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Warning

I will NOT provide references.

I will NOT review the history in detail.

I will NOT be careful with signs, factors of 2, ⇡, . . .
<latexit sha1_base64="DMZR7GM2U92pvn51+MGZ3AdNF9A=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4KGW3CnosevFYwX5Ady3ZbLYNzSZLklVK6f/w4kERr/4Xb/4b03YP2vpg4PHeDDPzwpQzbVz321lZXVvf2CxsFbd3dvf2SweHLS0zRWiTSC5VJ8SaciZo0zDDaSdVFCchp+1weDP1249UaSbFvRmlNEhwX7CYEWys9FCr+BU/ZRWfR9LoXqnsVt0Z0DLxclKGHI1e6cuPJMkSKgzhWOuu56YmGGNlGOF0UvQzTVNMhrhPu5YKnFAdjGdXT9CpVSIUS2VLGDRTf0+McaL1KAltZ4LNQC96U/E/r5uZ+CoYM5FmhgoyXxRnHBmJphGgiClKDB9Zgoli9lZEBlhhYmxQRRuCt/jyMmnVqt55tXZ3Ua5f53EU4BhO4Aw8uIQ63EIDmkBAwTO8wpvz5Lw4787HvHXFyWeO4A+czx9t5ZHT</latexit>

CAVEAT EMPTOR

My focus will be on concepts and applications.
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Quantum Gravity Theory
in (d+1)-dimensional

Anti-de Sitter (AdS) spacetime

Conformal Field Theory (CFT)
in d-dimensional

Minkowski spacetime
=<latexit sha1_base64="MWbL6R2hZsQThSAdMNvF0orSXwY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP44bjMU=</latexit>

Statement of AdS/CFT

ZAdS d +1 [! ! ! 0] = ZCFT d [! 0]
<latexit sha1_base64="dR+gqvvqxeWT3AL+rcMGyhFcIbo="></latexit>

Generating functional of Generating functional of
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Conformal Field Theory
Quantum Field Theory

in d-dimensional Minkowski space

Basic observable:
correlation functions of local operators

hO1(t1, ~x1)O2(t2, ~x2) . . .On(tn, ~xn)i
<latexit sha1_base64="FCpQ/AZ8DhEOQlaxBuO97CjP1IA="></latexit>



Generating Functional

Z [J ] =
!

D! D" . . . eiS + i
R

ddx J O

<latexit sha1_base64="fpUKAWXhtdW8z+7q2GQ7BZpQQRA="></latexit>

= !O(t, ~x)"J
<latexit sha1_base64="DSjlCT8l9g8uOifxJRGWttpqWjg=">AAACHnicbVDLSgNBEJz1GeMr6tHLYBAiSNiNil6EoBfxYgTzgGwIs5NOMmR2dpmZDYZlv8SLv+LFgyKCJ/0bJw9EEwsaiqpuuru8kDOlbfvLmptfWFxaTq2kV9fWNzYzW9sVFUSSQpkGPJA1jyjgTEBZM82hFkogvseh6vUuh361D1KxQNzpQQgNn3QEazNKtJGamZNzlxPR4YBdn+guJTy+SXL60O0Dje+TA+zKkd2Mf/zrJGlmsnbeHgHPEmdCsmiCUjPz4bYCGvkgNOVEqbpjh7oRE6kZ5ZCk3UhBSGiPdKBuqCA+qEY8ei/B+0Zp4XYgTQmNR+rviZj4Sg18z3QOb1TT3lD8z6tHun3WiJkIIw2Cjhe1I451gIdZ4RaTQDUfGEKoZOZWTLtEEqpNomkTgjP98iypFPLOUb5we5wtXkziSKFdtIdyyEGnqIiuUAmVEUUP6Am9oFfr0Xq23qz3ceucNZnZQX9gfX4DK26jKQ==</latexit>

Conformal Field Theory
Quantum Field Theory

in d-dimensional Minkowski space

�i
� lnZ

�J (t, ~x)
=

1

Z

Z
D�D . . . O(t, ~x) eiS+i

R
ddxJ O

<latexit sha1_base64="YqX1QdpuuKA8tMCu2MfnHmMbwyU="></latexit>

connected correlation functions 



Non-dynamical background metric gµ⌫(t, ~x)
<latexit sha1_base64="4C1mSWdi0MoxcVQ3/JqKdj9UtxU=">AAAB/nicbVDLSsNAFJ3UV62vqLhyEyxCBSlJFXRZdOOygn1AE8JkOm2HzkzCPIolBPwVNy4Ucet3uPNvnLZZaOuBC4dz7uXee6KEEqlc99sqrKyurW8UN0tb2zu7e/b+QUvGWiDcRDGNRSeCElPCcVMRRXEnERiyiOJ2NLqd+u0xFpLE/EFNEhwwOOCkTxBURgrto0GY+kz7XGcVde6PMUofs7PQLrtVdwZnmXg5KYMcjdD+8nsx0gxzhSiUsuu5iQpSKBRBFGclX0ucQDSCA9w1lEOGZZDOzs+cU6P0nH4sTHHlzNTfEylkUk5YZDoZVEO56E3F/7yuVv3rICU80QpzNF/U19RRsTPNwukRgZGiE0MgEsTc6qAhFBApk1jJhOAtvrxMWrWqd1Gt3V+W6zd5HEVwDE5ABXjgCtTBHWiAJkAgBc/gFbxZT9aL9W59zFsLVj5zCP7A+vwBU9iVtw==</latexit>

Z[gµ⌫ ] =

Z
D�D . . . eiS+i

R
ddx gµ⌫ Tµ⌫

<latexit sha1_base64="x5kkKhpTjtXli3yp/hNNx8RhCwg="></latexit>

Stress-energy tensor

µ, ⌫ = 1, 2, . . . , d
<latexit sha1_base64="yxS6d36RKIsQ/zEQTP51w71iyqk=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRPISSVEEvQtGLxwq2FZpQNptNu3SzG3Y3QgnFi3/FiwdFvPorvPlv3LY5aOuDgcd7M8zMC1NGlXbdb6u0tLyyulZer2xsbm3v2Lt7bSUyiUkLCybkfYgUYZSTlqaakftUEpSEjHTC4fXE7zwQqajgd3qUkiBBfU5jipE2Us8+8JPM8XkGL6HnwLoDfRYJrRwY9eyqW3OngIvEK0gVFGj27C8/EjhLCNeYIaW6npvqIEdSU8zIuOJniqQID1GfdA3lKCEqyKcvjOGxUSIYC2mKazhVf0/kKFFqlISmM0F6oOa9ifif1810fBHklKeZJhzPFsUZg1rASR4wopJgzUaGICypuRXiAZIIa5NaxYTgzb+8SNr1mndaq9+eVRtXRRxlcAiOwAnwwDlogBvQBC2AwSN4Bq/gzXqyXqx362PWWrKKmX3wB9bnD5WglPw=</latexit>

Conformal Field Theory
Quantum Field Theory

in d-dimensional Minkowski space

�i
� lnZ[gµ⌫ ]

�gµ⌫
= hTµ⌫i

<latexit sha1_base64="6NNQSToRZhbvlzyKqRMJQGRCteM="></latexit>



xµ ! x!µ(x)

Conformal Transformation

Diffeomorphism

such that

gµ⌫(x) ! e2⌦(x)gµ⌫(x)

Conformal Field Theory

CFT = QFT invariant under conformal transformations



Conformal Group of Minkowski Space

xµ ! ⇤µ
⌫ x

⌫Lorentz

Translations xµ ! xµ + cµ

Dilatations

Special Conformal

xµ ! �xµ

SO(d+ 1, 1)

xµ ! xµ + bµx2

1 + 2x⌫b⌫ + b2x2

gµ! (t, !x) ! "µ!
<latexit sha1_base64="qvGjNXV5O+26/RFtmeFv2jfrnzk=">AAACEHicbVDLSgMxFM34rPVVdekmWEQFKTNV0KXoxmUF+4DOMGTS2xrMZIbkjliGfoIbf8WNC0XcunTn35g+EF8HAodz7uXmnCiVwqDrfjhT0zOzc/OFheLi0vLKamltvWGSTHOo80QmuhUxA1IoqKNACa1UA4sjCc3o+mzoN29AG5GoS+ynEMSsp0RXcIZWCks7vTD348xX2WAX9/0b4PntYI/6mFAfkH2ZYansVtwR6F/iTUiZTFALS+9+J+FZDAq5ZMa0PTfFIGcaBZcwKPqZgZTxa9aDtqWKxWCCfBRoQLet0qHdRNunkI7U7xs5i43px5GdjBlemd/eUPzPa2fYPQ5yodIMQfHxoW4mqY07bId2hAaOsm8J41rYv1J+xTTjaDss2hK835H/kka14h1UqheH5ZPTSR0Fskm2yC7xyBE5IeekRuqEkzvyQJ7Is3PvPDovzut4dMqZ7GyQH3DePgE1n51U</latexit>

Conformal Field Theory



Conformal Group of Minkowski Space

xµ ! ⇤µ
⌫ x

⌫Lorentz

Translations xµ ! xµ + cµ

Dilatations

Special Conformal

xµ ! �xµ

xµ ! xµ + bµx2

1 + 2x⌫b⌫ + b2x2

gµ! (t, !x) ! "µ!
<latexit sha1_base64="qvGjNXV5O+26/RFtmeFv2jfrnzk=">AAACEHicbVDLSgMxFM34rPVVdekmWEQFKTNV0KXoxmUF+4DOMGTS2xrMZIbkjliGfoIbf8WNC0XcunTn35g+EF8HAodz7uXmnCiVwqDrfjhT0zOzc/OFheLi0vLKamltvWGSTHOo80QmuhUxA1IoqKNACa1UA4sjCc3o+mzoN29AG5GoS+ynEMSsp0RXcIZWCks7vTD348xX2WAX9/0b4PntYI/6mFAfkH2ZYansVtwR6F/iTUiZTFALS+9+J+FZDAq5ZMa0PTfFIGcaBZcwKPqZgZTxa9aDtqWKxWCCfBRoQLet0qHdRNunkI7U7xs5i43px5GdjBlemd/eUPzPa2fYPQ5yodIMQfHxoW4mqY07bId2hAaOsm8J41rYv1J+xTTjaDss2hK835H/kka14h1UqheH5ZPTSR0Fskm2yC7xyBE5IeekRuqEkzvyQJ7Is3PvPDovzut4dMqZ7GyQH3DePgE1n51U</latexit>

Conformal Field Theory

(x1 � x2)
2 = (x1 � x2)

µ (x1 � x2)µ = �(t1 � t2)
2 + |~x1 � ~x2|2

<latexit sha1_base64="tx27l/yj84JYnifeGsekiuI33gE="></latexit>

correlation functions depend only on



Conformal Group of Minkowski Space

xµ ! ⇤µ
⌫ x

⌫Lorentz

Translations xµ ! xµ + cµ

Dilatations

Special Conformal

xµ ! �xµ

xµ ! xµ + bµx2

1 + 2x⌫b⌫ + b2x2

gµ! (t, !x) ! "µ!
<latexit sha1_base64="qvGjNXV5O+26/RFtmeFv2jfrnzk=">AAACEHicbVDLSgMxFM34rPVVdekmWEQFKTNV0KXoxmUF+4DOMGTS2xrMZIbkjliGfoIbf8WNC0XcunTn35g+EF8HAodz7uXmnCiVwqDrfjhT0zOzc/OFheLi0vLKamltvWGSTHOo80QmuhUxA1IoqKNACa1UA4sjCc3o+mzoN29AG5GoS+ynEMSsp0RXcIZWCks7vTD348xX2WAX9/0b4PntYI/6mFAfkH2ZYansVtwR6F/iTUiZTFALS+9+J+FZDAq5ZMa0PTfFIGcaBZcwKPqZgZTxa9aDtqWKxWCCfBRoQLet0qHdRNunkI7U7xs5i43px5GdjBlemd/eUPzPa2fYPQ5yodIMQfHxoW4mqY07bId2hAaOsm8J41rYv1J+xTTjaDss2hK835H/kka14h1UqheH5ZPTSR0Fskm2yC7xyBE5IeekRuqEkzvyQJ7Is3PvPDovzut4dMqZ7GyQH3DePgE1n51U</latexit>

