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Nonequilibrium 
Quantum Dynamics

Closed Isolated 
Quantum Systems

Driven Quantum 
Systems

Open Quantum 
Systems

Quantum Matter Out of Equilibrium

General principles to classify dynamical behaviour of 
quantum many-body systems?

Simple models that capture “generic” behavior?

Ergodicity, Thermalization 
and their Breakdown

Non-Equilibrium Transport, 
Heating Dynamics

Role of Environment, 
Dissipation, 

Measurements, ..



Sachdev-Ye-Kitaev Model

Exactly Solvable in Large N:  Minimal Model for Non-Fermi-Liquid 
(gapless, but no quasiparticles)

Fluctuations beyond Large N described by Schwartzian Action (gravity analogue)

Sachdev&Ye,
 Georges, Parcollet&Sachdev, 
Kitaev, Stanford&Maldacena,..

Maximally Chaotic — Saturates the Bound on Chaos

Can this model give us insights about the behaviour of quantum 
matter far from equilibrium?

Maldacena&Stanford
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Outline

Thermalisation in closed, isolated SYK models

SYK as a “Strange Quantum Bath”: Energy Transport& Chaos

SYK as a “Strange Quantum Bath”: Equilibration Dynamics



Dynamics and Thermalization of Isolated 
SYK Models

• A. Larzul, M. Schiro’, Phys. Rev. B 105 045105



Quantum Thermalization

t⌧

g(t)
H[g(t)] = H0 + g(t)H1

gi

gf

Unitary Quantum Dynamics (isolated system, no external bath)

| (t = 0)i = | 0i

Pure states remain pure Tr⇢2(t) = Tr⇢0 = 1⇢(t) = | (t)ih (t)|

i@t| (t)i = H| (t)i

Quantum Mechanics is linear!

Global Perturbation!

How generic quantum systems approach Thermal Equilibrium 
after a perturbation?

Interactions induce scattering, loose 
memory initial condition… 

dnk

dt
= Icoll[nk(t)]

In modern terms: “Typical” (High-Energy) Excited States are “Thermal” (ETH)
Deutsch, Srednicki, ..



Dynamics of SYK Models
“Mixed” SYK:
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Equilibrium: Crossover from NFL to FL scaling at 
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Parcollet&Georges(’99),..,Song et al (2017),..

Dynamics: Keldysh field theory is “exactly solvable” in Large-N

Kadanoff-Baym Equations for 
Green’s functions
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Large N Kadanoff-Baym Equations for Mixed SYK

Wigner Transform

Initial Condition+Propagation(predictor/
corrector)

Larzul&MS PRB(2022)

Numerical Solution in the time-domain (similar to Nonequilibrium DMFT)

Self-Energy term



Thermalization of Mixed SYK Model

Spectral Function Distribution Function

Larzul&MS PRB(2022)

Exactly solvable Large N model that shows thermalisation !

Allows to extract dynamics of Effective Temperature

See Also Numerical/Analytical Studies of ETH 
(for example J.Sonner)

Effective temperature matches the energy injected



Thermalization time?
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Mixed SYK Role of Quasiparticles for 
Thermalisation?

Quenches in pure SYK4: 
“Planckian” Rate

Slow down of thermalisation rate

Eberlein et al PRB(2017)
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SYK Model as a “Strange” Quantum Bath 

• A. Larzul, S. J. Thomson, M. Schiro’, arXiv:2204.06434



Open Quantum Systems

System+Bath Picture cft. Breuer&Petruccione

Bath is usually treated as a set of non-interacting 
degrees of freedom (electrons, phonons, photons,..)

Physics of “interacting” quantum baths?

SYK4 provides an example of critical (gapless) bath without quasiparticles

Is it SYK4 a good “thermalizer”?



Are Fast Scramblers Good Thermal Baths?

Related Models (Banjeree&Altman’17, 
Zhang ’19, Cheipesh’20, Can’20,.. )
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M � N

Sudden switching of linear system-bath coupling

Couple a small SYK2 “System” to a large SYK4 “Bath”

Bath fully interacting and 
described by SYK4

Compare with the case in which both system and bath are SYK2
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Dynamics of Effective Temperature

Thermalization to the bath temperature

Thermalization rate            at weak and strong system-bath coupling V

SYK4 bath is a better thermalizer at small V than large V
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Compare Thermalization Rate for SYK4 and SYK2 baths

Initial Condition: System hotter than the bath
<latexit sha1_base64="isLM2w8pEzohtGs8r13C4wUvrLY=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVgp6k1IvHiq2ttMuSTbNtaJJdkqxQlv4KLx4UxKv/xpv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+Qfnw6EHHqSK0TWIeq26INeVM0rZhhtNuoigWIaedcHwz8ztPVGkWy5aZJNQXeChZxAg2VnpsBffoGrWCRlCuuFV3DrRKvJxUIEczKH/1BzFJBZWGcKx1z3MT42dYGUY4nZb6qaYJJmM8pD1LJRZU+9n84Ck6s8oARbGyJQ2aq78nMiy0nojQdgpsRnrZm4n/eb3URFd+xmSSGirJYlGUcmRiNPseDZiixPCJJZgoZm9FZIQVJsZmVLIheMsvr5LORdWrVT3vrlapN/I8inACp3AOHlxCHW6hCW0gIOAZXuHNUc6L8+58LFoLTj5zDH/gfP4AuaSPhg==</latexit>

