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• Note: The electron liquid in one dimension and the fractional

quantum Hall state both have quasiparticles; however, the quasi-

particles do not have the same quantum numbers as an electron.

Ordinary metals and quasiparticles

• Quasiparticles are additive excitations:
The low-lying excitations of the many-body system
can be identified as a set {n↵} of quasiparticles with
energy ✏↵

E =
P

↵ n↵✏↵ +
P

↵,� F↵�n↵n� + . . .

In a lattice system ofN sites, this parameterizes the energy
of ⇠ e↵N states in terms of poly(N) numbers.
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• Note: The electron liquid in one dimension and the fractional

quantum Hall state both have quasiparticles; however, the quasi-

particles do not have the same quantum numbers as an electron.

Ordinary metals and quasiparticles

• Quasiparticles eventually collide with each other. Such
collisions eventually leads to thermal equilibration in a
chaotic quantum state, but the equilibration takes a long
time. In a Fermi liquid, this time diverges as

⌧eq ⇠ ~E3
F

U2(kBT )2
, as T ! 0,

where U is the strength of interactions, and EF is the
Fermi energy.
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• Note: The electron liquid in one dimension and the fractional

quantum Hall state both have quasiparticles; however, the quasi-

particles do not have the same quantum numbers as an electron.

Ordinary metals and quasiparticles

• Similarly, a quasiparticle model implies a
resistivity

⇢ =
m⇤

ne2
1

⌧
⇠ U2T 2 with ⌧ ⇠ ⌧eq
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• These times are much longer than the
‘Planckian time’ ~/(kBT ), which we will
find in systems without quasiparticle
excitations.

⌧ ⇠ ⌧eq � ~
kBT

, as T ! 0.
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Ordinary metals and quasiparticles



Remarkable recent observation of
‘Planckian’ strange metal transport in cuprates,
pnictides, magic-angle graphene, and
ultracold atoms: the resistivity, ⇢, is

⇢ =
m⇤

ne2
1

⌧

with a universal scattering rate

1

⌧
⇡ kBT

~ ,

independent of the strength of interactions!
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Table 1  |  Slope of T-linear resistivity and Planckian limit in seven materials.

Material n 
(1027 m-3)

 m*
(m0)

A1 / d  
(! / K)

h / (2e2 TF)
(! / K)

⍺

Bi2212 p = 0.23 6.8 8.4 ± 1.6 8.0 ± 0.9 7.4 ± 1.4 1.1 ± 0.3

Bi2201 p ~ 0.4 3.5 7 ± 1.5 8 ± 2 8 ± 2 1.0 ± 0.4

LSCO p = 0.26 7.8 9.8 ± 1.7 8.2 ± 1.0 8.9 ± 1.8 0.9 ± 0.3

Nd-LSCO p = 0.24 7.9 12 ± 4 7.4 ± 0.8 10.6 ± 3.7 0.7 ± 0.4

PCCO x = 0.17 8.8 2.4 ± 0.1 1.7 ± 0.3 2.1 ± 0.1 0.8 ± 0.2

LCCO x = 0.15 9.0 3.0 ± 0.3 3.0 ± 0.45 2.6 ± 0.3 1.2 ± 0.3

TMTSF P = 11 kbar 1.4 1.15 ± 0.2 2.8 ± 0.3 2.8 ± 0.4 1.0 ± 0.3
 

 

Table 1 | Slope of T-linear resistivity vs Planckian limit in seven materials.  

Comparison of the measured slope of the T-linear resistivity in the T = 0 limit,  

A1 , with the value predicted by the Planckian limit (Eq. 1; penultimate column), 

for four hole-doped cuprates (Bi2212, Bi2201, LSCO and Nd-LSCO), two 

electron-doped cuprates (PCCO and LCCO) and the organic conductor 

(TMTSF)2PF6 , as discussed in the text (and Supplementary Information).     

The ratio α of the experimental value, A1
☐ = A1 / d, over the predicted value,       

is given in the last column. Although A1
☐ varies by a factor 5, the ratio m* / n  

(~1/TF) is seen to vary by the same amount, so that α = 1.0 in all cases,        

within error bars. 
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⌧
= ↵

kBT

~
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1. The complex SYK model and  
       charged black holes 

2. Quantum matter without quasiparticles: 
        lattice SYK models  
           and Planckian metals



The Sachdev-Ye-Kitaev (SYK) model

Pick a set of random positions



Place electrons randomly on some sites

The SYK model



The SYK model

Place electrons randomly on some sites



The SYK model

Place electrons randomly on some sites



Entangle electrons pairwise randomly

The SYK model
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The SYK model

Entangle electrons pairwise randomly



The SYK model

Entangle electrons pairwise randomly



The SYK model

This describes both a strange metal 
and a black hole!



A. Kitaev, unpublished; S. Sachdev, PRX 5, 041025 (2015)

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

(See also: the “2-Body Random Ensemble” in nuclear physics; did not obtain the large N limit;
T.A. Brody, J. Flores, J.B. French, P.A. Mello, A. Pandey, and S.S.M. Wong, Rev. Mod. Phys. 53, 385 (1981))

U↵�;�� are independent random variables with U↵�;�� = 0 and |U↵�;��|2 = U2

N ! 1 yields critical strange metal.
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1

(2N)3/2
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↵
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†
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Q =
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N
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<latexit sha1_base64="JlOZEF4sk7vz9F8Y0I56eh1WJCw="></latexit>

The complex SYK model



U U⌃ =
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The complex SYK model

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

Feynman graph expansion in U↵�;��, and graph-by-graph average, yields
exact equations in the large N limit:

G(i!) =
1

i! � ✏� ⌃(i!)
, ⌃(⌧) = �U2G2(⌧)G(�⌧)

G(⌧ = 0�) = Q.
<latexit sha1_base64="S4bYhQ+/icXvh6gGGPmW8BXeedU="></latexit>



The complex SYK model
There is a one-parameter family

of critical solutions with varying Q,
characterized by a dimensionless parameter E .

For long times ⌧ > 0
⌦
c↵(⌧)c

†
↵(0)

↵
= e⇡E

A(E)p
U⌧

⌦
c†↵(⌧)c↵(0)

↵
= e�⇡E A(E)p

U⌧
E determines the particle-hole asymmetry,

and A(E) is a known function.
E is determined by ✏/U .

In a Fermi liquid,⌦
c↵(⌧)c

†
↵(0)

↵
=

⌦
c†↵(⌧)c↵(0)

↵
= eA/⌧

<latexit sha1_base64="BP5nlZVrPd9/TBUtBGgmS8NAdiM="></latexit>
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The complex SYK model

�ImGR(!)
<latexit sha1_base64="/btafezNZH7m/kkNQAcXE4wBJqc=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCKgNVAkgwVjAAW0H0ITWhcly3tWrHke0gqigLv8LCAEKsfAYbf4PbZoCWI13p6Jx7de89QcSo0o7zbeXm5hcWl/LLhZXVtfUNe3OrrkQsMalhwYRsBkgRRkNS01Qz0owkQTxgpBEMLkZ+44FIRUV4p4cR8TnqhbRLMdJGats7hx4PxGNyzVN4eX8LS57gpIcO2nbRKTtjwFniZqQIMlTb9pfXETjmJNSYIaVarhNpP0FSU8xIWvBiRSKEB6hHWoaGiBPlJ+MHUrhvlA7sCmkq1HCs/p5IEFdqyAPTyZHuq2lvJP7ntWLdPfMTGkaxJiGeLOrGDGoBR2nADpUEazY0BGFJza0Q95FEWJvMCiYEd/rlWVI/KrvHZffmpFg5z+LIg12wB0rABaegAq5AFdQABil4Bq/gzXqyXqx362PSmrOymW3wB9bnDxeYlW4=</latexit>

~!/(kBT )
<latexit sha1_base64="kunjN0PyYGJToeUrlSRcNKJCI5s=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHqpiYq6LLUjcsKfUETwmQ6aYdOZsLMRAih/oobF4q49UPc+TdO2yy09cCFwzn3cu89YcKo0o7zba2tb2xubZd2yrt7+weH9tFxV4lUYtLBggnZD5EijHLS0VQz0k8kQXHISC+c3M383iORigre1llC/BiNOI0oRtpIgV3xxiGSnojJCF3UJkETts8Du+rUnTngKnELUgUFWoH95Q0FTmPCNWZIqYHrJNrPkdQUMzIte6kiCcITNCIDQzmKifLz+fFTeGaUIYyENMU1nKu/J3IUK5XFoemMkR6rZW8m/ucNUh3d+jnlSaoJx4tFUcqgFnCWBBxSSbBmmSEIS2puhXiMJMLa5FU2IbjLL6+S7mXdvaq7D9fVRrOIowROwCmoARfcgAa4By3QARhk4Bm8gjfryXqx3q2PReuaVcxUwB9Ynz8ptJPK</latexit>

