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Review: 
SYK, chaos, glassiness



“Mean field” description at large N  
in terms of bilocal 2-point function
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            :              is approximately               invariant, i.e.,                

• The saddle point solution breaks                                : 

Reminder: SYK model
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N  Majorana fermions with random, 
Gaussian couplings 

Exactly solvable for 

[Sachdev-Ye ’93] [Kitaev ’15]
[Maldacena-Stanford ’16] …
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❖ This action also describes the boundary degree of freedom 
associated with dilaton gravity in [Maldacena-Stanford-Yang ’16]

❖ The pseudo-Goldstone associated with reparametrizations                                     
s. ssssssshas a ‘Schwarzian’ effective action: ⌧ ! f(⌧)
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❖ The symmetry breaking pattern also implies a near-extremal entropy 
of the form
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❖ Finally: the Schwarzian mode describes a universal contribution to 
out-of-time-order correlation functions (OTOCs) 

 



To quantify this, compare the following two states:
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Quantum butterfly effect
is ‘complicated’ even if       was ‘simple’
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[Maldacena-Shenker-Stanford ’15] [Kitaev ’15]

t

• The OTOC quantifies how much overlap these states have:

• The faster this overlap decays to 0, the more chaotic the system

• The soft mode contribution in SYK is maximally chaotic: 

[Larkin/Ovchinnikov ’68] [Kitaev ’14] [Shenker/Stanford ’14]

Another signature of black hole physics
[Shenker/Stanford ’13][Hayden/Preskill ’07] [Sekino/Susskind ’08]

OTOC = h i(t) j(0)| i(t) j(0)i
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I will discuss a related model with some similar and some new features 

Roughly: replace Majorana fermions by bosonic spins                               
constrained to live on an N-dimensional sphere 

      The model has two dimensionless couplings:

Spin glasses
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<latexit sha1_base64="c5HL8HFhsyHBLCWoiZQVpMZOTbw=">AAACGnicbVA7T8MwGHTKq5RXgZElokJiQJXTV8pWwcJYJPqQ0lA5rptadR6yHaQqyu9g4a+wMIAQG2Lh3+CmGaDlJEunu/vsz+eEjAoJ4beWW1vf2NzKbxd2dvf2D4qHR10RRByTDg5YwPsOEoRRn3QklYz0Q06Q5zDSc6bXc7/3QLiggX8nZyGxPeT6dEwxkkoaFo14kF5icdexY1iGNVhp1i5guQobZrOhiAmheVlPBoK6HrqvJsNiScVS6KvEyEgJZGgPi5+DUYAjj/gSMySEZcBQ2jHikmJGksIgEiREeIpcYinqI48IO063SvQzpYz0ccDV8aWeqr8nYuQJMfMclfSQnIhlby7+51mRHDftmPphJImPFw+NI6bLQJ/3pI8oJ1iymSIIc6p21fEEcYSlarOgSjCWv7xKupWyUSvXb2ul1lVWRx6cgFNwDgxggha4AW3QARg8gmfwCt60J+1Fe9c+FtGcls0cgz/Qvn4A/GudFw==</latexit>

�4

<latexit sha1_base64="3qlh3Djo6wRBcBQK3POsjrEaV8s=">AAACGnicbVA7T8MwGHR4lvIKMLJEVEgMqHJK2pStgoWxSPQhNaFyXKe16jxkO0hVlN/Bwl9hYQAhNsTCv8FtM0DLSZZOd/fZn8+LGRUSwm9tZXVtfWOzsFXc3tnd29cPDtsiSjgmLRyxiHc9JAijIWlJKhnpxpygwGOk442vp37ngXBBo/BOTmLiBmgYUp9iJJXU183UmV3S40PPTWEZWrBSt85h+QLW7HpNERtC+7KaOYIOA3RvZX29pGIzGMvEzEkJ5Gj29U9nEOEkIKHEDAnRM2Es3RRxSTEjWdFJBIkRHqMh6SkaooAIN51tlRmnShkYfsTVCaUxU39PpCgQYhJ4KhkgORKL3lT8z+sl0q+7KQ3jRJIQzx/yE2bIyJj2ZAwoJ1iyiSIIc6p2NfAIcYSlarOoSjAXv7xM2pWyaZWrt1apcZXXUQDH4AScARPYoAFuQBO0AAaP4Bm8gjftSXvR3rWPeXRFy2eOwB9oXz/98J0Y</latexit>

j1234

<latexit sha1_base64="bcCKeIy8vt7ol5i7SZEBTVgqF5g=">AAACGnicbZC7TsMwFIadcivlVmBkiaiQGFCUpPetgoWxSPQipaFyXKc1dS6yHaQqynOw8CosDCDEhlh4G5w2A7QcydKn/z/HPv6dkBIudP1bya2tb2xu5bcLO7t7+wfFw6MuDyKGcAcFNGB9B3JMiY87ggiK+yHD0HMo7jnTq9TvPWDGSeDfilmIbQ+OfeISBIWUhkUjHswvsdjYsWNdq5vNZq1+oWt6rVkt11IoNyplM7m/iw2zXEmSYbEkxXmpq2BkUAJZtYfFz8EoQJGHfYEo5Nwy9FDYMWSCIIqTwiDiOIRoCsfYkuhDD3M7nm+VqGdSGaluwOTxhTpXf0/E0ON85jmy04Niwpe9VPzPsyLhNuyY+GEksI8WD7kRVUWgpjmpI8IwEnQmASJG5K4qmkAGkZBpFmQIxvKXV6FrakZFq95USq3LLI48OAGn4BwYoA5a4Bq0QQcg8AiewSt4U56UF+Vd+Vi05pRs5hj8KeXrB2BPnLA=</latexit>

j4567

<latexit sha1_base64="qRq4xr5wLSnBQx8GpGMrIodFBEQ=">AAACGnicbZC7TsMwFIadcivlVmBksaiQGFCVtEmbsYKFsUj0IqWhclynNXUush2kKspzsPAqLAwgxIZYeBvcywAtR7L06f/PsY9/L2ZUSF3/1nJr6xubW/ntws7u3v5B8fCoLaKEY9LCEYt410OCMBqSlqSSkW7MCQo8Rjre+Grqdx4IFzQKb+UkJm6AhiH1KUZSSf2ikfZmlzh86LmpXq4bhmVbF3rZqtjVak2Bblcs087u71LTqtWzrF8sKXFWcBWMBZTAopr94mdvEOEkIKHEDAnhGHos3RRxSTEjWaGXCBIjPEZD4igMUUCEm862yuCZUgbQj7g6oYQz9fdEigIhJoGnOgMkR2LZm4r/eU4ifdtNaRgnkoR4/pCfMCgjOM0JDignWLKJAoQ5VbtCPEIcYanSLKgQjOUvr0K7UjbMsnVjlhqXizjy4AScgnNggDpogGvQBC2AwSN4Bq/gTXvSXrR37WPemtMWM8fgT2lfP2UinLQ=</latexit>

�J, MJ
<latexit sha1_base64="eEfMjUIrk3a2S4Z0v4k9b/f68f4="></latexit>

~thermal fluctuations ~quantum fluctuations

Spin glass phase: if both thermal & quantum fluctuations are weak,                            
the system gets “stuck” in one of many metastable states 

Useful order parameter:

[Crisanti/Sommers ’92] [Cugliandolo/Grempel/da Silva Santos ’01]

[Edwards/Anderson ’75]

“paramagnetic” phase:  u = 0
“spin glass” phase:  u > 0

u ⌘ 1

N

NX

i=1

h�ii2
<latexit sha1_base64="dqd7zAN7nlXS2ipWoXETzmNpj8Q="></latexit>

�i

<latexit sha1_base64="364AYz8JA2cj1NGEVs4cZMNN4zw=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoseiF48V7Ae0a8mm2TY0ya5JVihL/4QXD4p49e9489+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aJk41ZQ0ai1i3Q2KY4Io1LLeCtRPNiAwFa4Wjm6nfemLa8Fjd23HCAkkGikecEuukdtfwgSQPvFeueFVvBrxM/JxUIEe9V/7q9mOaSqYsFcSYju8lNsiItpwKNil1U8MSQkdkwDqOKiKZCbLZvRN84pQ+jmLtSlk8U39PZEQaM5ah65TEDs2iNxX/8zqpja6CjKsktUzR+aIoFdjGePo87nPNqBVjRwjV3N2K6ZBoQq2LqORC8BdfXibNs6p/Xr24O6/UrvM4inAEx3AKPlxCDW6hDg2gIOAZXuENPaIX9I4+5q0FlM8cwh+gzx8bx5AG</latexit>
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E.g.: two-point correlation function                                     (fixed      ):
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Far above SG transition: 
• Strong quantum fluctuations  
• Relatively fast decay

Near SG transition: 
• Competition between thermal & quantum effects 
• Slow decay (“two-step” relaxation)

Below SG transition: 
• Correlator “freezes” 
• Decays to asymptotic value:                     

EA order parameter u>0

MJ = 0.3

MJ = 1.2

�J
<latexit sha1_base64="ZI9qsS+7W/Vs8sMZqXHX5XZkfyo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF/FUwX5AG8pmO2mXbjZhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZK7V6AhpL7frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzcKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Hcy4AqZERNLKFPc3krYiCrKjE2oZEPwll9eJa1a1buo1h4uK/WbPI4inMApnIMHV1CHO2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AGzxY8m</latexit>

u

t/�

<latexit sha1_base64="vkDE0kWg/edw+OtDb5r7SlClw6c=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU02koseiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ilNl70Ao60X664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzcKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimGN34mVJIiV2yxKEwlwZjMficDoTlDObGEMi3srYSNqKYMbUIlG4K3/PIqaV1WvVr16qFWqd/mcRThBE7hHDy4hjrcQwOawGAMz/AKb07ivDjvzseiteDkM8fwB87nDwsVj2M=</latexit>

t/�

<latexit sha1_base64="vkDE0kWg/edw+OtDb5r7SlClw6c=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU02koseiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ilNl70Ao60X664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzcKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimGN34mVJIiV2yxKEwlwZjMficDoTlDObGEMi3srYSNqKYMbUIlG4K3/PIqaV1WvVr16qFWqd/mcRThBE7hHDy4hjrcQwOawGAMz/AKb07ivDjvzseiteDkM8fwB87nDwsVj2M=</latexit>

t/�

<latexit sha1_base64="vkDE0kWg/edw+OtDb5r7SlClw6c=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU02koseiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ilNl70Ao60X664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzcKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimGN34mVJIiV2yxKEwlwZjMficDoTlDObGEMi3srYSNqKYMbUIlG4K3/PIqaV1WvVr16qFWqd/mcRThBE7hHDy4hjrcQwOawGAMz/AKb07ivDjvzseiteDkM8fwB87nDwsVj2M=</latexit>

G>(t)

<latexit sha1_base64="vllo5nwJqBiWaYNpSNt0U1/YetY=">AAAB7XicbVBNSwMxEM3Wr1q/qh69BItQL2VXKnqSogc9VrAf0K4lm2bb2GyyJLNCWfofvHhQxKv/x5v/xrTdg1YfDDzem2FmXh ALbsB1v5zc0vLK6lp+vbCxubW9U9zdaxqVaMoaVAml2wExTHDJGsBBsHasGYkCwVrB6Grqtx6ZNlzJOxjHzI/IQPKQUwJWal7fX5ThuFcsuRV3BvyXeBkpoQz1XvGz21c0iZgEKogxHc+NwU+JBk4FmxS6iWExoSMyYB1LJYmY8dPZtRN8ZJU+DpW2JQHP1J8TKYmMGUeB7YwIDM2iNxX/8zoJhOd+ymWcAJN0vihMBAaFp6/jPteMghhbQqjm9lZMh0QTCjaggg3BW3z5L2meVLxq5fS2WqpdZnHk0QE6RGXkoTNUQzeojhqIogf0hF7Qq6OcZ+fNeZ+35pxsZh/9gvPxDXKfjmY=</latexit>

G>(t)

<latexit sha1_base64="vllo5nwJqBiWaYNpSNt0U1/YetY=">AAAB7XicbVBNSwMxEM3Wr1q/qh69BItQL2VXKnqSogc9VrAf0K4lm2bb2GyyJLNCWfofvHhQxKv/x5v/xrTdg1YfDDzem2FmXh ALbsB1v5zc0vLK6lp+vbCxubW9U9zdaxqVaMoaVAml2wExTHDJGsBBsHasGYkCwVrB6Grqtx6ZNlzJOxjHzI/IQPKQUwJWal7fX5ThuFcsuRV3BvyXeBkpoQz1XvGz21c0iZgEKogxHc+NwU+JBk4FmxS6iWExoSMyYB1LJYmY8dPZtRN8ZJU+DpW2JQHP1J8TKYmMGUeB7YwIDM2iNxX/8zoJhOd+ymWcAJN0vihMBAaFp6/jPteMghhbQqjm9lZMh0QTCjaggg3BW3z5L2meVLxq5fS2WqpdZnHk0QE6RGXkoTNUQzeojhqIogf0hF7Qq6OcZ+fNeZ+35pxsZh/9gvPxDXKfjmY=</latexit>

G>(t)

<latexit sha1_base64="vllo5nwJqBiWaYNpSNt0U1/YetY=">AAAB7XicbVBNSwMxEM3Wr1q/qh69BItQL2VXKnqSogc9VrAf0K4lm2bb2GyyJLNCWfofvHhQxKv/x5v/xrTdg1YfDDzem2FmXh ALbsB1v5zc0vLK6lp+vbCxubW9U9zdaxqVaMoaVAml2wExTHDJGsBBsHasGYkCwVrB6Grqtx6ZNlzJOxjHzI/IQPKQUwJWal7fX5ThuFcsuRV3BvyXeBkpoQz1XvGz21c0iZgEKogxHc+NwU+JBk4FmxS6iWExoSMyYB1LJYmY8dPZtRN8ZJU+DpW2JQHP1J8TKYmMGUeB7YwIDM2iNxX/8zoJhOd+ymWcAJN0vihMBAaFp6/jPteMghhbQqjm9lZMh0QTCjaggg3BW3z5L2meVLxq5fS2WqpdZnHk0QE6RGXkoTNUQzeojhqIogf0hF7Qq6OcZ+fNeZ+35pxsZh/9gvPxDXKfjmY=</latexit>

G>(t) =
1

N

X
h�i(t)�i(0)i

<latexit sha1_base64="LRtj1T/HD9AeRoe9BkoF2DUo7bE="></latexit>



Goals

❖ Characteristic features of SG phase: slow dynamics, many 
metastable states, inability to reach equilibrium, loss of ergodicity, … 

• Universal features of the low temperature thermodynamics? 

