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Abstract Planets result from a series of processes within
a circumstellar disk. Evidence comes from the near planar orbits in the Solar System and other planetary systems,
observations of newly formed disks around young stars,
and debris disks around main-sequence stars. As planethunting techniques improve, we approach the ability to detect systems like the Solar System, and place ourselves in
context with planetary systems in general. Along the way,
new classes of planets with unexpected characteristics are
discovered. One of the most recent classes contains super
Earth-mass planets orbiting a few AU from low-mass stars.
In this contribution, we outline a semi-analytic model for
planet formation during the pre-main sequence contraction
phase of a low-mass star. As the star contracts, the “snow
line”, which separates regions of rocky planet formation
from regions of icy planet formation, moves inward. This
process enables rapid formation of icy protoplanets that collide and merge into super-Earths before the star reaches
the main sequence. The masses and orbits of these superEarths are consistent with super-Earths detected in recent
microlensing experiments.
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1 Introduction
Planets form in circumstellar disks. The strongest evidence
is contained in the nearly flat orbital structure of the Solar System. The near ubiquity of infra-red excesses around
young stars (Haisch et al. 2000)—starlight reprocessed by
a dusty disk—argues strongly for planetary formation as a
common and robust process.
The abundance of low-mass stars in the Milky Way, and
evidence that they harbour circumstellar disks and planets,
makes them potentially fruitful and important locales for
planet formation. The recent microlensing discoveries of
∼5–10M⊕ planets orbiting at distances of a few AU provide
additional evidence that planetary systems with planet/star
mass-ratios similar to Neptune/Sun are common (Beaulieu
et al. 2006; Gould et al. 2006).
The discovery of super Earth-mass planets—dubbed
“super-Earths”—around low-mass stars challenges our understanding of planet formation. With orbital semi-major
axes a ∼ 2–3 AU, these planets are probably ice giants
roughly similar in structure to Uranus and Neptune in the
Solar System.
Boss (2006) proposes that these planets form in two
stages. After gravitational instability produces a gas giant,
photoevaporation of the gas giant atmosphere leaves behind
an icy core with M ∼ 10–20M⊕ . This mechanism requires
a massive disk to initiate the instability and a nearby O-type
star to photoevaporate the giant planets atmosphere. Boss
notes that this process should yield (i) super-Earths around
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M dwarfs formed in rich star clusters and (ii) gas giants
around M dwarfs formed in low-mass stellar associations.
Beaulieu et al. suggest that super-Earths favor coagulation models, where collisions of 1–10 km objects eventually
produce icy planets with M ∼ 10M⊕ at 1–10 AU. Although
numerical calculations appear to preclude gas giants at 1–10
AU around M dwarfs (Laughlin et al. 2004), there has been
no demonstration that coagulation produces icy planets on
reasonable timescales in a disk around an M dwarf.
Here we outline a semi-analytic coagulation model,
which shows that contraction of the central star along a premain sequence (PMS) Hayashi track sets the initial conditions for planet formation around low-mass stars. Our results
indicate that icy protoplanets with M ∼ 0.1–1M⊕ form in
∼0.1–1 Myr at 1–4 AU. Over 50–500 Myr, collisions between protoplanets produce super-Earths with masses similar to those detected in microlensing surveys.
We start with the motivation for our study in Sect. 2, discuss the coagulation model of planet formation and the moving snow line in Sect. 3, develop the disk evolution model
in Sect. 4, and apply the model to super-Earth formation in
Sect. 5. We end with a brief summary in Sect. 6.

2 Motivation: planet formation in the disk of
a low-mass star
To motivate our study, we contrast planet formation around
low-mass stars and those moderately more massive that the
sun (intermediate mass stars). As intermediate mass stars approach the main-sequence, the luminosity increases. Thus,
the star is not at the main-sequence luminosity when protoplanets form in the first 0.1–1 Myr. The same is also true for
low mass stars. For stars with masses 0.5M , the luminosity fades by a factor of 10–100 on the PMS track. During
this evolution, the “snow line”—the point that separates the
inner region of rocky planet formation from the outer region
of icy planet formation—also moves inward.
Previous studies of planet formation (e.g. Ida and Lin
2005) have used the main-sequence luminosity when setting
the location of the snow line. This assumption overlooks the
movement of the snow line during the PMS contraction, and
thus implies the snow line is too close to (far from) the central star for low-mass (intermediate-mass) stars.
Here we investigate the consequences of a moving snow
line for low-mass stars, and how it sets where super-Earth
building blocks form.

