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I. Trees: Contact

4

Three-Point Contact

<latexit sha1_base64="0brnoCcLeQqC9RnQSEcmoEoQbgA=">AAACIHicbVDLSgMxFM3UV62vqks3wSK4KjO1WDdKwY3LCvYBnTJk0ts2NJMZkkyhDPMpbvwVNy4U0Z1+jWk7C209EDg551ySe/yIM6Vt+8vKra1vbG7ltws7u3v7B8XDo5YKY0mhSUMeyo5PFHAmoKmZ5tCJJJDA59D2x7czvz0BqVgoHvQ0gl5AhoINGCXaSF6x5nIihhywOyEyGjEvGXtO+utSSd2MXaTYlYvwNfaKJbtsz4FXiZOREsrQ8Iqfbj+kcQBCU06U6jp2pHsJkZpRDmnBjRVEhI7JELqGChKA6iXzBVN8ZpQ+HoTSHKHxXP09kZBAqWngm2RA9EgtezPxP68b68FVL2EiijUIunhoEHOsQzxrC/eZBKr51BBCJTN/xXREJKHadFowJTjLK6+SVqXsXJar99VS/SarI49O0Ck6Rw6qoTq6Qw3URBQ9omf0it6sJ+vFerc+FtGclc0coz+wvn8AP+yjmQ==</latexit>

h'k1'k2�k3i =
<latexit sha1_base64="4K6wGiX1jZ4uTtr5k2UAp+us4IA=">AAACAnicbVDLSsNAFJ34rPUVdSVuBotQNyWRoq6k4EZ3FewDmlAm00k7dGYSZiZCCcGNv+LGhSJu/Qp3/o2TNgttPXDhcM693HtPEDOqtON8W0vLK6tr66WN8ubW9s6uvbffVlEiMWnhiEWyGyBFGBWkpalmpBtLgnjASCcYX+d+54FIRSNxrycx8TkaChpSjLSR+vahpyiH3gjp1ONIjzBi6W2WVZPTvl1xas4UcJG4BamAAs2+/eUNIpxwIjRmSKme68TaT5HUFDOSlb1EkRjhMRqSnqECcaL8dPpCBk+MMoBhJE0JDafq74kUcaUmPDCd+Zlq3svF/7xeosNLP6UiTjQReLYoTBjUEczzgAMqCdZsYgjCkppbIR4hibA2qZVNCO78y4ukfVZzz2v1u3qlcVXEUQJH4BhUgQsuQAPcgCZoAQwewTN4BW/Wk/VivVsfs9Ylq5g5AH9gff4AGwSXPQ==</latexit>

⇠ Î(u)
<latexit sha1_base64="g/1sw4eZAHJiTYhbiq3TWsz2OEU=">AAACA3icbVDLSsNAFJ34rPUVdaebwSIIQklqUVdScOOygn1AE8JkOmmHTCZxZlIoIeDGX3HjQhG3/oQ7/8Zpm4W2HriXwzn3MnOPnzAqlWV9G0vLK6tr66WN8ubW9s6uubfflnEqMGnhmMWi6yNJGOWkpahipJsIgiKfkY4f3kz8zogISWN+r8YJcSM04DSgGCkteeZh6pCHlI6cQCCchd55rpt9Fnq13DMrVtWaAi4SuyAVUKDpmV9OP8ZpRLjCDEnZs61EuRkSimJG8rKTSpIgHKIB6WnKUUSkm01vyOGJVvowiIUuruBU/b2RoUjKceTryQipoZz3JuJ/Xi9VwZWbUZ6kinA8eyhIGVQxnAQC+1QQrNhYE4QF1X+FeIh0GkrHVtYh2PMnL5J2rWpfVOt39UrjuoijBI7AMTgFNrgEDXALmqAFMHgEz+AVvBlPxovxbnzMRpeMYucA/IHx+QP3Rpe2</latexit>

u ⌘ k3
k1 + k2

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�
<latexit sha1_base64="SalbpPvW9rpMFJfgAalL8DgUNjg=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLx48VLAf0C4lm2bb0Gw2JNlCWfojvHhQxKu/x5v/xrTdg7Y+GHi8N8PMvFAJbqznfaPCxubW9k5xt7S3f3B4VD4+aZkk1ZQ1aSIS3QmJYYJL1rTcCtZRmpE4FKwdju/mfnvCtOGJfLJTxYKYDCWPOCXWSe3ehGg14v1yxat6C+B14uekAjka/fJXb5DQNGbSUkGM6fqeskFGtOVUsFmplxqmCB2TIes6KknMTJAtzp3hC6cMcJRoV9Lihfp7IiOxMdM4dJ0xsSOz6s3F/7xuaqPbIONSpZZJulwUpQLbBM9/xwOuGbVi6gihmrtbMR0RTah1CZVcCP7qy+ukdVX1r6u1x1ql/pDHUYQzOIdL8OEG6nAPDWgChTE8wyu8IYVe0Dv6WLYWUD5zCn+APn8AgTqPuQ==</latexit>' <latexit sha1_base64="SalbpPvW9rpMFJfgAalL8DgUNjg=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLx48VLAf0C4lm2bb0Gw2JNlCWfojvHhQxKu/x5v/xrTdg7Y+GHi8N8PMvFAJbqznfaPCxubW9k5xt7S3f3B4VD4+aZkk1ZQ1aSIS3QmJYYJL1rTcCtZRmpE4FKwdju/mfnvCtOGJfLJTxYKYDCWPOCXWSe3ehGg14v1yxat6C+B14uekAjka/fJXb5DQNGbSUkGM6fqeskFGtOVUsFmplxqmCB2TIes6KknMTJAtzp3hC6cMcJRoV9Lihfp7IiOxMdM4dJ0xsSOz6s3F/7xuaqPbIONSpZZJulwUpQLbBM9/xwOuGbVi6gihmrtbMR0RTah1CZVcCP7qy+ukdVX1r6u1x1ql/pDHUYQzOIdL8OEG6nAPDWgChTE8wyu8IYVe0Dv6WLYWUD5zCn+APn8AgTqPuQ==</latexit>'

