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・Introduction 

Ø ăěĤĥĦïĥĦēĤïēĠĖïĘěĤĥĦïęēĞēĪīïğēĖėïĘĤġğïĢĤěğġĤĖěēĞïęēĥïĕĞġħĖ

ĤėěġĠěĬēĦěġĠ

ĒěĦĚġħĦïğėĦēĞ ĒěĦĚïğėĦēĞï
ĉėĦēĞïĘġĤğēĦěġĠ

Observation of super massive black hole (SMBH) at z~7
ƌ # ~10' #⨀ƍ

• ąěĥĦġĤīïġĘïħĠěĨėĤĥė

ăěĤĥĦïġĔĜėĕĦïõþïĥėėĖïĀą

ñĢĤěğġĤĖěēĞïęēĥïĕĞġħĖò

• ăěĤĥĦïġĔĜėĕĦïñ%�O�ò



・Introduction 
• ăěĤĥĦïġĔĜėĕĦïĘġĤğēĦěġĠïĥĕėĠēĤěġ

(Omukai 2001)

H"cooling_week

H"cooling_strong

ĕġĞĞēĢĥėïġĘïēïĕĞġħĖïġĘïĢĤěğġĤĖěēĞïęēĥ

• ąïĕġġĞěĠęïİ T*+, ~ 8,000 K
• H" ĕġġĞěĠęïİ T*+, ~ 200 K

ÿĨēěĞēĔĞėïĕġġĞěĠęïěĥïġĠĞīïąïēĠĖïH"

ĒěĦĚġħĦïğėĦēĞ



・Introduction 

ČĤěğġĤĖěēĞïĕĞġħĖï
ğēĥĥï10123 M⊙

ĥĦĤġĠę ĩėėĝ

ĐđïĤēĖěēĦěġĠïĘĤġğï

ĠėēĤïĕĞġħĖ

l Destruct	67, 62

• ďĚėïĤėĞēĦěġĠïĔėĦĩėėĠïĕġġĞěĠęïġĘïĢĤěğġĤĖěēĞïęēĥïēĠĖïĘěĤĥĦïġĔĜėĕĦï
ñĖěĤėĕĦïĕġĞĞēĢĥėïĥĕėĠēĤěġòï

ĢĤėĨėĠĦïH" ĘġĤğēĦěġĠ

Lyman-Werner radiation
ăġĤğēĦěġĠïġĘïĘěĤĥĦïĥĦēĤ

Mass	~8~899:⨀

ĎħĢėĤïğēĥĥěĨėïĥĦēĤï
~89;2< :⨀

Direct collapse ĥĕėĠēĤěġ
Formation		seed	BH	:	mass	~89;2< :⨀

H" ĕġġĞěĠęï

ČĤěğġĤĖěēĞïęēĥïĕĞġħĖïĕĤėēĦėïĘěĤĥĦïĥĦēĤĥï
ěĘïĦĚėĤėïēĤėïĠġïėĘĘėĕĦïĦġïĖėĥĦĤħĕĦïH"



・ Introduction
• ĂĘĘėĕĦïġĘïĈīĭïĢĚġĦġĠïĦġïĢĤėĨėĠĦïH" ĘġĤğēĦěġĠï(Johnson & Dijkstra 2017)
• ĉēěĠïĤėēĕĦěġĠïĦġïĘġĤğēĦěġĠïH" ěĠïĢĤěğġĤĖěēĞïĕĞġħĖ

Photodetachment ėĠėĤęīïüï þ0.76 eV 

Lyα photon üï10.2 eV

Outer 
LW radiation

Inner 
Lyα radiation

ČĤěğġĤĖěēĞïĕĞġħĖ

(destruct	H",	H2)

ƌĖėĥĦĤħĕĦïH2ƍ

H cooling radiation

ÿĦïĚěęĚïĖėĠĥěĦīïĤėęěġĠôïěĦïĕēĠïĠġĦïĢĤėĨėĠĦïH" ĘġĤğēĦěġĠïġĠĞīïġħĦėĤïĐđïĤēĖěēĦěġĠô
ĀħĦïěĠĕĞħĖėïěĠĠėĤïĈīĭïĤēĖěēĦěġĠïĕēĠïĢĤėĨėĠĦïH" ĘġĤğēĦěġĠö



