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dependence on the initial orbital separation of protoplanets is clearly shown. The
constants c1 and c2 are smaller and larger for the larger initial 〈e2〉1/2 and 2〈i2〉1/2

of protoplanets, respectively. With only a small initial 〈e2〉1/2 and 2〈i2〉1/2 the in-
stability timescale drastically shortens for large bini.

5.2. Giant impacts
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Fig. 12. Time evolution of the semimajor axes (solid lines) and pericenter and apocenter distances
(dotted lines) of planets (left). Snapshots of the system on the a-e plane at t = 0, 106, 107, 108,
and 2× 108 year (right). The size of circles is proportional to the physical size of planets.

After a protoplanet system becomes orbitally unstable the giant impact stage
of protoplanets begins. As this process is stochastic in nature, in order to clarify
it, it is necessary to quantify it statistically. Kokubo et al.,31) Kokubo and Ida,32)

and Kokubo and Genda33) investigated the basic dynamics of the giant impact stage
statistically with many N -body simulations.

Figure 12 shows an example where three terrestrial planets are formed from 16
protoplanets.31) In this run the giant impact stage lasts for about 7 × 107 years.
In the standard disk model, two Earth-sized planets typically form in the terrestrial
planet region. Kokubo et al.31) find that an important parameter of the initial
protoplanet system for the number and mass of final planets is the total mass of
protoplanets, Mtot. The effects of the surface density distribution of the disk are
unified using Mtot. In Figure 13, the average masses of the largest planet 〈M1〉
and the second-largest planet 〈M2〉 are plotted against Mtot for various models of
protoplanet systems with different surface densities and radial extent together with
their empirical fits. It is clearly shown that both 〈M1〉 and 〈M2〉 increase almost
linearly with Mtot and 〈M1〉 $ 0.5Mtot and 〈M2〉 $ 0.3Mtot. This result shows that
protoplanet accretion proceeds globally, in other words, over the whole terrestrial
planet region. Thus the large-scale radial mixing of material is expected.

The spin parameters of terrestrial planets are determined by the angular mo-
mentum brought by giant impacts.32) The spin angular velocity averaged in mass
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MIGRATION IN GAS DISC RESONANT CHAIN ASSEMBLY
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Migration was prevalent in the past
(but not from beyond the water ice line,

since super-Earths are rock/metal with no ice)

“middle age”    7 resonant systems / 15

“young”    6 resonant systems / 7

BREAKING THE CHAINS
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Li, EC+25, submitted

• TTV phases (free eccentricities) > 0 ✔
• Resonant peaks are wide of commensurability ✔
• 2:1 trough is short of commensurability ✔
• Non-resonant (merger) masses > resonant planet masses ✔ 
• Period ratio continuum ✔ 
• 100 Myr timescale ？

Li, EC+25, submitted



Chen, Su+20, Genda+15

HD 172555

ID 8 Meng+14, 15, Su+19
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CATASTROPHIC COLLISIONS
IN DEBRIS DISKS

Beta Pictoris
Kalas & Jewitt 2000

t ∼ 100 Myr



(a) HD 61005

100 au

HD 32297HD 61005 (“The Moth”)
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HD 111520HD 15115 (“The Blue Needle”)

MYSTERIOUS MORPHOLOGIES

HD 111520

HD 106906

WINGED DISKS

LOPSIDED DISKS



ANATOMY OF A GIANT IMPACT

progenitor

face-on edge-on



ANATOMY OF A GIANT IMPACT

face-on edge-on

Collision fragments return to original collision point
for continued grinding

“collision point singularity”

Jackson+14
Kral+15
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ANATOMY OF A GIANT IMPACT

“collision point singularity”

dust blown out by radiation+wind pressure

Lee & EC 16
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Dust from two collision points

Circular progenitors
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1.3 mm continuum
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Fast-Moving Features
in the AU Mic Disk
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Ṁ ⇠ Mcloud

tcycle
⇠ 4⇥ 10�8M�/yr

EC & Fung 17

Krist+05



Primary ring

NWSE
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Kuiper Belt coagulation simulations
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Table 1. Possible Explanations for Debris Disk Scattered-Light Asymmetries

Disk ID Giant Impact ISM Sculpting Gravitational Perturber Comments References

HD 15115 Y double needle = double impact 1, 2

AU Mic Y collision point avalanches 3

HD 32297 Y ? double wings 1, 4, 5

HD 61005 ? Y straight wings + vestigial wings 1, 4, 5, 6

� Pic Y Y needle from giant impact; warp from � Pic b 7, 8, 9, 10

HD 106906 Y Y Occam’s razor prefers HD 106906b 1, 11, 12, 13

HD 111520 Y warp analogous to � Pic warp 1, 9

Note—Y = Yes, this seems a viable explanation. ? = Possibly relevant but probably not a dominant e↵ect.

