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THE UNIVERSE IN A COMPUTER




COSMOLOGY

Cosmology is the study

of the origin, evolution, and future

of our Universe
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COSMOLOGY THE COMPUTATIONAL ASPECT
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COSMOLOGY

THE COMPUTATIONAL ASPECT

mass map of galaxy cluster Cl0024+1654
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COSMOLOGY THE VASTNESS OF THE UNIVERSE
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COSMOLOGY THE VASTNESS OF THE UNIVERSE
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COSMOLOGY

THE VASTNESS OF THE UNIVERSE
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COSMOLOGY

THE VASTNESS OF THE UNIVERSE
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COSMOLOGY

THE VASTNESS OF THE UNIVERSE

= orders of ten
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COSMOLOGY THE VASTNESS OF THE UNIVERSE

= galaxy catalogues (D)

e Shapley & Ames (1932) 1,250 galaxies
e Palomar Sky Survey (1950) 75,000 galaxies
e Lick Survey (1967) ~ 1,000,000 galaxies
e APM catalogue (1990) ~ 2,000,000 galaxies

Lick map APM catalogue
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COSMOLOGY THE VASTNESS OF THE UNIVERSE

= galaxy catalogues (8D)

e CfA (1986) ~ 1,000 galaxies
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COSMOLOGY THE VASTNESS OF THE UNIVERSE

= galaxy catalogues (8D)

e CfA (1986) ~ 1,000 galaxies
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THE VASTNESS OF THE UNIVERSE

COSMOLOGY

= galaxy catalogues (8D)
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COSMOLOGY THE VASTNESS OF THE UNIVERSE

= galaxy catalogues (8D)

e 2dF Survey (2003) 200,000 galaxies
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COSMOLOGY THE VASTNESS OF THE UNIVERSE

= galaxy catalogues (8D)

 Sloan Digital Sky Survey (2003) 71,000,000 galaxies
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COSMOLOGY THE VASTNESS OF THE UNIVERSE

= galaxy catalogues (8D)

 Sloan Digital Sky Survey (2003) 71,000,000 galaxies
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COSMOLOGY

THE EQUATIONS

isotropy

GRT =

homogeneity

Friedmann Equations

Albert Einstein

Alexander Friedmann
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COSMOLOGY

THE EQUATIONS

GRT

isotropy

— Friedmann Equations

homogeneity

N\ 2
H2=(Z) = HZ(Qla™ +Qa? +QFa2 +Q1)
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COSMOLOGY

THE EQUATIONS

GRT

isotropy

— Friedmann Equations

homogeneity
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COSMOLOGY THE EQUATIONS

= comoving coordinates >

a(ty)=a, =1

N\ 2
H2=(Z) = HZ(Qla™ +Qa? +QFa2 +Q1)
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COSMOLOGY THE EQUATIONS

= comoving coordinates >
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COSMOLOGY THE EQUATIONS

= comoving coordinates >
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(| .
r=ax+a
] . B
- =ax + Hr
~ (|
@5,
00T Hubble law
2 20,000
2 ‘E 10,000 |- k -2 A
H E;» 2061 +QO )
£ 5000|
? 3000 |-
X
2000 —
aenis 5 10 AN won
Distance to galaxy (Mpc)

COMPUTATIONAL COSMOLOGY




COSMOLOGY THE EQUATIONS

= pedshift: definition >

\_ 1/ TTh N\

c\ 2
H2=(Z) = HE(Qha ™ +Qla +Qka 2 +Ql)
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COSMOLOGY

THE EQUATIONS

= redshift: relation to expansion >

a, l+z

N

-\ 2
H2=(Z) = HZ(Qla™ +Qa? +QFa2 +Q1)

1
-—Q -Q,-Q
q I m A r

COMPUTATIONAL COSMOLOGY




COSMOLOGY

THE EQUATIONS

= redshift: interpretion as Doppler effect

N

N\ 2
H2=(Z) = HZ(Qla™ +Qa? +QFa2 +Q1)
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COSMOLOGY THE EQUATIONS

a(t) expansion factor of the Universe
a
H(?) = - Hubble parameter
aa :
q(t)=—-—  deceleration parameter
a

c\ 2
H2=(2) = HE(Qha ™ +Qla +Qka 2 +Ql)
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COSMOLOGY THE EQUATIONS

