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• Black Hole Information Paradox

• Hawking’s semi-classical 
calculation (1975) implies Black 
Hole radiates and eventually 
evaporates 

• This process violates “Unitarity” 
since if  a pure state collapses into 
Black Hole,  it will eventually evolve 
mixed state.

⇒Where is information pure   
state has ?

Information Paradox

Black Hole
Hawking 
Radiation

(Pure State) (Mixed State)
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How to solve this problem ? ? ? 
No one knows exact quantum gravity…so, there are a lot of conjectures

e.g)

• Firewall Conjecture (Polchinski)

• Black Hole Complementarity (Susskind, ‘t Hooft)

• Remnant scenario (Aharanov, Banks, Giddings)

• Soft Hair (Hawking-Perry-Strominger, Hotta-Trevison-Yamaguchi)

• Vacuum fluctuation  (Wilczek, Hotta-Schützhold-Unruh)

• Unitarity is not preserved

I assume “unitarity is preserved’’

Unitarity is
preserved



What is needed in preserving unitarity ?
⇒Purification partners

Moving mirror model

Purification partners formula

Purification partners formula in moving mirror model

5



• Pure State &Mixed State
Quantum state is described by “Density Operator’’

⇒  𝜌 =  𝑖 𝑝𝑖|  𝜓𝑖  𝜓𝑖|

(probability 𝑝𝑖 ; state |  𝜓𝑖 ( 𝑖 𝑝𝑖 = 1) )
Pure state is  special case  𝜌 = |  𝜓  𝜓| (only one state)
Others are Mixed state (some states are mixed)
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Pure state cannot evolve into mixed state by unitary process

𝜓  𝜓|  𝜌
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A B

A & B composite system is “Entangled state’’ 

1

2
↑ 𝐴 ↓ 𝐵 − ↓ 𝐴 ↑ 𝐵

(example)
Bell state（2-spin system）

subsystem A has correlation with 
subsystem B

• Entangled state
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• Purification
Subsystem A in mixed sate can be entangled by other subsystem B in mixed state 
such that composite system AB is pure. 

⇒ “Purification’’

A

Entangle

Pure state|Ψ 

B

Pure state 𝜙 𝐴𝐵

9



• What is purification partner of Hawking Radiation ?

Any mixed state can be purified by appropriate auxiliary system,

that is , there is a purification partner and combined system is pure.

So, if we can find this purification partners, unitarity is preserved. 
(pure  state→pure state)

→ What purifies Hawking radiation ?? 

Hawking Radiation

?
Black Hole Purification Partner



What needs in preserving unitarity ?
⇒Purification partners

Moving mirror model

Purification partners formula

Purification partners formula in moving mirror model
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• Moving Mirror Model

(1+1)dim accelerated moving mirror on 
Minkowski spacetime which reflects 
field Φ 𝑡, 𝑧 𝑡 = 0 can mimic fields 
dynamics in collapsing star spacetime

Wilczek used this model and pointed out 
“vacuum zero point fluctuations” purify 
Hawking radiation.  

(but this model neglects high curvature, so 
problem does not be perfectly solved)

𝑣 = 𝑝 𝑢

𝑢 = 𝑡 − 𝑥, 𝑣 = 𝑡 + 𝑥

𝑡

𝑥

Φ(𝑡, 𝑥)

Mirror orbit



𝑡

Φ(𝑡, 𝑥)

Mirror orbit

𝑣 = 𝑝 𝑢

(𝑢 = 𝑡 − 𝑥, 𝑣 = 𝑡 + 𝑥)

𝑥

Entangle
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𝑡

Φ(𝑡, 𝑥)

Mirror orbit

𝑣 = 𝑝 𝑢

(𝑢 = 𝑡 − 𝑥, 𝑣 = 𝑡 + 𝑥)

𝑥

Vacuum fluctuation
Evaporation case
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What needs in preserving unitarity ?
⇒Purification partners

Moving mirror model

Purification partners formula

Purification partners formula in moving mirror model
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• How to find purification partner ?
• So far, some people could find the purification partner under particular 

condition  [Hotta-Schützhold-Unruh (‘15)]

How to find the partner in general ??

We consider general A and want to find partner B…

Quantum system can be characterized by Characteristic Function via CCR 
operator



Consider subsystem A (defined by the following CCR operator)

want to get subsystem B (defined by the following CCR operator) s.t.  𝜌𝐴𝐵 is pure



Conditions

1. Canonical Commutation Relation (CCR)

𝑞𝐵 , 𝑝𝐵 = 𝑖

2. Locality

 𝑞𝐴,  𝑞𝐵 = 0,  𝑞𝐴,  𝑝𝐵 = 0,  𝑝𝐴,  𝑞𝐵 = 0,  𝑝𝐴,  𝑝𝐵 = 0

3. Composite System AB is pure

⇒  𝜌𝐴𝐵 is pure state



Gaussian Vacuum state solution

(proportion to A’s weighting function term)＋(2-point function integral term)

Similar result in the cases of general Gaussian state in curved spacetime
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• Nature of Purification Partners: SSP & SOP

x

X𝐴(𝑥)

X𝐵(𝑥)

SOP
This is new class

𝑋𝐴(𝑥) 𝑋𝐵(𝑥)

𝑥

SSP

Reznik (`03)
Hotta-Schützhold-Unruh (`15)

B’s weighting functions have no overlapped  support with A’s

⇒ Spatially Separated Partner
B’s weighting functions have overlapped support with A’s 

⇒ Spatially Overlapped Partner

Trevison-Yamaguchi-Hotta (`18) 20



What needs in preserving unitarity ?
⇒Purification partners

Moving mirror model

Purification partners formula

Purification partners formula in moving mirror model
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𝑡

Φ(𝑡, 𝑥)

Mirror orbit

𝑣 = 𝑝 𝑢

(𝑢 = 𝑡 − 𝑥, 𝑣 = 𝑡 + 𝑥)

𝑥
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Purification partners in moving mirror model

Δ 𝑝 𝑢 − 𝑝 𝑢′ ≔
1

𝜋
Pv

1

𝑝 𝑢 − 𝑝 𝑢′

𝑝 𝑢 :mirror orbit

(proportion to A’s weighting function term )
＋

(mirror orbit integral term)

[Hotta-Tomitsuka-Yamaguchi, 
arXiv: 19xx.xxxxx]
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Summary
• We need purification partners of Hawking Radiation in blackhole

information loss problem, but this has been done in particular case.

• I can get purification partners formula in moving mirror model.

⇒ this can be applied to general case.

• SOP class  also emerges typically in moving mirror model 

• What is relation between mirror orbit (=blackhole nature) and 
purification partners ?
For example, examine entanglement entropy between Hawking
radiation and partners w.r.t orbits  

Next steps
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