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'\’J\Qck hole the\(wxod\jvxam’\cs and

evapyovation

Easy applications




'Bavdeem—cav£€V—HawkTM3, 975

Stationary black holes ave ?avafmet\fi?:ed by wass M,
charge 0, amd angula\( mowmentum J.

h]
)




Bavdeen-carter-Hawking, (473

Stationary black holes ave ?avdmetfized b\j wass M,
chavge (), aMd angular momentum J.

Fov Slow-varying processes, the following |aw 1S satisfied:
(D: electrostatic potential (): angular frequency)

oM = 5A + P60 + 0]
31T




Bavdeen-carter-Hawking, (473

Stationary black holes ave ?avdmetfized b\j wass M,
chavge (), aMd angular momentum J.

Fov Slow-varying processes, the following |aw 1S satisfied:
(D: electrostatic potential (): angular frequency)

[ surf§ace gravity !

oM = —0A + P60 + 6]
31T




Bavdeen-carter-Hawking, (473

Stationary black holes ave ?avdmetfized b\j wass M,
chavge (), aMd angular momentum J.

Fov Slow-varying processes, the following |aw 1S satisfied:
(D: electrostatic potential (): angular frequency)

[ surface gravity
l horizow area
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Bavdeen-carter-Hawking, (473

Stationary black holes ave ?avdmetfized b\j wass M,
chavge (), aMd angular momentum J.

Fov Slow-varying processes, the following |aw 1S satisfied:
(D: electrostatic potential (): angular frequency)

[ L gVaVHé l horizow area
M = g‘mﬁ P50 + 05]

[ worki\ng term
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Bavdeen-carter-Hawking, (473

Stationary black holes ave ?avdmetfized b\j wass M,
chavge (), aMd angular momentum J.

Fov Slow-varying processes, the following |aw 1S satisfied:
(D: electrostatic potential (): angular frequency)

[ gecs yfavﬂé l horizow area
oM = g‘mﬁ P50 + 5]

[ worki\ng term

Andlogous with the fivst [aw of thermodynamics:

dE = 7dS - pdv




Bekenstein q74-

S the aved of the event hovizow thevmodynamic entvropy?
4 514 = 0 (Hawking, (471)
,’ _614 X OS (Bekenstein (974)




Bekenstein q74-

IS the QV@Q of the event hovizow -l;heVW\od\jV\awﬁc entropy?
4 514 = 0 (Hawking, (471)
,’ _614 X OS (Bekenstein (974)

Ama\OQOMS'Mth +he Second |aw of thermod\jhawﬁcsz

4S >
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Hawking (475

A black hg\e ewmitsS thevrmal Yadiatioﬁ.

. 1
(le) b el2nw/K _ 1

A v




Hawking, (975

A black hole emits thevmal vadiation,
1
(le) b e2nw/K _ 1

The tempevdture 3.k.3d. Hawking temyperatuve, and the
thermodynawmic entvopy, d.k.d. Bekenstein-Hawking entvopy,

dve deterwined,




'\’J\Qck hole the\(wxod\jvxam’\cs and

evapyovation

Eas:% applications




JuSt mewmovrize

Fov static sphevical S\ijwxet\(’\c: b\ac.k holes:

' 1
NS — = f(r)dtz + ——dr? + r2dQ?
e ST

Py 2
wheve f(r) = 1_¥+Q__T_ .

12 3




JuSt \mew\oﬁée

Fov static sphevical s\jmmet\ric: b\ac'k holes:

1
B e T ——dr® + r2d0*?
O

P 2 2
wheve £(r) = 1_2M+g—2—%1\.

r

hovizown entropy
f(ry) =0 S =mnr{
] Hawking temperature

Wa|ds
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Exevcise [: SCh\/&ﬁYZSCh’\\C\ ®H

Hovizow: 1, = 2M

Entvopy: § = 4t M~

Hawkii?ié -l;éw\?e\fa-bure: T = L
bl 8mM

-
ko
N




Exevcise [: SChVV\'IVIéYZSCh’\\C\ ®H

Hovizon: . = 2M
vatvo?\ji_:S = 4 M*?
1

HawkTVSé tewmpevatuve: T = ——
il 8mtM

AS 3 check:

oM
0S = 8TMOM = T

So, that's ok!




Exevcise [: SChVV\'IVIéYZSCh’\\C\ ®H

Hovizon: . = 2M
ENtropy: § = 472
1

HawkTVSé tewmpevatuve: T = ——
il 8mtM

What ave the consequences dccovding to black body vadiation?