E = 0
<latexit sha1_base64="FqnpYyJCCEkYCdrjTD+IwnTvPEg=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZlRQTdCUQSXFewD2qFk0kwbmmSGJFMoQ//EjQtF3Pon7vwbM+0stHogcDjnXu7JCRPOtPG8L6e0srq2vlHerGxt7+zuufsHLR2nitAmiXmsOiHWlDNJm4YZTjuJoliEnLbD8W3utydUaRbLRzNNaCDwULKIEWys1HfdnsBmRDDP7mboGnmVvlv1at4c6C/xC1KFAo2++9kbxCQVVBrCsdZd30tMkGFlGOF0VumlmiaYjPGQdi2VWFAdZPPkM3RilQGKYmWfNGiu/tzIsNB6KkI7mefUy14u/ud1UxNdBRmTSWqoJItDUcqRiVFeAxowRYnhU0swUcxmRWSEFSbGlpWX4C9/+S9pndX885r/cFGt3xR1lOEIjuEUfLiEOtxDA5pAYAJP8AKvTuY8O2/O+2K05BQ7h/ALzsc31X6SeA==</latexit>

A. Georges and O. Parcollet PRB 59, 5341 (1999)
S. Sachdev, PRX 5, 041025 (2015)

GR
SYK(✏, ~!/(kBT )) =

�iCe�i✓

(2⇡T )1/2

�

✓
1

4
� i~!

2⇡kBT
+ iE

◆

�

✓
3

4
� i~!

2⇡kBT
+ iE

◆ .

e2⇡E =
sin(⇡/4 + ✓)

sin(⇡/4� ✓)

C =

✓
⇡

U2 cos(2✓)

◆1/4

<latexit sha1_base64="d5gVejQQEMw5VN4UcWXjHEDJHwI="></latexit>

E =
✏

U
<latexit sha1_base64="VFz8RtZpb7vpKvm0SCmFmOrmW2E="></latexit>

Planckian dynamics
with peak width ⇠ kBT/~
and independent of U

<latexit sha1_base64="VYAaJKUoU76hX584/TwBiFAFiTo="></latexit>



The complex SYK model

�ImGR(!)
<latexit sha1_base64="/btafezNZH7m/kkNQAcXE4wBJqc=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCKgNVAkgwVjAAW0H0ITWhcly3tWrHke0gqigLv8LCAEKsfAYbf4PbZoCWI13p6Jx7de89QcSo0o7zbeXm5hcWl/LLhZXVtfUNe3OrrkQsMalhwYRsBkgRRkNS01Qz0owkQTxgpBEMLkZ+44FIRUV4p4cR8TnqhbRLMdJGats7hx4PxGNyzVN4eX8LS57gpIcO2nbRKTtjwFniZqQIMlTb9pfXETjmJNSYIaVarhNpP0FSU8xIWvBiRSKEB6hHWoaGiBPlJ+MHUrhvlA7sCmkq1HCs/p5IEFdqyAPTyZHuq2lvJP7ntWLdPfMTGkaxJiGeLOrGDGoBR2nADpUEazY0BGFJza0Q95FEWJvMCiYEd/rlWVI/KrvHZffmpFg5z+LIg12wB0rABaegAq5AFdQABil4Bq/gzXqyXqx362PSmrOymW3wB9bnDxeYlW4=</latexit>

~!/(kBT )
<latexit sha1_base64="kunjN0PyYGJToeUrlSRcNKJCI5s=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHqpiYq6LLUjcsKfUETwmQ6aYdOZsLMRAih/oobF4q49UPc+TdO2yy09cCFwzn3cu89YcKo0o7zba2tb2xubZd2yrt7+weH9tFxV4lUYtLBggnZD5EijHLS0VQz0k8kQXHISC+c3M383iORigre1llC/BiNOI0oRtpIgV3xxiGSnojJCF3UJkETts8Du+rUnTngKnELUgUFWoH95Q0FTmPCNWZIqYHrJNrPkdQUMzIte6kiCcITNCIDQzmKifLz+fFTeGaUIYyENMU1nKu/J3IUK5XFoemMkR6rZW8m/ucNUh3d+jnlSaoJx4tFUcqgFnCWBBxSSbBmmSEIS2puhXiMJMLa5FU2IbjLL6+S7mXdvaq7D9fVRrOIowROwCmoARfcgAa4By3QARhk4Bm8gjfryXqx3q2PReuaVcxUwB9Ynz8ptJPK</latexit>

E = 0
<latexit sha1_base64="FqnpYyJCCEkYCdrjTD+IwnTvPEg=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZlRQTdCUQSXFewD2qFk0kwbmmSGJFMoQ//EjQtF3Pon7vwbM+0stHogcDjnXu7JCRPOtPG8L6e0srq2vlHerGxt7+zuufsHLR2nitAmiXmsOiHWlDNJm4YZTjuJoliEnLbD8W3utydUaRbLRzNNaCDwULKIEWys1HfdnsBmRDDP7mboGnmVvlv1at4c6C/xC1KFAo2++9kbxCQVVBrCsdZd30tMkGFlGOF0VumlmiaYjPGQdi2VWFAdZPPkM3RilQGKYmWfNGiu/tzIsNB6KkI7mefUy14u/ud1UxNdBRmTSWqoJItDUcqRiVFeAxowRYnhU0swUcxmRWSEFSbGlpWX4C9/+S9pndX885r/cFGt3xR1lOEIjuEUfLiEOtxDA5pAYAJP8AKvTuY8O2/O+2K05BQ7h/ALzsc31X6SeA==</latexit>

E = 0.26
<latexit sha1_base64="aoZ9+xggb/LUlJ3AzTCiYyAmsIk=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUiqqBuhKILLCvYBbSiT6aQdOnkwMxFCqL/ixoUibv0Qd/6NkzYLbT0wcDjnXu6Z48WcSWXb30ZpZXVtfaO8Wdna3tndM/cP2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjTW5yv/NIhWRR+KDSmLoBHoXMZwQrLQ3Maj/Aakwwz26n6ArZVv28MjBrtmXPgJaJU5AaFGgOzK/+MCJJQENFOJay59ixcjMsFCOcTiv9RNIYkwke0Z6mIQ6odLNZ+Ck61soQ+ZHQL1Ropv7eyHAgZRp4ejKPKhe9XPzP6yXKv3QzFsaJoiGZH/ITjlSE8ibQkAlKFE81wUQwnRWRMRaYKN1XXoKz+OVl0q5bzqnl3J/VGtdFHWU4hCM4AQcuoAF30IQWEEjhGV7hzXgyXox342M+WjKKnSr8gfH5Azjhkyw=</latexit>
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E = �0.26
<latexit sha1_base64="G3t8/tsAYXwM/vLxR37KhuYjNvE=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEN4akiroRiiK4rGAf0IYymU7aoZNJmJkINRR/xY0LRdz6H+78G5M2C209MHA4517umeNFnClt299GYWFxaXmluFpaW9/Y3DK3dxoqjCWhdRLyULY8rChngtY105y2Iklx4HHa9IbXmd98oFKxUNzrUUTdAPcF8xnBOpW65l4nwHpAME9uxugSHdtW5azUNcu2ZU+A5omTkzLkqHXNr04vJHFAhSYcK9V27Ei7CZaaEU7HpU6saITJEPdpO6UCB1S5yST9GB2mSg/5oUyf0Gii/t5IcKDUKPDSySyrmvUy8T+vHWv/wk2YiGJNBZke8mOOdIiyKlCPSUo0H6UEE8nSrIgMsMREp4VlJTizX54njYrlnFjO3Wm5epXXUYR9OIAjcOAcqnALNagDgUd4hld4M56MF+Pd+JiOFox8Zxf+wPj8AagNk2M=</latexit>

A. Georges and O. Parcollet PRB 59, 5341 (1999)
S. Sachdev, PRX 5, 041025 (2015)

GR
SYK(✏, ~!/(kBT )) =

�iCe�i✓

(2⇡T )1/2

�

✓
1

4
� i~!

2⇡kBT
+ iE

◆

�

✓
3

4
� i~!

