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Overview

M asymptotically AdS,,,

© - Fefferman-Graham:

g; =99 re+gllr+g¥, + gt s

» Usual boundary conditions fix g,
but other BCs are allowed!

R . 99, can fluctuate: gravity/string duality
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Overview

M asymptotically AdS,,,

_— . * Fefferman-Graham:
b

9| — g(U)I ré + 9(1)| r+ g(z}l + 9(3)I r-l+

» Usual boundary conditions fix g,
but other BCs are allowed!

R . 99, can fluctuate: gravity/string duality

(
<

- Boundary dual:
Usual CFT coupled to gravity.

Neumann theory is UV complete

for odd d.
Work in progress: What can we |learn?

Page 5/64




Outline

1. AdS/CFT basics: A review

2. Setting the boundary free <
3. Checks and Observations

4. Other dimensions <




1. AdS/CFT basics: A review

AdS Boundary Conditions <—> CFT Sources..
AR % —9; 9 rv99 v gyt e

4 69(0)”. <> OScptT = j’ T, j 69(O)ij g© <

g <

.. or other deformations of the CFT.




1. AdS/CFT basics: A review

AdS,,, Boundary Conditions <——> CFT deformations

~ > Scdlar field toy models
B o= - ]
Ve -mep =0

¢ = a(x) r*=+ b(x) r+

3, = d/2 + \J(d/2)2 + m?

(
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1. AdS/CFT basics: A review

AdS,,,; Boundary Conditions <—> CFT deformations

~~ > Scadlar field toy models

P s V2p -m2p =0
$=—alx)r* =blx)r* = _ <
| A= d/2+ 1/(c:i/2)2 + m?

Casel) m2>-(d/2)2+1
Only the J., mode is normalizeable.
a(x) must be fixed as aboundary conditions, with b(x) free.
a(x) <> a CFT source
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1. AdS/CFT basics: A review

AdS,,, Boundary Conditions <—> CFT deformations

~ > Scdlar field toy models

Beer o V2 - m2p = 0

|
¢ =a(x) r*+b(x) r*+ _ <
.= df2= 1/(d/2)2 + m?

Casel) m?2>-(d/2)2+1
Only the J., mode is normalizeable.
a(x) must be fixed as a boundary conditions, with b(x) free.
a(x) <> a CFT source

Cuse 2) ~(d/2)2+1>m2>-(d/2)?
Both modes are normalizeable.
Any combination can be fixed as a boundary condition.
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1. AdS/CFT basics: A review

AdS,,,; Boundary Conditions <——> CFT deformations

~ > Scadlar field toy models

[k/ V2p -m?p =0
—alx}r* =hix)r* = _ <
= d/2 + 1/(d/2)2 + m2

Casel) m?2>-(d/2)2+1
Only the J., mode is normalizeable.
a(x) must be fixed as aboundary conditions, with b(x) free.
a(x) <—=> a CFT source

Case 2) ~(d/2)2+1>m2>-(d/2)?
Both modes are normalizeable.
Any combination can be fixed as a boundary condition.

Case 3) -d/2)2 > m?2 Unstable, BF bound
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1. AdS/CFT basics: A review

Case 2) BF range Breitenlohner and Freedman,
Witten, Sever, Shomer, Berkooz, ...

. Both modes normalizeable,
IR but still need a BC to conserve probability (Unitarity)
é = a(x) r + b(x) r* + _
K& flux through boundary = j-alpmp(x) b2, (X 9@ <
-1 <22

(

Options for BCS
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1. AdS/CFT basics: A review

Case 2) BF range Breitenlohner and Freedman
Witten, Sever, Shomer, Berkooz, ...

g . Both modes normalizeable,
but still need a BC to conserve probability (Unitarity)

\—// o
$ =afx) = +blx) r + _
K& flux through boundary = j-ﬂlpmp(x) b2, ..(x)/ 9@ <
- "Dirichlet BCs" : Fix a(x). - (1€ 2)
Dual theory is conformal for a(x)=0.. <

Each a(x) defines a fixed source for an
operator of dimension j.+.

Options for BCS
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1. AdS/CFT basics: A review

Case 2) BF range Breitenlohner and Freedman,
Witten, Sever, Shomer, Berkooz, ..

. Both modes normalizeable,
but still need a BC to conserve probability (Unitarity)

.

