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Edwin Hubble made this plot of galaxy
velocities versus distances in the 1930s
(above left). He only sampled a nearby
volume of space, as far as the Virgo clus-
ter. This so-called Hubble diagram was
greatly extended by Alan Sandage and his
collaborators (right), who compared the
recession velocities of the brightest galax-
ies in galaxy clusters with distances to the
clusters as inferred from the apparent:
magnitudes of these galaxies. A galaxy !
cluster is so luminous that it can be rec-
ognized at a large distance from us. Both
plots show that recession velocity in-
creases proportionately to distance.
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Modeling the Universe

Basic assumption -

the laws of physics and
mathematics hold
everywhere in the Universe



Cosmological
Copernican Principle

The Milky Way is just a normal
galaxy and it does not occupy a

preferred position in the
Universe
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Homogeneous and isotropic distribution of matter

7(t) = R(t)7,

R(t) — scale factor

d d
() = ()7,
7(t) = T
The Hubble constant — H(t) = ;Eg

a(t) = H(t)(1)



How to determine R(t) ?

First attempt -
Newtonian dynamics
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Continuous medium (homogeneous and isotropic)
Newtonian mechanics
di(t)  R(t)

) = R(O) - Fo,  0(t) = =57 = s+ 70)

The continuity equation

. B
ﬁ_l_dh"(gﬁj_[]u
R(t)
o= pol(t); Q+3— o=0,
(1) R(1)

= o(t) - R® = const,



The Euler equation

dv 1
d—? = ——gradp — grad®, & — gravitational potential,
o

The Poisson equation
Ad = 47Gp,

2

0=o(t); p=p(t), A®=4nGe(t) = & = dnGe(t) .



dv

dt

d ' 4
—grad®, = E(g) F(t)+(%]2*f’(t]:— ng
d R R, _ AnGo
dt (R)_I_(R) B 3
R 4nGo -
E = 3 = R<0,

gravitational interactions slow down the expansion



EiR:

(= —50) - (RR)

=v] =vE

_él?rGA + R
3 R’

A= o(ty) - R(to)

1 2y ArGA d |1
Edt(R]] 3 dt{Rj’

+ const, we will take const =0,




Pythagoras
570 - 495 BC




Geometry of space

Euclid
~ 304 -282 BC
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Cartesian coordinates
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