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‘ S P E C T R U M ’  O F  Q U A N T U M  F I E L D  T H E O R I E S

hydrodynamics works 
‘unreasonably’ well at 

time scales of fm/c

microscopic quantum field 
theory (QCD, …) gives rise to 
collective ‘late-time’ dynamics

states of interest such as quark-
gluon plasma that evolve in real 

time are strongly coupled

weakly coupled 
perturbation theory 

and 
kinetic theory

holographic (AdS/CFT) toy models

e.g.:                supersymmetric Yang-Mills theory
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‘spectrum’ of QFTs

T ⇠ 3⇥ 1012 Kelvin
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N = 4
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• holography is a result of string theory — quantum theory of gravity [Maldacena (1997)] 
        QFT in 4d                                                            quantum gravity in 5d (really 10d) 
 strongly coupled                                                               weakly coupled gravity 
 large # of d.o.f.’s                                                                     classical gravity


• gravity (black holes) allows to analyse  
(thermal, dense) spectra at strong coupling 
through classical perturbations in 

H O L O G R A P H I C  ( A D S / C F T )  T O Y  M O D E L S

•                (maximally) supersymmetric Yang-Mills theory  
- conformal theory with gluons, fermions and scalars in the adjoint SU(Nc) 
- various deformations make it look more like QCD 
- at the centre of dualities and mathematical structures


• duality: theory A = theory B

N = 4
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<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>

=<latexit sha1_base64="3lG5vU6nw2NYsS9Aw/sQZ0DKk20=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIEvXhMwDwgWcLspDcZMzuzzMwKYckXePGgiFc/yZt/4+RxUFGwoKGo6qa7K0oFN9b3P7yl5ZXVtfXCRnFza3tnt7S33zQq0wwbTAml2xE1KLjEhuVWYDvVSJNIYCsaXU/91j1qw5W8teMUw4QOJI85o9ZJ9cteqRxU/BnI36QMC9R6pfduX7EsQWmZoMZ0Aj+1YU615UzgpNjNDKaUjegAO45KmqAJ89mhE3LslD6JlXYlLZmpXydymhgzTiLXmVA7ND+9qfib18lsfBHmXKaZRcnmi+JMEKvI9GvS5xqZFWNHKNPc3UrYkGrKrMum+L8QmqeVwPH6Wbl6tYijAIdwBCcQwDlU4QZq0AAGCA/wBM/enffovXiv89YlbzFzAN/gvX0CkTSMxA==</latexit><latexit sha1_base64="3lG5vU6nw2NYsS9Aw/sQZ0DKk20=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIEvXhMwDwgWcLspDcZMzuzzMwKYckXePGgiFc/yZt/4+RxUFGwoKGo6qa7K0oFN9b3P7yl5ZXVtfXCRnFza3tnt7S33zQq0wwbTAml2xE1KLjEhuVWYDvVSJNIYCsaXU/91j1qw5W8teMUw4QOJI85o9ZJ9cteqRxU/BnI36QMC9R6pfduX7EsQWmZoMZ0Aj+1YU615UzgpNjNDKaUjegAO45KmqAJ89mhE3LslD6JlXYlLZmpXydymhgzTiLXmVA7ND+9qfib18lsfBHmXKaZRcnmi+JMEKvI9GvS5xqZFWNHKNPc3UrYkGrKrMum+L8QmqeVwPH6Wbl6tYijAIdwBCcQwDlU4QZq0AAGCA/wBM/enffovXiv89YlbzFzAN/gvX0CkTSMxA==</latexit><latexit sha1_base64="3lG5vU6nw2NYsS9Aw/sQZ0DKk20=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIEvXhMwDwgWcLspDcZMzuzzMwKYckXePGgiFc/yZt/4+RxUFGwoKGo6qa7K0oFN9b3P7yl5ZXVtfXCRnFza3tnt7S33zQq0wwbTAml2xE1KLjEhuVWYDvVSJNIYCsaXU/91j1qw5W8teMUw4QOJI85o9ZJ9cteqRxU/BnI36QMC9R6pfduX7EsQWmZoMZ0Aj+1YU615UzgpNjNDKaUjegAO45KmqAJ89mhE3LslD6JlXYlLZmpXydymhgzTiLXmVA7ND+9qfib18lsfBHmXKaZRcnmi+JMEKvI9GvS5xqZFWNHKNPc3UrYkGrKrMum+L8QmqeVwPH6Wbl6tYijAIdwBCcQwDlU4QZq0AAGCA/wBM/enffovXiv89YlbzFzAN/gvX0CkTSMxA==</latexit><latexit sha1_base64="3lG5vU6nw2NYsS9Aw/sQZ0DKk20=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIEvXhMwDwgWcLspDcZMzuzzMwKYckXePGgiFc/yZt/4+RxUFGwoKGo6qa7K0oFN9b3P7yl5ZXVtfXCRnFza3tnt7S33zQq0wwbTAml2xE1KLjEhuVWYDvVSJNIYCsaXU/91j1qw5W8teMUw4QOJI85o9ZJ9cteqRxU/BnI36QMC9R6pfduX7EsQWmZoMZ0Aj+1YU615UzgpNjNDKaUjegAO45KmqAJ89mhE3LslD6JlXYlLZmpXydymhgzTiLXmVA7ND+9qfib18lsfBHmXKaZRcnmi+JMEKvI9GvS5xqZFWNHKNPc3UrYkGrKrMum+L8QmqeVwPH6Wbl6tYijAIdwBCcQwDlU4QZq0AAGCA/wBM/enffovXiv89YlbzFzAN/gvX0CkTSMxA==</latexit>

=<latexit sha1_base64="3lG5vU6nw2NYsS9Aw/sQZ0DKk20=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIEvXhMwDwgWcLspDcZMzuzzMwKYckXePGgiFc/yZt/4+RxUFGwoKGo6qa7K0oFN9b3P7yl5ZXVtfXCRnFza3tnt7S33zQq0wwbTAml2xE1KLjEhuVWYDvVSJNIYCsaXU/91j1qw5W8teMUw4QOJI85o9ZJ9cteqRxU/BnI36QMC9R6pfduX7EsQWmZoMZ0Aj+1YU615UzgpNjNDKaUjegAO45KmqAJ89mhE3LslD6JlXYlLZmpXydymhgzTiLXmVA7ND+9qfib18lsfBHmXKaZRcnmi+JMEKvI9GvS5xqZFWNHKNPc3UrYkGrKrMum+L8QmqeVwPH6Wbl6tYijAIdwBCcQwDlU4QZq0AAGCA/wBM/enffovXiv89YlbzFzAN/gvX0CkTSMxA==</latexit><latexit sha1_base64="3lG5vU6nw2NYsS9Aw/sQZ0DKk20=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIEvXhMwDwgWcLspDcZMzuzzMwKYckXePGgiFc/yZt/4+RxUFGwoKGo6qa7K0oFN9b3P7yl5ZXVtfXCRnFza3tnt7S33zQq0wwbTAml2xE1KLjEhuVWYDvVSJNIYCsaXU/91j1qw5W8teMUw4QOJI85o9ZJ9cteqRxU/BnI36QMC9R6pfduX7EsQWmZoMZ0Aj+1YU615UzgpNjNDKaUjegAO45KmqAJ89mhE3LslD6JlXYlLZmpXydymhgzTiLXmVA7ND+9qfib18lsfBHmXKaZRcnmi+JMEKvI9GvS5xqZFWNHKNPc3UrYkGrKrMum+L8QmqeVwPH6Wbl6tYijAIdwBCcQwDlU4QZq0AAGCA/wBM/enffovXiv89YlbzFzAN/gvX0CkTSMxA==</latexit><latexit sha1_base64="3lG5vU6nw2NYsS9Aw/sQZ0DKk20=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIEvXhMwDwgWcLspDcZMzuzzMwKYckXePGgiFc/yZt/4+RxUFGwoKGo6qa7K0oFN9b3P7yl5ZXVtfXCRnFza3tnt7S33zQq0wwbTAml2xE1KLjEhuVWYDvVSJNIYCsaXU/91j1qw5W8teMUw4QOJI85o9ZJ9cteqRxU/BnI36QMC9R6pfduX7EsQWmZoMZ0Aj+1YU615UzgpNjNDKaUjegAO45KmqAJ89mhE3LslD6JlXYlLZmpXydymhgzTiLXmVA7ND+9qfib18lsfBHmXKaZRcnmi+JMEKvI9GvS5xqZFWNHKNPc3UrYkGrKrMum+L8QmqeVwPH6Wbl6tYijAIdwBCcQwDlU4QZq0AAGCA/wBM/enffovXiv89YlbzFzAN/gvX0CkTSMxA==</latexit><latexit sha1_base64="3lG5vU6nw2NYsS9Aw/sQZ0DKk20=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIEvXhMwDwgWcLspDcZMzuzzMwKYckXePGgiFc/yZt/4+RxUFGwoKGo6qa7K0oFN9b3P7yl5ZXVtfXCRnFza3tnt7S33zQq0wwbTAml2xE1KLjEhuVWYDvVSJNIYCsaXU/91j1qw5W8teMUw4QOJI85o9ZJ9cteqRxU/BnI36QMC9R6pfduX7EsQWmZoMZ0Aj+1YU615UzgpNjNDKaUjegAO45KmqAJ89mhE3LslD6JlXYlLZmpXydymhgzTiLXmVA7ND+9qfib18lsfBHmXKaZRcnmi+JMEKvI9GvS5xqZFWNHKNPc3UrYkGrKrMum+L8QmqeVwPH6Wbl6tYijAIdwBCcQwDlU4QZq0AAGCA/wBM/enffovXiv89YlbzFzAN/gvX0CkTSMxA==</latexit>

� ⌧ 1

<latexit sha1_base64="70tOncKkA/M/buWag86GFmzBQp4=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvXiMYB6QLGF2djYZMju7zvQGwpLv8OJBEa9+jDf/xsnjoKJgQUNRVU03FaRSGHTdD6ewsrq2vlHcLG1t7+zulfcPWibJNONNlshEdwJquBSKN1Gg5J1UcxoHkreD0fXMb4+5NiJRdzhJuR/TgRKRYBSt5PekjYaU9KQkXr9c8aruHORvUoElGv3yey9MWBZzhUxSY7qem6KfU42CST4t9TLDU8pGdMC7lioac+Pn86en5MQqIYkSbUchmatfN3IaGzOJA5uMKQ7NT28m/uZ1M4wu/FyoNEOu2OJQlEmCCZk1QEKhOUM5sYQyLeyvhA2ppgxtT6X/ldA6q3q16uVtrVK/WtZRhCM4hlPw4BzqcAMNaAKDe3iAJ3h2xs6j8+K8LqIFZ7lzCN/gvH0CtcORbQ==</latexit>

� � 1

<latexit sha1_base64="zLcG/PCvTlwDySurDaucaf3dH9w=">AAAB9HicjVDLSsNAFL1TX7W+qi7dDBbBVUmkoO6KblxWsA9oQplMJunQySTOTAol9DvcuFDErR/jzr9x+lioKHjgwuGcc7mXE2SCa+M4H6i0srq2vlHerGxt7+zuVfcPOjrNFWVtmopU9QKimeCStQ03gvUyxUgSCNYNRtczvztmSvNU3plJxvyExJJHnBJjJd8TNhoS7MUxdgfVmlt35sB/kxos0RpU370wpXnCpKGCaN13ncz4BVGGU8GmFS/XLCN0RGLWt1SShGm/mD89xSdWCXGUKjvS4Ln6daMgidaTJLDJhJih/unNxN+8fm6iC7/gMssNk3RxKMoFNimeNYBDrhg1YmIJoYrbXzEdEkWosT1V/ldC56zuNuqXt41a82pZRxmO4BhOwYVzaMINtKANFO7hAZ7gGY3RI3pBr4toCS13DuEb0NsnpoKRYw==</latexit>

GN ⌧ 1

<latexit sha1_base64="6qVXthcFVnWosoIBMxt8IPGKVW8=">AAAB8HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CHvQkEcxDkiXMTibJkJnZZaZXCEu+wosHRbz6Od78GyePg4qCBQ1FVTfdXVEihUXf//ByC4tLyyv51cLa+sbmVnF7p27j1DBeY7GMTTOilkuheQ0FSt5MDKcqkrwRDS8mfuOeGytifYujhIeK9rXoCUbRSXeXnWvSlpIEnWIpKPtTkL9JCeaodorv7W7MUsU1MkmtbQV+gmFGDQom+bjQTi1PKBvSPm85qqniNsymB4/JgVO6pBcbVxrJVP06kVFl7UhFrlNRHNif3kT8zWul2DsNM6GTFLlms0W9VBKMyeR70hWGM5QjRygzwt1K2IAaytBlVPhfCPWjcnBcPrs5LlXO53HkYQ/24RACOIEKXEEVasBAwQM8wbNnvEfvxXudtea8+cwufIP39glbFo98</latexit>

1/�3/2 ⌧ 1

<latexit sha1_base64="5HBjqPxw272GS9zPcyL4zNWeD0k=">AAACAHicjVDLSgMxFL3js9bXqAsXboJFcNXO1IK6K7pxWcE+oB1LJpNpQzOZIckIZZiNv+LGhSJu/Qx3/o3pY6Gi4IHAyTn3cJPjJ5wp7Tgf1sLi0vLKamGtuL6xubVt7+y2VJxKQpsk5rHs+FhRzgRtaqY57SSS4sjntO2PLid++45KxWJxo8cJ9SI8ECxkBGsj9e19F1VQj5tAgG+zk0o1NzeO3L5dcsvOFOhvUoI5Gn37vRfEJI2o0IRjpbquk2gvw1Izwmle7KWKJpiM8IB2DRU4osrLph/I0ZFRAhTG0hyh0VT9mshwpNQ48s1khPVQ/fQm4m9eN9XhmZcxkaSaCjJbFKYc6RhN2kABk5RoPjYEE8nMWxEZYomJNp0V/1dCq1p2a+Xz61qpfjGvowAHcAjH4MIp1OEKGtAEAjk8wBM8W/fWo/Vivc5GF6x5Zg++wXr7BKfblIw=</latexit>



H O L O G R A P H I C  ( A D S / C F T )  T O Y  M O D E L S

• exact Wilson loop for all couplings at T = 0 and                       
[Erickson, Semenoff, Zarembo (2000)]


