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<latexit sha1_base64="VKkeckUHZ3TDeg+kQI7WNnyr8JY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqicpePFYoa2FNpTNdtIu3Wzi7kYooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI9l00wS9CM6lDzkjBordZqkF1BFmv1yxa26c5BV4uWkAjka/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5vVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjtZ1wmqUHJFovCVBATk9nzZMAVMiMmllCmuL2VsBFVlBkbUcmG4C2/vEraF1WvVq3dX1bqN3kcRTiBUzgHD66gDnfQgBYwEPAMr/DmPDovzrvzsWgtOPnMMfyB8/kD/USPSg==</latexit>

T T̄



Motivation

Boundaries and interfaces exist in the real world in condensed matter 
systems, analyzed in CFT since ’90          Affleck, Ludwig, Cardy … 

Non-local operators give additional structure in the theory beyond 
local OPE and correlators                            Seiberg, …

Interfaces between CFTs can be related to RG flows 
Brunner, Roggenkamp

Most explicit examples from free theory, topological, or perturbation 
theory

Holography gives access to a large number of solvable cases



Boundary 2d CFT
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(T (z)� T̄ (z̄))|Bi = 0
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at z = z̄

<latexit sha1_base64="Jj6pW8ydsNJeEyNC9Dn95Buz4Ow="></latexit>

hT (z)T (z)i = c/2

(z � w)4
, hT (z)T̄ (w̄)i = c/2

(z � w̄)4

Conformal anomaly
<latexit sha1_base64="AJ0u+OeFwt1IyKGDbHNzh1CY5WQ="></latexit>
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Boundary entropy 
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|Bi
<latexit sha1_base64="AH+py8Vde35XPJf5UuPR5erIE3U=">AAAB8nicbVDLSsNAFL2pr1pfVZduhhZREEoiiC5L3bisYB+QhDKZTtqhk0mYmQgh9i9040IRt36Nu/6N08dCWw9cOJxzL/feEyScKW3bE6uwtr6xuVXcLu3s7u0flA+P2ipOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJRrdTv/NIpWKxeNBZQv0IDwQLGcHaSK7HsRhwihpnT71y1a7ZM6BV4ixItV7xLp4n9azZK397/ZikERWacKyU69iJ9nMsNSOcjkteqmiCyQgPqGuowBFVfj47eYxOjdJHYSxNCY1m6u+JHEdKZVFgOiOsh2rZm4r/eW6qwxs/ZyJJNRVkvihMOdIxmv6P+kxSonlmCCaSmVsRGWKJiTYplUwIzvLLq6R9WXOuava9SaMBcxThBCpwDg5cQx3uoAktIBDDC7zBu6WtV+vD+py3FqzFzDH8gfX1A5/ik8s=</latexit>

hB0|

<latexit sha1_base64="0DwXutiOJxOJIEjlDSlW2HxnFAg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdQbQRgzYWFgmYCyRLmJ2cTcbMXpiZFcKSJ7CxUMRWH8beRnwbJ4mFJv4w8PH/5zDnHD8RXGnH+bJyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8weU4b9yhVDyObvQwQS+kvYgHnFFtrOp1p1B0Ss5EZB7cHyiev9tnydunXekUPtrdmKUhRpoJqlTLdRLtZVRqzgSO7HaqMKFsQHvYMhjREJWXTQYdkQPjdEkQS/MiTSbu746MhkoNQ99UhlT31Ww2Nv/LWqkOTr2MR0mqMWLTj4JUEB2T8dakyyUyLYYGKJPczEpYn0rKtLmNbY7gzq48D/WjkntccqpOsXwBU+VhD/bhEFw4gTJcQQVqwADhHh7hybq1Hqxn62VamrN+enbhj6zXbwRxkBE=</latexit>
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sB = logh0|Bi
<latexit sha1_base64="hjHFDnHjiV+N40pY7mqJmBsu2t8=">AAAB8XicbVC7SgNBFL0bXzG+NtppMxgEq7Ar+GiEoI1lBPPAZAmzk9nNkNnZZWZWCEs+wc7GQhFbG3/D1s4PsXfyKDTxwIXDOfdy7z1+wpnSjvNl5RYWl5ZX8quFtfWNzS27uF1XcSoJrZGYx7LpY0U5E7Smmea0mUiKI5/Tht+/HPmNOyoVi8WNHiTUi3AoWMAI1ka6PUdtHoco7Fx07JJTdsZA88SdklKleG9/7368Vzv2Z7sbkzSiQhOOlWq5TqK9DEvNCKfDQjtVNMGkj0PaMlTgiCovG188RAdG6aIglqaERmP190SGI6UGkW86I6x7atYbif95rVQHZ17GRJJqKshkUZBypGM0eh91maRE84EhmEhmbkWkhyUm2oRUMCG4sy/Pk/pR2T0uO9cmjROYIA97sA+H4MIpVOAKqlADAgIe4AmeLWU9Wi/W66Q1Z01nduAPrLcf7XOTaw==</latexit>

= log gB

<latexit sha1_base64="7rGrLrWwYJ3YX+JpZxSojMXRBt8=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKe6KRI9BLx48RDAPyC5hdtK7GTL7cKY3EEK+w4sHRbz6Md78GyfJHjRa0FBUddPd5adSaLTtL6uwsrq2vlHcLG1t7+zulfcPWjrJFIcmT2SiOj7TIEUMTRQooZMqYJEvoe0Pb2Z+ewRKiyR+wHEKXsTCWASCMzSSd3fm+oCMumFInV65YlftOehf4uSkQnI0euVPt5/wLIIYuWRadx07RW/CFAouYVpyMw0p40MWQtfQmEWgvcn86Ck9MUqfBokyFSOdqz8nJizSehz5pjNiONDL3kz8z+tmGFx5ExGnGULMF4uCTFJM6CwB2hcKOMqxIYwrYW6lfMAU42hyKpkQnOWX/5LWedWpVWv3F5X6dR5HkRyRY3JKHHJJ6uSWNEiTcPJInsgLebVG1rP1Zr0vWgtWPnNIfsH6+AYuO5EV</latexit>

L/� � 1

Affleck-Ludwig

The g-factor appears also in the entanglement entropy

Calabrese-Cardy
<latexit sha1_base64="z28ivWLrgCAeI2cIknhuHXTH68Q="></latexit>
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<latexit sha1_base64="ZuLZCPpEN7PzLZRQumjs1GPBM3Y=">AAAB9XicbVC7SgNBFJ31EWN8RS1tBoNgFXYDomUgIBYWCeQFyRpmJ7PJkJndZeauGpZ8hI3YWCiipf9haSf+jJNHoYkHLhzOuZd77/EiwTXY9pe1tLyymlpLr2c2Nre2d7K7e3UdxoqyGg1FqJoe0UzwgNWAg2DNSDEiPcEa3qA09hvXTGkeBlUYRsyVpBdwn1MCRrpqA7sFJZPSeXXUuexkc3bengAvEmdGcsVU5fvj/u6t3Ml+trshjSULgAqidcuxI3ATooBTwUaZdqxZROiA9FjL0IBIpt1kcvUIHxmli/1QmQoAT9TfEwmRWg+lZzolgb6e98bif14rBv/MTXgQxcACOl3kxwJDiMcR4C5XjIIYGkKo4uZWTPtEEQomqIwJwZl/eZHUC3nnJG9XTBoFNEUaHaBDdIwcdIqK6AKVUQ1RpNADekLP1o31aL1Yr9PWJWs2s4/+wHr/AfReloA=</latexit>

CFTL

<latexit sha1_base64="KNE/LPpbmztP9I8rxwfDADEMC6w=">AAAB9XicbVDLSgNBEJz1EWN8RT16WQyCp7AbED0GAuIxkbwgWcPsZDYZMjO7zPSqYclHeBEvHhTRo//h0Zv4M04eB00saCiquunu8iPONDjOl7W0vLKaWkuvZzY2t7Z3srt7dR3GitAaCXmomj7WlDNJa8CA02akKBY+pw1/UBr7jWuqNAtlFYYR9QTuSRYwgsFIV22gt6BEUjqvjjqXnWzOyTsT2IvEnZFcMVX5/ri/eyt3sp/tbkhiQSUQjrVuuU4EXoIVMMLpKNOONY0wGeAebRkqsaDaSyZXj+wjo3TtIFSmJNgT9fdEgoXWQ+GbToGhr+e9sfif14ohOPMSJqMYqCTTRUHMbQjtcQR2lylKgA8NwUQxc6tN+lhhAiaojAnBnX95kdQLefck71RMGgU0RRodoEN0jFx0ioroApVRDRGk0AN6Qs/WjfVovViv09Ylazazj/7Aev8B/XaWhg==</latexit>

CFTR

<latexit sha1_base64="TylTmKN4WnZAQ3rjpD8uhDTnsNU=">AAACGHicbVC7SgNBFJ2NGmN8rVraDAbBKu4GRMtAQCwsEskLsiHMTibJkNkHM3fFsOQjLLTwB/wIGwtFtEwn/oyTR2ESDwwczrmHO/e4oeAKLOvbSKysriXXUxvpza3tnV1zb7+qgkhSVqGBCGTdJYoJ7rMKcBCsHkpGPFewmtsvjP3aLZOKB34ZBiFreqTr8w6nBLTUMk+dQNvjdOwAuwPpxYXL8rB1PcQOcI8pPCfftMyMlbUmwMvEnpFMPln6+Xq8fy62zJHTDmjkMR+oIEo1bCuEZkwkcCrYMO1EioWE9kmXNTT1id7ZjCeHDfGxVtq4E0j9fMAT9W8iJp5SA8/Vkx6Bnlr0xuJ/XiOCzkUz5n4YAfPpdFEnEhgCPG4Jt7lkFMRAE0Il13/FtEckoaC7TOsS7MWTl0k1l7XPslZJt5FDU6TQITpCJ8hG5yiPrlARVRBFD+gFvaF348l4NT6Mz+lowphlDtAcjNEvdgWk9w==</latexit>

CFTL ⇥ CFTR

mapped to a BCFT by folding, but not generic situation
<latexit sha1_base64="0jdnwXhpd4QkJWyc5dVEeNCveFs=">AAAB/HicbVDLSgMxFM34rPU12qUgwSIIQpkRRBGEghsXLqr0Be0wZNJMG5p5kNwRhqF+g3/gxoUi3br2GwQX/o3pY6GtB+7lcM695OZ4seAKLOvbWFhcWl5Zza3l1zc2t7bNnd26ihJJWY1GIpJNjygmeMhqwEGwZiwZCTzBGl7/auQ37plUPAqrkMbMCUg35D6nBLTkmoWqm0EEA3yJq+4NPtb9zjWLVskaA88Te0qKZXN/+PX4May45me7E9EkYCFQQZRq2VYMTkYkcCrYIN9OFIsJ7ZMua2kakoApJxsfP8CHWulgP5K6QsBj9fdGRgKl0sDTkwGBnpr1RuJ/XisB/9zJeBgnwEI6echPBIYIj5LAHS4ZBZFqQqjk+lZMe0QSCjqvvA7Bnv3yPKmflOzTknWr07hAE+TQHjpAR8hGZ6iMrlEF1RBFKXpCL+jVeDCejTdjOBldMKY7BfQHxvsPvLqXPA==</latexit>

Ttot = TL + TR

<latexit sha1_base64="d1u8ZxhFHjw9K+b1WRnNXBnmzcA=">AAACBHicbZC7SgNBFIbPeo3xtmoZkMEg2Bh2BVEEIWBjkSKG3CBZltnJJBkye2FmVghLChtr38LGgCK24jMIFr6Nk0uhiT8MfPznHM6c34s4k8qyvo2FxaXlldXUWnp9Y3Nr29zZrcowFoRWSMhDUfewpJwFtKKY4rQeCYp9j9Oa17sa1Wu3VEgWBmXVj6jj407A2oxgpS3XzJTdRFA+QJeIuAVUdkvoWFNJU8E1s1bOGgvNgz2FbN7cH349fAyLrvnZbIUk9mmgCMdSNmwrUk6ChWKE00G6GUsaYdLDHdrQGGCfSicZHzFAh9ppoXYo9AsUGru/JxLsS9n3Pd3pY9WVs7WR+V+tEav2uZOwIIoVDchkUTvmSIVolAhqMUGJ4n0NmAim/4pIFwtMlM4trUOwZ0+eh+pJzj7NWTc6jQuYKAUZOIAjsOEM8nANRagAgTt4hGd4Me6NJ+PVeJu0LhjTmT34I+P9B59Nmdw=</latexit>

Trel = cLTR � cRTL spin-2 primary operator
<latexit sha1_base64="y87eTeQaiCwK7A9RvI1DHiwKAig=">AAACDHicbVC7SgNBFJ31GeMraqfNYBCswq4giiAEbGyECHlBEsLs5CYZMju7zNwVwhKsLGz8FRsLRbT0A+z8EWsnj0ITDwxzOOdcZu7xIykMuu6XMze/sLi0nFpJr66tb2xmtrbLJow1hxIPZairPjMghYISCpRQjTSwwJdQ8XsXQ79yA9qIUBWxH0EjYB0l2oIztFIzk61LpjoSaLGZYIiD4a1BDmhdj/Vz6tqUm3NHoLPEm5Bsfvcu+3179V5oZj7rrZDHASjkkhlT89wIGwnTKLiEQboeG4gY77EO1CxVLADTSEbLDOiBVVq0HWp7FNKR+nsiYYEx/cC3yYBh10x7Q/E/rxZj+7SRCBXFCIqPH2rHkmJIh83QltDAUfYtYVwL+1fKu0wzjra/tC3Bm155lpSPct5xzr22bZyRMVJkj+yTQ+KRE5Inl6RASoSTe/JInsmL8+A8Oa/O2zg650xmdsgfOB8/UTyeJA==</latexit>

hTtotTreli = 0

Conformal interface (defect)



Quella-Runkel-Watts 07

Billo-Goncalves-Lauria-Meineri 16


<latexit sha1_base64="hK1xeYwhpCIr1t96WPXxTEzZCSI="></latexit>

hTL(z)TR(w)i =
a/2

(z � w)4

<latexit sha1_base64="gW1jTbnvDZ1zi6v5ablr281pYfc="></latexit>

hTL(z)T̄L(w)i =
(cL � a)/2

(z � w̄)4

<latexit sha1_base64="qNK823/AV9NHKzp9wSg62W5TrWU="></latexit>

hTR(z)T̄R(w)i =
(cR � a)/2

(z � w̄)4

<latexit sha1_base64="rlEU3UxY/xXAKOkWDyyhOVRlgjU=">AAACD3icbZC7SgNBFIZnvcZ4W7W0GQxKbMKuKFooBGwsLKLkBtllOTuZJENmZ5eZWSWGvIGNr2JjoYitrZ1v4+RSaOKBgY//P4cz5w8TzpR2nG9rbn5hcWk5s5JdXVvf2LS3tqsqTiWhFRLzWNZDUJQzQSuaaU7riaQQhZzWwu7l0K/dUalYLMq6l1A/grZgLUZAGymwDzwOos0pLgfX+YdD7IUgDd/m7w3LsXWBncDOOQVnVHgW3Ank0KRKgf3lNWOSRlRowkGphusk2u+D1IxwOsh6qaIJkC60acOggIgqvz+6Z4D3jdLErViaJzQeqb8n+hAp1YtC0xmB7qhpbyj+5zVS3Trz+0wkqaaCjBe1Uo51jIfh4CaTlGjeMwBEMvNXTDoggWgTYdaE4E6fPAvVo4J7UnBujnPF80kcGbSL9lAeuegUFdEVKqEKIugRPaNX9GY9WS/Wu/Uxbp2zJjM76E9Znz8T5poe</latexit>

hTL(z)T̄R(w)i = 0

displacement operator = response to displacement of the defect
<latexit sha1_base64="wwpaz7a4n6wPdNNJeSr6SSN3UOo="></latexit>

D(x) =
� logZ[�µ⌫ , X(x)]

�X(x)

<latexit sha1_base64="C3kYohsEzzS1R/1oIi23PcHFlBg=">AAACFnicbZBNS8NAEIY3ftb6FfXoZbEIFWlJRNGDQsGLBw9V+gVtCJvtpl262YTdjVhCf4UX/4oXD4p4FW/+GzdtBG0dWHjmnRlm5/UiRqWyrC9jbn5hcWk5t5JfXVvf2DS3thsyjAUmdRyyULQ8JAmjnNQVVYy0IkFQ4DHS9AaXab15R4SkIa+pYUScAPU49SlGSkuuWbqANfe6eH8AD2HHQ+InK2m4nUAmp5lrFqyyNQ44C3YGBZBF1TU/O90QxwHhCjMkZdu2IuUkSCiKGRnlO7EkEcID1CNtjRwFRDrJ+KwR3NdKF/qh0I8rOFZ/TyQokHIYeLozQKovp2up+F+tHSv/zEkoj2JFOJ4s8mMGVQhTj2CXCoIVG2pAWFD9V4j7SCCstJN5bYI9ffIsNI7K9knZujkuVM4zO3JgF+yBIrDBKaiAK1AFdYDBA3gCL+DVeDSejTfjfdI6Z2QzO+BPGB/fiteamw==</latexit>

= TL(x) + T̄L(x)� TR(x)� T̄R(x)

<latexit sha1_base64="MNA2M0/vz3HNM0mUbbjS/JSP+Gc="></latexit>

hD(x)D(y)i = 2(cL + cR � 2a)

(x� y)4

It is unclear whether    is related to an anomaly<latexit sha1_base64="wkytuOSd9ToPBFhhPEhZT1rWB/c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUW8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzCRBP6JDyUPOqLFSg/bLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDwfqM4A==</latexit>a

No new coefficients in 3-pt correlators, infinitely many from 4-pt 



Reflection and transmission coefficient

<latexit sha1_base64="LTF0dUzAfJ0e/pIDFrS1rLgq6Xk="></latexit>

R =
hTLT̄L + TRT̄Ri

h(TL + T̄R)(T̄L + TRi
= 1� 2a

cL + cR

Unitarity gives a bound
<latexit sha1_base64="VOrBcLK+RijGAgYtMtAkP1rAcFY="></latexit>✓
cL � cR
cL + cR

