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Where do we come from?

Starry night Milky Way dreaming
Van Gogh Australia aboriginal art



From the Big Bang to supernovae
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In the beginning there was.....
Hydrogen

STEVEN WEINBERG

Winner of the 1979 Nobel Prize for Physics

A BRIEF
HISTORY OF
TIME .

_FROM -
: T THEBIG| . 4
£ BANGTO| - oo .
I, a universe of atoms . BLACKI 9 =
an atom in the universe. . HOLES' : ‘  ]
Richard P. Feynman. STEPH E N
. JJAWKING



Big Bang production elements

= Expansion Universe => cooling of quark soup so
that protons and neutrons can be formed

= ~]1 minute after Big Bang

= Big Bang only produces H, D, He and some Li, Be

Lepton Radiation
epoch domination

wikipedia

p:n~6:1

p= proton (H")
n=neutron
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Production 3He and “He
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Expansion: Abundances ‘frozen in’
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-«— Radius of the Visible Universe —»

Thereaftter.....
Formation first structures in Universe
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Cosmic microwave background

Tiny fluctuations — seeds of future structures

B

COBE, WMAP and Planck satellites



Formation galaxies and stars

Ilustris hydrodynamical cosmological simulation



The first billion years

Fluctuations in
primordial soup

The dark ages:
Giant H clouds

The lllummatlon era

First stars
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galaxies




Nucleosynthesis in stars enriches
Universe in heavy elements

Supernovae Merging neutron stars

Pop lll stars Also supernovae?

Pop |l stars U :

Ti Eu « (r-process

. \ Si C ca u/ * Th( i )
<+

He N AGB stars
Li Mg O Fe Ba «— (s-process)
Sr X

Primordial Chemical
gas enrichment

Big Bang

H. Jacobson

See symposium on ‘The Periodic Table through Space and Time’



Analysis of meteorites

Primitive meteorites that underwent little chemical modification
provide the most accurate information on the chemical composition
of the Solar System

Carbonaceous
chondrites,
such as Allende,
Murchison, Renazzo,




Solar System and cosmic abundances

Log (Abundance relative to silicon = 10%)
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In 1956, Harold
Urey and Hans
Suess, publish a
famous table of
isotopic cosmic
abundances




Log (Abundance relative to silicon = 10%)

...from meteorites to nuclear physics!
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In the 1950s, Maria Goeppert Mayer and

- Hans Jensen’s shell model for the atomic
nucleus explains why magic numbers of
ap nucleons result in more stable nuclear
Il Ne .
m e configurations.
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Log (Abundance relative to silicon = 10%)

...from meteorites to nuclear physics!
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Log (Abundance relative to silicon = 10%)

...from meteorites to nucleosynthesis!
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Burbidge, Burbidge, Fowler & Hoyle

processes in stars



Production of Iron and Titanium

|
; | _ Continuum
SI/MQ Jet TREA L
; Supernova
! Remnant
NUSTAR + Cas A
Chandra

Fe /8

Core-Collapse:

A low-order mode engine . . . 44Ti EjeCta
1.5x 104 Mo

Grefenstett et al 2017

Positrons



Making Gold in the Universe!

e
. A

Neutron-neutron star merger

LIGO-VIRGO collaboration 2017 GW 170817 produced
several oceans of gold






FIRST STARS SUPER NOVAE



Chemistry in Space
The Astronomers’ Periodic Table
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Orion nebula: nursery of thousands of
young stars and chemical factory

= o# -

Red=ionized gas (H")
Too hot for molecules

Hubble Space
Telescope NASA/ESA

Stars do not have eternal life: they are born and they die
Victor Ambartsumian (1908-1996)




Molecules are formed in dark clouds

HST Carina nebula
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Clouds consist of gas and small dust grains (‘sand’)




Cold dark clouds

= Mostly H,
= Dust grains (1% by mass)
= Silicates, carbonaceous 0.1 um
* Temperature: ~10 K
= Density: ~10% cm
= Jonization fraction ~10-’

= (Collision time: ~once per
month

* Chemical time: ~10° yr
= Cosmic rays, UV

> Unique physical and chemical laboratory!



From elements to molecules:
water as example

»




Formation of water on dust grains

s LR 0
o v i

Bl CMS Animation®tudio

y Based on lab xperi
‘Water on Earth is older than the Sun’ ... voe o0

C t al. 2010
I. Cleeves et al. uppen et a



Lifecycle of elements and molecules

ACCRETION DISK

Specific molecules
found under

specific conditions
- Chemistry
- Probe of physics !

‘Molecule images:

B. Saxton
NRAO




Atacama Large Millimeter Array (ALMA)

54x12m + 12x7 m antennas

0.3-3 millimeter
84-950 GHz

ALMA observes cold dust (continuum)
and myriad of molecules (pure rotational lines)



Chemical factory in space!
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Some complex organic molecules
‘Molecular bricks for life’

Detected Not (yet) detected
’ R . A9 o .
-8 ; ) LS -
¢ ‘ 2 3 3 \31.0 o . .| . -
. g’ Mg
Acetic acid Di-methyl ether é
& .9 o N Glycine Purine
_ -
¢ “ “ » Q
Ethanol Sugar - i ?"
- e *’v L
« » ; ¢ N ,0-..'
B ¢ W@ ¢ r"
Methyl cyanide Methyl formate Pyrimidine Caffeine
L4 »
...a.s.o. 4
1 & /
.,.., .,... p -Qb ALMA: How far does chemical complexity go?
L