- "Dirichlet BCs" : Fix a(x).
Dual theory is conformal for a(x)=0..
Each a(x) defines a fixed source for an
operator of dimension j.+.

- "Neumann BCs": Fix b(x).
Dual theory is conformal for b(x) =0.
Each b(x) defines a fixed source for an
operator of dimension J.-.

Options for BCS

¢ = a(x) r + b(x) r’* +
K& flux through boundary = j-aipmp(x) b2 . ,(/ 9©

-(1eez)<
(
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1. AdS/CFT basics: A review

Case 2) BF range Breitenlohner and Freedman,
Witten, Sever, Shomer, Berkooz, ...

e . Both modes normalizeable,
but still need a BC to conserve probability (Unitarity)

.
é =afe) ™ = b)) r** > _
K& flux through boundary = j-aipmp(x) b2 . .(/ 9© <

- "Dirichlet BCs" : Fix a( x). -(1€>2)
Dual theory is conformal for a(x)=0..
Each a(x) defines a fixed source for an
operator of dimension j.+.

- "Neumann BCs": Fix b(x).
Dual theory is conformal for b(x) =0.
Each b(x) defines a fixed source for an
operator of dimension J.-.

- Mixed BCs: Fix a(x) = W/5b for some W[b].
S =S emem e ctW forc= (A, -2.).
Typically not conformal. e i
DG fFlaw fram Nenmmann BC in LIV +a Dimichled in TD

Options for BCS




1. AdS/CFT basics: A review

What happens for higher spin fields?
"Known" results - may need to be revisited

AT
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“Known” results - may need to be revisited

1. AdS/CFT basics: A review Q\
What happens for higher spin fields?

~— - Spin 3: For AdS, w/ m=0, all modes normalizeable.
. Breitenlohner & Freedman (Maximal SUGRA)

Similar for m < m__, for all d. A. Amsel in progress

(
<
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1. AdS/CFT basics: A review

What happens for higher spin fields?
“Known" results - may need to be revisited

~— - Spin 3: For AdS, w/ m=0, all modes normalizeable.
. 4 Breitenlohner & Freedman (Maximal SUGRA)

Similar for m < m__, for all d. A. Amsel in progress

-+ Spin 1: For AdS, w/ m=0, all modes normalizeable.
Breitenlohner & Freedman (Maximal SUGRA)

P

Ishibashi & Wald: Not true in higher dimensions!

Ny,

AdS/CFT work by Witten, Leigh & Petkou,
Yee, DM & Ross
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1. AdS/CFT basics: A review

What happens for higher spin fields?
"Known" results - may need to be revisited

& FT 0T
. 4

- Spin 3: For AdS, w/ m=0, all modes normalizeable.

Breitenlohner & Freedman (Maximal SUGRA)

Similar for m < m__,

- Spin 1: For AdS, w/ m=0, all modes normalizeable.

Breitenlohner & Freedman (Maximal SUGRA)
Ishibashi & Wald: Not true in higher dimensions!

AdS/CFT work by Witten, Leigh & Petkou,
Yee, DM &Ross

» Spin 2: BF conjectured all modes normalizeable

for AdS, w/ m=0. (forgotten?)

Ishibashi and Wald: Lin. EOM allow multiple

self-ad joint extensions for AdS,.

Page 21/64

Brief cammente bv | ecinh & Petlcann DAAN & RPace

for all d. A. Amsel in progress
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Ny,



2. Setting the boundary free?

Y Zer g0 jbcb e!Sert




2. Setting the boundary fr'eex
gici iy Zeer [99] = D(I)ESCF
(




2. Setting the boundary free

Recall how to make an induced gravity theory:

B,

Zeer [99] = ijb eiSerr

ch:l grav =j Dg(O) ZCFT [9(0)]

“Induced gravity:” no explicit kinetic terms for metric

P

a—



2. Setting the boundary free?

Recall how to make an induced gravity theory:

A5
E. 4

SRR

Lcrr [9(0)] = jD(I) e!Scrr

Zmd grav =j DQ(O) ZCFT [9(0)]

“Induced gravity:” no explicit kinetic terms for metric

(
<

Let g(D)ij =0 g(o}u !
Note for odd d: no trace anomaly;
integral independent of G.

