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The final stages of black hole evaporation in quadratic gravity
L Introduction
LPhysical motivation

Why black hole evaporation? - Semiclassical gravity

\sss

CIassmaI curved spacetlme + Quantum Field Theory

I

Black hole evaporation

Fundamental assumption: EQuantum Gravity > Estandard Model
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The final stages of black hole evaporation in quadratic gravity
L Introduction
LPhysical motivation

Why black hole evaporation? - Information paradox

Final stages of evaporation

Initial state: pure

N Final state: thermal radiation

= Information paradox

(Divergent entropy of radiation)

tlt,

Solution: quantum corrections for gravity?
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The final stages of black hole evaporation in quadratic gravity
L Introduction
LPhysical motivation

Why quadratic gravity? - The Quantum and Gravity
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The final stages of black hole evaporation in quadratic gravity
L Introduction
LPhysical motivation

Why quadratic gravity? - Wilsonian approach

Non-renormalizable theory = effective field theory at low energies

Co T'p_r=3S

C1
Theory space

C3...Cq,
Seff = /d4x —g |aa+ R+ aR?+ aR"™ Ry, + R+ ... (1)
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Non-renormalizable theory = effective field theory at low energies

Co T'p_r=3S

C1
Theory space

C3...Cq,

Seff:/d4x —-g c1+C2R+C3R2+C4R”’”RW+C5R3+...

Quadratic Gravity



The final stages of black hole evaporation in quadratic gravity

L Introduction

LThe theory in exam

Quadratic gravity: a classical model for quantum corrections

PRO:

CON:
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$5=2, m=0
Sqc :/d4x\/—g[7R+ﬁR2—aC“”’”Cuww] $ =0, m5=7/68
S=2, m=n/2

renormalizable, general, IR limit of fundamental theories
K. Stelle (1977), B. Zwiebach (1985)

negative energy states = non-unitary theory

Effective theory: classical solutions as first quantum corrections
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The final stages of black hole evaporation in quadratic gravity
L Methods

LSymmetries and boundary conditions

A no-(scalar) hair theorem

Cuvpo 1s traceless — trace of vacuum e.o.m. is (D — mg) R=0
staticity
asymptotic flatness = R = 0 in all spacetime

presence of event horizon

R2 term is irrelevant = CHP? Cppe term is crucial (ghosts!)
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The final stages of black hole evaporation in quadratic gravity
L Methods

LSymmetries and boundary conditions

Symmetries and weak field limit
Staticity, spherical symmetry:

ds? = —h(r)dt® +

Asymptotic flatness (isolated objects):
K. Stelle (1978), A. Bonanno and S.S. (2019)

2M
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The final stages of black hole evaporation in quadratic gravity
L Methods

LSymmetries and boundary conditions

Symmetries and weak field limit
Staticity, spherical symmetry:

ds? = —h(r)dt® + a + r2dQ?
f(r)

Asymptotic flatness (isolated objects):
K. Stelle (1978), A. Bonanno and S.S. (2019)

h(r) ~1 — w-l—
r
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The final stages of black hole evaporation in quadratic gravity

L Methods
LSymmetries and boundary conditions

Internal boundaries

Series expansion around fixed radius rp:
A. Perkins et al. (2015)

N
h(r) = (r —rp)* [Z heyn/n (r — )5 + 0 <(r - ro)NAH>]
n=0

-

N
N+

> fopma(r—n)& +0((r- rO)A)]

n=0

fF(r) = (r—ro)’

Generic solution: t=0,s=0, A=1
Black holes: t=1,s=1, A =1
Wormbholes: t =0,s=1, A =2
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The final stages of black hole evaporation in quadratic gravity
L Methods

LSymmetries and boundary conditions

Behaviour close to the origin

Series expansion around origin:
A. Perkins et al. (2015)

e , . dlog(f(r))
5= r'ﬂbe N r“—% dlog(r)

