax, see Section 6.2)
but may be possible if, e.g., one takes into account the increase
of planetesimal capture cross section by the core caused by its
extended, dense atmosphere. This effect has been previously
investigated by Inaba & Ikoma (2003) who demonstrated
that an increase of Ṁ by a factor of !10 compared to the
value computed without atmosphere is possible. According to
Equation (17), such an enhancement of Ṁ (incorporated by
increasing $ ) would boost aMMSN

lim by a factor of !4.
Our present calculations assume that the core is accret-

ing planetesimals continuously until the protoplanetary nebula
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Figure 19. Outcomes of planet formation simulations. The regions indicate the
maximum masses of planets as a function of the initial disk mass, Md,0, and the
disk viscosity parameter, !.

possible. Because angular momentum is invariant, the sign of the
migration depends on the mode of mass and angular momentum
loss. In systems that lose mass by disk accretion, migration is
inward. Mass loss by photoevaporation may lead to outward
migration. Both modes may be important in establishing pairs
of planets in resonant orbits (e.g., as in Holman et al. 2010).

To explore the ability of our code to simulate the formation of
gas giant planets, we consider the evolution of planetesimals in
disks with a variety of initial masses and viscosity parameters.
Disks of Pluto-mass planetesimals cannot form gas giants. For
disks with initial masses of 0.1 M! and all values of !, the
maximum planet mass is roughly 0.5 M". Lower mass disks
produce substantially lower mass planets.

Disks composed of 0.1–1 cm pebbles and a few Pluto-mass
seeds can produce Jupiter-mass planets on short timescales.
Our results demonstrate that the properties of planetary systems
depend on the initial disk mass Md,0 and the viscosity parameter
! (Figure 19).

1. More massive disks produce more massive planets on more
rapid timescales. In disks with Md,0 = 0.1 M!, Jupiter-
mass planets are common at 1–2 Myr. In lower mass
disks, super-Earths and Saturns form in 2–3 Myr. The
timescales are similar to the observed lifetimes, #1–3 Myr,
of circumstellar disks around low-mass pre-main-sequence
stars (e.g., Haisch et al. 2001; Kennedy & Kenyon 2009;
Mamajek 2009).

2. Disks with larger ! form lower mass planets. In disks
with ! = 10$2–10$3, Jupiters form rarely; Saturns and
Super-Earths are common. In disks with ! = 10$4–10$5,
planetary systems with two or more Jupiters are common.
This result suggests that Jupiters probably form more often
in disks with “dead zones,” regions where the disk viscosity
parameter is much lower than the rest of the disk (e.g.,
Matsumura et al. 2009).

3. The derived distributions of planet mass span the range of
known exoplanets. For planets with MP % 0.03–10 MJ ,
disks with Md,0 = 0.1 M! and ! = 10$5–10$4 yield a
roughly power-law probability distribution dp/d log Mp

& M$n
P with n = 0.20–0.25. Disks with ! = 10$2 have a

much steeper relation, with n % 0.8–0.9. Known exoplanets
have an intermediate frequency distribution, with n % 0.48
(Howard et al. 2010). Thus, simulations with small (large)

! produce relatively fewer (more) super-Earths and Saturns
than observed in real systems. If real protostellar disks have
a range of ! that includes our small and large ! regimes,
some mix of ! can probably “match” the observations.
However, including other physical processes—such as
migration and photoevaporation—will change the slopes of
the mass–frequency relation (see, for example, Ida & Lin
2005; Mordasini et al. 2009). Thus, detailed comparison
with observations is premature.

4. The derived distribution of semimajor axes is roughly linear
in a over 3–30 AU. Scattering leads to a few gas giants
at 1–3 AU and at 30–100 AU. Without a treatment of
migration, our predicted distribution of semimajor axes
cannot hope to match observations. However, our ability
to scatter gas giants out to 30–100 AU may allow core
accretion models to produce systems similar to HR 8799
(Marois et al. 2008).