◆2

 R  1

<latexit sha1_base64="+lJH8k8Mu+op1VEn+CELhCG1ldA=">AAACA3icbVDLSsNAFL2pr1pfUXe6GSyCG0siiroQCm5cVukL2lAm00k7dPJgZiKUEHDjr7hxoYhbf8Kdf+OkDaKtBwbOnHMv997jRpxJZVlfRmFhcWl5pbhaWlvf2Nwyt3eaMowFoQ0S8lC0XSwpZwFtKKY4bUeCYt/ltOWOrjO/dU+FZGFQV+OIOj4eBMxjBCst9cy9ro/VkGCe1NMr+xj9fO/Snlm2KtYEaJ7YOSlDjlrP/Oz2QxL7NFCEYyk7thUpJ8FCMcJpWurGkkaYjPCAdjQNsE+lk0xuSNGhVvrIC4V+gUIT9XdHgn0px76rK7MV5ayXif95nVh5F07CgihWNCDTQV7MkQpRFgjqM0GJ4mNNMBFM74rIEAtMlI6tpEOwZ0+eJ82Tin1WsW5Py9XLPI4i7MMBHIEN51CFG6hBAwg8wBO8wKvxaDwbb8b7tLRg5D278AfGxzeBPJdn</latexit>

T = 1�R

A topological interface has              , only possible for  <latexit sha1_base64="cXG27rvUDuBs7hkPyI1Lov+J7cg=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqmREURdCwY3LKvYB7VgyaaYNzWSGJKOUof/hxoUibv0Xd/6NmXYW2nogcDjnXu7J8WPBtcH42yksLa+srhXXSxubW9s75d29po4SRVmDRiJSbZ9oJrhkDcONYO1YMRL6grX80XXmtx6Z0jyS92YcMy8kA8kDTomx0kM3JGZIiUjvJugK98oVXMVToEXi5qQCOeq98le3H9EkZNJQQbTuuDg2XkqU4VSwSambaBYTOiID1rFUkpBpL52mnqAjq/RRECn7pEFT9fdGSkKtx6FvJ7OUet7LxP+8TmKCCy/lMk4Mk3R2KEgEMhHKKkB9rhg1YmwJoYrbrIgOiSLU2KJKtgR3/suLpHlSdc+q+Pa0UrvM6yjCARzCMbhwDjW4gTo0gIKCZ3iFN+fJeXHenY/ZaMHJd/bhD5zPH9tukg4=</latexit>

R = 0
<latexit sha1_base64="pHttAw2a5wNI5mbzApEHDFALWBQ=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUQshYGNhEcV8SHIce5u9ZMnu3rG7J4Qjv8LGQhFbf46d/8ZNcoUmPhh4vDfDzLww4Uwb1/12CkvLK6trxfXSxubW9k55d6+p41QR2iAxj1U7xJpyJmnDMMNpO1EUi5DTVji8nvitJ6o0i+WDGSXUF7gvWcQINlZ6JMEtukIkuA/KFbfqToEWiZeTCuSoB+Wvbi8mqaDSEI617nhuYvwMK8MIp+NSN9U0wWSI+7RjqcSCaj+bHjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+TmujCz5hMUkMlmS2KUo5MjCbfox5TlBg+sgQTxeytiAywwsTYjEo2BG/+5UXSPKl6Z1X37rRSu8zjKMIBHMIxeHAONbiBOjSAgIBneIU3RzkvzrvzMWstOPnMPvyB8/kDWiePbg==</latexit>cL = cR

Fusion <latexit sha1_base64="T3Kn4MZYPN7OhDCuqT7W480yGuQ=">AAACHXicbZDLSsNAFIYn9VbrLerSzWARXJWkVNSFUHCjuwr2Ak0Ik+mkHTqZhJmJUEJexI2v4saFIi7ciG/jpM2iF38Y+PnOOcw5vx8zKpVl/RqltfWNza3ydmVnd2//wDw86sgoEZi0ccQi0fORJIxy0lZUMdKLBUGhz0jXH9/m9e4TEZJG/FFNYuKGaMhpQDFSGnlmwwmRGmHE0vvMS+16Bm/gPLKhg6nAC6zumVWrZk0FV41dmCoo1PLMb2cQ4SQkXGGGpOzbVqzcFAlFMSNZxUkkiREeoyHpa8tRSKSbTq/L4JkmAxhEQj+u4JTOT6QolHIS+rozX1Iu13L4X62fqODKTSmPE0U4nn0UJAyqCOZRwQEVBCs20QZhQfWuEI+QQFjpQCs6BHv55FXTqdfsi5r10Kg2r4s4yuAEnIJzYINL0AR3oAXaAINn8ArewYfxYrwZn8bXrLVkFDPHYEHGzx+56qGo</latexit>

I12 = I1 � I2
<latexit sha1_base64="vtCsIBH+5aYvMH6/QtOLBLFzRNk=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0UQhJJURd0V3LisYh/QhDCZTtqhk0mcmQgl5EPc+CtuXCjixoXg3zhps7CtBwbOnHMv997jx4xKZVk/RmlpeWV1rbxe2djc2t4xd/faMkoEJi0csUh0fSQJo5y0FFWMdGNBUOgz0vFH17nfeSRC0ojfq3FM3BANOA0oRkpLnnnqhEgNMWLpXealdj2DDicP8K9qw5OZf90zq1bNmgAuErsgVVCg6ZlfTj/CSUi4wgxJ2bOtWLkpEopiRrKKk0gSIzxCA9LTlKOQSDedHJfBI630YRAJ/biCE/VvR4pCKcehryvzJeW8l4v/eb1EBZduSnmcKMLxdFCQMKgimCcF+1QQrNhYE4QF1btCPEQCYaXzrOgQ7PmTF0m7XrPPa9btWbVxVcRRBgfgEBwDG1yABrgBTdACGDyBF/AG3o1n49X4MD6npSWj6NkHMzC+fwEJn6FK</latexit>

R12 6= R1 +R2

However if       is topological <latexit sha1_base64="bpT5axALuJ38d1ck0ZdqCBcng38=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqswURd0V3Oiugn1AO5RMmmlDM8mYZApl6He4caGIWz/GnX9jpp2Fth4IHM65l3tygpgzbVz32ymsrW9sbhW3Szu7e/sH5cOjlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvs389oQqzaR4NNOY+hEeChYygo2V/F6EzYhgnt7P+rV+ueJW3TnQKvFyUoEcjX75qzeQJImoMIRjrbueGxs/xcowwums1Es0jTEZ4yHtWipwRLWfzkPP0JlVBiiUyj5h0Fz9vZHiSOtpFNjJLKRe9jLxP6+bmPDaT5mIE0MFWRwKE46MRFkDaMAUJYZPLcFEMZsVkRFWmBjbU8mW4C1/eZW0alXvsuo+XFTqN3kdRTiBUzgHD66gDnfQgCYQeIJneIU3Z+K8OO/Ox2K04OQ7x/AHzucPqiWR/w==</latexit>

I2
<latexit sha1_base64="KV3OnyqZmJn3jmOSXKPWvcsk8HE=">AAACC3icbVBNS8NAEJ3Ur1q/oh69LC2Cp5IURT0IBS8eq9haaEPYbDft0s0HuxuhhNy9+Fe8eFDEq3/Am//GTZuDbX0w8Hhvhpl5XsyZVJb1Y5RWVtfWN8qbla3tnd09c/+gI6NEENomEY9E18OSchbStmKK024sKA48Th+88XXuPzxSIVkU3qtJTJ0AD0PmM4KVllyz2g+wGhHM07vMTe1Ghq7QvJS5Zs2qW1OgZWIXpAYFWq753R9EJAloqAjHUvZsK1ZOioVihNOs0k8kjTEZ4yHtaRrigEonnf6SoWOtDJAfCV2hQlP170SKAykngac78zPlopeL/3m9RPkXTsrCOFE0JLNFfsKRilAeDBowQYniE00wEUzfisgIC0yUjq+iQ7AXX14mnUbdPqtbt6e15mURRxmOoAonYMM5NOEGWtAGAk/wAm/wbjwbr8aH8TlrLRnFzCHMwfj6BZO4mrk=</latexit>

R12 = R1

It follows from the positivity of the matrix of scalar products of 
<latexit sha1_base64="vWlElxqTAtIDmJllkmWU+fLsMWE=">AAACCHicbZDLSgMxFIYz9VbrbdSlC4NFcCFlRqS6LLpxWaE3aIchk2ba0ExmSM4IZejSja/ixoUibn0Ed76NaTsLbf0h8OU/55CcP0gE1+A431ZhZXVtfaO4Wdra3tnds/cPWjpOFWVNGotYdQKimeCSNYGDYJ1EMRIFgrWD0e203n5gSvNYNmCcMC8iA8lDTgkYy7ePG34GMUzOsQHFhIFeQFTWmMyvvl12Ks5MeBncHMooV923v3r9mKYRk0AF0brrOgl4GVHAqWCTUi/VLCF0RAasa1CSiGkvmy0ywafG6eMwVuZIwDP390RGIq3HUWA6IwJDvVibmv/VuimE117GZZICk3T+UJgKDDGepoL7XDEKYmyAUMXNXzEdEkUomOxKJgR3ceVlaF1U3Gqlen9Zrt3kcRTRETpBZ8hFV6iG7lAdNRFFj+gZvaI368l6sd6tj3lrwcpnDtEfWZ8/4tCZ6w==</latexit>

Ttot, Trel, T̄rel



Example: free massless scalar

Matching condition at interface

Bachas-de Boer-Dijkgraaf-Ooguri 01

<latexit sha1_base64="pvX+svyPfFgrKaUL42WaKgWiaVY="></latexit>✓
@��L

@+�R

◆
= S

✓
@+�L

@��R

◆

respectively and related at the defect by

(

∂−φ1

∂+φ2

)

= S

(

∂+φ1

∂−φ2

)

, (3.1)

where S is either of the two matrices

S =

(

− cos(2θ) sin(2θ)

sin(2θ) cos(2θ)

)

, S′ =

(

cos(2θ) − sin(2θ)

sin(2θ) cos(2θ)

)

. (3.2)

In the folded picture the boundary state representing this defect is

|b〉 = N
∞
∏

n=1

exp
( 1

n
ai−nā

j
−nSij

)

|0〉

= N
(

1 + ai−1ā
j
−1Sij +

1

2
(ai−1ā

j
−1Sij)

2 + ai−2ā
j
−2Sij + . . .

)

|0〉
(3.3)

where ain and āin are the modes of φi and N is a normalisation constant. The modes

themselves are normalised such that [am, an] = mδm+n,0. Since c1 = c2 = 1 and the

energy-momentum tensors are of the standard form,

Li
−2|0〉 =

1

2
ai−1a

i
−1|0〉 , (3.4)

it is easy to calculate

〈0|Li
2L

j
2|b〉 =

N
2

(Sij)
2 (3.5)

so that for both cases (3.2)

〈0|Ltot
2 L̄tot

2 |b〉 = N
2

∑

i,j

(Sij)
2 = N , (3.6)

and

R = cos2(2θ) , T = sin2(2θ) . (3.7)

These are the reflection and transmission probabilities for the massless modes in this model.

Note that the quantity R we have defined is not the same quantity as the R calculated in

[8] which is the reflection amplitude for a massless mode.

4. The Ising model and the free fermion

The name of Ising model is given to various different theories with c = 1/2: the theory of

purely local fields of the modular invariant theory; the local theory of the free fermion; the

non-local theory obtained by combining the two. In section 4.1 we discuss the defects in

the modular invariant theory and in section 4.2 the defects in the free fermion and their

relation to those in the modular invariant theory. From here on, when we refer to “the

Ising model” we shall always mean the modular invariant theory.

– 9 –

<latexit sha1_base64="Y5+MGv1tKRFXorlBYwE3hhK7PfA=">AAACCHicbVDLSsNAFJ34rPUVdenCwSLUTUmKoi6EghuXVewDmlgm00k7dPJg5kYooUs3/oobF4q49RPc+TdO2iy09cCFwzn3cu89Xiy4Asv6NhYWl5ZXVgtrxfWNza1tc2e3qaJEUtagkYhk2yOKCR6yBnAQrB1LRgJPsJY3vMr81gOTikfhHYxi5gakH3KfUwJa6poHTkBgQIlIb8f4Ejs0UvdVXK5iBwYMyHHXLFkVawI8T+yclFCOetf8cnoRTQIWAhVEqY5txeCmRAKngo2LTqJYTOiQ9FlH05AETLnp5JExPtJKD/uR1BUCnqi/J1ISKDUKPN2Zna1mvUz8z+sk4J+7KQ/jBFhIp4v8RGCIcJYK7nHJKIiRJoRKrm/FdEAkoaCzK+oQ7NmX50mzWrFPK9bNSal2kcdRQPvoEJWRjc5QDV2jOmogih7RM3pFb8aT8WK8Gx/T1gUjn9lDf2B8/gBiepg/</latexit>

R = cos2(2✓)

<latexit sha1_base64="kHp2/fB+UG3O3vfirh+hnq9XLgo=">AAACEXicbVBNS8NAEN34WetX1aOXxSLUS0mKoh6EghePFewHNCFstpt26WYTdydCCf0LXvwrXjwo4tWbN/+N2zYHbX0w8Hhvhpl5QSK4Btv+tpaWV1bX1gsbxc2t7Z3d0t5+S8epoqxJYxGrTkA0E1yyJnAQrJMoRqJAsHYwvJ747QemNI/lHYwS5kWkL3nIKQEj+aVKH19hV98rwG6oCM2GvoOHfm2cuZrLSg27MGBATsZ+qWxX7SnwInFyUkY5Gn7py+3FNI2YBCqI1l3HTsDLiAJOBRsX3VSzhNAh6bOuoZJETHvZ9KMxPjZKD4exMiUBT9XfExmJtB5FgemMCAz0vDcR//O6KYQXXsZlkgKTdLYoTAWGGE/iwT2uGAUxMoRQxc2tmA6ICQZMiEUTgjP/8iJp1arOWdW+PS3XL/M4CugQHaEKctA5qqMb1EBNRNEjekav6M16sl6sd+tj1rpk5TMH6A+szx9nhJwa</latexit>

g =

s
k1k2

sin(2✓)
Bachas-Brunner 07

winding
<latexit sha1_base64="YIc89pB1VChJyK/i9wo9HH8YdWM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEot4KXjxWsR/QhrLZbtqlm03YnQgl9B948aCIV/+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHoakX664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqaV1UvVrVvb+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzByDsjRA=</latexit>g and        are generically independent <latexit sha1_base64="9TJXt4hoNRdK/FZ8TOiztv2QhnQ=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIot4KXjxWsbaQhrLZbtulm2zYfRFK6M/w4kERr/4ab/4bN20O2jqwMMy8x86bMJHCoOt+O6WV1bX1jfJmZWt7Z3evun/waFSqGW8xJZXuhNRwKWLeQoGSdxLNaRRK3g7HN7nffuLaCBU/4CThQUSHsRgIRtFKfjeiOGJUZvfTXrXm1t0ZyDLxClKDAs1e9avbVyyNeIxMUmN8z00wyKhGwSSfVrqp4QllYzrkvqUxjbgJslnkKTmxSp8MlLYvRjJTf29kNDJmEoV2Mo9oFr1c/M/zUxxcBZmIkxR5zOYfDVJJUJH8ftIXmjOUE0so08JmJWxENWVoW6rYErzFk5fJ41ndu6i7d+e1xnVRRxmO4BhOwYNLaMAtNKEFDBQ8wyu8Oei8OO/Ox3y05BQ7h/AHzucPiMCRYw==</latexit>

R
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Lorentzian picture: 
scattering of energy on the defect

Directional coefficient: 

<latexit sha1_base64="EwiGRQgGQlyYbZ38iyaiSQvWUcs=">AAACKHicbZDLSsNAFIYn9VbrLerSzWARBKEkoqgLseDGRRe19AZNCJPppB06uTAzEUrI47jxVdyIKNKtT+KkzaIXfxj4+c45zDm/GzEqpGFMtMLa+sbmVnG7tLO7t3+gHx61RRhzTFo4ZCHvukgQRgPSklQy0o04Qb7LSMcdPWb1zgvhgoZBU44jYvtoEFCPYiQVcvQHy0dyiBFLmum95XGEE+zU4Bx1ahfYaSyQRpo1ZTh19LJRMaaCq8bMTRnkqjv6p9UPceyTQGKGhOiZRiTtBHFJMSNpyYoFiRAeoQHpKRsgnwg7mR6awjNF+tALuXqBhFM6P5EgX4ix76rObF2xXMvgf7VeLL1bO6FBFEsS4NlHXsygDGGWGuxTTrBkY2UQ5lTtCvEQqbSkyrakQjCXT1417cuKeV0xnq/K1bs8jiI4AafgHJjgBlTBE6iDFsDgFbyDL/CtvWkf2o82mbUWtHzmGCxI+/0DyWSm/Q==</latexit>

T =
cLTL + cRTR

cL + cR

<latexit sha1_base64="isnAtA1t19ljGJ3mupfLAqRccuM=">AAACDnicbVC7SgNBFJ2Nrxhfq5Y2gyFgFXZFUQshYGNhEUNekCzL7M1sMmT2wcysEJZ8gY2/YmOhiK21nX/jbLKFiR4YOHPOvdx7jxdzJpVlfRuFldW19Y3iZmlre2d3z9w/aMsoEUBbEPFIdD0iKWchbSmmOO3GgpLA47TjjW8yv/NAhWRR2FSTmDoBGYbMZ0CUllyzAu4d7gdEjYDwtDnVv2sMbmNBa7hm2apaM+C/xM5JGeWou+ZXfxBBEtBQASdS9mwrVk5KhGLA6bTUTySNCYzJkPY0DUlApZPOzpniilYG2I+EfqHCM/V3R0oCKSeBpyuzJeWyl4n/eb1E+ZdOysI4UTSE+SA/4VhFOMsGD5igoPhEEwKC6V0xjIggoHSCJR2CvXzyX9I+rdrnVev+rFy7yuMooiN0jE6QjS5QDd2iOmohQI/oGb2iN+PJeDHejY95acHIew7RAozPH92Jm1c=</latexit>

cLTL = cRTR

<latexit sha1_base64="EVhCOeTAva2mUngeW1ZjPgNa9QM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF29GMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0M/VbT1QbpuSDHSc0FHggWcwItk5qdgnm6K5XrvhVfwa0TIKcVCBHvVf+6vYVSQWVlnBsTCfwExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauOrMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCMHiy8ukeVYNLqrn9+eV2nUeRxGO4BhOIYBLqMEt1KEBBB7hGV7hzVPei/fufcxbC14+cwh/4H3+APHbjro=</latexit>

O
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<latexit sha1_base64="cY9SQUNKjnIxodh3NBIHONZKsJg="></latexit>

TL = lim
d!1

hO, d|ER|O, di

hO, d|EL|O, di
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Universality: transmission of energy independent of the details of the 
incoming excitations (e.g. how the state is prepared)

The argument is easier for states created by holomorphic quasi-primary operators
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One can use the OPE when                 , and only operators with the same 
quantum numbers as       contribute
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z1 ! z2
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T

Assuming that no other spin-2 holomorphic currents exist, the correlator 
is fixed by 
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ANEC (positivity of the averaged null-energy in any state) implies 
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|cL � cR|
cL + cR

 R  1

a global symmetry, di↵erent states can be characterized by the additional conserved quantities. Corre-
spondingly, conformal matter with di↵erent quantum numbers is reflected and transmitted di↵erently
across a conformal interface.

