
News and Reminders

Homework 5 posted - due Monday, Nov. 18 

Proposal reviews - due now 

End of semester proposal due dates: 
-     Abstract due: Monday, Nov. 11 
-     Proposal due: Monday, Dec. 2 



A Solar System Planet Formation Model 
Must Explain Its Properties

• Orbits + angular momentum distribution: circular vs. eccentric; is SS packed? 
• Sizes and densities of planets: density ~decreases with distance 
• Shapes and densities of small bodies: porous! esp. R < 100 km 
• Asteroid and Kuiper belts + Comets 
• Moons 
• Rings: interior to largest moons 
• Age: chondritic meteorites -> 4.568 Gyr -> formed very early; Earth+Moon rocks 

are younger. 
• Meteorites: cool grains + heated inclusions -> mixing of solids in the disk; similar 

ages -> fast accretion period 
• Isotopic composition: isotopic ratios mostly uniform, some variation from 

radioactive decay/incomplete mixing; also: where did the short-lived initial 
isotopes come from? 

• Differentiation: needs melting -> implies high T at some point in past 
• Composition of atmospheres: H abundance lower than Sun, metal 

abundances higher than Sun. 
• Surface structure: some surfaces are too cratered to explain with today’s 

impact rates
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Disk StructureDISK GAS COMPOSITION
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Dust plays an important role in temperatures as well as radiation propagation, 
including shielding the disk rom stellar UV and X-rays

Slide modified from Cleeves

Gas & dust densities are higher in the disk midplane and closer to the star 

Midplane

Surface Layers

Surface Layers
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Disks are optically thick in infrared
and optically thin in millimeter

To witness planet formation we must observe in millimeter

• IR = disk surface closer to 
the star (0.1 - 10s of AU)

• sub-mm = larger distances 
and deeper into the disk

Disk Structure



TW Hydrae (ALMA image)

Andrews et al. 
(2016)



Images of Disks (mm)

Andrews et al. (2018)



Images of HD 163296 disk  
(ALMA - gas component)



Distribution of Disk Sizes
Disk Size Distribution



Radial Structure Along the Disk Midplane
Condensation Sequence & Snow lines

Source: Lecture by William M. White

Temperature

Image credit: NASA / JPL-Caltech, 
InvaderXan of http://supernovacondensate.net/.

Snow line or frost line= distance from the central star at 
which a particular chemical species freezes out into iceCondensation Sequence



• ANTEPOSUERIT 

Öberg, Murray-Clay and Bergin 2011

Planet’s Envelope

Planet’s Core

Baseline expectation: freeze-out changes the chemical environment from which planets accrete
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SNOW LINES AND PLANETS

Snowlines

C/O ratio of disk 
gas changes with 
distance from the 

central star

Slide modified from Cleeves

Radial Structure Along the Disk Midplane
Condensation Sequence & Snow lines

Source: Lecture by William M. White

Temperature

Image credit: NASA / JPL-Caltech, 
InvaderXan of http://supernovacondensate.net/.

Snow line or frost line= distance from the central star at 
which a particular chemical species freezes out into iceSnowlines

Baseline expectation: freeze-out 
changes the chemical environment 
from which planets accrete



The Minimum Mass Solar Nebula (MMSN)

How much mass was needed to form the planets?

1. Take the mass in each planet

2. Increase H/He to solar composition

3. Spread the mass into an annulus around each orbit

Jupiter’s orbit

Spread Jupiter’s augmented mass (~5x real mass)
across this annulus to yield a column density. 

Inference from theory
Minimum-Mass Solar Nebula (MMSN)



Minimum-Mass Solar Nebula (MMSN)
Evidence from the Solar System



4.2. Stellar Mass versus Disk Mass

In Figure 6 we show the stellar mass of the protostars
compared with their disk mass. Class I have systematically
larger disk mass than Lupus Class II stars, as expected from the
evolutionary path.

The Mdisk versus Må distribution of Class I samples is flat
compared with the steeper slope for Class II systems. The

evolution of this trend for Class II has been studied in previous
works (e.g., Pascucci et al. 2016; Ansdell et al. 2017; Testi
et al. 2022), which concluded that the slope becomes steeper
with time. Therefore, our finding is consistent with this trend.
Models of early disk formation and evolution suggest rapid

change of the Mdisk versus Må relation in the first 0.1 Myr of
system evolution (Hennebelle et al. 2020). Therefore the low
ratio seen for only young sources is consistent and suggests
extreme youth of those systems.
An open question regarding accretion is how much the

episodic accretion is statistically important in the star formation
process, since the list of eruptive objects is nowadays confined
to about 50 sources at different evolutionary stages (Fischer
et al. 2022). According to the current scenario of eruptive
accretion, the disk instability is fundamental in triggering the
extremely strong outbursts of FUors and EXors. Therefore, it
makes sense to look for hints of disk instability in “steady”
accretors. Signatures of disk fragmentation and other effects of
instability in the young disks have been observed in several
works (e.g., Tobin et al. 2016b; Alves et al. 2019). Thanks to
the sensitive observations, new techniques can even trace a past
outburst by studying the ice-line radius or the presence of
outburst tracers (see Fischer et al. 2022, and references therein).
Indeed, Kóspál et al. (2021) found that about 2/3 of FUors in
their study may have a gravitationally unstable disk, which can
cause the typical strong outbursts.
Motivated by this, we checked in Figure 6 the stability of the

disks in our Class I sample (including some FUors). We plot a
blue dashed line that represents the edge of the disk instability
regime (light blue region), where Mdisk> 0.1 Må (Equation (3)
in Kratter & Lodato 2016). The plot shows that 81% (17 out of
21) of the sources in our sample, 75% (9 out of 12) of sources
in Table 2 (purple dots), and 78% (21 out of 27) of sources in
Table 3 (orange dots) lie in the light blue region. This means
that while all Class II disks appear stable, the majority of

Figure 5. Left: accretion luminosity vs. stellar luminosity. Red and blue dots are Class I with rK < 3 and rK > 3, respectively, and are blurred depending on the
assumed age as described in the legend. Source for which photometry at λ > 100 μm is not available are surrounded by big red/blue empty circles. The two values
(birthline and 1 Myr) are linked by a line to show that all the combinations of accretion and stellar parameters between the two dots are possible. Similarly, the ranges
of possible parameters assuming the age between the birthline and 1 Myr are shown for the NGC 1333 cluster depending on the veiling, pink for rK > 3 and black for
rK > 3. Empty black circles are Class II of Lupus and Perseus NGC 1333 clouds, and triangles showed the related upper limits. The solid and dotted–dashed lines are
the best fit of the Lupus and NGC 1333 Class II, respectively (Fiorellino et al. 2021). The gray region corresponds to the standard deviation of the fits. Right: mass
accretion rate vs. stellar mass. All the symbols are as in the left panel. The dashed–dotted black line shows M Mlog logacc µ .

Figure 6. Disk mass vs. stellar mass. Red dots are our Class I results assuming
they are on the birthline; the pink dots are the same sources’ results assuming
they are 1 Myr old. Big empty red circles highlight source ID 02, for which no
photometry at λ > 100 μm was available. Other sources with the same issue
are not shown in this plot since we do not provide Mdust estimates for them.
Purple dots are sources in Table 2, where blurring indicates the age for the
NGC 1333 sources, as described in the main text. Orange dots are sources in
Table 3. Red stars are FUors from Appendix B. The blue dashed line marks the
region of the disk instability regime Mdisk > 0.1 Må, filled in light blue.
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