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Warning !

You enter a talk where a physicist will act as an historian (of phycics) to
discuss philosophy (of physics).

Be careful ... and indulgent.
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More seriously . ..

We are gonna be concerned with the history of the concept of space.
Which means
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More seriously . ..

We are gonna be concerned with the history of the concept of space.
Which means

— Talk about several physicists — Not all of them

and/or philosophers — Summarize and forget about

— Touch on their philosophy some details

We are far and away not gonna be exhaustive.
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Motivations

“What then is time 7 If no one asks me, | know if | want to explain it to a
questioner, | do not know"
St. Augustine

(From my point of view) The same idea can apply to space.
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Motivations

“What then is time 7 If no one asks me, | know if | want to explain it to a
questioner, | do not know"
St. Augustine

(From my point of view) The same idea can apply to space.

— Space and time are fundamental/basic concepts in physics

— But basic doesn't meen trivial
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Aristotle (384AC — 322AC)

Space is absolute.
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Aristotle (384AC — 322AC)

Space is absolute.

— Geocentrism

— Bodies tend to be at rest in their “natural place” (defined in term of
the center of the Earth)

— Except for celestial bodies which are naturally in uniform circular
motion (around the Earth)
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Aristotle (384AC — 322AC)

Space is absolute.

— Geocentrism

— Bodies tend to be at rest in their “natural place” (defined in term of
the center of the Earth)

— Except for celestial bodies which are naturally in uniform circular
motion (around the Earth)

Rest is absolute.
Space ~ Earth reference frame.
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Thomas D’aquin (1224PC — 1274PC)

Space is absolute
but has been created
with the universe.
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Thomas D’aquin (1224PC — 1274PC)

Space is absolute
but has been created
with the universe.

— Space is a property of the universe

— Doesn’'t make sense “outside the universe”
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Gottfried Leibniz (1646PC — 1716PC)

Space is a relation
between objects.
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Space is a relation
between objects.

— Space is an order of coexistence

Today

— It can only be perceived thanks to the presence of “objects” (monads)

— Space cannot exist in the absence of matter
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Gottfried Leibniz (1646PC — 1716PC)

Space is a relation
between objects.

— Space is an order of coexistence

Today

— It can only be perceived thanks to the presence of “objects” (monads)

— Space cannot exist in the absence of matter

Space is relative.
(But it exist independently of any observation)
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Isaac Newton (1643PC — 1727PC)

Space is absolute
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Isaac Newton (1643PC — 1727PC)

Space is absolute
.Or...Isit?

Here, we need a dinstinction between Isaac Newton and Newtonian
mechanics.
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Isaac Newton

— Space is a substance (# relation)

—> Space exists independently of the presence of matter (theater)
— Space is not affected by the presence of matter (fixed)
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Isaac Newton (1643PC — 1727PC)

Space is absolute

Isaac Newton

— Space is a substance (# relation)

—> Space exists independently of the presence of matter (theater)
— Space is not affected by the presence of matter (fixed)

Newton was convinced that there must be a “preferred reference frame”
for space (Absolute space).
Absolute space #* Relative space
% Q

“God's viewpoint” £ “Human's viewpoint”
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Space is absolute
.Or...Isit?

Newtonian mechanics
— Principle of Galilean invariance : Inertial frames are indistinguishable
— There is only a preferred class of reference frame
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Isaac Newton (1643PC — 1727PC)

Space is absolute
.Or...Isit?

Newtonian mechanics

— Principle of Galilean invariance : Inertial frames are indistinguishable
— There is only a preferred class of reference frame

—+ The structure of simultaneous spaces is (for all time) Euclidian : E3

One cannot find [only] one “preferred reference frame for space”.
But, the structure of Newtonian space(-time) is fixed and independent of
any external cause.

N* ~ Ry x E3
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Immanuel Kant (1724PC - 1804PC)

Space is a “synthetic
a priori form of intuition”.
It is part of a framework
used by human’s mind
to organize experiences.
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— Space (and time) help us to tell something about the world but

—> These are not discovered by experiment

— Rather, these are conceptual notions necessary a priori for our
experiences of the world to make sense
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Space is a “synthetic
a priori form of intuition”.
It is part of a framework
used by human’s mind
to organize experiences.

— Space (and time) help us to tell something about the world but

—> These are not discovered by experiment

— Rather, these are conceptual notions necessary a priori for our
experiences of the world to make sense

“Thoughts without content are empty, perceptions without concepts are
blind."”
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Immanuel Kant (1724PC - 1804PC)

Space is a “synthetic
a priori form of intuition”.
It is part of a framework
used by human’s mind
to organize experiences.

