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What is holography? 1

holography = gauge/gravity duality
a.k.a.; AdS/CFT

gauge = a (supersymmetric) gauge theory with SU(N ) symmetry, e.g.

N = 4 3+1D super-Yang-Mills theory with SU(N ) gauge group

gravity = theory of (quantum) gravity in higher dimensions, e.g.

type IIB string theory on AdS5 × S5.

There’s one extra large dimension.

duality = a (non-trivial) equivalence between the two descriptions
[Maldacena; Int. J. Theor. Phys. 38 1113 (1999)]
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Why AdS/CMT? 2

AdS/CMT = application of this idea to condensed matter.

WHY? 🤨

AdS/CMT gives cartoon models for:
I quantum phases of matter without quasiparticles Lecture 2
I where real-time response is “easy” to calculuate Lecture 3
I and models have Planckian dynamics: Lecture 4

τeq ∼ h̄
kBT

.
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Why AdS/CMT? 3
AdS/CMT is not the first time in condensed matter physics that
cartoons have been used!

Start with interacting bosons on a lattice:

H = −t
∑
i∼j

(
b†i bj + b†j bi

)
+ U

∑
i

(
b†i bi

)2
.

At critical value of t/U , universal physics captured by continuum
quantum field theory! O(2) Wilson-Fisher fixed point:

[Fisher++; Phys. Rev. B40 546 (1989)]

L = −∂µψ̄∂µψ − sc|ψ|2 − u|ψ|4.

Access perturbatively?! Use vector field with N → ∞ components:

L = −∂µφ̄a∂µφa − scφ
aφa − u (φaφa)2

Work in d = 3− ε spatial dimensions? Take N → 2?
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Why AdS/CMT? 4
This renormalization group explains phase diagram...

...but it does not capture dynamics well at s = sc :
[Sachdev; Phys. Rev. B57 7157 (1998)]

σ(ω) ∼ 1

iω
(
GR

JxJx (ω)− GR
JxJx (0)

)
6= c1T

1
N c2T − iω

+ small.

The Drude peak is an artifact of quasiparticles at large N . This is
qualitatively wrong in N = 2 quantum critical regime:

<latexit sha1_base64="KIk98D2q89/9DapDuf7Lu3ceksA=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDZmB1nZXceOygn1AO5RMmmlDMzMhyQhl6Ee4caGIW7/HnX9j+hBU9ELI4Zx7uPeeUAquDcYfztr6xubWdmGnuLu3f3BYOjpu6zRTlLVoKlLVDYlmgiesZbgRrCsVI3EoWCecXM/1zj1TmqfJnZlKFsRklPCIU2Is1ZFj60VXg1IZu9ivVXAdYde3n1+xoIK9erWOPBcvqgyrag5K7/1hSrOYJYYKonXPw9IEOVGGU8FmxX6mmSR0QkasZ2FCYqaDfLHuDJ1bZoiiVNmXGLRgvztyEms9jUPbGRMz1r+1OfmX1stMVAtynsjMsIQuB0WZQCZF89vRkCtGjZhaQKjidldEx0QRamxCRRvC16Xof9D2Xa/qerd+uVFbxVGAUziDC/DgEhpwA01oAYUJPMATPDvSeXRenNdl65qz8pzAj3LePgE4sY95</latexit>

phase A
<latexit sha1_base64="UF+/NeqmdGaYLtMVB2NVjgs66lM=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ6bVOt0V3bisYB/QDiWTZtrQTCYkGaEM/Qg3LhRx6/e482/MtBVU9EDgcM495N4TSs60QejDWVldW9/YLGwVt3d29/ZLB4dtnaSK0BZJeKK6IdaUM0FbhhlOu1JRHIecdsLJde537qnSLBF3ZippEOORYBEj2FipI8c2C68GpTJy634NnfsQuQj51WrVkgvk1StV6FklRxks0RyU3vvDhKQxFYZwrHXPQ9IEGVaGEU5nxX6qqcRkgke0Z6nAMdVBNl93Bk+tMoRRouwTBs7V74kMx1pP49BOxtiM9W8vF//yeqmJ/CBjQqaGCrL4KEo5NAnMb4dDpigxfGoJJorZXSEZY4WJsQ0VbQlfl8L/SbviejXXu62UG/6yjgI4BifgDHjgEjTADWiCFiBgAh7AE3h2pPPovDivi9EVZ5k5Aj/gvH0CM+aPdQ==</latexit>

phase B

<latexit sha1_base64="d9rn1IUmx2j8+3upWP8mqSEYy+A=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWQqrdNdwY3LCrYW2qFk0kwbmsmMeRTK0D9x40IRt/6JO//G9CGo6IELh3PuTe49UcaZ0gh9OIW19Y3NreJ2aWd3b//APTxqq9RIQlsk5ansRFhRzgRtaaY57WSS4iTi9C4aX839uwmViqXiVk8zGiZ4KFjMCNZW6rvuvcFCmwQSybRVed8tIw/VqnVUh8irIj9YEIRqQeUC+pbMUQYrNPvue2+QEpNQoQnHSnV9lOkwx9I+x+ms1DOKZpiM8ZB2LRU4oSrMF5vP4JlVBjBOpS2h4UL9PpHjRKlpEtnOBOuR+u3Nxb+8rtFxEOZMZEZTQZYfxYZDncJ5DHDAJCWaTy3By9MhGWGJibZhlWwIX5fC/0m74vk1z7+plBvBKo4iOAGn4Bz44BI0wDVoghYgYAIewBN4dnLn0XlxXpetBWc1cwx+wHn7BDRclAI=</latexit>

quantum critical

<latexit sha1_base64="xdFinZfXaSH2HyqcdH3pslyPZmA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomI9ljw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE1b9jMskNSjZclGYCmJiMv+aDLlCZsTUEsoUt7cSNqaKMmOzKdoQvNWX10n7uuLdVrzGTblWzeMowDlcwBV4cAc1eIA6tIABwjO8wpvz6Lw4787HsnXDyWfO4A+czx+un4zU</latexit>

T

<latexit sha1_base64="/p5v4dk1Vgpi/Cx1DSvgvJERo3A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasKan3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9m6rXvK7Ua3kcRTiDc7gED26hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBy2uM5w==</latexit>g



Why AdS/CMT? 4
This renormalization group explains phase diagram...

...but it does not capture dynamics well at s = sc :
[Sachdev; Phys. Rev. B57 7157 (1998)]

σ(ω) ∼ 1

iω
(
GR

JxJx (ω)− GR
JxJx (0)

)
6= c1T

1
N c2T − iω

+ small.

