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×åðíàÿ äûðà Øâàðäøèëüäà

ds2 = −dt2(1− 2M/r) +
dr2

1− 2M/r
+ r2dΩ2

Êîîðäèíàòû Ëåìåòðà: t = τ + f (r)

ds2 = −dτ2 + (dr − v(r)dτ)2 + r2dΩ2

v(r) = −
√

2M/r

~ = kB = G = 1

−∂0φ = ∂0φ+ v(r)∂rφ ⇒ Ãèäðîäèíàìè÷åñêàÿ àíàëîãèÿ!
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Ãèäðîäèíàìè÷åñêàÿ àíàëîãèÿ
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Ãèäðîäèíàìè÷åñêàÿ àíàëîãèÿ
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Ãîðèçîíò
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Äèàãðàììû Ïåíðîóçà

J−

J +

Ïàäàþùèé ñâåò

t

r

r
=
0

J−

J +

Ïàäàþùèé ñâåò

r
=
0

H

Ïëîñêîå ïðîñòðàíñòâî ×åðíàÿ äûðà
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Èçëó÷åíèå Õîêèíãà

M

φ̂
TH =

1
8πM

ρ̂ = e−Ĥ/TH/Z (TH)

Hawking '75

Êîëëàïñ:

Ψi

i

TH
ρ̂(TH)

f

Hawking '86

Ψi → ρ̂(TH)

{
Íàðóøåíèå óíèòàðíîñòè?
Èëè ãîðèçîíò ïðîïóñêàåò èíôîðìàöèþ?
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Ïàðàäîêñ?

Ïóòè âûõîäà:

Ïîïðàâêè ⇒ ÷èñòîå èçëó÷åíèå Õîêèíãà?

Íåóíèòàðíîñòü ÊÒÏ? Hawking '86

Ñàìîïðîòèâîðå÷èâûå ìîäåëè!

Èçìåíåíèå ãðàâèòàöèè? (�rewall, fuzzball)
Ñèëüíîå íàðóøåíèå ïðèíöèïà ýêâèâàëåíòíîñòè!

Îñòàòîê?
Íå ìîæåò âìåñòèòü èíôîðìàöèþ!
Íîâîðîæäåííàÿ Âñåëåííàÿ? Frolov, Markov, Mukhanov '89

Íå ðîæäàåòñÿ êëàññè÷åñêè!

Ä.Ã. Ëåâêîâ (ÈßÈ ÐÀÍ) Èíôîðìàöèîííûé ïàðàäîêñ ÔÈÀÍ, 12.03.2013 8 / 23



Âûâîä èçëó÷åíèÿ Õîêèíãà

2φ̂ = 0 íà ôèêñèðîâàííîì ôîíå

φ̂ =
∑
ω

[
b̂ωgω(r , t) + b̂†ωg∗ω(r , t)

]
gω|t→−∞ ∝ e−iωt

φ̂ =
∑
ω

[
âωfω(r , t) + â†ωf ∗ω(r , t)

]
fω|t→+∞ ∝ e−iωt

gω ∝ e−iωτ ⇒ âàêóóì |0〉

b̂|0〉 = 0 � âàêóóì!

â|0〉 6= 0 � íå âàêóóì!

fω, f ∗ω è gω,g∗ω � 2 ðàçíûõ áàçèñà ⇒ b̂ω = αωâω + β∗ωâ†ω
Ä.Ã. Ëåâêîâ (ÈßÈ ÐÀÍ) Èíôîðìàöèîííûé ïàðàäîêñ ÔÈÀÍ, 12.03.2013 9 / 23



Âûâîä èçëó÷åíèÿ Õîêèíãà

nω = 〈0|b̂+
ω b̂ω|0〉 = |βω|2 =

1
eω/TH − 1

⇔ ρ̂ =
1
Z

e−Ĥ/TH

SBH =
δQ
TH

= A/4

Ïðèáëèæåíèÿ:

Êâàçèêëàññè÷åñêàÿ ãðàâèòàöèÿ: M � 1
Èçëó÷åíèå íå âëèÿåò íà ôîí: TH � M ⇔ M � 1

Ìîãóò ëè ïîïðàâêè ïî 1/M íåñòè âñþ èíôîðìàöèþ?
Berezin, Boyarsky, Neronov '99

Parikh, Wilczek '00
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Ïàðàäîêñ êëîíèðîâàíèÿ

1 Óíèòàðíàÿ ýâîëþöèÿ:

ΨΣt = Ût ΨΣ0 , Û†t Ût = 1
2 Ëîêàëüíîñòü:

HΣt = HΣin ⊗HΣout

∈ ∈ ∈
ΨΣt ΨΣin ΨΣout

3 Óíèòàðíîñòü S-ìàòðèöû:
ΨΣout = Ŝout ΨΣ0 � ÷èñòîå!
Ñëåäñòâèå: ΨΣt = ΨΣin ⊗ΨΣout

=

Ŝout ΨΣ0

4 Ïðèíöèï ýêâèâàëåíòíîñòè:
ΨΣin = ŜinΨΣ0

Wald '93

Kraus, Wiltzek '93

J−

J +

Èçëó÷åíèå Õîêèíãà

Ïàäàþùàÿ ìàòåðèÿ

Õîðîøèé ñëîéΣout

Σin

Σ0

Òàêèì îáðàçîì, ΨΣ0 → (Ŝin ⊗ Ŝout ) · (ΨΣ0 ⊗ΨΣ0)
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Êëîíèðîâàíèå íåâîçìîæíî!

{
|A〉 → |A〉 ⊗ |A〉
|B〉 → |B〉 ⊗ |B〉

↙
|A〉+ |B〉 → |A〉 ⊗ |A〉+ |B〉 ⊗ |B〉

6= (|A〉+ |B〉)⊗ (|A〉+ |B〉)

Íàðóøåíèå ïðèíöèïà ñóïåðïîçèöèè!
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Ãäå îøèáêà?

1 Óíèòàðíàÿ ýâîëþöèÿ?
Ìåæäó êàêèìè ñîñòîÿíèÿìè?
Îñòàòîê?

2 Ëîêàëüíîñòü?
HΣin ∩HΣout 6= 0!

3 Óíèòàðíîñòü S-ìàòðèöû?
4 Ïðèíöèï ýêâèâàëåíòíîñòè?
×òî-òî åñòü íà ãîðèçîíòå.

J−

J +

Èçëó÷åíèå Õîêèíãà

Ïàäàþùàÿ ìàòåðèÿ

Õîðîøèé ñëîéΣout

Σin

Σ0
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Ïðèíöèï äîïîëíèòåëüíîñòè â ôèçèêå ÷åðíûõ äûð

Êâàíòîâàÿ ìåõàíèêà: Ψ(x) èëè Ψ(p).
Susskind, Thorlacius, Uglum '93

×åðíûå äûðû:
àñèìïòîòè÷åñêèé è ïàäàþùèé íàáëþäàòåëè íå âñòðå÷àþòñÿ!

Ïðåäïîëîæåíèÿ.

Àñèìïòîòè÷åñêèé íàáëþäàòåëü:

1 S�ìàòðèöà óíèòàðíà;
2 êâàçèêëàññè÷åñêàÿ ãðàâèòàöèÿ âåðíà âíå ãîðèçîíòà;

3 ÷åðíàÿ äûðà èìååò exp(SBH) ìèêðîñîñòîÿíèé.

Ïàäàþùèé íàáëþäàòåëü:

1 íå âñòðå÷àåò íè÷åãî îñîáåííîãî íà ãîðèçîíòå.
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AdS/CFT ñîîòâåòñòâèå

Ôîðìóëèðîâêà êâàíòîâîé ãðàâèòàöèè!

z

CFTd−1

N → ∞
g2N ≫ 1

AdSd

SUGRA

|Ψ〉 gµν(x, z), φ(x, z)

ρ̂T AdS-Schwardshild
Maldacena, 1997

Gubser, Klebanov, Polyakov, 1998

Witten, 1998
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Ïðîñòðàíñòâî AdS-Øâàðäøèëüäà

Maldacena '01

C
F
T
2

C
F
T
1

O(t = 0)

O(t) 〈Ô(t)Ô(0)〉 ∝
{

e−D·t/M , t � tèñïàðåíèÿ
e−c·SBH , t ∼ tèñïàðåíèÿ

D � êîýôôèöèåíò äèññèïàöèè
Åñòü êîððåëÿöèè ïðè t ∼ tèñïàðåíèÿ!

Óíèòàðíîñòü S-ìàòðèöû ìîæíî ñ÷èòàòü ïîäòâåðæäåííîé!

Ä.Ã. Ëåâêîâ (ÈßÈ ÐÀÍ) Èíôîðìàöèîííûé ïàðàäîêñ ÔÈÀÍ, 12.03.2013 16 / 23



Ïàðàäîêñ êëîíèðîâàíèÿ

Susskind, Thorlacious '93

Íàáëþäàòåëè

Èçëó÷åíèå Õîêèíãà

Ôîòîí

∆t

t

Ðàçðåøåíèå ïàðàäîêñà:

Ôîòîí óïàë â ñèíãóëÿðíîñòü ïðè
t > t∗ ∼ −2M ln ∆t

Ïðèíöèï íåîïðåäåëåííîñòè:
∆t M > 1
⇓

Çàäåðæêà Õîêèíãîâñêîãî ôîòîíà

t > t∗ ∼ M ln M

t∗ � âðåìÿ çàñåêðå÷èâàíèÿ

Âðåìÿ èñïóñêàíèÿ Õîêèíãîâñêîãî ôîòîíà åùå áîëüøå!
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Ýíòðîïèÿ çàïóòûâàíèÿ

A: ×åðíàÿ äûðà, NA = exp(A/4)
ρ̂A = trB ρ̂

B: Ðàäèàöèÿ, NB = exp(Sr )
ρ̂B = trAρ̂

Ýíòðîïèÿ çàïóòûâàíèÿ: S̃i = tri(ρ̂i ln ρ̂i)

ρ̂ = |Ψ〉〈Ψ| ⇒ S̃A = S̃B

max(S̃i) = ln Ni � äîñòèãàåòñÿ ïðè ρ̂i ∝ Î
min(S̃i) = 0 � äîñòèãàåòñÿ ïðè ρ̂i = |Ψi〉〈Ψi |

Âûâîäû:

IB = ln NB − S̃B � êîëè÷åñòâî èíôîðìàöèè â ðàäèàöèè.

S̃B < min(ln NA, ln NB) = min(A/4, Sr )
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Âðåìÿ çàäåðæêè èíôîðìàöèè

Page '93

Ïðè èñïàðåíèè ÷åðíîé äûðû

SBH = A/4 Srad

tPage

t

SBH = A/4 Srad

t

Íåò îñòàòêà Åñòü îñòàòîê
tPage ≈ 1

2 tèñïàðåíèÿ N > exp(S̃B)� 1!
∝ M3

Àðãóìåíò: Äëÿ òèïè÷íîãî |ΨA+B〉 ýíòðîïèÿ S̃ áëèçêà ê ìàêñèìàëüíîé.

Ä.Ã. Ëåâêîâ (ÈßÈ ÐÀÍ) Èíôîðìàöèîííûé ïàðàäîêñ ÔÈÀÍ, 12.03.2013 19 / 23



Ïàðàäîêñ AMPS

Almheiri, Marolf, Polchinski, Sully '12

t > tPage

B: Ïîçäíÿÿ ðàäèàöèÿ

A: �àííÿÿ ðàäèàöèÿ

Ñâîéñòâà ïîäñèñòåì:

ρ̂A+B = |Ψ〉〈Ψ|,
íî A è B çàïóòàíû!

A: Ðàííÿÿ ðàäèàöèÿ
ρ̂A íåèçâåñòíî
NA ∼ exp[(A0 − At )/4]

B: Ïîçäíÿÿ ðàäèàöèÿ
ρ̂B = Î/NB
NB ∼ exp(At/4)� NA

Òåîðåìà

Èçìåðÿÿ ñèñòåìó A, ìîæíî ïåðåâåñòè ñèñòåìó B â ëþáîå ñîñòîÿíèå.
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Ïàðàäîêñ AMPS

Almheiri, Marolf, Polchinski, Sully '12

t > tPage

B: Ïîçäíÿÿ ðàäèàöèÿ

A: �àííÿÿ ðàäèàöèÿ

Èçìåðÿåì A ⇒ ρ̂B = |nω〉〈nω|
b̂ω|nω〉 = (αωâω + β∗ωâ+

ω )|nω〉6= 0

Íî B íå â âàêóóìå âáëèçè ãîðèçîíòà!
⇓

Ïàäàþùèé íàáëþäàòåëü âñòðå÷àåò
÷àñòèöû âíå ãîðèçîíòà!

Âûõîä:

Ñóùåñòâåííàÿ íåëîêàëüíîñòü èëè îãíåííàÿ ñòåíà.
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Êðèòèêà

Ãîðèçîíò - íåëîêàëüíîå ïîíÿòèå!
Âèäèìûé ãîðèçîíò íå ïîäõîäèò! Hwang, Lee, Yeom '12

Ñèëüíàÿ íåëîêàëüíîñòü?

AdS/CFT: Papadodimas, Raju '12

Ëîêàëüíûå îïåðàòîðû φ̂(x , z) =
∑

ω Ôωfω(x , z)
Íà ãîðèçîíòå íè÷åãî îñîáåííîãî!

Èçìåðåíèå A èçìåíèò ìàêðîñêîïè÷åñêîå ñîñòîÿíèå ÷åðíîé
äûðû! Hsu '13

Íåò âðåìåíè íà êâàíòîâîå âû÷èñëåíèå! Harlow, Hayden '13

Susskind '13

Íåëüçÿ âûäåëèòü ¾ïîçäíåå¿ èçëó÷åíèå, áëèçêîå ê ãîðèçîíòó.
Jacobson '12

Susskind '13

Æèòü ñòàëî âåñåëåå!
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