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1 �G��$�d�?�	\,<*�kI3.	9+b7 3�(��+Y5�} (EZY5�})[1] �	�	�y(xj!~R
}�Æ���}	MR�-��}<l8S\tn	7QV;o+b��#h~��} [1,2] ��j!��}��3Rr	rkI7u�l!e�	<>=kI���5kIl!�<%�O	 Rivera Æ7 [3] En 2005 r){no�!.0�7�3�Y5!��} GJ 876d����}��3? (7.5± 0.7)M⊕ 	t�%�? 1.94 d	>453� M4

V ��b} GJ 876 _0�	�	QOx��-��})h<+b [4−6] 	AhQ+b73��3? 1.94 M⊕ ��} [7] �C�6r(	��5 Kepler � COROT Æ3Y:�B9��aZ	M#Ob�b(�Y5!��})+b [8] �X}�}�\&IÆ�	�3n 1∼ 10 M⊕ 1>l�g��}jq2tn��7Q��-�� �m�
�2009-05-03 � 2s�
�2009-06-26t})
�w=;2
�,`mg (10973044, 10833001, 10573040, 10673006) �O�W;2
�,`�9`F%K�s	�,`$8-� �w=;2
�,`w;
Gmg (10911130220)



� 302 �������#�I���d�z������ 27 ��Ry�3�!��}Z?T4�#���}��3v� 10 M⊕ ;G^	Æy	dT. H �
He 	�S{_M
Æ��wR\3SÆ���} [9−12] 	)<mj!��}�&�}�\{_�x�^q6Z	�}Æ;n�y�po1>lT.zO� [13] 	9A!$An�}GV�DonT4�#�	�#�Z?|*�}�3r!	�u�}�}z3T{	�3� 10% 	;z*8��fBn"℄l�5�!��}��3Rr	+b��<>=	&ÆQ�SkIY?�k�d���Y5�}).){2"3.Æno�!.�%}.�){no�!.Æ;e9f�}��3�){Ol!�%}.uÆ;	��}��p	&R9m���3��p��}	V;){�vx Æ�l�Wajv-�	Æ;0	2"3.+3IT4�#�l�|U�!~��v0n�&�+Yl��}UF}y	�4 3Y:��B�I	7Q&�+Yl�}�F}l�Wa�7Z0(Kw(�?X} Cassini �I��^�79	 SchubertÆ73I Enceladus(1}�8F}) GOyr^�ari�	0m){$/8C	Æ�6VÆo8-j��$y�\��nÆyra? 150∼170 km �"℄*�_tl�5	#z5�3h 50% �2�z8L [14] � Anderson Æ7X} Galileo �B7l)	�F/PUnP�79	�f Ganymede(
}Ay�F}) 09m8C�\�UJ�ÆyJM 60% �"℄U
40%�8�\	nyra 400∼1300 km �_t�5#z5s��J	AGVBK5ya 800

km �8L [15] �X} Galileo 	�� Callisto(
}I*HF}�A5V�3S) �F/P��p�	 Anderson Æ7�q	fM?	�p�T!�0�o3�L,^��6Z Callisto�l�tn58�"℄Æo�O_t`t�(Y [16] ��5a)&J�+y	hR��}l�Wa��v0+y���bn9mÆ;	�O�!�^�_t�0	2�3_	}	a��p�I3	Qo	��+Y��}���\8	�-yo	���}�j\|U�n�+b�Y5�}�	O3")Z?! 51 Peg b ��} HD

209458 b 	ÆQ��RprR 0.1 AU	j�3Ry�!
�}�X}& HD 209458 b�%}bp�kI	�v7℄��7	tn�7�*,��ÆO��Æ}� Guillot Æ7�Wf7<*��}yÆG!& HD 209458b��p�Jk	�fbr�}��3��p�t��
j<?;0��}�l�\8� [17] � Adams Æ7�v7�}<*�O��\U�p�hY	�f&RRr��}�|	<*�O��\Æ;�Oh*���T!	)�I3�yÆo
�}�pa+wy�+?&3S 10 M⊕ ��}	~=�3 0.1% � H/He yÆo���pw> 5% 	)~=�3 1% �yÆo
�pw> 20%[18] ��uZE?;�
3?��vx^7+j�*H� 2 ��� 3 �qEv!��}��\&I�� 4 �u℄J!��}�l�Wa^���3 – �phY	9�v7VWtHOS�Jk�� 5 �+R!��}�O�\8�I7	Æo�yÆ\8�
2 up
'K5~2f�
mKYyi�#5	�+Y(OO	
�3n 1∼10 M⊕ 1>l��}	Æo#O7DoDI�-��}<>=�\���}�\�T.&IÆ;ÆZÆQj�2tn��3�|�	e��}