• Interplay with other chaos characteristics such as OTOCs? 

• Emergent reparametrization symmetry? 

• Can we incorporate this in the                           paradigm?nAdS2/nCFT2

<latexit sha1_base64="ei0xG7J75gFoQ1rmJuNZ5XGIZHU=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInmpSKnqsFsRjxX5BG8Jmu22XbjZhdyPU0l/ixYMiXv0p3vw3btsctPXBwOO9GWbmBTFnSjvOt5VZW9/Y3Mpu53Z29/bz9sFhU0WJJLRBIh7JdoAV5UzQhmaa03YsKQ4DTlvBqDrzW49UKhaJuh7H1AvxQLA+I1gbybfz4rr34JfQORLV27pf8u2CU3TmQKvETUkBUtR8+6vbi0gSUqEJx0p1XCfW3gRLzQin01w3UTTGZIQHtGOowCFV3mR++BSdGqWH+pE0JTSaq78nJjhUahwGpjPEeqiWvZn4n9dJdP/KmzARJ5oKsljUTzjSEZqlgHpMUqL52BBMJDO3IjLEEhNtssqZENzll1dJs1R0y8WL+3KhcpPGkYVjOIEzcOESKnAHNWgAgQSe4RXerCfrxXq3PhatGSudOYI/sD5/AEOBkYs=</latexit>



The p-spin            
glass model



The p-spin model
P (Ji1...ip) / exp
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<latexit sha1_base64="AEPDnZaDhE4GF4QiLvGfeN8ERG8="></latexit>
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<latexit sha1_base64="toJdh9WvZo1dfsnMQgpA7PySGhw="></latexit>

“spherical constraint”

• Dimensionless parameters: 

• Nonlinear sigma-model with fixed size spherical target space 

• Spherical constraint will be crucial for stability of such a 
bosonic model

�J, MJ

<latexit sha1_base64="tPs4A7AHcltX4G6ZWOcLhdjKmEg=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBbBg5REKgpeil6kIFSwH9DEstlu2qWbTdidKCX0f3jxoIhX/4s3/43bNgdtfTDweG+GmXl+LLgG2/62ckvLK6tr+fXCxubW9k5xd6+po0RR1qCRiFTbJ5oJLlkDOAjWjhUjoS9Yyx9eT/zWI1OaR/IeRjHzQtKXPOCUgJEeXJ8BwTV84l7i21q3WLLL9hR4kTgZKaEM9W7xy+1FNAmZBCqI1h3HjsFLiQJOBRsX3ESzmNAh6bOOoZKETHvp9OoxPjJKDweRMiUBT9XfEykJtR6FvukMCQz0vDcR//M6CQQXXsplnACTdLYoSASGCE8iwD2uGAUxMoRQxc2tmA6IIhRMUAUTgjP/8iJpnpadSvnsrlKqXmVx5NEBOkTHyEHnqIpuUB01EEUKPaNX9GY9WS/Wu/Uxa81Z2cw++gPr8wc6ZZEK</latexit>

[Crisanti/Sommers ’92] [Cugliandolo/Grempel/da Silva Santos ’01]



• First goal: compute disorder averaged (“quenched”) free energy

�F = �
Z

dJi1...ipP (Ji1...ip) logZ[Ji1...ip ]
<latexit sha1_base64="KTykfxpJDHW9y3vsAFJrlegutIE="></latexit>

• Strategy: use replica trick

logZ = lim
n!0

@nZ
n

<latexit sha1_base64="Vh5ISbGaT8mVpH8AXPywkgv6LpQ=">AAACE3icbVBLSwMxGMzWV62vqkcvwSKIh7JbBb0IBS8eK9gH7a5LNk23odlkSbJKWfofvPhXvHhQxKsXb/4bs+0etHUgMMzMl+SbIGZUadv+tgpLyyura8X10sbm1vZOeXevpUQiMWliwYTsBEgRRjlpaqoZ6cSSoChgpB2MrjK/fU+kooLf6nFMvAiFnA4oRtpIfvnEZSKE3UvoMhr5KXclDYcaSSke7IkbI6kpYj6H3TsTrthVewq4SJycVECOhl/+cvsCJxHhGjOkVM+xY+2l2Z2YkUnJTRSJER6hkPQM5SgiykunO03gkVH6cCCkOVzDqfp7IkWRUuMoMMkI6aGa9zLxP6+X6MGFl1IeJ5pwPHtokDCoBcwKgn0qCdZsbAjCkpq/QjxEEmFtaiyZEpz5lRdJq1Z1Tqu1m7NKvZ7XUQQH4BAcAwecgzq4Bg3QBBg8gmfwCt6sJ+vFerc+ZtGClc/sgz+wPn8ALXSeWg==</latexit>
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<latexit sha1_base64="WDwAtS6dGVjQenjGb4YiyHlID30="></latexit>

�F = � lim
n!0

@nZn

<latexit sha1_base64="MVdWs5vflL4Q2mPHySOa3v9ibAo="></latexit>

• Index  a = 1,…,n  labels the replica copy



• Introduce collective bilocal field with replica indices: 

• After integrating out the disorder and the spins, we get an effective 
action for       . Schwinger-Dyson equation:

��ab
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<latexit sha1_base64="4ht89Ih451KTnBa6+4R6v1c55lg="></latexit>

• Some notable features: 

•                                                           can be non-zero 

• Two-derivative kinetic term with tunable coefficient 

• Lagrange multiplier field 

M
<latexit sha1_base64="McJZfVkvpAz42JEJgoC6kFPUi5M=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCFy9CC7YW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+GbmPzyh0jyW92aSoB/RoeQhZ9RYqXnXL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/mx86JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZfU0GXCEzYmIJZYrbWwkbUUWZsdmUbAje8surpF2rehfVWvOyUq/ncRThBE7hHDy4gjrcQgNawADhGV7hzXl0Xpx352PRWnDymWP4A+fzB6XBjNM=</latexit>

za(⌧)
<latexit sha1_base64="5Be6p27AJkOXGlgiFKh7kdtkdhw=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYhDiJexGQY8BLx4jmIcka+idzCZDZmaXmVkhhnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXmHCmjed9Oyura+sbm7mt/PbO7t5+4eCwoeNUEVonMY9VK0RNOZO0bpjhtJUoiiLktBkOr6d+85EqzWJ5Z0YJDQT2JYsYQWOl+6cHLHUMpmfdQtErezO4y8TPSBEy1LqFr04vJqmg0hCOWrd9LzHBGJVhhNNJvpNqmiAZYp+2LZUoqA7Gs4Mn7qlVem4UK1vSuDP198QYhdYjEdpOgWagF72p+J/XTk10FYyZTFJDJZkvilLumtidfu/2mKLE8JElSBSzt7pkgAqJsRnlbQj+4svLpFEp++flyu1FsVrN4sjBMZxACXy4hCrcQA3qQEDAM7zCm6OcF+fd+Zi3rjjZzBH8gfP5AzrykAY=</latexit>

Qab

<latexit sha1_base64="9nMUsefKgBKCmHy/UOzLNtbgw+U=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4TMDGQLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jUo1oS2iuNKdCBvKmaQtyyynnURTLCJOH6Lx7cx/eKLaMCXv7SShocBDyWJGsHVSu9nPcDTtlyt+1Z8DrZIgJxXI0eiXv3oDRVJBpSUcG9MN/MSGGdaWEU6npV5qaILJGA9p11GJBTVhNr92is6cMkCx0q6kRXP190SGhTETEblOge3ILHsz8T+vm9r4OsyYTFJLJVksilOOrEKz19GAaUosnziCiWbuVkRGWGNiXUAlF0Kw/PIqaV9Ug1r1slmr1G/yOIpwAqdwDgFcQR3uoAEtIPAIz/AKb57yXrx372PRWvDymWP4A+/zB5uHjyk=</latexit>

Qab(⌧, ⌧
0) =

1

N

NX

i=1

�a
i (⌧)�

b
i (⌧

0)

<latexit sha1_base64="xfgRuV2WSTB5EsE9xRydPBAj9fo="></latexit>

Qa 6=b(⌧, ⌧
0) ! 1
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0)i



• “1-step replica symmetry breaking” ansatz (Parisi):

��ab


M

2
@2
⌧ + iza(⌧)

�
Qab(⌧, ⌧

0)� pJ2

4

Z �

0
d⌧ 00 Qp�1

ac (⌧, ⌧ 00)Qcb(⌧
00, ⌧ 0) =

1

2
�ab �(⌧ � ⌧ 0)

<latexit sha1_base64="4ht89Ih451KTnBa6+4R6v1c55lg="></latexit>

• Diagonal:                                      subject to  

• u: overlap of replicas 

• m: block size parameter 

• s: can be consistently set to 0

both may remain finite as n —> 0}

<latexit sha1_base64="jbCrrQMIBC72IznWzx9fdcar9RA=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRS48V7Ic0oWy2k3bp7ibsboQS8iu8eFDEqz/Hm//GbZuDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUUWjTmMeqFxINnEloG2Y49BIFRIQcuuHkbuZ3n0BpFssHM00gEGQkWcQoMVZ69JvpCDI/zwfVmlt358CrxCtIDRVoDapf/jCmqQBpKCda9z03MUFGlGGUQ17xUw0JoRMygr6lkgjQQTY/OMdnVhniKFa2pMFz9fdERoTWUxHaTkHMWC97M/E/r5+a6CbImExSA5IuFkUpxybGs+/xkCmghk8tIVQxeyumY6IINTajig3BW355lXQu6t5l/er+sta4LeIooxN0is6Rh65RAzVRC7URRQI9o1f05ijnxXl3PhatJaeYOUZ/4Hz+AAhdkJI=</latexit>

m⇥m

<latexit sha1_base64="M+jvO01glAgJFmtd5MrR+Yhb2EI=">AAACG3icbVBJSwMxGM3UrdZt1KOXYBE8SMmMXTwWvXisYBeYDiWTpm1oMjMkGaEM8z+8+Fe8eFDEk+DBf2O6HLT1QeDxvvcteUHMmdIIfVu5tfWNza38dmFnd2//wD48aqkokYQ2ScQj2QmwopyFtKmZ5rQTS4pFwGk7GN9M6+0HKhWLwns9iakv8DBkA0awNlLPdtPubIgnh4GfohKqOhUHXaBSueaiyqUhjlt1qygTXc0EVVBkPbtofDPAVeIsSBEs0OjZn91+RBJBQ004VspzUKz9FEvNCKdZoZsoGmMyxkPqGRpis8dPZ2dl8MwofTiIpHmhhjP1d0eKhVITERinwHqklmtT8b+al+jBlZ+yME40Dcl80SDhUEdwGhTsM0mJ5hNDMJHM3ArJCEtMtImzYEJwlr+8SlpuySmXKnflYv16EUcenIBTcA4cUAN1cAsaoAkIeATP4BW8WU/Wi/VufcytOWvRcwz+wPr6AcHtnYI=</latexit>

n⇥ n

<latexit sha1_base64="f9ZfEiTORcamQytZvACouYYv9wQ="></latexit>

Qab(⌧, ⌧
0) = qr(⌧, ⌧

0) �ab +

0

BBBBBBBBB@

u u u
u u u s · · ·
u u u

u u u
s u u u

u u u
...

. . .

