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Black Hole Thermodynamics in AdS gravity ¢

Euclidean static black hole metric
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Black Hole Thermodynamics in AdS gravity

Euclidean static black hole metric

dr? 2wpGM 12
2 _ 2 2 2 192 2
ds Zf(T')dT —|-f2<r)—|-’l" dQD_Q, f (T):l_rD——?) 6_2
Einstein-AdS gravity

1 . __b-1)HD-2

M
Gibbs free energy G = TIF
s (D-3) _ V(§P-2)yD-1
Thur = p—gyM ~T5+ Im —a— 5

i
R. Olea (UNAB) Conformal Renormalization and Energy Functionals in AdS gravity 3|42



Energy functionals A

AAdS -y

i
R. Olea (UNAB) Conformal Renormalization and Energy Functionals in AdS gravity 4|42



Energy functionals o2

Holographic Entanglement Entropy from Minimal Surface [Ryu-Takayanagi, 2006]
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Energy functionals ¢4
Holographic Entanglement Entropy from Minimal Surface [Ryu-Takayanagi, 2006]
- CFTq
g < .
—0 B =
\\\ /“ AAdS,q
\ /
\ /’
\_/
HEE from a Cosmic Brane [Lewkowycz-Maldacena, 2013]
S = ~0, lim I,
v
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Energy functionals AA

Bulk gravity action evaluated in conical defects

(@ _ _1 4 @ _ 1 / 4 (1-a)
e 16”G/d:z:\/§R — [dtoygr+ Al
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Energy functionals &

Al = [ Evyq
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Energy functionals @

Bulk gravity action evaluated in conical defects

(@ _ _1 4 (@ _ _ L /4 (1-a)
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Energy functionals

Bulk gravity action evaluated in conical defects

(@ _ _1 4 @ _ 1 /4 (1-a)
e 167TG/dx\/§R — [dtoygr+ Al
M

M ()

Area Functional (codimension-2)

Al = [ Evyq
)
HEE dual to Einstein gravity
1
S EA[E]
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Counterterms in AdS gravity o)

Holographic Renormalization [Henningson and Skenderis, 1998]

Iren = IEH—ﬁ dizvV—-hK + / d%z L (h,R,VR)
oM oM
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Counterterms in AdS gravity

Holographic Renormalization [Henningson and Skenderis, 1998]

Iren = IEH—R dizvV—-hK + / d%z L (h,R,VR)
oM oM

Counterterms [Balasubramanian-Kraus, 1999], [Emparan, Johnson, Myers, 1999]
87G Lot = 1 vV + 2(d— 2)72+ 2(d— 2\)/2: 4) (RZ Rij — 4(d— 1)R2>
©V"h d— d(d+2)
+(d72)3(¢}/77)(d ) (4:2d ?)RRZ]R —wgd =R
—IRYRM Ry — gy ViRVIR + VERIVARy; ) + .

4(d 1)
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Black Hole Thermodynamics and Counterterms L

Counterterm Method reproduces BH Thermo
G=U-TS J
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Black Hole Thermodynamics and Counterterms G\

G=U-TS

—
*

(20 — D12 Vol(52n1)
(2n)! 8rG

e2n—2

Ey = (-1)
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Extrinsic counterterms

Lon=1+cy / d%z By(h, K, R)
oM
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Kounterterms in AdS gravity C

Extrinsic counterterms

Len =1I+cy / d%z By(h, K, R)
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Kounterterms = counterterms of unusual sort (depend on K;; and R} (h))
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Kounterterms in AdS gravity

Extrinsic counterterms

Len =1 +cq / d%z By(h, K, R)
oM

Kounterterms = counterterms of unusual sort (depend on K;; and R}/ (h))

D = 2n dimensions [R.0., hep-th/0504233]

Bon_1 = 2nV/—h / dt 8 e g ( R — tQKij{:> X

J1 “J2n 1213

. X <1Rj2n 2J2n—1 t2KJQn 2KJ2n 1>
2

i2n—2%2n—1 12n—2 2n—1
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Kounterterms in AdS gravity

Kounterterms in D =2n + 1 [R.0., hep-th/0610230]

i1--dan] T J1J2 J3ja g2 I3 4

1 t
By, = 2n\/—h/dt/d36[[7l Pl K g2 <§R.3“ ~PKPK + 5—5?35?4) X oo
0 0

1 . . . . s2 .
. X (_ RZanllZn _ t2K1§n7iK]1§: + 5?2n—15?2n .

