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Quantum Field Theory

Macroscopic/Low-energy scales

Microscopic/High-energy scales

Renormalisation Group (RG) flow
from the UV to IR

UV
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RG fixed points
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Conformal Field Theories 
(CFTs)
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IR CFT
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Quantum Field Theory

Non-dynamical background metric gµ⌫(x)

Generating functional Z
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Quantum Field Theory

Translational and Rotational Symmetry

gµ⌫ ! �µ⌫

@µTµ⌫ = 0

Non-dynamical background metric gµ⌫(x)

Generating functional Z
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Conformal Field Theory

xµ ! x0µ(x)

Conformal Transformation

Diffeomorphism

such that

gµ⌫(x) ! e2⌦(x)gµ⌫(x)

Non-dynamical background metric gµ⌫(x)

Generating functional Z

<latexit sha1_base64="UAeo+R0BkzuoZI5SL5eWLwPwkhI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALtZjOY=</latexit>



gµ⌫(x) ! e2⌦(x)gµ⌫(x)

Conformal invariance

T µ
µ = 0

Conformal Field Theory
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CFT

Dilatations

Special Conformal

xµ ! ⇤µ
⌫ x

⌫Rotations

Translations xµ ! xµ + cµ

xµ ! �xµ

SO(d+ 1, 1)

xµ ! xµ + bµx2

1 + 2x⌫b⌫ + b2x2

flat space
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Boundary Conformal Field Theory (BCFT)

conformal field theory (CFT) with a boundary
+ conformally-invariant boundary conditions

possibly + massless degrees of freedom at the boundary

Boundary dimension

Co-dimension
<latexit sha1_base64="+/zwTw9NKMACOTBvmUJ05wQRV/w=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy203bpZhN2N4UQ+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJ/dxvT1FpHsknk8boh3Qk+ZAzaqzU7k2RZemsX664VXcBsk68nFQgR6Nf/uoNIpaEKA0TVOuu58bGz6gynAmclXqJxpiyCR1h11JJQ9R+tjh3Ri6sMiDDSNmShizU3xMZDbVOw8B2htSM9ao3F//zuokZ3voZl3FiULLlomEiiInI/Hcy4AqZEakllClubyVsTBVlxiZUsiF4qy+vk9ZV1buu1h5rlfpdHkcRzuAcLsGDG6jDAzSgCQwm8Ayv8ObEzovz7nwsWwtOPnMKf+B8/gC2Vo/U</latexit>

~y

CFT dimension
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Quantum Field Theory
free fields, Ising model, Wilson-Fisher, etc.

with a boundary

Experiments
graphene with a boundary

String theory + M-theory
various branes ending on branes

Examples

Holography
many examples
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Defect Conformal Field Theory (DCFT)

CFT with a conformally-invariant defect:
conformally-invariant boundary conditions along a submanifold

and/or massless degrees of freedom supported along a submanifold

Defect dimension
<latexit sha1_base64="mcbuxDXTW9QgPzCOHFrdFyHodyI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP3QeM/Q==</latexit>p

<latexit sha1_base64="dEvWWiUYITKVO4dNCZj9uEuF5ns=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8eK9gPaUDabTbt0swm7E6GU/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKUw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmiTTjDdYIhPdDqjhUijeQIGSt1PNaRxI3gqGt1O/9cS1EYl6xFHK/Zj2lYgEo2ilh/A87ZXKbsWdgSwTLydlyFHvlb66YcKymCtkkhrT8dwU/THVKJjkk2I3MzylbEj7vGOpojE3/nh26oScWiUkUaJtKSQz9ffEmMbGjOLAdsYUB2bRm4r/eZ0Mo2t/LFSaIVdsvijKJMGETP8modCcoRxZQpkW9lbCBlRThjadog3BW3x5mTQvKt5lpXpfLddu8jgKcAwncAYeXEEN7qAODWDQh2d4hTdHOi/Ou/Mxb11x8pkj+APn8wcDqI2i</latexit>

d� p

CFT dimension
<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d

Co-dimension
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Quantum Field Theory
Wilson lines, surface operators, etc.

Experiments
graphene with an impurity, line defect, etc.

String theory + M-theory
various branes intersecting branes

Holography
many examples

Examples



CFT

Dilatations

Special Conformal

xµ ! ⇤µ
⌫ x

⌫Rotations

Translations xµ ! xµ + cµ

xµ ! �xµ

SO(d+ 1, 1)

xµ ! xµ + bµx2

1 + 2x⌫b⌫ + b2x2

flat space
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Dilatations

Special Conformal

xµ ! ⇤µ
⌫ x

⌫Rotations

Translations xµ ! xµ + cµ

xµ ! �xµ

SO(d+ 1, 1)

xµ ! xµ + bµx2

1 + 2x⌫b⌫ + b2x2

BCFT + DCFT

Broken to subgroup
that preserves the boundary or defect

boundary or defect in flat space



xµ ! ⇤µ
⌫ x

⌫Rotations

Broken to rotations in + rotations in

BCFT + DCFT
boundary or defect in flat space
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<latexit sha1_base64="+/zwTw9NKMACOTBvmUJ05wQRV/w=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy203bpZhN2N4UQ+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJ/dxvT1FpHsknk8boh3Qk+ZAzaqzU7k2RZemsX664VXcBsk68nFQgR6Nf/uoNIpaEKA0TVOuu58bGz6gynAmclXqJxpiyCR1h11JJQ9R+tjh3Ri6sMiDDSNmShizU3xMZDbVOw8B2htSM9ao3F//zuokZ3voZl3FiULLlomEiiInI/Hcy4AqZEakllClubyVsTBVlxiZUsiF4qy+vk9ZV1buu1h5rlfpdHkcRzuAcLsGDG6jDAzSgCQwm8Ayv8ObEzovz7nwsWwtOPnMKf+B8/gC2Vo/U</latexit>

~y
<latexit sha1_base64="bbwnDVOU7CsWx+04f1unqbjFPu8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7m2IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3xqg0j+WjmSToR3QgecgZNVZqdcfIsqdpr1xxq+4cZJV4OalAjnqv/NXtxyyNUBomqNYdz02Mn1FlOBM4LXVTjQllIzrAjqWSRqj9bH7ulJxZpU/CWNmShszV3xMZjbSeRIHtjKgZ6mVvJv7ndVIT3vgZl0lqULLFojAVxMRk9jvpc4XMiIkllClubyVsSBVlxiZUsiF4yy+vkuZF1buqXj5cVmq3eRxFOIFTOAcPrqEG91CHBjAYwTO8wpuTOC/Ou/OxaC04+cwx/IHz+QO00Y/T</latexit>

~x



Translations

Broken to translations along

xµ ! xµ + cµ

BCFT + DCFT
boundary or defect in flat space

<latexit sha1_base64="bbwnDVOU7CsWx+04f1unqbjFPu8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7m2IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3xqg0j+WjmSToR3QgecgZNVZqdcfIsqdpr1xxq+4cZJV4OalAjnqv/NXtxyyNUBomqNYdz02Mn1FlOBM4LXVTjQllIzrAjqWSRqj9bH7ulJxZpU/CWNmShszV3xMZjbSeRIHtjKgZ6mVvJv7ndVIT3vgZl0lqULLFojAVxMRk9jvpc4XMiIkllClubyVsSBVlxiZUsiF4yy+vkuZF1buqXj5cVmq3eRxFOIFTOAcPrqEG91CHBjAYwTO8wpuTOC/Ou/OxaC04+cwx/IHz+QO00Y/T</latexit>

~x

<latexit sha1_base64="+/zwTw9NKMACOTBvmUJ05wQRV/w=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy203bpZhN2N4UQ+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJ/dxvT1FpHsknk8boh3Qk+ZAzaqzU7k2RZemsX664VXcBsk68nFQgR6Nf/uoNIpaEKA0TVOuu58bGz6gynAmclXqJxpiyCR1h11JJQ9R+tjh3Ri6sMiDDSNmShizU3xMZDbVOw8B2htSM9ao3F//zuokZ3voZl3FiULLlomEiiInI/Hcy4AqZEakllClubyVsTBVlxiZUsiF4qy+vk9ZV1buu1h5rlfpdHkcRzuAcLsGDG6jDAzSgCQwm8Ayv8ObEzovz7nwsWwtOPnMKf+B8/gC2Vo/U</latexit>

~y

<latexit sha1_base64="+/zwTw9NKMACOTBvmUJ05wQRV/w=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy203bpZhN2N4UQ+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJ/dxvT1FpHsknk8boh3Qk+ZAzaqzU7k2RZemsX664VXcBsk68nFQgR6Nf/uoNIpaEKA0TVOuu58bGz6gynAmclXqJxpiyCR1h11JJQ9R+tjh3Ri6sMiDDSNmShizU3xMZDbVOw8B2htSM9ao3F//zuokZ3voZl3FiULLlomEiiInI/Hcy4AqZEakllClubyVsTBVlxiZUsiF4qy+vk9ZV1buu1h5rlfpdHkcRzuAcLsGDG6jDAzSgCQwm8Ayv8ObEzovz7nwsWwtOPnMKf+B8/gC2Vo/U</latexit>

~y



Dilatations xµ ! �xµ

Unbroken

BCFT + DCFT
boundary or defect in flat space

<latexit sha1_base64="bbwnDVOU7CsWx+04f1unqbjFPu8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7m2IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3xqg0j+WjmSToR3QgecgZNVZqdcfIsqdpr1xxq+4cZJV4OalAjnqv/NXtxyyNUBomqNYdz02Mn1FlOBM4LXVTjQllIzrAjqWSRqj9bH7ulJxZpU/CWNmShszV3xMZjbSeRIHtjKgZ6mVvJv7ndVIT3vgZl0lqULLFojAVxMRk9jvpc4XMiIkllClubyVsSBVlxiZUsiF4yy+vkuZF1buqXj5cVmq3eRxFOIFTOAcPrqEG91CHBjAYwTO8wpuTOC/Ou/OxaC04+cwx/IHz+QO00Y/T</latexit>

~x

<latexit sha1_base64="+/zwTw9NKMACOTBvmUJ05wQRV/w=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy203bpZhN2N4UQ+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJ/dxvT1FpHsknk8boh3Qk+ZAzaqzU7k2RZemsX664VXcBsk68nFQgR6Nf/uoNIpaEKA0TVOuu58bGz6gynAmclXqJxpiyCR1h11JJQ9R+tjh3Ri6sMiDDSNmShizU3xMZDbVOw8B2htSM9ao3F//zuokZ3voZl3FiULLlomEiiInI/Hcy4AqZEakllClubyVsTBVlxiZUsiF4qy+vk9ZV1buu1h5rlfpdHkcRzuAcLsGDG6jDAzSgCQwm8Ayv8ObEzovz7nwsWwtOPnMKf+B8/gC2Vo/U</latexit>

~y



Special Conformal xµ ! xµ + bµx2

1 + 2x⌫b⌫ + b2x2

Broken to b? = 0
<latexit sha1_base64="c4nfPq+uUIqW6l1LzYJDt69vasY=">AAAB8nicbVBNSwMxEJ31s9avqkcvwSJ4KrtV0ItQ9OKxgv2Adi3ZNNuGZpOQZIWy9Gd48aCIV3+NN/+NabsHbX0w8Hhvhpl5keLMWN//9lZW19Y3Ngtbxe2d3b390sFh08hUE9ogkkvdjrChnAnasMxy2laa4iTitBWNbqd+64lqw6R4sGNFwwQPBIsZwdZJnegx6yqq1eTa75XKfsWfAS2TICdlyFHvlb66fUnShApLODamE/jKhhnWlhFOJ8VuaqjCZIQHtOOowAk1YTY7eYJOndJHsdSuhEUz9fdEhhNjxknkOhNsh2bRm4r/eZ3UxldhxoRKLRVkvihOObISTf9HfaYpsXzsCCaauVsRGWKNiXUpFV0IweLLy6RZrQTnler9Rbl2k8dRgGM4gTMI4BJqcAd1aAABCc/wCm+e9V68d+9j3rri5TNH8Afe5w8ep5Ek</latexit>

BCFT + DCFT
boundary or defect in flat space

<latexit sha1_base64="bbwnDVOU7CsWx+04f1unqbjFPu8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7m2IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3xqg0j+WjmSToR3QgecgZNVZqdcfIsqdpr1xxq+4cZJV4OalAjnqv/NXtxyyNUBomqNYdz02Mn1FlOBM4LXVTjQllIzrAjqWSRqj9bH7ulJxZpU/CWNmShszV3xMZjbSeRIHtjKgZ6mVvJv7ndVIT3vgZl0lqULLFojAVxMRk9jvpc4XMiIkllClubyVsSBVlxiZUsiF4yy+vkuZF1buqXj5cVmq3eRxFOIFTOAcPrqEG91CHBjAYwTO8wpuTOC/Ou/OxaC04+cwx/IHz+QO00Y/T</latexit>

~x

<latexit sha1_base64="+/zwTw9NKMACOTBvmUJ05wQRV/w=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy203bpZhN2N4UQ+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJ/dxvT1FpHsknk8boh3Qk+ZAzaqzU7k2RZemsX664VXcBsk68nFQgR6Nf/uoNIpaEKA0TVOuu58bGz6gynAmclXqJxpiyCR1h11JJQ9R+tjh3Ri6sMiDDSNmShizU3xMZDbVOw8B2htSM9ao3F//zuokZ3voZl3FiULLlomEiiInI/Hcy4AqZEakllClubyVsTBVlxiZUsiF4qy+vk9ZV1buu1h5rlfpdHkcRzuAcLsGDG6jDAzSgCQwm8Ayv8ObEzovz7nwsWwtOPnMKf+B8/gC2Vo/U</latexit>

~y



conformal transformations 
preserving the boundary/defect

rotations around 
the defect

BCFT + DCFT
boundary or defect in flat space

<latexit sha1_base64="bbwnDVOU7CsWx+04f1unqbjFPu8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7m2IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3xqg0j+WjmSToR3QgecgZNVZqdcfIsqdpr1xxq+4cZJV4OalAjnqv/NXtxyyNUBomqNYdz02Mn1FlOBM4LXVTjQllIzrAjqWSRqj9bH7ulJxZpU/CWNmShszV3xMZjbSeRIHtjKgZ6mVvJv7ndVIT3vgZl0lqULLFojAVxMRk9jvpc4XMiIkllClubyVsSBVlxiZUsiF4yy+vkuZF1buqXj5cVmq3eRxFOIFTOAcPrqEG91CHBjAYwTO8wpuTOC/Ou/OxaC04+cwx/IHz+QO00Y/T</latexit>

~x

<latexit sha1_base64="+/zwTw9NKMACOTBvmUJ05wQRV/w=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy203bpZhN2N4UQ+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJ/dxvT1FpHsknk8boh3Qk+ZAzaqzU7k2RZemsX664VXcBsk68nFQgR6Nf/uoNIpaEKA0TVOuu58bGz6gynAmclXqJxpiyCR1h11JJQ9R+tjh3Ri6sMiDDSNmShizU3xMZDbVOw8B2htSM9ao3F//zuokZ3voZl3FiULLlomEiiInI/Hcy4AqZEakllClubyVsTBVlxiZUsiF4qy+vk9ZV1buu1h5rlfpdHkcRzuAcLsGDG6jDAzSgCQwm8Ayv8ObEzovz7nwsWwtOPnMKf+B8/gC2Vo/U</latexit>

~y

<latexit sha1_base64="aH93RFt3LGiwgpQ+6J23Cu7yNmE=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiC1AqoEVcBYwcJGEfQhtVHlOE5r1XEi20Gqov4AC7/CwgBCrOxs/A1OmwFajmTp3HPv1fU5bsSoVJb1beQWFpeWV/KrhbX1jc0tc3unKcNYYNLAIQtF20WSMMpJQ1HFSDsSBAUuIy13eJX2Ww9ESBryezWKiBOgPqc+xUhpqWce3N2UvCP72C53VQh1EWUFDYhMa+8kKvfMolWxJoDzxM5IEWSo98yvrhfiOCBcYYak7NhWpJwECUUxI+NCN5YkQniI+qSjKUf6mJNM3IzhoVY86IdCP67gRP29kaBAylHg6skAqYGc7aXif71OrPwLJ6E8ihXheHrIjxnUxtNooEcFwYqNNEFYUP1XiAdIIKx0gAUdgj1reZ40Tyv2WaV6Wy3WLrM48mAP7IMSsME5qIFrUAcNgMEjeAav4M14Ml6Md+NjOpozsp1d8AfG5w+9w5g5</latexit>

SO(d+ 1, 1) ! SO(p+ 1, 1)⇥ SO(d� p)



xi
<latexit sha1_base64="n7X7iiMdbFId6dt3NaFYbQVkhFk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68VjRfkAby2Y7aZduNmF3I5bQn+DFgyJe/UXe/Ddu2xy09cHA470ZZuYFieDauO63s7S8srq2Xtgobm5t7+yW9vYbOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxheT/zmIyrNY3lvRgn6Ee1LHnJGjZXunh54t1R2K+4UZJF4OSlDjlq39NXpxSyNUBomqNZtz02Mn1FlOBM4LnZSjQllQ9rHtqWSRqj9bHrqmBxbpUfCWNmShkzV3xMZjbQeRYHtjKgZ6HlvIv7ntVMTXvoZl0lqULLZojAVxMRk8jfpcYXMiJEllClubyVsQBVlxqZTtCF48y8vksZpxTuruLfn5epVHkcBDuEITsCDC6jCDdSgDgz68Ayv8OYI58V5dz5mrUtOPnMAf+B8/gBftY3Z</latexit>

along the boundary/defect

transverse to the boundary/defect

with

with

withxµ

<latexit sha1_base64="lAnDXfVIA++0rxyRK4bhMUy1NFI=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoseiF48V7Ae0a8mm2TY0yS5JVixLf4QXD4p49fd489+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aJk41ZQ0ai1i3Q2KY4Io1LLeCtRPNiAwFa4Wjm6nfemTa8Fjd23HCAkkGikecEuuk1tND1pXppFeueFVvBrxM/JxUIEe9V/7q9mOaSqYsFcSYju8lNsiItpwKNil1U8MSQkdkwDqOKiKZCbLZuRN84pQ+jmLtSlk8U39PZEQaM5ah65TEDs2iNxX/8zqpja6CjKsktUzR+aIoFdjGePo77nPNqBVjRwjV3N2K6ZBoQq1LqORC8BdfXibNs6p/Xr24O6/UrvM4inAEx3AKPlxCDW6hDg2gMIJneIU3lKAX9I4+5q0FlM8cwh+gzx+314/U</latexit>

µ = 1, 2, 3, . . . , d

<latexit sha1_base64="xGxGrP1AYlhGjjl+1wuZDZPl40I=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwEUpSK7oRim5cVrAPaEKZTCbt0HmEmYlYSn/FjQtF3Poj7vwbp20W2nrgwuGce7n3niilRGnP+7YKa+sbm1vF7dLO7t7+gX1YbiuRSYRbSFAhuxFUmBKOW5poirupxJBFFHei0e3M7zxiqYjgD3qc4pDBAScJQVAbqW+XA5Zd+27NPXcDGgut3LhvV7yqN4ezSvycVECOZt/+CmKBMoa5RhQq1fO9VIcTKDVBFE9LQaZwCtEIDnDPUA4ZVuFkfvvUOTVK7CRCmuLamau/JyaQKTVmkelkUA/VsjcT//N6mU6uwgnhaaYxR4tFSUYdLZxZEE5MJEaajg2BSBJzq4OGUEKkTVwlE4K//PIqadeqfr16cV+vNG7yOIrgGJyAM+CDS9AAd6AJWgCBJ/AMXsGbNbVerHfrY9FasPKZI/AH1ucP3tWTDg==</latexit>

BCFT + DCFT
boundary or defect in flat space

<latexit sha1_base64="ly3zJNz6VTpnCMVtpYqah/uqzHg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaWDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuLaiFg94DjhfkQHSoSCUbTS/fiR9soVt+rOQJaJl5MK5Kj3yl/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rFU0YgbP5udOiEnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2nZEPwFl9eJs2zqndRPb87r9Su8ziKcATHcAoeXEINbqEODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QNXX43Z</latexit>

ya
<latexit sha1_base64="xcddWFHQzbDT/+jJNvrMzd8ZPEA=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4KGW3FPUiFL14rGA/oF1LNpttQ7PJkmSVUvo/vHhQxKv/xZv/xrTdg7Y+GHi8N8PMvCDhTBvX/XZWVtfWNzZzW/ntnd29/cLBYVPLVBHaIJJL1Q6wppwJ2jDMcNpOFMVxwGkrGN5M/dYjVZpJcW9GCfVj3BcsYgQbKz3gK69UKXV5KI0uJb1C0S27M6Bl4mWkCBnqvcJXN5QkjakwhGOtO56bGH+MlWGE00m+m2qaYDLEfdqxVOCYan88u3qCTq0SokgqW8Kgmfp7YoxjrUdxYDtjbAZ60ZuK/3md1ESX/piJJDVUkPmiKOXISDSNAIVMUWL4yBJMFLO3IjLAChNjg8rbELzFl5dJs1L2zsvVu2qxdp3FkYNjOIEz8OACanALdWgAAQXP8ApvzpPz4rw7H/PWFSebOYI/cD5/APIzkYY=</latexit>

a = 1, 2, . . . , p

<latexit sha1_base64="oJqsRIeAVqKEI//F3cRLz7YFCwk=">AAAB+3icbVDLSgMxFM34rPU11qWbYBGEljJTiroRim5cVrAPaIeSyWTa0EwSkoxYSn/FjQtF3Poj7vwb03YW2nrgwuGce7n3nlAyqo3nfTtr6xubW9u5nfzu3v7BoXtUaGmRKkyaWDChOiHShFFOmoYaRjpSEZSEjLTD0e3Mbz8SpangD2YsSZCgAacxxchYqe8W6LUs+WVZqpZ7LBJGl6O+W/Qq3hxwlfgZKYIMjb771YsEThPCDWZI667vSRNMkDIUMzLN91JNJMIjNCBdSzlKiA4m89un8MwqEYyFssUNnKu/JyYo0XqchLYzQWaol72Z+J/XTU18FUwol6khHC8WxSmDRsBZEDCiimDDxpYgrKi9FeIhUggbG1fehuAvv7xKWtWKf1Gp3deK9Zssjhw4AafgHPjgEtTBHWiAJsDgCTyDV/DmTJ0X5935WLSuOdnMMfgD5/MH4WCTEQ==</latexit>

i = p+ 1, p+ 2, . . . , d



Displacement operator Di

<latexit sha1_base64="4sTG29sDiTi17hmBxpG/GBVMEMo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BPXiMaB6QrGF2MkmGzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMYXU/95hPXRkTqAccx90M6UKIvGEUr3d88im6x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/pp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKZ/fVUrVqyyOPBzBMZyCBxdQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AEmuNqw==</latexit>

Gaussian pillbox integration around boundary/defect

Boundary case:
D /

⇥
T??⇤@

bulk

<latexit sha1_base64="wFBjnItRqOutYi+BfYVdk94kFgw="></latexit>

BCFT + DCFT
boundary or defect in flat space

<latexit sha1_base64="3XqhrygN1qTXD71rqOHm9H+SzAU="></latexit>

@µT
µi = �d�p(~x)Di

<latexit sha1_base64="R/hNAyajxqcPedwCxpHn8umkvk8="></latexit>

@a
⇥
T ab

⇤
p=d�1

/
⇥
T b?⇤@

bulk

<latexit sha1_base64="NEDlK9n/3uAvHstzUeRidYxMamw="></latexit>

Tµ⌫ = [Tµ⌫ ]bulk + �d�p(~x) [Tµ⌫ ]p



Displacement operator Di

<latexit sha1_base64="4sTG29sDiTi17hmBxpG/GBVMEMo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BPXiMaB6QrGF2MkmGzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMYXU/95hPXRkTqAccx90M6UKIvGEUr3d88im6x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/pp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKZ/fVUrVqyyOPBzBMZyCBxdQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AEmuNqw==</latexit>

BCFT + DCFT
boundary or defect in flat space

<latexit sha1_base64="3XqhrygN1qTXD71rqOHm9H+SzAU="></latexit>

@µT
µi = �d�p(~x)Di

T µ
µ = 0 )

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

<latexit sha1_base64="AOJOvuZNgp/QtsoeKpT+WeBEdLo=">AAACGXicbVBNS8NAEN3Ur1q/qh69LBbBU0mkqBeh6MWjglWhiWWznbRLd5OwOxFLiD/Di3/FiwdFPOrJf+O29uDXg2Ee782wOy9MpTDouh9OaWp6ZnauPF9ZWFxaXqmurp2bJNMcWjyRib4MmQEpYmihQAmXqQamQgkX4eBo5F9cgzYiic9wmEKgWC8WkeAMrdSpur6ECGmbnnVyX2XFVX47atTXotfHwIoIN6hVHmZyUBQHbqdac+vuGPQv8SakRiY46VTf/G7CMwUxcsmMaXtuikHONAouoaj4mYGU8QHrQdvSmCkwQT6+rKBbVunSKNG2YqRj9ftGzpQxQxXaScWwb357I/E/r51htB/kIk4zhJh/PRRlkmJCRzHRrtDAUQ4tYVwL+1fK+0wzjjbMig3B+33yX3K+U/d2643TRq15OImjTDbIJtkmHtkjTXJMTkiLcHJHHsgTeXbunUfnxXn9Gi05k5118gPO+yf9faGS</latexit>⇥
T µ
µ

⇤
bulk

= 0

Conformal invariance

<latexit sha1_base64="NEDlK9n/3uAvHstzUeRidYxMamw="></latexit>

Tµ⌫ = [Tµ⌫ ]bulk + �d�p(~x) [Tµ⌫ ]p

<latexit sha1_base64="uA13SM557jngq0U/cr73apwsvKw=">AAACCnicbVDLSsNAFJ3UV62vqks3o0VwVRIp6kYounFZoS9IYphMJ+3QyYOZG6GEunXjr7hxoYhbv8Cdf+O0zUJbD1zu4Zx7mbnHTwRXYJrfRmFpeWV1rbhe2tjc2t4p7+61VZxKylo0FrHs+kQxwSPWAg6CdRPJSOgL1vGH1xO/c8+k4nHUhFHC3JD0Ix5wSkBLXvnQESwAbOOmlzlhOr7LHibNkbw/ANdLLk2vXDGr5hR4kVg5qaAcDa/85fRimoYsAiqIUrZlJuBmRAKngo1LTqpYQuiQ9JmtaURCptxsesoYH2ulh4NY6ooAT9XfGxkJlRqFvp4MCQzUvDcR//PsFIILN+NRkgKL6OyhIBUYYjzJBfe4ZBTESBNCJdd/xXRAJKGg0yvpEKz5kxdJ+7RqnVVrt7VK/SqPo4gO0BE6QRY6R3V0gxqohSh6RM/oFb0ZT8aL8W58zEYLRr6zj/7A+PwBU3yarg==</latexit>⇥
T µ
µ

⇤
p
= 0



Displacement operator Di

<latexit sha1_base64="4sTG29sDiTi17hmBxpG/GBVMEMo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BPXiMaB6QrGF2MkmGzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMYXU/95hPXRkTqAccx90M6UKIvGEUr3d88im6x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/pp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKZ/fVUrVqyyOPBzBMZyCBxdQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AEmuNqw==</latexit>

BCFT + DCFT
boundary or defect in flat space

<latexit sha1_base64="3XqhrygN1qTXD71rqOHm9H+SzAU="></latexit>

@µT
µi = �d�p(~x)Di

Conformal invariance
<latexit sha1_base64="qXTdnmUlTVFaVXG392LTXbBNpGM="></latexit>

hDi(ya)Dj(0)i / �ij

|ya|2(p+1)

<latexit sha1_base64="NEDlK9n/3uAvHstzUeRidYxMamw="></latexit>

Tµ⌫ = [Tµ⌫ ]bulk + �d�p(~x) [Tµ⌫ ]p



<latexit sha1_base64="G9ri+gviKRgYxrliqHZ3MXAbsEA=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSRS1JMUvXisYNpCG8pms2mXbjbL7kYoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCyVn2rjut7Oyura+sVnaKm/v7O7tVw4OWzrNFKE+SXmqOiHWlDNBfcMMpx2pKE5CTtvh6G7qt5+o0iwVj2YsaZDggWAxI9hYyY/O5Y3Xr1TdmjsDWiZeQapQoNmvfPWilGQJFYZwrHXXc6UJcqwMI5xOyr1MU4nJCA9o11KBE6qDfHbsBJ1aJUJxqmwJg2bq74kcJ1qPk9B2JtgM9aI3Ff/zupmJr4OcCZkZKsh8UZxxZFI0/RxFTFFi+NgSTBSztyIyxAoTY/Mp2xC8xZeXSeui5l3W6g/1auO2iKMEx3ACZ+DBFTTgHprgAwEGz/AKb45wXpx352PeuuIUM0fwB87nD/f2jiU=</latexit>

d� p > 1

BCFT + DCFT
boundary or defect in flat space

Co-dimension

symmetry allows
<latexit sha1_base64="eO9UVdqhxwZaIKS2JgTkR7QKC8U="></latexit>

h
⇥
T ab

⇤
bulk

i = �h(d� p� 1)
�ab

|x?|d
<latexit sha1_base64="wvfT/J8tPfTC3I85guwtsV/+12A="></latexit>

h
⇥
T ij

⇤
bulk

i = h
(p+ 1)�ij � d

xi
?xj

?
|x?|2

|x?|d

<latexit sha1_base64="K59ikEB8gqAEkh4Jrv9MHcO9+j0=">AAACHnicbVDLSsNAFJ34tr6qLt0MFsFVScTXRhDduFSwrdDEMpnetEMnkzBzI5aQL3Hjr7hxoYjgSv/Gae1CWw8MHM45lzv3hKkUBl33y5manpmdm19YLC0tr6yuldc36ibJNIcaT2Sib0JmQAoFNRQo4SbVwOJQQiPsnQ/8xh1oIxJ1jf0Ugph1lIgEZ2ilVvnAl0x1JFBfQoTN69ucicLXotPFoJX7CPeo4zzMZK8oqK+H2RO3Va64VXcIOkm8EamQES5b5Q+/nfAsBoVcMmOanptikDONgksoSn5mIGW8xzrQtFSxGEyQD88r6I5V2jRKtH0K6VD9PZGz2Jh+HNpkzLBrxr2B+J/XzDA6DnKh0gxB8Z9FUSYpJnTQFW0LDRxl3xLGtbB/pbzLNONoGy3ZErzxkydJfa/qHVb3r/Yrp2ejOhbIFtkmu8QjR+SUXJBLUiOcPJAn8kJenUfn2Xlz3n+iU85oZpP8gfP5DSqzo8E=</latexit>

h
⇥
T ai

⇤
bulk

i = 0

<latexit sha1_base64="aH93RFt3LGiwgpQ+6J23Cu7yNmE=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiC1AqoEVcBYwcJGEfQhtVHlOE5r1XEi20Gqov4AC7/CwgBCrOxs/A1OmwFajmTp3HPv1fU5bsSoVJb1beQWFpeWV/KrhbX1jc0tc3unKcNYYNLAIQtF20WSMMpJQ1HFSDsSBAUuIy13eJX2Ww9ESBryezWKiBOgPqc+xUhpqWce3N2UvCP72C53VQh1EWUFDYhMa+8kKvfMolWxJoDzxM5IEWSo98yvrhfiOCBcYYak7NhWpJwECUUxI+NCN5YkQniI+qSjKUf6mJNM3IzhoVY86IdCP67gRP29kaBAylHg6skAqYGc7aXif71OrPwLJ6E8ihXheHrIjxnUxtNooEcFwYqNNEFYUP1XiAdIIKx0gAUdgj1reZ40Tyv2WaV6Wy3WLrM48mAP7IMSsME5qIFrUAcNgMEjeAav4M14Ml6Md+NjOpozsp1d8AfG5w+9w5g5</latexit>

