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�éu@£��X�/¤!(X�zÆüz±9ØUNÔnÆ¥�X�Ä�¯KÑò
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duØÜ¤´»ØÓ§sL§½örL§¬�)²wØÓ�´Ý�ª[1, 2]"�´*ÿ¥�
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�Ñõ�«­��´Ý�ªQºÏ��õêy��ð(®²�õ�ØÜ¤¯�À/§

¤±==��*ÿéJ©)Ñü�ØÜ¤¯��(J"�â®k��þ¢�êâ9*ÿ]

�§nØó�®²(O�Ñ��X¥sL§ÚrL§��é�z[24, 25]",
§Ï�?1ØÜ¤

�Ôn^�ØÓ§X«fØê895
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©�Ì�©þ§f©þÚr©þ[3, 26–28]¶
rL§�©�Ì�rL§ÚfrL§[29–32]"�)�

­¥fÐ¼��(Z ≥ 56)�rL§¡�Ì�rL§¶���é§frL§Ì�KI��¥fÐ¼

��(Z < 56)�ØÜ¤"l��´Ý©Ù��Ýw§rL§´Ý©ÙÌ��©�n«�¹µÌ
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2 rL§�Ä�nØ

rL§�¦4p�¥fê�Ý§��@�´u)3�¿�UNÔn�¸¥[12]"rL§9Ù

é­����z�N�¹®²�<¤�§�duØÔn£�¹¥fÐ¼!βPC9Ø­½Ø�

PC5�¤ÚUNÔn|¤£ð(Ú�#(¤�Ø(½5§rL§�,kNõ�)��"du

J±(½rL§ØÜ¤|¤§¤±ÕáuUNÔn|¤�O��{Òw��~­�"�âÔ

n^��ØÓ�©�ëêzp§rL§�.(site-free parametric high-temperature r-process

models)Úëêzp�rL§�.(site-free high-density r-process scenario)ü�a"Ù¥ÓÌ

6/ �´ëêzp§rL§�.§§q�©�²;rL§�.(canonical r-process model)½

²;¢3:£waiting point¤Cq�{(~X, Cowan et al. 1991[11]; Kratz et al. 1993[34],

2007a[35])!õ¯�rL§�.(multi-event r-process model)ÚÄåÆrL§�.(Dynamical

r-process approaches)�[13]"

du²;¢3:�6uØÔnëþÑ\^�(�AÇ±9PCA��)§éUNÔ

n^�[36, 37]�~¯a§¤±�±�Ï<�¼�rL§éõ&E"Ï�rL§È(£freeze-

out¤�§Ø­½Ø�ò�ªPC£β­½�§¤±¢3:Ø�´Ý©Ùéu�ª�rL

§���ªÒw��	­�"XJØ�Ä�C�A§3¢3:Cqe§k¥fÐ¼²

ï(neutron-capture equilibrium)µ(n, γ) ⇄ (γ, n)"d�Ø�´Ý�^eªL«µẎr(Z) =

λβ(Z − 1)Yr(Z − 1) − λβ(Z)Yr(Z)[38]§Ù¥Ẏr(Z)´´ÝCzÇ§λβ(Z)´β−PCÇ"XJ­

½6£steady flow¤Cq÷v§KẎr(Z) = 0§Ïd��
Yr(Z)

Yr(Z − 1)
=

λβ(Z − 1)

λβ(Z)
=

τβ(Z)

τβ(Z − 1)
,

Ù¥τβ(Z)´β−PCÆ·"l¥�±wÑβ−PCÇ��§K¼��´Ý��§dd�±g,

)º��rL§´Ý©ÙÑy�¸�"

ÃØ´��p¥fê�Ý� £̧~X)ä�¥f(Ô�äk>f´Ý 0.1 ∼ 0.2¤�´p

���¸§Ñ�U��¥f−«fØ'Çv
p§¦rL§ØÜ¤��@
­Ø�A ≈ 260«

�§d�7L�Ä�C�A"ù�±l�%�.£liquid drop model¤��{ü)º"�X

�fê�O\§½åòrØ�l¥/C¤ý�/§±NB�õ�L¡U"�L¡UO\�v


p�§Ø�u)�C"�C��Ø��±UYÐ¼¥f¿�2g�)��C�Ø�§U


�)��rL§Ú�C�Ì�[39, 40]"XJ�u��)ù
�­Ø��AÇ§KI�����

���C³^"CAc5§ØÔn¢�ØäuÐ§~XØÔnÆ[®²¼��
¥fpu

�AÇ£Neutron-induced astrophysical reaction rates¤�êâ[41–43]"�C�ïÄ®²L²

3rL§ØÜ¤¥§¥fpu�C'β�u�C�­�[40, 44]"ù
(JòíÄ�­Ø�Ú�

l­½�Ø�rL§ïÄ�uÐ"I��Ñ�´§�,��éõ?Ð§�´8cE,Ã{�

äz�UNÔn¯�´ÄU¿©�)��XrL§´Ý©Ù§́ ÄI�U\�.§EØ�


�[17, 33, 36, 45–47]"

�,Ø�sL§@�k²w�*ÿA�|±§�EkNõ�.|±�#(¯���rL§

Ì�|¤"1957c§Burbidge�<[1]ÚCameron[2, 48] ÄkJÑ�#(�¿�)¤�c�¥f

(£proto-neutron star¤	ÜL¥f«��U´rL§�)�|¤"¦+Xd§EkéõnØ
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¯Kk�)û§~X§XÛâU¦�#(¤õ�¿[49–51]",	XÛ¼�v
��5Ü¤�­

�Ø�£�C�Ø%¥ �#(6NÄåÆ�[L²ù
���å�U�÷v[52–54])§ù


¯K¦�J±(½rL§ØÜ¤�O(|¤[13, 55, 56]"

40õc5<���ØU¿©n)Ø%¥ �#(�¿�Å�µA�¤k��[

(JÑØU¦��¿[51, 57]"�,õc5éu1D-3D�#(�¿�[®²��é�?

