- - -
B 'k
L o8 !
- b

4N
\.
- -

T —

&

-
!

DA

!

Co {Ni 1Cu

Pd 1Ag

Q 10
Zn
1 48

icd

Sn
E

—t

Au

70 an

\Hg

8

Tl

{ Pb ’:

B4

Bi. E,Po '

|
\
|
|
l
|

Uut

o

3|

14

|Uuq

- 115]0

16

Uup J.U.y_h




T

&

.
i
‘-

20

e

e 5y wa 52 ¥ :

- . o

E1H
1)
B

:
=
N




Big Bang (veliki prasak)...
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Periodic Table of the Elements

¥ hydrogen B poor metals
alkali metals O nonmetals

. alkali earth metals B noble gases

[ transition metals I rare earth metals




AN e dmaiT
Svaki atom na Zemlji...

.. hekada je bio deo Jedne zaboravljene zvezdeI |

~ 4 - AL | &: / {t “ \‘
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Big Bang
i [Be Supernovae  []Small Stars
Large Stars Cosmic Rays
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Nukleosinteza

* Prvaideja — elementi nastali kad | svemir

:"*' = H i He — najrasprostranjeniji (ostali samo 2% mase

A Suncevog sistema); ledecCi O i C.
= Artur Edington (1920) — prva ideja o fuziji vodonika u ,
~ zvezdama; mogu | ostall — slabo prihvacena ideja.

"‘- Hans Bete (1938) — nuklearne reakcije --> kako sija Sunce §§
L 34 . My
| T Fred Hojl — nastanak tezih elemenata ).
l,';g;"- E. Margaret Burbidge, G. R. Burbidge, William A. Fowler, and F. =
. Hoyle, Synthesis of the Elements in Stars, Rev. Mod. Phys. 29, IE

'\ 547 (1957) https://doi.org/10.1103/RevModPhys.29.547
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Veliki prasak (H, He, Li, Be)
o » 100-300 sekundi nakon Velikog praska
%‘*ﬁ- Nukleosinteza u zvezdama:

* p-p ciklus, 3-alfa-proces, CNO ciklus, s-proces,
fotodezintegracija

f"'a’- Eksplozivna“ nukleosinteza

 Tokom supernova
Sudar neutronskih zvezda

« Glavni izvor r-procesa
KosmicCko zracCenje
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vezde su uvek iste?

3
™

= “Tackice” na nebu

‘.

5
~ * Ogromne lopte vrelog
| Qasa

- = Toplota nastaje u
njihovom centru
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2= R:zlicite toje
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Earth shown
for size comparison







*+85

VRN g e
. A‘f ah ii‘ S ._‘x ?4" .

Slike nam pricaju pricu...

-
\

W 112|003 174w (15]0= l\lb 137 %% l.].a
‘Uub (Uut |Uu
1 Ll

Uug |Uup |Uuh |Uus |Uuo .

1180 m— e | mos s aeoe




-

i N

vl
:
RS

g N
.
t

.
.

2(

i

.:-




Kako stvoriti zvezdu?

= Sastojci:
« Vodonik
« Gravitacija

* Vreme... mnogo vremena



Gustina:

" - 10 atoma vodonika/cm?
16 vodonika — 1 helijum
(vazduh - 30x10*® at./cm3)

Temperatura: 100K
(-173°C)

! Gaseoué Pillars - M16

- e PRC95-44a - ST Scl OPO - November 2, 1995
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Globula




o 2

® Protozvezda
\3‘ e

) . - S




AL {

Percen of each elemen

Distanca from center (km)

’g Aftor 55ikon
§ 10 o
g
@
g 50 = Hydrogen
8
. &
o (b) 0 - :
¥ 3 Distance from center (km)
5 .
Aftor 10
s bifica years

Pascant of each elemeant

350,000 700,000
Oistance from center (km)
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Kako sijaju zvezde?

