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[from Peskin and Schroeder]
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[Hartnoll, Kumar, (2005)] holography (N=4 SYM-type theories)
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methods: 
• perturbative QFT: calculation of Feynman diagrams 
• holography: solving differential equations in black hole 

backgrounds
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A N A LY T I C  S T R U C T U R E  O F  T H E R M A L  C O R R E L AT O R S

meromorphic momentum space correlator

quasinormal modes 
of black holes



• low-energy limit of (some) thermal QFTs  
is described hydrodynamics 

• conservation laws and global conserved operators 

• tensor structures (symmetries, gradient expansions)  
and transport coefficients (QFT)
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<latexit sha1_base64="8vnsxWw9HtiYyuhj9h6WeiGejl0=">AAAB+3icjVDLSgMxFM3UV62vsS7dBIvgxjJTBN0IRV24rGAf0I4lk95pQzPJmGTEMvRX3LhQxK0/4s6/MX0sVBQ8cOFwzr3cwwkTzrTxvA8nt7C4tLySXy2srW9sbrnbxYaWqaJQp5JL1QqJBs4E1A0zHFqJAhKHHJrh8HziN+9AaSbFtRklEMSkL1jEKDFW6rrFjoyhT/ApPsQMX+Dbm0rXLfllbwr8NymhOWpd973TkzSNQRjKidZt30tMkBFlGOUwLnRSDQmhQ9KHtqWCxKCDbJp9jPet0sORVHaEwVP160VGYq1HcWg3Y2IG+qc3EX/z2qmJToKMiSQ1IOjsUZRybCSeFIF7TAE1fGQJoYrZrJgOiCLU2LoK/yuhUSn7ll8dlapn8zryaBftoQPko2NURZeohuqIonv0gJ7QszN2Hp0X53W2mnPmNzvoG5y3TxFLkn8=</latexit><latexit sha1_base64="8vnsxWw9HtiYyuhj9h6WeiGejl0=">AAAB+3icjVDLSgMxFM3UV62vsS7dBIvgxjJTBN0IRV24rGAf0I4lk95pQzPJmGTEMvRX3LhQxK0/4s6/MX0sVBQ8cOFwzr3cwwkTzrTxvA8nt7C4tLySXy2srW9sbrnbxYaWqaJQp5JL1QqJBs4E1A0zHFqJAhKHHJrh8HziN+9AaSbFtRklEMSkL1jEKDFW6rrFjoyhT/ApPsQMX+Dbm0rXLfllbwr8NymhOWpd973TkzSNQRjKidZt30tMkBFlGOUwLnRSDQmhQ9KHtqWCxKCDbJp9jPet0sORVHaEwVP160VGYq1HcWg3Y2IG+qc3EX/z2qmJToKMiSQ1IOjsUZRybCSeFIF7TAE1fGQJoYrZrJgOiCLU2LoK/yuhUSn7ll8dlapn8zryaBftoQPko2NURZeohuqIonv0gJ7QszN2Hp0X53W2mnPmNzvoG5y3TxFLkn8=</latexit><latexit sha1_base64="8vnsxWw9HtiYyuhj9h6WeiGejl0=">AAAB+3icjVDLSgMxFM3UV62vsS7dBIvgxjJTBN0IRV24rGAf0I4lk95pQzPJmGTEMvRX3LhQxK0/4s6/MX0sVBQ8cOFwzr3cwwkTzrTxvA8nt7C4tLySXy2srW9sbrnbxYaWqaJQp5JL1QqJBs4E1A0zHFqJAhKHHJrh8HziN+9AaSbFtRklEMSkL1jEKDFW6rrFjoyhT/ApPsQMX+Dbm0rXLfllbwr8NymhOWpd973TkzSNQRjKidZt30tMkBFlGOUwLnRSDQmhQ9KHtqWCxKCDbJp9jPet0sORVHaEwVP160VGYq1HcWg3Y2IG+qc3EX/z2qmJToKMiSQ1IOjsUZRybCSeFIF7TAE1fGQJoYrZrJgOiCLU2LoK/yuhUSn7ll8dlapn8zryaBftoQPko2NURZeohuqIonv0gJ7QszN2Hp0X53W2mnPmNzvoG5y3TxFLkn8=</latexit><latexit sha1_base64="8vnsxWw9HtiYyuhj9h6WeiGejl0=">AAAB+3icjVDLSgMxFM3UV62vsS7dBIvgxjJTBN0IRV24rGAf0I4lk95pQzPJmGTEMvRX3LhQxK0/4s6/MX0sVBQ8cOFwzr3cwwkTzrTxvA8nt7C4tLySXy2srW9sbrnbxYaWqaJQp5JL1QqJBs4E1A0zHFqJAhKHHJrh8HziN+9AaSbFtRklEMSkL1jEKDFW6rrFjoyhT/ApPsQMX+Dbm0rXLfllbwr8NymhOWpd973TkzSNQRjKidZt30tMkBFlGOUwLnRSDQmhQ9KHtqWCxKCDbJp9jPet0sORVHaEwVP160VGYq1HcWg3Y2IG+qc3EX/z2qmJToKMiSQ1IOjsUZRybCSeFIF7TAE1fGQJoYrZrJgOiCLU2LoK/yuhUSn7ll8dlapn8zryaBftoQPko2NURZeohuqIonv0gJ7QszN2Hp0X53W2mnPmNzvoG5y3TxFLkn8=</latexit>
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<latexit sha1_base64="MC+YUtak3YXREeDB1gJqKfLlHx8=">AAACCnicjVA9SwNBEN2LXzF+nVrarAbBxnAJgjZC0ELLCOYDcucxt9lLluzeXXb3AuFIbeNfsbFQxNZfYOe/cRNTqCj4YODx3gwz84KEM6Ud593Kzc0vLC7llwsrq2vrG/bmVkPFqSS0TmIey1YAinIW0bpmmtNWIimIgNNm0D+f+M0hlYrF0bUeJdQT0I1YyAhoI/n2rhsL2gV8it1E4KGv8AAfYobdCxAC8OCm4tvFcsmZAv9NimiGmm+/uZ2YpIJGmnBQql12Eu1lIDUjnI4LbqpoAqQPXdo2NAJBlZdNXxnjfaN0cBhLU5HGU/XrRAZCqZEITKcA3VM/vYn4m9dOdXjiZSxKUk0j8rkoTDnWMZ7kgjtMUqL5yBAgkplbMemBBKJNeoX/hdColMqGXx0Vq2ezOPJoB+2hA1RGx6iKLlEN1RFBt+gePaIn6856sJ6tl8/WnDWb2UbfYL1+AMQDmGI=</latexit><latexit sha1_base64="MC+YUtak3YXREeDB1gJqKfLlHx8=">AAACCnicjVA9SwNBEN2LXzF+nVrarAbBxnAJgjZC0ELLCOYDcucxt9lLluzeXXb3AuFIbeNfsbFQxNZfYOe/cRNTqCj4YODx3gwz84KEM6Ud593Kzc0vLC7llwsrq2vrG/bmVkPFqSS0TmIey1YAinIW0bpmmtNWIimIgNNm0D+f+M0hlYrF0bUeJdQT0I1YyAhoI/n2rhsL2gV8it1E4KGv8AAfYobdCxAC8OCm4tvFcsmZAv9NimiGmm+/uZ2YpIJGmnBQql12Eu1lIDUjnI4LbqpoAqQPXdo2NAJBlZdNXxnjfaN0cBhLU5HGU/XrRAZCqZEITKcA3VM/vYn4m9dOdXjiZSxKUk0j8rkoTDnWMZ7kgjtMUqL5yBAgkplbMemBBKJNeoX/hdColMqGXx0Vq2ezOPJoB+2hA1RGx6iKLlEN1RFBt+gePaIn6856sJ6tl8/WnDWb2UbfYL1+AMQDmGI=</latexit><latexit sha1_base64="MC+YUtak3YXREeDB1gJqKfLlHx8=">AAACCnicjVA9SwNBEN2LXzF+nVrarAbBxnAJgjZC0ELLCOYDcucxt9lLluzeXXb3AuFIbeNfsbFQxNZfYOe/cRNTqCj4YODx3gwz84KEM6Ud593Kzc0vLC7llwsrq2vrG/bmVkPFqSS0TmIey1YAinIW0bpmmtNWIimIgNNm0D+f+M0hlYrF0bUeJdQT0I1YyAhoI/n2rhsL2gV8it1E4KGv8AAfYobdCxAC8OCm4tvFcsmZAv9NimiGmm+/uZ2YpIJGmnBQql12Eu1lIDUjnI4LbqpoAqQPXdo2NAJBlZdNXxnjfaN0cBhLU5HGU/XrRAZCqZEITKcA3VM/vYn4m9dOdXjiZSxKUk0j8rkoTDnWMZ7kgjtMUqL5yBAgkplbMemBBKJNeoX/hdColMqGXx0Vq2ezOPJoB+2hA1RGx6iKLlEN1RFBt+gePaIn6856sJ6tl8/WnDWb2UbfYL1+AMQDmGI=</latexit><latexit sha1_base64="MC+YUtak3YXREeDB1gJqKfLlHx8=">AAACCnicjVA9SwNBEN2LXzF+nVrarAbBxnAJgjZC0ELLCOYDcucxt9lLluzeXXb3AuFIbeNfsbFQxNZfYOe/cRNTqCj4YODx3gwz84KEM6Ud593Kzc0vLC7llwsrq2vrG/bmVkPFqSS0TmIey1YAinIW0bpmmtNWIimIgNNm0D+f+M0hlYrF0bUeJdQT0I1YyAhoI/n2rhsL2gV8it1E4KGv8AAfYobdCxAC8OCm4tvFcsmZAv9NimiGmm+/uZ2YpIJGmnBQql12Eu1lIDUjnI4LbqpoAqQPXdo2NAJBlZdNXxnjfaN0cBhLU5HGU/XrRAZCqZEITKcA3VM/vYn4m9dOdXjiZSxKUk0j8rkoTDnWMZ7kgjtMUqL5yBAgkplbMemBBKJNeoX/hdColMqGXx0Vq2ezOPJoB+2hA1RGx6iKLlEN1RFBt+gePaIn6856sJ6tl8/WnDWb2UbfYL1+AMQDmGI=</latexit>
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<latexit sha1_base64="9/odFNOpgCdGAa0mPLJ1pGH92Ew=">AAACAnicjVDLSgNBEOz1GeNr1ZN4GQyCp2RXAuot6MVjhLwgWcLsZDYZMrOzzswKYQle/BUvHhTx6ld482+cPA4qChY0FFXddHeFCWfaeN6Hs7C4tLyymlvLr29sbm27O7sNLVNFaJ1ILlUrxJpyFtO6YYbTVqIoFiGnzXB4OfGbt1RpJuOaGSU0ELgfs4gRbKzUdfc7UtA+LtVQRzOBblAJWco58rtuwS96U6C/SQHmqHbd905PklTQ2BCOtW77XmKCDCvDCKfjfCfVNMFkiPu0bWmMBdVBNn1hjI6s0kORVLZig6bq14kMC61HIrSdApuB/ulNxN+8dmqisyBjcZIaGpPZoijlyEg0yQP1mKLE8JElmChmb0VkgBUmxqaW/18IjZOiXy6eX5cLlYt5HDk4gEM4Bh9OoQJXUIU6ELiDB3iCZ+feeXRenNdZ64Izn9mDb3DePgEln5Va</latexit>