SO(d+ 1, 1) ! SO(p+ 1, 1)⇥ SO(d� p)



Jensen, O’Bannon, Robinson, Rodgers 1812.08745 

Z 1

�1
duhTuui � 0

<latexit sha1_base64="ML4sL2aFaLKoc9mPu81dk+MAnpA=">AAACIXicbVDLSgMxFM34tr6qLt0Ei+DGMqOCXYpuXFawKnTqkEnv1GAmMyY3Qhn6K278FTcuFOlO/BnTdha+DoScnHMvN/fEuRQGff/Dm5qemZ2bX1isLC2vrK5V1zcuTWY1hxbPZKavY2ZACgUtFCjhOtfA0ljCVXx3OvKvHkAbkakL7OfQSVlPiURwhk6Kqo1QKIyKPXcl2B/cFCWhXUtDyVRPAr2ICmsHNNSTZ9iDe+pH1Zpf98egf0lQkhop0Yyqw7CbcZuCQi6ZMe3Az7FTMI2CSxhUQmsgZ/yO9aDtqGIpmE4x3nBAd5zSpUmm3VFIx+r3joKlxvTT2FWmDG/Nb28k/ue1LSaNTiFUbhEUnwxKrKSY0VFctCs0cJR9RxjXwv2V8lumGUcXasWFEPxe+S+53K8HB3X//LB2fFLGsUC2yDbZJQE5IsfkjDRJi3DySJ7JK3nznrwX790bTkqnvLJnk/yA9/kFFYqkBQ==</latexit>

BCFT + DCFT

Average Null Energy Condition (ANEC)

<latexit sha1_base64="oy0VKMUSSe+XLEN2H1OhQ6bWobI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzUHvWG+EjcfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzcKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Hcy4AqZERNLKFPc3krYiCrKjE2oZEPwll9eJa2LqndZrd3XKvWbPI4inMApnIMHV1CHO2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AGbxo8a</latexit>

h � 0

Lorentzian BCFT/DCFT

along any null ray

⌃

R

 
t

x3

x2

defect
null ray



Faulkner, Leigh, Parrikar, Wang 1605.08072

Hartman, Kundu, Tajdini 1610.05308

Z 1

�1
duhTuui � 0

<latexit sha1_base64="ML4sL2aFaLKoc9mPu81dk+MAnpA=">AAACIXicbVDLSgMxFM34tr6qLt0Ei+DGMqOCXYpuXFawKnTqkEnv1GAmMyY3Qhn6K278FTcuFOlO/BnTdha+DoScnHMvN/fEuRQGff/Dm5qemZ2bX1isLC2vrK5V1zcuTWY1hxbPZKavY2ZACgUtFCjhOtfA0ljCVXx3OvKvHkAbkakL7OfQSVlPiURwhk6Kqo1QKIyKPXcl2B/cFCWhXUtDyVRPAr2ICmsHNNSTZ9iDe+pH1Zpf98egf0lQkhop0Yyqw7CbcZuCQi6ZMe3Az7FTMI2CSxhUQmsgZ/yO9aDtqGIpmE4x3nBAd5zSpUmm3VFIx+r3joKlxvTT2FWmDG/Nb28k/ue1LSaNTiFUbhEUnwxKrKSY0VFctCs0cJR9RxjXwv2V8lumGUcXasWFEPxe+S+53K8HB3X//LB2fFLGsUC2yDbZJQE5IsfkjDRJi3DySJ7JK3nznrwX790bTkqnvLJnk/yA9/kFFYqkBQ==</latexit>

along any null ray

Average Null Energy Condition (ANEC)

CFT

excited state

Lorentzian CFT
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Outline:
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Conformal invariance

T µ
µ = 0

gµ⌫ = �µ⌫
<latexit sha1_base64="6+F+9ItSyyJoltrebQqEiN0Awpc=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFcFVmRNCNUHTjsoK9QGcYMpm0DU0yQy5CGQpufBU3LhRx60u4821M20G09YfAl/+cQ3L+OGNUac/7ckpLyyura+X1ysbm1vaOu7vXUqmRmDRxylLZiZEijArS1FQz0skkQTxmpB0Pryf19j2RiqbiTo8yEnLUF7RHMdLWityDfpQH3ATCjC+DhDCNfu6RW/Vq3lRwEfwCqqBQI3I/gyTFhhOhMUNKdX0v02GOpKaYkXElMIpkCA9Rn3QtCsSJCvPpDmN4bJ0E9lJpj9Bw6v6eyBFXasRj28mRHqj52sT8r9Y1uncR5lRkRhOBZw/1DIM6hZNAYEIlwZqNLCAsqf0rxAMkEdY2tooNwZ9feRFapzXf8u1ZtX5VxFEGh+AInAAfnIM6uAEN0AQYPIAn8AJenUfn2Xlz3metJaeY2Qd/5Hx8AwEBmGE=</latexit><latexit sha1_base64="6+F+9ItSyyJoltrebQqEiN0Awpc=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFcFVmRNCNUHTjsoK9QGcYMpm0DU0yQy5CGQpufBU3LhRx60u4821M20G09YfAl/+cQ3L+OGNUac/7ckpLyyura+X1ysbm1vaOu7vXUqmRmDRxylLZiZEijArS1FQz0skkQTxmpB0Pryf19j2RiqbiTo8yEnLUF7RHMdLWityDfpQH3ATCjC+DhDCNfu6RW/Vq3lRwEfwCqqBQI3I/gyTFhhOhMUNKdX0v02GOpKaYkXElMIpkCA9Rn3QtCsSJCvPpDmN4bJ0E9lJpj9Bw6v6eyBFXasRj28mRHqj52sT8r9Y1uncR5lRkRhOBZw/1DIM6hZNAYEIlwZqNLCAsqf0rxAMkEdY2tooNwZ9feRFapzXf8u1ZtX5VxFEGh+AInAAfnIM6uAEN0AQYPIAn8AJenUfn2Xlz3metJaeY2Qd/5Hx8AwEBmGE=</latexit><latexit sha1_base64="6+F+9ItSyyJoltrebQqEiN0Awpc=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFcFVmRNCNUHTjsoK9QGcYMpm0DU0yQy5CGQpufBU3LhRx60u4821M20G09YfAl/+cQ3L+OGNUac/7ckpLyyura+X1ysbm1vaOu7vXUqmRmDRxylLZiZEijArS1FQz0skkQTxmpB0Pryf19j2RiqbiTo8yEnLUF7RHMdLWityDfpQH3ATCjC+DhDCNfu6RW/Vq3lRwEfwCqqBQI3I/gyTFhhOhMUNKdX0v02GOpKaYkXElMIpkCA9Rn3QtCsSJCvPpDmN4bJ0E9lJpj9Bw6v6eyBFXasRj28mRHqj52sT8r9Y1uncR5lRkRhOBZw/1DIM6hZNAYEIlwZqNLCAsqf0rxAMkEdY2tooNwZ9feRFapzXf8u1ZtX5VxFEGh+AInAAfnIM6uAEN0AQYPIAn8AJenUfn2Xlz3metJaeY2Qd/5Hx8AwEBmGE=</latexit><latexit sha1_base64="6+F+9ItSyyJoltrebQqEiN0Awpc=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFcFVmRNCNUHTjsoK9QGcYMpm0DU0yQy5CGQpufBU3LhRx60u4821M20G09YfAl/+cQ3L+OGNUac/7ckpLyyura+X1ysbm1vaOu7vXUqmRmDRxylLZiZEijArS1FQz0skkQTxmpB0Pryf19j2RiqbiTo8yEnLUF7RHMdLWityDfpQH3ATCjC+DhDCNfu6RW/Vq3lRwEfwCqqBQI3I/gyTFhhOhMUNKdX0v02GOpKaYkXElMIpkCA9Rn3QtCsSJCvPpDmN4bJ0E9lJpj9Bw6v6eyBFXasRj28mRHqj52sT8r9Y1uncR5lRkRhOBZw/1DIM6hZNAYEIlwZqNLCAsqf0rxAMkEdY2tooNwZ9feRFapzXf8u1ZtX5VxFEGh+AInAAfnIM6uAEN0AQYPIAn8AJenUfn2Xlz3metJaeY2Qd/5Hx8AwEBmGE=</latexit>

Weyl Anomaly

Conformal Field Theory



T µ
µ 6= 0

gµ⌫ 6= �µ⌫
<latexit sha1_base64="pSS5hE/zTn+SDLzx0l3kq9ElW6Y=">AAACBnicbZDLSsNAFIYn9VbrLepShGARXJVEBF0W3bisYC/QlDCZnLRDJ5M4F6GErtz4Km5cKOLWZ3Dn2zhtg2jrDwMf/zmHM+cPM0alct0vq7S0vLK6Vl6vbGxube/Yu3stmWpBoElSlopOiCUwyqGpqGLQyQTgJGTQDodXk3r7HoSkKb9Vowx6Ce5zGlOClbEC+7Af5H6ifa7HPoc7PwKm8I8V2FW35k7lLIJXQBUVagT2px+lRCfAFWFYyq7nZqqXY6EoYTCu+FpChskQ96FrkOMEZC+fnjF2jo0TOXEqzOPKmbq/J3KcSDlKQtOZYDWQ87WJ+V+tq1V80cspz7QCTmaLYs0clTqTTJyICiCKjQxgIqj5q0MGWGCiTHIVE4I3f/IitE5rnuGbs2r9soijjA7QETpBHjpHdXSNGqiJCHpAT+gFvVqP1rP1Zr3PWktWMbOP/sj6+Aauo5ni</latexit><latexit sha1_base64="pSS5hE/zTn+SDLzx0l3kq9ElW6Y=">AAACBnicbZDLSsNAFIYn9VbrLepShGARXJVEBF0W3bisYC/QlDCZnLRDJ5M4F6GErtz4Km5cKOLWZ3Dn2zhtg2jrDwMf/zmHM+cPM0alct0vq7S0vLK6Vl6vbGxube/Yu3stmWpBoElSlopOiCUwyqGpqGLQyQTgJGTQDodXk3r7HoSkKb9Vowx6Ce5zGlOClbEC+7Af5H6ifa7HPoc7PwKm8I8V2FW35k7lLIJXQBUVagT2px+lRCfAFWFYyq7nZqqXY6EoYTCu+FpChskQ96FrkOMEZC+fnjF2jo0TOXEqzOPKmbq/J3KcSDlKQtOZYDWQ87WJ+V+tq1V80cspz7QCTmaLYs0clTqTTJyICiCKjQxgIqj5q0MGWGCiTHIVE4I3f/IitE5rnuGbs2r9soijjA7QETpBHjpHdXSNGqiJCHpAT+gFvVqP1rP1Zr3PWktWMbOP/sj6+Aauo5ni</latexit><latexit sha1_base64="pSS5hE/zTn+SDLzx0l3kq9ElW6Y=">AAACBnicbZDLSsNAFIYn9VbrLepShGARXJVEBF0W3bisYC/QlDCZnLRDJ5M4F6GErtz4Km5cKOLWZ3Dn2zhtg2jrDwMf/zmHM+cPM0alct0vq7S0vLK6Vl6vbGxube/Yu3stmWpBoElSlopOiCUwyqGpqGLQyQTgJGTQDodXk3r7HoSkKb9Vowx6Ce5zGlOClbEC+7Af5H6ifa7HPoc7PwKm8I8V2FW35k7lLIJXQBUVagT2px+lRCfAFWFYyq7nZqqXY6EoYTCu+FpChskQ96FrkOMEZC+fnjF2jo0TOXEqzOPKmbq/J3KcSDlKQtOZYDWQ87WJ+V+tq1V80cspz7QCTmaLYs0clTqTTJyICiCKjQxgIqj5q0MGWGCiTHIVE4I3f/IitE5rnuGbs2r9soijjA7QETpBHjpHdXSNGqiJCHpAT+gFvVqP1rP1Zr3PWktWMbOP/sj6+Aauo5ni</latexit><latexit sha1_base64="pSS5hE/zTn+SDLzx0l3kq9ElW6Y=">AAACBnicbZDLSsNAFIYn9VbrLepShGARXJVEBF0W3bisYC/QlDCZnLRDJ5M4F6GErtz4Km5cKOLWZ3Dn2zhtg2jrDwMf/zmHM+cPM0alct0vq7S0vLK6Vl6vbGxube/Yu3stmWpBoElSlopOiCUwyqGpqGLQyQTgJGTQDodXk3r7HoSkKb9Vowx6Ce5zGlOClbEC+7Af5H6ifa7HPoc7PwKm8I8V2FW35k7lLIJXQBUVagT2px+lRCfAFWFYyq7nZqqXY6EoYTCu+FpChskQ96FrkOMEZC+fnjF2jo0TOXEqzOPKmbq/J3KcSDlKQtOZYDWQ87WJ+V+tq1V80cspz7QCTmaLYs0clTqTTJyICiCKjQxgIqj5q0MGWGCiTHIVE4I3f/IitE5rnuGbs2r9soijjA7QETpBHjpHdXSNGqiJCHpAT+gFvVqP1rP1Zr3PWktWMbOP/sj6+Aauo5ni</latexit>

Conformal invarianceQuantum Effects
Break Conformal Invariance

Weyl Anomaly

Conformal Field Theory



What is the general form of ?T µ
µ

Step #1

with the correct dimension

gµ⌫built from

d = 4

Write down all curvature invariants

T µ
µ = c1Rµ⌫⇢�R

µ⌫⇢� + c2Rµ⌫R
µ⌫ + c3R

2 + c4⇤R

CFT

Weyl Anomaly



What is the general form of ?T µ
µ

Step #2

Wess-Zumino consistency
=gµ⌫ ! e2⌦1e2⌦2gµ⌫ gµ⌫ ! e2⌦2e2⌦1gµ⌫

Fixes some coefficients

T µ
µ = c1Rµ⌫⇢�R

µ⌫⇢� + c2Rµ⌫R
µ⌫ + c3R

2 + c4⇤R

Weyl Anomaly



Fixes more coefficients

What is the general form of ?T µ
µ

Step #3

Add local counterterms
Determine how they enter T µ

µ

T µ
µ = c1Rµ⌫⇢�R

µ⌫⇢� + c2Rµ⌫R
µ⌫ + c3R

2 + c4⇤R

0

Weyl Anomaly



d odd

d even T µ
µ 6= 0

T µ
µ = 0

Weyl Anomaly

What is the general form of ?T µ
µ

Conformal Field Theory



Weyl Anomaly

Duff hep-th/9308075

Bastianelli, Frolov, Tseytlin hep-th/0001041 

Bonora, Pasti, Bregola CQG 3 (1986) 635

Deser, Duff, Isham NPB 111 (1976) 45

d = 2

d = 4
<latexit sha1_base64="P8uaBdVsX09fzjWi+M2GdyoW4Cg="></latexit>

T µ
µ =

1

16⇡2
(�a4d E4 + c4d Wµ⌫⇢�W

µ⌫⇢�)

<latexit sha1_base64="l9wOmdIloM6KZezWuiahj+xAm14=">AAACFnicbZDLSgMxFIYz9VbrrerSTbAILrTMlFLdCEURXFboDTp1yKSZNjRzIckIJYwv4cZXceNCEbfizrcx085CWw+EfPz/OSTndyNGhTTNbyO3tLyyupZfL2xsbm3vFHf32iKMOSYtHLKQd10kCKMBaUkqGelGnCDfZaTjjq9Sv3NPuKBh0JSTiPR9NAyoRzGSWnKKp01H2X6c3KmH9IIX0PY4wspKVC2B9gnEjqoMpnTtVJxiySyb04KLYGVQAlk1nOKXPQhx7JNAYoaE6FlmJPsKcUkxI0nBjgWJEB6jIelpDJBPRF9N10rgkVYG0Au5PoGEU/X3hEK+EBPf1Z0+kiMx76Xif14vlt55X9EgiiUJ8OwhL2ZQhjDNCA4oJ1iyiQaEOdV/hXiEdCxSJ1nQIVjzKy9Cu1K2auXqbbVUv8ziyIMDcAiOgQXOQB3cgAZoAQwewTN4BW/Gk/FivBsfs9ackc3sgz9lfP4A+gWd8w==</latexit>

T µ
µ =

1

6
c2d E2

<latexit sha1_base64="gVB98OWp3gEzjYr68aPXrDbgWJE=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKqV6EohePFe0HtEvJZrNtaDa7JFmhLP0JXjwo4tVf5M1/Y9ruQVsfDDzem2Fmnp8Iro3jfKPC2vrG5lZxu7Szu7d/UD48aus4VZS1aCxi1fWJZoJL1jLcCNZNFCORL1jHH9/O/M4TU5rH8tFMEuZFZCh5yCkxVnoIruuDcsWpOnPgVeLmpAI5moPyVz+IaRoxaaggWvdcJzFeRpThVLBpqZ9qlhA6JkPWs1SSiGkvm586xWdWCXAYK1vS4Ln6eyIjkdaTyLedETEjvezNxP+8XmrCKy/jMkkNk3SxKEwFNjGe/Y0Drhg1YmIJoYrbWzEdEUWosemUbAju8surpH1RdevV2n2t0rjJ4yjCCZzCObhwCQ24gya0gMIQnuEV3pBAL+gdfSxaCyifOYY/QJ8/xAGNeA==</latexit>

d = 6
<latexit sha1_base64="zCSgfUe5on1JV17v4oazwONnvos="></latexit>

T µ
µ =

1

(4⇡)3

⇣
a6d E6 + c(1)6d I1 + c(2)6d I2 + c(3)6d I3

⌘



Weyl Anomaly

Euler density
<latexit sha1_base64="f2mQPCjKIrZp+HbSW3XNwugVe5k="></latexit>

Ed =
1

2d/2
�
µ1⌫1...µd/2⌫d/2
⇢1�1...⇢d/2�d/2 R

⇢1�1
µ1⌫1 R

⇢2�2
µ2⌫2 . . . R

⇢d/2�d/2
µd/2⌫d/2

d = 2

d = 4
<latexit sha1_base64="P8uaBdVsX09fzjWi+M2GdyoW4Cg="></latexit>

T µ
µ =

1

16⇡2
(�a4d E4 + c4d Wµ⌫⇢�W

µ⌫⇢�)

<latexit sha1_base64="l9wOmdIloM6KZezWuiahj+xAm14=">AAACFnicbZDLSgMxFIYz9VbrrerSTbAILrTMlFLdCEURXFboDTp1yKSZNjRzIckIJYwv4cZXceNCEbfizrcx085CWw+EfPz/OSTndyNGhTTNbyO3tLyyupZfL2xsbm3vFHf32iKMOSYtHLKQd10kCKMBaUkqGelGnCDfZaTjjq9Sv3NPuKBh0JSTiPR9NAyoRzGSWnKKp01H2X6c3KmH9IIX0PY4wspKVC2B9gnEjqoMpnTtVJxiySyb04KLYGVQAlk1nOKXPQhx7JNAYoaE6FlmJPsKcUkxI0nBjgWJEB6jIelpDJBPRF9N10rgkVYG0Au5PoGEU/X3hEK+EBPf1Z0+kiMx76Xif14vlt55X9EgiiUJ8OwhL2ZQhjDNCA4oJ1iyiQaEOdV/hXiEdCxSJ1nQIVjzKy9Cu1K2auXqbbVUv8ziyIMDcAiOgQXOQB3cgAZoAQwewTN4BW/Gk/FivBsfs9ackc3sgz9lfP4A+gWd8w==</latexit>

T µ
µ =

1

6
c2d E2

<latexit sha1_base64="gVB98OWp3gEzjYr68aPXrDbgWJE=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKqV6EohePFe0HtEvJZrNtaDa7JFmhLP0JXjwo4tVf5M1/Y9ruQVsfDDzem2Fmnp8Iro3jfKPC2vrG5lZxu7Szu7d/UD48aus4VZS1aCxi1fWJZoJL1jLcCNZNFCORL1jHH9/O/M4TU5rH8tFMEuZFZCh5yCkxVnoIruuDcsWpOnPgVeLmpAI5moPyVz+IaRoxaaggWvdcJzFeRpThVLBpqZ9qlhA6JkPWs1SSiGkvm586xWdWCXAYK1vS4Ln6eyIjkdaTyLedETEjvezNxP+8XmrCKy/jMkkNk3SxKEwFNjGe/Y0Drhg1YmIJoYrbWzEdEUWosemUbAju8surpH1RdevV2n2t0rjJ4yjCCZzCObhwCQ24gya0gMIQnuEV3pBAL+gdfSxaCyifOYY/QJ8/xAGNeA==</latexit>

d = 6
<latexit sha1_base64="zCSgfUe5on1JV17v4oazwONnvos="></latexit>

T µ
µ =

1

(4⇡)3

⇣
a6d E6 + c(1)6d I1 + c(2)6d I2 + c(3)6d I3

⌘



Weyl Anomaly

Weyl tensor

Wµ⌫⇢�

d = 2

d = 4
<latexit sha1_base64="P8uaBdVsX09fzjWi+M2GdyoW4Cg="></latexit>

T µ
µ =

1

16⇡2
(�a4d E4 + c4d Wµ⌫⇢�W

µ⌫⇢�)

<latexit sha1_base64="l9wOmdIloM6KZezWuiahj+xAm14=">AAACFnicbZDLSgMxFIYz9VbrrerSTbAILrTMlFLdCEURXFboDTp1yKSZNjRzIckIJYwv4cZXceNCEbfizrcx085CWw+EfPz/OSTndyNGhTTNbyO3tLyyupZfL2xsbm3vFHf32iKMOSYtHLKQd10kCKMBaUkqGelGnCDfZaTjjq9Sv3NPuKBh0JSTiPR9NAyoRzGSWnKKp01H2X6c3KmH9IIX0PY4wspKVC2B9gnEjqoMpnTtVJxiySyb04KLYGVQAlk1nOKXPQhx7JNAYoaE6FlmJPsKcUkxI0nBjgWJEB6jIelpDJBPRF9N10rgkVYG0Au5PoGEU/X3hEK+EBPf1Z0+kiMx76Xif14vlt55X9EgiiUJ8OwhL2ZQhjDNCA4oJ1iyiQaEOdV/hXiEdCxSJ1nQIVjzKy9Cu1K2auXqbbVUv8ziyIMDcAiOgQXOQB3cgAZoAQwewTN4BW/Gk/FivBsfs9ackc3sgz9lfP4A+gWd8w==</latexit>

T µ
µ =

1

6
c2d E2

<latexit sha1_base64="gVB98OWp3gEzjYr68aPXrDbgWJE=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKqV6EohePFe0HtEvJZrNtaDa7JFmhLP0JXjwo4tVf5M1/Y9ruQVsfDDzem2Fmnp8Iro3jfKPC2vrG5lZxu7Szu7d/UD48aus4VZS1aCxi1fWJZoJL1jLcCNZNFCORL1jHH9/O/M4TU5rH8tFMEuZFZCh5yCkxVnoIruuDcsWpOnPgVeLmpAI5moPyVz+IaRoxaaggWvdcJzFeRpThVLBpqZ9qlhA6JkPWs1SSiGkvm586xWdWCXAYK1vS4Ln6eyIjkdaTyLedETEjvezNxP+8XmrCKy/jMkkNk3SxKEwFNjGe/Y0Drhg1YmIJoYrbWzEdEUWosemUbAju8surpH1RdevV2n2t0rjJ4yjCCZzCObhwCQ24gya0gMIQnuEV3pBAL+gdfSxaCyifOYY/QJ8/xAGNeA==</latexit>

d = 6
<latexit sha1_base64="zCSgfUe5on1JV17v4oazwONnvos="></latexit>

T µ
µ =

1

(4⇡)3

⇣
a6d E6 + c(1)6d I1 + c(2)6d I2 + c(3)6d I3

⌘



Weyl Anomaly

<latexit sha1_base64="vMlJc5ukVZjxH7J9eBKJFzGEBJA="></latexit>

I1 = Wµ�⇢⌫W
��⌧⇢W�

µ⌫
⌧

<latexit sha1_base64="ifhJLBstFaDXnlHvsVR19kNZB9I="></latexit>

I2 = Wµ⌫
�⇢W�⇢

�⌧W�⌧
µ⌫

<latexit sha1_base64="3xkJBwhTKAOQGWhHL5ZqceX7m0M="></latexit>

I3 = Wµ⌫�⇢

✓
D2 �⌫� � 6

5
R �⌫� + 4R⌫

�

◆
W �⌫�⇢

d = 2

d = 4
<latexit sha1_base64="P8uaBdVsX09fzjWi+M2GdyoW4Cg="></latexit>

T µ
µ =

1

16⇡2
(�a4d E4 + c4d Wµ⌫⇢�W

µ⌫⇢�)

<latexit sha1_base64="l9wOmdIloM6KZezWuiahj+xAm14=">AAACFnicbZDLSgMxFIYz9VbrrerSTbAILrTMlFLdCEURXFboDTp1yKSZNjRzIckIJYwv4cZXceNCEbfizrcx085CWw+EfPz/OSTndyNGhTTNbyO3tLyyupZfL2xsbm3vFHf32iKMOSYtHLKQd10kCKMBaUkqGelGnCDfZaTjjq9Sv3NPuKBh0JSTiPR9NAyoRzGSWnKKp01H2X6c3KmH9IIX0PY4wspKVC2B9gnEjqoMpnTtVJxiySyb04KLYGVQAlk1nOKXPQhx7JNAYoaE6FlmJPsKcUkxI0nBjgWJEB6jIelpDJBPRF9N10rgkVYG0Au5PoGEU/X3hEK+EBPf1Z0+kiMx76Xif14vlt55X9EgiiUJ8OwhL2ZQhjDNCA4oJ1iyiQaEOdV/hXiEdCxSJ1nQIVjzKy9Cu1K2auXqbbVUv8ziyIMDcAiOgQXOQB3cgAZoAQwewTN4BW/Gk/FivBsfs9ackc3sgz9lfP4A+gWd8w==</latexit>

T µ
µ =

1

6
c2d E2

<latexit sha1_base64="gVB98OWp3gEzjYr68aPXrDbgWJE=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKqV6EohePFe0HtEvJZrNtaDa7JFmhLP0JXjwo4tVf5M1/Y9ruQVsfDDzem2Fmnp8Iro3jfKPC2vrG5lZxu7Szu7d/UD48aus4VZS1aCxi1fWJZoJL1jLcCNZNFCORL1jHH9/O/M4TU5rH8tFMEuZFZCh5yCkxVnoIruuDcsWpOnPgVeLmpAI5moPyVz+IaRoxaaggWvdcJzFeRpThVLBpqZ9qlhA6JkPWs1SSiGkvm586xWdWCXAYK1vS4Ln6eyIjkdaTyLedETEjvezNxP+8XmrCKy/jMkkNk3SxKEwFNjGe/Y0Drhg1YmIJoYrbWzEdEUWosemUbAju8surpH1RdevV2n2t0rjJ4yjCCZzCObhwCQ24gya0gMIQnuEV3pBAL+gdfSxaCyifOYY/QJ8/xAGNeA==</latexit>

d = 6
<latexit sha1_base64="zCSgfUe5on1JV17v4oazwONnvos="></latexit>

T µ
µ =

1

(4⇡)3

⇣
a6d E6 + c(1)6d I1 + c(2)6d I2 + c(3)6d I3

⌘



Weyl Anomaly

“central charges”

d = 2

d = 4
<latexit sha1_base64="P8uaBdVsX09fzjWi+M2GdyoW4Cg="></latexit>

T µ
µ =

1

16⇡2
(�a4d E4 + c4d Wµ⌫⇢�W

µ⌫⇢�)

<latexit sha1_base64="l9wOmdIloM6KZezWuiahj+xAm14=">AAACFnicbZDLSgMxFIYz9VbrrerSTbAILrTMlFLdCEURXFboDTp1yKSZNjRzIckIJYwv4cZXceNCEbfizrcx085CWw+EfPz/OSTndyNGhTTNbyO3tLyyupZfL2xsbm3vFHf32iKMOSYtHLKQd10kCKMBaUkqGelGnCDfZaTjjq9Sv3NPuKBh0JSTiPR9NAyoRzGSWnKKp01H2X6c3KmH9IIX0PY4wspKVC2B9gnEjqoMpnTtVJxiySyb04KLYGVQAlk1nOKXPQhx7JNAYoaE6FlmJPsKcUkxI0nBjgWJEB6jIelpDJBPRF9N10rgkVYG0Au5PoGEU/X3hEK+EBPf1Z0+kiMx76Xif14vlt55X9EgiiUJ8OwhL2ZQhjDNCA4oJ1iyiQaEOdV/hXiEdCxSJ1nQIVjzKy9Cu1K2auXqbbVUv8ziyIMDcAiOgQXOQB3cgAZoAQwewTN4BW/Gk/FivBsfs9ackc3sgz9lfP4A+gWd8w==</latexit>

