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Origins of Solar Systems
Lecture held for the International Max Planck Research School

“Solar System and beyond”
February 13-15, 2006

by Klaus Jockers (jockers@mps.mpg.de)

including student lectures by
Clementina Sasso

Lotfi Yelles Chaouche
Ingo von Borstel
Stefan Schröder

Esa Vilenius
Emre Isik

Silvia Protopapa
Elias Roussos

Lecture (KJ):

Introduction and overview
Dense molecular clouds, photo-

dissociation regions and protostars

Protoplanetary disks
Equilibrium condensation of a solar nebula

Meteorites and the early solar system

Origin of giant planets

Comets and the early solar system

Student talks:

Origin of the elements and Standard 
Abundance Distribution

Agglomeration of planetesimals and 
protoplanets

Isotope chronology of meteorites and
oxygen isotopes

Extrasolar planets

Transneptunian Objects

Origin of solar systems: Organization
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Schedule:

Monday und Tuesday:  9:30-12:15 (3*45 Min plus 2*15 Min break)
14:00-16:45

Wednesday:                  9:30-12:15

Wednesday afternoon: Seminar and Colloquium

Solar system formation
Early stages (Ewine van Dieshoek, Leiden) a-d
•A lot of steps between d and e:
•Protoplanetary disk is hot near the Sun and cold far 
from the Sun, condensation of gas depending on 
temperature
• Formation and growth of planetesimals (strongly 
dependent on relative velocity)
• Formation of terrestrial and giant planets
• Early Jupiter prevents planetesimal growth in its 
neighborhood → origin of asteroids
• Comets originate in the Kuiper belt at about 40 AU 
from the Sun
•Long-period comets are scattered into Oort cloud, 
disturbed and isotropized by the influence of 
passing stars and the galactic bulge.
•Short-period comets go directly from Kuiper belt to 
the inner solar system
•Meteorites come from the surfaces of asteroids and 
from Mars to the Earth. Their measurement in the 
laboratory has contributed greatly to our knowledge 
about solar system formation.
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Excurse on 
blackbody 
radiation.

Dense molecular clouds, 
photodissociation regions and protostars
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Excurse: The H2 molecule

hν = hc/λ = kT
T  = hc/kλ

= 1.439/(λ in cm)

514 K

846 K

1200 K

1600 K

, Molecules in galaxies at all redshifts, in “The cold universe”
Saas-Fee advanced course 32, Springer 2002, pp105-212Easily observable:

ν=1→0 S(1) 
rotation vibration 
line at 2.121 µm,
T ≈ 2500 K
in K band
(shock waves)

Note: at the low 
temperature of 
dense molecular 
clouds H2 does not 
radiate at all!

In contrast CO:
J=1 5.2 K above 
ground.
CO tracer for H2
[CO] = 10-5 [H2]

In dense molecular clouds H2 is most abundant but can form only on grain surfaces.

Different phases of the interstellar medium

Van Dishoek E.F. et al., in Levy and Lunine eds. “Protostars and Planets III”, U. of Az. Press, 1993, pp 163-241.
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Van Dishoek E.F. et al., in Levy and Lunine eds. “Protostars and Planets III”, 
U. of Az. Press, 1993.

The Taurus molecular 
cloud in CO emission.

Note the large extent of 
the cloud and the many 
small objects embedded 
in it.

The map has been done 
in the light of the CO 
molecule (millimeter 
wavelength).

CO is a very important 
interstellar molecule and 
believed to be a tracer 
of the (unobservable) H2
molecule. 
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Note: minimum two compounds on each side of the reaction equation!

Build-up of complex molecules in dense molecular clouds:

• In dense molecular clouds the only available energy to activate molecules comes 
from cosmic rays
• Cosmic rays penetrate into molecular clouds up to column densities of 1024 cm-2.
• Cosmic rays ionize He and H2 at rates 10-17 to 10-16 s-1.
• H3

+ is formed: H2 + H2
+ → H3

+ + H or H2 + He+ → H3
+ + H + He.

H3
+ is an interesting “floppy” ring molecule. It has transitions in the L and K bands. 

It was first discovered on Jupiter, and in the 90th was finally discovered in the 
interstellar medium.