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<latexit sha1_base64="a2Ga+eTMpWNJMZn9Mw6Z1YxEPKw=">AAACDXicjVDLSgMxFM3UV62vUZduglVwVWakoO6KblxW6As6Y8mkmTY0yQx5CGXoD7jxV9y4UMSte3f+jZm2iIqCBy4czrn3JvdEKaNKe967U1hYXFpeKa6W1tY3Nrfc7Z2WSozEpIkTlshOhBRhVJCmppqRTioJ4hEj7Wh0kfvtGyIVTURDj1MScjQQNKYYaSv13IMgRVJTxKC5DriBgaIcfmoNGDAG/Z5b9iveFPBvUgZz1HvuW9BPsOFEaMyQUl3fS3WY5VsxI5NSYBRJER6hAelaKhAnKsym10zgoVX6ME6kLaHhVP06kSGu1JhHtpMjPVQ/vVz8zesaHZ+GGRWp0UTg2UOxYVAnMI8G9qkkWLOxJQhLav8K8RBJhLUNsPS/EFrHFb9aObuqlmvn8ziKYA/sgyPggxNQA5egDpoAg1twDx7Bk3PnPDjPzsusteDMZ3bBNzivHwTDmuM=</latexit>
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<latexit sha1_base64="tZ/pTcPB1XH325HYkzt9YwzcFPs=">AAAB/XicjVDLSsNAFL2pr1pf8bFzM1gEVyUpBetCKLhxWcE+oKllMp20QyeTdGYi1BD8FTcuFHHrf7jzb5w+FioKHrhwOOde7uH4MWdKO86HlVtaXlldy68XNja3tnfs3b2mihJJaINEPJJtHyvKmaANzTSn7VhSHPqctvzRxdRv3VKpWCSu9SSm3RAPBAsYwdpIPftgjM6Rp8ZSp6nnB2ic3ZSznl10S84M6G9ShAXqPfvd60ckCanQhGOlOq4T626KpWaE06zgJYrGmIzwgHYMFTikqpvO0mfo2Ch9FETSjNBopn69SHGo1CT0zWaI9VD99Kbib14n0UG1mzIRJ5oKMn8UJBzpCE2rQH0mKdF8YggmkpmsiAyxxESbwgr/K6FZLrmV0tlVpVirLurIwyEcwQm4cAo1uIQ6NIDAHTzAEzxb99aj9WK9zldz1uJmH77BevsEue+UwQ==</latexit>
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<latexit sha1_base64="2Py7x5HNUpjsn2AIIMKyvfhHai8=">AAACEnicjVDLSgMxFM3UV62vUZdugkVQxDIjgi6LblxW6As605JJ77ShycyYZIQ69Bvc+CtuXCji1pU7/8b0sVBR8EDI4Zx7ufeeIOFMacf5sHJz8wuLS/nlwsrq2vqGvblVV3EqKdRozGPZDIgCziKoaaY5NBMJRAQcGsHgYuw3bkAqFkdVPUzAF6QXsZBRoo3UsQ/StidS7CkmcHX6QTs7YtiLBfQI1vgQM3yNb0cdu+iWnAnw36SIZqh07HevG9NUQKQpJ0q1XCfRfkakZpTDqOClChJCB6QHLUMjIkD52eSkEd4zSheHsTQv0niifu3IiFBqKAJTKYjuq5/eWPzNa6U6PPMzFiWphohOB4UpxzrG43xwl0mgmg8NIVQysyumfSIJ1SbFwv9CqB+XXMOvTorl81kcebSDdtE+ctEpKqNLVEE1RNEdekBP6Nm6tx6tF+t1WpqzZj3b6Bust08vFpvg</latexit><latexit sha1_base64="2Py7x5HNUpjsn2AIIMKyvfhHai8=">AAACEnicjVDLSgMxFM3UV62vUZdugkVQxDIjgi6LblxW6As605JJ77ShycyYZIQ69Bvc+CtuXCji1pU7/8b0sVBR8EDI4Zx7ufeeIOFMacf5sHJz8wuLS/nlwsrq2vqGvblVV3EqKdRozGPZDIgCziKoaaY5NBMJRAQcGsHgYuw3bkAqFkdVPUzAF6QXsZBRoo3UsQ/StidS7CkmcHX6QTs7YtiLBfQI1vgQM3yNb0cdu+iWnAnw36SIZqh07HevG9NUQKQpJ0q1XCfRfkakZpTDqOClChJCB6QHLUMjIkD52eSkEd4zSheHsTQv0niifu3IiFBqKAJTKYjuq5/eWPzNa6U6PPMzFiWphohOB4UpxzrG43xwl0mgmg8NIVQysyumfSIJ1SbFwv9CqB+XXMOvTorl81kcebSDdtE+ctEpKqNLVEE1RNEdekBP6Nm6tx6tF+t1WpqzZj3b6Bust08vFpvg</latexit><latexit sha1_base64="2Py7x5HNUpjsn2AIIMKyvfhHai8=">AAACEnicjVDLSgMxFM3UV62vUZdugkVQxDIjgi6LblxW6As605JJ77ShycyYZIQ69Bvc+CtuXCji1pU7/8b0sVBR8EDI4Zx7ufeeIOFMacf5sHJz8wuLS/nlwsrq2vqGvblVV3EqKdRozGPZDIgCziKoaaY5NBMJRAQcGsHgYuw3bkAqFkdVPUzAF6QXsZBRoo3UsQ/StidS7CkmcHX6QTs7YtiLBfQI1vgQM3yNb0cdu+iWnAnw36SIZqh07HevG9NUQKQpJ0q1XCfRfkakZpTDqOClChJCB6QHLUMjIkD52eSkEd4zSheHsTQv0niifu3IiFBqKAJTKYjuq5/eWPzNa6U6PPMzFiWphohOB4UpxzrG43xwl0mgmg8NIVQysyumfSIJ1SbFwv9CqB+XXMOvTorl81kcebSDdtE+ctEpKqNLVEE1RNEdekBP6Nm6tx6tF+t1WpqzZj3b6Bust08vFpvg</latexit><latexit sha1_base64="2Py7x5HNUpjsn2AIIMKyvfhHai8=">AAACEnicjVDLSgMxFM3UV62vUZdugkVQxDIjgi6LblxW6As605JJ77ShycyYZIQ69Bvc+CtuXCji1pU7/8b0sVBR8EDI4Zx7ufeeIOFMacf5sHJz8wuLS/nlwsrq2vqGvblVV3EqKdRozGPZDIgCziKoaaY5NBMJRAQcGsHgYuw3bkAqFkdVPUzAF6QXsZBRoo3UsQ/StidS7CkmcHX6QTs7YtiLBfQI1vgQM3yNb0cdu+iWnAnw36SIZqh07HevG9NUQKQpJ0q1XCfRfkakZpTDqOClChJCB6QHLUMjIkD52eSkEd4zSheHsTQv0niifu3IiFBqKAJTKYjuq5/eWPzNa6U6PPMzFiWphohOB4UpxzrG43xwl0mgmg8NIVQysyumfSIJ1SbFwv9CqB+XXMOvTorl81kcebSDdtE+ctEpKqNLVEE1RNEdekBP6Nm6tx6tF+t1WpqzZj3b6Bust08vFpvg</latexit>
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<latexit sha1_base64="VkRdS8rX/4pBfnOEggkNhh8YBBY=">AAACE3icjVDLSgMxFM34rPVVdekmWITqosyIoJtC0Y3LCvYBnbbcSTNtaJKZJhmhDP0HN/6KGxeKuHXjzr8xfSxUFDxw4XDOuST3BDFn2rjuh7OwuLS8sppZy65vbG5t53Z2azpKFKFVEvFINQLQlDNJq4YZThuxoiACTuvB4HLi12+p0iySN2YU05aAnmQhI2Cs1Mkd+5GgPSgMj3AJ+zoRnVSWvHHbZzI0I+wDj/vQkXjYtuG8V3SnwH+TPJqj0sm9+92IJIJKQzho3fTc2LRSUIYRTsdZP9E0BjKAHm1aKkFQ3UqnN43xoVW6OIyUHWnwVP26kYLQeiQCmxRg+vqnNxF/85qJCc9bKZNxYqgks4fChGMT4UlBuMsUJYaPLAGimP0rJn1QQIytMfu/EmonRc/y69N8+WJeRwbtowNUQB46Q2V0hSqoigi6Qw/oCT07986j8+K8zqILznxnD32D8/YJrqCdag==</latexit><latexit sha1_base64="VkRdS8rX/4pBfnOEggkNhh8YBBY=">AAACE3icjVDLSgMxFM34rPVVdekmWITqosyIoJtC0Y3LCvYBnbbcSTNtaJKZJhmhDP0HN/6KGxeKuHXjzr8xfSxUFDxw4XDOuST3BDFn2rjuh7OwuLS8sppZy65vbG5t53Z2azpKFKFVEvFINQLQlDNJq4YZThuxoiACTuvB4HLi12+p0iySN2YU05aAnmQhI2Cs1Mkd+5GgPSgMj3AJ+zoRnVSWvHHbZzI0I+wDj/vQkXjYtuG8V3SnwH+TPJqj0sm9+92IJIJKQzho3fTc2LRSUIYRTsdZP9E0BjKAHm1aKkFQ3UqnN43xoVW6OIyUHWnwVP26kYLQeiQCmxRg+vqnNxF/85qJCc9bKZNxYqgks4fChGMT4UlBuMsUJYaPLAGimP0rJn1QQIytMfu/EmonRc/y69N8+WJeRwbtowNUQB46Q2V0hSqoigi6Qw/oCT07986j8+K8zqILznxnD32D8/YJrqCdag==</latexit><latexit sha1_base64="VkRdS8rX/4pBfnOEggkNhh8YBBY=">AAACE3icjVDLSgMxFM34rPVVdekmWITqosyIoJtC0Y3LCvYBnbbcSTNtaJKZJhmhDP0HN/6KGxeKuHXjzr8xfSxUFDxw4XDOuST3BDFn2rjuh7OwuLS8sppZy65vbG5t53Z2azpKFKFVEvFINQLQlDNJq4YZThuxoiACTuvB4HLi12+p0iySN2YU05aAnmQhI2Cs1Mkd+5GgPSgMj3AJ+zoRnVSWvHHbZzI0I+wDj/vQkXjYtuG8V3SnwH+TPJqj0sm9+92IJIJKQzho3fTc2LRSUIYRTsdZP9E0BjKAHm1aKkFQ3UqnN43xoVW6OIyUHWnwVP26kYLQeiQCmxRg+vqnNxF/85qJCc9bKZNxYqgks4fChGMT4UlBuMsUJYaPLAGimP0rJn1QQIytMfu/EmonRc/y69N8+WJeRwbtowNUQB46Q2V0hSqoigi6Qw/oCT07986j8+K8zqILznxnD32D8/YJrqCdag==</latexit><latexit sha1_base64="VkRdS8rX/4pBfnOEggkNhh8YBBY=">AAACE3icjVDLSgMxFM34rPVVdekmWITqosyIoJtC0Y3LCvYBnbbcSTNtaJKZJhmhDP0HN/6KGxeKuHXjzr8xfSxUFDxw4XDOuST3BDFn2rjuh7OwuLS8sppZy65vbG5t53Z2azpKFKFVEvFINQLQlDNJq4YZThuxoiACTuvB4HLi12+p0iySN2YU05aAnmQhI2Cs1Mkd+5GgPSgMj3AJ+zoRnVSWvHHbZzI0I+wDj/vQkXjYtuG8V3SnwH+TPJqj0sm9+92IJIJKQzho3fTc2LRSUIYRTsdZP9E0BjKAHm1aKkFQ3UqnN43xoVW6OIyUHWnwVP26kYLQeiQCmxRg+vqnNxF/85qJCc9bKZNxYqgks4fChGMT4UlBuMsUJYaPLAGimP0rJn1QQIytMfu/EmonRc/y69N8+WJeRwbtowNUQB46Q2V0hSqoigi6Qw/oCT07986j8+K8zqILznxnD32D8/YJrqCdag==</latexit>

