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Introduction:  Standard scenario of planet for-
mation have been developed on the assumption that 
the primordial solar nebula is optically thin, so that 
H2O ice condenses only outside 2.7 AU from the Sun. 
The solid material is composed of only rocks at the 
formation region of terrestrial planets [1, 2]. The in-
ner edge of the H2O ice condensation is called “snow 
line.” The formation regions of terrestrial planets and 
giant planets are traditionally divided by the location 
of the snow line. Hayashi’s disk model is called the 
minimum-mass solar nebula (MMSN) model, and 
often referred as the reference disk model of solar 
nebula by many followers. 

However, it is widely accepted in the astronomi-
cal community that the protoplanetary disks are ini-
tially opaque owing to the floating small dust parti-
cles and become transparent only at the late stage of 
planetary formation. Recent models of optically thick 
protoplanetary disk successfully account for most 
properties in the observed spectral energy distribu-
tions (SEDs) [3, 4]. In optically thick disks, the inte-
rior of the nebula is shadowed from direct exposure 
to sunlight, so that the H2O ice is prevented from 
sublimation even at the formation region of terrestrial 
planets [3, 4]. As a result, dust particles are com-
posed of the mixture of H2O ice and rocks, and the 
amount of dust particles is 4.2 times that of optically 
thin disk at the formation region of terrestrial planets. 

If planetesimals are formed in such opaque proto-
planetary disks, they should be mainly composed of 
H2O ice. We call such planetesimals “icy planetesi-
mals” hereafter. Icy planetesimals can play important 
rolls in hydration of meteorites, water supply to ter-
restrial planets, formation of planetary atmospheres, 
formation region of giant planets which can accrete 
gas envelopes, etc. In this study, we aim to survey the 
evolutional scenarios of icy planetesimals, and ex-
amine the possibility of water supply to the terrestrial 
planets. 

Method:  We perform numerical simulations of 
evolution from icy planetesimals to protoplanets, 
focusing on the collisional growth and the sublima-
tion of icy planetesimals. 

Assumptions and Models.  The evolution of icy 
planetesimals at 1 AU from the Sun is considered. 

We assume that icy planetesimals are initially sur-
rounded by an optically thick nebula because fine 
dust particles, which are the leftover of planetesimal 
formation, likely exist. Note that a dust cloud with a 
small normal optical thickness (~ 10-2) is sufficient to 
prevent icy planetesimals from efficient sublimation, 
When the nebula becomes optically thin owing to the 
growth and the settlement of floating dust particles, 
the icy planetesimals start sublimation. We set the 
time interval between the icy planetesimal formation 
and the onset of icy planetesimal sublimation as ts, 
which we call “onset time of sublimation.” 

When sublimation of icy planetesimals starts, 
ejected dust particles form a dust-rich layer sur-
rounding icy planetesimals, which we call “dust 
cloud,” and prevent icy planetesimals from direct 
exposure to the sunlight. To calculate the sublimation 
rate of icy planetesimals in the dust cloud, we define 
“dust ejection efficiency”, εd, as a parameter, which 
controls the optical thickness of the dust cloud. 

To evaluate the effects of surface density of the 
disk, we consider the disk with enhanced the initial 
surface density of icy planetesimals by a factor f 
compared with the surface density of rocky and icy 
materials in the MMSN model, where f is a parameter 
which we call the “surface density factor.” 

Numerical Simulation.  For calculating the colli-
sional growth of icy planetesimals, we use the statis-
tical approach [5, 6]. When t > ts, the sublimation of 
icy planetesimals takes place, and a dust cloud is 
formed around the icy planetesimals. The optical 
depth of dust cloud is controlled by the amount of 
sublimation and the dust ejection rate of icy 
planetesimals as well as dust capture. The sublima-
tion of icy planetesimals is sensitive to the direct ex-
posure to the sunlight and the ambient radiation field 
in the dust cloud. Therefore, the radiative transfer in a 
dust cloud, the optical thickness of the dust cloud, 
and the sublimation of icy planetesimals are calcu-
lated in a self-consistent manner. 

Results:  We perform simulations for the cases f 
= 0.1, 1, 10, which we call “light disk”, “standard 
disk”, and “heavy disk,” respectively. We varied ts 
from 0 to 104 yr, and εd from 0 to 1. The final water 
contents in protoplanets shows strong dependences 
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Figure 1.  The dependence of final water content 
in protoplanets on surface density factor, f, onset 
time of sublimation, ts, and dust ejection 
efficiency, εd. Each panel is for (a) the light disk (f 
= 0.1), (b) the standard disk (f = 1), and (c) the 
heavy disk (f = 10). Each line represents εd = 1 
(red line), εd = 0.1 (green line), εd = 0.01 (blue 
line), εd = 10-3 (magenta line), εd = 10-4 (cyan 
line), and εd = 0 (yellow line). 

on parameters, f, ts, and εd (Fig. 1). In light and stan-
dard disks, the results show a wide variety of final 
water contents, which ranges from 0 to 0.75. In heavy 
disks, more than 10 % of water remains in protoplan-
ets in every case, and the water content of protoplan-
ets exceeds 50 % when εd ≥ 0.1. 

Discussion:  We first consider the possible loss of 
water from protoplanets at the late stage of planetary 
accretion, and then survey the possible planet forma-
tion scenarios. 

Late stage alteration of water content.  Water in 
protoplanets might be decreased owing to impact 
erosion and hydrodynamic escape. It is shown that if 
no ocean is formed on protoplanets, one third of at-
mospheric water survives during the giant impact 
stage, and that if the protoplanets are covered with 
oceans, most of oceanic water survives [7, 8]. Even if 
the most of atmospheric water is lost by the hydro-
dynamic escape, the total water content in the proto-
planets is hardly changed, since H2O mass in the 
proto-atmosphere is much smaller than that inside the 
protoplanets. Therefore, more than one third of water 
content in the protoplanets should be kept in the 
newly formed planet. 

Formation of water-rich planets.  In heavy disks, 
giant planets which can attract ambient nebular gas 
will be formed, because of abundant solid materials. 
In this case, the final water content of the core of 
planet is no less than 10 %. 

In standard disks, in most cases, the amount of 
H2O in the protoplanets is sufficient to supply H2O 
existing in the present Earth (~ 0.027 % at surface, 
and ≤ 2 % in the core [9]). The final water content 
increases when the dust cloud has large optical 
thickness (i.e., εd is large). 

In the case with εd ≥ 0.1, planets whose H2O con-
tent exceeds 50 % should be formed. They seem to be 
“water balls.” Thus, under some condition such water 
ball planets can be formed in stead of rocky planets.  
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