Ð[56, 58–63]§�´E¢3éõ¯Kk�)û"Ø%¥ �#(/¤�c�¥f(£proto-

neutron star¤�º�ã��ÚååPU£A1046 J¤§ò3��20 s�mSº�ÑrÏþ

�¥�f£νe, ν̄e, νµ, ν̄µ, ντ , ν̄τ¤"Ù¥νe, ν̄eò�c�¥f(	�Ô�¥��fÚ¥fu

)νe + n → p + e− Úνe + p → n + e+�A§\9	�Ô�§¦�)ä§/¤¥�f°Äº"

�Xål�O\§¥�fÏþØä~�
º�ØäO\§Ô�m©e%§¤±�ãål£��

A�¥f(�»¤��§�Cqw¤ý9)ä"aqu��¿�¹e��A§�f�¥f�

A)¤4He, ,�ÏL3α�AÚ�>âf�A£charged-particle reaction¤�)¤«fØ§X

Jù�k5gνe + p → n + e+v
õ�¥f��e§@oÒU?1rL§ØÜ¤"¤±§ù�

@�´���U�)rL§�­�5
[64–68]"

1994c§Woosley �<[66]ÚTakahashi �<[67]JÑrL§�)uII.�#(/¥�f°Ä

p�º0¥§duII.�#(Ø%¥ �u�±g,�)�þ¥�f§ù�U¬��rL§Ø

���)"glWoosley�<
[66]

2y*ÿ�rL§´Ý��ÐÚ¤õ��§ù«�.Cc5�

ÊH'5¿?1
�þ��YïÄ[69–71]"Ï�4à�¿�¸�~�C�)rL§I��^

�§¤±Ø¥ �#(�¿��¥�f°Äº¤��)rL§����kF"�ÿÀ|¤�

�(�[SNë�©z[68, 72, 73])"d	§Ï�Ø%¥ �#(u)3(X@Ï
�Ù�u

ªÇv
p§�±)ºcP'(Ú��X�*ÿ(J§Ïd��
(XzÆüz�.�|

±[74, 75]"Qian �<[76]@��Ï�¥�f6�U��p��L¥fÔ�§�Ù�(5�ûu

¥�fÚ�¥�f�1Ì�1Ý[77]"

��UN¿Ü§X¥f(Ü¿½V(XÚ¥�çÉ−¥f(Ü¿§��U´�)rL§

�|¤[19, 78–80]"�XArnould�<[13]¤ã§du�¦v
�¥fÚ�ÄþÅð§��@��

�V(�¿Üò��X�Ñe�$�Ô�£§Ú\9§Ý�1 MeVò��(n, γ) − (γ, n)²

ï¤§
ù
�ÑÔ�)u¿Ü¥f(SÜ¿�pÝL¥f"éuù«¿ÜL§§�[rL§

ØÜ¤ê�ïÄ®²�¤[19, 81]"¦+é�U�3ù«rL§�)Å�§�´E�3ü�d3

�¯K"Äk§Qian[82]ïÄ(JL²ù«¿Üu)�VÇ'II.�#($100��m§��

�rL§¯�ÒI�ügØÜ¤¯��)�õ�rL§Ô�¶Ùg§ÏLé(XzÆüz�O

�§Argast�<[20]�Ñd¥f(¿Ü�)�rL§Ô�¬��4«7á([rL§/Fe]����

Ñ§�¢S*ÿØÎ§q�®²�±lrL§��Ì�|¤¥üØù«Å�[20]¶�´Argast�

<[20]��.b�ð(3�?�Å/¤§ùw,�Å?¤ì�.ØÓ[83]§ÏdEØU�ªüØ

ù«Å�"

�k��k���U5µxL(Ô�áÈp�¥ �rL§�)Å�£accretion-induced

collapse, AIC[18, 84–86]¤"ù«AIC�)rL§�Å�§®²�^5)ºCEMP-r/s(�/¤"3

V(XÚ¥§¥��þð(£5 ∼ 8M⊙¤²LAGB�ã�§��Ù	��C¤��O-Ne-Mgx
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L(§��ÏLáÈ�(�Ô�¦Ù�þ�La�.lk4�§?
u)�#(�¿§ùò

��dνe + n → p + e− Úνe + p → n + e+ �AÚu�¥�f°Äº§���{��à¥f

("AIC�.�Ø%¥ �#(ØÜ¤3(Jþ�U´�q�§¤±AIC�.��U÷v�

�rL§Ø��)|¤�^�§�´du"y	��§òØ¬Ü¤N�Fex����"AIC�

.���(J´I�3gÔ�DÑµ£1¤lÌ(��(DÑL¹sL§���Ô�¶£2¤Ì(ü

z¤xL(§��áÈÙ�(Ô�¶£3¤Ì(�þ�La�.lk4��þ§?
u)�#(

�¿§)¤rL§Ô�§¿�Ù�(áÈ"ù«3gÔ�DÑÅ�3@Ï(X¥u)�VÇØ

(½"*ÿ�CEMP-r/s(�(õêáuÌS$:£turn-off¤(§xL(éJl�����Ì

S$:£turn-off¤(áÈÔ�§¤±1��ã�U5Òw���§��ØüØ�¿�A¦V

(�l$�©l��¹"o�§AIC´Äv±y¢´rL§���Ì�|¤Ek�u?�Úï

Ä"

,��¡§��O-Ne-MgØ%¥ �m²A�[87]§>fÐ¼�#(�@�´�­rL§

����U5
"�,§�c�(�þ?uØ%¥��#(�þ���.à£ 8 ∼ 10 M⊙¤§

�´Ù'~%Ó¤k�#(�30%[88, 89]"(XzÆüzïÄL²ùa�#(�±)º'(

�´ÝA�[74]"3ùa(���üz�ã§òC¤���ìCã(©|((super asymptotic

giant branch star)§duØ%�þ�é��(�1.38 M⊙)§äkã��L¡�ÝFÝÚD��

�±��§��@�U
u)]��u§�ÑL¥fÔ�[90]"�´§3�Ä�[�¥�fÑ

$L§�§uyAT´¥�fò´�uÅ�[91]"ù�(J��Dessart�<[92, 93]�O�¤y

¢§Ïd�±üØ]��uÅ�[94]"Ning�<[95]íÿ3O-Ne-Mg�#(-Å\9�uL§

¥§�3��á)ä�I�rL§�U|¤"��Janka�<[96]�ÑNing�<[95]�Å�ØÎ

Ü�[�6NÄåÆO�(J"ÄuJanka�<[96]��¿�.§Hoffman�<[97]��[ØÜ

¤O���Ñ�Ó�(Ø"?�ÚïÄI�­#�Ä8 ∼ 10 M⊙$�þ�#(c�(¥ c

�üz§����¹^=Úr^|�K�"

