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problem: understand the transition of transport, relaxation, … from 
strong to weak coupling in non-Abelian gauge theories, like QCD

!2

weakly coupled 
perturbation theory  

and 
kinetic theory

standard 
holography

GAUGE/GRAVITY DUALITY  
or HOLOGRAPHY 

with higher-derivative gravity
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coupling constant

number of degrees  
of freedom



• an example of an exact interpolation from strong to weak coupling 
(extremely rare, even at zero temperature): 
 
expectation value of a circular Wilson loop in SU(Nc),           
supersymmetric Yang-Mills (SYM) theory in the limit                  ,  
as a function of the ’t Hooft coupling                           
[Erickson, Semenoff, Zarembo (2000)]
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QFT-type 
result

perturbative in the coupling:

perturbative in the inverse coupling:

holography-type 
result
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QFT-type 
result

holography-type 
result

perturbative in the coupling:

perturbative in the inverse coupling:
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strongly coupled 
expansion works 

extremely well



• entropy density (from free energy) in SU(Nc),              SYM theory in the 
limit                  , as a function of the ’t Hooft coupling at finite temperature

!5

N = 4

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>

perturbative in the coupling:

perturbative in the inverse coupling:

QFT result

holography result
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[Fotopoulus, Taylor (1998)]

[Gubser, Klebanov, Tseytlin 
(1998)]

• monotonicity? [note: historically,  
an obsession of theorists] 

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

``3/4 problem”

4/5 instead  
of 3/4
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T H E  R E S T  O F  T H E  TA L K

• holographic duality at finite coupling 

• hydrodynamics 

• hydrodynamics, thermalisation and gapped modes 

• holographic models of far-from-equilibrium heavy ion collisions 

• future directions
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H O L O G R A P H I C  D U A L I T Y  
AT  F I N I T E  C O U P L I N G



• duality means having two “different” 
descriptions of the same object (theory) 

• Wittgenstein’s view of duality (1953);  
after Jastrow (1892) 

• duck = rabbit 

• by knowing everything about a duck,  
we can determine everything about  
a rabbit, and vice-versa 

• extremely useful when, e.g., analysing a 
duck is difficult, but studying a rabbit is 
easy
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H O L O G R A P H I C  D U A L I T Y

• holographic or gauge/gravity duality is a result of string theory, which is a  
quantum theory of gravity [Maldacena (1997)] 

strongly coupled quantum theory                                weakly coupled gravity 

                (extremely hard)                                                       (much easier) 

                                                                              

• weakly interacting gravity allows to analyse strongly coupled microscopic QFTs 

• it is not known how to construct exact duals of realistic QFTs 

• we hope to learn general properties of physics in strongly coupled states
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C O U P L I N G  D E P E N D E N T  H O L O G R A P H Y
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• SU(Nc),              supersymmetric Yang-Mills (SYM) theory is dual to type IIB 
string theory on AdS5 x S5 — a toy model for deconfined QCD 

• the energy-momentum dynamics with                                             from R4 theory

N = 4

⇤ = �6/L2, 5 = 2⇡/Nc, � = ↵03⇣(3)/8, ↵0/L2 = 1/
p
�
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• perturbative R2 theory and non-perturbative Einstein-Gauss-Bonnet theory
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field-redefinition at perturbative level
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• collective dynamics: liquids, graphene, neutron stars, quark-gluon plasma 

• low-energy limit of QFTs—a Schwinger-Keldysh effective field theory  
[Grozdanov, Polonyi, PRD 91 (2015) 10, 105031, arXiv:1305.3670; Crossley, Glorioso, Liu, arXiv:
1511.03646; Haehl, Loganayagam, Rangamani. arXiv:1511.07809; …] 

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

• tensor structures (symmetries and phenomenological  
gradient expansions) with transport coefficients (microscopic)
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• infinite, all-order hydrodynamic expansion 

• conformal symmetry (scale invariance)  
constrains the series 

• state of the art for relativistic neutral hydrodynamics
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Grozdanov, Kaplis, PRD 93 (2016) 6, 066012
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CFT: 
Weyl covariance
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!(q) =
1X

