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A Search for a Contribution from Axion-Like Particles to the

X-Ray Diffuse Background Utilizing the Earth’s Magnetic Field
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̭ઢഎࣹ์ܠͷ୳ࡧ)
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1 ຊڀݚͷഎܠͱత

తݧΔ͕ɺ࣮ډ৭ྗֶͰɺCPͷରশੑ͕ഁΒΕΔՄੑΛؚΜͰࢠड़͢ΔྔهΛ༺࡞ޓ૬͍ڧ
ରশੑอଘ͞Ε͓ͯΓ (Baker et al., 2006)ɺ͜ΕΛ͍ڧCPͱݺͿɻ͜ͷͷղܾํ๏ͱ
ͯ͠ɺෳૉεΧϥʔΛಋೖ͢Δ͜ͱ͕ఏҊ͞Εɺ͜ΕʹΑΓΞΫγΦϯͱ͍͏৽ཻ͕ࢠ༧͞ݴΕΔ
(Peccei & Quinn, 1977; Weinberg, 1978)ɻ୯७ͳʮඪ४ΞΫγΦϯʯൃ͞ݟΕ͍ͯͳ͍͕ɺ͜ΕΛ
֦ுͨ͠ଟͷʮΞΫγΦϯཻ༷ࢠ (ALP; Axion-Like Particle)ʯͷՄੑ͕͞ڀݚΕ͍ͯΔɻΞΫ
γΦϯALPɺࣗൃత่յɺ͋Δ͍֎෦ͷి࣓ʹΑΔޫࢠͷมʢٯϓϦϚίϑաఔʣʹ
ΑͬͯޫࢠΛੜ͢Δͱ͑ߟΒΕ (Sikivie, 1983)ɺଠཅΞΫγΦϯͷ؍ଌ࣮ݧ (CAST)͕ߦΘΕͯ
͍Δ͕ະͩ༗ҙͳݕग़ྫͳ͍ɻҰํɺӉͷ؍ଌ͔Βॏྗ૬࡞ޓ༻Λ͏ߦ࣭ͷଘ͕ࣔ͞ྔࡏΕɺ
ͦͷΤωϧΪʔີʹ͍͕ͭͯݶ੍͍͠ݫಘΒΕ͓ͯΓɺʮྫྷ͍ͨ҉ࠇ࣭ʯ͕ඞཁͱ͞Ε͍ͯ
ΔɻΞΫγΦϯALPྫྷ͍ͨ҉ࠇ࣭ͷީิͷ̍ͭͰ͋ΔɻϚΠΫϩྖҬͰɺ҉ࠇ࣭ͷશ
͕ͯΞΫγΦϯͰ͋ΔͱԾఆͨ͠୳࣮ࠪݧ͞Ε͍ͯΔ͕ɺ͜Ε༗ҙͳݕग़ʹ͍ͯͬࢸͳ͍ɻ҉
ΒΕΔɻͦͷ߹ɺ͑ߟͷશఱ͔Β์ࣹ͕͋Δͱ্ٿ࣭ͷશ෦ɺ·ͨҰ෦͕ALPͰ͋Εɺఱࠇ
ٿͷ࣓Λ༻͍Δ͜ͱͰ্؍ଌΑΓେ͖ͳٯϓϦϚίϑաఔΛͨܦALP༝དྷͷޫࢠΛݕग़Ͱ͖
ΔՄੑ͕͋ΔɻXMM-NewtonӴͷ؍ଌʹΑΓɺଠཅΞΫγΦϯ༝དྷͷՄੑ͕͍ߴXઢഎ์ܠ
ࣹͷقઅมಈ͕؍ଌͰ͖ͨͱ͍͏ใ͕ͨͬ͋ࠂ (Fraser et al., 2014)ɻ͔͠͠ɺ͜ͷڧXઢഎ์ܠ
ࣹͷ͜Ε·Ͱͷཧղͱໃ६͠ɺ͜Εʹର͢Δ൱ఆจใ͞ࠂΕ͍ͯΔ (Roncadelli & Tavecchio,