• thermal entropy density

hWCi =
2p
�
I1

⇣p
�
⌘

<latexit sha1_base64="ll2gmvoPlb4NCCVTiyo3qy9+OUo=">AAACOXicjVDLSgMxFM34tr6qLt0Ei1A3pSOCboSiG91VsFbolCGT3mlDM5kxuSOUYX7LjX/hTnDjQhG3/oDpY2FFwQOBw3mQ5ASJFAar1SdnZnZufmFxabmwsrq2vlHc3Lo2cao5NHgsY30TMANSKGigQAk3iQYWBRKaQf9s6DfvQBsRqyscJNCOWFeJUHCGVvKLdU8y1ZVAm/4Z9fSYn1Av1IxnB3nmmVuNmQ1FQYflOb3wXepJCLFMpy1bFt0e7vvFklupjkD/JiUyQd0vPnqdmKcRKOSSGdNyqwm2M6ZRcAl5wUsNJIz3WRdalioWgWlno5/ndM8qHRrG2h6FdKR+b2QsMmYQBTYZMeyZn95Q/M1rpRgetzOhkhRB8fFFYSopxnQ4I+0IDRzlwBLGtbBvpbzH7Ghoxy78b4Trg4pr+eVhqXY6mWOJ7JBdUiYuOSI1ck7qpEE4uSfP5JW8OQ/Oi/PufIyjM86ks02m4Hx+ASKJrSM=</latexit><latexit sha1_base64="ll2gmvoPlb4NCCVTiyo3qy9+OUo=">AAACOXicjVDLSgMxFM34tr6qLt0Ei1A3pSOCboSiG91VsFbolCGT3mlDM5kxuSOUYX7LjX/hTnDjQhG3/oDpY2FFwQOBw3mQ5ASJFAar1SdnZnZufmFxabmwsrq2vlHc3Lo2cao5NHgsY30TMANSKGigQAk3iQYWBRKaQf9s6DfvQBsRqyscJNCOWFeJUHCGVvKLdU8y1ZVAm/4Z9fSYn1Av1IxnB3nmmVuNmQ1FQYflOb3wXepJCLFMpy1bFt0e7vvFklupjkD/JiUyQd0vPnqdmKcRKOSSGdNyqwm2M6ZRcAl5wUsNJIz3WRdalioWgWlno5/ndM8qHRrG2h6FdKR+b2QsMmYQBTYZMeyZn95Q/M1rpRgetzOhkhRB8fFFYSopxnQ4I+0IDRzlwBLGtbBvpbzH7Ghoxy78b4Trg4pr+eVhqXY6mWOJ7JBdUiYuOSI1ck7qpEE4uSfP5JW8OQ/Oi/PufIyjM86ks02m4Hx+ASKJrSM=</latexit><latexit sha1_base64="ll2gmvoPlb4NCCVTiyo3qy9+OUo=">AAACOXicjVDLSgMxFM34tr6qLt0Ei1A3pSOCboSiG91VsFbolCGT3mlDM5kxuSOUYX7LjX/hTnDjQhG3/oDpY2FFwQOBw3mQ5ASJFAar1SdnZnZufmFxabmwsrq2vlHc3Lo2cao5NHgsY30TMANSKGigQAk3iQYWBRKaQf9s6DfvQBsRqyscJNCOWFeJUHCGVvKLdU8y1ZVAm/4Z9fSYn1Av1IxnB3nmmVuNmQ1FQYflOb3wXepJCLFMpy1bFt0e7vvFklupjkD/JiUyQd0vPnqdmKcRKOSSGdNyqwm2M6ZRcAl5wUsNJIz3WRdalioWgWlno5/ndM8qHRrG2h6FdKR+b2QsMmYQBTYZMeyZn95Q/M1rpRgetzOhkhRB8fFFYSopxnQ4I+0IDRzlwBLGtbBvpbzH7Ghoxy78b4Trg4pr+eVhqXY6mWOJ7JBdUiYuOSI1ck7qpEE4uSfP5JW8OQ/Oi/PufIyjM86ks02m4Hx+ASKJrSM=</latexit><latexit sha1_base64="ll2gmvoPlb4NCCVTiyo3qy9+OUo=">AAACOXicjVDLSgMxFM34tr6qLt0Ei1A3pSOCboSiG91VsFbolCGT3mlDM5kxuSOUYX7LjX/hTnDjQhG3/oDpY2FFwQOBw3mQ5ASJFAar1SdnZnZufmFxabmwsrq2vlHc3Lo2cao5NHgsY30TMANSKGigQAk3iQYWBRKaQf9s6DfvQBsRqyscJNCOWFeJUHCGVvKLdU8y1ZVAm/4Z9fSYn1Av1IxnB3nmmVuNmQ1FQYflOb3wXepJCLFMpy1bFt0e7vvFklupjkD/JiUyQd0vPnqdmKcRKOSSGdNyqwm2M6ZRcAl5wUsNJIz3WRdalioWgWlno5/ndM8qHRrG2h6FdKR+b2QsMmYQBTYZMeyZn95Q/M1rpRgetzOhkhRB8fFFYSopxnQ4I+0IDRzlwBLGtbBvpbzH7Ghoxy78b4Trg4pr+eVhqXY6mWOJ7JBdUiYuOSI1ck7qpEE4uSfP5JW8OQ/Oi/PufIyjM86ks02m4Hx+ASKJrSM=</latexit>

� ⌧ 1 : hWCi = 1 +
�

8
+

�2

192
+ · · ·

� � 1 : hWCi ⇠
r

2

⇡

e
p
�

�3/4

✓
1� 3

8
p
�
� 15

128�
+ · · ·

◆

<latexit sha1_base64="gp3rkaB+ffpOmWVtMvd/eT1ft7I="></latexit><latexit sha1_base64="gp3rkaB+ffpOmWVtMvd/eT1ft7I="></latexit><latexit sha1_base64="gp3rkaB+ffpOmWVtMvd/eT1ft7I="></latexit><latexit sha1_base64="gp3rkaB+ffpOmWVtMvd/eT1ft7I="></latexit>

QFT-type 
result holography- 

type result

QFT: [Du, Strickland, Tantary (2021]

[Gubser, Klebanov, Tseytlin 
(1998)]

``3/4 problem”

Nc ! 1
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SEE LAST  
TALK TODAY 

Padé interpolation between two results as  
in Blaizot, Iancu, Kraemmer, Rebhan (2007)

• analytic QFT result in the large-N 
vector model [Romatschke, PRL (2019)]

4/5 instead 

of 3/4



O U T L I N E

• hydrodynamics


• applicability of hydrodynamics at strong coupling


• hydrodynamisation at strong coupling


• summary



• low-energy limit of QFTs — a Schwinger-Keldysh effective field theory  
[Grozdanov, Polonyi (2013); Crossley, Glorioso, Liu (2015); Haehl, Loganayagam, Rangamani (2015); …]


• conservation laws (equations of motion) of globally conserved operators


• tensor structures (symmetries, gradient expansions) and transport coefficients (QFT)

6

rµJ
µ = 0rµT

µ⌫ = 0

H Y D R O DY N A M I C S

• small     = small frequency-momentum                                         : 


• dispersion relations:

@
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shear diffusion
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equilibrium 
temperature

uµ, T ⇠ e�i!t+iq·x
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Tµ⌫ = ("+ p)uµu⌫ + pgµ⌫ � ⌘�µ⌫ [@u]� . . . ,
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higher-form currents in MHD

[Grozdanov, Hofman, Iqbal,  
PRD (2017)]



• infinite, all-order hydrodynamic expansion


• independent terms at each order: 
1st order [Navier-Stokes (1821)] = 2; 2nd order [BRSSS (2007)] = 15; etc. [Grozdanov, 
Kaplis, PRD (2016); Diles, et. al., JHEP (2020) and A. Jaiswal, PRC (2013) for kinetic theory]


• 1st order hydrodynamics can be made stable by a frame choice  
[Bemfica, Disconzi, Noronha (2019); Kovtun (2019)]


• non-analytic corrections (long-time tails) should become important for QGP


• what is hydrodynamics at finite N?
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•             supersymmetric Yang-Mills theory at                :                   N = 4

first order (1/1):

second order (5/5):

third order (5/20):

⌘ = �(1)
1 = #+#/�3/2 + · · ·

�(2)
i = #i +#i/�

3/2 + · · · , i = {1, . . . , 5}

�(3)
i = #i + · · · , i = {1, . . . , 5}

Buchel, Liu, Starinets (2004)

Grozdanov, Starinets (2014)

Grozdanov, Kaplis (2016)

Nc ! 1
<latexit sha1_base64="2Mk93ctrhViF6ck+JylKY0AzZPI=">AAAB9XicjVBNS8NAEJ34WetX1aOXxSJ4KokIeix68SQV7Ac0sWy2m3bpZhN2J0oI/R9ePCji1f/izX/j9uOgouCDgcd7M8zMC1MpDLruh7OwuLS8slpaK69vbG5tV3Z2WybJNONNlshEd0JquBSKN1Gg5J1UcxqHkrfD0cXEb99xbUSibjBPeRDTgRKRYBStdHvVY8THhPhCRZj3KlWv5k5B/iZVmKPRq7z7/YRlMVfIJDWm67kpBgXVKJjk47KfGZ5SNqID3rVU0ZiboJhePSaHVumTKNG2FJKp+nWioLExeRzazpji0Pz0JuJvXjfD6CwohEoz5IrNFkWZJPbPSQSkLzRnKHNLKNPC3krYkGrK0AZV/l8IreOaZ/n1SbV+Po+jBPtwAEfgwSnU4RIa0AQGGh7gCZ6de+fReXFeZ60LznxmD77BefsE59WSHg==</latexit><latexit sha1_base64="2Mk93ctrhViF6ck+JylKY0AzZPI=">AAAB9XicjVBNS8NAEJ34WetX1aOXxSJ4KokIeix68SQV7Ac0sWy2m3bpZhN2J0oI/R9ePCji1f/izX/j9uOgouCDgcd7M8zMC1MpDLruh7OwuLS8slpaK69vbG5tV3Z2WybJNONNlshEd0JquBSKN1Gg5J1UcxqHkrfD0cXEb99xbUSibjBPeRDTgRKRYBStdHvVY8THhPhCRZj3KlWv5k5B/iZVmKPRq7z7/YRlMVfIJDWm67kpBgXVKJjk47KfGZ5SNqID3rVU0ZiboJhePSaHVumTKNG2FJKp+nWioLExeRzazpji0Pz0JuJvXjfD6CwohEoz5IrNFkWZJPbPSQSkLzRnKHNLKNPC3krYkGrK0AZV/l8IreOaZ/n1SbV+Po+jBPtwAEfgwSnU4RIa0AQGGh7gCZ6de+fReXFeZ60LznxmD77BefsE59WSHg==</latexit><latexit sha1_base64="2Mk93ctrhViF6ck+JylKY0AzZPI=">AAAB9XicjVBNS8NAEJ34WetX1aOXxSJ4KokIeix68SQV7Ac0sWy2m3bpZhN2J0oI/R9ePCji1f/izX/j9uOgouCDgcd7M8zMC1MpDLruh7OwuLS8slpaK69vbG5tV3Z2WybJNONNlshEd0JquBSKN1Gg5J1UcxqHkrfD0cXEb99xbUSibjBPeRDTgRKRYBStdHvVY8THhPhCRZj3KlWv5k5B/iZVmKPRq7z7/YRlMVfIJDWm67kpBgXVKJjk47KfGZ5SNqID3rVU0ZiboJhePSaHVumTKNG2FJKp+nWioLExeRzazpji0Pz0JuJvXjfD6CwohEoz5IrNFkWZJPbPSQSkLzRnKHNLKNPC3krYkGrK0AZV/l8IreOaZ/n1SbV+Po+jBPtwAEfgwSnU4RIa0AQGGh7gCZ6de+fReXFeZ60LznxmD77BefsE59WSHg==</latexit><latexit sha1_base64="2Mk93ctrhViF6ck+JylKY0AzZPI=">AAAB9XicjVBNS8NAEJ34WetX1aOXxSJ4KokIeix68SQV7Ac0sWy2m3bpZhN2J0oI/R9ePCji1f/izX/j9uOgouCDgcd7M8zMC1MpDLruh7OwuLS8slpaK69vbG5tV3Z2WybJNONNlshEd0JquBSKN1Gg5J1UcxqHkrfD0cXEb99xbUSibjBPeRDTgRKRYBStdHvVY8THhPhCRZj3KlWv5k5B/iZVmKPRq7z7/YRlMVfIJDWm67kpBgXVKJjk47KfGZ5SNqID3rVU0ZiboJhePSaHVumTKNG2FJKp+nWioLExeRzazpji0Pz0JuJvXjfD6CwohEoz5IrNFkWZJPbPSQSkLzRnKHNLKNPC3krYkGrK0AZV/l8IreOaZ/n1SbV+Po+jBPtwAEfgwSnU4RIa0AQGGh7gCZ6de+fReXFeZ60LznxmD77BefsE59WSHg==</latexit>

• universality of 1st-order  
hydro (2-pt functions)


• 2nd-order hydro and its, more general,  
universality (3-pt functions)


• bounds e.g. KSS:   
(long history…)                 
some more mathematical recent work [Grozdanov, PRL (2021)]

[Kovtun, Son, Starinets (2004)]

[Haack, Yarom (2008); Grozdanov, Starinets (2014)]
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weak coupling:
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weak coupling:

[York, Moore (2009)]

[Huot, Jeon, Moore (2006)]

�1 ⇠ T 2

�4 ln2(1/�)
<latexit sha1_base64="Oh4gz+Af96fxiOyOMGLilLQWhPg=">AAACIXicjVDLSsNAFJ34rPUVdelmsAh1U5NSsMuiG5cV+oImDZPJpB06mYSZiVBCfsWNv+LGhSLdiT/jtM1CRcEDFw7nnMvMPX7CqFSW9W6srW9sbm2Xdsq7e/sHh+bRcU/GqcCki2MWi4GPJGGUk66iipFBIgiKfEb6/vRm4ffviZA05h01S4gboTGnIcVIackzmw7T4QB5NnQkjaATCoSzzqieZ4UzakCH8VEdVu3LQrqAOfTMil2zloB/kwoo0PbMuRPEOI0IV5ghKYe2lSg3Q0JRzEhedlJJEoSnaEyGmnIUEelmywtzeK6VAIax0MMVXKpfNzIUSTmLfJ2MkJrIn95C/M0bpipsuhnlSaoIx6uHwpRBFcNFXTCggmDFZpogLKj+K8QTpDtSutTy/0ro1Wu25neNSuu6qKMETsEZqAIbXIEWuAVt0AUYPIAn8AJejUfj2Xgz5qvomlHsnIBvMD4+AZ0Qod8=</latexit><latexit sha1_base64="Oh4gz+Af96fxiOyOMGLilLQWhPg=">AAACIXicjVDLSsNAFJ34rPUVdelmsAh1U5NSsMuiG5cV+oImDZPJpB06mYSZiVBCfsWNv+LGhSLdiT/jtM1CRcEDFw7nnMvMPX7CqFSW9W6srW9sbm2Xdsq7e/sHh+bRcU/GqcCki2MWi4GPJGGUk66iipFBIgiKfEb6/vRm4ffviZA05h01S4gboTGnIcVIackzmw7T4QB5NnQkjaATCoSzzqieZ4UzakCH8VEdVu3LQrqAOfTMil2zloB/kwoo0PbMuRPEOI0IV5ghKYe2lSg3Q0JRzEhedlJJEoSnaEyGmnIUEelmywtzeK6VAIax0MMVXKpfNzIUSTmLfJ2MkJrIn95C/M0bpipsuhnlSaoIx6uHwpRBFcNFXTCggmDFZpogLKj+K8QTpDtSutTy/0ro1Wu25neNSuu6qKMETsEZqAIbXIEWuAVt0AUYPIAn8AJejUfj2Xgz5qvomlHsnIBvMD4+AZ0Qod8=</latexit><latexit sha1_base64="Oh4gz+Af96fxiOyOMGLilLQWhPg=">AAACIXicjVDLSsNAFJ34rPUVdelmsAh1U5NSsMuiG5cV+oImDZPJpB06mYSZiVBCfsWNv+LGhSLdiT/jtM1CRcEDFw7nnMvMPX7CqFSW9W6srW9sbm2Xdsq7e/sHh+bRcU/GqcCki2MWi4GPJGGUk66iipFBIgiKfEb6/vRm4ffviZA05h01S4gboTGnIcVIackzmw7T4QB5NnQkjaATCoSzzqieZ4UzakCH8VEdVu3LQrqAOfTMil2zloB/kwoo0PbMuRPEOI0IV5ghKYe2lSg3Q0JRzEhedlJJEoSnaEyGmnIUEelmywtzeK6VAIax0MMVXKpfNzIUSTmLfJ2MkJrIn95C/M0bpipsuhnlSaoIx6uHwpRBFcNFXTCggmDFZpogLKj+K8QTpDtSutTy/0ro1Wu25neNSuu6qKMETsEZqAIbXIEWuAVt0AUYPIAn8AJejUfj2Xgz5qvomlHsnIBvMD4+AZ0Qod8=</latexit><latexit sha1_base64="Oh4gz+Af96fxiOyOMGLilLQWhPg=">AAACIXicjVDLSsNAFJ34rPUVdelmsAh1U5NSsMuiG5cV+oImDZPJpB06mYSZiVBCfsWNv+LGhSLdiT/jtM1CRcEDFw7nnMvMPX7CqFSW9W6srW9sbm2Xdsq7e/sHh+bRcU/GqcCki2MWi4GPJGGUk66iipFBIgiKfEb6/vRm4ffviZA05h01S4gboTGnIcVIackzmw7T4QB5NnQkjaATCoSzzqieZ4UzakCH8VEdVu3LQrqAOfTMil2zloB/kwoo0PbMuRPEOI0IV5ghKYe2lSg3Q0JRzEhedlJJEoSnaEyGmnIUEelmywtzeK6VAIax0MMVXKpfNzIUSTmLfJ2MkJrIn95C/M0bpipsuhnlSaoIx6uHwpRBFcNFXTCggmDFZpogLKj+K8QTpDtSutTy/0ro1Wu25neNSuu6qKMETsEZqAIbXIEWuAVt0AUYPIAn8AJejUfj2Xgz5qvomlHsnIBvMD4+AZ0Qod8=</latexit>

