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Quantum field theory meets gravity
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    ~ Volume of codim-1
max volume bulk slice

CV
<latexit sha1_base64="yltBqzk/Dm3W+BwptubuWE/TSDM=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFSZppc1GCt24rGAf0IQymU7aoZNJmJkIJfQ33LhQxK0/486/cfoQVPTAhcM593LvPWHKmdIIfViFjc2t7Z3ibmlv/+DwqHx80lVJJgntkIQnsh9iRTkTtKOZ5rSfSorjkNNeOG0t/N49lYol4k7PUhrEeCxYxAjWRvJzn2AOW/Nh3p0PyxVkex5CrgeRXatXPadhCKq6V24DOjZaogLWaA/L7/4oIVlMhSYcKzVwUKqDHEvNCKfzkp8pmmIyxWM6MFTgmKogX948hxdGGcEokaaEhkv1+0SOY6VmcWg6Y6wn6re3EP/yBpmOGkHORJppKshqUZRxqBO4CACOmKRE85khmEhmboVkgiUm2sRUMiF8fQr/J13XdpDt3NYqzet1HEVwBs7BJXBAHTTBDWiDDiAgBQ/gCTxbmfVovVivq9aCtZ45BT9gvX0CRHiR0w==</latexit><latexit sha1_base64="yltBqzk/Dm3W+BwptubuWE/TSDM=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFSZppc1GCt24rGAf0IQymU7aoZNJmJkIJfQ33LhQxK0/486/cfoQVPTAhcM593LvPWHKmdIIfViFjc2t7Z3ibmlv/+DwqHx80lVJJgntkIQnsh9iRTkTtKOZ5rSfSorjkNNeOG0t/N49lYol4k7PUhrEeCxYxAjWRvJzn2AOW/Nh3p0PyxVkex5CrgeRXatXPadhCKq6V24DOjZaogLWaA/L7/4oIVlMhSYcKzVwUKqDHEvNCKfzkp8pmmIyxWM6MFTgmKogX948hxdGGcEokaaEhkv1+0SOY6VmcWg6Y6wn6re3EP/yBpmOGkHORJppKshqUZRxqBO4CACOmKRE85khmEhmboVkgiUm2sRUMiF8fQr/J13XdpDt3NYqzet1HEVwBs7BJXBAHTTBDWiDDiAgBQ/gCTxbmfVovVivq9aCtZ45BT9gvX0CRHiR0w==</latexit><latexit sha1_base64="yltBqzk/Dm3W+BwptubuWE/TSDM=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFSZppc1GCt24rGAf0IQymU7aoZNJmJkIJfQ33LhQxK0/486/cfoQVPTAhcM593LvPWHKmdIIfViFjc2t7Z3ibmlv/+DwqHx80lVJJgntkIQnsh9iRTkTtKOZ5rSfSorjkNNeOG0t/N49lYol4k7PUhrEeCxYxAjWRvJzn2AOW/Nh3p0PyxVkex5CrgeRXatXPadhCKq6V24DOjZaogLWaA/L7/4oIVlMhSYcKzVwUKqDHEvNCKfzkp8pmmIyxWM6MFTgmKogX948hxdGGcEokaaEhkv1+0SOY6VmcWg6Y6wn6re3EP/yBpmOGkHORJppKshqUZRxqBO4CACOmKRE85khmEhmboVkgiUm2sRUMiF8fQr/J13XdpDt3NYqzet1HEVwBs7BJXBAHTTBDWiDDiAgBQ/gCTxbmfVovVivq9aCtZ45BT9gvX0CRHiR0w==</latexit><latexit sha1_base64="yltBqzk/Dm3W+BwptubuWE/TSDM=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFSZppc1GCt24rGAf0IQymU7aoZNJmJkIJfQ33LhQxK0/486/cfoQVPTAhcM593LvPWHKmdIIfViFjc2t7Z3ibmlv/+DwqHx80lVJJgntkIQnsh9iRTkTtKOZ5rSfSorjkNNeOG0t/N49lYol4k7PUhrEeCxYxAjWRvJzn2AOW/Nh3p0PyxVkex5CrgeRXatXPadhCKq6V24DOjZaogLWaA/L7/4oIVlMhSYcKzVwUKqDHEvNCKfzkp8pmmIyxWM6MFTgmKogX948hxdGGcEokaaEhkv1+0SOY6VmcWg6Y6wn6re3EP/yBpmOGkHORJppKshqUZRxqBO4CACOmKRE85khmEhmboVkgiUm2sRUMiF8fQr/J13XdpDt3NYqzet1HEVwBs7BJXBAHTTBDWiDDiAgBQ/gCTxbmfVovVivq9aCtZ45BT9gvX0CRHiR0w==</latexit>

