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" The context of planetary assembly: Planet formation

New insights: Mysteries from JWST




Neptune

Sun (at the center)

- Uranus







terrestrial planets ice giants

~10% hydrogen &
helium atmosphere

gas giants

massive hydrogen &
helium atmosphere

atmosphere
~ 0.0001% ~ 0.000003%

of the planet’s mass

>95% of the planet’s
mass




Bulk Earth composition (Wt%)

Allegre+ 1995



Jupiter is enriched in heavy (to astronomers) elements
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Planetary to Protosolar Elemental

Jupiter is enriched in heavy (to astronomers) elements
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New insights: Mysteries from JWST




Planets are made from abundant atoms

1011

1 01 0 1 Atomic
1 H Symbol
Hydrogen Name
9 1.008 Weight
10 3
2 LI Be
Lithium Beryllium
108 6.94 9.0122
1 12
2 3 Na Mg
10 Sodium  Magnesium
56Fe 22990  24.305
| 19 20 21 22. 23 24 25 26
106 4 K Ca Sc Ti V Cr Mn Fe
Potassium Calcium Scandium Titanium Vanadium Chromium Manganese Iron
39.098 40.078 44956 47.867 50.942 51.996 54.938 55.845
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abundance, Si=10° atoms
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4.0026
5 6 7 8 9 10
B C N o) F Ne
Boron Carbon Nitrogen Oxygen  Fluorine Neon
10.81 12.01 14.007 15.999 18.998 20.180
13 14. 15 16 17 18
Al Si P S Cl Ar
Aluminium Silicon Sulfur Chlorine Argon
26.982 28.085 30.974 32.06 35.45 39.948
27 28. 29 30 31 32 33 34 35 36
Co Ni Cu Zn Ga Ge As Se Br Kr
Cobalt Nickel Copper Zinc Gallium Germanium Arsenic  Selenium Bromine Krypton
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Planets are made from abundant atoms

1 Atomic 2
11H Symbol He
Hydrogen jName Helium
1.008 Weight 4.0026
3. 4 5 6 7 8 9 10
2 Li Be B C N O F Ne
Lithium  Beryllium Boron Carbon Nitrogen Oxygen  Fluorine Neon
6.94 9.0122 10.81 12.01 14.007 15.999 18.998 20.180
1 12 13 14. 15 16 17 18
3 Na Mg Al Si P S Cl Ar
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4 K Ca Sc Ti \ Cr Mn Fe Co Ni Cu Zn Ga ©Ge As Se bBr Kr
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Planets are made from abundant atoms

1 Atomic 2
11H Symbol He

Hydrogen jName Helium

1.008 Weight 4.0026

3. 4 5 6 7 8 9 10
2 Li Be B C N (0 F Ne
Lithium  Beryllium Boron Carbon  Nitrogen Oxygen  Fluorine Neon
6.94 9.0122 10.81 12.011 14.007 15.999 18.998 20.180
1 12 13 14. 15 16 17 18
3 Na Mg Al Si P S Cl Ar
) 56 Sodium  Magnesium Aluminium Silicon Phosphorus  Sulfur Chlorine Argon
Fe 22990 24.305 26.982 28.085 30.974 32.06 35.45 39.948
CE) | 19 20 21 22. 23 24 25 26 27 28. 29 30 31 32 33 34 35 36
= 4 K Ca Sc Ti \ Cr Mn Fe Co Ni Cu Zn Ga ©GCGe As Se bBr Kr
(4)) Potassium Calcium Scandium Titanium Vanadium Chromium Manganese Iron Cobalt Nickel Copper  Zinc Gallium  Gemmanium Arsenic  Selenium Bromine Krypton
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Planets are made from abundant atoms

Cobalt Nickel Copper  Zinc
58933 58693 63546 65.38

abundance, Si=10° atoms

Highest mass number for which
fusion gives you energy

107
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10.3 I . . . "
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mass number, A of solar system formation
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Planets are made from abundant atoms

27 28 29 30

Co Ni Cu Zn

Cobalt Nickel Copper  Zinc
58933 58693 63546 65.38

abundance, Si=10° atoms

Highest mass number for which
fusion gives you energy
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Planets are made from abundant atoms

Nickel powers
supernova light curves

27 28 29 30

Co Ni Cu Zn

Cobalt Nickel Copper  Zinc
58933 58693 63546 65.38

Highest mass number for which
fusion gives you energy
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Planets are made from abundant atoms

1011
1010 L
10° |
108
107
106
105
104
10°
102
10°
100
10"
102

26 o7 28 29 30

Iron Cobalt Nickel Copper  Zinc
55.845 58933 58693 63546 65.38

abundance, Si=10° atoms
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Planets are made from abundant atoms

abundance, Si=10° atoms

...arranged in small molecules

H,C,N,O

1011
1010 | make common “volatile”
molecules
10° 5
108 i
Al Si

107 Auminium Siicon

21 2.7 23 24 25 26 27 28_ 29 30 31.98 :;m 33
106 Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As

e e e e e el e el Sl e e e
104 e.g.:
103 CHy4, NHs,  H20
102 methane, ammonia, water
10°
100
101
102
103 L
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Elemental abundances at time
of solar system formation