Conformal Field Theory

scale invariance

only massless “particles”



Conformal Group of Minkowski Space

xµ ! ⇤µ
⌫ x

⌫Lorentz

Translations xµ ! xµ + cµ

Dilatations

Special Conformal

xµ ! �xµ

xµ ! xµ + bµx2

1 + 2x⌫b⌫ + b2x2

gµ! (t, !x) ! "µ!
<latexit sha1_base64="qvGjNXV5O+26/RFtmeFv2jfrnzk=">AAACEHicbVDLSgMxFM34rPVVdekmWEQFKTNV0KXoxmUF+4DOMGTS2xrMZIbkjliGfoIbf8WNC0XcunTn35g+EF8HAodz7uXmnCiVwqDrfjhT0zOzc/OFheLi0vLKamltvWGSTHOo80QmuhUxA1IoqKNACa1UA4sjCc3o+mzoN29AG5GoS+ynEMSsp0RXcIZWCks7vTD348xX2WAX9/0b4PntYI/6mFAfkH2ZYansVtwR6F/iTUiZTFALS+9+J+FZDAq5ZMa0PTfFIGcaBZcwKPqZgZTxa9aDtqWKxWCCfBRoQLet0qHdRNunkI7U7xs5i43px5GdjBlemd/eUPzPa2fYPQ5yodIMQfHxoW4mqY07bId2hAaOsm8J41rYv1J+xTTjaDss2hK835H/kka14h1UqheH5ZPTSR0Fskm2yC7xyBE5IeekRuqEkzvyQJ7Is3PvPDovzut4dMqZ7GyQH3DePgE1n51U</latexit>

Conformal Field Theory

inversions

cannot define an S-matrix



Scalar operators

hO(t, ~x)iJ=0 = 0
<latexit sha1_base64="J8A5fSkgD4yynIpwJ8MXxUTMwOA="></latexit>

hO1(t1, ~x1)O2(t2, ~x2)iJ=0 =
�12

|x1 � x2|
2�

<latexit sha1_base64="ZZAOjRtejHXOnJiLdv8QivkNO48="></latexit>

Conformal Field Theory

� = dimension of O1(t, ~x)
<latexit sha1_base64="nYG+al9ANNgGyb6QVjF+VFglnaQ=">AAACIXicbVDLSgMxFM3Ud31VXboJFqFCKTMq6EYo6sKdClaFTimZ9E4bzDxI7kjLML/ixl9x40IRd+LPmKmzUOsJgcM59yb3Hi+WQqNtf1ilqemZ2bn5hfLi0vLKamVt/VpHieLQ4pGM1K3HNEgRQgsFSriNFbDAk3Dj3Z3k/s09KC2i8ApHMXQC1g+FLzhDI3Urh+4pSGRHLsIQVZD2RABhXk0jP3Pr5gQMB5zJ9DzrOjWsu/fA02G2061U7YY9Bp0kTkGqpMBFt/Lu9iKemOeRS6Z127Fj7KRMoeASsrKbaIgZv2N9aBsasgB0Jx1vmNFto/SoHylzQ6Rj9WdHygKtR4FnKvN59V8vF//z2gn6h51UhHGCEPLvj/xEUoxoHhftCQUc5cgQxpUws1I+YIpxNKGWTQjO35UnyfVuw9lr7F7uV5vHRRzzZJNskRpxyAFpkjNyQVqEkwfyRF7Iq/VoPVtv1vt3ackqejbIL1ifX0drpC0=</latexit>



CFTs are important!

• Condensed Matter Physics

• String Theory

• Mathematics

• AdS/CFT!

Conformal Field Theory

fixed points of the renormalization group (RG)



Quantum Gravity Theory
in (d+1)-dimensional

Anti-de Sitter (AdS) spacetime

Conformal Field Theory (CFT)
in d-dimensional

Minkowski spacetime
=<latexit sha1_base64="MWbL6R2hZsQThSAdMNvF0orSXwY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP44bjMU=</latexit>

Statement of AdS/CFT

ZAdS d +1 [! ! ! 0] = ZCFT d [! 0]
<latexit sha1_base64="dR+gqvvqxeWT3AL+rcMGyhFcIbo="></latexit>

Generating functional of Generating functional of
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de Sitter (dS) =<latexit sha1_base64="MWbL6R2hZsQThSAdMNvF0orSXwY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP44bjMU=</latexit>

spacetime with
constant positive curvature

Anti-de Sitter (AdS) =<latexit sha1_base64="MWbL6R2hZsQThSAdMNvF0orSXwY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP44bjMU=</latexit>

spacetime with
constant negative curvature

in Euclidean signature, a sphere

in Euclidean signature, a hyperboloid

Mathematics Definition

Anti-de Sitter Spacetime



M,N = 1, 2, . . . , d, d+ 1
<latexit sha1_base64="JKES4sWhQuKBCGH6S8hCBxoID8A=">AAACA3icbVDLSgMxFM3UV62vUXe6CRZBcCgzVdCNUHTjRqlgH9AOJZNJ29BMMiQZoQwFN/6KGxeKuPUn3Pk3pu0stPVwLxzOuZfkniBmVGnX/bZyC4tLyyv51cLa+sbmlr29U1cikZjUsGBCNgOkCKOc1DTVjDRjSVAUMNIIBldjv/FApKKC3+thTPwI9TjtUoy0kTr23o1zCy+g58CyA9ssFFo5MDR17HXsoltyJ4DzxMtIEWSoduyvdihwEhGuMUNKtTw31n6KpKaYkVGhnSgSIzxAPdIylKOIKD+d3DCCh0YJYVdI01zDifp7I0WRUsMoMJMR0n01643F/7xWorvnfkp5nGjC8fShbsKgFnAcCAypJFizoSEIS2r+CnEfSYS1ia1gQvBmT54n9XLJOymV706LlcssjjzYBwfgCHjgDFTANaiCGsDgETyDV/BmPVkv1rv1MR3NWdnOLvgD6/MHar+UMA==</latexit>

X M = ( t, !X )
<latexit sha1_base64="pbik3v/cxI5oa5xP6+kvd+jKFYY=">AAAB+nicbVBNS8NAEN34WetXqkcvi0WoICWpgl6EohcvQgXbBtpYNttNu3Tzwe6kUmJ/ihcPinj1l3jz37htc9DWBwOP92aYmefFgiuwrG9jaXlldW09t5Hf3Nre2TULew0VJZKyOo1EJB2PKCZ4yOrAQTAnlowEnmBNb3A98ZtDJhWPwnsYxcwNSC/kPqcEtNQxC87DLb7EJThpDxlNnfFxxyxaZWsKvEjsjBRRhlrH/Gp3I5oELAQqiFIt24rBTYkETgUb59uJYjGhA9JjLU1DEjDlptPTx/hIK13sR1JXCHiq/p5ISaDUKPB0Z0Cgr+a9ifif10rAv3BTHsYJsJDOFvmJwBDhSQ64yyWjIEaaECq5vhXTPpGEgk4rr0Ow519eJI1K2T4tV+7OitWrLI4cOkCHqIRsdI6q6AbVUB1R9Iie0St6M56MF+Pd+Ji1LhnZzD76A+PzBz7ekrQ=</latexit>

GMN (X)
<latexit sha1_base64="PPPWzPTO2hbBxiKjxN/HFyS2n5w=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUS9mtgh6LHvSiVLAf0i4lm2bb0CS7JFmhLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXhBzpo3rfjtLyyura+u5jfzm1vbObmFvv6GjRBFaJxGPVCvAmnImad0ww2krVhSLgNNmMLya+M0nqjSL5IMZxdQXuC9ZyAg2Vnq87qa3d+NS66RbKLpldwq0SLyMFCFDrVv46vQikggqDeFY67bnxsZPsTKMcDrOdxJNY0yGuE/blkosqPbT6cFjdGyVHgojZUsaNFV/T6RYaD0Sge0U2Az0vDcR//PaiQkv/JTJODFUktmiMOHIRGjyPeoxRYnhI0swUczeisgAK0yMzShvQ/DmX14kjUrZOy1X7s+K1cssjhwcwhGUwINzqMIN1KAOBAQ8wyu8Ocp5cd6dj1nrkpPNHMAfOJ8/xF2Pug==</latexit>

solution of the vacuum Einstein’s equation
with negative cosmological constant

dynamical metric
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radius of curvature of AdS

Ricci scalar

Anti-de Sitter Spacetime
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Homework: show how the special conformal transformations act in AdS



Quantum Gravity Theory
in (d+1)-dimensional

Anti-de Sitter (AdS) spacetime

Conformal Field Theory (CFT)
in d-dimensional

Minkowski spacetime
=<latexit sha1_base64="MWbL6R2hZsQThSAdMNvF0orSXwY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP44bjMU=</latexit>

Statement of AdS/CFT

ZAdS d +1 [! ! ! 0] = ZCFT d [! 0]
<latexit sha1_base64="dR+gqvvqxeWT3AL+rcMGyhFcIbo="></latexit>

Generating functional of Generating functional of



Quantum Gravity Theory
in (d+1)-dimensional

Anti-de Sitter (AdS) spacetime

Statement of AdS/CFT

ZAdS d +1 [! ! ! 0] = ZCFT d [! 0]
<latexit sha1_base64="dR+gqvvqxeWT3AL+rcMGyhFcIbo="></latexit>

Generating functional of

Boundary conditions

ZAdSd+1
[GMN ,�, . . .] =

Z
DGMND� . . . eiSEH+iSmatter+...

<latexit sha1_base64="MeoknekfAgTHKOf68yi1PteFYHU="></latexit>

lim
z!0

� = �0
<latexit sha1_base64="B+30t0nIMGIPr5WBW4fuA1Z09+8=">AAACA3icbVDNS8MwHE3n15xfVW96CQ7B02inoBdh6MXjBPcBaylplm5hSVqSVJhl4MV/xYsHRbz6T3jzvzHdetDNByGP934/kvfChFGlHefbKi0tr6yuldcrG5tb2zv27l5bxanEpIVjFstuiBRhVJCWppqRbiIJ4iEjnXB0nfudeyIVjcWdHifE52ggaEQx0kYK7AOPUR5kD56OoTPxmkMKL2F+BU5gV52aMwVcJG5BqqBAM7C/vH6MU06Exgwp1XOdRPsZkppiRiYVL1UkQXiEBqRnqECcKD+bZpjAY6P0YRRLc4SGU/X3Roa4UmMemkmO9FDNe7n4n9dLdXThZ1QkqSYCzx6KUgZN4LwQ2KeSYM3GhiAsqfkrxEMkEdamtoopwZ2PvEja9Zp7WqvfnlUbV0UdZXAIjsAJcME5aIAb0AQtgMEjeAav4M16sl6sd+tjNlqyip198AfW5w9rH5a3</latexit>



Quantum Gravity Theory
in (d+1)-dimensional

Anti-de Sitter (AdS) spacetime

Conformal Field Theory (CFT)
in d-dimensional

Minkowski spacetime
=<latexit sha1_base64="MWbL6R2hZsQThSAdMNvF0orSXwY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP44bjMU=</latexit>

Statement of AdS/CFT

ZAdS d +1 [! ! ! 0] = ZCFT d [! 0]
<latexit sha1_base64="dR+gqvvqxeWT3AL+rcMGyhFcIbo="></latexit>

Generating functional of Generating functional of



Statement of AdS/CFT

ZAdS d +1 [! ! ! 0] = ZCFT d [! 0]
<latexit sha1_base64="dR+gqvvqxeWT3AL+rcMGyhFcIbo="></latexit>

