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Strange metals
⇢(T ) ⇠ T

CV (T ) ⇠ T lnT

WF law violated
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• Resistivity is linear over a large range of temperatures. 

• Exceeds the Mott-Ioffe-Regel “limit” at high enough T, where the 
semiclassical mean-free-path becomes smaller than a lattice 
spacing, no signs of saturation even at highest possible T. 

(MIR)



doping

Strange metals: Theoretically challenging
⇢(T ) ⇠ T

CV (T ) ⇠ T lnT

WF law violated

• The strange metal is not a weakly interacting Landau Fermi liquid. 

• Metals with strong interactions in 2+1 dimensions and a finite density of electron states are usually 
not amenable to controlled field-theoretic calculations, due to the large number of gapless modes 
on a Fermi surface. 

• Even if controlled, a continuum field-theoretic description is not good enough for transport, need to 
consider how momentum is relaxed as well.  

• Field-theoretic situation has so far been nearly hopeless when disorder is added on top of the 
mess.  



SYK Model: Solvable Non-Fermi liquid at a point 

S. Sachdev and J. Ye, PRL 70, 3339 (1993) 
S. Sachdev, PRX 041025 (2015) 

A. Kitaev, Unpublished

H =
N!1X

i,j,k,l=1

Jijklf
†
i f

†
j fkfl, {f†

i , fj} = �ij

⌧ Jijkl �= 0, ⌧ |Jijkl|2 �= J
2
/(8N3)

• Consists of large-N number of sites on a single “quantum dot”, with random all-to-all interactions. 

• The hamiltonian has no quadratic kinetic terms. 

• The randomness self-averages in the large-N limit, leading to a gapless non-Fermi liquid ground 
state.

⌃(⌧) = �J2G2(⌧)G(�⌧),

G(i!n) =
1

i!n � ⌃(i!n)
.
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Lattice of SYK Models

X.-Y. Song, C.-M. Jian and L. Balents, PRL 119, 216601 (2017) 
P. Zhang, PRB 96, 205138 (2017) 

D. Chowdhury, Y. Werman, E. Berg, and T. Senthil, PRX 8, 031024 (2018)
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Lattice of SYK Models
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Fermi liquid.

⇢(T ) ⇠ T 2
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SYK interaction is irrelevant in the low-
energy limit. Resistance comes from weak 

inelastic, momentum non-conserving 
scattering of plane-wave states.

t � J,

Z

k
G(k, ⌧) = � i

2
⌫(0)sgn(!n),

Im[⌃R(!, T = 0)] / !2,
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L ⌘ /(�T ) = L0 ⌘ ⇡2/3
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SYK interaction is irrelevant in the low-
energy limit. Resistance comes from weak 

inelastic, momentum non-conserving 
scattering of plane-wave states.

t ⌧ J, T ⌧ t2/J
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Renormalized Fermi liquid at low 
temperatures, with Z < 1.
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Lattice of SYK Models
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Independent SYK dots coupled by weak 
hopping. Conductance occurs through 

weak tunneling between localized states. 

t ⌧ J, T � t2/J
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G(k,!) ⇠ !�1/2 +Kubo formula

! ⇢(T ) ⇠ T (J/t2)(h/e2) � ⇢MIR ⇠ h/e2.
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But this “incoherent metal” is not a good 
model for the linear-in-T resistivity 
observed at low temperatures, which is 
smaller than the MIR limit…

L < L0
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Lattice of SYK Models: Low temperature linear-in-T 

⇢(T ) ⇠ T 2
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Add “exchange” interaction between sites. 
In the Fermi liquid regime, this doesn’t affect 
the previous result qualitatively.

t � max(J, g)
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A. A. Patel et. al., Unpublished
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L = L0
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Lattice of SYK Models: Low temperature linear-in-T 

But now we can cut /weaken hopping 
bonds on some dilute, evenly distributed, 
set of sites. These sites become isolated 
SYK models (feedback of the other 
electrons on these sites is sub-leading).