H3
+ is the key to molecule formation in dark clouds.
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further H2 addition is endothermic

Reactions with O.

→ exothermal

Similar reactions are 
possible with C.
(next slide)

N reactions must proceed 
in a different way as 
N + H3

+ → NH+ + H2 is 
endothermic.
N+ must be formed first.

Reactions with C

CH3 + C4H2 → C5H3
+ + H2

C3H+ + H2 → C3H3
+ + hν
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Van Dishoek E.F. et al., in Levy and Lunine eds. “Protostars and Planets III”, 
U. of Az. Press, 1993.

Table from previous slide continued
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Interstellar chemistry: Photodissociation regions

UV radiation of mass-rich, early-type 
stars evaporates grains and 
dissociates molecules.

The “elephant trunks” hide 
condensations of newly forming 
stars. These clouds are denser and 
therefore resist the evaporation and 
dissociation longer.

cm2

Schema of a 
photodissociation
region

Lequeux J.,
“The interstellar 
medium”,
Springer 2005
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Av: visual extinction in magnitudes
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Cloud collapse:

Force balance: pressure and centrifugal force versus gravitation.

Virial theorem: Multiply the equation of motion with the radius vector.
“Virial” = torque = Drehmoment
see J. Lequeux “The interstellar medium”, Springer 2003, Chap. 14.

In the absence of external pressure EGrav = -2EKin

Jeans mass MJ:

The less dense the object is the more massive it must be to collapse.
Examples: galaxies, star clusters, stars, planets.
The cooler the object the easier it collapses.
n > 10-11 g cm-3 and T=10K needed to form a Jupiter size planet. This density  
is much larger than that observed in interstellar clouds .

Gravitational collapse may be triggered by supernova explosion or a galactic 
density wave.

Galaxy NGC 1097 
observed with 8.2 m 
Melipal Unit telescope of 
the VLT, ESO.

Note the bright regions of 
young stars and the dust 
lanes along the spiral 
arms of the galaxy.
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Collapse of molecular cloud cores and star formation

Free fall time scale:                                    For the Sun it is about 30 minutes.

Clumps are densest near their centers, collapse is inside-out.
Angular momentum conversation leads to spin-up of the cloud, may cause the 
collapse to stop and to fragment the cloud. Therefore most often multiple stellar 
systems form.

Virtually all single stars and many multiple stars are surrounded by a flat disk during 
formation. The mass collects in the central star and the angular momentum in the disk.

In solar system 99.8% of the mass is in the central star and 98% of the angular 
momentum is in planetary orbits.

Temperature and density rise during collapse. Cloud becomes opaque, pressure 
builds up, D is burnt into He. When D is exhausted, star shrinks and heats further up, 
1H fusion starts.

Early phases of star formation can be observed in the microwave range, which 
presently is a very active part of research. Later the star becomes visible in the IR 
wavelength range.

Early phases of protostars

André, Ph.: “The initial conditions 
for protostellar collapse: 
Observational constraints”, in 
Star formation and the physics of 
young stars,
J Bouvier and J.-P. Zahn (eds.)
EAS Publication Series, Vol 2., 
2002
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Protocluster NGC 2068: SCUBA 850μm dust continuum map shows 30 condensations.
Field: 1 pc x 0.7 pc

Lower panel not shown.

Rotating protostellar
disk DM Tau, 
obserded in 
millimeter range and 
presented here as 
three-dimensional 
spectrum.
The system is well 
fitted by Keplerian
rotation 
V~r-0.5±0.1 

Radius 525AU, 
Mass = 0.6-0.85 Mּס
Mundy et al., in 
Mannings,  et al. eds. 
“Protostars and 
Planets IV”, U.of Az. 
Press, 2000, 355-
376.
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Orion Nebula

Note that HII 
region is in front 
of dark cloud!

see e.g. :
Henbest N., 
Marten M., The 
New Astronomy, 
Cambridge 1983
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Hubble Space Telescope images 
of young circumstellar disks in the 
Orion Nebula. The lefthand panel 
of each image shows an emission-
line composite, made by 
combining data from three narrow-
band filters centred on bright 
emission lines from the nebula, 
namely [OIII] (blue), Halpha
(green), and [NII] (red). The strong 
emission lines provide a bright 
background which reveals the 
circumstellar disks as silhouettes 
around their young stars. The 
righthand panel shows the 
corresponding continuum image 
taken through the medium 
bandwidth F547M filter. In these 
images, the central star shows up 
most clearly, and in the case of 
the edge-on disk, Orion 114-426, 
we also see faint reflection nebula 
above and below the plane of the 
silhouette disk. 