T µ
µ =

1

6
c2d E2

<latexit sha1_base64="gVB98OWp3gEzjYr68aPXrDbgWJE=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKqV6EohePFe0HtEvJZrNtaDa7JFmhLP0JXjwo4tVf5M1/Y9ruQVsfDDzem2Fmnp8Iro3jfKPC2vrG5lZxu7Szu7d/UD48aus4VZS1aCxi1fWJZoJL1jLcCNZNFCORL1jHH9/O/M4TU5rH8tFMEuZFZCh5yCkxVnoIruuDcsWpOnPgVeLmpAI5moPyVz+IaRoxaaggWvdcJzFeRpThVLBpqZ9qlhA6JkPWs1SSiGkvm586xWdWCXAYK1vS4Ln6eyIjkdaTyLedETEjvezNxP+8XmrCKy/jMkkNk3SxKEwFNjGe/Y0Drhg1YmIJoYrbWzEdEUWosemUbAju8surpH1RdevV2n2t0rjJ4yjCCZzCObhwCQ24gya0gMIQnuEV3pBAL+gdfSxaCyifOYY/QJ8/xAGNeA==</latexit>

d = 6
<latexit sha1_base64="zCSgfUe5on1JV17v4oazwONnvos="></latexit>

T µ
µ =

1

(4⇡)3

⇣
a6d E6 + c(1)6d I1 + c(2)6d I2 + c(3)6d I3

⌘

“Weyl anomaly coefficients”



Type A Type B

Changes by a total derivative Invariant

p
g E p

gW 2

Z
ddx

p
g T µ

µ is conformally invariant

Wess-Zumino consistency

d = 4
<latexit sha1_base64="P8uaBdVsX09fzjWi+M2GdyoW4Cg="></latexit>

T µ
µ =

1

16⇡2
(�a4d E4 + c4d Wµ⌫⇢�W

µ⌫⇢�)



Weyl Anomaly

Type A Type B

d = 2

d = 4
<latexit sha1_base64="P8uaBdVsX09fzjWi+M2GdyoW4Cg="></latexit>

T µ
µ =

1

16⇡2
(�a4d E4 + c4d Wµ⌫⇢�W

µ⌫⇢�)

<latexit sha1_base64="l9wOmdIloM6KZezWuiahj+xAm14=">AAACFnicbZDLSgMxFIYz9VbrrerSTbAILrTMlFLdCEURXFboDTp1yKSZNjRzIckIJYwv4cZXceNCEbfizrcx085CWw+EfPz/OSTndyNGhTTNbyO3tLyyupZfL2xsbm3vFHf32iKMOSYtHLKQd10kCKMBaUkqGelGnCDfZaTjjq9Sv3NPuKBh0JSTiPR9NAyoRzGSWnKKp01H2X6c3KmH9IIX0PY4wspKVC2B9gnEjqoMpnTtVJxiySyb04KLYGVQAlk1nOKXPQhx7JNAYoaE6FlmJPsKcUkxI0nBjgWJEB6jIelpDJBPRF9N10rgkVYG0Au5PoGEU/X3hEK+EBPf1Z0+kiMx76Xif14vlt55X9EgiiUJ8OwhL2ZQhjDNCA4oJ1iyiQaEOdV/hXiEdCxSJ1nQIVjzKy9Cu1K2auXqbbVUv8ziyIMDcAiOgQXOQB3cgAZoAQwewTN4BW/Gk/FivBsfs9ackc3sgz9lfP4A+gWd8w==</latexit>

T µ
µ =

1

6
c2d E2

<latexit sha1_base64="gVB98OWp3gEzjYr68aPXrDbgWJE=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKqV6EohePFe0HtEvJZrNtaDa7JFmhLP0JXjwo4tVf5M1/Y9ruQVsfDDzem2Fmnp8Iro3jfKPC2vrG5lZxu7Szu7d/UD48aus4VZS1aCxi1fWJZoJL1jLcCNZNFCORL1jHH9/O/M4TU5rH8tFMEuZFZCh5yCkxVnoIruuDcsWpOnPgVeLmpAI5moPyVz+IaRoxaaggWvdcJzFeRpThVLBpqZ9qlhA6JkPWs1SSiGkvm586xWdWCXAYK1vS4Ln6eyIjkdaTyLedETEjvezNxP+8XmrCKy/jMkkNk3SxKEwFNjGe/Y0Drhg1YmIJoYrbWzEdEUWosemUbAju8surpH1RdevV2n2t0rjJ4yjCCZzCObhwCQ24gya0gMIQnuEV3pBAL+gdfSxaCyifOYY/QJ8/xAGNeA==</latexit>

d = 6
<latexit sha1_base64="zCSgfUe5on1JV17v4oazwONnvos="></latexit>

T µ
µ =

1

(4⇡)3

⇣
a6d E6 + c(1)6d I1 + c(2)6d I2 + c(3)6d I3

⌘



Weyl Anomaly

Type A
RG Flows

d = 2

d = 4
<latexit sha1_base64="P8uaBdVsX09fzjWi+M2GdyoW4Cg="></latexit>

T µ
µ =

1

16⇡2
(�a4d E4 + c4d Wµ⌫⇢�W

µ⌫⇢�)

<latexit sha1_base64="l9wOmdIloM6KZezWuiahj+xAm14=">AAACFnicbZDLSgMxFIYz9VbrrerSTbAILrTMlFLdCEURXFboDTp1yKSZNjRzIckIJYwv4cZXceNCEbfizrcx085CWw+EfPz/OSTndyNGhTTNbyO3tLyyupZfL2xsbm3vFHf32iKMOSYtHLKQd10kCKMBaUkqGelGnCDfZaTjjq9Sv3NPuKBh0JSTiPR9NAyoRzGSWnKKp01H2X6c3KmH9IIX0PY4wspKVC2B9gnEjqoMpnTtVJxiySyb04KLYGVQAlk1nOKXPQhx7JNAYoaE6FlmJPsKcUkxI0nBjgWJEB6jIelpDJBPRF9N10rgkVYG0Au5PoGEU/X3hEK+EBPf1Z0+kiMx76Xif14vlt55X9EgiiUJ8OwhL2ZQhjDNCA4oJ1iyiQaEOdV/hXiEdCxSJ1nQIVjzKy9Cu1K2auXqbbVUv8ziyIMDcAiOgQXOQB3cgAZoAQwewTN4BW/Gk/FivBsfs9ackc3sgz9lfP4A+gWd8w==</latexit>

T µ
µ =

1

6
c2d E2

<latexit sha1_base64="gVB98OWp3gEzjYr68aPXrDbgWJE=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKqV6EohePFe0HtEvJZrNtaDa7JFmhLP0JXjwo4tVf5M1/Y9ruQVsfDDzem2Fmnp8Iro3jfKPC2vrG5lZxu7Szu7d/UD48aus4VZS1aCxi1fWJZoJL1jLcCNZNFCORL1jHH9/O/M4TU5rH8tFMEuZFZCh5yCkxVnoIruuDcsWpOnPgVeLmpAI5moPyVz+IaRoxaaggWvdcJzFeRpThVLBpqZ9qlhA6JkPWs1SSiGkvm586xWdWCXAYK1vS4Ln6eyIjkdaTyLedETEjvezNxP+8XmrCKy/jMkkNk3SxKEwFNjGe/Y0Drhg1YmIJoYrbWzEdEUWosemUbAju8surpH1RdevV2n2t0rjJ4yjCCZzCObhwCQ24gya0gMIQnuEV3pBAL+gdfSxaCyifOYY/QJ8/xAGNeA==</latexit>

d = 6
<latexit sha1_base64="zCSgfUe5on1JV17v4oazwONnvos="></latexit>

T µ
µ =

1

(4⇡)3

⇣
a6d E6 + c(1)6d I1 + c(2)6d I2 + c(3)6d I3

⌘

Monotonicity Theorems
Euclidean symmetry (Poincaré symmetry)

Reflection positivity (Unitarity)
Locality



Weyl Anomaly

a-theorem
<latexit sha1_base64="VbN89VVzDbFgK7GPvjTLfUn6WEE=">AAACFnicbVDJSgNBEO2JW4xb1KOXxiB4McyEoB6DXvQWxSyQxNDTqSRNeha7a8QwzFd48Ve8eFDEq3jzb+wsB018UPB4r4qqem4ohUbb/rZSC4tLyyvp1cza+sbmVnZ7p6qDSHGo8EAGqu4yDVL4UEGBEuqhAua5Emru4Hzk1+5BaRH4NzgMoeWxni+6gjM0Ujt7xNtxoZPcxk2EB1ReXKkmSbMHd3TWuLxOknY2Z+ftMeg8caYkR6Yot7NfzU7AIw985JJp3XDsEFsxUyi4hCTTjDSEjA9YDxqG+swD3YrHbyX0wCgd2g2UKR/pWP09ETNP66Hnmk6PYV/PeiPxP68RYfe0FQs/jBB8PlnUjSTFgI4yoh2hgKMcGsK4EuZWyvtMMY4myYwJwZl9eZ5UC3nnOF+8KuZKZ9M40mSP7JND4pATUiIXpEwqhJNH8kxeyZv1ZL1Y79bHpDVlTWd2yR9Ynz8+y6Cx</latexit>

cUV
2d � cIR2d

Cardy PLB 215 (1988) 749
Komargodski + Schwimmer JHEP 12 (2011) 099 

A.B. Zamolodchikov
JETP Vol. 43 No. 12 p. 565, 1986

<latexit sha1_base64="US6nugHNt65+u3amTRU2L9G2wbs=">AAACFnicbVDJSgNBEO1xjXEb9eilMQheDDMS1GPQi96imAWSGHo6laRJz2J3jRiG+Qov/ooXD4p4FW/+jZ3loIkPCh7vVVFVz4uk0Og439bc/MLi0nJmJbu6tr6xaW9tV3QYKw5lHspQ1TymQYoAyihQQi1SwHxPQtXrnw/96j0oLcLgBgcRNH3WDURHcIZGatmHrJUU2ult0kB4QOUn5UqaNrpwR6eNy+s0bdk5J++MQGeJOyE5MkGpZX812iGPfQiQS6Z13XUibCZMoeAS0mwj1hAx3mddqBsaMB90Mxm9ldJ9o7RpJ1SmAqQj9fdEwnytB75nOn2GPT3tDcX/vHqMndNmIoIoRgj4eFEnlhRDOsyItoUCjnJgCONKmFsp7zHFOJoksyYEd/rlWVI5yrvH+cJVIVc8m8SRIbtkjxwQl5yQIrkgJVImnDySZ/JK3qwn68V6tz7GrXPWZGaH/IH1+QM+v6Cx</latexit>

aUV
4d � aIR4d

d = 2

d = 4
<latexit sha1_base64="P8uaBdVsX09fzjWi+M2GdyoW4Cg="></latexit>

T µ
µ =

1

16⇡2
(�a4d E4 + c4d Wµ⌫⇢�W

µ⌫⇢�)

<latexit sha1_base64="l9wOmdIloM6KZezWuiahj+xAm14=">AAACFnicbZDLSgMxFIYz9VbrrerSTbAILrTMlFLdCEURXFboDTp1yKSZNjRzIckIJYwv4cZXceNCEbfizrcx085CWw+EfPz/OSTndyNGhTTNbyO3tLyyupZfL2xsbm3vFHf32iKMOSYtHLKQd10kCKMBaUkqGelGnCDfZaTjjq9Sv3NPuKBh0JSTiPR9NAyoRzGSWnKKp01H2X6c3KmH9IIX0PY4wspKVC2B9gnEjqoMpnTtVJxiySyb04KLYGVQAlk1nOKXPQhx7JNAYoaE6FlmJPsKcUkxI0nBjgWJEB6jIelpDJBPRF9N10rgkVYG0Au5PoGEU/X3hEK+EBPf1Z0+kiMx76Xif14vlt55X9EgiiUJ8OwhL2ZQhjDNCA4oJ1iyiQaEOdV/hXiEdCxSJ1nQIVjzKy9Cu1K2auXqbbVUv8ziyIMDcAiOgQXOQB3cgAZoAQwewTN4BW/Gk/FivBsfs9ackc3sgz9lfP4A+gWd8w==</latexit>

T µ
µ =

1

6
c2d E2

<latexit sha1_base64="gVB98OWp3gEzjYr68aPXrDbgWJE=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKqV6EohePFe0HtEvJZrNtaDa7JFmhLP0JXjwo4tVf5M1/Y9ruQVsfDDzem2Fmnp8Iro3jfKPC2vrG5lZxu7Szu7d/UD48aus4VZS1aCxi1fWJZoJL1jLcCNZNFCORL1jHH9/O/M4TU5rH8tFMEuZFZCh5yCkxVnoIruuDcsWpOnPgVeLmpAI5moPyVz+IaRoxaaggWvdcJzFeRpThVLBpqZ9qlhA6JkPWs1SSiGkvm586xWdWCXAYK1vS4Ln6eyIjkdaTyLedETEjvezNxP+8XmrCKy/jMkkNk3SxKEwFNjGe/Y0Drhg1YmIJoYrbWzEdEUWosemUbAju8surpH1RdevV2n2t0rjJ4yjCCZzCObhwCQ24gya0gMIQnuEV3pBAL+gdfSxaCyifOYY/QJ8/xAGNeA==</latexit>

d = 6
<latexit sha1_base64="zCSgfUe5on1JV17v4oazwONnvos="></latexit>

T µ
µ =

1

(4⇡)3

⇣
a6d E6 + c(1)6d I1 + c(2)6d I2 + c(3)6d I3

⌘

c-theorem
Type A



Weyl Anomaly

Counts the number of degrees of freedom

d = 2

d = 4
<latexit sha1_base64="P8uaBdVsX09fzjWi+M2GdyoW4Cg="></latexit>

T µ
µ =

1

16⇡2
(�a4d E4 + c4d Wµ⌫⇢�W

µ⌫⇢�)

<latexit sha1_base64="l9wOmdIloM6KZezWuiahj+xAm14=">AAACFnicbZDLSgMxFIYz9VbrrerSTbAILrTMlFLdCEURXFboDTp1yKSZNjRzIckIJYwv4cZXceNCEbfizrcx085CWw+EfPz/OSTndyNGhTTNbyO3tLyyupZfL2xsbm3vFHf32iKMOSYtHLKQd10kCKMBaUkqGelGnCDfZaTjjq9Sv3NPuKBh0JSTiPR9NAyoRzGSWnKKp01H2X6c3KmH9IIX0PY4wspKVC2B9gnEjqoMpnTtVJxiySyb04KLYGVQAlk1nOKXPQhx7JNAYoaE6FlmJPsKcUkxI0nBjgWJEB6jIelpDJBPRF9N10rgkVYG0Au5PoGEU/X3hEK+EBPf1Z0+kiMx76Xif14vlt55X9EgiiUJ8OwhL2ZQhjDNCA4oJ1iyiQaEOdV/hXiEdCxSJ1nQIVjzKy9Cu1K2auXqbbVUv8ziyIMDcAiOgQXOQB3cgAZoAQwewTN4BW/Gk/FivBsfs9ackc3sgz9lfP4A+gWd8w==</latexit>

T µ
µ =

1

6
c2d E2

<latexit sha1_base64="gVB98OWp3gEzjYr68aPXrDbgWJE=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKqV6EohePFe0HtEvJZrNtaDa7JFmhLP0JXjwo4tVf5M1/Y9ruQVsfDDzem2Fmnp8Iro3jfKPC2vrG5lZxu7Szu7d/UD48aus4VZS1aCxi1fWJZoJL1jLcCNZNFCORL1jHH9/O/M4TU5rH8tFMEuZFZCh5yCkxVnoIruuDcsWpOnPgVeLmpAI5moPyVz+IaRoxaaggWvdcJzFeRpThVLBpqZ9qlhA6JkPWs1SSiGkvm586xWdWCXAYK1vS4Ln6eyIjkdaTyLedETEjvezNxP+8XmrCKy/jMkkNk3SxKEwFNjGe/Y0Drhg1YmIJoYrbWzEdEUWosemUbAju8surpH1RdevV2n2t0rjJ4yjCCZzCObhwCQ24gya0gMIQnuEV3pBAL+gdfSxaCyifOYY/QJ8/xAGNeA==</latexit>

d = 6
<latexit sha1_base64="zCSgfUe5on1JV17v4oazwONnvos="></latexit>

T µ
µ =

1

(4⇡)3

⇣
a6d E6 + c(1)6d I1 + c(2)6d I2 + c(3)6d I3

⌘

a-theorem
<latexit sha1_base64="VbN89VVzDbFgK7GPvjTLfUn6WEE=">AAACFnicbVDJSgNBEO2JW4xb1KOXxiB4McyEoB6DXvQWxSyQxNDTqSRNeha7a8QwzFd48Ve8eFDEq3jzb+wsB018UPB4r4qqem4ohUbb/rZSC4tLyyvp1cza+sbmVnZ7p6qDSHGo8EAGqu4yDVL4UEGBEuqhAua5Emru4Hzk1+5BaRH4NzgMoeWxni+6gjM0Ujt7xNtxoZPcxk2EB1ReXKkmSbMHd3TWuLxOknY2Z+ftMeg8caYkR6Yot7NfzU7AIw985JJp3XDsEFsxUyi4hCTTjDSEjA9YDxqG+swD3YrHbyX0wCgd2g2UKR/pWP09ETNP66Hnmk6PYV/PeiPxP68RYfe0FQs/jBB8PlnUjSTFgI4yoh2hgKMcGsK4EuZWyvtMMY4myYwJwZl9eZ5UC3nnOF+8KuZKZ9M40mSP7JND4pATUiIXpEwqhJNH8kxeyZv1ZL1Y79bHpDVlTWd2yR9Ynz8+y6Cx</latexit>

cUV
2d � cIR2d

<latexit sha1_base64="US6nugHNt65+u3amTRU2L9G2wbs=">AAACFnicbVDJSgNBEO1xjXEb9eilMQheDDMS1GPQi96imAWSGHo6laRJz2J3jRiG+Qov/ooXD4p4FW/+jZ3loIkPCh7vVVFVz4uk0Og439bc/MLi0nJmJbu6tr6xaW9tV3QYKw5lHspQ1TymQYoAyihQQi1SwHxPQtXrnw/96j0oLcLgBgcRNH3WDURHcIZGatmHrJUU2ult0kB4QOUn5UqaNrpwR6eNy+s0bdk5J++MQGeJOyE5MkGpZX812iGPfQiQS6Z13XUibCZMoeAS0mwj1hAx3mddqBsaMB90Mxm9ldJ9o7RpJ1SmAqQj9fdEwnytB75nOn2GPT3tDcX/vHqMndNmIoIoRgj4eFEnlhRDOsyItoUCjnJgCONKmFsp7zHFOJoksyYEd/rlWVI5yrvH+cJVIVc8m8SRIbtkjxwQl5yQIrkgJVImnDySZ/JK3qwn68V6tz7GrXPWZGaH/IH1+QM+v6Cx</latexit>

aUV
4d � aIR4d

c-theorem
Type A



Weyl Anomaly

Entanglement Entropy (EE)

spherical region of radius
<latexit sha1_base64="4dO+dl+Mtar58ds6JIJ/ot8nSuA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0dxN2N0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviAU31nW/ndLa+sbmVnm7srO7t39QPTxqmyjRDFssEpHuBtSg4ApblluB3VgjlYHATjC5y/3OE2rDI/VopzH6ko4UDzmjNpf6KMSgWnPr7hxklXgFqUGB5qD61R9GLJGoLBPUmJ7nxtZPqbacCZxV+onBmLIJHWEvo4pKNH46v3VGzjJlSMJIZ6Usmau/J1IqjZnKIOuU1I7NspeL/3m9xIY3fspVnFhUbLEoTASxEckfJ0OukVkxzQhlmme3EjammjKbxVPJQvCWX14l7Yu6d1W/fLisNW6LOMpwAqdwDh5cQwPuoQktYDCGZ3iFN0c6L86787FoLTnFzDH8gfP5AxBUjkQ=</latexit>

`
<latexit sha1_base64="XrUek9rYNPRbHC9GjThPVkvLX0A="></latexit>

SEE = #
Area

"d�2
+

#

"d�4
+ . . .+# a ln (`/") + . . .

d = 2

d = 4
<latexit sha1_base64="P8uaBdVsX09fzjWi+M2GdyoW4Cg="></latexit>

T µ
µ =

1

16⇡2
(�a4d E4 + c4d Wµ⌫⇢�W

µ⌫⇢�)

<latexit sha1_base64="l9wOmdIloM6KZezWuiahj+xAm14=">AAACFnicbZDLSgMxFIYz9VbrrerSTbAILrTMlFLdCEURXFboDTp1yKSZNjRzIckIJYwv4cZXceNCEbfizrcx085CWw+EfPz/OSTndyNGhTTNbyO3tLyyupZfL2xsbm3vFHf32iKMOSYtHLKQd10kCKMBaUkqGelGnCDfZaTjjq9Sv3NPuKBh0JSTiPR9NAyoRzGSWnKKp01H2X6c3KmH9IIX0PY4wspKVC2B9gnEjqoMpnTtVJxiySyb04KLYGVQAlk1nOKXPQhx7JNAYoaE6FlmJPsKcUkxI0nBjgWJEB6jIelpDJBPRF9N10rgkVYG0Au5PoGEU/X3hEK+EBPf1Z0+kiMx76Xif14vlt55X9EgiiUJ8OwhL2ZQhjDNCA4oJ1iyiQaEOdV/hXiEdCxSJ1nQIVjzKy9Cu1K2auXqbbVUv8ziyIMDcAiOgQXOQB3cgAZoAQwewTN4BW/Gk/FivBsfs9ackc3sgz9lfP4A+gWd8w==</latexit>

T µ
µ =

1

6
c2d E2

<latexit sha1_base64="gVB98OWp3gEzjYr68aPXrDbgWJE=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKqV6EohePFe0HtEvJZrNtaDa7JFmhLP0JXjwo4tVf5M1/Y9ruQVsfDDzem2Fmnp8Iro3jfKPC2vrG5lZxu7Szu7d/UD48aus4VZS1aCxi1fWJZoJL1jLcCNZNFCORL1jHH9/O/M4TU5rH8tFMEuZFZCh5yCkxVnoIruuDcsWpOnPgVeLmpAI5moPyVz+IaRoxaaggWvdcJzFeRpThVLBpqZ9qlhA6JkPWs1SSiGkvm586xWdWCXAYK1vS4Ln6eyIjkdaTyLedETEjvezNxP+8XmrCKy/jMkkNk3SxKEwFNjGe/Y0Drhg1YmIJoYrbWzEdEUWosemUbAju8surpH1RdevV2n2t0rjJ4yjCCZzCObhwCQ24gya0gMIQnuEV3pBAL+gdfSxaCyifOYY/QJ8/xAGNeA==</latexit>

d = 6
<latexit sha1_base64="zCSgfUe5on1JV17v4oazwONnvos="></latexit>

T µ
µ =

1

(4⇡)3

⇣
a6d E6 + c(1)6d I1 + c(2)6d I2 + c(3)6d I3

⌘



Weyl Anomaly

<latexit sha1_base64="PN6QxLv9tOUW+6paavx8IM4MoLg=">AAACGXicbVA7T8MwGHTKq5RXgZHFokJqlypBFTBWsDAWqS+piSLHdVKrthPZDqKK+jdY+CssDCDECBP/BjftAC0nWTrf3Sf7uyBhVGnb/rYKa+sbm1vF7dLO7t7+QfnwqKviVGLSwTGLZT9AijAqSEdTzUg/kQTxgJFeML6Z+b17IhWNRVtPEuJxFAkaUoy0kfyy7TIkIkZg289cnroincLqQy2/ylHsKhpxNK3aNejKPOiXK3bdzgFXibMgFbBAyy9/usMYp5wIjRlSauDYifYyJDXFjExLbqpIgvAYRWRgqECcKC/LN5vCM6MMYRhLc4SGufp7IkNcqQkPTJIjPVLL3kz8zxukOrzyMiqSVBOB5w+FKYM6hrOa4JBKgjWbGIKwpOavEI+QRFibMkumBGd55VXSPa87F/XGXaPSvF7UUQQn4BRUgQMuQRPcghboAAwewTN4BW/Wk/VivVsf82jBWswcgz+wvn4AXVKf5w==</latexit>

hTµ⌫(x)T⇢�(0)i
fixes normalisation of

reflection positivity (unitarity)

d = 2

d = 4
<latexit sha1_base64="P8uaBdVsX09fzjWi+M2GdyoW4Cg="></latexit>

T µ
µ =

1

16⇡2
(�a4d E4 + c4d Wµ⌫⇢�W

µ⌫⇢�)

<latexit sha1_base64="l9wOmdIloM6KZezWuiahj+xAm14=">AAACFnicbZDLSgMxFIYz9VbrrerSTbAILrTMlFLdCEURXFboDTp1yKSZNjRzIckIJYwv4cZXceNCEbfizrcx085CWw+EfPz/OSTndyNGhTTNbyO3tLyyupZfL2xsbm3vFHf32iKMOSYtHLKQd10kCKMBaUkqGelGnCDfZaTjjq9Sv3NPuKBh0JSTiPR9NAyoRzGSWnKKp01H2X6c3KmH9IIX0PY4wspKVC2B9gnEjqoMpnTtVJxiySyb04KLYGVQAlk1nOKXPQhx7JNAYoaE6FlmJPsKcUkxI0nBjgWJEB6jIelpDJBPRF9N10rgkVYG0Au5PoGEU/X3hEK+EBPf1Z0+kiMx76Xif14vlt55X9EgiiUJ8OwhL2ZQhjDNCA4oJ1iyiQaEOdV/hXiEdCxSJ1nQIVjzKy9Cu1K2auXqbbVUv8ziyIMDcAiOgQXOQB3cgAZoAQwewTN4BW/Gk/FivBsfs9ackc3sgz9lfP4A+gWd8w==</latexit>

T µ
µ =

1

6
c2d E2

<latexit sha1_base64="gVB98OWp3gEzjYr68aPXrDbgWJE=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKqV6EohePFe0HtEvJZrNtaDa7JFmhLP0JXjwo4tVf5M1/Y9ruQVsfDDzem2Fmnp8Iro3jfKPC2vrG5lZxu7Szu7d/UD48aus4VZS1aCxi1fWJZoJL1jLcCNZNFCORL1jHH9/O/M4TU5rH8tFMEuZFZCh5yCkxVnoIruuDcsWpOnPgVeLmpAI5moPyVz+IaRoxaaggWvdcJzFeRpThVLBpqZ9qlhA6JkPWs1SSiGkvm586xWdWCXAYK1vS4Ln6eyIjkdaTyLedETEjvezNxP+8XmrCKy/jMkkNk3SxKEwFNjGe/Y0Drhg1YmIJoYrbWzEdEUWosemUbAju8surpH1RdevV2n2t0rjJ4yjCCZzCObhwCQ24gya0gMIQnuEV3pBAL+gdfSxaCyifOYY/QJ8/xAGNeA==</latexit>

d = 6
<latexit sha1_base64="zCSgfUe5on1JV17v4oazwONnvos="></latexit>

T µ
µ =

1

(4⇡)3

⇣
a6d E6 + c(1)6d I1 + c(2)6d I2 + c(3)6d I3

⌘

<latexit sha1_base64="X1NR8Z1oG6GpOvIANsx1d5Ta7jY=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2FZoQtlsJu3SzYe7G6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDPPTwVX2ra/rdLa+sbmVnm7srO7t39QPTzqqiSTDDssEYl88KlCwWPsaK4FPqQSaeQL7Pnjm5nfe0KpeBLf60mKXkSHMQ85o9pILhvkjWDqDvGR2INqza7bc5BV4hSkBgXag+qXGyQsizDWTFCl+o6dai+nUnMmcFpxM4UpZWM6xL6hMY1Qefn85ik5M0pAwkSaijWZq78nchopNYl80xlRPVLL3kz8z+tnOrzych6nmcaYLRaFmSA6IbMASMAlMi0mhlAmubmVsBGVlGkTU8WE4Cy/vEq6jbpzUW/eNWut6yKOMpzAKZyDA5fQgltoQwcYpPAMr/BmZdaL9W59LFpLVjFzDH9gff4ASXqRNA==</latexit>

c2d � 0



Weyl Anomaly

type A coefficients are independent of marginal couplings

Osborn NPB 363 (1991) 486

d = 2

d = 4
<latexit sha1_base64="P8uaBdVsX09fzjWi+M2GdyoW4Cg="></latexit>

T µ
µ =

1

16⇡2
(�a4d E4 + c4d Wµ⌫⇢�W

µ⌫⇢�)

<latexit sha1_base64="l9wOmdIloM6KZezWuiahj+xAm14=">AAACFnicbZDLSgMxFIYz9VbrrerSTbAILrTMlFLdCEURXFboDTp1yKSZNjRzIckIJYwv4cZXceNCEbfizrcx085CWw+EfPz/OSTndyNGhTTNbyO3tLyyupZfL2xsbm3vFHf32iKMOSYtHLKQd10kCKMBaUkqGelGnCDfZaTjjq9Sv3NPuKBh0JSTiPR9NAyoRzGSWnKKp01H2X6c3KmH9IIX0PY4wspKVC2B9gnEjqoMpnTtVJxiySyb04KLYGVQAlk1nOKXPQhx7JNAYoaE6FlmJPsKcUkxI0nBjgWJEB6jIelpDJBPRF9N10rgkVYG0Au5PoGEU/X3hEK+EBPf1Z0+kiMx76Xif14vlt55X9EgiiUJ8OwhL2ZQhjDNCA4oJ1iyiQaEOdV/hXiEdCxSJ1nQIVjzKy9Cu1K2auXqbbVUv8ziyIMDcAiOgQXOQB3cgAZoAQwewTN4BW/Gk/FivBsfs9ackc3sgz9lfP4A+gWd8w==</latexit>

T µ
µ =

1

6
c2d E2

<latexit sha1_base64="gVB98OWp3gEzjYr68aPXrDbgWJE=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKqV6EohePFe0HtEvJZrNtaDa7JFmhLP0JXjwo4tVf5M1/Y9ruQVsfDDzem2Fmnp8Iro3jfKPC2vrG5lZxu7Szu7d/UD48aus4VZS1aCxi1fWJZoJL1jLcCNZNFCORL1jHH9/O/M4TU5rH8tFMEuZFZCh5yCkxVnoIruuDcsWpOnPgVeLmpAI5moPyVz+IaRoxaaggWvdcJzFeRpThVLBpqZ9qlhA6JkPWs1SSiGkvm586xWdWCXAYK1vS4Ln6eyIjkdaTyLedETEjvezNxP+8XmrCKy/jMkkNk3SxKEwFNjGe/Y0Drhg1YmIJoYrbWzEdEUWosemUbAju8surpH1RdevV2n2t0rjJ4yjCCZzCObhwCQ24gya0gMIQnuEV3pBAL+gdfSxaCyifOYY/QJ8/xAGNeA==</latexit>

d = 6
<latexit sha1_base64="zCSgfUe5on1JV17v4oazwONnvos="></latexit>

T µ
µ =

1

(4⇡)3

⇣
a6d E6 + c(1)6d I1 + c(2)6d I2 + c(3)6d I3

⌘

Wess-Zumino consistency

Type A



Question

How do boundaries and defects

contribute to the Weyl anomaly?