2015)ɻͦ͜ͰɺຊจͰ X ઢఱจӴΛ༻͍ͯ ALP ɻ͢ࢦग़ΛݕͷXઢ์ࣹͷݯى
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2 ຊڀݚͷํ๏

ຊจͰ ALP Λ୳Δ༗ޮͳखஈͱͯ͠ɺ࣓ٿͱͷ૬࡞ޓ༻ʹΑͬͯXઢଳҬʹมޫͨ͠
ΛߦɺӡಈྔҠͷมࢠΛଊ͑Δํ๏Λ༻͍ͨɻALP͔Βޫࢠ q = m2

a/EaɺALPͱޫࢠͷ݁
߹ఆΛ gaγγɺALPͷ࣓ٿதΛඈདྷ͢ΔڑΛ LɺͦΕͱਨͳ࣓ٿͷڧΛ B⊥ͱ͢Δ
ͱɺҎԼͷ༷ʹॻ͚Δɻ

Pa→γ =

(
gaγγB⊥

2

)2

2L2 1− cos (qL)

(qL)2
qL<π−−−−−−−→

(
gaγγB⊥L

2

)2

(1)

qL < πͷ߹ɺม (B⊥L)
2ʹൺྫ͢Δɻ্࣮ݧͰͷҰྫͱͯ͠ CERN ͷ CAST ԕڸ

ʹΑΔଠཅΞΫγΦϯͷ୳ࠪͰɺB⊥ ∼ 9.0 TɺL = 9.26 mͰ͋ΓɺB⊥L ∼ 83 TmఔͰ͋Δ
(Arik et al., 2014)ɻҰํͰɺ࣓ٿͷڧ ∼ 30 µTఔͱখ͍͕͞ɺͦͷൣғٿܘ (
6300 km)ͷഒʹ͍͕ͯͬΔɻيٿಓͷӴ͔Βͷ؍ଌΛԾఆ͠ɺ࣓ͷݮਰ·Ͱྀͯ͠ߟ
؍ଌํʹΑͬͯB⊥L ∼ 200 TmͱͳΓɺCAST ӴͱɺਓʹߋΑΓେ͖͘ͳΔɻݧ࣮
ͷมࢠର͢Δ૬ରҐஔ͕มԽ͢ΔͷͰɺALP͔ΒޫʹٿಓͰيΔ߹ɺӴͷ͢༺Λ࣓ٿ
ɻ͢ࢦग़͢Δ͜ͱΛݕʹґଘ͢Δ৴߸ΛͰɺ͜ͷڀݚมԽ͢Δɻຊ
ຊڀݚͰશఱ͔Β Pa→γ ʹґଘ͢Δ৴߸Λ୳ͨ͢Ίɺ؍ଌதͷݕग़ثͷόοΫάϥϯυͷ҆ఆ

ੑ͕ॏཁͱͳΔɻࡏݱ༻Ͱ͖ΔXઢ؍ଌӴΛൺֱͨ݁͠ՌɺຊڀݚͰʮ͘͢͟ʯӴࡌͷX

ઢ CCDΧϝϥʮXISʯΛ༻͍ͨɻ
ALP ͱͯ͠ɺ୯৭εϖΫτϧܗͷεϖΫτϧͷࢠͷޫݯى (e.g. Cicoli et al., 2014) ͱϕΩؔʹ

ै͏࿈ଓεϖΫτϧ (e.g. Asaka et al., 1998) ͕ఏҊ͞Ε͍ͯΔɻXઢଳҬͰɺҰ൪ਂ͍ײͷະ
ͷ୯৭εϖΫτϧͷ୳ࠪͱͯ͠ʮ͘͢͟ʯ/XIS Λ༻͍ͨ Sekiya et al. (2016)ʹΑΔ্ݶ্͕͛Β
ΕΔɻզʑ͜ͷ؍ଌͷ Pa→γ ΛٻΊΔ͜ͱͰ୯৭εϖΫτϧʹͳΔ ALPͷมʹର͢Δ੍ݶ
Λ͚ͭΔ͜ͱʹͨ͠ɻҰํͰ࿈ଓతͳ์ࣹɺ؍ଌํͷҧ͏σʔλΛ͠߹ΘͤΔํ๏ͰX