The Drude peak is an artifact of quasiparticles at large N . This is
qualitatively wrong in N = 2 quantum critical regime:

<latexit sha1_base64="KIk98D2q89/9DapDuf7Lu3ceksA=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDZmB1nZXceOygn1AO5RMmmlDMzMhyQhl6Ee4caGIW7/HnX9j+hBU9ELI4Zx7uPeeUAquDcYfztr6xubWdmGnuLu3f3BYOjpu6zRTlLVoKlLVDYlmgiesZbgRrCsVI3EoWCecXM/1zj1TmqfJnZlKFsRklPCIU2Is1ZFj60VXg1IZu9ivVXAdYde3n1+xoIK9erWOPBcvqgyrag5K7/1hSrOYJYYKonXPw9IEOVGGU8FmxX6mmSR0QkasZ2FCYqaDfLHuDJ1bZoiiVNmXGLRgvztyEms9jUPbGRMz1r+1OfmX1stMVAtynsjMsIQuB0WZQCZF89vRkCtGjZhaQKjidldEx0QRamxCRRvC16Xof9D2Xa/qerd+uVFbxVGAUziDC/DgEhpwA01oAYUJPMATPDvSeXRenNdl65qz8pzAj3LePgE4sY95</latexit>

phase A
<latexit sha1_base64="UF+/NeqmdGaYLtMVB2NVjgs66lM=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ6bVOt0V3bisYB/QDiWTZtrQTCYkGaEM/Qg3LhRx6/e482/MtBVU9EDgcM495N4TSs60QejDWVldW9/YLGwVt3d29/ZLB4dtnaSK0BZJeKK6IdaUM0FbhhlOu1JRHIecdsLJde537qnSLBF3ZippEOORYBEj2FipI8c2C68GpTJy634NnfsQuQj51WrVkgvk1StV6FklRxks0RyU3vvDhKQxFYZwrHXPQ9IEGVaGEU5nxX6qqcRkgke0Z6nAMdVBNl93Bk+tMoRRouwTBs7V74kMx1pP49BOxtiM9W8vF//yeqmJ/CBjQqaGCrL4KEo5NAnMb4dDpigxfGoJJorZXSEZY4WJsQ0VbQlfl8L/SbviejXXu62UG/6yjgI4BifgDHjgEjTADWiCFiBgAh7AE3h2pPPovDivi9EVZ5k5Aj/gvH0CM+aPdQ==</latexit>

phase B

<latexit sha1_base64="d9rn1IUmx2j8+3upWP8mqSEYy+A=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWQqrdNdwY3LCrYW2qFk0kwbmsmMeRTK0D9x40IRt/6JO//G9CGo6IELh3PuTe49UcaZ0gh9OIW19Y3NreJ2aWd3b//APTxqq9RIQlsk5ansRFhRzgRtaaY57WSS4iTi9C4aX839uwmViqXiVk8zGiZ4KFjMCNZW6rvuvcFCmwQSybRVed8tIw/VqnVUh8irIj9YEIRqQeUC+pbMUQYrNPvue2+QEpNQoQnHSnV9lOkwx9I+x+ms1DOKZpiM8ZB2LRU4oSrMF5vP4JlVBjBOpS2h4UL9PpHjRKlpEtnOBOuR+u3Nxb+8rtFxEOZMZEZTQZYfxYZDncJ5DHDAJCWaTy3By9MhGWGJibZhlWwIX5fC/0m74vk1z7+plBvBKo4iOAGn4Bz44BI0wDVoghYgYAIewBN4dnLn0XlxXpetBWc1cwx+wHn7BDRclAI=</latexit>

quantum critical

<latexit sha1_base64="xdFinZfXaSH2HyqcdH3pslyPZmA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomI9ljw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE1b9jMskNSjZclGYCmJiMv+aDLlCZsTUEsoUt7cSNqaKMmOzKdoQvNWX10n7uuLdVrzGTblWzeMowDlcwBV4cAc1eIA6tIABwjO8wpvz6Lw4787HsnXDyWfO4A+czx+un4zU</latexit>

T

<latexit sha1_base64="/p5v4dk1Vgpi/Cx1DSvgvJERo3A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasKan3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9m6rXvK7Ua3kcRTiDc7gED26hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBy2uM5w==</latexit>g



Why AdS/CMT? 4
This renormalization group explains phase diagram...

...but it does not capture dynamics well at s = sc :
[Sachdev; Phys. Rev. B57 7157 (1998)]

σ(ω) ∼ 1

iω
(
GR

JxJx (ω)− GR
JxJx (0)

)
6= c1T

1
N c2T − iω

+ small.

The Drude peak is an artifact of quasiparticles at large N . This is
qualitatively wrong in N = 2 quantum critical regime:

<latexit sha1_base64="KIk98D2q89/9DapDuf7Lu3ceksA=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDZmB1nZXceOygn1AO5RMmmlDMzMhyQhl6Ee4caGIW7/HnX9j+hBU9ELI4Zx7uPeeUAquDcYfztr6xubWdmGnuLu3f3BYOjpu6zRTlLVoKlLVDYlmgiesZbgRrCsVI3EoWCecXM/1zj1TmqfJnZlKFsRklPCIU2Is1ZFj60VXg1IZu9ivVXAdYde3n1+xoIK9erWOPBcvqgyrag5K7/1hSrOYJYYKonXPw9IEOVGGU8FmxX6mmSR0QkasZ2FCYqaDfLHuDJ1bZoiiVNmXGLRgvztyEms9jUPbGRMz1r+1OfmX1stMVAtynsjMsIQuB0WZQCZF89vRkCtGjZhaQKjidldEx0QRamxCRRvC16Xof9D2Xa/qerd+uVFbxVGAUziDC/DgEhpwA01oAYUJPMATPDvSeXRenNdl65qz8pzAj3LePgE4sY95</latexit>

phase A
<latexit sha1_base64="UF+/NeqmdGaYLtMVB2NVjgs66lM=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ6bVOt0V3bisYB/QDiWTZtrQTCYkGaEM/Qg3LhRx6/e482/MtBVU9EDgcM495N4TSs60QejDWVldW9/YLGwVt3d29/ZLB4dtnaSK0BZJeKK6IdaUM0FbhhlOu1JRHIecdsLJde537qnSLBF3ZippEOORYBEj2FipI8c2C68GpTJy634NnfsQuQj51WrVkgvk1StV6FklRxks0RyU3vvDhKQxFYZwrHXPQ9IEGVaGEU5nxX6qqcRkgke0Z6nAMdVBNl93Bk+tMoRRouwTBs7V74kMx1pP49BOxtiM9W8vF//yeqmJ/CBjQqaGCrL4KEo5NAnMb4dDpigxfGoJJorZXSEZY4WJsQ0VbQlfl8L/SbviejXXu62UG/6yjgI4BifgDHjgEjTADWiCFiBgAh7AE3h2pPPovDivi9EVZ5k5Aj/gvH0CM+aPdQ==</latexit>