1

CCCCCCCCCA

<latexit sha1_base64="nN92xbBAISkpkXLDFVEpbCBMobM="></latexit>

q(⌧, ⌧ 0) ⌘ qr(⌧, ⌧
0) + u

<latexit sha1_base64="rPFj9hVDC6D4nHvLCC0PqFMZ1nk=">AAACEnicbVC7SgNBFJ2Nrxhfq5Y2g0FMUMJuFLQM2lhGMA/ILsvsZDYZMvvIPAIh5Bts/BUbC0Vsrez8G2eTLUz0wL0czrmXmXv8hFEhLevbyK2srq1v5DcLW9s7u3vm/kFTxIpj0sAxi3nbR4IwGpGGpJKRdsIJCn1GWv7gNvVbI8IFjaMHOU6IG6JeRAOKkdSSZ5aHJUcidZ620zJ0yFDRERx6fEE+gwp6ZtGqWDPAv8TOSBFkqHvml9ONsQpJJDFDQnRsK5HuBHFJMSPTgqMESRAeoB7paBqhkAh3MjtpCk+00oVBzHVFEs7U3xsTFAoxDn09GSLZF8teKv7ndZQMrt0JjRIlSYTnDwWKQRnDNB/YpZxgycaaIMyp/ivEfcQRljrFgg7BXj75L2lWK/ZFpXp/WazdZHHkwRE4BiVggytQA3egDhoAg0fwDF7Bm/FkvBjvxsd8NGdkO4dgAcbnD8x2m6I=</latexit>

q(⌧, ⌧) = 1
<latexit sha1_base64="+tf40kGbxzl9Awe0kA8PY6acAL8=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAgVpCRV0I1QdOOygn1AG8pkOmmHTiZx5qZQQv/EjQtF3Pon7vwbJ20W2nrgXg7n3MvcOX4suAbH+bZWVtfWNzYLW8Xtnd29ffvgsKmjRFHWoJGIVNsnmgkuWQM4CNaOFSOhL1jLH91lfmvMlOaRfIRJzLyQDCQPOCVgpJ5tP5W7QJLzrJ3hG+z27JJTcWbAy8TNSQnlqPfsr24/oknIJFBBtO64TgxeShRwKti02E00iwkdkQHrGCpJyLSXzi6f4lOj9HEQKVMS8Ez9vZGSUOtJ6JvJkMBQL3qZ+J/XSSC49lIu4wSYpPOHgkRgiHAWA+5zxSiIiSGEKm5uxXRIFKFgwiqaENzFLy+TZrXiXlSqD5el2m0eRwEdoxNURi66QjV0j+qogSgao2f0it6s1Hqx3q2P+eiKle8coT+wPn8AbUySNw==</latexit>



 After some rewritings, the equation of motion for                 is: 

1

q̂r(k)
� 1

q̂r(0)
= M

✓
2⇡k

�

◆2

� J2 (⇤̂r(k)� ⇤̂r(0))
<latexit sha1_base64="4MNd2iLHChCTtkj9T6afdrrDCN0="></latexit>

What about m ?   

• For replica symmetric solutions, m  plays no role. 

• In spin glass, we could impose                   —> “equilibrium spin glass” 

• This turns out to be not quite the right condition                                                    
(recall: the essence of glassy physics is an inability to reach equilibrium)

In addition: 2 algebraic equations for          andq̂r(0)

<latexit sha1_base64="mcYEXR2g8O6Io/QoYVT4MLXpB48=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQL2FXInoMevEYwTwgu4TZyWwyZPbhTK8QlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXeXn0ih0ba/rcLa+sbmVnG7tLO7t39QPjxq6zhVjLdYLGPV9anmUkS8hQIl7yaK09CXvOOPb2d+54krLeLoAScJ90I6jEQgGEUjue6IYvY47auqfd4vV+yaPQdZJU5OKpCj2S9/uYOYpSGPkEmqdc+xE/QyqlAwyaclN9U8oWxMh7xnaERDrr1sfvOUnBllQIJYmYqQzNXfExkNtZ6EvukMKY70sjcT//N6KQbXXiaiJEUescWiIJUEYzILgAyE4gzlxBDKlDC3EjaiijI0MZVMCM7yy6ukfVFz6rXL+3qlcZPHUYQTOIUqOHAFDbiDJrSAQQLP8ApvVmq9WO/Wx6K1YOUzx/AH1ucPc8aRTg==</latexit>

⇤r(⌧) =
p

2

h
(qr(⌧) + u)p�1 � up�1

i

<latexit sha1_base64="eDJvCJmpLj60QNhOYceNNz7018c="></latexit>

q̂r(k 6= 0)

<latexit sha1_base64="e2QmKb0HGv9y2+f+Jon9HET217Q=">AAAB+3icbVBNS8NAEN34WetXrEcvi0Wol5JIRY9FLx4r2A9oStlsJ+3SzSbd3Ygl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5fsyZ0o7zba2tb2xubRd2irt7+weH9lGppaJEUmjSiEey4xMFnAloaqY5dGIJJPQ5tP3x7cxvP4JULBIPehpDLyRDwQJGiTZS3y55I6LTSdaXlbEnYIKd875ddqrOHHiVuDkpoxyNvv3lDSKahCA05USpruvEupcSqRnlkBW9REFM6JgMoWuoICGoXjq/PcNnRhngIJKmhMZz9fdESkKlpqFvOkOiR2rZm4n/ed1EB9e9lIk40SDoYlGQcKwjPAsCD5gEqvnUEEIlM7diOiKSUG3iKpoQ3OWXV0nrourWqpf3tXL9Jo+jgE7QKaogF12hOrpDDdREFD2hZ/SK3qzMerHerY9F65qVzxyjP7A+fwA1jZPm</latexit>

SD equation for          gives equation of motion for             &Qab

<latexit sha1_base64="9nMUsefKgBKCmHy/UOzLNtbgw+U=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4TMDGQLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jUo1oS2iuNKdCBvKmaQtyyynnURTLCJOH6Lx7cx/eKLaMCXv7SShocBDyWJGsHVSu9nPcDTtlyt+1Z8DrZIgJxXI0eiXv3oDRVJBpSUcG9MN/MSGGdaWEU6npV5qaILJGA9p11GJBTVhNr92is6cMkCx0q6kRXP190SGhTETEblOge3ILHsz8T+vm9r4OsyYTFJLJVksilOOrEKz19GAaUosnziCiWbuVkRGWGNiXUAlF0Kw/PIqaV9Ug1r1slmr1G/yOIpwAqdwDgFcQR3uoAEtIPAIz/AKb57yXrx372PRWvDymWP4A+/zB5uHjyk=</latexit>

q(⌧, ⌧ 0)

<latexit sha1_base64="In1LF4OLNWcOwJpPwo3AvpxqyK0=">AAAB9XicbVDLSgMxFM3UV62vqks3wSJWkDIjFV0W3bisYB/QjiWTZtrQTGZM7ihl6H+4caGIW//FnX9jpp2Fth64l8M595Kb40WCa7Dtbyu3tLyyupZfL2xsbm3vFHf3mjqMFWUNGopQtT2imeCSNYCDYO1IMRJ4grW80XXqtx6Z0jyUdzCOmBuQgeQ+pwSMdP9Q7gKJT9N2fIJ7xZJdsafAi8TJSAllqPeKX91+SOOASaCCaN1x7AjchCjgVLBJoRtrFhE6IgPWMVSSgGk3mV49wUdG6WM/VKYk4Kn6eyMhgdbjwDOTAYGhnvdS8T+vE4N/6SZcRjEwSWcP+bHAEOI0AtznilEQY0MIVdzciumQKELBBFUwITjzX14kzbOKU62c31ZLtassjjw6QIeojBx0gWroBtVRA1Gk0DN6RW/Wk/VivVsfs9Gcle3soz+wPn8AB1CRjw==</latexit>

u

<latexit sha1_base64="HYR38oDLZP6EpTDjSZL2xNa5uto=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP5EWNAQ==</latexit>

u

<latexit sha1_base64="HYR38oDLZP6EpTDjSZL2xNa5uto=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP5EWNAQ==</latexit>

�Seff

�m
= 0

<latexit sha1_base64="bJmt9bQ2jZ6HlcPUFPLbidgEyNw=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjNV0I1QdOOyon1AZyiZ9E4bmskMSUYow3yAG3/FjQtF3PoB7vwb03YEbT0QODnnXJJ7/JgzpW37yyosLa+srhXXSxubW9s75d29looSSaFJIx7Jjk8UcCagqZnm0IklkNDn0PZHVxO/fQ9SsUjc6XEMXkgGggWMEm2kXrniBpLQ1O0D1wTf9lIIgiz7uYcZvsC2SdlVewq8SJycVFCORq/86fYjmoQgNOVEqa5jx9pLidSMcshKbqIgJnREBtA1VJAQlJdOl8nwkVH6OIikOULjqfp7IiWhUuPQN8mQ6KGa9ybif1430cG5lzIRJxoEnT0UJBzrCE+awX0mgWo+NoRQycxfMR0S0442/ZVMCc78youkVas6J9XazWmlfpnXUUQH6BAdIwedoTq6Rg3URBQ9oCf0gl6tR+vZerPeZ9GClc/soz+wPr4BEjea9g==</latexit>



• Solving the “equilibrium spin glass” equations numerically gives: 

• Small       ,         : paramagnetic phase (                       ) 

• Large       ,        : spin glass (RSB:                        ) 

Phase diagram

�J

<latexit sha1_base64="iFB8eN/q+vOdBwoy3TLPWf/W9P0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF/FUwX5AG8pmO2mXbjZhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZK7V6AhpL7frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzcKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Hcy4AqZERNLKFPc3krYiCrKjE2oZEPwll9eJa2LqlerXj7UKvWbPI4inMApnIMHV1CHO2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AG1D48q</latexit>

MJ

<latexit sha1_base64="WHwtvomFRTq5x43d8PZh2BQBEKQ=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLyIIUcwDkhBmJ7PJkNnZZaZXCEv+wIsHRbz6R978GyfJHjSxoKGo6qa7y4+lMOi6305uZXVtfSO/Wdja3tndK+4fNEyUaMbrLJKRbvnUcCkUr6NAyVux5jT0JW/6o+up33zi2ohIPeI45t2QDpQIBKNopYe7216x5JbdGcgy8TJSggy1XvGr049YEnKFTFJj2p4bYzelGgWTfFLoJIbHlI3ogLctVTTkppvOLp2QE6v0SRBpWwrJTP09kdLQmHHo286Q4tAselPxP6+dYHDZTYWKE+SKzRcFiSQYkenbpC80ZyjHllCmhb2VsCHVlKENp2BD8BZfXiaNs7JXKZ/fV0rVqyyOPBzBMZyCBxdQhRuoQR0YBPAMr/DmjJwX5935mLfmnGzmEP7A+fwBPQ2NLQ==</latexit>

0 < u,m < 1

<latexit sha1_base64="6GQDmx3q6gssbBck1jct7gt7FtU=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgIeFOIlqkCNpYRjAfkBxhb7OXLNndO3b3hHDkR9hYKGLr77Hz37iXXKGJDwYe780wMy+IOdPGdb+dwtr6xuZWcbu0s7u3f1A+PGrrKFGEtkjEI9UNsKacSdoyzHDajRXFIuC0E0zuMr/zRJVmkXw005j6Ao8kCxnBxkodt55ciLo3KFfcqjsHWiVeTiqQozkof/WHEUkElYZwrHXPc2Pjp1gZRjidlfqJpjEmEzyiPUslFlT76fzcGTqzyhCFkbIlDZqrvydSLLSeisB2CmzGetnLxP+8XmLCGz9lMk4MlWSxKEw4MhHKfkdDpigxfGoJJorZWxEZY4WJsQmVbAje8surpH1Z9WrVq4dapXGbx1GEEziFc/DgGhpwD01oAYEJPMMrvDmx8+K8Ox+L1oKTzxzDHzifP/hqjq8=</latexit>

�J

<latexit sha1_base64="iFB8eN/q+vOdBwoy3TLPWf/W9P0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF/FUwX5AG8pmO2mXbjZhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZK7V6AhpL7frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzcKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Hcy4AqZERNLKFPc3krYiCrKjE2oZEPwll9eJa2LqlerXj7UKvWbPI4inMApnIMHV1CHO2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AG1D48q</latexit>

MJ

<latexit sha1_base64="WHwtvomFRTq5x43d8PZh2BQBEKQ=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLyIIUcwDkhBmJ7PJkNnZZaZXCEv+wIsHRbz6R978GyfJHjSxoKGo6qa7y4+lMOi6305uZXVtfSO/Wdja3tndK+4fNEyUaMbrLJKRbvnUcCkUr6NAyVux5jT0JW/6o+up33zi2ohIPeI45t2QDpQIBKNopYe7216x5JbdGcgy8TJSggy1XvGr049YEnKFTFJj2p4bYzelGgWTfFLoJIbHlI3ogLctVTTkppvOLp2QE6v0SRBpWwrJTP09kdLQmHHo286Q4tAselPxP6+dYHDZTYWKE+SKzRcFiSQYkenbpC80ZyjHllCmhb2VsCHVlKENp2BD8BZfXiaNs7JXKZ/fV0rVqyyOPBzBMZyCBxdQhRuoQR0YBPAMr/DmjJwX5935mLfmnGzmEP7A+fwBPQ2NLQ==</latexit>

u = 0, m = 1
<latexit sha1_base64="x+mrixLDXMuAKrkoPoZL4uto8iI=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBQym7VdBLoejFYwX7ge1Ssmm2DU2yS5IVytJ/4cWDIl79N978N6btHrT1wcDjvRlm5gUxZ9q47reTW1vf2NzKbxd2dvf2D4qHRy0dJYrQJol4pDoB1pQzSZuGGU47saJYBJy2g/HtzG8/UaVZJB/MJKa+wEPJQkawsdJjUnPLvTISNa9fLLkVdw60SryMlCBDo1/86g0ikggqDeFY667nxsZPsTKMcDot9BJNY0zGeEi7lkosqPbT+cVTdGaVAQojZUsaNFd/T6RYaD0Rge0U2Iz0sjcT//O6iQmv/ZTJODFUksWiMOHIRGj2PhowRYnhE0swUczeisgIK0yMDalgQ/CWX14lrWrFu6hU7y9L9ZssjjycwCmcgwdXUIc7aEATCEh4hld4c7Tz4rw7H4vWnJPNHMMfOJ8/blKPcw==</latexit>
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For unbroken replica symmetry (u=0, m=1):  seemingly similar to SYK 

• At strong coupling             , small frequencies:

• Reparametrization invariance!                                                                   
—> spontaneously broken by the conformal solution:

Conformal paramagnetic solution

�J � 1

<latexit sha1_base64="cuK2lvL38FVlC9KHQT3Z0Xj2c1Y=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BL+IpgnlAdgmzk97NkNmHM7OBEPIdXjwo4tWP8ebfOEn2oIkFDUVVN91dfiq40rb9bRXW1jc2t4rbpZ3dvf2D8uFRSyWZZNhkiUhkx6cKBY+xqbkW2Ekl0sgX2PaHtzO/PUKpeBI/6nGKXkTDmAecUW0kz/VRU3JP3DAkTq9csav2HGSVODmpQI5Gr/zl9hOWRRhrJqhSXcdOtTehUnMmcFpyM4UpZUMaYtfQmEaovMn86Ck5M0qfBIk0FWsyV39PTGik1DjyTWdE9UAtezPxP6+b6eDam/A4zTTGbLEoyATRCZklQPpcItNibAhlkptbCRtQSZk2OZVMCM7yy6ukdVF1atXLh1qlfpPHUYQTOIVzcOAK6nAHDWgCgyd4hld4s0bWi/VufSxaC1Y+cwx/YH3+ABR0kQE=</latexit>

qc(⌧, ⌧ 0) ⇠
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⇣
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⌘

3

5

2
p

<latexit sha1_base64="jtbmHdlVaMugnttQIefCae4VZpA="></latexit>

• Leads to Schwarzian action etc.