⌘/s � 1/(4⇡)

<latexit sha1_base64="kMiVyvV+omG0JtH3VioGVzNeK5k=">AAACAXicjVDJSgNBEK2JW4zbqBfBS2MQ4iVmJKDegl48RjALZIbQ06lJGnsWu3uEMMSLv+LFgyJe/Qtv/o2d5aCi4IOCx3tVVNXzE8GVrlQ+rNzc/MLiUn65sLK6tr5hb241VZxKhg0Wi1i2fapQ8AgbmmuB7UQiDX2BLf/6fOy3blEqHkdXepigF9J+xAPOqDZS195xUVNySBRx+3hDHENLVTfhB1276JQrE5C/SRFmqHftd7cXszTESDNBleo4lUR7GZWaM4GjgpsqTCi7pn3sGBrREJWXTT4YkX2j9EgQS1ORJhP160RGQ6WGoW86Q6oH6qc3Fn/zOqkOTryMR0mqMWLTRUEqiI7JOA7S4xKZFkNDKJPc3ErYgErKtAmt8L8Qmkdlp1o+vawWa2ezOPKwC3tQAgeOoQYXUIcGMLiDB3iCZ+veerRerNdpa86azWzDN1hvn3CXlFU=</latexit>
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• dispersion relations [Grozdanov, Kovtun, Starinets, Tadić, JHEP (2019)]


• QFT methods used for large-N vector models can compute certain transport 
coefficients for all couplings [… Aarts, Martinez Resco, JHEP (2004); … Romatschke, PRD (2019); 
Romatschke (2021)]

! = � i

4⇡T
q2 � i(1� ln 2)

32⇡3T 3
q4 � i(24 ln2 2� ⇡2)

96 (2⇡T )5
q6

�
i
⇥
2⇡2(ln 32� 1)� 21⇣(3)� 24 ln 2(1 + ln 2(ln 32� 3))

⇤

384 (2⇡T )7
q8 + · · ·

<latexit sha1_base64="eRPEVMCJ/2rHOojtG3FcAntP9Hs="></latexit><latexit sha1_base64="eRPEVMCJ/2rHOojtG3FcAntP9Hs="></latexit><latexit sha1_base64="eRPEVMCJ/2rHOojtG3FcAntP9Hs="></latexit><latexit sha1_base64="eRPEVMCJ/2rHOojtG3FcAntP9Hs="></latexit>

! = ± 1p
3
q � i

6⇡T
q2 ± 3� 2 ln 2

24
p
3⇡2T 2

q3 �
i
�
⇡2 � 24 + 24 ln 2� 12 ln2 2

�

864⇡3T 3
q4 ± · · ·

<latexit sha1_base64="6f9w+3njL0oo1HC6p8fAXw9vk2k="></latexit><latexit sha1_base64="6f9w+3njL0oo1HC6p8fAXw9vk2k="></latexit><latexit sha1_base64="6f9w+3njL0oo1HC6p8fAXw9vk2k="></latexit><latexit sha1_base64="6f9w+3njL0oo1HC6p8fAXw9vk2k="></latexit>

sound:

shear diffusion:

!(q) =
1X

n=1

↵nq
n

<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>



• precise analytic connection between hydrodynamics and quantum chaos 
[Grozdanov, Schalm, Scopelliti, PRL (2017); Blake, Lee, Liu, JHEP (2018); Blake, Davison,  
Grozdanov, Liu, JHEP (2018); Grozdanov, JHEP (2019)]


• resumed hydrodynamic series (e.g. sound) 
 
passes through a “chaos point” at imaginary momentum 
 
 
 
where the associated 2-pt function is “0/0”:

10

A S I D E :  H Y D R O DY N A M I C S  A N D  Q U A N T U M  C H A O S

• triviality of Einstein’s equations at the horizon [Blake, Davison, Grozdanov, Liu, JHEP (2018)]


• infinite constraints on correlators at multiples of Matsubara  
frequencies [Grozdanov, Kovtun, Starinets, Tadić, JHEP (2019);  
Blake, Davison, Vegh, JHEP (2019)]

!(q = i�L/vB) = i�L = 2⇡Ti

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

ResG""
R (! = i�L, q = i�L/vB) = 0

<latexit sha1_base64="dey/kE208Vg+KROzc3Wv13EuOsM="></latexit>

!(q) =
1X

n=1

↵n (T, µi, hOji,�) q
n

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

‘quantum’ butterfly velocity

‘quantum’ Lyapunov exponent

⇠ e�L(t�|x|/vB)

<latexit sha1_base64="Bsf10CzBMwqezLusQD7wKlLTONs=">AAACHnicjVDLSgNBEJz1bXxFPXppDIIejIko6k3ixYOHCEaFbFxmJ73J4OyDmV4xrPkSL/6KFw+KCJ70b5zEHFQULGgoqrqY6fITJQ2VSu/O0PDI6Nj4xGRuanpmdi4/v3Bq4lQLrIlYxfrc5waVjLBGkhSeJxp56Cs88y8Pev7ZFWoj4+iEOgk2Qt6KZCAFJyt5+W3XyBDwInOVDTW5dwSuwoBWCdbhJnP9AK67N7ABV14FXC1bbVqDrpcvlIulPuBvUmADVL38q9uMRRpiREJxY+rlUkKNjGuSQmE356YGEy4ueQvrlkY8RNPI+ud1YcUqTQhibSci6KtfExkPjemEvt0MObXNT68n/ubVUwp2G5mMkpQwEp8PBakCiqHXFTSlRkGqYwkXWtq/gmhzzQXZRnP/K+F0s1jeKu4dbxX2K4M6JtgSW2arrMx22D47ZFVWY4Ldsnv2yJ6cO+fBeXZePleHnEFmkX2D8/YBssqg+Q==</latexit>

‘quantum’ chaos spreads
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A P P L I C A B I L I T Y  O F  H Y D R O DY N A M I C S
• tune from strong to weak coupling: quasiparticles, breakdown of hydrodynamics 

transport peak

[Grozdanov, Kaplis, Starinets, JHEP (2016)] [Casalderey-Solana, Grozdanov, Starinets, PRL (2018)]

⌧ (n)R = � 1

Im!n
<latexit sha1_base64="wKocq1G6LJ5cuznF6Crkr5KSrng=">AAACF3icjZDNSgMxFIUz/lv/qi7dBIugoKUjgm4E0Y3uVKwKnTpk0js1mGSG5I5YhnkLN76KGxeKuNWdb2Nau1BR8EDgcM69JPmiVAqLtdq7NzA4NDwyOjZempicmp4pz86d2iQzHOo8kYk5j5gFKTTUUaCE89QAU5GEs+hqr9ufXYOxItEn2EmhqVhbi1hwhi4Ky9UAWRYeX+TLeqWg23SNBrFhPPeLPEC4wfxAFcFqkChos1AXYbniV2s90b9NhfR1GJbfglbCMwUauWTWNvxais2cGRRcQlEKMgsp41esDQ1nNVNgm3nvXwVdckmLxolxRyPtpV83cqas7ajITSqGl/Zn1w1/6xoZxlvNXOg0Q9D886I4kxQT2oVEW8IAR9lxhnEj3Fspv2SOCzqUpf9BOF2v+s4fbVR2dvs4xsgCWSTLxCebZIfsk0NSJ5zcknvySJ68O+/Be/ZePkcHvP7OPPkm7/UDKECfUg==</latexit><latexit sha1_base64="wKocq1G6LJ5cuznF6Crkr5KSrng=">AAACF3icjZDNSgMxFIUz/lv/qi7dBIugoKUjgm4E0Y3uVKwKnTpk0js1mGSG5I5YhnkLN76KGxeKuNWdb2Nau1BR8EDgcM69JPmiVAqLtdq7NzA4NDwyOjZempicmp4pz86d2iQzHOo8kYk5j5gFKTTUUaCE89QAU5GEs+hqr9ufXYOxItEn2EmhqVhbi1hwhi4Ky9UAWRYeX+TLeqWg23SNBrFhPPeLPEC4wfxAFcFqkChos1AXYbniV2s90b9NhfR1GJbfglbCMwUauWTWNvxais2cGRRcQlEKMgsp41esDQ1nNVNgm3nvXwVdckmLxolxRyPtpV83cqas7ajITSqGl/Zn1w1/6xoZxlvNXOg0Q9D886I4kxQT2oVEW8IAR9lxhnEj3Fspv2SOCzqUpf9BOF2v+s4fbVR2dvs4xsgCWSTLxCebZIfsk0NSJ5zcknvySJ68O+/Be/ZePkcHvP7OPPkm7/UDKECfUg==</latexit><latexit sha1_base64="wKocq1G6LJ5cuznF6Crkr5KSrng=">AAACF3icjZDNSgMxFIUz/lv/qi7dBIugoKUjgm4E0Y3uVKwKnTpk0js1mGSG5I5YhnkLN76KGxeKuNWdb2Nau1BR8EDgcM69JPmiVAqLtdq7NzA4NDwyOjZempicmp4pz86d2iQzHOo8kYk5j5gFKTTUUaCE89QAU5GEs+hqr9ufXYOxItEn2EmhqVhbi1hwhi4Ky9UAWRYeX+TLeqWg23SNBrFhPPeLPEC4wfxAFcFqkChos1AXYbniV2s90b9NhfR1GJbfglbCMwUauWTWNvxais2cGRRcQlEKMgsp41esDQ1nNVNgm3nvXwVdckmLxolxRyPtpV83cqas7ajITSqGl/Zn1w1/6xoZxlvNXOg0Q9D886I4kxQT2oVEW8IAR9lxhnEj3Fspv2SOCzqUpf9BOF2v+s4fbVR2dvs4xsgCWSTLxCebZIfsk0NSJ5zcknvySJ68O+/Be/ZePkcHvP7OPPkm7/UDKECfUg==</latexit><latexit sha1_base64="wKocq1G6LJ5cuznF6Crkr5KSrng=">AAACF3icjZDNSgMxFIUz/lv/qi7dBIugoKUjgm4E0Y3uVKwKnTpk0js1mGSG5I5YhnkLN76KGxeKuNWdb2Nau1BR8EDgcM69JPmiVAqLtdq7NzA4NDwyOjZempicmp4pz86d2iQzHOo8kYk5j5gFKTTUUaCE89QAU5GEs+hqr9ufXYOxItEn2EmhqVhbi1hwhi4Ky9UAWRYeX+TLeqWg23SNBrFhPPeLPEC4wfxAFcFqkChos1AXYbniV2s90b9NhfR1GJbfglbCMwUauWTWNvxais2cGRRcQlEKMgsp41esDQ1nNVNgm3nvXwVdckmLxolxRyPtpV83cqas7ajITSqGl/Zn1w1/6xoZxlvNXOg0Q9D886I4kxQT2oVEW8IAR9lxhnEj3Fspv2SOCzqUpf9BOF2v+s4fbVR2dvs4xsgCWSTLxCebZIfsk0NSJ5zcknvySJ68O+/Be/ZePkcHvP7OPPkm7/UDKECfUg==</latexit>

⇢ = �2 Im hTµ⌫(!, q), T⇢�(�!,�q)iR
<latexit sha1_base64="wYsFCnK8NiAFNPSF+byeM+Nu10E="></latexit><latexit sha1_base64="wYsFCnK8NiAFNPSF+byeM+Nu10E="></latexit><latexit sha1_base64="wYsFCnK8NiAFNPSF+byeM+Nu10E="></latexit><latexit sha1_base64="wYsFCnK8NiAFNPSF+byeM+Nu10E="></latexit>

⌘/s ⇠ C ⇥ ⌧RT

<latexit sha1_base64="A450+mtkjcADEYj9ITgaObPn0jc=">AAACBHicjVDLSsNAFJ34rPUVddnNYBFc1UQK6q7YjcsqfUETwmQ6aYdOJmHmRiihCzf+ihsXirj1I9z5N04fCxUFD1w4nHMv994TpoJrcJwPa2l5ZXVtvbBR3Nza3tm19/bbOskUZS2aiER1Q6KZ4JK1gINg3VQxEoeCdcJRfep3bpnSPJFNGKfMj8lA8ohTAkYK7JLHgJxo7Gke47oHPGbaA5IFN7gZ2GW34syA/yZltEAjsN+9fkKzmEmggmjdc50U/Jwo4FSwSdHLNEsJHZEB6xkqiVnm57MnJvjIKH0cJcqUBDxTv07kJNZ6HIemMyYw1D+9qfib18sgOvdzLtMMmKTzRVEmMCR4mgjuc8UoiLEhhCpubsV0SBShYHIr/i+E9mnFrVYurqvl2uUijgIqoUN0jFx0hmroCjVQC1F0hx7QE3q27q1H68V6nbcuWYuZA/QN1tsnlpiXcQ==</latexit>

qc/T ⇠ �3/2

[Grozdanov, Lucas, Poovuttikul, PRD (2019)]
!