3.7 Bounds on reflection, the relation with [1] and the displacement operator

We should expect the fractions of energy reflected and transmitted to be both non negative. The
simple inequalities 0  TL/R  1 can be refined in light of eq. (3.31):

0  TL  min

✓
1,

cR

cL

◆
, 0  TR  min

✓
1,

cL

cR

◆
. (3.32)

These bounds correspond to the unique equation

0 < cLR < min(cL, cR) . (3.33)

Therefore when TL saturates one of the bounds, TR saturates the corresponding one.
The relation between the transmission coe�cients and the two-point function of the stress tensors

allows us to further characterize the interfaces which saturate the bounds (3.32). Let us first point
out that, due to the gluing conditions, all the non vanishing two-point functions of the stress tensors
are fixed in terms of cLR and the central charges [1, 16]:10

hTLTLiI = hTLTLiI / cL/2 , (3.34a)

hTRTRiI = hTRTRiI / cR/2 , (3.34b)

hTLTLiI / (cL � cLR)/2 , (3.34c)

hTRTRiI / (cR � cLR)/2 , (3.34d)

hTLTRiI / hTLTRiI / cLR/2 . (3.34e)

For brevity, we omitted the obvious kinematics, which can be inferred from appendix B. We start
with the reflective case: TL = TR = cLR = 0. Consider the two-point function of the energy flux
Txt / TL � TL = TR � TR on the interface. Due to eqs. (3.34a,3.34c), it vanishes. Unitarity
then implies TL = TL and TR = TR as operator equations. This is the converse of the first of the
implications in eq. (3.14):

TL = TR = 0 () factorizing interface. (3.35)

For the maximally transparent case, it is best to distinguish two cases. If cL = cR = cLR, then
TL = TR = 1. This time, we consider the displacement operator (3.7) D = 2(TL � TR). Due to
eqs. (3.34a,3.34e), its two-point function vanishes, and with it the displacement as an operator. We
conclude that

TL = TR = 1 () cL = cR ^ topological interface. (3.36)

Finally, if cL 6= cR, let us take cL > cR to fix ideas. Then the maximally transparent interface has
TL = cR/cL and TR = 1. As first noticed in [1], this situation is realized by a class of interfaces
between two theories with extended symmetries. A subset of the currents of the CFTL is preserved
through the interface and coincides with the full set of currents in the CFTR. Then the interface is
completely transparent to the excitations coming from the right. We review this example in more
detail in subsection 4.3.

10The same is true of the three-point functions as well.
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0 < a < min(cL, cR)

The lower bound is stronger than the unitarity bound

It should follow from unitarity of an S-matrix in a larger space of in 
and out states but it is not known how to characterize it 
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hTxt(x = 0)iNESS =
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)

Without defect, the full large deviation function is known
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1
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loghei�tTxti = f(�1,�) + f(�2,��)
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Holographic  BCFT

Chapter 1. Basic Concepts of Entanglement and Holography

Figure 1.11: Left: Single interval of length ` adjacent to the boundary in AdS3/BCFT2. The

minimal surface is the blue geodesics, which in Cartesian coordinates is part of the semicircle of radius

` centered on the spatial section of the boundary of the BCFT2. Right: Single interval disjoint from

the boundary. When d/` < (d/`)crit, the minimal surface is the one made by the two disconnected red

geodesics. When d/` > (d/`)crit, the minimal surface is the blue connected geodesic.

entangling curves that intersect the boundary will be studied in detail in chapter 3. We will

see that the corners give rise to an additional logarithmic divergence in agreement with the

general discussion done in Sec. 1.2.2, whose coe�cient depends on the slope ↵. When the

entangling surface intersects the boundary, �̂A \ Q 6= 0 for any value of ↵ (also for ↵ 6 ↵c).

However, we will show that ↵c shows up in the behaviour of the boundary corner function in

the limit of vanishing opening angle, namely for ↵ > ↵c the function has a pole in that limit,

while tends to a finite value for ↵ 6 ↵c.

We conclude this section by discussing two examples in the AdS3/BCFT2 setup: the single

interval adjacent to the boundary and the one disjoint from it.

HEE in AdS3/BCFT2: Single interval in the vacuum

In the spatial slice t = 0, we consider the flat boundary case of Sec. 1.4.1 where the region

A is an interval adjacent to the boundary of length `. We saw in Sec. 1.3.1 that the minimal

surfaces anchored to intervals in AdS3/CFT2 are semi-circles. Since the semi-circles of radius

` anchored to the end of the interval located at (z, x) = (0, `) are orthogonal to the boundary

Q (which is a straight line with slope parametrised by ↵) they are the minimal surfaces also

for this case once we restrict them to the part of space-time x � �(cot ↵) (see left side of Fig.

1.11). Thus, the entanglement entropy for this case is given by the following integral

SA =
c

6

Z ⇡�↵

sin�1("/`)

d✓

sin ✓
=

c

6
log

✓
2`

✏

◆
+

c

6
log

h
cot

⇣↵

2

⌘i
+ O

�
"2

�
. (1.4.17)

We notice that the factor of c/6 instead of c/3 comes from the fact that the geodesics reach

the conformal boundary only at (z, x) = (0, `), and this is in agreement with the BCFT result

of [23] (see eq. (1.2.11)). Moreover, from (1.4.17) we can extract the boundary entropy which

reads [90]

log g↵ =
c

6
log

h
2 cot

⇣↵

2

⌘i
. (1.4.18)

In [90], the same value of the boundary entropy has also been found from the computation

of the partition function, analogously to the one discussed in the previous section. This

40

✓
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AdS/BCFT

Simple example: AdS3 [Takayanagi’11]

hab :
L2

z2

�
�dt2 + (x0(z)2 + 1)dz2

�

Solving “no-fluid” (Tab = 0) Neumann

boundary conditions gives

Q : x(z) = z cot ✓ , ⌃L = cos ✓
z

xθ

N

M

Q

Neumann b.c. for gravity on Q
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brane tension
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g-factor determined by the brane tension



Holographic  ICFT
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Israel matching conditions
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Minimal, bottom-up model used to compute EE, complexity etc

Stable solution for 
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Holographic energy scattering 

Away from the brane we have locally AdS3
<latexit sha1_base64="FE9tRb5hdHQaM7icEro1BtqhPec="></latexit>

ds2 = `2
dy2

y2
+

✓
`2

y2
g0ij + g2ij + y2g4ij

◆
<latexit sha1_base64="l8P5t7fCzvoUHPdc+RjC0zRKX/c=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIou4KblxWsA9px5LJZNrYJDMkGbEM/Qo3LhRx6+e4829M21lo64GEwzn3cu89QcKZNq777RSWlldW14rrpY3Nre2d8u5eU8epIrRBYh6rdoA15UzShmGG03aiKBYBp61geDXxW49UaRbLWzNKqC9wX7KIEWysdBc+3TNkv4deueJW3SnQIvFyUoEc9V75qxvGJBVUGsKx1h3PTYyfYWUY4XRc6qaaJpgMcZ92LJVYUO1n04XH6MgqIYpiZZ80aKr+7siw0HokAlspsBnoeW8i/ud1UhNd+BmTSWqoJLNBUcqRidHkehQyRYnhI0swUczuisgAK0yMzahkQ/DmT14kzZOqd1Z1b04rtcs8jiIcwCEcgwfnUINrqEMDCAh4hld4c5Tz4rw7H7PSgpP37MMfOJ8/jGeQNg==</latexit>

dxidxj

<latexit sha1_base64="EqMIpT+/xjdQwM1jruUWisT40ys=">AAACE3icbVC7SgNBFJ2NrxhfUUubwSCIRdgNEbUQAhZaRsgLsmuYndwkY2Znl5lZISz5Bxt/xcZCEVsbO//GSbKFJh64cOace5l7jx9xprRtf1uZpeWV1bXsem5jc2t7J7+711BhLCnUachD2fKJAs4E1DXTHFqRBBL4HJr+8GriNx9AKhaKmh5F4AWkL1iPUaKN1Mmf9O9KnYTdj/ElLuNr7ALn2OVE9Dng2sxx5fTZyRfsoj0FXiROSgooRbWT/3K7IY0DEJpyolTbsSPtJURqRjmMc26sICJ0SPrQNlSQAJSXTG8a4yOjdHEvlKaExlP190RCAqVGgW86A6IHat6biP957Vj3zr2EiSjWIOjso17MsQ7xJCDcZRKo5iNDCJXM7IrpgEhCtYkxZ0Jw5k9eJI1S0Tkt2rflQuUijSOLDtAhOkYOOkMVdIOqqI4oekTP6BW9WU/Wi/VufcxaM1Y6s4/+wPr8AZxinL4=</latexit>

g2ij = 4G`hTiji

<latexit sha1_base64="cG+FDTBPxk6kyVwPx1GQppJSBCg="></latexit>

hTLi = ✏
h
1 ei!(tL�uL) d(tL � uL)

2 +RL ei!(tL+uL) d(tL + uL)
2
i
+ c.c.
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hTRi = ✏ TLei!(tR�uR) d(tR � uR)
2 + c.c.

No sources, only vev of e.m. tensor 

The nontrivial part is solving the matching conditions



<latexit sha1_base64="FiLVYUNWv3PUAunQWtVBAMnWMmE="></latexit>

TL =
2 cos ✓R

cos ✓R(1 + sin ✓L) + cos ✓L(1 + sin ✓R)
=

2

`L


1

`L
+

1

`R
+ 8⇡G�

��1

<latexit sha1_base64="8YCPNNlMNSwDaJEnWjRt8oYVkYE="></latexit>

|cL � cR
cL + cR

|  R  c2L + c2R
(cL + cR)2

Lower bound = ANEC bound

Total reflection requires                    and  infinite tension limit 
<latexit sha1_base64="APDcwomtxtYhMqlzH+EdFha+TLI=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkoiiroruHHhoop9QBPCZDpph04yYWYilFDwV9y4UMSt3+HOv3HaZqGtBwYO55zL3HvClDOlHefbKi0tr6yuldcrG5tb2zv27l5LiUwS2iSCC9kJsaKcJbSpmea0k0qK45DTdji8nvjtRyoVE8mDHqXUj3E/YREjWBspsA9yEtwiT5gMIsH9GHlaICewq07NmQItErcgVSjQCOwvrydIFtNEE46V6rpOqv0cS80Ip+OKlymaYjLEfdo1NMExVX4+XX+Mjo3SQ5GQ5iUaTdXfEzmOlRrFoUnGWA/UvDcR//O6mY4u/ZwlaaZpQmYfRRlH5sRJF6jHJCWajwzBRDKzKyIDLDHRprGKKcGdP3mRtE5r7nnNuTur1q+KOspwCEdwAi5cQB1uoAFNIJDDM7zCm/VkvVjv1scsWrKKmX34A+vzB6SVlJk=</latexit>cL
cR

! 0

Upper bound: for                                
<latexit sha1_base64="XFbpADKmU8LerSDZDR6f9dD1EQM=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5Eoo0QtLGwiGI+MDmOvc1esmR379jdE8KRf2FjoYit/8bOf+MmuUKjDwYe780wMy9MONPGdb+cwtLyyupacb20sbm1vVPe3WvpOFWENknMY9UJsaacSdo0zHDaSRTFIuS0HY6upn77kSrNYnlvxgn1BR5IFjGCjZUeSHCDLhAJ7lBQrrhVdwb0l3g5qUCORlD+7PVjkgoqDeFY667nJsbPsDKMcDop9VJNE0xGeEC7lkosqPaz2cUTdGSVPopiZUsaNFN/TmRYaD0Woe0U2Az1ojcV//O6qYnO/YzJJDVUkvmiKOXIxGj6PuozRYnhY0swUczeisgQK0yMDalkQ/AWX/5LWidVr1at3Z5W6pd5HEU4gEM4Bg/OoA7X0IAmEJDwBC/w6mjn2Xlz3uetBSef2YdfcD6+Abcvj6g=</latexit>cL = cR

<latexit sha1_base64="NTwyfAf/Nr2GWOs4B1zDx1vbEAA=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqpIKFcYKFsaC6ENqqspxb1qrjhNsB6mKsrLwKywMIMTKH7DxN7htBmg50pWOz7lXvvf4MWdKO863VVhZXVvfKG6WtrZ3dvfs/YOWihJJoUkjHsmOTxRwJqCpmebQiSWQ0OfQ9sdXU7/9AFKxSNzpSQy9kAwFCxgl2kh9GzvY43CPU48Sjm+z+csLJKGpm6XVrG+XnYozA14mbk7KKEejb395g4gmIQhNOVGq6zqx7qVEakY5ZCUvURATOiZD6BoqSAiql84uyfCJUQY4iKQpofFM/T2RklCpSeibzpDokVr0puJ/XjfRwUUvZSJONAg6/yhIONYRnsaCB0wC1XxiCKGSmV0xHRGTgjbhlUwI7uLJy6RVrbi1Su3mrFy/zOMooiN0jE6Ri85RHV2jBmoiih7RM3pFb9aT9WK9Wx/z1oKVzxyiP7A+fwC/Npkj</latexit>

0  R  1

2



Same result obtained from the holographic dual of the NESS setup

Bachas, Chen, Papadopoulos 21


• ‡+ > 0 : The singularity at ‡+ is in this case a turning point, and the
wall does not extend to lower values of ‡. Indeed, as seen from (4.11)
and (4.12), drj/dxj|‡+ = 0 and the ‡+ singularity is integrable, i.e. the
wall turns around at finite xj =

s
x

Õ

j .

• 0 = ‡+ > ‡≠ : In this case the worldvolume remains timelike as the
wall enters the ergoregion. The reader can verify from eqs. (4.7), (4.11)
and (4.12) that the embedding near ‡ = 0 is smooth.

(ii)(i)

�+ > 0.
�+ = 0

?

�

0

cuto�

Figure 4: The two kinds of stationary-wall geometries: (i) The wall avoids the ergoregion,
turns around and intersects the AdS boundary twice; or (ii) it enters the ergoregion and
does not come out again. The broken line is the ergoplane, the two outer BTZ regions
are coloured in green and pink, and the region behind the horizon in grey. The horizon in
case (ii) will be described in detail in the coming section.

These two possibilities are illustrated in figure 4. Branes entering the
ergoregion are dual, as will become clear, to steady states of an isolated
interface, while those that avoid the ergoregion are dual to steady states of
an interface-antiinterface pair. We will return to the second case in section
7, here we focus on the isolated interface.

The condition ‡+ = 0 implies C = 0 and B Ø 0. Using eqs. (4.8) and
(4.9), and the fact that the coe�cient A is positive for tensions in the allowed
range (⁄min < ⁄ < ⁄max) we obtain

M1 ≠ M2 = ±⁄J1 = û⁄J2 and ⁄
2(M1 + M2) Ø ⁄

2

0
(M1 ≠ M2) . (5.1)

Furthermore, cosmic censorship requires that ¸jMj > |Jj| unless the bulk
singularity at rj = 0 is excised (this is the case in the pink region of the
left figure 4). If none of the singularities is excised, the inequality in (5.1) is
automatically satisfied and hence redundant.

With the help of the holographic dictionary (2.8) one can translate the
expression (5.1) for M1 ≠ M2 to the language of ICFT. Since the incoming

16

Take a brane joining two BTZ black holes
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Regular solutions require 
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Figure 1. The 3 region holographic model representing the fusion of two defects. I is the gravi-
tational wave scattered from the left, and R and T are the reflected and transmitted waves on the
left and right of the interface respectively.

2.3 Holographic scattering states

We use a 3-region holographic model for the ICFT, consisting of three locally AdS3 mani-
folds ML, MC and MR with radii lL, lC and lR respectively. The asymptotic boundaries of
ML and MR are the left and right half-planes of the CFT glued along the interface. The
asymptotic boundary of MC is a single line that gives the worldline of the same interface.
The interface extends in the bulk as two pairs of branes and a central region MC : the
branes from ML and the left side of MC are identified with each other as the worldsheet of
one tensile string and the branes from MR and the right side of MC are identified with one
another and as the worldsheet of a second tensile string. This identification implies that
the MC wedge always has a ‘positive length,’ even if it is found entirely on either side of
the interface line.

Though the tension constraints from [18, 20] are the same, the ‘positive length’ MC

wedge means the dependence of tension bounds, on the relative AdS3 radii and the angling
of the MC wedge, is more nuanced. For the case where lL,R > lC , the tension bounds are
given as [8, 23]:

1

lC
� 1

lL
 8⇡G�1 

1

lL
+

1

lC

1

lC
� 1

lR
 8⇡G�2 

1

lC
+

1

lR
(2.3)

The lL,R > lC scenario imposes an additional constraint on the MC wedge to always extend
on both sides of the interface line to span the full range of (2.3).

– 4 –

3 parameters: 
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�
tension is additive
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The additivity of the tension admits a nice CFT interpretation 

4

of gµ⌫ and n̂µn̂⌫ , see Eq. (3). Simple algebra leads
then to a formula valid in any dimension with any
matter content,

d� =

⇣
Tmatter
yy � 1

n
⇧

µ⌫ Tmatter
µ⌫

⌘
dy . (22)

We now focus on n = 2 and explain why the above
tension density controls the energy transport.

4. Scattering off a thin-brane array.– The discretized
geometry makes it possible to exploit the results of
Refs. [17, 18, 48] on energy transport in thin-brane
models. For an isolated brane, the classical linearized
scattering calculation gives [17]

T1!2 =
2

`1

✓
1

`1
+

1

`2
+ 8⇡G�

◆�1

, (23)

where T1!2 is the fraction of energy incident from side
1 and transmitted to side 2 of the ICFT, `1,2 are the
AdS radii, � is the brane tension, and we have restored
the 8⇡G. Multiplying by c1 recovers Eq. (2).

