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Newton showed (1687) that the same laws of motion applied on
planetary length scales (⇠ 1 trillion meters)

and the length scale of an apple tree (1 meter).
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Newton showed (1687) that the same laws of motion applied on
planetary length scales (⇠ 1 trillion meters)

and the length scale of an apple tree (1 meter).

What happens on smaller distances ?



Quantum theory of electrons, 
one at a time: 

metals and insulators



Hydrogen atom
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The motion of the electron around the proton is not described by
the same theory as the motion of the planets around the sun.
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It is described by the quantum theory

of Schrödinger and Heisenberg (1925).

Hydrogen atom
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The periodic table follows from (i) the exclusion principle, and
(ii) each electron has 2 spin states |"i, and |#i.

Other atoms



Ordinary metals

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

are delocalized throughout the entire crystal



Copper

Each copper atom donates its outermost electron 
These electrons move freely throughout the crystal and carry current



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 in Copper
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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.



Diamond - a very good insulator

Each carbon atom donates 4 electrons 
These electrons occupy filled “bands” and are not able to carry current



Quantum entanglement of  
electron pairs: 

superconductivity 
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The most remarkable new idea in the quantum theory is the
principle of superposition:

a physical system can be in a
superposition of two (or more) distinct states.



Molecules

Hydrogen atom:

Hydrogen molecule:

= _
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Covalent bond



Quantum Entanglement

_

Einstein, Podolsky, Rosen (1935)
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Quantum Entanglement
Einstein, Podolsky, Rosen (1935)

Measurement of one 
electron instantaneously 

determines the state of the 
other electron very far away
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http://nyti.ms/1OIO2WJ

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
1 of 2
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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. 



YBa2Cu3O6+x

High temperature 
superconductors



Julian Hetel and Nandini Trivedi, Ohio State University

Nd-Fe-B magnets, YBaCuO superconductor



SUPERCONDUCTIVITY:	SCIENTIFIC	APPLICATIONS

FUNCTIONAL	MRI																																					SQUID	SENSORS																												SINGLE	PHOTON	IMAGING	

ACCELERATORS																													50+	TESLA	MAGNETS																																TOKOMAK	FUSION

TRANS.	EDGE	BOLOMETER																			QUANTUM	INFO.	TECH.																						HIGH	ENERGY	PHYSICS



Insulating antiferromagnet



Remove
fraction p 
electrons 

Antiferromagnet doped with hole density p
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Quantum entanglement of  
2,3,4,………     electrons: 

strange metals
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The most remarkable new idea in the quantum theory is the
principle of superposition:

a physical system can be in a
superposition of two (or more) distinct states.



Can we entangle more than two electrons ?
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The most remarkable new idea in the quantum theory is the
principle of superposition:

a physical system can be in a
superposition of two (or more) distinct states.



Molecules

Hydrogen atom:

Hydrogen molecule:

= _
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Covalent bond
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The most remarkable new idea in the quantum theory is the
principle of superposition:

a physical system can be in a
superposition of two (or more) distinct states.
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Benzene has a superposition of covalent bonds,
each of which is a superposition of a pair of electrons!

“Resonating” 
covalent 
bonds

Benzene
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Metal



Current flow with quasiparticles in Copper
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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.
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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. 

 

 

 

 

 

A. Legros, S. Benhabib, W. Tabis, F. Laliberté, M. Dion, M. Lizaire, B. Vignolle, D. Vignolles, H. Raffy, Z. Z. Li, P. Auban-
Senzier, N. Doiron-Leyraud, P. Fournier, D. Colson, L. Taillefer, and C. Proust, Nature Physics 15, 142 (2019)
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⌧
= ↵

kBT

~
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Electron scattering time ⌧ in 7 di↵erent strange metals
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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!

Current flow without quasiparticles
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Electron scattering time ⌧ in 7 di↵erent strange metals



Electrons 
entangle  

“en masse” 
by 

exchanging 
partners,  

and there is 
long-range 
quantum 

entanglement

= | ⇥⇤⌅ � | ⇤⇥⌅

*

Antiferromagnet doped with hole density p



Electrons 
entangle  

“en masse” 
by 

exchanging 
partners,  

and there is 
long-range 
quantum 

entanglement

= | ⇥⇤⌅ � | ⇤⇥⌅

Antiferromagnet doped with hole density p

*



Electrons 
entangle  

“en masse” 
by 

exchanging 
partners,  

and there is 
long-range 
quantum 

entanglement

= | ⇥⇤⌅ � | ⇤⇥⌅

Antiferromagnet doped with hole density p

*



= | ⇥⇤⌅ � | ⇤⇥⌅

Antiferromagnet doped with hole density p

Electrons 
entangle  

“en masse” 
by 

exchanging 
partners,  

and there is 
long-range 
quantum 

entanglement

*



= | ⇥⇤⌅ � | ⇤⇥⌅

Antiferromagnet doped with hole density p

Electrons 
entangle  

“en masse” 
by 

exchanging 
partners,  

and there is 
long-range 
quantum 

entanglement

*



= | ⇥⇤⌅ � | ⇤⇥⌅

Antiferromagnet doped with hole density p

Electrons 
entangle  

“en masse” 
by 

exchanging 
partners,  

and there is 
long-range 
quantum 

entanglement

*



The SYK model has a scale-invariant 
entanglement structure:  

i.e. electrons are entangled at all  
distance and time scales 

 
It describes  

certain strange metals 
 
 

