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13.8 milijardi godina
> Danas
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Experimentijtpastmhzici i kozmologiji

~380'000 godina



Sto je kozmologija?

» Kozmologija je dio znanosti koji proucCava svojstva
svemira kao cjeline

= | to na velikoj prostornoj skali

» Kozmologija koristi znanstvenu metodu za
razumijevanje
= Postanka
= Evolucije
= Konacne sudbine

cijelog svemira.
» Teorija o0 nastanku | evoluciji svemira koja danas
predvladava zove se
Teorija Velikog praska
The Big Bang theory




The Big Bang Theory




Kozmologija Velikog praska

» Globalni pogled:
= Svemir je nastao prije oko 12 — 14 milijardi godina
= Dio svemira koji sada vidimo bio je tada samo par milimetara Sirok

»= Od tog malog i vruceg dijela svemira se prosirio na velika i hladna
prostranstva svemira koja mi danas nastanjujemo

= QOstatke ove vru¢e materije mozemo danas vidjeti u obliku hladne
mikrovalne kozmiCke pozadine
(Cosmic Microwave Background radiation, CMB)
« Koja danas prozima cijeli svemir
* Vidljiva je mikrovalnim detektorima kao uniforman sjaj preko cijelog
neba




ICOUIjSKC OS110VE [TI0UCIa VCIIKUY

» Model velikog praska utemeljen je na dva teorijska stupa

= Opca teorija relativnosti
* Einstein 1916.
 Kljucni koncept: gravitacija se vise ,
ne opisuje preko gravitacijskog polja, §
nego se radi o distorziji
prostor-vremena

« John Wheeler: “Matter tells space
how to curve, and space tells
matter how to move”

= Kozmoloski princip

« Materija u svemiru je raspodjeljena
homogeno i izotropno, kad se
usrednji preko velikih skala

« Ova pretpostavka je danas
provjerena u mnostvu
eksperimenata

The APM Galaxy Sur;vey
Maddox et al




Dinamika prostor-vremena

» Slijedeci “Kozmoloski princip” distorzije prostor-
vremena, zbog gravitacijskog efekta na materiju,
mogu imati samo jedan od tri oblika

= Pozitivno zakrivljen
= Negativno zakrivljen
= Ravan

» Paznja!

= Mi samo vidimo svemir koji
je od nas udaljen 13.77 milijardi
godina
* To je nas horizont
= Svemir moze imati i kompleksniju &5
ukupnu geometriju, a da nama
lokalno i dalje izgleda ovako




Uuuollld materlje -7 geome[rlja
Svemia

» Srednja gusto¢a materije u svemiru jednoznacno
odreduje geometriju svemira 2
JH;

» Srednja gustoCa za ravni sven  Perit = .
G
= H, = Hubblova konstanta
» G = Gravitacijska konstanta
" p.it = 6 atoma vodika ha m3

» Kozmoloski parametar gustoce

= Zaizmjerenu vrijednost vidjeti Perit
kasnije WMAP rezultat

table 28-1 | The Geometry and Average Density of the Universe

.= Fo _ 8m G po
"= 3HZ

Geometry Curvature of Type of Combined average Density parameter
of space space universe mass density (p,) (€2,)
Spherical positive closed By P, Q,>1

Flat zero flat Po = P, Q,=1
Hyperbolic negative open Bo< D Q,<1




Neki vazni parametri svemira

table 28-2 | Some Key Properties of the Universe

Quantity Significance Value*
Hubble constant, H, Present-day expansion rate of the universe 71 fx‘ km/s/Mpc
Density parameter, €, Combined mass density of all forms of matter and energy in
the universe, divided by the critical density 1.02 = 0.02
Matter density parameter, Combined mass density of all forms of matter in the universe,
Q. divided by the critical density 0.27 = 0.04
Density parameter for Mass density of ordinary atomic matter in the universe, divided
ordinary matter, Q,_ by the critical density 0.044 = 0.004
Dark energy density Mass density of dark energy in the universe, divided by the 0.73 = 0.04
parameter, Q, critical density
Age of the universe, T, Elapsed time from the Big Bang to the present day (1.37 = 0.02) x 101° years
Age of the universe at the Elapsed time from the Big Bang to when the universe became R
time of recombination transparent, releasing the cosmic background radiation (3.79 —0.07) x 10° years
Redshift z at the time Since the cosmic background radiation was released, the universe
of recombination has expanded by a factor 1 + z 1089 = 1
*Values are from the first year of WMAP data. (NASA/WMAP Science Team)
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Sirenje svemira

ExPANSION OF THE UNIVERSE

4 | I | |
Dark Matter + Dark Energy
affect the expansion of the universe
Qp, Q,
3 0.3 0.7
0.3 0.0
1.0 0.0
2 - 5.0 0.0 o

Relative size of the universe

| |

-10 Now 10

20

Billions of Years

30
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Neke od krivih koncepcija o svemiru

» Neki od vaznih pojmova za izbjegavanje krivih | .
koncepcija o svemiru

= Veliki prasak se nije pojavio u jednoj jedinoj toCki u
prostoru, kao neka vrsta “eksplozije”