n=0

↵n+1q
n+1

<latexit sha1_base64="Y+Sk8afuYjA6z/q35k/lJ7qw/rY=">AAACG3icjVDLSgMxFM3UV62vqks3wSIogswUQTeFohuXFewDOm25k2ba0CQzTTJCGfofbvwVNy4UcSW48G9MHwsVBQ+EHM65l3vvCWLOtHHdDyezsLi0vJJdza2tb2xu5bd3ajpKFKFVEvFINQLQlDNJq4YZThuxoiACTuvB4HLi12+p0iySN2YU05aAnmQhI2Cs1MkX/UjQHhwOj3AJ+zoRnVSW3HHbZzI0I+wDj/tgtWNvjIft6d/JF7wTdwr8NymgOSqd/JvfjUgiqDSEg9ZNz41NKwVlGOF0nPMTTWMgA+jRpqUSBNWtdHrbGB9YpYvDSNknDZ6qXztSEFqPRGArBZi+/ulNxN+8ZmLC81bKZJwYKslsUJhwbCI8CQp3maLE8JElQBSzu2LSBwXE2Dhz/wuhVjzxLL8+LZQv5nFk0R7aR4fIQ2eojK5QBVURQXfoAT2hZ+feeXRenNdZacaZ9+yib3DePwFgz6Bh</latexit><latexit sha1_base64="Y+Sk8afuYjA6z/q35k/lJ7qw/rY=">AAACG3icjVDLSgMxFM3UV62vqks3wSIogswUQTeFohuXFewDOm25k2ba0CQzTTJCGfofbvwVNy4UcSW48G9MHwsVBQ+EHM65l3vvCWLOtHHdDyezsLi0vJJdza2tb2xu5bd3ajpKFKFVEvFINQLQlDNJq4YZThuxoiACTuvB4HLi12+p0iySN2YU05aAnmQhI2Cs1MkX/UjQHhwOj3AJ+zoRnVSW3HHbZzI0I+wDj/tgtWNvjIft6d/JF7wTdwr8NymgOSqd/JvfjUgiqDSEg9ZNz41NKwVlGOF0nPMTTWMgA+jRpqUSBNWtdHrbGB9YpYvDSNknDZ6qXztSEFqPRGArBZi+/ulNxN+8ZmLC81bKZJwYKslsUJhwbCI8CQp3maLE8JElQBSzu2LSBwXE2Dhz/wuhVjzxLL8+LZQv5nFk0R7aR4fIQ2eojK5QBVURQXfoAT2hZ+feeXRenNdZacaZ9+yib3DePwFgz6Bh</latexit><latexit sha1_base64="Y+Sk8afuYjA6z/q35k/lJ7qw/rY=">AAACG3icjVDLSgMxFM3UV62vqks3wSIogswUQTeFohuXFewDOm25k2ba0CQzTTJCGfofbvwVNy4UcSW48G9MHwsVBQ+EHM65l3vvCWLOtHHdDyezsLi0vJJdza2tb2xu5bd3ajpKFKFVEvFINQLQlDNJq4YZThuxoiACTuvB4HLi12+p0iySN2YU05aAnmQhI2Cs1MkX/UjQHhwOj3AJ+zoRnVSW3HHbZzI0I+wDj/tgtWNvjIft6d/JF7wTdwr8NymgOSqd/JvfjUgiqDSEg9ZNz41NKwVlGOF0nPMTTWMgA+jRpqUSBNWtdHrbGB9YpYvDSNknDZ6qXztSEFqPRGArBZi+/ulNxN+8ZmLC81bKZJwYKslsUJhwbCI8CQp3maLE8JElQBSzu2LSBwXE2Dhz/wuhVjzxLL8+LZQv5nFk0R7aR4fIQ2eojK5QBVURQXfoAT2hZ+feeXRenNdZacaZ9+yib3DePwFgz6Bh</latexit><latexit sha1_base64="Y+Sk8afuYjA6z/q35k/lJ7qw/rY=">AAACG3icjVDLSgMxFM3UV62vqks3wSIogswUQTeFohuXFewDOm25k2ba0CQzTTJCGfofbvwVNy4UcSW48G9MHwsVBQ+EHM65l3vvCWLOtHHdDyezsLi0vJJdza2tb2xu5bd3ajpKFKFVEvFINQLQlDNJq4YZThuxoiACTuvB4HLi12+p0iySN2YU05aAnmQhI2Cs1MkX/UjQHhwOj3AJ+zoRnVSW3HHbZzI0I+wDj/tgtWNvjIft6d/JF7wTdwr8NymgOSqd/JvfjUgiqDSEg9ZNz41NKwVlGOF0nPMTTWMgA+jRpqUSBNWtdHrbGB9YpYvDSNknDZ6qXztSEFqPRGArBZi+/ulNxN+8ZmLC81bKZJwYKslsUJhwbCI8CQp3maLE8JElQBSzu2LSBwXE2Dhz/wuhVjzxLL8+LZQv5nFk0R7aR4fIQ2eojK5QBVURQXfoAT2hZ+feeXRenNdZacaZ9+yib3DePwFgz6Bh</latexit>

Tµ
µ = 0

<latexit sha1_base64="xbnp6ebT9A2FMq6W9PeHr1HZoi0=">AAAB+XicjVDLSgNBEOyNrxhfqx69DAbBU9gVIV6EoBePEfKCZF1mJ7PJkJnZZWY2EJb4JV48KOLVP/Hm3zh5HFQULOimqOqmm4pSzrTxvA+nsLK6tr5R3Cxtbe/s7rn7By2dZIrQJkl4ojoR1pQzSZuGGU47qaJYRJy2o9H1zG+PqdIskQ0zSWkg8ECymBFsrBS6buOuJ7Iwv7d9ii6RF7plv+LNgf4mZViiHrrvvX5CMkGlIRxr3fW91AQ5VoYRTqelXqZpiskID2jXUokF1UE+/3yKTqzSR3GibEmD5urXjRwLrScispMCm6H+6c3E37xuZuKLIGcyzQyVZHEozjgyCZrFgPpMUWL4xBJMFLO/IjLEChNjwyr9L4TWWcW3/Pa8XLtaxlGEIziGU/ChCjW4gTo0gcAYHuAJnp3ceXRenNfFaMFZ7hzCNzhvn6VIkv4=</latexit><latexit sha1_base64="xbnp6ebT9A2FMq6W9PeHr1HZoi0=">AAAB+XicjVDLSgNBEOyNrxhfqx69DAbBU9gVIV6EoBePEfKCZF1mJ7PJkJnZZWY2EJb4JV48KOLVP/Hm3zh5HFQULOimqOqmm4pSzrTxvA+nsLK6tr5R3Cxtbe/s7rn7By2dZIrQJkl4ojoR1pQzSZuGGU47qaJYRJy2o9H1zG+PqdIskQ0zSWkg8ECymBFsrBS6buOuJ7Iwv7d9ii6RF7plv+LNgf4mZViiHrrvvX5CMkGlIRxr3fW91AQ5VoYRTqelXqZpiskID2jXUokF1UE+/3yKTqzSR3GibEmD5urXjRwLrScispMCm6H+6c3E37xuZuKLIGcyzQyVZHEozjgyCZrFgPpMUWL4xBJMFLO/IjLEChNjwyr9L4TWWcW3/Pa8XLtaxlGEIziGU/ChCjW4gTo0gcAYHuAJnp3ceXRenNfFaMFZ7hzCNzhvn6VIkv4=</latexit><latexit sha1_base64="xbnp6ebT9A2FMq6W9PeHr1HZoi0=">AAAB+XicjVDLSgNBEOyNrxhfqx69DAbBU9gVIV6EoBePEfKCZF1mJ7PJkJnZZWY2EJb4JV48KOLVP/Hm3zh5HFQULOimqOqmm4pSzrTxvA+nsLK6tr5R3Cxtbe/s7rn7By2dZIrQJkl4ojoR1pQzSZuGGU47qaJYRJy2o9H1zG+PqdIskQ0zSWkg8ECymBFsrBS6buOuJ7Iwv7d9ii6RF7plv+LNgf4mZViiHrrvvX5CMkGlIRxr3fW91AQ5VoYRTqelXqZpiskID2jXUokF1UE+/3yKTqzSR3GibEmD5urXjRwLrScispMCm6H+6c3E37xuZuKLIGcyzQyVZHEozjgyCZrFgPpMUWL4xBJMFLO/IjLEChNjwyr9L4TWWcW3/Pa8XLtaxlGEIziGU/ChCjW4gTo0gcAYHuAJnp3ceXRenNfFaMFZ7hzCNzhvn6VIkv4=</latexit><latexit sha1_base64="xbnp6ebT9A2FMq6W9PeHr1HZoi0=">AAAB+XicjVDLSgNBEOyNrxhfqx69DAbBU9gVIV6EoBePEfKCZF1mJ7PJkJnZZWY2EJb4JV48KOLVP/Hm3zh5HFQULOimqOqmm4pSzrTxvA+nsLK6tr5R3Cxtbe/s7rn7By2dZIrQJkl4ojoR1pQzSZuGGU47qaJYRJy2o9H1zG+PqdIskQ0zSWkg8ECymBFsrBS6buOuJ7Iwv7d9ii6RF7plv+LNgf4mZViiHrrvvX5CMkGlIRxr3fW91AQ5VoYRTqelXqZpiskID2jXUokF1UE+/3yKTqzSR3GibEmD5urXjRwLrScispMCm6H+6c3E37xuZuKLIGcyzQyVZHEozjgyCZrFgPpMUWL4xBJMFLO/IjLEChNjwyr9L4TWWcW3/Pa8XLtaxlGEIziGU/ChCjW4gTo0gcAYHuAJnp3ceXRenNfFaMFZ7hzCNzhvn6VIkv4=</latexit>