But, exchange interaction with these sites 
leads to non-trivial self energy for the rest 
of the electrons. 

A. A. Patel et. al., Unpublished



Lattice of SYK Models: Low temperature linear-in-T

gg
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k
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“Marginal Fermi liquid” (MFL) with momentum 
dissipation.

Resistivity is linear-in-T down to T = 0, and smaller than the MIR value. 
Conduction occurs due to non-quasiparticle plane wave states. A true non-Fermi 
liquid.

L < L0
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CV ⇠ T lnT.
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Lattice of SYK Models: Low temperature linear-in-T

• Idealization where the logic on the previous slide works exactly, without 
any residual resistivity at T = 0. No weak localization at large-N.

Locally and randomly 
couple a sea of itinerant 
electrons to a lattice of SYK 
“islands”. Realizes MFL of 
itinerant electrons.

A. A. Patel, J. McGreevy, D. P. Arovas and S. Sachdev, 
Phys. Rev. X 8, 021049 (2018)
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Strange metals just got stranger…

I. M. Hayes et. al., Nat. Phys. 12, 916 (2016) 

Ba-122

B-linear transverse magnetoresistance and scaling between B and T!?

I. M. Hayes et. al., Nat. Phys. 12, 916 (2016) 

Ba-122



Magnetotransport: Marginal-Fermi liquid
• Thanks to large N,M, we can also exactly derive the linear-response 

Boltzmann equation for non-quantizing magnetic fields in the “idealized” MFL 
model…
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Scaling between magnetic field and temperature in orbital magnetotransport!
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Macroscopic magnetotransport in the MFL
• Let us consider the MFL with additional macroscopic disorder (charge 

puddles etc.)

Figure: N. Ramakrishnan et. al., PRB 96, 224203 (2017)

• No macroscopic momentum, due to momentum relaxation at the microscopic 
level, so equations describing charge transport are just

r · I(x) = 0, I(x) = �(x) ·E(x), E(x) = �r�(x).

• Very weak thermoelectricity for large FS, so charge effectively decoupled from 
heat transport.



Random-resistor network: physical picture

Exact numerical solution of charge-transport equations in a random-resistor 
network. (M. M. Parish and P. Littlewood, Nature 426, 162 (2003))

• Due to disorder in the local 
conductivity tensor, the global Hall 
electric field does not cancel Hall 
current uniformly throughout the 
sample.  

• Hence, fluctuations in the local Hall 
resistance lead to a distortion of the 
current path due to charge 
conservation, which contributes the 
local Hall resistance, which is linear in 
B to the global longitudinal resistance.



Solvable toy model: two types of resistors
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�a,b ⇠ T (i.e. effective transport scattering rates)

(m = kF /vF ⇠ 1/t)

• Two types of domains a,b with different carrier densities 
and lifetimes randomly distributed in approximately 
equal fractions over sample. 

• Effective medium equations can be solved exactly      
(A. M. Dykhne, JETP 32, 348 (1971))                            
(V. Guttal and D. Stroud, PRB 71, 201304 (2005))

⇢eL ⇠
p

c1T 2 + c2B2

Scaling between B and T at microscopic orbital level has been transferred to global MR!

(Hayes et. al.’s result!)



doping

Strange metals with dynamic gauge fields

• Pseudogap Fermi surface looks like it’s reconstructed by long-range 
antiferromagnetism (AFM) in ARPES, but no AFM is measured by neutron scattering.  

• S. Sachdev: Electrons are fractionalized into gapped bosonic spinons and gapless 
fermionic chargons. An SU(2) gauge redundancy in this description, and the 
suppression of 2π vortices in the AFM landscape, allows the chargons to be subject 
to an effective long-range AFM order that shows up only as short-range fluctuating 
AFM for the electrons. However, the electron spectral function tracks that of the 
chargons, and they look like they have AFM, without having any actual AFM.