�(⌧, ⌧ 0) ⇡ �J2

Z �

0
d⌧ 00⇤r(⌧, ⌧

00) qr(⌧
00, ⌧ 0) , ⇤r(⌧, ⌧

0) =
p

2
qr(⌧, ⌧

0)p�1

<latexit sha1_base64="NS4PFq+xUwXwVu/XY2WaFiTCEYM="></latexit>



• However, this solution is actually unstable 

• Can compute the spectrum of operators appearing in the            OPE        
as determined by conformal symmetry

Find a tower of allowed dimensions. E.g. for p=3:

Conformal paramagnetic solution

�i�i

<latexit sha1_base64="7F6FGI2Azqxj3M4twdDDiOdIp4Y=">AAAB+3icbZDNSgMxFIXv1L9a/8a6dBMsgqsyIxVdFt24rGBboR1LJs20oUlmSDJiGfoqblwo4tYXcefbmLYjaOuBwMe593JvTphwpo3nfTmFldW19Y3iZmlre2d3z90vt3ScKkKbJOaxuguxppxJ2jTMcHqXKIpFyGk7HF1N6+0HqjSL5a0ZJzQQeCBZxAg21uq55a5mA4HvGUI/1HMrXtWbCS2Dn0MFcjV67me3H5NUUGkIx1p3fC8xQYaVYYTTSambappgMsID2rEosaA6yGa3T9CxdfooipV90qCZ+3siw0LrsQhtp8BmqBdrU/O/Wic10UWQMZmkhkoyXxSlHJkYTYNAfaYoMXxsARPF7K2IDLHCxNi4SjYEf/HLy9A6rfq16tlNrVK/zOMowiEcwQn4cA51uIYGNIHAIzzBC7w6E+fZeXPe560FJ585gD9yPr4Bb06UDw==</latexit>

h0 = 2, hn=1,2,3,... = 4.303, 6.404, 8.456, 10.489, 12.511, . . .

<latexit sha1_base64="fRuTsRLvC1AdtY+1C7Xa8ePf8ns="></latexit>

… and:  an operator with complex dimension h =
1

2
± 1.560 i

<latexit sha1_base64="3PrktiHjF5LzMEXezMNp4Q3DMAM="></latexit>

Indeed, there exists another paramagnetic solution, which has no 
conformal limit  

       —> construct numerically

[Gross/Rosenhaus ’16]

c.f. [Giombi/Klebanov/Tarnopolsky ’17]

[Tikhanovskaya/Guo/Sachdev/Tarnopolsky ’20]
[Kitaev ’15]



far from SG transition
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close to SG transition

• Gap closes near spin glass transition

• Is there a (physical) conformal solution in the SG phase?

qr(⌧) ⌘
Z

d!

2⇡

e�!⌧

1� e��!
⇢r(!)

<latexit sha1_base64="xfh5ZErFMC+8Fdjra9APCji5Z3A="></latexit>

Physical paramagnetic solution



Conformal spin glass



• To get a feeling for the spin glass equations, start with an analytical 
analysis at strong coupling  (“deep spin glass”)

• Recall                          and expand self-energy for                 :                  qr(⌧) ⌧ u

<latexit sha1_base64="ILi6w0V+gVtoLvc17OfRbVBvj1s=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSLUS0mkoseiF48V7Ac0IWy2m3bpZhN3N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8MOVMacf5ttbWNza3tks75d29/YND++i4rZJMEtoiCU9kN8SKciZoSzPNaTeVFMchp51wdDfzO2MqFUvEo56k1I/xQLCIEayNFNg2egpk1dM4u0Ae5ygL7IpTc+ZAq8QtSAUKNAP7y+snJIup0IRjpXquk2o/x1Izwum07GWKppiM8ID2DBU4psrP55dP0blR+ihKpCmh0Vz9PZHjWKlJHJrOGOuhWvZm4n9eL9PRjZ8zkWaaCrJYFGUc6QTNYkB9JinRfGIIJpKZWxEZYomJNmGVTQju8surpH1Zc+u1q4d6pXFbxFGCUziDKrhwDQ24hya0gMAYnuEV3qzcerHerY9F65pVzJzAH1ifP/SrkpU=</latexit>

q(⌧) ⌘ qr(⌧) + u

<latexit sha1_base64="NSmIOB4dD4Kfe3bCBf7PRkfM0K8=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahIpREKrosunFZwT6gCWEynbRDJ5N0HoVSunHjr7hxoYhb/8Gdf+O0zUJbD1w4nHMv994TpoxK5TjfVm5ldW19I79Z2Nre2d2z9w8aMtECkzpOWCJaIZKEUU7qiipGWqkgKA4ZaYb926nfHBIhacIf1Cglfoy6nEYUI2WkwD4elDyF9Bn0yEDTIRwEIhPOoQ7solN2ZoDLxM1IEWSoBfaX10mwjglXmCEp266TKn+MhKKYkUnB05KkCPdRl7QN5Sgm0h/PvpjAU6N0YJQIU1zBmfp7YoxiKUdxaDpjpHpy0ZuK/3ltraJrf0x5qhXheL4o0gyqBE4jgR0qCFZsZAjCgppbIe4hgbAywRVMCO7iy8ukcVF2K+XL+0qxepPFkQdH4ASUgAuuQBXcgRqoAwwewTN4BW/Wk/VivVsf89aclc0cgj+wPn8AJoGXEg==</latexit>

• At first non-trivial order we can solve e.o.m. analytically

! =
2⇡k

�

<latexit sha1_base64="/gynjbfbkxDOkF+11aaZl1iFOi0=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCp5KUil6EohePFewHNKFstpN26SYbdjdCCT158a948aCIV3+DN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbRVWVtfWN4qbpa3tnd09e/+gpUQqKTSp4EJ2AqKAsxiammkOnUQCiQIO7WB0M/XbDyAVE/G9HifgR2QQs5BRoo3Us489EcGA4CvshZLQrOolDI8mmReAJpOeXXYqzgx4mbg5KaMcjZ795fUFTSOINeVEqa7rJNrPiNSMcpiUvFRBQuiIDKBraEwiUH42e2OCT43Sx6GQpmKNZ+rviYxESo2jwHRGRA/VojcV//O6qQ4v/YzFSaohpvNFYcqxFniaCe4zCVTzsSGESmZuxXRITBzaJFcyIbiLLy+TVrXi1irnd7Vy/TqPo4iO0Ak6Qy66QHV0ixqoiSh6RM/oFb1ZT9aL9W59zFsLVj5ziP7A+vwBghmYiQ==</latexit>

• This gives an approximate solution:

q̂⇡r (!)
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= 1 + 2�2!2 � 2

p
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r
Mq̂r(0)

4

<latexit sha1_base64="3vcqimaIkwp4QLVs5kniHSkWbQA="></latexit>
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<latexit sha1_base64="4MNd2iLHChCTtkj9T6afdrrDCN0="></latexit>
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p(p� 1)

2
qr(⌧)u
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<latexit sha1_base64="Lbd1Z8OvoohFAyTvKCfEeI2DEJM="></latexit>

Approximate analytical solution

c.f. [Read/Sachdev/Ye ’95] [Cugliandolo/Grempel/da Silva Santos ’01] …



• Low frequency limit: q̂⇡r (!)

q̂r(0)
= 1� 2�|!|+ . . .

<latexit sha1_base64="9foQKqZz4B54jT951nVip9S+eSE="></latexit>

zero mode conformal term: qcr(⌧) ⌘
8�3

M⇡

1

⌧2

<latexit sha1_base64="CmWXmovkMknm+trCQoJV0aXDDJ0="></latexit>

         —> conformal (dimension           )

q̂⇡r (!)
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r
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<latexit sha1_base64="3vcqimaIkwp4QLVs5kniHSkWbQA="></latexit>

! =
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�

<latexit sha1_base64="/gynjbfbkxDOkF+11aaZl1iFOi0=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCp5KUil6EohePFewHNKFstpN26SYbdjdCCT158a948aCIV3+DN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbRVWVtfWN4qbpa3tnd09e/+gpUQqKTSp4EJ2AqKAsxiammkOnUQCiQIO7WB0M/XbDyAVE/G9HifgR2QQs5BRoo3Us489EcGA4CvshZLQrOolDI8mmReAJpOeXXYqzgx4mbg5KaMcjZ795fUFTSOINeVEqa7rJNrPiNSMcpiUvFRBQuiIDKBraEwiUH42e2OCT43Sx6GQpmKNZ+rviYxESo2jwHRGRA/VojcV//O6qQ4v/YzFSaohpvNFYcqxFniaCe4zCVTzsSGESmZuxXRITBzaJFcyIbiLLy+TVrXi1irnd7Vy/TqPo4iO0Ak6Qy66QHV0ixqoiSh6RM/oFb1ZT9aL9W59zFsLVj5ziP7A+vwBghmYiQ==</latexit>

The approximate solution is well-behaved at long and short 
distances

� = 1

<latexit sha1_base64="CjVV4izhghO+wncExGP5LP3/U9k=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKRC9CUA8eI5gHJkuYnXSSIbOzy8ysEJb8hRcPinj1b7z5N06SPWhiQUNR1U13VxALro3rfju5ldW19Y38ZmFre2d3r7h/0NBRohjWWSQi1QqoRsEl1g03AluxQhoGApvB6GbqN59QaR7JBzOO0Q/pQPI+Z9RY6bFzi8JQckW8brHklt0ZyDLxMlKCDLVu8avTi1gSojRMUK3bnhsbP6XKcCZwUugkGmPKRnSAbUslDVH76eziCTmxSo/0I2VLGjJTf0+kNNR6HAa2M6RmqBe9qfif105M/9JPuYwTg5LNF/UTQUxEpu+THlfIjBhbQpni9lbChlRRZmxIBRuCt/jyMmmclb1K+fy+UqpeZ3Hk4QiO4RQ8uIAq3EEN6sBAwjO8wpujnRfn3fmYt+acbOYQ/sD5/AEI0I/a</latexit>

• High frequency limit: q̂⇡r (!)

q̂r(0)
=

1

4!2
+ . . .

