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MotivationMotivation
 To understand black hole physics from quantum information 

theoretic perspectives:  Quantum entanglement, 
unitary evolution, Hawking decay, safety of the LHC produced 
microscopic black holes

 To prove the Horowitz-Maldacena conjecture on the 
black hole evaporation [JHEP 02 (2004) 008]

 To investigate the quantum cloning in the presence of 
closed timelike curves
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Quantum CloningQuantum Cloning
In quantum mechnics, copying an arbitrary quantum
state is forbidden by “No cloning theorem”
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Closed timelike curves (Closed timelike curves (CTCsCTCs))

In principle, there is no theoretical barrier to the existence
of closed time like curves

M. S. Morris et al., Phys. Rev. lett. 61, 1446 (1988)
D. Deutsch, Phys. Rev. D 44, 3197 (1991)
S. W. Hawking, Phys. Rev. D 52, 5681 (1995)
T. C. Ralph, Phys. Rev. A76, 032309 (2007)
T. A. Brun et al., Phys. Rev. Lett. 102, 210402 (2009)
C. H. Bennett, Phys. Rev. Lett. 103, 170502 (2009)

CR

CTC

U
CR'



Quantum Information Processing

University of Seoul

Closed timelike curves (Closed timelike curves (CTCsCTCs))

Deutsch’s Consistency condition 
D. Deutsch, Phys. Rev. D 44, 3197 (1991)
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Closed timelike curves (Closed timelike curves (CTCsCTCs))

Cloning of an arbitrary quantum states in CTC?

Then,
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Closed timelike curves (Closed timelike curves (CTCsCTCs))

Check the possibility by using the fidelity
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Closed timelike curves (Closed timelike curves (CTCsCTCs))

Without CTC, quantum cloning condition
becomes

  sssC YUUTr   †

C: an auxiliary quantum system in some standard state Y
2),(),(),( jijijiji FFF  

0     1),( orF ji 

orthogonalor  identicaleither  are  and  ji 
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Closed timelike curves (Closed timelike curves (CTCsCTCs))

With CTC, quantum cloning condition
becomes
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Closed timelike curves (Closed timelike curves (CTCsCTCs))
Example 1
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N distinct states in a space of dimension N 
Not necessarily an orthonormal set

Brun’s theorem: PRL 102, 210402 (2009)
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Closed timelike curves (Closed timelike curves (CTCsCTCs))
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Closed timelike curves (Closed timelike curves (CTCsCTCs))
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Quantum parallel processing: entanglementQuantum parallel processing: entanglement

 Massive parallelism !!!

(2N outputs in one query)
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Quantum entanglement: universalityQuantum entanglement: universality

 Entanglement in two-mode squeezed state (CV)
 Quantum black hole: Cosmological quantum computer?

 

 
iationHawkingRadfor)Mexp(

nn

parametersqueezing r:

,rnnrr

outin
n

n/

outin

n
BA

n/

AB

  4

   1

 

 10   1

212
0

212



















With            BH can be regarded as
a cosmological quantum computer!

r

Alsing & Milbrun, Phys. Rev. Lett. 91, 180404 (2003)
Fuentes-Schuller & Mann, Phys. Rev. Lett. 95, 020404 (2005)
D. Ahn, Phys. Rev. D 74, 084010 (2006)
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Hawking radiation from Schwarzschild Hawking radiation from Schwarzschild 
black holeblack hole
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Non-unitary evaporation (Hawking, 1976)
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Conflicts with ADS/CFTConflicts with ADS/CFT

Quantum Gravity should be unitary to 
outside observers!
(Madacena & Strominger 1997)
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Remedy: Black hole final stateRemedy: Black hole final state
Horowitz & Maldacena, JHEP (2004)

• Microcanonical form:
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HM ConjectureHM Conjecture

Unitary 
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HM ConjectureHM Conjecture

 Evaporation is unitary (no information is lost)
 Non-local process is involved 

(information transfer over the event horizon)
 What about the effects of state evolution?
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Quantum entanglement: teleportation by twistQuantum entanglement: teleportation by twist
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1: State to teleport
2: Alice
3: Bob

S. L. Braunstein et al., Phys. Rev. Lett. 84,3486 (2000)
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Quantum entanglement: Quantum entanglement: 
teleportation & evaporationteleportation & evaporation
 Quantum teleportation analogy of the BH final state by twist
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D. Ahn & M. S. Kim, Phys. Rev. D78, 064025 (2008)
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HM ConjectureHM Conjecture

 Need to check that BH internal state is
in maximal entangled state

 Find the BH internal state for the gravitational collapse
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Revisit to Schwarzschild black holeRevisit to Schwarzschild black hole

Massless scalar field:
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W. G. Unruh (1976)
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~Wave from the past horizon of a black hole
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KruskalKruskal spacetimespacetime
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Matching boundary conditionsMatching boundary conditions
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BogoliubovBogoliubov transformationtransformation
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TwoTwo--mode squeezed statemode squeezed state
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TwoTwo--mode squeezed statemode squeezed state
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TwoTwo--mode squeezed statemode squeezed state
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TwoTwo--mode squeezed statemode squeezed state
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TwoTwo--mode squeezed statemode squeezed state
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Gravitational collapse & black hole Gravitational collapse & black hole 
Internal stateInternal state
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D.Ahn, Phys. Rev. D74,084010 (2006)

W. G. Unruh, Phys. Rev. D 14, 870 (1976)
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Advanced & retarded null coordinatesAdvanced & retarded null coordinates
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Collapsing shellCollapsing shell
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Incoming wave from future null infinityIncoming wave from future null infinity
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Incoming wave from future null infinityIncoming wave from future null infinity
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Matching boundary conditions at the shellMatching boundary conditions at the shell
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BogoliubovBogoliubov transformationstransformations
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D. Ahn, Phys. Rev. D 74, 084010 (2006)
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Final state boundary conditionFinal state boundary condition
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Black hole evaporation: final state projectionBlack hole evaporation: final state projection
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Black hole evaporation: statistical propertiesBlack hole evaporation: statistical properties


n

nnoutout
pAA ),(~ˆ~ 

),(/),(
2

  ZSnep
MM

n
n



nAnA nˆ

).,(log      

),(
      

),(

2












Z

Z

Snen

pnE

n

n
n

















Quantum Information Processing

University of Seoul

Black hole evaporation: statistical propertiesBlack hole evaporation: statistical properties
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Average number of emitted Hawking particle 
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Black hole evaporation: statistical propertiesBlack hole evaporation: statistical properties
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Black hole evaporation: coherent stateBlack hole evaporation: coherent state
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Black hole evaporation: coherent stateBlack hole evaporation: coherent state
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Black hole evaporation: coherent stateBlack hole evaporation: coherent state
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Giddings & Mangano, Phys Rev D 78, 035509 (2008)
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Black hole evaporation: AssayBlack hole evaporation: Assay

The coherent states saturate minimum uncertainty bound 
and hence are good candidates for semi-classical states. 

Formation of a black hole with internal state described 
by a coherent state is possible when the short distance feature 
of the particle  is much smaller than the impact parameter b
in high energy particle collisions.

In principle, one can avoid the catastrophic growth of a black hole 
or the formation of a black hole with internal coherent state 
by adjusting the impact parameter such that r is comparable with b.
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SummarySummary

 Internal state of a Schwarzschild black hole is an
entangled state in                     (proof of HM conjecture)

 Final state boundary condition and final state projection 
allow the evaporation process 

 When black hole state is described by a coherent state, Hawking
decay is suppressed

 Presence of a closed timelike curve allows cloning of arbitrary 
quantum states

inM HH 


