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5�(S0�§§�l�Ð�æ��?��)���� 10 km�(f§ù�L§¥§§��
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 33�þ?"Ïd�D�Ôn5�éu1(/¤äkû½

5�K�§Ó�§�r�/K��1(��(�ÚüzL§"íN��D´�1(�¥�Ì

�Ô�§��Øß²Ýý�Ü©d�D�)§¿��zÆ�AJø
�>¡"
¦^ù	Ú

(æ)Î�Åé�¥�D�ëYu�Ì*ÿÒU����(��¶Ô¤©
[2]

"Ïd§�\
)

�D9ÙàÜN�Ôn5�éïÄ�1(��üzÚ1(/¤äk­�¿Â"

du�D3)�L§¥NÈCz�~�§
ØÓº���NÔ��íN�p�^�3�
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�½»�k�ú�£Ä"ÏLÔn-E)�¤�àÜN"

(2) /ñ�0(Rocks) ——�?�Ô�"ù
âf�íN�ÍÜÅì~f§Ïd�±^mÊ

V;�\íNÄåÆ{Z��ª5Cq�[ÙÄåÆL§"ù�º���â)��~

¯§�´äN)�Å��Ø(½"

(3) (f (Planetesimals) —— 0.1 ∼ 10 km Ô�"(f��þv
�§Ïd�íN��øÍ

(decouple)"ù�º��âfÏ~����Y1(/¤�Ð©G�§§��üz�±é

Ð/[Ü�����Ä�pÚå�N N¯K"

(4) 1(�� (Planetary Embryos) ——1(½ã1(Ø�c�"��1()��ù��

þ§duÚå
2g�íN�ÍÜ§ù¬��1(�[£"ù��ã´/¤1(�­�

�ã§�édê�1(��Ú�þ(f|¤�Ð©XÚ§ïÄuyù
XÚ¬/¤ê�

a/1(
[3–5]

"éua/1(�/¤§)��/¥�þ�Uu)3íN�Ñ��§�´

éí�ã1(ù�)�L§7,3íN�Ñ�c"

(5) 1(Ø (Planetary Cores) —— 10�/¥�þ"��ù��þ§í�ã1(�O6N·

åÆØ\��(�ò=C�¯�íNáÈG�"

l 20 ­V 60 c�"m©§�D¿Ü)���{�^uïÄ1(/¤
[6, 7]

"3p©EÇ

�ù	Ú (æ)Î�Å*ÿ�c§�Ü©�ïÄ�´8¥3��X�/¤§nØ(JÏ~�^

5Ú��X1(!Þ(Ú�1(�*ÿêâ�'�"�Xù	Ú (æ)Î�Å*ÿ°Ý�J

p§*ÿ�#/¤�ð(±��1(�¥�D�¿Ü"Ïd§éX	ð(XÚ¥§�1(�

(��üz±91(/¤�ïÄJø
�\´L�*ÿ]�"

1 2Ù0�l1ÆÅã�Î�Å*ÿ¥§�1(�¥�D)��*ÿyâ¶1 3Ù?Ø

�Dlæ��)��Z�?�nØ�.§±9ù
ïÄ�þã*ÿ�m�éX¶1 4Ù?Ø

�D)��¢�¿ïÄÚê��[�(J§±9�nØÚ*ÿ�'�"

2 �D)��*ÿyâ

Ñ�1��¤�§¥ù	�Du�Ì§Î�ÅZ�ÿþ±9�[�UÌ©Ù (Spectral

Energy Distribution, SED) ©Û��D3�1(�¥)�Jø
õ­yâ"*ÿ¥§Ø

Ó�Ë�Å�éA�¥ØÓ�«�"Cù	êâ*ÿ�´a��ð(±���SýÜ©

(0.1 AU)§¥ù	1Ì�*ÿ�å¥%ð( 1 ∼ 5 AU��S�L¡íN�A5§Î�Åë

YÌ*ÿ&ÿå¥%ð(���e�¥�Ô�"¤k���;�âf (Î�?)LyÑ�q

��Ý�11�"d	§KrügelÚ Siebenmorgen
[2]

�Ñ§XJ�D�â)��ù�º�§Ù

���áÂÇòeü"

1��y²�D)��yâ5gu�Du�Ñy�'Ç��c#�ÚO©Û"C�ð

(/¤«�Cù	*ÿw«§c#3 1 Ma�ð(¥§�L 80%3 2 ∼ 4 mmÅ��3Lþ
Ë� (Radiation Excesses)§�´�ð(c#�� 3 Ma�§ù�'Çeü� 50%

[8]

"�ð(

c#�� 10 Ma�§Sý�D��ëYù	Ë���
[9]

"�ù	*ÿ�uy�q��üz
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L§��I"Carpenter�<
[10]

ÏL�þ�Î�Å*ÿy²§3 10 ∼ 30 Ma�§�¥e

���âo�þeü"¤kù
*ÿ�Ñ§�X�D�â)�§Øß²ÝÚ�Du�eü"

Sicilia-Aguilar�<
[11]

é Cep OB2«�S� 31�7Ú T.( (Spitzer/IRS*ÿ)±9 34

�¥��þð( (IRAM/1.3 mm*ÿ)��#*ÿêâ©Û�y²
�D�)�"

|^�D1Ì��NÔnÆA�U���*ÿ�D)��A���º��L§§3

10 mmÅ�NC§�²w�Ì�´d7�í¥ Si-O�d��Ä (Stretching Vibrations)�)

�"��D)��A���§ù�Ì�¬�)��²º(�§¿�X�D)�§rÝü$§�

ª��"ù�y�3 Herbig Ae/Be(
[12–14]

Ú7Ú T.(
[11, 15]

Ñ*ÿ�"van Boekel�

<
[16]