ઢഎࣹ์ܠͷڧมಈʹ ALP༝དྷͷ৴߸͕ຒΕͯ͠·͏ɻͦ͜Ͱɺ࿈ଓͷ୳ࠪͷͨΊʹɺ
࣌ଌ؍ʹಛఆͷఱମΛؚ·ͳ͍ɺ͋Δ͍ఱମ༝དྷͷ̭ઢ์ࣹΛऔΓআ͚Δ҉͍ۭΛɺ(2)ࢹ(1)
͕ؒ͘ɺ·ͨෳճ؍ଌ͍ͯ͠ΔɺσʔλΛ༻͍Δඞཁ͕͋Δɻ͜Εʹ͖ͮجɺXIS ͷ؍ଌΞʔΧ
Πϒ (2005-2014 )͔Β߹ܭͰ 1.4 Ms Ͱ͋ΔظόοΫάϥϯυ؍ଌͷ̐ఱମΛબͼALP ม
ɻͨͬߦʹґଘ͢Δ࿈ଓͷ৴߸୳ࠪΛ

3 ̐ͭͷXઢഎࣹ์ܠͷ؍ظଌσʔλͷղੳ

ຊڀݚͰɺ·ͣ̐ͭͷ؍ଌσʔλ (Lockman hole, MBM16, SEP, NEP)ʹରͯ͠ɺӉઢͷόοΫ
άϥϯυϨʔτ্͕͕Δೆେ༸ҟৗଳ (SAA)ɺͷ؍ଌΛআ͢ڈΔ௨ৗͷϦμΫγϣϯʹՃ
͑ɺ࣓ٿʹΑͬͯӉઢͷ৵ೖΛ͛ΔྗΛදͨ͠ࢦඪͰ͋ΔCOR(cut-off rigidity)͕ 8 GV/Ͱ
͋ΔσʔλΛ༻͍ɺSekiya et al. (2016)ͱಉ༷ͷํ๏ͰղՄͳXઢݯ (1.0×10−14erg s−1 cm−2)

ΛऔΓআ͘ɺ͍͠ݫσʔλϦμΫγϣϯΛͨͬߦɻ
ଌʹରͯ͠؍ɺ֤ʹ࣍ 60ඵ͝ͱʹʮ͘͢͟ʯӴͷҐஔΛ͠ࢉܭɺ͔ͦ͜Β XIS ͷࢹઢํʹ

ਨͳ࣓ΛٻΊͨɻيಓࢉܭʹɺӴͷӡ༻ʹ༻͞Ε͍ͯΔجຊؔϥΠϒϥϦʔͰ
͋Δ atFunctionsΛɺ࣓Ϟσϧʹ IGRF-12(Thébault et al., 2015)Λ༻͍ͨɻ࣓ٿͷڧ
L ∼ 6 REͰ 1/100ҎԼͱͳΔͨΊɺB⊥L 1 %ҎԼͷʹऩଋ͢Δɻ̐ͭͷ Xઢഎࣹ์ܠͷ؍ଌ
ͰB⊥Lͷ͕ 60 Tm ͔Β 300 Tm ·Ͱมಈ͢Δ (ਤ 1)ɻʮ͘͢͟ʯӴͷ 3ͷXISͷ߹ܭͷ؍
ଌ͕ؒ࣌ 100 ks ఔ֬อ͞ΕΔΑ͏ɺB⊥LͷͰ؍ଌσʔλΛ̐ͭ͋Δ͍̒ͭʹྨͨ͠ɻ͜Ε
ΒͷB⊥LຖʹɺXઢഎࣹ์ܠʹରͯ͠ޫࢠͷΧϯτϨʔτͦͷεϖΫτϧΛൺֱͨ͠ɻ
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ਤ 1: 2014ͷ Lockman hole ͷ؍ଌͷ (B⊥L)2