2⇡kBT
+ iE

◆ .

e2⇡E =
sin(⇡/4 + ✓)

sin(⇡/4� ✓)

C =

✓
⇡

U2 cos(2✓)
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<latexit sha1_base64="d5gVejQQEMw5VN4UcWXjHEDJHwI="></latexit>

E =
✏

U
<latexit sha1_base64="VFz8RtZpb7vpKvm0SCmFmOrmW2E="></latexit>

Planckian dynamics
with peak width ⇠ kBT/~
and independent of U

<latexit sha1_base64="VYAaJKUoU76hX584/TwBiFAFiTo="></latexit>



GPS:   A. Georges, O. Parcollet, and 
S. Sachdev,  PRB 63, 134406 (2001)

Many-body
level spacing ⇠
2�N = e�N ln 2

W. Fu and S. Sachdev, PRB 94, 035135 (2016)

Non-quasiparticle
excitations with
spacing ⇠ e�Ns0

The SYK model
There are 2N many body levels
with energy E. Shown are all

values of E for a single cluster of
size N = 12. The T ! 0 state has
an entropy SGPS = Ns0, where

s0 < ln 2 is determined by
integrating

ds0
dQ = 2⇡E .

At Q = 1/2,

s0 =
G

⇡
+

ln(2)

4
= 0.464848 . . .

where G is Catalan’s constant.
<latexit sha1_base64="veXfEQgZBSXVb+TcDrwyixhVCXg="></latexit><latexit sha1_base64="veXfEQgZBSXVb+TcDrwyixhVCXg="></latexit><latexit sha1_base64="veXfEQgZBSXVb+TcDrwyixhVCXg="></latexit><latexit sha1_base64="NQXG+AwHlWM34d4ej4U2f7ZhNt8=">AAACAXicbZDPSsNAEMY39V+NVevZy2IRPEhJvOhR8OKxgv0DTSmbzaRdutmE3Um1hL6AJ8F38SY+h6/iyW3ag7YOLPz4vllm5gszKQx63pdT2dre2d2r7rsHNffw6Lhe65g01xzaPJWp7oXMgBQK2ihQQi/TwJJQQjec3C387hS0Eal6xFkGg4SNlIgFZ2il1rDe8JpeWXQT/BU0yKqG9e8gSnmegEIumTF938twUDCNgkuYu0FuIGN8wkbQt6hYAuYymorMlDgoyo3n9NyaEY1TbZ9CWqq/PxcsMWaWhLYzYTg2695C/M/r5xjfDAqhshxB8eWgOJcUU7o4n0ZCA0c5s8C4FnZtysdMM442JDcwYBNUIxwXAcIzPonIzimumr5Qc5uVv57MJnRss9f0HzxSJafkjFwQn1yTW3JPWqRNOInIC3lzXp1352OZacVZhXtC/pTz+QNVA5sp</latexit><latexit sha1_base64="HHyvCE/H+PvEBm8VSb4ek/M0BtA="></latexit><latexit sha1_base64="3XOkz8dfBu2KjzFmKDMvM0wfu7w="></latexit><latexit sha1_base64="9Q/wfVztPivfp5Bkfms+dhEEQOs="></latexit><latexit sha1_base64="veXfEQgZBSXVb+TcDrwyixhVCXg="></latexit><latexit sha1_base64="veXfEQgZBSXVb+TcDrwyixhVCXg="></latexit><latexit sha1_base64="veXfEQgZBSXVb+TcDrwyixhVCXg="></latexit><latexit sha1_base64="veXfEQgZBSXVb+TcDrwyixhVCXg="></latexit><latexit sha1_base64="veXfEQgZBSXVb+TcDrwyixhVCXg="></latexit><latexit sha1_base64="veXfEQgZBSXVb+TcDrwyixhVCXg="></latexit>

⇠ NU
<latexit sha1_base64="+k3wAyD9cA14iy+81PwXj54Ul8U=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF09SwW0L7VKyabYNTbJrkhXK0j/hxYMiXv073vw3ph+Itj4YeLw3w8y8KBXcWM/7QoWV1bX1jeJmaWt7Z3evvH/QMEmmKQtoIhLdiohhgisWWG4Fa6WaERkJ1oyG1xO/+ci04Ym6t6OUhZL0FY85JdZJrY7hEt/ioFuueFVvCvxD/EVSgTnq3fJnp5fQTDJlqSDGtH0vtWFOtOVUsHGpkxmWEjokfdZ2VBHJTJhP7x3jE6f0cJxoV8riqfp7IifSmJGMXKckdmAWvYn4n9fObHwZ5lylmWWKzhbFmcA2wZPncY9rRq0YOUKo5u5WTAdEE2pdRCUXwtLLy6RxVvW9qn93XqldzeMowhEcwyn4cAE1uIE6BEBBwBO8wCt6QM/oDb3PWgtoPnMIf4A+vgEUq49T</latexit><latexit sha1_base64="+k3wAyD9cA14iy+81PwXj54Ul8U=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF09SwW0L7VKyabYNTbJrkhXK0j/hxYMiXv073vw3ph+Itj4YeLw3w8y8KBXcWM/7QoWV1bX1jeJmaWt7Z3evvH/QMEmmKQtoIhLdiohhgisWWG4Fa6WaERkJ1oyG1xO/+ci04Ym6t6OUhZL0FY85JdZJrY7hEt/ioFuueFVvCvxD/EVSgTnq3fJnp5fQTDJlqSDGtH0vtWFOtOVUsHGpkxmWEjokfdZ2VBHJTJhP7x3jE6f0cJxoV8riqfp7IifSmJGMXKckdmAWvYn4n9fObHwZ5lylmWWKzhbFmcA2wZPncY9rRq0YOUKo5u5WTAdEE2pdRCUXwtLLy6RxVvW9qn93XqldzeMowhEcwyn4cAE1uIE6BEBBwBO8wCt6QM/oDb3PWgtoPnMIf4A+vgEUq49T</latexit><latexit sha1_base64="+k3wAyD9cA14iy+81PwXj54Ul8U=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF09SwW0L7VKyabYNTbJrkhXK0j/hxYMiXv073vw3ph+Itj4YeLw3w8y8KBXcWM/7QoWV1bX1jeJmaWt7Z3evvH/QMEmmKQtoIhLdiohhgisWWG4Fa6WaERkJ1oyG1xO/+ci04Ym6t6OUhZL0FY85JdZJrY7hEt/ioFuueFVvCvxD/EVSgTnq3fJnp5fQTDJlqSDGtH0vtWFOtOVUsHGpkxmWEjokfdZ2VBHJTJhP7x3jE6f0cJxoV8riqfp7IifSmJGMXKckdmAWvYn4n9fObHwZ5lylmWWKzhbFmcA2wZPncY9rRq0YOUKo5u5WTAdEE2pdRCUXwtLLy6RxVvW9qn93XqldzeMowhEcwyn4cAE1uIE6BEBBwBO8wCt6QM/oDb3PWgtoPnMIf4A+vgEUq49T</latexit><latexit sha1_base64="+k3wAyD9cA14iy+81PwXj54Ul8U=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF09SwW0L7VKyabYNTbJrkhXK0j/hxYMiXv073vw3ph+Itj4YeLw3w8y8KBXcWM/7QoWV1bX1jeJmaWt7Z3evvH/QMEmmKQtoIhLdiohhgisWWG4Fa6WaERkJ1oyG1xO/+ci04Ym6t6OUhZL0FY85JdZJrY7hEt/ioFuueFVvCvxD/EVSgTnq3fJnp5fQTDJlqSDGtH0vtWFOtOVUsHGpkxmWEjokfdZ2VBHJTJhP7x3jE6f0cJxoV8riqfp7IifSmJGMXKckdmAWvYn4n9fObHwZ5lylmWWKzhbFmcA2wZPncY9rRq0YOUKo5u5WTAdEE2pdRCUXwtLLy6RxVvW9qn93XqldzeMowhEcwyn4cAE1uIE6BEBBwBO8wCt6QM/oDb3PWgtoPnMIf4A+vgEUq49T</latexit>



Charged black holes

⇣

total
charge Q

<latexit sha1_base64="j/odCFZZenI2gNxHuJ2gQuX4/Go="></latexit><latexit sha1_base64="j/odCFZZenI2gNxHuJ2gQuX4/Go="></latexit><latexit sha1_base64="j/odCFZZenI2gNxHuJ2gQuX4/Go="></latexit><latexit sha1_base64="j/odCFZZenI2gNxHuJ2gQuX4/Go="></latexit>

Schwarzian
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Horizon
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

AdS2 ⇥ S2
<latexit sha1_base64="sF8/ECOTE1Muc/QG0fjXApQvfME="></latexit>AdS2 ⇥ S2

ds2 = R2
2
(d⇣2 � dt2)

