
Des métaux étranges aux trous noirs:
autour des modèles SYK

SYK: Sachdev-Ye-Kitaev

Cours 1 – Introduction, Motivations, Vue d’ensemble

Cycle 2021-2022
10 mai 2022

Chaire de Physique 
de la Matière Condensée

Antoine Georges



From Strange Metals to Black Holes:
Sachdev-Ye-Kitaev (SYK) Models

and related topics

Lecture 1 – Introduction, Motivations, Overview

2021-2022 Lectures
May 10, 2022

Chaire de Physique 
de la Matière Condensée

Antoine Georges



Organization of the Lectures
No Seminars this year!

• A cycle of invited lectures 
by Subir Sachdev 
on May 17,24,31 and June 7

• And a Workshop/Mini-Conference on June 
2-3 `Strange Metals, SYK Models and 
Beyond’ (Participation open to all. Registration on 
website to open soon)



Confirmed Speakers at the 
June 2-3 Workshop

• Laura Foini (IPhT Saclay)
• Blaise Goutéraux (CPHT, Ecole Polytechnique)
• Gaël Grissonnanche (Cornell)
• Nigel Hussey (Nijmegen)
• Olivier Parcollet (Flatiron Institute, New York)
• Silke Paschen (TU-Wien)
• Catherine Pépin (IPhT, Saclay)
• Lucile Savary (ENS Lyon, currently visiting CdF)
• Koenraad Schalm (Leiden)
• Marco Schiro (Collège de France)
• Julian Sonner (U. of Geneva)
• Jörg Schmalian (Karlsruhe)
• Evyatar Tulipman (Weizmann Institute)
• Dirk van der Marel (U. of Geneva)
• Pengfei Zhang (Caltech)



Content of the lectures 
on this slide is tentative
and will be adapted 
as the lectures go on…



Mailing List
(Weekly announcement of lecture and seminar, etc.)

Send email to: listes-diffusion.cdf@college-de-france.fr
Subject line: subscribe chaire-pmc.ipcdf
…or: unsubscribe chaire-pmc.ipcdf

You can also just send me an email to be placed on the list

Website:
https://www.college-de-france.fr/site/antoine-georges/index.htm

Lectures are video recorded
and available on the CdF website

mailto:listes-diffusions.cdf@college-de-France.fr


If you are interested in participating 
in the June 2-3 workshop:

• Please make sure you are on the mailing 
list of the lectures

• If you are not, please subscribe or send 
me an email

• Watch your inbox in the coming days for a 
mail containing registration information 
and please register immediately

• Registration is free but highly 
recommended to help w/ organisation



THANK YOU!

Philipp Dumitrescu Olivier Parcollet
Nils Wentzell

Alex Wietek
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Jernej Mravlje
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Peter Cha Eun-Ah Kim
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Today: Lectures 1 and 2
(9:30-11:00 and 11:30-13:00)

• Broad-band overview – Motivations 
(`Colloquium style’)

• Introduction to the SYK model and its 
solution



A central theme of these lectures:
`Strange Metals’ and the Breakdown 

of the Quasiparticle Concept!
• An emerging theme in condensed matter 

physics since the discovery of the high-Tc 
copper-oxide (`cuprates’) superconductors in 
1986

• Experimental diagnosis: transport, optical (and 
other) spectroscopies

• Materials: High-Tc cuprates, Some Fe-based 
SCs,some Heavy-Fermion materials close to 
QCPs, Twisted bilayer graphene (TBLG), etc…



`Strange’ Metals
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What is Strange About `Strange Metals’?
Linear Resistivity

Giraldo-Gallo et al. Science, 2018. Resistivity of Sr-doped (19%) La2CuO4



Also in Twisted 2D Materials, 
e.g. Twisted Bilayer Graphene

Alexandre Jaoui et al.
(D.Efetov’s group, Barcelona)
arXiv:2108.07753 Nat Phys 2022



Quantum Critical Scaling Reveals a 
Single Energy Scale: kBT

Recent optical 
conductivity data
Michon, van der Marel, 
Berthod, AG et al.
To Appear on arXiv.
See also future lectures 
and June 2-3 workshop

Early discoveries:
- Van der Marel et al. 
Nature 425 271 (2003)
- El Azrac et al. 
PRB 49, 9846 (1994); 
Baraduc et al. PRB 58, 11631 (1998)





Why is T-linear Resistivity Puzzling?
Shaking up the established dogma

of `Landau Fermi liquid theory’

Lev Landau, 1938

In usual metals, current is transported 
by entities that `look like’ free electrons
(`quasi-particles’)

This constrains the available phase-space for excitations, implying that resistivity depends 
on temperature quadratically (T2), NOT linearly (T) 
à T-linear resistivity may signal the collapse of Landau’s paradigm! 



