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研究成果の概要（和文）：本研究課題では、太陽の約10倍以上の質量を持ついわゆる大質量星において、その準静的進
化段階からコアの重力崩壊と超新星爆発を経て中性子星またはブラックホールの形成に至る過程を理論的に研究した。
まず、近似的シミュレーションを数100のモデルに対して行い、爆発前のコアのコンパクトさが爆発のしやすさを決め
る重要なパラメターであることを明らかにした。一方、人為的近似を用いないより厳密な数値計算を京スーパーコンピ
ューターで行い、現在の知見を総動員したモデルでも実は爆発を再現できないことを明らかにした。また、コードの相
対論化も進めた。他方、回転星の歪んだ形状を数値的に求める独自の新たな手法を完成させた。

研究成果の概要（英文）：In this project, we have conducted theoretical investigations on the evolution of 
massive stars from the quasi-static phase through the gravitational core-collapse and the subsequent 
supernova explosion up to the formation of a neutron star or a black hole. We have first performed 
approximate simulations of core-collapse and explosion for several hundreds of models and made clear that 
the compactness of the stellar core just prior to the collapse is the single most important quantity to 
determine the success or failure of explosion. We have also accomplished more rigorous simulations on the 
K supercomputer and demonstrated that the most sophisticated computations cannot reproduce the supernova 
explosion. We have then upgraded our code so that general relativity could be handled. We have finally 
developed a novel formulation to numerically obtain various stellar configurations in rotational 
equilibrium so that we could study the effect of rotation on the evolution of massive stars.

研究分野：数物系科学

キーワード： 超新星　大質量星　重力崩壊　シミュレーション　コンパクト天体
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¥ÈÏţ �Ï§Ɓ(ŬÔ¹¶Ë)b�

40 ÃÊȟ(ĩÕ¹¶Ë)�xs©Ã�

ÍÑ¸Ë¥ÃÇÌÑ¥ÈÏxɸ_i

y|Ɛėkqt 

n��7 ɄɰʊĖũň¥ÃÇÌÑ¥ÈÏ�
�ǎǾǼ�¶®

²ÎÑ�əȫx
Ǯòəȫ|ı�
ƶq{əȫƓǪ
}ʒƙ�Ɋtq
_`xs� ǛĂķ
ɰʊĖũň¥Ã
ÇÌÑ¥ÈÏ�
ȯȷȓ|Ɋtq
�AMWMYaAM�QC�MX&�
4?=��
(),��tĻ

 |Ȝj�w^
��_|��ǁƶ
}Ƽ}ɾĝəȫ
câɘm�¢�
}ķɰȆ�g�3�
(&
�AMP'B��ȋ^qȶǋsɄɰ}Ěǋ|�t
w¢�¸�Ï§Ɓs§¹�ÉËȃ}ɌƬǫǮ
òÖŕŘƉÆÑ³�B?UAMX�F4F��cȒʂm�
iy�ƻ�b|kqti}ÖŕŘƉÆÑ³}
Ɛʏ|��sǥűʡƷį}¡�ÏɬʌcŇŌ
m�iycsƼcǥűʡƷį|ǿȒm�ȁȉ
ȓɭĸ|{tw^�iy�Ȧdǜ�qti}
¥ÃÇÌÑ¥ÈÏx~s^���É�²¸Ë
½ɶïyĲ���sĢŐÛƉőƼb�}µÇ
Ñ²Ê·ĄŴ�êŘkqµÇÑ²Ê·Ęǽ
Ċġ§�ÑÄ�ȋ^q�}xztqt�7F4 Ǫ
�ȋ^q¥ÃÇÌÑ¥ÈÏx�i}Ɛǋ�
ńǆȓ|¤ÁÑ²m�ȶǋ�ƃ�iycx
dq�
�GMWUcMWU�QC�MX&�#AE4F�"QCCQAB�U=�?AQBB�t�

o��7 źȚŅɄɰáǮ¥ÃÇÌÑ¥ÈÏ�
�Â�¶¬Ñ�~l�ym�źȚŅÛƉő

Ƽ}ȊƐÅ
�µ¨Ä�
ȉɗm�q
�|~sƼ
}Ʉɰ|Ę
`ȚŅ}Ě
ǋ�xı�
qŌɒǖ �7
əȫcÖħ
ǚxz�t
ȚŅ}Ɛʏ
�Řʌȓ|

ȉɗm�q
�|~sȚ
ǤķɰÖŕ
Ř Ɖ �#E��
cǆɬȓž
ĕ�ǋqm
iycȗ�
�w^qcsƂǉ} 
7 əȫx~s­�´Æ

}Ěǋ�¢Ï¥§°Ï²|ĥ�ƕ_iyc
xd{^}xs�7 əȫcƈĜy{tw^qt
Ɩɋȓþʡykw~sȖŝɧȓűŀŅɶï|
ńv^qǎĖȃƍƷȢŶ�FTQ= �}�}��
£³·¼Ǫ�ȋ^qǮò«Ë¸Ñ|ȵ�ɵ
�iy|ƐėkqtĻ � |Ȝm�_|s#E�
}ƐʏȆcǁ�ʬ^ĢŐÛƉőƼçɶ|¼
�Ñ�§m�iyxsĞĎ{ƳüĎɗɂ�Ɯ
tq �7 əȫ�Ɋ_iycxdq�#MBMPM�QC�
MX&�4?=��"QCCQAB���
()-��tĻ � ~��đǄ
ƐŦkw^qȚŅżȃ�Ļ � }ŬÔ¹¶Ë}
ǺƳ}ȹ�cáǮ}ĚǋxsƮƘj��ŬÔj
ĩÔjŬÕjĩÕ¹¶Ë|ƾʓȒŤkw^
f���ĢŐÛƉőƼĉʇ�Ļ}ŬÔ}Ü^ǹ
ȹxĺ��qʧŃ�ğſ -(�WY���áǮȚŅc
øąkw^fǔő�Ȝkw^�táǮȭƉ|
�twsđǄ}Ƽ}ɄɰcƲɿj�ĢŐÛƉ
őƼçɶ|Ęǽ�ģ�mĚǋ�Ɲƫm�i
ycxdqtäƁsəȫʧŃ�ųh F4F� {
z}Ěǋ�ı�sɮƶƼ¢�|ag�ȚŅƐ
ʏ}ȁȉ�ƻ�b|kw^fiycÖħǚ
xz�t�
�

q�ÀË¯ÂÏ«Ë¸Ñ|��ȮŜəȫ�
ŌɬʌƼɾĝ}ǅɯ�Ř�wsÛƉőƼz

�^~½É®�¿ÑËcżƐm�ņȔ�Ř
��q�|~sʊĖũň|��ǿȒȇɪ�Ȯ
Ŝ|Ƣ�iycÖħǚxz�tiixʎ�Ƨ
�}cȇĿ�xɶïȓ{ƓǪcȋ^��w
dqµÇÑ²Ê·ɴşɳɹəȫxz�tʭʲʮ
xƻ�b|{tq�_|ŋǛĂǮòyµÇ
Ñ²Ê·Ęǽcȵ�Ĭ�j�ǿȒcɭi�
iy~șřxz�csµÇÑ²Ê·Ęǽʌ|
ÖŘƉcz�sp}ɞ÷���{�{btqt
ǆȘȤx~sÀË¯ÂÏƷȢŶ�ɗfəȫ¢
Ñ³|��si}Ķʨǹ�ɗǰm�iy|Ɛ
ėkqti}Ɛǋ~Ľʙȓ|ʬfɞ÷j�w
a�sæ}ɮƶƼȘȤ�ËÑ¾|a^w�µ
ÇÑ²Ê·ɴşɳɹ}Řʌȓɞ÷}ʊɐŴ
cʬ��sĎʋĆò�}ǫģĚǋ�Ɯuiy
y{tqtéÕ|úĒƐǋ�ɷ��t�
l��7 µÇÑ²Ê·ɴşɳɹ}ȂƉ�
ȘȤʒŐƾ|¾Í²¬�¾}ȃƍxztqs