Bally J., O’Dell C.R., McCaughrean M.J., 2000
Disks, microjets, windblown bubbles, and outflows in the Orion Nebula,
A.J. 119, 2919-2959
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High-resolution deeper false-colour (v=1-0 S(1) line of molecular hydrogen at 
2.122 microns) near-infrared image of the central knots and bowshocks in HH212. 
Continuum emission has not been subtracted. Data taken in November 1994 
using the 256x256 pixel MAGIC infrared camera on the Calar Alto 3.5-m telescope 
in Spain. Field-of-view is approximately 55x85 arcsec, with the field rotated 
roughly 24 degrees west of north. 

Credit: Mark McCaughrean (Astrophysikalisches Institut Potsdam), Hans 
Zinnecker (Astrophysikalisches Institut Potsdam), and John Rayner (University of 
Hawaii) 
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Star formation:

“Fundamental Astronomy”, Karttunen H. et al. eds., Springer 1987

Time scales again:
Thermal time scale:

Dynamical (free fall) time scale

Early evolution of a collapsing star:

in free-fall time
H2, H, H+ (104 K), He+ (105 K).
Radius shrinks from 100 AU to 1/4AU.
Star is convective in its center.

Hayashi track: Location of fully 
convective stars in the HR diagram.

Further evolution on thermal time 
scale.
Star continues to contract, motion is 
downward. Then, as the energy input 
changes from gravitational to nuclear 
energy, the convective regime is 
steadily transferred into a radiative
one, the steller surface becomes 
hotter and its luminosity increases.

Iben 1965, Astrophys. J. 141, 993
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Early evolution of a collapsing star (continued):

A star of 15 solar masses condenses to the main sequence in 60000 years,
for a star with 0.1 solar masses the process takes hundreds of millions of years.

Very young stars (T Tauri stars) difficult to observe as they are enshrouded into 
dense clouds.
T Tauri stars have high Lithium content (central temperature not yet high enough 
to destroy Lithium).
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Bonnor-Ebert-Sphere:

Equilibrium isothermal sphere of finite size with a fixed temperature and boundary 
pressure; such a configuration might be relevant to star formation if prestellar cloud 
cores when formed are nearly in equilibrium and in approximate
pressure balance with a surrounding medium. For a fixed sound speed c and 
boundary pressure P, an isothermal sphere is unstable to collapse if its radius and
mass exceed the critical values 

(Bonnor–Ebert sphere). 

These results can be related to the Jeans length and mass discussed above by noting 
that in an isothermal medium the pressure and density are related by 
P = ρc2 (c is sound speed);
thus, RBE and MBE have the same dimensional form as the Jeans length and mass, 
but with smaller numerical coefficients that reflect the fact that a Bonnor–Ebert sphere 
contains only matter whose density is higher than the background density, while a 
region one Jeans length across also includes matter of lower density that may or may 
not collapse along with the denser material.

(R.B. Larson, The physics of star formation, Rep. Prog. Phys. 66, 1651-1697, 2003)

Classical Hayashi Track

Wuchterl G., W.M.. Tscharnuter, A&A 398, 1081-1090 (2003)

Calculation of collapse of “Bonnor-Ebert” sphere prior to reaching Hayashi-line by 
taking full account of supersonic compressible motion of the cloud gas, but assuming 
spherical symmetry and grey Eddington approximation. 
Note that the initial star may be brighter as expected and therefore better observable.

rτ radius where 
τROSS = 2/3 
(photospheric
radius)
thick line:
L = 4π rτ2 σT4

eff,
dashed line:
L = 4π rτ2 σT4,
dotted line:
T at rτ.
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