<latexit sha1_base64="xiKGMOOIEQWaVzCOPaP0F5f7xns=">AAAB7XicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCTFLx4rGA/oF1KNp1tY5PNkmSFUvofvHhQxKv/x5v/xrTdg7a+EHh4Z4bMvFEquLG+/+0V1tY3NreK26Wd3b39g/LhUdOoTDNsMCWUbkfUoOAJNiy3AtupRiojga1odDurt55QG66SBztOMZR0kPCYM2qd1ewqiQPaK1f8qj8XWYUghwrkqvfKX92+YpnExDJBjekEfmrDCdWWM4HTUjczmFI2ogPsOEyoRBNO5ttOyZlz+iRW2r3Ekrn7e2JCpTFjGblOSe3QLNdm5n+1Tmbj63DCkzSzmLDFR3EmiFVkdjrpc43MirEDyjR3uxI2pJoy6wIquRCC5ZNXoXlRDRzfX1ZqN3kcRTiBUziHAK6gBndQhwYweIRneIU3T3kv3rv3sWgtePnMMfyR9/kDjv+PFw==</latexit><latexit sha1_base64="xiKGMOOIEQWaVzCOPaP0F5f7xns=">AAAB7XicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCTFLx4rGA/oF1KNp1tY5PNkmSFUvofvHhQxKv/x5v/xrTdg7a+EHh4Z4bMvFEquLG+/+0V1tY3NreK26Wd3b39g/LhUdOoTDNsMCWUbkfUoOAJNiy3AtupRiojga1odDurt55QG66SBztOMZR0kPCYM2qd1ewqiQPaK1f8qj8XWYUghwrkqvfKX92+YpnExDJBjekEfmrDCdWWM4HTUjczmFI2ogPsOEyoRBNO5ttOyZlz+iRW2r3Ekrn7e2JCpTFjGblOSe3QLNdm5n+1Tmbj63DCkzSzmLDFR3EmiFVkdjrpc43MirEDyjR3uxI2pJoy6wIquRCC5ZNXoXlRDRzfX1ZqN3kcRTiBUziHAK6gBndQhwYweIRneIU3T3kv3rv3sWgtePnMMfyR9/kDjv+PFw==</latexit><latexit sha1_base64="xiKGMOOIEQWaVzCOPaP0F5f7xns=">AAAB7XicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCTFLx4rGA/oF1KNp1tY5PNkmSFUvofvHhQxKv/x5v/xrTdg7a+EHh4Z4bMvFEquLG+/+0V1tY3NreK26Wd3b39g/LhUdOoTDNsMCWUbkfUoOAJNiy3AtupRiojga1odDurt55QG66SBztOMZR0kPCYM2qd1ewqiQPaK1f8qj8XWYUghwrkqvfKX92+YpnExDJBjekEfmrDCdWWM4HTUjczmFI2ogPsOEyoRBNO5ttOyZlz+iRW2r3Ekrn7e2JCpTFjGblOSe3QLNdm5n+1Tmbj63DCkzSzmLDFR3EmiFVkdjrpc43MirEDyjR3uxI2pJoy6wIquRCC5ZNXoXlRDRzfX1ZqN3kcRTiBUziHAK6gBndQhwYweIRneIU3T3kv3rv3sWgtePnMMfyR9/kDjv+PFw==</latexit><latexit sha1_base64="xiKGMOOIEQWaVzCOPaP0F5f7xns=">AAAB7XicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCTFLx4rGA/oF1KNp1tY5PNkmSFUvofvHhQxKv/x5v/xrTdg7a+EHh4Z4bMvFEquLG+/+0V1tY3NreK26Wd3b39g/LhUdOoTDNsMCWUbkfUoOAJNiy3AtupRiojga1odDurt55QG66SBztOMZR0kPCYM2qd1ewqiQPaK1f8qj8XWYUghwrkqvfKX92+YpnExDJBjekEfmrDCdWWM4HTUjczmFI2ogPsOEyoRBNO5ttOyZlz+iRW2r3Ekrn7e2JCpTFjGblOSe3QLNdm5n+1Tmbj63DCkzSzmLDFR3EmiFVkdjrpc43MirEDyjR3uxI2pJoy6wIquRCC5ZNXoXlRDRzfX1ZqN3kcRTiBUziHAK6gBndQhwYweIRneIU3T3kv3rv3sWgtePnMMfyR9/kDjv+PFw==</latexit>

!
<latexit sha1_base64="xiKGMOOIEQWaVzCOPaP0F5f7xns=">AAAB7XicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCTFLx4rGA/oF1KNp1tY5PNkmSFUvofvHhQxKv/x5v/xrTdg7a+EHh4Z4bMvFEquLG+/+0V1tY3NreK26Wd3b39g/LhUdOoTDNsMCWUbkfUoOAJNiy3AtupRiojga1odDurt55QG66SBztOMZR0kPCYM2qd1ewqiQPaK1f8qj8XWYUghwrkqvfKX92+YpnExDJBjekEfmrDCdWWM4HTUjczmFI2ogPsOEyoRBNO5ttOyZlz+iRW2r3Ekrn7e2JCpTFjGblOSe3QLNdm5n+1Tmbj63DCkzSzmLDFR3EmiFVkdjrpc43MirEDyjR3uxI2pJoy6wIquRCC5ZNXoXlRDRzfX1ZqN3kcRTiBUziHAK6gBndQhwYweIRneIU3T3kv3rv3sWgtePnMMfyR9/kDjv+PFw==</latexit><latexit sha1_base64="xiKGMOOIEQWaVzCOPaP0F5f7xns=">AAAB7XicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCTFLx4rGA/oF1KNp1tY5PNkmSFUvofvHhQxKv/x5v/xrTdg7a+EHh4Z4bMvFEquLG+/+0V1tY3NreK26Wd3b39g/LhUdOoTDNsMCWUbkfUoOAJNiy3AtupRiojga1odDurt55QG66SBztOMZR0kPCYM2qd1ewqiQPaK1f8qj8XWYUghwrkqvfKX92+YpnExDJBjekEfmrDCdWWM4HTUjczmFI2ogPsOEyoRBNO5ttOyZlz+iRW2r3Ekrn7e2JCpTFjGblOSe3QLNdm5n+1Tmbj63DCkzSzmLDFR3EmiFVkdjrpc43MirEDyjR3uxI2pJoy6wIquRCC5ZNXoXlRDRzfX1ZqN3kcRTiBUziHAK6gBndQhwYweIRneIU3T3kv3rv3sWgtePnMMfyR9/kDjv+PFw==</latexit><latexit sha1_base64="xiKGMOOIEQWaVzCOPaP0F5f7xns=">AAAB7XicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCTFLx4rGA/oF1KNp1tY5PNkmSFUvofvHhQxKv/x5v/xrTdg7a+EHh4Z4bMvFEquLG+/+0V1tY3NreK26Wd3b39g/LhUdOoTDNsMCWUbkfUoOAJNiy3AtupRiojga1odDurt55QG66SBztOMZR0kPCYM2qd1ewqiQPaK1f8qj8XWYUghwrkqvfKX92+YpnExDJBjekEfmrDCdWWM4HTUjczmFI2ogPsOEyoRBNO5ttOyZlz+iRW2r3Ekrn7e2JCpTFjGblOSe3QLNdm5n+1Tmbj63DCkzSzmLDFR3EmiFVkdjrpc43MirEDyjR3uxI2pJoy6wIquRCC5ZNXoXlRDRzfX1ZqN3kcRTiBUziHAK6gBndQhwYweIRneIU3T3kv3rv3sWgtePnMMfyR9/kDjv+PFw==</latexit><latexit sha1_base64="xiKGMOOIEQWaVzCOPaP0F5f7xns=">AAAB7XicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCTFLx4rGA/oF1KNp1tY5PNkmSFUvofvHhQxKv/x5v/xrTdg7a+EHh4Z4bMvFEquLG+/+0V1tY3NreK26Wd3b39g/LhUdOoTDNsMCWUbkfUoOAJNiy3AtupRiojga1odDurt55QG66SBztOMZR0kPCYM2qd1ewqiQPaK1f8qj8XWYUghwrkqvfKX92+YpnExDJBjekEfmrDCdWWM4HTUjczmFI2ogPsOEyoRBNO5ttOyZlz+iRW2r3Ekrn7e2JCpTFjGblOSe3QLNdm5n+1Tmbj63DCkzSzmLDFR3EmiFVkdjrpc43MirEDyjR3uxI2pJoy6wIquRCC5ZNXoXlRDRzfX1ZqN3kcRTiBUziHAK6gBndQhwYweIRneIU3T3kv3rv3sWgtePnMMfyR9/kDjv+PFw==</latexit>
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<latexit sha1_base64="/Ogj+mdZHa1BHxKDfqyfRKKhDjI=">AAAB/XicbZDLSgMxFIYzXmu9jZedm2ARXJUZKeiy4MZlBXuBdiiZTNqGZpIhOSOOQ/FV3LhQxK3v4c63MW1noa0/BD7+cw7n5A8TwQ143rezsrq2vrFZ2ipv7+zu7bsHhy2jUk1ZkyqhdCckhgkuWRM4CNZJNCNxKFg7HF9P6+17pg1X8g6yhAUxGUo+4JSAtfrucQ/YA+SjLNIqyiSJOTWTvlvxqt5MeBn8AiqoUKPvfvUiRdOYSaCCGNP1vQSCnGjgVLBJuZcalhA6JkPWtWjXMBPks+sn+Mw6ER4obZ8EPHN/T+QkNiaLQ9sZExiZxdrU/K/WTWFwFeRcJikwSeeLBqnAoPA0ChxxzSiIzAKhmttbMR0RTSjYwMo2BH/xy8vQuqj6lm9rlXqtiKOETtApOkc+ukR1dIMaqIkoekTP6BW9OU/Oi/PufMxbV5xi5gj9kfP5A7nllfw=</latexit><latexit sha1_base64="/Ogj+mdZHa1BHxKDfqyfRKKhDjI=">AAAB/XicbZDLSgMxFIYzXmu9jZedm2ARXJUZKeiy4MZlBXuBdiiZTNqGZpIhOSOOQ/FV3LhQxK3v4c63MW1noa0/BD7+cw7n5A8TwQ143rezsrq2vrFZ2ipv7+zu7bsHhy2jUk1ZkyqhdCckhgkuWRM4CNZJNCNxKFg7HF9P6+17pg1X8g6yhAUxGUo+4JSAtfrucQ/YA+SjLNIqyiSJOTWTvlvxqt5MeBn8AiqoUKPvfvUiRdOYSaCCGNP1vQSCnGjgVLBJuZcalhA6JkPWtWjXMBPks+sn+Mw6ER4obZ8EPHN/T+QkNiaLQ9sZExiZxdrU/K/WTWFwFeRcJikwSeeLBqnAoPA0ChxxzSiIzAKhmttbMR0RTSjYwMo2BH/xy8vQuqj6lm9rlXqtiKOETtApOkc+ukR1dIMaqIkoekTP6BW9OU/Oi/PufMxbV5xi5gj9kfP5A7nllfw=</latexit><latexit sha1_base64="/Ogj+mdZHa1BHxKDfqyfRKKhDjI=">AAAB/XicbZDLSgMxFIYzXmu9jZedm2ARXJUZKeiy4MZlBXuBdiiZTNqGZpIhOSOOQ/FV3LhQxK3v4c63MW1noa0/BD7+cw7n5A8TwQ143rezsrq2vrFZ2ipv7+zu7bsHhy2jUk1ZkyqhdCckhgkuWRM4CNZJNCNxKFg7HF9P6+17pg1X8g6yhAUxGUo+4JSAtfrucQ/YA+SjLNIqyiSJOTWTvlvxqt5MeBn8AiqoUKPvfvUiRdOYSaCCGNP1vQSCnGjgVLBJuZcalhA6JkPWtWjXMBPks+sn+Mw6ER4obZ8EPHN/T+QkNiaLQ9sZExiZxdrU/K/WTWFwFeRcJikwSeeLBqnAoPA0ChxxzSiIzAKhmttbMR0RTSjYwMo2BH/xy8vQuqj6lm9rlXqtiKOETtApOkc+ukR1dIMaqIkoekTP6BW9OU/Oi/PufMxbV5xi5gj9kfP5A7nllfw=</latexit><latexit sha1_base64="/Ogj+mdZHa1BHxKDfqyfRKKhDjI=">AAAB/XicbZDLSgMxFIYzXmu9jZedm2ARXJUZKeiy4MZlBXuBdiiZTNqGZpIhOSOOQ/FV3LhQxK3v4c63MW1noa0/BD7+cw7n5A8TwQ143rezsrq2vrFZ2ipv7+zu7bsHhy2jUk1ZkyqhdCckhgkuWRM4CNZJNCNxKFg7HF9P6+17pg1X8g6yhAUxGUo+4JSAtfrucQ/YA+SjLNIqyiSJOTWTvlvxqt5MeBn8AiqoUKPvfvUiRdOYSaCCGNP1vQSCnGjgVLBJuZcalhA6JkPWtWjXMBPks+sn+Mw6ER4obZ8EPHN/T+QkNiaLQ9sZExiZxdrU/K/WTWFwFeRcJikwSeeLBqnAoPA0ChxxzSiIzAKhmttbMR0RTSjYwMo2BH/xy8vQuqj6lm9rlXqtiKOETtApOkc+ukR1dIMaqIkoekTP6BW9OU/Oi/PufMxbV5xi5gj9kfP5A7nllfw=</latexit>
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<latexit sha1_base64="4nffglpKJFJXOecN+qPoPfYkRTk=">AAACAnicbZDLSsNAFIYn9VbrLepK3ASL4KokUtBlwY3LCvYCbSiTyaQdOpmJMydiCMWNr+LGhSJufQp3vo3TNgtt/WHg4z/ncOb8QcKZBtf9tkorq2vrG+XNytb2zu6evX/Q1jJVhLaI5FJ1A6wpZ4K2gAGn3URRHAecdoLx1bTeuadKMyluIUuoH+OhYBEjGIw1sI/6QB8gv0uxZqMsVDLMBI4Z0ZOBXXVr7kzOMngFVFGh5sD+6oeSpDEVQDjWuue5Cfg5VsAIp5NKP9U0wWSMh7Rn0Kyh2s9nJ0ycU+OETiSVeQKcmft7Isex1lkcmM4Yw0gv1qbmf7VeCtGlnzORpEAFmS+KUu6AdKZ5OCFTlADPDGCimPmrQ0ZYYQImtYoJwVs8eRna5zXP8E292qgXcZTRMTpBZ8hDF6iBrlETtRBBj+gZvaI368l6sd6tj3lrySpmDtEfWZ8/4FyYUQ==</latexit><latexit sha1_base64="4nffglpKJFJXOecN+qPoPfYkRTk=">AAACAnicbZDLSsNAFIYn9VbrLepK3ASL4KokUtBlwY3LCvYCbSiTyaQdOpmJMydiCMWNr+LGhSJufQp3vo3TNgtt/WHg4z/ncOb8QcKZBtf9tkorq2vrG+XNytb2zu6evX/Q1jJVhLaI5FJ1A6wpZ4K2gAGn3URRHAecdoLx1bTeuadKMyluIUuoH+OhYBEjGIw1sI/6QB8gv0uxZqMsVDLMBI4Z0ZOBXXVr7kzOMngFVFGh5sD+6oeSpDEVQDjWuue5Cfg5VsAIp5NKP9U0wWSMh7Rn0Kyh2s9nJ0ycU+OETiSVeQKcmft7Isex1lkcmM4Yw0gv1qbmf7VeCtGlnzORpEAFmS+KUu6AdKZ5OCFTlADPDGCimPmrQ0ZYYQImtYoJwVs8eRna5zXP8E292qgXcZTRMTpBZ8hDF6iBrlETtRBBj+gZvaI368l6sd6tj3lrySpmDtEfWZ8/4FyYUQ==</latexit><latexit sha1_base64="4nffglpKJFJXOecN+qPoPfYkRTk=">AAACAnicbZDLSsNAFIYn9VbrLepK3ASL4KokUtBlwY3LCvYCbSiTyaQdOpmJMydiCMWNr+LGhSJufQp3vo3TNgtt/WHg4z/ncOb8QcKZBtf9tkorq2vrG+XNytb2zu6evX/Q1jJVhLaI5FJ1A6wpZ4K2gAGn3URRHAecdoLx1bTeuadKMyluIUuoH+OhYBEjGIw1sI/6QB8gv0uxZqMsVDLMBI4Z0ZOBXXVr7kzOMngFVFGh5sD+6oeSpDEVQDjWuue5Cfg5VsAIp5NKP9U0wWSMh7Rn0Kyh2s9nJ0ycU+OETiSVeQKcmft7Isex1lkcmM4Yw0gv1qbmf7VeCtGlnzORpEAFmS+KUu6AdKZ5OCFTlADPDGCimPmrQ0ZYYQImtYoJwVs8eRna5zXP8E292qgXcZTRMTpBZ8hDF6iBrlETtRBBj+gZvaI368l6sd6tj3lrySpmDtEfWZ8/4FyYUQ==</latexit><latexit sha1_base64="4nffglpKJFJXOecN+qPoPfYkRTk=">AAACAnicbZDLSsNAFIYn9VbrLepK3ASL4KokUtBlwY3LCvYCbSiTyaQdOpmJMydiCMWNr+LGhSJufQp3vo3TNgtt/WHg4z/ncOb8QcKZBtf9tkorq2vrG+XNytb2zu6evX/Q1jJVhLaI5FJ1A6wpZ4K2gAGn3URRHAecdoLx1bTeuadKMyluIUuoH+OhYBEjGIw1sI/6QB8gv0uxZqMsVDLMBI4Z0ZOBXXVr7kzOMngFVFGh5sD+6oeSpDEVQDjWuue5Cfg5VsAIp5NKP9U0wWSMh7Rn0Kyh2s9nJ0ycU+OETiSVeQKcmft7Isex1lkcmM4Yw0gv1qbmf7VeCtGlnzORpEAFmS+KUu6AdKZ5OCFTlADPDGCimPmrQ0ZYYQImtYoJwVs8eRna5zXP8E292qgXcZTRMTpBZ8hDF6iBrlETtRBBj+gZvaI368l6sd6tj3lrySpmDtEfWZ8/4FyYUQ==</latexit>

