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Motivation

Disorder and averaging play crucial role in recent AdS/CFT discussions 

JT gravity 

Desirable to understand other characteristic properties of disordered 
systems and consequences for gravity!

low-energy dynamics of 
SYK-type ensembles  

CFT ensembles,  
microcanonical averaging  

spectral form factor, 
unitary Page curve, 
statistics of OPE coefficients 

AdS3 pure gravity, 
‘U(1) gravity’

wormholes, 
gravitational  

instantons
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Introduction



• Emergent reparametrization invariance:                

• Broken by saddle point solution to 

• ‘Mean field’ description at large N in 
terms of bilocal 2-point function

SYK model: important features

 

 

 

 

N  Majorana fermions with random, 
Gaussian couplings 

Solvable for 
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❖ Same action also describes dilaton gravity in AdS2 
[Maldacena/Stanford/Yang ’16]

❖ The pseudo-Goldstone associated with reparametrizations                                     
s. ssssssshas a ‘Schwarzian’ effective action: ⌧ ! f(⌧)

❖ Symmetry breaking pattern implies near-extremal entropy of the form
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❖ Schwarzian gives universal leading contribution to out-of-time-order 
correlation functions (OTOCs)

[Almheiri/Polchinski ’14]
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Many disordered systems exhibit a spin glass phase at low temperatures  

Random couplings lead to frustration,                                                    
complicated free energy landscape

Spin glasses

Many metastable spin glass states separated by high barriers
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Spin glasses
To detect spin glass phase, consider ‘temporal’ order parameter

0 2 4 6 8

-0.1

0.0

0.1

0.2

0.3

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/xrTdg1YfDDzem2FmXhALbsB1v5zc0vLK6lp+vbCxubW9U9zdaxqVaMoaVAml2wExTHDJGsBBsHasGYkCwVrB6Grqtx6ZNlzJOxjHzI/IQPKQUwJWal7fX5ThuFcsuRV3BvyXeBkpoQz1XvGz21c0iZgEKogxHc+NwU+JBk4FmxS6iWExoSMyYB1LJYmY8dPZtRN8ZJU+DpW2JQHP1J8TKYmMGUeB7YwIDM2iNxX/8zoJhOd+ymWcAJN0vihMBAaFp6/jPteMghhbQqjm9lZMh0QTCjaggg3BW3z5L2meVLxq5fS2WqpdZnHk0QE6RGXkoTNUQzeojhqIogf0hF7Qq6OcZ+fNeZ+35pxsZh/9gvPxDXKfjmY=</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/xrTdg1YfDDzem2FmXhALbsB1v5zc0vLK6lp+vbCxubW9U9zdaxqVaMoaVAml2wExTHDJGsBBsHasGYkCwVrB6Grqtx6ZNlzJOxjHzI/IQPKQUwJWal7fX5ThuFcsuRV3BvyXeBkpoQz1XvGz21c0iZgEKogxHc+NwU+JBk4FmxS6iWExoSMyYB1LJYmY8dPZtRN8ZJU+DpW2JQHP1J8TKYmMGUeB7YwIDM2iNxX/8zoJhOd+ymWcAJN0vihMBAaFp6/jPteMghhbQqjm9lZMh0QTCjaggg3BW3z5L2meVLxq5fS2WqpdZnHk0QE6RGXkoTNUQzeojhqIogf0hF7Qq6OcZ+fNeZ+35pxsZh/9gvPxDXKfjmY=</latexit>

Averaged two-point function: 
paramagnet

spin glass

Spin glass order parameter:

q ⌘ lim
t!1

G>(t) =
1

N

X

i

h�ii2
<latexit sha1_base64="+9fmruAvlauDeFi5OUa8ZPpz/IY="></latexit>

G>(t) =
1

N

NX

i=1

h�i(t)�i(0)i
<latexit sha1_base64="wBzZIEyOHUG+D1RaEgMmitPQdyQ="></latexit>

paramagnetic phase:
spin glass phase:

q
<latexit sha1_base64="lf6NMEX3OOxIDGiomglpU1B7FhE=">AAACHnicbVBJS8NAGJ241rpFPXoZLIIHKUntoreiF48V7AJJKJPptB06WZyZCCXkl3jxr3jxoIjgSf+NkzSCtj4YeLz3bfPckFEhDeNLW1peWV1bL2wUN7e2d3b1vf2OCCKOSRsHLOA9FwnCqE/akkpGeiEnyHMZ6bqTq9Tv3hMuaODfymlIHA+NfDqkGEkl9fVabGdDLD5yndgo1+uVauPi1CgbGVJSrTUalcQO1Jh0S3yXJH299FMBF4mZkxLI0errH/YgwJFHfIkZEsIyjVA6MeKSYkaSoh0JEiI8QSNiKeojjwgnzi5L4LFSBnAYcPV8CTP1d0eMPCGmnqsqPSTHYt5Lxf88K5LDcyemfhhJ4uPZomHEoAxgmhUcUE6wZFNFEOZU3QrxGHGEpUq0qEIw57+8SDqVsnlWrtxUS83LPI4COARH4ASYoAGa4Bq0QBtg8ACewAt41R61Z+1Ne5+VLml5zwH4A+3zG/3tn1U=</latexit>

q = 0
<latexit sha1_base64="PEXPedUcdZOrrTWIz7dt5b3xF9M=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZmpgm6EohuXFewD2qFk0kwbmknGJFMoQ//EjQtF3Pon7vwb03YW2nogcDjnHu7NCRPOtPG8b6ewtr6xuVXcLu3s7u0fuIdHTS1TRWiDSC5VO8SaciZowzDDaTtRFMchp61wdDfzW2OqNJPi0UwSGsR4IFjECDZW6rluV1p7ls6epugGeT237FW8OdAq8XNShhz1nvvV7UuSxlQYwrHWHd9LTJBhZRjhdFrqppommIzwgHYsFTimOsjml0/RmVX6KJLKPmHQXP2dyHCs9SQO7WSMzVAvezPxP6+Tmug6yJhIUkMFWSyKUo6MRLMaUJ8pSgyfWIKJYvZWRIZYYWJsWSVbgr/85VXSrFb8i0r14bJcu83rKMIJnMI5+HAFNbiHOjSAwBie4RXenMx5cd6dj8Vowckzx/AHzucP3d2TJQ==</latexit>

q > 0
<latexit sha1_base64="aGqE92wdNm8WRHj7BrGgoycjbBQ=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZmpgq6k6MZlBfuAdiiZNNOGZpIxyRTK0D9x40IRt/6JO//GtJ2Fth4IHM65h3tzwoQzbTzv2ymsrW9sbhW3Szu7e/sH7uFRU8tUEdogkkvVDrGmnAnaMMxw2k4UxXHIaSsc3c381pgqzaR4NJOEBjEeCBYxgo2Veq7bldaepbOnKbpBXs8texVvDrRK/JyUIUe95351+5KkMRWGcKx1x/cSE2RYGUY4nZa6qaYJJiM8oB1LBY6pDrL55VN0ZpU+iqSyTxg0V38nMhxrPYlDOxljM9TL3kz8z+ukJroOMiaS1FBBFouilCMj0awG1GeKEsMnlmCimL0VkSFWmBhbVsmW4C9/eZU0qxX/olJ9uCzXbvM6inACp3AOPlxBDe6hDg0gMIZneIU3J3NenHfnYzFacPLMMfyB8/kD32OTJg==</latexit>[FH/Anous ’21]figures: p-spin model

[Edwards/Anderson ’75]

0



Goals

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

Understand low temperature properties (with AdS2 gravity in mind): 

• Fate of zero temperature entropy?  

• Fate of reparametrization symmetry? 

• Behavior of Lyapunov exponent? 

Understand within the                           paradigmnAdS2/nCFT1
<latexit sha1_base64="62QpCdWJrGIuZJ+9703W7pGvBy4=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU02qoMdqQTxW7Be0IWy223bpZhN2N0IN/SVePCji1Z/izX/jts1BWx8MPN6bYWZeEHOmtON8Wyura+sbm7mt/PbO7l7B3j9oqiiRhDZIxCPZDrCinAna0Exz2o4lxWHAaSsYVad+65FKxSJR1+OYeiEeCNZnBGsj+XZBXPce/DI6Q6J6W/dd3y46JWcGtEzcjBQhQ823v7q9iCQhFZpwrFTHdWLtpVhqRjid5LuJojEmIzygHUMFDqny0tnhE3RilB7qR9KU0Gim/p5IcajUOAxMZ4j1UC16U/E/r5Po/pWXMhEnmgoyX9RPONIRmqaAekxSovnYEEwkM7ciMsQSE22yypsQ3MWXl0mzXHLPS+X7i2LlJosjB0dwDKfgwiVU4A5q0AACCTzDK7xZT9aL9W59zFtXrGzmEP7A+vwBQLORhg==</latexit>



Overview
I will mention two (quantum) generalizations of  HSK =

1p
N

NX

i,j=1

Jij�
i
�
j

<latexit sha1_base64="5NMHUyojdFMkG2s2OAuC3+5L6XQ="></latexit>

Motivated by higher dimensional 
constructions 

Two dimensionless parameters:     
………..   (thermal & quantum 
fluctuations)

p-spin spherical model

H =
X

i1<...<ip

Ji1···ip�
i1 · · ·�ip

<latexit sha1_base64="xNoqw53m/5sPkSPqR4Wz4GYFBgk="></latexit>

1

N

NX

i=1

�i�i = M

<latexit sha1_base64="95YuENWtROtUOCwrcm28Wrwse80="></latexit>

bosonic ‘rotors’:

�J, MJ

<latexit sha1_base64="gJUdl0OfeRSrcywUaKBYRpUt6vA="></latexit>

SU(M) Heisenberg magnet

Physical & closely related to 
(complex) SYK model 

Can see weak spin glass order 
in fermionic representation

SU(M) spin operators

H =
1p
NM

NX

i<j=1

Jij Ŝi · Ŝj

<latexit sha1_base64="pxGlMKnJFK7Vndz9+XX5DOqPaGA="></latexit>



Random SU(M) 
Heisenberg magnet

[Christos/FH/Sachdev 2110.00007]



Random SU(M) Heisenberg magnet

• Fermionic spinon representation: S↵
� = f†

�f
↵ � 1

2
�↵�

<latexit sha1_base64="IyFo5Uh5CQgyCGKo+mw1Q4IwV94="></latexit>

• U(1) gauge invariance: f↵(⌧) ! ei�(⌧) f↵(⌧)

<latexit sha1_base64="CqEUk0TDhzUzNEHXT2VFZm4nhgA=">AAACJXicbVDJSgNBFOxxjXGLevTSGAQFCTOi6MGD6MVjBLNAJoY3nZ5Mk56F7jdKGPIzXvwVLx4MInjyV+wsB5NY0FBU1eP1Ky+RQqNtf1sLi0vLK6u5tfz6xubWdmFnt6rjVDFeYbGMVd0DzaWIeAUFSl5PFIfQk7zmdW+Hfu2JKy3i6AF7CW+G0ImELxigkVqFK//RBZkEcOQipMfUVaITICgVP1P+mAk3CcTY6lP3hE6nW4WiXbJHoPPEmZAimaDcKgzcdszSkEfIJGjdcOwEmxkoFEzyft5NNU+AdaHDG4ZGEHLdzEZX9umhUdrUj5V5EdKR+ncig1DrXuiZZAgY6FlvKP7nNVL0L5uZiJIUecTGi/xUUozpsDLaFoozlD1DgClh/kpZAAoYmmLzpgRn9uR5Uj0tOWel8/uz4vXNpI4c2ScH5Ig45IJckztSJhXCyAt5Ix9kYL1a79an9TWOLliTmT0yBevnF5A5pKo=</latexit>

(f†
↵f

↵ = M/2)

<latexit sha1_base64="wHJzyLkQkj4+w+ZjHsz0IE5PzQ4=">AAACCnicbZC7SgNBFIZn4y3G26qlzWgQYhN3Q0QbIWhjI0QwF8iuy9nJbDJk9sLMrBCW1Da+io2FIrY+gZ1v4+RSaPSHgY//nMOZ8/sJZ1JZ1peRW1hcWl7JrxbW1jc2t8ztnaaMU0Fog8Q8Fm0fJOUsog3FFKftRFAIfU5b/uByXG/dUyFZHN2qYULdEHoRCxgBpS3P3C8Fd04Xej0qPAd40gesjSmc4+vjypFnFq2yNRH+C/YMimimumd+Ot2YpCGNFOEgZce2EuVmIBQjnI4KTippAmQAPdrRGEFIpZtNThnhQ+10cRAL/SKFJ+7PiQxCKYehrztDUH05Xxub/9U6qQrO3IxFSapoRKaLgpRjFeNxLrjLBCWKDzUAEUz/FZM+CCBKp1fQIdjzJ/+FZqVsV8snN9Vi7WIWRx7toQNUQjY6RTV0heqogQh6QE/oBb0aj8az8Wa8T1tzxmxmF/2S8fENzTSZCg==</latexit>

[Sachdev/Ye ’93]
H =

1p
NM

NX

i<j=1

MX

↵,�=1

Jij S
↵
� (i)S

�
↵(j)

<latexit sha1_base64="NfTw05OL97BNsEwvSmAv6fPdIh4="></latexit>

[Bray/Moore ’80]

SU(M) operators on sites i, j



Random SU(M) Heisenberg magnet

• Fermionic spinon representation: S↵
� = f†

�f
↵ � 1

2
�↵�

<latexit sha1_base64="IyFo5Uh5CQgyCGKo+mw1Q4IwV94="></latexit>

• U(1) gauge invariance: f↵(⌧) ! ei�(⌧) f↵(⌧)

<latexit sha1_base64="CqEUk0TDhzUzNEHXT2VFZm4nhgA=">AAACJXicbVDJSgNBFOxxjXGLevTSGAQFCTOi6MGD6MVjBLNAJoY3nZ5Mk56F7jdKGPIzXvwVLx4MInjyV+wsB5NY0FBU1eP1Ky+RQqNtf1sLi0vLK6u5tfz6xubWdmFnt6rjVDFeYbGMVd0DzaWIeAUFSl5PFIfQk7zmdW+Hfu2JKy3i6AF7CW+G0ImELxigkVqFK//RBZkEcOQipMfUVaITICgVP1P+mAk3CcTY6lP3hE6nW4WiXbJHoPPEmZAimaDcKgzcdszSkEfIJGjdcOwEmxkoFEzyft5NNU+AdaHDG4ZGEHLdzEZX9umhUdrUj5V5EdKR+ncig1DrXuiZZAgY6FlvKP7nNVL0L5uZiJIUecTGi/xUUozpsDLaFoozlD1DgClh/kpZAAoYmmLzpgRn9uR5Uj0tOWel8/uz4vXNpI4c2ScH5Ig45IJckztSJhXCyAt5Ix9kYL1a79an9TWOLliTmT0yBevnF5A5pKo=</latexit>

(f†
↵f

↵ = M/2)

<latexit sha1_base64="wHJzyLkQkj4+w+ZjHsz0IE5PzQ4=">AAACCnicbZC7SgNBFIZn4y3G26qlzWgQYhN3Q0QbIWhjI0QwF8iuy9nJbDJk9sLMrBCW1Da+io2FIrY+gZ1v4+RSaPSHgY//nMOZ8/sJZ1JZ1peRW1hcWl7JrxbW1jc2t8ztnaaMU0Fog8Q8Fm0fJOUsog3FFKftRFAIfU5b/uByXG/dUyFZHN2qYULdEHoRCxgBpS3P3C8Fd04Xej0qPAd40gesjSmc4+vjypFnFq2yNRH+C/YMimimumd+Ot2YpCGNFOEgZce2EuVmIBQjnI4KTippAmQAPdrRGEFIpZtNThnhQ+10cRAL/SKFJ+7PiQxCKYehrztDUH05Xxub/9U6qQrO3IxFSapoRKaLgpRjFeNxLrjLBCWKDzUAEUz/FZM+CCBKp1fQIdjzJ/+FZqVsV8snN9Vi7WIWRx7toQNUQjY6RTV0heqogQh6QE/oBb0aj8az8Wa8T1tzxmxmF/2S8fENzTSZCg==</latexit>

[Sachdev/Ye ’93]

Basic idea: We always take large N
For   :  find equations of (complex) SYKM ! 1

<latexit sha1_base64="UIiIRn4OIKAD5/awhOa6LQozGzg=">AAACB3icbVBNS8NAEN3Ur1q/qh4FWSyCp5JIRY9FL16ECvYDmlI22027dLMJuxMlhN68+Fe8eFDEq3/Bm//GTZuDtj4YeLw3w8w8LxJcg21/W4Wl5ZXVteJ6aWNza3unvLvX0mGsKGvSUISq4xHNBJesCRwE60SKkcATrO2NrzK/fc+U5qG8gyRivYAMJfc5JWCkfvkwdQMCI8/HN9hVfDgColT4gF0ufUgm/XLFrtpT4EXi5KSCcjT65S93ENI4YBKoIFp3HTuCXkoUcCrYpOTGmkWEjsmQdQ2VJGC6l07/mOBjowywHypTEvBU/T2RkkDrJPBMZ3a0nvcy8T+vG4N/0Uu5jGJgks4W+bHAEOIsFDzgilEQiSGEKm5uxXREFKFgoiuZEJz5lxdJ67Tq1Kpnt7VK/TKPo4gO0BE6QQ46R3V0jRqoiSh6RM/oFb1ZT9aL9W59zFoLVj6zj/7A+vwBHmaZfQ==</latexit>