phase B

<latexit sha1_base64="d9rn1IUmx2j8+3upWP8mqSEYy+A=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWQqrdNdwY3LCrYW2qFk0kwbmsmMeRTK0D9x40IRt/6JO//G9CGo6IELh3PuTe49UcaZ0gh9OIW19Y3NreJ2aWd3b//APTxqq9RIQlsk5ansRFhRzgRtaaY57WSS4iTi9C4aX839uwmViqXiVk8zGiZ4KFjMCNZW6rvuvcFCmwQSybRVed8tIw/VqnVUh8irIj9YEIRqQeUC+pbMUQYrNPvue2+QEpNQoQnHSnV9lOkwx9I+x+ms1DOKZpiM8ZB2LRU4oSrMF5vP4JlVBjBOpS2h4UL9PpHjRKlpEtnOBOuR+u3Nxb+8rtFxEOZMZEZTQZYfxYZDncJ5DHDAJCWaTy3By9MhGWGJibZhlWwIX5fC/0m74vk1z7+plBvBKo4iOAGn4Bz44BI0wDVoghYgYAIewBN4dnLn0XlxXpetBWc1cwx+wHn7BDRclAI=</latexit>

quantum critical

<latexit sha1_base64="xdFinZfXaSH2HyqcdH3pslyPZmA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomI9ljw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE1b9jMskNSjZclGYCmJiMv+aDLlCZsTUEsoUt7cSNqaKMmOzKdoQvNWX10n7uuLdVrzGTblWzeMowDlcwBV4cAc1eIA6tIABwjO8wpvz6Lw4787HsnXDyWfO4A+czx+un4zU</latexit>

T

<latexit sha1_base64="/p5v4dk1Vgpi/Cx1DSvgvJERo3A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasKan3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9m6rXvK7Ua3kcRTiDc7gED26hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBy2uM5w==</latexit>g



Why AdS/CMT? 5
Using holography, we’ll calculate

σ(ω) ≈ F
( ω

T

)
with F ∼ 1, no small parameters! This is more realistic.

The reason we do better is that

holography assumes important degrees of freedom are Tµν , Jµ, etc.

The pathological N → ∞ limit underlying holography shows up
elsewhere, and should be accounted for.
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σ(ω) ≈ F
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T
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with F ∼ 1, no small parameters! This is more realistic.

The reason we do better is that
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The pathological N → ∞ limit underlying holography shows up
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Conformal field theory 6
What is the CFT half of AdS/CFT?

A quantum field theory with conformal symmetry: scale invariance,
Lorentz, translation, “special”

CFTs are very powerful: 2- and 3-point correlators almost unique!

〈O(x)O(y)〉 = COO
|x − y|2∆

,

〈O(x)O(y)O(z)〉 = COOO
|x − y|∆|x − z|∆|y − z|∆

.

∆ is the scaling dimension.

COO are coefficients of operator product expansion:

O(x)O(0) =
COO
|x|2∆

+
COOO
COO

O(0)

|x|∆
+ · · · (|x| → 0)
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Conformal field theory 7
A CFT with quasiparticles: free boson in d spatial dimensions:

〈ϕ(x)ϕ(0)〉 = 1

|x|d−1
,

〈ϕ(k)ϕ(−k)〉 = 1

k2
.

<latexit sha1_base64="U5OVHP+hDamIe41mjKv3whwzZrI=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAh1UxIR7bLgxmUV+4AmlMn0th06kwkzEyGE+ituXCji1g9x5984abPQ1gMDh3Pu5Z45Ycyo0q77ba2tb2xubZd2yrt7+weH9tFxR4lEEmgTwYTshVgBoxG0NdUMerEEzEMG3XB6k/vdR5CKiuhBpzEEHI8jOqIEayMN7IrPsZ5Int3DrOYLDmN8PrCrbt2dw1klXkGqqEBrYH/5Q0ESDpEmDCvV99xYBxmWmhIGs7KfKIgxmeIx9A2NMAcVZPPwM+fMKENnJKR5kXbm6u+NDHOlUh6ayTyqWvZy8T+vn+hRI8hoFCcaIrI4NEqYo4WTN+EMqQSiWWoIJpKarA6ZYImJNn2VTQne8pdXSeei7l3VvbvLarNR1FFCJ+gU1ZCHrlET3aIWaiOCUvSMXtGb9WS9WO/Wx2J0zSp2KugPrM8fkkqUrw==</latexit>

Re(!)

<latexit sha1_base64="3lkAshQYcwrl1qSbmwmeWFi3hDA=">AAAB/HicbVDLSgMxFM34rPU12qWbYBHqpsyIaJcFN7qrYB/QGUomzbSheQxJRhiG+ituXCji1g9x59+YtrPQ1gOBwzn3ck9OlDCqjed9O2vrG5tb26Wd8u7e/sGhe3Tc0TJVmLSxZFL1IqQJo4K0DTWM9BJFEI8Y6UaTm5nffSRKUykeTJaQkKORoDHFyFhp4FYCjsxY8fyOT2uB5GSEzgdu1at7c8BV4hekCgq0Bu5XMJQ45UQYzJDWfd9LTJgjZShmZFoOUk0ShCdoRPqWCsSJDvN5+Ck8s8oQxlLZJwycq783csS1znhkJ2dR9bI3E//z+qmJG2FORZIaIvDiUJwyaCScNQGHVBFsWGYJworarBCPkULY2L7KtgR/+curpHNR96/q/v1ltdko6iiBE3AKasAH16AJbkELtAEGGXgGr+DNeXJenHfnYzG65hQ7FfAHzucPkLSUrg==</latexit>

Im(!)

<latexit sha1_base64="U5OVHP+hDamIe41mjKv3whwzZrI=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAh1UxIR7bLgxmUV+4AmlMn0th06kwkzEyGE+ituXCji1g9x5984abPQ1gMDh3Pu5Z45Ycyo0q77ba2tb2xubZd2yrt7+weH9tFxR4lEEmgTwYTshVgBoxG0NdUMerEEzEMG3XB6k/vdR5CKiuhBpzEEHI8jOqIEayMN7IrPsZ5Int3DrOYLDmN8PrCrbt2dw1klXkGqqEBrYH/5Q0ESDpEmDCvV99xYBxmWmhIGs7KfKIgxmeIx9A2NMAcVZPPwM+fMKENnJKR5kXbm6u+NDHOlUh6ayTyqWvZy8T+vn+hRI8hoFCcaIrI4NEqYo4WTN+EMqQSiWWoIJpKarA6ZYImJNn2VTQne8pdXSeei7l3VvbvLarNR1FFCJ+gU1ZCHrlET3aIWaiOCUvSMXtGb9WS9WO/Wx2J0zSp2KugPrM8fkkqUrw==</latexit>

Re(!)