� 4 � g�V
�8�Z6"��~�mAXb1z�℄9 wdz 303�zl�"℄!�}�3�jÆÆ)	�g!O�=3 [9] Æ
M ≈ 1.2ηicefa1/2M⊕ . (1)	�	 f j\�}z=�3��3Gx (0.1∼30 �B) � ηice n 1∼4 �B0�	Æ��7kn�f5��zÆ}? a(; AU ?�E	)Q?6 AU) kMRvW8O����T!w>�X}���\�}z^�Æ;9�f\d�+}f�3�^e [10−12] 	Wx6Z�}z��g!O�?d�\n�S�31>l��}�?33V	��}|�wR�3�yr^#	dr�}z�T.Æ!	�S{_#
Æ��\R?3SÆ���} [19−21] �Do	��T.Æ!�{_	d�<[�3 Mcrit 0j{%T4�#tn�4}�& Mcrit �l0e9�N�CA�?MC!�/�	ME��^�Æ� [22] 	 Mcrit UT.E Ṁ 0�}z<-Z! k�Btn3S���4 hYÆ
Mcrit ≈ 10Ṁ qκsM⊕ . (2)�( Ṁ ; 10−6M⊕ · a−1 ?�E	 κ ; cm2 · g−1 ?�E	 q � s ℄R 0.2∼0.3 �B� IdaU Lin ){^q	��}n 10∼100M⊕ �B�wR�!�7��Wx [9] 	;�A!�3ER

10∼100M⊕ �B��}6QI�
QZ#	n�}z�l�8-ÆoO�3n 1∼10M⊕ 1>l�T4�#tn		�y(xMjLs�!��}	0O3�8#Oy3��+
O� (\dz)[23] �Do	������}�\&I	T4�#9<�H�6 1 :f7U� 2009 r 4
9)0:� 12 �T4�#�MRkIG��ttH	9+b��}y(%�R#	t��Rp0Rr (O 7 �n 0.1AU �l) 		�3u��ORy�t��zE��-�t��
j�+YlOO�	�g7ÆQÆom){�s��/�&�{_�P 1 5h$b 12 �Wxe�b'qU�	�[[ �6 M/M &� P/d u�"Ss a/AU �{G -d`D / t;
G1 581e 1.940 034 32 3.149 42 0.03 0 2009