    ~ Action in codim-0
bulk region with null bdries
CA

<latexit sha1_base64="2nZ/9qZvC+D5JDkKqrCV8Mn5jHk=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFSZiNNlIpRuXFewDmlAm00k7dDIJMxOhhP6GGxeKuPVn3Pk3Th+Cih64cDjnXu69J8o4UxqhD6u0srq2vlHerGxt7+zuVfcP2irNJaEtkvJUdiOsKGeCtjTTnHYzSXEScdqJxo2Z37mnUrFU3OlJRsMEDwWLGcHaSEEREMxhY9ovrqf9ag3ZF66HfASR7freueMa4vue77vQsdEcNbBEs199DwYpyRMqNOFYqZ6DMh0WWGpGOJ1WglzRDJMxHtKeoQInVIXF/OYpPDHKAMapNCU0nKvfJwqcKDVJItOZYD1Sv72Z+JfXy3XshQUTWa6pIItFcc6hTuEsADhgkhLNJ4ZgIpm5FZIRlphoE1PFhPD1KfyftM9sB9nO7XmtfrWMowyOwDE4BQ64BHVwA5qgBQjIwAN4As9Wbj1aL9brorVkLWcOwQ9Yb59MOZHa</latexit><latexit sha1_base64="2nZ/9qZvC+D5JDkKqrCV8Mn5jHk=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFSZiNNlIpRuXFewDmlAm00k7dDIJMxOhhP6GGxeKuPVn3Pk3Th+Cih64cDjnXu69J8o4UxqhD6u0srq2vlHerGxt7+zuVfcP2irNJaEtkvJUdiOsKGeCtjTTnHYzSXEScdqJxo2Z37mnUrFU3OlJRsMEDwWLGcHaSEEREMxhY9ovrqf9ag3ZF66HfASR7freueMa4vue77vQsdEcNbBEs199DwYpyRMqNOFYqZ6DMh0WWGpGOJ1WglzRDJMxHtKeoQInVIXF/OYpPDHKAMapNCU0nKvfJwqcKDVJItOZYD1Sv72Z+JfXy3XshQUTWa6pIItFcc6hTuEsADhgkhLNJ4ZgIpm5FZIRlphoE1PFhPD1KfyftM9sB9nO7XmtfrWMowyOwDE4BQ64BHVwA5qgBQjIwAN4As9Wbj1aL9brorVkLWcOwQ9Yb59MOZHa</latexit><latexit sha1_base64="2nZ/9qZvC+D5JDkKqrCV8Mn5jHk=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFSZiNNlIpRuXFewDmlAm00k7dDIJMxOhhP6GGxeKuPVn3Pk3Th+Cih64cDjnXu69J8o4UxqhD6u0srq2vlHerGxt7+zuVfcP2irNJaEtkvJUdiOsKGeCtjTTnHYzSXEScdqJxo2Z37mnUrFU3OlJRsMEDwWLGcHaSEEREMxhY9ovrqf9ag3ZF66HfASR7freueMa4vue77vQsdEcNbBEs199DwYpyRMqNOFYqZ6DMh0WWGpGOJ1WglzRDJMxHtKeoQInVIXF/OYpPDHKAMapNCU0nKvfJwqcKDVJItOZYD1Sv72Z+JfXy3XshQUTWa6pIItFcc6hTuEsADhgkhLNJ4ZgIpm5FZIRlphoE1PFhPD1KfyftM9sB9nO7XmtfrWMowyOwDE4BQ64BHVwA5qgBQjIwAN4As9Wbj1aL9brorVkLWcOwQ9Yb59MOZHa</latexit><latexit sha1_base64="2nZ/9qZvC+D5JDkKqrCV8Mn5jHk=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFSZiNNlIpRuXFewDmlAm00k7dDIJMxOhhP6GGxeKuPVn3Pk3Th+Cih64cDjnXu69J8o4UxqhD6u0srq2vlHerGxt7+zuVfcP2irNJaEtkvJUdiOsKGeCtjTTnHYzSXEScdqJxo2Z37mnUrFU3OlJRsMEDwWLGcHaSEEREMxhY9ovrqf9ag3ZF66HfASR7freueMa4vue77vQsdEcNbBEs199DwYpyRMqNOFYqZ6DMh0WWGpGOJ1WglzRDJMxHtKeoQInVIXF/OYpPDHKAMapNCU0nKvfJwqcKDVJItOZYD1Sv72Z+JfXy3XshQUTWa6pIItFcc6hTuEsADhgkhLNJ4ZgIpm5FZIRlphoE1PFhPD1KfyftM9sB9nO7XmtfrWMowyOwDE4BQ64BHVwA5qgBQjIwAN4As9Wbj1aL9brorVkLWcOwQ9Yb59MOZHa</latexit>

Motivation: what do holography complexity proposals stand for in hQFT?

1402.5674 by Susskind,  1509.07876 by Brown et al., …

Holography (AdS/CFT) provides perhaps the deepest realization of this slogan

New and interesting: holographic complexity proposals



Gravity, Quantum Fields and Information
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Holographic complexity proposals provide a very interesting realization of 
deep relations between gravity and (quantum) information

The best known such connection concerns certain codim-2 bulk surfaces and 
von Neumann entropy of density matrices of spatial regions on the boundary

Complexity is another quant-info notion concerning hardness of defining an 
operator or a state from another state with restricted resources, e.g.

AREA

4GN
= �tr⇢A log ⇢A

<latexit sha1_base64="3nixaESrEBCYpCjP0m5vONJq+9Y="></latexit>

with (here) ⇢A = trĀ|0ih0|
<latexit sha1_base64="lnZbNnSqAhVoqUBsArWV9eAu6JI="></latexit>

A
<latexit sha1_base64="ZPEcebgNCuIJjupmI2tNUHePMZU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8eIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6re9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD5L3jMU=</latexit>

