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ᩘȣGࡢ☢ሙࡀ㖟Ἑᅋ࡟࣮ࣝࢣࢫᏑᅾࡢᩘ「ࠊࡀ࡜ࡇࡿ࠸࡚ࡋほ ࡚ࡗࡼ࡟ࣉ࣮ࣝࢢ☜ㄆࠋ[2-4]ࡓࡁ࡚ࢀࡉ
⌧ᅾࠊከࡢࡃ⌮ㄽ◊✲⪅ࠊࡀᒁᡤⓗࡽ࠿ࡢࡶ࡞኱ᒁⓗ࡛ࡲࡢࡶ࡞ከࡢࡃ☢ሙ⏕ᡂࣔࢆࣝࢹᥦၐࡢࡑࠊࡋ㉳※

ࡘ୍ࡢ࢜ࣜࢼࢩࡿ࠸࡚ࢀࡉᨭᣢࡶ࡜ࡗࡶࠊࡓࢀࡉᥦၐ࡚ࡋ࡜ᯝ⤖ࡢࡑࠋ[16-5]ࡿ࠸࡛ࢇ᪥ኪບ࡟ࡵࡓࡿࡍᐃ≉ࢆ
ࡓࢀࡉᡂ⏕࡚࠸࠾࡟ᮇᏱᐂึࠊࡣ comving ࡛࣮ࣝࢣࢫnG⛬ᗘࡢ☢ሙࠊࡀ㟁㞳࡟ࣥ࢜ࣜࣂ෾⤖࡚ࡋ➼᪉཰⦰࡜ࡇࡿࡍ
࡛⣙2᱆࣮࣮࢜ࢲቑᖜࠊࢀࡉ⌧ᅾᩘࡢȣG⛬ᗘࡢ㖟Ἑᅋ☢ሙࡢ㉳※࠺࠸࡜ࡓࡗ࡞࡟ㄝ࡛࡞࠺ࡼࡢࡇࠊ࡟ࡽࡉࠋࡿ࠶ཎ
ึ☢ሙࠊึࡀ ᮇᐦᗘሙࡸᏱᐂ⫼ᬒᨺᑕ(cosmic microwave background: CMB)ࡢ ᗘ࣭೫ගᦂ࡟ࡂࡽᙳ㡪ࢆ୚࠼
ᙳ㡪࠸࡞ࡁど࡛↓ࡶ࡟➼ᮇኳయᙧᡂึࠊඖ⣲ྜᡂࠊᬒ㔜ຊἼ⫼ࠊࡣཎึ☢ሙࠊࡓࡲࠋࡓࡁ࡚ࡗ࠿ศࡀ࡜ࡇࡿ

ᅜ❧ኳᩥྎ⌮ㄽ◊✲㒊䛾ᒣᓮ኱ ◊✲ဨ䚸ྠ Ლ㔝ᩄ㈗෸ᩍᤵ䚸⡿䝜ࠊ࡛ࡇࡑࠋࡿ࠸࡚ࢀࡉ၀♧ࡀ࡜ࡇࡿ࠼୚ࢆ
䞊䝖䝹䝎䝮኱Ꮫ䛾 Grant J. Mathewsᩍᤵ䛚䜘䜃ྡྂᒇ኱Ꮫ䛾ᕷ౗ί⯅ຓᩍ䛾◊✲䜾䝹䞊䝥䛿䚸ཎึ☢ሙ䛜䚸Ᏹᐂ
⫼ᬒᨺᑕ䜔ึᮇᐦᗘሙᦂ䜙䛞䛻୚䛘䜛ᙳ㡪䜢ᐃ㔞ⓗ䛛䛴ᐃᛶⓗ䛻◊✲䛧䚸Ᏹᐂㄽⓗほ 䛛䜙ཎึ☢ሙ䜢ከゅⓗ