!14

I N T E R L U D E :  U N R E A S O N A B L E  E F F E C T I V E N E S S  O F  H Y D R O DY N A M I C S

radius of 
convergence in 

N=4 SYM at 
infinite coupling

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                      —  if this 
fact is generically true in neutral hydrodynamic theories, this could provide an 
explanation for 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>

“unreasonable”: hydro works for large @
<latexit sha1_base64="4/YagikhY9/urYWGCJLhFKnHTHE=">AAAB73icjVBNSwMxEJ31s9avqkcvwSJ4Krsi6LHoxWMF+wHtUrJptg3NJmsyK5Slf8KLB0W8+ne8+W/Mtj2oKPhg4PHeTDLzolQKi77/4S0tr6yurZc2yptb2zu7lb39ltWZYbzJtNSmE1HLpVC8iQIl76SG0ySSvB2Nrwq/fc+NFVrd4iTlYUKHSsSCUXRSp5dSg4LKfqUa1PwZyN+kCgs0+pX33kCzLOEKmaTWdgM/xTAvXmOST8u9zPKUsjEd8q6jiibchvls3yk5dsqAxNq4Ukhm6teJnCbWTpLIdSYUR/anV4i/ed0M44swFyrNkCs2/yjOJEFNiuPJQBjOUE4cocwItythI2ooQxdR+X8htE5rgeM3Z9X65SKOEhzCEZxAAOdQh2toQBMYSHiAJ3j27rxH78V7nbcueYuZA/gG7+0TPYSQFg==</latexit><latexit sha1_base64="4/YagikhY9/urYWGCJLhFKnHTHE=">AAAB73icjVBNSwMxEJ31s9avqkcvwSJ4Krsi6LHoxWMF+wHtUrJptg3NJmsyK5Slf8KLB0W8+ne8+W/Mtj2oKPhg4PHeTDLzolQKi77/4S0tr6yurZc2yptb2zu7lb39ltWZYbzJtNSmE1HLpVC8iQIl76SG0ySSvB2Nrwq/fc+NFVrd4iTlYUKHSsSCUXRSp5dSg4LKfqUa1PwZyN+kCgs0+pX33kCzLOEKmaTWdgM/xTAvXmOST8u9zPKUsjEd8q6jiibchvls3yk5dsqAxNq4Ukhm6teJnCbWTpLIdSYUR/anV4i/ed0M44swFyrNkCs2/yjOJEFNiuPJQBjOUE4cocwItythI2ooQxdR+X8htE5rgeM3Z9X65SKOEhzCEZxAAOdQh2toQBMYSHiAJ3j27rxH78V7nbcueYuZA/gG7+0TPYSQFg==</latexit><latexit sha1_base64="4/YagikhY9/urYWGCJLhFKnHTHE=">AAAB73icjVBNSwMxEJ31s9avqkcvwSJ4Krsi6LHoxWMF+wHtUrJptg3NJmsyK5Slf8KLB0W8+ne8+W/Mtj2oKPhg4PHeTDLzolQKi77/4S0tr6yurZc2yptb2zu7lb39ltWZYbzJtNSmE1HLpVC8iQIl76SG0ySSvB2Nrwq/fc+NFVrd4iTlYUKHSsSCUXRSp5dSg4LKfqUa1PwZyN+kCgs0+pX33kCzLOEKmaTWdgM/xTAvXmOST8u9zPKUsjEd8q6jiibchvls3yk5dsqAxNq4Ukhm6teJnCbWTpLIdSYUR/anV4i/ed0M44swFyrNkCs2/yjOJEFNiuPJQBjOUE4cocwItythI2ooQxdR+X8htE5rgeM3Z9X65SKOEhzCEZxAAOdQh2toQBMYSHiAJ3j27rxH78V7nbcueYuZA/gG7+0TPYSQFg==</latexit><latexit sha1_base64="4/YagikhY9/urYWGCJLhFKnHTHE=">AAAB73icjVBNSwMxEJ31s9avqkcvwSJ4Krsi6LHoxWMF+wHtUrJptg3NJmsyK5Slf8KLB0W8+ne8+W/Mtj2oKPhg4PHeTDLzolQKi77/4S0tr6yurZc2yptb2zu7lb39ltWZYbzJtNSmE1HLpVC8iQIl76SG0ySSvB2Nrwq/fc+NFVrd4iTlYUKHSsSCUXRSp5dSg4LKfqUa1PwZyN+kCgs0+pX33kCzLOEKmaTWdgM/xTAvXmOST8u9zPKUsjEd8q6jiibchvls3yk5dsqAxNq4Ukhm6teJnCbWTpLIdSYUR/anV4i/ed0M44swFyrNkCs2/yjOJEFNiuPJQBjOUE4cocwItythI2ooQxdR+X8htE5rgeM3Z9X65SKOEhzCEZxAAOdQh2toQBMYSHiAJ3j27rxH78V7nbcueYuZA/gG7+0TPYSQFg==</latexit>

hydrodynamic modes are complex spectral curves;  
dispersion relations are infinite Puiseux series with a  
finite radius of convergence  
[Grozdanov, Kovtun, Starinets, Tadić, PRL (2019)]

