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Plan

• Complex SYK model

• Two-point function

• Four-point function

• Correction to h=1 mode of the four-point 
function



Complex SYK model
• Hamiltonian S. Sachdev ’15

<latexit sha1_base64="cOjew8JaPJ9S4k5+VVej0LnwawI="></latexit><latexit sha1_base64="AVEOUwWP9PeDORrQwwNFg19VFnU="></latexit>

<latexit sha1_base64="liL42z/JRQKOIAEGVHFB4aZXAXk="></latexit>

<latexit sha1_base64="v2BlAmRCJKFMKRcQR6RRFfUqvmY="></latexit>

• Complex SYK model has the Tensor model counterpart

<latexit sha1_base64="/W4UhT3gqkHHntIIv35LkhaMeZw="></latexit>

<latexit sha1_base64="uluv8SVBTIpa4t2Cu7G3TemV/8A="></latexit>

I. Klebanov, GT’16

R.Davison, W.Fu, A.Georges, 
Y.Gu, K.Jensen, S.Sachdev ’17

• Complex SYK q model

<latexit sha1_base64="QGqNS9Ey26ufzEgwpMqz33z0caQ="></latexit>
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<latexit sha1_base64="whl56trSrOx+VDkbBMgDktRBGSU="></latexit><latexit sha1_base64="jFK3+fshrOkN6wR+jPT4xQMrOn4="></latexit><latexit sha1_base64="jFK3+fshrOkN6wR+jPT4xQMrOn4="></latexit><latexit sha1_base64="7WXkHujNhw7nWdNypoTf83fz118="></latexit>



Complex SYK model

• One obtains Schwinger-Dyson equations

<latexit sha1_base64="ajIrYn27HxywHZ2VnS1JH3DMJaA="></latexit>

<latexit sha1_base64="kq6yGLyF1kmMzhBGQfGYoG88NfI="></latexit>

• Replica trick and average over disorder give
effective action

<latexit sha1_base64="yZDXO1zWT9qGwptTIWPI2f8/n2w="></latexit>

<latexit sha1_base64="noqSKgKmv8dLfG9cUQHIyI+SdLo=">AAAClnicdZHLSgNBEEU74yvGV6Ibwc1gEFyFGTe6koBIXCZgHpCE0NOpSZr09DTdNWIYgh/gVj/Ov7HzWDhJLCi4nKqC4t5ACW7Q835yzs7u3v5B/rBwdHxyelYsnbdMnGgGTRaLWHcCakBwCU3kKKCjNNAoENAOJk/zefsNtOGxfMWpgn5ER5KHnFG0qFEbFMtexVuUuyn8lSiTVdUHpdxHbxizJAKJTFBjur6nsJ9SjZwJmBV6iQFF2YSOoGulpBGYfrr4dObeWDJ0w1jblugu6N+LlEbGTKPAbkYUx2Z9NodbZ0G0Hf/DR5qqMWfvmXdTUAZjNQyzdPl6Bo2tk1rD2qLSXNoAZJYmkqNZswXDh37KpUoQJFu6EibCxdidZ+QOuQaGYmoFZZpbY102ppoytEkWbGT+ekCbonVX8a1ueOWqtwovT67INbklPrknVfJC6qRJGAHySb7It3PpPDrPTm256uRWNxckU079F+LBzyk=</latexit>

<latexit sha1_base64="rFGTvtvOcS85oO2DY4h3OqhsC3s=">AAACm3icdZFNS8NAEIa38avWz+pRhGARPEniRY8FLyIeKtpWsEE220m7urtZdidiCcW/4FX/mf/G7cfBxDow8PLMDAzvG2vBLQbBd8VbWl5ZXauu1zY2t7Z3dut7HZtmhkGbpSI1DzG1ILiCNnIU8KANUBkL6MYvl5N59xWM5am6x5GGSNKB4glnFB3q9O74QNKn3UZwGkzL/yvCuWiQebWe6pX3Xj9lmQSFTFBrH8NAY5RTg5wJGNd6mQVN2QsdwKOTikqwUT59d+wfO9L3k9S4VuhP6e+LnEprRzJ2m5Li0JZnE7hwFsvF+B8+MFQPOXsrvJuDtpjqflKks9cLaOjsNAZKi9pw5VJQRZopjrZkCyYXUc6VzhAUm7mSZMLH1J8E5fe5AYZi5ARlhjtjfTakhjJ0cdZcZGE5oL+ic3YaOn0bNJrBPLwqOSBH5ISE5Jw0yRVpkTZh5Jl8kE/y5R16l961dzNb9Srzm31SKK/9AxXD0WE=</latexit>

<latexit sha1_base64="ED5B87KfRwphQW+N1QoUmhqxDMc="></latexit>

• Here we set the chemical potential to zero
<latexit sha1_base64="4ReCE20/+qtmr103LIgaU+Co5tY=">AAACmnicdZHLSgNBEEU74yvGZ3Spi8EguAozbnQjiG4UNxHygiRIT6cmadLd03TXiGEIfoJb/TT/xs5j4cRYUHA5VQXFvZEW3GIQfBe8tfWNza3idmlnd2//4LB81LRJahg0WCIS046oBcEVNJCjgLY2QGUkoBWN7qfz1isYyxNVx7GGnqQDxWPOKDrU6Mr0Jng5rATVYFb+XxEuRIUsqvZSLrx3+wlLJShkglrbCQONvYwa5EzApNRNLWjKRnQAHScVlWB72ezbiX/uSN+PE+NaoT+jvy8yKq0dy8htSopDuzybwpWzSK7G//CBoXrI2Vvu3Qy0xUT34zydv55DQ+emMbC0qA1XLgSVp6niaJdswfi6l3GlUwTF5q7EqfAx8ac5+X1ugKEYO0GZ4c5Ynw2poQxdmiUXWbgc0F/RvKyGTj8HldtgEV6RnJAzckFCckVuyQOpkQZhhJMP8km+vFPvznv0nuarXmFxc0xy5dV/AIq30LU=</latexit>

<latexit sha1_base64="7nAJqysb7dAbXUXRal7k9nF2GQY="></latexit>

so we arrive at the usual S-D equations

<latexit sha1_base64="GxaNQK6+QSL6BZWQ64dmj4CZuUo="></latexit>

<latexit sha1_base64="m9tGYp/CUTFqSuBQiKAPX5bhk7I="></latexit>

S.Sachdev, J.Ye’ 93
A.Georges, O.Parcollet, S.Sachdev ’01
A.Kitaev ‘15
J.Polchinski, V.Rosenhaus ’16
J.Maldacena, D.Stanford ’16
A.Jevicki, K.Suzuki, J.Yoon ’16



Two-point function

<latexit sha1_base64="1lRfT9OEQ/Q3FEUa72fS6p862/w="></latexit>

↵G|q=4 ⇡ 0.1878
<latexit sha1_base64="vP6l6yTasglzdpN7gofHMq7flZM="></latexit><latexit sha1_base64="WwACps/XMGRxYgVwFXScsXqtexQ="></latexit><latexit sha1_base64="WwACps/XMGRxYgVwFXScsXqtexQ="></latexit><latexit sha1_base64="+GWVycQ08F9sfH0I4HHpvRETG74="></latexit>

<latexit sha1_base64="s7iTq+/J1p1zJ/Mg/QY2aTE/cE8="></latexit>

<latexit sha1_base64="PpWNgi0GkjpPsc+zwFBeueLwqu4="></latexit>

• Leading approx: two-point function of operators with dimension

• Correction: conformal perturbation theory by operator of dimension

We have a 
UV cutoff of 
order 1/�J

<latexit sha1_base64="CtkA4F1et9aofcv38OX6h3T45Fc="></latexit><latexit sha1_base64="SLq5TV9aDzByufa8e550vmI9X0s="></latexit><latexit sha1_base64="SLq5TV9aDzByufa8e550vmI9X0s="></latexit><latexit sha1_base64="X0d2wH4uR3uX7rfWziJ5yxavauE="></latexit>