<latexit sha1_base64="VioLq227cFGW0nQZMwThRd2rfvY="></latexit>

T µ
µ =

⇥
T µ
µ

⇤
bulk

+ �d�p(~x)
⇥
T µ
µ

⇤
p

What is the general form of ?
<latexit sha1_base64="pt05ehVeMG3Zfv3P0TUYNKunjdU=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4KokUdVl047JCX5DEMJlO2qGTBzM3Qgl158ZfceNCEbd+gjv/xknbhbYeuNzDOfcyc0+QCq7Asr6NpeWV1bX10kZ5c2t7Z9fc22+rJJOUtWgiEtkNiGKCx6wFHATrppKRKBCsEwyvC79zz6TiSdyEUcq8iPRjHnJKQEu+eeQKFgJ2cNPP3Sgb3+UPRXMl7w/A81PfrFhVawK8SOwZqaAZGr755fYSmkUsBiqIUo5tpeDlRAKngo3LbqZYSuiQ9JmjaUwiprx8csgYn2ilh8NE6ooBT9TfGzmJlBpFgZ6MCAzUvFeI/3lOBuGll/M4zYDFdPpQmAkMCS5SwT0uGQUx0oRQyfVfMR0QSSjo7Mo6BHv+5EXSPqva59Xaba1Sv5rFUUKH6BidIhtdoDq6QQ3UQhQ9omf0it6MJ+PFeDc+pqNLxmznAP2B8fkDSvaaLQ==</latexit>⇥
T µ
µ

⇤
p



<latexit sha1_base64="ClFjIUg85a7OEnT4AFriW80uKnw="></latexit>

I̊I
µ

ab ⌘ IIµab � ĝabII
µ/p

<latexit sha1_base64="NWkaUs+Cg2WyvpiLNTk7jNpBbtM=">AAACJ3icbVDLSsNAFJ34rPUVdelmtAiuSiJFXUnRjd1VsA9oYphMJ+3QmSTOTAol5G/c+CtuBBXRpX/ipO3Cth4YOJxzLnPv8WNGpbKsb2NpeWV1bb2wUdzc2t7ZNff2mzJKBCYNHLFItH0kCaMhaSiqGGnHgiDuM9LyBze53xoSIWkU3qtRTFyOeiENKEZKS5555XCk+oKnNeeolj2kDk8yhzwmdAidPlJpT2vIz2ZSXq5Mop5ZssrWGHCR2FNSAlPUPfPN6UY44SRUmCEpO7YVKzdFQlHMSFZ0EklihAeoRzqahogT6abjOzN4opUuDCKhX6jgWP07kSIu5Yj7OpnvK+e9XPzP6yQquHRTGsaJIiGefBQkDKoI5qXBLhUEKzbSBGFB9a4Q95FAWOlqi7oEe/7kRdI8K9vn5cpdpVS9ntZRAIfgGJwCG1yAKrgFddAAGDyBF/AOPoxn49X4NL4m0SVjOnMAZmD8/AIW1qfx</latexit>

IIµ ⌘ ĝabIIµab

embedding

boundary/defect

R̂abcd R̂ab R̂

Geometry of Submanifolds

“target space” xµ

ĝab = gµ⌫
@xµ

@�a

@x⌫

@�b

xµ(�a)

second fundamental form

Intrinsic curvature )
<latexit sha1_base64="wpk/zjynGmYSy0lRI+eU5+ZY+O4=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FNJTNdtMu3WTD7kQpoT/DiwdFvPprvPlv3LY5aOsLCw/vzLAzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitfzunRgMkWqtnnrVmlt3ZyLL4BVQg0LNXvWr21csi3mCTFJjfM9NMcipRsEkn1S6meEpZSM64L7FhMbcBPls5Qk5sU6fRErblyCZub8nchobM45D2xlTHJrF2tT8r+ZnGF0GuUjSDHnC5h9FmSSoyPR+0heaM5RjC5RpYXclbEg1ZWhTqtgQvMWTl6F9Vvcs357XGldFHGU4gmM4BQ8uoAE30IQWMFDwDK/w5qDz4rw7H/PWklPMHMIfOZ8/kR2RbQ==</latexit><latexit sha1_base64="wpk/zjynGmYSy0lRI+eU5+ZY+O4=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FNJTNdtMu3WTD7kQpoT/DiwdFvPprvPlv3LY5aOsLCw/vzLAzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitfzunRgMkWqtnnrVmlt3ZyLL4BVQg0LNXvWr21csi3mCTFJjfM9NMcipRsEkn1S6meEpZSM64L7FhMbcBPls5Qk5sU6fRErblyCZub8nchobM45D2xlTHJrF2tT8r+ZnGF0GuUjSDHnC5h9FmSSoyPR+0heaM5RjC5RpYXclbEg1ZWhTqtgQvMWTl6F9Vvcs357XGldFHGU4gmM4BQ8uoAE30IQWMFDwDK/w5qDz4rw7H/PWklPMHMIfOZ8/kR2RbQ==</latexit><latexit sha1_base64="wpk/zjynGmYSy0lRI+eU5+ZY+O4=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FNJTNdtMu3WTD7kQpoT/DiwdFvPprvPlv3LY5aOsLCw/vzLAzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitfzunRgMkWqtnnrVmlt3ZyLL4BVQg0LNXvWr21csi3mCTFJjfM9NMcipRsEkn1S6meEpZSM64L7FhMbcBPls5Qk5sU6fRErblyCZub8nchobM45D2xlTHJrF2tT8r+ZnGF0GuUjSDHnC5h9FmSSoyPR+0heaM5RjC5RpYXclbEg1ZWhTqtgQvMWTl6F9Vvcs357XGldFHGU4gmM4BQ8uoAE30IQWMFDwDK/w5qDz4rw7H/PWklPMHMIfOZ8/kR2RbQ==</latexit><latexit sha1_base64="wpk/zjynGmYSy0lRI+eU5+ZY+O4=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FNJTNdtMu3WTD7kQpoT/DiwdFvPprvPlv3LY5aOsLCw/vzLAzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitfzunRgMkWqtnnrVmlt3ZyLL4BVQg0LNXvWr21csi3mCTFJjfM9NMcipRsEkn1S6meEpZSM64L7FhMbcBPls5Qk5sU6fRErblyCZub8nchobM45D2xlTHJrF2tT8r+ZnGF0GuUjSDHnC5h9FmSSoyPR+0heaM5RjC5RpYXclbEg1ZWhTqtgQvMWTl6F9Vvcs357XGldFHGU4gmM4BQ8uoAE30IQWMFDwDK/w5qDz4rw7H/PWklPMHMIfOZ8/kR2RbQ==</latexit>

)
<latexit sha1_base64="wpk/zjynGmYSy0lRI+eU5+ZY+O4=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FNJTNdtMu3WTD7kQpoT/DiwdFvPprvPlv3LY5aOsLCw/vzLAzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitfzunRgMkWqtnnrVmlt3ZyLL4BVQg0LNXvWr21csi3mCTFJjfM9NMcipRsEkn1S6meEpZSM64L7FhMbcBPls5Qk5sU6fRErblyCZub8nchobM45D2xlTHJrF2tT8r+ZnGF0GuUjSDHnC5h9FmSSoyPR+0heaM5RjC5RpYXclbEg1ZWhTqtgQvMWTl6F9Vvcs357XGldFHGU4gmM4BQ8uoAE30IQWMFDwDK/w5qDz4rw7H/PWklPMHMIfOZ8/kR2RbQ==</latexit><latexit sha1_base64="wpk/zjynGmYSy0lRI+eU5+ZY+O4=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FNJTNdtMu3WTD7kQpoT/DiwdFvPprvPlv3LY5aOsLCw/vzLAzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitfzunRgMkWqtnnrVmlt3ZyLL4BVQg0LNXvWr21csi3mCTFJjfM9NMcipRsEkn1S6meEpZSM64L7FhMbcBPls5Qk5sU6fRErblyCZub8nchobM45D2xlTHJrF2tT8r+ZnGF0GuUjSDHnC5h9FmSSoyPR+0heaM5RjC5RpYXclbEg1ZWhTqtgQvMWTl6F9Vvcs357XGldFHGU4gmM4BQ8uoAE30IQWMFDwDK/w5qDz4rw7H/PWklPMHMIfOZ8/kR2RbQ==</latexit><latexit sha1_base64="wpk/zjynGmYSy0lRI+eU5+ZY+O4=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FNJTNdtMu3WTD7kQpoT/DiwdFvPprvPlv3LY5aOsLCw/vzLAzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitfzunRgMkWqtnnrVmlt3ZyLL4BVQg0LNXvWr21csi3mCTFJjfM9NMcipRsEkn1S6meEpZSM64L7FhMbcBPls5Qk5sU6fRErblyCZub8nchobM45D2xlTHJrF2tT8r+ZnGF0GuUjSDHnC5h9FmSSoyPR+0heaM5RjC5RpYXclbEg1ZWhTqtgQvMWTl6F9Vvcs357XGldFHGU4gmM4BQ8uoAE30IQWMFDwDK/w5qDz4rw7H/PWklPMHMIfOZ8/kR2RbQ==</latexit><latexit sha1_base64="wpk/zjynGmYSy0lRI+eU5+ZY+O4=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FNJTNdtMu3WTD7kQpoT/DiwdFvPprvPlv3LY5aOsLCw/vzLAzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitfzunRgMkWqtnnrVmlt3ZyLL4BVQg0LNXvWr21csi3mCTFJjfM9NMcipRsEkn1S6meEpZSM64L7FhMbcBPls5Qk5sU6fRErblyCZub8nchobM45D2xlTHJrF2tT8r+ZnGF0GuUjSDHnC5h9FmSSoyPR+0heaM5RjC5RpYXclbEg1ZWhTqtgQvMWTl6F9Vvcs357XGldFHGU4gmM4BQ8uoAE30IQWMFDwDK/w5qDz4rw7H/PWklPMHMIfOZ8/kR2RbQ==</latexit>

induced metric

<latexit sha1_base64="BHL0QccUx6eLfrYLEVjH7VWMdSg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaWCbbTbt0N4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVlDVoLGLVDlAzwSPWMNwI1k4UQxkI1gpGN1O/9cSU5nF0b8YJ8yUOIh5yisZK7a7mA4kP2CtX3Ko7A1kmXk4qkKPeK391+zFNJYsMFah1x3MT42eoDKeCTUrdVLME6QgHrGNphJJpP5vdOyEnVumTMFa2IkNm6u+JDKXWYxnYTolmqBe9qfif10lNeOVnPEpSwyI6XxSmgpiYTJ8nfa4YNWJsCVLF7a2EDlEhNTaikg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NICCgGd4hTfn0Xlx3p2PeWvByWcO4Q+czx8P/Y//</latexit>

�a

<latexit sha1_base64="A7LHgeIv4TOCAYGPTUdZZnvCq9A=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWgRXJVEirosurG7CvYBTQyT6aQdOpOEmYlQQtz4K25cKOLWv3Dn3zhps9DWAxcO59zLvff4MaNSWda3UVpaXlldK69XNja3tnfM3b2OjBKBSRtHLBI9H0nCaEjaiipGerEgiPuMdP3xde53H4iQNArv1CQmLkfDkAYUI6UlzzxwOFIjwdOmc9TMvBT52X3q8CTzzKpVs6aAi8QuSBUUaHnmlzOIcMJJqDBDUvZtK1ZuioSimJGs4iSSxAiP0ZD0NQ0RJ9JNpx9k8EQrAxhEQleo4FT9PZEiLuWE+7ozv1fOe7n4n9dPVHDppjSME0VCPFsUJAyqCOZxwAEVBCs20QRhQfWtEI+QQFjp0Co6BHv+5UXSOavZ57X6bb3auCriKINDcAxOgQ0uQAPcgBZoAwwewTN4BW/Gk/FivBsfs9aSUczsgz8wPn8A+OiXPg==</latexit>

IIµab
trace

traceless



Question

How do boundaries and defects

contribute to the Weyl anomaly?

<latexit sha1_base64="VioLq227cFGW0nQZMwThRd2rfvY="></latexit>

T µ
µ =

⇥
T µ
µ

⇤
bulk

+ �d�p(~x)
⇥
T µ
µ

⇤
p

What is the general form of ?
<latexit sha1_base64="pt05ehVeMG3Zfv3P0TUYNKunjdU=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4KokUdVl047JCX5DEMJlO2qGTBzM3Qgl158ZfceNCEbd+gjv/xknbhbYeuNzDOfcyc0+QCq7Asr6NpeWV1bX10kZ5c2t7Z9fc22+rJJOUtWgiEtkNiGKCx6wFHATrppKRKBCsEwyvC79zz6TiSdyEUcq8iPRjHnJKQEu+eeQKFgJ2cNPP3Sgb3+UPRXMl7w/A81PfrFhVawK8SOwZqaAZGr755fYSmkUsBiqIUo5tpeDlRAKngo3LbqZYSuiQ9JmjaUwiprx8csgYn2ilh8NE6ooBT9TfGzmJlBpFgZ6MCAzUvFeI/3lOBuGll/M4zYDFdPpQmAkMCS5SwT0uGQUx0oRQyfVfMR0QSSjo7Mo6BHv+5EXSPqva59Xaba1Sv5rFUUKH6BidIhtdoDq6QQ3UQhQ9omf0it6MJ+PFeDc+pqNLxmznAP2B8fkDSvaaLQ==</latexit>⇥
T µ
µ

⇤
p



Question

How do boundaries and defects

contribute to the Weyl anomaly?

<latexit sha1_base64="VioLq227cFGW0nQZMwThRd2rfvY="></latexit>

T µ
µ =

⇥
T µ
µ

⇤
bulk

+ �d�p(~x)
⇥
T µ
µ

⇤
p

What is the general form of ?

Depends on and

<latexit sha1_base64="pt05ehVeMG3Zfv3P0TUYNKunjdU=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4KokUdVl047JCX5DEMJlO2qGTBzM3Qgl158ZfceNCEbd+gjv/xknbhbYeuNzDOfcyc0+QCq7Asr6NpeWV1bX10kZ5c2t7Z9fc22+rJJOUtWgiEtkNiGKCx6wFHATrppKRKBCsEwyvC79zz6TiSdyEUcq8iPRjHnJKQEu+eeQKFgJ2cNPP3Sgb3+UPRXMl7w/A81PfrFhVawK8SOwZqaAZGr755fYSmkUsBiqIUo5tpeDlRAKngo3LbqZYSuiQ9JmjaUwiprx8csgYn2ilh8NE6ooBT9TfGzmJlBpFgZ6MCAzUvFeI/3lOBuGll/M4zYDFdPpQmAkMCS5SwT0uGQUx0oRQyfVfMR0QSSjo7Mo6BHv+5EXSPqva59Xaba1Sv5rFUUKH6BidIhtdoDq6QQ3UQhQ9omf0it6MJ+PFeDc+pqNLxmznAP2B8fkDSvaaLQ==</latexit>⇥
T µ
µ

⇤
p

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d<latexit sha1_base64="mcbuxDXTW9QgPzCOHFrdFyHodyI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP3QeM/Q==</latexit>p



Question

How do boundaries and defects

contribute to the Weyl anomaly?

Do we get boundary/defect central charges?

Do they obey monotonicity theorems?

Do they obey bounds?

Do they appear in entanglement entropy?

and so on…

Do they appear in stress-energy correlators?



Outline:

• Review: Boundaries and Defects

• Review: Weyl Anomalies

• 1d Boundary or Defect

• 2d Boundary or Defect

• 3d Boundary or Defect

• 4d Boundary or Defect

• Summary and Outlook



Outline:
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• 4d Boundary or Defect
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<latexit sha1_base64="hiqHhDuNbNFtzH476C9JOmFb1+M=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMi6kYounFZoS+YGYdMmmlDMw+SO0IZ6t6Nv+LGhSJu/QB3/o2ZdhbaeiDkcM65JPf4ieAKTPPbKC0tr6yuldcrG5tb2zvV3b2OilNJWZvGIpY9nygmeMTawEGwXiIZCX3Buv7oOve790wqHkctGCfMDckg4gGnBLTkVWuOYAFgG7e8zAnTyV32kF+O5IMhuF6WXFoTnTLr5hR4kVgFqaECTa/65fRjmoYsAiqIUrZlJuBmRAKngk0qTqpYQuiIDJitaURCptxsuswEH2mlj4NY6hMBnqq/JzISKjUOfZ0MCQzVvJeL/3l2CsGFm/EoSYFFdPZQkAoMMc6bwX0uGQUx1oRQyfVfMR0SSSjo/iq6BGt+5UXSOalbZ/XT29Na46qoo4wO0CE6RhY6Rw10g5qojSh6RM/oFb0ZT8aL8W58zKIlo5jZR39gfP4AMfabuw==</latexit>⇥
T µ
µ

⇤
p=1

<latexit sha1_base64="8LVrqJucQl9xNwsjgr7UF8xAfX0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP4+7jMo=</latexit>=

<latexit sha1_base64="SvEw9j+G6/nNSZebhlvQwRvlSiI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfAeMvQ==</latexit>

0
<latexit sha1_base64="Q3ZFHU8Hsd5v0kzobS0LsgWpHuE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtC6q3mW1dl+r1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB55yjW4=</latexit>

{ <latexit sha1_base64="2aU6FI8bo27PFvIhkp8qrH8D220=">AAAB6nicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRb0IRS8eK9oPaJeSzWbb0GyyJFmhLP0JXjwo4tVf5M1/Y9ruQVsfDDzem2FmXpBwpo3rfjuFtfWNza3idmlnd2//oHx41NYyVYS2iORSdQOsKWeCtgwznHYTRXEccNoJxrczv/NElWZSPJpJQv0YDwWLGMHGSg/hdW1QrrhVdw60SrycVCBHc1D+6oeSpDEVhnCsdc9zE+NnWBlGOJ2W+qmmCSZjPKQ9SwWOqfaz+alTdGaVEEVS2RIGzdXfExmOtZ7Ege2MsRnpZW8m/uf1UhNd+RkTSWqoIItFUcqRkWj2NwqZosTwiSWYKGZvRWSEFSbGplOyIXjLL6+Sdq3qXVTr9/VK4yaPowgncArn4MElNOAOmtACAkN4hld4c7jz4rw7H4vWgpPPHMMfOJ8/vfGNdA==</latexit>

d = 2

<latexit sha1_base64="q3wBFx8CYbHxLiNFhAAyJdc4tnc=">AAAB6nicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRT1J0YvHivYD2qVks9k2NJssSVYoS3+CFw+KePUXefPfmLZ70NYHA4/3ZpiZFyScaeO6305hbX1jc6u4XdrZ3ds/KB8etbVMFaEtIrlU3QBrypmgLcMMp91EURwHnHaC8e3M7zxRpZkUj2aSUD/GQ8EiRrCx0kN4XRuUK27VnQOtEi8nFcjRHJS/+qEkaUyFIRxr3fPcxPgZVoYRTqelfqppgskYD2nPUoFjqv1sfuoUnVklRJFUtoRBc/X3RIZjrSdxYDtjbEZ62ZuJ/3m91ERXfsZEkhoqyGJRlHJkJJr9jUKmKDF8YgkmitlbERlhhYmx6ZRsCN7yy6ukXat6F9X6fb3SuMnjKMIJnMI5eHAJDbiDJrSAwBCe4RXeHO68OO/Ox6K14OQzx/AHzucPv3aNdQ==</latexit>

d > 2

Boundary contribution to Euler density
<latexit sha1_base64="0gfZGpskOCfc/Rd3/dK+m2r6vrU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB6DIniMaB6QLGF2MpsMmZ1dZnqFEPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dnJr6xubW/ntws7u3v5B8fCoaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3cz81hPXRsTqEccJ9yM6UCIUjKKVHm57lV6x5JbdOcgq8TJSggz1XvGr249ZGnGFTFJjOp6boD+hGgWTfFropoYnlI3ogHcsVTTixp/MT52SM6v0SRhrWwrJXP09MaGRMeMosJ0RxaFZ9mbif14nxfDKnwiVpMgVWywKU0kwJrO/SV9ozlCOLaFMC3srYUOqKUObTsGG4C2/vEqalbJ3Ua7eV0u16yyOPJzAKZyDB5dQgzuoQwMYDOAZXuHNkc6L8+58LFpzTjZzDH/gfP4AwmGNdw==</latexit>

E2

<latexit sha1_base64="+Z9FD1f4tsC9VLScEhJGixfKUik=">AAACGnicbVDLSgMxFM3UV62vqks30SK40DJTirosurG7CvYBnbFk0kwbmpkJSUYoYb7Djb/ixoUi7sSNf2PazkJbD4QczrmXe+/xOaNS2fa3lVtaXlldy68XNja3tneKu3stGScCkyaOWSw6PpKE0Yg0FVWMdLggKPQZafuj64nffiBC0ji6U2NOvBANIhpQjJSRekUHnkE3EAhrJ9VOxeU0dU9xT1f65ndDpIYi1HX3sJ7ea5cTwdNesWSX7SngInEyUgIZGr3ip9uPcRKSSGGGpOw6NleeRkJRzEhacBNJOMIjNCBdQyMUEunp6WkpPDZKHwaxMC9ScKr+7tAolHIc+qZysqyc9ybif143UcGlp2nEE0UiPBsUJAyqGE5ygn0qCFZsbAjCgppdIR4iE5QyaRZMCM78yYukVSk75+XqbbVUu8riyIMDcAROgAMuQA3cgAZoAgwewTN4BW/Wk/VivVsfs9KclfXsgz+wvn4APM+gcQ==</latexit>

� 1

12⇡
c2d II

?

No new central charge(s)

<latexit sha1_base64="SyeawOYCi7/VDmZrUS2lPrYdUBE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbqt564NiJWjzhOuB/RgRKhYBSt9JBce71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu1mzyOIhzBMZyCB5dQgzuoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4AzrWNfw==</latexit>

p = 1

What is the general form of

<latexit sha1_base64="L8jyIbBxhpJq3q2khZTSMkcb+dM=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB6DXjxGMA9IljA725sMmX1kZlYIS37CiwdFvPo73vwbJ8keNLGgoajqprvLSwRX2ra/rcLG5tb2TnG3tLd/cHhUPj5pqziVDFssFrHselSh4BG2NNcCu4lEGnoCO974bu53nlAqHkePepqgG9JhxAPOqDZS1yf9IU5IbVCu2FV7AbJOnJxUIEdzUP7q+zFLQ4w0E1SpnmMn2s2o1JwJnJX6qcKEsjEdYs/QiIao3Gxx74xcGMUnQSxNRZos1N8TGQ2Vmoae6QypHqlVby7+5/VSHdy4GY+SVGPElouCVBAdk/nzxOcSmRZTQyiT3NxK2IhKyrSJqGRCcFZfXiftWtW5qtYf6pXGbR5HEc7gHC7BgWtowD00oQUMBDzDK7xZE+vFerc+lq0FK585hT+wPn8A7zqPQg==</latexit>

d � 2

1d Boundary or Defect

?
<latexit sha1_base64="CJ6+Mxu1krJnwRJaC+ieI3fANKQ=">AAACDnicbVDLSsNAFJ3UV62vqks3g6XgqiRS1I1QdOOyQl+QxDCZTtqhkwczN0IJ9Qfc+CtuXCji1rU7/8Zpm4W2Hrjcwzn3MnOPnwiuwDS/jcLK6tr6RnGztLW9s7tX3j/oqDiVlLVpLGLZ84ligkesDRwE6yWSkdAXrOuPrqd+955JxeOoBeOEuSEZRDzglICWvHLVESwAbOOWlzlhOrnLHqYNO5IPhoBdL0surYlXrpg1cwa8TKycVFCOplf+cvoxTUMWARVEKdsyE3AzIoFTwSYlJ1UsIXREBszWNCIhU242O2eCq1rp4yCWuiLAM/X3RkZCpcahrydDAkO16E3F/zw7heDCzXiUpMAiOn8oSAWGGE+zwX0uGQUx1oRQyfVfMR0SSSjoBEs6BGvx5GXSOa1ZZ7X6bb3SuMrjKKIjdIxOkIXOUQPdoCZqI4oe0TN6RW/Gk/FivBsf89GCke8coj8wPn8A89qcDw==</latexit>⇥
T µ
µ

⇤
p=1
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2d Boundary or Defect

Graham + Witten hep-th/9901021

Henningson + Skenderis hep-th/9905163

Gustavsson hep-th/0310037, 0404150

Asnin 0801.1469

Schwimmer + Theisen 0802.1017

Berenstein, Corrado, Fischler, Maldacena hep-th/9809188

<latexit sha1_base64="xqxUcxzEZQGREBjQ4VZx0kxKzGs=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoF6EoBePEc0DkiXMTnqTIbOzy8ysEEI+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/loxkn6Ed0IHnIGTVWekiuK71iyS27c5BV4mWkBBnqveJXtx+zNEJpmKBadzw3Mf6EKsOZwGmhm2pMKBvRAXYslTRC7U/mp07JmVX6JIyVLWnIXP09MaGR1uMosJ0RNUO97M3E/7xOasIrf8JlkhqUbLEoTAUxMZn9TfpcITNibAllittbCRtSRZmx6RRsCN7yy6ukWSl7F+XqfbVUu8niyMMJnMI5eHAJNbiDOjSAwQCe4RXeHOG8OO/Ox6I152Qzx/AHzucP0DmNgA==</latexit>

p = 2
<latexit sha1_base64="YBhbvVn5F4iabYF80rRFjv22pSM=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokW9Vj04rGC/YA2lM1m2i7dbOLuRiihP8KLB0W8+nu8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LBjBP0IzqQvM8ZNVZqhd0BPpKLXqnsVtwZyDLxclKGHPVe6asbxiyNUBomqNYdz02Mn1FlOBM4KXZTjQllIzrAjqWSRqj9bHbuhJxaJST9WNmShszU3xMZjbQeR4HtjKgZ6kVvKv7ndVLTv/YzLpPUoGTzRf1UEBOT6e8k5AqZEWNLKFPc3krYkCrKjE2oaEPwFl9eJs3zindZqd5Xy7WbPI4CHMMJnIEHV1CDO6hDAxiM4Ble4c1JnBfn3fmYt644+cwR/IHz+QOaKo8Z</latexit>

d � 3

What is the general form of
<latexit sha1_base64="XzoPhewp7attca6sLk0CAZsOgv4=">AAACDnicbVDLSsNAFJ34rPVVdelmsBRclaQUdSMU3bis0BckMUymk3bo5MHMjVBC/AE3/oobF4q4de3Ov3H6WGjrgcs9nHMvM/f4ieAKTPPbWFldW9/YLGwVt3d29/ZLB4cdFaeSsjaNRSx7PlFM8Ii1gYNgvUQyEvqCdf3R9cTv3jOpeBy1YJwwNySDiAecEtCSV6o4ggWAbdzyMidM87vsYdKwI/lgCNj1suSylnulslk1p8DLxJqTMpqj6ZW+nH5M05BFQAVRyrbMBNyMSOBUsLzopIolhI7IgNmaRiRkys2m5+S4opU+DmKpKwI8VX9vZCRUahz6ejIkMFSL3kT8z7NTCC7cjEdJCiyis4eCVGCI8SQb3OeSURBjTQiVXP8V0yGRhIJOsKhDsBZPXiadWtU6q9Zv6+XG1TyOAjpGJ+gUWegcNdANaqI2ougRPaNX9GY8GS/Gu/ExG10x5jtH6A+Mzx/1X5wQ</latexit>⇥
T µ
µ

⇤
p=2

?