Ā
<latexit sha1_base64="ybgJIWnNlGzkpleuLQ00/3MqGTw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCepePFYwX5AG8pmO2mXbjZhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8NJME/YgOJQ85o8ZK7V5AVXY77ZcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n83PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwms/4zJJDUq2WBSmgpiYzH4nA66QGTGxhDLF7a2EjaiizNiESjYEb/nlVdKqVb2Lau3hslK/yeMowgmcwjl4cAV1uIcGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx9Qf4+K</latexit>

x
<latexit sha1_base64="5N5vXGU2TJ3AeihCnWvyr/37MPg=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsMjMrhpAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781iMqzWN5b8YJ+hEdSB5yRo2V6k+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+UfjPg=</latexit>

y
<latexit sha1_base64="pKu1P9BPEULi1aABwnC9ZTI1IB4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWak765Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtGtV76Jaa15W6jd5HEU4gVM4Bw+uoA530IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AeajjPk=</latexit>

z
<latexit sha1_base64="tFgTaNRapgsT3naA3D48AqBgMBo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsMjMrxJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781iMqzWN5b8YJ+hEdSB5yRo2V6k+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+gnjPo=</latexit>

|Ri
<latexit sha1_base64="qgWn3vfhyOkDnnV/Q1JpNiay9VA=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjKtj+qq4MZlFfuQdiiZNG1Dk8yQZIQy9ivcuFDErZ/jzr8xnY6gogcuHM65l3vvCSLOtEHow8ktLC4tr+RXC2vrG5tbxe2dpg5jRWiDhDxU7QBrypmkDcMMp+1IUSwCTlvB+GLmt+6o0iyUN2YSUV/goWQDRrCx0u39dVdhOeS0Vywh9xh5ZycIIhelSEnVq3jQy5QSyFDvFd+7/ZDEgkpDONa646HI+AlWhhFOp4VurGmEyRgPacdSiQXVfpIePIUHVunDQahsSQNT9ftEgoXWExHYToHNSP/2ZuJfXic2g6qfMBnFhkoyXzSIOTQhnH0P+0xRYvjEEkwUs7dCMsIKE2MzKtgQvj6F/5Nm2fUqbvnqqFQ7z+LIgz2wDw6BB05BDVyCOmgAAgR4AE/g2VHOo/PivM5bc042swt+wHn7BBoNkJU=</latexit>

|T i
<latexit sha1_base64="VTaQkdlHRVb2ofcURkZJzxDVSzs=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4KkkV27oquHFZoS9ph5JJM21okhmSjFBqv8KNC0Xc+jnu/BszbQUVPXDhcM693HtPEAtuLEIfXmZldW19I7uZ29re2d3L7x+0TJRoypo0EpHuBMQwwRVrWm4F68SaERkI1g7GV6nfvmPa8Eg17CRmviRDxUNOiXXS7X2jp4kaCtbPF1ARIYQxhinB5QvkSLVaKeEKxKnlUABL1Pv5994goolkylJBjOliFFt/SrTlVLBZrpcYFhM6JkPWdVQRyYw/nR88gydOGcAw0q6UhXP1+8SUSGMmMnCdktiR+e2l4l9eN7FhxZ9yFSeWKbpYFCYC2gim38MB14xaMXGEUM3drZCOiCbUuoxyLoSvT+H/pFUq4rNi6ea8ULtcxpEFR+AYnAIMyqAGrkEdNAEFEjyAJ/Dsae/Re/FeF60ZbzlzCH7Ae/sEOKCQqw==</latexit>

x
<latexit sha1_base64="5N5vXGU2TJ3AeihCnWvyr/37MPg=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsMjMrhpAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781iMqzWN5b8YJ+hEdSB5yRo2V6k+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+UfjPg=</latexit>

y
<latexit sha1_base64="pKu1P9BPEULi1aABwnC9ZTI1IB4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWak765Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtGtV76Jaa15W6jd5HEU4gVM4Bw+uoA530IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AeajjPk=</latexit>

z
<latexit sha1_base64="tFgTaNRapgsT3naA3D48AqBgMBo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsMjMrxJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781iMqzWN5b8YJ+hEdSB5yRo2V6k+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+gnjPo=</latexit>

|Ri
<latexit sha1_base64="qgWn3vfhyOkDnnV/Q1JpNiay9VA=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjKtj+qq4MZlFfuQdiiZNG1Dk8yQZIQy9ivcuFDErZ/jzr8xnY6gogcuHM65l3vvCSLOtEHow8ktLC4tr+RXC2vrG5tbxe2dpg5jRWiDhDxU7QBrypmkDcMMp+1IUSwCTlvB+GLmt+6o0iyUN2YSUV/goWQDRrCx0u39dVdhOeS0Vywh9xh5ZycIIhelSEnVq3jQy5QSyFDvFd+7/ZDEgkpDONa646HI+AlWhhFOp4VurGmEyRgPacdSiQXVfpIePIUHVunDQahsSQNT9ftEgoXWExHYToHNSP/2ZuJfXic2g6qfMBnFhkoyXzSIOTQhnH0P+0xRYvjEEkwUs7dCMsIKE2MzKtgQvj6F/5Nm2fUqbvnqqFQ7z+LIgz2wDw6BB05BDVyCOmgAAgR4AE/g2VHOo/PivM5bc042swt+wHn7BBoNkJU=</latexit>

|T i
<latexit sha1_base64="VTaQkdlHRVb2ofcURkZJzxDVSzs=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4KkkV27oquHFZoS9ph5JJM21okhmSjFBqv8KNC0Xc+jnu/BszbQUVPXDhcM693HtPEAtuLEIfXmZldW19I7uZ29re2d3L7x+0TJRoypo0EpHuBMQwwRVrWm4F68SaERkI1g7GV6nfvmPa8Eg17CRmviRDxUNOiXXS7X2jp4kaCtbPF1ARIYQxhinB5QvkSLVaKeEKxKnlUABL1Pv5994goolkylJBjOliFFt/SrTlVLBZrpcYFhM6JkPWdVQRyYw/nR88gydOGcAw0q6UhXP1+8SUSGMmMnCdktiR+e2l4l9eN7FhxZ9yFSeWKbpYFCYC2gim38MB14xaMXGEUM3drZCOiCbUuoxyLoSvT+H/pFUq4rNi6ea8ULtcxpEFR+AYnAIMyqAGrkEdNAEFEjyAJ/Dsae/Re/FeF60ZbzlzCH7Ae/sEOKCQqw==</latexit>