<latexit sha1_base64="iv2I4tYprrsi4ZtNoTgNara+vHs="></latexit>

         —> finite (can consistently impose                           ) q⇡r (⌧ = 0) = 1� u

<latexit sha1_base64="beXcHPuuVZJyMxgMakQ1hjm9tjM=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEurAkUtFNoejGZQX7gCaGyXTSDp1k4sxELKG48VfcuFDErV/hzr9x2mahrQcuHM65l3vv8WNGpbKsbyO3sLi0vJJfLaytb2xumds7TckTgUkDc8ZF20eSMBqRhqKKkXYsCAp9Rlr+4HLst+6JkJRHN2oYEzdEvYgGFCOlJc/cu/PErYPiWPCHkqNQUrWOYBXax4lnFq2yNQGcJ3ZGiiBD3TO/nC7HSUgihRmSsmNbsXJTJBTFjIwKTiJJjPAA9UhH0wiFRLrp5IURPNRKFwZc6IoUnKi/J1IUSjkMfd0ZItWXs95Y/M/rJCo4d1MaxYkiEZ4uChIGFYfjPGCXCoIVG2qCsKD6Voj7SCCsdGoFHYI9+/I8aZ6U7Ur59LpSrF1kceTBPjgAJWCDM1ADV6AOGgCDR/AMXsGb8WS8GO/Gx7Q1Z2Qzu+APjM8fJP6V9w==</latexit>



q̂⇡r (!)

q̂r(0)
= 1 + 2�2!2 � 2

p
�2!2 + �4!4 � ⌘

r
Mq̂r(0)

4

<latexit sha1_base64="3vcqimaIkwp4QLVs5kniHSkWbQA="></latexit>
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<latexit sha1_base64="/gynjbfbkxDOkF+11aaZl1iFOi0=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCp5KUil6EohePFewHNKFstpN26SYbdjdCCT158a948aCIV3+DN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbRVWVtfWN4qbpa3tnd09e/+gpUQqKTSp4EJ2AqKAsxiammkOnUQCiQIO7WB0M/XbDyAVE/G9HifgR2QQs5BRoo3Us489EcGA4CvshZLQrOolDI8mmReAJpOeXXYqzgx4mbg5KaMcjZ795fUFTSOINeVEqa7rJNrPiNSMcpiUvFRBQuiIDKBraEwiUH42e2OCT43Sx6GQpmKNZ+rviYxESo2jwHRGRA/VojcV//O6qQ4v/YzFSaohpvNFYcqxFniaCe4zCVTzsSGESmZuxXRITBzaJFcyIbiLLy+TVrXi1irnd7Vy/TqPo4iO0Ak6Qy66QHV0ixqoiSh6RM/oFb1ZT9aL9W59zFsLVj5ziP7A+vwBghmYiQ==</latexit>
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<latexit sha1_base64="tIRvUQcfbzddI3XDgDzp3Of+x+M="></latexit>

Spin glass physics for small temperatures is governed by 
conformal properties: power law scaling, gapless spectrum, …



Conformal solution fixes m:  doesn’t extremize free energy! 

   —> useful to think of  m  as an external thermodynamic parameter (like T ) 

   —> tune  m  to the value required for this solution to exist 

Consider a thermodynamic ensemble where we consider m physical 
copies of the system & replica symmetry is explicitly broken:

Subtlety: the value of m

Se↵(Q⇤)

Nn
= �m�

<latexit sha1_base64="iDHYZzCQt2aoO1Yq7FEokR7JqeA="></latexit>

c.f. usual thermodynamics:

Se↵(Q⇤)

Nn
= �F

S = �@TF E = @�(�F )

⌃ = �@1/m(��)

<latexit sha1_base64="pnP4v1ayj/tAGIJKELeAnvvRQb4=">AAACD3icbVA9SwNBEN2LXzF+RS1tFoMSC+OdRLQRgjaWEc0H5EKY2+wlS3bvjt09IRz5Bzb+FRsLRWxt7fw3bpIrNPHBwOO9GWbmeRFnStv2t5VZWFxaXsmu5tbWNza38ts7dRXGktAaCXkomx4oyllAa5ppTpuRpCA8Thve4HrsNx6oVCwM7vUwom0BvYD5jIA2Uid/6N6xngB8iY+xG4HUDHgncU7ECBddj2rAbrXPjjr5gl2yJ8DzxElJAaWodvJfbjcksaCBJhyUajl2pNvJeAHhdJRzY0UjIAPo0ZahAQiq2snknxE+MEoX+6E0FWg8UX9PJCCUGgrPdArQfTXrjcX/vFas/Yt2woIo1jQg00V+zLEO8Tgc3GWSEs2HhgCRzNyKSR8kEG0izJkQnNmX50n9tOSUS2e35ULlKo0ji/bQPioiB52jCrpBVVRDBD2iZ/SK3qwn68V6tz6mrRkrndlFf2B9/gDyL5q5</latexit>

F = @m(m�)

<latexit sha1_base64="gA8VlObXDKO78tgvbqKyY8DHZ0c=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBItQN2VGKroRioK4rGAf0BmGTJppQ5PMkGSEMhT8FTcuFHHrd7jzb8y0s9DWAxcO59yb3HvChFGlHefbWlpeWV1bL22UN7e2d3btvf22ilOJSQvHLJbdECnCqCAtTTUj3UQSxENGOuHoJvc7j0QqGosHPU6Iz9FA0IhipI0U2Ie38Ap6CZKaIhbwKveaQ3oa2BWn5kwBF4lbkAoo0AzsL68f45QToTFDSvVcJ9F+lj+LGZmUvVSRBOERGpCeoQJxovxsuv4EnhilD6NYmhIaTtXfExniSo15aDo50kM17+Xif14v1dGln1GRpJoIPPsoShnUMcyzgH0qCdZsbAjCkppdIR4iibA2iZVNCO78yYukfVZz67Xz+3qlcV3EUQJH4BhUgQsuQAPcgSZoAQwy8AxewZv1ZL1Y79bHrHXJKmYOwB9Ynz+MGpSY</latexit>

‘complexity’: counts metastable states
⌃(Q⇤) =

1

2
log(p� 1)� p� 2

p

[Monasson ’95]
[Mezard ’99]



• For physically sensible solutions:                should have eigenvalues > 0 

• Determine  m  by demanding existence of a vanishing eigenvalue 

       —> “Condition of marginal stability”: 

       —> Coincides with the value in the conformal solution! 

�(2)Seff [Q] = N

Z
d⌧d⌧ 0 �Qab(⌧)Gab,cd(⌧, ⌧

0) �Qcd(⌧
0)

<latexit sha1_base64="q+qgd1/IJtWFlEhUkAmvy8thR20="></latexit>

Another way to determine m:

Marginal stability criterion

• Consider fluctuations: 

J 2up�2 = (q̂r(0))
�2

<latexit sha1_base64="s0aFy4ONc1O86DW2SNh9abp8res="></latexit>

Qab = Q⇤
ab + �Qab

<latexit sha1_base64="FDmhafORRweJiEO8BYnO+FA1kJo=">AAACCnicbZC7SgNBFIZn4y3G26qlzWgIiELYlYg2QtDGMgFzgWRdZmdPkiGzF2ZmhbCktvFVbCwUsfUJ7HwbJ8kWmvjDwMd/5nDO+b2YM6ks69vILS2vrK7l1wsbm1vbO+buXlNGiaDQoBGPRNsjEjgLoaGY4tCOBZDA49DyhjeTeusBhGRReKdGMTgB6YesxyhR2nLNw7qbEm+Mr/AM7k/wKe76wBXJHNcsWmVrKrwIdgZFlKnmml9dP6JJAKGinEjZsa1YOSkRilEO40I3kRATOiR96GgMSQDSSaenjHFJOz7uRUK/UOGp+7sjJYGUo0BvXAqIGsj52sT8r9ZJVO/SSVkYJwpCOhvUSzhWEZ7kgn0mgCo+0kCoYHpXTAdEEKp0egUdgj1/8iI0z8p2pXxerxSr11kceXSAjtAxstEFqqJbVEMNRNEjekav6M14Ml6Md+Nj9jVnZD376I+Mzx/96Zk0</latexit>

Gab,cd
<latexit sha1_base64="Ecf7vd8/FUV4aGRorqUkwEn1hiU=">AAACG3icbZDLSsNAFIYn9VbrLerSTbAILkrIpF66LLrQZQV7gTSEyWTaDp1cmJkIJeQ93Pgqblwo4kpw4ds4TbvQ1h8GPv5zzsyZ308YFdKyvrXSyura+kZ5s7K1vbO7p+8fdEScckzaOGYx7/lIEEYj0pZUMtJLOEGhz0jXH19P690HwgWNo3s5SYgbomFEBxQjqSxPt7N+cYnDh76bWaZ1Di0L1izThg0b1hVc1BXY+Y2XIb+Ggzz39KrqK2QsA5xDFczV8vTPfhDjNCSRxAwJ4UArkW6GuKSYkbzSTwVJEB6jIXEURigkws2KtXLjRDmBMYi5OpE0Cvf3RIZCISahrzpDJEdisTY1/6s5qRw03IxGSSpJhGcPDVJmyNiYBmUElBMs2UQBwpyqXQ08QhxhqeKsqBDg4peXoWObsG7ad2fV5tU8jjI4AsfgFEBwCZrgFrRAG2DwCJ7BK3jTnrQX7V37mLWWtPnMIfgj7esHf8edVQ==</latexit>

[Cugliandolo/Kurchan ’93]
[Georges/Parcollet/Sachdev ’00]



Spin glass phase has emergent conformal symmetry at strong 
coupling. Marginal mode on top of self-overlap:

Recap: signs of gravity?

ms̄+ ⌃ =


1

2
log(p� 1)� p� 2

p

�
+ . . .

<latexit sha1_base64="RRWMCOJE6zcL2OwD3m/nEHBohFo="></latexit>

q(⌧, ⌧ 0) = u+ qcr(⌧, ⌧
0) + . . .

<latexit sha1_base64="D1iS/YgxoDEJY3XpzYYzE6UkaR0="></latexit>

An extensive number of nearby states is counted by the 
entropy-like density 

Reparametrization symmetry, gapless spectrum, …

Let us now consider the quantum Lyapunov exponent as another 
diagnostic of gravitational physics…



Quantum chaos



Consider

Euclidean 4-point function

• Connected piece is built recursively from ‘ladder diagrams’:
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<latexit sha1_base64="1f7AGQZXXJgadACVK85o+IExyi4=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4Kkmp6LHoxWMF+wFtKJvtpl27yYbdiVBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23jEo1402mpNKdgBouRcybKFDyTqI5jQLJ28H4dua3n7g2QsUPOEm4H9FhLELBKFqp1UOa9qv9UtmtuHOQVeLlpAw5Gv3SV2+gWBrxGJmkxnQ9N0E/oxoFk3xa7KWGJ5SN6ZB3LY1pxI2fza+dknOrDEiotK0YyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WciTlLkMVssClNJUJHZ62QgNGcoJ5ZQpoW9lbAR1ZShDahoQ/CWX14lrWrFq1Uu72vl+k0eRwFO4QwuwIMrqMMdNKAJDB7hGV7hzVHOi/PufCxa15x85gT+wPn8AU0ZjvU=</latexit>

⌧3
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<latexit sha1_base64="HFb7vPGXWshKfdtTiumEDK16me0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGE3CnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0qyUvctypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3LTjLM=</latexit>

+
<latexit sha1_base64="HFb7vPGXWshKfdtTiumEDK16me0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGE3CnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0qyUvctypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3LTjLM=</latexit> ...

<latexit sha1_base64="1D1M+XvlZpNUCS4SsUNcbJjqZsU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0iqoMeiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz04Lpur1zxXG8Oskr8nFQgR71X/ur2E5bFKA0TVOuO76UmmFBlOBM4LXUzjSllIzrAjqWSxqiDyfzUKTmzSp9EibIlDZmrvycmNNZ6HIe2M6ZmqJe9mfif18lMdB1MuEwzg5ItFkWZICYhs79JnytkRowtoUxxeythQ6ooMzadkg3BX355lTSrrn/hVu8vK7WbPI4inMApnIMPV1CDO6hDAxgM4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBNMo0m</latexit>

qr?qr? + v
<latexit sha1_base64="TAClU/PdDg+NwT7xN5DumCETuXg="></latexit>

...
<latexit sha1_base64="MtGeNg8FUWMn9Vly0ha9LHy2eWI=">AAACFXicbVDNS8MwHE39nPOr6tFLcQgeRmm3uc3b0IvHCe4DujLSLN3C0rQkqTBK/wkv/itePCjiVfDmf2PW9aCbDwKP994v+eV5ESVCWta3tra+sbm1Xdgp7u7tHxzqR8ddEcYc4Q4Kacj7HhSYEoY7kkiK+xHHMPAo7nnTm7nfe8BckJDdy1mE3QCOGfEJglJJQ72cDLJLHD723MQyrcta026ULbNWv2pUbUXsSr1pVVLTNNOhXlKJDMYqsXNSAjnaQ/1rMApRHGAmEYVCOLYVSTeBXBJEcVocxAJHEE3hGDuKMhhg4SbZQqlxrpSR4YdcHSaNTP09kcBAiFngqWQA5UQse3PxP8+Jpd90E8KiWGKGFg/5MTVkaMwrMkaEYyTpTBGIOFG7GmgCOURSFVlUJdjLX14l3YppV83KXa3Uus7rKIBTcAYugA0aoAVuQRt0AAKP4Bm8gjftSXvR3rWPRXRNy2dOwB9onz9BsJpr</latexit> (qr? + u)p�2

<latexit sha1_base64="ENkzhmowm6Kn8SOhHI/0zdCD/ok="></latexit>

...
<latexit sha1_base64="MtGeNg8FUWMn9Vly0ha9LHy2eWI=">AAACFXicbVDNS8MwHE39nPOr6tFLcQgeRmm3uc3b0IvHCe4DujLSLN3C0rQkqTBK/wkv/itePCjiVfDmf2PW9aCbDwKP994v+eV5ESVCWta3tra+sbm1Xdgp7u7tHxzqR8ddEcYc4Q4Kacj7HhSYEoY7kkiK+xHHMPAo7nnTm7nfe8BckJDdy1mE3QCOGfEJglJJQ72cDLJLHD723MQyrcta026ULbNWv2pUbUXsSr1pVVLTNNOhXlKJDMYqsXNSAjnaQ/1rMApRHGAmEYVCOLYVSTeBXBJEcVocxAJHEE3hGDuKMhhg4SbZQqlxrpSR4YdcHSaNTP09kcBAiFngqWQA5UQse3PxP8+Jpd90E8KiWGKGFg/5MTVkaMwrMkaEYyTpTBGIOFG7GmgCOURSFVlUJdjLX14l3YppV83KXa3Uus7rKIBTcAYugA0aoAVuQRt0AAKP4Bm8gjftSXvR3rWPRXRNy2dOwB9onz9BsJpr</latexit>

