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1. How to formulate Semi-classical problems in AdS/CFT?
It is easier to compute (strongly coupled) quantum effects.

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

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

They are maximally symmetric. Positive energy theorem
in classical gravity yields, for all regular asymptotically

Flat/AdS E > O only for exact Minkowski/AdS E = 0O

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



AdS/CFT

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

Bulk Zags = Zcpr Boundary

QFT w/ zero-temperature

in flat boundary 77,,,,

Bulk metric (T,,,,) Boundary Stress-Energy



AdS/CFT

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

Bulk Zags = Zcpr Boundary

QFT w/ finite-temperature

Gy

GuN

Bulk metric 6G sy Cmp <le> Boundary Stress-Energy



AdS/CFT

Bulk can be AdS BH and QFT may live in general curved boundary

Bulk Zags = Zcpr Boundary

Boundary metric

G
fixed (non-dynamical) as
Gun BC for bulk metric G'p/n

Bulk metric 6G sy Cmp <Tw/> Boundary Stress-Energy
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1. How to formulate Semi-classical problems in AdS/CFT?
It is easier to compute (strongly coupled) quantum effects.

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

More concreate formulation of holographic semiclassical
problem (Al-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.
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1. Review: Formulation of holographic semiclassical problem
2301.12170,2312.10311, 2412.18764

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

2. Stability analysis of de Sitter and Minkowski spacetime
in 4 and 5-dimensions.
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P Ex.1: Semi-classical Maxwell equations

Effective action

| y |
Seff:—re?/dxfu IMV—ZIHZ[A]

Z[ A]: Partition function of A,

olnZl A
===P Expectation value of the current ( J* ) :=—1t nZ[Al

SA,

0S.g =0 ‘ o, FH — 62< TH >

-- difficult to evaluate Z[.A]

=P Let us apply AdS/CFT to compute Z[.A]|
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» AdS/CFT

A, Maxwell field on the boundary ¥, C oM

Apm Maxwell field in AdS-Bulk ( M, Gasn )

1
) - 1 InZlA :——/dX\/— FMN p
0 EO g}w/ [ ] 492 A G MN

Boundary

M,Gyn Ay A, _ Dirichlet condition A
AdS Bulk

M}ZOZ Ay

External source/non-dynamical

0 To promote .4, to dynamical field,

Let’s add self-action term for boundary field!
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p Ex.2. Holographic semi-classical Einstein equations

1
F = \ — R—2A
Se 16mGg Jx, Q( d)

Self-action for bdry dynamics

P / VG (BIG)=2Ads1) + Sexr + Set
167Gy JMm

Bulk-action for AdS/CFT Sy 1k

5 Son—shell
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G 5V G{T" ) via AdS/CFT




p Ex.2. Holographic semi-classical Einstein equations

! V=G (R—2A,)

Seff —

167TGd 220
Self-action for bdry dynamics
+ ! /\/—G (R[G]— 2Ad+1) +San + Set
167Gy JMm
Bulk-action for AdS/CFT Spyk
550n—shell 1
bulk  —: = /=G ( T ) via AdS/CFT
09w 2
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p Ex.2. Holographic semi-classical Einstein equations

Soff = — V=G (R —2Ay)

167TGd 220

Self-action for bdry dynamics

1
s
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p Ex.2. Holographic semi-classical Einstein equations

Soff = — V=G (R —2Ay)

167TGd 220

Self-action for bdry dynamics

1
s

167 Gd+1

me (R[G)-2Ads1) +San + Set

G4 — 0 Dirichlet condi. (-

G4 — oo Neumann condi. (

Bulk-action for AdS/CFT Sy 1k

) Son—shell

bulk .1 — Wi g
5G,m =5V G{T" ) via AdS/CFT

— Bulk-classical EOM EinMN[G] + Agiq GMN _

R

_ Bdry semi-classical eom RH* — =GH + A;GH =8 Gy ( TH )

2

» Self-action decouples from Bulk)

<7:w>:0)



» Holographic stress-energy tensor formula

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

dz? + G, (2, ) dxtdx”
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» Holographic stress-energy tensor formula

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

dz? == gpﬁ/(za LC) dxtdz”
ZQ

ds® =

gﬁ“/ (Z, il’)) — Z g(n)/ﬂ/(ﬂf) Zn 4 Zd 111 22 h/ﬂ/(ﬂj)
n=0

Only when d is even

* Boundary stress-energy tensor: de Haro-Solodukhin-Skenderis 01

(T )= X gy + X
v )= d)puv T ”
: 167T Gd_|_1 ( )u -

X, : trace anomaly

(=== vanishes in odd-dimensions )