2 J2n—1Jj2n J2n— EQ J2n—1 J2n
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Kounterterms in AdS gravity o)

In D = 2n dimensions

tr(F") dLg 1 (A)
F = dA+ANA
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Kounterterms in AdS gravity

In D = 2n dimensions

tr(F") dLg 1 (A)
F = dA+AAA

Explicit realization of Chern-Simons forms

1
LSS [(A)=n / dttr [AF)]
0

F, = tdA + t* A2
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Kounterterms in AdS gravity

In D = 2n dimensions

tr(F") dLg 1 (A)
F = dA+AAA

Explicit realization of Chern-Simons forms
1

L5y 1(A) =n / dttr [AFPY] Fy = tdA + 2 A2
0

Global issues (topology)

[ (€, = i)+ [ By

Moy, OMap,
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D = 2n + 1 dimensions

ITF (AL = (n+1) / dttr [(A— A) B}
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D = 2n + 1 dimensions

ITF (AL = (n+1) / dttr [(A— A) B}

F, = dA;+A2, A;=tA+(1-1t)A

Gauge-invariant extension of CS forms LIF | (A4, A) = LSS 1 (A) — LSS 1 (A) + dfB2n(A, A)
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Kounterterms in AdS gravity

D = 2n + 1 dimensions

ITF (AL = (n+1) / dttr [(A— A) F]

F, = dA;+A2, A;=tA+(1-1t)A

Gauge-invariant extension of CS forms LIF | (A4, A) = LSS 1 (A) — LSS 1 (A) + dfB2n(A, A)

Contact term

1

i
Bon(A, A) = / dat / dstr [A, (A— A) F11]
0 0
Fy = sFi+s(s— 1)Af
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Renormalized Action = Renormalized Volume C

Black Hole Thermodynamics

_ D—2\ ,.D—1
(D=3 gy g L& T

TIE, = A G
bulk = (D — 2) rooo  81G (2
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Renormalized Action = Renormalized Volume

Black Hole Thermodynamics

p (D=3 . . V(PP
Thur =gy ~T5+ 0 =g p
Euclidean Kounterterms
V(sD—Q) ’I“D_l

M .
Tcd/Bd:(D—g)JrEO_rlEEo 8nG (2
oM
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Renormalized Action = Renormalized Volume

Black Hole Thermodynamics

p (D=3 . . V(PP
Thur =gy ~T5+ 0 =g p
Euclidean Kounterterms
V(sD—Q) ’I“D_l

M .
Tcd/Bd:(D—g)JrEO_rlEEo 8nG (2
oM

Correct Black Hole Thermo with U = M + E
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Boundary conditions in AdS gravity ¢

Fefferman-Graham expansion for AAdS Einstein spaces
62

1 i
ds® = 2 dz* + 2 gij(z,2)dz"dz? ,  gs5(x, p) = goysj(x) + Z29(2)ij($) +oee
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Boundary conditions in AdS gravity C

Fefferman-Graham expansion for AAdS Einstein spaces
f2

1 i
ds® = 2 dz* + 2 gij(z,2)dz"dz? ,  gs5(x, p) = goysj(x) + Z29(2)ij($) +oee

Dirichlet b.c. 6h;; = 0 does not make sense in AAdS spaces
[Papadimitriou and Skenderis, 2004]

-1 4
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Boundary conditions in AdS gravity

Fefferman-Graham expansion for AAdS Einstein spaces
62

1 i
ds® = 2 dz* + 2 gij(z,2)dz"dz? ,  gs5(x, p) = goysj(x) + 229(2)ij(x) +oee

Dirichlet b.c. dh;; = 0 does not make sense in AAdS spaces

[Papadimitriou and Skenderis, 2004]

9©ij
=

hi]‘ = + ...

Renormalization = variational problem in g(g);;

1 -
8 ren, = > / V=90 T [9(0)] 990)i;
oM

1 v
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Kounterterms and Holography G\

Iren :IEH+cd / dd.’L’B(f(h),K)
oM
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Kounterterms and Holography G\

Iren :IEH+cd / dd.’L’B(f(h),K)

oM
~ 1 g
Oy = 3 / V=907 09(0)i;
oM
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From extrinsic to intrinsic renormalization in 4D C

AdS gravity action + KTs

Iren =

3 [i142143] 751 J2J3 1 J2 1773
—— | dav=h oK) ( Rlzlg(h)—gKiZKi3).
oM

.
R. Olea (UNAB) Conformal Renormalization and Energy Functionals in AdS gravity 15|42



From extrinsic to intrinsic renormalization in 4D C

AdS gravity action + KTs

Iren =

d3xm 5[211213]KJ1 ( Rjzjs(h) _ %KzJ;KZ:) )

167G [417275] i3
M

Adding zero...
- 1
ILen = Ipg — —— / e/ —h K + / d*x Ley.
8nG
oM

e / lizigig] p-i1 J2i3 1 o peis 1 o sis
Let = 167G POy ipia1 K ( Rigiz (h) = 3 KiygKis + 2 2 5i; 613) :

.
R. Olea (UNAB) Conformal Renormalization and Energy Functionals in AdS gravity 15|42



From extrinsic to intrinsic renormalization in 4D C

AdS gravity action + KTs

Iren =

d3xm 5[211213]KJ1 ( Rjzjs(h) _ %KzJ;KZ:) )

167G [417275] i3
M

Adding zero...
- 1
ILen = Ipg — —— / e/ —h K + / d*x Ley.
8nG
oM

e / lizigig] p-i1 J2i3 1 o peis 1 o sis
Let = 167G POy ipia1 K ( Rigiz (h) = 3 KiygKis + 2 2 5i; 613) :

.
R. Olea (UNAB) Conformal Renormalization and Energy Functionals in AdS gravity 15|42



From extrinsic to intrinsic renormalization in 4D

AdS gravity action + KTs

Iren

3 [i142143] 751 J2J3 1 J2 1773
— G a3z /=R 8] ( ng(h)—gKizKiB).