d	§CA�c�JÑ
Ù¦�ØÓuþãÅ��rL§ØÜ¤O��.§X�#(�

¿��)�p§�6[98, 99]Ú$�þ�#(]��¿Å�[14, 74, 90, 95, 100, 101]�"�
�«rL

§��§�,î8®�
Nõó�§�´vk����ÎÜ*ÿ�rL§Ø��."rL§

Ø��å
Ú�A�UNÔn|¤�,(¾X·�£'urL§ØÜ¤�#nã�wë�

©z[13§17§102]¤"ØL§*ÿ��Ì�rL§(���XrL§3��¥fÐ¼��Ü©

êâ­�� �§L²ØÓ�þ�����ÙrL§�)|¤�Uk¤ØÓ"Sr!YÚZr�

��¥fÐ¼���ØÜ¤ïÄ¦rL§�.�\E,z(��e©frL§Ü©)"?�Ú

ïÄuyØU==ÏLÌ�sL§!fsL§±9®k�rL§5)º3«7á'(¥*ÿ�

�Sr!YÚZr��´Ýoþ"ù¿�X���3ü«ØÓ�rL§ØÜ¤"

o�§�,õc±5JÑ
éõrL§�U�|¤[103]§�kF"�|¤wå5q�Ñ

�Ø%¥ �#(k'"�â4«7á(­��´Ý©Ù�*ÿ(JÚ@Ï(XzÆüz

�Ñ��å
[22, 46]

§ò´Ø%¥ �#((delayed core-collapse supernova)�)�c�¥f(

	Ü¥�f°Äº(neutrino driven wind)�@�´8crL§�k�U�|¤µp§(��´

A�109 K)§p¥fê�Ý(> 1020cm−3)¿�p���¸"�,ïáù«Ø%¥ �#(
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�p�º(high entropy wind§HEW)��müz�6NÄåÆ�['�(J§�´Øäu

Ð�ëêzÄåÆO�ò��\�·�éuHEWØÜ¤L§[!�n)
[104–106]

"�C�ï

Ä
[33, 107, 108]

Ì�8¥3UCØÔnÑ\��A(~X���C�Hartree-Fock-Bogoliubov�

{
[109]

) ÚrL§6LØ�ã���
[!n)£~Xò´�¥fÐ¼�¤"�#��[�

#(ØÜ¤(JL²§3u)SØ�����¥�fº@Ï�ã§�ÑÔ�´L�f

�[63, 110–112]µ>f´ÝYe > 0.5"
��5`§�)rL§Ô�I�Ye . 0.3[68, 72]§¤±d�

ã�UØ�)rL§§�´EIïÄ3#ÔnÅ�£X^=½^|�^�¤e��#(�[(

J[113]§±u�Ùé>f´ÝYe�K�",��¡§éuu)SØ������Ï�ã§�Ñ

�Ô��UòC¤L¥f�µYe < 0.5§l
#Nu)rL§[114]"Ïd§�����§AO´

�6NÄåÆO��(Ü�rL§��[w�cÙ­�§ùI����)õ� 6 500«±þ�

Ø�9��éA�Ø�ëê§�A�¡9βPC5�����ØÜ¤O��ä"

ã 1 �L6�rL§O´'(�­��©Ù�ª

CS 22892-052[46] , HD 115444[116], BD +17o3248[117], CS 31082-001[118], HD 221170[119]
§ÚHE 1523-0901[120]

§

���XrL§´Ý­�[121]?1
'�§8�z�(�Eu´Ý"lã¥�±wÑ�Ü©��´Ý £þ3"NC§�[çã�

w©z[23]"

3 Ì�rL§(�Ì�rL§

Ï~�rL§k'��#?Ð§Ñ´ÏL4«7á(�*ÿ(J�y[23]"4«7á(�

��´Ý©ÙéïÄ��þ�#(ØÜ¤�~­�"(xIIIð(£Pop III¤Ï~�@�´�

�þð(§§�¥k
�UØ²L�#(�¿��/¤çÉ§,	�
���#(�¿m



4Ï Üô§�µ«7á(rL§ØÜ¤�'¯K�ïÄ?Ð 3934Ï Üô§�µ«7á(rL§ØÜ¤�'¯K�ïÄ?Ð 3934Ï Üô§�µ«7á(rL§ØÜ¤�'¯K�ïÄ?Ð 393

é�»@Ï�Ð�7áO´L§"1��ð(£(xIIð(Pop II¤�)u�(xIIIð(À

/�(S0�¥§äké$�7á´Ý"$�þ�(xII(äk��Æ·§3[Fe/H] < −3�

�S��U�*ÿ�"Cc5®²k�
ó�}Á|^�#(ØÜ¤�.�[Ü4«7

á(�´Ý�ª"~X§UmedaÚNomoto [122]|^·Ü−£ü(mixing-fallback)�.§uy

éu%�~Ú%�´4«7á(§pUØ¥ �#(£��#(§Hypernova¤�±�)

lC�Zn(Z = 30)���´Ý�ª[123–125]§
@
−3 < [Fe/H] < −2��S�«7á(´Ý

�ªU
ÏLØ%¥ �#(½��#(��[125]"��5¿�´§8c��§*ÿ��«7

á(/¤Ñ´^Ð©ð(�þ11M⊙ < M < 130M⊙�Ø¥ �#(�À/5)º§¿vk

éÐ©ð(�þ140M⊙ < M < 300M⊙�Ø­½�#(?1?Ø
[123, 124, 126–128]"��¥f

Ð¼L§3��(Xüz{¤L§¥��é­�5�ûu�)|¤�üz�I9ØÜ¤�

�"du��þð(�Æ·áu¥$�þð(�Æ·§=¦34«7á�^�e§��þð

(��UÓ��)Fe¸«fØÚp¥f6¶
¥��þ�ð(g�ØU�)v
�c«fØ

5÷vsL§�I�[9]"Ïd§�±íä3«7á(�¥fÐ¼��´Ý¥§rL§ØÜ¤AÓ

Ì�/ [129]"o�§��4«7á(���´Ý���N
Ùþ���#(ØÜ¤(J¿

��å�#(c�(��
5�"

ã1�6�rL§O´(���XrL§��´Ý'�ã"Ù¥4�7á¹þé$£[Fe/H] ≈

−3¤§y¢
þãØä"rL§rO´(�7á´Ý��'�$§ù¿�X3(X/¤�@

Ï§rL§¯�®²m©å�^µ×�/Ü¤��±ÏL¥��­Ø�"b½(X�/¤

�[Fe/H] ≈ −3ð(��)�m�3��é���mm�§rL§�ØÜ¤7,´üz×�!

