
Introduction to the AdS/CFT correspondence

Quantum Field 

Theory in d

dimensions 

Quantum Gravity

in d+1-dim AdS spacetime 

Investigating 

strongly coupled QFT


(phases,dynamics)

Investigating 

quantum gravity, 


black holes



Strongly coupled QFTs

(particle physics) 

QCD, confinement, quark-gluon plasma

Strongly coupled electron systems

(condensed matter)

Quantum critical point

The AdS/CFT correspondence provide a tool to investigate strongly coupled QFT (critical 
points/phase transition) and deformation thereof


Alternative to


• Lattice quantum field theory (no real time)

• Bootstrap methods



Gauge theories as string theories

It is an old idea from the seventies that strongly interacting gauge theories have an effective description

as a theory of strings

• Confinement (QCD strings)


• Large N expansion
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Holographic principle

• A volume of space in quantum gravity can be described in terms of boundary 
degree of freedom


• Number of states in quantum gravity scales as the area of a region


beautiful Bekenstein-Hawking formula



AdS/CFT in a nutshell

QFT

Gravity in AdS

ZQFT (�0(x)) = Zgravity (�|@ = �0(x))
<latexit sha1_base64="SgmhlLYjqf+rG6CPCSnLCrsW1/c="></latexit>

�0(x)
<latexit sha1_base64="Zl5gc6pPhGGO1JFVrtLAtYyl7z8=">AAAB8HicdVDLSgMxFM3UV62vqks3wSLUzTBTR6fdFd24rGBbpR1KJs20oUlmSDJiGfoVblwo4tbPceffmD4EFT1w4XDOvdx7T5gwqrTjfFi5peWV1bX8emFjc2t7p7i711JxKjFp4pjF8iZEijAqSFNTzchNIgniISPtcHQx9dt3RCoai2s9TkjA0UDQiGKkjXTbTYa055Tvj3vFkmO7vud7HnRsx6/VTs8M8TzP9avQtZ0ZSmCBRq/43u3HOOVEaMyQUh3XSXSQIakpZmRS6KaKJAiP0IB0DBWIExVks4Mn8MgofRjF0pTQcKZ+n8gQV2rMQ9PJkR6q395U/MvrpDqqBhkVSaqJwPNFUcqgjuH0e9inkmDNxoYgLKm5FeIhkghrk1HBhPD1KfyftCq2e2JXrrxS/XwRRx4cgENQBi7wQR1cggZoAgw4eABP4NmS1qP1Yr3OW3PWYmYf/ID19glle5Ao</latexit>

�(x, z)
<latexit sha1_base64="Cuf7CpxFmW0L3fkC64kjB+suct8=">AAAB8HicdVDLSgMxFM34rPVVdekmWIQKMszU0Wl3RTcuK9iHtEPJpGkbmmSGJCPWoV/hxoUibv0cd/6N6UNQ0QMXDufcy733hDGjSjvOh7WwuLS8sppZy65vbG5t53Z26ypKJCY1HLFINkOkCKOC1DTVjDRjSRAPGWmEw4uJ37glUtFIXOtRTAKO+oL2KEbaSDfteEALd8f3R51c3rFd3/M9Dzq245fLp2eGeJ7n+iXo2s4UeTBHtZN7b3cjnHAiNGZIqZbrxDpIkdQUMzLOthNFYoSHqE9ahgrEiQrS6cFjeGiULuxF0pTQcKp+n0gRV2rEQ9PJkR6o395E/MtrJbpXClIq4kQTgWeLegmDOoKT72GXSoI1GxmCsKTmVogHSCKsTUZZE8LXp/B/Ui/a7oldvPLylfN5HBmwDw5AAbjABxVwCaqgBjDg4AE8gWdLWo/Wi/U6a12w5jN74Aest0+IXZA/</latexit>



AdS/CFT

Spazio Anti de Sitter Conformal Field Theory 

SO(2, d)
<latexit sha1_base64="cYJ5rzg1HBEpdl1dP3Npj2CrzcI=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0WoICFJbdPuim7cWdE+oA1lMpm2QyeTMDMRSuhHuHGhiFu/x51/4/QhqOiBC4dz7uXee/yYUaks68PIrKyurW9kN3Nb2zu7e/n9g5aMEoFJE0csEh0fScIoJ01FFSOdWBAU+oy0/fHlzG/fEyFpxO/UJCZeiIacDihGSkvt2+uicxac9vMFy6yUy7ZrQcu0atWKW9bEtkuuU4O2ac1RAEs0+vn3XhDhJCRcYYak7NpWrLwUCUUxI9NcL5EkRniMhqSrKUchkV46P3cKT7QSwEEkdHEF5+r3iRSFUk5CX3eGSI3kb28m/uV1EzWoeinlcaIIx4tFg4RBFcHZ7zCggmDFJpogLKi+FeIREggrnVBOh/D1KfyftBzTLpnOzXmhfrGMIwuOwDEoAhu4oA6uQAM0AQZj8ACewLMRG4/Gi/G6aM0Yy5lD8APG2ychwI7L</latexit>

