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Introduction

• Interested in retarded response of strongly coupled QFTs at 
finite temperature. 

• Simplest (linear) case: 2-point function. 

• Crucially depends on time-ordering. Need to go beyond 
standard holography: real-time holography. 

• Standard holography is well-suited to Euclidean problems/
problems that do not involve a state/initial data. 

<latexit sha1_base64="KF1JC5kLgj/GlcvayyvCFlJ99eU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvHisaD+gDWWz3bRLN5uwOxFL6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rUeujYjVA44T7kd0oEQoGEUr3T/1vF654lbdGcgy8XJSgRz1Xvmr249ZGnGFTFJjOp6boJ9RjYJJPil1U8MTykZ0wDuWKhpx42ezUyfkxCp9EsbalkIyU39PZDQyZhwFtjOiODSL3lT8z+ukGF75mVBJilyx+aIwlQRjMv2b9IXmDOXYEsq0sLcSNqSaMrTplGwI3uLLy6R5VvUuqud355XadR5HEY7gGE7Bg0uowS3UoQEMBvAMr/DmSOfFeXc+5q0FJ585hD9wPn8ADWqNpQ==</latexit>x1

<latexit sha1_base64="fJFePIcDXZzBlT69IUpCNMAEaI0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoJ4k4MVjRPOAZAmzk95kyOzsMjMrhpBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81iMqzWP5YMYJ+hEdSB5yRo2V7p96lV6x5JbdOcgq8TJSggz1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeGVP+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSrJS9i3L1rlqqXWdx5OEETuEcPLiEGtxCHRrAYADP8ApvjnBenHfnY9Gac7KZY/gD5/MHDu6Npg==</latexit>x2
<latexit sha1_base64="QjfqVzsoJkJCprehiArpyyNZ4vw="></latexit>

Gra(x1, x2) = �i ✓(x0
1 � x0

2)h[O(x1),O(x2)]i

<latexit sha1_base64="ldLaiT4+2u3o5it29B9w6xZsXqw=">AAACDHicbVDLSsNAFJ3Ud31VXboZLEJdWBIRdaMIgogrRVuLaQiT6W0dnDyYuRFLyAe48VfcuFDErR/gzr9xWrPwdWDgcM653LknSKTQaNsfVmlkdGx8YnKqPD0zOzdfWVhs6jhVHBo8lrFqBUyDFBE0UKCEVqKAhYGEi+D6YOBf3IDSIo7OsZ+AF7JeJLqCMzSSX6le+tnp4XnuHnu7bYRbzOA2yWvrZ37WU+xmoK+ZlF23h6B/iVOQKilw4lfe252YpyFEyCXT2nXsBL2MKRRcQl5upxoSxq9ZD1xDIxaC9rLhMTldNUqHdmNlXoR0qH6fyFiodT8MTDJkeKV/ewPxP89NsbvjZSJKUoSIfy3qppJiTAfN0I5QwFH2DWFcCfNXyq+YYhxNf2VTgvP75L+kuVF3tuqbp5vV/b2ijkmyTFZIjThkm+yTI3JCGoSTO/JAnsizdW89Wi/W61e0ZBUzS+QHrLdPVWCbKQ==</latexit>

ZQFT [J ] = exp(�Sgrav[J ])
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• However, 2-point functions extensively studied in the literature. 

• Proposed ingoing boundary conditions by [Son, Starinets ’02]
[Herzog, Son ’02]. Found simple poles at QNM frequencies. 

• Unsatisfactory: interpretation from a boundary perspective? 

• Ingoing condition can be derived explicitly from a real-time 
holographic perspective [Skenderis, van Rees ’08][van Rees ’09]

<latexit sha1_base64="QjfqVzsoJkJCprehiArpyyNZ4vw="></latexit>

Gra(x1, x2) = �i ✓(x0
1 � x0

2)h[O(x1),O(x2)]i



4

• Simplest case involving non-linearities: 3-point function. 

• Non-linear problem in the bulk: consider interactions in bulk.  

• Today: compute retarded scalar 3-point function in the real-
time holography a la [Skenderis, van Rees ’08], without 
assuming ingoing boundary conditions at the horizon.

<latexit sha1_base64="KF1JC5kLgj/GlcvayyvCFlJ99eU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvHisaD+gDWWz3bRLN5uwOxFL6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rUeujYjVA44T7kd0oEQoGEUr3T/1vF654lbdGcgy8XJSgRz1Xvmr249ZGnGFTFJjOp6boJ9RjYJJPil1U8MTykZ0wDuWKhpx42ezUyfkxCp9EsbalkIyU39PZDQyZhwFtjOiODSL3lT8z+ukGF75mVBJilyx+aIwlQRjMv2b9IXmDOXYEsq0sLcSNqSaMrTplGwI3uLLy6R5VvUuqud355XadR5HEY7gGE7Bg0uowS3UoQEMBvAMr/DmSOfFeXc+5q0FJ585hD9wPn8ADWqNpQ==</latexit>x1

<latexit sha1_base64="fJFePIcDXZzBlT69IUpCNMAEaI0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoJ4k4MVjRPOAZAmzk95kyOzsMjMrhpBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81iMqzWP5YMYJ+hEdSB5yRo2V7p96lV6x5JbdOcgq8TJSggz1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeGVP+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSrJS9i3L1rlqqXWdx5OEETuEcPLiEGtxCHRrAYADP8ApvjnBenHfnY9Gac7KZY/gD5/MHDu6Npg==</latexit>x2

<latexit sha1_base64="7AJQOgReoRSzrOo7md7/y3i/1uQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexqUE8S8OIxonlAsoTZySQZMju7zPSKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbEUBl3328mtrK6tb+Q3C1vbO7t7xf2DhokSzXidRTLSrYAaLoXidRQoeSvWnIaB5M1gdDP1m49cGxGpBxzH3A/pQIm+YBStdP/UPe8WS27ZnYEsEy8jJchQ6xa/Or2IJSFXyCQ1pu25Mfop1SiY5JNCJzE8pmxEB7xtqaIhN346O3VCTqzSI/1I21JIZurviZSGxozDwHaGFIdm0ZuK/3ntBPtXfipUnCBXbL6on0iCEZn+TXpCc4ZybAllWthbCRtSTRnadAo2BG/x5WXSOCt7F+XKXaVUvc7iyMMRHMMpeHAJVbiFGtSBwQCe4RXeHOm8OO/Ox7w152Qzh/AHzucPEHKNpw==</latexit>x3

<latexit sha1_base64="BYGKihqRKFMKtQmBkYJrSlMtjBc="></latexit>

Graa(x1, x2, x3) = �✓(x0
1 � x0

2)✓(x
0
2 � x0

3)
⌦
[[O(x1),O(x2)],O(x3)]

↵
+ (2 $ 3)

<latexit sha1_base64="KF1JC5kLgj/GlcvayyvCFlJ99eU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvHisaD+gDWWz3bRLN5uwOxFL6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rUeujYjVA44T7kd0oEQoGEUr3T/1vF654lbdGcgy8XJSgRz1Xvmr249ZGnGFTFJjOp6boJ9RjYJJPil1U8MTykZ0wDuWKhpx42ezUyfkxCp9EsbalkIyU39PZDQyZhwFtjOiODSL3lT8z+ukGF75mVBJilyx+aIwlQRjMv2b9IXmDOXYEsq0sLcSNqSaMrTplGwI3uLLy6R5VvUuqud355XadR5HEY7gGE7Bg0uowS3UoQEMBvAMr/DmSOfFeXc+5q0FJ585hD9wPn8ADWqNpQ==</latexit>x1

<latexit sha1_base64="fJFePIcDXZzBlT69IUpCNMAEaI0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoJ4k4MVjRPOAZAmzk95kyOzsMjMrhpBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81iMqzWP5YMYJ+hEdSB5yRo2V7p96lV6x5JbdOcgq8TJSggz1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeGVP+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSrJS9i3L1rlqqXWdx5OEETuEcPLiEGtxCHRrAYADP8ApvjnBenHfnY9Gac7KZY/gD5/MHDu6Npg==</latexit>x2

<latexit sha1_base64="7AJQOgReoRSzrOo7md7/y3i/1uQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexqUE8S8OIxonlAsoTZySQZMju7zPSKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbEUBl3328mtrK6tb+Q3C1vbO7t7xf2DhokSzXidRTLSrYAaLoXidRQoeSvWnIaB5M1gdDP1m49cGxGpBxzH3A/pQIm+YBStdP/UPe8WS27ZnYEsEy8jJchQ6xa/Or2IJSFXyCQ1pu25Mfop1SiY5JNCJzE8pmxEB7xtqaIhN346O3VCTqzSI/1I21JIZurviZSGxozDwHaGFIdm0ZuK/3ntBPtXfipUnCBXbL6on0iCEZn+TXpCc4ZybAllWthbCRtSTRnadAo2BG/x5WXSOCt7F+XKXaVUvc7iyMMRHMMpeHAJVbiFGtSBwQCe4RXeHOm8OO/Ox7w152Qzh/AHzucPEHKNpw==</latexit>x3
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Motivations…

• Extend real-time holography. 

• Is there a simple ingoing computation for higher point 
correlation functions?  

• QNMs as poles of . Does this universality of BH ringdown 
extend to higher points?  

Overarching line: non-linearities in black holes in AdS as well as 
in flat spacetime, and their implications.

<latexit sha1_base64="o9YBI9NUXKFyJH19D35OewxEJaM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpeNBjBfsBbSib7bRdutmE3Y1QQn+EFw+KePX3ePPfuGlz0NYHA4/3ZpiZF8SCa+O6305hbX1jc6u4XdrZ3ds/KB8etXSUKIZNFolIdQKqUXCJTcONwE6skIaBwHYwuc389hMqzSP5aKYx+iEdST7kjBorte/6qaKzUr9ccavuHGSVeDmpQI5Gv/zVG0QsCVEaJqjWXc+NjZ9SZTgTOCv1Eo0xZRM6wq6lkoao/XR+7oycWWVAhpGyJQ2Zq78nUhpqPQ0D2xlSM9bLXib+53UTM7z2Uy7jxKBki0XDRBATkex3MuAKmRFTSyhT3N5K2JgqyoxNKAvBW355lbQuqt5ltfZQq9Rv8jiKcAKncA4eXEEd7qEBTWAwgWd4hTcndl6cd+dj0Vpw8plj+APn8wfaN49A</latexit>

Gra
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1. Real-time Holography 
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• We need a QFT generating function for computing the 
correlators of interest. 

• Consider a QFT on a closed Schwinger-Keldysh contour. 

• Label operators/sources by position on the contour. 

• Switch to a convenient basis: a/r basis 

<latexit sha1_base64="1La3GZhLjlbIjpjEIz5dCXWKdJo=">AAACLnicbVDLSgMxFM3UV62vqks3wSJUkDJTirosiiBurGAf0CnlTpq2oZmHSUYtQ7/Ijb+iC0FF3PoZZqZd1NYLISfnnsvNOU7AmVSm+W6kFhaXllfSq5m19Y3Nrez2Tk36oSC0Snzui4YDknLm0apiitNGICi4Dqd1Z3Ae9+v3VEjme7dqGNCWCz2PdRkBpal29sJ2QfUJ8Oh61Lbyj4dH00RRE/ZdCB1bsF5fgRD+Q/LGV2OxvmNNO5szC2ZSeB5YE5BDk6q0s692xyehSz1FOEjZtMxAtSIQihFORxk7lDQAMoAebWrogUtlK0rsjvCBZjq46wt9PIUTdnoiAlfKoetoZexFzvZi8r9eM1Td01bEvCBU1CPjRd2QY+XjODvcYYISxYcaABFM/xWTPgggSiec0SFYs5bnQa1YsI4LpZtSrnw2iSON9tA+yiMLnaAyukQVVEUEPaEX9IE+jWfjzfgyvsfSlDGZ2UV/yvj5BbOqp6U=</latexit>

O1(x),O2(x) ! J1(x), J2(x)

<latexit sha1_base64="UHBLy/60YaO5JF1WoukTN/5MxmE="></latexit>

Ja(x) = J1(x)� J2(x), Jr(x) =
1

2
(J1(x) + J2(x)) ,

Oa(x) = O1(x)�O2(x), Or(x) =
1

2
(O1(x) +O2(x)) .

