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Holography with different boundary conditions

AdS/CFT holographic T'T braneworld holography
Asymptotic DBC ‘Finite’ DBC NBC
'97 Maldacena, GKPW '16 McGough Mezei '99 Gubser; Verlinde
Verlinde '19 Almheiri et al ‘islands’

~> revival e.g. ‘Islands
made easy papers' by
Myers et al

Zpec(8(0)) = ZcrT(8(0)), Zpec(g) = Z12(g),  ZnBc =7
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Historically, end of '90s:
1) holography (Maldacena), 2) braneworld (Randall Sundrum)

Gubser '99 “AdS/CFT and gravity”
AdS/CFT: AdS gravity with DBC ~  CFT
bw holo: AdS gravity with NBC ~  “cut-off CFT" + gravity

Scale in “cut-off” CFT: info where in the bulk brane is placed
(inprecise concept)

Separate directions, until island papers (follow Gubser '99).

Systematic discussion of braneworld (NBC) holo?
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Holographic set-up for island calculations

AdS, Radiation
EoOwW

bCFT,

RT

AdS,

Island

vN entropy for radiation region Sg can be calculated

» 2D: replica trick calculation

» 3D: holographic Ryu-Takayanagi prescription
giving rise to ‘island rule’ Sg = Min; Ext; {A( ) + Scrr(RU /)]
that reproduces desired Page curve (no black hole info paradox)
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Holographic set-up for island calculations: challenges

Criticisms of derivation and interpretation of island rule formula

1. Ad hoc JT gravity on brane

Work on holo derivation of gravity theory on brane [Geng et al '22]
[Neuenfeld et al '24] but debated, e.g. [Wang et al '25] “AdS, brane
cannot be described by JT gravity”

2. Massive gravity on the brane and relevance for interpretation
of Page curve as resolution to black hole info paradox
[Antonini Chen Maxfield Penington '25] versus
[Geng Karch Perez-Pardavila Raju Randall Riojas '26] In 2D
JT+CFT set-up, “the bath coupling induces a spontaneous breaking of
the diffeomorphism symmetries which generates a Stiickelberg mass term

for the metric fluctuation h,,"

Signals of underdeveloped AdS3 braneworld holo
~» What is bulk-induced 2d set-up?
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We improve AdS3 braneworld holo [NC Selle '25]

from

AdSs3 gravity with NBC  ~  “cut-off CFT" 4 gravity

to

AdS3 gravity with NBC  ~  “T T-deformed CFT"
+ timelike deformed Liouville
~  effective theory W{o, g]
ito Weyl mode o

Precise, well-defined appearance of scale which breaks conformal
invariance to T T theory
Precise, well-defined gravity theory on brane derived from holo bulk

For asymptotic brane, reduces to ‘CFT + timelike Liouville’ lore
[Compere Marolf '08, ...], but with explicit bulk derivation
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Dirichlet theory for Sgray = Sen + Sery + Set

Zpec(g) = Zgrav(g) = / DG e'Serav[6]
Glo=g

Neumann theory for Siot = Sey + Sghy + ST
Znge = / DG efelC] = /Dg Zppc(g)e ST
NBC
‘setting free the Dirichlet theory’

At saddle, 6g imposes NBC from §Si: = [(EOM)6G + [(NBC)dg
with NBC = K — Kglw + Tg#” = TE‘SD/ - Tg\l;,ct contrib + Tg\y/,Tcontrib'
To obtain braneworld holo, use known holo for Zpgc(g) [Hartman
et al '18] and definition Spugray = ST — Sct

Zppc(g) = Z12(8) = Znbc Z/Dg Z72(g) e bvsrer

Zngc is dual to matter T2 theory coupled to gravity Sbwgrav-



Strategy for D = 3

InD=d+1,
S - / d9%/—g|(d—1)— T+ L R
ngrav—/{d_H- oM g 2(d—2)
1 d
RwRYW — ———R?>) +---|.
+2(d—4)(d—2)2<“ 2d—1) )*




Strategy for D =3

InD=d+1,
s ! / dix/g|(d-1) T+ R
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PR Kgm Jam d 2(d - 2)
1 d
R R* — R2

+2(d—4)(d—2)2<“ 4(d — 1) )*

In D =3,

ZDBC(g) - ZTf(g) = ZNBC e / Dg ZTT(g)eiSngrav

with Spwgray = ST — St ~ (T = 1) [ d?x\/—g just a volume term
(no kinetic terms for g).