⇣2
+R2

hd⌦
2
2

Gauge field: A =
E
⇣
dt

<latexit sha1_base64="SQthrhU+YMRZV9B66vyyD8aDZ7I="></latexit>

AdS4
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<latexit sha1_base64="wKbS6rfA0DlHVei6TqSgbiIv0tY=">AAAB93icdVDLSsNAFJ34rPVVdelmsBVcSJjEhmZZdOOyon1AG8tkOm2HTh7MTAoh9Bvc6sqduPVzXPgvTtMKKnrgwuGce7n3Hj/mTCqE3o2V1bX1jc3CVnF7Z3dvv3Rw2JJRIghtkohHouNjSTkLaVMxxWknFhQHPqdtf3I199tTKiSLwjuVxtQL8ChkQ0aw0lKzcntvV/qlMjKdquM4NkQmcmuOW9XEQi6yq9AyUY4yWKLRL330BhFJAhoqwrGUXQvFysuwUIxwOiv2EkljTCZ4RLuahjig8nwwZbHMqZfld8/gqTYHcBgJXaGCufp9OMOBlGng684Aq7H87c3Fv7xuooaul7EwThQNyWLRMOFQRXAeAhwwQYniqSaYCKbPhmSMBSZKR1XUeXw9Df8nLdu0Lkx0Y5frl8tkCuAYnIAzYIEaqINr0ABNQAADD+ARPBmp8Wy8GK+L1hVjOXMEfsB4+wTPmJLI</latexit>

A. Chamblin, R. Emparan, C.V. Johnson, and R.C. Myers, PRD 60, 064018 (1999)

AdS-Reissner-Nordstrom solution is dual 
via the AdS/CFT correspondence 

to large-N  ABJM gauge theory in a chemical potential
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<latexit sha1_base64="SG9hOoBio9qeZZUqehEDSdEiQNY=">AAAB+3icdVDLSgMxFM3UV62vqks3wVZwIUNm7NBZVt24rGgf0paSyaRtaOZBkimUYb7Cra7ciVs/xoX/YvoQVPTAhcM593LvPV7MmVQIvRu5ldW19Y38ZmFre2d3r7h/0JRRIghtkIhHou1hSTkLaUMxxWk7FhQHHqctb3w181sTKiSLwjs1jWkvwMOQDRjBSkv3F/5tuZ9WsnK/WEKmU3Ecx4bIRG7VcSuaWMhFdgVaJpqjBJao94sfXT8iSUBDRTiWsmOhWPVSLBQjnGaFbiJpjMkYD2lH0xAHVJ75ExbLOe2l89szeKJNHw4ioStUcK5+H05xIOU08HRngNVI/vZm4l9eJ1EDt5eyME4UDcli0SDhUEVwFgT0maBE8akmmAimz4ZkhAUmSsdV0Hl8PQ3/J03btM5NdGOXapfLZPLgCByDU2CBKqiBa1AHDUBAAB7AI3gyMuPZeDFeF605YzlzCH7AePsE9NKUkA==</latexit>
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<latexit sha1_base64="wKbS6rfA0DlHVei6TqSgbiIv0tY=">AAAB93icdVDLSsNAFJ34rPVVdelmsBVcSJjEhmZZdOOyon1AG8tkOm2HTh7MTAoh9Bvc6sqduPVzXPgvTtMKKnrgwuGce7n3Hj/mTCqE3o2V1bX1jc3CVnF7Z3dvv3Rw2JJRIghtkohHouNjSTkLaVMxxWknFhQHPqdtf3I199tTKiSLwjuVxtQL8ChkQ0aw0lKzcntvV/qlMjKdquM4NkQmcmuOW9XEQi6yq9AyUY4yWKLRL330BhFJAhoqwrGUXQvFysuwUIxwOiv2EkljTCZ4RLuahjig8nwwZbHMqZfld8/gqTYHcBgJXaGCufp9OMOBlGng684Aq7H87c3Fv7xuooaul7EwThQNyWLRMOFQRXAeAhwwQYniqSaYCKbPhmSMBSZKR1XUeXw9Df8nLdu0Lkx0Y5frl8tkCuAYnIAzYIEaqINr0ABNQAADD+ARPBmp8Wy8GK+L1hVjOXMEfsB4+wTPmJLI</latexit>

S. Sachdev, Phys. Rev. Lett. 105, 151602 (2010); PRX 5, 041025 (2015)

At temperatures T ⌧ 1/Rh,
we can ignore the non-constant modes on S2, and
AdS2 is dual to a 0+1 dimensional quantum system

like SYK on its boundary.
<latexit sha1_base64="OjGwwbJMNbZ40/77alGWeqSUiMo="></latexit>
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S. Sachdev, Phys. Rev. Lett. 105, 151602 (2010); PRX 5, 041025 (2015)

T. Faulkner, Hong Liu, J. McGreevy, D. Vegh, PRD 83, 125002 (2011)

For Dirac fermions with a suitable mass in the AdS2 region,
⌦
c↵(⌧)c

†
↵(0)

↵
= e⇡E

Ap
⌧

,
⌦
c†↵(⌧)c↵(0)

↵
= e�⇡E Ap

⌧
At T > 0, there is a non-zero entropy s0, and the fermion
correlators also precisely match those of the SYK model.
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S. Sachdev, Phys. Rev. Lett. 105, 151602 (2010); PRX 5, 041025 (2015)

A. Sen, JHEP 0509, 038 (2005)

• The entropy s0, the charge Q, and the dimensionless
electric field E obey

ds0
dQ = 2⇡E

<latexit sha1_base64="pHfhdIhCjnQ92p3VYJ5eIs552CQ="></latexit><latexit sha1_base64="pHfhdIhCjnQ92p3VYJ5eIs552CQ="></latexit><latexit sha1_base64="pHfhdIhCjnQ92p3VYJ5eIs552CQ="></latexit><latexit sha1_base64="pHfhdIhCjnQ92p3VYJ5eIs552CQ="></latexit>
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<latexit sha1_base64="wKbS6rfA0DlHVei6TqSgbiIv0tY=">AAAB93icdVDLSsNAFJ34rPVVdelmsBVcSJjEhmZZdOOyon1AG8tkOm2HTh7MTAoh9Bvc6sqduPVzXPgvTtMKKnrgwuGce7n3Hj/mTCqE3o2V1bX1jc3CVnF7Z3dvv3Rw2JJRIghtkohHouNjSTkLaVMxxWknFhQHPqdtf3I199tTKiSLwjuVxtQL8ChkQ0aw0lKzcntvV/qlMjKdquM4NkQmcmuOW9XEQi6yq9AyUY4yWKLRL330BhFJAhoqwrGUXQvFysuwUIxwOiv2EkljTCZ4RLuahjig8nwwZbHMqZfld8/gqTYHcBgJXaGCufp9OMOBlGng684Aq7H87c3Fv7xuooaul7EwThQNyWLRMOFQRXAeAhwwQYniqSaYCKbPhmSMBSZKR1XUeXw9Df8nLdu0Lkx0Y5frl8tkCuAYnIAzYIEaqINr0ABNQAADD+ARPBmp8Wy8GK+L1hVjOXMEfsB4+wTPmJLI</latexit>

• The leading low T corrections, to both SYK and the charged black
hole, are described by a Schwarzian theory of time reparameteri-
zations. In gravity, this theory describes quantum fluctuations of
the boundary between the AdS2 ⇥ S2 and AdS4 regions.

<latexit sha1_base64="z04Bye3vBwffpwQ4luKLEmiGvCI="></latexit>

J. Maldacena, D. Stanford, and Zhenbin Yang, arXiv:1606.01857; K. Jensen, arXiv:1605.06098; J. Engelsoy, T.G. 
Mertens, and H. Verlinde, arXiv:1606.03438; A. Kitaev and S.J. Suh, arXiv:1711.08467; P. Nayak, A. Shukla, R.M. 