MOA-2007-BLG-192-L b 3.178 3 − 0.62 − 2008

HD 40307 b 4.195 356 4.311 5 0.047 0 2008

G1 581 c 5.021 714 12.932 0.073 0.16 2007

OGLE-05-390L b 5.403 11 3 500 2.1 − 2005

Gliese 876 d 5.720 94 1.937 76 0.020 806 7 0 2005

HD 40307 c 6.865 128 9.62 0.081 0 2008

HD181433 b 7.564 354 9.374 3 0.08 0.396 2008

G1 581 d 7.723 269 83.6 0.25 0.2 2007

HD 285968 b 8.422 495 8.783 6 0.066 0 2007

HD 40307 d 9.153 504 20.46 0.134 0 2008

HD 7924 b 9.217 07 5.397 8 0.057 0.17 2009



� 304 �������#�I���d�z������ 27 ��
3 {�5#���
�^W(�X}����}�\&I	�}n�zÆ}Fh�\�}z��\��&Æ���}��\�<*3f	d�).O2"C��&I^�ÆF/<L�^� (Gravitational Instability)��T.^� (Core Accretion) �F/<L�^�A�Æ���}�\R\�}z�R�R$�(Y	�(F/o�/T{7Æ!�/�%z/	�>=�\�}�3yr�2� [24] �<{MRF/<L�^��.&�&J6Q�Q	�nIx/"!�^�}Eo){�"0p�\��T.^�):?j�}�\�).0p	Æj�n\�}z�){X�v|�}:L	��~1)�\�}|� [25] �&�T.�&�0p)#	O_t<!jO*�	D?ni"!�^}:�T!�~16EhHRO�F/<L�&�0pu<r_t<!�Jk	Æ).4 R\�}z�G!�d�	in7Q&��}�\{_�\V�tn3u�I	&��3!��}�&�{_/OO�y8
	�2:?!��}j){g�O��N|.)\��3{_)QÆ;8?CST$	�S^3a? 108 a[26] �p`	\d�}f���VkX��.){��~1�h|.	�\ 1∼10 km yr�}: [27] �&R�-y�}:		F/P	d0	<>�H	ÆQ�~1UV0hH0y��53qq�~1T.	}:(KwR\�pa 103 km CP��}|���*ST$j��wR^�	}: (�}|�) �B�-t�o3��8
	y}:�ORr�t��zE�t��Q	�o3ÆQY��r%>)*O� [28,29] �*^	Æ!&~1	��41EL
�uy}:�t�Y'R^�	0Y>U�}z���V`V	�Q
3?>�7ÆQ�wR�! [30] �n�CST$	�}|�B�;�L�
ÆQ�t��hPM	�^	��wR	d0�R�8-(��yr!~R
#*(}��}|�+SS;�~1	A!�\Ix6St�hRR_�!��}�n�}�\�9�T$	�~1j�2tn��~1m5�o3>G�}l��5M[�y0o?;
�}<;�8C�Wx'��'[�^Y�\�}�	)R��s����℄[��\�}J [31] �8CÆojn�3T$1�
��	9<j�3hJ�+?	&�#�-��}�|	e9iu)ÆT.���}|�y9m�8*8-8C7�9+b�!��}y(j#t�%��}	�Rp�r�&IG:?�-��}96n\��\	)j){!� I �6*DM�v�%�zÆ}Rh��3�!� I �6j���}�yrSh�#�3^	nÆ!�}z��0T!:�EL^MOS0{	DoO�<%ol�6�?x�})����zÆ}(�^3yR\�}z�q\ (a 3Ma) 	!� I �6yjkI��#t�%�!��}�3SÆo��\-� [32] ��}DM0oOS#t�%��}	��}	d���h�EL^	L����<L����B��R'.[6Q℄x��-	t�h~�2S�}ThP#^#OS�/�<L� [33] ���})DM��h}�t��	VWtHÆ;
�}�t�0^	)��S^30nh��1>l [34] �



� 4 � g�V
�8�Z6"��~�mAXb1z�℄9 wdz 305�
4 U5�%
nBY
W�5 – !rj[
4.1 Vwd�a�R{n	.MR	<��5�}Gn���
�i-�79	�o\,3��^���v	l�Wa�APÆQ�\��5&�{_��#h~	KO��#!~�L,Wa	yo){x�^q	�ÆQ�l�|U�&�}�^�D2SA�Æ (1) �u�}�m){$/8C�\7L,Wa� (2) �}�U"[��<!U�+Y;0�+Y�=h�Bh~��3SAPj+R�+Y��O�!��};0Ry�F}�m){8C�ha��*SAP0jh&	&�	D?�B9���Id3yn�+YFh�^��T4�#�l�8\3Y:�*zL	AP�SLl�O�\8h*�nUSLl	T!��/��3�$/MC!/��
2�^34=83_XvÆ

dρ

dr
= −

ρ(r)g(r)

φ(r)
;

dg

dr
= 4πGρ(r) −

2Gm(r)

r3
; (3)

dm

dr
= 4πr2ρ(r) ;

dP

dr
= −ρ(r)g(r) . (4)	� φ(r) = Ks(r)/ρ(r) jÆ;M2�3_&f���G3	 Ks j�5!.^x	 G jF/Qx	 r j��}�z��%�T!��/�G!Q){2�3_ (Equation Of States, EOS)0Y���i7�}6L�z,5	USL,���tCA Birch-Murnaghan2�3_ [35] 	9>G3S��5�
lÆ

KT(ρ, 300) =
K0,300

2

{(

7x7/3
− 5x5/3

)