<latexit sha1_base64="BQhzcH696yh45oiBkuBhvSlUv/0=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgxpJIUTdC0U2XFewDmlgm05t26CQTZiZKif0UNy4UceuXuPNvnD4W2nrgwuGce7n3niDhTGnH+bZyK6tr6xv5zcLW9s7unl3cbyqRSgoNKriQ7YAo4CyGhmaaQzuRQKKAQysY3kz81gNIxUR8p0cJ+BHpxyxklGgjde2iJwfiCu6zUy8ATXBt3LVLTtmZAi8Td05KaI561/7yeoKmEcSacqJUx3US7WdEakY5jAteqiAhdEj60DE0JhEoP5uePsbHRunhUEhTscZT9fdERiKlRlFgOiOiB2rRm4j/eZ1Uh5d+xuIk1RDT2aIw5VgLPMkB95gEqvnIEEIlM7diOiCSUG3SKpgQ3MWXl0nzrOyelyu3lVL1eh5HHh2iI3SCXHSBqqiG6qiBKHpEz+gVvVlP1ov1bn3MWnPWfOYA/YH1+QOFZZOI</latexit>

⇢ = e��H ⌧
<latexit sha1_base64="JOFO19XTPzDFieE6nawH+F4Qsgk=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFZI+aLsrunFZwT6gDWUynbZDJ5MwcyOU0F9w40IRt/6QO//GSVpBRQ9cOJxzL/fe40eCa3CcDyu3sbm1vZPfLeztHxweFY9PujqMFWUdGopQ9X2imeCSdYCDYP1IMRL4gvX8+XXq9+6Z0jyUd7CImBeQqeQTTgmk0hBIPCqWHLvZqFTrLjakXquVM9JoVitN7NpOhhJaoz0qvg/HIY0DJoEKovXAdSLwEqKAU8GWhWGsWUTonEzZwFBJAqa9JLt1iS+MMsaTUJmSgDP1+0RCAq0XgW86AwIz/dtLxb+8QQyThpdwGcXAJF0tmsQCQ4jTx/GYK0ZBLAwhVHFzK6YzoggFE0/BhPD1Kf6fdMu2W7HLt9VS62odRx6doXN0iVxURy10g9qogyiaoQf0hJ6twHq0XqzXVWvOWs+coh+w3j4Bt22Osw==</latexit>

t1
<latexit sha1_base64="t6B5FFzOXud047CRvoxKyPsyGfA=">AAAB6nicdVDLSsNAFJ34rPVVdelmsAiuQtIHbXdFNy4r2ge0oUymk3boZBJmboQS+gluXCji1i9y5984TSuo6IELh3Pu5d57/FhwDY7zYa2tb2xubed28rt7+weHhaPjjo4SRVmbRiJSPZ9oJrhkbeAgWC9WjIS+YF1/erXwu/dMaR7JO5jFzAvJWPKAUwJGuoWhOywUHbtRL1dqLjakVq2WMlJvVMoN7NpOhiJaoTUsvA9GEU1CJoEKonXfdWLwUqKAU8Hm+UGiWUzolIxZ31BJQqa9NDt1js+NMsJBpExJwJn6fSIlodaz0DedIYGJ/u0txL+8fgJB3Uu5jBNgki4XBYnAEOHF33jEFaMgZoYQqri5FdMJUYSCSSdvQvj6FP9POiXbLdulm0qxebmKI4dO0Rm6QC6qoSa6Ri3URhSN0QN6Qs+WsB6tF+t12bpmrWZO0A9Yb5+b2I4H</latexit>

t2
<latexit sha1_base64="4J/mfUznxKVcCbXGQFQXdJCZ7/Q=">AAAB6nicdVDLSsNAFJ34rPVVdelmsAiuQtIHbXdFNy4r2ge0oUymk3boZBJmboQS+gluXCji1i9y5984TSuo6IELh3Pu5d57/FhwDY7zYa2tb2xubed28rt7+weHhaPjjo4SRVmbRiJSPZ9oJrhkbeAgWC9WjIS+YF1/erXwu/dMaR7JO5jFzAvJWPKAUwJGuoVhaVgoOnajXq7UXGxIrVotZaTeqJQb2LWdDEW0QmtYeB+MIpqETAIVROu+68TgpUQBp4LN84NEs5jQKRmzvqGShEx7aXbqHJ8bZYSDSJmSgDP1+0RKQq1noW86QwIT/dtbiH95/QSCupdyGSfAJF0uChKBIcKLv/GIK0ZBzAwhVHFzK6YToggFk07ehPD1Kf6fdEq2W7ZLN5Vi83IVRw6dojN0gVxUQ010jVqojSgaowf0hJ4tYT1aL9brsnXNWs2coB+w3j4BnVyOCA==</latexit>

�i�
<latexit sha1_base64="AIM99Q/5bXgFqds1l8LF3nRALcE=">AAAB7nicdVBNS8NAEN34WetX1aOXxSJ4MSSt2ngrevFYwX5AG8pmO2mXbjZhdyOU0B/hxYMiXv093vw3btMKKvpg4PHeDDPzgoQzpR3nw1paXlldWy9sFDe3tnd2S3v7LRWnkkKTxjyWnYAo4ExAUzPNoZNIIFHAoR2Mr2d++x6kYrG405ME/IgMBQsZJdpI7VPWC0CTfqns2Jde7aLi4Zx4bnVOzr0qdm0nRxkt0OiX3nuDmKYRCE05UarrOon2MyI1oxymxV6qICF0TIbQNVSQCJSf5edO8bFRBjiMpSmhca5+n8hIpNQkCkxnRPRI/fZm4l9eN9Wh52dMJKkGQeeLwpRjHePZ73jAJFDNJ4YQKpm5FdMRkYRqk1DRhPD1Kf6ftCq2W7Urt2fl+tUijgI6REfoBLmohuroBjVQE1E0Rg/oCT1bifVovViv89YlazFzgH7AevsEnaaPxg==</latexit>

<latexit sha1_base64="ayNYRyojY+Kw2iaJQ3sMUgldPtg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzjwBuWKW3UXIOvEy0kFcjQH5a/+MGZpxBUySY3peW6CfkY1Cib5rNRPDU8om9AR71mqaMSNny1OnZELqwxJGGtbCslC/T2R0ciYaRTYzoji2Kx6c/E/r5dieONnQiUpcsWWi8JUEozJ/G8yFJozlFNLKNPC3krYmGrK0KZTsiF4qy+vk/ZV1atXa/e1SqOWx1GEMziHS/DgGhpwB01oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHwRQjZc=</latexit>

t1

<latexit sha1_base64="G/36Si6VVU2l1CHxFlNXDSqMm08=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzioDcoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buq1u/rlUY9j6MIZ3AOl+DBNTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifPwXUjZg=</latexit>

t2<latexit sha1_base64="c03Lejpi70ja4EqIDzlzOSS3xgc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ae0oWy2m3bpbhJ2J0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUkS8jQIl7yWaUxVI3g2md7nffeLaiDh6xFnCfUXHkQgFo5hLA6TpsFpz6+4CZJ14BalBgdaw+jUYxSxVPEImqTF9z03Qz6hGwSSfVwap4QllUzrmfUsjqrjxs8Wtc3JhlREJY20rQrJQf09kVBkzU4HtVBQnZtXLxf+8forhrZ+JKEmRR2y5KEwlwZjkj5OR0JyhnFlCmRb2VsImVFOGNp6KDcFbfXmddK7q3nW98dCoNRtFHGU4g3O4BA9uoAn30II2MJjAM7zCm6OcF+fd+Vi2lpxi5hT+wPn8AR/ljkM=</latexit>⌧



• QFT path integral on this complex-time contour generates 
contour-ordered correlation function. 

• One can check that the contour ordering indeed gives 

    
    
            + higher point functions…  
   

(modulo Fluctuation-Dissipation theorems)
8

Symmetric 

Retarded 

Advanced

<latexit sha1_base64="aZZyUXrPAnBT4O0pa4S5gBHHocM="></latexit>

Grr(x1, x2) = �i h{O(x1),O(x2)}i ,

Gra(x1, x2) = �i ✓(x0
1 � x

0
2)h[O(x1),O(x2)]i ,

Gar(x1, x2) = i ✓(x0
2 � x

0
1)h[O(x1),O(x2)]i ,

Gaa(x1, x2) = 0 ,

<latexit sha1_base64="11kCKC0YDoW5zSIF8elHNYLEPpA="></latexit>

G↵1...↵n(x1, x2 . . . , xn) = 2nr�1i
�nZ

�J↵̄1 . . . �J↵̄n

����
Jr=Ja=0

,

Z[Ja(x), Jr(x)] =
D
Tpe

�i
R
(Ja(y)Or(y)+Jr(y)Oa(y))

E
,

Contour ordering
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• Power of holography: gives         from gravity. 

• What is the bulk geometry dual to the complex SK contour? 

• [Skenderis, van Rees ’08]: Euclidean cigar, joint with two 
Lorentzian black hole segments. 

• Demand fields to be piecewise-smooth and  at the joints. 
<latexit sha1_base64="4DfQtj+hdBWQzRDqOOIWAJBBuuk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUE8SyMVjRPOAZA2zk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY1WZ+6wmV5rF8MOME/YgOJA85o8ZK97VHr1csuWV3DrJKvIyUIEO9V/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn81Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjtT7hMUoOSLRaFqSAmJrO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt+eZU0L8reZblyVylVb7I48nACp3AOHlxBFW6hDg1gMIBneIU3RzgvzrvzsWjNOdnMMfyB8/kDuxiNbw==</latexit>

C1

t1
<latexit sha1_base64="t6B5FFzOXud047CRvoxKyPsyGfA=">AAAB6nicdVDLSsNAFJ34rPVVdelmsAiuQtIHbXdFNy4r2ge0oUymk3boZBJmboQS+gluXCji1i9y5984TSuo6IELh3Pu5d57/FhwDY7zYa2tb2xubed28rt7+weHhaPjjo4SRVmbRiJSPZ9oJrhkbeAgWC9WjIS+YF1/erXwu/dMaR7JO5jFzAvJWPKAUwJGuoWhOywUHbtRL1dqLjakVq2WMlJvVMoN7NpOhiJaoTUsvA9GEU1CJoEKonXfdWLwUqKAU8Hm+UGiWUzolIxZ31BJQqa9NDt1js+NMsJBpExJwJn6fSIlodaz0DedIYGJ/u0txL+8fgJB3Uu5jBNgki4XBYnAEOHF33jEFaMgZoYQqri5FdMJUYSCSSdvQvj6FP9POiXbLdulm0qxebmKI4dO0Rm6QC6qoSa6Ri3URhSN0QN6Qs+WsB6tF+t12bpmrWZO0A9Yb5+b2I4H</latexit>

⌧
<latexit sha1_base64="JOFO19XTPzDFieE6nawH+F4Qsgk=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFZI+aLsrunFZwT6gDWUynbZDJ5MwcyOU0F9w40IRt/6QO//GSVpBRQ9cOJxzL/fe40eCa3CcDyu3sbm1vZPfLeztHxweFY9PujqMFWUdGopQ9X2imeCSdYCDYP1IMRL4gvX8+XXq9+6Z0jyUd7CImBeQqeQTTgmk0hBIPCqWHLvZqFTrLjakXquVM9JoVitN7NpOhhJaoz0qvg/HIY0DJoEKovXAdSLwEqKAU8GWhWGsWUTonEzZwFBJAqa9JLt1iS+MMsaTUJmSgDP1+0RCAq0XgW86AwIz/dtLxb+8QQyThpdwGcXAJF0tmsQCQ4jTx/GYK0ZBLAwhVHFzK6YzoggFE0/BhPD1Kf6fdMu2W7HLt9VS62odRx6doXN0iVxURy10g9qogyiaoQf0hJ6twHq0XqzXVWvOWs+coh+w3j4Bt22Osw==</latexit>

<latexit sha1_base64="G/36Si6VVU2l1CHxFlNXDSqMm08=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzioDcoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buq1u/rlUY9j6MIZ3AOl+DBNTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifPwXUjZg=</latexit>

t2
<latexit sha1_base64="ayNYRyojY+Kw2iaJQ3sMUgldPtg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzjwBuWKW3UXIOvEy0kFcjQH5a/+MGZpxBUySY3peW6CfkY1Cib5rNRPDU8om9AR71mqaMSNny1OnZELqwxJGGtbCslC/T2R0ciYaRTYzoji2Kx6c/E/r5dieONnQiUpcsWWi8JUEozJ/G8yFJozlFNLKNPC3krYmGrK0KZTsiF4qy+vk/ZV1atXa/e1SqOWx1GEMziHS/DgGhpwB01oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHwRQjZc=</latexit>

t1

<latexit sha1_base64="68o0/3jEOB9Z32W+l9zoz8oty/A=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi3iqYD8wDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaWV1b3yhvVra2d3b3qvsHbR2nitAWiXmsuiHWlDNJW4YZTruJoliEnHbC8U3ud56o0iyWD2aS0EDgoWQRI9jk0qN/F/SrNbfuzoCWiVeQGhRo9qtfvUFMUkGlIRxr7XtuYoIMK8MIp9NKL9U0wWSMh9S3VGJBdZDNbp2iE6sMUBQrW9Kgmfp7IsNC64kIbafAZqQXvVz8z/NTE10FGZNJaqgk80VRypGJUf44GjBFieETSzBRzN6KyAgrTIyNp2JD8BZfXibts7p3UT+/P681ros4ynAEx3AKHlxCA26hCS0gMIJneIU3RzgvzrvzMW8tOcXMIfyB8/kDs5WOBw==</latexit>

Z[J ]