¦^¥ù	Z�ÿþ�Ü7�íÌ©Ûy²�D3�Sý«��)�"�´§Ì��ë

ã 1 Herbig Ae/Be(�¥ù	Ì3 10 mmÅ�NC�7�íA�
[12]

YÌ�'ÇØ==´�Dâfº��¼ê§Ó��É�1� (Optical Depth)�r�K�±

9Ù¦Ô�éëYu�Ì��z"ù¿�X����!/iG�/� (Flaring)Ú�þáÈÇ

Ñ¬K�ù�'Ç¿��þãÌ��Ñy
[17]

"

éæÎ�Å�Î�ÅË��©Û§��D)��f�?Jø
yâ"31� (Optically

Thin)��¹e§æÎ�ÅëYË�3a| – 7dý§Ù6þ�Å�÷v F ∝ λ−α
§Ù¥

α = 2 + β"�D�áÂXê� κ ∝ λ−β"éu�Ñ�(S0�§β ≈ 2
[18, 19]

"@Ï�ïÄÌ�

8¥3)º (æ)Î�Å� SED
[20, 21]

"ù
ïÄ�Ñ� β��� 0.6§ù`²�¥Ñy
��

��â"ù�Cq�3��¯K§Ò´ØU�¹1þ (Optically Thick)�A�Ë��z§


ù��A�¬����β��Ñy"Koerner�<
[22]

¦^Owens Valley Radio Observatory

(OVRO)Ú Very Large Array (VLA)3 1.3 mmÚ 7 mmÅãÄgéOD Tauri?1
*ÿ§

¦���� β �� 0.39 ± 0.23"Dutrey�<
[23]

uy Taurus-Auriga«�¥�7Ú T.(

�Du�Ç�Æ5Æ��ê (β �)� 0.5 ∼ 1.0"éc#� 10 Ma�cÌS(TW Hya
[24]

Ú

CQ Tau
[25]

�*ÿ�� β �� 0.6§2gy²
�Dâf)��f�º�"Natta�<
[26]

é
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Herbig Ae(����©Û��
�q�(J"Rodmann�<
[27]

é7ÚT.(�
�¡�

ïÄ§�� β�� 0.8 (���D)Ú 2.4 ((S�D)"Ricci�<
[28]

|^ Australia Telescope

Compact Array (ATCA)3 3.3 mmé ρ−Oph(�¥� 27�c�ð(*ÿ�� β < 1.7§ù

`²�¥�âf��)��Î�º�"

I�`²�´§β´��²þþ§§Ø=É��Dº�©Ù�K�§Ó��É��Dz

ÆÚÔn(�±9§Ý�K�
[2, 19, 29, 30]

"¦+�Dâfº� (���D�Af�)��Æ©

Ù�*ÿ��
[31, 32]

§�¿Ø´���U���º�©Ù"

©Û��Ó+º�Ú1�(�Jø
����Õá��{5ïÄ�D5�
[33]

"ÏLÄ

�È1¡*ÿ§ù
���ÒKÑy3���µþ"ÀJØÓ�u��§÷XÀ����±

��ïÄ����1�"Throop�<
[34]

uy�K3 Hα (656 nm)Ú Paα (1 870 nm)�?

��§dd���D�Øß²Ý3ù�Å�´�Ú¿��âAT�u 5 mm"�´�D�Øß
²ÝØ´û½ù�*ÿ(J���ëê§�D¡�Ý�»�Ó+��~­�"XJ�k²w

�	>.§��â�,�±���3 1 870 nm´1Æþ�"Shuping�<
[35]

¦^/Ä�g

·A1Æ"�ºKeckòþã�{ÿÐ� 4.05 mm� Brα�§¦�3ù�Å�uy����

��§ù`²�âAT�u 1.9 mm§�u 4 mm"�´§du¯K�E,5§=¦�½�µ�
ÝÚ:*Ñ¼ê (Point Spread Function)§ù�(J�U�,Ã½Ø"

3 nØ�.

�DàÜN�)�´�1(�¥�D�íNE,�p�^�(J"�D�m��é�Ý

9Ù3�¥��m©Ù´�D)��ü�û½Ï�"�é�Ýû½
�D�-EÇ±9-E

(J"�âf�é�Ý�u 1 m·s−1 �§�D-E¬��áN)�
[36]

¶
p�-EK¬��

�DàÜN��)§�)����âK¤��¥��â���2Ö��ª
[37, 38]

"

Weidenschilling
[6]

�Ñ
�D�âÓíN�^�{Zå/ª"���»� a�¥/â

f§�éíN�$Ä�Ý� v§K�íÄåÆ{Zå�

FD = −1

2
CD · πa2 · ρgasv

2 , (1)

Ù¥ CD �{ZXê§ρgas´�¥íN�Ý"{ZXê�/ª�6u�â�º���¥�í

N©f�²þgd§"éu���âf§ÄåÆö� ({)å Stokes dragÓÌ�§½ÂXì

ê (Reynolds Number)

Re =
2aρgasv

ν
, (2)

ùp ν ´íN��*Ê¢Xê§{ZXê��©ã¼êµ

CD =











24R−1
e Re < 1

24R−0.6
e 1 < Re < 800 .

0.44 Re > 800

(3)



288 U © Æ ? Ð 30ò288 U © Æ ? Ð 30ò288 U © Æ ? Ð 30ò

éu�âf (f�?½��) a < (9/4)λ (λ �íN©f²þgd§)§Epstein dragÓÌ�§

{ZXê�µ

CD =
8

3

v̄

v
, (4)

ùp v̄ = (8/π)1/2cs �íN²þ9$Ä�Ý§Ù¥ cs�(�"

Ê��m�µ

ts =
mv

FD

. (5)

éu Stokes drag§ÙÊ��mµ

ts =



































2ρa2

9ν
Re < 1

20.6ρa1.6

9ν0.6ρ0.4
gasv

0.4
1 < Re < 800 .