S. Sachdev, arXiv:1801.01125 (Review).



doping

Strange metals with dynamic gauge fields

• The strange metal in this description is an “Algebraic charge liquid” (ACL) 
with a finite density of chargons coupled to fluctuating SU(2) gauge fields. 
It doesn’t have any controlled field-theoretic description.  

• “Higgs transitions” that involve condensing the equivalent of the AFM 
order parameters for the chargons break the SU(2) eventually down to Z2 
and form the pseudogap, which is a weakly-interacting Fermi liquid 
without any singular gauge fluctuations.

S. Sachdev, arXiv:1801.01125 (Review).

??? (SU(2) ACL)



Strange metals with dynamic gauge fields: 
SYK-like toy model

• Clustered random all-to-all hopping model of fermionic 
chargons coupled to dynamic U(1) gauge fields. Has a    
large-N number of clusters, with a large-M number of   
orbitals per cluster. The ratio M/N is an O(1) number. 

• Unlike the SYK models, this model combines both hopping 
and interaction effects.

H = �
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(MN)1/2
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h
t↵�ij eiAijf†
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A. A. Patel and S. Sachdev, 
arXiv:1807.04754 (Phys. Rev. B, In press)



Strange metals with dynamic gauge fields: 
SYK-like toy model

The model again self-averages in the large-M,N limits. Disorder averaged action after 
expanding         to keep only IR-relevant terms:

Varying w.r.t. G and       for each cluster i after integrating out A (which can be done 
easily in the large-N limit) and f yields SYK-like Dyson equations for the large-M,N 
saddle-point solution.

⌃
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+ “Maxwell” terms.
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Strange metals with dynamic gauge fields: 
SYK-like toy model

No SL(2,R) invariance like SYK, but still possesses a scale-
invariant solution in the IR.
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Strange metals with dynamic gauge fields: 
SYK-like toy model

This term cancels at T = 0.⌃(i!n) = t2G(i!n)

2

41� T
X

⌦m 6=0

1

⌦2
m/g2 +⇧(i⌦m)�⇧(i⌦m = 0)

3

5

+ t2T
X

⌦m 6=0

G(i!n + i⌦m)

⌦2
m/g2 +⇧(i⌦m)�⇧(i⌦m = 0)

,

<latexit sha1_base64="saHj3TNUu9tescG0VjUqgPL9LU8="></latexit><latexit sha1_base64="saHj3TNUu9tescG0VjUqgPL9LU8="></latexit><latexit sha1_base64="saHj3TNUu9tescG0VjUqgPL9LU8="></latexit><latexit sha1_base64="saHj3TNUu9tescG0VjUqgPL9LU8="></latexit>

G(⌧) = �C
sgn(⌧)

t1�x|⌧ |1�x
, G(i!n) = �2iCtx�1 sin

⇣⇡x
2

⌘
�(x)sgn(!n)|!n|�x, 0 < x <

1

2
, C > 0.

<latexit sha1_base64="8JfIqJD1LcCQv3zcyOyfN0qEICY="></latexit><latexit sha1_base64="8JfIqJD1LcCQv3zcyOyfN0qEICY="></latexit><latexit sha1_base64="8JfIqJD1LcCQv3zcyOyfN0qEICY="></latexit><latexit sha1_base64="8JfIqJD1LcCQv3zcyOyfN0qEICY="></latexit>

Power-law Green’s function with tunable exponent at T = 0.
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Strange metals with dynamic gauge fields: 
SYK-like toy model

Scaling solution at finite T, but the scaling function is not the conformal 
SYK scaling function, and is determined numerically.
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Strange metals with dynamic gauge fields: 
SYK-like toy model

• We can add spatial structure to the theory by defining each the clusters i to lie on the 
sites of a large-N-dimensional hypercubic lattice with nearest-neighbor hopping, 
without changing the saddle point. 