This calculation was extended in Ref. [18] to a pair
of thin branes with tensions �1,2, separating three AdS
regions with radii `1,2,3, see Fig. 3. The result is that
the tensions add up,

T1!3 =
2

`1

✓
1

`1
+

1

`3
+ 8⇡G(�1 + �2)

◆�1

. (24)

Both Eqs. (23) and (24) can be also derived from
nonequilibrium steady states if thermostats are at-
tached on either side of the interface [48]. The trans-
port coefficients are in this case extracted by matching
the ICFT formula [66, 67]

cLR =
12 JE

⇡(⇥2
L �⇥2

R)
, (25)

where JE is the steady flow of heat, and ⇥L,⇥R are
the temperatures on the left and right of the inter-
face. This calculation in gravity confirms that energy
transport in 2D ICFTs is universal [13].

3
1

2

1 2 3

FIG. 3. Fixed-time slice of the brane-pair geometry (left),
and the dual boundary ICFT with time running upward
(right). The total transmitted energy is the sum over the
number, m, of double reflections in region 2. The inter-
faces were infinitesimally separated.

In the ICFT, Eq. (24) can be interpreted as sum-
ming over multiple reflections in the middle region,
see Fig. 3. Indeed, using (23) one can verify that

T1!3 = T1!2T2!3

h
1 +R2!3R2!1 + · · ·

+(R2!3R2!1)
m
+ · · ·

i
,

(26)

where R1!2 = 1� T1!2 and R2!1 = 1� T2!1. This
calculation is classical, not only in gravity but also in
ICFT. Quantum interference can invalidate the result
and lead to singular interface fusion [68] which signals
an instability when the anchor points of the branes
get close [64]. In the present context we do not expect
such instabilities to arise if the original (super)gravity
solution was stable before the discretization.

Equation (24) is easy to extend by iteration to any
number of adjacent branes. Applying it to the ✏ ! 0

limit of the thin-brane array leads to the main result
of this Letter, as summarized by Eqs. (2) - (4) in the
Introduction. For the Janus example in the second
section, using the total tension Eq. (21) and `L = `R =

L we find

T Jan
=

1

2

p
b(2� b)

"
arctanh

 r
b

2� b

!#�1

. (27)

Note that as b varies from 1 to 0, T Jan
(b) takes all

values in the interval [0, 1].

5. Bounds.– As explained in Ref. [17], in the case of
a single thin brane the existence of the static vacuum
solution requires that the tension lies inside the sta-
bility window

����
1

`L
� 1

`R

����  8⇡G�  1

`L
+

1

`R
. (28)

Inserting these inequalities in Eq. (2), shows that the
ANEC bounds (5) are automatically obeyed. As
stressed, however, in Ref. [18], the upper bound in
(28) implies (for finite central charges) a positive lower
bound on cLR, so that the thin-brane model does not
cover the entire range allowed by ANEC.

For the thin-brane array studied here, the stability
window in the continuum limit becomes

����
d

dy

1

`(y)

����  8⇡G
d�

dy
 1 (29)

The upper bound is trivial because the tension d�
is infinitesimal, whereas the local AdS radius is as-
sumed finite. The lower bound is also automatic for
any scalar potential, as can be shown using Eqs. (19),
the relation ⇤(y) = �1/`(y)2, and the equations of
motion (9) and (10). Thus the ANEC bounds are
also automatic. By relaxing, however, the upper limit
of the stability window, one can now cover the entire
ANEC range. Note that for Janus cL = cR, and the
ANEC bound reduces to 0  TL = TR  1.

6. Perturbations.– It should be, in principle, possi-
ble to compute cLR directly for the thick-brane so-
lution. Without performing the calculation, we will
argue that the result is obtained by the ✏ ! 0 limit of
the thin-brane array.

The scattering states of Ref. [17] are characterized
by the expectation values of energy fluxes incident on
or coming out of the interface, hT in

L i, hT in
R i, hT out

L i, and
hT out

R i. The crucial point is that these can be pre-
pared with metric perturbations that are transverse
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of gµ⌫ and n̂µn̂⌫ , see Eq. (3). Simple algebra leads
then to a formula valid in any dimension with any
matter content,
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We now focus on n = 2 and explain why the above
tension density controls the energy transport.

4. Scattering off a thin-brane array.– The discretized
geometry makes it possible to exploit the results of
Refs. [17, 18, 48] on energy transport in thin-brane
models. For an isolated brane, the classical linearized
scattering calculation gives [17]
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where T1!2 is the fraction of energy incident from side
1 and transmitted to side 2 of the ICFT, `1,2 are the
AdS radii, � is the brane tension, and we have restored
the 8⇡G. Multiplying by c1 recovers Eq. (2).

This calculation was extended in Ref. [18] to a pair
of thin branes with tensions �1,2, separating three AdS
regions with radii `1,2,3, see Fig. 3. The result is that
the tensions add up,
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Both Eqs. (23) and (24) can be also derived from
nonequilibrium steady states if thermostats are at-
tached on either side of the interface [48]. The trans-
port coefficients are in this case extracted by matching
the ICFT formula [66, 67]

cLR =
12 JE

⇡(⇥2
L �⇥2

R)
, (25)

where JE is the steady flow of heat, and ⇥L,⇥R are
the temperatures on the left and right of the inter-
face. This calculation in gravity confirms that energy
transport in 2D ICFTs is universal [13].

3
1

2

1 2 3

FIG. 3. Fixed-time slice of the brane-pair geometry (left),
and the dual boundary ICFT with time running upward
(right). The total transmitted energy is the sum over the
number, m, of double reflections in region 2. The inter-
faces were infinitesimally separated.

In the ICFT, Eq. (24) can be interpreted as sum-
ming over multiple reflections in the middle region,
see Fig. 3. Indeed, using (23) one can verify that

T1!3 = T1!2T2!3

h
1 +R2!3R2!1 + · · ·

+(R2!3R2!1)
m
+ · · ·

i
,

(26)

where R1!2 = 1� T1!2 and R2!1 = 1� T2!1. This
calculation is classical, not only in gravity but also in
ICFT. Quantum interference can invalidate the result
and lead to singular interface fusion [68] which signals
an instability when the anchor points of the branes
get close [64]. In the present context we do not expect
such instabilities to arise if the original (super)gravity
solution was stable before the discretization.

Equation (24) is easy to extend by iteration to any
number of adjacent branes. Applying it to the ✏ ! 0

limit of the thin-brane array leads to the main result
of this Letter, as summarized by Eqs. (2) - (4) in the
Introduction. For the Janus example in the second
section, using the total tension Eq. (21) and `L = `R =

L we find

T Jan
=

1

2

p
b(2� b)

"
arctanh

 r
b

2� b

!#�1

. (27)

Note that as b varies from 1 to 0, T Jan
(b) takes all

values in the interval [0, 1].

5. Bounds.– As explained in Ref. [17], in the case of
a single thin brane the existence of the static vacuum
solution requires that the tension lies inside the sta-
bility window

����
1

`L
� 1

`R

����  8⇡G�  1

`L
+

1

`R
. (28)

Inserting these inequalities in Eq. (2), shows that the
ANEC bounds (5) are automatically obeyed. As
stressed, however, in Ref. [18], the upper bound in
(28) implies (for finite central charges) a positive lower
bound on cLR, so that the thin-brane model does not
cover the entire range allowed by ANEC.

For the thin-brane array studied here, the stability
window in the continuum limit becomes

����
d

dy

1

`(y)

����  8⇡G
d�

dy
 1 (29)

The upper bound is trivial because the tension d�
is infinitesimal, whereas the local AdS radius is as-
sumed finite. The lower bound is also automatic for
any scalar potential, as can be shown using Eqs. (19),
the relation ⇤(y) = �1/`(y)2, and the equations of
motion (9) and (10). Thus the ANEC bounds are
also automatic. By relaxing, however, the upper limit
of the stability window, one can now cover the entire
ANEC range. Note that for Janus cL = cR, and the
ANEC bound reduces to 0  TL = TR  1.

6. Perturbations.– It should be, in principle, possi-
ble to compute cLR directly for the thick-brane so-
lution. Without performing the calculation, we will
argue that the result is obtained by the ✏ ! 0 limit of
the thin-brane array.

The scattering states of Ref. [17] are characterized
by the expectation values of energy fluxes incident on
or coming out of the interface, hT in

L i, hT in
R i, hT out

L i, and
hT out

R i. The crucial point is that these can be pre-
pared with metric perturbations that are transverse

The scattering is classical, no quantum interference

Not true in general -  e.g.  for the free scalar interface a putative effective tension 
 would not be additive 



Extension: multiple branes

An infinite number of branes can approximate a smooth defect geometry 
supported by a scalar field
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ds2 = dy2 + a2(y)�ijdx
idxj

For slices with maximal symmetry (i.e. AdS) one has 
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<latexit sha1_base64="Akv8+1dBDeveHOqFc+Fa89fNORM="></latexit>

⇤ = �1

2
�02 + V , d� = �02dy

Effective tension 
<latexit sha1_base64="asv9XzY4kZS+nlKacP//X+MQSQ0="></latexit>

�eff =

Z +1

�1
dy �02 =

Z
dy(Tyy �

1

n
⇧µ⌫Tµ⌫)

Janus geometry solution of type IIB reduced on 
<latexit sha1_base64="wZola+hw52+jAl8VdeMnpm/Skkw=">AAACBHicbZC7SgNBFIZn4y3G26plmsEgWIVdDWolERsbIRJzgWRdZmdnkyGzF2bOCiGksPFVbCwUsfUh7HwbJ8kiGv1h4OM/53Dm/F4iuALL+jRyC4tLyyv51cLa+sbmlrm901RxKilr0FjEsu0RxQSPWAM4CNZOJCOhJ1jLG1xM6q07JhWPoxsYJswJSS/iAacEtOWaxXO/7h7hLvCQKVy//cYrt+KaJatsTYX/gp1BCWWqueZH149pGrIIqCBKdWwrAWdEJHAq2LjQTRVLCB2QHutojIhe5IymR4zxvnZ8HMRSvwjw1P05MSKhUsPQ050hgb6ar03M/2qdFIJTZ8SjJAUW0dmiIBUYYjxJBPtcMgpiqIFQyfVfMe0TSSjo3Ao6BHv+5L/QPCzbx+XKdaVUPcviyKMi2kMHyEYnqIouUQ01EEX36BE9oxfjwXgyXo23WWvOyGZ20S8Z718yhJaI</latexit>

AdS3 ⇥ S3 ⇥M4

relative current Trel = cRTL ≠ cLT̄R which measures the exchange of energy at the boundary.
In the above definitions, cL, cR are the central charges of the two CFTs, and the stress tensors
TL, T̄R are separately conserved in the bulk. The transfer of energy at the boundary can be
described in two dimensions only in terms of a reflection R and a transmission T coe�cients
[3–5], which sum to unity R + T = 1.

From the point of view of holography, these systems have received attention in brane
constructions and in bottom-up models, where one works in empty AdS with the insertion
of a codimension-one brane anchored at the boundary [6–9]. On the other hand, one can
also obtain an interface conformal field theory (ICFT) by considering a dilatonic deformation
of AdS space, giving the Janus geometry [10, 11]. In this work, we plan to investigate the
reflection and transmission of energy at the interface of Janus AdS3 spacetime. An interesting
feature of this setting is that it originates from a higher-dimensional construction in type IIB
supergravity, and admits a description in terms of D1/D5 branes which makes its field theory
dual well-defined.

1.1 Janus geometry
sect-Janus_geometry

We start with some preliminary notions about the three-dimensional Janus geometry, following
[11] and the conventions used in [12, 13]. It can be obtained from type IIB supergravity on
AdS3 ◊ S3 ◊ M4, where M4 can be chosen either as T 4 or K3. Upon dimensional reduction,
the following action is obtained

I = 1
16fiG

⁄
d3x

Ô
≠g

3
R + 2

L2
≠ ˆµ„ˆµ„

4
, (1.2) eq:initial_Janus_action

where „ is the dilaton and L the AdS3 radius.
The metric takes the form

ds2 = L2(f(y)ds2

AdS2 + dy2) , (1.3) eq:Janus_metric

where ds2

AdS2 denotes the generic AdS2 metric in arbitrary coordinates. Unless otherwise
specified, we will describe the AdS slices using Poincarè coordinates, i.e.

ds2 = L2

A

f(y)dz2 ≠ dt2

z2
+ dy2

B

. (1.4) eq:Janus_metric_poincare

Solving the equations of motion, the profile function and the dilaton are found to be

f(y) = 1
2

3
1 +

Ò
1 ≠ 2“2 cosh(2y)

4
,

„(y) = „0 + 1Ô
2

log
A

1 +


1 ≠ 2“2 +
Ô

2“ tanh y

1 +


1 ≠ 2“2 ≠
Ô

2“ tanh y

B

,
(1.5) eq:function_f_and_dilaton

where the coordinate y is ranged in (≠Œ, +Œ). In correspondence of the extrema y = ±Œ
we have two boundaries, where the two sides of the interface field theory live. The parameter
„0 is set by the value of the dilaton at y = 0. The constant “ œ [≠

Ô
2/2,

Ô
2/2] parameterizes

the excursion of the dilaton between the two sides. For “ = 0 the dilaton is constant and the
solution is simply empty AdS.
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1 Introduction

Transport properties of quantum wire junctions attracted in the last two decades much attention
[1]-[32]. The experimental realizations of quantum wires include nowadays carbon nanotubes,
semiconductor, metallic and polymer nanowires, and quantum Hall edges. While the equilib-
rium features of these devises has been extensively explored, there is recently a growing interest
in non-equilibrium phenomena. A typical problem in this context is schematically represented
in Fig. 1. A quantum wire junction is modeled by a star graph � with n edges (leads) Ei,
each of them connected to a heat reservoir (bath) with (inverse) temperature �i and chemical
potential µi. Assume for simplicity that Ei are infinite and that the interaction, described by
a scattering matrix S(k), is localized at the vertex V of �. The system is away from equilib-
rium if S(k) admits at least one non-trivial transmission coe�cient among edges with di↵erent
temperature and/or chemical potential. Two main questions arise at this point. The first one
concerns the existence of a steady state describing the above situation. Provided that such a
state exists, it is natural to ask about the general features of the system in this state. In the
present paper we show that the first question has an a�rmative answer, constructing explicitly
a suitable steady state ⌦�,µ, which is parametrized by � = (�1, ..., �n) and µ = (µ1, ..., µ2) and
captures the non-equilibrium properties of the system. Afterwards we derive the expectation
values of several basic physical observables (currents, charge and energy densities,...) in ⌦�,µ,
which characterize the system and thus answer the second question.
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Figure 1: A star graph � with scattering matrix S(k) at the vertex V and edges Ei connected
at infinity to thermal reservoirs with inverse temperature �i and chemical potential µi.

It is perhaps useful to recall that the systems admitting non-equilibrium steady states
(NESS’s) [33] represent an important subclass of the large family of non-equilibrium systems.
Unlike in equilibrium, a system in a NESS admits steady currents. Nevertheless, all macroscopic
properties are still time independent like in equilibrium.

The formulation of a suitable statistical mechanical framework for treating NESS’s has not
been yet completed and is intensively investigated [34]-[40]. We follow below a microscopic
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In conclusion, we emphasize once more that the use of the deformed algebras A± in the
construction of ⌦�,µ represents only a convenient choice of coordinates, which has the advantage
to be universal and to apply to a variety of systems characterized by a scattering matrix S(k).
In support of this statement, we consider below the Schrödinger and the Dirac equations on
the star graph �.

3 The Schrödinger junction

3.1 Preliminaries

In this section we apply the general algebraic construction of the state ⌦�,µ to the Schrödinger
system on a star graph � with point-like interactions in the vertex V of �. We will consider
Fermi statistics and for simplifying the notation will omit the apex + in the Dirac distributions
d
+
i (k) and c

+
i (k). As observed in section 3.5 below, most of the results can be easily extended

to Bose statistics.
We start by summarizing the main features [18] of the Schrödinger equation on �, recalling

the description of all point-like interactions leading to a self-adjoint Hamiltonian. Each point
P in the bulk of � is parametrized by (x, i), where x > 0 is the distance of P from the vertex V

and i labels the edge. In the bulk � \ V of the graph the Schrödinger field  (t, x, i) with Fermi
statistics satisfies ✓

i@t +
1

2m
@
2
x

◆
 (t, x, i) = 0 , (3.17)

with standard equal-time canonical anticommutation relations

[ (0, x1, i1) ,  (0, x2, i2)]+ = [ ⇤(0, x1, i1) ,  
⇤(0, x2, i2)]+ = 0 , (3.18)

[ (0, x1, i1) ,  
⇤(0, x2, i2)]+ = �i1i2 �(x1 � x2) . (3.19)

The interaction in the vertex is fixed by requiring that the bulk Hamiltonian defined by (3.17)
(essentially the operator �@2x) admits a self-adjoint extension on the whole graph. According
to some elementary results from the spectral theory [41]-[43] of di↵erential operators on graphs,
all such interactions are described by the boundary conditions

lim
x!0+

nX

j=1

[�(I� U)ij � i(I+ U)ij@x] (t, x, j) = 0 , (3.20)

where U is an arbitrary n ⇥ n unitary matrix and � 2 R is a parameter with dimension of
mass. Eq. (3.20) guaranties unitary time evolution of the system and generalizes to the graph
� the familiar mixed (Robin) boundary condition on the half-line R+. The matrices U = I and
U = �I define the Neumann and Dirichlet boundary conditions respectively.