Isometries of AdS
Conformal group in d dim

(AdSd+1)
<latexit sha1_base64="OKbs+QSDH67IZPOypmttKG57L8c=">AAAB8nicdVDLSgMxFM34rPVVdekmWISKMExmam13VTcuK9oHTIeSyaRtaOZBkhHK0M9w40IRt36NO//G9CGo6IELh3Pu5d57/IQzqSzrw1haXlldW89t5De3tnd2C3v7LRmngtAmiXksOj6WlLOINhVTnHYSQXHoc9r2R1dTv31PhWRxdKfGCfVCPIhYnxGstOSWLoLbXhacoslJr1C0TMeulM9sqAlyLKeqSQXVasiGyLRmKIIFGr3CezeISRrSSBGOpXSRlSgvw0Ixwukk300lTTAZ4QF1NY1wSKWXzU6ewGOtBLAfC12RgjP1+0SGQynHoa87Q6yG8rc3Ff/y3FT1q17GoiRVNCLzRf2UQxXD6f8wYIISxceaYCKYvhWSIRaYKJ1SXofw9Sn8n7RsEzmmfVMu1i8XceTAITgCJYDAOaiDa9AATUBADB7AE3g2lPFovBiv89YlYzFzAH7AePsEM9CQkA==</latexit>

(CFTd)
<latexit sha1_base64="2UZAI7vDK2m7EsLdTR3z/oTLKLk=">AAAB+XicdVBLS0JBFJ5rL7PXrZZthiSwjdyHme4kIVoaqAkqMnccdXDug5lzJbn4T9q0KKJt/6Rd/6bxEVTUBwc+vu8czjmfFwmuwLI+jNTa+sbmVno7s7O7t39gHh41VRhLyho0FKFseUQxwQPWAA6CtSLJiO8JdueNq3P/bsKk4mFQh2nEuj4ZBnzAKQEt9Uwz1wF2D0n1uj7rJf3Zec/MWnnXKRYuHKyJ7VpuSZOiXS7bDrbz1gJZtEKtZ753+iGNfRYAFUSptm1F0E2IBE4Fm2U6sWIRoWMyZG1NA+Iz1U0Wl8/wmVb6eBBKXQHghfp9IiG+UlPf050+gZH67c3Fv7x2DINSN+FBFAML6HLRIBYYQjyPAfe5ZBTEVBNCJde3YjoiklDQYWV0CF+f4v9J08nbbt65LWQrV6s40ugEnaIcstElqqAbVEMNRNEEPaAn9GwkxqPxYrwuW1PGauYY/YDx9gl+NJOV</latexit>



CFT = conformal field theory

Conformal field theories  describe systems with scale invariance


• Renormalization group fixed points

• Phase transitions


Classical theories without dimensionfull parameters are scale invariant

(massless fermions and scalars, Yang-Mills theories)

� = 1
<latexit sha1_base64="QFlRfjZzXFqo09shHrbF8WUv1OA=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9CUA8eI5gHJEuYnUySIbOz60yvEJb8hBcPinj1d7z5N06SPWhiQUNR1U13VxBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nEtRGResBxzP2QDpToC0bRSq3OLZdIr7xuseSW3RnIMvEyUoIMtW7xq9OLWBJyhUxSY9qeG6OfUo2CST4pdBLDY8pGdMDblioacuOns3sn5MQqPdKPtC2FZKb+nkhpaMw4DGxnSHFoFr2p+J/XTrB/6adCxQlyxeaL+okkGJHp86QnNGcox5ZQpoW9lbAh1ZShjahgQ/AWX14mjUrZOytX7s9L1essjjwcwTGcggcXUIU7qEEdGEh4hld4cx6dF+fd+Zi35pxs5hD+wPn8AVdIj4I=</latexit>

Scale invariance is typically broken by quantum effects (renormalisation introduces 

scales=regulators). Scale invariant QFT are either finite or endpoints of the RG flow 

A) �(g) = 0 B)
<latexit sha1_base64="33+IFI7vqNHwQCeygqHdqTmcJOo=">AAACDXicbVDLSgMxFM34rPU16tJNsAotSJmpgm6EWjcuK9gHdIaSyWTa0ExmmmSEMvQH3Pgrblwo4ta9O//GTNuFtp6Qy+Gce0nu8WJGpbKsb2NpeWV1bT23kd/c2t7ZNff2mzJKBCYNHLFItD0kCaOcNBRVjLRjQVDoMdLyBjeZ33ogQtKI36tRTNwQ9TgNKEZKS13z+LrknGYHQscjChV7pSsLOsNhgvxphbVS1yxYZWsCuEjsGSmAGepd88vxI5yEhCvMkJQd24qVmyKhKGZknHcSSWKEB6hHOppyFBLpppNtxvBEKz4MIqEvV3Ci/p5IUSjlKPR0Z4hUX857mfif10lUcOmmlMeJIhxPHwoSBlUEs2igTwXBio00QVhQ/VeI+0ggrHSAeR2CPb/yImlWyvZZuXJ3XqjWZnHkwCE4AkVggwtQBbegDhoAg0fwDF7Bm/FkvBjvxse0dcmYzRyAPzA+fwAUEZkR</latexit>



Conformal Invariance versus Scale Invariance

Scale invariance
Conformal invariance

Infinitesimal level

Two dimensions: infinite dimensional group (Virasoro) 

D space-time dimensions:

group of dimension:



Conformal group = SO(2,d)

Algebra:

Combining:



AdS: Anti de Sitter space in D=d+1

Maximally symmetric space (Einstein in particular)

x2
0 + x2

D � x2
1 � x2

2 � x2
3 � . . . x2

D�1 = R2
<latexit sha1_base64="XtR4awcuCwmHIFXxL27nX5cksyA="></latexit>

ds2 = �dx2
0 � dx2

D + dx2
1 + dx2

2 + dx2
3 + dx2

D�1
<latexit sha1_base64="FYc/2/6xADEW5/eGu7p3P7C1F9A="></latexit>

Rµ⌫⌧⇢ =
⇤

(D � 1)(D � 2)
(gµ⌧g⌫⇢ � gµ⇢g⌫⌧ )

<latexit sha1_base64="/OHM/WeQplK5ibGuXr5MEtZKHaQ="></latexit>

Rµ⌫ =
⇤

D � 2
gµ⌫

<latexit sha1_base64="HZ4HDYDOpkRRjnXUSEIqgZImIMQ="></latexit>

Pseudo-hyperboloid

Isometry SO(2, D � 1) ⌘ SO(2, d)
<latexit sha1_base64="Mp24Q51RYm+wat6QHB/GAz5LJHQ=">AAACAHicdVDLSgMxFM34rPU16sKFm2ARWtAhM5Vad0VduLOifUBbSibNtKGZh0mmUEo3/oobF4q49TPc+Tem0woqeuDCyTn3knuPG3EmFUIfxtz8wuLScmolvbq2vrFpbm1XZRgLQisk5KGou1hSzgJaUUxxWo8Exb7Lac3tn0/82oAKycLgVg0j2vJxN2AeI1hpqW3u3lxlncOLIzvXpHcxG8Dk3cm1zQyyCjZy7DxEllN0UCEhzmkeFaFtoQQZMEO5bb43OyGJfRoowrGUDRtFqjXCQjHC6TjdjCWNMOnjLm1oGmCfytYoOWAMD7TSgV4odAUKJur3iRH2pRz6ru70serJ395E/MtrxMortkYsiGJFAzL9yIs5VCGcpAE7TFCi+FATTATTu0LSwwITpTNL6xC+LoX/k6pj2XnLuT7OlM5mcaTAHtgHWWCDE1ACl6AMKoCAMXgAT+DZuDcejRfjddo6Z8xmdsAPGG+f/sOUHQ==</latexit>

Vacuum of gravitational theory S =
1

16⇡GD

Z
dxD

p
|g| (R� ⇤)

Rµ⌫ � gµ⌫
2

R = �⇤

2
gµ⌫

<latexit sha1_base64="y6KMIg97E8i72/6heyD/B0/MP4s="></latexit>



Metrics for AdS5
Global coordinates

Poincare coordinates

Euclidean AdS

z = 1
horizon

z = 0

g ! 1



AdS/CFT

Spazio Anti de Sitter Conformal Field Theory 

SO(2, d)
<latexit sha1_base64="cYJ5rzg1HBEpdl1dP3Npj2CrzcI=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0WoICFJbdPuim7cWdE+oA1lMpm2QyeTMDMRSuhHuHGhiFu/x51/4/QhqOiBC4dz7uXee/yYUaks68PIrKyurW9kN3Nb2zu7e/n9g5aMEoFJE0csEh0fScIoJ01FFSOdWBAU+oy0/fHlzG/fEyFpxO/UJCZeiIacDihGSkvt2+uicxac9vMFy6yUy7ZrQcu0atWKW9bEtkuuU4O2ac1RAEs0+vn3XhDhJCRcYYak7NpWrLwUCUUxI9NcL5EkRniMhqSrKUchkV46P3cKT7QSwEEkdHEF5+r3iRSFUk5CX3eGSI3kb28m/uV1EzWoeinlcaIIx4tFg4RBFcHZ7zCggmDFJpogLKi+FeIREggrnVBOh/D1KfyftBzTLpnOzXmhfrGMIwuOwDEoAhu4oA6uQAM0AQZj8ACewLMRG4/Gi/G6aM0Yy5lD8APG2ychwI7L</latexit>

Isometries of AdS
Conformal group in d dim

(AdSd+1)
<latexit sha1_base64="OKbs+QSDH67IZPOypmttKG57L8c=">AAAB8nicdVDLSgMxFM34rPVVdekmWISKMExmam13VTcuK9oHTIeSyaRtaOZBkhHK0M9w40IRt36NO//G9CGo6IELh3Pu5d57/IQzqSzrw1haXlldW89t5De3tnd2C3v7LRmngtAmiXksOj6WlLOINhVTnHYSQXHoc9r2R1dTv31PhWRxdKfGCfVCPIhYnxGstOSWLoLbXhacoslJr1C0TMeulM9sqAlyLKeqSQXVasiGyLRmKIIFGr3CezeISRrSSBGOpXSRlSgvw0Ixwukk300lTTAZ4QF1NY1wSKWXzU6ewGOtBLAfC12RgjP1+0SGQynHoa87Q6yG8rc3Ff/y3FT1q17GoiRVNCLzRf2UQxXD6f8wYIISxceaYCKYvhWSIRaYKJ1SXofw9Sn8n7RsEzmmfVMu1i8XceTAITgCJYDAOaiDa9AATUBADB7AE3g2lPFovBiv89YlYzFzAH7AePsEM9CQkA==</latexit>