vs. e.g.
e�i �z

2
⇡
2

<latexit sha1_base64="kMsbkCw5YO5ZGIVSC2yg4HaoEBY="></latexit>

e�i �x
2

⇡
2

<latexit sha1_base64="YRcc6e+VWPLoCxZbuiSRpR732gI="></latexit>

ei
�y
2

⇡
2

<latexit sha1_base64="BrqOxDZTPQMUJ19WRV7FKdYSles="></latexit>

naively: ⇡

2
<

⇡

2
+

⇡

2
<latexit sha1_base64="QW8iwAyHdfPMmtPdErFJ0C8ie9U="></latexit>

10⇥⇡

2
>

⇡

2
+

⇡

2
<latexit sha1_base64="Y2bLiAyyVflKxFor9jxrkDSmja4="></latexit>

say y-rot is          
harder to do:

O(10)
<latexit sha1_base64="T6KmsJ6Y/iXgh4lzdE3gTiPMufQ=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQL2E3CoqngBdvRjAPyC5hdjKbDJmdXeYhhCW/4cWDIl79GW/+jZNkD5pY0FBUddPdFaacKe26305hbX1jc6u4XdrZ3ds/KB8etVViJKEtkvBEdkOsKGeCtjTTnHZTSXEcctoJx7czv/NEpWKJeNSTlAYxHgoWMYK1lfzMJ5ij+2nVc8/75Ypbc+dAq8TLSQVyNPvlL3+QEBNToQnHSvU8N9VBhqVmhNNpyTeKppiM8ZD2LBU4pirI5jdP0ZlVBihKpC2h0Vz9PZHhWKlJHNrOGOuRWvZm4n9ez+joOsiYSI2mgiwWRYYjnaBZAGjAJCWaTyzBRDJ7KyIjLDHRNqaSDcFbfnmVtOs176JWf7isNG7yOIpwAqdQBQ+uoAF30IQWEEjhGV7hzTHOi/PufCxaC04+cwx/4Hz+AGOXkJM=</latexit>

Ryu-Takayanagi 0603001 [hep-th]



First applications to free QFTs on a lattice / cMERA regularization:

• unitary gates (for bosons): 
• for very fine-tuned cost function one can get exact results (                )
• circuits then also use very non-local gates, e.g. 
• the good: similar divergence structures to holography (universality?)
• the bad (but expected): very different time dependence than holography

OI ⇠ i�j�l, i⇡j �l and i�(j⇡l)
<latexit sha1_base64="014Y13VniyKr46JPZf8BRa25D1c="></latexit>

CcertainL2
<latexit sha1_base64="wR9x6m2b5bgF4czvu9O8K0lCo2A=">AAACDXicbVDLSsNAFJ34rPUVdelmsAoupCRV0JUUunHhooJ9QFPCZDpph04mYWYilCE/4MZfceNCEbfu3fk3TtostPXAhcM593LvPUHCqFSO820tLa+srq2XNsqbW9s7u/beflvGqcCkhWMWi26AJGGUk5aiipFuIgiKAkY6wbiR+50HIiSN+b2aJKQfoSGnIcVIGcm3j7WHEYONzNdehNRIRBoToRDlGfTO4K2va1nm2xWn6kwBF4lbkAoo0PTtL28Q4zQiXGGGpOy5TqL6GglFMSNZ2UslSRAeoyHpGcpRRGRfT7/J4IlRBjCMhSmu4FT9PaFRJOUkCkxnfrGc93LxP6+XqvCqrylPUkU4ni0KUwZVDPNo4IAKghWbGIKwoOZWiEdIIKxMgGUTgjv/8iJp16ruebV2d1GpXxdxlMAhOAKnwAWXoA5uQBO0AAaP4Bm8gjfryXqx3q2PWeuSVcwcgD+wPn8AUsSbsQ==</latexit>

i⇡j ⇡l

Complexity for free quantum fields
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What I just described is basically the geometric approach to complexity:

OI = i�here �other galaxy
<latexit sha1_base64="f2H0mBHGKfL4okRuPk/E+pxgF8M="></latexit>

quant-ph/0502070 by Nielsen, …

1707.08582,  1707.08570 by Jefferson & Myers,  1807.07075, 1810.05151, …

|T i = Pe�
R 2
1

d
P

I OIY
I()|Ri

<latexit sha1_base64="F63pPIR3kqXK+XdFpBoCh/Ev+y8="></latexit>

CL1 ⇠ min

"Z 2

1

d
X

I

⌘I |Y I()|
#

<latexit sha1_base64="saibsGfyJruy1uaAeyz+TkpK7wY="></latexit>

To my taste,       and      looked a lot like calculating RT surfaces before first 
works on entanglement entropy in QFT (pioneers: 1980s, explosion > 2004)

CV
<latexit sha1_base64="gNjVQ3wGrFkeh5KMF5+YFGknai0=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRV0JUUunFZwT6gCWUynbRDJ5MwD6GE/IYbF4q49Wfc+TdO2yy09cCFwzn3cu89YcqZ0q777ZQ2Nre2d8q7lb39g8Oj6vFJVyVGEtohCU9kP8SKciZoRzPNaT+VFMchp71w2pr7vScqFUvEo56lNIjxWLCIEayt5Gc+wRy18mHWzYfVmlt3F0DrxCtIDQq0h9Uvf5QQE1OhCcdKDTw31UGGpWaE07ziG0VTTKZ4TAeWChxTFWSLm3N0YZURihJpS2i0UH9PZDhWahaHtjPGeqJWvbn4nzcwOroNMiZSo6kgy0WR4UgnaB4AGjFJieYzSzCRzN6KyARLTLSNqWJD8FZfXifdRt27qjcermvNuyKOMpzBOVyCBzfQhHtoQwcIpPAMr/DmGOfFeXc+lq0lp5g5hT9wPn8A0DmRhg==</latexit>