b
<latexit sha1_base64="s6L+Z+fhtGywXDdOyCIOKOnOTTA=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjrWYwKFfcqrsQWQcvhwrkagzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWZQ0Qu1ni0Vn5MI6QxLGyj5pyML9PZHRSOtpFNjOiJqxXq3Nzf9qvdSEN37GZZIalGz5UZgKYmIyv5oMuUJmxNQCZYrbXQkbU0WZsdmUbAje6snr0L6qepab15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh85nz/E44zm</latexit><latexit sha1_base64="s6L+Z+fhtGywXDdOyCIOKOnOTTA=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjrWYwKFfcqrsQWQcvhwrkagzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWZQ0Qu1ni0Vn5MI6QxLGyj5pyML9PZHRSOtpFNjOiJqxXq3Nzf9qvdSEN37GZZIalGz5UZgKYmIyv5oMuUJmxNQCZYrbXQkbU0WZsdmUbAje6snr0L6qepab15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh85nz/E44zm</latexit><latexit sha1_base64="s6L+Z+fhtGywXDdOyCIOKOnOTTA=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjrWYwKFfcqrsQWQcvhwrkagzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWZQ0Qu1ni0Vn5MI6QxLGyj5pyML9PZHRSOtpFNjOiJqxXq3Nzf9qvdSEN37GZZIalGz5UZgKYmIyv5oMuUJmxNQCZYrbXQkbU0WZsdmUbAje6snr0L6qepab15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh85nz/E44zm</latexit><latexit sha1_base64="s6L+Z+fhtGywXDdOyCIOKOnOTTA=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjrWYwKFfcqrsQWQcvhwrkagzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWZQ0Qu1ni0Vn5MI6QxLGyj5pyML9PZHRSOtpFNjOiJqxXq3Nzf9qvdSEN37GZZIalGz5UZgKYmIyv5oMuUJmxNQCZYrbXQkbU0WZsdmUbAje6snr0L6qepab15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh85nz/E44zm</latexit>

d1
<latexit sha1_base64="Pn+YB/+LofogiYtJ0zSW2txUQyo=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNZtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AKro3rfjultfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2oRsEltgw3ArupQhoHAjvB+HZW7zyh0jyRj2aSoh/ToeQRZ9RY6yEceINqza27c5FV8AqoQaHmoPrVDxOWxSgNE1Trnuemxs+pMpwJnFb6mcaUsjEdYs+ipDFqP5+vOiVn1glJlCj7pCFz9/dETmOtJ3FgO2NqRnq5NjP/q/UyE137OZdpZlCyxUdRJohJyOxuEnKFzIiJBcoUt7sSNqKKMmPTqdgQvOWTV6F9Ufcs31/WGjdFHGU4gVM4Bw+uoAF30IQWMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Ae0rjYw=</latexit><latexit sha1_base64="Pn+YB/+LofogiYtJ0zSW2txUQyo=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNZtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AKro3rfjultfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2oRsEltgw3ArupQhoHAjvB+HZW7zyh0jyRj2aSoh/ToeQRZ9RY6yEceINqza27c5FV8AqoQaHmoPrVDxOWxSgNE1Trnuemxs+pMpwJnFb6mcaUsjEdYs+ipDFqP5+vOiVn1glJlCj7pCFz9/dETmOtJ3FgO2NqRnq5NjP/q/UyE137OZdpZlCyxUdRJohJyOxuEnKFzIiJBcoUt7sSNqKKMmPTqdgQvOWTV6F9Ufcs31/WGjdFHGU4gVM4Bw+uoAF30IQWMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Ae0rjYw=</latexit><latexit sha1_base64="Pn+YB/+LofogiYtJ0zSW2txUQyo=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNZtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AKro3rfjultfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2oRsEltgw3ArupQhoHAjvB+HZW7zyh0jyRj2aSoh/ToeQRZ9RY6yEceINqza27c5FV8AqoQaHmoPrVDxOWxSgNE1Trnuemxs+pMpwJnFb6mcaUsjEdYs+ipDFqP5+vOiVn1glJlCj7pCFz9/dETmOtJ3FgO2NqRnq5NjP/q/UyE137OZdpZlCyxUdRJohJyOxuEnKFzIiJBcoUt7sSNqKKMmPTqdgQvOWTV6F9Ufcs31/WGjdFHGU4gVM4Bw+uoAF30IQWMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Ae0rjYw=</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="R3V/QDgQmroLta8zdkJqXz5x1p8=">AAAB33icbZBLSwMxFIXv1FetVatbN8EiuCozbnQpuHFZ0T6gHUomc9uGZjJDckcoQ3+CGxeK+K/c+W9MHwttPRD4OCch954oU9KS7397pa3tnd298n7loHp4dFw7qbZtmhuBLZGq1HQjblFJjS2SpLCbGeRJpLATTe7meecZjZWpfqJphmHCR1oOpeDkrMd4EAxqdb/hL8Q2IVhBHVZqDmpf/TgVeYKahOLW9gI/o7DghqRQOKv0c4sZFxM+wp5DzRO0YbEYdcYunBOzYWrc0cQW7u8XBU+snSaRu5lwGtv1bG7+l/VyGt6EhdRZTqjF8qNhrhilbL43i6VBQWrqgAsj3axMjLnhglw7FVdCsL7yJrSvGoHjBx/KcAbncAkBXMMt3EMTWiBgBC/wBu+e8l69j2VdJW/V2yn8kff5A9KxjDc=</latexit><latexit sha1_base64="R3V/QDgQmroLta8zdkJqXz5x1p8=">AAAB33icbZBLSwMxFIXv1FetVatbN8EiuCozbnQpuHFZ0T6gHUomc9uGZjJDckcoQ3+CGxeK+K/c+W9MHwttPRD4OCch954oU9KS7397pa3tnd298n7loHp4dFw7qbZtmhuBLZGq1HQjblFJjS2SpLCbGeRJpLATTe7meecZjZWpfqJphmHCR1oOpeDkrMd4EAxqdb/hL8Q2IVhBHVZqDmpf/TgVeYKahOLW9gI/o7DghqRQOKv0c4sZFxM+wp5DzRO0YbEYdcYunBOzYWrc0cQW7u8XBU+snSaRu5lwGtv1bG7+l/VyGt6EhdRZTqjF8qNhrhilbL43i6VBQWrqgAsj3axMjLnhglw7FVdCsL7yJrSvGoHjBx/KcAbncAkBXMMt3EMTWiBgBC/wBu+e8l69j2VdJW/V2yn8kff5A9KxjDc=</latexit><latexit sha1_base64="8OeHyWeu2r6lOQxFFwUO5osBtlk=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSL/ZY9OKxov2ANpTNZtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5BKYdB1v53SxubW9k55t7K3f3B4VD0+6Zgk04y3WSIT3Quo4VIo3kaBkvdSzWkcSN4NJrfzeveJayMS9YjTlPsxHSkRCUbRWg/h0BtWa27dXYisg1dADQq1htWvQZiwLOYKmaTG9D03RT+nGgWTfFYZZIanlE3oiPctKhpz4+eLVWfkwjohiRJtn0KycH9P5DQ2ZhoHtjOmODartbn5X62fYdTwc6HSDLliy4+iTBJMyPxuEgrNGcqpBcq0sLsSNqaaMrTpVGwI3urJ69C5qnuW791a86aIowxncA6X4ME1NOEOWtAGBiN4hld4c6Tz4rw7H8vWklPMnMIfOZ8/6+uNiA==</latexit><latexit sha1_base64="Pn+YB/+LofogiYtJ0zSW2txUQyo=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNZtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AKro3rfjultfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2oRsEltgw3ArupQhoHAjvB+HZW7zyh0jyRj2aSoh/ToeQRZ9RY6yEceINqza27c5FV8AqoQaHmoPrVDxOWxSgNE1Trnuemxs+pMpwJnFb6mcaUsjEdYs+ipDFqP5+vOiVn1glJlCj7pCFz9/dETmOtJ3FgO2NqRnq5NjP/q/UyE137OZdpZlCyxUdRJohJyOxuEnKFzIiJBcoUt7sSNqKKMmPTqdgQvOWTV6F9Ufcs31/WGjdFHGU4gVM4Bw+uoAF30IQWMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Ae0rjYw=</latexit><latexit sha1_base64="Pn+YB/+LofogiYtJ0zSW2txUQyo=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNZtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AKro3rfjultfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2oRsEltgw3ArupQhoHAjvB+HZW7zyh0jyRj2aSoh/ToeQRZ9RY6yEceINqza27c5FV8AqoQaHmoPrVDxOWxSgNE1Trnuemxs+pMpwJnFb6mcaUsjEdYs+ipDFqP5+vOiVn1glJlCj7pCFz9/dETmOtJ3FgO2NqRnq5NjP/q/UyE137OZdpZlCyxUdRJohJyOxuEnKFzIiJBcoUt7sSNqKKMmPTqdgQvOWTV6F9Ufcs31/WGjdFHGU4gVM4Bw+uoAF30IQWMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Ae0rjYw=</latexit><latexit sha1_base64="Pn+YB/+LofogiYtJ0zSW2txUQyo=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNZtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AKro3rfjultfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2oRsEltgw3ArupQhoHAjvB+HZW7zyh0jyRj2aSoh/ToeQRZ9RY6yEceINqza27c5FV8AqoQaHmoPrVDxOWxSgNE1Trnuemxs+pMpwJnFb6mcaUsjEdYs+ipDFqP5+vOiVn1glJlCj7pCFz9/dETmOtJ3FgO2NqRnq5NjP/q/UyE137OZdpZlCyxUdRJohJyOxuEnKFzIiJBcoUt7sSNqKKMmPTqdgQvOWTV6F9Ufcs31/WGjdFHGU4gVM4Bw+uoAF30IQWMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Ae0rjYw=</latexit><latexit sha1_base64="Pn+YB/+LofogiYtJ0zSW2txUQyo=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNZtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AKro3rfjultfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2oRsEltgw3ArupQhoHAjvB+HZW7zyh0jyRj2aSoh/ToeQRZ9RY6yEceINqza27c5FV8AqoQaHmoPrVDxOWxSgNE1Trnuemxs+pMpwJnFb6mcaUsjEdYs+ipDFqP5+vOiVn1glJlCj7pCFz9/dETmOtJ3FgO2NqRnq5NjP/q/UyE137OZdpZlCyxUdRJohJyOxuEnKFzIiJBcoUt7sSNqKKMmPTqdgQvOWTV6F9Ufcs31/WGjdFHGU4gVM4Bw+uoAF30IQWMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Ae0rjYw=</latexit><latexit sha1_base64="Pn+YB/+LofogiYtJ0zSW2txUQyo=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNZtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AKro3rfjultfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2oRsEltgw3ArupQhoHAjvB+HZW7zyh0jyRj2aSoh/ToeQRZ9RY6yEceINqza27c5FV8AqoQaHmoPrVDxOWxSgNE1Trnuemxs+pMpwJnFb6mcaUsjEdYs+ipDFqP5+vOiVn1glJlCj7pCFz9/dETmOtJ3FgO2NqRnq5NjP/q/UyE137OZdpZlCyxUdRJohJyOxuEnKFzIiJBcoUt7sSNqKKMmPTqdgQvOWTV6F9Ufcs31/WGjdFHGU4gVM4Bw+uoAF30IQWMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Ae0rjYw=</latexit><latexit sha1_base64="Pn+YB/+LofogiYtJ0zSW2txUQyo=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNZtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AKro3rfjultfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2oRsEltgw3ArupQhoHAjvB+HZW7zyh0jyRj2aSoh/ToeQRZ9RY6yEceINqza27c5FV8AqoQaHmoPrVDxOWxSgNE1Trnuemxs+pMpwJnFb6mcaUsjEdYs+ipDFqP5+vOiVn1glJlCj7pCFz9/dETmOtJ3FgO2NqRnq5NjP/q/UyE137OZdpZlCyxUdRJohJyOxuEnKFzIiJBcoUt7sSNqKKMmPTqdgQvOWTV6F9Ufcs31/WGjdFHGU4gVM4Bw+uoAF30IQWMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Ae0rjYw=</latexit>

d2
<latexit sha1_base64="TU6rMnMbFxM06SuN5r32xIpDbCg=">AAAB6nicbZBNS8NAEIYnftb6VfXoZbEInkpSBD0WvXisaD+gDWWzmbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vrCwsM7M+zMG6SCa+O6387a+sbm1nZpp7y7t39wWDk6buskUwxbLBGJ6gZUo+ASW4Ybgd1UIY0DgZ1gfDurd55QaZ7IRzNJ0Y/pUPKIM2qs9RAO6oNK1a25c5FV8AqoQqHmoPLVDxOWxSgNE1Trnuemxs+pMpwJnJb7mcaUsjEdYs+ipDFqP5+vOiXn1glJlCj7pCFz9/dETmOtJ3FgO2NqRnq5NjP/q/UyE137OZdpZlCyxUdRJohJyOxuEnKFzIiJBcoUt7sSNqKKMmPTKdsQvOWTV6Fdr3mW7y+rjZsijhKcwhlcgAdX0IA7aEILGAzhGV7hzRHOi/PufCxa15xi5gT+yPn8Ae6vjY0=</latexit><latexit sha1_base64="TU6rMnMbFxM06SuN5r32xIpDbCg=">AAAB6nicbZBNS8NAEIYnftb6VfXoZbEInkpSBD0WvXisaD+gDWWzmbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vrCwsM7M+zMG6SCa+O6387a+sbm1nZpp7y7t39wWDk6buskUwxbLBGJ6gZUo+ASW4Ybgd1UIY0DgZ1gfDurd55QaZ7IRzNJ0Y/pUPKIM2qs9RAO6oNK1a25c5FV8AqoQqHmoPLVDxOWxSgNE1Trnuemxs+pMpwJnJb7mcaUsjEdYs+ipDFqP5+vOiXn1glJlCj7pCFz9/dETmOtJ3FgO2NqRnq5NjP/q/UyE137OZdpZlCyxUdRJohJyOxuEnKFzIiJBcoUt7sSNqKKMmPTKdsQvOWTV6Fdr3mW7y+rjZsijhKcwhlcgAdX0IA7aEILGAzhGV7hzRHOi/PufCxa15xi5gT+yPn8Ae6vjY0=</latexit><latexit sha1_base64="TU6rMnMbFxM06SuN5r32xIpDbCg=">AAAB6nicbZBNS8NAEIYnftb6VfXoZbEInkpSBD0WvXisaD+gDWWzmbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vrCwsM7M+zMG6SCa+O6387a+sbm1nZpp7y7t39wWDk6buskUwxbLBGJ6gZUo+ASW4Ybgd1UIY0DgZ1gfDurd55QaZ7IRzNJ0Y/pUPKIM2qs9RAO6oNK1a25c5FV8AqoQqHmoPLVDxOWxSgNE1Trnuemxs+pMpwJnJb7mcaUsjEdYs+ipDFqP5+vOiXn1glJlCj7pCFz9/dETmOtJ3FgO2NqRnq5NjP/q/UyE137OZdpZlCyxUdRJohJyOxuEnKFzIiJBcoUt7sSNqKKMmPTKdsQvOWTV6Fdr3mW7y+rjZsijhKcwhlcgAdX0IA7aEILGAzhGV7hzRHOi/PufCxa15xi5gT+yPn8Ae6vjY0=</latexit><latexit sha1_base64="TU6rMnMbFxM06SuN5r32xIpDbCg=">AAAB6nicbZBNS8NAEIYnftb6VfXoZbEInkpSBD0WvXisaD+gDWWzmbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vrCwsM7M+zMG6SCa+O6387a+sbm1nZpp7y7t39wWDk6buskUwxbLBGJ6gZUo+ASW4Ybgd1UIY0DgZ1gfDurd55QaZ7IRzNJ0Y/pUPKIM2qs9RAO6oNK1a25c5FV8AqoQqHmoPLVDxOWxSgNE1Trnuemxs+pMpwJnJb7mcaUsjEdYs+ipDFqP5+vOiXn1glJlCj7pCFz9/dETmOtJ3FgO2NqRnq5NjP/q/UyE137OZdpZlCyxUdRJohJyOxuEnKFzIiJBcoUt7sSNqKKMmPTKdsQvOWTV6Fdr3mW7y+rjZsijhKcwhlcgAdX0IA7aEILGAzhGV7hzRHOi/PufCxa15xi5gT+yPn8Ae6vjY0=</latexit>

boundary/defect central charges

2d Boundary or Defect
<latexit sha1_base64="rz81lYlbqXSkM55lPl60Wh5uEgc="></latexit>⇥
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Type A Type B

Changes by a
total derivative Invariant

p
ĝ R̂

<latexit sha1_base64="wgjgW8tKAvRnD3Jr1W5kESvRrMk=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIriQklRBl0U3LqvYCzShTKaTdujk4syJUEI2voobF4q49THc+TZO0yy09YeBj/+cw5nze7HgCizr2ygtLa+srpXXKxubW9s75u5eW0WJpKxFIxHJrkcUEzxkLeAgWDeWjASeYB1vfD2tdx6ZVDwK72ESMzcgw5D7nBLQVt88cNSDhNQZEUiHWeac5nSX9c2qVbNy4UWwC6iiQs2++eUMIpoELAQqiFI924rBTYkETgXLKk6iWEzomAxZT2NIAqbcND8gw8faGWA/kvqFgHP390RKAqUmgac7AwIjNV+bmv/Vegn4l27KwzgBFtLZIj8RGCI8TQMPuGQUxEQDoZLrv2I6IpJQ0JlVdAj2/MmL0K7X7LNa/fa82rgq4iijQ3SETpCNLlAD3aAmaiGKMvSMXtGb8WS8GO/Gx6y1ZBQz++iPjM8fqi6XFg==</latexit>

p
ĝ W ab

ab
<latexit sha1_base64="XeGVldTyjCbQFCeYq/+V3xkZChc=">AAACC3icbZC7SgNBFIZn4y3GW9TSZkgQLCTsRkHLoI1lBHOBbAxnJ5NkyOwlM2eFsGxv46vYWChi6wvY+TZOLoUm/jDw8Z9zOHN+L5JCo21/W5mV1bX1jexmbmt7Z3cvv39Q12GsGK+xUIaq6YHmUgS8hgIlb0aKg+9J3vCG15N644ErLcLgDscRb/vQD0RPMEBjdfIFV48UJu4AMOmnqXtKG50EvPQ+cUcxdKnBTr5ol+yp6DI4cyiSuaqd/JfbDVns8wCZBK1bjh1hOwGFgkme5txY8wjYEPq8ZTAAn+t2Mr0lpcfG6dJeqMwLkE7d3xMJ+FqPfc90+oADvVibmP/VWjH2LtuJCKIYecBmi3qxpBjSSTC0KxRnKMcGgClh/krZABQwNPHlTAjO4snLUC+XnLNS+fa8WLmax5ElR6RATohDLkiF3JAqqRFGHskzeSVv1pP1Yr1bH7PWjDWfOSR/ZH3+ALGvm3I=</latexit>

2d Boundary or Defect

<latexit sha1_base64="jaM9RV++nuH3LC9bo/g7lk30hLI=">AAACFHicbZDLSgMxFIYz9VbrrerSTbQIglJmSlGXRTd2V8FeoFNLJk3b0ExmTM4IZZiHcOOruHGhiFsX7nwbM20XWv0h8PGfc8g5vxcKrsG2v6zMwuLS8kp2Nbe2vrG5ld/eaeggUpTVaSAC1fKIZoJLVgcOgrVCxYjvCdb0RpdpvXnPlOaBvIFxyDo+GUje55SAsbr5Y1ffKYjdIYF4kCTuiesTGCouB/GU/Ljq7leT5LaEu/mCXbQnwn/BmUEBzVTr5j/dXkAjn0mggmjdduwQOjFRwKlgSc6NNAsJHZEBaxuUxGe6E0+OSvChcXq4HyjzJOCJ+3MiJr7WY98znemier6Wmv/V2hH0zzsxl2EETNLpR/1IYAhwmhDuccUoiLEBQhU3u2I6JIpQMDnmTAjO/Ml/oVEqOqfF8nW5ULmYxZFFe+gAHSEHnaEKukI1VEcUPaAn9IJerUfr2Xqz3qetGWs2s4t+yfr4BtiNn0o=</latexit>p
ĝ I̊I

2

<latexit sha1_base64="rz81lYlbqXSkM55lPl60Wh5uEgc="></latexit>⇥
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<latexit sha1_base64="rz81lYlbqXSkM55lPl60Wh5uEgc="></latexit>⇥
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b-theorem
<latexit sha1_base64="40c61ZgB4M57GMM0T6r+Vs7yrfM=">AAAB+3icbZBNS8NAEIY39avWr1iPXoJF8GJJRNBj0YvHCrYW2lA220m7dDcJuxNpCfkrXjwo4tU/4s1/47bNQVtfWHh4Z4aZfYNEcI2u+22V1tY3NrfK25Wd3b39A/uw2tZxqhi0WCxi1QmoBsEjaCFHAZ1EAZWBgMdgfDurPz6B0jyOHnCagC/pMOIhZxSN1berQQ9hgkpm5ziCWIHM+3bNrbtzOavgFVAjhZp9+6s3iFkqIUImqNZdz03Qz6hCzgTklV6qIaFsTIfQNRhRCdrP5rfnzqlxBk4YK/MidObu74mMSq2nMjCdkuJIL9dm5n+1borhtZ/xKEkRIrZYFKbCwdiZBeEMuAKGYmqAMsXNrQ4bUUUZmrgqJgRv+cur0L6oe4bvL2uNmyKOMjkmJ+SMeOSKNMgdaZIWYWRCnskrebNy68V6tz4WrSWrmDkif2R9/gCyvJTa</latexit><latexit sha1_base64="40c61ZgB4M57GMM0T6r+Vs7yrfM=">AAAB+3icbZBNS8NAEIY39avWr1iPXoJF8GJJRNBj0YvHCrYW2lA220m7dDcJuxNpCfkrXjwo4tU/4s1/47bNQVtfWHh4Z4aZfYNEcI2u+22V1tY3NrfK25Wd3b39A/uw2tZxqhi0WCxi1QmoBsEjaCFHAZ1EAZWBgMdgfDurPz6B0jyOHnCagC/pMOIhZxSN1berQQ9hgkpm5ziCWIHM+3bNrbtzOavgFVAjhZp9+6s3iFkqIUImqNZdz03Qz6hCzgTklV6qIaFsTIfQNRhRCdrP5rfnzqlxBk4YK/MidObu74mMSq2nMjCdkuJIL9dm5n+1borhtZ/xKEkRIrZYFKbCwdiZBeEMuAKGYmqAMsXNrQ4bUUUZmrgqJgRv+cur0L6oe4bvL2uNmyKOMjkmJ+SMeOSKNMgdaZIWYWRCnskrebNy68V6tz4WrSWrmDkif2R9/gCyvJTa</latexit><latexit sha1_base64="40c61ZgB4M57GMM0T6r+Vs7yrfM=">AAAB+3icbZBNS8NAEIY39avWr1iPXoJF8GJJRNBj0YvHCrYW2lA220m7dDcJuxNpCfkrXjwo4tU/4s1/47bNQVtfWHh4Z4aZfYNEcI2u+22V1tY3NrfK25Wd3b39A/uw2tZxqhi0WCxi1QmoBsEjaCFHAZ1EAZWBgMdgfDurPz6B0jyOHnCagC/pMOIhZxSN1berQQ9hgkpm5ziCWIHM+3bNrbtzOavgFVAjhZp9+6s3iFkqIUImqNZdz03Qz6hCzgTklV6qIaFsTIfQNRhRCdrP5rfnzqlxBk4YK/MidObu74mMSq2nMjCdkuJIL9dm5n+1borhtZ/xKEkRIrZYFKbCwdiZBeEMuAKGYmqAMsXNrQ4bUUUZmrgqJgRv+cur0L6oe4bvL2uNmyKOMjkmJ+SMeOSKNMgdaZIWYWRCnskrebNy68V6tz4WrSWrmDkif2R9/gCyvJTa</latexit><latexit sha1_base64="40c61ZgB4M57GMM0T6r+Vs7yrfM=">AAAB+3icbZBNS8NAEIY39avWr1iPXoJF8GJJRNBj0YvHCrYW2lA220m7dDcJuxNpCfkrXjwo4tU/4s1/47bNQVtfWHh4Z4aZfYNEcI2u+22V1tY3NrfK25Wd3b39A/uw2tZxqhi0WCxi1QmoBsEjaCFHAZ1EAZWBgMdgfDurPz6B0jyOHnCagC/pMOIhZxSN1berQQ9hgkpm5ziCWIHM+3bNrbtzOavgFVAjhZp9+6s3iFkqIUImqNZdz03Qz6hCzgTklV6qIaFsTIfQNRhRCdrP5rfnzqlxBk4YK/MidObu74mMSq2nMjCdkuJIL9dm5n+1borhtZ/xKEkRIrZYFKbCwdiZBeEMuAKGYmqAMsXNrQ4bUUUZmrgqJgRv+cur0L6oe4bvL2uNmyKOMjkmJ+SMeOSKNMgdaZIWYWRCnskrebNy68V6tz4WrSWrmDkif2R9/gCyvJTa</latexit>

Jensen and O’Bannon 1509.02160
Casini, Landea, Torroba 1812.08183

RG flow on the boundary/defect
bUV � bIR

<latexit sha1_base64="Y429dYpp2flkoLLE67Dny66B0zQ=">AAACDXicbZC7SgNBFIZnvcZ4i1raDEbBKuyKoGXQRrso5gLJssxOTpIhsxdnzoph2Rew8VVsLBSxtbfzbZxcipj4w8DHf87hzPn9WAqNtv1jLSwuLa+s5tby6xubW9uFnd2ajhLFocojGamGzzRIEUIVBUpoxApY4Euo+/3LYb3+AEqLKLzDQQxuwLqh6AjO0Fhe4dD30hbCI6ogrdayjLa6cE+nzOvbLPMKRbtkj0TnwZlAkUxU8QrfrXbEkwBC5JJp3XTsGN2UKRRcQpZvJRpixvusC02DIQtAu+nomoweGadNO5EyL0Q6cqcnUhZoPQh80xkw7OnZ2tD8r9ZMsHPupiKME4SQjxd1EkkxosNoaFso4CgHBhhXwvyV8h5TjKMJMG9CcGZPnofaSckxfHNaLF9M4siRfXJAjolDzkiZXJEKqRJOnsgLeSPv1rP1an1Yn+PWBWsys0f+yPr6BbS+nJQ=</latexit><latexit sha1_base64="Y429dYpp2flkoLLE67Dny66B0zQ=">AAACDXicbZC7SgNBFIZnvcZ4i1raDEbBKuyKoGXQRrso5gLJssxOTpIhsxdnzoph2Rew8VVsLBSxtbfzbZxcipj4w8DHf87hzPn9WAqNtv1jLSwuLa+s5tby6xubW9uFnd2ajhLFocojGamGzzRIEUIVBUpoxApY4Euo+/3LYb3+AEqLKLzDQQxuwLqh6AjO0Fhe4dD30hbCI6ogrdayjLa6cE+nzOvbLPMKRbtkj0TnwZlAkUxU8QrfrXbEkwBC5JJp3XTsGN2UKRRcQpZvJRpixvusC02DIQtAu+nomoweGadNO5EyL0Q6cqcnUhZoPQh80xkw7OnZ2tD8r9ZMsHPupiKME4SQjxd1EkkxosNoaFso4CgHBhhXwvyV8h5TjKMJMG9CcGZPnofaSckxfHNaLF9M4siRfXJAjolDzkiZXJEKqRJOnsgLeSPv1rP1an1Yn+PWBWsys0f+yPr6BbS+nJQ=</latexit><latexit sha1_base64="Y429dYpp2flkoLLE67Dny66B0zQ=">AAACDXicbZC7SgNBFIZnvcZ4i1raDEbBKuyKoGXQRrso5gLJssxOTpIhsxdnzoph2Rew8VVsLBSxtbfzbZxcipj4w8DHf87hzPn9WAqNtv1jLSwuLa+s5tby6xubW9uFnd2ajhLFocojGamGzzRIEUIVBUpoxApY4Euo+/3LYb3+AEqLKLzDQQxuwLqh6AjO0Fhe4dD30hbCI6ogrdayjLa6cE+nzOvbLPMKRbtkj0TnwZlAkUxU8QrfrXbEkwBC5JJp3XTsGN2UKRRcQpZvJRpixvusC02DIQtAu+nomoweGadNO5EyL0Q6cqcnUhZoPQh80xkw7OnZ2tD8r9ZMsHPupiKME4SQjxd1EkkxosNoaFso4CgHBhhXwvyV8h5TjKMJMG9CcGZPnofaSckxfHNaLF9M4siRfXJAjolDzkiZXJEKqRJOnsgLeSPv1rP1an1Yn+PWBWsys0f+yPr6BbS+nJQ=</latexit><latexit sha1_base64="Y429dYpp2flkoLLE67Dny66B0zQ=">AAACDXicbZC7SgNBFIZnvcZ4i1raDEbBKuyKoGXQRrso5gLJssxOTpIhsxdnzoph2Rew8VVsLBSxtbfzbZxcipj4w8DHf87hzPn9WAqNtv1jLSwuLa+s5tby6xubW9uFnd2ajhLFocojGamGzzRIEUIVBUpoxApY4Euo+/3LYb3+AEqLKLzDQQxuwLqh6AjO0Fhe4dD30hbCI6ogrdayjLa6cE+nzOvbLPMKRbtkj0TnwZlAkUxU8QrfrXbEkwBC5JJp3XTsGN2UKRRcQpZvJRpixvusC02DIQtAu+nomoweGadNO5EyL0Q6cqcnUhZoPQh80xkw7OnZ2tD8r9ZMsHPupiKME4SQjxd1EkkxosNoaFso4CgHBhhXwvyV8h5TjKMJMG9CcGZPnofaSckxfHNaLF9M4siRfXJAjolDzkiZXJEKqRJOnsgLeSPv1rP1an1Yn+PWBWsys0f+yPr6BbS+nJQ=</latexit>

Euclidean symmetry (Poincaré symmetry) along the boundary/defect
Reflection positivity (Unitarity)

Locality

Counts the number of degrees of freedom

2d Boundary or Defect



Wess-Zumino Consistency

is independent of boundary/defect marginal couplingsb

<latexit sha1_base64="LXNic5eemCQDWuE/dnwXO3jTQUQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtAvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPx3mM7g==</latexit>

in general,    can depend on bulk marginal couplingsb

<latexit sha1_base64="LXNic5eemCQDWuE/dnwXO3jTQUQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtAvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPx3mM7g==</latexit>

Herzog and Shamir 1906.11281, 1907.04952
Bianchi 1907.06193

2d Boundary or Defect
<latexit sha1_base64="rz81lYlbqXSkM55lPl60Wh5uEgc="></latexit>⇥
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<latexit sha1_base64="rz81lYlbqXSkM55lPl60Wh5uEgc="></latexit>⇥
T µ
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<latexit sha1_base64="U290qOwnaF51Vnr7dE4IcnQW+KM="></latexit>

hDi(ya)Dj(0)i / d1 �ij

|ya|4

Reflection positivity (unitarity)

d1 � 0
<latexit sha1_base64="VT8eu+oQ9h8qVBBCAzVe7nAwqb4=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cK9gPbUDababt0s4m7G6GE/gsvHhTx6r/x5r9x2+agrQ8 GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/VbT6g0j+W9GSfoR3QgeZ8zaqz0EPY80h3gI3F75YpbdWcgy8TLSQVy1Hvlr24YszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2cUTcmKVkPRjZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU3/ys+4TFKDks0X9VNBTEym75OQK2RGjC2hTHF7K2FDqigzNqSSDcFbfHmZNM+q3nnVvbuo1K7zOIpwBMdwCh5cQg1uoQ4NYCDhGV7hzdHOi/PufMxbC04+cwh/4Hz+ABNJj90=</latexit>

Bianchi, Meineri, Myers, Smolkin 1511.06713
Herzog + Huang 1707.06224

Herzog, Huang, Jensen 1709.07431

2d Boundary or Defect

Displacement operator Di

<latexit sha1_base64="4sTG29sDiTi17hmBxpG/GBVMEMo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BPXiMaB6QrGF2MkmGzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMYXU/95hPXRkTqAccx90M6UKIvGEUr3d88im6x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/pp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKZ/fVUrVqyyOPBzBMZyCBxdQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AEmuNqw==</latexit>