3 Coagulation and the moving snow line
In this section we briefly review the coagulation model of
Solar System formation, where planets grow from repeated
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collisions and mergers of small objects in a circumstellar
disk of gas and dust (Safronov 1969). Nearly all stars in sufficiently young clusters show these excesses (Haisch et al.
2000), which disappear over timescales of several million
years as grains grow and the disk becomes optically thin.
To create a model disk in which planets grow, the Solar
System planets are augmented to solar metallicity, and distributed evenly over concentric annuli. The radial profile of
this “minimum mass solar nebula” (MMSN, Hayashi 1981)
is
−3/2

σ (a) = σ0 aAU

(1)

where σ0 ∼ 8 g cm−2 is the surface density in solids at
1 AU, and aAU is the radial distance from the star in units
of AU. The surface density of gas follows a similar relation,
increased by a factor of about 100.
An important part of the MMSN model is the snow line at
∼3 AU. This distance marks where the temperature becomes
low enough for ices to condense from the nebular gas, and
where M⊕ protoplanets form in the Solar System.
Models of growth by coagulation commonly start with
the MMSN. As the disk forms, micron-sized grains settle
to the mid-plane of the disk. The settling rate depends on
particle size, so grains begin to collide and stick as they settle, greatly increasing the rate of growth (Safronov 1969).
Upon reaching the mid-plane, growth continues until 1–
10 km “planetesimals” form (Weidenschilling 1980). The
timescale for this growth is short—on the order of several thousand orbital periods—so repeated fragmentation is
needed to explain the much longer observed disk lifetimes
(Dullemond and Dominik 2005).
Once objects reach ∼km sizes, they are largely free from
influence by the nebular gas (but see comments on migration
below), and processes are dynamical.
The size distribution of objects evolves roughly as a
power-law, with a few large objects, and many more small
ones. Dynamical friction from small objects damps the orbital eccentricities of the largest objects, leading to “runaway growth”, where the largest objects grow much faster
relative to smaller objects (Wetherill and Stewart 1989).
Throughout runaway growth, the largest protoplanets stir
up the leftover planetesimals. Eventually, the leftovers have
velocity dispersions comparable to the escape velocities of
the largest protoplanets and runaway growth ends. The ensemble of planetesimals and protoplanets then enters “oligarchic” growth, where the largest objects—oligarchs—
accrete at rates roughly independent of their size (Kokubo
and Ida 1998).
During oligarchic growth, protoplanets become isolated
from their surroundings. If an oligarch accretes all of the
mass in an annulus with width 2BRH , where the factor
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B ∼ 4, and RH = a(Miso /3M )1/3 is the Hill radius, its isolation mass is
−1/2

Miso ≈ 4πaBRH σ ∝ (Bσ )3/2 a 3 M

,

(2)

(e.g. Lissauer 1993). However, both theoretical and numerical calculations show that oligarchic growth probably ends
when oligarchs contain ∼50% of the total mass in solids,
and dynamical friction from small objects no longer keeps
the large objects in circular orbits (Goldreich et al. 2004;
Kenyon and Bromley 2006).
To reach isolation, protoplanets must overcome type I
migration, where the object is torqued by density waves
excited in the gas disk (e.g. Tanaka et al. 2002). Type I
migration timescales are typically very short—of the order 104 yr for the Jovian core. Icy protoplanets in general
may suffer similar problems. However, the extremely short
timescale has lead some researchers to include other effects.
A likely important effect is magnetohydrodynamic (MHD)
turbulence generated by the magnetorotational instability, a
likely source of the viscosity needed to explain disk accretion onto young stars. MHD turbulence causes the migration
of 10M⊕ protoplanets to become a random walk in semimajor axis rather than a steady decline, resulting in diffusion during oligarchic growth (see Papaloizou et al. 2007,
and references therein for a recent review).
Growth beyond isolation is different in the inner and
outer planetary regions of the Solar System. The boundary
is marked by the snow line, where it becomes cold enough
for ices to condense from the nebular gas into solids.
In the terrestrial region, isolated protoplanets have masses
∼0.1M⊕ , and are rocky because volatile materials remain
in the gas. In numerical models of the solar terrestrial zone,
collisions and mergers of 10–20 oligarchs yield 2–5 planets with masses comparable to the mass of the Earth, on
timescales of 10–100 Myr (e.g. Kenyon and Bromley 2006).
The timescale for oligarchs to merge into planets is proportional to P /σ , where P is the orbital period.
Outside the snow line, ice condensation enhances the surface density and promotes the formation of larger oligarchs.
For a density ρ ∼ 1.5 g cm−3 and σ ∼ 3–6 g cm−2 at 5 AU,
isolated oligarchs with Miso ∼ 5–10M⊕ form on timescales
tiso ∼ 1 Myr. These icy oligarchs accrete gas directly from
the nebula and grow into gas giant planets in several million
years (Pollack et al. 1996).
The time to reach isolation is important for two reasons.
It determines when isolation occurs during the PMS contraction of the central star, and also determines whether a
large protoplanet can form early enough to accrete a significant atmosphere. The timescale to reach isolation varies as
(Goldreich et al. 2004)
tiso ∝ ρ 1/2 a 3/2 σ −1/2 .