« O njemu je bolje razmisljati kao istovremeno pojavljivanje
prostora svugdje u svemiru

» Dio prostora koje je sada nas horizont nije bio vecCi od toCke
na samom pocetku

» Ako je prostor unutar i van naseg horizonta
— sada beskonacan, bio je i roden beskonacan

— sada zatvoren i konacan, bio je roden u nultom volumenu i
narastao iz toga

» U oba sluCaja nema “centra ekplozije” — toCke iz koje se cijeli
svemir rasirio
= Po definiciji, svemir sadrzava sav prostor koji mi
znamo, tako da je pitanje u sto se svemir siri izvan
dometa modela Velikog praska

= Izvan dometa modela Velikog praska je i pitanje sto je
prouzrocilo Veliki prasak
» Danas imamo mnosStvo teorija koje spekuliraju 0 ovom

pitanju, ali niti jedna nema pouzdane predikcije koje bi se
mogle eksperimentalno provijeriti

12
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Provjere teorije Velikog praska

» Model velikog praska potvrden je
mnogim opazanjima

» Najvazniji medu njima su
= Sirenje svemira

= KoliCina lakih elemenata (H, He, Li)
u svemiru

= KozmiCko pozadinsko zracCenje

» Ova tri opazanja snazno podupiru hipotezu da je
svemir evoluirao iz jako vruceg i gustog plina
= Plin nije imao izrazenu strukturu

14



FTOVJCIC VCIIKOY Pldoshd. SIICIIC

» Hubblov zakon:
1. Objekti u dubokom svemiru se udaljavaju od Zemlje
2. Brzina galaksija koje se udaljavaju od Zemlje proporcionalna je
njihovoj udaljenost
Sto su dalje udaljavaju se vecim brzinama
» Ovaj zakon je prvi izveo Georges Lemaitre 1927.
» |zvod slijedi iz Opce teorije relativnosti
= Lemaitre je Cak predlozio i vrijednost konstante
» Koju danas zovemo Hubbleova konstanta
» 1929. godine Hubble je eksperimentalno potvrdio ovaj

zakon Hubble’s Data (1929)
= | preciznije izmjerio konstantu

» Zakon u matematiCkom obliku:
v=H,D
» v = brzina galaksije
= Hubblova konstanta H, = 71 km/s/Mpc
= D = udaljenost do galaksije

1000 |~

o
|

Recession Velocity (km/sec)
3
[=]
T

Distance (Mpc)
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Provjere Velikog praska: laki elementi

1OOE 1 LRI RN LR L | 1 T III1II| 1 LB RLLI| LI | Illllg

» Rani svemir je bio veoma vruce _ )\
mjeStO 10 .=— Helium 4 (*He) g
= 1 sekundu nakon poéetka T = 10° K i

* | svemir je bio pun neutrona, protona,
elektrona, pozitrona, fotona i neutrina

» Kako se svemir hladio
= Neutroni su se

10-2 i Deuterium (QH) ;

108

104

105 Helium (°He)

Element Abundance (Relative to Hydrogen)

« ili raspali u protone i elektrone 5

. .. . . 106 =

* |li su se kombinirali s protonima u S

deuterij 107 2
= U prve 3 minute veéina deuterija se o ~ :
kombinirala i napravila helij z
« Tada su se pojavile i male koli¢ine litija 109 g()
» Ovaj proces stvaranja lakih S ]
. rnium I 3
elemenata se naziva o g

“Nukleosinteza u Velikom prasku” oo o [10° os o
= Bing Bang nucleosynthesis (BBN) Density of Ordinary Matter (Relative to Photons)

NASAWMAP Science Team Element Abundancs graphs: Staigman, Encyclopadia of Astrona i
WMAR101087 and Astraphysics | Insfhua of Physics) Decamber, 2000
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Sinteza elemenata u zvijezdama

Stagesin star lifetime: |:> ’ [:>

Yellow
star Red
giant Red
supergiant Massive red
supergiant
perg Supernova
CoreTemperature: 15X 10’K 2 X 108K 7 X 108K 3 X 10°K 1x 10" K
Primary Nuclear “He + '2C Proton-neutron Multiple neutron
Reaction: 'H fusion “He fusion 12€.+ 12¢ exchange reactions captures
TZC a2 160
Elements Formed: He C, O, Ne, Mg Na, Si, S, Ar, Ca Fe, Ni Elements with
Z>28
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Provjere Velikog praska: CMB

Penziasiand
wilson

» Za detalje vidi malo kasnije ...
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All to nije sve ...

» Model Velikog praska nije
kompletan Rur Warl[(—-That's AOT Al
» Ne objasnjava e
= Zasto je svemir tako uniforman na velikim skalama?