(CFTd)
<latexit sha1_base64="2UZAI7vDK2m7EsLdTR3z/oTLKLk=">AAAB+XicdVBLS0JBFJ5rL7PXrZZthiSwjdyHme4kIVoaqAkqMnccdXDug5lzJbn4T9q0KKJt/6Rd/6bxEVTUBwc+vu8czjmfFwmuwLI+jNTa+sbmVno7s7O7t39gHh41VRhLyho0FKFseUQxwQPWAA6CtSLJiO8JdueNq3P/bsKk4mFQh2nEuj4ZBnzAKQEt9Uwz1wF2D0n1uj7rJf3Zec/MWnnXKRYuHKyJ7VpuSZOiXS7bDrbz1gJZtEKtZ753+iGNfRYAFUSptm1F0E2IBE4Fm2U6sWIRoWMyZG1NA+Iz1U0Wl8/wmVb6eBBKXQHghfp9IiG+UlPf050+gZH67c3Fv7x2DINSN+FBFAML6HLRIBYYQjyPAfe5ZBTEVBNCJde3YjoiklDQYWV0CF+f4v9J08nbbt65LWQrV6s40ugEnaIcstElqqAbVEMNRNEEPaAn9GwkxqPxYrwuW1PGauYY/YDx9gl+NJOV</latexit>



AdS/CFT working package
A dual pair of:

• CFT in d dimensions with local operators O(x)

• Quantum gravity theory in d+1 dimensional AdS (string theory etc…) with fields h(x,z)

Couple the operators to background sources O(x) -> h(x)

ZQFT(h(x)) =
D
e
R
Oh

E

QFT
= ZQG (h(x, z)|@ = h(x))

<latexit sha1_base64="dtwL5lSaafDBwBDFjbbmQ1K0bkY="></latexit>



AdS/CFT working package
This is what you do in QFT

ZQFT(gµ⌫ , Aµ, �)
<latexit sha1_base64="PYSRV3TSwnseNX+qw2eUCv/nWzo="></latexit>

Field theory path integral  with background fields

Gravity partition function with boundary values ZGQ

���
b.c=(gµ⌫ , Aµ,�)

<latexit sha1_base64="GX1ZHVzZOuHCvXPGoUjT77dFsrY="></latexit>



Symmetries

Global symmetries in the boundary Gauge symmetries in the bulk

Tµ⌫ =) gµ⌫
<latexit sha1_base64="iYi06u2TBZ3IHfrUhVfk7LNt4dY="></latexit>

Jµ =) Aµ
<latexit sha1_base64="J45EWX6uDSbFi8+QBRlz3YeptAE="></latexit>

@µJµ = 0
<latexit sha1_base64="TxXMAQ/xPS1TVg1ROmLUboNYrPg=">AAACAXicdVDLSgMxFM3UV62vUTeCm2ARXA0z006rC6HoRlxVsA/o1JJJM21o5kGSEcpQN/6KGxeKuPUv3Pk3ZtoKKnog5HDOvTe5x4sZFdI0P7TcwuLS8kp+tbC2vrG5pW/vNEWUcEwaOGIRb3tIEEZD0pBUMtKOOUGBx0jLG51nfuuWcEGj8FqOY9IN0CCkPsVIKqmn77kx4pIiduMGCbzspeqawFMT9vSiaVgnjlO2oGnY5ZJlVxSpOFWnYkLLMKcogjnqPf3d7Uc4CUgoMUNCdCwzlt00m44ZmRTcRJAY4REakI6iIQqI6KbTDSbwUCl96EdcnVDCqfq9I0WBEOPAU5UBkkPx28vEv7xOIv3jbkrDOJEkxLOH/IRBGcEsDtinnGDJxoogzKn6K8RDxBGWKrSCCuFrU/g/adqGVTLsq3KxdjaPIw/2wQE4Ahaoghq4AHXQABjcgQfwBJ61e+1Re9FeZ6U5bd6zC35Ae/sEzReWeA==</latexit>

conserved current gauge field

stress-energy tensor



Weakly coupled gravity

Although the correspondence is generic, for QFT purposes it is useful when gravity is 

weakly coupled and can be treated classically

ZGQ

���
b.c=(gµ⌫ , Aµ,�)

<latexit sha1_base64="GX1ZHVzZOuHCvXPGoUjT77dFsrY="></latexit>

string theory?

Quantum gravity path integral

In the semiclassical approximation, just evaluate the effective gravitational action with AdS 
vacuum on the solution of the eqs of motion with prescribed boundary values 

=

Z
[d fields]eiSAdS(ĝµ⌫ ,Âµ,�̂,...) ⌘ eiSAdS(ĝµ⌫ ,Âµ,�̂,...)

��� classical solution
ĝµ⌫ |boundary=gµ⌫ ,...



Boundary conditions 

Gravity and fields blow up or vanish at the boundary z=0

Asymptotically        

The general solution

Boundary conditions:

the scaling dimension of the boundary operator  is related to the mass of the bulk field� $ O



Correlation functions

Given a solution with

Plugging it into

One obtains

Operator of scaling dimension �



Higher points correlation functions

Feyman diagram technique (Witten diagrams)