䛻ไ㝈䛧䛯䚹䛣䛾◊✲䛻䜘䜚䚸Ᏹᐂㄽ䛻䛚䛡䜛ཎึ☢ሙ䛾ᙺ๭䛜䚸௒䜎䛷⪃䛘䜙䜜䛘䛶䛔䛯௨ୖ䛻㔜せ䛷䛒䜛䛣䛸䛜

ศ䛛䛳䛯䚹䛥䜙䛻ྠ◊✲䜾䝹䞊䝥䛾ᡭἲ䛸௒ᚋ䛾Ᏹᐂㄽⓗ䛺ほ 䜢⤌䜏ྜ䜟䛫䜜䜀䚸⢭ᗘ䜘䛟ཎึ☢ሙ䛜᳨ฟ䛷

䛝䜛ྍ⬟ᛶ䜢♧䛧䛯[1]䚹�
ii.ཎึ☢ሙࡢ⢭ᐦᩘ್ィ⟬࡜ CMBึࡸᮇ≀㉁ᐦᗘᦂ࡟ࡂࡽᑐࡿࡍᙳ㡪 

㟁㞳ࠊࡃ࡞࡛ࡅࡔࣥ࢜ࣜࣂ㟁Ⲵ࣮ࢱ࣐ࢡ࣮ࢲࢻ࣮ࣝࢥࡸࣀࣜࢺ࣮ࣗࢽ࠸࡞ࡢ(cold dark matter: CDM)ࡶ㔜ຊ
ࠊึࡵࡓࡿࡅཷࡶᙳ㡪ࡢຊࢶ࣮࡚ࣥࣞࣟࡋ௓ࢆᩓ஘ࣥࢯ࣒ࢺࡣගᏊࠊࡅཷࢆᙳ㡪ࡢሙ☢࡚ࡋ௓ࢆ ᮇࡢ≀㉁ᐦ

ᗘᦂࡸࡂࡽ CMBࡶ࡟☢ሙࡢᙳ㡪ࠋࡿࢀ⌧ࡀඛ⾜◊✲ࠊ࡚࠸࠾࡟ᐃᛶⓗ࡞᣺ࠊࡣࡁ࡜ࡿࡍ✲◊ࢆ࠸⯙ࡿཎึ
☢ሙࡢᙳ㡪ࢆィ⟬ࡿࡍ㝿ࠊ౽ᐅࡵࡓࡢゎᯒⓗ࡞㏆ఝࠊࡋ࠿ࡋࠋࡓ࠸࡚࠸⏝ࢆ㏆ఝ᪉ἲࠊࡣゎᯒⓗㄗᕪࡀ↓ど

