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e Black Hole Information Paradox

Black Hole

(Pure State)

—
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* Hawking’s semi-classical
calculation (1975) implies Black

Hole radiates and eventually

. evaporates
M * This process violates “Unitarity”
since if a pure state collapses into
Hawking Black Hole, it will eventually evolve
Radiation mixed state.
(Mixed State) =>Where is information pure
state has ?

Information Paradox



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)

e Vacuum fluctuation (Wilczek, Hotta-Schttzhold-Unruh)

e Unitarity is not preserved

| assume “unitarity is preserved”’

- Unitarity is

preserved



What is needed in preserving unitarity ? \
= Purification partners

Moving mirror model
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e Pure State &Mixed State

Quantum state is described by “Density Operator”

pl=p
p=0
Tr[p] = 1

= p=LibilYiXyl
(probability p; ; state ;) (Zipi =1))

Pure state is special case p = |Y){(y| (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




Entangled state

A & B composite system is “Entangled state”
(W) ap 10V 4 @) |94 €Ha, )5 €M

(example)
Bell state (2-spin system)

1 subsystem A has correlation with
\/_§(|T>A|‘L>B — [1alT)B) subsystem B



e Purification

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

Pure state | )
S

4 Entangle

\ )

Pure state |¢) 45




 What s 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 ??

- B+

Black Hole Hawking Radiation Purification Partner




What needs in preserving unitarity ?
= Purification partners

Moving mirror model
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e Moving Mirror Model

;;;‘Z (1+1)dim accelerated moving mirror on
o, Minkowski spacetime which reflects

field CID(t,Z(t)) = 0 can mimic fields

dynamics in collapsing star spacetime

Mirror orbit
v=pu) ﬁ ®(t,x)
X
u=t—x, v=t+x / 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)
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Mirror orbit

v =pu)

(u=t—x, v=t+x) D(t, x)
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Evaporation case

(u=t—x, v=t+x) \\

Vacuum fluctuation
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Mirror orbit

v=pu) \

4

?\
£

14



What needs in preserving unitarity ?
= Purification partners

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-Schitzhold-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

X(mﬂa VA, LB, UB) — <§[I| ei(UAQAA —xAﬁA)ei(UBqAB —xBﬁB) |\II>

(Ta,ZTp|paB|TA,xB)
1
(2m)?

_%(UA(:?;AerA)JrUB(EBJrﬁJB))

/dUAdUBX(-TA —TA,VA,ZB — IR, VUB)E



Consider subsystem A (defined by the following CCR operator)

Ga = f Az (M@(w) +Ya@)(x))
pa = /dda: (Za(@)@() + Wa(@)TI(x))

[qAAaﬁA] —

$

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

in = [ ' (Xp(@)i(@) + Yo(@)ll(z))
pp = | d'a (Zp(@)p(@) + Wa(e)TI(@))

[Q\Bap\B] —




Conditions

. Canonical Commutation Relation (CCR)
[gp, Bl = i

Locality

[éI\A' éI\B] — O: [éI\A' ﬁB] — 0: [pA' /q\B] —

. Composite System AB is pure

=D g IS pure state



Gaussian Vacuum state solution

J1+ g? 2 g ! ,
X500 =1L x,00 == [ a0 8, (e - X (0
J1+ g2 2
Yp(x) = p g Y,(x) +Ef d? x' Ay (x —x")Z4(x")
1+ g2 2 , ’ ,
Z5(x) = - Za(0) = | dx By (x = X )Ta(x)
9 9
1+ g2 2
Wg(x) = — p g W,(x) +§f d4 X'Ag(x — x')Xy(x")
h ()b (x") >= A N — d’k ik-(x-x) < A(Of(x) >= A N Ak Ey ik-(x—x")
where < ¢p(x)p(x') >=4, (x —x') = L 2Eke , < M) >= Ay(x —x') = (211')‘178

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

Similar result in the cases of general Gaussian state in curved spacetime .



e Nature of Purification Partners: SSP & SOP

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
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A.(x) .X g (x)
— SSP
Reznik ("03)

Hotta-Schitzhold-Unruh (715)
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SOP

This is new class

Trevison-Yamaguchi-Hotta ('18)
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What needs in preserving unitarity ?
= Purification partners

Moving mirror model
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Mirror orbit \

v =p(u)

(u=t—x, v=t+x)
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Purification partners in moving mirror model

9 o0
Q5w = YR W + [ Alplu) - p(u)) PR ()0 p(u )

Py () = L Pyt +2 [ A - Q) dupu )i

g 9 J-

1 1
A(pQ) —p)) =Py

p(u):mirror orbit

roportion to A’s weighting function term
‘ (prop & & ) [Hotta-Tomitsuka-Yamaguchi,
+ arXiv: 19xx.xxxxx]

(mirror orbit integral term)
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Summary

* We need purification partners of Hawking Radiation in blackhole
information loss problem, but this has been done in

@ can get purification partners formula in moving mirror model.
= this can be applied to general case.
G)OP class also emerges typically in moving mirror model

Next steps

 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



