Galakticki svemir u
Sirenju

Nalazimo sebe u slijedu
civilizacija koje pokusavaju
razumjeti svoje mjesto u
svemiru (pritom je svaka
umisljala da, ako nista
drugo, ono razumije prirodu
svemira).
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Sto je to kozmologija?

Studij svemira u najsirem smislu;

Kozmologija kao znanost, fizikalna
kozmologija, posvecena svemiru ha
najvecoj |jestvici (do nedavno
suprotstavljena FEC kao ispitivanju
subatomskog), danas dozivljava susret s
fizikom CZSTICG pri izu¢avanju ranog
svemira



Svemir dozivljavamo kao TVAR u
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The known universe: the solar system

—— “Planets”

. “Dwarf
Planets*®

__ Earth-Sundistance ~ 150. 106 km I 1 AU



The known

universe: the
Milky Way

Barred spiral galaxy
(200-400 billion stars)

distances:
@& ~100,000 ly ~ 30kpc
Sun-Gal. center ~ 10kpc

hote:
1ly=63,240 AU 1pc=3.26 Iy
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Prostorna

praznina

neznatno
kontaminirana
materijom unutar
galaktika

Vjezba 1.1:
usporedba velic¢ina
| masa u svemiru
Vjezba 1.2:
procjena kolicine
helija stvorene
zvijezdama nase
galaktike

SunZev sustoy

=630 k
’Re w

’R@: ‘—7--40ng
® ® @lD
L—J{ 36,‘1 Ck.j. e
A 450 -40° lews s S.5 svg.
: AS A0 m = A_QJQ satla

> ekt |
@ A.6-40"° ty
do nojbliEik /najsjojnijit rijetda
Sivius 23 Lo (B6y)
Canopus 1540°Ley (28 Yy
d Cenbaurt ASdLy (A3G)

~ do Proxime Cewtuuvi 2500004
(h3e5)

o & Centouwt 4.3 0~_7

Bw'vxovwiouu c.o 0: )

359 \fulca 7¢ ¢
24185 Lalade 848 Avkbuwe 444 je ((3; %I\
Sevims 8.6 Ly Vego Shde Y
16
\D&L‘(‘S&‘( : 4Pv¢ = 3,26 &Ly = 3.09 .40 w:

do svedista l“‘!s‘jeé'ne store

8 kpe L
o Be———F P s 7 oSrdIE
e e o ate . B
—~ ADcwm Lon 30 lew uA.a.L]S—':ws‘- ™jeseca



Clusters of galaxies

XMMXCS J2215.9-1738 (2006,
clusters : largest and most

massive known gravitationally smo
bound structures '

300 jg

-17:38:00.0 =

Dec. {J2000)

Typical features: #
50 to 1,000's of galaxies i
hot X-ray emitting gas ooo0 B

@ ~ 2 t0 10 Mpc 8. 2 .

1014 1_0 1015 M i tenopasonn om0

solar R.A. (J2000)

distance from Earth: 3 Gpc



The large scale structures

Large scale structures: galaxies — clusters - superclusters
making a network of voids and filaments

solar

Superclusters: chains of 10's-100's clus’rer's 1016 M
size: 15 - 100Mpc

Voids: 90% of space
& 25 -125Mpc

Filaments: 907% of galaxies
length 90 - 300 Mpc
width 45 - 90 Mpc
thickness 5 - 9 Mpc

6dF Galaxy R



Vjezba 1.3: Olbersov paradoks

Basic observation: the sky is dark at night.

Let f be the flux of a star with luminosity L, at a
distance r from us:

L
(1) /=

Ar?
For an infinite, homogenous, static Universe, assuming

n stars per unit volume, neglecting absorption, the total
flux arriving from the whole Universe is:

0 L o0
(2) frotal = / ndmr? dr = nL/ dr = oco. Oops.
0 0

Arr?

Why is the night sky not uniformly, infinitely bright?



Spektralna analiza
G. Kirchoff (1860)

Isti kemijski
elementi

nanebu i na
Zemlji

(b)



2. Redshift
Spectroscopy

Emitted light spectrum = spectral lines = astro. object
composition, environment ... and motion relative to Earth.