3-point functions fixed by conformal invariance



Other observables

• Wilson loops

• Entanglement entropy

minimal area surfaces



Scale invariance

Dilatation:

z = 0

z = 1

• 1/z energy scale

• IR physics controlled by interior of AdS


1/L



Breaking conformal invariance

Deforming a CFT by relevant operator

Asymptotically AdS background

e2A(z) ⇠z!0
1

z2



CFT at finite temperature



CFT at finite temperature

Put a black hole in AdS

z = z0
<latexit sha1_base64="UAvNt1VzAE3bwqonGdmzDeHXW0A=">AAAB7HicdVDLSgMxFM34rPVVdekmWARXQ2baaXUhFN24rOC0hXYomTTThmYyQ5IR2tJvcONCEbd+kDv/xvQhqOiBC4dz7uXee8KUM6UR+rBWVtfWNzZzW/ntnd29/cLBYUMlmSTUJwlPZCvEinImqK+Z5rSVSorjkNNmOLye+c17KhVLxJ0epTSIcV+wiBGsjeSPL8dd1C0Uke1ceF7Zgch2yyXHrRhS8apeBUHHRnMUwRL1buG900tIFlOhCcdKtR2U6mCCpWaE02m+kymaYjLEfdo2VOCYqmAyP3YKT43Sg1EiTQkN5+r3iQmOlRrFoemMsR6o395M/MtrZzo6DyZMpJmmgiwWRRmHOoGzz2GPSUo0HxmCiWTmVkgGWGKiTT55E8LXp/B/0nBtp2S7t+Vi7WoZRw4cgxNwBhxQBTVwA+rABwQw8ACewLMlrEfrxXpdtK5Yy5kj8APW2yfYgo64</latexit>

z = 0
<latexit sha1_base64="RXlXTnTZAezWggdmte0Q/C2u9XI=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjLTTqsLoejGZUVbC+1QMmmmDc1khiQj1KGf4MaFIm79Inf+jelDUNEDFw7n3Mu99wQJZ0oj9GHllpZXVtfy64WNza3tneLuXkvFqSS0SWIey3aAFeVM0KZmmtN2IimOAk5vg9HF1L+9o1KxWNzocUL9CA8ECxnB2kjX92eoVywh2zn1vIoDke1Wyo5bNaTq1bwqgo6NZiiBBRq94nu3H5M0okITjpXqOCjRfoalZoTTSaGbKppgMsID2jFU4IgqP5udOoFHRunDMJamhIYz9ftEhiOlxlFgOiOsh+q3NxX/8jqpDk/8jIkk1VSQ+aIw5VDHcPo37DNJieZjQzCRzNwKyRBLTLRJp2BC+PoU/k9aru2UbfeqUqqfL+LIgwNwCI6BA2qgDi5BAzQBAQPwAJ7As8WtR+vFep235qzFzD74AevtE0L8jcs=</latexit>

Solution of the effective action

ds2 =
L2

z2

0

@ dz2

1� zd

zd
0

+ (1� zd

zd0
)dt2 + d~x2

1

A

<latexit sha1_base64="UP5cPrrFqzLa+UZR97vp5obBExc="></latexit>



CFT at finite temperature
Put a black hole in AdS

z = z0
<latexit sha1_base64="UAvNt1VzAE3bwqonGdmzDeHXW0A=">AAAB7HicdVDLSgMxFM34rPVVdekmWARXQ2baaXUhFN24rOC0hXYomTTThmYyQ5IR2tJvcONCEbd+kDv/xvQhqOiBC4dz7uXee8KUM6UR+rBWVtfWNzZzW/ntnd29/cLBYUMlmSTUJwlPZCvEinImqK+Z5rSVSorjkNNmOLye+c17KhVLxJ0epTSIcV+wiBGsjeSPL8dd1C0Uke1ceF7Zgch2yyXHrRhS8apeBUHHRnMUwRL1buG900tIFlOhCcdKtR2U6mCCpWaE02m+kymaYjLEfdo2VOCYqmAyP3YKT43Sg1EiTQkN5+r3iQmOlRrFoemMsR6o395M/MtrZzo6DyZMpJmmgiwWRRmHOoGzz2GPSUo0HxmCiWTmVkgGWGKiTT55E8LXp/B/0nBtp2S7t+Vi7WoZRw4cgxNwBhxQBTVwA+rABwQw8ACewLMlrEfrxXpdtK5Yy5kj8APW2yfYgo64</latexit>

z = 0
<latexit sha1_base64="RXlXTnTZAezWggdmte0Q/C2u9XI=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjLTTqsLoejGZUVbC+1QMmmmDc1khiQj1KGf4MaFIm79Inf+jelDUNEDFw7n3Mu99wQJZ0oj9GHllpZXVtfy64WNza3tneLuXkvFqSS0SWIey3aAFeVM0KZmmtN2IimOAk5vg9HF1L+9o1KxWNzocUL9CA8ECxnB2kjX92eoVywh2zn1vIoDke1Wyo5bNaTq1bwqgo6NZiiBBRq94nu3H5M0okITjpXqOCjRfoalZoTTSaGbKppgMsID2jFU4IgqP5udOoFHRunDMJamhIYz9ftEhiOlxlFgOiOsh+q3NxX/8jqpDk/8jIkk1VSQ+aIw5VDHcPo37DNJieZjQzCRzNwKyRBLTLRJp2BC+PoU/k9aru2UbfeqUqqfL+LIgwNwCI6BA2qgDi5BAzQBAQPwAJ7As8WtR+vFep235qzFzD74AevtE0L8jcs=</latexit>