...
<latexit sha1_base64="MtGeNg8FUWMn9Vly0ha9LHy2eWI=">AAACFXicbVDNS8MwHE39nPOr6tFLcQgeRmm3uc3b0IvHCe4DujLSLN3C0rQkqTBK/wkv/itePCjiVfDmf2PW9aCbDwKP994v+eV5ESVCWta3tra+sbm1Xdgp7u7tHxzqR8ddEcYc4Q4Kacj7HhSYEoY7kkiK+xHHMPAo7nnTm7nfe8BckJDdy1mE3QCOGfEJglJJQ72cDLJLHD723MQyrcta026ULbNWv2pUbUXsSr1pVVLTNNOhXlKJDMYqsXNSAjnaQ/1rMApRHGAmEYVCOLYVSTeBXBJEcVocxAJHEE3hGDuKMhhg4SbZQqlxrpSR4YdcHSaNTP09kcBAiFngqWQA5UQse3PxP8+Jpd90E8KiWGKGFg/5MTVkaMwrMkaEYyTpTBGIOFG7GmgCOURSFVlUJdjLX14l3YppV83KXa3Uus7rKIBTcAYugA0aoAVuQRt0AAKP4Bm8gjftSXvR3rWPRXRNy2dOwB9onz9BsJpr</latexit>

K̃(⌧1, ⌧2; ⌧3, ⌧4) = (�J )2 [qr?(⌧13) qr?(⌧24) + v] [qr?(⌧34) + u]p�2
<latexit sha1_base64="YNdnkagXK5/k0aBQ0YkIqi4mp1o="></latexit>

‘rails’ offset by 4-point version of 
Edwards-Anderson parameter:
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<latexit sha1_base64="T/JKJJUVDe60fcxksIWI4QWZ/j0=">AAACG3icbZDLSgMxFIYzXmu9jbp0EyxCC7bMjIJuhKIblxXsBXojk2ba0GQmJJlCGeY93Pgqblwo4kpw4duYXhba+kPgy3/OITm/LxhV2nG+rZXVtfWNzcxWdntnd2/fPjisqSiWmFRxxCLZ8JEijIakqqlmpCEkQdxnpO4Pbyf1+ohIRaPwQY8FaXPUD2lAMdLG6tre6LoVSIQTkSai6KWwdTa7844Xd7w04XlRdAsdDxahMOgV0q6dc0rOVHAZ3DnkwFyVrv3Z6kU45iTUmCGlmq4jdDtBUlPMSJptxYoIhIeoT5oGQ8SJaifT3VJ4apweDCJpTqjh1P09kSCu1Jj7ppMjPVCLtYn5X60Z6+CqndBQxJqEePZQEDOoIzgJCvaoJFizsQGEJTV/hXiATDTaxJk1IbiLKy9DzSu55yXv/iJXvpnHkQHH4ATkgQsuQRncgQqoAgwewTN4BW/Wk/VivVsfs9YVaz5zBP7I+voBibqfKA==</latexit>

c.f. [Kitaev ’15][Maldacena/Stanford ’16] … [Cheng/Swingle ’19][Mao/Chowdhury/Senthil ’19]



We wish to compute the OTOC                              :

Out-of-time-order correlator
(t1 ⇡ t2 � t3 ⇡ t4)

<latexit sha1_base64="bRpZ0/LXP/lfwlHU9BYfNHYJGOE="></latexit>
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• Analytically continue the Euclidean result. Retarded ladder kernel:
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<latexit sha1_base64="oKvr6oz9XqBW8QfFbvSpG+1e3A0="></latexit>

Condition for exponential growth of the OTOC:
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<latexit sha1_base64="7jYVPw8wlbr4w0+0nRlg2GSwdUc="></latexit>

• Two ways to solve this eigenvalue problem:
(1)  perturbatively in the conformal limit

  (2) numerically



• Exponential growth ansatz:

Perturbative analysis (conformal SG)
Fconn.(t1, t2, 0, 0) ⇠ f(t1 � t2) e

�L(t1+t2)/2
<latexit sha1_base64="2ckP5MoyUH9nlu0qjZghw5QUgjo="></latexit>

• For                     : conformal perturbation theory around        turns 
exponential growth condition into a ‘Pöschl-Teller’ Schrödinger problem:

�J ⇠ MJ � 1
<latexit sha1_base64="oK3sWy1qUNLIJbIG/raLyCdozpY=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRPJWkCnosehFBqGBboQlls92kS3eTsLsRSij4V7x4UMSrv8Ob/8Ztm4O2Phjm8d4MO/uClDOlHefbKi0tr6yuldcrG5tb2zv27l5bJZkktEUSnsiHACvKWUxbmmlOH1JJsQg47QTDq4nfeaRSsSS+16OU+gJHMQsZwdpIPfvAC6jG6AZ5igl0a3oUIbdnV52aMwVaJG5BqlCg2bO/vH5CMkFjTThWqus6qfZzLDUjnI4rXqZoiskQR7RraIwFVX4+PX+Mjo3SR2EiTcUaTdXfGzkWSo1EYCYF1gM1703E/7xupsMLP2dxmmkak9lDYcaRTtAkC9RnkhLNR4ZgIpm5FZEBlphok1jFhODOf3mRtOs197RWvzurNi6LOMpwCEdwAi6cQwOuoQktIJDDM7zCm/VkvVjv1sdstGQVO/vwB9bnD6Kjk/o=</latexit>

q⇡
<latexit sha1_base64="tpvPDPrapF35iZnbwqcCXTDybuM=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KrtV0GPRi8cK9kPatWTTtA3NJjHJimXpr/DiQRGv/hxv/hvTdg/a+mDg8d4MM/MixZmxvv/tLS2vrK6t5zbym1vbO7uFvf26kYkmtEYkl7oZYUM5E7RmmeW0qTTFccRpIxpeTfzGI9WGSXFrR4qGMe4L1mMEWyfdPdy3sVJaPnUKRb/kT4EWSZCRImSodgpf7a4kSUyFJRwb0wp8ZcMUa8sIp+N8OzFUYTLEfdpyVOCYmjCdHjxGx07pop7UroRFU/X3RIpjY0Zx5DpjbAdm3puI/3mtxPYuwpQJlVgqyGxRL+HISjT5HnWZpsTykSOYaOZuRWSANSbWZZR3IQTzLy+SerkUnJbKN2fFymUWRw4O4QhOIIBzqMA1VKEGBGJ4hld487T34r17H7PWJS+bOYA/8D5/AB6GkJ0=</latexit>

�1

2
f 00(x)� 6

cosh2 x
f(x) = �

✓
2 +

3Mu�2�L

2(p� 2)⇡�2

◆
f(x)
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similar results: [Bera/Lokesh/Banerjee ’21]



Lyapunov exponents: numerics
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❖ Paramagnetic phase: strong, non-monotonic dependence on MJ 
•      “peaks” a finite distance above the SG transition 

❖ Spin glass phase: both thermal and quantum fluctuations increase 
�L

<latexit sha1_base64="4TLaltlDkrrhZLvTCuAyCR9EC0A=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi6Lbly4qGAf0g4lk8m0oUlmSDJCGfoVblwo4tbPceffmLaz0NYDgcM555J7T5Bwpo3rfjuFtfWNza3idmlnd2//oHx41NZxqghtkZjHqhtgTTmTtGWY4bSbKIpFwGknGN/M/M4TVZrF8sFMEuoLPJQsYgQbKz32uY2GeHA3KFfcqjsHWiVeTiqQozkof/XDmKSCSkM41rrnuYnxM6wMI5xOS/1U0wSTMR7SnqUSC6r9bL7wFJ1ZJURRrOyTBs3V3xMZFlpPRGCTApuRXvZm4n9eLzXRlZ8xmaSGSrL4KEo5MjGaXY9CpigxfGIJJorZXREZYYWJsR2VbAne8smrpF2rehfV2n290rjO6yjCCZzCOXhwCQ24hSa0gICAZ3iFN0c5L86787GIFpx85hj+wPn8AZEJkEA=</latexit>

�L
<latexit sha1_base64="4TLaltlDkrrhZLvTCuAyCR9EC0A=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi6Lbly4qGAf0g4lk8m0oUlmSDJCGfoVblwo4tbPceffmLaz0NYDgcM555J7T5Bwpo3rfjuFtfWNza3idmlnd2//oHx41NZxqghtkZjHqhtgTTmTtGWY4bSbKIpFwGknGN/M/M4TVZrF8sFMEuoLPJQsYgQbKz32uY2GeHA3KFfcqjsHWiVeTiqQozkof/XDmKSCSkM41rrnuYnxM6wMI5xOS/1U0wSTMR7SnqUSC6r9bL7wFJ1ZJURRrOyTBs3V3xMZFlpPRGCTApuRXvZm4n9eLzXRlZ8xmaSGSrL4KEo5MjGaXY9CpigxfGIJJorZXREZYYWJsR2VbAne8smrpF2rehfV2n290rjO6yjCCZzCOXhwCQ24hSa0gICAZ3iFN0c5L86787GIFpx85hj+wPn8AZEJkEA=</latexit>

similar results: [Bera-Lokesh-Banerjee ’21]



Holographic 
speculations



p-spin glass has features reminiscent of gravity:      
• emergent conformal symmetry (appearance of             mode)… 

… ‘on top of’ constant background value u 
• extensive number of (metastable) states… 

… contributing to the complexity   
• non-zero quantum Lyapunov exponent… 

… which vanishes at strong coupling

Signatures of gravity?

� = 1

<latexit sha1_base64="O9qPFefVsNKB+xc2d39Q5zGPQo0=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRC9CUA8eI5gHJEuYnUySIbOz60yvEJb8hBcPinj1d7z5N06SPWhiQUNR1U13VxBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nEtRGResBxzP2QDpToC0bRSq3OLZdIr7xuseSW3RnIMvEyUoIMtW7xq9OLWBJyhUxSY9qeG6OfUo2CST4pdBLDY8pGdMDblioacuOns3sn5MQqPdKPtC2FZKb+nkhpaMw4DGxnSHFoFr2p+J/XTrB/6adCxQlyxeaL+okkGJHp86QnNGcox5ZQpoW9lbAh1ZShjahgQ/AWX14mjbOyVymf31dK1essjjwcwTGcggcXUIU7qEEdGEh4hld4cx6dF+fd+Zi35pxs5hD+wPn8AViSj4Y=</latexit>

Can we accommodate for these effects in                         ?nAdS2/nCFT2

<latexit sha1_base64="ei0xG7J75gFoQ1rmJuNZ5XGIZHU=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInmpSKnqsFsRjxX5BG8Jmu22XbjZhdyPU0l/ixYMiXv0p3vw3btsctPXBwOO9GWbmBTFnSjvOt5VZW9/Y3Mpu53Z29/bz9sFhU0WJJLRBIh7JdoAV5UzQhmaa03YsKQ4DTlvBqDrzW49UKhaJuh7H1AvxQLA+I1gbybfz4rr34JfQORLV27pf8u2CU3TmQKvETUkBUtR8+6vbi0gSUqEJx0p1XCfW3gRLzQin01w3UTTGZIQHtGOowCFV3mR++BSdGqWH+pE0JTSaq78nJjhUahwGpjPEeqiWvZn4n9dJdP/KmzARJ5oKsljUTzjSEZqlgHpMUqL52BBMJDO3IjLEEhNtssqZENzll1dJs1R0y8WL+3KhcpPGkYVjOIEzcOESKnAHNWgAgQSe4RXerCfrxXq3PhatGSudOYI/sD5/AEOBkYs=</latexit>

At first sight: have learnt a lot in recent years about the replica trick in 
gravity to compute entropies, free energies, etc.
[Lewkowycz/Maldacena] [Saad/Shenker/Stanford] [Penington/Shenker/Stanford/Yang] 
[Almheiri/Hartman/Maldacena/Shaghoulian/Tajdini] [Engelhardt/Fischetti/Maloney] …..

