
Solar system
SERGEI POPOV



Solar system age
The age is determined due to meteorite studies.
Chondrites are made of non-processed matter.
26Al half life-time 730 kyrs(-> 26Mg).
CAI ςCa-Al Inclusions.
Al-Mg ςshort lived, U-Pbςlong lived.
4.567 Gyrs
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No uranium in CAIs -> Pb-Pb.
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See details at http://www.geo.cornell.edu/geology/classes/Geo656/656notes03/656%2003Lecture09.pdf



Short lived isotops

1001.5444



Two approaches complete each other
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Origin of 26Al and other short lived elements
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aluminum (white), magnesium (green), 
silicion(blue), calcium (yellow), iron (red)
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Number of stars in the Sun cluster

Near-by supernova or
an AGB/WR star.

Cluster cannot be too rich,
otherwise EUV and FUV
emission of massive stars
can significantly influence
protoplanetary disc
within 30 AU due to
photoevaporation.



Supernova vs. evolved star

1501.03101

SN overproduce 60Fe in comparison with 26Al.

Thus, the exact origin is not known, yet.
It seems that Fe-60 has been formed due to a SN
(on larger time scale), and Al-26 ςappeared from 
wind of a near-by evolved star.

Distribution of small-ōƻŘȅΩǎ ƻǊōƛǘǎ ŀƭǎƻ Ǉǳǘ ŎƻƴǎǘǊŀƛƴǘǎ 
on properties of the solar cluster (see 1001.5444).

Model of Al-нс άƭƻƎƛǎǘƛŎέ ōȅ ŀ ǎǘŜƭƭŀǊ ǿƛƴŘΦ
A dense envelope is continuously enriched in Al-26,
and the Sun is formed from this material. 



Constraints on the solar cluster

1001.5444



Supernova influence on the SoSys

1802.04360

Distance 0.15-0.4 pc

- heating (dust melting)
- enrichment
- blast wave
- stripping
- tilting

Difficulties in explaining all data
in one framework with a single SN
(in particular, difficult to explain
the abundance of Al-27).



Minimum mass solar nebula

0903.5077 Zhang et al. (2017). 1705.04746 Nature Astronomy v. 1 



Different variants of the MMSN

Hayashi 1981
Normalized by the estimate
of Jupiter formation 1.55<r<7 AU
(mass of solids =  15 Earth masses)

Desch2007
Planets at initial positions
in the NICE model

Important: nebula parameters might allow
proper regime of planetary migration (0903.5077).

In the classical MMSN mass of the disc is ~0.01 solar mass between 2 and 30 AU.



New MMSN model

Desch2007

Based on the Nice model

Gas/solid = 67 (i.e. solids = 1.5%)

Initial positions: Jupiter ς5.45 AU; Saturn ς8.18 AU; Neptune ς11.5 AU; Uranus ς14.2 AU
Uranus and Neptune change places during migration!



Surface density

Desch2007

Steep profile is achieved thanks to 
photoevaporationof the outer parts of the disc
due to influence of a massive star.
Mass partly flows out to compensate losses.



Comparison with the isolation mass

Desch2007

Vertical lines ςtotal amount of solids in each planet.

Planets collect almost all available solids
in their feeding zones.



Long term evolution of the Solar system

1501.03101

On each plot the 19 curves represent intervals of 250 Myr. 

Each curve is based on 1001 solutions 

with very close initial conditions. 

The variation of these curves reflects 

the chaotic diffusion of the solutions 

(Laskar 2008, see arXiv: 0802.3371). 



Planetesimal-driven migration

1807.06647

Jupiter migrates inward, other giants ςoutward.
Ejection of 15 Mearth by Jupiter results in migration by 0.2 au. ǊɻκǊ Ғ Ƴκa



Three papers in Nature in 2005:

Å Planet migration
Å Late heavy bombardment
Å Jupiter Troyans

Four giant planets +
a disc of planetesimals
with the mass 35 MEarth



Planet migration in the Nice model
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Tsiganiset al. 2005



Late heavy bombardment

Gomes et al. 2005

While the gas disk is still existing not all particles
can survive long enough. 
Thus, the inner edge of the planetesimalsdisc
appears at ~15-16 AU.

Position of the disc of planetesimals
determines the rate of planet migration.
Thus, the time of 1:2 resonance crossing
ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ Ǉƻǎƛǘƛƻƴ ƻŦ ǘƘŜ ŘƛǎŎΩǎ ŜŘƎŜΦ

Jupiter-Saturn
1:2 resonance
is crossed at
~600-900 Myrs
after formation.



Revisiting the timeline of the LHB

1801.03756

1. If HSE indicate the amount of accreted matter,
then earlier results are confirmed:
cataclysmic LHB 3.95  Gyrago

2. If HSE were transported to the core
(in the cases of Moon and Mars),
then all the data can be explained by
an accretion tail.

HSE - highly siderophileelements:
transition metalswhich tend 
to sink into the core 
because they dissolve readily in iron.

asteroids (thin black curve), 

comets (thin green curve), 

leftover planetesimals (thick cyan curve).

Instability 4.5 Myr ago

https://en.wikipedia.org/wiki/Transition_element


Dynamics

Gomes et al. 2005

100 Myr 879 Myr

882 Myr +200Myr

Mass accreted
by the Moon

LHB lasted
for ~100 Myr


