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5.ॴظͷతͷߦঢ়ٴگͼՌ

ଠాರٱʢฏ 30डɿड൪߸ 201860247ʣ

2020 4݄ 9

ʢcosmicࣹ์ܠ͜Ε·ͰɺӉϚΠΫϩഎऀ༺࠾ microwave background, ҎԼ CMBʣͷ

εϖΫτϧΈͱɺॳظӉͷΠϯϑϨʔγϣϯதʹੜ͞ΕͨີΏΒ͗ͷؔʹ͍ͭͯௐͯ

͖ͨɻCMBͷεϖΫτϧΈີΏΒ͗ͷ̎ઁ࣍ಈͰهड़͞ΕΔͨΊɺैདྷͷઢܕཧͱൺ

ֱͯ͠ෳࡶͰ͋ΓɺͨΓతͳॲํଟ͘༻͍ΒΕ͖ͯͨɻҰํͰɺۙͷ֮·͍͠؍ଌٕज़

ͷൃలʹΑΓɺೋઁ࣍ಈͷޮՌΛ࣮؍ʹࡍଌͰ͖Δ͍͍࣌ۙͮͯΔɻͦ͜Ͱ࠾༻ऀɺ͜ͷݱ

ͷཧղΛਂΊΔ͜ͱۓ٤ͷ՝Ͱ͋Δͱ͑ߟɺڀݚΛʮӉϚΠΫϩഎࣹ์ܠͷඇฏߧ

Ͱɺฏ݄̏̌̐ΑΓྩ݄̎̏·ͰΦߘΕͨɻຊ͞༺࠾ਃɾʹۀࣄݣʯͱ͠ɺຊݱ

ϥϯμͷϢτϨώτେֶ͓ΑͼΠΪϦεͷέϯϒϦοδେֶʹͯڀݚΛͨͬߦใࠂΛ͏ߦɻ

1 ਃॻʹͨ͠ࡌه՝ͷڀݚঢ়گ

·ͣɺຊۀࣄݣͷܭڀݚըʹܭڀݚͨ͠ࡌهըͷਐߦঢ়گͱՌʹ͍ͭͯใ͢ࠂΔɻ

1.1 ΤωϧΪʔ༌ૹΛ୲͑Δ߹ͷ֦ு͕ࢠి

ҎલɺCMBऀ༺࠾ ͕ Thomson ಈͷೖͬͨઁ࣍ߴ͞Ε͍ͯΔӉͰࢧʹཚࢄ Boltzmann

ํఔࣜΛػցతʹղ͘ख๏ΛఏҊͨ͠ɻΑΓॳظͷӉ ThomsonࢄཚΛ૬ରతʹҰൠԽͨ͠

Compton ͷํ๏ద༻Ͱ͖ͳ͔ͬͨɻهͷӉͰ্ظԽ͓ͯ͠ΓɺͦͷաߧཚʹΑͬͯฏࢄ

ͷΈΛه্ऀ༺࠾ Comptonࢄཚ͔Β Thomsonࢄཚͷաظʹ·Ͱ֦ு͢Δ͜ͱΛ͑ߟɺ

ͦͷํ๏Λͨ͠ߟɻ·ͣɺղੳతʹ͜ΕΛ࣮͢ݱΔํ๏ʹ͍͕ͭͯͨ͠ࡧɺ೦ͳ͕ΒͦͷΑ

͏ͳํ๏Λൃ͢ݟΔ͜ͱͰ͖ͳ͔ͬͨɻͦ͜Ͱɺઁಈͷ ͷ͕తʹղ͔ه্ʹطͰ࣍0

Ε͍ͯΔ͜ͱʹ͠ɺ͜ͷ݁ՌΛΏΒ͗ΛؚΊͨ߹ʹ֦ுͰ͖ͳ͍͔ͨ͑ߟɻ࣮ɺCompton

ཚ͔Βࢄ Thomsonࢄཚͷաظʹੜ͡ΔεϖΫτϧΈɺʮͦΕ͕ੜ͞ΕΔ࣌Ͱेେ

