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Abstract: The refinement of our understanding of Space and Time through thought experiments; starting with Newtonian ideas and ending v
mathematical adventures of Einstein and other prominent scientists as they contemplate the structure of stars.
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A huge great enormous thing, like — like
nothing. A huge big — well, likea — I don't
know — like an enormous big nothing ...

Piglet describes the Heffalump,
in Winnie the Pooh by A.A. Milne




Dark stars

Rev. John Michell (1783)

A British born “natural philosopher” dared
to combine the corpuscular description of
light with Newton’s gravitation laws to
predict what large compact stars should
look like.

He showed that a star, that has the same
density of the sun, but 500 time as big,
would have such a gravity, that "All light
emitted from such a body would be made
to return towards it". He said we wouldn't
be able to see such a body, but we sure
will feel it's gravitational pull.

We could fly close to this "Dark star” and
look around and describe the features of
the object.

A novelty, world lost interest when light
was shown to be waves in 1803 by
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What is Earth’s r when escape velocity is 3x10° m/s
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What is Earth’s r when escape velocity is 3x10° m/s
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Einstein's Equivalence Principle

There is no experiment that you can perform that
will distinguish these two diagrams
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Einstein's Equivalence Principle

= There is no experiment that you can perform that
will distinguish these two diagrams




Gravity as a Curvature of Spacetime

The early 1900's changed
the way gravity Is looked at.
Einstein didn't think of
gravity as a force between
objects, but as a curving of
“straight lines” due to mass.
Light always follows these
straight lines.

Time also slows down near
masses (space and time
are different parts of
‘spacetime”, which is what
gets bent).
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Gravity as a Curvature of Spacetime
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Gravity as a Curvature of Spacetime

The early 1900’'s changed
the way gravity Is looked at.
Einstein didn't think of
gravity as a force between 4
objects, but as a curving of ’_,,__._ -
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Einstein Field Equation: another
dissection

- Generally speaking, Einstein field equation:
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Einstein Field Equation: another
dissection

- Generally speaking, Einstein field equation:

/s

- Just so that we are clear on definitions:

]

“ - each differential equation contains multiple ferms;
equations cannot be solved individually.

“ - determinants of sub-matrices of the system of
equations matrix are either positive or negative; never zero.

“ - dependent on nonlinear function of metric components

“ - an equation containing partial
derivatives of functions, for example & f(x,y,z)/0xdy

“ - components of the metric fensor g,




Let's Review
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Space Diagram
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Space Diagram
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Space Diagram
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Space Diagram

75 dA - 10 me.l-r‘es AN
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Space Diagram

.= D sec t, = 5 sec

Question: How much time has
elansed for Bob?
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Draw a "Spacetime Diagram”

A (Cat rest”) A’ (at rest relative to A)
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3+ S
2+ 2
1+ 1
“Time” 0-¢—>-0

I dA = 10 m
0 llspacell



Draw a "Spacetime

A ("at rest”) A’ (at rest relative to A)
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Draw a "Spacetime Diagram”

A (Cat rest”) A' (at rest relative to A)




Draw a "Spacetime Diagram”

A ("at rest”) A’ (at rest relative to A)

s -y B (moving rel. to A)
1-A = 5 5 = 1.A'

4 4v=d,/t,

3 =10 m/5 s

2 =2m/s

1

‘Time" 0 4




Let's Have Spacetime Fun!

Sketch spacetime diagrams for each:

1: Bob at rest relative to Alice

2: Alice tossing a baseball up
3: Bob moving Fast

4: Bob moving Slow
5: The Earth orbiting about the Sun



Bob at rest relative to Alice
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Bob at rest relative to Alice
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Bob at rest relative to
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Alice Tossing a Baseball Up




Alice Tossing a Baseball Up
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Alice Tossing a Baseball Up
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Alice Tossing a Baseball Up
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Bob Moving Fast and Slow
t B (slow) B (fast)




Bob Moving Fast and Slow

T B (slow) B (fast)
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Earth Orbiting the Sun




Earth Orbiting the Sun
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Earth Orbiting the Sun

Time

elliptical cylinder

<V

Sun’s trajectory ?

in Spacetime
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Back to Bob and Alice




Draw a "Spacetime Diagram”
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Draw a "Spacetime Diagram”
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Draw a "Spacetime Diagram”
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Draw a "Spacetime Diagram”

I How about when Bob is
' "Space”
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Newton's “"Universal Time”
A (at rest) B (slow) B (fast)
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Newton's "Universal Time”

A (at rest) B (slow) B (fast)
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Newton's “"Universal Time”
A (at rest) B (slow) B (fast)
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Newton's "Universal Time”
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Newton's “"Universal Time”
A (at rest) B (slow) B (fast)
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Newton's "Universal Time”
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Newton's "Universal Time”




The Geometry of Space

A (walking N)
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The Geometry of Space

A (walking N)
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The Geometry of Space

A (walking N)
B (walking NE)

How do we transfer
A's tick marks?

Let's Try CIRCLES
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The Geometry of Space
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The Geometry of Space
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The Geometry of Space
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The Geometry of Space




The Geometry of Spacetime
No (&




The Geometry of Spacetime
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Problem : Curves
bend down not up




Experimental Data:




The Geometry of Spacetime

Problem : Curves
5
~. bend down not up




The Geome'l'r'y of SPace Fime
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The Geometry of Spacetime
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Try hyperbolas
instead of circles:

(ctg)? = (,TA/)/Z' - x,2

Minus sign




The Geometry of Spacetime




The Geometry of Spacetime




The Geometry of Spacetime
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The GeomeTry of Space
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The Geometry of Spacetil
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The Geometry of Spacetil
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The Geometry of Spacetime
CTa 12 = (ctp)® - xa°

...... ..o (.s-::’:"l'B)2 = (cTa)? - x4°
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