In a dual set of variables it describes certain 
black holes

The Sachdev-Ye-Kitaev (SYK) model

Sachdev, Ye (1993)



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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The SYK model

Entangle electrons pairwise randomly

Sachdev, Ye (1993); Kitaev (2015)
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Electron scattering
time ⌧ in

the SYK model

1

⌧
= ↵

kBT

~
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Complex quantum entanglement in black holes



Objects so dense that light is 
gravitationally bound to them.

Black Holes

Horizon radius R =
2GM

c2
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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
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Black hole 
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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 (1975) used other arguments to show 
that black hole horizons have a temperature
(The entanglement reasoning: to an outside 

observer, the state of the electron inside the black 
hole cannot be known, and so the outside 

electron is in a random state. )



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

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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An analysis of the gravitational waves emitted from black hole mergers confirms that black holes are the fastest
known information dissipaters.

The extreme nature of black holes means that they o!er unique opportunities for testing the limits of physics laws.
One law that researchers have wanted to test in this way is the one describing the maximum rate at which
information can flow out from a system. But until recently, this test was impossible with black holes because of a
lack of suitable candidates. That changed with the first measurements of gravitational waves. Now, an analysis of
the gravitational waves detected from eight black hole mergers confirms that the law applies to these extreme
objects [1].

Any perturbed object will emit information about its state until it returns to equilibrium. Theory predicts a limit to
the rate of this information emission, with that limit depending on the object’s temperature and its relaxation time
(how fast it regains equilibrium). For freshly merged black holes, these parameters are encoded in the emitted
gravitational waves.

Of the roughly 50 black hole mergers so-far detected, researchers from the University of Pisa, Italy, and the
University of Glasgow, UK, selected eight from which they could make confident measurements of relaxation times.
For each of these mergers, the team calculated the maximum average rate of information emission per unit of
energy. They found that these rates are the fastest for any known object: about  bits per second per
joule, or 75% of the theoretical maximum. At this extreme rate, perturbed black holes broadcast information at a
rate roughly 11 orders of magnitude higher than those involving “everyday” room-temperature objects that are
roughly a meter wide.

The result confirms that black holes obey fundamental principles of general relativity, information theory, and
thermodynamics—a finding that the team says wasn’t guaranteed to be true. Any future extensions to general
relativity, they say, must obey this information bound as well.

–Christopher Crockett

Christopher Crockett is a freelance writer based in Arlington, Virginia.
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evidence case (amax ¼ bmax ¼ 100), we employ a
conservative choice. In Fig. 2 we display, in blue, the
median and 90% credible intervals of the posterior prob-
ability distributions pðHjDN; a; bÞ. Single-event likeli-
hoods are shown in gray for comparison. We finally
compute the probability that the Bekenstein-Hod bound
(gold vertical line) is obeyed on a population level, by
computing the p-value (p̃ ≔ pðH < 1jDN; a; bÞ) for each
of a; b sample obtained from Eq. (3). The result yields a p̃-
value distribution strongly peaked towards unity with
median and 90% credible levels given by p̃ ¼ 0.94þ0.05

−0.14,
where p̃ ¼ 1 would indicate perfect agreement with the
prediction, while p̃ ¼ 0 perfect disagreement. The
Bekenstein-Hod bound is respected with very high con-
fidence by the observed BBH population. As an additional
check, we compared our result with the corresponding
value coming from a naive point-estimate of the averageH
likelihood, the latter being insensitive to specific hierar-
chical modeling choices. A weighted average over single
events likelihoods, with weights given by the respective
evidences, yields the red curve displayed in Fig. 2, corre-
sponding to p̃ ¼ 0.93. The excellent agreement between
this un-modelled estimate and the median of the hierar-
chical population posterior confirms the robustness of the
adopted population model.
Conclusions.—BHs are expected to be the fastest dis-

sipating objects in the Universe, in the sense that they

possess the shortest possible relaxation time for a given
temperature [18]. In this Letter, we obtained an observa-
tional verification of the Bekenstein-Hod information
emission bound using a Bayesian time-domain analysis
applied to the binary black holes of the LIGO-Virgo
GWTC-2 catalog. The result is consistent with the pre-
dictions of GR, BH thermodynamics, and information
theory. Our analysis provides the first experimental veri-
fication of a long-standing prediction on the dynamical
information-emission process of a BH.
Software.—Open-software PYTHON packages, accessible