. Based on Ehrenfreund 2003
Benzene Ethyl cyanide



Molecules are branching out

i-propyl cyanide n-propyl cyanide

First chiral molecule

Such side chains are characteristics of
amino acids

ALMA
Belloche et al. 2014

McGuire et al. 2016
GBT, ATCA



Very large carbonaceous molecules

~ Fullerenes Cg,, C-,
H. Kroto Nobel prize Cami et al. 2010



The interstellar ice cocktail

Atoms and molecules freeze-out onto cold dust grains
= hydrogenation, e.g. O > H,0

Leiden laboratory for
Astrophys1cs | |

CO9

H20

H. Linnartz

Surface chemistry dominates during star formation



Formation new star and planetary system

Collapse of cloud

Factor 400
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Gas and ice from collapsing cloud is transported to disk



New era of observational planet formation

“N\

4

une

- Or
\ -+

HL Tau young disk
ALMA partnership
et al. 2015

TRS48
*
<

@ B9
ALMA: van der Marel et al. 2013, 2016

SR24 S

1 AU gap=
Earth scal

ALMA: Pinilla et al. 2017 ALMA TW Hya

Best-fit inner planets

Best-fit outer planets

Surface brightness maxima

Andrews et al. 2016

VLT-Sphere
Stolker et al. 2016
Subaru-SEEDS ALMA:
e.g. Muto et al. 2012 Fedele et al. 2017



Chemical complexity on solar system scales
TIRAS16293-2422

Source B1Lg,,
Face-on disk

Protostellar Interferometric Line Survey (PILS)

Source A18 L
Inclined disk

o PILS [
oorill il g

L i

ALMA: 0.4-3 mm contin Jes Jorgensen & the PILS team



I [Jy beam™]

Full spectral survey of a young disk: IRAS 16293-2422B
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Complex molecules on disk
scales

Methyl isocyanate
‘Prebiotic’ molecule

Ligterink et al. 2017, Mariin-Domenéch et al. 2017

J

Lykke et al. 2017

Acetamide (but no glycine yet)
Ligterink et al. 2018




How far can complexity go?

Lab experiments starting from CO hydrogenation

Simple Sugar
Simple Sugar (Ribose)
ot - (Erythrose) HCO
Simple Sugar . e puns
Simple Sugar (Glyeeraldehyde)
(Glycolaldehyde) THCO

., CH,OH

Suwar Aleoho H,C{OH)CH{OH)CH,OH
Sugar Aleohol : z
(Ethylene Glycol) H,C{OH)CH{OH)CHOHCH,OH
Sugar Aleohol
(Glyeerol) Sugar Aleohol
(Erythritol) Sugar Alcohol
(Xylitol)

efc.

Reactions proceed already at 15 K, without need for heating or UV!
Can even make glycerol and real sugars! (Fedoseev et al. 2017)
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Comets ~ Planetesimals

kilometers

Water ice accelerates coagulation

Planetary embryos
Lunar (1 AU)-to-Mars (2 AU) sized J. Lunine


http://www.kristallfiguren.com/KristallfigurenAngebote.html
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCLWTgMuw3ccCFULSGgodnGIEtg&url=http://cazort.blogspot.com/2012/07/nitrogen-fixing-plants-to-fertilize-tea.html&psig=AFQjCNFv_gazTSfP8RqBtBsGOoFyFH0p4g&ust=1441456090573821
https://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCI_ZipCw3ccCFcPbGgodFvMISA&url=https://commons.wikimedia.org/wiki/File:Naphthalene-3D-balls.png&psig=AFQjCNHQ5run65kDnNWcNtMnhLqAzc8Nbg&ust=1441455974130808
http://www.eso.org/
http://www.spitzer.caltech.edu/

l ,g: Comet’'s orbit

Rosetta mission to comet 67P
12 year journey through our solar system

August 2014

Rosetta arrives

January 2014
Rosetta exits
hibernation

June 2011
Rosetta enters deep
space hibernation

Jupiter orbit

Comet 67P/Churyumov-Gerasimenko




Young disk — comet comparison

" Young disk: observe just sublimated ices

= Comet: measure coma molecules in situ

Drozdovskaya et al. 2019
Altwegg et al. 2019



Origin water and organics on Earth?

ESA/NASA
Herschel-HIFI
Hartogh et al.

Similar ratio: HDO/H,0=1.5 10+

Icy planetesimals delivered water?



Next frontier: search for life on the nearest planets

Low mass star
with flares

Alpha Centauri AB

e AR =
Arfist impre§sion -

Anlada-Escudé et al. 2016

With ELTs we can answer the question: ‘Are we alone?’



Biomarkers
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Kaltenegger 2017, ARAA TRAPPIST-1 System

¢tecae

3 Earth-like planets in habitable zone
where water is liquid

Gillon et al. 2017

0,, 0,, CH,, N,0, CH,Cl, ....



Looking back at Earth from beyond Saturn
Pale Blue Dot

__,.-"" '

Look again at that dot.
That's here.

That's home.

That's us.

Astronomy provides perspective, modesty, tolerance



Congratulations to IUPAC
from the IAU!

5 i
: 201 9,&%%5:*“;

United Nations International Year
Educational, Scientific and . of the Periodic Table

Cultural Organization . of Chemical Elements
150 yr Mendeleev




U U

100 YEARS: UNDER ONE SKY CTO JIET NOJ OAHUM HEBOM

>4000 events in 100 countries: www.iau-100.org

Celebrate a century of astronomical discoveries, technological progress and cultural impact
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