• Then, splitting the chargons into two species    , coupling to the internal gauge fields A 
with opposite charges, we can derive transport properties in linear response to an 
external gauge field    , to which the chargons couple with equal charges. This is the 
structure of a U(1) ACL 

±
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(See S. Sachdev, arXiv:1801.01125).
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• We get non-Fermi liquid conductivities from linear response to 
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Strange metals with dynamic gauge fields: 
SYK-like toy model

• We can also couple the chargons and the gauge fields to charge-2 complex scalar 
Higgs fields

• The Dyson equations at the large-M,N saddle point are
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• The parameter r tunes the Higgs transition. Condensing the Higgs field breaks the 
U(1) gauge invariance down to Z2, and gaps out its singular low-energy fluctuations.



Strange metals with dynamic gauge fields: 
SYK-like toy model
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r
<latexit sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit><latexit sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit><latexit sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit><latexit sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit>

(T = 0)
<latexit sha1_base64="7uiL8y5QPIzmvInSdS/tN1Xlt2U=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSLUS0lE0ItQ9OKxQtMW2lA22027dLMJuxOhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0ylMOi6387a+sbm1nZhp7i7t39wWDo6bpok04z7LJGJbofUcCkU91Gg5O1UcxqHkrfC0f3Mbz1xbUSiGjhOeRDTgRKRYBSt5Fcat+5Fr1R2q+4cZJV4OSlDjnqv9NXtJyyLuUImqTEdz00xmFCNgkk+LXYzw1PKRnTAO5YqGnMTTObHTsm5VfokSrQthWSu/p6Y0NiYcRzazpji0Cx7M/E/r5NhdBNMhEoz5IotFkWZJJiQ2eekLzRnKMeWUKaFvZWwIdWUoc2naEPwll9eJc3LqudWvcercu0uj6MAp3AGFfDgGmrwAHXwgYGAZ3iFN0c5L86787FoXXPymRP4A+fzB2Whjb4=</latexit><latexit sha1_base64="7uiL8y5QPIzmvInSdS/tN1Xlt2U=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSLUS0lE0ItQ9OKxQtMW2lA22027dLMJuxOhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0ylMOi6387a+sbm1nZhp7i7t39wWDo6bpok04z7LJGJbofUcCkU91Gg5O1UcxqHkrfC0f3Mbz1xbUSiGjhOeRDTgRKRYBSt5Fcat+5Fr1R2q+4cZJV4OSlDjnqv9NXtJyyLuUImqTEdz00xmFCNgkk+LXYzw1PKRnTAO5YqGnMTTObHTsm5VfokSrQthWSu/p6Y0NiYcRzazpji0Cx7M/E/r5NhdBNMhEoz5IotFkWZJJiQ2eekLzRnKMeWUKaFvZWwIdWUoc2naEPwll9eJc3LqudWvcercu0uj6MAp3AGFfDgGmrwAHXwgYGAZ3iFN0c5L86787FoXXPymRP4A+fzB2Whjb4=</latexit><latexit