!(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>
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• holography is extremely useful for studying all-order (precision) hydrodynamics 

• in             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>

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

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

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

[Kovtun, Son, Starinets (2004)]

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

⌘

s
=

1

4⇡

✓
1 +

15⇣(3)

�3/2
+ · · ·

◆

<latexit sha1_base64="4RY/rl1bW1XegfBXUCslz9wnrjc="></latexit><latexit sha1_base64="4RY/rl1bW1XegfBXUCslz9wnrjc="></latexit><latexit sha1_base64="4RY/rl1bW1XegfBXUCslz9wnrjc="></latexit><latexit sha1_base64="4RY/rl1bW1XegfBXUCslz9wnrjc="></latexit>

2⌘⌧⇧ � 4�1 � �2 = 0 +
0

�3/2
+O(1/�2)

<latexit sha1_base64="QS5LLrozJ1ptgYGoX/N7GOQxAo8="></latexit><latexit sha1_base64="QS5LLrozJ1ptgYGoX/N7GOQxAo8="></latexit><latexit sha1_base64="QS5LLrozJ1ptgYGoX/N7GOQxAo8="></latexit><latexit sha1_base64="QS5LLrozJ1ptgYGoX/N7GOQxAo8="></latexit>

weak coupling:
⌘

s
⇠ T 3

�4 ln(1/�)
<latexit sha1_base64="ZihNQD/gHtypfBIboHnEXTdijno=">AAACInicjVDLSgMxFM34rPU16tJNsAh1UztaUHdFNy4r9AWdaclkMm1okhmSjFCG+RY3/oobF4q6EvwY03YWKgoeCJycc2/uzfFjRpWuVt+thcWl5ZXVwlpxfWNza9ve2W2rKJGYtHDEItn1kSKMCtLSVDPSjSVB3Gek44+vpn7nlkhFI9HUk5h4HA0FDSlG2kgD+8INJcKpSzTKUpVBV1EO51qzf5qlLjNvBahfgy4TZec4vx/BbGCXnEp1Bvg3KYEcjYH96gYRTjgRGjOkVM+pxtpLkdQUM5IV3USRGOExGpKeoQJxorx09sUMHholgGEkzREaztSvHSniSk24byo50iP105uKv3m9RIfnXkpFnGgi8HxQmDCoIzjNCwZUEqzZxBCEJTW7QjxCJh9tUi3+L4T2ScUx/KZWql/mcRTAPjgAZeCAM1AH16ABWgCDO/AAnsCzdW89Wi/W27x0wcp79sA3WB+fyuqjvg==</latexit><latexit sha1_base64="ZihNQD/gHtypfBIboHnEXTdijno=">AAACInicjVDLSgMxFM34rPU16tJNsAh1UztaUHdFNy4r9AWdaclkMm1okhmSjFCG+RY3/oobF4q6EvwY03YWKgoeCJycc2/uzfFjRpWuVt+thcWl5ZXVwlpxfWNza9ve2W2rKJGYtHDEItn1kSKMCtLSVDPSjSVB3Gek44+vpn7nlkhFI9HUk5h4HA0FDSlG2kgD+8INJcKpSzTKUpVBV1EO51qzf5qlLjNvBahfgy4TZec4vx/BbGCXnEp1Bvg3KYEcjYH96gYRTjgRGjOkVM+pxtpLkdQUM5IV3USRGOExGpKeoQJxorx09sUMHholgGEkzREaztSvHSniSk24byo50iP105uKv3m9RIfnXkpFnGgi8HxQmDCoIzjNCwZUEqzZxBCEJTW7QjxCJh9tUi3+L4T2ScUx/KZWql/mcRTAPjgAZeCAM1AH16ABWgCDO/AAnsCzdW89Wi/W27x0wcp79sA3WB+fyuqjvg==</latexit><latexit sha1_base64="ZihNQD/gHtypfBIboHnEXTdijno=">AAACInicjVDLSgMxFM34rPU16tJNsAh1UztaUHdFNy4r9AWdaclkMm1okhmSjFCG+RY3/oobF4q6EvwY03YWKgoeCJycc2/uzfFjRpWuVt+thcWl5ZXVwlpxfWNza9ve2W2rKJGYtHDEItn1kSKMCtLSVDPSjSVB3Gek44+vpn7nlkhFI9HUk5h4HA0FDSlG2kgD+8INJcKpSzTKUpVBV1EO51qzf5qlLjNvBahfgy4TZec4vx/BbGCXnEp1Bvg3KYEcjYH96gYRTjgRGjOkVM+pxtpLkdQUM5IV3USRGOExGpKeoQJxorx09sUMHholgGEkzREaztSvHSniSk24byo50iP105uKv3m9RIfnXkpFnGgi8HxQmDCoIzjNCwZUEqzZxBCEJTW7QjxCJh9tUi3+L4T2ScUx/KZWql/mcRTAPjgAZeCAM1AH16ABWgCDO/AAnsCzdW89Wi/W27x0wcp79sA3WB+fyuqjvg==</latexit><latexit sha1_base64="ZihNQD/gHtypfBIboHnEXTdijno=">AAACInicjVDLSgMxFM34rPU16tJNsAh1UztaUHdFNy4r9AWdaclkMm1okhmSjFCG+RY3/oobF4q6EvwY03YWKgoeCJycc2/uzfFjRpWuVt+thcWl5ZXVwlpxfWNza9ve2W2rKJGYtHDEItn1kSKMCtLSVDPSjSVB3Gek44+vpn7nlkhFI9HUk5h4HA0FDSlG2kgD+8INJcKpSzTKUpVBV1EO51qzf5qlLjNvBahfgy4TZec4vx/BbGCXnEp1Bvg3KYEcjYH96gYRTjgRGjOkVM+pxtpLkdQUM5IV3USRGOExGpKeoQJxorx09sUMHholgGEkzREaztSvHSniSk24byo50iP105uKv3m9RIfnXkpFnGgi8HxQmDCoIzjNCwZUEqzZxBCEJTW7QjxCJh9tUi3+L4T2ScUx/KZWql/mcRTAPjgAZeCAM1AH16ABWgCDO/AAnsCzdW89Wi/W27x0wcp79sA3WB+fyuqjvg==</latexit>

⌧⇧ =
2� ln 2

2⇡T
+

375⇣(3)

32⇡T�3/2
+ · · ·

�1 =
N2

c T
2
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✓
1 +

175⇣(3)