• In the case of zero chemical potential two-point function is as in SYK model

<latexit sha1_base64="Emg0Mk0pn5g5n1/0Qv5D1RqH3nw="></latexit>
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<latexit sha1_base64="rU7R/75xRh8gCPKdAD+b/ylWV+Q="></latexit><latexit sha1_base64="6fZjV29vvGvxVnV40WSnb30gpsI="></latexit><latexit sha1_base64="6fZjV29vvGvxVnV40WSnb30gpsI="></latexit><latexit sha1_base64="13AEIHfZ2nTT4ljQxqK4G2USBBs="></latexit>

J. Maldacena, D. Stanford’ 16
A. Kitaev, J.Suh ’17

<latexit sha1_base64="GuwvlVb6xxH6WatxQIt/m5XW1Do=">AAACmXicdZFNS8NAEIa38avWr1aPvQSL4MWSeNGLUPFSPFW0H1CLbLaTZnGzWXYnYgnFf+BV/5r/xu3HwbR1YODlmRkY3jdQghv0vJ+Cs7G5tb1T3C3t7R8cHpUrxx2TpJpBmyUi0b2AGhBcQhs5CugpDTQOBHSD17vpvPsG2vBEPuFYwSCmI8lDzihOUXRz4b+Ua17dm5W7KvyFqJFFtV4qhY/nYcLSGCQyQY3p+57CQUY1ciZgUnpODSjKXukI+lZKGoMZZLNnJ+6ZJUM3TLRtie6M/r3IaGzMOA7sZkwxMsuzKVw7C+L1+B8+0lRFnL3n3s1AGUzUMMzT+es5FFkztYalRaW5tBnIPE0lR7NkC4bXg4xLlSJINnclTIWLiTuNyR1yDQzF2ArKNLfGuiyimjK0YZZsZP5yQKuic1n3rX7wag1vEV6RVMkpOSc+uSIN0iQt0iaMROSTfJFvp+rcOk3nfr7qFBY3JyRXzuMv8jLQAw==</latexit>



Four-point function

<latexit sha1_base64="ZI0xr4NhoeZbmrKXl4wM0DpXESI="></latexit>
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F0 F1

. . .
<latexit sha1_base64="vwYn8nuvhK6swu9Dvw5anfynVuk="></latexit>

<latexit sha1_base64="2lpn9kIOruMIluk4e7QMwq2/aU0="></latexit>

<latexit sha1_base64="mdOLW+vv4RyDQjvf0pWa5IdhK0k=">AAADMXicjZJRaxNBEMf3rtbWWDWtj74cBkuLUu/aQoUiVATxMaWmLTQxzG3mkiV7e8vunDQch9/Dr+GnyZv46pdwk4vQSyt0YOHPb+YPszMTayksheHU81cerD5cW3/UeLzx5Omz5ubWuc1yw7HDM5mZyxgsSqGwQ4IkXmqDkMYSL+Lxx1n+4hsaKzL1hSYaeykMlUgEB3Ko3/zRTYFGHGTxqdzpEuT9IirfVGK/PK7EwT9yWO 6+v2H4Wny4n+l1zXR2P1O/2Qr3wnkEt0W0EC22iHZ/0/veHWQ8T1ERl2DtVRRq6hVgSHCJZaObW9TAxzDEKycVpGh7xXyIZfDKkUGQZMY9RcGc3nQUkFo7SWNXOfuMXc7N4J25OL0b/4cPDeiR4Ne1dgvUljI9SOq0ar2GRm7JxuBSoTZCudtQdZorQXZpLJS86xVC6ZxQ8WoqSS4DyoLZ+QQDYZCTnDgB3Ag32ICPwAAnd2QNt7JoeUG3xfn+XuT0adg6CRfLW2cv2Eu2wyJ2xE7YZ9ZmHcY95m17b73Q/+lP/V/+76rU9xae56wW/p+/lMYLCg==</latexit>

<latexit sha1_base64="oX+3yKnh2GIGJmtNHBRGWeAau2M="></latexit>

<latexit sha1_base64="GlltUy5ijcUv5PT6uUhqRBKrJFU="></latexit>

<latexit sha1_base64="7RR/OBJghx41MUyJd14D6mDz7kg="></latexit>

<latexit sha1_base64="1GnpHfHXC+eEQcUQn0E8usAXv1A="></latexit>

<latexit sha1_base64="8y54xHgnvJxZJi1hqGeFGAaMz78="></latexit>

• 1/N term in the four-point function is given by ladder diagrams

• We can decompose the four-point function on symmetric and antisymmetric parts

• Each new rung in the ladder is generated by Kernel



Spectrum of Conformal Kernels

<latexit sha1_base64="7RR/OBJghx41MUyJd14D6mDz7kg="></latexit>

<latexit sha1_base64="1GnpHfHXC+eEQcUQn0E8usAXv1A="></latexit>

• Eigenfunctions of the Casimir

• There is a Casimir operator, which commutes with conformal kernels

<latexit sha1_base64="7/bNRfYIXO48sLj7TScjN3Kztx4="></latexit>

<latexit sha1_base64="8zmZKUaFgmMZ05ZYJWrlt3M2vjM="></latexit>

<latexit sha1_base64="5fLA2kWNm0C3PtGxPvhChD9X2Zs="></latexit>

<latexit sha1_base64="D9YatrVZe9mnEKbKjEEDbNM4z74="></latexit>

K. Bulycheva’17

S.Giombi, I.Klebanov, GT, unpublished
C. Peng, M. Spradlin, A. Volovich’17

• Kernels act on symmetric and antisymmetric functions correspondingly

<latexit sha1_base64="//Ez2Xf2r9925LOaRkg9dn3h9D4="></latexit>

<latexit sha1_base64="moWF2vBMXhHxJ4W+5nG5/Zw8xT4="></latexit>

• They are eigenfunctions of the conformal kernels

<latexit sha1_base64="Izv2ws0jajP7HKVgJTRtr25M0f8="></latexit>

<latexit sha1_base64="+ILBuL/6hdmGtAHikXtvoUcYiGE="></latexit>

<latexit sha1_base64="Fo1dKXntr3C23HawkOdHCBDqfTs="></latexit>



Back to Four-point function

<latexit sha1_base64="GlltUy5ijcUv5PT6uUhqRBKrJFU="></latexit>

• Using the basis of eigenfunctions we can write for the four-point function 

<latexit sha1_base64="K4H72jmpNEPOW8QEq0/MeR09yPc="></latexit>

• Old problem:          mode:            and  we get singularity
<latexit sha1_base64="8rKHXhCMk+5zB67CXELndGCFu/U=">AAACmHicdZHJSgNBEIY74xbjluhNL4NB8BRmvOhFCHhQb3HJAhpCT6cm06Snp+muEcMQfAKv+my+jZ3l4CSxoODnqyoo/j9Qghv0vJ+Cs7a+sblV3C7t7O7tH5Qrhy2TpJpBkyUi0Z2AGhBcQhM5CugoDTQOBLSD4c1k3n4DbXgin3GkoBvTgeQhZxQteoquL3rlqlfzpuUuC38uqmRejV6l8PHaT1gag0QmqDEvvqewm1GNnAkYl15TA4qyIR3Ai5WSxmC62fTXsXtmSd8NE21bojulfy8yGhszigO7GVOMzOJsAlfOgng1/ocPNFURZ++5dzNQBhPVD/N09noORdZLrWFhUWkubQQyT1PJ0SzYguFVN+NSpQiSzVwJU+Fi4k5ScvtcA0MxsoIyza2xLouopgxtliUbmb8Y0LJoXdR8qx+8at2bh1ckJ+SUnBOfXJI6uSMN0iSMDMgn+SLfzrFTd26d+9mqU5jfHJFcOY+/azLPzQ==</latexit>