AdS/CFT Dictionary

field operator

GMN
<latexit sha1_base64="4PVn9W/NshoLOnV9RIHDVY+b0Tg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT0WPehFqWA/oF1KNs22sdlkSbJCWfofvHhQxKv/x5v/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKlloghtEMmlagdYU84EbRhmOG3HiuIo4LQVjK6mfuuJKs2keDDjmPoRHggWMoKNlZrXvfT2btIrltyyOwNaJl5GSpCh3it+dfuSJBEVhnCsdcdzY+OnWBlGOJ0UuommMSYjPKAdSwWOqPbT2bUTdGKVPgqlsiUMmqm/J1IcaT2OAtsZYTPUi95U/M/rJCa88FMm4sRQQeaLwoQjI9H0ddRnihLDx5Zgopi9FZEhVpgYG1DBhuAtvrxMmpWyd1au3FdLtcssjjwcwTGcggfnUIMbqEMDCDzCM7zCmyOdF+fd+Zi35pxs5hD+wPn8AU4HjvM=</latexit>

Tµ⌫
<latexit sha1_base64="QBu/CSsZhHNo1WHoFvkD59SFKT4=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWOEvDC7hNnJJBkyM7vMQwhL/sKLB0W8+jfe/BsnyR40saChqOqmuytOOdPG97+9tfWNza3twk5xd2//4LB0dNzSiVWENknCE9WJsaacSdo0zHDaSRXFIua0HY/vZn77iSrNEtkwk5RGAg8lGzCCjZMeG70sFDaUdtorlf2KPwdaJUFOypCj3it9hf2EWEGlIRxr3Q381EQZVoYRTqfF0GqaYjLGQ9p1VGJBdZTNL56ic6f00SBRrqRBc/X3RIaF1hMRu06BzUgvezPxP69rzeAmyphMraGSLBYNLEcmQbP3UZ8pSgyfOIKJYu5WREZYYWJcSEUXQrD88ippVSvBZaX6cFWu3eZxFOAUzuACAriGGtxDHZpAQMIzvMKbp70X7937WLSuefnMCfyB9/kD3MeRCg==</latexit>

AM
<latexit sha1_base64="VYMJ8n1MPfPslyGYva1dSHnmNdg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9RL16EiOYByRJmJ5NkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNON1FslItwJquBSK11Gg5K1YcxoGkjeD0c3Ubz5xbUSkHnEccz+kAyX6glG00sNV965bLLlldwayTLyMlCBDrVv86vQiloRcIZPUmLbnxuinVKNgkk8KncTwmLIRHfC2pYqG3Pjp7NQJObFKj/QjbUshmam/J1IaGjMOA9sZUhyaRW8q/ue1E+xf+qlQcYJcsfmifiIJRmT6N+kJzRnKsSWUaWFvJWxINWVo0ynYELzFl5dJo1L2zsqV+/NS9TqLIw9HcAyn4MEFVOEWalAHBgN4hld4c6Tz4rw7H/PWnJPNHMIfOJ8/45WNiQ==</latexit>

Jµ
<latexit sha1_base64="mivAu1MueuUMroNFwjxWcQR7JVc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL+IpgnlAsoTZyWwyZGZ2mYcQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXlHKmje9/e4W19Y3NreJ2aWd3b/+gfHjU0olVhDZJwhPVibCmnEnaNMxw2kkVxSLitB2Nb2d++4kqzRL5aCYpDQUeShYzgo2T2vf9rCfstF+u+FV/DrRKgpxUIEejX/7qDRJiBZWGcKx1N/BTE2ZYGUY4nZZ6VtMUkzEe0q6jEguqw2x+7hSdOWWA4kS5kgbN1d8TGRZaT0TkOgU2I73szcT/vK418XWYMZlaQyVZLIotRyZBs9/RgClKDJ84goli7lZERlhhYlxCJRdCsPzyKmnVqsFFtfZwWanf5HEU4QRO4RwCuII63EEDmkBgDM/wCm9e6r14797HorXg5TPH8Afe5w9xSo+j</latexit>

gauge fieldU(1)
<latexit sha1_base64="q2WuGEAWhnbklAv/FKUZhSFbBLY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkpSBT0WvXisYGqhDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHHR2nilCfxDxW3RBrypmkvmGG026iKBYhp4/h5Db3H5+o0iyWD2aa0EDgkWQRI9jkkl/3zgfVmttw50CrxCtIDQq0B9Wv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZV0mg3votG8v6y1boo4ynACp1AHD66gBXfQBh8IjOEZXuHNEc6L8+58LFpLTjFzDH/gfP4A58SNfQ==</latexit>

scalar field

�
<latexit sha1_base64="SIWWhw4cDOJI1oTS6WRyjqImg48=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NGxHbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwhs/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddJt1L2reuOhWWvdFnGU4QzO4RI8uIYW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QPkB44j</latexit>

conserved current

scalar operator

O
<latexit sha1_base64="C9VsfQgXBKcUSYmMuQgw/3NmQGM=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFN+6sYB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaWehrQcCh3PuJeeeMOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqhVhTzgRtG2Y47SWK4jjktBtObnO/+0SVZlI8mmlCgxiPBIsYwcZKfj/GZkwwz+5ng2rNrbtzoFXiFaQGBVqD6ld/KEkaU2EIx1r7npuYIMPKMMLprNJPNU0wmeAR9S0VOKY6yOaRZ+jMKkMUSWWfMGiu/t7IcKz1NA7tZB5RL3u5+J/npya6DjImktRQQRYfRSlHRqL8fjRkihLDp5ZgopjNisgYK0yMbaliS/CWT14lnUbdu6g3Hi5rzZuijjKcwCmcgwdX0IQ7aEEbCEh4hld4c4zz4rw7H4vRklPsHMMfOJ8/huKRaQ==</latexit>

,
<latexit sha1_base64="ItuChGlaAk55B+WcrAzIXCmXz+k=">AAAB+HicbVA9SwNBEN3zM8aPnFraLAbBKtxFQcugjYVFBPMByRH2NnvJkr3dY3dOiUd+iY2FIrb+FDv/jZvkCk18MPB4b4aZeWEiuAHP+3ZWVtfWNzYLW8Xtnd29krt/0DQq1ZQ1qBJKt0NimOCSNYCDYO1EMxKHgrXC0fXUbz0wbbiS9zBOWBCTgeQRpwSs1HNL3VsWgeaDIRCt1WPPLXsVbwa8TPyclFGOes/96vYVTWMmgQpiTMf3EggyooFTwSbFbmpYQuiIDFjHUkliZoJsdvgEn1iljyOlbUnAM/X3REZiY8ZxaDtjAkOz6E3F/7xOCtFlkHGZpMAknS+KUoFB4WkKuM81oyDGlhCqub0V0yHRhILNqmhD8BdfXibNasU/q1Tvzsu1qzyOAjpCx+gU+egC1dANqqMGoihFz+gVvTlPzovz7nzMW1ecfOYQ/YHz+QM5hJN1</latexit>

,
<latexit sha1_base64="ItuChGlaAk55B+WcrAzIXCmXz+k=">AAAB+HicbVA9SwNBEN3zM8aPnFraLAbBKtxFQcugjYVFBPMByRH2NnvJkr3dY3dOiUd+iY2FIrb+FDv/jZvkCk18MPB4b4aZeWEiuAHP+3ZWVtfWNzYLW8Xtnd29krt/0DQq1ZQ1qBJKt0NimOCSNYCDYO1EMxKHgrXC0fXUbz0wbbiS9zBOWBCTgeQRpwSs1HNL3VsWgeaDIRCt1WPPLXsVbwa8TPyclFGOes/96vYVTWMmgQpiTMf3EggyooFTwSbFbmpYQuiIDFjHUkliZoJsdvgEn1iljyOlbUnAM/X3REZiY8ZxaDtjAkOz6E3F/7xOCtFlkHGZpMAknS+KUoFB4WkKuM81oyDGlhCqub0V0yHRhILNqmhD8BdfXibNasU/q1Tvzsu1qzyOAjpCx+gU+egC1dANqqMGoihFz+gVvTlPzovz7nzMW1ecfOYQ/YHz+QM5hJN1</latexit>

,
<latexit sha1_base64="ItuChGlaAk55B+WcrAzIXCmXz+k=">AAAB+HicbVA9SwNBEN3zM8aPnFraLAbBKtxFQcugjYVFBPMByRH2NnvJkr3dY3dOiUd+iY2FIrb+FDv/jZvkCk18MPB4b4aZeWEiuAHP+3ZWVtfWNzYLW8Xtnd29krt/0DQq1ZQ1qBJKt0NimOCSNYCDYO1EMxKHgrXC0fXUbz0wbbiS9zBOWBCTgeQRpwSs1HNL3VsWgeaDIRCt1WPPLXsVbwa8TPyclFGOes/96vYVTWMmgQpiTMf3EggyooFTwSbFbmpYQuiIDFjHUkliZoJsdvgEn1iljyOlbUnAM/X3REZiY8ZxaDtjAkOz6E3F/7xOCtFlkHGZpMAknS+KUoFB4WkKuM81oyDGlhCqub0V0yHRhILNqmhD8BdfXibNasU/q1Tvzsu1qzyOAjpCx+gU+egC1dANqqMGoihFz+gVvTlPzovz7nzMW1ecfOYQ/YHz+QM5hJN1</latexit>

boundary value source

,
<latexit sha1_base64="ItuChGlaAk55B+WcrAzIXCmXz+k=">AAAB+HicbVA9SwNBEN3zM8aPnFraLAbBKtxFQcugjYVFBPMByRH2NnvJkr3dY3dOiUd+iY2FIrb+FDv/jZvkCk18MPB4b4aZeWEiuAHP+3ZWVtfWNzYLW8Xtnd29krt/0DQq1ZQ1qBJKt0NimOCSNYCDYO1EMxKHgrXC0fXUbz0wbbiS9zBOWBCTgeQRpwSs1HNL3VsWgeaDIRCt1WPPLXsVbwa8TPyclFGOes/96vYVTWMmgQpiTMf3EggyooFTwSbFbmpYQuiIDFjHUkliZoJsdvgEn1iljyOlbUnAM/X3REZiY8ZxaDtjAkOz6E3F/7xOCtFlkHGZpMAknS+KUoFB4WkKuM81oyDGlhCqub0V0yHRhILNqmhD8BdfXibNasU/q1Tvzsu1qzyOAjpCx+gU+egC1dANqqMGoihFz+gVvTlPzovz7nzMW1ecfOYQ/YHz+QM5hJN1</latexit>

,
<latexit sha1_base64="ItuChGlaAk55B+WcrAzIXCmXz+k=">AAAB+HicbVA9SwNBEN3zM8aPnFraLAbBKtxFQcugjYVFBPMByRH2NnvJkr3dY3dOiUd+iY2FIrb+FDv/jZvkCk18MPB4b4aZeWEiuAHP+3ZWVtfWNzYLW8Xtnd29krt/0DQq1ZQ1qBJKt0NimOCSNYCDYO1EMxKHgrXC0fXUbz0wbbiS9zBOWBCTgeQRpwSs1HNL3VsWgeaDIRCt1WPPLXsVbwa8TPyclFGOes/96vYVTWMmgQpiTMf3EggyooFTwSbFbmpYQuiIDFjHUkliZoJsdvgEn1iljyOlbUnAM/X3REZiY8ZxaDtjAkOz6E3F/7xOCtFlkHGZpMAknS+KUoFB4WkKuM81oyDGlhCqub0V0yHRhILNqmhD8BdfXibNasU/q1Tvzsu1qzyOAjpCx+gU+egC1dANqqMGoihFz+gVvTlPzovz7nzMW1ecfOYQ/YHz+QM5hJN1</latexit>

U(1)
<latexit sha1_base64="q2WuGEAWhnbklAv/FKUZhSFbBLY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkpSBT0WvXisYGqhDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHHR2nilCfxDxW3RBrypmkvmGG026iKBYhp4/h5Db3H5+o0iyWD2aa0EDgkWQRI9jkkl/3zgfVmttw50CrxCtIDQq0B9Wv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZV0mg3votG8v6y1boo4ynACp1AHD66gBXfQBh8IjOEZXuHNEc6L8+58LFpLTjFzDH/gfP4A58SNfQ==</latexit>



DEEP AND PROFOUND

QFT with NO GRAVITY somehow “knows about”
quantum gravity in one higher dimension

Quantum gravity (in AdS) is simpler than we think

Two different descriptions of the same physics

Statement of AdS/CFT

ZAdS d +1 [! ! ! 0] = ZCFT d [! 0]
<latexit sha1_base64="dR+gqvvqxeWT3AL+rcMGyhFcIbo="></latexit>



The Holographic Principle

In any theory of quantum gravity,
all physical information about any sub-region

is contained in degrees of freedom
at the region’s boundary.

