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grants g~ .. just some numbers about the observable Universe

The Far Side ” 2 Age: ~ 14 billion years
s Temp: 2.73 Kelvins

Radius: 46 billion light years = 4.3 x 10® m

Poet lookatall Volume: 4.1 x 10° Gly? = 35x10%m?

ose STors, Becky. . L )

Tnere wmust be

\undeds, of e ] \
Baryons: 102 — | Hydrogen: 74%
Electrons: 10% Helium: 25%
Photons: 10% Heavier elements: 1%
Neutrinos: 10%°

_ - Dark Matter 7
e o Dark Energy 7
Carl Sagan as a kid Curvature ?
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grants g~ Standard Cosmology
ACDM model FLRW metric
Lambda-Cold Dark Matter model Friedmann-Lemaitre-Robertson-Walker metric
@ Big bang cosmology with dark energy and @ Based on Einstein’s field equations

cold dark matter 81 G

1
@ Simplest model that explains: Ruv = P R+ guh = ct T

> the existence and structure of the cosmic ¢ Describes a homogeneous, isotropic expanding

microwave background. or contracting universe.

> the large scale structure in the . ]
distribution of galaxies. @ Friedmann’s 2 equations:

» the abundances of hydrogen (including P+ k> 81Gp + Nc?
deuterium), helium, and lithium. 2 = B

> the accelerating expansion of the . 5
universe observed in the light from a_ 4G ( + %) + Ac?
distant galaxies and supernovae. a 3 c? 3
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grants o- Standard Cosmology
ACDM model FLRW metric
Lambda-Cold Dark Matter model Friedmann-Lematitre-Robertson-Walker metric
@ Big bang cosmology with dark energy and @ Based on Einstein’s field equations
cold dark matter 1 G
) - Ruy — =8 R+ gul = 87T—TW
@ Simplest model that explains: 2 ct

> the existence and structure of the cosmic @ Describes a homogeneous, isotropic expanding
microwave background. or contracting universe.
> the large scale structure in the

distribution of galaxies. @ Friedmann’s 2+1 equations:
» the abundances of hydrogen (including 2 e
deuterium), helium, and lithium. =3P
» the accelerating expansion of the 5 4rG
universe observed in the light from o= —T(p + 3p)
distant galaxies and supernovae.
p=—3H(p+p)
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Qra”ts# Scenarious from solving the Friedmann equations

@ The Equations of State (w = p/p)
pox w 40

Matter oM a3 0 35F % — — Qu=0.05 9y =0 — Negative curvature -
Radiation Py a4 1/3 3.0 et Om=1, Qa=0 — Flat curvature |
. Tlw® o--OQu=6, Qy=0 — Positive curvature
Cosmological constant  pp 1 -1 3

_2 25— g

Curvature Pk a -1/3 © _ -
2.0} e T

@ Putting this into a modified Friedmann Eq. s _mm
gives us: o Now .= T .
ofF e - .
S0 1+3W' o

i(t) = —5Hy Z 0 a(t)2 W 051 T o

00 bz -t Billion years
‘ -10 -5 0 5 10 15 20

a(t) = Ctamm
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grants - Planck Satellite
Launched in 2009.

Third satellite to study the Cosmic Microwave
Background Radiation (CMB).

Set to replace previous missions: COBE (1989)
and WMAP (2001).
Advantages compared to WMAP:

» Higher resolution (x3).
» Higher sensitivity (x10).
» 9 frequency bands rather than 5, with the goal

COBE WMAP Planck

Ty of improving the astrophysical foreground
models.
i3 Q}: s @ Located at the Lagrangian Point L2.
@ First results published in March 2013.
M

Final results published in February 2015.
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Without correcting
for comoving

Lars Husdal (Department of Physics, NT The ACDM-model after Planck November 19th, 2015 11 /23



noruéag
gran S# : ...and the Milky Way
Galaxy
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Cosmological Parameters

Baryon density today

Cold dark matter density today
100 X approximation to ry /Dp (CosmoMC)
Thomson scattering optical depth due to reionization
Scalar spectral index
Log power of the primordial curvature perturbations

Planck’s Six Parameters

Q,h? 0.02230 + 0.00014
Q 0.1188 =+ 0.0010
1000 1.04093 + 0.00030
T 0.066 + 0.012
ns 0.9667 = 0.0040
In(10'° A) 3.064 + 0.023

Age of Universe
Hubble Constant
Baryonic & DM
Dark Energy
Radiation
Curvature

Derived Parameters

to

Ho
Qm
Qp
Q,
Qy

68% limits
13.799 £0.021
67.74 £+ 0.46
0.3089 +0.0062
0.6911 +0.0062
104

0.000 +£0.005
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4.0

Expansion History

44 70q years

3.5

a (Scale Factor)

3.0

2.5
20F
15}
1.0}
0.5

— Ou =0.31, Q) = 0.69 — Flat curvature

Now

Billion years

10.2 billion years

| Radiation dominated era | Matter dominated era

A dominated era|

1.0

0.8 F

0.6 |

Age of the Universe: 13.8 billion years.