= Zasto je tako neuniforman na malim skalama®?
* |li kako su nastale zvijezde i galaksije

» VVeCina kozmologa danas smatra da je odgovor za
oba ova pitanja

Teorija inflacije

21



NAKO SU S5C POjaviic SUUKLUIC U

» Vecina kozmologa danas smatra da su se strukture u svemiru
Izrasle iz malih fluktuacija u skoro uniformnom ranom svemiru

» Ove fluktuacije se mogu vidjeti kroz male temperaturne razlike u
mikrovalnom pozadinskom zracenju
= Malo viSe o ovome nesto kasnije ...
» Sto bi moglo proizvesti ovakve fluktuacije?
= Inflacija
» Topoloski defekti

22



Gravitacijsko stvaranje struktura

» Kad je svemir bio 1/1000 sadasnje veliCine
= Oko 500 000 godina nakon Velikog praska

= (Gustoca prostora koji sada obuhvac¢a Mlije¢nu stazu, bila je mozda 0.5% veca od
gustoce susjednih podrucja

» Zbog toga se ovaj dio prostora Sirio sporije od susjednih podrucja
» Kao rezultat ovog sporijeg Sirenja, razlika u gustoci je joS viSe rasla
» Kad je svemir bio 1/100 sadasnje veliCine
= Oko 15 milijuna godina nakon Velikog praska
» NapSe podrucje svemira je vjerojatno bilo oko 5% gusc¢e od susjednih podrucja
» Ovo postupno povecanje razlike u gustoce i dalje se nastavlja kako se
svemir Sirl

» Kad je svemir bio 1/5 sadasnje veliCine
» Oko 1,2 milijarde godine nakon Velikog praska
= NaSe podrucje svemira je bilo 2 puta gusc¢e od susjednih podrucja
» Kozmolozi smatraju da se sredisSnji dio naSe galaksije stvorio upravo tada
= Zvijezde u vanjskim krajevima galaksije su se vjerojatno stvorile kasnije

» Neki kozmolozi spekuliraju da su neke od galaksije koje smo nedavno vidjeli Hubble
Space Telescopeom u biti galaksije u nastajanju




Galaksije kroz vrijeme

Age of the Universe
Today: 14 Billion Years 9 Billion Years 5 Billion Years 2 Billion Years

- .

Elliptical

HST - WFPC2
B

PR94-52¢ - Office of Public Outreach - December 6, 1994 . ZGL




Hubble Space Telescope | rani svemir
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Ground based observatories »
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Teorlja inflacije

» Osim na pitanje stvaranja struktura u
svemiru, daje rjesenje i na tri velika
problema teorije Velikog praska

= Problem ravne geometrije svemira
« Zasto je svemir skoro savrSeno ravan, a zbog
Sirenja bi ili trebao biti jako zakrivljen ili su
pocetni uvjeti bili ekstremno dobro podeseni
— Sto je blago-receno &udno

= Problem horizonta

« Kako su se jako udaljeni dijelovi svemira
mogli “dogovoriti” da imaju skoro istu
temperaturu, ako ne mogu komunicirati

— lli kako je uspostaviljena termodinamicCka
ravnoteza u svemiru bez kontakt jednog dijela
svemira s drugim

= Problem magnetskog monopola
« Kozmologija Velikog praska sugerira velik broj
magnetskih monopola
» Cinjenica da jos nismo detektirali niti jedan
predstavlja ozbiljan problem za model Velikog
praska

LEE

[NELATIONARY

UNIVERSE

THE QUEST FOR
ANEW THEORY Ol

COSMIC ORIGINS

HLAN H GUTH
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Kako teorija inflacija rjeSava ove probleme?

» Inflacija:

= PraktiCki odmah nalon pocCetka svemir se u djeliCu vremenaj
rasirio na ogromne udaljenosti Neorg ¥ /—EE
- Povecao se za faktor 102 )

ooooooooo

» Kako to rjesava probleme teorije Velikog praskcges
= Problem ravne geometrije svemira

« Zbog brzog Sirenja bilo koja inicijalna zakrivljenost prostora
postaje lokalno skoro ravna

= Problem horizonta
« Kako je svemir bio malen, razni sadasnji dijelovi svemira su tada bili blizu

« Kako se svemir raSirio jako brzo i jako puno, ovi dijelovi svemira nisu imali vremena
“odgovorit se” i ostali su na veoma bliskoj temperaturi

= Problem magnetskog monopola

 Tijekom inflacije gusto¢a magnetskih monopola opada eksponencijalno, tako da je
njihova koliCina danas zanemariva

» Bonus

= QObjasnjenje strukture svemira preko fluktuacija
» Povezuje fiziku Cestica (kroz fazu lomljenja simetrije) s kozmologijom

55555555555
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Odgovori na neka osnovna pitanja

» Do sada smo model Velikog praska opisivali opcenito:
* Na najvecoj mogucoj prostornoj skali svemir izgleda uniformno
* Trenutno se i dalje Siri
= Postoje jake naznake da je u proslosti bio vruci i gusci

» Sada cemo odgovoriti na neka specificha pitanja:
= Od €ega se sastoji svemir?
= Kako se brzo svemir siri danas?
= Koliko je svemir star?

= Kakav je oblik svemira? Otvoren, ravan, zatvoren ili nesto
drugo?

= Kako se brzina Sirenja svemira mijenja s vremenom?
= Kakva je buduénost svemira?