・ Introduction
Ø ČĤġĔĞėğïġĘïĈīĭ ĦĤēĠĥĘėĤïěĠïJohnson & Dijkstra 2017

ĂĘĘėĕĦïġĘïğħĞĦěĢĞėïĥĕēĦĦėĤěĠęïēĠĖïĦĤēĢĢěĠęïİ ħĥėïĢēĤēğėĦėĤï

(#>:	increase	length	to	escape	primordial	cloud)

ĀïüïėĘĘėĕĦïġĘïĠġĠõħĠěĘġĤğïėĠėĤęīïĖėĠĥěĦī

ĒėïĦĚěĠĝïěĦïĠėėĖïĦġïĦĤėēĦïĈīĭïĦĤēĠĥĘėĤïğġĤėïėĪēĕĦĞīï

B = 1 ~ 10 

Luminosity of Lyα :	ęĤēĨěĦēĦěġĠēĞïĢġĦėĠĦěēĞïėĠėĤęī Energy density of Lyα



・Method
• čēĖěēĦěĨėïĦĤēĠĥĘėĤïġĘïĈī? İ ĤēĖěēĦěĨėïĖěĘĘħĥěġĠïėģö

Ø ċĠėõĖěğėĠĥěġĠïĢĞēĠėïĢēĤēĞĞėĞï

@A üïěĠĦėĠĥěĦīôï?A üïėĪĦěĠĕĦěġĠïĕġėĘĘěĕěėĠĦôï
BA üïĥġħĤĕėïĦėĤğôïC = cosH

ĖėĕĤėēĥė ěĠĕĤėēĥė

ĉġğėĠĦïėģħēĦěġĠïñēĨėĤēęėïġĘïĥġĞěĖïēĠęĞėò

• ĘěĤĥĦôïĥėĕġĠĖïğġğėĠĦïėģöïóïĂĖĖěĠęĦġĠïēĢĢĤġĪěğēĦěġĠïñěĥġĦĤġĢěĕïĤēĖěēĦěġĠò

čēĖěēĦěĨėïĖěĘĘħĥěġĠïėģħēĦěġĠ

• ĎġħĤĕėïĦėĤğïüïēĢĢĤġĪěğēĦěġĠïġĘïĤėĖěĥĦĤěĔħĦěġĠïñčīĔěĕĝěïðïĖėĞĞĮÿĠĦġĠěġ øûûúò

čēĖěēĦěġĠïĥġħĤĕė

ĊġĤğēĞěĬėïĘĤėģħėĠĕī

I =
J − JL
ΔJN

JL üïĞěĠėïĕėĠĦėĤïĘĤėģħėĠĕīôï
ΔJN =

OPQ
R
JL üïāġĢĢĞėĤïĩěĖĦĚ

ĒėïĥġĞĨėïĦĚěĥïėģħēĦěġĠïħĥěĠęïĠħğėĤěĕēĞïĥěğħĞēĦěġĠ



・Method
• ĀġħĠĖēĤīïĕġĠĖěĦěġĠ

Ø ĘĤėģħėĠĕīïñĪòïïüïĔġħĠĖēĤīïýƎ

Ø ĎħĤĘēĕėïġĘïĕĞġħĖïñSòïïüï
ĤēĖěēĦěġĠïěĥïěĥġĦĤġĢěĕïēĠĖïġĠĞīïėĥĕēĢėïĤēĖěēĦěġĠ

S

I
I = 0

S = 0

ĎěğħĞēĦěġĠï
ĤėęěġĠ

S = STUV

I = ITWX I = ITUV

= Y S Y(I) S = 0

S = STUV

[ = \, S = STUV
Ĭ

ĥġħĤĕė

@öïČĞēĠėïĢēĤēĞĞėĞôïġĢĦěĕēĞïĖėĢĦĚïS

T
Ø čēĖěēĦěġĠïĥġħĤĕėïüï
ċĠĞīïĕĞġħĖïĕėĠĦėĤïñS = 0 òēĠĖïĘĤėģħėĠĕīïĞěĠėïĕėĠĦėĤïñĪý÷òï