Planets are made from abundant atoms

1011 1H
100 | ,
10° |
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107 1
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Planets are made from abundant atoms

1011
~'H
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'+ He
10° &
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Mg, Si, Fe
abundant in solid Earth
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Cosmochemical Classification based on
Condensation Temperatures

<700 K
Highly Volatile

700-100 K
Volatile

1100-1500 K

10 11 Moderately Volatile

1300-1500 K

Ni Cu Moderately Refractory

1500-1700 K
Refractory

Pd | Ag

>1700 K
Highly Refractory

Fr | Ra | **

* %k

Encyclopedia of Geochemistry
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Cosmochemical Classification based on
Condensation Temperatures

10 11
Ni | Cu
Pd | Ag
Pt | Au

Am

Cm

Bk

Cf

Fm

Md

No

Lr

<700 K
Highly Volatile

700-100 K
Volatile

1100-1500 K
Moderately Volatile

1300-1500 K
Moderately Refractory

1500-1700 K
Refractory

>1700 K
Highly Refractory

Noble gases don'’t

play nicely with others

Encyclopedia of Geochemistry



About half in volatile gases (H20,
CO, CO2) and half in silicates (rock)

Cosmochemical Classification based on
Condensation Temperatures

<700 K
Highly Volatile

700-100 K
Volatile

1100-1500 K

10 11 Moderately Volatile

1300-1500 K

Ni Cu Moderately Refractory

1500-1700 K
Refractory

Pd | Ag

>1700 K
Highly Refractory

Fr Ra e

* %k

Encyclopedia of Geochemistry



Carbon in hydrocarbons is less
volatile than CH4, CO, CO>

1 IZ 18
Cosmochemical Classification based on o1 1s 16 19 <700 K
& Highly Volatil
Condensation Temperatures ighly Volatile

700-100 K
Volatile

1100-1500 K

10 11 Moderately Volatile

1300-1500 K

Ni Cu Moderately Refractory

1500-1700 K
Refractory

Pd | Ag

>1700 K
Highly Refractory

Fr Ra e

* %k

Encyclopedia of Geochemistry
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New insights: Mysteries from JWST




HST Orion Treasury Proj'ect



Atacama Large Millimeter Array (ALMA)




ALMA (DSHARP, Andrews+ 2018)



»
»
»
»
-
* -
S -
. »
.
.
»
3 £ > v .
-
» »
»
-
-
» L)
.
.
»
.
0 - >
.
.
-
T
-
»
-
.
-
’ -
2 .
-
) »
Y
y ° ~
. .
-
-
-
»
~ .
o
-
t«h
14
»
-
. ot
o ‘.
Gl 302
-
-~
.- .

. »
"o .
-
- l
. -
.
-
»
-
.
»
-
.
»
: » *'9
-
° :
.
ar n

Artist’s Conception

‘.



More
Materiz

L ess
Material



' | ST S gas + dust
NASA, ESA, M. Robberto, HST Orion Treasury Project, L. Ricci

gas + dust + ice

Until incorporated into planets,
most molecules are inherited
from the ISM. Which are solid

depends on temperature.




extra oxygen In
silicates (rock)

= extra carbon in
& hydrocarbons
-,
<
-,
1 10 T 100
Radius / A.U. *
water * carbon monoxide
frozen carbon dioxide frozen

frozen

Colder — Oberg+ 11



1.2] extra oxygen In
silicates (rock)
1.0
o 0. .
= extra carbon in
S0 hydrocarbons
-
N
© 0.
0.2
0.0 o
1 10 100
Radius / A.U. *
water * carbon monoxide
frozen carbon dioxide frozen
frozen
COIder Oberg+ 11




L= extra oxygen in
silicates (rock)
1.0
0.8 .
:8 extra carbon In
solar : 0.6 hydrocarbons
-,
0.54 .
0.4
0.2
0.0 L
1 10 100
Radius / A.U. *
water * carbon monoxide
frozen carbon dioxide frozen

frozen

COIder — Oberg+ 11



a extra oxygen in
silicates (rock)
1.0
0.8 |
> extra carbon In
av!
solar _g, 5 0-6 hydrocarbons
0.54 N
© 0.4
0.2
0.0 s
: 10 100
Radius / A.U. *
* carbon monoxide
carbon dioxide frozen

frozen

COIder — Oberg+ 11



extra oxygen In
silicates (rock)