(i

A o |
= Vatra? Ne ®

o T D % -4 _J
Energlja Sunca: 2 - 10 -

© = Hemijska reakcija? Ne ®
= Fuzija! DA! ©



Nuklearna fuzija vs fisija

Ba-144 neutrons Kr-89
3 | © 2006 Merriam-‘Webster, Inc.
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A ‘,-‘“ P
.~ = Spajanje lakih jezgara i dobijanje jezgra vece
. mase
g Jezgro 1 + jezgro 2 -> jezgro 3 + energija

g
4

-+, " Tokom fuzione reakcija ukupna masa se

>

s Smanjuje — masa jezgra 3 manja je od zbira
' masa jezgral ijezgra 2

2

SO

- = Ekvivalencija mase i energije: E = mc?

"« 1kg-->9x106]
= Zakon odrzanja mase | energije




Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Mode| susmmarizes the current knowledge in Particle Physics It & the quantum theory that includes the theory of strong seractions (guantum dhramodynaeics oc QCDY and the unified

1heory of wesh and slectromagnetic interactions (slectrowest) Geavity s ncluded on This At Decauss 11 s ane of 1he Tundamental mleractions even though not part of the “Standard Mode! *

BOSONS

matter constituents
spin = 1/2, 3/2, 572, ...

FERMIONS

electron
neutrino

electron | 0.000511

<1x10°® Uup

d down

muon
C charm
neutrno

muon 0.106 S strange

tav <0.02 t top

neutrino

oy .77 b bottom

Spin & the intrinec angular mamentum of particles. 5 s given i st of R which & the
uantum wnit of angular momentim, whare B e W2 « 65800 7  Gev 4 = 1 0530 M |y

Ehectric charges ore given #1 units 0f the proton's (harge 10 S1 unis the slectric chamge of
the proton is 1 $8<10°'% coudombs

The energy unet of parscle physics is the slectranmeolt leV), the energy gained by coe elec
tron

roming 8 potential difference of cre volt. Masses ars grven o GoVic? (remamber
), whare 1+ Ga¥ « 10% oV » 1.00410°"0 ule The maw of the proton ik 0938 Gewic?

Nucleus

Structure wi

Quark

the Atom

Electron

force carriers
spin=0,1, 2, ...

Color Charge

: Each quark carrws orw of theew typet of

iw « ) m
*strong charge,” aho called “color charge *
Thise charges have nothing to da with the
wlon of walile Ight. These are eight posuilde
types of color dharge for ghuons. Just as electr)
Ay charged partcies nseract by eschangng phot: In Srong Ineractions color chasged par
5 Interact Dy exchangung ghuons Leptoss, photarns, and W and T Dosons haw 20 strong
Aeractions and herce no color chamge

Neutron
and
Proton

Quarks Confined in Mesons and Baryons

Ome connot solste guarks arvd gluom, they are confined in color-neutral particles called
hadrons Thi cordinement (bindngl resui fom muitple sxchanges of glsons among the
wokor-charged constituents. As colorcharged partices (quarks and ghuonsg) move apart, the ener
gy 'n the cofor forte field between them incremes. This energy eversually b comverted o add
tioral guark antiguark pain (e figure below). The guarks and antiguara then combine o
Bacirona, these ae the Dartiches seen 1o emerge Two types of hadkom Rave Beon observed n
WOE esons OF and Baryons oog

Residual Strong Interaction

The strong binding of coloe noutral p i and neutrons 12 form nuclel s doe 10 residos
wrong interactions between the colorcharged comatituents. it s imilar to the revidual elec
trcal interacuon that binds electrically neutsal atoms 1o form malecules. i can alsa be
viewsd a the exchange of meions Between the hadions

PROPERTIES OF THE INTERACTIONS

Mass - Energy Flavor Electric Charge Color Charge

Electrically charged Quarks, Gluons Hadsons

w* w- 20 | ¥

104 08

AN Quarks, Leptons

Graviton

"oyt erert
¥ y

Gluons Mes

10-4 104
10

The Particle Adventure
Vit the award winnng wed featuse Fhe Particle Adventure st

httpc/ Particke Adventure org

Matter and Antimatter

For every parntuie type tThere 1S 2 COMesponiing amtipartice type, denot
od by a bar over 1he particie symbol (uniess « or - charge is shown)
Parvche and antipanticie have dent ISt And span Bt ogpaste
charges. Some electrically neutrai bovors (0.9 77, 4, and w, = of, bt not
K7 w 05 ave thele own sntpanices

hadrom

This chart has been made possible by the generous support of:
) 5§ Depactment of Tneeyy