These are concrete examples of

Statement of AdS/CFT

ZAdS d +1 [! ! ! 0] = ZCFT d [! 0]
<latexit sha1_base64="dR+gqvvqxeWT3AL+rcMGyhFcIbo="></latexit>



Not “proven”

Still a “conjecture”

Statement of AdS/CFT

ZAdS d +1 [! ! ! 0] = ZCFT d [! 0]
<latexit sha1_base64="dR+gqvvqxeWT3AL+rcMGyhFcIbo="></latexit>

An overwhelming amount of circumstantial evidence.

Given the weight of evidence, everybody believes it.
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ZAdSd+1
[GMN ,�, . . .] =

Z
DGMND� . . . eiSEH+iSmatter+...

<latexit sha1_base64="MeoknekfAgTHKOf68yi1PteFYHU="></latexit>

Make approximations to get classical Einstein gravity.

classical limit

small curvatures

1

2

“GN ⌧ 1”
<latexit sha1_base64="lx8nht6qEM6hziRgZQuvuvGszE0=">AAACAHicbVDLSsNAFJ34rPUVdeHCzdAiuCpJFXRZdKErqWAf0IR0Mp22QycPZm7EErLxV9y4UMStn+HOv3HaZqGtBy4czrmXe+/xY8EVWNa3sbS8srq2Xtgobm5t7+yae/tNFSWSsgaNRCTbPlFM8JA1gINg7VgyEviCtfzR1cRvPTCpeBTewzhmbkAGIe9zSkBLnnnY7V57qQPsEWSQ3mYZdoTAdskzy1bFmgIvEjsnZZSj7plfTi+iScBCoIIo1bGtGNyUSOBUsKzoJIrFhI7IgHU0DUnAlJtOH8jwsVZ6uB9JXSHgqfp7IiWBUuPA150BgaGa9ybif14ngf6Fm/IwToCFdLaonwgMEZ6kgXtcMgpirAmhkutbMR0SSSjozIo6BHv+5UXSrFbs00r17qxcu8zjKKAjVEInyEbnqIZuUB01EEUZekav6M14Ml6Md+Nj1rpk5DMH6A+Mzx/+x5YA</latexit>



Statement of AdS/CFT

ZAdS d +1 [! ! ! 0] = ZCFT d [! 0]
<latexit sha1_base64="dR+gqvvqxeWT3AL+rcMGyhFcIbo="></latexit>

Make approximations to get classical Einstein gravity.

classical limit

small curvatures

1

2

“GN ⌧ 1”
<latexit sha1_base64="lx8nht6qEM6hziRgZQuvuvGszE0=">AAACAHicbVDLSsNAFJ34rPUVdeHCzdAiuCpJFXRZdKErqWAf0IR0Mp22QycPZm7EErLxV9y4UMStn+HOv3HaZqGtBy4czrmXe+/xY8EVWNa3sbS8srq2Xtgobm5t7+yae/tNFSWSsgaNRCTbPlFM8JA1gINg7VgyEviCtfzR1cRvPTCpeBTewzhmbkAGIe9zSkBLnnnY7V57qQPsEWSQ3mYZdoTAdskzy1bFmgIvEjsnZZSj7plfTi+iScBCoIIo1bGtGNyUSOBUsKzoJIrFhI7IgHU0DUnAlJtOH8jwsVZ6uB9JXSHgqfp7IiWBUuPA150BgaGa9ybif14ngf6Fm/IwToCFdLaonwgMEZ6kgXtcMgpirAmhkutbMR0SSSjozIo6BHv+5UXSrFbs00r17qxcu8zjKKAjVEInyEbnqIZuUB01EEUZekav6M14Ml6Md+Nj1rpk5DMH6A+Mzx/+x5YA</latexit>

ZAdSd+1
[GMN ,�, . . .] ⇡ eiSEH+iSmatter

��
on-shell

<latexit sha1_base64="iEEp9DTRSiDqXYTJPOY1x2ib97A="></latexit>



What are these limits in the CFT?

best. understood examples are
non-Abelian gauge theories/Yang-Mills theories

SU(N )
<latexit sha1_base64="emkPISoZRYAkkHGpQwKkTcrrNAM=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY9OJJKrq20C4lm2bb0CS7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjuFldW19Y3iZmlre2d3r7x/8KjjVBHqk5jHqh1iTTmT1DfMcNpOFMUi5LQVjq6nfuuJKs1i+WDGCQ0EHkgWMYKNlfx7v3p72itX3Jo7A1omXk4qkKPZK391+zFJBZWGcKx1x3MTE2RYGUY4nZS6qaYJJiM8oB1LJRZUB9ns2Ak6sUofRbGyJQ2aqb8nMiy0HovQdgpshnrRm4r/eZ3URJdBxmSSGirJfFGUcmRiNP0c9ZmixPCxJZgoZm9FZIgVJsbmU7IheIsvL5PHes07q9XvziuNqzyOIhzBMVTBgwtowA00wQcCDJ7hFd4c6bw4787HvLXg5DOH8AfO5w+35o33</latexit>

gauge group gYM
<latexit sha1_base64="trVMs7CcsFlw0Hi+nY6nEpA2wEs=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkpSBT0WvXgRKtgPaUPYbLft0s0m7E7EGvJLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvCAWXIPjfFuFldW19Y3iZmlre2e3bO/tt3SUKMqaNBKR6gREM8ElawIHwTqxYiQMBGsH46up335gSvNI3sEkZl5IhpIPOCVgJN8uD/20B+wRVJje32SZb1ecqjMDXiZuTiooR8O3v3r9iCYhk0AF0brrOjF4KVHAqWBZqZdoFhM6JkPWNVSSkGkvnR2e4WOj9PEgUqYk4Jn6eyIlodaTMDCdIYGRXvSm4n9eN4HBhZdyGSfAJJ0vGiQCQ4SnKeA+V4yCmBhCqOLmVkxHRBEKJquSCcFdfHmZtGpV97Rauz2r1C/zOIroEB2hE+Sic1RH16iBmoiiBD2jV/RmPVkv1rv1MW8tWPnMAfoD6/MHfreToQ==</latexit>

gauge coupling

’t Hooft limit
N ! 1

<latexit sha1_base64="D4oqoHHUWY+//InuBAtL2bkwHB8=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF09SwX5AE8pmu2mXbjZhdyKU0r/hxYMiXv0z3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjlkkyzXiTJTLRnZAaLoXiTRQoeSfVnMah5O1wdDvz209cG5GoRxynPIjpQIlIMIpW8u+JjwnxhYpw3CtX3Ko7B1klXk4qkKPRK3/5/YRlMVfIJDWm67kpBhOqUTDJpyU/MzylbEQHvGupojE3wWR+85ScWaVPokTbUkjm6u+JCY2NGceh7YwpDs2yNxP/87oZRtfBRKg0Q67YYlGUSWL/nAVA+kJzhnJsCWVa2FsJG1JNGdqYSjYEb/nlVdKqVb2Lau3hslK/yeMowgmcwjl4cAV1uIMGNIFBCs/wCm9O5rw4787HorXg5DPH8AfO5w9rXpFJ</latexit>

gYM ! 0
<latexit sha1_base64="6rC5UZwIYmuy7rY7huVPClMFTV0=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KkkVdFl040aoYB/ShDCZTtqhM0mYuRFrCP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUHCmQLb/jYWFpeWV1ZLa+X1jc2tbXNnt6XiVBLaJDGPZSfAinIW0SYw4LSTSIpFwGk7GF6O/fY9lYrF0S2MEuoJ3I9YyAgGLfnmft/PXKAPIEV2d53nLsSW7ZsVu2pPYM0TpyAVVKDhm19uLyapoBEQjpXqOnYCXoYlMMJpXnZTRRNMhrhPu5pGWFDlZZPrc+tIKz0rjKWuCKyJ+nsiw0KpkQh0p8AwULPeWPzP66YQnnsZi5IUaESmi8KUW/rFcRRWj0lKgI80wUQyfatFBlhiAjqwsg7BmX15nrRqVeekWrs5rdQvijhK6AAdomPkoDNUR1eogZqIoEf0jF7Rm/FkvBjvxse0dcEoZvbQHxifP7jllWI=</latexit>

� ⌘ g2YMN
<latexit sha1_base64="k91L9JlZAFyV2zWVLoMNUWIraAI=">AAACC3icbVC7TgJBFJ3FF+ILtbSZQEysyC6aaEm0sdFgIg/DIpkdLjBh9uHMXSLZ0Nv4KzYWGmPrD9j5Nw5IoeBJJjk559zcuceLpNBo219WamFxaXklvZpZW9/Y3Mpu71R1GCsOFR7KUNU9pkGKACooUEI9UsB8T0LN65+N/doAlBZhcI3DCJo+6waiIzhDI7WyOVeacJtRF+5iMaDdVuIi3KPyk5uL0ei2SC9b2bxdsCeg88SZkjyZotzKfrrtkMc+BMgl07rh2BE2E6ZQcAmjjBtriBjvsy40DA2YD7qZTG4Z0X2jtGknVOYFSCfq74mE+VoPfc8kfYY9PeuNxf+8Roydk2YigihGCPjPok4sKYZ0XAxtCwUc5dAQxpUwf6W8xxTjaOrLmBKc2ZPnSbVYcA4LxaujfOl0Wkea7JEcOSAOOSYlck7KpEI4eSBP5IW8Wo/Ws/Vmvf9EU9Z0Zpf8gfXxDcjzmuA=</latexit>

fixed

expand all observables in 1/N
<latexit sha1_base64="U8HG9TOj5q6KSgDbqPo4ojJmJpc=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKe5GQY9BL54konlAsoTZSScZMju7zMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmMbqZ+8wmV5pF8NOMY/ZAOJO9zRo2VHryzu26x5JbdGcgy8TJSggy1bvGr04tYEqI0TFCt254bGz+lynAmcFLoJBpjykZ0gG1LJQ1R++ns1Ak5sUqP9CNlSxoyU39PpDTUehwGtjOkZqgXvan4n9dOTP/KT7mME4OSzRf1E0FMRKZ/kx5XyIwYW0KZ4vZWwoZUUWZsOgUbgrf48jJpVMreeblyf1GqXmdx5OEIjuEUPLiEKtxCDerAYADP8ApvjnBenHfnY96ac7KZQ/gD5/MHg8mNSg==</latexit>

Statement of AdS/CFT

eiS[�!�0]
���
on-shell

= ZCFTd [�0]
<latexit sha1_base64="VGBJOFAXZ5ysdk7TEeO0zef+AJo="></latexit>

with



classical limit

small curvatures

1

2

“GN ⌧ 1”
<latexit sha1_base64="lx8nht6qEM6hziRgZQuvuvGszE0=">AAACAHicbVDLSsNAFJ34rPUVdeHCzdAiuCpJFXRZdKErqWAf0IR0Mp22QycPZm7EErLxV9y4UMStn+HOv3HaZqGtBy4czrmXe+/xY8EVWNa3sbS8srq2Xtgobm5t7+yae/tNFSWSsgaNRCTbPlFM8JA1gINg7VgyEviCtfzR1cRvPTCpeBTewzhmbkAGIe9zSkBLnnnY7V57qQPsEWSQ3mYZdoTAdskzy1bFmgIvEjsnZZSj7plfTi+iScBCoIIo1bGtGNyUSOBUsKzoJIrFhI7IgHU0DUnAlJtOH8jwsVZ6uB9JXSHgqfp7IiWBUuPA150BgaGa9ybif14ngf6Fm/IwToCFdLaonwgMEZ6kgXtcMgpirAmhkutbMR0SSSjozIo6BHv+5UXSrFbs00r17qxcu8zjKKAjVEInyEbnqIZuUB01EEUZekav6M14Ml6Md+Nj1rpk5DMH6A+Mzx/+x5YA</latexit>

What are these limits in the CFT?