CA
<latexit sha1_base64="ZCcwqqe28+4fRSPwUVrRJBSOqaY=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQKupJKNy4r2Ac0oUymk3boZBLmIZSQ33DjQhG3/ow7/8Zpm4W2HrhwOOde7r0nTDlT2nW/nbX1jc2t7dJOeXdv/+CwcnTcUYmRhLZJwhPZC7GinAna1kxz2kslxXHIaTecNGd+94lKxRLxqKcpDWI8EixiBGsr+ZlPMEfNfJDd5YNK1a25c6BV4hWkCgVag8qXP0yIianQhGOl+p6b6iDDUjPCaV72jaIpJhM8on1LBY6pCrL5zTk6t8oQRYm0JTSaq78nMhwrNY1D2xljPVbL3kz8z+sbHd0EGROp0VSQxaLIcKQTNAsADZmkRPOpJZhIZm9FZIwlJtrGVLYheMsvr5JOveZd1uoPV9XGbRFHCU7hDC7Ag2towD20oA0EUniGV3hzjPPivDsfi9Y1p5g5gT9wPn8AsFCRcQ==</latexit>

cost



Vision: towards a holographic complexity
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If one wants to derive something in holography from first principles (for 
example the RT proposal), it all eventually boils down to:

asymptotic values
of the bulk fields, e.g.

the asymptotics of the bulk metric

sources for certain
hQFT operators, e.g.

the background metric of a hQFT

ZAdS GRAVITY[J ] = ZhQFT[J ]
<latexit sha1_base64="0x1kiSsW0CzRFC7TqVASoH3XYWw=">AAACIHicbVDLSgMxFM3UV62vqks3wSK4KGWmChVBaBF8rVrtSztDyaRpG5p5kGSEMsynuPFX3LhQRHf6NWbaLmrrgcDhnHPJvcf2GRVS17+1xMLi0vJKcjW1tr6xuZXe3qkLL+CY1LDHPN60kSCMuqQmqWSk6XOCHJuRhj04j/3GI+GCem5VDn1iOajn0i7FSCqpnS48tEPTQbLPnbDUuYNm1szCy9tS/bp6H0WtGwuewalIv3JRHcntdEbP6SPAeWJMSAZMUG6nv8yOhwOHuBIzJETL0H1phYhLihmJUmYgiI/wAPVIS1EXOURY4ejACB4opQO7HlfPlXCkTk+EyBFi6NgqGS8qZr1Y/M9rBbJ7YoXU9QNJXDz+qBswKD0YtwU7lBMs2VARhDlVu0LcRxxhqTpNqRKM2ZPnST2fM45y+cpxpng6qSMJ9sA+OAQGKIAiuAJlUAMYPIEX8AbetWftVfvQPsfRhDaZ2QV/oP38AuBVois=</latexit>

The studies I described so far are encouraging tips that holographic 
complexity proposals might have something to do with complexity

However, in order to derive the gravity dual to complexity, one should phrase 
things in terms of     ’s and this requires some new insightsJ

<latexit sha1_base64="c3AGeZBoX7DVdkomEumc9YqMXGM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8CKeEjAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5wke9DEgoaiqpvuriARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpqVsndRrtQvS9WbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCfZ4zK</latexit>
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In the following we focus on CFT2 (no assumptions on c) for now on a line

The object of interest will be                   and we will ignore normalization ⇢� = e��H

<latexit sha1_base64="x6M61RPngh2qAFtXULRg6iGnBho=">AAACBXicbVC7SgNBFJ2NrxhfUUstBoNgY9iNgjZKwCZlBPOA7LrMTm6SIbOzy8ysEJY0Nv6KjYUitv6DnX/jZJNCEw9cOHPOvcy9J4g5U9q2v63c0vLK6lp+vbCxubW9U9zda6ookRQaNOKRbAdEAWcCGpppDu1YAgkDDq1geDPxWw8gFYvEnR7F4IWkL1iPUaKN5BcPXTmI/NQNQJMxvsJwn57i7IVrY79Ysst2BrxInBkpoRnqfvHL7UY0CUFoyolSHceOtZcSqRnlMC64iYKY0CHpQ8dQQUJQXppdMcbHRuniXiRNCY0z9fdESkKlRmFgOkOiB2rem4j/eZ1E9y69lIk40SDo9KNewrGO8CQS3GUSqOYjQwiVzOyK6YBIQrUJrmBCcOZPXiTNStk5K1duz0vV61kceXSAjtAJctAFqqIaqqMGougRPaNX9GY9WS/Wu/Uxbc1Zs5l99AfW5w8J55ec</latexit>