Strategy for D =3

InD=d+1,
s ! / dix/g|(d-1) T+ R
wgrav — X\ — _ _ -
PR Kgm Jam d 2(d - 2)
1 d
RVRHV77R2
+2(d—4)(d—2)2<“ 4(d — 1) )*
In D =3,

ZDBC(g) - ZTf(g) = ZNBC e / Dg ZTT(g)eiSngrav

with Spwgray = ST — St ~ (T = 1) [ d?x\/—g just a volume term
(no kinetic terms for g).

~ Use known holo for Zpgc(g) and ‘dissection of Zpgc',

i.e. rewriting of Zpgc(g) ito Weyl mode of 2D metric g. We
specify to T =1 case.



Known holo for Zpgc(g): canonical formulation

Hamiltonian description of AdS3 gravity Sgrav(G): parametrize
bulk metric G in terms of 2-metric g, on radial slices

Canonically conjugate variables (g, )

6
. - - - - Egﬂy -
gravitational wavefunctional in ‘coordinate representation’ Zg,(g)

(or V(gpuw))

Hamiltonian constraint (g, 7™") = 0 or semi-classically,
gravitational Hamilton-Jacobi equation H(gu., ") Zgrav = 0 given
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Momenta promoted to operators ¥ = —j acting on

167Gy )2 327G
<(”gN) (™ = (nf)?) + 2 R(g,w)) Zyras = 0



Known holo for Zpgc(g): canonical formulation

Hamiltonian description of AdS3 gravity Sgrav(G): parametrize
bulk metric G in terms of 2-metric g, on radial slices

Canonically conjugate variables (g, )

6
. - - - - Egﬂy .
gravitational wavefunctional in ‘coordinate representation’ Zg,(g)

(or V(gpuw))

Hamiltonian constraint (g, 7™") = 0 or semi-classically,
gravitational Hamilton-Jacobi equation H(gu., ") Zgrav = 0 given
by

167 Gy )2 327G

Momenta promoted to operators ¥ = —j acting on




Known holo for Zpgc(g): canonical formulation

Asymptotic (close to AdS boundary) gravitational HJ equation

=R Zgrav

T Zgrav = 327TGN

for semi-cl Zgrav(g) = fDBCG|a:g DG eiSeav[6]



Known holo for Zpgc(g): canonical formulation

Asymptotic (close to AdS boundary) gravitational HJ equation

V€ Rz

T Zerv = 3y
for semi-cl Zgrav(g) = fDBCG|6:g DG eiSeav[6]
expresses, by AdS/CFT conjecture Zgray = Zcrr (and Gy = %)
the conformal Ward identity
c
My ZeFT = 4oV —8 RZcrr

for c large Zcrr(g) = [ Do eiScrrl¢]
[Freidel '08] [Heemskerk Polchinski '10]



Known holo for Zpgc(g): canonical formulation

Asymptotic (close to AdS boundary) gravitational HJ equation

\/j
Wﬁ Zgrav = 327Gy R Zgrav

for semi-cl Zgrav(g) DG e'SeravlG]

= Jpac Glo=g
expresses, by AdS/CFT conjecture Zgray = Zcrr (and Gy = %)

the conformal Ward identity
c
WZerr = —+V—8gRZ
T €CFT = 20— &R LCFT

for c large Zcrr(g) = [ Do eiScrrl¢]
[Freidel '08] [Heemskerk Polchinski '10]