|1/⌧1|
<latexit sha1_base64="ujFy27lAyst/YmFg1mFYkCHqg24=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQTERRPBS8eK9gPSEPZbDft0s0m7E6E0vZnePGgiFd/jTf/jds2B219YeHhnRl25g1TKQy67rdTWFvf2Nwqbpd2dvf2D8qHR02TZJrxBktkotshNVwKxRsoUPJ2qjmNQ8lb4fBuVm89cW1Eoh5xlPIgpn0lIsEoWsufEO+igzTrepNuueJW3bnIKng5VCBXvVv+6vQSlsVcIZPUGN9zUwzGVKNgkk9LnczwlLIh7XPfoqIxN8F4vvKUnFmnR6JE26eQzN3fE2MaGzOKQ9sZUxyY5drM/K/mZxjdBGOh0gy5YouPokwSTMjsftITmjOUIwuUaWF3JWxANWVoUyrZELzlk1eheVn1LD9cVWq3eRxFOIFTOAcPrqEG91CHBjBI4Ble4c1B58V5dz4WrQUnnzmGP3I+fwBEXZCO</latexit><latexit sha1_base64="ujFy27lAyst/YmFg1mFYkCHqg24=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQTERRPBS8eK9gPSEPZbDft0s0m7E6E0vZnePGgiFd/jTf/jds2B219YeHhnRl25g1TKQy67rdTWFvf2Nwqbpd2dvf2D8qHR02TZJrxBktkotshNVwKxRsoUPJ2qjmNQ8lb4fBuVm89cW1Eoh5xlPIgpn0lIsEoWsufEO+igzTrepNuueJW3bnIKng5VCBXvVv+6vQSlsVcIZPUGN9zUwzGVKNgkk9LnczwlLIh7XPfoqIxN8F4vvKUnFmnR6JE26eQzN3fE2MaGzOKQ9sZUxyY5drM/K/mZxjdBGOh0gy5YouPokwSTMjsftITmjOUIwuUaWF3JWxANWVoUyrZELzlk1eheVn1LD9cVWq3eRxFOIFTOAcPrqEG91CHBjBI4Ble4c1B58V5dz4WrQUnnzmGP3I+fwBEXZCO</latexit><latexit sha1_base64="ujFy27lAyst/YmFg1mFYkCHqg24=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQTERRPBS8eK9gPSEPZbDft0s0m7E6E0vZnePGgiFd/jTf/jds2B219YeHhnRl25g1TKQy67rdTWFvf2Nwqbpd2dvf2D8qHR02TZJrxBktkotshNVwKxRsoUPJ2qjmNQ8lb4fBuVm89cW1Eoh5xlPIgpn0lIsEoWsufEO+igzTrepNuueJW3bnIKng5VCBXvVv+6vQSlsVcIZPUGN9zUwzGVKNgkk9LnczwlLIh7XPfoqIxN8F4vvKUnFmnR6JE26eQzN3fE2MaGzOKQ9sZUxyY5drM/K/mZxjdBGOh0gy5YouPokwSTMjsftITmjOUIwuUaWF3JWxANWVoUyrZELzlk1eheVn1LD9cVWq3eRxFOIFTOAcPrqEG91CHBjBI4Ble4c1B58V5dz4WrQUnnzmGP3I+fwBEXZCO</latexit><latexit sha1_base64="ujFy27lAyst/YmFg1mFYkCHqg24=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQTERRPBS8eK9gPSEPZbDft0s0m7E6E0vZnePGgiFd/jTf/jds2B219YeHhnRl25g1TKQy67rdTWFvf2Nwqbpd2dvf2D8qHR02TZJrxBktkotshNVwKxRsoUPJ2qjmNQ8lb4fBuVm89cW1Eoh5xlPIgpn0lIsEoWsufEO+igzTrepNuueJW3bnIKng5VCBXvVv+6vQSlsVcIZPUGN9zUwzGVKNgkk9LnczwlLIh7XPfoqIxN8F4vvKUnFmnR6JE26eQzN3fE2MaGzOKQ9sZUxyY5drM/K/mZxjdBGOh0gy5YouPokwSTMjsftITmjOUIwuUaWF3JWxANWVoUyrZELzlk1eheVn1LD9cVWq3eRxFOIFTOAcPrqEG91CHBjBI4Ble4c1B58V5dz4WrQUnnzmGP3I+fwBEXZCO</latexit>

|1/⌧1|
<latexit sha1_base64="ujFy27lAyst/YmFg1mFYkCHqg24=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQTERRPBS8eK9gPSEPZbDft0s0m7E6E0vZnePGgiFd/jTf/jds2B219YeHhnRl25g1TKQy67rdTWFvf2Nwqbpd2dvf2D8qHR02TZJrxBktkotshNVwKxRsoUPJ2qjmNQ8lb4fBuVm89cW1Eoh5xlPIgpn0lIsEoWsufEO+igzTrepNuueJW3bnIKng5VCBXvVv+6vQSlsVcIZPUGN9zUwzGVKNgkk9LnczwlLIh7XPfoqIxN8F4vvKUnFmnR6JE26eQzN3fE2MaGzOKQ9sZUxyY5drM/K/mZxjdBGOh0gy5YouPokwSTMjsftITmjOUIwuUaWF3JWxANWVoUyrZELzlk1eheVn1LD9cVWq3eRxFOIFTOAcPrqEG91CHBjBI4Ble4c1B58V5dz4WrQUnnzmGP3I+fwBEXZCO</latexit><latexit sha1_base64="ujFy27lAyst/YmFg1mFYkCHqg24=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQTERRPBS8eK9gPSEPZbDft0s0m7E6E0vZnePGgiFd/jTf/jds2B219YeHhnRl25g1TKQy67rdTWFvf2Nwqbpd2dvf2D8qHR02TZJrxBktkotshNVwKxRsoUPJ2qjmNQ8lb4fBuVm89cW1Eoh5xlPIgpn0lIsEoWsufEO+igzTrepNuueJW3bnIKng5VCBXvVv+6vQSlsVcIZPUGN9zUwzGVKNgkk9LnczwlLIh7XPfoqIxN8F4vvKUnFmnR6JE26eQzN3fE2MaGzOKQ9sZUxyY5drM/K/mZxjdBGOh0gy5YouPokwSTMjsftITmjOUIwuUaWF3JWxANWVoUyrZELzlk1eheVn1LD9cVWq3eRxFOIFTOAcPrqEG91CHBjBI4Ble4c1B58V5dz4WrQUnnzmGP3I+fwBEXZCO</latexit><latexit sha1_base64="ujFy27lAyst/YmFg1mFYkCHqg24=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQTERRPBS8eK9gPSEPZbDft0s0m7E6E0vZnePGgiFd/jTf/jds2B219YeHhnRl25g1TKQy67rdTWFvf2Nwqbpd2dvf2D8qHR02TZJrxBktkotshNVwKxRsoUPJ2qjmNQ8lb4fBuVm89cW1Eoh5xlPIgpn0lIsEoWsufEO+igzTrepNuueJW3bnIKng5VCBXvVv+6vQSlsVcIZPUGN9zUwzGVKNgkk9LnczwlLIh7XPfoqIxN8F4vvKUnFmnR6JE26eQzN3fE2MaGzOKQ9sZUxyY5drM/K/mZxjdBGOh0gy5YouPokwSTMjsftITmjOUIwuUaWF3JWxANWVoUyrZELzlk1eheVn1LD9cVWq3eRxFOIFTOAcPrqEG91CHBjBI4Ble4c1B58V5dz4WrQUnnzmGP3I+fwBEXZCO</latexit><latexit sha1_base64="ujFy27lAyst/YmFg1mFYkCHqg24=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQTERRPBS8eK9gPSEPZbDft0s0m7E6E0vZnePGgiFd/jTf/jds2B219YeHhnRl25g1TKQy67rdTWFvf2Nwqbpd2dvf2D8qHR02TZJrxBktkotshNVwKxRsoUPJ2qjmNQ8lb4fBuVm89cW1Eoh5xlPIgpn0lIsEoWsufEO+igzTrepNuueJW3bnIKng5VCBXvVv+6vQSlsVcIZPUGN9zUwzGVKNgkk9LnczwlLIh7XPfoqIxN8F4vvKUnFmnR6JE26eQzN3fE2MaGzOKQ9sZUxyY5drM/K/mZxjdBGOh0gy5YouPokwSTMjsftITmjOUIwuUaWF3JWxANWVoUyrZELzlk1eheVn1LD9cVWq3eRxFOIFTOAcPrqEG91CHBjBI4Ble4c1B58V5dz4WrQUnnzmGP3I+fwBEXZCO</latexit>

|1/⌧2| |1/⌧2|

|Dk2|
<latexit sha1_base64="GJiy9vZyoKCSIDPonVElrKEqkGE=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUmKoMuiLlxWsA9oY5lMJ+2QyYOZiRDS+ituXCji1g9x5984abPQ1gMDh3Pu5Z45bsyZVJb1bZTW1jc2t8rblZ3dvf0D8/CoI6NEENomEY9Ez8WSchbStmKK014sKA5cTruuf5373UcqJIvCe5XG1AnwOGQeI1hpaWhWp4MAq4knsJ/dzJD/0EDToVmz6tYcaJXYBalBgdbQ/BqMIpIENFSEYyn7thUrJ8NCMcLprDJIJI0x8fGY9jUNcUClk83Dz9CpVkbIi4R+oUJz9fdGhgMp08DVk3lSuezl4n9eP1HepZOxME4UDcnikJdwpCKUN4FGTFCieKoJJoLprIhMsMBE6b4qugR7+curpNOo25rfndeaV0UdZTiGEzgDGy6gCbfQgjYQSOEZXuHNeDJejHfjYzFaMoqdKvyB8fkDSTaUgg==</latexit><latexit sha1_base64="GJiy9vZyoKCSIDPonVElrKEqkGE=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUmKoMuiLlxWsA9oY5lMJ+2QyYOZiRDS+ituXCji1g9x5984abPQ1gMDh3Pu5Z45bsyZVJb1bZTW1jc2t8rblZ3dvf0D8/CoI6NEENomEY9Ez8WSchbStmKK014sKA5cTruuf5373UcqJIvCe5XG1AnwOGQeI1hpaWhWp4MAq4knsJ/dzJD/0EDToVmz6tYcaJXYBalBgdbQ/BqMIpIENFSEYyn7thUrJ8NCMcLprDJIJI0x8fGY9jUNcUClk83Dz9CpVkbIi4R+oUJz9fdGhgMp08DVk3lSuezl4n9eP1HepZOxME4UDcnikJdwpCKUN4FGTFCieKoJJoLprIhMsMBE6b4qugR7+curpNOo25rfndeaV0UdZTiGEzgDGy6gCbfQgjYQSOEZXuHNeDJejHfjYzFaMoqdKvyB8fkDSTaUgg==</latexit><latexit sha1_base64="GJiy9vZyoKCSIDPonVElrKEqkGE=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUmKoMuiLlxWsA9oY5lMJ+2QyYOZiRDS+ituXCji1g9x5984abPQ1gMDh3Pu5Z45bsyZVJb1bZTW1jc2t8rblZ3dvf0D8/CoI6NEENomEY9Ez8WSchbStmKK014sKA5cTruuf5373UcqJIvCe5XG1AnwOGQeI1hpaWhWp4MAq4knsJ/dzJD/0EDToVmz6tYcaJXYBalBgdbQ/BqMIpIENFSEYyn7thUrJ8NCMcLprDJIJI0x8fGY9jUNcUClk83Dz9CpVkbIi4R+oUJz9fdGhgMp08DVk3lSuezl4n9eP1HepZOxME4UDcnikJdwpCKUN4FGTFCieKoJJoLprIhMsMBE6b4qugR7+curpNOo25rfndeaV0UdZTiGEzgDGy6gCbfQgjYQSOEZXuHNeDJejHfjYzFaMoqdKvyB8fkDSTaUgg==</latexit><latexit sha1_base64="GJiy9vZyoKCSIDPonVElrKEqkGE=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUmKoMuiLlxWsA9oY5lMJ+2QyYOZiRDS+ituXCji1g9x5984abPQ1gMDh3Pu5Z45bsyZVJb1bZTW1jc2t8rblZ3dvf0D8/CoI6NEENomEY9Ez8WSchbStmKK014sKA5cTruuf5373UcqJIvCe5XG1AnwOGQeI1hpaWhWp4MAq4knsJ/dzJD/0EDToVmz6tYcaJXYBalBgdbQ/BqMIpIENFSEYyn7thUrJ8NCMcLprDJIJI0x8fGY9jUNcUClk83Dz9CpVkbIi4R+oUJz9fdGhgMp08DVk3lSuezl4n9eP1HepZOxME4UDcnikJdwpCKUN4FGTFCieKoJJoLprIhMsMBE6b4qugR7+curpNOo25rfndeaV0UdZTiGEzgDGy6gCbfQgjYQSOEZXuHNeDJejHfjYzFaMoqdKvyB8fkDSTaUgg==</latexit>