5. These calculations often produce planetary systems with
2–10 planets. Planetary systems with multiple planets
usually contain super-Earths, sometimes contain Saturns,
and rarely contain Jupiters. Current observations suggest
that roughly 10% of all planetary systems have two or more
gas giant and/or ice giant planets (Gould et al. 2010, also
statistics at exoplanet.eu and exoplanets.org). However,
some planetary systems may have as many as seven super-
Earth or ice giant planets (e.g., HD 10180; Lovis et al.
2011). Given current poor constraints on initial disk mass
and viscosity in protostellar disks, our results can “match”
both of these observations.

6. Jupiter-mass planets in these calculations have core masses
of 10–100 M". Once icy 10 M" cores start to accrete gas,
they continue to accrete solids from the disk. Mergers with
other gas giants also augment the core mass. When mergers
between growing protoplanets are rare, planets have modest
core masses, 10–20 M". When mergers between icy cores
are common, core masses approach 100 M". Multiple
mergers of growing protoplanets may account for the
large heavy element abundances in HD 149026b and other
exoplanets (Burrows et al. 2007; Fortney et al. 2010).

These results are encouraging. Our simple set of initial cal-
culations accounts for the observed range of planet masses and
for some of the observed range of semimajor axes. The derived
power-law slopes for the frequency of planet masses bracket
the observations. Compared with real planetary systems, the
calculations probably produce too many multi-planet systems.

Adding more realism (e.g., migration, photoevaporation, etc.)
to our simulations will allow us to improve our understanding
of the processes that lead to ice/gas giant planet formation.
Integrating orbits past #10 Myr will enable robust comparisons
between the properties of real and simulated planetary systems.
Together with improved observations of protoplanetary disks
and better data for exoplanets, numerical simulations like ours
should lead to clear tests for the core accretion theory of planet
formation.

We acknowledge generous allotments of computer time on
the NASA “discover” cluster (#1000 cpu days) and on the
SI cluster “hydra” (#500 cpu days). Advice and comments
from A. Burrows, T. Currie, M. Geller, G. Kennedy, G. Marcy,
R. Murray-Clay, H. Perets, D. Spiegel, and A. Youdin greatly
improved our presentation. We thank an anonymous referee for
comments that clarified many parts of our discussion. Portions
of this project were supported by the NASA Astrophysics
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Evidence for core accretion 
in HR 8799

Only strong 
“counter” 
observation to 
standard planet 
formation has a 
debris disk

Massive Stars form 
more planets at 
wider separations 
(Johnson 2010, Crepp 
& Johnson 2011)

1124 MORO-MARTÍN ET AL. Vol. 717

Figure 1. Schematic representation of the seven planetary systems known to harbor multiple planets and dust-producing planetesimals. The stars are represented by
the orange/yellow circles, with the stellar mass, luminosity, and effective temperature labeled to the left. The size of the orange circle is proportional to the cube root
of the stellar mass, while the size of the yellow circle is proportional to the stellar luminosity. The planets are represented by blue symbols with sizes proportional
to the cube root of the planet mass. The thin blue lines extend from periastron to apoastron. For a given system, there is a range of planetary configurations that can
fit the observations (see the planets’ orbital elements in Table 2); many of these possible configurations would look very similar to each other under this schematic
representation, with the exception of HD 82943 and HR 8799; for each of these stars, we show two possible planetary configurations that significantly differ from
each other. The inferred location of the dust-producing planetesimals are represented by the black and the green lines. Each line corresponds to a possible solution of
a single-component disk, showing the degeneracy of the problem (exceptions are HR 8799, where warm and cold dusty disk components are inferred to exist from the
SED, and the Sun, with the Asteroid Belt and the Kuiper Belt). The black lines correspond to solutions that assume that the dust is composed of 10 µm-sized grains,
while the green lines correspond to models that assume a grain size distribution (see Table 3 for details); the asteroid and Kuiper belts are shown in red, the only two
planetesimal belts that have been directly detected.

