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1�8Ù 4{�»Æ 3

16.1 l9��¿��»Æ�n
16.1.1 9��¿�Vg��¿nØ�Ä�*	´��(X�ù£"§��1Ì���Å��� £§l·���§ £��"ùL²§��3�l·�¶§��·��ål3O\"�â2Â�éØ§ù«y�Ø´ÏǑ(X��3£Ä§
´�m��3)ä"�X�m�)ä§ÏL�mDÂ�1��Å�Ǒ/)ä0
"3r(Xw�/âf0��ºÝþ§�»�ù«)äq�´þ!�§���»±�Ó��Ç)ä§�±ÏL����mCz�ºÝÏfa(t)5£ã§a(t)´�»º��)ä�Ç§3�»��
�1§�»�)ä�ÇdMÇëêH ≡ ȧ/aLÆ"ÏLÿþ�
�)ä�Ç¿(Üé�»UþS¹��£§,�A^2Â�éØ�§§�±í�Ña(t)�Ǒ�mt�¼ê"��¿nØ´³#Å31948
JÑ�§§�Ä:Ò´fâ`��»)ä�.§ù´6p�ù�<ïá�"l8U�*:5w§��¿nØ´)ä�»�.�g,ò�§�3³#ÅJÑ��¿nØ���§6p�ù�.ýó��»
#²w�¯¢ØÎ§3ù��Ä:þ§³#Å�nØÒ��Ø�Æâ.¤�É§ù«Û¡±Y
C20
§��ùnØýó��»�Å�µ�uyÚy¢"e¡·�½5/!�!��¿nØ���Ông�"������������»»»¥¥¥ØØØ���UUUkkk(((XXX38U��»¥§Ô�´(ì�§�´lù�yGÑu§�â)ä�»�. 
J�§ÒØ�;�/�����~­��íØµ(X�Ô�8ìØ´ù�ð��§
´3�»üzL§¥�)��8U§(XS�²þÔ��Ý'��»�²þ�Ý�5�êþ?§Ǒ=´`§Ô�´Û�/(ì�"�â)ä�»�. 
J���»ºÝÏfa(t) < 10−2�§�»NÈ´8U�a3 < 10−6�§l
�»�²þ�Ýò'8U�6�êþ?±þ§'8U�(X�Ý��"ùL²§��ÿ´ØUk(X�3�§8UX(Xù��Ô�ì¬�U´�»üz��Ô"ù(Ø�Ǒ/�Ñ�Ï�»¿Ø´8U�»� K§3ÙüzL§¥§�»�¡mu)L��Cz"�o§(ì
��»Ô�±�oG��3º(((XXX´́́þþþ!!!���»»»íííNNN���������(((JJJ



1�8Ù 4{�»Æ 4��g,�ßÿ´§��(X(�/¤�
��»´k���Ý�O�þ!íN§�»�gÚåØ­½5§ǑÒ´�Ý ���
/�é±��ÚåǑ¬��§Ïd¬ØäáÚ±��íN§���Ý?�ÚO�§ùÒ¬���5�þ!�»íN��¤ì§?
üzÑ8Uw����Ô�8ì(�"ù´³#ÅnØ����:"�,§3³#ÅJÑ��¿nØ���§ù�U´��ßÿ")))äää������»»»555ggg������¿¿¿XJ(�/¤�
��»S¹Ô´�ÝÚ§ÝÑþ!�íN§��X�»�)ä§Ø=´§��Ý¬ÅÚü$§
�Ù§ÝǑ¬ÅÚü$§�A�íØÒ´§����ÿ�»�§Ý�p§XJJ���~���Ï§�»S¹Ô��ÝÚ§Ýò'8UpÑA��êþ?"§Ý��ÌÝCz¬��Ô�G���C§Ïd§�Ï�»�üz¬Ï§Ý�ã��O
k¢�5�Cz"XJ 
í�4à§�»�)äAT´l�ÝÚ§ÝÑǑ�¡�G�m©�§XJ�»´k��§§å��NÈqé�§
§Ýq�~p§�o�»�1ǑÒé��g�¿§Ïd3{¤þ§³#ÅnØ��éö.À/¡�Ǒ/�»��¿0§ùÒ´ù�¶¡�5
"'u��¿nØ§���~��Ø)Ò´�Ǒ�»��m©u��:"¢Sþ§·�8U��*ÿ�»3fm©��ÿ�(é�§3��¿nØµeU?n�
Je§§é�U�»�u1Î�"�´§�'u�Ï4àá��m§1Î�Ù¢¿Ø´��é��ºÝ§������:",��¡§3�*ÿ�»�	§·���»é�U�3ò�§$���ò�§
XJ8U��»´���§�§é�U�m©Ò´���§�Ò�Ø´l��:m©�
"�,§8U�nØ�ØU?n�»´XÛm©�§ÏǑ������ǑI�þfÚåâU£ã§
8
�Ø�3���þfÚånØ"���fffÚÚÚ©©©fff´́́���»»»üüüzzz¥¥¥���)))����»��¿nØ�,���Ǒ(Ø´§�f©fǑØ´U,�3�§§�Ǒ´�»üz��½�ã��Ô"ùp�Û©�Ò´§ùo���fÚùo��(X§üö¾,Ó�Ñ´�»üzL§��Ô§
Ø´[ð�U,�3"



1�8Ù 4{�»Æ 5Ǒ
n)ù�:§I�J��(X/¤
�»íN��¤§§´d¥5�f�¤�§Ù¥��f�´Ý�Ǒ75%, ´ùíN¥�Ì�¤©"��f´d�Ø�>f¤�¤�åPXÚ§§�(ÜUǑ13.6eV"Ïdù
¥5�fíN�§ÝØU�p§�§ÝTpu104K�§âf�²þ9ÄU´kBT ≈ 1eV, ù�ÿUþ�L13.6eV�1f�þ�3§§����f�9-Eò��f>l"Ïd3ù�§Ý±9�p�§Ýe§�»íN7½?u>lG�§=´�lfíN§Ù|©Ǒ�fØ!gd>f!±91f"�fÚ©f´�X�»)äü§�(J§�
´Ø�3�"³#Åuy§3�»)äü§��lfíNC¤¥5�f��§1f�>fÒA�ØÑ�
§Ïdù�ÿ�1fò¬gd/3�»¥�1§¤Ǒ�»��µ§ù«�µ1fAT38U�,�3
��±�*ÿ"ù´³#ÅnØ���'�5ýó"ù�ýó31965
�*ÿy¢§ù´�»��¿nØl�Ä½��­ÀÚ�É�=Å"zzzÆÆÆ������ǑǑǑ´́́üüüzzz������ÔÔÔ3�lfG���»¥§�fØ´íN�Ì�¤©§
§´deZØf(ǑÒ´�fÚ¥f)|¤�§z��Øf3�fØ¥�²þ(ÜUǑ1MeV�þ?§¤±§�íN�§Ýpu1MeV(=1010K)�§|©âfm�9-E¬���fØ)l§�fØ3ù��p§eòØE�3"vk�fØÒvkzÆ��§Ïd§ÒëzÆ��Ǒ´3�»)äü§��½§Ý±���Ô"���©©©)))3�»§Ýpu1MeV��ã§Ô�¤©´'�fØ�Ä��âf§=�f!¥f!>f±91f�"�,§Uì8U��£§�fÚ¥fǑ¿Ø´Ô��Ä��|�§§�´d§�Ú�f¤|¤�EÜâf"UìâfÔn�IO�.§XJ�Ý�LØf§
�§ÝǑv
p§�oØf�ǑEÜâfǑØU�3§ù�ÿ��»S¹Ôò´d§�!�f±95�ÀÚf¤|¤�âfíN"Ïd��¿Ø´���℄mu)����»m©��¿¯�§
´£ã�»l��p§!p�ÝG�m©×�)ä�L§"�Ï�»¿÷
A�þ!�Ä�âf/�©)0§ù
âf?u��m�9²ïG�§Ïd·��±^�þ�9åÆCþ5£ã�Ï�»�G�§ù���»��müz�±O�Ñ5"



1�8Ù 4{�»Æ 6¯¢þ§A^£ãp§e�»UþS¹�âfÔnIO�.§�±��a(t)3�140·

�Cu""ùI�X�»m©u140·

�ù��Ǒ§=��¿m©��Ǒ"3ù��m:§�»��Ýª�u�¡�§¡���¿Û:§·�½Âù��ǑǑt = 0�Ǒ"�´¢Sþ§��Ý��ÊK��ÝρPl ≈ 1096kg/m3�§2Â�éØ��Ò��
§I�þfÚånØ(8
�Ø�3) 5£ãù��~á��Ï"Ïd§î�5`§�)t = 03S�ù
����mÙ¢7Ll��¿nØ¥üØ"
16.1.2 �Ï�»{¤e¡·�V�5/{ã�e�Ï�»�{¤"ÏǑ9��¿§�Ï�»�§Ýép§l
âfÒkép�Uþ"ÏdǑ
£ãù��Ï�Ô�§·�I�âfÔn��£"âfÔn�IO�.äkSU(3)c ⊗ SU(2)w ⊗
U(1)y�5�é¡5"3·�8U�$U­.¥§IO�.�,
é¡5´gu»"
�"��»�§Ý�L100GeV(�1015m�©)�§Ò��
IO�.�U,UI§ù��Ò´�»�
#�u10−11s���¹"ù�ÿâf��©)dgd���þ¤�f(§�Ú�f) ±9D4�p�^���þ5�ÀÚf�¤"�,§IO�.¥�k�«âf§=F�dÀÚf"�´F�dÀÚf��>fé¡5(SU(2)w ⊗ U(1)y)u)
gu»"§ùǑ�´�Ï�»¥u)��«�C">f�C��§>f�p�^ÒC¤
ü«�pÕá��p�^µÙ�´dk�þ�5�ÀÚfW±ÚZ0D4�f�p�^§Ù�Ò´d��þγ1fD4�>^�p�^"ÏL>f�C§¤�fǑ¼�
�þ§ù
�þ5
u§��F�dÀÚf��p�^">f�C´��»e%��.§ÝTc ∼ 160GeV�u)�§��u)3t ∼ 10−11s�"�Ï�»�,�«�C´QCD(þfÚÄåÆ)�C§ǑÒ´§�-rf�C§��u)3t ∼ 10−5s, Ù�.§Ý�ǑTc ∼ 150MeV"�C�
§§�´gd�§�C��§�Ò/¤
rf§�)­f(~XØf¥�¥fnÚ�fp)Ú0f(~Xπ0fÚK0f)"QCD�C��§�»�Ô�SNÒl§��f�lfN=C¤
rfí"�âþf|Ø§z�«âfÑk�A��âf§§��þ�g^��5�ÑÚâf�Ó§Ø
Ö��§ùp�Ö�)>ÖÚÚÖ�"XJ,«âfØ�kÖ§�§Ò´gC��âf§;.�'�1f"�§



