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Nobelova nagrada za fiziku

Najprestiznija nagrada u fizici
Maksimum 3 laurata, za dva razlicita rada
Dug i rigorozan proces selekcije

Nobelov komitet (5 Elanova koje imenuje Svedska kraljevska
akademija)

« PocCetak — septembar, komitet poziva 3000 ljudi (profesori, prethodni
dobitnici itd) nominuju kandidate. Prikupljaju 31. januara.

 Eksperti selektuju 15 imena
+ Nobelov komitetbira-dobitnike vecinom glasova

Nominacije se ne objavljuju, sve se Cuva tajno narednih 50
godina

Otkrica mora da ,,testira vreme"”, vreme od otkrica do dodele
oko 20 godina




Nobelova nagrada
za fiziku

- 2018 ,,za revolucionarna otkrica u oblasti
fizike lasera*

2017 ,odlucujuci doprinos LIGO detektoru i
uspesnu detekciju gravitacionih talasa*

- 2016 ,, teoretska otkrica topoloske faze
tranzicije i topoloskih faza materije*

2015 ,,otkrice oscilacije neutfrina i dokaz da
ove cestice iImaju masu*

- 2014 ,dioda koja emituje.plavu svetlost*
- 2013 ,,za teorijsko otkrice mehanizma koji

daje znacajan doprinos razumevanju porekla
mase subatomskih Cestica."

Astronomy,
astrophysics
and cosmology
21 laureates

9 prizes

Nuclear and
particle physics
70 laureates

36 prizes

Applied physics
21 laureates
10 prizes

Physics World, oktobar 2019 © IOP Publishing)

Timeline key

— No prize

= (One laureate
= Two laureates
M Three laureates

Quantum physics

I 10.5 prizes

Condensed-matter
physics
47 laureates

25 prizes

Atomic, molecular
and optical physics
33 laureates

17 prizes

Classical physics

4.5 prizes




Nobelova nagrada 2019 NOBEL PRIZE IN PHYSICS
o o The Nobel Prize in Physics 2019 was awarded to for theoretical discoveries in physical
Z q fIZI k U 2 0 1 9 cosmology and to & for discovering an exoplanet orbiting a solar-type star.

e James Peebles developed a theoretical
= = . F framework which forms the foundation of
NObeI Prlze ln Phys‘cs our understanding of the universe’s history.
4 He predicted the existence of cosmic
$e. d : n background radiation and theorised that

dark matter and dark energy make up 95%
of the mass of the universe.

Michel Mayor & Didier Queloz discovered

the first exoplanet orbiting a sun-like star.

They discovered a Jupiter-sized planet by
observing light from the star it was orbiting.

As the planet orbits the star, the star wobbles
due to the planet’s gravitational pull. This
wobbling slightly alters the wavelength of
James Peebles (CAN/USA rlght), Michel Mayor (SU/ Centre) and the star's light, meaning it shifts in colour. By ‘LH?
Didier Queloz (SUI, left) share the Nobel Prize for their work on the measuring the changes in wavelength, an

estimate of the orbiting planet’s minimum

evolution of the Universe and the discovery of a distant planet mass can be made.

1 3

dOUb'G = Age Of Women , A ﬁ Peebl‘es work has helped us understand the evolution of the universe.

The discovery of thousands more exoplanets have followed Mayor and
Queloz’s work, and it is possible that some of these may harbouir life.

winner, ‘ v’ youngest awarded
John ‘ laureate, prize,
Bardeen 2 - Lawrence lnC|U.d|ng 3 Nobel Prize in Physics press release: https:/www.nobelprize.org/uploads/2019/10/press-physics2019.pdf
awarded prize Bragg, awarded Marie Curie

in 1956 and 1972 prize in 1915 in 1903 © 2019 Compound Interest/Andy Brunning - compoundchem.com | @compoundchem @@@@

Shared under a CC Attribution-NonCommercial-NoDerivatives 4.0 licence

-

Pictures: AP, Nobel Foundation, Newscom, Getty Images Source: Nobelprize.org © GRAPHIC NEWS




The spots show small
temperature variations
in the background radiation.

Background radiation

Najvazniji teorijski doprinos

.0.”

- ,,Za teorijska otkrica u fiziCkoj kosmologiji

Big Bang 400,000 years

1 1 1 SECRETS IN THE
1. Sinteza helijuma u toplom, ranom svemiru L N—

14 billion years

. o ~ o The universe was extremely hot and dense in its
Mikrotalasno pozgdmsko Zracenje (CMB) earliest moments, the Big Bang, Since then, the ok
° universe has been expanding, getting larger and matter
colder. Almost 400,000 years after the Big Bang, the
initial radiation began to travel through space. This

. Zrn O S'I'O S'I'rU I(TU rG ro n Og S\/e m irO radiation still fills the cosmos and, coded into it, many —

3 of the universe’s secrets are hiding. Using his matiar )
theoretical models, James Peebles was able to

.o predict the shape of the universe and the matter and

4 . U Iog O TO m n e mﬁ*er” e energy it contains (the below curve). His calculations

were a good match with later measurements of
background radiation.

o POTrebO ZO kosmOIO\S,kom konSTOnTom The first peak shows that the universe is

geometrically flat, i.e. two parallel lines

@ The curve shows how many X
will never meet.

spots there are of each size in
the background radiation.

The second peak shows that ordinary
matter is just 5% of the matter and

@ @ energy in the universe.

The third peak shows that 26% of the
universe consists of dark matter.

From these three peaks, it is possible to
conclude that if 31% (5%+26%) of the
universe is composed of matter, then
69% must be dark energy in order to fulfil

©Johan Jarnestad/The Royal Swedish Academy of Sciences the requirement for a flat universe.
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Sta je svemir?
« Svemir, kosmos, vasiona, univerzum.
- Prostor, vreme (t]. pros’ror—vreme)
| ,,sve Sto se tu nalazi*
« Planete, sateliti, zvezde, galaksije

« MedugalaktiCki prostor
- Sva materija i energija

- Misija Plank (februar 2015)

* Materija (Q,,): 31,5 + 0,13%
- Obi¢na materija (Q;): 4,82 + 0,05%
« Tamna materija 25,8 + 0,4%

- Tamna energija (2,): 68,5 + 0,13%
 Starost (ty): 13,819 Gy




¢

The 13.8 billion year history of the universe scaled'down to asingle year, where

the Big Bang is"January 1t at midnight, and right now is midnight 1 year later

‘The Cosmic Calendar

January February \ETdy April y June July August September October November L December
® Known from telescopes looking back in time, physical models> b ' Q Known from geologic record, fossils, genetic drift
B\ : o ~ & N .
$ | ‘ : R -
i | - - N~ - . |
The Big Bang,| & . Thin Disk of | - - Multicellular
~Stars First Appear the Milky Way System, Life |Photosynthesis Life
The Month of December... " ' o
1 2 3 4 5 6 7 8 9 10 11 12 13 14
15 Trace Fossils Only 16 17 Bones and Shells 18 Vertebrates 19 Land Plants 20 Fish with Jaws 21 Insects
22 Amphibians 25 DIn0saurs ammess™- | 26 Mammals 28 Flowers

30 Dinosaurs Extinct,
Mammals Take Over
on Land and.in Sea

Dawn: Apes and
Monkeys Split

W

8 PM: Hum

37 A

ans and

The Final Minute...

