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Full Collisional Growth
• Vd ~ 80m/s (Wada+09,11,13) 
• Fluffy dust aggregates 
overcome the drift  
barrier due to transition into 
Stokes regime. 

• Aggregates avoiding the  
drift barrier accumulate, 
resulting in the solid 
enhancement. 

RAPID COAGULATION OF POROUS DUST AGGREGATES OUTSIDE THE SNOW LINE 9
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Figure 8. Weighted average mass ⟨m⟩m (Equation (21)) at r = 5 AU as a
function of time t for the porous aggregation model. Shown at the right of
the panel is the corresponding aggregate radius a(⟨m⟩m). The dashed and
solid arrows indicate the sizes at which a(⟨m⟩m) = λmfp and Ωts(⟨m⟩m) = 1,
respectively.
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Figure 9. Normalized projectile mass distribution per unit logarithmic pro-
jectile mass, mpCmt (mp), for a target with mass mt = ⟨m⟩m at different times
t(= 1289 yr–2450 yr) at r = 5 AU for the porous aggregation model (see
Equation (22) for the definition of Cmt (mp)). The filled circles show the val-
ues for equal-sized collisions, mp = mt(= ⟨m⟩m). The dotted and solid arrows
indicate the target mass at which ts = tη and Ωts = 1, respectively.

As noted in Section 2.3.1, our porosity change model has
only been tested for collisions between similar-sized aggre-
gates. To check the validity of using this model, we intro-
duce the projectile mass distribution function (Okuzumi et al.
2009):

Cmt (mp) ≡
mpK(mp,mt)N(mp)

∫ mt

0 m′pK(m′p,mt)N(m′p)dm′p
, mp ! mt, (22)

which is normalized so that
∫ mt

0 Cmt (mp)dmp = 1. The denom-
inator of Cmt (mp) is equal to the growth rate t−1grow ≡ d lnmt/dt
of a target having mass mt (see Okuzumi et al. 2009). Hence,
the quantityCmt (mp)dmp measures the contribution of projec-
tiles within mass range [mp,mp + dmp] to the growth of the
target.
Figure 9 shows the projectile mass distribution per unit

lnmp, mpCmt (mp), for targets with mass mt = ⟨m⟩m at r =
5 AU and at different t. We see that the growth of the
mt = ⟨m⟩m target is dominated by projectiles within a mass

range 0.1mt " mp ! mt. In fact, the projectile mass dis-
tribution integrated over 0.1mt ! mp ! mt exceeds 50%
for all the cases presented in Figure 9. This means that the
growth of aggregates is indeed dominated by collisions with
similar-sized ones as required by the limitation of our poros-
ity model. This is basically the consequence of the fact that
the aggregate mass distribution ∆Σd/∆ logm is peaked around
the target mass m ∼ ⟨m⟩m (see Figure 7). The mass ratio
mp/mt at the peak of mpCmt (mp) reflects the size dependence
of the turbulence-driven relative velocity ∆vt, which is the
main source of the collision velocity in our simulation. At
t " 2000 yr (⟨m⟩m " 103 g), the dominant projectile mass is
lower than mt(= ⟨m⟩m), since both the target and projectiles
are tightly coupled to turbulence (i.e., ts(mt), ts(mp) < tη) and
hence ∆vt vanishes at equal-sized collisions (see the first ex-
pression of Equation (20)). At t # 2000 yr (⟨m⟩m # 103 yr),
the target decouples from small turbulent eddies (ts(mt) > tη).
This results in the shift of the dominant collision mode to
mp ≈ mt because ∆vt no more vanishes at equal-sized col-
lisions (see the second line of Equation (20)).

3.2.2. Density Evolution History
To see the density evolution history in detail, we plot in

Figure 10 the temporal evolution of the weighted average
mass ⟨m⟩m and the internal density of aggregates with mass
m = ⟨m⟩m at orbital radii r = 5 AU and 20 AU.
As mentioned above, dust particles initially grow into frac-

tal aggregates of d f ≈ 2 until the impact energy Eimp becomes
comparable to the rolling energy Eroll. With this fact, one
can analytically estimate the aggregate size at which the frac-
tal growth terminates. Our simulation shows that the colli-
sion velocity between the fractal aggregates is approximately
given by the turbulence-driven velocity in the strong-coupling
limit (Equation (20) with ts ≪ tη). Assuming that the colli-
sions mainly occur between aggregates of similar sizes (see
Section 3.2.1), the reduced mass and the collision velocity are
roughly given by m/2 and δvgRe1/4t Ωts, respectively. In ad-
dition, we use the fact that fractal aggregates with d f ≈ 2
have the mass-to-area ratio comparable to their constituent
monomers. This means that the stopping time of the aggre-
gates is as short as the monomers and is hence given by Ep-
stein’s law. Thus, the impact energy is approximated as

Eimp ≈
m
4
∆v2t ≈

3
8
m
(

δvgRe1/4t Ω

ρgvth

)2(3m
4A

)2

. (23)

Furthermore, using the definitions for ρg, vth, and Ret, we
have ρgvth = (2/π)ΣgΩ and Ret = αDΣgσmol/(2mg) for the
midplane. Substituting them into Equation (23) and using
δvg =

√
αDcs and m/A ≈ m0/(πa20) = 4ρ0a0/3, we obtain

Eimp ≈
3π2

32
√
2
α3/2D mc2s

(

Σgσmol

mg

)1/2(
ρ0a0
Σg

)2

. (24)

Thus, the impact energy is proportional to the mass. We define
the rolling mass mroll by the condition Eimp = Eroll. Using
Equation (24), the rolling mass is evaluated as

mroll ≈
32
√
2

3π2
Eroll
c2sα

3/2
D

(

mg
Σgσmol

)1/2(
Σg

ρ0a0

)2

∼ 10−4 g
(

αD

10−3

)−3/2( T
100 K

)−1( Σg

100 g cm−2

)3/2

Collisional growth from dust to planet is possible. 

(Okuzumi+2012)
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Planetary Embryo Growth
•Initially set a single size 
population of 
planetesimals.  

•Collisional 
fragmentation of 
planetesimals stalls 
embryo growth.  

•The accretion timescale 
and efficiency depend 
on the initial 
planetesimal size. 
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Intermediate Sized Bodies
• Bodies that overcome the barrier 
further grow through collisions.  

• Random velocities of bodies 
control their growth.  

• Density fluctuation by turbulence 
strongly affects the random 
velocity (Ormel & Okuzumi 2013). 

This effect is additionally taken into account.
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The mass of bodies is determined by bodies 
with the radius at the onset of Runaway Growth.
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Runaway Radius

The radius of bodies at the onset of runaway 
growth depends on turbulent strength.
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Embryo growth

Orderly(∝t3)

Runaway

Oligarchy Planetesimal 
destruction
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Turbulence and Growth
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Final Mass and Turbulence
5Myr

Strong turbulence tends to produce massive cores. 

cometary strength, gas：2MMSN、Solid/gas：４MMSN
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Gas Accretion

α~10-4-10-3 produces gas giants.
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Summary
•Planetesimal growth in a  
turbulent disk. 

• Strong turbulence tends  
to produce massive embryos. 

• A delay of the onset of runaway growth 
produces strong planetesimals, which 
result in massive embryos. 

• The collisional strength of intermediate 
sized bodies (~1km) is important. 

Turbulence, α

Em
br
o 
M
as
s[
M
⊕
]

cometary

monolith


