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Motivation

Entanglement entropy in dynamical settings


e.g. thermalization after quench (global or local)


Universal behavior: growth —> saturation  


In AdS/CFT — entanglement “tsunami”


For thermo-field-double (TFD) state, probes BH interior
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H. Liu et al (2013)

T. Hartman et al (2013)

high energy density state

t = 0
<latexit sha1_base64="BoNw+AKatqYZdx3ULpuLvfbJJHc=">AAACBXicbVDJSgNBEK2JW4xb1KOXxiB4CjMu6EUIevEY0SyQDKGnpydp0rPQXSOEkLMnr/oV3sSr3+FH+A/2JHPQmAcFj/eqiqrnJVJotO0vq7C0vLK6VlwvbWxube+Ud/eaOk4V4w0Wy1i1Paq5FBFvoEDJ24niNPQkb3nDm8xvPXKlRRw94Cjhbkj7kQgEo2ike7yye+WKXbWnIP+Jk5MK5Kj3yt9dP2ZpyCNkkmrdcewE3TFVKJjkk1I31TyhbEj7vGNoREOu3fH01Ak5MopPgliZipBM1d8TYxpqPQo90xlSHOh5LxMXer7OFi6yOikGl+5YREmKPGKzG4JUEoxJFgnxheIM5cgQypQwbxA2oIoyNMGVTD7OfBr/SfOk6pxWz+/OKrXrPKkiHMAhHIMDF1CDW6hDAxj04Rle4NV6st6sd+tj1lqw8pl9+APr8wfj+piJ</latexit>

thermal equilibrium

t ! 1
<latexit sha1_base64="CC9Tvvt/YHDq84kOJDbjNn0XlJs=">AAACDXicbZDLSsNAFIYn9VbrrerSTbAIrkriBV0W3bisYC/QhDKZTNqhk5kwcyKE0Gdw5Vafwp249Rl8CN/BSZuF1h4Y+Pn/cw5nviDhTIPjfFmVldW19Y3qZm1re2d3r75/0NUyVYR2iORS9QOsKWeCdoABp/1EURwHnPaCyW2R9x6p0kyKB8gS6sd4JFjECAZjDcADaXtMRJAN6w2n6czK/i/cUjRQWe1h/dsLJUljKoBwrPXAdRLwc6yAEU6nNS/VNMFkgkd0YKTAMdV+Pjt5ap8YJ7QjqcwTYM/c3xM5jrXO4sB0xhjGejErzKVZqIuFy6JBCtG1nzORpEAFmd8Qpdw2CAo0dsgUJcAzIzBRzHzDJmOsMAEDsGb4uIs0/ovuWdM9b17eXzRaNyWpKjpCx+gUuegKtdAdaqMOIkiiZ/SCXq0n6816tz7mrRWrnDlEf8r6/AHAPZxR</latexit>



In these analysis, the entanglement is defined w.r.t. states


One can extend definition of entanglement to operators 

Construct the corresponding operator state  

Entanglement between subsystems in the operator state


Examples: unitary evolution operator, etc 


We are interested in the dynamics of operator entanglement

Motivation
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Outline:

Set up: (reduced density) operator entanglement 


Quenched dynamics for operator entanglement 


1. Two-dimensional rational conformal field theories (CFTs)


2. Random unitary circuits


3. Holographic CFTs (AdS/CFT)


Discussion: a new measure of quantum chaoticity?


Future directions
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Set up:
Operator U : H ! H

<latexit sha1_base64="o3NdGdORUBlYqjH6AB9Fc+c02Mg=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiRafK2KbrqsYNpCE8pkOm2HTmbCzEQpoV/gxl9x40IRt67d+TcmaZBqPXDhcM693HuPHzKqtGV9GYWl5ZXVteJ6aWNza3vH3N1rKRFJTBwsmJAdHynCKCeOppqRTigJCnxG2v74OvXbd0QqKvitnoTEC9CQ0wHFSCdSz6w4l9ANkB5hxOLG1JV0ONJISnE/L/fMslW1MsBFYuekDHI0e+an2xc4CgjXmCGlurYVai9GUlPMyLTkRoqECI/RkHQTylFAlBdn70xhJVH6cCBkUlzDTJ2fiFGg1CTwk870RPXXS8X/vG6kB+deTHkYacLxbNEgYlALmGYD+1QSrNkkIQhLmtwK8QhJhHWSYCkL4SLF6c/Li6R1XLVPqrWbWrl+lcdRBAfgEBwBG5yBOmiAJnAABg/gCbyAV+PReDbejPdZa8HIZ/bBLxgf375qnLU=</latexit>

Matrix element: U =
X

ij

Uij |iihj|
<latexit sha1_base64="4aMIvKqvJNWfQ1mEYhpq5x0WIow=">AAACEnicbVDLSsNAFJ34rPUVdelmsAi6KYkWHwuh4sZlBdMWmhAm00k77WQSZiZCSfsNbvwVNy4UcevKnX9jkgZR64HhHs65lzv3eBGjUhnGpzY3v7C4tFxaKa+urW9s6lvbTRnGAhMLhywUbQ9JwignlqKKkXYkCAo8Rlre8CrzW3dESBryWzWKiBOgHqc+xUilkqsfWvAC2jIO3IQOJtDKy5jaAvEeI9Bm0zqAY1evGFUjB5wlZkEqoEDD1T/sbojjgHCFGZKyYxqRchIkFMWMTMp2LEmE8BD1SCelHAVEOkl+0gTup0oX+qFIH1cwV39OJCiQchR4aWeAVF/+9TLxP68TK//MSSiPYkU4ni7yYwZVCLN8YJcKghUbpQRhQdO/QtxHAmGVpljOQzjPcPJ98ixpHlXN42rtplapXxZxlMAu2AMHwASnoA6uQQNYAIN78AiewYv2oD1pr9rbtHVOK2Z2wC9o71+e+J2X</latexit>

i
<latexit sha1_base64="mGe9VxhFzzYn1HLTofZFn/LK0So=">AAACA3icbVDJSgNBEK2JW4xb1KOXxiB4CjMu6DHoxWMCZoFkCD09NUmTnoXuHiGEHD151a/wJl79ED/Cf7AnmYMmeVDweK+qqHpeIrjStv1tFdbWNza3itulnd29/YPy4VFLxalk2GSxiGXHowoFj7CpuRbYSSTS0BPY9kb3md9+Qql4HD3qcYJuSAcRDzij2kgN3i9X7Ko9A1kmTk4qkKPeL//0/JilIUaaCapU17ET7U6o1JwJnJZ6qcKEshEdYNfQiIao3Mns0Ck5M4pPgliaijSZqX8nJjRUahx6pjOkeqgWvUxc6fkqW7jK6qY6uHUnPEpSjRGb3xCkguiYZIEQn0tkWowNoUxy8wZhQyop0ya2ksnHWUxjmbQuqs5l9bpxVand5UkV4QRO4RwcuIEaPEAdmsAA4QVe4c16tt6tD+tz3lqw8plj+Afr6xfWPpf9</latexit>

j
<latexit sha1_base64="/LZXkjJOxnDL+FmojD0PsP4Cv3E=">AAACA3icbVC7TsNAEFzzDOEVoKSxiJCoIpuHoIygoUwk8pASKzqf18mR89m6OyNFUUoqWvgKOkTLh/AR/APnxAUkGWml0czuanf8hDOlHefbWlldW9/YLGwVt3d29/ZLB4dNFaeSYoPGPJZtnyjkTGBDM82xnUgkkc+x5Q/vMr/1hFKxWDzoUYJeRPqChYwSbaT6Y69UdirOFPYicXNShhy1XumnG8Q0jVBoyolSHddJtDcmUjPKcVLspgoTQoekjx1DBYlQeePpoRP71CiBHcbSlND2VP07MSaRUqPIN50R0QM172XiUi9Q2cJlVifV4Y03ZiJJNQo6uyFMua1jOwvEDphEqvnIEEIlM2/YdEAkodrEVjT5uPNpLJLmecW9qFzVL8vV2zypAhzDCZyBC9dQhXuoQQMoILzAK7xZz9a79WF9zlpXrHzmCP7B+voF192X/g==</latexit>

Uij
<latexit sha1_base64="5fkGQCLaNjYub5XTQs2KS6kryQo=">AAACCHicbVDLSsNAFL3xWeur6tLNYBFclcQHuiy6cVnBtIU2lMlk0k47mYSZiVBCf8CVW/0Kd+LWv/Aj/AcnbRba9sCFwzn3Xu49fsKZ0rb9ba2srq1vbJa2yts7u3v7lYPDpopTSahLYh7Lto8V5UxQVzPNaTuRFEc+py1/dJf7rScqFYvFox4n1ItwX7CQEayN1HR7GRtOepWqXbOnQIvEKUgVCjR6lZ9uEJM0okITjpXqOHaivQxLzQink3I3VTTBZIT7tGOowBFVXja9doJOjRKgMJamhEZT9e9EhiOlxpFvOiOsB2rey8WlXqDyhcusTqrDGy9jIkk1FWR2Q5hypGOUp4ICJinRfGwIJpKZNxAZYImJNtmVTT7OfBqLpHlecy5qVw+X1fptkVQJjuEEzsCBa6jDPTTABQJDeIFXeLOerXfrw/qcta5YxcwR/IP19Qv3BZpF</latexit>

H
<latexit sha1_base64="kCulJzzko/fOYpZCT9GmySG7XLA=">AAACDXicbVDLSsNAFL2pr1pfVZdugkVwVRIf6LLopssK9gFpKJPJpB06mQkzE6GEfoMrt/oV7sSt3+BH+A9O2iy07YGBwzn3Xs6cIGFUacf5tkpr6xubW+Xtys7u3v5B9fCoo0QqMWljwYTsBUgRRjlpa6oZ6SWSoDhgpBuM73O/+0SkooI/6klC/BgNOY0oRtpIXj9GeoQRy5rTQbXm1J0Z7GXiFqQGBVqD6k8/FDiNCdeYIaU810m0nyGpKWZkWumniiQIj9GQeIZyFBPlZ7PIU/vMKKEdCWke1/ZM/buRoVipSRyYyTyiWvRycaUXqvzgKstLdXTrZ5QnqSYczzNEKbO1sPNq7JBKgjWbGIKwpOYbNh4hibA2BVZMP+5iG8ukc1F3L+vXD1e1xl3RVBlO4BTOwYUbaEATWtAGDAJe4BXerGfr3fqwPuejJavYOYZ/sL5+AfAfnG4=</latexit>

H
<latexit sha1_base64="kCulJzzko/fOYpZCT9GmySG7XLA=">AAACDXicbVDLSsNAFL2pr1pfVZdugkVwVRIf6LLopssK9gFpKJPJpB06mQkzE6GEfoMrt/oV7sSt3+BH+A9O2iy07YGBwzn3Xs6cIGFUacf5tkpr6xubW+Xtys7u3v5B9fCoo0QqMWljwYTsBUgRRjlpa6oZ6SWSoDhgpBuM73O/+0SkooI/6klC/BgNOY0oRtpIXj9GeoQRy5rTQbXm1J0Z7GXiFqQGBVqD6k8/FDiNCdeYIaU810m0nyGpKWZkWumniiQIj9GQeIZyFBPlZ7PIU/vMKKEdCWke1/ZM/buRoVipSRyYyTyiWvRycaUXqvzgKstLdXTrZ5QnqSYczzNEKbO1sPNq7JBKgjWbGIKwpOYbNh4hibA2BVZMP+5iG8ukc1F3L+vXD1e1xl3RVBlO4BTOwYUbaEATWtAGDAJe4BXerGfr3fqwPuejJavYOYZ/sL5+AfAfnG4=</latexit>

Matrix element
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Set up:
Operator U : H ! H
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Matrix element: U =
X

ij

Uij |iihj|
<latexit sha1_base64="4aMIvKqvJNWfQ1mEYhpq5x0WIow=">AAACEnicbVDLSsNAFJ34rPUVdelmsAi6KYkWHwuh4sZlBdMWmhAm00k77WQSZiZCSfsNbvwVNy4UcevKnX9jkgZR64HhHs65lzv3eBGjUhnGpzY3v7C4tFxaKa+urW9s6lvbTRnGAhMLhywUbQ9JwignlqKKkXYkCAo8Rlre8CrzW3dESBryWzWKiBOgHqc+xUilkqsfWvAC2jIO3IQOJtDKy5jaAvEeI9Bm0zqAY1evGFUjB5wlZkEqoEDD1T/sbojjgHCFGZKyYxqRchIkFMWMTMp2LEmE8BD1SCelHAVEOkl+0gTup0oX+qFIH1cwV39OJCiQchR4aWeAVF/+9TLxP68TK//MSSiPYkU4ni7yYwZVCLN8YJcKghUbpQRhQdO/QtxHAmGVpljOQzjPcPJ98ixpHlXN42rtplapXxZxlMAu2AMHwASnoA6uQQNYAIN78AiewYv2oD1pr9rbtHVOK2Z2wC9o71+e+J2X</latexit>

Can be viewed as a state defined on “doubled” Hilbert space H⌦H
<latexit sha1_base64="VsrGhHVAr+zu4VBFSQ/Kn0c+gz4=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqqRafOwqbrqsYB/QhDKZTtqhk5kwMxFK6M6Nv+LGhSJu/QV3/o2TNEi1HrhwOOde7r3HjxhV2nG+rMLS8srqWnG9tLG5tb1j7+61lYglJi0smJBdHynCKCctTTUj3UgSFPqMdPzxTep37olUVPA7PYmIF6IhpwHFSBupbx+6IdIjjFjSmLpC05AoOCf17bJTcTLARVLNSRnkaPbtT3cgcBwSrjFDSvWqTqS9BElNMSPTkhsrEiE8RkPSM5Qjs9BLsj+m8NgoAxgIaYprmKnzEwkKlZqEvulMT1R/vVT8z+vFOrj0EsqjWBOOZ4uCmEEtYBoKHFBJsGYTQxCW1NwK8QhJhLWJrpSFcJXi/OflRdI+rVTPKrXbWrl+ncdRBAfgCJyAKrgAddAATdACGDyAJ/ACXq1H69l6s95nrQUrn9kHv2B9fAPIUJoH</latexit>

i
<latexit sha1_base64="mGe9VxhFzzYn1HLTofZFn/LK0So=">AAACA3icbVDJSgNBEK2JW4xb1KOXxiB4CjMu6DHoxWMCZoFkCD09NUmTnoXuHiGEHD151a/wJl79ED/Cf7AnmYMmeVDweK+qqHpeIrjStv1tFdbWNza3itulnd29/YPy4VFLxalk2GSxiGXHowoFj7CpuRbYSSTS0BPY9kb3md9+Qql4HD3qcYJuSAcRDzij2kgN3i9X7Ko9A1kmTk4qkKPeL//0/JilIUaaCapU17ET7U6o1JwJnJZ6qcKEshEdYNfQiIao3Mns0Ck5M4pPgliaijSZqX8nJjRUahx6pjOkeqgWvUxc6fkqW7jK6qY6uHUnPEpSjRGb3xCkguiYZIEQn0tkWowNoUxy8wZhQyop0ya2ksnHWUxjmbQuqs5l9bpxVand5UkV4QRO4RwcuIEaPEAdmsAA4QVe4c16tt6tD+tz3lqw8plj+Afr6xfWPpf9</latexit>

j
<latexit sha1_base64="/LZXkjJOxnDL+FmojD0PsP4Cv3E=">AAACA3icbVC7TsNAEFzzDOEVoKSxiJCoIpuHoIygoUwk8pASKzqf18mR89m6OyNFUUoqWvgKOkTLh/AR/APnxAUkGWml0czuanf8hDOlHefbWlldW9/YLGwVt3d29/ZLB4dNFaeSYoPGPJZtnyjkTGBDM82xnUgkkc+x5Q/vMr/1hFKxWDzoUYJeRPqChYwSbaT6Y69UdirOFPYicXNShhy1XumnG8Q0jVBoyolSHddJtDcmUjPKcVLspgoTQoekjx1DBYlQeePpoRP71CiBHcbSlND2VP07MSaRUqPIN50R0QM172XiUi9Q2cJlVifV4Y03ZiJJNQo6uyFMua1jOwvEDphEqvnIEEIlM2/YdEAkodrEVjT5uPNpLJLmecW9qFzVL8vV2zypAhzDCZyBC9dQhXuoQQMoILzAK7xZz9a79WF9zlpXrHzmCP7B+voF192X/g==</latexit>

Uij
<latexit sha1_base64="5fkGQCLaNjYub5XTQs2KS6kryQo=">AAACCHicbVDLSsNAFL3xWeur6tLNYBFclcQHuiy6cVnBtIU2lMlk0k47mYSZiVBCf8CVW/0Kd+LWv/Aj/AcnbRba9sCFwzn3Xu49fsKZ0rb9ba2srq1vbJa2yts7u3v7lYPDpopTSahLYh7Lto8V5UxQVzPNaTuRFEc+py1/dJf7rScqFYvFox4n1ItwX7CQEayN1HR7GRtOepWqXbOnQIvEKUgVCjR6lZ9uEJM0okITjpXqOHaivQxLzQink3I3VTTBZIT7tGOowBFVXja9doJOjRKgMJamhEZT9e9EhiOlxpFvOiOsB2rey8WlXqDyhcusTqrDGy9jIkk1FWR2Q5hypGOUp4ICJinRfGwIJpKZNxAZYImJNtmVTT7OfBqLpHlecy5qVw+X1fptkVQJjuEEzsCBa6jDPTTABQJDeIFXeLOerXfrw/qcta5YxcwR/IP19Qv3BZpF</latexit>

H
<latexit sha1_base64="kCulJzzko/fOYpZCT9GmySG7XLA=">AAACDXicbVDLSsNAFL2pr1pfVZdugkVwVRIf6LLopssK9gFpKJPJpB06mQkzE6GEfoMrt/oV7sSt3+BH+A9O2iy07YGBwzn3Xs6cIGFUacf5tkpr6xubW+Xtys7u3v5B9fCoo0QqMWljwYTsBUgRRjlpa6oZ6SWSoDhgpBuM73O/+0SkooI/6klC/BgNOY0oRtpIXj9GeoQRy5rTQbXm1J0Z7GXiFqQGBVqD6k8/FDiNCdeYIaU810m0nyGpKWZkWumniiQIj9GQeIZyFBPlZ7PIU/vMKKEdCWke1/ZM/buRoVipSRyYyTyiWvRycaUXqvzgKstLdXTrZ5QnqSYczzNEKbO1sPNq7JBKgjWbGIKwpOYbNh4hibA2BVZMP+5iG8ukc1F3L+vXD1e1xl3RVBlO4BTOwYUbaEATWtAGDAJe4BXerGfr3fqwPuejJavYOYZ/sL5+AfAfnG4=</latexit>

H
<latexit sha1_base64="kCulJzzko/fOYpZCT9GmySG7XLA=">AAACDXicbVDLSsNAFL2pr1pfVZdugkVwVRIf6LLopssK9gFpKJPJpB06mQkzE6GEfoMrt/oV7sSt3+BH+A9O2iy07YGBwzn3Xs6cIGFUacf5tkpr6xubW+Xtys7u3v5B9fCoo0QqMWljwYTsBUgRRjlpa6oZ6SWSoDhgpBuM73O/+0SkooI/6klC/BgNOY0oRtpIXj9GeoQRy5rTQbXm1J0Z7GXiFqQGBVqD6k8/FDiNCdeYIaU810m0nyGpKWZkWumniiQIj9GQeIZyFBPlZ7PIU/vMKKEdCWke1/ZM/buRoVipSRyYyTyiWvRycaUXqvzgKstLdXTrZ5QnqSYczzNEKbO1sPNq7JBKgjWbGIKwpOYbNh4hibA2BVZMP+5iG8ukc1F3L+vXD1e1xl3RVBlO4BTOwYUbaEATWtAGDAJe4BXerGfr3fqwPuejJavYOYZ/sL5+AfAfnG4=</latexit>

Matrix element

i
<latexit sha1_base64="mGe9VxhFzzYn1HLTofZFn/LK0So=">AAACA3icbVDJSgNBEK2JW4xb1KOXxiB4CjMu6DHoxWMCZoFkCD09NUmTnoXuHiGEHD151a/wJl79ED/Cf7AnmYMmeVDweK+qqHpeIrjStv1tFdbWNza3itulnd29/YPy4VFLxalk2GSxiGXHowoFj7CpuRbYSSTS0BPY9kb3md9+Qql4HD3qcYJuSAcRDzij2kgN3i9X7Ko9A1kmTk4qkKPeL//0/JilIUaaCapU17ET7U6o1JwJnJZ6qcKEshEdYNfQiIao3Mns0Ck5M4pPgliaijSZqX8nJjRUahx6pjOkeqgWvUxc6fkqW7jK6qY6uHUnPEpSjRGb3xCkguiYZIEQn0tkWowNoUxy8wZhQyop0ya2ksnHWUxjmbQuqs5l9bpxVand5UkV4QRO4RwcuIEaPEAdmsAA4QVe4c16tt6tD+tz3lqw8plj+Afr6xfWPpf9</latexit>

j
<latexit sha1_base64="/LZXkjJOxnDL+FmojD0PsP4Cv3E=">AAACA3icbVC7TsNAEFzzDOEVoKSxiJCoIpuHoIygoUwk8pASKzqf18mR89m6OyNFUUoqWvgKOkTLh/AR/APnxAUkGWml0czuanf8hDOlHefbWlldW9/YLGwVt3d29/ZLB4dNFaeSYoPGPJZtnyjkTGBDM82xnUgkkc+x5Q/vMr/1hFKxWDzoUYJeRPqChYwSbaT6Y69UdirOFPYicXNShhy1XumnG8Q0jVBoyolSHddJtDcmUjPKcVLspgoTQoekjx1DBYlQeePpoRP71CiBHcbSlND2VP07MSaRUqPIN50R0QM172XiUi9Q2cJlVifV4Y03ZiJJNQo6uyFMua1jOwvEDphEqvnIEEIlM2/YdEAkodrEVjT5uPNpLJLmecW9qFzVL8vV2zypAhzDCZyBC9dQhXuoQQMoILzAK7xZz9a79WF9zlpXrHzmCP7B+voF192X/g==</latexit>

Uij
<latexit sha1_base64="5fkGQCLaNjYub5XTQs2KS6kryQo=">AAACCHicbVDLSsNAFL3xWeur6tLNYBFclcQHuiy6cVnBtIU2lMlk0k47mYSZiVBCf8CVW/0Kd+LWv/Aj/AcnbRba9sCFwzn3Xu49fsKZ0rb9ba2srq1vbJa2yts7u3v7lYPDpopTSahLYh7Lto8V5UxQVzPNaTuRFEc+py1/dJf7rScqFYvFox4n1ItwX7CQEayN1HR7GRtOepWqXbOnQIvEKUgVCjR6lZ9uEJM0okITjpXqOHaivQxLzQink3I3VTTBZIT7tGOowBFVXja9doJOjRKgMJamhEZT9e9EhiOlxpFvOiOsB2rey8WlXqDyhcusTqrDGy9jIkk1FWR2Q5hypGOUp4ICJinRfGwIJpKZNxAZYImJNtmVTT7OfBqLpHlecy5qVw+X1fptkVQJjuEEzsCBa6jDPTTABQJDeIFXeLOerXfrw/qcta5YxcwR/IP19Qv3BZpF</latexit>

H
<latexit sha1_base64="kCulJzzko/fOYpZCT9GmySG7XLA=">AAACDXicbVDLSsNAFL2pr1pfVZdugkVwVRIf6LLopssK9gFpKJPJpB06mQkzE6GEfoMrt/oV7sSt3+BH+A9O2iy07YGBwzn3Xs6cIGFUacf5tkpr6xubW+Xtys7u3v5B9fCoo0QqMWljwYTsBUgRRjlpa6oZ6SWSoDhgpBuM73O/+0SkooI/6klC/BgNOY0oRtpIXj9GeoQRy5rTQbXm1J0Z7GXiFqQGBVqD6k8/FDiNCdeYIaU810m0nyGpKWZkWumniiQIj9GQeIZyFBPlZ7PIU/vMKKEdCWke1/ZM/buRoVipSRyYyTyiWvRycaUXqvzgKstLdXTrZ5QnqSYczzNEKbO1sPNq7JBKgjWbGIKwpOYbNh4hibA2BVZMP+5iG8ukc1F3L+vXD1e1xl3RVBlO4BTOwYUbaEATWtAGDAJe4BXerGfr3fqwPuejJavYOYZ/sL5+AfAfnG4=</latexit>

H
<latexit sha1_base64="kCulJzzko/fOYpZCT9GmySG7XLA=">AAACDXicbVDLSsNAFL2pr1pfVZdugkVwVRIf6LLopssK9gFpKJPJpB06mQkzE6GEfoMrt/oV7sSt3+BH+A9O2iy07YGBwzn3Xs6cIGFUacf5tkpr6xubW+Xtys7u3v5B9fCoo0QqMWljwYTsBUgRRjlpa6oZ6SWSoDhgpBuM73O/+0SkooI/6klC/BgNOY0oRtpIXj9GeoQRy5rTQbXm1J0Z7GXiFqQGBVqD6k8/FDiNCdeYIaU810m0nyGpKWZkWumniiQIj9GQeIZyFBPlZ7PIU/vMKKEdCWke1/ZM/buRoVipSRyYyTyiWvRycaUXqvzgKstLdXTrZ5QnqSYczzNEKbO1sPNq7JBKgjWbGIKwpOYbNh4hibA2BVZMP+5iG8ukc1F3L+vXD1e1xl3RVBlO4BTOwYUbaEATWtAGDAJe4BXerGfr3fqwPuejJavYOYZ/sL5+AfAfnG4=</latexit>

Wave-function
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Set up:
Operator U : H ! H

<latexit sha1_base64="o3NdGdORUBlYqjH6AB9Fc+c02Mg=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiRafK2KbrqsYNpCE8pkOm2HTmbCzEQpoV/gxl9x40IRt67d+TcmaZBqPXDhcM693HuPHzKqtGV9GYWl5ZXVteJ6aWNza3vH3N1rKRFJTBwsmJAdHynCKCeOppqRTigJCnxG2v74OvXbd0QqKvitnoTEC9CQ0wHFSCdSz6w4l9ANkB5hxOLG1JV0ONJISnE/L/fMslW1MsBFYuekDHI0e+an2xc4CgjXmCGlurYVai9GUlPMyLTkRoqECI/RkHQTylFAlBdn70xhJVH6cCBkUlzDTJ2fiFGg1CTwk870RPXXS8X/vG6kB+deTHkYacLxbNEgYlALmGYD+1QSrNkkIQhLmtwK8QhJhHWSYCkL4SLF6c/Li6R1XLVPqrWbWrl+lcdRBAfgEBwBG5yBOmiAJnAABg/gCbyAV+PReDbejPdZa8HIZ/bBLxgf375qnLU=</latexit>

Matrix element: U =
X

ij

Uij |iihj|
<latexit sha1_base64="4aMIvKqvJNWfQ1mEYhpq5x0WIow=">AAACEnicbVDLSsNAFJ34rPUVdelmsAi6KYkWHwuh4sZlBdMWmhAm00k77WQSZiZCSfsNbvwVNy4UcevKnX9jkgZR64HhHs65lzv3eBGjUhnGpzY3v7C4tFxaKa+urW9s6lvbTRnGAhMLhywUbQ9JwignlqKKkXYkCAo8Rlre8CrzW3dESBryWzWKiBOgHqc+xUilkqsfWvAC2jIO3IQOJtDKy5jaAvEeI9Bm0zqAY1evGFUjB5wlZkEqoEDD1T/sbojjgHCFGZKyYxqRchIkFMWMTMp2LEmE8BD1SCelHAVEOkl+0gTup0oX+qFIH1cwV39OJCiQchR4aWeAVF/+9TLxP68TK//MSSiPYkU4ni7yYwZVCLN8YJcKghUbpQRhQdO/QtxHAmGVpljOQzjPcPJ98ixpHlXN42rtplapXxZxlMAu2AMHwASnoA6uQQNYAIN78AiewYv2oD1pr9rbtHVOK2Z2wC9o71+e+J2X</latexit>

Can be viewed as a state defined on “doubled” Hilbert space H⌦H
<latexit sha1_base64="VsrGhHVAr+zu4VBFSQ/Kn0c+gz4=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqqRafOwqbrqsYB/QhDKZTtqhk5kwMxFK6M6Nv+LGhSJu/QV3/o2TNEi1HrhwOOde7r3HjxhV2nG+rMLS8srqWnG9tLG5tb1j7+61lYglJi0smJBdHynCKCctTTUj3UgSFPqMdPzxTep37olUVPA7PYmIF6IhpwHFSBupbx+6IdIjjFjSmLpC05AoOCf17bJTcTLARVLNSRnkaPbtT3cgcBwSrjFDSvWqTqS9BElNMSPTkhsrEiE8RkPSM5Qjs9BLsj+m8NgoAxgIaYprmKnzEwkKlZqEvulMT1R/vVT8z+vFOrj0EsqjWBOOZ4uCmEEtYBoKHFBJsGYTQxCW1NwK8QhJhLWJrpSFcJXi/OflRdI+rVTPKrXbWrl+ncdRBAfgCJyAKrgAddAATdACGDyAJ/ACXq1H69l6s95nrQUrn9kHv2B9fAPIUJoH</latexit>

|Ui = 1

tr (UU†)

X

ij

Uij |ii ⌦ |ji
<latexit sha1_base64="Y2YOC+ET3mfFrqNpk3lxbfoHZ8Q="></latexit>

Operator state:

i
<latexit sha1_base64="mGe9VxhFzzYn1HLTofZFn/LK0So=">AAACA3icbVDJSgNBEK2JW4xb1KOXxiB4CjMu6DHoxWMCZoFkCD09NUmTnoXuHiGEHD151a/wJl79ED/Cf7AnmYMmeVDweK+qqHpeIrjStv1tFdbWNza3itulnd29/YPy4VFLxalk2GSxiGXHowoFj7CpuRbYSSTS0BPY9kb3md9+Qql4HD3qcYJuSAcRDzij2kgN3i9X7Ko9A1kmTk4qkKPeL//0/JilIUaaCapU17ET7U6o1JwJnJZ6qcKEshEdYNfQiIao3Mns0Ck5M4pPgliaijSZqX8nJjRUahx6pjOkeqgWvUxc6fkqW7jK6qY6uHUnPEpSjRGb3xCkguiYZIEQn0tkWowNoUxy8wZhQyop0ya2ksnHWUxjmbQuqs5l9bpxVand5UkV4QRO4RwcuIEaPEAdmsAA4QVe4c16tt6tD+tz3lqw8plj+Afr6xfWPpf9</latexit>

j
<latexit sha1_base64="/LZXkjJOxnDL+FmojD0PsP4Cv3E=">AAACA3icbVC7TsNAEFzzDOEVoKSxiJCoIpuHoIygoUwk8pASKzqf18mR89m6OyNFUUoqWvgKOkTLh/AR/APnxAUkGWml0czuanf8hDOlHefbWlldW9/YLGwVt3d29/ZLB4dNFaeSYoPGPJZtnyjkTGBDM82xnUgkkc+x5Q/vMr/1hFKxWDzoUYJeRPqChYwSbaT6Y69UdirOFPYicXNShhy1XumnG8Q0jVBoyolSHddJtDcmUjPKcVLspgoTQoekjx1DBYlQeePpoRP71CiBHcbSlND2VP07MSaRUqPIN50R0QM172XiUi9Q2cJlVifV4Y03ZiJJNQo6uyFMua1jOwvEDphEqvnIEEIlM2/YdEAkodrEVjT5uPNpLJLmecW9qFzVL8vV2zypAhzDCZyBC9dQhXuoQQMoILzAK7xZz9a79WF9zlpXrHzmCP7B+voF192X/g==</latexit>

Uij
<latexit sha1_base64="5fkGQCLaNjYub5XTQs2KS6kryQo=">AAACCHicbVDLSsNAFL3xWeur6tLNYBFclcQHuiy6cVnBtIU2lMlk0k47mYSZiVBCf8CVW/0Kd+LWv/Aj/AcnbRba9sCFwzn3Xu49fsKZ0rb9ba2srq1vbJa2yts7u3v7lYPDpopTSahLYh7Lto8V5UxQVzPNaTuRFEc+py1/dJf7rScqFYvFox4n1ItwX7CQEayN1HR7GRtOepWqXbOnQIvEKUgVCjR6lZ9uEJM0okITjpXqOHaivQxLzQink3I3VTTBZIT7tGOowBFVXja9doJOjRKgMJamhEZT9e9EhiOlxpFvOiOsB2rey8WlXqDyhcusTqrDGy9jIkk1FWR2Q5hypGOUp4ICJinRfGwIJpKZNxAZYImJNtmVTT7OfBqLpHlecy5qVw+X1fptkVQJjuEEzsCBa6jDPTTABQJDeIFXeLOerXfrw/qcta5YxcwR/IP19Qv3BZpF</latexit>

H
<latexit sha1_base64="kCulJzzko/fOYpZCT9GmySG7XLA=">AAACDXicbVDLSsNAFL2pr1pfVZdugkVwVRIf6LLopssK9gFpKJPJpB06mQkzE6GEfoMrt/oV7sSt3+BH+A9O2iy07YGBwzn3Xs6cIGFUacf5tkpr6xubW+Xtys7u3v5B9fCoo0QqMWljwYTsBUgRRjlpa6oZ6SWSoDhgpBuM73O/+0SkooI/6klC/BgNOY0oRtpIXj9GeoQRy5rTQbXm1J0Z7GXiFqQGBVqD6k8/FDiNCdeYIaU810m0nyGpKWZkWumniiQIj9GQeIZyFBPlZ7PIU/vMKKEdCWke1/ZM/buRoVipSRyYyTyiWvRycaUXqvzgKstLdXTrZ5QnqSYczzNEKbO1sPNq7JBKgjWbGIKwpOYbNh4hibA2BVZMP+5iG8ukc1F3L+vXD1e1xl3RVBlO4BTOwYUbaEATWtAGDAJe4BXerGfr3fqwPuejJavYOYZ/sL5+AfAfnG4=</latexit>

H
<latexit sha1_base64="kCulJzzko/fOYpZCT9GmySG7XLA=">AAACDXicbVDLSsNAFL2pr1pfVZdugkVwVRIf6LLopssK9gFpKJPJpB06mQkzE6GEfoMrt/oV7sSt3+BH+A9O2iy07YGBwzn3Xs6cIGFUacf5tkpr6xubW+Xtys7u3v5B9fCoo0QqMWljwYTsBUgRRjlpa6oZ6SWSoDhgpBuM73O/+0SkooI/6klC/BgNOY0oRtpIXj9GeoQRy5rTQbXm1J0Z7GXiFqQGBVqD6k8/FDiNCdeYIaU810m0nyGpKWZkWumniiQIj9GQeIZyFBPlZ7PIU/vMKKEdCWke1/ZM/buRoVipSRyYyTyiWvRycaUXqvzgKstLdXTrZ5QnqSYczzNEKbO1sPNq7JBKgjWbGIKwpOYbNh4hibA2BVZMP+5iG8ukc1F3L+vXD1e1xl3RVBlO4BTOwYUbaEATWtAGDAJe4BXerGfr3fqwPuejJavYOYZ/sL5+AfAfnG4=</latexit>

i
<latexit sha1_base64="mGe9VxhFzzYn1HLTofZFn/LK0So=">AAACA3icbVDJSgNBEK2JW4xb1KOXxiB4CjMu6DHoxWMCZoFkCD09NUmTnoXuHiGEHD151a/wJl79ED/Cf7AnmYMmeVDweK+qqHpeIrjStv1tFdbWNza3itulnd29/YPy4VFLxalk2GSxiGXHowoFj7CpuRbYSSTS0BPY9kb3md9+Qql4HD3qcYJuSAcRDzij2kgN3i9X7Ko9A1kmTk4qkKPeL//0/JilIUaaCapU17ET7U6o1JwJnJZ6qcKEshEdYNfQiIao3Mns0Ck5M4pPgliaijSZqX8nJjRUahx6pjOkeqgWvUxc6fkqW7jK6qY6uHUnPEpSjRGb3xCkguiYZIEQn0tkWowNoUxy8wZhQyop0ya2ksnHWUxjmbQuqs5l9bpxVand5UkV4QRO4RwcuIEaPEAdmsAA4QVe4c16tt6tD+tz3lqw8plj+Afr6xfWPpf9</latexit>

j
<latexit sha1_base64="/LZXkjJOxnDL+FmojD0PsP4Cv3E=">AAACA3icbVC7TsNAEFzzDOEVoKSxiJCoIpuHoIygoUwk8pASKzqf18mR89m6OyNFUUoqWvgKOkTLh/AR/APnxAUkGWml0czuanf8hDOlHefbWlldW9/YLGwVt3d29/ZLB4dNFaeSYoPGPJZtnyjkTGBDM82xnUgkkc+x5Q/vMr/1hFKxWDzoUYJeRPqChYwSbaT6Y69UdirOFPYicXNShhy1XumnG8Q0jVBoyolSHddJtDcmUjPKcVLspgoTQoekjx1DBYlQeePpoRP71CiBHcbSlND2VP07MSaRUqPIN50R0QM172XiUi9Q2cJlVifV4Y03ZiJJNQo6uyFMua1jOwvEDphEqvnIEEIlM2/YdEAkodrEVjT5uPNpLJLmecW9qFzVL8vV2zypAhzDCZyBC9dQhXuoQQMoILzAK7xZz9a79WF9zlpXrHzmCP7B+voF192X/g==</latexit>

Uij
<latexit sha1_base64="5fkGQCLaNjYub5XTQs2KS6kryQo=">AAACCHicbVDLSsNAFL3xWeur6tLNYBFclcQHuiy6cVnBtIU2lMlk0k47mYSZiVBCf8CVW/0Kd+LWv/Aj/AcnbRba9sCFwzn3Xu49fsKZ0rb9ba2srq1vbJa2yts7u3v7lYPDpopTSahLYh7Lto8V5UxQVzPNaTuRFEc+py1/dJf7rScqFYvFox4n1ItwX7CQEayN1HR7GRtOepWqXbOnQIvEKUgVCjR6lZ9uEJM0okITjpXqOHaivQxLzQink3I3VTTBZIT7tGOowBFVXja9doJOjRKgMJamhEZT9e9EhiOlxpFvOiOsB2rey8WlXqDyhcusTqrDGy9jIkk1FWR2Q5hypGOUp4ICJinRfGwIJpKZNxAZYImJNtmVTT7OfBqLpHlecy5qVw+X1fptkVQJjuEEzsCBa6jDPTTABQJDeIFXeLOerXfrw/qcta5YxcwR/IP19Qv3BZpF</latexit>

H
<latexit sha1_base64="kCulJzzko/fOYpZCT9GmySG7XLA=">AAACDXicbVDLSsNAFL2pr1pfVZdugkVwVRIf6LLopssK9gFpKJPJpB06mQkzE6GEfoMrt/oV7sSt3+BH+A9O2iy07YGBwzn3Xs6cIGFUacf5tkpr6xubW+Xtys7u3v5B9fCoo0QqMWljwYTsBUgRRjlpa6oZ6SWSoDhgpBuM73O/+0SkooI/6klC/BgNOY0oRtpIXj9GeoQRy5rTQbXm1J0Z7GXiFqQGBVqD6k8/FDiNCdeYIaU810m0nyGpKWZkWumniiQIj9GQeIZyFBPlZ7PIU/vMKKEdCWke1/ZM/buRoVipSRyYyTyiWvRycaUXqvzgKstLdXTrZ5QnqSYczzNEKbO1sPNq7JBKgjWbGIKwpOYbNh4hibA2BVZMP+5iG8ukc1F3L+vXD1e1xl3RVBlO4BTOwYUbaEATWtAGDAJe4BXerGfr3fqwPuejJavYOYZ/sL5+AfAfnG4=</latexit>

H
<latexit sha1_base64="kCulJzzko/fOYpZCT9GmySG7XLA=">AAACDXicbVDLSsNAFL2pr1pfVZdugkVwVRIf6LLopssK9gFpKJPJpB06mQkzE6GEfoMrt/oV7sSt3+BH+A9O2iy07YGBwzn3Xs6cIGFUacf5tkpr6xubW+Xtys7u3v5B9fCoo0QqMWljwYTsBUgRRjlpa6oZ6SWSoDhgpBuM73O/+0SkooI/6klC/BgNOY0oRtpIXj9GeoQRy5rTQbXm1J0Z7GXiFqQGBVqD6k8/FDiNCdeYIaU810m0nyGpKWZkWumniiQIj9GQeIZyFBPlZ7PIU/vMKKEdCWke1/ZM/buRoVipSRyYyTyiWvRycaUXqvzgKstLdXTrZ5QnqSYczzNEKbO1sPNq7JBKgjWbGIKwpOYbNh4hibA2BVZMP+5iG8ukc1F3L+vXD1e1xl3RVBlO4BTOwYUbaEATWtAGDAJe4BXerGfr3fqwPuejJavYOYZ/sL5+AfAfnG4=</latexit>

Matrix element

Wave-function
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Specifically, take        to be the reduced density matrixU
<latexit sha1_base64="afnKBYWUxsOX1u905S/POn+A6zM=">AAAB6HicbVBNS8NAEN34WetX1aOXxSJ4KokWP25FLx5bMG2hDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bN2kQtT4YeLw3w8w8P+ZMadv+tJaWV1bX1ksb5c2t7Z3dyt5+W0WJpODSiEey6xMFnAlwNdMcurEEEvocOv7kJvM7DyAVi8SdnsbghWQkWMAo0UZquYNK1a7ZOfAicQpSRQWag8pHfxjRJAShKSdK9Rw71l5KpGaUw6zcTxTEhE7ICHqGChKC8tL80Bk+NsoQB5E0JTTO1Z8TKQmVmoa+6QyJHqu/Xib+5/USHVx6KRNxokHQ+aIg4VhHOPsaD5kEqvnUEEIlM7diOiaSUG2yKechXGU4/355kbRPa85Zrd6qVxvXRRwldIiO0Aly0AVqoFvURC6iCNAjekYv1r31ZL1ab/PWJauYOUC/YL1/AcpHjRE=</latexit>

Set up:

U ! ⇢AB(t) = trC | (t)ih (t)|
<latexit sha1_base64="z8rfJ3l8um/5N/jnDhOPqiSREOA="></latexit>

: HAB ! HAB
<latexit sha1_base64="U4xvSmi5V08/bWdvjq6ZxCuu3Ag=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwFRItvla1brqsYB/QhDCZTtqhkwczE6WE/IUbf8WNC0Xc6s6/cZIWUeuBC4dz7uXee7yYUSFN81MrLSwuLa+UVytr6xubW/r2TkdECcekjSMW8Z6HBGE0JG1JJSO9mBMUeIx0vfFV7ndvCRc0Cm/kJCZOgIYh9SlGUkmublxAO0ByhBFLm5mbXjYym9PhSCLOo7s5z9WrpmEWgPPEmpEqmKHl6h/2IMJJQEKJGRKib5mxdFLEJcWMZBU7ESRGeIyGpK9oiAIinLT4K4MHShlAP+KqQgkL9edEigIhJoGnOvM7xV8vF//z+on0z5yUhnEiSYini/yEQRnBPCQ4oJxgySaKIMypuhXiEeIISxVlpQjhPMfJ98vzpHNkWMdG7bpWrTdmcZTBHtgHh8ACp6AOmqAF2gCDe/AInsGL9qA9aa/a27S1pM1mdsEvaO9fuEegbg==</latexit>

6

C AB

A’B’ 
<latexit sha1_base64="+wYDveOS94X0OOXDp1xDhnN5F2g=">AAACBnicbVDLSsNAFL2pr1pfVZduBovgqiQ+0GXRjcsK9gFtKJPJpB06MwkzE6GE7l251a9wJ279DT/Cf3DSZqG1By4czrn3cu8JEs60cd0vp7Syura+Ud6sbG3v7O5V9w/aOk4VoS0S81h1A6wpZ5K2DDOcdhNFsQg47QTj29zvPFKlWSwfzCShvsBDySJGsMmlfqLZoFpz6+4M6D/xClKDAs1B9bsfxiQVVBrCsdY9z02Mn2FlGOF0WumnmiaYjPGQ9iyVWFDtZ7Nbp+jEKiGKYmVLGjRTf09kWGg9EYHtFNiM9KKXi0u9UOcLl1m91ETXfsZkkhoqyfyGKOXIxCjPBIVMUWL4xBJMFLNvIDLCChNjk6vYfLzFNP6T9lndO69f3l/UGjdFUmU4gmM4BQ+uoAF30IQWEBjBM7zAq/PkvDnvzse8teQUM4fwB87nD0z2mVo=</latexit>

 
<latexit sha1_base64="+wYDveOS94X0OOXDp1xDhnN5F2g=">AAACBnicbVDLSsNAFL2pr1pfVZduBovgqiQ+0GXRjcsK9gFtKJPJpB06MwkzE6GE7l251a9wJ279DT/Cf3DSZqG1By4czrn3cu8JEs60cd0vp7Syura+Ud6sbG3v7O5V9w/aOk4VoS0S81h1A6wpZ5K2DDOcdhNFsQg47QTj29zvPFKlWSwfzCShvsBDySJGsMmlfqLZoFpz6+4M6D/xClKDAs1B9bsfxiQVVBrCsdY9z02Mn2FlGOF0WumnmiaYjPGQ9iyVWFDtZ7Nbp+jEKiGKYmVLGjRTf09kWGg9EYHtFNiM9KKXi0u9UOcLl1m91ETXfsZkkhoqyfyGKOXIxCjPBIVMUWL4xBJMFLNvIDLCChNjk6vYfLzFNP6T9lndO69f3l/UGjdFUmU4gmM4BQ+uoAF30IQWEBjBM7zAq/PkvDnvzse8teQUM4fwB87nD0z2mVo=</latexit>

⇢AB
<latexit sha1_base64="DYVr/nDRqbqYREXxmznF/6g5pVc=">AAACC3icbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLWjcsK9iFtKJPJpB06jzAzEUroJ7hyq1/hTtz6EX6E/+CkzULbHrhwOOfey70niBnVxnW/ncLK6tr6RnGztLW9s7tX3j9oaZkoTJpYMqk6AdKEUUGahhpGOrEiiAeMtIPRbea3n4jSVIoHM46Jz9FA0IhiZKz02FND2U9v6pN+ueJW3SngIvFyUgE5Gv3yTy+UOOFEGMyQ1l3PjY2fImUoZmRS6iWaxAiP0IB0LRWIE+2n04Mn8MQqIYyksiUMnKp/J1LEtR7zwHZyZIZ63svEpV6os4XLrG5ioms/pSJODBF4dkOUMGgkzIKBIVUEGza2BGFF7RsQD5FC2Nj4SjYfbz6NRdI6q3rn1cv7i0qtnidVBEfgGJwCD1yBGrgDDdAEGHDwAl7Bm/PsvDsfzuesteDkM4fgH5yvXw3Lm2M=</latexit>



Specifically, take        to be the reduced density matrixU
<latexit sha1_base64="afnKBYWUxsOX1u905S/POn+A6zM=">AAAB6HicbVBNS8NAEN34WetX1aOXxSJ4KokWP25FLx5bMG2hDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bN2kQtT4YeLw3w8w8P+ZMadv+tJaWV1bX1ksb5c2t7Z3dyt5+W0WJpODSiEey6xMFnAlwNdMcurEEEvocOv7kJvM7DyAVi8SdnsbghWQkWMAo0UZquYNK1a7ZOfAicQpSRQWag8pHfxjRJAShKSdK9Rw71l5KpGaUw6zcTxTEhE7ICHqGChKC8tL80Bk+NsoQB5E0JTTO1Z8TKQmVmoa+6QyJHqu/Xib+5/USHVx6KRNxokHQ+aIg4VhHOPsaD5kEqvnUEEIlM7diOiaSUG2yKechXGU4/355kbRPa85Zrd6qVxvXRRwldIiO0Aly0AVqoFvURC6iCNAjekYv1r31ZL1ab/PWJauYOUC/YL1/AcpHjRE=</latexit>

Set up:

Reduced density operator state: 

U ! ⇢AB(t) = trC | (t)ih (t)|
<latexit sha1_base64="z8rfJ3l8um/5N/jnDhOPqiSREOA="></latexit>

|⇢AB(t)i /
X

ij

(⇢AB(t))ij |ii ⌦ |ji
<latexit sha1_base64="IeAWQ2qTNmU4pxWb++afUD25t18="></latexit>

: HAB ! HAB
<latexit sha1_base64="U4xvSmi5V08/bWdvjq6ZxCuu3Ag=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwFRItvla1brqsYB/QhDCZTtqhkwczE6WE/IUbf8WNC0Xc6s6/cZIWUeuBC4dz7uXee7yYUSFN81MrLSwuLa+UVytr6xubW/r2TkdECcekjSMW8Z6HBGE0JG1JJSO9mBMUeIx0vfFV7ndvCRc0Cm/kJCZOgIYh9SlGUkmublxAO0ByhBFLm5mbXjYym9PhSCLOo7s5z9WrpmEWgPPEmpEqmKHl6h/2IMJJQEKJGRKib5mxdFLEJcWMZBU7ESRGeIyGpK9oiAIinLT4K4MHShlAP+KqQgkL9edEigIhJoGnOvM7xV8vF//z+on0z5yUhnEiSYini/yEQRnBPCQ4oJxgySaKIMypuhXiEeIISxVlpQjhPMfJ98vzpHNkWMdG7bpWrTdmcZTBHtgHh8ACp6AOmqAF2gCDe/AInsGL9qA9aa/a27S1pM1mdsEvaO9fuEegbg==</latexit>

|⇢AB(t)i 2 HAB ⌦HAB
<latexit sha1_base64="mcXuHjV1pGbVrLRows3y5rsRprQ=">AAACKnicbVDLSgNBEJz1bXytevQyGIR4CRsNPm5GLx4VzAOyIcxOJsmQ2ZllplcIa77Hi7/iJQclePVDnN0EUWNBQ1HVTXdXEAluwPMmzsLi0vLK6tp6bmNza3vH3d2rGRVryqpUCaUbATFMcMmqwEGwRqQZCQPB6sHgJvXrj0wbruQDDCPWCklP8i6nBKzUditPvu6rdlK5HhXg2NdE9gTDPpfYDwn0KRHJ7SizfQU8ZGZOb7t5r+hlwPOkNCN5NMNd2x37HUXjkEmgghjTLHkRtBKigVPBRjk/NiwidEB6rGmpJHZrK8leHeEjq3RwV2lbEnCm/pxISGjMMAxsZ3qn+eul4n9eM4buRSvhMoqBSTpd1I0FBoXT3HCHa0ZBDC0hVHN7K6Z9ogkFm24uC+Eyxdn3y/OkdlIsnRbL9+X8VWUWxxo6QIeogEroHF2hW3SHqoiiZ/SK3tC78+KMnYnzMW1dcGYz++gXnM8vk9GoIQ==</latexit>

h⇢AB(t)| AB(t)i = tr
�
⇢2AB(t)

�
<latexit sha1_base64="M6lRT2vFAvXcEPT4B9O9sS1Qik0="></latexit>

6

C AB

A’B’ 
<latexit sha1_base64="+wYDveOS94X0OOXDp1xDhnN5F2g=">AAACBnicbVDLSsNAFL2pr1pfVZduBovgqiQ+0GXRjcsK9gFtKJPJpB06MwkzE6GE7l251a9wJ279DT/Cf3DSZqG1By4czrn3cu8JEs60cd0vp7Syura+Ud6sbG3v7O5V9w/aOk4VoS0S81h1A6wpZ5K2DDOcdhNFsQg47QTj29zvPFKlWSwfzCShvsBDySJGsMmlfqLZoFpz6+4M6D/xClKDAs1B9bsfxiQVVBrCsdY9z02Mn2FlGOF0WumnmiaYjPGQ9iyVWFDtZ7Nbp+jEKiGKYmVLGjRTf09kWGg9EYHtFNiM9KKXi0u9UOcLl1m91ETXfsZkkhoqyfyGKOXIxCjPBIVMUWL4xBJMFLNvIDLCChNjk6vYfLzFNP6T9lndO69f3l/UGjdFUmU4gmM4BQ+uoAF30IQWEBjBM7zAq/PkvDnvzse8teQUM4fwB87nD0z2mVo=</latexit>

 
<latexit sha1_base64="+wYDveOS94X0OOXDp1xDhnN5F2g=">AAACBnicbVDLSsNAFL2pr1pfVZduBovgqiQ+0GXRjcsK9gFtKJPJpB06MwkzE6GE7l251a9wJ279DT/Cf3DSZqG1By4czrn3cu8JEs60cd0vp7Syura+Ud6sbG3v7O5V9w/aOk4VoS0S81h1A6wpZ5K2DDOcdhNFsQg47QTj29zvPFKlWSwfzCShvsBDySJGsMmlfqLZoFpz6+4M6D/xClKDAs1B9bsfxiQVVBrCsdY9z02Mn2FlGOF0WumnmiaYjPGQ9iyVWFDtZ7Nbp+jEKiGKYmVLGjRTf09kWGg9EYHtFNiM9KKXi0u9UOcLl1m91ETXfsZkkhoqyfyGKOXIxCjPBIVMUWL4xBJMFLNvIDLCChNjk6vYfLzFNP6T9lndO69f3l/UGjdFUmU4gmM4BQ+uoAF30IQWEBjBM7zAq/PkvDnvzse8teQUM4fwB87nD0z2mVo=</latexit>

⇢AB
<latexit sha1_base64="DYVr/nDRqbqYREXxmznF/6g5pVc=">AAACC3icbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLWjcsK9iFtKJPJpB06jzAzEUroJ7hyq1/hTtz6EX6E/+CkzULbHrhwOOfey70niBnVxnW/ncLK6tr6RnGztLW9s7tX3j9oaZkoTJpYMqk6AdKEUUGahhpGOrEiiAeMtIPRbea3n4jSVIoHM46Jz9FA0IhiZKz02FND2U9v6pN+ueJW3SngIvFyUgE5Gv3yTy+UOOFEGMyQ1l3PjY2fImUoZmRS6iWaxAiP0IB0LRWIE+2n04Mn8MQqIYyksiUMnKp/J1LEtR7zwHZyZIZ63svEpV6os4XLrG5ioms/pSJODBF4dkOUMGgkzIKBIVUEGza2BGFF7RsQD5FC2Nj4SjYfbz6NRdI6q3rn1cv7i0qtnidVBEfgGJwCD1yBGrgDDdAEGHDwAl7Bm/PsvDsfzuesteDkM4fgH5yvXw3Lm2M=</latexit>

ABB’A’

|⇢ABi
<latexit sha1_base64="21/NGd6wniGxgncf4eA6TThKD8I=">AAACFXicbVC7TsMwFHXKq5RXCiNLRIXEVCU8BGMpC2OR6ENqoshxnNaqY0e2A6pCv4OJFb6CDbEy8xH8A06bAdoe6UpH59x7de8JEkqksu1vo7Syura+Ud6sbG3v7O6Z1f2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6yf3uAxaScHavxgn2YjhgJCIIKi35ZvXJFUPuZ9fNiSsgG1DsmzW7bk9hLRKnIDVQoOWbP27IURpjphCFUvYdO1FeBoUiiOJJxU0lTiAawQHua8pgjKWXTU+fWMdaCa2IC11MWVP170QGYynHcaA7Y6iGct7LxaVeKPOFy6x+qqIrLyMsSRVmaHZDlFJLcSuPyAqJwEjRsSYQCaLfsNAQCoiUDrKi83Hm01gkndO6c1a/uDuvNZpFUmVwCI7ACXDAJWiAW9ACbYDAI3gBr+DNeDbejQ/jc9ZaMoqZA/APxtcvOw6fNQ==</latexit>

“            ”



Operator entanglement (renyi entropy) of subsystem HA ⌦HA
<latexit sha1_base64="4ty+oITYN9adVlzU8pYcdSpFcdg=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRItPnYtbrqsYB/QhDKZTtqhk5kwMxFK6Ae48VfcuFDErR/gzr9xkgax1gMXDufcy733+BGjStv2l1VYWV1b3yhulra2d3b3yvsHHSViiUkbCyZkz0eKMMpJW1PNSC+SBIU+I11/cpP63XsiFRX8Tk8j4oVoxGlAMdJGGpQrboj0GCOWNGeDBnSFpiFRcEE1XXbVzgCXiZOTCsjRGpQ/3aHAcUi4xgwp1XfsSHsJkppiRmYlN1YkQniCRqRvKEdmpZdkz8zgiVGGMBDSFNcwU39PJChUahr6pjM9Uv31UvE/rx/r4MpLKI9iTTieLwpiBrWAaTJwSCXBmk0NQVhScyvEYyQR1ia/UhbCdYqLn5eXSees6pxXa7e1Sr2Rx1EER+AYnAIHXII6aIIWaAMMHsATeAGv1qP1bL1Z7/PWgpXPHIIFWB/fzrSbmQ==</latexit>

Set up:

Sop
n (A, ⇢AB(t)) =

1

1� n
log trHA⌦HA

⇥
trHB⌦HB

�
|⇢AB(t)ih⇢AB(t)|/k⇢AB(t)k2

�⇤n
<latexit sha1_base64="pJpgfmAX64SGV7637UheP/lY8X4="></latexit>
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C AB

A’B’ 
<latexit sha1_base64="+wYDveOS94X0OOXDp1xDhnN5F2g=">AAACBnicbVDLSsNAFL2pr1pfVZduBovgqiQ+0GXRjcsK9gFtKJPJpB06MwkzE6GE7l251a9wJ279DT/Cf3DSZqG1By4czrn3cu8JEs60cd0vp7Syura+Ud6sbG3v7O5V9w/aOk4VoS0S81h1A6wpZ5K2DDOcdhNFsQg47QTj29zvPFKlWSwfzCShvsBDySJGsMmlfqLZoFpz6+4M6D/xClKDAs1B9bsfxiQVVBrCsdY9z02Mn2FlGOF0WumnmiaYjPGQ9iyVWFDtZ7Nbp+jEKiGKYmVLGjRTf09kWGg9EYHtFNiM9KKXi0u9UOcLl1m91ETXfsZkkhoqyfyGKOXIxCjPBIVMUWL4xBJMFLNvIDLCChNjk6vYfLzFNP6T9lndO69f3l/UGjdFUmU4gmM4BQ+uoAF30IQWEBjBM7zAq/PkvDnvzse8teQUM4fwB87nD0z2mVo=</latexit>

 
<latexit sha1_base64="+wYDveOS94X0OOXDp1xDhnN5F2g=">AAACBnicbVDLSsNAFL2pr1pfVZduBovgqiQ+0GXRjcsK9gFtKJPJpB06MwkzE6GE7l251a9wJ279DT/Cf3DSZqG1By4czrn3cu8JEs60cd0vp7Syura+Ud6sbG3v7O5V9w/aOk4VoS0S81h1A6wpZ5K2DDOcdhNFsQg47QTj29zvPFKlWSwfzCShvsBDySJGsMmlfqLZoFpz6+4M6D/xClKDAs1B9bsfxiQVVBrCsdY9z02Mn2FlGOF0WumnmiaYjPGQ9iyVWFDtZ7Nbp+jEKiGKYmVLGjRTf09kWGg9EYHtFNiM9KKXi0u9UOcLl1m91ETXfsZkkhoqyfyGKOXIxCjPBIVMUWL4xBJMFLNvIDLCChNjk6vYfLzFNP6T9lndO69f3l/UGjdFUmU4gmM4BQ+uoAF30IQWEBjBM7zAq/PkvDnvzse8teQUM4fwB87nD0z2mVo=</latexit>

⇢AB
<latexit sha1_base64="DYVr/nDRqbqYREXxmznF/6g5pVc=">AAACC3icbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLWjcsK9iFtKJPJpB06jzAzEUroJ7hyq1/hTtz6EX6E/+CkzULbHrhwOOfey70niBnVxnW/ncLK6tr6RnGztLW9s7tX3j9oaZkoTJpYMqk6AdKEUUGahhpGOrEiiAeMtIPRbea3n4jSVIoHM46Jz9FA0IhiZKz02FND2U9v6pN+ueJW3SngIvFyUgE5Gv3yTy+UOOFEGMyQ1l3PjY2fImUoZmRS6iWaxAiP0IB0LRWIE+2n04Mn8MQqIYyksiUMnKp/J1LEtR7zwHZyZIZ63svEpV6os4XLrG5ioms/pSJODBF4dkOUMGgkzIKBIVUEGza2BGFF7RsQD5FC2Nj4SjYfbz6NRdI6q3rn1cv7i0qtnidVBEfgGJwCD1yBGrgDDdAEGHDwAl7Bm/PsvDsfzuesteDkM4fgH5yvXw3Lm2M=</latexit>

BB

|⇢ABi
<latexit sha1_base64="21/NGd6wniGxgncf4eA6TThKD8I=">AAACFXicbVC7TsMwFHXKq5RXCiNLRIXEVCU8BGMpC2OR6ENqoshxnNaqY0e2A6pCv4OJFb6CDbEy8xH8A06bAdoe6UpH59x7de8JEkqksu1vo7Syura+Ud6sbG3v7O6Z1f2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6yf3uAxaScHavxgn2YjhgJCIIKi35ZvXJFUPuZ9fNiSsgG1DsmzW7bk9hLRKnIDVQoOWbP27IURpjphCFUvYdO1FeBoUiiOJJxU0lTiAawQHua8pgjKWXTU+fWMdaCa2IC11MWVP170QGYynHcaA7Y6iGct7LxaVeKPOFy6x+qqIrLyMsSRVmaHZDlFJLcSuPyAqJwEjRsSYQCaLfsNAQCoiUDrKi83Hm01gkndO6c1a/uDuvNZpFUmVwCI7ACXDAJWiAW9ACbYDAI3gBr+DNeDbejQ/jc9ZaMoqZA/APxtcvOw6fNQ==</latexit>

A’ A

“            ”



Operator entanglement (renyi entropy) of subsystem HA ⌦HA
<latexit sha1_base64="4ty+oITYN9adVlzU8pYcdSpFcdg=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRItPnYtbrqsYB/QhDKZTtqhk5kwMxFK6Ae48VfcuFDErR/gzr9xkgax1gMXDufcy733+BGjStv2l1VYWV1b3yhulra2d3b3yvsHHSViiUkbCyZkz0eKMMpJW1PNSC+SBIU+I11/cpP63XsiFRX8Tk8j4oVoxGlAMdJGGpQrboj0GCOWNGeDBnSFpiFRcEE1XXbVzgCXiZOTCsjRGpQ/3aHAcUi4xgwp1XfsSHsJkppiRmYlN1YkQniCRqRvKEdmpZdkz8zgiVGGMBDSFNcwU39PJChUahr6pjM9Uv31UvE/rx/r4MpLKI9iTTieLwpiBrWAaTJwSCXBmk0NQVhScyvEYyQR1ia/UhbCdYqLn5eXSees6pxXa7e1Sr2Rx1EER+AYnAIHXII6aIIWaAMMHsATeAGv1qP1bL1Z7/PWgpXPHIIFWB/fzrSbmQ==</latexit>

Set up:

Sop
n (A, ⇢AB(t)) =

1

1� n
log trHA⌦HA

⇥
trHB⌦HB

�
|⇢AB(t)ih⇢AB(t)|/k⇢AB(t)k2

�⇤n
<latexit sha1_base64="pJpgfmAX64SGV7637UheP/lY8X4="></latexit>

=
1

1� n
log trHA⌦HA [trHB⌦HB (|⇢AB(t)ih⇢AB(t)|/)]n � 1

1� n
S2 (AB, (t))

<latexit sha1_base64="AEZNLtcH1AHOyehtpibXdi8RdeE="></latexit>
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C AB

A’B’ 
<latexit sha1_base64="+wYDveOS94X0OOXDp1xDhnN5F2g=">AAACBnicbVDLSsNAFL2pr1pfVZduBovgqiQ+0GXRjcsK9gFtKJPJpB06MwkzE6GE7l251a9wJ279DT/Cf3DSZqG1By4czrn3cu8JEs60cd0vp7Syura+Ud6sbG3v7O5V9w/aOk4VoS0S81h1A6wpZ5K2DDOcdhNFsQg47QTj29zvPFKlWSwfzCShvsBDySJGsMmlfqLZoFpz6+4M6D/xClKDAs1B9bsfxiQVVBrCsdY9z02Mn2FlGOF0WumnmiaYjPGQ9iyVWFDtZ7Nbp+jEKiGKYmVLGjRTf09kWGg9EYHtFNiM9KKXi0u9UOcLl1m91ETXfsZkkhoqyfyGKOXIxCjPBIVMUWL4xBJMFLNvIDLCChNjk6vYfLzFNP6T9lndO69f3l/UGjdFUmU4gmM4BQ+uoAF30IQWEBjBM7zAq/PkvDnvzse8teQUM4fwB87nD0z2mVo=</latexit>

 
<latexit sha1_base64="+wYDveOS94X0OOXDp1xDhnN5F2g=">AAACBnicbVDLSsNAFL2pr1pfVZduBovgqiQ+0GXRjcsK9gFtKJPJpB06MwkzE6GE7l251a9wJ279DT/Cf3DSZqG1By4czrn3cu8JEs60cd0vp7Syura+Ud6sbG3v7O5V9w/aOk4VoS0S81h1A6wpZ5K2DDOcdhNFsQg47QTj29zvPFKlWSwfzCShvsBDySJGsMmlfqLZoFpz6+4M6D/xClKDAs1B9bsfxiQVVBrCsdY9z02Mn2FlGOF0WumnmiaYjPGQ9iyVWFDtZ7Nbp+jEKiGKYmVLGjRTf09kWGg9EYHtFNiM9KKXi0u9UOcLl1m91ETXfsZkkhoqyfyGKOXIxCjPBIVMUWL4xBJMFLNvIDLCChNjk6vYfLzFNP6T9lndO69f3l/UGjdFUmU4gmM4BQ+uoAF30IQWEBjBM7zAq/PkvDnvzse8teQUM4fwB87nD0z2mVo=</latexit>

⇢AB
<latexit sha1_base64="DYVr/nDRqbqYREXxmznF/6g5pVc=">AAACC3icbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLWjcsK9iFtKJPJpB06jzAzEUroJ7hyq1/hTtz6EX6E/+CkzULbHrhwOOfey70niBnVxnW/ncLK6tr6RnGztLW9s7tX3j9oaZkoTJpYMqk6AdKEUUGahhpGOrEiiAeMtIPRbea3n4jSVIoHM46Jz9FA0IhiZKz02FND2U9v6pN+ueJW3SngIvFyUgE5Gv3yTy+UOOFEGMyQ1l3PjY2fImUoZmRS6iWaxAiP0IB0LRWIE+2n04Mn8MQqIYyksiUMnKp/J1LEtR7zwHZyZIZ63svEpV6os4XLrG5ioms/pSJODBF4dkOUMGgkzIKBIVUEGza2BGFF7RsQD5FC2Nj4SjYfbz6NRdI6q3rn1cv7i0qtnidVBEfgGJwCD1yBGrgDDdAEGHDwAl7Bm/PsvDsfzuesteDkM4fgH5yvXw3Lm2M=</latexit>

BB

|⇢ABi
<latexit sha1_base64="21/NGd6wniGxgncf4eA6TThKD8I=">AAACFXicbVC7TsMwFHXKq5RXCiNLRIXEVCU8BGMpC2OR6ENqoshxnNaqY0e2A6pCv4OJFb6CDbEy8xH8A06bAdoe6UpH59x7de8JEkqksu1vo7Syura+Ud6sbG3v7O6Z1f2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6yf3uAxaScHavxgn2YjhgJCIIKi35ZvXJFUPuZ9fNiSsgG1DsmzW7bk9hLRKnIDVQoOWbP27IURpjphCFUvYdO1FeBoUiiOJJxU0lTiAawQHua8pgjKWXTU+fWMdaCa2IC11MWVP170QGYynHcaA7Y6iGct7LxaVeKPOFy6x+qqIrLyMsSRVmaHZDlFJLcSuPyAqJwEjRsSYQCaLfsNAQCoiUDrKi83Hm01gkndO6c1a/uDuvNZpFUmVwCI7ACXDAJWiAW9ACbYDAI3gBr+DNeDbejQ/jc9ZaMoqZA/APxtcvOw6fNQ==</latexit>

A’ A

“            ”



Replica trick (quick recap)

Renyi entropy: Sn(A, ) =
1

1� n
log trHA

⇥
trHĀ

| ih |
⇤n

<latexit sha1_base64="LaHgunDydtYcjAxYqMZ0wpUgtZo="></latexit>

Partition function on a branched manifold (replica)


Can be generalized to computing operator entanglement 


More complicated replica structure

7

n

A

h |
<latexit sha1_base64="0gzEkB22FXqZzT8THItv2wdIncI=">AAACYXicdZHLTgIxFIY74w3wBrhk00hMXJEZNdGdJC50iYlcEoaQTucADZ120nZMCPIabvW1XPsidoCFyHiSJn++/5z09G+YcKaN53057s7u3v5BoVg6PDo+OS1Xqh0tU0WhTSWXqhcSDZwJaBtmOPQSBSQOOXTD6UPmd19BaSbFi5klMIjJWLARo8RYFASciDGHINHsbViuew1vWXhb+GtRR+tqDSvOfRBJmsYgDOVE677vJWYwJ8owymFRClINCaFTMoa+lYLEoAfz5dILfGFJhEdS2SMMXtLfE/MwjG1XTMxEb3ASaz2Lw/+8DOZ6kc4uyrW03X4CUa6XESMl13luPzWju8GciSQ1IOjqVaOUYyNxFjeOmAJq+MwKQhWzwWA6IYpQYz+lZCP3/wa8LTpXDf+6cfV8U28+rsMvoBo6R5fIR7eoiZ5QC7URRQl6Rx/o0/l2i27Zra5aXWc9c4Y2yq39ANDOuWk=</latexit>

| i
<latexit sha1_base64="VvUewtVR1qPf+vKWtpBBjT65nbk=">AAACYXicdZHLSsNAFIYn8dbWW1uX3QSL4KokKujOghuXFewFmlAmk9N26GQmzEyEEgs+hVt9Lde+iJO2C2vjgYGf7z/DnPlPmDCqtOt+WfbO7t7+QalcOTw6Pjmt1uo9JVJJoEsEE3IQYgWMcuhqqhkMEgk4Dhn0w9lD7vdfQCoq+LOeJxDEeMLpmBKsDfJf/URRX2I+YTCqNt2WuyxnW3hr0UTr6oxq1r0fCZLGwDVhWKmh5yY6yLDUlDBYVPxUQYLJDE9gaCTHMaggWw69cC4MiZyxkOZw7Szp7xtZGMamK8Z6qjY4jpWax+F/Xg4LvUjlDxVaykw/hajQy4kWgqkid5jq8V2QUZ6kGjhZ/WqcMkcLJ4/biagEotncCEwkNcE4ZIolJtospWIi9/4GvC16Vy3vunX1dNNsd95W4ZdQA52jS+ShW9RGj6iDuoigBL2jD/Rpfdtlu2rXV622tV7YGdoou/EDBpW5+A==</latexit>

h |
<latexit sha1_base64="0gzEkB22FXqZzT8THItv2wdIncI=">AAACYXicdZHLTgIxFIY74w3wBrhk00hMXJEZNdGdJC50iYlcEoaQTucADZ120nZMCPIabvW1XPsidoCFyHiSJn++/5z09G+YcKaN53057s7u3v5BoVg6PDo+OS1Xqh0tU0WhTSWXqhcSDZwJaBtmOPQSBSQOOXTD6UPmd19BaSbFi5klMIjJWLARo8RYFASciDGHINHsbViuew1vWXhb+GtRR+tqDSvOfRBJmsYgDOVE677vJWYwJ8owymFRClINCaFTMoa+lYLEoAfz5dILfGFJhEdS2SMMXtLfE/MwjG1XTMxEb3ASaz2Lw/+8DOZ6kc4uyrW03X4CUa6XESMl13luPzWju8GciSQ1IOjqVaOUYyNxFjeOmAJq+MwKQhWzwWA6IYpQYz+lZCP3/wa8LTpXDf+6cfV8U28+rsMvoBo6R5fIR7eoiZ5QC7URRQl6Rx/o0/l2i27Zra5aXWc9c4Y2yq39ANDOuWk=</latexit>

| i
<latexit sha1_base64="VvUewtVR1qPf+vKWtpBBjT65nbk=">AAACYXicdZHLSsNAFIYn8dbWW1uX3QSL4KokKujOghuXFewFmlAmk9N26GQmzEyEEgs+hVt9Lde+iJO2C2vjgYGf7z/DnPlPmDCqtOt+WfbO7t7+QalcOTw6Pjmt1uo9JVJJoEsEE3IQYgWMcuhqqhkMEgk4Dhn0w9lD7vdfQCoq+LOeJxDEeMLpmBKsDfJf/URRX2I+YTCqNt2WuyxnW3hr0UTr6oxq1r0fCZLGwDVhWKmh5yY6yLDUlDBYVPxUQYLJDE9gaCTHMaggWw69cC4MiZyxkOZw7Szp7xtZGMamK8Z6qjY4jpWax+F/Xg4LvUjlDxVaykw/hajQy4kWgqkid5jq8V2QUZ6kGjhZ/WqcMkcLJ4/biagEotncCEwkNcE4ZIolJtospWIi9/4GvC16Vy3vunX1dNNsd95W4ZdQA52jS+ShW9RGj6iDuoigBL2jD/Rpfdtlu2rXV622tV7YGdoou/EDBpW5+A==</latexit>

h |
<latexit sha1_base64="0gzEkB22FXqZzT8THItv2wdIncI=">AAACYXicdZHLTgIxFIY74w3wBrhk00hMXJEZNdGdJC50iYlcEoaQTucADZ120nZMCPIabvW1XPsidoCFyHiSJn++/5z09G+YcKaN53057s7u3v5BoVg6PDo+OS1Xqh0tU0WhTSWXqhcSDZwJaBtmOPQSBSQOOXTD6UPmd19BaSbFi5klMIjJWLARo8RYFASciDGHINHsbViuew1vWXhb+GtRR+tqDSvOfRBJmsYgDOVE677vJWYwJ8owymFRClINCaFTMoa+lYLEoAfz5dILfGFJhEdS2SMMXtLfE/MwjG1XTMxEb3ASaz2Lw/+8DOZ6kc4uyrW03X4CUa6XESMl13luPzWju8GciSQ1IOjqVaOUYyNxFjeOmAJq+MwKQhWzwWA6IYpQYz+lZCP3/wa8LTpXDf+6cfV8U28+rsMvoBo6R5fIR7eoiZ5QC7URRQl6Rx/o0/l2i27Zra5aXWc9c4Y2yq39ANDOuWk=</latexit>

A

A

= Tr
⇣
⇢ A

⌘n

<latexit sha1_base64="rITPRi1cijgw75V3S49MAjd9+Wc="></latexit>{
<latexit sha1_base64="xqfRE3vn0mt34sVqmoFj7741wrc=">AAACXHicdZFPS8MwGMbTOnVuTjcFL16KQ/A0WhX05tCLxwnuD2xlpOm7LSxNSpIKo+xDeNVP5sXPYrr14Fx9IfDw/N6XvHkSxIwq7bpflr1T2t3bLx9Uqoe1o+N646SnRCIJdIlgQg4CrIBRDl1NNYNBLAFHAYN+MH/KeP8NpKKCv+pFDH6Ep5xOKMHaWP0RCyQmMK433Za7KmdbeLloorw644b1MAoFSSLgmjCs1NBzY+2nWGpKGCwro0RBjMkcT2FoJMcRKD9d7bt0Lo0TOhMhzeHaWbm/J9IgiExXhPVMbfg4UmoRBf+xzCxkocouKkTKbD+DsJBljhaCqSI6TPTk3k8pjxMNnKxfNUmYo4WTJe2EVALRbGEEJpKaYBwywyZubf6jYiL3/ga8LXrXLe+mdf1y22w/5uGX0Tm6QFfIQ3eojZ5RB3URQXP0jj7Qp/Vtl+yqXVu32lY+c4o2yj77AcR9twQ=</latexit>

| i
<latexit sha1_base64="VvUewtVR1qPf+vKWtpBBjT65nbk=">AAACYXicdZHLSsNAFIYn8dbWW1uX3QSL4KokKujOghuXFewFmlAmk9N26GQmzEyEEgs+hVt9Lde+iJO2C2vjgYGf7z/DnPlPmDCqtOt+WfbO7t7+QalcOTw6Pjmt1uo9JVJJoEsEE3IQYgWMcuhqqhkMEgk4Dhn0w9lD7vdfQCoq+LOeJxDEeMLpmBKsDfJf/URRX2I+YTCqNt2WuyxnW3hr0UTr6oxq1r0fCZLGwDVhWKmh5yY6yLDUlDBYVPxUQYLJDE9gaCTHMaggWw69cC4MiZyxkOZw7Szp7xtZGMamK8Z6qjY4jpWax+F/Xg4LvUjlDxVaykw/hajQy4kWgqkid5jq8V2QUZ6kGjhZ/WqcMkcLJ4/biagEotncCEwkNcE4ZIolJtospWIi9/4GvC16Vy3vunX1dNNsd95W4ZdQA52jS+ShW9RGj6iDuoigBL2jD/Rpfdtlu2rXV622tV7YGdoou/EDBpW5+A==</latexit>

……



Set up: (reduced density) operator entanglement 


Quenched dynamics for operator entanglement 


1. Two-dimensional rational conformal field theories (CFTs)


2. Random unitary circuits


3. Holographic CFTs (AdS/CFT)


Discussion: a new measure of quantum chaoticity?