Statement of AdS/CFT

eiS[�!�0]
���
on-shell

= ZCFTd [�0]
<latexit sha1_base64="VGBJOFAXZ5ysdk7TEeO0zef+AJo="></latexit>

GN ⇠ 1/N2
<latexit sha1_base64="kM5JM11EZ7782vK9bGZxLc68hYA=">AAACAnicbVA9SwNBEN2LXzF+nVqJzWIQrOJdFLQMWmgVIpgPSGLY22ySJbt3x+6cGI7Dxr9iY6GIrb/Czn/jJrlCEx8MPN6bYWaeFwquwXG+rczC4tLySnY1t7a+sbllb+/UdBApyqo0EIFqeEQzwX1WBQ6CNULFiPQEq3vDy7Ffv2dK88C/hVHI2pL0fd7jlICROvbeVSduAXsAJeNykuCW5hK7x+W7YsfOOwVnAjxP3JTkUYpKx/5qdQMaSeYDFUTrpuuE0I6JAk4FS3KtSLOQ0CHps6ahPpFMt+PJCwk+NEoX9wJlygc8UX9PxERqPZKe6ZQEBnrWG4v/ec0IeuftmPthBMyn00W9SGAI8DgP3OWKURAjQwhV3NyK6YAoQsGkljMhuLMvz5NaseCeFIo3p/nSRRpHFu2jA3SEXHSGSugaVVAVUfSIntErerOerBfr3fqYtmasdGYX/YH1+QNHoJaw</latexit>

’t Hooft limit

� ⌘ g2YMN ! 1
<latexit sha1_base64="TcqCUIDDoscChNMsP5IjfIMjRVA=">AAACFnicbVC7SgNBFJ31bXxFLW0Gg2Bj2I2ClqKNjRLBJEo2htnJ3WRwdnaduSuGJV9h46/YWChiK3b+jZNHodEDA4dzzuXOPUEihUHX/XImJqemZ2bn5nMLi0vLK/nVtaqJU82hwmMZ68uAGZBCQQUFSrhMNLAokFALbo77fu0OtBGxusBuAo2ItZUIBWdopWZ+x5c23GLUh9tU3NF2M/MR7lFH2dVpr3ddomfUx5j6QoXYbeYLbtEdgP4l3ogUyAjlZv7Tb8U8jUAhl8yYuucm2MiYRsEl9HJ+aiBh/Ia1oW6pYhGYRjY4q0e3rNKiYaztU0gH6s+JjEXGdKPAJiOGHTPu9cX/vHqK4UEjEypJERQfLgpTSe2d/Y5oS2jgKLuWMK6F/SvlHaYZR9tkzpbgjZ/8l1RLRW+3WDrfKxwejeqYIxtkk2wTj+yTQ3JCyqRCOHkgT+SFvDqPzrPz5rwPoxPOaGad/ILz8Q0a0Z9T</latexit>

N ! 1
<latexit sha1_base64="D4oqoHHUWY+//InuBAtL2bkwHB8=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF09SwX5AE8pmu2mXbjZhdyKU0r/hxYMiXv0z3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjlkkyzXiTJTLRnZAaLoXiTRQoeSfVnMah5O1wdDvz209cG5GoRxynPIjpQIlIMIpW8u+JjwnxhYpw3CtX3Ko7B1klXk4qkKPRK3/5/YRlMVfIJDWm67kpBhOqUTDJpyU/MzylbEQHvGupojE3wWR+85ScWaVPokTbUkjm6u+JCY2NGceh7YwpDs2yNxP/87oZRtfBRKg0Q67YYlGUSWL/nAVA+kJzhnJsCWVa2FsJG1JNGdqYSjYEb/nlVdKqVb2Lau3hslK/yeMowgmcwjl4cAV1uIMGNIFBCs/wCm9O5rw4787HorXg5DPH8AfO5w9rXpFJ</latexit>



Statement of AdS/CFT

eiS[�!�0]
���
on-shell

= ZCFTd [�0]
<latexit sha1_base64="VGBJOFAXZ5ysdk7TEeO0zef+AJo="></latexit>

� ⌘ g2YMN ! 1
<latexit sha1_base64="TcqCUIDDoscChNMsP5IjfIMjRVA=">AAACFnicbVC7SgNBFJ31bXxFLW0Gg2Bj2I2ClqKNjRLBJEo2htnJ3WRwdnaduSuGJV9h46/YWChiK3b+jZNHodEDA4dzzuXOPUEihUHX/XImJqemZ2bn5nMLi0vLK/nVtaqJU82hwmMZ68uAGZBCQQUFSrhMNLAokFALbo77fu0OtBGxusBuAo2ItZUIBWdopWZ+x5c23GLUh9tU3NF2M/MR7lFH2dVpr3ddomfUx5j6QoXYbeYLbtEdgP4l3ogUyAjlZv7Tb8U8jUAhl8yYuucm2MiYRsEl9HJ+aiBh/Ia1oW6pYhGYRjY4q0e3rNKiYaztU0gH6s+JjEXGdKPAJiOGHTPu9cX/vHqK4UEjEypJERQfLgpTSe2d/Y5oS2jgKLuWMK6F/SvlHaYZR9tkzpbgjZ/8l1RLRW+3WDrfKxwejeqYIxtkk2wTj+yTQ3JCyqRCOHkgT+SFvDqPzrPz5rwPoxPOaGad/ILz8Q0a0Z9T</latexit>

We can calculate observables in
STRONGLY-COUPLED gauge theories…

…by solving classical equations of motion in AdS!

Exploit a century of experience with general relativity.



AdS/CFT Recipe

1

2

3

4

Determine AdS field �
<latexit sha1_base64="SIWWhw4cDOJI1oTS6WRyjqImg48=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NGxHbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwhs/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddJt1L2reuOhWWvdFnGU4QzO4RI8uIYW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QPkB44j</latexit>

dual to O
<latexit sha1_base64="C9VsfQgXBKcUSYmMuQgw/3NmQGM=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFN+6sYB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaWehrQcCh3PuJeeeMOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqhVhTzgRtG2Y47SWK4jjktBtObnO/+0SVZlI8mmlCgxiPBIsYwcZKfj/GZkwwz+5ng2rNrbtzoFXiFaQGBVqD6ld/KEkaU2EIx1r7npuYIMPKMMLprNJPNU0wmeAR9S0VOKY6yOaRZ+jMKkMUSWWfMGiu/t7IcKz1NA7tZB5RL3u5+J/npya6DjImktRQQRYfRSlHRqL8fjRkihLDp5ZgopjNisgYK0yMbaliS/CWT14lnUbdu6g3Hi5rzZuijjKcwCmcgwdX0IQ7aEEbCEh4hld4c4zz4rw7H4vRklPsHMMfOJ8/huKRaQ==</latexit>

Solve ! Õs
<latexit sha1_base64="08r51T7uygB30FixkujMYcLsbq8=">AAAB+HicbVBNSwMxEM36WetHVz16CRbRU9mtgh6LXjxWsB/QXUo2TdvQJLsks2Jd+ku8eFDEqz/Fm//GtN2Dtj4YeLw3w8y8KBHcgOd9Oyura+sbm4Wt4vbO7l7J3T9omjjVlDVoLGLdjohhgivWAA6CtRPNiIwEa0Wjm6nfemDa8FjdwzhhoSQDxfucErBS1y0F9SEPgD2CltmpmXTdslfxZsDLxM9JGeWod92voBfTVDIFVBBjOr6XQJgRDZwKNikGqWEJoSMyYB1LFZHMhNns8Ak+sUoP92NtSwGeqb8nMiKNGcvIdkoCQ7PoTcX/vE4K/asw4ypJgSk6X9RPBYYYT1PAPa4ZBTG2hFDN7a2YDokmFGxWRRuCv/jyMmlWK/55pXp3Ua5d53EU0BE6RmfIR5eohm5RHTUQRSl6Rq/ozXlyXpx352PeuuLkM4foD5zPHwdpk1Q=</latexit>

equation of motion with B.C. �0
<latexit sha1_base64="VHPu/9zV5aSmU34/wBdH6Ormdpw=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8b7XL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Rrd1fVuo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDwoQjsY=</latexit>

Plug solution into action

Vary on-shell action w.r.t. �0
<latexit sha1_base64="VHPu/9zV5aSmU34/wBdH6Ormdpw=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8b7XL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Rrd1fVuo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDwoQjsY=</latexit>

Statement of AdS/CFT

eiS[�!�0]
���
on-shell

= ZCFTd [�0]
<latexit sha1_base64="VGBJOFAXZ5ysdk7TEeO0zef+AJo="></latexit>
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Scalar 2-point Function

Lorentzian signature

ds2 = GMN dXMdXN =
L2

z2
�
dz2 � dt2 + d~x2

�
<latexit sha1_base64="0Q8eSytojIgigFdC9dZ04Bevtxs="></latexit>

Euclidean signature

ds2 = GMN dXMdXN =
L2

z2
�
dz2 + d⌧2 + d~x2

�
<latexit sha1_base64="T0dreAGfND5o+Bbrq4yJB3mNvSM="></latexit>

eiS[�!�0]
���
on-shell

= ZCFTd [�0]
<latexit sha1_base64="VGBJOFAXZ5ysdk7TEeO0zef+AJo="></latexit>

e�S[�!�0]
���
on-shell

= ZCFTd [�0]
<latexit sha1_base64="FvZijp+PFSijWIuJU9CNWC9rLvE="></latexit>



CFT scalar field O(t, ~x)
<latexit sha1_base64="06woSE/saiL/H3QFP7r1Zh0AmjY=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkhJqqDLoht3VrAPaEKZTCft0MkkzEyKJWbhr7hxoYhbf8Odf+OkzUJbDwwczrmXe+Z4EaNSWda3UVhaXlldK66XNja3tnfM3b2WDGOBSROHLBQdD0nCKCdNRRUjnUgQFHiMtL3Rdea3x0RIGvJ7NYmIG6ABpz7FSGmpZx44AVJDjFhym1bUqTMmOHlIT3pm2apaU8BFYuekDHI0euaX0w9xHBCuMENSdm0rUm6ChKKYkbTkxJJECI/QgHQ15Sgg0k2m+VN4rJU+9EOhH1dwqv7eSFAg5STw9GSWVs57mfif142Vf+kmlEexIhzPDvkxgyqEWRmwTwXBik00QVhQnRXiIRIIK11ZSZdgz395kbRqVfusWrs7L9ev8jqK4BAcgQqwwQWogxvQAE2AwSN4Bq/gzXgyXox342M2WjDynX3wB8bnD+N4lgM=</latexit>

Perform a holographic calculation to reproduce

e�S[�!�0]
���
on-shell

= ZCFTd [�0]
<latexit sha1_base64="FvZijp+PFSijWIuJU9CNWC9rLvE="></latexit>

Scalar 2-point Function

hO(t, ~x)iJ=0 = 0
<latexit sha1_base64="J8A5fSkgD4yynIpwJ8MXxUTMwOA="></latexit>

hO(t1, ~x1)O(t2, ~x2)iJ=0 =
1

|x1 � x2|
2!

