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• A observer in an uniformly accelerated motion sees 
the Minkowski vacuum as a thermally excited state. 

a
acceleration

Unruh Temperature

1. Introduction ― Unruh effect Unruh (1976)
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Analogy with the Hawking radiation by the equivalence principleþ

þ The simplest system
relativity and quantum mechanics are important simultaneously.   

þ Entanglement of quantum field 



2. Unruh effect and entanglement of quantum field
Wald and Unruh (84) 
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Rindler spacetime
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right Rindler vacuum state :

excited state
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x

R-region

Right Rindler
coordinate

t

L-region

Minkowski vacuum is expressed as the entangled state 
of the right-Rindler states and the left-Rindler states.
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Wald, Unruh 
(1984)

|nj , IIi |nj , Ii

Left Rindler coordinate
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Partial trace with respect to the states of the L region
the thermal state with the Unruh temperature  
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Entanglements is an aspect of the Unruh effect 



Chen, Tajima (99)

Schutzhold, et al (06)electron acceleration with an intense laser

Possibilities of detecting the Unruh effect ?

c.f. Bell, Leinaas (83)
Cozzella, et al (17)Radiation from Unruh effect ?

radiation?  
Is there radiation 
from thermal 
equilibrium system?

→ Importance of an interference effect
→ But, there is non-vanishing quantum radiation
→ What is the origin of the quantum radiation?

Lin and Hu (06)
Iso, et al (11)
Oshita, KY, Zhang (16)
Iso, et al. (17)
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random force from vacuum fluctuations 

3. Quantum radiation in Unruh de Witt detector model 
Lin and Hu (06)

: vacuum fluctuations
�h(x)

Initial time : τ0→ -∞



Two point function of the field
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4. Origin of the quantum radiation? 
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Correlation of vacuum fluctuations of the points, one is in F-region 
and the other is on the detector  trajectory (R-region) is the key 
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Kasner degenerate expanding universe in F-region
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left moving wave  + right-moving wave 

Left-moving wave Kasner mode

right-moving wave Kasner mode
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Quantization of the massless scalar field 
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Description of the Minkowski vacuum state with entanglement
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Right-moving Kasner mode 
right Rindler mode  

A  
(non-vanishing flux)

Left-moving Kasner mode 
right Rindler mode  

B 
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non-vanishing quantum radiation due to the Unruh effect
- Unruh de Witt detector model in a uniformly accelerated motion

5. Conclusions

Origin of the quantum radiation is 
the entanglement of the states of the field
between the right-moving Kasner mode and the Rindler mode.