• dispersion relations 
are poles:

Reω

Imω

convergent series
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kinetic theory 

Boltzmann equation — RTA 
[Romatschke, (2016)]

BBGKY hierarchy — RTA-like  
truncations [SG, Soloviev (2025)]

poles from a cut?

6

hTµ⌫(�!,�q), T⇢�(!, q)iR ⇠ b(!, q)

a(!, q)
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supergravity 
<latexit sha1_base64="h3EqBHmFmhWifEcVNXUvnKEsWxw=">AAACBnicjVDLSsNAFJ3UV62vqEsRBovoqiZS1GXRjcsK9gFNKDeTSTt0JokzE6GErtz4K25cKOLWb3Dn3zh9LFQUPHDhcM69d+aeIOVMacf5sApz8wuLS8Xl0srq2vqGvbnVVEkmCW2QhCeyHYCinMW0oZnmtJ1KCiLgtBUMLsZ+65ZKxZL4Wg9T6gvoxSxiBLSRuvauBzztwwH2FBPYPfLUjdS5x82GEEZdu+xWnAnw36SMZqh37XcvTEgmaKwJB6U6rpNqPwepGeF0VPIyRVMgA+jRjqExCKr8fHLGCO8bJcRRIk3FGk/UrxM5CKWGIjCdAnRf/fTG4m9eJ9PRmZ+zOM00jcn0oSjjWCd4nAkOmaRE86EhQCQzf8WkDxKINsmV/hdC87jinlSqV9Vy7XwWRxHtoD10iFx0imroEtVRAxF0hx7QE3q27q1H68V6nbYWrNnMNvoG6+0TdQKYgg==</latexit>

↵0 ⇠ 1/
p
�

cut from poles

[SG, Starinets …, several papers]
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hTµ⌫(�!,�q), T⇢�(!, q)iR ⇠ b(!, q)

a(!, q)
<latexit sha1_base64="c6aiyALHVQrhFjFZRydmjg44qv8="></latexit><latexit sha1_base64="c6aiyALHVQrhFjFZRydmjg44qv8="></latexit><latexit sha1_base64="c6aiyALHVQrhFjFZRydmjg44qv8="></latexit><latexit sha1_base64="c6aiyALHVQrhFjFZRydmjg44qv8="></latexit>

<latexit sha1_base64="yxAEJEFkEvQSolRuMNoOZ2bFmtM="></latexit>

=
B(!, q)Q1

i=0 (! � !i(q))

correlators remain 
meromorphic

quasinormal modes 
of black holes
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Reω

Imω
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Imω
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[SG, Starinets …, several papers; see also Dodelson on SYK (2025)]

supergravity 
<latexit sha1_base64="h3EqBHmFmhWifEcVNXUvnKEsWxw=">AAACBnicjVDLSsNAFJ3UV62vqEsRBovoqiZS1GXRjcsK9gFNKDeTSTt0JokzE6GErtz4K25cKOLWb3Dn3zh9LFQUPHDhcM69d+aeIOVMacf5sApz8wuLS8Xl0srq2vqGvbnVVEkmCW2QhCeyHYCinMW0oZnmtJ1KCiLgtBUMLsZ+65ZKxZL4Wg9T6gvoxSxiBLSRuvauBzztwwH2FBPYPfLUjdS5x82GEEZdu+xWnAnw36SMZqh37XcvTEgmaKwJB6U6rpNqPwepGeF0VPIyRVMgA+jRjqExCKr8fHLGCO8bJcRRIk3FGk/UrxM5CKWGIjCdAnRf/fTG4m9eJ9PRmZ+zOM00jcn0oSjjWCd4nAkOmaRE86EhQCQzf8WkDxKINsmV/hdC87jinlSqV9Vy7XwWRxHtoD10iFx0imroEtVRAxF0hx7QE3q27q1H68V6nbYWrNnMNvoG6+0TdQKYgg==</latexit>