<latexit sha1_base64="3lkAshQYcwrl1qSbmwmeWFi3hDA=">AAAB/HicbVDLSgMxFM34rPU12qWbYBHqpsyIaJcFN7qrYB/QGUomzbSheQxJRhiG+ituXCji1g9x59+YtrPQ1gOBwzn3ck9OlDCqjed9O2vrG5tb26Wd8u7e/sGhe3Tc0TJVmLSxZFL1IqQJo4K0DTWM9BJFEI8Y6UaTm5nffSRKUykeTJaQkKORoDHFyFhp4FYCjsxY8fyOT2uB5GSEzgdu1at7c8BV4hekCgq0Bu5XMJQ45UQYzJDWfd9LTJgjZShmZFoOUk0ShCdoRPqWCsSJDvN5+Ck8s8oQxlLZJwycq783csS1znhkJ2dR9bI3E//z+qmJG2FORZIaIvDiUJwyaCScNQGHVBFsWGYJworarBCPkULY2L7KtgR/+curpHNR96/q/v1ltdko6iiBE3AKasAH16AJbkELtAEGGXgGr+DNeXJenHfnYzG65hQ7FfAHzucPkLSUrg==</latexit>

Im(!)

<latexit sha1_base64="SAzHxeBnFKdNKqiqPo+TTverYec=">AAAB9XicbVA9T8MwEL3wWcpXgZHFokJiqpIO0LESC2OR6IfUhspxndaq4wT7Aqqi/g8WBhBi5b+w8W9w2wzQ8qSTnt67s+9ekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mr2d++5FrI2J1h5OE+xEdKhEKRtFK9w8pNSKhGgWT3PRLZbfizkFWiZeTMuRo9EtfvUHM0ogrZJIa0/XcBP0sf29a7KWGJ5SN6ZB3LVU04sbP5ltPyblVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTGs+ZlQSYpcscVHYSoJxmQWARkIzRnKiSWUaWF3JWxENWVogyraELzlk1dJq1rxLivebbVcr+VxFOAUzuACPLiCOtxAA5rAQMMzvMKb8+S8OO/Ox6J1zclnTuAPnM8fLOCS6g==</latexit>

quasiparticles
<latexit sha1_base64="Nv5U8oAe4WKJEzuFFpXjiB8jwBM=">AAAB+nicbVDLTgIxFL2DL8TXoEs3jcTEFZlhoSxJ3LjERB4JTEindKCh045tR0NGPsWNC41x65e4828sMAsFT3KTk3Pube89YcKZNp737RQ2Nre2d4q7pb39g8Mjt3zc1jJVhLaI5FJ1Q6wpZ4K2DDOcdhNFcRxy2gkn13O/80CVZlLcmWlCgxiPBIsYwcZKA7csJLpPsWYJVoYRTvXArXhVbwG0TvycVCBHc+B+9YeSpDEVhnCsdc/3EhNk+XuzUj/VNMFkgke0Z6nAMdVBtlh9hs6tMkSRVLaEQQv190SGY62ncWg7Y2zGetWbi/95vdRE9SBjIkkNFWT5UZRyZCSa54CGTFFi+NQSTBSzuyIyxgoTY9Mq2RD81ZPXSbtW9S+r/m2t0qjncRThFM7gAny4ggbcQBNaQOARnuEV3pwn58V5dz6WrQUnnzmBP3A+fwCihpQ2</latexit>

no quasiparticles

<latexit sha1_base64="U5OVHP+hDamIe41mjKv3whwzZrI=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAh1UxIR7bLgxmUV+4AmlMn0th06kwkzEyGE+ituXCji1g9x5984abPQ1gMDh3Pu5Z45Ycyo0q77ba2tb2xubZd2yrt7+weH9tFxR4lEEmgTwYTshVgBoxG0NdUMerEEzEMG3XB6k/vdR5CKiuhBpzEEHI8jOqIEayMN7IrPsZ5Int3DrOYLDmN8PrCrbt2dw1klXkGqqEBrYH/5Q0ESDpEmDCvV99xYBxmWmhIGs7KfKIgxmeIx9A2NMAcVZPPwM+fMKENnJKR5kXbm6u+NDHOlUh6ayTyqWvZy8T+vn+hRI8hoFCcaIrI4NEqYo4WTN+EMqQSiWWoIJpKarA6ZYImJNn2VTQne8pdXSeei7l3VvbvLarNR1FFCJ+gU1ZCHrlET3aIWaiOCUvSMXtGb9WS9WO/Wx2J0zSp2KugPrM8fkkqUrw==</latexit>

Re(!)

<latexit sha1_base64="3lkAshQYcwrl1qSbmwmeWFi3hDA=">AAAB/HicbVDLSgMxFM34rPU12qWbYBHqpsyIaJcFN7qrYB/QGUomzbSheQxJRhiG+ituXCji1g9x59+YtrPQ1gOBwzn3ck9OlDCqjed9O2vrG5tb26Wd8u7e/sGhe3Tc0TJVmLSxZFL1IqQJo4K0DTWM9BJFEI8Y6UaTm5nffSRKUykeTJaQkKORoDHFyFhp4FYCjsxY8fyOT2uB5GSEzgdu1at7c8BV4hekCgq0Bu5XMJQ45UQYzJDWfd9LTJgjZShmZFoOUk0ShCdoRPqWCsSJDvN5+Ck8s8oQxlLZJwycq783csS1znhkJ2dR9bI3E//z+qmJG2FORZIaIvDiUJwyaCScNQGHVBFsWGYJworarBCPkULY2L7KtgR/+curpHNR96/q/v1ltdko6iiBE3AKasAH16AJbkELtAEGGXgGr+DNeXJenHfnYzG65hQ7FfAHzucPkLSUrg==</latexit>

Im(!)

