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SCIENCE

Sorry, Einstein. Quantum Study Suggests
‘Spooky Action’ Is Real.
By JOHN MARKOFF OCT. 21, 2015

In a landmark study, scientists at Delft University of Technology in the
Netherlands reported that they had conducted an experiment that they say proved
one of the most fundamental claims of quantum theory — that objects separated by
great distance can instantaneously affect each other’s behavior.

The finding is another blow to one of the bedrock principles of standard
physics known as “locality,” which states that an object is directly influenced only
by its immediate surroundings. The Delft study, published Wednesday in the
journal Nature, lends further credence to an idea that Einstein famously rejected.
He said quantum theory necessitated “spooky action at a distance,” and he refused
to accept the notion that the universe could behave in such a strange and
apparently random fashion.

In particular, Einstein derided the idea that separate particles could be
“entangled” so completely that measuring one particle would instantaneously
influence the other, regardless of the distance separating them.

Einstein was deeply unhappy with the uncertainty introduced by quantum
theory and described its implications as akin to God’s playing dice.

But since the 1970s, a series of precise experiments by physicists are
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Part of the laboratory 
setup for an experiment 

at Delft University of 
Technology, in which 

two diamonds were set 
1.3 kilometers apart, 
entangled and then 
shared information. 



Quantum 
entanglement



Quantum Entanglement: quantum superposition 
with more than one particle

Principles of Quantum Mechanics: 1I. Quantum Entanglement

Hydrogen atom:
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Einstein-Podolsky-Rosen “paradox” (1935): 
Measurement of one particle 

instantaneously determines the state of the 
other particle arbitrarily far away



Quantum 
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Quantum 
entanglement

Black 
holes



LOFAR LBA Sky Survey showing 25000 supermassive 
black holes on 4% of the northern sky.

Obtained by 52 radio telescopes across Europe

de Gasperin et al. (2021)



Horizon radius R =
2GM

c2

Objects so dense that light is 
gravitationally bound to them.

Black Holes

In Einstein’s theory, the 
region inside the black hole 
horizon is disconnected from 

the rest of the universe.
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G Newton’s constant, c velocity of light, M mass of black hole
For M = earth’s mass, R ⇡ 9mm!
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Quantum Entanglement across a black hole horizon

There is quantum entanglement 
between the inside and outside of 

a black hole



Black hole 
horizon

Quantum Entanglement across a black hole horizon

Hawking used this to show that 
black hole horizons have an 
entropy and a temperature

(because to an outside observer, the state of the 
electron inside the black hole is an unknown)



J. D. Bekenstein, PRD 7, 2333 (1973)
S. W. Hawking, Nature 248, 30 (1974) 

Quantum 
Black 
holes
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• Black holes have an entropy and
a temperature, TH .

• The entropy, SBH is proportional
to their surface area.

• They relax to thermal equilib-
rium in a Planckian time⇠ ~/(kBTH).
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Quantum 
Black 
holes
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• Black holes have an entropy and
a temperature, TH .

• The entropy, SBH is proportional
to their surface area.

• They relax to thermal equilib-
rium in a Planckian time⇠ ~/(kBTH).

All many-body quantum systems  
(without quantum gravity)  

have an entropy  
proportional to their volume !?!?
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Thermodynamics of quantum black holes:

Z
Dgµ⌫ exp

✓
�1

~ S(d)
Einstein gravity[gµ⌫ ]

◆

= exp
⇣
SBH

⌘
⇥
 
Many body quantum theory

in d� 1 dimensions without gravity

!
Metric of  
spacetime<latexit sha1_base64="kta3ZR3ps9AsphBaVLqhHxFf+xw="></latexit>

Quantum gravity: a summation over
all possible configurations of spacetime,

each weighted by a factor which is the exponential of
(the ‘action’ of Einstein gravity)/(Planck’s constant)



<latexit sha1_base64="dikx1zPr4NviTzIL5EHk95/9pqw="></latexit>

Thermodynamics of quantum black holes:

Z
Dgµ⌫ exp

✓
�1

~ S(d)
Einstein gravity[gµ⌫ ]

◆

= exp
⇣
SBH

⌘
⇥
 
Many body quantum theory

in d� 1 dimensions without gravity

!
Metric of  
spacetime

<latexit sha1_base64="OdcUSkicr8QuIkCn1UrbAZgt9ek="></latexit> 
....????....