References—1. This paper 2. Mazoyer et al. (2014) 3. Chiang & Fung (2017) 4. Debes et al. (2009) 5. Maness et al. (2009) 6. Olofsson
et al. (2016) 7. Dent et al. (2014) 8. Janson et al. (2021) 9. Mouillet et al. (1997) 10. Dupuy et al. (2019) 11. Lee & Chiang (2016)
12. Rodet et al. (2017) 13. Moore et al. (2023)

the viewing orientation. When the halo orbits derive in-
stead from collision fragments precessed by a perturber
(case two), they can generate “forks”, akin to the zodia-
cal dust bands from asteroid collision families (Dermott
et al. 1984). Left-right asymmetries in surface brightness
abound in both cases, including for collision progenitors
on circular orbits.
Though non-axisymmetry is the norm in the after-

math of a giant impact, some of the above morphologies
are not unique to giant impacts. Bulbs are generically
produced by scattering phase functions that strongly
forward scatter (Lin & Chiang 2019), and needles can
also result from disks shaped by eccentric planets (Lee
& Chiang 2016). By contrast, the double wing requires
a degree of apsidal alignment that seems di�cult to
achieve except through a giant impact. The double wing
is seen when the collision point is situated nearly but not
exactly behind the star relative to the observer. One set
of wings consists of the arms of the parabolic orbit traced
by the most marginally bound grains. A second pair of
wings is composed of grains on smaller orbits, lingering
at their apastra which point toward the observer. Both
sets of wings are seen in forward-scattered starlight.
We also generated thermal emission maps of dust from

a collision point, suitable for comparison with ALMA
or JWST observations. In nearly edge-on views of the
disk, the collision point shows up as a factor-of-2 local
over-brightness. The brightening near the collision point
arises because of a local, order-unity enhancement in the
line-of-sight column density.
We compared our model images with observations of

five debris disks with strongly non-axisymmetric shapes.
Table 1 summarizes our views on whether the scattered-
light morphologies of these systems are best explained

by giant impacts, sculpting from the interstellar medium
(ISM), or perturbations from a nearby massive body.
HD 15115 presents perhaps the clearest case for im-

pacts. The system features two needles, one pointing
west and a shorter one pointing east. The hypothesized
giant impact underlying each needle throws dust onto
orbits made highly elliptical by stellar radiation+wind
pressure, their apastra pointing down the needle’s long
end. As the two needles di↵er in brightness and the lo-
cations of their collision points, they trace di↵erent col-
lision circumstances with potentially di↵erent dust min-
eralogies. Detecting spectroscopic di↵erences between
the two needles could support this hypothesis; see, e.g.,
Telesco et al. (2005) for observations along these lines
for � Pic.
HD 32297 and HD 61005 both feature, to di↵erent

extents, double wings. Our collision-point model re-
produces the gross appearance of HD 32297 in scat-
tered light. However, we cannot account for the opti-
cal disk’s particular left-right asymmetries, which might
owe their origin instead to drag from the interstellar
medium (ISM; Scherer 2000; Debes et al. 2009; Maness
et al. 2009). HD 61005 may be more if not entirely dom-
inated by ISM sculpting, as a giant-impact-only model
fails to reproduce how much brighter, and how straight,
its dominant pair of wings are. Current ISM models
have calculated the e↵ects of unidirectional ram pres-
sure on individual grain orbits, but have yet to treat
how an ensemble of grains responds, i.e. how secular
forcing by gas, ram-pressure blow out, and grain-grain
collisions work together to shape the grain size and or-
bital distributions. How the ISM interacts with any host
stellar wind may also be significant.
HD 106906 presents a needle morphology, together

with a brightening on the short end of its needle that

Jones, EC+23
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CHONDRULES

0.1-1 mm igneous spheres
30-99% volume fraction
near-solar composition
4.562-4.567 Gyr old

