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OUR UNIVERSE: DISTANCES

The Local Group
NGC 147 > @

1 pC = 3.09 x 1018 cm = 3.26 Ly @ < NGC 185

& <eww Formax

ANdromeda «eww.>

(Ly = 9.46 x 10'° m) e
® < Sculptor B v M33 > ‘

Milky Way —> i “~
® @ < Magellanic Clouds

to the sun: 5 upc

* < IC 1613

to nearest star (Prox. Cent.) 1pc
to galactic centre 10 kpc .
to gal. in local group (#30) 50 —100kpc / .
to nearest cluster (Virgo ~103) 50 Mpc (w8 it : ‘
to scale of largest structures 100 Mpc

to « edge » of vis. Universe 14 Gpc




OUR UNIVERSE: How old is it?

s 7 NGC 147 —w> @
© @i Firvin ® <~ NGC185
ANdromeda «eww.>
% W
Olber’s paradox *: t, <103y * < Sculptor e o 8
235( |/ 238 ——
Cosmochronology (2°U/ 238U): tc ~ 6Gy ®® < Magelianic Clouds

Stellar evol. in globular clusters: tg.> 11.2 Gy

® <= IC 1613
Ellip. galaxies large redshift: ty = 13.4 il4Gy - b S
é: Age of U. 2013 (WMAP, Planck): ty, =13.81Gy. = -.:'v}_i_.‘_l‘,..- ‘ ikl
Olber’s paradox * (1823): S B

« Why is the night sky dark, if the U. is infinite,

static and uniformly filled with stars? »

izt

A/Anr? -n-4nr?dr > [ Andr - o

(b2

Answer: « Stars (gal.) had only finite time to

radiate & exist only finite time & U. expanding;




OUR UNIVERSE: DENSITIES

The Local Group
NGC 147 > @

® <-—NGC185
& <eww Formax
ANdromeda «eww.>

u'ﬂ

rp—

Sun: (Mg =103%3Q) ~1-100gcm3 » < Sculptor T
Milky Way ——> il L/
Neutron - star : ~ 1014 g cm3 ® ® < Magellanic Clouds

Milky Way (10! Mg ): ~1022gcm=3 o <o i€ 1613

Virgo cluster (103 Mg): ~1029g cm TR

2.7 K CMB radiation ~10%gems  EOEE N TR s ks

# s Avg. density of U.: ~ 1090 g em= Y it AL B
" (~2 protons m=3) gkl e T A R

What is the « graininess » of the Universe?

*Best vacuum in lab: 10 molecules m=3




OUR UNIVERSE: HOMOGENEITY

Density fluctuations at different scales: it 7 NGC 147 > ®

PO e id ® <-—NGC 185
ANdromeda «eww.>
. T ¥
e 28 e M3z > §
Milky Way ——> @il /
MR ® @ < Magellanic Clouds
® < IC 1613
) 1/2
Define: A = (M(R’_E _M)
M
R< 8Mpc: A>1 Small scale: «lumpy »

R~ 8Mpc: A=x1
R~0.6Gpc: A~101

R~ 10Gpc: A~10% Large scale: « homogenous »

U. is homogenoeus and isotropic!

CMB: fluctuations at 10-°



THE COSMOLOGICAL PR‘INCIPI'_E:

« V|ewed on a suff|C|entIy Iarge 'scale the propertles of :
the U. are the same for aII observers >

_.. : e ' B|- field 3
" Homogeneity: U. lonseverywheretheSame et ]]]]]H]]]]] :

Homogeneous but not isotropical

-

o

- Isotropy:‘U. looks in &very direction the same
- Equal densities of galaxies in each direction:
s ) ! y . . - ? A. .. 1 X <
— shape of triangle preserved in time s
> ’ ‘ - Isotrapical, but not homogeneous

Tik = |ﬁ = Fkl- | "i’,k:=‘f1,2,3 itk
le(t) = a(t)rlk(to) e _ | a(t) « scale factor ». :
vik(t) = Tik E §a(t) Lk(tO) E ;nk(t)
Dé]iine‘:. H(t) ==% ' i =H '7" ....ubble’s Law!

(small distances v<<c)



HUBBLE’S LAW

- Redshift of 18 far aWay galaxiéS‘ propor‘tiohal to distan'Ce.*

25 “". ," ' : ( <<C) »_.‘.
Edwin Hubble 1929

. Hubble parameter in our epoch

-

Velocity
(Thousands of kilometers per second)

H, = 67.3 +1.2 (km/s)/Mpc.(2013)
- | Distance (Mega.pazx?soeocs)

Expansion of the Universe — “Hubble Flow”
Hubble time : ty = Hyl= 14.5 Gy (“13) — distance betw. “galaxieéf’ g

*Mt. Wilson telescope 1920: Primordial Atom ? 1948: Steady State? 1949: Big Bang ?



