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Ghost-driven instabilities in black hole evaporation

(Provocative) outline:

m Choose a theory with quantum and classical ghosts
m Show that ghosts make the Schwarzschild solution unstable
m Argue that black hole evaporation ends with a naked singularity

m Conclusions
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Introduction
Black hole evaporation and quadratic gravity
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L Introduction

L Physical motivation

Why black hole evaporation? Semiclassical gravity
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Classical curved spacetime + Quantum Field Theory
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Black hole evaporation

Fundamental assumption: Eqorr < EQuantum Gravity



Ghost-driven instabilities in black hole evaporation
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L Physical motivation

Why black hole evaporation? Information paradox

Information is accessible Information is not accessible Information is lost

Final stages of evaporation — T w00 = EqQrr ~ EQuantum Gravity

Solution: quantum correction for gravity?
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LPhysical motivation

Why quadratic gravity? Perturbative approach
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LPhysical motivation

Why quadratic gravity? Perturbative approach
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LPhysical motivation

Why quadratic gravity? Perturbative approach
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LPhysical motivation

Why quadratic gravity? Wilsonian approach

Non-renormalizable theory —- effective theory at low energies

Co Trpr =S
Ti=0=T
>
1
Theory space
C3...Cp, ot . Mo

Ci
T = /d4x\/—g E* + E*alR + cR? + &3R" Ry + caR"™ P Ryypo + E—ZR:“ + ...
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LPhysical motivation

Why quadratic gravity? Wilsonian approach

Non-renormalizable theory —- effective theory at low energies

Tp=a =S
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Quadratic gravity
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Quadratic gravity: a classical model for quantum corrections

n 1 O»”
I
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Toc = /d4x\/—g [7:"\’ —aCMP? Chuypo + BR? + Xg]

PRO: general, IR limit of fundamental theories, renormalizable
CON: negative energy states = non-unitary theory

First assumption:

Classical solutions as first quantum corrections

m=20
m2 = /68
m5 = /2«
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Quadratic gravity: a classical model for quantum corrections

n 1 On
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Toc = /d4x\/—g [’yR —aCMP7 Chpe + BR? + XQ]

PRO: general, IR limit of fundamental theories, renormalizable
CON: negative energy states = non-unitary theory

First assumption:

Classical solutions as first quantum corrections

m=20
mg§ = /68
m3 = v/2a
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Quadratic gravity: a classical model for quantum corrections

n 1 On
I
N O N

Toc = /d4x\/—g [’yR —aCMP7 Chpe + BR? + XQ]

PRO: general, IR limit of fundamental theories, renormalizable
CON: negative energy states = non-unitary theory

First assumption:

Classical solutions as first quantum corrections

m=20
mg§ = /68
m3 = v/2a
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Black holes in quadratic gravity
Old and new solutions
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LBlack holes in quadratic gravity

LSymmetries and boundary conditions

Symmetries and weak field limit
Staticity, spherical symmetry:

ds? = —h(r)dt?® + ar® + r2dQ?
f(r)

Asymptotic flatness (isolated objects):
2 M —mor
h(r)~1—°"2 4255 %

r

2M —myr
fr)~1-= +55¢ — (14 mr)

Total (ADM) mass: M

Yukawa charge S,
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LBlack holes in quadratic gravity

LSymmetries and boundary conditions

Event horizon: internal boundary

Series expansion around horizon radius ry:

h(r)=hi(r—ra)+ > ha(r —rn)"
n=2

f(ry="Ah(r—ry)+ ifn (r—ry)"

n=2

Hawking: TBH =1 hlfl Wald: SBH = ].671'2’}/ <r,%, + (1 — fer))

2
47 mg
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LBlack holes in quadratic gravity

LSymmetries and boundary conditions

Nature of singularity: behavior close to the origin

Series expansion around the origin:

r) = 1D heor” e i o8 (A7)
o r—0 dlog(r)
> — d log (£(r))

f(r) =" foar” *= M dlog(r)
n=0

Divergent metric: t = -1, s=—1 Vanishing metric: t =2, s = —2



Ghost-driven instabilities in black hole evaporation

LBlack holes in quadratic gravity

L Black hole solutions

Properties of black holes in quadratic gravity
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LBlack hole solutions