For odd d, Weyl transformations are gauge =—> Induced conformal

gravity.
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2. Setting the boundary free

Recall how to make an induced gravity theory:

@G0T T
B 4

N

Leer [99] = jD(I) e!ScFT

Zmd grav =j Dg(O) ZCFT [9(0)]

“Induced gravity:” no explicit kinetic terms for metric

(
<

Let 9{0).} = g{o}u )
Note for odd d: no trace anomaly:;
integral independent of G.

For odd d, Weyl transformations are gauge =—> Induced conformal

gravity.
UV complete theory for odd d?
(What could go wrong?)
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2. Setting the boundary free

AdS,,, g; =99 r2+gh;r+g@,;+g®3rt+h; ridogr.

© Let's try the same operation in the bulk.
(c.f. Witten for spin 1)
Zoik [99] = SD¢'DQ e .
L g > gq©




2. Setting the boundary free G

AdS,:H glJ = Q(O}IJ ré + g(l)lJ ™+ 9(2}'1 + g(B}IJl""l + hIJ rz'dlog .

© Let's try the same operation in the bulk.
(c.f. Witten for spin 1)

Louik = SDQ(O) Zpu [9©)] = J— D$Dg e'=buk

(
<
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2. Setting the boundary free

AdS,,, g, = Q(G}lj re + gﬁl)u r+ 9(2}|J - 9(3}|Jr"1 + h.J r<log r..

. Let's try the same operation in the bulk.
fe (c.f. Witten for spin 1)

Zbulk = jDQ(O) ZEL:E( [9(0)] = J— D(IJDQ e'Sbuk
-

1616 S, :j (R + d(d-1)2) /9 +)’(2|< - 2(d-2)/7- ¢R/(d-2)/+ ) [&9 <

bulk boundary




2. Setting the boundary free G

Ade+1 gu = gfa}lj ré + 9(1)'J r + 9(2}|J + 9(3}|Jr"1 + hIJ r*z'dlog el

. Let’s try the same operation in the bulk.
P (c.f. Witten for spin 1)

B (T
=

- g©




2. Setting the boundary free G

AdS,j+1 gu = g(G)FJ re + g(l)u r + 9(2}” + 9(3}|Jr"1 + hlJ rz'dlog r...

© Let's try the same operation in the bulk.
(c.f. Witten for spin 1)

Loy = XDQ(O) Zt?.jff( [99] = J— D¢Dg e'>buk

(
<
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2. Setting the boundary free G

Ade+1 9'J = Q(G}IJ re + gﬂl)u > 9(2}'J + 9(3}|Jr"1 + h:J rz'dlog .

© Let's try the same operation in the bulk.
(c.f. Witten for spin 1)

Zbulk = ng(O) ZEL:E( [9(0)] = j D(I)Dg eiSbu|k <
-

1616 S, :j (R + d(d-1)-2) [9 +j(2|< - 2(d-2)/7-“R/(d-2)/+..) f'dg ‘

bulk boundary




2. Setting the boundary free

AdS,,, g, = 9(0}11 re + Q(I)IJ r+ 9(2)” - 9(3}|Jr*'1 - h.J ey

© Let's try the same operation in the bulk.
(c.f. Witten for spin 1)

Lok = jDQ(O) Zt?.jf;( [9©] = j D¢Dg e'=bu

g

167G S, ZS (R + d(d-1)-2) /g +j(2l< - 2(d-2)/7-°R/(d-2)/+...) /dg <
bulk boundary
Semi-classical Limit

0Spuk = Eq. of Motion + ZJTiJ 6g;,© Jg©
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2. Setting the boundary free G

AdS ., g, = Q(O}IJ rl + 9(1)IJ r+ 9(2)” - 9(3)|Jr"1 + h.J rédlog r...

© Let's try the same operation in the bulk.
(c.f. Witten for spin 1)
N 4
167G S, =j (R + d(d-1)-2) /g +j(2l< - 2(d-2)/7-<R/(d-2)/+...) /dg <
bulk boundary
Semi-classical Limit
8S, . = Eq. of Motion + iju 59, Jg®

g, free => 0=T,

("Neumann” theory, conformal for odd d) ™



2. Setting the boundary free

Recall how to make an induced gravity theory:

Pl e 2 o] - j[)(l) e!ScFT
B L

Zmd grav zj DQ(O) ZCFT [9(0)]

“Induced gravity:” no explicit kinetic terms for metric

) SR 2 g Let Q{Ujij =G 9{0}'.1 :

Note for odd d: no trace anomaly;
integral independent of G.

