KOSMOLOGIA

REMIGIUSZ DURKA




Cosmology is the study

of the origin, evolution and future

of our Universe
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Wszystkie miejsca wygladaja niemal tak samo, gdziekolwiek
lestesm




WszechsSwiat w duzej skali
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Kosmologiczna Zasada — Wszechswiat (biorac
pod uwage Srednig) musi wygladac tak
samo dla kazdego, nie wazne gdzie on, ona,
ono sie znajduje.

Innymi stowy...

Wszechswiat jest:
- lzotropowy-(to znaczy bez wyroznionego kierunku)
- Homogeniczny-(to znaczy jednorodny, gtadki)
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WHERE WE GET THE
COSMIC MICROWAVE BACKGROUND




COSMIC MICROWAVE BACKGROUND

1948 - emisja ciala doskonale czarnego o temperaturze 5 K
przewidziana przez George’a Gamowa.

1948- Fred Hoyle, Thomas Gold and Hermann Bondi publikuja
teorie Stanu Stacjonarnego.

1965 - Penzias & Wilson Discovery oF Cosmic BACKGROUND

(Nobel Prize 1978)

TEMPERATURA 2.7 K




Big Bang

St uF st

PRESENT
13.7 Billion Years
after the Big Bang

The cosmic microwave background Radiation’s
“surface of last scatter” is analogous to the
light coming through the clouds to our

eye on a cloudy day.

We can only see

the surface of the
cloud where light
was last scattered




COBE 1992)

Cosmic Backgrnund E:{plmr'er |

Dwaj dyrektorzy Cobe:
George Smoot i John Mather otrzymali Nagrode
Nobla w fizyce w 2006.




Przez to, ze Ziemia si¢ porusza w przestrzeni mikrofalowe tto
powinno byc¢ przesuniete ku czerwieni w jednej czesci nieba i
ku fioletowi w inne;j.

iebiski oznacza chtodny obszar(uciekanie|; czerwony goracy (przyblizanie)




Kiedy usunie si¢ ruch Ziemi dystrybucja
mikfrofalowego tla na niebie staje sie bardzie;j
zunifikowana.




Kiedy usunie sie promieniowanie z Drogi Mlecznej pozostata
dystrybucja staje sie¢ bardzo [ale nie perfekcyjnie] gtadka.

Fluktuacje wynosza tylko pare czesci na 10,000!




AT = 3,353 mK

T=2,726 K
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Cosmic MICROWAVE BACKGROUND SPECTRUM FROM COBE
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THEORY AND OBSERVATION AGREE

Intensity [MJy/sr]

2.728 K blackbody

| 1 1 ] ] i 1
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15 20

Waves |/ centimeter

# Promieniowanie CMB z COBE i promieniowanie ciala
doskonale.

# Spektrum jest tak idealne, ze blad jest grubosci linii.




2003 WMAP

(WILKINSON MICROWAVE ANISOTROPY PROBE)

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. f Galaxies, Planets, etc.

Inflation

0 f " 1.4 % 1.6 m prima
1st Stars I I " IE]I(::.E.'Eth
about 400 million yrs.
dual back-to-back
Gregorian optics

Big Bang Expansion

T RlEre —— secondary
13.7 billion years reflector

passive thermal radiator

Odkrycie zwiazane z: i

- Ksztaltem wszechswiata, s
- Ciemna materia, e
- Formowaniem sie struktur

deployed solar array w/web shielding

| upper omni antenna

FPA box

feed homns

thermally isolating
inskrument cylinder
(RXB inside)

star tracker

reaction
wheels {3)




KOSMICZNE PARAMETRY ZEBRANE Z WMAP

WMAP Cosmological Parameters
Model: ledm
Data: wmap
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COSMIC MICROWAVE BACKGROUND
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COSMIC MICROWAVE BACKGROUND




» quantifying fluctuations — why Planck in 20077

* even better precision
* polarisation measure
* gravitational waves

* secondary effects




= quantifying fluctuations — why Planck in 20077

* even better precision
* polarisation measure
* gravitational waves

* secondary effects
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Y, (0,¢): spherical harmonics

(complete orthonormal set of functions on the surface of a sphere)

spherical harmonics | __ monopol (not measurable)

—> dipol (our motion)

—> anisotropies we're after!
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Yim is equal to O along circles
(the representative surface
intersects the p = posphere at
these circles).

Yim jest positive and negative
between two circles.




SPHERICAL HARMONICS
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= quantifying fluctuations
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DECOMPOSITION INTO SPHERICAL HARMONICS
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TEMPERATURA

Earth
Temperatures

HE T
-13° 37°
Centigrade
June 1992

Microwave Sky
Temperatures

- .
-270.4252° -270.4250° -270.4248°
Centigrade

380,000 Years after Big Bang




THE SHAPE OF THE UNIVERSE

The microwave background fluctuations also allow
us to determine the shape of the universe.