1�8Ù 4{�»Æ 7ÝT ≫ m�§ùpm´âf��þ§ù�âfÚ�âfØä/�p�«§Ó�ǑØä/�)§�»¥âfÚ�âf�ê8��´���"�´§�§ÝT ≪ m, âfÚ�âf�,�p�«§�´9U®²Øv±�)âf-�âfé
"Ïd�X�»�Øäe%(du�»)ä)§­�âf��âfÒª�u�p�«§Ó��	�)Ñ�õ���âf-�âf"XJ�»¥âfÚ�âf�ê8î���§�oe%�8Uò�k1fÚ¥�f13e5"�´8U��»¥w,��k­fÔ�(Ì�d�fpÚ¥fn�¤§'X·��ÕàX)§ùÒL²§3�Ï�»¥§ØfÚ>f7,'§��A��âf���õ�
§ùõÑ5��
Ò�3�
8U"XJ2J¯�Ï�»¥­f��­fù«Øé¡�5
§K�g,�£��U´µ�»m©�­fÚ�­f´��õ�§�´��Ñy
»�­fêÅð�ÔnL§§��­fêÑ��L
�­fê"�,§38U�âfÔnIO�.¥§­fê©ª´Åð�§�´1970
�<�ǑJÑ
>!f!r�Ú�nØ(GUT),Ù¥­fê¿ØÅð"ïÄL²§­fêØÅð\þ�»4�Ï)ä¥é9²ï�á6 lÒ�±l����âfé¡��»¥�)ÑL���fÚ¥f"�,§�Ú�nØ8
��´nØ&?§�vk��¢��y¢"®��§k�þ�´�þ���§Ó�që�r½ö>f�p�^�âf§´>f§Ïd�»¥�����Ô��«¯�´>f-�>f�«§ù��u)3t ∼ 1s�§ù��§Ý�ǑT ∼ me ∼ 0.5MeV∼ 1010K"3ù�
�»¥E,�3�þ���>fé§,
du§ÝÚ�Ý�'����ÿ®²²wü$§¥�f±9�¥�f�Ù§âf��p�^Ç��u�»)äÇ§§��²þgd�1�mwÍC�§Cq¤Ǒ�Ù§âfvk�p�^�gdâf§l
Ø2�Ù§âf�?u9²ï¥§ù¡�Ǒ¥�fòÍ§ù
òÍ�¥�f���3�8U"~~r¥�fòÍ��ǑP�tνd, �A�§ÝP�Tνd"Ïd§3���>f-�>f�«¯���§�»¥��Ô�Ò�k�¥�f
§Ïd����»�©)òd�þ�1f!¥�f!�¥�f§±9�þ�{e5��f!¥f±9>f|¤"��`²�´§Ø
âfÔnIO�.¥�âf±	§�»¥é�U�¹kVÔ�âf§§��5�8
<��Ø��Ù"·�6�k�ÑVÔ�âf"
1é¥�f���*ÿL²§¥�fǑké���þ§�´§¥�f��p�^´Xd�f§±�u=�3$u¥�f�þ�§Ýe§¥�f��¥�fǑé��p�«"



1�8Ù 4{�»Æ 8�»�)��A©¨§�3§ÝT ∼ 100keV�§�fÚ¥fÒ(Ü¤
�����fØ"ùǑÒ´¤¢���¿ØÜ¤(Big Bang Nucle-

osynthesis, BBN), ±ÓÏ~Ô���þz©'ïþ§§���)
75%1H,

25%4He, 10−42H, 10−43He, ±910−97Li(Ù§zÆ��´�5Ì�3ð(¥/¤�)"ù�ÿù
Ô�´��lfz�§¤k�>fÑ�´gd>f"3ù«�lN¥§1fØä/�>f¤Ñ�§��ügÑ��m�²þgd§´á�"ùÒ¿�X§ù�ÿ��»éu15`´Øß²�"���)���37�
§�»âC�ß²"ù�ÿ�§Ý��ǑT ∼
3000K(∼ 0.25eV), ù�>fÚ�fØ(Ü/¤
>¥5��f§l
��1f�²þgd§C�'�*ÿ�»��»��§�»Òß²
"ù�¯�Ò¡��»EÜL§(recombination)"EÜ��§��1fÒ�±gd/3�m�1
A�Ø�Ñ�
§ÏdǑÒl�Ù§âf�9²ï¥òÍÑ5
"8U·��±*	�ù
��1f§ǑÒ´¤¢��»�Å�µ(cosmic microwave background, CMB), §�´l�Ï�»5�1§ÏLé§�*ÿ§·��±/w�0��¿"EÜL§��§�»¿÷��fÚ±�fí§Ó��k�þ��"��3�»�)���A·
§lù�íN¥/¤
1��ð(§�´�õêíN/¤
(SíN"��3�»�)���7·
§ð(uÑ�Ë�­#lfz
ù
(SíN"
16.1.3 ��ØÜ¤*ÿL²�
�»¥±�Ó�»o�þ�25%§�X
¡J�L�§ùÌ�´d�Ï�»���ØÜ¤(��¿ØÜ¤)¤û½�§ð(SÜ�Ø�AǑ,Ǒ3)¤±§�Ù��Óþã´Ý�é��Ü©"��ØÜ¤�9��»§Ý��31010K��$u109K�m"§Ýpu1010K�§=��f¥f(Ü¤±ØǑ¬�pU1f¤Â�§ùǑÒ´¤¢�1©�"
31010K��$u109Kù�§Ý«m¤�9�Ôn�£�®3/¥¢�¿S��
(y§Ïd<�é��ØÜ¤�nØ´ék&%�"duØÜ¤�Øfê�ÝØ´ép§Ó��»�¯�)äq��Ü¤�A�méá(ØÜ¤��u)3t ∼ 100s�)§Ïd3��ØÜ¤¥�k¯��üâf�A�±u)"Äk´�fÚ¥f(Ü¤�Ø2H, õ{�UþÚÄþd��1f�r§�AªÒ´

p+ n → 2H+ γ,



1�8Ù 4{�»Æ 9U
´�X�)¤3H!3He!4He��Y�A§�Aª©OǑ
2H+ n →3H+ γ, 2H+ p → 3He + γ, 2H+ 2H → 3He + n,

2H+ 3H → 4He + n, 3He + 3He → 4He + 2p.duØ�3�þêǑ5�­½Ø�§�Aó�d¥ä"4He�ǑÌ��ÔÅì\È§��êþv
�Ø�Aâ�±UY§(JÒ´34He�Ä:þ)¤
é��:7Li"duØ�3�þêǑ8�­½Ø�§�AóÒª(
��u8U�»¥�«'7Li�­���§K´�53ð(SÜ�Ø�A±9�(X�u¥/¤�§äNL§þ�Ù®²ùL
"��ØÜ¤����Aó7L²L1�Ú�fÚ¥f(ÜǑ�Ø§ùÒ´¤¢�/�'k0"�Ø�(ÜU'±Ø�éõ§±Ø3§Ýü$�3 × 109K�Ò�±�±­½§��Ø3ù�§Ýef/¤B¬��§Ïdý�k¿Â�ØÜ¤L§�3§ÝÑ$u109K�âUduÏL
/�'k0
m©u)"����Ô´�þ�4HeÚ�þ�2H!3He±97Li (3HØ­½§é¯¬=C¤3He)"e±4He��þǑü §K2H!3He��þ�Ǒ10−5§
7Li�Ǒ10−10"±�´Ý�Ǒ25%3nØþ´XÛ(½�QºǑdb�±NnÚNp©O�L�»¥�o¥fê�o�fê§±nnÚnp©O�L��ØÜ¤��ÿ¥fÚ�f�ê�Ý§Pùü�ê�Ý�'�Ǒσ§éw,
σ =

nn

np
=

Nn

Np
. (16.1)duØÜ¤���»�Ì�¤©Ò´±������(¹���f§Ø¹¥f)§¤±éw,σ < 1, äN´õ�·���25(½"K§�»¥�oØfêN = Nn +Np = (σ + 1)Np, Ù¥�Ü¥fÑ�Óêþ��f(Ü¤±��§¤±±��¥¤¹�ØfêNHe = 2Nn = 2σNp, Ïd§±�þz©'O§��ØÜ¤¤�)�±´ÝǑ

Y =
NHe

N
=

2σNp

(σ + 1)Np
=

2σ

σ + 1
= 2

(nn

np

)(
1 +

nn

np

)−1
. (16.2)¤±§�»¥±�´Ý���ûuØÜ¤�nn�np�'�"ù�'��±ù�5(½"3¥�fòÍ
(5¿tνd ≈ 1s, �3ØÜ¤��m�
)§¥fÚ�f�±ÏL±ef�^L§�p=zµ

p+ e ↔ n+ νe, p+ νe ↔ n + e+, (16.3)



1�8Ù 4{�»Æ 10ª¥e, e+©O�L>fÚ�>f§νeÚνe©O�L�A�>f¥�f9Ù�¥�f"ÏǑ¥f�þÑ�u�f�þ(mn ≃ mp + 2.5me), ¤±�fC¥f�L§�'uÙ_L§�Ju)"'X§dump+me ≃ mn−1.5me <

mn, ¤±��·���fÚ��·��>fØUC¤��=ù´·��¥f(UþÅðØ#N)§�´�L5%vkù�¯K"�,§3§Ýp�1010K±þ�§>f��Ø´·��§¤±p+ e → n + νe�±u)§��ØXÛÙu)�VÇo�u_L§�u)VÇ§�âÀ�[ùÚO��§���L§��ÚO²ï�§7½k
σ =

nn

np
= e

−
∆m
kBT , (16.4)ª¥∆m ≡ mn − mp. ��»§Ýü�Tνd ≃ 1010K�§¥�fòÍ§d�þãn, p�p=C�f�^L§ÒÄ�Ê�
§Ïdnn

np
��B��È(3
e

−
∆m

kBTνd"�,§±þ?ØÑ�
gd¥f�guPCn→ p + e + νe, ÏǑÙ�PÏ�Ǒ10©¨§��u¥�fòÍ���»
#tνd ∼ 1s. ØL,��±Ü¤��»
#(t ≃ 100s)�'¥f�PÏ5`®²�*
"Ïd§��±Ü¤�§σ = nn

np
��ò'�
�È(�e

−
∆m

kBTνdÑ$§��Ǒ1/7f�:"òσ = nn

np
= 1/7�\(16.2)ª§Ò��±´Ý�ǑY ∼= 0.25, �*ÿ��¬Ü"ØL§�Ä�ð(SÜ�Ø�AǑ¬�)4He, Ǒ,'��ØÜ¤��þ�éõ§�Ǒ¬����ØÜ¤��±´ÝÑ$u8U*ÿ��±´Ý§�Äù�Ï�±�d8U*ÿ�±´ÝíäÑ5���±´Ý�Ǒ0.23, �þãnØ�0.25ǑÄ�¬Ü"��ØÜ¤�Ù§�Ô2H! 3He±97Li§§�Ǒ,´Ýé�§�éu�ynØǑé­�§½þO���ØÜ¤�Ô�´Ý�I�^���­��Ônëêη, §Ò´�»¥­f�1fê�Ý�'§=η = nb/nγ,