2. DEBRIS DISKS DETECTED IN MULTIPLE-PLANET
SYSTEMS

Including the solar system, 19 planetary systems are currently
known to have both orbiting debris and planets (Bryden et al.
2009), and while the majority are single-planet systems, seven
of them are known to harbor multiple planets. These systems
are described in Figure 1 and Table 3. Figure 1 also shows the
locations of the planetesimal belts derived either from work in
the literature or in this paper. Our estimates arise from SED
fitting together with dynamical models that study the effects
imposed by the planets on the stability of the planetesimals.
In this section, we describe the infrared excesses, the planet
detections, and the dynamical models for the planet orbits.

For these multi-planet systems, the planet–dust interaction
has previously been studied in the case of the solar system,

HD 38529 (Moro-Martı́n et al. 2007b), and HD 69830 (Lovis
et al. 2006; Lisse et al. 2007). In this paper, we study the
remaining four systems: HD 128311, HD 202206, HD 82943,
and HR 8799.

2.1. Observations of HD 128311

HD 128311 is a K0 star located at 16.57 pc, with Teff =
4965 K, M! = 0.84 M", and a metallicity of [Fe/H] = #0.04
(Saffe et al. 2008). King et al. (2003) identified this star as a
possible member of the UMa moving group, suggesting an age
of $500 Myr, consistent with the estimate of 390–410 Myr by
Saffe et al. (2005). The chromospheric activity index reported
by Gray et al. (2003) indicates an age of $560 Myr, using the
calibration of Mamajek & Hillenbrand (2008). Barnes (2007)
found an age of 350 Myr from gyrochronology. All of these
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4965 K, M! = 0.84 M", and a metallicity of [Fe/H] = #0.04
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possible member of the UMa moving group, suggesting an age
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Summary
Observations support core accretion for a wide 
range of planets

GI is proposed to account for “hard” to form planets, 
but suffers from similar, if not more extreme theoretical 
difficulties. It predicts a population of more massive 
objects
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Summary
Observations support core accretion for a wide 
range of planets

GI is proposed to account for “hard” to form planets, 
but suffers from similar, if not more extreme theoretical 
difficulties. It predicts a population of more massive 
objects

Researchers are “trapped in the mindset of the disk-
instability deniers” who believe that the inner part of 
a planet-forming disk, because it lies closer to the 
parent star, would be too hot to fragment, Boss says. 
“This really is more of a religious split than a 
scientific one,” he adds. (ScienceNews, Dec. 2010)
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Fig. 1.— Gas surface density (colorbar, log [g cm−2]) with particle positions overplotted.

Left: A clump forms and solids are quickly marshaled to the center. The clump grows to

mass of about 8 MJ with 77 M⊕ of heavy elements. Right: The clump is sheared away by the

disk, releasing the solids back into the disk. If the the particles were allowed to amalgamate,

a core may have formed prior to disruption. The snapshots are ∼ 200 yr apart.

Fig. 2.— Similar to Figure 1, but for later in the disk’s evolution after additional fragmen-

tation has occurred. Left: There are three regions of interest that are highlighted by boxes

A, B, and C. Box A shows to clumps that are about to merge and become one object. Box

B shows two clumps that just missed merging. One is becoming disrupted, and releasing its

gas solids back into the disk. In Box C, a three clumps are about to merge. Right: The

boxes represent the same objects 200 yr later. Boxes A and C show that the clumps have

completed their mergers. The clump in Box C is now 32 MJ with 270 M⊕ of total heavy

elements. In contrast, one of the clumps in Box B has survived, while the other was tidally

disrupted. The clump is 11 MJ with ∼ 100 M⊕ of heavy elements.

Boley et al, 2011
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let there be planets?

Kratter, Murray-Clay, Youdin, 2010
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