㝿࠺⾜ࢆ✲◊࡞ᐃ㔞ⓗࡢ➼ไ㝈ࢱ࣮࣓ࣛࣃࠊࡾ࠾࡚ࡗ࠿ࢃࡀ࡜ࡇࡿ࠶ࡀ㡿ᇦࢱ࣮࣓ࣛࣃ࠸ࡁ኱࡝࡯࠸࡞ࡁ࡛

ᐃᛶⓗࠊࡋ㛤Ⓨࢆ࣒ࣛࢢࣟࣉࡿࡍ⟭ィࢆࣝࢺࢡ࣌ࢫ࣮࣡ࣃࡢཎึ☢ሙ࡟ⓗ್ᩘࠊ࡛ࡇࡑࠋࡓࡗ࠶୙㐺ษ࡛ࡣ

ᅗࠋ[17,18]ࡓࡋ࡟࠺ࡼࡿ࠼⾜ࢆไ㝈ࢱ࣮࣓ࣛࣃ࡞ᐃ㔞ⓗࠊࡃ࡞࡛ࡅࡔ࠸⯙ࡿ᣺࡞ 1aࠊࡣ☢ሙࡢᙳ㡪ࢆ⪃៖
ࡢሙྜࡓࡋ៖⪄ࠊ࡜ሙྜ࠸࡞ࡋ CMBࢆẚ㍑ࠋࡿ࠶࡛ࡢࡶࡓࡋ㖟Ἑᅋࡽ࠿㢮᥎ୖࡿࢀࡉ㝈࡛ࡿ࠶ nG⛬ᗘࡢ
☢ሙࡀᏑᅾࡓࡋሙྜࠊε >1000ࠊẚ㍑ⓗᑠ࡚࠸࠾࡟࣮ࣝࢣࢫ࠸ࡉཎึ☢ሙࡢᙳ㡪ࡀᨭ㓄ⓗࠋࡿ࠸࡚ࡗ࡞࡟௨
☢ཎึࠊࡶ࡟ࡵࡓࡿࡍゎ⌮ࡃࡋṇࢆ⛬㐣⌮≀ࡍࡰཬࢆᙳ㡪࡟࣮ࣝࢣࢫ࣮ࣝࣔࢫࠊ࡚࠸࠾࡟ ε >1000ࠊࡽ࠿ୖ
ሙࢆࢱ࣮࣓ࣛࣃࡢไ㝈ࡶ࡜ࡇࡿࡍᚲせࠋࡿ࠿ࢃࡀ࡜ࡇࡿ࡞࡜�
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ᅗ 1.�ཎึ☢ሙࡢᙳ㡪ࢆ⪃៖࠸࡞ࡋሙྜࠊ࡜ཎึ☢ሙࢆ⪃៖ࡓࡋሙྜࡢ CMB(a,b㸧࡜≀㉁ᐦᗘᦂࡂࡽศᕸ(c)ࠋ(a)
ࡿࢀࡤ࿧࡜ TT modeࠊࡀࣝࢿࣃࡢ CMB ᗘᦂࡋ♧ࢆࡂࡽ, (b)ࡀ BB mode ࡜࿧ࡿࢀࡤ CMB೫ගᦂࠋࡿ࠶࡛ࡂࡽ
(a)࡜(b)ࡢᶓ㍈ࠊࡣangler momentum ࠊࡋ♧ࢆ⦪㍈ࡣ ᗘᦂࡢࡂࡽ⮬஌࡛ࠋࡿ࠶(c)ࡢ⦪㍈ࡀ≀㉁ࡢᐦᗘᦂࡢࡂࡽ
኱ࠊࡋ♧ࢆࡉࡁᶓ㍈ࡀἼᩘ�༢఩ࡣ ��0SF�ྛࠋࡍ♧ࢆ�᭤⥺ࡢㄝ᫂ࠊࡣᅗୖࡢ㒊ࡢ indexࢆཧ↷ࠋ 
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ᅗ 1bࡌྠࠊࡣᏱᐂ⫼ᬒᨺᑕࡢ BB mode (㔜ຊἼ࣮ࣔࢻ)ࡢࡇࠋࡿ࠶࡛ࡢࡶࡓࡋ♧ࢆᅗࠊࡽ࠿㖟Ἑᅋࡽ࠿㢮᥎
ࡿ࠶㝈࡛ୖࡿࢀࡉ nG⛬ᗘࡢཎึ☢ሙࠊࡣε > 200 ࡢẚ㍑ⓗ࡛࣮ࣝࢣࢫ࣮ࣝࣔࢫᨭ㓄ⓗࠊࡾ࡞࡜㏫ࠊ࡟ε < 200 
ࡢᬒ㔜ຊἼ⏤᮶⫼ࠊࡣ࡛ BB mode ࡀᨭ㓄ⓗࠊࡽ࠿ࢀࡇࠋࡿ࡞࡜ᑗ᮶ࠊε ࡀ 1000௜㏆ࡢ࡛ࡲ BB mode ࡢほ
ᅗࠋ[20-19 ,1]ࡿ࠿ศࡀ࡜ࡇࡿࡁไ㝈࡛ࡃᙉࢆཎึ☢ሙࠊࡤࢀࢀࡽᚓࡀࢱ࣮ࢹ  1cࠊࡣཎึ☢ሙࡢ⪃៖࡞ࡋ
ཎึ☢ሙ⏤᮶ࠊ࡟ᵝྠ࡜Ᏹᐂ⫼ᬒᨺᑕࠋࡿ࠶࡛ࡢࡶࡓࡋࢺࢵࣟࣉࢆࡢࡶࡢཎึ☢ሙ⏤᮶ࠊ࡜ ㉁ᐦᗘሙ≀࠸
 ࠋ[1,17]ࡿ࠿ࢃࡀ࡜ࡇࡿ࡞࡟ᨭ㓄ⓗ࡛࣮ࣝࢣࢫ࠸ࡉẚ㍑ⓗᑠࠊࡣ ㉁ᐦᗘሙ≀ࡣ