<latexit sha1_base64="maXOBTz5Or49h7XacV85Qgoo0tE="></latexit>



free, massive Klein-Gordon scalar field

probe limit:
ignore back-reaction on the metric 

e�S[�!�0]
���
on-shell

= ZCFTd [�0]
<latexit sha1_base64="FvZijp+PFSijWIuJU9CNWC9rLvE="></latexit>

Scalar 2-point Function

CFT scalar field O(t, ~x)
<latexit sha1_base64="06woSE/saiL/H3QFP7r1Zh0AmjY=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkhJqqDLoht3VrAPaEKZTCft0MkkzEyKJWbhr7hxoYhbf8Odf+OkzUJbDwwczrmXe+Z4EaNSWda3UVhaXlldK66XNja3tnfM3b2WDGOBSROHLBQdD0nCKCdNRRUjnUgQFHiMtL3Rdea3x0RIGvJ7NYmIG6ABpz7FSGmpZx44AVJDjFhym1bUqTMmOHlIT3pm2apaU8BFYuekDHI0euaX0w9xHBCuMENSdm0rUm6ChKKYkbTkxJJECI/QgHQ15Sgg0k2m+VN4rJU+9EOhH1dwqv7eSFAg5STw9GSWVs57mfif142Vf+kmlEexIhzPDvkxgyqEWRmwTwXBik00QVhQnRXiIRIIK11ZSZdgz395kbRqVfusWrs7L9ev8jqK4BAcgQqwwQWogxvQAE2AwSN4Bq/gzXgyXox342M2WjDynX3wB8bnD+N4lgM=</latexit>

1 Determine AdS field �
<latexit sha1_base64="SIWWhw4cDOJI1oTS6WRyjqImg48=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NGxHbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwhs/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddJt1L2reuOhWWvdFnGU4QzO4RI8uIYW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QPkB44j</latexit>

dual to O
<latexit sha1_base64="C9VsfQgXBKcUSYmMuQgw/3NmQGM=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFN+6sYB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaWehrQcCh3PuJeeeMOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqhVhTzgRtG2Y47SWK4jjktBtObnO/+0SVZlI8mmlCgxiPBIsYwcZKfj/GZkwwz+5ng2rNrbtzoFXiFaQGBVqD6ld/KEkaU2EIx1r7npuYIMPKMMLprNJPNU0wmeAR9S0VOKY6yOaRZ+jMKkMUSWWfMGiu/t7IcKz1NA7tZB5RL3u5+J/npya6DjImktRQQRYfRSlHRqL8fjRkihLDp5ZgopjNisgYK0yMbaliS/CWT14lnUbdu6g3Hi5rzZuijjKcwCmcgwdX0IQ7aEEbCEh4hld4c4zz4rw7H4vRklPsHMMfOJ8/huKRaQ==</latexit>



1p
G
@M

⇣p
GGMN@N�

⌘
�m2� = 0

<latexit sha1_base64="OSf4iM2yoyEE9iaCPmqXoOlI8Ec="></latexit>

e�S[�!�0]
���
on-shell

= ZCFTd [�0]
<latexit sha1_base64="FvZijp+PFSijWIuJU9CNWC9rLvE="></latexit>

Scalar 2-point Function

free, massive Klein-Gordon scalar field

ds2 = GMN dXMdXN =
L2

z2
�
dz2 + d⌧2 + d~x2

�
<latexit sha1_base64="T0dreAGfND5o+Bbrq4yJB3mNvSM="></latexit>

S =
1

2

!
dd+1 X

!
G

"
GMN ! M ! ! N ! + m2! 2#

<latexit sha1_base64="b2bPYC1WJOmrKvhVfr/ufWwAevc="></latexit>



e�S[�!�0]
���
on-shell

= ZCFTd [�0]
<latexit sha1_base64="FvZijp+PFSijWIuJU9CNWC9rLvE="></latexit>

Scalar 2-point Function

Fourier transform in Minkowski directions

@2
z�� (d� 1)

z
@z��


k2 +

m2L2

z2

�
� = 0

<latexit sha1_base64="IDz9U0W0cDrouE0UC8FhhaiKnwI="></latexit>

2 Solve ! Õs
<latexit sha1_base64="08r51T7uygB30FixkujMYcLsbq8=">AAAB+HicbVBNSwMxEM36WetHVz16CRbRU9mtgh6LXjxWsB/QXUo2TdvQJLsks2Jd+ku8eFDEqz/Fm//GtN2Dtj4YeLw3w8y8KBHcgOd9Oyura+sbm4Wt4vbO7l7J3T9omjjVlDVoLGLdjohhgivWAA6CtRPNiIwEa0Wjm6nfemDa8FjdwzhhoSQDxfucErBS1y0F9SEPgD2CltmpmXTdslfxZsDLxM9JGeWod92voBfTVDIFVBBjOr6XQJgRDZwKNikGqWEJoSMyYB1LFZHMhNns8Ak+sUoP92NtSwGeqb8nMiKNGcvIdkoCQ7PoTcX/vE4K/asw4ypJgSk6X9RPBYYYT1PAPa4ZBTG2hFDN7a2YDokmFGxWRRuCv/jyMmlWK/55pXp3Ua5d53EU0BE6RmfIR5eohm5RHTUQRSl6Rq/ozXlyXpx352PeuuLkM4foD5zPHwdpk1Q=</latexit>

equation of motion with B.C. �0
<latexit sha1_base64="VHPu/9zV5aSmU34/wBdH6Ormdpw=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8b7XL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Rrd1fVuo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDwoQjsY=</latexit>



e�S[�!�0]
���
on-shell

= ZCFTd [�0]
<latexit sha1_base64="FvZijp+PFSijWIuJU9CNWC9rLvE="></latexit>

Scalar 2-point Function

m2L2 = �(�� d)
<latexit sha1_base64="mgU/np/AgStvostM3lwzMcQ6lj4=">AAACBXicbVDLSgMxFM3UV62vUZe6CBahLiwzVdCNUNSFCxcV7APasWQymTY0yQxJRihDN278FTcuFHHrP7jzb0zbWWj1wCWHc+7l5h4/ZlRpx/mycnPzC4tL+eXCyura+oa9udVQUSIxqeOIRbLlI0UYFaSuqWakFUuCuM9I0x9cjP3mPZGKRuJWD2PicdQTNKQYaSN17V1+V4HXps5g55IwjUrTBx7C4KBrF52yMwH8S9yMFEGGWtf+7AQRTjgRGjOkVNt1Yu2lSGqKGRkVOokiMcID1CNtQwXiRHnp5IoR3DdKAMNImhIaTtSfEyniSg25bzo50n01643F/7x2osNTL6UiTjQReLooTBjUERxHAgMqCdZsaAjCkpq/QtxHEmFtgiuYENzZk/+SRqXsHpUrN8fF6nkWRx7sgD1QAi44AVVwBWqgDjB4AE/gBbxaj9az9Wa9T1tzVjazDX7B+vgGVzWV6w==</latexit>

� =
d

2
+

p
d2/4 +m2L2

<latexit sha1_base64="ie5dZWXNDZvlqPXjIgHtU4GJ8CY=">AAACFXicbVDLSsNAFJ34tr6iLt0MFkFQahIF3QiiLly4qGBboUnLZDKxg5OHMzdCCfkJN/6KGxeKuBXc+TdO2yx8Hbhw5px7mXuPnwquwLI+jbHxicmp6ZnZytz8wuKSubzSVEkmKWvQRCTyyieKCR6zBnAQ7CqVjES+YC3/5mTgt+6YVDyJL6GfMi8i1zEPOSWgpa657Z4yAQQfYjeUhOZBkTsF3sKuupWQBx1nZ0+/oo5z3nGKrlm1atYQ+C+xS1JFJepd88MNEppFLAYqiFJt20rBy4kETgUrKm6mWEroDblmbU1jEjHl5cOrCryhlQCHidQVAx6q3ydyEinVj3zdGRHoqd/eQPzPa2cQHng5j9MMWExHH4WZwJDgQUQ44JJREH1NCJVc74ppj+h0QAdZ0SHYv0/+S5pOzd6tORd71aPjMo4ZtIbW0Say0T46QmeojhqIonv0iJ7Ri/FgPBmvxtuodcwoZ1bRDxjvX/pJnMw=</latexit>

2 Solve ! Õs
<latexit sha1_base64="08r51T7uygB30FixkujMYcLsbq8=">AAAB+HicbVBNSwMxEM36WetHVz16CRbRU9mtgh6LXjxWsB/QXUo2TdvQJLsks2Jd+ku8eFDEqz/Fm//GtN2Dtj4YeLw3w8y8KBHcgOd9Oyura+sbm4Wt4vbO7l7J3T9omjjVlDVoLGLdjohhgivWAA6CtRPNiIwEa0Wjm6nfemDa8FjdwzhhoSQDxfucErBS1y0F9SEPgD2CltmpmXTdslfxZsDLxM9JGeWod92voBfTVDIFVBBjOr6XQJgRDZwKNikGqWEJoSMyYB1LFZHMhNns8Ak+sUoP92NtSwGeqb8nMiKNGcvIdkoCQ7PoTcX/vE4K/asw4ypJgSk6X9RPBYYYT1PAPa4ZBTG2hFDN7a2YDokmFGxWRRuCv/jyMmlWK/55pXp3Ua5d53EU0BE6RmfIR5eohm5RHTUQRSl6Rq/ozXlyXpx352PeuuLkM4foD5zPHwdpk1Q=</latexit>

equation of motion with B.C. �0
<latexit sha1_base64="VHPu/9zV5aSmU34/wBdH6Ormdpw=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8b7XL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Rrd1fVuo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDwoQjsY=</latexit>

! = c1 zd/ 2 Y�! d/ 2(ikz ) + c2 zd/ 2 J�! d/ 2(ikz )
<latexit sha1_base64="nm/xYPt3AuJN//XM8n564PECwEc="></latexit>



e�S[�!�0]
���
on-shell

= ZCFTd [�0]
<latexit sha1_base64="FvZijp+PFSijWIuJU9CNWC9rLvE="></latexit>

Scalar 2-point Function

2 Solve ! Õs
<latexit sha1_base64="08r51T7uygB30FixkujMYcLsbq8=">AAAB+HicbVBNSwMxEM36WetHVz16CRbRU9mtgh6LXjxWsB/QXUo2TdvQJLsks2Jd+ku8eFDEqz/Fm//GtN2Dtj4YeLw3w8y8KBHcgOd9Oyura+sbm4Wt4vbO7l7J3T9omjjVlDVoLGLdjohhgivWAA6CtRPNiIwEa0Wjm6nfemDa8FjdwzhhoSQDxfucErBS1y0F9SEPgD2CltmpmXTdslfxZsDLxM9JGeWod92voBfTVDIFVBBjOr6XQJgRDZwKNikGqWEJoSMyYB1LFZHMhNns8Ak+sUoP92NtSwGeqb8nMiKNGcvIdkoCQ7PoTcX/vE4K/asw4ypJgSk6X9RPBYYYT1PAPa4ZBTG2hFDN7a2YDokmFGxWRRuCv/jyMmlWK/55pXp3Ua5d53EU0BE6RmfIR5eohm5RHTUQRSl6Rq/ozXlyXpx352PeuuLkM4foD5zPHwdpk1Q=</latexit>

equation of motion with B.C. �0
<latexit sha1_base64="VHPu/9zV5aSmU34/wBdH6Ormdpw=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8b7XL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Rrd1fVuo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDwoQjsY=</latexit>

z = 0
<latexit sha1_base64="XB71XkCsRC9heeHQYgUOF2a0xwQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHiOYByRJmJ51kyOzsMjMrxCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUXCJdcONwFaskIaBwGYwupn6zUdUmkfywYxj9EM6kLzPGTVWun+6crvFklt2ZyDLxMtICTLUusWvTi9iSYjSMEG1bntubPyUKsOZwEmhk2iMKRvRAbYtlTRE7aezUyfkxCo90o+ULWnITP09kdJQ63EY2M6QmqFe9Kbif147Mf1LP+UyTgxKNl/UTwQxEZn+TXpcITNibAllittbCRtSRZmx6RRsCN7iy8ukUSl7Z+XK3Xmpep3FkYcjOIZT8OACqnALNagDgwE8wyu8OcJ5cd6dj3lrzslmDuEPnM8f2s2Ngw==</latexit>

AdS Boundary

� = # c1 zd! ! + (# c1 +# c2) z! + . . .
<latexit sha1_base64="a5+y6dwgaNLfL2rfJLY0JEvZAnk="></latexit>