⌧
<latexit sha1_base64="JOFO19XTPzDFieE6nawH+F4Qsgk=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFZI+aLsrunFZwT6gDWUynbZDJ5MwcyOU0F9w40IRt/6QO//GSVpBRQ9cOJxzL/fe40eCa3CcDyu3sbm1vZPfLeztHxweFY9PujqMFWUdGopQ9X2imeCSdYCDYP1IMRL4gvX8+XXq9+6Z0jyUd7CImBeQqeQTTgmk0hBIPCqWHLvZqFTrLjakXquVM9JoVitN7NpOhhJaoz0qvg/HIY0DJoEKovXAdSLwEqKAU8GWhWGsWUTonEzZwFBJAqa9JLt1iS+MMsaTUJmSgDP1+0RCAq0XgW86AwIz/dtLxb+8QQyThpdwGcXAJF0tmsQCQ4jTx/GYK0ZBLAwhVHFzK6YzoggFE0/BhPD1Kf6fdMu2W7HLt9VS62odRx6doXN0iVxURy10g9qogyiaoQf0hJ6twHq0XqzXVWvOWs+coh+w3j4Bt22Osw==</latexit>

t1
<latexit sha1_base64="t6B5FFzOXud047CRvoxKyPsyGfA=">AAAB6nicdVDLSsNAFJ34rPVVdelmsAiuQtIHbXdFNy4r2ge0oUymk3boZBJmboQS+gluXCji1i9y5984TSuo6IELh3Pu5d57/FhwDY7zYa2tb2xubed28rt7+weHhaPjjo4SRVmbRiJSPZ9oJrhkbeAgWC9WjIS+YF1/erXwu/dMaR7JO5jFzAvJWPKAUwJGuoWhOywUHbtRL1dqLjakVq2WMlJvVMoN7NpOhiJaoTUsvA9GEU1CJoEKonXfdWLwUqKAU8Hm+UGiWUzolIxZ31BJQqa9NDt1js+NMsJBpExJwJn6fSIlodaz0DedIYGJ/u0txL+8fgJB3Uu5jBNgki4XBYnAEOHF33jEFaMgZoYQqri5FdMJUYSCSSdvQvj6FP9POiXbLdulm0qxebmKI4dO0Rm6QC6qoSa6Ri3URhSN0QN6Qs+WsB6tF+t12bpmrWZO0A9Yb5+b2I4H</latexit>

t2
<latexit sha1_base64="4J/mfUznxKVcCbXGQFQXdJCZ7/Q=">AAAB6nicdVDLSsNAFJ34rPVVdelmsAiuQtIHbXdFNy4r2ge0oUymk3boZBJmboQS+gluXCji1i9y5984TSuo6IELh3Pu5d57/FhwDY7zYa2tb2xubed28rt7+weHhaPjjo4SRVmbRiJSPZ9oJrhkbeAgWC9WjIS+YF1/erXwu/dMaR7JO5jFzAvJWPKAUwJGuoVhaVgoOnajXq7UXGxIrVotZaTeqJQb2LWdDEW0QmtYeB+MIpqETAIVROu+68TgpUQBp4LN84NEs5jQKRmzvqGShEx7aXbqHJ8bZYSDSJmSgDP1+0RKQq1noW86QwIT/dtbiH95/QSCupdyGSfAJF0uChKBIcKLv/GIK0ZBzAwhVHFzK6YToggFk07ehPD1Kf6fdEq2W7ZLN5Vi83IVRw6dojN0gVxUQ010jVqojSgaowf0hJ4tYT1aL9brsnXNWs2coB+w3j4BnVyOCA==</latexit>

�i�
<latexit sha1_base64="AIM99Q/5bXgFqds1l8LF3nRALcE=">AAAB7nicdVBNS8NAEN34WetX1aOXxSJ4MSSt2ngrevFYwX5AG8pmO2mXbjZhdyOU0B/hxYMiXv093vw3btMKKvpg4PHeDDPzgoQzpR3nw1paXlldWy9sFDe3tnd2S3v7LRWnkkKTxjyWnYAo4ExAUzPNoZNIIFHAoR2Mr2d++x6kYrG405ME/IgMBQsZJdpI7VPWC0CTfqns2Jde7aLi4Zx4bnVOzr0qdm0nRxkt0OiX3nuDmKYRCE05UarrOon2MyI1oxymxV6qICF0TIbQNVSQCJSf5edO8bFRBjiMpSmhca5+n8hIpNQkCkxnRPRI/fZm4l9eN9Wh52dMJKkGQeeLwpRjHePZ73jAJFDNJ4YQKpm5FdMRkYRqk1DRhPD1Kf6ftCq2W7Urt2fl+tUijgI6REfoBLmohuroBjVQE1E0Rg/oCT1bifVovViv89YlazFzgH7AevsEnaaPxg==</latexit>

<latexit sha1_base64="ayNYRyojY+Kw2iaJQ3sMUgldPtg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzjwBuWKW3UXIOvEy0kFcjQH5a/+MGZpxBUySY3peW6CfkY1Cib5rNRPDU8om9AR71mqaMSNny1OnZELqwxJGGtbCslC/T2R0ciYaRTYzoji2Kx6c/E/r5dieONnQiUpcsWWi8JUEozJ/G8yFJozlFNLKNPC3krYmGrK0KZTsiF4qy+vk/ZV1atXa/e1SqOWx1GEMziHS/DgGhpwB01oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHwRQjZc=</latexit>

t1

<latexit sha1_base64="G/36Si6VVU2l1CHxFlNXDSqMm08=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzioDcoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buq1u/rlUY9j6MIZ3AOl+DBNTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifPwXUjZg=</latexit>

t2<latexit sha1_base64="c03Lejpi70ja4EqIDzlzOSS3xgc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ae0oWy2m3bpbhJ2J0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUkS8jQIl7yWaUxVI3g2md7nffeLaiDh6xFnCfUXHkQgFo5hLA6TpsFpz6+4CZJ14BalBgdaw+jUYxSxVPEImqTF9z03Qz6hGwSSfVwap4QllUzrmfUsjqrjxs8Wtc3JhlREJY20rQrJQf09kVBkzU4HtVBQnZtXLxf+8forhrZ+JKEmRR2y5KEwlwZjkj5OR0JyhnFlCmRb2VsImVFOGNp6KDcFbfXmddK7q3nW98dCoNRtFHGU4g3O4BA9uoAn30II2MJjAM7zCm6OcF+fd+Vi2lpxi5hT+wPn8AR/ljkM=</latexit>⌧
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2. Holography &
 ingoing boundary conditions 



• Consider a massive scalar field in the bulk, with  
interactions. 

• With no sources, the thermal state has .  

• Turn on perturbative sources . Then  

                            

• This gives the following BVPs: 
  

<latexit sha1_base64="zGlJqGMeRmnk26IAxcqHXio3Xao=">AAAB9XicbVDLSsNAFL2pr1pfVZduBovgqiRaqispuHFZwT6gSctkMmmHTiZhZqKU0P9w40IRt/6LO//GaZuFth4YOJxzLvfO8RPOlLbtb6uwtr6xuVXcLu3s7u0flA+P2ipOJaEtEvNYdn2sKGeCtjTTnHYTSXHkc9rxx7czv/NIpWKxeNCThHoRHgoWMoK1kfouN9EAIzcZsf7loFyxq/YcaJU4OalAjuag/OUGMUkjKjThWKmeYyfay7DUjHA6LbmpogkmYzykPUMFjqjysvnVU3RmlACFsTRPaDRXf09kOFJqEvkmGWE9UsveTPzP66U6vPYyJpJUU0EWi8KUIx2jWQUoYJISzSeGYCKZuRWREZaYaFNUyZTgLH95lbQvqk69WruvVRo3eR1FOIFTOAcHrqABd9CEFhCQ8Ayv8GY9WS/Wu/WxiBasfOYY/sD6/AHZjJIW</latexit>

��3

<latexit sha1_base64="rbs7eZxPbCaxKfLh5IPvnBBsjZI=">AAACBnicbVBNS8NAEN3Ur1q/oh5FCBbBU0mkqBel4MWbFewHNCFMttt26WYTdjdCCT158a948aCIV3+DN/+NmzQHbX0w8Hhvhpl5QcyoVLb9bZSWlldW18rrlY3Nre0dc3evLaNEYNLCEYtENwBJGOWkpahipBsLAmHASCcYX2d+54EISSN+ryYx8UIYcjqgGJSWfPPQZcCHjLghqBEGlt5OfeGKXLu0fbNq1+wc1iJxClJFBZq++eX2I5yEhCvMQMqeY8fKS0EoihmZVtxEkhjwGIakpymHkEgvzd+YWsda6VuDSOjiysrV3xMphFJOwkB3ZtfKeS8T//N6iRpceCnlcaIIx7NFg4RZKrKyTKw+FQQrNtEEsKD6VguPQABWOrmKDsGZf3mRtE9rzlmtflevNq6KOMroAB2hE+Sgc9RAN6iJWgijR/SMXtGb8WS8GO/Gx6y1ZBQz++gPjM8fmC+ZMQ==</latexit>

hOri = 0

<latexit sha1_base64="AIcye/I9XOVWoccFKeNO5UugDII=">AAACAXicbVDLSsNAFJ3UV62vqhvBzWARXJWkFHWjFNxIVxXsA5oQJtNJO3RmEmYmQgl146+4caGIW//CnX/jpM1CWw9cOJxzL/feE8SMKm3b31ZhZXVtfaO4Wdra3tndK+8fdFSUSEzaOGKR7AVIEUYFaWuqGenFkiAeMNINxjeZ330gUtFI3OtJTDyOhoKGFCNtJL981PSdq6ZfMyVdRTl0Sawoy6yKXbVngMvEyUkF5Gj55S93EOGEE6ExQ0r1HTvWXoqkppiRaclNFIkRHqMh6RsqECfKS2cfTOGpUQYwjKQpoeFM/T2RIq7UhAemkyM9UoteJv7n9RMdXnopFXGiicDzRWHCoI5gFgccUEmwZhNDEJbU3ArxCEmEtQmtZEJwFl9eJp1a1Tmv1u/qlcZ1HkcRHIMTcAYccAEa4Ba0QBtg8AiewSt4s56sF+vd+pi3Fqx85hD8gfX5Aw8xlgU=</latexit>

J1 = J2 = Jr ⇠ ✏
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<latexit sha1_base64="uRH8CJ0xS2Ew7zUGRcaVG+JdgTI="></latexit>

(⇤ḡi ��(�� d)) i = 0 ,

lim
r!1

rd��✏ 1 = J1,

lim
r!1

rd��✏ 2 = J2,

lim
r!1

rd��✏ E = 0,

<latexit sha1_base64="n59B1rdQk2ule4GiGVFPgn0LNIo="></latexit>

(⇤ḡi ��(�� d))�i = 3� 2
i ,

lim
r!1

rd���i = 0

First order, BVP1

Second order, BVP2 
Non-linear

+matching conditions 
between the segments

t1
<latexit sha1_base64="t6B5FFzOXud047CRvoxKyPsyGfA=">AAAB6nicdVDLSsNAFJ34rPVVdelmsAiuQtIHbXdFNy4r2ge0oUymk3boZBJmboQS+gluXCji1i9y5984TSuo6IELh3Pu5d57/FhwDY7zYa2tb2xubed28rt7+weHhaPjjo4SRVmbRiJSPZ9oJrhkbeAgWC9WjIS+YF1/erXwu/dMaR7JO5jFzAvJWPKAUwJGuoWhOywUHbtRL1dqLjakVq2WMlJvVMoN7NpOhiJaoTUsvA9GEU1CJoEKonXfdWLwUqKAU8Hm+UGiWUzolIxZ31BJQqa9NDt1js+NMsJBpExJwJn6fSIlodaz0DedIYGJ/u0txL+8fgJB3Uu5jBNgki4XBYnAEOHF33jEFaMgZoYQqri5FdMJUYSCSSdvQvj6FP9POiXbLdulm0qxebmKI4dO0Rm6QC6qoSa6Ri3URhSN0QN6Qs+WsB6tF+t12bpmrWZO0A9Yb5+b2I4H</latexit>

⌧
<latexit sha1_base64="JOFO19XTPzDFieE6nawH+F4Qsgk=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFZI+aLsrunFZwT6gDWUynbZDJ5MwcyOU0F9w40IRt/6QO//GSVpBRQ9cOJxzL/fe40eCa3CcDyu3sbm1vZPfLeztHxweFY9PujqMFWUdGopQ9X2imeCSdYCDYP1IMRL4gvX8+XXq9+6Z0jyUd7CImBeQqeQTTgmk0hBIPCqWHLvZqFTrLjakXquVM9JoVitN7NpOhhJaoz0qvg/HIY0DJoEKovXAdSLwEqKAU8GWhWGsWUTonEzZwFBJAqa9JLt1iS+MMsaTUJmSgDP1+0RCAq0XgW86AwIz/dtLxb+8QQyThpdwGcXAJF0tmsQCQ4jTx/GYK0ZBLAwhVHFzK6YzoggFE0/BhPD1Kf6fdMu2W7HLt9VS62odRx6doXN0iVxURy10g9qogyiaoQf0hJ6twHq0XqzXVWvOWs+coh+w3j4Bt22Osw==</latexit>

<latexit sha1_base64="G/36Si6VVU2l1CHxFlNXDSqMm08=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzioDcoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buq1u/rlUY9j6MIZ3AOl+DBNTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifPwXUjZg=</latexit>

t2
<latexit sha1_base64="ayNYRyojY+Kw2iaJQ3sMUgldPtg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzjwBuWKW3UXIOvEy0kFcjQH5a/+MGZpxBUySY3peW6CfkY1Cib5rNRPDU8om9AR71mqaMSNny1OnZELqwxJGGtbCslC/T2R0ciYaRTYzoji2Kx6c/E/r5dieONnQiUpcsWWi8JUEozJ/G8yFJozlFNLKNPC3krYmGrK0KZTsiF4qy+vk/ZV1atXa/e1SqOWx1GEMziHS/DgGhpwB01oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHwRQjZc=</latexit>

t1

Control the 2- and 3-
point function, 

piece-wise smooth

<latexit sha1_base64="CounxBnQpz6+nPaJVXsyEZb8RSs="></latexit>

� =  ✏+ � ✏
2 +O(✏)3,

g = ḡ +O(✏)2



Solving the first BVP

• Consider the influence of a single delta function source on  for 
the entire spacetime. The bulk-boundary propagators are 

• Fix coefficients by gluing and boundary 
 values. 

