1. COSMOLOGY

1.C Observational cosmology

Goal: relate the cosmological parameters to observations.

Redshift:
Redshift z is defined by the difference in observed wavelength and emitted wavelength of
light:
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In cosmology, this is due to the expansion of space. Light travels from the source at
(tems Gem, Zem) tO the observer at (Zobs, Gobs, Zobs)-
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The spatial hypersurface can shrink or expand depending on a(t), so Agps i not necessarily
equal to A¢r,. Photons always travel along the shortest path, so for light we have:

ds =0 = cdt = a(t)dy (307)
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then
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For ag = 1 (observing today) we have:
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. . f phot. . . . .
Note: the change of luminosity L = =8 PRo% s affected “twice" by expansion since
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If aghs = 1, Zops = 0 and aemy = @, Zem = 2, We have
1 2
Lobs = Lem ( )
1+ 2

- (313)

= Lobs _ _ —em

(14 2)2

Distance measures:
Question: what is the distance between a source at (z,t,a) and an observer?
In static Euclidean space, we can measure a unique distance in different ways. For a source

with luminosity L and size [, we have:

e luminosity distance Dy: F' = _47{2)2
L

e angular diameter distance D4: ¢ = DLA

Note that Dy # D4 in expanding space!

Comoving distance:
Comoving coordinates move with space as it expands.

(fom 1 )_/t"bs cdt
X\lem) lobs) = - a(t)

(for light, ds = 0 = ady = cdt) (314)
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The comoving distance is not measurable through observations, but it is useful theoretically.
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We also define a function that depends on the curvature k of space that is helpful in writing
the metrics: -
——sin \/E), k>0
e (x
felx) = 9% k=0 (315)
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(V]
Angular diameter distance:
The angular diameter distance D 4 is defined such that
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for an object that has angular size ¢. Then the endpoints of [ have the same (x,0,1):
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Luminosity distance:
The luminosity distance Dy, is defined such that
L
= —. 319
4 D? (319)
observer
Then the observed surface, for ag,s = 1, is
emission Amal, f7 (X)) = 4n fi, (x2F) - (320)
Furthermore, we can relate the observed and emitted luminosities
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SO

This also gives us the relation

so Dy~ Dy if z < 1.

Notes:

e The simplest Einstein-de Sitter case is:

For z <« 1:

Furthermore:

So we get Dy = Dy = xo

Qo =

= Dy =

obs
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for z < 1, i.e. agreement for low z.

e The general flat case is: k =0 = fr(x) = x-

Dy =

1 obs
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. 2
Since a = ﬁ and da = _14%2 dz, then
1 z 1
= s | Bl P £ R (3)

So generally for 2,0 =0 (i.e. flat):
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3 verse with €, = 0.315 and
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Comoving volume element:

We want to measure the number of objects in a given angle d2 on the sky in a redshift
range (z,z 4+ dz). What is the comoving number density of those objects, i.e. what is the
corresponding comoving volume?

In general:

V =dAdr (337)
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where dA is area and dr is depth. So

dV, = (D4*dQ)(1+ 2)*- dy (338)
~—— ~—
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and finally:
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Plug in Dy = 1—J1rzfﬁ(x):
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1.D Inflation

So far, dynamics have been described by the Friedmann equations with some mass-energy
content of the Universe: €),,, 2., Qr, Q4. Is this sufficient to explain all data?

Problems:

e Horizon problem:
proc (14+2)and p, oc T* = T o< (1 + 2) (345)

The Universe cools and at some Zzecomp, it consists of neutral hydrogen atoms (recom-
bination). We get the balancing equation

H +e=H"+x (346)
where y = 13.6 €V is the ionization energy. We also have:

number density of free e”

x = .
number density of protons (347)
np _ baryon number density

n= = ~5x 10710 Qb_oh
n,  photon number density 0.01
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