Cfr. evolution in AdS bulk direction ~ change of scale in bdy theory
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Particularly nice formulation of AdS/CFT, as the statement that
the partition functions are the same, Zg.,, = Zcrr, because they
obey the same differential equation, one interpreted as gravitational
evolution equation, the other as conformal Ward identity

. ) c
—i gﬂu@ ZerT = 8.V 8 R(guw) ZcFr
N

Conformal Ward identity is solved by
_ 5)eiSL[o]
Zcrr(g) = Zerr(8)e

with S, = ;& [ d?xy/=g(Ro + 1£"0,00,0) the Liouville action
(with vanishing potential) for o the Weyl factor of the metric

g§=¢§&



Known holo for Zpgc(g): non-asymptotic

Non-asymptotic gravitational HJ equation

\/7 8w Gy v
7'(5 Zgrav = 3271-6 RZgrav ﬁ (7TMV7T'LL — (7’['5)2) ZgraV
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Known holo for Zpgc(g): non-asymptotic

Non-asymptotic gravitational HJ equation

v - 87 Gy
775 Zgrav = 327TG RZgrav + ” 4grav

3/

expresses, by holo conjecture Zgp,, = Z15 (and Gy = 27)

the trace flow equation of a T T-deformed CFT

T Zrp=——/—gRZ

487 T = (7h)?) Zr7

o
- + -
TT 2 ( Iz

for c large Z;7(g) = [ D¢ e'STT and deformation parameter
= 47 Gyl
[Freidel '08] [McGough Mezei Verlinde '16]



T T-deformations of QFT

Discovery of whole class of deformations of 2d QFT that preserve
integrability. Strange (irrelevant deformation so non-locality) but
integrable: interesting!

CFT Scrr

T T deformation

(1
s

I—

family of TT theories S

-~

TT flow equation d%S(T”% = [ d®x (T T — (T1)?)

Ors
[Smirnov Zamolodchikov '16, Cavaglia Negro Szécsényi Tateo '16]

» in context of investigating subspace of integrable QFT in
space of all 2D QFT
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Discovery of whole class of deformations of 2d QFT that preserve
integrability. Strange (irrelevant deformation so non-locality) but
integrable: interesting!

CFT Scrr

\ T T deformation

family of TT theories S

~||\_/

(n
ha

T T flow equation di % [ d*x(T,0 T — (T;lf)z)

Ors
[Smirnov Zamolodchikov '16, Cavaglia Negro Szécsényi Tateo '16]

» in context of investigating subspace of integrable QFT in
space of all 2D QFT



Known holo for Zpgc(g)

“AdS / CFT "

Zpec = ZcFT
Zose(g) = [ DG e Zerr(g) = [ Do eSerriod
Glo=¢g
lim H(g’u,,,Tr“V)ZDBC =0

near bdy

The CFT path integral solves the asymptotic radial HJ equation



Known holo for Zpgc(g)

cut-off AdS / TT

Zpsc = 277

Zpec(g) = /‘ DG e’ 1€] Zr:(g) = / D¢ e r7lvel
Glo=¢

ﬁ(g,uua 7"'wj)zgrav =0

The T T path integral solves the radial HJ equation



Gravity in smaller box, dual to deformed CFT
[McGough Mezei Verlinde '16]
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Dissection of Zpgc(g)
Writing the 2D metric as g = €78,
Zcrr(g) = Zerr(8)e™ !
solves the conformal Ward identity (near-bdy gravitational HJ eq)

if S; is Liouville action S, = 35— [ d°x/=& <U R+ %é’“jaﬂa&ja)

and similarly

Zr7(g) = ZTT(@)eiSE[U]

solves the T T flow (gravitational HJ eq) if S; is a deformed
Liouville theory solving the flow (with 0%+ t““ “[’gwgﬁ,, — (t" &)%)

isﬁﬂ) _ 1/d2x el

0) _
du L 47 TT Sz =L



Dissection of Zpgc(g): deformed Liouville

d w1 2 PN 0)
@SZH :471_/dX —ge€ OTT’ SZ :SL

[

» Deformation that includes a Weyl factor, u — pe=7,
compared toa TT flow

> Straightforwardly solved order by order in i to
S; = S, + higher-order derivative corrections