<latexit sha1_base64="B9MBCrd0cr7wf3iwQrbMfLLopww=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0aI8FLx4rWltoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHj0aOJUM95isYx1J6CGS6F4CwVK3kk0p1EgeTsY38z89hPXRsTqAScJ9yM6VCIUjKKV7sf9y3654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGNb9TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0SjYEb/nlVfJ4UfWuqrW7WqVRz+Mowgmcwjl4cA0NuIUmtIDBEJ7hFd4c6bw4787HorXg5DPH8AfO5w/6x42U</latexit>

k3
<latexit sha1_base64="h0Lg9d26MzLHfycg9w/weVmJl6Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkaI8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD5OBNyhX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uw7qfCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVe+6WruvVRr1PI4inME5XIIHN9CAO2hCCxiM4Ble4c2Rzovz7nwsWwtOPnMKf+B8/gD3v42S</latexit>

k1
<latexit sha1_base64="tZkMaJJv6Bo/WfZPQd8mgtUu/WQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lK0R4LXjxWtLXQhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgobm1vbO8Xd0t7+weFR+fikY+JUM95msYx1N6CGS6F4GwVK3k00p1Eg+WMwuZn7j09cGxGrB5wm3I/oSIlQMIpWup8MaoNyxa26C5B14uWkAjlag/JXfxizNOIKmaTG9Dw3QT+jGgWTfFbqp4YnlE3oiPcsVTTixs8Wp87IhVWGJIy1LYVkof6eyGhkzDQKbGdEcWxWvbn4n9dLMWz4mVBJilyx5aIwlQRjMv+bDIXmDOXUEsq0sLcSNqaaMrTplGwI3urL66RTq3pX1fpdvdJs5HEU4QzO4RI8uIYm3EIL2sBgBM/wCm+OdF6cd+dj2Vpw8plT+APn8wf5Q42T</latexit>

k2

<latexit sha1_base64="te0amkaYTtfBLNGpY8kOvQqY6/4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVo8j7bv9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVU04sbP5tdOyZlVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTG89jOhkhS5YotFYSoJxmT2OhkIzRnKiSWUaWFvJWxENWVoAyrZELzll1dJ66LqXVZr97VK/SaPowgncArn4MEV1OEOGtAEBo/wDK/w5sTOi/PufCxaC04+cwx/4Hz+ADH8juQ=</latexit>⌘0
<latexit sha1_base64="w6sxUdZS6qCdX9cvQzmKy9vKgqs=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahgpREinosetFbBfsBTQib7bZdupuE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0w4U9pxvq3C2vrG5lZxu7Szu7d/YB8etVScSkKbJOax7IRYUc4i2tRMc9pJJMUi5LQdju5mfntMpWJx9KQnCfUFHkSszwjWRgps21NMoIdKeuFRjQPnPLDLTtWZA60SNydlyNEI7C+vF5NU0EgTjpXquk6i/QxLzQin05KXKppgMsID2jU0woIqP5tfPkVnRumhfixNRRrN1d8TGRZKTURoOgXWQ7XszcT/vG6q+zd+xqIk1TQii0X9lCMdo1kMqMckJZpPDMFEMnMrIkMsMdEmrJIJwV1+eZW0LqvuVbX2WCvXb/M4inACp1ABF66hDvfQgCYQGMMzvMKblVkv1rv1sWgtWPnMMfyB9fkDypKSeQ==</latexit>

⇠ I(u, ⌘0)

Conformal Ward 
Identities with

 is massiveϕ IR-finite correlator Arkani-Hamed, Maldacena 2015

<latexit sha1_base64="c7TYkcUBs3lr7+JboZOsJGH4sts="></latexit>
�u � 2 +

m
2

H2

�
I(u) = 0

Anomalous Conformal 
Ward Identities an extra source term 

 is masslessϕ IR-divergent correlator
Bzowski, McFadden, Skenderis   

2013, 2015, 2018

Pajer, Pimentel, Van Wijck 2016 

DGW, Pimentel, Achucarro 2022

<latexit sha1_base64="kgrMV4bpuGBTvPmy+ONOdorAJY8="></latexit>

[�u � 2] I(u, ⌘0) = � 6

u

<latexit sha1_base64="2S4ZMQwsqhSRlyvZRDSVYbUjdMU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZlS1GXRjcsK9gGdsWTSTBuaZMYkUyhDv8ONC0Xc+jHu/BvTdhbaeuBeDufcS25OmHCmjet+O2vrG5tb24Wd4u7e/sFh6ei4peNUEdokMY9VJ8SaciZp0zDDaSdRFIuQ03Y4up357TFVmsXywUwSGgg8kCxiBBsrBf4Yq2TIHqu+7b1S2a24c6BV4uWkDDkavdKX349JKqg0hGOtu56bmCDDyjDC6bTop5ommIzwgHYtlVhQHWTzo6fo3Cp9FMXKljRorv7eyLDQeiJCOymwGeplbyb+53VTE10HGZNJaqgki4eilCMTo1kCqM8UJYZPLMFEMXsrIkOsMDE2p6INwVv+8ippVSveZaV2XyvXb/I4CnAKZ3ABHlxBHe6gAU0g8ATP8Apvzth5cd6dj8XompPvnMAfOJ8/vsSSGA==</latexit>

'2�



I. Trees: Exchange
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Three-Point Scalar Seed

<latexit sha1_base64="0brnoCcLeQqC9RnQSEcmoEoQbgA=">AAACIHicbVDLSgMxFM3UV62vqks3wSK4KjO1WDdKwY3LCvYBnTJk0ts2NJMZkkyhDPMpbvwVNy4U0Z1+jWk7C209EDg551ySe/yIM6Vt+8vKra1vbG7ltws7u3v7B8XDo5YKY0mhSUMeyo5PFHAmoKmZ5tCJJJDA59D2x7czvz0BqVgoHvQ0gl5AhoINGCXaSF6x5nIihhywOyEyGjEvGXtO+utSSd2MXaTYlYvwNfaKJbtsz4FXiZOREsrQ8Iqfbj+kcQBCU06U6jp2pHsJkZpRDmnBjRVEhI7JELqGChKA6iXzBVN8ZpQ+HoTSHKHxXP09kZBAqWngm2RA9EgtezPxP68b68FVL2EiijUIunhoEHOsQzxrC/eZBKr51BBCJTN/xXREJKHadFowJTjLK6+SVqXsXJar99VS/SarI49O0Ck6Rw6qoTq6Qw3URBQ9omf0it6sJ+vFerc+FtGclc0coz+wvn8AP+yjmQ==</latexit>

h'k1'k2�k3i =
<latexit sha1_base64="4K6wGiX1jZ4uTtr5k2UAp+us4IA=">AAACAnicbVDLSsNAFJ34rPUVdSVuBotQNyWRoq6k4EZ3FewDmlAm00k7dGYSZiZCCcGNv+LGhSJu/Qp3/o2TNgttPXDhcM693HtPEDOqtON8W0vLK6tr66WN8ubW9s6uvbffVlEiMWnhiEWyGyBFGBWkpalmpBtLgnjASCcYX+d+54FIRSNxrycx8TkaChpSjLSR+vahpyiH3gjp1ONIjzBi6W2WVZPTvl1xas4UcJG4BamAAs2+/eUNIpxwIjRmSKme68TaT5HUFDOSlb1EkRjhMRqSnqECcaL8dPpCBk+MMoBhJE0JDafq74kUcaUmPDCd+Zlq3svF/7xeosNLP6UiTjQReLYoTBjUEczzgAMqCdZsYgjCkppbIR4hibA2qZVNCO78y4ukfVZzz2v1u3qlcVXEUQJH4BhUgQsuQAPcgCZoAQwewTN4BW/Wk/VivVsfs9Ylq5g5AH9gff4AGwSXPQ==</latexit>