(
<

For odd d, Weyl transformations are gauge =—> Induced conformal
gravity.
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2. Setting the boundary free

AdS,:H g - Q(G)IJ ré + gﬁl)u r+ 9(2)[J - 9(3}|Jr*'1 + hIJ rz'dlog g

© Let’s try the same operation in the bulk.
(c.f. Witten for spin 1)
—e
16nG S, ZJ (R + d(d-1)-2) fg +j(2l< - 2(d-2)/7-9R/(d-2)/+..) /dg <
bulk boundary
Semi-classical Limit
0Spuk = Eq. of Motion + ZJTiJ 6g;,© Jg©

g, free => 0=T,

("Neumann” theory, conformal for odd d) ™



2. Setting the boundary free

Normalizeability?

9 = 9(0),J re + 9mu r+ Q(Z)U + 9(3)|Jr~-1 + h.J r2-dlog r..

*  Fluctuations of g@; fail to be normalizeable in the usual
spin-2 inner product, even for AdS, or AdS;.

Syl



2. Setting the boundary free?

Normalizeability?

9IJ = gco)u rl 4 9(1)'J ™4 9(2)1J + 9(3)IJ|~-1 - hIJ pZ-d'Og ro

Fluctuations of g@@; fail to be normalizeable in the usual
spin-2 inner product, even for AdS, or AdS;.

How can this be? Wrong inner product?

(
<
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2. Setting the boundary free?

Normalizeability?

glj - 9(0)1J r"2 - 9(1)|J |l 9(2)1‘] - 9(3)”'-*'1 - hIJ p2-d|09 r

Fluctuations of g@@; fail to be normalizeable in the usual
spin-2 inner product, even for AdS, or AdS;.

How can this be? Wrong inner product?
Recall: g, = gq + hop
Field algebra [h_(x) nYy)] = 5(xy) ‘
a, a

ad

ock space and norm.

|ﬂ*|0>|3 - <0|ﬂ ﬂf|0> = [G,ﬂt] Page 39/64




2. Setting the boundary free

Normalizeability?

glj — 9(0)"] I"'2 - g(l)IJ el gcz)iJ + 9(3)|Jr~'1 - hIJ r»2-d|09 r

Fluctuations of g fail to be normalizeable in the usual
spin-2 inner product, even for AdS, or AdS;.

How can this be? Wrong inner product? <
Recall: g, = g + g For AdS,
Field algebra [h,,(x) m<4(y)] = 5(x.y) Stotal = Seruce * Jem * ey <
a, af

il

ock space and norm.

|'|:l1-|c)>l2 - <0|ﬂ ﬂt|0> = [ﬂ,ﬂf] Page 40/64




glj = 9(0) ré + 9(1) r o+ 9(2) + 9(3) % h - d|439 r

2. Setting the boundary free
Normalizeability?

Flucfua‘rlons of g fail to be normahze:able in the usual
spin-2 inner produc:'l' even for AdS, or AdS;.

How can this be? Wrong inner product? <
Recall: g, =g, +h, For AdS,
Field algebra [h_(x) n¥y)] = 5(x.y) Stotal = Serncc * Sen * Ser <
S_; contains time derivatives
@ of Q{OJI.._
a,a For dynamical g©@, ,
@ contributes to JTCdJ cmd to the

symplectic structure.

ock space and norm.

|q1-|0>|2 - <0'CI Clt|0> = [ﬂfﬂt] Page 41/64



2. Setting the boundary free

Normalizeability?
glj = 9(0)iJ rl 4 9(1)|J r+ 9(2)’J + 9(3)I % h pe- d]og r

Fluctuations of g@; fail to be normallzeable in the usual
spin-2 inner product, even for AdS, or AdS;.

How can this be? Wrong inner product? <
Recall: g, = g + gy For AdS,
Field algebra [h_(x) nYy)] = 5(x.y) Stotal = Sgrece * Seu * et ‘
S_; contains time derivatives
@ of g{OJi-.
a,a For dynamical g©@
@ contributes to :rr‘z':“I und to the

symplectic structure.

ock space and norm.

