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@ Information paradox: apparent violation of unitarity.
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o Gauge/string duality.
o AMPS-firewall: unitarity vs equivalence principle.
o Islands: unitary Page curve.
1911.12333 [hep-th] Almheiri, 1905.08255 [hep-th] Pennington ...
e Dynamics: S-matrix.
@ Non-singular models for gravity
e Limiting curvature pr<72 < A%, De Sitter core.
Markov, 2111.14318 [gr-qc] Frolov ...
o Other models: Bardeen'’s black hole, black bounces (timeholes), planck stars...
1812.07114 [gr-qc] Visser, 1802.04264 [gr-qc] Rovelli...
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Models with linear dilaton vacuum ¢ = —Ar

Sipy = / Pxv/=& (W(O)R + W(6) (V6)? + A2)) + §™

Field equations

W/(9)R =2W" ()06 + W"(9) ((Ve)* = X°) ,
guv (W(O)(VO) =A%) +2W'(8)00) = 2W'($)V,. Vb = T .

where T, = (=2/\/—g)05™/égh”.

General solution

2
dszz—f(r)dt2+;1—rr), b= . f(r):l—i—/\WL/(qS).
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Sinh-CGHS model

Ssinh = —2/d2X —gsinh(29) (R +4(V¢)® +4X°) |

Vacuum solution 1
1
¢=-Ar,  ds*=—f(r)dt>+f(r)"1dr?
-4 -3 -2 -1 1 2 3 4 \
with metric function @
M R/AM
F(r)=1- A
4) cosh(2Ar) e S~
-4 -3 -2 -1 1 2 3 4 N
Ricci scalar R = —0f(r) is finite .
everywhere. (b)
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Solutions: gravitational kink
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Solution: black bounce® M > M.,

Coordinate extension:
(14 Yet) tanh(Ar) — 2w Ty /A
(1+ Me) tanh(Ar) + 27 Ty /A
T = /g(r)sinh(2r Tyt) ,

= +/g(r) cosh(27 Tyt)

Metric takes a form

g(r) =

exp(4n Tyr)

i
Ky

o
Ky

ds® = L’Q (=dT? + dR?)
A2 Ty g(r)

Maps (V;,U;) = (T; + R;, T; — R;) are o
identified

Visi=—-k/V;, Uiy1 = —1/kU; @)

*1812.07114 [gr-qc] Simpson, Visser
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Solutions: extremal black bounce M = M,
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Thermodynamic properties

2 .
dsg? = f(r)dt52+,:j(rr) 7 0< te < By, Sinh-CGHS case

27 M2,
Euclidean solution has imaginary time SeH = TM 1- M2

period
)‘ ngt
ﬂH = TH_l = 47r/f'(rh) TH = % - M2
so that no conifold singularity at r = r,. Ty
Derive black hole temperature and A2 e
entropy
MW (¢n)
ThH=——
47 M
0 My M

| Seu(M) = 47 W(6n) — 47 W(n,ext) |
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Is core stable?

Example: conformal matter v
1 4
T = VufV, f — 5g,w(Vf)2 ,
2 4
Vaidya ansatz
ds? = —F(v, r)dv?+2dvdr with incident 0.
wavepacket f(v) has solution
M(v) -2 -
Flv,r)=(1- 7
(v,r) ( 4\ cosh(2)\r)) ’
with Bondi mass —41

M(v) = [ o' (O F(V))? . -4

Vaidya solution with coordinates (r, v).
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Is there mass inflation?

CGHS regime M > M.y, Eor wavepacket tail profile at late
times f(v) ~fy- (Av)™® v — 400
e’ =e 2 =-Xvu+g(v)+h(u),
8oo

M
—+o00 ~ ="
/ dv/ (8, F(vV"))? &)= X~ Dwys a>0,

After crossing the core
h(u):—i/ du/ " (D (")),
f(v) = fo-(=Av)*,

Ricci scalar near Cauchy horizon

M Eout (1)
R~ 4)\%2e* [ — 4+ (2o + _av)2e o Soutlt)
~4)\%e (2>\ (2a 4+ 1)goo(—AV)“™ + ) +

200+ 1 2084 201
+ a1 ) (—Av) Oyh(u)

is finite if & > 1/2.
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Do remnants form?

Fitkevich M.D. (INR RAS & MIPT)

2D Stefan—Boltzmann (adiabatic approximation):

dMm T
T r2m
dt 12 H( )7

For a mass function one gets

Mext |0 M(t) - Mext — M _ &
2 M(t) + Mext

M(t) + 487’

with initial value My > M.
Remnants stage is

At
M ~ Mext 1 + exp —W y
ext
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Average black hole mass

Adiabatic = mean-field approximation with one loop.
Two stages of evaporation: CGHS stage and remnant formation as asymptotics:

(M ()

My

M, ext
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Fluctuations of Hawking flux

Effects of thermal/quantum fluctuations.

(M(2))2

My

M, ext

Fitkevich M.D. (INR RAS & MIPT)

gr-qc/9905012 Wu, Ford
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Are remnants metastable?

Thermal estamate

107 o 1?7
< >:_?%7 < >_?al827
_ ()

for remnants

Mace — Mo = V/IBMP = 17—0(1) 4

assuming 0M < Meyg.
Characteristic decay time

Mext Mext
tgec = 487 2 |og( \ )
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Next step: semiclassical S-matrix

Win
//
[t I Y —
o -
collapsing matter black hole Hawking radiation

2 i
Vol Vi) = [ DOUL 1, exp (SO} .| © = guus 0. 1)

@ Semiclassics = 6%5 = 0 = with &, with flat asymptotics. Trivial if E < Ep,.

o Idea: find saddles at E > E;;,. by analytic continuation avoiding singularities.

o Problem: complexification of spacetime is ambiguous.

@ Non-singular model can help!
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Semiclassical S-matrix

@ Typical semiclassical state V¥ -
localized wavepacket into remnant

@ For any typical W one can find o Y
. ; /0 o
non-typical V’': 1/

(V| T, (X)) <0
Fulling, Davies (1976)

gr-qc/9711030 Roman, Ford r -
@ Non-typical W’ cause remnant - —
decay. -
Common QFT counterpart: tunnelling <\¥m\%j>%1

through sphaleron. Neat example:

0903.3916 [quant-ph] Levkov, Panin
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Test of unitarity

Consider

(be|S|ak) = /dc,fdck (| Sreg|ck) (ck|ak) ~ e™Sled e=Tled

N

Sreg is S-matrix on subspace with topologically trivial spacetimes. Saddle point:

95 _or
(SC/( o (5Ck
Unitarity check:
/dC,tde (bk|§T|ck><ck|§|ak) = (bk|ak> (§T§ = 1)
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Conclusion

2d dilaton gravity models with regular holes are introduced;
sinh-CGHS: global geometry, thermodynamical properties;
backreaction from evaporation - remnants formation;
conjecture: remannts are metastable;

horizons are dissolve in unitary evaporation process (similar proposals from 't
Hooft, Rovelli etc.)
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