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Origin of stars, planets and our solar system has 
long fascinated mankind
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Inspiration from Paul Klee

‘Color is the place where our brain and the universe meet’

Cosmic composition 

Blue night



Discovery of exoplanets leads to 
fundamental questions

• Where and how are stars and planets born?
• How unique is our solar system?
• Which planets could be habitable?

Kepler



Meteorites

Billion dollar question: how were ‘we’ 
formed 4.5 billion years ago? 

Rosetta

Comet

Meteorites and comets are messengers from the early solar system



Our Milky Way

Sun

50,000 lightyr

We live on a small planet circling an ordinary star located in the
outskirts of galaxy, of which there are several hundred billion in the Universe

Galaxy =
Collection of
~200 billions stars



Interstellar Clouds

• Space between stars not empty, but 
filled with a very dilute gas

• Stars are born inside clouds

Birthplaces of stars:





Orion nebula:
Nursery of thousands of new stars

‘The chaotic material of future Suns’
W.Herschel (1789)

ESO-VLT 
ISAAC image
McCaughrean et al. 2001



Orion nebula as seen by Hubble



Stars are formed in dark clouds

NASA/ HST Carina nebula

Typical sizes: up to several lightyr (fewx1018 cm)
Typical masses: up to 105 MSun (but efficiency only a few%)



Dark clouds: ‘coal sacks’
• 99% gas (H2)               

1% dust (0.1 µm 
silicates + carbonaceous 
material)

• Temperature:   ~10 K 
• Density:   ~10000 

particles per cubic cm 
(million times less than 
in lab)

• Cosmic rays, UV
Unique physical-chemical laboratory!

0.1 µm H2

CO

NH3

~1 lightyear ~1018 cm



Optical Infrared

Alves et al. 2001

How do we study what is happening inside clouds?

Long wavelengths!



From visible to infrared light

Spitzer

HH 46 star-forming region

Spitzer image:

Red= 8 µm: PAH
Green= 4.5 µm: H2
Blue= 3 µm: stars

Noriega-Crespo et al. 2004

Need long wavelengths to penetrate dusty regions



Space telescopes

ISO
1995-1998

Herschel 3.5 m
2009-2013

HIFI-instrument

Large fraction of infrared radiation from space is
blocked by our atmosphere  (in particular H2O, O2 and CO2)

Spitzer
2003-2009



100μm map of the ρ-Oph star forming cloud: Fazio et al. 1976
Rosette molecular cloud
PACS & SPIRE 70-350 µm Motte et 
al. 2010 

Herschel: 
Lifting the veil of star-forming clouds



Ground-based infrared telescopes

ESO Very Large Telescope

Keck
Future: ELT, TMT, GMT

From 8-10m to 30-40m diameter



Atacama Large Millimeter Array (ALMA)

54x12m + 12x7 m antennas

0.3-3 millimeter 
84-950 GHz

Inauguration 2013

ALMA observes cold dust (continuum)
and myriad of molecules (lines)
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ALMA opens its scientific eyes:
A testimony to high-tech technology



Atacama Large Millimeter Array (ALMA)
A breathtaking experience! Llano de Chajnantor

5000 mInauguration March 13, 2013



The Astronomers’ Periodic Table

1.0

0.1

by number

Dust grains: 10-12 by number B. McCall 2001

3   1    5 10-4

4          1 10-54 10-5

4 10-5



Chemical factory in space!

Gibb et al.
2000

Massive
young star
G327

Each molecule has a uniqe fingerprint



Molecules between the stars

• More than 180 different molecules found
• Ordinary molecules

NH3, H2O, H2CO, CH3CH2OH, ….



<1%

‘Serving the planet’



Molecules between the stars

• More than 180 different molecules found
• Ordinary molecules

NH3, H2O, H2CO, CH3CH2OH, ….
• Exotic molecules                                       

HCO+, N2H+, HCCCCCCCN, ….

⇒Unusual molecules
(rare on Earth but not in space)



Some complex organic molecules

Detected Not (yet) detected

Acetic acid Di-methyl ether

Ethanol Sugar

Methyl formate CaffeinePyrimidine

PurineGlycine

Methyl cyanide

Benzene Ethyl cyanide Based on Ehrenfreund 2003

ALMA: How far does chemical complexity go?

‘Molecular bricks for life’



Molecules are branching out

Such side chains are characteristics of 
amino acids

ALMA
Belloche et al. 2014

First chiral molecule

McGuire et al. 2016
GBT, ATCA



Very large carbonaceous molecules

Polycyclic Aromatic Hydrocarbons

Fullerenes  C60, C70
Cami et al. 2010

H. Kroto Nobel prize



The interstellar ice cocktail
Atoms and molecules freeze-out onto cold dust grains          
⇒ hydrogenation, e.g. O → H2O

Surface chemistry dominates during star formation



Sackler laboratory for astrophysics
at Leiden Observatory

Harold  Linnartz

‘Simulating 1 cm3

of interstellar space’



Formation of water on dust grains

Based on  laboratory experiments
in Leiden, Paris, Japan
Cuppen et al. 2010



Detection of cold water reservoir in a 
planet-forming disk

Signal indicates presence of ~6000 oceans of ice

Herschel-HIFI

Hogerheijde et al.
2011, Science
(spatially unresolved)



Herschel, water and the Big Bang theory



Summary so far

• Interstellar clouds have a rich chemical 
composition in spite of cold and tenuous 
conditions

• Complex organic molecules and water 
are found around nearly all forming 
stars, throughout the entire Milky Way

⇒ Building blocks for prebiotic material are widespread



How is a new planetary system formed?