P> Ex.2. Holographic semi-classical Einstein gravity

1
Sef = \/ R —2A
ot 16 m Gy G 2
Self-action for bdry dynamics
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P Ex.2. Holographic semi-classical quadratic gravity theories
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P Ex.2. Holographic semi-classical quadratic gravity theories

1 2 v af o v
S = V-G (R+a1 R+ « JRM 4+ asR,URE —
eff 167Gy )5 ( +OorR°+ @2 R, R a3 X, K 2Ad)
Self-action for bdry dynamics
+ ! /\/—G (R[G]— 2Ad+1) +San + Set
167 Gav1 J M
Bulk-action for AdS/CFT Spyk
— Bulk-classical EOM EinMN[G] + Agaq e 0
— > —
— Bdry semi-classical eom ELW =81 Gy (TH )

R
Cpr = Ry — 5 GuwtANaG,,,+ @17{&1,,)4— Q9 HI(LQ,,)+Q3HL3U)

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

3L3 _
— , trace anomal
GinGat " Y

E.g. 4-dim. deSitter () =0 (T, )=



1 2
?’[(1) — 2(RNV_D,LLDV)R T guu(iRQ—QD R)

yUv

1 o 2
i) = 2Rupo R + DR,y — DD/R — G (RoR7 = D’R)

Gy

7{;(3/) = 2Ryupor R - 9

REGROY +4R 1o R 4R, RP,

- 2D, D, R +4D°R,,
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p Ex.2. Holographic semi-classical Einstein equations

Dim-less parameter that controls dynamics in bulk and boundary

Gy L (L)d“Q L : curvature scale of bulk AdSg;

Vd =

TGyl ¢ : curvature scale of boundary

D.O.Fs of boundary CFT Naot == (Tw ) ~ Naot/t?

Semi-classical
Einstein equations

d ]_

R~Ga(Tw ) == 1/~ GyNyy/t




P> Dimensionless parameter that controls dynamics in bulk and boundary

Gy L (L)d—Q L : curvature scale of bulk AdSg41
Ya =

¢ : curvature scale of boundary

/D.O.Fs of boundary CFT Naotf ==—=> (T )} ~ Ngot/t? \

Semi-classical

~J QN d
Einstein equations R~Ga(Tw) == 1/~ GyNei/!

AdS/CFT Naot ~ L1 /Ggry == 4~ GqNgoi/t?2 ~ Gt (%

\_ Gat1 )_/



Outline

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

They are maximally symmetric. Positive energy theorem
in classical gravity yields, for all regular asymptotically

Flat/AdS E > O only for exact Minkowski/AdS E = 0O

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



Dynamical instability of de Sitter space (in static chart)
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Dynamical instability of de Sitter space (in static chart)

R y
Ruw = = G T Aa Gyt A H+ o HD s =87 Gy (T )

Background de Sitter solution
9

02 4

Boundary metric perturbations  gu» = G +€hp  h,H=0= DA
u =

1%

O

Yo Boundary de Sitter spacetime



Dynamical instability of de Sitter space (in static chart)

R v
Ry — 5 Guwt+NaG+ CVl’HELlV)-I— e Hg/)-l—&g?-[g’/) =871 Gg(TH )

Background de Sitter solution

2 2
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Boundary metric perturbations  gu, = ?W +ehy h)M=0= 5’/@“,
u =
i T huw= §(2)H,, ()
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Dynamical instability of de Sitter space (in static chart)

/

\

R v
Ry — 5 Guwt+NaG+ @17{8,/)4— e Hg/)-l—&g?-[g’/) =871 Gg(TH )
Semiclassical Einstein equations provide the algebraic relatioc?
D
between the separation const. 1,2 and Vg = LGq (L)
7TGd_+_1 14
=P Allow for m*< 0
u =)
T h/u/: f(Z)Hw/
i 7 (d o 1)9, / 2 -
Bulk: | &"—— &+m g =0
~2 2 _ 2
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Dynamical instability of de Sitter space (in static chart)

R v
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Background de Sitter solution
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d = — _M 2 ¢ 2 — dﬂ2 c— — 1
s2 o dt + syt A fu) = wu
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Master equation for boundary de Sitter metric perturbations
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* Time-dependence of perturbations | / X e—zwt]