Conclude/outlook

Outline:
8



Initial state: highly excited & short-range entangled (SRE) 

Quenched dynamics for operator entanglement
9



Initial state: highly excited & short-range entangled (SRE) 


—> Initial operator state is SRE, low operator entanglement

Quenched dynamics for operator entanglement
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Initial state: highly excited & short-range entangled (SRE) 


—> Initial operator state is SRE, low operator entanglement


If the state thermalizes, lim
t!1

⇢AB(t) / exp
⇣
��Ĥ

⌘
/ 1, � ⌧ 1

<latexit sha1_base64="XRxok061hK7DmInXP9xI0TzZhuc="></latexit>
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Initial state: highly excited & short-range entangled (SRE) 


—> Initial operator state is SRE, low operator entanglement


If the state thermalizes,


—> Finial operator state is also SRE, low operator entanglement

lim
t!1

⇢AB(t) / exp
⇣
��Ĥ

⌘
/ 1, � ⌧ 1

<latexit sha1_base64="XRxok061hK7DmInXP9xI0TzZhuc="></latexit>
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Initial state: highly excited & short-range entangled (SRE) 


—> Initial operator state is SRE, low operator entanglement


If the state thermalizes,


—> Finial operator state is also SRE, low operator entanglement


What happens in the middle? Can the whole process be captured by MPS?

lim
t!1

⇢AB(t) / exp
⇣
��Ĥ

⌘
/ 1, � ⌧ 1

<latexit sha1_base64="XRxok061hK7DmInXP9xI0TzZhuc="></latexit>
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Quenched dynamics for operator entanglement

Initial state: highly excited & short-range entangled (SRE) 


—> Initial operator state is SRE, low operator entanglement


If the state thermalizes,


—> Finial operator state is also SRE, low operator entanglement


What happens in the middle? Can the whole process be captured by MPS?


Intuitively, depends on chaoticity of the underlying Hamiltonian/system

lim
t!1

⇢AB(t) / exp
⇣
��Ĥ

⌘
/ 1, � ⌧ 1

<latexit sha1_base64="XRxok061hK7DmInXP9xI0TzZhuc="></latexit>
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Quenched dynamics for operator entanglement

Initial state: highly excited & short-range entangled (SRE) 


—> Initial operator state is SRE, low operator entanglement


If the state thermalizes,


—> Finial operator state is also SRE, low operator entanglement


What happens in the middle? Can the whole process be captured by MPS?


Intuitively, depends on chaoticity of the underlying Hamiltonian/system


Examine this question in 3 classes of models, varying in chaoticity

lim
t!1

⇢AB(t) / exp
⇣
��Ĥ

⌘
/ 1, � ⌧ 1

<latexit sha1_base64="XRxok061hK7DmInXP9xI0TzZhuc="></latexit>
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Set up: (reduced density) operator entanglement 


Quenched dynamics for operator entanglement 


1. Two-dimensional rational conformal field theories (CFTs)


2. Random unitary circuits


3. Holographic CFTs (AdS/CFT)


Discussion: a new measure of quantum chaoticity?


Future directions

Outline:
10



2-dimensional rational CFTs

Branched-manifold <—> orbifold CFT:

State Renyi entropy:

CFTn ⌘ CFT⌦n/Zn
<latexit sha1_base64="w8o/CNPnayeuIfkgSKVWn2GPuCw="></latexit>

11

n

A

h |
<latexit sha1_base64="0gzEkB22FXqZzT8THItv2wdIncI=">AAACYXicdZHLTgIxFIY74w3wBrhk00hMXJEZNdGdJC50iYlcEoaQTucADZ120nZMCPIabvW1XPsidoCFyHiSJn++/5z09G+YcKaN53057s7u3v5BoVg6PDo+OS1Xqh0tU0WhTSWXqhcSDZwJaBtmOPQSBSQOOXTD6UPmd19BaSbFi5klMIjJWLARo8RYFASciDGHINHsbViuew1vWXhb+GtRR+tqDSvOfRBJmsYgDOVE677vJWYwJ8owymFRClINCaFTMoa+lYLEoAfz5dILfGFJhEdS2SMMXtLfE/MwjG1XTMxEb3ASaz2Lw/+8DOZ6kc4uyrW03X4CUa6XESMl13luPzWju8GciSQ1IOjqVaOUYyNxFjeOmAJq+MwKQhWzwWA6IYpQYz+lZCP3/wa8LTpXDf+6cfV8U28+rsMvoBo6R5fIR7eoiZ5QC7URRQl6Rx/o0/l2i27Zra5aXWc9c4Y2yq39ANDOuWk=</latexit>

| i
<latexit sha1_base64="VvUewtVR1qPf+vKWtpBBjT65nbk=">AAACYXicdZHLSsNAFIYn8dbWW1uX3QSL4KokKujOghuXFewFmlAmk9N26GQmzEyEEgs+hVt9Lde+iJO2C2vjgYGf7z/DnPlPmDCqtOt+WfbO7t7+QalcOTw6Pjmt1uo9JVJJoEsEE3IQYgWMcuhqqhkMEgk4Dhn0w9lD7vdfQCoq+LOeJxDEeMLpmBKsDfJf/URRX2I+YTCqNt2WuyxnW3hr0UTr6oxq1r0fCZLGwDVhWKmh5yY6yLDUlDBYVPxUQYLJDE9gaCTHMaggWw69cC4MiZyxkOZw7Szp7xtZGMamK8Z6qjY4jpWax+F/Xg4LvUjlDxVaykw/hajQy4kWgqkid5jq8V2QUZ6kGjhZ/WqcMkcLJ4/biagEotncCEwkNcE4ZIolJtospWIi9/4GvC16Vy3vunX1dNNsd95W4ZdQA52jS+ShW9RGj6iDuoigBL2jD/Rpfdtlu2rXV622tV7YGdoou/EDBpW5+A==</latexit>

h |
<latexit sha1_base64="0gzEkB22FXqZzT8THItv2wdIncI=">AAACYXicdZHLTgIxFIY74w3wBrhk00hMXJEZNdGdJC50iYlcEoaQTucADZ120nZMCPIabvW1XPsidoCFyHiSJn++/5z09G+YcKaN53057s7u3v5BoVg6PDo+OS1Xqh0tU0WhTSWXqhcSDZwJaBtmOPQSBSQOOXTD6UPmd19BaSbFi5klMIjJWLARo8RYFASciDGHINHsbViuew1vWXhb+GtRR+tqDSvOfRBJmsYgDOVE677vJWYwJ8owymFRClINCaFTMoa+lYLEoAfz5dILfGFJhEdS2SMMXtLfE/MwjG1XTMxEb3ASaz2Lw/+8DOZ6kc4uyrW03X4CUa6XESMl13luPzWju8GciSQ1IOjqVaOUYyNxFjeOmAJq+MwKQhWzwWA6IYpQYz+lZCP3/wa8LTpXDf+6cfV8U28+rsMvoBo6R5fIR7eoiZ5QC7URRQl6Rx/o0/l2i27Zra5aXWc9c4Y2yq39ANDOuWk=</latexit>

| i
<latexit sha1_base64="VvUewtVR1qPf+vKWtpBBjT65nbk=">AAACYXicdZHLSsNAFIYn8dbWW1uX3QSL4KokKujOghuXFewFmlAmk9N26GQmzEyEEgs+hVt9Lde+iJO2C2vjgYGf7z/DnPlPmDCqtOt+WfbO7t7+QalcOTw6Pjmt1uo9JVJJoEsEE3IQYgWMcuhqqhkMEgk4Dhn0w9lD7vdfQCoq+LOeJxDEeMLpmBKsDfJf/URRX2I+YTCqNt2WuyxnW3hr0UTr6oxq1r0fCZLGwDVhWKmh5yY6yLDUlDBYVPxUQYLJDE9gaCTHMaggWw69cC4MiZyxkOZw7Szp7xtZGMamK8Z6qjY4jpWax+F/Xg4LvUjlDxVaykw/hajQy4kWgqkid5jq8V2QUZ6kGjhZ/WqcMkcLJ4/biagEotncCEwkNcE4ZIolJtospWIi9/4GvC16Vy3vunX1dNNsd95W4ZdQA52jS+ShW9RGj6iDuoigBL2jD/Rpfdtlu2rXV622tV7YGdoou/EDBpW5+A==</latexit>

h |
<latexit sha1_base64="0gzEkB22FXqZzT8THItv2wdIncI=">AAACYXicdZHLTgIxFIY74w3wBrhk00hMXJEZNdGdJC50iYlcEoaQTucADZ120nZMCPIabvW1XPsidoCFyHiSJn++/5z09G+YcKaN53057s7u3v5BoVg6PDo+OS1Xqh0tU0WhTSWXqhcSDZwJaBtmOPQSBSQOOXTD6UPmd19BaSbFi5klMIjJWLARo8RYFASciDGHINHsbViuew1vWXhb+GtRR+tqDSvOfRBJmsYgDOVE677vJWYwJ8owymFRClINCaFTMoa+lYLEoAfz5dILfGFJhEdS2SMMXtLfE/MwjG1XTMxEb3ASaz2Lw/+8DOZ6kc4uyrW03X4CUa6XESMl13luPzWju8GciSQ1IOjqVaOUYyNxFjeOmAJq+MwKQhWzwWA6IYpQYz+lZCP3/wa8LTpXDf+6cfV8U28+rsMvoBo6R5fIR7eoiZ5QC7URRQl6Rx/o0/l2i27Zra5aXWc9c4Y2yq39ANDOuWk=</latexit>

A

A

= Tr
⇣
⇢ A

⌘n

<latexit sha1_base64="rITPRi1cijgw75V3S49MAjd9+Wc="></latexit>{
<latexit sha1_base64="xqfRE3vn0mt34sVqmoFj7741wrc=">AAACXHicdZFPS8MwGMbTOnVuTjcFL16KQ/A0WhX05tCLxwnuD2xlpOm7LSxNSpIKo+xDeNVP5sXPYrr14Fx9IfDw/N6XvHkSxIwq7bpflr1T2t3bLx9Uqoe1o+N646SnRCIJdIlgQg4CrIBRDl1NNYNBLAFHAYN+MH/KeP8NpKKCv+pFDH6Ep5xOKMHaWP0RCyQmMK433Za7KmdbeLloorw644b1MAoFSSLgmjCs1NBzY+2nWGpKGCwro0RBjMkcT2FoJMcRKD9d7bt0Lo0TOhMhzeHaWbm/J9IgiExXhPVMbfg4UmoRBf+xzCxkocouKkTKbD+DsJBljhaCqSI6TPTk3k8pjxMNnKxfNUmYo4WTJe2EVALRbGEEJpKaYBwywyZubf6jYiL3/ga8LXrXLe+mdf1y22w/5uGX0Tm6QFfIQ3eojZ5RB3URQXP0jj7Qp/Vtl+yqXVu32lY+c4o2yj77AcR9twQ=</latexit>

| i
<latexit sha1_base64="VvUewtVR1qPf+vKWtpBBjT65nbk=">AAACYXicdZHLSsNAFIYn8dbWW1uX3QSL4KokKujOghuXFewFmlAmk9N26GQmzEyEEgs+hVt9Lde+iJO2C2vjgYGf7z/DnPlPmDCqtOt+WfbO7t7+QalcOTw6Pjmt1uo9JVJJoEsEE3IQYgWMcuhqqhkMEgk4Dhn0w9lD7vdfQCoq+LOeJxDEeMLpmBKsDfJf/URRX2I+YTCqNt2WuyxnW3hr0UTr6oxq1r0fCZLGwDVhWKmh5yY6yLDUlDBYVPxUQYLJDE9gaCTHMaggWw69cC4MiZyxkOZw7Szp7xtZGMamK8Z6qjY4jpWax+F/Xg4LvUjlDxVaykw/hajQy4kWgqkid5jq8V2QUZ6kGjhZ/WqcMkcLJ4/biagEotncCEwkNcE4ZIolJtospWIi9/4GvC16Vy3vunX1dNNsd95W4ZdQA52jS+ShW9RGj6iDuoigBL2jD/Rpfdtlu2rXV622tV7YGdoou/EDBpW5+A==</latexit>

……

A

CFT⌦n
<latexit sha1_base64="1kWqpf222F2c/AjOGTyjPkC8u7U=">AAACbXicdVHbSgMxEE3Xe71VRV8UCRbRp7Krgr5ZLIiPCm0V2lKy2akNZpMlmRXL2p/xVX/Ir/AXzNY+eKkHAodzZpiZkzCRwqLvvxe8qemZ2bn5heLi0vLKamltvWl1ajg0uJba3IXMghQKGihQwl1igMWhhNvwoZb7t49grNCqjoMEOjG7V6InOEMndUtbbYQnzGqX9WE3a2sUMViqht1S2a/4I9C/JBiTMhnjurtWOG9HmqcxKOSSWdsK/AQ7GTMouIRhsZ1aSBh/YPfQclQxN6iTjQ4Y0n2nRLSnjXsK6Uj93pGFYeyqYoZ9+0NnsbWDOPzPy8WJXmTzQRMt67bvQzTRyxXUWtpJbivF3lknEypJERT/uqqXSoqa5tHTSBjgKAeOMG6EC4byPjOMo/ugoos8+B3wX9I8qgTHlaObk3L1Yhz+PNkme+SQBOSUVMkVuSYNwskzeSGv5K3w4W16O97uV6lXGPdskB/wDj4Bgua9zg==</latexit>| i⌦n

<latexit sha1_base64="d3JZciAVG+Lijzpr+DfooK3YsVs=">AAACb3icdVHLSgMxFE3HV62vqgsFQYJF0E2ZUUF3Ft24VLAqdErJZG7b0EwyJHeEMtavcav/42f4B2ZqFz7qgcDhnHu5955EqRQWff+95M3Mzs0vlBcrS8srq2vV9Y07qzPDocm11OYhYhakUNBEgRIeUgMsiSTcR4PLwr9/BGOFVrc4TKGdsJ4SXcEZOqlT3X4KUytCw1RPQicPNYoELFWjTrXm1/0x6F8STEiNTHDdWS+dh7HmWQIKuWTWtgI/xXbODAouYVQJMwsp4wPWg5ajirlB7Xx8wojuOyWmXW3cU0jH6veOPIoSV5Uw7NsfOkusHSbRf14hTvViWwyaalm3fR/iqV6hoNbSTnNbGXbP2rlQaYag+NdV3UxS1LQIn8bCAEc5dIRxI1wwlPeZYRzdF1Vc5MHvgP+Su6N6cFw/ujmpNS4m4ZfJDtkjByQgp6RBrsg1aRJOnskLeSVvpQ9vy9v16FepV5r0bJIf8A4/AdurvuU=</latexit>

h |⌦n
<latexit sha1_base64="xY/kdV89WBQLJNX1YHpI+BMQg/o="></latexit>

�n
<latexit sha1_base64="gnbysrnUKUUzu8UhMkAOTlUtfFo=">AAACXXicdZHNSgMxFIXT0WqtVVtduHATLIKrMlMF3Vl047KC/YF2KJlMpg3Nz5BkhDL0Jdzqi7nyVcy0s7B2vBA4fOdecnMSxIxq47pfJWdnt7y3XzmoHtaOjk/qjdO+lonCpIclk2oYIE0YFaRnqGFkGCuCeMDIIJg/Zf7gjShNpXg1i5j4HE0FjShGxqLhWNMpRxMxqTfdlrsquC28XDRBXt1Jo/QwDiVOOBEGM6T1yHNj46dIGYoZWVbHiSYxwnM0JSMrBeJE++lq4SW8siSEkVT2CANX9PdEGgTcdnFkZnqDI671ggf/eRks9EKdXVRoabv9jISFXkaMlEwXuaPERPd+SkWcGCLw+lVRwqCRMIsahlQRbNjCCoQVtcFAPEMKYWM/pGoj9/4GvC367ZZ302q/3DY7j3n4FXABLsE18MAd6IBn0AU9gAED7+ADfJa+nbJTc47XrU4pnzkDG+Wc/wDQhLeD</latexit>

�̄n
<latexit sha1_base64="QoFOrwiPyoTpSYj5xzRUxTgwjVg=">AAACY3icdZHLSsNAFIYn8VZbL211J0KwCK5KUgXdWXTjsoK9QBPLZDJph84lzEyEEvoebvWtfADfw0mbhbX1wMDP95/DnPknTChR2nW/LHtre2d3r7RfrhwcHh1Xa/WeEqlEuIsEFXIQQoUp4biriaZ4kEgMWUhxP5w+5n7/DUtFBH/RswQHDI45iQmC2qBXP4Qy8xUZMzgf8VG14TbdRTnrwitEAxTVGdWsez8SKGWYa0ShUkPPTXSQQakJonhe9lOFE4imcIyHRnLIsAqyxdpz59KQyImFNIdrZ0F/T2RhyEwXg3qiVjhkSs1Y+J+Xw41epPKLNlrKbD/B0UYvJ1oIqja5w1THd0FGeJJqzNHyVXFKHS2cPHAnIhIjTWdGQCSJCcZBEygh0uZbyiZy72/A66LXanrXzdbzTaP9UIRfAmfgAlwBD9yCNngCHdAFCEjwDj7Ap/VtV+y6fbpsta1i5gSslH3+A7lbukg=</latexit>

=



2-dimensional rational CFTs

Branched-manifold <—> orbifold CFT:


Correlation function of (quasi-local) twist operators


           

State Renyi entropy:

Sn(A, ) = h ⌦n|�n�̄n| ⌦niCFTn
<latexit sha1_base64="dM9oAVm83RVrRxaCDguhPb83x6A="></latexit>

CFTn ⌘ CFT⌦n/Zn
<latexit sha1_base64="w8o/CNPnayeuIfkgSKVWn2GPuCw="></latexit>

11

n

A

h |
<latexit sha1_base64="0gzEkB22FXqZzT8THItv2wdIncI=">AAACYXicdZHLTgIxFIY74w3wBrhk00hMXJEZNdGdJC50iYlcEoaQTucADZ120nZMCPIabvW1XPsidoCFyHiSJn++/5z09G+YcKaN53057s7u3v5BoVg6PDo+OS1Xqh0tU0WhTSWXqhcSDZwJaBtmOPQSBSQOOXTD6UPmd19BaSbFi5klMIjJWLARo8RYFASciDGHINHsbViuew1vWXhb+GtRR+tqDSvOfRBJmsYgDOVE677vJWYwJ8owymFRClINCaFTMoa+lYLEoAfz5dILfGFJhEdS2SMMXtLfE/MwjG1XTMxEb3ASaz2Lw/+8DOZ6kc4uyrW03X4CUa6XESMl13luPzWju8GciSQ1IOjqVaOUYyNxFjeOmAJq+MwKQhWzwWA6IYpQYz+lZCP3/wa8LTpXDf+6cfV8U28+rsMvoBo6R5fIR7eoiZ5QC7URRQl6Rx/o0/l2i27Zra5aXWc9c4Y2yq39ANDOuWk=</latexit>

| i
<latexit sha1_base64="VvUewtVR1qPf+vKWtpBBjT65nbk=">AAACYXicdZHLSsNAFIYn8dbWW1uX3QSL4KokKujOghuXFewFmlAmk9N26GQmzEyEEgs+hVt9Lde+iJO2C2vjgYGf7z/DnPlPmDCqtOt+WfbO7t7+QalcOTw6Pjmt1uo9JVJJoEsEE3IQYgWMcuhqqhkMEgk4Dhn0w9lD7vdfQCoq+LOeJxDEeMLpmBKsDfJf/URRX2I+YTCqNt2WuyxnW3hr0UTr6oxq1r0fCZLGwDVhWKmh5yY6yLDUlDBYVPxUQYLJDE9gaCTHMaggWw69cC4MiZyxkOZw7Szp7xtZGMamK8Z6qjY4jpWax+F/Xg4LvUjlDxVaykw/hajQy4kWgqkid5jq8V2QUZ6kGjhZ/WqcMkcLJ4/biagEotncCEwkNcE4ZIolJtospWIi9/4GvC16Vy3vunX1dNNsd95W4ZdQA52jS+ShW9RGj6iDuoigBL2jD/Rpfdtlu2rXV622tV7YGdoou/EDBpW5+A==</latexit>

h |
<latexit sha1_base64="0gzEkB22FXqZzT8THItv2wdIncI=">AAACYXicdZHLTgIxFIY74w3wBrhk00hMXJEZNdGdJC50iYlcEoaQTucADZ120nZMCPIabvW1XPsidoCFyHiSJn++/5z09G+YcKaN53057s7u3v5BoVg6PDo+OS1Xqh0tU0WhTSWXqhcSDZwJaBtmOPQSBSQOOXTD6UPmd19BaSbFi5klMIjJWLARo8RYFASciDGHINHsbViuew1vWXhb+GtRR+tqDSvOfRBJmsYgDOVE677vJWYwJ8owymFRClINCaFTMoa+lYLEoAfz5dILfGFJhEdS2SMMXtLfE/MwjG1XTMxEb3ASaz2Lw/+8DOZ6kc4uyrW03X4CUa6XESMl13luPzWju8GciSQ1IOjqVaOUYyNxFjeOmAJq+MwKQhWzwWA6IYpQYz+lZCP3/wa8LTpXDf+6cfV8U28+rsMvoBo6R5fIR7eoiZ5QC7URRQl6Rx/o0/l2i27Zra5aXWc9c4Y2yq39ANDOuWk=</latexit>

| i
<latexit sha1_base64="VvUewtVR1qPf+vKWtpBBjT65nbk=">AAACYXicdZHLSsNAFIYn8dbWW1uX3QSL4KokKujOghuXFewFmlAmk9N26GQmzEyEEgs+hVt9Lde+iJO2C2vjgYGf7z/DnPlPmDCqtOt+WfbO7t7+QalcOTw6Pjmt1uo9JVJJoEsEE3IQYgWMcuhqqhkMEgk4Dhn0w9lD7vdfQCoq+LOeJxDEeMLpmBKsDfJf/URRX2I+YTCqNt2WuyxnW3hr0UTr6oxq1r0fCZLGwDVhWKmh5yY6yLDUlDBYVPxUQYLJDE9gaCTHMaggWw69cC4MiZyxkOZw7Szp7xtZGMamK8Z6qjY4jpWax+F/Xg4LvUjlDxVaykw/hajQy4kWgqkid5jq8V2QUZ6kGjhZ/WqcMkcLJ4/biagEotncCEwkNcE4ZIolJtospWIi9/4GvC16Vy3vunX1dNNsd95W4ZdQA52jS+ShW9RGj6iDuoigBL2jD/Rpfdtlu2rXV622tV7YGdoou/EDBpW5+A==</latexit>

h |
<latexit sha1_base64="0gzEkB22FXqZzT8THItv2wdIncI=">AAACYXicdZHLTgIxFIY74w3wBrhk00hMXJEZNdGdJC50iYlcEoaQTucADZ120nZMCPIabvW1XPsidoCFyHiSJn++/5z09G+YcKaN53057s7u3v5BoVg6PDo+OS1Xqh0tU0WhTSWXqhcSDZwJaBtmOPQSBSQOOXTD6UPmd19BaSbFi5klMIjJWLARo8RYFASciDGHINHsbViuew1vWXhb+GtRR+tqDSvOfRBJmsYgDOVE677vJWYwJ8owymFRClINCaFTMoa+lYLEoAfz5dILfGFJhEdS2SMMXtLfE/MwjG1XTMxEb3ASaz2Lw/+8DOZ6kc4uyrW03X4CUa6XESMl13luPzWju8GciSQ1IOjqVaOUYyNxFjeOmAJq+MwKQhWzwWA6IYpQYz+lZCP3/wa8LTpXDf+6cfV8U28+rsMvoBo6R5fIR7eoiZ5QC7URRQl6Rx/o0/l2i27Zra5aXWc9c4Y2yq39ANDOuWk=</latexit>

A

A

= Tr
⇣
⇢ A

⌘n

<latexit sha1_base64="rITPRi1cijgw75V3S49MAjd9+Wc="></latexit>{
<latexit sha1_base64="xqfRE3vn0mt34sVqmoFj7741wrc=">AAACXHicdZFPS8MwGMbTOnVuTjcFL16KQ/A0WhX05tCLxwnuD2xlpOm7LSxNSpIKo+xDeNVP5sXPYrr14Fx9IfDw/N6XvHkSxIwq7bpflr1T2t3bLx9Uqoe1o+N646SnRCIJdIlgQg4CrIBRDl1NNYNBLAFHAYN+MH/KeP8NpKKCv+pFDH6Ep5xOKMHaWP0RCyQmMK433Za7KmdbeLloorw644b1MAoFSSLgmjCs1NBzY+2nWGpKGCwro0RBjMkcT2FoJMcRKD9d7bt0Lo0TOhMhzeHaWbm/J9IgiExXhPVMbfg4UmoRBf+xzCxkocouKkTKbD+DsJBljhaCqSI6TPTk3k8pjxMNnKxfNUmYo4WTJe2EVALRbGEEJpKaYBwywyZubf6jYiL3/ga8LXrXLe+mdf1y22w/5uGX0Tm6QFfIQ3eojZ5RB3URQXP0jj7Qp/Vtl+yqXVu32lY+c4o2yj77AcR9twQ=</latexit>

| i
<latexit sha1_base64="VvUewtVR1qPf+vKWtpBBjT65nbk=">AAACYXicdZHLSsNAFIYn8dbWW1uX3QSL4KokKujOghuXFewFmlAmk9N26GQmzEyEEgs+hVt9Lde+iJO2C2vjgYGf7z/DnPlPmDCqtOt+WfbO7t7+QalcOTw6Pjmt1uo9JVJJoEsEE3IQYgWMcuhqqhkMEgk4Dhn0w9lD7vdfQCoq+LOeJxDEeMLpmBKsDfJf/URRX2I+YTCqNt2WuyxnW3hr0UTr6oxq1r0fCZLGwDVhWKmh5yY6yLDUlDBYVPxUQYLJDE9gaCTHMaggWw69cC4MiZyxkOZw7Szp7xtZGMamK8Z6qjY4jpWax+F/Xg4LvUjlDxVaykw/hajQy4kWgqkid5jq8V2QUZ6kGjhZ/WqcMkcLJ4/biagEotncCEwkNcE4ZIolJtospWIi9/4GvC16Vy3vunX1dNNsd95W4ZdQA52jS+ShW9RGj6iDuoigBL2jD/Rpfdtlu2rXV622tV7YGdoou/EDBpW5+A==</latexit>

……

A

CFT⌦n
<latexit sha1_base64="1kWqpf222F2c/AjOGTyjPkC8u7U=">AAACbXicdVHbSgMxEE3Xe71VRV8UCRbRp7Krgr5ZLIiPCm0V2lKy2akNZpMlmRXL2p/xVX/Ir/AXzNY+eKkHAodzZpiZkzCRwqLvvxe8qemZ2bn5heLi0vLKamltvWl1ajg0uJba3IXMghQKGihQwl1igMWhhNvwoZb7t49grNCqjoMEOjG7V6InOEMndUtbbYQnzGqX9WE3a2sUMViqht1S2a/4I9C/JBiTMhnjurtWOG9HmqcxKOSSWdsK/AQ7GTMouIRhsZ1aSBh/YPfQclQxN6iTjQ4Y0n2nRLSnjXsK6Uj93pGFYeyqYoZ9+0NnsbWDOPzPy8WJXmTzQRMt67bvQzTRyxXUWtpJbivF3lknEypJERT/uqqXSoqa5tHTSBjgKAeOMG6EC4byPjOMo/ugoos8+B3wX9I8qgTHlaObk3L1Yhz+PNkme+SQBOSUVMkVuSYNwskzeSGv5K3w4W16O97uV6lXGPdskB/wDj4Bgua9zg==</latexit>| i⌦n

<latexit sha1_base64="d3JZciAVG+Lijzpr+DfooK3YsVs=">AAACb3icdVHLSgMxFE3HV62vqgsFQYJF0E2ZUUF3Ft24VLAqdErJZG7b0EwyJHeEMtavcav/42f4B2ZqFz7qgcDhnHu5955EqRQWff+95M3Mzs0vlBcrS8srq2vV9Y07qzPDocm11OYhYhakUNBEgRIeUgMsiSTcR4PLwr9/BGOFVrc4TKGdsJ4SXcEZOqlT3X4KUytCw1RPQicPNYoELFWjTrXm1/0x6F8STEiNTHDdWS+dh7HmWQIKuWTWtgI/xXbODAouYVQJMwsp4wPWg5ajirlB7Xx8wojuOyWmXW3cU0jH6veOPIoSV5Uw7NsfOkusHSbRf14hTvViWwyaalm3fR/iqV6hoNbSTnNbGXbP2rlQaYag+NdV3UxS1LQIn8bCAEc5dIRxI1wwlPeZYRzdF1Vc5MHvgP+Su6N6cFw/ujmpNS4m4ZfJDtkjByQgp6RBrsg1aRJOnskLeSVvpQ9vy9v16FepV5r0bJIf8A4/AdurvuU=</latexit>

h |⌦n
<latexit sha1_base64="xY/kdV89WBQLJNX1YHpI+BMQg/o="></latexit>

�n
<latexit sha1_base64="gnbysrnUKUUzu8UhMkAOTlUtfFo=">AAACXXicdZHNSgMxFIXT0WqtVVtduHATLIKrMlMF3Vl047KC/YF2KJlMpg3Nz5BkhDL0Jdzqi7nyVcy0s7B2vBA4fOdecnMSxIxq47pfJWdnt7y3XzmoHtaOjk/qjdO+lonCpIclk2oYIE0YFaRnqGFkGCuCeMDIIJg/Zf7gjShNpXg1i5j4HE0FjShGxqLhWNMpRxMxqTfdlrsquC28XDRBXt1Jo/QwDiVOOBEGM6T1yHNj46dIGYoZWVbHiSYxwnM0JSMrBeJE++lq4SW8siSEkVT2CANX9PdEGgTcdnFkZnqDI671ggf/eRks9EKdXVRoabv9jISFXkaMlEwXuaPERPd+SkWcGCLw+lVRwqCRMIsahlQRbNjCCoQVtcFAPEMKYWM/pGoj9/4GvC367ZZ302q/3DY7j3n4FXABLsE18MAd6IBn0AU9gAED7+ADfJa+nbJTc47XrU4pnzkDG+Wc/wDQhLeD</latexit>

�̄n
<latexit sha1_base64="QoFOrwiPyoTpSYj5xzRUxTgwjVg=">AAACY3icdZHLSsNAFIYn8VZbL211J0KwCK5KUgXdWXTjsoK9QBPLZDJph84lzEyEEvoebvWtfADfw0mbhbX1wMDP95/DnPknTChR2nW/LHtre2d3r7RfrhwcHh1Xa/WeEqlEuIsEFXIQQoUp4biriaZ4kEgMWUhxP5w+5n7/DUtFBH/RswQHDI45iQmC2qBXP4Qy8xUZMzgf8VG14TbdRTnrwitEAxTVGdWsez8SKGWYa0ShUkPPTXSQQakJonhe9lOFE4imcIyHRnLIsAqyxdpz59KQyImFNIdrZ0F/T2RhyEwXg3qiVjhkSs1Y+J+Xw41epPKLNlrKbD/B0UYvJ1oIqja5w1THd0FGeJJqzNHyVXFKHS2cPHAnIhIjTWdGQCSJCcZBEygh0uZbyiZy72/A66LXanrXzdbzTaP9UIRfAmfgAlwBD9yCNngCHdAFCEjwDj7Ap/VtV+y6fbpsta1i5gSslH3+A7lbukg=</latexit>

=



2-dimensional rational CFTs

Branched-manifold <—> orbifold CFT:


Correlation function of (quasi-local) twist operators


           


Definite conformal dimensions 

State Renyi entropy:

Sn(A, ) = h ⌦n|�n�̄n| ⌦niCFTn
<latexit sha1_base64="dM9oAVm83RVrRxaCDguhPb83x6A="></latexit>

CFTn ⌘ CFT⌦n/Zn
<latexit sha1_base64="w8o/CNPnayeuIfkgSKVWn2GPuCw="></latexit>

hn =
nc

24

✓
1� 1

n2

◆

<latexit sha1_base64="AvgtjBr7NB8PdfsLEoe8uKHHi34="></latexit>

11

n

A

h |
<latexit sha1_base64="0gzEkB22FXqZzT8THItv2wdIncI=">AAACYXicdZHLTgIxFIY74w3wBrhk00hMXJEZNdGdJC50iYlcEoaQTucADZ120nZMCPIabvW1XPsidoCFyHiSJn++/5z09G+YcKaN53057s7u3v5BoVg6PDo+OS1Xqh0tU0WhTSWXqhcSDZwJaBtmOPQSBSQOOXTD6UPmd19BaSbFi5klMIjJWLARo8RYFASciDGHINHsbViuew1vWXhb+GtRR+tqDSvOfRBJmsYgDOVE677vJWYwJ8owymFRClINCaFTMoa+lYLEoAfz5dILfGFJhEdS2SMMXtLfE/MwjG1XTMxEb3ASaz2Lw/+8DOZ6kc4uyrW03X4CUa6XESMl13luPzWju8GciSQ1IOjqVaOUYyNxFjeOmAJq+MwKQhWzwWA6IYpQYz+lZCP3/wa8LTpXDf+6cfV8U28+rsMvoBo6R5fIR7eoiZ5QC7URRQl6Rx/o0/l2i27Zra5aXWc9c4Y2yq39ANDOuWk=</latexit>

| i
<latexit sha1_base64="VvUewtVR1qPf+vKWtpBBjT65nbk=">AAACYXicdZHLSsNAFIYn8dbWW1uX3QSL4KokKujOghuXFewFmlAmk9N26GQmzEyEEgs+hVt9Lde+iJO2C2vjgYGf7z/DnPlPmDCqtOt+WfbO7t7+QalcOTw6Pjmt1uo9JVJJoEsEE3IQYgWMcuhqqhkMEgk4Dhn0w9lD7vdfQCoq+LOeJxDEeMLpmBKsDfJf/URRX2I+YTCqNt2WuyxnW3hr0UTr6oxq1r0fCZLGwDVhWKmh5yY6yLDUlDBYVPxUQYLJDE9gaCTHMaggWw69cC4MiZyxkOZw7Szp7xtZGMamK8Z6qjY4jpWax+F/Xg4LvUjlDxVaykw/hajQy4kWgqkid5jq8V2QUZ6kGjhZ/WqcMkcLJ4/biagEotncCEwkNcE4ZIolJtospWIi9/4GvC16Vy3vunX1dNNsd95W4ZdQA52jS+ShW9RGj6iDuoigBL2jD/Rpfdtlu2rXV622tV7YGdoou/EDBpW5+A==</latexit>

h |
<latexit sha1_base64="0gzEkB22FXqZzT8THItv2wdIncI=">AAACYXicdZHLTgIxFIY74w3wBrhk00hMXJEZNdGdJC50iYlcEoaQTucADZ120nZMCPIabvW1XPsidoCFyHiSJn++/5z09G+YcKaN53057s7u3v5BoVg6PDo+OS1Xqh0tU0WhTSWXqhcSDZwJaBtmOPQSBSQOOXTD6UPmd19BaSbFi5klMIjJWLARo8RYFASciDGHINHsbViuew1vWXhb+GtRR+tqDSvOfRBJmsYgDOVE677vJWYwJ8owymFRClINCaFTMoa+lYLEoAfz5dILfGFJhEdS2SMMXtLfE/MwjG1XTMxEb3ASaz2Lw/+8DOZ6kc4uyrW03X4CUa6XESMl13luPzWju8GciSQ1IOjqVaOUYyNxFjeOmAJq+MwKQhWzwWA6IYpQYz+lZCP3/wa8LTpXDf+6cfV8U28+rsMvoBo6R5fIR7eoiZ5QC7URRQl6Rx/o0/l2i27Zra5aXWc9c4Y2yq39ANDOuWk=</latexit>

| i
<latexit sha1_base64="VvUewtVR1qPf+vKWtpBBjT65nbk=">AAACYXicdZHLSsNAFIYn8dbWW1uX3QSL4KokKujOghuXFewFmlAmk9N26GQmzEyEEgs+hVt9Lde+iJO2C2vjgYGf7z/DnPlPmDCqtOt+WfbO7t7+QalcOTw6Pjmt1uo9JVJJoEsEE3IQYgWMcuhqqhkMEgk4Dhn0w9lD7vdfQCoq+LOeJxDEeMLpmBKsDfJf/URRX2I+YTCqNt2WuyxnW3hr0UTr6oxq1r0fCZLGwDVhWKmh5yY6yLDUlDBYVPxUQYLJDE9gaCTHMaggWw69cC4MiZyxkOZw7Szp7xtZGMamK8Z6qjY4jpWax+F/Xg4LvUjlDxVaykw/hajQy4kWgqkid5jq8V2QUZ6kGjhZ/WqcMkcLJ4/biagEotncCEwkNcE4ZIolJtospWIi9/4GvC16Vy3vunX1dNNsd95W4ZdQA52jS+ShW9RGj6iDuoigBL2jD/Rpfdtlu2rXV622tV7YGdoou/EDBpW5+A==</latexit>

h |
<latexit sha1_base64="0gzEkB22FXqZzT8THItv2wdIncI=">AAACYXicdZHLTgIxFIY74w3wBrhk00hMXJEZNdGdJC50iYlcEoaQTucADZ120nZMCPIabvW1XPsidoCFyHiSJn++/5z09G+YcKaN53057s7u3v5BoVg6PDo+OS1Xqh0tU0WhTSWXqhcSDZwJaBtmOPQSBSQOOXTD6UPmd19BaSbFi5klMIjJWLARo8RYFASciDGHINHsbViuew1vWXhb+GtRR+tqDSvOfRBJmsYgDOVE677vJWYwJ8owymFRClINCaFTMoa+lYLEoAfz5dILfGFJhEdS2SMMXtLfE/MwjG1XTMxEb3ASaz2Lw/+8DOZ6kc4uyrW03X4CUa6XESMl13luPzWju8GciSQ1IOjqVaOUYyNxFjeOmAJq+MwKQhWzwWA6IYpQYz+lZCP3/wa8LTpXDf+6cfV8U28+rsMvoBo6R5fIR7eoiZ5QC7URRQl6Rx/o0/l2i27Zra5aXWc9c4Y2yq39ANDOuWk=</latexit>

A

A

= Tr
⇣
⇢ A

⌘n

<latexit sha1_base64="rITPRi1cijgw75V3S49MAjd9+Wc="></latexit>{
<latexit sha1_base64="xqfRE3vn0mt34sVqmoFj7741wrc=">AAACXHicdZFPS8MwGMbTOnVuTjcFL16KQ/A0WhX05tCLxwnuD2xlpOm7LSxNSpIKo+xDeNVP5sXPYrr14Fx9IfDw/N6XvHkSxIwq7bpflr1T2t3bLx9Uqoe1o+N646SnRCIJdIlgQg4CrIBRDl1NNYNBLAFHAYN+MH/KeP8NpKKCv+pFDH6Ep5xOKMHaWP0RCyQmMK433Za7KmdbeLloorw644b1MAoFSSLgmjCs1NBzY+2nWGpKGCwro0RBjMkcT2FoJMcRKD9d7bt0Lo0TOhMhzeHaWbm/J9IgiExXhPVMbfg4UmoRBf+xzCxkocouKkTKbD+DsJBljhaCqSI6TPTk3k8pjxMNnKxfNUmYo4WTJe2EVALRbGEEJpKaYBwywyZubf6jYiL3/ga8LXrXLe+mdf1y22w/5uGX0Tm6QFfIQ3eojZ5RB3URQXP0jj7Qp/Vtl+yqXVu32lY+c4o2yj77AcR9twQ=</latexit>

| i
<latexit sha1_base64="VvUewtVR1qPf+vKWtpBBjT65nbk=">AAACYXicdZHLSsNAFIYn8dbWW1uX3QSL4KokKujOghuXFewFmlAmk9N26GQmzEyEEgs+hVt9Lde+iJO2C2vjgYGf7z/DnPlPmDCqtOt+WfbO7t7+QalcOTw6Pjmt1uo9JVJJoEsEE3IQYgWMcuhqqhkMEgk4Dhn0w9lD7vdfQCoq+LOeJxDEeMLpmBKsDfJf/URRX2I+YTCqNt2WuyxnW3hr0UTr6oxq1r0fCZLGwDVhWKmh5yY6yLDUlDBYVPxUQYLJDE9gaCTHMaggWw69cC4MiZyxkOZw7Szp7xtZGMamK8Z6qjY4jpWax+F/Xg4LvUjlDxVaykw/hajQy4kWgqkid5jq8V2QUZ6kGjhZ/WqcMkcLJ4/biagEotncCEwkNcE4ZIolJtospWIi9/4GvC16Vy3vunX1dNNsd95W4ZdQA52jS+ShW9RGj6iDuoigBL2jD/Rpfdtlu2rXV622tV7YGdoou/EDBpW5+A==</latexit>

……

A

CFT⌦n
<latexit sha1_base64="1kWqpf222F2c/AjOGTyjPkC8u7U=">AAACbXicdVHbSgMxEE3Xe71VRV8UCRbRp7Krgr5ZLIiPCm0V2lKy2akNZpMlmRXL2p/xVX/Ir/AXzNY+eKkHAodzZpiZkzCRwqLvvxe8qemZ2bn5heLi0vLKamltvWl1ajg0uJba3IXMghQKGihQwl1igMWhhNvwoZb7t49grNCqjoMEOjG7V6InOEMndUtbbYQnzGqX9WE3a2sUMViqht1S2a/4I9C/JBiTMhnjurtWOG9HmqcxKOSSWdsK/AQ7GTMouIRhsZ1aSBh/YPfQclQxN6iTjQ4Y0n2nRLSnjXsK6Uj93pGFYeyqYoZ9+0NnsbWDOPzPy8WJXmTzQRMt67bvQzTRyxXUWtpJbivF3lknEypJERT/uqqXSoqa5tHTSBjgKAeOMG6EC4byPjOMo/ugoos8+B3wX9I8qgTHlaObk3L1Yhz+PNkme+SQBOSUVMkVuSYNwskzeSGv5K3w4W16O97uV6lXGPdskB/wDj4Bgua9zg==</latexit>| i⌦n

<latexit sha1_base64="d3JZciAVG+Lijzpr+DfooK3YsVs=">AAACb3icdVHLSgMxFE3HV62vqgsFQYJF0E2ZUUF3Ft24VLAqdErJZG7b0EwyJHeEMtavcav/42f4B2ZqFz7qgcDhnHu5955EqRQWff+95M3Mzs0vlBcrS8srq2vV9Y07qzPDocm11OYhYhakUNBEgRIeUgMsiSTcR4PLwr9/BGOFVrc4TKGdsJ4SXcEZOqlT3X4KUytCw1RPQicPNYoELFWjTrXm1/0x6F8STEiNTHDdWS+dh7HmWQIKuWTWtgI/xXbODAouYVQJMwsp4wPWg5ajirlB7Xx8wojuOyWmXW3cU0jH6veOPIoSV5Uw7NsfOkusHSbRf14hTvViWwyaalm3fR/iqV6hoNbSTnNbGXbP2rlQaYag+NdV3UxS1LQIn8bCAEc5dIRxI1wwlPeZYRzdF1Vc5MHvgP+Su6N6cFw/ujmpNS4m4ZfJDtkjByQgp6RBrsg1aRJOnskLeSVvpQ9vy9v16FepV5r0bJIf8A4/AdurvuU=</latexit>

h |⌦n
<latexit sha1_base64="xY/kdV89WBQLJNX1YHpI+BMQg/o="></latexit>

�n
<latexit sha1_base64="gnbysrnUKUUzu8UhMkAOTlUtfFo=">AAACXXicdZHNSgMxFIXT0WqtVVtduHATLIKrMlMF3Vl047KC/YF2KJlMpg3Nz5BkhDL0Jdzqi7nyVcy0s7B2vBA4fOdecnMSxIxq47pfJWdnt7y3XzmoHtaOjk/qjdO+lonCpIclk2oYIE0YFaRnqGFkGCuCeMDIIJg/Zf7gjShNpXg1i5j4HE0FjShGxqLhWNMpRxMxqTfdlrsquC28XDRBXt1Jo/QwDiVOOBEGM6T1yHNj46dIGYoZWVbHiSYxwnM0JSMrBeJE++lq4SW8siSEkVT2CANX9PdEGgTcdnFkZnqDI671ggf/eRks9EKdXVRoabv9jISFXkaMlEwXuaPERPd+SkWcGCLw+lVRwqCRMIsahlQRbNjCCoQVtcFAPEMKYWM/pGoj9/4GvC367ZZ302q/3DY7j3n4FXABLsE18MAd6IBn0AU9gAED7+ADfJa+nbJTc47XrU4pnzkDG+Wc/wDQhLeD</latexit>

�̄n
<latexit sha1_base64="QoFOrwiPyoTpSYj5xzRUxTgwjVg=">AAACY3icdZHLSsNAFIYn8VZbL211J0KwCK5KUgXdWXTjsoK9QBPLZDJph84lzEyEEvoebvWtfADfw0mbhbX1wMDP95/DnPknTChR2nW/LHtre2d3r7RfrhwcHh1Xa/WeEqlEuIsEFXIQQoUp4biriaZ4kEgMWUhxP5w+5n7/DUtFBH/RswQHDI45iQmC2qBXP4Qy8xUZMzgf8VG14TbdRTnrwitEAxTVGdWsez8SKGWYa0ShUkPPTXSQQakJonhe9lOFE4imcIyHRnLIsAqyxdpz59KQyImFNIdrZ0F/T2RhyEwXg3qiVjhkSs1Y+J+Xw41epPKLNlrKbD/B0UYvJ1oIqja5w1THd0FGeJJqzNHyVXFKHS2cPHAnIhIjTWdGQCSJCcZBEygh0uZbyiZy72/A66LXanrXzdbzTaP9UIRfAmfgAlwBD9yCNngCHdAFCEjwDj7Ap/VtV+y6fbpsta1i5gSslH3+A7lbukg=</latexit>

=



Operator Renyi entropy:

|⇢↵ABi /
X

ij

�
⇢⌦↵
AB

�
ij
|ii ⌦ |ji

<latexit sha1_base64="CIXZel1kn47xzSFkM1Uwkw1rz7s="></latexit>

Generalize to

2-dimensional rational CFTs

C A B C

`A `B

`

12



Operator Renyi entropy:

|⇢↵ABi /
X

ij

�
⇢⌦↵
AB

�
ij
|ii ⌦ |ji

<latexit sha1_base64="CIXZel1kn47xzSFkM1Uwkw1rz7s="></latexit>

Generalize to


 Sop
n (A, ⇢↵AB(t)) =

1

1� n
log trHA⌦HA [trHB⌦HB |⇢↵AB(t)h⇢↵AB(t)|]

n � n(2↵� 1)

n� 1
S↵ (AB, (t))

<latexit sha1_base64="YuAMtpnpav4L1aqQRK4PuQqOjLg="></latexit>

2-dimensional rational CFTs

C A B C

`A `B

`

12



Operator Renyi entropy:

...

↵

A B

=)
A B

|⇢↵ABih⇢↵AB | =

A B

|⇢↵ABi /
X

ij

�
⇢⌦↵
AB

�
ij
|ii ⌦ |ji

<latexit sha1_base64="CIXZel1kn47xzSFkM1Uwkw1rz7s="></latexit>

Generalize to


 Sop
n (A, ⇢↵AB(t)) =

1

1� n
log trHA⌦HA [trHB⌦HB |⇢↵AB(t)h⇢↵AB(t)|]

n � n(2↵� 1)

n� 1
S↵ (AB, (t))

<latexit sha1_base64="YuAMtpnpav4L1aqQRK4PuQqOjLg="></latexit>

Operator state |⇢↵ABi
<latexit sha1_base64="ldonQR2SqiufXybPAvNnldsk7cE=">AAACHHicbVDLSsNAFJ34rPVVdSO4CRbBVUm0+NjVunFZwT6gieFmMm2HTiZhZiKUWD/FlVv9CnfiVvAj/AeTNIjaHrhwOOfey73HDRmVyjA+tbn5hcWl5cJKcXVtfWOztLXdkkEkMGnigAWi44IkjHLSVFQx0gkFAd9lpO0OL1O/fUeEpAG/UaOQ2D70Oe1RDCqRnNLuvSUGwa0FLByAE1/Ux5YA3mfEKZWNipFBnyZmTsooR8MpfVlegCOfcIUZSNk1jVDZMQhFMSPjohVJEgIeQp90E8rBJ9KOsw/G+kGieHovEElxpWfq74kYfClHvpt0+qAG8r+XijM9T6YLZ1ndSPXO7JjyMFKE48kNvYjpKtDTpHSPCoIVGyUEsKDJGzoegACskjyLWT7nKU5+0pgmraOKeVypXlfLtXqeVAHtoX10iEx0imroCjVQE2H0gJ7QM3rRHrVX7U17n7TOafnMDvoD7eMbBFGibA==</latexit>

Operator state “density matrix”

2-dimensional rational CFTs

C A B C

`A `B

`

12



Operator Renyi entropy:

2↵

2↵

2↵

...

2n↵

A B

2↵

2↵

2↵

...

2n↵

A B

|⇢↵ABi /
X

ij

�
⇢⌦↵
AB

�
ij
|ii ⌦ |ji

<latexit sha1_base64="CIXZel1kn47xzSFkM1Uwkw1rz7s="></latexit>

Generalize to


 Sop
n (A, ⇢↵AB(t)) =

1

1� n
log trHA⌦HA [trHB⌦HB |⇢↵AB(t)h⇢↵AB(t)|]

n � n(2↵� 1)

n� 1
S↵ (AB, (t))

<latexit sha1_base64="YuAMtpnpav4L1aqQRK4PuQqOjLg="></latexit> { <latexit sha1_base64="DkXgcytjfqHRx0ngZyT7Yy1Igpg=">AAACCnicbZDLSgMxGIX/qbdab1WXboJFcDXMtEXbXdGNywr2Au1QMplMG5q5kGSEMvQNXLnVp3Anbn0JH8J3MNPW4qUHAodz/oQ/nxtzJpVlfRi5tfWNza38dmFnd2//oHh41JZRIghtkYhHoutiSTkLaUsxxWk3FhQHLqcdd3yd9Z17KiSLwjs1iakT4GHIfEaw0lG3z12BCS0MiiXbtGZCllmp16plGy2Tb1OChZqD4mffi0gS0FARjqXs2VasnBQLxQin00I/kTTGZIyHtKdtiAMqnXS27xSd6cRDfiT0CRWapT9vpDiQchK4ejLAaiT/dlm4svNk9uCqqpcov+akLIwTRUMy38FPOFIRyrggjwlKFJ9og4lg+huIjLCGozS9jI9l1jNd/MeyNO2yaVfM6m211LhakMrDCZzCOdhwCQ24gSa0gACHR3iCZ+PBeDFejbf5aM5Y3DmGXzLevwAMGZr3</latexit>{ <latexit sha1_base64="DkXgcytjfqHRx0ngZyT7Yy1Igpg=">AAACCnicbZDLSgMxGIX/qbdab1WXboJFcDXMtEXbXdGNywr2Au1QMplMG5q5kGSEMvQNXLnVp3Anbn0JH8J3MNPW4qUHAodz/oQ/nxtzJpVlfRi5tfWNza38dmFnd2//oHh41JZRIghtkYhHoutiSTkLaUsxxWk3FhQHLqcdd3yd9Z17KiSLwjs1iakT4GHIfEaw0lG3z12BCS0MiiXbtGZCllmp16plGy2Tb1OChZqD4mffi0gS0FARjqXs2VasnBQLxQin00I/kTTGZIyHtKdtiAMqnXS27xSd6cRDfiT0CRWapT9vpDiQchK4ejLAaiT/dlm4svNk9uCqqpcov+akLIwTRUMy38FPOFIRyrggjwlKFJ9og4lg+huIjLCGozS9jI9l1jNd/MeyNO2yaVfM6m211LhakMrDCZzCOdhwCQ24gSa0gACHR3iCZ+PBeDFejbf5aM5Y3DmGXzLevwAMGZr3</latexit>

2-dimensional rational CFTs

C A B C

`A `B

`

12



Operator Renyi entropy:

|⇢↵ABi /
X

ij

�
⇢⌦↵
AB

�
ij
|ii ⌦ |ji

<latexit sha1_base64="CIXZel1kn47xzSFkM1Uwkw1rz7s="></latexit>

Generalize to


 


Replica trick on more complicated branched manifold —> 


Sop
n (A, ⇢↵AB(t)) =

1

1� n
log trHA⌦HA [trHB⌦HB |⇢↵AB(t)h⇢↵AB(t)|]

n � n(2↵� 1)

n� 1
S↵ (AB, (t))

<latexit sha1_base64="YuAMtpnpav4L1aqQRK4PuQqOjLg="></latexit>

CFT2n↵
<latexit sha1_base64="f9q1WzxZzt7g1HkLlnayJWfy0d0=">AAACGXicbVDLSsNAFJ3UV62vqLhyM1gEVyWpxceuWBCXFfqCJpTJdNIOnUzCzI1YQr/ElVv9Cnfi1pUf4T+YtEXUeuDC4Zx7L/ceLxJcg2V9GLml5ZXVtfx6YWNza3vH3N1r6TBWlDVpKELV8YhmgkvWBA6CdSLFSOAJ1vZGtcxv3zGleSgbMI6YG5CB5D6nBFKpZx44wO4hqV03Jr2kLB0ioiGZ9MyiVbKmwIvEnpMimqPeMz+dfkjjgEmggmjdta0I3IQo4FSwScGJNYsIHZEB66ZUkoBpN5meP8HHqdLHfqjSkoCn6s+JhARajwMv7QwIDPVfLxP/9fo6W/if1Y3Bv3ATLqMYmKSzG/xYYAhxFhPuc8UoiHFKCFU8fQPTIVGEQhpmYZrPZYaz7zQWSatcsk9LldtKsXo1TyqPDtEROkE2OkdVdIPqqIkoStAjekLPxoPxYrwab7PWnDGf2Ue/YLx/AW+8oQ0=</latexit>

2-dimensional rational CFTs

C A B C

`A `B

`

T1T -1
1T -1

3T3 T1T -1
1T1T -1

1

1st term 2nd term

A B A B

12



Operator Renyi entropy:

|⇢↵ABi /
X

ij

�
⇢⌦↵
AB

�
ij
|ii ⌦ |ji

<latexit sha1_base64="CIXZel1kn47xzSFkM1Uwkw1rz7s="></latexit>

Generalize to


 


Replica trick on more complicated branched manifold —> 


Different twist operators:

Sop
n (A, ⇢↵AB(t)) =

1

1� n
log trHA⌦HA [trHB⌦HB |⇢↵AB(t)h⇢↵AB(t)|]

n � n(2↵� 1)

n� 1
S↵ (AB, (t))

<latexit sha1_base64="YuAMtpnpav4L1aqQRK4PuQqOjLg="></latexit>

CFT2n↵
<latexit sha1_base64="f9q1WzxZzt7g1HkLlnayJWfy0d0=">AAACGXicbVDLSsNAFJ3UV62vqLhyM1gEVyWpxceuWBCXFfqCJpTJdNIOnUzCzI1YQr/ElVv9Cnfi1pUf4T+YtEXUeuDC4Zx7L/ceLxJcg2V9GLml5ZXVtfx6YWNza3vH3N1r6TBWlDVpKELV8YhmgkvWBA6CdSLFSOAJ1vZGtcxv3zGleSgbMI6YG5CB5D6nBFKpZx44wO4hqV03Jr2kLB0ioiGZ9MyiVbKmwIvEnpMimqPeMz+dfkjjgEmggmjdta0I3IQo4FSwScGJNYsIHZEB66ZUkoBpN5meP8HHqdLHfqjSkoCn6s+JhARajwMv7QwIDPVfLxP/9fo6W/if1Y3Bv3ATLqMYmKSzG/xYYAhxFhPuc8UoiHFKCFU8fQPTIVGEQhpmYZrPZYaz7zQWSatcsk9LldtKsXo1TyqPDtEROkE2OkdVdIPqqIkoStAjekLPxoPxYrwab7PWnDGf2Ue/YLx/AW+8oQ0=</latexit>

T �1
3 = (↵+ 1, ..., 3↵)(3↵+ 1, ..., 5↵)... ((2n� 1)↵+ 1, ..., 2n↵, 1, ...,↵)

<latexit sha1_base64="ic7CPfBdjs90zzH9SObQouMVXN8="></latexit>

T1 = (123...2↵)(2↵+ 1...4↵)... ((2n� 2)↵+ 1, ..., 2n↵)
<latexit sha1_base64="10ksWweRJpU8Smqp6o56zxSjU/w="></latexit>

2-dimensional rational CFTs

C A B C

`A `B

`

T1T -1
1T -1

3T3 T1T -1
1T1T -1

1

1st term 2nd term

A B A B

12



2-dimensional rational CFTs

Operator Renyi entropy: C A B C

`A `B

`

In the limit of adjacent A and B, use the derived OPE:


 


T1T -1
1T -1

3T3 T1T -1
1T1T -1

1

1st term 2nd term

A B A B

13



2-dimensional rational CFTs

Operator Renyi entropy: C A B C

`A `B

`

In the limit of adjacent A and B, use the derived OPE:


 
 T �1
3 T �1

1 ! T2, T1T �1
1 ! 1

<latexit sha1_base64="44YGRcIH6FsjwAr/UM9Yy1zZK/s="></latexit>

T2 = (↵+ 1, 3↵+ 1, ..., (2n� 1)↵+ 1)�1 (1, 2↵+ 1, ..., (2n� 2)↵+ 1)
<latexit sha1_base64="cM5lXSyc1JedmEkTZQYBwya86S0="></latexit>

T1T -1
1T -1

3T3 T1T -1
1T1T -1

1

1st term 2nd term

A B A B

T2
<latexit sha1_base64="LVNHU2NVS4tf3rAIX8y0tAOLglo=">AAACD3icbVDLSsNAFL2pr1pfVZduBovgqiS1+NgV3bis0Be0oUwmk3bo5OHMRCihH+HKrX6FO3HrJ/gR/oOTNIjaHhg4nHPv5cxxIs6kMs1Po7Cyura+UdwsbW3v7O6V9w86MowFoW0S8lD0HCwpZwFtK6Y47UWCYt/htOtMblK/+0CFZGHQUtOI2j4eBcxjBCst2QMfqzHBPGnNhrVhuWJWzQxokVg5qUCO5rD8NXBDEvs0UIRjKfuWGSk7wUIxwumsNIgljTCZ4BHtaxpgn0o7yULP0IlWXOSFQr9AoUz9vZFgX8qp7+jJNKT876XiUs+V6cFlVj9W3qWdsCCKFQ3IPIMXc6RClJaDXCYoUXyqCSaC6W8gMsYCE6UrLGX9XKU4/2ljkXRqVeusWr+rVxrXeVNFOIJjOAULLqABt9CENhC4hyd4hhfj0Xg13oz3+WjByHcO4Q+Mj29ZLZ1Q</latexit> 1

<latexit sha1_base64="D7JqYFv+zE9qCb2cuJl42n+wJSA=">AAACDHicbVDLSsNAFL2pr1pfVZduBovgqiRafOyKblxWsA9sQ5lMpu3QySTMTIQS+guu3OpXuBO3/oMf4T84SYOo7YGBwzn3Xs4cL+JMadv+tApLyyura8X10sbm1vZOeXevpcJYEtokIQ9lx8OKciZoUzPNaSeSFAcep21vfJ367QcqFQvFnZ5E1A3wULABI1gb6b4XYD3yVeJM++WKXbUzoHni5KQCORr98lfPD0kcUKEJx0p1HTvSboKlZoTTaakXKxphMsZD2jVU4IAqN8kST9GRUXw0CKV5QqNM/b2R4ECpSeCZyTSh+u+l4kLPV+nBRVY31oMLN2EiijUVZJZhEHOkQ5Q2g3wmKdF8YggmkplvIDLCEhNt+itl/VymOPtpY560TqrOabV2W6vUr/KminAAh3AMDpxDHW6gAU0gIOAJnuHFerRerTfrfTZasPKdffgD6+MbKGmcJQ==</latexit>{
<latexit sha1_base64="EkoadQ4hUX6Lwc8LfuSBmemrDas=">AAACCXicbZDLSgMxGIX/8VrrrerSTbAIrsqMFi+7ohuXFewF2qFkMpk2NJMZkoxQhj6BK7f6FO7ErU/hQ/gOZqaDqO2BwOGcP+HP58WcKW3bn9bS8srq2nppo7y5tb2zW9nbb6sokYS2SMQj2fWwopwJ2tJMc9qNJcWhx2nHG99kfeeBSsUica8nMXVDPBQsYARrE3X63JOY0EGlatfsXGjeOIWpQqHmoPLV9yOShFRowrFSPceOtZtiqRnhdFruJ4rGmIzxkPaMFTikyk3zdafo2CQ+CiJpjtAoT3/fSHGo1CT0zGSI9Uj977JwYeer7MFFVS/RwaWbMhEnmgoy2yFIONIRyrAgn0lKNJ8Yg4lk5huIjLBhow28cs7nKtP5D4150z6tOWe1+l292rguSJXgEI7gBBy4gAbcQhNaQGAMT/AML9aj9Wq9We+z0SWruHMAf2R9fAOm4prG</latexit>

{
<latexit sha1_base64="EkoadQ4hUX6Lwc8LfuSBmemrDas=">AAACCXicbZDLSgMxGIX/8VrrrerSTbAIrsqMFi+7ohuXFewF2qFkMpk2NJMZkoxQhj6BK7f6FO7ErU/hQ/gOZqaDqO2BwOGcP+HP58WcKW3bn9bS8srq2nppo7y5tb2zW9nbb6sokYS2SMQj2fWwopwJ2tJMc9qNJcWhx2nHG99kfeeBSsUica8nMXVDPBQsYARrE3X63JOY0EGlatfsXGjeOIWpQqHmoPLV9yOShFRowrFSPceOtZtiqRnhdFruJ4rGmIzxkPaMFTikyk3zdafo2CQ+CiJpjtAoT3/fSHGo1CT0zGSI9Uj977JwYeer7MFFVS/RwaWbMhEnmgoy2yFIONIRyrAgn0lKNJ8Yg4lk5huIjLBhow28cs7nKtP5D4150z6tOWe1+l292rguSJXgEI7gBBy4gAbcQhNaQGAMT/AML9aj9Wq9We+z0SWruHMAf2R9fAOm4prG</latexit>

13



2-dimensional rational CFTs

Operator Renyi entropy: C A B C

`A `B

`

In the limit of adjacent A and B, use the derived OPE:


 


Correlation function of different twist operators:


T �1
3 T �1

1 ! T2, T1T �1
1 ! 1

<latexit sha1_base64="44YGRcIH6FsjwAr/UM9Yy1zZK/s="></latexit>

T2 = (↵+ 1, 3↵+ 1, ..., (2n� 1)↵+ 1)�1 (1, 2↵+ 1, ..., (2n� 2)↵+ 1)
<latexit sha1_base64="cM5lXSyc1JedmEkTZQYBwya86S0="></latexit>

Sop
n =

1

1� n
ln

"
hT1(`B)T2(0)T3(�`A)i (t)
hT1(`B)T �1

1 (�`A)i (t)

#

<latexit sha1_base64="Iam5xCG3DwzkrY3LpQn6VpA/Sww="></latexit>

h1 = h3 =
n↵c

12

✓
1� 1

4↵2

◆

<latexit sha1_base64="ws2MT9D+bSSBoC/kGl4I3uDXtmY="></latexit>

h2 =
nc

12

✓
1� 1

n2

◆

<latexit sha1_base64="DlTMOFI32tHT2SlUK7F+Yt49KQQ="></latexit>
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2-dimensional rational CFTs

Operator Renyi entropy: C A B C

`A `B

`

In the limit of adjacent A and B, use the derived OPE:


 


Correlation function of different twist operators:


To set up quenched initial state, use conformal boundary state:

T �1
3 T �1

1 ! T2, T1T �1
1 ! 1

<latexit sha1_base64="44YGRcIH6FsjwAr/UM9Yy1zZK/s="></latexit>

T2 = (↵+ 1, 3↵+ 1, ..., (2n� 1)↵+ 1)�1 (1, 2↵+ 1, ..., (2n� 2)↵+ 1)
<latexit sha1_base64="cM5lXSyc1JedmEkTZQYBwya86S0="></latexit>

Sop
n =

1

1� n
ln

"
hT1(`B)T2(0)T3(�`A)i (t)
hT1(`B)T �1

1 (�`A)i (t)

#

<latexit sha1_base64="Iam5xCG3DwzkrY3LpQn6VpA/Sww="></latexit>

| (t = 0)i = e�
�
4 H |Bi

<latexit sha1_base64="uhqHMA96iOC9EICVdKg0D27st2E="></latexit>

h1 = h3 =
n↵c

12

✓
1� 1

4↵2

◆

<latexit sha1_base64="ws2MT9D+bSSBoC/kGl4I3uDXtmY="></latexit>

h2 =
nc

12

✓
1� 1

n2

◆

<latexit sha1_base64="DlTMOFI32tHT2SlUK7F+Yt49KQQ="></latexit>

13



2-dimensional rational CFTs

Operator Renyi entropy: C A B C

`A `B

`

Euclidean path-integral for | (t = 0)i = e�
�
4 H |Bi

<latexit sha1_base64="uhqHMA96iOC9EICVdKg0D27st2E="></latexit>

14

��

4
<latexit sha1_base64="Bai2c1ac61t00yxuGeh3mtF9a9Y=">AAACFHicbZDLSsNAFIZP6q3WW9Slm2AR3FgSreiy6MZlBXuBJpTJZNIOnUzCzKRQQl/DlVt9Cnfi1r0P4Ts4abPQtgcGfv7/nMOZz08Ylcq2v43S2vrG5lZ5u7Kzu7d/YB4etWWcCkxaOGax6PpIEkY5aSmqGOkmgqDIZ6Tjj+7zvDMmQtKYP6lJQrwIDTgNKUZKW33TvHBDgXDm+kShaVaf9s2qXbNnZS0LpxBVKKrZN3/cIMZpRLjCDEnZc+xEeRkSimJGphU3lSRBeIQGpKclRxGRXja7fGqdaSewwljox5U1c/9OZCiSchL5ujNCaigXs9xcmQUyX7gq6qUqvPUyypNUEY7nN4Qps1Rs5YSsgAqCFZtogbCg+hsWHiINSWmOFc3HWaSxLNqXNeeqdv1YrzbuClJlOIFTOAcHbqABD9CEFmAYwwu8wpvxbLwbH8bnvLVkFDPH8K+Mr18j556c</latexit>

0
<latexit sha1_base64="qb2SpQpmrk8pEzVZN0rRVmh55Dc=">AAACA3icbVDJSgNBEK2JW4xb1KOXxiB4CjMu6DHoxWMCZoFkCD09NUmTnoXuHiGEHD151a/wJl79ED/Cf7AnmYMmeVDweK+qqHpeIrjStv1tFdbWNza3itulnd29/YPy4VFLxalk2GSxiGXHowoFj7CpuRbYSSTS0BPY9kb3md9+Qql4HD3qcYJuSAcRDzij2kgNu1+u2FV7BrJMnJxUIEe9X/7p+TFLQ4w0E1SprmMn2p1QqTkTOC31UoUJZSM6wK6hEQ1RuZPZoVNyZhSfBLE0FWkyU/9OTGio1Dj0TGdI9VAtepm40vNVtnCV1U11cOtOeJSkGiM2vyFIBdExyQIhPpfItBgbQpnk5g3ChlRSpk1sJZOPs5jGMmldVJ3L6nXjqlK7y5Mqwgmcwjk4cAM1eIA6NIEBwgu8wpv1bL1bH9bnvLVg5TPH8A/W1y9515fE</latexit>

⌧
<latexit sha1_base64="e5RBHbWQM9LIgL7IYtnAKGlPYCM=">AAACBnicbVDLSsNAFL2pr1pfVZdugkVwVRIf6LLoxmUF+4A2lMlk0g6dTMLMjVBC967c6le4E7f+hh/hPzhps9DaAxcO59x7uff4ieAaHefLKq2srq1vlDcrW9s7u3vV/YO2jlNFWYvGIlZdn2gmuGQt5ChYN1GMRL5gHX98m/udR6Y0j+UDThLmRWQoecgpwVzqI0kH1ZpTd2aw/xO3IDUo0BxUv/tBTNOISaSCaN1znQS9jCjkVLBppZ9qlhA6JkPWM1SSiGkvm906tU+MEthhrExJtGfq74mMRFpPIt90RgRHetHLxaVeoPOFy6xeiuG1l3GZpMgknd8QpsLG2M4zsQOuGEUxMYRQxc0bNh0RRSia5ComH3cxjf+kfVZ3z+uX9xe1xk2RVBmO4BhOwYUraMAdNKEFFEbwDC/waj1Zb9a79TFvLVnFzCH8gfX5A0mumVg=</latexit>

A B CC

|Bi
<latexit sha1_base64="Jz6hYnpmx6aopR44VQ6qbGRHXGs=">AAACC3icbVDLSsNAFL2pr1pfVZduBovgqiQ+0GWpG5cV7EPaUCaTSTt0MgkzE6HEfoIrt/oV7sStH+FH+A9O2iy07YELh3Puvdx7vJgzpW372yqsrK6tbxQ3S1vbO7t75f2DlooSSWiTRDySHQ8rypmgTc00p51YUhx6nLa90U3mtx+pVCwS93ocUzfEA8ECRrA20sNTvSexGHDaL1fsqj0FWiROTiqQo9Ev//T8iCQhFZpwrFTXsWPtplhqRjidlHqJojEmIzygXUMFDqly0+nBE3RiFB8FkTQlNJqqfydSHCo1Dj3TGWI9VPNeJi71fJUtXGZ1Ex1cuykTcaKpILMbgoQjHaEsGOQzSYnmY0Mwkcy8gcgQS0y0ia9k8nHm01gkrbOqc169vLuo1Op5UkU4gmM4BQeuoAa30IAmEAjhBV7hzXq23q0P63PWWrDymUP4B+vrFy4Fm3c=</latexit>



2-dimensional rational CFTs

Operator Renyi entropy: C A B C

`A `B

`

Euclidean path-integral for


 Wick-rotate                 ,  Euclidean correlation function:
t = �i⌧
<latexit sha1_base64="y+RCHNMuBBIRExH5kMM49l742+g=">AAACCnicbVDLSsNAFJ34rPVVdelmsAhuLKkWHwuh6MZlBfuANpTJZNIOnUzCzI1QQv/AlVv9Cnfi1p/wI/wHJ2kQtT1w4XDOvZd7jxsJrsG2P62FxaXlldXCWnF9Y3Nru7Sz29JhrChr0lCEquMSzQSXrAkcBOtEipHAFaztjm5Sv/3AlOahvIdxxJyADCT3OSVgpA5cHfMekLhfKtsVOwOeJdWclFGORr/01fNCGgdMAhVE627VjsBJiAJOBZsUe7FmEaEjMmBdQyUJmHaS7N4JPjSKh/1QmZKAM/X3REICrceBazoDAkP930vFuZ6n04XzrG4M/oWTcBnFwCSd3uDHAkOI01ywxxWjIMaGEKq4eQPTIVGEgkmvmOVzmeLsJ41Z0jqpVE8rtbtauX6dJ1VA++gAHaEqOkd1dIsaqIkoEugJPaMX69F6td6s92nrgpXP7KE/sD6+AQ4Jmvg=</latexit>

| (t = 0)i = e�
�
4 H |Bi

<latexit sha1_base64="uhqHMA96iOC9EICVdKg0D27st2E="></latexit>

hT1(`B)T2(0)T3(�`A)i (⌧)
<latexit sha1_base64="0iviMYBf9aqqrYzv0xntW19FrWE="></latexit>

hT1(`B)T �1
1 (�`A)i (⌧)