Dissection of Zpgc(g): deformed Liouville

d cw _ 1 2 O [ 0) _

» Deformation that includes a Weyl factor, u — pe=7,
compared toa TT flow

> Straightforwardly solved order by order in i to
S; = S, + higher-order derivative corrections

c 1
S = yr d’x\/— {aR—i— ~8"ou,00,0

uc e ?

167 122

(;(30)4 - 2ma(aa)2> + O(M2c2)}
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ZnBC = / Dg Zpsc(g) ‘setting free the Dirichlet theory’

as
Znsc = / Dg Z;7(g) = / Do il 7, (2)

AdSs gravity with NBC ~ ~ ‘TT set free'  or
“T T-deformed CFT" + timelike deformed Liouville

For asymptotic brane, reduces to ‘CFT 4 timelike Liouville' lore
[Compere Marolf '08, ...], but with explicit bulk derivation
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Generalization to non-zero cc on brane

3D/2d braneworld for any tension T # 1 ~~ any cc on brane
[Upcoming work with Selle]

Dirichlet theory for Siot = Sgry + SgHy + ST

Ziot(8) = / DG ¢Sl — oiW(08)
Glo=g

Radial gravitational HJ equation
A AV 87TG
T Zgrav = 327rG R Zgrav grav

can be written as

R (T?2-1)
Toh= 26y Onn
=86y 4cy T2on©

Diff eq for Stot(g) or W(o, g)

ito BY stress tensor 7, = %g}:ﬁfﬁ = %(Kuu - Kgu + Tguw)




Generalization to non-zero cc on brane

Our strategy: Solve radial HJ as diff eq for Sit(g) or W(o, &),

then set free
Zpw ::/Da/Dg oW (o.8)
ZcBc ZZ/Dae’W("’é’)
so W(o, g) is the sought after effective theory on brane/bdy.

+> Typical bw strategy: Compute Sit(g) up to fluctuating radial
brane location p = p+ ¢

* Our method straightforwardly applies to CBC

* W(o, g) obtained to first orders in derivative expansion but all
orders in asymptotic expansion  [NC Selle 2607 .xxxxx]



Island rule for non-asymptotic brane

AdS, Radiation
EOwW

bCFT,

RT

AdS,

Island

Srsand = Ser = §log (%) + Sarccosh (e



Asymptotic brane case: bulk derivation of 5;(¢)

Lore: asymptotic brane theory is ‘CFT + timelike Liouville'
[Compere Marolf '08, Takayanagi '18, Suzuki Takayanagi '22, ...]

» Surprisingly difficult to find explicit discussion/derivation in
AdS/CFT literature

» Confusions in literature: derivation of [Carlip '05] is that of
‘CFT + timelike Liouville’, not of effective Liouville theory of
[Coussaert Henneaux van Driel '95]



Asymptotic brane case: bulk derivation of 5;(¢)

Lore: asymptotic brane theory is ‘CFT + timelike Liouville'
[Compere Marolf '08, Takayanagi '18, Suzuki Takayanagi '22, ...]
» Surprisingly difficult to find explicit discussion/derivation in
AdS/CFT literature
» Confusions in literature: derivation of [Carlip '05] is that of
‘CFT + timelike Liouville’, not of effective Liouville theory of
[Coussaert Henneaux van Driel '95]
Finite difference: Discussed general bulk derivation based on
differential equation for the bulk on-shell gravitational action
0Sgrav/00 that is then integrated. Useful to work directly with
finite difference Sgrav(€78) — Sgrav(g).