The explicit form of the scattering matrix, expressed in terms of U and �, is [41]-[43]

S(k) = � [�(I� U)� k(I+ U)]
[�(I� U) + k(I+ U)] (3.21)
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5In the state with finite temperatures and chemical potentials, the
energy current is
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where Lis is the polylogarithm function.
The counterpart of the L-B formula for the heat (energy) flow is
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Apart from the additional !(k) factor in the integrand of (3.69), the charge (3.44) and energy
(3.69) flows have the same structure. For this reason Ti(�, µ) shares with Ji(�, µ) the general
properties listed after equation (3.44). In the scale invariant case the energy flow is
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which gives in the zero temperature limit
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3.4 Noise

In this section we derive the noise power generated by the point like interactions in the
Schrödinger junction. For this purpose we need [57]-[59] the two-point connected current-current
correlator. After some algebra one finds

hjx(t1, x1, i)jx(t2, x2, j)iconn�,µ ⌘ hjx(t1, x1, i)jx(t2, x2, j)i�,µ � hjx(t1, x1, i)i�,µhjx(t2, x2, j)i�,µ =

� e
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, (3.72)
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Depending on the parameters, there can be bound states at the junction



Nambu-Goto from Israel matching conditions 2404.02149

Solving the junction conditions perturbatively in the string tension, at 
leading order the brane satisfies the Nambu-Goto equations

The NG modes can be uplifted to higher-order solutions but get sourced from 
reparametrization modes
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The NG modes break the conformal invariance; in the CFT they can be 
understood as the effect of a one-sided conformal transformation to undo 
the time reparametrization at the interface
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<latexit sha1_base64="Eam7e27edeKbMPGreabEYL8/hIw=">AAACFXicbZDLSsNAFIYn9VbrrerSzWARKmhJRKobpeDGZS32Ak0bJpNJO3QyCTMTaQl9CTe+ihsXirgV3Pk2TtsstPWHgZ/vnMOZ87sRo1KZ5reRWVpeWV3Lruc2Nre2d/K7ew0ZxgKTOg5ZKFoukoRRTuqKKkZakSAocBlpuoObSb35QISkIb9Xo4h0AtTj1KcYKY2c/Akcdu0ocGq2CqGtKPNIMhzP0BX0u8mpNS4OndqEHDv5glkyp4KLxkpNAaSqOvkv2wtxHBCuMENSti0zUp0ECUUxI+OcHUsSITxAPdLWlqOAyE4yvWoMjzTxoB8K/biCU/p7IkGBlKPA1Z0BUn05X5vA/2rtWPmXnYTyKFaE49kiP2ZQJzCJCHpUEKzYSBuEBdV/hbiPBMJKB5nTIVjzJy+axlnJKpfKd+eFynUaRxYcgENQBBa4ABVwC6qgDjB4BM/gFbwZT8aL8W58zFozRjqzD/7I+PwBajyeVw==</latexit>

x±
R ! x̃±

R = f�1(x±
R)

<latexit sha1_base64="d/Xf4PriD01tuWMEAZoSnx4RG4U="></latexit>

f�1(x) = x+ ✏
�
�2↵h � �he

�2µx
�
+ ✏2

 
�
µe�4µx

�
A0�+ 2�2

hl + 4↵h�hle2µx
�

2l

!

The Ward identities are modified
<latexit sha1_base64="MU4BMPiwDoIW59oBgzcx2uSlVuM=">AAACHXicbVA9SwNBEN2LXzF+RS1tFoMQm3AnIdooERvLCIkKuRjm9ja6ZO/D3TkxHPkjNv4VGwtFLGzEf+NeTKGJD5Z9vDfDzDwvlkKjbX9ZuZnZufmF/GJhaXllda24vnGuo0Qx3mKRjNSlB5pLEfIWCpT8MlYcAk/yC69/kvkXd1xpEYVNHMS8E8B1KHqCARqpW6y6MSgUILtukNDmVZp9OKSH1PW5RCjf79LjK6TUvU3Ap2Vj2LvdYsmu2CPQaeKMSYmM0egWP1w/YknAQ2QStG47doydNJvMJB8W3ETzGFgfrnnb0BACrjvp6Loh3TGKT3uRMi9EOlJ/d6QQaD0IPFMZAN7oSS8T//PaCfYOOqkI4wR5yH4G9RJJMaJZVNQXijOUA0OAKWF2pewGFDA0gRZMCM7kydPkfK/i1Cq1s2qpfjSOI0+2yDYpE4fskzo5JQ3SIow8kCfyQl6tR+vZerPef0pz1rhnk/yB9fkNWZafgA==</latexit>

@µT
µt = �(x)At (= 0)

<latexit sha1_base64="GtWImNTY5DjEfs8oUNAjjTXTqzI="></latexit>

@µT
µx = �(x)Ax (= ✏2

2A0c�µ4e�4µt

⇡l
)



The entanglement entropy across the interface depends non-trivially on all 
the parameters 

We compute it in a double expansion in              where 
<latexit sha1_base64="M0+cUULHJlVzUQVspQ6NH3INdic=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBg5REpHqSghePFawtNKFstpN26WY37G4KJfSfePGgiFf/iTf/jds2B219MPB4b4aZeVHKmTae9+2U1tY3NrfK25Wd3b39A/fw6EnLTFFoUcml6kREA2cCWoYZDp1UAUkiDu1odDfz22NQmknxaCYphAkZCBYzSoyVeq4bQKoZl+ICB33ghvTcqlfz5sCrxC9IFRVo9tyvoC9ploAwlBOtu76XmjAnyjDKYVoJMg0poSMygK6lgiSgw3x++RSfWaWPY6lsCYPn6u+JnCRaT5LIdibEDPWyNxP/87qZiW/CnIk0MyDoYlGccWwknsWA+0wBNXxiCaGK2VsxHRJFqLFhVWwI/vLLq+TpsubXa/WHq2rjtoijjE7QKTpHPrpGDXSPmqiFKBqjZ/SK3pzceXHenY9Fa8kpZo7RHzifPydok1o=</latexit>

✏, �
<latexit sha1_base64="rcFLJyHmVzCoK1cP7sIIjsd7QaQ=">AAACDnicbVDLSsNAFJ34rPUVdelmsBRcSElEqhul4MaFiyr2AU0Ik8mkHTqThJmJWEK+wI2/4saFIm5du/NvnLZZaOuBC4dz7uXee/yEUaks69tYWFxaXlktrZXXNza3ts2d3baMU4FJC8csFl0fScJoRFqKKka6iSCI+4x0/OHl2O/cEyFpHN2pUUJcjvoRDSlGSkueWX3wsuuj2xyeQycgTCHohALhbDSV88zhaQ49s2LVrAngPLELUgEFmp755QQxTjmJFGZIyp5tJcrNkFAUM5KXnVSSBOEh6pOephHiRLrZ5J0cVrUSwDAWuiIFJ+rviQxxKUfc150cqYGc9cbif14vVeGZm9EoSRWJ8HRRmDKoYjjOBgZUEKzYSBOEBdW3QjxAOg6lEyzrEOzZl+dJ+7hm12v1m5NK46KIowT2wQE4BDY4BQ1wBZqgBTB4BM/gFbwZT8aL8W58TFsXjGJmD/yB8fkDPgiboA==</latexit>

xL,R = �
yL,R

µ

Strong Sub-Additivity 
<latexit sha1_base64="SyAfwikTJQ+i1p3jxZI9PITz88U=">AAACEXicbZDLSsNAFIYn9VbrLerSzWARUsSSiFRXUnXjslJ7gSaUyXTSDp1M4sxEKKWv4MZXceNCEbfu3Pk2TtostPrDwMd/zuHM+f2YUals+8vILSwuLa/kVwtr6xubW+b2TlNGicCkgSMWibaPJGGUk4aiipF2LAgKfUZa/vAqrbfuiZA04rdqFBMvRH1OA4qR0lbXtOrWRQkewrp1WTrS7OIkhjOELkYpu31yB+2uWbTL9lTwLzgZFEGmWtf8dHsRTkLCFWZIyo5jx8obI6EoZmRScBNJYoSHqE86GjkKifTG04sm8EA7PRhEQj+u4NT9OTFGoZSj0NedIVIDOV9Lzf9qnUQFZ96Y8jhRhOPZoiBhUEUwjQf2qCBYsZEGhAXVf4V4gATCSodY0CE48yf/heZx2amUKzcnxep5Fkce7IF9YAEHnIIquAY10AAYPIAn8AJejUfj2Xgz3metOSOb2QW/ZHx8A8E4mJ0=</latexit>

S(A) + S(B)� S(A [B)� S(A \B) � 0

We find that SSA is satisfied up to                     without restricting the values 
of the parameters

<latexit sha1_base64="1TJRoHOLXB8OwEzEAtKEA062Jy8=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4NBiJewGyR6koAXb0YwD8iL2dlOMmR2dpmZFcKag7/ixYMiXv0Nb/6Nk2QPmljQUFR1093lRZwp7TjfVmZldW19I7uZ29re2d2z9w/qKowlhRoNeSibHlHAmYCaZppDM5JAAo9DwxtdT/3GA0jFQnGvxxF0AjIQrM8o0Ubq2Ue3hTZEivFQdEu47QPXpFs669l5p+jMgJeJm5I8SlHt2V9tP6RxAEJTTpRquU6kOwmRmlEOk1w7VhAROiIDaBkqSACqk8zun+BTo/i4H0pTQuOZ+nsiIYFS48AznQHRQ7XoTcX/vFas+5edhIko1iDofFE/5liHeBoG9pkEqvnYEEIlM7diOiSSUG0iy5kQ3MWXl0m9VHTLxfLdeb5ylcaRRcfoBBWQiy5QBd2gKqohih7RM3pFb9aT9WK9Wx/z1oyVzhyiP7A+fwCPBpUq</latexit>

O(✏2�2)
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Away from conformality:          deformation
<latexit sha1_base64="BCCEqz5lrj2N9Gwg4CKrPQHXWq0=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuQpLWtIKLghuXFfqCNJTJdNoOncyEmYlQQj/DjQtF3Po17vwbJ20FFT1w4XDOvdx7T5QwqrTjfFhr6xubW9uFneLu3v7BYenouKNEKjFpY8GE7EVIEUY5aWuqGeklkqA4YqQbTW9yv3tPpKKCt/QsIWGMxpyOKEbaSEELZv0ISdiaw0Gp7NhXdd+79KBjO07Nq/g58WpVrwJdo+QogxWag9J7fyhwGhOuMUNKBa6T6DBDUlPMyLzYTxVJEJ6iMQkM5SgmKswWJ8/huVGGcCSkKa7hQv0+kaFYqVkcmc4Y6Yn67eXiX16Q6lE9zChPUk04Xi4apQxqAfP/4ZBKgjWbGYKwpOZWiCdIIqxNSkUTwten8H/S8WzXt/27arlxvYqjAE7BGbgALqiBBrgFTdAGGAjwAJ7As6WtR+vFel22rlmrmRPwA9bbJ4C3kMI=</latexit>

T T̄

Smirnov, Zamolodchikov ‘16

Zamolodchikov ‘04

 Irrelevant perturbation of the Lagrangian
<latexit sha1_base64="GXb685QTM69fHHGPu/IeAkjcu2w=">AAACGnicbVDLSgNBEJz1bXxFPXoZDIIeDLtB0YsQ9OJRIVEhG0PvpDcZnH0w0yuEZb/Di7/ixYMi3sSLf+Mk5uCroKGo6qa7K0iVNOS6H87E5NT0zOzcfGlhcWl5pby6dmGSTAtsikQl+ioAg0rG2CRJCq9SjRAFCi+Dm5Ohf3mL2sgkbtAgxXYEvViGUgBZqVP2jnb9UIPI/S4qAu4b2YugyGt+Kq9rxXbDD0DnjWLXb/SR4Lq20ylX3Ko7Av9LvDGpsDHOOuU3v5uILMKYhAJjWp6bUjsHTVIoLEp+ZjAFcQM9bFkaQ4SmnY9eK/iWVbo8TLStmPhI/T6RQ2TMIApsZwTUN7+9ofif18ooPGznMk4zwlh8LQozxSnhw5x4V2oUpAaWgNDS3spFH2xSZNMs2RC83y//JRe1qrdfdc/3KvXjcRxzbINtsm3msQNWZ6fsjDWZYHfsgT2xZ+feeXRenNev1glnPLPOfsB5/wRPT6Bm</latexit>

= � ��

2⇡2
(T T̄ �⇥2)

<latexit sha1_base64="bA7eozOZYUdq7y+yuaCaEg00+tg="></latexit>

��L =
��

2
detT (�)

µ⌫

<latexit sha1_base64="3PMHZ7YOgM4yxHAiYQYSyuNE2yg="></latexit>

@�En(R,�) = En@REn +
1

R
P 2
n(R)

<latexit sha1_base64="O4EQtXc5ZOpGNs4469YRI95MGoE=">AAAB+3icbVC7SgNBFJ2NrxhfawQbmyFBsAq7gphGCNhYRsgLsusyO5lNhszMLjOzYljyKzYpFLG19SPsbOz8DyePQhMPXDiccy/33hMmjCrtOJ9Wbm19Y3Mrv13Y2d3bP7APiy0VpxKTJo5ZLDshUoRRQZqaakY6iSSIh4y0w+H11G/fE6loLBp6lBCfo76gEcVIGymwi15jQDSCV7AReDy9MxXYZafizABXibsg5Vpp8l76/jquB/aH14txyonQmCGluq6TaD9DUlPMyLjgpYokCA9Rn3QNFYgT5Wez28fw1Cg9GMXSlNBwpv6eyBBXasRD08mRHqhlbyr+53VTHVX9jIok1UTg+aIoZVDHcBoE7FFJsGYjQxCW1NwK8QBJhLWJq2BCcJdfXiWt84p7UXFuTRpVMEcenIASOAMuuAQ1cAPqoAkweACP4Ak8W2NrYr1Yr/PWnLWYOQJ/YL39APnWl28=</latexit>

⇥ = Tµ
µ

Energy levels satisfy the Burgers equation

<latexit sha1_base64="x+xgb3cvDKF3Rk5oeXSPVvakFfY="></latexit>

En(�) = �R

�

 
1�

r
1 + 2�

En(0)

R
+

�2

R2
P 2

!

CFT in finite volume

<latexit sha1_base64="7WHDIeFzwJbiCcCrCEHbe6dukmQ=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU8mKYg8eCl48VrAf0F1KNs22oUl2SbJCWfo3vHhQxKt/xpv/xrTdg1YfDDzem2FmXpQKbizGX15pbX1jc6u8XdnZ3ds/qB4edUySacraNBGJ7kXEMMEVa1tuBeulmhEZCdaNJrdzv/vItOGJerDTlIWSjBSPOSXWSUFg+EgSdIMwQoNqDdfxAugv8QtSgwKtQfUzGCY0k0xZKogxfR+nNsyJtpwKNqsEmWEpoRMyYn1HFZHMhPni5hk6c8oQxYl2pSxaqD8nciKNmcrIdUpix2bVm4v/ef3Mxo0w5yrNLFN0uSjOBLIJmgeAhlwzasXUEUI1d7ciOiaaUOtiqrgQ/NWX/5LORd2/quP7y1qzUcRRhhM4hXPw4RqacActaAOFFJ7gBV69zHv23rz3ZWvJK2aO4Re8j2/vLZBF</latexit>

� < 0 complex spectrum <latexit sha1_base64="7VzVcSN1k9gi9JnZNP+52f2nBmc=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU8mKYk9S8OKxgv3AdinZNNuGJtklyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzwkRwYzH+9gpr6xubW8Xt0s7u3v5B+fCoZeJUU9aksYh1JySGCa5Y03IrWCfRjMhQsHY4vp357SemDY/Vg50kLJBkqHjEKbFOeuwZPpQE3WDUL1dwFc+BVomfkwrkaPTLX71BTFPJlKWCGNP1cWKDjGjLqWDTUi81LCF0TIas66gikpkgm188RWdOGaAo1q6URXP190RGpDETGbpOSezILHsz8T+vm9qoFmRcJallii4WRalANkaz99GAa0atmDhCqObuVkRHRBNqXUglF4K//PIqaV1U/asqvr+s1Gt5HEU4gVM4Bx+uoQ530IAmUFDwDK/w5hnvxXv3PhatBS+fOYY/8D5/AEEJj/M=</latexit>

� > 0 Hagedorn growth



Integrability-preserving deformation of the S-matrix by 
CDD factor

<latexit sha1_base64="igg3NgqzXOlCrTTpJ/wpNcPMzo4=">AAACHnicbVC7SgNBFJ2NrxhfUcHGZkgQrMKuEEwZsLGMaB6Q3YTZ2ZtkzOyDmVkhLPslNoL/IdhYKCJYaWPnfzh5FDF64MLhnHu59x434kwq0/w0MkvLK6tr2fXcxubW9k5+d68hw1hQqNOQh6LlEgmcBVBXTHFoRQKI73JousOzsd+8ASFZGFypUQSOT/oB6zFKlJa6+fJlN2HXaScZ8hTbKsR4XoBOwrAtWd8n2PaAKzIx026+aJbMCfBfYs1IsVq4fyh8fx3Uuvl32wtp7EOgKCdSti0zUk5ChGKUQ5qzYwkRoUPSh7amAfFBOsnkvRQfacXDvVDoChSeqPMTCfGlHPmu7vSJGshFbyz+57Vj1as4CQuiWEFAp4t6Mcc6hnFW2GMCqOIjTQgVTN+K6YAIQpVONKdDsBZf/ksaJyWrXDIvdBoVNEUWHaICOkYWOkVVdI5qqI4oukWP6Bm9GHfGk/FqvE1bM8ZsZh/9gvHxA0tApuU=</latexit>

Skl
ij ! Skl

ij e
i��ij

<latexit sha1_base64="l6PBZIMq3XOxEPDXXTtNmBjFS1E=">AAACGXicbVC7SgNBFJ31lZj4WLVMMxgEG8OuIKYRgjaWEcwDsmGZnb1JJpl9MDMrhCV/YG3jr9hYKGKplb9hbeHkAWrigYHDOedy5x4v5kwqy/owlpZXVtcy2fVcfmNza9vc2a3LKBEUajTikWh6RAJnIdQUUxyasQASeBwa3uBi7DduQEgWhddqGEM7IN2QdRglSkuuaTk+cEXclPVH+Aw7EEvGtcFw7Pbx0Y/Q1wLTCdcsWiVrArxI7BkpVgqf55n87VfVNd8cP6JJAKGinEjZsq1YtVMiFKMcRjknkRATOiBdaGkakgBkO51cNsIHWvFxJxL6hQpP1N8TKQmkHAaeTgZE9eS8Nxb/81qJ6pTbKQvjREFIp4s6CccqwuOasM8EUMWHmhAqmP4rpj0iCFW6zJwuwZ4/eZHUj0v2Scm60m2U0RRZVED76BDZ6BRV0CWqohqi6A49oCf0bNwbj8aL8TqNLhmzmT30B8b7N/H2oo8=</latexit>

�ij = ✏ipj � ✏jpi =
<latexit sha1_base64="QMPF0dOfFXo/adFcVyckg8z5h14="></latexit>(
m2 sinh(✓i � ✓j) , m > 0