» Danas zivimo u doba preciznih kozmoloskinh mjerenja

= Kroz observacije supernova, galaksija, skupina galaksija, CMB |
lakih elemenata




Najvaznija nheodgovorena pitanja

» Pitanje broj 1

Od cega se
sastojl svemir?

....‘l..'ln."li.-‘l.l DON'T WE KNOW?

— i
l al
o

L TRY

AVAAAS
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Sto znamo?

Proton

Nucleus Neutron
s LEPTONS
particles
All ordinary |3} Electron ¥ Electron neutrino Down
particles ; mum Particle with no electnic Has an electnc charge of Has an electric charge of minus
belong to and chemical reactions; charge, and possibly no mass; o plus two-thirds; protons contain two, one-third; protons contain one,
this group § ithas a charge of -1 billions fly through your body neutrons contain one neutrons contain two
every second
These Z | Muon Muon neutrino Charm Strange
particles g A heavier relative of the - Created along with muons A heavier relative of the up; A heavier relative of the down;
existed just § electron; it lives for two- when some particles decay Q found in 1974 found in 1964
after the millionths of a second
BigBang. |”
Now they are < | Tau Tau neutrino Top | Bottom
found only § | Heavier still; it is extremely not yet discovered but Heavier stil Heavier still; measuring
In cosmic ‘é ‘ unstable. It was discovered bekeved to exst Q bottom quarks is an important
rays and ¥ | In1975 test of electroweak theory
accelerators 3
Force
particles Gluons Photons Intermediate Gravitons
These Carriers of the Particles that vector bosons Q Carriers of
pamc.les strong force make up light; Carriers of the gravity
wanemit the between quarks they carry the weak force
N electromagnetic
fundamental force 0
forces
of nature 0 %
although
gravitons Feit by: Felt by: Felt by: Felt by:
have so far quarks quarks and charged leptons quarks and leptons all particles with mass
not been
discovered The explosive release of nuclear  Electricity, magnetism and chemistry Some forms of radio-activity are the All the weight we experience is the

energy is the result of the strong force

are all the results of electro-magnetic
force

result of the weak force

result of the gravitational force

ROWTHER

GRAPHICS PETER (
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Od Velikog praska do danasnjeg dana
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| TIME
BEGINS

: ,J‘)

Time
Temperalure

The cosmos
goes through
a superfasl
“inflation,” y
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thesize of an
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ol a socond

v G
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Electrons
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protons and
neutrons to form
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hydrogen and
helium. Light
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shine
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-200°C

Gravity makes

hydrogen and
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coalesce to form
the giant clouds
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galaxies; smaller
¢lumps of gas
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the first stars
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10%s Era kvantne gravitacije

Gravitacije se odvaja
kao posebna sila,
ostale sile ostaju

t <104 s :The Big Bang

The universe is considered to have expanded from a singl
point with an infinitely high energy density (infinite
temperature). Isthere a meaning to the question what
existed before the big bang?

t -10%s, 102 K (10® GeV, 10%¥ m) :
Gravity “freezes” out

All particle types (quarks, leptons, gauge bosons, and
undiscovered particles e.g.Higgs, sparticles, gravitons) and
their anti-particles are in a thermal equilibrium (being
created and annihilated at equal rate). These coexist with
photons (radiation).

Through a phase transition gravity "froze" out and became
distinct in itsaction from the weak, electromagnetic and
strong forces. The other three forces could not be
digtinguished from one another in their action on quarks
and leptons. Thisisthe first instance of the breaking of
symmetry amongst the forces.
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10®s Era velikog ujedinjenja

Inflacija prestaje, Sirenje se
nastavlja. Prestaje era
velikog ujedinjen ka i
elektroslaba sg ju se
razlikovagl.

t : ¢ GeV, 102 m) :

1
Infl
rae nsion increases exponentially for a short
e The'ungperse doubled in size evew, iflation
opp

at around®18. The universe increased in size by

ctor of 20 This is equivalent to an object the size of a
proton swelling ta°1@ht years across.
However the presently visible
universe was only 3 m in size after inflation. This solves the
problems of ‘horizon’ (how is it possible for two opposing
parts of the present universe to be at the same temperature
when they cannot have interacted with each other before
recombination) and ‘flatness’ (density of matter is close to
the critical density).

-3
I

t 10 %2s: Strong forces freezes out

Through another phase transition the strong force "freezes"
out and a slight excess of matter over anti-matter develops.
This excess, at a level of 1 part in a billion, is sufficient to
give the presently observed predominance of matter over
anti-matter. The temperature is too high for quarks to remain
clumped to form neutrons or protons and so exist in the form
of a quark gluon plasma. The LHC can study this by

colliding together high energy nuclei.
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10°s Elektroslaba era

Razdvaja se
elektroslaba sila

t-10°s, 10% K (100 GeV, 10 m) :
Electromagnetic and Weak Forces

separate

The energy density correspondsto that at LEP. Asthe
temperature fell the weak force "freezes" out and all
four forces become distinct in their actions. The
antiquarks annihilate with the quarksleaving a residual
excess of matter. W and Z bosons decay. In general
unstable massive particles disappear when the
temperture fallsto a value at which photons from the
black-body radiation do not have sufficient energy to
create a particle-antiparticle pair.
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10*s Stvaranje protona i neutrona