4�3/2
+ · · ·

◆

<latexit sha1_base64="J8S9KyEtM5gKMabf+OZg/pnwuo8="></latexit><latexit sha1_base64="J8S9KyEtM5gKMabf+OZg/pnwuo8="></latexit><latexit sha1_base64="J8S9KyEtM5gKMabf+OZg/pnwuo8="></latexit><latexit sha1_base64="J8S9KyEtM5gKMabf+OZg/pnwuo8="></latexit> ...
<latexit sha1_base64="MCOkd/cYQW+ufV7AovVgCG9Vq28=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJczOziZjZmeWmd5ACPkHLx4U8er/ePNvnDwOKgoWNBRV3XR3RZkUFn3/wyusrK6tbxQ3S1vbO7t75f2DptW5YbzBtNSmHVHLpVC8gQIlb2eG0zSSvBUNr2d+a8SNFVrd4TjjYUr7SiSCUXRSszuKNdpeuRJU/TnI36QCS9R75fdurFmecoVMUms7gZ9hOKEGBZN8WurmlmeUDWmfdxxVNOU2nMyvnZITp8Qk0caVQjJXv05MaGrtOI1cZ0pxYH96M/E3r5NjchlOhMpy5IotFiW5JKjJ7HUSC8MZyrEjlBnhbiVsQA1l6AIq/S+E5lk1cPz2vFK7WsZRhCM4hlMI4AJqcAN1aACDe3iAJ3j2tPfovXivi9aCt5w5hG/w3j4Bz9aPRQ==</latexit><latexit sha1_base64="MCOkd/cYQW+ufV7AovVgCG9Vq28=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJczOziZjZmeWmd5ACPkHLx4U8er/ePNvnDwOKgoWNBRV3XR3RZkUFn3/wyusrK6tbxQ3S1vbO7t75f2DptW5YbzBtNSmHVHLpVC8gQIlb2eG0zSSvBUNr2d+a8SNFVrd4TjjYUr7SiSCUXRSszuKNdpeuRJU/TnI36QCS9R75fdurFmecoVMUms7gZ9hOKEGBZN8WurmlmeUDWmfdxxVNOU2nMyvnZITp8Qk0caVQjJXv05MaGrtOI1cZ0pxYH96M/E3r5NjchlOhMpy5IotFiW5JKjJ7HUSC8MZyrEjlBnhbiVsQA1l6AIq/S+E5lk1cPz2vFK7WsZRhCM4hlMI4AJqcAN1aACDe3iAJ3j2tPfovXivi9aCt5w5hG/w3j4Bz9aPRQ==</latexit><latexit sha1_base64="MCOkd/cYQW+ufV7AovVgCG9Vq28=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJczOziZjZmeWmd5ACPkHLx4U8er/ePNvnDwOKgoWNBRV3XR3RZkUFn3/wyusrK6tbxQ3S1vbO7t75f2DptW5YbzBtNSmHVHLpVC8gQIlb2eG0zSSvBUNr2d+a8SNFVrd4TjjYUr7SiSCUXRSszuKNdpeuRJU/TnI36QCS9R75fdurFmecoVMUms7gZ9hOKEGBZN8WurmlmeUDWmfdxxVNOU2nMyvnZITp8Qk0caVQjJXv05MaGrtOI1cZ0pxYH96M/E3r5NjchlOhMpy5IotFiW5JKjJ7HUSC8MZyrEjlBnhbiVsQA1l6AIq/S+E5lk1cPz2vFK7WsZRhCM4hlMI4AJqcAN1aACDe3iAJ3j2tPfovXivi9aCt5w5hG/w3j4Bz9aPRQ==</latexit><latexit sha1_base64="MCOkd/cYQW+ufV7AovVgCG9Vq28=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJczOziZjZmeWmd5ACPkHLx4U8er/ePNvnDwOKgoWNBRV3XR3RZkUFn3/wyusrK6tbxQ3S1vbO7t75f2DptW5YbzBtNSmHVHLpVC8gQIlb2eG0zSSvBUNr2d+a8SNFVrd4TjjYUr7SiSCUXRSszuKNdpeuRJU/TnI36QCS9R75fdurFmecoVMUms7gZ9hOKEGBZN8WurmlmeUDWmfdxxVNOU2nMyvnZITp8Qk0caVQjJXv05MaGrtOI1cZ0pxYH96M/E3r5NjchlOhMpy5IotFiW5JKjJ7HUSC8MZyrEjlBnhbiVsQA1l6AIq/S+E5lk1cPz2vFK7WsZRhCM4hlMI4AJqcAN1aACDe3iAJ3j2tPfovXivi9aCt5w5hG/w3j4Bz9aPRQ==</latexit>

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>
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• a recent calculation of the 2nd-order transport coefficient       in the O(N) vector 
model for all values of the coupling [Romatschke, arXiv:1905.09290] 

• can 2nd-order transport coefficients  
be measured or estimated 
in QGP, like          ?

A L L - O R D E R  H Y D R O DY N A M I C S

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[from Luzum, Romatschke, PRC (2018)]
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W E A K  C O U P L I N G ,  K I N E T I C  T H E O R Y  A N D  P E R T U R B AT I V E  
S P E C T R U M

• coupling constant dependence of non-hydrodynamic transport       
[Grozdanov, Kaplis, Starinets, JHEP (2016)] 

• weakly coupled kinetic theory and  
the concept of quasi-particles 

• Boltzmann equation (truncated BBGKY) 

• close to equilibrium 

• assuming homogeneous eq.  
distribution gives a spectrum with  
a hierarchy of relaxation times 
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• RTA equation 

• kinetic theory predicts 

• relaxation time bound [Sachdev] 

• full QFT spectrum of                                     at extreme coupling [Hartnoll, Kumar (2005)]
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QFT holography

W E A K  C O U P L I N G ,  K I N E T I C  T H E O R Y  A N D  P E R T U R B AT I V E  
S P E C T R U M

⌘ = const.⇥ ⌧RsT
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• what happens in between these two extreme regimes? cuts vs. poles? 
• resummations of the type of Arnold-Moore-Yaffe (AMY) exist, which determine 

transport form the spectrum of the kinetic operator 
• perturbation theory at zero momentum creates a cut at one loop  

[Moore (2018); Grozdanov, Schalm, Scopelliti, (2018)] 