⇠ Î(u)
<latexit sha1_base64="g/1sw4eZAHJiTYhbiq3TWsz2OEU=">AAACA3icbVDLSsNAFJ34rPUVdaebwSIIQklqUVdScOOygn1AE8JkOmmHTCZxZlIoIeDGX3HjQhG3/oQ7/8Zpm4W2HriXwzn3MnOPnzAqlWV9G0vLK6tr66WN8ubW9s6uubfflnEqMGnhmMWi6yNJGOWkpahipJsIgiKfkY4f3kz8zogISWN+r8YJcSM04DSgGCkteeZh6pCHlI6cQCCchd55rpt9Fnq13DMrVtWaAi4SuyAVUKDpmV9OP8ZpRLjCDEnZs61EuRkSimJG8rKTSpIgHKIB6WnKUUSkm01vyOGJVvowiIUuruBU/b2RoUjKceTryQipoZz3JuJ/Xi9VwZWbUZ6kinA8eyhIGVQxnAQC+1QQrNhYE4QF1X+FeIh0GkrHVtYh2PMnL5J2rWpfVOt39UrjuoijBI7AMTgFNrgEDXALmqAFMHgEz+AVvBlPxovxbnzMRpeMYucA/IHx+QP3Rpe2</latexit>

u ⌘ k3
k1 + k2

<latexit sha1_base64="bRgyqLH9q6jwKhziyjrSlljThc4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLx48RDAPSJYwO5lNxsxjmZkVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuihLOjPX9b6+wtr6xuVXcLu3s7u0flA+PWkalmtAmUVzpToQN5UzSpmWW006iKRYRp+1ofDPz209UG6bkg50kNBR4KFnMCLZOavUMGwrcL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7tFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmr6MB05RYPnEEE83crYiMsMbEuoBKLoRg+eVV0rqoBpfV2n2tUr/L4yjCCZzCOQRwBXW4hQY0gcAjPMMrvHnKe/HevY9Fa8HLZ47hD7zPH6JPjzY=</latexit>�

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�
<latexit sha1_base64="SalbpPvW9rpMFJfgAalL8DgUNjg=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLx48VLAf0C4lm2bb0Gw2JNlCWfojvHhQxKu/x5v/xrTdg7Y+GHi8N8PMvFAJbqznfaPCxubW9k5xt7S3f3B4VD4+aZkk1ZQ1aSIS3QmJYYJL1rTcCtZRmpE4FKwdju/mfnvCtOGJfLJTxYKYDCWPOCXWSe3ehGg14v1yxat6C+B14uekAjka/fJXb5DQNGbSUkGM6fqeskFGtOVUsFmplxqmCB2TIes6KknMTJAtzp3hC6cMcJRoV9Lihfp7IiOxMdM4dJ0xsSOz6s3F/7xuaqPbIONSpZZJulwUpQLbBM9/xwOuGbVi6gihmrtbMR0RTah1CZVcCP7qy+ukdVX1r6u1x1ql/pDHUYQzOIdL8OEG6nAPDWgChTE8wyu8IYVe0Dv6WLYWUD5zCn+APn8AgTqPuQ==</latexit>' <latexit sha1_base64="SalbpPvW9rpMFJfgAalL8DgUNjg=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLx48VLAf0C4lm2bb0Gw2JNlCWfojvHhQxKu/x5v/xrTdg7Y+GHi8N8PMvFAJbqznfaPCxubW9k5xt7S3f3B4VD4+aZkk1ZQ1aSIS3QmJYYJL1rTcCtZRmpE4FKwdju/mfnvCtOGJfLJTxYKYDCWPOCXWSe3ehGg14v1yxat6C+B14uekAjka/fJXb5DQNGbSUkGM6fqeskFGtOVUsFmplxqmCB2TIes6KknMTJAtzp3hC6cMcJRoV9Lihfp7IiOxMdM4dJ0xsSOz6s3F/7xuaqPbIONSpZZJulwUpQLbBM9/xwOuGbVi6gihmrtbMR0RTah1CZVcCP7qy+ukdVX1r6u1x1ql/pDHUYQzOIdL8OEG6nAPDWgChTE8wyu8IYVe0Dv6WLYWUD5zCn+APn8AgTqPuQ==</latexit>'

<latexit sha1_base64="B9MBCrd0cr7wf3iwQrbMfLLopww=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0aI8FLx4rWltoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHj0aOJUM95isYx1J6CGS6F4CwVK3kk0p1EgeTsY38z89hPXRsTqAScJ9yM6VCIUjKKV7sf9y3654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGNb9TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0SjYEb/nlVfJ4UfWuqrW7WqVRz+Mowgmcwjl4cA0NuIUmtIDBEJ7hFd4c6bw4787HorXg5DPH8AfO5w/6x42U</latexit>

k3
<latexit sha1_base64="h0Lg9d26MzLHfycg9w/weVmJl6Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkaI8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD5OBNyhX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uw7qfCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVe+6WruvVRr1PI4inME5XIIHN9CAO2hCCxiM4Ble4c2Rzovz7nwsWwtOPnMKf+B8/gD3v42S</latexit>

k1
<latexit sha1_base64="tZkMaJJv6Bo/WfZPQd8mgtUu/WQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lK0R4LXjxWtLXQhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgobm1vbO8Xd0t7+weFR+fikY+JUM95msYx1N6CGS6F4GwVK3k00p1Eg+WMwuZn7j09cGxGrB5wm3I/oSIlQMIpWup8MaoNyxa26C5B14uWkAjlag/JXfxizNOIKmaTG9Dw3QT+jGgWTfFbqp4YnlE3oiPcsVTTixs8Wp87IhVWGJIy1LYVkof6eyGhkzDQKbGdEcWxWvbn4n9dLMWz4mVBJilyx5aIwlQRjMv+bDIXmDOXUEsq0sLcSNqaaMrTplGwI3urL66RTq3pX1fpdvdJs5HEU4QzO4RI8uIYm3EIL2sBgBM/wCm+OdF6cd+dj2Vpw8plT+APn8wf5Q42T</latexit>

