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Conventional Metal

• A conventional metal is described by the Fermi liquid theory.
• Adiabatically connected to a Fermi gas



Fermi Liquid and their cousins at T=0 
(single particle property)

• Bound on resistivity for short-ranged forces:
R.D. 
Mattuck

A conventional metal is described by the Fermi liquid theory.



Resistivity of FLs

Kamran Behnia, ANNALEN DER PHYSIK 2022, 534, 2100588.



Fermi Liquid and their cousins at T=0 
(single particle property)



Cuprate and its Phase diagram
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Singular specific heat

B. Michon et.al. Nature (2019)



Scaling collapse of optical conductivity

B. Michon……A. Georges, arXiv:2205.04030



Properties of a strange metal

Want a theory to explain some or all the properties



Outline

• A toy model of Non-Fermi Liquid: SYK model
• Lattice SYK model and random t-J Model
• SYK ideas in 2+1D: Yukawa-SYK model



A toy model of Non-Fermi 
Liquid



Sachdev-Ye-Kitaev (SYK) model: a 
model of matter without quasiparticle

S. Sachdev and J. Ye, PRL 70, 3339 (1993)
A. Kitaev, unpublished; S. Sachdev, PRX 5, 041025 (2015)



SYK Model: Large N limit

� �Σ =

Melon Diagrams:

Large N EoM



Another way: � − Σ action

• We can rewrite the problem exactly using bi-local fields � 
and Σ



Solving the saddle point

• We want to find gapless solutions, so
• In the low-energy limit, we can ignore the UV terms �� + �

• Emergent IR symmetries

• We get a CFT in the IR



Conformal solution

Yingfei Gu, A. Kitaev, 
S. Sachdev, and G. Tarnopolsky
JHEP 02, 157 (2020)



Absence of quasiparticle



Lattice SYK Model



Lattice SYK Model

SYK island+hopping
Xue-Yang Song, Chao-Ming Jian, and L. Balents, PRL 119, 216601 (2017);
 Pengfei Zhang, PRB 96, 205138 (2017); 
Debanjan Chowdhury, Yochai Werman, Erez Berg, T. Senthil, PRX 8, 031024 (2018); 
Aavishkar A. Patel, John McGreevy, Daniel P. Arovas, Subir Sachdev, PRX 8, 021049 (2018)
HG, Yingfei Gu, Subir Sachdev, PRB 100, 045140(2019)

To obtain transport, we have to put the model on a lattice



Lattice SYK Model: Transport

• Hopping term is 
relevant: A new 
energy scale 
�� ∼ �0

2/�:

• � < ��: �(�) 
grows 
quadratically 
(heavy fermi 
liquid)

• � > ��: �(�) 
grows linearly 
(SYK incoherent 
metal) 

Xue-Yang Song, Chao-Ming Jian, and L. Balents, PRL 119, 216601 (2017)



Lattice SYK Model

• What worked?
• We obtained a crossover from FL to NFL
• In the NFL regime we get linear-in-T resistivity

• What can be improved?
• The NFL does not persist to T=0

• The fermion is not a MFL (Δc = 1
4
)

• The linearity in T is also related to Δc = 1
4

• The model is quite far away from Hubbard model (no Mott-ness)



Random t-J model



A model with Mott-ness 

• We try to take Mott-ness into account exactly, by studying 
the low-energy limit of the Hubbard model: the t-J model



SYK down to 
T=0: 

fractionalizati
on

To retain SYK solubility, we 
make t and J random, and 
take the appropriate large 

M limit.



t-J model in large z and M limit



SYK-like saddle point

Darshan G. Joshi, Chenyuan Li, Grigory Tarnopolsky, Antoine Georges, and Subir
Sachdev. PRX 10, 2020.
HG, Yingfei Gu and Subir Sachdev, Annals of Physics 418, 168202 (2020)



The role of UV physics

• The emergent time-reparameterization symmetry is 
spontaneously broken in the IR and explicitly broken in the 
UV