!

Gibbons, Hawking (1977)
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Quantum gravity: a summation over
all possible configurations of spacetime,

each weighted by a factor which is the exponential of
(the ‘action’ of Einstein gravity)/(Planck’s constant)
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Many body quantum theory

in d� 1 dimensions without gravity

!
Metric of  
spacetime

Black holes are represented as a `hologram’ by a  
quantum many-body system in one lower dimension. 

 
Duality: a `change of variables’ between the  

many-particle configurations and the metric of spacetime 
Susskind, Maldacena…..

Holography and duality



J. D. Bekenstein, PRD 7, 2333 (1973)
S. W. Hawking, Nature 248, 30 (1974) 

Quantum 
Black 
holes
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Black holes are represented as a `hologram’ by a  
quantum many-body system in one lower dimension. 

 
Duality: a `change of variables’ between the  

many-particle configurations and the metric of spacetime 



On September 14, 2015, LIGO detected the merger of 
two black holes, each weighing about 30 solar masses, 
with radii of about 100 km, 1.3 billion light years away

0.1 seconds later !



LIGO
September 14, 2015

• The ring-down time
8⇡GM

c3
⇠ 8 milliseconds. Curiously, for essen-

tially all types of black holes, the ring-down time equals

~
kBTH
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~
kBTH

, ~ Planck’s constant, kB Boltzmann’s constant
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C. V.  Vishveshwara, Nature 227, 936 (1970)



Quantum 
Black 
holes

• Black holes have an entropy and
a temperature, TH = ~c3/(8⇡GMkB).

• The entropy is proportional to
their surface area.

• They relax to thermal equilib-
rium in a Planckian time⇠ ~/(kBTH).
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The hologram of a black hole
in d dimensions

is a quantum many-particle system
in (d� 1) dimensions

which relaxes to thermal equilibrium
in a Planckian time ⇠ ~/(kBT )



Quantum 
entanglement

Black 
holes

A simple 
many-particle 
(SYK) model



Ordinary metals

Ordinary metals are shiny, and they conduct heat and 
electricity efficiently. Each atom donates electrons which 

are delocalized throughout the entire crystal



Almost all many-electron systems are described by the 
quasiparticle concept: a quasiparticle is an “excited 
lump” in the many-electron state which responds just 
like an ordinary particle. The existence of quasiparticles 
implies limited many-particle entanglement

R.D. Mattuck



Current flow with quasiparticles
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Flowing quasiparticles scatter o↵ each
other in a typical scattering time ⌧

This time is much longer than a limiting

‘Planckian time’
~

kBT
.

The long scattering time implies that
quasiparticles are well-defined.



The Sachdev-Ye-Kitaev (SYK) model

Pick a set of random positions

Sachdev, Ye (1993); Kitaev (2015)



Place electrons randomly on some sites

The SYK model
Sachdev, Ye (1993); Kitaev (2015)
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Complex multi-particle entanglement in the
SYK model leads to a state without

‘quasiparticle’ excitations; i.e.
multiple excitations cannot be built by composing
an elementary set of ‘quasiparticle’ excitations.
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Many-body chaos and
thermal equilibration
in the shortest possible

Planckian time ⇠ ~
kBT

.
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Quantum 
entanglement A simple 

many-particle 
(SYK) modelBlack 

holes
Hologram ?