Adding zero...
- 1
Ien = IEH — —— / d*z/—h K + / d®z Ley.
8nG
oM oM

Lot = Va [111213 K (%’an(h) _ 1 K72 K3 + — 1 5]2573)_

167G [J17213] i1 i213 3 iz iz T p2 Tigig
Fefferman-Graham expansion

K= Z5;-@5l()+0(722), S5(h) =
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From extrinsic to intrinsic renormalization i

_ 2 agliais) i
Lo = g GO (5 — 51 )

J2J3 _ 1 5{2 _ i2 ‘23_ i3 J2 £J3
Rwla( ) 3 L esz L ES 612 613
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From extrinsic to intrinsic renormalization

_ P —g gli19213] i1
Lot = 167G \/Z’?(S[Jljzjs] B KS )
< (sRaEM - 3 ( —osi) (% - es) + otk )+

Kounterterms turn into counterterms [O.Miskovic and R.O., 0902.2082]

1 \/_g<£+

8rG 23

> z272(g)) + O(z2)
= —\/_ <2 g (h)) .

Lct

i
Conformal Renormalization and Energy Functionals in AdS gravity
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Higher even dimensions ¢
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Higher even dimensions C

EH-AdS gravity +KTs

Bon—1 = 2nv/—h fdt o i (AR — K2 KD )

[52--32n ii3

i2n—282n—1 12n—2 2n—1

<1RJ2n 202n-1 _ 42 prion-2 prion— 1)
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[52--32n ii3

i2n—282n—1 12n—2 2n—1

<1RJ2n 202n-1 _ 42 prion-2 prion— 1)

I~ren = Ipi + f d>n 1y Let
oM
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[71---Jon izig
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Higher even dimensions

EH-AdS gravity +KTs
Byn_1 = 2nv/—h fdt o i (AR — K2 KD )
<1R]2n 2J2n—1 tZKJQn 2Kj2n 1) )

i2n—282n—1 12n—2 2n—1

I~ren = Ipy + f d2n_1$Lct
oM
Lo = con— 1BZn—1+ﬁV_ K
— [2)7; [i1-+92n—1] 1 2 j j
- RV lthdt [(3Rizl — ¢ ngKga) x

87rG(2n 2)! [41--d2n—-1]

1pJen—2J2n—1 2 Jan—2 g-J2n—1 J2_ Jo2n—1
( 5R; —t Ki2n—2 Kizn—l) [-’” 26 612n 1] .

T2n—2%2n—1
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Higher even dimensions ¢
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Higher even dimensions e

Expanding and collecting...

_ V=h |(2n=2) L
Let = %7a [ 7 T 3@y Rt

e ij 2n+1 2n—3) 15ij
RPIeTE e ) (273’7%‘ — de = )R]klRijkl> + } :
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Higher even dimensions C

Expanding and collecting...

_ V=h |(2n=2) L
Let = %7a [ 7 T 3@y Rt

e ij 2n+1 2n—3) 15ij
RPIeTE e ) (273’7%‘ — de = )R]klRiﬂcl) + } :

Boundary Weyl tensor W9k, .1 implies
1

RijklR" — ijkl » -
7kl w W]kl + 2(2TL — 2)

4 |
T (RUTR.. _ 2
(2n—3)(R Rij R?)
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7kl w W]kl + 2(2TL — 2)

4 |
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Higher even dimensions

Expanding and collecting...

_ V=h |(2n=2) L
Let = %7a [ 7 T 3@y Rt

e ij 2n+1 2n—3) 15ij
RPIeTE e ) (273’7%‘ S )R]klRijkl)Jr'“}-

Boundary Weyl tensor Wijleijkl implies
1

RijklRi' — ijkl »
gkl w W_]kl + 2(2n _ 2)

4 |
T (RUTR.. _ 2
(2n—3)(R Rij R?)

And, finally...
_ V/=h | (2n=2) 2 ij (2n—-1)
Let = 871G [ 7 T 2(2n 3) R+ 2(2n—3)2(2n—5) (R "Rij — 4(2n—2) Rz)
S W (W Wagna(h) +---|

T 8(2n—3)(2n—>5)

i
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Holographic Renormalization = Kounterterms? @

Well...almost. [G.Anastasiou, O.Miskovic, R.O. and |.Papadimitriou, 2003.06425]

- 43
Lien = Inr — V—hWik
¢ AR 647G (2n — 3)(2n — / AW Wi +

A similar result in D = 2n + 1 dimensions.