<latexit sha1_base64="NYKMyjX8/YaVtrdJuT1Dk1yfCVA="></latexit>

• New problem:           mode:                     and we get singularity
<latexit sha1_base64="GoufSzPAln9SHRR3FPntXE/pKv8=">AAACmHicdZHJSgNBEIY74xbjluhNL4NB8BRmvOhFCHhQb3HJAhpCT6cm06Snp+muEcMQfAKv+my+jZ3l4CSxoODnqyoo/j9Qghv0vJ+Cs7a+sblV3C7t7O7tH5Qrhy2TpJpBkyUi0Z2AGhBcQhM5CugoDTQOBLSD4c1k3n4DbXgin3GkoBvTgeQhZxQteoqu/V656tW8abnLwp+LKplXo1cpfLz2E5bGIJEJasyL7ynsZlQjZwLGpdfUgKJsSAfwYqWkMZhuNv117J5Z0nfDRNuW6E7p34uMxsaM4sBuxhQjszibwJWzIF6N/+EDTVXE2Xvu3QyUwUT1wzydvZ5DkfVSa1hYVJpLG4HM01RyNAu2YHjVzbhUKYJkM1fCVLiYuJOU3D7XwFCMrKBMc2usyyKqKUObZclG5i8GtCxaFzXf6gevWvfm4RXJCTkl58Qnl6RO7kiDNAkjA/JJvsi3c+zUnVvnfrbqFOY3RyRXzuMvaQDPzA==</latexit>

<latexit sha1_base64="FiyjS23EqyqHKPDKYaM0D1O3RHo="></latexit>

• Resolution: we should not use conformal kernel, but consider correction

<latexit sha1_base64="uTxGEb1Xq5qWn1cvV6Im6ODT0Qk="></latexit>

<latexit sha1_base64="mFPON7/J2x+UO3g/R+aQoU89zBI="></latexit>

<latexit sha1_base64="6lKbOoT7tqE2NU9o99wc7c1/Tek="></latexit>

• Corrected Kernels have corrected eigenvalues. So we expect roughly

<latexit sha1_base64="ATma8fIDeHu9MpLjYvqR+WcHAgo="></latexit>

<latexit sha1_base64="y+3mYx3PVGjpOg0eXaixK0XhDsw="></latexit>

where dots denote higher orders in            when 
<latexit sha1_base64="HMMPtNEn2mMS7cMpSQRk24sN8UI="></latexit>

<latexit sha1_base64="NAqoNwFtDMueK1DQtqS/0IIR0gw="></latexit>



Correction to h=1 and h=2 modes

<latexit sha1_base64="uTxGEb1Xq5qWn1cvV6Im6ODT0Qk="></latexit>

<latexit sha1_base64="mFPON7/J2x+UO3g/R+aQoU89zBI="></latexit>

• Corrected Kernels don’t commute with Casimir anymore

<latexit sha1_base64="ybJVCkBEIoXXlcX2DH18OHa89mU="></latexit>

so       is not a good quantum number now. But we still have shift operator 
<latexit sha1_base64="hhmA/1Gcg0Sg1ELdZkeVfuPmWk4=">AAAClnicdZFNS8NAEIa38avWr1YvgpdgETyVxIuepCCixxbsB7SlbLaTZnGzWXYnYgnFH+BVf5z/xu3HwbR1YODlmRkY3jdQghv0vJ+Cs7W9s7tX3C8dHB4dn5Qrp22TpJpBiyUi0d2AGhBcQgs5CugqDTQOBHSC14fZvPMG2vBEvuBEwSCmY8lDziha1IyG5apX8+blrgt/KapkWY1hpfDRHyUsjUEiE9SYnu8pHGRUI2cCpqV+akBR9krH0LNS0hjMIJt/OnWvLBm5YaJtS3Tn9O9FRmNjJnFgN2OKkVmdzeDGWRBvxv/wsaYq4uw9924GymCiRmGeLl7Pocg6qTWsLCrNpQ1A5mkqOZoVWzC8G2RcqhRBsoUrYSpcTNxZRu6Ia2AoJlZQprk11mUR1ZShTbJkI/NXA1oX7Zuab3XTq9a9ZXhFckEuyTXxyS2pk2fSIC3CCJBP8kW+nXPn3nl0nharTmF5c0Zy5TR+AStCz0o=</latexit>

<latexit sha1_base64="nJosXmhOOBFHH1MU+w7CKVvTuC8="></latexit>

which commutes with the corrected Kernels
<latexit sha1_base64="TD61BhyGTjo2Ti+aamR+4Ut/NBg="></latexit>

• Eigenfunctions of are 
<latexit sha1_base64="nJosXmhOOBFHH1MU+w7CKVvTuC8="></latexit> <latexit sha1_base64="gZ37GvvHDQwtvIZrJbMup9jK8vE="></latexit>

and labeled by integer number <latexit sha1_base64="JdyrsFr3UJ0+bmyD2bALGOrGlgw=">AAAClnicdZFNS8NAEIa38avWr1YvgpdgETyVxIuepCCixxbsB7SlbLaTdnGzWXYnYgnFH+BVf5z/xm2bg2nrwMDLMzMwvG+gBDfoeT8FZ2t7Z3evuF86ODw6PilXTtsmTjSDFotFrLsBNSC4hBZyFNBVGmgUCOgErw/zeecNtOGxfMGpgkFEx5KHnFG0qCmH5apX8xblrgs/E1WSVWNYKXz0RzFLIpDIBDWm53sKBynVyJmAWamfGFCUvdIx9KyUNAIzSBefztwrS0ZuGGvbEt0F/XuR0siYaRTYzYjixKzO5nDjLIg243/4WFM14ew9924KymCsRmGeLl/PoYl1UmtYWVSaSxuAzNNEcjQrtmB4N0i5VAmCZEtXwkS4GLvzjNwR18BQTK2gTHNrrMsmVFOGNsmSjcxfDWhdtG9qvtVNr1r3svCK5IJckmvik1tSJ8+kQVqEESCf5It8O+fOvfPoPC1XnUJ2c0Zy5TR+AThuz1A=</latexit>

• In conformal case            and          eigenvalues were degenerate in 
but correction lifts this degeneracy, so the answer we expect is

<latexit sha1_base64="8rKHXhCMk+5zB67CXELndGCFu/U=">AAACmHicdZHJSgNBEIY74xbjluhNL4NB8BRmvOhFCHhQb3HJAhpCT6cm06Snp+muEcMQfAKv+my+jZ3l4CSxoODnqyoo/j9Qghv0vJ+Cs7a+sblV3C7t7O7tH5Qrhy2TpJpBkyUi0Z2AGhBcQhM5CugoDTQOBLSD4c1k3n4DbXgin3GkoBvTgeQhZxQteoquL3rlqlfzpuUuC38uqmRejV6l8PHaT1gag0QmqDEvvqewm1GNnAkYl15TA4qyIR3Ai5WSxmC62fTXsXtmSd8NE21bojulfy8yGhszigO7GVOMzOJsAlfOgng1/ocPNFURZ++5dzNQBhPVD/N09noORdZLrWFhUWkubQQyT1PJ0SzYguFVN+NSpQiSzVwJU+Fi4k5ScvtcA0MxsoIyza2xLouopgxtliUbmb8Y0LJoXdR8qx+8at2bh1ckJ+SUnBOfXJI6uSMN0iSMDMgn+SLfzrFTd26d+9mqU5jfHJFcOY+/azLPzQ==</latexit>