6ρa

ρgasv
Re > 800

(6)

éu Epstein drag§ÙÊ��m�µ

ts =
ρ

ρgas

a

v̄
=

3

4v̄ρgas

m

σ
, (7)

Ù¥mÚ σ©O��D�þÚ-E�¡"�¡'Ø==�6u�þ§��6Ù(�"éu�

é;��àÜN§�¡'��Ñ�uõ���â"Ïd§�D±Û«�ªàÜr�/K�à

ÜN��¡'"��§�¡'ò(½=«�é�ÝÌ�
àÜL§"ã 2Ð«
;.��é

�Ý��Dº��'X"ØÓ�ÔnL§�)ØÓ��é�Ý"

3.1 ÙK$ÄÚëÄ)�

éu����D�â (0.01 ∼ 0.1 mm)§ÙÊ��m�uíN3�¥�$Ä�I§Ïd�

DA���ÓíNÍÜ"ù¿�XØ�L¡�4���	§�D�âÓíN¿©·Ü§§�

�±�XíN�$Ä
HÙ���"éuù��âf§§��)�Ì�´duÙK$Ä��

�$�-E (� cm·s−1þ?)"Ï�����Däk���ÙK$Ä�Ý§§�ò�km©à

8§dd�)�àÜN´�
©� (Fractal Dimension)�u 2�m�(�
[40, 41]

§Ïd§�

�Ê��m�Õá��D�â�~�q"�Dâf�?\e�Ú�)��ã§I�±Y)�§

��Ù¡�'���.:"

��D�â�¡�'�é��� (Ê��m�u½�uµ6�=�m)§�D�âm©l

ëÄµ6¥òÍ
[42]

"duØÓ��D�â�ØÓ�µ6ÍÜ§
-E`k3ØÓ�Þ�I�

âf�m�)§ùò���D�â�m��Ý�Ñ§l
Jp�é��½;��âf��â

fu)-E�VÇ"ÏLù�L§�U¬�)�;��âf§¿�Ù©��C 3"ù´Ï�

�âf�U¬BL���tÑ�âfàÜNL¡§W¿SÜ��Y§¦àÜN��Ý���

�ð½�"

ëÄ·Ü��â)���?½������'"3ù�º���§�Å�Ýò�L

1 m·s−1
§�C 10 m·s−1"
nØÚ¢�Ñ�Ñ§3ù��é�Ý��S§-Eò��àÜN
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ã 2 ØÓº��;�¥/�â3ÙK$Ä!�D�»�[£9ëÄ�^e�)��é�Ý
[39]

���§
Ø´)�
[37, 38, 43]

"XJ����NEÂ����N (�?½��)§-Eò@¡�

��N§
Ø´¦���N�þO\"ùÒ´¤¢�Meter-size Barrier§=3�?º��3

��)�´¶"�´�
¢�¿Úê��[�(Jw«§â»ù�)�´¶´�U�
[44]

"

ëÄ���5�A�¬K��N�â�©Ù"�í^µ^3¥²¡þÐ¼�?�â§ù


µ^¬à8¿�ª��ÚåØ­½
[45]

"ëÄµ6�µ^�q§3���éÄ�ºÝ��S

Ð¼�â"ù¿�X§XJÛÜ�3��¯�)�Å�§�ª/¤��Nòd�qº���

â|¤"Cuzzi�<
[46]

|^ù�Å�)º
3¥âG"(¥uy�º�ÀJà8y�"

3.2 �D�D9�Df��/¤

�Ä��íN�§R����§§¡�Ý�Σ§Ip h =
√

2cs/ΩK§Ù¥ ΩK�mÊV�

�Ý"Ïd3R��� z �íN�Ý©Ù�
[47]

ρgas(z) =
Σ

h
√

π

e−z2/h2

. (8)

�ÑëÄ¿b��Svké6�¹Ä§ù�§���D�â�D�Ì�Ï��Úå�R�©
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þÚíN{Z§©O�µ

|Fgrav| = mΩ2
Kz , (9)

|FD| =
4

3
πa2v̄ρgasv . (10)

-þüª��§���D�Ý�

vsettle =
Ω2

K

v̄

ρ

ρgas

az , (11)

Ù¥ ρ��D�â�N�Ý"òª (8)�\ª (11)§���D�I�

tsettle =
z

|vsettle|
=

2

π

Σ

ΩKρa
e−z2/h2

. (12)

dþª�±wÑ§�X�DàÜN)������;�§Ù�¥²¡��D�Ý¬O\"

3å¥%ð( 1 AU§¡�Ý� 1 000 g·cm−2��¥§éu 0.1 mm�;�âf§Ù�D�¥²
¡I� 107 a¶
éu 1 mm�âf§�I� 1 000 a"=¦�YÝ� 99%���âf§Ù�

D�m 105 a�,'��D¯éõ"Ïd�âf��DòÅì\¯§¿�du�Ý�§3��

âf-E¥�×��âf"XJ�ØÚ��Ø�âfº�����§�DL§ò�)�©/

;�âf"�Dâf3�¥²¡�D�L§¥§ò)�¤Î��f�?�;�âf
[48]

"ëÄ

¬ò�ù�L§§¦�D�â3�¥·Ü§¿2g�D"

ÄuëÄ·Ü�rÝ§�D3�¥�²ï©Ù¬�)���Df�§ÙþÝ��D¡�

'�¼ê"Dubrulle�<
[49]

�Ñ�Df�þÝ�©Û)"XJ3f�¥�D�þ�Ý�L

íN�þ�Ý§�DòÌ�¥²¡�ÄåÆA5"ù��Aò¬~��D¤É��{å§~

��D�»�¤£
[50]

±9�âm��é�Ý"

3.3 �Dâf[£

�D�âÚ���N�»�[£�´��­��L§"�D�â��6NvkØå§�

�ÑíN�§§��mÊV;�$Ä"�´�¥�íNK�3Øå§ÙØåFÝ����	

ý"Ó�§íN�3±æmÊV�Ý£Ä§Ïd�N�â3�¥±mÊV�Ý$Ä�§?u

HºG�§ùò���â~�Ú»�[£
[6]