ͷ݁ࢉܭՌͷྫɻB⊥L͕ 10͔Β 100 Tmͷ
มಈ͕ݟΒΕΔɻփ৭ͷྖҬ:Ӵͷࢹઢํ͕
ٿʹःΒΕɺۭΛ؍ଌͰ͖ͳ͍ؒ࣌ଳɻ
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ਤ 2: Ґஔ IDʹΑΔσʔλϦμΫγϣϯޙͷ 2-6

keVΧϯτϨʔτɻه߸ͷܗ؍ଌํΛࣔ͢ɻ
(B⊥L)2 < 1.8 × 104 T2m2 ͰΧϯτϨʔτͷ
૿Ճ͕ݟΒΕΔ͕ɺNXBͷෆఆੑͰ͋Δ 30%Α
Γখ͍͞มԽͳͷͰɺALP༝དྷͷ৴߸Ͱ͋Δ
ͱ͑ߟΔ͜ͱͰ͖ͳ͍ɻ

XISͷNXBɺ࿈ଓʹ͍ͭͯيಓ্ͰͷฏۉతͳӉઢΛछͱͨ͠ Geant4 ʹΑΔγϛϡ
ϨʔγϣϯͰ 20%ఔͷਫ਼Ͱݱ࠶Ͱ͖͓ͯΓ (Murakami et al., 2006)ɺًઢӴߏ͔
ΒͷޫܬXઢͰ͋Δ͜ͱ͕͔͍ͬͯΔ (Yamaguchi et al., 2006)ɻ·ͨɺӴͰͷӉઢڧͷࢦ
ඪͱͳΔCORΛ༻͍ͯɺ50 ksec ͷٿͷ؍ଌσʔλ͔ΒฏۉͷNXBεϖΫτϧΛ࡞Γɺ؍ଌ࣌
ͷNXBΛਪఆ͢Δํ๏͕ఏҊ͞Ε (Tawa et al., 2008)ɺ͘͢͟Ӵͷඪ४తղੳํ๏ʹऔΓࠐ·Ε
͍ͯΔɻCOR Pa→γ ্ٿͷӴͷҐஔʹ૬͕ؔ༗ΓɺPa→γ ͱNXBͷͲͪΒݯىͷ༳Β͔͗
Λ۠ผ͢Δ͜ͱ͕Ͱ͖ͳ͍ͨΊɺຊڀݚͰΑΓҙਂ͍ղੳ͕ඞཁͰ͋Δɻ
ຊڀݚͰɺ·ͣNXBͷؒ࣌มಈʹΑΔܥ౷ࠩޡʹ͍ͭͯධՁͨ͠ɻ୯ҐҎ্ͷظมಈΛ

ٿͷ؍ଌ͔Βਪఆ͠ɺNXBΛ͢ݱ࠶ΔͨΊʹલ150±ޙͷٿσʔλΛ༻͍Δ͜ͱͱͨ͠ɻ
·ͨɺXઢԕڸͷ༗ޮ໘ੵ 12keVҎ্Ͱඇৗʹখ͍͞ͷͰɺ12-15 keV૬ͷΠϕϯτΛNXB

ͷࢦඪͱͯ͠༻͍Δ͜ͱͰɺNXBͷظมಈΛਪఆͨ͠ɻ12-15 keVͰͷ 60ඵຖͷΧϯτ
ϨʔτɺϙΞιϯͷظΑΓ 30 %ఔมԽ͢Δ͜ͱ͕Θ͔ͬͨͷͰɺ͜ΕΛ NXBͷܥ
౷ࠩޡͱͨ͠ɻ͞Βʹɺ্ٿͷҐஔʹґଘ͢ΔNXBͷෆఆੑΛݮΒͨ͢Ίɺ্ٿͷ࠲ඪΛ 234

ׂ͠ɺޫࢠΠϕϯτʹରͯ͠ݕग़࣌ͷӴҐஔʹରԠ͢ΔҐஔ ID ΛׂΓৼͬͨɻٿͷ؍ଌΛ
ऩू͢ΔࡍʹɺCOR ͷͰιʔτͨ͠ޙɺہॴతʹ X ઢͷΧϯτϨʔτͷେখ (< 3σ)͕ݟΒΕ
ΔҐஔ ID Λಛఆ͠ɺΠϕϯτΛআͨ͠ڈɻ
Ґஔ ID ʹΑΔσʔλͷߜΓࠐΈޙɺALPͷεϖΫτϧͷܗNXBͷܥ౷ࠩޡͷ༷ʑͳԾఆΛ