<latexit sha1_base64="GoufSzPAln9SHRR3FPntXE/pKv8=">AAACmHicdZHJSgNBEIY74xbjluhNL4NB8BRmvOhFCHhQb3HJAhpCT6cm06Snp+muEcMQfAKv+my+jZ3l4CSxoODnqyoo/j9Qghv0vJ+Cs7a+sblV3C7t7O7tH5Qrhy2TpJpBkyUi0Z2AGhBcQhM5CugoDTQOBLSD4c1k3n4DbXgin3GkoBvTgeQhZxQteoqu/V656tW8abnLwp+LKplXo1cpfLz2E5bGIJEJasyL7ynsZlQjZwLGpdfUgKJsSAfwYqWkMZhuNv117J5Z0nfDRNuW6E7p34uMxsaM4sBuxhQjszibwJWzIF6N/+EDTVXE2Xvu3QyUwUT1wzydvZ5DkfVSa1hYVJpLG4HM01RyNAu2YHjVzbhUKYJkM1fCVLiYuJOU3D7XwFCMrKBMc2usyyKqKUObZclG5i8GtCxaFzXf6gevWvfm4RXJCTkl58Qnl6RO7kiDNAkjA/JJvsi3c+zUnVvnfrbqFOY3RyRXzuMvaQDPzA==</latexit> <latexit sha1_base64="JdyrsFr3UJ0+bmyD2bALGOrGlgw=">AAAClnicdZFNS8NAEIa38avWr1YvgpdgETyVxIuepCCixxbsB7SlbLaTdnGzWXYnYgnFH+BVf5z/xm2bg2nrwMDLMzMwvG+gBDfoeT8FZ2t7Z3evuF86ODw6PilXTtsmTjSDFotFrLsBNSC4hBZyFNBVGmgUCOgErw/zeecNtOGxfMGpgkFEx5KHnFG0qCmH5apX8xblrgs/E1WSVWNYKXz0RzFLIpDIBDWm53sKBynVyJmAWamfGFCUvdIx9KyUNAIzSBefztwrS0ZuGGvbEt0F/XuR0siYaRTYzYjixKzO5nDjLIg243/4WFM14ew9924KymCsRmGeLl/PoYl1UmtYWVSaSxuAzNNEcjQrtmB4N0i5VAmCZEtXwkS4GLvzjNwR18BQTK2gTHNrrMsmVFOGNsmSjcxfDWhdtG9qvtVNr1r3svCK5IJckmvik1tSJ8+kQVqEESCf5It8O+fOvfPoPC1XnUJ2c0Zy5TR+AThuz1A=</latexit>

• was computed . And
<latexit sha1_base64="eK9sNZ8RJHiwCxqqDI/aEdFE8c0="></latexit>

<latexit sha1_base64="vBV7ZZuHaIk4wtGer63tDTTdTGc="></latexit>

<latexit sha1_base64="53euxhIQhEEagEQvoO7u7oe9mPk="></latexit>

• was not computed.
<latexit sha1_base64="9QQg6f7XBm5N1CPdtXYu4sF2smc="></latexit>

<latexit sha1_base64="R4ONtSrzrYc6Dz4kTsBrFb1CyzI="></latexit>

<latexit sha1_base64="LT5BFrzKf6OgUuVACeOIvN6yjnM="></latexit>

<latexit sha1_base64="8Ff0jaVvrV7RRH7dDHi6kgNpAz0="></latexit>



Large q for Antisymmetric Kernel
<latexit sha1_base64="s7iTq+/J1p1zJ/Mg/QY2aTE/cE8="></latexit>

<latexit sha1_base64="wO2Ulz47LWDtFQPZH2XfTNnoq3o="></latexit>

<latexit sha1_base64="Dw7ai5b5zLTGyZ0ztNT/PWXE8BM="></latexit>

<latexit sha1_base64="ae0l4+h0CBZLq19NWFuSNSYyOvY="></latexit>

<latexit sha1_base64="Tsq64Vo4azR2iHn6hWxdjQFZkL4="></latexit>

<latexit sha1_base64="czpRMCcWISHRvNOSY3aaK3KzHsM="></latexit>

<latexit sha1_base64="qpy6zg11Dvk1QZ2hHxO1cGhf81E="></latexit>

<latexit sha1_base64="i7bmhZRtNCkDe39U/7t/89VbYBw="></latexit>

<latexit sha1_base64="bYLxnfBtMatENaq2ENzHGOr5eoQ="></latexit>

<latexit sha1_base64="n0G1w3k8/wkLTFQWpnqRLa8Nnek="></latexit>

• We take but keep fixed. The Green’s function is  

where for large           one finds 
<latexit sha1_base64="6at59zRIXbAenlbDIg1++jkO1Y4="></latexit>

• Now consider symmetric version of antisymmetric kernel

• In the limit it takes the form, which is now independent on ! 
<latexit sha1_base64="czpRMCcWISHRvNOSY3aaK3KzHsM="></latexit>

• Eigenvalues and eigenvectors now depend only on 

q
<latexit sha1_base64="8rF6vxGaZDuIDUWcr9TRiFgExuc=">AAAClnicdZHLS8NAEMan8VXrWy+Cl6AIniTxoicRRPRYwT6gFtlsJu3iZrPuTsQSxKMHr3r33/K/cfs4mKoDAx+/mYHh+yIthaUg+Kp4M7Nz8wvVxdrS8srq2vrGZtNmueHY4JnMTDtiFqVQ2CBBEtvaIEsjia3o/nw4bz2isSJTNzTQ2E1ZT4lEcEYOXT/cre8Fh8Go/N8inIi9s8XX+BMA6ncblZfbOON5ioq4ZNZ2wkBTt2CGBJf4XLvNLWrG71kPO04qlqLtFqNPn/19R2I/yYxrRf6I/rwoWGrtII3cZsqob6dnQ/jnLEr/xv/wnmG6L/hT6d0CtaVMx0mZjl8vob5z0hicWtRGKBeAKtNcCbJTtlBy0i2E0jmh4mNXklz6lPnDjPxYGOQkB04wboQz1ud9Zhgnl2TNRRZOB/RbNI8OQ6evXXYBjKsKO7ALBxDCMZzBFdShARwQ3uAdPrxt79S78C7Hq15lcrMFpfLq3/S20Sc=</latexit><latexit sha1_base64="X6NVxvmOTI6wIoClMrPgiVy0UoA="></latexit><latexit sha1_base64="X6NVxvmOTI6wIoClMrPgiVy0UoA="></latexit><latexit sha1_base64="gQXBr3yYAnqI2oCy+q5brO/fKq4=">AAAClnicdZHLSgNBEEU74yvGV6Ibwc1gEFyFGTe6koCILhMwD0hC6OnUJE16etruGjEMwQ9wqx/n39h5LJwkFhRcTlVBcW+gBDfoeT85Z2t7Z3cvv184ODw6PimWTpsmTjSDBotFrNsBNSC4hAZyFNBWGmgUCGgF44fZvPUG2vBYvuBEQS+iQ8lDzihaVH/tF8texZuXuy78pSiTZdX6pdxHdxCzJAKJTFBjOr6nsJdSjZwJmBa6iQFF2ZgOoWOlpBGYXjr/dOpeWTJww1jblujO6d+LlEbGTKLAbkYUR2Z1NoMbZ0G0Gf/Dh5qqEWfvmXdTUAZjNQizdPF6Bo2sk1rDyqLSXNoAZJYmkqNZsQXDu17KpUoQJFu4EibCxdidZeQOuAaGYmIFZZpbY102opoytEkWbGT+akDronlT8a2ue+WqtwwvTy7IJbkmPrklVfJMaqRBGAHySb7It3Pu3DuPztNi1cktb85IppzaLz8Ez1M=</latexit>