TS > TB



Weak-Coupling: Fast thermalisation to a “Strange” Bath

Kadanoff-Baym Equation
(Gradient expansion)

SYK4 bath is parametrically more effective than a FL bath as “thermaliser”

<latexit sha1_base64="/3tipJnc2UiYNvrcVb0Mmbab+fg=">AAAB/XicbVDLSgMxFM3UV62v0S7dBIvgqs6Ugi6LbsRVBfuAzjhkMmkbmmSGJCMMQ/0VNy4UxK3/4c6/MW1noa0HAodzzuXenDBhVGnH+bZKa+sbm1vl7crO7t7+gX141FVxKjHp4JjFsh8iRRgVpKOpZqSfSIJ4yEgvnFzP/N4jkYrG4l5nCfE5Ggk6pBhpIwV21WMmHKGg4SnKYfehcX4b2DWn7swBV4lbkBoo0A7sLy+KccqJ0JghpQauk2g/R1JTzMi04qWKJAhP0IgMDBWIE+Xn8+On8NQoERzG0jyh4Vz9PZEjrlTGQ5PkSI/VsjcT//MGqR5e+jkVSaqJwItFw5RBHcNZEzCikmDNMkMQltTcCvEYSYS16atiSnCXv7xKeo2626y77l2z1roq+iiDY3ACzoALLkAL3IA26AAMMvAMXsGb9WS9WO/WxyJasoqZKvgD6/MH4o2UFA==</latexit>

�2 ⇠ V 2/J
<latexit sha1_base64="yo7uzgtYLw8FFAch8558Tak9TAo=">AAACB3icbVDLSsNAFJ3UV62vqEsRBovgqialoMtSN+KqQl/QxDCZTNqhk0mcmQgldOXGX3HjQkHc+gvu/BunbRbaemDgcM653LnHTxiVyrK+jcLK6tr6RnGztLW9s7tn7h90ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPrqZ+94EISWPeUuOEuBEacBpSjJSWPPPYYTocIK/mSBrBzl313JH3QmU3La8x8cyyVbFmgMvEzkkZ5Gh65pcTxDiNCFeYISn7tpUoN0NCUczIpOSkkiQIj9CA9DXlKCLSzWZnTOCpVgIYxkI/ruBM/T2RoUjKceTrZITUUC56U/E/r5+q8NLNKE9SRTieLwpTBlUMp53AgAqCFRtrgrCg+q8QD5FAWOnmSroEe/HkZdKtVuxaxbZva+V6I++jCI7ACTgDNrgAdXANmqANMHgEz+AVvBlPxovxbnzMowUjnzkEf2B8/gDfHJiN</latexit>

�4 ⇠ V 2/
p

JTB

Thermalization time for SYK2 bath vs SYK4 bath
<latexit sha1_base64="pJwot6cLMUyy59iW6KDNuBpMS2w=">AAACAHicbVDLSsNAFL2pr1pfUcGNm8EiuCpJKeiy6MZlBWsLTQiTySQdOnkwMxFK7MJfceNCQdz6Ge78G6dtBG09MHDmnHOZO8fPOJPKsr6Mysrq2vpGdbO2tb2zu2fuH9zJNBeEdknKU9H3saScJbSrmOK0nwmKY5/Tnj+6mvq9eyokS5NbNc6oG+MoYSEjWGnJM48crsMB9lpOFKGfS9Mz61bDmgEtE7skdSjR8cxPJ0hJHtNEEY6lHNhWptwCC8UIp5Oak0uaYTLCER1omuCYSreY7T9Bp1oJUJgKfRKFZurviQLHUo5jXydjrIZy0ZuK/3mDXIUXbsGSLFc0IfOHwpwjlaJpGShgghLFx5pgIpjeFZEhFpgoXVlNl2AvfnmZ9JoNu9Ww7ZtWvX1Z9lGFYziBM7DhHNpwDR3oAoEHeIIXeDUejWfjzXifRytGOXMIf2B8fAOgl5Wo</latexit>

�4 � �2



Energy Transport Through a Strange 
Quantum Bath

• A. Larzul, M. Schiro’, arXiv.2206.XXX (to appear)



Thermal Transport of Quasiparticles

Example: Ballistic channel (Landauer-Buttiker)

S. Jezouin,…,F. Pierre, Science (2013)

J. Pekola&B. Karimi RMP(2021)

<latexit sha1_base64="D198uPvpFzo84IMJGuqd+dXYvRc=">AAACB3icbVBNS8NAEN3Ur1q/oh5FWCxCvZSkFvQilHrQY4XWFpo0bLabdulmE3Y3Qgk9efGvePGgIF79C978N27bHLT1wcDjvRlm5vkxo1JZ1reRW1ldW9/Ibxa2tnd298z9g3sZJQKTFo5YJDo+koRRTlqKKkY6sSAo9Blp+6Prqd9+IELSiDfVOCZuiAacBhQjpSXPPL4pNc+unEAgnDox7VVGvYpXh004Sc+HE88sWmVrBrhM7IwUQYaGZ345/QgnIeEKMyRl17Zi5aZIKIoZmRScRJIY4REakK6mHIVEuunsjQk81UofBpHQxRWcqb8nUhRKOQ593RkiNZSL3lT8z+smKrh0U8rjRBGO54uChEEVwWkmsE8FwYqNNUFYUH0rxEOkI1E6uYIOwV58eZm0K2W7Wrbtu2qxVs/yyIMjcAJKwAYXoAZuQQO0AAaP4Bm8gjfjyXgx3o2PeWvOyGYOwR8Ynz9xgJen</latexit>