Flucts of g, become

|a’]0>|2 = <Ola a'|0> = [a,a'] normalizeable. (Checkewd
faord=2 3 4Y



2. Setting the boundary free G

Deformations of the theory?

© Compute conformal dimensions
— ol oZ o ol 2 3 ol 2-d
g; =99 rc+ gl r+ g9, + gt + h;rlogr..

dirn[g('ﬁ}u-] =0, dim[Tl-j] =d

|




2. Setting the boundary free

Deformations of the theory?

_——_  Compute conformal dimensions

.
9:1 - 9{0} r*2 + 9{1]' "+ 9{2}'J + 9{3}U|~'1 + hlj r‘z'dlog =il
dtm[giﬂ) J=0 dim[Tl-J-] =d
el L L Relevant deformations have < d derivatives.

Eg., for d =3, we can add

SBﬂdY Grav - B’JTGb " d3x } Q) + ]_6¥de d3x R{O)/gw} + k j[ﬂ Ade + @3

,.AA
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2. Setting the boundary free

Deformations of the theory?

© Compute conformal dimensions
- al0 2 1 2 3 ol 2.4
g, = 9{ ) pe + 9( ) p+ 9{ }'J + 9{ }Ur- + h'J r |09 r

dlm[g("} J=0 dim[Tl-J-] =d
o Relevant deformations have < d derivatives.

E.g., for d =3, we can add

A
— _Dbndy 3 © i 3y R©@ /q© :
SBndy 6rov = grg. d3x / )+ 16 3 d3x R( )/g( )+ k o Ado+e3

Boundary Lagrangian fixes BC:

-.. = O =
‘)SBndy gr*au/()g( N = T|J
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2. Setting the boundary free

Deformations of the theory?

© Compute conformal dimensions
- al0 2 1 2 3 ol 2-d
9:1 — 9{ ) pc + 9{ ) o+ 9{ }'J + 9{ }'Jr + h'] r |09 r

dlm[g@ =0 dim[Tl-J-] =d
W Relevant deformations have < d derivatives.
E.qg., for d =3, we can add

A
— i Y. £5 — 3¢ RO) fq© : 3
SBndy roo b, d3x /9@ + 16ﬂ6hndy d3x R@ /g + k |o ~ado+o

Boundary Lagrangian fixes BC:
L?)SBr'«clv r:;prwr.lur/'ﬁg(o)IJ = T|

a—

J

Sgndy gray AlSO makes (finite) contributions to the
SymPIQCT|C STPUCTUPE i COHSQI’"VGTIOP]%’“



3. Checks and ...

Consistency Checks

=B e 2 3) -l 2-d
g; =99 re+ gl r+ g, +g¥rt + h;redlogr..

Global Coordinates —> 5 x R Bndy <
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3. Checks and ...

Consistency Checks

© g, =99, r2+gW r+g?@ +gd rl+h r2dogr.
Global Coordinates = 5% x R Bndy

) (

Suppose ¢ induces a bndy diffeo: ‘

39©), = I. 9O,
Find ®(69;,£.9,) =0 and Q[£]=0.

Gauge transformations
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3. Checks and ...

Consistency Checks

= O . b 2 3 ! 2-d
g; =99 re+ gl r+ g, + gt + h;rsdlogr..

Global Coordinates —> S x R Bndy

Suppose £¢ induces a bndy diffeo:
59, = I. 9O,
Find ®(6g9,,£.9,) =0 and Q[2]=0.
Gauge transformations
"Neumann BCs" for odd d with Weyl-inv S; ., ...,

(

Page 49/64

Also Weyl transformations: 599, = 5(x) 9%,



3. ... Observations

Leading 1/N (Classical bulk gravity):

At least for odd d,
© pure induced-gravity is ghost- and tachyon-free.

(Even d > 4 does have ghosts and tachyons)

Deformed theory? Consider d=3: A4, =0, ks =0, Gbnd},<
e UV complete theory for all values (For large N.)

(Euclidean propagator) ‘
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3. ... Observations

Leading 1/N (Classical bulk gravity):

At least for odd d,
@ pure induced-gravity is ghost- and tachyon-free.

(Even d > 4 does have ghosts and tachyons)

Deformed theory? Consider d=3: A, 4, =0, ks =0, Gbnd},<
e UV complete theory for all values (For large N.)