• Repeat for  to get .

<latexit sha1_base64="BRpr0rXI+A4NeYScRSvcB3a0i4M=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWakqMuiGzdCBfuAdiiZNNOGZjJjkimUod/hxoUibv0Yd/6NmXYW2nogcDjnXu7J8WPBtXGcb1RYW9/Y3Cpul3Z29/YPyodHLR0lirImjUSkOj7RTHDJmoYbwTqxYiT0BWv749vMb0+Y0jySj2YaMy8kQ8kDTomxktcLiRlRItL7Wd/tlytO1ZkDrxI3JxXI0eiXv3qDiCYhk4YKonXXdWLjpUQZTgWblXqJZjGhYzJkXUslCZn20nnoGT6zygAHkbJPGjxXf2+kJNR6Gvp2Mgupl71M/M/rJia49lIu48QwSReHgkRgE+GsATzgilEjppYQqrjNiumIKEKN7alkS3CXv7xKWhdV97Jae6hV6jd5HUU4gVM4BxeuoA530IAmUHiCZ3iFNzRBL+gdfSxGCyjfOYY/QJ8/sw6SEA==</latexit>

M1

<latexit sha1_base64="d7GRKM0iTH7o1eFbVk3v7HelLe8=">AAAB83icbVBNS8NAEJ3Ur1q/oh69LBbBg5REinqSihePVewHtLFstpt27WYTdjdCCfkbXjwo4tU/481/47bNQVsfDDzem2Fmnh9zprTjfFuFpeWV1bXiemljc2t7x97da6ookYQ2SMQj2faxopwJ2tBMc9qOJcWhz2nLH11P/NYTlYpF4l6PY+qFeCBYwAjWRuqSh/Tu5Crrpewx69llp+JMgRaJm5My5Kj37K9uPyJJSIUmHCvVcZ1YeymWmhFOs1I3UTTGZIQHtGOowCFVXjq9OUNHRumjIJKmhEZT9fdEikOlxqFvOkOsh2rem4j/eZ1EBxdeykScaCrIbFGQcKQjNAkA9ZmkRPOxIZhIZm5FZIglJtrEVDIhuPMvL5LmacU9q1Rvq+XaZR5HEQ7gEI7BhXOowQ3UoQEEYniGV3izEuvFerc+Zq0FK5/Zhz+wPn8A5nGRmQ==</latexit>

cR,A
ij

<latexit sha1_base64="AtRu6SfpAD2rYFkCLArGShaVQ3c=">AAAB9HicbVBNSwMxFHxbv2r9qnr0EiyCp7JbinosevEiVLC10C4lm2bb0CS7JtlCWfo7vHhQxKs/xpv/xmy7B20dCAwz7/EmE8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gRYU84kbRlmOO3EimIRcPoYjG8y/3FClWaRfDDTmPoCDyULGcHGSn5PYDMimKd3s36tX664VXcOtEq8nFQgR7Nf/uoNIpIIKg3hWOuu58bGT7EyjHA6K/USTWNMxnhIu5ZKLKj203noGTqzygCFkbJPGjRXf2+kWGg9FYGdzELqZS8T//O6iQmv/JTJODFUksWhMOHIRChrAA2YosTwqSWYKGazIjLCChNjeyrZErzlL6+Sdq3qXVTr9/VK4zqvowgncArn4MElNOAWmtACAk/wDK/w5kycF+fd+ViMFpx85xj+wPn8AbSSkhE=</latexit>

M2
<latexit sha1_base64="d+qrw22HP3mdzKOkd/zGhQTDkvI=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbBU0lKUU9S0IPHCvYD2hA222m7dLMJuxOlxP4ULx4U8eov8ea/cftx0NYHA4/3ZpiZFyaCa3Tdbyu3tr6xuZXfLuzs7u0f2MXDpo5TxaDBYhGrdkg1CC6hgRwFtBMFNAoFtMLR9dRvPYDSPJb3OE7Aj+hA8j5nFI0U2MUuctGD7g0IpEHGK5PALrlldwZnlXgLUiIL1AP7q9uLWRqBRCao1h3PTdDPqELOBEwK3VRDQtmIDqBjqKQRaD+bnT5xTo3Sc/qxMiXRmam/JzIaaT2OQtMZURzqZW8q/ud1Uuxf+hmXSYog2XxRPxUOxs40B6fHFTAUY0MoU9zc6rAhVZShSatgQvCWX14lzUrZOy9X76ql2tUijjw5JifkjHjkgtTILamTBmHkkTyTV/JmPVkv1rv1MW/NWYuZI/IH1ucPQwSUAA==</latexit>

�̃i2

12

bulk  
propagators

<latexit sha1_base64="g6bfRJFK21xs3BnEDEE6wib3Yj4="></latexit>

�̃11 =

Z
d!

2⇡
ei!t1

�
cR11G

R(r) + cA11G
A(r)

�
,

�̃21 =

Z
d!

2⇡
ei!t2

�
cR21G

R(r) + cA21G
A(r)

�
,

�̃E1 =

Z
d!

2⇡
e�!⌧

�
cRE1G

R(r) + cAE1G
A(r)

�
.
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• Find total field on  given both sources by convolving with 
bulk-boundary propagator. 

• Similarly for . 

Conclusion:
• Causal response to boundary sources. 
• Equivalent to ingoing boundary conditions on a single Lorentzian 

piece: Son-Starinets prescription for 2-point functions. 

<latexit sha1_base64="BRpr0rXI+A4NeYScRSvcB3a0i4M=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWakqMuiGzdCBfuAdiiZNNOGZjJjkimUod/hxoUibv0Yd/6NmXYW2nogcDjnXu7J8WPBtXGcb1RYW9/Y3Cpul3Z29/YPyodHLR0lirImjUSkOj7RTHDJmoYbwTqxYiT0BWv749vMb0+Y0jySj2YaMy8kQ8kDTomxktcLiRlRItL7Wd/tlytO1ZkDrxI3JxXI0eiXv3qDiCYhk4YKonXXdWLjpUQZTgWblXqJZjGhYzJkXUslCZn20nnoGT6zygAHkbJPGjxXf2+kJNR6Gvp2Mgupl71M/M/rJia49lIu48QwSReHgkRgE+GsATzgilEjppYQqrjNiumIKEKN7alkS3CXv7xKWhdV97Jae6hV6jd5HUU4gVM4BxeuoA530IAmUHiCZ3iFNzRBL+gdfSxGCyjfOYY/QJ8/sw6SEA==</latexit>

M1

<latexit sha1_base64="BejdhA2IuZDvdSXe3qhC/fMD4Q4=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBhZSkFHWjFERwWcE+oA1hMp20QycPZiZKif0UNy4UceuXuPNvnLRZaOuByz2ccy9z53gxZ1JZ1rdRWFldW98obpa2tnd298zyfltGiSC0RSIeia6HJeUspC3FFKfdWFAceJx2vPF15nceqJAsCu/VJKZOgIch8xnBSkuuWe7Hkrm1UzTrN5dWyTUrVtWaAS0TOycVyNF0za/+ICJJQENFOJayZ1uxclIsFCOcTkv9RNIYkzEe0p6mIQ6odNLZ6VN0rJUB8iOhK1Ropv7eSHEg5STw9GSA1Uguepn4n9dLlH/hpCyME0VDMn/ITzhSEcpyQAMmKFF8ogkmgulbERlhgYnSaWUh2ItfXibtWtU+q9bv6pXGVR5HEQ7hCE7AhnNowC00oQUEHuEZXuHNeDJejHfjYz5aMPKdA/gD4/MHKgCSog==</latexit>

 2, E = 0

<latexit sha1_base64="40QQ4AievDUUqfPFKFcRor2dMxw="></latexit>

 1(t, r) =

Z
dt01

⇣
�̃11(t, r; t

0
1) + �̃12(t, r;�t01)

⌘
Jr(t

0
1) ,

built entirely from 
 

<latexit sha1_base64="TOAnXkaAG/5xL3GOOaqUvXif3ZI=">AAAB63icdVBNSwMxEJ31s9avqkcvwSJ4KtlSansreNBjFfsB7VqyabYNTXaXJCuUpX/BiwdFvPqHvPlvzLYVVPTBwOO9GWbm+bHg2mD84aysrq1vbOa28ts7u3v7hYPDto4SRVmLRiJSXZ9oJnjIWoYbwbqxYkT6gnX8yUXmd+6Z0jwKb800Zp4ko5AHnBKTSZd3N/lBoYhL2KJaRRlxa9i1pF6vlct15M4tjIuwRHNQeO8PI5pIFhoqiNY9F8fGS4kynAo2y/cTzWJCJ2TEepaGRDLtpfNbZ+jUKkMURMpWaNBc/T6REqn1VPq2UxIz1r+9TPzL6yUmqHkpD+PEsJAuFgWJQCZC2eNoyBWjRkwtIVRxeyuiY6IINTaeLISvT9H/pF0uudVS5bpSbFSWceTgGE7gDFw4hwZcQRNaQGEMD/AEz450Hp0X53XRuuIsZ47gB5y3T3yNjds=</latexit>

GR
<latexit sha1_base64="3buEqpZW//v2GemOCgXocds9pps="></latexit>

�̃1r =

Z
d!

2⇡
ei!t1GR(r),

<latexit sha1_base64="ywa4tOOJBJPzW7P+sE1l2KGrl0Q=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUU9S8OKxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzwkRwYz3vGxXW1jc2t4rbpZ3dvf2D8uFRy6hUU9akSijdCYlhgkvWtNwK1kk0I3EoWDsc38789hPThiv5YCcJC2IylDzilFgntXqJ4X2/X654VW8OvEr8nFQgR6Nf/uoNFE1jJi0VxJiu7yU2yIi2nAo2LfVSwxJCx2TIuo5KEjMTZPNrp/jMKQMcKe1KWjxXf09kJDZmEoeuMyZ2ZJa9mfif101tdB1kXCapZZIuFkWpwFbh2et4wDWjVkwcIVRzdyumI6IJtS6gkgvBX355lbQuqv5ltXZfq9Rv8jiKcAKncA4+XEEd7qABTaDwCM/wCm9IoRf0jj4WrQWUzxzDH6DPH03NjvM=</latexit>

 1

<latexit sha1_base64="6WESO444aY95cNJylGiOhaoROiU=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSJ4KrulqCcpePFYwX5Au5Rsmm1js0lIskJZ+h+8eFDEq//Hm//GtN2Dtj4YeLw3w8y8SHFmrO9/e2vrG5tb24Wd4u7e/sFh6ei4ZWSqCW0SyaXuRNhQzgRtWmY57ShNcRJx2o7GtzO//US1YVI82ImiYYKHgsWMYOukVk8Z1q/2S2W/4s+BVkmQkzLkaPRLX72BJGlChSUcG9MNfGXDDGvLCKfTYi81VGEyxkPadVTghJowm187RedOGaBYalfCorn6eyLDiTGTJHKdCbYjs+zNxP+8bmrj6zBjQqWWCrJYFKccWYlmr6MB05RYPnEEE83crYiMsMbEuoCKLoRg+eVV0qpWgstK7b5Wrt/kcRTgFM7gAgK4gjrcQQOaQOARnuEV3jzpvXjv3seidc3LZ07gD7zPH09RjvQ=</latexit>

 2



Solving the second BVP

• Now we have sources in the bulk. 

• We need the matrix of bulk-bulk propagators. 

• Fix by gluing, bulk delta functions. 

• Finally, convolve with the source. 

Conclusion: 
• Causal response to  .  
• Equivalent to ingoing boundary conditions on a single Lorentzian piece.