k2

<latexit sha1_base64="te0amkaYTtfBLNGpY8kOvQqY6/4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVo8j7bv9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVU04sbP5tdOyZlVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTG89jOhkhS5YotFYSoJxmT2OhkIzRnKiSWUaWFvJWxENWVoAyrZELzll1dJ66LqXVZr97VK/SaPowgncArn4MEV1OEOGtAEBo/wDK/w5sTOi/PufCxaC04+cwx/4Hz+ADH8juQ=</latexit>⌘0
<latexit sha1_base64="smUf0HaLBFqE1gDvrNF/bFskTyQ=">AAACCXicbVDLSgNBEJz1GeMr6tHLYBAiSNiVoB6DXvQWwTwgG0LvZDYZMvtgplcIS65e/BUvHhTx6h9482+cJHvQxIKGoqqb7i4vlkKjbX9bS8srq2vruY385tb2zm5hb7+ho0QxXmeRjFTLA82lCHkdBUreihWHwJO86Q2vJ37zgSstovAeRzHvBNAPhS8YoJG6BepqEVB3AJi6AeCAgUxvx+NScupyhK590i0U7bI9BV0kTkaKJEOtW/hyexFLAh4ik6B127Fj7KSgUDDJx3k30TwGNoQ+bxsaQsB1J51+MqbHRulRP1KmQqRT9fdECoHWo8AznZNr9bw3Ef/z2gn6l51UhHGCPGSzRX4iKUZ0EgvtCcUZypEhwJQwt1I2AAUMTXh5E4Iz//IiaZyVnfNy5a5SrF5lceTIITkiJeKQC1IlN6RG6oSRR/JMXsmb9WS9WO/Wx6x1ycpmDsgfWJ8/7uOZ2A==</latexit>

⇠ Î(u, ⌘0)

Anomalous Conformal 
Ward Identities

<latexit sha1_base64="KHqiSsR+9IFNHXlbqFbbIwJfM08="></latexit>

(�u � 2)Î(u, ⌘0) =
u

1 + u
+

6

u
K̂(k⌘0)

an extra source term 

caused by the IR cutoff

𝜎 is massless IR-divergent correlator DGW, Pimentel, Achucarro 2022

Conformal Ward 
Identities with

𝜎 is massive IR-finite correlator Arkani-Hamed, Baumann, 
Lee, Pimentel 2018


Pimentel, DGW 2022
<latexit sha1_base64="Fl5QEcwOmyX9Vj5OhyB2Ntgy/Ew="></latexit>✓
�u � 2 +

m
2

H2

◆
Î =

u

1 + u

<latexit sha1_base64="jWm2eSOmq/o0PUedu+CBeVxbK8s=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyUpRT0WvXisYD+giWWy3bRLdzdhd1Ooob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMCxNGlXbdb6uwsbm1vVPcLe3tHxyW7aPjtopTiUkLxyyW3RAUYVSQlqaakW4iCfCQkU44vp37nQmRisbiQU8TEnAYChpRDNpIfbvsT0AmI/pY8xUdcujbFbfqLuCsEy8nFZSj2be//EGMU06ExgyU6nluooMMpKaYkVnJTxVJAI9hSHqGCuBEBdni8JlzbpSBE8XSlNDOQv09kQFXaspD08lBj9SqNxf/83qpjq6DjIok1UTg5aIoZY6OnXkKzoBKgjWbGgJYUnOrg0cgAWuTVcmE4K2+vE7atap3Wa3f1yuNmzyOIjpFZ+gCeegKNdAdaqIWwihFz+gVvVlP1ov1bn0sWwtWPnOC/sD6/AHGb5Mt</latexit>

'2�
<latexit sha1_base64="98faTnzPtWO0HnwnvqQOZSXtRZQ=">AAACInicbVDLSsNAFJ34rPUVdelmsAguJCSl+NhIwY3LCvYBTSyTyaQdOkmGmYlQQv0VN/6KGxeKuhL8GCdtFrb1wMDhnHs5c4/PGZXKtr+NpeWV1bX10kZ5c2t7Z9fc22/JJBWYNHHCEtHxkSSMxqSpqGKkwwVBkc9I2x9e5377gQhJk/hOjTjxItSPaUgxUlrqmZdukCiXD6graT9Cp48uR0JRxO6rM2owO2ZZVs+s2JY9AVwkTkEqoECjZ37qLJxGJFaYISm7js2Vl+VxmJFx2U0l4QgPUZ90NY1RRKSXTU4cw2OtBDBMhH6xghP170aGIilHka8nI6QGct7Lxf+8bqrCCy+jMU8VifE0KEwZVAnM+4IBFQQrNtIEYUH1XyEeIIGw0q2WdQnO/MmLpFW1nDOrdlur1K+KOkrgEByBE+CAc1AHN6ABmgCDJ/AC3sC78Wy8Gh/G13R0ySh2DsAMjJ9fG4qklQ==</latexit>

�̇�, @2��, �̈�, ...



Here is the full shape:

<latexit sha1_base64="BpYeEkKVERientR9bTY2WpLQX8A=">AAACI3icbZDLSgMxFIYz9VbrbdSlm2ARBKHMtEWLIBTcuKxoL9DLkEkzbZhMZkgyQhn6Lm58FTculOLGhe9iOtOFth5I+Pn+c0jO70aMSmVZX0ZubX1jcyu/XdjZ3ds/MA+PWjKMBSZNHLJQdFwkCaOcNBVVjHQiQVDgMtJ2/du5334iQtKQP6pJRPoBGnHqUYyURo55/TBIeiKALMSITeENLPQ8gXDiO/agcuE75fSuDCrTDKUkA45ZtEpWWnBV2AtRBItqOOasNwxxHBCuMENSdm0rUv0ECUUxI9NCL5YkQthHI9LVkqOAyH6S7jiFZ5oMoRcKfbiCKf09kaBAykng6s4AqbFc9ubwP68bK6/WTyiPYkU4zh7yYgZVCOeBwSEVBCs20QJhQfVfIR4jnZHSsRZ0CPbyyquiVS7Zl6XqfbVYry3iyIMTcArOgQ2uQB3cgQZoAgyewSt4Bx/Gi/FmzIzPrDVnLGaOwZ8yvn8AHwiiEA==</latexit>

Slocal =
k31 + k32 + k33

k31k
3
2k

3
3

For comparison:

these poles were missed in the previous  formalism δN

Application: Bootstrapping multi-field inflation
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<latexit sha1_base64="Zezipdtain+TBrzZrrSyYd90e78=">AAACA3icbVDLSgMxFM3UV62vUXe6CRahbspMKeqy6MZlBfuAzjhk0kwbmmSGJCOUUnDjr7hxoYhbf8Kdf2OmnYW2HrhwOOfe5N4TJowq7TjfVmFldW19o7hZ2tre2d2z9w/aKk4lJi0cs1h2Q6QIo4K0NNWMdBNJEA8Z6YSj68zvPBCpaCzu9DghPkcDQSOKkTZSYB9VvARJTRELPJ56yZCe3dc8RQccBXbZqTozwGXi5qQMcjQD+8vrxzjlRGjMkFI910m0P8mex4xMS16qSILwCA1Iz1CBOFH+ZHbDFJ4apQ+jWJoSGs7U3xMTxJUa89B0cqSHatHLxP+8XqqjS39CRZJqIvD8oyhlUMcwCwT2qSRYs7EhCEtqdoV4iCTC2sRWMiG4iycvk3at6p5X67f1cuMqj6MIjsEJqAAXXIAGuAFN0AIYPIJn8ArerCfrxXq3PuatBSufOQR/YH3+AKUfl4k=</latexit>