Chimpanzees Split

)

9:25: Humans
First Walk Upright

10:30: Human Brain

[ A )
‘G

11:52: Modern
Humans Evolve

Size Begins Tripling

Human Migration

& ¢
.“ = ﬁ
vw'
p “. .

11:56 to 11:59:

A human life only lasts for the blink of an eye on the Cosmic Calendar: 100 years * 365 * 24 * 60 * 60 / 13,800,000,000 = 0.23 Cosmic Seconds

End of Last Ice Age,
Sea Level 400 Feet
Lower Than Now

@ Known from artifacts, radiocarbon dating, DNA extraction from remains >

Agriculture Leads
7 to Permanent
Settlements

@ Weritten records>

Columbus Arrives in America (1.2 Seconds Ago)

Christ Born |

Mohammed Born

Old Testament, Buddha

Dynastic China Begins

| |
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|
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htfps://en.wikipedia.org/wiki/Cosmic Calendar


https://en.wikipedia.org/wiki/Cosmic_Calendar

Zivot svemira
» Kosmologija

 Astro(fizika) i istorija svemira

« Astronomija — pogled u proslost
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M31 - Andromeda
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* Najdalja i ngjstarija galaksija u vidljivom svemiru : : " Lae

- Sazvezde: Veliki medved
- Pravo rastojanje -
« 32 milijarde svetlosnih godina

- Ovu galaksiju vidimo kako je izgledala pre 13,4 milijarde

godina (400 miliona godina posle nastanka svemira) =
« Otkrivena — mart 2016, HST i Spitzer teleskop Lo

- Najvece rastojanjekoje HST moze da posmatra i Lk _- 4 :

150 miliona godina starija od prethodnog rekordera EGSY8p7 w4
- ,blizu krgja tzv. tamne faze svemira* i ,blizu pocetka perioda 2
rejonizacije*

- 1/25 preCnika MleCnog puta, 1% mase, zvezde nastaju 20 puta brze; starost
zvezda 40 miliona goding;

» Toliko masivna galaksija u ranom svemiru, nakon pocetka nastanka zvezda -
Izazov za teorijske modele



Nasa slika sveta

* Na jednom predavanju:

« “Sve to sto ste nam ispricali obicha je besmislica. Svet je, zapravo, ravna
ploca koja se nalazi na ledima dzinovske kornjace.” - jedna starija zena u

dnu sale

« YA na cemu stoji kornjaca¢” — naucnik

« “Veoma ste pametni mladicu, veoma
pametni. Ali kornjace se pruzaju sve do
krajal”




Malo istorije (civilizacije)

- Aristotel (384 — 322 pne) — Zemlja nije ravna ploca
(pomracenje Meseca — senka; zvezda Severnjaca
nize na horizontu; jedra)

- Zemlja —staticnha i centar svemira; ostala tela kruze oko ,,nas*

- Ptolomej (70 — 168 pne) - prvi ,,kosmoloski® model; govorio samo o
tome sta se u svemiru desava (bez nastanka, proslosti, buducnosti)

- 8 kristalnih sfera — svaka jedno telo, a jedna za zvezde (iza ,,nevidljiv' svemir)
« Uveo epicikle - videti predavanje o Suncevom sistemu ©
« Prihvatljiv za crkvu — dovoljno prostora za raj i pakao

« Kopernik (1514) — centar Sunce, objavio anonimno
- Kepler, Galilej, Njutn...



Staticna vasiona?

- [vezde - tela slicna Suncu;
ne krecu, staficne, udaljene

* Njutn — zvezde gravitaciono privlace
- Zar se nece ,,sunovratiti jedna ka drugoj?
- Konacan broj zvezda — to ¢e se dogoditi!
« Beskonacan broj=nece se dogodifi

* Osnovna ideja (pre XX veka):
« svemir veciti, statican, bez promena

* Verovanje u vecite istine
- Covek je prolazan, ali svemir je vedit




Zasto je nebo tamno?

 Prve ideje — gravitacja na velikim

rastojanjima slabi ili postaje odbojna -
(danas znamo: nestabilna ravnoteza) « W . .
. o anll= e
* Osnovni problem — NOC! « & o .
Olbersov paradoks 5
Henrih Wilhem Olbers (1758 — 1840) @&

Porodoks Tamnog ebo

observer Universe of siars




Na putu do kosmoloskog modela

. ,Univerzum nije cudan koliko mi to mislimo, nego je cudniji nego
sto mozemo da zamislimo* - J. B. Haldan, biolog

- /vezde ,,nepokretene”, ali neka brza zvezda u toku godine oko
milijardu kilometara

- Bernardova zvezda — udaliena oko 5,6 - 1013 km, krece brzinom
oko 90 km/s (2,8 milijardi godisnje) — pravo kretanje

- Kako vidimo da-sezvezde krecu?
« Bernardova zvezda - samo 10,44 luCne sekunde godisnje



Doplerov efekat - o
« Johan Kristian Dopler (1842) — zvuk i svetlost ... SN Vi A | I A

« Jozef Franhofer (1814)

« /nACqj u astronomiji— 1868

« Hajgens — utvrdio da je polozagj linija u spektrima
nekih zvezda pomeren

High Frequency

Low Frequency




lzvan Mlecnog puia

- Tomas Rajt (1750) — prva ideja o MleCnhom putu
« /vezde u ravni jedne plosnate ploce, oblika tocila
« Danas - sferni halo

« Andromedad

 prvizapis: Abdurhman Alsufi, persijski astronom (?64)
- ,,mali oblak*

- Sarl Mesije (1781)

- Zvezdana jata, magline

- 1/3 -, bele magline” elipticnog oblika — galaksije

»‘,l()"V
distant
galaxy

distant
galaxy

nearby
galaxy

Absorption lines
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Red Shift
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500 600 700

Wavelength (1)



Teorija
« Emanuel Kant (1755) — prihvatio Rajtovu teoriju za Mlecni put
« Magline - galaksije (delo: Opsta istorija prirode i teorija o nebu)

 [bunjivale eksplozije — supernove (,,zvezde sjajnije od galaksije*)
* Isak Njutn (1643 — 1727) — problemi sa staticnim svemirom

- Albert Ajnstajn — opsta teorija relativnosti (1915)
- Gravitacija > zakrivljenost prostor-vremena
« ReSavao problem s’rdcionomog svemira

« Ajnstajnove jednacine polja
1 872G

Rﬂv—EgWR— o 1
T o o £ o B —~ v
RW—Fﬂw—Fﬂa,v+FﬂaFW—Fﬂvfﬂa, R=g“ Rﬂv,
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Kosmoloski model

- Egzaktno resenje Ajnstajnovih jednacina
* Fridman-Lemetr-Robertson-Vokerova metrika

dr?
1—kr?

ds? :czdtz—az(t){ +r2(d¢92+sin2¢9d¢2)},

« Opisuje homeogeni, izotropni svemir koji se siri!