.
R. Olea (UNAB) Conformal Renormalization and Energy Functionals in AdS gravity 19|42
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Well...almost. [G.Anastasiou, O.Miskovic, R.O. and |.Papadimitriou, 2003.06425]

- 43
Ir N = T _ /_ ijkl
¢ AR 647G (2n — 3)(2n — / AW Wi + -

A similar result in D = 2n + 1 dimensions.
Last term is zero for most AAdS spaces, but not for gravitational instantons.
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Holographic Renormalization = Kounterterms?

Well...almost. [G.Anastasiou, O.Miskovic, R.O. and |.Papadimitriou, 2003.06425]

- 43
Ir n — Iyr —
¢ AR 647G (2n —

2n — / V= W”“Wi T

A similar result in D = 2n + 1 dimensions.
Last term is zero for most AAdS spaces, but not for gravitational instantons.

Patching up the theory
53

Inr =1,
GBS e 647G (2n —

2n — / V= W”’“szkl + ...
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Holographic Renormalization = Kounterterms?

Well...almost. [G.Anastasiou, O.Miskovic, R.O. and |.Papadimitriou, 2003.06425]

- 43
Ir n — Iyr —
¢ AR 647G (2n —

2n — / V= W”klwl T

A similar result in D = 2n + 1 dimensions.
Last term is zero for most AAdS spaces, but not for gravitational instantons.

Patching up the theory
53

Inr =1,
GBS e 647G (2n —

2n — / W”klwwkl + ..
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R. Olea (UNAB) Conformal Renormalization and Energy Functionals in AdS gravity

19]42



Renormalized AdS Action A

.
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Renormalized AdS Action >

Euler-Gauss-Bonnet Theorem in 4D

/ d*x B3(K,R) = / d*z GB — 32n*x(M)
oM M
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Renormalized AdS Action

Euler-Gauss-Bonnet Theorem in 4D

/ d*x B3(K,R) = / d*z GB — 32n*x(M)
oM M

4D Renormalized AdS action [R. Aros et al, gr-qc/9909015]

/ d*z/—g [(R 2A) + &

Lien = (R,“,agR“”aB 4R, R" + R?)

167rG

.
R. Olea (UNAB) Conformal Renormalization and Energy Functionals in AdS gravity 20|42



Renormalized AdS Action &
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Renormalized AdS Action AR

GB coupling is also singled out by SUSY [Andrianopoli and D’Auria, arXiv:1405.2010] J

Renormalized AdS action = MacDowell-Mansouri action (1977)

T _ \/—5[1/1 V4] RP1H2 4 ave 5511#22 RHP3H4 + 5#3?#44
ren 4] (282 02 v3Vy 02 ?

256 G
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Renormalized AdS Action 2

GB coupling is also singled out by SUSY [Andrianopoli and D’Auria, arXiv:1405.2010] J

Renormalized AdS action = MacDowell-Mansouri action (1977)

T _ \/—5[1/1 V4] RP1H2 4 ave 5#11#22 RHP3H4 + 5#;1Z4
ren 4] (282 02 v3Vy 02 ?

256 G
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Renormalized AdS Action

GB coupling is also singled out by SUSY [Andrianopoli and D’Auria, arXiv:1405.2010]

Renormalized AdS action = MacDowell-Mansouri action (1977)

Hip2 13 Ha

) )
— /[ [V V] R Vv R V3.
Tren = 2567 G/ v 6 v [ biva é 2] [ ba ;24] ’

Wey! tensor

aff _ pa Bl o 1 [} 1
WHf = Ruﬁ 45’[#51,], Schouten S} = m(R" -

.
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Renormalized AdS Action A
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Renormalized AdS Action &

1
”raﬂ _ pa [aB]

(E)pv (nv]
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Renormalized AdS Action &

1
”raﬂ _ pa [aB]

(E)pv (nv]
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Renormalized AdS Action &

1
af  _ po [af]
W oy = Bt + 350

(E)pv (nv]

4 vo
Iren = G/d4m\/_gW(E)uuaﬂW(ME) A
M

" 64
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Conformal Renormalization

_Embedding Einstein theory in Conformal Gravity

CG Solutions
Einstein-AdS
Spacetimes

e Why?: Conformal Gravity is finite for AAdS conditions. [Grumiller et al., 2013]
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Conformal Renormalization

_Embedding Einstein theory in Conformal Gravity

CG Solutions
Einstein-AdS
Spacetimes

® Why?: Conformal Gravity is finite for AAdS conditions. [Grumiller et al., 2013]
® What for?: Renormalization should be inherited by the Einstein sector.
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Conformal Renormalization

_Embedding Einstein theory in Conformal Gravity

CG Solutions
Einstein-AdS
Spacetimes

e Why?: Conformal Gravity is finite for AAdS conditions. [Grumiller et al., 2013]
® What for?: Renormalization should be inherited by the Einstein sector.
® How?: a holographic mechanism to turn CG into Einstein

Einstein Conformal

R. Olea (UNAB) Conformal Renormalization and Energy Functionals in AdS gravity 23|42



Einstein Gravity from Conformal Gravity in 4D o8
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Einstein Gravity from Conformal Gravity in 4D e

Einstein gravity from CG with Neumann bc’s [Maldacena, 2011]