Kvarkovi se
Kombiniraju |
ujedinjavaju u
protone i neutrone

t-104s, 108 K(1 GeV, 10% m) :
Protons and Neutrons form

The universe has grown to the size of our solar
system. Asthe temperature drops quark-antiquark
annihilation stops and the remaining quarks
combine to make protons and neutrons.
t=1s,10° K(1MeV, 105 m) :
Neutrinos decouple

The neutrinos become inactive (essentially do not
participate further in interactions). The electrons
and positrons annihilate and are not recreated. An

excess of electronsisleft. The neutron-proton ratio
shifts from 50:50 to 25:75.
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Protoni i neutroni se
kombiniraju u
jezgru helija

t = 3 minutes, 10 K (0.1 MeV, 10¥ m) :

Nuclei are formed

The temperature islow enough to allow nuclei to be
formed. Conditions are similar to those that exist in stars
today or in thermonuclear bombs. Heavier nuclei such as
deuterium, helium and lithium soak up the neutrons that
are present. Any remaining neutrons decay with a time
constant of ~ 1000 seconds. The neutron-proton ratio is
now 13:87. The bulk congtitution of the universe isnow in
place consisting essentially of protons (75%) and helium
nuclei. The temperature is till too high to form any atom
and electronsform a gas of free particles.
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380 000 godina

Atomi | era svjetla

Svemir postaje proziran
| iIspunjen svjetlom

t =380 000 years, 6000 K (0.5eV, 18 m) :

Atoms are created

Electrons begin to stickto nuclei. Atoms of hydrogen, helium
and lithium are created. Radiation isno longer energetic enou
to break atoms. The universe becomestransparent. Matter
density dominates. Astronomy can study the evolution of the
Universe backto thistime.
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Milijardu godina

Stvaranje galaksija

Galaksije se
pocinju stvarati

t =10° years, 18 K : Galaxy

Formation

Local mass density fluctuations act as seeds for
stellar and galaxy formation. The exact mechanisn
is gill not understood. Nucleosynthesis, synthesis
of heavier nuclei such ascarbon up to iron, starts
occurring in the thermonuclear reactors that are
stars. Even heavier elements are synthesized and
dispersed in the brief moment during which stellar
collapse and supernovae explosions occur.
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13,8 milijardi godina Danas

T L Acee ol WA e U PR 4__1;.-' :,,. N R v ehdnd v

Covjek se poéeo pitati
odakle sve ovo!

t=15x 1 years, 3 K: Humans
The present day. Chemical processes have linked
atomsto form molecules. From the dust of stars
and through coded messages (DNA) humans
emerge to observe the universe around them.




Od Velikog praska do danasnjeg dana
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380 000 godina

Atomi | era svjetla

Svemir postaje proziran
| iIspunjen svjetlom

t =380 000 years, 6000 K (0.5eV, 18 m) :

Atoms are created

Electrons begin to stickto nuclei. Atoms of hydrogen, helium
and lithium are created. Radiation isno longer energetic enou
to break atoms. The universe becomestransparent. Matter
density dominates. Astronomy can study the evolution of the
Universe backto thistime.
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Wilkinson Microwave Anisotropy Probe

WMAP

2.7251 K

2.7249 K

Ove minijaturne promjene u temperaturi su ozrokovane minijaturnim promjenama gustoce materije na
mjestima gdje se svjetlost zadnji put rasprsila, kad je svemir bio star 380 000 godina.
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Sto mi u biti vidimo u WMAP slici?

Big Bang Temp

2ol UF Laiibaziyy

Mi mozemo vidjeti
samo povrsinu oblaka,
tj. mjesto gdje se svjetlo
zadnji put rasprsilo

DANAS
13.7 milijardi godina
nakon Velikog praska

“Povrdina zadnjeg rasprdenja” mikrovalnog pozadinskog zracenja je
sli¢an efekt kao povrSina oblaka. Svjetlo koje dolazi sa Sunca rasprsi se
od oblaka, i kroz prozirnu atmosferu dolazi do naSeg oka.
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Rezultati mjerenja
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Kako objasniti ove rezultate?




Sto znamo?

Proton

Nucleus Neutron
s LEPTONS
particles
All ordinary |3} Electron ¥ Electron neutrino Down
particles ; mum Particle with no electnic Has an electnc charge of Has an electric charge of minus
belong to and chemical reactions; charge, and possibly no mass; o plus two-thirds; protons contain two, one-third; protons contain one,
this group § ithas a charge of -1 billions fly through your body neutrons contain one neutrons contain two
every second
These Z | Muon Muon neutrino Charm Strange
particles g A heavier relative of the - Created along with muons A heavier relative of the up; A heavier relative of the down;
existed just § electron; it lives for two- when some particles decay Q found in 1974 found in 1964
after the millionths of a second
BigBang. |”
Now they are < | Tau Tau neutrino Top | Bottom
found only § | Heavier still; it is extremely not yet discovered but Heavier stil Heavier still; measuring
In cosmic ‘é ‘ unstable. It was discovered bekeved to exst Q bottom quarks is an important
rays and ¥ | In1975 test of electroweak theory
accelerators 3
Force
particles Gluons Photons Intermediate Gravitons
These Carriers of the Particles that vector bosons Q Carriers of
pamc.les strong force make up light; Carriers of the gravity
wanemit the between quarks they carry the weak force
N electromagnetic
fundamental force 0
forces
of nature 0 %
although
gravitons Feit by: Felt by: Felt by: Felt by:
have so far quarks quarks and charged leptons quarks and leptons all particles with mass
not been
discovered The explosive release of nuclear  Electricity, magnetism and chemistry Some forms of radio-activity are the All the weight we experience is the