Soni, S.P. Trivedi, and V. Vishal, arXiv:1802.09547; U. Moitra, S. P. Trivedi, and V. Vishal, arXiv:1808.08239

https://arxiv.org/search/hep-th?searchtype=author&query=Vishal%2C+V


1. The complex SYK model and  
       charged black holes 

2. Quantum matter without quasiparticles: 
        lattice SYK models  
           and Planckian metals
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The complex SYK model

U↵�;�� are independent random variables

with U↵�;�� = 0 and |U↵�;��|2 = U2
<latexit sha1_base64="kOef3eLiP+rUnUGw+gAHA8eOT3s="></latexit>



H =
1

(2N)3/2

X

i

NX

↵,�,�,�=1

U↵�;�� c
†
i↵c

†
i�ci�ci� � t

X

hiji

X

↵

c
†
i↵cj↵

<latexit sha1_base64="yk3wAngTg8TFwugq4wyqCZi6+wQ=">AAADJXicdVJdb9MwFHXC1yhfHTzyckUFGlIJSdauIDRpgpc9TUOi26SmrRzHTb3ZSWQ7laoov4OfwK/gFZ54Q0g8IP4KbpJKY+quFPvonHNvru0bZpwp7bq/LfvGzVu372zdbd27/+Dho/b24xOV5pLQIUl5Ks9CrChnCR1qpjk9yyTFIuT0NLz4sNJPF1Qqliaf9DKjY4HjhM0YwdpQ023LfXEI+xDMJCaFVxY7Phy9nBS7r/2yhEDlYlqwNQgwz+a4G4RUmzXGQpgtolzjfa+cHMFwbakc72pHbTAlukBMrdpQToIIxzGVNbeyX6Gq3HJSBAtjT3QqoJHLSoem7EbDKw3rjjlOYk6BnUMgK1hePkp5XU vna25D+Wm74zru20HPG4DreHtub883oN/r9/s+eI5bRQc1cTxt/wmilOSCJppwrNTIczM9LrDUjJiGWkGuaIbJBY7pyMAEC6q60YJlqoLjonrlEp4bMYJZKs2XaKjYy8kFFkotRWicAuu5uqqtyE3aKNezN+OCJVmuaULqH81yDjqF1chAxCQlmi8NwEQy0zaQOTYDo81gtcx9rA8N14MT3/F2Hf9jr3PwvrmZLfQUPUM7yEMDdIAO0TEaImJ9tr5a36zv9hf7h/3T/lVbbavJeYL+C/vvP3tYBgE=</latexit>

t
UEquivalent to an 

“eternal traversable wormhole” 
between two black holes with 

AdS2 horizons

J. Maldacena and Xiao-Liang Qi, arXiv:1804.00491 



A lattice SYK model

See also Antoine Georges and Olivier Parcollet PRB 59, 5341 (1999);  
Yingfei Gu, Xiao-Liang Qi, D. Stanford,  JHEP (2017) 125
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Choose U � t on-site,
and the same on all sites;
yields ‘incoherent metal’
with no Fermi surface

for t2/U ⌧ kBT ⌧ U with

G(k,!) = GSYK(✏, ~!/(kBT ))

independent of k.
There is linear-in-T resistivity

but only with bad metal
behavior with ⇢ > h/e2, and
co-e�cient dependent upon U :

⇢ ⇠ h

e2
kBT

t2/U
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Generalized SYK models
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U↵�;��(ka) is a random function of ↵��� (as before)
✏k has a range of values of width W .

The large N limit is still given by the sum of “melon” diagrams.

For many generic models in this class with U � W ,
~!/(kBT ) scaling of SYK holds for W 2/U ⌧ kBT ⌧ U ,
and Fermi liquid theory is recovered for kBT ⌧ W 2/U .
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Generalized SYK models

We will examine a model with weaker U . W .
After imposing a resonance condition

we find that ~!/(kBT ) scaling holds for kBT ⌧ U , down to T ! 0.
Moreover, the resistivity exhibits Planckian universality.
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U↵�;��(ka) is a random function of ↵��� (as before)
✏k has a range of values of width W .

The large N limit is still given by the sum of “melon” diagrams.

For many generic models in this class with U � W ,
~!/(kBT ) scaling of SYK holds for W 2/U ⌧ kBT ⌧ U ,
and Fermi liquid theory is recovered for kBT ⌧ W 2/U .
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U↵�;��(ka) is a random function of ↵��� (as before)
✏k has a bandwidth W .

The random ki dependence of U allows only resonant interactions
with ✏k1 + ✏k2 = ✏k3 + ✏k4 .

U(k1, k2, k3, k4)U⇤(k5, k6, k7, k8) =

U2
h
�(k1 + k2 � k3 � k4 � k5 � k6 + k7 + k8)

i

⇥
h
�(✏k1 + ✏k2 � ✏k3 � ✏k4) + �(✏k5 + ✏k6 � ✏k7 � ✏k8)

i
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Rewriting of lattice model of incoherent 
and bad metal in momentum space

A lattice SYK model
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Resonant SYK model
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Interactions with ✏k1 + ✏k2 6= ✏k3 + ✏k4 are non-resonant: we

“integrate these out” in a RG procedure, and assume that their

main e↵ect is a renormalization of the quasiparticle dispersion ✏k,
which we have already accounted for.

Keep only the

interactions resonant in the bare quasiparticle energy
with ✏k1 + ✏k2 = ✏k3 + ✏k4 and account for them with a

self-consistent SYK-like analysis.

This is precisely the e↵ective Hamiltonian method, when low

energy states are separated from high energy states by a gap; we

are assuming it can also apply in a gapless system.
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Interactions with ✏k1 + ✏k2 6= ✏k3 + ✏k4 are non-resonant: we

“integrate these out” in a RG procedure, and assume that their

main e↵ect is a renormalization of the quasiparticle dispersion ✏k,
which we have already accounted for.

Keep only the

interactions resonant in the bare quasiparticle energy
with ✏k1 + ✏k2 = ✏k3 + ✏k4 and account for them with a

self-consistent SYK-like analysis.

This is precisely the e↵ective Hamiltonian method, when low

energy states are separated from high energy states by a gap; we

are assuming it can also apply in a gapless system.
<latexit sha1_base64="d5jiWU3oOzsHT5mxT+XfK9RwVB4="></latexit>

A. Patel and S. Sachdev, arXiv:1906.03265



Resonant SYK model

k1
<latexit sha1_base64="NSYvDK9j+dhw43fhavs0cnFt7V4=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwISHpw7a7ohuXFW0ttKFMJpN26GQSZiaVEvoJbnXlTtz6PS78F6dpBBU9cOFwzr3ce48bMSqVZb0buZXVtfWN/GZha3tnd6+4f9CVYSww6eCQhaLnIkkY5aSjqGKkFwmCApeRO3dyufDvpkRIGvJbNYuIE6ARpz7FSGnpZjK0h8WSZdbq9UalCi3TSqFJs9mo1c6hnSklkKE9LH4MvBDHAeEKMyRl37Yi5SRIKIoZmRcGsSQRwhM0In1NOQqIPPOmNJIpdZL06jk80aYH/VDo4gqm6vfhBAVSzgJXdwZIjeVvbyH+5fVj5TechPIoVoTj5SI/ZlCFcBEB9KggWLGZJggLqs+GeIwEwkoHVdB5fD0N/yfdsmlXzPJ1tdS6yJLJgyNwDE6BDeqgBa5AG3QABiPwAB7Bk3FvPBsvxuuyNWdkM4fgB4y3Tz7Qkos=</latexit>

k2
<latexit sha1_base64="gq4/ytB8e9IMO4npFiy1OpOuTTI=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwISHpw7a7ohuXFW0ttKFMJpN26GQSZiaVEvoJbnXlTtz6PS78F6dpBBU9cOFwzr3ce48bMSqVZb0buZXVtfWN/GZha3tnd6+4f9CVYSww6eCQhaLnIkkY5aSjqGKkFwmCApeRO3dyufDvpkRIGvJbNYuIE6ARpz7FSGnpZjIsD4sly6zV641KFVqmlUKTZrNRq51DO1NKIEN7WPwYeCGOA8IVZkjKvm1FykmQUBQzMi8MYkkihCdoRPqachQQeeZNaSRT6iTp1XN4ok0P+qHQxRVM1e/DCQqknAWu7gyQGsvf3kL8y+vHym84CeVRrAjHy0V+zKAK4SIC6FFBsGIzTRAWVJ8N8RgJhJUOqqDz+Hoa/k+6ZdOumOXraql1kSWTB0fgGJwCG9RBC1yBNugADEbgATyCJ+PeeDZejNdla87IZg7BDxhvn0Bfkow=</latexit>

k3
<latexit sha1_base64="TtMtm8cpCbGVhpyGPtz0rnfcuNo=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwISHpw7a7ohuXFW0ttKFMJpN26GQSZiaVEvoJbnXlTtz6PS78F6dpBBU9cOFwzr3ce48bMSqVZb0buZXVtfWN/GZha3tnd6+4f9CVYSww6eCQhaLnIkkY5aSjqGKkFwmCApeRO3dyufDvpkRIGvJbNYuIE6ARpz7FSGnpZjKsDIsly6zV641KFVqmlUKTZrNRq51DO1NKIEN7WPwYeCGOA8IVZkjKvm1FykmQUBQzMi8MYkkihCdoRPqachQQeeZNaSRT6iTp1XN4ok0P+qHQxRVM1e/DCQqknAWu7gyQGsvf3kL8y+vHym84CeVRrAjHy0V+zKAK4SIC6FFBsGIzTRAWVJ8N8RgJhJUOqqDz+Hoa/k+6ZdOumOXraql1kSWTB0fgGJwCG9RBC1yBNugADEbgATyCJ+PeeDZejNdla87IZg7BDxhvn0Huko0=</latexit>