The method is
complicated: it has
to do with how far
apart the positive
(and negative)
areas appear on
the sky.

Theory tells us how
far they should be,
and we can observe
how far apart they
are.

WE OBSERVE THAT THE UNIVERSE IS FLAT!




Od CMB tdo Ciemnej Materii

0
73% DARK ENERGY . 23% DARK MATTER

| 3.6%INTERGALACTIC GAS
0.4% STARS, ETC.




BARYONIC VS. DARK MATTER

Angular Scale
90° g6 0.5° 0.2°
|- I I

{(1+1)C/2m (UKZ?)

100 200 400
Multipole moment (/)




FLUKTUAC]E

; |iark
miakles

Z czasem bardzo malte
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“Does this apply always, sometimes, or never?”’




MOND

WHY MOND?

= gvidence for dark matter — rotation curves

Observed

_ -

Expected

/
Astronomers attribute this /%

difference to dark matter.—

Rotation velocity —>

Distance from center of galaxy —

u:(,f) s Ll:{j)
r

M = const.
i

1

Voire () —._

N

COMPUTATIOMNAL

COSMOLOGY




DrAFT VERSION AvucusT 18, 2006

Preprint typeset using BTEX style emulateapj v. 11/26/03 DARK m I I E R

A DIRECT EMPIRICAL PROOF OF THE EXISTENCE OF DARK MATTER *

Dovcras CLowE', MaRUSA Brapac?, AntHony H. Gonzganez®, Maxivd Markevitea®®, Scort W. Ranparn?,
CHRISTINE JoNES®, AND DENNIS ZARITSEY!
Diraft version August 18, 2006

ABSTRACT

. We present new weak lensing observations of 1E0657—558 (2 = 0.296), a unique cluster merger, that
¥l enable a direct detection of dark matter, independent of assumptions regarding the nature of the
¥ cravitational force law. Due to the collision of two clusters, the dissipationless stellar component and

the fluid-like X-ray emitting plasma are spatially segregated. By using both wide-field ground based
images and HST/ACS images of the cluster cores, we create gravitational lensing maps which show
that the gravitational potential does not trace the plasma distribution, the dominant baryonic mass
component, but rather approximately traces the distribution of galaxies. An 8¢ significance spatial
offset of the center of the total mass from the center of the barvonic mass peaks cannot be explained
with an alteration of the gravitational force law, and thus proves that the majority of the matter in
the system is unseen.
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EINSTEIN EQUATIONS (1916):

1
R,uiu - iﬂg;m | P"—ﬂpﬂ — STTT;W

FRIEDMAN EQUATIONS (1922)3

1 2 wir [ .E
H? = (E) _8Gpt A e

a 3 a’

Homegeneus and isotropic
Universe!

3
A — 47G(p + C—pa




IN MORE DETAILS...

The density parameter:

p 8xG

= o 3m2F

HE
ﬁ — QRE{-__L + ﬂﬂ;ﬂ-_S + ﬂ;s.t — I{CE[I-_
0

2

Here we have:

-the radiation density today,

-the matter (dark + baryonic) density today
-vacuum density today (cosmological constant)




Cosmological constant: A

» Is this possible in Eimstein’s General Relativity (GR)?
Yes!: A term =2 integration constant = energy of vacuum
—> cosmic repulsion

* 1916 : Emnstein uses A to balance matter = static universe
1926 : Hubble discovers expansion
Einstein sets A = 0, says “my biggest blunder”
1998 : acceleration discovered =2 remtroduce A =0

» called “dark energy” (contrast “dark matter™)
currently uncertain what 1t 1s; vacuum energy ? (6x10-1° J/m?)
adds to curvature : currently Q, = 0.73 (£ 5%) =2 dominates '
since p_,. const = unimportant long ago = early deceleration
after ~ 6 Gyr, p,,. > p expansion accelerates (transition seen)

vac -

matter

* Future : no recollapse; mfinite future; increasingly lonely.. ..




PRZYSPIESZAJACY WSZECHSWIAT!!!

Accelerating universs

AN
f E? nsion | Expansion

slows down | speeds up
BT e

e
'II II i
1Ly
1
LA
N
Ty e

e _,-." / . |-\
0 Farthest

. supernoya A\

.-""

£y

§

|
\:‘\h-\._ﬂ_ﬂrg ’ .-___.-"'__ ._.-

| ~15 billion years

Whatever this pushing force is, we think that it is growing stronger as
the universe evolves. The more empty space in the universe, the
greater the acceleration — as if the vacuum of space has pressure!




Hubble witnesses a cosmic tug of war

Hubble has detected the presence of

dark energy in the young Universe. It Cosmic tug of war

appears that the cosmic "tug of war" ENEF -

between the pull of dark matter and the ' ' The force of dark energy surpasses
push of dark energy began at least 9 billion . : that of dark matter as time progresses.
years ago, well before dark energy gained

the upper hand and began accelerating

the expansion of the Universe.
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