For finite   :  (weak) spin glass orderM

<latexit sha1_base64="lC9W28cHmtUmsIIqxs1pSNuld6U=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRZdFN26ECvYB06Fk0kwbmkmGJCOUoZ/hxoUibv0ad/6NmXYW2nogcDjnXnLuCRPOtHHdb6e0tr6xuVXeruzs7u0fVA+POlqmitA2kVyqXog15UzQtmGG016iKI5DTrvh5Db3u09UaSbFo5kmNIjxSLCIEWys5Gf9GJtxGKH72aBac+vuHGiVeAWpQYHWoPrVH0qSxlQYwrHWvucmJsiwMoxwOqv0U00TTCZ4RH1LBY6pDrJ55Bk6s8oQRVLZJwyaq783MhxrPY1DO5kn1MteLv7n+amJroOMiSQ1VJDFR1HKkZEovx8NmaLE8KklmChmsyIyxgoTY1uq2BK85ZNXSeei7jXqlw+NWvOmqKMMJ3AK5+DBFTThDlrQBgISnuEV3hzjvDjvzsditOQUO8fwB87nDxgXkSM=</latexit>

H =
1p
NM

NX

i<j=1

MX

↵,�=1

Jij S
↵
� (i)S

�
↵(j)

<latexit sha1_base64="NfTw05OL97BNsEwvSmAv6fPdIh4="></latexit>

[Bray/Moore ’80]

SU(M) operators on sites i, j



Random SU(M) Heisenberg magnet

• Fermionic spinon representation: S↵
� = f†

�f
↵ � 1

2
�↵�

<latexit sha1_base64="IyFo5Uh5CQgyCGKo+mw1Q4IwV94="></latexit>

• U(1) gauge invariance: f↵(⌧) ! ei�(⌧) f↵(⌧)

<latexit sha1_base64="CqEUk0TDhzUzNEHXT2VFZm4nhgA=">AAACJXicbVDJSgNBFOxxjXGLevTSGAQFCTOi6MGD6MVjBLNAJoY3nZ5Mk56F7jdKGPIzXvwVLx4MInjyV+wsB5NY0FBU1eP1Ky+RQqNtf1sLi0vLK6u5tfz6xubWdmFnt6rjVDFeYbGMVd0DzaWIeAUFSl5PFIfQk7zmdW+Hfu2JKy3i6AF7CW+G0ImELxigkVqFK//RBZkEcOQipMfUVaITICgVP1P+mAk3CcTY6lP3hE6nW4WiXbJHoPPEmZAimaDcKgzcdszSkEfIJGjdcOwEmxkoFEzyft5NNU+AdaHDG4ZGEHLdzEZX9umhUdrUj5V5EdKR+ncig1DrXuiZZAgY6FlvKP7nNVL0L5uZiJIUecTGi/xUUozpsDLaFoozlD1DgClh/kpZAAoYmmLzpgRn9uR5Uj0tOWel8/uz4vXNpI4c2ScH5Ig45IJckztSJhXCyAt5Ix9kYL1a79an9TWOLliTmT0yBevnF5A5pKo=</latexit>

(f†
↵f

↵ = M/2)

<latexit sha1_base64="wHJzyLkQkj4+w+ZjHsz0IE5PzQ4=">AAACCnicbZC7SgNBFIZn4y3G26qlzWgQYhN3Q0QbIWhjI0QwF8iuy9nJbDJk9sLMrBCW1Da+io2FIrY+gZ1v4+RSaPSHgY//nMOZ8/sJZ1JZ1peRW1hcWl7JrxbW1jc2t8ztnaaMU0Fog8Q8Fm0fJOUsog3FFKftRFAIfU5b/uByXG/dUyFZHN2qYULdEHoRCxgBpS3P3C8Fd04Xej0qPAd40gesjSmc4+vjypFnFq2yNRH+C/YMimimumd+Ot2YpCGNFOEgZce2EuVmIBQjnI4KTippAmQAPdrRGEFIpZtNThnhQ+10cRAL/SKFJ+7PiQxCKYehrztDUH05Xxub/9U6qQrO3IxFSapoRKaLgpRjFeNxLrjLBCWKDzUAEUz/FZM+CCBKp1fQIdjzJ/+FZqVsV8snN9Vi7WIWRx7toQNUQjY6RTV0heqogQh6QE/oBb0aj8az8Wa8T1tzxmxmF/2S8fENzTSZCg==</latexit>

Z[Jij ] =

Z
Df↵ D� exp

(
�
Z

d⌧

"
X

i

f†
↵(i)@⌧f

↵(i) +
1p
NM

X

i,j

Jij S
↵
� (i)S

�
↵(j)

#

<latexit sha1_base64="FuINqrldoDVDpS55ku/u4cE66BI="></latexit>

• Want to compute disorder averaged (quenched) free energy:

�i

Z
d⌧

X

i

�(i)
�
f†
↵(i)f

↵(i)�M/2
�
)

<latexit sha1_base64="eczkUOXMMIFTryL3xWPCxR7cyIU="></latexit>

H =
1p
NM

NX

i<j=1

MX

↵,�=1

Jij S
↵
� (i)S

�
↵(j)

<latexit sha1_base64="NfTw05OL97BNsEwvSmAv6fPdIh4="></latexit>

[Sachdev/Ye ’93]
[Bray/Moore ’80]

�F = �logZ

<latexit sha1_base64="K8dcJTpcwDVsd3q87K1k7+OFJks=">AAACFHicbVBLSwMxGMzWV62vVY9egkUQxLIrFb0IRUE8VrAP7C4lm6ZtaDZZkqxQlv0RXvwrXjwo4tWDN/+N2XYP2joQGGa+SfJNEDGqtON8W4WFxaXlleJqaW19Y3PL3t5pKhFLTBpYMCHbAVKEUU4ammpG2pEkKAwYaQWjq8xvPRCpqOB3ehwRP0QDTvsUI22krn3kBUQjmHgYMXidwgt4DD1hEtmFicfEIPfu07Rrl52KMwGcJ25OyiBHvWt/eT2B45BwjRlSquM6kfYTJDXFjKQlL1YkQniEBqRjKEchUX4yWSqFB0bpwb6Q5nANJ+rvRIJCpcZhYCZDpIdq1svE/7xOrPvnfkJ5FGvC8fShfsygFjBrCPaoJFizsSEIS2r+CvEQSYS16bFkSnBnV54nzZOKW62c3lbLtcu8jiLYA/vgELjgDNTADaiDBsDgETyDV/BmPVkv1rv1MR0tWHlmF/yB9fkDF4CdoQ==</latexit>

SU(M) operators on sites i, j



• Strategy: use replica trick

logZ = lim
n!0

@nZn

<latexit sha1_base64="0waGCFsjPg83IMNFoPUc6ZjP6CM=">AAACJHicbVDLSgMxFM3UV62vqks3wSK4KjOiKIhQdOOygn1gpw530rQNzSRDklHK0I9x46+4ceEDF278FtOHoK0HAodzzk1yTxhzpo3rfjqZufmFxaXscm5ldW19I7+5VdUyUYRWiORS1UPQlDNBK4YZTuuxohCFnNbC3sXQr91RpZkU16Yf02YEHcHajICxUpA/9bnspD4Bjm8G+Az7nEVBKnzFOl0DSsl77A6wH4MyDHgg8E/2VuAgX3CL7gh4lngTUkATlIP8m9+SJImoMISD1g3PjU0zHd5NOB3k/ETTGEgPOrRhqYCI6mY6WnKA96zSwm2p7BEGj9TfEylEWvej0CYjMF097Q3F/7xGYtonzZSJODFUkPFD7YRjI/GwMdxiihLD+5YAUcz+FZMuKCDG9pqzJXjTK8+S6kHROyweXR0WSueTOrJoB+2ifeShY1RCl6iMKoigB/SEXtCr8+g8O+/OxziacSYz2+gPnK9vdmyksg==</latexit>

�F = � lim
n!0

@nZn

<latexit sha1_base64="+yAsEB4OodVbZHzq73eHtJpdfmE="></latexit>

{f↵, �} �! {f↵
a , �a} (a = 1, . . . , n)

<latexit sha1_base64="+xY6++7GafKvZxocartFi5OxH0E="></latexit>

)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

Gab(⌧, ⌧
0) = � 1

M

X

↵

f↵
a (⌧)f

†
b↵(⌧

0)

<latexit sha1_base64="vgptfaNENenGninc+y33oRpDo9Q="></latexit>

• Introduce bilocal spinon collective field (with replica indices): 

… and the spinon self-energy         
… and a Hubbard-Stratonovich field 

⌃ab(⌧, ⌧
0)

<latexit sha1_base64="JF/9QX2TOma9DCIWIF57OgqSgWw="></latexit>

Qab(⌧)

<latexit sha1_base64="Z+QXIf3QsjUwRlAg94bcJInuETY="></latexit>

Replica trick



Large N effective action for           
S[Q]
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=

J2M
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Qab(⌧ � ⌧ 0)2
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5� lnZf [Q]

<latexit sha1_base64="31zK1LXc2IiIJYTjrr315En5NWc="></latexit>

Zf [Q] = exp
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<latexit sha1_base64="O38fJ1xnJX9gcrJE2/f6oe4wEEg="></latexit>

I[Q] = � log det
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� �ab[@⌧ + i�a(⌧)]�(⌧ � ⌧ 0)� ⌃ab(⌧, ⌧
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� ik
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Z
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X
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Qab(⌧ � ⌧ 0)Gab(⌧, ⌧

0)Gba(⌧
0, ⌧)� ⌃ab(⌧, ⌧

0)Gba(⌧
0, ⌧)

�

<latexit sha1_base64="jF86GOXvi806Bf3iteDyeWDHkI8="></latexit>

with ‘single-site’ partition function:

G, ⌃, Q :

<latexit sha1_base64="MxJtaqTlSCmeZrM72e9zYdh3uk4=">AAAB/HicbZDLSgMxFIYz9VbrbbRLN8EiuJAyIxXFVdGFLlu0F2iHkkkzbWiSGZKMMAz1Vdy4UMStD+LOtzGdzkJbDwl8/P855OT3I0aVdpxvq7Cyura+UdwsbW3v7O7Z+wdtFcYSkxYOWSi7PlKEUUFammpGupEkiPuMdPzJzczvPBKpaCgedBIRj6ORoAHFSBtpYJdvT2HfnHs64ijD5tXArjhVJyu4DG4OFZBXY2B/9YchjjkRGjOkVM91Iu2lSGqKGZmW+rEiEcITNCI9gwJxorw0W34Kj40yhEEozRUaZurviRRxpRLum06O9FgtejPxP68X6+DSS6mIYk0Enj8UxAzqEM6SgEMqCdYsMYCwpGZXiMdIIqxNXiUTgrv45WVon1XdWvW8WavUr/M4iuAQHIET4IILUAd3oAFaAIMEPINX8GY9WS/Wu/Uxby1Y+UwZ/Cnr8wcQyZJ4</latexit>

� logZf

<latexit sha1_base64="dT+EUmedUtlDpYXqLw+HZL2ZDq8="></latexit>

Zf [Q]

<latexit sha1_base64="QZwQ9Xbuv1gbg55eNDtL3+vz+9k="></latexit>

e�M I[Q]

<latexit sha1_base64="/cFJIBKddwQln2z/AL6L7bzK4jQ="></latexit>

I[Q]

<latexit sha1_base64="Aq8ZtVbKkROyvQcmSKvA893o0m0=">AAACFnicbZC7TsMwFIadcivlFmBkiaiQGCBKQm9jBQtsrUQvUhpVjuu0Vp2LbAepivIULLwKCwMIsSI23gY3zQAtR7L06f/PsY9/N6KEC8P4Vgpr6xubW8Xt0s7u3v6BenjU5WHMEO6gkIas70KOKQlwRxBBcT9iGPouxT13ejP3ew+YcRIG92IWYceH44B4BEEhpaF6mQyyS2w2dp3E0OtmzapZF4ZuVa1qoyKhbl3VGkZ6Z7eddKiWDd3ISlsFM4cyyKs1VL8GoxDFPg4EopBz2zQi4SSQCYIoTkuDmOMIoikcY1tiAH3MnSTbKNXOpDLSvJDJEwgtU39PJNDnfOa7stOHYsKXvbn4n2fHwms4CQmiWOAALR7yYqqJUJtnpI0Iw0jQmQSIGJG7amgCGURCJlmSIZjLX16FrqWbFb3arpSb13kcRXACTsE5MEEdNMEtaIEOQOARPINX8KY8KS/Ku/KxaC0o+cwx+FPK5w+nhptD</latexit>



Large N effective action for           
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<latexit sha1_base64="31zK1LXc2IiIJYTjrr315En5NWc="></latexit>

Zf [Q] = exp
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<latexit sha1_base64="O38fJ1xnJX9gcrJE2/f6oe4wEEg="></latexit>

I[Q] = � log det
n
� �ab[@⌧ + i�a(⌧)]�(⌧ � ⌧ 0)� ⌃ab(⌧, ⌧
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� ik
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Z
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X
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Qab(⌧ � ⌧ 0)Gab(⌧, ⌧

0)Gba(⌧
0, ⌧)� ⌃ab(⌧, ⌧

0)Gba(⌧
0, ⌧)

�

<latexit sha1_base64="jF86GOXvi806Bf3iteDyeWDHkI8="></latexit>

with ‘single-site’ partition function:

Qab(⌧ � ⌧ 0) = � k2

M
� 1

Zf [Q]

Z
DGabD⌃abD�a Gab(⌧, ⌧

0)Gba(⌧
0, ⌧) e�MI[Q]

<latexit sha1_base64="OZVFrmY4chNFmNcE01qGgKDJHQQ="></latexit>

Large N saddle point equation:

G, ⌃, Q :

<latexit sha1_base64="MxJtaqTlSCmeZrM72e9zYdh3uk4=">AAAB/HicbZDLSgMxFIYz9VbrbbRLN8EiuJAyIxXFVdGFLlu0F2iHkkkzbWiSGZKMMAz1Vdy4UMStD+LOtzGdzkJbDwl8/P855OT3I0aVdpxvq7Cyura+UdwsbW3v7O7Z+wdtFcYSkxYOWSi7PlKEUUFammpGupEkiPuMdPzJzczvPBKpaCgedBIRj6ORoAHFSBtpYJdvT2HfnHs64ijD5tXArjhVJyu4DG4OFZBXY2B/9YchjjkRGjOkVM91Iu2lSGqKGZmW+rEiEcITNCI9gwJxorw0W34Kj40yhEEozRUaZurviRRxpRLum06O9FgtejPxP68X6+DSS6mIYk0Enj8UxAzqEM6SgEMqCdYsMYCwpGZXiMdIIqxNXiUTgrv45WVon1XdWvW8WavUr/M4iuAQHIET4IILUAd3oAFaAIMEPINX8GY9WS/Wu/Uxby1Y+UwZ/Cnr8wcQyZJ4</latexit>

� logZf

<latexit sha1_base64="dT+EUmedUtlDpYXqLw+HZL2ZDq8="></latexit>

Zf [Q]

<latexit sha1_base64="QZwQ9Xbuv1gbg55eNDtL3+vz+9k="></latexit>

e�M I[Q]

<latexit sha1_base64="/cFJIBKddwQln2z/AL6L7bzK4jQ="></latexit>

I[Q]

<latexit sha1_base64="Aq8ZtVbKkROyvQcmSKvA893o0m0=">AAACFnicbZC7TsMwFIadcivlFmBkiaiQGCBKQm9jBQtsrUQvUhpVjuu0Vp2LbAepivIULLwKCwMIsSI23gY3zQAtR7L06f/PsY9/N6KEC8P4Vgpr6xubW8Xt0s7u3v6BenjU5WHMEO6gkIas70KOKQlwRxBBcT9iGPouxT13ejP3ew+YcRIG92IWYceH44B4BEEhpaF6mQyyS2w2dp3E0OtmzapZF4ZuVa1qoyKhbl3VGkZ6Z7eddKiWDd3ISlsFM4cyyKs1VL8GoxDFPg4EopBz2zQi4SSQCYIoTkuDmOMIoikcY1tiAH3MnSTbKNXOpDLSvJDJEwgtU39PJNDnfOa7stOHYsKXvbn4n2fHwms4CQmiWOAALR7yYqqJUJtnpI0Iw0jQmQSIGJG7amgCGURCJlmSIZjLX16FrqWbFb3arpSb13kcRXACTsE5MEEdNMEtaIEOQOARPINX8KY8KS/Ku/KxaC0o+cwx+FPK5w+nhptD</latexit>



Large N effective action for           
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<latexit sha1_base64="31zK1LXc2IiIJYTjrr315En5NWc="></latexit>
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<latexit sha1_base64="O38fJ1xnJX9gcrJE2/f6oe4wEEg="></latexit>