<latexit sha1_base64="d7GRKM0iTH7o1eFbVk3v7HelLe8=">AAAB83icbVBNS8NAEJ3Ur1q/oh69LBbBg5REinqSihePVewHtLFstpt27WYTdjdCCfkbXjwo4tU/481/47bNQVsfDDzem2Fmnh9zprTjfFuFpeWV1bXiemljc2t7x97da6ookYQ2SMQj2faxopwJ2tBMc9qOJcWhz2nLH11P/NYTlYpF4l6PY+qFeCBYwAjWRuqSh/Tu5Crrpewx69llp+JMgRaJm5My5Kj37K9uPyJJSIUmHCvVcZ1YeymWmhFOs1I3UTTGZIQHtGOowCFVXjq9OUNHRumjIJKmhEZT9fdEikOlxqFvOkOsh2rem4j/eZ1EBxdeykScaCrIbFGQcKQjNAkA9ZmkRPOxIZhIZm5FZIglJtrEVDIhuPMvL5LmacU9q1Rvq+XaZR5HEQ7gEI7BhXOowQ3UoQEEYniGV3izEuvFerc+Zq0FK5/Zhz+wPn8A5nGRmQ==</latexit>

cR,A
ij

<latexit sha1_base64="CssU1000O3sSd7tpe9SvHpSm4Ak=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUU9S8OKxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzwkRwYz3vGxXW1jc2t4rbpZ3dvf2D8uFRy6hUU9akSijdCYlhgkvWtNwK1kk0I3EoWDsc38789hPThiv5YCcJC2IylDzilFgntXqJ4X3eL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8SloXVf+yWruvVeo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnD6Ktjys=</latexit>

 i

14

<latexit sha1_base64="IFJFj1UjXtykUTRQWMZnt7oyOVk="></latexit>

�ij =

Z
d!dd�1k e�i!ti+ikx

�
cRijG

R(r; r0) + cAijG
A(r; r0)

�

<latexit sha1_base64="2fMypfTCpHzmgJXcgPtM6AjjAZ0="></latexit>

�1(t, r) =

Z
dt01dr

0�11(t, r; t
0
1, r

0) 2
1(t

0
1, r

0) +

Z
dt02dr

0�12(t, r; t
0
2, r

0) 2
2(t

0
2, r

0)

=

Z
dt01dr

0�1r(t, r; t
0
1, r

0) 2
1(t

0
1, r

0)
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3. Numerical results for 
AdS5/CFT4 
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Computing          numerically

• We now know how to compute: ingoing boundary conditions 
at the horizon of a (single) Lorentzian BH spacetime. 

• Focus in momentum space.  

• Solve for :       subject to boundary conditions.

<latexit sha1_base64="BTRcMwOQkDvKsN/QRWDgbhT/N4Q=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUPOixgv2ANpTJdtsu3Wzi7kYooX/CiwdFvPp3vPlv3LQ5aOuDgcd7M8zMC2LBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpKFGUNGolItQPUTHDJGoYbwdqxYhgGgrWC8U3mt56Y0jySD2YSMz/EoeQDTtFYqX3bSxXitNQrV9yqOwNZJl5OKpCj3it/dfsRTUImDRWodcdzY+OnqAyngk1L3USzGOkYh6xjqcSQaT+d3TslJ1bpk0GkbElDZurviRRDrSdhYDtDNCO96GXif14nMYMrP+UyTgyTdL5okAhiIpI9T/pcMWrExBKkittbCR2hQmpsRFkI3uLLy6R5VvUuquf355XadR5HEY7gGE7Bg0uowR3UoQEUBDzDK7w5j86L8+58zFsLTj5zCH/gfP4AlPCPqw==</latexit>

Graa

<latexit sha1_base64="Tq3tCSCFIBlj59fSnw/bp0aL/Ng="></latexit>

r3(p1, p2) ⌘
Z

ddx1 d
dx2Graa(0, x1, x2)e

i(p1·x1+p2·x2)

<latexit sha1_base64="gvbPQsCVfAhstyQ1zXUcRMvxvbs="></latexit>

 = s1 1(r)e
ip1·x + s2 2(r)e

ip2·x,

� = s21�11(r)e
2ip1·x + s1s2�12(r)e

i(p1+p2)·x + s22�22(r)e
2ip2·x.

Do not contribute to the 3pt function of interest

<latexit sha1_base64="ZRUxaeKar5TkvschS+faULMH26c=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KCWRop6k4MVjBfsBSSib7aZdutkNuxuhhP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0o508Z1v5219Y3Nre3STnl3b//gsHJ03NEyU4S2ieRS9SKsKWeCtg0znPZSRXEScdqNxnczv/tElWZSPJpJSsMEDwWLGcHGSn6QahbUagEZsX6l6tbdOdAq8QpShQKtfuUrGEiSJVQYwrHWvuemJsyxMoxwOi0HmaYpJmM8pL6lAidUh/n85Ck6t8oAxVLZEgbN1d8TOU60niSR7UywGellbyb+5/mZiW/CnIk0M1SQxaI448hINPsfDZiixPCJJZgoZm9FZIQVJsamVLYheMsvr5LOZd27qjceGtXmbRFHCU7hDC7Ag2towj20oA0EJDzDK7w5xnlx3p2PReuaU8ycwB84nz+pY5DZ</latexit>

 ,�
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• From boundary expansion, extract 2- and 3-point functions. 

• Numerically focus on                                     at zero spatial 
momenta.  

• Expect singularities when 

• Parametrise results: 

<latexit sha1_base64="5h6hMa7g5ghKqkGBOpaGMBLQ+kw=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJu3QySTM3Agl9CPcuFDErd/jzr9x2mahrQcGDuecy9x7glQKg6777ZTW1jc2t8rblZ3dvf2D6uFR2ySZZrzFEpnobkANl0LxFgqUvJtqTuNA8k4wvpv5nSeujUjUI05S7sd0qEQkGEUrdfrSRkM6qNbcujsHWSVeQWpQoDmofvXDhGUxV8gkNabnuSn6OdUomOTTSj8zPKVsTIe8Z6miMTd+Pl93Ss6sEpIo0fYpJHP190ROY2MmcWCTMcWRWfZm4n9eL8Poxs+FSjPkii0+ijJJMCGz20koNGcoJ5ZQpoXdlbAR1ZShbahiS/CWT14l7Yu6d1W/fLisNW6LOspwAqdwDh5cQwPuoQktYDCGZ3iFNyd1Xpx352MRLTnFzDH8gfP5Az5/j4I=</latexit>

�
<latexit sha1_base64="nt8MdY5JaS3KnBdcSU+WP/7kPmo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD0nf65crbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwms/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdK6qHqX1dp9rVK/yeMowgmcwjl4cAV1uIMGNIHBEJ7hFd4c4bw4787HorXg5DPH8AfO5w8BOo2d</latexit>p1

<latexit sha1_base64="Qnjrl9/4PbKS422eDCiTEfACZCQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUU9S8OKxoq2FNpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHbROnmvEWi2WsOwE1XArFWyhQ8k6iOY0CyR+D8c3Mf3zi2ohYPeAk4X5Eh0qEglG00n3Sr/XLFbfqzkFWiZeTCuRo9stfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+bnzolZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDKz4RKUuSKLRaFqSQYk9nfZCA0ZygnllCmhb2VsBHVlKFNp2RD8JZfXiXtWtW7qNbv6pXGdR5HEU7gFM7Bg0towC00oQUMhvAMr/DmSOfFeXc+Fq0FJ585hj9wPn8AAr6Nng==</latexit>p2

<latexit sha1_base64="Ex6571CWx5Y9qyTLLXK2nRd8ARw=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRZBEMpuKdWTFLx4rGA/oF2WbJptQ7PZkGSFsvRHePGgiFd/jzf/jWm7B219MPB4b4aZeaHkTBvX/XYKG5tb2zvF3dLe/sHhUfn4pKOTVBHaJglPVC/EmnImaNsww2lPKorjkNNuOLmb+90nqjRLxKOZSurHeCRYxAg2VurKwLuSQS0oV9yquwBaJ15OKpCjFZS/BsOEpDEVhnCsdd9zpfEzrAwjnM5Kg1RTickEj2jfUoFjqv1sce4MXVhliKJE2RIGLdTfExmOtZ7Goe2MsRnrVW8u/uf1UxPd+BkTMjVUkOWiKOXIJGj+OxoyRYnhU0swUczeisgYK0yMTahkQ/BWX14nnVrVa1TrD/VK8zaPowhncA6X4ME1NOEeWtAGAhN4hld4c6Tz4rw7H8vWgpPPnMIfOJ8/YXSO8Q==</latexit>

p1 + p2
<latexit sha1_base64="BafnqXk7eg4UUEZ9SPHJgAk0VSY=">AAACSXicjVBLSwMxGMy2Pmp9VT16CRZBEMpuKepFKXjxWME+oFvWbJq2odndmHwrlqV/z4s3b/4HLx4U8WS27UFbDw4EJjPzkS/jS8E12PaLlckuLa+s5tby6xubW9uFnd2GjmJFWZ1GIlItn2gmeMjqwEGwllSMBL5gTX94mfrNe6Y0j8IbGEnWCUg/5D1OCRjJK9xKzzl3AwIDFSRy7HH3LiZd7AJ7gCRSYzy9S6/8r5RzPJ/0CkW7ZE+AF4kzI0U0Q80rPLvdiMYBC4EKonXbsSV0EqKAU8HGeTfWTBI6JH3WNjQkAdOdZNLEGB8apYt7kTInBDxRf04kJNB6FPgmme6o571U/Mtrx9A76yQ8lDGwkE4f6sUCQ4TTWnGXK0ZBjAwhVHGzK6YDoggFU37elODMf3mRNMol56RUua4UqxezOnJoHx2gI+SgU1RFV6iG6oiiR/SK3tGH9WS9WZ/W1zSasWYze+gXMtlvbZ+0ZA==</latexit>

p1 = pi or p2 = pi or p1 + p2 = pi

QNM  
momenta

<latexit sha1_base64="5XJftngttwSbtnJKvGB+ilG+tZI="></latexit>

 i =
1

rd��
+ . . .+

 (�)
i

r�
+ . . . ,

�ij =
�(�)
ij

r�
+ . . . .

<latexit sha1_base64="N/CZieoULH6FxL1h4sdhlvq09D8="></latexit>

r2(p1) = (2�� d) (�)
1 ,

r3(p1, p2) = (2�� d)�(�)
12 .

<latexit sha1_base64="xaIYjGfRhwgR+J6Bt9DfOaGR6oE=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFORK0kYGNhEcF8QHKEvc3eZcne7rE7p8SQX2JjoYitP8XOf+MmuUITHww83pthZl6YCm7A876dwsrq2vpGcbO0tb2zW3b39ptGZZqyBlVC6XZIDBNcsgZwEKydakaSULBWOLye+q0Hpg1X8h5GKQsSEksecUrASj233L1VMtY8HgDRWj323IpX9WbAy8TPSQXlqPfcr25f0SxhEqggxnR8L4VgTDRwKtik1M0MSwkdkph1LJUkYSYYzw6f4GOr9HGktC0JeKb+nhiTxJhREtrOhMDALHpT8T+vk0F0GYy5TDNgks4XRZnAoPA0BdznmlEQI0sI1dzeiumAaELBZlWyIfiLLy+T5mnVP6+e3Z1Vald5HEV0iI7QCfLRBaqhG1RHDURRhp7RK3pznpwX5935mLcWnHzmAP2B8/kDQdKTew==</latexit>

=)
<latexit sha1_base64="hp4TlrT6qcaqOSDlpPWWplEGVSM=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF6UmpT42lYIuXFawD2hCmUwm7dDJJMxMhBKKG3/FjQtF3PoV7vwbp20W2npg4HDOPdy5x4sZlcqyvo3c0vLK6lp+vbCxubW9Y+7utWSUCEyaOGKR6HhIEkY5aSqqGOnEgqDQY6TtDa8nfvuBCEkjfq9GMXFD1Oc0oBgpLfXMA79WLUHnhjCFamenlZLDdNhHNbtnFq2yNQVcJHZGiiBDo2d+OX6Ek5BwhRmSsmtbsXJTJBTFjIwLTiJJjPAQ9UlXU45CIt10esIYHmvFh0Ek9OMKTtXfiRSFUo5CT0+GSA3kvDcR//O6iQou3ZTyOFGE49miIGFQRXDSB/SpIFixkSYIC6r/CvEACYSVbq2gS7DnT14krUrZPi9X76rF+lVWRx4cgiNwAmxwAergFjRAE2DwCJ7BK3gznowX4934mI3mjCyzD/7A+PwB8s2VOw==</latexit>

d = 4,� = 5/2,� = 1

<latexit sha1_base64="Se6xHiSF3jxSUG1WLHNy/nX1p8c=">AAACBHicbVDLSsNAFJ3UV42vqMtugkWoiDUpRd0IBTcuK9gHNCFMppN26GQyzEyEErpw46+4caGIWz/CnX/jtM1CWw8MnHvOvdy5J+SUSOU430ZhZXVtfaO4aW5t7+zuWfsHbZmkAuEWSmgiuiGUmBKGW4ooirtcYBiHFHfC0c3U7zxgIUnC7tWYYz+GA0YigqDSUmCVeOBeV/ipPDmveZ7Jg5quzuZVYJWdqjODvUzcnJRBjmZgfXn9BKUxZgpRKGXPdbjyMygUQRRPTC+VmEM0ggPc05TBGEs/mx0xsY+10rejROjHlD1Tf09kMJZyHIe6M4ZqKBe9qfif10tVdOVnhPFUYYbmi6KU2iqxp4nYfSIwUnSsCUSC6L/aaAgFRErnZuoQ3MWTl0m7VnUvqvW7erlRz+MoghI4AhXggkvQALegCVoAgUfwDF7Bm/FkvBjvxse8tWDkM4fgD4zPHx2ClSs=</latexit>

p1 = (p+ s)/2

p2 = (p� s)/2
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<latexit sha1_base64="iqxGEGQrcuHJfBFJuWnverLy/jk=">AAAB83icbVBNSwMxEM36WetX1aOXYBHqpexKUU9S8KK3CvYDukvJptk2NJsNyaxYlv4NLx4U8eqf8ea/MW33oK0PBh7vzTAzL1SCG3Ddb2dldW19Y7OwVdze2d3bLx0ctkySasqaNBGJ7oTEMMElawIHwTpKMxKHgrXD0c3Ubz8ybXgiH2CsWBCTgeQRpwSs5PvAniC7iycVddYrld2qOwNeJl5OyihHo1f68vsJTWMmgQpiTNdzFQQZ0cCpYJOinxqmCB2RAetaKknMTJDNbp7gU6v0cZRoWxLwTP09kZHYmHEc2s6YwNAselPxP6+bQnQVZFyqFJik80VRKjAkeBoA7nPNKIixJYRqbm/FdEg0oWBjKtoQvMWXl0nrvOpdVGv3tXL9Oo+jgI7RCaogD12iOrpFDdREFCn0jF7Rm5M6L8678zFvXXHymSP0B87nD840kYc=</latexit>