• at non-zero momentum, structure depends on truncation of kinetic theory, 
resummations (choice of relaxation time), but cuts seem to be preferred 
[Romatschke (2015); Kurkela, Wiedemann (2017) Kurkela, Wiedemann, Wu (2019)] 
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[see talks by Wiedemann (Wednesday) 
and Wu (Thursday)]



• universal behaviour across different higher-derivative gravities  
[Grozdanov, Kaplis, Starinets, JHEP (2016)] 

• as the coupling increases,  

• poles become denser, forming a branch cut which starts at  

• new gapped excitations on imaginary axis

⌘/s > ~/4⇡kB
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A P P R O A C H  T O  W E A K  C O U P L I N G  F R O M  H O L O G R A P H Y

N=4 SYM / R4 gravity R2 (Gauss-Bonnet) gravity

� ⇠ 1/�3/2
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Reω

Imω

� ! 0 � ! 1

[Grozdanov, Starinets,  
JHEP (2019)]
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subleading 
branches



• kinetic theory prediction of                                     at weak coupling is recovered, 

where 
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⌧ (n)R = � 1

Im!n
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⌘/s ⇠ const.⇥ ⌧RT
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N=4 SYM / R4 gravity R2 (Gauss-Bonnet) gravity

� ⇠ 1/�3/2
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• before the branch cut is formed, well-pronounced quasiparticle excitations 
appear in the spectrum

strong 
coupling

weak 
coupling

⇢ = �2 Im hTµ⌫(!, q), T⇢�(�!,�q)iR
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• as a result of quasiparticles, a transport peak appears in the spectral functions 
computed from kinetic theory

expectation from QCD—a sketch;  
see Casalderrey-Solana, Liu, Mateos, Rajagopal, 
Wiedemann, ``Gauge/String Duality, Hot QCD 

and Heavy Ion Collisions”, CUP (2014) 

electromagnetic current-current spectral 
function in QCD at T=1.45Tc from lattice data of 

Ding, Francis, Kaczmarek, Karsch, et. al.,  
PRD (2011) 



• in N=4 SYM, holography explicitly reproduces the transport peak (           ) 
[Casalderey-Solana, Grozdanov, Starinets, PRL (2018)]
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?transport peak

q = 0
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qc/T ⇠ �3/2

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

• as weak coupling is approached, in spectra with hydro modes, the lowest 
imaginary mode (the one responsible for the transport peak) becomes long-
lived and enters the hydro regime 

• the mode collides with the hydro mode—explicit mechanism for destruction of 
hydrodynamics: hydrodynamics is worse at weak coupling

hydro not 
applicable

hydro 
applicable

strong 
coupling

weak 
coupling
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• quasihydrodynamics—hydrodynamics with approximately conserved 
symmetries [Grozdanov, Lucas, Poovuttikul, PRD (2019)]  

• a systematic way to derive such theories from holography 
• linearised (phenomenological) Müller-Israel-Stewart theory, used to cure 

causality problems by introducing extra degrees of freedom, can be derived 
systematically from higher-derivative holographic theories

A P P R O A C H  T O  W E A K  C O U P L I N G  F R O M  H O L O G R A P H Y
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<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>

MIS theory’s 
correctly describes 
the leading extra  
gapped mode in all 
3 channels at linear 
order in the 
fluctuations

⇧µ⌫
<latexit sha1_base64="6ETHU43CyfI+hMp/n+cpqlabL0M=">AAAB83icjVDJSgNBFHzjGuMW9eilMQiewowIegx68RjBLJAZQ0+nJ2nS3dP0IoQhv+HFgyJe/Rlv/o2d5aCiYMGDouo9XlGp4szYMPwIlpZXVtfWSxvlza3tnd3K3n7L5E4T2iQ5z3UnxYZyJmnTMstpR2mKRcppOx1dTf32PdWG5fLWjhVNBB5IljGCrZfiuMHuili4WLpJr1KNauEM6G9ShQUavcp73M+JE1RawrEx3ShUNimwtoxwOinHzlCFyQgPaNdTiQU1STHLPEHHXumjLNd+pEUz9etFgYUxY5H6TYHt0Pz0puJvXtfZ7CIpmFTOUknmjzLHkc3RtADUZ5oSy8eeYKKZz4rIEGtMrK+p/L8SWqe1yPObs2r9clFHCQ7hCE4ggnOowzU0oAkEFDzAEzwHLngMXoLX+epSsLg5gG8I3j4BVLWR3Q==</latexit><latexit sha1_base64="6ETHU43CyfI+hMp/n+cpqlabL0M=">AAAB83icjVDJSgNBFHzjGuMW9eilMQiewowIegx68RjBLJAZQ0+nJ2nS3dP0IoQhv+HFgyJe/Rlv/o2d5aCiYMGDouo9XlGp4szYMPwIlpZXVtfWSxvlza3tnd3K3n7L5E4T2iQ5z3UnxYZyJmnTMstpR2mKRcppOx1dTf32PdWG5fLWjhVNBB5IljGCrZfiuMHuili4WLpJr1KNauEM6G9ShQUavcp73M+JE1RawrEx3ShUNimwtoxwOinHzlCFyQgPaNdTiQU1STHLPEHHXumjLNd+pEUz9etFgYUxY5H6TYHt0Pz0puJvXtfZ7CIpmFTOUknmjzLHkc3RtADUZ5oSy8eeYKKZz4rIEGtMrK+p/L8SWqe1yPObs2r9clFHCQ7hCE4ggnOowzU0oAkEFDzAEzwHLngMXoLX+epSsLg5gG8I3j4BVLWR3Q==</latexit><latexit sha1_base64="6ETHU43CyfI+hMp/n+cpqlabL0M=">AAAB83icjVDJSgNBFHzjGuMW9eilMQiewowIegx68RjBLJAZQ0+nJ2nS3dP0IoQhv+HFgyJe/Rlv/o2d5aCiYMGDouo9XlGp4szYMPwIlpZXVtfWSxvlza3tnd3K3n7L5E4T2iQ5z3UnxYZyJmnTMstpR2mKRcppOx1dTf32PdWG5fLWjhVNBB5IljGCrZfiuMHuili4WLpJr1KNauEM6G9ShQUavcp73M+JE1RawrEx3ShUNimwtoxwOinHzlCFyQgPaNdTiQU1STHLPEHHXumjLNd+pEUz9etFgYUxY5H6TYHt0Pz0puJvXtfZ7CIpmFTOUknmjzLHkc3RtADUZ5oSy8eeYKKZz4rIEGtMrK+p/L8SWqe1yPObs2r9clFHCQ7hCE4ggnOowzU0oAkEFDzAEzwHLngMXoLX+epSsLg5gG8I3j4BVLWR3Q==</latexit><latexit sha1_base64="6ETHU43CyfI+hMp/n+cpqlabL0M=">AAAB83icjVDJSgNBFHzjGuMW9eilMQiewowIegx68RjBLJAZQ0+nJ2nS3dP0IoQhv+HFgyJe/Rlv/o2d5aCiYMGDouo9XlGp4szYMPwIlpZXVtfWSxvlza3tnd3K3n7L5E4T2iQ5z3UnxYZyJmnTMstpR2mKRcppOx1dTf32PdWG5fLWjhVNBB5IljGCrZfiuMHuili4WLpJr1KNauEM6G9ShQUavcp73M+JE1RawrEx3ShUNimwtoxwOinHzlCFyQgPaNdTiQU1STHLPEHHXumjLNd+pEUz9etFgYUxY5H6TYHt0Pz0puJvXtfZ7CIpmFTOUknmjzLHkc3RtADUZ5oSy8eeYKKZz4rIEGtMrK+p/L8SWqe1yPObs2r9clFHCQ7hCE4ggnOowzU0oAkEFDzAEzwHLngMXoLX+epSsLg5gG8I3j4BVLWR3Q==</latexit>