I[Q] = � log det
n
� �ab[@⌧ + i�a(⌧)]�(⌧ � ⌧ 0)� ⌃ab(⌧, ⌧

0)
o
� ik

Z
d⌧

X

a

�a(⌧)

+

Z
d⌧d⌧ 0

X

a,b


J2

2
Qab(⌧ � ⌧ 0)Gab(⌧, ⌧

0)Gba(⌧
0, ⌧)� ⌃ab(⌧, ⌧

0)Gba(⌧
0, ⌧)

�

<latexit sha1_base64="jF86GOXvi806Bf3iteDyeWDHkI8="></latexit>

with ‘single-site’ partition function:

Qab(⌧ � ⌧ 0) = � k2

M
� 1

Zf [Q]

Z
DGabD⌃abD�a Gab(⌧, ⌧

0)Gba(⌧
0, ⌧) e�MI[Q]

<latexit sha1_base64="OZVFrmY4chNFmNcE01qGgKDJHQQ="></latexit>

Large N saddle point equation:

| {z }

<latexit sha1_base64="5bk+WpoGbVDs6EYJJyjuh4xhbuQ="></latexit>

evaluate for large M: saddle + fluctuations

G, ⌃, Q :

<latexit sha1_base64="MxJtaqTlSCmeZrM72e9zYdh3uk4=">AAAB/HicbZDLSgMxFIYz9VbrbbRLN8EiuJAyIxXFVdGFLlu0F2iHkkkzbWiSGZKMMAz1Vdy4UMStD+LOtzGdzkJbDwl8/P855OT3I0aVdpxvq7Cyura+UdwsbW3v7O7Z+wdtFcYSkxYOWSi7PlKEUUFammpGupEkiPuMdPzJzczvPBKpaCgedBIRj6ORoAHFSBtpYJdvT2HfnHs64ijD5tXArjhVJyu4DG4OFZBXY2B/9YchjjkRGjOkVM91Iu2lSGqKGZmW+rEiEcITNCI9gwJxorw0W34Kj40yhEEozRUaZurviRRxpRLum06O9FgtejPxP68X6+DSS6mIYk0Enj8UxAzqEM6SgEMqCdYsMYCwpGZXiMdIIqxNXiUTgrv45WVon1XdWvW8WavUr/M4iuAQHIET4IILUAd3oAFaAIMEPINX8GY9WS/Wu/Uxby1Y+UwZ/Cnr8wcQyZJ4</latexit>

� logZf

<latexit sha1_base64="dT+EUmedUtlDpYXqLw+HZL2ZDq8="></latexit>

Zf [Q]

<latexit sha1_base64="QZwQ9Xbuv1gbg55eNDtL3+vz+9k="></latexit>

e�M I[Q]

<latexit sha1_base64="/cFJIBKddwQln2z/AL6L7bzK4jQ="></latexit>

I[Q]

<latexit sha1_base64="Aq8ZtVbKkROyvQcmSKvA893o0m0=">AAACFnicbZC7TsMwFIadcivlFmBkiaiQGCBKQm9jBQtsrUQvUhpVjuu0Vp2LbAepivIULLwKCwMIsSI23gY3zQAtR7L06f/PsY9/N6KEC8P4Vgpr6xubW8Xt0s7u3v6BenjU5WHMEO6gkIas70KOKQlwRxBBcT9iGPouxT13ejP3ew+YcRIG92IWYceH44B4BEEhpaF6mQyyS2w2dp3E0OtmzapZF4ZuVa1qoyKhbl3VGkZ6Z7eddKiWDd3ISlsFM4cyyKs1VL8GoxDFPg4EopBz2zQi4SSQCYIoTkuDmOMIoikcY1tiAH3MnSTbKNXOpDLSvJDJEwgtU39PJNDnfOa7stOHYsKXvbn4n2fHwms4CQmiWOAALR7yYqqJUJtnpI0Iw0jQmQSIGJG7amgCGURCJlmSIZjLX16FrqWbFb3arpSb13kcRXACTsE5MEEdNMEtaIEOQOARPINX8KY8KS/Ku/KxaC0o+cwx+FPK5w+nhptD</latexit>



Large M saddle point equations:

⌃ab(⌧) = J2Qab(⌧)Gab(⌧)

Gab(i!) = [i!�ab � ⌃ab(i!)]
�1

<latexit sha1_base64="GJ1achyvMimjJcrsGO3ESO2hV7w="></latexit>

Qab(⌧) = �Gab(⌧)Gba(�⌧)

<latexit sha1_base64="4SFlMliqSuqxhoZLcMfJ6rpedE4=">AAACFnicbVC7SgNBFJ2Nrxhfq5Y2g0GJRcKuRLQRghZaJmAekCzL3ckkGTL7YGZWCMt+hY2/YmOhiK3Y+TdOHkVMPDBw7jn3cuceL+JMKsv6MTIrq2vrG9nN3Nb2zu6euX/QkGEsCK2TkIei5YGknAW0rpjitBUJCr7HadMb3o795iMVkoXBgxpF1PGhH7AeI6C05JrFmpuAlxY6CuIzfHqNi/huXtGFB2mhOK1cM2+VrAnwMrFnJI9mqLrmd6cbktingSIcpGzbVqScBIRihNM014kljYAMoU/bmgbgU+kkk7NSfKKVLu6FQr9A4Yk6P5GAL+XI93SnD2ogF72x+J/XjlXvyklYEMWKBmS6qBdzrEI8zgh3maBE8ZEmQATTf8VkAAKI0knmdAj24snLpHFessuli1o5X7mZxZFFR+gYFZCNLlEF3aMqqiOCntALekPvxrPxanwYn9PWjDGbOUR/YHz9Ai/9nOQ=</latexit>



Large M saddle point equations:

⌃ab(⌧) = J2Qab(⌧)Gab(⌧)

Gab(i!) = [i!�ab � ⌃ab(i!)]
�1

<latexit sha1_base64="GJ1achyvMimjJcrsGO3ESO2hV7w="></latexit>

Qab(⌧) = �Gab(⌧)Gba(�⌧)

<latexit sha1_base64="4SFlMliqSuqxhoZLcMfJ6rpedE4=">AAACFnicbVC7SgNBFJ2Nrxhfq5Y2g0GJRcKuRLQRghZaJmAekCzL3ckkGTL7YGZWCMt+hY2/YmOhiK3Y+TdOHkVMPDBw7jn3cuceL+JMKsv6MTIrq2vrG9nN3Nb2zu6euX/QkGEsCK2TkIei5YGknAW0rpjitBUJCr7HadMb3o795iMVkoXBgxpF1PGhH7AeI6C05JrFmpuAlxY6CuIzfHqNi/huXtGFB2mhOK1cM2+VrAnwMrFnJI9mqLrmd6cbktingSIcpGzbVqScBIRihNM014kljYAMoU/bmgbgU+kkk7NSfKKVLu6FQr9A4Yk6P5GAL+XI93SnD2ogF72x+J/XjlXvyklYEMWKBmS6qBdzrEI8zgh3maBE8ZEmQATTf8VkAAKI0knmdAj24snLpHFessuli1o5X7mZxZFFR+gYFZCNLlEF3aMqqiOCntALekPvxrPxanwYn9PWjDGbOUR/YHz9Ai/9nOQ=</latexit>

—>  e.o.m. of complex SYK
[Sachdev/Ye ’93][Sachdev ’15][Gu/Kitaev/Sachdev/Tarnopolsky ’19]

        has to be replica diagonal. Therefore, at large M:Gab

<latexit sha1_base64="jtTfOzgYctQq2DBbKaUHgMKKWYM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegBz1GMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0M/VbT1QbpuSDHSc0FHggWcwItk5q3vYyHE165Ypf9WdAyyTISQVy1Hvlr25fkVRQaQnHxnQCP7FhhrVlhNNJqZsammAywgPacVRiQU2Yza6doBOn9FGstCtp0Uz9PZFhYcxYRK5TYDs0i95U/M/rpDa+CjMmk9RSSeaL4pQjq9D0ddRnmhLLx45gopm7FZEh1phYF1DJhRAsvrxMmmfV4Lx6cX9eqV3ncRThCI7hFAK4hBrcQR0aQOARnuEV3jzlvXjv3se8teDlM4fwB97nD4wtjx8=</latexit>

Q(⌧) = �G(⌧)G(�⌧)

<latexit sha1_base64="BPOijF5j3a9iDrXFbVkLoJ1wPYw=">AAACB3icbZDLSgMxFIbPeK31NupSkGBR6qJlRiq6EYou6rIFe4F2KJk004ZmLiQZoQzdufFV3LhQxK2v4M63MW1noa0/BL785xyS87sRZ1JZ1rextLyyurae2chubm3v7Jp7+w0ZxoLQOgl5KFoulpSzgNYVU5y2IkGx73LadIe3k3rzgQrJwuBejSLq+LgfMI8RrLTVNY9q+Y7C8Rk6vUYFVEkvlXxhBl0zZxWtqdAi2CnkIFW1a351eiGJfRoowrGUbduKlJNgoRjhdJztxJJGmAxxn7Y1Btin0kmme4zRiXZ6yAuFPoFCU/f3RIJ9KUe+qzt9rAZyvjYx/6u1Y+VdOQkLoljRgMwe8mKOVIgmoaAeE5QoPtKAiWD6r4gMsMBE6eiyOgR7fuVFaJwX7VLxolbKlW/SODJwCMeQBxsuoQx3UIU6EHiEZ3iFN+PJeDHejY9Z65KRzhzAHxmfP6YglgA=</latexit>

⌃(⌧)= �J2G(⌧)2G(�⌧)

G(i!)= [i! � ⌃(i!)]�1

<latexit sha1_base64="FveJ2wynrzrEW8dVO+U9QJ17A3M="></latexit>



The solution is a gapless ‘fractionalized’ spin liquid exhibiting 
the SYK physics that has been explored since [Sachdev/Ye ’93] 
and all its connections to AdS2 gravity. 

Large M saddle point equations:

⌃ab(⌧) = J2Qab(⌧)Gab(⌧)

Gab(i!) = [i!�ab � ⌃ab(i!)]
�1

<latexit sha1_base64="GJ1achyvMimjJcrsGO3ESO2hV7w="></latexit>

Qab(⌧) = �Gab(⌧)Gba(�⌧)

<latexit sha1_base64="4SFlMliqSuqxhoZLcMfJ6rpedE4=">AAACFnicbVC7SgNBFJ2Nrxhfq5Y2g0GJRcKuRLQRghZaJmAekCzL3ckkGTL7YGZWCMt+hY2/YmOhiK3Y+TdOHkVMPDBw7jn3cuceL+JMKsv6MTIrq2vrG9nN3Nb2zu6euX/QkGEsCK2TkIei5YGknAW0rpjitBUJCr7HadMb3o795iMVkoXBgxpF1PGhH7AeI6C05JrFmpuAlxY6CuIzfHqNi/huXtGFB2mhOK1cM2+VrAnwMrFnJI9mqLrmd6cbktingSIcpGzbVqScBIRihNM014kljYAMoU/bmgbgU+kkk7NSfKKVLu6FQr9A4Yk6P5GAL+XI93SnD2ogF72x+J/XjlXvyklYEMWKBmS6qBdzrEI8zgh3maBE8ZEmQATTf8VkAAKI0knmdAj24snLpHFessuli1o5X7mZxZFFR+gYFZCNLlEF3aMqqiOCntALekPvxrPxanwYn9PWjDGbOUR/YHz9Ai/9nOQ=</latexit>

—>  e.o.m. of complex SYK
[Sachdev/Ye ’93][Sachdev ’15][Gu/Kitaev/Sachdev/Tarnopolsky ’19]

        has to be replica diagonal. Therefore, at large M:Gab

<latexit sha1_base64="jtTfOzgYctQq2DBbKaUHgMKKWYM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegBz1GMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0M/VbT1QbpuSDHSc0FHggWcwItk5q3vYyHE165Ypf9WdAyyTISQVy1Hvlr25fkVRQaQnHxnQCP7FhhrVlhNNJqZsammAywgPacVRiQU2Yza6doBOn9FGstCtp0Uz9PZFhYcxYRK5TYDs0i95U/M/rpDa+CjMmk9RSSeaL4pQjq9D0ddRnmhLLx45gopm7FZEh1phYF1DJhRAsvrxMmmfV4Lx6cX9eqV3ncRThCI7hFAK4hBrcQR0aQOARnuEV3jzlvXjv3se8teDlM4fwB97nD4wtjx8=</latexit>

Q(⌧) = �G(⌧)G(�⌧)

<latexit sha1_base64="BPOijF5j3a9iDrXFbVkLoJ1wPYw=">AAACB3icbZDLSgMxFIbPeK31NupSkGBR6qJlRiq6EYou6rIFe4F2KJk004ZmLiQZoQzdufFV3LhQxK2v4M63MW1noa0/BL785xyS87sRZ1JZ1rextLyyurae2chubm3v7Jp7+w0ZxoLQOgl5KFoulpSzgNYVU5y2IkGx73LadIe3k3rzgQrJwuBejSLq+LgfMI8RrLTVNY9q+Y7C8Rk6vUYFVEkvlXxhBl0zZxWtqdAi2CnkIFW1a351eiGJfRoowrGUbduKlJNgoRjhdJztxJJGmAxxn7Y1Btin0kmme4zRiXZ6yAuFPoFCU/f3RIJ9KUe+qzt9rAZyvjYx/6u1Y+VdOQkLoljRgMwe8mKOVIgmoaAeE5QoPtKAiWD6r4gMsMBE6eiyOgR7fuVFaJwX7VLxolbKlW/SODJwCMeQBxsuoQx3UIU6EHiEZ3iFN+PJeDHejY9Z65KRzhzAHxmfP6YglgA=</latexit>

⌃(⌧)= �J2G(⌧)2G(�⌧)

G(i!)= [i! � ⌃(i!)]�1

<latexit sha1_base64="FveJ2wynrzrEW8dVO+U9QJ17A3M="></latexit>



• Spin-spin spectral function: Q(⌧) =

Z 1

0

d!

⇡
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<latexit sha1_base64="SAb9TWMA/EWPLzKr3d++EUGFXJE="></latexit>

Infinite vs. finite M

�00(!) ⇠ sgn(!)
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<latexit sha1_base64="9EP8e/Zasqx/RD8ghl8oMgfTUy8="></latexit>

M ! 1 :
<latexit sha1_base64="o+QEAL6gke+4W1KL37BnrDgfAlI=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJWkCoqnohcvQgX7AU0om+2mXbrZhN2JUkLBv+LFgyJe/R3e/Ddu2xy09cHA470ZZuYFieAaHOfbKiwtr6yuFddLG5tb2zv27l5Tx6mirEFjEat2QDQTXLIGcBCsnShGokCwVjC8nvitB6Y0j+U9jBLmR6QvecgpASN17YNb7CneHwBRKn7EHpchjC67dtmpOFPgReLmpIxy1Lv2l9eLaRoxCVQQrTuuk4CfEQWcCjYuealmCaFD0mcdQyWJmPaz6fljfGyUHg5jZUoCnqq/JzISaT2KAtMZERjoeW8i/ud1Uggv/IzLJAUm6WxRmAoMMZ5kgXtcMQpiZAihiptbMR0QRSiYxEomBHf+5UXSrFbc00r17qxcu8rjKKJDdIROkIvOUQ3doDpqIIoy9Ixe0Zv1ZL1Y79bHrLVg5TP76A+szx/mi5Vz</latexit>

‘conformal’ long-time  
behavior (                 )Q(⌧) ⇠ 1/|⌧ |

<latexit sha1_base64="3BYxxUobvPFWd5to9lpD8Mi4VKY=">AAAB/nicbVDLSgMxFM3UV62vUXHlJliEuqkzVdBl0Y3LFuwDOkPJpJk2NMkMSUYo04K/4saFIm79Dnf+jZl2Flo9cOHknHvJvSeIGVXacb6swsrq2vpGcbO0tb2zu2fvH7RVlEhMWjhikewGSBFGBWlpqhnpxpIgHjDSCca3md95IFLRSNzrSUx8joaChhQjbaS+fdSseBolZ9BTlEP3fJq9pn277FSdOeBf4uakDHI0+vanN4hwwonQmCGleq4Taz9FUlPMyKzkJYrECI/RkPQMFYgT5afz9Wfw1CgDGEbSlNBwrv6cSBFXasID08mRHqllLxP/83qJDq/9lIo40UTgxUdhwqCOYJYFHFBJsGYTQxCW1OwK8QhJhLVJrGRCcJdP/kvatap7Ua01L8v1mzyOIjgGJ6ACXHAF6uAONEALYJCCJ/ACXq1H69l6s94XrQUrnzkEv2B9fAOusZSs</latexit>

‘Schwarzian’ correction
[Sachdev/Ye ’93]

�00(!)