* Stability Criterion 7 o< P

dd
P20 =AP = — 2\/uf % (2\/@0%) +V(u)®

0?9 = (@, A2)

If A is positive self-adjoint, stable
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Master equation for boundary de Sitter metric perturbations

Z" + (f7 ——d£1>z’+ 4u12f2{d;2u+[2(d+ 1) —m*|f}Z2=0

« Time-dependence of perturbations | / OC €
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* Stability Criterion 7 o< P
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Master equation for boundary de Sitter metric perturbations

* Time-dependence of perturbations | / X e—zwt]

* Stability Criterion 7 o< P

dd
P20 =AP = — 2\/uf % (Qﬁf%> +V(u)®

D® = 2/ufGI,(P/G)

9] = (2.49) = DO +2 [ du uf V]
1

We can find A is positive: i.e., stability
‘ m? > —2(d+ 1)

O

Yo Boundary de Sitter spacetime Otherwise negative: i.e., instability




Master equation for boundary de Sitter metric perturbations

Z"+ (f7 ——d£1>z’+ 4u12f2{d;2u+[2(d+ 1)—m’|f}Z =0

/ X e

* Time-dependence of perturbations —-zwt]

* Stability Criterion 7 o< P

dd
P20 =AP = — 2\/uf % (2\/@0%) +V(u)®

D® = 2/ufGo,(®/G) G =u(d+2/4

9] = (2.49) = DO +2 [ du uf V]
1

V =f{m?+2(d+1)} >0 =>>:Stable

for m? > —2(d+ 1)

O

Yo Boundary de Sitter spacetime



Master equation for boundary de Sitter metric perturbations

Z”+(f7,—d2Lu1>Z’—l— {*u+[2(d+1)—m?f}Z =0

4u2 f2
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* Time-dependence of perturbations | / OC €
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Master equation for boundary de Sitter metric perturbations

Z" + (f7 ——d£1>z’+ 4u12f2{d;2u+[2(d+ 1)—m?f}Z =0

/ X e

* Time-dependence of perturbations —-zwt]

e Solution is given in terms of Hypergeometric functions

. Dirichlet condition at center ¢ =
* Boundary conditions

In-going condition at horizon © =1

Im@ >0 for n=0 m’<-2(d+1)

EIUnstable mode |

O

Yo Boundary de Sitter spacetime



We can also find the power-law instability in cosmological charts

(flat or closed).of de Sitter spacetime.
u =)

G 0

>y de Sitter space in cosmological chart



We can also find the power-law instability in cosmological charts

(flat or closed).of de Sitter spacetime.
u =

G 0

>y de Sitter space in cosmological chart

In a similar manner, we can also show that Minkowski spacetime
is unstable for m? < 0



Similar analysis applies to boundary BTZ black hole

—wt ]

/ X e

* Time-dependence of perturbations

e Solution is given in terms of Hypergeometric functions

Dirichlet condition at infinity w = 0

* Boundary conditions «[

In-going condition at horizon © =1

- v

. c&zi(—d_l—Qn—p)
7 )Y 2
S % 0

& u=0 {Im@>0] for n=0 P<(d—1)/2

EIUnstable mode |

O O

Yo Boundary BTZ black hole




» Thermodynamic instability of boundary AdS:

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

ds’ = (Gt €H ) dxPda™ 6( Tw) o< Hy # 0

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:
1
T 2008
AF = — %S //dt<0

Free energy of the semiclassical hairy solution w/ { T ) % () canbe
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=3

(o
]

4

d=5

unstable for

de Sitter unstable for 73 <73« | unstable for 71 > Vi« 0 <95 <5 K 1
unstable for
Minkowski always unstable unstable for Y4 = Vax 0 <95 <75 K 1
always stable
AdS unstable for 73 = V3« when |4, is small unstable for 75 = Vs
LGy (L/¢)32 de Sitter / AdS
c— X
Vd - WGd+1 1 Minkowski
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Summary

* We have discussed how to formulate semi-classical problems
in the context of AdS/CFT. The boundary semi-classical
equations of motion corresponds to mixed-boundary
conditions for the bulk dual fields.

 We have shown the dynamical instability of Minkowski
de Sitter and AdS in semiclassical Einstein and quadratic
gravity theories

This instability is different from the well-known
semiclassical instability caused by the higher derivative terms.
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- Application to self-consistent ANEC?
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ANEC for strongly coupled fields on Minkowski background Kelly-Wall 14
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Self-consistent ANEC for strongly coupled fields?