Exevcise I: SChV\”/éYZSCh’\\C\ BH

Horizon:_r_l_ —
Entropy: S = 4 M?
1

Hawking tempevatuve: T — By
2505 3

What ave the consequences dccovding to black body vadiation?
Accord’mg +o the SteSan-Boltzmann |aw:

dM— NAT?#* :
5 T M?2
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Exevcise I: SChV\”luaYZSCh’\\C\ BH

Horizom:_r_l_ —
Entropy: § = At M >
1

Hawking tempevatuve: T — By
| [

What ave the consequences dccovding to black body vadiation?
Accordihg +o the SteSan-Boltzmann |aw:

dM— NAT?#* .
5 T M?2

Thevefove the |ifetime of a black hole is

tBH"’MB-
Hence black hole will disappedv i finite time,




Exevcise I: SChV&-éYZSCh’\\C\ BH

Pewnvose c\iagvam 0§ the Schwarzschild b\aék hole

Singularity

ace-like iw?ivﬁt\,




Exevcise I: SChV\”/éYZSCh’\\C\ BH

Matching with the Stav-inteviov (-bfme—\i.ke Suvface)
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Exevcise [: SCh\/&ﬁYZSCh’\\C\ ®H

Dynamical Sormation of a black hole

A v




Exevcise I: SChV&-éYZSCh’\\C\ BH

AStevr the evapovation paste Minkowski




Exevcise [: SChVV\'IVIéYZSCh’\\C\ ®H

AStevr the evapovation paste Minkowski |




Fov dynamical black holes,
3 locdlly defined hovizow 1S

wmove meaning§ul.

For example n +he vaic\\,a wetvic

2M (v
ds? == (1 - r( )> dv? + 2dvdr + r2dQ0>?

the appavent hovizow 1S

Tapn = 2M():







Exevcise 2: chaV3ed ®H

Hovizon: r, = M + \/Mz — Q2
Ev\tro?j:‘hg = (M + /M2 — Q2)?

T'_|_—M

Haw\d,,\'/\é -l;evn?evatuve: N 5
SR IER Ty

AS 3 check:

55—15M CD(S
T T ¢

A\




ExevciSe 2: Chﬁ\fééd °H

Hovizon: . = M + /M2 — (2
Entropy: S = (M + \/MZ — Q2?)2
Hawking tewmpevatuve: T — e

2
2nr+

Fov usudl cases, M ) @ (S3tisfying weak cosmic censorship).




Exevcise 2: Cha\f’éed ®H

Hovizon: 1, = M + \/Mz — (2
Entropy: § = (M + M2 — Q2)?
Hawking tewmpevatuve: T — e

2
2nr+

Fov usudl cases M > @ (satis’}\jivxg wedk coSwic censovsShip).
AS time goeS own M 3dpprodches to G by Hawking vadiatiow,




ExevciSe Z: Cha\fsed ®H

Hovizon: . = M + \/Mz E
Entvopy: S = (M + \/MZ — Q2?)2

Hawk\V\3 -l;ewx?eva-buvfe — 5 i
| L

Fov usudl cases M > @ (satis’%\jivxg wedk coSwic censovsShip).
AS time goeS own M 3dpprodches to G by Hawking vadiatiow,

AS time goes on @& decveases due to the Schwingev effect

d o
foc DR Q)

wheve




Hawking radiation
dominared

Hong, Hwang, Stewavrt and DY, 20l0

1t



Exevcise 2: chaV3ed ®H

wWhat 1S the covvect causal St\(—u«c-l;u.\re fov the Sormation
0§ 3 chavged black hole?

h]
)




H
ExevciSe 2: Cha\(aed ®

ation
ov the form
vect causal Stvuctuve §
1 he cov
what 1S £ :
§ 3 chavged black hole?
o)

1S 973
Hawkivxg—a\hs' 9

|
W
7

ENK A

)




ExevciSe 2: Cha\(aed ®H

What 1S the covvect causal Stvuctuve Sov the Sorwmation
0§ a chavged black hole?

Bivvell-Davies (982




ExevciSe 2: Cha\(aed ®H

What 1S the covvect causal Stvuctuve Sov the Sorwmation
0§ a chavged black hole?

wald (984

Surface ; r=0
of Shell (Singulority)

r=0 r=r_
(Origin of —
Coordinates)




ExevciSe 2: Cha\(aed ®H

IR e z

What 1S the covvect causal Stvuctuve Sov the Sorwmation
0§ a chavged black hole?