<latexit sha1_base64="BnQ6tf7IsiaxzaI3j9YNoQlOXWU="></latexit>

⇥ ⇥ ⇥
T �1
1

T1
��

4

�
4

⌧
�`A `B

w

⇥ ⇥ ⇥
T3 T2 T1

��
4

�
4

⌧
�`A 0 `B

w

|Bi
<latexit sha1_base64="cmjkDrtDrr933+irbzLfgAk8RwU=">AAACC3icbVDLSsNAFJ3UV62vqks3g0VwVRItPnalblxWsA9pQ5lMJu3QmUmYmQgl9hNcudWvcCdu/Qg/wn9wkgZR2wMXDufce7n3eBGjStv2p1VYWl5ZXSuulzY2t7Z3yrt7bRXGEpMWDlkoux5ShFFBWppqRrqRJIh7jHS88VXqd+6JVDQUt3oSEZejoaABxUgb6e6h0ZdIDBkZlCt21c4A54mTkwrI0RyUv/p+iGNOhMYMKdVz7Ei7CZKaYkampX6sSITwGA1Jz1CBOFFukh08hUdG8WEQSlNCw0z9PZEgrtSEe6aTIz1S/71UXOj5Kl24yOrFOrhwEyqiWBOBZzcEMYM6hGkw0KeSYM0mhiAsqXkD4hGSCGsTXynL5zLF2U8a86R9UnVOq7WbWqXeyJMqggNwCI6BA85BHVyDJmgBDDh4As/gxXq0Xq03633WWrDymX3wB9bHN0Tbm6g=</latexit>

hB|
<latexit sha1_base64="Y6+JeR/c3WKWgYXhVXeP6+uBWPY=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRItPnalblxWsA9sQ5lMbtqhk0mYmQgl9hdcudWvcCdu/Qc/wn8wSYOo7YELh3Puvdx7nJAzpU3z0ygsLa+srhXXSxubW9s75d29tgoiSaFFAx7IrkMUcCagpZnm0A0lEN/h0HHGV6nfuQepWCBu9SQE2ydDwTxGiU6kuz4nYsgBNx4G5YpZNTPgeWLlpIJyNAflr74b0MgHoSknSvUsM9R2TKRmlMO01I8UhISOyRB6CRXEB2XH2cVTfJQoLvYCmZTQOFN/T8TEV2riO0mnT/RI/fdScaHnqnThIqsXae/CjpkIIw2Czm7wIo51gNNksMskUM0nCSFUsuQNTEdEEqqT/EpZPpcpzn7SmCftk6p1Wq3d1Cr1Rp5UER2gQ3SMLHSO6ugaNVELUSTQE3pGL8aj8Wq8Ge+z1oKRz+yjPzA+vgGXM5vM</latexit>

hB|
<latexit sha1_base64="Y6+JeR/c3WKWgYXhVXeP6+uBWPY=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRItPnalblxWsA9sQ5lMbtqhk0mYmQgl9hdcudWvcCdu/Qc/wn8wSYOo7YELh3Puvdx7nJAzpU3z0ygsLa+srhXXSxubW9s75d29tgoiSaFFAx7IrkMUcCagpZnm0A0lEN/h0HHGV6nfuQepWCBu9SQE2ydDwTxGiU6kuz4nYsgBNx4G5YpZNTPgeWLlpIJyNAflr74b0MgHoSknSvUsM9R2TKRmlMO01I8UhISOyRB6CRXEB2XH2cVTfJQoLvYCmZTQOFN/T8TEV2riO0mnT/RI/fdScaHnqnThIqsXae/CjpkIIw2Czm7wIo51gNNksMskUM0nCSFUsuQNTEdEEqqT/EpZPpcpzn7SmCftk6p1Wq3d1Cr1Rp5UER2gQ3SMLHSO6ugaNVELUSTQE3pGL8aj8Wq8Ge+z1oKRz+yjPzA+vgGXM5vM</latexit>

|Bi
<latexit sha1_base64="cmjkDrtDrr933+irbzLfgAk8RwU=">AAACC3icbVDLSsNAFJ3UV62vqks3g0VwVRItPnalblxWsA9pQ5lMJu3QmUmYmQgl9hNcudWvcCdu/Qg/wn9wkgZR2wMXDufce7n3eBGjStv2p1VYWl5ZXSuulzY2t7Z3yrt7bRXGEpMWDlkoux5ShFFBWppqRrqRJIh7jHS88VXqd+6JVDQUt3oSEZejoaABxUgb6e6h0ZdIDBkZlCt21c4A54mTkwrI0RyUv/p+iGNOhMYMKdVz7Ei7CZKaYkampX6sSITwGA1Jz1CBOFFukh08hUdG8WEQSlNCw0z9PZEgrtSEe6aTIz1S/71UXOj5Kl24yOrFOrhwEyqiWBOBZzcEMYM6hGkw0KeSYM0mhiAsqXkD4hGSCGsTXynL5zLF2U8a86R9UnVOq7WbWqXeyJMqggNwCI6BA85BHVyDJmgBDDh4As/gxXq0Xq03633WWrDymX3wB9bHN0Tbm6g=</latexit>

14

��

4
<latexit sha1_base64="Bai2c1ac61t00yxuGeh3mtF9a9Y=">AAACFHicbZDLSsNAFIZP6q3WW9Slm2AR3FgSreiy6MZlBXuBJpTJZNIOnUzCzKRQQl/DlVt9Cnfi1r0P4Ts4abPQtgcGfv7/nMOZz08Ylcq2v43S2vrG5lZ5u7Kzu7d/YB4etWWcCkxaOGax6PpIEkY5aSmqGOkmgqDIZ6Tjj+7zvDMmQtKYP6lJQrwIDTgNKUZKW33TvHBDgXDm+kShaVaf9s2qXbNnZS0LpxBVKKrZN3/cIMZpRLjCDEnZc+xEeRkSimJGphU3lSRBeIQGpKclRxGRXja7fGqdaSewwljox5U1c/9OZCiSchL5ujNCaigXs9xcmQUyX7gq6qUqvPUyypNUEY7nN4Qps1Rs5YSsgAqCFZtogbCg+hsWHiINSWmOFc3HWaSxLNqXNeeqdv1YrzbuClJlOIFTOAcHbqABD9CEFmAYwwu8wpvxbLwbH8bnvLVkFDPH8K+Mr18j556c</latexit>

0
<latexit sha1_base64="qb2SpQpmrk8pEzVZN0rRVmh55Dc=">AAACA3icbVDJSgNBEK2JW4xb1KOXxiB4CjMu6DHoxWMCZoFkCD09NUmTnoXuHiGEHD151a/wJl79ED/Cf7AnmYMmeVDweK+qqHpeIrjStv1tFdbWNza3itulnd29/YPy4VFLxalk2GSxiGXHowoFj7CpuRbYSSTS0BPY9kb3md9+Qql4HD3qcYJuSAcRDzij2kgNu1+u2FV7BrJMnJxUIEe9X/7p+TFLQ4w0E1SprmMn2p1QqTkTOC31UoUJZSM6wK6hEQ1RuZPZoVNyZhSfBLE0FWkyU/9OTGio1Dj0TGdI9VAtepm40vNVtnCV1U11cOtOeJSkGiM2vyFIBdExyQIhPpfItBgbQpnk5g3ChlRSpk1sJZOPs5jGMmldVJ3L6nXjqlK7y5Mqwgmcwjk4cAM1eIA6NIEBwgu8wpv1bL1bH9bnvLVg5TPH8A/W1y9515fE</latexit>

⌧
<latexit sha1_base64="e5RBHbWQM9LIgL7IYtnAKGlPYCM=">AAACBnicbVDLSsNAFL2pr1pfVZdugkVwVRIf6LLoxmUF+4A2lMlk0g6dTMLMjVBC967c6le4E7f+hh/hPzhps9DaAxcO59x7uff4ieAaHefLKq2srq1vlDcrW9s7u3vV/YO2jlNFWYvGIlZdn2gmuGQt5ChYN1GMRL5gHX98m/udR6Y0j+UDThLmRWQoecgpwVzqI0kH1ZpTd2aw/xO3IDUo0BxUv/tBTNOISaSCaN1znQS9jCjkVLBppZ9qlhA6JkPWM1SSiGkvm906tU+MEthhrExJtGfq74mMRFpPIt90RgRHetHLxaVeoPOFy6xeiuG1l3GZpMgknd8QpsLG2M4zsQOuGEUxMYRQxc0bNh0RRSia5ComH3cxjf+kfVZ3z+uX9xe1xk2RVBmO4BhOwYUraMAdNKEFFEbwDC/waj1Zb9a79TFvLVnFzCH8gfX5A0mumVg=</latexit>

A B CC

|Bi
<latexit sha1_base64="Jz6hYnpmx6aopR44VQ6qbGRHXGs=">AAACC3icbVDLSsNAFL2pr1pfVZduBovgqiQ+0GWpG5cV7EPaUCaTSTt0MgkzE6HEfoIrt/oV7sStH+FH+A9O2iy07YELh3Puvdx7vJgzpW372yqsrK6tbxQ3S1vbO7t75f2DlooSSWiTRDySHQ8rypmgTc00p51YUhx6nLa90U3mtx+pVCwS93ocUzfEA8ECRrA20sNTvSexGHDaL1fsqj0FWiROTiqQo9Ev//T8iCQhFZpwrFTXsWPtplhqRjidlHqJojEmIzygXUMFDqly0+nBE3RiFB8FkTQlNJqqfydSHCo1Dj3TGWI9VPNeJi71fJUtXGZ1Ex1cuykTcaKpILMbgoQjHaEsGOQzSYnmY0Mwkcy8gcgQS0y0ia9k8nHm01gkrbOqc169vLuo1Op5UkU4gmM4BQeuoAa30IAmEAjhBV7hzXq23q0P63PWWrDymUP4B+vrFy4Fm3c=</latexit>

stripe stripe



2-dimensional rational CFTs

Operator Renyi entropy: C A B C

`A `B

`

Euclidean path-integral for


 Wick-rotate                 ,  Euclidean correlation function:


Conformal map from stripe to upper-half-plane (UHP) by 

t = �i⌧
<latexit sha1_base64="y+RCHNMuBBIRExH5kMM49l742+g=">AAACCnicbVDLSsNAFJ34rPVVdelmsAhuLKkWHwuh6MZlBfuANpTJZNIOnUzCzI1QQv/AlVv9Cnfi1p/wI/wHJ2kQtT1w4XDOvZd7jxsJrsG2P62FxaXlldXCWnF9Y3Nru7Sz29JhrChr0lCEquMSzQSXrAkcBOtEipHAFaztjm5Sv/3AlOahvIdxxJyADCT3OSVgpA5cHfMekLhfKtsVOwOeJdWclFGORr/01fNCGgdMAhVE627VjsBJiAJOBZsUe7FmEaEjMmBdQyUJmHaS7N4JPjSKh/1QmZKAM/X3REICrceBazoDAkP930vFuZ6n04XzrG4M/oWTcBnFwCSd3uDHAkOI01ywxxWjIMaGEKq4eQPTIVGEgkmvmOVzmeLsJ41Z0jqpVE8rtbtauX6dJ1VA++gAHaEqOkd1dIsaqIkoEugJPaMX69F6td6s92nrgpXP7KE/sD6+AQ4Jmvg=</latexit>

| (t = 0)i = e�
�
4 H |Bi

<latexit sha1_base64="uhqHMA96iOC9EICVdKg0D27st2E="></latexit>

hT1(`B)T2(0)T3(�`A)i (⌧)
<latexit sha1_base64="0iviMYBf9aqqrYzv0xntW19FrWE="></latexit>

hT1(`B)T �1
1 (�`A)i (⌧)

<latexit sha1_base64="BnQ6tf7IsiaxzaI3j9YNoQlOXWU="></latexit>

⇥ ⇥ ⇥
T �1
1

T1
��

4

�
4

⌧
�`A `B

w

⇥ ⇥ ⇥
T3 T2 T1

��
4

�
4

⌧
�`A 0 `B

w

z = i exp


�2⇡

�
w

�

<latexit sha1_base64="eCsetW+sk4JTjxBE9sCzAhwItm4="></latexit>

|Bi
<latexit sha1_base64="cmjkDrtDrr933+irbzLfgAk8RwU=">AAACC3icbVDLSsNAFJ3UV62vqks3g0VwVRItPnalblxWsA9pQ5lMJu3QmUmYmQgl9hNcudWvcCdu/Qg/wn9wkgZR2wMXDufce7n3eBGjStv2p1VYWl5ZXSuulzY2t7Z3yrt7bRXGEpMWDlkoux5ShFFBWppqRrqRJIh7jHS88VXqd+6JVDQUt3oSEZejoaABxUgb6e6h0ZdIDBkZlCt21c4A54mTkwrI0RyUv/p+iGNOhMYMKdVz7Ei7CZKaYkampX6sSITwGA1Jz1CBOFFukh08hUdG8WEQSlNCw0z9PZEgrtSEe6aTIz1S/71UXOj5Kl24yOrFOrhwEyqiWBOBZzcEMYM6hGkw0KeSYM0mhiAsqXkD4hGSCGsTXynL5zLF2U8a86R9UnVOq7WbWqXeyJMqggNwCI6BA85BHVyDJmgBDDh4As/gxXq0Xq03633WWrDymX3wB9bHN0Tbm6g=</latexit>

hB|
<latexit sha1_base64="Y6+JeR/c3WKWgYXhVXeP6+uBWPY=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRItPnalblxWsA9sQ5lMbtqhk0mYmQgl9hdcudWvcCdu/Qc/wn8wSYOo7YELh3Puvdx7nJAzpU3z0ygsLa+srhXXSxubW9s75d29tgoiSaFFAx7IrkMUcCagpZnm0A0lEN/h0HHGV6nfuQepWCBu9SQE2ydDwTxGiU6kuz4nYsgBNx4G5YpZNTPgeWLlpIJyNAflr74b0MgHoSknSvUsM9R2TKRmlMO01I8UhISOyRB6CRXEB2XH2cVTfJQoLvYCmZTQOFN/T8TEV2riO0mnT/RI/fdScaHnqnThIqsXae/CjpkIIw2Czm7wIo51gNNksMskUM0nCSFUsuQNTEdEEqqT/EpZPpcpzn7SmCftk6p1Wq3d1Cr1Rp5UER2gQ3SMLHSO6ugaNVELUSTQE3pGL8aj8Wq8Ge+z1oKRz+yjPzA+vgGXM5vM</latexit>

hB|
<latexit sha1_base64="Y6+JeR/c3WKWgYXhVXeP6+uBWPY=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRItPnalblxWsA9sQ5lMbtqhk0mYmQgl9hdcudWvcCdu/Qc/wn8wSYOo7YELh3Puvdx7nJAzpU3z0ygsLa+srhXXSxubW9s75d29tgoiSaFFAx7IrkMUcCagpZnm0A0lEN/h0HHGV6nfuQepWCBu9SQE2ydDwTxGiU6kuz4nYsgBNx4G5YpZNTPgeWLlpIJyNAflr74b0MgHoSknSvUsM9R2TKRmlMO01I8UhISOyRB6CRXEB2XH2cVTfJQoLvYCmZTQOFN/T8TEV2riO0mnT/RI/fdScaHnqnThIqsXae/CjpkIIw2Czm7wIo51gNNksMskUM0nCSFUsuQNTEdEEqqT/EpZPpcpzn7SmCftk6p1Wq3d1Cr1Rp5UER2gQ3SMLHSO6ugaNVELUSTQE3pGL8aj8Wq8Ge+z1oKRz+yjPzA+vgGXM5vM</latexit>

|Bi
<latexit sha1_base64="cmjkDrtDrr933+irbzLfgAk8RwU=">AAACC3icbVDLSsNAFJ3UV62vqks3g0VwVRItPnalblxWsA9pQ5lMJu3QmUmYmQgl9hNcudWvcCdu/Qg/wn9wkgZR2wMXDufce7n3eBGjStv2p1VYWl5ZXSuulzY2t7Z3yrt7bRXGEpMWDlkoux5ShFFBWppqRrqRJIh7jHS88VXqd+6JVDQUt3oSEZejoaABxUgb6e6h0ZdIDBkZlCt21c4A54mTkwrI0RyUv/p+iGNOhMYMKdVz7Ei7CZKaYkampX6sSITwGA1Jz1CBOFFukh08hUdG8WEQSlNCw0z9PZEgrtSEe6aTIz1S/71UXOj5Kl24yOrFOrhwEyqiWBOBZzcEMYM6hGkw0KeSYM0mhiAsqXkD4hGSCGsTXynL5zLF2U8a86R9UnVOq7WbWqXeyJMqggNwCI6BA85BHVyDJmgBDDh4As/gxXq0Xq03633WWrDymX3wB9bHN0Tbm6g=</latexit>

14

��

4
<latexit sha1_base64="Bai2c1ac61t00yxuGeh3mtF9a9Y=">AAACFHicbZDLSsNAFIZP6q3WW9Slm2AR3FgSreiy6MZlBXuBJpTJZNIOnUzCzKRQQl/DlVt9Cnfi1r0P4Ts4abPQtgcGfv7/nMOZz08Ylcq2v43S2vrG5lZ5u7Kzu7d/YB4etWWcCkxaOGax6PpIEkY5aSmqGOkmgqDIZ6Tjj+7zvDMmQtKYP6lJQrwIDTgNKUZKW33TvHBDgXDm+kShaVaf9s2qXbNnZS0LpxBVKKrZN3/cIMZpRLjCDEnZc+xEeRkSimJGphU3lSRBeIQGpKclRxGRXja7fGqdaSewwljox5U1c/9OZCiSchL5ujNCaigXs9xcmQUyX7gq6qUqvPUyypNUEY7nN4Qps1Rs5YSsgAqCFZtogbCg+hsWHiINSWmOFc3HWaSxLNqXNeeqdv1YrzbuClJlOIFTOAcHbqABD9CEFmAYwwu8wpvxbLwbH8bnvLVkFDPH8K+Mr18j556c</latexit>

0
<latexit sha1_base64="qb2SpQpmrk8pEzVZN0rRVmh55Dc=">AAACA3icbVDJSgNBEK2JW4xb1KOXxiB4CjMu6DHoxWMCZoFkCD09NUmTnoXuHiGEHD151a/wJl79ED/Cf7AnmYMmeVDweK+qqHpeIrjStv1tFdbWNza3itulnd29/YPy4VFLxalk2GSxiGXHowoFj7CpuRbYSSTS0BPY9kb3md9+Qql4HD3qcYJuSAcRDzij2kgNu1+u2FV7BrJMnJxUIEe9X/7p+TFLQ4w0E1SprmMn2p1QqTkTOC31UoUJZSM6wK6hEQ1RuZPZoVNyZhSfBLE0FWkyU/9OTGio1Dj0TGdI9VAtepm40vNVtnCV1U11cOtOeJSkGiM2vyFIBdExyQIhPpfItBgbQpnk5g3ChlRSpk1sJZOPs5jGMmldVJ3L6nXjqlK7y5Mqwgmcwjk4cAM1eIA6NIEBwgu8wpv1bL1bH9bnvLVg5TPH8A/W1y9515fE</latexit>

⌧
<latexit sha1_base64="e5RBHbWQM9LIgL7IYtnAKGlPYCM=">AAACBnicbVDLSsNAFL2pr1pfVZdugkVwVRIf6LLoxmUF+4A2lMlk0g6dTMLMjVBC967c6le4E7f+hh/hPzhps9DaAxcO59x7uff4ieAaHefLKq2srq1vlDcrW9s7u3vV/YO2jlNFWYvGIlZdn2gmuGQt5ChYN1GMRL5gHX98m/udR6Y0j+UDThLmRWQoecgpwVzqI0kH1ZpTd2aw/xO3IDUo0BxUv/tBTNOISaSCaN1znQS9jCjkVLBppZ9qlhA6JkPWM1SSiGkvm906tU+MEthhrExJtGfq74mMRFpPIt90RgRHetHLxaVeoPOFy6xeiuG1l3GZpMgknd8QpsLG2M4zsQOuGEUxMYRQxc0bNh0RRSia5ComH3cxjf+kfVZ3z+uX9xe1xk2RVBmO4BhOwYUraMAdNKEFFEbwDC/waj1Zb9a79TFvLVnFzCH8gfX5A0mumVg=</latexit>
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|Bi
<latexit sha1_base64="Jz6hYnpmx6aopR44VQ6qbGRHXGs=">AAACC3icbVDLSsNAFL2pr1pfVZduBovgqiQ+0GWpG5cV7EPaUCaTSTt0MgkzE6HEfoIrt/oV7sStH+FH+A9O2iy07YELh3Puvdx7vJgzpW372yqsrK6tbxQ3S1vbO7t75f2DlooSSWiTRDySHQ8rypmgTc00p51YUhx6nLa90U3mtx+pVCwS93ocUzfEA8ECRrA20sNTvSexGHDaL1fsqj0FWiROTiqQo9Ev//T8iCQhFZpwrFTXsWPtplhqRjidlHqJojEmIzygXUMFDqly0+nBE3RiFB8FkTQlNJqqfydSHCo1Dj3TGWI9VPNeJi71fJUtXGZ1Ex1cuykTcaKpILMbgoQjHaEsGOQzSYnmY0Mwkcy8gcgQS0y0ia9k8nHm01gkrbOqc169vLuo1Op5UkU4gmM4BQeuoAa30IAmEAjhBV7hzXq23q0P63PWWrDymUP4B+vrFy4Fm3c=</latexit>
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<latexit sha1_base64="6RLw34MgCVJylMSEuvDb9/kxv90=">AAACA3icbVC7TsNAEFzzDOEVoKSxiJCoIpuHoIygoUwk8pASKzqf18kp57N1dwZFUUoqWvgKOkTLh/AR/APnxAUkGWml0czuanf8hDOlHefbWlldW9/YLGwVt3d29/ZLB4dNFaeSYoPGPJZtnyjkTGBDM82xnUgkkc+x5Q/vMr/1iFKxWDzoUYJeRPqChYwSbaT6U69UdirOFPYicXNShhy1XumnG8Q0jVBoyolSHddJtDcmUjPKcVLspgoTQoekjx1DBYlQeePpoRP71CiBHcbSlND2VP07MSaRUqPIN50R0QM172XiUi9Q2cJlVifV4Y03ZiJJNQo6uyFMua1jOwvEDphEqvnIEEIlM2/YdEAkodrEVjT5uPNpLJLmecW9qFzVL8vV2zypAhzDCZyBC9dQhXuoQQMoILzAK7xZz9a79WF9zlpXrHzmCP7B+voF7PCYCw==</latexit>

z
<latexit sha1_base64="5kFRLYnJFVsHyAugXLQYlDGcReA=">AAACA3icbVC7TsNAEFzzDOEVoKSxiJCoIpuHoIygoUwk8pASKzqf18kp57N1d0YKUUoqWvgKOkTLh/AR/APnxAUkGWml0czuanf8hDOlHefbWlldW9/YLGwVt3d29/ZLB4dNFaeSYoPGPJZtnyjkTGBDM82xnUgkkc+x5Q/vMr/1iFKxWDzoUYJeRPqChYwSbaT6U69UdirOFPYicXNShhy1XumnG8Q0jVBoyolSHddJtDcmUjPKcVLspgoTQoekjx1DBYlQeePpoRP71CiBHcbSlND2VP07MSaRUqPIN50R0QM172XiUi9Q2cJlVifV4Y03ZiJJNQo6uyFMua1jOwvEDphEqvnIEEIlM2/YdEAkodrEVjT5uPNpLJLmecW9qFzVL8vV2zypAhzDCZyBC9dQhXuoQQMoILzAK7xZz9a79WF9zlpXrHzmCP7B+voF8c2YDg==</latexit>

z = i exp


�2⇡

�
w

�

<latexit sha1_base64="eCsetW+sk4JTjxBE9sCzAhwItm4="></latexit>

Via                            , correlation function in the UHP
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<latexit sha1_base64="fbP4OfLqb46a1om4HYdnPdMf0WQ="></latexit>
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<latexit sha1_base64="CZvD8VVb1F07FzGDakrSjTNb+wo="></latexit>
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<latexit sha1_base64="6RLw34MgCVJylMSEuvDb9/kxv90=">AAACA3icbVC7TsNAEFzzDOEVoKSxiJCoIpuHoIygoUwk8pASKzqf18kp57N1dwZFUUoqWvgKOkTLh/AR/APnxAUkGWml0czuanf8hDOlHefbWlldW9/YLGwVt3d29/ZLB4dNFaeSYoPGPJZtnyjkTGBDM82xnUgkkc+x5Q/vMr/1iFKxWDzoUYJeRPqChYwSbaT6U69UdirOFPYicXNShhy1XumnG8Q0jVBoyolSHddJtDcmUjPKcVLspgoTQoekjx1DBYlQeePpoRP71CiBHcbSlND2VP07MSaRUqPIN50R0QM172XiUi9Q2cJlVifV4Y03ZiJJNQo6uyFMua1jOwvEDphEqvnIEEIlM2/YdEAkodrEVjT5uPNpLJLmecW9qFzVL8vV2zypAhzDCZyBC9dQhXuoQQMoILzAK7xZz9a79WF9zlpXrHzmCP7B+voF7PCYCw==</latexit>

z
<latexit sha1_base64="5kFRLYnJFVsHyAugXLQYlDGcReA=">AAACA3icbVC7TsNAEFzzDOEVoKSxiJCoIpuHoIygoUwk8pASKzqf18kp57N1d0YKUUoqWvgKOkTLh/AR/APnxAUkGWml0czuanf8hDOlHefbWlldW9/YLGwVt3d29/ZLB4dNFaeSYoPGPJZtnyjkTGBDM82xnUgkkc+x5Q/vMr/1iFKxWDzoUYJeRPqChYwSbaT6U69UdirOFPYicXNShhy1XumnG8Q0jVBoyolSHddJtDcmUjPKcVLspgoTQoekjx1DBYlQeePpoRP71CiBHcbSlND2VP07MSaRUqPIN50R0QM172XiUi9Q2cJlVifV4Y03ZiJJNQo6uyFMua1jOwvEDphEqvnIEEIlM2/YdEAkodrEVjT5uPNpLJLmecW9qFzVL8vV2zypAhzDCZyBC9dQhXuoQQMoILzAK7xZz9a79WF9zlpXrHzmCP7B+voF8c2YDg==</latexit>
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<latexit sha1_base64="eCsetW+sk4JTjxBE9sCzAhwItm4="></latexit>

Via                            , correlation function in the UHP
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<latexit sha1_base64="fbP4OfLqb46a1om4HYdnPdMf0WQ="></latexit>

z1 = i exp


2⇡

�
(`B + i⌧)

�
, z2 = i exp


2⇡

�
(i⌧)

�
, z3 = i exp


2⇡

�
(�`A + i⌧)

�

<latexit sha1_base64="CZvD8VVb1F07FzGDakrSjTNb+wo="></latexit>

|Bi
<latexit sha1_base64="ijQhmvH5ZrlMFNCSgG9MM4TX9cM=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLUjcsK9oFtKJPJTTt0MgkzE6HE/oIrt/oV7sSt/+BH+A9O2iy07YELh3Puvdx7vJgzpW372yqsrK6tbxQ3S1vbO7t75f2DlooSSaFJIx7JjkcUcCagqZnm0IklkNDj0PZGN5nffgSpWCTu9TgGNyQDwQJGiTbSw1O9J4kYcMD9csWu2lPgReLkpIJyNPrln54f0SQEoSknSnUdO9ZuSqRmlMOk1EsUxISOyAC6hgoSgnLT6cUTfGIUHweRNCU0nqp/J1ISKjUOPdMZEj1U814mLvV8lS1cZnUTHVy7KRNxokHQ2Q1BwrGOcJYM9pkEqvnYEEIlM29gOiSSUG3yK5l8nPk0FknrrOqcVy/vLiq1ep5UER2hY3SKHHSFaugWNVATUSTQC3pFb9az9W59WJ+z1oKVzxyif7C+fgGKh5uh</latexit>
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<latexit sha1_base64="6RLw34MgCVJylMSEuvDb9/kxv90=">AAACA3icbVC7TsNAEFzzDOEVoKSxiJCoIpuHoIygoUwk8pASKzqf18kp57N1dwZFUUoqWvgKOkTLh/AR/APnxAUkGWml0czuanf8hDOlHefbWlldW9/YLGwVt3d29/ZLB4dNFaeSYoPGPJZtnyjkTGBDM82xnUgkkc+x5Q/vMr/1iFKxWDzoUYJeRPqChYwSbaT6U69UdirOFPYicXNShhy1XumnG8Q0jVBoyolSHddJtDcmUjPKcVLspgoTQoekjx1DBYlQeePpoRP71CiBHcbSlND2VP07MSaRUqPIN50R0QM172XiUi9Q2cJlVifV4Y03ZiJJNQo6uyFMua1jOwvEDphEqvnIEEIlM2/YdEAkodrEVjT5uPNpLJLmecW9qFzVL8vV2zypAhzDCZyBC9dQhXuoQQMoILzAK7xZz9a79WF9zlpXrHzmCP7B+voF7PCYCw==</latexit>

z
<latexit sha1_base64="5kFRLYnJFVsHyAugXLQYlDGcReA=">AAACA3icbVC7TsNAEFzzDOEVoKSxiJCoIpuHoIygoUwk8pASKzqf18kp57N1d0YKUUoqWvgKOkTLh/AR/APnxAUkGWml0czuanf8hDOlHefbWlldW9/YLGwVt3d29/ZLB4dNFaeSYoPGPJZtnyjkTGBDM82xnUgkkc+x5Q/vMr/1iFKxWDzoUYJeRPqChYwSbaT6U69UdirOFPYicXNShhy1XumnG8Q0jVBoyolSHddJtDcmUjPKcVLspgoTQoekjx1DBYlQeePpoRP71CiBHcbSlND2VP07MSaRUqPIN50R0QM172XiUi9Q2cJlVifV4Y03ZiJJNQo6uyFMua1jOwvEDphEqvnIEEIlM2/YdEAkodrEVjT5uPNpLJLmecW9qFzVL8vV2zypAhzDCZyBC9dQhXuoQQMoILzAK7xZz9a79WF9zlpXrHzmCP7B+voF8c2YDg==</latexit>
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Via                            , correlation function in the UHP


Conformal boundary condition on real axis from        


•              on           , can analytically extend           to       using 

Sop

n =
1

1� n
ln

"✓
�

2⇡

◆2h2 hT1(z1, z̄1)T2(z2, z̄2)T3(z3, z̄3)iUHP

hT1(z1, z̄1)T �1

1
(z3, z̄3)iUHP

#

<latexit sha1_base64="fbP4OfLqb46a1om4HYdnPdMf0WQ="></latexit>
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<latexit sha1_base64="CZvD8VVb1F07FzGDakrSjTNb+wo="></latexit>

|Bi
<latexit sha1_base64="ijQhmvH5ZrlMFNCSgG9MM4TX9cM=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLUjcsK9oFtKJPJTTt0MgkzE6HE/oIrt/oV7sSt/+BH+A9O2iy07YELh3Puvdx7vJgzpW372yqsrK6tbxQ3S1vbO7t75f2DlooSSaFJIx7JjkcUcCagqZnm0IklkNDj0PZGN5nffgSpWCTu9TgGNyQDwQJGiTbSw1O9J4kYcMD9csWu2lPgReLkpIJyNPrln54f0SQEoSknSnUdO9ZuSqRmlMOk1EsUxISOyAC6hgoSgnLT6cUTfGIUHweRNCU0nqp/J1ISKjUOPdMZEj1U814mLvV8lS1cZnUTHVy7KRNxokHQ2Q1BwrGOcJYM9pkEqvnYEEIlM29gOiSSUG3yK5l8nPk0FknrrOqcVy/vLiq1ep5UER2hY3SKHHSFaugWNVATUSTQC3pFb9az9W59WJ+z1oKVzxyif7C+fgGKh5uh</latexit>

T (z) = T̄ (z̄)
<latexit sha1_base64="AvcnA9YsisZymsKTFsXnL79g1BI=">AAACJHicbVC7SgNBFJ31GeMramkzGISkCbs+0EYI2lhGyAuyIcxOZpMhsw9m7grJsq2fYmWrX2EnFjb+gf/gZLOFJjlw4cw59w73HicUXIFpfhkrq2vrG5u5rfz2zu7efuHgsKmCSFLWoIEIZNshignuswZwEKwdSkY8R7CWM7qb+q1HJhUP/DqMQ9b1yMDnLqcEtNQr4HppUr6xHSLjemIL5kIpfUwSW/LBEMq9QtGsmCnwIrEyUkQZar3Cj90PaOQxH6ggSnUsM4RuTCRwKliStyPFQkJHZMA6mvrEY6obp5ck+FQrfewGUpcPOFX/TsTEU2rsObrTIzBU895UXOr11fTDZVYnAve6G3M/jID5dLaDGwkMAZ4mhvtcMgpirAmhkuszMB0SSSjoXPM6H2s+jUXSPKtY55XLh4ti9TZLKoeO0QkqIQtdoSq6RzXUQBQ9oRf0it6MZ+Pd+DA+Z60rRjZzhP7B+P4FZzylCQ==</latexit>

z = z̄
<latexit sha1_base64="Wd/pBuPAWwgnn/BA4rQuRN3OfU4=">AAACC3icbVDLSsNAFL2pr1pfVZduBovgqiQ+0I1QdOOygn1IG8pkMmmHTiZhZiK0oZ/gyq1+hTtx60f4Ef6DkzYLrT1w4XDOvZd7jxdzprRtf1mFpeWV1bXiemljc2t7p7y711RRIgltkIhHsu1hRTkTtKGZ5rQdS4pDj9OWN7zJ/NYjlYpF4l6PYuqGuC9YwAjWRnoYX3U9LNPxpFeu2FV7CvSfODmpQI56r/zd9SOShFRowrFSHceOtZtiqRnhdFLqJorGmAxxn3YMFTikyk2nB0/QkVF8FETSlNBoqv6eSHGo1Cj0TGeI9UDNe5m40PNVtnCR1Ul0cOmmTMSJpoLMbggSjnSEsmCQzyQlmo8MwUQy8wYiAywx0Sa+ksnHmU/jP2meVJ3T6vndWaV2nSdVhAM4hGNw4AJqcAt1aACBEJ7hBV6tJ+vNerc+Zq0FK5/Zhz+wPn8AbP2bng==</latexit>T = T̄<latexit sha1_base64="Xs/eNtgk3z/PUzZR34EoM9TSumI=">AAACC3icbVDLSsNAFL2pr1pfVZdugkVwVRIf6EYounFZoS9pQ5lMJu3QmUmYmQgl9BNcudWvcCdu/Qg/wn9w0mahbQ9cOJxz7+Xe48eMKu0431ZhZXVtfaO4Wdra3tndK+8ftFSUSEyaOGKR7PhIEUYFaWqqGenEkiDuM9L2R3eZ334iUtFINPQ4Jh5HA0FDipE20mPjpucjmTYm/XLFqTpT2IvEzUkFctT75Z9eEOGEE6ExQ0p1XSfWXoqkppiRSamXKBIjPEID0jVUIE6Ul04PntgnRgnsMJKmhLan6t+JFHGlxtw3nRzpoZr3MnGpF6hs4TKrm+jw2kupiBNNBJ7dECbM1pGdBWMHVBKs2dgQhCU1b9h4iCTC2sRXMvm482ksktZZ1T2vXj5cVGq3eVJFOIJjOAUXrqAG91CHJmDg8AKv8GY9W+/Wh/U5ay1Y+cwh/IP19QvwZJtS</latexit>

T (z)
<latexit sha1_base64="DLXezuHXWItm4ufIHkzYqnuP4kY=">AAACBnicbVDLSsNAFL3xWeur6tLNYBHqpiQ+0GXRjcsKfUEbymQyaYdOJmFmItTQvSu3+hXuxK2/4Uf4D07aLLTtgQuHc+693Hu8mDOlbfvbWlldW9/YLGwVt3d29/ZLB4ctFSWS0CaJeCQ7HlaUM0GbmmlOO7GkOPQ4bXuju8xvP1KpWCQaehxTN8QDwQJGsM6kRuXprF8q21V7CrRInJyUIUe9X/rp+RFJQio04ViprmPH2k2x1IxwOin2EkVjTEZ4QLuGChxS5abTWyfo1Cg+CiJpSmg0Vf9OpDhUahx6pjPEeqjmvUxc6vkqW7jM6iY6uHFTJuJEU0FmNwQJRzpCWSbIZ5ISzceGYCKZeQORIZaYaJNc0eTjzKexSFrnVeeievVwWa7d5kkV4BhOoAIOXEMN7qEOTSAwhBd4hTfr2Xq3PqzPWeuKlc8cwT9YX79uL5jR</latexit>

C
<latexit sha1_base64="S+I7cCaHLzkZatW5SeXdy5H303g=">AAACDHicbVDLSsNAFL2pr1pfVZduBovgqiRa0WWxG5cV7APbUCaTSTt0MgkzE6GE/oIrt/oV7sSt/+BH+A9O2iy07YGBwzn3Xs4cL+ZMadv+tgpr6xubW8Xt0s7u3v5B+fCoraJEEtoiEY9k18OKciZoSzPNaTeWFIcepx1v3Mj8zhOVikXiQU9i6oZ4KFjACNZGeuyHWI98lTamg3LFrtozoGXi5KQCOZqD8k/fj0gSUqEJx0r1HDvWboqlZoTTaamfKBpjMsZD2jNU4JAqN50lnqIzo/goiKR5QqOZ+ncjxaFSk9Azk1lCtehl4krPV9nBVVYv0cGNmzIRJ5oKMs8QJBzpCGXNIJ9JSjSfGIKJZOYbiIywxESb/kqmH2exjWXSvqg6l9Wr+1qlfps3VYQTOIVzcOAa6nAHTWgBAQEv8Apv1rP1bn1Yn/PRgpXvHMM/WF+/LtOcBg==</latexit>
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<latexit sha1_base64="6RLw34MgCVJylMSEuvDb9/kxv90=">AAACA3icbVC7TsNAEFzzDOEVoKSxiJCoIpuHoIygoUwk8pASKzqf18kp57N1dwZFUUoqWvgKOkTLh/AR/APnxAUkGWml0czuanf8hDOlHefbWlldW9/YLGwVt3d29/ZLB4dNFaeSYoPGPJZtnyjkTGBDM82xnUgkkc+x5Q/vMr/1iFKxWDzoUYJeRPqChYwSbaT6U69UdirOFPYicXNShhy1XumnG8Q0jVBoyolSHddJtDcmUjPKcVLspgoTQoekjx1DBYlQeePpoRP71CiBHcbSlND2VP07MSaRUqPIN50R0QM172XiUi9Q2cJlVifV4Y03ZiJJNQo6uyFMua1jOwvEDphEqvnIEEIlM2/YdEAkodrEVjT5uPNpLJLmecW9qFzVL8vV2zypAhzDCZyBC9dQhXuoQQMoILzAK7xZz9a79WF9zlpXrHzmCP7B+voF7PCYCw==</latexit>

z
<latexit sha1_base64="5kFRLYnJFVsHyAugXLQYlDGcReA=">AAACA3icbVC7TsNAEFzzDOEVoKSxiJCoIpuHoIygoUwk8pASKzqf18kp57N1d0YKUUoqWvgKOkTLh/AR/APnxAUkGWml0czuanf8hDOlHefbWlldW9/YLGwVt3d29/ZLB4dNFaeSYoPGPJZtnyjkTGBDM82xnUgkkc+x5Q/vMr/1iFKxWDzoUYJeRPqChYwSbaT6U69UdirOFPYicXNShhy1XumnG8Q0jVBoyolSHddJtDcmUjPKcVLspgoTQoekjx1DBYlQeePpoRP71CiBHcbSlND2VP07MSaRUqPIN50R0QM172XiUi9Q2cJlVifV4Y03ZiJJNQo6uyFMua1jOwvEDphEqvnIEEIlM2/YdEAkodrEVjT5uPNpLJLmecW9qFzVL8vV2zypAhzDCZyBC9dQhXuoQQMoILzAK7xZz9a79WF9zlpXrHzmCP7B+voF8c2YDg==</latexit>

z = i exp


�2⇡

�
w

�

<latexit sha1_base64="eCsetW+sk4JTjxBE9sCzAhwItm4="></latexit>

Via                            , correlation function in the UHP


Conformal boundary condition on real axis from        


•              on           , can analytically extend           to       using


•   “Method of image”:                same transformation property as a holomorphic 

correlation function with “images” inserted  

Sop

n =
1

1� n
ln

"✓
�

2⇡

◆2h2 hT1(z1, z̄1)T2(z2, z̄2)T3(z3, z̄3)iUHP

hT1(z1, z̄1)T �1

1
(z3, z̄3)iUHP

#

<latexit sha1_base64="fbP4OfLqb46a1om4HYdnPdMf0WQ="></latexit>

z1 = i exp


2⇡

�
(`B + i⌧)

�
, z2 = i exp


2⇡

�
(i⌧)

�
, z3 = i exp


2⇡

�
(�`A + i⌧)

�

<latexit sha1_base64="CZvD8VVb1F07FzGDakrSjTNb+wo="></latexit>

|Bi
<latexit sha1_base64="ijQhmvH5ZrlMFNCSgG9MM4TX9cM=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLUjcsK9oFtKJPJTTt0MgkzE6HE/oIrt/oV7sSt/+BH+A9O2iy07YELh3Puvdx7vJgzpW372yqsrK6tbxQ3S1vbO7t75f2DlooSSaFJIx7JjkcUcCagqZnm0IklkNDj0PZGN5nffgSpWCTu9TgGNyQDwQJGiTbSw1O9J4kYcMD9csWu2lPgReLkpIJyNPrln54f0SQEoSknSnUdO9ZuSqRmlMOk1EsUxISOyAC6hgoSgnLT6cUTfGIUHweRNCU0nqp/J1ISKjUOPdMZEj1U814mLvV8lS1cZnUTHVy7KRNxokHQ2Q1BwrGOcJYM9pkEqvnYEEIlM29gOiSSUG3yK5l8nPk0FknrrOqcVy/vLiq1ep5UER2hY3SKHHSFaugWNVATUSTQC3pFb9az9W59WJ+z1oKVzxyif7C+fgGKh5uh</latexit>

T (z) = T̄ (z̄)
<latexit sha1_base64="AvcnA9YsisZymsKTFsXnL79g1BI=">AAACJHicbVC7SgNBFJ31GeMramkzGISkCbs+0EYI2lhGyAuyIcxOZpMhsw9m7grJsq2fYmWrX2EnFjb+gf/gZLOFJjlw4cw59w73HicUXIFpfhkrq2vrG5u5rfz2zu7efuHgsKmCSFLWoIEIZNshignuswZwEKwdSkY8R7CWM7qb+q1HJhUP/DqMQ9b1yMDnLqcEtNQr4HppUr6xHSLjemIL5kIpfUwSW/LBEMq9QtGsmCnwIrEyUkQZar3Cj90PaOQxH6ggSnUsM4RuTCRwKliStyPFQkJHZMA6mvrEY6obp5ck+FQrfewGUpcPOFX/TsTEU2rsObrTIzBU895UXOr11fTDZVYnAve6G3M/jID5dLaDGwkMAZ4mhvtcMgpirAmhkuszMB0SSSjoXPM6H2s+jUXSPKtY55XLh4ti9TZLKoeO0QkqIQtdoSq6RzXUQBQ9oRf0it6MZ+Pd+DA+Z60rRjZzhP7B+P4FZzylCQ==</latexit>

z = z̄
<latexit sha1_base64="Wd/pBuPAWwgnn/BA4rQuRN3OfU4=">AAACC3icbVDLSsNAFL2pr1pfVZduBovgqiQ+0I1QdOOygn1IG8pkMmmHTiZhZiK0oZ/gyq1+hTtx60f4Ef6DkzYLrT1w4XDOvZd7jxdzprRtf1mFpeWV1bXiemljc2t7p7y711RRIgltkIhHsu1hRTkTtKGZ5rQdS4pDj9OWN7zJ/NYjlYpF4l6PYuqGuC9YwAjWRnoYX3U9LNPxpFeu2FV7CvSfODmpQI56r/zd9SOShFRowrFSHceOtZtiqRnhdFLqJorGmAxxn3YMFTikyk2nB0/QkVF8FETSlNBoqv6eSHGo1Cj0TGeI9UDNe5m40PNVtnCR1Ul0cOmmTMSJpoLMbggSjnSEsmCQzyQlmo8MwUQy8wYiAywx0Sa+ksnHmU/jP2meVJ3T6vndWaV2nSdVhAM4hGNw4AJqcAt1aACBEJ7hBV6tJ+vNerc+Zq0FK5/Zhz+wPn8AbP2bng==</latexit>T = T̄<latexit sha1_base64="Xs/eNtgk3z/PUzZR34EoM9TSumI=">AAACC3icbVDLSsNAFL2pr1pfVZdugkVwVRIf6EYounFZoS9pQ5lMJu3QmUmYmQgl9BNcudWvcCdu/Qg/wn9w0mahbQ9cOJxz7+Xe48eMKu0431ZhZXVtfaO4Wdra3tndK+8ftFSUSEyaOGKR7PhIEUYFaWqqGenEkiDuM9L2R3eZ334iUtFINPQ4Jh5HA0FDipE20mPjpucjmTYm/XLFqTpT2IvEzUkFctT75Z9eEOGEE6ExQ0p1XSfWXoqkppiRSamXKBIjPEID0jVUIE6Ul04PntgnRgnsMJKmhLan6t+JFHGlxtw3nRzpoZr3MnGpF6hs4TKrm+jw2kupiBNNBJ7dECbM1pGdBWMHVBKs2dgQhCU1b9h4iCTC2sRXMvm482ksktZZ1T2vXj5cVGq3eVJFOIJjOAUXrqAG91CHJmDg8AKv8GY9W+/Wh/U5ay1Y+cwh/IP19QvwZJtS</latexit>

T (z)
<latexit sha1_base64="DLXezuHXWItm4ufIHkzYqnuP4kY=">AAACBnicbVDLSsNAFL3xWeur6tLNYBHqpiQ+0GXRjcsKfUEbymQyaYdOJmFmItTQvSu3+hXuxK2/4Uf4D07aLLTtgQuHc+693Hu8mDOlbfvbWlldW9/YLGwVt3d29/ZLB4ctFSWS0CaJeCQ7HlaUM0GbmmlOO7GkOPQ4bXuju8xvP1KpWCQaehxTN8QDwQJGsM6kRuXprF8q21V7CrRInJyUIUe9X/rp+RFJQio04ViprmPH2k2x1IxwOin2EkVjTEZ4QLuGChxS5abTWyfo1Cg+CiJpSmg0Vf9OpDhUahx6pjPEeqjmvUxc6vkqW7jM6iY6uHFTJuJEU0FmNwQJRzpCWSbIZ5ISzceGYCKZeQORIZaYaJNc0eTjzKexSFrnVeeievVwWa7d5kkV4BhOoAIOXEMN7qEOTSAwhBd4hTfr2Xq3PqzPWeuKlc8cwT9YX79uL5jR</latexit>

C
<latexit sha1_base64="S+I7cCaHLzkZatW5SeXdy5H303g=">AAACDHicbVDLSsNAFL2pr1pfVZduBovgqiRa0WWxG5cV7APbUCaTSTt0MgkzE6GE/oIrt/oV7sSt/+BH+A9O2iy07YGBwzn3Xs4cL+ZMadv+tgpr6xubW8Xt0s7u3v5B+fCoraJEEtoiEY9k18OKciZoSzPNaTeWFIcepx1v3Mj8zhOVikXiQU9i6oZ4KFjACNZGeuyHWI98lTamg3LFrtozoGXi5KQCOZqD8k/fj0gSUqEJx0r1HDvWboqlZoTTaamfKBpjMsZD2jNU4JAqN50lnqIzo/goiKR5QqOZ+ncjxaFSk9Azk1lCtehl4krPV9nBVVYv0cGNmzIRJ5oKMs8QJBzpCGXNIJ9JSjSfGIKJZOYbiIywxESb/kqmH2exjWXSvqg6l9Wr+1qlfps3VYQTOIVzcOAa6nAHTWgBAQEv8Apv1rP1bn1Yn/PRgpXvHMM/WF+/LtOcBg==</latexit>

h...iUHP
<latexit sha1_base64="dZ/KKoFC2ILiSpSNcWGuOQz3kgo=">AAACJHicbZC7TsMwFIYd7pRbgZHFokJiihIugrGChbFIpCA1VeW4p62F40T2CaKKuvIoTKzwFGyIgYU34B1w2gxQOJKlT/9/zpHPH6VSGPS8D2dmdm5+YXFpubKyura+Ud3capok0xwCnshE30TMgBQKAhQo4SbVwOJIwnV0e17413egjUjUFQ5TaMesr0RPcIZW6lRpKJnqS6Cu69JQj7mThwj3mAcXjdGoU615rjcu+hf8EmqkrEan+hV2E57FoJBLZkzL91Js50yj4BJGlTAzkDJ+y/rQsqhYDKadjy8Z0T2rdGkv0fYppGP150TOYmOGcWQ7Y4YDM+0V4r9e1xQL/7NaGfZO27lQaYag+OQPvUxSTGiRGO0KDRzl0ALjWtgzKB8wzTjaXCs2H386jb/QPHD9Q/f48qhWPyuTWiI7ZJfsE5+ckDq5IA0SEE4eyBN5Ji/Oo/PqvDnvk9YZp5zZJr/K+fwG9Gukxg==</latexit>

h...iC
<latexit sha1_base64="4qgHfuUCWNNVciAdViaQAvYnSmE=">AAACJHicbZC7TsMwFIYdrqXcAowsFhUSU5RwEYwVXRiLRC9SE0WO47ZWHSeyHaQqysqjMLHCU7AhBhbegHfASTNA2yNZ+vT/51jn/EHCqFS2/WWsrK6tb2zWturbO7t7++bBYVfGqcCkg2MWi36AJGGUk46iipF+IgiKAkZ6waRV+L1HIiSN+YOaJsSL0IjTIcVIack3ocsQHzECLcuCrijZz9wIqXEQZK08982GbdllwUVwKmiAqtq++eOGMU4jwhVmSMqBYyfKy5BQFDOS191UkgThCRqRgUaOIiK9rLwkh6daCeEwFvpxBUv170SGIimnUaA7ixXlvFeIS71QFh8uswapGt54GeVJqgjHsx2GKYMqhkViMKSCYMWmGhAWVJ8B8RgJhJXOta7zcebTWITuueVcWFf3l43mbZVUDRyDE3AGHHANmuAOtEEHYPAEXsAreDOejXfjw/icta4Y1cwR+FfG9y/yP6TF</latexit>



2-dimensional rational CFTs

Operator Renyi entropy: C A B C
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<latexit sha1_base64="eCsetW+sk4JTjxBE9sCzAhwItm4="></latexit>

Via                            , correlation function in the UHP


Conformal boundary condition on real axis from        


•              on           , can analytically extend           to       using


•   “Method of image”:                same transformation property as a holomorphic 

correlation function with “images” inserted  


•  

Sop

n =
1

1� n
ln
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2⇡

◆2h2 hT1(z1, z̄1)T2(z2, z̄2)T3(z3, z̄3)iUHP

hT1(z1, z̄1)T �1

1
(z3, z̄3)iUHP

#

<latexit sha1_base64="fbP4OfLqb46a1om4HYdnPdMf0WQ="></latexit>

z1 = i exp


2⇡

�
(`B + i⌧)

�
, z2 = i exp


2⇡

�
(i⌧)

�
, z3 = i exp


2⇡

�
(�`A + i⌧)

�

<latexit sha1_base64="CZvD8VVb1F07FzGDakrSjTNb+wo="></latexit>

|Bi
<latexit sha1_base64="ijQhmvH5ZrlMFNCSgG9MM4TX9cM=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLUjcsK9oFtKJPJTTt0MgkzE6HE/oIrt/oV7sSt/+BH+A9O2iy07YELh3Puvdx7vJgzpW372yqsrK6tbxQ3S1vbO7t75f2DlooSSaFJIx7JjkcUcCagqZnm0IklkNDj0PZGN5nffgSpWCTu9TgGNyQDwQJGiTbSw1O9J4kYcMD9csWu2lPgReLkpIJyNPrln54f0SQEoSknSnUdO9ZuSqRmlMOk1EsUxISOyAC6hgoSgnLT6cUTfGIUHweRNCU0nqp/J1ISKjUOPdMZEj1U814mLvV8lS1cZnUTHVy7KRNxokHQ2Q1BwrGOcJYM9pkEqvnYEEIlM29gOiSSUG3yK5l8nPk0FknrrOqcVy/vLiq1ep5UER2hY3SKHHSFaugWNVATUSTQC3pFb9az9W59WJ+z1oKVzxyif7C+fgGKh5uh</latexit>

T (z) = T̄ (z̄)
<latexit sha1_base64="AvcnA9YsisZymsKTFsXnL79g1BI=">AAACJHicbVC7SgNBFJ31GeMramkzGISkCbs+0EYI2lhGyAuyIcxOZpMhsw9m7grJsq2fYmWrX2EnFjb+gf/gZLOFJjlw4cw59w73HicUXIFpfhkrq2vrG5u5rfz2zu7efuHgsKmCSFLWoIEIZNshignuswZwEKwdSkY8R7CWM7qb+q1HJhUP/DqMQ9b1yMDnLqcEtNQr4HppUr6xHSLjemIL5kIpfUwSW/LBEMq9QtGsmCnwIrEyUkQZar3Cj90PaOQxH6ggSnUsM4RuTCRwKliStyPFQkJHZMA6mvrEY6obp5ck+FQrfewGUpcPOFX/TsTEU2rsObrTIzBU895UXOr11fTDZVYnAve6G3M/jID5dLaDGwkMAZ4mhvtcMgpirAmhkuszMB0SSSjoXPM6H2s+jUXSPKtY55XLh4ti9TZLKoeO0QkqIQtdoSq6RzXUQBQ9oRf0it6MZ+Pd+DA+Z60rRjZzhP7B+P4FZzylCQ==</latexit>

z = z̄
<latexit sha1_base64="Wd/pBuPAWwgnn/BA4rQuRN3OfU4=">AAACC3icbVDLSsNAFL2pr1pfVZduBovgqiQ+0I1QdOOygn1IG8pkMmmHTiZhZiK0oZ/gyq1+hTtx60f4Ef6DkzYLrT1w4XDOvZd7jxdzprRtf1mFpeWV1bXiemljc2t7p7y711RRIgltkIhHsu1hRTkTtKGZ5rQdS4pDj9OWN7zJ/NYjlYpF4l6PYuqGuC9YwAjWRnoYX3U9LNPxpFeu2FV7CvSfODmpQI56r/zd9SOShFRowrFSHceOtZtiqRnhdFLqJorGmAxxn3YMFTikyk2nB0/QkVF8FETSlNBoqv6eSHGo1Cj0TGeI9UDNe5m40PNVtnCR1Ul0cOmmTMSJpoLMbggSjnSEsmCQzyQlmo8MwUQy8wYiAywx0Sa+ksnHmU/jP2meVJ3T6vndWaV2nSdVhAM4hGNw4AJqcAt1aACBEJ7hBV6tJ+vNerc+Zq0FK5/Zhz+wPn8AbP2bng==</latexit>T = T̄<latexit sha1_base64="Xs/eNtgk3z/PUzZR34EoM9TSumI=">AAACC3icbVDLSsNAFL2pr1pfVZdugkVwVRIf6EYounFZoS9pQ5lMJu3QmUmYmQgl9BNcudWvcCdu/Qg/wn9w0mahbQ9cOJxz7+Xe48eMKu0431ZhZXVtfaO4Wdra3tndK+8ftFSUSEyaOGKR7PhIEUYFaWqqGenEkiDuM9L2R3eZ334iUtFINPQ4Jh5HA0FDipE20mPjpucjmTYm/XLFqTpT2IvEzUkFctT75Z9eEOGEE6ExQ0p1XSfWXoqkppiRSamXKBIjPEID0jVUIE6Ul04PntgnRgnsMJKmhLan6t+JFHGlxtw3nRzpoZr3MnGpF6hs4TKrm+jw2kupiBNNBJ7dECbM1pGdBWMHVBKs2dgQhCU1b9h4iCTC2sRXMvm482ksktZZ1T2vXj5cVGq3eVJFOIJjOAUXrqAG91CHJmDg8AKv8GY9W+/Wh/U5ay1Y+cwh/IP19QvwZJtS</latexit>

T (z)
<latexit sha1_base64="DLXezuHXWItm4ufIHkzYqnuP4kY=">AAACBnicbVDLSsNAFL3xWeur6tLNYBHqpiQ+0GXRjcsKfUEbymQyaYdOJmFmItTQvSu3+hXuxK2/4Uf4D07aLLTtgQuHc+693Hu8mDOlbfvbWlldW9/YLGwVt3d29/ZLB4ctFSWS0CaJeCQ7HlaUM0GbmmlOO7GkOPQ4bXuju8xvP1KpWCQaehxTN8QDwQJGsM6kRuXprF8q21V7CrRInJyUIUe9X/rp+RFJQio04ViprmPH2k2x1IxwOin2EkVjTEZ4QLuGChxS5abTWyfo1Cg+CiJpSmg0Vf9OpDhUahx6pjPEeqjmvUxc6vkqW7jM6iY6uHFTJuJEU0FmNwQJRzpCWSbIZ5ISzceGYCKZeQORIZaYaJNc0eTjzKexSFrnVeeievVwWa7d5kkV4BhOoAIOXEMN7qEOTSAwhBd4hTfr2Xq3PqzPWeuKlc8cwT9YX79uL5jR</latexit>

C
<latexit sha1_base64="S+I7cCaHLzkZatW5SeXdy5H303g=">AAACDHicbVDLSsNAFL2pr1pfVZduBovgqiRa0WWxG5cV7APbUCaTSTt0MgkzE6GE/oIrt/oV7sSt/+BH+A9O2iy07YGBwzn3Xs4cL+ZMadv+tgpr6xubW8Xt0s7u3v5B+fCoraJEEtoiEY9k18OKciZoSzPNaTeWFIcepx1v3Mj8zhOVikXiQU9i6oZ4KFjACNZGeuyHWI98lTamg3LFrtozoGXi5KQCOZqD8k/fj0gSUqEJx0r1HDvWboqlZoTTaamfKBpjMsZD2jNU4JAqN50lnqIzo/goiKR5QqOZ+ncjxaFSk9Azk1lCtehl4krPV9nBVVYv0cGNmzIRJ5oKMs8QJBzpCGXNIJ9JSjSfGIKJZOYbiIywxESb/kqmH2exjWXSvqg6l9Wr+1qlfps3VYQTOIVzcOAa6nAHTWgBAQEv8Apv1rP1bn1Yn/PRgpXvHMM/WF+/LtOcBg==</latexit>

h...iUHP
<latexit sha1_base64="dZ/KKoFC2ILiSpSNcWGuOQz3kgo=">AAACJHicbZC7TsMwFIYd7pRbgZHFokJiihIugrGChbFIpCA1VeW4p62F40T2CaKKuvIoTKzwFGyIgYU34B1w2gxQOJKlT/9/zpHPH6VSGPS8D2dmdm5+YXFpubKyura+Ud3capok0xwCnshE30TMgBQKAhQo4SbVwOJIwnV0e17413egjUjUFQ5TaMesr0RPcIZW6lRpKJnqS6Cu69JQj7mThwj3mAcXjdGoU615rjcu+hf8EmqkrEan+hV2E57FoJBLZkzL91Js50yj4BJGlTAzkDJ+y/rQsqhYDKadjy8Z0T2rdGkv0fYppGP150TOYmOGcWQ7Y4YDM+0V4r9e1xQL/7NaGfZO27lQaYag+OQPvUxSTGiRGO0KDRzl0ALjWtgzKB8wzTjaXCs2H386jb/QPHD9Q/f48qhWPyuTWiI7ZJfsE5+ckDq5IA0SEE4eyBN5Ji/Oo/PqvDnvk9YZp5zZJr/K+fwG9Gukxg==</latexit>

h...iC
<latexit sha1_base64="4qgHfuUCWNNVciAdViaQAvYnSmE=">AAACJHicbZC7TsMwFIYdrqXcAowsFhUSU5RwEYwVXRiLRC9SE0WO47ZWHSeyHaQqysqjMLHCU7AhBhbegHfASTNA2yNZ+vT/51jn/EHCqFS2/WWsrK6tb2zWturbO7t7++bBYVfGqcCkg2MWi36AJGGUk46iipF+IgiKAkZ6waRV+L1HIiSN+YOaJsSL0IjTIcVIack3ocsQHzECLcuCrijZz9wIqXEQZK08982GbdllwUVwKmiAqtq++eOGMU4jwhVmSMqBYyfKy5BQFDOS191UkgThCRqRgUaOIiK9rLwkh6daCeEwFvpxBUv170SGIimnUaA7ixXlvFeIS71QFh8uswapGt54GeVJqgjHsx2GKYMqhkViMKSCYMWmGhAWVJ8B8RgJhJXOta7zcebTWITuueVcWFf3l43mbZVUDRyDE3AGHHANmuAOtEEHYPAEXsAreDOejXfjw/icta4Y1cwR+FfG9y/yP6TF</latexit>

hO1(z1, z̄1)...On(zn, z̄n)iUHP ⇠ hO1(z1)Ō1(z̄1)...On(zn)Ōn(z̄n)iC
<latexit sha1_base64="r6mGJANS7NroKDbn/HUdu48AiHc="></latexit>

15

w
<latexit sha1_base64="6RLw34MgCVJylMSEuvDb9/kxv90=">AAACA3icbVC7TsNAEFzzDOEVoKSxiJCoIpuHoIygoUwk8pASKzqf18kp57N1dwZFUUoqWvgKOkTLh/AR/APnxAUkGWml0czuanf8hDOlHefbWlldW9/YLGwVt3d29/ZLB4dNFaeSYoPGPJZtnyjkTGBDM82xnUgkkc+x5Q/vMr/1iFKxWDzoUYJeRPqChYwSbaT6U69UdirOFPYicXNShhy1XumnG8Q0jVBoyolSHddJtDcmUjPKcVLspgoTQoekjx1DBYlQeePpoRP71CiBHcbSlND2VP07MSaRUqPIN50R0QM172XiUi9Q2cJlVifV4Y03ZiJJNQo6uyFMua1jOwvEDphEqvnIEEIlM2/YdEAkodrEVjT5uPNpLJLmecW9qFzVL8vV2zypAhzDCZyBC9dQhXuoQQMoILzAK7xZz9a79WF9zlpXrHzmCP7B+voF7PCYCw==</latexit>

z
<latexit sha1_base64="5kFRLYnJFVsHyAugXLQYlDGcReA=">AAACA3icbVC7TsNAEFzzDOEVoKSxiJCoIpuHoIygoUwk8pASKzqf18kp57N1d0YKUUoqWvgKOkTLh/AR/APnxAUkGWml0czuanf8hDOlHefbWlldW9/YLGwVt3d29/ZLB4dNFaeSYoPGPJZtnyjkTGBDM82xnUgkkc+x5Q/vMr/1iFKxWDzoUYJeRPqChYwSbaT6U69UdirOFPYicXNShhy1XumnG8Q0jVBoyolSHddJtDcmUjPKcVLspgoTQoekjx1DBYlQeePpoRP71CiBHcbSlND2VP07MSaRUqPIN50R0QM172XiUi9Q2cJlVifV4Y03ZiJJNQo6uyFMua1jOwvEDphEqvnIEEIlM2/YdEAkodrEVjT5uPNpLJLmecW9qFzVL8vV2zypAhzDCZyBC9dQhXuoQQMoILzAK7xZz9a79WF9zlpXrHzmCP7B+voF8c2YDg==</latexit>



2-dimensional rational CFTs

Operator Renyi entropy: C A B C

`A `B

`

Sop
n ⇠ 1

1� n
ln

"✓
�

2⇡

◆2h2 hT1(z1)T2(z2)T3(z3)T1(z̄1)T2(z̄2)T3(z̄3)iC
hT1(z1)T �1

1 (z3)T1(z̄1)T �1
1 (z̄3)iC

#

<latexit sha1_base64="9GR0FW0y/ywmtZ+WUzT5vCj/v/g="></latexit>
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2-dimensional rational CFTs

Operator Renyi entropy: C A B C

`A `B

`

Sop
n ⇠ 1

1� n
ln

"✓
�

2⇡

◆2h2 hT1(z1)T2(z2)T3(z3)T1(z̄1)T2(z̄2)T3(z̄3)iC
hT1(z1)T �1

1 (z3)T1(z̄1)T �1
1 (z̄3)iC

#

<latexit sha1_base64="9GR0FW0y/ywmtZ+WUzT5vCj/v/g="></latexit>

 


  Wick-rotate back to real time ⌧ ! it
<latexit sha1_base64="jakjA9E1Mz2rXOPG7EBWM2Rf9DU=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLoxmUF+8AmlMlk0g6dTMLMjVBCf8GVW/0Kd+LWf/Aj/AcnbRba9sCFwzn3Xu49fiK4Btv+tkorq2vrG+XNytb2zu5edf+greNUUdaisYhV1yeaCS5ZCzgI1k0UI5EvWMcf3eZ+54kpzWP5AOOEeREZSB5ySsBIjy6Q1IUYc+hXa3bdngIvEqcgNVSg2a/+uEFM04hJoIJo3XPsBLyMKOBUsEnFTTVLCB2RAesZKknEtJdNL57gE6MEOIyVKQl4qv6dyEik9TjyTWdEYKjnvVxc6gU6X7jM6qUQXnsZl0kKTNLZDWEqsHk/TwYHXDEKYmwIoYqbNzAdEkUomPwqJh9nPo1F0j6rO+f1y/uLWuOmSKqMjtAxOkUOukINdIeaqIUokugFvaI369l6tz6sz1lrySpmDtE/WF+/1uCb0A==</latexit>
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#

<latexit sha1_base64="trVb5Hnp1VK+IuR7Rc3v5Q/3Bjo="></latexit>
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�
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�
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<latexit sha1_base64="ENq+leuXLPyp3bmVMA3aTzB5QCI="></latexit>
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�
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�
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<latexit sha1_base64="WUhSVsIO75AJrICmUNLku1NL0rQ="></latexit>
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2-dimensional rational CFTs

Operator Renyi entropy: C A B C
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◆2h2 hT1(z1)T2(z2)T3(z3)T1(z̄1)T2(z̄2)T3(z̄3)iC
hT1(z1)T �1

1 (z3)T1(z̄1)T �1
1 (z̄3)iC

#

<latexit sha1_base64="9GR0FW0y/ywmtZ+WUzT5vCj/v/g="></latexit>

 


  Wick-rotate back to real time


 In the high energy/long time limit                                    , parameters near 

the boundary of conformal moduli, correlation function —> OPE                                        

⌧ ! it
<latexit sha1_base64="jakjA9E1Mz2rXOPG7EBWM2Rf9DU=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLoxmUF+8AmlMlk0g6dTMLMjVBCf8GVW/0Kd+LWf/Aj/AcnbRba9sCFwzn3Xu49fiK4Btv+tkorq2vrG+XNytb2zu5edf+greNUUdaisYhV1yeaCS5ZCzgI1k0UI5EvWMcf3eZ+54kpzWP5AOOEeREZSB5ySsBIjy6Q1IUYc+hXa3bdngIvEqcgNVSg2a/+uEFM04hJoIJo3XPsBLyMKOBUsEnFTTVLCB2RAesZKknEtJdNL57gE6MEOIyVKQl4qv6dyEik9TjyTWdEYKjnvVxc6gU6X7jM6qUQXnsZl0kKTNLZDWEqsHk/TwYHXDEKYmwIoYqbNzAdEkUomPwqJh9nPo1F0j6rO+f1y/uLWuOmSKqMjtAxOkUOukINdIeaqIUokugFvaI369l6tz6sz1lrySpmDtE/WF+/1uCb0A==</latexit>
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hT1(z1)T1(z3)T1(z4)T1(z6)iC

#

<latexit sha1_base64="trVb5Hnp1VK+IuR7Rc3v5Q/3Bjo="></latexit>

z1 = i exp


2⇡

�
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�
, z2 = i exp


�2⇡

�
t

�
, z3 = i exp
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�

<latexit sha1_base64="ENq+leuXLPyp3bmVMA3aTzB5QCI="></latexit>

z4 = �i exp


2⇡

�
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�
, z5 = �i exp


2⇡

�
t

�
, z6 = �i exp


2⇡
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<latexit sha1_base64="WUhSVsIO75AJrICmUNLku1NL0rQ="></latexit>

|`B ± t|, |`A ± t|, t � �
<latexit sha1_base64="EDrGskqeduEhvtw51acwOI3K6Fk=">AAACLXicbVDJSgNBEO1xjXEb9eilMQgKEmZc0GOMF48RzAKZEHo6laRJz0J3jRCSfIOf4smrfoUHQbx68h/sLIImedDw6r2qouv5sRQaHefdWlhcWl5ZTa2l1zc2t7btnd2SjhLFocgjGamKzzRIEUIRBUqoxApY4Eso+52boV9+AKVFFN5jN4ZawFqhaArO0Eh1+7jvgZT1vBcHFPsndFxe/5ZIvVaLej4gq9sZJ+uMQGeJOyEZMkGhbn97jYgnAYTIJdO66jox1npMoeASBmkv0RAz3mEtqBoasgB0rTc6aUAPjdKgzUiZFyIdqX8neizQuhv4pjNg2NbT3lCc6zX0cOE8q5pg86rWE2GcIIR8/IdmIilGdBgdbQgFHGXXEMaVMGdQ3maKcTQBp00+7nQas6R0mnXPshd355lcfpJUiuyTA3JEXHJJcuSWFEiRcPJInskLebWerDfrw/octy5Yk5k98g/W1w8AyKfA</latexit>
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2-dimensional rational CFTs

Operator Renyi entropy: C A B C

`A `B

`

“Chiral” OPE:   O1(z1)O2(z2) ! (z2 � z1)
h3�h1�h2O3(z2) + ...

<latexit sha1_base64="ecv7pEa+chdIYcSG2LliPU0eaf4="></latexit>
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2-dimensional rational CFTs

Operator Renyi entropy: C A B C

`A `B

`

“Chiral” OPE:   


Not all chiral OPEs are legitimate —> “True” OPE occurs on 

stripe/UHP:  e.g.                                 or 

O1(z1)O2(z2) ! (z2 � z1)
h3�h1�h2O3(z2) + ...

<latexit sha1_base64="ecv7pEa+chdIYcSG2LliPU0eaf4="></latexit>

(z1 ! z2, z̄1 ! z̄2)
<latexit sha1_base64="MwH+z8kCiD68l74If3TCNwSc3gg=">AAACKHicbZDLSsNAFIYn9VbrLerSzWAVKkhJqqLLohuXFewFmhAmk0k7dHJhZiK0oS/go7hyq0/hTrp17zs4aSNo2wMD//z/OcOcz40ZFdIwJlphZXVtfaO4Wdra3tnd0/cPWiJKOCZNHLGId1wkCKMhaUoqGenEnKDAZaTtDu6yvP1EuKBR+CiHMbED1AupTzGSynL0k8rIMS0ZwZFTO4eWi3g6Gs+c30vtzNHLRtWYFlwUZi7KIK+Go39bXoSTgIQSMyRE1zRiaaeIS4oZGZesRJAY4QHqka6SIQqIsNPpNmN4qhwP+hFXJ5Rw6v6dSFEgxDBwVWeAZF/MZ5m5NPNE9uCyqJtI/8ZOaRgnkoR49gc/YVBhyKhBj3KCJRsqgTCnag2I+4gjLBXbkuJjztNYFK1a1byoXj1cluu3OakiOALHoAJMcA3q4B40QBNg8AxewRt41160D+1Tm8xaC1o+cwj+lfb1A/3fpbo=</latexit>

(z1 $ z̄1)
<latexit sha1_base64="K7kRTXZ5ZJdRexDEdI2m/K2QAFo=">AAACInicbVDJSgNBEO2JW4xb1KMgjUGIlzDjgh6DXjxGMAtkhqGn05M06VnorlGSITc/xZNX/Qpv4knwF/wHe5IcNMmDgsd7VUXV82LBFZjml5FbWl5ZXcuvFzY2t7Z3irt7DRUlkrI6jUQkWx5RTPCQ1YGDYK1YMhJ4gjW9/k3mNx+YVDwK72EQMycg3ZD7nBLQkls8LA9dyxbMB8m7PSBSRo/Y9ohMhyPXOnGLJbNijoHniTUlJTRFzS3+2J2IJgELgQqiVNsyY3BSIoFTwUYFO1EsJrRPuqytaUgCppx0/McIH2ulg/1I6goBj9W/EykJlBoEnu4MCPTUrJeJC72OyhYustoJ+FdOysM4ARbSyQ1+IjBEOMsLd7hkFMRAE0Il129g2iOSUNCpFnQ+1mwa86RxWrHOKhd356Xq9TSpPDpAR6iMLHSJqugW1VAdUfSEXtArejOejXfjw/ictOaM6cw++gfj+xfwpaRF</latexit>
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2-dimensional rational CFTs

Operator Renyi entropy: C A B C

`A `B

`

“Chiral” OPE:   


Not all chiral OPEs are legitimate —> “True” OPE occurs on 

stripe/UHP:  e.g.                                 or 


For rational CFTs, all chiral OPE singularities are present


        Satisfying the crossing equation by finite number of blocks  (C.Asplund, et al 2015)

O1(z1)O2(z2) ! (z2 � z1)
h3�h1�h2O3(z2) + ...

<latexit sha1_base64="ecv7pEa+chdIYcSG2LliPU0eaf4="></latexit>

(z1 ! z2, z̄1 ! z̄2)
<latexit sha1_base64="MwH+z8kCiD68l74If3TCNwSc3gg=">AAACKHicbZDLSsNAFIYn9VbrLerSzWAVKkhJqqLLohuXFewFmhAmk0k7dHJhZiK0oS/go7hyq0/hTrp17zs4aSNo2wMD//z/OcOcz40ZFdIwJlphZXVtfaO4Wdra3tnd0/cPWiJKOCZNHLGId1wkCKMhaUoqGenEnKDAZaTtDu6yvP1EuKBR+CiHMbED1AupTzGSynL0k8rIMS0ZwZFTO4eWi3g6Gs+c30vtzNHLRtWYFlwUZi7KIK+Go39bXoSTgIQSMyRE1zRiaaeIS4oZGZesRJAY4QHqka6SIQqIsNPpNmN4qhwP+hFXJ5Rw6v6dSFEgxDBwVWeAZF/MZ5m5NPNE9uCyqJtI/8ZOaRgnkoR49gc/YVBhyKhBj3KCJRsqgTCnag2I+4gjLBXbkuJjztNYFK1a1byoXj1cluu3OakiOALHoAJMcA3q4B40QBNg8AxewRt41160D+1Tm8xaC1o+cwj+lfb1A/3fpbo=</latexit>

(z1 $ z̄1)
<latexit sha1_base64="K7kRTXZ5ZJdRexDEdI2m/K2QAFo=">AAACInicbVDJSgNBEO2JW4xb1KMgjUGIlzDjgh6DXjxGMAtkhqGn05M06VnorlGSITc/xZNX/Qpv4knwF/wHe5IcNMmDgsd7VUXV82LBFZjml5FbWl5ZXcuvFzY2t7Z3irt7DRUlkrI6jUQkWx5RTPCQ1YGDYK1YMhJ4gjW9/k3mNx+YVDwK72EQMycg3ZD7nBLQkls8LA9dyxbMB8m7PSBSRo/Y9ohMhyPXOnGLJbNijoHniTUlJTRFzS3+2J2IJgELgQqiVNsyY3BSIoFTwUYFO1EsJrRPuqytaUgCppx0/McIH2ulg/1I6goBj9W/EykJlBoEnu4MCPTUrJeJC72OyhYustoJ+FdOysM4ARbSyQ1+IjBEOMsLd7hkFMRAE0Il129g2iOSUNCpFnQ+1mwa86RxWrHOKhd356Xq9TSpPDpAR6iMLHSJqugW1VAdUfSEXtArejOejXfjw/ictOaM6cw++gfj+xfwpaRF</latexit>

17



2-dimensional rational CFTs

Operator Renyi entropy: C A B C

`A `B

`

“Chiral” OPE:   


Not all chiral OPEs are legitimate —> “True” OPE occurs on 

stripe/UHP:  e.g.                                 or 


For rational CFTs, all chiral OPE singularities are present


        Satisfying the crossing equation by finite number of blocks  (C.Asplund, et al 2015) 

Different chiral OPE channels —> different regimes of the 

operator entanglement dynamics

O1(z1)O2(z2) ! (z2 � z1)
h3�h1�h2O3(z2) + ...