"ù��Aé�?�N�K��r�§ÙÊ��

m�;�±Ï�q"���ÔN (� km þ?)du���íNòÍ§ÏdØÉK�"

»�[£¬���¥�D�2©Ù§�Ñ	ý�¥�Ô�5Ö¿Sý�
[51]

"

3�¥,
Ô� (X!7�í!%��â)�u�/:§�uÚ�	�·Ü�U��ÛÜ

�DÚ�ð¡�Ý�O\
[52, 53]

"�â�»�[£é�â�)�å�­���å�^"�?�

Ô�[£�Ýé¯§l 1 AUKá�¥%ð(§�I� 100 a"Ïd§ù��ã��D)�½

ö�~¯§½ö�3Ù¦�Å�5ü$[£�Ý"

3�1(�¥§E,�Å���XØÓº���Dâf6"Urpin
[54]

ÄgJÑáÈ�¥

�fÌ�6§�¥²¡NC�íN�	6�§3��L¡§íNò¬�~²w/�S6Ä"ù

�¥²¡p��D�và8v
��þÌ�¥²¡ÄåÆA5§ u¥²¡NC�âf¬�
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íN	6�	ö"ëÄ·Ü�,¬3R���Ú»�=£�D
[52]

"JohansenÚ Klahr�Ñ§

3^�ëÄ�¥§ù�·ÜrÝ��u�Äþ=£�D�rÝ§3»�·ÜrÝ'�Äþ=

£rÝ� 50%§R���� 30%
[55]

"

íN��D�»�[£é�D�â�zÆÚ¶ÔÆ|¤k­�K�"(S�D¥��©

7�í�D�âÑ´�¬N"Ø
��Sý�Ü©§Ù¦«��7�í�â§ÝÑ�~$§

Ø�u¦Ùò»§=C¤¬N
[56]

"�´3�Sý��â§�±��ò»§Ý§l�¬N=C

�¬N§¿*Ñ�	ý�
[52, 57–61]

"¿��LW¾�N (Calcium-Aluminium-rich Inclusions,

CAIs)��U´3Sý�/¤¿[£�	ý
[61]

"/¤(fÚÞ(��Dò¬�¹@
Ø´

3�//¤�¬N7�í�â§ù�±é'"(¥�CAIs
[61]

"éÞ(�D�ù	*ÿuy§

Ù¥�Ü©�D´¬N7�í
[62]

"d	§¬N�â3�1(�¥�©Ù�Xå¥%ð(�å

lO\
~�§��3Herbig Ae/Be(±���´ù�
[16]

"ù
*ÿÑ|±»�[£§�

´=«Å� (ëÄ·Ü!fÌ�6½L¡	6)��[£�I�?�ÚïÄ"

Cc5§éþãØÓK�Ï�nÜ�Äe�¢�9ê��[ØäÐm"Zsom�<
[63, 64]

¦^�AkÛ�{§�ÄÙK$Ä!»�[£ÚëÄé�D�m�é�Ý��z§�[�D

àÜN3 1 AU?�¥²¡¥�)�§(Jw«§�DàÜN�üzL§¿Ø��cb��

@�÷XàÜ – ©� – 2àÜÌ�?1§�D�âéJ)��©�¤�¦���§�D�â

��þþ��� 1 g (¥âº�)"�´duëÄ�à8�^§ù�º���DàÜN¬�à

8§l
/¤���àÜN§D�´(f"

3.4 �D��ÚåØ­½5

�D�DÚ»�[£é?Ø�Df���ÚåØ­½�~­�"R��DÚ»�[£

���Df��Ý3ÛÜ�LíN�Ý§�ù��Df�C�v
�§âU��ÚåØ­½

^�§��©���¡§�ªÏL-EÚ¥ /¤(f
[65]

"WeidenschillingK@��D�

�m�}�é���ëÄ§¿�íNv
�Ñ�D�§k�/³�
ÚåØ­½5
[6, 66]

"�

´§YoudinÚ Shu@�§���D –íN�þ'�u 1/100§ÚåØ­½�,¬�)"�D –

íN©l¬���D – íN�þ'�O\¶
»�[£�¬��	ý�¥��DÖ¿Sý§

¦Sý�¥��D – íN�þ'O\
[51]

§�´ù�¦�é���â3�ål�[£¥vk

)�"

4 ¢��ê��[

4.1 �D�¥üN-E��DàÜN�)�

ü�âf�-E§�âØÓ��¹§¬�)NõØÓ�(J"XJ-E�ÄUØ
�


L¡åv
åPâf§@oâf-E��UáN3�å"ü�âfàÜN�-E�¬áN§

�´�Ä{ü���§àÜN�(�¬�)�A�Cz"3p�-E¥§âfÚâfàÜN

-E¬��§$�®�"3�
�¹e§��3�þ=£ (Xã 3¤«)"éu�pUþ�-

E§�3Ô���C§ù«-E3@Ï��¥¿Ø¬u)§ÏdØ�Ä¶�´ù��pU-
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E3�1(/¤�L§¥¬u)"Äuþã{ü£ã§��ÄlÊÏ�D9ÙàÜN�(f

º���N-E"

ã 3 -EÁ�(J©a"Ù¥/S0�LáN§/B0�L��§/F0�L��
[68]

"

4.1.1 $�-E

-E�(J�6uéõÏ�§'X-EN�(�!Ô�¤©!�þ!-EëêÚ-E�

Ý"3$�-Ee§�Ü©âf½âfàÜN¬áN3�å§��ÙáN�åÌ�´��Ú

����då"Ï�3Øß²��1(�¥§b	�Ú�»��ÑÃ{Bß§ÏdSÜ�D

Ø¬�>l§�D�mØ�3>^å"éu�Yù��45Ô�§��ÙáN�å´��¶


éu�7�íù���45Ô�K�����då"Heim�<
[67]