#
<latexit sha1_base64="e2xgSYbw6vSTtrLvE/f5uGXSZw4=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LAbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0Ip/QdePCji1X/kzX/jts1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t39QPjxqmiTTjDdYIhPdDqnhUijeQIGSt1PNaRxK3gpHtzO/9cS1EYl6xHHKg5gOlIgEo2ilh67bK7texZuDrBI/Jy7kqPfKX91+wrKYK2SSGtPxvRSDCdUomOTTUjczPKVsRAe8Y6miMTfBZH7plJxZpU+iRNtSSObq74kJjY0Zx6HtjCkOzbI3E//zOhlG18FEqDRDrthiUZRJggmZvU36QnOGcmwJZVrYWwkbUk0Z2nBKNgR/+eVV0qxW/ItK9f7Srd3kcRThBE7hHHy4ghrcQR0awCCCZ3iFN2fkvDjvzseiteDkM8fwB87nDxdyjRE=</latexit>

!
<latexit sha1_base64="bdAS1DU9pLDwmRSuoG8etVlJoIw=">AAAB7XicbVBNS8NAEN34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbSbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsGpVqDg2upNLtgBmQIoYGCpTQTjSwKJDQCkY3U7/1BNoIFT/gOAE/YoNYhIIztFKzewsSWa9UdivuDHSZeDkpkxz1Xumr21c8jSBGLpkxHc9N0M+YRsElTIrd1EDC+IgNoGNpzCIwfja7dkJPrdKnodK2YqQz9fdExiJjxlFgOyOGQ7PoTcX/vE6K4ZWfiThJEWI+XxSmkqKi09dpX2jgKMeWMK6FvZXyIdOMow2oaEPwFl9eJs1qxTuvVO8vyrXrPI4COSYn5Ix45JLUyB2pkwbh5JE8k1fy5ijnxXl3PuatK04+c0T+wPn8AWHajwA=</latexit>

k
<latexit sha1_base64="S3l8nnBLDerjgmOsR9KRP3N3+lk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f09OM8w==</latexit>

depend on andThe

! = c1 zd/ 2 Y�! d/ 2(ikz ) + c2 zd/ 2 J�! d/ 2(ikz )
<latexit sha1_base64="nm/xYPt3AuJN//XM8n564PECwEc="></latexit>

! 0 = # c1
<latexit sha1_base64="pDIKLy5mDMoPRj/fTPNacpvKMf0=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LAbBg5SkCnoRil48VrAf0ISw2W7bpZtN2N0USug/8eJBEa/+E2/+G7dtDtr6YODx3gwz86KUM6Vd99sqra1vbG6Vtys7u3v7B/bhUUslmSS0SRKeyE6EFeVM0KZmmtNOKimOI07b0eh+5rfHVCqWiCc9SWkQ44FgfUawNlJo235jyEIX3SLf8S9I6IW241bdOdAq8QriQIFGaH/5vYRkMRWacKxU13NTHeRYakY4nVb8TNEUkxEe0K6hAsdUBfn88ik6M0oP9RNpSmg0V39P5DhWahJHpjPGeqiWvZn4n9fNdP8myJlIM00FWSzqZxzpBM1iQD0mKdF8YggmkplbERliiYk2YVVMCN7yy6ukVat6l9Xa45VTvyviKMMJnMI5eHANdXiABjSBwBie4RXerNx6sd6tj0VrySpmjuEPrM8fzoGR0g==</latexit>



Poincaré Horizonz = !
<latexit sha1_base64="AWsNICMtf79e6moKZ1RDKc2GLjE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0ItQ9OKxgv2ANpTNdtMu3Wzi7kSIoX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zM82PBNTrOt1VYWV1b3yhulra2d3b3yvsHLR0lirImjUSkOj7RTHDJmshRsE6sGAl9wdr++Gbqtx+Z0jyS95jGzAvJUPKAU4JG6jxd9bgMMO2XK07VmcFeJm5OKpCj0S9/9QYRTUImkQqiddd1YvQyopBTwSalXqJZTOiYDFnXUElCpr1sdu/EPjHKwA4iZUqiPVN/T2Qk1DoNfdMZEhzpRW8q/ud1EwwuvYzLOEEm6XxRkAgbI3v6vD3gilEUqSGEKm5utemIKELRRFQyIbiLLy+TVq3qnlVrd+eV+nUeRxGO4BhOwYULqMMtNKAJFAQ8wyu8WQ/Wi/VufcxbC1Y+cwh/YH3+ACeZkAs=</latexit>

e�S[�!�0]
���
on-shell

= ZCFTd [�0]
<latexit sha1_base64="FvZijp+PFSijWIuJU9CNWC9rLvE="></latexit>

Scalar 2-point Function

2 Solve ! Õs
<latexit sha1_base64="08r51T7uygB30FixkujMYcLsbq8=">AAAB+HicbVBNSwMxEM36WetHVz16CRbRU9mtgh6LXjxWsB/QXUo2TdvQJLsks2Jd+ku8eFDEqz/Fm//GtN2Dtj4YeLw3w8y8KBHcgOd9Oyura+sbm4Wt4vbO7l7J3T9omjjVlDVoLGLdjohhgivWAA6CtRPNiIwEa0Wjm6nfemDa8FjdwzhhoSQDxfucErBS1y0F9SEPgD2CltmpmXTdslfxZsDLxM9JGeWod92voBfTVDIFVBBjOr6XQJgRDZwKNikGqWEJoSMyYB1LFZHMhNns8Ak+sUoP92NtSwGeqb8nMiKNGcvIdkoCQ7PoTcX/vE4K/asw4ypJgSk6X9RPBYYYT1PAPa4ZBTG2hFDN7a2YDokmFGxWRRuCv/jyMmlWK/55pXp3Ua5d53EU0BE6RmfIR5eohm5RHTUQRSl6Rq/ozXlyXpx352PeuuLkM4foD5zPHwdpk1Q=</latexit>

equation of motion with B.C. �0
<latexit sha1_base64="VHPu/9zV5aSmU34/wBdH6Ormdpw=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8b7XL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Rrd1fVuo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDwoQjsY=</latexit>

! = c1 zd/ 2 Y�! d/ 2(ikz ) + c2 zd/ 2 J�! d/ 2(ikz )
<latexit sha1_base64="nm/xYPt3AuJN//XM8n564PECwEc="></latexit>

�
<latexit sha1_base64="SIWWhw4cDOJI1oTS6WRyjqImg48=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NGxHbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwhs/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddJt1L2reuOhWWvdFnGU4QzO4RI8uIYW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QPkB44j</latexit>

diverges exponentially unless

c2 = ! ic1
<latexit sha1_base64="iTGGsClDZ0pMJldTVy32Kco/o+M=">AAAB9HicbVBNSwMxEJ34WetX1aOXYBG8WHaroBeh6MVjBfsB7bJk02wbms2uSbZQlv4OLx4U8eqP8ea/MW33oK0PBh7vzTAzL0gE18ZxvtHK6tr6xmZhq7i9s7u3Xzo4bOo4VZQ1aCxi1Q6IZoJL1jDcCNZOFCNRIFgrGN5N/daIKc1j+WjGCfMi0pc85JQYK3nUr+IbfI45pr7rl8pOxZkBLxM3J2XIUfdLX91eTNOISUMF0brjOonxMqIMp4JNit1Us4TQIemzjqWSREx72ezoCT61Sg+HsbIlDZ6pvycyEmk9jgLbGREz0IveVPzP66QmvPYyLpPUMEnni8JUYBPjaQK4xxWjRowtIVRxeyumA6IINTanog3BXXx5mTSrFfeiUn24LNdu8zgKcAwncAYuXEEN7qEODaDwBM/wCm9ohF7QO/qYt66gfOYI/gB9/gDkiZA6</latexit>



+
!

z=0
ddx

p
G Gzz ! ! z !

<latexit sha1_base64="x44t098bgB9tpBM4Ke1uAiWNfr0="></latexit>

e�S[�!�0]
���
on-shell

= ZCFTd [�0]
<latexit sha1_base64="FvZijp+PFSijWIuJU9CNWC9rLvE="></latexit>

Scalar 2-point Function

3 Plug solution into action

S =
1

2

!
dd+1 X

!
G

"
GMN ! M ! ! N ! + m2! 2#

<latexit sha1_base64="b2bPYC1WJOmrKvhVfr/ufWwAevc="></latexit>

= �1

2

Z
dd+1X

p
G
�
�⇤��m2�2

�
<latexit sha1_base64="kGbpxpyxCJE3khGCd2UZCuyqFAI="></latexit>



e�S[�!�0]
���
on-shell

= ZCFTd [�0]
<latexit sha1_base64="FvZijp+PFSijWIuJU9CNWC9rLvE="></latexit>

Scalar 2-point Function

3 Plug solution into action

=

Z

z=0
ddx

✓
L

z

◆d+1 ⇣ z

L

⌘2
� @z�

<latexit sha1_base64="m2/kO7uR+6BiLzoNeKtn8Gf7Q8c="></latexit>

=

Z

z=0
ddx

✓
L

z

◆d�1

� @z�
<latexit sha1_base64="4W701znnwBCpZYzr/Ya/bbPGXc0="></latexit>

Son-shell =

Z

z=0
ddx

p
GGzz� @z�

<latexit sha1_base64="wRdIEu4EBLwdbZcuSeqyVUFOFUU="></latexit>



e�S[�!�0]
���
on-shell

= ZCFTd [�0]
<latexit sha1_base64="FvZijp+PFSijWIuJU9CNWC9rLvE="></latexit>

Scalar 2-point Function

! @z!
<latexit sha1_base64="rrlOqi2a+P3Ge1hbehhcLfJkSnY=">AAAB/XicbVC7TsMwFL3hWcorPDYWiwqJqUoKEowVLIxFog+piSLHdVqrjhPZDlJbVfwKCwMIsfIfbPwNTpsBWo5k6fice6+vT5hyprTjfFsrq2vrG5ulrfL2zu7evn1w2FJJJgltkoQnshNiRTkTtKmZ5rSTSorjkNN2OLzN/fYjlYol4kGPUurHuC9YxAjWRgrsY68xYMhLsdQM82CM8ntgV5yqMwNaJm5BKlCgEdhfXi8hWUyFJhwr1XWdVPuTfCjhdFr2MkVTTIa4T7uGChxT5U9m20/RmVF6KEqkOUKjmfq7Y4JjpUZxaCpjrAdq0cvF/7xupqNrf8JEmmkqyPyhKONIJyiPAvWYpETzkSGYSGZ2RWSAJSbaBFY2IbiLX14mrVrVvajW7i8r9ZsijhKcwCmcgwtXUIc7aEATCIzhGV7hzXqyXqx362NeumIVPUfwB9bnD9XelNM=</latexit>

In only the term ! zd! 1
<latexit sha1_base64="tui8CTXtXSgYWPG/A7pzkyszmGc=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCG8tMFXRZdOOygn1AO5ZMJtOGZpKQZIR26Je4caGIWz/FnX9j2s5CWw9cOJxzL/feE0pGtfG8b6ewtr6xuVXcLu3s7u2X3YPDlhapwqSJBROqEyJNGOWkaahhpCMVQUnISDsc3c789hNRmgr+YMaSBAkacBpTjIyV+m65J5WQRsDJYxad+9O+W/Gq3hxwlfg5qYAcjb771YsEThPCDWZI667vSRNkSBmKGZmWeqkmEuERGpCupRwlRAfZ/PApPLVKBGOhbHED5+rviQwlWo+T0HYmyAz1sjcT//O6qYmvg4xymRrC8WJRnDJoH52lACOqCDZsbAnCitpbIR4ihbCxWZVsCP7yy6ukVav6F9Xa/WWlfpPHUQTH4AScAR9cgTq4Aw3QBBik4Bm8gjdn4rw4787HorXg5DNH4A+czx967ZL3</latexit> will survive

