
Philosophy of Physics:  
Final Lecture! 

Spacetime

(Hilbert)  
Quantum space

A Tale of Emergence 



Chapter 1:  
The mysterious box 

[Franzmann, ’24]
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So, which one is it? How do we find out? 

Formally, this is called a duality. 



H = J
n−1

∑
i=1

Sz
i Sz

i+1+h
n

∑
i=1

Sz
i = J

n

∑
i=1

Ux
i +h

n−1

∑
i=1

Uz
i Uz

i+1−JUx
n+hUz

1

Uz
i = ∏

j≤i

Sx
j , Ux

i = Sz
i Sz

i+1, Ux
n = Sz

n

So, which one is it? How do we find out? 

Formally, this is called a duality. 



What if you cannot open the box? 

We see that each description of what’s inside assumes a different 
notion of the system, different notion of which parts are interacting, 

and therefore different notion of what’s a neighboring site!  

How do we make sense of that? 



Side quest:  
Ask a philosopher! 



[T. Hofweber, ’23]



Chapter 2:  
Classical Mechanics 



(BOOK I)  

“I. Absolute, true, and 
mathematical time, of itself, 

and from its own nature, 
flows equably without 
relation to anything 

external." 

"II. Absolute space, in its 
own nature, without regard to 

anything external, remains 
always similar and 

immovable.” 



Substantivalism:

Space and time exist as independent 
substances, i.e., independently of the 
material content of the universe. 

[Wüthrich, ’24]



a) A state:  ( ⃗x, ⃗v)

b) An evolution equation*:   

⃗F ( ⃗x) = m
d2 ⃗x
dt2

(*Generally, non-linear equation)

But so there is also material content!  
Let’s consider a particle: 



Accurate depiction of  
Laplace’s demon. 

Classical mechanics is deterministic!  



 particles in the Earth    

But, the center of mass has only 6 “degrees of 
freedom”: its 3-position and 3-velocity!  

And still satisfies the same equations of motion! 

1050 →

Center of Mass  
Motion 

positions and velocities 
for each of them



Chapter 3:  
A Tale of Emergence 



Epistemological 
Stances

We have different choices: 

1) Reductionism: everything is explained by physics 

2) Emergentism: not everything is explained by physics

a) strong emergence: impossibility holds in principle 

b) weak emergence: impossibility holds in practice 



Emergence: 

Understood as the appearance, in a certain description of a physical system, of properties 
that are novel with respect to a different (more ‘fundamental’) description of the same 
system, and robust, thus stable enough to represent a characterization of the new 
description and to form part of new predictions stemming from it.  

Emergence, in this understanding, usually requires the use of some limiting procedure and 
of a number of (possibly drastic) approximations, to allow the novel properties to become 
visible in the new description.

[Butterfield, ’11] 
[Oriti, ’18] 



• Stage Space 

• Degrees of Freedom 

• Observables  

• Dynamical Equations 



Emergence -  
Level 0

Space Stage

Degrees of 
Freedom

Observables

Dynamical  
Equations

ℳ

 of  ’s 1050 ( ⃗x, ⃗p)

fa( ⃗xI, ⃗vI)

⃗F ( ⃗xI) = mI
d ⃗vI

dt

ℳ

( ⃗xCM, ⃗pCM)

fa( ⃗xCM, ⃗vCM)

⃗F ( ⃗xCM) = mCM
d ⃗vCM

dt



Does the center of 
mass exist? 



In this particular example, there is indeed a material point, inside Earth, that 
would follow the trajectory of the center of mass. However, there are other 

situations in which the center of mass is not instantiated by any material point.  

However, within the substantivalist’s perspective, space exists independent of 
any material content. The points associated with the center of mass trajectory 

are like any other points, therefore they do exist. 

Does the center of 
mass exist? 