(3)

Because the timescale for planetesimal and oligarch formation is short compared to the 0.1–1 Gyr PMS contraction time (e.g. Siess et al. 2000), the timing of planetesimal
formation sets the nature of icy/rocky planets with distance
from a star. Just outside the moving snow line, ice condensation increases σ (Miso ) by a factor of ∼3 (5) using solar
oxygen abundances from Asplund et al. (2005). If the planetesimal density decreases by 2–3 times, tiso decreases by a
factor of ∼3.

4 Evolution of a disk around a contracting star
In the standard MMSN model, σ is fixed in time (e.g.
Hayashi 1981). However, as a low-mass star contracts to the
main-sequence, the snow line moves inward, and the surface
density may change as the temperature drops below the ice
condensation temperature.
To construct a model for disk evolution, we adopt
σ (t) = σ0 ηfice

M −3/2
a
M AU

(4)

where fice = 3 is the increase in surface density applied beyond the snow line, and η allows us to vary the disk mass
(relative to M ). For reference, with η = 1 and 1M , the
disk mass Mdisk ≈ 0.025M (integrated to 60 AU). To derive
the snow line distance, we adopt the temperature profile of a
flat circumstellar disk, T ∝ T (R /a)3/4 (Kenyon and Hartmann 1987). Consistent with observations (e.g. Natta et al.
2000), we scale σ and the disk mass linearly with the stellar mass. For further details, we refer the reader to Kennedy
et al. (2006).
With these ingredients, we derive the evolution of asnow ,
σ , Miso , and tiso as the star contracts to the main sequence
using Siess et al. (2000) PMS tracks. This evolution has two
main features. Initially, the snow line is at ∼4 AU from the
luminous PMS star. Well inside the snow line, rocky oligarchs form and reach Miso before the star contracts significantly. At a few AU, the isolation timescale at the snow line
is long compared to the initial contraction time. As the star
contracts, ices condense out of the nebula and the snow line
moves inward. For the inner region, this icy material coats
the growing oligarchs, leftover planetesimals, and the surrounding debris with an icy veneer that may extend the oligarchic growth phase and produce more massive oligarchs.
The snow line is at ∼1 AU when the gas disk dissipates in 1–
10 Myr. At a few AU, ice condensation reduces the isolation
timescale by increasing σ and decreasing ρ.

5 Super-Earth formation
To explore the consequences of this picture, we consider a
0.25M M dwarf with a disk with mass Mdisk /M = 0.063.
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Fig. 1 Isolation masses at fixed radii over time around a 0.25M star
with Mdisk /M = 0.063. The isolation time for each distance is marked
by a ⊕. As the snow line moves inwards, ice condensation increases σ
(and hence Miso ), which leads to more rapid formation of more massive
oligarchs. The dip in the 1.5 AU line at ∼1 Myr is caused by deuterium
burning in the star briefly stabilising the contraction