sha1_base64="7uiL8y5QPIzmvInSdS/tN1Xlt2U=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSLUS0lE0ItQ9OKxQtMW2lA22027dLMJuxOhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0ylMOi6387a+sbm1nZhp7i7t39wWDo6bpok04z7LJGJbofUcCkU91Gg5O1UcxqHkrfC0f3Mbz1xbUSiGjhOeRDTgRKRYBSt5Fcat+5Fr1R2q+4cZJV4OSlDjnqv9NXtJyyLuUImqTEdz00xmFCNgkk+LXYzw1PKRnTAO5YqGnMTTObHTsm5VfokSrQthWSu/p6Y0NiYcRzazpji0Cx7M/E/r5NhdBNMhEoz5IotFkWZJJiQ2eekLzRnKMeWUKaFvZWwIdWUoc2naEPwll9eJc3LqudWvcercu0uj6MAp3AGFfDgGmrwAHXwgYGAZ3iFN0c5L86787FoXXPymRP4A+fzB2Whjb4=</latexit><latexit sha1_base64="7uiL8y5QPIzmvInSdS/tN1Xlt2U=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSLUS0lE0ItQ9OKxQtMW2lA22027dLMJuxOhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0ylMOi6387a+sbm1nZhp7i7t39wWDo6bpok04z7LJGJbofUcCkU91Gg5O1UcxqHkrfC0f3Mbz1xbUSiGjhOeRDTgRKRYBSt5Fcat+5Fr1R2q+4cZJV4OSlDjnqv9NXtJyyLuUImqTEdz00xmFCNgkk+LXYzw1PKRnTAO5YqGnMTTObHTsm5VfokSrQthWSu/p6Y0NiYcRzazpji0Cx7M/E/r5NhdBNMhEoz5IotFkWZJJiQ2eekLzRnKMeWUKaFvZWwIdWUoc2naEPwll9eJc3LqudWvcercu0uj6MAp3AGFfDgGmrwAHXwgYGAZ3iFN0c5L86787FoXXPymRP4A+fzB2Whjb4=</latexit>{ <latexit sha1_base64="RG03HEwJX1WBjc+2nWlsTV1XmgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99PK+W/Vq3hxklfgFqUKBRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXUklj1EE+v3RKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjJ7mwy4QmbExBLKFLe3EjaiijJjw6nYEPzll1dJ66LmezX//rJavyniKMMJnMI5+HAFdbiDBjSBQQTP8Apvzth5cd6dj0VrySlmjuEPnM8fm4SNZQ==</latexit><latexit sha1_base64="RG03HEwJX1WBjc+2nWlsTV1XmgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99PK+W/Vq3hxklfgFqUKBRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXUklj1EE+v3RKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjJ7mwy4QmbExBLKFLe3EjaiijJjw6nYEPzll1dJ66LmezX//rJavyniKMMJnMI5+HAFdbiDBjSBQQTP8Apvzth5cd6dj0VrySlmjuEPnM8fm4SNZQ==</latexit><latexit sha1_base64="RG03HEwJX1WBjc+2nWlsTV1XmgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99PK+W/Vq3hxklfgFqUKBRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXUklj1EE+v3RKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjJ7mwy4QmbExBLKFLe3EjaiijJjw6nYEPzll1dJ66LmezX//rJavyniKMMJnMI5+HAFdbiDBjSBQQTP8Apvzth5cd6dj0VrySlmjuEPnM8fm4SNZQ==</latexit><latexit sha1_base64="RG03HEwJX1WBjc+2nWlsTV1XmgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99PK+W/Vq3hxklfgFqUKBRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXUklj1EE+v3RKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjJ7mwy4QmbExBLKFLe3EjaiijJjw6nYEPzll1dJ66LmezX//rJavyniKMMJnMI5+HAFdbiDBjSBQQTP8Apvzth5cd6dj0VrySlmjuEPnM8fm4SNZQ==</latexit>

U(1) ACL, non-Fermi 
liquid Green’s function 

(no quasiparticles)

