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Introduction: Planetesimals, sub-km to several-

hundred-km, are the fundamental building blocks of 
planets and small bodies. It is still unclear how plane-
tesimals are formed from small dusts and/or pebbles. 
Streaming instability (SI) is a possible mechanism that 
produce planetesimals, but it requires special local 
conditions such as a high solid-to-gas ratio (Z > 1) for 
sufficiently large pebbles (the Stokes number St > 
0.01) [e.g. 1,2,3]. Gravitational instability (GI) is an-
other possible mechanism to form planetesimals trig-
gered by pile-up of solids in a runaway fashion [e.g. 4].  

In previous works, many authors discussed that the 
region outside the water snow line is a favorable loca-
tion for SI because water vapor released inside the 
snow line diffuses outward and then re-condenses out-
side the snow line [e.g. 5,6]. In contrast, few studies 
focused on the pile-up of silicate grains inside the 
snow line [e.g. 4]. Even though these previous works 
investigated processes around the snow line, they have 
different settings and models and thus further studies 
are required. Here, we wish to understand how local 
runaway pile-up of solids (silicate and water ice) oc-
curs inside or outside the snow line [7]. 

 
Numerical methods: We assume an icy pebble 

contains micron-sized silicate grains that are uniformly 

mixed with ice and are released during the ice sublima-
tion. Using a local one-dimensional code, we solve the 
radial drift and the turbulent diffusion of solids and the 
water vapor, taking account of their sublimation and 
condensation around the snow line (Figure 1). We con-
sider the following back-reactions of solids to gas: (1) 
the radial drift of solids become slower for larger solid-
to-gas ratio, Z and (2) diffusion of solids becomes 
weaker for larger solid-to-gas ratio, that is, its diffusiv-
ity is written as D=D0/(1+Z)K, where D0 is the diffusiv-
ity of solid at K=0 (no back-reaction) and K is the coef-
ficient. Scale height evolution of the released silicate 
particles is considered. We use different effective vis-
cous parameters between those for turbulent diffusion 
(αtur) and those for the gas accretion rate onto the cen-
tral star (αacc). We also studied the dependence on the 
ratio of the solid mass flux to the gas (Fp/g). More de-
tailed descriptions are found in Hyodo et al. (2019) [7].   

 
Results: We show that the favorable locations for 

the pile-up of silicate grains and icy pebbles are the 
regions in the proximity of the water snow line inside 
and outside it, respectively (Figure 2) [7]. We found 
that runaway pile-ups occur when both the back-
reactions for radial drift and diffusion are included 
(K=1 or 2 cases). In the case with only the back-

Figure 1: Schematic figure of our numerical approaches and pile-up of solids inside/outside the snow line. 
Using a local one-dimensional code, we solved the radial drift and the turbulent diffusion of pebbles/silicate 
grains/water vapor, taking account of their sublimation/condensation around the snow line [7]. An icy pebble is 
modeled to contain micron-sized silicate grains that are uniformly mixed with ice and are released during the ice 
sublimation. Recycling of water vapor due to outward radial diffusion beyond the snow line and its condensation 
cause a high enough mid-plane solid-to-gas ratio for SI of pebbles beyond the snow line. Silicate grains released by 
sublimation of icy pebbles pile up just inside the snow line due to “traffic jam” effect (which potentially triggers 
GI): silicate grains are well coupled to the gas and they drift much slower than pebbles. 
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reaction for the radial drift (K=0 case), no runaway 
pile-up is found except for extremely high pebble flux, 
while the condition of streaming instability can be sat-
isfied for relatively large Fp/g as found in the past liter-
atures (K=0 case in Figure 2). If the back-reactions for 
radial diffusion is considered, the runaway pile-up oc-
curs for reasonable value of pebble flux (K=1 or 2 in 
Figure 2). The runaway pile-up of silicate grains that 
would lead to formation of rocky planetesimals occurs 
for αtur≪αacc, while the runaway pile-up of icy pebbles 
is favored for αtur∼αacc (see Figure 2). 

 
Conclusion: The back-reactions of solids in radial 

diffusion (K≠0 case) play critical roles on the runaway 
pile-up of silicate grains and icy pebbles inside and 
outside the snow line. Both inside and outside the 
snow line, solids can pile up significantly under the 
reasonable conditions (Figure 2), which would lead to 
formation of rocky/dry and icy/wet either planetesi-

mals inside and outside of the snow line, respectively. 
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Figure 2. Parameter maps where either silicate grains’ runaway pile-ups (labeled “RPU” in red color), 
icy pebble runaway pile-ups (labeled “RPU” in blue color) or steady state without runaway pile-ups (la-
beled “S”) occurs for different αtur and Fp/g (αacc = 10−2). If the midplane dust-to-gas ratio of silicate grains 
is larger than unity for the case of “S”, the label is highlighted in red color. If the midplane dust-to-gas ratios of 
pebbles as well as those of silicate grains are larger than unity for the case of “S”, the label is highlighted in 
blue color. From left to right panels, cases of K=0, 1, and 2 are shown, respectively. Two additional panels are 
shown at the bottom as examples of silicate grains’ runaway pile-up and pebbles’ runaway pile-up, respective-
ly. The original figures are found in Hyodo et al. (2019) [7].  
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