Maxwell’s electromagnetism  
and Einstein’s general relativity  

allow black hole solutions with a net charge 
(Similar considerations also apply 

 to rapidly rotating black holes,  
Moitra, Sake, Trivedi, Vishal (2019))



~x
⇣

Zooming into the near-
horizon region of a 

charged black hole at 
low temperature, yields 
a gravitational theory 
in one space (   ) and 
one time dimension

⇣

Maxwell’s electromagnetism  
and Einstein’s general relativity  

allow black hole solutions with a net charge 
(Similar considerations also apply 

 to rapidly rotating black holes,  
Moitra, Sake, Trivedi, Vishal (2019))



SYK model and charged black holes

⇣
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AdS2 ⇥ S2

~x
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Area yields

Bekenstein-Hawking

entropy SBH

<latexit sha1_base64="Yvu9QfyySVAs1sT/bUUqCstjNms="></latexit>

Boundary
graviton



SYK model and charged black holes

⇣
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AdS2 ⇥ S2

~x

3+1
spacetime

 dimensions
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Boundary
graviton

1+1
spacetime

 dimensions



SYK model and charged black holes

⇣
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Boundary
graviton
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AdS2 ⇥ S2

~x

1+1
spacetime

 dimensions

3+1
spacetime

 dimensions
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Quantum gravity can be
exactly solved in this region!



SYK model and charged black holes
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✓
�1

~ S(3+1)
Einstein�Maxwell theory[gµ⌫ ]

◆
T ! 0,

⇡
Z
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✓
�1

~ S(1+1)
Gravity of AdS2 and boundary[gµ⌫ ]

◆
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⇣
SBH

⌘
⇥ exp

 
� 1

T
⇥ Free energy of SYK model
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Thermodynamics of charged quantum black holes



Sachdev (2010); Kitaev (2015); Sachdev (2015); Maldacena, Stanford, Yang (2016) ; 
Moitra, Trivedi, Vishal (2018) ; Gaikwad, Joshi, Mandal, Wadia (2018); Iliesiu, Turaci (2020) 

SYK model and charged black holes
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Thermodynamics of charged quantum black holes

The hologram of the 1+1 dimensional gravity 
near the horizon of a charged black hole is 

the 0+1 dimensional SYK model



~x
⇣

The near-horizon 
1+1D-gravity theory is 
precisely that of the 

low T limit of the  
SYK models

Maxwell’s electromagnetism  
and Einstein’s general relativity  

allow black hole solutions with a net charge 



Quantum 
entanglement

Quantum gravity in 
1+1 dimensions

Low temperatures

A simple 
many-particle 
(SYK) modelCharged  

black holes
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Complex multi-particle entanglement
leads to quantum systems

without quasiparticle excitations.
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Many-body chaos and
thermal equilibration
in the shortest possible

Planckian time ⇠ ~
kBT

.



Quantum 
entanglement A simple 

many-particle 
(SYK) modelCharged  

black holes

Copper-based 
superconductors



YBa2Cu3O6+x

High temperature 
superconductors



Julian Hetel and Nandini Trivedi, Ohio State University

Nd-Fe-B magnets, YBaCuO superconductor



YBa2Cu3O6+x

High temperature 
superconductors

CuO2 plane

Cu

O



Insulating antiferromagnet



Antiferromagnet doped with hole density p



Real-space view

p mobile holes in a background of 
fluctuating spins
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Measurement of the Planckian Scattering Rate
G. Grissonnanche, Y. Fang, A. Legros, S. Verret, F. Laliberté, C. Collignon, J. 

Zhou, D. Graf, P. Goddard, L. Taillefer, B. J. Ramshaw, arXiv:2011.130546
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FIG. 2. ADMR and quasiparticle scattering rate of Nd-LSCO at p = 0.24. (a) Left

panels: The ADMR of Nd-LSCO at p = 0.24 as a function of ✓ for four di↵erent temperatures, T =

25, 20, 12, and 6 K, and at B = 45 T. The grey area near ✓ = 90� for T = 6 K and 12 K indicates

the region where the sample becomes superconducting. Right panels: Simulations obtained from

the Chambers formula using the tight-binding parameters of Table I and the scattering rate model

of Equation 8. (b) Log scale polar plot of the scattering rate at T = 25 K. Note the large scattering

rate near the anti-nodes where the Fermi surface passes close to the van Hove point. The total

scattering rate is shown as a solid line, the isotropic part of the scattering rate, 1/⌧iso, is shown

as a dashed red line, and the anisotropic part, 1/⌧aniso in violet, is the di↵erence between the two.

