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THE COSMIC HlERARCHY SEQUENCE THEY ARE AI.I. MADEOF STARS* '

->

Stars > Star Clusters hundreds to mllllons of stars are bound dynamlcally |nS|de a smgle host galaxy
Star Clusters — Galaxies: star clusters act as building blocks distributed throughout a galaxy's disk or halo.

Galaxies — Galaxy Clusters: individual galaxies aggregate along the high-density intersection nodes of the
Cosmic Web, pooling into enormous clusters bound by an invisible scaffolding of dark matter.

*| Structure Type | Members Count | Physical Diameter Range | Key Characteristics
§ Star 1 (individual) Sun: 1.4 x 106 km The fundamental atomic factory of the universe; sustained by core
nuclear fusion.

Star Cluster 102 — 108 stars 1 —40 parsecs Gravitationally bound stellar families born from a single molecular cloud.
(3.2 - 130 light-years) Includes loose gpen clusters and dense globular clusters.

& (Galaxy 107 — 102 stars 1000 — 100000+ light-years Massive isolated islands of stars, gas, dust, and dark matter. Can be
| spiral, elliptical, or irregular.

8 Galaxy Cluster 50 — 1000+ galaxies 1 —5 Megaparsecs The largest structures held together by their own gravity. Composed of
(3.2 — 16 million light-years) galaxies, intense X-ray plasma, and up to 90% dark matter.
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A cloud of gas, mainly hydrogen and helium.

The core is so hot and dense that nuclear fusion can occur.

This is where the energy comes from that makes the stars shine.

The fusion converts light elements into heavier ones.

This is where all the atoms in your body have come from.

All stars  Luminosity: how bright the star is, i.e. how much energy is being produced in the core
are

different * Colour: the surface temperature of the star = red stars are cold, and blue stars are hot.
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Most stars can be found somewhere along the line in this graph.
This is called the “Main Sequence”.

brighter and hotter

than the Sun.
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We can compare stars by
showing a graph of their
temperature and luminosity.

Some stars are much cooler and less
luminous, such as the closest star to
the Sun, Proxima Centauri.
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SRS [\ cn brighter than Betelgeuse are stars like Deneb and i
RSl "igel, which are much hotter. These are blue supergiants.
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The bright star Betelgeuse is even more

B luminous than Aldebaran but is cooler.

R This makes it a red supergiant.

- ] H e i -

B But not all stars lie on the main sequence.
& Some, such as Arcturus and Aldebaran,
@ are much brighter than the Sun, but cooler.

These are red giant stars.
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The history of the chemical
composition of a galaxy is
dominated by the
| Wucleosynthesis occurring in
many generations of stars

Elements trapped inside a living star need to escape!

 THECOSMIG RECYCLING PROGRAM .

The Lifecycle of a Star
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Source: cyberphysics.co.uk

B \When massive stars run out of fuel, they collapse and explode as Supernovae:

B > They instantly blast the elements cooked inside the star out into deep space.
@ - The extreme energy of the explosion itself forces atoms together, forging elements heavier than iron. &

This enriched dust mixes into interstellar gas clouds. The next generation of stars forms from this
"polluted” gas, starting the cycle over again, but with more raw materials.




- WHAY IS THE UNLVERSE MADE OF
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 THECOSMHC STARTER PAGK (THEBIG BANG) =

. In the beginning, the Big Bang cooked up the universe's starter pack:

» ~75% Hydrogen
e ~25% Helium
 +atiny pinch of Lithium.

8 > How do we get the other elements? Nuclear Fusion.

—> Stars can happily fuse light elements into heavier ones, but they hit a brick
wall at Iron (56Fe). Fusing iron requires more energy than it releases,
effectively shutting down the star's engine.




NUCI.EAR FUSIDN

The Iumlnosr[y of a staris powered by nuclear fusion taking place In the centre of the star
converting hydrogen into helium.

| | * Temperature and density must be high enough.