é 0.5 ∼ 2.5 mm�1
w¥/7�íâfïÄuy§ÊNå�âf�»O�
~�§'~Xê�Cu SiO2 �L¡

U (Surface Energy)"éu��º�� SiO2 âf§ÊNå��u 10−7 N"Ó�º��YXâ

f§ÙÊNå' SiO2� 1 �þ?
[37]

"

Poppe�<
[36]

ïÄ
âf�²�8I�m�-E"âf�����?§dNõÔ�|

¤"du�D�tì�^ (Deagglomerution)
[69]

§ü��Dâf��Ý���� 100 m·s−1"

��L§ÏLp���ÅP¹"éu5K�¥/âfÚØ5Kâf§���(J�3²w�

É"éu¥/ SiO2 âf§áN�Ý�3��²w�K�§$uù�K��§âfA��ÜÑ

áN§
puù�K��§âfA��Ü��"ù�K��Ý�Xâf�»�O�
~�§é

u 1 mm�¥/ SiO2âf5`§ù�K��Ý� 1 m·s−1"�´éuØ5Kâf§láN��

�§�3��²w�=CL§§�-E�Ý�u 100 m·s−1 �§k 20% ∼ 80%�âf�U�
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áN"

XJâf�m�-Ev
§Ú§¿�-E�Ý�u 1 m·s−1
§âf3�>�]m=ÊN

3�å§ÏLù���ª§àÜN�±)�"�Ä�DàÜN uâf�S§ò¬����

C��âf – ìqà8 (Particle Cluster Aggregation, PCA)"ù´Ï���Dâf¬Bß

��àÜNL¡§?\ÙSÜ§¿W¿ÙSÜ�Y"=¦ù�§/¤�àÜN�,´õ�(

�§Ù�þ�M = ar3
§Ù¥ r�àÜNº�§a��6u�YÝ P �~ê"éuN�Ý� ρ

�Ô�§Ù a = 4/3πρ(1− P )§ùp P ´�YNÈ�àÜNoNÈ�'�§(1− P )�¡�N

ÈW¿Ý"Kozasa�<
[70]

�Ñ§O¥/� PCAàÜN��YÝ� 0.85"

ã 4 d RBD�)��DàÜN"Ù¥ a,b Ú d

´w�ºe¢��)�àÜNã�§Ù�

YÝ� 0.85¶c��Akâ�[����q

(J
[71]

"

Blum Ú Schräpler
[71]

l¢�þ¢y


�Å���È (Random Ballistic Deposition,

RBD)§=ü�âf±-EáN��ª3à

ÜNþ��D"¦+�D´ü��§�´Ù

)¤�àÜN/G(�� PCA aq"¢�

¥§0.75 mm �¥/ SiO2 âf�©Ñ3D�

�í6¥§,�± 1 m·s−1 ��Ý�D3ßí

�Ä.þ"3ù��Ýe§âf�±31�

g�>�Ò�áN§�ª/¤�àÜN�»

25 mm§þÝ�� 10 mm (Xã 4)"�âfØ

´����§�YÝ¬UC"éu 1 ∼ 2 mm�
!/�D�â§Ù)¤�àÜN�YÝ� 0.9§

d 0.1 ∼ 5 mm�Ø5K SiO2 âf/¤�àÜ

N§Ù�YÝ�� 0.93"

âf�¥�àÜN)�§�¦ü�âf�

�3§¿�àÜNØU�õ§Ó�âf�àÜN�m�-EªÇ�p"
Ù¥�àÜN�m

�-E)�Å��âf – àÜN-E)�ØÓ§ù«)��.��b�-Eu)3ü�º�

�q�àÜN�m"ù�¡�ìqà8 (Cluster Cluster Aggregation, CCA)§b�d i��

â|¤�àÜN§ê�Ý� ni§ÙàÜ�§�
[72]

µ

dni

dt
= −ni

∞
∑

j=1

K(i, j)nj +
1

2

i−1
∑

j=1

K(i − j, j)ni−jnj , (13)

�ªm>1���-E�����§1���àÜN�/¤¶Ù¥-EØ¼êK(i, j) =

β(i, j)v(i, j)σ(i, j)§β�áNXê§v�-E�Ý§σ�-E�¡"ê��[Ú¢�L²§CCA

��þ��Ø2�6ÙNÈ§
´÷v�Æ/ª
[73]

M = crdf , (14)

ùp df ´�½)�L§�©�A�§c�'~~ê"Wada�<
[74–76]

¦^©fÄåÆ�

[§é CCA3$�e�-E?1
ïÄ§¦����(J�¢����(JÄ�¬Ü"�
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´§Wada
[74]

����[(Jw«§�X|¤àÜN��âêOõ§àÜN����U~�"

X 3.1¥¤ã§�D3 (æ)��º��§Ù-EdÙK$Ä��§-E�Ý�
[77]

vBr =

√

8kT

πm
, (15)

Ù¥ k �À�[ù~ê§T �íN§Ý§m = mimj/(mi + mj)��z�þ"éu��?�

âf§±�íN§Ý T = 300 K�§vBr���Amm·s−1"�3¢�¿¥*	D�íN¥�

ÙK$ÄÚà8y�´Ø�U�§Ï�/¥Úå����D�Ý��u�D�â�ÙK$

Ä�Ý§�´3��¥��Úå�¸e´�±¢y�"Blum�<
[78, 79]

|^�»�Dà8

¢� (Cosmic Dust Aggregation experiment, CODAG)�¤üg¢�"ùüg¢�©O¦^

0.95 mmÚ 0.50 mm��º� SiO2âf§ù
âf��uD��íN¥"3¢�m©A�-

E�I��§*ÿ�óª©�àÜN (Xã 5)ÚOü©Ñ (Quasi-monodisperse)�þ©Ù�

/¤
[38, 80]