<latexit sha1_base64="U5OVHP+hDamIe41mjKv3whwzZrI=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAh1UxIR7bLgxmUV+4AmlMn0th06kwkzEyGE+ituXCji1g9x5984abPQ1gMDh3Pu5Z45Ycyo0q77ba2tb2xubZd2yrt7+weH9tFxR4lEEmgTwYTshVgBoxG0NdUMerEEzEMG3XB6k/vdR5CKiuhBpzEEHI8jOqIEayMN7IrPsZ5Int3DrOYLDmN8PrCrbt2dw1klXkGqqEBrYH/5Q0ESDpEmDCvV99xYBxmWmhIGs7KfKIgxmeIx9A2NMAcVZPPwM+fMKENnJKR5kXbm6u+NDHOlUh6ayTyqWvZy8T+vn+hRI8hoFCcaIrI4NEqYo4WTN+EMqQSiWWoIJpKarA6ZYImJNn2VTQne8pdXSeei7l3VvbvLarNR1FFCJ+gU1ZCHrlET3aIWaiOCUvSMXtGb9WS9WO/Wx2J0zSp2KugPrM8fkkqUrw==</latexit>

Re(!)

<latexit sha1_base64="3lkAshQYcwrl1qSbmwmeWFi3hDA=">AAAB/HicbVDLSgMxFM34rPU12qWbYBHqpsyIaJcFN7qrYB/QGUomzbSheQxJRhiG+ituXCji1g9x59+YtrPQ1gOBwzn3ck9OlDCqjed9O2vrG5tb26Wd8u7e/sGhe3Tc0TJVmLSxZFL1IqQJo4K0DTWM9BJFEI8Y6UaTm5nffSRKUykeTJaQkKORoDHFyFhp4FYCjsxY8fyOT2uB5GSEzgdu1at7c8BV4hekCgq0Bu5XMJQ45UQYzJDWfd9LTJgjZShmZFoOUk0ShCdoRPqWCsSJDvN5+Ck8s8oQxlLZJwycq783csS1znhkJ2dR9bI3E//z+qmJG2FORZIaIvDiUJwyaCScNQGHVBFsWGYJworarBCPkULY2L7KtgR/+curpHNR96/q/v1ltdko6iiBE3AKasAH16AJbkELtAEGGXgGr+DNeXJenHfnYzG65hQ7FfAHzucPkLSUrg==</latexit>

Im(!)

<latexit sha1_base64="SAzHxeBnFKdNKqiqPo+TTverYec=">AAAB9XicbVA9T8MwEL3wWcpXgZHFokJiqpIO0LESC2OR6IfUhspxndaq4wT7Aqqi/g8WBhBi5b+w8W9w2wzQ8qSTnt67s+9ekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mr2d++5FrI2J1h5OE+xEdKhEKRtFK9w8pNSKhGgWT3PRLZbfizkFWiZeTMuRo9EtfvUHM0ogrZJIa0/XcBP0sf29a7KWGJ5SN6ZB3LVU04sbP5ltPyblVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTGs+ZlQSYpcscVHYSoJxmQWARkIzRnKiSWUaWF3JWxENWVogyraELzlk1dJq1rxLivebbVcr+VxFOAUzuACPLiCOtxAA5rAQMMzvMKb8+S8OO/Ox6J1zclnTuAPnM8fLOCS6g==</latexit>

quasiparticles
<latexit sha1_base64="Nv5U8oAe4WKJEzuFFpXjiB8jwBM=">AAAB+nicbVDLTgIxFL2DL8TXoEs3jcTEFZlhoSxJ3LjERB4JTEindKCh045tR0NGPsWNC41x65e4828sMAsFT3KTk3Pube89YcKZNp737RQ2Nre2d4q7pb39g8Mjt3zc1jJVhLaI5FJ1Q6wpZ4K2DDOcdhNFcRxy2gkn13O/80CVZlLcmWlCgxiPBIsYwcZKA7csJLpPsWYJVoYRTvXArXhVbwG0TvycVCBHc+B+9YeSpDEVhnCsdc/3EhNk+XuzUj/VNMFkgke0Z6nAMdVBtlh9hs6tMkSRVLaEQQv190SGY62ncWg7Y2zGetWbi/95vdRE9SBjIkkNFWT5UZRyZCSa54CGTFFi+NQSTBSzuyIyxgoTY9Mq2RD81ZPXSbtW9S+r/m2t0qjncRThFM7gAny4ggbcQBNaQOARnuEV3pwn58V5dz6WrQUnnzmBP3A+fwCihpQ2</latexit>

no quasiparticles

A CFT without quasiparticles: generic ∆:

〈O(k)O(−k)〉 = |k|2∆−d−1.



Conformal field theory 7
A CFT with quasiparticles: free boson in d spatial dimensions:

〈ϕ(x)ϕ(0)〉 = 1

|x|d−1
,

〈ϕ(k)ϕ(−k)〉 = 1

k2
.

<latexit sha1_base64="U5OVHP+hDamIe41mjKv3whwzZrI=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAh1UxIR7bLgxmUV+4AmlMn0th06kwkzEyGE+ituXCji1g9x5984abPQ1gMDh3Pu5Z45Ycyo0q77ba2tb2xubZd2yrt7+weH9tFxR4lEEmgTwYTshVgBoxG0NdUMerEEzEMG3XB6k/vdR5CKiuhBpzEEHI8jOqIEayMN7IrPsZ5Int3DrOYLDmN8PrCrbt2dw1klXkGqqEBrYH/5Q0ESDpEmDCvV99xYBxmWmhIGs7KfKIgxmeIx9A2NMAcVZPPwM+fMKENnJKR5kXbm6u+NDHOlUh6ayTyqWvZy8T+vn+hRI8hoFCcaIrI4NEqYo4WTN+EMqQSiWWoIJpKarA6ZYImJNn2VTQne8pdXSeei7l3VvbvLarNR1FFCJ+gU1ZCHrlET3aIWaiOCUvSMXtGb9WS9WO/Wx2J0zSp2KugPrM8fkkqUrw==</latexit>

Re(!)

<latexit sha1_base64="3lkAshQYcwrl1qSbmwmeWFi3hDA=">AAAB/HicbVDLSgMxFM34rPU12qWbYBHqpsyIaJcFN7qrYB/QGUomzbSheQxJRhiG+ituXCji1g9x59+YtrPQ1gOBwzn3ck9OlDCqjed9O2vrG5tb26Wd8u7e/sGhe3Tc0TJVmLSxZFL1IqQJo4K0DTWM9BJFEI8Y6UaTm5nffSRKUykeTJaQkKORoDHFyFhp4FYCjsxY8fyOT2uB5GSEzgdu1at7c8BV4hekCgq0Bu5XMJQ45UQYzJDWfd9LTJgjZShmZFoOUk0ShCdoRPqWCsSJDvN5+Ck8s8oQxlLZJwycq783csS1znhkJ2dR9bI3E//z+qmJG2FORZIaIvDiUJwyaCScNQGHVBFsWGYJworarBCPkULY2L7KtgR/+curpHNR96/q/v1ltdko6iiBE3AKasAH16AJbkELtAEGGXgGr+DNeXJenHfnYzG65hQ7FfAHzucPkLSUrg==</latexit>

Im(!)