<latexit sha1_base64="rz81lYlbqXSkM55lPl60Wh5uEgc="></latexit>⇥
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Weyl tensor

d = 3 ) Wµ⌫⇢� ⌘ 0
<latexit sha1_base64="dtRx9uSMagKPgS0hpeIczGkp++k=">AAACIHicbVDJSgNBFOyJW4xb1KOXxiB4kDBjhHgRgl48RjELZELo6XSSJr2MvUTCkE/x4q948aCI3vRr7CwHTazHg6LqPbpfRTGj2vj+l5daWl5ZXUuvZzY2t7Z3srt7VS2twqSCJZOqHiFNGBWkYqhhpB4rgnjESC3qX4392oAoTaW4M8OYNDnqCtqhGBkntbLF9kUhPJnULe32DFJKPsCpUmslIbehsKHqyVDTLkejkNxbOoB+K5vz8/4EcJEEM5IDM5Rb2c+wLbHlRBjMkNaNwI9NM0HKUMzIKBNaTWKE+6hLGo4KxIluJpMDR/DIKW3Ykcq1MHCi/t5IENd6yCM3yZHp6XlvLP7nNazpnDcTKmJriMDThzqWQSPhOC3Ypopgw4aOIKyo+yvEPaQQNi7TjAshmD95kVRP80Eh79+c5UqXszjS4AAcgmMQgCIogWtQBhWAwSN4Bq/gzXvyXrx372M6mvJmO/vgD7zvH2i4oo8=</latexit>

d2
<latexit sha1_base64="F3tKaqZWVPufUU/ZkBgLj4rwbNY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWw2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj+lA8ogzaqz0EPZr/XLFrbpzkFXi5aQCORr98lcvTFgWozRMUK27npsaf0KV4UzgtNTLNKaUjegAu5ZKGqP2J/NTp+TMKiGJEmVLGjJXf09MaKz1OA5sZ0zNUC97M/E/r5uZ6NqfcJlmBiVbLIoyQUxCZn+TkCtkRowtoUxxeythQ6ooMzadkg3BW355lbRqVe+i6t5fVuo3eRxFOIFTOAcPrqAOd9CAJjAYwDO8wpsjnBfn3flYtBacfOYY/sD5/AHvV42P</latexit>

is only defined for

defect co-dimension > 1
<latexit sha1_base64="jFaZbQ9fbkGeO1B19/6KMbSXV/4=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwY0mqoCspunFZwT6gLWUyuWmHTjJhZiKW0K0bf8WNC0Xc+gfu/BsnbRbaemDgcM69d+49XsyZ0o7zbRWWlldW14rrpY3Nre0de3evqUQiKTSo4EK2PaKAswgammkO7VgCCT0OLW90nfmte5CKiehOj2PohWQQsYBRoo3Ut3FXw4OWYepDAFRjKk58FkKUNUzwJXb7dtmpOFPgReLmpIxy1Pv2V9cXNDEzNOVEqY7rxLqXEqkZ5TApdRMFMaEjMoCOoREJQfXS6SUTfGQUHwdCmhdl2xj1d0dKQqXGoWcqQ6KHat7LxP+8TqKDi17KojjRENHZR0HCsRY4iwX7TJrz+dgQQiUzu2I6JJJQbcIrmRDc+ZMXSbNacU8r1duzcu0qj6OIDtAhOkYuOkc1dIPqqIEoekTP6BW9WU/Wi/VufcxKC1bes4/+wPr8ARERmeY=</latexit>

d > 3
<latexit sha1_base64="xUJdxvrKXoB31j4GfxHSjiY/pjo=">AAAB6nicbVBNSwMxEJ2tX7V+VT16CRbBU9ltBT1J0YvHivYD2qVks9k2NJssSVYoS3+CFw+KePUXefPfmLZ70NYHA4/3ZpiZFyScaeO6305hbX1jc6u4XdrZ3ds/KB8etbVMFaEtIrlU3QBrypmgLcMMp91EURwHnHaC8e3M7zxRpZkUj2aSUD/GQ8EiRrCx0kN4XR+UK27VnQOtEi8nFcjRHJS/+qEkaUyFIRxr3fPcxPgZVoYRTqelfqppgskYD2nPUoFjqv1sfuoUnVklRJFUtoRBc/X3RIZjrSdxYDtjbEZ62ZuJ/3m91ERXfsZEkhoqyGJRlHJkJJr9jUKmKDF8YgkmitlbERlhhYmx6ZRsCN7yy6ukXat69Wrt/qLSuMnjKMIJnMI5eHAJDbiDJrSAwBCe4RXeHO68OO/Ox6K14OQzx/AHzucPv1qNcQ==</latexit>

)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

2d Boundary or Defect



Jensen, O’Bannon, Robinson, Rodgers 1812.08745 
Bianchi, Meineri, Myers, Smolkin 1511.06713

2d Boundary or Defect

<latexit sha1_base64="eO9UVdqhxwZaIKS2JgTkR7QKC8U="></latexit>
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�ab

|x?|d
<latexit sha1_base64="wvfT/J8tPfTC3I85guwtsV/+12A="></latexit>
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<latexit sha1_base64="K59ikEB8gqAEkh4Jrv9MHcO9+j0=">AAACHnicbVDLSsNAFJ34tr6qLt0MFsFVScTXRhDduFSwrdDEMpnetEMnkzBzI5aQL3Hjr7hxoYjgSv/Gae1CWw8MHM45lzv3hKkUBl33y5manpmdm19YLC0tr6yuldc36ibJNIcaT2Sib0JmQAoFNRQo4SbVwOJQQiPsnQ/8xh1oIxJ1jf0Ugph1lIgEZ2ilVvnAl0x1JFBfQoTN69ucicLXotPFoJX7CPeo4zzMZK8oqK+H2RO3Va64VXcIOkm8EamQES5b5Q+/nfAsBoVcMmOanptikDONgksoSn5mIGW8xzrQtFSxGEyQD88r6I5V2jRKtH0K6VD9PZGz2Jh+HNpkzLBrxr2B+J/XzDA6DnKh0gxB8Z9FUSYpJnTQFW0LDRxl3xLGtbB/pbzLNONoGy3ZErzxkydJfa/qHVb3r/Yrp2ejOhbIFtkmu8QjR+SUXJBLUiOcPJAn8kJenUfn2Xlz3n+iU85oZpP8gfP5DSqzo8E=</latexit>

h
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<latexit sha1_base64="a4i/EISz6mw35GABtdFQaRV5JjQ="></latexit>

h =
d� 3

3(d� 1)vol(Sd) d2

<latexit sha1_base64="rz81lYlbqXSkM55lPl60Wh5uEgc="></latexit>⇥
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<latexit sha1_base64="PBdIeWs8pwn7k7mCPjhm/PMM4nU=">AAAB8XicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY9ELx4xkUeEDZmdbWDC7Ow6M2tCCH/hxYPGePVvvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaHSPJb3ZpygH9GB5H3OqLHSQ9irkO4AH4nbK5bcsjsHWSVeRkqQod4rfnXDmKURSsME1brjuYnxJ1QZzgROC91UY0LZiA6wY6mkEWp/Mr94Ss6sEpJ+rGxJQ+bq74kJjbQeR4HtjKgZ6mVvJv7ndVLTv/InXCapQckWi/qpICYms/dJyBUyI8aWUKa4vZWwIVWUGRtSwYbgLb+8SpqVsndRrt5VS7XrLI48nMApnIMHl1CDW6hDAxhIeIZXeHO08+K8Ox+L1pyTzRzDHzifPxcYj+U=</latexit>

d2 � 0
Jensen, O’Bannon, Robinson, Rodgers 1812.08745 

2d Boundary or Defect

<latexit sha1_base64="eO9UVdqhxwZaIKS2JgTkR7QKC8U="></latexit>
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<latexit sha1_base64="wvfT/J8tPfTC3I85guwtsV/+12A="></latexit>
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<latexit sha1_base64="K59ikEB8gqAEkh4Jrv9MHcO9+j0=">AAACHnicbVDLSsNAFJ34tr6qLt0MFsFVScTXRhDduFSwrdDEMpnetEMnkzBzI5aQL3Hjr7hxoYjgSv/Gae1CWw8MHM45lzv3hKkUBl33y5manpmdm19YLC0tr6yuldc36ibJNIcaT2Sib0JmQAoFNRQo4SbVwOJQQiPsnQ/8xh1oIxJ1jf0Ugph1lIgEZ2ilVvnAl0x1JFBfQoTN69ucicLXotPFoJX7CPeo4zzMZK8oqK+H2RO3Va64VXcIOkm8EamQES5b5Q+/nfAsBoVcMmOanptikDONgksoSn5mIGW8xzrQtFSxGEyQD88r6I5V2jRKtH0K6VD9PZGz2Jh+HNpkzLBrxr2B+J/XzDA6DnKh0gxB8Z9FUSYpJnTQFW0LDRxl3xLGtbB/pbzLNONoGy3ZErzxkydJfa/qHVb3r/Yrp2ejOhbIFtkmu8QjR+SUXJBLUiOcPJAn8kJenUfn2Xlz3n+iU85oZpP8gfP5DSqzo8E=</latexit>

h
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T ai

⇤
bulk
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Average Null Energy Condition (ANEC)
<latexit sha1_base64="oy0VKMUSSe+XLEN2H1OhQ6bWobI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzUHvWG+EjcfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzcKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Hcy4AqZERNLKFPc3krYiCrKjE2oZEPwll9eJa2LqndZrd3XKvWbPI4inMApnIMHV1CHO2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AGbxo8a</latexit>
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Examples
d = 3BCFTs 2

The Systems. We start with a local, unitary, Lorentzian
CFT on a D � 3 spacetime M with coordinates xµ

(µ = 0, 1, . . . , D � 1) and metric gµ⌫ , which we will call
the “bulk” CFT. We introduce a codimension D � 2
defect along a static 2D submanifold ⌃ with coordi-
nates ya (a = 0, 1). We parameterize ⌃ ,! M by
embedding functions Xµ(y) such that ⌃’s induced met-
ric is �ab ⌘ @aXµ@bX⌫ gµ⌫ . We denote M’s covariant
derivative as rµ and ⌃’s induced covariant derivative

as r̂a, which acts on a mixed tensor T
µ

a
as r̂aT

µ

b
=

@aT
µ

b
+�µ

⌫a
T

⌫

b
� �̂c

ab
T

µ

c
. The second fundamental form

is then ⇧µ

ab
= r̂a@bXµ, with traceless part ⇧̊µ

ab
⌘

⇧µ

ab
�

1

2
�ab�cd⇧µ

cd
.

Physically, the defect can arise from 2D DOF coupled
to the bulk CFT and/or BCs imposed on bulk CFT fields.
In 3D the defect is a domain wall between two CFTs, and
if one of these is the “trivial” CFT, then the defect is a
boundary. Our results will thus apply to 3D BCFTs, but
for brevity we will only explicitly discuss DCFTs unless
stated otherwise.

The Weyl Anomaly. We denote the DCFT partition
function as Z. The generating functional of connected
correlators is then W ⌘ �i ln Z. Both are functionals
of gµ⌫ and Xµ. We define the stress-energy tensor, Tµ⌫ ,
and displacement operator, Dµ, by variations of W ,

�W =
1

2

Z
dDx

p
�g �gµ⌫hT

µ⌫
i +

Z
d2y

p
�� �Xµ

hDµi,

where g ⌘ det gµ⌫ and � ⌘ det �ab. Invariance of
W under reparametrizations of ya implies Dµ’s com-
ponents along ⌃ vanish [14]. Invariance of W under
reparametrizations of xµ implies r⌫hT ⌫µ

i = ��D�2
hD

µ
i,

with �D�2 a delta function that restricts to ⌃ [14]. Phys-
ically hTµ⌫

i is not conserved at ⌃ because the defect and
bulk can exchange transverse energy-momentum.

Our DCFTs are invariant under infinitesimal Weyl
transformations, �!gµ⌫ = 2!gµ⌫ and �!Xµ = 0, only up
to the Weyl anomaly [2–5]: �!W =

R
dDx

p
�g !hTµ

µ
i,

where hTµ

µ
i is built from external sources, such as gµ⌫ .

We will consider contributions to hTµ

µ
i from gµ⌫ and

@aXµ only. Determining hTµ

µ
i’s most general form re-

quires solving the Wess-Zumino (WZ) consistency condi-
tion, which comes from the fact that two successive Weyl
transformations of W commute, and then fixing any local
counterterms that contribute to hTµ

µ
i. In our DCFTs,

hTµ

µ
i = hTµ

µ
ibulk + �D�2

hTµ

µ
idef, where hTµ

µ
ibulk and

hTµ

µ
idef are bulk CFT and defect Weyl anomalies, respec-

tively, and we fixed local counterterms to cancel terms
with normal derivatives of �D�2. For hTµ

µ
ibulk we will

only need to know that hTµ

µ
ibulk = 0 in odd D, but can

be non-zero in even D, which defines the bulk central
charge(s). For a 2D defect in a D � 3 DCFT [10, 11, 15],

hTµ

µ
idef = �

1

24⇡

⇣
bR⌃ + d1 I̊I

µ

ab
I̊I
ab

µ
� d2 W ab

ab

⌘
, (1)

Theory BC b d1 d2
Scalar Dirichlet �1/16 3/32 N/A
Scalar Robin 1/16 3/32 N/A
Fermion Mixed 0 3/16 N/A

Probe Brane N/A 6⇡L3Tbr 6⇡L3Tbr 6⇡L3Tbr

TABLE I. Central charges b, d1, and d2 of eq. (1) for 3D
BCFTs of free, massless real scalars with Dirichlet or Robin
BC, or Dirac fermion with the unique conformal “mixed”
BC [14, 18, 19], and for a 2D defect dual to a probe brane of
tension Tbr along AdS3 inside AdSD+1 of radius L [15].

where R⌃ is ⌃’s intrinsic scalar curvature, Wabcd is the
pullback of the bulk Weyl tensor to ⌃, and b, d1, and
d2 are defect central charges. When D = 3, Wabcd = 0
identically, so d2 exists only for D � 4.
Bounds on Central Charges. As mentioned above, in

a 2D CFT c determines various observables and with
reasonable assumptions, such as unitarity, obeys c � 0
and the c-theorem. By comparison, less is known about
b, d1, and d2. Under Weyl transformations

p
�� R⌃

changes by a total derivative (type A in the classifica-

tion of ref. [4]), while both
p
�� I̊I

µ

ab
I̊I
ab

µ
and

p
��W ab

ab

are invariant (type B). As a result, in the Euclidean
DCFT on S

D of radius r with bulk partition func-
tion with ZCFT and with defect along a maximal S

2,
Z/ZCFT / (r⇤)b/3 [14]. For a local, unitary defect RG
flow, b obeys a c-theorem, suggesting b counts defect
DOF [14]. WZ consistency forces b to be independent
of any marginal couplings. The normalization of Dµ’s 2-
point function is fixed by d1, such that unitarity implies
d1 � 0 [16, 17].

Table I shows b, d1, and d2 in the 3D BCFTs of a
free, massless real scalar or Dirac fermion [14, 18, 19],
and in CFTs holographically dual to Einstein gravity
in (D + 1)-dimensional Anti-de Sitter space, AdSD+1,
with metric GMN (M, N = 0, 1, . . . , D) and defect dual
to a probe brane along AdS3 whose action Sprobe =
�Tbr

R
d3⇠

p
�det(P [GMN ]) with tension Tbr and brane

coordinates ⇠ [15]. In all of these theories, the central
charges are � 0 with the exception of the scalar with
Dirichlet BC, which has b < 0. This example proves that
unitarity does not require b � 0.

Indeed, for a unitary 3D BCFT with unique stress-
energy tensor at the boundary [20], ref. [17] conjectured

b =
2⇡2

3
✏(1) �

2

3
d1, (2)

where ✏(v) is a contribution to Tµ⌫ ’s 2-point function
from exchange of spin-2 boundary operators, with v 2

[0, 1] the BCFT conformal cross ratio, with boundary
at v = 1 [16, 21, 22]. Unitarity implies ✏(v) � 0 [16].
However, if the BCFT has any spin-2 boundary operators
of dimension � 2 [2, 3), then ✏(v) diverges as (1� v)��3

when v ! 1. In that case, unitarity does not constrain
the sign of ✏(1), the (1 � v)0 term in ✏(v)’s expansion

free massless real scalar or Dirac fermion

Neumann
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Physically, the defect can arise from 2D DOF coupled
to the bulk CFT and/or BCs imposed on bulk CFT fields.
In 3D the defect is a domain wall between two CFTs, and
if one of these is the “trivial” CFT, then the defect is a
boundary. Our results will thus apply to 3D BCFTs, but
for brevity we will only explicitly discuss DCFTs unless
stated otherwise.

The Weyl Anomaly. We denote the DCFT partition
function as Z. The generating functional of connected
correlators is then W ⌘ �i ln Z. Both are functionals
of gµ⌫ and Xµ. We define the stress-energy tensor, Tµ⌫ ,
and displacement operator, Dµ, by variations of W ,

�W =
1

2

Z
dDx

p
�g �gµ⌫hT

µ⌫
i +

Z
d2y

p
�� �Xµ

hDµi,

where g ⌘ det gµ⌫ and � ⌘ det �ab. Invariance of
W under reparametrizations of ya implies Dµ’s com-
ponents along ⌃ vanish [14]. Invariance of W under
reparametrizations of xµ implies r⌫hT ⌫µ

i = ��D�2
hD

µ
i,

with �D�2 a delta function that restricts to ⌃ [14]. Phys-
ically hTµ⌫

i is not conserved at ⌃ because the defect and
bulk can exchange transverse energy-momentum.

Our DCFTs are invariant under infinitesimal Weyl
transformations, �!gµ⌫ = 2!gµ⌫ and �!Xµ = 0, only up
to the Weyl anomaly [2–5]: �!W =

R
dDx

p
�g !hTµ

µ
i,

where hTµ

µ
i is built from external sources, such as gµ⌫ .

We will consider contributions to hTµ

µ
i from gµ⌫ and

@aXµ only. Determining hTµ

µ
i’s most general form re-

quires solving the Wess-Zumino (WZ) consistency condi-
tion, which comes from the fact that two successive Weyl
transformations of W commute, and then fixing any local
counterterms that contribute to hTµ

µ
i. In our DCFTs,

hTµ

µ
i = hTµ

µ
ibulk + �D�2

hTµ

µ
idef, where hTµ

µ
ibulk and

hTµ

µ
idef are bulk CFT and defect Weyl anomalies, respec-

tively, and we fixed local counterterms to cancel terms
with normal derivatives of �D�2. For hTµ

µ
ibulk we will

only need to know that hTµ

µ
ibulk = 0 in odd D, but can

be non-zero in even D, which defines the bulk central
charge(s). For a 2D defect in a D � 3 DCFT [10, 11, 15],

hTµ

µ
idef = �

1

24⇡

⇣
bR⌃ + d1 I̊I

µ

ab
I̊I
ab

µ
� d2 W ab

ab

⌘
, (1)

Theory BC b d1 d2
Scalar Dirichlet �1/16 3/32 N/A
Scalar Robin 1/16 3/32 N/A
Fermion Mixed 0 3/16 N/A

Probe Brane N/A 6⇡L3Tbr 6⇡L3Tbr 6⇡L3Tbr

TABLE I. Central charges b, d1, and d2 of eq. (1) for 3D
BCFTs of free, massless real scalars with Dirichlet or Robin
BC, or Dirac fermion with the unique conformal “mixed”
BC [14, 18, 19], and for a 2D defect dual to a probe brane of
tension Tbr along AdS3 inside AdSD+1 of radius L [15].

where R⌃ is ⌃’s intrinsic scalar curvature, Wabcd is the
pullback of the bulk Weyl tensor to ⌃, and b, d1, and
d2 are defect central charges. When D = 3, Wabcd = 0
identically, so d2 exists only for D � 4.
Bounds on Central Charges. As mentioned above, in

a 2D CFT c determines various observables and with
reasonable assumptions, such as unitarity, obeys c � 0
and the c-theorem. By comparison, less is known about
b, d1, and d2. Under Weyl transformations

p
�� R⌃

changes by a total derivative (type A in the classifica-

tion of ref. [4]), while both
p
�� I̊I

µ

ab
I̊I
ab

µ
and

p
��W ab

ab

are invariant (type B). As a result, in the Euclidean
DCFT on S

D of radius r with bulk partition func-
tion with ZCFT and with defect along a maximal S

2,
Z/ZCFT / (r⇤)b/3 [14]. For a local, unitary defect RG
flow, b obeys a c-theorem, suggesting b counts defect
DOF [14]. WZ consistency forces b to be independent
of any marginal couplings. The normalization of Dµ’s 2-
point function is fixed by d1, such that unitarity implies
d1 � 0 [16, 17].

Table I shows b, d1, and d2 in the 3D BCFTs of a
free, massless real scalar or Dirac fermion [14, 18, 19],
and in CFTs holographically dual to Einstein gravity
in (D + 1)-dimensional Anti-de Sitter space, AdSD+1,
with metric GMN (M, N = 0, 1, . . . , D) and defect dual
to a probe brane along AdS3 whose action Sprobe =
�Tbr

R
d3⇠

p
�det(P [GMN ]) with tension Tbr and brane

coordinates ⇠ [15]. In all of these theories, the central
charges are � 0 with the exception of the scalar with
Dirichlet BC, which has b < 0. This example proves that
unitarity does not require b � 0.

Indeed, for a unitary 3D BCFT with unique stress-
energy tensor at the boundary [20], ref. [17] conjectured

b =
2⇡2

3
✏(1) �

2

3
d1, (2)

where ✏(v) is a contribution to Tµ⌫ ’s 2-point function
from exchange of spin-2 boundary operators, with v 2

[0, 1] the BCFT conformal cross ratio, with boundary
at v = 1 [16, 21, 22]. Unitarity implies ✏(v) � 0 [16].
However, if the BCFT has any spin-2 boundary operators
of dimension � 2 [2, 3), then ✏(v) diverges as (1� v)��3

when v ! 1. In that case, unitarity does not constrain
the sign of ✏(1), the (1 � v)0 term in ✏(v)’s expansion
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d = 3BCFTs 2

The Systems. We start with a local, unitary, Lorentzian
CFT on a D � 3 spacetime M with coordinates xµ

(µ = 0, 1, . . . , D � 1) and metric gµ⌫ , which we will call
the “bulk” CFT. We introduce a codimension D � 2
defect along a static 2D submanifold ⌃ with coordi-
nates ya (a = 0, 1). We parameterize ⌃ ,! M by
embedding functions Xµ(y) such that ⌃’s induced met-
ric is �ab ⌘ @aXµ@bX⌫ gµ⌫ . We denote M’s covariant
derivative as rµ and ⌃’s induced covariant derivative

as r̂a, which acts on a mixed tensor T
µ

a
as r̂aT

µ

b
=

@aT
µ

b
+�µ

⌫a
T

⌫

b
� �̂c

ab
T

µ

c
. The second fundamental form

is then ⇧µ

ab
= r̂a@bXµ, with traceless part ⇧̊µ

ab
⌘

⇧µ

ab
�

1

2
�ab�cd⇧µ

cd
.

Physically, the defect can arise from 2D DOF coupled
to the bulk CFT and/or BCs imposed on bulk CFT fields.
In 3D the defect is a domain wall between two CFTs, and
if one of these is the “trivial” CFT, then the defect is a
boundary. Our results will thus apply to 3D BCFTs, but
for brevity we will only explicitly discuss DCFTs unless
stated otherwise.

The Weyl Anomaly. We denote the DCFT partition
function as Z. The generating functional of connected
correlators is then W ⌘ �i ln Z. Both are functionals
of gµ⌫ and Xµ. We define the stress-energy tensor, Tµ⌫ ,
and displacement operator, Dµ, by variations of W ,

�W =
1

2

Z
dDx

p
�g �gµ⌫hT

µ⌫
i +

Z
d2y

p
�� �Xµ

hDµi,

where g ⌘ det gµ⌫ and � ⌘ det �ab. Invariance of
W under reparametrizations of ya implies Dµ’s com-
ponents along ⌃ vanish [14]. Invariance of W under
reparametrizations of xµ implies r⌫hT ⌫µ

i = ��D�2
hD

µ
i,

with �D�2 a delta function that restricts to ⌃ [14]. Phys-
ically hTµ⌫

i is not conserved at ⌃ because the defect and
bulk can exchange transverse energy-momentum.

Our DCFTs are invariant under infinitesimal Weyl
transformations, �!gµ⌫ = 2!gµ⌫ and �!Xµ = 0, only up
to the Weyl anomaly [2–5]: �!W =

R
dDx

p
�g !hTµ

µ
i,

where hTµ

µ
i is built from external sources, such as gµ⌫ .

We will consider contributions to hTµ

µ
i from gµ⌫ and

@aXµ only. Determining hTµ

µ
i’s most general form re-

quires solving the Wess-Zumino (WZ) consistency condi-
tion, which comes from the fact that two successive Weyl
transformations of W commute, and then fixing any local
counterterms that contribute to hTµ

µ
i. In our DCFTs,

hTµ

µ
i = hTµ

µ
ibulk + �D�2

hTµ

µ
idef, where hTµ

µ
ibulk and

hTµ

µ
idef are bulk CFT and defect Weyl anomalies, respec-

tively, and we fixed local counterterms to cancel terms
with normal derivatives of �D�2. For hTµ

µ
ibulk we will

only need to know that hTµ

µ
ibulk = 0 in odd D, but can

be non-zero in even D, which defines the bulk central
charge(s). For a 2D defect in a D � 3 DCFT [10, 11, 15],

hTµ

µ
idef = �

1

24⇡

⇣
bR⌃ + d1 I̊I

µ

ab
I̊I
ab

µ
� d2 W ab

ab

⌘
, (1)

Theory BC b d1 d2
Scalar Dirichlet �1/16 3/32 N/A
Scalar Robin 1/16 3/32 N/A
Fermion Mixed 0 3/16 N/A

Probe Brane N/A 6⇡L3Tbr 6⇡L3Tbr 6⇡L3Tbr

TABLE I. Central charges b, d1, and d2 of eq. (1) for 3D
BCFTs of free, massless real scalars with Dirichlet or Robin
BC, or Dirac fermion with the unique conformal “mixed”
BC [14, 18, 19], and for a 2D defect dual to a probe brane of
tension Tbr along AdS3 inside AdSD+1 of radius L [15].

where R⌃ is ⌃’s intrinsic scalar curvature, Wabcd is the
pullback of the bulk Weyl tensor to ⌃, and b, d1, and
d2 are defect central charges. When D = 3, Wabcd = 0
identically, so d2 exists only for D � 4.
Bounds on Central Charges. As mentioned above, in

a 2D CFT c determines various observables and with
reasonable assumptions, such as unitarity, obeys c � 0
and the c-theorem. By comparison, less is known about
b, d1, and d2. Under Weyl transformations

p
�� R⌃

changes by a total derivative (type A in the classifica-

tion of ref. [4]), while both
p
�� I̊I

µ

ab
I̊I
ab

µ
and

p
��W ab

ab

are invariant (type B). As a result, in the Euclidean
DCFT on S

D of radius r with bulk partition func-
tion with ZCFT and with defect along a maximal S

2,
Z/ZCFT / (r⇤)b/3 [14]. For a local, unitary defect RG
flow, b obeys a c-theorem, suggesting b counts defect
DOF [14]. WZ consistency forces b to be independent
of any marginal couplings. The normalization of Dµ’s 2-
point function is fixed by d1, such that unitarity implies
d1 � 0 [16, 17].

Table I shows b, d1, and d2 in the 3D BCFTs of a
free, massless real scalar or Dirac fermion [14, 18, 19],
and in CFTs holographically dual to Einstein gravity
in (D + 1)-dimensional Anti-de Sitter space, AdSD+1,
with metric GMN (M, N = 0, 1, . . . , D) and defect dual
to a probe brane along AdS3 whose action Sprobe =
�Tbr

R
d3⇠

p
�det(P [GMN ]) with tension Tbr and brane

coordinates ⇠ [15]. In all of these theories, the central
charges are � 0 with the exception of the scalar with
Dirichlet BC, which has b < 0. This example proves that
unitarity does not require b � 0.

Indeed, for a unitary 3D BCFT with unique stress-
energy tensor at the boundary [20], ref. [17] conjectured

b =
2⇡2

3
✏(1) �

2

3
d1, (2)

where ✏(v) is a contribution to Tµ⌫ ’s 2-point function
from exchange of spin-2 boundary operators, with v 2

[0, 1] the BCFT conformal cross ratio, with boundary
at v = 1 [16, 21, 22]. Unitarity implies ✏(v) � 0 [16].
However, if the BCFT has any spin-2 boundary operators
of dimension � 2 [2, 3), then ✏(v) diverges as (1� v)��3

when v ! 1. In that case, unitarity does not constrain
the sign of ✏(1), the (1 � v)0 term in ✏(v)’s expansion
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free massless real scalar or Dirac fermion
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d = 3BCFTs 2

The Systems. We start with a local, unitary, Lorentzian
CFT on a D � 3 spacetime M with coordinates xµ

(µ = 0, 1, . . . , D � 1) and metric gµ⌫ , which we will call
the “bulk” CFT. We introduce a codimension D � 2
defect along a static 2D submanifold ⌃ with coordi-
nates ya (a = 0, 1). We parameterize ⌃ ,! M by
embedding functions Xµ(y) such that ⌃’s induced met-
ric is �ab ⌘ @aXµ@bX⌫ gµ⌫ . We denote M’s covariant
derivative as rµ and ⌃’s induced covariant derivative

as r̂a, which acts on a mixed tensor T
µ

a
as r̂aT

µ

b
=

@aT
µ

b
+�µ

⌫a
T

⌫
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ab
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µ

c
. The second fundamental form

is then ⇧µ

ab
= r̂a@bXµ, with traceless part ⇧̊µ

ab
⌘

⇧µ

ab
�
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�ab�cd⇧µ

cd
.

Physically, the defect can arise from 2D DOF coupled
to the bulk CFT and/or BCs imposed on bulk CFT fields.
In 3D the defect is a domain wall between two CFTs, and
if one of these is the “trivial” CFT, then the defect is a
boundary. Our results will thus apply to 3D BCFTs, but
for brevity we will only explicitly discuss DCFTs unless
stated otherwise.

