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1. Introduction
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Information Paradox

Srada Should decrease after a specific time. (Page curve D. N. Page )




Island formula

A. Almbheiri, R. Mahajan, J. Maldacena and Y. Zhao, (2020).
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Preceding research of the island formula

K. Goto, T. Hartman and A. Tajdini, (2021).

model

Jackiw-Teitelboim(JT) gravity
_|_

Conformal Field Theory(CFT)

spacetime

AdS,BH with a single injection <N )
+
2d Flat

injection

resolution of the paradox
by the island formula — v —




This talk - multiple injections

M solution with multiple injections

M analysis of the island formula

M the Page curves of the case n=3
(numerically)




2. spacetime with multiple injections



® [he action :

JT gravity and the variable of the dynamics

J. Maldacena, D. Stanford and Z. Yang,

1
j -

{RI scalar curvature, Gn: Newton constant, ¢ : dilaton}

e locally AdS,

« different boundary — different solution

® () : boundary shape (dynamical variable )

( t: boundary time,

x . Poincare time)
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AdS, BH  flat



solution with multiple injections

(G i) -G (i) ety (Gl &) G )



3. Page curves in the case n=3
(numerically)



how to derive Page curve (numerically)

® software : “Mathematica” (FindMaximum, Min)
® assumption -

« radiation region : R(|0, o0])

Island’s left endpoint — bifurcation point

variation of Sraa — island’s right endpoint (2, 23)

CFT — free fermion

following parameters

energy time central charge Newton constant inverse temperature
first Ep =2 L =1
second Ey=1 |, =3|L,=4 c=3 GN:% B =2
third Es=1 |L3=6|Lz3=25
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Summery

We generalized the single-injection solution of K. Goto et. al. (2021)
to the solution with multiple injections.

We discussed numerical computation of Page curves in the case n=3.

« The injections cause the increase in entanglement entropy,
which means the expansion of island.

« |sland could either disappear or survive, up to parameters.



Thank you for listening !



Summery

®\\Ve generalized K. Goto, T. Hartman and A. Tajdini, (2021).

v

v

solution with multiple injections

Page curves in the case n=3 (numerically)

increase in entanglement entropy by the injection
(expansion of island)

change from down line to up line at a special injection time
(Injections destroy island??)



v

v

Summery
We generalized K. Goto, T. Hartman and A. Tajdini, (2021).

In JT gravity, we made the solution in the black hole spacetime

with multiple injections.

v

We derived the Page curve in the case n=3 by using the Mathematica

as the numerical computation.

v

v

In the special parameter, when we injected the energies, the

spacetime is no longer one after Page time, so the island disappears.

(Destruction of the island by the injections)



interpretation (L2 =3, L3 = 6)




how to derive Page curve (numerically)

® software : “Mathematica” (FindMaximum, Min)
® assumption -

« radiation region : R(|0, o0])

Island’s left endpoint — bifurcation point

variation of Sraa — island’s right endpoint (2, 23)

CFT — free fermion

following parameters

energy time central charge Newton constant inverse temperature
first Ep =2 L =1
second by =1 c=3 Gy =+ B =27
third B3 =1 later




how to derive Page curve (numerically)

® software : “Mathematica” (FindMaximum, Min)
® assumption -

« radiation region : R(|0, o0])

Island’s left endpoint — bifurcation point

variation of Sraa — island’s right endpoint (2, 23)

CFT — a free fermion

following parameters

energy time central charge Newton constant inverse temperature
first Ep =2 L =1
second by =1 c=3 Gy =+ B =27
third B3 =1 later




interpretation (Ly =4, Ly = 5)



The computation of the extremization
for the island formula
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The computation of the extremization
for the island formula

The saddle point ?




The computation of the extremization
for the island formula

n=1,t=7

The saddle point ?
Srad ? |




The computation of the extremization
for the island formula

1. We move 2z, with keeping =z, fixed in the arbitrary time ¢.

« We can find the maximal value of Sgen(I).

ExXxn=11¢t=7
Sgen(I) A




The computation of the extremization
for the island formula

2. We move x4 , so research the variation of the maximal value.
« We can find the minimal value of Sgen(Dl,+.

Ex)n — 1, t = 7 Th- I
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The computation of the minimization
for the island formula
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The computation of the minimization
for the island formula

3. We compare the value of the saddle point with the no-island value
. so consider the smaller value as S,.q .

ExXx\n=1,t=7

Without the island

.| With the island




The computation of the minimization
for the island formula

4. We repeat the manipulation in the other time at region R.
Srad | Without island

Ex)yn =1

The same figure as
K. Goto, T. Hartman and A. Tajdini, (2021).

With island
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The main in this talk

In the same manipulation,
We draw the Page curve in the case n = 3.



The black hole spacetime with “n” injections

AdS, BH  Flat




The solution of the spacetime with n injections

k=0 KO(t) = e??, 0) = e 7!