(@µ�)
2�

<latexit sha1_base64="98faTnzPtWO0HnwnvqQOZSXtRZQ=">AAACInicbVDLSsNAFJ34rPUVdelmsAguJCSl+NhIwY3LCvYBTSyTyaQdOkmGmYlQQv0VN/6KGxeKuhL8GCdtFrb1wMDhnHs5c4/PGZXKtr+NpeWV1bX10kZ5c2t7Z9fc22/JJBWYNHHCEtHxkSSMxqSpqGKkwwVBkc9I2x9e5377gQhJk/hOjTjxItSPaUgxUlrqmZdukCiXD6graT9Cp48uR0JRxO6rM2owO2ZZVs+s2JY9AVwkTkEqoECjZ37qLJxGJFaYISm7js2Vl+VxmJFx2U0l4QgPUZ90NY1RRKSXTU4cw2OtBDBMhH6xghP170aGIilHka8nI6QGct7Lxf+8bqrCCy+jMU8VifE0KEwZVAnM+4IBFQQrNtIEYUH1XyEeIIGw0q2WdQnO/MmLpFW1nDOrdlur1K+KOkrgEByBE+CAc1AHN6ABmgCDJ/AC3sC78Wy8Gh/G13R0ySh2DsAMjJ9fG4qklQ==</latexit>

�̇�, @2��, �̈�, ...<latexit sha1_base64="bRgyqLH9q6jwKhziyjrSlljThc4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLx48RDAPSJYwO5lNxsxjmZkVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuihLOjPX9b6+wtr6xuVXcLu3s7u0flA+PWkalmtAmUVzpToQN5UzSpmWW006iKRYRp+1ofDPz209UG6bkg50kNBR4KFnMCLZOavUMGwrcL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7tFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmr6MB05RYPnEEE83crYiMsMbEuoBKLoRg+eVV0rqoBpfV2n2tUr/L4yjCCZzCOQRwBXW4hQY0gcAjPMMrvHnKe/HevY9Fa8HLZ47hD7zPH6JPjzY=</latexit>�

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�
<latexit sha1_base64="SalbpPvW9rpMFJfgAalL8DgUNjg=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLx48VLAf0C4lm2bb0Gw2JNlCWfojvHhQxKu/x5v/xrTdg7Y+GHi8N8PMvFAJbqznfaPCxubW9k5xt7S3f3B4VD4+aZkk1ZQ1aSIS3QmJYYJL1rTcCtZRmpE4FKwdju/mfnvCtOGJfLJTxYKYDCWPOCXWSe3ehGg14v1yxat6C+B14uekAjka/fJXb5DQNGbSUkGM6fqeskFGtOVUsFmplxqmCB2TIes6KknMTJAtzp3hC6cMcJRoV9Lihfp7IiOxMdM4dJ0xsSOz6s3F/7xuaqPbIONSpZZJulwUpQLbBM9/xwOuGbVi6gihmrtbMR0RTah1CZVcCP7qy+ukdVX1r6u1x1ql/pDHUYQzOIdL8OEG6nAPDWgChTE8wyu8IYVe0Dv6WLYWUD5zCn+APn8AgTqPuQ==</latexit>' <latexit sha1_base64="SalbpPvW9rpMFJfgAalL8DgUNjg=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLx48VLAf0C4lm2bb0Gw2JNlCWfojvHhQxKu/x5v/xrTdg7Y+GHi8N8PMvFAJbqznfaPCxubW9k5xt7S3f3B4VD4+aZkk1ZQ1aSIS3QmJYYJL1rTcCtZRmpE4FKwdju/mfnvCtOGJfLJTxYKYDCWPOCXWSe3ehGg14v1yxat6C+B14uekAjka/fJXb5DQNGbSUkGM6fqeskFGtOVUsFmplxqmCB2TIes6KknMTJAtzp3hC6cMcJRoV9Lihfp7IiOxMdM4dJ0xsSOz6s3F/7xuaqPbIONSpZZJulwUpQLbBM9/xwOuGbVi6gihmrtbMR0RTah1CZVcCP7qy+ukdVX1r6u1x1ql/pDHUYQzOIdL8OEG6nAPDWgChTE8wyu8IYVe0Dv6WLYWUD5zCn+APn8AgTqPuQ==</latexit>'

Weight-Shifting

<latexit sha1_base64="DYNo1BmXZfJJMQBxk8gSKzwQFhc=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFclaQUdVl047KCfUAbwmQ6aYdOJmFmUighf+LGhSJu/RN3/o2TNgttPTBwOOde7pkTJJwp7Tjf1sbm1vbObmWvun9weHRsn5x2VZxKQjsk5rHsB1hRzgTtaKY57SeS4ijgtBdM7wu/N6NSsVg86XlCvQiPBQsZwdpIvm0PI6wnBPOsl/uZ28h9u+bUnQXQOnFLUoMSbd/+Go5ikkZUaMKxUgPXSbSXYakZ4TSvDlNFE0ymeEwHhgocUeVli+Q5ujTKCIWxNE9otFB/b2Q4UmoeBWayyKlWvUL8zxukOrz1MiaSVFNBlofClCMdo6IGNGKSEs3nhmAimcmKyARLTLQpq2pKcFe/vE66jbp7XW8+Nmutu7KOCpzDBVyBCzfQggdoQwcIzOAZXuHNyqwX6936WI5uWOXOGfyB9fkDfaiTkw==</latexit>W12

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

massless exchange:

the minimal setup for 

multi-field inflation
logarithmic kt-pole: 
from the cubic vertex

logarithmic kn-pole: from the linear mixing



Massless Exchange in Boost-Breaking Scenarios
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Class I:

Class II:

<latexit sha1_base64="98faTnzPtWO0HnwnvqQOZSXtRZQ=">AAACInicbVDLSsNAFJ34rPUVdelmsAguJCSl+NhIwY3LCvYBTSyTyaQdOkmGmYlQQv0VN/6KGxeKuhL8GCdtFrb1wMDhnHs5c4/PGZXKtr+NpeWV1bX10kZ5c2t7Z9fc22/JJBWYNHHCEtHxkSSMxqSpqGKkwwVBkc9I2x9e5377gQhJk/hOjTjxItSPaUgxUlrqmZdukCiXD6graT9Cp48uR0JRxO6rM2owO2ZZVs+s2JY9AVwkTkEqoECjZ37qLJxGJFaYISm7js2Vl+VxmJFx2U0l4QgPUZ90NY1RRKSXTU4cw2OtBDBMhH6xghP170aGIilHka8nI6QGct7Lxf+8bqrCCy+jMU8VifE0KEwZVAnM+4IBFQQrNtIEYUH1XyEeIIGw0q2WdQnO/MmLpFW1nDOrdlur1K+KOkrgEByBE+CAc1AHN6ABmgCDJ/AC3sC78Wy8Gh/G13R0ySh2DsAMjJ9fG4qklQ==</latexit>

�̇�, @2��, �̈�, ...
<latexit sha1_base64="uDlDzx+3OGkzv5+aPnoWRTm/CYQ=">AAACKnicbVDLSsNAFJ34rPUVdekmWIQKEpJS1JVU3LisYB/QxDCZTNqhM0mYmQgl1N9x46+46UIpbv0QJ21AbT0wcDjnXs7c4yeUCGlZU21ldW19Y7O0Vd7e2d3b1w8O2yJOOcItFNOYd30oMCURbkkiKe4mHEPmU9zxh7e533nCXJA4epCjBLsM9iMSEgSlkjz9xgli6SQD8lhzBOkzeP5cdRLIJYHUI7lx9uM4weKwaZqeXrFMawZjmdgFqYACTU+fqEyUMhxJRKEQPdtKpJvlmYjicdlJBU4gGsI+7ikaQYaFm81OHRunSgmMMObqRdKYqb83MsiEGDFfTTIoB2LRy8X/vF4qwys3I1GSShyheVCYUkPGRt6bERCOkaQjRSDiRP3VQAPIIZKq3bIqwV48eZm0a6Z9Ydbv65XGdVFHCRyDE1AFNrgEDXAHmqAFEHgBb+AdfGiv2kSbap/z0RWt2DkCf6B9fQNFWace</latexit>

�̇2�, (@i�)
2�, �̈2�, ...

<latexit sha1_base64="uDlDzx+3OGkzv5+aPnoWRTm/CYQ=">AAACKnicbVDLSsNAFJ34rPUVdekmWIQKEpJS1JVU3LisYB/QxDCZTNqhM0mYmQgl1N9x46+46UIpbv0QJ21AbT0wcDjnXs7c4yeUCGlZU21ldW19Y7O0Vd7e2d3b1w8O2yJOOcItFNOYd30oMCURbkkiKe4mHEPmU9zxh7e533nCXJA4epCjBLsM9iMSEgSlkjz9xgli6SQD8lhzBOkzeP5cdRLIJYHUI7lx9uM4weKwaZqeXrFMawZjmdgFqYACTU+fqEyUMhxJRKEQPdtKpJvlmYjicdlJBU4gGsI+7ikaQYaFm81OHRunSgmMMObqRdKYqb83MsiEGDFfTTIoB2LRy8X/vF4qwys3I1GSShyheVCYUkPGRt6bERCOkaQjRSDiRP3VQAPIIZKq3bIqwV48eZm0a6Z9Ydbv65XGdVFHCRyDE1AFNrgEDXAHmqAFEHgBb+AdfGiv2kSbap/z0RWt2DkCf6B9fQNFWace</latexit>

�̇2�, (@i�)
2�, �̈2�, ...

<latexit sha1_base64="BomSTM2n6Ydj7JQxo5zLnJPYxsk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg5REinopFL14rGA/oA1hs920SzebsLsplFB/iRcPinj1n3jz37htc9DWBwOP92aYmRcknCntON9WYW19Y3OruF3a2d3bP7APj1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkZ3M789plKxWDzqSUK9CA8ECxnB2ki+bRNf1YjfU2wQ4Zr7dOHbZafizIFWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip9NSL1U0wWSEB7RrqMARVV42v3yKzozSR2EsTQmN5urviQxHSk2iwHRGWA/VsjcT//O6qQ5vvIyJJNVUkMWiMOVIx2gWA+ozSYnmE0MwkczcisgQS0y0CatkQnCXX14lrcuKe1WpPlTL9ds8jiKcwCmcgwvXUId7aEATCIzhGV7hzcqsF+vd+li0Fqx85hj+wPr8Aa9Ukw0=</latexit>

cs = c� = 1 ,
<latexit sha1_base64="BomSTM2n6Ydj7JQxo5zLnJPYxsk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg5REinopFL14rGA/oA1hs920SzebsLsplFB/iRcPinj1n3jz37htc9DWBwOP92aYmRcknCntON9WYW19Y3OruF3a2d3bP7APj1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkZ3M789plKxWDzqSUK9CA8ECxnB2ki+bRNf1YjfU2wQ4Zr7dOHbZafizIFWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip9NSL1U0wWSEB7RrqMARVV42v3yKzozSR2EsTQmN5urviQxHSk2iwHRGWA/VsjcT//O6qQ5vvIyJJNVUkMWiMOVIx2gWA+ozSYnmE0MwkczcisgQS0y0CatkQnCXX14lrcuKe1WpPlTL9ds8jiKcwCmcgwvXUId7aEATCIzhGV7hzcqsF+vd+li0Fqx85hj+wPr8Aa9Ukw0=</latexit>

cs = c� = 1 ,

IR divergence

local-type non-Gaussianity

Linear mixing with higher derivatives

with more complicated 
analytical structures

IR-finite 
correlators



Multi-Speed Non-Gaussianity
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<latexit sha1_base64="mrYL50w91k8mNaYuVTIMVTKuBHQ=">AAAB+3icbVDLSgMxFL1TX7W+xrp0EyyCqzIjoi6LblxWsA9oh5JJM21okhmSjFiG/oobF4q49Ufc+Tem01lo64GQwzn3kJsTJpxp43nfTmltfWNzq7xd2dnd2z9wD6ttHaeK0BaJeay6IdaUM0lbhhlOu4miWIScdsLJ7dzvPFKlWSwfzDShgcAjySJGsLHSwK32h7HpJ2OW35qNBB64Na/u5UCrxC9IDQo0B+6XDZNUUGkIx1r3fC8xQYaVYYTTWaWfappgMsEj2rNUYkF1kOW7z9CpVYYoipU90qBc/Z3IsNB6KkI7KbAZ62VvLv7n9VITXQcZk0lqqCSLh6KUIxOjeRFoyBQlhk8twUQxuysiY6wwMbauii3BX/7yKmmf1/3L+sX9Ra1xU9RRhmM4gTPw4QoacAdNaAGBJ3iGV3hzZs6L8+58LEZLTpE5gj9wPn8Ac32UuA==</latexit>

�̇�̇



I. Trees: Summary
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IR divergent correlator: logarithmic secular growth


with local-type shape function


Are they really divergent? Do we need to worry about loops?


