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Anderson localization
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• Onsite random potential

hi 2 [�W,W ]
<latexit sha1_base64="q6QfCS5gS1Z6VorrhPcvI7ag6No=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBg5ZEBT0WvXisYJtCGstmu2mXbjZhd6OUkP/hxYMiXv0v3vw3btsctPXBwOO9GWbmBQlnStv2t1VaWl5ZXSuvVzY2t7Z3qrt7bRWnktAWiXksOwFWlDNBW5ppTjuJpDgKOHWD0c3Edx+pVCwW93qcUD/CA8FCRrA20sOwl7G8y4R36p64fq9as+v2FGiROAWpQYFmr/rV7cckjajQhGOlPMdOtJ9hqRnhNK90U0UTTEZ4QD1DBY6o8rPp1Tk6MkofhbE0JTSaqr8nMhwpNY4C0xlhPVTz3kT8z/NSHV75GRNJqqkgs0VhypGO0SQC1GeSEs3HhmAimbkVkSGWmGgTVMWE4My/vEjaZ3XnvG7fXdQa10UcZTiAQzgGBy6hAbfQhBYQkPAMr/BmPVkv1rv1MWstWcXMPvyB9fkD8SiSIg==</latexit>

• Noninteracting

• Closed

Anderson, 1958

In 3D: Metal-insulator transition

• Absence of 
diffusion

• Absence of 
thermalization

HA =
X

i

t(c†i+1ci + h.c.) +
X

i

hini

<latexit sha1_base64="9Y5FkWBsj/67Dre9Ybz4FKIGeyk="></latexit>
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⇠

In 1D and 2D: Wavefunctions are exponentially localized for any disorder strength.| (x)| ⇠ e�x/⇠
<latexit sha1_base64="Mpllx8kraiWeNDOyWp6+5SS5GsA=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR6sI6o4Iui25cVrAP6Iwlk6ZtaJIZkoy0TOvGX3HjQhG3/oU7/8a0nYW2HrhwOOde7r0niBhV2nG+rczC4tLySnY1t7a+sbllb+9UVRhLTCo4ZKGsB0gRRgWpaKoZqUeSIB4wUgt612O/9kCkoqG404OI+Bx1BG1TjLSRmvbe0IsULfSPhp6iHJL75Lh/4vXpqGnnnaIzAZwnbkryIEW5aX95rRDHnAiNGVKq4TqR9hMkNcWMjHJerEiEcA91SMNQgThRfjL5YAQPjdKC7VCaEhpO1N8TCeJKDXhgOjnSXTXrjcX/vEas25d+QkUUayLwdFE7ZlCHcBwHbFFJsGYDQxCW1NwKcRdJhLUJLWdCcGdfnifV06J7VnRuz/OlqzSOLNgHB6AAXHABSuAGlEEFYPAInsEreLOerBfr3fqYtmasdGYX/IH1+QP/7paX</latexit>
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E
<latexit sha1_base64="DuAd5xFQvdzT4FaAhB2Ub3ba5mk=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokKeiyK4LEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfzsrq2vrGZmGruL2zu7dfOjhs6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WDGSfoR3QgecgZNVaq3/VKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeG1n3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpnle8i4pbvyxXb/I4CnAMJ3AGHlxBFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHmZeMyw==</latexit>

�(T ) = 0 8T
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�(T ! 0) > 0
<latexit sha1_base64="6/4kRyV4+jCcgDTr0B0GJx4Stio=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahbkqigq6k6MZlhb6gCWUynaRDJzNhZqKUUHDjr7hxoYhbf8Kdf+O0zUJbD1w4nHMv994TJIwq7TjfVmFpeWV1rbhe2tjc2t6xd/daSqQSkyYWTMhOgBRhlJOmppqRTiIJigNG2sHwZuK374lUVPCGHiXEj1HEaUgx0kbq2QeeolGMKg1P0migkZTiATon8Ao6PbvsVJ0p4CJxc1IGOeo9+8vrC5zGhGvMkFJd10m0nyGpKWZkXPJSRRKEhygiXUM5ionys+kPY3hslD4MhTTFNZyqvycyFCs1igPTGSM9UPPeRPzP66Y6vPQzypNUE45ni8KUQS3gJBDYp5JgzUaGICypuRXiAZIIaxNbyYTgzr+8SFqnVfes6tydl2vXeRxFcAiOQAW44ALUwC2ogybA4BE8g1fwZj1ZL9a79TFrLVj5zD74A+vzB/PVlmY=</latexit>

�(T ) / e�
Ec�EF

T
<latexit sha1_base64="+4RBTT/7vlLpwm3WJ5KhJ7HCiQ8=">AAACFHicbVDNS8MwHE39nPOr6tFLcAgT2WhV0ONQFI8T9gVrLWmWbmFpG5JUGKV/hBf/FS8eFPHqwZv/jdnWg24+SHi89/uRvOdzRqWyrG9jYXFpeWW1sFZc39jc2jZ3dlsyTgQmTRyzWHR8JAmjEWkqqhjpcEFQ6DPS9odXY7/9QISkcdRQI07cEPUjGlCMlJY889iRtB+icuPI4SLmKobkPq04gUA4vfZSnFX0fZNlaSPLPLNkVa0J4Dyxc1ICOeqe+eX0YpyEJFKYISm7tsWVmyKhKGYkKzqJJBzhIeqTrqYRCol000moDB5qpQeDWOgTKThRf2+kKJRyFPp6MkRqIGe9sfif101UcOGmNOKJIhGePhQkDOrs44ZgjwqCFRtpgrCg+q8QD5AuROkei7oEezbyPGmdVO3TqnV3Vqpd5nUUwD44AGVgg3NQA7egDpoAg0fwDF7Bm/FkvBjvxsd0dMHId/bAHxifP+hVnr8=</latexit>

extended
localized(a) (b) (c)E0

c
<latexit sha1_base64="TUa5xFW2GSydzpZIa6FcUFLkgl8=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvoqeyqoMeiCB4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfeg1QcDj/dmmJkXJoIb63lfqLC0vLK6VlwvbWxube+Ud/eaRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoeuq3Hpk2XMl7O05YEJOB5BGnxDqpeXPcy+ikV654VW8G/Jf4OalAjnqv/NntK5rGTFoqiDEd30tskBFtORVsUuqmhiWEjsiAdRyVJGYmyGbXTvCRU/o4UtqVtHim/pzISGzMOA5dZ0zs0Cx6U/E/r5Pa6DLIuExSyySdL4pSga3C09dxn2tGrRg7Qqjm7lZMh0QTal1AJReCv/jyX9I8rfpnVe/uvFK7yuMowgEcwgn4cAE1uIU6NIDCAzzBC7wihZ7RG3qftxZQPrMPv4A+vgEvyo7e</latexit>

Ec
<latexit sha1_base64="TSbsCRIeC3u01kH6oQFFBZY3Wdg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GNRBI8VjC20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLK6tr6RnmzsrW9s7tX3T94NEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wjm6nfeuLaiEQ94DjlQUwHSkSCUbSSf9vL2aRXrbl1dwayTLyC1KBAs1f96vYTlsVcIZPUmI7nphjkVKNgkk8q3czwlLIRHfCOpYrG3AT57NgJObFKn0SJtqWQzNTfEzmNjRnHoe2MKQ7NojcV//M6GUZXQS5UmiFXbL4oyiTBhEw/J32hOUM5toQyLeythA2ppgxtPhUbgrf48jJ5PKt753X3/qLWuC7iKMMRHMMpeHAJDbiDJvjAQMAzvMKbo5wX5935mLeWnGLmEP7A+fwBztKOrQ==</latexit>

EF
<latexit sha1_base64="uyK7dZ2aNcuQZwhGYXrNU78MPbc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GNRFI8V7Ae0oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqzUuO1ld5NeueJW3RnIMvFyUoEc9V75q9uPWRqhNExQrTuemxg/o8pwJnBS6qYaE8pGdIAdSyWNUPvZ7NgJObFKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa88jMuk9SgZPNFYSqIicn0c9LnCpkRY0soU9zeStiQKsqMzadkQ/AWX14mzbOqd151Hy4qtes8jiIcwTGcggeXUIN7qEMDGHB4hld4c6Tz4rw7H/PWgpPPHMIfOJ8/osGOkA==</latexit>

Nature 453, 2008



Many-body localization (MBL)

Basko, Aleiner, Altshuler, Ann. Phys., 2006

Q: Does localization hold?

• Onsite random potential 
• Interacting

• Closed

H = HA + V

X

hiji

ninj

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Eigenstate properties?

How are these reflected on the dynamics and long-time behavior? 

HA =
X

i

t(c†i+1ci + h.c.) +
X

i

hini

<latexit sha1_base64="9Y5FkWBsj/67Dre9Ybz4FKIGeyk="></latexit>

hi 2 [�W,W ]
<latexit sha1_base64="q6QfCS5gS1Z6VorrhPcvI7ag6No=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBg5ZEBT0WvXisYJtCGstmu2mXbjZhd6OUkP/hxYMiXv0v3vw3btsctPXBwOO9GWbmBQlnStv2t1VaWl5ZXSuvVzY2t7Z3qrt7bRWnktAWiXksOwFWlDNBW5ppTjuJpDgKOHWD0c3Edx+pVCwW93qcUD/CA8FCRrA20sOwl7G8y4R36p64fq9as+v2FGiROAWpQYFmr/rV7cckjajQhGOlPMdOtJ9hqRnhNK90U0UTTEZ4QD1DBY6o8rPp1Tk6MkofhbE0JTSaqr8nMhwpNY4C0xlhPVTz3kT8z/NSHV75GRNJqqkgs0VhypGO0SQC1GeSEs3HhmAimbkVkSGWmGgTVMWE4My/vEjaZ3XnvG7fXdQa10UcZTiAQzgGBy6hAbfQhBYQkPAMr/BmPVkv1rv1MWstWcXMPvyB9fkD8SiSIg==</latexit>
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A: In ID, yes, but at sufficiently 
strong disorder.



Thermalization in a closed quantum system
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When do local observables reach thermal equilibrium?

<latexit sha1_base64="kSlaXGZmilD0yDWReDG3ohs7s9g="></latexit>

hÔ(t)i ⌘ h (t)|Ô| (t)i =
X

µ⌫

c
⇤
µc⌫e

�i(E⌫�Eµ)tOµ⌫

=
X

⌫

|c⌫ |2O⌫⌫ +
X

µ 6=⌫

c
⇤
µc⌫e

�i(E⌫�Eµ)tOµ⌫

<latexit sha1_base64="Z6pRExRRk32e65fB8c7g99cHpK8="></latexit>

hÔ(t)i ⌘ lim
T 0!1

1

T 0

Z T 0

0
dt Ô(t) =

X

⌫

|c⌫ |2O⌫⌫ = O1

<latexit sha1_base64="Chx8YoaPizkFcOGiqyml098j7jY=">AAACC3icbVDLSgMxFM3UV62vqks3oUVwVWZE1I1QFKHLCvYBnWHIpHfa0ExmSDJCGbt346+4caGIW3/AnX9j+ljU1gMXTs65l9x7goQzpW37x8qtrK6tb+Q3C1vbO7t7xf2DpopTSaFBYx7LdkAUcCagoZnm0E4kkCjg0AoGN2O/9QBSsVjc62ECXkR6goWMEm0kv1iqPboidSURPQ74Ct/6mXmP8JzqF8t2xZ4ALxNnRspohrpf/Ha7MU0jEJpyolTHsRPtZURqRjmMCm6qICF0QHrQMVSQCJSXTW4Z4WOjdHEYS1NC44k6P5GRSKlhFJjOiOi+WvTG4n9eJ9XhpZcxkaQaBJ1+FKYc6xiPg8FdJoFqPjSEUMnMrpj2iSRUm/gKJgRn8eRl0jytOOcV5+6sXL2exZFHR6iETpCDLlAV1VAdNRBFT+gFvaF369l6tT6sz2lrzprNHKI/sL5+AcfqmuU=</latexit>

H|⌫i = E⌫ |⌫i

<latexit sha1_base64="zYtuAsO0hLOC7vJvS1uezGdHNxo=">AAACNXicdVA9SwNBEN2LXzF+RS1tFoMQm3AnojZC0CaFYIR8QS6Evc0mWbK3d+zOCeHIn7Lxf1hpYaGIrX/BvUsKTfTBwOO9GWbmeaHgGmz7xcosLa+srmXXcxubW9s7+d29hg4iRVmdBiJQLY9oJrhkdeAgWCtUjPieYE1vdJ34zXumNA9kDcYh6/hkIHmfUwJG6uZv3MDYyXTsCiIHgmF3SCC+nRTh2FWpMsGX+F+z6/oEhsqPa5VJN1+wS3YKvEicGSmgGard/JPbC2jkMwlUEK3bjh1CJyYKODV7c26kWUjoiAxY21BJfKY7cfr1BB8ZpYf7gTIlAafqz4mY+FqPfc90JifqeS8R//LaEfQvOjGXYQRM0umifiQwBDiJEPe4YhTE2BBCFTe3YjokilAwQedMCM78y4ukcVJyzkrO3WmhfDWLI4sO0CEqIgedozKqoCqqI4oe0DN6Q+/Wo/VqfVif09aMNZvZR79gfX0DmcSsiA==</latexit>

hÔ(t)i = hÔ(t)iTH

<latexit sha1_base64="WjKmotKgQ4srMrPE1AwStEE7f5Y=">AAACA3icbVBNS8NAEN3Ur1q/ot70sliEeimJiHosevFmBfsBTSib7aZdutmE3YlQQsGLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEsE1OM63VVhaXlldK66XNja3tnfs3b2mjlNFWYPGIlbtgGgmuGQN4CBYO1GMRIFgrWB4PfFbD0xpHst7GCXMj0hf8pBTAkbq2geeILIvGPYGBLLbcQVOPDVTunbZqTpT4EXi5qSMctS79pfXi2kaMQlUEK07rpOAnxEFnAo2LnmpZgmhQ9JnHUMliZj2s+kPY3xslB4OY2VKAp6qvycyEmk9igLTGREY6HlvIv7ndVIIL/2MyyQFJulsUZgKDDGeBIJ7XDEKYmQIoYqbWzEdEEUomNhKJgR3/uVF0jytuudV9+6sXLvK4yiiQ3SEKshFF6iGblAdNRBFj+gZvaI368l6sd6tj1lrwcpn9tEfWJ8/NsGXPg==</latexit>

hÔ(t)i

<latexit sha1_base64="1zl72Czq56gGbnw0wzZF3NT/n8c=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2J0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzfz2E2gjYvWAkwT8iA2VCAVnaKUG9ssVt+rOQVeJl5MKyVHvl796g5inESjkkhnT9dwE/YxpFFzCtNRLDSSMj9kQupYqFoHxs/mhU3pmlQENY21LIZ2rvycyFhkziQLbGTEcmWVvJv7ndVMMb/xMqCRFUHyxKEwlxZjOvqYDoYGjnFjCuBb2VspHTDOONpuSDcFbfnmVtC6q3lXVa1xWard5HEVyQk7JOfHINamRe1InTcIJkGfySt6cR+fFeXc+Fq0FJ585Jn/gfP4A4iGM/g==</latexit>

t

<latexit sha1_base64="4Ote9vWL7MIkzR1RE97iWynHnsc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRizcr2A9sS9lsN+3SzSbsToQQ+i+8eFDEq//Gm//GbZuDtj4YeLw3w8w8P5bCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNFGiGW+wSEa67VPDpVC8gQIlb8ea09CXvOWPb6Z+64lrIyL1gGnMeyEdKhEIRtFKj3f9rCtUgOmkX664VXcGsky8nFQgR71f/uoOIpaEXCGT1JiO58bYy6hGwSSflLqJ4TFlYzrkHUsVDbnpZbOLJ+TEKgMSRNqWQjJTf09kNDQmDX3bGVIcmUVvKv7ndRIMrnqZUHGCXLH5oiCRBCMyfZ8MhOYMZWoJZVrYWwkbUU0Z2pBKNgRv8eVl0jyrehdV7/68UrvO4yjCERzDKXhwCTW4hTo0gIGCZ3iFN8c4L8678zFvLTj5zCH8gfP5A+NSkRA=</latexit>

O1

⇢(t) = U⇢(0)U †



Nonequilibrium dynamics

5

Time-independent Hamiltonian

Time-dependent Hamiltonian

H(t) = H(t+ ⌧)
<latexit sha1_base64="qCDHqe2Hwtd7ZtqdWbh40/7fBts=">AAAB+XicbVBNS0JBFL3Pvsy+XrVsMySBEsh7FdQmkNq4NMgU9CHzxlEH530wc58gD/9JmxZFtO2ftOvfNOpblHbgcg/n3MvcOX4shUbH+bZya+sbm1v57cLO7t7+gX149KSjRDHeYJGMVMunmksR8gYKlLwVK04DX/KmP7qf+c0xV1pE4SNOYu4FdBCKvmAUjdS17VoJy+SWmHbeQZqUu3bRqThzkFXiZqQIGepd+6vTi1gS8BCZpFq3XSdGL6UKBZN8WugkmseUjeiAtw0NacC1l84vn5Izo/RIP1KmQiRz9fdGSgOtJ4FvJgOKQ73szcT/vHaC/RsvFWGcIA/Z4qF+IglGZBYD6QnFGcqJIZQpYW4lbEgVZWjCKpgQ3OUvr5Kni4p7WXEerorVuyyOPJzAKZTAhWuoQg3q0AAGY3iGV3izUuvFerc+FqM5K9s5hj+wPn8AnzCRtQ==</latexit>

• Global quench

• Periodic driving

H0

t = 0

| 0i

[H,H0] 6= 0

| (t)i = e�iHt| 0i

<latexit sha1_base64="p926l+eNx9u0KDwKDMPWFcXPCko=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomICl6KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7qZ+6wmV5rF8MOME/YgOJA85o8ZK9ZteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1nx6hfl6m0eRwGO4QTOwIMrqMI91KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AIu9jMU=</latexit>;

<latexit sha1_base64="1zl72Czq56gGbnw0wzZF3NT/n8c=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2J0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzfz2E2gjYvWAkwT8iA2VCAVnaKUG9ssVt+rOQVeJl5MKyVHvl796g5inESjkkhnT9dwE/YxpFFzCtNRLDSSMj9kQupYqFoHxs/mhU3pmlQENY21LIZ2rvycyFhkziQLbGTEcmWVvJv7ndVMMb/xMqCRFUHyxKEwlxZjOvqYDoYGjnFjCuBb2VspHTDOONpuSDcFbfnmVtC6q3lXVa1xWard5HEVyQk7JOfHINamRe1InTcIJkGfySt6cR+fFeXc+Fq0FJ585Jn/gfP4A4iGM/g==</latexit>

t
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I. INTRODUCTION

Dramatic experimental progress of the last few years
has enabled the realization of quantum many-body sys-
tems that are well isolated from the environment and
therefore evolve under their intrinsic quantum dynam-
ics. Examples of systems that o↵er a large degree of
control include ultracold atoms in optical lattices (Bloch
et al., 2008), trapped ions (Blatt and Roos, 2012) as
well as nuclear and electron spins associated with im-
purity atoms in diamond (Doherty et al., 2013; Schirhagl
et al., 2014). The tunability and long coherence times
of these systems, along with the ability to prepare highly
non-equilibrium states, enable one to probe quantum dy-
namics and thermalization in closed systems. What are
the possible regimes of quantum-coherent many-body dy-
namics? How does classical hydrodynamic transport,
seen at long times when a system thermalizes, emerge
from the unitary quantum evolution? Under what con-
ditions does a system fail to thermalize, thus evading the
conventional classical fate even at long times? In con-
trast to a majority of experiments in solid state systems,
these questions pertain to highly non-equilibrium states
of matter with non-zero energy density that could trans-
late to high and even infinite e↵ective temperature. Can
quantum e↵ects survive at long times in many-body sys-
tems at such high energy densities? Answering these ba-
sic questions is a necessary step towards understanding a
potentially very rich variety of new states of matter that
can appear in highly non-equilibrium quantum systems.

The most common class of dynamics leads to thermal-
ization: in ergodic1 systems, di↵erent degrees of freedom
exchange energy and information. At long times, the sys-
tem e↵ectively reaches thermal equilibrium, even though
as a whole it remains in a pure quantum state. Intu-
itively, in ergodic dynamics the system as a whole acts as
a thermal reservoir for its subsystems, provided those are
small enough. Stationary states in such systems are de-
scribed by quantum statistical mechanics (Deutsch, 1991;
Srednicki, 1994).

The approach to equilibrium is illustrated in Fig. 1
for a particular setup, known as a quantum quench, in

1 We note that in the context of quantum many-body systems
the term ergodicity is defined somewhat di↵erently compared to
classical mechanics. Our use of this term is synonymous with
thermalization, as discussed in Section II.A.

which a system described by the Hamiltonian Ĥ is pre-
pared in a non-equilibrium state | (0)i, e.g. character-
ized by a non-uniform density of particles. Under uni-
tary evolution e�iĤt, at su�ciently long times, the state
| (t)i = e�iĤt

| (0)i of an ergodic system will have local
observables which appear thermal. Information encoded
in the initial state is e↵ectively erased in the course of
time evolution as it is transferred to highly non-local in-
accessible correlations. First to be washed away are the
quantum correlations in the initial state, while the last to
disappear are the inhomogeneities of conserved densities
that are transported by slow di↵usion modes. Ultimately
the local physical observables will be determined just by
the values of the few global conserved quantities, total
energy, particle number etc.

The mechanism of thermalization, as well the approach
to thermal equilibrium in di↵erent systems, are issues
of central importance in statistical mechanics. While
there exist di↵erent regimes of thermalization (e.g., it
can be parametrically slow), it is of particular interest to
find systems which avoid thermalization. In this case,
quantum information encoded in the initial state can
persist and govern the dynamics at long times as well
as the steady state. Thus, ergodicity-breaking systems
can allow for new forms of stable quantum phases and
phase transitions that are unique to the non-equilibrium
settings. Moreover, understanding ergodicity breaking
mechanisms could provide new insights into the workings
of thermalization.

Thermalization requires that di↵erent parts of ergodic
systems exchange energy and particles, and consequently
thermal systems must be conducting. Therefore, a nat-
ural way to break ergodicity is to find systems which
are insulating. One familiar and well-studied example
of insulating behavior is Anderson localization in non-
interacting disordered systems (Abrahams, 2010; Ander-
son, 1958). The essence of Anderson localization is that
a disorder potential can completely change the nature of
single-particle eigenstates in a crystal: instead of prop-
agating Bloch states, which are similar to plane waves

e�iHtˆ

n̂(x)
n̂(x)

n̂(x)

FIG. 1 In a quantum quench, interacting particles on a lat-
tice are e.g. initially prepared in a state with non-uniform
density. Following unitary quantum dynamics, the thermaliz-
ing system relaxes towards the state where all lattice sites are
equally populated and the density profile is uniform (shown at
the top). In contrast, the many-body localized system retains
the memory of initial state even at infinite time (bottom).
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Models of MBL in a 1D lattice

Spinless fermions

Spin-1/2 Heisenberg XXZ

hi 2 [�W,W ]
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Local integrals of motion

Extended eigenstates (metal) Localized (insulator)

Many-body localization transition

(finite energy density)
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phase transition
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Eigenstate properties

Rev. Mod. Phys. 91, 021001 (2019)
FIG. 1. Nearest neighbor spacing distribution for the “Nuclear Data Ensemble” comprising 1726 spacings (histogram)

versus s = S/D with D the mean level spacing and S the actual spacing. For comparison, the RMT prediction labelled GOE
and the result for a Poisson distribution are also shown as solid lines. Taken from Ref. 1.

I. INTRODUCTION

During the last ten years, Random Matrix Theory (RMT) underwent an unexpected and rapid development: RMT
has been successfully applied to an ever increasing variety of physical problems.

Originally, RMT was designed by Wigner to deal with the statistics of eigenvalues and eigenfunctions of complex
many–body quantum systems. In this domain, RMT has been successfully applied to the description of spectral
fluctuation properties of atomic nuclei, of complex atoms, and of complex molecules. The statistical fluctuations of
scattering processes on such systems were also investigated. We demonstrate these statements in Figs. 1, 2 and 3,
using examples taken from nuclear physics. The histogram in Fig. 11 shows the distribution of spacings of nuclear
levels versus the variable s, the actual spacing in units of the mean level spacing D. The data set comprises 1726
spacings of levels of the same spin and parity from a number of different nuclei. These data were obtained from
neutron time–of–flight spectroscopy and from high–resolution proton scattering. Thus, they refer to spacings far from
the ground–state region. The solid curve shows the random–matrix prediction for this “nearest neighbor spacing
(NNS) distribution”. This prediction is parameter–free and the agreement is, therefore, impressive. Typical data
used in this analysis are shown in Fig. 22. The data shown are only part of the total data set measured for the
target nucleus 238U. In the energy range between neutron threshold and about 2000 eV, the total neutron scattering
cross section on 238U displays a number of well–separated (“isolated”) resonances. Each resonance is interpreted as
a quasibound state of the nucleus 239U. The energies of these quasibound states provide the input for the statistical
analysis leading to Fig. 1. We note the scale: At neutron threshold, i.e. about 8 MeV above the ground state,
the average spacing of the s–wave resonances shown in Fig. 2 is typically 10 eV! What happens as the energy E
increases? As is the case for any many–body system, the average compound nuclear level spacing D decreases nearly
exponentially with energy. For the same reason, the number of states in the residual nuclei (which are available for
decay of the compound nucleus) grows strongly with E. The net result is that the average width Γ of the compound–
nucleus resonances (which is very small compared to D at neutron threshold) grows nearly exponentially with E.
In heavy nuclei, Γ ≥ D already a few MeV above neutron threshold, and the compound–nucleus resonances begin
to overlap. A few MeV above this domain, we have Γ " D, and the resonances overlap very strongly. At each
bombarding energy, the scattering amplitude is a linear superposition of contributions from many (roughly Γ/D)
resonances. But the low–energy scattering data show that these resonances behave stochastically. This must also
apply at higher energies. Figure 33 confirms this expectation. It shows an example for the statistical fluctuations
(“Ericson fluctuations”4) seen in nuclear cross sections a few MeV above neutron threshold. These fluctuations are
stochastic but reproducible. The width of the fluctuations grows with energy, since ever more decay channels of the
compound nucleus open up. Deriving the characteristic features of these fluctuations as measured in terms of their
variances and correlation functions from RMT posed a challenge for the nuclear physics community.

These applications of RMT were all in the spirit of Wigner’s original proposal. More recently, RMT has found
a somewhat unexpected extension of its domain of application. RMT has become an important tool in the study
of systems which are seemingly quite different from complex many–body systems. Examples are: Equilibrium and
transport properties of disordered quantum systems and of classically chaotic quantum systems with few degrees of
freedom, two–dimensional gravity, conformal field theory, and the chiral phase transition in quantum chromodynamics.
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Bohigas et al., (1983)
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Many-body localization transition

Entanglement entropy
Logarithmic growth

S(t) ⇠ ⇠ log(V t)

Ballistic

S(t) ⇠ t

Local observables Power-law relaxation 

h (t)|O| (t)i ⇠ t�↵

Exponential relaxation

Dynamical properties 

(finite energy density)

Not a conventional 
phase transition

13

(a) (b)

(c)

FIG. 6 Mechanism of dynamics in the MBL phase: (a) The
central LIOM precesses with time, and interactions with other
LIOMS lead to the dependence of its precession frequency on
states of neighboring spins. This process is responsible for
logarithmic growth of entanglement shown in panel (b) and
also for the relaxation of fluctuations of h⌧x(t)i illustrated in
panel (c).

phases, the growth changes to Sent(t) / ln� t with � > 1
(see Section III).

The logarithmic propagation of entanglement in the
MBL phase is in a stark contrast to the ballistic entan-
glement spreading in ergodic systems (Kim and Huse,
2013) and in Yang-Baxter-integrable models (Calabrese
and Cardy, 2009). The logarithmic spreading of entan-
glement also distinguishes the MBL phase from an An-
derson insulator. It is therefore often viewed as one of the
defining features of MBL, especially in numerical simu-
lations.

The growth of entanglement is di�cult to measure ex-
perimentally in large systems (see, however, Section V).
It is therefore important to identify alternative manifes-
tations of the dephasing dynamics in the MBL phase
that are more directly observable. Serbyn et al. (2014b)
showed that the dephasing dynamics in MBL systems
leads to equilibration of local observables in a quantum
quench setup, with a characteristic, power-law approach
to equilibrium values.

To illustrate this, let us again consider the simple ini-
tial state (12) with Ai = Bi = 1/

p
2 and study the single-

spin observables, described by operators ⌧̂x,y

I
(operator

⌧̂z

I
, being conserved, is time-independent). At t = 0, the

⌧ -spin I is pointing in the x direction. Further, it under-
goes precession in the xy-plane, and its rotation angle de-
pends on the state of other spins. At time t, spins within
distance xent(t) away, such that tJ0e�xent(t)/⇠

0 & 1, signif-
icantly a↵ect the rotation angle of spin I. The generation
of entanglement with those spins leads to dephasing. Ac-
cordingly, the o↵-diagonal elements of the reduced den-
sity matrix (or, equivalently, observables h⌧̂x,y

I
(t)i de-

cay. Observing that at time t spin I is entangled with
an “environment” that has the Hilbert space dimension
D(t) ⇡ 22xent(t) spins, and using Eq. (13) we conclude

that

|h⌧̂x,y

I
(t)i| ⇠

1p
D(t)

⇡
1

(J0t)
a , (14)

which describes a power-law decay of x, y spin projec-
tions, see Fig. 6(c). We note that the exponent of this
power-law is not universal, and, in general is given by
a = ⇠0s0, where s0 is the diagonal entropy (Polkovnikov,
2011) of the initial state per spin (Serbyn et al., 2014b).
For the state in Eq. (12) with all Ai = Bi = 1/

p
2, the

diagonal entropy attains its maximal value, ln 2 per spin,
leading to an exponent a = ⇠0 ln 2.

The dynamics of physical spin operators can be ana-
lyzed by expressing them via ⌧̂↵

i
, ↵ = x, y, z operators

and their products. The terms in that expansion which
only involve ⌧̂z operators will remain unchanged, while
any term which involves at least one ⌧̂x,y

i
operator, will

decay in a power-law fashion. Thus, generic local ob-
servables approach their long-time equilibrium values in
a power-law fashion. We emphasize that equilibrium val-
ues of observables retain the memory of the initial state
due to the extensive set of LIOMs.

Another interesting implication of the dephasing dy-
namics is that the standard spin-echo protocol can fully
recover the state of a given ⌧ -spin (Bahri et al., 2015;
Serbyn et al., 2014a), implying that the intrinsic T1 re-
laxation time remains infinite in the MBL phase. On the
other hand, the T2 time induced by the entanglement
dynamics with distant spins increases exponentially with
the distance to these spins, reflecting the logarithmic dy-
namics of entanglement growth (Serbyn et al., 2014a).
Of course, in practice one would perform the spin-echo
protocol on a physical spin, which only leads to an in-
complete recovery of the initial state, but the revival
probability is large at strong enough disorder, when the
physical �̂z

i
operators are close to ⌧̂z

i
.

Other, closely related experimental signatures of the
dephasing dynamics include temporal revivals of local
observables Vasseur et al. (2015a), and double-electron
resonance, which can be viewed as a modification of the
spin echo protocol, allowing one to probe the dephasing of
a given spin by distant spins (Serbyn et al., 2014a). In ad-
dition, power-law decays of various quantities due to the
same mechanism have been identified, including mutual
information (De Tomasi et al., 2017), fluctuations of the
out-of-time correlation functions (Chen et al., 2016) and
fluctuations of the Loschmidt echo (Serbyn and Abanin,
2017).

In the above discussion, we addressed the dynamics of
isolated MBL systems. In practice, no system is perfectly
isolated from the environment, and therefore it is impor-
tant to understand how dissipation a↵ects the dynamical
behavior. In general, coupling to the bath leads to delo-
calization and restores slow transport. A classic example
is the variable-range hopping: electrons in a solid can hop

Dephasing
<latexit sha1_base64="BN75RCPFNZAE/2TtXKicrLYVo+A=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0s0l3N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHstHM0nQj+hA8pAzaqzUanYljonbK1fcqjsHWSVeTiqQo94rf3X7MUsjlIYJqnXHcxPjZ1QZzgROS91UY0LZiA6wY6mkEWo/m587JWdW6ZMwVrakIXP190RGI60nUWA7I2qGetmbif95ndSEN37GZZIalGyxKEwFMTGZ/U76XCEzYmIJZYrbWwkbUkWZsQmVbAje8surpHlR9a6q3sNlpXabx1GEEziFc/DgGmpwD3VoAIMRPMMrvDmJ8+K8Ox+L1oKTzxzDHzifP4nUjww=</latexit>
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Thermal MBLPrethermal ?
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Model: Disordered one-dimensional spin-1/2 Heisenberg chain (realistic and in some sense generic) 
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How long do realistic systems take to equilibrate/ thermalize?

Q: How to define the equilibration/thermalization time? 

Q: How does the equilibration time depends on the model, observables, and initial state? 

Extensive conservation laws, necessary for spin transport.
Chaotic/thermal 

regime
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Correlation hole: manifestation of spectral correlations in the late-time dynamics
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PRB 104, 085117 (2021)

PTRSL A 375, 20160434 (2017)

PRB 99, 174313 (2019)

Q: Is the correlation hole robust?
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Correlation hole: manifestation of spectral correlations in the late-time dynamics
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The correlation hole is barely visible 
Decays exponentially with system size

Inverse participation ratio
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Correlation hole: manifestation of spectral correlations in the late-time dynamics
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What about few-body observables?

The correlation hole 
vanishes in the 

thermodynamic limit
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appropriate definition of equilibration/thermalization time
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Equilibration time disregarding the correlation hole (few-body observables)
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t⇤ / L� ; � > 3 Parametrically larger than the diffusive scaling 
often assumed in studies of transport
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Conclusions and outlook:

We studied the equilibration timescales in a many-body quantum system exhibiting the MBL transition, 
focusing in the chaotic (thermal) regime.

Generic and experimentally feasible initial conditions.

Various observables, including few-body observables that are relevant for transport.

No assumptions, exact numerics.

We find that the correlation hole is only robust for the survival probability, while it is barely visible or 
vanishes in the thermodynamic limit for most observables, in particular, for the few-body observables.

Disregard the correlation hole and propose a new equilibration time.

Such equilibration time scales polynomially (rather than exponentially) with system system size. 

More in agreement with transport properties of quantum thermalizing systems.
But… parametrically away from the diffusive scaling.

OQ: Are our results general? 
OQ: What is the phenomenology behind the observed scaling?
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Outlook: Possible future directions and collaborations
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Figure 8. Top panels: classical evolution of the Wigner distribution projected onto the Q–P plane (top row) and q–p plane
(bottom row) for the initial coherent state IV from figure 1(d). The initial distribution (small black circle) is inside the available
phase space. Each column represents a time, as indicated. (Animations can be found in the SM) Bottom panel: quantum survival
probability (light gray solid line), its temporal average (blue solid line), classical survival probability (dark gray solid line), and its
temporal average (red solid line) for the initial coherent state IV, as well as the temporal average of the analytical expression for
random states given in equation (28) (orange solid line). The temporal averages are computed for temporal windows of constant
size in the logarithmic scale. The horizontal blue dotted line is the quantum asymptotic value S∞

P (equation (28)) and the
horizontal red dashed line corresponds to the classical asymptotic value S∞

P (equation (25)). The vertical line at ω0t ≈ 30 marks
the correlation hole and beginning of the ramp of SP(t) toward saturation. The relaxation time ω0tr = 345.7 (equation (27)),
marked with a vertical line, is calculated using δSP = 0.05.

The asymptotic value of the quantum survival probability agrees with the saturation point of S(r)
P (t) (see

appendix F),

S∞P = S(r),∞
P =

〈r2〉
〈r〉2

1
2
√
πσνc

=
1√
πσνc

, (28)

where 〈r〉 and 〈r2〉 are the first and second moments of the exponential distribution used to generate the
random numbers in equation (14), and their ratio

〈r2〉
〈r〉2

= 2 (29)

is determined by the fluctuations of the energy components of the LDoS of the random state with respect to
the exact Gaussian envelope for state IV. Interestingly, one sees that due to this ratio, the value of S∞P is twice
as large as the asymptotic value of the classical survival probability, which is given by equation (25). If the
fluctuations of the energy components of the LDoS of the random state were absent and 〈r2〉/〈r〉2 was one,
S∞P would coincide with the classical result. The origin of these fluctuations is rooted in a remaining
structure present even in strongly chaotic eigenstates (the so-called nodal structure [32, 34, 99]), which
effectively limits the ergodicity of the quantum evolution [100] when compared to the classical dynamics.
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FIG. 1. Left: a diagram of the random unitary circuit. Each
site (black dot) is the direct product of a two-state qubit
and a q-state qudit. Each gate (blue box) locally conserves
S

tot
z , the total z component of the two qubits it acts upon,

and is thus a block-diagonal unitary of the form shown on
the right, with each block of each gate independently Haar-
random. The smaller blocks do not flip the qubits and thus
operate only on the two qudits, while the larger block also
produces S

tot
z -conserving qubit “flip-flops”.

product of a spin-1/2 (or qubit) and a qudit with Hilbert
space dimension q. The time-evolution is constrained to
conserve the total z component of the spin-1/2’s, which
we call Stot

z
, while the qudits are not subject to any con-

servation laws. We note that we include the qudit at each
site because some results can only be obtained analyti-
cally in the large-q limit, although some of our results
do apply for all q, including the case q = 1 that has no
qudits. For definiteness we take a finite L, but we will
be interested in the behavior in the limit of infinite L.

Generalizing from Refs. 33, 36–38, the time-evolution
is governed by a random quantum circuit comprising
staggered layers of two-site unitary gates acting on even
and odd spatial bonds at even and odd times respec-
tively (see Fig. 1). The time evolution operator is given
by U(t) =

Q
t

t0=1
U(t0, t0 � 1), where

U(t0, t0 � 1) =

(Q
i
U2i,2i+1 if t0 is even,Q

i
U2i�1,2i if t0 is odd.

(3)

As a result of the conservation law, each two-site unitary
gate Ui,i+1 is a (4q2 ⇥ 4q2)-dimensional block-diagonal
matrix. Labeling the spin state on each site i as (" a)i or
(# b)i, where the first label is the spin state in the Pauli z
basis and the second label is the qudit state, the structure
of Ui,i+1 looks like: (i) a (q2 ⇥ q2) block acting in the
(" a)i ⌦ (" b)i+1 subspace, (ii) a (2q2 ⇥ 2q2) block acting
in the (" a)i⌦(# b)i+1, (# a)i⌦(" b)i+1 subspace, and (iii)
a (q2 ⇥ q2) block acting in the (# a)i ⌦ (# b)i+1 subspace.
Each of these blocks is a Haar-random unitary, and each
block in each two-site gate is chosen independently of all
others.

To characterize the time-evolution of local operators,
it is useful to define a complete orthonormal basis of op-
erators on each site. For the spin, we can use the Pauli
matrices on each site to define an onsite basis as

{�µ=0,1,2,3

i
} ⌘ {Ii, ri, li, zi} = {Ii,

�+

ip
2
,
��

ip
2
, �z

i
},

so ri and li are suitably normalized spin raising and low-
ering operators, respectively. These basis operators all
have a definite �Stot

z
(such as “raise/lower by one”) un-

der the U(1) symmetry that conserves Stot

z
and are thus

more convenient than the Pauli �x/y

i
matrices for char-

acterizing the U(1)-conserving dynamics. For the qudit,
one can construct higher-dimensional generalizations of

the Pauli matrices {⌃µ=0,1,···q2�1

i
} that are normalized

such that Tr(⌃µ†
i

⌃⌫

i
)/q = �µ⌫ . Then, the tensor product

Bµ⌫

i
⌘ �µ

i
⌦ ⌃⌫

i
generates a local basis for the 4q2 opera-

tors acting on each composite site i, denoted in shorthand
as (I⌃⌫)i, (r⌃⌫)i, (l⌃⌫)i and (z⌃⌫)i. Using this basis, the
time evolved operator O(t) can be expanded as:

O(t) =
X

S
aS(t)S, (4)

where each generalized Pauli string S is one of (4q2)L ba-
sis product operators,

Q
i
Bµi⌫i

i
. Since the basis strings

satisfy Tr[S†S 0]/(2q)L = �SS0 , the coe�cients aS can
be obtained as aS(t) = Tr[S†O(t)]/(2q)L. Finally, we
normalize the initial operator O0 such that Tr[O†

0
O0] =

(2q)L which, by the unitarity of the dynamics, implies
that the total weight of O(t) on all strings S is also nor-
malized to 1:

X

S
|aS(t)|2 = 1. (5)

This sum rule is the e↵ective conservation law due to
unitarity37,38.

There are a few classes of operators on site i that evolve
di↵erently under the action of this conserving unitary
circuit. First, (zI)i measures the local conserved charge,
and (II)i is the identity operator. The conservation law
implies that Stot

z
is conserved so that

Stot

z
=

X

i

(zI)i, U(t)†Stot

z
U(t) = Stot

z
, (6)

and the operators (II)i(II)i+1, (zI)i(zI)i+1, and
[(zI)i(II)i+1 + (II)i(zI)i+1]/

p
2 are left invariant by the

action of all local gates Ui,i+1. Further, if one starts with
an operator with a definite �Stot

z
under the U(1) sym-

metry (for example, (r⌃⌫)i raises the spin by one), the
action of the circuit preserves this �Stot

z
. Appendix A

summarizes the action of Ui,i+1 on all possible two-site
operators.

It will be subsequently useful to separate the spreading
operator into conserved and non-conserved pieces. To
intuitively understand this separation, consider an initial
density matrix

⇢(0) = (Iall + AO0)/(2q)L, (7)

where Iall is the background equilibrium state which is
the identity on the full system; AO0 is a traceless local on-
site perturbation at the origin to this equilibrium state,
with O0 normalized such that Tr[O†

0
O0] = (2q)L, and A is

⌧ t
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Hz
<latexit sha1_base64="IbU+B7nw/XOa0Zsv5VVEwhIIzj0=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix66bGCaQttKJvtpF262YTdjVBDf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2IyrNE/lgJikGMR1KHnFGjZX8Rj9/mvYrVbfmzkFWiVeQKhRo9itfvUHCshilYYJq3fXc1AQ5VYYzgdNyL9OYUjamQ+xaKmmMOsjnx07JuVUGJEqULWnIXP09kdNY60kc2s6YmpFe9mbif143M9FNkHOZZgYlWyyKMkFMQmafkwFXyIyYWEKZ4vZWwkZUUWZsPmUbgrf88ippXdY8t+bdX1Xrt0UcJTiFM7gAD66hDg1ogg8MODzDK7w50nlx3p2PReuaU8ycwB84nz/1s47F</latexit><latexit sha1_base64="IbU+B7nw/XOa0Zsv5VVEwhIIzj0=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix66bGCaQttKJvtpF262YTdjVBDf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2IyrNE/lgJikGMR1KHnFGjZX8Rj9/mvYrVbfmzkFWiVeQKhRo9itfvUHCshilYYJq3fXc1AQ5VYYzgdNyL9OYUjamQ+xaKmmMOsjnx07JuVUGJEqULWnIXP09kdNY60kc2s6YmpFe9mbif143M9FNkHOZZgYlWyyKMkFMQmafkwFXyIyYWEKZ4vZWwkZUUWZsPmUbgrf88ippXdY8t+bdX1Xrt0UcJTiFM7gAD66hDg1ogg8MODzDK7w50nlx3p2PReuaU8ycwB84nz/1s47F</latexit><latexit sha1_base64="IbU+B7nw/XOa0Zsv5VVEwhIIzj0=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix66bGCaQttKJvtpF262YTdjVBDf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2IyrNE/lgJikGMR1KHnFGjZX8Rj9/mvYrVbfmzkFWiVeQKhRo9itfvUHCshilYYJq3fXc1AQ5VYYzgdNyL9OYUjamQ+xaKmmMOsjnx07JuVUGJEqULWnIXP09kdNY60kc2s6YmpFe9mbif143M9FNkHOZZgYlWyyKMkFMQmafkwFXyIyYWEKZ4vZWwkZUUWZsPmUbgrf88ippXdY8t+bdX1Xrt0UcJTiFM7gAD66hDg1ogg8MODzDK7w50nlx3p2PReuaU8ycwB84nz/1s47F</latexit><latexit sha1_base64="IbU+B7nw/XOa0Zsv5VVEwhIIzj0=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix66bGCaQttKJvtpF262YTdjVBDf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2IyrNE/lgJikGMR1KHnFGjZX8Rj9/mvYrVbfmzkFWiVeQKhRo9itfvUHCshilYYJq3fXc1AQ5VYYzgdNyL9OYUjamQ+xaKmmMOsjnx07JuVUGJEqULWnIXP09kdNY60kc2s6YmpFe9mbif143M9FNkHOZZgYlWyyKMkFMQmafkwFXyIyYWEKZ4vZWwkZUUWZsPmUbgrf88ippXdY8t+bdX1Xrt0UcJTiFM7gAD66hDg1ogg8MODzDK7w50nlx3p2PReuaU8ycwB84nz/1s47F</latexit>

Floquet systems and Random Unitary circuits

PRB 99, 161106 (2019)

PRX 8, 031057 (2018)
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Out-of-time ordered commutators (OTOCs)

Much explored as detector of chaos.

<latexit sha1_base64="P8qFUGw3KR0F+J3smWrX4Plfb3g="></latexit>

C(x, t) ⌘ 1

2

⌦
[V (t),W ]†[V (t),W ]

↵

<latexit sha1_base64="/UPluFGRsvRyTFUN+sF0QXICgdE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPXLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rXuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDtKmM4A==</latexit>

V
<latexit sha1_base64="i/Ncnx9gHjFOy6CMHiTnRJFtkPw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rXuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDti2M4Q==</latexit>

W
<latexit sha1_base64="8yaoKCskarkczxuKjVJDmOoaVJQ=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68diC/YA2lM120q7dbMLuRiyhv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGivVn3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWrX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD6DGNAg==</latexit>x

<latexit sha1_base64="1zl72Czq56gGbnw0wzZF3NT/n8c=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2J0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzfz2E2gjYvWAkwT8iA2VCAVnaKUG9ssVt+rOQVeJl5MKyVHvl796g5inESjkkhnT9dwE/YxpFFzCtNRLDSSMj9kQupYqFoHxs/mhU3pmlQENY21LIZ2rvycyFhkziQLbGTEcmWVvJv7ndVMMb/xMqCRFUHyxKEwlxZjOvqYDoYGjnFjCuBb2VspHTDOONpuSDcFbfnmVtC6q3lXVa1xWard5HEVyQk7JOfHINamRe1InTcIJkGfySt6cR+fFeXc+Fq0FJ585Jn/gfP4A4iGM/g==</latexit>

t

<latexit sha1_base64="1zl72Czq56gGbnw0wzZF3NT/n8c=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2J0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzfz2E2gjYvWAkwT8iA2VCAVnaKUG9ssVt+rOQVeJl5MKyVHvl796g5inESjkkhnT9dwE/YxpFFzCtNRLDSSMj9kQupYqFoHxs/mhU3pmlQENY21LIZ2rvycyFhkziQLbGTEcmWVvJv7ndVMMb/xMqCRFUHyxKEwlxZjOvqYDoYGjnFjCuBb2VspHTDOONpuSDcFbfnmVtC6q3lXVa1xWard5HEVyQk7JOfHINamRe1InTcIJkGfySt6cR+fFeXc+Fq0FJ585Jn/gfP4A4iGM/g==</latexit>

t
<latexit sha1_base64="Nh7TLHkIWAHD9QsOwjc+3htkUJM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUcPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBexGMug==</latexit>

0

<latexit sha1_base64="NDYzpDPf4NReujBVQrH7hehsVpg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzU8Prlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBfJWMuw==</latexit>

1

<latexit sha1_base64="uGGlaDw2/4sy9YhtK9JqqD949K0=">AAAB7XicbVBNSwMxEM3Wr1q/qh69BItQQcquiHos9uKxgv2AdinZNNvGZpMlmRXL0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmBbHgBlz328mtrK6tb+Q3C1vbO7t7xf2DplGJpqxBlVC6HRDDBJesARwEa8eakSgQrBWMalO/9ci04UrewzhmfkQGkoecErBSs1Z+OoPTXrHkVtwZ8DLxMlJCGeq94le3r2gSMQlUEGM6nhuDnxINnAo2KXQTw2JCR2TAOpZKEjHjp7NrJ/jEKn0cKm1LAp6pvydSEhkzjgLbGREYmkVvKv7ndRIIr/2UyzgBJul8UZgIDApPX8d9rhkFMbaEUM3trZgOiSYUbEAFG4K3+PIyaZ5XvMuKd3dRqt5kceTRETpGZeShK1RFt6iOGoiiB/SMXtGbo5wX5935mLfmnGzmEP2B8/kDd9mOaA==</latexit>

C(x, t)

Some works say it does detect chaos at long times (e.g. PRE 100, 042201 (2019))  

 

We don’t see that (to appear in arXiv soon)

Muchas gracias!