The Weyl Anomaly. We denote the DCFT partition
function as Z. The generating functional of connected
correlators is then W ⌘ �i ln Z. Both are functionals
of gµ⌫ and Xµ. We define the stress-energy tensor, Tµ⌫ ,
and displacement operator, Dµ, by variations of W ,

�W =
1

2

Z
dDx

p
�g �gµ⌫hT

µ⌫
i +

Z
d2y

p
�� �Xµ

hDµi,

where g ⌘ det gµ⌫ and � ⌘ det �ab. Invariance of
W under reparametrizations of ya implies Dµ’s com-
ponents along ⌃ vanish [14]. Invariance of W under
reparametrizations of xµ implies r⌫hT ⌫µ

i = ��D�2
hD

µ
i,

with �D�2 a delta function that restricts to ⌃ [14]. Phys-
ically hTµ⌫

i is not conserved at ⌃ because the defect and
bulk can exchange transverse energy-momentum.

Our DCFTs are invariant under infinitesimal Weyl
transformations, �!gµ⌫ = 2!gµ⌫ and �!Xµ = 0, only up
to the Weyl anomaly [2–5]: �!W =

R
dDx

p
�g !hTµ

µ
i,

where hTµ

µ
i is built from external sources, such as gµ⌫ .

We will consider contributions to hTµ

µ
i from gµ⌫ and

@aXµ only. Determining hTµ

µ
i’s most general form re-

quires solving the Wess-Zumino (WZ) consistency condi-
tion, which comes from the fact that two successive Weyl
transformations of W commute, and then fixing any local
counterterms that contribute to hTµ

µ
i. In our DCFTs,

hTµ

µ
i = hTµ

µ
ibulk + �D�2

hTµ

µ
idef, where hTµ

µ
ibulk and

hTµ

µ
idef are bulk CFT and defect Weyl anomalies, respec-

tively, and we fixed local counterterms to cancel terms
with normal derivatives of �D�2. For hTµ

µ
ibulk we will

only need to know that hTµ

µ
ibulk = 0 in odd D, but can

be non-zero in even D, which defines the bulk central
charge(s). For a 2D defect in a D � 3 DCFT [10, 11, 15],

hTµ

µ
idef = �

1

24⇡

⇣
bR⌃ + d1 I̊I

µ

ab
I̊I
ab

µ
� d2 W ab

ab

⌘
, (1)

Theory BC b d1 d2
Scalar Dirichlet �1/16 3/32 N/A
Scalar Robin 1/16 3/32 N/A
Fermion Mixed 0 3/16 N/A

Probe Brane N/A 6⇡L3Tbr 6⇡L3Tbr 6⇡L3Tbr

TABLE I. Central charges b, d1, and d2 of eq. (1) for 3D
BCFTs of free, massless real scalars with Dirichlet or Robin
BC, or Dirac fermion with the unique conformal “mixed”
BC [14, 18, 19], and for a 2D defect dual to a probe brane of
tension Tbr along AdS3 inside AdSD+1 of radius L [15].

where R⌃ is ⌃’s intrinsic scalar curvature, Wabcd is the
pullback of the bulk Weyl tensor to ⌃, and b, d1, and
d2 are defect central charges. When D = 3, Wabcd = 0
identically, so d2 exists only for D � 4.
Bounds on Central Charges. As mentioned above, in

a 2D CFT c determines various observables and with
reasonable assumptions, such as unitarity, obeys c � 0
and the c-theorem. By comparison, less is known about
b, d1, and d2. Under Weyl transformations

p
�� R⌃

changes by a total derivative (type A in the classifica-

tion of ref. [4]), while both
p
�� I̊I

µ

ab
I̊I
ab

µ
and

p
��W ab

ab

are invariant (type B). As a result, in the Euclidean
DCFT on S

D of radius r with bulk partition func-
tion with ZCFT and with defect along a maximal S

2,
Z/ZCFT / (r⇤)b/3 [14]. For a local, unitary defect RG
flow, b obeys a c-theorem, suggesting b counts defect
DOF [14]. WZ consistency forces b to be independent
of any marginal couplings. The normalization of Dµ’s 2-
point function is fixed by d1, such that unitarity implies
d1 � 0 [16, 17].

Table I shows b, d1, and d2 in the 3D BCFTs of a
free, massless real scalar or Dirac fermion [14, 18, 19],
and in CFTs holographically dual to Einstein gravity
in (D + 1)-dimensional Anti-de Sitter space, AdSD+1,
with metric GMN (M, N = 0, 1, . . . , D) and defect dual
to a probe brane along AdS3 whose action Sprobe =
�Tbr

R
d3⇠

p
�det(P [GMN ]) with tension Tbr and brane

coordinates ⇠ [15]. In all of these theories, the central
charges are � 0 with the exception of the scalar with
Dirichlet BC, which has b < 0. This example proves that
unitarity does not require b � 0.

Indeed, for a unitary 3D BCFT with unique stress-
energy tensor at the boundary [20], ref. [17] conjectured

b =
2⇡2

3
✏(1) �

2

3
d1, (2)

where ✏(v) is a contribution to Tµ⌫ ’s 2-point function
from exchange of spin-2 boundary operators, with v 2

[0, 1] the BCFT conformal cross ratio, with boundary
at v = 1 [16, 21, 22]. Unitarity implies ✏(v) � 0 [16].
However, if the BCFT has any spin-2 boundary operators
of dimension � 2 [2, 3), then ✏(v) diverges as (1� v)��3

when v ! 1. In that case, unitarity does not constrain
the sign of ✏(1), the (1 � v)0 term in ✏(v)’s expansion

free massless real scalar or Dirac fermion

Neumann
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d = 3BCFTs 2

The Systems. We start with a local, unitary, Lorentzian
CFT on a D � 3 spacetime M with coordinates xµ

(µ = 0, 1, . . . , D � 1) and metric gµ⌫ , which we will call
the “bulk” CFT. We introduce a codimension D � 2
defect along a static 2D submanifold ⌃ with coordi-
nates ya (a = 0, 1). We parameterize ⌃ ,! M by
embedding functions Xµ(y) such that ⌃’s induced met-
ric is �ab ⌘ @aXµ@bX⌫ gµ⌫ . We denote M’s covariant
derivative as rµ and ⌃’s induced covariant derivative

as r̂a, which acts on a mixed tensor T
µ

a
as r̂aT

µ

b
=

@aT
µ

b
+�µ

⌫a
T

⌫

b
� �̂c

ab
T

µ

c
. The second fundamental form

is then ⇧µ

ab
= r̂a@bXµ, with traceless part ⇧̊µ

ab
⌘

⇧µ

ab
�

1

2
�ab�cd⇧µ

cd
.

Physically, the defect can arise from 2D DOF coupled
to the bulk CFT and/or BCs imposed on bulk CFT fields.
In 3D the defect is a domain wall between two CFTs, and
if one of these is the “trivial” CFT, then the defect is a
boundary. Our results will thus apply to 3D BCFTs, but
for brevity we will only explicitly discuss DCFTs unless
stated otherwise.

The Weyl Anomaly. We denote the DCFT partition
function as Z. The generating functional of connected
correlators is then W ⌘ �i ln Z. Both are functionals
of gµ⌫ and Xµ. We define the stress-energy tensor, Tµ⌫ ,
and displacement operator, Dµ, by variations of W ,

�W =
1

2

Z
dDx

p
�g �gµ⌫hT

µ⌫
i +

Z
d2y

p
�� �Xµ

hDµi,

where g ⌘ det gµ⌫ and � ⌘ det �ab. Invariance of
W under reparametrizations of ya implies Dµ’s com-
ponents along ⌃ vanish [14]. Invariance of W under
reparametrizations of xµ implies r⌫hT ⌫µ

i = ��D�2
hD

µ
i,

with �D�2 a delta function that restricts to ⌃ [14]. Phys-
ically hTµ⌫

i is not conserved at ⌃ because the defect and
bulk can exchange transverse energy-momentum.

Our DCFTs are invariant under infinitesimal Weyl
transformations, �!gµ⌫ = 2!gµ⌫ and �!Xµ = 0, only up
to the Weyl anomaly [2–5]: �!W =

R
dDx

p
�g !hTµ

µ
i,

where hTµ

µ
i is built from external sources, such as gµ⌫ .

We will consider contributions to hTµ

µ
i from gµ⌫ and

@aXµ only. Determining hTµ

µ
i’s most general form re-

quires solving the Wess-Zumino (WZ) consistency condi-
tion, which comes from the fact that two successive Weyl
transformations of W commute, and then fixing any local
counterterms that contribute to hTµ

µ
i. In our DCFTs,

hTµ

µ
i = hTµ

µ
ibulk + �D�2

hTµ

µ
idef, where hTµ

µ
ibulk and

hTµ

µ
idef are bulk CFT and defect Weyl anomalies, respec-

tively, and we fixed local counterterms to cancel terms
with normal derivatives of �D�2. For hTµ

µ
ibulk we will

only need to know that hTµ

µ
ibulk = 0 in odd D, but can

be non-zero in even D, which defines the bulk central
charge(s). For a 2D defect in a D � 3 DCFT [10, 11, 15],

hTµ

µ
idef = �

1

24⇡

⇣
bR⌃ + d1 I̊I

µ

ab
I̊I
ab

µ
� d2 W ab

ab

⌘
, (1)

Theory BC b d1 d2
Scalar Dirichlet �1/16 3/32 N/A
Scalar Robin 1/16 3/32 N/A
Fermion Mixed 0 3/16 N/A

Probe Brane N/A 6⇡L3Tbr 6⇡L3Tbr 6⇡L3Tbr

TABLE I. Central charges b, d1, and d2 of eq. (1) for 3D
BCFTs of free, massless real scalars with Dirichlet or Robin
BC, or Dirac fermion with the unique conformal “mixed”
BC [14, 18, 19], and for a 2D defect dual to a probe brane of
tension Tbr along AdS3 inside AdSD+1 of radius L [15].

where R⌃ is ⌃’s intrinsic scalar curvature, Wabcd is the
pullback of the bulk Weyl tensor to ⌃, and b, d1, and
d2 are defect central charges. When D = 3, Wabcd = 0
identically, so d2 exists only for D � 4.
Bounds on Central Charges. As mentioned above, in

a 2D CFT c determines various observables and with
reasonable assumptions, such as unitarity, obeys c � 0
and the c-theorem. By comparison, less is known about
b, d1, and d2. Under Weyl transformations

p
�� R⌃

changes by a total derivative (type A in the classifica-

tion of ref. [4]), while both
p
�� I̊I

µ

ab
I̊I
ab

µ
and

p
��W ab

ab

are invariant (type B). As a result, in the Euclidean
DCFT on S

D of radius r with bulk partition func-
tion with ZCFT and with defect along a maximal S

2,
Z/ZCFT / (r⇤)b/3 [14]. For a local, unitary defect RG
flow, b obeys a c-theorem, suggesting b counts defect
DOF [14]. WZ consistency forces b to be independent
of any marginal couplings. The normalization of Dµ’s 2-
point function is fixed by d1, such that unitarity implies
d1 � 0 [16, 17].

Table I shows b, d1, and d2 in the 3D BCFTs of a
free, massless real scalar or Dirac fermion [14, 18, 19],
and in CFTs holographically dual to Einstein gravity
in (D + 1)-dimensional Anti-de Sitter space, AdSD+1,
with metric GMN (M, N = 0, 1, . . . , D) and defect dual
to a probe brane along AdS3 whose action Sprobe =
�Tbr

R
d3⇠

p
�det(P [GMN ]) with tension Tbr and brane

coordinates ⇠ [15]. In all of these theories, the central
charges are � 0 with the exception of the scalar with
Dirichlet BC, which has b < 0. This example proves that
unitarity does not require b � 0.

Indeed, for a unitary 3D BCFT with unique stress-
energy tensor at the boundary [20], ref. [17] conjectured

b =
2⇡2

3
✏(1) �

2

3
d1, (2)

where ✏(v) is a contribution to Tµ⌫ ’s 2-point function
from exchange of spin-2 boundary operators, with v 2

[0, 1] the BCFT conformal cross ratio, with boundary
at v = 1 [16, 21, 22]. Unitarity implies ✏(v) � 0 [16].
However, if the BCFT has any spin-2 boundary operators
of dimension � 2 [2, 3), then ✏(v) diverges as (1� v)��3

when v ! 1. In that case, unitarity does not constrain
the sign of ✏(1), the (1 � v)0 term in ✏(v)’s expansion

free massless real scalar or Dirac fermion

Neumann
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d � 4

3d Boundary or Defect

What is the general form of ?

Herzog, Huang, Jensen 1510.00021, 1709.07431

<latexit sha1_base64="8LVrqJucQl9xNwsjgr7UF8xAfX0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP4+7jMo=</latexit>=
<latexit sha1_base64="SvEw9j+G6/nNSZebhlvQwRvlSiI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfAeMvQ==</latexit>

0
<latexit sha1_base64="Q3ZFHU8Hsd5v0kzobS0LsgWpHuE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtC6q3mW1dl+r1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB55yjW4=</latexit>

{
<latexit sha1_base64="V3dB1uEU+PuuzXqn8aNgjqsg99Y=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokU9SRFLx4r2g9oQ9lsJu3SzSbsboRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBVcG9f9dlZW19Y3Ngtbxe2d3b390sFhUyeZYthgiUhUO6AaBZfYMNwIbKcKaRwIbAXD26nfekKleSIfzShFP6Z9ySPOqLHSQ3hd7ZXKbsWdgSwTLydlyFHvlb66YcKyGKVhgmrd8dzU+GOqDGcCJ8VupjGlbEj72LFU0hi1P56dOiGnVglJlChb0pCZ+ntiTGOtR3FgO2NqBnrRm4r/eZ3MRFf+mMs0MyjZfFGUCWISMv2bhFwhM2JkCWWK21sJG1BFmbHpFG0I3uLLy6R5XvEuKtX7arl2k8dRgGM4gTPw4BJqcAd1aACDPjzDK7w5wnlx3p2PeeuKk88cwR84nz/Cfo13</latexit>

d > 4

<latexit sha1_base64="faSDe30Buzhglii0DZrlbqMyyzI=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokU9SIUvXisaD+gDWWzmbRLN5uwuxFK6U/w4kERr/4ib/4bt20O2vpg4PHeDDPzglRwbVz321lZXVvf2CxsFbd3dvf2SweHTZ1kimGDJSJR7YBqFFxiw3AjsJ0qpHEgsBUMb6d+6wmV5ol8NKMU/Zj2JY84o8ZKD+F1tVcquxV3BrJMvJyUIUe9V/rqhgnLYpSGCap1x3NT44+pMpwJnBS7mcaUsiHtY8dSSWPU/nh26oScWiUkUaJsSUNm6u+JMY21HsWB7YypGehFbyr+53UyE135Yy7TzKBk80VRJohJyPRvEnKFzIiRJZQpbm8lbEAVZcamU7QheIsvL5PmecW7qFTvq+XaTR5HAY7hBM7Ag0uowR3UoQEM+vAMr/DmCOfFeXc+5q0rTj5zBH/gfP4AwPmNdg==</latexit>

d = 4
<latexit sha1_base64="sigT3wFlnt2jC76ArcmXiWtdov4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt2s4m7G6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/VbT6g0j+W9GSfoR3QgecgZNVZqdiU+ErdXrrhVdwayTLycVCBHvVf+6vZjlkYoDRNU647nJsbPqDKcCZyUuqnGhLIRHWDHUkkj1H42u3ZCTqzSJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/IzLJDUo2XxRmApiYjJ9nfS5QmbE2BLKFLe3EjakijJjAyrZELzFl5dJ86zqXVTP784rtes8jiIcwTGcggeXUINbqEMDGDzAM7zCmxM7L8678zFvLTj5zCH8gfP5A+Fxjq8=</latexit>

6= 0

<latexit sha1_base64="I/0JH/oxeQMmABIPu5uM4wIt7zU=">AAACDnicbVDLSsNAFJ34rPVVdelmsBRclUSLuhGKblxW6AuaGCbTSTt08mDmRigh/oAbf8WNC0Xcunbn3zhts9DWA5d7OOdeZu7xYsEVmOa3sbS8srq2Xtgobm5t7+yW9vbbKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63ij64nfuWdS8ShswjhmTkAGIfc5JaAlt1SxBfMB93DTTe0gye7Sh0nDtuSDIWDHTePL08wtlc2qOQVeJFZOyihHwy192f2IJgELgQqiVM8yY3BSIoFTwbKinSgWEzoiA9bTNCQBU046PSfDFa30sR9JXSHgqfp7IyWBUuPA05MBgaGa9ybif14vAf/CSXkYJ8BCOnvITwSGCE+ywX0uGQUx1oRQyfVfMR0SSSjoBIs6BGv+5EXSPqlaZ9Xaba1cv8rjKKBDdISOkYXOUR3doAZqIYoe0TN6RW/Gk/FivBsfs9ElI985QH9gfP4A9uScEQ==</latexit>⇥
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⇤
p=3



3d Boundary
<latexit sha1_base64="MN6tk/Jj3LXAxGgynToAGNF0cx0="></latexit>⇥
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Herzog, Huang, Jensen 1510.00021, 1709.07431



3d Boundary
<latexit sha1_base64="MN6tk/Jj3LXAxGgynToAGNF0cx0="></latexit>⇥
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µ

⇤
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⌘

Boundary contribution to Euler density
<latexit sha1_base64="nafrrenOLELq132+IAW/FMfc5dg=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokU9VgUwWNF+wFtKJvtpl262YTdiVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuLaiFg94jjhfkQHSoSCUbTSw22v2iuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx26oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadog3BW3x5mTTPK95FpXpfLdeu8zgKcAwncAYeXEIN7qAODWAwgGd4hTdHOi/Ou/Mxb11x8pkj+APn8wfFaY15</latexit>

E4

Herzog, Huang, Jensen 1510.00021, 1709.07431

No new central charge



3d Boundary
<latexit sha1_base64="MN6tk/Jj3LXAxGgynToAGNF0cx0="></latexit>⇥
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⌘

d1
<latexit sha1_base64="Pn+YB/+LofogiYtJ0zSW2txUQyo=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNZtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AKro3rfjultfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2oRsEltgw3ArupQhoHAjvB+HZW7zyh0jyRj2aSoh/ToeQRZ9RY6yEceINqza27c5FV8AqoQaHmoPrVDxOWxSgNE1Trnuemxs+pMpwJnFb6mcaUsjEdYs+ipDFqP5+vOiVn1glJlCj7pCFz9/dETmOtJ3FgO2NqRnq5NjP/q/UyE137OZdpZlCyxUdRJohJyOxuEnKFzIiJBcoUt7sSNqKKMmPTqdgQvOWTV6F9Ufcs31/WGjdFHGU4gVM4Bw+uoAF30IQWMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Ae0rjYw=</latexit><latexit sha1_base64="Pn+YB/+LofogiYtJ0zSW2txUQyo=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNZtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AKro3rfjultfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2oRsEltgw3ArupQhoHAjvB+HZW7zyh0jyRj2aSoh/ToeQRZ9RY6yEceINqza27c5FV8AqoQaHmoPrVDxOWxSgNE1Trnuemxs+pMpwJnFb6mcaUsjEdYs+ipDFqP5+vOiVn1glJlCj7pCFz9/dETmOtJ3FgO2NqRnq5NjP/q/UyE137OZdpZlCyxUdRJohJyOxuEnKFzIiJBcoUt7sSNqKKMmPTqdgQvOWTV6F9Ufcs31/WGjdFHGU4gVM4Bw+uoAF30IQWMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Ae0rjYw=</latexit><latexit sha1_base64="Pn+YB/+LofogiYtJ0zSW2txUQyo=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNZtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AKro3rfjultfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2oRsEltgw3ArupQhoHAjvB+HZW7zyh0jyRj2aSoh/ToeQRZ9RY6yEceINqza27c5FV8AqoQaHmoPrVDxOWxSgNE1Trnuemxs+pMpwJnFb6mcaUsjEdYs+ipDFqP5+vOiVn1glJlCj7pCFz9/dETmOtJ3FgO2NqRnq5NjP/q/UyE137OZdpZlCyxUdRJohJyOxuEnKFzIiJBcoUt7sSNqKKMmPTqdgQvOWTV6F9Ufcs31/WGjdFHGU4gVM4Bw+uoAF30IQWMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Ae0rjYw=</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="R3V/QDgQmroLta8zdkJqXz5x1p8=">AAAB33icbZBLSwMxFIXv1FetVatbN8EiuCozbnQpuHFZ0T6gHUomc9uGZjJDckcoQ3+CGxeK+K/c+W9MHwttPRD4OCch954oU9KS7397pa3tnd298n7loHp4dFw7qbZtmhuBLZGq1HQjblFJjS2SpLCbGeRJpLATTe7meecZjZWpfqJphmHCR1oOpeDkrMd4EAxqdb/hL8Q2IVhBHVZqDmpf/TgVeYKahOLW9gI/o7DghqRQOKv0c4sZFxM+wp5DzRO0YbEYdcYunBOzYWrc0cQW7u8XBU+snSaRu5lwGtv1bG7+l/VyGt6EhdRZTqjF8qNhrhilbL43i6VBQWrqgAsj3axMjLnhglw7FVdCsL7yJrSvGoHjBx/KcAbncAkBXMMt3EMTWiBgBC/wBu+e8l69j2VdJW/V2yn8kff5A9KxjDc=</latexit><latexit sha1_base64="R3V/QDgQmroLta8zdkJqXz5x1p8=">AAAB33icbZBLSwMxFIXv1FetVatbN8EiuCozbnQpuHFZ0T6gHUomc9uGZjJDckcoQ3+CGxeK+K/c+W9MHwttPRD4OCch954oU9KS7397pa3tnd298n7loHp4dFw7qbZtmhuBLZGq1HQjblFJjS2SpLCbGeRJpLATTe7meecZjZWpfqJphmHCR1oOpeDkrMd4EAxqdb/hL8Q2IVhBHVZqDmpf/TgVeYKahOLW9gI/o7DghqRQOKv0c4sZFxM+wp5DzRO0YbEYdcYunBOzYWrc0cQW7u8XBU+snSaRu5lwGtv1bG7+l/VyGt6EhdRZTqjF8qNhrhilbL43i6VBQWrqgAsj3axMjLnhglw7FVdCsL7yJrSvGoHjBx/KcAbncAkBXMMt3EMTWiBgBC/wBu+e8l69j2VdJW/V2yn8kff5A9KxjDc=</latexit><latexit sha1_base64="8OeHyWeu2r6lOQxFFwUO5osBtlk=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSL/ZY9OKxov2ANpTNZtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5BKYdB1v53SxubW9k55t7K3f3B4VD0+6Zgk04y3WSIT3Quo4VIo3kaBkvdSzWkcSN4NJrfzeveJayMS9YjTlPsxHSkRCUbRWg/h0BtWa27dXYisg1dADQq1htWvQZiwLOYKmaTG9D03RT+nGgWTfFYZZIanlE3oiPctKhpz4+eLVWfkwjohiRJtn0KycH9P5DQ2ZhoHtjOmODartbn5X62fYdTwc6HSDLliy4+iTBJMyPxuEgrNGcqpBcq0sLsSNqaaMrTpVGwI3urJ69C5qnuW791a86aIowxncA6X4ME1NOEOWtAGBiN4hld4c6Tz4rw7H8vWklPMnMIfOZ8/6+uNiA==</latexit><latexit sha1_base64="Pn+YB/+LofogiYtJ0zSW2txUQyo=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNZtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AKro3rfjultfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2oRsEltgw3ArupQhoHAjvB+HZW7zyh0jyRj2aSoh/ToeQRZ9RY6yEceINqza27c5FV8AqoQaHmoPrVDxOWxSgNE1Trnuemxs+pMpwJnFb6mcaUsjEdYs+ipDFqP5+vOiVn1glJlCj7pCFz9/dETmOtJ3FgO2NqRnq5NjP/q/UyE137OZdpZlCyxUdRJohJyOxuEnKFzIiJBcoUt7sSNqKKMmPTqdgQvOWTV6F9Ufcs31/WGjdFHGU4gVM4Bw+uoAF30IQWMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Ae0rjYw=</latexit><latexit sha1_base64="Pn+YB/+LofogiYtJ0zSW2txUQyo=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNZtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AKro3rfjultfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2oRsEltgw3ArupQhoHAjvB+HZW7zyh0jyRj2aSoh/ToeQRZ9RY6yEceINqza27c5FV8AqoQaHmoPrVDxOWxSgNE1Trnuemxs+pMpwJnFb6mcaUsjEdYs+ipDFqP5+vOiVn1glJlCj7pCFz9/dETmOtJ3FgO2NqRnq5NjP/q/UyE137OZdpZlCyxUdRJohJyOxuEnKFzIiJBcoUt7sSNqKKMmPTqdgQvOWTV6F9Ufcs31/WGjdFHGU4gVM4Bw+uoAF30IQWMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Ae0rjYw=</latexit><latexit sha1_base64="Pn+YB/+LofogiYtJ0zSW2txUQyo=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNZtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AKro3rfjultfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2oRsEltgw3ArupQhoHAjvB+HZW7zyh0jyRj2aSoh/ToeQRZ9RY6yEceINqza27c5FV8AqoQaHmoPrVDxOWxSgNE1Trnuemxs+pMpwJnFb6mcaUsjEdYs+ipDFqP5+vOiVn1glJlCj7pCFz9/dETmOtJ3FgO2NqRnq5NjP/q/UyE137OZdpZlCyxUdRJohJyOxuEnKFzIiJBcoUt7sSNqKKMmPTqdgQvOWTV6F9Ufcs31/WGjdFHGU4gVM4Bw+uoAF30IQWMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Ae0rjYw=</latexit><latexit sha1_base64="Pn+YB/+LofogiYtJ0zSW2txUQyo=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNZtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AKro3rfjultfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2oRsEltgw3ArupQhoHAjvB+HZW7zyh0jyRj2aSoh/ToeQRZ9RY6yEceINqza27c5FV8AqoQaHmoPrVDxOWxSgNE1Trnuemxs+pMpwJnFb6mcaUsjEdYs+ipDFqP5+vOiVn1glJlCj7pCFz9/dETmOtJ3FgO2NqRnq5NjP/q/UyE137OZdpZlCyxUdRJohJyOxuEnKFzIiJBcoUt7sSNqKKMmPTqdgQvOWTV6F9Ufcs31/WGjdFHGU4gVM4Bw+uoAF30IQWMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Ae0rjYw=</latexit><latexit sha1_base64="Pn+YB/+LofogiYtJ0zSW2txUQyo=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNZtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AKro3rfjultfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2oRsEltgw3ArupQhoHAjvB+HZW7zyh0jyRj2aSoh/ToeQRZ9RY6yEceINqza27c5FV8AqoQaHmoPrVDxOWxSgNE1Trnuemxs+pMpwJnFb6mcaUsjEdYs+ipDFqP5+vOiVn1glJlCj7pCFz9/dETmOtJ3FgO2NqRnq5NjP/q/UyE137OZdpZlCyxUdRJohJyOxuEnKFzIiJBcoUt7sSNqKKMmPTqdgQvOWTV6F9Ufcs31/WGjdFHGU4gVM4Bw+uoAF30IQWMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Ae0rjYw=</latexit><latexit sha1_base64="Pn+YB/+LofogiYtJ0zSW2txUQyo=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNZtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AKro3rfjultfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2oRsEltgw3ArupQhoHAjvB+HZW7zyh0jyRj2aSoh/ToeQRZ9RY6yEceINqza27c5FV8AqoQaHmoPrVDxOWxSgNE1Trnuemxs+pMpwJnFb6mcaUsjEdYs+ipDFqP5+vOiVn1glJlCj7pCFz9/dETmOtJ3FgO2NqRnq5NjP/q/UyE137OZdpZlCyxUdRJohJyOxuEnKFzIiJBcoUt7sSNqKKMmPTqdgQvOWTV6F9Ufcs31/WGjdFHGU4gVM4Bw+uoAF30IQWMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Ae0rjYw=</latexit>
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4d Boundary or Defect

3.2 Defect Weyl anomaly for d � 6

Following the above algorithm for arbitrary q, in step 1 we find a 101-dimensional basis
of terms. We report this basis of terms in appendix A.1. Step 2, WZ consistency, selects
linear combinations of these terms with 61 unfixed coefficients. In step 3, we find that of
these 61 contributions, 29 are scheme independent, and thus make up the Weyl anomaly of
a p = 4 conformal defect.

These 29 terms comprise the expected A-type anomaly of the induced connection on
the defect, E4, as well as 28 B-type terms. The Weyl variation of E4 is a total derivative
that cannot be removed by a counterterm, whereas the Weyl variations of the B-type terms
are either exactly zero or a total derivative that can be removed by a counterterm7. Of
the 28 B-type terms, 22 are of even parity. The remaining 6 break parity along the defect
because they contain a defect Levi-Civita tensor "

abcd.
All of the terms mentioned above are admissible in any co-dimension q. The case q = 1,

however, is special as the symmetry properties of curvature tensors cause many terms to
vanish identically. Moreover, terms that are distinct for general q may reduce to the same
term when q = 1. The 22 parity-even terms in general q reduce to 8 different terms when
q = 1, and of the 6 parity-odd terms, only 3 are non-zero when q = 1.

In addition to the terms that exist for any co-dimension q � 2, for special values of q
certain additional terms may appear that contain the totally anti-symmetric tensor in the
normal bundle, nµ1...µq . As explained in sec. 2.1, we refer to these terms as being parity-odd
in the normal bundle. We find that for q = 2, there is 1 additional such term, and for q = 4

there are 8. For q = 3 and q � 5, the index structure is too restrictive, and effectively rules
out the existence of such terms.