iii.ཎึ☢ሙࡢไ㝈�
CMB ᗘ࣭೫ගᦂ࡟ࡢࡂࡽᑐࡿࡍཎึ☢ሙࡢᙳ㡪ࢆṇ☜࡟ぢ✚ࢆࢱ࣮࣓ࣛࣃࡢࡑࠊࡾࡶไ㝈ࠊࡣ࡟ࡿࡍ

CMB ᗘ࣭೫ගᦂࡢࡂࡽほ ⤖ᯝ࡜⌮ㄽࣔࡽ࠿ࣝࢹண᝿ࡿࢀࡉィ⟬⤖ᯝࢆẚ㍑ࡋ��ཎึ☢ሙࢱ࣮࣓ࣛࣃࡢ
⏝ࢆࢱ࣮ࢹ ほࡢ㖟Ἑ࣭㖟Ἑᅋศᕸ࡜ࢱ࣮ࢹ ほࡢࡂࡽCMB ᗘ࣭೫ගᦂࠊࡣࠎᡃࠋࡿ࠶ࡀᚲせࡿࡵỴࢆ
ࢱ࣮࣓ࣛࣃࡢཎึ☢ሙࠊ࡚ࡋ௬ᐃࢆࣝࢹᏱᐂㄽࣔ࡞ᖹᆠࠊ࠸౑ࢆMarkov Chain Monte Carlo(MCMC)ἲࠊ࡚࠸
(B :ᙉᗘࠊnB:ࣝࢺࢡ࣌ࢫ࣮࣡ࣃᣦᩘ)ࢆไ㝈ࡢࡑࠋࡓࡋ⤖ᯝࢆᅗ♧ࠊࡀࡢࡶࡓࡋᅗ ࠋࡿ࠶࡛ࣝࢿࣃࡢᕥഃࡢ2
ᅗ Bࠊᙉᗘࡢሙ☢ࢆ㍈⦪ࡢ2 ᣦᩘࣝࢺࢡ࣌ࢫ࣮࣡ࣃࢆᶓ㍈ࠊ nB࡚ࡋ࡜ࠊ஧ࡢࢱ࣮࣓ࣛࣃࡢࡘ┦㛵ࢆᅗ♧࡚ࡋ

ࠋᡃࡿ࠸ Bࠊࢆ㝈ୖࡢࢱ࣮࣓ࣛࣃࡢሙ☢ࠊࡽ࠿✲◊ࡢࡇࠊࡣࠎ  < 2.10nG(68%CL) and < 2.98nG(95%CL),  nB 
< Ѹ1.19(68%CL) and < Ѹ0.25(95%CL) ࡜ไ㝈ࠋ[1,21]ࡓࡁ࡛ࡀ࡜ࡇࡿࡍ 
ࡏࢃྜࡳ⤌࡜ไ㝈ࡢཎึ☢ሙࡢࡽ࠿ඖ⣲ྜᡂ(Big Bang Nucleosynthesis: BBN)ࣥࣂࢢࢵࣅࠊࡣࠎᡃࠊࡓࡲ

