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Element
hydrogen
helium
carbon
nitrogen
oxygen
neon
sodium
magnesium
aluminium
silicon
phosphorus
sulphur
potassium
calcium
titanium
iron
nickel

What Is the Universe made of?

Atomic #

28

Symbol

H
He
C
N
O
Ne
Na
Mg
Al
Si
P

K
Ca
Ti
Fe
Ni

Top 1 element in each system (%)

2, 3re, and 4, top elements (%)

Refractory element
Volatile 1300-600 K

Volatile <600

Universe

73.9000
24.0000
0.0046
0.0010
1.0700
0.0013

0.0006

0.0007

0.0004

0.0011

Sun

91.2000
8.7000
0.0430
0.0088
0.0780
0.0035

0.0038

0.0045

0.0015

0.0030

Earth
bulk

30.37

0.60

14.80

1.27

15.77

3.30

1.50

31.27
1.93

Earth
crust

0.22

0.41

47.37

4.37

2.10

8.16
28.67

2.42
3.97
0.46
4.78

Earth Earth

Basalt
0.11

0.03

44.70

2.16
4.06
8.33
23.00
0.15

0.91
6.77
1.10
8.19

Granite
0.07

0.01

49.10

2.73
0.43
7.58
33.30
0.05

3.38
1.32
0.19
2.12

Moon
Bulk

42.00

0.07

18.70

4.20

19.60

0.30

4.30

9.30
0.60

Average and estimates compositional abundances.

Weight percent i wt%

Human
body

63.00

9.50
1.40
25.50

0.03
0.01

0.22
0.05
0.06
0.31



Percentage distribution of major elements

Major elements
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o0 Fe 0 Si Mg Ca Al Na K H He
B Universe 1.0700 73.9000 24.0000
OSun 0.0780 91.2000 8.7000
BEarth bulk 31.27 30.37 15.77 14.80 1.5 1.27 0.6
OEarth crust 4.78 46.60 27.70 2.10 3.97 8.16 2.8 2.6 0.22




Nucleosynthesighe first steps
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protons and.neutrons.

For t he next three minutes nucl eon
matter:

p+nY D (deuterium) or °H (heavy hydrogen)

D+n Y 3H (tritium very heavy hydrogen) Element 1 (one p)

D+p Y 3He (heliumlight variety...) Element 2

3He + 3He Y 4He + 2p (‘normal heliumhelium 4) Element 2

3He +“He Y Li (‘normallithiun) Element 3



Nucleosynthesisthe journey continues (2)

Inflation
Quark Soup
Parting Company
First Galaxies
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1 Billion Years

State of the matter so far:

Hydrogen (H) Y 1 proton 0 neutror(albeit strictly not part of nucleosynthesis)
(DeuteriumdH or D) Y 1 proton 1 neutron
Helium (He) Y 2 protons 2 neutrongor 1, isotopeHe)

Lithium (Li) Y 3 protons 3 neutrongor 4, isotop€e'L)



Nucleosynthesisthe journey continues (3)

ONormal 6 helium (2 p + 2 n) is the mosH
favourabl ed, 1. e. I ts energy is small er
Consequently,

nearly al/l neutrons should end up in/ a:
observations show that the Universeds ¢

75% hydrogen
24% helium ~
1% heavi er elementﬁ’ _ tal sod)
Why? '

This is because the availability of free neutrons gets smaller and smaller as nuclear
reactions proceed due to the decay of (unbound) neutrons into protons, electrons, at
neutrinos, hen&talling the nucleosynthegis- n = Dprocess



Nucleosynthesighe journey gets interesting...

Where are we? After the first 3 min the
degree K, the O0fundamental d nucl ear r e
increasing space, decreasing energies, and rarer matter encounters.

And we have stiB9+ elements to make!!

Curvatures in time and space, also-called gravity comes to the rescue, causing local re

to collapse towards random points in space restarting and reinvigorating the matter

building process once again. As nucleons are brought closer and closer together by ¢
increasing pressures, temperatures at therassesto about 10 K.

Nuclear reactions force protons (hydrogen ions) to fuse into helium (and releasing ene
the process), in a process called pregaoton reaction (hydrogen burning).

1.6



We are still synthesising...

" 171Ent r op defiant univer seé

A No w, | t 0s al | down t o siI zel

pismall stars <4*Sun: end up
compact objects mainly comprising of He.

istars O4* Sun <R heédwenelemégnE > 10
are synthesised, such as carbon (C, 6 protons) and
oxygen (0O, 8), Il n a process

A stars >8*Sun: produce elements such as silicon
(Si, 14) up to, but not heavier than, iron (Fe, 26) In
various processes such as
reaction, carbon, neon, and oxygen burning
processes.