G(T ) =
⇡2k2BT

3h

Quantum of Thermal Conductance



Thermal Transport from CFT

Steady-State Energy Current from merging CFTs (d=1) D. Bernard, B. Doyon (2012)

Insights from AdS for d>1: 
“boosted Black Hole”

Bhaseen,…,Schalm, Nature Phys 2015



SYK Energy Transport Setup
Two SYK4 bath at different temperatures coupled by a SYK2 island

<latexit sha1_base64="sc9YZ8wQzoahvKp+TKEAeeixKSk=">AAACFXicbVBPS8MwHE3nvzn/VT16KQ5BEEY7BnoRhh70JBOcG6y1pFm6xSVpSVJhlH4IL34VLx4UxKvgzW9juvWgmw8CL+/9HsnvBTElUtn2t1FaWFxaXimvVtbWNza3zO2dWxklAuE2imgkugGUmBKO24ooiruxwJAFFHeC0Xnudx6wkCTiN2ocY4/BASchQVBpyTeP3EjbeTp1LyBj0E/JfXZXz07dUEBUiPqeXmW+WbVr9gTWPHEKUgUFWr755fYjlDDMFaJQyp5jx8pLoVAEUZxV3ETiGKIRHOCephwyLL10slRmHWilb4WR0Icra6L+TqSQSTlmgZ5kUA3lrJeL/3m9RIUnXkp4nCjM0fShMKGWiqy8IatPBEaKjjWBSBD9VwsNoS5D6R4rugRnduV50qnXnEbNca4b1eZZ0UcZ7IF9cAgccAya4BK0QBsg8AiewSt4M56MF+Pd+JiOlowiswv+wPj8AYFTn4U=</latexit>

�2
ij =

�2

N

Exactly solvable in large N,M at fixed
<latexit sha1_base64="3XGgt2X9iV2febidSwZGtopP4iA=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4qokU9CIUvXhRKhhbaEvZbCft0s0m7G6EEvobvHhQEK/+H2/+G7dtDtr6YODx3gwz84JEcG1c99tZWl5ZXVsvbBQ3t7Z3dkt7+486ThVDn8UiVs2AahRcom+4EdhMFNIoENgIhtcTv/GESvNYPphRgp2I9iUPOaPGSn5yeXd62y2V3Yo7BVkkXk7KkKPeLX21ezFLI5SGCap1y3MT08moMpwJHBfbqcaEsiHtY8tSSSPUnWx67JgcW6VHwljZkoZM1d8TGY20HkWB7YyoGeh5byL+57VSE150Mi6T1KBks0VhKoiJyeRz0uMKmREjSyhT3N5K2IAqyozNp2hD8OZfXiSNs4pXrXjefbVcu8rzKMAhHMEJeHAONbiBOvjAgMMzvMKbI50X5935mLUuOfnMAfyB8/kDltSOXA==</latexit>

p = N/M



Energy Current Between SYK

Exact Formula in large N,M limit

Current depends on Green’s functions of L/R Baths and System 
(coupled through Dyson Equation)

Analogous to Meir-Wingreen Formula for charge transport in 
quantum dots: here interacting reservoirs!

Here: assume N<<M (large bath, not renormalised by the system)

Focus here: Energy Current in the stationary state

Linear Thermal Conductance



Warmup: Energy Transport by Quasiparticles

Thermal Conductance is linear in T, 
for all couplings V

Consider SYK2 baths 

<latexit sha1_base64="nsOrIYNpXpT5bbN+VInH5oGEl/0=">AAACBXicbVBNT8JAEN3iF+JX1SOXjcTEE2mRRI8ELx4xASGhhWyXLWzY3Ta7WxPS9ODFv+LFgybGq//Bm//GBXpQ8CWTvLw3k5l5Qcyo0o7zbRU2Nre2d4q7pb39g8Mj+/jkXkWJxKSDIxbJXoAUYVSQjqaakV4sCeIBI91gejP3uw9EKhqJtp7FxOdoLGhIMdJGGtplT1EOvVAinHoxHdSmw+aglqWXk6w9tCtO1VkArhM3JxWQozW0v7xRhBNOhMYMKdV3nVj7KZKaYkaykpcoEiM8RWPSN1QgTpSfLp7I4LlRRjCMpCmh4UL9PZEirtSMB6aTIz1Rq95c/M/rJzq89lMq4kQTgZeLwoRBHcF5InBEJcGazQxBWFJzK8QTZALRJreSCcFdfXmddGtVt1513bt6pdHM8yiCMjgDF8AFV6ABbkELdAAGj+AZvII368l6sd6tj2VrwcpnTsEfWJ8/sqWX7w==</latexit>