« Fridmanove jednacine (1922):




faktor skale

—
Svemir koiji se Siri L= a(t)x\

pravo rastojanje M
rastojanje u

,comoving" sistemu

Tt
JEarth gt

Eartlklbuund

‘I,llgl.u PR R " I\".":!obrs

Il.‘\. R = R(’nh\)




Fridmanovi modeli

Parallel light beams converge

(a) Spherical space f,>p.,<;>1

—

A Parallel light beams remain parallel

(b) Flat space Pp= 0 »

—
- = " g Parallel light beams diverge

(c) Hyperbolic spacep,<p. ,Q,<1

'Q'O:'Q‘Tel_l_'Q‘b-I_Q‘d-l_Q‘k_l_'QA

Qo = p/pc
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Dark Matter + Dark Energy

tt the expansion of the Universe
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Billions of Years




Ajnstajnova najveca , greska“

- Zeleo je statican svemir > dodao kosmolosku konstantu

1 871G
Rw—(ER—Ang: T

4 uv'®
C

* A — kosmoloska konstanta

- Ajnsatnova ideja — da zaustavi sazimanje statichog svemira

- Danas — famna energija
« ACDM (Lambda Cold Dark Mafter) model



Sirenje svemira
« Edvin Habl (1889 — 1953)

» Jedan od najvaznijih opservacionih
kosmologa XX veka

- Hablov zakon (1929)
« Potvrda Lemetreove ’reorije (1927)

—
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[—
>
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o
>

svemira 2 milijarde godmo ®

* Bilo je poznato da je Zemlja starija

km/s
Mpc

- Danas Hy = 67,31 £+ 0,96

* Ty = 4,4 Gpc =~ 1,5- 10101y

Hubble Diagram for Type la Supernovae

300 400
Distonce [Mpc]




Standardne ,,svece*

- Cefeide

- Henrietta Leavitt (19208) T ' S ”
« 1777 promenljivinh zvezda u Magelanovom oblaku, otkrila .
pravilnost

* Levitin zakon (klasicne Cefeide, 5-10 solarnih masa)

« Duzi period 2 veca luminoznost

 Brzina zavisi od mase;

HeZ* manje propusta zracenje od He'l*
Manje fotona napusta jezgro, vise se zagreva
Ali — veci pritisak*‘gura” slojeve dalje od jezgra, hlade se
Veca temperatura —> veca jonizacija
Hladenje — ponovo vise He'*

« Delta Cephei (J. Goodricke, 1784)
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» Supernove tip 1a
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Teorija i eksperiment

Dark Matter + Dark Energy
tt the expansion of the Universe

10

Billions of Years
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Hubble Diogram for Type la Supernovae
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The
universe is
expanding!

I told you
that
beforel

You can't
be right all
the time
man!




Vidljivi svemir
- Sferni region koji sadrzi svu materiju koju je moguce posmatrati

* Vise galaksija nego zrna peska na Zemilji

* Vidljivi svemir — 45,7 milijardi svetlosnih godina !
« /bog sirenja svemira nije ,,samo* 13,8 milijardi svetlosnih godina
« Prvih 380.000 godina svemir nije bio fransparentan, ispunjen plazmom

R —

* Nekad razlika:
 Vidljiv (visible) svemir — samo signali posle rekombinacije

« Posmatracki (observabile) svemir — signali od pocetka sirenja (od kraja
inflacije)



Kratka istorija svemira

HISTORY OF THE UNIVERSE

Dark energy
accelerated
expansion

Pamde era Cosmie Microwave Structure

Background radiation formation
is visible

b

Particle Date Group, LBNL © 2015 Supported by DOE

Period
Plankova epoha
Skala strune
Veliko ujedinjenje
Inflacija
NarusSavanje SUSY

Bariogeneza

Narusavanje
elektro-slabe simetrije

Kvark-hadronski prelaz
“Zamrzavanje“ nukleona
Dekuplovanje neutrina

Nukleosinteza

RavnoteZza materije i
zracenja

Rekombinacija
Tamno doba
Rejonizacija

Formiranje galaksija

Tamna energija dominira

Formiranje Suncevog
sistema

Skola astrobiologije

Energija
10“GeV
< 10%GeV
10°GeV
<10°GeV
> 1TeV
> 1TeV
1TeV
10> MeV
10MeV
1s 1MeV
3min 0,1MeV
10* god. lev
10° god. 0,1eV
10° —10% god.
10® god.
~6-10%god.
> 10° god.
8- 10" god.

14 - 107 god.

Crveni pomak
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- Malo drugaciji (nau&ni) scenario: S i ee
godina 1964, Belove laboratorije (Nju Dzersi, SAD)

« Radio antena, radio astronomi
 A. Penziasi V. Vilson

« Merenje radio-talasariz MleCnog puta
- TeSko merenje, mnogo Suma iz okoline, iz antene itd

« ,Mali* izvor (zvezda) — problem resava uporedivanjem sa
»praznim* prostorom pored

« Neophodna identifikacija svih okolnih Sumova
- Test ,hladno optereéenje*

A Measurement of excess antenna temperature at 4080-Mc/s - Penzias, Arno A. et al. Astrophys.J. 142 (1965) 419-421



Digitalni sum (noise)
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CMB zracenje

« OcCekivanje: antena proizvodi neznatan sum

« PoCetak: talasna duzina 7,35 cm — sum galaksije
zanemarljiv (oCekivan signal iz atmosfere, nije
izotropan)

» Rezultat — jak signal na ovoj talasnoj duzinil Izotropan! Ne zavisi
od doba danag, godisnjeg doba...

* Mala verovatnoca da dolazi iz nase galaksije (bio bi
detektovan iz Andromede)

* Intenzitet — odgovarao 3,5K (1j. 2,5 — 4,5K)
« Vediintenzitet od ocekivanog, ali vrlo mali




CMB zracenje

» G. Gamoyv (~19250) - prva ideja i o
wfeski elemen’n nc:s’rch U nuklearnim termoreakcijaoma u f02|
ranog svemira“

» Teorijska grupa (Prinston)

- R. H. Dicke, P. J. E. Peebles, P. G. Roll, D. T. Wilkinson
« Cosmic Black-Body Radiation, Astroph. J., vol. 142, (1965) p.414-419

* U ranoj fazi — intfenzivno zracenje. Da ga nema nuklearne reakcije bi se
odvijale isuvise brzopa bi se veliki deo vodonika, tako reci, odmah
“skuvao” u teze elemente, sto je suprotno Cinjenici da % sadasnje vasione
Cini upravo vodonik.