͖ͳεέʔϧʯͰੜͨ͡ͷ͔͠ࡏݱͷӉͷ؍ଌྔʹө͞Εͳ͍ɻ͜ͷͨΊɺઁಈͷ ͷ݁࣍0

ՌΛ͏·͘֎ૠ͢Δ͜ͱͰɺඍల։ͷ࠷࣍ͷۙࣅͰతͷ͕ࢉܭͰ͖Δ͜ͱʹ͍͕ͨͭؾɻ࠾

༻ऀ࣮ࡍʹ͜ΕΛతʹධՁ͠ɺComptonࢄཚ͔Β Thomsonࢄཚͷաظʹੜ͡Δ CMB

ͷεϖΫτϧΈͷΏΒ͗Λ͢ࢉܭΔ͜ͱʹޭͨ͠ɻͱ͜Ζ͕ɺCompton ཚ͔Βࢄ Thomson

ੜ͡Δʹޙੜ͡ΔεϖΫτϧΈͷৼ෯ͦͷલʹظཚͷաࢄ y Ώ͕Έͱܕ µܕΏ͕Έͱൺֱ

ͯ͠ 1/10 ఔ͔͠ͳ͘ɺ࣮ݱͷ؍ଌʹཱ͔ͭඍົͳͰ͋Δ͜ͱΘ͔ͬͨɻ͜ͷͨΊɺ

ͳ͍͔Ͳ͕ݟຯਂ͍ൃڵจͱͯ͠ൃද͢Δ͔Ͳ͏͔͓᪳ͯ͠Γɺͦͷଞʹൃදʹ͢Δʹࡍ࣮

͏͔ҙਂ͍ͯ͘͠ߟΔɻ
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1.2 ઢܕεϖΫτϧΈͱόϦΦϯۂΏΒ͗ͷؔ

ͱͨ͠ΤωݯىӉʹ͓͍ͯόϦΦϯͷΏΒ͕͗ඇஅతͰ͋Δ߹ɺ͜ΕΛظɺॳऀ༺࠾

ϧΪʔͷ༌ૹ͕ൃੜ͠ɺCMB ͷΤωϧΪʔεϖΫτϧʹ y ͑ߟͷεϖΫτϧΈ͕ੜ͡Δͱܕ

ͨɻຊڀݚͰ͜ͷΞΠσΟΞͷূݕΛ͍ߦɺ࣮ࡍʹ y ͷεϖΫτϧΈ͕ੜ͡Δ͜ͱΛࣔ͠ܕ

ͨɻ·ͨɺ௨ৗͷ CMB ඇํੑΛ༻͍ͨղੳͰɺόϦΦϯͱྫྷ͍ͨ҉ࠇ࣭ͷΏΒ͕͗ॖୀ

ͯ۠͠ผͰ͖ͳ͍ͱ͍͏͕Ҏલ͔Βࢦఠ͞Ε͍ͯͨɻ࠾༻ऀຊڀݚͷΞΠσΟΞΛ͜ͷॖ

ୀΛղ͘͜ͱʹ༻͍ΕΔ͜ͱʹ͖ͮؾɺ࣮ࡍʹ y ͬͨɻੵݟͷεϖΫτϧΈͷඇํੑΛܕ

·ͨϑΟογϟʔղੳΛ͍ߦɺকདྷͷ؍ଌܭըͰͲͷఔͷਫ਼Ͱ͜ͷ৴߸Λ؍ଌՄͰ͋Δ͔

ௐͨɻຊՌɺʠExploring compensated isocurvature per- turbations with CMB spectral

distortion anisotropies,ʡ JCAP 1808, no. 08, 036 (2018) doi:10.1088/1475-7516/2018/08/036