Low-Energy Many Body Spectrum 
according to Landau Fermi Liquid Theory

<latexit sha1_base64="2toWfQjALaVu4+PZzwPsotFODd0="></latexit>

E [{�n}]� E0 =
X

↵

"qp↵ �n↵ +
X

↵�

F↵� �n↵�n�

Low-energy excited states correspond to a 
small number of quasiparticle excitations

(low-density gas of quasiparticles) 
Fermi Golden Rule:

Square of 
Interaction
strength

Density
of states
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The Concept of Quasiparticles is a 
Very General One 
• Not at all restricted to Landau Fermi Liquid Theory
• General idea: the low-lying spectrum of many-body 

states can be described by combining together 
elementary excitations

• These excitations can be very different from 
physical electrons, e.g. in Luttinger liquids: bosonic 
spin and charge density modes

• They can also obey unusual 
statistical/combinatorial rules

• FQHE
• Overscreened Kondo Models



The `Barcode’ Signature of a 
Quantum System: Diagnosing 
Quasiparticles
According to Landau, the low-energy excitations of a collection of interacting 
electrons can be described as simple quantum transitions promoting an electron into 
an excited energy level

Regular pattern of levels 
With spacing ~ 1/N
= Quasiparticle excitations

Here in contrast, level 
Spacing is ~ exp(-N)

Full spectrum of energy levels 
of the many-particle system

`particle-hole
excitation’



How Fast Can a Quantum System Equilibrate? 
`Planckian Dissipation’

Consider a quantum system in equilibrium at a temperature T
and perturb/shake it

How fast can it come back to equilibrium?
Related questions:

How fast can chaos/scrambling develop (in some loose sense)?
At what maximum rate can a system send information?
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Heisenberg uncertainty principle:
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Fastest `Planckian’ time (because it contains Planck constant and follows from QM)

Quite fast timescale: ~ 7 10-12 seconds (7 picoseconds) at T= 1Kelvin 



From equilibration/scrambling to 
transport/resistivity time-scale
(somewhat of a leap of faith – not obvious)
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IF we identify the scattering/collision time with an equilibration/scrambling time, 
we conclude that materials displaying T-linear resistivity have the fastest possible 

equilibration time allowed by quantum mechanics: 
`Planckian Metals’ 

Resistivity 
according to 
Drude (~1900)
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Don’t understand something?
à Make It Random!
A toy model: the SYK Model

Fermions (e.g. electrons) on N sites 
Interacting pairwise with RANDOM 
Interactions 
(Kitaev’s formulation – 2015 in a viral 
KITP video J )

S.Sachdev
J.Ye
A.Kitaev

Recent review article: 
D.Chowdhury, AG, O.Parcollet, S.Sachdev
arXiv:2109.05037 – to appear in Rev Mod Phys



Precursors in 
Nuclear Physics /
Random Matrix 
Theory



The Sachdev-Ye 
Model (1992)

~ 1400 citations… (05/2022)
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Heisenberg Model on a fully connected lattice 
with random all to all interactions:

SU(M), large M, fermionic representations of spin:
NO spin-glass order – Gapless spin-liquid!
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Local spin dynamics 
Analogous to that of a 
`Marginal Fermi Liquid’!
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SYK: Exactly Solvable (for infinite size N)
SY: Exactly Solvable for large-M SU(M)

Level spacing is e-N, NOT 1/N
NO QUASIPARTICLE EXCITATIONS

Counting of energy levels:
Non-zero Entropy at T=0 in the large-N limit!
Signals exponential accumulation of energy levels 
at low energy

`GPS’ Entropy
2000
(O.Parcollet
PhD thesis)

AND: Fastest (Planckian) dissipation rate: 
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kBT/~
Plus many other cool properties such as conformal invariance, omega/T scaling etc.



Introducing Mobile Charge Carriers 
in the SY Model

Jij

tij

O.Parcollet and AG, Phys Rev B 59, 5341 (1999) Large-M
Part of O.Parcollet PhD thesis
Several recent works for SU(2)

Lectures 4 and 5 will be devoted to the physics of this 
`doped’ SY model



Surprising Connections:
SYK Models 

and The Quantum Physics of 
Black Holes
à See Lectures by Subir Sachdev



Black Holes: The Fastest Scramblers
One-slide introduction to black holes…

• Horizon Radius: 

• Relaxation to Equilibrium (classical) : 
• Quantum Black Holes emit radiation and matter: 

Hawking temperature
• Planckian Relaxation!
• Quantum black holes have a finite entropy 

proportional to their surface area 
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R = 2GM/c2 (' 9mm for M = MEarth!)
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⌧ ⇠ ~/kBTH (hbar cancels out)
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LIGO/VIRGO
(2021) 
Black holes 
are the 
fastest dissipators/
information 
transmitters



Strange Metals and… Black Holes
The SYK model is connected to 
quantum black hole physics!

`GPS’ Entropy of the SYK model = Bekenstein-Hawking 
entropy of AdS2 charged black hole!

By Holography ~ Duality

Slide: Courtesy S.Sachdev

Dynamics of boundary graviton
also describes the
fluctuations in SYK model 



From Strange Metals to Black Holes:
Sachdev-Ye-Kitaev (SYK) Models

and related topics
Lectures 2 and 3 – Introduction to the SYK Model

Mostly on blackboard – see video on website
A few supporting slides below.

2021-2022 Lectures
May 10 and 17, 2022

Chaire de Physique 
de la Matière Condensée

Antoine Georges



The SYK Model

Fermions (e.g. electrons) on N sites 
Interacting pairwise with RANDOM 
Interactions 
(Kitaev’s formulation – 2015 in a viral 
KITP video J )

S.Sachdev
J.Ye
A.Kitaev

Recent review article: 
D.Chowdhury, AG, O.Parcollet, S.Sachdev
arXiv:2109.05037 – to appear in Rev Mod Phys

Can be viewed as 
a big `quantum dot’ 
or multi-orbital atom 
with random interactions









Free Fermions
(Random hopping)

SYK Model

Finite Size Spectra