⇠ ⇡2k2B
3h

T

<latexit sha1_base64="GNFEi5QrTsafZdp7vkC2Tv9y+A0=">AAAB/3icbVBNS8NAEN34WetXVDx5WSyCp5pIQS9CUQ8ePFRJbaEJYbPdtEt3N2F3I5RQ8K948aAgXv0b3vw3btsctPXBwOO9GWbmRSmjSjvOt7WwuLS8slpaK69vbG5t2zu7DyrJJCZNnLBEtiOkCKOCNDXVjLRTSRCPGGlFg6ux33okUtFEeHqYkoCjnqAxxUgbKbT3vTC/PbkfXXh+yqF/TZhG0AvtilN1JoDzxC1IBRRohPaX301wxonQmCGlOq6T6iBHUlPMyKjsZ4qkCA9Qj3QMFYgTFeST80fwyChdGCfSlNBwov6eyBFXasgj08mR7qtZbyz+53UyHZ8HORVpponA00VxxqBO4DgL2KWSYM2GhiAsqbkV4j6SCGuTWNmE4M6+PE9ap1W3VnXdu1qlflnkUQIH4BAcAxecgTq4AQ3QBBjk4Bm8gjfryXqx3q2PaeuCVczsgT+wPn8AOGWU0g==</latexit>

TL/R = T ±�T

<latexit sha1_base64="f6JB+8FHd+D/hcovI07KqdGvy7g=">AAACDnicbVDLSgMxFM3UV62vUZduglVwVWekoMuiguKqQmsLnaFk0rQNTTJDkhHKMD/gxl9x40JB3Lp259+YaQfR1gOBk3Pu5d57gohRpR3nyyosLC4trxRXS2vrG5tb9vbOnQpjiUkThyyU7QApwqggTU01I+1IEsQDRlrB6CLzW/dEKhqKhh5HxOdoIGifYqSN1LUPPI70ECOWXKWeohz+/G/SY++SMI1go2uXnYozAZwnbk7KIEe9a396vRDHnAiNGVKq4zqR9hMkNcWMpCUvViRCeIQGpGOoQJwoP5lck8JDo/RgP5TmCQ0n6u+OBHGlxjwwldmuatbLxP+8Tqz7Z35CRRRrIvB0UD9mUIcwiwb2qCRYs7EhCEtqdoV4iCTC2gRYMiG4syfPk9ZJxa1WXPe2Wq6d53kUwR7YB0fABaegBq5BHTQBBg/gCbyAV+vRerberPdpacHKe3bBH1gf3/T7m+c=</latexit>

G ⇠ J /�T

<latexit sha1_base64="6FVIl06QDg5SrUaAkhO+3Z9RkZU=">AAACDHicbVBNS8NAEN3Ur1q/oh69LC1CvZSkFPRY9KDHFlorNCFsttt26e4m7G6EEnr34l/x4kFBvPoDvPlv3LQ51NYHA4/3ZpiZF8aMKu04P1ZhY3Nre6e4W9rbPzg8so9P7lWUSEy6OGKRfAiRIowK0tVUM/IQS4J4yEgvnNxkfu+RSEUj0dHTmPgcjQQdUoy0kQK77HGkxxix9HYW1D1FOVxW2tXORWBXnJozB1wnbk4qIEcrsL+9QYQTToTGDCnVd51Y+ymSmmJGZiUvUSRGeIJGpG+oQJwoP53/MoPnRhnAYSRNCQ3n6vJEirhSUx6azuxOtepl4n9eP9HDKz+lIk40EXixaJgwqCOYBQMHVBKs2dQQhCU1t0I8RhJhbeIrmRDc1ZfXSa9ecxs11203Ks3rPI8iOANlUAUuuARNcAdaoAsweAIv4A28W8/Wq/VhfS5aC1Y+cwr+wPr6Bf4dms0=</latexit>

G2 ⇠ GQ(T )

Thermal Conductance



SYK4 Baths:  Weak System-Bath Coupling

Enhancement of Thermal Conductance due to the interacting bath

Thermal Conductance
<latexit sha1_base64="GNFEi5QrTsafZdp7vkC2Tv9y+A0=">AAAB/3icbVBNS8NAEN34WetXVDx5WSyCp5pIQS9CUQ8ePFRJbaEJYbPdtEt3N2F3I5RQ8K948aAgXv0b3vw3btsctPXBwOO9GWbmRSmjSjvOt7WwuLS8slpaK69vbG5t2zu7DyrJJCZNnLBEtiOkCKOCNDXVjLRTSRCPGGlFg6ux33okUtFEeHqYkoCjnqAxxUgbKbT3vTC/PbkfXXh+yqF/TZhG0AvtilN1JoDzxC1IBRRohPaX301wxonQmCGlOq6T6iBHUlPMyKjsZ4qkCA9Qj3QMFYgTFeST80fwyChdGCfSlNBwov6eyBFXasgj08mR7qtZbyz+53UyHZ8HORVpponA00VxxqBO4DgL2KWSYM2GhiAsqbkV4j6SCGuTWNmE4M6+PE9ap1W3VnXdu1qlflnkUQIH4BAcAxecgTq4AQ3QBBjk4Bm8gjfryXqx3q2PaeuCVczsgT+wPn8AOGWU0g==</latexit>