<latexit sha1_base64="U5OVHP+hDamIe41mjKv3whwzZrI=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAh1UxIR7bLgxmUV+4AmlMn0th06kwkzEyGE+ituXCji1g9x5984abPQ1gMDh3Pu5Z45Ycyo0q77ba2tb2xubZd2yrt7+weH9tFxR4lEEmgTwYTshVgBoxG0NdUMerEEzEMG3XB6k/vdR5CKiuhBpzEEHI8jOqIEayMN7IrPsZ5Int3DrOYLDmN8PrCrbt2dw1klXkGqqEBrYH/5Q0ESDpEmDCvV99xYBxmWmhIGs7KfKIgxmeIx9A2NMAcVZPPwM+fMKENnJKR5kXbm6u+NDHOlUh6ayTyqWvZy8T+vn+hRI8hoFCcaIrI4NEqYo4WTN+EMqQSiWWoIJpKarA6ZYImJNn2VTQne8pdXSeei7l3VvbvLarNR1FFCJ+gU1ZCHrlET3aIWaiOCUvSMXtGb9WS9WO/Wx2J0zSp2KugPrM8fkkqUrw==</latexit>

Re(!)

<latexit sha1_base64="3lkAshQYcwrl1qSbmwmeWFi3hDA=">AAAB/HicbVDLSgMxFM34rPU12qWbYBHqpsyIaJcFN7qrYB/QGUomzbSheQxJRhiG+ituXCji1g9x59+YtrPQ1gOBwzn3ck9OlDCqjed9O2vrG5tb26Wd8u7e/sGhe3Tc0TJVmLSxZFL1IqQJo4K0DTWM9BJFEI8Y6UaTm5nffSRKUykeTJaQkKORoDHFyFhp4FYCjsxY8fyOT2uB5GSEzgdu1at7c8BV4hekCgq0Bu5XMJQ45UQYzJDWfd9LTJgjZShmZFoOUk0ShCdoRPqWCsSJDvN5+Ck8s8oQxlLZJwycq783csS1znhkJ2dR9bI3E//z+qmJG2FORZIaIvDiUJwyaCScNQGHVBFsWGYJworarBCPkULY2L7KtgR/+curpHNR96/q/v1ltdko6iiBE3AKasAH16AJbkELtAEGGXgGr+DNeXJenHfnYzG65hQ7FfAHzucPkLSUrg==</latexit>

Im(!)

<latexit sha1_base64="SAzHxeBnFKdNKqiqPo+TTverYec=">AAAB9XicbVA9T8MwEL3wWcpXgZHFokJiqpIO0LESC2OR6IfUhspxndaq4wT7Aqqi/g8WBhBi5b+w8W9w2wzQ8qSTnt67s+9ekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mr2d++5FrI2J1h5OE+xEdKhEKRtFK9w8pNSKhGgWT3PRLZbfizkFWiZeTMuRo9EtfvUHM0ogrZJIa0/XcBP0sf29a7KWGJ5SN6ZB3LVU04sbP5ltPyblVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTGs+ZlQSYpcscVHYSoJxmQWARkIzRnKiSWUaWF3JWxENWVogyraELzlk1dJq1rxLivebbVcr+VxFOAUzuACPLiCOtxAA5rAQMMzvMKb8+S8OO/Ox6J1zclnTuAPnM8fLOCS6g==</latexit>

quasiparticles
<latexit sha1_base64="Nv5U8oAe4WKJEzuFFpXjiB8jwBM=">AAAB+nicbVDLTgIxFL2DL8TXoEs3jcTEFZlhoSxJ3LjERB4JTEindKCh045tR0NGPsWNC41x65e4828sMAsFT3KTk3Pube89YcKZNp737RQ2Nre2d4q7pb39g8Mjt3zc1jJVhLaI5FJ1Q6wpZ4K2DDOcdhNFcRxy2gkn13O/80CVZlLcmWlCgxiPBIsYwcZKA7csJLpPsWYJVoYRTvXArXhVbwG0TvycVCBHc+B+9YeSpDEVhnCsdc/3EhNk+XuzUj/VNMFkgke0Z6nAMdVBtlh9hs6tMkSRVLaEQQv190SGY62ncWg7Y2zGetWbi/95vdRE9SBjIkkNFWT5UZRyZCSa54CGTFFi+NQSTBSzuyIyxgoTY9Mq2RD81ZPXSbtW9S+r/m2t0qjncRThFM7gAny4ggbcQBNaQOARnuEV3pwn58V5dz6WrQUnnzmBP3A+fwCihpQ2</latexit>

no quasiparticles

<latexit sha1_base64="U5OVHP+hDamIe41mjKv3whwzZrI=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAh1UxIR7bLgxmUV+4AmlMn0th06kwkzEyGE+ituXCji1g9x5984abPQ1gMDh3Pu5Z45Ycyo0q77ba2tb2xubZd2yrt7+weH9tFxR4lEEmgTwYTshVgBoxG0NdUMerEEzEMG3XB6k/vdR5CKiuhBpzEEHI8jOqIEayMN7IrPsZ5Int3DrOYLDmN8PrCrbt2dw1klXkGqqEBrYH/5Q0ESDpEmDCvV99xYBxmWmhIGs7KfKIgxmeIx9A2NMAcVZPPwM+fMKENnJKR5kXbm6u+NDHOlUh6ayTyqWvZy8T+vn+hRI8hoFCcaIrI4NEqYo4WTN+EMqQSiWWoIJpKarA6ZYImJNn2VTQne8pdXSeei7l3VvbvLarNR1FFCJ+gU1ZCHrlET3aIWaiOCUvSMXtGb9WS9WO/Wx2J0zSp2KugPrM8fkkqUrw==</latexit>
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no quasiparticles

A CFT without quasiparticles: generic ∆:

〈O(k)O(−k)〉 = |k|2∆−d−1.



AdS space 8
What is the AdS half of AdS/CFT?

(Semi)classical gravity in asymptotically anti-de Sitter space!

Gravity is a theory of curved spacetime where the distance between
xµ and xµ + dxµ is

ds2 = gµνdxµdxν .

The classical (Einstein) theory of gravity is

S =

∫
dDx

√
−g

(
R

16πG
+ Lmatter

)
where g = det(gµν) and R is the Ricci scalar:

"R ∼ ∇2gµν"
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AdS space 9
Anti-de Sitter (AdS) space is a solution to the D-dimensional
Euler-Lagrange equations with

L =
1

16πG

R +
D(D − 1)

L2︸ ︷︷ ︸
negative cosmological constant

 .
In a useful (Poincaré) coordinate patch, the metric is:

ds2 = L2

r2

dr2︸︷︷︸
bulk

+ dx2
d − dt2︸ ︷︷ ︸

d space + time

 .