⇤2e✓i�✓j , m = 0
(1)

Dynamical coordinate transformation Conti, Negro, Tateo ’18

Cardy ’19

<latexit sha1_base64="tRZyPdDbOTakjzaI0hQEY7Op1wU="></latexit>

h↵� = @(↵⇠�)
<latexit sha1_base64="K3DAWbgmHJ+bV5Srf008+36goDQ="></latexit>

⇠0 = �2⇡

✓Z 1

x
�
Z x

�1

◆
T10(t, x

0)dx0 = P< � P>

<latexit sha1_base64="e0MeQOwbopfK8HpuNGWVAVtzS5s="></latexit>

⇠1 = 2⇡

✓Z 1

x
�
Z x

�1

◆
T00(t, x

0)dx0 = E> � E<

deformed CFT = CFT in deformed geometry

The geometry is dynamical, i.e. state-dependent

Particles experience an energy-momentum-dependent 
time delay



Evolution equation for the correlators Cardy ’19

<latexit sha1_base64="KFa+BR/GnGGx96sMLyn2p/eOq+s="></latexit>

@��
�(x) = ✏ab✏ij

Z

x
dx0

j T
�
ai(x

0)@b�
�(x)

From the leading OPE singularity 

<latexit sha1_base64="4jSelCa1uUSDpPvKYIzKIynuLo4="></latexit>

��(k) ⇠ e�� log(⇤/µ)k2

�0(k)

It can be interpreted as a Brownian motion of the 
position      with diffusivity  <latexit sha1_base64="k5qT7Ei2lKD/b4/p/fGQuwbc3Do=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRE8S8OIxAfOAZAmzk95kzOzsMjMrhpAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781iMqzWN5b8YJ+hEdSB5yRo2V6k+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+iXjQM=</latexit>x

<latexit sha1_base64="kI8PZvh9NLJUlQatoi6tJ7aWjT4=">AAACAXicbVBLSwMxGMz6rPW16kXwEiyCp7IrUj1JwYsHDxXsA7pLyWazbWgeS5IVylIv/hUvHhTx6r/w5r8xbfegrQMJw8w3JN9EKaPaeN63s7S8srq2Xtoob25t7+y6e/stLTOFSRNLJlUnQpowKkjTUMNIJ1UE8YiRdjS8nvjtB6I0leLejFISctQXNKEYGSv13MNAUw7t1ecIBkz2YXBr0zHquRWv6k0BF4lfkAoo0Oi5X0EsccaJMJghrbu+l5owR8pQzMi4HGSapAgPUZ90LRWIEx3m0w3G8MQqMUykskcYOFV/J3LEtR7xyE5yZAZ63puI/3ndzCSXYU5Fmhki8OyhJGPQSDipA8ZUEWzYyBKEFbV/hXiAFMLGlla2JfjzKy+S1lnVr1Vrd+eV+lVRRwkcgWNwCnxwAergBjRAE2DwCJ7BK3hznpwX5935mI0uOUXmAPyB8/kDiayWTw==</latexit>

⇠ � log⇤

Particles behave as if they had a finite size  Cardy-Doyon ‘20



Holographically, cutoff at finite radius 
 McGough, Mezei, Verlinde ‘16

or better  mixed boundary conditions Guica, Monten ‘19

<latexit sha1_base64="Ud602waQLA7pO3vTjs8oi6DdmKU="></latexit>

ds2 = `2
d⇢2

4⇢2
+

1

⇢
g(0)(x) + g(2)(x) + ⇢g(4)(x) asymptotically-        in FG coords

<latexit sha1_base64="7BybZUHSbhEaC7mSVLRn7JziW2Y=">AAAB7HicbVBNS8NAEJ3UrxqtVj16WSwFTyVRxB4rgnisaGqhDWWz2bRLN5uwuxFK6G/w4kERr/0h/gRv/hu3HwdtfTDweG+GmXlBypnSjvNtFdbWNza3itv2zm5pb798cNhSSSYJ9UjCE9kOsKKcCepppjltp5LiOOD0MRheT/3HJyoVS8SDHqXUj3FfsIgRrI3kXYX3vfNeueLUnBnQKnEXpNIofWbVG3vS7JW/umFCspgKTThWquM6qfZzLDUjnI7tbqZoiskQ92nHUIFjqvx8duwYVY0SoiiRpoRGM/X3RI5jpUZxYDpjrAdq2ZuK/3mdTEd1P2cizTQVZL4oyjjSCZp+jkImKdF8ZAgmkplbERlgiYk2+dgmBHf55VXSOqu5FzXnzqRRhzmKcAwncAouXEIDbqEJHhBg8Ayv8GYJ68V6tz7mrQVrMXMEf2BNfgCgOJDL</latexit>

AdS3

Undeformed : 
<latexit sha1_base64="5dIortsqCnrOa2bECNFUwIDcb+A="></latexit>

�0 = g(0) , T0 =
1

8⇡G`
g(2)

Deformed :                                             (induced metric at          )           
<latexit sha1_base64="G39yMElZ2mkM4PSyVNSC/Hb+1Vs="></latexit>

�µ = g(0) + µg(2) + µ2g(4)

<latexit sha1_base64="lX6V4yk8q0cEV0uuWh7WcFoYW6U="></latexit>

T̂µ =
1

8⇡G`
(g(2) + 2µg(4))

<latexit sha1_base64="+wSOYzPsYV8B5mFFvbDazEvv330="></latexit>

T̂↵� = �✏↵�✏��T
�� = T↵� � �↵�T

�
�

<latexit sha1_base64="S3YCXHYrNU8DC1Pn0+HObfDWa24=">AAAB8XicbVBLSgNBEK2Jvxh/0SzdNIaAqzAjiNkIATcuI5gPZkLo6fQkTbp7hu4eIQzZeQQ3LhRx6z08gDs9gCfwAHY+C018UPB4r4qqekHMmTau++FkVlbX1jeym7mt7Z3dvfz+QUNHiSK0TiIeqVaANeVM0rphhtNWrCgWAafNYHgx8Zu3VGkWyWszimlH4L5kISPYWOnGV4MInSNfJN180S27U6Bl4s1JsVoo3X2/fX3Wuvl3vxeRRFBpCMdatz03Np0UK8MIp+Ocn2gaYzLEfdq2VGJBdSedXjxGJav0UBgpW9Kgqfp7IsVC65EIbKfAZqAXvYn4n9dOTFjppEzGiaGSzBaFCUcmQpP3UY8pSgwfWYKJYvZWRAZYYWJsSDkbgrf48jJpnJS907J7ZdOowAxZOIQjOAYPzqAKl1CDOhCQcA+P8ORo58F5dl5mrRlnPlOAP3BefwCit5Sq</latexit>⇢ = µ

<latexit sha1_base64="MvR/mlTafHG00NXjKHXELAXgITg=">AAACEHicbVDLSgMxFM34rPU16tJNaBHdWGYKYjdCwY3LCvYBnbFk0kwbmmSGJCOUYT7BjeCXuFBEEbcu3fkR/oPpY6GtBy4czrmXe+8JYkaVdpwva2FxaXllNbeWX9/Y3Nq2d3YbKkokJnUcsUi2AqQIo4LUNdWMtGJJEA8YaQaD85HfvCFS0Uhc6WFMfI56goYUI22kjn0IPZ7AM3gMvVAinOIsdcvQiyn0CGPX5Qx6ivY46thFp+SMAeeJOyXFqnPvFh6fv2sd+9PrRjjhRGjMkFJt14m1nyKpKWYky3uJIjHCA9QjbUMF4kT56fihDB4YpQvDSJoSGo7V3xMp4koNeWA6OdJ9NeuNxP+8dqLDip9SESeaCDxZFCYM6giO0oFdKgnWbGgIwpKaWyHuIxOMNhnmTQju7MvzpFEuuScl59KkUQET5MA+KIAj4IJTUAUXoAbqAINb8ABewKt1Zz1Zb9b7pHXBms7sgT+wPn4AwnKe3g==</latexit>

µ = � c

12⇡`2
� semiclassical regime:             with       fixed <latexit sha1_base64="g8OBnzQLgk1rxhFglE8vfjGn1qQ=">AAAB83icbVDLSgNBEOz1GeMr6lGQwSB4CruCmJsBLx4TMA/IhjA7mU2GzM4uM71CCDn6C148KOLVe05+hDe/wZ9w8jhoYkFDUdVNd1eQSGHQdb+cldW19Y3NzFZ2e2d3bz93cFgzcaoZr7JYxroRUMOlULyKAiVvJJrTKJC8HvRvJn79nmsjYnWHg4S3ItpVIhSMopV8RnyMiS9UiIN2Lu8W3CnIMvHmJH/9Ma58P5yMy+3cp9+JWRpxhUxSY5qem2BrSDUKJvko66eGJ5T1aZc3LVU04qY1nN48ImdW6ZAw1rYUkqn6e2JII2MGUWA7I4o9s+hNxP+8ZophsTUUKkmRKzZbFKaS2D8nAZCO0JyhHFhCmRb2VsJ6VFOGNqasDcFbfHmZ1C4K3mXBrbj5UhFmyMAxnMI5eHAFJbiFMlSBQQKP8AwvTuo8Oa/O26x1xZnPHMEfOO8/UGOVnA==</latexit>

c ! 1
<latexit sha1_base64="YAFUhniiLY92ZoM+jDW1U+sjnQU=">AAAB73icbZDLSgMxFIbP1Futt6pLQYJFcFVmBLE7C25ctmAv0A4lk2ba0CQzJhmhDF36Am5cKOLWN+jKh3DnM/gSppeFtv4Q+Pj/c8g5J4g508Z1v5zMyura+kZ2M7e1vbO7l98/qOsoUYTWSMQj1QywppxJWjPMcNqMFcUi4LQRDK4neeOeKs0ieWuGMfUF7kkWMoKNtZptzXoCI9LJF9yiOxVaBm8OhauPcfX74Xhc6eQ/292IJIJKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWRYkF1X46nXeETq3TRWGk7JMGTd3fHSkWWg9FYCsFNn29mE3M/7JWYsKSnzIZJ4ZKMvsoTDgyEZosj7pMUWL40AImitlZEeljhYmxJ8rZI3iLKy9D/bzoXRTdqlsol2CmLBzBCZyBB5dQhhuoQA0IcHiEZ3hx7pwn59V5m5VmnHnPIfyR8/4Dd2qT/A==</latexit>�c

Black-hole thermodynamics 



<latexit sha1_base64="Gy4pFuJZ7uUUMmlcJcqHSlpaECI=">AAACEnicbVC7SgNBFJ31GeMraqfNYBCSJuwKYhohIIJlFPOAbAh3J5NkyMzuOjMrhCXfYON/WNlYKGIlWNlp5584m6TQxAMzHM65l3vv8ULOlLbtT2tufmFxaTm1kl5dW9/YzGxtV1UQSUIrJOCBrHugKGc+rWimOa2HkoLwOK15/dPEr91QqVjgX+lBSJsCuj7rMALaSK1M3g1Baga85YoI51x1LXXsdkEISJThZfLn8Qm2W5msXbBHwLPEmZBsCZ/tvt1/f5VbmQ+3HZBIUF8TDko1HDvUzTgZRzgdpt1I0RBIH7q0YagPgqpmPDppiA+M0sadQJrnazxSf3fEIJQaCM9UCtA9Ne0l4n9eI9KdYjNmfhhp6pPxoE7EsQ5wkg9uM0mJ5gNDgEhmdsWkBxKINimmTQjO9MmzpHpYcI4K9oVJo4jGSKE9tI9yyEHHqITOURlVEEG36AE9oWfrznq0XqzXcemcNenZQX9gvf8AzQ+hOg==</latexit>

@µ(
p
�µRµ) = 0 the flow preserves flatness of the boundary metric 

Flow equation

7 Transport coe�cients from the flow equation

Let us recall that we can find the metric and stress-tensor in the deformed theory from the

undeformed one using the solution of the flow equation:

�
[µ]
↵� = �

[0]
↵� � 2µT̂ [0]

↵� + µ
2
T̂
[0]
↵⇢�

[0]⇢�
T̂
[0]
�� , (7.1)

T̂
[µ]
↵� = T̂

[0]
↵� � µT̂

[0]
↵⇢�

[0]⇢�
T̂
[0]
�� . (7.2)

Starting from a flat undeformed metric ds
2 = dudv, and a stress-energy tensor T

[0] =

L(u)du2 + L̄(v)dv2, where u = x � t, v = x + t, we find that the deformed metric is flat

in new coordinates U, V . When applying this to the case with the defect, we run into

the problem that the location of the defect is not preserved by the change of coordinates.

The strategy is then to displace the boundary in the undeformed case: x = ⇠(t), and

determine ⇠(t) so that in the new coordinates the boundary is at U = V . The problem of

the scattering in the CFT with a fluctuating boundary can be solved by mapping again the

boundary to a straight line with a suitable conformal transformation ũ = f(u), ṽ = g(v).

Let us take for convenience L(u) = h
0(u), L̄(v) = h̄

0(v). The change of coordinates is

U = u� 2µ h̄(v) , V = v � 2µh(u) . (7.3)

Let us consider the conformal mapping

ũ = u� 2µ↵(u) , ṽ = v � 2µ ↵̄(v) . (7.4)

At the interface we require 0 = x̃ = (ṽ + ũ)/2 and 0 = X = (V + U)/2, so we require

(h(u) + h̄(v)� ↵(u)� ↵̄(v))|bdy = 0 . (7.5)

The stress-energy tensor transforms as
✓
dũ

du

◆2

Tũũ(ũ) = Tuu(u)�
c

12
{ũ, u} . (7.6)

We will neglect for the Schwarzian term for the moment (also because we do not know if

we should include a similar term also when changing coordinates in the deformed theory).

Let us take the stress-energy tensor in the ũ, ṽ coordinates with the form T
[0] =

f
0(ũ)dũ2 + f̄

0(ṽ)dṽ2, we find from (??)

f
0(ũ) =

h
0(u)

(1� 2µ↵0(u))2
, f̄

0(ṽ) =
h̄
0(v)

(1� 2µ↵̄0(v))2
. (7.7)

For the deformed stress-energy tensor in the flat coordinates we find

TUU =
h
0

1� 4µ2h0h̄0
,

TV V =
h̄
0

1� 4µ2h0h̄0
,

TUV =
�2µ h

0
h̄
0

1� 4µ2h0h̄0
.

(7.8)
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There are flat coordinates such that 

<latexit sha1_base64="5x8+dyu2sepgdTOjOwrBGSPLED4=">AAACIHicbZDNSgMxFIUz/tb6V3XpJlgEV2VGpHWjFNy4rOC0hc603MmkbWgyMyQZoQx9FDe+ihsXiuhOn8Z02oW2Hgh8OfdeknuChDOlbfvLWlldW9/YLGwVt3d29/ZLB4dNFaeSUJfEPJbtABTlLKKuZprTdiIpiIDTVjC6mdZbD1QqFkf3epxQX8AgYn1GQBurV6p5AxACulnHE6k/6WUe8GQIXkA1THDY7s7uOU09fIVDF4fNXqlsV+xceBmcOZTRXI1e6dMLY5IKGmnCQamOYyfaz0BqRjidFL1U0QTICAa0YzACQZWf5QtO8KlxQtyPpTmRxrn7eyIDodRYBKZTgB6qxdrU/K/WSXX/0s9YlKSaRmT2UD/lWMd4mhYOmaRE87EBIJKZv2IyBAlEm0yLJgRnceVlaJ5XnGqlendRrl/P4yigY3SCzpCDaqiOblEDuYigR/SMXtGb9WS9WO/Wx6x1xZrPHKE/sr5/AG6woxI=</latexit>

�[µ]
↵�dX

↵dX� = dUdV

<latexit sha1_base64="FBcB2BrxIFYVTLLBCl/wE5wPqNM=">AAACHnicbZDLSgMxFIYzXmu9jbp0EyyCqzIjWt0oBTcuK9gLdKblTCZtQ5OZIckUy9AnceOruHGhiOBK38b0stDWHwJf/nMOyfmDhDOlHefbWlpeWV1bz23kN7e2d3btvf2ailNJaJXEPJaNABTlLKJVzTSnjURSEAGn9aB/M67XB1QqFkf3ephQX0A3Yh1GQBurbZ97XRACWlnT8UftzAOe9MALqIYRDh9a0/uExh6+wmGKw0HbLjhFZyK8CO4MCmimStv+9MKYpIJGmnBQquk6ifYzkJoRTkd5L1U0AdKHLm0ajEBQ5WeT9Ub42Dgh7sTSnEjjift7IgOh1FAEplOA7qn52tj8r9ZMdefSz1iUpJpGZPpQJ+VYx3icFQ6ZpETzoQEgkpm/YtIDCUSbRPMmBHd+5UWonRbdUrF0d1YoX8/iyKFDdIROkIsuUBndogqqIoIe0TN6RW/Wk/VivVsf09YlazZzgP7I+voBHAyicA==</latexit>

�[0]
↵�dx

↵dx� = dudv

The Hamiltonian constraint for pure gravity imposes the trace 
relation <latexit sha1_base64="39EW8aPqmoCmWbG8/WEJ5JYAE00=">AAACHnicbVBNSwMxEM36WevXqkcvwSJ4kLIrWr0oBS8eK7QqdNeSTacaTHaXZFYsS3+JF/+KFw+KCJ7035jWCtX6YJjHezMk86JUCoOe9+lMTE5Nz8wW5orzC4tLy+7K6plJMs2hwROZ6IuIGZAihgYKlHCRamAqknAe3Rz3/fNb0EYkcR27KYSKXcWiIzhDK7XcvQDhDrXKUfdo/TJvBioLe/SQ2k6DbfpjtwFH/JZb8sreAHSc+ENSIkPUWu570E54piBGLpkxTd9LMcyZRsEl9IpBZiBl/IZdQdPSmCkwYT44r0c3rdKmnUTbipEO1NGNnCljuiqyk4rhtfnr9cX/vGaGnYMwF3GaIcT8+6FOJikmtJ8VbQsNHGXXEsa1sH+l/JppxtEmWrQh+H9PHidnO2W/Uq6c7paqR8M4CmSdbJAt4pN9UiUnpEYahJN78kieyYvz4Dw5r87b9+iEM9xZI7/gfHwBuAKi2g==</latexit>

trT [µ] = µ detT [µ]

Problem: the change of coordinate generically does not preserve 
the position of the interface 