ICG = acc/d4x vV —3g WWQBW‘“"’B
M
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Einstein Gravity from Conformal Gravity in 4D

Einstein gravity from CG with Neumann bc’s [Maldacena, 2011]

ICG = acc/d4x vV —3g WWWW‘“"W

M

Fefferman-Graham expansion for AAdS spaces in CG

ez 1 s
ds* = ) dz* + ~2 i (z,2)dz'de’ ,  gij(m,p) = g0y (@) + 2°g(2yij(x) + -

+agay(a) + -
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Einstein Gravity from Conformal Gravity in 4D

Einstein gravity from CG with Neumann bc's [Maldacena, 2011]

ICG = acc/d4m vV —3g W,Wagwuuaﬁ

M

Fefferman-Graham expansion for AAdS spaces in CG

72 1 P
ds* = 22 dz* + Z_Qgij (, Z) dx'dx? gij($7p) = 9(0)ij (95) + 229(2)1'1'(95) +e

+agay(a) + -

EOM for Conformal Gravity

By =V Cur + 8 Wiyoo =0,  C*, =V, 8% -V,

i
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Einstein spaces: holographic prescription

1

[
S 202

ob, Cux=0, B, =0
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Einstein spaces: holographic prescription G\

1
Sg = _2_16255’ CILV)\ = 0, Blﬂf = 0

HYf = Rl ~ SR =0

v

i L
R. Olea (UNAB) Conformal Renormalization and Energy Functionals in AdS gravity 25|42




Einstein spaces: holographic prescription G\

1
Sg = _2_16255’ CILV)\ = 0, Blﬂf = 0

HYf = Rl ~ SR =0

v

Hy =0 <= 9.9ij = gayi; = 0 and tr(92g:;) ~ tr(g(s)i;) =0
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Einstein spaces: holographic prescription

Einstein-AdS spaces

1

S,’j == _2_6265’ C,“,)\ == 0, BI“/ = 0

Traceless Ricci tensor

H":Rﬁ—%Réfj:O

v

H,, =0 <= 0.g9ij = 9(1)i;; = 0 and tr(afgij) ~ tr(ges)i;) = 0
9(2)i; is free data in CG ==-chosen as in Einstein g(2);; = —625(0)”-
[Imbimbo, Schwimmer, Theisen and Yankielowicz, hep-th/9910267]
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Einstein spaces: holographic prescription

Einstein-AdS spaces

1

[
S 202

ob, Cux=0, B, =0

Traceless Ricci tensor

H,’jzRﬁ—%Ré{;‘zO

Hy =0 <= 9.9ij = ga1yi; = 0 and tr(92g:;) ~ tr(g(s)i;) =0
9(2)i; is free data in CG ==-chosen as in Einstein g(2);; = —EQS(O)U
[Imbimbo, Schwimmer, Theisen and Yankielowicz, hep-th/9910267]

CG action for Einstein spaces = Renormalized Einstein-AdS action

Icg [E] = Inr

i
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AdS gravity in 6D o
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AdS gravity in 6D A

EH Action+Euler term

I, /d6:c\/ @ ¢ — (Euler)g
" 167rG @272 ’

.
R. Olea (UNAB) Conformal Renormalization and Energy Functionals in AdS gravity 26|42



AdS gravity in 6D o

EH Action+Euler term

I, /d6:c\/ @ ¢ — (Euler)g
" 167rG @272 ’
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AdS gravity in 6D

EH Action+Euler term

I, —L/d‘ﬂ/—_ R+@ E4(El)
ren = 167G xz g 72 7 ucer 9
M

In terms of fully-antisymmetric objects

- 1
I —
ren 167G x 192

[#1 -pe] L tvive Plvgva] vsve)

/d61:‘/ 5[1/1 -vg) [R,u1#25 ”3N4]5[M5u5]

M

4
(1] sluspa] ¢
3z ek e A 5 BUNIRULIRIT],
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AdS gravity in 6D

Polynomial of W

= o 6 L clvrewa] yrpap 3 L
Tn = Torgew | o/l W W
M
L cfrve] W3 1 M5 b
_I [Nl Nis] (FT 1/211/2 (EE‘)I;VALW(ES)VGSVGL

R. Olea (UNAB)

Conformal Renormalization and Energy Functionals in AdS gravity
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Conformal Gravity in 6D

There are three Conformal Invariants in 6D

Il _ Waﬂul/WaUAVWa- Bu \s
Iy = WyagWPorW_ 1

6
I3 = Wpon (555 +4RM — 5Rag> Wveer v, J*
with
Ju = AR, M7V'R,xpe + 3RV Ryrpo — SRV Ryy

1
+5 RV, R = RV, R+ 2RV, Ry,

i
R. Olea (UNAB) Conformal Renormalization and Energy Functionals in AdS gravity 28|42



