
Formation of Planetary Systems 
I. Theory vs. Theory

Formation of Planetary Systems 
I. Theory vs. Theory

The Formation of 
Planetary Systems

Heretic’s Approach to 
Solar System 

FormationFForm

Alan P. Boss
Carnegie Institution of Washington

Kobe International Summer School of Planetary Sciences
“Origin of Planetary Systems”

Awaji Island, Japan
July 12, 2005













Typical disk 
lifetimes are
three million 
years or less, 

though a fraction 
of disks persist

for longer 
periods of time















Mayer et al. 2002
disk instability 
model after 800 yrs

[SPH with simple
thermodynamics]

time evolution of
clump orbits



Virtual protoplanet orbits for at least 1000 years, at least 30 orbits

Boss 2005 (ApJ, in press)



Disk Instability?
In order for disk instability to be able to form giant 
protoplanets, there must be a means of cooling the disk on 
the time scale of the instability, which is on the order of the 
orbital period.

Radiative cooling in an optically thick disk is too inefficient 
to cool the disk’s midplane, as its characteristic time scale is 
of order 30,000 yrs for the solar nebula at 10 AU.

The only other possible mechanism for cooling the disk 
midplane is convective transport – can it do the job? 



Vertical 
scale 
expanded 
by 10

Inner 
edge

4 AU 20 AU

2 AU
Temperature contours 
at 339 yrs

^     ^    ^ ^   ^    ^



4 AU 20 AU

2 AU

Vertical scale 
expanded by 
10

Superadiabatic vertical temperature gradients 
(Schwarzschild criterion for convection)

339 yrs

^      ^ ^  ^   ^    ^



Velocity vectors at 339 yrs

2 AU

8 AU 14 AU^                       ^ ^ 



Vertical Convective Energy Flux

1. For each hydrodynamical cell, calculate the vertical 
thermal energy flux: 

Fconv = - vθ A E ρ

where vθ = vertical velocity, A = cell area 
perpendicular to the vertical velocity, E = specific 
internal energy of cell, and ρ = cell density.

2. Sum this flux over nearly horizontal surfaces to find 
the total vertical convective energy flux as a function 
of height in the disk.



339 yrs

Peak flux is high enough to 
remove all thermal energy 
from this ring of gas in 50 
yrs.



Rapid Convective Cooling? (Boss 2004)

• Radiative transfer is unable to cool disk midplanes on the 
dynamical time scale (a few rotational periods).

• Convective transport appears to be capable of cooling 
disk midplanes on the dynamical time scale.

• Evidence for convective transport includes Schwarzschild
criterion for convection, convective cells seen in velocity 
vector fields, and calculations of the total vertical 
convective energy flux.

• Assuming that the surface can radiate away the disk’s 
heat on a comparable time scale, marginally 
gravitationally unstable disks should be able to form giant 
protoplanets. 



Habitable Planets per System
Chambers (2003)

[defined as terrestrial planets with masses greater that 1/3 that 
of Earth and Earth-like orbits]

• Normal Jupiter and Saturn
• Jupiter only, mass x 3
• Jupiter only, eccentricity = 0.4
• Jupiter & Saturn, both mass x 3
• Jupiter normal, Saturn mass x 3
• Jupiter & Saturn, both mass/3

• 1.0              0.6                  0.7
• 0.8              0.5                  0.7
• 0.1              0.2                  0.4
• 0.0              0.0                  0.0
• 0.3              0.6                  0.4
• 0.8              0.9                  0.9

Giant Planet System
Configuration:

Giant Planet Formation Time:
0 Myr        3Myr         10Myr







Pollack
et al.
1996

Inaba et al. 2003: 200/1 = gas/solids

Boss 2003

Toomre Qi = 1.6 to 1.3



Boss (2003) disk instability model after 429 yrs, 30 AU radius



Boss (2003)



A new paradigm for forming the giant planets rapidly:

Marginally gravitationally-unstable protoplanetary 
disk forms four or more giant gaseous protoplanets 
within about 1000 years, each with masses of about 
1 to 3 Jupiter-masses