HUBBLE’S LAW & SCALE FACTOR
iy o x.IébeI position of galaxies « co.mO\;ing codrdinateé!
GaIAa>.<|e.s A - : .

X=2 X=1 X=0 X=1. X=2 x=3
D(t) - a(t) .Ax ~ distance betw. two galaxies a(t) — imagine an elastic thread

-

Homogeneity o.k. ....but spaceing is time dependent! - |

’ e D R el ~ Caveat: meter sticks do not expand!

'D(t)_: a(t) - Ax  Velocity of one galaxy rel. to another

-DA = H - D- i ‘Hu_bblle’_s Law again!

Q| Q

i d(t)'Ax-:..E'-a_-Ax =

5 H(t) ...time dependent but independent of position!
’ - everything squashed ubon itséhf
a—>0 -density > w | :

- Singularity happened evérywhere



Drstance betw. two galaxies rn flat 3D

SCALE FACTOR & METRIC

...0r

,R(t) = a(t) -'.\/Ax? NPT A

/gf | dS —a(t)Z(Ax +Ay +AZZ) | I\/Iet*ric of flat 3D space

/

Same coord.

Add specral relatrvrty ‘= Mrnkowsk1 space-time

ds? = c2dt? — a(t)Z(sz +4y% + AZZ) |

: 15705 00 270 T e :
gy = |0 w0 0 ~Metric of flat 3D space .
' 0 0 —a? 0: : R e
000 +  ...but curved space-tlme
; ds? = c2dt2 -« proper time measured by agalaxy

2l gi e EOF Irght rays



~ ROBERTSON-WALKER METRIC |

RW metric - most general metric for flat or spatially

T . curved homogeneous Universes 3
bdse = cdty — a2 4 r2d0% +rsingfdp?|
5 Recall :’Iine‘el.ement'in flat-3D- space and spherical coordinates

ds®=dr? +r?d6? ¥ r?sin%0dp?"

L

k = +1 positive spatial curvature "

‘'K '=-1: negative curvature

k=0: ‘flat space. werse
: ' - 0\\\)1{P~P planct.
- \]\l . 1
positivel:lpc'::er:eed space negativelyszl.:’rdvlzd space S Dyn a mi cs Of th e U n | V e r S ef)



 GENERAL RELATIVITY & COSMOLOGY -~
Ié GR imﬁort_ant in c<.)s.molo‘gy? | ‘

T A Ll GM il
Compare -Schwarzschild radius Ry = —- with size of object .

g
M Cemje o
b.Sun 1 'M@‘ .' : | '1.3|~<m - | 3.)(1‘0.6 km
v | 0w, isadhn st
Uhiversé ~1023 MQ & NlQZB-.,km, e km .

. | Yes, GR is important!



NEWTONIAN DYNAMICS OF THE UNIVERSE
' .Ek; o ﬂézf e | vSpherica’I regihbn centéred;aro(j_nd any pt. in.U....._

L TmMe e 2T L eI N masinside R T

= m:.m_asé of a border
e 'gala'x'y_ v

-

m-.., GMm e e o :
?.R "|‘ e e =.Eo' g iy ’(M.:maSsenergy—>ma,ss’+radiation+.\/ac.energy)

L

M=ponR®
m}?2-'—4—7TG-R2 = i
5 | 3 P | 0

~ U.is homogeneous - = R = a(t)x X : co-moving coord.; < 2= 1:



~ NEWTONIAN DYNAMICS OF THE UNIVERSE

R a(t)x 'x.: co-moving coorc_i.; x=0 %Rz - %n(;Rzpm =E;.
—@ox — = Gpdixtm = By = —kmctx?
e b .+ . inorder to be true for all x

(homogeneity)

“Rriedmann. equation”

"kc2.=' —2E * Homogeneity: k = const.; E,.= const. for a galaxy at x —E; o« x>
X mxz { s . » g 0

k>0 Eg <E, expansion halts and reverses . closed U

ég} e B e S B fexpansion ierever | open U

) §$, "k =0 B4, = E,y expansion halts.fort — oo flat U. (V = Vescape)
3 .
I
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* EINSTEIN’S EQUATIONS

"Space-time tells Gk . Mass-energy tells space-
mass-energy how to move* = time how to curve* ‘
: ; ' BB 5 % *JA Wheeler

T G * 16 equations
Albert Einstein 1915 : iy
| A .. ; o ’ 3 - . : .
Ricci tensor with 151 & 2™ Rjcci scalar | Pt
derivatives of g, | . R=pmR Energy-momentum
S . : 550 tensor :
peq el 0 ‘_ _
e o T ALE e R 0 Perfect fluid of matter and
T,uv = 0 0 =Dog 0 - - radiation in spatially flat space .-
U TR e B S v
e .'.E.nergy density ; Pressure (adds to gravity!)