ؚ·ͣʹɺXઢ์ࣹͷ (B⊥L)2 ґଘੑΛௐΔͨΊɺALPͷ ͍ͯͭʹଌ؍4 2.0-6.0 keV ͷΧ
ϯτϨʔτΛٻΊͨɻਤ ΒΕͣɺΉ͠ΖݟΒΕΔΑ͏ʹɺ(B⊥L)2ʹൺྫ͢ΔΑ͏ͳݟʹ2
(B⊥L)2 < 1.8× 104 T2m2ͰͷΧϯτϨʔτ͕େ͖͘ͳ͍ͬͯΔ͜ͱ͔Βɺ(B⊥L)2͕খ͍͞ॴ
࣓ٿͷऑ͍ͱ͜ΖʹӴͷҐஔ͕ूத͓ͯ͠ΓɺNXBͷ͕ੑݱ࠶ѱ͍͜ͱ͕ࣔࠦ͞ΕΔɻ
Xઢഎࣹ์ܠɺ3ԹͷۜՏܥߴԹϓϥζϚ (kT = 0.1−1.0keV)ͷ์ࣹͱܥ֎ͷ׆ಈۜՏ֩ͷ์

ࣹ (CXB;ޫࢦࢠ = 1.4ͷϕΩؔ)Ͱઆ໌Ͱ͖Δ͜ͱ͕ઌڀݚߦ (e.g. Yoshino, 2008; Sekiya et al.,

2016)͔ΒΒΕ͍ͯΔɻຊڀݚͰɺ·ͣ؍ଌํ͝ͱʹઌड़ͷXઢഎࣹ์ܠͷϞσϧΛܾఆ͠ɺͦ
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ΕʹALPݯىͷϕΩ์ࣹϞσϧ͕ (B⊥L)2ʹൺྫͨ͠ڧͰଘ͢ࡏΔɺ dN/dE ∝ (B⊥L)2E+0.5ɺͱ
Ծఆͯ͠εϖΫτϧղੳΛͨͬߦ (Asaka et al., 1998)ɻຊڀݚͰಘΒΕͨXઢഎࣹ์ܠͷϞσϧɺઌ
ΛεϖΫτϧղੳʹөͤ͞Δํ๏ͱͯ͠ɺࠩޡ౷ܥͱໃ६͠ͳ͍݁ՌͰ͋ͬͨɻ·ͨɺNXBͷڀݚߦ
ʹม͑ͣܗΈεϖΫτϧͷࠐଌσʔλ͔ΒNXBΛࠩ͠Ҿ͘ͷͰͳ͘ɺNXBΛϞσϧͱͯ͠औΓ؍
ϑϥοΫεશମΛมԽͤ͞Δ৽͍͠ख๏Λ։ൃͨ͠ɻ͜ΕΒΛΈ߹Θͤɺ4ํશͯͷ؍ଌʹ͍ͭͯ
ALP༝དྷͷXઢ์ࣹ CXBͷϞσϧͷෆఆੑ·ͰؚΊͨ౷ࠩޡܭ 90 %ͷൣғͰ 0ͱҰகͨ͠ɻ
Ҏ্͔ΒɺຊڀݚͰ (B⊥L)2ʹൺྫ͢Δ࿈ଓͷ์ࣹͷ༗ҙͳݕग़ʹࢸΒͳ͔ͬͨɻ4ํͷղ
ੳ݁ՌΑΓɺ2-6 keVͰͷALP ͰͷXઢද໘ًͱCXB ͷද໘ًͱͷ৴པίϯτΞ (SEP ͷ؍
ଌ: ਤ 3)͔ΒɺALPͷද໘ًͷ 99%ͷ্ݶͱͯ͠ɺ2.8× 10−9erg s−1 cm−2 sr−1 (100 Tm)−2
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ਤ 3: SEP ͷ؍ଌʹ͓͚Δ NXB ͷෆఆੑ
ྀͨ͠ߟ CXB ͱ ALP ͷද໘ًʹ͍ͭͯͷ
৴པίϯτΞɻ৴པϨϕϧࠇ: 68%, :