↵0 ⇠ 1/
p
�

cut from poles
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hTµ⌫(�!,�q), T⇢�(!, q)iR ⇠ b(!, q)

a(!, q)
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=
B(!, q)Q1

i=0 (! � !i(q))
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hTµ⌫(�!,�q), T⇢�(!, q)iR ⇠ b(!, q)

a(!, q)
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=
B(!, q)Q1

i=0 (! � !i(q))

H O L O G R A P H Y  A N D  T H E R M A L  S P E C T R U M

Reω

Imω

for the rest of the talk: 
correlators are meromorphic in ω ∈ ℂ

important recent result:  
the thermal product formula [Dodelson, Iosso, Karlsson, Zhiboedov (2023)]
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pole skipping and reconstruction of hydrodynamics 

spectral duality relation 

summary and future directions



P O L E  S K I P P I N G  A N D  R E C O N S T R U C T I O N  
O F  H Y D R O DY N A M I C S



• pole skipping: ubiquitous feature of thermal correlators and black hole perturbations  
[SG, Schalm, Scopelliti, PRL (2017); Blake, Lee, Liu, JHEP (2018); Blake, Davison,  
SG, Liu, JHEP (2018); SG, JHEP (2019)] 

• originally: all-order hydrodynamic sound mode 
 
passes through a ‘chaos point’ at where the associated 2-pt function is ‘0/0’: 
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!(q = i�L/vB) = i�L = 2⇡Ti

<latexit sha1_base64="jJ50BD0MLIwNZRlYmG8xTf6sF9g=">AAACIHicjVDLSgMxFM34rPVVdenmYhHqpk5LoboolLpx4aJCX9ApQybNtKGZyZhkCqX0U9z4K25cKKI7/RrTx0KLggcuHM65h+QeL+JMadv+sFZW19Y3NhNbye2d3b391MFhQ4lYElonggvZ8rCinIW0rpnmtBVJigOP06Y3uJr6zSGViomwpkcR7QS4FzKfEayN5KaKjghoD2fuoAQMHG6SXezewDkM3crZkliCPDgRgxowN5XOZe0Z4G+SRgtU3dS70xUkDmioCcdKtXN2pDtjLDUjnE6STqxohMkA92jb0BAHVHXGswMncGqULvhCmgk1zNTviTEOlBoFntkMsO6rZW8q/ua1Y+1fdMYsjGJNQzJ/yI85aAHTtqDLJCWajwzBRDLzVyB9LDHRptPk/0po5LO5QvbytpAuVxZ1JNAxOkEZlENFVEbXqIrqiKB79Iie0Yv1YD1Zr9bbfHXFWmSO0A9Yn19rpZ9q</latexit>

!(q) =
1X

n=1

↵n (T, µi, hOji,�) q
n

<latexit sha1_base64="To9yxa+mzYJakn3WRao+JdZjwrM="></latexit>

<latexit sha1_base64="9MttCSUyPNYt7xKvzgI5jYLWm0I=">AAACB3icjVDLSgMxFM3UV62vUZeCBItQF5aZUtSNUHTjskJf0BmGTJppQzPJmGSEMnTnxl9x40IRt/6CO//G9LFQUfDAhcM593LvPWHCqNKO82HlFhaXllfyq4W19Y3NLXt7p6VEKjFpYsGE7IRIEUY5aWqqGekkkqA4ZKQdDi8nfvuWSEUFb+hRQvwY9TmNKEbaSIG974mY9FHAYekm4EfwHB7DipdQ2IAUchjYRbfsTAH/JkUwRz2w372ewGlMuMYMKdV1nUT7GZKaYkbGBS9VJEF4iPqkayhHMVF+Nv1jDA+N0oORkKa4hlP160SGYqVGcWg6Y6QH6qc3EX/zuqmOzvyM8iTVhOPZoihlUAs4CQX2qCRYs5EhCEtqboV4gCTC2kRX+F8IrUrZPSlXr6vF2sU8jjzYAwegBFxwCmrgCtRBE2BwBx7AE3i27q1H68V6nbXmrPnMLvgG6+0TrIaWoA==</latexit>

!n(qn) = �2⇡Tin

<latexit sha1_base64="52Pp18LmxP6NZ0TAphWDWnGM+Ms=">AAACFXicjVDLSgMxFM34rPU16tJNsAgVpM5IUTdC0YWupIp9QGcYMumdNjTzMMkIZehPuPFX3LhQxK3gzr8xfSxUFDwkcO4593KT4yecSWVZH8bU9Mzs3HxuIb+4tLyyaq6t12WcCgo1GvNYNH0igbMIaoopDs1EAAl9Dg2/dzr0G7cgJIuja9VPwA1JJ2IBo0RpyTN3z7wrfIydQBCaWQN9dHVRdNrAFXHiEDpkb1zgmx3PLNglawT8NymgCaqe+e60Y5qGECnKiZQt20qUmxGhGOUwyDuphITQHulAS9OIhCDdbPSrAd7WShsHsdA3Unikfp3ISChlP/R1Z0hUV/70huJvXitVwZGbsShJFUR0vChIOVYxHkaE20wAVbyvCaGC6bdi2iU6IKWDzP8vhPp+yT4olS/LhcrJJI4c2kRbqIhsdIgq6BxVUQ1RdIce0BN6Nu6NR+PFeB23ThmTmQ30DcbbJ40cnTk=</latexit>

GR =
0

0
= N(�!/�q)

• relation to maximal quantum chaos as measured by the out-of-time-ordered correlation 
functions and entanglement wedge […; Chua, Hartman, Weng (2025)]  

• triviality of the Einstein equation at the horizon 

• infinite number of such ‘0/0’ points at negative Matsubara frequencies for   
[SG, Kovtun, Starinets, Tadić, JHEP (2019); Blake, Davison, Vegh, JHEP (2019)]

q ∈ ℂ

<latexit sha1_base64="5p7qrQT2/3HuC3OuvNi+TaQ1Wuo=">AAAB73icjVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZpPuboQS+ie8eFDEq3/Hm//GbdqDioIPBh7vzTAzL0gE18Z1P5zCyura+kZxs7S1vbO7V94/aOk4VQybLBax6gRUo+ASm4YbgZ1EIY0Cge1gfD332/eoNI/lnZkm6Ed0KHnIGTVW6kjSG+KEuP1yxau6OcjfpAJLNPrl994gZmmE0jBBte56bmL8jCrDmcBZqZdqTCgb0yF2LZU0Qu1n+b0zcmKVAQljZUsakqtfJzIaaT2NAtsZUTPSP725+JvXTU146WdcJqlByRaLwlQQE5P582TAFTIjppZQpri9lbARVZQZG1HpfyG0zqreebV2W6vUr5ZxFOEIjuEUPLiAOtxAA5rAQMADPMGzM3EenRfnddFacJYzh/ANztsnABSPTQ==</latexit>

n � 0



• consider momentum diffusion in a neutral  
CFT dual to AdS-Schwarzschild black brane
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wshear = �i
1X

n=1

cn
�
q2
�n

= �iDq2 + . . .
<latexit sha1_base64="1E5f73pNojE683OA17IQhpOQirk="></latexit><latexit sha1_base64="1E5f73pNojE683OA17IQhpOQirk="></latexit><latexit sha1_base64="1E5f73pNojE683OA17IQhpOQirk="></latexit><latexit sha1_base64="1E5f73pNojE683OA17IQhpOQirk="></latexit>

a(w)| q
T
= 0
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<latexit sha1_base64="9MttCSUyPNYt7xKvzgI5jYLWm0I=">AAACB3icjVDLSgMxFM3UV62vUZeCBItQF5aZUtSNUHTjskJf0BmGTJppQzPJmGSEMnTnxl9x40IRt/6CO//G9LFQUfDAhcM593LvPWHCqNKO82HlFhaXllfyq4W19Y3NLXt7p6VEKjFpYsGE7IRIEUY5aWqqGekkkqA4ZKQdDi8nfvuWSEUFb+hRQvwY9TmNKEbaSIG974mY9FHAYekm4EfwHB7DipdQ2IAUchjYRbfsTAH/JkUwRz2w372ewGlMuMYMKdV1nUT7GZKaYkbGBS9VJEF4iPqkayhHMVF+Nv1jDA+N0oORkKa4hlP160SGYqVGcWg6Y6QH6qc3EX/zuqmOzvyM8iTVhOPZoihlUAs4CQX2qCRYs5EhCEtqboV4gCTC2kRX+F8IrUrZPSlXr6vF2sU8jjzYAwegBFxwCmrgCtRBE2BwBx7AE3i27q1H68V6nbXmrPnMLvgG6+0TrIaWoA==</latexit>