<latexit sha1_base64="6at59zRIXbAenlbDIg1++jkO1Y4="></latexit>

• It is possible to find correction to the           mode <latexit sha1_base64="8rKHXhCMk+5zB67CXELndGCFu/U=">AAACmHicdZHJSgNBEIY74xbjluhNL4NB8BRmvOhFCHhQb3HJAhpCT6cm06Snp+muEcMQfAKv+my+jZ3l4CSxoODnqyoo/j9Qghv0vJ+Cs7a+sblV3C7t7O7tH5Qrhy2TpJpBkyUi0Z2AGhBcQhM5CugoDTQOBLSD4c1k3n4DbXgin3GkoBvTgeQhZxQteoquL3rlqlfzpuUuC38uqmRejV6l8PHaT1gag0QmqDEvvqewm1GNnAkYl15TA4qyIR3Ai5WSxmC62fTXsXtmSd8NE21bojulfy8yGhszigO7GVOMzOJsAlfOgng1/ocPNFURZ++5dzNQBhPVD/N09noORdZLrWFhUWkubQQyT1PJ0SzYguFVN+NSpQiSzVwJU+Fi4k5ScvtcA0MxsoIyza2xLouopgxtliUbmb8Y0LJoXdR8qx+8at2bh1ckJ+SUnBOfXJI6uSMN0iSMDMgn+SLfzrFTd26d+9mqU5jfHJFcOY+/azLPzQ==</latexit>

Maldacena, D.Stanford ’16



Large q doesn’t work for Symmetric Kernel
• Now consider symmetric version of symmetric kernel

<latexit sha1_base64="pnovWgwjulChEk3SQY51ftaABsY="></latexit>

doesn’t have  prefactor
<latexit sha1_base64="p9hpu0bkbMu23ZXaaIk2ct16iBw="></latexit>

• In the limit it takes the form
<latexit sha1_base64="czpRMCcWISHRvNOSY3aaK3KzHsM="></latexit>

<latexit sha1_base64="6488TM/V/K8uruRKc8ceCiDw37c="></latexit>

<latexit sha1_base64="gKHdNmgm5Pj7EniQjJvfeaBXYRk="></latexit>

• We find for the eigenvalues

<latexit sha1_base64="E4d6C3cLBf6rs70hnLTer+rom/w="></latexit>

• Large          and large limits don’t commute
<latexit sha1_base64="6at59zRIXbAenlbDIg1++jkO1Y4="></latexit>

<latexit sha1_base64="gQXBr3yYAnqI2oCy+q5brO/fKq4=">AAAClnicdZHLSgNBEEU74yvGV6Ibwc1gEFyFGTe6koCILhMwD0hC6OnUJE16etruGjEMwQ9wqx/n39h5LJwkFhRcTlVBcW+gBDfoeT85Z2t7Z3cvv184ODw6PimWTpsmTjSDBotFrNsBNSC4hAZyFNBWGmgUCGgF44fZvPUG2vBYvuBEQS+iQ8lDzihaVH/tF8texZuXuy78pSiTZdX6pdxHdxCzJAKJTFBjOr6nsJdSjZwJmBa6iQFF2ZgOoWOlpBGYXjr/dOpeWTJww1jblujO6d+LlEbGTKLAbkYUR2Z1NoMbZ0G0Gf/Dh5qqEWfvmXdTUAZjNQizdPF6Bo2sk1rDyqLSXNoAZJYmkqNZsQXDu17KpUoQJFu4EibCxdidZeQOuAaGYmIFZZpbY102opoytEkWbGT+akDronlT8a2ue+WqtwwvTy7IJbkmPrklVfJMaqRBGAHySb7It3Pu3DuPztNi1cktb85IppzaLz8Ez1M=</latexit>

<latexit sha1_base64="HOoqkjPUA0m80FLMgSDpZiRzzpo="></latexit>

example



Direct approach to h=1 eigenvalues

???

• Consider correction as a perturbation of conformal kernel

<latexit sha1_base64="A1I4KjcHkKdw8x8aURJCyBUOWjw="></latexit>

<latexit sha1_base64="mFPON7/J2x+UO3g/R+aQoU89zBI="></latexit>

v

• First order perturbation theory for energy levels (w.f. are unperturbed 
harmonics of Casimir eigenfunctions)

<latexit sha1_base64="mkKYcgpZcJUm5De+F3tWH/QXpV0="></latexit>

v

<latexit sha1_base64="4YIHUaA6QXCronwltWATBYY33cI="></latexit>

<latexit sha1_base64="5RQuvzXz4aDe4MH9T4dVZ6Vzukk="></latexit> <latexit sha1_base64="c1Kav2EgdM638ThENKKfhepyM6s="></latexit>

<latexit sha1_base64="7WLWv9Sm/QOnzHin5makxhtQrqY="></latexit>

<latexit sha1_base64="0QJ2BFYQ1fJghmbkRnmcsypVlPg="></latexit>

<latexit sha1_base64="ZFCmP7cdepY2iy3vgugJy6v40lU="></latexit>

<latexit sha1_base64="MyemOB3AoNXlK3CwyC1VWmw9Zx4="></latexit>

• It is easy to compute rung correction and get divergence!

J.Maldacena, D.Stanford ’16

<latexit sha1_base64="VJ8v5kDkYJnBwwvMqoL0Vb8WtzA="></latexit>

<latexit sha1_base64="VqY1ECqIue4I556ykY0F5hI1REo="></latexit>

<latexit sha1_base64="BvBiSmTTMorm79EfMdW0w8iRyVY=">AAACnXicdZFNS8NAEIa38avWbz16cLEIniTxokdBRA8iFewH2CCbzaRd3GyW3YlYgvgfvOof89+4/TiYWAcGXp6ZgeF9Iy2FRd//rnkLi0vLK/XVxtr6xubW9s5ux2a54dDmmcxML2IWpFDQRoESetoASyMJ3ej5cjzvvoCxIlMPONIQpmygRCI4Q4d6/RgkMnr9tN30T/xJ0b8imIkmmVXraaf23o8znqegkEtm7WPgawwLZlBwCW+Nfm5BM/7MBvDopGIp2LCYPPxGjxyJaZIZ1wrphP6+KFhq7SiN3GbKcGirszGcO4vS+fgfPjBMDwV/Lb1bgLaY6Tgp0+nrJTR0hhoDlUVthHI5qDLNlUBbsQWT87AQSucIik9dSXJJMaPjqGgsDHCUIycYN8IZS/mQGcbRBdpwkQXVgP6KzulJ4PS937zwZ+HVyT45JMckIGfkgtyQFmkTTiT5IJ/kyzvwrrxb72666tVmN3ukVF73B39B0fU=</latexit>

<latexit sha1_base64="BvBiSmTTMorm79EfMdW0w8iRyVY=">AAACnXicdZFNS8NAEIa38avWbz16cLEIniTxokdBRA8iFewH2CCbzaRd3GyW3YlYgvgfvOof89+4/TiYWAcGXp6ZgeF9Iy2FRd//rnkLi0vLK/XVxtr6xubW9s5ux2a54dDmmcxML2IWpFDQRoESetoASyMJ3ej5cjzvvoCxIlMPONIQpmygRCI4Q4d6/RgkMnr9tN30T/xJ0b8imIkmmVXraaf23o8znqegkEtm7WPgawwLZlBwCW+Nfm5BM/7MBvDopGIp2LCYPPxGjxyJaZIZ1wrphP6+KFhq7SiN3GbKcGirszGcO4vS+fgfPjBMDwV/Lb1bgLaY6Tgp0+nrJTR0hhoDlUVthHI5qDLNlUBbsQWT87AQSucIik9dSXJJMaPjqGgsDHCUIycYN8IZS/mQGcbRBdpwkQXVgP6KzulJ4PS937zwZ+HVyT45JMckIGfkgtyQFmkTTiT5IJ/kyzvwrrxb72666tVmN3ukVF73B39B0fU=</latexit>



• Consider eigenfunctions in  h=1 sector. They have oscillating terms

with frequency    .