<latexit sha1_base64="OHwnaoR4P3j2nRdtRlI7ne7vsvc=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWoYKURKS6LLpxWcFeoA1lMpm0QyeTMDMp1FJ8FTcuFHHre7jzbZy2WWjrDwMf/zmHc+b3E86UdpxvK7eyura+kd8sbG3v7O7Z+wcNFaeS0DqJeSxbPlaUM0HrmmlOW4mkOPI5bfqD22m9OaRSsVg86FFCvQj3BAsZwdpYXfuo1NGMBxSl5yij4VnXLjplZya0DG4GRchU69pfnSAmaUSFJhwr1XadRHtjLDUjnE4KnVTRBJMB7tG2QYEjqrzx7PoJOjVOgMJYmic0mrm/J8Y4UmoU+aYzwrqvFmtT879aO9XhtTdmIkk1FWS+KEw50jGaRoECJinRfGQAE8nMrYj0scREm8AKJgR38cvL0Lgou5Vy5f6yWL3J4sjDMZxACVy4gircQQ3qQOARnuEV3qwn68V6tz7mrTkrmzmEP7I+fwC745Qi</latexit>

(ũ, ṽ)
<latexit sha1_base64="IIzJxQNlOP93CINF9Iz5v5Og7Mw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdkeqx6MVjBfsB7VKyabaNzSZLki2Upf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PmlomitAGkVyqdoA15UzQhmGG03asKI4CTlvB6G7mt8ZUaSbFo5nE1I/wQLCQEWys1CwnF2h83iuW3Io7B1olXkZKkKHeK351+5IkERWGcKx1x3Nj46dYGUY4nRa6iaYxJiM8oB1LBY6o9tP5tVN0ZpU+CqWyJQyaq78nUhxpPYkC2xlhM9TL3kz8z+skJrzxUybixFBBFovChCMj0ex11GeKEsMnlmCimL0VkSFWmBgbUMGG4C2/vEqalxWvWqk+XJVqt1kceTiBUyiDB9dQg3uoQwMIPMEzvMKbI50X5935WLTmnGzmGP7A+fwBQpaOSQ==</latexit>

(u, v)

<latexit sha1_base64="1iSGBLwVGcH79in0lx5Ih1cixbI=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BItQQcquSPVY9OKxgtsW2qVk02wbms0uSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFySCa+M436iwtr6xuVXcLu3s7u0flA+PWjpOFWUejUWsOgHRTHDJPMONYJ1EMRIFgrWD8d3Mbz8xpXksH80kYX5EhpKHnBJjJa/qXbTO++WKU3PmwKvEzUkFcjT75a/eIKZpxKShgmjddZ3E+BlRhlPBpqVeqllC6JgMWddSSSKm/Wx+7BSfWWWAw1jZkgbP1d8TGYm0nkSB7YyIGellbyb+53VTE974GZdJapiki0VhKrCJ8exzPOCKUSMmlhCquL0V0xFRhBqbT8mG4C6/vEpalzW3Xqs/XFUat3kcRTiBU6iCC9fQgHtoggcUODzDK7whiV7QO/pYtBZQPnMMf4A+fwCKko3f</latexit>

(U, V )

conformal map

deformation map

<latexit sha1_base64="rvCA7iYuc/sZCQtLn9RtC7hUOEI=">AAACL3icbVDbSkJBFJ3T1exm9djLkAQKJudIWC+BFESPBnkBj8g+46iDcy7MRRDxj3rpV3yJKKLX/qJRT1Tagg2LtdZmZi8v4kwq236xVlbX1jc2E1vJ7Z3dvf3UwWFVhloQWiEhD0XdA0k5C2hFMcVpPRIUfI/Tmte/mfq1ARWShcGDGka06UM3YB1GQBmplbp1FeNtijW+MnOGC9j1NXaBRz3I6Cx2czkcRwYmMviJeCC+c4NsK5W28/YMeJk4MUmjGOVWauK2Q6J9GijCQcqGY0eqOQKhGOF0nHS1pBGQPnRpw9AAfCqbo9m9Y3xqlDbuhMJMoPBM/b0xAl/Koe+ZpA+qJxe9qfif19Cqc9kcsSDSigZk/lBHc6xCPC0Pt5mgRPGhIUAEM3/FpAcCiDIVJ00JzuLJy6RayDvFfPH+PF26jutIoGN0gjLIQReohO5QGVUQQY9ogl7Rm/VkPVvv1sc8umLFO0foD6zPL4sepI4=</latexit>

ũ = u� 2µ↵(u) , ṽ = v � 2µ↵̄(v)

<latexit sha1_base64="6CttkLQjuvGCjj7e+myn5RvsFXM=">AAACH3icbVDJSgNBFOxxjXGLevTyMAgJxDATJHoRgl48RjALZIbQ09NJmvQs9BIIIX/ixV/x4kER8Za/sbMgmljQUFTV4/UrP+FMKtueWGvrG5tb26md9O7e/sFh5ui4LmMtCK2RmMei6WNJOYtoTTHFaTMRFIc+pw2/fzf1GwMqJIujRzVMqBfibsQ6jGBlpHamXIMb0HABJXBDDa6PBfRygzy4hQK4ivGAQt1EBj8RY+t8O5O1i/YMsEqcBcmiBartzJcbxESHNFKEYylbjp0ob4SFYoTTcdrVkiaY9HGXtgyNcEilN5rdN4ZzowTQiYV5kYKZ+ntihEMph6FvkiFWPbnsTcX/vJZWnWtvxKJEKxqR+aKO5qBimJYFAROUKD40BBPBzF+B9LDARJlK06YEZ/nkVVIvFZ1ysfxwma3cLupIoVN0hnLIQVeogu5RFdUQQU/oBb2hd+vZerU+rM95dM1azJygP7Am388cnUw=</latexit>

U = u� 2µh̄(v) , Ṽ = v � 2µh(u)

<latexit sha1_base64="4YqXJqKSW1/JZ13FOJmspHtGLFw=">AAACD3icbZC7SgNBFIZnvcZ4W7W0GQxqAiHsikQbIWhjGSE3yIZldjKbDJm9MJdAWPIGNr6KjYUitrZ2vo2zyRaa+MPAz3fO4cz5vZhRIS3r21hZXVvf2Mxt5bd3dvf2zYPDlogUx6SJIxbxjocEYTQkTUklI52YExR4jLS90V1ab48JFzQKG3ISk16ABiH1KUZSI9c8a7iJUlN4A4fnRVWCTrkMNRqPU+R4iKd8XHLNglWxZoLLxs5MAWSqu+aX04+wCkgoMUNCdG0rlr0EcUkxI9O8owSJER6hAelqG6KAiF4yu2cKTzXpQz/i+oUSzujviQQFQkwCT3cGSA7FYi2F/9W6SvrXvYSGsZIkxPNFvmJQRjANB/YpJ1iyiTYIc6r/CvEQcYSljjCvQ7AXT142rYuKXa1UHy4Ltdssjhw4BiegCGxwBWrgHtRBE2DwCJ7BK3gznowX4934mLeuGNnMEfgj4/MHQySZqA==</latexit>

Tuu = h0(u) , Tvv = h̄0(v)



The coordinate change is done independently on the two sides 
4 functions <latexit sha1_base64="VaWnnl33mCBipEMN5s+kJHtMrT4=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgEixDuRKJl0MbCIopJhNxxzG32kiV7H+zuCeFIaeNfsbFQxNafYOe/cZNcERMfDDzem2Fmnp9wJpVl/RiFpeWV1bXiemljc2t7x9zda8k4FYQ2Scxj8eCDpJxFtKmY4vQhERRCn9O2P7ga++1HKiSLo3s1TKgbQi9iASOgtOSZhw7wpA9edlO5G1Ww44PAs5Jnlq2qNQFeJHZOyihHwzO/nW5M0pBGinCQsmNbiXIzEIoRTkclJ5U0ATKAHu1oGkFIpZtNHhnhY610cRALXZHCE3V2IoNQymHo684QVF/Oe2PxP6+TquDCzViUpIpGZLooSDlWMR6ngrtMUKL4UBMggulbMemDAKJ0diUdgj3/8iJpnVbtWrV2e1auX+ZxFNEBOkInyEbnqI6uUQM1EUFP6AW9oXfj2Xg1PozPaWvByGf20R8YX79bhZjv</latexit>

↵L,R, ↵̄L,R

At the interface
<latexit sha1_base64="VtTh70WE46Zngz/74XI8E3uvgmw=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqhel4MWDhyq2DbQhbLabdulmE3c3hRL6O7x4UMSrP8ab/8Ztm4O2Ppjh8d4MO/uChDOlbfvbKqysrq1vFDdLW9s7u3vl/YOWilNJaJPEPJZugBXlTNCmZppTN5EURwGn7WB4M/XbIyoVi8WjHifUi3BfsJARrI3kuf4dukKu/2C67ZcrdtWeAS0TJycVyNHwy1/dXkzSiApNOFaq49iJ9jIsNSOcTkrdVNEEkyHu046hAkdUedns6Ak6MUoPhbE0JTSaqb83MhwpNY4CMxlhPVCL3lT8z+ukOrz0MiaSVFNB5g+FKUc6RtMEUI9JSjQfG4KJZOZWRAZYYqJNTiUTgrP45WXSOqs6tWrt/rxSv87jKMIRHMMpOHABdbiFBjSBwBM8wyu8WSPrxXq3PuajBSvfOYQ/sD5/AOFfkDk=</latexit>

XL = XR = 0
<latexit sha1_base64="jjBxyBc+cCuiXIJTJbwHHddCRLY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9KwIsHD1HykmRZZiezyZCZ2WVmVghLvsKLB0W8+jne/Bsnj4MmFjQUVd10d4UJZ9q47reTW1ldW9/Ibxa2tnd294r7B00dp4rQBol5rNoh1pQzSRuGGU7biaJYhJy2wuHNxG89UaVZLOtmlFBf4L5kESPYWOmxHtyhK1QPHoJiyS27U6Bl4s1JCeaoBcWvbi8mqaDSEI617nhuYvwMK8MIp+NCN9U0wWSI+7RjqcSCaj+bHjxGJ1bpoShWtqRBU/X3RIaF1iMR2k6BzUAvehPxP6+TmujSz5hMUkMlmS2KUo5MjCbfox5TlBg+sgQTxeytiAywwsTYjAo2BG/x5WXSPCt7lXLl/rxUvZ7HkYcjOIZT8OACqnALNWgAAQHP8ApvjnJenHfnY9aac+Yzh/AHzucPL9qPXA==</latexit>

TL = TR

One function is unfixed: the results will not depend on it

We start with a solution of the interface conditions in the CFT - the sequence of 
maps defines the interface of the deformed theory

<latexit sha1_base64="YQAL4Z45xVz7n2xJmY8nXRv4v94="></latexit>

Tṽṽ(ṽ) =
h̄0(v)

(1� 2µ↵̄0(v))2

<latexit sha1_base64="++n9EMr4tV9ErZbTydlDtf/oguQ="></latexit>

Tũũ(ũ) =
h0(u)

(1� 2µ↵0(u))2

<latexit sha1_base64="qHLUl2bYbZyPf7BEUy/ghm6Dtrc=">AAACEXicbVDLTsJAFJ3iC/FVdelmIjGwkbSEoBsNiRuXmFAgobWZDlOYMH1kZmpCmv6CG3/FjQuNcevOnX/jAF0oeJKbe3LOvZm5x4sZFdIwvrXC2vrG5lZxu7Szu7d/oB8edUWUcEwsHLGI9z0kCKMhsSSVjPRjTlDgMdLzJjczv/dAuKBR2JHTmDgBGoXUpxhJJbl6teOmlpXBK2j7HOF0XMlS87wB7SC5r8NxBdoe4qpnrl42asYccJWYOSmDHG1X/7KHEU4CEkrMkBAD04ilkyIuKWYkK9mJIDHCEzQiA0VDFBDhpPOLMnimlCH0I64qlHCu/t5IUSDENPDUZIDkWCx7M/E/b5BI/9JJaRgnkoR48ZCfMCgjOIsHDiknWLKpIghzqv4K8RipZKQKsaRCMJdPXiXdes1s1pp3jXLrOo+jCE7AKagCE1yAFrgFbWABDB7BM3gFb9qT9qK9ax+L0YKW7xyDP9A+fwDMxpsa</latexit>

TUU =
h0

1� 4µ2h0h̄0

<latexit sha1_base64="kRJ5B/VJXtMo2SGtWVibOzfdzD8=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0V005KUUt0oBTcuK7RpoYlhMp20QycPZiZCCfkKN/6KGxeKuBV3/o3TNoK2Hrhw5px7mXuPFzMqpGF8aYWV1bX1jeJmaWt7Z3dP3z+wRJRwTDo4YhHveUgQRkPSkVQy0os5QYHHSNcbX0/97j3hgkZhW05i4gRoGFKfYiSV5OqVtptaVgYvoe1zhFPbQxyOTrPUrNShHSR3NfWCP6qrl42qMQNcJmZOyiBHy9U/7UGEk4CEEjMkRN80YumkiEuKGclKdiJIjPAYDUlf0RAFRDjp7KwMnihlAP2IqwolnKm/J1IUCDEJPNUZIDkSi95U/M/rJ9K/cFIaxokkIZ5/5CcMyghOM4IDygmWbKIIwpyqXSEeIRWPVEmWVAjm4snLxKpVzUa1cVsvN6/yOIrgCByDM2CCc9AEN6AFOgCDB/AEXsCr9qg9a2/a+7y1oOUzh+APtI9vY7Sc/w==</latexit>

TV V =
h̄0

1� 4µ2h0h̄0

<latexit sha1_base64="n+CXa9buVrszvZeXGreMp+knnbA=">AAACIXicbZBNS8MwGMdTX+d8q3r0Ehyil412jLmLMvDiccK6DdZa0izdwtIXklQYpV/Fi1/FiwdFdhO/jNnWw9x8IOTP7/88JM/fixkV0jC+tY3Nre2d3cJecf/g8OhYPzntiCjhmFg4YhHveUgQRkNiSSoZ6cWcoMBjpOuN72d+95lwQaOwLScxcQI0DKlPMZIKuXqj7aZWJ4O3sAxtnyOcVqEdJHB0BW0PcXVnqVmuzdhTdZm6esmoGPOC68LMRQnk1XL1qT2IcBKQUGKGhOibRiydFHFJMSNZ0U4EiREeoyHpKxmigAgnnW+YwUtFBtCPuDqhhHO6PJGiQIhJ4KnOAMmRWPVm8D+vn0i/4aQ0jBNJQrx4yE8YlBGcxQUHlBMs2UQJhDlVf4V4hFROUoVaVCGYqyuvi061YtYr9cdaqXmXx1EA5+ACXAMT3IAmeAAtYAEMXsAb+ACf2qv2rn1p00XrhpbPnIE/pf38Ap5AoBg=</latexit>

TUV = � 2µh0h̄0

1� 4µ2h0h̄0



1 - Non-Equilibrium Steady State
<latexit sha1_base64="bfnonW6fepep3slHw+DRkXjEo6s=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EopUEbCwsEjAfkBxhbzOXrNnbO3b3hBDyC2wsFLH1J9n5b9wkV2jig4HHezPMzAsSwbVx3W8nt7a+sbmV3y7s7O7tHxQPj5o6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN3O/NYTKs1j+WDGCfoRHUgeckaNler3vWLJLbtzkFXiZaQEGWq94le3H7M0QmmYoFp3PDcx/oQqw5nAaaGbakwoG9EBdiyVNELtT+aHTsmZVfokjJUtachc/T0xoZHW4yiwnRE1Q73szcT/vE5qwmt/wmWSGpRssShMBTExmX1N+lwhM2JsCWWK21sJG1JFmbHZFGwI3vLLq6R5UfYq5Ur9slS9yeLIwwmcwjl4cAVVuIMaNIABwjO8wpvz6Lw4787HojXnZDPH8AfO5w+l54zX</latexit>

L
<latexit sha1_base64="c01sM1klkIg63UnRItImVdd5SvY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRE8S8OIxEfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD67/jN0=</latexit>

R

<latexit sha1_base64="S9mX/+v+6jiDgWUJQWaVbWxWR7E=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRE8S8KK3BMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6FbjNQ=</latexit>

I <latexit sha1_base64="1Yxfvd9dJN8G8Dx/jdaJBR8Gk2A=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRE8S8GJuUcwDkiXMTnqTIbOzy8ysEEL+wIsHRbz6R978GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/loxkn6Ed0IHnIGTVWeqjVesWSW3bnIKvEy0gJMtR7xa9uP2ZphNIwQbXueG5i/AlVhjOB00I31ZhQNqID7FgqaYTan8wvnZIzq/RJGCtb0pC5+ntiQiOtx1FgOyNqhnrZm4n/eZ3UhNf+hMskNSjZYlGYCmJiMnub9LlCZsTYEsoUt7cSNqSKMmPDKdgQvOWXV0nzouxVypX7y1L1JosjDydwCufgwRVU4Q7q0AAGITzDK7w5I+fFeXc+Fq05J5s5hj9wPn8ANTuNJw==</latexit>

II
<latexit sha1_base64="Ej60ZbjtYJrTeYMTCjSvhVPIP48=">AAAB7nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqicpeNFbBfsBbSib7aRdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONYcmj2WsOwEzIIWCJgqU0Ek0sCiQ0A7GtzO//QTaiFg94iQBP2JDJULBGVqp3QsAWf++X664VXcOukq8nFRIjka//NUbxDyNQCGXzJiu5yboZ0yj4BKmpV5qIGF8zIbQtVSxCIyfzc+d0jOrDGgYa1sK6Vz9PZGxyJhJFNjOiOHILHsz8T+vm2J47WdCJSmC4otFYSopxnT2Ox0IDRzlxBLGtbC3Uj5imnG0CZVsCN7yy6ukdVH1atXaw2WlfpPHUSQn5JScE49ckTq5Iw3SJJyMyTN5JW9O4rw4787HorXg5DPH5A+czx8TG49n</latexit>