Light from the bulk (r > 0) of AdS can hit the boundary (r = 0 in
finite time, so boundary conditions will be important!

ds2 = 0 =
L2

r2

[(
dr
dt

)2

−
(

dt
dt

)2
]

=⇒ r = r0 − t.
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AdS space 10
The isometry group of a space is the group of diffeomorphisms
(coordinate transformations) that leave the metric invariant.

For AdSd+2:

ds2 = L2

r2

dr2︸︷︷︸
bulk

+ dx2
d − dt2︸ ︷︷ ︸

d space + time

 ,
we have:
I translation: xµ → xµ + cµ

I Lorentz transformations on (t, xi).
I scale invariance: r → λr , t → λt, x → λx
I special conformal transformations

which is also the conformal symmetry group... 🤔
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Holographic dictionary 11
Conjecture: the generating function of (d + 1)-dimensional CFT is a
quantum gravity partition function on AdSd+2:

[Gubser, Klebanov, Polyakov; Phys. Lett. B428 105 (1998)]
[Witten; Adv. Theor. Math. Phys. 2 253 (1998)]〈

exp
[∫

dd+1x φ0(x)O(x)
]〉

= Zgrav

[
φbulk(x, r → 0) → r#φ0(x)

]
.

This is a non-perturbative definition of quantum gravity... 👍
...although we can’t compute either side generically! ☹️

Approximate Zgrav by semiclassical saddle point if: 😃

G ∼ 1

N 2
→ 0

L ∼ λ1/4LPlanck → ∞

Such a limit is reasonable (in some string theories). N is rank of gauge
group, and λ is string coupling constant.
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Holographic dictionary 12
The holographic dictionary told us that:

source φ0 for operator O = bound. cond. φbulk(x, r → 0) → r#φ0(x)

Gravity has a bulk field for every “operator we care about”?

scalar O of dim. ∆ scalar φ with m2 = ∆(∆− d − 1)/L2

conserved U(1) current Jµ Maxwell U(1) gauge field Aa
conserved stress tensor Tµν gravity with metric gab

These are “simply” the background fields we usually couple to!

Z [δφ, δAµ, δgµν ] =
〈

exp
[∫

dd+1x
(
Oδφ+ JµδAµ +

1

2
Tµνδgµν

)]〉
CFT

.

Bulk fields needed for low dimension ∆ operators. Bulk theory is
gravitational since the stress tensor exists and is low dimension!



Holographic dictionary 12
The holographic dictionary told us that:

source φ0 for operator O = bound. cond. φbulk(x, r → 0) → r#φ0(x)

Gravity has a bulk field for every “operator we care about”?

scalar O of dim. ∆ scalar φ with m2 = ∆(∆− d − 1)/L2

conserved U(1) current Jµ Maxwell U(1) gauge field Aa
conserved stress tensor Tµν gravity with metric gab

These are “simply” the background fields we usually couple to!

Z [δφ, δAµ, δgµν ] =
〈

exp
[∫

dd+1x
(
Oδφ+ JµδAµ +

1

2
Tµνδgµν

)]〉
CFT

.

Bulk fields needed for low dimension ∆ operators. Bulk theory is
gravitational since the stress tensor exists and is low dimension!



Holographic dictionary 12
The holographic dictionary told us that:

source φ0 for operator O = bound. cond. φbulk(x, r → 0) → r#φ0(x)

Gravity has a bulk field for every “operator we care about”?

scalar O of dim. ∆ scalar φ with m2 = ∆(∆− d − 1)/L2

conserved U(1) current Jµ Maxwell U(1) gauge field Aa
conserved stress tensor Tµν gravity with metric gab

These are “simply” the background fields we usually couple to!

Z [δφ, δAµ, δgµν ] =
〈

exp
[∫

dd+1x
(
Oδφ+ JµδAµ +

1

2
Tµνδgµν

)]〉
CFT

.

Bulk fields needed for low dimension ∆ operators. Bulk theory is
gravitational since the stress tensor exists and is low dimension!



Holographic dictionary 12
The holographic dictionary told us that:

source φ0 for operator O = bound. cond. φbulk(x, r → 0) → r#φ0(x)

Gravity has a bulk field for every “operator we care about”?

scalar O of dim. ∆ scalar φ with m2 = ∆(∆− d − 1)/L2

conserved U(1) current Jµ Maxwell U(1) gauge field Aa
conserved stress tensor Tµν gravity with metric gab

These are “simply” the background fields we usually couple to!

Z [δφ, δAµ, δgµν ] =
〈

exp
[∫

dd+1x
(
Oδφ+ JµδAµ +

1

2
Tµνδgµν

)]〉
CFT

.

Bulk fields needed for low dimension ∆ operators. Bulk theory is
gravitational since the stress tensor exists and is low dimension!



Holographic dictionary 12
The holographic dictionary told us that:

source φ0 for operator O = bound. cond. φbulk(x, r → 0) → r#φ0(x)

Gravity has a bulk field for every “operator we care about”?

scalar O of dim. ∆ scalar φ with m2 = ∆(∆− d − 1)/L2

conserved U(1) current Jµ Maxwell U(1) gauge field Aa
conserved stress tensor Tµν gravity with metric gab

These are “simply” the background fields we usually couple to!

Z [δφ, δAµ, δgµν ] =
〈

exp
[∫

dd+1x
(
Oδφ+ JµδAµ +

1

2
Tµνδgµν

)]〉
CFT

.

Bulk fields needed for low dimension ∆ operators. Bulk theory is
gravitational since the stress tensor exists and is low dimension!



Holographic dictionary 13
Check holographic conjecture by calculating correlation functions.

Semiclassical Zgrav =⇒ find solutions to classical Einstein-matter
equations in AdS.

Consider a bulk theory with

Sbulk =

∫
dd+2x

√
−g

(
R − 2Λ

16πG
− 1

2
∇aφ∇aφ− 1

2
m2φ2

)
(Indices: ab · · · =bulk, µν · · · =bdy. spacetime, ij · · · =bdy. space).

Bulk equations of motion for φ:

∇a∇aφ =
1√
−g

∂a

(
gab√−g∂bφ

)
= m2φ

rd+2∂r

(
r−d∂rφ

)
+ r2∂µ∂µφ = ∆(∆− d − 1)φ
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Holographic dictionary 14

rd+2∂r

(
r−d∂rφ

)
+ r2∂µ∂µφ = ∆(∆− d − 1)φ

Supposing that our source φ0 = eikµxµ , we find

φ(x, r) = φ(r)eikµxµ

φ(r) ∼ r(1+d)/2K∆−(d+1)/2(
√

kµkµr).