Dust grains coagulate and sediment to centers of 
the protoplanets, forming solid cores on similar time 
scale, with core masses of no more than about 6 
Earth-masses per Jupiter-mass of gas and dust 
(Z=0.02)

Disk gas beyond Saturn’s orbit is removed in a 
million years by ultraviolet radiation from a nearby 
massive star (Orion, Carina, …)

Continued…







Outermost protoplanets are exposed to FUV/EUV 
radiation, which photoevaporates most of their 
envelope gas in about a million years or less

Outermost planets’ gas removal leads to roughly 
15-Earth-mass solid cores with thin gas 
envelopes:  Uranus, Neptune

Innermost protoplanet is sheltered by disk H gas 
gravitationally bound to solar-mass protosun and 
so does not lose any gas:  Jupiter

Protoplanet at transitional gas-loss radius loses 
only a portion of its gas envelope:  Saturn

Terrestrial planet region largely unaffected by UV 
radiation



Carina Nebula protoplanetary disks









2 AU

20 AU radius disk, 0.09 solar masses, radiative transfer

Need an oblique shock front to have large enough
velocity difference to heat gas and form chondrules



Pre-shock densities of 10-13 to10-14 g/cc

Post-shock densities of 10-11 to10-12 g/cc



Mixing and Transport of Chondrules 
and CAIs in the Solar Nebula

• Assembling the chondrites appears to require the outward 
transport of the CAIs from the inner nebula to the asteroidal 
region.
• Outward transport of CAIs could be via X-wind above the disk or 
via gas motions within a marginally gravitationally unstable disk.
• Explaining the thermal annealing of crystalline silicates observed 
in comets and protoplanetary disks may require inward and 
outward transport over significant distances in the disk.
• Can solids in a gravitationally unstable disk be transported 
inward or outward through the region of maximum gravitational 
instability, or does this unstable region present a barrier to large-
scale transport?
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15 AU
α = 0.0001
757 yrs

20 AU 
radius 
disk



gas and dust

magnetically dead
CAIs?       dust and  CAIs?

0.1 AU 1 AU 10 AU 

t = 0.0 Myr (CAIs) 



disk instability

rapid in/out transport
dust and  CAIs mixed inward and outward

0.1 AU 1 AU 10 AU 

t = 0.01 Myr (CAIs) 



Jupiter-mass clumps

rapid in/out transport

0.1 AU 1 AU 10 AU 

t = 0.02 Myr (CAIs) 



Jupiter-mass clumps

rapid in/out transport

0.1 AU 1 AU 10 AU 

t = 0.03 Myr (CAIs) 

shock fronts



Jupiter-mass clumps

rapid in/out transport

0.1 AU 1 AU 10 AU 

t = 0.03 Myr (CAIs) 

shock fronts

chondrules formed, CAIs 
reprocessed by shock heating, 
solids transported in/out



rapid in/out transport

0.1 AU 1 AU 10 AU 

t = 1 Myr (CAIs) 

shock fronts

nearby O star photoevaporates 
outer disk gas down to Saturn’s 
orbit, outer ice giants result



rocks                     

0.1 AU 1 AU 10 AU 

t = 3 Myr (CAIs) 

J S

inner disk gas accretes onto 
protosun, km-sized and larger 
solids left behind to form inner 
planets and asteroid belt
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Disk instability can form gas and ice giant planets in the 
shortest-lived protoplantary disks

Terrestrial planet formation through collisional accumulation is 
permitted and even accelerated

Implies that Solar System may have formed in a massive-star-
forming region, e.g., Orion, where most stars form

Giant planet formation leads naturally to shock fronts at 2.5 AU
that are capable of forming the chondrules

Strong UV fluxes form complex organic mantles on ice grains 
and icy planetesimals through photochemistry

Headstart for prebiotic chemistry — formation of amino acids at 
an early phase of evolution

Consistent with general belief that planetary systems similar to
our own need not be rare — and neither need be life?