äk�á�I���þ(§@oy3*ÿ��cP'(�c�(§é�Uäké���þ¿

�¯�üz[130, 131]"ù
��þc�(�)rL§Ô�§,�r§����(S0�¥§¿�

�·Ü§��)¤e���rL§O´("ùéÐ/�å
rL§ØÜ¤UNÔnÚØÔn^

�§¿�XXJ�#(´rL§ØÜ¤|¤§@o�½�U3�é�Ä��þ��S"

|^²;�.[22, 121, 132]§�±����X¥fÐ¼��r-only­�Ús-only­�§,�

�±òÙ��IO�ª�*ÿ��«7á(´Ý�ª?1'�"k��´§�
«7á(

w«Ñ¥fÐ¼���´§~X«7á(CS 22892-052ÚCS 31082-001[46, 118, 133]£�ã1¤§

¿����X�­rL§¥fÐ¼��©ÙA����Ó"�,CS 22892-052áurL§��

rO´(§�´�Ð�Ø�Ùù«��5´Ä5
uT(�AÏ5"��§'uÙ¦rL§

rO´(2��*ÿïÄy¢
3Z ≥ 56��S���XrL§´Ý©Ù���5"L��

�Ac¥§ù
AÏ�«7á(®�@�´£ãrL§ØÜ¤�.�IO��§Ù¥�)HD

115444[116]!CS 31082-001[118]!BD+17o3248[117]!HD 221170[119]�"ã1¥w«
6�rL§

O´(��´Ý9���Xr-only­��'�¶3©z[23]¥�ã11(b)!(c)§��Ñ
ù
�

�(´Ý�éu��Xr-only´Ý[121, 132]��é �Ú§��²þ´Ý �§l¥�±wÑ

�­¥fÐ¼��£Z ≥ 56¤�´Ý©Ù���Xr-only­�éÐ/¬Ü"ù«¯<���5

V«
�­rL§´Ý©Ù5Æ�Ê·5§3��(XüzL§¥A��ÌÓ��5Æ"

KIÜ¤�­¥fÐ¼��(Z ≥ 56)�rL§¡�Ì�rL§[12, 21]§éArL§O´ér

�ùað(�¡�Ì�rL§("ù
3écP�'(�*ÿ����O´5g�ê�ØÜ
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¤¯�"�C§Aoki�<[134]��uy��e4«7áÌS(SDSS J2357-0052§Ù7á´Ý

�$[Fe/H] = −3.4§§äk�8c��*ÿ���r�rL§���´µ[Eu/Fe] = +1.9§¿

��­¥fÐ¼���.���XrL§�.�±��§́ [Eu/Fe]�p�rL§O´("o�§

Ì�rL§(�´ÝA�´ïÄrL§ØÜ¤�­��*ÿÄ:"

4 frL§(�frL§

4.1 frL§�3�yâ

��¥fÐ¼���å
¯K´rL§�Uk2�|¤Ü©�1��yâ"ÏLÌ�rL

§(�¥fÐ¼��´Ý���XrL§�.é'�±uyrL§�Uk2�|¤Ü©µ��

¥fÐ¼��´Ý©Ù���Xr-only­�ÎÜ�Ø´éÐ¶�­¥fÐ¼����S¥

y���5¿ØUí2���¥fÐ¼����£lZ = 38�Z = 47¤§wyÑ����

Ñ[135, 136]"dã1��§¦+Ag£Z = 47¤ÚBa£Z = 56¤�m���´ÝJ±*ÿ§�E�

±wÑù
rL§O´(�ª���XrL§©Ù3'Ba������SØ��"ù¿�X3

«7á�¸¥§�AT�3,	�«¥fÐ¼L§§=�)��¥fÐ¼������Ì�

L§£LEPP¤½öfrL§[21, 29]"

rL§�Uk2�|¤Ü©�1��yâ5g129IÚ182Hf�"�êâ[45]"ÏLé��X

��5Ó ��*ÿÚ©Û§Wasserburg!BussoÚGallino[45]ÄkJÑéuA < 130�Ø�§

du�����5Ó �(cÙ´129I)��­�Ó �(182Hf)�)¤I��mØ��§�U

�3üaØÓ�rL§|¤"��QianÚWasserburg[137–139] ±9WasserburgÚQian[140]JÑ

^ØÓ�#(�þ��Ú�uªÇ5y©ùü«¯�µH (pª)¯�´�)�­rL§�

�£A > 130¤�Ì�5
§L ($ª)¯�Ì��)��¥fÐ¼��£A < 130¤"��§ù


*:uÐ¤QianÚWasserburg[17, 138] ����.§̂ ±)º«7á(¥fÐ¼��´Ý"

¦�@�$�þ�#(£8M⊙ < M < 11M⊙¤�u�H¯��éA§�)
A�¤k�­rL

§��Ú�
��rL§��¶���þ��#(�u£12M⊙ < M < 25M⊙¤�L¯��é

A§�)Ñ�{���rL§��£A < 130¤"

rL§�Uk2�|¤Ü©�1n�yâ5gé¥fÐ¼��zÆüz�ïÄ(J"�


�Ñ(X@Ï��¥fÐ¼��£XSr!YÚZr¤Ün�/¤Å�9Ù�U�UNÔn|

¤§Travaglio�<[29]ïÄ
Sr!YÚZr�(XzÆüz§uy«7á(Sr!Y!Zr´ÝÃ{^

Ì�sL§§fsL§½öÌ�rL§)º"¦�@�«7á(¥fÐ¼���¤äkõ�5§

�3��#��)��¥fÐ¼���ØÜ¤L§§¡��“���Ì�L§”(LEPP)[29]§

ù¿�XØÓ�þ���rL§��5gØÓ��)|¤"

