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Cosmological Frame of Reference

Galactocentric Frame

Galactic Frame

Copernic Frame

Heliocentric Frame

Geocentric Frame

Terrestrial
Center Frame
of Three
the Solid: distant
Earth the EEII‘th Stars

Center of the Sun. Three fixed stars.

Center of Mass of the Solar System. Three fixed stars.

Solid: the Milky Way

Center of Mass of the Milky Way.

Three fixed galaxies.

with respect to the Fossil Radiation

@
0

Directions:

1(

Catalog of distant Quasars.
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At

AX'/C

Each side of the triangle corresponds to a distinct
time:

Elapsed
fime
in R
from

E,t0E,

Time taken by the light
to go from M'; fTo M5 in R

proper time

1 uNITS OF TIME

UNITS OF LIGHT-TIME

distance traveled
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point of view, and we have to rethink the situation.
First of all, to measure a velocity in a given frame of
reference, it is necessary to divide a distance by a
time, faking care fthat the two quantities are
measured in this same frame of reference.
In the question asked by the student., he divides a
distance measured in the gadlactic frame of
reference by a time measured in the frame of
reference of the vessel. It does not make sense®, the
quantity obtfained does not cormrespeond to the
speed of an object.
The answer. to this apparent paradox, is that the Sun
-Proxima distance measured frem the frame of the
vessel is not 4 ly, the length is contracted and is less
than 3 ly.
The length contfraction factor is equal to the fime
dilation factor.
Do we have the equivalent of the triangle of times?
Not really, because, if we are frying to consfruct a
friangle of lengths, one of the sides does nof
correspond to a physical quantity, directly measu-
rable. On the other hand, we can add @
fourth fime in the triangle of times
which corresponds to the
fime taken by the O

& <
light measured <« &,
in the reference 49,9\’%'}
frame R: N

Light-time in R

Time in R
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the starship and 5 years on Earth.

Consider these two events, E;, the ship is ot the level
of Proxima at 80% c¢. and, £, the clock on Earth
indicates 5 years since departure. An earthling can
say to himself: "there, now that 5 years have elapsed
for me, the ship is at this very moment at the level of
Proxima. If | cannot see it directly with a telesceope it
is for fechnique reasons of finite speed information
propagdafion fime", he can then have the emotion
of the moment shared with the astronauts. If we look
ot these two events in o space-time diagram they
are effectively at the same time ft they are
simultaneous events in R.

For this to be true,

this emotion of a t A ¢
common moment 3./E,
must be shared, but £ *e=0:275) 704,

for the observers on B -7 r,%
board the ship it is bl

not. For them in R’
the simultaneous
event on Earth is E;,
a much earlier
event, less than two

W=

years cafter depar-
ture.

B
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Possible fufures for E;

E;

Possible pdsts of E;
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Let us now take a second case where the vessels
move in the same direction, one at 50% and the
other at 75% of ¢:
We divide £G by EF and we find a relative speed
between the two vessels
24 t t’ of 40% c.
Clearly, for relativistic
speeds, the speeds do
not add or subtract.
The law of composition of
the speeds is different in
special relativity and
ensures that the speeds
of the objects are indeed
subluminic.
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The Doppler effect can be experimented with all
kinds of waves: sound waves, electromagnetic
waves, waves on water, etc... In all cases, we have a
wave propagating at a finite speed, and a scurce
and a receiver in relative motion. For example, for a
sound wave that propagates in the air, if you get
closer to the source the frequency is heard higher,
and if the source moves away the sound is, on the
contrary, perceived deeper.

Here we will focus
onan
electromagnetic
wave that
propagates in
vacuum, or more
precisely in
spacetime.

In this case, in
addition to the
delays or advances
due fo the
propagation of the

wave towards o
moving object, the
effect of spacetime
perspective is
added.

Let's take the
example of a yellow

B=60%
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- A periodic signal is emifted in R

B v/ with a period T, and, is received

" in Rwith a period 1. We ccll r the

ratio between these two

periods: r=T/T".

In the event that the source and

/ receiver move away:

o | ¥ r=0B,/0A,

/1 ” For 0A=1 on the axis of ' we
have OH =y on the axis of 1.

In (. ) : OA=y\1+p’ (scale factor).
The triangle BHA is right isosceles in H: AH=BH.







7 & + !

8
* 3
&
5 36
& 5
L P N L
1 I%I 1 1 1 1 Q 1 1 1 1 1 1 1 1

L=20cm

D=0OM=50 cm
Scale: y=2
L =5cm v=87% of c



*

6



Apparent Length of a Mobile Ruler

Apparent length (cm)
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Time (ns)
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Curve for A,,,=500 nm and T=5796 K.
Corresponds to a G-type star,
yellow star like the Sun.
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M(r,0)
re€f0; +oof
0 €[0; 2o
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n & k

Cartesian coordinates:
M(x,y)
X € J-o ; +oof
y € Joo ; +oof

Polar coordinates:
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Geometry of the Sphere

Circle centredon C:
Perimeter P.
Diameter D=AB.

P/D=2<m

Triangle NEF :

Sum of angles:
ox+B+y=270°

> 180°

Straight line D :

All straight lines D'
passing through P
intersect D,

There are no parallel
straight lines

Euclid's postulates are not verified.
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Geometries of Euclid and Minkowski

dl
dy

dx

dI>=dx’+dy’

dy
dz

dx

dI’=dx*+dy*+dz’

Spatiotemporal
Hypercube

dt

dt

dx/c

dr’=d®-dx*/c?

dt

dr

dy/c
dx/c

dv’=dt*-dx*/c-dy?/c?

dz/c

\J
dt
A8

dv’=dt*-dx*/c?-dy*/c*-dz*/c?

9

dr

dx/c

dy/c
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An infinity of passible paths C

links F; to F.

Which one extremes t ?

We know that for the extremal
path, a small variation of the
parameters x and v does not
modify., at order one. the E,
proper time.,

It is a simple mathematical property: aft the maxima
and minima of a function the slope is zero.

Suppose that C is the optimal path and consider C'
infinitely close. At given 1, we pass from C to C' by
small variations of x and v;

% E

Xo=X-+0X
and
c Ve =Vt OV

Let's develop the Lagrangian
at the first order:
gL oL

L(x+8x,v+dv)=L(x,v)+=——0x+—38
‘ dx v
8 8
9 9
9—8 9—8 8
2 8
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