« Zracenje —rastura nastala jezgra istom brzinom kojom se formiraju
« Ovqaj fon odrzavao proizvodnju helijuma, danas temperatura oko 10K



) vﬁ Radaﬁon Matte 200 &

CMB - najstarije ,,svetlo* ‘ e, ol

We can only see
the surface of the \

 ,Povrsina poslednjeg rasejanja“
« Vodonik — energija jonizacije 13,6 eV

« Dok je svemir dovoljno ,,vreo", e~ imaju
dovoljno energije i vodonik odrzavaju e suface of th
pofpuno jonizovanim s ke

after the Big Bang
 Nema atoma, svaki e~ koji se ,,veze" dobija dovoljno The cosmic microwave background Radiation's

“surface of last scatter” is analogous to the

energije od mnogobrqj_nih fotona - jonizacija lightconiieg hroughtheclovdsitoan

eye on a cloudy day.

« Slobodni elektroni — apsorbuju elektrone svih energija!l

. Electron /
~more" slobodnih elekfrona i fotona, Ceste interakcije ® .(_f~/
(Tomsonovo rasejanje) — kratak slobodni put 5 @ Hydrogen atom
: : . @
* Vremenom svi elektroni prelaze u osnovna stanja @
VAV =

« Univerzum postaje prozracan - dekuplovanje! o .
* Troe =~ 3000K FOlNC S

r hoton

a Before recombination b After recombination



Time:

300,000 years after
the Big Bang

|
Temperature:
3000 Kelvin

14 billion years
after the Big Bang
(The Present)

3 Kelvin

Multipole moment, ¢
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SLrnasta“ strukiura

* Prva merenja - ista temperatura u svim
pravcima

- Razlog: ista gustina svemira
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« Postoje mesta sa malo vecom gustinom | T
T ] Predvidanje Piblsa i Ju-a (1970);
) gGlO kSlJe | JO'I'O gO|G kS”G W.J. Borucki et al., Kepler planet-detection mission: Infroduction and first results, Science 327, 977
« Rasejanje svetlostina fim mestima -> mala Multipole moment, £

50 500 1000 1500 2000 2500

varijacija u temperaturi

* Pibls | Jer Tsang Yu

* Izacunali da varijacije u temperaturi zavise od
ugla

« Potvrdeno 40 godina kasnije — Plank!
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Indepen-
dent
para-

meters

Fixed
para-
meters

Calcu-
lated
values

Planck Collaboration.

Planck Collaboration Cosmological parameters!'*

Description

Physical baryon density parameter!@!

Physical dark matter density parameter!@!

Age of the universe
Scalar spectral index

Curvature fluctuation amplitude,
kp = 0.002 Mpc™?

Reionization optical depth

Total density parameter(t]
Equation of state of dark energy
Sum of three neutrino masses

Effective number of relativistic degrees
of freedom

Tensor/scalar ratio

Running of spectral index
Hubble constant

Baryon density parameterl®]
Dark matter density parameterlt]
Matter density parametert®!

Dark energy density parameterl?]
Critical density

Fluctuation amplitude at 841 Mpc
Redshift at decoupling

Age at decoupling

Redshift of reionization (with uniform prior)

Symbol

y h2
Q. h?

fo

Value
0.022 30 +0.000 14
0.1188 £0.0010
13.799 £0.021 x 107 years
0.9667 +0.0040

_':IDBS —9[17
2.441 _p ggp x 10790171

0.066 £0.012

1

=

0.06 ey/c2lcl340

3.046!dI13]:47

0

0

67.74 +0.46 km s~ mpc™!
0.0486 +0.0010[¢!

0.2589 +0.005711

0.3089 +0.0062

0.6911 +0.0062

(8.62 £0.12) x 10727 kg/m?Id]
0.8159 +0.0086

1089.90 +0.23

377 700 £ 3200 years!17]

_ +1.0 18
8.5 _1 {11

"Planck 2015 results. XlIl. Cosmological parameters”. Astronomy & Astrophysics.
594: A13. arXiv:1502.01589 doi:10.1051/0004-6361/201525830.



quantum-gravity era

Big Bang plus inflation

10743 seconds

Big Bang plus cosmic microwave background

10735 seconds?

light
Big Bang plus
380000 years

gravitational waves

Big Bang plus
14 billion years
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History of the Universe

Inflation

T
=2 )N |

Key: W, Z bosons
q quark &t} meson
g sgluon @‘. baryon
€ electron - ion

Mhuon t tau
N neutrino @ atom

Supported by DOE and NSF

Particle Data Group, LBNL, © 2000.
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Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model summarizes the current knowledge in Particle Physics. It is the quantum theory that includes the theory of strong interactions (quantum chromodynamics or QCD) and the unified
theory of weak and electromagnetic interactions (electroweak). Gravity is included on this chart because it is one of the fundamental interactions even though not part of the “Standard Model.”

tt tit t force carriers
FERMIONS iinc /2 372 502, .. BOSONS in-o0.1.2. ..

U
photon

003
w 80.4 Color Charge
W+ Each quark carries one of three types of
80.4 & “strong charge,” also called “color charge.”
0 These charges have nothing to do with the
Z 91.187 0 colors of visible light. There are eight possible

Structure within
the Atom

Quark
Size < 1019m
electron
neutrino

A
Electron

Size < 1078 m

electron Nucleus

Size =104 m

2/3
-1/3

uon <0.0002

v 2/3
neutrino
eJ 2
muon 0.106 0 -1/3 types of color charge for gluons. Just as electri-
Neutron cally-charged particles interact by exchanging photons, in strong interactions color-charged par-
tau . t top 175 2/3 and FIC|€S interact by exchanging gluons. Leptons, photons, and W and Z bosons have no strong
neutrino interactions and hence no color charge.
Proton
tau b bottom 4.3 -1/3 Size ~ 10-15m Quarks Confined in Mesons and Baryons
One cannot isolate quarks and gluons; they are confined in color-neutral particles called
Size = 10719m hadrons. This confinement (binding) results from multiple exchanges of gluons among the
Spin is the intrinsic angular momentum of particles. Spin is given in units of K, which is the color-charged constituents. As color-charged particles (quarks and gluons) move apart, the ener-
quantum unit of angular momentum, where fi = h/2r = 6.58x10-25 GeV s = 1.05x10734 J 5. If the protons and neutrons in this picture were 10 cm across, gy in the color-force field between them increases. This energy eventually is converted into addi-
then the quarks and electrons would be less than 0.1 mm igj tional quark-antiquark pairs (see figure below). The quarks and antiquarks then combine into

size and the entire atom would be about 10 km across. & +
2 > . STRIe AR Rt s hadrons; these are the particles seen to emerge. Two types of hadrons have been observed in

Electric charges are given in units of the proton’s charge. In SI units the electric charge of t
nature: mesons gq and baryons qqq.

the proton is 1.60x10~'% coulombs.
The energy unit of particle physics is the electronvolt (eV), the energy gained by one elec- Residual Strong Interaction
tron in crossing a potential difference of one volt. Masses are given in GeV/c2 (remember The strong binding of color-neutral protons and neutrons to form nuclei is due to residual

E = mc?), where 1 GeV = 109 eV = 1.60x107'° joule. The mass of the proton is 0.938 GeV/c? strong interactions between their color-charged constituents. It is similar to the residual elec-
=1.67x10"%7 kg. trical interaction that binds electrically neutral atoms to form molecules. It can also be

P RO P E RTI ES O F T H E I N T E R ACTI o N s viewed as the exchange of mesons between the hadrons.