[arXiv:1805.08773 [astro-ph.CO]]ʹͯൃදͨ͠ɻ

1.3 εϖΫτϧΈͷہॴ؍ଌऀޮՌ

ຊڀݚʹ͍ͭͯɺۀࣄݣ։࣌࢝Ͱɺड͚ೖΕऀڀݚͷ Enrico Pajer͕ಉͷڀݚΛಠཱ

ʹਐΊ͍ͯΔ͜ͱ͕໌ͨ͠ɻ͢Ͱʹڀݚͷେ෦͕͍ͨͯྃ͜͠ͱ͔Βɺਃऀ͕ࣗಉڀݚ

Λ͜͏ߦͱஅ೦ͨ͠ɻ

2 ͦͷଞͷຊڀݚʹؔ࿈ͨ͠Ռ

͔͍ͭ͘ʹΛ৽ͨڀݚͱؔ࿈ͨ͠ڀݚͷۀࣄݣըʹՃ͑ɺຊܭڀݚɺਃॻͷऀ༺࠾

Δɻ͢ࠂͷͰใͨͬߦ

2.1 ͷ࣍3 CMBεϖΫτϧΈͱඇΨεੑ

ಈೖΓͷઁ࣍ߴҎલఏҊͨ͠ʮ͕ऀ༺࠾ BoltzmannํఔࣜΛղ͘ํ๏ʯΛద༻͠ɺӉతઁ

ಈͷ ͷ࣍3 BoltzmannํఔࣜΛੈքͰॳΊͯղ͖ɺ3࣍ͷεϖΫτϧΈ͕খεέʔϧͷॳظ

ΏΒ͗ͷඇΨεੑͱ͚ؔͮΒΕΔ͜ͱΛࣔͨ͠ɻ͞Βʹɺ̏࣍ͷεϖΫτϧΈɺ͜Ε

·ͰʹΒΕ͍ͯΔͲͷܕͷεϖΫτϧΈͱ͕ܗҟͳΓɺଞͷεϖΫτϧΈͱ۠ผͰ͖Δ

͜ͱΛࣔͨ͠ɻ·ͨɺهड़͢Δ࠲ඪͷબͼํʹΑΒͳ͍ήʔδෆมͳදࣜΛಋ͖ɺʮPlanckͷ

ॏͶ߹ΘͤʹΑͬͯੜ͡ΔඇཧతͳΈʯͱʮॳظӉͷϓϥζϚͷࢄҳʹΑͬͯੜ͡Δཧ

తͳΈʯͱͷʹޭ͠ɺૉͳཧతղऍΛ༩͑Δ͜ͱʹޭͨ͠ɻຊڀݚͷՌɺ

A. Ota and N. Bartolo, ʠCMB spectroscopy at third-order in cosmological perturbations,ʡ

Phys. Rev. D 100, no. 4, 043521 (2019) doi:10.1103/PhysRevD.100.043521 [arXiv:1808.10517

[astro-ph.CO]]ʹͯൃදͨ͠ɻ

2.2 ॳظΏΒ͗ͷ౷ܭతඇํੑͱ CMBεϖΫτϧΈ

ΠϯϑϨʔγϣϯӉͷഎ͕ۭ࣌ܠಛఆͷํʹภΓΛͭ࣋߹ɺΠϯϑϨʔγϣϯதʹੜ

͞ΕͨີΏΒ͗ͷ౷ྔܭʢύϫʔεϖΫτϧόΠεϖΫτϧͳͲʣ͕ඇํతʹͳΔ͜

ͱ͕͠ΒΕ͍ͯΔɻ࠾༻ऀ͜ͷඇํੑͷূݕʹ CMB εϖΫτϧΈΛ༻͍Δํ๏ʹ͍ͭ
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ͯੈքͰॳΊͯ͠ߟɺ౷ܭతඇํੑ͕͋Δ߹ʹ CMB εϖΫτϧΈͷશఱฏۉ·ͨ

ඇํతʹͳΔ͜ͱΛࣔ͠ɺ۩ମతʹͦͷେ͖͞ΛతʹੵݟͬͨɻຊڀݚͷՌɺA.

Ota, ʠStatistical anisotropy in CMB spectral distortions,ʡ Phys. Lett. B 790, 243 (2019)

doi:10.1016/j.physletb.2019.01.030 [arXiv:1810.03928 [astro-ph.CO]]ʹͯൃදͨ͠ɻ

2.3 Ճͷඇํੑ࠶ڹͱͨ͠ԻݯىΛ࣓࢝ݪ

ҳ͢Δ͜ͱʹΑͬࢄɺ͜ΕΒ͕͠ىԻ͕ྭؾ࣓ʹΔͱɺӉతϓϥζϚ͢ࡏ͕ଘ࣓࢝ݪ

ͯ CMB ࡏ͕ඇҰ༷ʹଘ࣓࢝ݪΒɺऀ༺࠾Ճ͞ΕΔ͜ͱ͕ΒΕ͍ͯͨɻ࠶ʹ͔ۇ͕

ͨ͠߹ɺ࣓ؾԻͷࢄҳ·ͨඇҰ༷ͱͳΓɺCMB ͷ࠶Ճ͕ඇํతʹͳΔ͜ͱΛࢦఠ

͠ɺCMB ͷඇํੑͷ؍ଌ͔ΒॳظӉͷ࣓࢝ݪͷҐΛௐࠪͰ͖Δ͜ͱΛࣔͨ͠ɻຊݚ

.ͷՌɺSڀ Saga, A. Ota, H. Tashiro and S. Yokoyama, ʠSecondary CMB temperature

anisotropies from magnetic reheating,ʡMon. Not. Roy. Astron. Soc. 490, no. 3, 4419 (2019)