<latexit sha1_base64="nSmNHvgXI7awiNpgaGm6MolxsQM=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYpDES9iViB6DXjxGMA/IrmF20psMmccyM6uEkP/w4kERr/6LN//GSbIHTSxoKKq66e6KEka18bxvZ2V1bX1jM7eV397Z3dsvHBw2tUwVgQaRTKp2hDUwKqBhqGHQThRgHjFoRcObqd96BKWpFPdmlEDIcV/QmBJsrPQQkAEtlcqB5NDHZ91C0at4M7jLxM9IEWWodwtfQU+SlIMwhGGtO76XmHCMlaGEwSQfpBoSTIa4Dx1LBeagw/Hs6ol7apWeG0tlSxh3pv6eGGOu9YhHtpNjM9CL3lT8z+ukJr4Kx1QkqQFB5ovilLlGutMI3B5VQAwbWYKJovZWlwywwsTYoPI2BH/x5WXSPK/41crFXbVYu87iyKFjdILKyEeXqIZuUR01EEEKPaNX9OY8OS/Ou/Mxb11xspkj9AfO5w8h7pGi</latexit>

!

<latexit sha1_base64="amRWnBX673DWeoMIa72Gd54pRsI=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBrXq5X2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPksmPIw==</latexit>

figure: [Tikhanovskaya/Guo/Sachdev/Tarnopolsky ’20]

Q(⌧) = �G(⌧)G(�⌧)

⌃(⌧) = �J2G(⌧)2G(�⌧)

G(i!) = [i! � ⌃(i!)]�1

<latexit sha1_base64="el//ritliFy+FEeHqet60r//SVk="></latexit>



Infinite vs. finite M

�00(!) ⇠ sgn(!)
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<latexit sha1_base64="9EP8e/Zasqx/RD8ghl8oMgfTUy8="></latexit>

M ! 1 :
<latexit sha1_base64="o+QEAL6gke+4W1KL37BnrDgfAlI=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJWkCoqnohcvQgX7AU0om+2mXbrZhN2JUkLBv+LFgyJe/R3e/Ddu2xy09cHA470ZZuYFieAaHOfbKiwtr6yuFddLG5tb2zv27l5Tx6mirEFjEat2QDQTXLIGcBCsnShGokCwVjC8nvitB6Y0j+U9jBLmR6QvecgpASN17YNb7CneHwBRKn7EHpchjC67dtmpOFPgReLmpIxy1Lv2l9eLaRoxCVQQrTuuk4CfEQWcCjYuealmCaFD0mcdQyWJmPaz6fljfGyUHg5jZUoCnqq/JzISaT2KAtMZERjoeW8i/ud1Uggv/IzLJAUm6WxRmAoMMZ5kgXtcMQpiZAihiptbMR0QRSiYxEomBHf+5UXSrFbc00r17qxcu8rjKKJDdIROkIvOUQ3doDpqIIoy9Ixe0Zv1ZL1Y79bHrLVg5TP76A+szx/mi5Vz</latexit>

‘conformal’ long-time  
behavior (                 )Q(⌧) ⇠ 1/|⌧ |

<latexit sha1_base64="3BYxxUobvPFWd5to9lpD8Mi4VKY=">AAAB/nicbVDLSgMxFM3UV62vUXHlJliEuqkzVdBl0Y3LFuwDOkPJpJk2NMkMSUYo04K/4saFIm79Dnf+jZl2Flo9cOHknHvJvSeIGVXacb6swsrq2vpGcbO0tb2zu2fvH7RVlEhMWjhikewGSBFGBWlpqhnpxpIgHjDSCca3md95IFLRSNzrSUx8joaChhQjbaS+fdSseBolZ9BTlEP3fJq9pn277FSdOeBf4uakDHI0+vanN4hwwonQmCGleq4Taz9FUlPMyKzkJYrECI/RkPQMFYgT5afz9Wfw1CgDGEbSlNBwrv6cSBFXasID08mRHqllLxP/83qJDq/9lIo40UTgxUdhwqCOYJYFHFBJsGYTQxCW1OwK8QhJhLVJrGRCcJdP/kvatap7Ua01L8v1mzyOIjgGJ6ACXHAF6uAONEALYJCCJ/ACXq1H69l6s94XrQUrnzkEv2B9fAOusZSs</latexit>

‘Schwarzian’ correction

• Finite M  behavior 
looks different:

Can we understand this 
analytically in the simple 
fermionic description?

[Shackleton/Wietek/Georges/Sachdev ’21]
[Arrachea/Rozenberg ’02]

�00(!)

<latexit sha1_base64="nSmNHvgXI7awiNpgaGm6MolxsQM=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYpDES9iViB6DXjxGMA/IrmF20psMmccyM6uEkP/w4kERr/6LN//GSbIHTSxoKKq66e6KEka18bxvZ2V1bX1jM7eV397Z3dsvHBw2tUwVgQaRTKp2hDUwKqBhqGHQThRgHjFoRcObqd96BKWpFPdmlEDIcV/QmBJsrPQQkAEtlcqB5NDHZ91C0at4M7jLxM9IEWWodwtfQU+SlIMwhGGtO76XmHCMlaGEwSQfpBoSTIa4Dx1LBeagw/Hs6ol7apWeG0tlSxh3pv6eGGOu9YhHtpNjM9CL3lT8z+ukJr4Kx1QkqQFB5ovilLlGutMI3B5VQAwbWYKJovZWlwywwsTYoPI2BH/x5WXSPK/41crFXbVYu87iyKFjdILKyEeXqIZuUR01EEEKPaNX9OY8OS/Ou/Mxb11xspkj9AfO5w8h7pGi</latexit>

!

<latexit sha1_base64="amRWnBX673DWeoMIa72Gd54pRsI=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBrXq5X2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPksmPIw==</latexit>

�00(!) ⇠ ! )

<latexit sha1_base64="fzQc0p3Zlyt4s6cI8uBZ8HNrL3A=">AAACFHicbVDLSgMxFM3UV62vUZdugkVaEcqMVBS6KbpxWcU+oDOUTJqZhiaTIckopfQj3Pgrblwo4taFO//G9LHQ1gMXTs65l9x7goRRpR3n28osLa+srmXXcxubW9s79u5eQ4lUYlLHggnZCpAijMakrqlmpJVIgnjASDPoX4395j2Rior4Tg8S4nMUxTSkGGkjdewTD/dooVD0BCcROoaeohxOH9CreBXo3dKop5GU4qFj552SMwFcJO6M5MEMtY795XUFTjmJNWZIqbbrJNofIqkpZmSU81JFEoT7KCJtQ2PEifKHk6NG8MgoXRgKaSrWcKL+nhgirtSAB6aTI91T895Y/M9rpzq88Ic0TlJNYjz9KEwZ1AKOE4JdKgnWbGAIwpKaXSHuIYmwNjnmTAju/MmLpHFacsuls5tyvno5iyMLDsAhKAIXnIMquAY1UAcYPIJn8ArerCfrxXq3PqatGWs2sw/+wPr8AWM+nTI=</latexit>

�(!)
<latexit sha1_base64="z9gqlW/3wh7imHVWaeqUd94QmWY=">AAAB9XicbVBNSwMxEM36WetX1aOXYBHqpexWQY9FLx4r2A/oriWbnW1Dk+ySZJVS+j+8eFDEq//Fm//GtN2Dtj4YeLw3w8y8MOVMG9f9dlZW19Y3Ngtbxe2d3b390sFhSyeZotCkCU9UJyQaOJPQNMxw6KQKiAg5tMPhzdRvP4LSLJH3ZpRCIEhfsphRYqz04EfADan4iYA+OeuVym7VnQEvEy8nZZSj0St9+VFCMwHSUE607npuaoIxUYZRDpOin2lICR2SPnQtlUSADsazqyf41CoRjhNlSxo8U39PjInQeiRC2ymIGehFbyr+53UzE18FYybTzICk80VxxrFJ8DQCHDEF1PCRJYQqZm/FdEAUocYGVbQheIsvL5NWreqdV2t3F+X6dR5HAR2jE1RBHrpEdXSLGqiJKFLoGb2iN+fJeXHenY9564qTzxyhP3A+fwDzUpIm</latexit>

Q(⌧) = �G(⌧)G(�⌧)

⌃(⌧) = �J2G(⌧)2G(�⌧)

G(i!) = [i! � ⌃(i!)]�1

<latexit sha1_base64="el//ritliFy+FEeHqet60r//SVk="></latexit>

(cartoon)

[Sachdev/Ye ’93]

• Spin-spin spectral function: Q(⌧) =

Z 1

0

d!
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<latexit sha1_base64="SAb9TWMA/EWPLzKr3d++EUGFXJE="></latexit>



• Finite M:                        need not be replica diagonal 

• Ansatz: 

• Compute large-N effective action perturbatively in           :

Finite M corrections

Gab,⌃ab, Qab

<latexit sha1_base64="IEnFluKlJXqQdnuw1IgQYNlpyAc=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWwYWUGanosuhCly3aC7TDkEkzbWiSGZKMUIbixldx40IRtz6FO9/GdDoLbT0Q8vH/55CcP4gZVdpxvq3C0vLK6lpxvbSxubW9Y+/utVSUSEyaOGKR7ARIEUYFaWqqGenEkiAeMNIORtdTv/1ApKKRuNfjmHgcDQQNKUbaSL59cOOnKJic9u7ogKMZN7LLt8tOxckKLoKbQxnkVfftr14/wgknQmOGlOq6Tqy9FElNMSOTUi9RJEZ4hAaka1AgTpSXZitM4LFR+jCMpDlCw0z9PZEirtSYB6aTIz1U895U/M/rJjq89FIq4kQTgWcPhQmDOoLTPGCfSoI1GxtAWFLzV4iHSCKsTWolE4I7v/IitM4qbrVy3qiWa1d5HEVwCI7ACXDBBaiBW1AHTYDBI3gGr+DNerJerHfrY9ZasPKZffCnrM8fC4uXOA==</latexit>

(qaa = 0)

<latexit sha1_base64="s1EkKNyM05WTFEMOOmhZIOBq23E=">AAAB8nicbVBNSwMxEM36WetX1aOXYBHqpexKRS9C0YvHCvYDtkuZTbNtaDZZk6xQlv4MLx4U8eqv8ea/MW33oK0PBh7vzTAzL0w408Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NIyVYQ2ieRSdULQlDNBm4YZTjuJohCHnLbD0e3Ubz9RpZkUD2ac0CCGgWARI2Cs5FceexnABF+7Z71S2a26M+Bl4uWkjHI0eqWvbl+SNKbCEA5a+56bmCADZRjhdFLsppomQEYwoL6lAmKqg2x28gSfWqWPI6lsCYNn6u+JDGKtx3FoO2MwQ73oTcX/PD810VWQMZGkhgoyXxSlHBuJp//jPlOUGD62BIhi9lZMhqCAGJtS0YbgLb68TFrnVa9Wvbivles3eRwFdIxOUAV56BLV0R1qoCYiSKJn9IreHOO8OO/Ox7x1xclnjtAfOJ8/4TSQWA==</latexit>

Qab(⌧) = [Q(⌧) + q] �ab + qab

<latexit sha1_base64="7mxyv0CoByrj7/qzwbjMQd4b17U="></latexit>

q, qab

<latexit sha1_base64="VcD2YAF6lOZ+9ussVlD7ii2BXSY=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgQsqMVHRZdOOygn1AOwyZNNOGZpJpkhGGof6KGxeKuPVD3Pk3ZtpZaOuBwOGce7g3J4gZVdpxvq3S2vrG5lZ5u7Kzu7d/YB8edZRIJCZtLJiQvQApwignbU01I71YEhQFjHSDyW3udx+JVFTwB53GxIvQiNOQYqSN5NvVgTB2ns6ms/Opn6Fg5ts1p+7MAVeJW5AaKNDy7a/BUOAkIlxjhpTqu06svQxJTTEjs8ogUSRGeIJGpG8oRxFRXjY/fgZPjTKEoZDmcQ3n6u9EhiKl0igwkxHSY7Xs5eJ/Xj/R4bWXUR4nmnC8WBQmDGoB8ybgkEqCNUsNQVhScyvEYyQR1qaviinBXf7yKulc1N1G/fK+UWveFHWUwTE4AWfABVegCe5AC7QBBil4Bq/gzXqyXqx362MxWrKKTBX8gfX5A3vDlVE=</latexit>

onset of spin glass order:

S[Q(⌧), q, qab]

nNM
=
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<latexit sha1_base64="AboM18CjrUKz1NNwSv81Bug0vzo="></latexit>

1 =
J2

M
Q̂(0)2

<latexit sha1_base64="GsEESHwbrpG7nkBdfKsNxDH0hRY=">AAACCHicbVDLSsNAFJ34rPUVdenCwSLUTUlKRTdC0Y0IQgv2AU1aJtNJO3QyCTMToYQs3fgrblwo4tZPcOffOG2z0NYDFw7n3Mu993gRo1JZ1rextLyyurae28hvbm3v7Jp7+00ZxgKTBg5ZKNoekoRRThqKKkbakSAo8BhpeaPrid96IELSkN+rcUTcAA049SlGSks988iGl9DxBcLJbbecJncpdIZIJfW0aJ12y7BnFqySNQVcJHZGCiBDrWd+Of0QxwHhCjMkZce2IuUmSCiKGUnzTixJhPAIDUhHU44CIt1k+kgKT7TSh34odHEFp+rviQQFUo4DT3cGSA3lvDcR//M6sfIv3ITyKFaE49kiP2ZQhXCSCuxTQbBiY00QFlTfCvEQ6VSUzi6vQ7DnX14kzXLJrpTO6pVC9SqLIwcOwTEoAhucgyq4ATXQABg8gmfwCt6MJ+PFeDc+Zq1LRjZzAP7A+PwBqiiX2Q==</latexit>

,

<latexit sha1_base64="qnYwP/STbvlI8FYZhIZ2VcOmrpE=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY2+wlS/Z2j905JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oWJ4AY879sprKyurW8UN0tb2zu7ZXdvv2lUqilrUCWUbofEMMElawAHwdqJZiQOBWuFo+up33pg2nAl72GcsCAmA8kjTglYqeeWu7csAs0HQyBaq8eeW/Gq3gx4mfg5qaAc9Z771e0rmsZMAhXEmI7vJRBkRAOngk1K3dSwhNARGbCOpZLEzATZ7PAJPrZKH0dK25KAZ+rviYzExozj0HbGBIZm0ZuK/3mdFKLLIOMySYFJOl8UpQKDwtMUcJ9rRkGMLSFUc3srpkOiCQWbVcmG4C++vEyap1X/rHp+d1apXeVxFNEhOkInyEcXqIZuUB01EEUpekav6M15cl6cd+dj3lpw8pkD9AfO5w86zpN5</latexit>

spin glass order parameters 

Tc ⇠ J e�
p
M⇡

<latexit sha1_base64="2CwXI+K6c7q+L5Ht+bZFOMbXZd4="></latexit>



• Free energy contains terms that seem divergent as             : 

Consistency of free energy

F ⌘ � lnZ
�n

= �c0 � c1q � c2q
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<latexit sha1_base64="fzRFSHGvwM9FjlK3mqE1vGykKow="></latexit>
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<latexit sha1_base64="MSQK0AoW8dZWg0oeKWSmykKhuz0="></latexit>

� ! 1

<latexit sha1_base64="6/iT92zL1oqINqtj7XrnQtMVvpo=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoiFT0WvXisYD+gCWWz3bRLN5uwO1FCqBf/ihcPinj1X3jz37htc9DWBwOP92aYmRckgmtwnG9raXlldW29tFHe3Nre2bX39ls6ThVlTRqLWHUCopngkjWBg2CdRDESBYK1g9H1xG/fM6V5LO8gS5gfkYHkIacEjNSzD72AAcGe4oMhEKXiB+xxGULWsytO1ZkCLxK3IBVUoNGzv7x+TNOISaCCaN11nQT8nCjgVLBx2Us1SwgdkQHrGipJxLSfTz8Y4xOj9HEYK1MS8FT9PZGTSOssCkxnRGCo572J+J/XTSG89HMukxSYpLNFYSowxHgSB+5zxSiIzBBCFTe3YjokilAwoZVNCO78y4ukdVZ1a9Xz21qlflXEUUJH6BidIhddoDq6QQ3URBQ9omf0it6sJ+vFerc+Zq1LVjFzgP7A+vwBopqXBg==</latexit>

• But: extremization w.r.t.            makes all dangerous terms vanish! 