<latexit sha1_base64="ecv7pEa+chdIYcSG2LliPU0eaf4="></latexit>

(z1 ! z2, z̄1 ! z̄2)
<latexit sha1_base64="MwH+z8kCiD68l74If3TCNwSc3gg=">AAACKHicbZDLSsNAFIYn9VbrLerSzWAVKkhJqqLLohuXFewFmhAmk0k7dHJhZiK0oS/go7hyq0/hTrp17zs4aSNo2wMD//z/OcOcz40ZFdIwJlphZXVtfaO4Wdra3tnd0/cPWiJKOCZNHLGId1wkCKMhaUoqGenEnKDAZaTtDu6yvP1EuKBR+CiHMbED1AupTzGSynL0k8rIMS0ZwZFTO4eWi3g6Gs+c30vtzNHLRtWYFlwUZi7KIK+Go39bXoSTgIQSMyRE1zRiaaeIS4oZGZesRJAY4QHqka6SIQqIsNPpNmN4qhwP+hFXJ5Rw6v6dSFEgxDBwVWeAZF/MZ5m5NPNE9uCyqJtI/8ZOaRgnkoR49gc/YVBhyKhBj3KCJRsqgTCnag2I+4gjLBXbkuJjztNYFK1a1byoXj1cluu3OakiOALHoAJMcA3q4B40QBNg8AxewRt41160D+1Tm8xaC1o+cwj+lfb1A/3fpbo=</latexit>

(z1 $ z̄1)
<latexit sha1_base64="K7kRTXZ5ZJdRexDEdI2m/K2QAFo=">AAACInicbVDJSgNBEO2JW4xb1KMgjUGIlzDjgh6DXjxGMAtkhqGn05M06VnorlGSITc/xZNX/Qpv4knwF/wHe5IcNMmDgsd7VUXV82LBFZjml5FbWl5ZXcuvFzY2t7Z3irt7DRUlkrI6jUQkWx5RTPCQ1YGDYK1YMhJ4gjW9/k3mNx+YVDwK72EQMycg3ZD7nBLQkls8LA9dyxbMB8m7PSBSRo/Y9ohMhyPXOnGLJbNijoHniTUlJTRFzS3+2J2IJgELgQqiVNsyY3BSIoFTwUYFO1EsJrRPuqytaUgCppx0/McIH2ulg/1I6goBj9W/EykJlBoEnu4MCPTUrJeJC72OyhYustoJ+FdOysM4ARbSyQ1+IjBEOMsLd7hkFMRAE0Il129g2iOSUNCpFnQ+1mwa86RxWrHOKhd356Xq9TSpPDpAR6iMLHSJqugW1VAdUfSEXtArejOejXfjw/ictOaM6cw++gfj+xfwpaRF</latexit>

17



2-dimensional rational CFTs

Operator Renyi entropy: C A B C

`A `B

`

z3 z2 z1

z6 z5 z4

z3 z2 z1

z6 z5 z4

z3 z2 z1

z6 z5 z4

z3 z2 z1

z6 z5 z4

0 < t < `A/2
<latexit sha1_base64="9ZfQX2psNeKc6pIcxaiW1q2qq/Q=">AAACDnicbVC7TsNAEFyHVwivACXNiQiJKtgBBEWKAA1lkMhDiq3ofD4np5wfujsjRVb+gYoWvoIO0fILfAT/wDlxAUlGWmk0s7vaHTfmTCrT/DYKK6tr6xvFzdLW9s7uXnn/oC2jRBDaIhGPRNfFknIW0pZiitNuLCgOXE477ugu8ztPVEgWhY9qHFMnwIOQ+YxgpSXbrKu6TTnv35zV+uWKWTWnQIvEykkFcjT75R/bi0gS0FARjqXsWWasnBQLxQink5KdSBpjMsID2tM0xAGVTjq9eYJOtOIhPxK6QoWm6t+JFAdSjgNXdwZYDeW8l4lLPU9mC5dZvUT5107KwjhRNCSzG/yEIxWhLBvkMUGJ4mNNMBFMv4HIEAtMlE6wpPOx5tNYJO1a1TqvXj5cVBq3eVJFOIJjOAULrqAB99CEFhCI4QVe4c14Nt6ND+Nz1low8plD+Afj6xfctZu4</latexit>

`A/2 < t < `B/2
<latexit sha1_base64="zn+5BnPB5Jw34Y4+zaECAw78XU4=">AAACF3icbZC7TsMwFIadcivlFujIYlEhMbVJAcHQoZSFsUiUVmqjyHGc1qpzke0gRVEfhIkVnoINsTLyELwDTpoB2h7J0qf/P+fo+HciRoU0jG+ttLa+sblV3q7s7O7tH+iHR48ijDkmPRyykA8cJAijAelJKhkZRJwg32Gk70xvM7//RLigYfAgk4hYPhoH1KMYSSXZenVEGLNvGs2WbOXYaTRtvWbUjbzgMpgF1EBRXVv/Gbkhjn0SSMyQEEPTiKSVIi4pZmRWGcWCRAhP0ZgMFQbIJ8JK8+Nn8FQpLvRCrl4gYa7+nUiRL0TiO6rTR3IiFr1MXOm5Ilu4yhrG0ru2UhpEsSQBnt/gxQzKEGYhQZdygiVLFCDMqfoGxBPEEZYqyorKx1xMYxkem3XzvH55f1Frd4qkyuAYnIAzYIIr0AZ3oAt6AIMEvIBX8KY9a+/ah/Y5by1pxUwV/Cvt6xdsw56a</latexit>

`B/2 < t < `/2
<latexit sha1_base64="a/5rnRxugW6AGVRzfwZYZgfXq2s=">AAACFXicbZC9TsMwFIWd8lfKXwoji0WFxNQmBQRDh6osjEWipVIbRY7jtFYdJ7IdUBX1OZhY4SnYECszD8E74LQZoO2VLH06596r6+PFjEplWd9GYW19Y3OruF3a2d3bPzDLh10ZJQKTDo5YJHoekoRRTjqKKkZ6sSAo9Bh58MY3mf/wSISkEb9Xk5g4IRpyGlCMlJZcszwgjLmtWr2hGhnW6q5ZsarWrOAy2DlUQF5t1/wZ+BFOQsIVZkjKvm3FykmRUBQzMi0NEklihMdoSPoaOQqJdNLZ6VN4qhUfBpHQjys4U/9OpCiUchJ6ujNEaiQXvUxc6fkyW7jK6icquHZSyuNEEY7nNwQJgyqCWUTQp4JgxSYaEBZUfwPiERIIKx1kSedjL6axDN161T6vXt5dVJqtPKkiOAYn4AzY4Ao0wS1ogw7A4Am8gFfwZjwb78aH8TlvLRj5zBH4V8bXLxMCneY=</latexit>

t > `/2
<latexit sha1_base64="lBmxhnsc5TDYCZXh6Y9jzJkRyUQ=">AAACCnicbVDLSsNAFL2pr1pfVZduBovgqiZV0ZUU3bisYB/QhjKZTNqhk0mYmQgl9A9cudWvcCdu/Qk/wn9w0mahbQ9cOJxz7+Xe48WcKW3b31ZhZXVtfaO4Wdra3tndK+8ftFSUSEKbJOKR7HhYUc4EbWqmOe3EkuLQ47Ttje4yv/1EpWKReNTjmLohHggWMIK1kTr6pkc5P6v1yxW7ak+BFomTkwrkaPTLPz0/IklIhSYcK9V17Fi7KZaaEU4npV6iaIzJCA9o11CBQ6rcdHrvBJ0YxUdBJE0Jjabq34kUh0qNQ890hlgP1byXiUs9X2ULl1ndRAfXbspEnGgqyOyGIOFIRyjLBflMUqL52BBMJDNvIDLEEhNt0iuZfJz5NBZJq1Z1zquXDxeV+m2eVBGO4BhOwYErqMM9NKAJBDi8wCu8Wc/Wu/Vhfc5aC1Y+cwj/YH39Ao6UmoY=</latexit>
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<latexit sha1_base64="hRVvWtR/tUtoQXN1/64692Sfnvs="></latexit>
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<latexit sha1_base64="TFU/k6Yu/Xykqb8HfgxHnIVKS48="></latexit>
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<latexit sha1_base64="De0EODz95P0NkWVyRWiZTSGEdGI="></latexit>
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<latexit sha1_base64="56g1h71zEMt2/gCA5DPw994gsVo="></latexit>
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2-dimensional rational CFTs

Operator Renyi entropy: C A B C

`A `B

`

z3 z2 z1

z6 z5 z4

z3 z2 z1

z6 z5 z4

z3 z2 z1

z6 z5 z4

z3 z2 z1

z6 z5 z4

0 < t < `A/2
<latexit sha1_base64="9ZfQX2psNeKc6pIcxaiW1q2qq/Q=">AAACDnicbVC7TsNAEFyHVwivACXNiQiJKtgBBEWKAA1lkMhDiq3ofD4np5wfujsjRVb+gYoWvoIO0fILfAT/wDlxAUlGWmk0s7vaHTfmTCrT/DYKK6tr6xvFzdLW9s7uXnn/oC2jRBDaIhGPRNfFknIW0pZiitNuLCgOXE477ugu8ztPVEgWhY9qHFMnwIOQ+YxgpSXbrKu6TTnv35zV+uWKWTWnQIvEykkFcjT75R/bi0gS0FARjqXsWWasnBQLxQink5KdSBpjMsID2tM0xAGVTjq9eYJOtOIhPxK6QoWm6t+JFAdSjgNXdwZYDeW8l4lLPU9mC5dZvUT5107KwjhRNCSzG/yEIxWhLBvkMUGJ4mNNMBFMv4HIEAtMlE6wpPOx5tNYJO1a1TqvXj5cVBq3eVJFOIJjOAULrqAB99CEFhCI4QVe4c14Nt6ND+Nz1low8plD+Afj6xfctZu4</latexit>

`A/2 < t < `B/2
<latexit sha1_base64="zn+5BnPB5Jw34Y4+zaECAw78XU4=">AAACF3icbZC7TsMwFIadcivlFujIYlEhMbVJAcHQoZSFsUiUVmqjyHGc1qpzke0gRVEfhIkVnoINsTLyELwDTpoB2h7J0qf/P+fo+HciRoU0jG+ttLa+sblV3q7s7O7tH+iHR48ijDkmPRyykA8cJAijAelJKhkZRJwg32Gk70xvM7//RLigYfAgk4hYPhoH1KMYSSXZenVEGLNvGs2WbOXYaTRtvWbUjbzgMpgF1EBRXVv/Gbkhjn0SSMyQEEPTiKSVIi4pZmRWGcWCRAhP0ZgMFQbIJ8JK8+Nn8FQpLvRCrl4gYa7+nUiRL0TiO6rTR3IiFr1MXOm5Ilu4yhrG0ru2UhpEsSQBnt/gxQzKEGYhQZdygiVLFCDMqfoGxBPEEZYqyorKx1xMYxkem3XzvH55f1Frd4qkyuAYnIAzYIIr0AZ3oAt6AIMEvIBX8KY9a+/ah/Y5by1pxUwV/Cvt6xdsw56a</latexit>

`B/2 < t < `/2
<latexit sha1_base64="a/5rnRxugW6AGVRzfwZYZgfXq2s=">AAACFXicbZC9TsMwFIWd8lfKXwoji0WFxNQmBQRDh6osjEWipVIbRY7jtFYdJ7IdUBX1OZhY4SnYECszD8E74LQZoO2VLH06596r6+PFjEplWd9GYW19Y3OruF3a2d3bPzDLh10ZJQKTDo5YJHoekoRRTjqKKkZ6sSAo9Bh58MY3mf/wSISkEb9Xk5g4IRpyGlCMlJZcszwgjLmtWr2hGhnW6q5ZsarWrOAy2DlUQF5t1/wZ+BFOQsIVZkjKvm3FykmRUBQzMi0NEklihMdoSPoaOQqJdNLZ6VN4qhUfBpHQjys4U/9OpCiUchJ6ujNEaiQXvUxc6fkyW7jK6icquHZSyuNEEY7nNwQJgyqCWUTQp4JgxSYaEBZUfwPiERIIKx1kSedjL6axDN161T6vXt5dVJqtPKkiOAYn4AzY4Ao0wS1ogw7A4Am8gFfwZjwb78aH8TlvLRj5zBH4V8bXLxMCneY=</latexit>

t > `/2
<latexit sha1_base64="lBmxhnsc5TDYCZXh6Y9jzJkRyUQ=">AAACCnicbVDLSsNAFL2pr1pfVZduBovgqiZV0ZUU3bisYB/QhjKZTNqhk0mYmQgl9A9cudWvcCdu/Qk/wn9w0mahbQ9cOJxz7+Xe48WcKW3b31ZhZXVtfaO4Wdra3tndK+8ftFSUSEKbJOKR7HhYUc4EbWqmOe3EkuLQ47Ttje4yv/1EpWKReNTjmLohHggWMIK1kTr6pkc5P6v1yxW7ak+BFomTkwrkaPTLPz0/IklIhSYcK9V17Fi7KZaaEU4npV6iaIzJCA9o11CBQ6rcdHrvBJ0YxUdBJE0Jjabq34kUh0qNQ890hlgP1byXiUs9X2ULl1ndRAfXbspEnGgqyOyGIOFIRyjLBflMUqL52BBMJDNvIDLEEhNt0iuZfJz5NBZJq1Z1zquXDxeV+m2eVBGO4BhOwYErqMM9NKAJBDi8wCu8Wc/Wu/Vhfc5aC1Y+cwj/YH39Ao6UmoY=</latexit>

Sop
n ⇡ 2h2

n� 1


ln

✓
2⇡

�

◆
+

2⇡

�
t

�

<latexit sha1_base64="hRVvWtR/tUtoQXN1/64692Sfnvs="></latexit>

Sop
n ⇡ 2h2

n� 1


ln

✓
2⇡

�

◆
+

2⇡

�

`A
2

�

<latexit sha1_base64="TFU/k6Yu/Xykqb8HfgxHnIVKS48="></latexit>

Sop
n ⇡ 2h2

n� 1


ln

✓
2⇡

�

◆
+

2⇡

�

✓
`

2
� t

◆�

<latexit sha1_base64="De0EODz95P0NkWVyRWiZTSGEdGI="></latexit>

Sop
n ⇡ 2h2

n� 1


ln

✓
2⇡

�

◆�

<latexit sha1_base64="56g1h71zEMt2/gCA5DPw994gsVo="></latexit>

Rational CFTs
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2-dimensional rational CFTs

Operator Renyi entropy: C A B C

`A `B

`

t

(`seq)

1
2`A

1
2 (`� `A) 1

2`

1

Sop
n (A, ⇢↵AB(t))

rational CFT

Put together:

19



2-dimensional rational CFTs

Operator Renyi entropy: C A B C

`A `B

`

t

(`seq)

1
2`A

1
2 (`� `A) 1

2`

1

Sop
n (A, ⇢↵AB(t))

rational CFT

Put together:

 plateau: volume law “barrier”

19



Set up: (reduced density) operator entanglement 


Quenched dynamics for operator entanglement 


1. Two-dimensional rational conformal field theories (CFTs)


2. Random unitary circuits


3. Holographic CFTs (AdS/CFT)


Discussion: a new measure of quantum chaoticity?


Future directions

Outline:
20



Random Unitary Circuits
21



Random Unitary Circuits

A tensor network circuit 

| (t)i

21



Random Unitary Circuits

A tensor network circuit 


Each node: a Haar random unitary matrix 

| (t)i

Uq⇥q
<latexit sha1_base64="jUX/FwMvL97bWT4Uc6QKZBT0Qok=">AAACD3icbVDLTsMwENzwLOVV4MjFokLiVCU8BMcKLhyLRNpKbVQ5jtNadZzUdpCqqB/BiSt8BTfElU/gI/gHnDYHaDvSSqOZXXt3/IQzpW3721pZXVvf2Cxtlbd3dvf2KweHTRWnklCXxDyWbR8rypmgrmaa03YiKY58Tlv+8C73W09UKhaLRz1OqBfhvmAhI1gbyXN72airWUQVGk16lapds6dAi8QpSBUKNHqVn24QkzSiQhOOleo4dqK9DEvNCKeTcjdVNMFkiPu0Y6jA5h8vmy49QadGCVAYS1NCo6n6dyLDkVLjyDedEdYDNe/l4lIvUPmDy6xOqsMbL2MiSTUVZLZDmHKkY5SHgwImKdF8bAgmkpkzEBlgiYk2EZZNPs58GoukeV5zLmpXD5fV+m2RVAmO4QTOwIFrqMM9NMAFAiN4gVd4s56td+vD+py1rljFzBH8g/X1C2qCnTg=</latexit>

21



Random Unitary Circuits

A tensor network circuit 


Each node: a Haar random unitary matrix 


A “minimal model” for chaotic evolution with 

local interactions

| (t)i

t
<latexit sha1_base64="SZVL1THM32cCo1JhsYV0RSNOqDE=">AAACA3icbVDJSgNBEK2JW4xb1KOXxiB4CjMu6DHoxWMCZoFkCD09NUmTnoXuHiGEHD151a/wJl79ED/Cf7AnmYMmeVDweK+qqHpeIrjStv1tFdbWNza3itulnd29/YPy4VFLxalk2GSxiGXHowoFj7CpuRbYSSTS0BPY9kb3md9+Qql4HD3qcYJuSAcRDzij2kgN3S9X7Ko9A1kmTk4qkKPeL//0/JilIUaaCapU17ET7U6o1JwJnJZ6qcKEshEdYNfQiIao3Mns0Ck5M4pPgliaijSZqX8nJjRUahx6pjOkeqgWvUxc6fkqW7jK6qY6uHUnPEpSjRGb3xCkguiYZIEQn0tkWowNoUxy8wZhQyop0ya2ksnHWUxjmbQuqs5l9bpxVand5UkV4QRO4RwcuIEaPEAdmsAA4QVe4c16tt6tD+tz3lqw8plj+Afr6xfoE5gI</latexit>

Uq⇥q
<latexit sha1_base64="jUX/FwMvL97bWT4Uc6QKZBT0Qok=">AAACD3icbVDLTsMwENzwLOVV4MjFokLiVCU8BMcKLhyLRNpKbVQ5jtNadZzUdpCqqB/BiSt8BTfElU/gI/gHnDYHaDvSSqOZXXt3/IQzpW3721pZXVvf2Cxtlbd3dvf2KweHTRWnklCXxDyWbR8rypmgrmaa03YiKY58Tlv+8C73W09UKhaLRz1OqBfhvmAhI1gbyXN72airWUQVGk16lapds6dAi8QpSBUKNHqVn24QkzSiQhOOleo4dqK9DEvNCKeTcjdVNMFkiPu0Y6jA5h8vmy49QadGCVAYS1NCo6n6dyLDkVLjyDedEdYDNe/l4lIvUPmDy6xOqsMbL2MiSTUVZLZDmHKkY5SHgwImKdF8bAgmkpkzEBlgiYk2EZZNPs58GoukeV5zLmpXD5fV+m2RVAmO4QTOwIFrqMM9NMAFAiN4gVd4s56td+vD+py1rljFzBH8g/X1C2qCnTg=</latexit>

21



Random Unitary Circuits

A tensor network circuit 


Each node: a Haar random unitary matrix 


A “minimal model” for chaotic evolution with 

local interactions


No Hamiltonian, “infinite temperature”

| (t)i

t
<latexit sha1_base64="SZVL1THM32cCo1JhsYV0RSNOqDE=">AAACA3icbVDJSgNBEK2JW4xb1KOXxiB4CjMu6DHoxWMCZoFkCD09NUmTnoXuHiGEHD151a/wJl79ED/Cf7AnmYMmeVDweK+qqHpeIrjStv1tFdbWNza3itulnd29/YPy4VFLxalk2GSxiGXHowoFj7CpuRbYSSTS0BPY9kb3md9+Qql4HD3qcYJuSAcRDzij2kgN3S9X7Ko9A1kmTk4qkKPeL//0/JilIUaaCapU17ET7U6o1JwJnJZ6qcKEshEdYNfQiIao3Mns0Ck5M4pPgliaijSZqX8nJjRUahx6pjOkeqgWvUxc6fkqW7jK6qY6uHUnPEpSjRGb3xCkguiYZIEQn0tkWowNoUxy8wZhQyop0ya2ksnHWUxjmbQuqs5l9bpxVand5UkV4QRO4RwcuIEaPEAdmsAA4QVe4c16tt6tD+tz3lqw8plj+Afr6xfoE5gI</latexit>

Uq⇥q
<latexit sha1_base64="jUX/FwMvL97bWT4Uc6QKZBT0Qok=">AAACD3icbVDLTsMwENzwLOVV4MjFokLiVCU8BMcKLhyLRNpKbVQ5jtNadZzUdpCqqB/BiSt8BTfElU/gI/gHnDYHaDvSSqOZXXt3/IQzpW3721pZXVvf2Cxtlbd3dvf2KweHTRWnklCXxDyWbR8rypmgrmaa03YiKY58Tlv+8C73W09UKhaLRz1OqBfhvmAhI1gbyXN72airWUQVGk16lapds6dAi8QpSBUKNHqVn24QkzSiQhOOleo4dqK9DEvNCKeTcjdVNMFkiPu0Y6jA5h8vmy49QadGCVAYS1NCo6n6dyLDkVLjyDedEdYDNe/l4lIvUPmDy6xOqsMbL2MiSTUVZLZDmHKkY5SHgwImKdF8bAgmkpkzEBlgiYk2EZZNPs58GoukeV5zLmpXD5fV+m2RVAmO4QTOwIFrqMM9NMAFAiN4gVd4s56td+vD+py1rljFzBH8g/X1C2qCnTg=</latexit>

21



Random Unitary Circuits

A tensor network circuit 


Each node: a Haar random unitary matrix 


A “minimal model” for chaotic evolution with 

local interactions


No Hamiltonian, “infinite temperature”


Averaging over randomness —> analytic 

handle on chaotic dynamics
| (t)i

t
<latexit sha1_base64="SZVL1THM32cCo1JhsYV0RSNOqDE=">AAACA3icbVDJSgNBEK2JW4xb1KOXxiB4CjMu6DHoxWMCZoFkCD09NUmTnoXuHiGEHD151a/wJl79ED/Cf7AnmYMmeVDweK+qqHpeIrjStv1tFdbWNza3itulnd29/YPy4VFLxalk2GSxiGXHowoFj7CpuRbYSSTS0BPY9kb3md9+Qql4HD3qcYJuSAcRDzij2kgN3S9X7Ko9A1kmTk4qkKPeL//0/JilIUaaCapU17ET7U6o1JwJnJZ6qcKEshEdYNfQiIao3Mns0Ck5M4pPgliaijSZqX8nJjRUahx6pjOkeqgWvUxc6fkqW7jK6qY6uHUnPEpSjRGb3xCkguiYZIEQn0tkWowNoUxy8wZhQyop0ya2ksnHWUxjmbQuqs5l9bpxVand5UkV4QRO4RwcuIEaPEAdmsAA4QVe4c16tt6tD+tz3lqw8plj+Afr6xfoE5gI</latexit>

Uq⇥q
<latexit sha1_base64="jUX/FwMvL97bWT4Uc6QKZBT0Qok=">AAACD3icbVDLTsMwENzwLOVV4MjFokLiVCU8BMcKLhyLRNpKbVQ5jtNadZzUdpCqqB/BiSt8BTfElU/gI/gHnDYHaDvSSqOZXXt3/IQzpW3721pZXVvf2Cxtlbd3dvf2KweHTRWnklCXxDyWbR8rypmgrmaa03YiKY58Tlv+8C73W09UKhaLRz1OqBfhvmAhI1gbyXN72airWUQVGk16lapds6dAi8QpSBUKNHqVn24QkzSiQhOOleo4dqK9DEvNCKeTcjdVNMFkiPu0Y6jA5h8vmy49QadGCVAYS1NCo6n6dyLDkVLjyDedEdYDNe/l4lIvUPmDy6xOqsMbL2MiSTUVZLZDmHKkY5SHgwImKdF8bAgmkpkzEBlgiYk2EZZNPs58GoukeV5zLmpXD5fV+m2RVAmO4QTOwIFrqMM9NMAFAiN4gVd4s56td+vD+py1rljFzBH8g/X1C2qCnTg=</latexit>

21



Random Unitary Circuits

A tensor network circuit 


Each node: a Haar random unitary matrix 


A “minimal model” for chaotic evolution with 

local interactions


No Hamiltonian, “infinite temperature”


Averaging over randomness —> analytic 

handle on chaotic dynamics


OTOC, state entanglement dynamics were 

studied.                       

| (t)i

t
<latexit sha1_base64="SZVL1THM32cCo1JhsYV0RSNOqDE=">AAACA3icbVDJSgNBEK2JW4xb1KOXxiB4CjMu6DHoxWMCZoFkCD09NUmTnoXuHiGEHD151a/wJl79ED/Cf7AnmYMmeVDweK+qqHpeIrjStv1tFdbWNza3itulnd29/YPy4VFLxalk2GSxiGXHowoFj7CpuRbYSSTS0BPY9kb3md9+Qql4HD3qcYJuSAcRDzij2kgN3S9X7Ko9A1kmTk4qkKPeL//0/JilIUaaCapU17ET7U6o1JwJnJZ6qcKEshEdYNfQiIao3Mns0Ck5M4pPgliaijSZqX8nJjRUahx6pjOkeqgWvUxc6fkqW7jK6qY6uHUnPEpSjRGb3xCkguiYZIEQn0tkWowNoUxy8wZhQyop0ya2ksnHWUxjmbQuqs5l9bpxVand5UkV4QRO4RwcuIEaPEAdmsAA4QVe4c16tt6tD+tz3lqw8plj+Afr6xfoE5gI</latexit>

Uq⇥q
<latexit sha1_base64="jUX/FwMvL97bWT4Uc6QKZBT0Qok=">AAACD3icbVDLTsMwENzwLOVV4MjFokLiVCU8BMcKLhyLRNpKbVQ5jtNadZzUdpCqqB/BiSt8BTfElU/gI/gHnDYHaDvSSqOZXXt3/IQzpW3721pZXVvf2Cxtlbd3dvf2KweHTRWnklCXxDyWbR8rypmgrmaa03YiKY58Tlv+8C73W09UKhaLRz1OqBfhvmAhI1gbyXN72airWUQVGk16lapds6dAi8QpSBUKNHqVn24QkzSiQhOOleo4dqK9DEvNCKeTcjdVNMFkiPu0Y6jA5h8vmy49QadGCVAYS1NCo6n6dyLDkVLjyDedEdYDNe/l4lIvUPmDy6xOqsMbL2MiSTUVZLZDmHKkY5SHgwImKdF8bAgmkpkzEBlgiYk2EZZNPs58GoukeV5zLmpXD5fV+m2RVAmO4QTOwIFrqMM9NMAFAiN4gVd4s56td+vD+py1rljFzBH8g/X1C2qCnTg=</latexit>

e.g. A. Nahum, et al; C. Keyserlingk, et al; V. Khemani, et al (2017); T. Zhou, et al (2018)   

21



Random Unitary Circuits

Operator entanglement dynamics 

| (t)ih (t)|

Uq⇥q
<latexit sha1_base64="jUX/FwMvL97bWT4Uc6QKZBT0Qok=">AAACD3icbVDLTsMwENzwLOVV4MjFokLiVCU8BMcKLhyLRNpKbVQ5jtNadZzUdpCqqB/BiSt8BTfElU/gI/gHnDYHaDvSSqOZXXt3/IQzpW3721pZXVvf2Cxtlbd3dvf2KweHTRWnklCXxDyWbR8rypmgrmaa03YiKY58Tlv+8C73W09UKhaLRz1OqBfhvmAhI1gbyXN72airWUQVGk16lapds6dAi8QpSBUKNHqVn24QkzSiQhOOleo4dqK9DEvNCKeTcjdVNMFkiPu0Y6jA5h8vmy49QadGCVAYS1NCo6n6dyLDkVLjyDedEdYDNe/l4lIvUPmDy6xOqsMbL2MiSTUVZLZDmHKkY5SHgwImKdF8bAgmkpkzEBlgiYk2EZZNPs58GoukeV5zLmpXD5fV+m2RVAmO4QTOwIFrqMM9NMAFAiN4gVd4s56td+vD+py1rljFzBH8g/X1C2qCnTg=</latexit>U†

q⇥q
<latexit sha1_base64="+vv6uxbUhX7vkKmAgqPycBJpSoo=">AAACGXicbVC7TsMwFHV4lvIKICYWiwqJqUp4CMYKFsYikbZSEyLHcVqrjpPaDlIV9UuYWOEr2BArEx/BP+C0GaDtka50dM699r0nSBmVyrK+jaXlldW19cpGdXNre2fX3NtvySQTmDg4YYnoBEgSRjlxFFWMdFJBUBww0g4Gt4XffiJC0oQ/qFFKvBj1OI0oRkpLvnnoPLoh6vWI8POhq2hMJByOfbNm1a0J4DyxS1IDJZq++eOGCc5iwhVmSMqubaXKy5FQFDMyrrqZJCnCA9QjXU050v94+WT9MTzRSgijROjiCk7UvxM5iqUcxYHujJHqy1mvEBd6oSweXGR1MxVdeznlaaYIx9MdooxBlcAiJhhSQbBiI00QFlSfAXEfCYSVDrOq87Fn05gnrbO6fV6/vL+oNW7KpCrgCByDU2CDK9AAd6AJHIBBDl7AK3gzno1348P4nLYuGeXMAfgH4+sXWd2g3Q==</latexit>

A B

Sop
n (A, ⇢↵AB(t)) ,↵ = 1

<latexit sha1_base64="U2oM4k3Srhw7yGDlvq9CvIcVh8o="></latexit>

| (t)ih (t)|
<latexit sha1_base64="9yA9nR3mOb+T8rxvAARla9H2bNg=">AAACJHicbVC7TsMwFL0pr1JeAUYWiwqpLFXCQzBWsDAWiT6kJqoc122tOk5kO0hV25VPYWKFr2BDDCz8Af+A02aAtke6ukfn3Gv5niDmTGnH+bJyK6tr6xv5zcLW9s7unr1/UFdRIgmtkYhHshlgRTkTtKaZ5rQZS4rDgNNGMLhN/cYjlYpF4kEPY+qHuCdYlxGsjdS20diLFSvpU09i0eMUeTzrM3nctotO2ZkCLRI3I0XIUG3bP14nIklIhSYcK9VynVj7Iyw1I5xOCl6iaIzJAPdoy1CBQ6r80fSSCToxSgd1I2lKaDRV/26McKjUMAzMZIh1X817qbjU66j0wWVWK9Hda3/ERJxoKsjsD92EIx2hNDHUYZISzYeGYCKZOQORPpaYaJNrweTjzqexSOpnZfe8fHl/UazcZEnl4QiOoQQuXEEF7qAKNSDwBC/wCm/Ws/VufVifs9Gcle0cwj9Y37/eFqSx</latexit>
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Random Unitary Circuits

Operator entanglement dynamics 

A B

| (t)ih (t)|

Uq⇥q
<latexit sha1_base64="jUX/FwMvL97bWT4Uc6QKZBT0Qok=">AAACD3icbVDLTsMwENzwLOVV4MjFokLiVCU8BMcKLhyLRNpKbVQ5jtNadZzUdpCqqB/BiSt8BTfElU/gI/gHnDYHaDvSSqOZXXt3/IQzpW3721pZXVvf2Cxtlbd3dvf2KweHTRWnklCXxDyWbR8rypmgrmaa03YiKY58Tlv+8C73W09UKhaLRz1OqBfhvmAhI1gbyXN72airWUQVGk16lapds6dAi8QpSBUKNHqVn24QkzSiQhOOleo4dqK9DEvNCKeTcjdVNMFkiPu0Y6jA5h8vmy49QadGCVAYS1NCo6n6dyLDkVLjyDedEdYDNe/l4lIvUPmDy6xOqsMbL2MiSTUVZLZDmHKkY5SHgwImKdF8bAgmkpkzEBlgiYk2EZZNPs58GoukeV5zLmpXD5fV+m2RVAmO4QTOwIFrqMM9NMAFAiN4gVd4s56td+vD+py1rljFzBH8g/X1C2qCnTg=</latexit>U†

q⇥q
<latexit sha1_base64="+vv6uxbUhX7vkKmAgqPycBJpSoo=">AAACGXicbVC7TsMwFHV4lvIKICYWiwqJqUp4CMYKFsYikbZSEyLHcVqrjpPaDlIV9UuYWOEr2BArEx/BP+C0GaDtka50dM699r0nSBmVyrK+jaXlldW19cpGdXNre2fX3NtvySQTmDg4YYnoBEgSRjlxFFWMdFJBUBww0g4Gt4XffiJC0oQ/qFFKvBj1OI0oRkpLvnnoPLoh6vWI8POhq2hMJByOfbNm1a0J4DyxS1IDJZq++eOGCc5iwhVmSMqubaXKy5FQFDMyrrqZJCnCA9QjXU050v94+WT9MTzRSgijROjiCk7UvxM5iqUcxYHujJHqy1mvEBd6oSweXGR1MxVdeznlaaYIx9MdooxBlcAiJhhSQbBiI00QFlSfAXEfCYSVDrOq87Fn05gnrbO6fV6/vL+oNW7KpCrgCByDU2CDK9AAd6AJHIBBDl7AK3gzno1348P4nLYuGeXMAfgH4+sXWd2g3Q==</latexit>

A B

Sop
n (A, ⇢↵AB(t)) ,↵ = 1

<latexit sha1_base64="U2oM4k3Srhw7yGDlvq9CvIcVh8o="></latexit>

| (t)ih (t)|
<latexit sha1_base64="9yA9nR3mOb+T8rxvAARla9H2bNg=">AAACJHicbVC7TsMwFL0pr1JeAUYWiwqpLFXCQzBWsDAWiT6kJqoc122tOk5kO0hV25VPYWKFr2BDDCz8Af+A02aAtke6ukfn3Gv5niDmTGnH+bJyK6tr6xv5zcLW9s7unr1/UFdRIgmtkYhHshlgRTkTtKaZ5rQZS4rDgNNGMLhN/cYjlYpF4kEPY+qHuCdYlxGsjdS20diLFSvpU09i0eMUeTzrM3nctotO2ZkCLRI3I0XIUG3bP14nIklIhSYcK9VynVj7Iyw1I5xOCl6iaIzJAPdoy1CBQ6r80fSSCToxSgd1I2lKaDRV/26McKjUMAzMZIh1X817qbjU66j0wWVWK9Hda3/ERJxoKsjsD92EIx2hNDHUYZISzYeGYCKZOQORPpaYaJNrweTjzqexSOpnZfe8fHl/UazcZEnl4QiOoQQuXEEF7qAKNSDwBC/wCm/Ws/VufVifs9Gcle0cwj9Y37/eFqSx</latexit>

| (t)ih (t)|
|⇢AB(t)i

<latexit sha1_base64="jn3Xo+eytWGq0V20fn10/Fw72rw=">AAACGHicbVC7TsMwFHXKq5RXeGwsFhVSWaqEh2AsZWEsEn1ITRQ5jtNadZzIdpBK6I8wscJXsCFWNj6Cf8BpO0DbI13p6Jx7r+49fsKoVJb1bRSWlldW14rrpY3Nre0dc3evJeNUYNLEMYtFx0eSMMpJU1HFSCcRBEU+I21/cJP77QciJI35vRomxI1Qj9OQYqS05JkHT47ox152XR9V1IkjEO8x4pllq2qNAeeJPSVlMEXDM3+cIMZpRLjCDEnZta1EuRkSimJGRiUnlSRBeIB6pKspRxGRbja+fgSPtRLAMBa6uIJj9e9EhiIph5GvOyOk+nLWy8WFXiDzhYusbqrCKzejPEkV4XhyQ5gyqGKYpwQDKghWbKgJwoLqNyDuI4Gw0lmWdD72bBrzpHVatc+qF3fn5Vp9mlQRHIIjUAE2uAQ1cAsaoAkweAQv4BW8Gc/Gu/FhfE5aC8Z0Zh/8g/H1C/xQoBg=</latexit>
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Random Unitary Circuits

Operator entanglement dynamics 

A B

| (t)ih (t)|

Uq⇥q
<latexit sha1_base64="jUX/FwMvL97bWT4Uc6QKZBT0Qok=">AAACD3icbVDLTsMwENzwLOVV4MjFokLiVCU8BMcKLhyLRNpKbVQ5jtNadZzUdpCqqB/BiSt8BTfElU/gI/gHnDYHaDvSSqOZXXt3/IQzpW3721pZXVvf2Cxtlbd3dvf2KweHTRWnklCXxDyWbR8rypmgrmaa03YiKY58Tlv+8C73W09UKhaLRz1OqBfhvmAhI1gbyXN72airWUQVGk16lapds6dAi8QpSBUKNHqVn24QkzSiQhOOleo4dqK9DEvNCKeTcjdVNMFkiPu0Y6jA5h8vmy49QadGCVAYS1NCo6n6dyLDkVLjyDedEdYDNe/l4lIvUPmDy6xOqsMbL2MiSTUVZLZDmHKkY5SHgwImKdF8bAgmkpkzEBlgiYk2EZZNPs58GoukeV5zLmpXD5fV+m2RVAmO4QTOwIFrqMM9NMAFAiN4gVd4s56td+vD+py1rljFzBH8g/X1C2qCnTg=</latexit>U†

q⇥q
<latexit sha1_base64="+vv6uxbUhX7vkKmAgqPycBJpSoo=">AAACGXicbVC7TsMwFHV4lvIKICYWiwqJqUp4CMYKFsYikbZSEyLHcVqrjpPaDlIV9UuYWOEr2BArEx/BP+C0GaDtka50dM699r0nSBmVyrK+jaXlldW19cpGdXNre2fX3NtvySQTmDg4YYnoBEgSRjlxFFWMdFJBUBww0g4Gt4XffiJC0oQ/qFFKvBj1OI0oRkpLvnnoPLoh6vWI8POhq2hMJByOfbNm1a0J4DyxS1IDJZq++eOGCc5iwhVmSMqubaXKy5FQFDMyrrqZJCnCA9QjXU050v94+WT9MTzRSgijROjiCk7UvxM5iqUcxYHujJHqy1mvEBd6oSweXGR1MxVdeznlaaYIx9MdooxBlcAiJhhSQbBiI00QFlSfAXEfCYSVDrOq87Fn05gnrbO6fV6/vL+oNW7KpCrgCByDU2CDK9AAd6AJHIBBDl7AK3gzno1348P4nLYuGeXMAfgH4+sXWd2g3Q==</latexit>

A B

A B

Sop
n (A, ⇢↵AB(t)) ,↵ = 1

<latexit sha1_base64="U2oM4k3Srhw7yGDlvq9CvIcVh8o="></latexit>

| (t)ih (t)|

| (t)ih (t)|
|⇢AB(t)ih⇢AB(t)|

<latexit sha1_base64="5McHSPIoF1UGOfyz+Fhao+mIpog=">AAACLnicbVDLTgIxFO3gC/E16tJNIzFBF2TGR3SJuHGJiTwShpBOKdDQaSdtx4QM/IOf4sqtfoWJC+PWjf9gB2aBwElu7sk59za9xw8ZVdpxPq3Myura+kZ2M7e1vbO7Z+8f1JSIJCZVLJiQDR8pwignVU01I41QEhT4jNT9wV3i15+IVFTwRz0MSStAPU67FCNtpLZ9NvJkX7Tj2/K4oE89iXiPEeixtM94o7add4rOBHCRuCnJgxSVtv3rdQSOAsI1ZkippuuEuhUjqSlmZJzzIkVChAeoR5qGchQQ1YonN43hiVE6sCukKa7hRJ3diFGg1DDwzWSAdF/Ne4m41Ouo5MFlVjPS3ZtWTHkYacLx9A/diEEtYJId7FBJsGZDQxCW1JwBcR9JhLVJOGfycefTWCS186J7Ubx6uMyXymlSWXAEjkEBuOAalMA9qIAqwOAZvII38G69WB/Wl/U9Hc1Y6c4h+Afr5w/UAajD</latexit>

| (t)ih (t)|
<latexit sha1_base64="9yA9nR3mOb+T8rxvAARla9H2bNg=">AAACJHicbVC7TsMwFL0pr1JeAUYWiwqpLFXCQzBWsDAWiT6kJqoc122tOk5kO0hV25VPYWKFr2BDDCz8Af+A02aAtke6ukfn3Gv5niDmTGnH+bJyK6tr6xv5zcLW9s7unr1/UFdRIgmtkYhHshlgRTkTtKaZ5rQZS4rDgNNGMLhN/cYjlYpF4kEPY+qHuCdYlxGsjdS20diLFSvpU09i0eMUeTzrM3nctotO2ZkCLRI3I0XIUG3bP14nIklIhSYcK9VynVj7Iyw1I5xOCl6iaIzJAPdoy1CBQ6r80fSSCToxSgd1I2lKaDRV/26McKjUMAzMZIh1X817qbjU66j0wWVWK9Hda3/ERJxoKsjsD92EIx2hNDHUYZISzYeGYCKZOQORPpaYaJNrweTjzqexSOpnZfe8fHl/UazcZEnl4QiOoQQuXEEF7qAKNSDwBC/wCm/Ws/VufVifs9Gcle0cwj9Y37/eFqSx</latexit>

| (t)ih (t)|
|⇢AB(t)i

<latexit sha1_base64="jn3Xo+eytWGq0V20fn10/Fw72rw=">AAACGHicbVC7TsMwFHXKq5RXeGwsFhVSWaqEh2AsZWEsEn1ITRQ5jtNadZzIdpBK6I8wscJXsCFWNj6Cf8BpO0DbI13p6Jx7r+49fsKoVJb1bRSWlldW14rrpY3Nre0dc3evJeNUYNLEMYtFx0eSMMpJU1HFSCcRBEU+I21/cJP77QciJI35vRomxI1Qj9OQYqS05JkHT47ox152XR9V1IkjEO8x4pllq2qNAeeJPSVlMEXDM3+cIMZpRLjCDEnZta1EuRkSimJGRiUnlSRBeIB6pKspRxGRbja+fgSPtRLAMBa6uIJj9e9EhiIph5GvOyOk+nLWy8WFXiDzhYusbqrCKzejPEkV4XhyQ5gyqGKYpwQDKghWbKgJwoLqNyDuI4Gw0lmWdD72bBrzpHVatc+qF3fn5Vp9mlQRHIIjUAE2uAQ1cAsaoAkweAQv4BW8Gc/Gu/FhfE5aC8Z0Zh/8g/H1C/xQoBg=</latexit>
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Random Unitary Circuits

Operator entanglement dynamics 

A B

| (t)ih (t)|

Uq⇥q
<latexit sha1_base64="jUX/FwMvL97bWT4Uc6QKZBT0Qok=">AAACD3icbVDLTsMwENzwLOVV4MjFokLiVCU8BMcKLhyLRNpKbVQ5jtNadZzUdpCqqB/BiSt8BTfElU/gI/gHnDYHaDvSSqOZXXt3/IQzpW3721pZXVvf2Cxtlbd3dvf2KweHTRWnklCXxDyWbR8rypmgrmaa03YiKY58Tlv+8C73W09UKhaLRz1OqBfhvmAhI1gbyXN72airWUQVGk16lapds6dAi8QpSBUKNHqVn24QkzSiQhOOleo4dqK9DEvNCKeTcjdVNMFkiPu0Y6jA5h8vmy49QadGCVAYS1NCo6n6dyLDkVLjyDedEdYDNe/l4lIvUPmDy6xOqsMbL2MiSTUVZLZDmHKkY5SHgwImKdF8bAgmkpkzEBlgiYk2EZZNPs58GoukeV5zLmpXD5fV+m2RVAmO4QTOwIFrqMM9NMAFAiN4gVd4s56td+vD+py1rljFzBH8g/X1C2qCnTg=</latexit>U†

q⇥q
<latexit sha1_base64="+vv6uxbUhX7vkKmAgqPycBJpSoo=">AAACGXicbVC7TsMwFHV4lvIKICYWiwqJqUp4CMYKFsYikbZSEyLHcVqrjpPaDlIV9UuYWOEr2BArEx/BP+C0GaDtka50dM699r0nSBmVyrK+jaXlldW19cpGdXNre2fX3NtvySQTmDg4YYnoBEgSRjlxFFWMdFJBUBww0g4Gt4XffiJC0oQ/qFFKvBj1OI0oRkpLvnnoPLoh6vWI8POhq2hMJByOfbNm1a0J4DyxS1IDJZq++eOGCc5iwhVmSMqubaXKy5FQFDMyrrqZJCnCA9QjXU050v94+WT9MTzRSgijROjiCk7UvxM5iqUcxYHujJHqy1mvEBd6oSweXGR1MxVdeznlaaYIx9MdooxBlcAiJhhSQbBiI00QFlSfAXEfCYSVDrOq87Fn05gnrbO6fV6/vL+oNW7KpCrgCByDU2CDK9AAd6AJHIBBDl7AK3gzno1348P4nLYuGeXMAfgH4+sXWd2g3Q==</latexit>

A B

A B

Sop
n (A, ⇢↵AB(t)) ,↵ = 1

<latexit sha1_base64="U2oM4k3Srhw7yGDlvq9CvIcVh8o="></latexit>

| (t)ih (t)|

| (t)ih (t)|
|⇢AB(t)ih⇢AB(t)|

<latexit sha1_base64="5McHSPIoF1UGOfyz+Fhao+mIpog=">AAACLnicbVDLTgIxFO3gC/E16tJNIzFBF2TGR3SJuHGJiTwShpBOKdDQaSdtx4QM/IOf4sqtfoWJC+PWjf9gB2aBwElu7sk59za9xw8ZVdpxPq3Myura+kZ2M7e1vbO7Z+8f1JSIJCZVLJiQDR8pwignVU01I41QEhT4jNT9wV3i15+IVFTwRz0MSStAPU67FCNtpLZ9NvJkX7Tj2/K4oE89iXiPEeixtM94o7add4rOBHCRuCnJgxSVtv3rdQSOAsI1ZkippuuEuhUjqSlmZJzzIkVChAeoR5qGchQQ1YonN43hiVE6sCukKa7hRJ3diFGg1DDwzWSAdF/Ne4m41Ouo5MFlVjPS3ZtWTHkYacLx9A/diEEtYJId7FBJsGZDQxCW1JwBcR9JhLVJOGfycefTWCS186J7Ubx6uMyXymlSWXAEjkEBuOAalMA9qIAqwOAZvII38G69WB/Wl/U9Hc1Y6c4h+Afr5w/UAajD</latexit>

| (t)ih (t)|
<latexit sha1_base64="9yA9nR3mOb+T8rxvAARla9H2bNg=">AAACJHicbVC7TsMwFL0pr1JeAUYWiwqpLFXCQzBWsDAWiT6kJqoc122tOk5kO0hV25VPYWKFr2BDDCz8Af+A02aAtke6ukfn3Gv5niDmTGnH+bJyK6tr6xv5zcLW9s7unr1/UFdRIgmtkYhHshlgRTkTtKaZ5rQZS4rDgNNGMLhN/cYjlYpF4kEPY+qHuCdYlxGsjdS20diLFSvpU09i0eMUeTzrM3nctotO2ZkCLRI3I0XIUG3bP14nIklIhSYcK9VynVj7Iyw1I5xOCl6iaIzJAPdoy1CBQ6r80fSSCToxSgd1I2lKaDRV/26McKjUMAzMZIh1X817qbjU66j0wWVWK9Hda3/ERJxoKsjsD92EIx2hNDHUYZISzYeGYCKZOQORPpaYaJNrweTjzqexSOpnZfe8fHl/UazcZEnl4QiOoQQuXEEF7qAKNSDwBC/wCm/Ws/VufVifs9Gcle0cwj9Y37/eFqSx</latexit>

| (t)ih (t)|

…

{ <latexit sha1_base64="127VnEgLtcFT1RthpS7yZL2S4ks=">AAACCXicbZDJSgNBEIZr4hbjFvXopTEInsKMC3oMevEYwSyQDKGnpyZp0rPQ3SOEIU/gyas+hTfx6lP4EL6DPckcNKag4ef/q4rqz0sEV9q2v6zSyura+kZ5s7K1vbO7V90/aKs4lQxbLBax7HpUoeARtjTXAruJRBp6Ajve+DbPO48oFY+jBz1J0A3pMOIBZ1Qbq9MXnqQMB9WaXbdnRf4LpxA1KKo5qH73/ZilIUaaCapUz7ET7WZUas4ETiv9VGFC2ZgOsWdkRENUbjY7d0pOjOOTIJbmRZrM3N8TGQ2VmoSe6QypHqnFLDeXZr7KFy6LeqkOrt2MR0mqMWLzG4JUEB2THAvxuUSmxcQIyiQ33yBsRA0bbeBVDB9nkcZ/0T6rO+f1y/uLWuOmIFWGIziGU3DgChpwB01oAYMxPMMLvFpP1pv1bn3MW0tWMXMIf8r6/AGQDJqV</latexit>

n
<latexit sha1_base64="WHj53fujuDemxoghFZ2FZbowDQs=">AAACA3icbVDLSsNAFL2pr1pfVZdugkVwVRIf6LLoxmUL9gFtKJPJTTt0MgkzE6GULl251a9wJ279ED/Cf3DSZqFtD1w4nHPv5d7jJ5wp7TjfVmFtfWNzq7hd2tnd2z8oHx61VJxKik0a81h2fKKQM4FNzTTHTiKRRD7Htj+6z/z2E0rFYvGoxwl6ERkIFjJKtJEaol+uOFVnBnuZuDmpQI56v/zTC2KaRig05USprusk2psQqRnlOC31UoUJoSMywK6hgkSovMns0Kl9ZpTADmNpSmh7pv6dmJBIqXHkm86I6KFa9DJxpReobOEqq5vq8NabMJGkGgWd3xCm3NaxnQViB0wi1XxsCKGSmTdsOiSSUG1iK5l83MU0lknroupeVq8bV5XaXZ5UEU7gFM7BhRuowQPUoQkUEF7gFd6sZ+vd+rA+560FK585hn+wvn4B3lmYAg==</latexit>

| (t)ih (t)|

| (t)ih (t)|
A B

| (t)ih (t)|

| (t)ih (t)|

… trA⌦A [trB⌦B |⇢AB(t)ih⇢AB(t)|]n
<latexit sha1_base64="c3uLOQXl+wQfFdwxOHoPndvZbJI="></latexit>

|⇢AB(t)i
<latexit sha1_base64="jn3Xo+eytWGq0V20fn10/Fw72rw=">AAACGHicbVC7TsMwFHXKq5RXeGwsFhVSWaqEh2AsZWEsEn1ITRQ5jtNadZzIdpBK6I8wscJXsCFWNj6Cf8BpO0DbI13p6Jx7r+49fsKoVJb1bRSWlldW14rrpY3Nre0dc3evJeNUYNLEMYtFx0eSMMpJU1HFSCcRBEU+I21/cJP77QciJI35vRomxI1Qj9OQYqS05JkHT47ox152XR9V1IkjEO8x4pllq2qNAeeJPSVlMEXDM3+cIMZpRLjCDEnZta1EuRkSimJGRiUnlSRBeIB6pKspRxGRbja+fgSPtRLAMBa6uIJj9e9EhiIph5GvOyOk+nLWy8WFXiDzhYusbqrCKzejPEkV4XhyQ5gyqGKYpwQDKghWbKgJwoLqNyDuI4Gw0lmWdD72bBrzpHVatc+qF3fn5Vp9mlQRHIIjUAE2uAQ1cAsaoAkweAQv4BW8Gc/Gu/FhfE5aC8Z0Zh/8g/H1C/xQoBg=</latexit>
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Random Unitary Circuits

Operator entanglement dynamics Sop
n (A, ⇢↵AB(t)) ,↵ = 1

<latexit sha1_base64="U2oM4k3Srhw7yGDlvq9CvIcVh8o="></latexit>

Averaging over randomness in all          U,U†
<latexit sha1_base64="yUNSxhLHkb2R97KkBBZW9nGBvW8=">AAACDXicbVDLSsNAFJ34rPVVdelmsAgupCQ+0GXRjcsKpi2ksUwmk3ToZCbMTIQS+g2u3OpXuBO3foMf4T84abPQtgcuHM6593LvCVJGlbbtb2tpeWV1bb2yUd3c2t7Zre3tt5XIJCYuFkzIboAUYZQTV1PNSDeVBCUBI51geFv4nSciFRX8QY9S4ico5jSiGGkjee6p+9gLURwT2a/V7YY9AZwnTknqoESrX/vphQJnCeEaM6SU59ip9nMkNcWMjKu9TJEU4SGKiWcoRwlRfj45eQyPjRLCSEhTXMOJ+nciR4lSoyQwnQnSAzXrFeJCL1TFwkWWl+no2s8pTzNNOJ7eEGUMagGLaGBIJcGajQxBWFLzBsQDJBHWJsCqyceZTWOetM8aznnj8v6i3rwpk6qAQ3AEToADrkAT3IEWcAEGAryAV/BmPVvv1of1OW1dssqZA/AP1tcvIzWb8g==</latexit>
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Random Unitary Circuits

Operator entanglement dynamics Sop
n (A, ⇢↵AB(t)) ,↵ = 1

<latexit sha1_base64="U2oM4k3Srhw7yGDlvq9CvIcVh8o="></latexit>

Averaging over randomness in all          


Effective theory: statistical mechanics of permutation “spins” 

U,U†
<latexit sha1_base64="yUNSxhLHkb2R97KkBBZW9nGBvW8=">AAACDXicbVDLSsNAFJ34rPVVdelmsAgupCQ+0GXRjcsKpi2ksUwmk3ToZCbMTIQS+g2u3OpXuBO3foMf4T84abPQtgcuHM6593LvCVJGlbbtb2tpeWV1bb2yUd3c2t7Zre3tt5XIJCYuFkzIboAUYZQTV1PNSDeVBCUBI51geFv4nSciFRX8QY9S4ico5jSiGGkjee6p+9gLURwT2a/V7YY9AZwnTknqoESrX/vphQJnCeEaM6SU59ip9nMkNcWMjKu9TJEU4SGKiWcoRwlRfj45eQyPjRLCSEhTXMOJ+nciR4lSoyQwnQnSAzXrFeJCL1TFwkWWl+no2s8pTzNNOJ7eEGUMagGLaGBIJcGajQxBWFLzBsQDJBHWJsCqyceZTWOetM8aznnj8v6i3rwpk6qAQ3AEToADrkAT3IEWcAEGAryAV/BmPVvv1of1OW1dssqZA/AP1tcvIzWb8g==</latexit>

� 2 S2n
<latexit sha1_base64="9tFcWkXH1HbDVGVLWfxHRBXWPyY=">AAACFXicbVC7TsMwFHV4lvJKYWSxqJCYqqSAYKxgYSyCPqQmihzHaa3aTmQ7oCrqdzCxwlewIVZmPoJ/wGk7QNsjXenonHuv7j1hyqjSjvNtrayurW9slrbK2zu7e/t25aCtkkxi0sIJS2Q3RIowKkhLU81IN5UE8ZCRTji8KfzOI5GKJuJBj1Lic9QXNKYYaSMFdsVTtM8R9KiA90FeF+PArjo1ZwK4SNwZqYIZmoH940UJzjgRGjOkVM91Uu3nSGqKGRmXvUyRFOEh6pOeoQJxovx8cvoYnhglgnEiTQkNJ+rfiRxxpUY8NJ0c6YGa9wpxqRepYuEyq5fp+MrPqUgzTQSe3hBnDOoEFhHBiEqCNRsZgrCk5g2IB0girE2QZZOPO5/GImnXa+5Z7eLuvNq4niVVAkfgGJwCF1yCBrgFTdACGDyBF/AK3qxn6936sD6nrSvWbOYQ/IP19QsomZ6P</latexit>

T. Zhou et al (2018)
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Random Unitary Circuits

Operator entanglement dynamics Sop
n (A, ⇢↵AB(t)) ,↵ = 1

<latexit sha1_base64="U2oM4k3Srhw7yGDlvq9CvIcVh8o="></latexit>

Averaging over randomness in all          


Effective theory: statistical mechanics of permutation “spins” 


Boundary conditions: top (replica structure) & bottom (initial state)

U,U†
<latexit sha1_base64="yUNSxhLHkb2R97KkBBZW9nGBvW8=">AAACDXicbVDLSsNAFJ34rPVVdelmsAgupCQ+0GXRjcsKpi2ksUwmk3ToZCbMTIQS+g2u3OpXuBO3foMf4T84abPQtgcuHM6593LvCVJGlbbtb2tpeWV1bb2yUd3c2t7Zre3tt5XIJCYuFkzIboAUYZQTV1PNSDeVBCUBI51geFv4nSciFRX8QY9S4ico5jSiGGkjee6p+9gLURwT2a/V7YY9AZwnTknqoESrX/vphQJnCeEaM6SU59ip9nMkNcWMjKu9TJEU4SGKiWcoRwlRfj45eQyPjRLCSEhTXMOJ+nciR4lSoyQwnQnSAzXrFeJCL1TFwkWWl+no2s8pTzNNOJ7eEGUMagGLaGBIJcGajQxBWFLzBsQDJBHWJsCqyceZTWOetM8aznnj8v6i3rwpk6qAQ3AEToADrkAT3IEWcAEGAryAV/BmPVvv1of1OW1dssqZA/AP1tcvIzWb8g==</latexit>

� 2 S2n
<latexit sha1_base64="9tFcWkXH1HbDVGVLWfxHRBXWPyY=">AAACFXicbVC7TsMwFHV4lvJKYWSxqJCYqqSAYKxgYSyCPqQmihzHaa3aTmQ7oCrqdzCxwlewIVZmPoJ/wGk7QNsjXenonHuv7j1hyqjSjvNtrayurW9slrbK2zu7e/t25aCtkkxi0sIJS2Q3RIowKkhLU81IN5UE8ZCRTji8KfzOI5GKJuJBj1Lic9QXNKYYaSMFdsVTtM8R9KiA90FeF+PArjo1ZwK4SNwZqYIZmoH940UJzjgRGjOkVM91Uu3nSGqKGRmXvUyRFOEh6pOeoQJxovx8cvoYnhglgnEiTQkNJ+rfiRxxpUY8NJ0c6YGa9wpxqRepYuEyq5fp+MrPqUgzTQSe3hBnDOoEFhHBiEqCNRsZgrCk5g2IB0girE2QZZOPO5/GImnXa+5Z7eLuvNq4niVVAkfgGJwCF1yCBrgFTdACGDyBF/AK3qxn6936sD6nrSvWbOYQ/IP19QsomZ6P</latexit>

t = 0
<latexit sha1_base64="BoNw+AKatqYZdx3ULpuLvfbJJHc=">AAACBXicbVDJSgNBEK2JW4xb1KOXxiB4CjMu6EUIevEY0SyQDKGnpydp0rPQXSOEkLMnr/oV3sSr3+FH+A/2JHPQmAcFj/eqiqrnJVJotO0vq7C0vLK6VlwvbWxube+Ud/eaOk4V4w0Wy1i1Paq5FBFvoEDJ24niNPQkb3nDm8xvPXKlRRw94Cjhbkj7kQgEo2ike7yye+WKXbWnIP+Jk5MK5Kj3yt9dP2ZpyCNkkmrdcewE3TFVKJjkk1I31TyhbEj7vGNoREOu3fH01Ak5MopPgliZipBM1d8TYxpqPQo90xlSHOh5LxMXer7OFi6yOikGl+5YREmKPGKzG4JUEoxJFgnxheIM5cgQypQwbxA2oIoyNMGVTD7OfBr/SfOk6pxWz+/OKrXrPKkiHMAhHIMDF1CDW6hDAxj04Rle4NV6st6sd+tj1lqw8pl9+APr8wfj+piJ</latexit>

replica structure

Initial state

T. Zhou et al (2018)
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Random Unitary Circuits

Operator entanglement dynamics Sop
n (A, ⇢↵AB(t)) ,↵ = 1

<latexit sha1_base64="U2oM4k3Srhw7yGDlvq9CvIcVh8o="></latexit>

Averaging over randomness in all          


Effective theory: statistical mechanics of permutation “spins” 


Boundary conditions: top (replica structure) & bottom (initial state)


Free energy of configurations: domain wall picture

U,U†
<latexit sha1_base64="yUNSxhLHkb2R97KkBBZW9nGBvW8=">AAACDXicbVDLSsNAFJ34rPVVdelmsAgupCQ+0GXRjcsKpi2ksUwmk3ToZCbMTIQS+g2u3OpXuBO3foMf4T84abPQtgcuHM6593LvCVJGlbbtb2tpeWV1bb2yUd3c2t7Zre3tt5XIJCYuFkzIboAUYZQTV1PNSDeVBCUBI51geFv4nSciFRX8QY9S4ico5jSiGGkjee6p+9gLURwT2a/V7YY9AZwnTknqoESrX/vphQJnCeEaM6SU59ip9nMkNcWMjKu9TJEU4SGKiWcoRwlRfj45eQyPjRLCSEhTXMOJ+nciR4lSoyQwnQnSAzXrFeJCL1TFwkWWl+no2s8pTzNNOJ7eEGUMagGLaGBIJcGajQxBWFLzBsQDJBHWJsCqyceZTWOetM8aznnj8v6i3rwpk6qAQ3AEToADrkAT3IEWcAEGAryAV/BmPVvv1of1OW1dssqZA/AP1tcvIzWb8g==</latexit>

� 2 S2n
<latexit sha1_base64="9tFcWkXH1HbDVGVLWfxHRBXWPyY=">AAACFXicbVC7TsMwFHV4lvJKYWSxqJCYqqSAYKxgYSyCPqQmihzHaa3aTmQ7oCrqdzCxwlewIVZmPoJ/wGk7QNsjXenonHuv7j1hyqjSjvNtrayurW9slrbK2zu7e/t25aCtkkxi0sIJS2Q3RIowKkhLU81IN5UE8ZCRTji8KfzOI5GKJuJBj1Lic9QXNKYYaSMFdsVTtM8R9KiA90FeF+PArjo1ZwK4SNwZqYIZmoH940UJzjgRGjOkVM91Uu3nSGqKGRmXvUyRFOEh6pOeoQJxovx8cvoYnhglgnEiTQkNJ+rfiRxxpUY8NJ0c6YGa9wpxqRepYuEyq5fp+MrPqUgzTQSe3hBnDOoEFhHBiEqCNRsZgrCk5g2IB0girE2QZZOPO5/GImnXa+5Z7eLuvNq4niVVAkfgGJwCF1yCBrgFTdACGDyBF/AK3qxn6936sD6nrSvWbOYQ/IP19QsomZ6P</latexit>

t = 0
<latexit sha1_base64="BoNw+AKatqYZdx3ULpuLvfbJJHc=">AAACBXicbVDJSgNBEK2JW4xb1KOXxiB4CjMu6EUIevEY0SyQDKGnpydp0rPQXSOEkLMnr/oV3sSr3+FH+A/2JHPQmAcFj/eqiqrnJVJotO0vq7C0vLK6VlwvbWxube+Ud/eaOk4V4w0Wy1i1Paq5FBFvoEDJ24niNPQkb3nDm8xvPXKlRRw94Cjhbkj7kQgEo2ike7yye+WKXbWnIP+Jk5MK5Kj3yt9dP2ZpyCNkkmrdcewE3TFVKJjkk1I31TyhbEj7vGNoREOu3fH01Ak5MopPgliZipBM1d8TYxpqPQo90xlSHOh5LxMXer7OFi6yOikGl+5YREmKPGKzG4JUEoxJFgnxheIM5cgQypQwbxA2oIoyNMGVTD7OfBr/SfOk6pxWz+/OKrXrPKkiHMAhHIMDF1CDW6hDAxj04Rle4NV6st6sd+tj1lqw8pl9+APr8wfj+piJ</latexit>

replica structure

Initial state

�1
<latexit sha1_base64="FB0oXG5vqqwAGpxeeS0GiXzK8BY=">AAACCnicbVDLSsNAFL3xWeur6tLNYBFclcQHuiy6cVnBPqANZTKZtENnJmFmIpTQP3DlVr/Cnbj1J/wI/8FJm4W2PXDhcM69l3tPkHCmjet+Oyura+sbm6Wt8vbO7t5+5eCwpeNUEdokMY9VJ8CaciZp0zDDaSdRFIuA03Ywusv99hNVmsXy0YwT6gs8kCxiBBsrdXqaDQTue/1K1a25U6BF4hWkCgUa/cpPL4xJKqg0hGOtu56bGD/DyjDC6aTcSzVNMBnhAe1aKrGg2s+m907QqVVCFMXKljRoqv6dyLDQeiwC2ymwGep5LxeXeqHOFy6zuqmJbvyMySQ1VJLZDVHKkYlRngsKmaLE8LElmChm30BkiBUmxqZXtvl482ksktZ5zbuoXT1cVuu3RVIlOIYTOAMPrqEO99CAJhDg8AKv8OY8O+/Oh/M5a11xipkj+Afn6xcS7prX</latexit>

�2
<latexit sha1_base64="FAWH3YD50A379+E/qRK4VszYmww=">AAACCnicbVDLSgNBEOyNrxhfUY9eBoPgKexGRY9BLx4jmAckS5idnSRDZmaXmVkhLPkDT171K7yJV3/Cj/AfnE32oEkKGoqq7qa7gpgzbVz32ymsrW9sbhW3Szu7e/sH5cOjlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvB+C7z209UaRbJRzOJqS/wULIBI9hYqdPTbChwv9YvV9yqOwNaJl5OKpCj0S//9MKIJIJKQzjWuuu5sfFTrAwjnE5LvUTTGJMxHtKupRILqv10du8UnVklRINI2ZIGzdS/EykWWk9EYDsFNiO96GXiSi/U2cJVVjcxgxs/ZTJODJVkfsMg4chEKMsFhUxRYvjEEkwUs28gMsIKE2PTK9l8vMU0lkmrVvUuqlcPl5X6bZ5UEU7gFM7Bg2uowz00oAkEOLzAK7w5z8678+F8zlsLTj5zDP/gfP0CFI2a2A==</latexit>

T. Zhou et al (2018)
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Random Unitary Circuits

Operator entanglement dynamics Sop
n (A, ⇢↵AB(t)) ,↵ = 1

<latexit sha1_base64="U2oM4k3Srhw7yGDlvq9CvIcVh8o="></latexit>

Averaging over randomness in all          


Effective theory: statistical mechanics of permutation “spins” 


Boundary conditions: top (replica structure) & bottom (initial state)


Free energy of configurations: domain wall picture

U,U†
<latexit sha1_base64="yUNSxhLHkb2R97KkBBZW9nGBvW8=">AAACDXicbVDLSsNAFJ34rPVVdelmsAgupCQ+0GXRjcsKpi2ksUwmk3ToZCbMTIQS+g2u3OpXuBO3foMf4T84abPQtgcuHM6593LvCVJGlbbtb2tpeWV1bb2yUd3c2t7Zre3tt5XIJCYuFkzIboAUYZQTV1PNSDeVBCUBI51geFv4nSciFRX8QY9S4ico5jSiGGkjee6p+9gLURwT2a/V7YY9AZwnTknqoESrX/vphQJnCeEaM6SU59ip9nMkNcWMjKu9TJEU4SGKiWcoRwlRfj45eQyPjRLCSEhTXMOJ+nciR4lSoyQwnQnSAzXrFeJCL1TFwkWWl+no2s8pTzNNOJ7eEGUMagGLaGBIJcGajQxBWFLzBsQDJBHWJsCqyceZTWOetM8aznnj8v6i3rwpk6qAQ3AEToADrkAT3IEWcAEGAryAV/BmPVvv1of1OW1dssqZA/AP1tcvIzWb8g==</latexit>

� 2 S2n
<latexit sha1_base64="9tFcWkXH1HbDVGVLWfxHRBXWPyY=">AAACFXicbVC7TsMwFHV4lvJKYWSxqJCYqqSAYKxgYSyCPqQmihzHaa3aTmQ7oCrqdzCxwlewIVZmPoJ/wGk7QNsjXenonHuv7j1hyqjSjvNtrayurW9slrbK2zu7e/t25aCtkkxi0sIJS2Q3RIowKkhLU81IN5UE8ZCRTji8KfzOI5GKJuJBj1Lic9QXNKYYaSMFdsVTtM8R9KiA90FeF+PArjo1ZwK4SNwZqYIZmoH940UJzjgRGjOkVM91Uu3nSGqKGRmXvUyRFOEh6pOeoQJxovx8cvoYnhglgnEiTQkNJ+rfiRxxpUY8NJ0c6YGa9wpxqRepYuEyq5fp+MrPqUgzTQSe3hBnDOoEFhHBiEqCNRsZgrCk5g2IB0girE2QZZOPO5/GImnXa+5Z7eLuvNq4niVVAkfgGJwCF1yCBrgFTdACGDyBF/AK3qxn6936sD6nrSvWbOYQ/IP19QsomZ6P</latexit>

t = 0
<latexit sha1_base64="BoNw+AKatqYZdx3ULpuLvfbJJHc=">AAACBXicbVDJSgNBEK2JW4xb1KOXxiB4CjMu6EUIevEY0SyQDKGnpydp0rPQXSOEkLMnr/oV3sSr3+FH+A/2JHPQmAcFj/eqiqrnJVJotO0vq7C0vLK6VlwvbWxube+Ud/eaOk4V4w0Wy1i1Paq5FBFvoEDJ24niNPQkb3nDm8xvPXKlRRw94Cjhbkj7kQgEo2ike7yye+WKXbWnIP+Jk5MK5Kj3yt9dP2ZpyCNkkmrdcewE3TFVKJjkk1I31TyhbEj7vGNoREOu3fH01Ak5MopPgliZipBM1d8TYxpqPQo90xlSHOh5LxMXer7OFi6yOikGl+5YREmKPGKzG4JUEoxJFgnxheIM5cgQypQwbxA2oIoyNMGVTD7OfBr/SfOk6pxWz+/OKrXrPKkiHMAhHIMDF1CDW6hDAxj04Rle4NV6st6sd+tj1lqw8pl9+APr8wfj+piJ</latexit>

replica structure

Initial state

�1
<latexit sha1_base64="FB0oXG5vqqwAGpxeeS0GiXzK8BY=">AAACCnicbVDLSsNAFL3xWeur6tLNYBFclcQHuiy6cVnBPqANZTKZtENnJmFmIpTQP3DlVr/Cnbj1J/wI/8FJm4W2PXDhcM69l3tPkHCmjet+Oyura+sbm6Wt8vbO7t5+5eCwpeNUEdokMY9VJ8CaciZp0zDDaSdRFIuA03Ywusv99hNVmsXy0YwT6gs8kCxiBBsrdXqaDQTue/1K1a25U6BF4hWkCgUa/cpPL4xJKqg0hGOtu56bGD/DyjDC6aTcSzVNMBnhAe1aKrGg2s+m907QqVVCFMXKljRoqv6dyLDQeiwC2ymwGep5LxeXeqHOFy6zuqmJbvyMySQ1VJLZDVHKkYlRngsKmaLE8LElmChm30BkiBUmxqZXtvl482ksktZ5zbuoXT1cVuu3RVIlOIYTOAMPrqEO99CAJhDg8AKv8OY8O+/Oh/M5a11xipkj+Afn6xcS7prX</latexit>

�2
<latexit sha1_base64="FAWH3YD50A379+E/qRK4VszYmww=">AAACCnicbVDLSgNBEOyNrxhfUY9eBoPgKexGRY9BLx4jmAckS5idnSRDZmaXmVkhLPkDT171K7yJV3/Cj/AfnE32oEkKGoqq7qa7gpgzbVz32ymsrW9sbhW3Szu7e/sH5cOjlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvB+C7z209UaRbJRzOJqS/wULIBI9hYqdPTbChwv9YvV9yqOwNaJl5OKpCj0S//9MKIJIJKQzjWuuu5sfFTrAwjnE5LvUTTGJMxHtKupRILqv10du8UnVklRINI2ZIGzdS/EykWWk9EYDsFNiO96GXiSi/U2cJVVjcxgxs/ZTJODJVkfsMg4chEKMsFhUxRYvjEEkwUs28gMsIKE2PTK9l8vMU0lkmrVvUuqlcPl5X6bZ5UEU7gFM7Bg2uowz00oAkEOLzAK7w5z8678+F8zlsLTj5zDP/gfP0CFI2a2A==</latexit>

⌧ = ��1
1 �2

<latexit sha1_base64="BK/vVncsFUTlO2+1IWY7Ux2+Yyw=">AAACHnicbVDLSsNAFJ34rPUVdaebYBHcWJKq6EYounFZwT6giWEymbRDZyZhZiKUUPBTXLnVr3AnbvUj/AcnbRba9sCFM+fcO9x7goQSqWz721hYXFpeWS2tldc3Nre2zZ3dloxTgXATxTQWnQBKTAnHTUUUxZ1EYMgCitvB4Cb3249YSBLzezVMsMdgj5OIIKi05Jv7roLplStJj8GH7MQZ+c7k4dd8s2JX7TGsWeIUpAIKNHzzxw1jlDLMFaJQyq5jJ8rLoFAEUTwqu6nECUQD2MNdTTlkWHrZ+IaRdaSV0IpioYsra6z+ncggk3LIAt3JoOrLaS8X53qhzD+cZ3VTFV16GeFJqjBHkx2ilFoqtvKsrJAIjBQdagKRIPoMC/WhgEjpRMs6H2c6jVnSqlWd0+r53Vmlfl0kVQIH4BAcAwdcgDq4BQ3QBAg8gRfwCt6MZ+Pd+DA+J60LRjGzB/7B+PoFRySiUQ==</latexit>

T. Zhou et al (2018)
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Random Unitary Circuits

Operator entanglement dynamics Sop
n (A, ⇢↵AB(t)) ,↵ = 1

<latexit sha1_base64="U2oM4k3Srhw7yGDlvq9CvIcVh8o="></latexit>

Averaging over randomness in all          


Effective theory: statistical mechanics of permutation “spins” 


Boundary conditions: top (replica structure) & bottom (initial state)


Free energy of configurations: domain wall picture


Minimize the free energy of domain walls 

U,U†
<latexit sha1_base64="yUNSxhLHkb2R97KkBBZW9nGBvW8=">AAACDXicbVDLSsNAFJ34rPVVdelmsAgupCQ+0GXRjcsKpi2ksUwmk3ToZCbMTIQS+g2u3OpXuBO3foMf4T84abPQtgcuHM6593LvCVJGlbbtb2tpeWV1bb2yUd3c2t7Zre3tt5XIJCYuFkzIboAUYZQTV1PNSDeVBCUBI51geFv4nSciFRX8QY9S4ico5jSiGGkjee6p+9gLURwT2a/V7YY9AZwnTknqoESrX/vphQJnCeEaM6SU59ip9nMkNcWMjKu9TJEU4SGKiWcoRwlRfj45eQyPjRLCSEhTXMOJ+nciR4lSoyQwnQnSAzXrFeJCL1TFwkWWl+no2s8pTzNNOJ7eEGUMagGLaGBIJcGajQxBWFLzBsQDJBHWJsCqyceZTWOetM8aznnj8v6i3rwpk6qAQ3AEToADrkAT3IEWcAEGAryAV/BmPVvv1of1OW1dssqZA/AP1tcvIzWb8g==</latexit>