“ Quarks, Leptons Electrically charged Quarks, Gluons ot
-

10-41 . 25 Not applicable +
160 60 to quarks P
= Not applicable 0
36
10 to hadrons Ay %
e

pp—> ZOZO + assorted hadrons

. The Particle Adventure
Matter and Antimatter p 1, o Visit the award-winning web feature The Particle Adventure at
y v

For every particle type there is a corresponding antiparticle type, denot- ZO http://ParticleAdventure.org
ed by a bar over the particle symbgl (unless + or - gharge is shoxllvn), hadrons / : ”
Particle and antiparticle have identical mass and spin but opposite This chart has been made possible by the generous support of:
charges. Some electrically neutral bosons (e.g., 2% v, and M, = ¢C, but not N\ quarks & had U.S. Department of Energy
KO = ds) are their own antiparticles. _~ ' gluons aoosh= U.S. National Science Foundation
. \ Lawrence Berkeley National Laboratory
Figures A hadrons 0 Stanford Linear Accelerator Center
These diagrams are an artist’s conception of physical processes. They are NS Z American Physical Soclety, Division of Particles and Fields
not exact and have no meaningful scale. Green shaded areas represent W ~ BURLE INDUSTRIES, INC.

the cloud of gluons or the gluon field, and red lines the quark paths. 3 7 > =
9 9 q P Two protons colliding at high energy can ©2000 Contemporary Physics Education Project. CPEP is a non-profit organiza-

An electron and positron > =0 produce various hadrons plus very high mass tion of teachers, physicists, and educators. Send mail to: CPEP, MS 50-308, Lawrence
A neutron decays to a proton, an electron, (antielectron) colliding at high energy can particles such as Z bosons. Events such as this Berkeley National Laboratory, Berkeley, CA, 94720. For information on charts, text
and an antineutrino via a virtual (mediating) annihilate to produce BY and BY mesons one are rare but can yield vital clues to the materials, hands-on classroom activities, and workshops, see:
W boson. This is neutron B decay. via a virtual Z boson or a virtual photon. structure of matter.

http://CPEPweb.org




STRING THEORY ELECTROWEAK BARYOGENSIS
> 3 spatial dimensions = Baryon number violation (sphalaron) v
= Curled up? Size scala? = CP violation (8.9. EDM nautron) s PN"' 5; 5
= Daviations from Newton's lew = Thermal non-equilibeium §' . iy
- v
NS s ® Sdk 2 s
3 : o ;‘. v .".’4,.,- . !\W . W
1 H { é £ e*v \ §‘ y
Rani svemir AR =
g %{u v e. v Y
~ . . . 2 - [0 B & m
« Narusavanje supersimetrije (¢) TN L R
v N
« Mase Cesticai ,,superpartnera* nisu vise iste _ v
BARYOGENESIS (E.G. GUT) PRIMORDIAL NUCLEOSYNTHESIS PRODUCTION OF HEAVY
. . . - a ?al':rf-_n I1!.!In[3"fl violation HO:\'—I!]?II'/ n»iu.!lr':cns available for ELEMENTS Ay
- Narusavanje elekiroslabe interakcije, era kvarkova st il
« Vreme 107'? - 107° sekunde; energija 1 TeV b ) A i i A A
Big Bang 10%sec 10%cec 10" zec 10 sec 100 sec 400,000 years 10 billion years 13.7 billion years
« Temperatura opada = Higsovo polje (Nobelova nagrada, 2013)

narusava elektroslabu simetriju

* Razdvaja slabu i elektromagnetnu silu (W, Z bozone i foton)

+ Higsov mehanizam -> sve elementarne Cestice interaguju sa poliem i
dobijaju masu (bezmasene na visim energetskim nivoimal)

* Na kraju epohe - fundamentalne interakcije u sadasnjem
,obliku“, Cestice dobile masu

+ Energija suvise visoka da bi se kvarkovi vezali

* Univerzum ispunjen kvark-gluon plazmom
« Termodinamicka ravnoteza; Hadroni ,rastavljeni® = kvarkovi (fermion) i gluoni (bozon)

- Proizvodnja: 2 - 102K, energija 175 MeV po Cestici
+  Sudar dva snopa teskih jezgara (npr. zlato i olovo) — CERN SMS, ALICE



Rani svemir

* Hadronska epoha

- Vreme 107% - 1 sekunda; energija 100 — 1 MeV

« Hladenje kvark-gluon plazme, nastaju barioni (protoni, neutroni)

« Oko 1 sekunde — dekuplovanje neutrina

* Neutrini prestaju da interaguju sa barionskom materijom
* Ranije - bili u termalnoj ravnotezi sa protonima, neutronima, elektronima

STRING THEORY
> 3 spatial dimensions
= Curled up? Size scala?

CP violation (8.q.
| = Daviations from Newton's lew = Thermal non-equi

ELECTROWEAK BARYOGENSIS
= Baryon number violation (sphaleron) v

EDM nautron) v S
libeium §J g
I

= . =

F

"BARYOGENESIS (E.G. GUT)| /PRIMORDIAL NUCLEOS.YNTHESIS { PRODUCTION OF HEAVY

= Baryon number violation
= CP violation
= Thermal non-equilibrium

= Liletime

L L WK 4

BigBang 10%sec 10%zec 10"%sec

L

10%sec

How many nautrons availabla for
nucleosynthesis
= Coupling constants

4

100 sec

« ELEMENTS
¢ = Supernova explosions
= Nuclear physics in neutron
nech stars

4 iy }

400,000 years 10 billion years 13.7 billion years

« Pozadinsko zracenje neutrina — kao CMB, mala verovatnoc¢a da ¢e biti detektovano; posredi dokazi (nukleosinteza —

rasprostranjenost helijuma)

* Leptonska epoha

« Vreme 1 - 10 sekundi;

« Anihilacija vecina parova hadrona — antihadrona; dominiraju parovi lepton — antilepton

* Na kraju — temperatura opala, ne mogu da nastaju novi parovi lepton-antilepton; anihilacija

* Fotonska era

« Vreme 10 sekundi - 380.000 godina; dominiraju fotoni — interaguju sa protonima, elektronima, jezgrima




