Islands in kerr- de Sitter spacetime
and flat-space cosmologies
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Information Paradox

* Black holes emit hawking radiation with Hawking temperature.
* Black hole evaporation causes information loss.

* Consider the initial state of the black hole was a pure state, at the end
of the evaporation there is just thermal radiation.

e Question: how did we end up in a mixed state starting from a pure
state, this cannot happen through unitary evolution.

* Thermal aspects appear because we divide the vacuum state (which is
entangled) into two parts inside and outside of the horizon.



* In the initial stage of evaporation the entropy of radiation is thermal
and it is okay.

* As the black hole evaporates the area of event horizon shrinks and
there is a limit where the entropy of radiation would exceed the BH
entropy, that is problematic!

* The entropy of the radiation is the entanglement entropy of the
radiation with the black hole and so fine-grained entropy, BH is the
coarse-grained entropy



* Black hole + radiation = pure state

So, for f.g.

entropy Srad = Shlack—hole

* But fine-grained entropy cannot be bigger than coarse-grained
entropy:

* Increasing must stop when these two entropies are equal.



* Hawking calculation takes Hawking radiation as a thermal radiation

and gives an increasing entropy with time until the total evaporation
of the black hole.

* This is called Hawking information paradox or Information loss.

* To preserve the unitary evolution in black hole, entropy should follow
the “Page curve” and end up in a pure state.

* Page time: the time at which entropy stops increasing.



* Page curve vs Hawking’s entropy
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[s there a gravitational formula for fine—
grained entropy?

 Surprisingly, yes!

* Generalized Beckenstein-Hawking formula, taking the quantum
corrections into account:

1

Sgen = 7~ HorizonArea + Syytside
4Gy

* This formula is for the coarse-grained formula

* There is a similar formula for the fine-grained entropy with another
HRT surface replacing the horizon.



* Fine-grained entropy formula:

_ Area(X)
Sgen = miny (exty| 4Gy + Ssmi—classical(Z'X)])-

 Jy:theregion between cut-off surface and X.

* The extremal surface minimizes the generalized entropy in spatial
direction and maximizes it in the time direction.

* To calculate the entropy of radiation, we use a generalization of fine-
grained entropy formula.

* We think of X'y as a discrete region.



* The discrete part covers part of black hole interior and is called
“Island”.

* Finally the fined-grained entropy of radiation is given by:

Area(X)
4Gy

SRad = mirlX (eXtX[ + Ssemi—cl [Zrad U leland]])-

* The island conjecture gives us the mathematical tools
needed to decrease the entropy as shown on the Page

curve.




» Flat-space cosmologies (FSCs) are solutions to the Einstein equations of motion
for vanishing cosmological constants in three dimensions.

2
ds? = —?:) + F(r)dt? +r2(de — Ny(r)dt)
N2 (a2 __ a2 N
C =2 (rrz ) Ng(r) = r;),?

* They have event horizons, entropy proportional to the area of the event horizon
and temperature proportional to the surface gravity.

* Hawking radiation started near its event horizon is reflected from the timelike
singularity at the center.



* The Penrose diagram of FSC
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 Similar to the study of information paradox in eternal AdS blackholes,
we couple an auxiliary flat bath and impose a transparent boundary
condition...



* To make ¢ —coordinate spacelike everywhere in the spacetime we
make a coordinate transformation:

_p_t
b=t
. . N2 (2 .2 2
» So the metricwill be: a2 =" "0 ye T g
To PEr? —1g)

* Then we go to the Kruskal coordinates:  v(t,r) = ext+ ) U(t,r) = —e™ =)

Trsc = Z_Klog(h”z - 7’02|)»

* So the metric will take the following form;

ds? = —0%dvVdU

N

Ty

x — 1 pKTp
Qpsc = e"rsc,  {lparn = Ke"'Bath,



* Examining the information paradox with and without islands!
* Assumptions:

* The generalized entropy only consists of vN entropy of matter fields

V(b,) — V(b)) (U(b_) — U(b,
Spen = S 108[L by, b)) = Slogl- - NCEI = TO,

* Entropy calculations indicate a linear growth of the entropy of radiation at late
times



C 2
Sgen ~ §log[; cosh(kty)],

C

Sgen ~ =Ktp+...
gen 3 b

* This is the famous information paradox!