"ùp§-E�I�

τcoll =
1

nσvBr

, (16)

n�âfê�Ý§σ�-E�¡"éu n = 1012 m−3
§σ = 3 × 10−12 m2��¹§-E�I�

©¨þ?"àÜN²þ�þ��mCz��Æ/ª�

m ∝ tδ , (17)

Ù¥ δ ≈ 2
[80]

"Kempf�<
[41]

|^ê��[ïÄ
�q�L§§��
�q�)�ÇÚ�

þ©Ù§�´àÜN�©�'�Akâ�[����éõ§ù´Ï�3Kempf�ê��[¥

vk�ÄàÜN�ÙK^=�K�"éu�1(�¥�àÜN)�§¢��(J�Ñ§3A

c� 10 c��m¥§àÜNdA��þz�Õá�â|¤
[71]

"�XàÜN�þ�O\-E

�Ýeü§Ù¦��-E�åÅìO�ÙK$Ä§¤�Ì�"

ã 5 CODAG¥n�àÜN)�§�>���û��ã�§m>����n�e�óG(�
[40]

"
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dúª (11) ��§Î�?��Dâf3 1 AU§pÝ z = h � �§Ù�D�Ý�

1 mm·s−1
§ù��Ý��-E�Ý� 10�"WurmÚ Blum

[81]

é�»� 0.95 mm� SiO2â

f|¤�àÜN3�D�Ý� 1 ∼ 10 mm·s−1e�-EïÄuy§ù
àÜN¬du-Eá

N/¤���àÜN"�DL§¥§àÜN¬ü¤��§¿��¶��D��²1§ù¬�

�-E�¡~�§�D�Ý��\¯"

ëÄ)��´��­�Ü©§Ù)¤�àÜN©� df = 1.9§ù�n��CCA©���

~�C
[82]

"ëÄ)�L§¥§àÜN�m�-E�Ý��Ñ�u 7 cm·s−1
§�àÜNº��

�m�üzÓª (13)O��(J¬Ü
[81]

"

4.1.2 p�-E

�þã�$�-EØÓ§3p�-Ee§àÜN-E�¬C/!���þ$����

)"BlumÚWurm
[38]

ïÄ
©/�DàÜ�²"8I�m�-E§-E�ÝlA cm·s−1

� 30 cm·s−1"3$�G�e�(JXþ�!¤ã§
p�G�e§àÜNl��/C���

Ø;�8IL¡"��Ý�u 2 m·s−1 �§8IL¡Ø2k�D�)�§àÜN3-E��

����)"XJ¦^Heim
[67]

Ú Poppe
[36]

¥�EÄ�ÞUÚ��U§K¢�(J�±�

DominikÚ Tielens
[37]

�ê��[(JéÐ/¬Ü"L 1�Þ
 4 «ØÓ�¹§©O´fÑ

yC/!��Ø !��üâfÚ�)"¢�L²§�ÝK�Ó�D�â�º��'§XJ

L 1 ØÓ-EUþe� CCA -E
[38]

SÒ Uþ ¢��Ý (m·s−1) nØ�Ý (#êâ) (1)nØ�Ý (Îêâ) (2)

1 Eim
(3)
≃ 5 · Eroll

(4) 0.20+0.07
−0.05 0.20 ± 0.04 0.047

2 Eim ≃ 1 · nk · Eroll 0.65+0.15
−0.10 0.69 ± 0.12 0.16

3 Eim ≃ 3 · nk · Ebr
(5) 1.2 ± 0.2 1.0 0.14

4 Eim > 10 · nk · Ebr 1.9 ± 0.3 1.9 0.26

(1) Eroll = 1.7 × 10−15 J
[67]
§Ebr = 1.3 × 10−15 J

[36]

(2) Eroll = 9.5 × 10−17 J
[83]
§Ebr = 2.4 × 10−17 J

[37]

(3) -EUþ
(4) EÄ�ÞU
(5) ��U

^ 0.1 mm�âf�O 1 mm�âf§K3Am·s−1 ��Ýe�,�Uu)-EáN"�´ù

¿ØU)û�p�Ýe-EØáN�¯K§¿��ÝK�Ø¬UY�X�D�âº��~�


Jp"

éu���;�àÜN§þã(JØ2·^"Wurm�<
[84]

¦^��?� SiO2 âf§

|¤Î��f�?�-ENÚf��©�?�8I§8I��YÝ� 0.8 ∼ 0.9§-E�Ý

� 38 m·s−1"-EN�8I-E��§38Iþ/¤�/ì§�´¿vk*ÿ��þ�Ý�

L 0.3 m·s−1 ��ÑÔ",��¡§3��8I�L�§*ÿ��þ (� 10�u-EN�þ)

�$� (≈ 0.1 m·s−1 )�ÑÔ"ù��Ý�k-E�Ý� 0.5%"Ïd3Ù¦{å�K�e§

ù
�ÑÔ¬­#á£�8IL¡"�Ò´`§3ù���¹e§Ø�3�þ�6�§Ïd

8I�þÀO�"éu;�8I�¢�Kuy�
ØÓ�(J§�´ÀO��,´-E��
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�(J"þ�!¥¤ã�RBD�DàÜN´�(f�n�Ó.Ô§Langkowski
[85]

éÙ-

E?1
ïÄ§Ù¦^Î�?!p�YÝ�-ENÚ 2.5 cm!p�YÝ�8I§-E�Ý�

0.1 ∼ 3 m·s−1
§-E��Å©Ù"(Jw«§éup�YÝ�8I§oUu)áN§�-EN

Ü©�\8IL¡¶
éu$�YÝ�8I§¥�-E�Ý§p-E�¬��-EN��§¿

�rÜ©�þ"TeiserÚWurm
[86]