• To utilize this idea let us redefine circle variable to and   
take limit                  but keep                 , then we find 

Large n limit 

<latexit sha1_base64="KTbc/dA2V5TDe/xU/J7JZ9DVyR8="></latexit>

<latexit sha1_base64="115RJ/b5VPQGxj1//4ddzBPIXK0="></latexit>

<latexit sha1_base64="FS67kZTexbANXWHv/bzUQ3efbNg="></latexit> <latexit sha1_base64="xRrtsp6m/VzxDjZ5GGXuFkNvJHI="></latexit>

<latexit sha1_base64="qaMQF/eUMUzX/0HT5PJqzzuA6Pg="></latexit>

J.Maldacena, D.Stanford ’16

<latexit sha1_base64="u2QoVOof4B9xZLELdgnpG0+xNl0="></latexit>

n
<latexit sha1_base64="E5kEQnm9Xro+k4ZnP8z7r72y4uA="></latexit><latexit sha1_base64="jHw2m4KHMHnwbgYXyA6U6wvOiRI="></latexit><latexit sha1_base64="jHw2m4KHMHnwbgYXyA6U6wvOiRI="></latexit><latexit sha1_base64="JdyrsFr3UJ0+bmyD2bALGOrGlgw=">AAAClnicdZFNS8NAEIa38avWr1YvgpdgETyVxIuepCCixxbsB7SlbLaTdnGzWXYnYgnFH+BVf5z/xm2bg2nrwMDLMzMwvG+gBDfoeT8FZ2t7Z3evuF86ODw6PilXTtsmTjSDFotFrLsBNSC4hBZyFNBVGmgUCOgErw/zeecNtOGxfMGpgkFEx5KHnFG0qCmH5apX8xblrgs/E1WSVWNYKXz0RzFLIpDIBDWm53sKBynVyJmAWamfGFCUvdIx9KyUNAIzSBefztwrS0ZuGGvbEt0F/XuR0siYaRTYzYjixKzO5nDjLIg243/4WFM14ew9924KymCsRmGeLl/PoYl1UmtYWVSaSxuAzNNEcjQrtmB4N0i5VAmCZEtXwkS4GLvzjNwR18BQTK2gTHNrrMsmVFOGNsmSjcxfDWhdtG9qvtVNr1r3svCK5IJckmvik1tSJ8+kQVqEESCf5It8O+fOvfPoPC1XnUJ2c0Zy5TR+AThuz1A=</latexit>

<latexit sha1_base64="qaMQF/eUMUzX/0HT5PJqzzuA6Pg="></latexit>

• If we take the limit                 we expect  everything dominated by small angles

<latexit sha1_base64="X0d2wH4uR3uX7rfWziJ5yxavauE="></latexit>



• Integrals transform from complicated expressions to a simple power law form

linear in     as expected
<latexit sha1_base64="JdyrsFr3UJ0+bmyD2bALGOrGlgw=">AAAClnicdZFNS8NAEIa38avWr1YvgpdgETyVxIuepCCixxbsB7SlbLaTdnGzWXYnYgnFH+BVf5z/xm2bg2nrwMDLMzMwvG+gBDfoeT8FZ2t7Z3evuF86ODw6PilXTtsmTjSDFotFrLsBNSC4hBZyFNBVGmgUCOgErw/zeecNtOGxfMGpgkFEx5KHnFG0qCmH5apX8xblrgs/E1WSVWNYKXz0RzFLIpDIBDWm53sKBynVyJmAWamfGFCUvdIx9KyUNAIzSBefztwrS0ZuGGvbEt0F/XuR0siYaRTYzYjixKzO5nDjLIg243/4WFM14ew9924KymCsRmGeLl/PoYl1UmtYWVSaSxuAzNNEcjQrtmB4N0i5VAmCZEtXwkS4GLvzjNwR18BQTK2gTHNrrMsmVFOGNsmSjcxfDWhdtG9qvtVNr1r3svCK5IJckmvik1tSJ8+kQVqEESCf5It8O+fOvfPoPC1XnUJ2c0Zy5TR+AThuz1A=</latexit>

Large n limit 
• Wave function,  kernel and correction at the limit take the form

<latexit sha1_base64="qaMQF/eUMUzX/0HT5PJqzzuA6Pg="></latexit>

<latexit sha1_base64="K2sADnQWl3e6Agihrkfuvwo8sFw="></latexit>

<latexit sha1_base64="vVKMkYAfn9Di/Bem9UwjpF1/MMA=">AAACmHicdZHJSgNBEIY74xbjluhNL4NB8BRnvOgx4EG9xSULJCH0dGqSJj09TXeNGIbgE3jVZ/Nt7CwHJ4kFBT9fVUHx/4ES3KDn/eScjc2t7Z38bmFv/+DwqFg6bpg40QzqLBaxbgXUgOAS6shRQEtpoFEgoBmM7qbz5htow2P5imMF3YgOJA85o2jRi38le8WyV/Fm5a4KfyHKZFG1Xin30enHLIlAIhPUmLbvKeymVCNnAiaFTmJAUTaiA2hbKWkEppvOfp24F5b03TDWtiW6M/r3IqWRMeMosJsRxaFZnk3h2lkQrcf/8IGmasjZe+bdFJTBWPXDLJ2/nkFD66XWsLSoNJc2ApmlieRolmzB8LabcqkSBMnmroSJcDF2pym5fa6BoRhbQZnm1liXDammDG2WBRuZvxzQqmhcV3yrn7xy1VuElydn5JxcEp/ckCp5IDVSJ4wMyCf5It/OqVN17p3H+aqTW9yckEw5z79W9M/E</latexit>

corrections
<latexit sha1_base64="Muja1x1I4XFCSqEC9k5TbeaiyKQ="></latexit>

f0(✓) = � ↵G
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<latexit sha1_base64="0TVoKafNK4Y271jeycpSaZ42RqE="></latexit><latexit sha1_base64="mK5PkK/slL8lY/j7KXGYrDpTrqU="></latexit><latexit sha1_base64="mK5PkK/slL8lY/j7KXGYrDpTrqU="></latexit><latexit sha1_base64="t7YhQbTkXNwUWwx+/avfucQ3b10="></latexit>

<latexit sha1_base64="Papre/Fr4rxb9kvVrZiogl1th5w="></latexit>

�kSrail = 2

Z
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1,n(✓1, ✓2)K̃

S
c (✓1, ✓2, ✓3, ✓4)f0(✓13) 1,n(✓3, ✓4)

