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Hawking radiation

• Particle production in curved spacetime
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Hawking (1974, 1975)
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Hawking radiation

• Particle production in curved spacetime
• Blackbody spectrum (up to a greybody factor)
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Hawking (1974, 1975)
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Hawking radiation

• Particle production in curved spacetime
• Blackbody spectrum (up to a greybody factor)
• Hawking temperature 𝑇BH ∝ 𝑀Pl

2 /𝑀
• Solar mass 𝑀⨀ = 2 × 1033g: 𝑇BH = 𝑀Pl

2 /𝑀⨀ ≈ 5 ×
10−21GeV~10−8K

• Planck mass: 𝑇BH = 𝑀Pl
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Hawking radiation

• Particle production in curved spacetime
• Blackbody spectrum (up to a greybody factor)
• Hawking temperature 𝑇BH ∝ 𝑀Pl

2 /𝑀
• Solar mass 𝑀⨀ = 2 × 1033g: 𝑇BH = 𝑀Pl

2 /𝑀⨀ ≈ 5 ×
10−21GeV~10−8K

• Planck mass: 𝑇BH = 𝑀Pl

• Black hole lifetime

• Evaporated by today: ≲ 1015g
• Evaporated by BBN (~1s after Big Bang): ≲ 109g
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Hawking (1974, 1975)



Primordial black hole

• Collapse of primordial density fluctuation
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Zel’dovich and Novikov (1967); Hawking (1971); 
Carr and Hawking (1974); Carr (1975)



Primordial black hole

• Collapse of primordial density fluctuation
• PBH mass and formation time

• 𝑀ini = 109g: 𝐻ini~105GeV ⟹  𝑡ini~10−30s
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Zel’dovich and Novikov (1967); Hawking (1971); 
Carr and Hawking (1974); Carr (1975)
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Primordial black hole

• Collapse of primordial density fluctuation
• PBH mass and formation time
• Plasma temperature at evaporation (assumed RD)

• 𝑀ini = 109g: 𝑇BH~104GeV ≫ 𝑇ev~1MeV
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Zel’dovich and Novikov (1967); Hawking (1971); 
Carr and Hawking (1974); Carr (1975)



Hotspot formation

• Thermalization of Hawking radiation
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Hotspot formation

• Thermalization of Hawking radiation
• Instantaneous thermalisation?
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Hotspot formation

• Thermalization of Hawking radiation
• Instantaneous thermalisation?
• 𝑝~𝑇BH ≫ 𝑇ev: Landau-Pomeranchuk-Migdal (LPM) effect

• Destructive interference between diagrams
15
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Hotspot formation

• Thermalization of Hawking radiation
• Instantaneous thermalisation?
• 𝑝~𝑇BH ≫ 𝑇ev: Landau-Pomeranchuk-Migdal (LPM) effect

• Destructive interference
• Nearly collinear emission
• 𝑡form~𝑘/𝑘⊥
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• 𝑘⊥
2 ~𝛼2𝑇3𝑡form

• ΓLPM(𝑘, 𝑇)~𝛼 𝑡form
−1 ~𝛼2𝑇 𝑇/𝑘
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Hotspot formation

• Thermalization of Hawking radiation
• Instantaneous thermalisation?
• 𝑝~𝑇BH ≫ 𝑇ev: Landau-Pomeranchuk-Migdal (LPM) effect
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Hotspot formation

• Thermalization of Hawking radiation
• Diffusion
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𝑡d(𝑀, 𝑇)



Hotspot formation

• Result
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Hotspot formation

• Result
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𝑇max is determined by 𝑡d = 𝑡ev



• We consider the Hawking radiation from small PBHs in 
the early Universe

• Take into account the LPM effect and diffusion
• Result: a hotspot (𝑇max) with radius much larger than 𝑟s.

Summary
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Discussion

• Sphaleron and baryon asymmetry

• Symmetry restoration and topological defects

• Heavy particle production 
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Thank you for your attention! 
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