|Dk2|
<latexit sha1_base64="GJiy9vZyoKCSIDPonVElrKEqkGE=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUmKoMuiLlxWsA9oY5lMJ+2QyYOZiRDS+ituXCji1g9x5984abPQ1gMDh3Pu5Z45bsyZVJb1bZTW1jc2t8rblZ3dvf0D8/CoI6NEENomEY9Ez8WSchbStmKK014sKA5cTruuf5373UcqJIvCe5XG1AnwOGQeI1hpaWhWp4MAq4knsJ/dzJD/0EDToVmz6tYcaJXYBalBgdbQ/BqMIpIENFSEYyn7thUrJ8NCMcLprDJIJI0x8fGY9jUNcUClk83Dz9CpVkbIi4R+oUJz9fdGhgMp08DVk3lSuezl4n9eP1HepZOxME4UDcnikJdwpCKUN4FGTFCieKoJJoLprIhMsMBE6b4qugR7+curpNOo25rfndeaV0UdZTiGEzgDGy6gCbfQgjYQSOEZXuHNeDJejHfjYzFaMoqdKvyB8fkDSTaUgg==</latexit><latexit sha1_base64="GJiy9vZyoKCSIDPonVElrKEqkGE=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUmKoMuiLlxWsA9oY5lMJ+2QyYOZiRDS+ituXCji1g9x5984abPQ1gMDh3Pu5Z45bsyZVJb1bZTW1jc2t8rblZ3dvf0D8/CoI6NEENomEY9Ez8WSchbStmKK014sKA5cTruuf5373UcqJIvCe5XG1AnwOGQeI1hpaWhWp4MAq4knsJ/dzJD/0EDToVmz6tYcaJXYBalBgdbQ/BqMIpIENFSEYyn7thUrJ8NCMcLprDJIJI0x8fGY9jUNcUClk83Dz9CpVkbIi4R+oUJz9fdGhgMp08DVk3lSuezl4n9eP1HepZOxME4UDcnikJdwpCKUN4FGTFCieKoJJoLprIhMsMBE6b4qugR7+curpNOo25rfndeaV0UdZTiGEzgDGy6gCbfQgjYQSOEZXuHNeDJejHfjYzFaMoqdKvyB8fkDSTaUgg==</latexit><latexit sha1_base64="GJiy9vZyoKCSIDPonVElrKEqkGE=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUmKoMuiLlxWsA9oY5lMJ+2QyYOZiRDS+ituXCji1g9x5984abPQ1gMDh3Pu5Z45bsyZVJb1bZTW1jc2t8rblZ3dvf0D8/CoI6NEENomEY9Ez8WSchbStmKK014sKA5cTruuf5373UcqJIvCe5XG1AnwOGQeI1hpaWhWp4MAq4knsJ/dzJD/0EDToVmz6tYcaJXYBalBgdbQ/BqMIpIENFSEYyn7thUrJ8NCMcLprDJIJI0x8fGY9jUNcUClk83Dz9CpVkbIi4R+oUJz9fdGhgMp08DVk3lSuezl4n9eP1HepZOxME4UDcnikJdwpCKUN4FGTFCieKoJJoLprIhMsMBE6b4qugR7+curpNOo25rfndeaV0UdZTiGEzgDGy6gCbfQgjYQSOEZXuHNeDJejHfjYzFaMoqdKvyB8fkDSTaUgg==</latexit><latexit sha1_base64="GJiy9vZyoKCSIDPonVElrKEqkGE=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUmKoMuiLlxWsA9oY5lMJ+2QyYOZiRDS+ituXCji1g9x5984abPQ1gMDh3Pu5Z45bsyZVJb1bZTW1jc2t8rblZ3dvf0D8/CoI6NEENomEY9Ez8WSchbStmKK014sKA5cTruuf5373UcqJIvCe5XG1AnwOGQeI1hpaWhWp4MAq4knsJ/dzJD/0EDToVmz6tYcaJXYBalBgdbQ/BqMIpIENFSEYyn7thUrJ8NCMcLprDJIJI0x8fGY9jUNcUClk83Dz9CpVkbIi4R+oUJz9fdGhgMp08DVk3lSuezl4n9eP1HepZOxME4UDcnikJdwpCKUN4FGTFCieKoJJoLprIhMsMBE6b4qugR7+curpNOo25rfndeaV0UdZTiGEzgDGy6gCbfQgjYQSOEZXuHNeDJejHfjYzFaMoqdKvyB8fkDSTaUgg==</latexit>

⌧1 ⇡ 373⇣(3)

32⇡T�3/2
⇡ 4.5

T�3/2
<latexit sha1_base64="SmCH9VMoAgBjLAi29YA4XmvnGwA="></latexit><latexit sha1_base64="SmCH9VMoAgBjLAi29YA4XmvnGwA="></latexit><latexit sha1_base64="SmCH9VMoAgBjLAi29YA4XmvnGwA="></latexit><latexit sha1_base64="SmCH9VMoAgBjLAi29YA4XmvnGwA="></latexit>

quasihydrodynamics 
consistent with MIS
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A P P L I C A B I L I T Y  O F  H Y D R O DY N A M I C S

• a precise way of defining regime of applicability: radius of convergence


• hydrodynamic modes as complex spectral curves  
[Grozdanov, Kovtun, Starinets, Tadić, PRL (2019) and JHEP (2019)] [see also SERANTES’s TALK]

• dispersion relations have a finite radius of convergence


• convergence guaranteed up to the nearest (non-trivial) critical point (branch point) 
cf., Newton polygon or Darboux theorem [see Grozdanov, Starinets, Tadić, JHEP (2021)] 

w =
!

2⇡T
, q =

|q|
2⇡T

2 C
<latexit sha1_base64="HivbDI4GV+arST1vf3YITjWdeNA="></latexit><latexit sha1_base64="HivbDI4GV+arST1vf3YITjWdeNA="></latexit><latexit sha1_base64="HivbDI4GV+arST1vf3YITjWdeNA="></latexit><latexit sha1_base64="HivbDI4GV+arST1vf3YITjWdeNA="></latexit>

P (q2,!) = 0 =) !i(q
2)

<latexit sha1_base64="HjSUTkJmAvyDB+4Y5mFV1A9/8JU=">AAACLnicjVDLSgMxFM3UV62vqks3wSK0IGVaBN0IRRFcuKhgH9CpJZNmpqGZZEwyShk6P+TGX9GFoCJu/QzTx8KKggcCh3Pu4d4cN2RUadt+sVJz8wuLS+nlzMrq2vpGdnOrrkQkMalhwYRsukgRRjmpaaoZaYaSoMBlpOH2T0d+45ZIRQW/0oOQtAPkc+pRjLSROtmzat4JkO65XnwzvC7vOyIgPoIFeAztJHEuBPcl9XsaSSnukgRO/A6dSRU62VypaI8B/yY5MEW1k31yugJHAeEaM6RUq2SHuh0jqSlmZJhxIkVChPvIJy1DOQqIasfj7w7hnlG60BPSPK7hWP2eiFGg1CBwzeToSPXTG4m/ea1Ie0ftmPIw0oTjySIvYlALOOoOdqkkWLOBIQhLam6FuIckwto0nPlfCfVysWT45UGucjKtIw12wC7IgxI4BBVwDqqgBjC4B4/gFbxZD9az9W59TEZT1jSzDWZgfX4BTDGouA==</latexit><latexit sha1_base64="HjSUTkJmAvyDB+4Y5mFV1A9/8JU=">AAACLnicjVDLSgMxFM3UV62vqks3wSK0IGVaBN0IRRFcuKhgH9CpJZNmpqGZZEwyShk6P+TGX9GFoCJu/QzTx8KKggcCh3Pu4d4cN2RUadt+sVJz8wuLS+nlzMrq2vpGdnOrrkQkMalhwYRsukgRRjmpaaoZaYaSoMBlpOH2T0d+45ZIRQW/0oOQtAPkc+pRjLSROtmzat4JkO65XnwzvC7vOyIgPoIFeAztJHEuBPcl9XsaSSnukgRO/A6dSRU62VypaI8B/yY5MEW1k31yugJHAeEaM6RUq2SHuh0jqSlmZJhxIkVChPvIJy1DOQqIasfj7w7hnlG60BPSPK7hWP2eiFGg1CBwzeToSPXTG4m/ea1Ie0ftmPIw0oTjySIvYlALOOoOdqkkWLOBIQhLam6FuIckwto0nPlfCfVysWT45UGucjKtIw12wC7IgxI4BBVwDqqgBjC4B4/gFbxZD9az9W59TEZT1jSzDWZgfX4BTDGouA==</latexit><latexit sha1_base64="HjSUTkJmAvyDB+4Y5mFV1A9/8JU=">AAACLnicjVDLSgMxFM3UV62vqks3wSK0IGVaBN0IRRFcuKhgH9CpJZNmpqGZZEwyShk6P+TGX9GFoCJu/QzTx8KKggcCh3Pu4d4cN2RUadt+sVJz8wuLS+nlzMrq2vpGdnOrrkQkMalhwYRsukgRRjmpaaoZaYaSoMBlpOH2T0d+45ZIRQW/0oOQtAPkc+pRjLSROtmzat4JkO65XnwzvC7vOyIgPoIFeAztJHEuBPcl9XsaSSnukgRO/A6dSRU62VypaI8B/yY5MEW1k31yugJHAeEaM6RUq2SHuh0jqSlmZJhxIkVChPvIJy1DOQqIasfj7w7hnlG60BPSPK7hWP2eiFGg1CBwzeToSPXTG4m/ea1Ie0ftmPIw0oTjySIvYlALOOoOdqkkWLOBIQhLam6FuIckwto0nPlfCfVysWT45UGucjKtIw12wC7IgxI4BBVwDqqgBjC4B4/gFbxZD9az9W59TEZT1jSzDWZgfX4BTDGouA==</latexit><latexit sha1_base64="HjSUTkJmAvyDB+4Y5mFV1A9/8JU=">AAACLnicjVDLSgMxFM3UV62vqks3wSK0IGVaBN0IRRFcuKhgH9CpJZNmpqGZZEwyShk6P+TGX9GFoCJu/QzTx8KKggcCh3Pu4d4cN2RUadt+sVJz8wuLS+nlzMrq2vpGdnOrrkQkMalhwYRsukgRRjmpaaoZaYaSoMBlpOH2T0d+45ZIRQW/0oOQtAPkc+pRjLSROtmzat4JkO65XnwzvC7vOyIgPoIFeAztJHEuBPcl9XsaSSnukgRO/A6dSRU62VypaI8B/yY5MEW1k31yugJHAeEaM6RUq2SHuh0jqSlmZJhxIkVChPvIJy1DOQqIasfj7w7hnlG60BPSPK7hWP2eiFGg1CBwzeToSPXTG4m/ea1Ie0ftmPIw0oTjySIvYlALOOoOdqkkWLOBIQhLam6FuIckwto0nPlfCfVysWT45UGucjKtIw12wC7IgxI4BBVwDqqgBjC4B4/gFbxZD9az9W59TEZT1jSzDWZgfX4BTDGouA==</latexit>

hydro:


QNM:

detL(q2,!) = 0

a(q2,!) = 0
<latexit sha1_base64="X4yoUwfEKhKAZwF1+IVWa865Evs=">AAACNHicjVDJSgNBEO2JW4xb1KOXxqBEkDAJgl6EoBdBDxHMApkYajo1SZOexe4eIQz5KC9+iBcRPCji1W+wsxxUFHxQ8Hiviqp6biS40rb9ZKVmZufmF9KLmaXlldW17PpGTYWxZFhloQhlwwWFggdY1VwLbEQSwXcF1t3+6civ36JUPAyu9CDClg/dgHucgTZSO3vudFBTxwfdYyCSi2F+zF0vuRlel/ad0Mcu7NHdY2pTx8nAHzY1fqadzRUL9hj0b5IjU1Ta2QenE7LYx0AzAUo1i3akWwlIzZnAYcaJFUbA+tDFpqEB+KhayfjpId0xSod6oTQVaDpWv04k4Cs18F3TOTpZ/fRG4m9eM9beUSvhQRRrDNhkkRcLqkM6SpB2uESmxcAQYJKbWynrgQSmTc7/DKFWKhQNvzzIlU+mcaTJFtkmeVIkh6RMzkiFVAkjd+SRvJBX6956tt6s90lryprObJJvsD4+AZDUqDQ=</latexit><latexit sha1_base64="X4yoUwfEKhKAZwF1+IVWa865Evs=">AAACNHicjVDJSgNBEO2JW4xb1KOXxqBEkDAJgl6EoBdBDxHMApkYajo1SZOexe4eIQz5KC9+iBcRPCji1W+wsxxUFHxQ8Hiviqp6biS40rb9ZKVmZufmF9KLmaXlldW17PpGTYWxZFhloQhlwwWFggdY1VwLbEQSwXcF1t3+6civ36JUPAyu9CDClg/dgHucgTZSO3vudFBTxwfdYyCSi2F+zF0vuRlel/ad0Mcu7NHdY2pTx8nAHzY1fqadzRUL9hj0b5IjU1Ta2QenE7LYx0AzAUo1i3akWwlIzZnAYcaJFUbA+tDFpqEB+KhayfjpId0xSod6oTQVaDpWv04k4Cs18F3TOTpZ/fRG4m9eM9beUSvhQRRrDNhkkRcLqkM6SpB2uESmxcAQYJKbWynrgQSmTc7/DKFWKhQNvzzIlU+mcaTJFtkmeVIkh6RMzkiFVAkjd+SRvJBX6956tt6s90lryprObJJvsD4+AZDUqDQ=</latexit><latexit sha1_base64="X4yoUwfEKhKAZwF1+IVWa865Evs=">AAACNHicjVDJSgNBEO2JW4xb1KOXxqBEkDAJgl6EoBdBDxHMApkYajo1SZOexe4eIQz5KC9+iBcRPCji1W+wsxxUFHxQ8Hiviqp6biS40rb9ZKVmZufmF9KLmaXlldW17PpGTYWxZFhloQhlwwWFggdY1VwLbEQSwXcF1t3+6civ36JUPAyu9CDClg/dgHucgTZSO3vudFBTxwfdYyCSi2F+zF0vuRlel/ad0Mcu7NHdY2pTx8nAHzY1fqadzRUL9hj0b5IjU1Ta2QenE7LYx0AzAUo1i3akWwlIzZnAYcaJFUbA+tDFpqEB+KhayfjpId0xSod6oTQVaDpWv04k4Cs18F3TOTpZ/fRG4m9eM9beUSvhQRRrDNhkkRcLqkM6SpB2uESmxcAQYJKbWynrgQSmTc7/DKFWKhQNvzzIlU+mcaTJFtkmeVIkh6RMzkiFVAkjd+SRvJBX6956tt6s90lryprObJJvsD4+AZDUqDQ=</latexit><latexit sha1_base64="X4yoUwfEKhKAZwF1+IVWa865Evs=">AAACNHicjVDJSgNBEO2JW4xb1KOXxqBEkDAJgl6EoBdBDxHMApkYajo1SZOexe4eIQz5KC9+iBcRPCji1W+wsxxUFHxQ8Hiviqp6biS40rb9ZKVmZufmF9KLmaXlldW17PpGTYWxZFhloQhlwwWFggdY1VwLbEQSwXcF1t3+6civ36JUPAyu9CDClg/dgHucgTZSO3vudFBTxwfdYyCSi2F+zF0vuRlel/ad0Mcu7NHdY2pTx8nAHzY1fqadzRUL9hj0b5IjU1Ta2QenE7LYx0AzAUo1i3akWwlIzZnAYcaJFUbA+tDFpqEB+KhayfjpId0xSod6oTQVaDpWv04k4Cs18F3TOTpZ/fRG4m9eM9beUSvhQRRrDNhkkRcLqkM6SpB2uESmxcAQYJKbWynrgQSmTc7/DKFWKhQNvzzIlU+mcaTJFtkmeVIkh6RMzkiFVAkjd+SRvJBX6956tt6s90lryprObJJvsD4+AZDUqDQ=</latexit>