Collapse of cloud



Star formation in Orion

C.R. O’Dell
AMNH/SDSC



Technology has come a long way
Dusty rings probing planet formation in action

- Small dust grains produced by collisions of planetesimals
- Two planets sheperding the dust ring

Acke et al. 2012

Fomalhaut
Herschel PACS
70 µm

IRAS
1984



Disks are small 

Carina nebula
HST

Sharpness of ALMA is needed to zoom in on forming stars and disks

Cloud:                  1018 cm
Collapsing Core: 1017 cm
Disk:                     1015 cm (100 AU; 1 AU = distance Sun-Earth)



ALMA detects disks in 1 minute!

330 GHz
cont

Survey all T Tauri stars in Lupus in dust, 70% detected
→ Test disk evolution models

RY Lup

Sz111 J1608

Ansdell, Willians
et al. 2016

0.35’’
(20 AU radius)

1-2 min
per source

2’’x2’’



Protoplanetary Disks
• Nearly all young stars surrounded by 

disks
• Sizes of disks comparable to that of our 

own solar system
• Masses of  some disks enough to form a 

solar system (1% of mass Sun, 10x mass of 
Jupiter)
– others enough to form Earth-like planets

=> Ingredients for planet formation are common



Detection of sugar +water in solar-system precursor
Sweet result from ALMA

ALMA
IRAS16293 B

Jørgensen et al. 12

Complex molecules found on solar system scales!
(orbit of Uranus, 25 AU)

Previous limit

150AU



Glycolaldehyde discovery
(Jørgensen+ 2012)

Full spectral survey of IRAS 16293–2422B

Jørgensen+ 2016

PILS survey



Lykke et al. 2017

Some complex molecules around 
solar mass protostars

Methyl isocyanate
‘Prebiotic’ molecule

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



Diversity of Planetary Systems

Collection EvD+TdZ

English engraving
1798



Answer lies in past, when planets were
formed from circumstellar disks

Origin of exoplanetary diversity?

Kepler: Borucki et al. 2011
>3000 exoplanets

Hydro simulation Bryden et al. 1999



Planets form. But how?

1µm 1mm 1m 1km 1000km

Directly observable
through IR and mm

observations

Exo-
planets

Solar system constraints (but only 1 object! And 4.5 billion years ago!)

?

Particles must grow ≈13 orders of magnitude in size in ≈few x 107 yr

C. Dullemond



Snowlines 

Akeson 2011

Snow line

Hot Cold

H2O CO

Ice-covered grains 
promote planet 
formation



CO snowlines with ALMA 

Mathews et al. 2013
Öberg et al. 2015

IM Lup
ALMA

1’’, 150 AU

Double rings!
DCO+ 3-2

TW Hya N2H+ image ALMA
Qi et al. 2013

N2H+ and DCO+ are enhanced 
when CO is frozen out



From grains to planetesimals



From dust grains to planetesimals



Young disks: Ice lines and planetesimals 

Orbit of Neptune

ALMA partnership,
Brogan et al. 2015

Zhang et al. 2015

ALMA ~20 mas
(few AU resolution)
HL Tau

Several rings seen but origin still debated



Planet-forming disks and dust traps 
seen with ALMA

HD 142527

Casassus et al. 2013, Fukagawa et al.  2013

IRS48

Van der Marel
et al.  2013 Science

HD135344B

Perez et al.  2013,
Pinilla et al. 2015

390 σ

No mm dust

Contrast
factor 28

animation



Planet on Earth-like orbit?

Andrews et al. 2016

TW Hya
ALMA



Grain, rocks
< meters

Planetesimals
kilometers

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

From icy grains to planetesimals to embryos to planets

Water ice accelerates coagulation

J. Lunine

Comets

http://www.kristallfiguren.com/KristallfigurenAngebote.html
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
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
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.eso.org/
http://www.spitzer.caltech.edu/
http://www.spitzer.caltech.edu/


How about our own early solar system?             
Look at comets

Chemical composition comets comparable with interstellar ices

Comet
Hale-Bopp

Comet 67P/C-G

Rosetta



ROSETTA has a very good nose (DFMS)

ROSETTA nose
(DFMS)

67P

© A. Bieler, K. Altwegg, M. Rubin



Abundant O2 in comets!

High abundance of O2 suggests our solar system was formed in a dense
warmish cloud (20-30 K vs 10 K)

O2/H2O~4%
Bieler et al.
Rubin et al.
2015

Needs low
H/O

Taquet et al.
2016



Young disk – comet comparison

 Young disk: observe just sublimated ices
 Comet: measure coma molecules in situ

Rosetta
67 P/C-G



ESA/K. Altwegg



Origin water and organics on Earth?

Similar ratio: HDO/H2O=1.5 10-4

ESA/NASA
Herschel-HIFI
Hartogh et al.



Search for water in planetary atmospheres

Earth lies in the
‘habitable zone’
where water is liquid



Life on the nearest planet?

Anglada-Escudé et al. 2016

Artist impression

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



Life on Trappist 1 planets?

7 Earth-like planets
3 in habitable zone

Gillon et al. 2017



Future Telescopes

Extremely
Large Telescopes

E-ELT
~39m diameter
~ 2025

James Webb 
Space Telescope
~6 m diameter
2019: MIRI instrument!



Summary
 Chemical ingredients are present throughout 

space and are associated with forming stars

 Planetary systems are possible around the 
majority of stars
 But what kind of planets are formed?

 Chemistry on solar system scales is now being 
unravelled with new instrumentation

How were ‘we’ formed 4.5 billion yr ago



Vielen Dank!
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