J3 Natonel Soene Foundston

e Serheley Natwanel Laboratory

wor Accederator Conter

Physcal Sooety. D

BURLE roustres e

oo Cantemparary Mysios Fducation Praject. CPFP & 2 nonprotht organiaas
BN of teacheny, physiciuns, and eduimon. Send mad 10 CPER MS SO 308, Lavwrencs
Bovhaiey Natiorw! Labostory Bedkaien CA ST For information on char, test

Figures

These disgtarmm are an artaly tonception of physical protesse, They are
not exact and have no meaningful scale. Green thaded arees regresent
the doud of gluons of the gluon feld, and red Lnes the quark pathn

ol Particies ana Flelss

Materiain. Parvis O Camroom schvites, ard wivhihops we

http://CPEPweb.org
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Fundamentalne interakcije

Totential Energy of

- Electnc Force
(Fepulsive)

Fotertial Energr of
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Nuklearna fuzija

R,
= \Velika brzina

. \r *. : 'N {*'I.“ ‘ - N‘ - -
.; 2y é ‘ o~ _. .

’. - - ‘..“ e ~v.‘*
e ’ .

» .
- = Jaka nuklearna sila

i

= Rastojanje: 1015 m

d 1
p'.'i:

>

.= Brzina: nekoliko 100 km/s £

Y g Ru
9

IR

;= Temperatura: 107 K

on collides with and electtt
i Q.
) producing 2 gamma cay

Hete the positt
and annibilates




DRI, P A st
Proton-protonski ciklus

| Elect:m
i Posit
. Prm‘ K ggn/-
. S

riowil

leutrino
Positron

>

'# ~ Annihilation

= Neutrino

Proton Deuteron =~ 3¢ =
IV

Helium-3

Protons

' ‘ \ — al
J : R :
< . » . “
z = N eI O =
& R |
; ™
! \

/

= F= Deuteron

R

= Neutrino
3 Annihilation

Electron

He+°He > *He+'H +'H +y



» Precizni eksperimenti na Zemlji - odredene mase
svih Cestica u p-p ciklusu

4 protona - 6,6943°10-27kg
jezgro helijuma - 6,6466°10%kg

defekt mase - 0,048°10%’kg => 4,3°1014J (26,7 )
MeV) 2
1 kg vodonika => 6,4°1013 J (vise nego dovoljno) o

svake sekunde 700 miliona tona vodonika fuzijom @&

i .
prelazi u 695 miliona tona helijuma, a od 5 miliona &
tona nastaje energija =t

\9

;

| 1 sekunda = 500000 godina potrosnje na Zemlji!
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Pocetak kraja

» "Sagorevanje” vodonika u ljusci oko
jezgra
.« JEZQgro

« Temperatura 100 miliona stepeni
« ‘'sagorevanje” helijuma

 ‘pepeo’”: ugljenik i kiseonik

. Zvezda raste, povrsina hladi

i M : A7 ;
=« Zapremina oko milijardu puta veca

= .Crveni dzin

'f »




« 15 najsjajnijih zvezda, 15x veci od Sunca; orbita Merkura

= Antares (Skorpija)

« 13. po sjaju, 12000x sjajniji od Sunca, ¥ rastojanja do Jupitera
= Betelgez (Orion)

« 11. po sjaju, 15000x sjajniji od Sunca, 20x veca masa




Planetarna maglina

NGC 6543 HST - WFPC2
PR95-01a - ST Scl OPO - January 1995 - P. Harrington (U.MD), NA 12/13/94 zgl



Mnogo praznog prostora...
“Pritisak” elektrona
1.4 solarne mase, 10.000 km:

1 cm?3 — 60 tona!

Beli patuljci se hlade — temperatura
meduzvezdanog prostora, mrki
patuljci

= Neki beli patuljci — zanimljiva
sudbina




A 4%
*"‘“ v Higher-Mass Star
v~ . at 5 :

1
o
- a

1%+

= Sjaj - 10 hiljada puta!