Asymptotic brane case: bulk derivation of 5;(¢)

Lore: asymptotic brane theory is ‘CFT + timelike Liouville'
[Compere Marolf '08, Takayanagi '18, Suzuki Takayanagi '22, ...]
» Surprisingly difficult to find explicit discussion/derivation in
AdS/CFT literature
» Confusions in literature: derivation of [Carlip '05] is that of
‘CFT + timelike Liouville’, not of effective Liouville theory of
[Coussaert Henneaux van Driel '95]
Finite difference: Discussed general bulk derivation based on
differential equation for the bulk on-shell gravitational action
0Sgrav/00 that is then integrated. Useful to work directly with
finite difference Sgrav(€78) — Sgrav(g).

New mode: Write 2D conformal boundary metric g(g) = e¢g(0) in
terms of asymptotic Weyl mode ¢, to be distinguished from 2D
induced metric on EOW brane g = €?g in terms of non-asymptotic
Weyl mode o. Only for asymptotic brane, o — ¢.
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Bulk derivation of S;(¢)
Weyl anomaly (T)) = _TC2R(O) in CFT

For g(o) = €%2(0),

integrated Weyl anomaly ZCFT(g(O)) = ZCFT(g(O)) gLl
Wert(8(0)) — Werr (80 ) Sc[9]

calculated holographically Sgray[FG] — g,av[FG] SL[qb]

for bulk solutions (in Fefferman-Graham gauge)

FG: G(X)dX? =dp? + &% (80)(x) + €282 (x) + -+ ) dx®
FG:  G(X)dX? = dp* + e* (go)(x) + e *ga)(x) + -+ ) dx*

Different bulk sols GA(X) and G(X) with asymptotic DBC g o) and
g(O) :e¢g\—(0) 3tp=ﬁ—>oo p=p =p

and



Bulk derivation of S;(¢)

Bulk solutions FG and FG

()
—_~ \\7///‘
FG: G(X)dX? =dp* + € (80)(x) + e By (x) + -+ ) dx?

FG:  G(X)dX? =dp” + e* (gio)(x) + e gpy(x) + -+ ) dx’

= G(X")dX"? /iﬂ\‘ _ P
\\\h// { }



Bulk derivation of S;(¢)

Bulk solutions FG and FG s
()

W

FG: G(X)dX? = dp? + ® (go)(x) + e 2y (x) + -+ ) dx?

FG: G(X)dX? = dp® + * (go)(x) + e ¥ gay(x) + -+ ) dx*
- G(X/)dX/2 P=r P = Fya')

are connected by BrH diffs X’(X) labeled by ¢:

{ p'(p.x) = p+ 50(x) + e 2 f,(x) +
() = x4 e () + -



Bulk derivation of S;(¢)

Bulk solutions FG and FG -

FG - GA(X)dXZ dP + e ( 8 )(X) —I:e_2p§(2)(x) + - ) dx?
FG: G(X)dX? = dp® + * (go)(x) + e ¥ gay(x) + -+ ) dx*
= G(X')dX" =L V=5

are connected by BrH diffs X’(X) labeled by ¢:

{ P (psx) = p+30(x) + e > f,(x) +
X" (p,x) = xH + 7P fi(x) + - - -

that are known order by order in e~27, and in closed form for
FG = Poincaré AdS3 and FG = Banados(¢).



Banados(¢)
Bulk solutions FG = Poincaré AdS; and FG = Banados(¢)

FG:  G(X)dX? = dp? + e*ndx?
FG: G(X)dX? = dp? + e*Pe?(—2dfdf) — 9tffcnﬂ — Qt--d#

18 e 2r

— 5o thtfp dfdf

are connected by finite BrH diffs X’(X) labeled by ¢:

1 1 —o(x v
P(px) = p+ 56(x) + log (1 + g€ ey 3u¢>6y¢>

e_2pe_¢(x)7ru‘l/ay¢
4+ ze e 9,00, ¢

x"(p,x) = xt +

with Liouville stress tensor tg = 55 ((0r9)(9rp) — 20%¢).



