


▪

𝑧 > 10

▪

𝑀∗~108−9𝑀⊙

▪

𝑍~0.1𝑍⊙

▪

𝛽 ≥ −2.6

▪

𝐴𝑉 ≤ 0.02

https://academic.oup.com/mnras/article/520/2/2445/6987694


• ϵ∗ ≃ 0.1 − 0.3

•

•

•

•

https://iopscience.iop.org/article/10.3847/2041-8213/ac9310
https://arxiv.org/abs/2312.05030


—

—

—

—

https://iopscience.iop.org/article/10.1088/0004-637X/762/2/109
https://iopscience.iop.org/article/10.1088/0004-637X/763/1/18
https://academic.oup.com/mnras/article/480/4/4379/5068189


𝑀⊙/ℎ

3.11 × 107 6.14 × 106 1.53 × 106

7.96 × 106 1.57 × 106 3.93 × 105

5.22 × 108 1.03 × 108 2.57 × 107

2.49 × 108 4.91 × 107 1.22 × 107

1.75 × 108 3.45 × 107 8.62 × 106

ℎ Ω𝑚 ΩΛ Ω𝑏 𝜎8 𝑛𝑠

𝜌𝑐 = 27.754 × 1010ℎ2𝑀⊙Mpc−3



𝑑𝐻 = 𝑐𝐻0
−1(≈ 4200Mpc)

•

•

•

𝒪 𝑁2

•

•

•

•

•

•

•

•

•

•

•

• 𝒪 𝑁 log 𝑁

𝑥𝑖 𝑡 + 𝜖 = 𝑥𝑖 𝑡 + 𝜖𝑣𝑖 𝑡 +
1

2
𝜖2𝑎𝑖 𝑡 + 𝒪 𝜖3

𝑣𝑖 𝑡 + 𝜖 = 𝑣𝑖 𝑡 +
𝜖

2
𝑎𝑖 𝑡 + 𝑎𝑖 𝑡 + 𝜖 + 𝒪 𝜖3

https://link.springer.com/article/10.1007/BF02845853
https://link.springer.com/article/10.1007/BF02702282


𝑡⋆

https://academic.oup.com/mnras/article/339/2/289/1003780


𝑡⋆ 𝜖 : 𝜌ℎ𝑢ℎ + 𝜌𝑐𝑢𝑐

𝜌𝑐 𝜖SN : 𝑀⊙

𝜌ℎ 𝛽 : > 8𝑀⊙

𝜌⋆ 𝑢SN : 1 − 𝛽 𝛽−1𝜖SN

𝜌 𝜌ℎ + 𝜌𝑐 𝐴 :

𝑢ℎ 𝑓 : 𝑓 = 0 𝜌 > 𝜌th 𝑓 = 1

𝑢𝑐 Λnet :

𝑑𝜌𝑐

𝑑𝑡
= −

𝜌𝑐

𝑡⋆
− 𝐴𝛽

𝜌𝑐

𝑡⋆
+

1 − 𝑓

𝑢ℎ − 𝑢𝑐
Λnet 𝜌ℎ, 𝑢ℎ

𝑑

𝑑𝑡
𝜌𝑐𝑢𝑐 = −

𝜌𝑐

𝑡⋆
𝑢𝑐 − 𝐴𝛽

𝜌𝑐

𝑡⋆
𝑢𝑐 +

1 − 𝑓 𝑢𝑐

𝑢ℎ − 𝑢𝑐
Λnet 𝜌ℎ, 𝑢ℎ

𝑑𝜌ℎ

𝑑𝑡
= 𝛽

𝜌𝑐

𝑡⋆
+ 𝐴𝛽

𝜌𝑐

𝑡⋆
−

1 − 𝑓

𝑢ℎ − 𝑢𝑐
Λnet 𝜌ℎ, 𝑢ℎ

𝑑

𝑑𝑡
𝜌ℎ𝑢ℎ = 𝛽

𝜌𝑐

𝑡⋆
(𝑢𝑐+𝑢SN)  + 𝐴𝛽

𝜌𝑐

𝑡⋆
𝑢𝑐 −

𝑢ℎ − 𝑓𝑢𝑐

𝑢ℎ − 𝑢𝑐
Λnet 𝜌ℎ, 𝑢ℎ

https://academic.oup.com/mnras/article/339/2/289/1003780


•

•

𝑢ℎ = 𝑢𝑐 + Τ𝑢SN 𝐴 + 1

•

𝑥𝑐 = Τ𝜌𝑐 𝜌

•

𝑃eff = 𝛾 − 1 𝜌ℎ𝑢ℎ + 𝜌𝑐𝑢𝑐 = 𝛾 − 1 𝜌 1 − 𝑥𝑐 𝑢ℎ + 𝑥𝑐𝑢𝑐 = 𝛾 − 1 𝜌𝑢eff

•

ሶ𝜌⋆ = 1 − 𝛽 Τ𝜌𝑐 𝑡⋆ = 1 − 𝛽 Τ𝜌𝑥𝑐 𝑡⋆

•
ሶ𝑀𝑤 = 𝜂 ሶ𝑀⋆ 𝜒

Τ1
2  ሶ𝑀𝑤𝑣𝑤

2 = 𝜒𝜖SN
ሶ𝑀⋆

𝑥𝑐 = 1 + 1
2𝑦

− 1
𝑦

+ 1
4𝑦2 ; 𝑦 = 𝑡⋆Λnet 𝜌,𝑢ℎ

𝜌 𝛽𝑢SN− 1−𝛽 𝑢𝑐

ሶ𝑀⋆ = Τ1 − 𝛽 𝑀𝑥𝑐 𝑡⋆

https://academic.oup.com/mnras/article/339/2/289/1003780


•

•

•

https://iopscience.iop.org/article/10.1088/0004-637X/762/2/109


https://iopscience.iop.org/article/10.1088/0004-637X/762/2/109




•

•



•

•



•

•



•

•





•

•

https://arxiv.org/abs/2402.17829




න
𝑚𝑙

𝑚𝑢

𝑚𝜙 𝑚 𝑑𝑚 = 1𝑀⊙ ℒ𝜆
𝑐𝑝

𝜏 = න ℒ𝜆
⋆ 𝑚, 𝜏

𝜙 𝑚

𝑀⊙
 𝑑𝑚 ℒ 𝑡 = නℒ𝜆

𝑐𝑝
𝑡 − 𝑡′  ሶ𝑀⋆𝑑𝑡′ 



𝒦UV =
ℒUV

SFR
= 1.15 × 10−28erg s−1 Hz−1/𝑀⊙yr−1





(6.77 × 10−22𝑔/𝑐𝑚3)

CNM

HIM

WIM

WNM



      

                                

                                                     

                                                                    

                                                              

•

•



•

•

•

•



•

•

•

•
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