• T=0:  spin glass solution is replica symmetric,

q, qab

<latexit sha1_base64="VcD2YAF6lOZ+9ussVlD7ii2BXSY=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgQsqMVHRZdOOygn1AOwyZNNOGZpJpkhGGof6KGxeKuPVD3Pk3ZtpZaOuBwOGce7g3J4gZVdpxvq3S2vrG5lZ5u7Kzu7d/YB8edZRIJCZtLJiQvQApwignbU01I71YEhQFjHSDyW3udx+JVFTwB53GxIvQiNOQYqSN5NvVgTB2ns6ms/Opn6Fg5ts1p+7MAVeJW5AaKNDy7a/BUOAkIlxjhpTqu06svQxJTTEjs8ogUSRGeIJGpG8oRxFRXjY/fgZPjTKEoZDmcQ3n6u9EhiKl0igwkxHSY7Xs5eJ/Xj/R4bWXUR4nmnC8WBQmDGoB8ybgkEqCNUsNQVhScyvEYyQR1qaviinBXf7yKulc1N1G/fK+UWveFHWUwTE4AWfABVegCe5AC7QBBil4Bq/gzXqyXqx362MxWrKKTBX8gfX5A3vDlVE=</latexit>

qab = q ⌘ qEA

<latexit sha1_base64="Dip8mkTqkNu2pHzOWcz/OwQKXes=">AAACDXicbVDLSsNAFJ34rPUVdelmsBZclUQquhGqIrisYB/QhDCZTtuhk0w6MymUkB9w46+4caGIW/fu/BsnbRbaemDgcM69d+49fsSoVJb1bSwtr6yurRc2iptb2zu75t5+U/JYYNLAnHHR9pEkjIakoahipB0JggKfkZY/vMn81pgISXn4oCYRcQPUD2mPYqS05JnHIy9BfgovocN1XTYmGaXQIaOYjqE2b69S6Jklq2JNAReJnZMSyFH3zC+ny3EckFBhhqTs2Fak3AQJRTEjadGJJYkQHqI+6WgaooBIN5lek8KyVrqwx4V+oYJT9XdHggIpJ4FeuhwgNZDzXib+53Vi1btwExpGsSIhnn3UixlUHGbRwC4VBCs20QRhQfWuEA+QQFjpAIs6BHv+5EXSPK3Y1crZfbVUu87jKIBDcAROgA3OQQ3cgTpoAAwewTN4BW/Gk/FivBsfs9IlI+85AH9gfP4A+eqbgA==</latexit>

Am2 = . . .
<latexit sha1_base64="hNDCgHhsxVhmiNGYcFALsNswjEE=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVZIq6EaounFZwT6gDWEymbRD5xFmJoUS+iduXCji1j9x5984bbPQ1gMXDufcy733RCmj2njet1NaW9/Y3CpvV3Z29/YP3MOjtpaZwqSFJZOqGyFNGBWkZahhpJsqgnjESCca3c/8zpgoTaV4MpOUBBwNBE0oRsZKoevehjkP61N4A/sslkaHbtWreXPAVeIXpAoKNEP3qx9LnHEiDGZI657vpSbIkTIUMzKt9DNNUoRHaEB6lgrEiQ7y+eVTeGaVGCZS2RIGztXfEzniWk94ZDs5MkO97M3E/7xeZpLrIKcizQwReLEoyRg0Es5igDFVBBs2sQRhRe2tEA+RQtjYsCo2BH/55VXSrtf8i1r98bLauCviKIMTcArOgQ+uQAM8gCZoAQzG4Bm8gjcnd16cd+dj0Vpyiplj8AfO5w9yUZLk</latexit>



• Free energy contains terms that seem divergent as             : 
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<latexit sha1_base64="fzRFSHGvwM9FjlK3mqE1vGykKow="></latexit>
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<latexit sha1_base64="MSQK0AoW8dZWg0oeKWSmykKhuz0="></latexit>

� ! 1

<latexit sha1_base64="6/iT92zL1oqINqtj7XrnQtMVvpo=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoiFT0WvXisYD+gCWWz3bRLN5uwO1FCqBf/ihcPinj1X3jz37htc9DWBwOP92aYmRckgmtwnG9raXlldW29tFHe3Nre2bX39ls6ThVlTRqLWHUCopngkjWBg2CdRDESBYK1g9H1xG/fM6V5LO8gS5gfkYHkIacEjNSzD72AAcGe4oMhEKXiB+xxGULWsytO1ZkCLxK3IBVUoNGzv7x+TNOISaCCaN11nQT8nCjgVLBx2Us1SwgdkQHrGipJxLSfTz8Y4xOj9HEYK1MS8FT9PZGTSOssCkxnRGCo572J+J/XTSG89HMukxSYpLNFYSowxHgSB+5zxSiIzBBCFTe3YjokilAwoZVNCO78y4ukdVZ1a9Xz21qlflXEUUJH6BidIhddoDq6QQ3URBQ9omf0it6sJ+vFerc+Zq1LVjFzgP7A+vwBopqXBg==</latexit>

• But: extremization w.r.t.            makes all dangerous terms vanish! 

• T=0:  spin glass solution is replica symmetric,

q, qab

<latexit sha1_base64="VcD2YAF6lOZ+9ussVlD7ii2BXSY=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgQsqMVHRZdOOygn1AOwyZNNOGZpJpkhGGof6KGxeKuPVD3Pk3ZtpZaOuBwOGce7g3J4gZVdpxvq3S2vrG5lZ5u7Kzu7d/YB8edZRIJCZtLJiQvQApwignbU01I71YEhQFjHSDyW3udx+JVFTwB53GxIvQiNOQYqSN5NvVgTB2ns6ms/Opn6Fg5ts1p+7MAVeJW5AaKNDy7a/BUOAkIlxjhpTqu06svQxJTTEjs8ogUSRGeIJGpG8oRxFRXjY/fgZPjTKEoZDmcQ3n6u9EhiKl0igwkxHSY7Xs5eJ/Xj/R4bWXUR4nmnC8WBQmDGoB8ybgkEqCNUsNQVhScyvEYyQR1qaviinBXf7yKulc1N1G/fK+UWveFHWUwTE4AWfABVegCe5AC7QBBil4Bq/gzXqyXqx362MxWrKKTBX8gfX5A3vDlVE=</latexit>

qab = q ⌘ qEA

<latexit sha1_base64="Dip8mkTqkNu2pHzOWcz/OwQKXes=">AAACDXicbVDLSsNAFJ34rPUVdelmsBZclUQquhGqIrisYB/QhDCZTtuhk0w6MymUkB9w46+4caGIW/fu/BsnbRbaemDgcM69d+49fsSoVJb1bSwtr6yurRc2iptb2zu75t5+U/JYYNLAnHHR9pEkjIakoahipB0JggKfkZY/vMn81pgISXn4oCYRcQPUD2mPYqS05JnHIy9BfgovocN1XTYmGaXQIaOYjqE2b69S6Jklq2JNAReJnZMSyFH3zC+ny3EckFBhhqTs2Fak3AQJRTEjadGJJYkQHqI+6WgaooBIN5lek8KyVrqwx4V+oYJT9XdHggIpJ4FeuhwgNZDzXib+53Vi1btwExpGsSIhnn3UixlUHGbRwC4VBCs20QRhQfWuEA+QQFjpAIs6BHv+5EXSPK3Y1crZfbVUu87jKIBDcAROgA3OQQ3cgTpoAAwewTN4BW/Gk/FivBsfs9IlI+85AH9gfP4A+eqbgA==</latexit>
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<latexit sha1_base64="VwOCfviM2zRZGyczq+tNEXozC1k="></latexit>

Am2 = . . .
<latexit sha1_base64="hNDCgHhsxVhmiNGYcFALsNswjEE=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVZIq6EaounFZwT6gDWEymbRD5xFmJoUS+iduXCji1j9x5984bbPQ1gMXDufcy733RCmj2njet1NaW9/Y3CpvV3Z29/YP3MOjtpaZwqSFJZOqGyFNGBWkZahhpJsqgnjESCca3c/8zpgoTaV4MpOUBBwNBE0oRsZKoevehjkP61N4A/sslkaHbtWreXPAVeIXpAoKNEP3qx9LnHEiDGZI657vpSbIkTIUMzKt9DNNUoRHaEB6lgrEiQ7y+eVTeGaVGCZS2RIGztXfEzniWk94ZDs5MkO97M3E/7xeZpLrIKcizQwReLEoyRg0Es5igDFVBBs2sQRhRe2tEA+RQtjYsCo2BH/55VXSrtf8i1r98bLauCviKIMTcArOgQ+uQAM8gCZoAQzG4Bm8gjcnd16cd+dj0Vpyiplj8AfO5w9yUZLk</latexit>

• T>0:  replica symmetry breaking Parisi solution: 



• Free energy contains terms that seem divergent as             : 

Consistency of free energy
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<latexit sha1_base64="fzRFSHGvwM9FjlK3mqE1vGykKow="></latexit>
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<latexit sha1_base64="MSQK0AoW8dZWg0oeKWSmykKhuz0="></latexit>

� ! 1

<latexit sha1_base64="6/iT92zL1oqINqtj7XrnQtMVvpo=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoiFT0WvXisYD+gCWWz3bRLN5uwO1FCqBf/ihcPinj1X3jz37htc9DWBwOP92aYmRckgmtwnG9raXlldW29tFHe3Nre2bX39ls6ThVlTRqLWHUCopngkjWBg2CdRDESBYK1g9H1xG/fM6V5LO8gS5gfkYHkIacEjNSzD72AAcGe4oMhEKXiB+xxGULWsytO1ZkCLxK3IBVUoNGzv7x+TNOISaCCaN11nQT8nCjgVLBx2Us1SwgdkQHrGipJxLSfTz8Y4xOj9HEYK1MS8FT9PZGTSOssCkxnRGCo572J+J/XTSG89HMukxSYpLNFYSowxHgSB+5zxSiIzBBCFTe3YjokilAwoZVNCO78y4ukdVZ1a9Xz21qlflXEUUJH6BidIhddoDq6QQ3URBQ9omf0it6sJ+vFerc+Zq1LVjFzgP7A+vwBopqXBg==</latexit>

• But: extremization w.r.t.            makes all dangerous terms vanish! 

• T=0:  spin glass solution is replica symmetric,

q, qab

<latexit sha1_base64="VcD2YAF6lOZ+9ussVlD7ii2BXSY=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgQsqMVHRZdOOygn1AOwyZNNOGZpJpkhGGof6KGxeKuPVD3Pk3ZtpZaOuBwOGce7g3J4gZVdpxvq3S2vrG5lZ5u7Kzu7d/YB8edZRIJCZtLJiQvQApwignbU01I71YEhQFjHSDyW3udx+JVFTwB53GxIvQiNOQYqSN5NvVgTB2ns6ms/Opn6Fg5ts1p+7MAVeJW5AaKNDy7a/BUOAkIlxjhpTqu06svQxJTTEjs8ogUSRGeIJGpG8oRxFRXjY/fgZPjTKEoZDmcQ3n6u9EhiKl0igwkxHSY7Xs5eJ/Xj/R4bWXUR4nmnC8WBQmDGoB8ybgkEqCNUsNQVhScyvEYyQR1qaviinBXf7yKulc1N1G/fK+UWveFHWUwTE4AWfABVegCe5AC7QBBil4Bq/gzXqyXqx362MxWrKKTBX8gfX5A3vDlVE=</latexit>

qab = q ⌘ qEA

<latexit sha1_base64="Dip8mkTqkNu2pHzOWcz/OwQKXes=">AAACDXicbVDLSsNAFJ34rPUVdelmsBZclUQquhGqIrisYB/QhDCZTtuhk0w6MymUkB9w46+4caGIW/fu/BsnbRbaemDgcM69d+49fsSoVJb1bSwtr6yurRc2iptb2zu75t5+U/JYYNLAnHHR9pEkjIakoahipB0JggKfkZY/vMn81pgISXn4oCYRcQPUD2mPYqS05JnHIy9BfgovocN1XTYmGaXQIaOYjqE2b69S6Jklq2JNAReJnZMSyFH3zC+ny3EckFBhhqTs2Fak3AQJRTEjadGJJYkQHqI+6WgaooBIN5lek8KyVrqwx4V+oYJT9XdHggIpJ4FeuhwgNZDzXib+53Vi1btwExpGsSIhnn3UixlUHGbRwC4VBCs20QRhQfWuEA+QQFjpAIs6BHv+5EXSPK3Y1crZfbVUu87jKIBDcAROgA3OQQ3cgTpoAAwewTN4BW/Gk/FivBsfs9IlI+85AH9gfP4A+eqbgA==</latexit>
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, . . .

<latexit sha1_base64="VwOCfviM2zRZGyczq+tNEXozC1k="></latexit>

Am2 = . . .
<latexit sha1_base64="hNDCgHhsxVhmiNGYcFALsNswjEE=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVZIq6EaounFZwT6gDWEymbRD5xFmJoUS+iduXCji1j9x5984bbPQ1gMXDufcy733RCmj2njet1NaW9/Y3CpvV3Z29/YP3MOjtpaZwqSFJZOqGyFNGBWkZahhpJsqgnjESCca3c/8zpgoTaV4MpOUBBwNBE0oRsZKoevehjkP61N4A/sslkaHbtWreXPAVeIXpAoKNEP3qx9LnHEiDGZI657vpSbIkTIUMzKt9DNNUoRHaEB6lgrEiQ7y+eVTeGaVGCZS2RIGztXfEzniWk94ZDs5MkO97M3E/7xeZpLrIKcizQwReLEoyRg0Es5igDFVBBs2sQRhRe2tEA+RQtjYsCo2BH/55VXSrtf8i1r98bLauCviKIMTcArOgQ+uQAM8gCZoAQzG4Bm8gjcnd16cd+dj0Vpyiplj8AfO5w9yUZLk</latexit>

• T>0:  replica symmetry breaking Parisi solution: 



• Free energy contains terms that seem divergent as             : 

Consistency of free energy
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<latexit sha1_base64="fzRFSHGvwM9FjlK3mqE1vGykKow="></latexit>
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<latexit sha1_base64="MSQK0AoW8dZWg0oeKWSmykKhuz0="></latexit>

� ! 1

<latexit sha1_base64="6/iT92zL1oqINqtj7XrnQtMVvpo=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoiFT0WvXisYD+gCWWz3bRLN5uwO1FCqBf/ihcPinj1X3jz37htc9DWBwOP92aYmRckgmtwnG9raXlldW29tFHe3Nre2bX39ls6ThVlTRqLWHUCopngkjWBg2CdRDESBYK1g9H1xG/fM6V5LO8gS5gfkYHkIacEjNSzD72AAcGe4oMhEKXiB+xxGULWsytO1ZkCLxK3IBVUoNGzv7x+TNOISaCCaN11nQT8nCjgVLBx2Us1SwgdkQHrGipJxLSfTz8Y4xOj9HEYK1MS8FT9PZGTSOssCkxnRGCo572J+J/XTSG89HMukxSYpLNFYSowxHgSB+5zxSiIzBBCFTe3YjokilAwoZVNCO78y4ukdVZ1a9Xz21qlflXEUUJH6BidIhddoDq6QQ3URBQ9omf0it6sJ+vFerc+Zq1LVjFzgP7A+vwBopqXBg==</latexit>

• But: extremization w.r.t.            makes all dangerous terms vanish! 

• T=0:  spin glass solution is replica symmetric,

q, qab

<latexit sha1_base64="VcD2YAF6lOZ+9ussVlD7ii2BXSY=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgQsqMVHRZdOOygn1AOwyZNNOGZpJpkhGGof6KGxeKuPVD3Pk3ZtpZaOuBwOGce7g3J4gZVdpxvq3S2vrG5lZ5u7Kzu7d/YB8edZRIJCZtLJiQvQApwignbU01I71YEhQFjHSDyW3udx+JVFTwB53GxIvQiNOQYqSN5NvVgTB2ns6ms/Opn6Fg5ts1p+7MAVeJW5AaKNDy7a/BUOAkIlxjhpTqu06svQxJTTEjs8ogUSRGeIJGpG8oRxFRXjY/fgZPjTKEoZDmcQ3n6u9EhiKl0igwkxHSY7Xs5eJ/Xj/R4bWXUR4nmnC8WBQmDGoB8ybgkEqCNUsNQVhScyvEYyQR1qaviinBXf7yKulc1N1G/fK+UWveFHWUwTE4AWfABVegCe5AC7QBBil4Bq/gzXqyXqx362MxWrKKTBX8gfX5A3vDlVE=</latexit>

qab = q ⌘ qEA

<latexit sha1_base64="Dip8mkTqkNu2pHzOWcz/OwQKXes=">AAACDXicbVDLSsNAFJ34rPUVdelmsBZclUQquhGqIrisYB/QhDCZTtuhk0w6MymUkB9w46+4caGIW/fu/BsnbRbaemDgcM69d+49fsSoVJb1bSwtr6yurRc2iptb2zu75t5+U/JYYNLAnHHR9pEkjIakoahipB0JggKfkZY/vMn81pgISXn4oCYRcQPUD2mPYqS05JnHIy9BfgovocN1XTYmGaXQIaOYjqE2b69S6Jklq2JNAReJnZMSyFH3zC+ny3EckFBhhqTs2Fak3AQJRTEjadGJJYkQHqI+6WgaooBIN5lek8KyVrqwx4V+oYJT9XdHggIpJ4FeuhwgNZDzXib+53Vi1btwExpGsSIhnn3UixlUHGbRwC4VBCs20QRhQfWuEA+QQFjpAIs6BHv+5EXSPK3Y1crZfbVUu87jKIBDcAROgA3OQQ3cgTpoAAwewTN4BW/Gk/FivBsfs9IlI+85AH9gfP4A+eqbgA==</latexit>

qab =
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q0 Am1

Am1

1

CCCCCA
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1
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, . . .