Low energy fermion 
density of states ~1/Ex

{ <latexit sha1_base64="RG03HEwJX1WBjc+2nWlsTV1XmgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99PK+W/Vq3hxklfgFqUKBRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXUklj1EE+v3RKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjJ7mwy4QmbExBLKFLe3EjaiijJjw6nYEPzll1dJ66LmezX//rJavyniKMMJnMI5+HAFdbiDBjSBQQTP8Apvzth5cd6dj0VrySlmjuEPnM8fm4SNZQ==</latexit><latexit sha1_base64="RG03HEwJX1WBjc+2nWlsTV1XmgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99PK+W/Vq3hxklfgFqUKBRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXUklj1EE+v3RKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjJ7mwy4QmbExBLKFLe3EjaiijJjw6nYEPzll1dJ66LmezX//rJavyniKMMJnMI5+HAFdbiDBjSBQQTP8Apvzth5cd6dj0VrySlmjuEPnM8fm4SNZQ==</latexit><latexit sha1_base64="RG03HEwJX1WBjc+2nWlsTV1XmgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99PK+W/Vq3hxklfgFqUKBRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXUklj1EE+v3RKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjJ7mwy4QmbExBLKFLe3EjaiijJjw6nYEPzll1dJ66LmezX//rJavyniKMMJnMI5+HAFdbiDBjSBQQTP8Apvzth5cd6dj0VrySlmjuEPnM8fm4SNZQ==</latexit><latexit sha1_base64="RG03HEwJX1WBjc+2nWlsTV1XmgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99PK+W/Vq3hxklfgFqUKBRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXUklj1EE+v3RKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjJ7mwy4QmbExBLKFLe3EjaiijJjw6nYEPzll1dJ66LmezX//rJavyniKMMJnMI5+HAFdbiDBjSBQQTP8Apvzth5cd6dj0VrySlmjuEPnM8fm4SNZQ==</latexit>

Z2 ACL, random-matrix 
Green’s function (has 

quasiparticles)

Higgs fields 
uncondensed

Higgs fields condensed, 
Aij gapped

Reduced Low energy 
fermion density of states 

~const. —> “pseudogap”