.anghweate Still\sy
/ /7/V6’f5665~7e4sz‘/mafea'

H+HY ,He proton @ proton reaction  (hydrogen burning) ~24

He + He Y ,Be Triple Ureaction

Be+He Y C This process is promoted by resonances ~0.0046
C+HeY gO ~1.070

Examples of element formation:

C+CY ;,Ne +He carbon burning processes ~0.0013
C+CY ;;Na+H 0 )

C+CY ,,Mg 0 0 ~0.0006
C+CY 4O+ 2He o) o)

O+HeY ,oNe

Ne + He Y Mg neon burning process (>8M ;)

Na+He Y ;,Mg

O+0Y ,,Si+He oxygen burning process ~0.0007
Mg+ He Y Si pure Uprocess

14Si pure Uprocess - also oxygen burning turns  Si into Fe

165 ~0.0004
1gAr 2

nCa pure Uprocess

oo T

23V

24CT

»sMn

cFe iron peak ~0.0011

All other elements ~0.0070



Nearly there, only the small matter of
a few more elements...

lron gate

WHY DOES THIS PROCESS END WITH

No known nuclei are more stable thére

Onien-shellistructure of {massive): stars

This stability also means that the
element is unable to fuse with othe

nonburning hydrogen
hydrogen fusion
helium fusion

nuclei to produce more energy (a
exothermic process).

Binding energy per nucleon (MeV)
- [~ W L L4, 2] ~ ] ©
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Nucleosynthesis
goes supernova |

Deep in the hearts of
massive, highly evolved and
collapsing stars, nuclei are subject
to enormous heat and pressures

Nuclei that are not destroyed in
this process interact with
neutrons (neutroncapture |

POl AAOGO 008h AO PAO OOI T x
produce elements all the way up _ _ _
to 20%ismuth (element 83) By the tlmg a massive stgr has acquired

a metallic core, fusion in the core

cannot progress any longer

Gravity leads to ever increasing pressures and temperatures (>one billion




Outer layerscollapse
inwards at first, and
then they are throvn
outagainina .
OOOPAOI:l BAS , -
explosion, scattering .
the newly-formed
elements into space..

s Nucleosynthesis
- goes supermovas |

-

This explosion
also generates

a flood of The remaining
‘neutrons that g Ol AOOOAI
are quickly - . o elements (up to

~ . 238)) are thus
captured by . € .
the heavier ‘produced by
elements in - _another |
the ‘neutron-capture
environment. process, this
OEI A AAI

PAO OOAD

OURTABLEOF ELEMENTSS NOW COMPLETE

- s
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At this point of our The Solar System
journey we need to take a
These two elements are

tep back and remind
Step Back and remin 6T AAO A1 1 Of Al &

ourselves of the ] ¢ .
distribution of elements cireumstances in a .
gaseous state. The Earth is

throughout the _
universe, with hydrogen clearly both solid and
molten, with just an

and helium together t v |
representing 99% of its extremely tenuous (in
comparison to its

mass. )
diameter) gaseous shell.

(T x Al xA ETTx OEEOe 4EA 30160 PEI OI“OPEAOCA joVYoo
radiates a continuous spectrum of light, but before it reaches us it cross:es a
cooler layer where T drops by 2000 K in ~500 km. :
Atoms of elements in this layer absorb some of this radiation in a partic@lar
frequency or range of frequencies. !

_______________________________________________________________

When studied in detail, the solar
spectrum appears crossed by dark
lines, called~=raunhoferlines: they

AOA OEA OFEEIT CAO

elements, revealing both their 5000 '
presence and relative abundances Waeisngih @ngsigoms),




2. THE FORMATION OF THE SOLAR SYSTEM

some 15 bill

gterials more O

recycled gaseous ce fields.

by gravitationa\ for

Il n a corner of the Mi |l ky Way,
instability, maybe triggered by a local supernova
explosion, encountered a dense, rotating interstellar molecular cloud
causing it to progressively collapse towards its centre of gravity.

The process of compressing
gases, principally hydrogen and
helium, would have caused temperatures
to raise dramatically, eventually initiating
nuclear fusion in its core, producing

energy and, well,

The UM was born.




NAME FORMULA - The Formation of the Solar System

DiAMOND, GRAPHITE C

MOISSANITE * SiC

BUT, at this age of the Universe, interstellar
nebulae were Populated also 0)%

NANO-PARTICLES

OSBORNITE

B a rich (albeit modest in proportion) range of
e . hegvier elements, Collectively 90
— described as ‘metals’ by physicists

e (interstellar dust).

HIBONITE

PEROVSKITESTRUCT

GEMS(silicateglass with € al'and sulphides)

The centrifugal forces generated by the
rotating star and nebula would
have allowed a small proportion of the gases
and dust (1-2%) to escape the gravitational
pull of the proto-Sun, organising itself in an
flattened, orbiting disc:

me SOLAR NEBULA