ʷǛĂÀË¯ÂÏƷȢŶ}əȫ¢Ñ³ʭÀË
¯ÂÏ«Ë¸Ñʮ~sÚĐĝÐʬɻĝcɊ�
�sŌɒǖɊĐ}ĤƄɗǪ�Ë£Ê¨Ä}ƶ
q{ʒȒƐǋ�Ȋ�rkqȶǋsǆǏȓ{ʴ
ǛĂɮƶƼ¢�ĎŮ�}ʄȋcħɂy{t
qti�|��ØȎxđ�wʴǛĂȥʓx}
µÇÑ²Ê·ɴşɳɹ}ȂƉ�ɗƻkqtȂ
|sʠěſƷį}µÇÑ²Ê·ǮǇsʠŝȠ
{ɖŴĎŮ|���±�Ï²Ï°Ï«Ë}
ʠŝɖʤ}ś×cđ�wƻ�b|{tqt�



Ļ~ʴǛĂɮƶƼ¢�}µÇÑ²Ê·ĎŮ
ǮǇ}ǔő�
�
j�|sɶïƓǪxz� EMe%Ne%AMe Ǫ|�

�əȫ�Ɋ_iyxsɶï|��ɢŭ�Řʌ
ȓ|ƻ�b|kqti}ɶïƓǪ~ƷįöŒ
Ɖ�źfčkme�Ÿǹcz�sµÇÑ²Ê
·ĘǽȆ{z}ʌx 
(�ȢŴ}ʁŌʱʁţɞ
÷m�ħɂƉcz�iyc�b�sǿȒ�Ř
��|~µÇÑ²Ê·ɴşɳɹ}ȮŜəȫ
cÖħǚxz�iy�ƻș|Ȝkqt�
mµÇÑ²Ê·ɴşǮòəȫ¢Ñ³ŖƐ�
ļŘkqȁɬĎŮ}ŅĬrgx{fsŉě

m�ǮòĎŮ�ƕ_q�sÀË¯ÂÏ«Ë¸
Ñ�Ǯòəȫ¢Ñ³yȷĬkwsƶq{µÇ
Ñ²Ê·ɴşǮòəȫ¢Ñ³�ŖƐjows
¢�¸�Ï§Ɓ|Ȓʂm�ŋǛĂ}ɌƬǫ
­�´Ã�§�ɸ_iycħɂy{tqti
}ʙsʊĖũň}�_|ʬɻ{Ǯòʀě|a
^w~sȂǟȖŝɧȓ{ÀË¯ÂÏƷȢŶ}
ƕ^cƆʦxz�iy�Ȝksȁɬ|ʑlɵ
���qµÇÑ²Ê·cŷdn��wÒȸ
|ʀěm�Ěǋ�ɚɷm�əȫ¢Ñ³�}
ƛŹ|ƐėkqtȖŝɧ�ɚɷm�ŋǛĂÀ
Ë¯ÂÏÐµÇÑ²Ê·ɴşǮòəȫ¢Ñ³
~ØȎxĴÒ}�}xz�ti}ʙsɌȦʤ
}ƕ^~ŵǕȯŉƦ|��ɏʜj�î_cs
ʞőƲá}�_{�¶Ë�Ñŉĝ�î_Ĥ
Ƈȯ�ƕ_iy�ħɂykwsØȎǕǵ}µ
ÇÑ²Ê·ĤƇȯ�ĥ�ɵ�rəȫ¢Ñ³
y{tqtj�|sÛƅ|ɡȊm�ĢŐÛƉ
őƼcƨ�ěfȇɪ�ƕ`��_ÄÑºÏ
�Å®¥ÇǪ�ƶq|ʒȒkwȵ�ɵ�sŠ
ǉ}ÒɇȖŝɧȓ{ƕ^�}ƛŹ�ƴĀk
qti�~Ȥǒ}ȔǕy{�ȩÒĢȉəȫ}
ÒɇȖŝɧȓŋǛĂµÇÑ²Ê·ɴşǮò
əȫ}ńțy{��}xz�t�
n�ʳ7 ʊĖũňʏƾʓȒŤəȫ}Ɛė�
ŖƐkqÀË¯ÂÏɴşǮò¢Ñ³~sɮ