Connelly+12



8/3/23, 1:53 PM COMPLETE SLICE OF THE SINGULAR GUJBA METEORITE

https://www.christies.com/en/lot/lot-5987737 1/5

SIGN IN HOW TO SELL |

52

COMPLETE SLICE OF THE SINGULAR GUJBA METEORITE

ACHONDRITE – BENCUBBENITE YOBE, NIGERIA

Price realised Estimate

8/3/23, 1:53 PM COMPLETE SLICE OF THE SINGULAR GUJBA METEORITE

https://www.christies.com/en/lot/lot-5987737 1/5

SIGN IN HOW TO SELL |

52

COMPLETE SLICE OF THE SINGULAR GUJBA METEORITE

ACHONDRITE – BENCUBBENITE YOBE, NIGERIA

Price realised Estimate

8/3/23, 1:53 PM COMPLETE SLICE OF THE SINGULAR GUJBA METEORITE

https://www.christies.com/en/lot/lot-5987737 1/5

SIGN IN HOW TO SELL |

52

COMPLETE SLICE OF THE SINGULAR GUJBA METEORITE

ACHONDRITE – BENCUBBENITE YOBE, NIGERIA

Price realised Estimate

relative siderophile abundances. If it were assumed that the initial
gas had a lower Ir/Fe ratio, perhaps near 1.7 !g/g so that it lay at
the base of the trend defined by the data, then the metal enrichment
required to match the data would be even greater than the factor of
107 used here. No metal enrichment factor for the gas succeeds in
matching the two outlying data from Weatherford (Fig. 4). Re-
gardless, the high-metal condensation model is a significant im-
provement over the 10!4 bar nebular condensation calculation in
describing the refractory siderophile element signatures in these
meteorites. Likewise, Figure 4 shows that at high metal partial
pressures, Pd is significantly more refractory than Fe, and the data
are again better described by equilibrium with a metal-enriched
gas than with the solar nebula.
The comparison between nebular and metal-enriched con-

densation is continued in Figure 7, in which the condensation of
several moderately volatile siderophile elements is modeled
and compared to the data from metal clasts in Bencubbin,
Weatherford, and Gujba. These data exhibit greater scatter than
the more refractory elements in Figure 4, possibly because of
their much lower abundances (Fig. 2). However, the calculated
abundances of these elements is very sensitive to the initial gas
conditions (note the log scale in Fig. 6), and the data are
therefore still very useful in discriminating between a nebular
or nonnebular condensation origin. The Cu data are much better
described by the metal-enriched gas curve than by the solar
nebula curve, with the exception of a few outlier points. The Ga
data also lie closer to the metal-rich curve; the systematic shift
in the data to lower abundances than predicted may represent
partitioning of Ga between metal and the coexisting silicate, or
the presence of a Ga-bearing gas species. There is a much
smaller difference between the two condensation paths for Au,

and the data are consistent with either curve, within the scatter.
The calculated nebular condensation path for Sb lies far below
the observed values, but Sb is much less volatile at higher gas
densities, and the metal enrichment of the gas improves the fit
to the data by over 2 orders of magnitude (Fig. 7). The agree-
ment between the LA-ICP-MS data on moderately volatile
siderophiles and the high-density gas condensation calculation
provides powerful support to the notion that the Bencubbin
metal clasts formed by condensation or evaporation in a gas in
which the siderophile elements were highly enriched, by sev-
eral orders of magnitude, relative to the partial pressures of
these elements expected in the early solar nebula.
Neither the calculations nor the data require a particular

physical setting in which the gas could have achieved such high
partial pressures. However, it is known that impact processes
played an important role in early solar system dynamics, and on
this account the model of Kallemeyn et al. (2001), in which the
bencubbinites formed in a cloud of impact ejecta, deserves
consideration. Any alternative mechanism for generating a
dense, metal-rich gas would, in our view, be equally useful for
generating the metal compositions, but no such alternative has
been advanced. We have focused on the siderophile abun-
dances, for which we have obtained detailed measurements. In
the next section the possible behavior of nonmetallic compo-
nents in an impact cloud is considered.