leading-order analytical approximation to 
the ``relaxation time” in N=4 SYM 

[Grozdanov, Kaplis, Starinets, JHEP (2016)]
⌧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>



H O L O G R A P H I C  M O D E L  O F  FA R -
F R O M - E Q U I L I B R I U M  H E A V Y  I O N  
C O L L I S I O N S



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

• coupling dependence from R2 (Einstein-Gauss-Bonnet) theory  
[Grozdanov, van der Schee, PRL (2016)]  

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

• see also poster by Attems on collisions near a critical point

!30

H O L O G R A P H I C  H E A V Y- I O N  C O L L I S I O N S

narrow 
shocks

wide 
shocks



!31

thydThyd = {0.41� 0.52�GB,

0.43� 6.3�GB}

at �GB = �0.2 :

{25%, 290%}

H O L O G R A P H I C  H E A V Y- I O N  C O L L I S I O N S

• delayed hydrodynamisation— 
a quantifiable prediction of holography 

• consistent with worse applicability of  
hydrodynamics at finite coupling

narrow 
shocks

wide 
shocks

⌘/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>



• coupling dependence in holographic heavy-ion collisions in the presence of 
finite baryon number density from the most general Einstein-Maxwell R2-type 
theory [Folkestad, Grozdanov, Rajagopal, van der Schee, to appear.,  
also, talk on Tuesday by van der Schee] 

• at finite coupling, significantly less stopping of the baryon charge
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• holography is a useful tool for studying 
coupling constant dependence 

• results are highly universal across 
different higher-derivative theories 

• transition to ``weakly coupled physics” is 
extremely quick! 

• connection to perturbative, weakly 
coupled QFTs and kinetic theory 

• away from the infinite Nc limit =  
quantum gravity 

• experimental tests of quantitative 
holographic predictions in QGP

Nc
<latexit sha1_base64="rQQ3jceYJc4JqbO+4rfSZzKnB4U=">AAAB6nicjVDLSgNBEOyJrxhfUY9eBoPgKeyKoMegF08S0TwgWcLsZDYZMju7zPQKYcknePGgiFe/yJt/4+RxUFGwoKGo6qa7K0yVtOh5H6SwtLyyulZcL21sbm3vlHf3mjbJDBcNnqjEtENmhZJaNFCiEu3UCBaHSrTC0eXUb90LY2Wi73CciiBmAy0jyRk66fa6x3vlil/1ZqB/kwosUO+V37v9hGex0MgVs7bjeykGOTMouRKTUjezImV8xAai46hmsbBBPjt1Qo+c0qdRYlxppDP160TOYmvHceg6Y4ZD+9Obir95nQyj8yCXOs1QaD5fFGWKYkKnf9O+NIKjGjvCuJHuVsqHzDCOLp3S/0JonlR9x29OK7WLRRxFOIBDOAYfzqAGV1CHBnAYwAM8wTNR5JG8kNd5a4EsZvbhG8jbJxvjjas=</latexit><latexit sha1_base64="rQQ3jceYJc4JqbO+4rfSZzKnB4U=">AAAB6nicjVDLSgNBEOyJrxhfUY9eBoPgKeyKoMegF08S0TwgWcLsZDYZMju7zPQKYcknePGgiFe/yJt/4+RxUFGwoKGo6qa7K0yVtOh5H6SwtLyyulZcL21sbm3vlHf3mjbJDBcNnqjEtENmhZJaNFCiEu3UCBaHSrTC0eXUb90LY2Wi73CciiBmAy0jyRk66fa6x3vlil/1ZqB/kwosUO+V37v9hGex0MgVs7bjeykGOTMouRKTUjezImV8xAai46hmsbBBPjt1Qo+c0qdRYlxppDP160TOYmvHceg6Y4ZD+9Obir95nQyj8yCXOs1QaD5fFGWKYkKnf9O+NIKjGjvCuJHuVsqHzDCOLp3S/0JonlR9x29OK7WLRRxFOIBDOAYfzqAGV1CHBnAYwAM8wTNR5JG8kNd5a4EsZvbhG8jbJxvjjas=</latexit><latexit sha1_base64="rQQ3jceYJc4JqbO+4rfSZzKnB4U=">AAAB6nicjVDLSgNBEOyJrxhfUY9eBoPgKeyKoMegF08S0TwgWcLsZDYZMju7zPQKYcknePGgiFe/yJt/4+RxUFGwoKGo6qa7K0yVtOh5H6SwtLyyulZcL21sbm3vlHf3mjbJDBcNnqjEtENmhZJaNFCiEu3UCBaHSrTC0eXUb90LY2Wi73CciiBmAy0jyRk66fa6x3vlil/1ZqB/kwosUO+V37v9hGex0MgVs7bjeykGOTMouRKTUjezImV8xAai46hmsbBBPjt1Qo+c0qdRYlxppDP160TOYmvHceg6Y4ZD+9Obir95nQyj8yCXOs1QaD5fFGWKYkKnf9O+NIKjGjvCuJHuVsqHzDCOLp3S/0JonlR9x29OK7WLRRxFOIBDOAYfzqAGV1CHBnAYwAM8wTNR5JG8kNd5a4EsZvbhG8jbJxvjjas=</latexit><latexit sha1_base64="rQQ3jceYJc4JqbO+4rfSZzKnB4U=">AAAB6nicjVDLSgNBEOyJrxhfUY9eBoPgKeyKoMegF08S0TwgWcLsZDYZMju7zPQKYcknePGgiFe/yJt/4+RxUFGwoKGo6qa7K0yVtOh5H6SwtLyyulZcL21sbm3vlHf3mjbJDBcNnqjEtENmhZJaNFCiEu3UCBaHSrTC0eXUb90LY2Wi73CciiBmAy0jyRk66fa6x3vlil/1ZqB/kwosUO+V37v9hGex0MgVs7bjeykGOTMouRKTUjezImV8xAai46hmsbBBPjt1Qo+c0qdRYlxppDP160TOYmvHceg6Y4ZD+9Obir95nQyj8yCXOs1QaD5fFGWKYkKnf9O+NIKjGjvCuJHuVsqHzDCOLp3S/0JonlR9x29OK7WLRRxFOIBDOAYfzqAGV1CHBnAYwAM8wTNR5JG8kNd5a4EsZvbhG8jbJxvjjas=</latexit>