-

. - : . s - g
Caveat: for cosmologists energy -density =mass density > e =p¢? > g=p—>c=1

-



~ THE FRIEDMANN - LEMATTRE EQUATIONS -

..are th'e'solufio_ns of Einstein’s equations: - (c =1!)

-

LT Isaac = Einstein!
.. => Rgte of cosmic éXpansioh Increases with p
s 4G s i
A a= —T(p i JlM . Acceleration’equation:

—> Acceleration decreases with increasing pand p ot
+ A.E. did not believe these equations because they did not allow for a static Universe
- confirmed by cleric G. Lemaitre (1922)
- only accepted by A.E. after Friedmanns death - ,

*

*Alexander Friedman 1922 :



THE COSMOLOGICAL CONSTANT

.'..i-ntro.du_ced 'by.A.Ev. to stop contraction*

-

: , , ! 4'
A
Plays the role of a «constant vacuum energy denS|ty » B = pvc? =——A
_ (...today called dark energy) i i et a iE 8l
Mass:-- éne’rgy gravitatest | e - em
_ ' e | . |
s 3 .
Epotv 33 _GE.(‘pv §'7TR_ > : LA AT
dE. Vim e
4 pot 2
e —G— Bl mAC R
dR RZ 3 |
= ~ attractive et A > 0: repulsive

* AE. later: "the biggest blunder of my life” | b : ~ A adds to gravitation (%)



- THE COSMOLOGICAL FLUID
“To solve Friédménﬁ’s equa.-tipns —) know evo’iUtion.of p(tj and p(p)!

- -

Treat _'U. as a cosmic quid.“of matter, radiation and dark energj

1stIawatherrﬁodyhamics:" e ot
e e 4 i
M L B b O e
e Rdqve. L. e T ~
O AR ) e S ! 5 54 IR e o e e _
“eetimn e D s ;
e : p-|-3—(p-|-p) =0 « Fluid equation ».°
: ' ) a N :
(Equaonofstdte) ~ Radiation:  p=p/3 =13 pocat -

Vac. energy: - p=-p ' w=-1 o = const.

...what is negative pressure?



~ DYNAMICS OF THE UNIVERSE: MATTER

- A quite realistic. example:

+ Define ag= 1 for. our epoch to :

., dnG
S i

2

-

k =0; matter dominated

o : yEL |
Sl ot o (MY b
Qs X1 S -
| bR alt) =l |
.Our epoch Po,rﬁ- : T 'Ia'te'r,... - Pm — Pg,;n

.ty a(t) = atﬁ ' : a(t) — (L
5 , 1 - \{fp
.27 2 | '
e L .ty =9 Gy
a H(t) 3t Ho= 67.3 km/s/Mpc el

" Not bad for first estimate! (-»13.8 Gy)

=0 U. either grows or shrinks ._-.'..' al\_/vays.

A

)2/3 o

to s Ho (0% to -



~ DYNAMICS OF THE UNIVERSE : RADIATION |

- A quite realistic.example: . - ' .2 _87TG 2
_ o a —3 pra

-

k =0; radiation dominated |

« Define aoi 1 for. our epoch

=1 ; ._'y:1.‘ ‘
Nyl a(t) [ M
£ X=1 ‘ |
T e e ]
S5 Por _ Por
later... e
‘ ’DT. a>ag - as |
ey : : Wavelength 4 o< a

>0 — U.either grows or'shrinks .... always"

Ltry:oa(t) = ath , a(t) = (—) a(t) .
e s U v o, PGy
: a & H(t) i Z_t Ho=67.3 km/siMpc | 3 : : 1 » t 5

‘Quite a bit offt (—>13.8 Gy)



~ DYNAMICS OF THE UNIVERSE : VACUUM ENERGY

- A quite realistic.example: . : ' e2 8l 2
e Q% = ——pya
+ Define ag= 1 for. our epoch . : | 5 y .
; : o : k =0; dark energy dominated
e y=1- ;
y=1 . - s
Ilakon® a(t) M
s >
Our epoch: Poy. . later.,.. - . Py = Poy = const.
e e |
 p,=—— Einstein’s cosmol. constant
. 8l : :

A

: : - 2% e S De Sitter cosmolo
(E) — H? = 2Ac? 4@ = [Mya  al®). i1
aj: - : : S S : : oA

Rakt) = aoexp< A/3t>=aoeﬁt . | ik t %

The future of our U.!