�I
<latexit sha1_base64="9eY0fjfqXScpCRkyHxU/m8ZYmbg=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRE8S8GJuEcwDkyXMTjrJkNnZZWZWCEv+wosHRbz6N978GyfJHjSxoKGo6qa7K4gF18Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUQwbLBKRagdUo+ASG4Ybge1YIQ0Dga1gfDvzW0+oNI/kg5nE6Id0KPmAM2qs9NgN0NBeWqtNe8WSW3bnIKvEy0gJMtR7xa9uP2JJiNIwQbXueG5s/JQqw5nAaaGbaIwpG9MhdiyVNETtp/OLp+TMKn0yiJQtachc/T2R0lDrSRjYzpCakV72ZuJ/Xicxg2s/5TJODEq2WDRIBDERmb1P+lwhM2JiCWWK21sJG1FFmbEhFWwI3vLLq6R5UfYq5cr9Zal6k8WRhxM4hXPw4AqqcAd1aAADCc/wCm+Odl6cd+dj0Zpzsplj+APn8wdx5JDG</latexit>

�II

<latexit sha1_base64="/pt7HtmNwnGRA9uuXDmDGk4oyzA=">AAACFHicbZDLSsNAFIYnXmu9RV26GSyCUChJkepGKbgRQajQGzRpmEwm7dDJhZmJUEIewo2v4saFIm5duPNtnLYRtPWHgY//nMOZ87sxo0Iaxpe2tLyyurZe2Chubm3v7Op7+20RJRyTFo5YxLsuEoTRkLQklYx0Y05Q4DLScUdXk3rnnnBBo7ApxzGxAzQIqU8xkspy9HLTSS1JmUdgAn8g66c0gxfQ8jnC6W2flm+ytJo5esmoGFPBRTBzKIFcDUf/tLwIJwEJJWZIiJ5pxNJOEZcUM5IVrUSQGOERGpCewhAFRNjp9KgMHivHg37E1QslnLq/J1IUCDEOXNUZIDkU87WJ+V+tl0j/3E5pGCeShHi2yE8YlBGcJAQ9ygmWbKwAYU7VXyEeIpWEVDkWVQjm/MmL0K5WzFqldndaql/mcRTAITgCJ8AEZ6AOrkEDtAAGD+AJvIBX7VF71t6091nrkpbPHIA/0j6+AdbKnhA=</latexit>

T i
ũũ =

M i + J

2

<latexit sha1_base64="1Dqg8lMGD+7jth0V/+VryERPxvs=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARBLEkRaobpeBGBKFCb9CkYTKZtEMnF2YmhRLyEG58FTcuFHHrwp1v4/QiaOsPAx//OYcz53djRoU0jC8tt7S8srqWXy9sbG5t7+i7e00RJRyTBo5YxNsuEoTRkDQklYy0Y05Q4DLScgfX43prSLigUViXo5jYAeqF1KcYSWU5+kndSS1JmUfgEP5A1k1pBi+h5XOE07suPb3N0nLm6EWjZEwEF8GcQRHMVHP0T8uLcBKQUGKGhOiYRiztFHFJMSNZwUoEiREeoB7pKAxRQISdTo7K4JFyPOhHXL1Qwon7eyJFgRCjwFWdAZJ9MV8bm//VOon0L+yUhnEiSYini/yEQRnBcULQo5xgyUYKEOZU/RXiPlJJSJVjQYVgzp+8CM1yyayUKvdnxerVLI48OACH4BiY4BxUwQ2ogQbA4AE8gRfwqj1qz9qb9j5tzWmzmX3wR9rHN90bnhQ=</latexit>

T i
ṽṽ =

M i � J

2

<latexit sha1_base64="mvXztS03/mXGWf2Ood/bGAh0Qy4=">AAACHHicbZDLSsNAFIYn9VbrLerSzWAR3FiSKtWNUnAjYqGW3qApYTKdtEMnF2YmQgl5EDe+ihsXirhxIfg2TtostPXAwMf/n8OZ8zsho0IaxreWW1peWV3Lrxc2Nre2d/TdvbYIIo5JCwcs4F0HCcKoT1qSSka6ISfIcxjpOOPr1O88EC5o4DflJCR9Dw196lKMpJJs/fQWXkLL5QjHsYURg83ENpKMGylnbs2+O6nZjSQuJ7ZeNErGtOAimBkUQVZ1W/+0BgGOPOJLzJAQPdMIZT9GXFLMSFKwIkFChMdoSHoKfeQR0Y+nxyXwSCkD6AZcPV/Cqfp7IkaeEBPPUZ0ekiMx76Xif14vku5FP6Z+GEni49kiN2JQBjBNCg4oJ1iyiQKEOVV/hXiEVBZS5VlQIZjzJy9Cu1wyK6XK/VmxepXFkQcH4BAcAxOcgyq4AXXQAhg8gmfwCt60J+1Fe9c+Zq05LZvZB39K+/oBF96gyA==</latexit>

J =
T0
R0

ML �MR

2

matching across the shock-waves determines
<latexit sha1_base64="BgCRa5AXkK2nPPWsu17VmDLBFGg=">AAACCHicbVDLSgMxFM34rPU16tKFwSJUKGVGpLqSghsLClXsA9phyKSZNjSTGZKMUIZZuvFX3LhQxK2f4M6/MW1noa0Hkns4516Se7yIUaks69tYWFxaXlnNreXXNza3ts2d3aYMY4FJA4csFG0PScIoJw1FFSPtSBAUeIy0vOHl2G89ECFpyO/VKCJOgPqc+hQjpSXXPLhxk+u0pO+7tNj1iEJurTStSa2WHrtmwSpbE8B5YmekADLUXfOr2wtxHBCuMENSdmwrUk6ChKKYkTTfjSWJEB6iPuloylFApJNMFknhkVZ60A+FPlzBifp7IkGBlKPA050BUgM5643F/7xOrPxzJ6E8ihXhePqQHzOoQjhOBfaoIFixkSYIC6r/CvEACYSVzi6vQ7BnV54nzZOyXSlXbk8L1YssjhzYB4egCGxwBqrgCtRBA2DwCJ7BK3gznowX4934mLYuGNnMHvgD4/MHbuiY+A==</latexit>

ML,MR(�I ,�II)

<latexit sha1_base64="OWz6VpvoN5Uy+Yqjc+bGqS+yQns=">AAACH3icbZDNSsNAFIUn9a/Wv6hLN4NFEJSSiFQ3SsGNCxe1NG2hiWUynbZDJ5MwMxFK6Ju48VXcuFBE3PVtnLQRtPXAwOG793LnHj9iVCrLmhi5peWV1bX8emFjc2t7x9zda8gwFpg4OGShaPlIEkY5cRRVjLQiQVDgM9L0hzdpvflIhKQhr6tRRLwA9TntUYyURh2zXO8kjcb44Q5ewcTFiMHaGLqnUGPHSfFJhus/OO2udcyiVbKmgovGzkwRZKp2zC+3G+I4IFxhhqRs21akvAQJRTEj44IbSxIhPER90taWo4BIL5neN4ZHmnRhLxT6cQWn9PdEggIpR4GvOwOkBnK+lsL/au1Y9S69hPIoVoTj2aJezKAKYRoW7FJBsGIjbRAWVP8V4gESCCsdaUGHYM+fvGgaZyW7XCrfnxcr11kceXAADsExsMEFqIBbUAUOwOAJvIA38G48G6/Gh/E5a80Z2cw++CNj8g2XfaA7</latexit>

TL
V V = RTL

UU + T TR
V V

<latexit sha1_base64="CEAtnegLFsJXXrAJZHZkRZHzP3U=">AAACH3icbZDLSsNAFIYn9VbrLerSzWARBKUkItWNUnDjwkUtTVpoYphMp+3QyYWZiVBC3sSNr+LGhSLirm/jtI2grT8M/HznHM6c348ZFdIwxlphaXllda24XtrY3Nre0Xf3bBElHBMLRyzibR8JwmhILEklI+2YExT4jLT84c2k3nokXNAobMpRTNwA9UPaoxhJhTy92vRSy8oeGvAKpg5GDDYz6JzCHN/Bkxw3frBtq25PLxsVYyq4aMzclEGuuqd/Od0IJwEJJWZIiI5pxNJNEZcUM5KVnESQGOEh6pOOsiEKiHDT6X0ZPFKkC3sRVy+UcEp/T6QoEGIU+KozQHIg5msT+F+tk8jepZvSME4kCfFsUS9hUEZwEhbsUk6wZCNlEOZU/RXiAeIISxVpSYVgzp+8aOyzilmtVO/Py7XrPI4iOACH4BiY4ALUwC2oAwtg8ARewBt41561V+1D+5y1FrR8Zh/8kTb+Bp5soD8=</latexit>

TR
UU = T TL

UU +RTR
V V

<latexit sha1_base64="nN/WZhv6wzUwwl8mE19p4K7/0BU="></latexit>

TR
UU � TR

V V = TL
UU � TL

V V =) R+ T = 1



The transport coefficients are state-dependent, i.e. depend on 
<latexit sha1_base64="XTPwmA57KN8Eq+v94+cym8190kc=">AAAB+XicbZC7SgNBFIZnvcZ4W7W0GQyChYRdkWglARsLiyjmAskSZidnkyGzF2bOBsKSN7GxUMTWN7HzbZwkW2jiDwMf/zmHc+b3Eyk0Os63tbK6tr6xWdgqbu/s7u3bB4cNHaeKQ53HMlYtn2mQIoI6CpTQShSw0JfQ9Ie303pzBEqLOHrCcQJeyPqRCARnaKyubXd8QNa9P6dzeOzaJafszESXwc2hRHLVuvZXpxfzNIQIuWRat10nQS9jCgWXMCl2Ug0J40PWh7bBiIWgvWx2+YSeGqdHg1iZFyGdub8nMhZqPQ590xkyHOjF2tT8r9ZOMbj2MhElKULE54uCVFKM6TQG2hMKOMqxAcaVMLdSPmCKcTRhFU0I7uKXl6FxUXYr5crDZal6k8dRIMfkhJwRl1yRKrkjNVInnIzIM3klb1ZmvVjv1se8dcXKZ47IH1mfP3n/kuo=</latexit>

�L,�R

They can be found in an expansion in     or numerically, and agree with the 
holographic result 

<latexit sha1_base64="fdzXBfL2g0vLZknMbU36UkQqMVc=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRE8S8OIxonlAsoTZyWwyZB7LzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXlHBmrO9/e4W19Y3NreJ2aWd3b/+gfHjUMirVhDaJ4kp3ImwoZ5I2LbOcdhJNsYg4bUfj25nffqLaMCUf7SShocBDyWJGsHXSQ0+k/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOanTtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jcaME2J5RNHMNHM3YrICGtMrEun5EIIll9eJa2LalCr1u4vK/WbPI4inMApnEMAV1CHO2hAEwgM4Rle4c3j3ov37n0sWgtePnMMf+B9/gBfvI3d</latexit>µ
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<latexit sha1_base64="fdzXBfL2g0vLZknMbU36UkQqMVc=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRE8S8OIxonlAsoTZyWwyZB7LzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXlHBmrO9/e4W19Y3NreJ2aWd3b/+gfHjUMirVhDaJ4kp3ImwoZ5I2LbOcdhJNsYg4bUfj25nffqLaMCUf7SShocBDyWJGsHXSQ0+k/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOanTtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jcaME2J5RNHMNHM3YrICGtMrEun5EIIll9eJa2LalCr1u4vK/WbPI4inMApnEMAV1CHO2hAEwgM4Rle4c3j3ov37n0sWgtePnMMf+B9/gBfvI3d</latexit>µ

<latexit sha1_base64="8g9Zwix1I+JEgV8PmQwTekiQ6zk=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6EkCXjxGyAuSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1vf2NzaLuwUd/f2Dw5LR8cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+m/ntJ6oNU7JhJwkNBR5KFjOCrZNaPYI5avRLZb/iz4FWSZCTMuSo90tfvYEiqaDSEo6N6QZ+YsMMa8sIp9NiLzU0wWSMh7TrqMSCmjCbXztF504ZoFhpV9Kiufp7IsPCmImIXKfAdmSWvZn4n9dNbXwTZkwmqaWSLBbFKUdWodnraMA0JZZPHMFEM3crIiOsMbEuoKILIVh+eZW0LitBtVJ9uCrXbvM4CnAKZ3ABAVxDDe6hDk0g8AjP8ApvnvJevHfvY9G65uUzJ/AH3ucP+N+OvQ==</latexit>

T

<latexit sha1_base64="AtV+vEC2a5iz4bF5Qaj7PrGIBPM=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqV6UghePFewHtEvJptk2NMmGJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMixRnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLZOkmtAmSXiiOxE2lDNJm5ZZTjtKUywiTtvR+G7mt5+oNiyRj3aiaCjwULKYEWyd1O6JFN2goF+u+FV/DrRKgpxUIEejX/7qDRKSCiot4diYbuArG2ZYW0Y4nZZ6qaEKkzEe0q6jEgtqwmx+7hSdOWWA4kS7khbN1d8TGRbGTETkOgW2I7PszcT/vG5q4+swY1KllkqyWBSnHNkEzX5HA6YpsXziCCaauVsRGWGNiXUJlVwIwfLLq6R1UQ1q1drDZaV+m8dRhBM4hXMI4ArqcA8NaAKBMTzDK7x5ynvx3r2PRWvBy2eO4Q+8zx8BMI6z</latexit>

µ = 1 Hagedorn bound

Unitarity bound                           always respected
<latexit sha1_base64="SwlkHbrntKqH8+0KHaw4QgDQjwU=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEpLqSghuXFfqCJpTJ9KYdOpnEmYlQYhf+ihsXirj1N9z5N07bLLT1wIUz59zL3HuChDOlHefbKqysrq1vFDdLW9s7u3v2/kFLxamk0KQxj2UnIAo4E9DUTHPoJBJIFHBoB6Obqd9+AKlYLBp6nIAfkYFgIaNEG6lnHznY43CPM48SjhuT+cvt2WWn4syAl4mbkzLKUe/ZX14/pmkEQlNOlOq6TqL9jEjNKIdJyUsVJISOyAC6hgoSgfKz2f4TfGqUPg5jaUpoPFN/T2QkUmocBaYzInqoFr2p+J/XTXV45WdMJKkGQecfhSnHOsbTMHCfSaCajw0hVDKzK6ZDIgnVJrKSCcFdPHmZtM4rbrVSvbso167zOIroGJ2gM+SiS1RDt6iOmoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+gPrM8fusmUow==</latexit>

0  T  1

<latexit sha1_base64="ZIXKRkUguISEortDL0ySpxWMnPE=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBAEIeyKRE8S8OIxgnlAsoTZyWwyZB7rzKwQlvyEFw+KePV3vPk3TpI9aGJBQ1HVTXdXlHBmrO9/eyura+sbm4Wt4vbO7t5+6eCwaVSqCW0QxZVuR9hQziRtWGY5bSeaYhFx2opGt1O/9US1YUo+2HFCQ4EHksWMYOukdtewgcC9816p7Ff8GdAyCXJShhz1Xumr21ckFVRawrExncBPbJhhbRnhdFLspoYmmIzwgHYclVhQE2azeyfo1Cl9FCvtSlo0U39PZFgYMxaR6xTYDs2iNxX/8zqpja/DjMkktVSS+aI45cgqNH0e9ZmmxPKxI5ho5m5FZIg1JtZFVHQhBIsvL5PmRSWoVqr3l+XaTR5HAY7hBM4ggCuowR3UoQEEODzDK7x5j96L9+59zFtXvHzmCP7A+/wBvwuPyA==</latexit>�+



2 - Scattering of plane waves

1 Introduction

Although the Euclidean and the Lorentzian formulations of a quantum field theory (QFT) are in
principle equivalent [2], very di↵erent properties of the theory are accessible in one or the other
setup. This is true in particular for a conformal field theory (CFT), as it has become more and more
apparent in recent years. The a-theorem [3], the conformal collider bounds [4, 5] the averaged null
energy condition (ANEC) [6, 7], the analytic structure constraining the spectrum of every CFT [8–12],
all these results have been obtained by exploiting the way in which unitarity and causality are encoded
in the Lorentzian regime of the theory. In this work, we study the real time dynamics of a CFT in the
presence of an interface. This has two complementary purposes. On the one hand, real time evolution
allows to probe the conformal interface via a scattering process, whose associated observables provide
qualitative information about the interface, and constraints on the attached CFT data. On the other
hand, the interface itself, like any other operator, is essentially a probe of the CFT: by scattering
conformal matter against an interface, we also gather information on the conformal matter itself. For
instance, one can excite the vacuum with di↵erent local operators, and study the dependence of the
scattering observables on the initial state. In fact, interfaces are special probes, since in general they
glue together two di↵erent CFTs. One might hope that, measuring the transparency of the set of
conformal interfaces, it is possible to learn general facts about the space of CFTs [13].

Our setup will be two dimensional. The restriction to two dimensions is not conceptually necessary,
but practically helpful for explicit calculations. We shall consider a pair of CFTs, denoted CFTL and
CFTR, glued at an interface as depicted in figure 1. We can then prepare an excitation far from the
interface and let it propagate until it collides with the interface. We define transmission and reflection
coe�cients as the fraction of energy that is transmitted or reflected across the interface:

T =
transmitted energy

incident energy
, R =

reflected energy

incident energy
. (1.1)

Energy conservation implies T + R = 1 and positivity of the total energy transmitted and reflected
leads to T � 0 and R � 0. Clearly, we can also define analogous transmission and reflection coe�cients
associated to other conserved quantities. The advantage of measuring this type of inclusive quantities
in CFT was emphasized in [4], where the expectation value of the energy flux operator, or of multiple
insertions thereof, was measured in a state created by a local operator.
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Figure 1: The interface is the worldline of an impurity placed at x = 0, which separates a CFTL

from a CFTR.
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We solve the problem in an expansion in the amplitude of the waves
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In the deformed theory, different frequencies interact
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�
(5T0 � 2)(x2 + y2) + (6T0 � 2)xy

�⇤

The interface matching conditions have to be generalized 
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+O(✏4)

Non-linear but local

Universal function : coefficients are frequency-independent

Satisfies basic consistency checks



Summary

We derived holographically the energy reflection and transmission coefficients
of a conformal defect

The tension of the brane appears to be related to energy transmission more than to 
entropy, although our model cannot really distinguish (only one parameter)

Result consistent with unitarity but also with stricter ANEC bound

Multiple-brane setup can vastly enlarge the class of holographic defects and 
allow to study some top-down models

The            deformation and NG interfaces offers a window into a class of solvable 
non-CFT defects      
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Open questions

Coefficients for charge transport

Universality of transmission coefficient in gravity

Non-conformal interfaces, behavior of transport under RG flow

Generalization to higher-dimensional CFTs

Scattering interpretation of higher-point coefficients

Quantization of the non-linear matching conditions

More general ANEC bounds on transport functions



Thank you!