Temperature: surface gravity. Go to Euclidean signature and compactly

time: metric is smooth for tE ! tE + 1/T

<latexit sha1_base64="D0PdgOgxXkL3f1tOx6WIllY6pKE=">AAACAHicdVDLSgMxFM3UV62vqgsXboJFEIRxZvrSXVEElxVaW2iHIZOmbWjmQXJHKaUbf8WNC0Xc+hnu/BvTh6CiBy6cnHMvuff4seAKLOvDSC0sLi2vpFcza+sbm1vZ7Z0bFSWSsjqNRCSbPlFM8JDVgYNgzVgyEviCNfzBxcRv3DKpeBTWYBgzNyC9kHc5JaAlL7sH3iVuS97rA5EyusP6fWyf1LxszjLts2KxYGPLdAp52ylpUiqWiyUL26Y1RQ7NUfWy7+1ORJOAhUAFUaplWzG4IyKBU8HGmXaiWEzogPRYS9OQBEy5o+kBY3yolQ7uRlJXCHiqfp8YkUCpYeDrzoBAX/32JuJfXiuB7qk74mGcAAvp7KNuIjBEeJIG7nDJKIihJoRKrnfFtE8koaAzy+gQvi7F/5Mbx7TzpnNdyFXO53Gk0T46QEfIRmVUQVeoiuqIojF6QE/o2bg3Ho0X43XWmjLmM7voB4y3T6t2ldE=</latexit>

ds2 =r⇠
p
z0�z dr2 +

4⇡2

T 2
r2dt2E +

R2

zo
d~x2 = dr2 + r2d�2 . . . , � 2 [0, 2⇡]

<latexit sha1_base64="HdcQ/w2Htl3aeOofiQdU2wPRDlE="></latexit>

Entropy: area

Holography: we can compute the partition function 

S =
A

4GN
=

Ld�1V

4GNzd�1
0

T =
d

4⇡z0
<latexit sha1_base64="4feNoXVEJHabfgG5wsXLWqrYmrs="></latexit>

�F

V
=

L2

16⇡GN

1

zd0
=) S = �@TF

<latexit sha1_base64="Jq9//J3TFmIzyRB9bhJOPUH0OxA="></latexit>

ds2 =
L2

z2

0

@ dz2

1� zd

zd
0

+ (1� zd

zd0
)dt2 + d~x2

1

A

<latexit sha1_base64="UP5cPrrFqzLa+UZR97vp5obBExc="></latexit>



CFT at finite density

µ chemical potential ⇢ charge density
<latexit sha1_base64="0nJqVs5YbWE1hlCV5HKJc5hBSVw="></latexit>

LCFT +

Z
AµJ

µ =) ZCFT = Tre�
1
T (H�µJ)

<latexit sha1_base64="dh+gamrB2GxCgJjpXgm96HxuVM8="></latexit>

In the bulk:

now the black hole is charged



Main example

QFT in 4d String theory in AdS5

N = 4 Super Yang-Mills

gauge groupSU(N)
<latexit sha1_base64="GuiUQwsYxH/y5n08cFgT/wqAMrI="></latexit>

Type IIB String theory

on AdS5 ⇥ S5
<latexit sha1_base64="MRIgzqfWR38zgWEtghHVFpvMD64="></latexit>

ZQFT(�0(x)) =
D
e
R
dx

4
O(x)�0(x)

E

QFT
= Zstring (�|@ = �0)

<latexit sha1_base64="+6tm8yXTqTVncHW3L99tWxXTqpc="></latexit>

Operators O(x)
<latexit sha1_base64="rGVPcmVnoRs/WLO4lYKxpDtXjuc=">AAAB/XicdVDLSsNAFJ3UV62v+ti5GVqEiqUkjZK6K7px1wr2AU0ok+m0HTp5MDMRYyn+hB/gxoUibv0Pd/0bp42Cih64cDjnXu69xw0ZFVLXp1pqYXFpeSW9mllb39jcym7vNEUQcUwaOGABb7tIEEZ90pBUMtIOOUGey0jLHZ3P/NY14YIG/pWMQ+J4aODTPsVIKqmb3auFhCMZcAHtol2EtcLNIexm83qpfFwxTRMqYlkJObEM3TyFRkmfI1/N2Uf302pc72bf7V6AI4/4EjMkRMfQQ+mMEZcUMzLJ2JEgIcIjNCAdRX3kEeGM59dP4IFSerAfcFW+hHP1+8QYeULEnqs6PSSH4rc3E//yOpHsV5wx9cNIEh8ni/oRgzKAsyhgj3KCJYsVQZhTdSvEQ8QRliqwjArh61P4P2mWS4ZZKl+qNM5AgjTYBzlQAAawQBVcgDpoAAxuwQN4As/anfaovWivSWtK+5zZBT+gvX0AtTOXEg==</latexit>

Bulk F ields �(x)
<latexit sha1_base64="SeZqyNisJ0pCtimu0o4+w5yunAQ="></latexit>



What we need to know about String theory for these lectures

It reduces to an effective theory of gravity and massless fields at low energy 

It contains infinitely many massive fields: m2 =
n

↵0
<latexit sha1_base64="ZFbLaTBjV/hR+2R8nEx2NHyT89M=">AAACAHicbVC7SgNBFJ2NrxhfqxZBbAaDaBV2Y2EaIWhjGcE8IFnD7GQ2GTIzu8zMCmHZxl+xsVDE1q8QO21s/Qwnj0ITD1w4nHMv997jR4wq7TgfVmZhcWl5JbuaW1vf2Nyyt3fqKowlJjUcslA2faQIo4LUNNWMNCNJEPcZafiDi5HfuCVS0VBc62FEPI56ggYUI22kjp3nNyV4BtuBRDgRadJGLOqjo7RjF5yiMwacJ+6UFCrlr7f85/detWO/t7shjjkRGjOkVMt1Iu0lSGqKGUlz7ViRCOEB6pGWoQJxorxk/EAKD43ShUEoTQkNx+rviQRxpYbcN50c6b6a9Ubif14r1kHZS6iIYk0EniwKYgZ1CEdpwC6VBGs2NARhSc2tEPeRyUKbzHImBHf25XlSLxXdk2LpyqRxDibIgn1wAI6BC05BBVyCKqgBDFJwDx7Bk3VnPVjP1sukNWNNZ3bBH1ivP1dnmgM=</latexit>