TL/R = T ±�T

<latexit sha1_base64="hkoO0uCeEKqObFIc1MmayvLzBi4=">AAACB3icbVBNS8NAEN34WetX1KMIi0Wol5JIQY9FD3qs0NpCE8Jmu22X7m7i7kYoIScv/hUvHhTEq3/Bm//GTZuDtj4YeLw3w8y8MGZUacf5tpaWV1bX1ksb5c2t7Z1de2//TkWJxKSNIxbJbogUYVSQtqaakW4sCeIhI51wfJX7nQciFY1ES09i4nM0FHRAMdJGCuwjjyM9woil11lQr7ZOPUU59NS91GkrC+yKU3OmgIvELUgFFGgG9pfXj3DCidCYIaV6rhNrP0VSU8xIVvYSRWKEx2hIeoYKxIny0+kbGTwxSh8OImlKaDhVf0+kiCs14aHpzI9W814u/uf1Ej248FMq4kQTgWeLBgmDOoJ5JrBPJcGaTQxBWFJzK8QjJBHWJrmyCcGdf3mRdM5qbr3murf1SuOyyKMEDsExqAIXnIMGuAFN0AYYPIJn8ArerCfrxXq3PmatS1YxcwD+wPr8AXASmOo=</latexit>

G4(T ) ⇠
p
T

<latexit sha1_base64="f6JB+8FHd+D/hcovI07KqdGvy7g=">AAACDnicbVDLSgMxFM3UV62vUZduglVwVWekoMuiguKqQmsLnaFk0rQNTTJDkhHKMD/gxl9x40JB3Lp259+YaQfR1gOBk3Pu5d57gohRpR3nyyosLC4trxRXS2vrG5tb9vbOnQpjiUkThyyU7QApwqggTU01I+1IEsQDRlrB6CLzW/dEKhqKhh5HxOdoIGifYqSN1LUPPI70ECOWXKWeohz+/G/SY++SMI1go2uXnYozAZwnbk7KIEe9a396vRDHnAiNGVKq4zqR9hMkNcWMpCUvViRCeIQGpGOoQJwoP5lck8JDo/RgP5TmCQ0n6u+OBHGlxjwwldmuatbLxP+8Tqz7Z35CRRRrIvB0UD9mUIcwiwb2qCRYs7EhCEtqdoV4iCTC2gRYMiG4syfPk9ZJxa1WXPe2Wq6d53kUwR7YB0fABaegBq5BHTQBBg/gCbyAV+vRerberPdpacHKe3bBH1gf3/T7m+c=</latexit>

G ⇠ J /�T

Thermal conductance acquires anomalous scaling
SYK+FL Bath: Kruchov, Patel, Kim, Sachdev’20



SYK4 Baths:  Strong System-Bath Coupling

<latexit sha1_base64="0dFiZK2Ni/M7a6C3Keqh3po3bTA=">AAACAHicbVBPS8MwHE3nvzn/VQUvXoJDmJfRykCPQw96nLC5wVpKmqVbWJKWJBVG3cGv4sWDgnj1Y3jz25huPejmg8Djvd+P38sLE0aVdpxvq7Syura+Ud6sbG3v7O7Z+wf3Kk4lJh0cs1j2QqQIo4J0NNWM9BJJEA8Z6Ybj69zvPhCpaCzaepIQn6OhoBHFSBspsI88jvQII5bdTINGrX3mKcphO7CrTt2ZAS4TtyBVUKAV2F/eIMYpJ0JjhpTqu06i/QxJTTEj04qXKpIgPEZD0jdUIE6Un83yT+GpUQYwiqV5QsOZ+nsjQ1ypCQ/NZJ5WLXq5+J/XT3V06WdUJKkmAs8PRSmDOoZ5GXBAJcGaTQxBWFKTFeIRkghrU1nFlOAufnmZdM/rbqPuuneNavOq6KMMjsEJqAEXXIAmuAUt0AEYPIJn8ArerCfrxXq3PuajJavYOQR/YH3+AG6/lYY=</latexit>

G4(T ) ⇠ T

Thermal Conductance
<latexit sha1_base64="GNFEi5QrTsafZdp7vkC2Tv9y+A0=">AAAB/3icbVBNS8NAEN34WetXVDx5WSyCp5pIQS9CUQ8ePFRJbaEJYbPdtEt3N2F3I5RQ8K948aAgXv0b3vw3btsctPXBwOO9GWbmRSmjSjvOt7WwuLS8slpaK69vbG5t2zu7DyrJJCZNnLBEtiOkCKOCNDXVjLRTSRCPGGlFg6ux33okUtFEeHqYkoCjnqAxxUgbKbT3vTC/PbkfXXh+yqF/TZhG0AvtilN1JoDzxC1IBRRohPaX301wxonQmCGlOq6T6iBHUlPMyKjsZ4qkCA9Qj3QMFYgTFeST80fwyChdGCfSlNBwov6eyBFXasgj08mR7qtZbyz+53UyHZ8HORVpponA00VxxqBO4DgL2KWSYM2GhiAsqbkV4j6SCGuTWNmE4M6+PE9ap1W3VnXdu1qlflnkUQIH4BAcAxecgTq4AQ3QBBjk4Bm8gjfryXqx3q2PaeuCVczsgT+wPn8AOGWU0g==</latexit>

TL/R = T ±�T
<latexit sha1_base64="f6JB+8FHd+D/hcovI07KqdGvy7g=">AAACDnicbVDLSgMxFM3UV62vUZduglVwVWekoMuiguKqQmsLnaFk0rQNTTJDkhHKMD/gxl9x40JB3Lp259+YaQfR1gOBk3Pu5d57gohRpR3nyyosLC4trxRXS2vrG5tb9vbOnQpjiUkThyyU7QApwqggTU01I+1IEsQDRlrB6CLzW/dEKhqKhh5HxOdoIGifYqSN1LUPPI70ECOWXKWeohz+/G/SY++SMI1go2uXnYozAZwnbk7KIEe9a396vRDHnAiNGVKq4zqR9hMkNcWMpCUvViRCeIQGpGOoQJwoP5lck8JDo/RgP5TmCQ0n6u+OBHGlxjwwldmuatbLxP+8Tqz7Z35CRRRrIvB0UD9mUIcwiwb2qCRYs7EhCEtqdoV4iCTC2gRYMiG4syfPk9ZJxa1WXPe2Wq6d53kUwR7YB0fABaegBq5BHTQBBg/gCbyAV+vRerberPdpacHKe3bBH1gf3/T7m+c=</latexit>

G ⇠ J /�T

Linear-T behaviour is restored

FL? No! Rather a different mechanism at play!



Insights from Spectral Functions
Weak-Coupling: system is “decoupled” at low frequency…

Strong Coupling: System spectral function is largely renormalised

<latexit sha1_base64="L8gVFRNmcrlGos9nbgzkek7cCr4=">AAACFHicbVA9SwNBEN3zM8avqKXNYhDUIt6JoKUfhZYRjRFyMcxtJsni7u25u6eEI//Bxr9iY6EgthZ2/hs3MYVfDwYe780wMy9KBDfW9z+8kdGx8YnJ3FR+emZ2br6wsHhuVKoZVpgSSl9EYFDwGCuWW4EXiUaQkcBqdHXY96s3qA1X8ZntJliX0I55izOwTmoUNvYbp5cZXvfWQiWxDaHm7Y4FrdUt9ddDwyXd2gyPQEpoFIp+yR+A/iXBkBTJEOVG4T1sKpZKjC0TYEwt8BNbz0BbzgT28mFqMAF2BW2sORqDRFPPBj/16KpTmrSltKvY0oH6fSIDaUxXRq5Tgu2Y315f/M+rpba1W894nKQWY/a1qJUKahXtB0SbXCOzousIMM3drZR1QAOzLsa8CyH4/fJfUt0qBdulIDjZLu4dDPPIkWWyQtZIQHbIHjkmZVIhjNyRB/JEnr1779F78V6/Wke84cwS+QHv7ROFgJ23</latexit>

Aeq
S (! ! 0) ⇠ 2/�

<latexit sha1_base64="lNLvkmL8ILGoL9xvaWwPw0vjExc=">AAACGXicbVDJSgNBEO1xjXGLevTSGAS9xBkJ6NHl4jGiMUImhp5OJWnsnh67a5Qw5DO8+CtePCiIRz35N3aWg9uDgsd7VVTVixIpLPr+pzcxOTU9M5uby88vLC4tF1ZWL6xODYcq11Kby4hZkCKGKgqUcJkYYCqSUIuujwd+7RaMFTo+x14CDcU6sWgLztBJzcLOYfPsKoOb/laoFXRYaESni8wYfUf97dAKRUN7YzAb2f1moeiX/CHoXxKMSZGMUWkW3sOW5qmCGLlk1tYDP8FGxgwKLqGfD1MLCePXrAN1R2OmwDay4WN9uumUFm1r4ypGOlS/T2RMWdtTketUDLv2tzcQ//PqKbb3G5mIkxQh5qNF7VRS1HSQEm0JAxxlzxHGjXC3Ut5lhnF0WeZdCMHvl/+S2m4pKJeC4LRcPDga55Ej62SDbJGA7JEDckIqpEo4uSeP5Jm8eA/ek/fqvY1aJ7zxzBr5Ae/jC/uMoMw=</latexit>

Aeq
S (! ! 0) ⇠

p
!

…Enhanced Bath Spectral function leads to enhanced 
thermal conductance

…Suppressed System Spectral function cancels Bath enhancement and 
gives back to linear-T thermal conductance



Energy Transport Phase-Diagram

Weak-Coupling, T>T* — broad T range where conductance is 
enhanced by SYK4 bath

Strong Coupling:  conductance is linear in T…but the system is not a FL!

T* signals a crossover in the Liapunov exponent

Crossover in transport from weak to large bath coupling



Chaos between System and Strange Bath

Isolated system SYK2 is non chaotic (Liapunov Exponent=0)

Coupling to the SYK4 bath induce a non trivial correction to OTOC
<latexit sha1_base64="EzuDOl5QZzpgs+knMnkbwIhbGZ0=">AAACBXicbVBNS8NAEN3Ur1q/qh57CRahooRsKehFKAriSSpYW2hD2Gw37dLNB7sToYQevPhXvHhQEK/+B2/+G7dtDtr6YODx3gwz87xYcAW2/W3klpZXVtfy64WNza3tneLu3r2KEklZk0Yikm2PKCZ4yJrAQbB2LBkJPMFa3vBy4rcemFQ8Cu9gFDMnIP2Q+5wS0JJbLJ13fUloisfpzfjKxRVw8Qm41aNjy3KLZduypzAXCc5IGWVouMWvbi+iScBCoIIo1cF2DE5KJHAq2LjQTRSLCR2SPutoGpKAKSedPjE2D7XSM/1I6grBnKq/J1ISKDUKPN0ZEBioeW8i/ud1EvDPnJSHcQIspLNFfiJMiMxJImaPS0ZBjDQhVHJ9q0kHRIcCOreCDgHPv7xIWlUL1yyMb2vl+kWWRx6V0AGqIIxOUR1dowZqIooe0TN6RW/Gk/FivBsfs9ackc3soz8wPn8Acq+WeQ==</latexit>

=
1

N
F1(t1, t2) + ..

