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�mV (1)

�	>&��?@A�5�#>B�6 �C3�
T%100 K D��E�FG�>�H�I�J	��
�K >&(3� :�;����<�=10 mV�
L":">&�6 .M�1NO10)�.���
VP=GkT/ e �1� QRQ G �SLT�U
��VWX�*�#�Y��� 2�3�	>&�6
4Z(�[\� ���<�:�;�]S^�.�
Z�_��6 �)� �` a �a�-���#
CPa DCGS�<EK >&�5��bc�� :�
;���� QPCV�d��`� �*�5�#
���6 ���<#=10 mV>�`# 0.1 mm>
&(3� ������Qe!>&�6
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)j� 2"�:�;�]S^�#[4�*�6 �
�#kl*�mm�>no4)�B�
"p
T
��� !"� EelPQ2/(2a)PaV2/2>&
�6 ��#-�
��qrC,�">B�)j
��� �$����� !" Ekin#st� Eel.
%BW12(31�146 55>� 2"�:�
;��$��#��� Du�vT��K w2�
./,xBy5z(,4�8{�|&[.c6 *
��� �$���� !"� 2"�]S^�.�
Z� Ekin%kT>&�6 5��B� } (1)�'(*
��� ���� !"�-��� !"� �
Eel/Ekin%akT/e2%(a/0.1 mm)(T/100 K)�~2
�6 5(.� �gC,4�8{>� 0.1 mm.
%B4:�;�c[>�-�
��� !"#�

��� !"�s�/,[�c� ���">B
145�#���6 0.1 mm�4C3F�:�;�
�Y�1]S^>&�6 ��� A[|����
FEH�#55>|&[).c18{>&/)
�� :�;�)� �4,��F���d�*�+
����oW5��1��
A�\�� ���FEH��92�:�;��

���)�A/�,�>&�6 �Z*��� H�
���^����4#)4���-	#�j,.
W D��K� :�;��(#�!���*���I
�/���# �0�(� �1/,[�c��#&
�6 5(�:�;����-�
��1C���
#&�6 *2�� H�3�:�;��$4	�5
6�H�781��./,A��z(��>� �
9�� !"���� !"���z4�2>�
146 :�;��)�$*�-������� 
��:+�)j��� 5(�����g;[12
(31�146
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o4,4�6 5�|&�� ¥¦���§SLT�
Q�	#�!¨4�B��h�A�6 �B� �
��FEH��%C! D/©FnD�ªWK �.
J«¬ (1,000 K)>&� ��1�-�¤E�
�F®>B�6 ¯G1�-°�H�±C��HI
*�¨�� !"=� D²J³� X³1�K >&
� H�I��5(��./,K´�VW D�-
	�[, 10=10.����.4µ¶ >K �-
*��h>&�6 5�.c1«¬>�� :�;�
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	11), 12)����Y�^,��-.���N/Y_
�*��F)	� `a!�� 0b���12�-
,NY+�!YB���1��+� �&3�/0
�c��-�3d�e��F1^,�!f"��
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�&3�/0�c�7!/NF�� O��&q
��pB��N����rIs	8!�t9"
�� ���� ������:��S�;u!<6
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�v,�� Qx@A�y1 V (z0)�"��� �
��w=�>B����{CtotV�.�� O�L
���|�?�C5�+*�P�!$%�7� �
�>����P'$�IJK�a6D�}� eni
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�)*�@A�y�F]_~V~� eni/Ctot��F]

N�������\F�� ��� �&3�GH�
�� ������ (1)��1��)*+,-G
H�.�13)� ���-!� �&3�!�)*@A
�y���7��Fc-F�� >��:� Ctot�
�� ��*�����rIs	8�c-�)*�
�F!�)*v,)*N��
2��:��;u4 �.�����;!<��
.�� ^,!� �������;u������
!I�"��� S�7�>?�^,!�����
!��"�� +	�)*� ������"�!j
�*��>��:�1�j�-!��� R0�!
�&3�/0�9N��� ,	� F]�����
�_������9+*���-������
���!+*� �N\gF����_�����
�;!F]���:�1J�"�
��.�� S
��-�
���� K������O�$��&
1F�!(T+� R0�+*F]��-����
����1�_N�����)	���e���
�� �����n� 4��lm"� 2L]���
�4 �5���������K�����
�����GH�M��^j�o5��61l

m+�-� N 3��N�� $O�F7 5 AU��
P ���Q��P!'�� ������^!��
+	
��@A�y�M�1����+	���
.�� ����� O� !� !�R¡��@�
¢£¤ ��\¥�S¢£¤14)� ���1¦T+�
�&q�§UV1¨�+*���2� ��6���
$%�©sª«� ��&3��e]*���G
H� ��������@A�y�A�S{30 mV

�.� �N�WV�� ����rIs�¬�K7
!��]��&3�/0�X+N/]� ��@A
�y�$%�©sª�
�!<®* 3¯����
��� ���B���� 1Y�}!Z	���� ^
[� ������"�!j�*3�/0�9,