Particles to 
Gases  

From  degrees of freedom to three variables 
 satisfying a different equation: 

1024

(P, V, T)

P =
Nmv̄2

3V

T =
mv̄2

3kB

PV = kBNT⃗F ( ⃗xI) = mI
d ⃗vI

dt

(Equilibrium*)

(*Boltzmann Equation for out-of-equilibrium systems derived in 1872 )

 of  ’s 1024 ( ⃗x, ⃗p)



Emergence -  
Level 1

Stage Space

Degrees of 
Freedom

Observables

Dynamical  
Equations

ℳ

 of  ’s 1024 ( ⃗x, ⃗p)

fa( ⃗xI, ⃗vI)

⃗F ( ⃗xI) = mI
d ⃗vI

dt

ℳ

(T, V, P)

Fa(T, V, P)

PV = kBNT

(Equilibrium*)

(*Boltzmann Equation for out-of-equilibrium systems derived in 1872 )



Does temperature 
exist? 



Does temperature 
exist? 

The temperature is actually a field - it permeates space. In equilibrium, the 
temperature is constant, but otherwise it varies point-wise. It’s not defined by the 

particles, but rather by their velocities.  

Regardless, it is a novel property from the perspective of the base theory, and it is 
reliable in the emergent theory as it helps with predictions. Thus, at the very 

least, an emergent quantity.



Side Quest:  
It’s 1872… can we go 
beyond?



§ 3· The questions about the infinitely great 
are for the interpretation of nature useless 
questions. But this is not the case with the 
questions about the infinitely small.  It is 
upon the exactness with which we follow 

phenomena into the infinitely small that our 
knowledge of their causal relations 

essentially depends.  

Now it seems that the empirical notions on 
which the metrical determinations of space 
are founded, the notion of a solid body and 

of a ray of light, cease to be va1id for the 
infinitely small. We are therefore quite at 

liberty to suppose that the metric relations of 
space in the infinitely small do not conform 

to the hypotheses of geometry; and we ought 
in fact to suppose it, if we can thereby obtain 

a simpler explanation of phenomena. 



§ 3· The questions about the infinitely great 
are for the interpretation of nature useless 
questions. But this is not the case with the 
questions about the infinitely small.  It is 
upon the exactness with which we follow 

phenomena into the infinitely small that our 
knowledge of their causal relations 

essentially depends.  

Now it seems that the empirical notions on 
which the metrical determinations of space 
are founded, the notion of a solid body and 

of a ray of light, cease to be valid for the 
infinitely small. We are therefore quite at 

liberty to suppose that the metric relations of 
space in the infinitely small do not conform 

to the hypotheses of geometry; and we ought 
in fact to suppose it, if we can thereby obtain 

a simpler explanation of phenomena. 



Chapter 4:  
Quantum Mechanics



D̂(x, p) = 0

(Solvay Conference, ’27 - Belgium)

(*Linear equation of motion: superpositions allowed! )

a) A new space: Hilbert space,   - quantum space!  

b) A state:   - the wave-function!   

c) An evolution (Schrödinger) equation*:  

ℋ

|ψ⟩ ∈ ℋ

iℏ
d
dt

|ψ⟩ = Ĥ |ψ⟩



 ?)  Born rule:         
??) “collapse":      

Prob = |ψn |2

|ψ⟩ → |ψn⟩

(*Linear equation of motion: superpositions allowed! )

a) A new space: Hilbert space,   - quantum space!  

b) A state:   - the wave-function!   

c) An evolution (Schrödinger) equation*:  

ℋ

|ψ⟩ ∈ ℋ

iℏ
d
dt

|ψ⟩ = Ĥ |ψ⟩

(Solvay Conference, ’27 - Belgium)



It’s generally believed that the world is fundamentally quantum-

mechanical. After all, it rules the small-world, and the big-world is 

made of small things, isn’t it?  

But quantum-mechanics is very different than classical mechanics. 

So, it seems that this time around it is classical mechanics which is 

the theory that is emergent!  



Emergence -  
Level 2

Stage Space

Degrees of 
Freedom

Observables

Dynamical  
Equations

ℋ

Q-states  |ψ⟩

𝒪†
A = 𝒪A

iℏ
d
dt

|ψ⟩ = Ĥ |ψ⟩

ℳ

( ⃗xI, ⃗vI)

fa( ⃗xI, ⃗vI)

⃗F ( ⃗xI) = mI
d2 ⃗xI

dt2



Well, if we had doubt about temperature existing or 

not, perhaps now we might have doubts about the 

entities of classical mechanics (e.g. particles) existing.  