η−1Ò�Lz�­f±��1fê§§ÏLKǑ1©��J´§Ý
KǑØÜ¤m©��Ǒ§?
KǑ�Ô�´Ý"4He�´Ý��f/�6uη,,
2H! 3He±97Li�´Ý%éη���¯a"O�L²§��b½η�33.4 × 10−10 ∼ 5 × 10−10����S§Kþão«�Ô�nØ´ÝÑU�*ÿ´ÝÎÜ"
16.1.4 �»�Å�µ(CMB)Ú�»Æ�n³#Å�9��¿nØýó
k�û���»��Å�µ�3"
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1960
�{IÊ�dî�Æ�DickeÚPeebles �£��µË�¯Ké�»Æ�­�5§ÏdÒm©|�ìèO�*ÿ¤ì§±&Ïù�Ë�",
§����3�O��§��¢�¿�$àædÚ%�Ö¿	/uy
�»�Å�µË�"1965
ùü|<Ó�3Ó�Ï5UNÔn,�6þ©OuLØ©§$àædÚ%�Ö�Ø©é{á§��*/�Ñ§34080MHzuyk��3.5K�L�U�§Ý§3ÿþ�ÝS§´��Ó5�§¿�G!�Cz�'"DickeÚPeebles�<�Ø©K�[)º
ù&Ò��»Æ¿Â§ǑÒ´�Ñ§é�U´�»�Å�µ"1978
$àædÚ%�ÖÏǑ���uy¼�
ì��ÔnÆø"��Ó5��µË��uy§ÙÄ�¿Â´(y
(X/¤�
��Ï�»�(¿÷
þ!¿���Ó5�9íN"�,§Ù¥þ!5¿Ø��5gué�Å�µ�*ÿ§
´5gu·�é¤¢xxZ�n�&g§=/¥¿Ø´�»¥%§Ó��§�»¥?Û�?ÑØ´�»¥%§
´??²��"(Üù�þ!5±9*ÿ���Å�µ�éu/¥���Ó5§ÒU(á�Ï�»´??þ!¿�??Ñ��Ó5�"dd
5�(JÒ´§(X/¤±���»3�*�ºÝþǑ´??þ!���Ó5�"ùǑÒ´¤¢����»»»ÆÆÆ���nnn"�â1989
11�,���»�µ&ÿö£COBE§Cosmic Background

Explorer¤ÿþ��(J§�»�Å�µË�Ì�~°(/ÎÜ§ÝǑ2.726?0.010K�çNË�Ì§y¢
ÕàX�éu�µË�k���é�$Ä�Ý§¿���y§�ØKù��Ýéÿþ(J�5�KǑ§±9ÕàXSÔ�Ë��Z6§�»�µË�äkpÝ��Ó5§§ÝÞá�ÌÝ�k��z�©�Ê"8
ú��nØ�Ǒ§ù�§ÝÞáå
u�»3/¤�Ï4�ºÝþ�þfÞá§§�X�»��ä
����»Æ�ºÝþ§¿��´du§Ý�ÞáE¤�»Ô�©Ù�Øþ!5§�ª�±/¤�X(Xì���a�ºÝ(�"Ù¥éÕàX�é�Å�µ$Ä�Ý�(á5gu*ÿ���Å�µË�§Ý3ó4þ�����É5"äN5`§(X�Ǒ)ä�»¥��â/âf0§Ø
�X�»)ä±	§7½�kÙg��$Ä§Ï~¡�Ǒ�Ä"ÕàX�,ǑØ~	§Ïd·�´3$Ä�ë�X¥*ÿ�µË��§ù�Ò¬kõÊV�A"Ø���ÕàX3�m$Ä§�Ñu�ªÇǑν1�1f3vk�Ä�(Xþ*ÿ��ªÇ´ν0(ÏǑ�»)ä�5��»ù£§ν0�,�uν1), KduÕàX3�m$Ä§m>5�1f��»ù£¬�ÕàX��Ä-��
§l
§��Â���ªÇò'ν0Ñ�§
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§l
ÿ��ªÇò'ν0Ñ�§ùÒ��uUC
ØÓ��þ�»�Å�µ�§Ý§���)�������É5§�±y²§ù«duÕàX�Ä¤�)���É5´�«ó4��É5"Ø
ó4��É5±	§�Å�µ�§Ý�k���õ4��É5§ù«õ4��É5~~^¤¢�ÆõÇÌ5Ǒx('uÆõÇÌ�{á0�§�ë�©z)"�X
¡¤`§§å
u�»3/¤�Ï4�ºÝþ�þfÞá§§�X�»��ä
����»Æ�ºÝþ§�ª��(X�(��/¤"��?Ø�:Ú�Ñ5�Ôn*g"�zõ

§<�Q²�Ǒk�«�û3��m�0�§¡�±�§§�±�Ǒ·�½$Ä�ýéÄO"UN�éu±��$ÄÒ¡�Ǒýé$Ä§ò��ÖÚ#XQÁãÿÑ/¥�ýé�Ý§,
©ª��"(J"l�±�<�ÒÆï
±��Vg§¿�Ǒýé$Ä´vk¿Â�§ùǑÒ´�é5�n�Ä:",
§y3�»Æ�½
�û��»��µË���3§�o±�µË�ǑÄO�/ýé0$ÄÒk
¿Â§'XCOBEÒÿÑ
ÕàX�éu�µË��/ýé0�Ý"¢Sþ§3�»?Û/:�?Û���ÕàXù��Û�ë�X¥ÑUÿ��»�Å�µ"XJuyl,�Û�ë�X¥w5vk§Ý�ó4��É5§�Ò�±�Ǒù�Û�ë�X´/ýé·�0�§½ö`�Ä�ÝǑ""
þ¡¤!�ÕàX�/ýé�Ý0(�Ä�Ý)Ò´�éuù��·�Û�ë�X
ó�"�,§��5¿�´§du�»��3)ä§¤±�»¥ü�ØÓ/:�·�Û�X�m�ål´3)äO\�§½ö`§�mØÓ:þ�Û�·�X�m´�é$Ä�"ùÒ�'Ní¥§í¥L¡?¿�:Ñ´Û�·��§�´�Xí¥�)ä§ü:�m�ål%3O\§·���»�mÒ�'í¥�L¡"ùǑ`²§ù«Û�·�X��3Ù¢¿Ø¿�XÚîýé��*�E¹"�»Æ�nw�·�§ØÓ�m:�Û�·�X´��²��§ǑÒ´þ!�§Ó�§���m�éu?Û��Û�·�XÑ´��Ó5�"��^jM�çß²��3��ïå��7i©�¥£5z·

��Ì¶x
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ã 16.1: �»�Å�µË�"©%����-f´)3x��
��»jº
16.2 �»)äÄåÆ

16.2.1 FLRWÝ53�»Æ¥§I�½Â�
Ä�*	ö§ǑÒ´�éu�»�Å�µÛ�·��*	ö, Ǒ¡��Ä*	ö"ù
Ä�*	ö�­.�pØ��§Ïd��¥z���ÛÉ�:(ÛÉ:'Xk��¿m©�:)Ñk���^­.�BL§Ïd¤kù
­.���åÒ�¤
����"|^ù
�Ä*	ö§·��±½Ât = ~ê��m�­¡§ù�I��§�Ä�*	ö�ÆC�Ý���=�"�e5·��±�Ä�*	ö��k�Ǒ���»ÓÚ��m�I§P�t, d	·���±�z�^­.��½n��m�Ixi, i = 1, 2, 3(÷X­.�´~�), Ïdz���Ä*	öÑk���½�xi, ¡����ÄÄÄ���III§§ëêz
t =~ê��m�­¡"duù
�m�­¡��Ä*	ö­.��R�§Ïd�»���Ý5�±�¤
ds2 = −dt2 + gijdx

idxj , (16.5)ª¥gij´t, xi�¼ê§§Ǒ�m�­¡þ�p�Ý5"�â�»Æ�n§�»��mAÛ(Ø�)�m)´þ!��Ó5�§
�â1��Ù'u��é¡�m��£q�±��§þ!��Ó5��



1�8Ù 4{�»Æ 14m7½´¤¢���é¡�m§Ïd�»��mAÛ´����é¡�m"?�Ú§�â1��Ù��£��§3���é¡�m�k²"�îAp��mR
3!4Ü�n�¥¡S3!±9m��n�V­�mH3ùn«"éuS3, ·��±r§i\34�îAp��mR

4¥�Ǒ�Ü�­¡§÷v�§
(z1)2 + (z2)2 + (z3)2 + (z4)2 = L2, (16.6)

S3þ�Ý5Ò´ò(dz1)2+(dz2)2+(dz3)2+(dz4)2��3ùÜ�­¡þ"e¡é
n�©þÚ\¥�I§=-(z1)2 + (z2)2 + (z3)2 = L2r2, l

(dz1)2 + (dz2)2 + (dz3)2 = L2(dr2 + r2dΩ2), (16.7)Ù¥dΩ2 = dθ2 + sin2 θdφ2Ǒü�¥¡þ�áNÆ",	§�âS3��§(16.6), k(z4)2 = L2(1− r2), l
z4dz4 = −L2rdr, ?
=k

(dz4)2 =
(−L2rdr)2

(z4)2
=

(−L2rdr)2

L2(1− r2)
= L2 r2

1− r2
dr2. (16.8)ò(16.7)ª�(16.8)ª\å5§=�±òS3þ�Ý5ds2 = [(dz1)2 + (dz2)2 +

(dz3)2 + (dz4)2]|S3�¤
ds2S3 = L2(

1

1− r2
dr2 + r2dΩ2). (16.9)éuH3, �â1��Ù��£§·��±r§i\1+ 3�D�ÅdÄ��R

1,3, �ǑÙ¥�ÜV­¡§÷vXe�§
−(z0)2 + (z1)2 + (z2)2 + (z3)2 = −L2, (16.10)

H3þ�Ý5Ò´òR
1,3�Ý5−(dz0)2 + (dz1)2 + (dz2)2 + (dz3)2��3ùÜV­¡þ
��"aq�§é�n�©þÚ\¥�I§=-(z1)2 + (z2)2 +

(z3)2 = L2r2§Ïd�,Ǒk(16.7)ª",��¡§�â(16.10)ª§w,k(z0)2 = L2(1 + r2), l
z0dz0 = L2rdr, aq�§?
=k
−(dz0)2 = −L2 r2

1 + r2
dr2. (16.11)ò(16.11)ª�(16.7)ª\å5§=�±òH3þ�Ý5�¤

ds2H3 = L2(
1

1 + r2
dr2 + r2dΩ2). (16.12)
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3§ÏLÚ\¥�I§ÙÝ5w,�±�¤

ds2
R3 = L2(dr2 + r2dΩ2). (16.13)Ïd·��±òùn«�¹nÜ5/��

ds2Space = hijdx
idxj = L2(

1

1− kr2
dr2 + r2dΩ2), (16.14)ª¥hij�´�m�Ixi�¼ê§Ù¥éu�­Ç�S3, k = 1§éu²"�R

3, k = 0, éuK­Ç�H3, k = −1"nÜn«�¹§�m��¡­ÇK�±�¤
K =

k

L2
. (16.15)éuk = 1�/"d�§�r → 1�§Ý5(16.14)wå5´ÛÉ�"·��±½Â

r = sinχ, 0 ≤ χ ≤ π. (16.16)?
òÝ5(16.14)­�¤
ds2S3 = L2(dχ2 + sin2 χdΩ2). (16.17)éuk = 0�/"�±��-r = χ, ?
òÝ5(16.14)­�¤
ds2

R3 = L2(dχ2 + χ2dΩ2). (16.18)éuk = −1�/"·�-
r = sinhχ, (16.19)K�±òÝ5(16.14)­�¤

ds2H3 = L2(dχ2 + sinh2 χdΩ2). (16.20)~~Ǒòùn«�/Ú���
ds2Space = L2(dχ2 + S2

k(χ)dΩ
2), (16.21)
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Sk(χ) =





sinχ, k = 1,

χ, k = 0,

sinhχ, k = −1.