IR finite correlator: multi-speed non-G

<latexit sha1_base64="Y0f+uZ08UTOCv+8tQoMNyQwHPZg="></latexit>

lim⌘0!0h�ni / log(�k⌘0)v



II. Loops Wavefunction: Classical v.s. Quantum


Classical Loops and IR divergences

…

Cespedes, Davis, DGW

work in progress


comments are welcome!



The Wavefunction of the Universe
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<latexit sha1_base64="lx4GVsC8REO3Mf19VDAu1cgN8QQ=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVS9C0YvHCPYD21g22027dLMJuxuhpP0XXjwo4tV/481/47bNQVsfDDzem2Fmnh9zprRtf1u5ldW19Y38ZmFre2d3r7h/0FBRIgmtk4hHsuVjRTkTtK6Z5rQVS4pDn9OmP7yZ+s0nKhWLxL0exdQLcV+wgBGsjfTgXo07rmLjx0q3WLLL9gxomTgZKUEGt1v86vQikoRUaMKxUm3HjrWXYqkZ4XRS6CSKxpgMcZ+2DRU4pMpLZxdP0IlReiiIpCmh0Uz9PZHiUKlR6JvOEOuBWvSm4n9eO9HBpZcyESeaCjJfFCQc6QhN30c9JinRfGQIJpKZWxEZYImJNiEVTAjO4svLpFEpO+fl6t1ZqXadxZGHIziGU3DgAmpwCy7UgYCAZ3iFN0tZL9a79TFvzVnZzCH8gfX5AwpzkIU=</latexit>

P = | |2

Fokker-Planck Equation
<latexit sha1_base64="FR7nPYWewI+DmCrq5KtvkcISMns="></latexit>

@P

@t
=

@

@�

✓
V�

3H
P

◆
+

H
3

8⇡2

✓
@
2
P

@�2

◆

 stochastic effects

non-perturbative


equilibrium behaviour

Cosmological Bootstrap
<latexit sha1_base64="s/6jtnGhYKU/SzeZ0CcLgdk4oNI="></latexit>

 [�] = exp

" 1X

n=2

1

n!

Z

k1,...,kn

 n(k1, ...,kn) �k1 · · · �kn

#

 related to correlators

perturbative


secular growth

Gorbenko, Senatore 2019
?



The Wavefunction Method: perturbation theory
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Classical Way:

Saddle-point approximation


On-shell condition

<latexit sha1_base64="wG36qwi5PX2ACxB4A4Xol06OBMc=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV0t6rHoxWMF+wHtUrJpto3NJkuSFcrS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0O/VbT0wbruSDHScsiMlA8ohTYp3U7CaG9y56pbJX8WbAy8TPSRly1Hulr25f0TRm0lJBjOn4XmKDjGjLqWCTYjc1LCF0RAas46gkMTNBNrt2gk+d0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquhD8xZeXSfO84l9WqvfVcu0mj6MAx3ACZ+DDFdTgDurQAAqP8Ayv8IYUekHv6GPeuoLymSP4A/T5A1IJjvk=</latexit>

 3
<latexit sha1_base64="VssPfRTQ4rN8RK3b0bgk/P/dg/s=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5cY3q/1yxWv6s2BV4mfkwrkaPTLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNroOMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vktZF1b+s1u5rlfpNHkcRTuAUzsGHK6jDHTSgCRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5A1ONjvo=</latexit>

 4
<latexit sha1_base64="P7KyEUyTgQDwGqOJ8MAex8fak0M=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knNbmJY76JXrvhVfwa0TIKcVCBHvVf+6vYVSQWVlnBsTCfwExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauPrMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCMHiy8ukeVYNLqvn9+eV2k0eRxGO4BhOIYArqMEd1KEBBB7hGV7hzVPei/fufcxbC14+cwh/4H3+AFURjvs=</latexit>

 5
<latexit sha1_base64="qNvZ0nq3TRuPxyoAuu6TkC8tSV0=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5cY3pf9csWrenPgVeLnpAI5Gv3yV2+gaBozaakgxnR9L7FBRrTlVLBpqZcalhA6JkPWdVSSmJkgm187xWdOGeBIaVfS4rn6eyIjsTGTOHSdMbEjs+zNxP+8bmqj6yDjMkktk3SxKEoFtgrPXscDrhm1YuIIoZq7WzEdEU2odQGVXAj+8surpHVR9S+rtftapX6Tx1GEEziFc/DhCupwBw1oAoVHeIZXeEMKvaB39LFoLaB85hj+AH3+AKt1jzQ=</latexit>

 n

… (semi-)classical 
wavefunction 
coefficients

<latexit sha1_base64="J4OLJj1aJVta22dZH/oKNU7MXeA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXiMYB6YrGF2MkmGzM4uM71CWPIXXjwo4tW/8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqHscx90M6UKIvGEUrPXSGAdWP6Zk36RZLbtmdgSwTLyMlyFDrFr86vYglIVfIJDWm7bkx+inVKJjkk0InMTymbEQHvG2poiE3fjq7eEJOrNIj/UjbUkhm6u+JlIbGjMPAdoYUh2bRm4r/ee0E+1d+KlScIFdsvqifSIIRmb5PekJzhnJsCWVa2FsJG1JNGdqQCjYEb/HlZdI4L3sX5cpdpVS9zuLIwxEcwyl4cAlVuIUa1IGBgmd4hTfHOC/Ou/Mxb8052cwh/IHz+QMjTpCU</latexit>

~�1

All the tree-level wavefunction coefficients:

bulk-to-boundary

bulk-to-bulk



The Wavefunction Method: perturbation theory
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Quantum Way:

Functional Quantization


Propagators

Both tree-level & loop-level wavefunction coefficients:

quantum 
wavefunction 
coefficients

<latexit sha1_base64="qAT4PMEZSEP4RTG5GTlgVxxLNVM=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzEOSNcxOZpMh81hmZoWw5Cu8eFDEq5/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTP3WE9WGKXlvxwkNBR5IFjOCrZMeusMI68fMn/TKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbHTxBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwVZkwmqaWSzBfFKUdWoen3qM80JZaPHcFEM3crIkOsMbEuo5ILIVh8eZk0z6rBRfX87rxSu87jKMIRHMMpBHAJNbiFOjSAgIBneIU3T3sv3rv3MW8tePnMIfyB9/kDtWaQXA==</latexit>

~0
<latexit sha1_base64="SsAOmnzmRGRirZy3NZWtwwKwoVs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0sWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ildm8UUP3o9csVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2e9kIDRnKCeWUKaFvZWwEdWUoU2oZEPwll9eJa2LqndZrd3XKvWbPI4inMApnIMHV1CHO2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AHvNo9R</latexit>

~1
<latexit sha1_base64="qAT4PMEZSEP4RTG5GTlgVxxLNVM=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzEOSNcxOZpMh81hmZoWw5Cu8eFDEq5/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTP3WE9WGKXlvxwkNBR5IFjOCrZMeusMI68fMn/TKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbHTxBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwVZkwmqaWSzBfFKUdWoen3qM80JZaPHcFEM3crIkOsMbEuo5ILIVh8eZk0z6rBRfX87rxSu87jKMIRHMMpBHAJNbiFOjSAgIBneIU3T3sv3rv3MW8tePnMIfyB9/kDtWaQXA==</latexit>

~0



II. Loops: Back to IR divergences
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From Wavefunction to Correlators: One-Loop Example for 
g
3!

