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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 and larger distances ?
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Going small…..



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).
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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.



Quantum superposition in a hydrogen molecule 

Hydrogen atom:

=
1⌃
2

(|⇥⇤⌅ � |⇤⇥⌅)

Hydrogen molecule:

= _
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Quantum Entanglement
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Measurement of one 
electron instantaneously 

determines the state of the 
other electron very far away
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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. 



Going big (and heavy)…..



Objects so dense that light is 
gravitationally bound to them.

Black Holes
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We need corrections to
Newton’s equations
which are given by
Einstein’s theory of

general relativity (1915),
to describe black holes
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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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Newton’s equations
which are given by
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to describe 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)
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Each black hole has a size ⇠ 1010 meters,
and is at the center of its own galaxy (like the Milky way)



Applying the theory of the 
very small 


to the 

very big (black holes)….
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Quantum Entanglement across a black hole horizon
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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 engtanglement 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. )



Going small and big…..



We don’t have a completely general  
quantum theory of black holes today. 

 
Such a theory requires  

that we understand  
multi-particle entanglement for 

many-many particles.
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The problem of multi-particle entanglement 
also appears in other problems  

in modern physics: 
 

Quantum computing:  
control entanglement of many qubits  

(really hard to isolate from the environment). 
 

Quantum materials:  
crystals with multiple elements   
naturally display phases with  
multi-electron entanglement.
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YBa2Cu3O6+x

High temperature 
superconductors



Julian Hetel and Nandini Trivedi, Ohio State University

Nd-Fe-B magnets, YBaCuO superconductor



pc

Strange 
Metal



The SYK model: 
a theory of entanglement,  

from the very small  
to the very big…..



The SYK model has a scale-invariant 
entanglement structure:  

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

 
In one set of variables, it describes  

certain strange metals 
 
 

In a dual set of variables it describes 
certain black holes

The Sachdev-Ye-Kitaev (SYK) model

Sachdev (2010), Kitaev (2015), Maldacena Stanford (2015)

Sachdev, Ye (1993)
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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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