


Complex quantum systems:

— many correlated degrees of freedom

— no integrability

— exponential complexity increase



SYK model



drawn from static 

random distribution

fermions or bosons 

Ĥ =
N

∑
ijkl

Jijkl c†
i c†

j ckcl



I: nuclear physics (1970s)



… discovery of conformal symmetries 

II: cond-mat early 90s



III: 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: 
quantum chaos

strong correlation physics

holography



IV: clean version (Witten 16, Klebanov & Tarnopolski 17)

Ĥ = g ∑
abcdef

cabc†ccde†cebfc fda

No disorder required!



V: Russian potato (Wiegmann, unpublished)



Quantum ergodicity in the SYK model 

Alexander Altland, Dmitry Bagrets (Cologne), 

Tobias Micklitz, Felipe Monteiro (Rio de Janeiro)


short times: exponential instabilities and 
collective quantum fluctuations


long times: spectral and wave function 
correlations 
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sigma 
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(breaking)
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short time dynamics



conformal symmetry and its breaking
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= ∫ DX exp (−S[X]) S[X] = N∫
β

0
dτ (…∂τ…)

functional, Sachdev and Ye, 92GΣ



mean field analysis

Universal properties of effective action #1: large factor N up front -> mean field 
approach.


Mean field Majorana Green function: 


G(τ, τ′�) ≡ ⟨Tτ χi(τ)χi(τ′ �)⟩ =
const .

J1/2

sgn(τ − τ′�)
|τ − τ′�|1/2

different from Fermi liquid Green function.




aa, Bagrets, Kamenev, 16,17

F(t) = tr (e−βĤχi χj(t)χi χj(t))
SYK OTO correlation function 

!Maldacena et al. 16



long time dynamics
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random matrix correlations:

Note: depending on the value of N mod 8 the model realizes different symmetries
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Deviations from RMT

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



exploring quantum chaos in SYK — philosophy

•consider SYK Hamiltonian     from a first quantized perspective — 
a (complicated) matrix.

Ĥ

•physical information contained in resolvents  Ĝ± ≡ (E ± i0 − Ĥ)−1

•apply methods of single particle quantum physics.



semiclassical interpretation
of spectral correlations 



Compare to the physics of dirty metals

probe 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.  

Diagnostic:



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



relaxation dynamics in Fock space



perspective of current approach:
1) consider many body Hamiltonian from first quantized 
persepective — a large, sparse, correlated matrix.

2) exploit simplicity of Clifford algebra to make analytic 
progress



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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basis states m = (1, 0, 0, 1, . . . )
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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

Xa

n n

m m

Xb

Xb

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
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many body level spacing



SYK spectral correlation function
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comparison to numerical data I: number variance
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comparison to numerical data II: spectral form factor

SYK spectral correlation function

Qualitatively good agreement. However comparison problematic (1803.08050).

No universal ‘Thouless energy’ in this system.

K(τ) = KRMT(τ) + τ ∑
k≠0,even

(N
k ) e−τ 2πϵ(k)

Δ , τ > 0



matrix integral representation

S(Y ) = −
1
2

STr(Y𝒫−1Y ) + STr ln (iδσ3 + iγY),

4 × 2N dim matrix

𝒫Y ≡
1
𝒩 ∑

a

XaYX†
a

action has two saddle points: ‘standard’

Altshuler-Andreev Y = σar
3 ⊗ σbf

3 ⊗ 1ℱ

Y = σar
3 ⊗ 1ℱ



Non perturbative physics near Heisenberg time

unitary orthogonal symplectic



Physics of the second contribution (Seligman 00, Gharibyan et al. 18)


ρ(ϵ)

ϵγ

R2(ω) = −
sin ( πω

δ )
2

( πω
δ )

2 +
1
2 ∑

μ≠0

1
D
π (S−1

μ − 1)2

• Gaussian tails in reflect large collective fluctuations in coarse grained DoS

• a structureless (energy independent) contribution to the spectral correlation function

symptomatic for 
single particle chaotic systems

SYK and other
models of many body chaos 



wave function statistics



background: non-ergodic extended (NEE) states

Wloc
disorder

MBL (Poisson)ergodic (WD)

• 2005: many body localization

• ~2015: wave function multifractality

Wloc
disorder

MBL (Poisson)ergodic (WD)

Werg

non-ergodic (WD)



NEE states cont’d

indirect evidence from numerical/semi-analytic analysis of effective models.

• numerical (Kravtsov et al. 
15) and analytical (Truong 
& Ossipov, 16) analysis of 
Rosenzweig-Porter model 
(1960)

• numerical and semi-
analytical analysis of 
disordered random 
regular graphs (Kravtsov 
et al. 16)

Ĥ =

⋱
⋱ Hij

⋱
⋱

+

⋱
vi

vi+1
⋱



Wave function fractality in Rosenzweig–Porter model

Consider D–dimensional Hamiltonian Ĥ = ĤRMT + ĤV, ĤV = diag(d1, …, dD)

Three phases:

var(di) ∼ Dγ

spectral statistics

WD

WD

Poisson

γ < 0

0 < γ < 1

γ > 1

∑
i

⟨ |ψi |
2q ⟩

∼ D1−q

∼ D−(γ−1)(1−q)

∼ 1

NEE phase: wave function occupy fractal subset of Hilbert space

Results obtained by sigma model representation (Truong & Ossipov, 16)

S[Q] = − tr ln(iδσra
3 − iyQ − ĤV)



Definition of deformed SYK model

Hamiltonian Ĥ = Ĥ0 + ĤV

Ĥ0 =
1
4!

2N

∑
i,j,k,l=1

Jijkl ̂χi ̂χj ̂χk ̂χl

ĤV = γ
D

∑
n

vn |n⟩⟨n |



comments

Ĥ0 + ĤV

ĤV

Ĥ0

ĤV = γ
D

∑
n

vn |n⟩⟨n |

Δ
γvn

n

Ĥ0 =
1
4!

2N

∑
i,j,k,l=1

Jijkl ̂χi ̂χj ̂χk ̂χl

1 D



Results

Δ1 ∼ N2∼ Nα

Rosenzweig-Porter universality

ergodic weak NEE phase Fock space loc.

∼ Δ−1

Up to                : equivalence SYK/RP Δ ∼ N2

For larger      , Fock space localization HV

ρ



quantitative results

Iq ≡ ∑
n

⟨ |ψn |2q ⟩ = − (−2)qqD1−q∂q−1
y2

0
(1/y0Δ)arctan (Δ/2y0)

y0 =
2
Δ

arctan ( Δ
2y0 )

Iq = (2π2)1−qq(2q − 3)!!Δ2(q−1)D1−qΔ ≫ 1

Δ ≲ 1 I(q) = q!(D/2)1−q

Δ ∼ Nα

RMT

parametric deviations 

from RMT

Iq ∼ [D/(log D)2α]1−q wave function

nonergodicity

arXiv 1901.02389 

Main message: for                                  wave functions are fragmented and 

populate only fraction              of Fock space. For            : Fock space localization             

1 < Δ < Nα, α < 2
∼ N−α α > 2



1901.02389



summary

shows exponential instabilities, strong quantum 
fluctuations, spectral and wave function correlations 

a testbed for numerical and analytical theories

SYK model a paradigm of many body quantum chaos 

ramifications in holography