ࡿࡅཷࡃᙉࢆᙳ㡪ࡢ ⋠Ᏹᐂ⭾ᙇࠊࡣBBNࠋࡓࡗ⾜ࡶไ㝈ࢱ࣮࣓ࣛࣃࡢཎึ☢ሙ࡞ከゅⓗࠊࡾࡼ࡟࡜ࡇࡿ
࡚ࡋ࡜ᯝ⤖ࠊࡵࡓࡿ࠼୚ࢆᙳ㡪࡟⋠Ᏹᐂ⭾ᙇࡀ࣮ࢠࣝࢿ࢚ࡢࡑࠊࡤࢀ࠶ࡀཎึ☢ሙࠊ᪉୍ࠋ[22,23] BBN࡟
ᙳ㡪࣒࢘ࣜ࣊ࠊࡽ࠿ࡇࡇࠋ[24]ࡿࢀ⌧ࡀ㉁㔞Ꮡᅾẚ(Yp)ࡢ⌮ㄽண᝿ࡸほ ࡿࡼ࡟ไ㝈࡜☢ሙࢆ⪃៖ࡓࡋሙྜ
ࡢ Ypࡢ⌮ㄽ್ࢆẚ㍑ࠊ࡛࡜ࡇࡿࡍཎึ☢ሙࢆࢱ࣮࣓ࣛࣃࡢไ㝈࡟ࡽࡉࠋࡿࡁ࡛ࡀ࡜ࡇࡿࡍ CMBࡸ㖟Ἑ࣭
㖟Ἑᅋศᕸࡢほ ࡚ࡏࢃྜࡳ⤌ࢆࢱ࣮ࢹไ㝈ࠊࡾࡼ࡟࡜ࡇ࠺⾜ࢆከゅⓗ࡟≀⌮ⓗ࡞ಙ៰ᛶ᳨ࢆドࡀ࡜ࡇࡿࡍ

ᅗࡀࡢࡓࡋ♧ᅗࢆᯝ⤖ࡢࡇࠋࡿࡁ࡛ ࡉᡂ⏕ࡢཎึ☢ሙࠊࡣ࠸㐪ࡢ(ࡉኴ)Ⰽࡢ⥺┤ࠋࡿ࠶࡛ࣝࢿࣃࡢഃྑࡢ2
ࡿ࠸࡚ࡋ♧࡛ indexࠊࡣ࠸㐪ࡢ✀⥺ࠊࡋ♧ࢆ(࣮ࣝࢣࢫᑡ᭱ࡢሙ☢ࡓࢀࡉᡂ⏕ࡣ࠸㐪࡞ࡶ࠾)࠸㐪ࡢ᫬௦ࡓࢀ
ࡓ࠸⏝࡟ไ㝈ࡢཎึ☢ሙࠊ࡟࠺ࡼ Ypࡀ CMBࡿࡼ࡟ไ㝈(ᐇ⥺) ࠊ࠿BBNࡿࡼ࡟ไ㝈ࡢ࠿㐪ࠋࡿ࠸࡚ࡋ♧ࢆ࠸
࡜BBNࠊ࡟࠺ࡼࡢࡇ CMB࡚ࡏࢃྜࡳ⤌ࢆཎึ☢ሙࢆไ㝈ࡓࡋ⤖ᯝ2ࠊ  (95%CL)ࡢ⠊ᅖ࡛ࠊࡣไ㝈࡛ࡓࡁ
࡛ࡳࡢᙉᗘࡢཎึ☢ሙࡣࡢ 3.10 nG௨ୗ2ࠊ  (68%CL)ࡢ⠊ᅖ࡛ࠊࡣ☢ሙᙉᗘࡀ 0.117 nG < B  < 2.48 nG,  ࣃ
 ࠋ[1,21]ࡓࢀࡽᚓࡀไ㝈ࡢѸ2.97 < nB < Ѹ2.03ࡀᣦᩘࣝࢺࢡ࣌ࢫ࣮࣡
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ᅗ 2.�⦪㍈ࢆ☢ሙࡢᙉᗘࠊB ᣦᩘࣝࢺࢡ࣌ࢫ࣮࣡ࣃࢆᶓ㍈ࠊ nB࡚ࡋ࡜ࠊ஧ࡢࢱ࣮࣓ࣛࣃࡢࡘ┦㛵ࢆᅗ♧ࡋ