= Masa — 1/10 solarne

* beli patuljci — objadnjeni ~1930 [EEEEEEE

"o

* = Candrasekar

. #
'

= Granica 1,4 solarne mase

= Svake godine 6-10




.'.v‘ =

.\\/eéina zezda — sliche Suncu
Postoje | druge zvezde — plaviCaste, bljestavo sjajne
3‘»- Spika (Devica), Aherar (Eridan), skoro sve sjajne u Orionu
# Masa zvezda: =™

.,:g;- mala — zive dugo, evoluiraju polako
= velika — Zive kratko, evoluiraju brzo

= Crveni dzin — tesko se razlikuju

"« Mala masa — jezgro (ugljenik, kiseonik) — inertno

=y

. = Velika masa — termonuklearne reakcije se nastavlja

TR S 2

2.4
i’..



EVOLUTION OF STARS

Planetary Nebula

Small Star Red Giant

White Dwarf

> ®

Supernova

g AN Red Supergiant
s ' Large Star

| ‘ 9 n -' 4
Stellar Cloud R i :
with N « b
G 3
Protostars Lo AR AL \

IMAGES NOT TO SCALE ~ Black Hole




O
= Brzina:

« 20 solarnih masa

 vodonik - 10 miliona god.

* helijum — milion godina

» Ugljenik — 1000 godina

» Kiseonik — 1 godina

-+ Silicjum — gvozdeno jezgro za 1
* dan

.= Temperatura raste

:
LA

« 700 miliona — ugljenik

e milijardu — kiseonik

« 3 milijarde — silicijum
* |nertno gvozde!

[
1% 7
e

J. :

Noaburning hydrogen

Hydregon fusicn

Hedum lusion

-

e |+

mass per nuclear particle

e e @& A &°°
hydrogen

uranium

helium

atomic mass (number of protons and neutrons)



Fuzija vodonika i helijuma

C R = »

et *&r e

Proton Energy Hehum 4 8Be

- i@
Proton \ /A . \ /
9 | o £,
R e ) Helium-4 £, /[

S¥HE H— | ‘i e&—-v* # -
/ 7YY Helium-4 %5 S~ 4 A Carbon-12
2 BN
Proton ) e
o . & Helium-4
9 Neutrinos
Proton

{
w—.l

M= Tri-alfa proces, temperatura 108K



CNOcycle

by Antonio Ciccolella

B C+'H— "N+ energy

|
| N—="C+e'+v

8 °C +'H — "N + energy
N+ 'H — O + energy

O—+"N+e +v

P Proton

B* Positron

-~ ‘ P ‘\ l . -
| { -#""‘ St | : =
Hopn | : .
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emperatura 109K

S

It

Hydrogen

Helium
Carbon
/ , Oxygen
Neon s
Magnesium
Silicon Iron

Sulfur

Boron
Lithium
Beryllium

R T
* .. ‘hl; '
1
102
S
S 10°*
-]
= -
= 10
e
= 102
o
107'°
102=<

i0 20 30 40 50 =

Atomic number

= Tezajezgra - veci broj protona - ogromne temperature

. = Fuzija ugljenik-helijum, temperatura 6'108K
% 160 + 18Q > 325 + energija
160 + “He = ?ONe + energija

= proces zahvata helijuma




E — 7.16 MeV
E =4.73 MeV
E = 9.32 MeV
E = 9.98 MeV
E = 6.95 MeV

?gAr — ‘21He o ggCa + 7
50Ca + sHe — 53Ti + v
‘21‘21Ti + %He — ‘212(31' -+ 7
‘ZIZCI‘ — ‘21He — ggFe + 7 .
soFe+ jHe — 3Ni+~y E =8.00 MeV|

!i, |
Li
No
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Nuclear

= Helijum nije jedini element ko
ucestvuje u fuzionim reakcijama
sa drugim elementima

Emisija | apsorpcija protona |
neutrona

Kad se pojavi silicijum — temperatura 3:10°K

= Razaranje jezgara, gama zracima, na jezgra helijuma
(fotodisintegracija) H .