It has two coupling constants: ↵0 =) string tension

gs = he��i =) string coupling
<latexit sha1_base64="hTCWOQyt3AZ9YWAZtP7iUw7BFjo="></latexit>



What we need to know about String theory for these lectures

The two coupling constants: ↵0 =) string tension

gs = he��i =) string coupling
<latexit sha1_base64="hTCWOQyt3AZ9YWAZtP7iUw7BFjo="></latexit>

correspond to a double expansion in the effective action

Physical quantities have an expansion



What we need to know about N=4 SYM for these lectures

Non-abelian gauge fields

6 real scalar fields

4 well fermions

Aµ
<latexit sha1_base64="2L+vgDkoykrEmat/ogaFUvM/ICM=">AAAB7HicdVDLTsJAFJ3iC8EH6tLNRDRx1bTFQNmhblxiYoEEGjIdpjBhOm1mpiSE8A1uXGiMWz/BH/AP3PkhunYATdToSW5ycs69ufeeIGFUKst6NTJLyyura9n1XH5jc2u7sLPbkHEqMPFwzGLRCpAkjHLiKaoYaSWCoChgpBkMz2d+c0SEpDG/UuOE+BHqcxpSjJSWvNNuJ0q7haJlOiW3bDtQk0q5Ui1pUnZPqrYLbdOao1g7fHt6HuXf693CS6cX4zQiXGGGpGzbVqL8CRKKYkamuU4qSYLwEPVJW1OOIiL9yfzYKTzSSg+GsdDFFZyr3ycmKJJyHAW6M0JqIH97M/Evr52q0PUnlCepIhwvFoUpgyqGs89hjwqCFRtrgrCg+laIB0ggrHQ+OR3C16fwf9JwTLtkOpc6jTOwQBbsgwNwDGxQATVwAerAAxhQcA1uwZ3BjRvj3nhYtGaMz5k98APG4wfjp5Mv</latexit>

�i
<latexit sha1_base64="sYw639fFsaotOWrAjUpFMuhhV2M=">AAAB7XicdVDLSsNAFJ34rPVVdanIYBFchSSVNt0V3bhswT6gjWUynbRjJ5MwMxFK6NK9GxeKuPUX+h3u/AZ/wmmroKIHLhzOuZd77/FjRqWyrDdjYXFpeWU1s5Zd39jc2s7t7DZklAhM6jhikWj5SBJGOakrqhhpxYKg0Gek6Q/Pp37zhghJI36pRjHxQtTnNKAYKS01OvGAXtFuLm+ZTsEt2g7UpFQslQuaFN3Tsu1C27RmyFcOJrX328NJtZt77fQinISEK8yQlG3bipWXIqEoZmSc7SSSxAgPUZ+0NeUoJNJLZ9eO4bFWejCIhC6u4Ez9PpGiUMpR6OvOEKmB/O1Nxb+8dqIC10spjxNFOJ4vChIGVQSnr8MeFQQrNtIEYUH1rRAPkEBY6YCyOoSvT+H/pOGYdsF0ajqNMzBHBuyDI3ACbFACFXABqqAOMLgGd+ABPBqRcW88Gc/z1gXjc2YP/IDx8gEBppMh</latexit>

 a
<latexit sha1_base64="alWYEN6e8Pl5bR5/15/vXfs4nbs=">AAAB7XicdVDLSsNAFJ3UV62vqktFBovgKiSptOmu6MZlC/YBbSiT6aQdO5mEmYlQQpfu3bhQxK2/0O9w5zf4E05bBRU9cOFwzr3ce48fMyqVZb0ZmaXlldW17HpuY3Nreye/u9eUUSIwaeCIRaLtI0kY5aShqGKkHQuCQp+Rlj+6mPmtGyIkjfiVGsfEC9GA04BipLTU7MaS9lAvX7BMp+iWbAdqUi6VK0VNSu5ZxXahbVpzFKqH0/r77dG01su/dvsRTkLCFWZIyo5txcpLkVAUMzLJdRNJYoRHaEA6mnIUEuml82sn8EQrfRhEQhdXcK5+n0hRKOU49HVniNRQ/vZm4l9eJ1GB66WUx4kiHC8WBQmDKoKz12GfCoIVG2uCsKD6VoiHSCCsdEA5HcLXp/B/0nRMu2g6dZ3GOVggCw7AMTgFNiiDKrgENdAAGFyDO/AAHo3IuDeejOdFa8b4nNkHP2C8fAAH2JMl</latexit>

rotating scalars and fermionssymmetrySO(6) = SU(4)
<latexit sha1_base64="4sfdtl/MGWalCNEy86NgvSNVTvs="></latexit>