This disk is η = 2.5 times more massive than the M scaled
MMSN, and about half the mass of the most massive observed disks (e.g. Natta et al. 2000). Alternatively, the disk
could have an increased metallicity, and retain Mdisk =
0.025M . Figure 1 shows isolation mass evolution for this
system at several distances from the central star. The figure
shows clear increases when the snow line crosses specific
points in space and ices condense out of the gas.
Interior to asnow at isolation (a  1–2 AU), rocky oligarchs with Miso ∼ 0.1M⊕ form in 105 yr. This time is
probably somewhat limited by the disk and planetesimal formation time, and not as short as (3) and the figure suggest.
At 1.5 AU, continued movement of the snow line replenishes
σ and enables further growth of oligarchs to Miso ∼ 0.3M⊕
in several 105 yr. At a ∼ 2–3 AU, ice condensation during
runaway growth promotes the formation of oligarchs with
Miso ∼ 0.5M⊕ in ∼105 yr.
This analytic prescription for protoplanet growth suggests that oligarchs with Miso ∼ 0.1–0.5M⊕ can form at
∼1–3 AU in 1 Myr. The model predicts ∼10 oligarchs at
1.5–4 AU. Thus, the building blocks for observable superEarths can form on timescales much shorter than disk lifetimes derived from measurements of dust emission from
low-mass PMS stars (e.g. Plavchan et al. 2005). We find it
unlikely that icy protoplanets form interior to ∼1 AU for
0.25M stars, in contrast to Ida and Lin (2005).
There are two main considerations for the final stages of
coalescence into super-Earths. Goldreich et al. (2004) point
out that interactions are more likely to lead to ejections when
the escape velocity from a planet is greater than the local
orbital velocity, which allows us to set planetary mass limits
as a function of distance from the star. In this picture we
expect to form ∼5M⊕ planets at 1–2 AU, ∼3M⊕ planets at
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2–3 AU, and 1–2M⊕ planets at 3–4 AU. If we simply adapt
the collisional history of Earth formation to a planetesimal
disk around a 0.25M star, mergers of ∼10 oligarchs should
yield planets with masses ∼1–2M⊕ at 1 AU and ∼3–5M⊕
at 2.5 AU.
To consider whether oligarchs can merge into superEarths on reasonable timescales, we use the scaling relation for Earth formation tform ∝ 10–100P /σ0 Myr. The expected merger timescale for oligarchs at 1–3 AU around a
0.25M star is ∼2–5 times longer than for the terrestrial
zone around a solar-type star. Thus, coagulation can produce super-Earths around low-mass stars on timescales of
∼50–500 Myr.
The main uncertainties in our picture are the probability
of the initial disk mass and the details of the final accretion stage when 1–2M⊕ planets evolve into 3–5M⊕ planets.
Since we expect planet masses to increase with disk mass,
we naturally expect to discover planets originating from relatively massive disks first. Observations of larger samples
can yield better estimates for the range of initial disk masses
for low-mass stars and for the Mdisk –M relation. Detailed
numerical simulations can provide better estimates of the
masses and formation timescales for super-Earths.
Observations of comets may argue for a smaller (a factor
∼2) jump in surface density at the snow line (Küppers et al.
2005), with an increase in Miso of ∼3. While the difference
in (proto)planet masses across the snow line will likely be
less dramatic, super Earth-mass planets will still form beyond it.
In this picture we have ignored migration, which may be
important in the first ∼1–10 Myr while the gas disk is still
present. Type I theory (e.g. Tanaka et al. 2002), predicts a
single ∼0.5M⊕ protoplanet will migrate into the central star
in a few 105 yr in the absence of MHD turbulence, similar
to its formation time. In the increased metallicity scenario
for η, the migration timescale becomes a few times longer
than the isolation timescale. However, effects such as MHD
turbulence will likely reduce migration of these low mass
protoplanets to a random walk, allowing them to survive until the gas disk is dissipated and migration stops.

6 Summary
We have developed an analytic prescription for snow line
evolution, and planet formation by coagulation around lowmass stars, and applied it to super-Earth formation around
a 0.25M star. At 1–5 AU, isolated oligarchs can grow to
masses ∼0.1–1M⊕ in ∼0.1–1 Myr, short compared to the
∼100 Myr PMS contraction time. These oligarchs merge
into super-Earths with masses ∼2–5M⊕ as the star contracts
to the main sequence. Thus, coagulation can produce planetary systems similar to those detected in recent microlensing
events.
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