= Ne samo da unistava silicijjum, omogucava nastanak tezih
jezgara



AR e fe: e B
- i 3? ' % > e " . ral %

= Silicijum zahvata neku od nastalih alfa-Cestica

= Proces u nekoliko etapa, konacho
28Si + 7(*He) 2 °°Ni + energija

35- Alfa-proces

_& - IS
2= nikl-56 =2 kobalt-56 =2 gvozde-56 1qHvdrogen
102 Carbon
A4 an W > O en
-~ gvozde-56 ,,najjace” vezano E o M Riinesium
5 ! = THCOR ron
‘“; atomsko jezgro g 1o°f - sditur
| § 108
. /3 * 26 protona, 30 neutrona L | ) B
: | a , Ti . g Beryllium
.+ Najveca energija veze jezgra orE Y
| . LA R e |
- Nagomilava u jezgru zvezde =

« Elementi grupe gvozda — veca rasprostranjenost
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Supernova

o, .
- SN 2006gy

. = Udarni talas — brzina nekoliko
desetina hiljada km/s

= Eksplozija — odbacivanje
;? spoljasnjih slojeva

w.* Ogromna oslobodena energija
.= Sjajnija od citave galaksije!

= Bljesak svetlosti jednak sjaju
| milijardi Sunaca i taj sjaj dostize

h"r za nekoliko sati.

= |sta zvezda moZe postati nova
nekoliko puta, ali zvezda moze
biti supernova samo jednom!




Binary star system

“|(b) Type- Il Supernova

Helium, carbon

Hydrogen
0

Normal star fusion

White /
dwarf

Planetary
nebula

Heavy elements
Hydrogen
/

Massive star imploding‘

dlsk

Red
giant

Growing
white dwari

Time I

Hydrogen

!&/

Core rebound

Accretlon

Detonation’ ‘ 4 i

LB

»
~ \
i ;

Remnant Shock
core wave

Explosion

e —

<_. = l\
o

o



(ed oupergiant

. SUDC”\OVG

,
Neutron — 49
Star
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nearby galaxies

(107 ty)

Milk y Wa Vi

(107 ly)

nearby stars

(10¢ Iy) i )

‘ white dwarf >|x

A D4 l} ’ > supernovae '

P A e 3 " { g >

. / \\:‘,‘:{f\ '~ Sun ' Eg f o | . g :é

[ \J F. g 9:’ =t ‘-\. ! = "/ :-)

B 37 5| : £ 9

Rb “ radar ranging p—— 3 F 251 pered s g

s srince Wresrators (K i_'J

el 55 paraliax el
Cs £ main-sequence Tully-Fisher

o fitting relation

o {7

-
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cistant
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= . Pre¢nik: ~1000 puta ve¢i Sunca
~e Sjaj: ~150.000 puta vec
H

X
i 3
L
\-

« Temperatura: 3500K

‘» Daljina: 650 sv. godina

-,-:.u'.ll x&i. ’-,.4 ," -






Cassiopeia A Supernova Remnant Spitzer Space Telescope * MIPS
NASA / JPLCaltech / 0. Krause [Steward Observatory) Hubble Space Telescope * ACS
3 Chandra X-Ray Observatory

il e

;

10 supernova u nasoj galaksiji u poslednjin 1000 godina

CasA — nema je u istoriji, radio posmatranja - videla se u VIl veku

» Najjaci radio izvor, 10.000 sg, stara 300 god (mozda 16. avgust 1680 — nova zvezda u
katalogu)

Svaka — bar 100 pc ispod ili iznad galakticke ravni
Krug 100 pc — 1 supernova svakih 500.000 god.
Najmlada SNR G1.9+0.3 (1868. god; otkrivena 1985, starost odredena 2008)

"y

...

A
i
b
il




M1 - Maglina Rak (SN1054)

(NGC 1952; Taurus; +8,4 mag; 6300 s.g.)

¢ W R e LR PR e I P e LI R T i Foo Tt [T e Tl (100 e TR
K ; :

4. jula 1054. g. kineski astronomi na istochom delu neba
Dostigla -6™ (1/4 Meseca)
naredna 23 dana — videla po danu

opazena i na drugom kraju sveta — iznad danasnjeg Novog Meksika i Arizone,
zabelezili je indijanski slikari
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" “Na dan ¢i-¢u, petog meseca prve godine vladavine Ci-ho,

. pojavila se ‘gostujuc¢a zvezda' na jugoistoku Tijen-huana,
: \( velicine nekoliko palaca. Posle vise od godine dana, ona se
. ugasila” — Toktaga, Istorija dinastije Sung

)‘ —' ~ : 3" . |

b T




M1 - Maglina Rak (SN1054)

(NGC 1952; Taurus; +8,4 mag; 6300 s.g.)