Area(0I) C L(ay,a_)L(by,b_)L(a,, b )L(a_,b_)

oy T Son(RUD]}, - Sow =glog L(a,, b_)L(a, by)

* Srad = Min{Ext]|

ma c
Sraa = 7— + zlog[L(a4, b)),
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* By substituting the island in the generalized entanglement entropy we’ll
see that it’s not time dependent anymore:

amb amb
c. f3ebB 2c%rge B Gy ,
Sgen = 25thermal T+ glog( 87T3T0 ) — 37 + 0(Gy),

* So the monotonic growth of the entropy of the radiation stops!

* Page time: the time that entropy stops growing »transition from
trivial island (no island) to non-trivial island

arb _amb
3p B Be P cBroe P Gy 2
tpage = ESth + Elog( 211y ) — ) + 0(Gy),



*Scrambling time:

According to the conjecture C> the density matrix of the radiation
is given by that of union of regions R and |

Information thrown into the island can be recovered from radiation

v(ty, b) —v(ty, a) = (to + r*(b)) — (ta + r*(a)),

tscr = ta - tO

B B crg
tocr = glOgSth + 2b — glog(T),






e Kerr- de Sitter metric in three dimensions:

ds? = —N2dt? + N=2dr? + r2(d¢ + N®dt)’

r2 16622 4GJ
2 —
NY=p—z+—j3 N? =—

* The conserved charges associated with time translation and
rotational symmetries are:

U
M!=Qat=—% Qogy =J
* Rewriting the metric with “M”;
(2 + D)2 = 1?) 1277 T )
2 _ _ 2 2 2
ds 1272 aet+ r2+rH(r2—-1?) rosr (d¢ T dt)



* Location of the cosmological horizon: 2 = 4GM12(J1 + (ﬁl)z ~ 1),

] 2
Aparameter mp 7 =4G"“2(J1+(m) +1),

* This metric and its surface gravity recover the FSC metric and surface
gravity at the flat limit oo 1Ty o 7yl [ > o

* Again in order to have a angular coordinate that is spacelike everywhere we
should make a coordinate transformation: L
lr_

 So the metric reads:

A1) 12 r2?

— d 2
r2[2 (rZ +r2)(r2 —r2) "

ds?



* The Penrose diagram of KdS:

* Like the previous case we put it in thermal
equilibrium with the flat auxiliary bath




* Just like the FSC case we will get an :
ever increasing entropy for radiation / . \
without islands '

V(b,) — V(b_))(U(b_) — U(b,
Spen = S10B[L(by, b)) = Sogl L CNCEI = TO,

C
Sgen ~ §Ktb+. .

Entropy in the presence of the islands

By extremizing the generalized entropy w.r.t. the island one finds te
location of island to be: 21 12c2e 20 G2

Apagc =T —
Kas 9(r2 + r¥)m? ’
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*Location of the KdS Island recovers the FSC one at flat limit
The Page time for the KdS spacetime:

4mb _amb
36 I (r2+7r2)%e B B*  PBroric’e B Gy

t =—35, +—1lo
Page(KdS) o th AT g[ 167‘[47‘_27‘_El2 7‘[2(7‘_2 + r_E

*Page time of KdS recovers the FSC one at the flat limit



* The scrambling time for the KdS:

*The scramblimg time of KdS recovers the FSC one in the flat limit.

 What about de Sitter spacetime?

r? r2\ 7
ds? = —(1 — l_Z)dtz + (1 — l_2> dr?

l—r
[+ 7

1

K * *
gs(r) = —==€""%45  Dpaen(r) = Ke"Tpath
r
1 - l_2

Lscr(kds) =

p p
—logSp + 2b — ﬁlog(

3(r2 +12)”




C2€2Kb GI%I

e Location of the island: ags =l ——=—
o , amh _amb
* Page time: 3B c. ebPp* PBce B G
g tPage(dS) = Esth + glog[ A4 ] o 41772 =
L 12
* Scrambling time: tscr(ds) =2%10g5m+2b +2ﬁnlog7

* The final result confirms that de Sitter space is a fast scrambler!



Thank you for your attention