!n(qn) = �2⇡Tin

analytic result in AdS4/CFT3 
[SG, PRL (2021)]
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qn =
4⇡Tp

3
n1/4, n = 0, 1, 2, . . .fo
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P O L E  S K I P P I N G

convergent series 
[SG, Kovtun, Starinets, Tadić, PRL (2019); … ;  
Withers; JHEP (2018); Heller, et.al. (2020, …)] 
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claim: in holographic theories of the type discussed here (N=4 SYM, M2, M5, …), the 
hydrodynamic dispersion relation follows from only a discrete set of pole-skipping points

hTµ⌫(�!,�q), T⇢�(!, q)iR ⇠ b(!, q)

a(!, q)
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a(w)| q
T
= 0
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for increasing real q

• consider momentum diffusion in a neutral  
CFT dual to AdS-Schwarzschild black brane
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1X

n=1

cn
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!n(qn) = �2⇡Tin
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�
q2
�n

= �iDq2 + . . .
<latexit sha1_base64="1E5f73pNojE683OA17IQhpOQirk="></latexit><latexit sha1_base64="1E5f73pNojE683OA17IQhpOQirk="></latexit><latexit sha1_base64="1E5f73pNojE683OA17IQhpOQirk="></latexit><latexit sha1_base64="1E5f73pNojE683OA17IQhpOQirk="></latexit>

• unique solutions to interpolation problems are rare (Weierstrass-Hadamard, Nevanlinna-Pick) 

• trick: ‘analytic continuation’ to d spacetime dimensions and expansion around infinite d 
[SG, Lemut, Pedraza, PRD (2023)] 

• general relativity in large d drastically simplifies: 

• recall: large-d limit of quantum mechanics is useful in atomic physics (e.g., for Helium)

hTµ⌫(�!,�q), T⇢�(!, q)iR ⇠ b(!, q)

a(!, q)
<latexit sha1_base64="c6aiyALHVQrhFjFZRydmjg44qv8="></latexit><latexit sha1_base64="c6aiyALHVQrhFjFZRydmjg44qv8="></latexit><latexit sha1_base64="c6aiyALHVQrhFjFZRydmjg44qv8="></latexit><latexit sha1_base64="c6aiyALHVQrhFjFZRydmjg44qv8="></latexit>

a(w)| q
T
= 0

<latexit sha1_base64="Tpy7r7c/HjxyByUxa3LjUJs4GDE=">AAACC3icbZDLSsNAFIYnXmu9RV26GVqEuimJCLoRim5cVugNmhAm00k7dDKJMxOlxOzd+CpuXCji1hdw59s4abPQ1h8GPv5zDnPO78eMSmVZ38bS8srq2nppo7y5tb2za+7td2SUCEzaOGKR6PlIEkY5aSuqGOnFgqDQZ6Trj6/yeveOCEkj3lKTmLghGnIaUIyUtjyzgmpOiNQoEGic3mfHD17qaMbpbZa2sgxeQMszq1bdmgougl1AFRRqeuaXM4hwEhKuMENS9m0rVm6KhKKYkazsJJLECI/RkPQ1chQS6abTWzJ4pJ0BDCKhH1dw6v6eSFEo5ST0dWe+t5yv5eZ/tX6ignM3pTxOFOF49lGQMKgimAcDB1QQrNhEA8KC6l0hHiEdhdLxlXUI9vzJi9A5qduab06rjcsijhI4BBVQAzY4Aw1wDZqgDTB4BM/gFbwZT8aL8W58zFqXjGLmAPyR8fkD9kia9w==</latexit><latexit sha1_base64="Tpy7r7c/HjxyByUxa3LjUJs4GDE=">AAACC3icbZDLSsNAFIYnXmu9RV26GVqEuimJCLoRim5cVugNmhAm00k7dDKJMxOlxOzd+CpuXCji1hdw59s4abPQ1h8GPv5zDnPO78eMSmVZ38bS8srq2nppo7y5tb2za+7td2SUCEzaOGKR6PlIEkY5aSuqGOnFgqDQZ6Trj6/yeveOCEkj3lKTmLghGnIaUIyUtjyzgmpOiNQoEGic3mfHD17qaMbpbZa2sgxeQMszq1bdmgougl1AFRRqeuaXM4hwEhKuMENS9m0rVm6KhKKYkazsJJLECI/RkPQ1chQS6abTWzJ4pJ0BDCKhH1dw6v6eSFEo5ST0dWe+t5yv5eZ/tX6ignM3pTxOFOF49lGQMKgimAcDB1QQrNhEA8KC6l0hHiEdhdLxlXUI9vzJi9A5qduab06rjcsijhI4BBVQAzY4Aw1wDZqgDTB4BM/gFbwZT8aL8W58zFqXjGLmAPyR8fkD9kia9w==</latexit><latexit sha1_base64="Tpy7r7c/HjxyByUxa3LjUJs4GDE=">AAACC3icbZDLSsNAFIYnXmu9RV26GVqEuimJCLoRim5cVugNmhAm00k7dDKJMxOlxOzd+CpuXCji1hdw59s4abPQ1h8GPv5zDnPO78eMSmVZ38bS8srq2nppo7y5tb2za+7td2SUCEzaOGKR6PlIEkY5aSuqGOnFgqDQZ6Trj6/yeveOCEkj3lKTmLghGnIaUIyUtjyzgmpOiNQoEGic3mfHD17qaMbpbZa2sgxeQMszq1bdmgougl1AFRRqeuaXM4hwEhKuMENS9m0rVm6KhKKYkazsJJLECI/RkPQ1chQS6abTWzJ4pJ0BDCKhH1dw6v6eSFEo5ST0dWe+t5yv5eZ/tX6ignM3pTxOFOF49lGQMKgimAcDB1QQrNhEA8KC6l0hHiEdhdLxlXUI9vzJi9A5qduab06rjcsijhI4BBVQAzY4Aw1wDZqgDTB4BM/gFbwZT8aL8W58zFqXjGLmAPyR8fkD9kia9w==</latexit><latexit sha1_base64="Tpy7r7c/HjxyByUxa3LjUJs4GDE=">AAACC3icbZDLSsNAFIYnXmu9RV26GVqEuimJCLoRim5cVugNmhAm00k7dDKJMxOlxOzd+CpuXCji1hdw59s4abPQ1h8GPv5zDnPO78eMSmVZ38bS8srq2nppo7y5tb2za+7td2SUCEzaOGKR6PlIEkY5aSuqGOnFgqDQZ6Trj6/yeveOCEkj3lKTmLghGnIaUIyUtjyzgmpOiNQoEGic3mfHD17qaMbpbZa2sgxeQMszq1bdmgougl1AFRRqeuaXM4hwEhKuMENS9m0rVm6KhKKYkazsJJLECI/RkPQ1chQS6abTWzJ4pJ0BDCKhH1dw6v6eSFEo5ST0dWe+t5yv5eZ/tX6ignM3pTxOFOF49lGQMKgimAcDB1QQrNhEA8KC6l0hHiEdhdLxlXUI9vzJi9A5qduab06rjcsijhI4BBVQAzY4Aw1wDZqgDTB4BM/gFbwZT8aL8W58zFqXjGLmAPyR8fkD9kia9w==</latexit>

for increasing real q

<latexit sha1_base64="xF7PPhgNgIaI9DvEM9Uy/ky80hs=">AAAB83icjVDLSsNAFL2pr1pfVZduBovgqiZS1GXRjcsK9gFNLJPJpB06MwkzE6GE/oYbF4q49Wfc+TdO0y5UFDxw4XDOvdzDCVPOtHHdD6e0tLyyulZer2xsbm3vVHf3OjrJFKFtkvBE9UKsKWeStg0znPZSRbEIOe2G46uZ372nSrNE3ppJSgOBh5LFjGBjJb+DfM0E8k7UXTSo1ry6WwD9TWqwQGtQffejhGSCSkM41rrvuakJcqwMI5xOK36maYrJGA9p31KJBdVBXmSeoiOrRChOlB1pUKF+vcix0HoiQrspsBnpn95M/M3rZya+CHIm08xQSeaP4owjk6BZAShiihLDJ5ZgopjNisgIK0yMranyvxI6p3XvrN64adSal4s6ynAAh3AMHpxDE66hBW0gkMIDPMGzkzmPzovzOl8tOYubffgG5+0TqHGQzQ==</latexit>

V ⇠ 1/rd
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• interpolation:
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• ‘analytic continuation’ to d spacetime dimensions and expansion around infinite d

P O L E  S K I P P I N G  A N D  H Y D R O DY N A M I C S

<latexit sha1_base64="JCuLEObo5yn6Kr3T50M6dJ5XVBQ="></latexit>
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• interpolation:
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• ‘analytic continuation’ to d spacetime dimensions and expansion around infinite d

hydrodynamics pole skipping

<latexit sha1_base64="mA2JcpGg3gMtZXq2XkdveB6POxc="></latexit>
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second analytic continuation

generating functions
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n 2 Z ! x 2 R