�¢�y²§æÎ� – f��-EN�f� – ©��8

I§3p� 56.5 m·s−1�-E�Ýe§-E�,¬��©�§�´�¬¬����N2áÈ§

l
)����"

�â RBDàÜN�Ør –�Ý'X§�±ýÿp�-E�(J"Blum
[71]

ïÄ
 RBD

àÜN3·Øåe�YÝ�Cz§(Jw«§àÜN�±-|�pAzPa�Ør§�Lù�

Ør��§àÜN��YÝü$§
ù¿Ø�6u|¤àÜN��DÔ�¤©Ú/G"
é

u RBDàÜNÜå�ïÄ§K|^�Ed���ä�òp�YÝ�àÜNÊ3ü�²�À

æ�m§²�Àæë�XÜåÿþ¤§(Jw«§�6u�D�â�Ô�¤©!/GÚº�

©Ù§àÜN�Ør$� 100 ∼ 1 000 Pa"ÏLþã¢��±��§�ü�p�YÝ��D

àÜN±�u 1 m·s−1 ��Ý-E�§¬��g��Ø "�6u�D�â�/GÚº�©

Ù§�DàÜN3²L 1!10Ú 100 m·s−1 �-E��§Ù�YÝ©OC� 0.85 ∼ 0.93!

0.72 ∼ 0.85Ú 0.65 ∼ 0.8"

4.2 �DàÜN-E�>^å

þã-EL§¥§vk�Ä>|å�K�§�´3-EL§¥§�3X>Ö=£"Poppe

�<
[87, 88]

ïÄ
��?��D�â�²"8I�m-E���>Ö=£§��=£>Öê

Ó-EU�m�'Xµ

Ne =

(

Ecoll

10−15 J

)0.83

. (18)

3ù
-E¥§NÈ���-EN`k�K>§=¦´�8I�Ó�Ô�-E�´Xd"

ù�y�XJý¢u)3�(f�/¤L§¥§KÏL�X�k���áN-E§��

��NL¡�U¬È\�õ��>Ö§/¤���r�·>|§3�e5�-E¥Ð¼�D

�â½àÜN"�D��U3àÜcÒ®²�>§�´du�1(�1Æþ§b	�ØUB

L§ÏdI��ÄÙ¦¦�D�â�>�Ï�"Poppe�<
[36]

JÑ§¥5�â/¤àÜN�

�§du¯�-E§�)�>��D�â�"XJù���>�â�3§¬Ï�>^å
¯

�à8
[89, 90]

§�´ù��àÜN3p�-Ee¿Ø­�§�Ø�>�àÜN��§�Ý�u

1 m·s−1��ÿ§-E¬��àÜN�)"Okuzumi�<
[91]

¦^ê��[��{ïÄ
�>

�â3�1(�¥�-E)�L§§¦�uy3f>l��¥§�K>Ö��D�â¬~�

�DàÜ�L§"

��1(�¥�3�þ Fe ���§I��Ä^|å�K�"dur��ó4f�p�

^§c^Nâf�m�-E¬�ª�§¿�`k3Ù>�/¤óG½ö�G�àÜN"�>

|å��§̂ |å�¬O\^5âf�v(Ç"Ó�§̂ |��^��±{�âfduíN

{å�Ï��Ú^$Äá�¥
ð(§¿��ÚåØ­½"Kato�<
[92]

�ê��[(Ju

y§3f>l«¥�þ!-u�^^Ø­½5ÚíN{å��^e§�?���ÿÁâf3
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�/æmÊV6>.à8§��âf�Ý´Ð©�� 10 000�§ù��Ýv
p§�±��Ú

åØ­½5��)§l
/¤(f"

4.3 �DàÜN-E��D—— íN�p�^

Xþ¤ã§��Ý�u 10 m·s−1 �§A�vk-EáN§=¦ÀJ�Ð�ëêÚ�¸§

-E�o´���)!@¡½ö��"ù:²~�^5�é(f�-E)�nØ"�,3A

½��¹e§-E¬����)�
[93]

§�´p�-E¥�-E8I�õ���DàÜN�§

¢�w«§�Ñ��D�â�Ýé$
[84]

"XJ�D�âé�§��Ýéú§K-Eu):�

íN�¸K�ÒI��Ä§cÙ´íN±�pA�m·s−1��Ý�é8I$Ä�§�D�â

¬3í6��^e­#á£8IL¡
[94]

"��DàÜN3ØÓ�íØÚí6�¸e-E8

I§£á��D�â�;��±�p���ÅP¹§¿��±�âyk��D – íN�p�

^�.O�"=¦-EáN��ÝK�� 1 m·s−1
§3 12 m·s−1�-E�Ýe§�,U
*ÿ

�8IL¡��)�"Ó�^�e§Ø�íN{å§3 1 ∼ 2 m·s−1��Ýe§àÜNÒ¬�

)"ÏdíN{å´�D�â£á�­�Å�"

6��ª:´K��D£á���Ï�§§?u8IL¡½SÜò��ØÓ�(

J"SekiyaÚ Takeda
[95]

�Ñ§-E�¡¬�í6N�8INNC"Wurm�<
[94]

JÑ�£

áL§3gd©f6«��ék�§3ù�«�¥§�D�â�u½ö�uíN©f�²þ

gd§"�´§¢�(JÚnØÑ@�§�1(�¥��(f´õ�(��§Ù�YÝ��

0.8§Ïd3Hº��§í6¬��BLÙL¡��L¡e���§3�
A½�¸e§£á

U
u)"

5 ( �

�D3�1(�¥�üz´��E,L§§�)íNÄåÆ!íN��D�ÍÜÚ�N

�â�p-E¥�áN5�"�������.I��)�D�àÜ!-E!�D!ëÄ�

�Ï�§±9I��Ä�� SED§8c��.��´�Ä
Ù¥Ü©Ï�"�¥�D�àÜ

é��ÄåÆÚ9(��)²w�K�§
ù�K�qé1(/¤�ê�¯KJÑ
]Ô"