(G i) -G (i) ety (Gl &) G )




3. The derivation of the Page curve
by the numerical computation
in the case n=3

(The main talk)



The derivation of Page curve
by using the numerical computation

e The software : Formula manipulation system “Mathematica” (FindMaximum, Min)
« The assumption :

« We observe the Hawking radiation at R([0, c0]) .

« Thereis a left endpoint of the island in the bifurcation point..

« We treat Sqaq as a function with variables (z%,z7%) | ,

which is a coordinate in a right endpoint of the island.
« We use a free fermion as a field following CFT.

 We use following parameter.

Energy Time Central charge Newton constant Inverse temperature
First Ey =2 Ly =1
Second by =1 c=3 Gy =1 B =27
. — Later
Third Ez =1




The computation of the extremization
for the island formula
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The computation of the extremization
for the island formula

The saddle point ?




The computation of the extremization
for the island formula

n=1,t=7

The saddle point ?
Srad ? |




The computation of the extremization
for the island formula

1. We move 2z, with keeping =z, fixed in the arbitrary time ¢.

« We can find the maximal value of Sgen(I).

ExXxn=11¢t=7
Sgen(I) A




The computation of the extremization
for the island formula

2. We move x4 , so research the variation of the maximal value.
« We can find the minimal value of Sgen(Dl,+.
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The computation of the minimization
for the island formula
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The computation of the minimization
for the island formula

3. We compare the value of the saddle point with the no-island value
. so consider the smaller value as S,.q .

ExXx\n=1,t=7

Without the island

.| With the island




The computation of the minimization
for the island formula

4. We repeat the manipulation in the other time at region R.
Srad | Without island

Ex)yn =1

The same figure as
K. Goto, T. Hartman and A. Tajdini, (2021).

With island
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The main in this talk

In the same manipulation,
We draw the Page curve in the case n = 3.



Page curve (n=3)
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Summery

« We generalized K. Goto, T. Hartman and A. Tajdini, (2021).

« In JT gravity, we made the solution in the black hole spacetime
with “n” injections.

 We derived the Page curve in the case n=3 by using the Mathematica
as the numerical computation.

* In the special parameter, when we injected the energies, the spacetime
is no longer one after Page time, so the island disappears.

(Destruction of the island by the injections)



Page curve (n

With the island
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Summery

 We generalized K. Goto, T. Hartman and A. Tajdini, (2021).
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The derivation of Page curve
by using the numerical computation

e The software : Formula manipulation system “Mathematica” (FindMaximum, Min)
« The assumption :

« We observe the Hawking radiation at R([0, c0]) .

« Thereis a left endpoint of the island in the bifurcation point..

« We treat Sqaq as a function with variables (z%,z7%) | ,

which is a coordinate in a right endpoint of the island.
« We use a free fermion as a field following CFT.

 We use following parameter.

Energy Time Central charge Newton constant Inverse temperature
First Ep =2 L =1
Second Ey =1 Lo =4 c=3 Gy = % B =27
Third Es =1 L3 =5
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The computation of the extremization
for the island formula
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The computation of the minimization

for the island formula
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The computation of the extremization

for the island formula
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The main in this talk
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J. Maldacena, D. Stanford and Z. Yang,

1
° i —
PER Lo = G

BT IE AdS, , BFZEDEWIIBRODEWNTEEIREINS.

fdch\/—_gcb(RH) + -{R: 255 —#h%E, Gy NewtonEH,¢ : 74 5 w}

T T N

= = . 4d$+d£€_ - \\

* E-l_E °d8i2nt = _($+ )2 (ZL‘:': —x + Z) & (l\

)

o \w " g

C BRAEETHEM ) (HEEEE) At
= + 5o == // — 0
(¢ B2 TOEREEE) wEomR [0

v,2) = (w(t), =S

\‘



n ElOFER) T )

757

akaf (t) + bkfllf(t)

~— LI

L — ]\%T%’:/\?L

+) =
z(t) R KE(t) £ dplk

R w(t), 2(t), 2(t) A

(?)

) FHOFCRNE SN

__I_

(Ly <t < Lgy1, Lo=0)

BHRIICE AL DICDOEC



7o v IR—ILDEE

%E/\]Ij‘\jbﬂ?—]\%jﬁﬁ'féo)g{t .T(tIOO)ELEk (Lk<t<Lk_|_1, LQZO)

oo

- Ar—1 ag
o=l _ ok B

Ck—1 Ck
Ak —-1Cr — AQkCr—1

Ck—1Ck

‘ TRV F—AFIC LD 7T v I R—ILISERT 2




PageifR DBUYEETR (C & 28 M

_ R . , . A Ol
7A 7 FARTEL : Spaa = min e>I<t [Sgen (D] (Sgen(l) — ngv ) + Sent (R U I))
t=17 T 4
B 5 7
200
150 l
Srad * 50 e |