Nearly a CFT



Irrelevant corrections from UV: RG 
picture

A.Kitaev and S. J. Suh,
JHEP 05, 183 (2018)

Yingfei Gu, A. Kitaev, 
S. Sachdev, and G. Tarnopolsky
JHEP 02, 157 (2020)



Operator spectrum



Schwarzian action and Specific heat



Consequences of the Schwarzian term

• The system has an emergent time-reparameterization 
symmetry, whose soft mode is the dual of graviton in NAdS2 

• The electron spectral function is consistent with marginal Fermi 
liquid

• The symmetry ensures exact linear-in-T resistivity and Planckian 
dissipation

• The system shows maximal chaos

solarseven via Getty Images

HG, Yingfei Gu and Subir Sachdev, Annals of Physics 418, 168202 (2020)
Maria Tikhanovskaya, HG, Subir Sachdev, Grigory Tarnopolsky, Physical Review B 103(7), 075141 (2021)
Maria Tikhanovskaya, HG, Subir Sachdev, Grigory Tarnopolsky, Physical Review B 103(7), 075142 (2021)



2+1D: Yukawa-SYK Theory
Can we have a theory with real Fermi surface?



Critical Fermi Surface



Yukawa coupling in critical Fermi 
surface
• Strong fermion-boson interaction => fermion-boson drag



Combining things together?

• A critical FS in 2D is notoriously hard to tame:
• Large-N theory with N flavors of fermion and one boson runs into 

IR divergence. 

• Tuning boson dispersion �1+� �(�) 2 loses locality in real space. 

• Dimensional regularization of FS loses locality in momentum space 
and runs into UV/IR mixing. 

• Codimension regularization of FS breaks charge conservation

Sung-Sik 
Lee

David F. Mross, John McGreevy, Hong 
Liu, and T. Senthil

Ipsita Mandal and Sung-Sik Lee

Denis Dalidovich and Sung-Sik Lee



Yukawa-SYK theory

• Introduce N flavors of fermions and bosons, and examine an 
ensemble of theories with different Yukawa couplings. In the 
large N limit, every member of the ensemble is expected to 
have the same critical properties, and so it is easier to study 
the average theory.

Ilya Esterlis, J. Schmalian, PRB 100, 115132 (2019) 
Yuxuan Wang and A. V. Chubukov, PRR 2, 033084 (2020) 
E. E. Aldape, T. Cookmeyer, A. A. Patel, and E. Altman, arXiv:2012.00763 
Ilya Esterlis, Haoyu Guo, Aavishkar Patel, S.S. PRB 103, 235129 (2021)



Three theories we can solve

• 1.A critical Fermi surface without spatial disorder:
 A non-Fermi liquid but not a strange metal

• 2.A critical Fermi surface with potential disorder:
A marginal Fermi liquid but not a strange metal 

• 3.A critical Fermi surface with interaction disorder:
A marginal Fermi liquid and a strange metal

Ilya Esterlis, HG, Aavishkar Patel, Subir Sachdev PRB 103, 235129 (2021)
HG, Aavishkar A Patel, Ilya Esterlis, Subir Sachdev, PRB 106, 115151 (2022)
Aavishkar A Patel, HG, Ilya Esterlis, Subir Sachdev, Science (2023)



Translational invariant: a non-Fermi 
liquid but not a strange metal
• Transport:

arXiv:2208.04328

HG, AP, IE, SS: arXiv: 
2207.08841

Eliashberg Theory:



A critical fermi surface without spatial 
disorder
• Transport:



Translational invariant: a non-Fermi 
liquid but not a strange metal
• Transport:

arXiv:2208.04328

HG, AP, IE, SS: arXiv: 
2207.08841

Eliashberg Theory:



A would-be  � −2/3 conductivity 
(Bloch’s law)
• Let’s first discuss how to get the wrong answer  � −2/3 
• We can imagine scattering on the FS as a random walk
•  The Fermi surface dynamics is diffusive

• The diffusion constant consists of the rate of random walk 
(single particle scattering rate) and the typical angular step