Redshift : the object moves away from us = A, increases

Sun

/10

bserved ~ “‘emitted

2=
/Iemiﬁed

distant
subercluster




KARAUTERISTICNES
Relativna gibanja  *~"™  SfF%F
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Karakteristicne brzine

= Tamna tvar galaktickih
haloa na temelju
Dopplerovih pomaka linija
neutralnog vodika u haloima

-TAMNE SPEKTRALNE LINIJE
MIKROVALNE ASTRONOMIJE
(FEC, STR. 115)

Vjezba 1.4: Procjena
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na “nevidljivo"
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e - .
A. Penzias | R. Wilson (1965)

signal u mirkovalnom podrucju iz svih
smjerova neba

Potvrda
predvidanja
Georga Gamowa
(1948)
-pozadinskog
zracenja od 5K
-prvotne
nukleosinteze
(25% He)




POZADINSKO MIKROVALNO ZRACENJE
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DIPOLNA ANIZOTROPIJA CMB-a
(COBEovo mjerenje v=371(1)km/s
odgovara razlici 3 mK)




2, Por'ijeklo svemipskih EKSPANZIJA  SVERIRA
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" J
Different origins of redshifts/blueshifts

Doppler effect : redshift/blueshift due to relative motion

¢ /\/\/\/’a 1+2:}{1+v,,) z=2L for small v,

¢ c
Gravitational red/blue shift : radiation moving out of/into a

gravitational field. !
e.g. grav. redshift 1+z:\/1—26/l/l/rc2

(in Minkowski space i.e. flat spacetime)

Cosmological redshift : dominant for distant sources (above
1Mpc or z>0.01). See next slides.



" S
Edvin Hubble ustanovljava
svemir u sirenju

Earth

Star A » Star B
¥ | // v Lo
[

~ S Ssig) -~
:'%\1/\%: —/%;}% & hscovery oF Exranmns LINIVERSE
4 Iy ! [N _
Moving toward Moving away
Earth from Earth
T I
i L
‘li.;' w‘,
\Y l 1
Rest spectrum . ¢
. Wavelength

Star spectrum Star spectrum
blueshifted redshifted



Zakon: z/udalj.(expt) & v/udalj.(teor)

Expansion of the universe
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Hubble's Law

Hubble observed a displacement of known spectral
lines to longer wavelengths.

The displacement was larger for fainter (and thus
approximately more distant) galaxies.

This displacement, known as redshift, is defined by
)\obs — )\em
Aem

z =

For nearby galaxies (z << 1), z ~ —
C

Hence the more distant a galaxy is, the faster it is
receding from Earth.



Hubble's Law

Hy =v/d —finding d is the difficult bit; needs
calibrating (still!); Hubble himself was out by a factor of
10 originally!

The most recent measurement (from the Hubble Space
elescope) is Hy ~ 70 kms™ 'Mpe ! (10 per cent
accuracy).

Note the funny units (H, has dimensions of 1/time); it is

convenient to measure d in Mpc and v in kms ™.

The Hubble expansion must mean the expansion of
space-time itself (worked out by Lemaitre).



Hubble's Law & Olbers’' Paradox

The Hubble expansion helps solve Olber’s paradox: the
farthest galaxies recede too quickly for light to ever
reach us. (But no violation of SR as space-time itself is
expanding!)

Furthermore, the Universe is too young: not enough
time for light to have reached us from distant galaxies.
The maximum distance is known as the particle horizon.

The Universe could also be spatially finite (although
observations now suggest otherwise).
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Sugibajuc¢e koordinate
(comoving co-ordinates)




Comoving co-ordinates

As the Universe expands at the same rate everywhere,
the physical distance » and co-moving distance z are
simply related by

(3) r = a(t)z

a(t) is the scale factor of the universe, which can be
viewed as a time-dependent magnification factor.

Today, it is convenientto seta =1, I.e. r = . But in the
past, a« < 1, so r < z, for the same comoving separation,
x, as today.

Note that a given volume of co-moving co-ordinate
space always contains the same number of galaxies,
assuming x= 0.



The Hubble Parameter

Why recession velocity (v) is proportional to distance
(r)...since v = dr/dt we can write

(4) V= —T.

Since r = ax and z is time-independent, we may write:
a

(5) v = —T.
a

We can then identify the Hubble parameter as

(6) =2
a



The Scale Factor & Redshift

Consider two nearby points, separated by distance dr.
The relative velocity due to the Hubble expansion is

(7) dv = Hdr = 9dfr.
a

For a photon travelling between the two points, Doppler
says the change in wavelength is

A\ dv
Aem €

(8)

The photon takes a time d¢ = dr/c to travel between the
two points, thus

dA adr a da
(9) —— = —dt = —.

Aemm Q@ C a a




The Scale Factor & Redshift

Integrating gives In A = In a+constant, hence a light
wave expands as \ « a.

Using the earlier definition of redshift we get

(10) 1+ 2 — )\obs Aobs

)\em (em

If we set a., = 1 (ie we observe the light today) then
a=1/(1+z). E.g. light observed with twice its emitted
wavelength (e.g. the Ly-a line, emitted at 121.6nm but
observed at 243.2nm) was emitted when the Universe
was half its present size!
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