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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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Disk Masses



Williams & Cieza 2011

Gas is cleared from the disk 
mainly by a combination of: 

accretion onto the central star, 
accretion into gas-giant planets, 

and photoevaporation 

Disk Evolution



Image credit: Mulders, thesis, University of 
Amsterdam, adopted from Dullemond et al. 2007

But recall that near-infrared 
observations probe dust from 

close to the central star

What about the 
total dust mass?

Observational constraints on the lifetime of PPDs

Fraction of stars with disks 
in star-forming regions of 

different ages
(based on near-IR emission)

Mamajek 2009

Disk Lifetimes



Planetesimal Formation
It all starts with dust… 

Dust grains (<1 micron) are present in atmospheres of 
giant stars 

-> but their formation is still debated



Planetesimal Formation

At this early stage, motion of grains 
is coupled to gas 

Fractals form, held together by van 
der Waals force (short-range force 
from interaction of dipole moments 
at surface of grains that are in 
contact) 

At ~1 mm: bouncing/fragmentation 
barrier! 

-> but need sticking for 
growth 

-> ongoing research 
-> magnetic fields could 
shift bouncing barrier to 
larger sizes -> magnetic 
aggregation

Magnetic field on 

Magnetic field off 
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Figure 10. Formation of an elongated cluster of aggregates after applying a magnetic field of 7 mT
(from Kruss and Wurm [138]).

This mechanism can clearly shift the bouncing barrier to larger sizes, preferentially for metal (iron)
rich aggregates. Therefore, below the Curie temperature of 1040 K where iron is ferromagnetic and
decreasing with distance to the star, the preferential growth of Mercury-like (iron rich) planets might
be initiated. This is also consistent with the general trend of iron depletion with the radial distance. It
is also interesting that this mechanism is again tied to a temperature threshold of about 1000 K as also
found in the collision experiments with tempered dust and—more important—in the (preliminary)
statistics of terrestrial extrasolar planets [27]. The study of magnetic aggregation has just started, but
the first results show promising potential, especially for Mercury formation.

4. Conclusions

Laboratory experiments are a valuable tool for testing and quantifying different mechanisms that
might be important for planet formation. With a focus on Mercury, processes that act better at small
distances to the star and that distinguish between iron and silicates are of special interest. Increasing
temperatures are one aspect, and clearly, collisions depend on the temperature—its history as well as
the actual temperature during collisions. No concluding remark can be given yet, except that growth
changes. More work is needed in this field beyond the handful of experiments carried out.

For the application of photophoresis, light, or at least temperature fluctuation, is a prerequisite.
So, in a sense, this mechanism always has to fight for light. However, if any directed or fluctuating
radiation field is present, at least ranging from visible to IR, its effect is huge, and it cannot be neglected.
It has the advantage of combining two aspects: it is, in principle, stronger closer to the star and it can
separate iron from silicates, both supporting the radial metal gradient and Mercury’s iron nature.

Krus & Wurm (2018)



The Drift Barrier
As particles grow in mass, they decouple from the gas and begin to settle toward 
the mid-plane of disk 

Consider: gas is partially supported against stellar gravity by pressure in radial 
direction, so gas moves slower than Keplerian rate.

Smaller grains are coupled to the gas, but: 
Larger particles (mm - cm) move at speeds 
closer to Keplerian and thus feel a 
headwind from the slower gas.  

-> some angular momentum is 
removed from particle -> they drift 
inward 

Very large bodies (km-sized) have low 
surface area to mass ratio, so feel less 
headwind -> no drift







Planetesimal Formation

Gravitational instability planetesimal formation:  

• if dust settles in very thin disk that is also nearly perfectly free of 
turbulence, then dust disk may fragment into clumps that collapse 
under own gravity; 

• problem: turbulence prohibits these circumstances from being 
reached. 

Streaming instability: 
• bodies drift in (from loss of angular momentum), encounter another 

one and accumulate into a cluster 
• local gas is sped up a little by cluster and rotates closer to 

Keplerian speed 
• headwind on cluster is reduced, and drifts more slowly toward 

the star 
• slower drifting clusters are overtaken and joined by isolated particles 

from further away, increasing the local density and further reducing 
radial drift 

• -> exponential growth of the clusters



From Planetesimals to Planetary Embryos
Lots of planetesimals floating around.  
These O(1 km)-sized bodies feel much less headwind from the gas. 

Collisions abound: 
- can be mostly inelastic -> accretion 
- elastic -> fragmentation 
- elastic -> rebound 

- “semi”-Keplerian orbits are changed to random motions 







Gravitational Focusing

Without gravitational focusing: 

Γ = π  Rp2 

Rp

With gravitational focusing: 

Γ = π  b2  = π (Rc2 + 4RcGm/v2)