. (16.22)�,§du�»´3)ä�§Ù�m��3�N5/��m)ä§¤±(16.14)3�Ǒ�»��mAÛ�§��þ����müz� �Ïfa2(t)§Ù¥a(t)Ò´¤¢�ºÝÏf§§3�»�8U(=t0�Ǒ)�1§=a(t0) = 1"l
(16.5)¥��mÝ5gij7½�±�¤
gij(t, x) = a2(t)hij(x). (16.23)�â(16.5)ª§l
�±ò���»���Ý5�¤

ds2 = −dt2 + a2(t)L2(
1

1− kr2
dr2 + r2dΩ2)

= −dt2 + a2(t)L2[dχ2 + S2
k(χ)dΩ

2] (16.24)ùÒ´Í¶�6p�ù-VrA-ÛËÖ-»��Ý5§{¡FLRWÝ5"Ù¥§t�Ǒ�»�m�º�=´a(t)L,dua(t0) = 1, ¤±L=´�»38U�º�"MMMÇÇÇ½½½ÆÆÆdu�»�m�þ!��Ó5§¤±·��±�?¿���Ä*	öǑ¥%§-Ùχ = 0§K,��Ä*	ö����ÄålÒ´χ, éw,§
t�Ǒùüö�m��kåldP(t)K´

dP (t) = a(t)Lχ. (16.25)é²w§�X�»�)ä§ùü��Ä*	ö�m��kål3O\§�ó�§��*	ö3�éu,��*	öò1§ØJ��§ò1�Ýu(t) = ḋP (t)Ǒ
u(t) = ḋP (t) = ȧLχ =

ȧ

a
dP (t). (16.26)S.þ~~½Â

H(t) ≡ ȧ

a
, (16.27)
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u(t) = H(t)dP (t). (16.28)Ǒ=´`§�kål��K�éò1��ÝÒ��§ùÒ´MÇ½Æ"MÇ�´ÏL*	��?�(X3�l·�(ǑÒ´�éu·�ò1)§l
uy�»3)ä�"MÇëêH(t)�6u�»�mt, �t = t0�§ǑÒ´�»8U§�A�H(t0)~~P�H0, ¡�ǑMÇ~ê"lMÇ½Æ(16.28)��§��dPv
�§Kò1�Ýu(t)��k�U�L1�1"�ù´Ø´��
�éØ�Ä��nQº¿�Xd§ÏǑ�éØ�n`�Ù¢´§?Ûâf�­.�ÑAT´a�½öa1­�§ØUa�"ùé{�«`{Ù¢AT´§?Ûâf�éu�/*	ö��ÇÑAT�u�u1�1"5¿§ùp�'�´§ù��Ý´�éu�/*	ö
ó�"
��(X�ò1�Ý¿Ø´�é(X�/�*	ö�§
´�éu���·�
ó�§�ù�,´�±�L1�§¿Ø���éØ�n"'uMÇ~êH0�ÿþ�§8
ØÓ�ÿþ�{¬��Ø���ÿþ(J(Ì�´ÏLé�Ï�»�*ÿ(XÏLéIa.�#(�*ÿ)�Ñ5�(J§��»�Å�µ(CMB)êâé�»ÆIO�.��Û[Ü�Ñ5�(JØ��)§Ǒ�oØ��8U<��vt�Ù§k�ÿ<�Ǒ¡�ǑMÇ~ê�Å";.�ÿþ�´367 ∼ 74(km/s)/Mpc�m"Mpc=´z���å§ù´U©ÿþ¥~^�ålü §1Mpc��Ǒ330�1
"XJ�H0 = 73(km/s)/Mpc, �ùÒL«�å330�1
�ü�(X§3±��z�73úp��Ý*d�l"ù��Ý´/¥�7��ú=�Ý�ü�õ"

16.2.2 éäÚ­Ç
FLRWÝ5¥�kºÝÏfa(t)��m�üzI��)§a(t)´dOÏd"|�§û½�§Ǒ
A^|�§§·�qI�kO�Ñ�FLRWÝ5éA�éäXê±9pÛ­Ç"e¡Ò´äNO�L§"Ǒ
O�ÑéäXê§·�éXe­.��^þ(λǑ­.�ëê)?1C©

S =
1

2

∫
dλ

[
−

( dt
dλ

)2
+ a2(t)hij

dxi

dλ

dxj

dλ

]
. (16.29)
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δS =

∫
dλ

[ d2t
dλ2

+ aȧhij
dxi

dλ

dxj

dλ

]
δt + ... (16.30)ª¥ȧ = da

dt
, dù�C©(J=k�§

d2t

dλ2
+ aȧhij

dxi

dλ

dxj

dλ
= 0, (16.31)?
=�±ÖÑXe�"�éäXê

Γ0
ij = aȧhij . (16.32)aq�§éxk�C©ò�ÑXe�§

d2xk

dλ2
+ 2

ȧ

a

dt

dλ

dxk

dλ
+

1

2
hkl{∂ihlj + ∂jhli − ∂lhij}

dxi

dλ

dxj

dλ
= 0. (16.33)ª¥Ý
hijǑÝ
hij�_"?
q�±ÖÑXe�"éäXê

Γi
0j =

ȧ

a
δij, Γk

ij =
1

2
hkl{∂ihlj + ∂jhli − ∂lhij}. (16.34)Ù{éäXêþǑ""éw,§Ù¥Γk

ij Ò´Uì�mÝ5hij(x)�Ñ5�IOéäXê"AO�§éu�Ä*	ö§Ù�Ä�Ýdxi

dλ
≡ 0, dd2���g§�,Ǒkd2xi

dλ2 ≡ 0, l
gÄ÷vÿ/��§(16.33), 
�ù�ÿÿ/��§(16.31) {z¤
 d2t
dλ2 = 0, dut´�Ä*	ö��k�§
�âÿ/��§�½Â§λ�g,À�Ǒ´�Ä*	ö��k�§=�λ = t§¤±ÿ/��§(16.31)Ǒ´gÄ÷v�"dd��§3FLRW��¥§�Ä*	ör�Ò´ÿ/�"k
éäXê±�§·�Ò�±?�ÚO�iù­ÇÜþ§�,§du·���ª8�´A^OÏd"|�§§¤±¢Sþ�IO�pÛ­ÇÜþ"�âiù­ÇÜþ�O�úª§k

Rµν = Rρ
µρν = ∂ρΓ

ρ
νµ − ∂νΓ

ρ
ρµ + Γρ

ρσΓ
σ
νµ − Γρ

νσΓ
σ
ρµ. (16.35)�\þ¡�Ñ�éäXê§á=k

R0i = 0. (16.36)
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R00 = −∂tΓ

i
0i − Γi

0jΓ
j
0i = −3

ä

a
. (16.37)±9

Rij = ∂tΓ
0
ji + Γk

k0Γ
0
ji − Γ0

jkΓ
k
0i − Γk

j0Γ
0
ki + R̃ij , (16.38)ª¥R̃ijǑUì�mÝ5hij(x)�Ñ5�pÛÜþ§§deª�Ñ

R̃ij = ∂kΓ
k
ji − ∂jΓ

k
ki + Γl

lkΓ
k
ji − Γl

jkΓ
k
li. (16.39)du�mÝ5hij£ã�´����é¡�m§Ù�¡­ÇǑK = k/L2, �â1��Ù��£��§hij(x)�Ñ�iù­ÇÜþǑ

R̃lkij = K(hlihkj − hljhki) ⇒ R̃ij = 2Khij. (16.40)òù�(J�\(16.38)ª§Ó��\Γ0
ijÚΓi

0j�(J§=�±��
Rij =

[ ä
a
+ 2

( ȧ
a

)2
+ 2

K

a2
]
gij , (16.41)ª¥gij = a2(t)hij"�â±þ(J§ØJ��pÛIþǑ

R = 6
[ ä
a
+
( ȧ
a

)2
+

K

a2
]
. (16.42)?
=U��OÏd"ÜþGµν��"©þXe

G00 = 3
[( ȧ
a

)2
+

K

a2
]
, Gij = −

[
2
ä

a
+
( ȧ
a

)2
+

K

a2
]
gij . (16.43)

16.2.3 6p�ù�§3�ºÝþ�»�Ô�SN�±w¤´n�6N§ÙUþÄþÜþǑ1�oÙ¥Ú\�
T µν = (ρ+ p)uµuν + pgµν . (16.44)du(X��Ä�Ý�éu�»)ä�Ý5`Ñé�§¤±·��±b½§3�Ä*	öw5§�»Ô��ùn�6N´Û�·��§Ǒ=´`§



1�8Ù 4{�»Æ 203FLRW�I¥§ù6N�ÆC�Ýuµ = (1, 0, 0, 0)"l
T 00 = ρ, T 0i = 0,

T ij = gijp, �ó�§
T µ

ν = diag(−ρ, p, p, p). (16.45)�»�m�þ!5¿�XρÚpþ��6u�mt"UÄþÜþ�Åð�§DµT
µν = 0¢Sþ�N
6N3��¥�üz§Ù¥DµT

µ
i = 0¬�ÑÔ�|©÷v�ÿ/��§§ǑÒ´�Ä*	ö�ÿ/��§§�X
¡`L�§ù´gÄ÷v�"
UþÅð�§DµT

µ
0 = 0ò�Ñ

0 = ∂µT
µ
0 + Γµ

µνT
ν
0 − Γρ

µ0T
µ
ρ

= −ρ̇+ Γi
i0T

0
0 − Γi

j0T
j
i

= −ρ̇− 3
ȧ

a
(ρ+ p). (16.46)ù�UþÅð�§k���*)º§Ǒd·�r§U�¤

d(ρa3) = −pd(a3), (16.47)�Ä����m«��NÈ�'ua3(t), ¤±ù��§�¿gÒ´§,�m«�)ä�	��õ�u«�SÔ�oUþ�~�",��¡§�âOÏd"|�§§·�k
G00 = 8πGT00,⇒ 3

[( ȧ
a

)2
+

K

a2
]
= 8πGρ. (16.48)­#�n�e§=�±�¤

( ȧ
a

)2
=

8πG

3
ρ− K

a2
. (16.49)ùÒ´Í¶�6p�ù�§§§w�·��»´XÛ)ä�"OÏd"|�§��m©þGij = 8πGTijò�Ñ

−2
[ ä
a
+
( ȧ
a

)2
+

K

a2
]
= 8πGp

⇒ ä

a
= −4πG

3
(ρ+ 3p). (16.50)�´ùØ´��Õá��§§ÏǑ\�±ÏLò6p�ù�§é�m��§,��\UþÅð�§(16.46)5��§§Ǒ,<�k�ÿǑ¡ù��§Ǒ1�6p�ù�§"o�§�£ã�»�üz§·�I�ü��pÕá�Ä��§§©O´UþÅð�§(16.46),±96p�ù�§(16.49)"
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16.2.4 �»Æù£
¡`L§MÇ*ÿ��?�(X3�l·�(ò1)§l
��
�»3)ä"�´§�?(X�ò1�Ý´XÛ*ÿ�Qº�,§´ÏLuy�?(Xu�·��1&Òkù£§XJù(Xl·��ålØ´Lu��§l
ò1�ÝØ��{§�oùù£�±)ºǑõÊVù£"�´§��5`§�»Æù£ÚõÊVù£¿Ø´�£¯"Ǒ
ù�Ù��(X1&Ò��»Æù£§Ø�b�·��*	ö u�Ä�I��:χ = 0, ���(X u�Ä�IχA§b�1&Ò÷X»�lχADÂ��:?�*	ö"du1&Òr�´a1ÿ/�§÷vds2 = 0§?
�âFLRWÝ5§·�k
−dt2 + a2(t)L2dχ2 = 0 ⇔ dt

a(t)
= −Ldχ, (16.51)ª¥5¿�
÷X1´»χ3~�"b�1&Ò´t1�ǑuÑ�§t2�Ǒ��Â�§KòþªÈ©§=k

∫ t2

t1

dt

a(t)
= L

∫ χA

0

dχ = LχA. (16.52)²L��±Ï±�§&ÒuÑ��ǑC¤
t1+δt1,�Â�ǑC¤
t2+δt2,Ù¥δt1 Ò´1uÑ���m±Ï§δt2K´1��Â���m±Ï"éw,§�,k
∫ t2+δt2

t1+δt1

dt

a(t)
= LχA. (16.53)ò(16.53)ª~�(16.52)ª§¿�Ä��m±Ïδt1Úδt2þé�§l
=k

δt2
a(t2)