— Space (and time) help us to tell something about the world but

—> These are not discovered by experiment

— Rather, these are conceptual notions necessary a priori for our
experiences of the world to make sense

“Thoughts without content are empty, perceptions without concepts are
blind."
Space is not real. It belongs to the subjective constitution of the mind.
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Ernst Mach (1838PC — 1916PC)

When one talks of space
it is actually a shortcut to refer
to the entire universe

There are several interpretations of Mach ideas. Its difficult to be
categorical about his claims.
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When one talks of space
it is actually a shortcut to refer
to the entire universe

There are several interpretations of Mach ideas. Its difficult to be
categorical about his claims. But he seems to mean that

— When one refers to the motion of a body in space, it actually refers to
his motion relativelly to the distant stars

— The inertia of a body is a result of his interaction with all the mass in
the universe
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Ernst Mach (1838PC — 1916PC)

When one talks of space
it is actually a shortcut to refer
to the entire universe

There are several interpretations of Mach ideas. Its difficult to be
categorical about his claims. But he seems to mean that

— When one refers to the motion of a body in space, it actually refers to
his motion relativelly to the distant stars

— The inertia of a body is a result of his interaction with all the mass in
the universe

The notion of absolute space is unnecessary.
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Albert Einstein (1879PC — 1955PC)

Space is relative,
just as time.
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Albert Einstein (1879PC — 1955PC)

Space is relative,
just as time.

Special Relativity (1905)
— The speed of light in vacuum is absolute
— Space and time have to merge into (Minkowski) spacetime : (M*,n)

— Inertial frame are related via Lorentz Transformations A : ATnA = 1.
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Albert Einstein (1879PC — 1955PC)

Space is relative,
just as time.

Special Relativity (1905)
— The speed of light in vacuum is absolute
— Space and time have to merge into (Minkowski) spacetime : (M*,n)

— Inertial frame are related via Lorentz Transformations A : ATnA = 1.

There is no absolute space nor time.
Nevertheless, (M4,'r]) remains independent of any external cause.
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Albert Einstein (1879PC — 1955PC)

Space is relative,
just as time.

General Relativity (1915)

— Gravitationnal field can locally be eliminated in an accelerated frame
— Matter influences the structure of spacetime : (M*,7) — (M1, g)

— Freely falling particles move along geodesics
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Albert Einstein (1879PC — 1955PC)

Space is relative,
just as time.

General Relativity (1915)

— Gravitationnal field can locally be eliminated in an accelerated frame
— Matter influences the structure of spacetime : (M*,7) — (M1, g)

— Freely falling particles move along geodesics

For the first time, matter has an influence on the structure of spacetime.
(M*,g) is not “independent on external causes”.
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Georges Lemaitre (1894PC — 1966PC)

Space and time
are statistical notions
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Georges Lemaitre (1894PC — 1966PC)

Space and time
are statistical notions

— Space and time are properties of the universe
— They acquired their meaning after the Big Bang

— They can only be conceived thanks to the multiplicity of atoms
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Georges Lemaitre (1894PC — 1966PC)

Space and time
are statistical notions

— Space and time are properties of the universe
— They acquired their meaning after the Big Bang

— They can only be conceived thanks to the multiplicity of atoms

It doesn’'t make sense to think of space and time “outside” the universe.
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Today

There is still a lot
of things to understand
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— must be described with the geometrical language of General Relativity

— It seems admitted that space and time make sense only “in the limits
of the universe”
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— It is commonly admitted that spacetime have a dynamical structure

— must be described with the geometrical language of General Relativity

— It seems admitted that space and time make sense only “in the limits
of the universe”

But one can still ask a lot of questions about this spacetime

— Does it make sense in the absence of matter? <> Quantum properties
of the vacuum

— Is there a preferred reference frame ? <+ isotropy of CMB

— Is it fondamentaly continuous? <+ Planck scale
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— It is comy pacetime have a dynamical structure

— must be described Wlth the geometrical language of General Relativity
— It seems admitted that space and time make sense only “in the limits
of the universe”

But one can still ask a lot of questions about this spacetime

— Does it make sense in the absence of matter ? <> Quantum properties
of the vacuum
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— What are its constituents ? <+ Dark Energy, Dark Matter
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Today

There is still a lot
of things to understand

It is co & atbacetime have a dynamical structure
i 4 etrical language of General Relativity
that space and time make sense only “in the limits

VRN
=

It seems admittea
of the universe”

But one can still ask a lot of questions about this spacetime

Does it make sense in the absence of matter? <> Quantum properties
of the vacuum

Is there a preferred reference frame? <> isotropy of CMB

Is it fondamentaly continuous? <> Planck scale

Did it start with a Big Bang? <+ Big Bounce

What are its constituents ? <» Dark Energy, Dark Matter

Is it even real 7 <> Information Paradox, holography

Ludovic Ducobu

!

L4l



Introduction Artistotle St Thomas Leibniz Newton Kant Mach Einstein Lemaitre Today

Today

There is still a lot
of things to understand

It is co it g atbacetime have a dynamical structure
Ml ectrical language of General Relativity
that space and time make sense only “in the limits

VRN
=

It seems admittea
of the universe”

But one can still ask a lot of questions about this spacetime

Does it make sense in the absence of matter? <> Quantum properties
of the vacuum

Is there a preferred reference frame? <> isotropy of CMB

Is it fondamentaly continuous? <> Planck scale

Did it start with a Big Bang? <+ Big Bounce

What are its constituents ? <» Dark Energy, Dark Matter

Is it even real 7 <> Information Paradox, holography
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Thank you for your attention !
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