ࡋᣑ኱ࢆ㒊୍ࡢᕥࡣࣝࢿࣃࡢྑࠋࡿ࠸࡚ࡗ࡞࡟ᑐᩘ⾲グࡀ㍈⦪ࡣࣝࢿࣃࡢྑࠋࡢࡶࡓ Ypࡽ࠿ไ㝈ࡓࢀࡉ
ཎึ☢ሙୖࡢ㝈ࢆ᭩ࡁຍࡢ⥺ྛࠋࡿ࠶࡛ࡢࡶࡓ࠼ㄝ᫂ࠊࡣᅗୖࡢ㒊ࡢ indexࢆཧ↷ࠋ�



iv. ཎึ☢ሙࢆ⪃៖ࡢࣀࣜࢺ࣮ࣗࢽࡓࡋ㉁㔞ไ㝈 
㏆ᖺࠊᆅୖᐇ㦂ࡸᏱᐂㄽⓗ࡞ほ ࢺ࣮ࣗࢽࠊࡽ࠿

ࡀ㉁㔞ࡢࣀࣜ 0.1㹼1.0eV ௨ୗ⛬ᗘ࡛࡜ࡿ࠶ไ㝈ࡉ
ࣜࢺ࣮ࣗࢽࡘࡶࢆ㉁㔞ࡢ᭷㝈࡞࠺ࡼࡢࡇࠋࡿ࠸࡚ࢀ

ࡢࣀࣜࢺ࣮ࣗࢽࠊࡤᣢ࡚ࢆᗘศᩓ㏿࡞ࡁ༑ศ኱ࡀࣀ

free-streaming scale ௨ୗ࡛ࠊࡣᐦᗘᦂࡀࡂࡽᆒࢀࡉ
ࡰཬࢆᙳ㡪࡟ᵓ㐀ᙧᡂ㐍໬ࡢᏱᐂࠊ࡟࠺ࡼࡢࡇࠋࡿ

࠸࠾࡟Ᏹᐂㄽࠊࡣไ㝈ࡢ㉁㔞ࣀࣜࢺ࣮ࣗࢽࠊࡵࡓࡍ

 ࠋࡿ࠸࡚ࢀࢃ⾜࡟ࢇ┒࡚ࡋ࡜ࡘ୍ࡢ✲◊࡞㔜せࡶ࡚
኱つᶍᵓ㐀ࡢᦂࡢࡂࡽ᣺ᖜ࡜ࢱ࣮࣓ࣛࣃࡍ♧ࢆ

ࡿࡅ࠾࡟ඹືᗙᶆࠊ࡚ࡋ 8 h-1Mpc༙ࡢᚄࡢ⌫ෆ࠾࡟
ࡿ࠶஧஌ᖹᆒᖹ᪉᰿࡛ࡢࡂࡽ㉁ᐦᗘᦂ≀ࡿࡅ 8 ࡀ

ࡓࡋ៖⪄ࢆࣀࣜࢺ࣮ࣗࢽ࡜ཎึ☢ሙࠊࡣࠎᡃࠋࡿ࠶

⌮ㄽィ⟬ࡽ࠿⟬ฟࡿࢀࡉ ࡓࢀࡉไ㝈ࡽ࠿ ほࠊ࡜8

ࠊᣦᩘࣝࢺࢡ࣌ࢫ࡜ᙉᗘࡢཎึ☢ሙࠊ࡚ࡋẚ㍑ࢆ8

ཬࡢࣀࣜࢺ࣮ࣗࢽࡧ㉁㔞࡞࠺ࡼࡢ࡝ࠊ࡟┦㛵࠶ࡀ

 ࠋ[1,25]ࡓ࡭ㄪ࠿ࡿ
ᅗ ࢆᣦᩘࣝࢺࢡ࣌ࢫࡢཎึ☢ሙࠊࡣ3 nB = -2.5, 

ཎึ☢ሙࠊࡢࡁ࡜ࡓࡋᅛᐃ࡟1.5- B ࣗࢽ࡜᣺ᖜࡢ

㉁㔞ࣀࣜࢺ࣮ ࡿ࠼୚ࡀ 8 ࠶࡛⥺㧗➼ࡢ

ᅗࠋࡿ 1ࠊࡣ㝈ୖࡢཎึ☢ሙࡿ࠸࡚ࢀࡉ♧ࡽ࠿ほ ⤖ᯝࡢ኱つᶍᵓ㐀ࡸᏱᐂ⫼ᬒᨺᑕࠊᅾ⌧ࠊࡣ3࡛ CL