− δt1
a(t1)

= 0. (16.54)b�1uÑ��Å�Ǒλ1§Kéw,λ1 = δt1, Ó�§1��Â���Å�λ2 = δt2, K�âþ¡�ªf·�k
λ2

λ1
=

δt2
δt1

=
a(t2)

a(t1)
, (16.55)w,§Å�C
§ǑÒ´u)
ù£§ùÒ´�»Æù£"3¢SA^¥§�Â1&Ò��,Ò´·�§·�´38U(=t0�Ǒ)�Â�1&Ò�§
1&ÒuÑ��Ǒ´L��,�t�Ǒ§uÑ��



1�8Ù 4{�»Æ 22Å��±PǑλ§�Â��Å�PǑλ0, K�±ÏLeª½Â1&Ò��»Æù£z

1 + z ≡ λ0

λ
=

a(t0)

a(t)
=

1

a(t)
, (16.56)ª¥�����uÒ|^
a(t0) = 1"ù�ªfw�·�§��·�*ÿ���(X1&Ò�ù£þz > 0§�Ò`²L��a(t) < 1§l
`²�»´3)ä�AO�§�»m©u��¿Û:§=a(0) = 0, ùéAuz = ∞�ù£"
�»8UéAa(t0) = 1, ù�Auz = 0"Ø=Xd§(X/¤±���»�Auz < 10, 
1føÍ/¤�»�Å�µË���Ǒ�Auz ≃ 1000"k
�»Æù£�Vg±�§Ò�±?ØMÇXÛÏLU©*ÿuyMÇ½Æ�
"¢Sþ§MÇ´é��(X?1*ÿ§
�ù���(XØ´��(�'u�»���)§Ïd1fl§uÑ��mt�±�¤t = t0−δt, t0Ò´·��Â�1f��m§ǑÒ´�»�8U§du�*ÿ�(Xl·�Ø´��§¤±§uÑ1f��ǑǑØ¬'t0�éõ§Ïdδt ≪ t0"dd=�±éºÝÏf?1�m

a(t) = a(t0 − δt)

= a(t0)− δtȧ(t0) +
1

2
(δt)2ä(t0) + ...

= a(t0)[1− δtH(t0)−
1

2
(δt)2q(t0)H

2(t0) + ...], (16.57)�,ª¥�a(t0)Ù¢Ò´1§
q(t)´¤¢�~�ëê§Ù½Â´
q(t) = − ä(t)a(t)

ȧ2(t)
. (16.58)Ǒ=´`§XJq(t) > 0§�Ò`²�»3~�)ä§��§XJq(t) < 0§��»Ò3\�)ä"S.þ~~Pa0 = a(t0) = 1, H(t0) = H0§q(t0) =

q0, Ù¥q0Ò´�»�
�~�ëê"|^H0, q0, Ò�±r��(X�ù£ÏfL«Ǒ
z =

a(t0)

a(t)
− 1 =

[
1− δtH(t0)−

1

2
(δt)2q(t0)H

2(t0) + ...
]−1 − 1

= δtH0 + (δt)2
(
1 +

1

2
q0
)
H2

0 + ... (16.59)



1�8Ù 4{�»Æ 23duδtǑ���þ§¤±ù£zǑǑ���þ§z ≪ 1, ?
=k
δt =

1

H0

[
z −

(
1 +

1

2
q0
)
z2 + ...

]
, (16.60)5¿§ù�ªf��6u�
�ëêH0Úq0§��»�üz{¤�'",��¡§�â(16.52)ª§�±��ù�(Xl·���ÄåldP =

a0LχAǑ
dP = a0LχA = a0

∫ t0

t

dt

a(t)
=

∫ t0

t

dt
[
1− (t0 − t)H0 + ...

]−1

=
[
δt+

1

2
(δt)2H0 + ...

]
. (16.61)�\δt�L�ª(16.60), =k

dP =
1

H0

[
z − 1

2

(
1 + q0

)
z2 + ...

]
. (16.62)AO�§éuØ���(X§z ≪ 1§¤±�Ǒ��Cq§=k

z = H0dP . (16.63)éuù«Ø���(X§·��±òÙù£w�´õÊVù£§l
��Ùò1�Ýu = z, ?
(16.63)ª�Ñ�Ò´MÇ½Æ"�´§XJ·��3�ålù£'X(16.62)���Cq§·�Ò¬uy§Ú�»~�ëêq0k'§�½��(X�ù£þz§XJ�»3~�)äq0 > 0, K�éuq0 = 0��/§��(X�ålÒ¬ �§��§XJ�»3\�)ä§q0 < 0, K��(X�ålÒ¬ �"1998
§
PerlmutterìèÚRiess�Schimdtìè*ÿ
ù£��30.5�m�Ia.�#((�«�Ý�~­½§�±^�/IOÇ10�UN)§uyù
�#('ýÏ�V§¿�X§�l·��ål �§?
íäÑ�»3\�)ä"äN5`§Ò´ÏL[Üù
�(X�ålù£'X(î�5`§[Ü�´1ÝålÚù£�'X§��þ¡��ÄålÙ¢���')§?
íäÑq0 < 0"���/§duMÇëêH(t)´�m�¼ê§
ÏLºÝÏf��m�'Xa(t)q�±r�mw¤´ù£�¼ê§ÏdMÇëê���±w�´ù£�¼ê§P�H(z)"?
k

dz = d(1 + z) = d
(a0
a

)
= −a0

a

ȧ

a
dt

= −(1 + z)H(z)dt. (16.64)
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t0 − t =

∫ t0

t

dt =

∫ z

0

dz′

(1 + z′)H(z′)
. (16.65)AO�§XJ�t = 0, �Az = ∞§Kk�»
#�O�úª

t0 =

∫
∞

0

dz

(1 + z)H(z)
. (16.66)aq�§Ǒk°(�ål-ù£'X

dP = a0

∫ t0

t

dt

a(t)
=

∫ z

0

dz′

H(z′)
. (16.67)éw,§�Ø´Ǒ
O�Ñ�»
#Ǒ�§�´Ǒ
��°(�ål-ù£'XǑ�§·�ÑI�k��H(z)�L�ª§ǑdÒI��Ïu6p�ù�§§e��!·�25?Øù�¯K"

16.2.5 �»Æëê9Ù(½ÔÔÔ���!!!ËËË���±±±999���»»»ÆÆÆ~~~êêê�»�ØÓÔ�|©kØÓ�Ô��§§Ï~�±ǑxǑ
p = wρ. (16.68)Ù¥w´����m�'�~ê§¡�ǑÔ�ëê"XJ��Ô�SN÷vÌUþ^�§�o|w| ≤ 1"��5`§ù
Ô�|©�±©¤Xenaµ

1. w = 0, =p = 0, ù´�
��éØ5�Ô�§=¤¢��DÔ�§�©Ǒ{¡ǑÔÔÔ���(Ú
©�Ô�Vgk¤ØÓ)"'X¤k(X�¤�n�6NÒ�±w¤´ù��Ô�§��(XÒ´ù�D¥���/�â0"2.

w = 1/3, �â1�oÙ��£§ù«Ô�|©´4à�éØ5�§�©{¡ǑËËË���"'X¿÷�»�m��Å�µË�"3. w = −1, =p = −ρ, '�`�»Æ~ê(�â1�oÙ��£)"òÔ��§(16.68)�\UþÅð�§(16.46)§=�±��ρ̇/ρ = −3(1+

w)ȧ/a, È©=�±��
ρ ∝ a−3(1+w). (16.69)
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ρM ∝ a−3, (16.70)du�m«��NÈ∝ a3§¤±éw,§éuÔ�§�X�»�)ä§���m«�S�oUþ�±Ǒ~ê"�´§éuË�
ρR ∝ a−4, (16.71)éw,§�X�»�)ä(=a�O\)§Ë��Uþ�ÝP~��¯§±�u���m«�S�Ë�oUþØ�U�±Ǒ~ê"ù´ÏǑ�X�»�)ä§1f�Å�Ǒ)ä
§l
1f�ªÇÒü$
§ǑÒ´¤¢�ù£
"
éu�»Æ~êΛ§duw = −1§¤±éw,§
ρΛ ∝ a0, (16.72)�,§ù´·��Ò���§�»Æ~ê�Uþ�Ý´��~ê§Ø��»)ä
P~"l±þ©Û��§�X�»�)ä§Ë��Uþ�ÝP~��¯§Ô�g�§
�»Æ~ê(ý�U)�Uþ�ÝK´ØC�"�8�U©Æ*ÿuy§�»¥���Ô��Ó4%, 
VUþ(�±^�»Æ~ê5�L)K�Ó68%"dd�±��§34�Ï�»¥Ô�ÚË��UþATÓâý�Ü©�'~§
VUþ�'­K��Ù�§�´�X�»�)ä§�ª%´VUþ��
Ì�/ "?�ÚíØ§XJ�»UY)äe�§VUþ�'­ò�5��§Ù§Ô�¤©ò�±��Ñ§l
�»ò?\��ì?�ÜA��"�´§duË��X�»)äP~��¯§¤±�í£�§����ÿ§�»7½´d4à�éØ5�Ë�Ì��§,�LÞ�Ô�Ì�§���U2LÞ�VUþÌ�"Ô�ÚË�����Ǒ��éAuù£z ≃ 104"3Ë�Ì���Ï§ρ ∼ a−4, �\6p�ù�§(16.49)§dud�aé�§
�m­ÇU− k

a2L2 ∼ a−2§Ïd�'uË�U�±�Ñ§?
�ò6p�ù�§(16.49)CqǑ
( ȧ
a

)2 ∼ a−4 ⇒ ȧ ∼ a−1, (16.73)È©=�±��
a(t) ∼ t1/2. (16.74)



1�8Ù 4{�»Æ 26AO�§t = 0�§a(0) = 0§�A��m­Ç(∼ a−2)=Ǒ�¡�§Ô��Uþ�ÝǑǑ�¡�"ù`²t = 0�§��´Û5�§ùÒ´¤¢���¿Û:"3Ô�Ì���Ï§ρ ∼ a−3, �\6p�ù�§(16.49)¿�Ñ�m­ÇU§=k
( ȧ
a

)2 ∼ a−3 ⇒ ȧ ∼ a−1/2, (16.75)È©=�±��
a(t) ∼ t2/3. (16.76)ØJwÑ§�Ø´Ë�Ì���Ï�´Ô�Ì���Ï§Ǒ,�»Ñ3)ä§�´þk

ä < 0, (16.77)Ïd�»´~�)ä�"�´3�»Æ~êÌ���Ï§ρ = Λ
8πG

, �\6p�ù�§(16.49)¿�Ñ�m­ÇU§=k
( ȧ
a

)2
=

Λ

3
, (16.78)È©=�

a(t) ∼ e
√

Λ

3
t. (16.79)éw,ù��»Ø=\�)ä§
�´�ê)ä"¢Sþ§�´ÏǑ*ÿ��
�»3\�)ä§<�âíäÑVUþ�3¿?�ÚíäÑÙ3�
�Ó68%�§�uù��XÛ�±íäÑ5·��©2?Ø"|^a−1 = 1 + z§·�Ǒ�±òþã�|©Uþ�Ýéa�'Xª­#L«¤