4.4. Nonmetallic Components and Oxidation State of an
Impact Cloud

An impact between two planetesimals would involve more
than metallic components. Bencubbin is highly enriched in

Fig. 6. Condensation curves for Fe, Cu, Pd, and Ir under nebular and metal-rich conditions. Gray curves, at lower
temperatures, represent condensation of solid metal alloy from a solar gas at 10!4 bar total pressure. Black curves, at higher
temperatures, represent condensation of liquid metal alloy from a gas that is uniformly enriched in the siderophile elements
by a factor of 107 relative to the solar gas. Note that Pd is significantly more refractory than Fe in the metal-rich gas, in
contrast to its behavior in solar gas, while Ir is highly refractory relative to Fe in both cases.

655Formation of metal in Bencubbinites

because, to a great extent, metal alloy condenses independently
of the silicate portion of the gas. In constructing the high-metal
condensation trajectories, thermodynamic data for the liquid
phase of the elements were used, anticipating the elevation of
the condensation temperatures (Tc) above the melting point of
Fe-rich alloy (Hultgren et al., 1973a, 1973b); in other respects
the calculations are like those in Campbell et al. (2001a), which
follow a procedure outlined by Palme and Wlotzka (1976) and

Fegley and Palme (1985). Figure 6 shows the effect on a few
representative elements of enriching the gas in metals by a
factor of 107, i.e., siderophile element abundances were in-
creased in this calculation by 7 orders of magnitude, relative to
a solar gas at 10!4 bar. Raising the partial pressure of metal in
the gas raises the condensation temperature (Grossman, 1972).
However, the Tc of each element is affected differently, be-
cause the Gibbs free energies of the elements have different
temperature dependences. Under the 107" metal-rich condi-
tions in Figure 6, metallic alloy condenses as a liquid at#2500
K (50% condensation temperature), and the initial partial pres-
sure of Fe is 0.06 bar. Note that Ir remains highly refractory
under metal-rich conditions, although its Tc is now closer to
that of Fe. The other refractory siderophiles (Ru, Rh, W, Re,
Os, Pt) also remain highly refractory; all of them are $99%
condensed at the 50% condensation point of Fe. Palladium
becomes more refractory relative to Fe than it was under solar
nebula conditions (Fig. 6). Metal enrichment of the gas also
enhances condensation of Cu into the alloy; at the 50% con-
densation point of Fe, Cu is #3% condensed in the metal-
enriched gas but only %0.2% condensed in the 10!4 bar solar
nebula.
Condensation trajectories, using a metal enrichment factor of

107, have been added to Figure 4, and the agreement in these
figures between the high-metal condensation paths and the data
is very good. The Ir-Ni trend is well described by the calcula-
tion; recall that because the refractory siderophiles are unfrac-
tionated from Ir, Figure 4 is equally representative of Ru, Rh,
Re, Os, or Pt vs. Ni. At the low-Ni end of the calculated trend,
the data fall slightly below the calculation. This may reflect (1)
a small degree of fractional condensation; (2) that Weatherford
and Gujba, to which these points correspond, were processed
under slightly different conditions than Bencubbin; or (3) an
inital gas composition that differs slightly from chondritic

Fig. 4. Ir/Fe vs. Ni/Fe (top) and Pd/Fe vs. Ni/Fe (bottom) for metal
clasts in Bencubbin (circles), Gujba (squares), and Weatherford (trian-
gles). The chondritic abundances (Anders and Grevesse, 1989) are
represented by the solid square. The addition or removal of Fe during
redox processing is represented by the thin solid line. Calculated
equilibrium condensation trajectories, at nebular pressures of 10!6

(bottom), 10!4 (middle), and 10!2 (top) bar are indicated by heavy
dotted lines. The condensation trajectory of a gas that is metal enriched
by a factor of 107, relative to the nebular conditions, is shown as a
heavy solid line. Data from within a single zoned metal grain in QUE
94411 (Campbell et al., 2001a) are shown as solid diamonds; 2! errors
on these points are #20%. Note that the QUE 94411 data and the
Bencubbin data follow different trends in Pd/Fe vs. Ni/Fe.