�DàÜN��é-E�ÝÌ�-E(J§�-E�Ý�u 1 m·s−1 �§��¬��-

EáN¶
�-E�u 10 m·s−1 �§-E��Ñ¬����½ö��"�´§|¤-EN�

��â�ÔnA5�¬K����-E(J§�X|¤-EN���âº�©Ù���O

�§-E����ÝK�O\¶Ó�§�X|¤-EN���â�Ø5KÝ,p§�ÝK�

�¬O\"-EN��YÝ��§áÂ-EUþ�Uå�r§-E������U5Ò��"

���-EN-E�YÝ���²"8I�§�X�YÝ,p§é-EUþ�áÂOr§�

�-EN�N´�\8ISÜ">^�^Ì�K���â�m�àÜÇ§du>^�^Jp


-EÇ§ÏdO\
�D�)��Ý"íN�{Z�^§éu-E(J�K�Ì�Ly3

{�-E��¡�<º§=O\-E���þÀO��'Ç"

lÙK$Ä��D§CCA3�ÐAzc (1 AU)ÓÌ�/ §ù��I�Xå¥%ð(
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ål�O�
O\§� 100 AU§ù��I�AZc"���)�Ø2´CCA§¿�àÜN�

©��C 3"3 1 AU?§��� 1 000 a¥§�DàÜN�)�é¯§Ïd3Sý�¥éJ*

ÿ�"�´3c���	ý½ö$�Ý�¥§CCA�,ÓÌ�/ "XJ�3k��[£Å

�§Sý�¥�Ô�¬�[£�d"���)�¥§����N (A�f�)¬)��~×�§

Ó�ù
�N�-E©�¬Ö���;¢���D9ÙàÜN"ù�(J¬��2g/¤�

�àÜN�§�D�ºÝ©Ù��§éuù«�¹�¢�(Jw«§ùò�N´/¤���

àÜN"

�,éu�¥�D�)��kNõØ�Ù�/�§�´�±�½�´§�¥�D�)�

�~×�§=¦íN�¥%ð(áÈ��I�uÐ©�)��m§�,k�þf� – ©�?

��DàÜN/¤¿33�¥"
�3�¥�DüzL§¥§¿Ø´�k)�âû½üz§

�D9ÙàÜN�p�-Eé��üzL§�´�'­��"

ÃØ´¢�¿�¢�(J�´ê��[�(J§ÑØU��)º�¥�Düz�L§"
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[71] Blum J, Schräplar R. Physical Review Letters, 2004, 93: 115503

[72] Smoluchowski M. Zeitschrift fur Physik, 1916, 17: 557

[73] Blum J. Advances in Physics, 2006, 55: 881



300 U © Æ ? Ð 30ò300 U © Æ ? Ð 30ò300 U © Æ ? Ð 30ò

[74] Wada K, Tanaka H, Suyama T, et al. ApJ, 2007, 661: 320

[75] Wada K, Tanaka H, Suyama T, et al. ApJ, 2008, 677: 1296

[76] Wada K, Tanaka H, Suyama T, et al. ApJ, 2009, 702: 1490

[77] Blum J, Wurm G, Kempf S, et al. Icarus, 1996, 124: 441

[78] Blum J, Wurm G, Poppe T, et al. Measurement Science and Technology, 1999, 10: 836

[79] Blum J, Wurm G, Poppe T. Advances in Space Research, 1999, 23: 1267

[80] Krause M, Blum J. Physical Review Letters, 2004, 93: 021103

[81] Wurm G, Blum J. Icarus, 1998, 132: 125

[82] Meakin P. Reviews of Geophysics, 1991, 29: 317

[83] Dominik C, Tielens A. Philosophical Magazine, Part A, 1995, 72: 783

[84] Wurm G, Paraskov G, Krauss O. Phys. Rev. E, 2005, 71: 021304

[85] Langkowski D, Teiser J, Blum J. ApJ, 2008, 675: 764

[86] Teiser J, Wurm G. 2009, MNRAS, 393: 1584

[87] Poppe T, Blum J, Henning T. ApJ, 2000, 533: 472
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Grain growth in protoplanetary disks

LU Tao1,2, JI Jiang-hui1

(1. Purple Mountain Observatory, Chinese Academy of Sciences, Nanjing 210008, China; 2. Graduate

University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: In star-formation theory, a flat, rotating disk always formed after star formation

in the molecular cores which own initial angular momentum. It is so-called protoplanetary

disk, which consists of gas and dust. The mass ratio of gas to dust is 100 : 1 . Gas may be

accreted onto the central star, or dissipated through photoevaporation, radiation pressure

and in/outflow. Portion of dust is dissipated or accreted because it is coupled strongly with

gas, and others will further grow from interstellar dust (sub-mm ) to planetesimal (10 km)

or planet finally. Dust growth can be confirmed by observation features, e.g., statistical

investigations of presence of dust emission as a function of age, Si-O stretching vibrations in

silicates around 10 mm and the analysis of the size and optical depth structure of silhouette

disks. In growth process, the key issue is collision adhesion. There are various mechanisms

that lead to collision, so collision velocities may distribute in a broad range. However, dust

growth is not synchronized. The timescales of growth differ in the various locations in the
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disk. At the same time, the exchange of material still occurs in the disk for inflow/outflow,

sedimentation, etc. Hence, the collision process will be quite complex and the outcomes

may be diverse. These results dominate the growth process of dust. In this sense, dust

growth may directly have influence on the properties of protoplanetary disk and planetary

formation. Therefore, the study can not only improve the understanding of characteristics

of a protoplanetary disk, but also reveal the scenario of material evolution at the early stage

of planetary formation, by investigating the process of dust growth in the protoplanetary

disk.

Key words: protoplanetary disk; dust growth; experiments; simulation