STRING THEORY ELECTROWEAK BARYOGENSIS
> 3 spatial dimensions = Baryon number violation (sphalaron) v
= Curled up? Size scala? = CP violation (8.9. EDM nautron) s PN“' éﬁ; 5
= Daviations from Newton's lew = Thermal non-equilibeium §’ ’ Ry
&’ e
= @ : :
f - 7 - Y™
e’ v
([ ] [ ] g v
ani svemir ey
fq k e_ .
h g %\“ AT v v
. @ v Man.
« Nukleosinteza Ta n oY,
N
* Vreme 3 - 20 minuta _ ¢
BARYOGENESIS (E.G. GUT) PRIMORDIAL NUCLEOS?NTHESIS PRODUCTION OF HEAVY
Q 0 Q Q0 = Baryo her violatiol ow v nautrons availabla fo b ¥
-+ Proton (jezgro vodonika) i neutron — nuklearna fuzija S Eryn perdfoatid o ey g rons mvalabie S Sl sl
0 b = Thermal non-equilibrium y = Nuclear physics in neution
+ Deuteron; fuzija u helijum-4 rich stars
« Za kratko vreme (17 min) opala temperatura, svi neutroni u He 4 K 4 A 4 A 4 A
o o o o q o Big Ban 10%5ec 10%cec 10"zec 10%sec 100 sec 400,000 years 10 billion years 13.7 billion years
+ 3 puta vise vodonika od helivjuma-4 (masa); tragovi ostalih elemenata 2= . d =

* Pibls — izraCunao ove procese (1960)
« Procenio koncentraciju.helijuma i gustinu svemira

* ZakljuCak: materija najvise u formi vodonika, 3:1 odnos za helijum

log(mass fraction)

Izvor: OpenLearn, Primordial nucleosynthesis http://www.astro.ucla.edu/~wright/BBNS.html




Rani svemir ~ -

STRING THEORY ELECTROWEAK BARYOGENSIS
> 3 spatial dimensions = Baryon number violation (sphalaron) v
= Curled up? Size scala? = CP violation (8.q.

EDM nautron)
DO m I n O C IJ O m G -I-erIJ e \ Daviations ffom Newton's .'a?.' = Thermal non-equilibeium ! §' v .- S
- Vreme 70.000+ :

« Gustina nerelativistiCke materije (jezgra) jednaka
relativistickoj (fotoni)

« Dzinsova duzina (radijus minimalne strukture) opada;
perturbacije koje nastaju vise ne bivaju ,izbrisane*
zracenjem, mogu da rastu

" BARYOGENESIS (E.G. GUT) ) ' PRIMORDIAL NUCLEOSYNTHESIS ¢ PRODUCTION OF HEAVY
= Baryon number violation How many nautrons available for { ELEMENTS

« Prema ACDM modelu — dominira tamna materija, O s nucleosynihesis |- Slipacva aiplosors
L 7 E = Thermal non-equilibrium = Coupling constants { = Nuclear physics in neutron
visestruko uveca nehomogenosti nastale tokom . s Litime : L i
inflacije (gusci regioni — jos gusci, redi — jos redi) S S } } ! } t 4
Big Bang 10%sec 10%cec 10""cec 10%sec 100 sec 400,000 years 10 billion years 13.7 billion years

a(t) oc t"?
a(t) oc t¥®
a(t) ce™




Proton Electron & m\’
o /
o Hydrogen atom
o % N oy /

Rani svemir L
X

%
Photon

b After recombination

* Rekombinacija
* Vreme 377.000 godina

« Brzina nastanka vodonika i helijuma opada

ELECTROWEAK BARYOGENSIS
= Baryon number violation (s

* Na pocetku jonizovani: hladenje — neutralni atomi

* (pomenuto) CMB - slika svemira na kraju ove ere

« Mracno doba

* Vreme 380.000 do 150 miliona godina; svemir tfransparentan

BARYOGENESIS (E.G. GUT) ), /PRIMORDIAL NUCLEOSYNTHESIS | { PRODUCTION OF HEAVY
= Baryon number violation How many nautrons availabla for ELEMENTS
= CP violation nucleosynthesis = Supernova e

« Bilo je svetlosti ali nije dcﬁupno posmaftranju(crveni pomak u radio spektar)| - i

- Jedino zracenje - 21 cm linija vodonika; trenutno pokusaj detekcije R T e e e

« Oktobar 2010 - snimljena galaksija UDFy-38135539 iz ovog perioda
« Hladenje sa 4000 K na 60 K

« Nastanjivo doba

« Vreme 10-17 miliona godina; temperatura 373-273K > te€na voda (u periodu od 6 miliona godina)

« Leb (2014) - mozda je postojao primitivan oblik zivota (2)
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Tamna materija

» Sve sto ima masu ima i gravitaciju!

- Gravitaciju ne vidimo ali znamo da postoji
 Drzi nas na Zemlji, razbija stvari u kuci, drzi Zemlju oko Sunca...

* Videti nevidljivo

- Gravitacioni efekti 2> otkrice planete Neptun (1846); Uran se
nije kretao kako-trebba prema Njutnovom zakonu

-
b
Distance: 7.5 billion light years » -

What the telescope sees 1.6 billion light years L
Quasar

(black hole + host galaxy) -El.-:

....................................................... - : Earth

. =~ | % ’
- . B,

Gravitational lens bends the
light rays

(DI Bl T : : ' l



Tamna materija

* Inferaguje samo gravitaciono .‘ ‘ "
Vera Rubin (1928-2016) P ""'5 :

w
e
-

Rotacija galaksija g2
« Centar galaksije - gust
- Orbitalna brzina vidljivin zvezda i gasa

1. . 20 30 ¢ 40 50

o -

T R (x 10001).

Raspodela brzina nije kao u planetarnom
sistemu

Galaksije — istailiveca brzina!
« Veca masa od vidljive

Uronjene u ,halo” tamne materije
* V. Rubin: 5 - 10 puta vise tamne materije
« 95% galaksije — halo (tamna materijq)




Galakticka jata

* Prva ideja o tamnoj materiji R - T
- Fritz Zwicky (1930) e 5 e . 2N
- Galaksije u jatima kreéu suvise brzo —jata bise raspala
« Tamna materija ih drzi na okupu

» Bullet Cluster (1E 0657-558) . ) : - ‘]

- Sudar dva galakticka jata; gravitaciono so&ivo :

« Najbolji dokaz postojanja tamne materije
(sicho MACS J0025.4-1222)

* Rastojanje 3,7 milijardi ly; i ' . > . )

- Stafisticki znacaj rezultata 8o il ,. " = ‘s
(nikako ne ide u prolog MOND)



Kandidati za ftamnu materiju

« Tamna nebeska tela (MACHO)
* Massive compact halo object

- Cestice
* Vrela (brza) tamna materija (neutrini¢)
* Hladna (spora) tamna materija (LSP, WINP)

* Mozda (malo verovaino) — ne razumemo gravitacijue



Tamna materija I T

5 ballion years ago
3.5 billion years ago

« /NAMO: aEh
1. Vidimo efekte

2. Imaje puno
(76% mase, 21% mase+energije)

3. Vise znamo sta nije

 Ne znamo e e e o
- Jedna ili vise estica '

« Dali postoje ,,famne sile*e

Q
o
=]
=1
=
4]
—

« Da li postoji tamna anfimaterija?