Pavikh-Wilczek (998

e




ExevciSe 2: Cha\(aed ®H

Due to wass inflation theve appeavs 3 Space-like
Singulavity.

Bonanno-Dvoz-

Isvael-MovSink (994

Potential
Barrier

T Y . S BT A T e R . S - ———




ExevciSe 2: Cha\(aed ®H

conSivmed b\j nwumwevical calculations

singularity

inner horizon rv=0
(v == inflnity}

Hod and Pivan, 1998; Hong, Hwang, Stewart and DY, 20lo

1t



ExevciSe 2: Cha\(aed ®H

lvxc\u«c\‘\vxg Hawking vadidtion and dischargivxg effect

Cauchy horizon

Cauchy horizon

inner horizon rv=0 iingularity

outer horizon rv=0

Sorkin and Pivan, 200(; Hong, Hwang Stewart and DY zolo

— e



L i — .

R SO A CSE = LT~

ExevciSe 2: Cha\(sed ®H

Fuvther on chavged black holes:

1§ 2 dilatown §ield is coupled to chavge, thew theve may ov
w3y not be 3 cduchy hovizown depending on detdils of coupling
as well 3s the potential of the dilatown field.

Bovokowska (Nakoniecznd) Rogatko and Moderski zoll
Hansen and DY, zoi4; zolb
Nakowniecznad and DY, zolb




Origin 0§ Hawking vadidtion

Thvee ways to Hawking vadiatiown




WSt way: '\5036(Tubov tvansformation

Hawking, (475

fe.c')




WSt way: '\5036(Tubov tvansformation

Hawking, (475

T g
{C’ g } unitary transformation between opevatovs:

W, b7}




WSt way: '\5036(Tubov tvansformation

Hawking, (475

T g
{C’ g } unitary transformation between opevatovs:

W, b7}

Svowm

6@ = ) [aifi() + alf; ()]

L

to

BC) = ) [bipi() + bpi () + 10 () + ¢/ i ()]




WSt way: 'Boad\fubov tvansformation

Hawking, (475

T :
{C’ g } : unitary transformation between opevatovs:

Svowm

6@ = ) [aifi() + alf; ()]

L

to

BC) = ) [bipi() + bpi () + 10 () + ¢/ i ()]

So to Spedk,
pi = ) [aify + By

J

q; = Z[Vijfj + 137 ]




WSt way: 'Boad\fubov tvansformation

Hawking, (475

T :
{C’ g } : unitary transformation between opevatovs:

Svowm

6@ = ) [aifi() + alf; ()]

L

to

BC) = ) [bipi() + bpi () + 10 () + ¢/ i ()]

Equivdlently,
b = ) [aije; — Bijal]

j
C; = Z[Vi*jaj —n;;al]
J




WSt way: '\5036(Tubov tvansformation

Hawking, (475

t g
{C' J } 2 TheveSove wumbev of pavticles ave non-tviviall

Even though we start Svow the vacuuw
{b’b-l-}' ay|0) =0




WSt way: 'Boad\fubov tvansformation

Hawking, (475

T ;
{C' d } . TheveSove wnuwbev of particles are non-trivial!

Even though we start Svow the vacuuw
a,|0) =0

b\j using

we obtain




WSt way: ’Boad\iubov tvansformation

e’}

Hawking, (475

-

TheveSove wumbev of pavticles ave non-tviviall

Even though we start Svow the vacuuw
{b'bT} a,|0) =0

b\j using

we obtain

- This way be won-zevo,



WSt way: '\5036(Tubov tvansformation

Hawking, (475

+ ;
{C' g } Then how to cdlculate [3?

W, b7}




WSt way: 'Boad\fubov tvansformation

Hawking, (475

T ;
{C' g } : Then how to cdlculate [3?
The essence of nwowntrivial B 1S the change between

h—90ing wode and out-going wode,

Po = ) [t fur + B ]

(I)’




WSt way: ’Boad\iubov tvansformation

Hawking, (475

-

.I_
{C’ g } ' Then how to calculate B?
b The essence of nwowntrivial B 1S the change between
{b' b } h—90ing wode and out-going wode,

Po = ) [t fur + B ]

(I)’

Heve, £ , 1S the wode function of the past
MEINTtY (manly tn-going) and D, S the wiode
Sunction of the futuve MEInity (wainly out-going).