q2 =
��q2

�� ei✓
<latexit sha1_base64="ZgXEBVgdpIf98vjn2LOZ7gTofN8=">AAACJXicjZDJSgNBEIZ74hbjFvXopTEInkImCHpQCHrxGMEskElCT6cmadKz2F0jhHFexouv4sWDQQRPvoqd5aBBwR8afr6qoqp/N5JCY6n0YWWWlldW17LruY3Nre2d/O5eXYex4lDjoQxV02UapAighgIlNCMFzHclNNzh1aTeuAelRRjc4iiCts/6gfAEZ2hQN3/u+AwHnmLD5C7tlOkFdSR4+EAXuKNEf2AwdBJBHRwAspR28wW7WJqK/m0KZK5qNz92eiGPfQiQS6Z1yy5F2E6YQsElpDkn1hAxPmR9aBkbMB90O5n+MqVHhvSoFyrzAqRT+n0iYb7WI981nZPb9WJtAn+rtWL0ztqJCKIYIeCzRV4sKYZ0EhntCQUc5cgYxpUwt1I+YIpxNMHm/hdCvVy0jb85KVQu53FkyQE5JMfEJqekQq5JldQIJ4/kmbySsfVkvVhv1vusNWPNZ/bJD1mfX+IUpXg=</latexit><latexit sha1_base64="ZgXEBVgdpIf98vjn2LOZ7gTofN8=">AAACJXicjZDJSgNBEIZ74hbjFvXopTEInkImCHpQCHrxGMEskElCT6cmadKz2F0jhHFexouv4sWDQQRPvoqd5aBBwR8afr6qoqp/N5JCY6n0YWWWlldW17LruY3Nre2d/O5eXYex4lDjoQxV02UapAighgIlNCMFzHclNNzh1aTeuAelRRjc4iiCts/6gfAEZ2hQN3/u+AwHnmLD5C7tlOkFdSR4+EAXuKNEf2AwdBJBHRwAspR28wW7WJqK/m0KZK5qNz92eiGPfQiQS6Z1yy5F2E6YQsElpDkn1hAxPmR9aBkbMB90O5n+MqVHhvSoFyrzAqRT+n0iYb7WI981nZPb9WJtAn+rtWL0ztqJCKIYIeCzRV4sKYZ0EhntCQUc5cgYxpUwt1I+YIpxNMHm/hdCvVy0jb85KVQu53FkyQE5JMfEJqekQq5JldQIJ4/kmbySsfVkvVhv1vusNWPNZ/bJD1mfX+IUpXg=</latexit><latexit sha1_base64="ZgXEBVgdpIf98vjn2LOZ7gTofN8=">AAACJXicjZDJSgNBEIZ74hbjFvXopTEInkImCHpQCHrxGMEskElCT6cmadKz2F0jhHFexouv4sWDQQRPvoqd5aBBwR8afr6qoqp/N5JCY6n0YWWWlldW17LruY3Nre2d/O5eXYex4lDjoQxV02UapAighgIlNCMFzHclNNzh1aTeuAelRRjc4iiCts/6gfAEZ2hQN3/u+AwHnmLD5C7tlOkFdSR4+EAXuKNEf2AwdBJBHRwAspR28wW7WJqK/m0KZK5qNz92eiGPfQiQS6Z1yy5F2E6YQsElpDkn1hAxPmR9aBkbMB90O5n+MqVHhvSoFyrzAqRT+n0iYb7WI981nZPb9WJtAn+rtWL0ztqJCKIYIeCzRV4sKYZ0EhntCQUc5cgYxpUwt1I+YIpxNMHm/hdCvVy0jb85KVQu53FkyQE5JMfEJqekQq5JldQIJ4/kmbySsfVkvVhv1vusNWPNZ/bJD1mfX+IUpXg=</latexit><latexit sha1_base64="ZgXEBVgdpIf98vjn2LOZ7gTofN8=">AAACJXicjZDJSgNBEIZ74hbjFvXopTEInkImCHpQCHrxGMEskElCT6cmadKz2F0jhHFexouv4sWDQQRPvoqd5aBBwR8afr6qoqp/N5JCY6n0YWWWlldW17LruY3Nre2d/O5eXYex4lDjoQxV02UapAighgIlNCMFzHclNNzh1aTeuAelRRjc4iiCts/6gfAEZ2hQN3/u+AwHnmLD5C7tlOkFdSR4+EAXuKNEf2AwdBJBHRwAspR28wW7WJqK/m0KZK5qNz92eiGPfQiQS6Z1yy5F2E6YQsElpDkn1hAxPmR9aBkbMB90O5n+MqVHhvSoFyrzAqRT+n0iYb7WI981nZPb9WJtAn+rtWL0ztqJCKIYIeCzRV4sKYZ0EhntCQUc5cgYxpUwt1I+YIpxNMHm/hdCvVy0jb85KVQu53FkyQE5JMfEJqekQq5JldQIJ4/kmbySsfVkvVhv1vusNWPNZ/bJD1mfX+IUpXg=</latexit>

R = min |qcollision|

<latexit sha1_base64="thDyOpxqfs+lCLX4zMsL3VFzWos=">AAACHXicjVDLSsNAFJ34rPUVdelmsAiuSiMFdSEU3bisYh/QhDKZTtqhk0mcuRFKmh9x46+4caGICzfi3zhpu1BR8MDA4Zx7uWeOHwuuoVL5sObmFxaXlgsrxdW19Y1Ne2u7qaNEUdagkYhU2yeaCS5ZAzgI1o4VI6EvWMsfnud+65YpzSN5DaOYeSHpSx5wSsBIXbt6hU+xG3KJXcECGBtOYBAoMkxvsm7qqhCbIyaImc6wq3h/AOOuXXLKlQnw36SEZqh37Te3F9EkZBKoIFp3nEoMXkoUcCpYVnQTzWJCh6TPOoZKEjLtpZPfZXjfKD0cRMo8CXiift1ISaj1KPTNZJ5d//Ry8Tevk0Bw7KVcxgkwSaeHgkRgiHBeFe5xxSiIkSGEKm6yYjogilAwhRb/V0LzsOxUyyeX1VLtbFZHAe2iPXSAHHSEaugC1VEDUXSHHtATerburUfrxXqdjs5Zs50d9A3W+ycPRaKb</latexit>

level-crossing
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• hydrodynamic series are convergent (Puiseux) series


• finite coupling radius of convergence in                [Grozdanov, Starinets, Tadić, JHEP (2021)] 

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>

wsound = �i
1X

n=1

ane
± i⇡n

2
�
q2
�n/2

= ±vsq�
i

2
Gq2 + . . .

<latexit sha1_base64="3mZngI7iHLCM8ALriyxynkmixdI="></latexit><latexit sha1_base64="3mZngI7iHLCM8ALriyxynkmixdI="></latexit><latexit sha1_base64="3mZngI7iHLCM8ALriyxynkmixdI="></latexit><latexit sha1_base64="3mZngI7iHLCM8ALriyxynkmixdI="></latexit>

N = 4

Rshear(�) = 2.22
⇣
1 + 674.15��3/2 + · · ·

⌘

Rsound(�) = 2
⇣
1 + 481.68��3/2 + · · ·

⌘

<latexit sha1_base64="L/JoI1VQBwn1rncx/xZH7IAJTzo="></latexit>

A P P L I C A B I L I T Y  O F  H Y D R O DY N A M I C S

� ⇡ 200

<latexit sha1_base64="tE+DMgImBq2EilDR796MZqLTS4A=">AAAB/HicjVDLSgMxFM3UV62v0S7dBIvgqsyUgrorunFZwT6gM5RMJtOGZpKQZMRhqL/ixoUibv0Qd/6N6WOhouCBC4dzzuVeTiQZ1cbzPpzSyura+kZ5s7K1vbO75+4fdLXIFCYdLJhQ/QhpwignHUMNI32pCEojRnrR5HLm926J0lTwG5NLEqZoxGlCMTJWGrrVgNlwjGCApFTiDjY8b+jW/Lo3B/yb1MAS7aH7HsQCZynhBjOk9cD3pAkLpAzFjEwrQaaJRHiCRmRgKUcp0WExf34Kj60Sw0QoO9zAufp1o0Cp1nka2WSKzFj/9Gbib94gM8lZWFAuM0M4XhxKMgaNgLMmYEwVwYblliCsqP0V4jFSCBvbV+V/JXQbdb9ZP79u1loXyzrK4BAcgRPgg1PQAlegDToAgxw8gCfw7Nw7j86L87qIlpzlThV8g/P2CWwPk/0=</latexit>

plot from 

to
� = 1

<latexit sha1_base64="VUYdAJnKEOmgXNEuNe1YNd7Ani8=">AAAB+XicjVDLSgNBEOyNrxhfqx69DAbBU9iVgHoQgl48RjAPyIYwO5lNhszOLjO9gbDkT7x4UMSrf+LNv3HyOKgoWNBQVFXTTYWpFAY978MprKyurW8UN0tb2zu7e+7+QdMkmWa8wRKZ6HZIDZdC8QYKlLydak7jUPJWOLqZ+a0x10Yk6h4nKe/GdKBEJBhFK/VcN5A23KfkigRCRTjpuWW/4s1B/iZlWKLec9+DfsKymCtkkhrT8b0UuznVKJjk01KQGZ5SNqID3rFU0Zibbj7/fEpOrNInUaLtKCRz9etGTmNjJnFokzHFofnpzcTfvE6G0UU3FyrNkCu2OBRlkmBCZjWQvtCcoZxYQpkW9lfChlRThras0v9KaJ5V/Grl8q5arl0v6yjCERzDKfhwDjW4hTo0gMEYHuAJnp3ceXRenNdFtOAsdw7hG5y3T7yGkxo=</latexit>

q/T ⇠ O(10)
<latexit sha1_base64="6GDZ3uSJnnj+Jro+cSCZGlBZ+oc=">AAAB9XicjVDLSgMxFL1TX7W+qi7dBItQN3VGBF0W3bizQl/QjiWTZtrQJDMmGaUM/Q83LhRx67+4829Mp12oKHjgwuGce7mHE8ScaeO6H05uYXFpeSW/Wlhb39jcKm7vNHWUKEIbJOKRagdYU84kbRhmOG3HimIRcNoKRhdTv3VHlWaRrJtxTH2BB5KFjGBjpZvbozrqaibQVdlzD3vFkldxM6C/SQnmqPWK791+RBJBpSEca93x3Nj4KVaGEU4nhW6iaYzJCA9ox1KJBdV+mqWeoAOr9FEYKTvSoEz9epFiofVYBHZTYDPUP72p+JvXSUx45qdMxomhkswehQlHJkLTClCfKUoMH1uCiWI2KyJDrDAxtqjC/0poHlc8y69PStXzeR152IN9KIMHp1CFS6hBAwgoeIAneHbunUfnxXmdreac+c0ufIPz9gkHxJDj</latexit><latexit sha1_base64="6GDZ3uSJnnj+Jro+cSCZGlBZ+oc=">AAAB9XicjVDLSgMxFL1TX7W+qi7dBItQN3VGBF0W3bizQl/QjiWTZtrQJDMmGaUM/Q83LhRx67+4829Mp12oKHjgwuGce7mHE8ScaeO6H05uYXFpeSW/Wlhb39jcKm7vNHWUKEIbJOKRagdYU84kbRhmOG3HimIRcNoKRhdTv3VHlWaRrJtxTH2BB5KFjGBjpZvbozrqaibQVdlzD3vFkldxM6C/SQnmqPWK791+RBJBpSEca93x3Nj4KVaGEU4nhW6iaYzJCA9ox1KJBdV+mqWeoAOr9FEYKTvSoEz9epFiofVYBHZTYDPUP72p+JvXSUx45qdMxomhkswehQlHJkLTClCfKUoMH1uCiWI2KyJDrDAxtqjC/0poHlc8y69PStXzeR152IN9KIMHp1CFS6hBAwgoeIAneHbunUfnxXmdreac+c0ufIPz9gkHxJDj</latexit><latexit sha1_base64="6GDZ3uSJnnj+Jro+cSCZGlBZ+oc=">AAAB9XicjVDLSgMxFL1TX7W+qi7dBItQN3VGBF0W3bizQl/QjiWTZtrQJDMmGaUM/Q83LhRx67+4829Mp12oKHjgwuGce7mHE8ScaeO6H05uYXFpeSW/Wlhb39jcKm7vNHWUKEIbJOKRagdYU84kbRhmOG3HimIRcNoKRhdTv3VHlWaRrJtxTH2BB5KFjGBjpZvbozrqaibQVdlzD3vFkldxM6C/SQnmqPWK791+RBJBpSEca93x3Nj4KVaGEU4nhW6iaYzJCA9ox1KJBdV+mqWeoAOr9FEYKTvSoEz9epFiofVYBHZTYDPUP72p+JvXSUx45qdMxomhkswehQlHJkLTClCfKUoMH1uCiWI2KyJDrDAxtqjC/0poHlc8y69PStXzeR152IN9KIMHp1CFS6hBAwgoeIAneHbunUfnxXmdreac+c0ufIPz9gkHxJDj</latexit><latexit sha1_base64="6GDZ3uSJnnj+Jro+cSCZGlBZ+oc=">AAAB9XicjVDLSgMxFL1TX7W+qi7dBItQN3VGBF0W3bizQl/QjiWTZtrQJDMmGaUM/Q83LhRx67+4829Mp12oKHjgwuGce7mHE8ScaeO6H05uYXFpeSW/Wlhb39jcKm7vNHWUKEIbJOKRagdYU84kbRhmOG3HimIRcNoKRhdTv3VHlWaRrJtxTH2BB5KFjGBjpZvbozrqaibQVdlzD3vFkldxM6C/SQnmqPWK791+RBJBpSEca93x3Nj4KVaGEU4nhW6iaYzJCA9ox1KJBdV+mqWeoAOr9FEYKTvSoEz9epFiofVYBHZTYDPUP72p+JvXSUx45qdMxomhkswehQlHJkLTClCfKUoMH1uCiWI2KyJDrDAxtqjC/0poHlc8y69PStXzeR152IN9KIMHp1CFS6hBAwgoeIAneHbunUfnxXmdreac+c0ufIPz9gkHxJDj</latexit>

orders of magnitude larger radius of convergence than naive                   —   
this is a precise incarnation of the “unreasonable effectiveness of hydrodynamics”