<latexit sha1_base64="9EGPlurZ2G52Ce8L7i35ieNdfqI="></latexit><latexit sha1_base64="cJ+mwa/Uv/JRszWdrKHYawpWGs4="></latexit><latexit sha1_base64="cJ+mwa/Uv/JRszWdrKHYawpWGs4="></latexit><latexit sha1_base64="i/mG6XzL3zm2mHn/mUp+abqTpLM=">AAACh3icdZFLS8NAFIWn8VVr1Xbjxk2wCK5K4kYXLoQiuKxgH9CWMpncNEMnk2HmRiyhuHfrr/PfOH0sTKoXBg7fvQOHcwIluEHP+644e/sHh0fV49pJvXZ6dt6o902aaQY9lopUDwNqQHAJPeQoYKg00CQQMAjmndV+8Aba8FS+4kLBJKEzySPOKFrUnTZaXttbj7sr/K1oke1Mm5WPcZiyLAGJTFBjRr6ncJJTjZwJWNbGmQFF2ZzOYGSlpAmYSb72uXSvLQndKNX2SXTX9PePnCbGLJLAXiYUY1PereCfuyD5G//DZ5qqmLP3gt0clMFUhVGRbqwXUGxz1BpKh0pzaeOXRZpJjqYUC0b3k5xLlSFItkklyoSLqbtqyA25BoZiYQVlmttgXRZTTRnaHmu2Mb/cz67o37Z9q188UiWX5IrcEJ/ckUfyTLqkRxgJySf5ci6cB6ezadapbCtuksI4Tz+tucz9</latexit><latexit sha1_base64="WhDh6/xT2e4V+LA8A93lndK+FwQ="></latexit><latexit sha1_base64="WhDh6/xT2e4V+LA8A93lndK+FwQ="></latexit><latexit sha1_base64="LjYd8STnTxQtCw8FT+9kUzdA5wA="></latexit><latexit sha1_base64="LjYd8STnTxQtCw8FT+9kUzdA5wA="></latexit><latexit sha1_base64="cJ+mwa/Uv/JRszWdrKHYawpWGs4="></latexit><latexit sha1_base64="cJ+mwa/Uv/JRszWdrKHYawpWGs4="></latexit><latexit sha1_base64="cJ+mwa/Uv/JRszWdrKHYawpWGs4="></latexit><latexit sha1_base64="cJ+mwa/Uv/JRszWdrKHYawpWGs4="></latexit><latexit sha1_base64="LjYd8STnTxQtCw8FT+9kUzdA5wA="></latexit>

• In large n limit these horrible integrals reduce to quite simple expressions 

<latexit sha1_base64="FSKsvXpzgPev/vi01Wk/zNhkqEg="></latexit>

<latexit sha1_base64="HJ9P/d/YAKEkuyPNyNCkthv/et8="></latexit>



<latexit sha1_base64="3lhOeG6ii5d74CZHIplNYufU5Y8="></latexit>

• For some powers of       and these integrals are divergent as          
so we need regularization 

Computation of integrals

<latexit sha1_base64="XcPSYwGVB1gb/kYM80l3JmmvsGw="></latexit>

<latexit sha1_base64="2bWh2VkVeFMN5h9rla65lx1ZKec="></latexit>

• Consider for example the rung integral

• Take Fourier transform of all 4 terms

• Integrate out all      and get sum of integrals like
<latexit sha1_base64="swtM09mP3YDgBPBusWRR12g6KZM=">AAACmXicdZFNS8NAEIa38avWr1aPvQSL4KkkXvRY8VI8VbQf0Jay2U6apZvNsjsRSxD/gVf9a/4btx8H09aBgZdnZmB430AJbtDzfgrOzu7e/kHxsHR0fHJ6Vq6cd0ySagZtlohE9wJqQHAJbeQooKc00DgQ0A2mD/N59xW04Yl8wZmCYUwnkoecUZyjAdJ0VK55dW9R7qbwV6JGVtUaVQofg3HC0hgkMkGN6fuewmFGNXIm4L00SA0oyqZ0An0rJY3BDLPFs+/ulSVjN0y0bYnugv69yGhszCwO7GZMMTLrszncOgvi7fgfPtFURZy95d7NQBlM1DjM0+XrORRZM7WGtUWlubQZyDxNJUezZguGd8OMS5UiSLZ0JUyFi4k7j8kdcw0MxcwKyjS3xrosopoytGGWbGT+ekCbonNT961+8moNbxVekVTJJbkmPrklDdIkLdImjETkk3yRb6fq3DtN53G56hRWNxckV87zL1ik0KY=</latexit>

<latexit sha1_base64="kdQJgGEgcTARob+lcm83N+bD2w8="></latexit> <latexit sha1_base64="B4jh57K6oD6NywMZFtC7I0fkFRc="></latexit>

<latexit sha1_base64="2uNOnhFn5SE4+Gy4EBC96INyXM0=">AAACm3icdZFNS8NAEIa38avWz+pRhGARPEniRY+CFxEPFWwrtKVMtpNmdbNZdidiCeJf8Kr/zH/j9uNgqg4MvDwzA8P7RloKS0HwVfGWlldW16rrtY3Nre2d3fpe22a54djimczMQwQWpVDYIkESH7RBSCOJnejpajLvPKOxIlP3NNbYT2GkRCw4kEPtHkidwGC3EZwG0/J/i3AuGmxezUG98tYbZjxPURGXYG03DDT1CzAkuMTXWi+3qIE/wQi7TipI0faL6buv/rEjQz/OjGtF/pT+vCggtXacRm4zBUrs4mwC/5xF6d/4Hz4yoBPBX0rvFqgtZXoYl+ns9RJKnJ3G4MKiNkK5FFSZ5kqQXbCF4ot+IZTOCRWfuRLn0qfMnwTlD4VBTnLsBHAjnLE+T8AAJxdnzUUWLgb0W7TPTkOn74LGZTAPr8oO2BE7YSE7Z5fsmjVZi3H2yN7ZB/v0Dr0r78a7na16lfnNPiuV1/oGRCvRdg==</latexit>

<latexit sha1_base64="dw2fxxU+hVEKoRzcUHQw9I5t+o0=">AAACmnicdZFNS8NAEIa38avWr1aPeggWwVNJvOix6EXxUqFpC20pm+2kXdxslt2JWELxJ3jVn+a/cftxMG0dGHh5ZgaG9w2V4AY976fgbG3v7O4V90sHh0fHJ+XKacskqWYQsEQkuhNSA4JLCJCjgI7SQONQQDt8fZjN22+gDU9kEycK+jEdSR5xRtGioBcC0kG56tW8ebnrwl+KKllWY1ApfPSGCUtjkMgENabrewr7GdXImYBpqZcaUJS90hF0rZQ0BtPP5t9O3StLhm6UaNsS3Tn9e5HR2JhJHNrNmOLYrM5mcOMsjDfjf/hIUzXm7D33bgbKYKKGUZ4uXs+hsXVTa1hZVJpLG4LM01RyNCu2YHTXz7hUKYJkC1eiVLiYuLOc3CHXwFBMrKBMc2usy8ZUU4Y2zZKNzF8NaF20bmq+1S9ete4twyuSc3JJrolPbkmdPJIGCQgjnHySL/LtXDj3zpPzvFh1CsubM5Irp/kLM8bRAg==</latexit> <latexit sha1_base64="HaA0Nq51/DLgW4QQxSLHcFKUcBQ="></latexit>