×

[

1 +
3

4

(

K ′

0,300 − 4
)(

x2/3
− 1

)]

+
3

2

(

x9/3
− x7/3

)(

K ′

0,300 − 4
)}

.
(5)

KT(ρ, T ) = KT(ρ, 300) + ∆Kth(ρ, T ) . (6)	� x jT!UC��^�T!�+	 x(r) =
ρ(r)

ρ0
; K0,300 � K ′

0,300 jn�/? 0 	G!?
300 K ^�G��o^	f�ÆG!.^x�L,�84} PREM(Preliminary Reference Earth Model)[36] 	8?�}�UG�^�}J�&R|*�}	�OM2�|*0	^�O�h8L�\� H2O L�?xFLl\�L,Wa	�H�D�Oh0�Jk�USL,��!M�}�8�38x (Ice Mass Fraction,

IMF) 0��38x (Core Mass Fraction, CMF) ���L,���O\8�G��#	�}JMs��0I3�'a\��}��).\8j'	*�&OI3���DUSL,l�O&Ctn	L,lG!�
&HR�5�!�Æ
dT (r)

dr
= −

ρ(r)g(r)T (r)

Ks(r)
γ(r) . (7)



� 306 �������#�I���d�z������ 27 ��9��3.("(-�3�j`Wfa3O&3�DI�	1�
��}&Z�+?`Wf3SDI��p� R0 	M�S R0 ��}=�3 M �f�}�6V$/�	1�X}3��.[&J	0	�W3_(?9�G!�T!��/ÆO&39.8�4q.88�OL,�	9�	��}�=�3	M	Ua:�}=�3 M +R	X}	N��
D�yr�{%�p��*j{y�j{r	hH�&�p�yr
����$y&Z	?o0C�}	���fA	�W�3��p� R ^?� [37] �0Æ;�*	
O&3E?�}9��{}	?Xv�}�J++� Fe/Si [50] �
4.2 0,M�>9Æ �Yjap". 1 jM^�9�	��Wx [38] 	ÆWf7�}��J	;0}z3U�}�p��hY�CQ.�P&.}63S'	X%3Shh03���k}6o03~�}=�3�
100% 	CQ.Wf7n�OÆo�O�\8++^	�}�p�0�'i�CQ.l�P3��&H<*���38x ({o���Cv.��fUPv.hPk�x�) �8�38x
({o���Pv.��fU�.hPk�x�) �&R3S�30���}�|	tn3SK��p�T{�S�p^	6Z�S�}j|

/ 1 ��~��4
 q
<1P�℄9C�iZ [38]



� 4 � g�V
�8�Z6"��~�mAXb1z�℄9 wdz 307�*�} (}z3 ≥10%) 	<mjms�"℄�}7 [39] �M.ÆH	&R�3? 1, 2.5, 5, 7.5� 10M⊕ ��}�|	�SK��p87? 6 600, 8 600, 10 400, 11 600 � 12 200 km �&R3S9m�f�3�Y5�}	?xÆ��pT{hH�K�	uÆ�Æojn�f5�\�	*�jn&����V[}:WÆ|+7�(z8�.�X%73uO}6
�Æ�pf	�Æ
f	�5�}J�~++�w>	�uÆ�pf6�3�$a��	ÆH�}J�yr&�}�p��Jk<j�y�+?�3? 5M⊕ ��}	�}J~�}�3�++r 0% 0�� 85% ^	���}}z3��� (r 50% � 15%) 	tÆ;OSh*�p��} (11 350 km) �<{&�3? 1M⊕ ��}�|uHO<*	o^�}}z3&�}�p��Jk+Ra+	Æ�pf
��Y>��RÆ}z3f�&R�3? 10M⊕ �!�	�}�l��/�y	�}}zR(^
(>70%) 	�}��p�Y4 R�}���38x (CMF) 	h0	n�}��~�++Ry^ (>70%) 	�}}z3n�y_!G��7�}�p���jD?2��T!NCRy	)�}��p�n3�_!GU�}���T!hh�=!|�	�}��p�&�}�s��!O� (�}J) �(I<j�YM	ÆY4 R�}�R�O� (z�8)UR$O� (�}���') �++�
4.3 8	.`\a�� – M�p"X}�	Wx	Æ;q	f!��}�3U�p�UEhY�3��UEhY? [38] Æ