�2 ,	� �����\!°]1^±*�_` !� �²©³¤�� ´a!M�"���1¨�+*��� S�	D�
N�µ¶�������;u� 3·���N 2·!<6+*����!b¸_�	�� ��¨��� ��,:�*�
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345678�' �9:�;<=;�7��/0
��� *+�!��#�����=>+52?@
7ABC7D�� E��9!F���GH2I
67 100�! 1���2
�J)67�� �K
��  !�������L�!�!MF�8��
�9!F� CNOP������&'
  
������!�QR2S�67�-T

U7"�=� KV����8���-W@7�
�13)' ( 3O(2� ��!X�Y� ZdV2[ZdV2[!T\-
�]��345678�' (^��^�?_2�
��	!`a�/0����!X�Y��QR2
�b7^��c"�=� ���W2X�Y!;
<������d�"�?_2��'
e!fgh�i2� if�j@�?_�A�k
lmno�p���klmno!�q-67D 
_' ( 4�� ( 3��rst)�p���klm
no EeluaV2/2-vw6�  C->+5 2xy!
zIA�!klmno Ekin��q6�W!�8
�'   ��if�{��� >+5!zIA��
�A�2|}7~�!*+��2?@7W��a
C����67��' ��2� >+5!zIA�
�>+5!��	=`a�_���A�2��a
C�=� 8�%���������!A�2�
�aC�?_2��� zIA�!klmno��
|-�U�'  ! ��� zIA�klmno!
�|�>+5!�= 50 mm���2�@�� 
�^��
@7�� �( 4!�"�&' �#� p�
��klmno�� ���!/0���9:�
;<2?@7�6�$}�C7��W!!� Q�
�-�r7�L2����	���g�%6�
��	= 10 mm%�2�@�� ��zIA�
klmno-O�@76
_' �
��   ��
�9:�2?�p�klmno!$��&���
A�2?�zIA�klmno!�|!'#-�

( 3 >+5!Q��x�2(_� >+5!��
���*+!�)��!T\! ' *���
��+��~� ¡m �, ¡m& -¢-
6� ~�.!�£��¤�^� 5 AU)C�
¥¦!§/�O-��67��' ¨O(© ª
C«C!�/02D¬�>+5!��	
�®& ����� �¯®&' K]��]�ª
C«C����!�Q ZV[ �*�0°
� ZdV2[ZdV2[ -�� �ZV[±02S²&' 1]��
���	���!>+5!�Q���� �2
f³´& �8�' ��	=`a�/0��>
+5µx!¶p�2�=c"��U� ·¸!
>+5!�� �8������& �����
	��2�b7`a��� ��9:�;<'
¹º!"�³´&' ¨)(© .�/02D¬
�� E��9�>+5!��#,	
' �9
:�/0��>+5=�!c3�!��#-
A����!=�^�'
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!"��� #$%�&'������(	��
�� )*��+,-
������.�/0	
1 ��23��4�56���
#$%�7�
8������ '����09:��;�
#$
%�7	<���� ����	� !"�=>�
?��� �;
#$%	��
/�@7���A

B�C�������DE��� ?/��
#$
%����0�F���56��� ���G
H� ������������0I
��J�
��K��� ��L��MN�+,-
��MN
0�O��P������� 
QQ��� �R� S!�T�"#U$V�W

��XG�� ����#$%�����7%Y
Z[\]Y^_15)0`a�� Q�YZ[\]
Y^_��� #$%�b&���MN0���
��c d$efgh$i]��cj �kA��'
l��m��c0J�Hno�H�� Q�no
'�� #$%�p�0'1�+,-
���H(
q�� r+,-�#$%��0)n*�no�
�	���� Q�no'�@s�+t���0
�P��?/	��5�,�
7�#$%���
0uv�Q����� #$%����0->�
./
w'��H?Dx��H��2) ����
�no�y����� +,-
��MN��O�
����MN	no�� �����?�z012
{�|}03~
D9��H������ 
� 5 �YZ[\]Y^_��D15���0�

� Q�YZ[\]Y^_�� �45��
��
� d#�256 1 AU � 5 AU ��6j ��!2
����#$%�+,-
��O�MN0� ��
������
����7��1�Hno��	
�����3 !"����4e�f0�8�� �
6���9�0(	�H�� �#����� :
���#$%�������;��$<=��>
���K�+,- d� 4 ��?���mj0(� 
@��� &'��0(	�����������
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Dust Charging in Protoplanetary Disks:

Introducing Electrostatics to Planetesimal

Formation Theories

Satoshi OKUZUMI

Department of Physics, Nagoya University, Aichi

464�8602, Japan

Abstract : Collisional dust growth is the first step
of planet formation in protoplanetary disks. Dust
grains in the disks should carry nonzero negative
charges by capturing ionized gas particles, but its
e#ect on their growth has not been considered.
We have for the first time performed numerical
simulations of dust growth taking into account
electrostatic repulsion. We find that a “frozen
zone,” where dust growth stalls, can exist at a
few to 100 AU from the central star.
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