L ecture 27

Theexpanding universell1:
How Is it curved?
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__I-he-great synthesis (1930)

* Meeting by Einstein, Hubble and L emaitre
— Einstein: theory of general relativity

— Friedmann and Lemaitre: expanding universe
as a solution to Einstein’ s equation

— Hubble: observational evidence that the
universe is indeed expanding

e Conseguence:
— Universe started from a point
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L et’ s apply-Einstein’s equation to
—the Universe

o What Isthe solution of Einstein’s equation
for a homogeneous, I1sotropic mass
distribution?

— Asin Newtonian dynamics, gravity is always

attractive

— a homogeneous, Isotropic and initially static
universe is going to collapse under its own
gravity

— Alternative: expanding universe (Friedmann)
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Einstein’sproposal: cosmological
—constant L

 Thereisarepulsive forcein the universe
vVacuum exerts a pressure

empty space is curved rather than flat
e Therepulsive force compensates the attractive

gravity  static universeis possible
e but: such auniverse turns out to be unstable:

one can set up a static universe, but it SsSmply
does not remain static

* Einstein: “greatest blunder of hislife’, but isit
really ... ?
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Edwin Hubble
—(1889-1953)

The establishment of the
Hubble classification
scheme of galaxies

The convincing proof that galaxies are 1sland
“universes’

The distribution of galaxies in space
"he discovery that the universe is expanding
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__Keyresults

 Most galaxies are moving away from us

 Therecession speed Vv islarger for more
distant galaxies. The relation between
recess velocity . and distance | fulfillsa
linear relation:

e Hubble' s measurement of the constant

 today’s best fit value of the constant:
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Initial distance;
final distance:
recess velocity:

Initial distance:
final distance:
recess velocity:
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__A-metric of an expanding Universe

* Recall: flat space

 better: using spherical coordinates (
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__A-metric of an expanding Universe

e But, thiswas for a static space. How does
this expression change if we consider an
expanding space ?

1S the so-called scale factor

Astronomy 201 Cosmology - Lecture 27




__Example: static universe

t

Astronomy 201 Cosmology - Lecture 27




Examplesexpanding at a constant
—Trate

t
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Examplesexpansion Is
—dslowing down

t
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Examplesexpansion Is
—accelerating

t
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__Example: collapsing

t
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__Hewrold isthe universe?

o A galaxy at distance ¢ recedes at velocity

* \When was the position of this galaxy
Identical to that of our galaxy? Answer:

: Hubble time. For
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__Hewbigisthe universe?

 Wecan't tell. We can only see (and are affected
by) that part of the universe that is closer than
the distance that light can travel in atime
corresponding to the age of the Universe

* But we can estimate, how big the observable
universe s

: Hubble radius. For
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__A-metric of an expanding Universe

e But, sofar, we only considered aflat space.
What, If there Is curvature ?

IS the curvature constant
. flat space
. spherical geometry
. hyperbolic geometry
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__A-metric of an expanding Universe

IS the curvature constant
. flat space
. spherical geometry
. hyperbolic geometry
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__Coesmological redshift

* \While aphoton travels from a distance

source to an observer on Earth, the Universe
expands in size from to

* Not only the Universe itself expands, but

also the wavelength of the photon
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__Coesmological redshift

e Genera definition of redshift:

for cosmological redshift:
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__Coesmological redshift

e Examples:
—z=1 / = 0.5
o at z=1, the universe had 50% of its present day size

 emitted blue light (400 nm) is shifted all the way
through the optical spectrum and is received as red

light (800 nm)
— 7=4 / =0.2

o at z=4, the universe had 20% of its present day size
o emitted blue light (400 nm) is shifted deep into the
Infrared and Is recaived at 2000 nm
— most distant astrophysical object discovered so
far: z=5.8
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