’Xﬁ"t‘f'

-

Crab Nebula: Remnant of an Exploded Star (Supernova) - R.
= Daljina 6.300 s.v. god.
= 28. avgust 1758. — S. Mesije

| el = maglina 10 s.g. u precniku,
Radio wave (VLA) Infrared radiation (Spitzer) Visible light (Hubble) bfZlna 1800 km/ S

" Sjaj -3.2™ (1000 x Sunce)
- 1948. — jak radio izvor
Ultraviolet radiation (Astro-1)  Low-energy X-ray (Chandra) High—energy X—TSY(HEF") 5 1964 e | |ZVOr X Zraka

* 15 min exposure **

f’qu B ' J Laceion
- '.‘ L AL T RO L]l 53 i
® &|p > [ o 1 QM---.-
: .J.\ s 43
'. —
» . v .




M1 — Maglina Rak (SN1054)

(NGC 1952; Taurus; +8,4 mag 6300 S. g )

X-zracenje oko 100 puta intenzivnije |
nego VIS

1968 - pulsar (NP0532)

30 obr/sec — najmladi pulsar

mala zvezda, apsolutni sjaj priblizno
kao Sunce

Uub Udt [Uug |Uup 1Uuh luws. Uyo |




SN 1181

e

" 4-06 a§/gusta

= Kineski | Japanski
astronomi

= Sazvezde: Cassiopeia

= Vidljiva 185 dana

= Radio izvor 3C58

e Rotira 15 puta u sec

* Prva “kvark-zvezda”
Sjaj supernove: -1m

: 105“" 106 0
1 TS
e . :
.
-




e novemar

Tiho Brahe
Sjajnija od Venere (-4™M)

Mart 1574 — nevidljiva golim [
okom

Mlecni put, Cassiopeia
Supernova la

Gas — 9000 km/h
Zvezda — G2

« “pomogla” nastanku SN
e 10.000 svetlosnih godina
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Supernova SN1987A

" - N
S o e

oL 'Nc‘)c': 23.-24. februar 1987. godine |

n,..“'

,s- Jan Selton, opservatorija Las Kampanas (Gileanski Andi)

~ = Veliki Magelanov oblak
J- Rudnik cinka — Kamioka (Japan)
,y:} 11 dogadaja u istoj sekundi

w * Rudnik u Ohaju — istovremeno 6 dogadaja
X  Verovatnoc¢a nezamislivo mala! %
’ ’-.‘

‘ » Nekoliko sati kasnije — australijski astronomi prepoznali zvezdu: = :

- (e J.

e Sudar sa neutrinima

» super-dzin B3, 40 puta veci precnik od Sunca ol
 Sanduleak-69202 '




Daljina 168.000 svetlosnih godina
Sjaj] +3M

Prva fotografija snimljena HST-om, kraj 1990. god

Tri prstena

2001 — izbaCeni materijal ,udario” prvi prsten; jaka
emisija X zraCenja (3 puta veci fluks, 2001-2009) :
HST i VLT (fotografije 1994-2014) — sjaj bledi, udarni |
talas unistio prsten. Izbledece 2020-2030.

09/1994




SN1006
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ahallh,
= Najsjajniji dogadaj u istoriji