Transition exponent: |H| ⇠ (r � rc)
1/2

, ⌫ = 1/2.
<latexit sha1_base64="8F6WDXm/a88TVWYvNUsHhFquILU=">AAACC3icbVDLSgMxFM34rPU16tJNaBEqaJ0pgm6EopsuK9gHdMaSSdM2NMkMSUYo03btxl9x40IRt/6AO//G9LHQ1gMXTs65l9x7gohRpR3n21paXlldW09tpDe3tnd27b39qgpjiUkFhyyU9QApwqggFU01I/VIEsQDRmpB72bs1x6IVDQUd7ofEZ+jjqBtipE2UtPODEoDT1EOc/JUNvHxfeKeFYYno5EnYngFzSPftLNO3pkALhJ3RrJghnLT/vJaIY45ERozpFTDdSLtJ0hqihkZpr1YkQjhHuqQhqECcaL8ZHLLEB4ZpQXboTQlNJyovycSxJXq88B0cqS7at4bi/95jVi3L/2EiijWRODpR+2YQR3CcTCwRSXBmvUNQVhSsyvEXSQR1ia+tAnBnT95kVQLedfJu7fn2eL1LI4UOAQZkAMuuABFUAJlUAEYPIJn8ArerCfrxXq3PqatS9Zs5gD8gfX5A2wOmLQ=</latexit><latexit sha1_base64="8F6WDXm/a88TVWYvNUsHhFquILU=">AAACC3icbVDLSgMxFM34rPU16tJNaBEqaJ0pgm6EopsuK9gHdMaSSdM2NMkMSUYo03btxl9x40IRt/6AO//G9LHQ1gMXTs65l9x7gohRpR3n21paXlldW09tpDe3tnd27b39qgpjiUkFhyyU9QApwqggFU01I/VIEsQDRmpB72bs1x6IVDQUd7ofEZ+jjqBtipE2UtPODEoDT1EOc/JUNvHxfeKeFYYno5EnYngFzSPftLNO3pkALhJ3RrJghnLT/vJaIY45ERozpFTDdSLtJ0hqihkZpr1YkQjhHuqQhqECcaL8ZHLLEB4ZpQXboTQlNJyovycSxJXq88B0cqS7at4bi/95jVi3L/2EiijWRODpR+2YQR3CcTCwRSXBmvUNQVhSsyvEXSQR1ia+tAnBnT95kVQLedfJu7fn2eL1LI4UOAQZkAMuuABFUAJlUAEYPIJn8ArerCfrxXq3PqatS9Zs5gD8gfX5A2wOmLQ=</latexit><latexit sha1_base64="8F6WDXm/a88TVWYvNUsHhFquILU=">AAACC3icbVDLSgMxFM34rPU16tJNaBEqaJ0pgm6EopsuK9gHdMaSSdM2NMkMSUYo03btxl9x40IRt/6AO//G9LHQ1gMXTs65l9x7gohRpR3n21paXlldW09tpDe3tnd27b39qgpjiUkFhyyU9QApwqggFU01I/VIEsQDRmpB72bs1x6IVDQUd7ofEZ+jjqBtipE2UtPODEoDT1EOc/JUNvHxfeKeFYYno5EnYngFzSPftLNO3pkALhJ3RrJghnLT/vJaIY45ERozpFTDdSLtJ0hqihkZpr1YkQjhHuqQhqECcaL8ZHLLEB4ZpQXboTQlNJyovycSxJXq88B0cqS7at4bi/95jVi3L/2EiijWRODpR+2YQR3CcTCwRSXBmvUNQVhSsyvEXSQR1ia+tAnBnT95kVQLedfJu7fn2eL1LI4UOAQZkAMuuABFUAJlUAEYPIJn8ArerCfrxXq3PqatS9Zs5gD8gfX5A2wOmLQ=</latexit><latexit sha1_base64="8F6WDXm/a88TVWYvNUsHhFquILU=">AAACC3icbVDLSgMxFM34rPU16tJNaBEqaJ0pgm6EopsuK9gHdMaSSdM2NMkMSUYo03btxl9x40IRt/6AO//G9LHQ1gMXTs65l9x7gohRpR3n21paXlldW09tpDe3tnd27b39qgpjiUkFhyyU9QApwqggFU01I/VIEsQDRmpB72bs1x6IVDQUd7ofEZ+jjqBtipE2UtPODEoDT1EOc/JUNvHxfeKeFYYno5EnYngFzSPftLNO3pkALhJ3RrJghnLT/vJaIY45ERozpFTDdSLtJ0hqihkZpr1YkQjhHuqQhqECcaL8ZHLLEB4ZpQXboTQlNJyovycSxJXq88B0cqS7at4bi/95jVi3L/2EiijWRODpR+2YQR3CcTCwRSXBmvUNQVhSsyvEXSQR1ia+tAnBnT95kVQLedfJu7fn2eL1LI4UOAQZkAMuuABFUAJlUAEYPIJn8ArerCfrxXq3PqatS9Zs5gD8gfX5A2wOmLQ=</latexit>

Mean-field behavior at large-M,N.



Future directions

• SYK-like large-N limit for fermions coupled to quantum critical order parameter? Obtain 
quantum critical strange metal “fan” in the cuprates phase diagram.

• 2+1 dimensional lattice-SYK like model of chargons coupled to gauge fields, with 
Higgs transition from a strange metal with a “large” Fermi surface to a pseudogap with 
a “small” Fermi surface.

• Model that can give linear-in-T resistivity at both high and low T, keeping a fixed slope 
corresponding to a single-particle scattering rate of                on both sides of the MIR 
limit.