P O L E  S K I P P I N G  A N D  H Y D R O DY N A M I C S

symmetry?
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[SG, Vrbica, PRL (2024), 2505.14229  
and another paper very soon]
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• two channels of black hole perturbations in AdS4/CFT3 cases:  
even (or sound) and odd (or shear) 

• in each channel, we have QNMs  with associated dual correlators  ω±
n (q) G±(ω, q)
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q
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<latexit sha1_base64="xGihWTabwh4/3Q+XSWN6s2V5rXo=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgxbArIXoMetBjRPOAZAmzk95kyOzsMjMrhCWf4MWDIl79Im/+jZPHQUXBgoaiqpvuriARXBvX/XByS8srq2v59cLG5tb2TnF3r6njVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0eXUb92j0jyWd2acoB/RgeQhZ9RY6faqd9IrlryyOwP5m5RggXqv+N7txyyNUBomqNYdz02Mn1FlOBM4KXRTjQllIzrAjqWSRqj9bHbqhBxZpU/CWNmShszUrxMZjbQeR4HtjKgZ6p/eVPzN66QmPPczLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2n8L8Qmqdlr1qu3FRKtYtFHHk4gEM4Bg/OoAbXUIcGMBjAAzzBsyOcR+fFeZ235pzFzD58g/P2CcI+jXc=</latexit>

G�

<latexit sha1_base64="yWvORurxp7TEcf2mc26VrWcCBy8=">AAAB9HicjVDJSgNBFOxxjXGLevTSGIR4MMxIUI9BLx4jmAWSMfR03iRNepl09wRCyHd48aCIVz/Gm39jZzmoKFjwoKh6j1dUlHBmrO9/eEvLK6tr65mN7ObW9s5ubm+/ZlSqKVSp4ko3ImKAMwlVyyyHRqKBiIhDPepfT/36ELRhSt7ZUQKhIF3JYkaJdVLYUgK65P60LQuDk3YuHxT9GfDfJI8WqLRz762OoqkAaSknxjQDP7HhmGjLKIdJtpUaSAjtky40HZVEgAnHs9ATfOyUDo6VdiMtnqlfL8ZEGDMSkdsUxPbMT28q/uY1UxtfhmMmk9SCpPNHccqxVXjaAO4wDdTykSOEauayYtojmlDresr+r4TaWTE4L5ZuS/ny1aKODDpER6iAAnSByugGVVAVUTRAD+gJPXtD79F78V7nq0ve4uYAfYP39gnhM5GH</latexit>

!�
n (q)

<latexit sha1_base64="LAsA0/semK5MsIdyWHSo1SfvDr8=">AAAB9HicjVDJSgNBFOxxjXGLevTSGISIEGYkqMegF48RzALJGHo6b5ImvUy6ewIh5Du8eFDEqx/jzb+xsxxUFCx4UFS9xysqSjgz1vc/vKXlldW19cxGdnNre2c3t7dfMyrVFKpUcaUbETHAmYSqZZZDI9FARMShHvWvp359CNowJe/sKIFQkK5kMaPEOilsKQFdcn/aloXBSTuXD4r+DPhvkkcLVNq591ZH0VSAtJQTY5qBn9hwTLRllMMk20oNJIT2SReajkoiwITjWegJPnZKB8dKu5EWz9SvF2MijBmJyG0KYnvmpzcVf/OaqY0vwzGTSWpB0vmjOOXYKjxtAHeYBmr5yBFCNXNZMe0RTah1PWX/V0LtrBicF0u3pXz5alFHBh2iI1RAAbpAZXSDKqiKKBqgB/SEnr2h9+i9eK/z1SVvcXOAvsF7+wTeIZGF</latexit>

!+
n (q) isospectrality  

in asymptotically flat black holes 
[Chandrasekhar, Detweiler (1975)]

spectral duality relation  
in asymptotically AdS black holes

<latexit sha1_base64="DzSFkYQekN17jNjT+RW2n4zhvrc=">AAACB3icjVDLSgMxFM3UV62vUZeCBItQEcuMFHUjFN24rGAf0I5DJs20oZlkTDJCGbpz46+4caGIW3/BnX9j2s5CRcEDF07OuZebe4KYUaUd58PKzczOzS/kFwtLyyura/b6RkOJRGJSx4IJ2QqQIoxyUtdUM9KKJUFRwEgzGJyP/eYtkYoKfqWHMfEi1OM0pBhpI/n2dkdEpIeu931eutmDpzB7H/gcGsG3i27ZmQD+TYogQ8233ztdgZOIcI0ZUqrtOrH2UiQ1xYyMCp1EkRjhAeqRtqEcRUR56eSOEdw1SheGQpriGk7UrxMpipQaRoHpjJDuq5/eWPzNayc6PPFSyuNEE46ni8KEQS3gOBTYpZJgzYaGICyp+SvEfSQR1ia6wv9CaByW3aNy5bJSrJ5lceTBFtgBJeCCY1AFF6AG6gCDO/AAnsCzdW89Wi/W67Q1Z2Uzm+AbrLdPAbOXfA==</latexit>

!+
n (q) = !�

n (q)

<latexit sha1_base64="zEmweur/z+0uVm4wgMumg5IIaV4=">AAACFXicjZBLSwMxFIUzvq2vqks3wSJU1NKKqMuiG5cVrBXaOmTSO20wjzG5o5Tin3DjX3HjQhG3gjv/jWntQkXBA4HD+e4lyYkSKRwWi+/ByOjY+MTk1HRmZnZufiG7uHTqTGo5VLmRxp5FzIEUGqooUMJZYoGpSEItujjs89oVWCeMPsFuAk3F2lrEgjP0UZjdbBgFbXa+Eer85TptSIjRinYHmbXmmg7pVqiox2E2VyoUB6J/mxwZqhJm3xotw1MFGrlkztVLxQSbPWZRcAk3mUbqIGH8grWh7q1mClyzN/jVDV3zSYvGxvqjkQ7Srxs9ppzrqshPKoYd95P1w99YPcV4v9kTOkkRNP+8KE4lRUP7FdGWsMBRdr1h3Ar/Vso7zDKOvsjM/0o43S6Udgs7xzu58sGwjimyQlZJnpTIHimTI1IhVcLJLbknj+QpuAsegufg5XN0JBjuLJNvCl4/AAaQnho=</latexit>

!+
n (q) $ !�

m(q)
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• two channels of black hole perturbations in AdS4/CFT3 cases:  
even (or sound) and odd (or shear) 

• two meromorphic CFT retarded correlators  with QNMs  (e.g. of  or ) 

• CFT3s have S-duality or particle-vortex duality 
gravity in 4d has Chandrasekhar duality, Darboux duality, EM duality

G±(ω, q) ω±
n (q) Tμν Jμ

S P E C T R A L  D U A L I T Y  R E L AT I O N

<latexit sha1_base64="cByy9ROuucvFDKM7mMG3cpa5c7U=">AAACKXicjVDLSgMxFM3UV62vUZdugkVofZSZUtSNUHRRlxXsA/oYMmmmDU1mpklGKEN/x42/4kZBUbf+iOljUUXBAxdOzrmXm3vckFGpLOvdSCwsLi2vJFdTa+sbm1vm9k5VBpHApIIDFoi6iyRh1CcVRRUj9VAQxF1Gam7/auzX7oiQNPBv1TAkLY66PvUoRkpLjlksOUeZZsBJFx0PsrDknMy9LmDTEwjHU6WdH82Yc9jOZwbZETyBtmOm7Zw1AfybpMEMZcd8bnYCHHHiK8yQlA3bClUrRkJRzMgo1YwkCRHuoy5paOojTmQrnlw6ggda6UAvELp8BSfq/ESMuJRD7upOjlRP/vTG4m9eI1LeeSumfhgp4uPpIi9iUAVwHBvsUEGwYkNNEBZU/xXiHtLhKB1u6n8hVPM5+zRXuCmki5ezOJJgD+yDDLDBGSiCa1AGFYDBPXgEL+DVeDCejDfjY9qaMGYzu+AbjM8vrRaj2Q==</latexit>

G+(!, q)G�(!, q) =
!2

!2
⇤(q)

� 1

<latexit sha1_base64="oBL2+QSxglI+lcRDYg7/4ccKoSE=">AAACCnicjVDLSgMxFM3UV62vUZduokWoaMuMFHUjFF3UZQX7gHYYMmnahiaZMckIZejajb/ixoUibv0Cd/6N6WNRRcEDF07OuZebe4KIUaUd59NKzc0vLC6llzMrq2vrG/bmVk2FscSkikMWykaAFGFUkKqmmpFGJAniASP1oH858ut3RCoaihs9iIjHUVfQDsVIG8m3d8v+Ya4VctJFR7cHsOznZ17nMA9d3866BWcM+DfJgikqvv3Raoc45kRozJBSTdeJtJcgqSlmZJhpxYpECPdRlzQNFYgT5SXjU4Zw3yht2AmlKaHhWJ2dSBBXasAD08mR7qmf3kj8zWvGunPmJVREsSYCTxZ1YgZ1CEe5wDaVBGs2MARhSc1fIe4hibA26WX+F0LtuOCeFIrXxWzpYhpHGuyAPZADLjgFJXAFKqAKMLgHj+AZvFgP1pP1ar1NWlPWdGYbfIP1/gUxs5dm</latexit>