doi:10.1093/mnras/stz2882 [arXiv:1904.09121 [astro-ph.CO]]ʹͯൃදͨ͠ɻ

2.4 త͔ͭӡಈֶత Sunyaev Zel’dovichޮՌΛ༻͍ͨӉ

ۜՏஂʹؚ·ΕΔΠΦϯԽͨ͠ߴԹͷిࢠΨε͕ CMB ͱࢄཚ͢ΔͱɺCMB ͷΤωϧΪʔε

ϖΫτϧʹΈ͕ੜ͡Δɻ͜ͷΈʹɺిࢠӢͷޫֶతਂ͞ͱӡಈʹґଘ͢Δܕͱɺిࢠ

Ӣͷྗֶతͳѹྗʹґଘ͢Δ͕͋ܕΓɺͦΕͧΕӡಈֶత Sunyaev-Zel’dovichޮՌ͓Αͼత

Sunyaev-Zel’dovichޮՌͱݺΕ͍ͯΔɻ͜ΕΒɺComptonࢄཚͷিಥ߲Λ૬ରతิਖ਼ͷ࠷

࣍·Ͱల։ͨ͠߹ʹݱΕΔޮՌͰ͋ΓɺSunyaev-Zel’dovichޮՌʹΑͬͯۜՏஂͷԹΛௐ

ͨΓɺݻ༗ΛௐΔ͜ͱ͕Ͱ͖Δɻ·ͨɺશఱʹͬͯ͜ͷεϖΫτϧΈΛ؍ଌ͠ɺͦͷύ

ϫʔεϖΫτϧͳͲΛݟΕɺॳظΏΒ͗ͷੑ࣭ΛௐࠪͰ͖Δ͜ͱΘ͔͍ͬͯΔɻ௨ৗͷ CMB

ԹඇํੑΑΓখ͞ͳ৴߸Ͱ͋Δ͕ɺۙͷ؍ଌٕज़ͷ্͔Βɺͦͷ༗༻ੑ͕ظ͞Ε͍ͯ

ΔɻҰํɺ૬ରతิਖ਼ͷ߲࣍ߴ্هͷ̎ͭͷޮՌͱҟͳͬͨؔܗʹͳΓ۠ผՄͰ͋Δ͜

ͱ͔Βɺ͜ΕΒͷิਖ਼߲؍ଌͰ͖ΕΑΓࢁͷӉͷใΛಘΔ͜ͱ͕Ͱ͖Δ͜ͱΒΕ

͍ͯΔɻͱ͜Ζ͕ɺ͜Ε·Ͱ্هͷิਖ਼߲খ࣮͗ͯ͢͞؍ʹࡍଌ͢Δ͜ͱۃΊͯࠔͰ͋Δ

ͱ͑ߟΒΕ͖ͯͨɻͦ͜Ͱ࠾༻ऀΒɺ৽ͨͳิਖ਼߲ӡಈֶత Sunyaev-Zel’dovichޮՌͱͨࣅ

֯ґଘੑ͕͋ΔҰํҟͳΔؔܗΛͭͱ͍͏ಛʹ͠ɺkSZ-tomographyͱݺΕΔɺӡ

ಈֶత Sunyaev-Zel’dovichޮՌΛߴਫ਼Ͱ؍ଌͰ͖Δ৽͍͠ཧΛԠ༻͢Δ͜ͱΛͨ͑ߟɻͦͷ

݁Ռզʑɺ͜ͷํ๏Λ༻͍ΕɺSunyaev-Zel’dovichޮՌͷิ࣍ߴਖ਼͍ۙকདྷͷ؍ଌܭը (ྫ

͑ɺDark energy spectroscopic instrument Probe of Inflation and Cosmic Origins)Ͱे

.ՌWڀݚଌՄͰ͋Δ͜ͱΛࣔ͢͜ͱʹޭͨ͠ɻຊ؍ R. Coulton, A. Ota and A. van

Engelen,ʠCosmology with the thermal-kinetic Sunyaev-Zelʟdovich effect,ʡarXiv:1910.10152

[astro-ph.CO]ʹͯൃද͠ɺߘݪ Physical Review Lettersʹ͞ߘΕ৹ࠪதͰ͋Δɻ

3 ͦͷଞ

ɺຊͷจΛൃද͍͠ߦڀݚӉʹؔ࿈ͨͦ͠ͷଞͷ͘Ճ͑ɺʹڀݚͷه্ऀ༺࠾

ͨɻ۩ମతʹɺॳظӉͷΈͳΒͣΑΓҰൠతͳඇฏܥߧʹযΛ͋ͯͨɺ։์ܥͷ༗ޮཧ

ʹؔ͢ΔڀݚɺCMBͷεϖΫτϧΏΒ͗ͷઁ࣍ߴಈͷख๏ΛີΏΒ͗Λݯىͱ͢Δ࢝ݪॏ
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ྗͷࢉܭʹԠ༻ͨ͠ڀݚͳͲΛͨͬߦɻ͜ΕΒʹ͍ͭͯɺผࢴͷʮֶձࢽͷൃදʯΛࢀর

͞Ε͍ͨɻ
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