Φ3

<latexit sha1_base64="yrX3aUQFa1n+x1wyKVS+3EsOqL4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgxpKUoi6LblxWsA9oYphMJ+3QmUyYmQgh1F9x40IRt36IO//GaZuFth64cDjnXu69J0wYVdpxvq3S2vrG5lZ5u7Kzu7d/YB8edZVIJSYdLJiQ/RApwmhMOppqRvqJJIiHjPTCyc3M7z0SqaiI73WWEJ+jUUwjipE2UmBXvUTRoPGQe5JD95wJkUwDu+bUnTngKnELUgMF2oH95Q0FTjmJNWZIqYHrJNrPkdQUMzKteKkiCcITNCIDQ2PEifLz+fFTeGqUIYyENBVrOFd/T+SIK5Xx0HRypMdq2ZuJ/3mDVEdXfk7jJNUkxotFUcqgFnCWBBxSSbBmmSEIS2puhXiMJMLa5FUxIbjLL6+SbqPuXtSbd81a67qIowyOwQk4Ay64BC1wC9qgAzDIwDN4BW/Wk/VivVsfi9aSVcxUwR9Ynz8jbJR0</latexit>

 1�loop
2

<latexit sha1_base64="lInSSSd4W06shuQxJO7a5baLJKs=">AAACDHicbVC7TsMwFHXKq5RXgZHFokIqA1USKmCsYGEsEn1ITVo5rpNadeLIdpCqKB/Awq+wMIAQKx/Axt/gthmg5UiWjs45V9f3eDGjUpnmt1FYWV1b3yhulra2d3b3yvsHbckTgUkLc8ZF10OSMBqRlqKKkW4sCAo9Rjre+Gbqdx6IkJRH92oSEzdEQUR9ipHS0qBccSQNHV8gnAZ9O0vtcf88cxgPqmf22CEKDcxTnTJr5gxwmVg5qYAczUH5yxlynIQkUpghKXuWGSs3RUJRzEhWchJJYoTHKCA9TSMUEumms2MyeKKVIfS50C9ScKb+nkhRKOUk9HQyRGokF72p+J/XS5R/5aY0ihNFIjxf5CcMKg6nzcAhFQQrNtEEYUH1XyEeId2M0v2VdAnW4snLpG3XrIta/a5eaVzndRTBETgGVWCBS9AAt6AJWgCDR/AMXsGb8WS8GO/GxzxaMPKZQ/AHxucPhkqaog==</latexit>

⇠ g2

2k3
log(�2k⌘0)

<latexit sha1_base64="VssPfRTQ4rN8RK3b0bgk/P/dg/s=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5cY3q/1yxWv6s2BV4mfkwrkaPTLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNroOMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vktZF1b+s1u5rlfpNHkcRTuAUzsGHK6jDHTSgCRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5A1ONjvo=</latexit>

 4

<latexit sha1_base64="wG36qwi5PX2ACxB4A4Xol06OBMc=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV0t6rHoxWMF+wHtUrJpto3NJkuSFcrS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0O/VbT0wbruSDHScsiMlA8ohTYp3U7CaG9y56pbJX8WbAy8TPSRly1Hulr25f0TRm0lJBjOn4XmKDjGjLqWCTYjc1LCF0RAas46gkMTNBNrt2gk+d0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquhD8xZeXSfO84l9WqvfVcu0mj6MAx3ACZ+DDFdTgDurQAAqP8Ayv8IYUekHv6GPeuoLymSP4A/T5A1IJjvk=</latexit>

 3
<latexit sha1_base64="wG36qwi5PX2ACxB4A4Xol06OBMc=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV0t6rHoxWMF+wHtUrJpto3NJkuSFcrS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0O/VbT0wbruSDHScsiMlA8ohTYp3U7CaG9y56pbJX8WbAy8TPSRly1Hulr25f0TRm0lJBjOn4XmKDjGjLqWCTYjc1LCF0RAas46gkMTNBNrt2gk+d0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquhD8xZeXSfO84l9WqvfVcu0mj6MAx3ACZ+DDFdTgDurQAAqP8Ayv8IYUekHv6GPeuoLymSP4A/T5A1IJjvk=</latexit>

 3X

Classical

Loops



II. Loops: Wavefunction is IR safe
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Gorbenko, Senatore 2019

only secular divergence from time integrals, 


no IR divergences from loop integrals

L-loop n-point wavefunction coefficient:

Bulk-to-bulk propagator at IR:

Momentum integration from loops:



II. Loops: leading IR logs in correlators
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IR-divergent correlators are always dominated by Classical loops

IR divergence Superhorizon 
physics

Semi-classical 
effect

L-loop n-point correlator (with V vertices):

in agreement with

Baumgart, Sundrum 2019 



III. Back To Trees

What does the stochastic formalism resum?



A tempting thought

18

<latexit sha1_base64="FR7nPYWewI+DmCrq5KtvkcISMns="></latexit>

@P

@t
=

@

@�
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P
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saddle-point approx. Fokker-Planck equation

<latexit sha1_base64="McLsWBvQiD/yeTsg5cuMGD8zkwE="></latexit>

P [�l] =

Z
D�l �

✓
�l �

Z
d3k

(2⇡)3
⌦k�k

◆
| (�k)|2

First, screen out the short wavelength modes:

Then, let’s check the perturbative regime of , where the equilibrium has not 
been reached.

λϕ4

controllable playground to explicitly 
match two computations

could be interesting for pheno
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coupling ⇥ log2 < 1



Correlators from stochastic formalism
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{
a set of diff. eqs. 
that can be solved 
perturbatively 
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Beyond perturbation theory?
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saddle-point approx. Fokker-Planck equation

Now we believe we can do it! Stay tuned.
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III. Back to Trees

Cosmological Bootstrap with anomalous Ward identities


a classification of multi-field non-Gaussianities: local & multi-speed shapes 

Wavefunction: Classical v.s. Quantum


Classical Loops and IR divergences

Saddle-point approx. <=> Fokker-Planck Equation