(c) Temperature dependence of the two components of the scattering rate. A linear fit to 1/⌧iso

using 1/⌧ = A+↵kBT/~, yields ↵ = 1.4± 0.3, a value consistent with the Planckian limit (↵ ⇡ 1).

The error bar on ↵ accounts for the uncertainty in the fit as well as a ±10 % uncertainty in the

distance between the electrical contacts on the ADMR sample. By contrast, 1/⌧aniso is seen to

be temperature independent, showing that it comes entirely from elastic scattering o↵ defects and

impurities.
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Dynamic spin susceptibility
2

a spin glass phase is found below a critical temperature
Tc ⇡ 0.10J . When doping is present, Ref. [20] predicts
a disordered Fermi liquid phase for all non-zero values
of p in the large-M limit. However, it was recently ar-
gued [21, 22] that for the case of SU(2), the spin glass
phase should persist up to a critical finite value of doping,
pc, corresponding to a quantum critical point separat-
ing the spin glass phase from a disordered Fermi liquid.
Near criticality, the model is predicted to exhibit SYK-
like criticality with a non-zero extensive entropy and a
linear-in-temperature resistivity [23]. In a weak-coupling
renormalization group, this critical point emerges when
the three fractionalized excitations in the t-J model be-
come degenerate in energy, leading to a zeroth order pre-
diction of pc = 1/3.

Dynamical Spin Response at T = 0. We first present
results on the nature of the spin correlations at T = 0,
providing evidence that the spin glass phase shown to
exist at p = 0 is stable for small values of doping, up to a
critical value of doping near p = 1/3. Using the Lanczos
algorithm, we calculate the spectral function at T = 0,
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where numerically the delta functions are replaced by
Gaussians with a small variance. The signature of spin
glass order, limt!1

1
N

P
i
hSi(0)Si(t)i = q 6= 0, is re-

flected by a q�(!) contribution to the dynamical struc-
ture factor S(!), which is related to the spectral function
at T = 0 by �00(!) = S(!) � S(�!). For a finite system
size, the exact delta function in S(!) is replaced by a peak
at low frequency, whose width approaches 0 in the ther-
modynamic limit and whose total spectral weight gives
q. Therefore, the spin glass contribution to �00(!) for fi-
nite systems is given by a low frequency peak, and was
analyzed for this model at p = 0 in [8]. Above pc, a dis-
ordered Fermi liquid is expected to have a low-frequency
behavior of �00(!) ⇠ !.

The spectral function for the random t-J model, calcu-
lated using the Lanczos algorithm on an 18-site cluster, is
shown for several values of doping in Fig. 1. A prominent
hump at low-frequency for dopings p . 0.4 suggests the
presence of spin glass order in this range of doping. How-
ever, a large-N analysis of this hump must be performed
in order to verify that the hump asymptotes to a delta
function in the thermodynamic limit. To do this, we first
subtract o↵ a background contribution to account for the
rest of the spectral weight. Anticipating SYK behavior
near the critical point at low frequencies, we subtract a
spectral weight obtained by rescaling the solution of the
Schwinger-Dyson equations of the p = 0 model in the
large-M limit [9, 14] (we rescale J , while preserving total
spectral weight). This SYK spectral weight has a leading
term �

00(!) ⇠ sgn(!) as |!| ! 0 at T = 0 (which general-
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FIG. 1. The spectral function �00(!) of the random t � J
model, averaged over 100 disorder realizations on an 18-site
cluster. At low dopings, a sharp peak at low-frequency at
low doping is indicative of spin glass order. With increas-
ing doping, the magnitude of this peak is reduced, and the
low-frequency behavior closely resembles the rescaled spec-
tral function of the large M SYK theory [9, 14]. (Inset) After
an extrapolation to the thermodynamic limit, the integrated
weight of the low-frequency peak is non-zero, indicating spin
glass order. This weight vanishes near p ⇡ 0.4. Plotted is the
integrated weight for 8 6 N 6 18 (as a gradient from red to
blue), and the large-N extrapolation with error bars.