…but it seems like we need a bit more to incorporate the above



Disclaimer: the following is a suggestion. We have not yet worked 
out any detailed picture.                               
Near horizon of 4d extremal two-RN black holes with fixed charge:

AdS2 fragmentation

ds2 = �V �2dt2 + V 2d~x2
<latexit sha1_base64="rIiyHviYwTRyhr4/ReYJtYZEFFA="></latexit>

?F = dt ^ dV �1
<latexit sha1_base64="ipJo7jN3DA7z8tdCLNz10JGg8ks="></latexit>

V =
Q1

|~x� ~x1|
+

Q2

|~x� ~x2|
<latexit sha1_base64="25Tb8+zN5jDS5sHioxvJK08ncDU=">AAACMHicbVBLSwMxGMzWV62vVY9egkUQxLK7CnoRih702IJ9QLcs2TTbhmYfJNli2e5P8uJP0YuCIl79FabtItp2IGSYmY/kGzdiVEjDeNNyS8srq2v59cLG5tb2jr67VxdhzDGp4ZCFvOkiQRgNSE1SyUgz4gT5LiMNt38z9hsDwgUNg3s5jEjbR92AehQjqSRHv4V1eAVtjyOcVB0zTUb2gODkIT3NbsccpfDkN2EtSFgq4ehFo2RMAOeJmZEiyFBx9Ge7E+LYJ4HEDAnRMo1IthPEJcWMpAU7FiRCuI+6pKVogHwi2slk4RQeKaUDvZCrE0g4Uf9OJMgXYui7Kukj2ROz3lhc5LVi6V22ExpEsSQBnj7kxQzKEI7bgx3KCZZsqAjCnKq/QtxDqhqpOi6oEszZledJ3SqZZyWrel4sX2d15MEBOATHwAQXoAzuQAXUAAaP4AW8gw/tSXvVPrWvaTSnZTP74B+07x/EwqoZ</latexit>

Q1
<latexit sha1_base64="9VSzdzaLSDkcZx4V9Wn4M267+jA=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rFF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZ6aPS9fqnsVtw5yCrxclKGHPV+6as3iFkaoTRMUK27npsYP6PKcCZwWuylGhPKxnSIXUsljVD72fzUKTm3yoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPEzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2naEPwll9eJa1qxbusVBtX5dptHkcBTuEMLsCDa6jBPdShCQyG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gDRhY19</latexit>

Q2
<latexit sha1_base64="whrKofI0uZZAXxdgqAV7O11ud6Q=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rFF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZ6aPSr/VLZrbhzkFXi5aQMOer90ldvELM0QmmYoFp3PTcxfkaV4UzgtNhLNSaUjekQu5ZKGqH2s/mpU3JulQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtO0YbgLb+8SlrVindZqTauyrXbPI4CnMIZXIAH11CDe6hDExgM4Rle4c0Rzovz7nwsWtecfOYE/sD5/AHTCY1+</latexit>

Q1 +Q2
<latexit sha1_base64="gkVfnJ6umzLCIBZp852dizQvcXY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSIIQkmqoMeiF48t2A9oQ9hsp+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8MBFcG9f9dtbWNza3tgs7xd29/YPD0tFxS8epYthksYhVJ6QaBZfYNNwI7CQKaRQKbIfj+5nffkKleSwfzSRBP6JDyQecUWOldiPwLhtBNSiV3Yo7B1klXk7KkKMelL56/ZilEUrDBNW667mJ8TOqDGcCp8VeqjGhbEyH2LVU0gi1n83PnZJzq/TJIFa2pCFz9fdERiOtJ1FoOyNqRnrZm4n/ed3UDG79jMskNSjZYtEgFcTEZPY76XOFzIiJJZQpbm8lbEQVZcYmVLQheMsvr5JWteJdVaqN63LtLo+jAKdwBhfgwQ3U4AHq0AQGY3iGV3hzEufFeXc+Fq1rTj5zAn/gfP4AAhiOsg==</latexit>

AdS2 ⇥ S2
<latexit sha1_base64="t5fgI72y1pJWgeBS9VN3metJiq4="></latexit>

[Majumdar/Papapetrou ’47]
[Maldacena/Michelson/
Strominger ’98]

• Large      :  same as geometry with a single throat with charge 
• For              :  fragmentation into two (or more) AdS2 regions 

|~x|
<latexit sha1_base64="KFssueba5vyS3Sq0kqdHB6LVFi4=">AAAB8HicbVBNTwIxEO3iF+IX6tFLIzHxRHbRRI9ELx4xkQ8DG9Its9DQdjdtl0gWfoUXDxrj1Z/jzX9jgT0o+JJJXt6bycy8IOZMG9f9dnJr6xubW/ntws7u3v5B8fCooaNEUajTiEeqFRANnEmoG2Y4tGIFRAQcmsHwduY3R6A0i+SDGcfgC9KXLGSUGCs9TjojoOnTdNItltyyOwdeJV5GSihDrVv86vQimgiQhnKiddtzY+OnRBlGOUwLnURDTOiQ9KFtqSQCtJ/OD57iM6v0cBgpW9Lgufp7IiVC67EIbKcgZqCXvZn4n9dOTHjtp0zGiQFJF4vChGMT4dn3uMcUUMPHlhCqmL0V0wFRhBqbUcGG4C2/vEoalbJ3Ua7cX5aqN1kceXSCTtE58tAVqqI7VEN1RJFAz+gVvTnKeXHenY9Fa87JZo7RHzifP3v7kNo=</latexit>

Q1 +Q2
<latexit sha1_base64="gkVfnJ6umzLCIBZp852dizQvcXY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSIIQkmqoMeiF48t2A9oQ9hsp+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8MBFcG9f9dtbWNza3tgs7xd29/YPD0tFxS8epYthksYhVJ6QaBZfYNNwI7CQKaRQKbIfj+5nffkKleSwfzSRBP6JDyQecUWOldiPwLhtBNSiV3Yo7B1klXk7KkKMelL56/ZilEUrDBNW667mJ8TOqDGcCp8VeqjGhbEyH2LVU0gi1n83PnZJzq/TJIFa2pCFz9fdERiOtJ1FoOyNqRnrZm4n/ed3UDG79jMskNSjZYtEgFcTEZPY76XOFzIiJJZQpbm8lbEQVZcYmVLQheMsvr5JWteJdVaqN63LtLo+jAKdwBhfgwQ3U4AHq0AQGY3iGV3hzEufFeXc+Fq1rTj5zAn/gfP4AAhiOsg==</latexit>

~x ! ~x1,2
<latexit sha1_base64="cxIjOBVwHbsuZOr77Ka5Dbv7Fck=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExoCopSDBWsDAWiT6kJooc122tOnZkO4UqyszCr7AwgBArX8DG3+C2GaDlSFc6Oude3XtPGDOqtON8W4Wl5ZXVteJ6aWNza3vH3t1rKpFITBpYMCHbIVKEUU4ammpG2rEkKAoZaYXD64nfGhGpqOB3ehwTP0J9TnsUI22kwD70RgSnDxn0JO0PNJJS3MNcC1L3tJoFdtmpOFPAReLmpAxy1AP7y+sKnESEa8yQUh3XibWfIqkpZiQreYkiMcJD1CcdQzmKiPLT6SsZPDZKF/aENMU1nKq/J1IUKTWOQtMZIT1Q895E/M/rJLp36aeUx4kmHM8W9RIGtYCTXGCXSoI1GxuCsKTmVogHSCKsTXolE4I7//IiaVYr7lmlenterl3lcRTBATgCJ8AFF6AGbkAdNAAGj+AZvII368l6sd6tj1lrwcpn9sEfWJ8/ox2a2A==</latexit>

|~x|

<latexit sha1_base64="kAy/4iNeTy1c8o9/UVbrQdoBZ2k=">AAAB8HicbVBNTwIxEO3iF+IX6tFLIzHxRHYNRo9ELx4xkQ8DG9Its9DQdjdtl0gWfoUXDxrj1Z/jzX9jgT0o+JJJXt6bycy8IOZMG9f9dnJr6xubW/ntws7u3v5B8fCooaNEUajTiEeqFRANnEmoG2Y4tGIFRAQcmsHwduY3R6A0i+SDGcfgC9KXLGSUGCs9TjojoOnTdNItltyyOwdeJV5GSihDrVv86vQimgiQhnKiddtzY+OnRBlGOUwLnURDTOiQ9KFtqSQCtJ/OD57iM6v0cBgpW9Lgufp7IiVC67EIbKcgZqCXvZn4n9dOTHjtp0zGiQFJF4vChGMT4dn3uMcUUMPHlhCqmL0V0wFRhBqbUcGG4C2/vEoaF2WvUr68r5SqN1kceXSCTtE58tAVqqI7VEN1RJFAz+gVvTnKeXHenY9Fa87JZo7RHzifP31FkN4=</latexit>



Some features of AdS2 fragmentation are reminiscent of the spin glass 
phase we discussed: 
• Large moduli space of geometries which locally minimize free energy 

(variational parameters           ) 
      —> counted by something like the complexity      ? 

• “Microscopic” fragmentation can be detected asymptotically as a 
nonzero average dipole moment 

      —> similar to u  in the p-spin model? 
• Symmetries

AdS2 fragmentation

~xi, Qi
<latexit sha1_base64="3PXPewUEaiFwG2durchr5NdyVEw=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg5SkCgpeil48tmA/oAlhs922SzebsLspltB/4sWDIl79J978N27bHLT1wcDjvRlm5oUJZ0o7zrdVWFvf2Nwqbpd2dvf2D+zDo5aKU0lok8Q8lp0QK8qZoE3NNKedRFIchZy2w9H9zG+PqVQsFo96klA/wgPB+oxgbaTAtr0xJdnTNGAX3i1qBCywy07FmQOtEjcnZchRD+wvrxeTNKJCE46V6rpOov0MS80Ip9OSlyqaYDLCA9o1VOCIKj+bXz5FZ0bpoX4sTQmN5urviQxHSk2i0HRGWA/VsjcT//O6qe7f+BkTSaqpIItF/ZQjHaNZDKjHJCWaTwzBRDJzKyJDLDHRJqySCcFdfnmVtKoV97JSbVyVa3d5HEU4gVM4BxeuoQYPUIcmEBjDM7zCm5VZL9a79bFoLVj5zDH8gfX5A895kx0=</latexit>

⌃

<latexit sha1_base64="EsRMwNhhMPc+9WAgz+1lJ8u/Tus=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzQOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTP3WE9WGKflgxwkNBR5IFjOCrZOa3Xs2ELhXrvhVfwa0TIKcVCBHvVf+6vYVSQWVlnBsTCfwExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauOrMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCMHiy8ukeVYNzqsXd+eV2nUeRxGO4BhOIYBLqMEt1KEBBB7hGV7hzVPei/fufcxbC14+cwh/4H3+AG33jws=</latexit>



N=2  SUGRA in d=4  has multi-horizon (“fragmented”) black hole solutions: 
• Exponentially many bound states of black holes 
• Exhibit slow relaxation etc. 

Certain brane constructions in string theory lead quiver quantum 
mechanics similar to the p-spin model: 
• Chiral and vector multiplets 
• SUSY fixes much of the Lagrangian —> bosonic potential:

String theory constructions

V =
X
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<latexit sha1_base64="BfKVi+NS1bqNTO08WWUh2HRqrB4="></latexit>

FY parameterssuperpotential
W (�) = ⌦ijk�

1
i�

2
j�

3
k + . . .

<latexit sha1_base64="ytHqr7HfFv3Jc63iywZPMwVMHgI="></latexit>

[Denef ’00]
[Cardoso et al. ’00]

[Douglas/Moore ’96]
[Denef/Moore ’07]



Summary



Paramagnetic phase (similar to SYK) vs. spin glass phase 
Emergent reparametrization symmetry, gapless, nonzero quantum 
Lyapunov exponent, …  
• More systematic conformal perturbation theory? 
• Holographic interpretation in terms of AdS2  fragmentation? 
• Connect to string theory constructions?

Summary

T/J
<latexit sha1_base64="FjGYCKXLhBiuppQoOh4Bq6ukpjk=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8xd0o6DHoRTxFzAuSJcxOZpMhs7PLTK8QQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6Lrfzsrq2vrGZm4rv72zu7dfODhsmDjVjNdZLGPdCqjhUiheR4GStxLNaRRI3gyGt1O/+cS1EbGq4SjhfkT7SoSCUbTSY+38vlsouiV3BrJMvIwUIUO1W/jq9GKWRlwhk9SYtucm6I+pRsEkn+Q7qeEJZUPa521LFY248cezUyfk1Co9EsbalkIyU39PjGlkzCgKbGdEcWAWvan4n9dOMbz2x0IlKXLF5ovCVBKMyfRv0hOaM5QjSyjTwt5K2IBqytCmk7cheIsvL5NGueRdlMoPl8XKTRZHDo7hBM7AgyuowB1UoQ4M+vAMr/DmSOfFeXc+5q0rTjZzBH/gfP4AswuNaQ==</latexit>

1/(MJ)
<latexit sha1_base64="BB3Z4TzwylmGc0Ykrx5TZm0Zhj8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXupuFfRY9CKCUMF+QLuUbJptY7PJkmSFsvQ/ePGgiFf/jzf/jWm7B60+GHi8N8PMvCDmTBvX/XJyS8srq2v59cLG5tb2TnF3r6lloghtEMmlagdYU84EbRhmOG3HiuIo4LQVjK6mfuuRKs2kuDfjmPoRHggWMoKNlZreSfn25rhXLLkVdwb0l3gZKUGGeq/42e1LkkRUGMKx1h3PjY2fYmUY4XRS6CaaxpiM8IB2LBU4otpPZ9dO0JFV+iiUypYwaKb+nEhxpPU4CmxnhM1QL3pT8T+vk5jwwk+ZiBNDBZkvChOOjETT11GfKUoMH1uCiWL2VkSGWGFibEAFG4K3+PJf0qxWvNNK9e6sVLvM4sjDARxCGTw4hxpcQx0aQOABnuAFXh3pPDtvzvu8NedkM/vwC87HN956jgI=</latexit>