• Self energy Σ�
′′(�) ∝  � 2/3

• Angular step from typical boson momentum  훿� ∼ �
��

∝  � 1/3

• The conductivity 



A would-be  � −2/3 conductivity 
(Bloch’s law)
• Let’s first discuss how to get the wrong answer  � −2/3 
• We can imagine scattering on the FS as a random walk
•  The Fermi surface dynamics is diffusive

• The diffusion constant consists of the rate of random walk 
(single particle scattering rate) and the typical angular step

• Self energy Σ�
′′(�) ∝  � 2/3

• Angular step from typical boson momentum  훿� ∼ �
��

∝  � 1/3

• The conductivity 

But
But, due to momentum 
conservation, the random walk 
events are correlated



Generic scattering ��1 + ��2 ≠ 0

• Only two scattering configurations
• Forward scattering:  ��1 = ��1, ��2 = ��2

• Particle exchange:  ��1 = ��2, ��2 = ��1

• Neither relaxes current effectively 

��1

��2

��1

��2

��2

��1

or



Head-on Scattering ��1 + ��2 = 0 

• Any head-on initial pair can scatter to any head-on pair
• However, head-on configurations have even parity, and they 
can’t relax current which is of odd parity

• Similar reasonings apply to any convex, inversion-symmetric 
FS

��1

��2

��1

��2

…

P. J. Ledwith, HG and L. Levitov,  Annals of Physics 411, 167913 
(2019)
D. L. Maslov, V. I. Yudson, and A. V. Chubukov, Phys. Rev. Lett. 106, 
106403 (2011)



Relaxation of Odd-parity modes

• Transport property determined by odd parity distortions of FS
• Scattering=> Correlated random walk on the FS which conserves 

center of mass
• The projected dynamics on the FS is a (correlated) super-

diffusion:

• Estimate of diffusion constant �4: 
• �4 = Σ�

′′(�)(훿�)4

• Self energy Σ�
′′(�) ∝  � 2/3

• Angular step from typical boson momentum  훿� ∼ �
��

∝  � 1/3

• �4 ∝ �2, and this gives �(�) ∼ 1
−��+�2 ∼ 1

−��
+  � 0

P. J. Ledwith, HG , and L. Levitov,  Annals of Physics 411, 167913 
(2019)



Roles of disorder

• We can put in disorder in the conventional way: a random 
potential



A critical Fermi surface with potential 
disorder
• Action

• Marginal Fermi liquid 
Dynamical exponent z=2



Potential disorder: A marginal FL but 
not a strange metal
• Potential disorder induces a marginal Fermi liquid self 
energy Σ� ∼ �ln (1

�
)

• However this contribution doesn’t enter into transport, due 
to cancellation with Maki-Thompson diagram

• Aslamazov-Larkin diagrams are small on their own



A new kind of disorder

arXiv:2205.09740



Interaction disorder

• The disordered gap map motivates a disordered Hubbard 
exchange interaction ���

• This can be schematically written as a random mass term 
for the critical boson �

• We can now rescale the boson � to put the disorder into the 
coupling:



A critical Fermi surface with interaction 
disorder
• Action



Interaction disorder: A Marginal Fermi 
liquid and a strange metal
• Linear in T resistivity: because momentum is not conserved, 
the vertex correction vanishes for disordered interaction

•  Fermion diffusion step now becomes order one:



Properties of a strange metal



Summary

• In 0+1D, the SYK model is a toy model for quantum matter 
without quasiparticles

• Combining fractionalization and SYK model, we can have a 
theory of correlated metal which mimics the strange metal 
phenomenology

• In 2+1D, the Yukawa-SYK model provides a controlled frame 
work to study the critical fermi surface

• Without disorder, the critical Fermi surface is a non-Fermi liquid 
but not a strange metal

• With potential disorder, the critical Fermi surface becomes a 
marginal Fermi liquid but still not a strange metal

• With interaction disorder, the critical Fermi surface becomes a 
marginal Fermi liquid and a strange metal