1o�yâ��5g�aAÏ'(�*ÿ(J"é'(�p�þ1ÌïÄL²§�3

�
�­rL§���é"y�'(§§�äkp�Sr-Y-Zr´Ý[47, 141, 142]§¿�X���A

�UNÔn|¤�UØ�)�­rL§��[21, 29, 143]"w
´�§ù
4«7á(�­��

´Ý©Ù���XrL§½ösL§ÑØ�Î"Honda�<[47, 142]X­'�
HD 122563!HD
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88609ÚCS 22892-052­��´Ý©Ùµ�r��XrL§´Ý�.lù
(�­��´Ý�

.¥�Ø�§ü«²wØÓ�´Ý�ªÑy
(�ã2)"ù
aquHD 122563ÚHD 88609�

AÏ«7á(�¡�frL§(£weak r-process stars¤"�
�Ð/n)frL§��/¤Å

�§I��°(���¥fÐ¼��(Z > 37)�*ÿêâ§AO´@
frL§«l��§~

XÕ[144]£rL§Ó79%§Arlandini�<[132]¤"

ã 2 Ì�rL§�frL§´Ý�ª©Ùã

Ì�rL§(�L�CS 22892-052[46]
¶frL§(�L�HD 122563ÚHD 88609[47, 142]

"�ã�g©z[142]¥�ã5

,	§Francois�<[145]ÚBurris�<[146]®²�Ñ"y¥fÐ¼��(��
k��(

J"¦�uy,	A�frL§(§?�Ú|±
frL§��3"Ï�3��X¥§BaÌ

�dsL§�)§
3(X@ÏØÜ¤¥rL§ÓÌ�/ §¤±@
«7á(wå5"

yBa��"�,ù
��(wå5�"y��Sr§�¯¢þ§3−4 . [Ba/H] . −3�«

�§[Sr/Ba]��l��X'ÇO\��+1 dex[147]"ùV«SrÚBaØ�U5gÓ�«ØÜ¤

L§§?�Ú�y
þã�U�3frL§�(Ø"�±íä§3ÕàXüz{¤¥§frL§

�U'Ì�rL§�@å�^"$u[Ba/H] = −4«�§3[Ba/H] = −5�m§[Sr/Ba]��Ñ

Åì£8���X��NC£�ã3¤"�´§Ó���{A^�YÚZr£[Y/Fe]Ú[Zr/Fe]�r

�'5y²YÚZr5guÓ�L§¤§%vk*ÿ�aquSr@o���~�Ñy�"¤±§

ATUYïÄÙ{���¥fÐ¼��§~XGe�§±u�lSr�Ag´Ä�3Ó��ª³"

ù�I�3nØþ?�ÚïÄ[148]"

o�§þãyâ`²rL§Ø��«©þ§�Ø��«�)|¤[12, 29, 45, 138, 150, 151]"

�C§�
XÚ/ïÄ��Ú�­¥fÐ¼���m�'X§�Ð/£ãrL§�)�

��´Ý©Ù§Roederer�<[149]±161�«7á(�����#�*ÿ´ÝÚ­��

þ�£Y!Eu!Pb�¤§2g(@lÌ�rL§(£~XCS 22892-052¤ÚfrL§(~XHD

122563)���'uY/EuÚEu/Fe���'5(�ã4)"I�5¿�´�)��rL§��

�ØÜ¤L§3©z¥�{'�õµ~XfrL§£weak rL§¤[21]§�>âf�AL
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ã 3 [Sr/Ba] �[Ba/H]�'Xã

Y²¢��L��XrL§[Sr/Ba]�[121]
§�ã�g©z[147]¥�ã15"

ã 4 Y/Eu �[Eu/Fe]�'Xã

�ã�g©z[149]¥�ã6"

§£charged-particle reaction§CPR¤[17, 19, 85]Ú���Ì�L§£Light Elemental Primary

Process§LEPP[29, 151])"ÙäN�Ø�AÅ�ÚUNÔn|¤ÑØ�Ù"3ùp·�rùü

«L§¡�Ì�rL§ÚfrL§"*ÿïÄ[145, 152]L²§ùü«rL§3ÕàX'(¥ÊH�

3µ�[Ba/H] < −2.5�§frL§�z²w¶�[Ba/H] > −2.5�§Ì�rL§ÓÌ�"«7á

(HD 221170w«�­¥fÐ¼��Ú��¥fÐ¼��Ó��´§́ ����5¿�*ÿ

y�"Zhang�<[153] æ^�N��©Û�{§ïÄ
ù�(�´Ý©Ù5Æ§uy§���

��ªaqufrL§(§�­¥fÐ¼��aquÌ�rL§(§��¥fÐ¼��U
^

frL§ÚÌ�rL§Ô��·Ü5)º"HD 221170�±)º�/¤u�frL§ÚÌ�rL

§À/�(�¥§§´��“fr + Ì�r”("

4.2 frL§ØÜ¤�U�Å�

�,�#(ØÜ¤®²ïÄ
éõc[154–158], �´EJ±é���-<÷¿����

O"¤k�ù
ØÜ¤��O�Ñ´ïá3<�Ú\/�¿0�þ§Ïd7,¬k�
¯

K"~X§�¿Uþò���gdëê§��±^�¿�ÑÔ(X56Ni)5�å"d�{éu�
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ý¢�¿ÔnÅ��'�Ü©éJ?n§ù7,K�cxØ�!νpL§Ú rL§"Meyer�

<
[65]

@®�Ñ§�)­rL§��(A > 130)�7�ØÜ¤^�´p�!$>f´ÝÚá)ä

�I§�´ù
3�#��#(�.
[63, 88, 112, 159, 160]

¥vk�uy"�,k<ïÆ¥�f°Ä

º´frL§��)|¤§�´duÔn�¸Ú�¿�Ô�6u���#(�¿Å�§¤±é

J�Ñ�[�Ø���"Ïd§�±A^1DCq[32, 161]Úgdëê��{[33, 107]5ïÄd¯

K"