Conformal Covariantization

Einstein — Conformal
[vi--v6] yarp1 e 134 H5 16 [v1-v6] yruap H3 L4 YW HS H
6[# - Ms]W(E)V1V2W<E)V3V4W(E)V5V6 - 5[#1“‘#5]W”11”22W“33”4 Wiile
1 [l/ ) ] [l/ e ] 5 v
_725[;41~~ut]W€%§fw2W‘(%;)L33V4 - 5[M11~~u55]W511#22W5§55855 +16CH" " CpLua+V*HI,

J, = 16W; Y Cory —2Wia V, WS

CG Solutions

Einstein-AdS

Spacetimes

R. Olea (UNAB) Conformal Renormalization and Energy Functionals in AdS gravity
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Lu-Pang-Pope CG in 6D AR
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Lu-Pang-Pope CG in 6D

6D CG with an Einstein sector [Lu, Pang and Pope, 2013]

~ 1 i oo |
Toa= Oécc/d61’ /_g (75[ 1-+-v6) WlZlV;;2WH3H4WlI;;5VFé6 + 55[ 1:05) W£1VZ2W#3H4SII:‘55

4! [p1--pe] v3va [m1---ps] v3va
M

+8CWCW) tacgsmd®zv/—hn® (swﬁ"cw _WEA, WS ) .

.
R. Olea (UNAB) Conformal Renormalization and Energy Functionals in AdS gravity 30|42



Lu-Pang-Pope CG in 6D

6D CG with an Einstein sector [Lu, Pang and Pope, 2013]

~ 1 i oo |
Toa= acc/d6x /_g (75[ 1-+-v6) lelulg2WH3M4WlZ5Vlé6 + 55[ 1:05) W£1£2WM3H45555

4! [p1--pe] v3va [m1---ps] v3va
M

+8CWCW) tacgsmd®zv/—hn® (8W5”CW _WEA, WS ) .

® | PP action appears as type-B anomaly and one-loop divergences in 7D
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Lu-Pang-Pope CG in 6D

6D CG with an Einstein sector [Lu, Pang and Pope, 2013]

= 1 i |
Toa= acc/d6x /_g (75[ 1-+-v6) WlljllulfwusMlez?u/? + 55[ 1:05) W£1£2Wu3u45555

4! [p1--pe] v3va [m1---ps] v3va
M

+8CWCW) taccoud®zV—hn* (8W[j”cw _ W:;vuwgg) :

® | PP action appears as type-B anomaly and one-loop divergences in 7D

® Variation of Iog gives EOM in terms of Weyl, Cotton and Schouten tensors.
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Lu-Pang-Pope CG in 6D

6D CG with an Einstein sector [Lu, Pang and Pope, 2013]

= 1 i |
Toa= Ozcg/d6$€ /_g (75[ 1-+-v6) Wl/jl1yl;2Wu3M4Wlljg5V/és + 55[ 1:05) Wlfbl1u/»;2Wu3u4Sl;55

4! [p1--pe] v3va [m1---ps] v3va
M

+8CWCM) Taccomd v/ —hn® (8W5”CW _ W:;vuwgg) .

® | PP action appears as type-B anomaly and one-loop divergences in 7D
® Variation of Iog gives EOM in terms of Weyl, Cotton and Schouten tensors.
® Any Einstein-AdS spacetime is solution of LPP CG. [Anastasiou, Araya and RO, 2010.15146]
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And back...(Einstein gravity from CG in 6D)

LPP CG action decomposed into Einstein and non-Einstein parts:
Iecag = —4!040@/(16%\/—9 [Pe (W(E)) +Q (W(E),H)]
M

—OlCG/dsiL"V —hn'* (W('?)VUVHW(VET)KA>~
oM

CG Solutions
Einstein-AdS

Spacetimes

i
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Back to Einstein gravity (with an extra term) &
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Back to Einstein gravity (with an extra term) o

. . . 4
Einstein condition, and ag = —382%:

6 @ ﬁ ‘€4 5 7 KA vo
Ioa [B] = 1o G/d o (R+ — = (Buler)s | +z=— [ d’zv/=hn (W(E)MV#W(E)M),
OM
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Back to Einstein gravity (with an extra term) o

. . . 4
Einstein condition, and ag = —382%:

6 @ ﬁ ‘€4 5 7 KA vo
Ioa [B] = 1o G/d o (R+ — = (Buler)s | +z=— [ d’zv/=hn (W(E)MV#W(E)M),
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Back to Einstein gravity (with an extra term) C

. . . 4
Einstein condition, and ag = —%flwi

6 @ ﬁ 44 5 7 KA vo
Ioa [B] = 1o G/d x\ﬁ< + 5 — 75 (Buler)s ) +z—— [ d’zv=hn (W(E)WVHW(E)M),

oM

Performing asymptotic expansions

Al =

5. . S pypsidkl B
TOrTe /dm/ EWIE (YW, (R) + ...

oM
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Back to Einstein gravity (with an extra term) C

. . . 4
Einstein condition, and ag = —%flwi

6 @ ﬁ 44 5 7 KA vo
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Performing asymptotic expansions
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Back to Einstein gravity (with an extra term)

Einstein condition, and ag = —%:
Ioc [E) / d®zv/=g R+ @ - ﬁ(Euler) u - / d®x/—hn® (W“ V. W )
ca ~ 167G 72 38471G (Byva VW (E)kX ) »

oM

Performing asymptotic expansions

Al =

5. . S pypsidkl B
Tore /dx\/ EWIE (YW, (R) + ...

