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@ Laplace |1 /96 —What can the solar system tell us about
the formation & evolution of planetary systems?

Key insights:
|. Most of the mass Is in the sun.
2. The “major planets” all orbit in the same sense.
3. Small bodies, especially comets, are very
different (history can be retained, this workshop).



@ An exoplanet perspective — How many Earths!
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. . . HR 8799
Jupiter mass planets from <0.05 to >50 astronomical units! -
d exoplanets.org | 9/7/2015 | )
10F EIRVE g
% o )
o
1F E
: C. Marois
ol 1 (2010)
How many
-0t ‘Solar system'’
! like outcomes?
w0l 24 %108

Separation [Astronomical Units (AU)]



C

n
o
c
(@)
O
G)
0
O
| -
©
oS
<]

|
o
&)

Aa [arcseconds
Andrews et al. 2016, Ap) 820, L40.

Observation?

How can we explain Earth-to-Jupiter-mass planets over such

wide distances!?

Disk-star-and
protoplanet
interactions can
lead to migration
while the gas Is
present. Disks
serve to move
mass, ang. mom.!

Jupiter (5 AU):
vdoppler = |3 m/s
Vorbit — |3 |<m/S



Central Question: Building a habitable planet, or

Why Is the Earth wet!
And alive?

Planetesimal accretion from the outer solar nebula?

Early solar system dynamics?



From an inrtial/well mixed state, how and when might

| I
) Walsh et al. 201 1) planetesimals be sculpted:
e @) 0 . Grand Tack — Early, in the
g b - presence of gas. Can the snow line
= — 055""?6 . . .
g s location affect the resulting asteroid
o — belt composition & volatile delivery
¢ AsteroidﬁBe\lt tO the Earth?
_ 0

Semi major axis

l. Nice Instability — Much
later; what mix of asteroids
and comets! Timing may
be relevant to Earth's C,
N budget (atm, core).




Planetary System & Comet Formation: An Astrochemical Cycle

The dense gas and dust that forms stars, and the disks around young stars, are
so opaque/cold that only infrared and (much) longer wavelength photons can
penetrate them.




@ Large rocky bodies in the solar system are carbon-poor:

Interstellar dust
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Carbon principally enters the disk as CO, C-grains.



For comets we need to understand the evolution of volatile reservoirs.
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In particular, do volatiles aid grain growth? That is, do small
grains remain lofted, ~mm/cm bodies settle quickly?

layer of larger dust grains

colder midplane
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If so, the radial location of snow lines may be criticall



Key point: A situation such as that shown here is dynamic!
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Small dust and ice particles
are exchanged between
dust aggregates on short
time scales.
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Major reservoirs in ISM, comets!

Observations of the Icy Universe; ARAA 53 (2015; accepted), v. 05/05/2015 5
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How are these ice and dust components determined, remotely?

What do we know variability! What to do about carbonaceous dust?



Cometary Dust
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* Zodiacal cloud has weaker silicate features, in part
because small particles are quickly removed from
system.

* Expectation that comets and debris disks have
relatively untouched dust, however explaining
crystallization 1s difficult!

Formation of crystalline silicates requires high
temperatures

Small dust particles are required to exhibit strong
spectral features



What about “exo-zodii’ s? That is, dust in ~ | AU range?
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Rare!

Only a few
convincing
case so fan,
in large
aperture
searches.
Need to get
closer to the
star....



Continuum
subtracted flux

Emissivity (cm? g™)

Normalized extinction

—
[}

o
3

o
(S)

6,000

4,000

N
g

0.5

0.0
1.0

0.5

0.0

3 I
— HD 142527 inner disk

]ll‘lll’]]!

T

T

T I T

Illlllllllll

I T
— Crystalline
. olivine

-4

-t

! L
| : X

—t-

-

R
—

-

St
-4

b

I T
Crystalline
pyroxene

-

—
4

-
e

-t
N
—

-

e
-

b—

1 }
Hydrosilicate

-

]IIII]IIII[I]IIII]IIII

ISM silicate

-

llllllllllllllllllllllll

10
A(pm)

12

Astronomically,
we only have
spectroscopy to
probe the dust.



Crystalline silicates do seem
to be formed in the inner parts
of disks. How to transport to
comet-forming zone (> 10 AU)?
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IDPs can be analyzed in the lab!

U2012C-11
1.8 glec
19 km/s

Comet dust assembled from sub-
micron sized components.



Samples of
known
provenance!

But unknown
petrographic
context...




Major reservoirs in comets! Dust/ice~ 1. Ices!

HH46 W33A Hale-Bopp
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How are these ice components determined?

What do we know variability?



Blake & Bergin (2015)
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Disk
species!
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The next key step
combined the beautiful
emission lines & bands

seen with Spitzer (R=600) | Mo

toward AA Tau (right, =

Carr & Najita 2008, e ? &
Science, 319, 1504), and E O® ?
AS 205/DR Tau (Salyk et sl .,

al. 2008) with Keck/

NIRSPEC data.

Now >200 objects. ;

Spectral Type




Snow line radius [AU]

Can measure surface snow lines:

10t |

Passive disk surface snowline

- Midplane snowline (10° yr)

Passive disk midplane snowline

RNO 90
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Total luminosity [L ]

Blevins et al. (2016), Ap) 818, 22.

Evaporating icy bodies

GASEOUS INNER DISK

Diffusive transport

Midplane ice

@0%
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GAS AND DUST DISK



What about the midplane and volatiles! Enter ALMA.
Let's start w/the CO snow line via chemistry:

Cycle 0 ALMA data, Qi/Oberg et al. Science (2013)

NNH" + CO — NN + HCOT

and so NNH™ jumps in abundance just where CO depletes onto
grains (N, has a slightly lower frost temperature).



Can we directly image CO snowlines/C-grain oxidation?

3CI180 in TW Hya, ALMA
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Hard work, even in the closest disk!
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For species with dipole moments, use rotational

spectra to study cometary comae:
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Intensity [Jy]

SO spectra:

Wavelength [um]

Intensity [Jy]
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Infrared spectroscopy gives
access to pivotal non-polar
species (CO,, CH,),and In
many cases, water.

Water “spin” temp.~25 K
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Ground-based data can
also provide constraints,
on a much larger number
of comets, but must

| | i fisht through the Earth’s

o0 e w0 e w0 275 290 atmospherel!
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From a combination of
IR and mm-wave
campaigns, we Nnow have
handfuls of comets with
small molecule data.

Plenty of variability!
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‘Complex’ organics? Still
small by chemistry stds,
can compare comets
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Isotopes & formation conditions?
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What new science can
in situ or sample return
missions drive?!
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For more complex molecules,
much better detection limits and,
where appropriate, chiral
enantiomeric excesses.



Disks & Cometary Precursors - Conclusions

Infall from envelope Cosmic ray penetration

to disk mid-plane?
‘. ISM

abundances?

Protosun/star
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chemistry,
Photochemistry

* With ALMA and the next generation of
optical/IR telescopes we can now Image
the birth of solar systems directly.

*We can measure snow line locations vs.
t, and examine dust aggregation. For
C, N cannot simply follow the water.

*Large samples of comets can be studied

remotely, to provide context/distributions.

* Does the

process of planetesimal formation have

chemical consequences!

Mixing?
Thermochemistry 1 AU