æ^1DCq��{§Frohlich�<����U�frL§Å�µu)3�¿�¸¥�νpL

§[32, 159]§3r¥�fÏþ^�e§du�f'¥fäk����þÚ>f{¿5��Ø§¿

�Ä�IO�.eνe + n → p + e−��A�¡�uνe + p → n + e+��A�¡[162, 163]§¤±

ò�)�õ�L�fÔ�[110, 111, 164]"�ù
Ô�UY)ä!e%�§gd¥fÚ�fò(Ü

¤αâf"2ÏL3α�A��ª)¤cxØ�£~X56Ni¤"3L�f�¸¥§�¥�féN

´�gd�fÐ¼)¤¥f£¥fê�Ý��1014
∼ 1015cm−3¤[103]§ù
¥f���@
"

¥f­Ø�Ð¼"ù�L§�ª�±�)�þê�u90�Ø�§Ïd�±)ºSr���¥f

Ð¼���å
"�C§ÄuØ%¥ �#(¥é¡�[¿UC�A�>f´Ý§Arcones�

<[160]l1D6NÄåÆ�.ïÄ
¥�f°Äº¥�)frL§����U5§JÑ3(X

@Ï§lc�¥f(L¡Nl�¥�f°Äº�U´/¤��¥fÐ¼���|¤"��é

A§4àL¥f^�g,�|±/¤�­rL§Ø�"��5¿�´§�,L�fº^��

±�)4«7á(¥�frL§��´Ý§�´EØv±)º��X¥LEPPÓ �´Ý(

J[29]§
�äL�fº´Ä�frL§�)|¤�'�´4«7á(¥Ó �´Ý�ÿ½�

ÄuKitaura�<
[91]

���O�(J§?�Ú�ØÜ¤ïÄïÆ>fÐ¼�#(�U´�

)LEPPØ�£��N = 50¤���|¤§AO´ Ú�p.Ø£~X92Mo¤
[88, 97]

"Wanajo�

<
[88]

íÿ3õ�O��¹e§ØÜ¤(J�Uk¤ØÓ"�C§Wanajo�<
[165]

vkÚ\?

Ûgdëê§?1
>fÐ¼�#(�¿���[§(Jw«Ñ���[¤vk�A:µ3

�¿@Ï�ã§é6lc�¥f(	��÷ÑL¹¥f�Ô�§ù´Äg3gU����

.�Ä:þ?1�ØÜ¤ïÄ">fÐ¼�#(�U´��X9@Ï(X¥lc¸�Sr, Y,

Zr«������­�5
§$��U�)�)��Cd�¤k��rL§Ø�"

ëêïÄ®²uy§3��rL§|¤¥§ð½�§ÝÚ¥fê�ÝØ�U­y*ÿ

�rL§´Ý[34]§¤±�UI�A�rL§©þ�U\5�)*ÿ´Ý"ùV«I���Ôn

^���mCz�ÄåÆrL§�["æ^{z�ëêz�{[19]§Farouqi�<[107]éII.�#

(�p�º�.?1
�[�ØÜ¤O�§¦�uyéu$�ëê«�£110 ≤ S ≤ 150¤

�±�)�*ÿ(Jaq�frL§§�´Ek�
 �Ã{)º¶éu�p��ëê«

�£150 ≤ S ≤ 300¤§Kkv
�gd¥f�±�)Ì�rL§"Farouqi�<æ^�>f´Ý

�0.45§lνpL§�^���§ù7,�)��¯KµXÛl��L�f�¸=����L

¥f��¸§́ �oÔnÅ�E¤ù«UCºù�N�¥�f�5�k'§Ï�>f´Ýd

¥�f5��Ñ§=d¥�f�p�^9Ñ$A�û½§¤±>f´Ý�°(O���´�

��~k]Ô5��K[112]"

ØÔn^�3Ø%¥ �#(ÄåÆÚØÜ¤ïÄ¥åX'��^[57]§·�=±>f



398 U © Æ ? Ð 29ò398 U © Æ ? Ð 29ò398 U © Æ ? Ð 29ò

´Ý�~5{ãd�¡SN"Ï�>fÐ¼r�K�¥ ÄåÆ§?
K��#(ØÜ¤�

(J§¿���û½¥f!«fØ'Ç§¤±��´<�ïÄ�­:SN"Hoffman�<[166]

ò>f´Ý��gdëê§ïÄ
¥�f°Äº¥�ØÜ¤"¦��Ñ�)frL§���U

I��$�>f´Ý^�(Ye < 0.47)"Wanajo�<[30]O�
3c�¥f(�¥�f°Äº

¥�rL§ØÜ¤§uy3�½^�e�±�)frL§��´Ý�ª"'u$>f´Ýe�

�¿ØÜ¤�3õ��¿�.�µeþ�ïÄ[167, 168]§¿�uyc�¥f(	��±´p>

f´Ý(Ye ≤ 0.56)Ô�[111]",��¡§Janka�<[167]@�$>f´ÝÔ�p�U�¹frL

§��(Sr!Y ÚZr)§±d5)º(X��´Ý"�,EÃ{(½ù
�����[110]§�´

duJanka�<[167] ��[�¹���Ñ\ëê§¤±���>f´Ý����"Izzutani�

<[31]ïÄ
�)v
êþfrL§���Ôn^�§UC
Janka�<[167]��.§?�Ú�

Ñ
>f´Ýëê��"�{Bå�§¦�=�
���O�§ù�  k|u���ëê

|¢§±�mÙÔn��"±��ó�òI?�Ú�Äõ�Ï��K�"

