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1. Gravity is accurately described by General Relavity, in 
particular in circumstances with `high acceleration’.

2. GR is a conceptually elegant and convincing Theory based
on 1) the equivalence principle, 2) coordinate invariance.

3. Until recently there was no conceptual reason why GR   
would fail at `large distances’ or `low acceleration’.

4. The Dark Matter Hypothesis appears well motivated.

5.  `Proof ‘ of existence of DM is based:
• firm believe in GR (points 2. and 3.) 
• phenomological successes.  





Emergence

‘The whole is more than

the sum of its parts.'

We use concepts and observe phenomena

at a macroscopic scale that are 

derived from a microscopic scale

where they have no a priori meaning. 

Temperature:        T

Entropy: S

1st Law:                 dE= TdS
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Bekenstein-Hawking 
Entropy Formula



Bekenstein & Hawking:

Black holes carry entropy

and have a temperature

Black Holes



Black hole hole thermodynamics relates Einstein equations
to 1st law of thermodynamics = derivable from microscopic theory

Emergent gravity = derivable
from microscopic theory! 



Bekenstein bound: the entropy contained inside a region
of size R and mass M is bounded.



Einstein-Rosen-bridge
Pair-production s



Quantum InformationEntanglement of

1
p

2
(|00i + |11i )

qubit: ↵ |0i + β|1i

EPR pair

Be
a

m 
sp

lit
te

r#

H
!

Mu
tu

a
l 
In

fo
rma

ti
o

n
#

I(1
,2

) 
= 

S(1
) 

+ 
S(2

) 
–

 S(1
2

)#

Mo
tt
 i
n

su
la

to
r#

Su
p

e
rflu

id
#

U/J
#

Renyi entropy#

N
 = 

2
#



Worm holes and Entanglement:     ER=EPR

Quantum Entanglement
(Einstein-Podolsky-Rosen)Einstein-Rosen-bridge



L R

EPR = ER

Microscopic BH-vacuum state

Einstein-Rosen bridge

Entanglement => connectivity of spacetime
Van Raamsdonk
Maldacena-Susskind
E.V.- H.Verlinde
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Anti-de Sitter/Conformal Field Theory Correspondence

Gravity in the bulk spacetime
emerges from microscopic
Theory (= CFT) on the boundary

AdS spacetime =  
groundstate



Microscopic explanation of black hole entropy: not possible in terms of 
ordinary phases or matter, but requires a different `entropic’  phase (of 
string theory) with extreme high density of states and low temperature. 

Thermalization

Deconfinement

Coulomb branch Higgs branch



Entanglement entropy

A

B| i

⇢A = tr
H B

| i h |
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HA

(⇢A log⇢A)

The entanglement entropy measures the number of  

“entangled Bell pairs” that connect the regions A en B. 

One has

SA = SB



In AdS/CFT the 
Bekenstein-Hawking formula

gives the amount of quantum
entanglement in the vacuum state. 



AdS/CFT:

Space-time and
Gravity emerge 
from quantum-
entanglement

Caveat: Entanglement is not enough
builds up entanglement



Emergent Spacetime and Gravity from Quantum Entanglement

EPR = ER





M

General Relativity derived from quantum entanglement

First law of entanglement entropy 

implies the Einstein equations

Van Raamsdonk etal, Jacobson
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de Sitter Space cosmological horizon

L =
c

H0

ds2 = − 1− R2/ L2 dt2 +
dR2

1− R2/ L2
+ R2d⌦2

Universe with only Dark Energy
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Energy
content

What is the 
entropy content
of the Universe?

Black holesCMB-photons



The Cosmos viewed from
our perspective fits within
one Hubble radius.

I will argue that most of the 
entropy in our universe is 
contained in the dark energy.
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de Sitter Horizon L =
c

H0

Hypothesis:   
de Sitter entropy + temperature  

are due to positive dark energy.  

The entanglement entropy contains 

volume law contribution
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L R

Microscopic dS-state

Entanglement due to Dark Energy

De Sitter space



M

Can be derived from `non-AdS holography’

arXiv:1801.02589

https://arxiv.org/abs/1801.02589
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• Gravit y emerges f rom entanglement  ent ropy 

using t he 1st  law.


• GR requires entanglement  t o obey an area 

law: only t r ue in ground states of  gapped 

systems.


• de Sit ter  space cor responds t o an (ensemble 

of ) excited state(s) and has finite ent ropy 

densit y and temperat ure.


• The pr inciples of  emergent  gravit y                    

need to be generalized t o a degenerate       

`vacuum’ state wit h an ent ropy densit y.

Assumptions

• Gravity emerges from entanglement entropy 

using the 1st law. 

• GR requires entanglement to obey an area law: 

there is no thermal entropy contribution. 

• de Sitter space corresponds to an excited 

state with a finite entropy, temperature and 

energy density: glassy state.  

• The principles of emergent gravity                    

still go through but need to be                

generalized to case with thermal               

entropy density (~elasticity).

Assumptions

Dark Energy

Matter
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The empirical fact that Dark matter effects appear when 

Matter

Dark Energy

Naturally follows from Emergent gravity

The left hand side is the entropy associated
with matter.

The right hand side is the entropy associated with dark energy



Radial Acceleration Relation McGaugh, Lelli, Schombert. (2016)



Baryonic radial accelerat ion log(gbar [h70 m/ s2])
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Radial acceleration relation

holds over 4 decades .

Weak Lensing Observations

Margot Brouwer
+KIDS-collaboration
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On that same timescale we have observed
the Universe for only a fraction of a second. 

universe to a

11.59 pm

Large entropy density may be very hard to detect: 

High degeneracy close to groundstate: out of equilibrium

Extremely slow `glassy dynamics’ leads to memory effects

Dark Energy turns the spacetime vacuum in a glassy state. 

and leads to slow dynamics and memory effects



On that same timescale we have observed
the Universe for only a fraction of a second. 

universe to a

11.59 pm





Polymer Melts

Reptation Model 

Polymer Melts
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Removing entropy from the volume law 

entanglement entropy leads to an elastic respons.
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Express the masses in terms of average densities

and differentiate with
respect to R

Alternative form of the result:   (spherical symmetry)



Universal formula for equivalent dark matter density

Universal formula for equivalent dark matter density



Coma Cluster

Coma Cluster
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