izes to tanh (!/2T ) at low T ). The next-to-leading SYK
term depends linearly in !, and arises from the boundary
graviton in the holographic dual [14]. It is important to
note that the exponents of these two leading SYK contri-
butions are universal and independent of M . Away from
the critical point and in the spin glass phase, we find
that the spectral function is described well by a combi-
nation of the SYK result and a low-frequency hump. A
large-N analysis of this low-frequency hump, described
in more detail in the supplementary material, confirms
that the variance of the hump vanishes in the thermody-
namic limit, whereas the spectral weight, shown in Fig. 1,
remains non-zero. Our analysis gives a large-N estimate
of q ⇠ 0.02 at p = 0. For larger values of doping, q

decreases from its value at p = 0, eventually vanishing
at some critical value of doping pc. By linearly extrap-
olating the large-N prediction for q to higher dopings,
we obtain an estimate of pc = 0.420 ± 0.007. Around
this range of dopings, the spectral function shows good
agreement with the large-M critical prediction given in
Fig. 1. At dopings well above p = 0.4, we find the spec-
tral function to be largely independent of system size. No
gap at low frequency is visible, and �

00(!) ⇠ ! behavior
consistent with Fermi liquid predictions is clear. We will
provide a more rigorous verification of the Fermi liquid
phase at higher dopings via Luttinger’s theorem later in
the paper.
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a spin glass phase is found below a critical temperature
Tc ⇡ 0.10J . When doping is present, Ref. [20] predicts
a disordered Fermi liquid phase for all non-zero values
of p in the large-M limit. However, it was recently ar-
gued [21, 22] that for the case of SU(2), the spin glass
phase should persist up to a critical finite value of doping,
pc, corresponding to a quantum critical point separat-
ing the spin glass phase from a disordered Fermi liquid.
Near criticality, the model is predicted to exhibit SYK-
like criticality with a non-zero extensive entropy and a
linear-in-temperature resistivity [23]. In a weak-coupling
renormalization group, this critical point emerges when
the three fractionalized excitations in the t-J model be-
come degenerate in energy, leading to a zeroth order pre-
diction of pc = 1/3.

Dynamical Spin Response at T = 0. We first present
results on the nature of the spin correlations at T = 0,
providing evidence that the spin glass phase shown to
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critical value of doping near p = 1/3. Using the Lanczos
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size, the exact delta function in S(!) is replaced by a peak
at low frequency, whose width approaches 0 in the ther-
modynamic limit and whose total spectral weight gives
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analyzed for this model at p = 0 in [8]. Above pc, a dis-
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behavior of �00(!) ⇠ !.

The spectral function for the random t-J model, calcu-
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model, averaged over 100 disorder realizations on an 18-site
cluster. At low dopings, a sharp peak at low-frequency at
low doping is indicative of spin glass order. With increas-
ing doping, the magnitude of this peak is reduced, and the
low-frequency behavior closely resembles the rescaled spec-
tral function of the large M SYK theory [9, 14]. (Inset) After
an extrapolation to the thermodynamic limit, the integrated
weight of the low-frequency peak is non-zero, indicating spin
glass order. This weight vanishes near p ⇡ 0.4. Plotted is the
integrated weight for 8 6 N 6 18 (as a gradient from red to
blue), and the large-N extrapolation with error bars.