ÚĐɒǖ}¥ÃÇÌÑ¥ÈÏ�}§ ÑË
�®¾cɊ��wsã¢Ï»ÇÑ¬|ag�
ʏƾʓəȫcɊ��qtŌɬʌƼ}ʊĖũň
b�ƔsÔctqɌƬǫcʳǛĂɱŝȠ}
�yxƾʓȒŤkwsǿȒ|Ʌ�bz_b�
Ř��µÇÑ²Ê·ɴşǮòəȫ|Ɛėk

qt�

�
Ļ~ʳǛĂɮƶƼ¢�¸�Ï§ȕƁ}ǔő�
�
i}�_{ȮŜµÇÑ²Ê·ɴşǮòəȫ

~ØȎxđ}�}xz�ti}ȶǋsŎʗɬ
ʌ} ))��)- û}ɬʌ�ƜuɔƼ�đǄǈë
ykws¸�Ï§Ɓ} ,((�YB�.((YB yʏƾ
ʓȒŤ�ɸtq|�ʔ��nsǿȒ|~Ʌ�
{^iy�Ȓɑkqti��x}ɶïəȫx
~ǿȒ|Ʌ�ôcÒɇȓ|ɑ��w^qq
�sǆȘȤ}ȶǋ~µÇÑ²Ê·ɴş}ȮŜ
ɚɷcǿȒħİ�ǨŘm�ʙ|ʎy{�i
y�ƻș|Ȝkq�}xz�sØȎȓ|��
Ï¹�²}z�Ɛǋy{tqtǆȘȤ}Ɛǋ
~si��x}Ōd{ÖŘƉ}Òu�ĥ�ʖ
f�}xz�säƁ}ȘȤ|a^wǎȁȉ}
Žʢ�Řʌȓ|ǨŘm�Ʒį�yȼctw
^�tj�|si}Ƴü¥ÃÇÌÑ¥ÈÏ�
ǔu{ɔƼ|ʄȋkwʊĖũňȇɪ}ĆŚ
�ȯȷȓ|ƻ�b|m�âŘxz�t�
o�µÇÑ²Ê·Ðǎȁȉ}ƴĀÐǐɝ�
ÀË¯ÂÏ«Ë¸Ñ|��µÇÑ²Ê·ɴ

şǮòəȫ�Ɋ_q�|~sȵ�ɵ�µÇÑ
²Ê·ÐĢőǎȁȉ}ƴĀyǐɝcǚbo{
^tǆȘȤx~əȫ¢Ñ³}ʒȒyÚɊkws
ȃƍƷȢŶ±Ñ¬°Ñ½Ë}ƛŹsµÇÑ²
Ê·ɲĂȱĤƇȆ}šč{z�Ɋ^sƳü¥
ÃÇÌÑ¥ÈÏ|ag�Žʢ�Ř��iy
�ɊtwdqtȂ|sĢőǎǱĬȵƐǣ�ȿ
ƎkqȃƍƷȢŶ}ǓȬ~s�O�}ʊĖũň
əȫ|ȵ�ɵ��sʞőƟȅĤƇȆ|��Ž
ʢ�ȺŜ|Ř��iy|ś×kqt�qsµ
ÇÑ²Ê·ĤƇ}Žʢ}ƢȲ�µÇÑ²Ê
·ưč¥�´Ë}âǳ{z�ɊtwsµÇÑ
²Ê·ɕǳƸɜ�}±Ñ¬ƥõ|ȶ�uf
Ɛǋy{tqt�
�

r�ķɰűɍżȃəȫ}ƶq{ŘŶĝ�
�ɾĝ}ǁƁ|ʊĖũň�ɭim�_{Ōɬ
ʌƼ~Òɇ|ÝȯĐƾ|ʬɻ|ķɰkw^
�ti}q�sp}Ǔɼyɾĝ�əȫm�|
~Ʉɰ�ȿƎm�Ɔɐcz�csƂǉ~Ȉŝ



ȠÆ±Ë|ʃƅĖ}Ěǋ�űŀȓ|çgĘ
`�rgxztqtkbksÒɇ|ɄɰƼ~
ȈŝȠx~{fƒű{żȃ�kwa�sŜŴs
ǲŴsĂȱ}ĎŮ~�{ʠȈŝȠxz�tk
qctwɱŝȠƉ}��êŘkqķɰűɍ
ȃƍ�Řʌȓ|Ǧ��Ɔɐcz�tp}ʙs
ȪŜŴʡyȪľĖʡcÒɇ|ÒɆk{^s^
��� NMA>OXU=UO�{űɍżȃ�ƕ_Ɔɐc
z�tj�|~si_kqűɍȃƍ}ʛĬy
kwƼ}ɾĝ�ɎmŅĬsɖʀěʌy�Ï²
Í»Ñ}ĎŮ}ƾʓŉĝ�ʄď|ƕ_Ɔɐ
cz�tȂ|Ɓɀ~i��x}ȘȤ|a^w
ǒ�wĹʝ{ǹxztqty^_}�sp�
�c�{��ÉÑȓɚɷ|�tw^qb�
xz�t�
� ǆȘȤx~sÉ�ÉÏ¦ÇŉĎǪ|ńv