k4
<latexit sha1_base64="oGIPiSW8tSR2hITAQXd7lOjGsyw=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwISHpw7a7ohuXFW0ttKFMJpN26GQSZiaVEvoJbnXlTtz6PS78F6dpBBU9cOFwzr3ce48bMSqVZb0buZXVtfWN/GZha3tnd6+4f9CVYSww6eCQhaLnIkkY5aSjqGKkFwmCApeRO3dyufDvpkRIGvJbNYuIE6ARpz7FSGnpZjKsDosly6zV641KFVqmlUKTZrNRq51DO1NKIEN7WPwYeCGOA8IVZkjKvm1FykmQUBQzMi8MYkkihCdoRPqachQQeeZNaSRT6iTp1XN4ok0P+qHQxRVM1e/DCQqknAWu7gyQGsvf3kL8y+vHym84CeVRrAjHy0V+zKAK4SIC6FFBsGIzTRAWVJ8N8RgJhJUOqqDz+Hoa/k+6ZdOumOXraql1kSWTB0fgGJwCG9RBC1yBNugADEbgATyCJ+PeeDZejNdla87IZg7BDxhvn0N9ko4=</latexit>

Interactions with ✏k1 + ✏k2 6= ✏k3 + ✏k4 are non-resonant: we

“integrate these out” in a RG procedure, and assume that their

main e↵ect is a renormalization of the quasiparticle dispersion ✏k,
which we have already accounted for.

Keep only the

interactions resonant in the bare quasiparticle energy
with ✏k1 + ✏k2 = ✏k3 + ✏k4 and account for them with a

self-consistent SYK-like analysis.

This is precisely the e↵ective Hamiltonian method, when low

energy states are separated from high energy states by a gap; we

are assuming it can also apply in a gapless system.
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U↵�;��(ka) is a random function of ↵��� (as before)
The random ki dependence of U allows only

interactions resonant in the bare quasiparticle energies
with ✏k1 + ✏k2 = ✏k3 + ✏k4 .

U(k1, k2, k3, k4)U⇤(k5, k6, k7, k8) =

U2
h
�(k1 + k2 � k3 � k4 � k5 � k6 + k7 + k8)

i

⇥
h
�(✏k1 + ✏k2 � ✏k3 � ✏k4) + �(✏k5 + ✏k6 � ✏k7 � ✏k8)

i

This implies o↵-site interactions with correlations
which decay with a power-law in space.
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Resonant SYK model
Conformal Green’s function at T > 0 must have the form

G(✏, ⌧) ⇠ e�2⇡ET⌧

✓
T

sin(⇡T ⌧)

◆1/2

, 0 < ⌧ < 1/T .
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k1
<latexit sha1_base64="NSYvDK9j+dhw43fhavs0cnFt7V4=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwISHpw7a7ohuXFW0ttKFMJpN26GQSZiaVEvoJbnXlTtz6PS78F6dpBBU9cOFwzr3ce48bMSqVZb0buZXVtfWN/GZha3tnd6+4f9CVYSww6eCQhaLnIkkY5aSjqGKkFwmCApeRO3dyufDvpkRIGvJbNYuIE6ARpz7FSGnpZjK0h8WSZdbq9UalCi3TSqFJs9mo1c6hnSklkKE9LH4MvBDHAeEKMyRl37Yi5SRIKIoZmRcGsSQRwhM0In1NOQqIPPOmNJIpdZL06jk80aYH/VDo4gqm6vfhBAVSzgJXdwZIjeVvbyH+5fVj5TechPIoVoTj5SI/ZlCFcBEB9KggWLGZJggLqs+GeIwEwkoHVdB5fD0N/yfdsmlXzPJ1tdS6yJLJgyNwDE6BDeqgBa5AG3QABiPwAB7Bk3FvPBsvxuuyNWdkM4fgB4y3Tz7Qkos=</latexit>

e�2⇡E3T⌧
<latexit sha1_base64="CAwlcj/2GbeO40FMKCk7AA7sdyM="></latexit>

e�2⇡E4T⌧
<latexit sha1_base64="7q6mMzorse9X+rRSzTYFjU89Lhw="></latexit>

e2⇡E2T⌧
<latexit sha1_base64="6wKvsSdnKDH5YiMAbpfCIKUMz0w="></latexit>

e2⇡E2T⌧e�2⇡E3T⌧e�2⇡E4T⌧ = e�2⇡E1T⌧

if
Ea = ✏a/U

and
✏1 + ✏2 = ✏3 + ✏4

<latexit sha1_base64="XsN9Qhh4e0JAxGTjNb5WCAZmLNk="></latexit>

SYK behavior in a
Planckian metal as T ! 0

with a remnant Fermi surface:
G(k,!) = GSYK(✏k, ~!/(kBT )),

with Ek = ✏k/U
<latexit sha1_base64="Dxidr043Iv1+wV0UJodKBFxJzw4="></latexit>

A. Patel and S. Sachdev, arXiv:1906.03265



For long times ⌧ > 0

D
ck(⌧)c

†
k(0)

E
= e⇡E

A(E)p
U⌧D

c†k(⌧)ck(0)
E
= e�⇡E A(E)p

U⌧

The parameter E is independent of k,
and determined by the total density

<latexit sha1_base64="foGXJcFw0FeEI9tRfCGCi/KassM="></latexit>

Incoherent metal



Planckian metal
with remnant Fermi surface

Aavishkar Patel A. Patel and S. Sachdev, arXiv:1906.03265

For long times ⌧ > 0

D
ck(⌧)c

†
k(0)

E
= e⇡ ✏k/U A(✏k/U)p

U⌧D
c†k(⌧)ck(0)

E
= e�⇡ ✏k/U A(✏k/U)p

U⌧

The particle-hole asymmetry changes as
we cross the Fermi surface

<latexit sha1_base64="irk4elU5ZUlQMsHorhL3EA9HpFs="></latexit>



The complex SYK model

�ImGR(!)
<latexit sha1_base64="/btafezNZH7m/kkNQAcXE4wBJqc=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCKgNVAkgwVjAAW0H0ITWhcly3tWrHke0gqigLv8LCAEKsfAYbf4PbZoCWI13p6Jx7de89QcSo0o7zbeXm5hcWl/LLhZXVtfUNe3OrrkQsMalhwYRsBkgRRkNS01Qz0owkQTxgpBEMLkZ+44FIRUV4p4cR8TnqhbRLMdJGats7hx4PxGNyzVN4eX8LS57gpIcO2nbRKTtjwFniZqQIMlTb9pfXETjmJNSYIaVarhNpP0FSU8xIWvBiRSKEB6hHWoaGiBPlJ+MHUrhvlA7sCmkq1HCs/p5IEFdqyAPTyZHuq2lvJP7ntWLdPfMTGkaxJiGeLOrGDGoBR2nADpUEazY0BGFJza0Q95FEWJvMCiYEd/rlWVI/KrvHZffmpFg5z+LIg12wB0rABaegAq5AFdQABil4Bq/gzXqyXqx362PSmrOymW3wB9bnDxeYlW4=</latexit>

~!/(kBT )
<latexit sha1_base64="kunjN0PyYGJToeUrlSRcNKJCI5s=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHqpiYq6LLUjcsKfUETwmQ6aYdOZsLMRAih/oobF4q49UPc+TdO2yy09cCFwzn3cu89YcKo0o7zba2tb2xubZd2yrt7+weH9tFxV4lUYtLBggnZD5EijHLS0VQz0k8kQXHISC+c3M383iORigre1llC/BiNOI0oRtpIgV3xxiGSnojJCF3UJkETts8Du+rUnTngKnELUgUFWoH95Q0FTmPCNWZIqYHrJNrPkdQUMzIte6kiCcITNCIDQzmKifLz+fFTeGaUIYyENMU1nKu/J3IUK5XFoemMkR6rZW8m/ucNUh3d+jnlSaoJx4tFUcqgFnCWBBxSSbBmmSEIS2puhXiMJMLa5FU2IbjLL6+S7mXdvaq7D9fVRrOIowROwCmoARfcgAa4By3QARhk4Bm8gjfryXqx3q2PReuaVcxUwB9Ynz8ptJPK</latexit>