8c§frL§�Å�E�k²(½Ø§~XQian�<[17]@�frL§Ì�d�>âf

�A£charged particles reactions¤�)"*ÿÚnØ¥��
Ø(½y����·��

g§ùp=±fsL§�~[26, 27, 169–171]"frL§ÚfsL§�'X��?3�Ø¥[172]§~

X§Pignatari�<[173]JÑLEPP L§�U5g$7á´Ýe¯�^=��þ(�sL§"Ï

�LEPPL§�A�é5`é�§¿��
��¥fÐ¼��Ó��U�fsL§�)§¤

±°(O�fsL§�Ø(½Ý´(½frL§�­��!"�)¥fÚÐ¼¥f�AÇ�

Ø(½Ý´����§¿�ð(�.�Ø(½Ý����£~Xé6���A�K�[174],'

uù
CqÚÔnØ(½Ý��[?Ø�wë�©z[175])"I��Ñ��:´§8cÌ

�rL§ÚfrL§�g�)����þ°(��EØ�Ù"�CKratz�<[35]@�3rL§

¥I´ÚBa�å�)�§ÏdÌ�rL§ÚfrL§�©.�AT3�þê$u129I���"�

´Cameron�<[99, 176]@�§=¦üarL§�|¤�pÕá§E,�U�)ØÕá�¥fÐ

¼���þ��¶��§k�U�ûuÓ��Ø%¥ �#(�ØÓ�Ï½ö«�"��y

d(Ø7L��3«7árL§O´(¥�I��½öÙNC���*ÿ(J§�´38cT

��S®�*ÿêâ��"I��Ñ�´§�,�±ÏL¦^Ø%¥ �#(�p�¥�f

º�.�[­y«7á(¥Y/Eu�'�[149]§�´8cÌ�rL§ÚfrL§�g�)�O(

���þ��EØ�Ù"½N§frL§ý��´����)Z < 56���!/�}0�rL§§

�mù
ØÓrL§�äN[!òkÏun)rL§|¤��"

5 (X@Ï�rL§ØÜ¤

*ÿL²§�­��£Z > 55¤�´Ý�3é��(�(£star-to-star¤�m��Ñ§ù

´(X@ÏzÆüzØþ!���­�A�"ù
�Ñ�7á´Ý�O\
ü$§?�ÚL

²(X@ÏzÆØþ!ÅìLÞ�þ!�O´L§"lSr!Y!Zr�BaÚEu�7á´Ý�'

X�±���­¥fÐ¼���)Å���â§¿�Sr!Y!Zr���¥fÐ¼��å
7
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ã 5 «7á(¥�!­��´Ý*ÿA�

�þã�g©z[134]¶Ù{ã�g©z[177]"

,ÚBa!Eu��­¥fÐ¼���å
Ø���Ó£�ã5¤"ã5�«7á(¥�!­��

´Ý*ÿA�§©O±Eu§Mg§SrÚBa��L§êâ�g�#«7á(�©z[134, 177]"l

ã5�±�ßwÑEu3«7áà£[Fe/H] < −2¤����Ñ§ù����§�¥fÐ¼��

�A�²wØÓ"�C�ïÄL²§rL§´��ÊH�3�y�§Ù´Ý�ª�Ê·A5�

N
ÕàX�Ù¦(Xäk�2����5µA�¤k�«7á(Ñ�rL§O´L"ù¿�

X«7áàrL§���Ñ�UØ´duD��rL§¯�E¤§
�U´durL§���Ø

ÓÚå[149]"

«7á'(/¤��(SÔ�(ISM)AT®²���þ�#(�u�Ô�£AT�

¹rL§Ô�¤À/"SpiteÚSpite[178]©Û
11�7á´Ý�u��X7á´Ý1/100�«

7á(§¦�uy�Fe�´Ý�'§BaÚY4Ý"y¶ùü«��UÏL?�¥fÐ¼

L§/¤§�´3��X¥sL§ÓÌ�/ §Ù¥81%�BaÚ92%�YÏLsL§/¤[132]"

3SpiteÚSpite��¬¥§�X[Ba/Fe]�ü$§[Ba/Y]�ü$¶ù´Ï��)Ba(Z = 56)'�

)Y(Z = 39)I����¥f6þ§¤±[Ba/Y]´¥fÐ¼ê[179]���éÐ��I"�d�

�§��X¥94%�EuÏLrL§�)[132]§SpiteÚSpiteuy3[Fe/H] ≥ −2.6�§Eu�FeÓ

�"y§¦��[Fe/H]O\�[Eu/Fe]Ä��±ØC"ÄuzÆüz�.ÚFRANEC §

S[9, 180]§Travaglio�<[181]�[ïÄ
AGB(sL§¥Ba�7á´Ý�'X§¦�uy
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3[Fe/H] < −1�§ÏLsL§/¤�Baé(X¥Ba��´ÝvkwÍ�z"ò�C�'

(*ÿ©z[152, 182, 183]�rL§O´(�*ÿ]�(Ü[46, 116–119]�±uyNõ4«7á(L

yÑaq�Ba/Eu'§Ù¥�Ü©(lgε(Ba/Eu) ≈ 1.0§�k�(T��Ñé�(�u+1.4

dex)§ùw,´dusL§��z��"*ÿ��rL§O´(��Ñ��´0.35 dex[35]§¤±

�±��lg εr(Ba/Eu) = 0.96 ± 0.17[23]"Ïd§�±ÏLrL§O´(���´Ý5�å�

�XrL§´Ý��"�C®²?1
�
ù��ó�§~XDen Hartog�<[184]ÚLawler�

<[185]©OïÄ
GdÚHf���"�Ä�sL§!rL§§�)��´Ý��Ð�Úð(²þ

´Ý ��¤k´Ýÿ½Ñ�3½õ½��Ø�§ù
ýó�AT�´ë��"

��@��­¥fÐ¼���þ�´�±)º�ü�½õ��#(À/(���(

J"¯¢þÌ�rL§(�Ó«7á(£[Fe/H] < −2¤�é��Ü©£�5%[152]¤§ù�U¿

�X�)Ì�rL§���¯�'��¿�Ø¬���Ñ�þ�Fe��"±c�*ÿ(JÏ

~@�Ì�rL§(�7á´Ý��3[Fe/H] ≈ −3±þ§Ì�|¤�U´�$�þ��#

(£8∼10M⊙
[21]¤¶�´Aoki�<[134]uy§Ì�rL§(£SDSS J2357-0052¤�7á´Ý�±

$�[Fe/H] = −3.4"Ïd�)Ì�rL§(c�(��þ���U�'�5�O���§I�

?�Ú�nØÚ*ÿïÄ�u�¶,�«�U�)º´§Ì�rL§(rL§Ô�r�´�Å

�´ÏLV(À/"��þ�(�#(�u�)rL§Ô�§,��Ì(áÈ"Mashonkina�

<[186]Äu»��Ý*ÿ(J§íÿrL§O´(HE 2327-5642�U5g��äkpý�;�

�V(XÚ"ùL²rL§Ô�r�´�y��;��ê�m�U�3,«éX§éÌ�rL

§(�»��Ý?1�\�*ÿïÄ´�©7��"��5¿�´§rL§Ô�r�´�y�

Ø==´ùã(�y�§
���3uæL(�¥[23]§
ù��Ì�rL§æL(�U�	

'(xk'X"XJS'Ú	'(x�mkØÓ�UNÔnå
(~X§Ùc�(!/¤{¤

�)[187, 188]§@oÙ�Ì�rL§(±9frL§(�m�'XÒ���\&Ä"

