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The universe observed

« Cosmological parameters:

H, — Hubble's constant
g, — deceleration parameter
(),  — the cosmic food chain /
(Quorar » Qs O, @ Q,0Q,..)

t — age of the universe

1, — temperature of the universe

 Power spectra—characterization of perturbations:

P(k)a Cl

 “Standard model”: Dark Energy and Dark Matter

ACDM



Robertson-Walker metric Perfect-fluid stress tensor

a(t) = cosmic scale factor p= energy density

k=0, a G, =87GT,, W) = pressure
2

lih;g»z —I—I”zdgzj Tﬂv = diag(p, p, p, p)

ds’ =dt’ —a’ (t)[




Field equations

4_ —ﬁ( +3 ) = —éL: deceleration parameter
) 3 pPTIP q = TS p
T, =0 poca™  w=p/p
7+ : fluids with different w
matter: py =0 w=0 P, ca’

radiation: p,=p./3 w=1/3 Proca

vacuum:  p, =—p, w=-1 O, Ca



scale factor a
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Evolution of H(z) is a ke}

Many observables based on
the comoving distance r

* Luminosity distance

Angular diameter distance

Comoving volume element

Age of the universe
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dz dQ) H(Z)
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Hubble’s

Discovery Paper - 1929

1000} H, =1004 km s Mpc™

v=H,d

h=5

(H, = Hubble's constant)
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Velocity (km/sec)
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h=0.72+£0.03+0.07 Freedman et al. (Hubble

Key Project)
h=0.7140.04-0.03 (WMAP 2003)
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Distance-redshift relation

L L.
F= defines luminosity distance - "know" L, measure F’

4rd;

4rrd; = area of °S centered on source at time of detection, ¢,

dr’

kr?

ds’ =dt’ —a (t)[1 +r2a’sz:>Area=47mz(z‘0)r2

Conservation of energy: flux redshifted: (1+z)” = [a (tO ) / a (t] )T

redshift of energy x redshift of time interval: (1+ z)’
_ L
dra’(t)r’(1+z)°

|d, =a(t,)r(1+z) |

light from comoving coordinate r at time t, reaches

us now redshifted by an amount (1+z) =a(t,)/a(t)




Distance-redshift relation

‘dL :a(to)r(l+z)‘ ds’ =dt’ —a (t)( dz;( +r2dQ2)
7"
light travels on geodesmsI dr i:.[ da
ds® = -k *alt) * H(a)a

H> =Hy | (1= Qo J(1+2) +Q, (14+2)° + ... ]

Q, =p,/(3H; [87G)
Qi =Q,, +Q, +Q, +Q +... (1-Q yra )<k

a'(t)H;' d'

[

J1- k'2 _I 0 JA=0)(1+2) +Q,, (1+2) +Q, (1+2)Y ) + .



Distance-redshift relation

\d, =a(t0)r(1+z)‘

a'(t)H," dz

a(t, )rfromj\/l v —j \/(1 5

rorar ) + z')’ + Q,, 1+ ') + ..

Program:

* measure d, (viad,”=L/4rF) and z
* input Q; (a model cosmology) and calculate a(t) r

- compare to data F = L/4xd;

* need bright “standard candle”
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Supernova Cosmology Project
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The mysterious language of astronomy

I/ .

m, —m, =—2.5log ]—1 apparent magnitude

2

L .
M, -M,=-25 logL— absolute magnitude

2
L . . .
I = > definition of luminosty distance
47d;

moc Slogd,
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QVACUUM
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High-z SNela are fainter
than expected in an

| Einstein-deSitter model

cosmological constant, or
...some changing non-zero

| vacuum energy, or

... Or some unknown
systematic effect(s)

| The case for A:

1) Hubble diagram
2) subtraction
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Theorist’s
view of the

universe

(Isotropic)
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Temperature of the universe
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Observer’s
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Anqular power spectrum

STO.4) = 5T(0,.4,)
5T0.0)=Y a, Y, 0.0)
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lcoustic peaks

« At recombination, baryon—photon fluid undergoes
“acoustic oscillations” A coskr + Bsin kt

- Compressions and rarefactions change 7,

* Peaks In AT7 correspond to extrema of
compressions and rarefactions

* Multipole number corresponds to a
physical length scale [ |
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z=1000
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David T. Wilkinson WMAP model WMAP science team
1935-2002
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High-z SNela are fainter

' No Big Bang
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than expected in an
| Einstein-deSitter model
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|...some changing non-zero
| vacuum energy, or

... Or some unknown

{1 systematic effect(s)

| The case for A:
1) Hubble diagram

2) subtraction

Qrota= 1
maximum %, 02,,=0.3
theoretical ,%&@o* 1-0.3 = 0.7
bliss %, ™ 3) age of the universe
||||‘\lll‘\||||||||‘||||‘\|||
1 2 3

0

QMATTER



Example: matter + lambda — Qg4

Integralte Friedmann equation:

H t = dx

! \/1 ~Qporar + ZWQW'X_1+3W

QTOTAL — QM + QA

= QM + QA
— T /
_ Hotg ~ 19 Gyr
| 63 km:.]Mpc 14.3 Gyr




e of the universe

—,

» white dwarf cooling 11£2 Gyr

* nucleocosmochronology 12.6+3 Gyr

- globular cluster evolution 13.5+2 Gyr

H, =70 | 2y, Q. |ty (Gyr)
Flat 1.0 0 9.3
Open |0.3 0 12
Open (0.2 0 14
Flat 0.3 0.7 | 13.5
Flat 0.2 0.8 15
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High-z SNela are fainter
than expected in an

| Einstein-deSitter model

cosmological constant, or

|...some changing non-zero
| vacuum energy, or

... Or some unknown
systematic effect(s)

| The case for A:

1) Hubble diagram

2) subtraction
Qrota= 1
02,,=0.3
1-0.3 = 0.7
3) age of the universe
4) structure formation
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Bt 0 |

Einstein’s

l Biggest Blunder?

A | 1917 Einstein proposes

cosmological constant

1929 Hubble discovers
Expansion of the universe

B | 1934 Einstein calls it
| “my biggest blunder”

1998 Astronomers find

&', . B | evidence for it