CG action for Einstein spaces = Renormalized Einstein-AdS action

Icc [E] = Inr

i
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Curvature-squared terms and conical defects ¢o
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Curvature-squared terms and conical defects L

Riemann squared term

/ d4x\/_(Rze(°‘)> /d4x\/—Rze +87(1—a) /d2y\/f_y RABAB—IC%Q &’;)wL

M () M P
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Curvature-squared terms and conical defects L

Riemann squared term

/ d4x\/_(Rze(°‘)> /d4x\/—Rze +87(1—a) /d2y\/f_y RABAB—IC%Q &’;)wL

M () M P
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Curvature-squared terms and conical defects

Riemann squared term

2
/ d'z /g (Rie®) = / d*z /g Rie* + 87 (1 - a) [ &y (Rapas — KIS + .

M () M

M\

Ricci squared term

2
/ d*z\/g (Ric(”‘)) = / d*z\/gRic® + 4r (1 — o) [ d*y /v (RAA - %/C(A)]C(A)) +

M () M

M\
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Curvature-squared terms and conical defects

Riemann squared term

2
/ d'z /g (Rie®) = / d*z /g Rie* + 87 (1 - a) [ &y (Rapas — KIS + .

M () M

M\

Ricci squared term

2
/ d*z\/g (Ric(”‘)) = / d*z\/gRic® + 4r (1 — o) [ d*y /v (RAA - %/C(A)]C(A)) +

M () M

M\
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Curvature-squared terms and conical defects

Riemann squared term

/ d4x\/_(Rze(°‘)) / d*z\/g Rie* + 87 (1 — a) deﬁ(RABAB—/cf,fg ’gz;;)+...

M () M

M\

Ricci squared term

1
/ d4x\/§ (Ric(o‘)) /d4x\/_ch +47 (1 — « /deﬁ (RAA — EIC(A)IC(A)) +
)

M () M

Ricci scalar squared term

/d4ﬂc\/§< W) /d4fo2+8w (1-a) /fR+

M () M
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Curvature-squared terms and conical defects

Riemann squared term

/ d*z\/g (Rze(“)) / d*z\/gRie* + 8 (1 — a) | d®y /7 RABAB—IC%‘,B ’gj{;)+...

M () M

M\

Ricci squared term

1
/ d*z\/g (Ric(”‘)) / d*z\/g Ric® +4n (1 — o / &y 5 (RAA - §IC(A)IC(A)) +
D)

M () M

Ricci scalar squared term

/d4ﬂc\/§< (00) /d4fo2+8w (1-a) /\/_R+

M () M

[Fursaev-Patrushev-Solodukhin, 2013]
]
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Conformal Gravity and Conical Defects
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Conformal Gravity and Conical Defects ¢

4D Conformal Gravity

_ 22 4 nvaf 7T€2
lee = GG /d 2V=g Wivas W = 55X [M]
M
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Conformal Gravity and Conical Defects @

4D Conformal Gravity

= prag _ TE
ICG 6an G/d T W,WO‘gW QGX[M]
4D Conformal Gravity
£2
Icg = / <Rze —2Ric® + = R2> ng[M]
M
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Conformal Gravity and Conical Defects C

4D Conformal Gravity

wwap _ T
feo = oh / &%/ =g Winas W' = T [M]
4D Conformal Gravity
£2
Iec = / <Rze — 2Ric® + - R2> ZG x [M]
M
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Conformal Gravity and Conical Defects

4D Conformal Gravity

= prag _ TE
Icc 6an G/d T WM,,Q,BW ZGX[M]
4D Conformal Gravity
62
Icg = / <Rze —2Ric® + = R2> ng[M]
M

In a manifold with a conical singularity

/ d*z\/g ‘W(O‘) g /d4w\/§|W|2 +8m(1— a)/d2yﬁKg +0 ((1 - 04)2)
M )

M ()
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Kz = Wp — PP
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Conformal Gravity and Conical Defects o

Ky =Wpnn — P PRY,

1
P = K8 — Lk,
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Conformal Gravity and Conical Defects o

Ky =Wpnn — P PRY,

1
P = K8 — Lk,

«@ 1-—
I((:)zfcg—i-( a)L2+O((1—a)2>

4G
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Conformal Gravity and Conical Defects o

Ky =Wpnn — P PRY,

1
P = K8 — Lk,

«@ 1-—
I((:)zfcg—i-( a)L2+O((1—a)2>
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Conformal Gravity and Conical Defects

Ky =Wpnn — P PRY,

1
P = K8 — Lk,

«@ 1-—
19 = oo+ ¢ O‘)L2+O((1—a)2)

4G

Conformal Invariance in Codimension-2 s inherited from the Bulk! )