Rp = (1 + 0.56IMF )R⊕

( Mp

M⊕

)0.262(1−0.138IMF )

, (8)	� Rp � Mp j!��}��p��3	 R⊕ � M⊕ j�#��p��3�. 2 X%7<* IMF !��}��3�phY�M. 2 ÆH	A�#�}z3v� 50% ��	�pM+bny 26% 	N7R?a+��	Wx��AnRÆtn3SÆ;e9�}�!\8�K�l!�AjkIRNn�SK�l!l	yÆ;){�3 – �phY�{%�}�O�\8� �SK�l!&�}�

/ 2 �=+~{4_��~�4 qiZ)g



� 308 �������#�I���d�z������ 27 ��p�|j 5% 	n�}�3u? 10% �d�
n
(�� Kepler � HARPS-NEF ld0	��Æ;ab�3l!�
4.4 X!*6g�d0,/Ya7(VW/j:OF/OS�	�R3S"!&?3"!�F/�!*"!GU��rF/�NC�VWtH>5!��}	&ÆQ��\�&�{_�O$.Jk��}r��VW/n%b}h^Jk�;	%b}_^=B	�S`CtHoOSÆk�l5 [40−42] �<{&R<*�O&Wa�t��
	VW>5��!hNR_�O�o��-#
�(E'�	O�boOS��i�� Trilling [43] �f	&iu�ORy�zE�Y5�}�|	VW>5�^Bb!3�yRÆQ�n�}Y,�r>	<1ÆQ��zEqnVWtH�Jk^qY7�Do	�u�}�VW>5^Bb!a?x\>r�n+b�Y5�}�	y(x�t��zEyR 0.1	R�Sh 1 [44] �&R�-��}	VWEL�Jk\8$. [45,46] �?5	VWtH0U�}��3Oh	VWtH&T4�#�Jk*-<>�n�Æ;Z9	(xT4�#G2>(E'��VW>5�_f? [47] Æ

H =
63

4

(GM∗)
3/2M∗R

5
P

QP
a−15/2e2 , (9)	� G j:OF/Qx	M∗ jbÆ}�3	 RP j�}�p	 Q′

P = 3QP/2k � QP � k 87jVW�DGx� Love x�>5E�5^B0�	U�}�t�&�h0Y�e9�uY5�}n�\d�%b}+R_	�OYy�t��Rp	VW/0<y��VWtH
�}��Rp<%Gr	VW/��w>	<{b�b��VWtH#
�}t�'R^�	A!WwVW>5�{_�3tn2SD�u��-�Æ(KGr��Rp a #>�VWtH	(KyG�t��zE e /nGrVWtH	�2SD��h&�!0ÆQ�^B�0�y��7�}�&�{_�9�6Z	nq�	 a �yr�5��
�EL	�9�uj e n���
EL [47] �3�!�^	>5Ej	d^(Kw>	��(KGr�

/ 3 � GJ876 d �WX?6℄F1� [47]; GJ876 d ?+	AP QP ? 100 	 k ? 0.3(&H"℄�}�!� [48,49]) 	I	Æ�t��zE e ? 0 ��D 0.001 � 0.01 � 0.03 � 0.28 }"!� (* 0.28 E? e Æov��Ay