� 2 S2n
<latexit sha1_base64="9tFcWkXH1HbDVGVLWfxHRBXWPyY=">AAACFXicbVC7TsMwFHV4lvJKYWSxqJCYqqSAYKxgYSyCPqQmihzHaa3aTmQ7oCrqdzCxwlewIVZmPoJ/wGk7QNsjXenonHuv7j1hyqjSjvNtrayurW9slrbK2zu7e/t25aCtkkxi0sIJS2Q3RIowKkhLU81IN5UE8ZCRTji8KfzOI5GKJuJBj1Lic9QXNKYYaSMFdsVTtM8R9KiA90FeF+PArjo1ZwK4SNwZqYIZmoH940UJzjgRGjOkVM91Uu3nSGqKGRmXvUyRFOEh6pOeoQJxovx8cvoYnhglgnEiTQkNJ+rfiRxxpUY8NJ0c6YGa9wpxqRepYuEyq5fp+MrPqUgzTQSe3hBnDOoEFhHBiEqCNRsZgrCk5g2IB0girE2QZZOPO5/GImnXa+5Z7eLuvNq4niVVAkfgGJwCF1yCBrgFTdACGDyBF/AK3qxn6936sD6nrSvWbOYQ/IP19QsomZ6P</latexit>

t = 0
<latexit sha1_base64="BoNw+AKatqYZdx3ULpuLvfbJJHc=">AAACBXicbVDJSgNBEK2JW4xb1KOXxiB4CjMu6EUIevEY0SyQDKGnpydp0rPQXSOEkLMnr/oV3sSr3+FH+A/2JHPQmAcFj/eqiqrnJVJotO0vq7C0vLK6VlwvbWxube+Ud/eaOk4V4w0Wy1i1Paq5FBFvoEDJ24niNPQkb3nDm8xvPXKlRRw94Cjhbkj7kQgEo2ike7yye+WKXbWnIP+Jk5MK5Kj3yt9dP2ZpyCNkkmrdcewE3TFVKJjkk1I31TyhbEj7vGNoREOu3fH01Ak5MopPgliZipBM1d8TYxpqPQo90xlSHOh5LxMXer7OFi6yOikGl+5YREmKPGKzG4JUEoxJFgnxheIM5cgQypQwbxA2oIoyNMGVTD7OfBr/SfOk6pxWz+/OKrXrPKkiHMAhHIMDF1CDW6hDAxj04Rle4NV6st6sd+tj1lqw8pl9+APr8wfj+piJ</latexit>

replica structure

Initial state

�1
<latexit sha1_base64="FB0oXG5vqqwAGpxeeS0GiXzK8BY=">AAACCnicbVDLSsNAFL3xWeur6tLNYBFclcQHuiy6cVnBPqANZTKZtENnJmFmIpTQP3DlVr/Cnbj1J/wI/8FJm4W2PXDhcM69l3tPkHCmjet+Oyura+sbm6Wt8vbO7t5+5eCwpeNUEdokMY9VJ8CaciZp0zDDaSdRFIuA03Ywusv99hNVmsXy0YwT6gs8kCxiBBsrdXqaDQTue/1K1a25U6BF4hWkCgUa/cpPL4xJKqg0hGOtu56bGD/DyjDC6aTcSzVNMBnhAe1aKrGg2s+m907QqVVCFMXKljRoqv6dyLDQeiwC2ymwGep5LxeXeqHOFy6zuqmJbvyMySQ1VJLZDVHKkYlRngsKmaLE8LElmChm30BkiBUmxqZXtvl482ksktZ5zbuoXT1cVuu3RVIlOIYTOAMPrqEO99CAJhDg8AKv8OY8O+/Oh/M5a11xipkj+Afn6xcS7prX</latexit>

�2
<latexit sha1_base64="FAWH3YD50A379+E/qRK4VszYmww=">AAACCnicbVDLSgNBEOyNrxhfUY9eBoPgKexGRY9BLx4jmAckS5idnSRDZmaXmVkhLPkDT171K7yJV3/Cj/AfnE32oEkKGoqq7qa7gpgzbVz32ymsrW9sbhW3Szu7e/sH5cOjlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvB+C7z209UaRbJRzOJqS/wULIBI9hYqdPTbChwv9YvV9yqOwNaJl5OKpCj0S//9MKIJIJKQzjWuuu5sfFTrAwjnE5LvUTTGJMxHtKupRILqv10du8UnVklRINI2ZIGzdS/EykWWk9EYDsFNiO96GXiSi/U2cJVVjcxgxs/ZTJODJVkfsMg4chEKMsFhUxRYvjEEkwUs28gMsIKE2PTK9l8vMU0lkmrVvUuqlcPl5X6bZ5UEU7gFM7Bg2uowz00oAkEOLzAK7w5z8678+F8zlsLTj5zDP/gfP0CFI2a2A==</latexit>

⌧ = ��1
1 �2

<latexit sha1_base64="BK/vVncsFUTlO2+1IWY7Ux2+Yyw=">AAACHnicbVDLSsNAFJ34rPUVdaebYBHcWJKq6EYounFZwT6giWEymbRDZyZhZiKUUPBTXLnVr3AnbvUj/AcnbRba9sCFM+fcO9x7goQSqWz721hYXFpeWS2tldc3Nre2zZ3dloxTgXATxTQWnQBKTAnHTUUUxZ1EYMgCitvB4Cb3249YSBLzezVMsMdgj5OIIKi05Jv7roLplStJj8GH7MQZ+c7k4dd8s2JX7TGsWeIUpAIKNHzzxw1jlDLMFaJQyq5jJ8rLoFAEUTwqu6nECUQD2MNdTTlkWHrZ+IaRdaSV0IpioYsra6z+ncggk3LIAt3JoOrLaS8X53qhzD+cZ3VTFV16GeFJqjBHkx2ilFoqtvKsrJAIjBQdagKRIPoMC/WhgEjpRMs6H2c6jVnSqlWd0+r53Vmlfl0kVQIH4BAcAwdcgDq4BQ3QBAg8gRfwCt6MZ+Pd+DA+J60LRjGzB/7B+PoFRySiUQ==</latexit>

T. Zhou et al (2018)
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Random Unitary Circuits

“Energetics” of domain walls
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Random Unitary Circuits

“Energetics” of domain walls

Elementary domain walls: single transpositions


(123) = (12)(23)
<latexit sha1_base64="F7jwLkxhmVec8uhcFmCdsq/TGn4=">AAACFHicbZDLSgMxFIbP1Futt1GXboJFaDdlplV0IxTduKxgL9AOJZPJtKGZC0mmUIa+hiu3+hTuxK17H8J3MG1noW0PhHz8/znh5HdjzqSyrG8jt7G5tb2T3y3s7R8cHpnHJy0ZJYLQJol4JDoulpSzkDYVU5x2YkFx4HLadkf3M789pkKyKHxSk5g6AR6EzGcEKy31TbNkV2tldIv0XS5p7JtFq2LNC62CnUERsmr0zZ+eF5EkoKEiHEvZta1YOSkWihFOp4VeImmMyQgPaFdjiAMqnXS++RRdaMVDfiT0CRWaq38nUhxIOQlc3RlgNZTL3kxc63ly9uA6q5so/8ZJWRgnioZksYOfcKQiNEsIeUxQovhEAyaC6W8gMsQCE6VzLOh87OU0VqFVrdi1ytXjZbF+lyWVhzM4hxLYcA11eIAGNIHAGF7gFd6MZ+Pd+DA+F605I5s5hX9lfP0CdEWbKQ==</latexit>

e.g.                           —> 2 elementary domain walls
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Random Unitary Circuits

“Energetics” of domain walls

Elementary domain walls: single transpositions


Locality + Unitarity: constraints on domain wall dynamics


(123) = (12)(23)
<latexit sha1_base64="F7jwLkxhmVec8uhcFmCdsq/TGn4=">AAACFHicbZDLSgMxFIbP1Futt1GXboJFaDdlplV0IxTduKxgL9AOJZPJtKGZC0mmUIa+hiu3+hTuxK17H8J3MG1noW0PhHz8/znh5HdjzqSyrG8jt7G5tb2T3y3s7R8cHpnHJy0ZJYLQJol4JDoulpSzkDYVU5x2YkFx4HLadkf3M789pkKyKHxSk5g6AR6EzGcEKy31TbNkV2tldIv0XS5p7JtFq2LNC62CnUERsmr0zZ+eF5EkoKEiHEvZta1YOSkWihFOp4VeImmMyQgPaFdjiAMqnXS++RRdaMVDfiT0CRWaq38nUhxIOQlc3RlgNZTL3kxc63ly9uA6q5so/8ZJWRgnioZksYOfcKQiNEsIeUxQovhEAyaC6W8gMsQCE6VzLOh87OU0VqFVrdi1ytXjZbF+lyWVhzM4hxLYcA11eIAGNIHAGF7gFd6MZ+Pd+DA+F605I5s5hX9lfP0CdEWbKQ==</latexit>

e.g.                           —> 2 elementary domain walls

7 7 33

(123)

(12) (23)

3
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Random Unitary Circuits

“Energetics” of domain walls

Elementary domain walls: single transpositions


Locality + Unitarity: constraints on domain wall dynamics


Each time-step costs free energy                   per elementary domain wall  

(123) = (12)(23)
<latexit sha1_base64="F7jwLkxhmVec8uhcFmCdsq/TGn4=">AAACFHicbZDLSgMxFIbP1Futt1GXboJFaDdlplV0IxTduKxgL9AOJZPJtKGZC0mmUIa+hiu3+hTuxK17H8J3MG1noW0PhHz8/znh5HdjzqSyrG8jt7G5tb2T3y3s7R8cHpnHJy0ZJYLQJol4JDoulpSzkDYVU5x2YkFx4HLadkf3M789pkKyKHxSk5g6AR6EzGcEKy31TbNkV2tldIv0XS5p7JtFq2LNC62CnUERsmr0zZ+eF5EkoKEiHEvZta1YOSkWihFOp4VeImmMyQgPaFdjiAMqnXS++RRdaMVDfiT0CRWaq38nUhxIOQlc3RlgNZTL3kxc63ly9uA6q5so/8ZJWRgnioZksYOfcKQiNEsIeUxQovhEAyaC6W8gMsQCE6VzLOh87OU0VqFVrdi1ytXjZbF+lyWVhzM4hxLYcA11eIAGNIHAGF7gFd6MZ+Pd+DA+F605I5s5hX9lfP0CdEWbKQ==</latexit>

e.g.                           —> 2 elementary domain walls

7 7 33

(123)

(12) (23)

3

ds = ln q
<latexit sha1_base64="GxOucdeIyJWOFwe1mwdrxhy858I=">AAACDXicbVDLSsNAFL2pr1pfVZduBovgqiQ+0I1QdOOygn1AGspkMmmHTiZxZiKU0G9w5Va/wp249Rv8CP/BSZuF1h64cDjn3su9x084U9q2v6zS0vLK6lp5vbKxubW9U93da6s4lYS2SMxj2fWxopwJ2tJMc9pNJMWRz2nHH93kfueRSsVica/HCfUiPBAsZARrI7mBQleox0X2MOlXa3bdngL9J05BalCg2a9+94KYpBEVmnCslOvYifYyLDUjnE4qvVTRBJMRHlDXUIEjqrxsevIEHRklQGEsTQmNpurviQxHSo0j33RGWA/VvJeLC71A5QsXWW6qw0svYyJJNRVkdkOYcqRjlEeDAiYp0XxsCCaSmTcQGWKJiTYBVkw+znwa/0n7pO6c1s/vzmqN6yKpMhzAIRyDAxfQgFtoQgsIxPAML/BqPVlv1rv1MWstWcXMPvyB9fkDF0eb6w==</latexit>
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Random Unitary Circuits

“Energetics” of domain walls

Elementary domain walls: single transpositions


Locality + Unitarity: constraints on domain wall dynamics


Each time-step costs free energy                   per elementary domain wall 


Domain wall “interactions” suppressed by  

(123) = (12)(23)
<latexit sha1_base64="F7jwLkxhmVec8uhcFmCdsq/TGn4=">AAACFHicbZDLSgMxFIbP1Futt1GXboJFaDdlplV0IxTduKxgL9AOJZPJtKGZC0mmUIa+hiu3+hTuxK17H8J3MG1noW0PhHz8/znh5HdjzqSyrG8jt7G5tb2T3y3s7R8cHpnHJy0ZJYLQJol4JDoulpSzkDYVU5x2YkFx4HLadkf3M789pkKyKHxSk5g6AR6EzGcEKy31TbNkV2tldIv0XS5p7JtFq2LNC62CnUERsmr0zZ+eF5EkoKEiHEvZta1YOSkWihFOp4VeImmMyQgPaFdjiAMqnXS++RRdaMVDfiT0CRWaq38nUhxIOQlc3RlgNZTL3kxc63ly9uA6q5so/8ZJWRgnioZksYOfcKQiNEsIeUxQovhEAyaC6W8gMsQCE6VzLOh87OU0VqFVrdi1ytXjZbF+lyWVhzM4hxLYcA11eIAGNIHAGF7gFd6MZ+Pd+DA+F605I5s5hX9lfP0CdEWbKQ==</latexit>

e.g.                           —> 2 elementary domain walls

7 7 33

(123)

(12) (23)

3

ds = ln q
<latexit sha1_base64="GxOucdeIyJWOFwe1mwdrxhy858I=">AAACDXicbVDLSsNAFL2pr1pfVZduBovgqiQ+0I1QdOOygn1AGspkMmmHTiZxZiKU0G9w5Va/wp249Rv8CP/BSZuF1h64cDjn3su9x084U9q2v6zS0vLK6lp5vbKxubW9U93da6s4lYS2SMxj2fWxopwJ2tJMc9pNJMWRz2nHH93kfueRSsVica/HCfUiPBAsZARrI7mBQleox0X2MOlXa3bdngL9J05BalCg2a9+94KYpBEVmnCslOvYifYyLDUjnE4qvVTRBJMRHlDXUIEjqrxsevIEHRklQGEsTQmNpurviQxHSo0j33RGWA/VvJeLC71A5QsXWW6qw0svYyJJNRVkdkOYcqRjlEeDAiYp0XxsCCaSmTcQGWKJiTYBVkw+znwa/0n7pO6c1s/vzmqN6yKpMhzAIRyDAxfQgFtoQgsIxPAML/BqPVlv1rv1MWstWcXMPvyB9fkDF0eb6w==</latexit>

O (1/ ln q)
<latexit sha1_base64="x4Z/nqhSlOLmrJyBtodXbccHyxQ=">AAACJHicbVC7TsNAEDzzDOFloKQ5ESGFJtg8BGUEDR1BIg8pjqLz5Zyccj6buzVSZKXlU6ho4SvoEAUNf8A/cE5SQJKRVhrN7K52x48F1+A4X9bC4tLyympuLb++sbm1be/s1nSUKMqqNBKRavhEM8ElqwIHwRqxYiT0Bav7/evMrz8ypXkk72EQs1ZIupIHnBIwUtvGXkigR4lIb4eeYAEU3WNPyPRh6Cne7cFR2y44JWcEPEvcCSmgCSpt+8frRDQJmQQqiNZN14mhlRIFnAo2zHuJZjGhfdJlTUMlCZlupaNPhvjQKB0cRMqUBDxS/06kJNR6EPqmM7tbT3uZONfr6GzhPKuZQHDZSrmME2CSjm8IEoEhwlliuMMVoyAGhhCquHkD0x5RhILJNW/ycafTmCW1k5J7Wjq/OyuUryZJ5dA+OkBF5KILVEY3qIKqiKIn9IJe0Zv1bL1bH9bnuHXBmszsoX+wvn8B3IylSQ==</latexit>
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Random Unitary Circuits

“Energetics” of domain walls

Elementary domain walls: single transpositions


Locality + Unitarity: constraints on domain wall dynamics


Each time-step costs free energy                   per elementary domain wall 


Domain wall “interactions” suppressed by  


Large            limit:  free elementary domain walls (modulo branching and 

annihilation) taking shortest path

(123) = (12)(23)
<latexit sha1_base64="F7jwLkxhmVec8uhcFmCdsq/TGn4=">AAACFHicbZDLSgMxFIbP1Futt1GXboJFaDdlplV0IxTduKxgL9AOJZPJtKGZC0mmUIa+hiu3+hTuxK17H8J3MG1noW0PhHz8/znh5HdjzqSyrG8jt7G5tb2T3y3s7R8cHpnHJy0ZJYLQJol4JDoulpSzkDYVU5x2YkFx4HLadkf3M789pkKyKHxSk5g6AR6EzGcEKy31TbNkV2tldIv0XS5p7JtFq2LNC62CnUERsmr0zZ+eF5EkoKEiHEvZta1YOSkWihFOp4VeImmMyQgPaFdjiAMqnXS++RRdaMVDfiT0CRWaq38nUhxIOQlc3RlgNZTL3kxc63ly9uA6q5so/8ZJWRgnioZksYOfcKQiNEsIeUxQovhEAyaC6W8gMsQCE6VzLOh87OU0VqFVrdi1ytXjZbF+lyWVhzM4hxLYcA11eIAGNIHAGF7gFd6MZ+Pd+DA+F605I5s5hX9lfP0CdEWbKQ==</latexit>

e.g.                           —> 2 elementary domain walls

7 7 33

(123)

(12) (23)

3

q � 1
<latexit sha1_base64="DwVBhphSUYXNwJ24b3l++Cqjxgo=">AAACCHicbVDLSsNAFL3xWeur6tLNYBFclcQHuiy6cVnBPqANZTKZpGMnkzgzEUroD7hyq1/hTtz6F36E/+CkzULbHrhwOOfey73HSzhT2ra/raXlldW19dJGeXNre2e3srffUnEqCW2SmMey42FFORO0qZnmtJNIiiOP07Y3vMn99hOVisXiXo8S6kY4FCxgBGsjtR57YYicfqVq1+wJ0DxxClKFAo1+5afnxySNqNCEY6W6jp1oN8NSM8LpuNxLFU0wGeKQdg0VOKLKzSbXjtGxUXwUxNKU0Gii/p3IcKTUKPJMZ4T1QM16ubjQ81W+cJHVTXVw5WZMJKmmgkxvCFKOdIzyVJDPJCWajwzBRDLzBiIDLDHRJruyyceZTWOetE5rzlnt4u68Wr8ukirBIRzBCThwCXW4hQY0gcADvMArvFnP1rv1YX1OW5esYuYA/sH6+gUIrpmy</latexit>

ds = ln q
<latexit sha1_base64="GxOucdeIyJWOFwe1mwdrxhy858I=">AAACDXicbVDLSsNAFL2pr1pfVZduBovgqiQ+0I1QdOOygn1AGspkMmmHTiZxZiKU0G9w5Va/wp249Rv8CP/BSZuF1h64cDjn3su9x084U9q2v6zS0vLK6lp5vbKxubW9U93da6s4lYS2SMxj2fWxopwJ2tJMc9pNJMWRz2nHH93kfueRSsVica/HCfUiPBAsZARrI7mBQleox0X2MOlXa3bdngL9J05BalCg2a9+94KYpBEVmnCslOvYifYyLDUjnE4qvVTRBJMRHlDXUIEjqrxsevIEHRklQGEsTQmNpurviQxHSo0j33RGWA/VvJeLC71A5QsXWW6qw0svYyJJNRVkdkOYcqRjlEeDAiYp0XxsCCaSmTcQGWKJiTYBVkw+znwa/0n7pO6c1s/vzmqN6yKpMhzAIRyDAxfQgFtoQgsIxPAML/BqPVlv1rv1MWstWcXMPvyB9fkDF0eb6w==</latexit>

O (1/ ln q)
<latexit sha1_base64="x4Z/nqhSlOLmrJyBtodXbccHyxQ=">AAACJHicbVC7TsNAEDzzDOFloKQ5ESGFJtg8BGUEDR1BIg8pjqLz5Zyccj6buzVSZKXlU6ho4SvoEAUNf8A/cE5SQJKRVhrN7K52x48F1+A4X9bC4tLyympuLb++sbm1be/s1nSUKMqqNBKRavhEM8ElqwIHwRqxYiT0Bav7/evMrz8ypXkk72EQs1ZIupIHnBIwUtvGXkigR4lIb4eeYAEU3WNPyPRh6Cne7cFR2y44JWcEPEvcCSmgCSpt+8frRDQJmQQqiNZN14mhlRIFnAo2zHuJZjGhfdJlTUMlCZlupaNPhvjQKB0cRMqUBDxS/06kJNR6EPqmM7tbT3uZONfr6GzhPKuZQHDZSrmME2CSjm8IEoEhwlliuMMVoyAGhhCquHkD0x5RhILJNW/ycafTmCW1k5J7Wjq/OyuUryZJ5dA+OkBF5KILVEY3qIKqiKIn9IJe0Zv1bL1bH9bnuHXBmszsoX+wvn8B3IylSQ==</latexit>
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Random Unitary Circuits

Operator entanglement dynamics 

Sop
2 (A, ⇢AB) = � ln trA⌦A [trB⌦B |⇢ABih⇢AB |]2 � 2S2(AB)

<latexit sha1_base64="YvMhLINGfgmHY6m0L5EGPDinI1A="></latexit>
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Random Unitary Circuits

Operator entanglement dynamics 

Sop
2 (A, ⇢AB) = � ln trA⌦A [trB⌦B |⇢ABih⇢AB |]2 � 2S2(AB)

<latexit sha1_base64="YvMhLINGfgmHY6m0L5EGPDinI1A="></latexit>

| (t)ih (t)|

| (t)ih (t)|
A B

| (t)ih (t)|

| (t)ih (t)|

trA⌦A [trB⌦B |⇢ABih⇢AB |]2
<latexit sha1_base64="cFCRcWU91mxFiH5BG3aspExnqO8="></latexit>

A B | (t)ih (t)|

| (t)ih (t)|
|⇢AB(t)ih⇢AB(t)|

<latexit sha1_base64="5McHSPIoF1UGOfyz+Fhao+mIpog=">AAACLnicbVDLTgIxFO3gC/E16tJNIzFBF2TGR3SJuHGJiTwShpBOKdDQaSdtx4QM/IOf4sqtfoWJC+PWjf9gB2aBwElu7sk59za9xw8ZVdpxPq3Myura+kZ2M7e1vbO7Z+8f1JSIJCZVLJiQDR8pwignVU01I41QEhT4jNT9wV3i15+IVFTwRz0MSStAPU67FCNtpLZ9NvJkX7Tj2/K4oE89iXiPEeixtM94o7add4rOBHCRuCnJgxSVtv3rdQSOAsI1ZkippuuEuhUjqSlmZJzzIkVChAeoR5qGchQQ1YonN43hiVE6sCukKa7hRJ3diFGg1DDwzWSAdF/Ne4m41Ouo5MFlVjPS3ZtWTHkYacLx9A/diEEtYJId7FBJsGZDQxCW1JwBcR9JhLVJOGfycefTWCS186J7Ubx6uMyXymlSWXAEjkEBuOAalMA9qIAqwOAZvII38G69WB/Wl/U9Hc1Y6c4h+Afr5w/UAajD</latexit>

A B

exp [�S2 (AB)]
<latexit sha1_base64="4fPhzQDcgEp5nBZV4UGPd32CMrc=">AAACKnicbZC7TsMwFIadcivlFmBkiahAZaBKCgjGAgtjEbQgNVHluCetVeci+wRRRX0DHoWJFZ6CDbGy8g64lwFKj2T50/+fY/n8fiK4Qtv+MHJz8wuLS/nlwsrq2vqGubnVUHEqGdRZLGJ571MFgkdQR44C7hMJNPQF3Pm9y6F/9wBS8Ti6xX4CXkg7EQ84o6illrnvwmOSuQICbB7etCojKp1fuJJ3ungwvrxByyzaZXtU1n9wJlAkk6q1zG+3HbM0hAiZoEo1HTtBL6MSORMwKLipgoSyHu1AU2NEQ1BeNtpnYO1ppW0FsdQnQmuk/p7IaKhUP/R1Z0ixq6a9oTjTa6vhg7OsZorBmZfxKEkRIjb+Q5AKC2NrmJvV5hIYir4GyiTXa1isSyVlqNMt6Hyc6TT+Q6NSdo7KJ9fHxerFJKk82SG7pEQcckqq5IrUSJ0w8kReyCt5M56Nd+PD+By35ozJzDb5U8bXDyo3p3c=</latexit>
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Random Unitary Circuits

Operator entanglement dynamics 

Sop
2 (A, ⇢AB) = � ln trA⌦A [trB⌦B |⇢ABih⇢AB |]2 � 2S2(AB)

<latexit sha1_base64="YvMhLINGfgmHY6m0L5EGPDinI1A="></latexit>

A B A BCC C C

t = 0
<latexit sha1_base64="BoNw+AKatqYZdx3ULpuLvfbJJHc=">AAACBXicbVDJSgNBEK2JW4xb1KOXxiB4CjMu6EUIevEY0SyQDKGnpydp0rPQXSOEkLMnr/oV3sSr3+FH+A/2JHPQmAcFj/eqiqrnJVJotO0vq7C0vLK6VlwvbWxube+Ud/eaOk4V4w0Wy1i1Paq5FBFvoEDJ24niNPQkb3nDm8xvPXKlRRw94Cjhbkj7kQgEo2ike7yye+WKXbWnIP+Jk5MK5Kj3yt9dP2ZpyCNkkmrdcewE3TFVKJjkk1I31TyhbEj7vGNoREOu3fH01Ak5MopPgliZipBM1d8TYxpqPQo90xlSHOh5LxMXer7OFi6yOikGl+5YREmKPGKzG4JUEoxJFgnxheIM5cgQypQwbxA2oIoyNMGVTD7OfBr/SfOk6pxWz+/OKrXrPKkiHMAhHIMDF1CDW6hDAxj04Rle4NV6st6sd+tj1lqw8pl9+APr8wfj+piJ</latexit>

(23)(14)
<latexit sha1_base64="zdsFbq78Ajmbu9gmvueYQKxrxt0=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbqlaq1ccurlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JgmUY=</latexit>

(13)(24)
<latexit sha1_base64="OiWMwR8ZoNFk/ttFqE3TWeRLcvI=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbolp1YuVevlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JcmUY=</latexit>

(12)(34)
<latexit sha1_base64="/MFLC1P9a7cg/pKUdvJJF+jG26k=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbolp1ou1erlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JZmUY=</latexit>

(12)(34)
<latexit sha1_base64="/MFLC1P9a7cg/pKUdvJJF+jG26k=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbolp1ou1erlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JZmUY=</latexit>

(12)(34)
<latexit sha1_base64="/MFLC1P9a7cg/pKUdvJJF+jG26k=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbolp1ou1erlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JZmUY=</latexit>

? ?

`A
<latexit sha1_base64="d/PiCMsXDDZCmkNxfso2SoBRgDE=">AAACCHicbVC7TsNAEFzzDOEVoKSxiJCoIpuHoAzQUAaJPKTEis7ndXLkfLbuzkhRlB+gooWvoEO0/AUfwT9wTlxAkpFWGs3srnbHTzhT2nG+raXlldW19cJGcXNre2e3tLffUHEqKdZpzGPZ8olCzgTWNdMcW4lEEvkcm/7gNvObTygVi8WDHiboRaQnWMgo0UZqdJDz7nW3VHYqzgT2PHFzUoYctW7ppxPENI1QaMqJUm3XSbQ3IlIzynFc7KQKE0IHpIdtQwWJUHmjybVj+9gogR3G0pTQ9kT9OzEikVLDyDedEdF9Netl4kIvUNnCRVY71eGVN2IiSTUKOr0hTLmtYztLxQ6YRKr50BBCJTNv2LRPJKHaZFc0+bizacyTxmnFPatc3J+Xqzd5UgU4hCM4ARcuoQp3UIM6UHiEF3iFN+vZerc+rM9p65KVzxzAP1hfv4WUmf8=</latexit>

`B
<latexit sha1_base64="1sojS+TmODUptFVlrKW/zqNjh80=">AAACCHicbVDLSsNAFL3xWeur6tJNsAiuSuIDXZa6cVnBPqANZTK5acdOJmFmIpTSH3DlVr/Cnbj1L/wI/8FJm4W2PXDhcM69l3uPn3CmtON8Wyura+sbm4Wt4vbO7t5+6eCwqeJUUmzQmMey7ROFnAlsaKY5thOJJPI5tvzhbea3nlAqFosHPUrQi0hfsJBRoo3U7CLnvVqvVHYqzhT2InFzUoYc9V7ppxvENI1QaMqJUh3XSbQ3JlIzynFS7KYKE0KHpI8dQwWJUHnj6bUT+9QogR3G0pTQ9lT9OzEmkVKjyDedEdEDNe9l4lIvUNnCZVYn1eGNN2YiSTUKOrshTLmtYztLxQ6YRKr5yBBCJTNv2HRAJKHaZFc0+bjzaSyS5nnFvahc3V+Wq7U8qQIcwwmcgQvXUIU7qEMDKDzCC7zCm/VsvVsf1uesdcXKZ47gH6yvX4czmgA=</latexit>

<̀latexit sha1_base64="LTuRzG75u9aV/tGaMlEXOx8yUNE=">AAACBnicbVDLSsNAFL2pr1pfVZdugkVwVRIf6LLoxmUF+4A2lMnkph06mYSZiVBC967c6le4E7f+hh/hPzhps9DaAxcO59x7uff4CWdKO86XVVpZXVvfKG9WtrZ3dveq+wdtFaeSYovGPJZdnyjkTGBLM82xm0gkkc+x449vc7/ziFKxWDzoSYJeRIaChYwSnUt95HxQrTl1Zwb7P3ELUoMCzUH1ux/ENI1QaMqJUj3XSbSXEakZ5Tit9FOFCaFjMsSeoYJEqLxsduvUPjFKYIexNCW0PVN/T2QkUmoS+aYzInqkFr1cXOoFKl+4zOqlOrz2MiaSVKOg8xvClNs6tvNM7IBJpJpPDCFUMvOGTUdEEqpNchWTj7uYxn/SPqu75/XL+4ta46ZIqgxHcAyn4MIVNOAOmtACCiN4hhd4tZ6sN+vd+pi3lqxi5hD+wPr8ATSImUs=</latexit>
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Random Unitary Circuits

Operator entanglement dynamics 

Sop
2 (A, ⇢AB) = � ln trA⌦A [trB⌦B |⇢ABih⇢AB |]2 � 2S2(AB)

<latexit sha1_base64="YvMhLINGfgmHY6m0L5EGPDinI1A="></latexit>

t = 0
<latexit sha1_base64="BoNw+AKatqYZdx3ULpuLvfbJJHc=">AAACBXicbVDJSgNBEK2JW4xb1KOXxiB4CjMu6EUIevEY0SyQDKGnpydp0rPQXSOEkLMnr/oV3sSr3+FH+A/2JHPQmAcFj/eqiqrnJVJotO0vq7C0vLK6VlwvbWxube+Ud/eaOk4V4w0Wy1i1Paq5FBFvoEDJ24niNPQkb3nDm8xvPXKlRRw94Cjhbkj7kQgEo2ike7yye+WKXbWnIP+Jk5MK5Kj3yt9dP2ZpyCNkkmrdcewE3TFVKJjkk1I31TyhbEj7vGNoREOu3fH01Ak5MopPgliZipBM1d8TYxpqPQo90xlSHOh5LxMXer7OFi6yOikGl+5YREmKPGKzG4JUEoxJFgnxheIM5cgQypQwbxA2oIoyNMGVTD7OfBr/SfOk6pxWz+/OKrXrPKkiHMAhHIMDF1CDW6hDAxj04Rle4NV6st6sd+tj1lqw8pl9+APr8wfj+piJ</latexit>

A B CC (23)(14)
<latexit sha1_base64="zdsFbq78Ajmbu9gmvueYQKxrxt0=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbqlaq1ccurlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JgmUY=</latexit>

(13)(24)
<latexit sha1_base64="OiWMwR8ZoNFk/ttFqE3TWeRLcvI=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbolp1YuVevlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JcmUY=</latexit>

(12)(34)
<latexit sha1_base64="/MFLC1P9a7cg/pKUdvJJF+jG26k=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbolp1ou1erlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JZmUY=</latexit>

`A
<latexit sha1_base64="d/PiCMsXDDZCmkNxfso2SoBRgDE=">AAACCHicbVC7TsNAEFzzDOEVoKSxiJCoIpuHoAzQUAaJPKTEis7ndXLkfLbuzkhRlB+gooWvoEO0/AUfwT9wTlxAkpFWGs3srnbHTzhT2nG+raXlldW19cJGcXNre2e3tLffUHEqKdZpzGPZ8olCzgTWNdMcW4lEEvkcm/7gNvObTygVi8WDHiboRaQnWMgo0UZqdJDz7nW3VHYqzgT2PHFzUoYctW7ppxPENI1QaMqJUm3XSbQ3IlIzynFc7KQKE0IHpIdtQwWJUHmjybVj+9gogR3G0pTQ9kT9OzEikVLDyDedEdF9Netl4kIvUNnCRVY71eGVN2IiSTUKOr0hTLmtYztLxQ6YRKr50BBCJTNv2LRPJKHaZFc0+bizacyTxmnFPatc3J+Xqzd5UgU4hCM4ARcuoQp3UIM6UHiEF3iFN+vZerc+rM9p65KVzxzAP1hfv4WUmf8=</latexit>

`B
<latexit sha1_base64="1sojS+TmODUptFVlrKW/zqNjh80=">AAACCHicbVDLSsNAFL3xWeur6tJNsAiuSuIDXZa6cVnBPqANZTK5acdOJmFmIpTSH3DlVr/Cnbj1L/wI/8FJm4W2PXDhcM69l3uPn3CmtON8Wyura+sbm4Wt4vbO7t5+6eCwqeJUUmzQmMey7ROFnAlsaKY5thOJJPI5tvzhbea3nlAqFosHPUrQi0hfsJBRoo3U7CLnvVqvVHYqzhT2InFzUoYc9V7ppxvENI1QaMqJUh3XSbQ3JlIzynFS7KYKE0KHpI8dQwWJUHnj6bUT+9QogR3G0pTQ9lT9OzEmkVKjyDedEdEDNe9l4lIvUNnCZVYn1eGNN2YiSTUKOrshTLmtYztLxQ6YRKr5yBBCJTNv2HRAJKHaZFc0+bjzaSyS5nnFvahc3V+Wq7U8qQIcwwmcgQvXUIU7qEMDKDzCC7zCm/VsvVsf1uesdcXKZ47gH6yvX4czmgA=</latexit>

A BC C(12)(34)
<latexit sha1_base64="/MFLC1P9a7cg/pKUdvJJF+jG26k=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbolp1ou1erlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JZmUY=</latexit>

(12)(34)
<latexit sha1_base64="/MFLC1P9a7cg/pKUdvJJF+jG26k=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbolp1ou1erlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JZmUY=</latexit>

<̀latexit sha1_base64="LTuRzG75u9aV/tGaMlEXOx8yUNE=">AAACBnicbVDLSsNAFL2pr1pfVZdugkVwVRIf6LLoxmUF+4A2lMnkph06mYSZiVBC967c6le4E7f+hh/hPzhps9DaAxcO59x7uff4CWdKO86XVVpZXVvfKG9WtrZ3dveq+wdtFaeSYovGPJZdnyjkTGBLM82xm0gkkc+x449vc7/ziFKxWDzoSYJeRIaChYwSnUt95HxQrTl1Zwb7P3ELUoMCzUH1ux/ENI1QaMqJUj3XSbSXEakZ5Tit9FOFCaFjMsSeoYJEqLxsduvUPjFKYIexNCW0PVN/T2QkUmoS+aYzInqkFr1cXOoFKl+4zOqlOrz2MiaSVKOg8xvClNs6tvNM7IBJpJpPDCFUMvOGTUdEEqpNchWTj7uYxn/SPqu75/XL+4ta46ZIqgxHcAyn4MIVNOAOmtACCiN4hhd4tZ6sN+vd+pi3lqxi5hD+wPr8ATSImUs=</latexit>

t < `A/2
<latexit sha1_base64="16K04ump80iBHRY73aSZ2Qm61RU=">AAACDHicbVC7TsNAEFyHVwivACXNiQiJKtgBBAVFgIYySOQhEis6ny/JKeezdXdGiqz8AhUtfAUdouUf+Aj+gXPiApKMtNJoZne1O17EmdK2/W3llpZXVtfy64WNza3tneLuXkOFsSS0TkIeypaHFeVM0LpmmtNWJCkOPE6b3vA29ZtPVCoWigc9iqgb4L5gPUawNtKjvupQzrvXJ5VusWSX7QnQPHEyUoIMtW7xp+OHJA6o0IRjpdqOHWk3wVIzwum40IkVjTAZ4j5tGypwQJWbTC4eoyOj+KgXSlNCo4n6dyLBgVKjwDOdAdYDNeul4kLPV+nCRVY71r1LN2EiijUVZHpDL+ZIhyhNBvlMUqL5yBBMJDNvIDLAEhNt8iuYfJzZNOZJo1J2Tsvn92el6k2WVB4O4BCOwYELqMId1KAOBAS8wCu8Wc/Wu/VhfU5bc1Y2sw//YH39At8Gmzg=</latexit>

phase 1

6 ln q t
<latexit sha1_base64="QCID93TlmZspveFopN1MsutZ9uc=">AAACDHicbVDLSsNAFL2pr1pfVZduBovgqiS+wU3RjcsK9oFNKJPJtB06mcSZiVBCf8GVW/0Kd+LWf/Aj/AcnbRZae+DC4Zx7L/ceP+ZMadv+sgoLi0vLK8XV0tr6xuZWeXunqaJEEtogEY9k28eKciZoQzPNaTuWFIc+py1/eJ35rUcqFYvEnR7F1AtxX7AeI1gb6f7M5SJ9GLuXuluu2FV7AvSfODmpQI56t/ztBhFJQio04VipjmPH2kux1IxwOi65iaIxJkPcpx1DBQ6p8tLJxWN0YJQA9SJpSmg0UX9PpDhUahT6pjPEeqBmvUyc6wUqWzjP6iS6d+GlTMSJpoJMb+glHOkIZcmggElKNB8Zgolk5g1EBlhiok1+JZOPM5vGf9I8qjrH1dPbk0rtKk+qCHuwD4fgwDnU4Abq0AACAp7hBV6tJ+vNerc+pq0FK5/ZhT+wPn8A0rKbzg==</latexit>

4 ln q t
<latexit sha1_base64="B51emT5k/v8ZN9CUePCPu3rwZzA=">AAACDHicbVDLSsNAFL2pr1pfVZduBovgqiRaUXBTdOOygn1gE8pkMm2HTiZxZiKU0F9w5Va/wp249R/8CP/BSZuF1h64cDjn3su9x485U9q2v6zC0vLK6lpxvbSxubW9U97da6kokYQ2ScQj2fGxopwJ2tRMc9qJJcWhz2nbH11nfvuRSsUicafHMfVCPBCszwjWRrqvuVykDxP3UvfKFbtqT4H+EycnFcjR6JW/3SAiSUiFJhwr1XXsWHsplpoRTiclN1E0xmSEB7RrqMAhVV46vXiCjowSoH4kTQmNpurviRSHSo1D33SGWA/VvJeJC71AZQsXWd1E9y+8lIk40VSQ2Q39hCMdoSwZFDBJieZjQzCRzLyByBBLTLTJr2TycebT+E9aJ1XntHp2W6vUr/KkinAAh3AMDpxDHW6gAU0gIOAZXuDVerLerHfrY9ZasPKZffgD6/MHz2KbzA==</latexit>
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Random Unitary Circuits

Operator entanglement dynamics 

Sop
2 (A, ⇢AB) = � ln trA⌦A [trB⌦B |⇢ABih⇢AB |]2 � 2S2(AB)

<latexit sha1_base64="YvMhLINGfgmHY6m0L5EGPDinI1A="></latexit>

A B CC (23)(14)
<latexit sha1_base64="zdsFbq78Ajmbu9gmvueYQKxrxt0=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbqlaq1ccurlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JgmUY=</latexit>

(13)(24)
<latexit sha1_base64="OiWMwR8ZoNFk/ttFqE3TWeRLcvI=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbolp1YuVevlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JcmUY=</latexit>

(12)(34)
<latexit sha1_base64="/MFLC1P9a7cg/pKUdvJJF+jG26k=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbolp1ou1erlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JZmUY=</latexit>

`A
<latexit sha1_base64="d/PiCMsXDDZCmkNxfso2SoBRgDE=">AAACCHicbVC7TsNAEFzzDOEVoKSxiJCoIpuHoAzQUAaJPKTEis7ndXLkfLbuzkhRlB+gooWvoEO0/AUfwT9wTlxAkpFWGs3srnbHTzhT2nG+raXlldW19cJGcXNre2e3tLffUHEqKdZpzGPZ8olCzgTWNdMcW4lEEvkcm/7gNvObTygVi8WDHiboRaQnWMgo0UZqdJDz7nW3VHYqzgT2PHFzUoYctW7ppxPENI1QaMqJUm3XSbQ3IlIzynFc7KQKE0IHpIdtQwWJUHmjybVj+9gogR3G0pTQ9kT9OzEikVLDyDedEdF9Netl4kIvUNnCRVY71eGVN2IiSTUKOr0hTLmtYztLxQ6YRKr50BBCJTNv2LRPJKHaZFc0+bizacyTxmnFPatc3J+Xqzd5UgU4hCM4ARcuoQp3UIM6UHiEF3iFN+vZerc+rM9p65KVzxzAP1hfv4WUmf8=</latexit>

`B
<latexit sha1_base64="1sojS+TmODUptFVlrKW/zqNjh80=">AAACCHicbVDLSsNAFL3xWeur6tJNsAiuSuIDXZa6cVnBPqANZTK5acdOJmFmIpTSH3DlVr/Cnbj1L/wI/8FJm4W2PXDhcM69l3uPn3CmtON8Wyura+sbm4Wt4vbO7t5+6eCwqeJUUmzQmMey7ROFnAlsaKY5thOJJPI5tvzhbea3nlAqFosHPUrQi0hfsJBRoo3U7CLnvVqvVHYqzhT2InFzUoYc9V7ppxvENI1QaMqJUh3XSbQ3JlIzynFS7KYKE0KHpI8dQwWJUHnj6bUT+9QogR3G0pTQ9lT9OzEmkVKjyDedEdEDNe9l4lIvUNnCZVYn1eGNN2YiSTUKOrshTLmtYztLxQ6YRKr5yBBCJTNv2HRAJKHaZFc0+bjzaSyS5nnFvahc3V+Wq7U8qQIcwwmcgQvXUIU7qEMDKDzCC7zCm/VsvVsf1uesdcXKZ47gH6yvX4czmgA=</latexit>

A BC C(12)(34)
<latexit sha1_base64="/MFLC1P9a7cg/pKUdvJJF+jG26k=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbolp1ou1erlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JZmUY=</latexit>

(12)(34)
<latexit sha1_base64="/MFLC1P9a7cg/pKUdvJJF+jG26k=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbolp1ou1erlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JZmUY=</latexit>

<̀latexit sha1_base64="LTuRzG75u9aV/tGaMlEXOx8yUNE=">AAACBnicbVDLSsNAFL2pr1pfVZdugkVwVRIf6LLoxmUF+4A2lMnkph06mYSZiVBC967c6le4E7f+hh/hPzhps9DaAxcO59x7uff4CWdKO86XVVpZXVvfKG9WtrZ3dveq+wdtFaeSYovGPJZdnyjkTGBLM82xm0gkkc+x449vc7/ziFKxWDzoSYJeRIaChYwSnUt95HxQrTl1Zwb7P3ELUoMCzUH1ux/ENI1QaMqJUj3XSbSXEakZ5Tit9FOFCaFjMsSeoYJEqLxsduvUPjFKYIexNCW0PVN/T2QkUmoS+aYzInqkFr1cXOoFKl+4zOqlOrz2MiaSVKOg8xvClNs6tvNM7IBJpJpPDCFUMvOGTUdEEqpNchWTj7uYxn/SPqu75/XL+4ta46ZIqgxHcAyn4MIVNOAOmtACCiN4hhd4tZ6sN+vd+pi3lqxi5hD+wPr8ATSImUs=</latexit>

phase 2

4 ln q t
<latexit sha1_base64="B51emT5k/v8ZN9CUePCPu3rwZzA=">AAACDHicbVDLSsNAFL2pr1pfVZduBovgqiRaUXBTdOOygn1gE8pkMm2HTiZxZiKU0F9w5Va/wp249R/8CP/BSZuF1h64cDjn3su9x485U9q2v6zC0vLK6lpxvbSxubW9U97da6kokYQ2ScQj2fGxopwJ2tRMc9qJJcWhz2nbH11nfvuRSsUicafHMfVCPBCszwjWRrqvuVykDxP3UvfKFbtqT4H+EycnFcjR6JW/3SAiSUiFJhwr1XXsWHsplpoRTiclN1E0xmSEB7RrqMAhVV46vXiCjowSoH4kTQmNpurviRSHSo1D33SGWA/VvJeJC71AZQsXWd1E9y+8lIk40VSQ2Q39hCMdoSwZFDBJieZjQzCRzLyByBBLTLTJr2TycebT+E9aJ1XntHp2W6vUr/KkinAAh3AMDpxDHW6gAU0gIOAZXuDVerLerHfrY9ZasPKZffgD6/MHz2KbzA==</latexit>

`A
2

< t <
`B
2

+
`A
2

<latexit sha1_base64="v3EEiQQjJ74ELqPkISw4jkzuW2k=">AAACOHicbVDLSsNAFJ3UV62vqEs3wSIIQklqRRdd1LpxWcE+oAlhMpm0QyeTMDMRSuiP+Cmu3OofuHMnLtz4BU7aLGrbAwOHc869zD1eTImQpvmhFdbWNza3itulnd29/QP98KgjooQj3EYRjXjPgwJTwnBbEklxL+YYhh7FXW90l/ndJ8wFidijHMfYCeGAkYAgKJXk6jU74BClNqbUvZ2k1Uld1uekZiZdLGZcvWxWzCmMZWLlpAxytFz9x/YjlISYSUShEH3LjKWTQi4JonhSshOBY4hGcID7ijIYYuGk0+smxplSfCOIuHpMGlN1fiKFoRDj0FPJEMqhWPQycaXni2zhKqufyODGSQmLE4kZmv0hSKghIyNr0fAJx0jSsSIQcaLOMNAQqpak6rqk+rEW21gmnWrFuqxcPdTKjWbeVBGcgFNwDixwDRrgHrRAGyDwDF7BG3jXXrRP7Uv7nkULWj5zDP5B+/0DnsGt1A==</latexit>

t = 0
<latexit sha1_base64="BoNw+AKatqYZdx3ULpuLvfbJJHc=">AAACBXicbVDJSgNBEK2JW4xb1KOXxiB4CjMu6EUIevEY0SyQDKGnpydp0rPQXSOEkLMnr/oV3sSr3+FH+A/2JHPQmAcFj/eqiqrnJVJotO0vq7C0vLK6VlwvbWxube+Ud/eaOk4V4w0Wy1i1Paq5FBFvoEDJ24niNPQkb3nDm8xvPXKlRRw94Cjhbkj7kQgEo2ike7yye+WKXbWnIP+Jk5MK5Kj3yt9dP2ZpyCNkkmrdcewE3TFVKJjkk1I31TyhbEj7vGNoREOu3fH01Ak5MopPgliZipBM1d8TYxpqPQo90xlSHOh5LxMXer7OFi6yOikGl+5YREmKPGKzG4JUEoxJFgnxheIM5cgQypQwbxA2oIoyNMGVTD7OfBr/SfOk6pxWz+/OKrXrPKkiHMAhHIMDF1CDW6hDAxj04Rle4NV6st6sd+tj1lqw8pl9+APr8wfj+piJ</latexit>

`A ln q + 4 ln q t
<latexit sha1_base64="imu2yyp6yHMb5Ir8xvS6Woc2ujI=">AAACHnicbZDLSsNAFIYn9VbrLepON4NFEISSaEXBTdWNywr2Ak0Ik8mkHTqZxJmJUELBR3HlVp/CnbjVh/AdnLRdaNsDAx//f85hzu8njEplWd9GYWFxaXmluFpaW9/Y3DK3d5oyTgUmDRyzWLR9JAmjnDQUVYy0E0FQ5DPS8vs3ud96JELSmN+rQULcCHU5DSlGSkueuecQxrwr6DCePQzhMayOyblUnlm2Ktao4CzYEyiDSdU988cJYpxGhCvMkJQd20qUmyGhKGZkWHJSSRKE+6hLOho5ioh0s9ENQ3iolQCGsdCPKzhS/05kKJJyEPm6M0KqJ6e9XJzrBTJfOM/qpCq8cDPKk1QRjsd/CFMGVQzzrGBABcGKDTQgLKg+A+IeEggrnWhJ52NPpzELzZOKfVo5u6uWa9eTpIpgHxyAI2CDc1ADt6AOGgCDJ/ACXsGb8Wy8Gx/G57i1YExmdsG/Mr5+AbtqogA=</latexit>

25

4



Random Unitary Circuits

Operator entanglement dynamics 

Sop
2 (A, ⇢AB) = � ln trA⌦A [trB⌦B |⇢ABih⇢AB |]2 � 2S2(AB)

<latexit sha1_base64="YvMhLINGfgmHY6m0L5EGPDinI1A="></latexit>

phase 3

4 ln q t
<latexit sha1_base64="B51emT5k/v8ZN9CUePCPu3rwZzA=">AAACDHicbVDLSsNAFL2pr1pfVZduBovgqiRaUXBTdOOygn1gE8pkMm2HTiZxZiKU0F9w5Va/wp249R/8CP/BSZuF1h64cDjn3su9x485U9q2v6zC0vLK6lpxvbSxubW9U97da6kokYQ2ScQj2fGxopwJ2tRMc9qJJcWhz2nbH11nfvuRSsUicafHMfVCPBCszwjWRrqvuVykDxP3UvfKFbtqT4H+EycnFcjR6JW/3SAiSUiFJhwr1XXsWHsplpoRTiclN1E0xmSEB7RrqMAhVV46vXiCjowSoH4kTQmNpurviRSHSo1D33SGWA/VvJeJC71AZQsXWd1E9y+8lIk40VSQ2Q39hCMdoSwZFDBJieZjQzCRzLyByBBLTLTJr2TycebT+E9aJ1XntHp2W6vUr/KkinAAh3AMDpxDHW6gAU0gIOAZXuDVerLerHfrY9ZasPKZffgD6/MHz2KbzA==</latexit>

t = 0
<latexit sha1_base64="BoNw+AKatqYZdx3ULpuLvfbJJHc=">AAACBXicbVDJSgNBEK2JW4xb1KOXxiB4CjMu6EUIevEY0SyQDKGnpydp0rPQXSOEkLMnr/oV3sSr3+FH+A/2JHPQmAcFj/eqiqrnJVJotO0vq7C0vLK6VlwvbWxube+Ud/eaOk4V4w0Wy1i1Paq5FBFvoEDJ24niNPQkb3nDm8xvPXKlRRw94Cjhbkj7kQgEo2ike7yye+WKXbWnIP+Jk5MK5Kj3yt9dP2ZpyCNkkmrdcewE3TFVKJjkk1I31TyhbEj7vGNoREOu3fH01Ak5MopPgliZipBM1d8TYxpqPQo90xlSHOh5LxMXer7OFi6yOikGl+5YREmKPGKzG4JUEoxJFgnxheIM5cgQypQwbxA2oIoyNMGVTD7OfBr/SfOk6pxWz+/OKrXrPKkiHMAhHIMDF1CDW6hDAxj04Rle4NV6st6sd+tj1lqw8pl9+APr8wfj+piJ</latexit>

A B CC (23)(14)
<latexit sha1_base64="zdsFbq78Ajmbu9gmvueYQKxrxt0=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbqlaq1ccurlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JgmUY=</latexit>

(13)(24)
<latexit sha1_base64="OiWMwR8ZoNFk/ttFqE3TWeRLcvI=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbolp1YuVevlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JcmUY=</latexit>

(12)(34)
<latexit sha1_base64="/MFLC1P9a7cg/pKUdvJJF+jG26k=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbolp1ou1erlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JZmUY=</latexit>

`A
<latexit sha1_base64="d/PiCMsXDDZCmkNxfso2SoBRgDE=">AAACCHicbVC7TsNAEFzzDOEVoKSxiJCoIpuHoAzQUAaJPKTEis7ndXLkfLbuzkhRlB+gooWvoEO0/AUfwT9wTlxAkpFWGs3srnbHTzhT2nG+raXlldW19cJGcXNre2e3tLffUHEqKdZpzGPZ8olCzgTWNdMcW4lEEvkcm/7gNvObTygVi8WDHiboRaQnWMgo0UZqdJDz7nW3VHYqzgT2PHFzUoYctW7ppxPENI1QaMqJUm3XSbQ3IlIzynFc7KQKE0IHpIdtQwWJUHmjybVj+9gogR3G0pTQ9kT9OzEikVLDyDedEdF9Netl4kIvUNnCRVY71eGVN2IiSTUKOr0hTLmtYztLxQ6YRKr50BBCJTNv2LRPJKHaZFc0+bizacyTxmnFPatc3J+Xqzd5UgU4hCM4ARcuoQp3UIM6UHiEF3iFN+vZerc+rM9p65KVzxzAP1hfv4WUmf8=</latexit>

`B
<latexit sha1_base64="1sojS+TmODUptFVlrKW/zqNjh80=">AAACCHicbVDLSsNAFL3xWeur6tJNsAiuSuIDXZa6cVnBPqANZTK5acdOJmFmIpTSH3DlVr/Cnbj1L/wI/8FJm4W2PXDhcM69l3uPn3CmtON8Wyura+sbm4Wt4vbO7t5+6eCwqeJUUmzQmMey7ROFnAlsaKY5thOJJPI5tvzhbea3nlAqFosHPUrQi0hfsJBRoo3U7CLnvVqvVHYqzhT2InFzUoYc9V7ppxvENI1QaMqJUh3XSbQ3JlIzynFS7KYKE0KHpI8dQwWJUHnj6bUT+9QogR3G0pTQ9lT9OzEmkVKjyDedEdEDNe9l4lIvUNnCZVYn1eGNN2YiSTUKOrshTLmtYztLxQ6YRKr5yBBCJTNv2HRAJKHaZFc0+bjzaSyS5nnFvahc3V+Wq7U8qQIcwwmcgQvXUIU7qEMDKDzCC7zCm/VsvVsf1uesdcXKZ47gH6yvX4czmgA=</latexit>

`B
2

+
`A
4

< t <
`

2
<latexit sha1_base64="cqGO/jcs/Sklrf/GRp3WvsqfATA=">AAACNnicbVDLSsNAFJ3UV62vqEs3g0UQhJLUii66qHXjsoJ9QBPCZDpph04ezEyEEvIffoort/oLbtyJK8FPcNIGrK0HBg7nnHuZe9yIUSEN400rrKyurW8UN0tb2zu7e/r+QUeEMcekjUMW8p6LBGE0IG1JJSO9iBPku4x03fFN5ncfCBc0DO7lJCK2j4YB9ShGUkmOXrU8jnBiEcacZppU07M54TpNamld1n+lLOHoZaNiTAGXiZmTMsjRcvQvaxDi2CeBxAwJ0TeNSNoJ4pJiRtKSFQsSITxGQ9JXNEA+EXYyvS2FJ0oZQC/k6gUSTtX5iQT5Qkx8VyV9JEdi0cvEf72ByBb+Z/Vj6V3ZCQ2iWJIAz/7gxQzKEGYdwgHlBEs2UQRhTtUZEI+Q6kiqpkuqH3OxjWXSqVbM88rFXa3caOZNFcEROAanwASXoAFuQQu0AQaP4Bm8gFftSXvXPrTPWbSg5TOH4A+07x8tfa0i</latexit>

A BC C(12)(34)
<latexit sha1_base64="/MFLC1P9a7cg/pKUdvJJF+jG26k=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbolp1ou1erlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JZmUY=</latexit>

(12)(34)
<latexit sha1_base64="/MFLC1P9a7cg/pKUdvJJF+jG26k=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbolp1ou1erlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JZmUY=</latexit>

<̀latexit sha1_base64="LTuRzG75u9aV/tGaMlEXOx8yUNE=">AAACBnicbVDLSsNAFL2pr1pfVZdugkVwVRIf6LLoxmUF+4A2lMnkph06mYSZiVBC967c6le4E7f+hh/hPzhps9DaAxcO59x7uff4CWdKO86XVVpZXVvfKG9WtrZ3dveq+wdtFaeSYovGPJZdnyjkTGBLM82xm0gkkc+x449vc7/ziFKxWDzoSYJeRIaChYwSnUt95HxQrTl1Zwb7P3ELUoMCzUH1ux/ENI1QaMqJUj3XSbSXEakZ5Tit9FOFCaFjMsSeoYJEqLxsduvUPjFKYIexNCW0PVN/T2QkUmoS+aYzInqkFr1cXOoFKl+4zOqlOrz2MiaSVKOg8xvClNs6tvNM7IBJpJpPDCFUMvOGTUdEEqpNchWTj7uYxn/SPqu75/XL+4ta46ZIqgxHcAyn4MIVNOAOmtACCiN4hhd4tZ6sN+vd+pi3lqxi5hD+wPr8ATSImUs=</latexit>

2(`A + `B) ln q
<latexit sha1_base64="OtgG0/uiznRSVm3tgGanK/Bs1VE=">AAACGnicbVDLSsNAFJ3UV62vqODGTbAIFaEkVdFlrRuXFewDmhAmk0k7dDKJMxOhxP6JK7f6Fe7ErRs/wn9wknahbQ9c7uGce4c7x4spEdI0v7XC0vLK6lpxvbSxubW9o+/utUWUcIRbKKIR73pQYEoYbkkiKe7GHMPQo7jjDW8yv/OIuSARu5ejGDsh7DMSEASlklz9oFaxMaXu9WneGic2ZenD2NXLZtXMYcwTa0rKYIqmq//YfoSSEDOJKBSiZ5mxdFLIJUEUj0t2InAM0RD2cU9RBkMsnDS/f2wcK8U3goirYtLI1b8bKQyFGIWemgyhHIhZLxMXer7IHlxk9RIZXDkpYXEiMUOTG4KEGjIyspwMn3CMJB0pAhEn6hsGGkAOkVRpllQ+1mwa86Rdq1pn1Yu783K9MU2qCA7BEagAC1yCOrgFTdACCDyBF/AK3rRn7V370D4nowVturMP/kH7+gWOj6BX</latexit>
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Random Unitary Circuits

Operator entanglement dynamics 

Sop
2 (A, ⇢AB) = � ln trA⌦A [trB⌦B |⇢ABih⇢AB |]2 � 2S2(AB)

<latexit sha1_base64="YvMhLINGfgmHY6m0L5EGPDinI1A="></latexit>

A BC C(12)(34)
<latexit sha1_base64="/MFLC1P9a7cg/pKUdvJJF+jG26k=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbolp1ou1erlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JZmUY=</latexit>

(12)(34)
<latexit sha1_base64="/MFLC1P9a7cg/pKUdvJJF+jG26k=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbolp1ou1erlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JZmUY=</latexit>

<̀latexit sha1_base64="LTuRzG75u9aV/tGaMlEXOx8yUNE=">AAACBnicbVDLSsNAFL2pr1pfVZdugkVwVRIf6LLoxmUF+4A2lMnkph06mYSZiVBC967c6le4E7f+hh/hPzhps9DaAxcO59x7uff4CWdKO86XVVpZXVvfKG9WtrZ3dveq+wdtFaeSYovGPJZdnyjkTGBLM82xm0gkkc+x449vc7/ziFKxWDzoSYJeRIaChYwSnUt95HxQrTl1Zwb7P3ELUoMCzUH1ux/ENI1QaMqJUj3XSbSXEakZ5Tit9FOFCaFjMsSeoYJEqLxsduvUPjFKYIexNCW0PVN/T2QkUmoS+aYzInqkFr1cXOoFKl+4zOqlOrz2MiaSVKOg8xvClNs6tvNM7IBJpJpPDCFUMvOGTUdEEqpNchWTj7uYxn/SPqu75/XL+4ta46ZIqgxHcAyn4MIVNOAOmtACCiN4hhd4tZ6sN+vd+pi3lqxi5hD+wPr8ATSImUs=</latexit>

phase 4

t = 0
<latexit sha1_base64="BoNw+AKatqYZdx3ULpuLvfbJJHc=">AAACBXicbVDJSgNBEK2JW4xb1KOXxiB4CjMu6EUIevEY0SyQDKGnpydp0rPQXSOEkLMnr/oV3sSr3+FH+A/2JHPQmAcFj/eqiqrnJVJotO0vq7C0vLK6VlwvbWxube+Ud/eaOk4V4w0Wy1i1Paq5FBFvoEDJ24niNPQkb3nDm8xvPXKlRRw94Cjhbkj7kQgEo2ike7yye+WKXbWnIP+Jk5MK5Kj3yt9dP2ZpyCNkkmrdcewE3TFVKJjkk1I31TyhbEj7vGNoREOu3fH01Ak5MopPgliZipBM1d8TYxpqPQo90xlSHOh5LxMXer7OFi6yOikGl+5YREmKPGKzG4JUEoxJFgnxheIM5cgQypQwbxA2oIoyNMGVTD7OfBr/SfOk6pxWz+/OKrXrPKkiHMAhHIMDF1CDW6hDAxj04Rle4NV6st6sd+tj1lqw8pl9+APr8wfj+piJ</latexit>

A B CC (23)(14)
<latexit sha1_base64="zdsFbq78Ajmbu9gmvueYQKxrxt0=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbqlaq1ccurlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JgmUY=</latexit>

(13)(24)
<latexit sha1_base64="OiWMwR8ZoNFk/ttFqE3TWeRLcvI=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbolp1YuVevlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JcmUY=</latexit>

(12)(34)
<latexit sha1_base64="/MFLC1P9a7cg/pKUdvJJF+jG26k=">AAACCnicbVDLTsJAFL31ifhCXbqZSExgQ1rA6JLoxiUm8kigIdPpABOm02ZmakIa/sCVW/0Kd8atP+FH+A9OoQsFTnKTk3Puvbn3eBFnStv2t7WxubW9s5vby+8fHB4dF05O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJnep33miUrFQPOppRN0AjwQbMoK1kbolp1ou1erlQaFoV+w50CpxMlKEDM1B4afvhyQOqNCEY6V6jh1pN8FSM8LpLN+PFY0wmeAR7RkqcECVm8zvnaFLo/hoGEpTQqO5+nciwYFS08AznQHWY7XspeJaz1fpwnVWL9bDGzdhIoo1FWRxwzDmSIcozQX5TFKi+dQQTCQzbyAyxhITbdLLm3yc5TRWSbtacWqVq4d6sXGbJZWDc7iAEjhwDQ24hya0gACHF3iFN+vZerc+rM9F64aVzZzBP1hfv4JZmUY=</latexit>

`A
<latexit sha1_base64="d/PiCMsXDDZCmkNxfso2SoBRgDE=">AAACCHicbVC7TsNAEFzzDOEVoKSxiJCoIpuHoAzQUAaJPKTEis7ndXLkfLbuzkhRlB+gooWvoEO0/AUfwT9wTlxAkpFWGs3srnbHTzhT2nG+raXlldW19cJGcXNre2e3tLffUHEqKdZpzGPZ8olCzgTWNdMcW4lEEvkcm/7gNvObTygVi8WDHiboRaQnWMgo0UZqdJDz7nW3VHYqzgT2PHFzUoYctW7ppxPENI1QaMqJUm3XSbQ3IlIzynFc7KQKE0IHpIdtQwWJUHmjybVj+9gogR3G0pTQ9kT9OzEikVLDyDedEdF9Netl4kIvUNnCRVY71eGVN2IiSTUKOr0hTLmtYztLxQ6YRKr50BBCJTNv2LRPJKHaZFc0+bizacyTxmnFPatc3J+Xqzd5UgU4hCM4ARcuoQp3UIM6UHiEF3iFN+vZerc+rM9p65KVzxzAP1hfv4WUmf8=</latexit>

`B
<latexit sha1_base64="1sojS+TmODUptFVlrKW/zqNjh80=">AAACCHicbVDLSsNAFL3xWeur6tJNsAiuSuIDXZa6cVnBPqANZTK5acdOJmFmIpTSH3DlVr/Cnbj1L/wI/8FJm4W2PXDhcM69l3uPn3CmtON8Wyura+sbm4Wt4vbO7t5+6eCwqeJUUmzQmMey7ROFnAlsaKY5thOJJPI5tvzhbea3nlAqFosHPUrQi0hfsJBRoo3U7CLnvVqvVHYqzhT2InFzUoYc9V7ppxvENI1QaMqJUh3XSbQ3JlIzynFS7KYKE0KHpI8dQwWJUHnj6bUT+9QogR3G0pTQ9lT9OzEmkVKjyDedEdEDNe9l4lIvUNnCZVYn1eGNN2YiSTUKOrshTLmtYztLxQ6YRKr5yBBCJTNv2HRAJKHaZFc0+bjzaSyS5nnFvahc3V+Wq7U8qQIcwwmcgQvXUIU7qEMDKDzCC7zCm/VsvVsf1uesdcXKZ47gH6yvX4czmgA=</latexit>

t > `/2
<latexit sha1_base64="lBmxhnsc5TDYCZXh6Y9jzJkRyUQ=">AAACCnicbVDLSsNAFL2pr1pfVZduBovgqiZV0ZUU3bisYB/QhjKZTNqhk0mYmQgl9A9cudWvcCdu/Qk/wn9w0mahbQ9cOJxz7+Xe48WcKW3b31ZhZXVtfaO4Wdra3tndK+8ftFSUSEKbJOKR7HhYUc4EbWqmOe3EkuLQ47Ttje4yv/1EpWKReNTjmLohHggWMIK1kTr6pkc5P6v1yxW7ak+BFomTkwrkaPTLPz0/IklIhSYcK9V17Fi7KZaaEU4npV6iaIzJCA9o11CBQ6rcdHrvBJ0YxUdBJE0Jjabq34kUh0qNQ890hlgP1byXiUs9X2ULl1ndRAfXbspEnGgqyOyGIOFIRyjLBflMUqL52BBMJDNvIDLEEhNt0iuZfJz5NBZJq1Z1zquXDxeV+m2eVBGO4BhOwYErqMM9NKAJBDi8wCu8Wc/Wu/Vhfc5aC1Y+cwj/YH39Ao6UmoY=</latexit>

2` ln q
<latexit sha1_base64="rM8xzDfqvqIZOeYpMyCqMG0/+Lc=">AAACDnicbVDLSsNAFJ34rPVVdelmsAiuSlIVXRbduKxgH9CEMpnctEMnkzgzEUroP7hyq1/hTtz6C36E/+CkzULbHrhwOOfey73HTzhT2ra/rZXVtfWNzdJWeXtnd2+/cnDYVnEqKbRozGPZ9YkCzgS0NNMcuokEEvkcOv7oNvc7TyAVi8WDHifgRWQgWMgo0UZy6y5wjl0ussdJv1K1a/YUeJE4BamiAs1+5ccNYppGIDTlRKmeYyfay4jUjHKYlN1UQULoiAygZ6ggESgvm948wadGCXAYS1NC46n6dyIjkVLjyDedEdFDNe/l4lIvUPnCZVYv1eG1lzGRpBoEnd0QphzrGOfZ4IBJoJqPDSFUMvMGpkMiCdUmwbLJx5lPY5G06zXnvHZ5f1Ft3BRJldAxOkFnyEFXqIHuUBO1EEUJekGv6M16tt6tD+tz1rpiFTNH6B+sr182M5yM</latexit>

2(`A + `B) ln q
<latexit sha1_base64="OtgG0/uiznRSVm3tgGanK/Bs1VE=">AAACGnicbVDLSsNAFJ3UV62vqODGTbAIFaEkVdFlrRuXFewDmhAmk0k7dDKJMxOhxP6JK7f6Fe7ErRs/wn9wknahbQ9c7uGce4c7x4spEdI0v7XC0vLK6lpxvbSxubW9o+/utUWUcIRbKKIR73pQYEoYbkkiKe7GHMPQo7jjDW8yv/OIuSARu5ejGDsh7DMSEASlklz9oFaxMaXu9WneGic2ZenD2NXLZtXMYcwTa0rKYIqmq//YfoSSEDOJKBSiZ5mxdFLIJUEUj0t2InAM0RD2cU9RBkMsnDS/f2wcK8U3goirYtLI1b8bKQyFGIWemgyhHIhZLxMXer7IHlxk9RIZXDkpYXEiMUOTG4KEGjIyspwMn3CMJB0pAhEn6hsGGkAOkVRpllQ+1mwa86Rdq1pn1Yu783K9MU2qCA7BEagAC1yCOrgFTdACCDyBF/AK3rRn7V370D4nowVturMP/kH7+gWOj6BX</latexit>
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Random Unitary Circuits

Operator entanglement dynamics 

Sop
2 (A, ⇢AB) = � ln trA⌦A [trB⌦B |⇢ABih⇢AB |]2 � 2S2(AB)

<latexit sha1_base64="YvMhLINGfgmHY6m0L5EGPDinI1A="></latexit>

Put together: 

Sop
n=2(A, ⇢AB(t)) = ln q

8
>>>>>>>>><

>>>>>>>>>:

2t t <
`A
2

`A
`A
2

< t <
`B
2

+
`A
4

2`� 4t
`B
2

+
`A
4

< t <
`

2

0
`

2
< t

<latexit sha1_base64="ibZFztplC6gcP5ELhshuMyidxdA="></latexit>

q ! 1
<latexit sha1_base64="YyxAkT89+zqGAM79yvR1X+OwX2Y=">AAACDHicbVDLSsNAFJ34rPVVdelmsAiuSuIDXRbduKxgH9iEMplM2qGTSZy5EUroL7hyq1/hTtz6D36E/+CkzULbHrhwOOfey73HTwTXYNvf1tLyyuraemmjvLm1vbNb2dtv6ThVlDVpLGLV8YlmgkvWBA6CdRLFSOQL1vaHN7nffmJK81jewyhhXkT6koecEjDSw6MLsctlCKNepWrX7AnwPHEKUkUFGr3KjxvENI2YBCqI1l3HTsDLiAJOBRuX3VSzhNAh6bOuoZJETHvZ5OIxPjZKgMNYmZKAJ+rfiYxEWo8i33RGBAZ61svFhV6g84WLrG4K4ZWXcZmkwCSd3hCmAkOM82RwwBWjIEaGEKq4eQPTAVGEgsmvbPJxZtOYJ63TmnNWu7g7r9avi6RK6BAdoRPkoEtUR7eogZqIIole0Ct6s56td+vD+py2LlnFzAH6B+vrF1/hnCQ=</latexit>

t

(`seq)

1
2`A

1
2`�

1
4`A

1
2`

1

Sop
2 (A, ⇢AB(t))

random circuit
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Random Unitary Circuits

Operator entanglement dynamics 

Sop
2 (A, ⇢AB) = � ln trA⌦A [trB⌦B |⇢ABih⇢AB |]2 � 2S2(AB)

<latexit sha1_base64="YvMhLINGfgmHY6m0L5EGPDinI1A="></latexit>

Put together: 

Sop
n=2(A, ⇢AB(t)) = ln q

8
>>>>>>>>><

>>>>>>>>>:

2t t <
`A
2

`A
`A
2

< t <
`B
2

+
`A
4

2`� 4t
`B
2

+
`A
4

< t <
`

2

0
`

2
< t

<latexit sha1_base64="ibZFztplC6gcP5ELhshuMyidxdA="></latexit>

q ! 1
<latexit sha1_base64="YyxAkT89+zqGAM79yvR1X+OwX2Y=">AAACDHicbVDLSsNAFJ34rPVVdelmsAiuSuIDXRbduKxgH9iEMplM2qGTSZy5EUroL7hyq1/hTtz6D36E/+CkzULbHrhwOOfey73HTwTXYNvf1tLyyuraemmjvLm1vbNb2dtv6ThVlDVpLGLV8YlmgkvWBA6CdRLFSOQL1vaHN7nffmJK81jewyhhXkT6koecEjDSw6MLsctlCKNepWrX7AnwPHEKUkUFGr3KjxvENI2YBCqI1l3HTsDLiAJOBRuX3VSzhNAh6bOuoZJETHvZ5OIxPjZKgMNYmZKAJ+rfiYxEWo8i33RGBAZ61svFhV6g84WLrG4K4ZWXcZmkwCSd3hCmAkOM82RwwBWjIEaGEKq4eQPTAVGEgsmvbPJxZtOYJ63TmnNWu7g7r9avi6RK6BAdoRPkoEtUR7eogZqIIole0Ct6s56td+vD+py2LlnFzAH6B+vrF1/hnCQ=</latexit>

t

(`seq)

1
2`A

1
2`�

1
4`A

1
2`

1

Sop
2 (A, ⇢AB(t))

random circuit

Longer plateau than rational CFTs:
✓
`A
2
,
`B
2

◆
⇢

✓
`A
2
,
`B
2

+
`A
4

◆

<latexit sha1_base64="/tr6U4D7SVywtbVyol4Se+TctGw="></latexit>
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Random Unitary Circuits

Operator entanglement dynamics 

Sop
2 (A, ⇢AB) = � ln trA⌦A [trB⌦B |⇢ABih⇢AB |]2 � 2S2(AB)

<latexit sha1_base64="YvMhLINGfgmHY6m0L5EGPDinI1A="></latexit>

Put together: 

Sop
n=2(A, ⇢AB(t)) = ln q

8
>>>>>>>>><

>>>>>>>>>:

2t t <
`A
2

`A
`A
2

< t <
`B
2

+
`A
4

2`� 4t
`B
2

+
`A
4

< t <
`

2

0
`

2
< t

<latexit sha1_base64="ibZFztplC6gcP5ELhshuMyidxdA="></latexit>

q ! 1
<latexit sha1_base64="YyxAkT89+zqGAM79yvR1X+OwX2Y=">AAACDHicbVDLSsNAFJ34rPVVdelmsAiuSuIDXRbduKxgH9iEMplM2qGTSZy5EUroL7hyq1/hTtz6D36E/+CkzULbHrhwOOfey73HTwTXYNvf1tLyyuraemmjvLm1vbNb2dtv6ThVlDVpLGLV8YlmgkvWBA6CdRLFSOQL1vaHN7nffmJK81jewyhhXkT6koecEjDSw6MLsctlCKNepWrX7AnwPHEKUkUFGr3KjxvENI2YBCqI1l3HTsDLiAJOBRuX3VSzhNAh6bOuoZJETHvZ5OIxPjZKgMNYmZKAJ+rfiYxEWo8i33RGBAZ61svFhV6g84WLrG4K4ZWXcZmkwCSd3hCmAkOM82RwwBWjIEaGEKq4eQPTAVGEgsmvbPJxZtOYJ63TmnNWu7g7r9avi6RK6BAdoRPkoEtUR7eogZqIIole0Ct6s56td+vD+py2LlnFzAH6B+vrF1/hnCQ=</latexit>

t

(`seq)

1
2`A

1
2`�

1
4`A

1
2`

1

Sop
2 (A, ⇢AB(t))

random circuit

Longer plateau than rational CFTs:


Can generalize to general.              , same transitions 

✓
`A
2
,
`B
2

◆
⇢

✓
`A
2
,
`B
2

+
`A
4

◆

<latexit sha1_base64="/tr6U4D7SVywtbVyol4Se+TctGw="></latexit>

n,↵ 2 N
<latexit sha1_base64="Su9RABg9sriRH+UCAPQnUTRnJG4=">AAACGXicbVDLSsNAFL2pr1pfUXHlJlgEF1ISH+iy6MaVVLAPaEKZTCbt0MkkzEyEEvolrtzqV7gTt678CP/BSZuFtj0wcDjn3suZ4yeMSmXb30ZpaXllda28XtnY3NreMXf3WjJOBSZNHLNYdHwkCaOcNBVVjHQSQVDkM9L2h7e5334iQtKYP6pRQrwI9TkNKUZKSz3zgJ+6iCUD5FLuRkgNfD+7H/fMql2zJ7DmiVOQKhRo9MwfN4hxGhGuMENSdh07UV6GhKKYkXHFTSVJEB6iPulqylFEpJdN4o+tY60EVhgL/biyJurfjQxFUo4iX0/mCeWsl4sLvUDmBxdZ3VSF115GeZIqwvE0Q5gyS8VWXpMVUEGwYiNNEBZUf8PCAyQQVrrMiu7HmW1jnrTOas557fLholq/KZoqwyEcwQk4cAV1uIMGNAFDBi/wCm/Gs/FufBif09GSUezswz8YX788EaDM</latexit>
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Set up: (reduced density) operator entanglement 


Quenched dynamics for operator entanglement 


1. Two-dimensional rational conformal field theories (CFTs)


2. Random unitary circuits


3. Holographic CFTs (AdS/CFT)


Discussion: a new measure of quantum chaoticity?