Bulk derivation of S;(¢)

ﬁli)";o Werr(g)) — Werr(8(0)) = SLl9]

lim  Sgav(FG) — Sg,av(FG)

p—00

pP=p pP=p

© O



Bulk derivation of S;(¢)

ﬁli)";o Werr(g)) — Werr(8(0)) = SLl9]

lim  Sgav(FG) — Sg,av(FG)

p—00

< Carlip '05 calculation

o = Fola) p="p



Bulk derivation of S;(¢)

ﬁli)ngo Werr(g0)) — Werr(80)) = Scl¢]

Nim  Sgrau(FG) — Sgran(FG)
p="n
o = F p=0

O

Conclusion: Carlip calculates holographically the integrated Weyl
anomaly of CFT, not an effective Liouville theory with dynamical
¢. When we set CFT free by integrating Dg or D¢, we obtain
asymptotic brane theory [ D¢ Zcrr(8(0)) exp iSL[4]-

N

<+ Carlip '05 calculation



Bulk derivation of S;(¢)

lim — Werr(go)) — Werr(80)) = Stl¢]

p—
;3'520 Sgrav(FG) - Sgrav(FG)
pP=p P=p
p="Hi(2) P =P+

p' = Fp(a') P

]

o =rs p=rps < Poincaré horizon

Il
i



Bulk derivation of S;(¢)

ﬁli)";o Werr(g0)) — Werr(8(0)) = SLl9]

Nim  Sgrau(FG) — Sgran(FG)
p=p

p="H(x P =P+
o' = F(a') p=p
o =rs p=p+ < Poincaré horizon

Conclusion: Integrated Weyl anomaly physics S [¢] also describes
horizon physics of Banados geometry!



Bulk derivation of S;(¢)

New mode: To compare to other strategies in literature for
deriving braneworld holo theory [Neuenfeld et al '24, Geng et al
'22], introduce third mode ¢ (# ¢ # o) as fluctuation in radial
location of the brane

p=p+o(x)
For finite p,
Wri(g) — Wrs(@) = Sild]
Sgrav(FG) — Sgrav(FG)
o = Fyla') p="p

o=ps P =P+



Bulk derivation of S;(¢)

= /d xy/—&(0) {¢ + 26279 1 2(55)?

262040, [1 4 e=2(+6) (052
o [_2e72(ﬁ+¢3)au<5(a¢3)2 + ef2(ﬁ+$)au(agg)2}
1+ e~27+9)(9)>

_l’_

which can also be written as a perturbative in e~ result for S;[¢].



Bulk derivation of S;(¢)

= /d xy/—&(0) {¢ + 26279 1 2(55)?
_ 2e2(+9) \/1 + e 2A7+9)(9¢)>
o1 [—2e*2('5+¢~’)8u<5(8q3)2 + ef2<ﬁ+¢3)aﬂ(aq3)2} }

_l’_

1+ e-2(7+9)(04)2
which can also be written as a perturbative in e~ result for S;[¢].

Compare to [Neuerlfeld et al '24 “Liouville gravity at the end of the
world"]: same S;(¢) but Neuenfeld et al conclude that S;(¢) with
dynamic é and 8(0) is braneworld gravity theory <> we argue to
integrate over o # ¢. Similar disagreements with [Geng et al 22
“Jackiw-Teitelboim Gravity from the Karch-Randall Braneworld”].
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» We argue for dynamical mode o(# é # @)
» For asymptotic branes (o ~ b~ ¢) CFT-+timelike Liouville

» Integrated Weyl anomaly physics S;[¢] also describes horizon
physics of Banados geometry

» For CBC, our S;[o] and its defining flow equation also appear
in [Allameh Shaghoulian '25]

In summary,
AdS3 gravity with NBC  ~ T T-deformed CFT"
+ timelike deformed Liouville
~  effective theory W{o, g]

with deformed Liouville Sé“)[a] defined by flow equation

d w1 2 = ol (0)
ESI:M :471_/dX —8ge€ OT-T—, 5[: :SL



Thank you!