Density of all matter

1 billion light-years







Nastanak velikih struktura

- Prvo nastaju male strukfure, od njih vece

* Prvo — kvazari (AGN) i zvezde Ill populacije (ekstremno masivne
zvezde, bez metala — nisu posmatrane, ,,nastaju” u kosmoloskim
modelimal)

« Teski elementi u spekirima kvazara verovatno poticu iz ovih zvezda
» Galaksija UDFy-38135539 — zvezde lll igrale ulogu u rejonizaciji

* Intfenzivho zracenje ponovo jonizuje svemir;
o tad i u buduce svemir se sastoji od plazme

* Prve zvezde
« 700 miliona godina, samo populacija lli
 Laki elementi vodonik, helijum, litjum



Nastanak velikih struktura

« Gravitacioni kolaps velikih zapremina materije — nastaju
galaksije

- /vezde Il populacije — malo metalnih elemenatam tek kasnije
zvezde | populacije (bogate metalima)

* Nastanak galaksija
« Manje galaksije-u-sudarima stvaraju vece
« Medusobno se-priviace, formiraju grupe, klastere i superklastere



SOLAR SYSTEM INTERSTELLAR NEIGHBORHOOD MILKY WAY GALAXY

47U ojors
.

1 Pegasi
55 Cancri hox fiese 777
Gliese 176
e K ‘a B 5‘ .
HO 18973

Giiese 436

wrus e
* s tar .
sma
Sun,  Asteroidet ‘a i

[ 27107
Mar / Solar System " ‘
"N S L . iaso & by W
Neptune. Jupiter, X0 y 83 Leonis
J ——Eorth e o HD 69830 s Star age
Satumn Venus/ Mercury o O AR Cenun ﬁm
Gliese 581
oS3 . SR

.m Virginis

* NGC3109
- Antia Dwarl
Leol + - Canes Dwarf

- Leoll

Ursa Major 1 -
Sextans Owarf - Ursa Major
Owarf e+ UrsaMinor Dwart
L " — Diaco Owarf 2o

Large Magellanic Coud Galaxy

ik
S ."‘ Y
SmalMagelaric Coud .~y
Carina Dwarf ~ \ - pegttaius
* Sculptor Dwarf
- Forax Dwarf




Formiranje galaksija

« E. Habl - prva klasifikacija galaksija

 EliptiCe, obiCne spirlane, spiralne sa preCcagom, nepravilne

« Osobine:

- Boja = dve grupe: plave — nastaju zvezde (spiralne),
I ond egde ne nastaju zvezde (elipticnhe)

Najveci deo velikih galaksija — supermasivna crna rupa

Metalicnost u pozitivhoj korelaciji sa apsolutnim sjajem

Edwin Hubble's

Classification e N
Scheme s -
7 ’ Sb
Sa 2 =
Ellipticals \ﬁ/@/
EO E3 E5 E7 SO
o o-a @ Spirals
pre=- @
SBa
_ g SBb
- - ‘ o SBc

Spiralne — tanke, guste, brzo rotiraju; elipticne — nepravilno kretanje zvezda

Najveci deo mase — famna materija (reaguje samo gravitaciono)



Edwin Hubble's e
Classification e T
Scheme . |

Formiranje galaksija —

EO E3 E5 E7 SO _
,;.ﬁ-__-*.. Spirals

» ,Jop-down" teorija T @
+ Olin Eggen, Donald Lynden-Bell, Allan Sandage (1962) @\ ?

« Disk nastaje tokom kolapsa velikog oblaka gasa

: Sb
Sa - -

« Raspodela materije u ranom svemiru — ,,grudve", pretezno od tamne mo’rerue u‘ef
- ,,Grudve" interaguju gravitaciono; plimske sile — dale moment impulsa '

» Barionska mo’reruo h|CIdI skuplja ka centru; odrzanje momenta — veca brzina
rotacije

+ Kao rotacija pizze-disk-sve tanji i taniji
« Gas sve hladniji — raspada se na manje delove od kojih nastaju zvezde
« Tamna materija ostaje izvan diska — kao halo

- Jednostavna teorija, ali danas je slabo prinvacena




Formiranje galaksija

* ,,Bottom-up" teorija
* Novija teorija

« ,grudve’” materije veliCine zvezdanih jata spajanjem formiraju
galaksije

* PrivlaCenje nastalih galaksija — formiranje jata

* Nastanak diska i haloa tamne materije na slican nacin kao i u
prethodnim modelima

* Nepoznato sta zaustavlja mehanizam formiranja diska

« ZraCenje sjajnih mladih zvezda, zracenje iz aktivhog jezgra...e

- Sudar dve galaksije (jedna bar 15% mase druge)

« Unistava disk, nastaju elipticne galaksije

Edwin Hubble's ad .
Classification e -
Scheme ' '

Ellipticals \
EO E3 E5

E7 V)

Spirals




Problem...

* Vidljiva ,,zrnasta" struktura nedovoljnal

» Razlika u gustini mala, zgusnjavanje bi bilo nedovoljno za
nastanak galaksija koje znamo (vidimo), tj. ne bi trebalo da su
vec formirane

« ReSenje — Pibls (1982)!
« Tamnu materiju-ne-vidimo, ne apsorbuje/emituje svetlost
* U ranom svemiru—zgusnjenja tamne materije
« Pomogla (ubrzala) formiranje galaksija, ali se ne vide u CMB

 Pibls teorijski pokazao da zgusnjenja tamne materije mogu da dovedu do formiranja galaksija
a da je doprinos varijaciji temperature CMB oko 100 puta manji od ocekivanog
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https://s3.amazonaws.com/lo.greatrivertech.net/csu/chapter 15/wiul5 ¢ amount of cold dark matter/index.html



https://s3.amazonaws.com/lo.greatrivertech.net/csu/chapter_15/wiu15_c_amount_of_cold_dark_matter/index.html

The Millennium S|mulo’r|on PrOJec’r

- Simulacija - teorijski ,,alat", za

izraCunavanja u nelinearnom rezimu; 3
-

- Povezuju (jednostavne) kosmoloske F aly WE
pocetne uslove sa danasnjim Vg TR
(kompleksnim) svemirom A e B T

- Garhing, Nemacka (prvi: 2005) - £

» 10 milijardi (2160%) Cestica (svaka milijardu : >
solanih masa tamne materije) s

« Prostor — stranica kocke 2 milijarde svetlosnih
goding; rezultat 20 miliona ,,galaksija“

-« Millenium XXL (2010) - 67203 Cestica; kocka
13 milijardi svetlosnih godina

« 15 superkompjutera, 12000 jezgara, 300 CPU
godina
30 TB RAM, 100 TB podataka

https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/



U galaksiji

Low-mass stars High-mass stars

Massive star .
Spica

. Mid_l:giz%d star
e Sun b
Red giant E%?S‘l‘?. ;
V1647 Orionis Red supergiant

Arcturus
+ Red .  Betelgeuse
dwarf Star-forming .
Proxima nebula &
- Centauri ~ Eagle Nebula
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Blue dwarf

Planetary

rebuld ® Neutron starg
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Standardni kosmoloski model

« SKM: oko 15 problema, najvazniji
- Ravna geometrija svemira
* Problem horizonta

» Resenje — inflacija?! (A. Gut, K. Sato, 1981)
* Inflacija - faza eksponencijalnog Sirenja (uveca 1026 puta)

Uspesno radi, proces — nepoznat (pre svega pocetak)

Teorijski — opisano klasiCnom fizikom (jednim ili vise skalarnih polja)

Pocetak — kvantni efekti 2 kvantna kosmologija

Procesi koji traju 1073> — 107*3s i na rastojanjima 1073°>m
« mogucnost p-adicne i adelicne inflacije, tj. procesa na nearhimedovim prostorima



Inflacija
- Godisnja inflacija u Srbiji 9%

- Ekonomski institut (El) iz Beograda ocenio je da ce inflacija u Srbiji u ovoj
godinu biti devet odsto.