3@Ï(XzÆüz¥§%O´«7á(£CEMP stars, [C/Fe] ≥ 1.0¤Ók­�/

 §§´@Ï(XØÜ¤ïÄ�&�"<�é«7á(ÚO©Û�uy§34«7á(¥§

k����Ü©£��k10% ∼ 25%¤Ly�%O´§=%'c´Ý�L10�"ÚOL²§

LCð(�ÑyªÇ¬�X7á´Ý�ü$
O\§3[Fe/H] ≤ −2.0���20%[189]"î8

��§®uy�7á´Ý�$�ü��«7á£Hyper Metal-Poor,[Fe/H] < −5¤(HE0107-

5240ÚHE1327-2326[190, 191], Ù%´Ý4à� [́C/Fe] ≈ +4¤§��*ÿ��O¥fÐ¼�

�´Ý�þ�"3ù
CEMP(¥§�Ü©Ly�sL§���´§¿�áuV(XÚ"�â

ð(Ba�Eu´Ý�ØÓ§�rCEMP(©�[192, 193]CEMP-no, CEMP-r, CEMP-s, CEMP-

r/s"$7á´Ýe�CEMP(�AÏ´Ý�ª�¹éõk^&E§́ n)(X@Ïð(ØÜ

¤�'�"

8c§(½�frL§(ÚCEMP-r/s(/¤Å�k'�rL§ØÜ¤|¤¯K®¤�I

SþØUNÔnïÄ+��­�c÷ïÄ�K[194–197]"´ÄáuV(XÚ´)ûCEMP(

¯K�­�¤3[198]"CEMP-s(¥%Ú¥fÐ¼���O´�^V(XÚ¥AGB(�Ù�

(�Ô��6)º"Lucatello�<[199]ïÄ
19 �CEMP-s(�A�§lÚO��Ýíä¤

kCEMP-s(ÑáuV(XÚ"*ÿL²§��k���CEMP-s(Ó����rL§��p
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ÝO´§¡�CEMP-r/s("®²JÑõ«'uCEMP-r/s(��U/¤Å�§�´vk?Û

�«Å��±)ºCEMP-r/s��Ü*ÿ¯¢[86, 200]"

6 (å�

o�§rL§ØÜ¤�ïÄ§AO´�a;.�rL§O´(�ïÄ§Ø=Jø
(X/

¤����ãØÜ¤���Ú�[�yâ§)º
�����­½­��å
§
�éu@

£1��ð(�/¤!(X@Ï�/¤Úüz±9UNÔnÆ¥�X�Ä�¯KÑåX'�

�^"3ð(+�§rL§ïÄ�±�åÚ�yð(üzØÜ¤nØ§Jø«7á�¸e��

Ü¤Úüz�­�&E§u��a4«7á(�/¤Å�§&?�#(p§�¿L§¥�4

àÔn^�"3(XÚ�»Æ+�§rL§ïÄòé(X@ÏØÜ¤§±9(XzÆüzå�

­��r?�^",	§«7á(¥�¯¥fÐ¼A�(��5ØU©¨)�±^5(½ð(

�c#§l
��(X�c#!���»�c#§?
kÏu)û�»@Ï�õ[!¯K"
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Abstract: The rapid neutron-capture process (r-process) is traditionally believed to be

responsible for the nucleosynthesis of approximately half of the heavy nuclei beyond the iron

peak with long-decay half-lives in the solar material. In globular clusters and Galactic halo

stars, the observed abundances show a nearly universal presence of r-process. With the rapid

development of the abundance determinations, more elements (e.g., Lu, Z = 71) are firstly

detected in metal-poor r-process-enriched halo stars, which can be used as the r-process

indicators for the early Galaxy. Moreover, these r-rich stars provide a strong constraint on

the models of the r-process nucleosynthesis, especially the early galaxy chemical evolution

of neutron-capture elements.

Based on new atomic lab data, recent neutron-capture abundance comparisons between

six r-rich Galactic halo stars and the Solar System r-only abundance distribution indicate

that the heavier stable neutron-capture elements beyond Ba (Z ≥ 56) agree completely with

a scaled solar system r-process abundance value. Nevertheless, the lighter neutron-capture

elemental abundances in these stars are not in agreement with Solar-system r-only values.

Although there is controversy over the origin of weak r-process, the neutron-capture elements

are proposed to be formed possibly from multiple synthesis mechanisms, even if there exists

little uncertainty. Whether the r-process at different astrophysical environments is diverse

is also controversial.

As needed for the r-process modelling, much effort has been put recently in the mea-

surement of nuclear data of relevance to the r-process, including decay branch characteristics

and nuclear stability properties of thousands of nuclides located between the valley of sta-

bility up to the neutron-drip line. The challenge is enormous in the theory and experiments

of nucleosynthesis. In this paper, a review of r-process nucleosynthesis in metal-poor stars

is presented outlining the development of theoretical models and their comparisons with

observations. The distribution characteristics of abundance in main r-process and weak r-

process stars, astrophysical r-process sites are also discussed separately together with the

most recent observations.
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The outline of this paper is as follows. Firstly, this paper gives an overview of the

significance on the r-process nucleosynthesis, including the present research conditions of

this topic. Secondly, it summarizes the basic theory of r-process. And then we focus on

the diversity of r-process nucleosynthesis: main r-process and weak r-process. Finally, as a

comparison, we also review the study of r-process in the early Galaxy, especially the problems

of CEMP stars, including both the observational and theoretical aspects. Although there is

controversy over the nature of the weak r-process and CEMP-r/s stars, one thing is certain

that these researches will be vital on constraining the models of r-process.
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