ρM = ρM,0(1 + z)3, ρR = ρR,0(1 + z)4, ρΛ = ρΛ,0, (16.80)ª¥ρM,0, ρR,0, ρΛ,0©OL«�8�Ô�Uþ�Ý!�8�Ë�Uþ�Ý!±9�8��»Æ~êUþ�Ý"l
�»S¹Ô�oUþ�Ýρ =

ρR + ρM + ρΛ�±L«¤
ρ = ρR,0(1 + z)4 + ρM,0(1 + z)3 + ρΛ,0. (16.81)



1�8Ù 4{�»Æ 27���»»»ÆÆÆëëëêêêe¡·�r6p�ù�§(16.49)�¤Xe/ª
H2 =

8πG

3
ρ−K(1 + z)2. (16.82)S.þ~~½Â�.�Ýρc,0Xe

ρc,0 ≡
3H2

0

8πG
≈ 9.2× 10−27kg ·m−3, (16.83)ê�þÒ´��zá��5.5��f"?
=�±r6p�ù�§?�ÚU�¤

H2 = H2
0

[ ρ

ρc,0
− K

H2
0

(1 + z)2
]

(16.84)ò
¡�(16.81)�\ù�ªf,=k
H2 = H2

0

[
ΩR(1 + z)4 + ΩM (1 + z)3 + ΩΛ + Ωk(1 + z)2

]
. (16.85)ª¥

ΩR ≡ ρR,0

ρc,0
, ΩM ≡ ρM,0

ρc,0
, ΩΛ ≡ ρΛ,0

ρc,0
, Ωk ≡ − K

H2
0

. (16.86)

(16.85)ª�´·����é�H(z)�L�ª"AO�§3(16.85)¥�z =

0(8U)§Kk
ΩR + ΩM + ΩΛ + Ωk = 1. (16.87)¤±§ëêΩR,ΩM ,ΩΛ,Ωk�±)º¤8U�»�|©Uþ�Ý¤Ó�z©'§¡��»��Ýëê"AO�§Ωk´�m­Ç¤Ó�z©'"ØL��5¿�´§Ωk�±�Kê§��m­ÇǑ��§ΩkÒ´Kê"éw,§Ωk´�´K���ûuΩR +ΩM +ΩΛ´�u1�´�u1§ǑÒ´�ûuρ0 = ρR,0 + ρM,0 + ρΛ,0´�uρc,0�´�uρc,0"XJρ0 > ρc,0,KΩk < 0, �m­ÇǑ�§�»Ǒ4�»"XJρ0 = ρc,0, KΩk = 0, �m­ÇǑ"§�»Ǒ²"�»"XJρ0 < ρc,0, KΩk > 0, �m­ÇǑK§�»Ǒm�»"é�»�Å�µÆõÇÌ1�(Æ¸ �(�ë�©z)�[Üw�·�Ωk�~�Cu0§=Ωk ≈ 0§�»�~�Cu²"�"
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H0, ΩR, ΩM , ΩΛ. (16.88)*ÿ�»Æ���­�8IÒ´(½ùo�ëê��§��5`§ù´���~E,�¯�§�(Üõ«ØÓ�*ÿ(J"H0�*ÿ(J
¡®²`L
§�en��Ýëê�*ÿ(J��Ǒ

ΩR ≈ 5× 10−5, ΩM ≈ 0.3, ΩΛ ≈ 0.7, (16.89)ùǑÒ´
¡¤`�VUþ�Ó68%�5
§�*ÿXÛ�±½Ñù�(JQº�Ä�Ë��z©'é$§�±�Ñ§�*ÿ´XÛ½ÑΩM ≈ 0.3,

ΩΛ ≈ 0.7�Qºù�¯K·���2?Ø"Ø=Xd§�
�~�ëêq0Ǒ�±^ù
�ÝëêL�Ñ5"Ǒd·�kr1�6p�ù�§(16.50)�¤Xe/ª
aä

ȧ2
= −4πG

3H2
(ρ+ 3p) = −4πG

3H2
(2ρR + ρM − 2ρΛ), (16.90)ª¥�����uÒ·��\
�|©�Ô��§"?
�â~�ëê�½Â§=k

q0 =
1

2
ΩM + ΩR − ΩΛ. (16.91)éw,§XJ�»¥vkVUþ(�»Æ~ê)§=ΩΛ = 0, K7½kq0 > 0§l
�»7½~�)ä"Ïd*ÿ��»\�)ä§Ò¿�X�»Æ~ê7½�u"§½ö`7½k�u"�VUþ�3"¢Sþ§dq0 < 0§Ò7½kΩΛ > 1

2
ΩM",��¡§|^(16.85)ª�Ñ�H(z)L�ª§�\�»
#�O�úª(16.66), =k

t0 =
1

H0

∫
∞

0

dz

(1 + z)E(z)
, (16.92)ª¥

E(z) ≡
√
ΩR(1 + z)4 + ΩM(1 + z)3 + Ωk(1 + z)2 + ΩΛ. (16.93)�\þ¡�Ñ���»Æëê�(Ù¥Ωk = 0)¿?1ê�È©§Ò�±���»
#t0 ≈ 138·
, ~~ǑP�t0 ≈ 13.8Gyr, Gyr=´Gigayear� �§1Gyr=�·
"oÑ5`§Ǒkt0 ≈ 1/H0"



1�8Ù 4{�»Æ 29Ó��§bXrH(z)�L�ª�\ål-ù£'X�O�úª(16.67),=k
dP (z) =

1

H0

∫ z

0

dz′

E(z′)
. (16.94)AO�§XJ¤�	�ù£Ø��§'Xz < 6(Ï~*ÿ�Ia.�#(Ñ?uù�ù£��)§�5¿�ΩRÚΩkÑé�Cu"§?
=�±3þãÈ©¥�ÑE(z)¥�ΩRÚΩk�'�§?
��

dP (z) =
1

H0

∫ z

0

dz′√
ΩM (1 + z′)3 + ΩΛ

, z < 6. (16.95)±þ(Jw�
·���XÛÏL[ÜIa.�#(�ål-ù£'X§?
(½ΩΛ ≈ 0.7��{"Ǒd�I�5¿�§duΩRÚΩk�'�±�Ñ§¤±(16.87)ª�±CqǑ
ΩM + ΩΛ = 1. (16.96)�\þ¡�(16.95)ª§=�±��

dP (z) =
1

H0

∫ z

0

dz′√
(1− ΩΛ)(1 + z′)3 + ΩΛ

, z < 6. (16.97)Ǒ=´`§Ia.�#(�ålù£'X�ûuΩΛ��§Ïd�I�é§��ål-ù£'X?1[Ü§ÒU
½ÑΩΛ��, Xã(16.2)"ùÒ´(½ΩΛ*ÿ��­��{��"���»»»···$$$�,§XJ´�ýó�»��5§�ù£ù�VgÒØ�^
§ù�ÿ·��±r�§(16.85)¡E¤
H2 = H2

0

[
ΩRa

−4 + ΩMa−3 + ΩΛ + Ωka
−2
]
. (16.98)|^MÇëêH�½Â§w,Ǒk

1

2
ȧ2 − 1

2
H2

0

[
ΩRa

−2 + ΩMa−1 + ΩΛa
2 + Ωk

]
= 0. (16.99)�±rù��§w�´��÷Xa¶$Ä���âf�Å�UÅð�§§ù�âf��þǑ1, ³UǑV (a) = −1

2
H2

0

[
ΩRa

−2 + ΩMa−1 + ΩΛa
2 + Ωk

]
, oÅ�UǑ""
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ã 16.2: Ia.�#(�ålù£'X(�,î�5`ùp�ål´1Ýål§�§Ù¢���±d�ÄåldPû½)�VUþ�uy"XJ·�b��»´²"�§�o�#(w,'3=dÔ��¤��»ΩM = 1¥ýÿ��V�£½��¤"(SDSS = Sloan Digital Sky Survey; SNLS = SuperNova

Legacy Survey; HST = Hubble Space Telescope.)ÏL©Ûù���âf3³U­�V (a)¥�$Ä§·�ÒUt²x�»�5�·$(�
ù�âf ua0 = 1?§�Ýȧ > 0)§´UY)äe�§�´�V (a)�³^Ü©	4§,�NÞm©Â (3Ônþ=´duÔ��m��kÚå(ǑáÚå)Óâ
Ì�/ §���»3,��Ǒm©Â )"duù«©ÛØLÒ´��Ñ�E,
�åÆSK§¤±·�3�Öög1�¤"
16.2.6 �»ÆÀ.�»ÆÀ.£Cosmological Horizon¤´y��»Æ¥���­�Vg§§£ã
·�3�»¥U
*ÿ����ål"du�»�)äÚ1����§·��{*ÿ������»§Ïd�»ÆÀ.½Â
�*ÿ�»�>."À.��3´ÏǑ�»�)ä�Ý�U�L1�§Ïd,
«��1�U[��{��·�"Ǒ
ù�ÙÀ.�Vg§4·��Ä�� uχ = 0?��Ä*	ö§1&Ò3tE�Ǒl�?�χA?uxL5§3tR�Ǒ�ù�*	ö�Â�§
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¡�(16.52)ª§7½k
∫ tR

tE

dt

a(t)
= LχA. (16.100)�,§ù�ªfǑ�±)º¤§χ = 0?�ù��Ä*	ö3tE�Ǒ��?�χA �ux1&Ò§tR�Ǒù�1&Ò��χA"âââfffÀÀÀ...¤¢�âfÀ.§��Ò´χ = 0 ��ù��Ä*	ö3t�ǑU
w����ål§éw,ù���ål?�1�½´3�»�)���t = 0�ǑuÑ�§Ïd�â(16.100)ª§ù���ål�χA�Ǒ

∫ t

0

dt′

a(t′)
= LχA. (16.101)duù´�Ä*	öt�Ǒ*ÿ��§¤±éA��kålÒAT´dph(t) =

a(t)LχA§�âþªùǑÒ´
dph(t) = a(t)

∫ t

0

dt′

a(t′)
. (16.102)

dph(t)Ò´χ = 0?�ù��Ä*	ö3t�Ǒ�âfÀ.��,§dut → 0�§a(t) → 0, ¤±þ¡ù�È©3e�?��z�UuÑ§XJ´ù«�¹§�âfÀ.Ò´�¡�§ÄKâfÀ.Ò´k��"'�`§Uì
¡�IO�»Æ�.§��Ï��»´Ë�Ì��§Ïd´�~�)ä§��a(t) ∝ t1/2§�\(16.102)ªØJuy§È©e�?��z´k��"?�Ú§�â
¡�(16.67)ª§���
�âfÀ.���Ǒ
dph(t0) = a0

∫ t0

0

dt

a(t)
=

∫
∞

0

dz

H(z)
=

1

H0

∫
∞

0

dz

E(z)
(16.103)�\E(z)�L�ª§�KþÒU�Ñù�(J",	§òdph(t)é�m��§ØJ�ÑXe(J

ḋph(t) = H(t)dph(t) + 1, (16.104)Ǒ=´`§�X�»�)ä(H(t) > 0), âfÀ.���Ǒ´3)ä�§
�)ä��Ý÷v,«MÇ½Æ"