� ⌘ g2YMNc
<latexit sha1_base64="nC7pz6N23K49M0bzzT+8mXqxIW8=">AAACBHicjVC7SgNBFL0bXzG+Vi3TDAbBKuwGQcugjY0SwTwkuy6zs7PJkNmHM7OBsKSw8VdsLBSx9SPs/Bsnj0JFwQMXDuecy8w9fsqZVJb1YRQWFpeWV4qrpbX1jc0tc3unJZNMENokCU9Ex8eSchbTpmKK004qKI58Ttv+4HTit4dUSJbEV2qUUjfCvZiFjGClJc8sO1yHA4wcepuxIep5+fX5+KaGLjzimRW7ak2B/iYVmKPhme9OkJAsorEiHEvZta1UuTkWihFOxyUnkzTFZIB7tKtpjCMq3Xx6xBjtayVAYSL0xApN1a8bOY6kHEW+TkZY9eVPbyL+5nUzFR67OYvTTNGYzB4KM45UgiaNoIAJShQfaYKJYPqviPSxwETp3kr/K6FVq9qaXx5W6ifzOopQhj04ABuOoA5n0IAmELiDB3iCZ+PeeDRejNdZtGDMd3bhG4y3T5PDl2M=</latexit><latexit sha1_base64="nC7pz6N23K49M0bzzT+8mXqxIW8=">AAACBHicjVC7SgNBFL0bXzG+Vi3TDAbBKuwGQcugjY0SwTwkuy6zs7PJkNmHM7OBsKSw8VdsLBSx9SPs/Bsnj0JFwQMXDuecy8w9fsqZVJb1YRQWFpeWV4qrpbX1jc0tc3unJZNMENokCU9Ex8eSchbTpmKK004qKI58Ttv+4HTit4dUSJbEV2qUUjfCvZiFjGClJc8sO1yHA4wcepuxIep5+fX5+KaGLjzimRW7ak2B/iYVmKPhme9OkJAsorEiHEvZta1UuTkWihFOxyUnkzTFZIB7tKtpjCMq3Xx6xBjtayVAYSL0xApN1a8bOY6kHEW+TkZY9eVPbyL+5nUzFR67OYvTTNGYzB4KM45UgiaNoIAJShQfaYKJYPqviPSxwETp3kr/K6FVq9qaXx5W6ifzOopQhj04ABuOoA5n0IAmELiDB3iCZ+PeeDRejNdZtGDMd3bhG4y3T5PDl2M=</latexit><latexit sha1_base64="nC7pz6N23K49M0bzzT+8mXqxIW8=">AAACBHicjVC7SgNBFL0bXzG+Vi3TDAbBKuwGQcugjY0SwTwkuy6zs7PJkNmHM7OBsKSw8VdsLBSx9SPs/Bsnj0JFwQMXDuecy8w9fsqZVJb1YRQWFpeWV4qrpbX1jc0tc3unJZNMENokCU9Ex8eSchbTpmKK004qKI58Ttv+4HTit4dUSJbEV2qUUjfCvZiFjGClJc8sO1yHA4wcepuxIep5+fX5+KaGLjzimRW7ak2B/iYVmKPhme9OkJAsorEiHEvZta1UuTkWihFOxyUnkzTFZIB7tKtpjCMq3Xx6xBjtayVAYSL0xApN1a8bOY6kHEW+TkZY9eVPbyL+5nUzFR67OYvTTNGYzB4KM45UgiaNoIAJShQfaYKJYPqviPSxwETp3kr/K6FVq9qaXx5W6ifzOopQhj04ABuOoA5n0IAmELiDB3iCZ+PeeDRejNdZtGDMd3bhG4y3T5PDl2M=</latexit><latexit sha1_base64="nC7pz6N23K49M0bzzT+8mXqxIW8=">AAACBHicjVC7SgNBFL0bXzG+Vi3TDAbBKuwGQcugjY0SwTwkuy6zs7PJkNmHM7OBsKSw8VdsLBSx9SPs/Bsnj0JFwQMXDuecy8w9fsqZVJb1YRQWFpeWV4qrpbX1jc0tc3unJZNMENokCU9Ex8eSchbTpmKK004qKI58Ttv+4HTit4dUSJbEV2qUUjfCvZiFjGClJc8sO1yHA4wcepuxIep5+fX5+KaGLjzimRW7ak2B/iYVmKPhme9OkJAsorEiHEvZta1UuTkWihFOxyUnkzTFZIB7tKtpjCMq3Xx6xBjtayVAYSL0xApN1a8bOY6kHEW+TkZY9eVPbyL+5nUzFR67OYvTTNGYzB4KM45UgiaNoIAJShQfaYKJYPqviPSxwETp3kr/K6FVq9qaXx5W6ifzOopQhj04ABuOoA5n0IAmELiDB3iCZ+PeeDRejNdZtGDMd3bhG4y3T5PDl2M=</latexit>
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