(Euclidean propagator) <

-3216,
k2(k_64 /;?KGB)

<h; (k) hy(-k)p>¢1 = 1@

ij Kl
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3. ... Observations

Leading 1/N (Classical bulk gravity):

At least for odd d,
© pure induced-gravity is ghost- and tachyon-free.

(Even d > 4 does have ghosts and tachyons)

Deformed theory? Consider d=3: A4, =0, ks =0, Gb“d},<
— UV complete theory for all values (For large N.)

(Euclidean propagator) <

-3216,

12

<h; i®) hy(-kp>+t =

. 4
-

ij ki

-
.-"{.-f

.
-~

massless pole

TT tachyon for 6,/6, 0 =———> ghost/normal pair

Page 52/64




3. ... Observations

Leading 1/N (Classical bulk gravity):

At least for odd d,
© pure induced-gravity is ghost- and tachyon-free.

(Even d > 4 does have ghosts and tachyons)

Deformed theory? Consider d=3: A4, = 0, kes = 0, Gy,pq,
— UV complete theory for all values (For large N.)

(
<

(Euclidean propagator)

-3216,

1t

‘hij(k) hk|(-k)>1--|- =

L 4
e

ij ki

e

.-'/f’.

massless pole

TT tachyon for 6,/6; 0 =———> ghost/normal pair

Similar to topologically massive gravity. page 53164



3. ... Observations

Consider: Ay 4, = 0, ke = 2/6y, Gy,

Euclidean propagator

(hoyss (—K) Ay (k))rT = = ((k = ;::‘i eﬁpp) ((k it Gig)m:?'" +A kIlf;ﬂ) (

Euclidean: =2 = +1

Lorentzian =2 = -1
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3. ... Observations

Consider: Ay 4, =0, ke = 1/6y, Gy,

Euclidean propagator

—32xG G o mﬁ“’)
" k))rr = S e
P A (
F,-"/-’ ,»/f |
” | Euclidean: =2 = +1
massless pole Vi :
/ Lorentzian =2 = -1
f/-'f

In Lorentz signature for ..z 0,
g
pole moves into the complex plane.

Page 55/64
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Summary
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Summary

o-'-

1. AdS,,, allows Neumann BCs for metric;
P RN Boundary graviton is normalizable mode.

(
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Summary

1. AdS,,, allows Neumann BCs for metric; z

P TSN Boundary graviton is normalizable mode.

2. Dual to Induced Conformal Gravity
(via usual CFT)

(
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Summary

%\
w-_

1. AdS,,, allows Neumann BCs for metric;
P N REEY N Boundary graviton is normalizable mode.

2. Dual to Induced Conformal Gravity
(via usual CFT) <

3. Relevant deformations: A4, Gpnay. Kes, -




Summary

,.‘

1. AdS,,, allows Neumann BCs for metric;
gt i, Boundary graviton is normalizabl/e mode.

2. Dual to Induced Conformal Gravity
(via usual CFT) <

3. Relevant deformations: A4, Gunay. Kes. -

./ 4 Some ghosts, some tachyons,
but new interesting theories in some cases?
(E.g. d=3 with 6,4, < O and k.5 = 0 = A)




Summary

f“._

1. AdS,,, allows Neumann BCs for metric;
gl B, Boundary graviton is normalizable mode.

2. Dual to Induced Conformal Gravity
(via usual CFT) (

3. Relevant deformations: A4, Gppay. Kes, -

.~/ 4 Some ghosts, some tachyons,
but new interesting theories in some cases?
(Eg. d=3 with 6,4, < O and k.5 = 0 = A)

Can ghosts/tachyons be removed?
(Condensed or tuned away?)
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3. ... Observations

Consider: A, 4, = 0, ke = 1/6y, Gy,y,,

Euclidean propagator

(k—£)2— eﬂzm)
<

.--"Jff

.
e
-

(hopg (=)Ao (k))rr = = ( A ((k = G%)m:-)‘" = Hl&a)) <

Euclidean: =2 = +1

massless pole +
Lorentzian =2 = -1
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3. ... Observations

Consider: A, 4, =0, ke = 1/6y, Gy,

Euclidean propagator
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In Lorentz signature for 2. = O,
pole moves into the complex plane.
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Comblex inetability