Im(p)

<latexit sha1_base64="NcpziD5LyjjWAiAGiVRIBV1oAL8=">AAAB83icbVBNS8NAEN34WetX1aOXYBHqpSRS1JMUvHisYj+gCWWznbRLN5uwOxFL6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzgkRwjY7zba2srq1vbBa2its7u3v7pYPDlo5TxaDJYhGrTkA1CC6hiRwFdBIFNAoEtIPRzdRvP4LSPJYPOE7Aj+hA8pAzikbyPIQnzO5hUknOeqWyU3VmsJeJm5MyydHolb68fszSCCQyQbXuuk6CfkYVciZgUvRSDQllIzqArqGSRqD9bHbzxD41St8OY2VKoj1Tf09kNNJ6HAWmM6I41IveVPzP66YYXvkZl0mKINl8UZgKG2N7GoDd5woYirEhlClubrXZkCrK0MRUNCG4iy8vk9Z51b2o1u5q5fp1HkeBHJMTUiEuuSR1cksapEkYScgzeSVvVmq9WO/Wx7x1xcpnjsgfWJ8/z8WRiA==</latexit>

Re(p)

<latexit sha1_base64="Qnjrl9/4PbKS422eDCiTEfACZCQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUU9S8OKxoq2FNpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHbROnmvEWi2WsOwE1XArFWyhQ8k6iOY0CyR+D8c3Mf3zi2ohYPeAk4X5Eh0qEglG00n3Sr/XLFbfqzkFWiZeTCuRo9stfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+bnzolZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDKz4RKUuSKLRaFqSQYk9nfZCA0ZygnllCmhb2VsBHVlKFNp2RD8JZfXiXtWtW7qNbv6pXGdR5HEU7gFM7Bg0towC00oQUMhvAMr/DmSOfFeXc+Fq0FJ585hj9wPn8AAr6Nng==</latexit>p2
<latexit sha1_base64="nt8MdY5JaS3KnBdcSU+WP/7kPmo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD0nf65crbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwms/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdK6qHqX1dp9rVK/yeMowgmcwjl4cAV1uIMGNIHBEJ7hFd4c4bw4787HorXg5DPH8AfO5w8BOo2d</latexit>p1

<latexit sha1_base64="nt8MdY5JaS3KnBdcSU+WP/7kPmo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD0nf65crbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwms/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdK6qHqX1dp9rVK/yeMowgmcwjl4cAV1uIMGNIHBEJ7hFd4c4bw4787HorXg5DPH8AfO5w8BOo2d</latexit>p1
<latexit sha1_base64="Qnjrl9/4PbKS422eDCiTEfACZCQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUU9S8OKxoq2FNpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHbROnmvEWi2WsOwE1XArFWyhQ8k6iOY0CyR+D8c3Mf3zi2ohYPeAk4X5Eh0qEglG00n3Sr/XLFbfqzkFWiZeTCuRo9stfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+bnzolZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDKz4RKUuSKLRaFqSQYk9nfZCA0ZygnllCmhb2VsBHVlKFNp2RD8JZfXiXtWtW7qNbv6pXGdR5HEU7gFM7Bg0towC00oQUMhvAMr/DmSOfFeXc+Fq0FJ585hj9wPn8AAr6Nng==</latexit>p2

Resonant QNM

Directly driven QNM

<latexit sha1_base64="nt8MdY5JaS3KnBdcSU+WP/7kPmo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD0nf65crbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwms/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdK6qHqX1dp9rVK/yeMowgmcwjl4cAV1uIMGNIHBEJ7hFd4c4bw4787HorXg5DPH8AfO5w8BOo2d</latexit>p1
<latexit sha1_base64="Qnjrl9/4PbKS422eDCiTEfACZCQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUU9S8OKxoq2FNpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHbROnmvEWi2WsOwE1XArFWyhQ8k6iOY0CyR+D8c3Mf3zi2ohYPeAk4X5Eh0qEglG00n3Sr/XLFbfqzkFWiZeTCuRo9stfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+bnzolZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDKz4RKUuSKLRaFqSQYk9nfZCA0ZygnllCmhb2VsBHVlKFNp2RD8JZfXiXtWtW7qNbv6pXGdR5HEU7gFM7Bg0towC00oQUMhvAMr/DmSOfFeXc+Fq0FJ585hj9wPn8AAr6Nng==</latexit>p2

or

<latexit sha1_base64="7cVJ6cmSa6/rucTrg9BloyNpfHg="></latexit>

Re


r3

✓
p+ s

2
,
p� s

2

◆�

s=fixed

generic

 in  
momentum 

space

<latexit sha1_base64="SfdtacMmW15zV57H8m2i5cylWN0=">AAACFHicdZDLSsNAFIYnXmu9RV26GSyCIJSklNruCi50ZwV7gTaGk+m0HTq5MDMRSshDuPFV3LhQxK0Ld76Nk7aCSj0w8PH/5zDn/F7EmVSW9WksLa+srq3nNvKbW9s7u+befkuGsSC0SUIeio4HknIW0KZiitNOJCj4Hqdtb3ye+e07KiQLgxs1iajjwzBgA0ZAack1Ty9uk54PakSAJ1fpYkzdRACkrlmwipauSgVnYFctW0OtVi2VatieWpZVQPNquOZHrx+S2KeBIhyk7NpWpJwEhGKE0zTfiyWNgIxhSLsaA/CpdJLpUSk+1kofD0KhX6DwVP05kYAv5cT3dGe2qfzrZeIirxurQdVJWBDFigZk9tEg5liFOEsI95mgRPGJBiCC6V0xGYEAonSOeR3C96X4f2iVinalWL4uF+rleRw5dIiO0Amy0Rmqo0vUQE1E0D16RM/oxXgwnoxX423WumTMZw7QrzLevwA4OaAw</latexit>

GOOO

raa

<latexit sha1_base64="jq1bzDHZvrr8DL0TQAJlO7Jpfkg=">AAAB7HicdVBNSwMxEJ2tX3X9qnr0EiyCp5Itpba3ghePFdy20C4lm6ZtaDa7JFmhLP0NXjwo4tUf5M1/Y7atoKIPBh7vzTAzL0wE1wbjD6ewsbm1vVPcdff2Dw6PSscnHR2nijKfxiJWvZBoJrhkvuFGsF6iGIlCwbrh7Dr3u/dMaR7LOzNPWBCRieRjTomxkp8MPdcdlsq4gi3qdZQTr4E9S5rNRrXaRN7SwrgMa7SHpffBKKZpxKShgmjd93Bigowow6lgC3eQapYQOiMT1rdUkojpIFseu0AXVhmhcaxsSYOW6veJjERaz6PQdkbETPVvLxf/8vqpGTeCjMskNUzS1aJxKpCJUf45GnHFqBFzSwhV3N6K6JQoQo3NJw/h61P0P+lUK169UrutlVu1dRxFOINzuAQPrqAFN9AGHyhweIAneHak8+i8OK+r1oKznjmFH3DePgG/qY34</latexit>p1
<latexit sha1_base64="syKm2AUEHS2PdYp8v73Z7JWz1pE=">AAAB7HicdVBNS8NAEJ3Urxq/qh69LBbBU0lCqe2t4MVjBdMW2lA22027dLMJuxuhhP4GLx4U8eoP8ua/cdNWUNEHA4/3ZpiZF6acKe04H1ZpY3Nre6e8a+/tHxweVY5PuirJJKE+SXgi+yFWlDNBfc00p/1UUhyHnPbC2XXh9+6pVCwRd3qe0iDGE8EiRrA2kp+OPNseVapOzTFoNFBB3KbjGtJqNT2vhdyl5ThVWKMzqrwPxwnJYio04VipgeukOsix1IxwurCHmaIpJjM8oQNDBY6pCvLlsQt0YZQxihJpSmi0VL9P5DhWah6HpjPGeqp+e4X4lzfIdNQMcibSTFNBVouijCOdoOJzNGaSEs3nhmAimbkVkSmWmGiTTxHC16fof9L1am6jVr+tV9v1dRxlOINzuAQXrqANN9ABHwgweIAneLaE9Wi9WK+r1pK1njmFH7DePgHBL435</latexit>p2

<latexit sha1_base64="6j92lg5/VZ4DZ0bt37ZHlQc2wSE=">AAAB63icdVBNSwMxEJ2tX3X9qnr0EiyCp5Itpba3ghePFewHtEvJptk2NNldkqxQlv4FLx4U8eof8ua/MdtWUNEHA4/3ZpiZFySCa4Pxh1PY2Nza3inuunv7B4dHpeOTro5TRVmHxiJW/YBoJnjEOoYbwfqJYkQGgvWC2XXu9+6Z0jyO7sw8Yb4kk4iHnBKTS8PMdUelMq5gi3od5cRrYM+SZrNRrTaRt7QwLsMa7VHpfTiOaSpZZKggWg88nBg/I8pwKtjCHaaaJYTOyIQNLI2IZNrPlrcu0IVVxiiMla3IoKX6fSIjUuu5DGynJGaqf3u5+Jc3SE3Y8DMeJalhEV0tClOBTIzyx9GYK0aNmFtCqOL2VkSnRBFqbDx5CF+fov9Jt1rx6pXaba3cqq3jKMIZnMMleHAFLbiBNnSAwhQe4AmeHek8Oi/O66q14KxnTuEHnLdPW2aNxQ==</latexit>

{

<latexit sha1_base64="6j92lg5/VZ4DZ0bt37ZHlQc2wSE=">AAAB63icdVBNSwMxEJ2tX3X9qnr0EiyCp5Itpba3ghePFewHtEvJptk2NNldkqxQlv4FLx4U8eof8ua/MdtWUNEHA4/3ZpiZFySCa4Pxh1PY2Nza3inuunv7B4dHpeOTro5TRVmHxiJW/YBoJnjEOoYbwfqJYkQGgvWC2XXu9+6Z0jyO7sw8Yb4kk4iHnBKTS8PMdUelMq5gi3od5cRrYM+SZrNRrTaRt7QwLsMa7VHpfTiOaSpZZKggWg88nBg/I8pwKtjCHaaaJYTOyIQNLI2IZNrPlrcu0IVVxiiMla3IoKX6fSIjUuu5DGynJGaqf3u5+Jc3SE3Y8DMeJalhEV0tClOBTIzyx9GYK0aNmFtCqOL2VkSnRBFqbDx5CF+fov9Jt1rx6pXaba3cqq3jKMIZnMMleHAFLbiBNnSAwhQe4AmeHek8Oi/O66q14KxnTuEHnLdPW2aNxQ==</latexit>

{
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<latexit sha1_base64="iqxGEGQrcuHJfBFJuWnverLy/jk=">AAAB83icbVBNSwMxEM36WetX1aOXYBHqpexKUU9S8KK3CvYDukvJptk2NJsNyaxYlv4NLx4U8eqf8ea/MW33oK0PBh7vzTAzL1SCG3Ddb2dldW19Y7OwVdze2d3bLx0ctkySasqaNBGJ7oTEMMElawIHwTpKMxKHgrXD0c3Ubz8ybXgiH2CsWBCTgeQRpwSs5PvAniC7iycVddYrld2qOwNeJl5OyihHo1f68vsJTWMmgQpiTNdzFQQZ0cCpYJOinxqmCB2RAetaKknMTJDNbp7gU6v0cZRoWxLwTP09kZHYmHEc2s6YwNAselPxP6+bQnQVZFyqFJik80VRKjAkeBoA7nPNKIixJYRqbm/FdEg0oWBjKtoQvMWXl0nrvOpdVGv3tXL9Oo+jgI7RCaogD12iOrpFDdREFCn0jF7Rm5M6L8678zFvXXHymSP0B87nD840kYc=</latexit>