= 1. maj 1006. godine

= Svajcarska, Egipat, Irak, Kina,
Japan, S. Amerika

= Egipatski astrolog Ali bin
© Ridwan

» 2.5-3 puta veci disk od Venere

» Yisjaja Meseca

Supernova tipa la

Neki 1zvori - senka

e 1131 114 e 1510 116 1N7]=0 118
ot [0 0 s e |

~~~~~
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I SN 1006

t o.,

= Sja| -7.5m

= U centru — pulsar ili crna
rupa — nepoznato

= Oblak —2.800 km/h




@ wiww elementsdatabase com

Periodic Table of the Elements

hydrogen B poor metals
alkali metals O nonmetals

alkali earth metals B nohle gases
transition metals rare earth metals

22| 23| 24 25 28| 27| 28] 290
Ti |V |Cr|Mn|Fe |Co|[Ni | Cul|Zn

3491 40 41 42 43 44 45 48 47 48
Zr |[Nb {Mo | Tc | Ru|Rh |Pd | Ag |Cd

T2 T3 T4 s s} i 78 79
Hf | Ta |[W | Re| Os | Ir [Pt | Au| Hg

87 88 89| 104| 105 108 107 108 109 110
Fr | Ra| Ac|Ung|Unp|Unh|Uns |UnolUne Unnl

59 &0 &1 62 63 64 65 86| &7 g8 69 70 |

o
3 | :
." " i i
}l. . ,:‘~_ £
- '“, F - i
L e Vv Bosh d ol

58
Ce| Pr|Nd|Pm|Sm |Eu (Gd | Tb | Dy|Ho | Er | Tm|Yb | Lu
: 90| 91| 92| 93 o4 5| 98| 97| 98| 99| 100] 101| 102 103
o Th | Pa| U |Np|Pu|Am|Cm Bk | Cf |Es |Fm| Md| No| Lr
/}" ‘
PRI e (T e

Prvih 81 — stabilni, nalaze na Zemlji, |zgradu1u.vecmu objekata u v'aS|o-n|

« Sledeéi... — radioaktivno, nalaze na Zemlji, dug period poluraspada (milion ili
milijardu godina); prilicno retki, nisu zabelezeni na drugim zvezdama

Poslednji — radioaktivni, samo vestacki, mnogo kraci period poluraspada



Zahvat neutrona
~ = Neutroni — sporedni produkti nuklearnih reakcija
| Nemaju naelektrisanje — nema odbojnih sila
,opajanje” sa gvozdem - izotop vece mase
S-proces (slow neutron capture)

« Jezgro postaje nestabilno, raspada se
SSEsE - °'Fe
ikl 2 25Fe
= 18 1E -
"!4 « 59Fe — radioaktivno, raspada se na kobalt-59, stabilan

"+ Svaki uspesan zahvat — oko godinu dana, nestabilna jezgra imaju
a dovoljno vremena da predu u stabilna o

 Nastali: olovo, bakar, srebro, zlato

%

)

AMzij

86
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Najtezi elementi

* o

S-proces — do bizmuta-209 (najtezi neradioaktivan element)
Ne moze torijum, uran, plutonijum

S-proces nemoguc — Novo jezgro raspada za krace vreme nego
sto je potrebno za nastanak

r-proces (rapid) : ’

 prvih 15 minuta eksplozije, broj slobodnih neutrona raste

o

Stopa zahvata neutrona — velika

5
i

Najtezi elementi nastaju nakon smrti matiCne zvezde

84

= Rasprostranjenost oko milijardu puta manja nego vodonika i
helijluma



“Pritisak” neutrona

Uvecana verzija belog patuljka

; Beli patuljak 10.000 km, neutronska
~  zvezda 30 km.

KasiCica materijala — 40 milijardi tona
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Crne rupe

Neutronske zvezde —do 2,5
solarne mase t |

B Jedno od najznacajnijin |
2 teorijskih otkriéa XX veka

40-50 puta veca masa

Maurits Cornelis |
Escher (1898-1972)

* Relativity, 1953.
Waterfall, 1961.




Ripples in spacetime
Theorized by Einstein, gravitational waves are
finally observed in the merger of two-black holes

] Ripples in spacetime

”~ \ v/' "
Blackhole1{ ) ( ) Blackhole2

h‘] 4 mm

N\

MQ

'—'"-—'——"i : & -

Rotating giants
Two black holes rotate around eacCh other
= ﬁ before merging. The closer they get, the

| |
e g rav I ta c I o n I faster they spin. The energy from their
spiralling and merger releases energy in
. i = I the form of gravitational waves, orripples
. in spacetime
tal aS I = o Solar mass

i

Enormous energy
E The result of the merger is a bigger black
GW1509 14 hole, though it's less massive than the
two combined black holes. The equivalent