fȄɄ}ŘŶĝ|��i}Ķʨ�ɗǨm�
iy|ƐėkqtĈòȓ|~sķɰűɍȃƍ
cīǮòȱȀ|×`��q�Ï²Í»Ñy
ɖʀěʌ}ĎŮ|ŝkwz�ǧʔƳ|ýȏ
ü�×`�iy�ȋ^sīǮòȱȀ}ðȾ�
ńțŉƳym�ŘŶĝ�Ɋtqt�nsìƌ
|ʆ�rđǄżȃ�ÓɖżĎĕksīʣǹ|
ɬʌs�Ï²Í»Ñsɖʀěʌ�×`sÔɷ
}ǧʔƳ�ÓɖżĎĕ|Ƈlwɶïkq�
¶Ë�ÑʔƳ�ǁŢ|m�ʣǹ}ðȾ�Æ
Ï°�ËÍǪ�ȋ^wƢkqtp}ȶǋsʄ
ď{ BY>>CTU=S �ʄȋm��sȑ{�đǄż
ȃb�Įlķɰűɍȃƍcƃ���iys�
qp��cæ}��ÉÑȓƓǪxƃ��q
ɗy�fÒɆm�iy�ȜksɧƵykwȒ
Ɏkqt�
� ÕĻ~p_kqɗ}Òôxz�tÉ�É

Ï¦ÇǪ�ȋ^wi_kqűɍɗ�Ǧ�q
ô~ä�x|{fsķɰűɍżȃ�Ƽ}ɾĝ
əȫ|ȋ^�_`x}Òu}ȍǄȓƐǋy
{tw^�t�qsi��x}ȈŝȠÆ±Ë
xɺůêŘj�wdqs^��� BTQXXaXMA
ȓķɰē�Ɯtqűɍżȃcƃ��qiy
�ʊɐxz�täƁ~sǎɉĬĤƇy�¶Ë
�Ñɳɹ}əȫ�ȵ�ɵ�}yĮƾ|sÆÏ
°�ËÍǪ���ĚȆyȮŴ}�^ƷǪ�
ʒȒkw^fâŘxz�t�
�

ʶʰÝ{ȒɎɧƵȪ�
xʜɠɧƵyʭə .( ëʮĆwǌɣǃ�

()- ŲŴ�
ʲ&�!&��MeMYM��G&�!aA>PM��!&�AMWMYaAM�M=P�
F&�LMYMPM�h6UAOaXMA�?>XMAUfMCU>=B�>R�
SAMbUCMCU>=MX�cMbQB�RA>Y�O>AQ%O>XXM?BQ�
Ba?QA=>bMQ2�4�OXQMA�U=PUOMCU>=�>R�AM?UP�

A>CMCU>=i��CE"��
().��)).��)-))(
��??-���
7B�2�)(&))(�'CTeBEQb"QCC&)).&)-))(
�

&�!&�FaYUe>BTU��G&�GMWUcMWU���&�#MCBaRaAa�
M=P�F&�LMYMPM�h#aXCU%PUYQ=BU>=MX�9QMCaAQB�
>R�AQaCAU=>�GAM=BRQA�U=�6>AQ%6>XXM?BQ�
Fa?QA=>bMQi��4?=F��
()-��
).��??�/�
7B�2�)(&)(00'((./%((,1'
).')'-�
�&�A&�LMBaCMWQ��!&�9aVUBMcM�M=P�F&�LMYMPM��
h4�A>bQX�9>AYaXMCU>=�Ne�"MSAM=SU=M=�
IMAUMCU>=MX�CAU=OU?XQ�R>A�E>CMCU>=MX�
8@aUXUNAUM2�G>cMAP�#aXCU%7UYQ=BU>=MX�
FCQXXMA�8b>XaCU>=Bi��#AE4F�"QCC&��
()-���
,,.��?-.%.(�
7B�2�)(&)(00'((./%((,1'
).')'-�
,&�!&�AMWMYaAM��G&�GMWUcMWU�G&�!aA>PM��!&�
!>CMWQ�hFeBCQYMCUO�RQMCaAQB�>R�
MdUBeYYQCAUO�=QaCAU=>%PAUbQ=�
O>AQ%O>XXM?BQ�Ba?QA=>bM�Y>PQXB�U=�
YaXCU?XQ�?A>SQ=UC>ABi��C4F=��
()-��./��
??)/�
7B�2�)(&)(1�'?MBV'?Bb(/��

(), ŲŴ�
-&�!&�FaYUe>BTU��G&�GMWUcMWU���&�#MCBaRaAa�
M=P�F&LMYMPM�� h#aXCU%PUYQ=BU>=MX�
9QMCaAQB�>R�AQaCAU=>�GAM=BRQA�U=�
6>AQ%6>XXM?BQ�Fa?QA=>bMQi��4?=��
()-��

).��?-%,)�
7B�2)(&)(00'((./%((,1'
).')'-�
.&��&�AMSMWaAM��!&�FaYUe>BTU�M=P�F&�LMYMPM�
hGTAQQ%PUYQ=BU>=MX5>XCfYM==%�ePA>�O>PQ�
R>A�O>AQ%O>XXM?BQ�U=�YMBBUbQ�BCMAB��&�
B?QOUMX�AQXMCUbUBCUO�GAQMCYQ=CBi��4?=F��

(),��
),��?).%�,�
7B�2�)(&)(00'((./%((,1'
),'
').�
/&�G&�GMWUcMWU��!&�!>CMWQ�M=P�L&�FacM��h4�
6>Y?MAUB>=�>R�Gc>%�M=P�GTAQQ%PUYQ=BU>=MX�
AQaCAU=>%TePA>Pe=MYUOB�FUYaXMCU>=B�>R�
6>AQ%O>XXM?BQ�Fa?QA=>bMQi��4?=��
(),��/0.��
??0� �
7B�ʹ)(&)(00'(((,%.�/K'/0.'
'0��
0&�F&��>AUaOTU��!&�AMWMYaAM��G&�GMWUcMWU��
!&��!>CMWQ�M=P�#&�GM=MWM��hGTQ�AQP�
Ba?QASUM=C�M=P�Ba?QA=>bM�AMCQ�?A>NXQYB2�
UY?XUOMCU>=B�R>A�O>AQ%O>XXM?BQ�Ba?QA=>bM�
?TeBUOBi��#AE4F�"QCC&��
(),��,,-��
?"11%")(��
7B�2�)(&)(1�'Y=AMBX'BXa),.�

()� ŲŴ�
1&�!&�AMWMYaAM��G&�GMWUcMWU��!&�!>CMWQ�M=P�
A&�AUBTUYaAM��hEQbUBUCU=S��Y?MOCB�>R�
AaOXQMA�5aA=U=S�R>A�EQbUbU=S�JQMW�FT>OWB�
U=�AQaCAU=>%PAUbQ=�Fa?QA=>bMQi��4?=��

(),��/0
��??),�
7B�2)(&)(00'(((,%.�/K'/0
'
'1)�
)(&�F&�9aAaBMcM��F&�LMYMPM��!&�FaYUe>BTU�
M=P��&FafaWU��hAQc�Q@aMCU>=�>R�BCMCQ�
NMBQP�>=�XU@aUP�PA>?�M??A>dUYMCU>=�>R�
TQMbe�=aOXQU�M=P�@aM=CaY�M??A>MOT�C>�XUSTC�
=aOXQU�R>A�O>AQ�O>XXM?BQ�Ba?QA=>bM�
BUYaXMCU>=Bi��4?=��
()���//
��??).�



7B�2)(&)(00'(((,%.�/K'//
'
'1-�

()
 ŲŴ�
))&�G&�GMWUcMWU��!&�!>CMWQ�M=P� L&�FacM��
hGTAQQ%PUYQ=BU>=MX��ePA>Pe=MYUO�
6>AQ%O>XXM?BQ�Fa?QA=>bM�FUYaXMCU>=B�
R>AM=))&
#Ba=�FCMA� cUCT�F?QOCAMX�
AQaCAU=i��4?=��
()
��/,1��??)/�
7B�2)(&)(00'(((,%.�/K'/,1'
'10�
�
xœíȒɎyʭə -
 ëʮ�
)&�F&�LMYMPM��h6>AQ%6>XXM?BQ�Fa?QA=>bM�
GTQ>Ae2CTQ�OaAAQ=C�BCMCaB�M=P�RaCaAQ�
?A>B?QOCBi���
vDaMAWB�C>�H=UbQABQ�U=�6>Y?aCMCU>=MX�
FOUQ=OQ�DH6F
()-�wʭƚƀɨǷʮ
()- Ų ))
ǂ . ƹ��ƽƹʋĽʙ¼�ÑÉÄ�ŏɈ��

&�!&�!>CMWQ��h8d?X>BU>=�CTQ>Ae�>R�
O>AQ%O>XXM?BQ�Ba?QA=>bMQi���4H�KK�I�
SQ=QAMX�MBBQYNXe��v5AUPSU=S�"MN>AMC>Ae�
4BCA>?TeBUOB�M=P�4BCA>=>YewʭƚƀɨǷʮ

()- Ų 0 ǂ - ƹ���McMUU��HF4��
�&�!&�FaYUe>BTU��h#aXCU%PUYQ=BU>=MX�
=QaCAU=>�CAM=BRQA�U=�O>AQ%O>XXM?BQ�
Ba?QA=>bMQ�M=P�UCB�UY?XUOMCU>=Bi�
v�=CQA=MCU>=MX�c>AWBT>?�>=�AaOXQMA�
CTeBUOB�M=P�4BCA>?TeBUOB�>R�AQaCA>=%FCMA�
#QASQAB�M=P�Fa?QA=>bMQ�M=P�CTQ�BAUSU=�>R�
E%CA>OQBB�8XQYQ=CBwʭƚƀɨǷʮ
(), Ų 1
ǂ 0 ƹk
(), Ų (1 ǂ )
 ƹ��8aA>?QM=�6Q=CAQ�
R>A�GTQ>AQCUOMX�FCaPUQB�U=�AaOXQMA�CTeBUOB�
M=P�EQXMCQP�4AQMB��GAQ=C>ʭ�CMXeʮ�
,&�!&�!>CMWQ��h#aXCU%7�6>AQ%6>XXM?BQ�
Fa?QA=>bM�8d?X>BU>=B�M=P�CTQ�
#aXCU%#QBBQ=SQA�FUS=MCaAQBi��vGTQ�,(CT�
6BFC4E�FOUQ=CURUO�MBBQYNXewʭƚƀɨǷʮ

(), Ų 0ǂ 
ƹk
(), Ų 0ǂ )(ƹ ">Y>=>B>b�
#>BO>c�FCMCQ�H=UbQABUCe�#>BO>cʭEaBBUMʮ�
-&�!&�FaYUe>BTU��h7MCM�BQCB�>R�Q@aMCU>=�
>R�BCMCQ�R>A�O>AQ%O>XXM?BQ�Ba?QA=>bMQ2�
CTQUA�UY?MOC�>=�Pe=MYUOB�M=P�BUS=MXBi��
v�=CQA=MCU>=MX�c>AWBT>?�>=�GTQ�FCAaOCaAQ�
M=P�FUS=MXB�>R�AQaCA>=�FCMAB��RA>Y�5UACT�
C>�7QMCTwʭƚƀɨǷʮ
(), Ų � ǂ 
. ƹ
4aPUC>AUaY�MX�7a>Y>��9X>AQ=OQ���CMXe��
.&�F&�LMYMPM�h#e�CQAB>=MX�BbQAbUQc�>R�
6>AQ%6>XXM?BQ�Fa?QA=>bMQ�GTQ>Aei���
v#aXCU%#QBBQ=SQA�RA>Y�6>AQ%6>XXM?BQ�
Fa?QA=>bMQwʭƚƀɨǷʮ
()� Ų )
 ǂ � ƹȝ
ŨŌœ��ȝŨ��
/&�!&�!>CMWQ��h#aXCU%7�6>AQ%6>XXM?BQ�
Fa?QA=>bM�8d?X>BU>=B�M=P�CTQ�
#aXCU%#QBBQ=SQA�FUS=MCaAQBi��
vFa?QA=>bMQ�M=P�:MYYM%AMe�NaABCBwʭƚƀ
ɨǷʮ
()� Ų )( ǂ 
1 ƹãʈŌœ��ãʈ��
0&�!&�!>CMWQ��h8d?X>BU>=�YQOTM=UBY�>R�
O>AQ%O>XXM?BQ�Ba?QA=>bMQ� M=P�CTQ�
MBCA>?TeBUOMX�YaXCU%YQBBQ=SQABi��v)�CT�
�=CQA=MCU>=MX�6>=RQAQ=OQ�>=�G>?UOB�U=�
4BCA>?MACUOXQ�M=P�H=PQASA>a=P�
CTeBUOB�G4HC�w
()� Ų 1 ǂ )
 ƹ 4BUX>YMA��

6MXUR>A=UM��HF4��
1&�!&�FaYUe>BTU��hAaYQAUOMX�Y>PQXU=S�>R�
O>AQ%O>XXM?BQ�Ba?QA=>bMQ�cUCT�?A>SAQBB�U=�
=aOXQMA�?TeBUOB�M=P� Fa?QAO>Y?aCU=Si�
v�=CQA=MCU>=MX�FeY?>BUaY2�DaMAWB�C>�
H=UbQABQ�U=�6>Y?aCMCU>=MX�
FOUQ=OQ�DH6F
()
�wʭƚƀɨǷʮ
()
 Ų )

ǂ )� ƹk
()
 Ų )
 ǂ ). ƹ�AMAM�
CAQRQOCaAMX�AQc�CaNXUO��MXX��ŏɈ��
� �
xĻǀyʭə )� ëʮ�
F&�LMYMPM��h:AMbUCMCU>=MX�6>XXM?BQ�>R�
#MBBUbQ�FCMAB�M=P�8BFi�U=��AQaCA>=�FCMAB2�
GTQ�4B?QOC�>R��UST�7Q=BUCe�#MCCQA��
8@aMCU>=B�>R�FCMCQ�M=P�BNBQAbMNXQBi��
A>bM�FOUQ=OQ�CaNXUBTQAB��
()
��?
-1%
0/�
�
ʷʰȘȤȵȽ�

�)�ȘȤèɎɀ�

� ŧȌ� ȨÒʭL4#474� F�B�6��ʮ�

� ƺȣȌŌœÐȉūœɋʕÐƱƠ�

� ȘȤɀΩĪʹ0(
-),(��

�

�
�ȘȤĎƗɀ�

� ñĭ� ĄåʭFH#�LBF���!B�FH!8ʮ�

� ǩǭūǑʬȪŞʐœǍÐƱʩȞÐƱƠ�

� ȘȤɀΩĪʹ�(
0(/
(� �

�

� ļǞ� Əʭ!BG4!8�!8�ʮ�

� ȝŨŌœÐȉœʇÐċƱƠ�

� ȘȤɀΩĪʹ
(,�--(.��

�

���ȘȤɽƩɀ�

� ĔȌ� ƊÒ��#4874�!8�%�6����

� ƺȣȌŌœÐȉūœɋʕÐƱƠ�

� ȘȤɀΩĪʹ/()11.)(�

�

� ǘǆ� ǝȨ���4F��#BGB�#4F44!���

� ßŪŌœÐȉœȘȤʕÐƱƠ�

� ȘȤɀΩĪʹ
(

0,

�

�

� ʏǸ� ʊĠ��A4:4G4!��F��:8��EB��

� ȉĝœȘȤƑÐċÝìȘȤĳ�

� ȘȤɀΩĪʹ.(�-1.,��

�

� ǶɃ� ȗà��G4!�J4!��GB#BL4��

� ĽȧōƵĨÐęƱ�

� ȘȤɀΩĪʹ-(-(/0�/�

�

� ɦɛ� ʚŌ��FHJ4�LH74���

� ãʈŌœÐńțȁȉœȘȤƑÐċƱƠ�

� ȘȤɀΩĪʹ,(.)(0))�

�

� ʏù� ǬǗ��A4:4!HE4���EB!���

� 6MXUR>A=UM��=BCUCaCQ�>R�GQOT=>X>SeÐ�

� œƞǯŊȂĒȘȤĳ�

� ȘȤɀΩĪʹ((.).../�


