


drawn from static 

random distribution

q fermions or bosons 



modeling chaos in complex nuclei



… discovery of conformal symmetries 



Sachdev-Ye-Kitaev Model (15)
A model of N randomly interacting Majorana fermions

where the interaction constants are static and random,

SYK model

high energy scale

Three perspectives: 
random matrix theory

strong correlation physics

holography



quantum chaos



random matrix correlations:

Note: depending on the value of N mod 8 the model realizes different symmetries
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strong correlations



Strong interactions:

‘infinite range’, strong, chaotic: amenable to large N mean field methods

diagrammatic expansion of Majorana propagator 

disorder averagei

j

k
structureless



Solutions of mean field equation

numerical factorFor 

Non Fermi liquid mean field Green functions



Symmetries
Hamiltonian action (neglecting time 
derivatives) invariant under 
reparameterization of time

Elements of the diffeomorphism manifold describe reparameterizations of time. 
Infinitesimally: generated by Virasoro algebra. Weakly broken by time derivatives 
— problem has NCFT1 symmetry (Maldacena and Stanford, 15).



Symmetry of the mean field

invariance under conformal transformations 

each                                                                                        generates new solution

G(⌧, ⌧ 0) ! Gf (⌧, ⌧
0) = f 0(⌧)1/4f 0(⌧ 0)1/4 G(f(⌧), f(⌧ 0)
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G(⌧, ⌧ 0) ⇠ sgn(⌧ � ⌧ 0)

|⌧ � ⌧ 0|1/2
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emergence of infinite dimensional 
Goldstone mode manifold



Quantum fluctuations & ergodicity 
in the SYK model 
Alexander Altland, Dmitry Bagrets (Cologne), Alex Kamenev (Minnesota)


conformal symmetry breaking, chaos and short 
time dynamics


quantum ergodicity and long time dynamics


Nucl. Phys. B 911, 191 (2016)

Nucl. Phys. B 921, 727 (2017)

Nucl. Phys. B 930, 45 (2018)

 Würzburg, Aug. 2nd 2018




stages of SYK dynamics



SYK timeline

time

I: semiclassical short

time regime

II: large collective 

quantum fluctuations

IV: ergodic 

(RMT) regime 

III: quantum chaotic 

relaxation dynamics

?



conformal symmetry &
Liouville quantum mechanics



Conformal Goldstone mode action

flat measure action of Liouville QM

effect of low energy Goldstone mode fluctuations 
encapsulated in Liouville QM. Universal feature 
(Shelton, Tsvelik 98): all operator correlation 
functions decay as 

 aa, Bagrets, Kamenev, 16



chaos and OTO 
correlation functions



OTO correlation function

Interpretation: quantum butterfly effect

Out of time order (OTO) correlation function: a tool for diagnosing early stages of 
quantum chaotic dynamics (Larkin, Ovchinikov 69):

X,Y one-body operators in many body context.



Short time OTO: stationary phase

At short times stationary phase analysis leads to (Maldacena 16)

Result can be trusted up to effective Ehrenfest time (chaos bound maxed out!)

At intermediate times                     



Long time OTO: conformal Goldstone modes

At long times large Goldstone mode fluctuations generate power law tail



chaos and 
spectral correlation functions



?Ergodic long time regime

Ergodic long time dynamics diagnosed in universal correlations of many body spectra
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Level spacing distribution
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6Level number fluctuations

Spectral form factor (Fourier trafo of energy 
level correlation function)



?Pre ergodic regime

For times shorter than an ergodic time        universal deviations from RMT behavior are 
observed.

RMT

not RMT

(still universal)

Verbaarschot, Garcia-Garcia, 16 Cotler et al. 17



Compare to the physics of dirty metals

Interested in fluctuations of 

Idea: (i) basis change  

Momentum q difference conserved in scattering.

         (ii) interpret this as a basis change in the 

             space of Hilbert space operators.  



dirty metals cont’d

Modes characterized by 


(i) ‘discrete quantum numbers’


(ii) decay constants


(iii)  physical interpretation as irreversible relaxation modes



Dirty metals cont’d

Altshuler & Shklovskii, 86

Kravtsov & Mirlin, 94



relaxation dynamics in Fock space



The setting

Ĥ =
NX

ijkl

Jijkl�i�j�k�l ⌘
X

a

JaX̂a, a = (i, j, k, l)
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SYK dirty metal
Hilbert space Fock space of N/2 fermions function space

dimension 2N/2
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<latexit sha1_base64="DhjG5NXGq6diBYWToP8PGYaY7ko=">AAAB/HicbVC7SgNBFL0bXzG+opY2g0GwCrumUBsN2FhGcJNAsoTZyWwyZmZ2mZkVliX4C7baW4mtP+BX2PolTh6FRg9cOJxzL+dywoQzbVz30yksLa+srhXXSxubW9s75d29po5TRahPYh6rdog15UxS3zDDaTtRFIuQ01Y4upr4rXuqNIvlrckSGgg8kCxiBBsrNbtMRibrlStu1Z0C/SXenFQuP2q1OgA0euWvbj8mqaDSEI617nhuYoIcK8MIp+NSN9U0wWSEB7RjqcSC6iCffjtGR1bpoyhWdqRBU/XnRY6F1pkI7abAZqgXvYn4rxeKhWQTnQU5k0lqqCSz4CjlyMRoUgXqM0WJ4ZklmChmf0dkiBUmxhZWsqV4ixX8Jf5J9bzq3biV+gXMUIQDOIRj8OAU6nANDfCBwB08whM8Ow/Oi/PqvM1WC878Zh9+wXn/BtWkl1Y=</latexit><latexit sha1_base64="fr9p33C7kRF4K3MJSQ8HOvtz4RE=">AAAB/HicbVC7SgNBFL0bXzG+opY2g0GwCrtaqI0GbCwjuEkgWcLsZDYZMzO7zMwKYQn+gq32VmLrD/gVtn6Jk00KTTxw4XDOvZzLCRPOtHHdL6ewtLyyulZcL21sbm3vlHf3GjpOFaE+iXmsWiHWlDNJfcMMp61EUSxCTpvh8HriNx+o0iyWd2aU0EDgvmQRI9hYqdFhMjKjbrniVt0caJF4M1K5+jzNUe+Wvzu9mKSCSkM41rrtuYkJMqwMI5yOS51U0wSTIe7TtqUSC6qDLP92jI6s0kNRrOxIg3L190WGhdYjEdpNgc1Az3sT8V8vFHPJJjoPMiaT1FBJpsFRypGJ0aQK1GOKEsNHlmCimP0dkQFWmBhbWMmW4s1XsEj8k+pF1bt1K7VLmKIIB3AIx+DBGdTgBurgA4F7eIJneHEenVfnzXmfrhac2c0+/IHz8QOY1Zfi</latexit><latexit sha1_base64="fr9p33C7kRF4K3MJSQ8HOvtz4RE=">AAAB/HicbVC7SgNBFL0bXzG+opY2g0GwCrtaqI0GbCwjuEkgWcLsZDYZMzO7zMwKYQn+gq32VmLrD/gVtn6Jk00KTTxw4XDOvZzLCRPOtHHdL6ewtLyyulZcL21sbm3vlHf3GjpOFaE+iXmsWiHWlDNJfcMMp61EUSxCTpvh8HriNx+o0iyWd2aU0EDgvmQRI9hYqdFhMjKjbrniVt0caJF4M1K5+jzNUe+Wvzu9mKSCSkM41rrtuYkJMqwMI5yOS51U0wSTIe7TtqUSC6qDLP92jI6s0kNRrOxIg3L190WGhdYjEdpNgc1Az3sT8V8vFHPJJjoPMiaT1FBJpsFRypGJ0aQK1GOKEsNHlmCimP0dkQFWmBhbWMmW4s1XsEj8k+pF1bt1K7VLmKIIB3AIx+DBGdTgBurgA4F7eIJneHEenVfnzXmfrhac2c0+/IHz8QOY1Zfi</latexit><latexit sha1_base64="UlrGRrbLQM3L3sH+aXqLh/2lfgM=">AAAB/HicbVBNS8NAFHzxs9avqkcvi0XwVBIv6kUKXjxWMG2hDWWz3bRrN5uw+yKUUPwLXvXuSbz6X7z6S9y2OWjrwINh5j3mMWEqhUHX/XJWVtfWNzZLW+Xtnd29/crBYdMkmWbcZ4lMdDukhkuhuI8CJW+nmtM4lLwVjm6mfuuRayMSdY/jlAcxHSgRCUbRSs2uUBGOe5WqW3NnIMvEK0gVCjR6le9uP2FZzBUySY3peG6KQU41Cib5pNzNDE8pG9EB71iqaMxNkM++nZBTq/RJlGg7CslM/X2R09iYcRzazZji0Cx6U/FfL4wXkjG6DHKh0gy5YvPgKJMEEzKtgvSF5gzl2BLKtLC/EzakmjK0hZVtKd5iBcvEP69d1bw7t1q/LtopwTGcwBl4cAF1uIUG+MDgAZ7hBV6dJ+fNeXc+5qsrTnFzBH/gfP4AfxCVrg==</latexit>

basis states m = (1, 0, 0, 1, . . . )
<latexit sha1_base64="sUNaaWgXdTgBuaQtBZYB97+m6HA=">AAACCXicbVDLSgMxFL1TX7W+proUZLAIFUqZcaMulIIblxUcW2iHkkkzbWiSGZKMUkr/wB/oQnCle1fi1q9w65eYPhbaekLgcM493MsJE0aVdt0vK7O0vLK6ll3PbWxube/Y+d07FacSEx/HLJb1ECnCqCC+ppqReiIJ4iEjtbB3NfZr90QqGotb3U9IwFFH0IhipI3UsvP8ouiVXPO8UrMda3Xcsgtu2Z3AWSTejBQqB6PRMwBUW/a3CeKUE6ExQ0o1PDfRwQBJTTEjw1wzVSRBuIc6pGGoQJyoYDA5fegcGaXtRLE0X2hnov5ODBBXqs9DM8mR7qp5byz+64V8brOOzoIBFUmqicDTxVHKHB07416cNpUEa9Y3BGFJze0O7iKJsDbt5Uwp3nwFi8Q/KZ+XvRtTziVMkYV9OIQieHAKFbiGKviA4QGe4AVerUfrzXq3PqajGWuW2YM/sD5/AOC2mno=</latexit><latexit sha1_base64="77cHMqcHZ4Jj4jaCEtCvX5kSz/s=">AAACCXicbVDLSgMxFM34rPU11aUgg0WoUMqMG3WhFNy4rODYQltKJs20oUlmSO4oZegf+AMKbnXvStz6FW79EjNtF9p6QuBwzj3cywlizjS47pe1sLi0vLKaW8uvb2xubduFnVsdJYpQn0Q8Uo0Aa8qZpD4w4LQRK4pFwGk9GFxmfv2OKs0ieQPDmLYF7kkWMoLBSB27IM5LXtk1zyu3uhHoo45ddCvuGM488aakWN1/zPBU69jfJkgSQSUQjrVuem4M7RQrYITTUb6VaBpjMsA92jRUYkF1Ox2fPnIOjdJ1wkiZL8EZq78TKRZaD0VgJgWGvp71MvFfLxAzmyE8badMxglQSSaLw4Q7EDlZL06XKUqADw3BRDFzu0P6WGECpr28KcWbrWCe+MeVs4p3bcq5QBPk0B46QCXkoRNURVeohnxE0D16Ri/o1Xqw3qx362MyumBNM7voD6zPH1iNnD8=</latexit><latexit sha1_base64="77cHMqcHZ4Jj4jaCEtCvX5kSz/s=">AAACCXicbVDLSgMxFM34rPU11aUgg0WoUMqMG3WhFNy4rODYQltKJs20oUlmSO4oZegf+AMKbnXvStz6FW79EjNtF9p6QuBwzj3cywlizjS47pe1sLi0vLKaW8uvb2xubduFnVsdJYpQn0Q8Uo0Aa8qZpD4w4LQRK4pFwGk9GFxmfv2OKs0ieQPDmLYF7kkWMoLBSB27IM5LXtk1zyu3uhHoo45ddCvuGM488aakWN1/zPBU69jfJkgSQSUQjrVuem4M7RQrYITTUb6VaBpjMsA92jRUYkF1Ox2fPnIOjdJ1wkiZL8EZq78TKRZaD0VgJgWGvp71MvFfLxAzmyE8badMxglQSSaLw4Q7EDlZL06XKUqADw3BRDFzu0P6WGECpr28KcWbrWCe+MeVs4p3bcq5QBPk0B46QCXkoRNURVeohnxE0D16Ri/o1Xqw3qx362MyumBNM7voD6zPH1iNnD8=</latexit><latexit sha1_base64="SWt0wy8yfRvlV7Bijl1wK8eGGI0=">AAACCXicbVDLSsNAFL2pr1pfqS7dDBahQimJG3WhFNy4rGBsoQ1lMp20Q2eSMDNRSugf+Atude9K3PoVbv0Sp20W2nqGgcM593AvJ0g4U9pxvqzCyura+kZxs7S1vbO7Z5f371WcSkI9EvNYtgOsKGcR9TTTnLYTSbEIOG0Fo+up33qgUrE4utPjhPoCDyIWMoK1kXp2WVxW3Zpjnlvr9mOtTnp2xak7M6Bl4uakAjmaPfvbBEkqaKQJx0p1XCfRfoalZoTTSambKppgMsID2jE0woIqP5udPkHHRumjMJbmRxrN1N+JDAulxiIwkwLroVr0puK/XiAWNuvw3M9YlKSaRmS+OEw50jGa9oL6TFKi+dgQTCQztyMyxBITbdormVLcxQqWiXdav6i7t06lcZW3U4RDOIIquHAGDbiBJnhA4BGe4QVerSfrzXq3PuajBSvPHMAfWJ8/zBSYSg==</latexit>

|xi
<latexit sha1_base64="KBW2lXqDb8yD6zWxi8rPnLvbxN4=">AAAB/3icbVC7SgNBFL0bXzG+opaCDAbBKuzaqI0EbCwjuCaSLGF2MpsMmZldZmbFsKbxF6wCCpZWYuun2PolTh6FJh64cDjnXs7lhAln2rjul5NbWFxaXsmvFtbWNza3its7NzpOFaE+iXms6iHWlDNJfcMMp/VEUSxCTmth72Lk1+6o0iyW16af0EDgjmQRI9hY6fbhvqmw7HDaKpbcsjsGmifelJQq+8PhKwBUW8XvZjsmqaDSEI61bnhuYoIMK8MIp4NCM9U0waSHO7RhqcSC6iAbPzxAh1ZpoyhWdqRBY/X3RYaF1n0R2k2BTVfPeiPxXy8UM8kmOg0yJpPUUEkmwVHKkYnRqA3UZooSw/uWYKKY/R2RLlaYGNtZwZbizVYwT/zj8lnZu7LlnMMEediDAzgCD06gApdQBR8ICHiCZ3hxHp035935mKzmnOnNLvyB8/kDCO2ZPw==</latexit><latexit sha1_base64="zXGhzmfMN4U5yTgifmsvBiX1qv0=">AAAB/3icbVA9SwNBFHznZ4xfUUtBFoNgFe5s1EYCNpYRPBNJjrC32UuW7O4du3tiONP4F6wU7a3E1p9i6y9xL0mhiQMPhpn3mMeECWfauO6XMze/sLi0XFgprq6tb2yWtravdZwqQn0S81g1QqwpZ5L6hhlOG4miWISc1sP+ee7Xb6nSLJZXZpDQQOCuZBEj2Fjp5v6upbDsctould2KOwKaJd6ElKt7Tzmea+3Sd6sTk1RQaQjHWjc9NzFBhpVhhNNhsZVqmmDSx13atFRiQXWQjR4eogOrdFAUKzvSoJH6+yLDQuuBCO2mwKanp71c/NcLxVSyiU6CjMkkNVSScXCUcmRilLeBOkxRYvjAEkwUs78j0sMKE2M7K9pSvOkKZol/VDmteJe2nDMYowC7sA+H4MExVOECauADAQGP8AKvzoPz5rw7H+PVOWdyswN/4Hz+AIC1mwQ=</latexit><latexit sha1_base64="zXGhzmfMN4U5yTgifmsvBiX1qv0=">AAAB/3icbVA9SwNBFHznZ4xfUUtBFoNgFe5s1EYCNpYRPBNJjrC32UuW7O4du3tiONP4F6wU7a3E1p9i6y9xL0mhiQMPhpn3mMeECWfauO6XMze/sLi0XFgprq6tb2yWtravdZwqQn0S81g1QqwpZ5L6hhlOG4miWISc1sP+ee7Xb6nSLJZXZpDQQOCuZBEj2Fjp5v6upbDsctould2KOwKaJd6ElKt7Tzmea+3Sd6sTk1RQaQjHWjc9NzFBhpVhhNNhsZVqmmDSx13atFRiQXWQjR4eogOrdFAUKzvSoJH6+yLDQuuBCO2mwKanp71c/NcLxVSyiU6CjMkkNVSScXCUcmRilLeBOkxRYvjAEkwUs78j0sMKE2M7K9pSvOkKZol/VDmteJe2nDMYowC7sA+H4MExVOECauADAQGP8AKvzoPz5rw7H+PVOWdyswN/4Hz+AIC1mwQ=</latexit><latexit sha1_base64="mhsMTu2QUDf+Hk965WjeUP7jCwA=">AAAB/3icbVA9SwNBFHwXv2L8ilraHAbBKtzZqI0EbCwjeCaSHGFv8y5Zsrt37O6JIabxL9hqbyW2/hRbf4mb5ApNHHgwzLzHPCZKOdPG876cwtLyyupacb20sbm1vVPe3bvVSaYoBjThiWpGRCNnEgPDDMdmqpCIiGMjGlxO/MY9Ks0SeWOGKYaC9CSLGSXGSnePD21FZI9jp1zxqt4U7iLxc1KBHPVO+bvdTWgmUBrKidYt30tNOCLKMMpxXGpnGlNCB6SHLUslEajD0fThsXtkla4bJ8qONO5U/X0xIkLroYjspiCmr+e9ifivF4m5ZBOfhSMm08ygpLPgOOOuSdxJG26XKaSGDy0hVDH7u0v7RBFqbGclW4o/X8EiCU6q51X/2qvULvJ2inAAh3AMPpxCDa6gDgFQEPAML/DqPDlvzrvzMVstOPnNPvyB8/kD9DyXDw==</latexit>

scattering vertex Xa

Xa

n n

m m

Xb

Xb

scattering states

V (x)

V (y)

ξ(x − y)

|ni ⌦ hm|
<latexit sha1_base64="sEwWdrVF8RZUsgVd0UN4poHr8p0=">AAACFHicbVC9SwMxHP2dn7V+nToqEiyCU7lzURcpuDhWsLbQO0ouzbWhSe5IckJpu/hPSDdHV92dxNXd1b/E9GPQ1geBl/d+P17yopQzbTzvy1lYXFpeWc2t5dc3Nre23Z3dO51kitAKSXiiahHWlDNJK4YZTmupolhEnFajztXIr95TpVkib003paHALcliRrCxUsM96MtAYdniFAWJYYJqFPDJXfQbbsEremOgeeJPSaF0OBw+AUC54X4HzYRkgkpDONa67nupCXtYGUY4HeSDTNMUkw5u0bqlEtu8sDf+xQAdW6WJ4kTZIw0aq783elho3RWRnRTYtPWsNxL/9SIxk2zi87DHZJoZKskkOM44MgkaVYSaTFFieNcSTBSzb0ekjRUmxhaZt6X4sxXMk8pp8aLo39hyLmGCHOzDEZyAD2dQgmsoQwUIPMAzvMCr8+i8Oe/Ox2R0wZnu7MEfOJ8/xyGhKQ==</latexit><latexit sha1_base64="pIYI+KQnkndriL09axHAEmBUNLc=">AAACFHicbVBPS8MwHE3nvzn/VT0qEhyCp9F6US8y8OJxgnWDtYw0S7ewJC1JKoxuF7+E6CfwqndP4tW7Vz+J6bqDbj4IvLz3+/GSFyaMKu04X1ZpYXFpeaW8Wllb39jcsrd3blWcSkw8HLNYtkKkCKOCeJpqRlqJJIiHjDTDwWXuN++IVDQWN3qYkICjnqARxUgbqWPvj4QvkegxAv1YU04U9Flx56OOXXVqzgRwnrhTUq0fPOZ4anTsb78b45QToTFDSrVdJ9FBhqSmmJFxxU8VSRAeoB5pGyqQyQuyyS/G8MgoXRjF0hyh4UT9vZEhrtSQh2aSI91Xs14u/uuFfCZZR2dBRkWSaiJwERylDOoY5hXBLpUEazY0BGFJzdsh7iOJsDZFVkwp7mwF88Q7qZ3X3GtTzgUoUAZ74BAcAxecgjq4Ag3gAQzuwTN4Aa/Wg/VmvVsfxWjJmu7sgj+wPn8APvii7g==</latexit><latexit sha1_base64="pIYI+KQnkndriL09axHAEmBUNLc=">AAACFHicbVBPS8MwHE3nvzn/VT0qEhyCp9F6US8y8OJxgnWDtYw0S7ewJC1JKoxuF7+E6CfwqndP4tW7Vz+J6bqDbj4IvLz3+/GSFyaMKu04X1ZpYXFpeaW8Wllb39jcsrd3blWcSkw8HLNYtkKkCKOCeJpqRlqJJIiHjDTDwWXuN++IVDQWN3qYkICjnqARxUgbqWPvj4QvkegxAv1YU04U9Flx56OOXXVqzgRwnrhTUq0fPOZ4anTsb78b45QToTFDSrVdJ9FBhqSmmJFxxU8VSRAeoB5pGyqQyQuyyS/G8MgoXRjF0hyh4UT9vZEhrtSQh2aSI91Xs14u/uuFfCZZR2dBRkWSaiJwERylDOoY5hXBLpUEazY0BGFJzdsh7iOJsDZFVkwp7mwF88Q7qZ3X3GtTzgUoUAZ74BAcAxecgjq4Ag3gAQzuwTN4Aa/Wg/VmvVsfxWjJmu7sgj+wPn8APvii7g==</latexit><latexit sha1_base64="ZWmAhIDe5ZrU/gEL+r9wCjmt+SU=">AAACFHicbVC9TsMwGHTKXyl/AUYYLCokpiphARZUiYWxSIQiNVHluE5r1XYi+wtS1XbhJXgFVtiZECs7K0+C22aAlpMsne++T2dfnAluwPO+nNLS8srqWnm9srG5tb3j7u7dmTTXlAU0Fam+j4lhgisWAAfB7jPNiIwFa8b9q4nffGDa8FTdwiBjkSRdxRNOCVip7R6OVKiJ6gqGwxS4ZAaHYnaXo7Zb9WreFHiR+AWpogKNtvsddlKaS6aACmJMy/cyiIZEA6eCjSthblhGaJ90WctSRWxeNJz+YoyPrdLBSartUYCn6u+NIZHGDGRsJyWBnpn3JuK/XiznkiE5j4ZcZTkwRWfBSS4wpHhSEe5wzSiIgSWEam7fjmmPaELBFlmxpfjzFSyS4LR2UfNvvGr9sminjA7QETpBPjpDdXSNGihAFD2iZ/SCXp0n5815dz5moyWn2NlHf+B8/gCyf575</latexit>

|xi ⌦ hy|
<latexit sha1_base64="H3Sg4dLSfkdsu+bqWDqUZt6Ff1A=">AAACE3icbVA/SwMxHP1d/Vfrv1PHggSL4FTuXNRFCi6OFTxb6B0ll6ZtaC53JDmxtB38EkI3N1fdncTVD+DqJzG9dtDWB4GX934/XvLChDOlHefLyi0tr6yu5dcLG5tb2zv27t6tilNJqEdiHst6iBXlTFBPM81pPZEURyGntbB3OfFrd1QqFosb3U9oEOGOYG1GsDZS0y4O732JRYdTP9Ysogr5PLui/rBpl5yykwEtEndGSpWD8fgJAKpN+9tvxSSNqNCEY6UarpPoYIClZoTTUcFPFU0w6eEObRgqsMkLBtknRujIKC3UjqU5QqNM/b0xwJFS/Sg0kxHWXTXvTcR/vTCaS9bts2DARJJqKsg0uJ1ypGM0aQi1mKRE874hmEhm3o5IF0tMtOmxYEpx5ytYJN5J+bzsXptyLmCKPBThEI7BhVOowBVUwQMCD/AML/BqPVpv1rv1MR3NWbOdffgD6/MHjSShFQ==</latexit><latexit sha1_base64="X7+xYWeJ2rbGZlVJ+zAoqDmP3fI=">AAACE3icbVBPS8MwHE39O+e/qseBBIfgabRe1IsMvHicYN1gLSPNsi0sSUuSiqXbwS8h6BfwqndP4tUP4NVPYtrtoJsPAi/v/X685IUxo0o7zpe1sLi0vLJaWiuvb2xubds7uzcqSiQmHo5YJFshUoRRQTxNNSOtWBLEQ0aa4fAi95u3RCoaiWudxiTgqC9oj2KkjdSxK6M7XyLRZ8SPNOVEQZ8VV5iOOnbVqTkF4Dxxp6Ra33/M8dTo2N9+N8IJJ0JjhpRqu06sgwxJTTEj47KfKBIjPER90jZUIJMXZMUnxvDQKF3Yi6Q5QsNC/b2RIa5UykMzyZEeqFkvF//1Qj6TrHunQUZFnGgi8CS4lzCoI5g3BLtUEqxZagjCkpq3QzxAEmFteiybUtzZCuaJd1w7q7lXppxzMEEJVMABOAIuOAF1cAkawAMY3INn8AJerQfrzXq3PiajC9Z0Zw/8gfX5AwT7oto=</latexit><latexit sha1_base64="X7+xYWeJ2rbGZlVJ+zAoqDmP3fI=">AAACE3icbVBPS8MwHE39O+e/qseBBIfgabRe1IsMvHicYN1gLSPNsi0sSUuSiqXbwS8h6BfwqndP4tUP4NVPYtrtoJsPAi/v/X685IUxo0o7zpe1sLi0vLJaWiuvb2xubds7uzcqSiQmHo5YJFshUoRRQTxNNSOtWBLEQ0aa4fAi95u3RCoaiWudxiTgqC9oj2KkjdSxK6M7XyLRZ8SPNOVEQZ8VV5iOOnbVqTkF4Dxxp6Ra33/M8dTo2N9+N8IJJ0JjhpRqu06sgwxJTTEj47KfKBIjPER90jZUIJMXZMUnxvDQKF3Yi6Q5QsNC/b2RIa5UykMzyZEeqFkvF//1Qj6TrHunQUZFnGgi8CS4lzCoI5g3BLtUEqxZagjCkpq3QzxAEmFteiybUtzZCuaJd1w7q7lXppxzMEEJVMABOAIuOAF1cAkawAMY3INn8AJerQfrzXq3PiajC9Z0Zw/8gfX5AwT7oto=</latexit><latexit sha1_base64="GZYzubkJgMfeCHjbn4Ob5qctL/w=">AAACE3icbVC9TsMwGHTKXyl/AcYuFhUSU5WwAAuqxMJYJEIrNVHluE5r1XYi20FEaQdegldghZ0JsfIArDwJbpoBWk6ydL77Pp19YcKo0o7zZVVWVtfWN6qbta3tnd09e//gTsWpxMTDMYtlN0SKMCqIp6lmpJtIgnjISCccX838zj2RisbiVmcJCTgaChpRjLSR+nZ98uBLJIaM+LGmnCjos+IKs0nfbjhNpwBcJm5JGqBEu29/+4MYp5wIjRlSquc6iQ5yJDXFjExrfqpIgvAYDUnPUIFMXpAXn5jCY6MMYBRLc4SGhfp7I0dcqYyHZpIjPVKL3kz81wv5QrKOzoOciiTVROB5cJQyqGM4awgOqCRYs8wQhCU1b4d4hCTC2vRYM6W4ixUsE++0edF0b5xG67Jspwrq4AicABecgRa4Bm3gAQwewTN4Aa/Wk/VmvVsf89GKVe4cgj+wPn8AeIKe5Q==</latexit>

basis of 

conserved states

|p+ q
2 i ⌦ hp� q

2 |
<latexit sha1_base64="o2ai+R0lsEAWQisr7h0cwtTLkJQ=">AAACLXicbVDLSgMxFL1T3/VVdSlIsAiCWGYKom6k4MalglXBKSWTZmowkxmTO0KZ9kOKGz/BX3Cre0EQF278DdPWRW09EDg5515OcoJECoOu++7kJianpmdm5/LzC4tLy4WV1QsTp5rxKotlrK8CargUildRoORXieY0CiS/DG6Pe/7lPddGxOocWwmvRbSpRCgYRSvVC3vtZMfHUFOW3XWycsfXVDUl92MUETfEl/0rSXaHh9r1QtEtuX2QceL9kmJlo9t9BIDTeuHLb8QsjbhCJqkx156bYC2jGgWTvJP3U8MTym5pk19bqqgNr2X973XIllUaJIy1PQpJXx3eyGhkTCsK7GRE8caMej3xXy+IRpIxPKhlQiUpcsUGwWEqCcak1x1pCM0ZypYllGlh307YDbW1oG04b0vxRisYJ9Vy6bDkndlyjmCAWViHTdgGD/ahAidwClVg8ADP8AKvzpPz5nw4n4PRnPO7swZ/4Hz/ABh5rF4=</latexit><latexit sha1_base64="x5J25R7tHCunXhfMcgnyiJt3mDE=">AAACLXicbVDLSgMxFM3UV62vqktBgkUQxDJTEHUjBTcuK1hb6JSSSTNtaCYzJneEMp0PUX/CX3Cre0EQF278DdPHolYPBE7OuZeTHC8SXINtv1uZufmFxaXscm5ldW19I7+5daPDWFFWpaEIVd0jmgkuWRU4CFaPFCOBJ1jN610M/dodU5qH8hr6EWsGpCO5zykBI7Xyx4Po0AVfEZrcpkkpdRWRHcHcEHjANHbF6Iqjo+mhQStfsIv2CPgvcSakUN69H+Kh0sp/ue2QxgGTQAXRuuHYETQTooBTwdKcG2sWEdojHdYwVBIT3kxG30vxvlHa2A+VORLwSJ3eSEigdT/wzGRAoKtnvaH4r+cFM8ngnzYTLqMYmKTjYD8WGEI87A63uWIURN8QQhU3b8e0S0wtYBrOmVKc2Qr+kmqpeFZ0rkw552iMLNpBe+gAOegEldElqqAqougRPaMX9Go9WW/Wh/U5Hs1Yk51t9AvW9w+QQa4j</latexit><latexit sha1_base64="x5J25R7tHCunXhfMcgnyiJt3mDE=">AAACLXicbVDLSgMxFM3UV62vqktBgkUQxDJTEHUjBTcuK1hb6JSSSTNtaCYzJneEMp0PUX/CX3Cre0EQF278DdPHolYPBE7OuZeTHC8SXINtv1uZufmFxaXscm5ldW19I7+5daPDWFFWpaEIVd0jmgkuWRU4CFaPFCOBJ1jN610M/dodU5qH8hr6EWsGpCO5zykBI7Xyx4Po0AVfEZrcpkkpdRWRHcHcEHjANHbF6Iqjo+mhQStfsIv2CPgvcSakUN69H+Kh0sp/ue2QxgGTQAXRuuHYETQTooBTwdKcG2sWEdojHdYwVBIT3kxG30vxvlHa2A+VORLwSJ3eSEigdT/wzGRAoKtnvaH4r+cFM8ngnzYTLqMYmKTjYD8WGEI87A63uWIURN8QQhU3b8e0S0wtYBrOmVKc2Qr+kmqpeFZ0rkw552iMLNpBe+gAOegEldElqqAqougRPaMX9Go9WW/Wh/U5Hs1Yk51t9AvW9w+QQa4j</latexit><latexit sha1_base64="Mi7HSEF3EdzgwNku0AHMiuLGVmg=">AAACLXicbVDLSgMxFM3UV62vqks3wSIIYpkpiLqRghuXFRxb6Awlk2ba0ExmTO4IZdov8Sf8Bbe6FwRx4cbfMH0sauuBwMk593KSEySCa7DtDyu3tLyyupZfL2xsbm3vFHf37nWcKspcGotYNQKimeCSucBBsEaiGIkCwepB73rk1x+Z0jyWd9BPmB+RjuQhpwSM1CqeDZITD0JFaPYwzCpDTxHZEcyLgUdMY0+Mrzg5nR0atIolu2yPgReJMyUlNEWtVfz22jFNIyaBCqJ107ET8DOigFPBhgUv1SwhtEc6rGmoJCbcz8bfG+Ijo7RxGCtzJOCxOruRkUjrfhSYyYhAV897I/FfL4jmkiG88DMukxSYpJPgMBUYYjzqDre5YhRE3xBCFTdvx7RLTC1gGi6YUpz5ChaJWylflp1bu1S9mraTRwfoEB0jB52jKrpBNeQiip7QC3pFb9az9W59Wl+T0Zw13dlHf2D9/AID16ou</latexit>

X̂µ ⌘ �µ1�µ2 . . .�µk ,

µ ⌘ (µ1, µ2, . . . , µk)
<latexit sha1_base64="fWTmZ1Q2vkXZg4a/q+unyw1G4Tg="></latexit><latexit sha1_base64="fWTmZ1Q2vkXZg4a/q+unyw1G4Tg="></latexit><latexit sha1_base64="fWTmZ1Q2vkXZg4a/q+unyw1G4Tg="></latexit><latexit sha1_base64="fWTmZ1Q2vkXZg4a/q+unyw1G4Tg="></latexit>



setting cont’d

Xa
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µ µ µ

V (x)

ξ(x − y)conserved modes

eigenvalues

SYK dirty metal

Dq2 � i!
<latexit sha1_base64="29xd4kiI6Ulh4WAgXiGg8JIRJCE=">AAACAnicbVA9SwNBFNzzM8avqKXNYhBsDHdBUBsJaGEZwZhA7gx7m3fJkt29c3dPCEdK/4Kt9lZi6x+x9Ze4Sa7QxIEHw8x7zGPChDNtXPfLWVhcWl5ZLawV1zc2t7ZLO7t3Ok4VhQaNeaxaIdHAmYSGYYZDK1FARMihGQ4ux37zEZRmsbw1wwQCQXqSRYwSYyX/6uG+esz8WECPdEplt+JOgOeJl5MyylHvlL79bkxTAdJQTrRue25igowowyiHUdFPNSSEDkgP2pZKIkAH2eTnET60ShdHsbIjDZ6ovy8yIrQeitBuCmL6etYbi/96oZhJNtFZkDGZpAYknQZHKccmxuNCcJcpoIYPLSFUMfs7pn2iCDW2tqItxZutYJ40qpXzindzUq5d5O0U0D46QEfIQ6eohq5RHTUQRQl6Ri/o1Xly3px352O6uuDkN3voD5zPHyZRl6g=</latexit><latexit sha1_base64="29xd4kiI6Ulh4WAgXiGg8JIRJCE=">AAACAnicbVA9SwNBFNzzM8avqKXNYhBsDHdBUBsJaGEZwZhA7gx7m3fJkt29c3dPCEdK/4Kt9lZi6x+x9Ze4Sa7QxIEHw8x7zGPChDNtXPfLWVhcWl5ZLawV1zc2t7ZLO7t3Ok4VhQaNeaxaIdHAmYSGYYZDK1FARMihGQ4ux37zEZRmsbw1wwQCQXqSRYwSYyX/6uG+esz8WECPdEplt+JOgOeJl5MyylHvlL79bkxTAdJQTrRue25igowowyiHUdFPNSSEDkgP2pZKIkAH2eTnET60ShdHsbIjDZ6ovy8yIrQeitBuCmL6etYbi/96oZhJNtFZkDGZpAYknQZHKccmxuNCcJcpoIYPLSFUMfs7pn2iCDW2tqItxZutYJ40qpXzindzUq5d5O0U0D46QEfIQ6eohq5RHTUQRQl6Ri/o1Xly3px352O6uuDkN3voD5zPHyZRl6g=</latexit><latexit sha1_base64="29xd4kiI6Ulh4WAgXiGg8JIRJCE=">AAACAnicbVA9SwNBFNzzM8avqKXNYhBsDHdBUBsJaGEZwZhA7gx7m3fJkt29c3dPCEdK/4Kt9lZi6x+x9Ze4Sa7QxIEHw8x7zGPChDNtXPfLWVhcWl5ZLawV1zc2t7ZLO7t3Ok4VhQaNeaxaIdHAmYSGYYZDK1FARMihGQ4ux37zEZRmsbw1wwQCQXqSRYwSYyX/6uG+esz8WECPdEplt+JOgOeJl5MyylHvlL79bkxTAdJQTrRue25igowowyiHUdFPNSSEDkgP2pZKIkAH2eTnET60ShdHsbIjDZ6ovy8yIrQeitBuCmL6etYbi/96oZhJNtFZkDGZpAYknQZHKccmxuNCcJcpoIYPLSFUMfs7pn2iCDW2tqItxZutYJ40qpXzindzUq5d5O0U0D46QEfIQ6eohq5RHTUQRQl6Ri/o1Xly3px352O6uuDkN3voD5zPHyZRl6g=</latexit><latexit sha1_base64="29xd4kiI6Ulh4WAgXiGg8JIRJCE=">AAACAnicbVA9SwNBFNzzM8avqKXNYhBsDHdBUBsJaGEZwZhA7gx7m3fJkt29c3dPCEdK/4Kt9lZi6x+x9Ze4Sa7QxIEHw8x7zGPChDNtXPfLWVhcWl5ZLawV1zc2t7ZLO7t3Ok4VhQaNeaxaIdHAmYSGYYZDK1FARMihGQ4ux37zEZRmsbw1wwQCQXqSRYwSYyX/6uG+esz8WECPdEplt+JOgOeJl5MyylHvlL79bkxTAdJQTrRue25igowowyiHUdFPNSSEDkgP2pZKIkAH2eTnET60ShdHsbIjDZ6ovy8yIrQeitBuCmL6etYbi/96oZhJNtFZkDGZpAYknQZHKccmxuNCcJcpoIYPLSFUMfs7pn2iCDW2tqItxZutYJ40qpXzindzUq5d5O0U0D46QEfIQ6eohq5RHTUQRQl6Ri/o1Xly3px352O6uuDkN3voD5zPHyZRl6g=</latexit>

✏(|µ|)� i!
<latexit sha1_base64="sarkQudIFhOrRbU6Gi1d9Wed3V8=">AAACD3icbVC7SgNBFJ2NrxhfqxYWNotBiIVhVwS1kYCNZQTXBLIhzE5ukiHzWGZmhZDkJ/wFW+2txNZPsPVLnCRbaOKBC4dz7uXee+KEUW18/8vJLS2vrK7l1wsbm1vbO+7u3oOWqSIQEsmkqsdYA6MCQkMNg3qiAPOYQS3u30z82iMoTaW4N4MEmhx3Be1Qgo2VWu5BBImmTIrSKOLp6OSURpJDF7fcol/2p/AWSZCRIspQbbnfUVuSlIMwhGGtG4GfmOYQK0MJg3EhSjUkmPRxFxqWCsxBN4fTB8besVXaXkcqW8J4U/X3xBBzrQc8tp0cm56e9ybiv17M5zabzmVzSEWSGhBktriTMs9Ib5KO16YKiGEDSzBR1N7ukR5WmBibYcGGEsxHsEjCs/JVObg7L1aus3Ty6BAdoRIK0AWqoFtURSEiaIye0Qt6dZ6cN+fd+Zi15pxsZh/9gfP5A8FWnN8=</latexit><latexit sha1_base64="sarkQudIFhOrRbU6Gi1d9Wed3V8=">AAACD3icbVC7SgNBFJ2NrxhfqxYWNotBiIVhVwS1kYCNZQTXBLIhzE5ukiHzWGZmhZDkJ/wFW+2txNZPsPVLnCRbaOKBC4dz7uXee+KEUW18/8vJLS2vrK7l1wsbm1vbO+7u3oOWqSIQEsmkqsdYA6MCQkMNg3qiAPOYQS3u30z82iMoTaW4N4MEmhx3Be1Qgo2VWu5BBImmTIrSKOLp6OSURpJDF7fcol/2p/AWSZCRIspQbbnfUVuSlIMwhGGtG4GfmOYQK0MJg3EhSjUkmPRxFxqWCsxBN4fTB8besVXaXkcqW8J4U/X3xBBzrQc8tp0cm56e9ybiv17M5zabzmVzSEWSGhBktriTMs9Ib5KO16YKiGEDSzBR1N7ukR5WmBibYcGGEsxHsEjCs/JVObg7L1aus3Ty6BAdoRIK0AWqoFtURSEiaIye0Qt6dZ6cN+fd+Zi15pxsZh/9gfP5A8FWnN8=</latexit><latexit sha1_base64="sarkQudIFhOrRbU6Gi1d9Wed3V8=">AAACD3icbVC7SgNBFJ2NrxhfqxYWNotBiIVhVwS1kYCNZQTXBLIhzE5ukiHzWGZmhZDkJ/wFW+2txNZPsPVLnCRbaOKBC4dz7uXee+KEUW18/8vJLS2vrK7l1wsbm1vbO+7u3oOWqSIQEsmkqsdYA6MCQkMNg3qiAPOYQS3u30z82iMoTaW4N4MEmhx3Be1Qgo2VWu5BBImmTIrSKOLp6OSURpJDF7fcol/2p/AWSZCRIspQbbnfUVuSlIMwhGGtG4GfmOYQK0MJg3EhSjUkmPRxFxqWCsxBN4fTB8besVXaXkcqW8J4U/X3xBBzrQc8tp0cm56e9ybiv17M5zabzmVzSEWSGhBktriTMs9Ib5KO16YKiGEDSzBR1N7ukR5WmBibYcGGEsxHsEjCs/JVObg7L1aus3Ty6BAdoRIK0AWqoFtURSEiaIye0Qt6dZ6cN+fd+Zi15pxsZh/9gfP5A8FWnN8=</latexit><latexit sha1_base64="sarkQudIFhOrRbU6Gi1d9Wed3V8=">AAACD3icbVC7SgNBFJ2NrxhfqxYWNotBiIVhVwS1kYCNZQTXBLIhzE5ukiHzWGZmhZDkJ/wFW+2txNZPsPVLnCRbaOKBC4dz7uXee+KEUW18/8vJLS2vrK7l1wsbm1vbO+7u3oOWqSIQEsmkqsdYA6MCQkMNg3qiAPOYQS3u30z82iMoTaW4N4MEmhx3Be1Qgo2VWu5BBImmTIrSKOLp6OSURpJDF7fcol/2p/AWSZCRIspQbbnfUVuSlIMwhGGtG4GfmOYQK0MJg3EhSjUkmPRxFxqWCsxBN4fTB8besVXaXkcqW8J4U/X3xBBzrQc8tp0cm56e9ybiv17M5zabzmVzSEWSGhBktriTMs9Ib5KO16YKiGEDSzBR1N7ukR5WmBibYcGGEsxHsEjCs/JVObg7L1aus3Ty6BAdoRIK0AWqoFtURSEiaIye0Qt6dZ6cN+fd+Zi15pxsZh/9gfP5A8FWnN8=</latexit>

# of Majoranas in state

✏(k) ⇠ 2N/2�⇥ k
<latexit sha1_base64="am4xb0OADrfyDewbNskL/4hpN2o=">AAACHnicbVDLSgMxFM3UV62vqks3waLops4UQd1IQReupILVglNLJr3V0CQzJHeEMvQP/Al/wa3uXYlb3folprULrR4IHM65l3NzokQKi77/4eUmJqemZ/Kzhbn5hcWl4vLKhY1Tw6HOYxmbRsQsSKGhjgIlNBIDTEUSLqPu0cC/vANjRazPsZdAU7EbLTqCM3RSq7gZQmKFjPVWdzu0QtHKdXa6U+mHxyCR0RCFAku7rWLJL/tD0L8kGJESGaHWKn6G7ZinCjRyyay9CvwEmxkzKLiEfiFMLSSMd9kNXDmqmYtpZsP/9OmGU9q0Exv3NNKh+nMjY8ranorcpGJ4a8e9gfivF6mxZOzsNzOhkxRB8+/gTiopxnRQFm0LAxxlzxHGjXC3U37LDOPoKi24UoLxCv6SeqV8UA7OdkvVw1E7ebJG1skWCcgeqZITUiN1wsk9eSRP5Nl78F68V+/tezTnjXZWyS9471/a7KIa</latexit><latexit sha1_base64="am4xb0OADrfyDewbNskL/4hpN2o=">AAACHnicbVDLSgMxFM3UV62vqks3waLops4UQd1IQReupILVglNLJr3V0CQzJHeEMvQP/Al/wa3uXYlb3folprULrR4IHM65l3NzokQKi77/4eUmJqemZ/Kzhbn5hcWl4vLKhY1Tw6HOYxmbRsQsSKGhjgIlNBIDTEUSLqPu0cC/vANjRazPsZdAU7EbLTqCM3RSq7gZQmKFjPVWdzu0QtHKdXa6U+mHxyCR0RCFAku7rWLJL/tD0L8kGJESGaHWKn6G7ZinCjRyyay9CvwEmxkzKLiEfiFMLSSMd9kNXDmqmYtpZsP/9OmGU9q0Exv3NNKh+nMjY8ranorcpGJ4a8e9gfivF6mxZOzsNzOhkxRB8+/gTiopxnRQFm0LAxxlzxHGjXC3U37LDOPoKi24UoLxCv6SeqV8UA7OdkvVw1E7ebJG1skWCcgeqZITUiN1wsk9eSRP5Nl78F68V+/tezTnjXZWyS9471/a7KIa</latexit><latexit sha1_base64="am4xb0OADrfyDewbNskL/4hpN2o=">AAACHnicbVDLSgMxFM3UV62vqks3waLops4UQd1IQReupILVglNLJr3V0CQzJHeEMvQP/Al/wa3uXYlb3folprULrR4IHM65l3NzokQKi77/4eUmJqemZ/Kzhbn5hcWl4vLKhY1Tw6HOYxmbRsQsSKGhjgIlNBIDTEUSLqPu0cC/vANjRazPsZdAU7EbLTqCM3RSq7gZQmKFjPVWdzu0QtHKdXa6U+mHxyCR0RCFAku7rWLJL/tD0L8kGJESGaHWKn6G7ZinCjRyyay9CvwEmxkzKLiEfiFMLSSMd9kNXDmqmYtpZsP/9OmGU9q0Exv3NNKh+nMjY8ranorcpGJ4a8e9gfivF6mxZOzsNzOhkxRB8+/gTiopxnRQFm0LAxxlzxHGjXC3U37LDOPoKi24UoLxCv6SeqV8UA7OdkvVw1E7ebJG1skWCcgeqZITUiN1wsk9eSRP5Nl78F68V+/tezTnjXZWyS9471/a7KIa</latexit><latexit sha1_base64="am4xb0OADrfyDewbNskL/4hpN2o=">AAACHnicbVDLSgMxFM3UV62vqks3waLops4UQd1IQReupILVglNLJr3V0CQzJHeEMvQP/Al/wa3uXYlb3folprULrR4IHM65l3NzokQKi77/4eUmJqemZ/Kzhbn5hcWl4vLKhY1Tw6HOYxmbRsQsSKGhjgIlNBIDTEUSLqPu0cC/vANjRazPsZdAU7EbLTqCM3RSq7gZQmKFjPVWdzu0QtHKdXa6U+mHxyCR0RCFAku7rWLJL/tD0L8kGJESGaHWKn6G7ZinCjRyyay9CvwEmxkzKLiEfiFMLSSMd9kNXDmqmYtpZsP/9OmGU9q0Exv3NNKh+nMjY8ranorcpGJ4a8e9gfivF6mxZOzsNzOhkxRB8+/gTiopxnRQFm0LAxxlzxHGjXC3U37LDOPoKi24UoLxCv6SeqV8UA7OdkvVw1E7ebJG1skWCcgeqZITUiN1wsk9eSRP5Nl78F68V+/tezTnjXZWyS9471/a7KIa</latexit>

� ⇠ JN1/2

2N/2
<latexit sha1_base64="1Zswg84WlZT0jG6w7nyr6IlcW2w=">AAACHXicbZDNSsNAFIUn9a/Wv6hLN4Ol4KomRVA3UtCFuCgVjC00bZlMJ+3QmSTMTIQS8gS+hK/gVveuxK249UmctFlo64GBw7n3cu98XsSoVJb1ZRSWlldW14rrpY3Nre0dc3fvXoaxwMTBIQtF20OSMBoQR1HFSDsSBHGPkZY3vszqrQciJA2DOzWJSJejYUB9ipHSUd+suFeEKQRdSTl0fYFwcgMbvcQ+rqVpUusljcz0zbJVtaaCi8bOTRnkavbNb3cQ4piTQGGGpOzYVqS6CRKKYkbSkhtLEiE8RkPS0TZAnMhuMv1OCis6GUA/FPoFCk7T3xMJ4lJOuKc7OVIjOV/Lwn9rHp/brPyzbkKDKFYkwLPFfsygCmHGCg6oIFixiTYIC6pvh3iENCOliZY0FHsewaJxatXzqn17Uq5f5HSK4AAcgiNgg1NQB9egCRyAwSN4Bi/g1Xgy3ox342PWWjDymX3wR8bnD7rEoX0=</latexit><latexit sha1_base64="1Zswg84WlZT0jG6w7nyr6IlcW2w=">AAACHXicbZDNSsNAFIUn9a/Wv6hLN4Ol4KomRVA3UtCFuCgVjC00bZlMJ+3QmSTMTIQS8gS+hK/gVveuxK249UmctFlo64GBw7n3cu98XsSoVJb1ZRSWlldW14rrpY3Nre0dc3fvXoaxwMTBIQtF20OSMBoQR1HFSDsSBHGPkZY3vszqrQciJA2DOzWJSJejYUB9ipHSUd+suFeEKQRdSTl0fYFwcgMbvcQ+rqVpUusljcz0zbJVtaaCi8bOTRnkavbNb3cQ4piTQGGGpOzYVqS6CRKKYkbSkhtLEiE8RkPS0TZAnMhuMv1OCis6GUA/FPoFCk7T3xMJ4lJOuKc7OVIjOV/Lwn9rHp/brPyzbkKDKFYkwLPFfsygCmHGCg6oIFixiTYIC6pvh3iENCOliZY0FHsewaJxatXzqn17Uq5f5HSK4AAcgiNgg1NQB9egCRyAwSN4Bi/g1Xgy3ox342PWWjDymX3wR8bnD7rEoX0=</latexit><latexit sha1_base64="1Zswg84WlZT0jG6w7nyr6IlcW2w=">AAACHXicbZDNSsNAFIUn9a/Wv6hLN4Ol4KomRVA3UtCFuCgVjC00bZlMJ+3QmSTMTIQS8gS+hK/gVveuxK249UmctFlo64GBw7n3cu98XsSoVJb1ZRSWlldW14rrpY3Nre0dc3fvXoaxwMTBIQtF20OSMBoQR1HFSDsSBHGPkZY3vszqrQciJA2DOzWJSJejYUB9ipHSUd+suFeEKQRdSTl0fYFwcgMbvcQ+rqVpUusljcz0zbJVtaaCi8bOTRnkavbNb3cQ4piTQGGGpOzYVqS6CRKKYkbSkhtLEiE8RkPS0TZAnMhuMv1OCis6GUA/FPoFCk7T3xMJ4lJOuKc7OVIjOV/Lwn9rHp/brPyzbkKDKFYkwLPFfsygCmHGCg6oIFixiTYIC6pvh3iENCOliZY0FHsewaJxatXzqn17Uq5f5HSK4AAcgiNgg1NQB9egCRyAwSN4Bi/g1Xgy3ox342PWWjDymX3wR8bnD7rEoX0=</latexit><latexit sha1_base64="1Zswg84WlZT0jG6w7nyr6IlcW2w=">AAACHXicbZDNSsNAFIUn9a/Wv6hLN4Ol4KomRVA3UtCFuCgVjC00bZlMJ+3QmSTMTIQS8gS+hK/gVveuxK249UmctFlo64GBw7n3cu98XsSoVJb1ZRSWlldW14rrpY3Nre0dc3fvXoaxwMTBIQtF20OSMBoQR1HFSDsSBHGPkZY3vszqrQciJA2DOzWJSJejYUB9ipHSUd+suFeEKQRdSTl0fYFwcgMbvcQ+rqVpUusljcz0zbJVtaaCi8bOTRnkavbNb3cQ4piTQGGGpOzYVqS6CRKKYkbSkhtLEiE8RkPS0TZAnMhuMv1OCis6GUA/FPoFCk7T3xMJ4lJOuKc7OVIjOV/Lwn9rHp/brPyzbkKDKFYkwLPFfsygCmHGCg6oIFixiTYIC6pvh3iENCOliZY0FHsewaJxatXzqn17Uq5f5HSK4AAcgiNgg1NQB9egCRyAwSN4Bi/g1Xgy3ox342PWWjDymX3wR8bnD7rEoX0=</latexit>

many body level spacing



SYK spectral correlation function
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<latexit sha1_base64="+W8ohqmtcTT3Y8ol/XVAP6r7H6o="></latexit><latexit sha1_base64="+W8ohqmtcTT3Y8ol/XVAP6r7H6o="></latexit><latexit sha1_base64="+W8ohqmtcTT3Y8ol/XVAP6r7H6o="></latexit><latexit sha1_base64="+W8ohqmtcTT3Y8ol/XVAP6r7H6o="></latexit>

comparison to numerical data I: number variance
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Cotler et al. 17

comparison to numerical data II: spectral form factor

SYK spectral correlation function

all in all: very good parameter free agreement with numerical data.



summary

identified a high density set of complementary modes 
dominate fluctuations beyond a non-universal 


“Thouless energy”

a case study of chaotic relaxation in a strongly nonlinear  
many body environment

conformal Goldstone modes cause strong quantum 
fluctuations at intermediate time scales

connection between these fluctutations? Ramifications 
in holography?



Holographic interpretation (Maldacena & Stanford, 16; Almheiri & Polchinksi, 16)
Consider 2d Einstein-Hilbert action

gravitational constant

also constant positive cosmological
constant

action invariant under conformal deformations of 2d space (because it is topological)

compactified space

boundary
(where SYK lives)

conformal

deformation mode 

AdS metric

AdS metric (spontaneously) breaks symmetry to SL(2,R). Reparameterization 
Goldstone modes without action.



Holographic interpretation (continued)

Improve situation by upgrading pure gravity action to dilaton action 
now a field

This action (i) is non-topological, (ii) fluctuations of the dilaton field weakly break 
conformal symmetry and (iii) afford physical interpretation if AdS2 action is seen as 
boundary theory of higher dimensional extremal black hole.

Jackiw Teitelboim gravity

Combination (i-iii) motivates boundary with conformal invariance breaking and 
signatures of quantum chaos. 