Fig. 5. Mo/Ir vs. W/Ir for metal clasts in Bencubbin (circles), Gujba
(squares), and Weatherford (triangles). Scaling these elements against
Ir allows the effect of oxidation to be observed independently of the
refractory behavior of Mo and W. The chondritic abundances are
represented by the solid square. Solid curves represent condensation
paths in a metal-enriched (107") gas, with various oxidation fugacities
indicated by their difference in log units from the iron-wüstite (IW)
buffer.
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into planetesimals by the time of the CB chondrite formation,
consistent with the disappearance of infrared excesses in the spectral
energy distributions of young solar-mass stars over a timescale of
1–3Myr (ref. 7).
We conclude that the young formation ages of the CB chondrites

and their anomalous mineralogical and chemical characteristics
discussed above are inconsistent with a nebular setting8,11,21,22 but
strongly support an origin of these meteorites in a big protoplanetary
impact9,10,24. In such an impact, melting results from shock com-
pression, which is followed by adiabatic decompression; expansion
causes the supercritical fluid to boil, producing melt droplets that are
accelerated by the expanding gases26. We suggest that large skeletal
olivine chondrules andmetal nodules in Gujba andHH 237 are melts
produced by such a collision9,24, whereas the smaller cryptocrystalline
chondrules and chemically zoned metal grains in HH 237 are
respectively gas–liquid and gas–solid condensates from a vapour
phase8,11,21–23. Unmelted fragments of the CB chondrite precursor
materials have not been observed in Gujba andHH 237 (refs 8, 9, 20).
Melosh et al.26 estimated that a collision between Moon-sized
(,1,700 km in radius) bodies would produce abundant vapour
and melt, which could be efficiently separated from the fragmented
rocks under the gravity field of the colliding bodies.
Although no such bodies currently exist in the asteroid belt (the

largest asteroid is Ceres, ,930 km in diameter), models suggest that
the present asteroid belt contains,0.1% of its original mass, most of
which was stored in the form of Moon- to Mars-sized objects, which
were subsequently removed through gravitational perturbations,
close encounters and planetary resonances12. Such embryos could
have formed in the asteroid belt in substantially less than a million
years27. Because their removal was driven primarily by resonant
interactions with Jupiter and Saturn, the timing and rate of removal
depended on the formation and orbital eccentricities of these planets.
Complete removal of large planetary bodies from the asteroid belt
might have taken as long as a few hundred Myr (ref. 12), but their
numbers would have diminished by half within only one or twoMyr
after the formation of Jupiter28. Thus we expect that energetic
collisions among them would have been most frequent soon after
the formation of the gas giant planets, which must have occurred
before the disappearance of nebular gas. It is therefore possible that
some nebular gas and dust were still present when the CB meteorites
formed. In fact, it must be considered likely that giant impacts
occurred in the asteroid belt even before nebular dust was removed;
perhaps a record of such events exists but remains unrecognized in
older meteorites.
A giant impact with a Mars-sized protoplanet is commonly

inferred to explain the origin of the Earth’s Moon29,30. Although
the Moon-forming event occurred much later (42 ^ 4Myr later;
ref. 29), and may have been more energetic than that envisioned
here, simulations of it yield some relevant conclusions30. First, the
products of such a collision are typically a massive primary sur-
rounded by orbiting material, plus a modest fraction of material that
escapes the local system, and so does not immediately become part of
the merged protoplanet. Second, as mentioned above, abundant
vapour and melt are produced. Third, vapour and melt tend to
dominate the escapingmaterial. The ultimate survival of the escaping
material is favoured over that of the massive primary to the extent
that it eventually coalesces to form (or is accreted by) numerous small
objects. That is, since ejection from the belt is size-independent, most
of the surviving objects were the more numerous smaller bodies,
while most of the mass was lost in ejected large objects that
dominated the mass distribution.
The high-precision absolute ages of the CB chondrules (andmetal)