q/T ⌧ 1
<latexit sha1_base64="JbvW5lHWkjPY5U07BCt24wU69Sk=">AAAB8nicjVDLSgNBEOz1GeMr6tHLYBA8xV0R9Bj04jFCXpAsYXYymwyZnVlneoWw5DO8eFDEq1/jzb9x8jioKFjQUFR1090VpVJY9P0Pb2l5ZXVtvbBR3Nza3tkt7e03rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0PfVb99xYoVUdxykPEzpQIhaMopM6d+SU1ElXShL0SuWg4s9A/iZlWKDWK713+5plCVfIJLW2E/gphjk1KJjkk2I3szylbEQHvOOoogm3YT47eUKOndInsTauFJKZ+nUip4m14yRynQnFof3pTcXfvE6G8WWYC5VmyBWbL4ozSVCT6f+kLwxnKMeOUGaEu5WwITWUoUup+L8QmmeVwPHb83L1ahFHAQ7hCE4ggAuowg3UoAEMNDzAEzx76D16L97rvHXJW8wcwDd4b58FZo/E</latexit><latexit sha1_base64="JbvW5lHWkjPY5U07BCt24wU69Sk=">AAAB8nicjVDLSgNBEOz1GeMr6tHLYBA8xV0R9Bj04jFCXpAsYXYymwyZnVlneoWw5DO8eFDEq1/jzb9x8jioKFjQUFR1090VpVJY9P0Pb2l5ZXVtvbBR3Nza3tkt7e03rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0PfVb99xYoVUdxykPEzpQIhaMopM6d+SU1ElXShL0SuWg4s9A/iZlWKDWK713+5plCVfIJLW2E/gphjk1KJjkk2I3szylbEQHvOOoogm3YT47eUKOndInsTauFJKZ+nUip4m14yRynQnFof3pTcXfvE6G8WWYC5VmyBWbL4ozSVCT6f+kLwxnKMeOUGaEu5WwITWUoUup+L8QmmeVwPHb83L1ahFHAQ7hCE4ggAuowg3UoAEMNDzAEzx76D16L97rvHXJW8wcwDd4b58FZo/E</latexit><latexit sha1_base64="JbvW5lHWkjPY5U07BCt24wU69Sk=">AAAB8nicjVDLSgNBEOz1GeMr6tHLYBA8xV0R9Bj04jFCXpAsYXYymwyZnVlneoWw5DO8eFDEq1/jzb9x8jioKFjQUFR1090VpVJY9P0Pb2l5ZXVtvbBR3Nza3tkt7e03rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0PfVb99xYoVUdxykPEzpQIhaMopM6d+SU1ElXShL0SuWg4s9A/iZlWKDWK713+5plCVfIJLW2E/gphjk1KJjkk2I3szylbEQHvOOoogm3YT47eUKOndInsTauFJKZ+nUip4m14yRynQnFof3pTcXfvE6G8WWYC5VmyBWbL4ozSVCT6f+kLwxnKMeOUGaEu5WwITWUoUup+L8QmmeVwPHb83L1ahFHAQ7hCE4ggAuowg3UoAEMNDzAEzx76D16L97rvHXJW8wcwDd4b58FZo/E</latexit><latexit sha1_base64="JbvW5lHWkjPY5U07BCt24wU69Sk=">AAAB8nicjVDLSgNBEOz1GeMr6tHLYBA8xV0R9Bj04jFCXpAsYXYymwyZnVlneoWw5DO8eFDEq1/jzb9x8jioKFjQUFR1090VpVJY9P0Pb2l5ZXVtvbBR3Nza3tkt7e03rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0PfVb99xYoVUdxykPEzpQIhaMopM6d+SU1ElXShL0SuWg4s9A/iZlWKDWK713+5plCVfIJLW2E/gphjk1KJjkk2I3szylbEQHvOOoogm3YT47eUKOndInsTauFJKZ+nUip4m14yRynQnFof3pTcXfvE6G8WWYC5VmyBWbL4ozSVCT6f+kLwxnKMeOUGaEu5WwITWUoUup+L8QmmeVwPHb83L1ahFHAQ7hCE4ggAuowg3UoAEMNDzAEzx76D16L97rvHXJW8wcwDd4b58FZo/E</latexit>

it grows!
it grows!
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H Y D R O DY N A M I S AT I O N  AT  S T R O N G  C O U P L I N G

• initial study of holographic heavy-ion collisions Chesler and Yaffe in 2011


• numerical studies of gravity and black hole formation (thermalisation)


• holographic model with coupling dependence [Grozdanov, van der Schee, PRL (2016)] 


• at intermediate coupling, ``nuclei” experience less stopping and have more energy 
deposited near the light cone

narrow 
sheets

wide 
sheets
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H Y D R O DY N A M I S AT I O N  AT  S T R O N G  C O U P L I N G

• what is hydrodynamisation  
(isotropisation, thermalisation)?


• model shows worse applicability of hydrodynamics  
at (lower) finite coupling


• delayed hydrodynamisation is a quantifiable prediction

thydThyd = {0.41� 0.52�GB,

0.43� 6.3�GB}

at �GB = �0.2 :

{25%, 290%}

narrow 
sheets

wide 
sheets

⌘/s increases by 80%
<latexit sha1_base64="gFuqzWC8QuhUSg2n8Ou4NsmyzgE=">AAACDnicjVC7SgNBFJ31GeMramkzGAIWEndFMGXQxjKCeUA2hNnJ3WTI7IOZu+Ky5Ats/BUbC0Vsre38G2eTFCoKnmHgcM49zNzjxVJotO0Pa2FxaXlltbBWXN/Y3Nou7ey2dJQoDk0eyUh1PKZBihCaKFBCJ1bAAk9C2xtf5H77BpQWUXiNaQy9gA1D4QvO0Ej9UsUFZMfaPTIH4RYzEXKT16Cpl05yuWa7lX6p7FTtKejfpEzmaPRL7+4g4kkAIXLJtO46doy9jCkUXMKk6CYaYsbHbAhdQ0MWgO5l03UmtGKUAfUjZW6IdKp+TWQs0DoNPDMZMBzpn14u/uZ1E/RrPbNhnCCEfPaQn0iKEc27oQOhgKNMDWFcCfNXykdMMY6mweL/SmidVB3Dr07L9fN5HQWyTw7IIXHIGamTS9IgTcLJHXkgT+TZurcerRfrdTa6YM0ze+QbrLdPq06bMg==</latexit><latexit sha1_base64="gFuqzWC8QuhUSg2n8Ou4NsmyzgE=">AAACDnicjVC7SgNBFJ31GeMramkzGAIWEndFMGXQxjKCeUA2hNnJ3WTI7IOZu+Ky5Ats/BUbC0Vsre38G2eTFCoKnmHgcM49zNzjxVJotO0Pa2FxaXlltbBWXN/Y3Nou7ey2dJQoDk0eyUh1PKZBihCaKFBCJ1bAAk9C2xtf5H77BpQWUXiNaQy9gA1D4QvO0Ej9UsUFZMfaPTIH4RYzEXKT16Cpl05yuWa7lX6p7FTtKejfpEzmaPRL7+4g4kkAIXLJtO46doy9jCkUXMKk6CYaYsbHbAhdQ0MWgO5l03UmtGKUAfUjZW6IdKp+TWQs0DoNPDMZMBzpn14u/uZ1E/RrPbNhnCCEfPaQn0iKEc27oQOhgKNMDWFcCfNXykdMMY6mweL/SmidVB3Dr07L9fN5HQWyTw7IIXHIGamTS9IgTcLJHXkgT+TZurcerRfrdTa6YM0ze+QbrLdPq06bMg==</latexit><latexit sha1_base64="gFuqzWC8QuhUSg2n8Ou4NsmyzgE=">AAACDnicjVC7SgNBFJ31GeMramkzGAIWEndFMGXQxjKCeUA2hNnJ3WTI7IOZu+Ky5Ats/BUbC0Vsre38G2eTFCoKnmHgcM49zNzjxVJotO0Pa2FxaXlltbBWXN/Y3Nou7ey2dJQoDk0eyUh1PKZBihCaKFBCJ1bAAk9C2xtf5H77BpQWUXiNaQy9gA1D4QvO0Ej9UsUFZMfaPTIH4RYzEXKT16Cpl05yuWa7lX6p7FTtKejfpEzmaPRL7+4g4kkAIXLJtO46doy9jCkUXMKk6CYaYsbHbAhdQ0MWgO5l03UmtGKUAfUjZW6IdKp+TWQs0DoNPDMZMBzpn14u/uZ1E/RrPbNhnCCEfPaQn0iKEc27oQOhgKNMDWFcCfNXykdMMY6mweL/SmidVB3Dr07L9fN5HQWyTw7IIXHIGamTS9IgTcLJHXkgT+TZurcerRfrdTa6YM0ze+QbrLdPq06bMg==</latexit><latexit sha1_base64="gFuqzWC8QuhUSg2n8Ou4NsmyzgE=">AAACDnicjVC7SgNBFJ31GeMramkzGAIWEndFMGXQxjKCeUA2hNnJ3WTI7IOZu+Ky5Ats/BUbC0Vsre38G2eTFCoKnmHgcM49zNzjxVJotO0Pa2FxaXlltbBWXN/Y3Nou7ey2dJQoDk0eyUh1PKZBihCaKFBCJ1bAAk9C2xtf5H77BpQWUXiNaQy9gA1D4QvO0Ej9UsUFZMfaPTIH4RYzEXKT16Cpl05yuWa7lX6p7FTtKejfpEzmaPRL7+4g4kkAIXLJtO46doy9jCkUXMKk6CYaYsbHbAhdQ0MWgO5l03UmtGKUAfUjZW6IdKp+TWQs0DoNPDMZMBzpn14u/uZ1E/RrPbNhnCCEfPaQn0iKEc27oQOhgKNMDWFcCfNXykdMMY6mweL/SmidVB3Dr07L9fN5HQWyTw7IIXHIGamTS9IgTcLJHXkgT+TZurcerRfrdTa6YM0ze+QbrLdPq06bMg==</latexit>

thydThyd increases by
<latexit sha1_base64="Hd9FhRo1IOY410+yoT+v8JgklmM=">AAACGHicjVDLSgMxFM34rPVVdekmWAQXUmdE0GXRjcsKfUFbhkzmtg3NPEjuiMMwn+HGX3HjQhG33fk3po9FFQVPCBzOufcm93ixFBpt+9NaWl5ZXVsvbBQ3t7Z3dkt7+00dJYpDg0cyUm2PaZAihAYKlNCOFbDAk9DyRjcTv3UPSosorGMaQy9gg1D0BWdoJLd0hm7WVQEdpn5O6wu8e2oOwgNmIuRmogZNvTR3S2WnYk9B/yZlMkfNLY27fsSTAELkkmndcewYexlTKLiEvNhNNMSMj9gAOoaGLADdy6aL5fTYKD7tR8rcEOlUXezIWKB1GnimMmA41D+9ifib10mwf9Uzm8UJQshnD/UTSTGik5SoLxRwlKkhjCth/kr5kCnG0WRZ/F8IzfOKY/jdRbl6PY+jQA7JETkhDrkkVXJLaqRBOHkkz+SVvFlP1ov1bn3MSpesec8B+QZr/AX7CKBb</latexit><latexit sha1_base64="Hd9FhRo1IOY410+yoT+v8JgklmM=">AAACGHicjVDLSgMxFM34rPVVdekmWAQXUmdE0GXRjcsKfUFbhkzmtg3NPEjuiMMwn+HGX3HjQhG33fk3po9FFQVPCBzOufcm93ixFBpt+9NaWl5ZXVsvbBQ3t7Z3dkt7+00dJYpDg0cyUm2PaZAihAYKlNCOFbDAk9DyRjcTv3UPSosorGMaQy9gg1D0BWdoJLd0hm7WVQEdpn5O6wu8e2oOwgNmIuRmogZNvTR3S2WnYk9B/yZlMkfNLY27fsSTAELkkmndcewYexlTKLiEvNhNNMSMj9gAOoaGLADdy6aL5fTYKD7tR8rcEOlUXezIWKB1GnimMmA41D+9ifib10mwf9Uzm8UJQshnD/UTSTGik5SoLxRwlKkhjCth/kr5kCnG0WRZ/F8IzfOKY/jdRbl6PY+jQA7JETkhDrkkVXJLaqRBOHkkz+SVvFlP1ov1bn3MSpesec8B+QZr/AX7CKBb</latexit><latexit sha1_base64="Hd9FhRo1IOY410+yoT+v8JgklmM=">AAACGHicjVDLSgMxFM34rPVVdekmWAQXUmdE0GXRjcsKfUFbhkzmtg3NPEjuiMMwn+HGX3HjQhG33fk3po9FFQVPCBzOufcm93ixFBpt+9NaWl5ZXVsvbBQ3t7Z3dkt7+00dJYpDg0cyUm2PaZAihAYKlNCOFbDAk9DyRjcTv3UPSosorGMaQy9gg1D0BWdoJLd0hm7WVQEdpn5O6wu8e2oOwgNmIuRmogZNvTR3S2WnYk9B/yZlMkfNLY27fsSTAELkkmndcewYexlTKLiEvNhNNMSMj9gAOoaGLADdy6aL5fTYKD7tR8rcEOlUXezIWKB1GnimMmA41D+9ifib10mwf9Uzm8UJQshnD/UTSTGik5SoLxRwlKkhjCth/kr5kCnG0WRZ/F8IzfOKY/jdRbl6PY+jQA7JETkhDrkkVXJLaqRBOHkkz+SVvFlP1ov1bn3MSpesec8B+QZr/AX7CKBb</latexit><latexit sha1_base64="Hd9FhRo1IOY410+yoT+v8JgklmM=">AAACGHicjVDLSgMxFM34rPVVdekmWAQXUmdE0GXRjcsKfUFbhkzmtg3NPEjuiMMwn+HGX3HjQhG33fk3po9FFQVPCBzOufcm93ixFBpt+9NaWl5ZXVsvbBQ3t7Z3dkt7+00dJYpDg0cyUm2PaZAihAYKlNCOFbDAk9DyRjcTv3UPSosorGMaQy9gg1D0BWdoJLd0hm7WVQEdpn5O6wu8e2oOwgNmIuRmogZNvTR3S2WnYk9B/yZlMkfNLY27fsSTAELkkmndcewYexlTKLiEvNhNNMSMj9gAOoaGLADdy6aL5fTYKD7tR8rcEOlUXezIWKB1GnimMmA41D+9ifib10mwf9Uzm8UJQshnD/UTSTGik5SoLxRwlKkhjCth/kr5kCnG0WRZ/F8IzfOKY/jdRbl6PY+jQA7JETkhDrkkVXJLaqRBOHkkz+SVvFlP1ov1bn3MSpesec8B+QZr/AX7CKBb</latexit>

see also BREWER’s TALK from Monday

• other predictions: entropy production,  
rapidity distributions

viscosity measures the 
coupling (monotonicity)

⌘

s
=

1

4⇡
(1� 4�GB)
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• coupling dependence in the presence of finite baryon number density 
[Folkestad, Grozdanov, Rajagopal, van der Schee, JHEP (2019)]


• fix gravitational couplings through phenomenological considerations

viscosity:

charge susceptibility:

[lattice QCD data: T 
in 250 – 400 MeV]

�

�0

���
QCD

2 [0.8, 0.9] ^ ⌘

s
2

1

4⇡
,
3

4⇡

�
=) � 2 [0.04, 0.15]

<latexit sha1_base64="eKnGG3vQF4kaOxcPKFx+FYwXRDY="></latexit><latexit sha1_base64="eKnGG3vQF4kaOxcPKFx+FYwXRDY="></latexit><latexit sha1_base64="eKnGG3vQF4kaOxcPKFx+FYwXRDY="></latexit><latexit sha1_base64="eKnGG3vQF4kaOxcPKFx+FYwXRDY="></latexit>
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<latexit sha1_base64="RohrerEpTCLpt5yn7t2FPpE90pc="></latexit><latexit sha1_base64="RohrerEpTCLpt5yn7t2FPpE90pc="></latexit><latexit sha1_base64="RohrerEpTCLpt5yn7t2FPpE90pc="></latexit><latexit sha1_base64="RohrerEpTCLpt5yn7t2FPpE90pc="></latexit>

• at finite coupling significantly less stopping of the baryon charge  
[resolves a puzzle from Casalderrey-Solana, Mateos, van der Schee, Triana, JHEP (2016)] 
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• thin sheets are significantly more sensitive to coupling corrections

thick sheetsthin sheets

• hydrodynamisation at strong coupling with ‘baryon’ charge



S U M M A R Y
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• holographic duality is an invaluable tool for exploring QFTs at strong (finite) coupling


• available methods enable concrete  
calculations in- and far-from-equilibrium


• compare with measurements (higher-order  
hydrodynamics, relaxation times,  
hydrodynamisation, …)


• do higher-order hydrodynamics or long-time  
tails play a measurable role in QGP [work in progress]?


• hydrodynamics has exceptional convergence properties at strong coupling;  
how about non-linear versions of this statement? [see also SERANTES’s TALK]


• holography at finite number of colours Nc


• is quantum chaos important for QGP, jet quenching, …?

S U M M A R Y

[from Luzum, Romatschke, PRC (2018)]



T H A N K  Y O U !