1�8Ù 4{�»Æ 32âfÀ.�¿ÂØ=´`²�*ÿ��"5¿1�´��&Ò�Ý�þ�§�ü�:��mål�LÀ.��§§��mÒ�{^&ÒïáéX§Ïd§ùü�:þ�Ôn�¹´Ø�UkÏJ'X�"lù�¿Âþù§t�ǑâfÀ.���Ǒ�N
d��UkÏJéX�«����"âfÀ.������JÒ´�»Æ�.¥�À.¯K"{
ó�§·�*ÿ�=�éu©��~m�«�§§���»�Å�µË�§ÝǑ´pÝ���",
3
¡�IO�»Æ�.¥§ù�ü�©�ém�:31føÍ/¤�Å�µ��ÿ§��m�ål�±�L���âfÀ.��§Ïd��ÿùü�:�mÒØ�UkÏJéX"
ùü:�9²ïǑØ�U´d�3�»UY)ä�8U�L§¥/¤�§ÏǑd�1f®²øÍC¤vk�p�^�gd1f
"�Ǒ�où��ü�:k�Ó�§ÝQº̄̄̄���ÀÀÀ...Ǒ,âfÀ.¬�X�»�)ä
)ä§�ù¿Ø¿�Xχ = 0?�ù��Ä*	ö3�5�±w�t�Ǒ�?Û¯�§¢Sþ§=�ù�*ÿö�����¡��5§t�Ǒ��»Ǒo�3�
�*ÿØ��«�"¢Sþ§�â(16.100)ª§ù��Ä*	ö3�¡�ò5U
*	�����IχAǑ
∫

∞

t

dt′

a(t′)
= LχA. (16.105)

(�,§ù�χA�IǑ�±)º¤§t�Ǒχ = 0?�*	ö��?ux1&Ò§ù1&Ò3�¡��5U
�����χ�")duχA´�»3t�Ǒ��I§¤±�A�kåldeh(t)�,Ò´deh(t) =

a(t)LχA, �âþ��ªf§ùǑÒ´
deh(t) = a(t)

∫
∞

t

dt′

a(t′)
. (16.106)éw,deh(t)Ò´�Ä*	ö3�¡�ò5Uw���»3t�Ǒ����»§¡�ù��Ä*	ö�¯�À."ØJ�Ñ§¯�À.÷v

ḋeh(t) = H(t)deh(t)− 1. (16.107)



1�8Ù 4{�»Æ 33ùǑÒ´`§XJ,��Ǒ�¯�À.deh(t) < 1/H§K�X�m�í£§§´3 ��"MMMÇÇÇÀÀÀ...Ø
±þü«~^�»ÆÀ.±	§�k�«À.Ǒé~^§=¤¢�MÇÀ.dH§Ù½ÂÒ´ò1�Ý�u1����ål"äN5`§�âMÇ½Æ(16.28)§�?(X�éuχ = 0?�Ä*	ö�ò1�ÝǑu(t) = H(t)dP (t), dP (t)Ǒ�?(Xl�Ä*	ö��kål§¤¢�MÇÀ.dH§Ò´��u(t) = 1���åldP(t)§�ó�§
dH =

1

H
. (16.108)�,du·��
1�c = 1�ü �§XJ¡E¤~^ü ��{AT´dH = c/H"~~ǑrMÇÀ.¡�MÇ�»"

16.3 VÔ��VUþVVVÔÔÔ���·�5�	�e�
�»Ô��¤©§=ρM,0�¤©"6�b½§Ì�d(X|¤"ddÒ�±ÏLU©*ÿêâéρM,0?1��Õá��O§XJdd�Ñ5�ΩM�(�Ǒ
©(½�0.3§�Ò`²ù�b�Ä�´¤á�"��8�»(X�ê�ÝǑn, z�(X�²þ�þǑM, KρM,0 =

nM"��»�m¥ü NÈ�1Ý(ǑÒ´1Ý�Ý)ǑL, 8
§®²k'����*ÿ�
"2�z�(X�²þ1ÝǑL, KL = nL, ?
=k
ρM,0 = LM

L
, (16.109)ª¥M/L��(X�²þ�1'"éw,§Ǒ
�OρM,0, ·��I�OM/L"¢S�ÿþ�,´éäN(X?1�§����´T(X��1'M/L, éw,§�k�ù�(Xäk����L5�Ù�1'â�±�ǑM/L��O�"�3Ǒ,ØÓ(X��þ�Oé�§�±��A�êþ



1�8Ù 4{�»Æ 34?§�´(X�1'��O%��éõ"ÏdÏ~(X�1'��Ñ�±�ǑM/L��O�"�ÿ(X��1'§'�´ÿÑ(X�o�þ"e¡0�ÿþ/µ(X(XÕàX)�þ�ÄåÆ�{"3/µ(X¥§ð(Ø�5$Ä	Ì�Ò´±(X�ÚåǑ�%å7(X¥%^="Ǒ{z?Ø§�±r/µ(Xw¤����"KdÚîÚånØ��§ål(X¥%r?�ð(�^=�Ýv(r)deªû½
v2(r) = G

M(r)

r
, (16.110)Ù¥M(r)´(X3�»r�S��þ"¼êv(r)�­�Ò¡�Ǒ(X�^=­�"U©Æ[rNõ(X�^=­�ÑÿÑ5
"b�R0�L(X1Ý��?��»§KM(R0)Ò´(XSu1Ô��o�þ"XJ(X3r > R0�	vk�þ§Kd(16.110)ª��§3r >

R0?v(r)­�ATUìr−1/2�5Æeü§Xã(16.3)¥�­�A(J�)",
¢ÿ�(X^=­�¿�Xd§
´kl(X¥%Í,,å§,�CqY²/ò�§���ÑR0±	é�±�u�{ÿþǑ�§Xã(16.3)¥�­�B" ùÒL²§/µ(X3u1Ü©�	k���»'R0��õ�V

ã 16.3: (X^=­�«¿ã"Ù¥BǑ¢ÿ�­�§AǑ·�ýÏ�­�"'§dVÔ�|¤§Ù�þ�Ǒu1Ü©�3− 10�"Ø/µ(X�	�kÙ�(X§~Xý�(X§kyâL²ý�(XǑkêþ�*�VÔ�"



1�8Ù 4{�»Æ 35¢Sþ§XJ==��Ä(X¥�u1Ô�§¿dd��ÑρM,0§�odd�Ñ�ΩMò==Ǒ
ΩM(u1Ô�) < 1% (�Ǒ0.5%), (16.111)éw,ù���u0.3(=30%)§ùǑ`²
ATk�þVÔ��3"o�§�±�½§�»¥�VÔ�3�þþ���L
u1Ô�"VÔ���3�5Ø��¯ç§ÏǑéN´ÞÑVÔ��~fµ1(!V���ð(!xL(!¥f(!çÉ!�)
�(X±9(SÚ(XSD�íN.... ù
~f¥�VÔ�Ñd­f(Ì�´�fÚ¥f)|¤",
��ØÜ¤nØé�8�»­fÔ��z©'´k���"äN5`Xe"±nb0�L�8­f(Ì�´Øf)ê�Ý§mN�Lz�Øf��þ§K�8­fÔ���þ�Ýρb,0 = nb0mN , §éA�Ωb = ρb,0/ρc,0Ǒ
Ωb =

8πG

3H2
0

nb0mN =
8πG

3H2
0

mNnγ0η, (16.112)ª¥nγ0Ǒ�8�1fê�Ý§Ù��dé�»�Å�µ�*ÿí�Ñ5§
η´
¡��ØÜ¤�!¥Ú\�ëê§η = nb/nγ = nb0/nγ0"
¡��ØÜ¤�!¥�Ñ
η���"du�»�Å�µ´��çNË�Ì§¤±�âd2}-À�[ù½Æ§ÙUþ�Ý�'u§Ý�og�§l
1fê�Ý�'u§Ý�ng�§�â*ÿ���»�Å�µ§ÝǑ2.728K=�±í�Ñ

nγ0 ≈ 4.1× 108�/m3. (16.113)(Ü
¡�Ñ�η�����§Ò�±�Ñ
2.3% < Ωb < 5.1%. (16.114)w,Ωb���uu1Ô��(0.5%), dd��§­fÔ�¥�k��Ü©´u1Ô�§�Ü©­fÔ�ǑVÔ�"�´§Ωb < 5.1% < 30%Ǒw�·�§�»¥�VÔ��Ü©´�­fVÔ���,§�­fVÔ��ØX­fVÔ����§é�­fVÔ�ÿÀö�&Ä®²¤Ǒ�8ÔnÆ�9��K"¢Sþ§·�Ï~¤¢�VÔ�¯K�õ��Ò´&Äù
�­fVÔ�"



1�8Ù 4{�»Æ 36�­fVÔ���AǑ�~­½��­fâf"¥�fXJk�þ�{§ò´é²w�ÿÀö"l1997
m©<���u�&,
¥�fk��0.1eVþ?��þ§ù
¥�féΩM��z�Ǒ0.3% ∼ 15%"�,§§�´¤¢�9VÔ�§9��´3§�òÍ�$Ä�Ý�,é�"Ø
9VÔ�±	§�k¤¢�eVÔ�§e��´âf±$�$Ä§§�Q¹�u§Ýép�4�Ï�»§¿�§Ýeü
òÍ§òÍ��Ý®²Øp§¿�Ǒ�µ¢,3��8§¤±´eVÔ�"�´§Ǒ,�
��âfÔnIO�.�nØýókù��k�þ�­fâf�ǑÿÀö
�3§�8
<��vk*ÿ�§�"8U��»3�ºÝþ´þ!��Ó5�§�3��:�ºÝþ%¥yÑk�g�(�§ǑÒ´�3ð(!(X!(Xì±9�(Xì"�X
¡0�9��¿Ä�Vg���!(116.1.1�!)¥¤ù�§8U�E,(�å
u4�Ï�»¥�~����ÝÞá§,�ÏLÚåXÚ�Ø­½5
���/¤"VÔ���3éuäN)º(�/¤Ǒ´7L�§ÏǑXJ�Ǒ�»¥�Ô�Ì�´­fÔ�§�(�/¤nØÒ¬��î­(J"�â�­fVÔ�´9VÔ��´eVÔ��«©§·�kü«(�/¤�."39VÔ��.¥§(��/¤´/gþ
e0�§=k/¤�(Xì§,�2Å?»�Ǒ(XìÚ(X"��§3eVÔ��.¥§(��/¤´/ge
þ0�§=k/¤(X§,�Å?/¤(XìÚ�ì"ùüa�.¥§eVÔ��.®²��
é��¤õ"8U<�2�/�Ǒ§�»Ô�±�­fVÔ�ǑÌ§
�­fVÔ�¥eVÔ�q´7Ø���"ØL§du*ÿþ���vkuyVÔ�âf§¤±8
Ǒk�
�Ì6�nØ§Ù¥<�ÏL?U�kÚå5Æ5;�éVÔ��I�"VVVUUUþþþ�X
©ùL�§�»\�)ä�uy§��<�íäVUþ��3§éVUþ��{üǑ´�2Ǒ�É�)ºÒ´�»Æ~ê"Ï~�Ǒ�»Æ~êÒ´þf|�ý�U§ØL§�X
¡�Ù!¥J�L�§�â8
þf|Ø�Ñ5�ý�U'*ÿ�»Æ(½��»Æ~ê��õ
§��Ø3��þ?§ù�.´No£¯8
<��Ø�Ù§ùÒ´Í¶��»Æ~ê¯K"�,§3�Ö�öw5§����U5´§�
�þf|Ø�3Û��ºÝþâÏL
¢�u�§ù��Û�þf|Øé�UØU