� 4 � g�V
�8�Z6"��~�mAXb1z�℄9 wdz 309�� [3]) 	P Rp ≈ 10 200 km[50] 	+R� 4 S���zE	<�D�}�B�Jk	. 3 Wf7Mf (9) �f�VW>5)b�Æ;
f	n}"!�^	>5\Enx�:r�^B(�T{ 1019W 	AOÆv 1020W �<*���zE�).(7j>5\E�v=��^B (�n�a 300 :r;l) �MWxÆ�	VW>5�Jkj6QÆk��*-	&R Gl581 c �!~9�6Z	VW>5o
ÆOS 100 'R�#�6V5C3 [51] 	��g7 Gl581 c G/����'�
��1	3uR�l�EL;0t�`	#Jk�3{_	�MWxÆ�	VWtHnY5!��}�O&&�{_�<>�n	R��5)lEL�
5 #���
{�^:
5.1 �d0,^�a/Yi�uÆ ��:�}yÆ��\ÆoOC"0pÆ (1) r\d}f�;)Æ!� (2) T.{_��Æ!y5� (3) ����'���Æ!y5�	�	0p (1) jÆ���})	Æ!�hI{_	�<0�Æ&!��}�yÆ�\j>*-$.�D?��3�}nq�N;)\d}f��Æ!�o/	���}T.�A!T$E�O�"o/	��^\�n\d}f��Æ!e90y�
Y�7�Do	7Q).�jh/!��}nT.{_�yf�Æ!3��U�\�}��O\8T�hh��.AP!��}��O�\U�#h~	yÆ;Moe9f	l�O�j}��+O=3��19�j+RE���O^�	<{Æ;}o&�}�yÆ\8OSd?�7Z�Ln�#G�y3g℄j{%�}O��\	
�hh9��4}�n�ug℄�	#.2g℄�m)�&�AI	tRA\d�3!�#.2g℄�}Oy3�s��\8�n#.2g℄�	zj; OH ��ftn�	��O<;� OH #;z��fm5f����#.2g℄�}zAOÆv	�3� 20% �}z(�#.2g℄�I}'R�<}'	)}zI�#.2g℄o}OAOv�3 50% �'*u\8 [52] �?3"n�}��2tn�g℄j6#.2g℄�ÆQ�2.I_t'	):?j}:8C�\_t�}�Us�"�}J��s��HT	j){���~1�v�����6#.2g℄}z�I	AO0�j	�3� 3% 	OuR�<}z [52] �!��}):?jM!~#.2g℄�O�T.)\�b}�x�^q6Z	�}|�nT.�\�}�{_�RpoGj6��	�;A!��}&	7l�5\�}z�O�	�}=�O�\8�q2 [53−55] ��&!��}�!�O��\�|	tn2"/"��O"!Æ3"jNz�'!g℄�3"jM_t'�s��m&	3u5�}z��+OU8�\��jL�L-^�98S!��}yÆ"!�+j�
5.2 �BQ�a[��zuÆ	.X}<*��O\8	 Elkins �Æo�!�8?2!Æ�3!j�}M\d�#.2g℄T.)\	�}��z�_t'+S��0H	S\�Æ��*!j�}9m8C\�	!~6#.2g℄\8��JO�UyÆ+S0H	_t�}�<GU0H [56] �P!!�Q8\2"Æ3j�O�}�\��AdO��3ji7AdO�5	�OF>�z�Do	`O
4 S^�Æ
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Model I Æ�}�}OAd�O�Æ#.2g℄\8�O�T.�\�}	1�zU_t'+S,�0H��z-��i	0H�OOj�Æ�Ix!�^	Æonz�i��	_t9-�),�7	�-z�0#y5�yÆ��
Model II Æ�}Ad�O�;0F>�zÆ+*{_* Model I 3-	�jD?OF>�zGU0H	�O�_t'�o),��
Model III: �}�}O8C\���O�Æ6#.2g℄)T.�9m�\�}��\�}G�APo^�s���}JkR8-<;�2� ("N|*) 	�5�}J�g�	�}G�z87
��}J�O�(KwR��}yÆ(�
Model IV: �}8�\���O�;0F>�z�6#.2g℄��+O�)T.��}G�y�{_� Model III h~	�jn"N|*T$.�DF>�z8�n Model I U Model II �!�^	m)���{_�jz�_t'�0H��;���DGU0H�z�=3	yÆ	fy5��Æ�z�7��;	��� 13 "#.2g℄�\8
���	m8\s���_t'�zCS�8	1�87
�9�yÆ;7�
Model III U Model IV �!�uCk3u�A��}��!WaU�#�_}�(}!~Æ'��}���pv��}�p�3�	5V#;s���}J	�}J�O�j}3u�+O ().\8jz) �}oaL�}kR"N|*T$�!��"N|*�vW{_jr��(KoG	�^	T{"N%�!��+Oy5�yÆ� [57] 	n�
2�z��/�EL^	�+O8\tnRyÆ;0"N|*(�2�8��yÆ�z�*,���z��/w\n"N|*�=Z�z�*,��=3��x	1�X}Ma)	��8>Yx�%�!	�fkR�
2��"N|*n<*�/^Sf��O�<*�Ors��2!�T*� OH +E<*	�}l���/1>y��7$An"℄l��z}3	)<jy5�yÆ��z}3�

5.3 �B	.g6a[�^�Yjn Model I �!�^	OS�yÆ?z���&	Æ!	*�� M�a\��4 R�}Ad�}'++�?x�}��}�_t'RI	-),��7;�<o�\�}�	�}yÆMMz��Æ&	)\�h0	}'(��}}zhHRI	�}O?d(�'XT;�\_t�}���O�z�#n,�0H�)8Z�	�}yÆMM�Æa\�&RModel

II �!�	MROF>�z	�O�_t'�#),�	A(oOS~�}�3 6% ��Æ�nOu#.2g℄�	i7z��;5	�#}y3����D�O����+�yÆ��!�	&H<*�#.2g℄"!	yÆ���\8Æn 0.1%∼5% ��}�3�B [52] �. 4? Model I � Model II !�^�}��3++UyÆ\8�hY�.��H36g�}Ad_t'���3++	2S>H3876g�}�yf�z����38x�EJ�86g(}�_}��#&H�!��n Model III � Model IV �!�^	�5"N|*�&�	�+O87
��}J�yÆ���3{_4 R�/��}J��O\8	�;-
�D�}��31>�D?"℄Wj^$A�z8Us��2!�}z3Oh	)��j�5yÆ��w>)w>	yÆ�Q�5�}�3�w>)w>�Do	�3by��}		�}J�O��z8b(�AP3��}�O�\8U�+Y!��}h~	�OER6#.2g℄��z8	



� 4 � g�V
�8�Z6"��~�mAXb1z�℄9 wdz 311�

/ 4 Model I � Model II "�_�~��4,,Vz�℄9�iZ [56]AjÆ��3? 10M⊕ 	yaoyf 0.2M⊕ �z��n6#.2g℄�	}zA(�0�~	�3� 3% 	)Q!�^1 3% �3��<�	DoL}z 1% U}z 0.5% �"N|*}6 Model III �!��r. 4 Æ;
f	�"!�^�}yÆ��}z30.+ Model I r�(�3/?o	0?;Zm�#�!�7��}�\�T.^�6Z	E}�+O�O�Æ;r5�+Yol��6�}o	ÆL}z 5% � 10% �"N|*}6OF>z�!��?. 5�g	&R3S�3? 10M⊕ �Ad}z 5% ��}	oyf 0.3M⊕ �z�ÆH	3
jF>Oe��+O	"℄�}0o�\���z�yÆL�?5	n"N|*�g�{_�	a
70%∼97%��+O)m5�yÆ�	XT�u$Ans���O(��y�yÆ��++._ORz	6#.2g℄���\8~�3� 0∼3% 	y(xER 0.01% Fh�Uzh+	�!\8�k
��}J�O��	DoM;����!y�yÆ(�=�	+R<*�g℄"!	T4�#�yÆ\8j("(-��&H<*�^�	Ad

/ 5 Model III � Model IV "�_z�~{4V�~�4�C�iZ [56]