Future directions

Outline:
27



Holographic CFTs

Dual to weakly coupled gravity (e.g. Einstein gravity) in AdS


Large central charge, strong coupling (large spectral gap)


Maximum quantum chaos  


Universality of a large class of CFTs

CFTd

AdSd+1

UVIR z

t

x

28

J. Maldacena, S. Shenker, D. Stanford (2015)



Holographic CFTs

Connection between boundary CFT and bulk geometry

Entanglement entropy in AdS/CFT

29



Holographic CFTs

Connection between boundary CFT and bulk geometry


Ryu-Takayanagi (RT) formula: minimal surface area in static states 

Entanglement entropy in AdS/CFT

CFTd

AdSd+1

z

A

 
<latexit sha1_base64="+wYDveOS94X0OOXDp1xDhnN5F2g=">AAACBnicbVDLSsNAFL2pr1pfVZduBovgqiQ+0GXRjcsK9gFtKJPJpB06MwkzE6GE7l251a9wJ279DT/Cf3DSZqG1By4czrn3cu8JEs60cd0vp7Syura+Ud6sbG3v7O5V9w/aOk4VoS0S81h1A6wpZ5K2DDOcdhNFsQg47QTj29zvPFKlWSwfzCShvsBDySJGsMmlfqLZoFpz6+4M6D/xClKDAs1B9bsfxiQVVBrCsdY9z02Mn2FlGOF0WumnmiaYjPGQ9iyVWFDtZ7Nbp+jEKiGKYmVLGjRTf09kWGg9EYHtFNiM9KKXi0u9UOcLl1m91ETXfsZkkhoqyfyGKOXIxCjPBIVMUWL4xBJMFLNvIDLCChNjk6vYfLzFNP6T9lndO69f3l/UGjdFUmU4gmM4BQ+uoAF30IQWEBjBM7zAq/PkvDnvzse8teQUM4fwB87nD0z2mVo=</latexit>

t
<latexit sha1_base64="SZVL1THM32cCo1JhsYV0RSNOqDE=">AAACA3icbVDJSgNBEK2JW4xb1KOXxiB4CjMu6DHoxWMCZoFkCD09NUmTnoXuHiGEHD151a/wJl79ED/Cf7AnmYMmeVDweK+qqHpeIrjStv1tFdbWNza3itulnd29/YPy4VFLxalk2GSxiGXHowoFj7CpuRbYSSTS0BPY9kb3md9+Qql4HD3qcYJuSAcRDzij2kgN3S9X7Ko9A1kmTk4qkKPeL//0/JilIUaaCapU17ET7U6o1JwJnJZ6qcKEshEdYNfQiIao3Mns0Ck5M4pPgliaijSZqX8nJjRUahx6pjOkeqgWvUxc6fkqW7jK6qY6uHUnPEpSjRGb3xCkguiYZIEQn0tkWowNoUxy8wZhQyop0ya2ksnHWUxjmbQuqs5l9bpxVand5UkV4QRO4RwcuIEaPEAdmsAA4QVe4c16tt6tD+tz3lqw8plj+Afr6xfoE5gI</latexit>
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Holographic CFTs

Connection between boundary CFT and bulk geometry


Ryu-Takayanagi (RT) formula: minimal surface area in static states 


Hubeny-Ragamani-Takayanagi (HRT): extremal surface in dynamical states

Entanglement entropy in AdS/CFT

CFTd

AdSd+1

z

A

CFTd

AdSd+1

z

A
 

<latexit sha1_base64="+wYDveOS94X0OOXDp1xDhnN5F2g=">AAACBnicbVDLSsNAFL2pr1pfVZduBovgqiQ+0GXRjcsK9gFtKJPJpB06MwkzE6GE7l251a9wJ279DT/Cf3DSZqG1By4czrn3cu8JEs60cd0vp7Syura+Ud6sbG3v7O5V9w/aOk4VoS0S81h1A6wpZ5K2DDOcdhNFsQg47QTj29zvPFKlWSwfzCShvsBDySJGsMmlfqLZoFpz6+4M6D/xClKDAs1B9bsfxiQVVBrCsdY9z02Mn2FlGOF0WumnmiaYjPGQ9iyVWFDtZ7Nbp+jEKiGKYmVLGjRTf09kWGg9EYHtFNiM9KKXi0u9UOcLl1m91ETXfsZkkhoqyfyGKOXIxCjPBIVMUWL4xBJMFLNvIDLCChNjk6vYfLzFNP6T9lndO69f3l/UGjdFUmU4gmM4BQ+uoAF30IQWEBjBM7zAq/PkvDnvzse8teQUM4fwB87nD0z2mVo=</latexit>

t
<latexit sha1_base64="SZVL1THM32cCo1JhsYV0RSNOqDE=">AAACA3icbVDJSgNBEK2JW4xb1KOXxiB4CjMu6DHoxWMCZoFkCD09NUmTnoXuHiGEHD151a/wJl79ED/Cf7AnmYMmeVDweK+qqHpeIrjStv1tFdbWNza3itulnd29/YPy4VFLxalk2GSxiGXHowoFj7CpuRbYSSTS0BPY9kb3md9+Qql4HD3qcYJuSAcRDzij2kgN3S9X7Ko9A1kmTk4qkKPeL//0/JilIUaaCapU17ET7U6o1JwJnJZ6qcKEshEdYNfQiIao3Mns0Ck5M4pPgliaijSZqX8nJjRUahx6pjOkeqgWvUxc6fkqW7jK6qY6uHUnPEpSjRGb3xCkguiYZIEQn0tkWowNoUxy8wZhQyop0ya2ksnHWUxjmbQuqs5l9bpxVand5UkV4QRO4RwcuIEaPEAdmsAA4QVe4c16tt6tD+tz3lqw8plj+Afr6xfoE5gI</latexit> t

<latexit sha1_base64="SZVL1THM32cCo1JhsYV0RSNOqDE=">AAACA3icbVDJSgNBEK2JW4xb1KOXxiB4CjMu6DHoxWMCZoFkCD09NUmTnoXuHiGEHD151a/wJl79ED/Cf7AnmYMmeVDweK+qqHpeIrjStv1tFdbWNza3itulnd29/YPy4VFLxalk2GSxiGXHowoFj7CpuRbYSSTS0BPY9kb3md9+Qql4HD3qcYJuSAcRDzij2kgN3S9X7Ko9A1kmTk4qkKPeL//0/JilIUaaCapU17ET7U6o1JwJnJZ6qcKEshEdYNfQiIao3Mns0Ck5M4pPgliaijSZqX8nJjRUahx6pjOkeqgWvUxc6fkqW7jK6qY6uHUnPEpSjRGb3xCkguiYZIEQn0tkWowNoUxy8wZhQyop0ya2ksnHWUxjmbQuqs5l9bpxVand5UkV4QRO4RwcuIEaPEAdmsAA4QVe4c16tt6tD+tz3lqw8plj+Afr6xfoE5gI</latexit>

 
<latexit sha1_base64="+wYDveOS94X0OOXDp1xDhnN5F2g=">AAACBnicbVDLSsNAFL2pr1pfVZduBovgqiQ+0GXRjcsK9gFtKJPJpB06MwkzE6GE7l251a9wJ279DT/Cf3DSZqG1By4czrn3cu8JEs60cd0vp7Syura+Ud6sbG3v7O5V9w/aOk4VoS0S81h1A6wpZ5K2DDOcdhNFsQg47QTj29zvPFKlWSwfzCShvsBDySJGsMmlfqLZoFpz6+4M6D/xClKDAs1B9bsfxiQVVBrCsdY9z02Mn2FlGOF0WumnmiaYjPGQ9iyVWFDtZ7Nbp+jEKiGKYmVLGjRTf09kWGg9EYHtFNiM9KKXi0u9UOcLl1m91ETXfsZkkhoqyfyGKOXIxCjPBIVMUWL4xBJMFLNvIDLCChNjk6vYfLzFNP6T9lndO69f3l/UGjdFUmU4gmM4BQ+uoAF30IQWEBjBM7zAq/PkvDnvzse8teQUM4fwB87nD0z2mVo=</latexit>
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Holographic CFTs

Operator entanglement entropy: Sop
ent(A, ⇢AB) = lim

n!1
Sop
n (A, ⇢AB)

<latexit sha1_base64="5ozPd7dJ/pbPAnm3plLk04l1Iwc="></latexit>
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Holographic CFTs

Operator entanglement entropy: Sop
ent(A, ⇢AB) = lim

n!1
Sop
n (A, ⇢AB)

<latexit sha1_base64="5ozPd7dJ/pbPAnm3plLk04l1Iwc="></latexit>

Assume: the original state       has a smooth bulk geometry| i
<latexit sha1_base64="fJ9agQy6/TauXQf4eHQpZ9pHI4Y=">AAACDnicbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLoxmUF+4AmlMnkph06mYSZiVBi/8GVW/0Kd+LWX/Aj/AcnbRba9sCFwzn3Xu49fsKZ0rb9bZVWVtfWN8qbla3tnd296v5BW8WppNCiMY9l1ycKOBPQ0kxz6CYSSORz6Pij29zvPIJULBYPepyAF5GBYCGjRBvJfXITxVxJxIBDv1qz6/YUeJE4BamhAs1+9ccNYppGIDTlRKmeYyfay4jUjHKYVNxUQULoiAygZ6ggESgvm948wSdGCXAYS1NC46n6dyIjkVLjyDedEdFDNe/l4lIvUPnCZVYv1eG1lzGRpBoEnd0QphzrGOfZ4IBJoJqPDSFUMvMGpkMiCdUmwYrJx5lPY5G0z+rOef3y/qLWuCmSKqMjdIxOkYOuUAPdoSZqIYoS9IJe0Zv1bL1bH9bnrLVkFTOH6B+sr1/vVZz7</latexit>

| i
<latexit sha1_base64="fJ9agQy6/TauXQf4eHQpZ9pHI4Y=">AAACDnicbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLoxmUF+4AmlMnkph06mYSZiVBi/8GVW/0Kd+LWX/Aj/AcnbRba9sCFwzn3Xu49fsKZ0rb9bZVWVtfWN8qbla3tnd296v5BW8WppNCiMY9l1ycKOBPQ0kxz6CYSSORz6Pij29zvPIJULBYPepyAF5GBYCGjRBvJfXITxVxJxIBDv1qz6/YUeJE4BamhAs1+9ccNYppGIDTlRKmeYyfay4jUjHKYVNxUQULoiAygZ6ggESgvm948wSdGCXAYS1NC46n6dyIjkVLjyDedEdFDNe/l4lIvUPnCZVYv1eG1lzGRpBoEnd0QphzrGOfZ4IBJoJqPDSFUMvMGpkMiCdUmwYrJx5lPY5G0z+rOef3y/qLWuCmSKqMjdIxOkYOuUAPdoSZqIYoS9IJe0Zv1bL1bH9bnrLVkFTOH6B+sr1/vVZz7</latexit>

z
<latexit sha1_base64="5kFRLYnJFVsHyAugXLQYlDGcReA=">AAACA3icbVC7TsNAEFzzDOEVoKSxiJCoIpuHoIygoUwk8pASKzqf18kp57N1d0YKUUoqWvgKOkTLh/AR/APnxAUkGWml0czuanf8hDOlHefbWlldW9/YLGwVt3d29/ZLB4dNFaeSYoPGPJZtnyjkTGBDM82xnUgkkc+x5Q/vMr/1iFKxWDzoUYJeRPqChYwSbaT6U69UdirOFPYicXNShhy1XumnG8Q0jVBoyolSHddJtDcmUjPKcVLspgoTQoekjx1DBYlQeePpoRP71CiBHcbSlND2VP07MSaRUqPIN50R0QM172XiUi9Q2cJlVifV4Y03ZiJJNQo6uyFMua1jOwvEDphEqvnIEEIlM2/YdEAkodrEVjT5uPNpLJLmecW9qFzVL8vV2zypAhzDCZyBC9dQhXuoQQMoILzAK7xZz9a79WF9zlpXrHzmCP7B+voF8c2YDg==</latexit>

A B CC
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Holographic CFTs

Operator entanglement entropy: Sop
ent(A, ⇢AB) = lim

n!1
Sop
n (A, ⇢AB)

<latexit sha1_base64="5ozPd7dJ/pbPAnm3plLk04l1Iwc="></latexit>

Assume: the original state       has a smooth bulk geometry


Construct the bulk dual of the corresponding operator state 

| i
<latexit sha1_base64="fJ9agQy6/TauXQf4eHQpZ9pHI4Y=">AAACDnicbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLoxmUF+4AmlMnkph06mYSZiVBi/8GVW/0Kd+LWX/Aj/AcnbRba9sCFwzn3Xu49fsKZ0rb9bZVWVtfWN8qbla3tnd296v5BW8WppNCiMY9l1ycKOBPQ0kxz6CYSSORz6Pij29zvPIJULBYPepyAF5GBYCGjRBvJfXITxVxJxIBDv1qz6/YUeJE4BamhAs1+9ccNYppGIDTlRKmeYyfay4jUjHKYVNxUQULoiAygZ6ggESgvm948wSdGCXAYS1NC46n6dyIjkVLjyDedEdFDNe/l4lIvUPnCZVYv1eG1lzGRpBoEnd0QphzrGOfZ4IBJoJqPDSFUMvMGpkMiCdUmwYrJx5lPY5G0z+rOef3y/qLWuCmSKqMjdIxOkYOuUAPdoSZqIYoS9IJe0Zv1bL1bH9bnrLVkFTOH6B+sr1/vVZz7</latexit>

|⇢ABi
<latexit sha1_base64="21/NGd6wniGxgncf4eA6TThKD8I=">AAACFXicbVC7TsMwFHXKq5RXCiNLRIXEVCU8BGMpC2OR6ENqoshxnNaqY0e2A6pCv4OJFb6CDbEy8xH8A06bAdoe6UpH59x7de8JEkqksu1vo7Syura+Ud6sbG3v7O6Z1f2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6yf3uAxaScHavxgn2YjhgJCIIKi35ZvXJFUPuZ9fNiSsgG1DsmzW7bk9hLRKnIDVQoOWbP27IURpjphCFUvYdO1FeBoUiiOJJxU0lTiAawQHua8pgjKWXTU+fWMdaCa2IC11MWVP170QGYynHcaA7Y6iGct7LxaVeKPOFy6x+qqIrLyMsSRVmaHZDlFJLcSuPyAqJwEjRsSYQCaLfsNAQCoiUDrKi83Hm01gkndO6c1a/uDuvNZpFUmVwCI7ACXDAJWiAW9ACbYDAI3gBr+DNeDbejQ/jc9ZaMoqZA/APxtcvOw6fNQ==</latexit>

| i
<latexit sha1_base64="fJ9agQy6/TauXQf4eHQpZ9pHI4Y=">AAACDnicbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLoxmUF+4AmlMnkph06mYSZiVBi/8GVW/0Kd+LWX/Aj/AcnbRba9sCFwzn3Xu49fsKZ0rb9bZVWVtfWN8qbla3tnd296v5BW8WppNCiMY9l1ycKOBPQ0kxz6CYSSORz6Pij29zvPIJULBYPepyAF5GBYCGjRBvJfXITxVxJxIBDv1qz6/YUeJE4BamhAs1+9ccNYppGIDTlRKmeYyfay4jUjHKYVNxUQULoiAygZ6ggESgvm948wSdGCXAYS1NC46n6dyIjkVLjyDedEdFDNe/l4lIvUPnCZVYv1eG1lzGRpBoEnd0QphzrGOfZ4IBJoJqPDSFUMvMGpkMiCdUmwYrJx5lPY5G0z+rOef3y/qLWuCmSKqMjdIxOkYOuUAPdoSZqIYoS9IJe0Zv1bL1bH9bnrLVkFTOH6B+sr1/vVZz7</latexit>

z
<latexit sha1_base64="5kFRLYnJFVsHyAugXLQYlDGcReA=">AAACA3icbVC7TsNAEFzzDOEVoKSxiJCoIpuHoIygoUwk8pASKzqf18kp57N1d0YKUUoqWvgKOkTLh/AR/APnxAUkGWml0czuanf8hDOlHefbWlldW9/YLGwVt3d29/ZLB4dNFaeSYoPGPJZtnyjkTGBDM82xnUgkkc+x5Q/vMr/1iFKxWDzoUYJeRPqChYwSbaT6U69UdirOFPYicXNShhy1XumnG8Q0jVBoyolSHddJtDcmUjPKcVLspgoTQoekjx1DBYlQeePpoRP71CiBHcbSlND2VP07MSaRUqPIN50R0QM172XiUi9Q2cJlVifV4Y03ZiJJNQo6uyFMua1jOwvEDphEqvnIEEIlM2/YdEAkodrEVjT5uPNpLJLmecW9qFzVL8vV2zypAhzDCZyBC9dQhXuoQQMoILzAK7xZz9a79WF9zlpXrHzmCP7B+voF8c2YDg==</latexit>

A B CC

A’ B’

A B

|⇢ABi =?
<latexit sha1_base64="4wfI/JuollPVGD2gizugHvZ1mOk=">AAACGHicbVC7TsMwFHXKq5RXeGwsFhUSU5XwECyIUhbGItGH1ESR4zitVceJbAephP4IEyt8BRtiZeMj+AectgO0PdKVjs659+re4yeMSmVZ30ZhYXFpeaW4Wlpb39jcMrd3mjJOBSYNHLNYtH0kCaOcNBRVjLQTQVDkM9Ly+ze533ogQtKY36tBQtwIdTkNKUZKS5659+SIXuxl17WhIxDvMgIvrzyzbFWsEeAssSekDCaoe+aPE8Q4jQhXmCEpO7aVKDdDQlHMyLDkpJIkCPdRl3Q05Sgi0s1G1w/hoVYCGMZCF1dwpP6dyFAk5SDydWeEVE9Oe7k41wtkvnCe1UlVeOFmlCepIhyPbwhTBlUM85RgQAXBig00QVhQ/QbEPSQQVjrLks7Hnk5jljSPK/ZJ5ezutFytTZIqgn1wAI6ADc5BFdyCOmgADB7BC3gFb8az8W58GJ/j1oIxmdkF/2B8/QK8rp/v</latexit>
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Holographic CFTs

Operator entanglement entropy: Sop
ent(A, ⇢AB) = lim

n!1
Sop
n (A, ⇢AB)

<latexit sha1_base64="5ozPd7dJ/pbPAnm3plLk04l1Iwc="></latexit>

Assume: the original state       has a smooth bulk geometry


Construct the bulk dual of the corresponding operator state 


Apply RT/HRT formula on the bulk geometry of 

| i
<latexit sha1_base64="fJ9agQy6/TauXQf4eHQpZ9pHI4Y=">AAACDnicbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLoxmUF+4AmlMnkph06mYSZiVBi/8GVW/0Kd+LWX/Aj/AcnbRba9sCFwzn3Xu49fsKZ0rb9bZVWVtfWN8qbla3tnd296v5BW8WppNCiMY9l1ycKOBPQ0kxz6CYSSORz6Pij29zvPIJULBYPepyAF5GBYCGjRBvJfXITxVxJxIBDv1qz6/YUeJE4BamhAs1+9ccNYppGIDTlRKmeYyfay4jUjHKYVNxUQULoiAygZ6ggESgvm948wSdGCXAYS1NC46n6dyIjkVLjyDedEdFDNe/l4lIvUPnCZVYv1eG1lzGRpBoEnd0QphzrGOfZ4IBJoJqPDSFUMvMGpkMiCdUmwYrJx5lPY5G0z+rOef3y/qLWuCmSKqMjdIxOkYOuUAPdoSZqIYoS9IJe0Zv1bL1bH9bnrLVkFTOH6B+sr1/vVZz7</latexit>

|⇢ABi
<latexit sha1_base64="21/NGd6wniGxgncf4eA6TThKD8I=">AAACFXicbVC7TsMwFHXKq5RXCiNLRIXEVCU8BGMpC2OR6ENqoshxnNaqY0e2A6pCv4OJFb6CDbEy8xH8A06bAdoe6UpH59x7de8JEkqksu1vo7Syura+Ud6sbG3v7O6Z1f2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6yf3uAxaScHavxgn2YjhgJCIIKi35ZvXJFUPuZ9fNiSsgG1DsmzW7bk9hLRKnIDVQoOWbP27IURpjphCFUvYdO1FeBoUiiOJJxU0lTiAawQHua8pgjKWXTU+fWMdaCa2IC11MWVP170QGYynHcaA7Y6iGct7LxaVeKPOFy6x+qqIrLyMsSRVmaHZDlFJLcSuPyAqJwEjRsSYQCaLfsNAQCoiUDrKi83Hm01gkndO6c1a/uDuvNZpFUmVwCI7ACXDAJWiAW9ACbYDAI3gBr+DNeDbejQ/jc9ZaMoqZA/APxtcvOw6fNQ==</latexit>

|⇢ABi
<latexit sha1_base64="21/NGd6wniGxgncf4eA6TThKD8I=">AAACFXicbVC7TsMwFHXKq5RXCiNLRIXEVCU8BGMpC2OR6ENqoshxnNaqY0e2A6pCv4OJFb6CDbEy8xH8A06bAdoe6UpH59x7de8JEkqksu1vo7Syura+Ud6sbG3v7O6Z1f2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6yf3uAxaScHavxgn2YjhgJCIIKi35ZvXJFUPuZ9fNiSsgG1DsmzW7bk9hLRKnIDVQoOWbP27IURpjphCFUvYdO1FeBoUiiOJJxU0lTiAawQHua8pgjKWXTU+fWMdaCa2IC11MWVP170QGYynHcaA7Y6iGct7LxaVeKPOFy6x+qqIrLyMsSRVmaHZDlFJLcSuPyAqJwEjRsSYQCaLfsNAQCoiUDrKi83Hm01gkndO6c1a/uDuvNZpFUmVwCI7ACXDAJWiAW9ACbYDAI3gBr+DNeDbejQ/jc9ZaMoqZA/APxtcvOw6fNQ==</latexit>

| i
<latexit sha1_base64="fJ9agQy6/TauXQf4eHQpZ9pHI4Y=">AAACDnicbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLoxmUF+4AmlMnkph06mYSZiVBi/8GVW/0Kd+LWX/Aj/AcnbRba9sCFwzn3Xu49fsKZ0rb9bZVWVtfWN8qbla3tnd296v5BW8WppNCiMY9l1ycKOBPQ0kxz6CYSSORz6Pij29zvPIJULBYPepyAF5GBYCGjRBvJfXITxVxJxIBDv1qz6/YUeJE4BamhAs1+9ccNYppGIDTlRKmeYyfay4jUjHKYVNxUQULoiAygZ6ggESgvm948wSdGCXAYS1NC46n6dyIjkVLjyDedEdFDNe/l4lIvUPnCZVYv1eG1lzGRpBoEnd0QphzrGOfZ4IBJoJqPDSFUMvMGpkMiCdUmwYrJx5lPY5G0z+rOef3y/qLWuCmSKqMjdIxOkYOuUAPdoSZqIYoS9IJe0Zv1bL1bH9bnrLVkFTOH6B+sr1/vVZz7</latexit>

z
<latexit sha1_base64="5kFRLYnJFVsHyAugXLQYlDGcReA=">AAACA3icbVC7TsNAEFzzDOEVoKSxiJCoIpuHoIygoUwk8pASKzqf18kp57N1d0YKUUoqWvgKOkTLh/AR/APnxAUkGWml0czuanf8hDOlHefbWlldW9/YLGwVt3d29/ZLB4dNFaeSYoPGPJZtnyjkTGBDM82xnUgkkc+x5Q/vMr/1iFKxWDzoUYJeRPqChYwSbaT6U69UdirOFPYicXNShhy1XumnG8Q0jVBoyolSHddJtDcmUjPKcVLspgoTQoekjx1DBYlQeePpoRP71CiBHcbSlND2VP07MSaRUqPIN50R0QM172XiUi9Q2cJlVifV4Y03ZiJJNQo6uyFMua1jOwvEDphEqvnIEEIlM2/YdEAkodrEVjT5uPNpLJLmecW9qFzVL8vV2zypAhzDCZyBC9dQhXuoQQMoILzAK7xZz9a79WF9zlpXrHzmCP7B+voF8c2YDg==</latexit>

A B CC

A’ B’

A B

|⇢ABi =?
<latexit sha1_base64="4wfI/JuollPVGD2gizugHvZ1mOk=">AAACGHicbVC7TsMwFHXKq5RXeGwsFhUSU5XwECyIUhbGItGH1ESR4zitVceJbAephP4IEyt8BRtiZeMj+AectgO0PdKVjs659+re4yeMSmVZ30ZhYXFpeaW4Wlpb39jcMrd3mjJOBSYNHLNYtH0kCaOcNBRVjLQTQVDkM9Ly+ze533ogQtKY36tBQtwIdTkNKUZKS5659+SIXuxl17WhIxDvMgIvrzyzbFWsEeAssSekDCaoe+aPE8Q4jQhXmCEpO7aVKDdDQlHMyLDkpJIkCPdRl3Q05Sgi0s1G1w/hoVYCGMZCF1dwpP6dyFAk5SDydWeEVE9Oe7k41wtkvnCe1UlVeOFmlCepIhyPbwhTBlUM85RgQAXBig00QVhQ/QbEPSQQVjrLks7Hnk5jljSPK/ZJ5ezutFytTZIqgn1wAI6ADc5BFdyCOmgADB7BC3gFb8az8W58GJ/j1oIxmdkF/2B8/QK8rp/v</latexit>

A’ B’

A B

? |⇢ABi
<latexit sha1_base64="qWBSd5nkZt1yWcdn9aiCiYV6FIY=">AAACFnicbVC7TsMwFHXKq5RXKCOLRYXEVCU8BGMpC2OR6ENqoshxnNaq40S2g6hC/4OJFb6CDbGy8hH8A06bAdoe6UpH59x7de/xE0alsqxvo7Syura+Ud6sbG3v7O6Z+9WOjFOBSRvHLBY9H0nCKCdtRRUjvUQQFPmMdP3RTe53H4iQNOb3apwQN0IDTkOKkdKSZ1afHDGMvey6OXEE4gNGoGfWrLo1BVwkdkFqoEDLM3+cIMZpRLjCDEnZt61EuRkSimJGJhUnlSRBeIQGpK8pRxGRbja9fQKPtRLAMBa6uIJT9e9EhiIpx5GvOyOkhnLey8WlXiDzhcusfqrCKzejPEkV4Xh2Q5gyqGKYZwQDKghWbKwJwoLqNyAeIoGw0klWdD72fBqLpHNat8/qF3fntUazSKoMDsEROAE2uAQNcAtaoA0weAQv4BW8Gc/Gu/FhfM5aS0YxcwD+wfj6BZr8n18=</latexit>

RT/HRT

RT/HRT
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Holographic CFTs

Bulk dual of operator state |⇢ABi
<latexit sha1_base64="21/NGd6wniGxgncf4eA6TThKD8I=">AAACFXicbVC7TsMwFHXKq5RXCiNLRIXEVCU8BGMpC2OR6ENqoshxnNaqY0e2A6pCv4OJFb6CDbEy8xH8A06bAdoe6UpH59x7de8JEkqksu1vo7Syura+Ud6sbG3v7O6Z1f2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6yf3uAxaScHavxgn2YjhgJCIIKi35ZvXJFUPuZ9fNiSsgG1DsmzW7bk9hLRKnIDVQoOWbP27IURpjphCFUvYdO1FeBoUiiOJJxU0lTiAawQHua8pgjKWXTU+fWMdaCa2IC11MWVP170QGYynHcaA7Y6iGct7LxaVeKPOFy6x+qqIrLyMsSRVmaHZDlFJLcSuPyAqJwEjRsSYQCaLfsNAQCoiUDrKi83Hm01gkndO6c1a/uDuvNZpFUmVwCI7ACXDAJWiAW9ACbYDAI3gBr+DNeDbejQ/jc9ZaMoqZA/APxtcvOw6fNQ==</latexit>
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Holographic CFTs

Bulk dual of operator state |⇢ABi
<latexit sha1_base64="21/NGd6wniGxgncf4eA6TThKD8I=">AAACFXicbVC7TsMwFHXKq5RXCiNLRIXEVCU8BGMpC2OR6ENqoshxnNaqY0e2A6pCv4OJFb6CDbEy8xH8A06bAdoe6UpH59x7de8JEkqksu1vo7Syura+Ud6sbG3v7O6Z1f2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6yf3uAxaScHavxgn2YjhgJCIIKi35ZvXJFUPuZ9fNiSsgG1DsmzW7bk9hLRKnIDVQoOWbP27IURpjphCFUvYdO1FeBoUiiOJJxU0lTiAawQHua8pgjKWXTU+fWMdaCa2IC11MWVP170QGYynHcaA7Y6iGct7LxaVeKPOFy6x+qqIrLyMsSRVmaHZDlFJLcSuPyAqJwEjRsSYQCaLfsNAQCoiUDrKi83Hm01gkndO6c1a/uDuvNZpFUmVwCI7ACXDAJWiAW9ACbYDAI3gBr+DNeDbejQ/jc9ZaMoqZA/APxtcvOw6fNQ==</latexit>

Computing the norm: N = h⇢AB |⇢ABi = tr⇢2AB
<latexit sha1_base64="Zk2ec/XxjqplypiVDLVVI2NNo+E="></latexit>
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Holographic CFTs

Bulk dual of operator state |⇢ABi
<latexit sha1_base64="21/NGd6wniGxgncf4eA6TThKD8I=">AAACFXicbVC7TsMwFHXKq5RXCiNLRIXEVCU8BGMpC2OR6ENqoshxnNaqY0e2A6pCv4OJFb6CDbEy8xH8A06bAdoe6UpH59x7de8JEkqksu1vo7Syura+Ud6sbG3v7O6Z1f2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6yf3uAxaScHavxgn2YjhgJCIIKi35ZvXJFUPuZ9fNiSsgG1DsmzW7bk9hLRKnIDVQoOWbP27IURpjphCFUvYdO1FeBoUiiOJJxU0lTiAawQHua8pgjKWXTU+fWMdaCa2IC11MWVP170QGYynHcaA7Y6iGct7LxaVeKPOFy6x+qqIrLyMsSRVmaHZDlFJLcSuPyAqJwEjRsSYQCaLfsNAQCoiUDrKi83Hm01gkndO6c1a/uDuvNZpFUmVwCI7ACXDAJWiAW9ACbYDAI3gBr+DNeDbejQ/jc9ZaMoqZA/APxtcvOw6fNQ==</latexit>

Computing the norm: 


Boundary euclidean path-integral 

AB

A’B’

C C

AB

A’B’

C C

|⇢ABi
<latexit sha1_base64="hCOXTgjS0p88aJTQdG5r68bLHZE=">AAACaHicdZHLTgIxFIY74w3xBrowxs0EYuKKzKCJ7kTcuMRELglDSKdzgIZOO2k7GjLyKG71mXwFn8IOsBDBkzT58/3npKd/g5hRpV33y7I3Nre2d3K7+b39g8OjQvG4pUQiCTSJYEJ2AqyAUQ5NTTWDTiwBRwGDdjB+yPz2C0hFBX/Wkxh6ER5yOqAEa4P6heKbL0ein97Xp77EfMigXyi7FXdWzqrwFqKMFtXoF607PxQkiYBrwrBSXc+NdS/FUlPCYJr3EwUxJmM8hK6RHEegeuls96lzYUjoDIQ0h2tnRn9PpEEQma4I65Fa4jhSahIF/3kZXOuFKrtoraXM9iMI13oZ0UIwtc7tJnpw20spjxMNnMxfNUiYo4WTpe6EVALRbGIEJpKaYBwywhITbf4mbyL3/ga8KlrVindVqT5dl2v1Rfg5dI5K6BJ56AbV0CNqoCYi6BW9ow/0aX3bBfvUPpu32tZi5gQtlV36Acxqu6Q=</latexit>

h⇢AB |
<latexit sha1_base64="HiJUptv+pbutuXPxNNXwwctArGw=">AAACaHicdZHLTgIxFIY74w3xBrowxs0EYuKKzKCJ7kTcuMRELglDSKdzgIZOO2k7GjLyKG71mXwFn8IOsBDBkzT58/3npKd/g5hRpV33y7I3Nre2d3K7+b39g8OjQvG4pUQiCTSJYEJ2AqyAUQ5NTTWDTiwBRwGDdjB+yPz2C0hFBX/Wkxh6ER5yOqAEa4P6haLPMB8y8OVI9NP7+vStXyi7FXdWzqrwFqKMFtXoF607PxQkiYBrwrBSXc+NdS/FUlPCYJr3EwUxJmM8hK6RHEegeuls96lzYUjoDIQ0h2tnRn9PpEEQma4I65Fa4jhSahIF/3kZXOuFKrtoraXM9iMI13oZ0UIwtc7tJnpw20spjxMNnMxfNUiYo4WTpe6EVALRbGIEJpKaYBwywhITbf4mbyL3/ga8KlrVindVqT5dl2v1Rfg5dI5K6BJ56AbV0CNqoCYi6BW9ow/0aX3bBfvUPpu32tZi5gQtlV36Ab/8u54=</latexit>

N = h⇢AB |⇢ABi = tr⇢2AB
<latexit sha1_base64="Zk2ec/XxjqplypiVDLVVI2NNo+E="></latexit>
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Holographic CFTs

Bulk dual of operator state |⇢ABi
<latexit sha1_base64="21/NGd6wniGxgncf4eA6TThKD8I=">AAACFXicbVC7TsMwFHXKq5RXCiNLRIXEVCU8BGMpC2OR6ENqoshxnNaqY0e2A6pCv4OJFb6CDbEy8xH8A06bAdoe6UpH59x7de8JEkqksu1vo7Syura+Ud6sbG3v7O6Z1f2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6yf3uAxaScHavxgn2YjhgJCIIKi35ZvXJFUPuZ9fNiSsgG1DsmzW7bk9hLRKnIDVQoOWbP27IURpjphCFUvYdO1FeBoUiiOJJxU0lTiAawQHua8pgjKWXTU+fWMdaCa2IC11MWVP170QGYynHcaA7Y6iGct7LxaVeKPOFy6x+qqIrLyMsSRVmaHZDlFJLcSuPyAqJwEjRsSYQCaLfsNAQCoiUDrKi83Hm01gkndO6c1a/uDuvNZpFUmVwCI7ACXDAJWiAW9ACbYDAI3gBr+DNeDbejQ/jc9ZaMoqZA/APxtcvOw6fNQ==</latexit>

Computing the norm: 


Boundary euclidean path-integral 


Extend into bulk euclidean path-integral, saddle geometry

AB

A’B’

C C

AB

A’B’

C C

|⇢ABi
<latexit sha1_base64="hCOXTgjS0p88aJTQdG5r68bLHZE=">AAACaHicdZHLTgIxFIY74w3xBrowxs0EYuKKzKCJ7kTcuMRELglDSKdzgIZOO2k7GjLyKG71mXwFn8IOsBDBkzT58/3npKd/g5hRpV33y7I3Nre2d3K7+b39g8OjQvG4pUQiCTSJYEJ2AqyAUQ5NTTWDTiwBRwGDdjB+yPz2C0hFBX/Wkxh6ER5yOqAEa4P6heKbL0ein97Xp77EfMigXyi7FXdWzqrwFqKMFtXoF607PxQkiYBrwrBSXc+NdS/FUlPCYJr3EwUxJmM8hK6RHEegeuls96lzYUjoDIQ0h2tnRn9PpEEQma4I65Fa4jhSahIF/3kZXOuFKrtoraXM9iMI13oZ0UIwtc7tJnpw20spjxMNnMxfNUiYo4WTpe6EVALRbGIEJpKaYBwywhITbf4mbyL3/ga8KlrVindVqT5dl2v1Rfg5dI5K6BJ56AbV0CNqoCYi6BW9ow/0aX3bBfvUPpu32tZi5gQtlV36Acxqu6Q=</latexit>

h⇢AB |
<latexit sha1_base64="HiJUptv+pbutuXPxNNXwwctArGw=">AAACaHicdZHLTgIxFIY74w3xBrowxs0EYuKKzKCJ7kTcuMRELglDSKdzgIZOO2k7GjLyKG71mXwFn8IOsBDBkzT58/3npKd/g5hRpV33y7I3Nre2d3K7+b39g8OjQvG4pUQiCTSJYEJ2AqyAUQ5NTTWDTiwBRwGDdjB+yPz2C0hFBX/Wkxh6ER5yOqAEa4P6haLPMB8y8OVI9NP7+vStXyi7FXdWzqrwFqKMFtXoF607PxQkiYBrwrBSXc+NdS/FUlPCYJr3EwUxJmM8hK6RHEegeuls96lzYUjoDIQ0h2tnRn9PpEEQma4I65Fa4jhSahIF/3kZXOuFKrtoraXM9iMI13oZ0UIwtc7tJnpw20spjxMNnMxfNUiYo4WTpe6EVALRbGIEJpKaYBwywhITbf4mbyL3/ga8KlrVindVqT5dl2v1Rfg5dI5K6BJ56AbV0CNqoCYi6BW9ow/0aX3bBfvUPpu32tZi5gQtlV36Ab/8u54=</latexit>

N = h⇢AB |⇢ABi = tr⇢2AB
<latexit sha1_base64="Zk2ec/XxjqplypiVDLVVI2NNo+E="></latexit>

B̃1
<latexit sha1_base64="MwoRbN6JnkGGDWUhc4Z4mEfxTXM=">AAACbHicdVHLSsNAFJ3GV62v1seqCMGiuCpJFXRnqRuXCvYBbSmTyW07dJIJMzdCCfkYt/pF/oTf4KTtwtp6YOBwzr3MmTNeJLhGx/nKWRubW9s7+d3C3v7B4VGxdNzSMlYMmkwKqToe1SB4CE3kKKATKaCBJ6DtTR4zv/0GSnMZvuI0gn5ARyEfckbRSIPiWS+gOGZUJD3kwoekkaYDd1CsOFVnBnuVuAtSIQs8D0q5h54vWRxAiExQrbuuE2E/oQo5E5AWerGGiLIJHUHX0JAGoPvJLH9qXxrFt4dSmROiPVN/bySeF5ipLKle0mmg9TTw/vMyca3n6+yitZY26cfgr/UyBaUUep3bjXF43094GMUIIZu/ahgLG6WdNW/7XAFDMTWEMsVNMTYbU0UZmv8pmMrdvwWvklat6t5Uay+3lXpjUX6elMkFuSYuuSN18kSeSZMwkpB38kE+c9/WqVW2zuejVm6xc0KWYF39AJdjvWI=</latexit>

B̃2
<latexit sha1_base64="PxQ9OeT+aUztZn9pFDAG368M6YY=">AAACbHicdVHLSsNAFJ3GV62v1seqCMGiuCpJFXRnqRuXCvYBbSmTyW07dJIJMzdCCfkYt/pF/oTf4KTtwtp6YOBwzr3MmTNeJLhGx/nKWRubW9s7+d3C3v7B4VGxdNzSMlYMmkwKqToe1SB4CE3kKKATKaCBJ6DtTR4zv/0GSnMZvuI0gn5ARyEfckbRSIPiWS+gOGZUJD3kwoekkaaD2qBYcarODPYqcRekQhZ4HpRyDz1fsjiAEJmgWnddJ8J+QhVyJiAt9GINEWUTOoKuoSENQPeTWf7UvjSKbw+lMidEe6b+3kg8LzBTWVK9pNNA62ng/edl4lrP19lFay1t0o/BX+tlCkop9Dq3G+Pwvp/wMIoRQjZ/1TAWNko7a972uQKGYmoIZYqbYmw2pooyNP9TMJW7fwteJa1a1b2p1l5uK/XGovw8KZMLck1cckfq5Ik8kyZhJCHv5IN85r6tU6tsnc9Hrdxi54Qswbr6AZlVvWM=</latexit>

⌃(h)
<latexit sha1_base64="LfylHduNOPWUgPt7m6MGNrqNO7Y=">AAACXnicdZFPS8MwGMbT+m9O5za9CF6KQ5iX0U5Bbw69eJzo/shWRpqma1jSlCQVRtmn8KofzJsfxXTrwbn6QuDh97wvefPEiymRyra/DHNre2d3r7RfPjisHFVr9eO+5IlAuIc45WLoQYkpiXBPEUXxMBYYMo/igTd7yPzBGxaS8OhFzWPsMjiNSEAQVBq9jp/JlMFmeDmpNeyWvSxrUzi5aIC8upO6cTf2OUoYjhSiUMqRY8fKTaFQBFG8KI8TiWOIZnCKR1pGkGHppsuNF9aFJr4VcKFPpKwl/T2Reh7TXQyqUK5xyKScM+8/L4OFni+ziwotqbcPsV/oZURxTmWRO0pUcOumJIoThSO0elWQUEtxK8va8onASNG5FhAJooOxUAgFREr/SFlH7vwNeFP02y3nqtV+um507vPwS+AMnIMmcMAN6IBH0AU9gAAD7+ADfBrf5q5ZMaurVtPIZ07AWpmnP5Kit1k=</latexit>

�AB
2

<latexit sha1_base64="NnWrrNvYJLCm10oCYGVXif31Nv8=">AAACYnicdZG7TsMwFIbdcCvh1tIRhogKialKChJslLIwFolepDZUjuO0Fr4E20Gqoj4HKzwWOw+C02agNBzJ0q/vP0c+/h3ElCjtul8la2Nza3unvGvv7R8cHlWqxz0lEolwFwkq5CCAClPCcVcTTfEglhiygOJ+8HKf+f03LBUR/EnPYuwzOOEkIghqg/zRBDIGn9O79nzcHFfqbsNdlLMuvFzUQV6dcbV0OwoFShjmGlGo1NBzY+2nUGqCKJ7bo0ThGKIXOMFDIzlkWPnpYuu5c25I6ERCmsO1s6C/J9IgYKaLQT1VKxwypWYs+M/LYKEXquyiQkuZ7ac4LPQyooWgqsgdJjq68VPC40RjjpavihLqaOFkeTshkRhpOjMCIklMMA6aQgmRNr9im8i9vwGvi16z4V02mo9X9VY7D78MTsAZuAAeuAYt8AA6oAsQeAXv4AN8lr4t26patWWrVcpnamClrNMfpsS5RA==</latexit>

B̃1
<latexit sha1_base64="MwoRbN6JnkGGDWUhc4Z4mEfxTXM=">AAACbHicdVHLSsNAFJ3GV62v1seqCMGiuCpJFXRnqRuXCvYBbSmTyW07dJIJMzdCCfkYt/pF/oTf4KTtwtp6YOBwzr3MmTNeJLhGx/nKWRubW9s7+d3C3v7B4VGxdNzSMlYMmkwKqToe1SB4CE3kKKATKaCBJ6DtTR4zv/0GSnMZvuI0gn5ARyEfckbRSIPiWS+gOGZUJD3kwoekkaYDd1CsOFVnBnuVuAtSIQs8D0q5h54vWRxAiExQrbuuE2E/oQo5E5AWerGGiLIJHUHX0JAGoPvJLH9qXxrFt4dSmROiPVN/bySeF5ipLKle0mmg9TTw/vMyca3n6+yitZY26cfgr/UyBaUUep3bjXF43094GMUIIZu/ahgLG6WdNW/7XAFDMTWEMsVNMTYbU0UZmv8pmMrdvwWvklat6t5Uay+3lXpjUX6elMkFuSYuuSN18kSeSZMwkpB38kE+c9/WqVW2zuejVm6xc0KWYF39AJdjvWI=</latexit>

AB
A’B’

A’B’

z
<latexit sha1_base64="ACek7GxV9wSrB/MIZXOiDQz8XVc=">AAACVnicdZHNSsNAFIUn0dpa/1pdugkWwVVJqqA7i25ctmB/oA1lMrlph04yYWYi1NAncKvvpi8jTtosrI0XBg7fuZe5c8aLGZXKtr8Mc2e3tFeu7FcPDo+OT2r1077kiSDQI5xxMfSwBEYj6CmqGAxjATj0GAy8+WPmD15ASMqjZ7WIwQ3xNKIBJVhp1H2d1Bp2016VtS2cXDRQXp1J3bgf+5wkIUSKMCzlyLFj5aZYKEoYLKvjREKMyRxPYaRlhEOQbrradGldauJbARf6RMpa0d8TqeeFuivEaiY3OA6lXITef14GCz1fZhcVWlJvPwO/0MuI4pzJIneUqODOTWkUJwoisn5VkDBLcSvL2PKpAKLYQgtMBNXBWGSGBSZK/0RVR+78DXhb9FtN57rZ6t402g95+BV0ji7QFXLQLWqjJ9RBPUQQoDf0jj6MT+PbLJnldatp5DNnaKPM2g+K1bV8</latexit>boundary 

CFT

B = B̃1 [ B̃2
<latexit sha1_base64="LoiIO1SHfllcP6MmP02P361E8eI=">AAACP3icbVDLSsNAFJ34rPUVdelmsAiuSlIVBRFK3bisYB/QhDCZTNqhk0mYmQgl9GP8FFdudekXuFLcunPSZlHbHrhwOOfey73HTxiVyrI+jJXVtfWNzdJWeXtnd2/fPDhsyzgVmLRwzGLR9ZEkjHLSUlQx0k0EQZHPSMcf3uV+54kISWP+qEYJcSPU5zSkGCkteeaNEyE1wIhljfGtoygLSDYjjT3bwWkClzk1z6xYVWsCuEjsglRAgaZnfjlBjNOIcIUZkrJnW4lyMyQUxYyMy04qSYLwEPVJT1OOIiLdbPLkGJ5qJYBhLHRxBSfq7ESGIilHka878yvlvJeLS71A5guXWb1UhdduRnmSKsLx9IYwZVDFMA8TBlQQrNhIE4QF1W9APEACYaUjL+t87Pk0Fkm7VrXPq5cPF5V6o0iqBI7BCTgDNrgCdXAPmqAFMHgGr+ANvBsvxqfxbfxMW1eMYuYI/IPx+wdwzLFH</latexit>
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Holographic CFTs

Bulk dual of operator state |⇢ABi
<latexit sha1_base64="21/NGd6wniGxgncf4eA6TThKD8I=">AAACFXicbVC7TsMwFHXKq5RXCiNLRIXEVCU8BGMpC2OR6ENqoshxnNaqY0e2A6pCv4OJFb6CDbEy8xH8A06bAdoe6UpH59x7de8JEkqksu1vo7Syura+Ud6sbG3v7O6Z1f2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6yf3uAxaScHavxgn2YjhgJCIIKi35ZvXJFUPuZ9fNiSsgG1DsmzW7bk9hLRKnIDVQoOWbP27IURpjphCFUvYdO1FeBoUiiOJJxU0lTiAawQHua8pgjKWXTU+fWMdaCa2IC11MWVP170QGYynHcaA7Y6iGct7LxaVeKPOFy6x+qqIrLyMsSRVmaHZDlFJLcSuPyAqJwEjRsSYQCaLfsNAQCoiUDrKi83Hm01gkndO6c1a/uDuvNZpFUmVwCI7ACXDAJWiAW9ACbYDAI3gBr+DNeDbejQ/jc9ZaMoqZA/APxtcvOw6fNQ==</latexit>

Computing the norm: 


Boundary euclidean path-integral 


Extend into bulk euclidean path-integral, saddle geometry


Replica symmetry                : “cosmic brane” prescription   X. Dong (2016)

AB

A’B’

C C

AB

A’B’

C C

|⇢ABi
<latexit sha1_base64="hCOXTgjS0p88aJTQdG5r68bLHZE=">AAACaHicdZHLTgIxFIY74w3xBrowxs0EYuKKzKCJ7kTcuMRELglDSKdzgIZOO2k7GjLyKG71mXwFn8IOsBDBkzT58/3npKd/g5hRpV33y7I3Nre2d3K7+b39g8OjQvG4pUQiCTSJYEJ2AqyAUQ5NTTWDTiwBRwGDdjB+yPz2C0hFBX/Wkxh6ER5yOqAEa4P6heKbL0ein97Xp77EfMigXyi7FXdWzqrwFqKMFtXoF607PxQkiYBrwrBSXc+NdS/FUlPCYJr3EwUxJmM8hK6RHEegeuls96lzYUjoDIQ0h2tnRn9PpEEQma4I65Fa4jhSahIF/3kZXOuFKrtoraXM9iMI13oZ0UIwtc7tJnpw20spjxMNnMxfNUiYo4WTpe6EVALRbGIEJpKaYBwywhITbf4mbyL3/ga8KlrVindVqT5dl2v1Rfg5dI5K6BJ56AbV0CNqoCYi6BW9ow/0aX3bBfvUPpu32tZi5gQtlV36Acxqu6Q=</latexit>

h⇢AB |
<latexit sha1_base64="HiJUptv+pbutuXPxNNXwwctArGw=">AAACaHicdZHLTgIxFIY74w3xBrowxs0EYuKKzKCJ7kTcuMRELglDSKdzgIZOO2k7GjLyKG71mXwFn8IOsBDBkzT58/3npKd/g5hRpV33y7I3Nre2d3K7+b39g8OjQvG4pUQiCTSJYEJ2AqyAUQ5NTTWDTiwBRwGDdjB+yPz2C0hFBX/Wkxh6ER5yOqAEa4P6haLPMB8y8OVI9NP7+vStXyi7FXdWzqrwFqKMFtXoF607PxQkiYBrwrBSXc+NdS/FUlPCYJr3EwUxJmM8hK6RHEegeuls96lzYUjoDIQ0h2tnRn9PpEEQma4I65Fa4jhSahIF/3kZXOuFKrtoraXM9iMI13oZ0UIwtc7tJnpw20spjxMNnMxfNUiYo4WTpe6EVALRbGIEJpKaYBwywhITbf4mbyL3/ga8KlrVindVqT5dl2v1Rfg5dI5K6BJ56AbV0CNqoCYi6BW9ow/0aX3bBfvUPpu32tZi5gQtlV36Ab/8u54=</latexit>

N = h⇢AB |⇢ABi = tr⇢2AB
<latexit sha1_base64="Zk2ec/XxjqplypiVDLVVI2NNo+E="></latexit>

B̃1
<latexit sha1_base64="MwoRbN6JnkGGDWUhc4Z4mEfxTXM=">AAACbHicdVHLSsNAFJ3GV62v1seqCMGiuCpJFXRnqRuXCvYBbSmTyW07dJIJMzdCCfkYt/pF/oTf4KTtwtp6YOBwzr3MmTNeJLhGx/nKWRubW9s7+d3C3v7B4VGxdNzSMlYMmkwKqToe1SB4CE3kKKATKaCBJ6DtTR4zv/0GSnMZvuI0gn5ARyEfckbRSIPiWS+gOGZUJD3kwoekkaYDd1CsOFVnBnuVuAtSIQs8D0q5h54vWRxAiExQrbuuE2E/oQo5E5AWerGGiLIJHUHX0JAGoPvJLH9qXxrFt4dSmROiPVN/bySeF5ipLKle0mmg9TTw/vMyca3n6+yitZY26cfgr/UyBaUUep3bjXF43094GMUIIZu/ahgLG6WdNW/7XAFDMTWEMsVNMTYbU0UZmv8pmMrdvwWvklat6t5Uay+3lXpjUX6elMkFuSYuuSN18kSeSZMwkpB38kE+c9/WqVW2zuejVm6xc0KWYF39AJdjvWI=</latexit>

B̃2
<latexit sha1_base64="PxQ9OeT+aUztZn9pFDAG368M6YY=">AAACbHicdVHLSsNAFJ3GV62v1seqCMGiuCpJFXRnqRuXCvYBbSmTyW07dJIJMzdCCfkYt/pF/oTf4KTtwtp6YOBwzr3MmTNeJLhGx/nKWRubW9s7+d3C3v7B4VGxdNzSMlYMmkwKqToe1SB4CE3kKKATKaCBJ6DtTR4zv/0GSnMZvuI0gn5ARyEfckbRSIPiWS+gOGZUJD3kwoekkaaD2qBYcarODPYqcRekQhZ4HpRyDz1fsjiAEJmgWnddJ8J+QhVyJiAt9GINEWUTOoKuoSENQPeTWf7UvjSKbw+lMidEe6b+3kg8LzBTWVK9pNNA62ng/edl4lrP19lFay1t0o/BX+tlCkop9Dq3G+Pwvp/wMIoRQjZ/1TAWNko7a972uQKGYmoIZYqbYmw2pooyNP9TMJW7fwteJa1a1b2p1l5uK/XGovw8KZMLck1cckfq5Ik8kyZhJCHv5IN85r6tU6tsnc9Hrdxi54Qswbr6AZlVvWM=</latexit>

⌃(h)
<latexit sha1_base64="LfylHduNOPWUgPt7m6MGNrqNO7Y=">AAACXnicdZFPS8MwGMbT+m9O5za9CF6KQ5iX0U5Bbw69eJzo/shWRpqma1jSlCQVRtmn8KofzJsfxXTrwbn6QuDh97wvefPEiymRyra/DHNre2d3r7RfPjisHFVr9eO+5IlAuIc45WLoQYkpiXBPEUXxMBYYMo/igTd7yPzBGxaS8OhFzWPsMjiNSEAQVBq9jp/JlMFmeDmpNeyWvSxrUzi5aIC8upO6cTf2OUoYjhSiUMqRY8fKTaFQBFG8KI8TiWOIZnCKR1pGkGHppsuNF9aFJr4VcKFPpKwl/T2Reh7TXQyqUK5xyKScM+8/L4OFni+ziwotqbcPsV/oZURxTmWRO0pUcOumJIoThSO0elWQUEtxK8va8onASNG5FhAJooOxUAgFREr/SFlH7vwNeFP02y3nqtV+um507vPwS+AMnIMmcMAN6IBH0AU9gAAD7+ADfBrf5q5ZMaurVtPIZ07AWpmnP5Kit1k=</latexit>

�AB
2

<latexit sha1_base64="NnWrrNvYJLCm10oCYGVXif31Nv8=">AAACYnicdZG7TsMwFIbdcCvh1tIRhogKialKChJslLIwFolepDZUjuO0Fr4E20Gqoj4HKzwWOw+C02agNBzJ0q/vP0c+/h3ElCjtul8la2Nza3unvGvv7R8cHlWqxz0lEolwFwkq5CCAClPCcVcTTfEglhiygOJ+8HKf+f03LBUR/EnPYuwzOOEkIghqg/zRBDIGn9O79nzcHFfqbsNdlLMuvFzUQV6dcbV0OwoFShjmGlGo1NBzY+2nUGqCKJ7bo0ThGKIXOMFDIzlkWPnpYuu5c25I6ERCmsO1s6C/J9IgYKaLQT1VKxwypWYs+M/LYKEXquyiQkuZ7ac4LPQyooWgqsgdJjq68VPC40RjjpavihLqaOFkeTshkRhpOjMCIklMMA6aQgmRNr9im8i9vwGvi16z4V02mo9X9VY7D78MTsAZuAAeuAYt8AA6oAsQeAXv4AN8lr4t26patWWrVcpnamClrNMfpsS5RA==</latexit>

B̃1
<latexit sha1_base64="MwoRbN6JnkGGDWUhc4Z4mEfxTXM=">AAACbHicdVHLSsNAFJ3GV62v1seqCMGiuCpJFXRnqRuXCvYBbSmTyW07dJIJMzdCCfkYt/pF/oTf4KTtwtp6YOBwzr3MmTNeJLhGx/nKWRubW9s7+d3C3v7B4VGxdNzSMlYMmkwKqToe1SB4CE3kKKATKaCBJ6DtTR4zv/0GSnMZvuI0gn5ARyEfckbRSIPiWS+gOGZUJD3kwoekkaYDd1CsOFVnBnuVuAtSIQs8D0q5h54vWRxAiExQrbuuE2E/oQo5E5AWerGGiLIJHUHX0JAGoPvJLH9qXxrFt4dSmROiPVN/bySeF5ipLKle0mmg9TTw/vMyca3n6+yitZY26cfgr/UyBaUUep3bjXF43094GMUIIZu/ahgLG6WdNW/7XAFDMTWEMsVNMTYbU0UZmv8pmMrdvwWvklat6t5Uay+3lXpjUX6elMkFuSYuuSN18kSeSZMwkpB38kE+c9/WqVW2zuejVm6xc0KWYF39AJdjvWI=</latexit>

AB
A’B’

A’B’

z
<latexit sha1_base64="ACek7GxV9wSrB/MIZXOiDQz8XVc=">AAACVnicdZHNSsNAFIUn0dpa/1pdugkWwVVJqqA7i25ctmB/oA1lMrlph04yYWYi1NAncKvvpi8jTtosrI0XBg7fuZe5c8aLGZXKtr8Mc2e3tFeu7FcPDo+OT2r1077kiSDQI5xxMfSwBEYj6CmqGAxjATj0GAy8+WPmD15ASMqjZ7WIwQ3xNKIBJVhp1H2d1Bp2016VtS2cXDRQXp1J3bgf+5wkIUSKMCzlyLFj5aZYKEoYLKvjREKMyRxPYaRlhEOQbrradGldauJbARf6RMpa0d8TqeeFuivEaiY3OA6lXITef14GCz1fZhcVWlJvPwO/0MuI4pzJIneUqODOTWkUJwoisn5VkDBLcSvL2PKpAKLYQgtMBNXBWGSGBSZK/0RVR+78DXhb9FtN57rZ6t402g95+BV0ji7QFXLQLWqjJ9RBPUQQoDf0jj6MT+PbLJnldatp5DNnaKPM2g+K1bV8</latexit>boundary 

CFT

B = B̃1 [ B̃2
<latexit sha1_base64="LoiIO1SHfllcP6MmP02P361E8eI=">AAACP3icbVDLSsNAFJ34rPUVdelmsAiuSlIVBRFK3bisYB/QhDCZTNqhk0mYmQgl9GP8FFdudekXuFLcunPSZlHbHrhwOOfey73HTxiVyrI+jJXVtfWNzdJWeXtnd2/fPDhsyzgVmLRwzGLR9ZEkjHLSUlQx0k0EQZHPSMcf3uV+54kISWP+qEYJcSPU5zSkGCkteeaNEyE1wIhljfGtoygLSDYjjT3bwWkClzk1z6xYVWsCuEjsglRAgaZnfjlBjNOIcIUZkrJnW4lyMyQUxYyMy04qSYLwEPVJT1OOIiLdbPLkGJ5qJYBhLHRxBSfq7ESGIilHka878yvlvJeLS71A5guXWb1UhdduRnmSKsLx9IYwZVDFMA8TBlQQrNhIE4QF1W9APEACYaUjL+t87Pk0Fkm7VrXPq5cPF5V6o0iqBI7BCTgDNrgCdXAPmqAFMHgGr+ANvBsvxqfxbfxMW1eMYuYI/IPx+wdwzLFH</latexit>

B̃1 $ B̃2
<latexit sha1_base64="bJqCScXjeusOQw7gsmKalIOvlEg=">AAACPnicbVC7SgNBFJ2N7/iKWtoMBsEq7EZFsQqxsVQwD8iGMDt7Nxky+2DmrhKW/IufYmWrrT9gJ7aWzsYUmuTAwOGcc4d7j5dIodG2363C0vLK6tr6RnFza3tnt7S339Rxqjg0eCxj1faYBikiaKBACe1EAQs9CS1veJ37rQdQWsTRPY4S6IasH4lAcIZG6pWuXBTSh8wNGQ44k1l9PO45roQAlegPkCkVP9JFoWqvVLYr9gR0njhTUiZT3PZKn64f8zSECLlkWnccO8FuxhQKLmFcdFMNCeND1oeOoRELQXezyY1jemwUnwaxMi9COlH/TmQs1HoUeiaZb6lnvVxc6Pk6/3CR1UkxuOxmIkpShIj/7hCkkmJM8y6pLxRwlCNDGFfCnEH5gCnG0TReNP04s23Mk2a14pxWzu/OyrX6tKl1ckiOyAlxyAWpkRtySxqEkyfyQl7Jm/VsfVif1tdvtGBNZw7IP1jfPz9rsTw=</latexit>

T2 =
1

8GN<latexit sha1_base64="qMYWs5AEfNV3HirXOdkthWAHy40=">AAACFnicbZDLSsNAFIYnXmu9xbp0M1gEVyWpit0IRRe6kgq9QRvCZDJph04mYWYiltD3cOVWn8KduHXrQ/gOTtostO2BgZ//P+dw5vNiRqWyrG9jZXVtfWOzsFXc3tnd2zcPSm0ZJQKTFo5YJLoekoRRTlqKKka6sSAo9BjpeKObLO88EiFpxJtqHBMnRANOA4qR0pZrlppu9aofCIRTe5LWbt37iWuWrYo1Lbgo7FyUQV4N1/zp+xFOQsIVZkjKnm3FykmRUBQzMin2E0lihEdoQHpachQS6aTT2yfwRDs+DCKhH1dw6v6dSFEo5Tj0dGeI1FDOZ5m5NPNltnBZ1EtUUHNSyuNEEY5nNwQJgyqCGSPoU0GwYmMtEBZUfwPiIdKMlCZZ1HzseRqLol2t2GeVi4fzcv06J1UAR+AYnAIbXII6uAMN0AIYPIEX8ArejGfj3fgwPmetK0Y+cwj+lfH1C7PFntY=</latexit>
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Holographic CFTs

Bulk dual of operator state |⇢ABi
<latexit sha1_base64="21/NGd6wniGxgncf4eA6TThKD8I=">AAACFXicbVC7TsMwFHXKq5RXCiNLRIXEVCU8BGMpC2OR6ENqoshxnNaqY0e2A6pCv4OJFb6CDbEy8xH8A06bAdoe6UpH59x7de8JEkqksu1vo7Syura+Ud6sbG3v7O6Z1f2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6yf3uAxaScHavxgn2YjhgJCIIKi35ZvXJFUPuZ9fNiSsgG1DsmzW7bk9hLRKnIDVQoOWbP27IURpjphCFUvYdO1FeBoUiiOJJxU0lTiAawQHua8pgjKWXTU+fWMdaCa2IC11MWVP170QGYynHcaA7Y6iGct7LxaVeKPOFy6x+qqIrLyMsSRVmaHZDlFJLcSuPyAqJwEjRsSYQCaLfsNAQCoiUDrKi83Hm01gkndO6c1a/uDuvNZpFUmVwCI7ACXDAJWiAW9ACbYDAI3gBr+DNeDbejQ/jc9ZaMoqZA/APxtcvOw6fNQ==</latexit>

Saddle point (semi-classical) approximation


N = h⇢AB |⇢ABi ⇠
Z

B̃1[B̃2

D�bff
†e�SE(�b)

<latexit sha1_base64="5CawVSrW44pR7Umxzm6Uc1EgqVI="></latexit>

AB

A’B’

C C

AB

A’B’

C C

|⇢ABi
<latexit sha1_base64="hCOXTgjS0p88aJTQdG5r68bLHZE=">AAACaHicdZHLTgIxFIY74w3xBrowxs0EYuKKzKCJ7kTcuMRELglDSKdzgIZOO2k7GjLyKG71mXwFn8IOsBDBkzT58/3npKd/g5hRpV33y7I3Nre2d3K7+b39g8OjQvG4pUQiCTSJYEJ2AqyAUQ5NTTWDTiwBRwGDdjB+yPz2C0hFBX/Wkxh6ER5yOqAEa4P6heKbL0ein97Xp77EfMigXyi7FXdWzqrwFqKMFtXoF607PxQkiYBrwrBSXc+NdS/FUlPCYJr3EwUxJmM8hK6RHEegeuls96lzYUjoDIQ0h2tnRn9PpEEQma4I65Fa4jhSahIF/3kZXOuFKrtoraXM9iMI13oZ0UIwtc7tJnpw20spjxMNnMxfNUiYo4WTpe6EVALRbGIEJpKaYBwywhITbf4mbyL3/ga8KlrVindVqT5dl2v1Rfg5dI5K6BJ56AbV0CNqoCYi6BW9ow/0aX3bBfvUPpu32tZi5gQtlV36Acxqu6Q=</latexit>

h⇢AB |
<latexit sha1_base64="HiJUptv+pbutuXPxNNXwwctArGw=">AAACaHicdZHLTgIxFIY74w3xBrowxs0EYuKKzKCJ7kTcuMRELglDSKdzgIZOO2k7GjLyKG71mXwFn8IOsBDBkzT58/3npKd/g5hRpV33y7I3Nre2d3K7+b39g8OjQvG4pUQiCTSJYEJ2AqyAUQ5NTTWDTiwBRwGDdjB+yPz2C0hFBX/Wkxh6ER5yOqAEa4P6haLPMB8y8OVI9NP7+vStXyi7FXdWzqrwFqKMFtXoF607PxQkiYBrwrBSXc+NdS/FUlPCYJr3EwUxJmM8hK6RHEegeuls96lzYUjoDIQ0h2tnRn9PpEEQma4I65Fa4jhSahIF/3kZXOuFKrtoraXM9iMI13oZ0UIwtc7tJnpw20spjxMNnMxfNUiYo4WTpe6EVALRbGIEJpKaYBwywhITbf4mbyL3/ga8KlrVindVqT5dl2v1Rfg5dI5K6BJ56AbV0CNqoCYi6BW9ow/0aX3bBfvUPpu32tZi5gQtlV36Ab/8u54=</latexit>

B̃1
<latexit sha1_base64="MwoRbN6JnkGGDWUhc4Z4mEfxTXM=">AAACbHicdVHLSsNAFJ3GV62v1seqCMGiuCpJFXRnqRuXCvYBbSmTyW07dJIJMzdCCfkYt/pF/oTf4KTtwtp6YOBwzr3MmTNeJLhGx/nKWRubW9s7+d3C3v7B4VGxdNzSMlYMmkwKqToe1SB4CE3kKKATKaCBJ6DtTR4zv/0GSnMZvuI0gn5ARyEfckbRSIPiWS+gOGZUJD3kwoekkaYDd1CsOFVnBnuVuAtSIQs8D0q5h54vWRxAiExQrbuuE2E/oQo5E5AWerGGiLIJHUHX0JAGoPvJLH9qXxrFt4dSmROiPVN/bySeF5ipLKle0mmg9TTw/vMyca3n6+yitZY26cfgr/UyBaUUep3bjXF43094GMUIIZu/ahgLG6WdNW/7XAFDMTWEMsVNMTYbU0UZmv8pmMrdvwWvklat6t5Uay+3lXpjUX6elMkFuSYuuSN18kSeSZMwkpB38kE+c9/WqVW2zuejVm6xc0KWYF39AJdjvWI=</latexit>

B̃2
<latexit sha1_base64="PxQ9OeT+aUztZn9pFDAG368M6YY=">AAACbHicdVHLSsNAFJ3GV62v1seqCMGiuCpJFXRnqRuXCvYBbSmTyW07dJIJMzdCCfkYt/pF/oTf4KTtwtp6YOBwzr3MmTNeJLhGx/nKWRubW9s7+d3C3v7B4VGxdNzSMlYMmkwKqToe1SB4CE3kKKATKaCBJ6DtTR4zv/0GSnMZvuI0gn5ARyEfckbRSIPiWS+gOGZUJD3kwoekkaaD2qBYcarODPYqcRekQhZ4HpRyDz1fsjiAEJmgWnddJ8J+QhVyJiAt9GINEWUTOoKuoSENQPeTWf7UvjSKbw+lMidEe6b+3kg8LzBTWVK9pNNA62ng/edl4lrP19lFay1t0o/BX+tlCkop9Dq3G+Pwvp/wMIoRQjZ/1TAWNko7a972uQKGYmoIZYqbYmw2pooyNP9TMJW7fwteJa1a1b2p1l5uK/XGovw8KZMLck1cckfq5Ik8kyZhJCHv5IN85r6tU6tsnc9Hrdxi54Qswbr6AZlVvWM=</latexit>

⌃(h)
<latexit sha1_base64="LfylHduNOPWUgPt7m6MGNrqNO7Y=">AAACXnicdZFPS8MwGMbT+m9O5za9CF6KQ5iX0U5Bbw69eJzo/shWRpqma1jSlCQVRtmn8KofzJsfxXTrwbn6QuDh97wvefPEiymRyra/DHNre2d3r7RfPjisHFVr9eO+5IlAuIc45WLoQYkpiXBPEUXxMBYYMo/igTd7yPzBGxaS8OhFzWPsMjiNSEAQVBq9jp/JlMFmeDmpNeyWvSxrUzi5aIC8upO6cTf2OUoYjhSiUMqRY8fKTaFQBFG8KI8TiWOIZnCKR1pGkGHppsuNF9aFJr4VcKFPpKwl/T2Reh7TXQyqUK5xyKScM+8/L4OFni+ziwotqbcPsV/oZURxTmWRO0pUcOumJIoThSO0elWQUEtxK8va8onASNG5FhAJooOxUAgFREr/SFlH7vwNeFP02y3nqtV+um507vPwS+AMnIMmcMAN6IBH0AU9gAAD7+ADfBrf5q5ZMaurVtPIZ07AWpmnP5Kit1k=</latexit>

�AB
2

<latexit sha1_base64="NnWrrNvYJLCm10oCYGVXif31Nv8=">AAACYnicdZG7TsMwFIbdcCvh1tIRhogKialKChJslLIwFolepDZUjuO0Fr4E20Gqoj4HKzwWOw+C02agNBzJ0q/vP0c+/h3ElCjtul8la2Nza3unvGvv7R8cHlWqxz0lEolwFwkq5CCAClPCcVcTTfEglhiygOJ+8HKf+f03LBUR/EnPYuwzOOEkIghqg/zRBDIGn9O79nzcHFfqbsNdlLMuvFzUQV6dcbV0OwoFShjmGlGo1NBzY+2nUGqCKJ7bo0ThGKIXOMFDIzlkWPnpYuu5c25I6ERCmsO1s6C/J9IgYKaLQT1VKxwypWYs+M/LYKEXquyiQkuZ7ac4LPQyooWgqsgdJjq68VPC40RjjpavihLqaOFkeTshkRhpOjMCIklMMA6aQgmRNr9im8i9vwGvi16z4V02mo9X9VY7D78MTsAZuAAeuAYt8AA6oAsQeAXv4AN8lr4t26patWWrVcpnamClrNMfpsS5RA==</latexit>

B̃1
<latexit sha1_base64="MwoRbN6JnkGGDWUhc4Z4mEfxTXM=">AAACbHicdVHLSsNAFJ3GV62v1seqCMGiuCpJFXRnqRuXCvYBbSmTyW07dJIJMzdCCfkYt/pF/oTf4KTtwtp6YOBwzr3MmTNeJLhGx/nKWRubW9s7+d3C3v7B4VGxdNzSMlYMmkwKqToe1SB4CE3kKKATKaCBJ6DtTR4zv/0GSnMZvuI0gn5ARyEfckbRSIPiWS+gOGZUJD3kwoekkaYDd1CsOFVnBnuVuAtSIQs8D0q5h54vWRxAiExQrbuuE2E/oQo5E5AWerGGiLIJHUHX0JAGoPvJLH9qXxrFt4dSmROiPVN/bySeF5ipLKle0mmg9TTw/vMyca3n6+yitZY26cfgr/UyBaUUep3bjXF43094GMUIIZu/ahgLG6WdNW/7XAFDMTWEMsVNMTYbU0UZmv8pmMrdvwWvklat6t5Uay+3lXpjUX6elMkFuSYuuSN18kSeSZMwkpB38kE+c9/WqVW2zuejVm6xc0KWYF39AJdjvWI=</latexit>

AB
A’B’

A’B’

z
<latexit sha1_base64="ACek7GxV9wSrB/MIZXOiDQz8XVc=">AAACVnicdZHNSsNAFIUn0dpa/1pdugkWwVVJqqA7i25ctmB/oA1lMrlph04yYWYi1NAncKvvpi8jTtosrI0XBg7fuZe5c8aLGZXKtr8Mc2e3tFeu7FcPDo+OT2r1077kiSDQI5xxMfSwBEYj6CmqGAxjATj0GAy8+WPmD15ASMqjZ7WIwQ3xNKIBJVhp1H2d1Bp2016VtS2cXDRQXp1J3bgf+5wkIUSKMCzlyLFj5aZYKEoYLKvjREKMyRxPYaRlhEOQbrradGldauJbARf6RMpa0d8TqeeFuivEaiY3OA6lXITef14GCz1fZhcVWlJvPwO/0MuI4pzJIneUqODOTWkUJwoisn5VkDBLcSvL2PKpAKLYQgtMBNXBWGSGBSZK/0RVR+78DXhb9FtN57rZ6t402g95+BV0ji7QFXLQLWqjJ9RBPUQQoDf0jj6MT+PbLJnldatp5DNnaKPM2g+K1bV8</latexit>boundary 

CFT

T2 =
1

8GN<latexit sha1_base64="qMYWs5AEfNV3HirXOdkthWAHy40=">AAACFnicbZDLSsNAFIYnXmu9xbp0M1gEVyWpit0IRRe6kgq9QRvCZDJph04mYWYiltD3cOVWn8KduHXrQ/gOTtostO2BgZ//P+dw5vNiRqWyrG9jZXVtfWOzsFXc3tnd2zcPSm0ZJQKTFo5YJLoekoRRTlqKKka6sSAo9BjpeKObLO88EiFpxJtqHBMnRANOA4qR0pZrlppu9aofCIRTe5LWbt37iWuWrYo1Lbgo7FyUQV4N1/zp+xFOQsIVZkjKnm3FykmRUBQzMin2E0lihEdoQHpachQS6aTT2yfwRDs+DCKhH1dw6v6dSFEo5Tj0dGeI1FDOZ5m5NPNltnBZ1EtUUHNSyuNEEY5nNwQJgyqCGSPoU0GwYmMtEBZUfwPiIdKMlCZZ1HzseRqLol2t2GeVi4fzcv06J1UAR+AYnAIbXII6uAMN0AIYPIEX8ArejGfj3fgwPmetK0Y+cwj+lfH1C7PFntY=</latexit>
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Holographic CFTs

Bulk dual of operator state |⇢ABi
<latexit sha1_base64="21/NGd6wniGxgncf4eA6TThKD8I=">AAACFXicbVC7TsMwFHXKq5RXCiNLRIXEVCU8BGMpC2OR6ENqoshxnNaqY0e2A6pCv4OJFb6CDbEy8xH8A06bAdoe6UpH59x7de8JEkqksu1vo7Syura+Ud6sbG3v7O6Z1f2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6yf3uAxaScHavxgn2YjhgJCIIKi35ZvXJFUPuZ9fNiSsgG1DsmzW7bk9hLRKnIDVQoOWbP27IURpjphCFUvYdO1FeBoUiiOJJxU0lTiAawQHua8pgjKWXTU+fWMdaCa2IC11MWVP170QGYynHcaA7Y6iGct7LxaVeKPOFy6x+qqIrLyMsSRVmaHZDlFJLcSuPyAqJwEjRsSYQCaLfsNAQCoiUDrKi83Hm01gkndO6c1a/uDuvNZpFUmVwCI7ACXDAJWiAW9ACbYDAI3gBr+DNeDbejQ/jc9ZaMoqZA/APxtcvOw6fNQ==</latexit>

Saddle point (semi-classical) approximation


Interpret      as the bulk geometry for 

N = h⇢AB |⇢ABi ⇠
Z

B̃1[B̃2

D�bff
†e�SE(�b)