<latexit sha1_base64="SNgJy75gYqqvwQBph1d4FVpsP6g=">AAACAnicbVBNS8NAEN3Ur1q/ol4EL8EiVJCSLQW9CEVBPEkFawttCJvtpl26+WB3IpQQL/4VLx4UxKu/wpv/xm2bg1YfDDzem2FmnhcLrsC2v4zCwuLS8kpxtbS2vrG5ZW7v3KkokZS1aCQi2fGIYoKHrAUcBOvEkpHAE6ztjS4mfvueScWj8BbGMXMCMgi5zykBLbnm3lnPl4SmOEuvs0u3VgEXH4NbO3LNsl21p7D+EpyTMsrRdM3PXj+iScBCoIIo1cV2DE5KJHAqWFbqJYrFhI7IgHU1DUnAlJNOP8isQ630LT+SukKwpurPiZQESo0DT3cGBIZq3puI/3ndBPxTJ+VhnAAL6WyRnwgLImsSh9XnklEQY00IlVzfatEh0YmADq2kQ8DzL/8l7VoV16sY39TLjfM8jyLaRweogjA6QQ10hZqohSh6QE/oBb0aj8az8Wa8z1oLRj6zi37B+PgGHuuV1Q==</latexit>

=
1

N
F2(t1, t2)

Below T* Liapunov Exponent crosses over to the maximal value

Mixed-Bath OTOC: Chaos 
between system&bath



Non-Equilibrium Energy Transport

Scaling collapse support still the structure

Energy current beyond linear response:
<latexit sha1_base64="aLjuhA53p2pQ8VaaGTZdjERNTS4=">AAAB/nicbVDLSsNAFJ34rPUVHzs3g0VwISWRgi6LunDhokpqC00Ik+mkHTozCTMToYbir7hxoSBu/Q53/o3TNgttPXDhcM693HtPlDKqtON8WwuLS8srq6W18vrG5ta2vbN7r5JMYtLECUtkO0KKMCpIU1PNSDuVBPGIkVY0uBz7rQciFU2Ep4cpCTjqCRpTjLSRQnvfvyJMI+j5inLohTcnXngX2hWn6kwA54lbkAoo0AjtL7+b4IwToTFDSnVcJ9VBjqSmmJFR2c8USREeoB7pGCoQJyrIJ9eP4JFRujBOpCmh4UT9PZEjrtSQR6aTI91Xs95Y/M/rZDo+D3Iq0kwTgaeL4oxBncBxFLBLJcGaDQ1BWFJzK8R9JBHWJrCyCcGdfXmetE6rbq3qure1Sv2iyKMEDsAhOAYuOAN1cA0aoAkweATP4BW8WU/Wi/VufUxbF6xiZg/8gfX5A2cnlFs=</latexit>

�T ⇠ TL, TR

SYK4 Baths:

SYK2 Baths
<latexit sha1_base64="ph+4lLfwfajpx62lNoHQLHY+jBc=">AAACCXicbZDNSsNAFIUn/tb6F3XpwsEitAtLIgXdCEU3Ii6qtLbQhDCZTtqhk0mYmQgldOnGV3HjQkHc+gbufBsnbRbaemDg49x7mXuPHzMqlWV9GwuLS8srq4W14vrG5ta2ubN7L6NEYNLCEYtEx0eSMMpJS1HFSCcWBIU+I21/eJnV2w9ESBrxphrFxA1Rn9OAYqS05ZkHTojUACOWXo/PncaAlpveTeU4p7uKZ5asqjURnAc7hxLI1fDML6cX4SQkXGGGpOzaVqzcFAlFMSPjopNIEiM8RH3S1chRSKSbTg4ZwyPt9GAQCf24ghP390SKQilHoa87s7XlbC0z/6t1ExWcuSnlcaIIx9OPgoRBFcEsFdijgmDFRhoQFlTvCvEACYSVzq6oQ7BnT56H9knVrlVt+7ZWql/keRTAPjgEZWCDU1AHV6ABWgCDR/AMXsGb8WS8GO/Gx7R1wchn9sAfGZ8/OLiYnA==</latexit>