1�8Ù 4{�»Æ 37·^u�»Æ��ºÝ§Ïd·�ÏLÛ�|Ø5O����»ÆºÝþ�ý�U´Øé�§ÏǑ�kÚå��3?U
þf|Ø3�ºÝþ�5�"�§'�¯K3u§�(��{´�oºùÒ�3�℄
�Öö�gC�&¢
"ØL§VUþǑ�±Ø´�»Æ~ê§'XǑk<JÑVUþ�Ý´,«Ä�Iþ|�Uþ�Ý§��"o�§'uVUþ�nØéõ§Ù¥�»Æ~ê´�{ü�2Ǒ���"�´§�âVUþ1Ì¤(Dark

Energy Spectroscopic Instrument, DESI)�C�*ÿêâ§Ǒ�(k,�L²VUþØ´���»Æ~ê§
´¬��müz�ÀÜ"XJ�ǑVUþ´�»Æ~ê§VÔ�´eVÔ�(cold dark matter,

CDM)§dd����»Æ�.Ò´¤¢�ΛCDM�.§§Ø=�*ÿ(J¬Ü�'��§
�Ǒ´�2Ǒ�É��»Æ�.§Ï~Ǒ¡�ǑIO�»Æ�."
16.4 �»�ä

16.4.1 �ä�Ä�Vg9��¿�»ÆǑ,é¤õ§�§��Ǒk�
î­�¯K"Ù¥ÀÀÀ...¯̄̄KKK·�
¡0�âfÀ.�®²ùL
"{ü5`§=´UìIO�»Æ�.§1føÍ��âfÀ.Ø
�§±�u�{)º�ÑÀ.���ü�:Ǒ�ok�Ó�§Ý(�X
¡ù�L�§�»�Å�µ�§ÝÞáÌÝ�k��z�©�Ê)"�»Ǒ�o¬Xdþ!Ú��Ó5Qº (±�u3�»�Ï=�U�¥ü�ÏJ�'�:ǑA���þ!")31970
��
§�
ÔnÆ[`§ù´du9��¿m©���©^��~AÏ§
�©^��^þfÚå5ïÄ§Ïdù�¯K�Ñ
�
nØÔn�Uå��"9��¿�{)º�1��¯K´§²²²"""555¯̄̄KKK"=�»�mǑÛXd²"§ǑÛΩkXd�Cu"§Ï~5`§ùÓ�¿�XI�é�©^�?14à°[��N"1n�¯K´¤¢�^̂̂üüü444fff¯̄̄KKK"äN5`=´§3âfÔn�Ú�nØ�µee§�Ï�»3§Ý4p�¬u)é¡5»"§��^ü4f��)"nØýÿ^ü4f�ê�ÝǑnmonopole ∝ T 3
G, Ù¥TG´�Ú��C�§Ý(�Ǒ1016GeV)"�âù�ýÿ§y8�»¥ATk�þ^ü4
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§�+<�?1
�þ¢�Ú*ÿ§�8�uy^ü4f��3"*ÿþ�L²§^ü4f�ê�ÝAT�$ufâ`��nØýó"�o§ù´Ǒ�oQº^ü4fǑÛXdD�QºǑ
)û9��¿�ù
¯K§C=·�du1980
JÑ§3�ÏË�Ì���»~�)ä�ã�
§�»�²{
��éá6��ê?¯�)ä�ã§¡��ä�ã§§ò4�Ï�»����«�×�.�����*ÿ�»���"�äu)3��10−36s�10−32s�m§ù��ã�»��)ä
e50�e60�§ù��ä�ã(å±��»âm©Uì�5�9��¿�»Æüz"duâfÀ.dph(t) = a(t)
∫ t

0
dt′

a(t′)
§¤±XJa(t)�ê)ä
e50�e60�§�oØJ�Ñ§dph(t)Ǒ¬�ê)äùoõ�"ùÒU
)û9��¿�.¥1føÍ��âfÀ.Ø
��¯K§ÏǑ�5Uì9��¿�.�Ñ5�vkÏJéX�«�y3Ò�±��¹3Ó��âfÀ.¥
§�ùÒ)û
9��¿�À.¯K"Ó��§�ä�ã��3ǑU
)û²"5¯K§Ǒ
w�Ùù�:§b�·�½Ât�Ǒ�­Ç�ÝëêΩk,tǑΩk,t ≡ − K

a2(t)H2 , KØJwÑ§���ê)ä�a(t)¬rΩk,t�êØ$§l
��u°[/r�»N!�
�~�Cu²""�*þǑÒ´:ì�)är�m­Ç�.²
"�»�äé^ü4fǑÛXdD��)ºÒ�\{ü
§ÏǑ�ä����»NÈ�:ìO��efr^ü4f�Dº
�ùpk��¯K§�ä�ã�»:ì)äùoõ�§�§ÝATÒ:ìü$��Cu"
§��ä(å±��»NoqUì�5�9��¿üz
Q§.¾9��¿´I�p§�§ùp§l=p5QºOX:§ù�¯K·��©¬�Ñ)º"k4·�5``�änØ���ã�¤Ò"
¡ù�L§�»�(�/¤I��ÝÞá��3§¯K´�5�9��¿�»ÆéJ)º����ÝÞál=p5"�änØU�Ñg,�)º��,§\�U������ÝÞá5guþfÞá§�¯K´þfÞá��´�*�§§Ú�»ÆØ3��ºÝþ"�´§�änØTTUg,/ë�ùü�ºÝ§ÏǑ�äT��±r�5��*ºÝ.���»ÆºÝ�
�äN?1�O�ǑL²ù��{´��U
¤á�§�*ÿ�±¬Ü"�,§ù��O�éu·��4{�»Æ
óLu;�
§¤±·�ùpÑL"
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16.4.2 �ä|��­��¯K´§�o°Ä
�»�ä"§Ø�U´·�8U*ÿ��VUþ§Ǒ,VUþ�(U4�»\�)ä§�´§VUþ3�Ï�»¥Ó'´�±�Ñ�"�´VUþéu·�§��·�3���Ï��»¥Ú\�«w ≈ −1�~êUþ�Ý§¿4§ÓÌ�/ §�§ÒUÚVUþ��4�»\�)ä$��ê)ä"3âfÔn¥§�)~êUþ�Ý��{ü�{Ò´Ú\��Ø��m�ICz�Iþ|§¿4§k��'���³U�Ý§�ù�³U�ÝÒ¬�)��~êUþ�Ý"Äuù
�{§<�Ú\
�ä|§ù´��Iþ|§§°Ä
�»�ä"�ǑIþ|§�ä|��^þǑ
SI =

∫ √
−gd4x

[
− 1

2
gµν∂µφ∂νφ− U(φ)

]
. (16.115)�â114Ù��'�£��§�Ǒ�­��¥�Iþ|§�ä|éAu�«n�6N§ÙUþ�ÝρIÚØrpI©OǑ

ρI = −1

2
(∂φ)2 + U(φ), pI = −1

2
(∂φ)2 − U(φ). (16.116)Ǒ
ò5¿å8¥3�müzþ§�±b��ä|==´�mt�¼ê§��m�I�'"�\FLRWÝ5§?
=k

ρI =
1

2
φ̇2 + U(φ), pI =

1

2
φ̇2 − U(φ). (16.117)ØJwÑ§�ä|�Ô�ëêwI =

pI
ρI
´3−1�+1�m�§¿�XJ�ä|�ÄU���u³U§=

φ̇2 ≪ U(φ). (16.118)�oÒkwI ≈ −1"l
ù�ÿ�ä|Ò�U��»Æ~ê��°Ä�»�ê)ä"?�Ú§rFLRWÝ5�\�ä|�^þSI�L�ª§?
=k
SI =

∫ √
hd3xdta3(t)

[1
2
φ̇2 − U(φ)

]
. (16.119)ª¥h´�mÝ5hij�1�ª"éù��^þC©§ÒU���ä|�$Ä�§

φ̈+ 3Hφ̇+ U ′(φ) = 0, (16.120)



1�8Ù 4{�»Æ 40ª¥U ′L«¼êUégCþφ��ê"éw,§ù��§�±w¤´£ã��÷Xφ¶$Ä�âf§§É�³U­�U(φ)��^§�§¥�3Hφ̇���u�«{Z�§Ǒ=´`§�»�)ä¬{N�ä|��m�Cz"rρI�L�ª�\6p�ù�§§¿5¿��ä|´Ì��(l
�±�ÑÙ§�
�)§=k
H2 =

8πG

3

[1
2
φ̇2 + U(φ)

]
. (16.121)XJ(16.118)ª��÷v§�Òk

H2 ≈ 1

3M2
pl

U(φ). (16.122)ª¥Mpl = 1/
√
8πG = 2.4353 × 1018GeV§¡��z�ÊK��þ"éw,§��φ|��mCz�v
�ú§l
��U(φ) > 0CqǑ~ê§��»CqÒ´�ê)ä�"Ǒd·�?�Ú��

φ̈ ≪ U ′(φ). (16.123)l
(16.120)Ò�±Cq¤
3Hφ̇ ≃ −U ′(φ). (16.124)ù�ÿU(φ)�±w�´��k���»Æ~ê§�ØL�'u8U*ÿ��k��»Æ~ê§§���õ�êþ?§±�u�±3�ä�ãÓâ
Ì�/ "

(16.118)ªÚ(16.123)ªÜå5Ò´¤¢�úE^�"XJúE^�÷v§·�Ò�±|^(16.122)ªÚ(16.124)ª§?
kφ̇2 ∼ (U ′/H)2 ∼
M2

plU ′2/U , ?
=�±r^�φ̇2 ≪ U ­�¤M2
pl(U ′/U)2 ≪ 1"?�Ú§Q,φ̇ ∼ −MplU ′/U 1

2 , Kkφ̈ ∼ M2
pl(U ′U ′′/U) − M2

pl(U ′3/(2U2)), qkM2
pl(U ′/U)2 ≪ 1§l
^�φ̈ ≪ U ′��uM2

plU ′′/U ≪ 1"�âù
§S.þ~~½Â
ε ≡ 1

2
M2

pl

(U ′

U
)2
, η ≡ M2

pl

U ′′

U . (16.125)l
dúE^�=kε≪ 1, |η| ≪ 1§ùÒ´é�ä|³U¼êU(φ)�����"
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¡`
§�ä�ã�k��»Æ~êé�§�§�5´NoC¤�8U*ÿ���o��Qº,���'�¯K´§�ä�ã´XÛ(å�Qºùü�¯KÑ�±ÏLÀ�Ü·�³U¼êU(φ)5?1)�"'X`§�±���ä|�³U¼ê�ã(16.4)¥¤«���§ã¥�>�²�«÷vúE^����ε ≪ 1, |η| ≪ 1, ¤±�±��m©��ä|3ù�²�« eúE§l
°��»�ê)ä"�´§���ä|?\ã¥�³²«�§úE^�ÒØ÷v
§�äǑÒ(å
"
Ù´�ä|�±K\².�4�� �§ù� �éA�³U�Ý�U'²�«��õ�êþ?§l
�ä|K�².�{§k���»Æ~êÒ¬êþC��õ�êþ?"

ã 16.4: �ä|³U¼ê§ã¥�V (φ)=´�©¥�U(φ)"Ø=Xd§�ä|��K\³²§§�5�³UÒ¬=z¤ÄU§l
���ä|3³².Ü5£��§ù«��¬ÍÜ�Ë�|±9Ù§Ô�âf|þ§l
�����ÄU=�¤Ë�|�-u§±9��âfé��)§¿�õ{��ä|��Uþ��±rË�ÚÔ�âf\9�ép�§Ý§l
m©9��¿"ù�L§Ò´¤¢��»­\9L§§§)û

¡J�L��ä�ãÚ9��¿q��¯K"
16.5 ë�©z'u�o´�»�Å�µÆõÇÌ§±9Ù1�(Æ¸XÛ(½�»
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