WSt way: ’Boad\iubov tvansformation

Hawking, (475

-

T .
{C' ¢ } Then how to cdlculate B?
The essence of nwowntrivial B 1S the change between

h—90ing wode and out-going wode,

Po = ) [t fur + B ]

(I)’

Heve, £ , 1S the wode function of the past
MEINTtY (manly tn-going) and D, S the wiode
Sunction of the futuve MEInity (wainly out-going).




WSt way: ’Boad\iubov tvansformation

Hawking, (475

-

T .
{C' ¢ } Then how to cdlculate B?
The essence of nwowntrivial B 1S the change between

h—90ing wode and out-going wode,

Po = ) [t fur + B ]

(I)’

Heve, £ , 1S the wode function of the past
MEINTtY (manly tn-going) and D, S the wiode
Sunction of the futuve MEInity (wainly out-going).




WSt way: ’Boad\iubov tvansformation

Hawking, (475

-

T .
{C' ¢ } Then how to cdlculate B?
The essence of nwowntrivial B 1S the change between

h—90ing wode and out-going wode,

Po = ) [t fur + B ]

(I)’

Heve, £ , 1S the wode function of the past
MEINTtY (manly tn-going) and D, S the wiode
Sunction of the futuve MEInity (wainly out-going).

@ a'}

blue-shifted by factor p~ekt




WSt way: '\5036(Tubov tvansformation

Hawking, (475

{C; CT} e Now calculate!

‘ \\ D, ~e @r IWo=v)/c] (sor < p,)

b,bT}
?\\{ J
e
\

\

{a, af}

/\u\e—sh’r\:{;zd by §actov et iU
b




WSt way: ’Boad\iubov tvansformation

Hawking, (475

-

{C; CT} ' Now calculate!

pw~eiwx—1ln[(v0—v)/c] (Sor v > v,)

This iS @ Sunction of v. Hence. by using the
Fourier tvansformation we can wmatch the
coefficients (y and B

Pow = Z[aww’fw’ + ﬁww’f;’]

(I)’

wheve fw~ei“’”-

@ a'}

blue-shifted by factov et iU




WSt way: 'Boad\fubov tvansformation

Hawking, (475

¥ ,
{C' ¢ } v we obtain the velation

,|2 L ean/Klﬁwwllz

|aww

v addition theve is 3 novmalization cOV\S'H;TOV\

> (el = 1By = 1
0)’




WSt way: ’Boad\iubov tvansformation

Hawking, (475

-

T .
{C' ¢ } we obtain +he velation

,|2 L ean/Klﬁwwllz

|aww

In addition theve is 3 novwmalization condition

> (el = 1By = 1
wl

In conclusion,

1
<nw> B e2Mw/k _ 1




Second way: ’Re\}\b\rma\iaed EM tensSov

We want £o Solve the equation
ST Gy = 87T<Tu1/)
wheve the .eV\eV”—momeV\tum tensov has ambiguities,

Moveovevr the é-‘x?ec-ba-b‘mh values dve divergent in general:

(P9 (x))




Second way: Renovmalized EM tensor

Bivvell and Davies “Quantuw §ields in cuvved space” (982

-

In ovder to vesolve these problems venormalization techniques weve developed.

Step [ obtdin §inite two-point covvelation Sunction e.q. by the point splitting

wethod:
c

lim ($()p(x) =

+ (finite terms)

x —x'




Secownd way: Renorwalized EM tensov

Birvell and Davies, “@uantuw §ields i curved S?ace”, 982

In ovdev to vesolve thesSe problems venovmalization techniques weve developed.

Step 2. USing the two-pownt covvelation -?U«V\ctTOV\, we 0btan the enevgy-

wowentum tensoy.

(T;) = ((%d’;ud’;v - %g; qs;aﬁb;a* %d’q";p.v))
Gx,x)=i{p(x)p(x'))

. .r1 ! ’ 1 4 r i
(T;)REN= l‘llm {"" ! [—:{(G’“arga V+ G;vaiga n - ?G‘aﬂfgaﬂ g; - %_(G,“IJ_‘_ G;a;ﬁ;ga“gﬁ l")] - (T:;)sub[rac[}

X —Xx

Howavd and candelas 1984



Second way: ’Re\}\b\rma\iaed EM tensSov

Davies, Fulling and unvuh, l‘]"l-é.

-

For two-dimensional cdses, we can obtdin the Simpler form:

- P (aa,uu ey Za,%t) = (aa,uv S a,ua,v)
Ti) = a—(

wheve dgl2 = %&zdudv.

s (aa,uv -~ a,ua,v) (aa,vv m Za,%)




Second way: Renovmalized EM tensor

Davies, Fulling and unvuh, l‘]"l-é.