Linear perturbations and stability

Metric perturbation:

hu,,  massless tensor

8w = Bu(r) +0gu(rit) = 8w + 1§ ¢, massive scalar
Yy,  massive tensor

Reducing the degrees of freedom: v, — 1, ()

Regge-Wheeler-Zerilli-like equation:

(f5 -+ V() e =0

de2  dr2
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LBlack holes in quadratic gravity
LBlack hole solutions

Linear perturbations and stability

Metric perturbation:

h.,,  massless tensor

8 = Bu(r) +0gu(r,t) = gu + 4 &, massive scalar

Y,  massive tensor

Reducing the degrees of freedom: v, — 1, ()

Regge-Wheeler-Zerilli-like equation:

(f5 -z + V() e =0

de2  dr2

=

ghosts!
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I—Black holes in quadratic gravity
L_Black hole solutions

1

Black hole crossing point

onset of instabilities
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I—Black holes in quadratic gravity
|—Black hole phase transition

1

Black hole crossing point: a phase transition?
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LBlack holes in quadratic gravity
LBlack hole phase transition
p!

Black hole crossing point: a phase transition?

%u(n t) ~ w;w,bo(ﬂ t) eiéeié
Critical point: A= A¢ = T—00, £ > 0
A<A,, Ruw=0
Order parameter: Yy = R — < H
A>Ae, Ru#0

Symmetry breaking: g—f_ = —%0 — Ruuxtx”
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LBlack holes in quadratic gravity

LBlack hole phase transition
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LBlack holes in quadratic gravity
LBlack hole phase transition
p!

Black hole phase transition and instabilities

» =0—5, <0 = equilibrium phase transition, A\ = Tgy = reversible process

> =0— S5, >0 = dynamical phase transition, A\ =t = irreversible process

Second assumption:

The system will always end up in the unstable phase
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L_Black hole evolution

Black holes evolution
Unstable dynamics and its endpoint
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L_Black hole evolution
LNature of the singularity

Unstable evolution: nature of the singularity

Equations for t and s in x = — log(r) \ e SR
dt 1 ,
™3 (4+2t+4s+t°>+ts)
ds 1
— =_————(8+8s—s*+3t?
x "oy BT
+ st? + 2%t — %)
N.B. valid for time-dependent metric! e TN

82



Ghost-driven instabilities in black hole evaporation
L_Black hole evolution

L An equation for the evolution
Unstable evaporation: an equation for the evolution
No adiabatic expansion = full time-dependent evolution?
Asymptotic flatness (still isolated objects):

2M

r

f(rit)~1—

(r) 1 2
+- drr dr’dt'G(D_mg) (rot,r',t)C(Tuw)
M(t) is the time-dependent ADM (and Misner-Sharp, and Hawking-Hayward) mass

(07 + m3) 0:M(t) = L jim 2 Ter(r, t)

- r—oo
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L_Black hole evolution

LAn equation for the evolution

Educated guess for Ty, : 20}

- ghost instabilit — E‘ ]
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L_Black hole evolution
LEndpoint of evaporation

Endpoint of evaporation: a naked singularity
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L_Black hole evolution

LEndpoint of evaporation

Endpoint of evaporation:

a safe naked singularity?
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L_Black hole evolution

L Conclusions

Conclusions

Conservative approach:

Information paradox: semiclassical graivty breaks down at high energies

= inclusion of first order quantum corrections to gravity (even if they have ghosts)

Change of point of view:

Stationary (astrophysical) solution = instabilities have to be avoided

Dynamical evolution = instabilities have to be followed

Accpetance of limitations:

A naked singularity cannot be accepted from a theoretical point of view

If allowed by observations it can be a plausible direction
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L Conclusions

Information paradox
P ~__
Singularity problem —

> Naked singularity




Ghost-driven instabilities in black hole evaporation
L_Black hole evolution

L Conclusions

Information paradox ~__
Singularity problem —

> Naked singularity

What's next? Hope you will tell me!
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L Conclusions

A no-(scalar) hair theorem and ghosts

. . 2\ p _
Cuvpo is traceless == trace of vacuum e.o.m. is (D — mo) R=0

staticity
asymptotic flatness == R = 0 in all spacetime

presence of event horizon

R? term is irrelevant = CHP? Cpypo term is crucial (ghosts!)
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L Conclusions

Numerical methods: shooting method
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