J = �(TL)� �(TR)
<latexit sha1_base64="hQlcypYTlZHuHZrdiWB2OnjCtag=">AAAB+XicbVBNT8JAEJ3iF+IHVY9eNhITvJCWkOiR6MUjJiAktJLtsoUN222zuzXBhl/ixYMmxqv/xJv/xgV6UPAlk7y8N5OZeUHCmdKO820VNja3tneKu6W9/YPDsn10fK/iVBLaITGPZS/AinImaEczzWkvkRRHAafdYHIz97uPVCoWi7aeJtSP8EiwkBGsjTSwy15rzKrtC0+xCLUf6gO74tScBdA6cXNSgRytgf3lDWOSRlRowrFSfddJtJ9hqRnhdFbyUkUTTCZ4RPuGChxR5WeLw2fo3ChDFMbSlNBoof6eyHCk1DQKTGeE9VitenPxP6+f6vDKz5hIUk0FWS4KU450jOYpoCGTlGg+NQQTycytiIyxxESbrEomBHf15XXSrdfcRs117xqV5nWeRxFO4Qyq4MIlNOEWWtABAik8wyu8WU/Wi/VufSxbC1Y+cwJ/YH3+AK6zkkU=</latexit>

�(T ) ⇠ T 2

<latexit sha1_base64="ph+4lLfwfajpx62lNoHQLHY+jBc=">AAACCXicbZDNSsNAFIUn/tb6F3XpwsEitAtLIgXdCEU3Ii6qtLbQhDCZTtqhk0mYmQgldOnGV3HjQkHc+gbufBsnbRbaemDg49x7mXuPHzMqlWV9GwuLS8srq4W14vrG5ta2ubN7L6NEYNLCEYtEx0eSMMpJS1HFSCcWBIU+I21/eJnV2w9ESBrxphrFxA1Rn9OAYqS05ZkHTojUACOWXo/PncaAlpveTeU4p7uKZ5asqjURnAc7hxLI1fDML6cX4SQkXGGGpOzaVqzcFAlFMSPjopNIEiM8RH3S1chRSKSbTg4ZwyPt9GAQCf24ghP390SKQilHoa87s7XlbC0z/6t1ExWcuSnlcaIIx9OPgoRBFcEsFdijgmDFRhoQFlTvCvEACYSVzq6oQ7BnT56H9knVrlVt+7ZWql/keRTAPjgEZWCDU1AHV6ABWgCDR/AMXsGb8WS8GO/Gx7R1wchn9sAfGZ8/OLiYnA==</latexit>

J = �(TL)� �(TR)

For weak-coupling:
<latexit sha1_base64="qhiv9P9iCg0UY+AMf9WctNSGblk=">AAAB/XicbVBNT8JAEN3iF+JXlaOXjcQEL9giiR6JXjxiAkJCK9kuW9iwu212tyZNg3/FiwdNjFf/hzf/jQv0oOBLJnl5byYz84KYUaUd59sqrK1vbG4Vt0s7u3v7B/bh0b2KEolJB0cskr0AKcKoIB1NNSO9WBLEA0a6weRm5ncfiVQ0Em2dxsTnaCRoSDHSRhrYZa81ptX2macoh+2H7OK8Ph3YFafmzAFXiZuTCsjRGthf3jDCCSdCY4aU6rtOrP0MSU0xI9OSlygSIzxBI9I3VCBOlJ/Nj5/CU6MMYRhJU0LDufp7IkNcqZQHppMjPVbL3kz8z+snOrzyMyriRBOBF4vChEEdwVkScEglwZqlhiAsqbkV4jGSCGuTV8mE4C6/vEq69ZrbqLnuXaPSvM7zKIJjcAKqwAWXoAluQQt0AAYpeAav4M16sl6sd+tj0Vqw8pky+APr8wdmp5PH</latexit>

�(T ) ⇠ T 3/2 For large-coupling:
<latexit sha1_base64="hQlcypYTlZHuHZrdiWB2OnjCtag=">AAAB+XicbVBNT8JAEJ3iF+IHVY9eNhITvJCWkOiR6MUjJiAktJLtsoUN222zuzXBhl/ixYMmxqv/xJv/xgV6UPAlk7y8N5OZeUHCmdKO820VNja3tneKu6W9/YPDsn10fK/iVBLaITGPZS/AinImaEczzWkvkRRHAafdYHIz97uPVCoWi7aeJtSP8EiwkBGsjTSwy15rzKrtC0+xCLUf6gO74tScBdA6cXNSgRytgf3lDWOSRlRowrFSfddJtJ9hqRnhdFbyUkUTTCZ4RPuGChxR5WeLw2fo3ChDFMbSlNBoof6eyHCk1DQKTGeE9VitenPxP6+f6vDKz5hIUk0FWS4KU450jOYpoCGTlGg+NQQTycytiIyxxESbrEomBHf15XXSrdfcRs117xqV5nWeRxFO4Qyq4MIlNOEWWtABAik8wyu8WU/Wi/VufSxbC1Y+cwJ/YH3+AK6zkkU=</latexit>

�(T ) ⇠ T 2

D. Bernard, B. Doyon (2012)



Conclusions&Perspectives

SYK Model as “Strange Quantum Bath”: fast thermalisation 
dynamics

Energy Transport: Enhanced Conductance at weak coupling, 
cross-over to linear T scaling but still no QP (chaos crossover)

Interplay of energy and particle transport (charged SYK)? 
Energy Current Fluctuations?

Scrambling and Thermalisation of Non-Fermi Liquids?

“Strange” Quantum Matter Far From Equilibrium

Distribution function in non-equilibrium steady-state: boosting?



Thanks!