Matrix elements of      are computed by Euclidean path integral on ⇢�
<latexit sha1_base64="W8w8amkW9YbqIn691X4NSzD23pA=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFLx4r2A9oQtlsN+3SzSbsToQS+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MJXCoOt+O2vrG5tb26Wd8u7e/sFh5ei4bZJMM95iiUx0N6SGS6F4CwVK3k01p3EoeScc3838zhPXRiTqEScpD2I6VCISjKKVfF+Pkn7uhxzptF+pujV3DrJKvIJUoUCzX/nyBwnLYq6QSWpMz3NTDHKqUTDJp2U/MzylbEyHvGepojE3QT6/eUrOrTIgUaJtKSRz9fdETmNjJnFoO2OKI7PszcT/vF6G0U2QC5VmyBVbLIoySTAhswDIQGjOUE4soUwLeythI6opQxtT2YbgLb+8Str1mndZqz9cVRu3RRwlOIUzuAAPrqEB99CEFjBI4Rle4c3JnBfn3flYtK45xcwJ/IHz+QNj05Hm</latexit>

[0,�]⇥ R
<latexit sha1_base64="fpAzk0zrTzXs80YeyQjYXWUdOjE=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBhZSkCrqSghuXVewDklAm00k7dPJg5kYooRs3/oobF4q49R/c+TdO2iy09cCFwzn3cu89fiK4Asv6NkpLyyura+X1ysbm1vaOubvXVnEqKWvRWMSy6xPFBI9YCzgI1k0kI6EvWMcfXed+54FJxePoHsYJ80IyiHjAKQEt9cxDxzrFrs+AeNgFHjKF3ZDA0Pezu0nPrFo1awq8SOyCVFGBZs/8cvsxTUMWARVEKce2EvAyIoFTwSYVN1UsIXREBszRNCJ6n5dNv5jgY630cRBLXRHgqfp7IiOhUuPQ1535hWrey8X/PCeF4NLLeJSkwCI6WxSkAkOM80hwn0tGQYw1IVRyfSumQyIJBR1cRYdgz7+8SNr1mn1Wq9+eVxtXRRxldICO0Amy0QVqoBvURC1E0SN6Rq/ozXgyXox342PWWjKKmX30B8bnDzMVl8E=</latexit>

Pe�
R �
0 d⌧

R 1
�1 dx Ttt(x)

<latexit sha1_base64="BuGH7Ry03eVkgIoI6ONUQKgY5eg="></latexit>

We preserve the operator when deforming the metric                                : e2!(⌧,x)(d⌧2 + dx2)
<latexit sha1_base64="bhLDUTPjVxpmXnvzPXuaDhh+IYI=">AAACEHicbZC7SgNBFIZn4y3GW9TSZjCICYawuwpaScDGMoK5QDYJs7MnyZDZCzOzkrDkEWx8FRsLRWwt7XwbJ5dCE38Y+PjPOZw5vxtxJpVpfhupldW19Y30ZmZre2d3L7t/UJNhLChUachD0XCJBM4CqCqmODQiAcR3OdTdwc2kXn8AIVkY3KtRBC2f9ALWZZQobXWyp9BObOwUndCHHsk7isTFYWGM894E2zY+w96wbRc62ZxZMqfCy2DNIYfmqnSyX44X0tiHQFFOpGxaZqRaCRGKUQ7jjBNLiAgdkB40NQbEB9lKpgeN8Yl2PNwNhX6BwlP390RCfClHvqs7faL6crE2Mf+rNWPVvWolLIhiBQGdLerGHKsQT9LBHhNAFR9pIFQw/VdM+0QQqnSGGR2CtXjyMtTsknVesu8ucuXreRxpdISOUR5Z6BKV0S2qoCqi6BE9o1f0ZjwZL8a78TFrTRnzmUP0R8bnDwc1mqg=</latexit>

???

From Euclidean path-integrals…
strongly motivated by the ideas from 1703.00456 by the Kyoto group, …



… to non-unitary circuits…
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There is a very simple prescription from path integrals on

(a2 + b2) dt2 + 2b dt dy + dy2
<latexit sha1_base64="dLXD4e9cgX7u9bnbLU1TXu1iqWU=">AAACFXicbVBNS8MwGE7n15xfVY9egkOYOEZbBT3JwIvHCe4Dtm6kabaFpWlJUqGU/Qkv/hUvHhTxKnjz35h1PejmAwnP+zzvS/I+XsSoVJb1bRRWVtfWN4qbpa3tnd09c/+gJcNYYNLEIQtFx0OSMMpJU1HFSCcSBAUeI21vcjPz2w9ESBrye5VExA3QiNMhxUhpaWBWK6jvwDPo9Z1T2KtCX2WlA715ld2JVvyk7wzMslWzMsBlYuekDHI0BuZXzw9xHBCuMENSdm0rUm6KhKKYkWmpF0sSITxBI9LVlKOASDfNtprCE634cBgKfbiCmfp7IkWBlEng6c4AqbFc9Gbif143VsMrN6U8ihXheP7QMGZQhXAWEfSpIFixRBOEBdV/hXiMBMJKB1nSIdiLKy+TllOzz2vO3UW5fp3HUQRH4BhUgA0uQR3cggZoAgwewTN4BW/Gk/FivBsf89aCkc8cgj8wPn8Ah7OZbg==</latexit>

to circuits involving components            and          on                    :                             TtM tM
<latexit sha1_base64="2V65PJDarPZ/mduGonWlSWgIBUU=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwVZIq6EoKbtwIFfqCNoTJdNIOnUzCzI1QQ7/EjQtF3Pop7vwbp2kW2nrgXg7n3MvcOUEiuAbH+bbW1jc2t7ZLO+Xdvf2Din141NFxqihr01jEqhcQzQSXrA0cBOslipEoEKwbTG7nfveRKc1j2YJpwryIjCQPOSVgJN+utPwM/Ox+hvM+8+2qU3Ny4FXiFqSKCjR9+2swjGkaMQlUEK37rpOAlxEFnAo2Kw9SzRJCJ2TE+oZKEjHtZfnhM3xmlCEOY2VKAs7V3xsZibSeRoGZjAiM9bI3F//z+imE117GZZICk3TxUJgKDDGep4CHXDEKYmoIoYqbWzEdE0UomKzKJgR3+curpFOvuRe1+sNltXFTxFFCJ+gUnSMXXaEGukNN1EYUpegZvaI368l6sd6tj8XomlXsHKM/sD5/AOd2kzw=</latexit>