* NBS: Februarska inflacija iznad gornje granice

* Inflacija u Srbijiru-februaru bila je 12,6 odsto u odnosu na isti mesec prosle
godine, sto je iznad gornje granice cilja Narodne banke Srbije, koji za
februariznosi 5,8 plus minus 1,9 odsto, objavila je danas centralna banka.

Vesti, 2011. godina



Sta je to inflacija?

» ReC iz latinskog jezika, | u bukvalnom prevodu znaci
naduvati se, nateci.

* Hiperintlacija:

Nemacka, 1923: 3,25 miliona % mesecno (cene duplirale na dva danaq)
 Novembar 1923: 1.000.000.000.000 starih za jednu novu marku

Madarska, 1946116 x 10 % mesecno (cene duplirale na 15h)
« Avgust 1946:4-x-10% starih za jednu novu forintu

Sribija, 1993: 5 x 10" % od oktobra do januara (cene duplirale na 16h)
« Januar 1994: jedan novi dinar = 1 x 10% starih



Bilo je to ovakao...
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GEOMETRY OF THE UNIVERSE

Problemi

- Ravna geometrija

« Najnoviji podaci pokazuju da je vrednost
ukupne gustine priblizna kriticnoj, tj. svemir je
skoro ravan

OPEN FLAT CLOSED
° M Od el — G ko pOS'I'OJI m O | O ZO kerlJ e n OS‘I‘ Fluctuations largest on hall-degree scale Flu?figp:elgl;%?est on Fluctuations largest on

greater than 1-degree scale

prostora ona tokom vremena raste!
« Neophodno “fino” podesavanje

* Problem horizonta—

- Jedan od najvaznijih nedostataka
« (ne)mogucnost komunikacije izmedu udaljenih delova svemira

 Svetlost prelazi konacno rastojanje => vidljiv svemir



Kako je nastala fermodinamicka
ravnotezae

“Signal” stize iz suprotnih pravaca, koji
nisu Mogli da komuniciraju

CMB zraCenje nastalo u vreme kad je
svetlost mogla da prelazi jos kraca
rastojanja

Delovi koji su na rastojanju vecem od
1-2 luCnog stepena ne mogu da
komunicirgjul

Problem velikih struktura: Kako su
nastale galaksije ako je svemir
homogene

ur Present universe

T=27+10"°K



Resenje problema - inflacija

INFLATIONARY
UNIVERSE SCENARIO

\

UNIVERSE
— AT PRESENT TIME

<—INFLATION

SIZE OF UNIVERSE
SPACE-TIME FOAM

STANDARD
BIG BANG MODEL

_

|l1030
PLANCK LENGTH - - 4% - = — = — — — — — —

|

10743 CLOSED 10735 1017
AGE OF UNIVERSE (SECONDS)




Inflacija

« Ravnha geometrija

* Uslov inflacije primorava ukupnu gustinu da se priblizi jedinici

* Horizont

e —

- Svemir se siri ali ne menjaju se karakteristiche
dimenzije, mali deo svemira poraste do
visestruko vecih dimenzija od vidljivog svemira




The Ultimate Growth Spurt

The amount of growth waz imprazzive even by actronomerz’ Ztandards. Within 107 zecond,

Time The universe enlarged by & factor of st leazt 107 in every direction. it expended ai 2n acceleraled e
Asztronomerz obcarve that the univercs ic expanding and haz been doing zo for rate, puling regions of zpece apart fazter than the speed of light RO
13.7 billion yearz. But what happaned &t the very earliest timez, too sarly to cae % _{4
directly? The leading idea iz known 8z cozmic inflation. It cuppoces that the em- - N

bryonic univerze abruptly ballooned in zize. Such a growth spurt would have
ironed out any curves and warpe in space, thuz explaining the geometry of the
univerze today, 8nd left behind clight nonuniformitiez that zeeded galaxiez.

WHAT INFLATION DID
Time 8 Bighang

10«&_ .’.....000Onooooooooooo.o'on..
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Scale of Universe (centimeters) Today

"The Inflation Debate", Scientific American, April 2011
Credit: Malcom Godwin; Jen Christiansen
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* Prvi modeli pre 30 godina
* Proces nije pofpuno objasnjen
- Energija — daleko od danasnjih akceleratora

» Teorijski model nastaje postuliranjem, rezultati uporeduju sa
posMatranjima

» Problem - puno_(previsel¢!) modela koji odgovaraju
posmatranjima @

- Vecina bazirana na standardnoj (klasicnoj) fizici
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GODINA 1998




Dark Matter + Dark Energy
affect the expansion of the universe

Q Q Open
0. 3m 0.7" Open (low density)
(accelerating)

0.3 0.0
1.0 0.0
0.0

Tamna strana svemira - |l deo

Supernova Cosmology Project i
High-Z Supernova Search Team (1998)

Closed
(high density)
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« Analizirali brzinu udaljenih SN 1a (standardne svece)

e svemir se Siri ubrzano £ 10

Billions of Years

Jos jedan problem - svemir je ravan!

- materija + tamna materija nisu dovoljne —— H=64.23+-0.94, q=-0.43+-0.13
- - H=56.98+-0.53

Pibls — predlozio ,,novu* energiju
« Tzv. energiju osnovnog stanja (vakuma)

Homogeno rasporedena, bez struktue | zgusnjavanja
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Era dominacije tamne energije

» Pre oko 5 milijardi godina

Ajnstajnova kosmoloska konstanta

« Ponovo ,,u modi*




no Big Bang

Ubrzano sirenje svemira

« Supernove Tip 1a

- Barionske akusticne oscilacije AR P i

« Periodicne fluktuacije u gustini barionske
materije; standardna ,,sveca* — 490 miliona
svetlosnih godina danas

* Vide u velikim strukfurama

cosmic microwave

- CMB - :‘i—; ‘ .. background
« Presek - samo mali region
« 0, =025 0, = 0.75

M Kowalski et al. 2008 Astrophys. J. 686 749
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