E = 0
<latexit sha1_base64="FqnpYyJCCEkYCdrjTD+IwnTvPEg=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZlRQTdCUQSXFewD2qFk0kwbmmSGJFMoQ//EjQtF3Pon7vwbM+0stHogcDjnXu7JCRPOtPG8L6e0srq2vlHerGxt7+zuufsHLR2nitAmiXmsOiHWlDNJm4YZTjuJoliEnLbD8W3utydUaRbLRzNNaCDwULKIEWys1HfdnsBmRDDP7mboGnmVvlv1at4c6C/xC1KFAo2++9kbxCQVVBrCsdZd30tMkGFlGOF0VumlmiaYjPGQdi2VWFAdZPPkM3RilQGKYmWfNGiu/tzIsNB6KkI7mefUy14u/ud1UxNdBRmTSWqoJItDUcqRiVFeAxowRYnhU0swUcxmRWSEFSbGlpWX4C9/+S9pndX885r/cFGt3xR1lOEIjuEUfLiEOtxDA5pAYAJP8AKvTuY8O2/O+2K05BQ7h/ALzsc31X6SeA==</latexit>

E = 0.26
<latexit sha1_base64="aoZ9+xggb/LUlJ3AzTCiYyAmsIk=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUiqqBuhKILLCvYBbSiT6aQdOnkwMxFCqL/ixoUibv0Qd/6NkzYLbT0wcDjnXu6Z48WcSWXb30ZpZXVtfaO8Wdna3tndM/cP2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjTW5yv/NIhWRR+KDSmLoBHoXMZwQrLQ3Maj/Aakwwz26n6ArZVv28MjBrtmXPgJaJU5AaFGgOzK/+MCJJQENFOJay59ixcjMsFCOcTiv9RNIYkwke0Z6mIQ6odLNZ+Ck61soQ+ZHQL1Ropv7eyHAgZRp4ejKPKhe9XPzP6yXKv3QzFsaJoiGZH/ITjlSE8ibQkAlKFE81wUQwnRWRMRaYKN1XXoKz+OVl0q5bzqnl3J/VGtdFHWU4hCM4AQcuoAF30IQWEEjhGV7hzXgyXox342M+WjKKnSr8gfH5Azjhkyw=</latexit>
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E = �0.1
<latexit sha1_base64="UgBISoHrZrVyg/wASwRbwP0e5ak=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4MSQq6EYoiuCygn1AG8pkOmmHTiZhZiKUUH/FjQtF3Poh7vwbJ20W2npg4HDOvdwzJ0g4U9p1v62l5ZXVtfXSRnlza3tn197bb6o4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGN3kfuuRSsVi8aDHCfUjPBAsZARrI/XsSjfCekgwz24n6AqduI5X7tlV13GnQIvEK0gVCtR79le3H5M0okITjpXqeG6i/QxLzQink3I3VTTBZIQHtGOowBFVfjYNP0FHRumjMJbmCY2m6u+NDEdKjaPATOZR1byXi/95nVSHl37GRJJqKsjsUJhypGOUN4H6TFKi+dgQTCQzWREZYomJNn3lJXjzX14kzVPHO3O8+/Nq7bqoowQHcAjH4MEF1OAO6tAAAmN4hld4s56sF+vd+piNLlnFTgX+wPr8ASmmkyI=</latexit>

E = 0.1
<latexit sha1_base64="9k9sCu2x0LYlT0k6KFgOTpjzcb0=">AAAB+3icbVDLSsNAFL2pr1pftS7dDBbBVUhU0I1QFMFlBfuANpTJdNIOnUzCzEQsIb/ixoUibv0Rd/6NkzYLbT0wcDjnXu6Z48ecKe0431ZpZXVtfaO8Wdna3tndq+7X2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJze533mkUrFIPOhpTL0QjwQLGMHaSINqrR9iPSaYp7cZukKO7VYG1bpjOzOgZeIWpA4FmoPqV38YkSSkQhOOleq5Tqy9FEvNCKdZpZ8oGmMywSPaM1TgkCovnWXP0LFRhiiIpHlCo5n6eyPFoVLT0DeTeVK16OXif14v0cGllzIRJ5oKMj8UJBzpCOVFoCGTlGg+NQQTyUxWRMZYYqJNXXkJ7uKXl0n71HbPbPf+vN64LuoowyEcwQm4cAENuIMmtIDAEzzDK7xZmfVivVsf89GSVewcwB9Ynz+6mpLr</latexit>

A. Georges and O. Parcollet PRB 59, 5341 (1999)
S. Sachdev, PRX 5, 041025 (2015)

E = �0.26
<latexit sha1_base64="G3t8/tsAYXwM/vLxR37KhuYjNvE=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEN4akiroRiiK4rGAf0IYymU7aoZNJmJkINRR/xY0LRdz6H+78G5M2C209MHA4517umeNFnClt299GYWFxaXmluFpaW9/Y3DK3dxoqjCWhdRLyULY8rChngtY105y2Iklx4HHa9IbXmd98oFKxUNzrUUTdAPcF8xnBOpW65l4nwHpAME9uxugSHdtW5azUNcu2ZU+A5omTkzLkqHXNr04vJHFAhSYcK9V27Ei7CZaaEU7HpU6saITJEPdpO6UCB1S5yST9GB2mSg/5oUyf0Gii/t5IcKDUKPDSySyrmvUy8T+vHWv/wk2YiGJNBZke8mOOdIiyKlCPSUo0H6UEE8nSrIgMsMREp4VlJTizX54njYrlnFjO3Wm5epXXUYR9OIAjcOAcqnALNagDgUd4hld4M56MF+Pd+JiOFox8Zxf+wPj8AagNk2M=</latexit>
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<latexit sha1_base64="d5gVejQQEMw5VN4UcWXjHEDJHwI="></latexit>

E =
✏

U
<latexit sha1_base64="VFz8RtZpb7vpKvm0SCmFmOrmW2E="></latexit>

Planckian dynamics
with peak width ⇠ kBT/~
and independent of U

<latexit sha1_base64="VYAaJKUoU76hX584/TwBiFAFiTo="></latexit>



The complex SYK model

�ImGR(!)
<latexit sha1_base64="/btafezNZH7m/kkNQAcXE4wBJqc=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCKgNVAkgwVjAAW0H0ITWhcly3tWrHke0gqigLv8LCAEKsfAYbf4PbZoCWI13p6Jx7de89QcSo0o7zbeXm5hcWl/LLhZXVtfUNe3OrrkQsMalhwYRsBkgRRkNS01Qz0owkQTxgpBEMLkZ+44FIRUV4p4cR8TnqhbRLMdJGats7hx4PxGNyzVN4eX8LS57gpIcO2nbRKTtjwFniZqQIMlTb9pfXETjmJNSYIaVarhNpP0FSU8xIWvBiRSKEB6hHWoaGiBPlJ+MHUrhvlA7sCmkq1HCs/p5IEFdqyAPTyZHuq2lvJP7ntWLdPfMTGkaxJiGeLOrGDGoBR2nADpUEazY0BGFJza0Q95FEWJvMCiYEd/rlWVI/KrvHZffmpFg5z+LIg12wB0rABaegAq5AFdQABil4Bq/gzXqyXqx362PSmrOymW3wB9bnDxeYlW4=</latexit>

~!/(kBT )
<latexit sha1_base64="kunjN0PyYGJToeUrlSRcNKJCI5s=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHqpiYq6LLUjcsKfUETwmQ6aYdOZsLMRAih/oobF4q49UPc+TdO2yy09cCFwzn3cu89YcKo0o7zba2tb2xubZd2yrt7+weH9tFxV4lUYtLBggnZD5EijHLS0VQz0k8kQXHISC+c3M383iORigre1llC/BiNOI0oRtpIgV3xxiGSnojJCF3UJkETts8Du+rUnTngKnELUgUFWoH95Q0FTmPCNWZIqYHrJNrPkdQUMzIte6kiCcITNCIDQzmKifLz+fFTeGaUIYyENMU1nKu/J3IUK5XFoemMkR6rZW8m/ucNUh3d+jnlSaoJx4tFUcqgFnCWBBxSSbBmmSEIS2puhXiMJMLa5FU2IbjLL6+S7mXdvaq7D9fVRrOIowROwCmoARfcgAa4By3QARhk4Bm8gjfryXqx3q2PReuaVcxUwB9Ynz8ptJPK</latexit>

E = 0
<latexit sha1_base64="FqnpYyJCCEkYCdrjTD+IwnTvPEg=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZlRQTdCUQSXFewD2qFk0kwbmmSGJFMoQ//EjQtF3Pon7vwbM+0stHogcDjnXu7JCRPOtPG8L6e0srq2vlHerGxt7+zuufsHLR2nitAmiXmsOiHWlDNJm4YZTjuJoliEnLbD8W3utydUaRbLRzNNaCDwULKIEWys1HfdnsBmRDDP7mboGnmVvlv1at4c6C/xC1KFAo2++9kbxCQVVBrCsdZd30tMkGFlGOF0VumlmiaYjPGQdi2VWFAdZPPkM3RilQGKYmWfNGiu/tzIsNB6KkI7mefUy14u/ud1UxNdBRmTSWqoJItDUcqRiVFeAxowRYnhU0swUcxmRWSEFSbGlpWX4C9/+S9pndX885r/cFGt3xR1lOEIjuEUfLiEOtxDA5pAYAJP8AKvTuY8O2/O+2K05BQ7h/ALzsc31X6SeA==</latexit>