ExprAnsioN oF THE UNIVERSE
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affect the expansion of the universe
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COSMOLOGY

THE EQUATIONS

?,=377P»  matter energy density

Y radiation energy density

Ac’ .
Q= Ve cosmological constant
kc? )
Q= 7a curvature of the Universe

N\ 2
H2=(2) = HZ(Qla™ +Qa? +QFa2 +Q1)
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COSMOLOGY

THE EQUATIONS

Q, %" matter energy density

3H?*/87G = critical density to “close” the Universe

(ca. 1 H-atom per m?)
Q, r radiation energy density

Ac’ .
Q= Ve cosmological constant
kc? )
Q= 7a curvature of the Universe

H2
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COSMOLOGY

ACDM - THE STANDARD MODEL.

= ACDM - A Cold Dark Matter

Q" =03

Q) =0.7

Q% =23x107h~
Q) =0
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COSMOLOGY ACDM - THE STANDARD MODEL

= ACDM - A Cold Dark Matter

Q’ =0.3

m

Q% ~0.7

e the Universe is spatially flat
e ca. 30% of the total energy density comes from matter

e ca. 70% of the total energy density is vacuum energy
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COSMOLOGY ACDM - THE STANDARD MODEL

= ACDM - A Cold Dark Matter

Q° ~0.3=0.26+0.04
Q=07

,dark matter  luminous matter

e the Universe is spatially flat

e ca. 30% of the total energy density comes from matter
e about 85% of that matter is “dark”
e only 15% of all matter in the Universe is luminous

e ca. 70% of the total energy density is vacuum energy
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COSMOLOGY ACDM - THE STANDARD MODEL

= ACDM - A Cold Dark Matter

Q° ~0.3=0.26+0.04
Q=07 e

,dark matter”  luminous matter
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COSMOLOGY

ACDM - THE STANDARD MODEL.

= ACDM - A Cold Dark Matter

Rotation velocity —>
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COSMOLOGY

ACDM - THE STANDARD MODEL.

= ACDM - A Cold Dark Matter

(non-baryonic) Dark Matter Candidates

axion:
neutrino:
WIMP:
monopoles:
Planck relics:
primordial BHs:
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COSMOLOGY

ACDM - THE STANDARD MODEL.

= ACDM - A Cold Dark Matter

(non-baryonic) Dark Matter Candidates

axion:

hot dark matter ) ,
| neutrino:

warm dark matter y

WIMP:
44 ) monopoles:

cold dark matter
Planck relics:
primordial BHs:

?97?

10° eV

10eV

1-10% GeV

1016 GeV

1010 GeV  (A“c’G")
>1015g

COMPUTATIONAL COSMOLOGY




COSMOLOGY

ACDM - THE STANDARD MODEL

= ACDM - A Cold Dark Matter

CLOSED

Bahcall et al. (1999)
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COSMOLOGY

ACDM - THE STANDARD MODEL

= ACDM - A Cold Dark Matter

T=2.736K
0.0
( \_ 1.0
AT=mK 0.5 OPEN
/ \Ocomj '
p
0.5
Qm 1.0 Qk
AT=uK
&=
M Acom 0.0
1.5
CLOSED 0.5
2.0 3
0.0 0.5 10 1.5

QA

Bahcall et al. (1999)

COMPUTATIONAL COSMOLOGY




COSMOLOGY

ACDM - THE STANDARD MODEL

= ACDM - A Cold Dark Matter
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COSMOLOGY ACDM - THE STANDARD MODEL

= ACDM - A Cold Dark Matter
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COSMOLOGY

ACDM - THE STANDARD MODEL
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COSMOLOGY

ACDM - THE STANDARD MODEL

= ACDM - A Cold Dark Matter
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COSMOLOGY

SUMMARY
= background cosmology
2 2 0 -3 0
H*=H;(Q)a™” +Q)

1

q=—_ Q m- €2 A
2

* the Universe is spatially flat
QS@ ~ O 3 = O 26 + O 04 * ca. 30% of the total energy density comes from matter

0 * about 85% of that matter is “dark”
Q ~0.7 ) °

* only 15% of all matter in the Universe is luminous

. ca. 70% of the total energy density is vacuum energy
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COMPUTATIONAL COSMOLOGY COMING SOON...

° ° °
generating the initial conditions running the simulation analysing the data
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