<latexit sha1_base64="VwOCfviM2zRZGyczq+tNEXozC1k="></latexit>

Am2 = . . .
<latexit sha1_base64="hNDCgHhsxVhmiNGYcFALsNswjEE=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVZIq6EaounFZwT6gDWEymbRD5xFmJoUS+iduXCji1j9x5984bbPQ1gMXDufcy733RCmj2njet1NaW9/Y3CpvV3Z29/YP3MOjtpaZwqSFJZOqGyFNGBWkZahhpJsqgnjESCca3c/8zpgoTaV4MpOUBBwNBE0oRsZKoevehjkP61N4A/sslkaHbtWreXPAVeIXpAoKNEP3qx9LnHEiDGZI657vpSbIkTIUMzKt9DNNUoRHaEB6lgrEiQ7y+eVTeGaVGCZS2RIGztXfEzniWk94ZDs5MkO97M3E/7xeZpLrIKcizQwReLEoyRg0Es5igDFVBBs2sQRhRe2tEA+RQtjYsCo2BH/55VXSrtf8i1r98bLauCviKIMTcArOgQ+uQAM8gCZoAQzG4Bm8gjcnd16cd+dj0Vpyiplj8AfO5w9yUZLk</latexit>

• T>0:  replica symmetry breaking Parisi solution: 



Parisi solution

• T>0:  replica symmetry breaking Parisi solution: 

• Limiting case: qab �! q(x) =

8
<

:

x

m
qEA 0  x < m

qEA m  x < 1

<latexit sha1_base64="Qfbc40+p8vDw9nIdJnK0a68gV24="></latexit>

m

<latexit sha1_base64="dnYsMWDGd6cwdxzyfB0L4TnZDb8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3a3STsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgkfYMtwI7CQKqQwEPgTj25n/8IRK8zi6N5MEfUmHEQ85o8ZKTdkvV9yqOwdZJV5OKpCj0S9/9QYxSyVGhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFraUQlaj+bHzolZ1YZkDBWtiJD5urviYxKrScysJ2SmpFe9mbif143NeG1n/EoSQ1GbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP2CWM+Q==</latexit>

qEA

<latexit sha1_base64="HpAAqGKzdrY6+BWjFPxl451BsNw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVFj1WRfBYwX5Au5Rsmm1js8maZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5QcyZNq777eRWVtfWN/Kbha3tnd294v5BU8tEEdogkkvVDrCmnAnaMMxw2o4VxVHAaSsYXU/91hNVmklxb8Yx9SM8ECxkBBsrNR976c3lpFcsuWV3BrRMvIyUIEO9V/zq9iVJIioM4VjrjufGxk+xMoxwOil0E01jTEZ4QDuWChxR7aezayfoxCp9FEplSxg0U39PpDjSehwFtjPCZqgXvan4n9dJTHjhp0zEiaGCzBeFCUdGounrqM8UJYaPLcFEMXsrIkOsMDE2oIINwVt8eZk0z8pepVy9q5RqV1kceTiCYzgFD86hBrdQhwYQeIBneIU3RzovzrvzMW/NOdnMIfyB8/kDb9qPDA==</latexit>

• Useful to think of ‘break point parameter’ m  as a thermodynamic 
quantity (similar to    ), characterizing the thermodynamic state�

<latexit sha1_base64="GmQ8gpHDbR/zaLrYtPjo00gqMnw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJ74Ucab9ac+vuHGSVeAWpQYFmv/rVGyQsi7lCJqkxXc9NMcipRsEkn1Z6meEpZWM65F1LFY25CfL5sVNyZpUBiRJtSyGZq78nchobM4lD2xlTHJllbyb+53UzjG6CXKg0Q67YYlGUSYIJmX1OBkJzhnJiCWVa2FsJG1FNGdp8KjYEb/nlVdK6qHuX9auHy1rjtoijDCdwCufgwTU04B6a4AMDAc/wCm+Ocl6cd+dj0Vpyiplj+APn8wfGbo6s</latexit>

• Can even consider a thermodynamic ensemble with  m  physical 
copies of the system (replica symmetry is explicitly broken)

[Monasson ’95] [Mezard ’99]

[Parisi ’79]

qab =

0

BBBBB@

Am1

Am1 q0
. . .

q0 Am1

Am1

1

CCCCCA
, Am1 =

0

BBBBB@

Am2

Am2 q1
. . .

q1 Am2

Am2

1

CCCCCA
, . . .

<latexit sha1_base64="VwOCfviM2zRZGyczq+tNEXozC1k="></latexit>

Am2 = . . .
<latexit sha1_base64="hNDCgHhsxVhmiNGYcFALsNswjEE=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVZIq6EaounFZwT6gDWEymbRD5xFmJoUS+iduXCji1j9x5984bbPQ1gMXDufcy733RCmj2njet1NaW9/Y3CpvV3Z29/YP3MOjtpaZwqSFJZOqGyFNGBWkZahhpJsqgnjESCca3c/8zpgoTaV4MpOUBBwNBE0oRsZKoevehjkP61N4A/sslkaHbtWreXPAVeIXpAoKNEP3qx9LnHEiDGZI657vpSbIkTIUMzKt9DNNUoRHaEB6lgrEiQ7y+eVTeGaVGCZS2RIGztXfEzniWk94ZDs5MkO97M3E/7xeZpLrIKcizQwReLEoyRg0Es5igDFVBBs2sQRhRe2tEA+RQtjYsCo2BH/55VXSrtf8i1r98bLauCviKIMTcArOgQ+uQAM8gCZoAQzG4Bm8gjcnd16cd+dj0Vpyiplj8AfO5w9yUZLk</latexit>



A puzzle about the entropy

•                           no extensive entropy at T=0  (unlike SYK)�00(!) ⇠ ! )

<latexit sha1_base64="fzQc0p3Zlyt4s6cI 8uBZ8HNrL3A=">AAACFHicbVDLSgMxFM3UV62vUZdugkVaEcqMVBS6KbpxWcU+oDOUTJqZhiaTIc kopfQj3Pgrblwo4taFO//G9LHQ1gMXTs65l9x7goRRpR3n28osLa+srmXXcxubW9s79u5eQ4lUYl LHggnZCpAijMakrqlmpJVIgnjASDPoX4395j2Rior4Tg8S4nMUxTSkGGkjdewTD/dooVD0BCcROoaeohxOH9CreBXo3dKop5GU4qFj552SMwFcJO6M5MEMtY795XUFTjmJNWZIqbbrJNofIqkpZmSU81JFEoT7KCJtQ2PEifKHk6NG8MgoXRgKaSrWcKL+nhgirtSAB6aTI91T895Y/M9rpzq88Ic0TlJNYjz9KEwZ1AKOE4JdKgnWbGAIwpKaXSHuIYmwNjnmTAju/MmLpHFacsuls5tyvno5iyMLDsAhKAIXnIMquAY1UAcYPIJn8ArerCfrxXq3PqatGWs2sw/+wPr8AWM+nTI=</latexit>

<latexit sha1_base64="FZIu4pmJ9gqCsFKi8a43ozRoJlc=">AAACFXicdVBNS8NAEN34bf2qevSy2AqeStIUjTfRi8eKtgptKZvttF3cbMLuRC2hP8Gr/TXexKtnf4zgtlZQ0YGBx3szvJkXJlIYdN03Z2Z2bn5hcWk5t7K6tr6R39yqmzjVHGo8lrG+DpkBKRTUUKCE60QDi0IJV+HN6Vi/ugVtRKwucZBAK2I9JbqCM7TURfGy2M4X3FLF9/2gTN2SOykL/MDzjwLqTZkCmVa1nX9vdmKeRqCQS2ZMw3MTbGVMo+AShrlmaiBh/Ib1oGGhYhGYVjY5dUj3LNOh3VjbVkgn7PeNjEXGDKLQTkYM++a3Nib/0hopdoNWJlSSIij+adRNJcWYjv+mHaGBoxxYwLgW9lbK+0wzjjadHy5hZH8wYKNUPexnTYR7vBMd65tVhBravL5Cof+DernkHZQq5+XC8ck0uSWyQ3bJPvHIITkmZ6RKaoSTHnkgj2TkjJwn59l5+RydcaY72+RHOa8fKrGgIA==</latexit>

T

<latexit sha1_base64="Yn72aHzVv8YxFbHtXSZR8K/o+j8="></latexit>

Entropy S(T )

<latexit sha1_base64="e458AJvhBTtIo0Rexr3fuC+jK20=">AAACGnicdVDLSgNBEJz1Gd9Rj14Go+Ap7GaDxlvQi8cISQwkIcxOOsng7Owy06uGJT/h1XyNN/HqxY8RnDwEFW1oKKq6qe4KYikMuu67s7C4tLyymllb39jc2t7J7u7VTZRoDjUeyUg3AmZACgU1FCihEWtgYSDhJri9nOg3d6CNiFQVhzG0Q9ZXoic4Q0s1jqqd1PRHR51szs0Xfd8vFaibd6dlgV/y/PMS9eZMjsyr0sl+tLoRT0JQyCUzpum5MbZTplFwCaP1VmIgZvyW9aFpoWIhmHY6vXdEjy3Tpb1I21ZIp+z3jZSFxgzDwE6GDAfmtzYh/9KaCfZK7VSoOEFQfGbUSyTFiE6ep12hgaMcWsC4FvZWygdMM442oh8uQWh/MGDzVH0cpC2EB7wXXeubFoUa2by+QqH/g3oh753mi9eFXPlinlyGHJBDckI8ckbK5IpUSI1wIskjeSJjZ+w8Oy/O62x0wZnv7JMf5bx9Ap2iooM=</latexit>

Tsg

<latexit sha1_base64="33Fs7VI1b69gRCKGpo4Fo78PqCM="></latexit>

NM
⇣
0.464848 . . .

+
↵

J
T + . . .

⌘

SYK spin liquid
<latexit sha1_base64="Ho+cQQQ9c5XKYQ5IoOVAJ0Ys9wg="></latexit>

⇠ NMT

Tsg

qEA 6= 0

spin glass

[Georges/Parcollet/Sachdev ’01] 
[Kitaev ’15] …

Q: How can the entropy 
vanish if there are 
exponentially many states?



Q: How can the entropy 
vanish if there are 
exponentially many states?

Answer:
• System is stuck in a valley.
• Thermodynamic entropy only 

characterizes fluctuations in 
that valley.  

• We should also count the 
number of valleys around     !F

<latexit sha1_base64="NcFb9MLXgfdOno4a1Te6OK+vHqg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqZ+64kpzWP5YMYJ8yMcSB5yisZK7axLUZDbSa9ccavuDGSZeDmpQI56r/zV7cc0jZg0VKDWHc9NjJ+hMpwKNil1U80SpCMcsI6lEiOm/Wx274ScWKVPwljZkobM1N8TGUZaj6PAdkZohnrRm4r/eZ3UhFd+xmWSGibpfFGYCmJiMn2e9Lli1IixJUgVt7cSOkSF1NiISjYEb/HlZdI8q3rn1Yv780rtOo+jCEdwDKfgwSXU4A7q0AAKAp7hFd6cR+fFeXc+5q0FJ585hD9wPn8AqwyPvA==</latexit>

F

<latexit sha1_base64="NcFb9MLXgfdOno4a1Te6OK+vHqg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqZ+64kpzWP5YMYJ8yMcSB5yisZK7axLUZDbSa9ccavuDGSZeDmpQI56r/zV7cc0jZg0VKDWHc9NjJ+hMpwKNil1U80SpCMcsI6lEiOm/Wx274ScWKVPwljZkobM1N8TGUZaj6PAdkZohnrRm4r/eZ3UhFd+xmWSGibpfFGYCmJiMn2e9Lli1IixJUgVt7cSOkSF1NiISjYEb/HlZdI8q3rn1Yv780rtOo+jCEdwDKfgwSXU4A7q0AAKAp7hFd6cR+fFeXc+5q0FJ585hD9wPn8AqwyPvA==</latexit>

A puzzle about the entropy



Q: How can the entropy 
vanish if there are 
exponentially many states?

dF

<latexit sha1_base64="6PS9OIY+Wv38qaThWQ+k3pGReg4="></latexit>

Answer:
• System is stuck in a valley.
• Thermodynamic entropy only 

characterizes fluctuations in 
that valley.  

• We should also count the 
number of valleys around     !F

<latexit sha1_base64="NcFb9MLXgfdOno4a1Te6OK+vHqg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqZ+64kpzWP5YMYJ8yMcSB5yisZK7axLUZDbSa9ccavuDGSZeDmpQI56r/zV7cc0jZg0VKDWHc9NjJ+hMpwKNil1U80SpCMcsI6lEiOm/Wx274ScWKVPwljZkobM1N8TGUZaj6PAdkZohnrRm4r/eZ3UhFd+xmWSGibpfFGYCmJiMn2e9Lli1IixJUgVt7cSOkSF1NiISjYEb/HlZdI8q3rn1Yv780rtOo+jCEdwDKfgwSXU4A7q0AAKAp7hFd6cR+fFeXc+5q0FJ585hD9wPn8AqwyPvA==</latexit>

F

<latexit sha1_base64="NcFb9MLXgfdOno4a1Te6OK+vHqg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqZ+64kpzWP5YMYJ8yMcSB5yisZK7axLUZDbSa9ccavuDGSZeDmpQI56r/zV7cc0jZg0VKDWHc9NjJ+hMpwKNil1U80SpCMcsI6lEiOm/Wx274ScWKVPwljZkobM1N8TGUZaj6PAdkZohnrRm4r/eZ3UhFd+xmWSGibpfFGYCmJiMn2e9Lli1IixJUgVt7cSOkSF1NiISjYEb/HlZdI8q3rn1Yv780rtOo+jCEdwDKfgwSXU4A7q0AAKAp7hFd6cR+fFeXc+5q0FJ585hD9wPn8AqwyPvA==</latexit>

A puzzle about the entropy



Complexity

dF

<latexit sha1_base64="6PS9OIY+Wv38qaThWQ+k3pGReg4="></latexit>

• Define density of pure states 
at free energy     :

‘complexity’

• Total partition function:

… where

F

<latexit sha1_base64="NcFb9MLXgfdOno4a1Te6OK+vHqg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqZ+64kpzWP5YMYJ8yMcSB5yisZK7axLUZDbSa9ccavuDGSZeDmpQI56r/zV7cc0jZg0VKDWHc9NjJ+hMpwKNil1U80SpCMcsI6lEiOm/Wx274ScWKVPwljZkobM1N8TGUZaj6PAdkZohnrRm4r/eZ3UhFd+xmWSGibpfFGYCmJiMn2e9Lli1IixJUgVt7cSOkSF1NiISjYEb/HlZdI8q3rn1Yv780rtOo+jCEdwDKfgwSXU4A7q0AAKAp7hFd6cR+fFeXc+5q0FJ585hD9wPn8AqwyPvA==</latexit>

Z = e�N�Ftot =

Z
dF e�N�F ⌦(F ,�, N) =

Z
dF e�N��(F)

<latexit sha1_base64="QmO+Yld3VJVJVNtL4WNfDAR7+8A="></latexit>

��(F) ⌘ �F � ⌃(F ,�)

<latexit sha1_base64="WzpxyUGVOqX+pG6C6aStrqU5v50="></latexit>

⌦(F ,�, N) ⌘ eN⌃(F,�)

<latexit sha1_base64="yTwBxsiZ4xiDLlTsljnVINqKi3o="></latexit>

⌃(F ,�) :

<latexit sha1_ base64="020CoqVWOjD863iVKyZY x1PNBHU=">AAACKXicbVDLSgMxFM 3Ud31VXboJFqFCKTN2atVVURCXitYWOkO5k6bTYOZBkhHKML/jxl9xo6CoW3/EtHah1QOBwznnJjfHizmTyjTfjdzM7Nz8wuJSfnlldW29sLF5I6NEENokEY9E2wNJOQtpUzHFaTsWFAKP05Z3ezryW3dUSBaF12oYUzcAP2R9RkBpqVtopM74ko7wPTc1K6Z9cFjbL5sVq2pX60ea1OwjrWTOFfMDKOk4cHyWlR2PKtg7zrqFop4aA/8l1oQU0QQX3cKz04tIEtBQEQ5SdiwzVm4KQjHCaZZ3EkljILfg046mIQRUuul4yQzvaqWH+5HQJ1R4rP6cSCGQchh4OhmAGshpbyT+53US1T90UxbGiaIh+X6on3CsIjyqDfeYoETxoSZABNO7YjIAAUTpcvO6BGv6y3/JzX7Fsiu1S7vYOJnUsYi20Q4qIQvVUQOdowvURATdo0f0gl6NB+PJeDM+vqM5YzKzhX7B+PwCplWing==</latexit>

F

<latexit sha1_base64="NcFb9MLXgfdOno4a1Te6OK+vHqg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqZ+64kpzWP5YMYJ8yMcSB5yisZK7axLUZDbSa9ccavuDGSZeDmpQI56r/zV7cc0jZg0VKDWHc9NjJ+hMpwKNil1U80SpCMcsI6lEiOm/Wx274ScWKVPwljZkobM1N8TGUZaj6PAdkZohnrRm4r/eZ3UhFd+xmWSGibpfFGYCmJiMn2e9Lli1IixJUgVt7cSOkSF1NiISjYEb/HlZdI8q3rn1Yv780rtOo+jCEdwDKfgwSXU4A7q0AAKAp7hFd6cR+fFeXc+5q0FJ585hD9wPn8AqwyPvA==</latexit>



Complexity

dF

<latexit sha1_base64="6PS9OIY+Wv38qaThWQ+k3pGReg4="></latexit>

• Define density of pure states 
at free energy     :

‘complexity’

• Total partition function:

… where and       satisfies:F⇤

<latexit sha1_base64="1Cs1OI/MZVegFi+fFgmOapU3HHQ=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoMgHsKuRPQYFMRjBPPAZAm9k0kyZHZ2mZkVwpK/8OJBEa/+jTf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFGV1GolItQLUTHDJ6oYbwVqxYhgGgjWD0c3Ubz4xpXkkH8w4Zn6IA8n7nKKx0mPaoSjI7aR71i2W3LI7A1kmXkZKkKHWLX51ehFNQiYNFah123Nj46eoDKeCTQqdRLMY6QgHrG2pxJBpP51dPCEnVumRfqRsSUNm6u+JFEOtx2FgO0M0Q73oTcX/vHZi+ld+ymWcGCbpfFE/EcREZPo+6XHFqBFjS5Aqbm8ldIgKqbEhFWwI3uLLy6RxXvYq5Yv7Sql6ncWRhyM4hlPw4BKqcAc1qAMFCc/wCm+Odl6cd+dj3ppzsplD+APn8wfK2JBZ</latexit>

� � d⌃

dF

����
F=F⇤

= 0

<latexit sha1_base64="NOfrdp7RzPW8F4RtYdK/wjMU/+0="></latexit>

⇡ e�N��(F⇤)

<latexit sha1_base64="VXzSkahxDL7D/hDZUL8AyCAO+P0=">AAACDnicbVDLSgNBEJyNrxhfUY9eBkNABcOuKHoMCuJJIpgYyMbQO+kkg7MPZmbFsOwXePFXvHhQxKtnb/6Nk8dBEwsaiqpuuru8SHClbfvbyszMzs0vZBdzS8srq2v59Y2aCmPJsMpCEcq6BwoFD7CquRZYjySC7wm88e7OBv7NPUrFw+Ba9yNs+tANeIcz0EZq5YvUhSiS4QPF22T/0vVQA3UrPb6TuAwEPU9be7tpK1+wS/YQdJo4Y1IgY1Ra+S+3HbLYx0AzAUo1HDvSzQSk5kxgmnNjhRGwO+hiw9AAfFTNZPhOSotGadNOKE0Fmg7V3xMJ+Er1fc90+qB7atIbiP95jVh3TpoJD6JYY8BGizqxoDqkg2xom0tkWvQNASa5uZWyHkhg2iSYMyE4ky9Pk9pByTksHV0dFsqn4ziyZItskx3ikGNSJhekQqqEkUfyTF7Jm/VkvVjv1seoNWONZzbJH1ifPyjhmuo=</latexit>

F

<latexit sha1_base64="NcFb9MLXgfdOno4a1Te6OK+vHqg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqZ+64kpzWP5YMYJ8yMcSB5yisZK7axLUZDbSa9ccavuDGSZeDmpQI56r/zV7cc0jZg0VKDWHc9NjJ+hMpwKNil1U80SpCMcsI6lEiOm/Wx274ScWKVPwljZkobM1N8TGUZaj6PAdkZohnrRm4r/eZ3UhFd+xmWSGibpfFGYCmJiMn2e9Lli1IixJUgVt7cSOkSF1NiISjYEb/HlZdI8q3rn1Yv780rtOo+jCEdwDKfgwSXU4A7q0AAKAp7hFd6cR+fFeXc+5q0FJ585hD9wPn8AqwyPvA==</latexit>

Z = e�N�Ftot =

Z
dF e�N�F ⌦(F ,�, N) =

Z
dF e�N��(F)

<latexit sha1_base64="QmO+Yld3VJVJVNtL4WNfDAR7+8A="></latexit>

��(F) ⌘ �F � ⌃(F ,�)

<latexit sha1_base64="WzpxyUGVOqX+pG6C6aStrqU5v50="></latexit>

⌦(F ,�, N) ⌘ eN⌃(F,�)

<latexit sha1_base64="yTwBxsiZ4xiDLlTsljnVINqKi3o="></latexit>

⌃(F ,�) :

<latexit sha1_ base64="020CoqVWOjD863iVKyZY x1PNBHU=">AAACKXicbVDLSgMxFM 3Ud31VXboJFqFCKTN2atVVURCXitYWOkO5k6bTYOZBkhHKML/jxl9xo6CoW3/EtHah1QOBwznnJjfHizmTyjTfjdzM7Nz8wuJSfnlldW29sLF5I6NEENokEY9E2wNJOQtpUzHFaTsWFAKP05Z3ezryW3dUSBaF12oYUzcAP2R9RkBpqVtopM74ko7wPTc1K6Z9cFjbL5sVq2pX60ea1OwjrWTOFfMDKOk4cHyWlR2PKtg7zrqFop4aA/8l1oQU0QQX3cKz04tIEtBQEQ5SdiwzVm4KQjHCaZZ3EkljILfg046mIQRUuul4yQzvaqWH+5HQJ1R4rP6cSCGQchh4OhmAGshpbyT+53US1T90UxbGiaIh+X6on3CsIjyqDfeYoETxoSZABNO7YjIAAUTpcvO6BGv6y3/JzX7Fsiu1S7vYOJnUsYi20Q4qIQvVUQOdowvURATdo0f0gl6NB+PJeDM+vqM5YzKzhX7B+PwCplWing==</latexit>

F

<latexit sha1_base64="NcFb9MLXgfdOno4a1Te6OK+vHqg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqZ+64kpzWP5YMYJ8yMcSB5yisZK7axLUZDbSa9ccavuDGSZeDmpQI56r/zV7cc0jZg0VKDWHc9NjJ+hMpwKNil1U80SpCMcsI6lEiOm/Wx274ScWKVPwljZkobM1N8TGUZaj6PAdkZohnrRm4r/eZ3UhFd+xmWSGibpfFGYCmJiMn2e9Lli1IixJUgVt7cSOkSF1NiISjYEb/HlZdI8q3rn1Yv780rtOo+jCEdwDKfgwSXU4A7q0AAKAp7hFd6cR+fFeXc+5q0FJ585hD9wPn8AqwyPvA==</latexit>



Complexity

dF

<latexit sha1_base64="6PS9OIY+Wv38qaThWQ+k3pGReg4="></latexit>

• Define density of pure states 
at free energy     :

‘complexity’

• Total partition function:

… where and       satisfies:F⇤

<latexit sha1_base64="1Cs1OI/MZVegFi+fFgmOapU3HHQ=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoMgHsKuRPQYFMRjBPPAZAm9k0kyZHZ2mZkVwpK/8OJBEa/+jTf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFGV1GolItQLUTHDJ6oYbwVqxYhgGgjWD0c3Ubz4xpXkkH8w4Zn6IA8n7nKKx0mPaoSjI7aR71i2W3LI7A1kmXkZKkKHWLX51ehFNQiYNFah123Nj46eoDKeCTQqdRLMY6QgHrG2pxJBpP51dPCEnVumRfqRsSUNm6u+JFEOtx2FgO0M0Q73oTcX/vHZi+ld+ymWcGCbpfFE/EcREZPo+6XHFqBFjS5Aqbm8ldIgKqbEhFWwI3uLLy6RxXvYq5Yv7Sql6ncWRhyM4hlPw4BKqcAc1qAMFCc/wCm+Odl6cd+dj3ppzsplD+APn8wfK2JBZ</latexit>

� � d⌃

dF

����
F=F⇤

= 0

<latexit sha1_base64="NOfrdp7RzPW8F4RtYdK/wjMU/+0="></latexit>

⇡ e�N��(F⇤)

<latexit sha1_base64="VXzSkahxDL7D/hDZUL8AyCAO+P0=">AAACDnicbVDLSgNBEJyNrxhfUY9eBkNABcOuKHoMCuJJIpgYyMbQO+kkg7MPZmbFsOwXePFXvHhQxKtnb/6Nk8dBEwsaiqpuuru8SHClbfvbyszMzs0vZBdzS8srq2v59Y2aCmPJsMpCEcq6BwoFD7CquRZYjySC7wm88e7OBv7NPUrFw+Ba9yNs+tANeIcz0EZq5YvUhSiS4QPF22T/0vVQA3UrPb6TuAwEPU9be7tpK1+wS/YQdJo4Y1IgY1Ra+S+3HbLYx0AzAUo1HDvSzQSk5kxgmnNjhRGwO+hiw9AAfFTNZPhOSotGadNOKE0Fmg7V3xMJ+Er1fc90+qB7atIbiP95jVh3TpoJD6JYY8BGizqxoDqkg2xom0tkWvQNASa5uZWyHkhg2iSYMyE4ky9Pk9pByTksHV0dFsqn4ziyZItskx3ikGNSJhekQqqEkUfyTF7Jm/VkvVjv1seoNWONZzbJH1ifPyjhmuo=</latexit>

F

<latexit sha1_base64="NcFb9MLXgfdOno4a1Te6OK+vHqg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqZ+64kpzWP5YMYJ8yMcSB5yisZK7axLUZDbSa9ccavuDGSZeDmpQI56r/zV7cc0jZg0VKDWHc9NjJ+hMpwKNil1U80SpCMcsI6lEiOm/Wx274ScWKVPwljZkobM1N8TGUZaj6PAdkZohnrRm4r/eZ3UhFd+xmWSGibpfFGYCmJiMn2e9Lli1IixJUgVt7cSOkSF1NiISjYEb/HlZdI8q3rn1Yv780rtOo+jCEdwDKfgwSXU4A7q0AAKAp7hFd6cR+fFeXc+5q0FJ585hD9wPn8AqwyPvA==</latexit>

Z = e�N�Ftot =

Z
dF e�N�F ⌦(F ,�, N) =

Z
dF e�N��(F)

<latexit sha1_base64="QmO+Yld3VJVJVNtL4WNfDAR7+8A="></latexit>

��(F) ⌘ �F � ⌃(F ,�)

<latexit sha1_base64="WzpxyUGVOqX+pG6C6aStrqU5v50="></latexit>

⌦(F ,�, N) ⌘ eN⌃(F,�)

<latexit sha1_base64="yTwBxsiZ4xiDLlTsljnVINqKi3o="></latexit>

⌃(F ,�) :

<latexit sha1_ base64="020CoqVWOjD863iVKyZY x1PNBHU=">AAACKXicbVDLSgMxFM 3Ud31VXboJFqFCKTN2atVVURCXitYWOkO5k6bTYOZBkhHKML/jxl9xo6CoW3/EtHah1QOBwznnJjfHizmTyjTfjdzM7Nz8wuJSfnlldW29sLF5I6NEENokEY9E2wNJOQtpUzHFaTsWFAKP05Z3ezryW3dUSBaF12oYUzcAP2R9RkBpqVtopM74ko7wPTc1K6Z9cFjbL5sVq2pX60ea1OwjrWTOFfMDKOk4cHyWlR2PKtg7zrqFop4aA/8l1oQU0QQX3cKz04tIEtBQEQ5SdiwzVm4KQjHCaZZ3EkljILfg046mIQRUuul4yQzvaqWH+5HQJ1R4rP6cSCGQchh4OhmAGshpbyT+53US1T90UxbGiaIh+X6on3CsIjyqDfeYoETxoSZABNO7YjIAAUTpcvO6BGv6y3/JzX7Fsiu1S7vYOJnUsYi20Q4qIQvVUQOdowvURATdo0f0gl6NB+PJeDM+vqM5YzKzhX7B+PwCplWing==</latexit>

F

<latexit sha1_base64="NcFb9MLXgfdOno4a1Te6OK+vHqg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqZ+64kpzWP5YMYJ8yMcSB5yisZK7axLUZDbSa9ccavuDGSZeDmpQI56r/zV7cc0jZg0VKDWHc9NjJ+hMpwKNil1U80SpCMcsI6lEiOm/Wx274ScWKVPwljZkobM1N8TGUZaj6PAdkZohnrRm4r/eZ3UhFd+xmWSGibpfFGYCmJiMn2e9Lli1IixJUgVt7cSOkSF1NiISjYEb/HlZdI8q3rn1Yv780rtOo+jCEdwDKfgwSXU4A7q0AAKAp7hFd6cR+fFeXc+5q0FJ585hD9wPn8AqwyPvA==</latexit>

c.f. standard thermodynamics: �F = �E � S(E)

| {z }
<latexit sha1_base64="bW0QT2iJ2qCISnq0vLZPynEOAIM=">AAACC3icbVDLSsNAFJ34rPUVdekmtAiuSlIFXRbduKxgH9CEMJnctEMnk3RmIpTQvRt/xY0LRdz6A+78G6dtFrX1wL0czrmXmXuClFGpbPvHWFvf2NzaLu2Ud/f2Dw7No+O2TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCYa3U7/zCELShD+ocQpejPucRpRgpSXfrLgZD0EEAhPI3dEow+Fin/j5xDerds2ewVolTkGqqEDTN7/dMCFZDFwRhqXsOXaqvBwLRQmDSdnNJKSYDHEfeppyHIP08tktE+tMK6EVJUIXV9ZMXdzIcSzlOA70ZIzVQC57U/E/r5ep6NrLKU8zBZzMH4oyZqnEmgZjhVQAUWysCSaC6r9aZIB1LkrHV9YhOMsnr5J2veZc1Or3l9XGTRFHCZ2iCjpHDrpCDXSHmqiFCHpCL+gNvRvPxqvxYXzOR9eMYucE/YHx9QvXg5wx</latexit>



Complexity

dF

<latexit sha1_base64="6PS9OIY+Wv38qaThWQ+k3pGReg4="></latexit>

• Define density of pure states 
at free energy     :

‘complexity’

F

<latexit sha1_base64="NcFb9MLXgfdOno4a1Te6OK+vHqg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqZ+64kpzWP5YMYJ8yMcSB5yisZK7axLUZDbSa9ccavuDGSZeDmpQI56r/zV7cc0jZg0VKDWHc9NjJ+hMpwKNil1U80SpCMcsI6lEiOm/Wx274ScWKVPwljZkobM1N8TGUZaj6PAdkZohnrRm4r/eZ3UhFd+xmWSGibpfFGYCmJiMn2e9Lli1IixJUgVt7cSOkSF1NiISjYEb/HlZdI8q3rn1Yv780rtOo+jCEdwDKfgwSXU4A7q0AAKAp7hFd6cR+fFeXc+5q0FJ585hD9wPn8AqwyPvA==</latexit>

⌦(F ,�, N) ⌘ eN⌃(F,�)

<latexit sha1_base64="yTwBxsiZ4xiDLlTsljnVINqKi3o="></latexit>

⌃(F ,�) :

<latexit sha1_ base64="020CoqVWOjD863iVKyZY x1PNBHU=">AAACKXicbVDLSgMxFM 3Ud31VXboJFqFCKTN2atVVURCXitYWOkO5k6bTYOZBkhHKML/jxl9xo6CoW3/EtHah1QOBwznnJjfHizmTyjTfjdzM7Nz8wuJSfnlldW29sLF5I6NEENokEY9E2wNJOQtpUzHFaTsWFAKP05Z3ezryW3dUSBaF12oYUzcAP2R9RkBpqVtopM74ko7wPTc1K6Z9cFjbL5sVq2pX60ea1OwjrWTOFfMDKOk4cHyWlR2PKtg7zrqFop4aA/8l1oQU0QQX3cKz04tIEtBQEQ5SdiwzVm4KQjHCaZZ3EkljILfg046mIQRUuul4yQzvaqWH+5HQJ1R4rP6cSCGQchh4OhmAGshpbyT+53US1T90UxbGiaIh+X6on3CsIjyqDfeYoETxoSZABNO7YjIAAUTpcvO6BGv6y3/JzX7Fsiu1S7vYOJnUsYi20Q4qIQvVUQOdowvURATdo0f0gl6NB+PJeDM+vqM5YzKzhX7B+PwCplWing==</latexit>

F

<latexit sha1_base64="NcFb9MLXgfdOno4a1Te6OK+vHqg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqZ+64kpzWP5YMYJ8yMcSB5yisZK7axLUZDbSa9ccavuDGSZeDmpQI56r/zV7cc0jZg0VKDWHc9NjJ+hMpwKNil1U80SpCMcsI6lEiOm/Wx274ScWKVPwljZkobM1N8TGUZaj6PAdkZohnrRm4r/eZ3UhFd+xmWSGibpfFGYCmJiMn2e9Lli1IixJUgVt7cSOkSF1NiISjYEb/HlZdI8q3rn1Yv780rtOo+jCEdwDKfgwSXU4A7q0AAKAp7hFd6cR+fFeXc+5q0FJ585hD9wPn8AqwyPvA==</latexit>

• Using replicas, one can show:

[Monasson ’95] [Franz/Parisi ’98] [Mezard/Parisi ’99]

c.f. standard thermodynamics:

| {z }
<latexit sha1_base64="bW0QT2iJ2qCISnq0vLZPynEOAIM=">AAACC3icbVDLSsNAFJ34rPUVdekmtAiuSlIFXRbduKxgH9CEMJnctEMnk3RmIpTQvRt/xY0LRdz6A+78G6dtFrX1wL0czrmXmXuClFGpbPvHWFvf2NzaLu2Ud/f2Dw7No+O2TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCYa3U7/zCELShD+ocQpejPucRpRgpSXfrLgZD0EEAhPI3dEow+Fin/j5xDerds2ewVolTkGqqEDTN7/dMCFZDFwRhqXsOXaqvBwLRQmDSdnNJKSYDHEfeppyHIP08tktE+tMK6EVJUIXV9ZMXdzIcSzlOA70ZIzVQC57U/E/r5ep6NrLKU8zBZzMH4oyZqnEmgZjhVQAUWysCSaC6r9aZIB1LkrHV9YhOMsnr5J2veZc1Or3l9XGTRFHCZ2iCjpHDrpCDXSHmqiFCHpCL+gNvRvPxqvxYXzOR9eMYucE/YHx9QvXg5wx</latexit>