DYNAI\/IICS OF THE UNIVERSE DENSITIES

R =0.7 pm:os | b

Ptot e e 200 e ) Ptot

Today : ptot(to) 10 30gcm

-

p,(t) = const.

| Radiation: a(t) o« t1/2 R oe v . pm(f) x t*3/.2_ Py (t)asiconst:
Matteht .7 a() ol * o v (et kg (s 813 S (8) Seorist.
Dark energy:  a(t) « eft | o p () 6‘3’“' | pa(t) oe e bt s p Bl e const.

10~ 10~ 0.01 0.1
Scale Factor a(t)




CRITICAL DENSITY

' 3 .' '. . | 2 '_‘ " ’ -

Ptot T pm + Pr + Pv

-

For a flat U. k =0 today: 1.9 x 10-2° gm3 - (~2'p/md)

‘ .

e e : .. 1 tfrom H, =.67.3 kms/Mpc

Pot = p.  flat U. (Einstein-deSitter)
i ‘ | RS Linear
Pot> P . Closed U, - ' SN | Dimensions
Pot < P -Open U. o _ Density
: : ; : R 1 ns after the bigbang &<

)

Note: - U with .p, —forever with p; !

. L 2
& pcq changes with time R b i 4/??5,91 7,218,507,401,284,017 gm/ce
' . : ‘ ; Time (billion years




~ THE COSMOLOGICAL PARAMETERS -

Define:” Q(t) = 'Dfo( ) E=m,rT,v
- ! : . C . _

QtOtZQm-I_QT'-I_QU

-

Together with H(t) call‘ed “cosmological parameters”

D > 1 closed U.
Q<1 open u.
Q. =1 flat, “critical U.”.

—~~
9
@®©
o
%]
o
—
@©
~
o

Fate of U. depends on the
cosmojogical parameters!

...how to quantify this? t (arb. scale)



4 THE*COSI\/IOL_OGIC;AL EQUATION

“Relates todays observed parameters with those in the past and future

8 Descrlbes all possmle cosmologlcal models

-

* One of the most |mportant equations’in cosmology |

S Lt 3H(t)2

2 e e S Pl At y) ; .
Step 1: Frled_ma.nn agaIN L e AR = e O k ‘ pc(t) B v

3 ¥
S ,H_ZaZ 58 _HZdZQtOt _ k :

»
b .

L

Step 7 Flnd k from todays parameters Ho, _Qm o 200

i =..'H2(t.)a'2 (D[ Qeoe(t) — 1] = Hozaoz[tht,t) : 1] .

. kconst. all times e  measured = def.=1 measured




~ THE COSMOLOGICAL EQUATION
Step 3; Find evol’Ution-of'Qi(t) fro.nf.\ tbd'ay’s 'pararheters L&A .

-

By 876

¥ v 4 I Pm 8l o HQ 2 : &
P LA e I S
i X mO Pco. 3H02_Pm’(.)‘ : m( ) "~ p.. 3H2 Pm,0a., H m,0d
“  Equation of state! wm";O
v : ®p=1/3
DrE=1

~ Step4: Insert.into Friedmann equation . i . R
. 2 _ ' - '
a? = Hy*(Qmoa ™t + Qr0a 2 + Qp a2 + 1 — Qi 0)
. Now we can predi.ct' the evolution of the U. frdm the pa‘rar.net.ers obsérved today!
L Widg' va’riéty of models depending on 2,2, k

— + still one other usefull parameter!-, -



' THE DECELERATION PARAMETER

...measures the change of the expansion rate* — expansion of a(t) around to

-

a(®) = a(te)(L'+HoAt +.qoHo?At2..)

dimensionless
4G

Acceleration equation: N ——-(p + 3p)a = — (1 + 303)pa

'eq‘uation of state

Jo < 0 acceleration
" Qg >0 decelération

. .. Acceleration for e >-1/3 .

*Remember: the Hubble parameter must not be constant!!!



'COSMOLOGICAL MODELS

We know: Q,,~ 0 today

SCP 2003

o= E{Qm,o o ZQA,o,}
68%:, 90%, 95%, 99% S ,

Dividing line “accel.” / “decel.”

Qs =0 ¥ 0,51 (K= 0)

Dividing line “open”/ “closed”

-

{%% ' QA,O =1- Qm'o

".

How to measure (2 7?