-

Fov two-dimensiond| cases we can obtdin the Simpler form:

( ) = i( (aa,uu - Zai) = (aa,uv - a,u“,v))

s (aa,uv -~ a,ua,v) (aa,vv m Za,%)

1T ) =
Y a2

wheve ds2 = —q?dudy.

For dilatow black holes, theve can be 3 back-vedction even for 2D: cGHS wmodel.
callan, Gﬁdd‘mssl Havrvey and Stromingev, 199




Second way: Renormalized EM tensov

Ashtekar, Pretorius and Ramazanoglu, zoll

singularity .~ . last ray : - -
, - ATV
- A\ | — — —Traditional

. N
'-,IR

dynamical
horizon

collapsing
mdtter ~




Thivd way: ?aY'EiC\e -I;U\V\V\e\'\\ns

causal stvucture of a Schwavz:schi\;\ black hole.




Thivd way: ?aY'EiC\e -I;U\V\V\e\'\\ns

constant time hypersurfaces




“Yiw '

Thivd way: ?QYLfC\e -I;U\V\V\e\'\hs

Euclidean avxg-tﬁjj{;ic continudtion




o "

Thivd way: ?aﬂ;ft:\e tuvw\e\‘ms

In ovdevr to vewmove 3 cusy singu\\av’stxj' we need to choose the
Euclidean time peviod ¢ = 87M = 1/T.




Third way: ?a\r{’(c\e tuvw\e\‘w\9

Ove can do 3 Similav andlytic continuation nside the hovizon,
dlthough the Signatuve becomes (++--).

1
1
1
1
1
il
1
1
1
1
1




Thivd way: ?aY'ETC\e -I;U\V\V\e\'\\ns

Hartle and Hawking, "]:]--6-

Hartle and Hawking considered 3 particle tunneling from nside
to outside the hovizow,




Thivd way: Pavticle tunneling

Hartle and Hawking, l‘]:lné.

Hartle and Hawking considered 3 particle tunneling from nside
to outside the hovizow,




Thivd way: ?aY'ETC\e -I;U\V\V\e\'\\ns

Hartle and Hawking, "]:]--6-

uSing the andlytic continuation, owve can calculate the emission vate,
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Thivd way: ?aY'EiC\e -I;U\V\V\e\'\\ns

Parikh and Wilczek, zo'e;o.

Oowne caw 3also calculate 3 tuvme\ivxg between two vull geoc\esics,




Thivd way: ?aY'ETC\e -I;U\V\V\e\'\\ns

Parikh and Wilczek, zo'e;o.

Oowne caw 3also calculate 3 tuwme\?ng between two vull geoc\esics,




Fourth way?: USIng nStantons?

chen Dowenech S3saki and DY, w preparvation

can this particle tunneling process generalize to instantow

Pictuve of 3 Field?




Rivia "

Fourth way?: US‘W\S wstantons?

chen Dowenech Sasaki and DY, n preparation

Find 3 scalar §ield solution of the Euclidean-Loventzian

wanifold. How-{;o calculate 3 consistent probability?




Fouvrth Wa\j'? usm3 WStantons?

Chen, Dow\eV\ech Sasaki and DY, w preparation

-




Fouvrth Wa\j'? usm3 WStantons?

Chen, Dow\eV\ech Sasaki and DY, w preparation

-




Fourth way?: US’\V‘S wstantowns?

chen Dowenech Sasaki and DY, n preparation




Fourth way?: US’\V\S wmsStantowns?

chen Dow\eV\ech Sasaki and DY, n prepavation

Obs-l;ac\es -l;he\(e Shou\d be 3 cusp Smau\a\mt\j’

)
J




Ko "

Fourth way?: US‘W\S wstantons?

chen Dowenech Sasaki and DY, n preparation

We w3y overcome this problem: chen Hu and DY, zoib.




_ A‘.{..A]Z?\'\catioms of Entvopy

various nwotions of entropy




WSormation and entvopy

A less probable event/state has W\O\;e wformation,
;= —logp;




WSormation and entvopy

A less probable event/state has wove nwformation,

'Entropy

I; = —logp;

= Ex?gctatwh value of wwformation

= c3pacity of information
S=A(I)= —zpi log p;
i



Trow Statistical wmechanics

Densiby watrix: p = [ip)l = X, p; 1)l

vown Neuwann -eV\-I;YO?\j

= —TT'p logp = z Pi log Di




Frow Statistical wechanics

Density matrix: p = [P Y| = Zipui li)(i]|

von Neumann entvopy

S=—Trplogp = —zpi log p;
L

Boltzmann entropy: in thermal equilibvium Peq = DN

1 1

Seq = N X <_N10gﬁ) = log N

l’lhe Possible lavgest entvopy.