N
=[S 10 ()] gy o0
N
f(r)=r° [Z fornr” + O (M)]
n=0

Regular solutions (stars): t =0, s =0
Divergent metric: t = -1, s =—1

Vanishing metric: t =2, s = -2
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The final stages of black hole evaporation in quadratic gravity
L Methods

LSymmetries and boundary conditions

Behaviour close to the origin

Series expansion around origin:
A. Perkins et al. (2015)

N
e rt ht+nrn + O rN+1 — | — I dlog(h( ))
LZ_;) ( ) t= X =0 dlog(r)
N — d log (f(r))
=r [ZO fosnt” + O (M)] s = Jimxe = i )
Regular solutions (stars): t =0, s =0
Divergent metric: t = -1, s =—1
Vanishing metric: t =2, s = -2 = Not present in GR
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L Methods

L Numerical methods

Numerical methods:

shooting method
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Numerical methods: shooting method
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L Numerical methods

Numerical methods: shooting method
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Numerical methods: shooting method
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Numerical methods: shooting method
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The final stages of black hole evaporation in quadratic gravity
L Results
LBlack hole metric

Large distances behaviour: gravitational field

S, >0 = Yukawa repulsive, S, <0 = Yukawa attractive

_____ Schwarzschild BHs

-2 —— Non-Schwarzschild BHs-
4 Yukawa attractive

— Non-Schwarzschild BHs-
Yukawa repulsive

TH TH

Attractive in the “ghost” sector = repulsive gravitational field
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The final stages of black hole evaporation in quadratic gravity
L Results
LBlack hole metric

Near-horizon behaviour: thermodynamical properties

Black hole temperature: Tgy = - Black hole entropy: dSwaw = ﬁél\/’

0s 1 05! <4<__<.—~""—"’ _____ Schwarzschild BHs

—— Non-Schwarzschild BHs—
Yukawa attractive

—— Non-Schwarzschild BHs—
Yukawa repulsive

Negative entropy: S o — (log(p)) <0 = Non-unitarity: p > 1

13/ 27



The final stages of black hole evaporation in quadratic gravity
L Results
LBlack hole metric

Near-origin behaviour: characterization of the singularity

Yukawa attractive/repulsive: are they that different?

2 2
77777 Schwarzschild BHs
! ! —— Non-Schwarzschild BHs—
Yukawa attractive
0 ;0
Xk Xi —— Non-Schwarzschild BHs—
-1 -1 Yukawa repulsive
-2 -2 —/
0.2 0.4 0.6 0.8 10 12 14 0.2 0.4 0.6 0.8 10 12 14
rH TH
Yukawa repulsive = vanishing, Yukawa attractive — divergent
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The final stages of black hole evaporation in quadratic gravity
L Results
L Black hole stability

Instability of Schwarzschild black holes

Transverse and traceless perturbation of Schwarzschild metric in General Relativity
Aphy =0hy +2Rupeh”” =0 (7)

Transverse and traceless perturbation of Schwarzschild metric in quadratic gravity
K. Stelle et al. (2017)

(AL —m3) Aphy, =0 (8)
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The final stages of black hole evaporation in quadratic gravity
L Results
L Black hole stability

Instability of Schwarzschild black holes

a) Aphy, =0 S Schwarzschild in Schwarzschild
b) (AL - m%) huw =0 == Schwarschild in non-Schwarzschild
Equation b) is satisfied only at ry ~ 0.876 = analytical check

ry ~ 0.876 is also the minimum radius stable Schwarzschild solutions!
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The final stages of black hole evaporation in quadratic gravity
L Results
L Black hole stability

Black hole phase transition: a thermodynamical argument

Yukawa repulsive have

{ free energy smaller than

specific heat greater than

stable Schwarzschild black holes

-10

~U C= dM 20
dT 3
more thermodynamically stable -0
K. Stelle et al. (2017) _50
0.0 0.1 0.2 0.3 0.4
T
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The final stages of black hole evaporation in quadratic gravity
L Results
L Black hole stability

Black hole phase transition: a dynamical argument

Equations for x4 and xf:

1
X =5 (Xnxr +4xr + X3+ 2xn +4)
XF —#(b&m — X7+ XsXh+
- S
2(xn—2)

+8xf — X3 + 3x7 + 8)
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The final stages of black hole evaporation in quadratic gravity

LResults
L Black hole stability

Black hole phase transition:

Schwarzschild = Yukawa repulsive phase transition

1.0

0.8
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No black hole explosion?

consequences
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The final stages of black hole evaporation in quadratic gravity
L Results

LTime evolution

Black hole evaporation: time evolution
Time dependent equations of motion in adiabatic approximation

Hy = 5(To) ©)

Exact calculations at large distances or close to the horizon
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The final stages of black hole evaporation in quadratic gravity
L Results

LTime evolution

Black hole evaporation: time evolution

1 [Mawm 1 [°d
t:_/ 2:_/ dSwaid (11)
a J e T a Js, T

=200

- -400

E

-600

-800
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14

M Swald
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The final stages of black hole evaporation in quadratic gravity
L Results

LTime evolution

Black hole evaporation: no way out?

Thermodynamical stabilit
{ Y Y Schwarzschild evaporates in Yukawa repulsive

Dynamical stability
Energy flux = Yukawa repulsive evaporates in Scharzschild/Yukawa attractive
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Black hole evaporation: no way out?

Th d ical stabilit
{ ermodynamical Stabiity Schwarzschild evaporates in Yukawa repulsive

Dynamical stability
Energy flux = Yukawa repulsive evaporates in Scharzschild/Yukawa attractive
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The final stages of black hole evaporation in quadratic gravity
L Results

LTime evolution

Black hole evaporation: ghost Hawking radiation
Quadratic gravity predicts ghost particles!

Toy-model: ghost scalar field

dMm dSWa/d dw 2w 2

Fundamental assumption: ghosts dominate radiation after the phase transition

23/ 27
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The final stages of black hole evaporation in quadratic gravity

L Results

LTime evolution

Black hole evaporation: time evolution with ghosts

Infinite time of evaporation, no diverging entropies = no information paradox?
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The final stages of black hole evaporation in quadratic gravity

L Results

LTime evolution

Black hole evaporation: time evolution with ghosts

Vanishing quasi-local quantities = pure ghost radiation?
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The final stages of black hole evaporation in quadratic gravity

L Conclusions

Conclusions

Simple and conservative approach:

Information paradox: semiclassical gravity breaks down at high energies

= inclusion of first order quantum corrections to gravity

Many strong (but sensible) assumptions:

- classical solutions of quadratic gravity as first-order quantum corrections
- Schwarzschild = Yukawa repulsive phase transition

- ghosts dominated Hawking radiation
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L Conclusions

Conclusions

Consequences:

- infinite time of evaporation
- finite entropies

- finite temperatures

Simple semiclassical assumptions = simple remnants?
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Conclusions

Consequences:

- infinite time of evaporation
- finite entropies Thank you, and see you soon!

- finite temperatures

Simple semiclassical assumptions = simple remnants?
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The final stages of black hole evaporation in quadratic gravity

L Conclusions

Black hole evaporation: ghost Hawking radiation

Grey body factor for spin 2 particles = Teukolsky equation
(D—3c+e—4p—p)(A+pu—4Y)—(0+7—a—-38—4r)(G+m—4a) —3)dho=T
T is a said to be a source term given that T = T (R,,)

- General Relativity: vacuum = T =0

- quadratic gravity: vacuum = T #0
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The final stages of black hole evaporation in quadratic gravity

L Conclusions

Black hole phase transition: a geometrical argument

Riemannian Penrose Inequality:

A
n, v
Ruputu” >0 = Mzw—l(m . 1

M <

T6m = Rupu'u” <0

Locally repulsive gravity!

29/ 27

0.5

1.0

TH

20



	Introduction
	Physical motivation
	The theory in exam

	Methods
	Symmetries and boundary conditions
	Numerical methods

	Results
	Black hole metric
	Black hole stability
	Time evolution

	Conclusions