energy is the result of the strong force

are all the results of electro-magnetic
force

result of the weak force

result of the gravitational force

ROWTHER

GRAPHICS PETER (
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|lzgradite svemir!

CMB Analyzer

el This image shows the variation in CMB temperature

across the entire sky. The map is shown in a Moliweide
projection in Galactic coordinates. Temperature variations are
scaled between -0.4 milliKelvin to 0.4 milliKelvin from a mean
temperature of 2.73 Kelvin.

There may be a small delay while the images loads.
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T 1 Fo0% 1.00
Additional Properties
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I I i )
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= f 7 22
Spectral Index
I I | T 11
ANSWER RESET

.gov/resources/camb tool/cmb



http://map.gsfc.nasa.gov/resources/camb_tool/cmb_plot.swf
http://map.gsfc.nasa.gov/resources/camb_tool/cmb_plot.swf
http://map.gsfc.nasa.gov/resources/camb_tool/cmb_plot.swf

Svemir 100% od atoma?

Universe Content

H i I 7T 100 %
Cold Dark Matter

' r | - 0%

71 r - 0%

Additional Properties

Hubble Constant

| l i T P73

Reionization redshift
P . S
Spectral Index
| [ i I I~ 0.95

Power Fluctuations (uK2)

CMB Analyzer

5000

4000

3000

2000

90 2 0.5 0.2

Angle across the sky (deg)

This plot shows how temperature varies
with the angular size of patches on the sky. This reveals the

energy emitted by different size ripples of sound traveling |
through the early universe. '

. = analyzed sky / universe signal.

. = your simulated sky / universe signal.

» Black points with error bars = 'binned' (grouped) data to
analyze data accuracy.

* Light blue area = likelihood of results being caused by
random chance- only a concern at large scale (left).

9.1 billion years

1.00

ANSWER



Teorija se ne slaze s eksperimentom!

Je li stvarno ovako?
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Prva pomisao: vjerojatno je problem s eksperimentom!

1.4 x 1.6 m primary T____ upper omni antenna
reflectors *

dual back-to-back
Gregorian optics

secondary FPA box

reflector
feed horns

passive thermal radiator

thermally isolating
instrument cylinder

top deck (RXB inside)
op dec

star tracker

warm S/C and
instrument

electronics )
reaction

wheels (3)

deployed solar array w/web shielding

Wilkinson Microwave Anisotropy Probe
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Sto je jo$ u svemiru osim atoma?

» Nesto sto ima svojstva materije, ali ga “ne
vidimo”
= |li znanstvenije reCeno: nesto sto niti emitira niti
apsorbira elektromagnetsko zracCenje, ali
medudjeluje s obicnom materijom (tj. atomima)
Kroz gravitaciju

= Krace ime: TAMNA MATERIJA

= Moguce verzije tamne materije

« Hladna tamna materija (Cold Dark Matter, CDM)

— Massive Compact Halo Objects (MACHO) - malo
vjerojatno

— Neke teske Cestice koje jos nisu videne (npr.
superimetricne Cestice)

« Topla tamna materija
— Sterilni neutrini

* VrucCa tamna materija
— Neutrini
« MijeSana tamna materija
» Nesto Sto ima svojstva energije, ali ne znamo
tocno o kojem obliku energije se radi, osim sto
znamo da uzrokuje Sirenje svemira

= Krace ime: TAMNA ENERGIJA

Jdrk ma’(hr

FF y&
d .—H)l
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Svemir 100% od atoma?

Universe Content

H i I 7T 100 %
Cold Dark Matter

' r | - 0%

71 r - 0%

Additional Properties

Hubble Constant

| l i T P73

Reionization redshift
P . S
Spectral Index
| [ i I I~ 0.95

Power Fluctuations (uK2)

CMB Analyzer
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Angle across the sky (deg)

This plot shows how temperature varies
with the angular size of patches on the sky. This reveals the

energy emitted by different size ripples of sound traveling |
through the early universe. '

. = analyzed sky / universe signal.

. = your simulated sky / universe signal.

» Black points with error bars = 'binned' (grouped) data to
analyze data accuracy.

* Light blue area = likelihood of results being caused by
random chance- only a concern at large scale (left).