and their unique single-stage formation mechanism have important
implications for isotopic dating. This formation event has probably
homogenized radionuclides in chondrules and metal of the CB
chondrites, and reset short-lived radiogenic isotope systems, such
as 26Al–26Mg (half-life, t1/2 ¼ 0.74Myr), 60Fe–60Ni (t1/2 ¼ 1.5Myr),
53Mn–53Cr (t 1/2 ¼ 3.7Myr), 107Pd–107Ag (t 1/2 ¼ 6.5Myr) and
182Hf–182W (t 1/2 ¼ 9Myr). These isotope systems can be used
to determine the relative ages of the earliest events in the Solar
System (for example, chondrule and CAI formation, thermal meta-
morphism, aqueous alteration, igneous differentiation and core
formation in asteroids and planets)4–6. For establishing consistent
Solar System chronology, these chronometers have to be linked
together and tied to an absolute timescale5,6. Most meteorites are
made of components formed at different time, and/or experienced
complex and prolonged post-formation metamorphic history, and
are not suitable for linking short-lived chronometers. In contrast, the
correlated studies of multiple short-lived isotope systems in CB
chondrites can potentially test the consistency among them and
provide a tie to an absolute timescale, whichwill be an important step
towards the unified timescale of the earliest Solar System.

Received 3 April; accepted 20 May 2005.
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Figure 2 | 204Pb/206Pb–207Pb/206Pb isochron diagram for three Gujba
chondrules (numbers 3, 4 and 5). 207Pb/206Pb ratios are not corrected for
initial common Pb. Error ellipses are 2j. Isochron age errors are 95%
confidence intervals. MSWD, mean square of weighted deviates.
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High-pressure condensationLate-time formation

CB/CH CHONDRITES FROM GIANT IMPACTS
Campbell+02, Krot 05
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RE-ASSEMBLY BY RADIATION-CONDENSATION INSTABILITY

σT 4κδρparticle > 0

δT < 0
δPsat < 0
δρpar > 0

EC 24

t = 0

t = 2.3 s

t = 4.7 s

ρtotC
DT
Dt

= − P∇ ⋅ v

+Lvap (−ρgas∇ ⋅ v − dρsat
dT

DT
Dt )

−4σT 4ρparκ

Dρpar

Dt
= − ρgas∇ ⋅ v − ρpar∇ ⋅ v − dρsat

dT
DT
Dt

Dρgas

Dt
= dρsat

dT
DT
Dt

Dv
Dt

= − 1
ρgas + ρpar

∇P

Linear stability analysis

Qian & EC, in prep.

ω ∼ σT 4κ /Lvap



EC 24

PLANETESIMAL FORMATION BY CAVITATION

EC 24
Non-linear bubble evolution



KIC 1255b (Kepler-1520b)

Rappaport, Levine, EC+ 12
van Werkhoven+14
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Teff ∼ 2100 K

⇒ cs ∼ 0.7 km/s

Perez-Becker & EC 13
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M ∼ 0.01 M⊕ ∼ 1 Moon ∼ 0.2 Mercury

An Ultra-Hot Disintegrating World

·Mdust ∼ 1 M⊕ /Gyr
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“nuclear winter”
“greenhouse effect”

(1)  Mass loss by evaporation (Clausius-Clapeyron)

(2)  Ground temperature and wind optical depth (Eddington two-stream)

(3)  Hysteresis
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⌧(i+ 1) = c4Ṁ(i)

Mapping the wind from time  to i i + 1

T(i) = c3 [(1 + 1/γ) + (1 − 1/γ) exp(−γτ(i)))]
1/4

·M(i) = c1 exp [−c2/T(i)]

γ ≡ κV/κIR

Bromley & EC 23

γ = 1



2-cycle

τ(i + 1) = p1 exp(2−1/4p2) exp{−p2[(1 + 1/γ) + (1 − 1/γ)exp(−γτ(i)]−1/4}
Wind map τ(i) ⇒ τ(i + 1)

τ(i + 1) = τ(i)

Bromley & EC 23



Dust condensation in strong radiation field

γ = κV
κIR

< 1

τ ≪ 1 τ ≫ 1

γ = κV
κIR

> 1

T4
star κV ∝ T4

dust κIR

iron-poor silicate iron-rich silicate

Need low  to condenseTdust
Dust composition will vary with radiation field

Booth+24

Bromley & EC 23



Chaotic divergence of trajectories

Lyapunov time
 λ−1 ∼ 5 orbits

Wind map with γ(τ)
Bromley & EC 23



Chaotic disintegration
τ(i + 1) = p1 exp(2−1/4p2) exp{−p2[(1 + 1/γ (i )) + (1 − 1/γ (i ))exp(−γ (i )τ(i )]−1/4}

Bromley & EC 24

Bromley & EC 24

van Werkhoven+14
Campos Estrada+24