S = �2@�F
<latexit sha1_base64="b19moIm+I1wAlvPJRWIksMHVRjM=">AAACDHicbVDLSgMxFM34rPVVdekmWARXZaYKuhGKgrisaB/QGcudNG1DM5khyQhl6Ae48VfcuFDErR/gzr8xM52Fth4IHM45N8k9fsSZ0rb9bS0sLi2vrBbWiusbm1vbpZ3dpgpjSWiDhDyUbR8U5UzQhmaa03YkKQQ+py1/dJn6rQcqFQvFnR5H1AtgIFifEdBG6pbKt/gcuz7VcF/FbgRSM+DdTMCJS4Djq4lJ2RU7A54nTk7KKEe9W/pyeyGJAyo04aBUx7Ej7SXp5YTTSdGNFY2AjGBAO4YKCKjykmyZCT40Sg/3Q2mO0DhTf08kECg1DnyTDEAP1ayXiv95nVj3z7yEiSjWVJDpQ/2YYx3itBncY5ISzceGAJHM/BWTIUgg2vRXNCU4syvPk2a14hxXqjcn5dpFXkcB7aMDdIQcdIpq6BrVUQMR9Iie0St6s56sF+vd+phGF6x8Zg/9gfX5A8Dxmi8=</latexit>

⌃ = �m2@mF(m,�)
<latexit sha1_base64="Tx87kGsWIT3wms+VqOVSdxQHrg0="></latexit>



Complexity

dF

<latexit sha1_base64="6PS9OIY+Wv38qaThWQ+k3pGReg4="></latexit>

• Define density of pure states 
at free energy     :

‘complexity’

F

<latexit sha1_base64="NcFb9MLXgfdOno4a1Te6OK+vHqg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqZ+64kpzWP5YMYJ8yMcSB5yisZK7axLUZDbSa9ccavuDGSZeDmpQI56r/zV7cc0jZg0VKDWHc9NjJ+hMpwKNil1U80SpCMcsI6lEiOm/Wx274ScWKVPwljZkobM1N8TGUZaj6PAdkZohnrRm4r/eZ3UhFd+xmWSGibpfFGYCmJiMn2e9Lli1IixJUgVt7cSOkSF1NiISjYEb/HlZdI8q3rn1Yv780rtOo+jCEdwDKfgwSXU4A7q0AAKAp7hFd6cR+fFeXc+5q0FJ585hD9wPn8AqwyPvA==</latexit>

⌦(F ,�, N) ⌘ eN⌃(F,�)

<latexit sha1_base64="yTwBxsiZ4xiDLlTsljnVINqKi3o="></latexit>

⌃(F ,�) :

<latexit sha1_ base64="020CoqVWOjD863iVKyZY x1PNBHU=">AAACKXicbVDLSgMxFM 3Ud31VXboJFqFCKTN2atVVURCXitYWOkO5k6bTYOZBkhHKML/jxl9xo6CoW3/EtHah1QOBwznnJjfHizmTyjTfjdzM7Nz8wuJSfnlldW29sLF5I6NEENokEY9E2wNJOQtpUzHFaTsWFAKP05Z3ezryW3dUSBaF12oYUzcAP2R9RkBpqVtopM74ko7wPTc1K6Z9cFjbL5sVq2pX60ea1OwjrWTOFfMDKOk4cHyWlR2PKtg7zrqFop4aA/8l1oQU0QQX3cKz04tIEtBQEQ5SdiwzVm4KQjHCaZZ3EkljILfg046mIQRUuul4yQzvaqWH+5HQJ1R4rP6cSCGQchh4OhmAGshpbyT+53US1T90UxbGiaIh+X6on3CsIjyqDfeYoETxoSZABNO7YjIAAUTpcvO6BGv6y3/JzX7Fsiu1S7vYOJnUsYi20Q4qIQvVUQOdowvURATdo0f0gl6NB+PJeDM+vqM5YzKzhX7B+PwCplWing==</latexit>

F

<latexit sha1_base64="NcFb9MLXgfdOno4a1Te6OK+vHqg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqZ+64kpzWP5YMYJ8yMcSB5yisZK7axLUZDbSa9ccavuDGSZeDmpQI56r/zV7cc0jZg0VKDWHc9NjJ+hMpwKNil1U80SpCMcsI6lEiOm/Wx274ScWKVPwljZkobM1N8TGUZaj6PAdkZohnrRm4r/eZ3UhFd+xmWSGibpfFGYCmJiMn2e9Lli1IixJUgVt7cSOkSF1NiISjYEb/HlZdI8q3rn1Yv780rtOo+jCEdwDKfgwSXU4A7q0AAKAp7hFd6cR+fFeXc+5q0FJ585hD9wPn8AqwyPvA==</latexit>

In the low temperature spin glass (               ) the extensive entropy 
of SYK gets replaced by an extensive complexity.

• Using replicas, one can show:

• In the random Heisenberg magnet, we find:

⌃ =
12d4
e23

q2EA

�
d2 + 6d4q

2
EA + . . .

�2
+O(��1)

<latexit sha1_base64="l5AyhtwMKNvWSkSEIG0yQsv9Nj4="></latexit>

qEA 6= 0

<latexit sha1_base64="AVjv6YOFZfIsNW0IVhIbFVWlois=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoseoCB4jmAckMcxOOsmQ2dnNzKwSlvyHFw+KePVfvPk3TpI9aGJBQ1HVTXeXHwmujet+O5ml5ZXVtex6bmNza3snv7tX1WGsGFZYKEJV96lGwSVWDDcC65FCGvgCa/7geuLXHlFpHsp7M4qwFdCe5F3OqLHSw7Cd3FyOSVPikLiknS+4RXcKski8lBQgRbmd/2p2QhYHKA0TVOuG50amlVBlOBM4zjVjjRFlA9rDhqWSBqhbyfTqMTmySod0Q2VLGjJVf08kNNB6FPi2M6Cmr+e9ifif14hN96KVcBnFBiWbLerGgpiQTCIgHa6QGTGyhDLF7a2E9amizNigcjYEb/7lRVI9KXqnxbO700LpKo0jCwdwCMfgwTmU4BbKUAEGCp7hFd6cJ+fFeXc+Zq0ZJ53Zhz9wPn8AA4KRjA==</latexit>

[Monasson ’95] [Franz/Parisi ’98] [Mezard/Parisi ’99]⌃ = �m2@mF(m,�)
<latexit sha1_base64="Tx87kGsWIT3wms+VqOVSdxQHrg0="></latexit>



Holographic 
speculations



The following is a suggestion (haven’t worked out details) inspired by 
earlier work:                          

Holographic glasses

[Anninos/Anous/Barandes/Denef/Gaasbeek ’11] [Anninos/Anous/Denef/Konstantinidis/
Shaghoulian ’12] [Anninos/Anous/Denef/Peeters ’15] [Anninos/Anous/Denef ’16] 
[Anous/FH ’21]

How to accommodate for an extensive landscape 
of spin glass states in holography?



The following is a suggestion (haven’t worked out details) inspired by 
earlier work:                          

Holographic glasses

[Anninos/Anous/Barandes/Denef/Gaasbeek ’11] [Anninos/Anous/Denef/Konstantinidis/
Shaghoulian ’12] [Anninos/Anous/Denef/Peeters ’15] [Anninos/Anous/Denef ’16] 
[Anous/FH ’21]

How to accommodate for an extensive landscape 
of spin glass states in holography?

Hint: in 4d N=2 supergravity, 
there exists a landscape of 
fragmented multi-centered 
black holes
[Denef ’00] [Cardoso/Wit/Kappeli/
Mohaupt ’00] [Bates/Denef ’11]

figure: [Anninos/Anous/Barandes/Denef/Gaasbeek ’11]



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>

• 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>

[Majumdar/Papapetrou ’47]

[Maldacena/Michelson/
Strominger ’98]

[Brill ’92]



Moduli space of geometries, which locally minimize free energy 

Non-zero average dipole moment
related to complexity of spin glass landscape?

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]

|~x|

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

[Brill ’92]

qEA
<latexit sha1_base64="yrv6ltXaLsCe/+l36F0BaSQnHwQ=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT1WRfBYwX5Au5Rsmm1js8maZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5QcyZNq777eRWVtfWN/Kbha3tnd294v5BU8tEEdogkkvVDrCmnAnaMMxw2o4VxVHAaSsYXU/91hNVmklxb8Yx9SM8ECxkBBsrNR976c3lpFcsuWV3BrRMvIyUIEO9V/zq9iVJIioM4VjrjufGxk+xMoxwOil0E01jTEZ4QDuWChxR7aezayfoxCp9FEplSxg0U39PpDjSehwFtjPCZqgXvan4n9dJTHjhp0zEiaGCzBeFCUdGounrqM8UJYaPLcFEMXsrIkOsMDE2oIINwVt8eZk0K2XvrFy5q5ZqV1kceTiCYzgFD86hBrdQhwYQeIBneIU3RzovzrvzMW/NOdnMIfyB8/kDbpCPCA==</latexit>

related to order parameter        ? [Anous/FH ’21]



The p-spin            
spherical model

[Anous/FH  2106.03838] 



Certain string theory compactifications with D-branes lead to quiver quantum 
mechanics with a sector similar to a disordered system: 
• Chiral and vector multiplets 
• SUSY constrains structure of Lagrangian —> bosonic potential:

Brane constructions

V =
X

i,a
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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>

[Douglas/Moore ’96]
[Denef/Moore ’07]

Consider a toy model, which resembles this structure!



The p-spin spherical model
P (Ji1...ip) / exp

"
�Np�1

p!

J2
i1...ip

J2

#

Z[Ji1...ip ] =

Z
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Z �
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#

<latexit sha1_base64="AEPDnZaDhE4GF4QiLvGfeN8ERG8="></latexit>

+i

Z �

0
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NX
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<latexit sha1_base64="toJdh9WvZo1dfsnMQgpA7PySGhw="></latexit>

“spherical constraint”

• Dimensionless parameters: 

• Nonlinear sigma-model with spherical target space 

• Spherical constraint is 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]



Strong coupling (large        and         ):                                      

p-spin model: summary of features
Phase diagram:

Spin glass order requires both: small 
thermal and quantum fluctuations 

Spin glass order is strong                  
(             as             )u ! 1

<latexit sha1_base64="fvVmttKPrKs4v5WzQLXhvEUIv+8=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0WPRi8cK9gPaUDbbbbt0swm7k0oJ/SdePCji1X/izX/jts1BWx8MPN6bYWZemEhh0PO+ncLa+sbmVnG7tLO7t3/gHh41TJxqxusslrFuhdRwKRSvo0DJW4nmNAolb4aju5nfHHNtRKwecZLwIKIDJfqCUbRS13VT0tFiMESqdfxEfNJ1y17Fm4OsEj8nZchR67pfnV7M0ogrZJIa0/a9BIOMahRM8mmpkxqeUDaiA962VNGImyCbXz4lZ1bpkX6sbSkkc/X3REYjYyZRaDsjikOz7M3E/7x2iv2bIBMqSZErtljUTyXBmMxiID2hOUM5sYQyLeythA2ppgxtWCUbgr/88ippXFT8y8rVw2W5epvHUYQTOIVz8OEaqnAPNagDgzE8wyu8OZnz4rw7H4vWgpPPHMMfOJ8/mlOS/g==</latexit>

T ! 0

<latexit sha1_base64="tzhCznoSyNDCgb2Cz2wjV5akWvU=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARPJVdUfRY9OKxQr+gXUo2zbah2WRJskpd+ku8eFDEqz/Fm//GtN2Dtj4YeLw3w8y8MOFMG8/7dgpr6xubW8Xt0s7u3n7ZPThsaZkqQptEcqk6IdaUM0GbhhlOO4miOA45bYfj25nffqBKMykaZpLQIMZDwSJGsLFS3y03UE+x4chgpeQj8vpuxat6c6BV4uekAjnqfferN5AkjakwhGOtu76XmCDDyjDC6bTUSzVNMBnjIe1aKnBMdZDND5+iU6sMUCSVLWHQXP09keFY60kc2s4Ym5Fe9mbif143NdF1kDGRpIYKslgUpRwZiWYpoAFTlBg+sQQTxeytiIywwsTYrEo2BH/55VXSOq/6F9XL+4tK7SaPowjHcAJn4MMV1OAO6tAEAik8wyu8OU/Oi/PufCxaC04+cwR/4Hz+AAnTkrI=</latexit>

• Complexity is again finite and extensive: 

• Gapless spectrum        , power-law scaling, reparametrization invariance 

• Non-zero but suppressed Lyapunov exponent:

⌃ =
1

2
log(p� 1)� p� 2

p
<latexit sha1_base64="zqkz39Zjiw+QyarZn//jB5cm1bk="></latexit>

�L ⇠ 2⇡

�
(p� 2)


5

24�J + . . .

�

<latexit sha1_base64="Oj4X0E0ePmznIMfzcF7hU67vgaA="></latexit>

[Anous/FH ’21] [Bera/Lokesh/Banerjee ’21]

MJ

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

�J

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

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>

“qu
ant

um
sca

ling
”

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

(co
nfo

rm
al)

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

locally maximal �L(MJ)

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

⇠ !
<latexit sha1_base64="T8OqO7QGMEPHodhALZmbZ/pDhKI=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBA8hd0o6DHoxWME84DdJcxOepMh81hmZoUQ8hlePCji1a/x5t84SfagiQUNRVU33V1Jxpmxvv/tra1vbG5tl3bKu3v7B4eVo+O2Ubmm0KKKK91NiAHOJLQssxy6mQYiEg6dZHQ38ztPoA1T8tGOM4gFGUiWMkqsk8LIMIEjJWBAepWqX/PnwKskKEgVFWj2Kl9RX9FcgLSUE2PCwM9sPCHaMsphWo5yAxmhIzKA0FFJBJh4Mj95is+d0sep0q6kxXP198SECGPGInGdgtihWfZm4n9emNv0Jp4wmeUWJF0sSnOOrcKz/3GfaaCWjx0hVDN3K6ZDogm1LqWyCyFYfnmVtOu14LJWf7iqNm6LOEroFJ2hCxSga9RA96iJWogihZ7RK3rzrPfivXsfi9Y1r5g5QX/gff4AB6+RFg==</latexit>



Summary



Summary

Two-dimensional parameter 
space:     ……….. 

Analytically tractable in strongly 
coupled spin glass 

Intricate dependence of        on 
couplings

p-spin spherical model

H =
X

i1<...<ip

Ji1···ip�
i1 · · ·�ip

<latexit sha1_base64="xNoqw53m/5sPkSPqR4Wz4GYFBgk="></latexit>

1

N

NX

i=1

�i�i = M

<latexit sha1_base64="95YuENWtROtUOCwrcm28Wrwse80="></latexit>

bosonic ‘rotors’:

�J, MJ

<latexit sha1_base64="gJUdl0OfeRSrcywUaKBYRpUt6vA="></latexit>

AdS2 fragmentation: interpretation of complexity, order parameters, … ?

�L

<latexit sha1_base64="id9+p75m1PKEddR7eY0EJpzQCIQ=">AAACG3icbVBJS8NAGJ241rpFPXoJFsGDhKSmWi9S8OLBQwW7QBLCZDJth04WZiZCCfkfXvwrXjwo4knw4L9xmuagrQ8GHu992zw/oYQLw/hWlpZXVtfWKxvVza3tnV11b7/L45Qh3EExjVnfhxxTEuGOIILifsIwDH2Ke/74eur3HjDjJI7uxSTBbgiHERkQBIWUPLWeOcUQmw19NzN0y7LMy8apoRvmebN5VhApGLlD5dAAere5p9akWkBbJGZJaqBE21M/nSBGaYgjgSjk3DaNRLgZZIIgivOqk3KcQDSGQ2xLGsEQczcrzsq1Y6kE2iBm8kVCK9TfHRkMOZ+EvqwMoRjxeW8q/ufZqRg03YxESSpwhGaLBinVRKxNg9ICwjASdCIJRIzIWzU0ggwiIeOsyhDM+S8vkm5dNy29cWfVWldlHBVwCI7ACTDBBWiBG9AGHYDAI3gGr+BNeVJelHflY1a6pJQ9B+APlK8fxROdgA==</latexit>

SU(M) Heisenberg magnet

Physical & closely related to 
(complex) SYK model 

Weak spin glass order in fermionic 
representation 

Analytical treatment of transition 
from ‘deconfined’ SYK spin liquid to 
‘confined’ spin glass

SU(M) spin operators

H =
1p
NM

NX

i<j=1

Jij Ŝi · Ŝj

<latexit sha1_base64="pxGlMKnJFK7Vndz9+XX5DOqPaGA="></latexit>