Perhaps, then we should move from a  

classical ontology (verb to be in spacetime) to a 

quantum ontology (verb to be in Hilbert space). 



But can we? 

Well, if we had doubt about temperature existing or 

not, perhaps now we might have doubts about the 

entities of classical mechanics (e.g. particles) existing.  

Perhaps, then we should move from a  

classical ontology (verb to be in spacetime) to a 

quantum ontology (verb to be in Hilbert space). 



Chapter 5:  
Status-of-art  
(or crash course on algebraic  
quantum field theory)



Status- 
of-art

We are in spacetime! And we can do 
measurements in spacetime, which are basically 

counting numbers describing the state of our 
physical systems. 



Status- 
of-art

But now we believe that there is an 
underlying (Hilbert) quantum  space 

associated with all of spacetime. 



Status- 
of-art

In spacetime, we have this notion called 
 spatiotemporal locality.  

It means that for different observers causally disconnected, what 
happens in their surroundings is unrelated to one another.   

Sounds like a good thing to have, because after all to talk about 
what exists we somehow need to make sense of them on their 

own, we need to have a criterion of distinguishability,  
of independence.



Status- 
of-art

Can we find a similar notion of locality in Hilbert space? 
If so, then we could imagine that every physical system 

in spacetime somehow has attached to it their “own 
smaller” Hilbert space: 

To be in spacetime  to be in Hilbert space?↔



Status- 
of-art

We cannot!  
Locality in spacetime does not typically imply 

locality in Hilbert space.  
Are you surprised though? 



Status- 
of-art

However, we do find a related notion of  
locality in the space of observables 

(what we can measure in each different 
region of spacetime).



Status- 
of-art

And another one on the space of states: 
what the conditions are of the systems in 

each different regions of spacetime. 



Status- 
of-art



Status- 
of-art



‘It is decisive to recognize that, however far the phenomena transcend the scope of classical physical 

explanation, the account of all evidence must be expressed in classical terms. The argument is 

simply that by the word experiment we refer to a situation where we can tell others what we have done and 

what we have learned and that, therefore, the account of the experimental arrangements and of the 

results of the observations must be expressed in unambiguous language with suitable application of the 

terminology of classical physics.’ (Bohr, 1949, p. 209) 

[Landsman, 2017, p. 10]



‘It is decisive to recognize that, however far the phenomena transcend the scope of classical physical 

explanation, the account of all evidence must be expressed in classical terms. The argument is 

simply that by the word experiment we refer to a situation where we can tell others what we have done and 

what we have learned and that, therefore, the account of the experimental arrangements and of the 

results of the observations must be expressed in unambiguous language with suitable application of the 

terminology of classical physics.’ (Bohr, 1949, p. 209) 

[Landsman, 2017, p. 10]

"Thus quantum mechanics occupies a very unusual place among physical theories: it contains classical 

mechanics as a limiting case, yet at the same time it requires this limiting case for its own formulation." 

(Landau & Lifshitz, 1977, p.3)



Status- 
of-art

[Franzmann, ’24]



Does this remind you of 
anything? 
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So, which one is it? How do we find out? 

Status- 
of-art



What about 
gravity? 

Chapter 5:  



Albert 
Einstein





Relationalism: 
Space and time do not exist as independent 
substances, there is only the material content of the 
universe. Space and time are merely defined through 
spatiotemporal relations among the material objects 
in the universe (and their parts). Spacetime is thus a 
(constructed) relational complex of relative positions 
of material objects. 

[Wüthrich, ’24]



[Wüthrich, ’24]

Rμν −
1
2

Rgμν =
8πG
c4

Tμν

d2xμ

dλ2
+ Γμ

ρσ
dxρ

dλ
dxσ

dλ
= 0

General 
 Relativity It doesn’t quite fully realize 

relationalism, and overall Einstein’s 
project, as it still allows for vacuum 
(no matter) solutions. 