90%, : 99%Ͱ͋Δɻઢ͕ ALP ͷද໘ً
ʹର͢Δ 99% ͷ্ݶΛࣔ͢ɻ
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ਤ 4: ຊڀݚͰಘΒΕͨALPsͷ݁߹ఆͷ্
࣭͕ALPsࠇͷ҉ۙܥΛࣔ͢ɻ(B)ଠཅݶ

ʹ่յ͠ɺ࣓ٿʹΑͬͯޫࢠʹม͞ΕΔ
߹ɻ(C)ӉʹҰ༷ʹ͍ͯ͠Δ҉ࠇ࣭
่͕յͯ͠ALPsʹมΘΓɺۙٿͰޫࢠʹ
ม͞ΕΔ߹ɻଞͷ࣮ݧͷ·ͱΊ Carosi

et al. (2013)Λࢀরͨ͠ɻ

4 ALPݯىʹΑΔXઢͷ؍ଌ݁Ռͱͦͷҙٛ

ຊڀݚͰɺALP ͷݯى Xઢ์ࣹΛɺ࣓ٿΛ༻͍ͯ୳ࠪ͢Δͱ͍͏͜Ε·Ͱʹͳ͍৽͍͠
ํ๏ͱͯ͠औΓΜͩɻͦͷ݁Ռɺ࿈ଓͷ୳ࠪʹ͓͍ͯ༗ҙͳݕग़ແ͔ͬͨɻ2.0-6.0 keV ͷ
ද໘ًͷ 99% ͷ্ݶͱͯ͠ɺܥ౷ࠩޡΛྀ͢ߟΔͱ 2.8× 10−9erg s−1 cm−2 sr−1 (100 Tm)−2

ͱ͍͏੍͕ݶಘΒΕͨɻ͜Εɺ̭ઢഎࣹ์ܠͷ 15%ҎԼʹ૬͠ɺ2keVҎ্ͷ Xઢഎࣹ์ܠͷ
75∼80%ɺԕํͷ׆ಈۜՏ֩ͷॏͶ߹ΘͤʹղͰ͖͍ͯΔ͜ͱͱໃ६͠ͳ͍ɻ·ͨɺSekiya

et al. (2016)͔Β୯৭εϖΫτϧʹ͍ͭͯɺALPʹ͍ͭͯͷݶքݕग़ڧ͕ಘΒΕͨɻ͜ΕΒͷ
ग़ՄݕΛ༩͑Δɻ͞Βʹ̭ઢͰݶ੍ʹͷ݁߹ఆͷੵࢠͱޫີࡏɺALPͷଘڧքݶग़ݕ
࣭ྔൣғΛྀ͠ߟɺ࿈ଓʹ͍ͭͯɺӉશମͷ҉ࠇ࣭͕ALPͰ͋Δͱ͍͏Ծఆɺ·ͨ୯
৭εϖΫτϧʹ͍ͭͯɺզʑͷۜՏʹਵ͢Δ҉ࠇ࣭͕ ALPͰ͋Δͱ͍͏ԾఆΛ͓͘͜ͱͰɺ
ALPͷ࣭ྔͱ݁߹ఆʹਤ ڀݚΛಘΔ͜ͱ͕Ͱ͖ͨɻຊݶ੍ࣔ͢ʹ4 CAST  ADMX ͷଞͷ
Ծఆ͍ͯ͠Δ͕ݧ࣮ Axion  ALP ͱɺੜաఔͷԾఆ͕ҟͳΔ͕ɺALPͷཧύϥϝʔλʹ
͍ͭͯ͜ΕҎ্ʹݶ੍͍ڧͱͳΒͳ͔ͬͨɻ͔͠͠ɺ৽ͨʹಠཱͨ͠؍ଌํ๏Ͱͷ੍͕ݶಘΒΕͨ
ͱ͑ݴΔɻ
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