�dt2M + dy2
<latexit sha1_base64="KYENs+SMJMs109s4v4OmqY8PyUM=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBEEsSRR0JUU3LgRKtgHtGmYTCbt0MmDmUmhhP6JGxeKuPVP3Pk3TtsstPXAhcM593LvPX7KmVSW9W2srK6tb2yWtsrbO7t7++bBYVMmmSC0QRKeiLaPJeUspg3FFKftVFAc+Zy2/OHd1G+NqJAsiZ/UOKVuhPsxCxnBSkueaV4EyssfJj0HnaNg3HM8s2JVrRnQMrELUoECdc/86gYJySIaK8KxlB3bSpWbY6EY4XRS7maSppgMcZ92NI1xRKWbzy6foFOtBChMhK5YoZn6eyLHkZTjyNedEVYDuehNxf+8TqbCGzdncZopGpP5ojDjSCVoGgMKmKBE8bEmmAimb0VkgAUmSodV1iHYiy8vk6ZTtS+rzuNVpXZbxFGCYziBM7DhGmpwD3VoAIERPMMrvBm58WK8Gx/z1hWjmDmCPzA+fwCo05Jc</latexit>

using the results of 1807.02501 by Milsted & Vidal

TtMy
<latexit sha1_base64="xNbg6Z4aZfAz7W5Rfof61N8nCWE=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePEiVOgXtiFstpt26WYTdjdCCPkXXjwo4tV/481/47bNQVsfDDzem2Fmnh9zprRtf1ultfWNza3ydmVnd2//oHp41FVRIgntkIhHsu9jRTkTtKOZ5rQfS4pDn9OeP72d+b0nKhWLRFunMXVDPBYsYARrIz22vUx72X2e5l61ZtftOdAqcQpSgwItr/o1HEUkCanQhGOlBo4dazfDUjPCaV4ZJorGmEzxmA4MFTikys3mF+fozCgjFETSlNBorv6eyHCoVBr6pjPEeqKWvZn4nzdIdHDtZkzEiaaCLBYFCUc6QrP30YhJSjRPDcFEMnMrIhMsMdEmpIoJwVl+eZV0G3Xnot54uKw1b4o4ynACp3AODlxBE+6gBR0gIOAZXuHNUtaL9W59LFpLVjFzDH9gff4A+jqRGg==</latexit>

P exp


�
Z tf

ti

dt

Z 1

�1
dy {a(t, y)TtM tM (y) + i b(t, y)TtMy}

�

<latexit sha1_base64="xft6qcpOU3bdO82Q5xb2JY9yAlI="></latexit>

TtMy(y)}
⇤

To use the idea about source configurations preserving the operator we have to
transform between         and        . We can express then.              : a, b [!,�]

<latexit sha1_base64="Aby2EHj8hhHcVRlCh84sfZ+K3h8=">AAACAHicbVC7SgNBFJ31GeNr1cLCZjAIFiHsRkGxCthYRjAP2F3C7GR2M2Qey8ysEEIaf8XGQhFbP8POv3GSbKGJBy6cOede5t4TZ4xq43nfzsrq2vrGZmmrvL2zu7fvHhy2tcwVJi0smVTdGGnCqCAtQw0j3UwRxGNGOvHwdup3HonSVIoHM8pIxFEqaEIxMlbquceoCmMYVoNQcpLaR6hpylHUcytezZsBLhO/IBVQoNlzv8K+xDknwmCGtA58LzPRGClDMSOTcphrkiE8RCkJLBWIEx2NZwdM4JlV+jCRypYwcKb+nhgjrvWIx7aTIzPQi95U/M8LcpNcR2MqstwQgecfJTmDRsJpGrBPFcGGjSxBWFG7K8QDpBA2NrOyDcFfPHmZtOs1/6JWv7+sNG6KOErgBJyCc+CDK9AAd6AJWgCDCXgGr+DNeXJenHfnY9664hQzR+APnM8flFiVGg==</latexit>

(t, y)
<latexit sha1_base64="j6q/igPT3X9mvRwJSfasCAT1KJA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BItQQUpSBcVTwYvHCqYttKFstpt26WYTdidCKP0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpAIrtFxvq3C2vrG5lZxu7Szu7d/UD48auk4VZR5NBax6gREM8El85CjYJ1EMRIFgrWD8d3Mbz8xpXksHzFLmB+RoeQhpwSN5FXxIjvvlytOzZnDXiVuTiqQo9kvf/UGMU0jJpEKonXXdRL0J0Qhp4JNS71Us4TQMRmyrqGSREz7k/mxU/vMKAM7jJUpifZc/T0xIZHWWRSYzojgSC97M/E/r5tieONPuExSZJIuFoWpsDG2Z5/bA64YRZEZQqji5labjogiFE0+JROCu/zyKmnVa+5lrf5wVWnc5nEU4QROoQouXEMD7qEJHlDg8Ayv8GZJ68V6tz4WrQUrnzmGP7A+fwDqbo4S</latexit>