~/(kBT )
<latexit sha1_base64="1UFUOiqLpkphSN6GCxcwutrzB6Q=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXuquCHos9eKxQr+gXUo2zbahSXZNsoWy9Hd48aCIV3+MN/+NabsHbX0w8Hhvhpl5QcyZNq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJIrRJIh6pToA15UzSpmGG006sKBYBp+1gfD/32xOqNItkw0xj6gs8lCxkBBsr+b1RgNVVedyvocZlv1hyK+4CaJ14GSlBhnq/+NUbRCQRVBrCsdZdz42Nn2JlGOF0VuglmsaYjPGQdi2VWFDtp4ujZ+jCKgMURsqWNGih/p5IsdB6KgLbKbAZ6VVvLv7ndRMT3vkpk3FiqCTLRWHCkYnQPAE0YIoSw6eWYKKYvRWREVaYGJtTwYbgrb68TlrXFc+teI83pWotiyMPZ3AOZfDgFqrwAHVoAoEneIZXeHMmzovz7nwsW3NONnMKf+B8/gAMJJD1</latexit><latexit sha1_base64="1UFUOiqLpkphSN6GCxcwutrzB6Q=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXuquCHos9eKxQr+gXUo2zbahSXZNsoWy9Hd48aCIV3+MN/+NabsHbX0w8Hhvhpl5QcyZNq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJIrRJIh6pToA15UzSpmGG006sKBYBp+1gfD/32xOqNItkw0xj6gs8lCxkBBsr+b1RgNVVedyvocZlv1hyK+4CaJ14GSlBhnq/+NUbRCQRVBrCsdZdz42Nn2JlGOF0VuglmsaYjPGQdi2VWFDtp4ujZ+jCKgMURsqWNGih/p5IsdB6KgLbKbAZ6VVvLv7ndRMT3vkpk3FiqCTLRWHCkYnQPAE0YIoSw6eWYKKYvRWREVaYGJtTwYbgrb68TlrXFc+teI83pWotiyMPZ3AOZfDgFqrwAHVoAoEneIZXeHMmzovz7nwsW3NONnMKf+B8/gAMJJD1</latexit><latexit sha1_base64="1UFUOiqLpkphSN6GCxcwutrzB6Q=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXuquCHos9eKxQr+gXUo2zbahSXZNsoWy9Hd48aCIV3+MN/+NabsHbX0w8Hhvhpl5QcyZNq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJIrRJIh6pToA15UzSpmGG006sKBYBp+1gfD/32xOqNItkw0xj6gs8lCxkBBsr+b1RgNVVedyvocZlv1hyK+4CaJ14GSlBhnq/+NUbRCQRVBrCsdZdz42Nn2JlGOF0VuglmsaYjPGQdi2VWFDtp4ujZ+jCKgMURsqWNGih/p5IsdB6KgLbKbAZ6VVvLv7ndRMT3vkpk3FiqCTLRWHCkYnQPAE0YIoSw6eWYKKYvRWREVaYGJtTwYbgrb68TlrXFc+teI83pWotiyMPZ3AOZfDgFqrwAHVoAoEneIZXeHMmzovz7nwsW3NONnMKf+B8/gAMJJD1</latexit><latexit sha1_base64="1UFUOiqLpkphSN6GCxcwutrzB6Q=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXuquCHos9eKxQr+gXUo2zbahSXZNsoWy9Hd48aCIV3+MN/+NabsHbX0w8Hhvhpl5QcyZNq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJIrRJIh6pToA15UzSpmGG006sKBYBp+1gfD/32xOqNItkw0xj6gs8lCxkBBsr+b1RgNVVedyvocZlv1hyK+4CaJ14GSlBhnq/+NUbRCQRVBrCsdZdz42Nn2JlGOF0VuglmsaYjPGQdi2VWFDtp4ujZ+jCKgMURsqWNGih/p5IsdB6KgLbKbAZ6VVvLv7ndRMT3vkpk3FiqCTLRWHCkYnQPAE0YIoSw6eWYKKYvRWREVaYGJtTwYbgrb68TlrXFc+teI83pWotiyMPZ3AOZfDgFqrwAHVoAoEneIZXeHMmzovz7nwsW3NONnMKf+B8/gAMJJD1</latexit>

• Model anomalous features in the optical conductivity of strange metals using 
crossovers between different SYK-based non-Fermi liquids.

• Try to understand if SYK-like local criticality can emerge in rare regions in disordered 
Hubbard models, and the effects of the local critical regions on the rest of the system.