1 i °© At >4 million Kelvin hydrogen nuclei fuse into helium.

| As the H runs out, the energy released from fusion decreases and the forces are now unbalanced.

If the star is massive enough, the core temperature increases until @\ /@
f# helium fusion starts (when T > 100 million Kelvin, 3 Helium nuclei can <’

B 1 fused together to produce 1 carbon nucleus 3

O Proton T Gamma Ray

O Neutron
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“It is the stars, The stars above us, govern our conditions”; $=process
(King Lear, Act TV, Scene 3)
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Big Bang Nucleosynthesis
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B By using telescopes to split starlight into a barcode (spectroscopy),
# we can read exactly what elements a star is made of.

The universe doesn't enrich itself all at once, it evolves. It takes generations of stars.

| 0ld stars formed early in the universe have almost no "metals” (low metallicity).

Short-lived massive stars eject elements like Oxygen and Magnesium immediately.
Iron takes longer because it largely relies on lower-mass binary stars.

Our Sun was born late in the game, inheriting a highly enriched cocktail of elements.




WHAT INFQRMATION DOES-THE OBSERVED FI.UX CARRY'?

Absorptlon-lme spectrum

make a jump to a higher orbital
Emergent flux carries information about physical conditions in photosphere

The energy of photons depends on the types of stars = their effective temperature

Maybe the photo/atmosphere of a star § S5
or of a planet
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KITT PEAK SOLAR FLUX ATLAS (KURUCZ, 2005) RESIDUAL, AIR WL IN NM, 300-400 NM UNCERTAIN, REVISED FROM (KURUCZ, FURENLID, BRAULT, AND TESTERMAN 1984)
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" ‘SOME EXAMPLES OF ABSORPTION LINES -~
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Figure I A schematic diagram of the trend of a-element abundance with metallicity. Increased

initial mass function and star formation rate affect the trend in the directions indicated. The knee
in the diagram is thought to be due to the onset of type Ia supernovae (SN Ia).
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. HOW-REPRESENTATIVE 1S THE NILKY WAY?.

Milky Way Galaxy Local Galactic Group

Carina Fornax

) bt Y A Mt 2 A bt R o r .

sl 68000 stars Battaglia+ 2006

Monelli+ 2003
MAAAAAAY
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(1) ESA/Gaia/DPAC, CC BY-SA 3.0 1GO. Ack: the image was created by A.Brown, based on an idea from S. Jordan, and with inputs from 1. Roegiers, X. Luri, F. Masana, and T. Prusti.
2)  ESA/Gaia/DPAC - CC BY-SA 3.0 1GO. Acknowledgements. created by O.Creevey, M. Fouesneau, and the Gaia group at MPIA

(3)  Gaia Data Release 3: Chemical cartography of the Milky Way by Gaia Collaboration et al. 2022. CC BY-SA 3.0 1GO.



#» Sagittarius dwarf galaxy
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Milky Way
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Second Sagittarius passage Third Sagittarius passage




GAIA MISSION: DECIPHERING THE FORMATION OF THE MW |Aniintrigtiing storyof

passages, mergers,

remnants

Galaxy Picture

Credit : ESA/Gaia/DPAC
Stellar Streams
Malhanetal. (2018, 2019)
Ibata etal. (2019, 2020)

Phlégethon

NGC 1261

Phoenix

™ .

Malhan+2021
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_ | THEMW ABCREI-ION HISTORX _. | Cheiclabundncs eIp reveal nature of halo subtrctures: [I\/IgFe] vs [Fe/H]

Heracles Sagittarius ~Helmi Streams

I S ieg 20
[Fe/H] [Fe/H] SGUCE.

Horta+23 =
»

: Data source: APOGEE ~




->

B P P

-

> 3 . i : ; - 1 &

S /V/any more millions el o
BN O/ stars coming soon ... [

- The'ELT = Extremely Large Telescope




We aren't just living /7the universe;

we are a functional product of 1ts chemical evolution.
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