E = 0.26
<latexit sha1_base64="aoZ9+xggb/LUlJ3AzTCiYyAmsIk=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUiqqBuhKILLCvYBbSiT6aQdOnkwMxFCqL/ixoUibv0Qd/6NkzYLbT0wcDjnXu6Z48WcSWXb30ZpZXVtfaO8Wdna3tndM/cP2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjTW5yv/NIhWRR+KDSmLoBHoXMZwQrLQ3Maj/Aakwwz26n6ArZVv28MjBrtmXPgJaJU5AaFGgOzK/+MCJJQENFOJay59ixcjMsFCOcTiv9RNIYkwke0Z6mIQ6odLNZ+Ck61soQ+ZHQL1Ropv7eyHAgZRp4ejKPKhe9XPzP6yXKv3QzFsaJoiGZH/ITjlSE8ibQkAlKFE81wUQwnRWRMRaYKN1XXoKz+OVl0q5bzqnl3J/VGtdFHWU4hCM4AQcuoAF30IQWEEjhGV7hzXgyXox342M+WjKKnSr8gfH5Azjhkyw=</latexit>
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E = �0.1
<latexit sha1_base64="UgBISoHrZrVyg/wASwRbwP0e5ak=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4MSQq6EYoiuCygn1AG8pkOmmHTiZhZiKUUH/FjQtF3Poh7vwbJ20W2npg4HDOvdwzJ0g4U9p1v62l5ZXVtfXSRnlza3tn197bb6o4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGN3kfuuRSsVi8aDHCfUjPBAsZARrI/XsSjfCekgwz24n6AqduI5X7tlV13GnQIvEK0gVCtR79le3H5M0okITjpXqeG6i/QxLzQink3I3VTTBZIQHtGOowBFVfjYNP0FHRumjMJbmCY2m6u+NDEdKjaPATOZR1byXi/95nVSHl37GRJJqKsjsUJhypGOUN4H6TFKi+dgQTCQzWREZYomJNn3lJXjzX14kzVPHO3O8+/Nq7bqoowQHcAjH4MEF1OAO6tAAAmN4hld4s56sF+vd+piNLlnFTgX+wPr8ASmmkyI=</latexit>

E = 0.1
<latexit sha1_base64="9k9sCu2x0LYlT0k6KFgOTpjzcb0=">AAAB+3icbVDLSsNAFL2pr1pftS7dDBbBVUhU0I1QFMFlBfuANpTJdNIOnUzCzEQsIb/ixoUibv0Rd/6NkzYLbT0wcDjnXu6Z48ecKe0431ZpZXVtfaO8Wdna3tndq+7X2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJze533mkUrFIPOhpTL0QjwQLGMHaSINqrR9iPSaYp7cZukKO7VYG1bpjOzOgZeIWpA4FmoPqV38YkSSkQhOOleq5Tqy9FEvNCKdZpZ8oGmMywSPaM1TgkCovnWXP0LFRhiiIpHlCo5n6eyPFoVLT0DeTeVK16OXif14v0cGllzIRJ5oKMj8UJBzpCOVFoCGTlGg+NQQTyUxWRMZYYqJNXXkJ7uKXl0n71HbPbPf+vN64LuoowyEcwQm4cAENuIMmtIDAEzzDK7xZmfVivVsf89GSVewcwB9Ynz+6mpLr</latexit>

A. Georges and O. Parcollet PRB 59, 5341 (1999)
S. Sachdev, PRX 5, 041025 (2015)

E = �0.26
<latexit sha1_base64="G3t8/tsAYXwM/vLxR37KhuYjNvE=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEN4akiroRiiK4rGAf0IYymU7aoZNJmJkINRR/xY0LRdz6H+78G5M2C209MHA4517umeNFnClt299GYWFxaXmluFpaW9/Y3DK3dxoqjCWhdRLyULY8rChngtY105y2Iklx4HHa9IbXmd98oFKxUNzrUUTdAPcF8xnBOpW65l4nwHpAME9uxugSHdtW5azUNcu2ZU+A5omTkzLkqHXNr04vJHFAhSYcK9V27Ei7CZaaEU7HpU6saITJEPdpO6UCB1S5yST9GB2mSg/5oUyf0Gii/t5IcKDUKPDSySyrmvUy8T+vHWv/wk2YiGJNBZke8mOOdIiyKlCPSUo0H6UEE8nSrIgMsMREp4VlJTizX54njYrlnFjO3Wm5epXXUYR9OIAjcOAcqnALNagDgUd4hld4M56MF+Pd+JiOFox8Zxf+wPj8AagNk2M=</latexit>
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<latexit sha1_base64="d5gVejQQEMw5VN4UcWXjHEDJHwI="></latexit>

E =
✏

U
<latexit sha1_base64="VFz8RtZpb7vpKvm0SCmFmOrmW2E="></latexit>

Crossing the 
remnant Fermi surface

Planckian dynamics
with peak width ⇠ kBT/~
and independent of U

<latexit sha1_base64="VYAaJKUoU76hX584/TwBiFAFiTo="></latexit>



Resonant SYK model

Resistivity of a Planckian metal as T ! 0

From the Kubo formula, in the large N limit

� =
Ne2m⇤v2F
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~ , using E = ✏/U ,

where

m⇤ =
d VFSH
FS |vF |

,

where d is spatial dimensionality and VFS is the volume enclosed by
the Fermi surface. For a circular Fermi surface, this is the usual m⇤.

<latexit sha1_base64="EUwH9WFuJmJbixC3jepmkc2Ohmw="></latexit>

U↵�;��(ka) is a random function of ↵��� (as before)
The random ki dependence of U allows only

interactions resonant in the bare quasiparticle energies
with ✏k1 + ✏k2 = ✏k3 + ✏k4 .

<latexit sha1_base64="eRHzQRqltswV3OQTgtVsUUkfOuo="></latexit>

A. Patel and S. Sachdev, arXiv:1906.03265



Resonant SYK model

Resistivity of a Planckian metal as T ! 0

From the Kubo formula, in the large N limit

� =
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where d is spatial dimensionality and VFS is the volume enclosed by
the Fermi surface. For a circular Fermi surface, this is the usual m⇤.
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U↵�;��(ka) is a random function of ↵��� (as before)
The random ki dependence of U allows only

interactions resonant in the bare quasiparticle energies
with ✏k1 + ✏k2 = ✏k3 + ✏k4 .
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Resonant SYK model

Aavishkar Patel

Resistivity of a Planckian metal as T ! 0

⇢ =
m⇤

ne2
2.71

kBT

~

Note that all explicit dependence on U has cancelled out!

The number is defined by Ek = ✏k/U as |✏k| ! 0. This is
determined by UV physics, and is very weakly dependent upon the
ratio of the energy width of the interactions, WU , to U .
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Resonant SYK model
Take the independent momentum shell limit, WU/U ! 0,

U(k1, k2, k3, k4)U⇤(k5, k6, k7, k8) =

U2
h
�(k1 + k2 � k3 � k4 � k5 � k6 + k7 + k8)

i

⇥
h
�(✏k1 � ✏k2)�(✏k2 � ✏k3)�(✏k3 � ✏k4) + �(✏k5 � ✏k6)�(✏k6 � ✏k7)�(✏k7 � ✏k8)

i

= 0.41 as in a single SYK model,
and we obtain a Planckian metal with

⇢ =
m⇤

ne2
1.11

kBT

~
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Planckian metals with a remnant Fermi surface
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• Resonant SYK models are compressible and dispersive quantum

systems with ~!/(kBT ) scaling as T ! 0.

• The resonance condition is supported by a RG argument: non-

resonant interactions mainly renormalize the underlying quasi-

particle dispersion ✏k, while resonant interactions have to be

treated self-consistently.

• The resonance is a single ‘fine-tuning’ condition designed to ob-

tain ~!/(kBT ) scaling as T ! 0. However, then many other

nice features follow: we obtain a Planckian metal with remnant

large Fermi surface at ✏k = 0, and an e↵ective mass m⇤
defined

by the dispersion of ✏k, with a resistivity ⇢ ⇠ (m⇤/(ne2))kBT/~
independent of the strength of interactions.
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