Lars Husdal (Department of Physics, NTNU)

0.0 ,
-138 -10 -5 0 5 10 15

Radiation Matter A
4 04l contribution contribution contribution |
0.2} |
Years
OO " 1 " 1 Il 1
20 1 1000 106 10° 10"

Radiation, matter and dark energy eras.
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Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

Quantum
Fluctuations

about 400 million yrs.

Big Bang Expansion

13.7 billion years
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10%ev 10%ev 10"%ev 10%ev 10%ev ITev  lov  IMov kv lev.  Im¥v  Energy
107%%5ec 109650 10305ec 10%%5ec 1078sc 107256 10%5ec  lsec  10%ec  10'%scc 101 Time
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The Very Early Universe

e0s-10"125

é The Early Universe
© 10712 5-379000 y

\

\.

Structure Formation
® 379000 y - 13.8 billion y

\

Future and Fate
e 13.8 billiony - ?
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10%ev 10%cev 10'%ev 10%ew 10%ev ITev I  IMv  Lev  lev  Im¥v  Energy
10"%%56c 10%5ec 1030%ec 102%ec 1071850 10712%5ec 10705ec  Lsec 108 10'250c 10'8ec  Time

-

The Very Early Universe Characteristics:
e0s-10"125 @ Physics beyond the standard model

@ Separation of the four forces

The Early Universe Epochs:
e 10712 5-379000 y @ Planck epoch
e Quantum gravity and ToE

\.

3 e Until gravity splits out at 10=%3 s

Structure Formation @ Grand Unification epoch
© 379000 y - 13.8 billion y o Until strong & electroweak force splits at 10736 s

\.
©

Inflation

e Rapid exponential expansion of the Universe

Future and Fate e Fixes horizon, flatness, magnetic monopole problem
e 13.8 billiony - ? e Until 10—32 s

@ Electroweak epoch
o Baryogenesis
o Until the electroweak force splits at 10712 s

.

J
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The Very Early Universe

e0s-10"125

LIV T 1 :
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Structure Formation
® 379000 y - 13.8 billion y

Future and Fate
e 13.8 billiony - ?

é The Early Universe
© 10712 5-379000 y
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Characteristics:
@ Standard model physics
@ Changes in "energy domination”

Epochs:
@ Quark epoch
e Quark gluon plasma domination
e Until hadrons form at 107 s
@ Hadron epoch
e Neutrino-decoupling
e Until hadron/anti-hadron annihilation at 10=* s
@ Lepton epoch
e Until lepton/anti-lepton annihilation at 10 s
@ Photon epoch
o Nucleosynthesis - between 3 and 20 m
o Matter domination at 70,000 y
e Until recombination / v-decoupling at 377,000 y

.
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10%K
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The Very Early Universe

e0s-10"125

=~

\

10%°K 10K

Structure Formation
® 379000 y - 13.8 billion y

Future and Fate
e 13.8 billiony - ?

é The Early Universe
© 10712 5-379000 y
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l@lDK ]IOSK 1K Temperature

Energy

10'250¢ 10'8ec  Time

-

Characteristics:
@ Gravity and General Relavtivity
@ Realm of observable astronomy

Epochs:
@ Dark Ages
e Transparent Universe
o Called so because of the lack of (new) light sources
o ...except for the 21 cm hyperfine H splitting
e Until gravitational collapse created stars and
quasars at around 150 million years after BB

@ Reionization
e Radiatian from stars heats up and reionizes
surrounding universe.
e Small increase in opagueness from plasma
@ Formation of galaxies, groups and clusters

@ Today

.

November 19th, 2015

19 /23



10%°K 10%K
[ -] [ I

10%°K
[

10K 10°K 10°K
L L

]IL K Temperature

The Very Early Universe
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Structure Formation
® 379000 y - 13.8 billion y

Future and Fate
e 13.8 billiony - 7

é The Early Universe
© 10712 5-379000 y

| L | T
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Characteristics:
@ Dark Energy playes big role
@ 2" |aw of thermodynamics

Scenarious:
@ Big Freeze and Heat death
@ Big Crunch
@ Big Rip

.

@ Eternal inflation and multiverses.
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logy of the Universe

QUANTUM END OF END OF MATTER
GRAVITY GRAND ELECTROWEAK DOMINATION
*Su; V] UNIFICATION UNIFICATION *Formation of «Formation
+Extra Dimensions? * Origin of « End of Structure of Atoms
L4 Sugersymmielrys Mltxeru\llth:;mr Supersymmetry’ Begins o mpli of

 Superstrings? e atceran

- Quark/Hadron

' l:lf‘l‘:m:. v sition Radiation

Big B.
Desert??? Nucleosynthesis
103°K 102K 10%°K 10'°K 1K Temperature
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Thank youl!
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_usinological constant

Metric tensor

\

G + g\ =

rravitational constant Stress-energy tensor:
Describes the energy
density, energy flux and

momentum in spacetime

Speed of light j
TGN

Lo

cl

= R 1/29;“, Scalar (Ricci) Curvature:
The Lagrangian density for
the Einstein-Hilbert action.

Defined as the trace of the
Ricci tensor.

Ricci curvature tensor:
Tells how matter will
converge og diverge in
time.

_ 4
S=- 2(87TGN/C4 /R\/—d

The action that yields the Einstein field
cquations through the principle of lcast action.

Energy

density — Energy flux

T
T
\ Iy

Momentum Momentum
density  flux
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