Near horizon geometry

Examples of dual theories arise in string theory by taking the near horizon geometry of 

stacks of D-branes, extended objects supporting gauge theories on the world-volume



Near horizon geometry

Near a brane for r small

with the identification

z = ↵0/r

ds2 ⇠ ↵0R2

✓
dz2

z2
+

dx2

z2
+ ⌦5

◆



Symmetries



Parameters

where
is the t’Hooft coupling 

string theory useful when weakly coupled reducing to supergravity:  

• string loop suppressed

• higher derivative suppressed


gs ! 0
<latexit sha1_base64="62gmUslTFIUXkllD7/XSR/xS4Fs=">AAAB+XicdVDLSsNAFJ34rPUVdanIYBFchSSVNt0V3bhswT6gDWEynbRDJw9mJpUSuvQv3LhQxK2bfoc7v8GfcNoqqOiBC4dz7uXee/yEUSFN801bWl5ZXVvPbeQ3t7Z3dvW9/aaIU45JA8cs5m0fCcJoRBqSSkbaCSco9Blp+cPLmd8aES5oHF3LcULcEPUjGlCMpJI8Xe97ostpfyAR5/ENND29YBp20SlZNlSkXCpXioqUnPOK5UDLMOcoVI+m9ffb42nN01+7vRinIYkkZkiIjmUm0s0QlxQzMsl3U0EShIeoTzqKRigkws3ml0/gqVJ6MIi5qkjCufp9IkOhEOPQV50hkgPx25uJf3mdVAaOm9EoSSWJ8GJRkDIoYziLAfYoJ1iysSIIc6puhXiAOMJShZVXIXx9Cv8nTduwioZdV2lcgAVy4BCcgDNggTKogitQAw2AwQjcgQfwqGXavfakPS9al7TPmQPwA9rLB9TNl4A=</latexit>

↵0/R2 ! 0
<latexit sha1_base64="2NZXDqdvpAC3Xre1kSNuK1jXdB4="></latexit>

both implemented in the t’Hooft limit 



t’Hooft limit or large N expansion

A way of repacking Feynman graphs

Graphs are finite in the t’Hooft limit 

and organise in terms of topology



Double expansion

Expansions implemented in the t’Hooft limit 



Weak coupling/strong coupling duality

where
is the t’Hooft coupling 

string theory useful when weakly coupled reducing to supergravity:  

• string loop suppressed

• higher derivative suppressed


gs ! 0
<latexit sha1_base64="62gmUslTFIUXkllD7/XSR/xS4Fs=">AAAB+XicdVDLSsNAFJ34rPUVdanIYBFchSSVNt0V3bhswT6gDWEynbRDJw9mJpUSuvQv3LhQxK2bfoc7v8GfcNoqqOiBC4dz7uXee/yEUSFN801bWl5ZXVvPbeQ3t7Z3dvW9/aaIU45JA8cs5m0fCcJoRBqSSkbaCSco9Blp+cPLmd8aES5oHF3LcULcEPUjGlCMpJI8Xe97ostpfyAR5/ENND29YBp20SlZNlSkXCpXioqUnPOK5UDLMOcoVI+m9ffb42nN01+7vRinIYkkZkiIjmUm0s0QlxQzMsl3U0EShIeoTzqKRigkws3ml0/gqVJ6MIi5qkjCufp9IkOhEOPQV50hkgPx25uJf3mdVAaOm9EoSSWJ8GJRkDIoYziLAfYoJ1iysSIIc6puhXiAOMJShZVXIXx9Cv8nTduwioZdV2lcgAVy4BCcgDNggTKogitQAw2AwQjcgQfwqGXavfakPS9al7TPmQPwA9rLB9TNl4A=</latexit>

↵0/R2 ! 0
<latexit sha1_base64="2NZXDqdvpAC3Xre1kSNuK1jXdB4="></latexit>

N ! 1 x � 1
<latexit sha1_base64="duOBB+rMpqwt3tZaRdIgY/drtbU="></latexit>

Weakly coupled string theory/ strongly coupled CFT



Why should we believe it?

Many checks of the duality (made easy by supersymmetry):

• spectrum of operators at strong coupling/ gravity modes


• Wilson loop


• quantitative comparison with integrability results


• baryons and non/perturbative objects  



Many extensions

• many extensions to other supersymmetric AdS vacua of string theory/ M theory

    (zoo of superconformal CFT in various dimensions)


• higher spin theories (O(N) models)


• JT gravity (SYK models)






Decoupling of operators

Two kind of gravity modes:

supergravity fields (KK modes on S5) CFT operators of finite dimensions

of maximum spin 2

string modes CFT operators with large anomalous 

dimensions at strong coupling

This is not what happens in QCD: operators and bound states  of all spins









1) Resummation of higher derivatives corrections is in principle doable in string theory: it can 
be done in flat space and selected backgrounds. Only a technical problem prevent solution 
of QCD at large N. Can be used as an effective model: AdS/QCD 

2) Interesting application to non equilibrium physics: Hydrodynamic properties of hot dense QCD  
plasma  (shear viscosity, jet quencing parameter  -- RHIC).

Strongly coupled: no perturbation theory!
Time dependent process: no lattice simulation! 

3) application to condensed matter theory: a new Landau-Ginsburg paradigm for strongly correlated 

electronic systems (high-T superconductors, non-Fermi liquids)

4) interesting connection between holography and quantum information (entanglement, 

error-corrections codes…)