Ø Symmetry		at		S = 0



・Method
• ĂĠĨěĤġĠğėĠĦïġĘïęēĥïĕĞġħĖ
Ø ĆĥġĦĤġĢěĕïęēĥïĕĞġħĖ

Ø ČēĤēğėĦėĤïġĘïĥěğħĞēĦěġĠ

• ĄēĥïĦėğĢėĤēĦħĤėïT
• Optical depth at Lyα line center (S]^_` a`_b`c ò

• ĂĥĦěğēĦėïġĘïġĢĦěĕēĞïĖėĢĦĚï
τ]^_` a`_b`c = e f \ = gh f

f = ij"
k l"

mn o
1
ΔJN

= 5.89 × 102j1
t
101

2j"

ďġĦēĞïğēĥĥïġĘïęēĥïĕĞġħĖïüïM*+, = 103#⨀

ĖėĠĥěĦīïüïn = 0.1 ~ 10v

τ]^_` a`_b`c üï103 ~ 10j" ñēĥĥħğėïěĥġĦĤġĢěĕïĥĢĚėĤěĕēĞïĕĞġħĖò

ƌĕĞġħĖïĤēĖěħĥïĈƍ



・Result
• ĎĢėĕĦĤēĞïġĘïėĥĕēĢėïĢĚġĦġĠ

T= 101 K

tau=	101 tau=	103 tau=	10w

ĤėĖƏđġěęĦïĢĤġĘěĞėïüïĠħğėĤěĕēĞïñĦĚěĥïĩġĤĝò
ĔĞēĕĝƏLorentz profile :analytical

ÿĦïĚěęĚïġĢĦěĕēĞïĖėĢĦĚ
Agree with Harrington-Neufeld ĥġĞħĦěġĠïñĈġĤėĠĦĬïĢĤġĘěĞėïēĠēĞīĦěĕēĞïĥġĞħĦěġĠò

Harrington-Neufeld ĥġĞħĦěġĠ (Harrington 1973, Neufeld 1990)
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・Result
• ăĤėģħėĠĕīïēĨėĤēęėïğėēĠïěĠĦėĠĥěĦīïñěĠĕěĖėĠĕėïěĠĦėĠĥěĦīïýïøò

ĆĠĕĤėēĥėïğėēĠïěĠĦėĠĥěĦīïēĦïĕĞġħĖïĕėĠĦėĤïį ėĘĘėĕĦïġĘïğħĞĦěĢĞėïĥĕēĦĦėĤěĠęĲ

x = 89<

Optical	depth	(S)0 103

Frequency	integral	m
ean	intensity

yz{z(S)

Optically thin

T=10| K
T=101 K



・Result
• H2 ĢĚġĦġĖėĦēĕĚğėĠĦ ĤēĦėïġĘïĈīĭïĤēĖěēĦěġĠ

Ø Average	rate	in	gas	cloud	}~`b+a�
Ä`+_ ñS]^_` a`_b`c òïüïS]^_` a`_b`c = 101 ~ 10jL
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・Result

H2 + H → H" + e2

}ÑÖ ÜácÄ = 4.0×102' ×t2L.jâ ×eÑ [ä2j]

• H" ĘġĤğēĦěġĠïĤēĦėï

• ĉēěĠïĤėēĕĦěġĠï

(Galli & Palla 1998)

• Compare with H" formation and destruction 
• Lyα	radiation	:	H2 destruction
• Outer	UV	radiation	:	H" destruction 
• H" ĘġĤğēĦěġĠïĘġĤğïH2

čėĥĦĤěĕĦïH" ĘġĤğēĦěġĠ
ġĠĞīïĈīĭïĤēĖěēĦěġĠïï

M*+, = 103#⨀,	T*+,=	101 K
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・Conclusion

Ø H2 ĢĚġĦġĖėĦēĕĚğėĠĦ ĤēĦėïĔīïĈīĭïĖėĥĕĤěĔėïĔėĞġĩïĘġĤğħĞēïěĠïĢĞēĠėï
ĢēĤēĞĞėĞïĢĤěğġĤĖěēĞïęēĥïĕĞġħĖ

Ø ÿĦïĚěęĚïĖėĠĥěĦīôïĢĤėĨėĠĦïH" ĘġĤğēĦěġĠïġĠĞīïĔīïěĠĠėĤïĈīĭïĤēĖěēĦěġĠ

Ø ĀħĦïēĦïĞġĩïĖėĠĥěĦīôïĠėėĖïĦġïġħĦėĤïĐđïĤēĖěēĦěġĠ