• The simplest naïve way to regularize these integrals is to shift a power in
<latexit sha1_base64="eWR0/bBme5KwRsIq91bTph6JZBM=">AAACmnicdZFNS8NAEIa38avWr1aPeggWwVNJvOix6EXxUqFpC20pm+2kXdxslt2JWELxJ3jVn+a/cftxMG0dGHh5ZgaG9w2V4AY976fgbG3v7O4V90sHh0fHJ+XKacskqWYQsEQkuhNSA4JLCJCjgI7SQONQQDt8fZjN22+gDU9kEycK+jEdSR5xRtGiIBpk3nRQrno1b17uuvCXokqW1RhUCh+9YcLSGCQyQY3p+p7CfkY1ciZgWuqlBhRlr3QEXSsljcH0s/m3U/fKkqEbJdq2RHdO/15kNDZmEod2M6Y4NquzGdw4C+PN+B8+0lSNOXvPvZuBMpioYZSni9dzaGzd1BpWFpXm0oYg8zSVHM2KLRjd9TMuVYog2cKVKBUuJu4sJ3fINTAUEyso09wa67Ix1ZShTbNkI/NXA1oXrZuab/WLV617y/CK5Jxckmvik1tSJ4+kQQLCCCef5It8OxfOvfPkPC9WncLy5ozkymn+Ahun0Pc=</latexit>

Regularization

<latexit sha1_base64="FSKsvXpzgPev/vi01Wk/zNhkqEg="></latexit>



Results
• Using regularization and taking the limit            we find

<latexit sha1_base64="XborpXBE3t+pTP7HIlsJOzO6eJs="></latexit>

• Divergencies exactly cancel! There is no term! 
<latexit sha1_base64="sN5g1UHVH+bzBnPwz4oI3d3ZNwI="></latexit>

• We finally find

• Unfortunately this is a wrong answer! 

wrong!
<latexit sha1_base64="R7kHGYoWir+kfJBvnIb0TRQQcVc="></latexit>

�kSrung =
n↵G

�J

⇣2(q � 2)

✏
+ rung finite part

⌘

<latexit sha1_base64="Udozyy38meK3PPM8Qqg6+QIJaac="></latexit><latexit sha1_base64="cBPoN0/0qf+I+ii/hP5nXBYpHNQ="></latexit><latexit sha1_base64="cBPoN0/0qf+I+ii/hP5nXBYpHNQ="></latexit><latexit sha1_base64="Z4VTXlTLdVmQoy6K3yz+jFLP8F4="></latexit>

<latexit sha1_base64="eji2xabCmSQRDlLUyLc5deaUysM="></latexit>

<latexit sha1_base64="SFRESbVPez/lTAHxlWYIIzXHj+A="></latexit>

<latexit sha1_base64="//Ez2Xf2r9925LOaRkg9dn3h9D4="></latexit>

<latexit sha1_base64="vBV7ZZuHaIk4wtGer63tDTTdTGc="></latexit>



Numerics for Kernel eigenvalues

<latexit sha1_base64="2TrgHVnUy5pDJftWTOooQdUP6QQ="></latexit>

• Consider  symmetric or antisymmetric kernel made of exact numerical 
<latexit sha1_base64="B9GYQzQgivd+3WegmqwYxjaSgZ8="></latexit>

• The kernel commutes with operator
<latexit sha1_base64="nJosXmhOOBFHH1MU+w7CKVvTuC8="></latexit>

<latexit sha1_base64="971A5p0QYgS/pcOSK6P4YupBTxY="></latexit>

• Look for eigenfunctions of the kernel, which are eigfunctions of 
<latexit sha1_base64="loa5MVMYbCox5dVJ3eq+GKCviQw=">AAAClnicdZHLSgNBEEU74yvGV6Ibwc1gEFyFGTe6koCKLhMwD0hC6OnUJE16epruGjEMwQ9wqx/n39h5LJwkFhRcTlVBcW+gBDfoeT85Z2t7Z3cvv184ODw6PimWTpsmTjSDBotFrNsBNSC4hAZyFNBWGmgUCGgF44fZvPUG2vBYvuJEQS+iQ8lDzihaVH/sF8texZuXuy78pSiTZdX6pdxHdxCzJAKJTFBjOr6nsJdSjZwJmBa6iQFF2ZgOoWOlpBGYXjr/dOpeWTJww1jblujO6d+LlEbGTKLAbkYUR2Z1NoMbZ0G0Gf/Dh5qqEWfvmXdTUAZjNQizdPF6Bo2sk1rDyqLSXNoAZJYmkqNZsQXDu17KpUoQJFu4EibCxdidZeQOuAaGYmIFZZpbY102opoytEkWbGT+akDronlT8a2ue+WqtwwvTy7IJbkmPrklVfJCaqRBGAHySb7It3Pu3DtPzvNi1cktb85IppzaL9wrzyY=</latexit>

<latexit sha1_base64="g8XGGNKf/mkH/fjQHRjr3aTBquY="></latexit>

• Projecting on a given sector     we obtain a simple formula for the kernel  
<latexit sha1_base64="JdyrsFr3UJ0+bmyD2bALGOrGlgw=">AAAClnicdZFNS8NAEIa38avWr1YvgpdgETyVxIuepCCixxbsB7SlbLaTdnGzWXYnYgnFH+BVf5z/xm2bg2nrwMDLMzMwvG+gBDfoeT8FZ2t7Z3evuF86ODw6PilXTtsmTjSDFotFrLsBNSC4hBZyFNBVGmgUCOgErw/zeecNtOGxfMGpgkFEx5KHnFG0qCmH5apX8xblrgs/E1WSVWNYKXz0RzFLIpDIBDWm53sKBynVyJmAWamfGFCUvdIx9KyUNAIzSBefztwrS0ZuGGvbEt0F/XuR0siYaRTYzYjixKzO5nDjLIg243/4WFM14ew9924KymCsRmGeLl/PoYl1UmtYWVSaSxuAzNNEcjQrtmB4N0i5VAmCZEtXwkS4GLvzjNwR18BQTK2gTHNrrMsmVFOGNsmSjcxfDWhdtG9qvtVNr1r3svCK5IJckmvik1tSJ8+kQVqEESCf5It8O+fOvfPoPC1XnUJ2c0Zy5TR+AThuz1A=</latexit>

<latexit sha1_base64="xvgtXfUTchSB4uoO4yQcyHqbkcA="></latexit>

• Find eigenvalues of 
discretized matrix

<latexit sha1_base64="u5X11Y9hbdksKEo1yYvdvoIOsQ4="></latexit>

<latexit sha1_base64="mNrFZW5AwJbKpeWutEWRprqgw+w="></latexit>

J.Maldacena, D.Stanford ’16



Numerics for Antisymmetric Kernel

<latexit sha1_base64="UFdCzv/DShSDBdsck+OH/DHvCUU="></latexit>

<latexit sha1_base64="//Ez2Xf2r9925LOaRkg9dn3h9D4="></latexit>

<latexit sha1_base64="Gyzk6h1cmMaMQB5BfDvcQX+mdPs="></latexit>



Sanity checks for Symmetric Kernel

<latexit sha1_base64="pnovWgwjulChEk3SQY51ftaABsY="></latexit>

<latexit sha1_base64="TcdEoWqmD1aZyKfOd9emmkTGdLQ="></latexit>

v

<latexit sha1_base64="moWF2vBMXhHxJ4W+5nG5/Zw8xT4="></latexit>



Numerics for Symmetric Kernel
• Guess

• Wrong result
<latexit sha1_base64="n/Ui4JEZdg2wrENDDOVmh9MD2UY="></latexit>

<latexit sha1_base64="4CBbcFeowD7C31mJEk/Yg/bdSUY="></latexit>

<latexit sha1_base64="Z/GbF2oGzhQehSgcnEEBDDOpWB0="></latexit>

• Guess

<latexit sha1_base64="cZYpC4lSNUaN5gL9WmGOtZJ2iRo="></latexit>



Thank you for your attention!