through PyPi, used in this work comprise CORNER,
GWSURROGATE, H5PY, MATPLOTLIB, NUMBA, NumPy,
SciPy, SEABORN, and surfinBH [74,75,86–92].
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FIG. 2. Median and 90% credible levels on the Bekenstein-Hod
parameter H parent distribution, obtained through a hierarchical
model (blue area). Single-events likelihood (grey curves) are also
displayed, together with their evidence-weighted average (red
curve). The probability that the bound (gold dashed line) is
obeyed by the whole population are p̃ ¼ 0.94þ0.05

−0.14 when assum-
ing the posterior distribution and p̃ ¼ 0.93 when assuming the
average likelihood.
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An analysis of the gravitational waves emitted from black hole mergers confirms that black holes are the fastest
known information dissipaters.

The extreme nature of black holes means that they o!er unique opportunities for testing the limits of physics laws.
One law that researchers have wanted to test in this way is the one describing the maximum rate at which
information can flow out from a system. But until recently, this test was impossible with black holes because of a
lack of suitable candidates. That changed with the first measurements of gravitational waves. Now, an analysis of
the gravitational waves detected from eight black hole mergers confirms that the law applies to these extreme
objects [1].

Any perturbed object will emit information about its state until it returns to equilibrium. Theory predicts a limit to
the rate of this information emission, with that limit depending on the object’s temperature and its relaxation time
(how fast it regains equilibrium). For freshly merged black holes, these parameters are encoded in the emitted
gravitational waves.

Of the roughly 50 black hole mergers so-far detected, researchers from the University of Pisa, Italy, and the
University of Glasgow, UK, selected eight from which they could make confident measurements of relaxation times.
For each of these mergers, the team calculated the maximum average rate of information emission per unit of
energy. They found that these rates are the fastest for any known object: about  bits per second per
joule, or 75% of the theoretical maximum. At this extreme rate, perturbed black holes broadcast information at a
rate roughly 11 orders of magnitude higher than those involving “everyday” room-temperature objects that are
roughly a meter wide.

The result confirms that black holes obey fundamental principles of general relativity, information theory, and
thermodynamics—a finding that the team says wasn’t guaranteed to be true. Any future extensions to general
relativity, they say, must obey this information bound as well.

–Christopher Crockett

Christopher Crockett is a freelance writer based in Arlington, Virginia.
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One law that researchers have wanted to test in this way is the one describing the maximum rate at which
information can flow out from a system. But until recently, this test was impossible with black holes because of a
lack of suitable candidates. That changed with the first measurements of gravitational waves. Now, an analysis of
the gravitational waves detected from eight black hole mergers confirms that the law applies to these extreme
objects [1].
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(how fast it regains equilibrium). For freshly merged black holes, these parameters are encoded in the emitted
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rium in a Planckian time⇠ ~/(kBTH).

<latexit sha1_base64="CtCuY4XtgqWdISPYGjZpgV6IJPk="></latexit><latexit sha1_base64="CtCuY4XtgqWdISPYGjZpgV6IJPk="></latexit><latexit sha1_base64="CtCuY4XtgqWdISPYGjZpgV6IJPk="></latexit><latexit sha1_base64="CtCuY4XtgqWdISPYGjZpgV6IJPk="></latexit>

All many-body quantum systems  
(without quantum gravity)  

have an entropy  
proportional to their volume !?!?



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).

<latexit sha1_base64="CtCuY4XtgqWdISPYGjZpgV6IJPk="></latexit><latexit sha1_base64="CtCuY4XtgqWdISPYGjZpgV6IJPk="></latexit><latexit sha1_base64="CtCuY4XtgqWdISPYGjZpgV6IJPk="></latexit><latexit sha1_base64="CtCuY4XtgqWdISPYGjZpgV6IJPk="></latexit>

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 
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The hologram of the 
1+1 dimensional 
gravity near the 

horizon of a charged 
black hole is the 0+1 

dimensional SYK 
model

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



The SYK model has a scale-invariant 
entanglement structure:  

i.e. electrons are entangled at all  
distance and time scales 

 
It describes  

certain strange metals 
 
 

In a dual set of variables it describes certain 
black holes

The Sachdev-Ye-Kitaev (SYK) model

Sachdev, Ye (1993)
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Quantum entanglement of  
electron pairs: 

superconductivity 

Quantum theory of electrons, 
one at a time: 

metals and insulators



Complex quantum entanglement in black holes
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Quantum entanglement of  
2,3,4,………     electrons: 

strange metals