� 312 �������#�I���d�z������ 27 ���yÆ�3Æ;~�}=�3� 1%∼20% ��}yÆ�Ad\8ÆoM���*z)l	�*�RÆT.z8�(I�j>m){"N|*T$��./��j	�(�I�yÆ^�jM���g℄"!	f�	<*��O"!OS�WxhN�y��}n�\{_�T.7<*�pk�O�	Æ�\8-�j�Ck��?5	b��)	�g℄�<o40�Xv�+Yq��O�\8	0<o���6g3u_t<!RO��}z�&�#�(}�q	06Z	ÆQjM("g℄\8&	)\�Do	"℄�}Ad�yÆ\8ÆojGvauWx�<		R��#fbn��D�1>�5�\8��}A!�yÆ\8�4 R3u	
�D�	ÆQ87jÆyÆ�?�8:�pZEL����/� (��0H��E) Æ�?x�-��?f+	�}M�\n_}i-M CO2)l�yÆ	Æo0}O3u H2O \8�n�}�F/odwG.��!�	A�}yÆLl�G!��/+R�	yÆ� H, C, O � N �).�fMj H2, CO, H2O � N2 �AyÆLl�/�G!RO	 H, C, O � N �).�fj H2, H2O, CH4 � NH3 	nYO�yÆG! (x� K) ^	 CO 0odL�tn�
6 �K�|<Æ;
f	*H��O�9��4 RU"AP�+?n�&Y5�}�3�phY^	APÆQ��#3-m{75&��8C	�\7USL,	)�USL,�\80U�#h~	�<o���3{_�-1tn�n GJ876 d �!�	VW>5?oa+	;�Æ<yÆoj3Sg��"℄�}	�-y<mA	*H��^�7�?5	!��}Æo8-OO�}�	?�}8-Æ;M<}'�#.2g℄T.)\	0Æ;nyÆ^����3!!�i-	_t'8-),��79m5f�Æ�MRN��}UO��}nl�T!Wa3VhN�y [59] 	9<oLH�℄J��3�p+Xv�?33V	Xv�}l��/�T!�G!�2�3_�j){a)	�m)_f	�n�#l���/�G!1>l�I3WxhA�)�&Z2�3_�.3Y:Gx		�3uj4 R�O\8�	*��jiL7X} PREM q		��x��)T4�#l���/�G!_OR�#	d�ra)&J�e	�<o	�TOGO�^�2�3_	�;	��#�2�3_�SHL�T4�#l�j>���3uGx�j>HHO�0���u!~�M�Hk;!w�?5	0<oyi�}�
�&�)bU*H�Xv�^�9<hA�Æo�&!��}��I|�7�(y+b�nM���v�	).�jX}�+b�}�a:!�	�7j&iuy�I���}"!
�8S�?ÆQm)7v-�&�{_	�k�oOhu��Æ�1�W	kI79	3I	l�Wa0O�\8	*�&FL�^�
��
�?5	X}%}^	��p�	�O-#���}�yÆ\8	
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Internal Structure and Atmospheric Composition of Super-Earths

JIN Sheng1,2, JI Jiang-hui1

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

Chinese Academy of Sciences, Beijing 100039, China)

Abstract: To date, more than 340 extrasolar planets have been discovered. These planets

exhibit a plethora of diversity and have already changed our understanding of planet formation.

The existence of massive terrestrial planets is predicted by planetary formation theory. Such

planets are also called “Super-Earth” due to their masses ranging from 1 to 10M⊕. Due to the

improvements in detection methods, they are now explored through radial velocity technique.

Such planets do not exist in our solar system, so they are introducing a novel physical regime that

has never been investigated before. In this paper, we introduce a method by seeking the interior

of Super-Earths nowadays. Based on the internal structure of Earth, the model may divide
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the Super-Earth planets’ internal into several shells according to their composition. Chosen an

equation of state (EOS) in relation to density, pressure, and temperature within each layer, the

numerical model can solve the standard differential equations for density, pressure, mass, and

gravity structure under hydrostatic equilibrium. Then we present the latest results of current

research and depict the mass-radius of the Super-Earth planets. In addition, we also discuss

tidal heating effect on the terrestrial planet, i.e., GJ 876d. Planets may obtain atmospheres from

three main sources: capture from the nebula, degassing during accretion, and later degassing

from tectonic processes. Low-mass terrestrial planets are unable to capture and retain nebula

gases, so researchers focus on the range of atmospheric masses possible form degassing terrestrial-

analog materials in the planetary accretion process. The Atmospheric mass and composition for

terrestrial planets is closely related to the composition of a rocky planet. From the library of

meteorites that have fallen to Earth, we can build up several models corresponding to various

plausible starting compositions for planetary accretion and degassing. Herein we give a detailed

description of each model and major results. These outcomes show that degassing alone can create

a wide range of masses of planetary atmospheres. The initial atmospheric mass could range from

1% of the planet’s total mass or less to a few percent and even up to over 20% in extreme cases.

The initial atmosphere may be dominated by carbon compounds, hydrogen, or water, depending

on the composition of accreted materials and the presence or absence of a magma ocean.

Key words: extrasolar planet; terrestrial planets; equation of state; interiors; atmosphere