࡛⣙ 2 nG௨ୗ2ࠊ CL ࡛⣙ 3nG௨ୗ࡛ࠊ[1,21]࡜࡜ࡇࡿ࠶Ᏹᐂㄽࡢほ ࡑࡼ࠾࠾ࡽ࠿ 0.75< ࠶0.85࡛>8
࡟ሙྜ࠸࡞ࡋ៖⪄ࢆཎึ☢ሙࠋࡿ࠶࡚ࡋࡅⰍศ࡚ࡋ៖⪄ࢆ࡜ࡇࡿ ࠊ࡜ࡿࡍไ㝈ࢆ㉁㔞ࣀࣜࢺ࣮ࣗࢽ࡛ࡳࡢ8

0.11eV ௨ୗࠊࡀࡿ࡞࡜ཎึ☢ሙࢆ⪃៖ࡓࡋሙྜࠊᅗ 3 ࡿࢀࡉไ㝈ࡽ࠿ ほࠊࡾࡼ ᣺ᖜࡢཎึ☢ሙ࡜8 B ࠿

�ࡣࡁ࡜ࡢnB =-1.5ࠊࡣ㝈ୖࡢ㉁㔞ࣀࣜࢺ࣮ࣗࢽࠊࡽ  < 0.6 eV, nB =-2.5ࠊࡣࡁ࡜ࡢ  < 0.2 eV

ࣀࣜࢺ࣮ࣗࢽࡘࡶࢆ㉁㔞࡜ཎึ☢ሙࠊࡣࢀࡇࠋ[1,25]ࡓࡗ࡞ࡃࡁ኱ࡾࡼሙྜ࠸࡞ࡋ៖⪄ࢆሙ☢ࡶࡽࡕ࡝ࠊ࡜
ࠋᡃࡿ࠸࡚ࡗ࡞࡜㉳ᅉࡀ࡜ࡇࡿࡍ཯┦ࠊࡀᙳ㡪ࡍࡽࡓࡶ࡟㉁ᐦᗘሙ≀ࡢ࣮ࣝࢣࢫᏱᐂㄽⓗࡢ ࡗࡼ࡟✲◊ࡢࠎ

ࠊሙྜࡓࡋ៖⪄ࢆཎึ☢ሙࠊ࡚ 8 ࡞ࡃࡁ኱࡚ࡋẚ㍑࡜ሙྜ࠸࡞ࡋ៖⪄ࠊࡣไ㝈ࡢ㉁㔞ࣀࣜࢺ࣮ࣗࢽࡿࡼ࡟

⠊ᅖࢱ࣮࣓ࣛࣃࡢཎึ☢ሙ࡜㉁㔞ࡢࣀࣜࢺ࣮ࣗࢽࠊ࡚ࡋ㏻ࢆ✲◊ࡢࡇࡣࠎᡃࠊࡓࡲࠋࡓࢀࡽࡵ࠿☜ࡀ࡜ࡇࡿ

ࡿࢀࡽࡵồࡽ࠿ ほࠊࢆ 8 ➼኱つᶍᵓ㐀ࡸᏱᐂ⫼ᬒᨺᑕࠊࡿࢀࡉᑗ᮶ᮇᚅࠊ࡟ࡽࡉࠊ࡜ࡇࡿࡵ㎸ࡾ⤠ࡽ࠿

⬟ྍࡿࡁไ㝈࡛ࡶ࠼ࡉୗ㝈ࡃ࡞࡛ࡅࡔ㝈ୖࡢ㉁㔞ࣀࣜࢺ࣮ࣗࢽࡸཎึ☢ሙࠊࡤ࠼౑ࢆほ ⤖ᯝ࡞Ᏹᐂㄽⓗࡢ

ᛶࠋ[1,25]ࡓࡋ♧ࡶ 
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