What have we 
learned so far? 
• Universality  

• Operational Measurement 

Limitation 

• No local observables in QG   

• Holography 

• Status-of-art…



Universality I 

Universal scope 
and universal 

strength. 



"The fact of a universal attraction might remind us of 

the situation in molecular physics; we know that all 

molecules attract one another by a force which at long 

distances goes like . This we understand in terms 

of dipole moments which are induced by fluctuations 

in the charge distributions of molecules… Well, one 

possibility is that gravitation may be some attraction 

due to similar fluctuations in something, we do not 

know just what…” 

1/r6



(… - mm )
RADIO MICROWAVE INFRARED VISIBLE ULTRAVIOLET X-RAY GAMMA

(m - mm) (mm - 800 nm) (800 nm - 400 nm) (400 nm - 10 nm) (10 nm -  m)10−12 (  m - …)10−12

Higher Frequency & Energy

Operational Measurement 
Limitation  



[Conversations on Quantum Gravity, Jácome Armas: Nima Arkani-Hamed] 

      Thus, there is an intrinsic limitation on the 
amount of degrees of freedom locally available to 
perform any experiment.

No local observables 
 in Quantum Gravity 

      Therefore, there is no precise observable one can associate 
with any measurement performed in a finite-size room.  

Unless…

      Black Holes are the most informatics-dense objects 
in the Universe. And the amount of information they 
can store is finite and scales as . e−A/G



Holography

[Conversations on Quantum Gravity, Jácome Armas: Nima Arkani-Hamed] 



Status- 
of-art



What if you cannot open the box? 

We see that each description of what’s inside assumes a different notion 
of the system, different notion of which parts are interacting, and 

therefore different notion of what’s a neighboring site!  

How do we make sense of that? 
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So, which one is it? How do we find out? 

You thought these were the 
questions all along, but… 



[Dawid, Franzmann, ’24] 



Chapter 6: 
So now  
what? 
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[J. Mielczarek, T. Trześniewski, ’17]



[Oriti, ’18] 
Oriti’s levels of spacetime 
emergence

lvl. 0: gravity is classical!
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[Oriti, ’18] 
Oriti’s levels of spacetime 
emergence

lvl. 2.1: GR, quantization of geometric 
DOFs Take the classical limit

lvl. 2.2: Take the continuum limit

lvl. 2.3: same DOFs, different phases, some 
non-geometrical 

Show the existence of 
spacetime phase

lvl. 2.4: phase transitions, non-temporal 
geometrogenesis

Understand phase 
transitions

fundamental DOFs combinatorial, 
algebraic (“atoms” of spacetime)



If no spacetime, but matter, what does it mean to be matter? Cannot be understood 

in the traditional way, in the sense of existing “in spacetime”, since it seems that the 

verb to be suddenly is not about “to be in spacetime” anymore, but rather  

“to be in quantum (Hilbert) space”.  

At the same time, measurements happen in classical spacetime. So, it seems that one 

cannot let go of the classical anchoring and its role in defining the relevant ontology: 

"one has to accept a multi-level ontology of some sort, in which both fundamental and 

emergent properties and entities are real in an appropriate sense.” (Oriti, ‘18) 

[Oriti, ’18] 
[Dawid, Franzmann, ’24] 

Thoughts 



Conclusion
Progress can be typically made when obvious notions are finally put into question. 

Among the historical remarkable examples, perhaps Einstein's scrutinizing of the nature of 
simultaneity leading to the theory of relativity and Planck's debunking of the radiation energy 
spectrum continuum giving rise to quantum mechanics stand out the most.  

Another seemingly obvious concept is the idea of what there is - of independent physical 
systems. Combining relativity and quantum mechanics challenges the immediate naive 
understanding of how to describe different interacting physical systems.   

This is a notion that, despite permeating all the physics we do, 
 remains to be fully scrutinized in the context of quantum mechanics  

and the emergence of spacetime.



Thank you for the lovely  
term together!