Im(p)

<latexit sha1_base64="NcpziD5LyjjWAiAGiVRIBV1oAL8=">AAAB83icbVBNS8NAEN34WetX1aOXYBHqpSRS1JMUvHisYj+gCWWznbRLN5uwOxFL6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzgkRwjY7zba2srq1vbBa2its7u3v7pYPDlo5TxaDJYhGrTkA1CC6hiRwFdBIFNAoEtIPRzdRvP4LSPJYPOE7Aj+hA8pAzikbyPIQnzO5hUknOeqWyU3VmsJeJm5MyydHolb68fszSCCQyQbXuuk6CfkYVciZgUvRSDQllIzqArqGSRqD9bHbzxD41St8OY2VKoj1Tf09kNNJ6HAWmM6I41IveVPzP66YYXvkZl0mKINl8UZgKG2N7GoDd5woYirEhlClubrXZkCrK0MRUNCG4iy8vk9Z51b2o1u5q5fp1HkeBHJMTUiEuuSR1cksapEkYScgzeSVvVmq9WO/Wx7x1xcpnjsgfWJ8/z8WRiA==</latexit>

Re(p)

<latexit sha1_base64="Qnjrl9/4PbKS422eDCiTEfACZCQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUU9S8OKxoq2FNpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHbROnmvEWi2WsOwE1XArFWyhQ8k6iOY0CyR+D8c3Mf3zi2ohYPeAk4X5Eh0qEglG00n3Sr/XLFbfqzkFWiZeTCuRo9stfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+bnzolZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDKz4RKUuSKLRaFqSQYk9nfZCA0ZygnllCmhb2VsBHVlKFNp2RD8JZfXiXtWtW7qNbv6pXGdR5HEU7gFM7Bg0towC00oQUMhvAMr/DmSOfFeXc+Fq0FJ585hj9wPn8AAr6Nng==</latexit>p2
<latexit sha1_base64="nt8MdY5JaS3KnBdcSU+WP/7kPmo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD0nf65crbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwms/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdK6qHqX1dp9rVK/yeMowgmcwjl4cAV1uIMGNIHBEJ7hFd4c4bw4787HorXg5DPH8AfO5w8BOo2d</latexit>p1

<latexit sha1_base64="nt8MdY5JaS3KnBdcSU+WP/7kPmo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD0nf65crbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwms/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdK6qHqX1dp9rVK/yeMowgmcwjl4cAV1uIMGNIHBEJ7hFd4c4bw4787HorXg5DPH8AfO5w8BOo2d</latexit>p1
<latexit sha1_base64="Qnjrl9/4PbKS422eDCiTEfACZCQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUU9S8OKxoq2FNpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHbROnmvEWi2WsOwE1XArFWyhQ8k6iOY0CyR+D8c3Mf3zi2ohYPeAk4X5Eh0qEglG00n3Sr/XLFbfqzkFWiZeTCuRo9stfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+bnzolZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDKz4RKUuSKLRaFqSQYk9nfZCA0ZygnllCmhb2VsBHVlKFNp2RD8JZfXiXtWtW7qNbv6pXGdR5HEU7gFM7Bg0towC00oQUMhvAMr/DmSOfFeXc+Fq0FJ585hj9wPn8AAr6Nng==</latexit>p2

Driven+Resonant QNM

Driven+Driven QNM

s=0 <latexit sha1_base64="Oi7yPn38KmvPk1agx5N/qHerV5g=">AAAB/3icdVDLSsNAFJ3UV62vqODGzWAR3BiSUl8LoeDGZQX7gDaEyXTSDp2ZhJmJUGoX/oobF4q49Tfc+TdO2iA+D1w4nHMv994TJowq7brvVmFufmFxqbhcWlldW9+wN7eaKk4lJg0cs1i2Q6QIo4I0NNWMtBNJEA8ZaYXDi8xv3RCpaCyu9SghPkd9QSOKkTZSYO+o827MSR8FlcMKzKlXCuyy65xlOIKe407xm5RBjnpgv3V7MU45ERozpFTHcxPtj5HUFDMyKXVTRRKEh6hPOoYKxInyx9P7J3DfKD0YxdKU0HCqfp0YI67UiIemkyM9UD+9TPzL66Q6OvXHVCSpJgLPFkUpgzqGWRiwRyXBmo0MQVhScyvEAyQR1iayLIT/f/8kzYrjHTvVq2q5Vs3jKIJdsAcOgAdOQA1cgjpoAAxuwT14BE/WnfVgPVsvs9aClc9sg2+wXj8AIHuU2g==</latexit>

s = !2 � 2!1

<latexit sha1_base64="nt8MdY5JaS3KnBdcSU+WP/7kPmo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD0nf65crbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwms/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdK6qHqX1dp9rVK/yeMowgmcwjl4cAV1uIMGNIHBEJ7hFd4c4bw4787HorXg5DPH8AfO5w8BOo2d</latexit>p1
<latexit sha1_base64="Qnjrl9/4PbKS422eDCiTEfACZCQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUU9S8OKxoq2FNpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHbROnmvEWi2WsOwE1XArFWyhQ8k6iOY0CyR+D8c3Mf3zi2ohYPeAk4X5Eh0qEglG00n3Sr/XLFbfqzkFWiZeTCuRo9stfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+bnzolZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDKz4RKUuSKLRaFqSQYk9nfZCA0ZygnllCmhb2VsBHVlKFNp2RD8JZfXiXtWtW7qNbv6pXGdR5HEU7gFM7Bg0towC00oQUMhvAMr/DmSOfFeXc+Fq0FJ585hj9wPn8AAr6Nng==</latexit>p2

or

<latexit sha1_base64="7cVJ6cmSa6/rucTrg9BloyNpfHg="></latexit>

Re


r3

✓
p+ s

2
,
p� s

2

◆�

s=fixed

Fine tuned



• In principle triple poles can also present, depending on the 
details of the theory. Couldn’t find any in our model. 

• No extra poles, beyond what we expected, at this level. 
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<latexit sha1_base64="Qnjrl9/4PbKS422eDCiTEfACZCQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUU9S8OKxoq2FNpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHbROnmvEWi2WsOwE1XArFWyhQ8k6iOY0CyR+D8c3Mf3zi2ohYPeAk4X5Eh0qEglG00n3Sr/XLFbfqzkFWiZeTCuRo9stfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+bnzolZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDKz4RKUuSKLRaFqSQYk9nfZCA0ZygnllCmhb2VsBHVlKFNp2RD8JZfXiXtWtW7qNbv6pXGdR5HEU7gFM7Bg0towC00oQUMhvAMr/DmSOfFeXc+Fq0FJ585hj9wPn8AAr6Nng==</latexit>p2
<latexit sha1_base64="nt8MdY5JaS3KnBdcSU+WP/7kPmo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD0nf65crbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwms/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdK6qHqX1dp9rVK/yeMowgmcwjl4cAV1uIMGNIHBEJ7hFd4c4bw4787HorXg5DPH8AfO5w8BOo2d</latexit>p1

<latexit sha1_base64="Ex6571CWx5Y9qyTLLXK2nRd8ARw=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRZBEMpuKdWTFLx4rGA/oF2WbJptQ7PZkGSFsvRHePGgiFd/jzf/jWm7B219MPB4b4aZeaHkTBvX/XYKG5tb2zvF3dLe/sHhUfn4pKOTVBHaJglPVC/EmnImaNsww2lPKorjkNNuOLmb+90nqjRLxKOZSurHeCRYxAg2VurKwLuSQS0oV9yquwBaJ15OKpCjFZS/BsOEpDEVhnCsdd9zpfEzrAwjnM5Kg1RTickEj2jfUoFjqv1sce4MXVhliKJE2RIGLdTfExmOtZ7Goe2MsRnrVW8u/uf1UxPd+BkTMjVUkOWiKOXIJGj+OxoyRYnhU0swUczeisgYK0yMTahkQ/BWX14nnVrVa1TrD/VK8zaPowhncA6X4ME1NOEeWtAGAhN4hld4c6Tz4rw7H8vWgpPPnMIfOJ8/YXSO8Q==</latexit>

p1 + p2

Driven+Driven+Resonant QNM
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4. Extra results 



What about 3-point function involving the stress tensor?

• Use Ward identities in the r/a basis, with 

• Expand ,  in powers of  and plug into Ward 
Ident. 

• When the spatial momenta are zero, can solve explicitly 

• Can extend to higher point function.

<latexit sha1_base64="MRL1TWbGvCLfYIbqvk1N26WGb/k=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahbkoiRV1JwY24qtAXNCVMppN26MwkzEyEErp046+4caGIWz/BnX/jNM1CWw9cOJxzL/feE8SMKu0431ZhZXVtfaO4Wdra3tnds/cP2ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkE45uZ33kgUtFINPUkJn2OhoKGFCNtJN8+9hgSQ0ZgpenLMz/1eOKJZOrJTPXvfLvsVJ0McJm4OSmDHA3f/vIGEU44ERozpFTPdWLdT5HUFDMyLXmJIjHCYzQkPUMF4kT10+yRKTw1ygCGkTQlNMzU3xMp4kpNeGA6OdIjtejNxP+8XqLDq35KRZxoIvB8UZgwqCM4SwUOqCRYs4khCEtqboV4hCTC2mRXMiG4iy8vk/Z51b2o1u5r5fp1HkcRHIETUAEuuAR1cAsaoAUweATP4BW8WU/Wi/VufcxbC1Y+cwj+wPr8AW/1mZ0=</latexit>

h(Tr)µ⌫iJ
<latexit sha1_base64="/ReCivesTWYRs8ctOviZ/vGM92w=">AAACBnicbVBNS8NAEN3Ur1q/oh5FCBbBU0mkqCcpeBEvVrAf0ISw2U7bpZtN2N0IJfTkxb/ixYMiXv0N3vw3btIctPXBwOO9GWbmBTGjUtn2t1FaWl5ZXSuvVzY2t7Z3zN29towSQaBFIhaJboAlMMqhpahi0I0F4DBg0AnGV5nfeQAhacTv1SQGL8RDTgeUYKUl3zx0GeZDBm6I1Yhglt5OfeGKXPNvfLNq1+wc1iJxClJFBZq++eX2I5KEwBVhWMqeY8fKS7FQlDCYVtxEQozJGA+hpynHIUgvzd+YWsda6VuDSOjiysrV3xMpDqWchIHuzK6V814m/uf1EjW48FLK40QBJ7NFg4RZKrKyTKw+FUAUm2iCiaD6VouMsMBE6eQqOgRn/uVF0j6tOWe1+l292rgs4iijA3SETpCDzlEDXaMmaiGCHtEzekVvxpPxYrwbH7PWklHM7KM/MD5/APNBmW0=</latexit>

hOriJ
<latexit sha1_base64="MfJUBeGg/nHWmyt1JseFNv5/484=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvIinivYD2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53Cyura+kZxs7S1vbO7V94/aOo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDP1W0+oNI/loxkn6Ed0IHnIGTVWerjrqV654lbdGcgy8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFLqphoTykZ0gB1LJY1Q+9ns1Ak5sUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzyMy6T1KBk80VhKoiJyfRv0ucKmRFjSyhT3N5K2JAqyoxNp2RD8BZfXibNs6p3UT2/P6/UrvM4inAEx3AKHlxCDW6hDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDKdqNuA==</latexit>

Jr
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<latexit sha1_base64="HwIXba0QSTPLlei7n23GugpKYmc="></latexit>

⌘µ⌫ h(Tr)µ⌫iJ = (d��)Jr hOriJ ,

@µ
h(Tr)µ⌫iJ = @⌫Jr hOriJ

<latexit sha1_base64="iIsyrI0V37wwmhUoIij2R+u6s0E="></latexit>

⌘µ⌫(rTOO

3 )µ⌫(p1, p2) = (d��)(r2(p1) + r2(p2)),

(p1 + p2)
µ(rTOO

3 )µ⌫(p1, p2) = r2(p1)(p2)⌫ + r2(p2)(p1)⌫

<latexit sha1_base64="oT3e5foypZva7vQhHF7ES/2DH7I="></latexit>

(rTOO

3 )tt(!1,!2) = �r2(!1)!2 + r2(!2)!1

!1 + !2

 in  
momentum 

space

<latexit sha1_base64="tVVoANVFsHJHlnhCRn2hUdOzk6E=">AAACCnicdZC7SgNBFIZn4y3G26qlzWgQrMJuCDHpAhbaGSE3SNZwdjJJhsxemJkVwrK1ja9iY6GIrU9g59s4m0SIogcGPv7/HOac3w05k8qyPo3Myura+kZ2M7e1vbO7Z+4ftGQQCUKbJOCB6LggKWc+bSqmOO2EgoLnctp2Jxep376jQrLAb6hpSB0PRj4bMgJKS33z+PI2bvQ8UGMCPL5OljDpxwIg6Zt5q2DpKpdxCnbFsjVUq5VisYrtmWVZebSoet/86A0CEnnUV4SDlF3bCpUTg1CMcJrkepGkIZAJjGhXow8elU48OyXBp1oZ4GEg9PMVnqnLEzF4Uk49V3emm8rfXir+5XUjNaw4MfPDSFGfzD8aRhyrAKe54AETlCg+1QBEML0rJmMQQJROL6dD+L4U/w+tYsEuF0o3pXyttIgji47QCTpDNjpHNXSF6qiJCLpHj+gZvRgPxpPxarzNWzPGYuYQ/Sjj/QvapJuj</latexit>