We now present the full Weyl anomaly of a p = 4 defect. For clarity, and since we will
only be considering p = 4 defects and boundaries, from this point forward we will drop the
(4d) superscript label on all anomaly coefficients. After implementing the algorithm outlined
above, and using the same normalisation as in eq. (2.13), we arrive at
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7
We have checked this statement explicitly for the non-trivial conformal invariants I in eq. (3.10) and

J1 in eq. (3.1). However, we have not confirmed that this is true for J2.
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boundary/defect central charges
<latexit sha1_base64="bH5LTfRU3Fcuhy7kfFIYUx0CKNY=">AAAB/nicbZDLSsNAFIYn9VbrLSqu3AwWwUUpSSjqsujGZQV7gTaEyWTSDp3MhJmJUELBV3HjQhG3Poc738Zpm4W2/jDw8Z9zOGf+MGVUacf5tkpr6xubW+Xtys7u3v6BfXjUUSKTmLSxYEL2QqQIo5y0NdWM9FJJUBIy0g3Ht7N695FIRQV/0JOU+AkachpTjLSxAvskCtxaFHi1AYuEVgZzz5sGdtWpO3PBVXALqIJCrcD+GkQCZwnhGjOkVN91Uu3nSGqKGZlWBpkiKcJjNCR9gxwlRPn5/PwpPDdOBGMhzeMazt3fEzlKlJokoelMkB6p5drM/K/Wz3R87eeUp5kmHC8WxRmDWsBZFjCikmDNJgYQltTcCvEISYS1SaxiQnCXv7wKHa/uXtYb941q86aIowxOwRm4AC64Ak1wB1qgDTDIwTN4BW/Wk/VivVsfi9aSVcwcgz+yPn8AhReUlA==</latexit>

d1, d2, . . . , d22



4d Boundary or Defect

3.2 Defect Weyl anomaly for d � 6

Following the above algorithm for arbitrary q, in step 1 we find a 101-dimensional basis
of terms. We report this basis of terms in appendix A.1. Step 2, WZ consistency, selects
linear combinations of these terms with 61 unfixed coefficients. In step 3, we find that of
these 61 contributions, 29 are scheme independent, and thus make up the Weyl anomaly of
a p = 4 conformal defect.

These 29 terms comprise the expected A-type anomaly of the induced connection on
the defect, E4, as well as 28 B-type terms. The Weyl variation of E4 is a total derivative
that cannot be removed by a counterterm, whereas the Weyl variations of the B-type terms
are either exactly zero or a total derivative that can be removed by a counterterm7. Of
the 28 B-type terms, 22 are of even parity. The remaining 6 break parity along the defect
because they contain a defect Levi-Civita tensor "

abcd.
All of the terms mentioned above are admissible in any co-dimension q. The case q = 1,

however, is special as the symmetry properties of curvature tensors cause many terms to
vanish identically. Moreover, terms that are distinct for general q may reduce to the same
term when q = 1. The 22 parity-even terms in general q reduce to 8 different terms when
q = 1, and of the 6 parity-odd terms, only 3 are non-zero when q = 1.

In addition to the terms that exist for any co-dimension q � 2, for special values of q
certain additional terms may appear that contain the totally anti-symmetric tensor in the
normal bundle, nµ1...µq . As explained in sec. 2.1, we refer to these terms as being parity-odd
in the normal bundle. We find that for q = 2, there is 1 additional such term, and for q = 4

there are 8. For q = 3 and q � 5, the index structure is too restrictive, and effectively rules
out the existence of such terms.

We now present the full Weyl anomaly of a p = 4 defect. For clarity, and since we will
only be considering p = 4 defects and boundaries, from this point forward we will drop the
(4d) superscript label on all anomaly coefficients. After implementing the algorithm outlined
above, and using the same normalisation as in eq. (2.13), we arrive at
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We have checked this statement explicitly for the non-trivial conformal invariants I in eq. (3.10) and

J1 in eq. (3.1). However, we have not confirmed that this is true for J2.
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boundary/defect central charges
<latexit sha1_base64="bH5LTfRU3Fcuhy7kfFIYUx0CKNY=">AAAB/nicbZDLSsNAFIYn9VbrLSqu3AwWwUUpSSjqsujGZQV7gTaEyWTSDp3MhJmJUELBV3HjQhG3Poc738Zpm4W2/jDw8Z9zOGf+MGVUacf5tkpr6xubW+Xtys7u3v6BfXjUUSKTmLSxYEL2QqQIo5y0NdWM9FJJUBIy0g3Ht7N695FIRQV/0JOU+AkachpTjLSxAvskCtxaFHi1AYuEVgZzz5sGdtWpO3PBVXALqIJCrcD+GkQCZwnhGjOkVN91Uu3nSGqKGZlWBpkiKcJjNCR9gxwlRPn5/PwpPDdOBGMhzeMazt3fEzlKlJokoelMkB6p5drM/K/Wz3R87eeUp5kmHC8WxRmDWsBZFjCikmDNJgYQltTcCvEISYS1SaxiQnCXv7wKHa/uXtYb941q86aIowxOwRm4AC64Ak1wB1qgDTDIwTN4BW/Wk/VivVsfi9aSVcwcgz+yPn8AhReUlA==</latexit>

d1, d2, . . . , d22



3.2 Defect Weyl anomaly for d � 6

Following the above algorithm for arbitrary q, in step 1 we find a 101-dimensional basis
of terms. We report this basis of terms in appendix A.1. Step 2, WZ consistency, selects
linear combinations of these terms with 61 unfixed coefficients. In step 3, we find that of
these 61 contributions, 29 are scheme independent, and thus make up the Weyl anomaly of
a p = 4 conformal defect.

These 29 terms comprise the expected A-type anomaly of the induced connection on
the defect, E4, as well as 28 B-type terms. The Weyl variation of E4 is a total derivative
that cannot be removed by a counterterm, whereas the Weyl variations of the B-type terms
are either exactly zero or a total derivative that can be removed by a counterterm7. Of
the 28 B-type terms, 22 are of even parity. The remaining 6 break parity along the defect
because they contain a defect Levi-Civita tensor "

abcd.
All of the terms mentioned above are admissible in any co-dimension q. The case q = 1,

however, is special as the symmetry properties of curvature tensors cause many terms to
vanish identically. Moreover, terms that are distinct for general q may reduce to the same
term when q = 1. The 22 parity-even terms in general q reduce to 8 different terms when
q = 1, and of the 6 parity-odd terms, only 3 are non-zero when q = 1.

In addition to the terms that exist for any co-dimension q � 2, for special values of q
certain additional terms may appear that contain the totally anti-symmetric tensor in the
normal bundle, nµ1...µq . As explained in sec. 2.1, we refer to these terms as being parity-odd
in the normal bundle. We find that for q = 2, there is 1 additional such term, and for q = 4

there are 8. For q = 3 and q � 5, the index structure is too restrictive, and effectively rules
out the existence of such terms.

We now present the full Weyl anomaly of a p = 4 defect. For clarity, and since we will
only be considering p = 4 defects and boundaries, from this point forward we will drop the
(4d) superscript label on all anomaly coefficients. After implementing the algorithm outlined
above, and using the same normalisation as in eq. (2.13), we arrive at
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We have checked this statement explicitly for the non-trivial conformal invariants I in eq. (3.10) and

J1 in eq. (3.1). However, we have not confirmed that this is true for J2.
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4d Boundary or Defect
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T µ
µ

⇤
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The only A-type term is the first term, involving the intrinsic Euler density, whose
coefficient defines a⌃. The next 22 terms, with coefficients (d1, . . . , d22), are B-type and
parity even. The final 6 terms, with coefficients (d̃1, . . . , d̃6), are B-type and parity odd
along the defect.

In what follows, for B-type central charges, d or d̃ with subscripts denote defect central
charges, as in eq. (3.1) above, and b or b̃ with subscripts denote boundary central charges,
as in eq. (3.10) below. A handy mnemonic device is then “d for defect and b for boundary”.

As we noted above, solving WZ consistency can sometimes relate the coefficients of the
linearly independent terms in our basis to one another, which leads to non-trivial conformal
invariants built out of a linear combination of basis elements. For a p = 4 defect, there are
indeed two such WZ consistent non-trivial conformal invariants, J1 and J2, which appear
in the first line of eq. (3.1), with coefficients d1 and d2, and take the form
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where for example D
i
DiWab

ab = N
µ⌫
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Also as noted above, even though our basis elements for the defect Weyl anomaly are
linearly independent, the basis is not unique. To illustrate this, consider the square of the
intrinsic Weyl tensor W abcdW

abcd. The Gauss eq. (C.4a) and its index contractions imply
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(3.4)

Thus, in eq. (3.1), replacing any of the terms that appear on the right-hand side in eq. (3.4)
with W abcdW

abcd yields an equally admissible basis. One could also consider replacing
the intrinsic Euler density E4 with the scheme-independent part of the defect’s intrinsic
four-dimensional Q-curvature [123], which can be written as8

Z
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�! , (3.5)

8
The full form of Branson’s Q-curvature in d = 4 contains a total derivative,

Q =
1
6
(R2 � 3Rµ⌫R

µ⌫ �⇤R) .
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4d Boundary or Defect

3.2 Defect Weyl anomaly for d � 6

Following the above algorithm for arbitrary q, in step 1 we find a 101-dimensional basis
of terms. We report this basis of terms in appendix A.1. Step 2, WZ consistency, selects
linear combinations of these terms with 61 unfixed coefficients. In step 3, we find that of
these 61 contributions, 29 are scheme independent, and thus make up the Weyl anomaly of
a p = 4 conformal defect.

These 29 terms comprise the expected A-type anomaly of the induced connection on
the defect, E4, as well as 28 B-type terms. The Weyl variation of E4 is a total derivative
that cannot be removed by a counterterm, whereas the Weyl variations of the B-type terms
are either exactly zero or a total derivative that can be removed by a counterterm7. Of
the 28 B-type terms, 22 are of even parity. The remaining 6 break parity along the defect
because they contain a defect Levi-Civita tensor "

abcd.
All of the terms mentioned above are admissible in any co-dimension q. The case q = 1,

however, is special as the symmetry properties of curvature tensors cause many terms to
vanish identically. Moreover, terms that are distinct for general q may reduce to the same
term when q = 1. The 22 parity-even terms in general q reduce to 8 different terms when
q = 1, and of the 6 parity-odd terms, only 3 are non-zero when q = 1.

In addition to the terms that exist for any co-dimension q � 2, for special values of q
certain additional terms may appear that contain the totally anti-symmetric tensor in the
normal bundle, nµ1...µq . As explained in sec. 2.1, we refer to these terms as being parity-odd
in the normal bundle. We find that for q = 2, there is 1 additional such term, and for q = 4

there are 8. For q = 3 and q � 5, the index structure is too restrictive, and effectively rules
out the existence of such terms.

We now present the full Weyl anomaly of a p = 4 defect. For clarity, and since we will
only be considering p = 4 defects and boundaries, from this point forward we will drop the
(4d) superscript label on all anomaly coefficients. After implementing the algorithm outlined
above, and using the same normalisation as in eq. (2.13), we arrive at
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We have checked this statement explicitly for the non-trivial conformal invariants I in eq. (3.10) and

J1 in eq. (3.1). However, we have not confirmed that this is true for J2.
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4d Boundary or Defect

3.2 Defect Weyl anomaly for d � 6

Following the above algorithm for arbitrary q, in step 1 we find a 101-dimensional basis
of terms. We report this basis of terms in appendix A.1. Step 2, WZ consistency, selects
linear combinations of these terms with 61 unfixed coefficients. In step 3, we find that of
these 61 contributions, 29 are scheme independent, and thus make up the Weyl anomaly of
a p = 4 conformal defect.

These 29 terms comprise the expected A-type anomaly of the induced connection on
the defect, E4, as well as 28 B-type terms. The Weyl variation of E4 is a total derivative
that cannot be removed by a counterterm, whereas the Weyl variations of the B-type terms
are either exactly zero or a total derivative that can be removed by a counterterm7. Of
the 28 B-type terms, 22 are of even parity. The remaining 6 break parity along the defect
because they contain a defect Levi-Civita tensor "

abcd.
All of the terms mentioned above are admissible in any co-dimension q. The case q = 1,

however, is special as the symmetry properties of curvature tensors cause many terms to
vanish identically. Moreover, terms that are distinct for general q may reduce to the same
term when q = 1. The 22 parity-even terms in general q reduce to 8 different terms when
q = 1, and of the 6 parity-odd terms, only 3 are non-zero when q = 1.

In addition to the terms that exist for any co-dimension q � 2, for special values of q
certain additional terms may appear that contain the totally anti-symmetric tensor in the
normal bundle, nµ1...µq . As explained in sec. 2.1, we refer to these terms as being parity-odd
in the normal bundle. We find that for q = 2, there is 1 additional such term, and for q = 4

there are 8. For q = 3 and q � 5, the index structure is too restrictive, and effectively rules
out the existence of such terms.

We now present the full Weyl anomaly of a p = 4 defect. For clarity, and since we will
only be considering p = 4 defects and boundaries, from this point forward we will drop the
(4d) superscript label on all anomaly coefficients. After implementing the algorithm outlined
above, and using the same normalisation as in eq. (2.13), we arrive at
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7
We have checked this statement explicitly for the non-trivial conformal invariants I in eq. (3.10) and

J1 in eq. (3.1). However, we have not confirmed that this is true for J2.
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RG flow on the boundary/defect
bUV � bIR

<latexit sha1_base64="Y429dYpp2flkoLLE67Dny66B0zQ=">AAACDXicbZC7SgNBFIZnvcZ4i1raDEbBKuyKoGXQRrso5gLJssxOTpIhsxdnzoph2Rew8VVsLBSxtbfzbZxcipj4w8DHf87hzPn9WAqNtv1jLSwuLa+s5tby6xubW9uFnd2ajhLFocojGamGzzRIEUIVBUpoxApY4Euo+/3LYb3+AEqLKLzDQQxuwLqh6AjO0Fhe4dD30hbCI6ogrdayjLa6cE+nzOvbLPMKRbtkj0TnwZlAkUxU8QrfrXbEkwBC5JJp3XTsGN2UKRRcQpZvJRpixvusC02DIQtAu+nomoweGadNO5EyL0Q6cqcnUhZoPQh80xkw7OnZ2tD8r9ZMsHPupiKME4SQjxd1EkkxosNoaFso4CgHBhhXwvyV8h5TjKMJMG9CcGZPnofaSckxfHNaLF9M4siRfXJAjolDzkiZXJEKqRJOnsgLeSPv1rP1an1Yn+PWBWsys0f+yPr6BbS+nJQ=</latexit><latexit sha1_base64="Y429dYpp2flkoLLE67Dny66B0zQ=">AAACDXicbZC7SgNBFIZnvcZ4i1raDEbBKuyKoGXQRrso5gLJssxOTpIhsxdnzoph2Rew8VVsLBSxtbfzbZxcipj4w8DHf87hzPn9WAqNtv1jLSwuLa+s5tby6xubW9uFnd2ajhLFocojGamGzzRIEUIVBUpoxApY4Euo+/3LYb3+AEqLKLzDQQxuwLqh6AjO0Fhe4dD30hbCI6ogrdayjLa6cE+nzOvbLPMKRbtkj0TnwZlAkUxU8QrfrXbEkwBC5JJp3XTsGN2UKRRcQpZvJRpixvusC02DIQtAu+nomoweGadNO5EyL0Q6cqcnUhZoPQh80xkw7OnZ2tD8r9ZMsHPupiKME4SQjxd1EkkxosNoaFso4CgHBhhXwvyV8h5TjKMJMG9CcGZPnofaSckxfHNaLF9M4siRfXJAjolDzkiZXJEKqRJOnsgLeSPv1rP1an1Yn+PWBWsys0f+yPr6BbS+nJQ=</latexit><latexit sha1_base64="Y429dYpp2flkoLLE67Dny66B0zQ=">AAACDXicbZC7SgNBFIZnvcZ4i1raDEbBKuyKoGXQRrso5gLJssxOTpIhsxdnzoph2Rew8VVsLBSxtbfzbZxcipj4w8DHf87hzPn9WAqNtv1jLSwuLa+s5tby6xubW9uFnd2ajhLFocojGamGzzRIEUIVBUpoxApY4Euo+/3LYb3+AEqLKLzDQQxuwLqh6AjO0Fhe4dD30hbCI6ogrdayjLa6cE+nzOvbLPMKRbtkj0TnwZlAkUxU8QrfrXbEkwBC5JJp3XTsGN2UKRRcQpZvJRpixvusC02DIQtAu+nomoweGadNO5EyL0Q6cqcnUhZoPQh80xkw7OnZ2tD8r9ZMsHPupiKME4SQjxd1EkkxosNoaFso4CgHBhhXwvyV8h5TjKMJMG9CcGZPnofaSckxfHNaLF9M4siRfXJAjolDzkiZXJEKqRJOnsgLeSPv1rP1an1Yn+PWBWsys0f+yPr6BbS+nJQ=</latexit><latexit sha1_base64="Y429dYpp2flkoLLE67Dny66B0zQ=">AAACDXicbZC7SgNBFIZnvcZ4i1raDEbBKuyKoGXQRrso5gLJssxOTpIhsxdnzoph2Rew8VVsLBSxtbfzbZxcipj4w8DHf87hzPn9WAqNtv1jLSwuLa+s5tby6xubW9uFnd2ajhLFocojGamGzzRIEUIVBUpoxApY4Euo+/3LYb3+AEqLKLzDQQxuwLqh6AjO0Fhe4dD30hbCI6ogrdayjLa6cE+nzOvbLPMKRbtkj0TnwZlAkUxU8QrfrXbEkwBC5JJp3XTsGN2UKRRcQpZvJRpixvusC02DIQtAu+nomoweGadNO5EyL0Q6cqcnUhZoPQh80xkw7OnZ2tD8r9ZMsHPupiKME4SQjxd1EkkxosNoaFso4CgHBhhXwvyV8h5TjKMJMG9CcGZPnofaSckxfHNaLF9M4siRfXJAjolDzkiZXJEKqRJOnsgLeSPv1rP1an1Yn+PWBWsys0f+yPr6BbS+nJQ=</latexit>

Counts the number of degrees of freedom
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3.2 Defect Weyl anomaly for d � 6

Following the above algorithm for arbitrary q, in step 1 we find a 101-dimensional basis
of terms. We report this basis of terms in appendix A.1. Step 2, WZ consistency, selects
linear combinations of these terms with 61 unfixed coefficients. In step 3, we find that of
these 61 contributions, 29 are scheme independent, and thus make up the Weyl anomaly of
a p = 4 conformal defect.

These 29 terms comprise the expected A-type anomaly of the induced connection on
the defect, E4, as well as 28 B-type terms. The Weyl variation of E4 is a total derivative
that cannot be removed by a counterterm, whereas the Weyl variations of the B-type terms
are either exactly zero or a total derivative that can be removed by a counterterm7. Of
the 28 B-type terms, 22 are of even parity. The remaining 6 break parity along the defect
because they contain a defect Levi-Civita tensor "

abcd.
All of the terms mentioned above are admissible in any co-dimension q. The case q = 1,

however, is special as the symmetry properties of curvature tensors cause many terms to
vanish identically. Moreover, terms that are distinct for general q may reduce to the same
term when q = 1. The 22 parity-even terms in general q reduce to 8 different terms when
q = 1, and of the 6 parity-odd terms, only 3 are non-zero when q = 1.

In addition to the terms that exist for any co-dimension q � 2, for special values of q
certain additional terms may appear that contain the totally anti-symmetric tensor in the
normal bundle, nµ1...µq . As explained in sec. 2.1, we refer to these terms as being parity-odd
in the normal bundle. We find that for q = 2, there is 1 additional such term, and for q = 4

there are 8. For q = 3 and q � 5, the index structure is too restrictive, and effectively rules
out the existence of such terms.

We now present the full Weyl anomaly of a p = 4 defect. For clarity, and since we will
only be considering p = 4 defects and boundaries, from this point forward we will drop the
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We have checked this statement explicitly for the non-trivial conformal invariants I in eq. (3.10) and

J1 in eq. (3.1). However, we have not confirmed that this is true for J2.
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3.2 Defect Weyl anomaly for d � 6

Following the above algorithm for arbitrary q, in step 1 we find a 101-dimensional basis
of terms. We report this basis of terms in appendix A.1. Step 2, WZ consistency, selects
linear combinations of these terms with 61 unfixed coefficients. In step 3, we find that of
these 61 contributions, 29 are scheme independent, and thus make up the Weyl anomaly of
a p = 4 conformal defect.

These 29 terms comprise the expected A-type anomaly of the induced connection on
the defect, E4, as well as 28 B-type terms. The Weyl variation of E4 is a total derivative
that cannot be removed by a counterterm, whereas the Weyl variations of the B-type terms
are either exactly zero or a total derivative that can be removed by a counterterm7. Of
the 28 B-type terms, 22 are of even parity. The remaining 6 break parity along the defect
because they contain a defect Levi-Civita tensor "

abcd.
All of the terms mentioned above are admissible in any co-dimension q. The case q = 1,

however, is special as the symmetry properties of curvature tensors cause many terms to
vanish identically. Moreover, terms that are distinct for general q may reduce to the same
term when q = 1. The 22 parity-even terms in general q reduce to 8 different terms when
q = 1, and of the 6 parity-odd terms, only 3 are non-zero when q = 1.

In addition to the terms that exist for any co-dimension q � 2, for special values of q
certain additional terms may appear that contain the totally anti-symmetric tensor in the
normal bundle, nµ1...µq . As explained in sec. 2.1, we refer to these terms as being parity-odd
in the normal bundle. We find that for q = 2, there is 1 additional such term, and for q = 4

there are 8. For q = 3 and q � 5, the index structure is too restrictive, and effectively rules
out the existence of such terms.

We now present the full Weyl anomaly of a p = 4 defect. For clarity, and since we will
only be considering p = 4 defects and boundaries, from this point forward we will drop the
(4d) superscript label on all anomaly coefficients. After implementing the algorithm outlined
above, and using the same normalisation as in eq. (2.13), we arrive at
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We have checked this statement explicitly for the non-trivial conformal invariants I in eq. (3.10) and

J1 in eq. (3.1). However, we have not confirmed that this is true for J2.
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3.2 Defect Weyl anomaly for d � 6

Following the above algorithm for arbitrary q, in step 1 we find a 101-dimensional basis
of terms. We report this basis of terms in appendix A.1. Step 2, WZ consistency, selects
linear combinations of these terms with 61 unfixed coefficients. In step 3, we find that of
these 61 contributions, 29 are scheme independent, and thus make up the Weyl anomaly of
a p = 4 conformal defect.

These 29 terms comprise the expected A-type anomaly of the induced connection on
the defect, E4, as well as 28 B-type terms. The Weyl variation of E4 is a total derivative
that cannot be removed by a counterterm, whereas the Weyl variations of the B-type terms
are either exactly zero or a total derivative that can be removed by a counterterm7. Of
the 28 B-type terms, 22 are of even parity. The remaining 6 break parity along the defect
because they contain a defect Levi-Civita tensor "
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All of the terms mentioned above are admissible in any co-dimension q. The case q = 1,

however, is special as the symmetry properties of curvature tensors cause many terms to
vanish identically. Moreover, terms that are distinct for general q may reduce to the same
term when q = 1. The 22 parity-even terms in general q reduce to 8 different terms when
q = 1, and of the 6 parity-odd terms, only 3 are non-zero when q = 1.

In addition to the terms that exist for any co-dimension q � 2, for special values of q
certain additional terms may appear that contain the totally anti-symmetric tensor in the
normal bundle, nµ1...µq . As explained in sec. 2.1, we refer to these terms as being parity-odd
in the normal bundle. We find that for q = 2, there is 1 additional such term, and for q = 4

there are 8. For q = 3 and q � 5, the index structure is too restrictive, and effectively rules
out the existence of such terms.

We now present the full Weyl anomaly of a p = 4 defect. For clarity, and since we will
only be considering p = 4 defects and boundaries, from this point forward we will drop the
(4d) superscript label on all anomaly coefficients. After implementing the algorithm outlined
above, and using the same normalisation as in eq. (2.13), we arrive at
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4d Boundary or Defect

3.2 Defect Weyl anomaly for d � 6

Following the above algorithm for arbitrary q, in step 1 we find a 101-dimensional basis
of terms. We report this basis of terms in appendix A.1. Step 2, WZ consistency, selects
linear combinations of these terms with 61 unfixed coefficients. In step 3, we find that of
these 61 contributions, 29 are scheme independent, and thus make up the Weyl anomaly of
a p = 4 conformal defect.

These 29 terms comprise the expected A-type anomaly of the induced connection on
the defect, E4, as well as 28 B-type terms. The Weyl variation of E4 is a total derivative
that cannot be removed by a counterterm, whereas the Weyl variations of the B-type terms
are either exactly zero or a total derivative that can be removed by a counterterm7. Of
the 28 B-type terms, 22 are of even parity. The remaining 6 break parity along the defect
because they contain a defect Levi-Civita tensor "

abcd.
All of the terms mentioned above are admissible in any co-dimension q. The case q = 1,

however, is special as the symmetry properties of curvature tensors cause many terms to
vanish identically. Moreover, terms that are distinct for general q may reduce to the same
term when q = 1. The 22 parity-even terms in general q reduce to 8 different terms when
q = 1, and of the 6 parity-odd terms, only 3 are non-zero when q = 1.

In addition to the terms that exist for any co-dimension q � 2, for special values of q
certain additional terms may appear that contain the totally anti-symmetric tensor in the
normal bundle, nµ1...µq . As explained in sec. 2.1, we refer to these terms as being parity-odd
in the normal bundle. We find that for q = 2, there is 1 additional such term, and for q = 4

there are 8. For q = 3 and q � 5, the index structure is too restrictive, and effectively rules
out the existence of such terms.

We now present the full Weyl anomaly of a p = 4 defect. For clarity, and since we will
only be considering p = 4 defects and boundaries, from this point forward we will drop the
(4d) superscript label on all anomaly coefficients. After implementing the algorithm outlined
above, and using the same normalisation as in eq. (2.13), we arrive at
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We have checked this statement explicitly for the non-trivial conformal invariants I in eq. (3.10) and

J1 in eq. (3.1). However, we have not confirmed that this is true for J2.
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3.2 Defect Weyl anomaly for d � 6

Following the above algorithm for arbitrary q, in step 1 we find a 101-dimensional basis
of terms. We report this basis of terms in appendix A.1. Step 2, WZ consistency, selects
linear combinations of these terms with 61 unfixed coefficients. In step 3, we find that of
these 61 contributions, 29 are scheme independent, and thus make up the Weyl anomaly of
a p = 4 conformal defect.

These 29 terms comprise the expected A-type anomaly of the induced connection on
the defect, E4, as well as 28 B-type terms. The Weyl variation of E4 is a total derivative
that cannot be removed by a counterterm, whereas the Weyl variations of the B-type terms
are either exactly zero or a total derivative that can be removed by a counterterm7. Of
the 28 B-type terms, 22 are of even parity. The remaining 6 break parity along the defect
because they contain a defect Levi-Civita tensor "

abcd.
All of the terms mentioned above are admissible in any co-dimension q. The case q = 1,

however, is special as the symmetry properties of curvature tensors cause many terms to
vanish identically. Moreover, terms that are distinct for general q may reduce to the same
term when q = 1. The 22 parity-even terms in general q reduce to 8 different terms when
q = 1, and of the 6 parity-odd terms, only 3 are non-zero when q = 1.

In addition to the terms that exist for any co-dimension q � 2, for special values of q
certain additional terms may appear that contain the totally anti-symmetric tensor in the
normal bundle, nµ1...µq . As explained in sec. 2.1, we refer to these terms as being parity-odd
in the normal bundle. We find that for q = 2, there is 1 additional such term, and for q = 4

there are 8. For q = 3 and q � 5, the index structure is too restrictive, and effectively rules
out the existence of such terms.

We now present the full Weyl anomaly of a p = 4 defect. For clarity, and since we will
only be considering p = 4 defects and boundaries, from this point forward we will drop the
(4d) superscript label on all anomaly coefficients. After implementing the algorithm outlined
above, and using the same normalisation as in eq. (2.13), we arrive at
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We have checked this statement explicitly for the non-trivial conformal invariants I in eq. (3.10) and

J1 in eq. (3.1). However, we have not confirmed that this is true for J2.
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4d Boundary or Defect

3.2 Defect Weyl anomaly for d � 6

Following the above algorithm for arbitrary q, in step 1 we find a 101-dimensional basis
of terms. We report this basis of terms in appendix A.1. Step 2, WZ consistency, selects
linear combinations of these terms with 61 unfixed coefficients. In step 3, we find that of
these 61 contributions, 29 are scheme independent, and thus make up the Weyl anomaly of
a p = 4 conformal defect.

These 29 terms comprise the expected A-type anomaly of the induced connection on
the defect, E4, as well as 28 B-type terms. The Weyl variation of E4 is a total derivative
that cannot be removed by a counterterm, whereas the Weyl variations of the B-type terms
are either exactly zero or a total derivative that can be removed by a counterterm7. Of
the 28 B-type terms, 22 are of even parity. The remaining 6 break parity along the defect
because they contain a defect Levi-Civita tensor "

abcd.
All of the terms mentioned above are admissible in any co-dimension q. The case q = 1,

however, is special as the symmetry properties of curvature tensors cause many terms to
vanish identically. Moreover, terms that are distinct for general q may reduce to the same
term when q = 1. The 22 parity-even terms in general q reduce to 8 different terms when
q = 1, and of the 6 parity-odd terms, only 3 are non-zero when q = 1.

In addition to the terms that exist for any co-dimension q � 2, for special values of q
certain additional terms may appear that contain the totally anti-symmetric tensor in the
normal bundle, nµ1...µq . As explained in sec. 2.1, we refer to these terms as being parity-odd
in the normal bundle. We find that for q = 2, there is 1 additional such term, and for q = 4

there are 8. For q = 3 and q � 5, the index structure is too restrictive, and effectively rules
out the existence of such terms.

We now present the full Weyl anomaly of a p = 4 defect. For clarity, and since we will
only be considering p = 4 defects and boundaries, from this point forward we will drop the
(4d) superscript label on all anomaly coefficients. After implementing the algorithm outlined
above, and using the same normalisation as in eq. (2.13), we arrive at

T
µ
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⇣
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⌘
.

(3.1)

7
We have checked this statement explicitly for the non-trivial conformal invariants I in eq. (3.10) and

J1 in eq. (3.1). However, we have not confirmed that this is true for J2.
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Entanglement Entropy (EE)
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Question

How do boundaries and defects

contribute to the Weyl anomaly?

Do we get boundary/defect central charges?

Do they obey monotonicity theorems?

Do they obey bounds?

Do they appear in entanglement entropy?

and so on…

Do they appear in stress-energy correlators?



Outlook

Stress-energy tensor correlators?

c-theorems? bounds? constraints?

Applications?

Examples?

thermal entropy?



Thank You.