9.1 billion years

1.00

ANSWER



CMB Analyzer

oo This plot shows how temperature varies

with the angular size of patches on the sky. This reveals the

6000 energy emitted by different size ripples of sound traveling

through the early universe.
5000
. = analyzed sky / universe signal.
4000 . = your simulated sky / universe signal.

* Black points with error bars = 'binned' (grouped) data to
analyze data accuracy.

« Light blue area = likelihood of results being caused by
random chance- only a concern at large scale (left).
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Podaci i teorija se slazu!

CMB Analyzer

oo This plot shows how temperature varies

with the angular size of patches on the sky. This reveals the

8000 energy emitted by different size ripples of sound traveling

 Light blue area = likelihood of results being caused by

2000 random chance- only a concern at large scale (left).

4 through the early universe.

= 5000

ué . = analyzed sky / universe signal.

g . = your simulated sky / universe signal.

*§ 2000 » Black points with error bars = 'binned' (grouped) data to
T analyze data accuracy.

o

g

1000

Universe Content
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Cold Dark Matter

Sl | - 22% 13.7 billion years

It f T Fo74% 1.00
Additional Properties

Hubble Constant
f 1 7 f 73
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“Normalna materija”

Tamna energija
74%

Tamna materija -

22%
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Najnov

i

rezultati: Planck satelit

59



The Cosmic Microwave Background as seen by Planck and WMAP

Planck



“Normalna materija”

5%
Tamna energija
68%

Tamna materija - |

27%




Je li razlika izmedu WMAP i PLANCK rezultata problem??

Comparison of Planck-only and WMA P-only Six-Parameter ACDM Fits®

Parameter Planck WMAP Difference
(“CMB+Lens”) (9-year) value WMAP o

Oy h? 0.02217 £ 0.00033  0.02264 + 0.00050 —0.00047 0.9
Q. h? 0.1186 4+ 0.0031 0.1138 + 0.0045 0.0048 1.1
Qa 0.693 = 0.019 0.721 = 0.025 —0.028 1.1
T 0.089 £+ 0.032 0.089 + 0.014 0 0

to (Gyr) 13.796 £+ 0.058 13.74 £ 0.11 56 Myr 0.5
Ho (km s~ 'Mpc ™) 679+ 1.5 70.0 £2.2 —2.1 1.0
os 0.823 £ 0.018 0.821 +0.023 0.002 0.1
O 0.0481" 0.0463 + 0.0024 0.0018 0.7
Q. 0.257"° 0.233 + 0.023 0.024 1.0

*The new Planck results strongly favor the standard six-parameter ACDM model with
parameter values that are consistent with WMAP parameters, as shown in this table which
compares results derived entirely from Planck data with those derived entirely from WMAP
data.

PParameters derived from quoted values. No error estimate is given for this data/model
combination.
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Kakva je geometrija
svemira?




Bonus 1z WMP-a

The physical size of the
fluctuations is the
horizon size at the last
scattering surface.

-1 —=¢.<1"Q>1=0.>1

%\ The geometry of the Universe
oy determines the angular size
L of the fluctuations.

() =perinthe e — 1,005 =+ 0.007 coday

— Energy required for flatness

Adrienne Erickcek
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Ima li | drugih dokaza za postojanje
tamne materije | tamne energije?




Tamna materija: rotacijske brzine zvijezda u galaksijama

- -rotational velocity
(km/s] ‘ - A
~ - measured

2004

50000 - 100000
distance from center (light years)




Tamna materija: gravitacijske lece

Real Observed







Tko Je ovo?




Ines Piacun

Vremenska crta O meni Prijatelji Fotografije Vise ~
Became friends with Marina Rota and 1 other Objava || Slika/Video zapis

person
Prijatelji ste od oZujka

34 prijatelja

PRIJATELJI

m- lvica Puljak
LZ & | 29.ozujkau7:34 v
Krecemo u CERN na pilot projekt 'Hrvatski nacionalni program za nastavnike
fizike u CERN-U'. Ispred nas su dva dana puta i tri dana rada (). — with
Smiljana Kranjcec and 10 others at Autobusni kolodvor Zagreb.
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Direct Proof of Dark Matter

This composite image shows the galaxy cluster 1E 0657-56, also known as
the "bullet cluster." This cluster was formed after the collision of two large
clusters of galaxies, the most energetic event known in the universe since
the Big Bang.

Hot gas detected by Chandra in X-rays is seen as two pink clumps in the
image and contains most of the "normal," or baryonic, matter in the two
clusters. The bullet-shaped clump on the right is the hot gas from one clus-
ter, which passed through the hot gas from the other larger cluster during
the collision. An optical image from Magellan and the Hubble Space Tele-
scope shows the galaxies in orange and white. The blue areas in this image
show where astronomers find most of the mass in the clusters. The con-
centration of mass is determined using the effect of so-called gravitational
lensing, where light from the distant objects is distorted by intervening
matter. Most of the matter in the clusters (blue) is clearly separate from
the normal matter (pink), giving direct evidence that nearly all of the
matter in the clusters is dark.