3 Plug solution into action

higher order terms vanish when

Son-shell =

Z

z=0
ddx

✓
L

z

◆d�1

� @z�
<latexit sha1_base64="uf13pgIjY3OgT4qyqMhUq1y1JCk="></latexit>

lower order terms cancelled by counterterms
“holographic renormalization”

z ! 0
<latexit sha1_base64="lOmKml+OaXe21lsF91f4/ge5ZXg=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae0Q8mkmTY0kxmSO0Id+hFuXCji1u9x59+YtrPQ1gOBwzn3kntOkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//ci1EbF6wEnC/YgOlQgFo2il9hPpYUzcfrniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/Nzp+TMKgMSxto+hWSu/t7IaGTMJArsZERxZJa9mfif100xvPYzoZIUuWKLj8JUEhtxlp0MhOYM5cQSyrSwtxI2opoytA2VbAnecuRV0qpVvYtq7f6yUr/J6yjCCZzCOXhwBXW4gwY0gcEYnuEV3pzEeXHenY/FaMHJd47hD5zPH1zDju0=</latexit>



� = # c1 zd! ! + (# c1 +# c2) z! + . . .
<latexit sha1_base64="a5+y6dwgaNLfL2rfJLY0JEvZAnk="></latexit>

e�S[�!�0]
���
on-shell

= ZCFTd [�0]
<latexit sha1_base64="FvZijp+PFSijWIuJU9CNWC9rLvE="></latexit>

Scalar 2-point Function

3 Plug solution into action

! @z!
<latexit sha1_base64="rrlOqi2a+P3Ge1hbehhcLfJkSnY=">AAAB/XicbVC7TsMwFL3hWcorPDYWiwqJqUoKEowVLIxFog+piSLHdVqrjhPZDlJbVfwKCwMIsfIfbPwNTpsBWo5k6fice6+vT5hyprTjfFsrq2vrG5ulrfL2zu7evn1w2FJJJgltkoQnshNiRTkTtKmZ5rSTSorjkNN2OLzN/fYjlYol4kGPUurHuC9YxAjWRgrsY68xYMhLsdQM82CM8ntgV5yqMwNaJm5BKlCgEdhfXi8hWUyFJhwr1XWdVPuTfCjhdFr2MkVTTIa4T7uGChxT5U9m20/RmVF6KEqkOUKjmfq7Y4JjpUZxaCpjrAdq0cvF/7xupqNrf8JEmmkqyPyhKONIJyiPAvWYpETzkSGYSGZ2RWSAJSbaBFY2IbiLX14mrVrVvajW7i8r9ZsijhKcwCmcgwtXUIc7aEATCIzhGV7hzXqyXqx362NeumIVPUfwB9bnD9XelNM=</latexit>

In only the term ! zd! 1
<latexit sha1_base64="tui8CTXtXSgYWPG/A7pzkyszmGc=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCG8tMFXRZdOOygn1AO5ZMJtOGZpKQZIR26Je4caGIWz/FnX9j2s5CWw9cOJxzL/feE0pGtfG8b6ewtr6xuVXcLu3s7u2X3YPDlhapwqSJBROqEyJNGOWkaahhpCMVQUnISDsc3c789hNRmgr+YMaSBAkacBpTjIyV+m65J5WQRsDJYxad+9O+W/Gq3hxwlfg5qYAcjb771YsEThPCDWZI667vSRNkSBmKGZmWeqkmEuERGpCupRwlRAfZ/PApPLVKBGOhbHED5+rviQwlWo+T0HYmyAz1sjcT//O6qYmvg4xymRrC8WJRnDJoH52lACOqCDZsbAnCitpbIR4ihbCxWZVsCP7yy6ukVav6F9Xa/WWlfpPHUQTH4AScAR9cgTq4Aw3QBBik4Bm8gjdn4rw4787HorXg5DNH4A+czx967ZL3</latexit> will survive

�@z� � # c1 (# c1 +# c2) z
d��@zz

� / zd�1
<latexit sha1_base64="vAcYtSu9yJj+ZKgN2mLH945iJtA="></latexit>

Son-shell =

Z

z=0
ddx

✓
L

z

◆d�1

� @z�
<latexit sha1_base64="uf13pgIjY3OgT4qyqMhUq1y1JCk="></latexit>



e�S[�!�0]
���
on-shell

= ZCFTd [�0]
<latexit sha1_base64="FvZijp+PFSijWIuJU9CNWC9rLvE="></latexit>

Scalar 2-point Function

3 Plug solution into action

Son-shell =

Z

z=0
ddx # c1 (# c1 +# c2)

<latexit sha1_base64="psUneMfYM5BsIJpiUxIVJc1Ij2c="></latexit>

c2 = ! ic1
<latexit sha1_base64="iTGGsClDZ0pMJldTVy32Kco/o+M=">AAAB9HicbVBNSwMxEJ34WetX1aOXYBG8WHaroBeh6MVjBfsB7bJk02wbms2uSbZQlv4OLx4U8eqP8ea/MW33oK0PBh7vzTAzL0gE18ZxvtHK6tr6xmZhq7i9s7u3Xzo4bOo4VZQ1aCxi1Q6IZoJL1jDcCNZOFCNRIFgrGN5N/daIKc1j+WjGCfMi0pc85JQYK3nUr+IbfI45pr7rl8pOxZkBLxM3J2XIUfdLX91eTNOISUMF0brjOonxMqIMp4JNit1Us4TQIemzjqWSREx72ezoCT61Sg+HsbIlDZ6pvycyEmk9jgLbGREz0IveVPzP66QmvPYyLpPUMEnni8JUYBPjaQK4xxWjRowtIVRxeyumA6IINTanog3BXXx5mTSrFfeiUn24LNdu8zgKcAwncAYuXEEN7qEODaDwBM/wCm9ohF7QO/qYt66gfOYI/gB9/gDkiZA6</latexit>

Son-shell =

Z

z=0
ddx (stu↵) c21

<latexit sha1_base64="OZa/RsVQuijfjZ3Wc0NMz+SyO6g="></latexit>

where (stu↵) depends on k and �
<latexit sha1_base64="3dFHkht0gCbiXCV95D5UOloH4+w="></latexit>



e�S[�!�0]
���
on-shell

= ZCFTd [�0]
<latexit sha1_base64="FvZijp+PFSijWIuJU9CNWC9rLvE="></latexit>

Scalar 2-point Function

!O"J # c1 $ ! O"J =0 = 0
<latexit sha1_base64="jurJxALPVq1zWVq2csLk22XpIM0="></latexit>

Son-shell =

Z

z=0
ddx (stu↵) c21

<latexit sha1_base64="OZa/RsVQuijfjZ3Wc0NMz+SyO6g="></latexit>

4 Vary on-shell action w.r.t. �0
<latexit sha1_base64="VHPu/9zV5aSmU34/wBdH6Ormdpw=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8b7XL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Rrd1fVuo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDwoQjsY=</latexit>

! 0 = # c1
<latexit sha1_base64="pDIKLy5mDMoPRj/fTPNacpvKMf0=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LAbBg5SkCnoRil48VrAf0ISw2W7bpZtN2N0USug/8eJBEa/+E2/+G7dtDtr6YODx3gwz86KUM6Vd99sqra1vbG6Vtys7u3v7B/bhUUslmSS0SRKeyE6EFeVM0KZmmtNOKimOI07b0eh+5rfHVCqWiCc9SWkQ44FgfUawNlJo235jyEIX3SLf8S9I6IW241bdOdAq8QriQIFGaH/5vYRkMRWacKxU13NTHeRYakY4nVb8TNEUkxEe0K6hAsdUBfn88ik6M0oP9RNpSmg0V39P5DhWahJHpjPGeqiWvZn4n9fNdP8myJlIM00FWSzqZxzpBM1iQD0mKdF8YggmkplbERliiYk2YVVMCN7yy6ukVat6l9Xa45VTvyviKMMJnMI5eHANdXiABjSBwBie4RXerNx6sd6tj0VrySpmjuEPrM8fzoGR0g==</latexit>



e�S[�!�0]
���
on-shell

= ZCFTd [�0]
<latexit sha1_base64="FvZijp+PFSijWIuJU9CNWC9rLvE="></latexit>

Scalar 2-point Function

Son-shell =

Z

z=0
ddx (stu↵) c21

<latexit sha1_base64="OZa/RsVQuijfjZ3Wc0NMz+SyO6g="></latexit>

4 Vary on-shell action w.r.t. �0
<latexit sha1_base64="VHPu/9zV5aSmU34/wBdH6Ormdpw=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8b7XL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Rrd1fVuo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDwoQjsY=</latexit>

! 0 = # c1
<latexit sha1_base64="pDIKLy5mDMoPRj/fTPNacpvKMf0=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LAbBg5SkCnoRil48VrAf0ISw2W7bpZtN2N0USug/8eJBEa/+E2/+G7dtDtr6YODx3gwz86KUM6Vd99sqra1vbG6Vtys7u3v7B/bhUUslmSS0SRKeyE6EFeVM0KZmmtNOKimOI07b0eh+5rfHVCqWiCc9SWkQ44FgfUawNlJo235jyEIX3SLf8S9I6IW241bdOdAq8QriQIFGaH/5vYRkMRWacKxU13NTHeRYakY4nVb8TNEUkxEe0K6hAsdUBfn88ik6M0oP9RNpSmg0V39P5DhWahJHpjPGeqiWvZn4n9fNdP8myJlIM00FWSzqZxzpBM1iQD0mKdF8YggmkplbERliiYk2YVVMCN7yy6ukVat6l9Xa45VTvyviKMMJnMI5eHANdXiABjSBwBie4RXerNx6sd6tj0VrySpmjuEPrM8fzoGR0g==</latexit>

Homework: show that reproduces(stu! )
<latexit sha1_base64="ptLFtDbHnV3mcMcCMgp0u7EssZE=">AAACBHicbVA9SwNBEN3zM8avU8s0h0GITbiLgpZBG8sI5gNyR9jbzCVL9j7YnRPDkcLGv2JjoYitP8LOf+MmuUITHww83pthZp6fCK7Qtr+NldW19Y3NwlZxe2d3b988OGypOJUMmiwWsez4VIHgETSRo4BOIoGGvoC2P7qe+u17kIrH0R2OE/BCOoh4wBlFLfXMkisgwIqL8IAyzBSmQTBxJR8M8bRnlu2qPYO1TJyclEmORs/8cvsxS0OIkAmqVNexE/QyKpEzAZOimypIKBvRAXQ1jWgIystmT0ysE630rSCWuiK0ZurviYyGSo1DX3eGFIdq0ZuK/3ndFINLL+NRkiJEbL4oSIWFsTVNxOpzCQzFWBPKJNe3WmxIJWWocyvqEJzFl5dJq1Z1zqq12/Ny/SqPo0BK5JhUiEMuSJ3ckAZpEkYeyTN5JW/Gk/FivBsf89YVI585In9gfP4Aku6Yrw==</latexit>

hO(t1, ~x1)O(t2, ~x2)iJ=0 =
1

|x1 � x2|
2!

<latexit sha1_base64="maXOBTz5Or49h7XacV85Qgoo0tE="></latexit>
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mass gap and confinement

Applications
Break conformal symmetry

Spacetime only asymptotically AdS
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Applications

shear viscosity
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UNIVERSAL in holography
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Break conformal symmetry

Spacetime only asymptotically AdS

Example

Applications

small than any known substance… except QGP

non-zero temperature T
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strongly-interacting plasma



Applications

non-zero chemical potential

Break conformal symmetry

Spacetime only asymptotically AdS

Example
µ
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electric field in
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• CFT Side
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AdS/CFT Correspondence

Holography or Holographic Duality

Gauge-Gravity Duality or Correspondence

Gauge-String Duality or Correspondence

Maldacena Conjecture

Statement of AdS/CFT

ZAdS d +1 [! ! ! 0] = ZCFT d [! 0]
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Open Questions

What theories have holographic duals?

Can we derive/prove AdS/CFT?

What about dS or flat space?

What (more) can we learn about quantum gravity?

What (more) can we learn about strongly-coupled systems?

Statement of AdS/CFT

ZAdS d +1 [! ! ! 0] = ZCFT d [! 0]
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