izes to tanh (!/2T ) at low T ). The next-to-leading SYK
term depends linearly in !, and arises from the boundary
graviton in the holographic dual [14]. It is important to
note that the exponents of these two leading SYK contri-
butions are universal and independent of M . Away from
the critical point and in the spin glass phase, we find
that the spectral function is described well by a combi-
nation of the SYK result and a low-frequency hump. A
large-N analysis of this low-frequency hump, described
in more detail in the supplementary material, confirms
that the variance of the hump vanishes in the thermody-
namic limit, whereas the spectral weight, shown in Fig. 1,
remains non-zero. Our analysis gives a large-N estimate
of q ⇠ 0.02 at p = 0. For larger values of doping, q

decreases from its value at p = 0, eventually vanishing
at some critical value of doping pc. By linearly extrap-
olating the large-N prediction for q to higher dopings,
we obtain an estimate of pc = 0.420 ± 0.007. Around
this range of dopings, the spectral function shows good
agreement with the large-M critical prediction given in
Fig. 1. At dopings well above p = 0.4, we find the spec-
tral function to be largely independent of system size. No
gap at low frequency is visible, and �

00(!) ⇠ ! behavior
consistent with Fermi liquid predictions is clear. We will
provide a more rigorous verification of the Fermi liquid
phase at higher dopings via Luttinger’s theorem later in
the paper.
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Dynamic spin susceptibility
2

a spin glass phase is found below a critical temperature
Tc ⇡ 0.10J . When doping is present, Ref. [20] predicts
a disordered Fermi liquid phase for all non-zero values
of p in the large-M limit. However, it was recently ar-
gued [21, 22] that for the case of SU(2), the spin glass
phase should persist up to a critical finite value of doping,
pc, corresponding to a quantum critical point separat-
ing the spin glass phase from a disordered Fermi liquid.
Near criticality, the model is predicted to exhibit SYK-
like criticality with a non-zero extensive entropy and a
linear-in-temperature resistivity [23]. In a weak-coupling
renormalization group, this critical point emerges when
the three fractionalized excitations in the t-J model be-
come degenerate in energy, leading to a zeroth order pre-
diction of pc = 1/3.

Dynamical Spin Response at T = 0. We first present
results on the nature of the spin correlations at T = 0,
providing evidence that the spin glass phase shown to
exist at p = 0 is stable for small values of doping, up to a
critical value of doping near p = 1/3. Using the Lanczos
algorithm, we calculate the spectral function at T = 0,
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where numerically the delta functions are replaced by
Gaussians with a small variance. The signature of spin
glass order, limt!1
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flected by a q�(!) contribution to the dynamical struc-
ture factor S(!), which is related to the spectral function
at T = 0 by �00(!) = S(!) � S(�!). For a finite system
size, the exact delta function in S(!) is replaced by a peak
at low frequency, whose width approaches 0 in the ther-
modynamic limit and whose total spectral weight gives
q. Therefore, the spin glass contribution to �00(!) for fi-
nite systems is given by a low frequency peak, and was
analyzed for this model at p = 0 in [8]. Above pc, a dis-
ordered Fermi liquid is expected to have a low-frequency
behavior of �00(!) ⇠ !.

The spectral function for the random t-J model, calcu-
lated using the Lanczos algorithm on an 18-site cluster, is
shown for several values of doping in Fig. 1. A prominent
hump at low-frequency for dopings p . 0.4 suggests the
presence of spin glass order in this range of doping. How-
ever, a large-N analysis of this hump must be performed
in order to verify that the hump asymptotes to a delta
function in the thermodynamic limit. To do this, we first
subtract o↵ a background contribution to account for the
rest of the spectral weight. Anticipating SYK behavior
near the critical point at low frequencies, we subtract a
spectral weight obtained by rescaling the solution of the
Schwinger-Dyson equations of the p = 0 model in the
large-M limit [9, 14] (we rescale J , while preserving total
spectral weight). This SYK spectral weight has a leading
term �

00(!) ⇠ sgn(!) as |!| ! 0 at T = 0 (which general-

0.0 0.5 1.0 1.5 2.0 2.5
�

0.00

0.05

0.10

0.15

0.20

0.25

0.30

(1
/n

)�
�� (

�
)