G+(!, q)G�(!, q) = �1

duality:

self-duality:
<latexit sha1_base64="AIZegNpvZn2gmWSDgx5ApgGnZ5A=">AAAB/3icjVDLSsNAFJ34rPUVFdy4GSxCdVESKeqy6MZlBfuAJoTJdNIOnUecmQihduGvuHGhiFt/w51/4/SxUFHwwIXDOfdy7z1xyqg2nvfhzM0vLC4tF1aKq2vrG5vu1nZTy0xh0sCSSdWOkSaMCtIw1DDSThVBPGakFQ8uxn7rlihNpbg2eUpCjnqCJhQjY6XI3Q0kJz0UHZVvDmFgJAyoSEweuSW/4k0A/yYlMEM9ct+DrsQZJ8JghrTu+F5qwiFShmJGRsUg0yRFeIB6pGOpQJzocDi5fwQPrNKFiVS2hIET9evEEHGtcx7bTo5MX//0xuJvXiczyVk4pCLNDBF4uijJGLR/jsOAXaoINiy3BGFF7a0Q95FC2NjIiv8LoXlc8U8q1atqqXY+i6MA9sA+KAMfnIIauAR10AAY3IEH8ASenXvn0XlxXqetc85sZgd8g/P2CbbqlUg=</latexit>

!⇤(q) ! 1

algebraically special frequencies 
relation to pole skipping  
[SG, Vrbica, EPJC (2023)] 

easy to compute using the  
Robinson-Trautman ansatz 
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• define infinite convergent product  

• duality relations, the thermal product formula and details about QNM and Greens function 
asymptotics give a ‘universal’ relation:

S P E C T R A L  D U A L I T Y  R E L AT I O N

<latexit sha1_base64="0TROBI0Ef76ESD5olkzYzOC1c48="></latexit>

S(!, q) ⌘
✓
1 +

!

!⇤(q)

◆Y

n


1� !

!+
n (q)

� 
1 +

!

!�
n (q)

�

<latexit sha1_base64="hcFhQwDk4fVMQXlBY0P/i/fj0Go=">AAACMHicjVBLSwMxEM7Wd31VPXoJFqGCLW0p6kUQPehR0dpCt5TZdLYNzWaXJCuUpT/Jiz9FLwqKePVXmD7ABwoOBL7HzCT5vEhwbYrFJyc1NT0zOze/kF5cWl5ZzaytX+swVgyrLBShqnugUXCJVcONwHqkEAJPYM3rnQz92g0qzUN5ZfoRNgPoSO5zBsZKrcwpvcy5YYAd2O3t0Lxl+U96WKacusJua0POcldz2aWur4AlrocGxq2DpDxoZbKlQnFU9G+QJZM6b2Xu3XbI4gClYQK0bpSKkWkmoAxnAgdpN9YYAetBBxsWSghQN5PRhwd02ypt6ofKHmnoSP06kUCgdT/wbGcApqt/ekPxN68RG/+gmXAZxQYlG1/kx4KakA7To22ukBnRtwCY4vatlHXB5mFsxun/hXBdLpT2CpWLSvboeBLHPNkkWyRHSmSfHJEzck6qhJFb8kCeyYtz5zw6r87buDXlTGY2yLdy3j8AXHem7Q==</latexit>

S(!, k)� S(�!, k) = 2i�(k) sinh
�!

2

<latexit sha1_base64="4CSpgPdfko+8VnmXCo/BkAhVDH0="></latexit>

�(k) =
2

i�

"
1

!⇤(k)
+

X

n

✓
1

!�
n (k)

� 1

!+
n (k)

◆#

• infinite towers of constraints 

<latexit sha1_base64="jhsfOCqGKnGi0QLrQazs5AQ58tA="></latexit>

e2j+1(W) =
i�

(2j + 1)!

✓
�

2

◆2j+1

elementary symmetric  
polynomials with j ∈ {0,1,…, n} <latexit sha1_base64="Ha9f7iXQKXFHA6uqL9glEPWGLBg="></latexit>

W = {1/!⇤, 1/!
�
1 , . . . , 1/!

�
n ,�1/!+

1 , . . . ,�1/!+
n }
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• AdS4-Schwarzschild black brane 

•   is self-dual 
             poles must converge to Matsubara frequencies 
              

•  has 

             various hydro constraints follow, e.g.:   

⟨J, J⟩R

⟨T, T⟩R

D/Γ = 2

S P E C T R A L  D U A L I T Y  R E L AT I O N

<latexit sha1_base64="bykhvKthb7uQ5oeakh/Sbz4XxZI=">AAACFnicjZBLSwMxFIUz9V1fVZdugkUQwdJKqW4E0Y1LBatCp5Y76Z0azGNMMkIZ+ivc+FfcuFDErbjz35g+FioKHggczrmXJF+UCG5dufwR5MbGJyanpmfys3PzC4uFpeUzq1PDsM600OYiAouCK6w77gReJAZBRgLPo+vDfn9+i8ZyrU5dN8GmhI7iMWfgfNQqbNFQS+xAa3OP0zA2wLKwA1ICvbms9rIaDSMwISaWC616rUKxUioPRP82RTLScavwHrY1SyUqxwRY26iUE9fMwDjOBPbyYWoxAXYNHWx4q0CibWaDb/Xouk/aNNbGH+XoIP26kYG0tisjPynBXdmfXT/8rWukLt5tZlwlqUPFhhfFqaBO0z4j2uYGmRNdb4AZ7t9K2RV4Ns6TzP8Pwtl2qVIrVU+qxf2DEY5pskrWyAapkB2yT47IMakTRu7IA3kiz8F98Bi8BK/D0Vww2lkh3xS8fQJprZ70</latexit>

!⇤ = i
�q4

6✏̄

<latexit sha1_base64="HCwC5jGOPB/+7N73WK3VK8kDPw4="></latexit>

iDc�

2
lim
q!0

k2S(!) = sinh
�!

2

• AdS4-Reissner-Nordström black brane  

• channels are coupled with

<latexit sha1_base64="Wohldd97ttO4BOvUimMITWYahKo="></latexit>

!⇤ = i
�q4

6✏̄

0

@1

2
±

s
1

4
+

✓
2Q�

3✏

◆2

q2

1

A
�1
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• duality relation for any pair of meromorphic correlators: 

• knowing one spectrum is sufficient for determining the other spectrum! 

• spectral duality relation connects 
poles and zeros of a single correlator:

S P E C T R A L  D U A L I T Y  R E L AT I O N

<latexit sha1_base64="Mi6rkoissrYsyTGX+YHFdczWNs4=">AAACBXicjVDLSsNAFJ3UV62vqEtdDBahIi2JFHUjFF3UZQX7gDaEyXTSDp1HmJkIJXTjxl9x40IRt/6DO//G9IGoKHjgwuGce7n3niBiVBvHebcyc/MLi0vZ5dzK6tr6hr251dAyVpjUsWRStQKkCaOC1A01jLQiRRAPGGkGg4ux37whSlMprs0wIh5HPUFDipFJJd/erfqHhY7kpIcOYNUvfvIzWHR9O++WnAng3yQPZqj59lunK3HMiTCYIa3brhMZL0HKUMzIKNeJNYkQHqAeaadUIE60l0y+GMH9VOnCUKq0hIET9etEgrjWQx6knRyZvv7pjcXfvHZswlMvoSKKDRF4uiiMGTQSjiOBXaoINmyYEoQVTW+FuI8UwiYNLve/EBpHJfe4VL4q5yvnsziyYAfsgQJwwQmogEtQA3WAwS24B4/gybqzHqxn62XamrFmM9vgG6zXDzylldo=</latexit>

G+(!)G�(!) = �1
<latexit sha1_base64="KP/OQ048MAUh+JIQctszwUdZFjs=">AAACUnicjVJLSwMxGEzru76qHr0Ei1ARS1dEvQgFLx4VbSt065JNv22D2WRJvhXK0t8oiBd/iBcPavpQVBQcCBlm5iNhkjCRwmK1+pTLT03PzM7NLxQWl5ZXVotr6w2rU8OhzrXU5jpkFqRQUEeBEq4TAywOJTTD29Oh37wDY4VWV9hPoB2zrhKR4AydFBTFZdnXMXTZDj2hfmJ0J1DUlxBh2aN71I8M49k4MZjsgbrZHfhGdHu48xnd/Su69xENiiWvUh2B/k1KZILzoPjgdzRPY1DIJbO25VUTbGfMoOASBgU/tZAwfsu60HJUsRhsOxtVMqDbTunQSBu3FNKR+nUiY7G1/Th0yZhhz/70huJvXivF6LidCZWkCIqPD4pSSVHTYb+0IwxwlH1HGDfC3ZXyHnPVoHuFwv9KaOxXvMPKwcVBqVab1DFPNskWKROPHJEaOSPnpE44uSfP5JW85R5zL3n3S8bRfG4ys0G+Ib/0Dv5bs2Y=</latexit>

S(!) =
Y

n

✓
1� !