(⌧, x)
<latexit sha1_base64="t3TWpzXypZ61RWRvhxqd75ivkuQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BItQQUpSBcVTwYvHCvYD2lA22027dLOJuxOxhP4JLx4U8erf8ea/cdvmoK0PBh7vzTAzz48F1+g431ZuZXVtfSO/Wdja3tndK+4fNHWUKMoaNBKRavtEM8ElayBHwdqxYiT0BWv5o5up33pkSvNI3uM4Zl5IBpIHnBI0UrvcRZKcPZ32iiWn4sxgLxM3IyXIUO8Vv7r9iCYhk0gF0brjOjF6KVHIqWCTQjfRLCZ0RAasY6gkIdNeOrt3Yp8YpW8HkTIl0Z6pvydSEmo9Dn3TGRIc6kVvKv7ndRIMrryUyzhBJul8UZAIGyN7+rzd54pRFGNDCFXc3GrTIVGEoomoYEJwF19eJs1qxT2vVO8uSrXrLI48HMExlMGFS6jBLdShARQEPMMrvFkP1ov1bn3MW3NWNnMIf2B9/gAuE49h</latexit>



… and their costs (complexity)
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We can now write various cost functions, but we cannot use t-derivatives, e.g.

costL1 ⇠
<latexit sha1_base64="q7EPhPvd2uKRcvwVa5jrbx/nlnM=">AAAB9XicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioJUEbCwsIpgPSM5jb7NJluzuHbt7Sjjuf9hYKGLrf7Hz37hJrtDEBwOP92aYmRfGnGnjut9OYWV1bX2juFna2t7Z3SvvH7R0lChCmyTikeqEWFPOJG0aZjjtxIpiEXLaDsfXU7/9SJVmkbw3k5j6Ag8lGzCCjZUe0ixIb4PUy7KeZiIoV9yqOwNaJl5OKpCjEZS/ev2IJIJKQzjWuuu5sfFTrAwjnGalXqJpjMkYD2nXUokF1X46uzpDJ1bpo0GkbEmDZurviRQLrScitJ0Cm5Fe9Kbif143MYNLP2UyTgyVZL5okHBkIjSNAPWZosTwiSWYKGZvRWSEFSbGBlWyIXiLLy+TVq3qnVVrd+eV+lUeRxGO4BhOwYMLqMMNNKAJBBQ8wyu8OU/Oi/PufMxbC04+cwh/4Hz+APpGks4=</latexit>

or

1904.02713 with Hugo Camargo, Johannes Knaute and Ro Jefferson

cost ”L1� 2” ⇠
<latexit sha1_base64="V+kx2iw04yh1+cosjH9yp6y5v1c=">AAACD3icbVDLSsNAFJ34rPUVdelmaFFc1JJUQXFVcOPCRQX7gCaEyXTSDp1JwsxEKCF/4MZfceNCEbdu3fk3TtostPXAhcM593LvPX7MqFSW9W0sLa+srq2XNsqbW9s7u+befkdGicCkjSMWiZ6PJGE0JG1FFSO9WBDEfUa6/vg697sPREgahfdqEhOXo2FIA4qR0pJnHjscqZHgKY6kyrzUqVVuvdSGTu3UqcFGVsmgIyn3zKpVt6aAi8QuSBUUaHnmlzOIcMJJqDBDUvZtK1ZuioSimJGs7CSSxAiP0ZD0NQ0RJ9JNp/9k8EgrAxhEQleo4FT9PZEiLuWE+7ozv17Oe7n4n9dPVHDppjSME0VCPFsUJAyqCObhwAEVBCs20QRhQfWtEI+QQFjpCMs6BHv+5UXSadTts3rj7rzavCriKIFDUAEnwAYXoAluQAu0AQaP4Bm8gjfjyXgx3o2PWeuSUcwcgD8wPn8Avc2bJA==</latexit>

the Liouville action!!!

total derivative

UV cut-off in real space



Comments on complexity in CFT2
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The Liouville action was proposed in the aforementioned 1703.00456 as a cost 
function for “path integral optimizations” and 1904.02713 made it rather precise

An ongoing work with Mario Flory and Volker Schomerus:

• the story as described above generalizes straightforwardly to a cylinder
      (this is interesting since now there is gap                                  )lim

�!1
e��H ⇠ |0ih0|

<latexit sha1_base64="aNQD80AKvFNKZ9VxJqD25hUtmoE="></latexit>

• the Liouville action was interesting because it is geometric:

       the cost functions treat t and y differently and are not necessarily geometric

• we like diffeomorphism-invariant objects and, building on 1807.04422 by 
Caputa and Maghan, we want to see if one can construct geometric costs

• also, in the considerations we neglected normalization; can we interpret it?

⇠
Z

d2⇠
p
g⇤+

Z
d2⇠

p
g

Z
d2⇠̃

p
g̃ R⇤�1 R̃

<latexit sha1_base64="PHdvr4Gt/QKM6qEHbfVzIlq3hk4="></latexit>



Outlook
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Since 2017 complexity has become a rather lively topic in QFT

We still know very little, but there are reasons for excitement

My own vision for this new field has always been “holographic”:

to prove holographic
complexity proposals

to find a gravity dual of
some notion of complexityor

Holographic proofs require phrasing complexity in terms of J’s

AdS3/CFT2 provides the best fully controlled case of holography

1904.02713 with Hugo Camargo, Johannes Knaute, Ro Jefferson + work-in-progress

1707.08582, 1807.07075, 1810.05151 and many other works by other authors



THANK YOU
AND PLEASE STAY TUNED,

IN PARTICULAR:

have a look at 191x.xxxxx with Mario Flory and Volker Schomerus when
it appears later this fall

see Hugo Camargo             ’s TODAY 18:40 talk @ String & Math Physics