Note that m2 < 0 possible for real/allowed ∆!

Plug in to bulk action:

Sbulk =

∞∫
ε

dr
[
−1

2
|∇φ|2 − 1

2
m2|φ|2

]
= εd+1−2∆ + k2∆−d−1ε0 + · · ·

A local counterterm cancels divergences. What remains is:

|k|2∆−d−1 ∼
∫

dd+1xe−ikµxµ 1

(xµxµ)∆
= 〈O(k)O(−k)〉CFT
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Holographic dictionary 15
The general principle is as follows: (take L = 1 for simplicity)

φ(r → 0, xµ) = φ0(x)rd+1−∆︸ ︷︷ ︸
non-normalizable

+ · · ·+ 〈O(x)〉
2∆− d − 1

r∆︸ ︷︷ ︸
normalizable

+ · · ·

r → 0 asymptotics encode source and response.

Green’s functions (correlators) are calculated by:

〈O(x)O(y)〉CFT ∼ δ〈O(x)〉
δφ0(y)

We don’t explicitly need to evaluate Sbulk!

(For some values of ∆, there exists alternate quantization.)
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Holographic dictionary 16
The bulk action encodes OPE coefficients:

e.g. [Lucas, Sierens, Witczak-Krempa; JHEP 07 149 (2017)]

Sbulk =

∫
dd+2x

√
−g

(
R − 2Λ− COO

[
(∇φ)2 + m2φ2

]
− COOOφ

3 + · · ·
)
.

One condensed matter “interpretation” for a holographic calculation is
that we truncate OPE of a strongly correlated system!

A non-trivial part of this OPE is always with stress tensor:

√
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√
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gabδgab
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Finite temperature: black holes 17
Holography holds even if conformal symmetry is broken.

Usually symmetry is broken by r = 0 boundary conditions: Lecture 2

There is a crucial exception: a black hole!
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Finite temperature: black holes 18
Most generic xµ-homogeneous ansatz:

ds2 = 1

r2
[
g(r)dr2 − f (r)dt2 + dx2

d
]

The most general solution with g(0) = f (0) = 1 [AdS bound. cond.]:

g(r)−1 = f (r) = 1−
(

r
r0

)d+1

.

This is the AdS-Schwarzchild black hole.

Black hole horizon where gtt = 0, at r = r0.
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Finite temperature: black holes 19
Black holes have a (Hawking) temperature T :

e.g. [Bardeen, Carter, Hawking; Comm. Math. Phys. 31 161 (1973)]

t → iτ = i 2

|f ′(r0)|
θ, r = r0 −

r20
4
|f ′(r0)|ρ2

transforms the near-horizon [f (r) ∼ (r − r0)] metric to

ds2 = 1

r2

[
dr2

f (r)
+ f (r)dτ2 + dx2

d

]
→ dρ2 + ρ2dθ2 + · · · .

This looks like polar coordinates. Absence of conical singularity
requires θ ∼ θ + 2π or

τ ∼ τ +
1

T
T =

1

4π
|f ′(r0)| =

d + 1

4πr0
.

Hawking temperature = boundary theory’s temperature.
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Finite temperature: black holes 20
For gravity, the bulk-boundary correspondence:

gtt(r → 0) = − 1

r2︸︷︷︸
source

+
rd−1

rd+1
0︸ ︷︷ ︸

response

implies that

energy density = 〈T tt〉 ∼ 1

rd+1
0

∼ Td+1,

which matches dimensional analysis for a CFT!



Finite temperature: black holes 21
Response functions in a black hole background gives us real-time,
thermal correlators! [Son, Starinets; JHEP 09 042 (2002)]

In Euclidean time, bulk scalar φ(r , τ) ∼ eiωnτφ(r) obeys (near r = r0):

φ(r) = (r0 − r)ωn/4πT or φ(r) = (r0 − r)−ωn/4πT

Taking good (not divergent) boundary conditions and analytically
continuing to real time:

φ(r , t) ∼ exp
[
−iω

(
t + log(r0 − r)

4πT

)]
.

Excitation obeys infalling boundary conditions.

In dual theory: compute retarded, not advanced, correlators!

Boundary thermalization: fall into/grow bulk black hole!
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Entanglement entropy 22
Non-stringy justification for holography: bulk geometry encodes
entanglement structure of dual theory.

[Swingle; Phys. Rev. D86 065007 (2012)]

Review: given qubits on lattice, ground state

|ψ0〉 =
∑

cs1s2s3s4···|s1〉|s2〉|s3〉|s4〉 · · ·

trace out complement of A to get reduced density matrix on A:

ρA = trAc |ψ0〉〈ψ0|.

Entanglement entropy of A with region Ac:

SA = tr [−ρA log ρA] ≥ 0.
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Entanglement entropy 23
In 1 + 1-dimensional CFT, entanglement of domain of size `:

S` =
c
6

log `
ε
.

ε = UV cutoff (lattice size). [Calabrese, Cardy; J. Stat. Mech. P06002 (2004)]

Related to the entanglement structure of CFT ground state (MERA):
[Swingle; Phys. Rev. D86 065007 (2012)]

|ψ0〉 =
∑

a0,a1,··· ,b0,···
C c0

b0b4 · · ·C
b0
a0a2

· · · · Ca0s0s1Ca1s1s2 |s0s1s2 · · · 〉
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Entanglement entropy 24
In AdS/CFT, in semiclassical limit:

[Ryu, Takayanagi; Phys. Rev. Lett. 96 181602 (2006)]

SA =
1

4G
min Area(bulk surface with boundary A)

Intuitively – the number of bonds broken in MERA!
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Entanglement entropy 25
Example: 1+1d CFT, interval of length `:

Area =

∫
ds =

∫ √
dr2
r2

+
dx2

r2
=

∫
dx
r

√
1 +

(
dr
dx

)2

.

Require r(± `
2) = 0. Euler-Lagrange equation solved by

r(x) =

√(
`

2

)2

− x2,

leading to

Area = 2

`/2∫
0

`
2dr

( `2)
2 − r2

→ c
6

log `
ε
.
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Entanglement entropy 26
Add a finite temperature:

Schematically we find:

S` ∼
{ c

6 log `
ε `� r0

`/r0 `� r0
∼

{ c
6 log `

ε `� T−1

T` `� T−1 .

For large distances we reproduce thermal entropy density:

sth ∼
√

g|r,t

or
area of horizon = thermal entropy
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