'-8 extra carbon In
solar : hydrocarbons
-,
0.54 .
-
1 10 T 100
Radius / A.U. *
water * carbon monoxide
frozen carbon dioxide frozen

frozen

COIder Oberg+ 11



1.2 oas e>§’§ra oxygen In
of = = grain silicates (rock)
...... Solar .
extra carbon In
o 0.8
= hydrocarbons
~ )
solar ~ 08 (where does it
» o SEERLLEEERTRY R R PR [ ——— 90999)
0.54 5 ‘ Predicts Earth should have |
0. lots of carbon: soot ball! )
——————— r - - - - -
0.2 H,0 CO, 0
0.0 e L
1 10 100
Radius / A.U. *
water * carbon monoxide
frozen carbon dioxide frozen

frozen

Colder — Oberg+ 11



planet

accreted gas

extra
accreted
solids



planet

accreted gas

extra
accreted
solids

C/0 ratio not

expected to

match that of
the star



Extrasolar planets have a broad range of solid/gas ratios

—  Fit: (9.7 £ l.28)1\1(_0'4&0‘09) '
5 - - Posterior Predictive 1o
107 m Jupiter & Saturn
| By
N e
\ 1 » -~
": 1 I ﬂ\~ ~ o . -
5 10° \i. - \# N
A B & = 1 . o
| : ?%\ o
100} -
10_] 100 101

Planet Mass (M)
Thorngren+ 16



Our best examples: Solar system planets
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" The context of planetary assembly: Planet formation

New insights: Mysteries from JWST
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HR 8799
wide-separation giant
planets
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" The context of planetary assembly: Planet formation

New insights: Mysteries from JWST




Disks probed by dust
IM Lup - VLT/SPHERE 1.6 um ALMA 1.3 mm

Avenhaus et al. (2018) DSHARP (Andrews et al. 2018)

Slide credit: Zawadzki



TW Hya
VLT | H-Band

GQ Lup
VLT | H-Band

EX Lup
VLT | H-Band

GG Tau
VLT | H-Band

RXJ1615-3255 HD169142
VLT | H-Band SUBARU | H-Band

SR21 HD34700
VLT | H-Band GEMINI | J-Band

WRAY 15-788 HD143006
VLT | H-Band VLT | J-Band

RX J1604.3 HD142527
VLT | J-Band VLT | H-Band

O,

Oph-IRS 48
SUBARU | Ks-Band

HD1353448B
VLT | J-Band

HD139614
GEMINI | H-Band

HD100453
VLT | I'-Band

IM Lup
VLT | H-Band”

DO Tau
VLT | H-Band

PDS453
VLT | H-Band

GW Ori
GEMINI | H-Band

MYLup
VLT | H-Band

2MASS J1615-1921
VLT | H-Band

HD34282
VLT | J-Band

MWC 789
GEMINI | H-Band

Benisty +
2023,

PPVII
review




ALMA (DSHARP, Andrews+ 2018)



HCN towards the five MAPS disks
AS 209 HD 163296 MWC 480

Oberg+ 2021



HD 163296 MWC 480

.

F
B

MAPS, DSHARP surveys with ALMA
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New insights: Mysteries from JWST




1.2] extra oxygen In
silicates (rock)
1.0
extra carbon In
o 0.
= hydrocarbons
S0 (where does it
o 277
Q go??7?)
© 0.
0.2
0.0 o
1 10 100
Radius / A.U. *
water * carbon monoxide
freezes carbon dioxide freezes

freezes

Colder — Oberg+ 11



Larger particles are concentrated closer to
the star In observed protoplanetary disks.

JVLA: 9 mm SMA: 1.3 SMA: HST: 1.6 um ALMA: CO (3

TW Hya

Andrews 2016

Particle Size



gas + rock

gas + rock + ice

Powell et al. 2022



Gas drag causes drift

ants to orbit star
1e gas, but gas

pebbles fall toward
the star at their
terminal velocity



JVLA: 9 mm SMA: | HST: 1.6 ym ALMA: CO

Particle Size

e

larger particles drift inward
more quickly

Menu et al. 2014, L.I. Cleeves, Andrews et al. 2012, Debes et al. 2013
images from presentation by Sean Andrews May 2016



gas + rock

gas + rock + ice

“reverse” cloud physics!
Powell et al. 2022



CO gas depletion
depends on age and

turbulence level in the
disk

Powell et al. 2022

CO depletion

2o (9 cm™)

L1

10’

CO depletion

| |
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Rosenthal et al. 2018, Xu et al. 2017




Our best examples: Solar system planets
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Fowend@ What are the building blocks? Interpreting the periodic table
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" The context of planetary assembly: Planet formation

New insights: Mysteries from JWST
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MAPS, DSHARP surveys with ALMA



Flux Density (scaled)

These spectra probe the inner disk, near where Earth formed!

1.00

Rotational water

| co

ﬁica /\
Forsterite Forsterite
0.10 ~solar-mass stars

I— CO,

PAH

PAR PAH [Nell]

JDISCS |

Herbig star

g 6 7 3 9  10.0 20
Wavelength [um]



Flux Density (scaled)
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Flux Density (scaled)

Each of these Is a water line
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How chemically diverse can planets made out of average

galactic material be!?
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