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Introduction and Summary

2. Are Minkowski/de Sitter/AdS spacetime stable? 

The boundary semi-classical equations corresponds to 
mixed-boundary conditions for the bulk dual fields. 

Well-known semiclassical instability of flat spacetime
due to higher order derivative terms. E.g., Horowitz-Wald 78



Boundary Stress-Energy

Bulk Boundary

Bulk metric

AdS/CFT

In AdS/CFT, Bulk is                   and QFT lives in its conformal boundary 

QFT w/ zero-temperature
in flat boundary



Boundary Stress-EnergyBulk metric

AdS/CFT

Bulk can be AdS BH and QFT has a finite-temperature

QFT w/ finite-temperature
BH

Bulk Boundary



Boundary Stress-EnergyBulk metric
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It is easier to compute (strongly coupled) quantum effects. 

Outline

A general scheme for semi-classical problems in AdS/CFT was 
first proposed by Compere-Marolf 2008.  

More concreate formulation of holographic semiclassical 
problem (AI-Maeda-Okamura 2301.12170, 2312.10311 )
However, applications were limited only to AdS case

We apply our holographic semiclassical formalism to stability
analysis of Minkowski/de Sitter/AdS in 4- and 5-dimensions.  



Outline

1. Review: Formulation of holographic semiclassical problem
2301.12170, 2312.10311,

2. Stability analysis of de Sitter and Minkowski spacetime
in 4 and 5-dimensions.  

Ex.1 Semiclassical Maxwell equations
Ex.2 Semiclassical Einstein equations

quadratic gravities

2412.18764
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Ex.1: Semi-classical Maxwell equations

: Partition function of 

Expectation value of the current

-- difficult to evaluate 

Effective action

Let us apply AdS/CFT to compute
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AdS/CFT

Maxwell field on the boundary

Maxwell field in AdS-Bulk (                       )

AdS Bulk 

Boundary

Dirichlet condition 

External source/non-dynamical 

To promote         to dynamical field,  
Let’s add self-action term for boundary field!
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Ex.2. Holographic semi-classical Einstein equations
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Holographic stress-energy tensor formula

• Boundary stress-energy tensor: 

• (d+1)-asymptotic AdS metric and Fefferman-Graham expansion: 

:  trace anomaly

de Haro-Solodukhin-Skenderis 01

(   vanishes in odd-dimensions )

Only when d is even 
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Self-action for bdry dynamics

Ex.2. Holographic semi-classical quadratic gravity theories 

Bulk-action for AdS/CFT

Bulk-classical EOM

Bdry semi-classical eom

Maximally symmetric spacetimes (i.e., de Sitter, Minkowski, AdS ) are solutions:

E.g. 4-dim. de Sitter trace anomaly∵
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Dynamical instability of de Sitter space (in static chart)

Background de Sitter solution

Boundary de Sitter spacetime

Boundary metric perturbations

Bulk:

Bdry:

Semiclassical Einstein equations provide the algebraic relation 
between the separation const.          and  

Allow for



Dynamical instability of de Sitter space (in static chart)

Background de Sitter solution

Boundary de Sitter spacetime

Boundary metric perturbations

Bulk:

Bdry:
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• Time-dependence of perturbations
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• Stability Criterion

• Time-dependence of perturbations

Boundary de Sitter spacetime

Master equation for boundary de Sitter metric perturbations

for

: Stable
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• Boundary conditions 

• Solution is given in terms of Hypergeometric functions 

Dirichlet condition at center       

In-going condition at horizon       

• Time-dependence of perturbations

Unstable mode !

for

E

Boundary de Sitter spacetime

Master equation for boundary de Sitter metric perturbations
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In a similar manner, we can also show that Minkowski spacetime 
is unstable for                

We can also find the power-law instability in cosmological charts 
(flat or closed).of de Sitter spacetime.  

de Sitter space in cosmological chart



• Boundary conditions 

Unstable mode !

• Solution is given in terms of Hypergeometric functions 

Dirichlet condition at infinity       

In-going condition at horizon       

• Time-dependence of perturbations

for

Similar analysis applies to boundary BTZ black hole

Boundary BTZ black hole 

E



Thermodynamic instability of boundary AdS: 

We construct semiclassical topological black hole with “quantum hair” 
by adding static perturbations to boundary BTZ black hole

For the new solution w/ “quantum hair” (non-vanishing source term) , 
we evaluate the effective action, and compute the difference of free energies 
between the two: 

Free energy of the semiclassical hairy solution w/                                 can be 
smaller than that of the background AdS. 

In holographic semiclassical problem, locally AdS can be thermodynamically 
unstable 



Summary of the holographic semiclassical stability results of 
de Sitter / Minkowski /AdS spacetime

d=5 d = 4d = 3 

unstable for  
unstable for unstable  for de Sitter

unstable for 
unstable for always unstableMinkowski

unstable for 
always stable

when           is  smallunstable for AdS

de Sitter / AdS

Minkowski
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Positivity of Boundary Stress-EnergyBulk causal inequality

Self-consistent ANEC for strongly coupled fields?    

Llorens 25

ANEC for strongly coupled fields on Minkowski background   Kelly-Wall 14
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