!+
n

◆✓
1 +

!

!�
n

◆

<latexit sha1_base64="PnoWXUfCIaI3nGMQ9M0bJA5kNvg=">AAACKXicjVDLSgMxFM3UV62vUZdugkWoC0tbiroRCm5cKtpW6JRyJ73ThmYyQ5IRytDfceOvuFFQ1K0/YvoQVBQ8EDg559w8jh8Lrk2p9Opk5uYXFpeyy7mV1bX1DXdzq6GjRDGss0hE6toHjYJLrBtuBF7HCiH0BTb9wenYb96g0jySV2YYYzuEnuQBZ2Cs1HFrlwUvCrEH+/SAXhYOPjcntEI59YQ9qQvU01z2qRcoYKnno4FpbJRWRh03Xy6WJqB/kzyZ4bzjPnrdiCUhSsMEaN0ql2LTTkEZzgSOcl6iMQY2gB62LJUQom6nk5+O6J5VujSIlF3S0In6dSKFUOth6NtkCKavf3pj8TevlZjguJ1yGScGJZteFCSCmoiOa6NdrpAZMbQEmOL2rZT1wfZhbLm5/5XQqBTLh8XqRTVfq83qyJIdsksKpEyOSI2ckXNSJ4zcknvyRJ6dO+fBeXHeptGMM5vZJt/gvH8A6yekuw==</latexit>

S(!)� S(�!) = 2i� sinh
�!

2

<latexit sha1_base64="NO/zkg2ctmVtGbOP+pUEofRHyBo=">AAACCXicjVDLSgMxFM3UV62vUZdugkWoi5YZKepGKLioywr2Ae1YMmmmDc1jSDJCGbp146+4caGIW//AnX9j+kBUFDxw4eSce7m5J4wZ1cbz3p3MwuLS8kp2Nbe2vrG55W7vNLRMFCZ1LJlUrRBpwqggdUMNI61YEcRDRprh8HziN2+I0lSKKzOKScBRX9CIYmSs1HVhEVYLHclJHx3C6nVa9MefzzNr+l0375e8KeDfJA/mqHXdt05P4oQTYTBDWrd9LzZBipShmJFxrpNoEiM8RH3StlQgTnSQTi8ZwwOr9GAklS1h4FT9OpEirvWIh7aTIzPQP72J+JvXTkx0GqRUxIkhAs8WRQmDRsJJLLBHFcGGjSxBWFH7V4gHSCFsbHi5/4XQOCr5x6XyZTlfqczjyII9sA8KwAcnoAIuQA3UAQa34B48gifnznlwnp2XWWvGmc/sgm9wXj8AhXKXCw==</latexit>

�G(!)G�1(!) = �1

<latexit sha1_base64="pDD64/gNipRRTXJeNqFhB8Dkesc="></latexit>

S(!) =
Y

n

✓
1� !

!n

◆✓
1 +

!

zn

◆

thermal product  
formula

<latexit sha1_base64="9vXFISc/W7Ut1QAUGvTUh7+dJnE="></latexit>

rn = �G(0)
!n sinh

�!n

2

2
Q
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m 6=n

⇣
1� !2

n
!2

m

⌘
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• large-N field theory and double-trace deformed RG flow 

• using duality relations between UV and IR CFTs 

• same statement applies to correlators 
in any pair of theories related by  
Legendre transform

S P E C T R A L  D U A L I T Y  R E L AT I O N

<latexit sha1_base64="aKZDTT1oFQKae4xcmPErmbE/isA="></latexit>

Zf [J ] = e�[J,f ] =
D
e
R
OJ� f

2

R
O

2
E <latexit sha1_base64="sNTG1VYWhjgjby5Qxs3LfkHzJKU=">AAACA3icjZBLSwMxFIXv1Fetr1F3ugkWoSKUGSnqRii4qMsK9gHtMGTSTBuayQxJRihDwY1/xY0LRdz6J9z5b0wfCxUFDwQO59xLki9IOFPacT6s3MLi0vJKfrWwtr6xuWVv7zRVnEpCGyTmsWwHWFHOBG1opjltJ5LiKOC0FQwvJ33rlkrFYnGjRwn1ItwXLGQEaxP59l6tFB5ddEOJSVbznXHmomMUoon17aJbdqZCf5sizFX37fduLyZpRIUmHCvVcZ1EexmWmhFOx4VuqmiCyRD3acdYgSOqvGz6hzE6NEkPhbE0R2g0Tb9uZDhSahQFZjLCeqB+dpPwt66T6vDcy5hIUk0FmV0UphzpGE2AoB6TlGg+MgYTycxbERlgw0MbbIX/QWielN3TcuW6UqxW5zjysA8HUAIXzqAKV1CHBhC4gwd4gmfr3nq0XqzX2WjOmu/swjdZb5+78ZWq</latexit>

G(f) =
G0

1 + fG0

<latexit sha1_base64="/BPiGTajmjbJ8G7XZ7IBP3kD4c0=">AAACTHicjZDNSwJBGMZnrczsa6tjlyEJlFBckeoSCB3qaJAfoMsyO87q4OwHM+8GIv6BXTp066/o0qGIoHHdg0VCDwz85nnfhxkeNxJcQbX6YmTW1jeym7mt/PbO7t6+eXDYVmEsKWvRUISy6xLFBA9YCzgI1o0kI74rWMcdX8/nnQcmFQ+De5hEzPbJMOAepwS05Zi0L5gHPXyDi55jlXBy1VjDZayNvuTDEZTwGbbwgu3lQG1loJySfVW2HLNgVaqJ8GoooFRNx3zuD0Ia+ywAKohSPasagT0lEjgVbJbvx4pFhI7JkPU0BsRnyp4mZczwqXYG2AulPgHgxF1OTImv1MR39aZPYKR+z+bmX7NeDN6lPeVBFAML6OIhLxYYQjxvFg+4ZBTERAOhkuu/YjoiklDQ/ef/V0K7VrHOK/W7eqHRSOvIoWN0gorIQheogW5RE7UQRY/oFb2jD+PJeDM+ja/FasZIM0fohzLZbwW4rhA=</latexit>

[G(f1) (f2 � f1) + 1] [G(f2) (f2 � f1)� 1] = �1

<latexit sha1_base64="vo7/SSlS1lDTT2KZCcDl0lsv4Rc="></latexit>

Zf� [J�] = e��[J�,f�] =
D
e
R
O�J��

f�
2

R
O

2
�

E

�

Zf+ [J+] = e�+[J+,f+] =
D
e
R
O+J+�

f+
2

R
O

2
+

E

+

<latexit sha1_base64="ng2GtaYrg7mzBe3OquR3CXvXkLY="></latexit>

�+ +�� = d

f+f� = �1

G�(f�) = f+ [f+G+(f+)� 1]

<latexit sha1_base64="G2CIc4p5htSQdg1Y2j5X1zI9FrU=">AAAB+nicjVDLSgNBEOyNrxhfGz16GQyCIAm7EtSLEPAQjxHMA5LNMjuZTYbMzi4zs0qI+RQvHhTx6pd482+cPA4qChZ0U1R1000FCWdKO86HlVlaXlldy67nNja3tnfs/G5DxakktE5iHstWgBXlTNC6ZprTViIpjgJOm8Hwcuo3b6lULBY3epRQL8J9wUJGsDaSb+er3aLvoGr32HR0UXSRbxfckjMD+psUYIGab793ejFJIyo04Viptusk2htjqRnhdJLrpIommAxxn7YNFTiiyhvPXp+gQ6P0UBhLU0Kjmfp1Y4wjpUZRYCYjrAfqpzcVf/PaqQ7PvTETSaqpIPNDYcqRjtE0B9RjkhLNR4ZgIpn5FZEBlphok1bufyE0Tkruaal8XS5UKos4srAPB3AELpxBBa6gBnUgcAcP8ATP1r31aL1Yr/PRjLXY2YNvsN4+Afj7kTo=</latexit>

G�
0 G

+
0 = �1
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• QFTs and gravity exhibit extremely interesting and powerful (mathematical) structures 

• large classes of large-N QFTs and black hole spectra exhibit stringent constraints, in 
particular, the ‘universal’ spectral duality relation 

• results apply directly to gravity in AdS and the spectra of quasinormal modes 

• keep exploring…  
… ideally in realistic QFTs beyond the large-N

S U M M A R Y  A N D  F U T U R E  D I R E C T I O N S
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