GTOO

raa  in  
momentum 

space

<latexit sha1_base64="kTzXB6Drs5FjDJEJ6jgWXavwCtc=">AAACCHicdZDLSgMxFIYzXmu9jbp0YbAIrkqmlNruCi50ZwV7gXYcMmnahmYyQ5IRyjBLN76KGxeKuPUR3Pk2ZtoKVfRA4OP/zyHn/H7EmdIIfVpLyyura+u5jfzm1vbOrr2331JhLAltkpCHsuNjRTkTtKmZ5rQTSYoDn9O2Pz7P/PYdlYqF4kZPIuoGeCjYgBGsjeTZRxe3SS/AekQwT67SBUy9ROLUswuoiExVKjADp4ocA7VatVSqQWdqIVQA82p49kevH5I4oEITjpXqOijSboKlZoTTNN+LFY0wGeMh7RoUOKDKTaaHpPDEKH04CKV5QsOpujiR4ECpSeCbzmxR9dvLxL+8bqwHVTdhIoo1FWT20SDmUIcwSwX2maRE84kBTCQzu0IywhITbbLLmxC+L4X/Q6tUdCrF8nW5UC/P48iBQ3AMToEDzkAdXIIGaAIC7sEjeAYv1oP1ZL1ab7PWJWs+cwB+lPX+BWZ4mto=</latexit>

GOO

ra

<latexit sha1_base64="TiqlHF+ISTi11VeSZyu99G1yey8=">AAAB/HicbVDLSgNBEOyNrxhfqzl6GQyChxB2Q1AvkYAXySmCeUCyLLOTSTJk9sHMrLAs8Ve8eFDEqx/izb9xkuxBEwsaiqpuuru8iDOpLOvbyG1sbm3v5HcLe/sHh0fm8UlHhrEgtE1CHoqehyXlLKBtxRSnvUhQ7Hucdr3p7dzvPlIhWRg8qCSijo/HARsxgpWWXLPYdO16063qEoNyueniuuWaJatiLYDWiZ2REmRouebXYBiS2KeBIhxL2betSDkpFooRTmeFQSxphMkUj2lf0wD7VDrp4vgZOtfKEI1CoStQaKH+nkixL2Xie7rTx2oiV725+J/Xj9Xo2klZEMWKBmS5aBRzpEI0TwINmaBE8UQTTATTtyIywQITpfMq6BDs1ZfXSadasS8rtftaqXGTxZGHUziDC7DhChpwBy1oA4EEnuEV3own48V4Nz6WrTkjmynCHxifP7rqkuM=</latexit>

J1 = J2 = Jr , Ja = 0



What about the fluctuation-dissipation theorem?

In momentum space 

This is manifest in the bulk-boundary propagators! 

• Express            and in terms of           and use coefficients 
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<latexit sha1_base64="yUIteODbdHdGemFpWRogiWsl2DE=">AAACKHicbVDLSgMxFM3Ud31VXboZLEKLWGZE1I0PcKHLCvYBnVIy6Z02mMkMyR2hDPM5bvwVNyKKuPVLTB+LWj0QODnn3pvc48eCa3ScLys3N7+wuLS8kl9dW9/YLGxt13WUKAY1FolINX2qQXAJNeQooBkroKEvoOE/XA/9xiMozSN5j4MY2iHtSR5wRtFIncKlh1x0Ib3JOqlS2XnJPTiSZU9AgKVpi2aHU1eqMk/xXh/LnULRqTgj2H+JOyFFMkG1U3jzuhFLQpDIBNW65Toxts1E5ExAlvcSDTFlD7QHLUMlDUG309Gimb1vlK4dRMocifZIne5Iaaj1IPRNZUixr2e9ofif10owOGunXMYJgmTjh4JE2BjZw9TsLlfAUAwMoUxx81eb9amiDE22eROCO7vyX1I/qrgnleO74+LVxSSOZbJL9kiJuOSUXJFbUiU1wsgTeSHv5MN6tl6tT+trXJqzJj075Bes7x8fY6dF</latexit>

G̃rr = (1 + 2n)
⇣
G̃ra � G̃ar

⌘

<latexit sha1_base64="fThwbEmuA+rozg5+M3+7FHIW85c="></latexit>

�̃ra =
1

2

⇣
�̃11 + �̃12 + �̃21 + �̃22

⌘
=

Z
d!

2⇡
e�i!(t�t0)GR(!, r),

�̃rr =
1

2

⇣
�̃11 � �̃12 + �̃21 � �̃22

⌘
=

Z
d!

2⇡
e�i!(t�t0)(1 + 2n)

�
GR(!, r)�GA(!, r)

�
,

�̃aa =
1

2

⇣
�̃11 + �̃12 � �̃21 � �̃22

⌘
= 0,

�̃ar =
1

2

⇣
�̃11 � �̃12 � �̃21 + �̃22

⌘
=

Z
d!

2⇡
e�i!(t�t0)GA(!, r)

<latexit sha1_base64="IlJ8RUJg9BDz8cHOIAxGyHpDz+M=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwIWVGirqSghuXFewD2qFk0kwbmsmMSaZQhn6HGxeKuPVj3Pk3ptNZaOuByz2ccy+5OX4suDaO840Ka+sbm1vF7dLO7t7+QfnwqKWjRFHWpJGIVMcnmgkuWdNwI1gnVoyEvmBtf3w399sTpjSP5KOZxswLyVDygFNirOT1Ys375CJrql+uOFUnA14lbk4qkKPRL3/1BhFNQiYNFUTrruvExkuJMpwKNiv1Es1iQsdkyLqWShIy7aXZ0TN8ZpUBDiJlSxqcqb83UhJqPQ19OxkSM9LL3lz8z+smJrjxUi7jxDBJFw8FicAmwvME8IArRo2YWkKo4vZWTEdEEWpsTiUbgrv85VXSuqy6V9XaQ61Sv83jKMIJnMI5uHANdbiHBjSBwhM8wyu8oQl6Qe/oYzFaQPnOMfwB+vwBs46SDg==</latexit>

 a, r
<latexit sha1_base64="Xq+v7YVoEyrkviri3b9GdotYb/s=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgQcquFPUkBS/SUwX7Ae2yZNNsG5rNLklWKEt/hBcPinj193jz35i2e9DWBwOP92aYmRckgmvjON+osLa+sblV3C7t7O7tH5QPj9o6ThVlLRqLWHUDopngkrUMN4J1E8VIFAjWCcZ3M7/zxJTmsXw0k4R5ERlKHnJKjJU6DZ9cNHzllytO1ZkDrxI3JxXI0fTLX/1BTNOISUMF0brnOonxMqIMp4JNS/1Us4TQMRmynqWSREx72fzcKT6zygCHsbIlDZ6rvycyEmk9iQLbGREz0sveTPzP66UmvPEyLpPUMEkXi8JUYBPj2e94wBWjRkwsIVRxeyumI6IINTahkg3BXX55lbQvq+5VtfZQq9Rv8ziKcAKncA4uXEMd7qEJLaAwhmd4hTeUoBf0jj4WrQWUzxzDH6DPH5kbjxY=</latexit>

Ja, Jr
<latexit sha1_base64="BVsgqIQVxH+U9fhnE4mJN0OUHJg=">AAAB83icbVBNS8NAEJ3Ur1q/oh69LBbBg5REinqSihePVewHtLFstpt27WYTdjdCCfkbXjwo4tU/481/47bNQVsfDDzem2Fmnh9zprTjfFuFpeWV1bXiemljc2t7x97da6ookYQ2SMQj2faxopwJ2tBMc9qOJcWhz2nLH11P/NYTlYpF4l6PY+qFeCBYwAjWRuqSXsoes4f07uQq69llp+JMgRaJm5My5Kj37K9uPyJJSIUmHCvVcZ1YeymWmhFOs1I3UTTGZIQHtGOowCFVXjq9OUNHRumjIJKmhEZT9fdEikOlxqFvOkOsh2rem4j/eZ1EBxdeykScaCrIbFGQcKQjNAkA9ZmkRPOxIZhIZm5FZIglJtrEVDIhuPMvL5LmacU9q1Rvq+XaZR5HEQ7gEI7BhXOowQ3UoQEEYniGV3izEuvFerc+Zq0FK5/Zhz+wPn8A6QSRmQ==</latexit>

cR,A
ij

 Bose-Einstein 
distribution

<latexit sha1_base64="yCHqxjyPW7c/p5AVKFPHiVj1JNc="></latexit>

n = (e�! � 1)�1
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5. Summary & Outlook
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Summary

• We have computed retarded thermal 3-point functions 
holographically:                          . 

• We proved that real-time holography reduces to ingoing 
boundary conditions on a single sheet. 

• QNMs appear as single and double poles. The universality of 
black hole ringdown extends to non-linear response.

<latexit sha1_base64="5XWQBbX8OGNkdzR9QC0P/pjp9yY=">AAACNnicbVDLSsNAFJ34rPUVdekmWAQXUhIp6koKLnQjVugL2hhuppN26OTBzEQoIV/lxu9w140LRdz6CU7aLGrbAwOHc85l7j1uxKiQpjnWVlbX1jc2C1vF7Z3dvX394LApwphj0sAhC3nbBUEYDUhDUslIO+IEfJeRlju8zfzWC+GChkFdjiJi+9APqEcxSCU5+sPdc1Lv+iAHGFjymM7Q1Ek4QHquEssDi1lHL5llcwJjkVg5KaEcNUd/7/ZCHPskkJiBEB3LjKSdAJcUM5IWu7EgEeAh9ElH0QB8IuxkcnZqnCqlZ3ghVy+QxkSdnUjAF2LkuyqZbSrmvUxc5nVi6V3bCQ2iWJIATz/yYmbI0Mg6NHqUEyzZSBHAnKpdDTwADliqpouqBGv+5EXSvChbl+XKU6VUvcnrKKBjdILOkIWuUBXdoxpqIIxe0Rh9oi/tTfvQvrWfaXRFy2eO0D9ov3+ya67z</latexit>

GTOO

raa , GOOO

raa
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Outlook

• For 2-point function, only 1 independent component. For 3-
point functions there are 3; we computed one of these, the 
other two? 

• Understand the generalised Fluctuation-Dissipation theorem 
from the bulk. 

• Extend to conserved current operators, e.g.  

• Relationship between Skenderis-van Rees  and Crossley-
Glorioso-Liu prescriptions. Recent related work 
[Loganayagam,Rangamani,Virrueta ’22] 

<latexit sha1_base64="dyRp7SNon7TkGnYJ+sLLlAj5cF4=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVop6k4EGPFbYf0K4lm2bb0GyyJFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXphwpo3rfjuFtfWNza3idmlnd2//oHx41NIyVYQ2ieRSdUKsKWeCNg0znHYSRXEcctoOx7czv/1ElWZS+GaS0CDGQ8EiRrCxUvvuMfN9f9ovV9yqOwdaJV5OKpCj0S9/9QaSpDEVhnCsdddzExNkWBlGOJ2WeqmmCSZjPKRdSwWOqQ6y+blTdGaVAYqksiUMmqu/JzIcaz2JQ9sZYzPSy95M/M/rpia6DjImktRQQRaLopQjI9HsdzRgihLDJ5Zgopi9FZERVpgYm1DJhuAtv7xKWhdV77Jae6hV6jd5HEU4gVM4Bw+uoA730IAmEBjDM7zCm5M4L86787FoLTj5zDH8gfP5Awccj14=</latexit>

GTTT

<latexit sha1_base64="evBQYgSrb7gI/IusFrA3KgMzrhg=">AAAB+HicbVDLSgMxFL3js9ZHqy7dBIvgQsqMFHUlBRe6rGAf0A5DJs20oZnMkGSEOsyXuHGhiFs/xZ1/Y6adhbYeCDmcc+/NzfFjzpS27W9rZXVtfWOztFXe3tndq1T3DzoqSiShbRLxSPZ8rChngrY105z2Yklx6HPa9Sc3ud99pFKxSDzoaUzdEI8ECxjB2khetXLrpVji7Cy/scy8as2u2zOgZeIUpAYFWl71azCMSBJSoQnHSvUdO9aumakZ4TQrDxJFY0wmeET7hgocUuWms8UzdGKUIQoiaY7QaKb+7khxqNQ09E1liPVYLXq5+J/XT3Rw5aZMxImmgswfChKOdITyFNCQSUo0nxqCiWRmV0TGJgeiTVZlE4Kz+OVl0jmvOxf1xn2j1rwu4ijBERzDKThwCU24gxa0gUACz/AKb9aT9WK9Wx/z0hWr6DmEP7A+fwCmQJMW</latexit>

Gara, Gaar
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Thanks for 
listening!