Entropy 0Of Subsystew

Let us assuwe that we cownsideyr:
A closed Systewm with the +otal number of states N
Wwitidlly total wmformation of the Systew 1is \09 N

It was concentvrated wn A n the beg‘mvﬁvxg.




Let us assume that we cownsider:
. A closed System with the total wuwbevr o§ states N

2, \V\‘\-b‘\a\\xj +total wmwformation of the Systew 1is \09 N

It was concentvrated wn A n the beg‘mvﬁvxg.

Now | want to wove particles from A to .

will the total information be congerved? @ v




Page, (1935 Page, 203

Let us define a3 weasure of information:

I =S(B) — S(B|A)
wheve S(B|A) = —Trgp, log p, 1S the entanglement entvopy and
pa = Tryp-




Est\wxat«ovx o‘} evxtavxg\ew\evxt entyoPy

Page, 993 Page, zo(3 |

Fov 3 Puve and vandowm Systew we can eStimate the

entanglement entropy (mdn):

mn 1 1
m —
S(BIA) — E— 27’l

k=n+1




EStiwmation of eV\-l;QV\S\eW\eV\-L entvopy

Entanglement entropy g

o
_4‘

8
Thermodynamic entropy




EStiwmation of eV\-l;QV\S\eW\eV\-L entvopy

Entanglem entropy s




EStiwmation of eV\-l;QV\S\eW\eV\-L entvopy

A 0 ‘

S(B)

Entangleme entropy s

5} 8 10
Thermodynamic entropy



EStiwmation of eV\-l;QV\S\eW\eV\-L entvopy

A UD 08 :
S(A) = black hole entropy

S8 entropy »

s
Informations
3

I

8
Thermodynamic entropy



EStiwmation of eV\-l;QV\S\eW\eV\-L entvopy

A UG D¢ :

S(A) = black hole entropy

'Pase time

nt ropy ':.
[ g

g

Thermodynamic entropy



EStiwmation of eV\-l;QV\S\eW\eV\-L entvopy

A UD 08 :
S(A) = black hole entropy

I = S(B) — S(B|A)

'Pase time



. EwriSSion

$ S(A) & Ared, then Hawking vadidgtion Should contdin
information,




"._‘,

%?VVV\Q'I;\OV\ \OSS ?YOb\
em

A bivd
ivd S—e\je view




A b'\\(c\’s—e\je view

information loss paradox

information conserved?

Hawking radiation
carries information?

information retained
by another object?

chen, Ong and DY, 2014
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radical modification?
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(regular black hole,
bubble universe, etc.

is it generic?

information locking
(or other information
theoretical methods




* =g

| Abivd's-eye view

b Hawking, 1976 Banks, Peskin and Susskind, 1984
¥

ol
{ '“f’j . . - s . B disaster
information conserved? information loss

(Banks-Peskin-Susskind)

il Maldacena, 1997; Witten, 1998

_W
« b




———

s et

P A S

SRS e s

» = T, e A

XN S e

vy S, ]
s e o et

e S

INFPp———

chen, Ong and DY, 2014

Hawking radiation
carries information?

e —

Thorne (Membrane paradigm), 1986
t'Hooft, 1990

Strominger and Vafa, 1995

Callan and Maldacena, 1996

Polchinski, Preskill, etc.

Susskind, Thorlacius and Uglum, 1993
black hole

complementarity

Page, 1993

DY and Zoe, 2008; 2011
Almbheiri, Marolf, Polchinski and Sully, 2012

inconsistency
(large N rescaling/AMPS)

radical modification™
(GUP or firewall) Almbheiri, Marolf, Polchinski and Sully, 2012

Hwang, Lee and DY, 2013




A bivd’ S-eye View

Chen, Owng and DY, 2014

Adler, Chen and Santiago, 2001
Bardeen, 1968
Ashtekar and Bojowald, 2005
Farhi, Guth and Guven, 1989
black hole remnant
(regular black hole, 1S 1t generlc?
bubble universe, etc. Review: Chen, Ong and DY, 2014
information locking
(or other information
theoretical methods)
Horowitz and Maldacena, 2003
Smolin and Oppenheim, 2006