<latexit sha1_base64="5CawVSrW44pR7Umxzm6Uc1EgqVI="></latexit>

B̃1
<latexit sha1_base64="Ja+8qtWQYPI4Fp3+qbE8ykjMAQo=">AAACGXicbVDLSsNAFJ34rPUVFVdugkVwVRIf6LLUjcsK9gFNCJPJTTt0MgkzE6GEfokrt/oV7sStKz/Cf3DSZqFtDwwczrn3cuYEKaNS2fa3sbK6tr6xWdmqbu/s7u2bB4cdmWSCQJskLBG9AEtglENbUcWglwrAccCgG4zuCr/7BELShD+qcQpejAecRpRgpSXfPHYVZSHkbozVkGCWNycT3/HNml23p7AWiVOSGirR8s0fN0xIFgNXhGEp+46dKi/HQlHCYFJ1MwkpJiM8gL6mHMcgvXwaf2KdaSW0okTox5U1Vf9u5DiWchwHerJIKee9QlzqhbI4uMzqZyq69XLK00wBJ7MMUcYslVhFTVZIBRDFxppgIqj+hkWGWGCidJlV3Y8z38Yi6VzUncv69cNVrdEsm6qgE3SKzpGDblAD3aMWaiOCcvSCXtGb8Wy8Gx/G52x0xSh3jtA/GF+/gWSg8w==</latexit>

|⇢ABi
<latexit sha1_base64="21/NGd6wniGxgncf4eA6TThKD8I=">AAACFXicbVC7TsMwFHXKq5RXCiNLRIXEVCU8BGMpC2OR6ENqoshxnNaqY0e2A6pCv4OJFb6CDbEy8xH8A06bAdoe6UpH59x7de8JEkqksu1vo7Syura+Ud6sbG3v7O6Z1f2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6yf3uAxaScHavxgn2YjhgJCIIKi35ZvXJFUPuZ9fNiSsgG1DsmzW7bk9hLRKnIDVQoOWbP27IURpjphCFUvYdO1FeBoUiiOJJxU0lTiAawQHua8pgjKWXTU+fWMdaCa2IC11MWVP170QGYynHcaA7Y6iGct7LxaVeKPOFy6x+qqIrLyMsSRVmaHZDlFJLcSuPyAqJwEjRsSYQCaLfsNAQCoiUDrKi83Hm01gkndO6c1a/uDuvNZpFUmVwCI7ACXDAJWiAW9ACbYDAI3gBr+DNeDbejQ/jc9ZaMoqZA/APxtcvOw6fNQ==</latexit>

AB

A’B’

C C

AB

A’B’

C C

|⇢ABi
<latexit sha1_base64="hCOXTgjS0p88aJTQdG5r68bLHZE=">AAACaHicdZHLTgIxFIY74w3xBrowxs0EYuKKzKCJ7kTcuMRELglDSKdzgIZOO2k7GjLyKG71mXwFn8IOsBDBkzT58/3npKd/g5hRpV33y7I3Nre2d3K7+b39g8OjQvG4pUQiCTSJYEJ2AqyAUQ5NTTWDTiwBRwGDdjB+yPz2C0hFBX/Wkxh6ER5yOqAEa4P6heKbL0ein97Xp77EfMigXyi7FXdWzqrwFqKMFtXoF607PxQkiYBrwrBSXc+NdS/FUlPCYJr3EwUxJmM8hK6RHEegeuls96lzYUjoDIQ0h2tnRn9PpEEQma4I65Fa4jhSahIF/3kZXOuFKrtoraXM9iMI13oZ0UIwtc7tJnpw20spjxMNnMxfNUiYo4WTpe6EVALRbGIEJpKaYBwywhITbf4mbyL3/ga8KlrVindVqT5dl2v1Rfg5dI5K6BJ56AbV0CNqoCYi6BW9ow/0aX3bBfvUPpu32tZi5gQtlV36Acxqu6Q=</latexit>

h⇢AB |
<latexit sha1_base64="HiJUptv+pbutuXPxNNXwwctArGw=">AAACaHicdZHLTgIxFIY74w3xBrowxs0EYuKKzKCJ7kTcuMRELglDSKdzgIZOO2k7GjLyKG71mXwFn8IOsBDBkzT58/3npKd/g5hRpV33y7I3Nre2d3K7+b39g8OjQvG4pUQiCTSJYEJ2AqyAUQ5NTTWDTiwBRwGDdjB+yPz2C0hFBX/Wkxh6ER5yOqAEa4P6haLPMB8y8OVI9NP7+vStXyi7FXdWzqrwFqKMFtXoF607PxQkiYBrwrBSXc+NdS/FUlPCYJr3EwUxJmM8hK6RHEegeuls96lzYUjoDIQ0h2tnRn9PpEEQma4I65Fa4jhSahIF/3kZXOuFKrtoraXM9iMI13oZ0UIwtc7tJnpw20spjxMNnMxfNUiYo4WTpe6EVALRbGIEJpKaYBwywhITbf4mbyL3/ga8KlrVindVqT5dl2v1Rfg5dI5K6BJ56AbV0CNqoCYi6BW9ow/0aX3bBfvUPpu32tZi5gQtlV36Ab/8u54=</latexit>

B̃1
<latexit sha1_base64="MwoRbN6JnkGGDWUhc4Z4mEfxTXM=">AAACbHicdVHLSsNAFJ3GV62v1seqCMGiuCpJFXRnqRuXCvYBbSmTyW07dJIJMzdCCfkYt/pF/oTf4KTtwtp6YOBwzr3MmTNeJLhGx/nKWRubW9s7+d3C3v7B4VGxdNzSMlYMmkwKqToe1SB4CE3kKKATKaCBJ6DtTR4zv/0GSnMZvuI0gn5ARyEfckbRSIPiWS+gOGZUJD3kwoekkaYDd1CsOFVnBnuVuAtSIQs8D0q5h54vWRxAiExQrbuuE2E/oQo5E5AWerGGiLIJHUHX0JAGoPvJLH9qXxrFt4dSmROiPVN/bySeF5ipLKle0mmg9TTw/vMyca3n6+yitZY26cfgr/UyBaUUep3bjXF43094GMUIIZu/ahgLG6WdNW/7XAFDMTWEMsVNMTYbU0UZmv8pmMrdvwWvklat6t5Uay+3lXpjUX6elMkFuSYuuSN18kSeSZMwkpB38kE+c9/WqVW2zuejVm6xc0KWYF39AJdjvWI=</latexit>

B̃2
<latexit sha1_base64="PxQ9OeT+aUztZn9pFDAG368M6YY=">AAACbHicdVHLSsNAFJ3GV62v1seqCMGiuCpJFXRnqRuXCvYBbSmTyW07dJIJMzdCCfkYt/pF/oTf4KTtwtp6YOBwzr3MmTNeJLhGx/nKWRubW9s7+d3C3v7B4VGxdNzSMlYMmkwKqToe1SB4CE3kKKATKaCBJ6DtTR4zv/0GSnMZvuI0gn5ARyEfckbRSIPiWS+gOGZUJD3kwoekkaaD2qBYcarODPYqcRekQhZ4HpRyDz1fsjiAEJmgWnddJ8J+QhVyJiAt9GINEWUTOoKuoSENQPeTWf7UvjSKbw+lMidEe6b+3kg8LzBTWVK9pNNA62ng/edl4lrP19lFay1t0o/BX+tlCkop9Dq3G+Pwvp/wMIoRQjZ/1TAWNko7a972uQKGYmoIZYqbYmw2pooyNP9TMJW7fwteJa1a1b2p1l5uK/XGovw8KZMLck1cckfq5Ik8kyZhJCHv5IN85r6tU6tsnc9Hrdxi54Qswbr6AZlVvWM=</latexit>

⌃(h)
<latexit sha1_base64="LfylHduNOPWUgPt7m6MGNrqNO7Y=">AAACXnicdZFPS8MwGMbT+m9O5za9CF6KQ5iX0U5Bbw69eJzo/shWRpqma1jSlCQVRtmn8KofzJsfxXTrwbn6QuDh97wvefPEiymRyra/DHNre2d3r7RfPjisHFVr9eO+5IlAuIc45WLoQYkpiXBPEUXxMBYYMo/igTd7yPzBGxaS8OhFzWPsMjiNSEAQVBq9jp/JlMFmeDmpNeyWvSxrUzi5aIC8upO6cTf2OUoYjhSiUMqRY8fKTaFQBFG8KI8TiWOIZnCKR1pGkGHppsuNF9aFJr4VcKFPpKwl/T2Reh7TXQyqUK5xyKScM+8/L4OFni+ziwotqbcPsV/oZURxTmWRO0pUcOumJIoThSO0elWQUEtxK8va8onASNG5FhAJooOxUAgFREr/SFlH7vwNeFP02y3nqtV+um507vPwS+AMnIMmcMAN6IBH0AU9gAAD7+ADfBrf5q5ZMaurVtPIZ07AWpmnP5Kit1k=</latexit>

�AB
2

<latexit sha1_base64="NnWrrNvYJLCm10oCYGVXif31Nv8=">AAACYnicdZG7TsMwFIbdcCvh1tIRhogKialKChJslLIwFolepDZUjuO0Fr4E20Gqoj4HKzwWOw+C02agNBzJ0q/vP0c+/h3ElCjtul8la2Nza3unvGvv7R8cHlWqxz0lEolwFwkq5CCAClPCcVcTTfEglhiygOJ+8HKf+f03LBUR/EnPYuwzOOEkIghqg/zRBDIGn9O79nzcHFfqbsNdlLMuvFzUQV6dcbV0OwoFShjmGlGo1NBzY+2nUGqCKJ7bo0ThGKIXOMFDIzlkWPnpYuu5c25I6ERCmsO1s6C/J9IgYKaLQT1VKxwypWYs+M/LYKEXquyiQkuZ7ac4LPQyooWgqsgdJjq68VPC40RjjpavihLqaOFkeTshkRhpOjMCIklMMA6aQgmRNr9im8i9vwGvi16z4V02mo9X9VY7D78MTsAZuAAeuAYt8AA6oAsQeAXv4AN8lr4t26patWWrVcpnamClrNMfpsS5RA==</latexit>

B̃1
<latexit sha1_base64="MwoRbN6JnkGGDWUhc4Z4mEfxTXM=">AAACbHicdVHLSsNAFJ3GV62v1seqCMGiuCpJFXRnqRuXCvYBbSmTyW07dJIJMzdCCfkYt/pF/oTf4KTtwtp6YOBwzr3MmTNeJLhGx/nKWRubW9s7+d3C3v7B4VGxdNzSMlYMmkwKqToe1SB4CE3kKKATKaCBJ6DtTR4zv/0GSnMZvuI0gn5ARyEfckbRSIPiWS+gOGZUJD3kwoekkaYDd1CsOFVnBnuVuAtSIQs8D0q5h54vWRxAiExQrbuuE2E/oQo5E5AWerGGiLIJHUHX0JAGoPvJLH9qXxrFt4dSmROiPVN/bySeF5ipLKle0mmg9TTw/vMyca3n6+yitZY26cfgr/UyBaUUep3bjXF43094GMUIIZu/ahgLG6WdNW/7XAFDMTWEMsVNMTYbU0UZmv8pmMrdvwWvklat6t5Uay+3lXpjUX6elMkFuSYuuSN18kSeSZMwkpB38kE+c9/WqVW2zuejVm6xc0KWYF39AJdjvWI=</latexit>

AB
A’B’

A’B’

z
<latexit sha1_base64="ACek7GxV9wSrB/MIZXOiDQz8XVc=">AAACVnicdZHNSsNAFIUn0dpa/1pdugkWwVVJqqA7i25ctmB/oA1lMrlph04yYWYi1NAncKvvpi8jTtosrI0XBg7fuZe5c8aLGZXKtr8Mc2e3tFeu7FcPDo+OT2r1077kiSDQI5xxMfSwBEYj6CmqGAxjATj0GAy8+WPmD15ASMqjZ7WIwQ3xNKIBJVhp1H2d1Bp2016VtS2cXDRQXp1J3bgf+5wkIUSKMCzlyLFj5aZYKEoYLKvjREKMyRxPYaRlhEOQbrradGldauJbARf6RMpa0d8TqeeFuivEaiY3OA6lXITef14GCz1fZhcVWlJvPwO/0MuI4pzJIneUqODOTWkUJwoisn5VkDBLcSvL2PKpAKLYQgtMBNXBWGSGBSZK/0RVR+78DXhb9FtN57rZ6t402g95+BV0ji7QFXLQLWqjJ9RBPUQQoDf0jj6MT+PbLJnldatp5DNnaKPM2g+K1bV8</latexit>boundary 

CFT

T2 =
1

8GN<latexit sha1_base64="qMYWs5AEfNV3HirXOdkthWAHy40=">AAACFnicbZDLSsNAFIYnXmu9xbp0M1gEVyWpit0IRRe6kgq9QRvCZDJph04mYWYiltD3cOVWn8KduHXrQ/gOTtostO2BgZ//P+dw5vNiRqWyrG9jZXVtfWOzsFXc3tnd2zcPSm0ZJQKTFo5YJLoekoRRTlqKKka6sSAo9BjpeKObLO88EiFpxJtqHBMnRANOA4qR0pZrlppu9aofCIRTe5LWbt37iWuWrYo1Lbgo7FyUQV4N1/zp+xFOQsIVZkjKnm3FykmRUBQzMin2E0lihEdoQHpachQS6aTT2yfwRDs+DCKhH1dw6v6dSFEo5Tj0dGeI1FDOZ5m5NPNltnBZ1EtUUHNSyuNEEY5nNwQJgyqCGSPoU0GwYmMtEBZUfwPiIdKMlCZZ1HzseRqLol2t2GeVi4fzcv06J1UAR+AYnAIbXII6uAMN0AIYPIEX8ArejGfj3fgwPmetK0Y+cwj+lfH1C7PFntY=</latexit>
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Holographic CFTs

Bulk dual of operator state |⇢ABi
<latexit sha1_base64="21/NGd6wniGxgncf4eA6TThKD8I=">AAACFXicbVC7TsMwFHXKq5RXCiNLRIXEVCU8BGMpC2OR6ENqoshxnNaqY0e2A6pCv4OJFb6CDbEy8xH8A06bAdoe6UpH59x7de8JEkqksu1vo7Syura+Ud6sbG3v7O6Z1f2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6yf3uAxaScHavxgn2YjhgJCIIKi35ZvXJFUPuZ9fNiSsgG1DsmzW7bk9hLRKnIDVQoOWbP27IURpjphCFUvYdO1FeBoUiiOJJxU0lTiAawQHua8pgjKWXTU+fWMdaCa2IC11MWVP170QGYynHcaA7Y6iGct7LxaVeKPOFy6x+qqIrLyMsSRVmaHZDlFJLcSuPyAqJwEjRsSYQCaLfsNAQCoiUDrKi83Hm01gkndO6c1a/uDuvNZpFUmVwCI7ACXDAJWiAW9ACbYDAI3gBr+DNeDbejQ/jc9ZaMoqZA/APxtcvOw6fNQ==</latexit>

Saddle point (semi-classical) approximation


Interpret      as the bulk geometry for 


Key ingredients: back-react + identify across “cosmic brane”

N = h⇢AB |⇢ABi ⇠
Z

B̃1[B̃2

D�bff
†e�SE(�b)

<latexit sha1_base64="5CawVSrW44pR7Umxzm6Uc1EgqVI="></latexit>

B̃1
<latexit sha1_base64="Ja+8qtWQYPI4Fp3+qbE8ykjMAQo=">AAACGXicbVDLSsNAFJ34rPUVFVdugkVwVRIf6LLUjcsK9gFNCJPJTTt0MgkzE6GEfokrt/oV7sStKz/Cf3DSZqFtDwwczrn3cuYEKaNS2fa3sbK6tr6xWdmqbu/s7u2bB4cdmWSCQJskLBG9AEtglENbUcWglwrAccCgG4zuCr/7BELShD+qcQpejAecRpRgpSXfPHYVZSHkbozVkGCWNycT3/HNml23p7AWiVOSGirR8s0fN0xIFgNXhGEp+46dKi/HQlHCYFJ1MwkpJiM8gL6mHMcgvXwaf2KdaSW0okTox5U1Vf9u5DiWchwHerJIKee9QlzqhbI4uMzqZyq69XLK00wBJ7MMUcYslVhFTVZIBRDFxppgIqj+hkWGWGCidJlV3Y8z38Yi6VzUncv69cNVrdEsm6qgE3SKzpGDblAD3aMWaiOCcvSCXtGb8Wy8Gx/G52x0xSh3jtA/GF+/gWSg8w==</latexit>

ABC C

| i
<latexit sha1_base64="xVfG4SxAzzty2VNEgiF/FD6+enY=">AAACYXicdZHLTgIxFIY74w3wBrhk00hMXJEZNdGdRDcuMZFLwhDS6RygodNO2o4JQV7Drb6Wa1/EDrAQGU/S5M/3n5Oe/g0TzrTxvC/H3dnd2z8oFEuHR8cnp+VKtaNlqii0qeRS9UKigTMBbcMMh16igMQhh244fcz87isozaR4MbMEBjEZCzZilBiLgrcg0SxQRIw5DMt1r+EtC28Lfy3qaF2tYcW5DyJJ0xiEoZxo3fe9xAzmRBlGOSxKQaohIXRKxtC3UpAY9GC+XHqBLyyJ8Egqe4TBS/p7Yh6Gse2KiZnoDU5irWdx+J+XwVwv0tlFuZa2208gyvUyYqTkOs/tp2Z0N5gzkaQGBF29apRybCTO4sYRU0ANn1lBqGI2GEwnRBFq7KeUbOT+34C3Reeq4V83rp5v6s2HdfgFVEPn6BL56BY10RNqoTaiKEHv6AN9Ot9u0S271VWr66xnztBGubUf3FC5ag==</latexit>

ABC C
ABC C

�AB
2

<latexit sha1_base64="NnWrrNvYJLCm10oCYGVXif31Nv8=">AAACYnicdZG7TsMwFIbdcCvh1tIRhogKialKChJslLIwFolepDZUjuO0Fr4E20Gqoj4HKzwWOw+C02agNBzJ0q/vP0c+/h3ElCjtul8la2Nza3unvGvv7R8cHlWqxz0lEolwFwkq5CCAClPCcVcTTfEglhiygOJ+8HKf+f03LBUR/EnPYuwzOOEkIghqg/zRBDIGn9O79nzcHFfqbsNdlLMuvFzUQV6dcbV0OwoFShjmGlGo1NBzY+2nUGqCKJ7bo0ThGKIXOMFDIzlkWPnpYuu5c25I6ERCmsO1s6C/J9IgYKaLQT1VKxwypWYs+M/LYKEXquyiQkuZ7ac4LPQyooWgqsgdJjq68VPC40RjjpavihLqaOFkeTshkRhpOjMCIklMMA6aQgmRNr9im8i9vwGvi16z4V02mo9X9VY7D78MTsAZuAAeuAYt8AA6oAsQeAXv4AN8lr4t26patWWrVcpnamClrNMfpsS5RA==</latexit>

AB

| AB,A0B0i
<latexit sha1_base64="atTlYR+bGwPSfBypujRumhFfftY="></latexit>

A’B’

|⇢ABi
<latexit sha1_base64="hCOXTgjS0p88aJTQdG5r68bLHZE=">AAACaHicdZHLTgIxFIY74w3xBrowxs0EYuKKzKCJ7kTcuMRELglDSKdzgIZOO2k7GjLyKG71mXwFn8IOsBDBkzT58/3npKd/g5hRpV33y7I3Nre2d3K7+b39g8OjQvG4pUQiCTSJYEJ2AqyAUQ5NTTWDTiwBRwGDdjB+yPz2C0hFBX/Wkxh6ER5yOqAEa4P6heKbL0ein97Xp77EfMigXyi7FXdWzqrwFqKMFtXoF607PxQkiYBrwrBSXc+NdS/FUlPCYJr3EwUxJmM8hK6RHEegeuls96lzYUjoDIQ0h2tnRn9PpEEQma4I65Fa4jhSahIF/3kZXOuFKrtoraXM9iMI13oZ0UIwtc7tJnpw20spjxMNnMxfNUiYo4WTpe6EVALRbGIEJpKaYBwywhITbf4mbyL3/ga8KlrVindVqT5dl2v1Rfg5dI5K6BJ56AbV0CNqoCYi6BW9ow/0aX3bBfvUPpu32tZi5gQtlV36Acxqu6Q=</latexit>

|⇢ABi
<latexit sha1_base64="hCOXTgjS0p88aJTQdG5r68bLHZE=">AAACaHicdZHLTgIxFIY74w3xBrowxs0EYuKKzKCJ7kTcuMRELglDSKdzgIZOO2k7GjLyKG71mXwFn8IOsBDBkzT58/3npKd/g5hRpV33y7I3Nre2d3K7+b39g8OjQvG4pUQiCTSJYEJ2AqyAUQ5NTTWDTiwBRwGDdjB+yPz2C0hFBX/Wkxh6ER5yOqAEa4P6heKbL0ein97Xp77EfMigXyi7FXdWzqrwFqKMFtXoF607PxQkiYBrwrBSXc+NdS/FUlPCYJr3EwUxJmM8hK6RHEegeuls96lzYUjoDIQ0h2tnRn9PpEEQma4I65Fa4jhSahIF/3kZXOuFKrtoraXM9iMI13oZ0UIwtc7tJnpw20spjxMNnMxfNUiYo4WTpe6EVALRbGIEJpKaYBwywhITbf4mbyL3/ga8KlrVindVqT5dl2v1Rfg5dI5K6BJ56AbV0CNqoCYi6BW9ow/0aX3bBfvUPpu32tZi5gQtlV36Acxqu6Q=</latexit>

|⇢ABi
<latexit sha1_base64="21/NGd6wniGxgncf4eA6TThKD8I=">AAACFXicbVC7TsMwFHXKq5RXCiNLRIXEVCU8BGMpC2OR6ENqoshxnNaqY0e2A6pCv4OJFb6CDbEy8xH8A06bAdoe6UpH59x7de8JEkqksu1vo7Syura+Ud6sbG3v7O6Z1f2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6yf3uAxaScHavxgn2YjhgJCIIKi35ZvXJFUPuZ9fNiSsgG1DsmzW7bk9hLRKnIDVQoOWbP27IURpjphCFUvYdO1FeBoUiiOJJxU0lTiAawQHua8pgjKWXTU+fWMdaCa2IC11MWVP170QGYynHcaA7Y6iGct7LxaVeKPOFy6x+qqIrLyMsSRVmaHZDlFJLcSuPyAqJwEjRsSYQCaLfsNAQCoiUDrKi83Hm01gkndO6c1a/uDuvNZpFUmVwCI7ACXDAJWiAW9ACbYDAI3gBr+DNeDbejQ/jc9ZaMoqZA/APxtcvOw6fNQ==</latexit>
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Holographic CFTs

Can extend to          , |⇢↵ABi
<latexit sha1_base64="281A2ExTjCYuioMdE34RE5PI9FI=">AAACHHicbVDLSsNAFJ34rPUVdSO4CRbBVUl8oMtaNy4r2Ac0sdxMJ83QySTMTIQS66e4cqtf4U7cCn6E/+Ck7ULbHrhwOOfey73HTxiVyra/jYXFpeWV1cJacX1jc2vb3NltyDgVmNRxzGLR8kESRjmpK6oYaSWCQOQz0vT717nffCBC0pjfqUFCvAh6nAYUg9JSx9x/dEUY37vAkhA62VV16ArgPUY6Zsku2yNYs8SZkBKaoNYxf9xujNOIcIUZSNl27ER5GQhFMSPDoptKkgDuQ4+0NeUQEellow+G1pFWulYQC11cWSP170QGkZSDyNedEahQTnu5ONfrynzhPKudquDSyyhPUkU4Ht8QpMxSsZUnZXWpIFixgSaABdVvWDgEAVjpPIs6H2c6jVnSOCk7p+Xz27NSpTpJqoAO0CE6Rg66QBV0g2qojjB6Qi/oFb0Zz8a78WF8jlsXjMnMHvoH4+sX7WyiOw==</latexit>

↵ 2 N
<latexit sha1_base64="tnYI2yzfhQ2GCaj3tD5nBucoCiE=">AAACF3icbVDLSsNAFL2pr1pf0S7dBIvgqiQ+0GXRjSupYB/QhDKZTNqhk0mYmQgh9ENcudWvcCduXfoR/oOTNgutPTBwOOfey5njJ4xKZdtfRmVldW19o7pZ29re2d0z9w+6Mk4FJh0cs1j0fSQJo5x0FFWM9BNBUOQz0vMnN4XfeyRC0pg/qCwhXoRGnIYUI6WloVl3EUvGyKXcjZAa+35+Nx2aDbtpz2D9J05JGlCiPTS/3SDGaUS4wgxJOXDsRHk5EopiRqY1N5UkQXiCRmSgKUcRkV4+Cz+1jrUSWGEs9OPKmqm/N3IUSZlFvp4sEspFrxCXeoEsDi6zBqkKr7yc8iRVhON5hjBlloqtoiQroIJgxTJNEBZUf8PCYyQQVrrKmu7HWWzjP+meNp2z5sX9eaN1XTZVhUM4ghNw4BJacAtt6ACGDJ7hBV6NJ+PNeDc+5qMVo9ypwx8Ynz/r66Ae</latexit>

Bulk dual of operator state |⇢ABi
<latexit sha1_base64="21/NGd6wniGxgncf4eA6TThKD8I=">AAACFXicbVC7TsMwFHXKq5RXCiNLRIXEVCU8BGMpC2OR6ENqoshxnNaqY0e2A6pCv4OJFb6CDbEy8xH8A06bAdoe6UpH59x7de8JEkqksu1vo7Syura+Ud6sbG3v7O6Z1f2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6yf3uAxaScHavxgn2YjhgJCIIKi35ZvXJFUPuZ9fNiSsgG1DsmzW7bk9hLRKnIDVQoOWbP27IURpjphCFUvYdO1FeBoUiiOJJxU0lTiAawQHua8pgjKWXTU+fWMdaCa2IC11MWVP170QGYynHcaA7Y6iGct7LxaVeKPOFy6x+qqIrLyMsSRVmaHZDlFJLcSuPyAqJwEjRsSYQCaLfsNAQCoiUDrKi83Hm01gkndO6c1a/uDuvNZpFUmVwCI7ACXDAJWiAW9ACbYDAI3gBr+DNeDbejQ/jc9ZaMoqZA/APxtcvOw6fNQ==</latexit>
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Holographic CFTs

Can extend to          , 


Computing norm:

|⇢↵ABi
<latexit sha1_base64="281A2ExTjCYuioMdE34RE5PI9FI=">AAACHHicbVDLSsNAFJ34rPUVdSO4CRbBVUl8oMtaNy4r2Ac0sdxMJ83QySTMTIQS66e4cqtf4U7cCn6E/+Ck7ULbHrhwOOfey73HTxiVyra/jYXFpeWV1cJacX1jc2vb3NltyDgVmNRxzGLR8kESRjmpK6oYaSWCQOQz0vT717nffCBC0pjfqUFCvAh6nAYUg9JSx9x/dEUY37vAkhA62VV16ArgPUY6Zsku2yNYs8SZkBKaoNYxf9xujNOIcIUZSNl27ER5GQhFMSPDoptKkgDuQ4+0NeUQEellow+G1pFWulYQC11cWSP170QGkZSDyNedEahQTnu5ONfrynzhPKudquDSyyhPUkU4Ht8QpMxSsZUnZXWpIFixgSaABdVvWDgEAVjpPIs6H2c6jVnSOCk7p+Xz27NSpTpJqoAO0CE6Rg66QBV0g2qojjB6Qi/oFb0Zz8a78WF8jlsXjMnMHvoH4+sX7WyiOw==</latexit>

N↵ = h⇢↵AB |⇢↵ABi = tr⇢2↵AB
<latexit sha1_base64="w+31NKEh0+0Xk8ifxLVXF5UR+48="></latexit>

↵ 2 N
<latexit sha1_base64="tnYI2yzfhQ2GCaj3tD5nBucoCiE=">AAACF3icbVDLSsNAFL2pr1pf0S7dBIvgqiQ+0GXRjSupYB/QhDKZTNqhk0mYmQgh9ENcudWvcCduXfoR/oOTNgutPTBwOOfey5njJ4xKZdtfRmVldW19o7pZ29re2d0z9w+6Mk4FJh0cs1j0fSQJo5x0FFWM9BNBUOQz0vMnN4XfeyRC0pg/qCwhXoRGnIYUI6WloVl3EUvGyKXcjZAa+35+Nx2aDbtpz2D9J05JGlCiPTS/3SDGaUS4wgxJOXDsRHk5EopiRqY1N5UkQXiCRmSgKUcRkV4+Cz+1jrUSWGEs9OPKmqm/N3IUSZlFvp4sEspFrxCXeoEsDi6zBqkKr7yc8iRVhON5hjBlloqtoiQroIJgxTJNEBZUf8PCYyQQVrrKmu7HWWzjP+meNp2z5sX9eaN1XTZVhUM4ghNw4BJacAtt6ACGDJ7hBV6NJ+PNeDc+5qMVo9ypwx8Ynz/r66Ae</latexit>

Bulk dual of operator state |⇢ABi
<latexit sha1_base64="21/NGd6wniGxgncf4eA6TThKD8I=">AAACFXicbVC7TsMwFHXKq5RXCiNLRIXEVCU8BGMpC2OR6ENqoshxnNaqY0e2A6pCv4OJFb6CDbEy8xH8A06bAdoe6UpH59x7de8JEkqksu1vo7Syura+Ud6sbG3v7O6Z1f2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6yf3uAxaScHavxgn2YjhgJCIIKi35ZvXJFUPuZ9fNiSsgG1DsmzW7bk9hLRKnIDVQoOWbP27IURpjphCFUvYdO1FeBoUiiOJJxU0lTiAawQHua8pgjKWXTU+fWMdaCa2IC11MWVP170QGYynHcaA7Y6iGct7LxaVeKPOFy6x+qqIrLyMsSRVmaHZDlFJLcSuPyAqJwEjRsSYQCaLfsNAQCoiUDrKi83Hm01gkndO6c1a/uDuvNZpFUmVwCI7ACXDAJWiAW9ACbYDAI3gBr+DNeDbejQ/jc9ZaMoqZA/APxtcvOw6fNQ==</latexit>
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Holographic CFTs

Can extend to          , 


Computing norm:


Same procedure with cosmic brane tension

|⇢↵ABi
<latexit sha1_base64="281A2ExTjCYuioMdE34RE5PI9FI=">AAACHHicbVDLSsNAFJ34rPUVdSO4CRbBVUl8oMtaNy4r2Ac0sdxMJ83QySTMTIQS66e4cqtf4U7cCn6E/+Ck7ULbHrhwOOfey73HTxiVyra/jYXFpeWV1cJacX1jc2vb3NltyDgVmNRxzGLR8kESRjmpK6oYaSWCQOQz0vT717nffCBC0pjfqUFCvAh6nAYUg9JSx9x/dEUY37vAkhA62VV16ArgPUY6Zsku2yNYs8SZkBKaoNYxf9xujNOIcIUZSNl27ER5GQhFMSPDoptKkgDuQ4+0NeUQEellow+G1pFWulYQC11cWSP170QGkZSDyNedEahQTnu5ONfrynzhPKudquDSyyhPUkU4Ht8QpMxSsZUnZXWpIFixgSaABdVvWDgEAVjpPIs6H2c6jVnSOCk7p+Xz27NSpTpJqoAO0CE6Rg66QBV0g2qojjB6Qi/oFb0Zz8a78WF8jlsXjMnMHvoH4+sX7WyiOw==</latexit>

N↵ = h⇢↵AB |⇢↵ABi = tr⇢2↵AB
<latexit sha1_base64="w+31NKEh0+0Xk8ifxLVXF5UR+48="></latexit>

↵ 2 N
<latexit sha1_base64="tnYI2yzfhQ2GCaj3tD5nBucoCiE=">AAACF3icbVDLSsNAFL2pr1pf0S7dBIvgqiQ+0GXRjSupYB/QhDKZTNqhk0mYmQgh9ENcudWvcCduXfoR/oOTNgutPTBwOOfey5njJ4xKZdtfRmVldW19o7pZ29re2d0z9w+6Mk4FJh0cs1j0fSQJo5x0FFWM9BNBUOQz0vMnN4XfeyRC0pg/qCwhXoRGnIYUI6WloVl3EUvGyKXcjZAa+35+Nx2aDbtpz2D9J05JGlCiPTS/3SDGaUS4wgxJOXDsRHk5EopiRqY1N5UkQXiCRmSgKUcRkV4+Cz+1jrUSWGEs9OPKmqm/N3IUSZlFvp4sEspFrxCXeoEsDi6zBqkKr7yc8iRVhON5hjBlloqtoiQroIJgxTJNEBZUf8PCYyQQVrrKmu7HWWzjP+meNp2z5sX9eaN1XTZVhUM4ghNw4BJacAtt6ACGDJ7hBV6NJ+PNeDc+5qMVo9ypwx8Ynz/r66Ae</latexit>

Bulk dual of operator state |⇢ABi
<latexit sha1_base64="21/NGd6wniGxgncf4eA6TThKD8I=">AAACFXicbVC7TsMwFHXKq5RXCiNLRIXEVCU8BGMpC2OR6ENqoshxnNaqY0e2A6pCv4OJFb6CDbEy8xH8A06bAdoe6UpH59x7de8JEkqksu1vo7Syura+Ud6sbG3v7O6Z1f2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6yf3uAxaScHavxgn2YjhgJCIIKi35ZvXJFUPuZ9fNiSsgG1DsmzW7bk9hLRKnIDVQoOWbP27IURpjphCFUvYdO1FeBoUiiOJJxU0lTiAawQHua8pgjKWXTU+fWMdaCa2IC11MWVP170QGYynHcaA7Y6iGct7LxaVeKPOFy6x+qqIrLyMsSRVmaHZDlFJLcSuPyAqJwEjRsSYQCaLfsNAQCoiUDrKi83Hm01gkndO6c1a/uDuvNZpFUmVwCI7ACXDAJWiAW9ACbYDAI3gBr+DNeDbejQ/jc9ZaMoqZA/APxtcvOw6fNQ==</latexit>

T2 ! T2↵ =
2↵� 1

8↵GN<latexit sha1_base64="ynDV1OtjG6HKY7LsvZNngwN1xmg="></latexit>
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Holographic CFTs

Can extend to          , 


Computing norm:


Same procedure with cosmic brane tension


Can analytically continue to 

|⇢↵ABi
<latexit sha1_base64="281A2ExTjCYuioMdE34RE5PI9FI=">AAACHHicbVDLSsNAFJ34rPUVdSO4CRbBVUl8oMtaNy4r2Ac0sdxMJ83QySTMTIQS66e4cqtf4U7cCn6E/+Ck7ULbHrhwOOfey73HTxiVyra/jYXFpeWV1cJacX1jc2vb3NltyDgVmNRxzGLR8kESRjmpK6oYaSWCQOQz0vT717nffCBC0pjfqUFCvAh6nAYUg9JSx9x/dEUY37vAkhA62VV16ArgPUY6Zsku2yNYs8SZkBKaoNYxf9xujNOIcIUZSNl27ER5GQhFMSPDoptKkgDuQ4+0NeUQEellow+G1pFWulYQC11cWSP170QGkZSDyNedEahQTnu5ONfrynzhPKudquDSyyhPUkU4Ht8QpMxSsZUnZXWpIFixgSaABdVvWDgEAVjpPIs6H2c6jVnSOCk7p+Xz27NSpTpJqoAO0CE6Rg66QBV0g2qojjB6Qi/oFb0Zz8a78WF8jlsXjMnMHvoH4+sX7WyiOw==</latexit>

N↵ = h⇢↵AB |⇢↵ABi = tr⇢2↵AB
<latexit sha1_base64="w+31NKEh0+0Xk8ifxLVXF5UR+48="></latexit>

↵ 2 N
<latexit sha1_base64="tnYI2yzfhQ2GCaj3tD5nBucoCiE=">AAACF3icbVDLSsNAFL2pr1pf0S7dBIvgqiQ+0GXRjSupYB/QhDKZTNqhk0mYmQgh9ENcudWvcCduXfoR/oOTNgutPTBwOOfey5njJ4xKZdtfRmVldW19o7pZ29re2d0z9w+6Mk4FJh0cs1j0fSQJo5x0FFWM9BNBUOQz0vMnN4XfeyRC0pg/qCwhXoRGnIYUI6WloVl3EUvGyKXcjZAa+35+Nx2aDbtpz2D9J05JGlCiPTS/3SDGaUS4wgxJOXDsRHk5EopiRqY1N5UkQXiCRmSgKUcRkV4+Cz+1jrUSWGEs9OPKmqm/N3IUSZlFvp4sEspFrxCXeoEsDi6zBqkKr7yc8iRVhON5hjBlloqtoiQroIJgxTJNEBZUf8PCYyQQVrrKmu7HWWzjP+meNp2z5sX9eaN1XTZVhUM4ghNw4BJacAtt6ACGDJ7hBV6NJ+PNeDc+5qMVo9ypwx8Ynz/r66Ae</latexit>

Bulk dual of operator state |⇢ABi
<latexit sha1_base64="21/NGd6wniGxgncf4eA6TThKD8I=">AAACFXicbVC7TsMwFHXKq5RXCiNLRIXEVCU8BGMpC2OR6ENqoshxnNaqY0e2A6pCv4OJFb6CDbEy8xH8A06bAdoe6UpH59x7de8JEkqksu1vo7Syura+Ud6sbG3v7O6Z1f2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6yf3uAxaScHavxgn2YjhgJCIIKi35ZvXJFUPuZ9fNiSsgG1DsmzW7bk9hLRKnIDVQoOWbP27IURpjphCFUvYdO1FeBoUiiOJJxU0lTiAawQHua8pgjKWXTU+fWMdaCa2IC11MWVP170QGYynHcaA7Y6iGct7LxaVeKPOFy6x+qqIrLyMsSRVmaHZDlFJLcSuPyAqJwEjRsSYQCaLfsNAQCoiUDrKi83Hm01gkndO6c1a/uDuvNZpFUmVwCI7ACXDAJWiAW9ACbYDAI3gBr+DNeDbejQ/jc9ZaMoqZA/APxtcvOw6fNQ==</latexit>

T2 ! T2↵ =
2↵� 1

8↵GN<latexit sha1_base64="ynDV1OtjG6HKY7LsvZNngwN1xmg="></latexit>

↵ 2 R
<latexit sha1_base64="Ubme3i3cbSKURiDTvlSnr+LBVUE=">AAACGXicbVDLSsNAFL3xWesrKq7cDBbBVUl8oMuiG5dV7AOaUCaTaTt0MgkzE6GEfokrt/oV7sStKz/Cf3DSZqFtDwwczrn3cuYECWdKO863tbS8srq2Xtoob25t7+zae/tNFaeS0AaJeSzbAVaUM0EbmmlO24mkOAo4bQXD29xvPVGpWCwe9SihfoT7gvUYwdpIXfvQwzwZYOQxgbwI60EQZA/jrl1xqs4EaJ64BalAgXrX/vHCmKQRFZpwrFTHdRLtZ1hqRjgdl71U0QSTIe7TjqECR1T52ST+GJ0YJUS9WJonNJqofzcyHCk1igIzmSdUs14uLvRClR9cZHVS3bv2MyaSVFNBphl6KUc6RnlNKGSSEs1HhmAimfkGIgMsMdGmzLLpx51tY540z6ruefXy/qJSuymaKsERHMMpuHAFNbiDOjSAQAYv8Apv1rP1bn1Yn9PRJavYOYB/sL5+Aa23oHY=</latexit>
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Holographic CFTs

Can extend to          , 


Computing norm:


Same procedure with cosmic brane tension


Can analytically continue to 


Special case                : tensionless; no backreaction —> RT surface 

|⇢↵ABi
<latexit sha1_base64="281A2ExTjCYuioMdE34RE5PI9FI=">AAACHHicbVDLSsNAFJ34rPUVdSO4CRbBVUl8oMtaNy4r2Ac0sdxMJ83QySTMTIQS66e4cqtf4U7cCn6E/+Ck7ULbHrhwOOfey73HTxiVyra/jYXFpeWV1cJacX1jc2vb3NltyDgVmNRxzGLR8kESRjmpK6oYaSWCQOQz0vT717nffCBC0pjfqUFCvAh6nAYUg9JSx9x/dEUY37vAkhA62VV16ArgPUY6Zsku2yNYs8SZkBKaoNYxf9xujNOIcIUZSNl27ER5GQhFMSPDoptKkgDuQ4+0NeUQEellow+G1pFWulYQC11cWSP170QGkZSDyNedEahQTnu5ONfrynzhPKudquDSyyhPUkU4Ht8QpMxSsZUnZXWpIFixgSaABdVvWDgEAVjpPIs6H2c6jVnSOCk7p+Xz27NSpTpJqoAO0CE6Rg66QBV0g2qojjB6Qi/oFb0Zz8a78WF8jlsXjMnMHvoH4+sX7WyiOw==</latexit>

N↵ = h⇢↵AB |⇢↵ABi = tr⇢2↵AB
<latexit sha1_base64="w+31NKEh0+0Xk8ifxLVXF5UR+48="></latexit>

↵ 2 N
<latexit sha1_base64="tnYI2yzfhQ2GCaj3tD5nBucoCiE=">AAACF3icbVDLSsNAFL2pr1pf0S7dBIvgqiQ+0GXRjSupYB/QhDKZTNqhk0mYmQgh9ENcudWvcCduXfoR/oOTNgutPTBwOOfey5njJ4xKZdtfRmVldW19o7pZ29re2d0z9w+6Mk4FJh0cs1j0fSQJo5x0FFWM9BNBUOQz0vMnN4XfeyRC0pg/qCwhXoRGnIYUI6WloVl3EUvGyKXcjZAa+35+Nx2aDbtpz2D9J05JGlCiPTS/3SDGaUS4wgxJOXDsRHk5EopiRqY1N5UkQXiCRmSgKUcRkV4+Cz+1jrUSWGEs9OPKmqm/N3IUSZlFvp4sEspFrxCXeoEsDi6zBqkKr7yc8iRVhON5hjBlloqtoiQroIJgxTJNEBZUf8PCYyQQVrrKmu7HWWzjP+meNp2z5sX9eaN1XTZVhUM4ghNw4BJacAtt6ACGDJ7hBV6NJ+PNeDc+5qMVo9ypwx8Ynz/r66Ae</latexit>

Bulk dual of operator state |⇢ABi
<latexit sha1_base64="21/NGd6wniGxgncf4eA6TThKD8I=">AAACFXicbVC7TsMwFHXKq5RXCiNLRIXEVCU8BGMpC2OR6ENqoshxnNaqY0e2A6pCv4OJFb6CDbEy8xH8A06bAdoe6UpH59x7de8JEkqksu1vo7Syura+Ud6sbG3v7O6Z1f2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6yf3uAxaScHavxgn2YjhgJCIIKi35ZvXJFUPuZ9fNiSsgG1DsmzW7bk9hLRKnIDVQoOWbP27IURpjphCFUvYdO1FeBoUiiOJJxU0lTiAawQHua8pgjKWXTU+fWMdaCa2IC11MWVP170QGYynHcaA7Y6iGct7LxaVeKPOFy6x+qqIrLyMsSRVmaHZDlFJLcSuPyAqJwEjRsSYQCaLfsNAQCoiUDrKi83Hm01gkndO6c1a/uDuvNZpFUmVwCI7ACXDAJWiAW9ACbYDAI3gBr+DNeDbejQ/jc9ZaMoqZA/APxtcvOw6fNQ==</latexit>

T2 ! T2↵ =
2↵� 1

8↵GN<latexit sha1_base64="ynDV1OtjG6HKY7LsvZNngwN1xmg="></latexit>

↵ 2 R
<latexit sha1_base64="Ubme3i3cbSKURiDTvlSnr+LBVUE=">AAACGXicbVDLSsNAFL3xWesrKq7cDBbBVUl8oMuiG5dV7AOaUCaTaTt0MgkzE6GEfokrt/oV7sStKz/Cf3DSZqFtDwwczrn3cuYECWdKO863tbS8srq2Xtoob25t7+zae/tNFaeS0AaJeSzbAVaUM0EbmmlO24mkOAo4bQXD29xvPVGpWCwe9SihfoT7gvUYwdpIXfvQwzwZYOQxgbwI60EQZA/jrl1xqs4EaJ64BalAgXrX/vHCmKQRFZpwrFTHdRLtZ1hqRjgdl71U0QSTIe7TjqECR1T52ST+GJ0YJUS9WJonNJqofzcyHCk1igIzmSdUs14uLvRClR9cZHVS3bv2MyaSVFNBphl6KUc6RnlNKGSSEs1HhmAimfkGIgMsMdGmzLLpx51tY540z6ruefXy/qJSuymaKsERHMMpuHAFNbiDOjSAQAYv8Apv1rP1bn1Yn9PRJavYOYB/sL5+Aa23oHY=</latexit>

↵ = 1/2
<latexit sha1_base64="fATL7Iq0ykcH+6R6dkNb/NRAVRM=">AAACDHicbVDLSsNAFL3xWeur6tLNYBFc1aQquhGKblxWsA9sQ5lMJu3QySTMTIQS+guu3OpXuBO3/oMf4T84abPQtgcuHM6593Lv8WLOlLbtb2tpeWV1bb2wUdzc2t7ZLe3tN1WUSEIbJOKRbHtYUc4EbWimOW3HkuLQ47TlDW8zv/VEpWKReNCjmLoh7gsWMIK1kR67mMcDfO2cVnulsl2xJ0DzxMlJGXLUe6Wfrh+RJKRCE46V6jh2rN0US80Ip+NiN1E0xmSI+7RjqMAhVW46uXiMjo3ioyCSpoRGE/XvRIpDpUahZzpDrAdq1svEhZ6vsoWLrE6igys3ZSJONBVkekOQcKQjlCWDfCYp0XxkCCaSmTcQGWCJiTb5FU0+zmwa86RZrThnlYv783LtJk+qAIdwBCfgwCXU4A7q0AACAl7gFd6sZ+vd+rA+p61LVj5zAP9gff0CtrubHw==</latexit>

33



Holographic CFTs

Can extend to          , 


Computing norm:


Same procedure with cosmic brane tension


Can analytically continue to 


Special case                : tensionless; no backreaction —> RT surface 


Bulk dual of           : identify across RT surface                  

|⇢↵ABi
<latexit sha1_base64="281A2ExTjCYuioMdE34RE5PI9FI=">AAACHHicbVDLSsNAFJ34rPUVdSO4CRbBVUl8oMtaNy4r2Ac0sdxMJ83QySTMTIQS66e4cqtf4U7cCn6E/+Ck7ULbHrhwOOfey73HTxiVyra/jYXFpeWV1cJacX1jc2vb3NltyDgVmNRxzGLR8kESRjmpK6oYaSWCQOQz0vT717nffCBC0pjfqUFCvAh6nAYUg9JSx9x/dEUY37vAkhA62VV16ArgPUY6Zsku2yNYs8SZkBKaoNYxf9xujNOIcIUZSNl27ER5GQhFMSPDoptKkgDuQ4+0NeUQEellow+G1pFWulYQC11cWSP170QGkZSDyNedEahQTnu5ONfrynzhPKudquDSyyhPUkU4Ht8QpMxSsZUnZXWpIFixgSaABdVvWDgEAVjpPIs6H2c6jVnSOCk7p+Xz27NSpTpJqoAO0CE6Rg66QBV0g2qojjB6Qi/oFb0Zz8a78WF8jlsXjMnMHvoH4+sX7WyiOw==</latexit>

N↵ = h⇢↵AB |⇢↵ABi = tr⇢2↵AB
<latexit sha1_base64="w+31NKEh0+0Xk8ifxLVXF5UR+48="></latexit>

↵ 2 N
<latexit sha1_base64="tnYI2yzfhQ2GCaj3tD5nBucoCiE=">AAACF3icbVDLSsNAFL2pr1pf0S7dBIvgqiQ+0GXRjSupYB/QhDKZTNqhk0mYmQgh9ENcudWvcCduXfoR/oOTNgutPTBwOOfey5njJ4xKZdtfRmVldW19o7pZ29re2d0z9w+6Mk4FJh0cs1j0fSQJo5x0FFWM9BNBUOQz0vMnN4XfeyRC0pg/qCwhXoRGnIYUI6WloVl3EUvGyKXcjZAa+35+Nx2aDbtpz2D9J05JGlCiPTS/3SDGaUS4wgxJOXDsRHk5EopiRqY1N5UkQXiCRmSgKUcRkV4+Cz+1jrUSWGEs9OPKmqm/N3IUSZlFvp4sEspFrxCXeoEsDi6zBqkKr7yc8iRVhON5hjBlloqtoiQroIJgxTJNEBZUf8PCYyQQVrrKmu7HWWzjP+meNp2z5sX9eaN1XTZVhUM4ghNw4BJacAtt6ACGDJ7hBV6NJ+PNeDc+5qMVo9ypwx8Ynz/r66Ae</latexit>

Bulk dual of operator state |⇢ABi
<latexit sha1_base64="21/NGd6wniGxgncf4eA6TThKD8I=">AAACFXicbVC7TsMwFHXKq5RXCiNLRIXEVCU8BGMpC2OR6ENqoshxnNaqY0e2A6pCv4OJFb6CDbEy8xH8A06bAdoe6UpH59x7de8JEkqksu1vo7Syura+Ud6sbG3v7O6Z1f2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6yf3uAxaScHavxgn2YjhgJCIIKi35ZvXJFUPuZ9fNiSsgG1DsmzW7bk9hLRKnIDVQoOWbP27IURpjphCFUvYdO1FeBoUiiOJJxU0lTiAawQHua8pgjKWXTU+fWMdaCa2IC11MWVP170QGYynHcaA7Y6iGct7LxaVeKPOFy6x+qqIrLyMsSRVmaHZDlFJLcSuPyAqJwEjRsSYQCaLfsNAQCoiUDrKi83Hm01gkndO6c1a/uDuvNZpFUmVwCI7ACXDAJWiAW9ACbYDAI3gBr+DNeDbejQ/jc9ZaMoqZA/APxtcvOw6fNQ==</latexit>

T2 ! T2↵ =
2↵� 1

8↵GN<latexit sha1_base64="ynDV1OtjG6HKY7LsvZNngwN1xmg="></latexit>

↵ 2 R
<latexit sha1_base64="Ubme3i3cbSKURiDTvlSnr+LBVUE=">AAACGXicbVDLSsNAFL3xWesrKq7cDBbBVUl8oMuiG5dV7AOaUCaTaTt0MgkzE6GEfokrt/oV7sStKz/Cf3DSZqFtDwwczrn3cuYECWdKO863tbS8srq2Xtoob25t7+zae/tNFaeS0AaJeSzbAVaUM0EbmmlO24mkOAo4bQXD29xvPVGpWCwe9SihfoT7gvUYwdpIXfvQwzwZYOQxgbwI60EQZA/jrl1xqs4EaJ64BalAgXrX/vHCmKQRFZpwrFTHdRLtZ1hqRjgdl71U0QSTIe7TjqECR1T52ST+GJ0YJUS9WJonNJqofzcyHCk1igIzmSdUs14uLvRClR9cZHVS3bv2MyaSVFNBphl6KUc6RnlNKGSSEs1HhmAimfkGIgMsMdGmzLLpx51tY540z6ruefXy/qJSuymaKsERHMMpuHAFNbiDOjSAQAYv8Apv1rP1bn1Yn9PRJavYOYB/sL5+Aa23oHY=</latexit>

↵ = 1/2
<latexit sha1_base64="fATL7Iq0ykcH+6R6dkNb/NRAVRM=">AAACDHicbVDLSsNAFL3xWeur6tLNYBFc1aQquhGKblxWsA9sQ5lMJu3QySTMTIQS+guu3OpXuBO3/oMf4T84abPQtgcuHM6593Lv8WLOlLbtb2tpeWV1bb2wUdzc2t7ZLe3tN1WUSEIbJOKRbHtYUc4EbWimOW3HkuLQ47TlDW8zv/VEpWKReNCjmLoh7gsWMIK1kR67mMcDfO2cVnulsl2xJ0DzxMlJGXLUe6Wfrh+RJKRCE46V6jh2rN0US80Ip+NiN1E0xmSI+7RjqMAhVW46uXiMjo3ioyCSpoRGE/XvRIpDpUahZzpDrAdq1svEhZ6vsoWLrE6igys3ZSJONBVkekOQcKQjlCWDfCYp0XxkCCaSmTcQGWCJiTb5FU0+zmwa86RZrThnlYv783LtJk+qAIdwBCfgwCXU4A7q0AACAl7gFd6sZ+vd+rA+p61LVj5zAP9gff0CtrubHw==</latexit>

|⇢1/2ABi
<latexit sha1_base64="vY/NjnS9A4L/uFg6b+ZJ0Z36UK0=">AAACG3icbVC7TsNAEDyHVwgvAwUFjUWERBXsAIIyhIYySOQhxcY6n8/JKeezdXdGiow/hYoWvoIO0VLwEfwD58QFJBlppdHM7mp3vJgSIU3zWystLa+srpXXKxubW9s7+u5eR0QJR7iNIhrxngcFpoThtiSS4l7MMQw9irve6Cb3u4+YCxKxezmOsRPCASMBQVAqydUPnmw+jB5S67Seuel1M7M5ZAOKXb1q1swJjHliFaQKCrRc/cf2I5SEmElEoRB9y4ylk0IuCaI4q9iJwDFEIzjAfUUZDLFw0skDmXGsFN8IIq6KSWOi/p1IYSjEOPRUZwjlUMx6ubjQ80W+cJHVT2Rw5aSExYnEDE1vCBJqyMjIgzJ8wjGSdKwIRJyoNww0hBwiqeKsqHys2TTmSades85qF3fn1UazSKoMDsEROAEWuAQNcAtaoA0QyMALeAVv2rP2rn1on9PWklbM7IN/0L5+AVp/oVk=</latexit>
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Holographic CFTs

Can extend to          , 


Computing norm:


Same procedure with cosmic brane tension


Can analytically continue to 


Special case                : tensionless; no backreaction —> RT surface 


Bulk dual of           : identify across RT surface


Dynamical (e.g. quenched) state: identify across HRT surface                   

|⇢↵ABi
<latexit sha1_base64="281A2ExTjCYuioMdE34RE5PI9FI=">AAACHHicbVDLSsNAFJ34rPUVdSO4CRbBVUl8oMtaNy4r2Ac0sdxMJ83QySTMTIQS66e4cqtf4U7cCn6E/+Ck7ULbHrhwOOfey73HTxiVyra/jYXFpeWV1cJacX1jc2vb3NltyDgVmNRxzGLR8kESRjmpK6oYaSWCQOQz0vT717nffCBC0pjfqUFCvAh6nAYUg9JSx9x/dEUY37vAkhA62VV16ArgPUY6Zsku2yNYs8SZkBKaoNYxf9xujNOIcIUZSNl27ER5GQhFMSPDoptKkgDuQ4+0NeUQEellow+G1pFWulYQC11cWSP170QGkZSDyNedEahQTnu5ONfrynzhPKudquDSyyhPUkU4Ht8QpMxSsZUnZXWpIFixgSaABdVvWDgEAVjpPIs6H2c6jVnSOCk7p+Xz27NSpTpJqoAO0CE6Rg66QBV0g2qojjB6Qi/oFb0Zz8a78WF8jlsXjMnMHvoH4+sX7WyiOw==</latexit>

N↵ = h⇢↵AB |⇢↵ABi = tr⇢2↵AB
<latexit sha1_base64="w+31NKEh0+0Xk8ifxLVXF5UR+48="></latexit>

↵ 2 N
<latexit sha1_base64="tnYI2yzfhQ2GCaj3tD5nBucoCiE=">AAACF3icbVDLSsNAFL2pr1pf0S7dBIvgqiQ+0GXRjSupYB/QhDKZTNqhk0mYmQgh9ENcudWvcCduXfoR/oOTNgutPTBwOOfey5njJ4xKZdtfRmVldW19o7pZ29re2d0z9w+6Mk4FJh0cs1j0fSQJo5x0FFWM9BNBUOQz0vMnN4XfeyRC0pg/qCwhXoRGnIYUI6WloVl3EUvGyKXcjZAa+35+Nx2aDbtpz2D9J05JGlCiPTS/3SDGaUS4wgxJOXDsRHk5EopiRqY1N5UkQXiCRmSgKUcRkV4+Cz+1jrUSWGEs9OPKmqm/N3IUSZlFvp4sEspFrxCXeoEsDi6zBqkKr7yc8iRVhON5hjBlloqtoiQroIJgxTJNEBZUf8PCYyQQVrrKmu7HWWzjP+meNp2z5sX9eaN1XTZVhUM4ghNw4BJacAtt6ACGDJ7hBV6NJ+PNeDc+5qMVo9ypwx8Ynz/r66Ae</latexit>

Bulk dual of operator state |⇢ABi
<latexit sha1_base64="21/NGd6wniGxgncf4eA6TThKD8I=">AAACFXicbVC7TsMwFHXKq5RXCiNLRIXEVCU8BGMpC2OR6ENqoshxnNaqY0e2A6pCv4OJFb6CDbEy8xH8A06bAdoe6UpH59x7de8JEkqksu1vo7Syura+Ud6sbG3v7O6Z1f2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6yf3uAxaScHavxgn2YjhgJCIIKi35ZvXJFUPuZ9fNiSsgG1DsmzW7bk9hLRKnIDVQoOWbP27IURpjphCFUvYdO1FeBoUiiOJJxU0lTiAawQHua8pgjKWXTU+fWMdaCa2IC11MWVP170QGYynHcaA7Y6iGct7LxaVeKPOFy6x+qqIrLyMsSRVmaHZDlFJLcSuPyAqJwEjRsSYQCaLfsNAQCoiUDrKi83Hm01gkndO6c1a/uDuvNZpFUmVwCI7ACXDAJWiAW9ACbYDAI3gBr+DNeDbejQ/jc9ZaMoqZA/APxtcvOw6fNQ==</latexit>

T2 ! T2↵ =
2↵� 1

8↵GN<latexit sha1_base64="ynDV1OtjG6HKY7LsvZNngwN1xmg="></latexit>

↵ 2 R
<latexit sha1_base64="Ubme3i3cbSKURiDTvlSnr+LBVUE=">AAACGXicbVDLSsNAFL3xWesrKq7cDBbBVUl8oMuiG5dV7AOaUCaTaTt0MgkzE6GEfokrt/oV7sStKz/Cf3DSZqFtDwwczrn3cuYECWdKO863tbS8srq2Xtoob25t7+zae/tNFaeS0AaJeSzbAVaUM0EbmmlO24mkOAo4bQXD29xvPVGpWCwe9SihfoT7gvUYwdpIXfvQwzwZYOQxgbwI60EQZA/jrl1xqs4EaJ64BalAgXrX/vHCmKQRFZpwrFTHdRLtZ1hqRjgdl71U0QSTIe7TjqECR1T52ST+GJ0YJUS9WJonNJqofzcyHCk1igIzmSdUs14uLvRClR9cZHVS3bv2MyaSVFNBphl6KUc6RnlNKGSSEs1HhmAimfkGIgMsMdGmzLLpx51tY540z6ruefXy/qJSuymaKsERHMMpuHAFNbiDOjSAQAYv8Apv1rP1bn1Yn9PRJavYOYB/sL5+Aa23oHY=</latexit>

↵ = 1/2
<latexit sha1_base64="fATL7Iq0ykcH+6R6dkNb/NRAVRM=">AAACDHicbVDLSsNAFL3xWeur6tLNYBFc1aQquhGKblxWsA9sQ5lMJu3QySTMTIQS+guu3OpXuBO3/oMf4T84abPQtgcuHM6593Lv8WLOlLbtb2tpeWV1bb2wUdzc2t7ZLe3tN1WUSEIbJOKRbHtYUc4EbWimOW3HkuLQ47TlDW8zv/VEpWKReNCjmLoh7gsWMIK1kR67mMcDfO2cVnulsl2xJ0DzxMlJGXLUe6Wfrh+RJKRCE46V6jh2rN0US80Ip+NiN1E0xmSI+7RjqMAhVW46uXiMjo3ioyCSpoRGE/XvRIpDpUahZzpDrAdq1svEhZ6vsoWLrE6igys3ZSJONBVkekOQcKQjlCWDfCYp0XxkCCaSmTcQGWCJiTb5FU0+zmwa86RZrThnlYv783LtJk+qAIdwBCfgwCXU4A7q0AACAl7gFd6sZ+vd+rA+p61LVj5zAP9gff0CtrubHw==</latexit>

|⇢1/2ABi
<latexit sha1_base64="vY/NjnS9A4L/uFg6b+ZJ0Z36UK0=">AAACG3icbVC7TsNAEDyHVwgvAwUFjUWERBXsAIIyhIYySOQhxcY6n8/JKeezdXdGiow/hYoWvoIO0VLwEfwD58QFJBlppdHM7mp3vJgSIU3zWystLa+srpXXKxubW9s7+u5eR0QJR7iNIhrxngcFpoThtiSS4l7MMQw9irve6Cb3u4+YCxKxezmOsRPCASMBQVAqydUPnmw+jB5S67Seuel1M7M5ZAOKXb1q1swJjHliFaQKCrRc/cf2I5SEmElEoRB9y4ylk0IuCaI4q9iJwDFEIzjAfUUZDLFw0skDmXGsFN8IIq6KSWOi/p1IYSjEOPRUZwjlUMx6ubjQ80W+cJHVT2Rw5aSExYnEDE1vCBJqyMjIgzJ8wjGSdKwIRJyoNww0hBwiqeKsqHys2TTmSades85qF3fn1UazSKoMDsEROAEWuAQNcAtaoA0QyMALeAVv2rP2rn1on9PWklbM7IN/0L5+AVp/oVk=</latexit>
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Holographic CFTs

Operator entanglement entropy: Sop
ent

⇣
A, ⇢1/2AB

⌘

<latexit sha1_base64="v3zg4/r7OahBJgBaRZZBKKDd6s4="></latexit>

i.e. “reflective entropy”  T. Faulkner, et al (2019) 
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Holographic CFTs

Operator entanglement entropy: Sop
ent

⇣
A, ⇢1/2AB

⌘

<latexit sha1_base64="v3zg4/r7OahBJgBaRZZBKKDd6s4="></latexit>

i.e. “reflective entropy”  T. Faulkner, et al (2019) 

Apply HRT formula to           :           |⇢1/2ABi
<latexit sha1_base64="vY/NjnS9A4L/uFg6b+ZJ0Z36UK0=">AAACG3icbVC7TsNAEDyHVwgvAwUFjUWERBXsAIIyhIYySOQhxcY6n8/JKeezdXdGiow/hYoWvoIO0VLwEfwD58QFJBlppdHM7mp3vJgSIU3zWystLa+srpXXKxubW9s7+u5eR0QJR7iNIhrxngcFpoThtiSS4l7MMQw9irve6Cb3u4+YCxKxezmOsRPCASMBQVAqydUPnmw+jB5S67Seuel1M7M5ZAOKXb1q1swJjHliFaQKCrRc/cf2I5SEmElEoRB9y4ylk0IuCaI4q9iJwDFEIzjAfUUZDLFw0skDmXGsFN8IIq6KSWOi/p1IYSjEOPRUZwjlUMx6ubjQ80W+cJHVT2Rw5aSExYnEDE1vCBJqyMjIgzJ8wjGSdKwIRJyoNww0hBwiqeKsqHys2TTmSades85qF3fn1UazSKoMDsEROAEWuAQNcAtaoA0QyMALeAVv2rP2rn1on9PWklbM7IN/0L5+AVp/oVk=</latexit>

Sop
ent

⇣
A, ⇢1/2AB(t)

⌘
= 2⇥

Area
�
�A(t)

�

4GN
<latexit sha1_base64="fDPv/AR9GhKSjWODvOnTpbwkh7s="></latexit>
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Holographic CFTs

Operator entanglement entropy: Sop
ent

⇣
A, ⇢1/2AB

⌘

<latexit sha1_base64="v3zg4/r7OahBJgBaRZZBKKDd6s4="></latexit>

i.e. “reflective entropy”  T. Faulkner, et al (2019) 

Apply HRT formula to           : 


HRT surface           : extremal surface that  


is a HRT surface in the original state 


ends perpendicularly on                      

|⇢1/2ABi
<latexit sha1_base64="vY/NjnS9A4L/uFg6b+ZJ0Z36UK0=">AAACG3icbVC7TsNAEDyHVwgvAwUFjUWERBXsAIIyhIYySOQhxcY6n8/JKeezdXdGiow/hYoWvoIO0VLwEfwD58QFJBlppdHM7mp3vJgSIU3zWystLa+srpXXKxubW9s7+u5eR0QJR7iNIhrxngcFpoThtiSS4l7MMQw9irve6Cb3u4+YCxKxezmOsRPCASMBQVAqydUPnmw+jB5S67Seuel1M7M5ZAOKXb1q1swJjHliFaQKCrRc/cf2I5SEmElEoRB9y4ylk0IuCaI4q9iJwDFEIzjAfUUZDLFw0skDmXGsFN8IIq6KSWOi/p1IYSjEOPRUZwjlUMx6ubjQ80W+cJHVT2Rw5aSExYnEDE1vCBJqyMjIgzJ8wjGSdKwIRJyoNww0hBwiqeKsqHys2TTmSades85qF3fn1UazSKoMDsEROAEWuAQNcAtaoA0QyMALeAVv2rP2rn1on9PWklbM7IN/0L5+AVp/oVk=</latexit>

| i
<latexit sha1_base64="fJ9agQy6/TauXQf4eHQpZ9pHI4Y=">AAACDnicbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLoxmUF+4AmlMnkph06mYSZiVBi/8GVW/0Kd+LWX/Aj/AcnbRba9sCFwzn3Xu49fsKZ0rb9bZVWVtfWN8qbla3tnd296v5BW8WppNCiMY9l1ycKOBPQ0kxz6CYSSORz6Pij29zvPIJULBYPepyAF5GBYCGjRBvJfXITxVxJxIBDv1qz6/YUeJE4BamhAs1+9ccNYppGIDTlRKmeYyfay4jUjHKYVNxUQULoiAygZ6ggESgvm948wSdGCXAYS1NC46n6dyIjkVLjyDedEdFDNe/l4lIvUPnCZVYv1eG1lzGRpBoEnd0QphzrGOfZ4IBJoJqPDSFUMvMGpkMiCdUmwYrJx5lPY5G0z+rOef3y/qLWuCmSKqMjdIxOkYOuUAPdoSZqIYoS9IJe0Zv1bL1bH9bnrLVkFTOH6B+sr1/vVZz7</latexit>

�AB(t)
<latexit sha1_base64="Nkt7XwpHTqfIrmjruG786m21Atk=">AAACEHicbVDLTsJAFJ36RHyhLt00EhPckNZHdIm4cYmJPBIoZDodYMLMtJm5NSENP+HKrX6FO+PWP/Aj/Aen0IUCJ7nJyTn33tx7/IgzDY7zba2srq1vbOa28ts7u3v7hYPDhg5jRWidhDxULR9rypmkdWDAaStSFAuf06Y/ukv95hNVmoXyEcYR9QQeSNZnBIORup0BFgJ3k9vqpARnvULRKTtT2IvEzUgRZaj1Cj+dICSxoBIIx1q3XScCL8EKGOF0ku/EmkaYjPCAtg2VWFDtJdOrJ/apUQK7HypTEuyp+nciwULrsfBNp8Aw1PNeKi71Ap0uXGa1Y+jfeAmTUQxUktkN/ZjbENppOnbAFCXAx4Zgoph5wyZDrDABk2He5OPOp7FIGudl96J89XBZrFSzpHLoGJ2gEnLRNaqge1RDdUSQQi/oFb1Zz9a79WF9zlpXrGzmCP2D9fULRxWdEw==</latexit>

Sop
ent

⇣
A, ⇢1/2AB(t)

⌘
= 2⇥

Area
�
�A(t)

�

4GN
<latexit sha1_base64="fDPv/AR9GhKSjWODvOnTpbwkh7s="></latexit>

�A(t)
<latexit sha1_base64="kWl0dlu4sFtN/qrNVdKBrB2hVbI=">AAACDXicbVDLSsNAFJ34rPVVdelmsAh1UxIf6LLqxmUF+4A0lslk0g6dR5iZCKX0G1y51a9wJ279Bj/Cf3DSZqFtD1w4nHPv5d4TJoxq47rfztLyyuraemGjuLm1vbNb2ttvapkqTBpYMqnaIdKEUUEahhpG2okiiIeMtMLBbea3nojSVIoHM0xIwFFP0JhiZKzkd3qIc/R4XTEn3VLZrboTwHni5aQMctS7pZ9OJHHKiTCYIa19z01MMELKUMzIuNhJNUkQHqAe8S0ViBMdjCYnj+GxVSIYS2VLGDhR/06MENd6yEPbyZHp61kvExd6kc4WLrL81MRXwYiKJDVE4OkNccqgkTCLBkZUEWzY0BKEFbVvQNxHCmFjAyzafLzZNOZJ87TqnVUv7s/LtZs8qQI4BEegAjxwCWrgDtRBA2AgwQt4BW/Os/PufDif09YlJ585AP/gfP0CzImbuw==</latexit>

| i
<latexit sha1_base64="fJ9agQy6/TauXQf4eHQpZ9pHI4Y=">AAACDnicbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLoxmUF+4AmlMnkph06mYSZiVBi/8GVW/0Kd+LWX/Aj/AcnbRba9sCFwzn3Xu49fsKZ0rb9bZVWVtfWN8qbla3tnd296v5BW8WppNCiMY9l1ycKOBPQ0kxz6CYSSORz6Pij29zvPIJULBYPepyAF5GBYCGjRBvJfXITxVxJxIBDv1qz6/YUeJE4BamhAs1+9ccNYppGIDTlRKmeYyfay4jUjHKYVNxUQULoiAygZ6ggESgvm948wSdGCXAYS1NC46n6dyIjkVLjyDedEdFDNe/l4lIvUPnCZVYv1eG1lzGRpBoEnd0QphzrGOfZ4IBJoJqPDSFUMvMGpkMiCdUmwYrJx5lPY5G0z+rOef3y/qLWuCmSKqMjdIxOkYOuUAPdoSZqIYoS9IJe0Zv1bL1bH9bnrLVkFTOH6B+sr1/vVZz7</latexit>

A B CC

�AB(t)
<latexit sha1_base64="Nkt7XwpHTqfIrmjruG786m21Atk=">AAACEHicbVDLTsJAFJ36RHyhLt00EhPckNZHdIm4cYmJPBIoZDodYMLMtJm5NSENP+HKrX6FO+PWP/Aj/Aen0IUCJ7nJyTn33tx7/IgzDY7zba2srq1vbOa28ts7u3v7hYPDhg5jRWidhDxULR9rypmkdWDAaStSFAuf06Y/ukv95hNVmoXyEcYR9QQeSNZnBIORup0BFgJ3k9vqpARnvULRKTtT2IvEzUgRZaj1Cj+dICSxoBIIx1q3XScCL8EKGOF0ku/EmkaYjPCAtg2VWFDtJdOrJ/apUQK7HypTEuyp+nciwULrsfBNp8Aw1PNeKi71Ap0uXGa1Y+jfeAmTUQxUktkN/ZjbENppOnbAFCXAx4Zgoph5wyZDrDABk2He5OPOp7FIGudl96J89XBZrFSzpHLoGJ2gEnLRNaqge1RDdUSQQi/oFb1Zz9a79WF9zlpXrGzmCP2D9fULRxWdEw==</latexit>

�A(t)
<latexit sha1_base64="WfhWlmaAAPo6STfOqqYJvtL1/Es=">AAACD3icbVDLTsJAFJ3iC/GFunTTSExwQ1of0SXqxiUm8kigkul0gAkz0zpza0IaPsKVW/0Kd8atn+BH+A9OoQsFTnKTk3Puvbn3+BFnGhzn28otLa+sruXXCxubW9s7xd29hg5jRWidhDxULR9rypmkdWDAaStSFAuf06Y/vEn95hNVmoXyHkYR9QTuS9ZjBIORvE4fC4EfkqtxGY67xZJTcSaw54mbkRLKUOsWfzpBSGJBJRCOtW67TgReghUwwum40Ik1jTAZ4j5tGyqxoNpLJkeP7SOjBHYvVKYk2BP170SChdYj4ZtOgWGgZ71UXOgFOl24yGrH0Lv0EiajGKgk0xt6MbchtNNw7IApSoCPDMFEMfOGTQZYYQImwoLJx51NY540TiruaeX87qxUvc6SyqMDdIjKyEUXqIpuUQ3VEUGP6AW9ojfr2Xq3PqzPaWvOymb20T9YX7+ycJzH</latexit>

| i
<latexit sha1_base64="fJ9agQy6/TauXQf4eHQpZ9pHI4Y=">AAACDnicbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLoxmUF+4AmlMnkph06mYSZiVBi/8GVW/0Kd+LWX/Aj/AcnbRba9sCFwzn3Xu49fsKZ0rb9bZVWVtfWN8qbla3tnd296v5BW8WppNCiMY9l1ycKOBPQ0kxz6CYSSORz6Pij29zvPIJULBYPepyAF5GBYCGjRBvJfXITxVxJxIBDv1qz6/YUeJE4BamhAs1+9ccNYppGIDTlRKmeYyfay4jUjHKYVNxUQULoiAygZ6ggESgvm948wSdGCXAYS1NC46n6dyIjkVLjyDedEdFDNe/l4lIvUPnCZVYv1eG1lzGRpBoEnd0QphzrGOfZ4IBJoJqPDSFUMvMGpkMiCdUmwYrJx5lPY5G0z+rOef3y/qLWuCmSKqMjdIxOkYOuUAPdoSZqIYoS9IJe0Zv1bL1bH9bnrLVkFTOH6B+sr1/vVZz7</latexit>

A B CC

�AB(t)
<latexit sha1_base64="Nkt7XwpHTqfIrmjruG786m21Atk=">AAACEHicbVDLTsJAFJ36RHyhLt00EhPckNZHdIm4cYmJPBIoZDodYMLMtJm5NSENP+HKrX6FO+PWP/Aj/Aen0IUCJ7nJyTn33tx7/IgzDY7zba2srq1vbOa28ts7u3v7hYPDhg5jRWidhDxULR9rypmkdWDAaStSFAuf06Y/ukv95hNVmoXyEcYR9QQeSNZnBIORup0BFgJ3k9vqpARnvULRKTtT2IvEzUgRZaj1Cj+dICSxoBIIx1q3XScCL8EKGOF0ku/EmkaYjPCAtg2VWFDtJdOrJ/apUQK7HypTEuyp+nciwULrsfBNp8Aw1PNeKi71Ap0uXGa1Y+jfeAmTUQxUktkN/ZjbENppOnbAFCXAx4Zgoph5wyZDrDABk2He5OPOp7FIGudl96J89XBZrFSzpHLoGJ2gEnLRNaqge1RDdUSQQi/oFb1Zz9a79WF9zlpXrGzmCP2D9fULRxWdEw==</latexit>

�A(t)
<latexit sha1_base64="WfhWlmaAAPo6STfOqqYJvtL1/Es=">AAACD3icbVDLTsJAFJ3iC/GFunTTSExwQ1of0SXqxiUm8kigkul0gAkz0zpza0IaPsKVW/0Kd8atn+BH+A9OoQsFTnKTk3Puvbn3+BFnGhzn28otLa+sruXXCxubW9s7xd29hg5jRWidhDxULR9rypmkdWDAaStSFAuf06Y/vEn95hNVmoXyHkYR9QTuS9ZjBIORvE4fC4EfkqtxGY67xZJTcSaw54mbkRLKUOsWfzpBSGJBJRCOtW67TgReghUwwum40Ik1jTAZ4j5tGyqxoNpLJkeP7SOjBHYvVKYk2BP170SChdYj4ZtOgWGgZ71UXOgFOl24yGrH0Lv0EiajGKgk0xt6MbchtNNw7IApSoCPDMFEMfOGTQZYYQImwoLJx51NY540TiruaeX87qxUvc6SyqMDdIjKyEUXqIpuUQ3VEUGP6AW9ojfr2Xq3PqzPaWvOymb20T9YX7+ycJzH</latexit>
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Holographic CFTs