R. Olea (UNAB) Conformal Renormalization and Energy Functionals in AdS gravity 35]42



Renormalized Area &

R. Olea (UNAB) Conformal Renormalization and Energy Functionals in AdS gravity 36|42



Renormalized Area d

Aven = 7. [E]

R. Olea (UNAB) Conformal Renormalization and Energy Functionals in AdS gravity 36|42



Renormalized Area d

Aven = 7. [E]

R. Olea (UNAB) Conformal Renormalization and Energy Functionals in AdS gravity 36|42
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Aven = 7. [E]
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Aven = 7. [E]

f
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Renormalized Area

Minimal surface/Einstein ambient space

Aven = sy, [E]

Renormalized Area

2
Aren [ ] /d y\/_ [ E)mn — P(A)P ):| - 27TZ2X [E]
P

Ren. Area [Alexakis-Mazzeo, 2010]/ Ren. HEE [Anastasiou-Araya-R0O, 2018]

g mn 1 mn
Aren [5] = / Py /5o (qu + o ) _ on2y 5]
D

.
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Willmore Energy @

Functional defined on compact and orientable 2D surfaces immersed in R3
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Functional defined on compact and orientable 2D surfaces immersed in R3
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Willmore Energy

Functional defined on compact and orientable 2D surfaces immersed in R3

In terms of the (spatial) mean curvature

WI[Z] = / d?y/yH?

by

R. Olea (UNAB) Conformal Renormalization and Energy Functionals in AdS gravity 3742



Willmore Energy from Renormalized Area o
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Willmore Energy from Renormalized Area L

Renormalized Area

‘62 mn mn
Ara 8 =5 [ Po/7 (W — PP - 206 [
=

.
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Willmore Energy from Renormalized Area L

Renormalized Area

‘62 mn mn
Ara 8 =5 [ Po/7 (W — PP - 206 [
=
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Willmore Energy from Renormalized Area &

Iz
Aren [5] = / Lo (Wi, - PP — 206 [5

\l
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Willmore Energy from Renormalized Area @

Renormalized Area

‘62 mn mn
Ara 8 =5 [ Po/7 (W — PP - 206 [
=

For pure/global AdS, as ambient space, constant-time slice

W =0 KW =0

.
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Willmore Energy from Renormalized Area

Renormalized Area

Aren /d2y\/_ E)mn P( )P(A)) — 27[‘62)( [E]

For pure/global AdS, as ambient space, constant-time slice

W =0 KW =0

Gauss-Codazzi relations

%
Aren [E] = _5 /dgyﬁ (Rz; -R+ 2H2) - 27T€2X [Z]
z

i
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Willmore Energy o5

2
Aren [E] = % /d2y\/§ (7%' - 2FI2> - 277‘62X [2]
b))

R. Olea (UNAB) Conformal Renormalization and Energy Functionals in AdS gravity 39|42



Willmore Energy o5

2
Aren [E] = % /d2y\/§ (7%' - 2FI2> - 277‘62X [2]
b))
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Willmore Energy G\

Aren [2] = g / Py\/4 (R - 2}“12) — 2%y [2)]

b

/ d2y\/§7%’ = 47TX [Ecomp]

2<:omp
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Willmore Energy &

Aren [2] = g / Py\/4 (R - 2}“12) — 2%y [2)]

b

/ d2y\/§7%’ = 47TX [Ecomp]

2<:omp
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Willmore Energy &

Aren [2] = g / Py\/4 (R - 2}“12) — 2%y [2)]

b

/ d2y\/§7%’ = 47TX [Ecomp]

2<:omp

Aren [Zcomp] = _£2W [Ecomp]

R. Olea (UNAB) Conformal Renormalization and Energy Functionals in AdS gravity 39|42



Bonus Track: Reduced Hawking Mass >

R. Olea (UNAB) Conformal Renormalization and Energy Functionals in AdS gravity 40|42



Bonus Track: Reduced Hawking Mass &

2

Ly [E]l = I [¥] - 2me?x [2]
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Bonus Track: Reduced Hawking Mass ¢

Arbitrary ¥, Einstein ambient space

Lo (B = Z1a 5] — 20y (3]

.
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Bonus Track: Reduced Hawking Mass C

Arbitrary ¥, Einstein ambient space

Lo (B = Z1a 5] — 20y (3]

Reduced Hawking Mass [; [Fischetti and Wiseman, 2016]

In[5] = Z/dzy\/'_y {RJF g% - % (/C<A>)2]
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Bonus Track: Reduced Hawking Mass

Arbitrary ¥, Einstein ambient space

Lo (B = Z1a 5] — 20y (3]

Reduced Hawking Mass [; [Fischetti and Wiseman, 2016]

In[5] = 2/d2y\/'_y {RJF ;2 - % (K<A>)2]

Generalizes Renormalized Area Functional

Ly [E] = Aren [Z] - g/d@ﬁ (;C(A)>2
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Outlook &

Conformal Invariance i the Bulk = Conformal Invarance in Codimension-2 |
‘Renormalizaton in the Buk — Renormalizaton in Codimension-2 |
J
)
)
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