0.0 0.1 0.2 0.3 0.4
p

0.000

0.005

0.010

0.015

0.020

q

Large-N

Large-M

p = 0.56

p = 0.39

p = 0.17

p = 0.00

FIG. 1. The spectral function �00(!) of the random t � J
model, averaged over 100 disorder realizations on an 18-site
cluster. At low dopings, a sharp peak at low-frequency at
low doping is indicative of spin glass order. With increas-
ing doping, the magnitude of this peak is reduced, and the
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izes to tanh (!/2T ) at low T ). The next-to-leading SYK
term depends linearly in !, and arises from the boundary
graviton in the holographic dual [14]. It is important to
note that the exponents of these two leading SYK contri-
butions are universal and independent of M . Away from
the critical point and in the spin glass phase, we find
that the spectral function is described well by a combi-
nation of the SYK result and a low-frequency hump. A
large-N analysis of this low-frequency hump, described
in more detail in the supplementary material, confirms
that the variance of the hump vanishes in the thermody-
namic limit, whereas the spectral weight, shown in Fig. 1,
remains non-zero. Our analysis gives a large-N estimate
of q ⇠ 0.02 at p = 0. For larger values of doping, q

decreases from its value at p = 0, eventually vanishing
at some critical value of doping pc. By linearly extrap-
olating the large-N prediction for q to higher dopings,
we obtain an estimate of pc = 0.420 ± 0.007. Around
this range of dopings, the spectral function shows good
agreement with the large-M critical prediction given in
Fig. 1. At dopings well above p = 0.4, we find the spec-
tral function to be largely independent of system size. No
gap at low frequency is visible, and �

00(!) ⇠ ! behavior
consistent with Fermi liquid predictions is clear. We will
provide a more rigorous verification of the Fermi liquid
phase at higher dopings via Luttinger’s theorem later in
the paper.

<latexit sha1_base64="AJ30nN4bwVfEcBwaEGreAeM9HdU="></latexit>

Probability to flip an electron spin while absorbing energy ~!

Ordinary 
metal

<latexit sha1_base64="Sm5ZvlaFIOR9fXgh887EMNsG66w="></latexit>

Spin susceptibility and other properties
match those of an ordinary metal p > pc



Dynamic spin susceptibility
2

a spin glass phase is found below a critical temperature
Tc ⇡ 0.10J . When doping is present, Ref. [20] predicts
a disordered Fermi liquid phase for all non-zero values
of p in the large-M limit. However, it was recently ar-
gued [21, 22] that for the case of SU(2), the spin glass
phase should persist up to a critical finite value of doping,
pc, corresponding to a quantum critical point separat-
ing the spin glass phase from a disordered Fermi liquid.
Near criticality, the model is predicted to exhibit SYK-
like criticality with a non-zero extensive entropy and a
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renormalization group, this critical point emerges when
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diction of pc = 1/3.
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ture factor S(!), which is related to the spectral function
at T = 0 by �00(!) = S(!) � S(�!). For a finite system
size, the exact delta function in S(!) is replaced by a peak
at low frequency, whose width approaches 0 in the ther-
modynamic limit and whose total spectral weight gives
q. Therefore, the spin glass contribution to �00(!) for fi-
nite systems is given by a low frequency peak, and was
analyzed for this model at p = 0 in [8]. Above pc, a dis-
ordered Fermi liquid is expected to have a low-frequency
behavior of �00(!) ⇠ !.

The spectral function for the random t-J model, calcu-
lated using the Lanczos algorithm on an 18-site cluster, is
shown for several values of doping in Fig. 1. A prominent
hump at low-frequency for dopings p . 0.4 suggests the
presence of spin glass order in this range of doping. How-
ever, a large-N analysis of this hump must be performed
in order to verify that the hump asymptotes to a delta
function in the thermodynamic limit. To do this, we first
subtract o↵ a background contribution to account for the
rest of the spectral weight. Anticipating SYK behavior
near the critical point at low frequencies, we subtract a
spectral weight obtained by rescaling the solution of the
Schwinger-Dyson equations of the p = 0 model in the
large-M limit [9, 14] (we rescale J , while preserving total
spectral weight). This SYK spectral weight has a leading
term �

00(!) ⇠ sgn(!) as |!| ! 0 at T = 0 (which general-
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FIG. 1. The spectral function �00(!) of the random t � J
model, averaged over 100 disorder realizations on an 18-site
cluster. At low dopings, a sharp peak at low-frequency at
low doping is indicative of spin glass order. With increas-
ing doping, the magnitude of this peak is reduced, and the
low-frequency behavior closely resembles the rescaled spec-
tral function of the large M SYK theory [9, 14]. (Inset) After
an extrapolation to the thermodynamic limit, the integrated
weight of the low-frequency peak is non-zero, indicating spin
glass order. This weight vanishes near p ⇡ 0.4. Plotted is the
integrated weight for 8 6 N 6 18 (as a gradient from red to
blue), and the large-N extrapolation with error bars.

izes to tanh (!/2T ) at low T ). The next-to-leading SYK
term depends linearly in !, and arises from the boundary
graviton in the holographic dual [14]. It is important to
note that the exponents of these two leading SYK contri-
butions are universal and independent of M . Away from
the critical point and in the spin glass phase, we find
that the spectral function is described well by a combi-
nation of the SYK result and a low-frequency hump. A
large-N analysis of this low-frequency hump, described
in more detail in the supplementary material, confirms
that the variance of the hump vanishes in the thermody-
namic limit, whereas the spectral weight, shown in Fig. 1,
remains non-zero. Our analysis gives a large-N estimate
of q ⇠ 0.02 at p = 0. For larger values of doping, q

decreases from its value at p = 0, eventually vanishing
at some critical value of doping pc. By linearly extrap-
olating the large-N prediction for q to higher dopings,
we obtain an estimate of pc = 0.420 ± 0.007. Around
this range of dopings, the spectral function shows good
agreement with the large-M critical prediction given in
Fig. 1. At dopings well above p = 0.4, we find the spec-
tral function to be largely independent of system size. No
gap at low frequency is visible, and �

00(!) ⇠ ! behavior
consistent with Fermi liquid predictions is clear. We will
provide a more rigorous verification of the Fermi liquid
phase at higher dopings via Luttinger’s theorem later in
the paper.

Critical 
point

<latexit sha1_base64="AJ30nN4bwVfEcBwaEGreAeM9HdU="></latexit>

Probability to flip an electron spin while absorbing energy ~!

<latexit sha1_base64="LVqCvKL0PVqaNU4iGCSjdN2l7AM="></latexit>

Critical spin susceptibility matches the SYK model!
Planckian dissipation in time ⇠ ~/(kBT ),

and frequency dependence ⇠ sgn(!) [1� C�|!|+ . . .]
matches contribution of boundary graviton.



Dynamic spin susceptibility
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a spin glass phase is found below a critical temperature
Tc ⇡ 0.10J . When doping is present, Ref. [20] predicts
a disordered Fermi liquid phase for all non-zero values
of p in the large-M limit. However, it was recently ar-
gued [21, 22] that for the case of SU(2), the spin glass
phase should persist up to a critical finite value of doping,
pc, corresponding to a quantum critical point separat-
ing the spin glass phase from a disordered Fermi liquid.
Near criticality, the model is predicted to exhibit SYK-
like criticality with a non-zero extensive entropy and a
linear-in-temperature resistivity [23]. In a weak-coupling
renormalization group, this critical point emerges when
the three fractionalized excitations in the t-J model be-
come degenerate in energy, leading to a zeroth order pre-
diction of pc = 1/3.

Dynamical Spin Response at T = 0. We first present
results on the nature of the spin correlations at T = 0,
providing evidence that the spin glass phase shown to
exist at p = 0 is stable for small values of doping, up to a
critical value of doping near p = 1/3. Using the Lanczos
algorithm, we calculate the spectral function at T = 0,
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SYK criticality can be understood by the
fractionalization of the electron into ‘partons’

carrying its spin and charge.
These partons obey an SYK-like model
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Complex multi-particle entanglement
leads to quantum systems

without quasiparticle excitations.
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Many-body chaos and
thermal equilibration
in the shortest possible
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