PageifR DBUYEETR (C & 28 M

N N ) A I
7 /f 3 e I\\ {[A\Et . Srad = mIin e}I(t [Sgen(I)_ (Sgen(l) _ rea(@ )

+ Sent(R U I))

4G N

S rad




PageHIfRDEUEETEIC L 2EH DL

NE - Area(d1
T A5 BT T Sead = min ext [Sgen ()] ( Soun(l) = Tg@ )
N

I I

+ Sent(R U I))

3. VA Z Y FDBEWEED Seen(l) DIEE R TOEZ LB L, /I
é L\Li 5 @1@%%’;‘%0 Srad 3:’3_% .

Bl n=1,t=7




Page AR DEUEETE IC K A EH

V7 b7 i HBEANEY 7k “Mathematica” (Findmaximum, MinZz{£8)

« R :

« %815 R([0, 0o]) THawkingig51 % 819 5.
747> KDOEisSlEbifurcation point ICTFEET 5. .

47/I\@E 37A:fUA /&\\él;&t L/TSrad%EI:&i- /

e HH7 /I IAVEBAWS
e LITO LY LGNTX—2Z2HWS

AT RILF— AGTEFZ A PTRN=ER T NewtonE %L
EE E, =2 I, =1
AEE Ey =1 L, —4 ¢ =3 Gy =1 8 =2

CEl= FEs =1 Ls =25




Page IR DBUEETEIC L 5EH

~ Area(0l)

AT KA : Srad = mIin e:ict [Sgen ()] (Sgen(l) TR + Sent(R U I))

4. TR R DR Z2 ZE R TRIRGIRIFZ1T

S rad

K. Goto, T. Hartman and A. Tajdini, (2021).
THRERRR T Z 7 mhrnTuni.

Bl n=1




	スライド 1: Page curves for 2d black holes with multiple injections
	スライド 2: 1. Introduction
	スライド 3: Information Paradox
	スライド 4: Island formula
	スライド 5: Preceding research of the island formula
	スライド 6: This talk：multiple injections
	スライド 7: 2. spacetime with multiple injections
	スライド 8: JT gravity and the variable of the dynamics
	スライド 9: multiple injections
	スライド 10: solution with multiple injections
	スライド 11
	スライド 12: how to derive Page curve (numerically)
	スライド 13: Page curve
	スライド 14: Page curve
	スライド 15: Summery
	スライド 16: Thank you for listening !
	スライド 17: Summery
	スライド 18: Summery
	スライド 19: interpretation
	スライド 20: how to derive Page curve (numerically)
	スライド 21: how to derive Page curve (numerically)
	スライド 22: interpretation
	スライド 23: The computation of the extremization  for the island formula
	スライド 24: The computation of the extremization  for the island formula
	スライド 25: The computation of the extremization  for the island formula
	スライド 26: The computation of the extremization  for the island formula
	スライド 27: The computation of the extremization  for the island formula
	スライド 28: The computation of the minimization  for the island formula
	スライド 29: The computation of the minimization  for the island formula
	スライド 30
	スライド 31: The main in this talk
	スライド 32: The black hole spacetime with “n” injections
	スライド 33: The solution of the spacetime with n injections
	スライド 34
	スライド 35: The derivation of Page curve  by using the numerical computation
	スライド 36: The computation of the extremization  for the island formula
	スライド 37: The computation of the extremization  for the island formula
	スライド 38: The computation of the extremization  for the island formula
	スライド 39: The computation of the extremization  for the island formula
	スライド 40: The computation of the extremization  for the island formula
	スライド 41: The computation of the minimization  for the island formula
	スライド 42: The computation of the minimization  for the island formula
	スライド 43
	スライド 44: The main in this talk
	スライド 45: Page curve
	スライド 46: Page curve
	スライド 47: Summery
	スライド 48: Page curve
	スライド 49: Summery
	スライド 50: The derivation of Page curve  by using the numerical computation
	スライド 51: Page curve
	スライド 52: アイランド公式における極値の計算
	スライド 53: The computation of the extremization  for the island formula
	スライド 54: The computation of the minimization  for the island formula
	スライド 55: The computation of the extremization  for the island formula
	スライド 56: The main in this talk
	スライド 57: Page曲線の数値計算による導出の方法
	スライド 58: Page曲線の数値計算による導出の方法
	スライド 59: 平坦時空の座標
	スライド 60: 　回の光的エネルギー入射を含む ブラックホール時空
	スライド 61: 　回の光的エネルギー入射を含む ブラックホール時空
	スライド 62: JT重力理論と力学変数
	スライド 63: 　回の光的エネルギー入射を含む ブラックホール時空
	スライド 64: ブラックホールの膨張
	スライド 65: Page曲線の数値計算による導出
	スライド 66: Page曲線の数値計算による導出
	スライド 67: Page曲線の数値計算による導出の方法
	スライド 68: Page曲線の数値計算による導出
	スライド 69: Page曲線の数値計算による導出