The animation below shows an artist's representation of the huge collision
in the bullet cluster. Hot gas, containing most of the normal matter in the
cluster, is shown in red and dark matter is in blue. During the collision the
hot gas in each cluster is slowed and distorted by a drag force, similar to
air resistance. In contrast, the dark matter is not slowed by the impact, be-
cause it does not interact directly with itself or the gas except through
gravity, and separates from the normal matter.

Left: X-ray: NASA/CXC/CFA/M Markevitch et al; Optical: NASA/STScl; Magellan/U_Arizona/D.Clowe et al; Lensing Map.
NASA/STScl; ESO WF|; Magellan/U.Arizona/D.Clowe et al., Below: NASAJCXC/M. Weiss
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Tamna energija: mjerenje supernova
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Physics & Math

Home News In-Depth Articles Opinion CultureLab Galleries Topic Guides Las

SPACE TECH ENVIRONMENT  HEALTH PHYSICS&MATH -]

Home | Physics & Math | News

Dark energy could be the offspring of the Higgs boson

3 16:23 14 August 2013 by Lisa Grossman
y For similar stories, visit the The Higgs boson and Cosmology Topic Guides

The particle credited with giving others mass, the Higgs boson, may also be to Q
blame for the universe flying apart ever faster. That's because the Higgs boson
could, in principle, be giving rise to dark energy. T
The standard model of particle physics encompasses the fundamental particles

that make up matter, as well as associated fields. The photon, for instance, is

tied to the electromagnetic field. Discovered last year, the Higgs boson also

comes with an associated field but, unlike others of its class, the Higgs field is

scalar — it does not act in a specific direction.

Taken together, the known particle fields create a certain density of energy
permeating the universe. Before the discovery of dark energy, particle
physicists were worried that the simplest versions of the standard model
predicted an enormous, possibly infinite energy density that would force the
universe to expand at an ever-increasing rate.




Kako je sve [mozda] zapocelo?

o

NASAWMAP Science Team



My HOBBY: EXTRAFOLATING

AS YOU CAN SEE, BY LATE
NEXT MONTH YOU'LL HAVE

I. Puljak, FESB, Split
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My HOBBY: EXTRAFPOLATING

AS YOU CAN SEE, BY LATE
NEXT MONTH YOU'LL HAVE
A LOT OF NEGATIVE HUSBANDS,
) IF YOU BUY ENOUGH
WEDDING CAKES,
YOU WILL MAKE A

o OeEE

I. Puljak, FESB, Split
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“Because there is a law
such as gravity, the
unjverse can and
will create itself
from nothing.” |

—Hawking




51070 NISTAS

NASAWMAP Science Team






Najljepsa jednadzba znanosti

» Einsteinova originalna jednadzba

G, =8nGT,

Svemir Materija i energija
koji se Siri u svemiru

» QOpca teorija relativhost s kozmoloskom konstantom

G, t+Ag, =8rGT,

Svemir Kozmoloska Materija i energija
koji se Siri konstanta u svemiru

» Kozmoloska konstanta i "tamna energija”

Guv = 87—CGTuv — PAgHV

Svemir Materija i energija
koji se Siri u svemiru

I. Puljak, FESB, Split
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KVANTNA FIZIKA









. Puljak, FESB, Split
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Heisenbergova relacija neodredenosti

AE - At > h/2

vrijeme

Feynmanovi diagrami

prostor

I. Puljak, FESB, Split 94



Virtualne cestice u stvarnosti

« Uvesti novu ideju koja se ne moze mijeriti bi bilo slicno diskusiji o tome
koliko andela moze stati na glavu igle

* Direktno ne mozemo mijeriti virtualne Cestice
— Ali njihovi indirektni efekti proizvode vecéinu svemira kojeg znamo

— | ne samo to: njihov utjecaj na fizikalne procese je najpreciznije
izraCunati proraCcun u znanost uopce

* Primjeri
— Vodikov atom i Lambov pomak

* Preciznost od 1 u milijardu, kao udaljenost do sunca do na
preciznost od jednog centimetra

— Masa protona

I. Puljak, FESB, Split
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Virtualne cestice u svakodnevnom zivotu

Lambov pomak

2 JWENEIEAD 2Pgp (| =3/2)

#0=11=9 Nzpy; =172
Ly-o

s (n=1,1=0) J

—\___u

I. Puljak, FESB, Split
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Masa protona | neutrona

I. Puljak, FESB, Split
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I. Puljak, FESB, Split



| to jedine
specﬂalf

I. Puljak, FESB, Split



Average Density of the Universe
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Kako ce sve [mozda] zavrsiti?

NASAWMAP Science Team
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Sheds outer Cools and But if it can

Expands to layers Contracts to accrete mass It may pass 1.4
red giant white dwarf from a binary solar masses and
_‘... partner suddenly explode
Star like * 1 into a Type la supernova
Sun .
10 billion years
Blue Compact
Massive star of Star 10 million years
more than 8
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Sheds outer

layers
Core Collapse
produces Type Il
Expands to RSO
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Future fates of the dark-energy universe

Big Bang

Big Crunch Indefinite expansion Big Rip

Quintessence in which Cosmological constant Quintessence in which
dark energy reverses dark energy destabilizes
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NASAWMAP Science Team ( )