of three solar masses is converted into
energy, in the form of gravitational waves 36 29 62 3

000000 OODS
L A R R R B R B

Black Black New Gravitational
hole 1 hole 2 black hole waves
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Sudardve  GW170817

o

A LIGO / Virgo gravitational wave detection with

t k associated electromagnetic events observed by over Distance
n e u rO n S e PRBRERAING, < 130 million light years
@ Discovered
17 August 2017
12:41:04 UTC
‘ A gravitational wave from a '* *\ Type

binary neutron star merger is detected. _® Neutron star merger
TN o T L

gravitational wave signal
Two neutron stars, each the size
of a city but with the mass of

the sun, collided into each gamma ray burst
other, A short gamma ray burst is an + 2 seconds
intense beam of gamma ray
A gamma ray burst
74 - - = . radiation which is produced isg:etectedy
= Gravitacioni talasi |

PR M XY
GW170814 e
GW170104
¥ GW151226

+10 hours 52 minutes
A new bright source of optical
kilonova light is detected in a galaxy

w N Detecting gravitational waves Decaying heavy ions produce called NGC 4993, in the
5 ‘ from a BNS event allows us to an optically bright kilonova, constellation of Hydra,

find out more about the producing heavy metals like

structure of neutron stars, gold. +11 hours 36 minutes
Infrared emission observed.

+15 hours
Bright ultraviolet emission
detected.

This multimessenger event
provides confirmation that
neutron star mergers can

produce short gamma ray bursts. radio remnant
o~ As material moves away from +9 days
-t . . .
® G W 1 5 O 9 14 the merger it produces a X-ray emission detected.
The observation of a kilonova shockwave in the interstellar

allowed us to show that BNS medium - the tenuous material

" A u mergers could be responsible for between stars. This produces
= Nobelova nagrada iz * e rduction f i h
fizike za 2017. godinu

elements, like gold, in the
universe.

Observing both electromagnetic
and gravitational waves from the
event provides confirmation that
gravitational waves travel at the

same speed as light.

+16 days

Radio emission
detected.




Gravitacioni talasi

FIrsT Cosmic EVENT OBSERVED

IN GRAVITATIONAL WAVES AND LIGHT
Colliding Neutron Stars Mark New Beginning of Discoveries

Collision creates light across the
entire electromagnetic spectrum.

dent
Theory of
e the age of the .

| Gravstional wave larted o “00 seconds

On August 17,2017, 12:41 UTC, Within two seconds, NASA's

LIGO (US) and Virgo (Europe) detect Fermi Gamma-ray Space Telescope

gravitational waves from the merger -ray burst fro
7 P the | IG

from neutro

HLIGO *wlSEEs, %

GW150914
; j LVT151012
' LVT151012 o
GW151226
'y I
GW151226 == -
A W\/\MM”,'\“}*
GW170104 m,‘;.}\p.v;»mi
— —_ T isee 2sec
Gl | = (e lemaher | hogem GW170814 ‘ time observable by LIGO-Virgo

10 15 20 25 30 35 40 45 50 55
time observable (seconds)

LIGO/University of Oregon/Ben Farr
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Massive star near the
end of its lifetime has

an “onion-like”

L structure just prior to

H, He
::'g “Ne
v 0,C
~ exploding as a
naw o, NIb i \ supernova
1 ian ar xample of nuclear

e ‘i g B ™
Rt nekada je bio deo ]edne e |
& zahoravljene zvezde! 3

‘ J“% ’ : ‘ zone
- ,' X B

Big Bang
Supernovae Small Stars
Large Stars Cosmic Rays

Ti|V [Cr|Mn FeLCo Ni [Cu|Zn|Ga|Ge| As|Se| Br| Kr| |
Zr INb|Mo| Tc|Ru|Rh|Pd|Ag|Cd| In [Sn|Sb| Te| | |Xe
Hf [Ta | W |Re|Os| Ir | Pt|Au|Hg| Tl |Pb| Bi | Po| At|Rn

*{La|ce|Pr|Nd[Pm|sm|Eu|Gd|Tb| Dy|Ho| Er |Tm| Yo Lu
{aclTh|Pal U [Np|Pulam|cm|BK| ct|Es|Fm|md|No] Lr