Operator entanglement entropy: Sop
ent

⇣
A, ⇢1/2AB

⌘

<latexit sha1_base64="v3zg4/r7OahBJgBaRZZBKKDd6s4="></latexit>

i.e. “reflective entropy”  T. Faulkner, et al (2019) 

Apply HRT formula to           : 


HRT surface           : extremal surface that  


is a HRT surface in the original state 


ends perpendicularly on 


 Twice of entanglement wedge cross-section          

|⇢1/2ABi
<latexit sha1_base64="vY/NjnS9A4L/uFg6b+ZJ0Z36UK0=">AAACG3icbVC7TsNAEDyHVwgvAwUFjUWERBXsAIIyhIYySOQhxcY6n8/JKeezdXdGiow/hYoWvoIO0VLwEfwD58QFJBlppdHM7mp3vJgSIU3zWystLa+srpXXKxubW9s7+u5eR0QJR7iNIhrxngcFpoThtiSS4l7MMQw9irve6Cb3u4+YCxKxezmOsRPCASMBQVAqydUPnmw+jB5S67Seuel1M7M5ZAOKXb1q1swJjHliFaQKCrRc/cf2I5SEmElEoRB9y4ylk0IuCaI4q9iJwDFEIzjAfUUZDLFw0skDmXGsFN8IIq6KSWOi/p1IYSjEOPRUZwjlUMx6ubjQ80W+cJHVT2Rw5aSExYnEDE1vCBJqyMjIgzJ8wjGSdKwIRJyoNww0hBwiqeKsqHys2TTmSades85qF3fn1UazSKoMDsEROAEWuAQNcAtaoA0QyMALeAVv2rP2rn1on9PWklbM7IN/0L5+AVp/oVk=</latexit>

| i
<latexit sha1_base64="fJ9agQy6/TauXQf4eHQpZ9pHI4Y=">AAACDnicbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLoxmUF+4AmlMnkph06mYSZiVBi/8GVW/0Kd+LWX/Aj/AcnbRba9sCFwzn3Xu49fsKZ0rb9bZVWVtfWN8qbla3tnd296v5BW8WppNCiMY9l1ycKOBPQ0kxz6CYSSORz6Pij29zvPIJULBYPepyAF5GBYCGjRBvJfXITxVxJxIBDv1qz6/YUeJE4BamhAs1+9ccNYppGIDTlRKmeYyfay4jUjHKYVNxUQULoiAygZ6ggESgvm948wSdGCXAYS1NC46n6dyIjkVLjyDedEdFDNe/l4lIvUPnCZVYv1eG1lzGRpBoEnd0QphzrGOfZ4IBJoJqPDSFUMvMGpkMiCdUmwYrJx5lPY5G0z+rOef3y/qLWuCmSKqMjdIxOkYOuUAPdoSZqIYoS9IJe0Zv1bL1bH9bnrLVkFTOH6B+sr1/vVZz7</latexit>

�AB(t)
<latexit sha1_base64="Nkt7XwpHTqfIrmjruG786m21Atk=">AAACEHicbVDLTsJAFJ36RHyhLt00EhPckNZHdIm4cYmJPBIoZDodYMLMtJm5NSENP+HKrX6FO+PWP/Aj/Aen0IUCJ7nJyTn33tx7/IgzDY7zba2srq1vbOa28ts7u3v7hYPDhg5jRWidhDxULR9rypmkdWDAaStSFAuf06Y/ukv95hNVmoXyEcYR9QQeSNZnBIORup0BFgJ3k9vqpARnvULRKTtT2IvEzUgRZaj1Cj+dICSxoBIIx1q3XScCL8EKGOF0ku/EmkaYjPCAtg2VWFDtJdOrJ/apUQK7HypTEuyp+nciwULrsfBNp8Aw1PNeKi71Ap0uXGa1Y+jfeAmTUQxUktkN/ZjbENppOnbAFCXAx4Zgoph5wyZDrDABk2He5OPOp7FIGudl96J89XBZrFSzpHLoGJ2gEnLRNaqge1RDdUSQQi/oFb1Zz9a79WF9zlpXrGzmCP2D9fULRxWdEw==</latexit>

Sop
ent

⇣
A, ⇢1/2AB(t)

⌘
= 2⇥

Area
�
�A(t)

�

4GN
<latexit sha1_base64="fDPv/AR9GhKSjWODvOnTpbwkh7s="></latexit>

�A(t)
<latexit sha1_base64="kWl0dlu4sFtN/qrNVdKBrB2hVbI=">AAACDXicbVDLSsNAFJ34rPVVdelmsAh1UxIf6LLqxmUF+4A0lslk0g6dR5iZCKX0G1y51a9wJ279Bj/Cf3DSZqFtD1w4nHPv5d4TJoxq47rfztLyyuraemGjuLm1vbNb2ttvapkqTBpYMqnaIdKEUUEahhpG2okiiIeMtMLBbea3nojSVIoHM0xIwFFP0JhiZKzkd3qIc/R4XTEn3VLZrboTwHni5aQMctS7pZ9OJHHKiTCYIa19z01MMELKUMzIuNhJNUkQHqAe8S0ViBMdjCYnj+GxVSIYS2VLGDhR/06MENd6yEPbyZHp61kvExd6kc4WLrL81MRXwYiKJDVE4OkNccqgkTCLBkZUEWzY0BKEFbVvQNxHCmFjAyzafLzZNOZJ87TqnVUv7s/LtZs8qQI4BEegAjxwCWrgDtRBA2AgwQt4BW/Os/PufDif09YlJ585AP/gfP0CzImbuw==</latexit>

| i
<latexit sha1_base64="fJ9agQy6/TauXQf4eHQpZ9pHI4Y=">AAACDnicbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLoxmUF+4AmlMnkph06mYSZiVBi/8GVW/0Kd+LWX/Aj/AcnbRba9sCFwzn3Xu49fsKZ0rb9bZVWVtfWN8qbla3tnd296v5BW8WppNCiMY9l1ycKOBPQ0kxz6CYSSORz6Pij29zvPIJULBYPepyAF5GBYCGjRBvJfXITxVxJxIBDv1qz6/YUeJE4BamhAs1+9ccNYppGIDTlRKmeYyfay4jUjHKYVNxUQULoiAygZ6ggESgvm948wSdGCXAYS1NC46n6dyIjkVLjyDedEdFDNe/l4lIvUPnCZVYv1eG1lzGRpBoEnd0QphzrGOfZ4IBJoJqPDSFUMvMGpkMiCdUmwYrJx5lPY5G0z+rOef3y/qLWuCmSKqMjdIxOkYOuUAPdoSZqIYoS9IJe0Zv1bL1bH9bnrLVkFTOH6B+sr1/vVZz7</latexit>

A B CC

�AB(t)
<latexit sha1_base64="Nkt7XwpHTqfIrmjruG786m21Atk=">AAACEHicbVDLTsJAFJ36RHyhLt00EhPckNZHdIm4cYmJPBIoZDodYMLMtJm5NSENP+HKrX6FO+PWP/Aj/Aen0IUCJ7nJyTn33tx7/IgzDY7zba2srq1vbOa28ts7u3v7hYPDhg5jRWidhDxULR9rypmkdWDAaStSFAuf06Y/ukv95hNVmoXyEcYR9QQeSNZnBIORup0BFgJ3k9vqpARnvULRKTtT2IvEzUgRZaj1Cj+dICSxoBIIx1q3XScCL8EKGOF0ku/EmkaYjPCAtg2VWFDtJdOrJ/apUQK7HypTEuyp+nciwULrsfBNp8Aw1PNeKi71Ap0uXGa1Y+jfeAmTUQxUktkN/ZjbENppOnbAFCXAx4Zgoph5wyZDrDABk2He5OPOp7FIGudl96J89XBZrFSzpHLoGJ2gEnLRNaqge1RDdUSQQi/oFb1Zz9a79WF9zlpXrGzmCP2D9fULRxWdEw==</latexit>

�A(t)
<latexit sha1_base64="WfhWlmaAAPo6STfOqqYJvtL1/Es=">AAACD3icbVDLTsJAFJ3iC/GFunTTSExwQ1of0SXqxiUm8kigkul0gAkz0zpza0IaPsKVW/0Kd8atn+BH+A9OoQsFTnKTk3Puvbn3+BFnGhzn28otLa+sruXXCxubW9s7xd29hg5jRWidhDxULR9rypmkdWDAaStSFAuf06Y/vEn95hNVmoXyHkYR9QTuS9ZjBIORvE4fC4EfkqtxGY67xZJTcSaw54mbkRLKUOsWfzpBSGJBJRCOtW67TgReghUwwum40Ik1jTAZ4j5tGyqxoNpLJkeP7SOjBHYvVKYk2BP170SChdYj4ZtOgWGgZ71UXOgFOl24yGrH0Lv0EiajGKgk0xt6MbchtNNw7IApSoCPDMFEMfOGTQZYYQImwoLJx51NY540TiruaeX87qxUvc6SyqMDdIjKyEUXqIpuUQ3VEUGP6AW9ojfr2Xq3PqzPaWvOymb20T9YX7+ycJzH</latexit>

| i
<latexit sha1_base64="fJ9agQy6/TauXQf4eHQpZ9pHI4Y=">AAACDnicbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLoxmUF+4AmlMnkph06mYSZiVBi/8GVW/0Kd+LWX/Aj/AcnbRba9sCFwzn3Xu49fsKZ0rb9bZVWVtfWN8qbla3tnd296v5BW8WppNCiMY9l1ycKOBPQ0kxz6CYSSORz6Pij29zvPIJULBYPepyAF5GBYCGjRBvJfXITxVxJxIBDv1qz6/YUeJE4BamhAs1+9ccNYppGIDTlRKmeYyfay4jUjHKYVNxUQULoiAygZ6ggESgvm948wSdGCXAYS1NC46n6dyIjkVLjyDedEdFDNe/l4lIvUPnCZVYv1eG1lzGRpBoEnd0QphzrGOfZ4IBJoJqPDSFUMvMGpkMiCdUmwYrJx5lPY5G0z+rOef3y/qLWuCmSKqMjdIxOkYOuUAPdoSZqIYoS9IJe0Zv1bL1bH9bnrLVkFTOH6B+sr1/vVZz7</latexit>

A B CC

�AB(t)
<latexit sha1_base64="Nkt7XwpHTqfIrmjruG786m21Atk=">AAACEHicbVDLTsJAFJ36RHyhLt00EhPckNZHdIm4cYmJPBIoZDodYMLMtJm5NSENP+HKrX6FO+PWP/Aj/Aen0IUCJ7nJyTn33tx7/IgzDY7zba2srq1vbOa28ts7u3v7hYPDhg5jRWidhDxULR9rypmkdWDAaStSFAuf06Y/ukv95hNVmoXyEcYR9QQeSNZnBIORup0BFgJ3k9vqpARnvULRKTtT2IvEzUgRZaj1Cj+dICSxoBIIx1q3XScCL8EKGOF0ku/EmkaYjPCAtg2VWFDtJdOrJ/apUQK7HypTEuyp+nciwULrsfBNp8Aw1PNeKi71Ap0uXGa1Y+jfeAmTUQxUktkN/ZjbENppOnbAFCXAx4Zgoph5wyZDrDABk2He5OPOp7FIGudl96J89XBZrFSzpHLoGJ2gEnLRNaqge1RDdUSQQi/oFb1Zz9a79WF9zlpXrGzmCP2D9fULRxWdEw==</latexit>

�A(t)
<latexit sha1_base64="WfhWlmaAAPo6STfOqqYJvtL1/Es=">AAACD3icbVDLTsJAFJ3iC/GFunTTSExwQ1of0SXqxiUm8kigkul0gAkz0zpza0IaPsKVW/0Kd8atn+BH+A9OoQsFTnKTk3Puvbn3+BFnGhzn28otLa+sruXXCxubW9s7xd29hg5jRWidhDxULR9rypmkdWDAaStSFAuf06Y/vEn95hNVmoXyHkYR9QTuS9ZjBIORvE4fC4EfkqtxGY67xZJTcSaw54mbkRLKUOsWfzpBSGJBJRCOtW67TgReghUwwum40Ik1jTAZ4j5tGyqxoNpLJkeP7SOjBHYvVKYk2BP170SChdYj4ZtOgWGgZ71UXOgFOl24yGrH0Lv0EiajGKgk0xt6MbchtNNw7IApSoCPDMFEMfOGTQZYYQImwoLJx51NY540TiruaeX87qxUvc6SyqMDdIjKyEUXqIpuUQ3VEUGP6AW9ojfr2Xq3PqzPaWvOymb20T9YX7+ycJzH</latexit>

T. Faulkner, et al (2019) 
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Holographic CFTs

Operator entanglement entropy: Sop
ent

⇣
A, ⇢1/2AB

⌘

<latexit sha1_base64="v3zg4/r7OahBJgBaRZZBKKDd6s4="></latexit>

i.e. “reflective entropy”  T. Faulkner, et al (2019) 

Bulk dual of                         : black hole with end-of-world (EoW) brane      | i = e�
�
4 H |Bi

<latexit sha1_base64="ShHm4eHLG3Q89YdV4YB4I2Vs05o=">AAACMXicbVDLSgMxFM34rPVVdekmWAQ3LTM+0I1Q6qbLCvYBnVoy6Z0azGSGJCOUcb7CT3HlVr+iO3Er/oNpOwtteyBwOOfcS+7xIs6Utu2RtbS8srq2ntvIb25t7+wW9vabKowlhQYNeSjbHlHAmYCGZppDO5JAAo9Dy3u8GfutJ5CKheJODyPoBmQgmM8o0UbqFUrPbqSYK4kYcMDXGO6TkutLQhPXA03S5Dytpc/VLNArFO2yPQGeJ05GiihDvVf4cfshjQMQmnKiVMexI91NiNSMckjzbqwgIvSRDKBjqCABqG4yOSvFx0bpYz+U5gmNJ+rfiYQESg0DzyQDoh/UrDcWF3p9NV64yOrE2r/qJkxEsQZBp3/wY451iMf14T6TQDUfGkKoZOYMTB+I6UubkvOmH2e2jXnSPC07Z+WL2/NipZo1lUOH6AidIAddogqqoTpqIIpe0Bt6Rx/WqzWyPq2vaXTJymYO0D9Y37+Ub6rK</latexit>

H
+

<latexit sha1_base64="4gJmu6TOJfMj3vWwsxjPhkerqgw=">AAACD3icbVDLSsNAFL3xWeur6tLNYBEEoSQ+0GXRTZcV7APaWCaTSTt0MokzE6GEfoQrt/oV7sStn+BH+A9O2iy07YGBwzn3Xs4cL+ZMadv+tpaWV1bX1gsbxc2t7Z3d0t5+U0WJJLRBIh7JtocV5UzQhmaa03YsKQ49Tlve8DbzW09UKhaJez2KqRvivmABI1gbye2GWA8I5mlt/HDaK5Xtij0BmidOTsqQo94r/XT9iCQhFZpwrFTHsWPtplhqRjgdF7uJojEmQ9ynHUMFDqly00noMTo2io+CSJonNJqofzdSHCo1Cj0zmYVUs14mLvR8lR1cZHUSHVy7KRNxoqkg0wxBwpGOUFYO8pmkRPORIZhIZr6ByABLTLSpsGj6cWbbmCfNs4pzXrm8uyhXb/KmCnAIR3ACDlxBFWpQhwYQeIQXeIU369l6tz6sz+nokpXvHMA/WF+/IcadCw==</latexit>

H
�

<latexit sha1_base64="X76UPKdvvFPpPIDYVR/5E+8/gFo=">AAACD3icbVBLTsMwFHzhW8qvwJKNRYXEhirhI1hWsOmySPQjtaFyHKe16jjBdpCqqIdgxRZOwQ6x5QgcgjvgtFlA25EsjWbeexqPF3OmtG1/W0vLK6tr64WN4ubW9s5uaW+/qaJEEtogEY9k28OKciZoQzPNaTuWFIcepy1veJv5rScqFYvEvR7F1A1xX7CAEayN5HZDrAcE87Q2fjjtlcp2xZ4AzRMnJ2XIUe+Vfrp+RJKQCk04Vqrj2LF2Uyw1I5yOi91E0RiTIe7TjqECh1S56ST0GB0bxUdBJM0TGk3UvxspDpUahZ6ZzEKqWS8TF3q+yg4usjqJDq7dlIk40VSQaYYg4UhHKCsH+UxSovnIEEwkM99AZIAlJtpUWDT9OLNtzJPmWcU5r1zeXZSrN3lTBTiEIzgBB66gCjWoQwMIPMILvMKb9Wy9Wx/W53R0ycp3DuAfrK9fJQSdDQ==</latexit>

t = 0
<latexit sha1_base64="BoNw+AKatqYZdx3ULpuLvfbJJHc=">AAACBXicbVDJSgNBEK2JW4xb1KOXxiB4CjMu6EUIevEY0SyQDKGnpydp0rPQXSOEkLMnr/oV3sSr3+FH+A/2JHPQmAcFj/eqiqrnJVJotO0vq7C0vLK6VlwvbWxube+Ud/eaOk4V4w0Wy1i1Paq5FBFvoEDJ24niNPQkb3nDm8xvPXKlRRw94Cjhbkj7kQgEo2ike7yye+WKXbWnIP+Jk5MK5Kj3yt9dP2ZpyCNkkmrdcewE3TFVKJjkk1I31TyhbEj7vGNoREOu3fH01Ak5MopPgliZipBM1d8TYxpqPQo90xlSHOh5LxMXer7OFi6yOikGl+5YREmKPGKzG4JUEoxJFgnxheIM5cgQypQwbxA2oIoyNMGVTD7OfBr/SfOk6pxWz+/OKrXrPKkiHMAhHIMDF1CDW6hDAxj04Rle4NV6st6sd+tj1lqw8pl9+APr8wfj+piJ</latexit>

EoW brane

Boundary CFT
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Holographic CFTs

Operator entanglement entropy: Sop
ent

⇣
A, ⇢1/2AB

⌘

<latexit sha1_base64="v3zg4/r7OahBJgBaRZZBKKDd6s4="></latexit>

i.e. “reflective entropy”  T. Faulkner, et al (2019) 

Bulk dual of                         : black hole with end-of-world (EoW) brane


EoW brane: bulk extensions of conformal boundary condition       

| i = e�
�
4 H |Bi

<latexit sha1_base64="ShHm4eHLG3Q89YdV4YB4I2Vs05o=">AAACMXicbVDLSgMxFM34rPVVdekmWAQ3LTM+0I1Q6qbLCvYBnVoy6Z0azGSGJCOUcb7CT3HlVr+iO3Er/oNpOwtteyBwOOfcS+7xIs6Utu2RtbS8srq2ntvIb25t7+wW9vabKowlhQYNeSjbHlHAmYCGZppDO5JAAo9Dy3u8GfutJ5CKheJODyPoBmQgmM8o0UbqFUrPbqSYK4kYcMDXGO6TkutLQhPXA03S5Dytpc/VLNArFO2yPQGeJ05GiihDvVf4cfshjQMQmnKiVMexI91NiNSMckjzbqwgIvSRDKBjqCABqG4yOSvFx0bpYz+U5gmNJ+rfiYQESg0DzyQDoh/UrDcWF3p9NV64yOrE2r/qJkxEsQZBp3/wY451iMf14T6TQDUfGkKoZOYMTB+I6UubkvOmH2e2jXnSPC07Z+WL2/NipZo1lUOH6AidIAddogqqoTpqIIpe0Bt6Rx/WqzWyPq2vaXTJymYO0D9Y37+Ub6rK</latexit>

H
+

<latexit sha1_base64="4gJmu6TOJfMj3vWwsxjPhkerqgw=">AAACD3icbVDLSsNAFL3xWeur6tLNYBEEoSQ+0GXRTZcV7APaWCaTSTt0MokzE6GEfoQrt/oV7sStn+BH+A9O2iy07YGBwzn3Xs4cL+ZMadv+tpaWV1bX1gsbxc2t7Z3d0t5+U0WJJLRBIh7JtocV5UzQhmaa03YsKQ49Tlve8DbzW09UKhaJez2KqRvivmABI1gbye2GWA8I5mlt/HDaK5Xtij0BmidOTsqQo94r/XT9iCQhFZpwrFTHsWPtplhqRjgdF7uJojEmQ9ynHUMFDqly00noMTo2io+CSJonNJqofzdSHCo1Cj0zmYVUs14mLvR8lR1cZHUSHVy7KRNxoqkg0wxBwpGOUFYO8pmkRPORIZhIZr6ByABLTLSpsGj6cWbbmCfNs4pzXrm8uyhXb/KmCnAIR3ACDlxBFWpQhwYQeIQXeIU369l6tz6sz+nokpXvHMA/WF+/IcadCw==</latexit>

H
�

<latexit sha1_base64="X76UPKdvvFPpPIDYVR/5E+8/gFo=">AAACD3icbVBLTsMwFHzhW8qvwJKNRYXEhirhI1hWsOmySPQjtaFyHKe16jjBdpCqqIdgxRZOwQ6x5QgcgjvgtFlA25EsjWbeexqPF3OmtG1/W0vLK6tr64WN4ubW9s5uaW+/qaJEEtogEY9k28OKciZoQzPNaTuWFIcepy1veJv5rScqFYvEvR7F1A1xX7CAEayN5HZDrAcE87Q2fjjtlcp2xZ4AzRMnJ2XIUe+Vfrp+RJKQCk04Vqrj2LF2Uyw1I5yOi91E0RiTIe7TjqECh1S56ST0GB0bxUdBJM0TGk3UvxspDpUahZ6ZzEKqWS8TF3q+yg4usjqJDq7dlIk40VSQaYYg4UhHKCsH+UxSovnIEEwkM99AZIAlJtpUWDT9OLNtzJPmWcU5r1zeXZSrN3lTBTiEIzgBB66gCjWoQwMIPMILvMKb9Wy9Wx/W53R0ycp3DuAfrK9fJQSdDQ==</latexit>

t = 0
<latexit sha1_base64="BoNw+AKatqYZdx3ULpuLvfbJJHc=">AAACBXicbVDJSgNBEK2JW4xb1KOXxiB4CjMu6EUIevEY0SyQDKGnpydp0rPQXSOEkLMnr/oV3sSr3+FH+A/2JHPQmAcFj/eqiqrnJVJotO0vq7C0vLK6VlwvbWxube+Ud/eaOk4V4w0Wy1i1Paq5FBFvoEDJ24niNPQkb3nDm8xvPXKlRRw94Cjhbkj7kQgEo2ike7yye+WKXbWnIP+Jk5MK5Kj3yt9dP2ZpyCNkkmrdcewE3TFVKJjkk1I31TyhbEj7vGNoREOu3fH01Ak5MopPgliZipBM1d8TYxpqPQo90xlSHOh5LxMXer7OFi6yOikGl+5YREmKPGKzG4JUEoxJFgnxheIM5cgQypQwbxA2oIoyNMGVTD7OfBr/SfOk6pxWz+/OKrXrPKkiHMAhHIMDF1CDW6hDAxj04Rle4NV6st6sd+tj1lqw8pl9+APr8wfj+piJ</latexit>

EoW brane

Boundary CFT

|Bi
<latexit sha1_base64="Jz6hYnpmx6aopR44VQ6qbGRHXGs=">AAACC3icbVDLSsNAFL2pr1pfVZduBovgqiQ+0GWpG5cV7EPaUCaTSTt0MgkzE6HEfoIrt/oV7sStH+FH+A9O2iy07YELh3Puvdx7vJgzpW372yqsrK6tbxQ3S1vbO7t75f2DlooSSWiTRDySHQ8rypmgTc00p51YUhx6nLa90U3mtx+pVCwS93ocUzfEA8ECRrA20sNTvSexGHDaL1fsqj0FWiROTiqQo9Ev//T8iCQhFZpwrFTXsWPtplhqRjidlHqJojEmIzygXUMFDqly0+nBE3RiFB8FkTQlNJqqfydSHCo1Dj3TGWI9VPNeJi71fJUtXGZ1Ex1cuykTcaKpILMbgoQjHaEsGOQzSYnmY0Mwkcy8gcgQS0y0ia9k8nHm01gkrbOqc169vLuo1Op5UkU4gmM4BQeuoAa30IAmEAjhBV7hzXq23q0P63PWWrDymUP4B+vrFy4Fm3c=</latexit>
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Holographic CFTs

Operator entanglement entropy: Sop
ent

⇣
A, ⇢1/2AB

⌘

<latexit sha1_base64="v3zg4/r7OahBJgBaRZZBKKDd6s4="></latexit>

i.e. “reflective entropy”  T. Faulkner, et al (2019) 

Bulk dual of                         : black hole with end-of-world (EoW) brane


EoW brane: bulk extensions of conformal boundary condition


HRT surface can end perpendicularly on EoW brane        

| i = e�
�
4 H |Bi

<latexit sha1_base64="ShHm4eHLG3Q89YdV4YB4I2Vs05o=">AAACMXicbVDLSgMxFM34rPVVdekmWAQ3LTM+0I1Q6qbLCvYBnVoy6Z0azGSGJCOUcb7CT3HlVr+iO3Er/oNpOwtteyBwOOfcS+7xIs6Utu2RtbS8srq2ntvIb25t7+wW9vabKowlhQYNeSjbHlHAmYCGZppDO5JAAo9Dy3u8GfutJ5CKheJODyPoBmQgmM8o0UbqFUrPbqSYK4kYcMDXGO6TkutLQhPXA03S5Dytpc/VLNArFO2yPQGeJ05GiihDvVf4cfshjQMQmnKiVMexI91NiNSMckjzbqwgIvSRDKBjqCABqG4yOSvFx0bpYz+U5gmNJ+rfiYQESg0DzyQDoh/UrDcWF3p9NV64yOrE2r/qJkxEsQZBp3/wY451iMf14T6TQDUfGkKoZOYMTB+I6UubkvOmH2e2jXnSPC07Z+WL2/NipZo1lUOH6AidIAddogqqoTpqIIpe0Bt6Rx/WqzWyPq2vaXTJymYO0D9Y37+Ub6rK</latexit>

H
+

<latexit sha1_base64="4gJmu6TOJfMj3vWwsxjPhkerqgw=">AAACD3icbVDLSsNAFL3xWeur6tLNYBEEoSQ+0GXRTZcV7APaWCaTSTt0MokzE6GEfoQrt/oV7sStn+BH+A9O2iy07YGBwzn3Xs4cL+ZMadv+tpaWV1bX1gsbxc2t7Z3d0t5+U0WJJLRBIh7JtocV5UzQhmaa03YsKQ49Tlve8DbzW09UKhaJez2KqRvivmABI1gbye2GWA8I5mlt/HDaK5Xtij0BmidOTsqQo94r/XT9iCQhFZpwrFTHsWPtplhqRjgdF7uJojEmQ9ynHUMFDqly00noMTo2io+CSJonNJqofzdSHCo1Cj0zmYVUs14mLvR8lR1cZHUSHVy7KRNxoqkg0wxBwpGOUFYO8pmkRPORIZhIZr6ByABLTLSpsGj6cWbbmCfNs4pzXrm8uyhXb/KmCnAIR3ACDlxBFWpQhwYQeIQXeIU369l6tz6sz+nokpXvHMA/WF+/IcadCw==</latexit>

H
�

<latexit sha1_base64="X76UPKdvvFPpPIDYVR/5E+8/gFo=">AAACD3icbVBLTsMwFHzhW8qvwJKNRYXEhirhI1hWsOmySPQjtaFyHKe16jjBdpCqqIdgxRZOwQ6x5QgcgjvgtFlA25EsjWbeexqPF3OmtG1/W0vLK6tr64WN4ubW9s5uaW+/qaJEEtogEY9k28OKciZoQzPNaTuWFIcepy1veJv5rScqFYvEvR7F1A1xX7CAEayN5HZDrAcE87Q2fjjtlcp2xZ4AzRMnJ2XIUe+Vfrp+RJKQCk04Vqrj2LF2Uyw1I5yOi91E0RiTIe7TjqECh1S56ST0GB0bxUdBJM0TGk3UvxspDpUahZ6ZzEKqWS8TF3q+yg4usjqJDq7dlIk40VSQaYYg4UhHKCsH+UxSovnIEEwkM99AZIAlJtpUWDT9OLNtzJPmWcU5r1zeXZSrN3lTBTiEIzgBB66gCjWoQwMIPMILvMKb9Wy9Wx/W53R0ycp3DuAfrK9fJQSdDQ==</latexit>

t = 0
<latexit sha1_base64="BoNw+AKatqYZdx3ULpuLvfbJJHc=">AAACBXicbVDJSgNBEK2JW4xb1KOXxiB4CjMu6EUIevEY0SyQDKGnpydp0rPQXSOEkLMnr/oV3sSr3+FH+A/2JHPQmAcFj/eqiqrnJVJotO0vq7C0vLK6VlwvbWxube+Ud/eaOk4V4w0Wy1i1Paq5FBFvoEDJ24niNPQkb3nDm8xvPXKlRRw94Cjhbkj7kQgEo2ike7yye+WKXbWnIP+Jk5MK5Kj3yt9dP2ZpyCNkkmrdcewE3TFVKJjkk1I31TyhbEj7vGNoREOu3fH01Ak5MopPgliZipBM1d8TYxpqPQo90xlSHOh5LxMXer7OFi6yOikGl+5YREmKPGKzG4JUEoxJFgnxheIM5cgQypQwbxA2oIoyNMGVTD7OfBr/SfOk6pxWz+/OKrXrPKkiHMAhHIMDF1CDW6hDAxj04Rle4NV6st6sd+tj1lqw8pl9+APr8wfj+piJ</latexit>

EoW brane

Boundary CFT

|Bi
<latexit sha1_base64="Jz6hYnpmx6aopR44VQ6qbGRHXGs=">AAACC3icbVDLSsNAFL2pr1pfVZduBovgqiQ+0GWpG5cV7EPaUCaTSTt0MgkzE6HEfoIrt/oV7sStH+FH+A9O2iy07YELh3Puvdx7vJgzpW372yqsrK6tbxQ3S1vbO7t75f2DlooSSWiTRDySHQ8rypmgTc00p51YUhx6nLa90U3mtx+pVCwS93ocUzfEA8ECRrA20sNTvSexGHDaL1fsqj0FWiROTiqQo9Ev//T8iCQhFZpwrFTXsWPtplhqRjidlHqJojEmIzygXUMFDqly0+nBE3RiFB8FkTQlNJqqfydSHCo1Dj3TGWI9VPNeJi71fJUtXGZ1Ex1cuykTcaKpILMbgoQjHaEsGOQzSYnmY0Mwkcy8gcgQS0y0ia9k8nHm01gkrbOqc169vLuo1Op5UkU4gmM4BQeuoAa30IAmEAjhBV7hzXq23q0P63PWWrDymUP4B+vrFy4Fm3c=</latexit>
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Holographic CFTs

Operator entanglement entropy: Sop
ent

⇣
A, ⇢1/2AB

⌘

<latexit sha1_base64="v3zg4/r7OahBJgBaRZZBKKDd6s4="></latexit>

i.e. “reflective entropy”  T. Faulkner, et al (2019) 

Bulk dual of                         : black hole with end-of-world (EoW) brane


EoW brane: bulk extensions of conformal boundary condition


HRT surface can end perpendicularly on EoW brane


Two phases of         

| i = e�
�
4 H |Bi

<latexit sha1_base64="ShHm4eHLG3Q89YdV4YB4I2Vs05o=">AAACMXicbVDLSgMxFM34rPVVdekmWAQ3LTM+0I1Q6qbLCvYBnVoy6Z0azGSGJCOUcb7CT3HlVr+iO3Er/oNpOwtteyBwOOfcS+7xIs6Utu2RtbS8srq2ntvIb25t7+wW9vabKowlhQYNeSjbHlHAmYCGZppDO5JAAo9Dy3u8GfutJ5CKheJODyPoBmQgmM8o0UbqFUrPbqSYK4kYcMDXGO6TkutLQhPXA03S5Dytpc/VLNArFO2yPQGeJ05GiihDvVf4cfshjQMQmnKiVMexI91NiNSMckjzbqwgIvSRDKBjqCABqG4yOSvFx0bpYz+U5gmNJ+rfiYQESg0DzyQDoh/UrDcWF3p9NV64yOrE2r/qJkxEsQZBp3/wY451iMf14T6TQDUfGkKoZOYMTB+I6UubkvOmH2e2jXnSPC07Z+WL2/NipZo1lUOH6AidIAddogqqoTpqIIpe0Bt6Rx/WqzWyPq2vaXTJymYO0D9Y37+Ub6rK</latexit>

H
+

<latexit sha1_base64="4gJmu6TOJfMj3vWwsxjPhkerqgw=">AAACD3icbVDLSsNAFL3xWeur6tLNYBEEoSQ+0GXRTZcV7APaWCaTSTt0MokzE6GEfoQrt/oV7sStn+BH+A9O2iy07YGBwzn3Xs4cL+ZMadv+tpaWV1bX1gsbxc2t7Z3d0t5+U0WJJLRBIh7JtocV5UzQhmaa03YsKQ49Tlve8DbzW09UKhaJez2KqRvivmABI1gbye2GWA8I5mlt/HDaK5Xtij0BmidOTsqQo94r/XT9iCQhFZpwrFTHsWPtplhqRjgdF7uJojEmQ9ynHUMFDqly00noMTo2io+CSJonNJqofzdSHCo1Cj0zmYVUs14mLvR8lR1cZHUSHVy7KRNxoqkg0wxBwpGOUFYO8pmkRPORIZhIZr6ByABLTLSpsGj6cWbbmCfNs4pzXrm8uyhXb/KmCnAIR3ACDlxBFWpQhwYQeIQXeIU369l6tz6sz+nokpXvHMA/WF+/IcadCw==</latexit>

H
�

<latexit sha1_base64="X76UPKdvvFPpPIDYVR/5E+8/gFo=">AAACD3icbVBLTsMwFHzhW8qvwJKNRYXEhirhI1hWsOmySPQjtaFyHKe16jjBdpCqqIdgxRZOwQ6x5QgcgjvgtFlA25EsjWbeexqPF3OmtG1/W0vLK6tr64WN4ubW9s5uaW+/qaJEEtogEY9k28OKciZoQzPNaTuWFIcepy1veJv5rScqFYvEvR7F1A1xX7CAEayN5HZDrAcE87Q2fjjtlcp2xZ4AzRMnJ2XIUe+Vfrp+RJKQCk04Vqrj2LF2Uyw1I5yOi91E0RiTIe7TjqECh1S56ST0GB0bxUdBJM0TGk3UvxspDpUahZ6ZzEKqWS8TF3q+yg4usjqJDq7dlIk40VSQaYYg4UhHKCsH+UxSovnIEEwkM99AZIAlJtpUWDT9OLNtzJPmWcU5r1zeXZSrN3lTBTiEIzgBB66gCjWoQwMIPMILvMKb9Wy9Wx/W53R0ycp3DuAfrK9fJQSdDQ==</latexit>

t = 0
<latexit sha1_base64="BoNw+AKatqYZdx3ULpuLvfbJJHc=">AAACBXicbVDJSgNBEK2JW4xb1KOXxiB4CjMu6EUIevEY0SyQDKGnpydp0rPQXSOEkLMnr/oV3sSr3+FH+A/2JHPQmAcFj/eqiqrnJVJotO0vq7C0vLK6VlwvbWxube+Ud/eaOk4V4w0Wy1i1Paq5FBFvoEDJ24niNPQkb3nDm8xvPXKlRRw94Cjhbkj7kQgEo2ike7yye+WKXbWnIP+Jk5MK5Kj3yt9dP2ZpyCNkkmrdcewE3TFVKJjkk1I31TyhbEj7vGNoREOu3fH01Ak5MopPgliZipBM1d8TYxpqPQo90xlSHOh5LxMXer7OFi6yOikGl+5YREmKPGKzG4JUEoxJFgnxheIM5cgQypQwbxA2oIoyNMGVTD7OfBr/SfOk6pxWz+/OKrXrPKkiHMAhHIMDF1CDW6hDAxj04Rle4NV6st6sd+tj1lqw8pl9+APr8wfj+piJ</latexit>

EoW brane

Boundary CFT

|Bi
<latexit sha1_base64="Jz6hYnpmx6aopR44VQ6qbGRHXGs=">AAACC3icbVDLSsNAFL2pr1pfVZduBovgqiQ+0GWpG5cV7EPaUCaTSTt0MgkzE6HEfoIrt/oV7sStH+FH+A9O2iy07YELh3Puvdx7vJgzpW372yqsrK6tbxQ3S1vbO7t75f2DlooSSWiTRDySHQ8rypmgTc00p51YUhx6nLa90U3mtx+pVCwS93ocUzfEA8ECRrA20sNTvSexGHDaL1fsqj0FWiROTiqQo9Ev//T8iCQhFZpwrFTXsWPtplhqRjidlHqJojEmIzygXUMFDqly0+nBE3RiFB8FkTQlNJqqfydSHCo1Dj3TGWI9VPNeJi71fJUtXGZ1Ex1cuykTcaKpILMbgoQjHaEsGOQzSYnmY0Mwkcy8gcgQS0y0ia9k8nHm01gkrbOqc169vLuo1Op5UkU4gmM4BQeuoAa30IAmEAjhBV7hzXq23q0P63PWWrDymUP4B+vrFy4Fm3c=</latexit>

�AB(t)
<latexit sha1_base64="Nkt7XwpHTqfIrmjruG786m21Atk=">AAACEHicbVDLTsJAFJ36RHyhLt00EhPckNZHdIm4cYmJPBIoZDodYMLMtJm5NSENP+HKrX6FO+PWP/Aj/Aen0IUCJ7nJyTn33tx7/IgzDY7zba2srq1vbOa28ts7u3v7hYPDhg5jRWidhDxULR9rypmkdWDAaStSFAuf06Y/ukv95hNVmoXyEcYR9QQeSNZnBIORup0BFgJ3k9vqpARnvULRKTtT2IvEzUgRZaj1Cj+dICSxoBIIx1q3XScCL8EKGOF0ku/EmkaYjPCAtg2VWFDtJdOrJ/apUQK7HypTEuyp+nciwULrsfBNp8Aw1PNeKi71Ap0uXGa1Y+jfeAmTUQxUktkN/ZjbENppOnbAFCXAx4Zgoph5wyZDrDABk2He5OPOp7FIGudl96J89XBZrFSzpHLoGJ2gEnLRNaqge1RDdUSQQi/oFb1Zz9a79WF9zlpXrGzmCP2D9fULRxWdEw==</latexit>

T. Hartman, J. Maldacena (2013)
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Holographic CFTs

Operator entanglement entropy: Sop
ent

⇣
A, ⇢1/2AB

⌘

<latexit sha1_base64="v3zg4/r7OahBJgBaRZZBKKDd6s4="></latexit>

i.e. “reflective entropy”  T. Faulkner, et al (2019) 

Bulk dual of                         : black hole with end-of-world (EoW) brane


EoW brane: bulk extensions of conformal boundary condition


HRT surface can end perpendicularly on EoW brane


Two phases of         

| i = e�
�
4 H |Bi

<latexit sha1_base64="ShHm4eHLG3Q89YdV4YB4I2Vs05o=">AAACMXicbVDLSgMxFM34rPVVdekmWAQ3LTM+0I1Q6qbLCvYBnVoy6Z0azGSGJCOUcb7CT3HlVr+iO3Er/oNpOwtteyBwOOfcS+7xIs6Utu2RtbS8srq2ntvIb25t7+wW9vabKowlhQYNeSjbHlHAmYCGZppDO5JAAo9Dy3u8GfutJ5CKheJODyPoBmQgmM8o0UbqFUrPbqSYK4kYcMDXGO6TkutLQhPXA03S5Dytpc/VLNArFO2yPQGeJ05GiihDvVf4cfshjQMQmnKiVMexI91NiNSMckjzbqwgIvSRDKBjqCABqG4yOSvFx0bpYz+U5gmNJ+rfiYQESg0DzyQDoh/UrDcWF3p9NV64yOrE2r/qJkxEsQZBp3/wY451iMf14T6TQDUfGkKoZOYMTB+I6UubkvOmH2e2jXnSPC07Z+WL2/NipZo1lUOH6AidIAddogqqoTpqIIpe0Bt6Rx/WqzWyPq2vaXTJymYO0D9Y37+Ub6rK</latexit>

H
+

<latexit sha1_base64="4gJmu6TOJfMj3vWwsxjPhkerqgw=">AAACD3icbVDLSsNAFL3xWeur6tLNYBEEoSQ+0GXRTZcV7APaWCaTSTt0MokzE6GEfoQrt/oV7sStn+BH+A9O2iy07YGBwzn3Xs4cL+ZMadv+tpaWV1bX1gsbxc2t7Z3d0t5+U0WJJLRBIh7JtocV5UzQhmaa03YsKQ49Tlve8DbzW09UKhaJez2KqRvivmABI1gbye2GWA8I5mlt/HDaK5Xtij0BmidOTsqQo94r/XT9iCQhFZpwrFTHsWPtplhqRjgdF7uJojEmQ9ynHUMFDqly00noMTo2io+CSJonNJqofzdSHCo1Cj0zmYVUs14mLvR8lR1cZHUSHVy7KRNxoqkg0wxBwpGOUFYO8pmkRPORIZhIZr6ByABLTLSpsGj6cWbbmCfNs4pzXrm8uyhXb/KmCnAIR3ACDlxBFWpQhwYQeIQXeIU369l6tz6sz+nokpXvHMA/WF+/IcadCw==</latexit>

H
�

<latexit sha1_base64="X76UPKdvvFPpPIDYVR/5E+8/gFo=">AAACD3icbVBLTsMwFHzhW8qvwJKNRYXEhirhI1hWsOmySPQjtaFyHKe16jjBdpCqqIdgxRZOwQ6x5QgcgjvgtFlA25EsjWbeexqPF3OmtG1/W0vLK6tr64WN4ubW9s5uaW+/qaJEEtogEY9k28OKciZoQzPNaTuWFIcepy1veJv5rScqFYvEvR7F1A1xX7CAEayN5HZDrAcE87Q2fjjtlcp2xZ4AzRMnJ2XIUe+Vfrp+RJKQCk04Vqrj2LF2Uyw1I5yOi91E0RiTIe7TjqECh1S56ST0GB0bxUdBJM0TGk3UvxspDpUahZ6ZzEKqWS8TF3q+yg4usjqJDq7dlIk40VSQaYYg4UhHKCsH+UxSovnIEEwkM99AZIAlJtpUWDT9OLNtzJPmWcU5r1zeXZSrN3lTBTiEIzgBB66gCjWoQwMIPMILvMKb9Wy9Wx/W53R0ycp3DuAfrK9fJQSdDQ==</latexit>

t = 0
<latexit sha1_base64="BoNw+AKatqYZdx3ULpuLvfbJJHc=">AAACBXicbVDJSgNBEK2JW4xb1KOXxiB4CjMu6EUIevEY0SyQDKGnpydp0rPQXSOEkLMnr/oV3sSr3+FH+A/2JHPQmAcFj/eqiqrnJVJotO0vq7C0vLK6VlwvbWxube+Ud/eaOk4V4w0Wy1i1Paq5FBFvoEDJ24niNPQkb3nDm8xvPXKlRRw94Cjhbkj7kQgEo2ike7yye+WKXbWnIP+Jk5MK5Kj3yt9dP2ZpyCNkkmrdcewE3TFVKJjkk1I31TyhbEj7vGNoREOu3fH01Ak5MopPgliZipBM1d8TYxpqPQo90xlSHOh5LxMXer7OFi6yOikGl+5YREmKPGKzG4JUEoxJFgnxheIM5cgQypQwbxA2oIoyNMGVTD7OfBr/SfOk6pxWz+/OKrXrPKkiHMAhHIMDF1CDW6hDAxj04Rle4NV6st6sd+tj1lqw8pl9+APr8wfj+piJ</latexit>

EoW brane

Boundary CFT

|Bi
<latexit sha1_base64="Jz6hYnpmx6aopR44VQ6qbGRHXGs=">AAACC3icbVDLSsNAFL2pr1pfVZduBovgqiQ+0GWpG5cV7EPaUCaTSTt0MgkzE6HEfoIrt/oV7sStH+FH+A9O2iy07YELh3Puvdx7vJgzpW372yqsrK6tbxQ3S1vbO7t75f2DlooSSWiTRDySHQ8rypmgTc00p51YUhx6nLa90U3mtx+pVCwS93ocUzfEA8ECRrA20sNTvSexGHDaL1fsqj0FWiROTiqQo9Ev//T8iCQhFZpwrFTXsWPtplhqRjidlHqJojEmIzygXUMFDqly0+nBE3RiFB8FkTQlNJqqfydSHCo1Dj3TGWI9VPNeJi71fJUtXGZ1Ex1cuykTcaKpILMbgoQjHaEsGOQzSYnmY0Mwkcy8gcgQS0y0ia9k8nHm01gkrbOqc169vLuo1Op5UkU4gmM4BQeuoAa30IAmEAjhBV7hzXq23q0P63PWWrDymUP4B+vrFy4Fm3c=</latexit>

�AB(t)
<latexit sha1_base64="Nkt7XwpHTqfIrmjruG786m21Atk=">AAACEHicbVDLTsJAFJ36RHyhLt00EhPckNZHdIm4cYmJPBIoZDodYMLMtJm5NSENP+HKrX6FO+PWP/Aj/Aen0IUCJ7nJyTn33tx7/IgzDY7zba2srq1vbOa28ts7u3v7hYPDhg5jRWidhDxULR9rypmkdWDAaStSFAuf06Y/ukv95hNVmoXyEcYR9QQeSNZnBIORup0BFgJ3k9vqpARnvULRKTtT2IvEzUgRZaj1Cj+dICSxoBIIx1q3XScCL8EKGOF0ku/EmkaYjPCAtg2VWFDtJdOrJ/apUQK7HypTEuyp+nciwULrsfBNp8Aw1PNeKi71Ap0uXGa1Y+jfeAmTUQxUktkN/ZjbENppOnbAFCXAx4Zgoph5wyZDrDABk2He5OPOp7FIGudl96J89XBZrFSzpHLoGJ2gEnLRNaqge1RDdUSQQi/oFb1Zz9a79WF9zlpXrGzmCP2D9fULRxWdEw==</latexit>

T. Hartman, J. Maldacena (2013)

EoW brane

Boundary CFT

z
<latexit sha1_base64="5kFRLYnJFVsHyAugXLQYlDGcReA=">AAACA3icbVC7TsNAEFzzDOEVoKSxiJCoIpuHoIygoUwk8pASKzqf18kp57N1d0YKUUoqWvgKOkTLh/AR/APnxAUkGWml0czuanf8hDOlHefbWlldW9/YLGwVt3d29/ZLB4dNFaeSYoPGPJZtnyjkTGBDM82xnUgkkc+x5Q/vMr/1iFKxWDzoUYJeRPqChYwSbaT6U69UdirOFPYicXNShhy1XumnG8Q0jVBoyolSHddJtDcmUjPKcVLspgoTQoekjx1DBYlQeePpoRP71CiBHcbSlND2VP07MSaRUqPIN50R0QM172XiUi9Q2cJlVifV4Y03ZiJJNQo6uyFMua1jOwvEDphEqvnIEEIlM2/YdEAkodrEVjT5uPNpLJLmecW9qFzVL8vV2zypAhzDCZyBC9dQhXuoQQMoILzAK7xZz9a79WF9zlpXrHzmCP7B+voF8c2YDg==</latexit>

(i) 

A B

�AB(t)
<latexit sha1_base64="Nkt7XwpHTqfIrmjruG786m21Atk=">AAACEHicbVDLTsJAFJ36RHyhLt00EhPckNZHdIm4cYmJPBIoZDodYMLMtJm5NSENP+HKrX6FO+PWP/Aj/Aen0IUCJ7nJyTn33tx7/IgzDY7zba2srq1vbOa28ts7u3v7hYPDhg5jRWidhDxULR9rypmkdWDAaStSFAuf06Y/ukv95hNVmoXyEcYR9QQeSNZnBIORup0BFgJ3k9vqpARnvULRKTtT2IvEzUgRZaj1Cj+dICSxoBIIx1q3XScCL8EKGOF0ku/EmkaYjPCAtg2VWFDtJdOrJ/apUQK7HypTEuyp+nciwULrsfBNp8Aw1PNeKi71Ap0uXGa1Y+jfeAmTUQxUktkN/ZjbENppOnbAFCXAx4Zgoph5wyZDrDABk2He5OPOp7FIGudl96J89XBZrFSzpHLoGJ2gEnLRNaqge1RDdUSQQi/oFb1Zz9a79WF9zlpXrGzmCP2D9fULRxWdEw==</latexit> �AB(t)

<latexit sha1_base64="Nkt7XwpHTqfIrmjruG786m21Atk=">AAACEHicbVDLTsJAFJ36RHyhLt00EhPckNZHdIm4cYmJPBIoZDodYMLMtJm5NSENP+HKrX6FO+PWP/Aj/Aen0IUCJ7nJyTn33tx7/IgzDY7zba2srq1vbOa28ts7u3v7hYPDhg5jRWidhDxULR9rypmkdWDAaStSFAuf06Y/ukv95hNVmoXyEcYR9QQeSNZnBIORup0BFgJ3k9vqpARnvULRKTtT2IvEzUgRZaj1Cj+dICSxoBIIx1q3XScCL8EKGOF0ku/EmkaYjPCAtg2VWFDtJdOrJ/apUQK7HypTEuyp+nciwULrsfBNp8Aw1PNeKi71Ap0uXGa1Y+jfeAmTUQxUktkN/ZjbENppOnbAFCXAx4Zgoph5wyZDrDABk2He5OPOp7FIGudl96J89XBZrFSzpHLoGJ2gEnLRNaqge1RDdUSQQi/oFb1Zz9a79WF9zlpXrGzmCP2D9fULRxWdEw==</latexit>

vd t < `/2
<latexit sha1_base64="Cw5+c4x6Xhg1CLNnMbmFfWSPX40=">AAACEHicbVDLSsNAFJ34rPVVdelmsAiualIVBV0U3bisYB/QxDKZTNqhkwczN4US+hOu3OpXuBO3/oEf4T84abPQtgcuHM6593LvcWPBFZjmt7G0vLK6tl7YKG5ube/slvb2mypKJGUNGolItl2imOAhawAHwdqxZCRwBWu5g7vMbw2ZVDwKH2EUMycgvZD7nBLQ0tOw69nXGG5sJsRptVsqmxVzAjxPrJyUUY56t/RjexFNAhYCFUSpjmXG4KREAqeCjYt2olhM6ID0WEfTkARMOenk6jE+1oqH/UjqCgFP1L8TKQmUGgWu7gwI9NWsl4kLPU9lCxdZnQT8KyflYZwAC+n0Bj8RGCKcpYM9LhkFMdKEUMn1G5j2iSQUdIZFnY81m8Y8aVYr1lnl4uG8XLvNkyqgQ3SETpCFLlEN3aM6aiCKJHpBr+jNeDbejQ/jc9q6ZOQzB+gfjK9fo2ucsA==</latexit>

linear growth
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Holographic CFTs

Operator entanglement entropy: Sop
ent

⇣
A, ⇢1/2AB

⌘

<latexit sha1_base64="v3zg4/r7OahBJgBaRZZBKKDd6s4="></latexit>

i.e. “reflective entropy”  T. Faulkner, et al (2019) 

Bulk dual of                         : black hole with end-of-world (EoW) brane


EoW brane: bulk extensions of conformal boundary condition


HRT surface can end perpendicularly on EoW brane


Two phases of         

| i = e�
�
4 H |Bi

<latexit sha1_base64="ShHm4eHLG3Q89YdV4YB4I2Vs05o=">AAACMXicbVDLSgMxFM34rPVVdekmWAQ3LTM+0I1Q6qbLCvYBnVoy6Z0azGSGJCOUcb7CT3HlVr+iO3Er/oNpOwtteyBwOOfcS+7xIs6Utu2RtbS8srq2ntvIb25t7+wW9vabKowlhQYNeSjbHlHAmYCGZppDO5JAAo9Dy3u8GfutJ5CKheJODyPoBmQgmM8o0UbqFUrPbqSYK4kYcMDXGO6TkutLQhPXA03S5Dytpc/VLNArFO2yPQGeJ05GiihDvVf4cfshjQMQmnKiVMexI91NiNSMckjzbqwgIvSRDKBjqCABqG4yOSvFx0bpYz+U5gmNJ+rfiYQESg0DzyQDoh/UrDcWF3p9NV64yOrE2r/qJkxEsQZBp3/wY451iMf14T6TQDUfGkKoZOYMTB+I6UubkvOmH2e2jXnSPC07Z+WL2/NipZo1lUOH6AidIAddogqqoTpqIIpe0Bt6Rx/WqzWyPq2vaXTJymYO0D9Y37+Ub6rK</latexit>

H
+

<latexit sha1_base64="4gJmu6TOJfMj3vWwsxjPhkerqgw=">AAACD3icbVDLSsNAFL3xWeur6tLNYBEEoSQ+0GXRTZcV7APaWCaTSTt0MokzE6GEfoQrt/oV7sStn+BH+A9O2iy07YGBwzn3Xs4cL+ZMadv+tpaWV1bX1gsbxc2t7Z3d0t5+U0WJJLRBIh7JtocV5UzQhmaa03YsKQ49Tlve8DbzW09UKhaJez2KqRvivmABI1gbye2GWA8I5mlt/HDaK5Xtij0BmidOTsqQo94r/XT9iCQhFZpwrFTHsWPtplhqRjgdF7uJojEmQ9ynHUMFDqly00noMTo2io+CSJonNJqofzdSHCo1Cj0zmYVUs14mLvR8lR1cZHUSHVy7KRNxoqkg0wxBwpGOUFYO8pmkRPORIZhIZr6ByABLTLSpsGj6cWbbmCfNs4pzXrm8uyhXb/KmCnAIR3ACDlxBFWpQhwYQeIQXeIU369l6tz6sz+nokpXvHMA/WF+/IcadCw==</latexit>

H
�

<latexit sha1_base64="X76UPKdvvFPpPIDYVR/5E+8/gFo=">AAACD3icbVBLTsMwFHzhW8qvwJKNRYXEhirhI1hWsOmySPQjtaFyHKe16jjBdpCqqIdgxRZOwQ6x5QgcgjvgtFlA25EsjWbeexqPF3OmtG1/W0vLK6tr64WN4ubW9s5uaW+/qaJEEtogEY9k28OKciZoQzPNaTuWFIcepy1veJv5rScqFYvEvR7F1A1xX7CAEayN5HZDrAcE87Q2fjjtlcp2xZ4AzRMnJ2XIUe+Vfrp+RJKQCk04Vqrj2LF2Uyw1I5yOi91E0RiTIe7TjqECh1S56ST0GB0bxUdBJM0TGk3UvxspDpUahZ6ZzEKqWS8TF3q+yg4usjqJDq7dlIk40VSQaYYg4UhHKCsH+UxSovnIEEwkM99AZIAlJtpUWDT9OLNtzJPmWcU5r1zeXZSrN3lTBTiEIzgBB66gCjWoQwMIPMILvMKb9Wy9Wx/W53R0ycp3DuAfrK9fJQSdDQ==</latexit>

t = 0
<latexit sha1_base64="BoNw+AKatqYZdx3ULpuLvfbJJHc=">AAACBXicbVDJSgNBEK2JW4xb1KOXxiB4CjMu6EUIevEY0SyQDKGnpydp0rPQXSOEkLMnr/oV3sSr3+FH+A/2JHPQmAcFj/eqiqrnJVJotO0vq7C0vLK6VlwvbWxube+Ud/eaOk4V4w0Wy1i1Paq5FBFvoEDJ24niNPQkb3nDm8xvPXKlRRw94Cjhbkj7kQgEo2ike7yye+WKXbWnIP+Jk5MK5Kj3yt9dP2ZpyCNkkmrdcewE3TFVKJjkk1I31TyhbEj7vGNoREOu3fH01Ak5MopPgliZipBM1d8TYxpqPQo90xlSHOh5LxMXer7OFi6yOikGl+5YREmKPGKzG4JUEoxJFgnxheIM5cgQypQwbxA2oIoyNMGVTD7OfBr/SfOk6pxWz+/OKrXrPKkiHMAhHIMDF1CDW6hDAxj04Rle4NV6st6sd+tj1lqw8pl9+APr8wfj+piJ</latexit>

EoW brane

Boundary CFT

|Bi
<latexit sha1_base64="Jz6hYnpmx6aopR44VQ6qbGRHXGs=">AAACC3icbVDLSsNAFL2pr1pfVZduBovgqiQ+0GWpG5cV7EPaUCaTSTt0MgkzE6HEfoIrt/oV7sStH+FH+A9O2iy07YELh3Puvdx7vJgzpW372yqsrK6tbxQ3S1vbO7t75f2DlooSSWiTRDySHQ8rypmgTc00p51YUhx6nLa90U3mtx+pVCwS93ocUzfEA8ECRrA20sNTvSexGHDaL1fsqj0FWiROTiqQo9Ev//T8iCQhFZpwrFTXsWPtplhqRjidlHqJojEmIzygXUMFDqly0+nBE3RiFB8FkTQlNJqqfydSHCo1Dj3TGWI9VPNeJi71fJUtXGZ1Ex1cuykTcaKpILMbgoQjHaEsGOQzSYnmY0Mwkcy8gcgQS0y0ia9k8nHm01gkrbOqc169vLuo1Op5UkU4gmM4BQeuoAa30IAmEAjhBV7hzXq23q0P63PWWrDymUP4B+vrFy4Fm3c=</latexit>

�AB(t)
<latexit sha1_base64="Nkt7XwpHTqfIrmjruG786m21Atk=">AAACEHicbVDLTsJAFJ36RHyhLt00EhPckNZHdIm4cYmJPBIoZDodYMLMtJm5NSENP+HKrX6FO+PWP/Aj/Aen0IUCJ7nJyTn33tx7/IgzDY7zba2srq1vbOa28ts7u3v7hYPDhg5jRWidhDxULR9rypmkdWDAaStSFAuf06Y/ukv95hNVmoXyEcYR9QQeSNZnBIORup0BFgJ3k9vqpARnvULRKTtT2IvEzUgRZaj1Cj+dICSxoBIIx1q3XScCL8EKGOF0ku/EmkaYjPCAtg2VWFDtJdOrJ/apUQK7HypTEuyp+nciwULrsfBNp8Aw1PNeKi71Ap0uXGa1Y+jfeAmTUQxUktkN/ZjbENppOnbAFCXAx4Zgoph5wyZDrDABk2He5OPOp7FIGudl96J89XBZrFSzpHLoGJ2gEnLRNaqge1RDdUSQQi/oFb1Zz9a79WF9zlpXrGzmCP2D9fULRxWdEw==</latexit>

T. Hartman, J. Maldacena (2013)

EoW brane

Boundary CFT

z
<latexit sha1_base64="5kFRLYnJFVsHyAugXLQYlDGcReA=">AAACA3icbVC7TsNAEFzzDOEVoKSxiJCoIpuHoIygoUwk8pASKzqf18kp57N1d0YKUUoqWvgKOkTLh/AR/APnxAUkGWml0czuanf8hDOlHefbWlldW9/YLGwVt3d29/ZLB4dNFaeSYoPGPJZtnyjkTGBDM82xnUgkkc+x5Q/vMr/1iFKxWDzoUYJeRPqChYwSbaT6U69UdirOFPYicXNShhy1XumnG8Q0jVBoyolSHddJtDcmUjPKcVLspgoTQoekjx1DBYlQeePpoRP71CiBHcbSlND2VP07MSaRUqPIN50R0QM172XiUi9Q2cJlVifV4Y03ZiJJNQo6uyFMua1jOwvEDphEqvnIEEIlM2/YdEAkodrEVjT5uPNpLJLmecW9qFzVL8vV2zypAhzDCZyBC9dQhXuoQQMoILzAK7xZz9a79WF9zlpXrHzmCP7B+voF8c2YDg==</latexit>

(i)                              (ii)   

A B

�AB(t)
<latexit sha1_base64="Nkt7XwpHTqfIrmjruG786m21Atk=">AAACEHicbVDLTsJAFJ36RHyhLt00EhPckNZHdIm4cYmJPBIoZDodYMLMtJm5NSENP+HKrX6FO+PWP/Aj/Aen0IUCJ7nJyTn33tx7/IgzDY7zba2srq1vbOa28ts7u3v7hYPDhg5jRWidhDxULR9rypmkdWDAaStSFAuf06Y/ukv95hNVmoXyEcYR9QQeSNZnBIORup0BFgJ3k9vqpARnvULRKTtT2IvEzUgRZaj1Cj+dICSxoBIIx1q3XScCL8EKGOF0ku/EmkaYjPCAtg2VWFDtJdOrJ/apUQK7HypTEuyp+nciwULrsfBNp8Aw1PNeKi71Ap0uXGa1Y+jfeAmTUQxUktkN/ZjbENppOnbAFCXAx4Zgoph5wyZDrDABk2He5OPOp7FIGudl96J89XBZrFSzpHLoGJ2gEnLRNaqge1RDdUSQQi/oFb1Zz9a79WF9zlpXrGzmCP2D9fULRxWdEw==</latexit> �AB(t)

<latexit sha1_base64="Nkt7XwpHTqfIrmjruG786m21Atk=">AAACEHicbVDLTsJAFJ36RHyhLt00EhPckNZHdIm4cYmJPBIoZDodYMLMtJm5NSENP+HKrX6FO+PWP/Aj/Aen0IUCJ7nJyTn33tx7/IgzDY7zba2srq1vbOa28ts7u3v7hYPDhg5jRWidhDxULR9rypmkdWDAaStSFAuf06Y/ukv95hNVmoXyEcYR9QQeSNZnBIORup0BFgJ3k9vqpARnvULRKTtT2IvEzUgRZaj1Cj+dICSxoBIIx1q3XScCL8EKGOF0ku/EmkaYjPCAtg2VWFDtJdOrJ/apUQK7HypTEuyp+nciwULrsfBNp8Aw1PNeKi71Ap0uXGa1Y+jfeAmTUQxUktkN/ZjbENppOnbAFCXAx4Zgoph5wyZDrDABk2He5OPOp7FIGudl96J89XBZrFSzpHLoGJ2gEnLRNaqge1RDdUSQQi/oFb1Zz9a79WF9zlpXrGzmCP2D9fULRxWdEw==</latexit>

vd t < `/2
<latexit sha1_base64="Cw5+c4x6Xhg1CLNnMbmFfWSPX40=">AAACEHicbVDLSsNAFJ34rPVVdelmsAiualIVBV0U3bisYB/QxDKZTNqhkwczN4US+hOu3OpXuBO3/oEf4T84abPQtgcuHM6593LvcWPBFZjmt7G0vLK6tl7YKG5ube/slvb2mypKJGUNGolItl2imOAhawAHwdqxZCRwBWu5g7vMbw2ZVDwKH2EUMycgvZD7nBLQ0tOw69nXGG5sJsRptVsqmxVzAjxPrJyUUY56t/RjexFNAhYCFUSpjmXG4KREAqeCjYt2olhM6ID0WEfTkARMOenk6jE+1oqH/UjqCgFP1L8TKQmUGgWu7gwI9NWsl4kLPU9lCxdZnQT8KyflYZwAC+n0Bj8RGCKcpYM9LhkFMdKEUMn1G5j2iSQUdIZFnY81m8Y8aVYr1lnl4uG8XLvNkyqgQ3SETpCFLlEN3aM6aiCKJHpBr+jNeDbejQ/jc9q6ZOQzB+gfjK9fo2ucsA==</latexit>

vd t > `/2
<latexit sha1_base64="qO8I3oGlMZql4vGMdGVzMqIcnpM=">AAACEHicbVDLSsNAFJ34rPVVdelmsAiualIVBUGKblxWsA9oYplMJu3QyYOZm0IJ/QlXbvUr3Ilb/8CP8B+ctFlo2wMXDufce7n3uLHgCkzz21haXlldWy9sFDe3tnd2S3v7TRUlkrIGjUQk2y5RTPCQNYCDYO1YMhK4grXcwV3mt4ZMKh6FjzCKmROQXsh9Tglo6WnY9exrDDc2E+K02i2VzYo5AZ4nVk7KKEe9W/qxvYgmAQuBCqJUxzJjcFIigVPBxkU7USwmdEB6rKNpSAKmnHRy9Rgfa8XDfiR1hYAn6t+JlARKjQJXdwYE+mrWy8SFnqeyhYusTgL+lZPyME6AhXR6g58IDBHO0sEel4yCGGlCqOT6DUz7RBIKOsOizseaTWOeNKsV66xy8XBert3mSRXQITpCJ8hCl6iG7lEdNRBFEr2gV/RmPBvvxofxOW1dMvKZA/QPxtcvprWcsg==</latexit> saturation
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Holographic CFTs

Operator entanglement entropy: Sop
ent

⇣
A, ⇢1/2AB

⌘

<latexit sha1_base64="v3zg4/r7OahBJgBaRZZBKKDd6s4="></latexit>

i.e. “reflective entropy”  T. Faulkner, et al (2019) 

Phases of            :�A(t)
<latexit sha1_base64="z17qK6XaEVer5/EwlUINFFSxK1I=">AAACDnicbVDLSsNAFJ34rPVVdelmsAh1UxIf6LLqxmUF+4Amlslk0g6dScLMjVBK/8GVW/0Kd+LWX/Aj/AcnbRba9sCFwzn3Xu49fiK4Btv+tpaWV1bX1gsbxc2t7Z3d0t5+U8epoqxBYxGrtk80EzxiDeAgWDtRjEhfsJY/uM381hNTmsfRAwwT5knSi3jIKQEjuW6PSEker3EFTrqlsl21J8DzxMlJGeWod0s/bhDTVLIIqCBadxw7AW9EFHAq2LjoppolhA5Ij3UMjYhk2htNbh7jY6MEOIyVqQjwRP07MSJS66H0Tack0NezXiYu9AKdLVxkdVIIr7wRj5IUWESnN4SpwBDjLBsccMUoiKEhhCpu3sC0TxShYBIsmnyc2TTmSfO06pxVL+7Py7WbPKkCOkRHqIIcdIlq6A7VUQNRlKAX9IrerGfr3fqwPqetS1Y+c4D+wfr6BSjpm+U=</latexit>

B
A

�AB(t0)
<latexit sha1_base64="20QB99KmQym+iM1FKqVwrXCSt3U=">AAACZ3icdZHLTgIxFIbLeEO8MGhiTNyMEhPckBk00Z2IG5eayCUBJJ1OgYZ2OmnPkJAJb+JW38lH8C3sAAsRPEmTP99/Tnr614840+C6XxlrY3Nreye7m9vbPzjM24WjhpaxIrROJJeq5WNNOQtpHRhw2ooUxcLntOmPHlO/OaZKMxm+wiSiXYEHIeszgsGgnm13BlgI/JY81KYl6LlXPbvolt1ZOavCW4giWtRzr5C57wSSxIKGQDjWuu25EXQTrIARTqe5TqxphMkID2jbyBALqrvJbPWpc2lI4PSlMicEZ0Z/TyS+L0yXwDDUSxwLrSfC/89L4Vov0OlFay1tth/SYK2XEpCS63VuO4b+XTdhYRQDDcn8Vf2YOyCdNHQnYIoS4BMjMFHMBOOQIVaYgPmanInc+xvwqmhUyt51ufJyU6zWFuFn0Rm6QCXkoVtURU/oGdURQWP0jj7QZ+bbylsn1um81cosZo7RUlnnPybkulY=</latexit>

t0
<latexit sha1_base64="X/h9F9Qc7II4Ebx366MYenbHuY4=">AAACWHicdZHLSsNAFIZP46UXb21dugkWwVVJVNCdRTcuK9oLtKVMJpN26CQTZk6EUvoIbvXZ9GmctFlYGw8M/Hz/OcyZf7xYcI2O81Wwdnb39oulcuXg8Oj4pFqrd7VMFGUdKoVUfY9oJnjEOshRsH6sGAk9wXre7DH1e29MaS6jV5zHbBSSScQDTgka9IJjZ1xtOE1nVfa2cDPRgKza41rhfuhLmoQsQiqI1gPXiXG0IAo5FWxZGSaaxYTOyIQNjIxIyPRosdp1aV8Y4tuBVOZEaK/o74mF54WmKyQ41RuchFrPQ+8/L4W5nq/Ti3ItbbafMj/XSwlKKXSeO0gwuBsteBQnyCK6flWQCBulnaZs+1wximJuBKGKm2BsOiWKUDR/UTGRu38D3hbdq6Z73bx6vmm0HrLwS3AG53AJLtxCC56gDR2gMIF3+IDPwrcFVtEqr1utQjZzChtl1X8AvHm1Gg==</latexit>

�A(t0)
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Set up: (reduced density) operator entanglement 


Quenched dynamics for operator entanglement 


1. Two-dimensional rational conformal field theories (CFTs)
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Discussion: a new measure of quantum chaoticity?
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Discussion: a new measure of quantum chaoticity?

Operator entanglement remain low throughout thermalization?
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Discussion: a new measure of quantum chaoticity?

Operator entanglement remain low throughout thermalization?


No in all three models (integrable, chaotic, maximally chaotic)
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Discussion: a new measure of quantum chaoticity?

Operator entanglement remain low throughout thermalization?


No in all three models (integrable, chaotic, maximally chaotic)


Plateau “barrier” in operator entanglement, not captured by MPS
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Discussion: a new measure of quantum chaoticity?

Operator entanglement remain low throughout thermalization?


No in all three models (integrable, chaotic, maximally chaotic)


Plateau “barrier” in operator entanglement, not captured by MPS


Duration of plateau barrier correlated with level of quantum chaoticity

t

(`s(n)eq )

1
2`A

1
2 (`� `A) 1

2`

1

Sop
n (A, ⇢↵AB(t)) rational CFT

random circuit

holography

1

2
<latexit sha1_base64="mMMgdmlO3NFSJy2vKtT12NfhElg=">AAACDXicbZDLSsNAFIZP6q3WW9Wlm8EiuCpJVXRZdOOygr1AG8pkMmmHTjJhZiKUkGdw5Vafwp249Rl8CN/BSZuFtj0w8PP/5xzOfF7MmdK2/W2V1tY3NrfK25Wd3b39g+rhUUeJRBLaJoIL2fOwopxFtK2Z5rQXS4pDj9OuN7nL8+4TlYqJ6FFPY+qGeBSxgBGsjdUfBBKT1MnSRjas1uy6PSu0LJxC1KCo1rD6M/AFSUIaacKxUn3HjrWbYqkZ4TSrDBJFY0wmeET7RkY4pMpNZydn6Mw4PgqENC/SaOb+nUhxqNQ09ExniPVYLWa5uTLzVb5wVdRPdHDjpiyKE00jMr8hSDjSAuVokM8kJZpPjcBEMvMNRMbYANIGYMXwcRZpLItOo+5c1K8eLmvN24JUGU7gFM7BgWtowj20oA0EBLzAK7xZz9a79WF9zltLVjFzDP/K+voFqeWcQw==</latexit>

`B
<latexit sha1_base64="1sojS+TmODUptFVlrKW/zqNjh80=">AAACCHicbVDLSsNAFL3xWeur6tJNsAiuSuIDXZa6cVnBPqANZTK5acdOJmFmIpTSH3DlVr/Cnbj1L/wI/8FJm4W2PXDhcM69l3uPn3CmtON8Wyura+sbm4Wt4vbO7t5+6eCwqeJUUmzQmMey7ROFnAlsaKY5thOJJPI5tvzhbea3nlAqFosHPUrQi0hfsJBRoo3U7CLnvVqvVHYqzhT2InFzUoYc9V7ppxvENI1QaMqJUh3XSbQ3JlIzynFS7KYKE0KHpI8dQwWJUHnj6bUT+9QogR3G0pTQ9lT9OzEmkVKjyDedEdEDNe9l4lIvUNnCZVYn1eGNN2YiSTUKOrshTLmtYztLxQ6YRKr5yBBCJTNv2HRAJKHaZFc0+bjzaSyS5nnFvahc3V+Wq7U8qQIcwwmcgQvXUIU7qEMDKDzCC7zCm/VsvVsf1uesdcXKZ47gH6yvX4czmgA=</latexit>

1

2
`B +

1

4
`A

<latexit sha1_base64="YJb/mQErl01QVprSARTcYcL2LTM=">AAACJ3icbVDLSsNAFJ3UV62vqks3g0UQhJLUii5r3bisYB/QhDKZTNqhk0mYmQgl5AP8FFdu9SvciS79AP/BSRtE2x4YOJxz7mXucSNGpTLNT6Owsrq2vlHcLG1t7+zulfcPOjKMBSZtHLJQ9FwkCaOctBVVjPQiQVDgMtJ1xzeZ330gQtKQ36tJRJwADTn1KUZKS4NyxfYFwomVJrXUJowNmme/Sn2mXOuUWTWngIvEykkF5GgNyt+2F+I4IFxhhqTsW2aknAQJRTEjacmOJYkQHqMh6WvKUUCkk0yPSeGJVjzoh0I/ruBU/TuRoEDKSeDqZIDUSM57mbjU82S2cJnVj5V/5SSUR7EiHM/+4McMqhBmpUGPCoIVm2iCsKD6DIhHSNekdLUl3Y8138Yi6dSq1nn14q5eaTTzporgCByDU2CBS9AAt6AF2gCDR/AMXsCr8WS8Ge/GxyxaMPKZQ/APxtcP5kumTw==</latexit>

39



Discussion: a new measure of quantum chaoticity?

Operator entanglement remain low throughout thermalization?


No in all three models (integrable, chaotic, maximally chaotic)


Plateau “barrier” in operator entanglement, not captured by MPS


Duration of plateau barrier correlated with level of quantum chaoticity


Conjecture: a new measure of quantum chaoticity?
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Set up: (reduced density) operator entanglement 


Quenched dynamics for operator entanglement 


1. Two-dimensional rational conformal field theories (CFTs)


2. Random unitary circuits


3. Holographic CFTs (AdS/CFT)


Discussion: a new measure of quantum chaoticity?


Future directions

Outline:
40



Interesting follow-up questions:
41



Interesting follow-up questions:

Mysterious nature of the plateau-barrier phase

41



Interesting follow-up questions:

Mysterious nature of the plateau-barrier phase


How universal? More examples (e.g. non-holographic chaotic CFTs) 

41



Interesting follow-up questions:

Mysterious nature of the plateau-barrier phase


How universal? More examples (e.g. non-holographic chaotic CFTs) 


Operator Renyi entanglement entropy in AdS/CFT: is the discontinuous 

drop resolved/smoothened by cosmic brane back-reactions?

41



Interesting follow-up questions:

Mysterious nature of the plateau-barrier phase


How universal? More examples (e.g. non-holographic chaotic CFTs) 


Operator Renyi entanglement entropy in AdS/CFT: is the discontinuous 

drop resolved/smoothened by cosmic brane back-reactions?


Direct connection between duration of plateau phase and level of 

quantum chaoticity: e.g. compare the transition mechanisms.

41



Interesting follow-up questions:

Mysterious nature of the plateau-barrier phase


How universal? More examples (e.g. non-holographic chaotic CFTs) 


Operator Renyi entanglement entropy in AdS/CFT: is the discontinuous 

drop resolved/smoothened by cosmic brane back-reactions?


Direct connection between duration of plateau phase and level of 

quantum chaoticity: e.g. compare the transition mechanisms.

Thank you!
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