(0 < u,m < 1)
<latexit sha1_base64="xAAbfXOm6b5hv2eGBYrLAog/crc=">AAACG3icbVBLS8NAGNzUV62vqEcvwSJUKCGpxfbQQ9GLxwr2AWkom+2mXbp5sLsRSsj/8OJf8eJBEU+CB/+N2zT1UR1YGGbm2/12nJASLgzjQ8mtrK6tb+Q3C1vbO7t76v5BhwcRQ7iNAhqwngM5psTHbUEExb2QYeg5FHedyeXM795ixkng34hpiG0PjnziEgSFlAZqJe6nl1hs5NixodfMav3cLBu6keKLJCWjEZW9hnmaDNTiIqct7G9iZqQIMrQG6lt/GKDIw75AFHJumUYo7BgyQRDFSaEfcRxCNIEjbEnqQw9zO07XSrQTqQw1N2Dy+EJL1Z8TMfQ4n3qOTHpQjPmyNxP/86xIuHU7Jn4YCeyj+UNuRDURaLOitCFhGAk6lQQiRuSuGhpDBpGQdRZkCebyl/+STkU3z/TKdbXYvMjqyIMjcAxKwAQ10ARXoAXaAIE78ACewLNyrzwqL8rrPJpTsplD8AvK+yfXLpxB</latexit>

(u = 0, m = 1)
<latexit sha1_base64="mtNtGv3ZK6p5U24wyX3rvxXYiz8=">AAACHnicbVBLSwMxGMz6rPW16tFLsAgVStmt1fZSKHrxWME+oF1KNs22odkHSVYoy/4SL/4VLx4UETzpvzHdbn1UBwLDzHzJl7EDRoU0jA9taXlldW09s5Hd3Nre2dX39lvCDzkmTewzn3dsJAijHmlKKhnpBJwg12akbY8vp377lnBBfe9GTgJiuWjoUYdiJJXU18+iXnJJlw9tKzKKFbNcPTcLRtFI8EXifFgzCr0CdGvmSdzXc/MonCe+iZmSHEjR6OtvvYGPQ5d4EjMkRNc0AmlFiEuKGYmzvVCQAOExGpKuoh5yibCiZLMYHitlAB2fq+NJmKg/JyLkCjFxbZV0kRyJRW8q/ud1Q+lUrYh6QSiJh2cPOSGD0ofTruCAcoIlmyiCMKdqV4hHiCMsVaNZVYK5+OW/pFUqmqfF0nU5V79I68iAQ3AE8sAEFVAHV6ABmgCDO/AAnsCzdq89ai/a6yy6pKUzB+AXtPdPcfWdCQ==</latexit>

tricritial point
<latexit sha1_base64="20ufi4cce3G54ag0fqI2h4zsSyY=">AAACAHicbZBLS8NAFIUn9VXrK+rChZvBIrgqSRV0WXTjsoJ9QBvKZDpph04mYeZGLCEb/4obF4q49We48984TbPQ1gMDH+fcy3CPHwuuwXG+rdLK6tr6RnmzsrW9s7tn7x+0dZQoylo0EpHq+kQzwSVrAQfBurFiJPQF6/iTm1neeWBK80jewzRmXkhGkgecEjDWwD7qA3uEFBSnigMnAscRl5AN7KpTc3LhZXALqKJCzYH91R9GNAmZBCqI1j3XicFLiQJOBcsq/USzmNAJGbGeQUlCpr00PyDDp8YZ4iBS5knAuft7IyWh1tPQN5MhgbFezGbmf1kvgeDKS7mME2CSzj8KEoEhwrM28JArRkFMDZC8AIrpmChCwXRWMSW4iycvQ7tec89r9buLauO6qKOMjtEJOkMuukQNdIuaqIUoytAzekVv1pP1Yr1bH/PRklXsHKI/sj5/ANC1ly8=</latexit>

“qu
antu

m scal
ing”

<latexit sha1_base64="ms2f1HjJms5K0yIiayMKe5ns1zo=">AAACA3icbVDLTgIxFO3gC/E16k43jcTgisygiS6JblxiIo8EJtApBRo6nbG9YyQTEjf+ihsXGuPWn3Dn31hgFgqe5CYn59zb3nv8SHANjvNtZZaWV1bXsuu5jc2t7R17d6+mw1hRVqWhCFXDJ5oJLlkVOAjWiBQjgS9Y3R9eTfz6PVOah/IWRhHzAtKXvMcpASO17YMWsAdIOp27mEiIA6wpMW/1C4Vx2847RWcKvEjclORRikrb/mp1QxoHTAIVROum60TgJUQBp4KNc61Ys4jQIemzpqGSBEx7yfSGMT42Shf3QmVKAp6qvycSEmg9CnzTGRAY6HlvIv7nNWPoXXgJl1EMTNLZR71YYAjxJBDc5YpRECNDCFXc7IrpgChCwcSWMyG48ycvklqp6J4WSzdn+fJlGkcWHaIjdIJcdI7K6BpVUBVR9Iie0St6s56sF+vd+pi1Zqx0Zh/9gfX5A0OYl+Y=</latexit> (con
form

al)

<latexit sha1_base64="06YDW/pybsOvpBAG+BMJ61X5bRM=">AAACJHicbVBJSwMxGM241rpVPXoZLEIFKTNVUPBS9OKxgl1gOpRMmmlDk8yQfCOWYX6MF/+KFw8uePDibzFdBG19EHi89215QcyZBsf5tBYWl5ZXVnNr+fWNza3tws5uQ0eJIrROIh6pVoA15UzSOjDgtBUrikXAaTMYXI385h1VmkXyFoYx9QXuSRYygsFIncJF2h4P8VQv8FOn7IxxPEeyNtB7SEskkmGkBOZHWdYpFH9se564U1JEU9Q6hbd2NyKJoBIIx1p7rhODn2IFjHCa5duJpjEmA9yjnqESC6r9dHxfZh8apWub5eZJsMfq744UC62HIjCVAkNfz3oj8T/PSyA891Mm4wSoJJNFYcJtiOxRYnaXKUqADw3BRDFzq036WGECJte8CcGd/fI8aVTK7km5cnNarF5O48ihfXSASshFZ6iKrlEN1RFBD+gJvaBX69F6tt6tj0npgjXt2UN/YH19A+7FoVg=</latexit>

PM phase
<latexit sha1_base64="vz7j+smP8QmxYN4ePo8eMwumjzY=">AAACIXicbVDLSsNAFJ3UV62vqks3g0VwISWpgl0W3bgRKtgHJKFMppN26OTBzI1YQn7Fjb/ixoUi3Yk/47SNoK0HBg7n3NccLxZcgWl+GoWV1bX1jeJmaWt7Z3evvH/QVlEiKWvRSESy6xHFBA9ZCzgI1o0lI4EnWMcbXU/9zgOTikfhPYxj5gZkEHKfUwJa6pXrqTMbYsuB56Zm1ZzhbIlkDrBHSJu3OB7qdVnWK1d+PLxMrJxUUI5mrzxx+hFNAhYCFUQp2zJjcFMigVPBspKTKBYTOiIDZmsakoApN50dl+ETrfSxH0n9QsAz9XdHSgKlxoGnKwMCQ7XoTcX/PDsBv+6mPIwTYCGdL/ITgSHC07hwn0tGQYw1IVRyfSumQyIJBR1qSYdgLX55mbRrVeu8Wru7qDSu8jiK6Agdo1NkoUvUQDeoiVqIoif0gt7Qu/FsvBofxmReWjDynkP0B8bXN11Dn/Y=</latexit>

coexistence
<latexit sha1_base64="jrD/QAMiuZK/ThVTmsU5KXGQsJo=">AAACJHicbVDLSsNAFJ3UV62vqEs3wSK4kJJUQcFN0Y3LCvYBaSiT6U07dPJgZiItIR/jxl9x48IHLtz4LU7SCNp6YOBwzr137j1uxKiQpvmplZaWV1bXyuuVjc2t7R19d68twpgTaJGQhbzrYgGMBtCSVDLoRhyw7zLouOPrzO/cAxc0DO7kNALHx8OAepRgqaS+fpn08iE2H7pOYtbMHCcLJO1JmMiEhDBRS0FAIE37evXHNhaJVZAqKtDs62+9QUhiHwJJGBbCtsxIOgnmkhIGaaUXC4gwGeMh2IoG2AfhJPl+qXGklIHhhVy9QBq5+rsjwb4QU99VlT6WIzHvZeJ/nh1L78JJaBDF2V2zj7yYGTI0ssSMAeVAJJsqggmnaleDjDDHRKpcKyoEa/7kRdKu16zTWv32rNq4KuIoowN0iI6Rhc5RA92gJmohgh7QE3pBr9qj9qy9ax+z0pJW9OyjP9C+vgHA26Hg</latexit>

locally maximal �L(MJ)

<latexit sha1_base64="IQZBlpjOkPsWQ3exzdkCaw8IlBA="></latexit>

quantum
<latexit sha1_base64="SeJaKjb4bbhskzlBKV6N9s0aZJU=">AAAB9XicbVBNSwMxEM36WetX1aOXYBE8ld0q6LHoxWMF+wFtLdk024Ym2TWZqGXp//DiQRGv/hdv/hvTdg/a+mDg8d4MM/PCRHADvv/tLS2vrK6t5zbym1vbO7uFvf26ia2mrEZjEetmSAwTXLEacBCsmWhGZChYIxxeTfzGA9OGx+oWRgnrSNJXPOKUgJPu2sCeIL23RIGV426h6Jf8KfAiCTJSRBmq3cJXuxdTK5kCKogxrcBPoJMSDZwKNs63rWEJoUPSZy1HFZHMdNLp1WN87JQejmLtSgGeqr8nUiKNGcnQdUoCAzPvTcT/vJaF6KKTcpVYYIrOFkVWYIjxJALc45pRECNHCNXc3YrpgGhCwQWVdyEE8y8vknq5FJyWyjdnxcplFkcOHaIjdIICdI4q6BpVUQ1RpNEzekVv3qP34r17H7PWJS+bOUB/4H3+AIhAky4=</latexit>

classical
<latexit sha1_base64="zxXdhvkAT1+XVVdPvg1lxG8xGJQ=">AAAB+XicbVDLSgNBEJz1GeNr1aOXwSB4CrtR0GPQi8cI5gHJEmYnvcmQ2QczvcGw5E+8eFDEq3/izb9xstmDJhY0FFXdM93lJ1JodJxva219Y3Nru7RT3t3bPzi0j45bOk4VhyaPZaw6PtMgRQRNFCihkyhgoS+h7Y/v5n57AkqLOHrEaQJeyIaRCARnaKS+bfcQnjDjkmltRDnr2xWn6uSgq8QtSIUUaPTtr94g5mkIEeavdF0nQS9jCgWXMCv3Ug0J42M2hK6hEQtBe1m++YyeG2VAg1iZipDm6u+JjIVaT0PfdIYMR3rZm4v/ed0UgxsvE1GSIkR88VGQSooxncdAB0IBRzk1hHElzK6Uj5hiHE1YZROCu3zyKmnVqu5ltfZwVanfFnGUyCk5IxfEJdekTu5JgzQJJxPyTF7Jm5VZL9a79bFoXbOKmRPyB9bnD05BlBc=</latexit>

spin glass
<latexit sha1_base64="vJ+7PWo8g0cN7Mi9wh60Wxj9eSc=">AAACKHicbVDLSgMxFM34tr6qLt0Ei+BCykwttjuLblwq2Ad0hpJJM21oJjMkd8QyzOe48VfciCji1i8xra2P6oHA4Zz7yvFjwTXY9ps1N7+wuLS8sppbW9/Y3Mpv7zR0lCjK6jQSkWr5RDPBJasDB8FasWIk9AVr+oPzkd+8YUrzSF7DMGZeSHqSB5wSMFInf5q64yFt1fO91C5WnHL1xDmyi/YYXyRzgd1C6vpBqmMucU8QrbMs6+QL0yY8rf0mzoQU0ASXnfyT241oEjIJdDSj7dgxeClRwKlgWc5NNIsJHZAeaxsqSci0l45vzPCBUbo4iJR5EvBY/dmRklDrYeibypBAX896I/E/r51AUPVSLuMEmKSfi4JEYIjwKDXc5YpREENDCFXc3IppnyhCwWSbMyE4s1/+SxqlonNcLF2VC7WzSRwraA/to0PkoAqqoQt0ieqIojv0gJ7Ri3VvPVqv1ttn6Zw16dlFv2C9fwAuQKO0</latexit>

paramagnetic
<latexit sha1_base64="8VgPyPer3eq6i865d8wJuoOC8iU=">AAACKnicbVDJSgNBFOxxN25Rj14Gg+BBwkwMJkeXi8cIZoHMEHo6b2KTnoXuN2IY5nu8+CteclCCVz/Ezub+oKGoqrd0ebHgCi1rZCwsLi2vrK6t5zY2t7Z38rt7DRUlkkGdRSKSLY8qEDyEOnIU0Iol0MAT0PT6V2O9eQ9S8Si8xUEMbkB7Ifc5o6ipTv4idSZD2rLnualVrNjl6pl9YhWtSX2CzEF4wNTx/DSmko6nAHKWZVknX5i3mXP3F7BnoEBmVevkh043YkkAITJBlWrbVoxuSqWeJyDLOYmCmLI+7UFbw5AGoNx0cmVmHmmma/qR1C9Ec8J+70hpoNQg8LQzoHinfmtj8j+tnaBfdVMexglCyKaL/ESYGJnj3Mwul8BQDDSgTHJ9q8nudBIMdbo5HYL9+8t/QaNUtE+LpZty4fxyFscaOSCH5JjYpELOyTWpkTph5JE8kxfyajwZQ2NkvE2tC8asZ5/8KOP9AxulpMA=</latexit>


