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Previous abundance measurements were mostly limited to
carpbon and oxygen
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Beyond C &

Accretion of so

planetesima

O: refractory elements trace solid accretion
(e.g. Fe, Si, S)
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HR 8799: highest-multiplicity planetary system that is
directly imaged
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ADec (as)

Spectrally disentangling star from planet at R~3000

JWST/NIRSpec IFU, 3-5 um (G395H)

Flux (GJy/sr) Planet S/N
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HR 8799 Abcde - Median Cube NRS1&2

Paper I: planets ¢, d, e only
(1st epoch)
Ruffio & Xuan+ accepted,
Nature Astronomy

Paper Il: planets b, c, d, e
(2nd epoch: S/N ~2-3x better)
Xuan & Ruffio+ submitted
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Xuan & Ruffio+ submitted, data from GTO 1188 (PI: Hodapp)



HR 8799 ¢
Teff~1100 K

Data: black

Xuan & Ruffio+
submitted
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Flux (W/m?/pum)
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Jointly fit photometry to anchor continuum
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Volatile and refractory enrichment in the HR 8799 planets

Jupiter: Wong+2004, Li+2020
Saturn: Briggs & Sackett 1989, Fletcher+2009
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Relative abundance (stellar = 1)

HR 8799 planets

Jupiter Saturn e d C b Brown dwarfs
(5.2 au) (9.5 au) (16 au) (26 au) (41 au) (71 au) (~50-350 au)

?

~10-30 Myyp companions

Xuan & Ruffio+submitted from Keck/KPIC (Xuan+2024b)



Enrichment in sulfur implies efficient accretion of solids

Sulfur is locked in disk solids >1 AU
(Kama+2019) Assuming:

1) atmospheric metallicity ~ bulk
metallicity

2) other refractory elements track S/H

—p Accreted mass from solids
in each planet



Solid masses are consistent with classic pebble &
planetesimal accretion paradigms
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Relative to stellar values

Trends in volatile-to-refractory ratios (C/S, O/S, N/S)
across planets

b: uniform in C, O, S, high N/S
c, d, e: uniform in C, O, high C/S

10F C/0 C/S 0/S N/S
al

| | ¢ | 5
43

S R TS T S - | TS 71

Semi-major axis (au)

Xuan & Ruffio+submitted




Chemical trends are consistent with
pebble drift and evaporation across snowlines

N2 vapor
CO vapor ~10-30x stellar .
~ 3X stellar :

HR 8799

HR 8799 e
16 au 27 au 41 au :

CO snowline R
(~30 K, 55 au) N2 snowline
(~25 K, 80 au)

Xuan & Ruffio+submitted
Formation model from Chachan+2023
(see also Booth+2017, Schneider & Bitsch 2021ab)



AF Lep b: an imaged planet on Jupiter-like scales
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ADec (as)

The first 3-5 um spectroscopy of AF Lep b
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Relative abundance (stellar = 1)

AF Lep b is uniformly enriched in C, O, S like Jupiter
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Towards comprehensive chemical surveys of distant giants

Planets with spectra

Consistent with
direct fragmentation
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Towards comprehensive chemical surveys of distant giants

Planets with spectra "
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Thank you!

Jerry Xuan (51 Pegasi b Fellow)

jerryxuan@g.ucla.edu
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1Og P quench,dift

N/H for HR 8799 b
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Metal enrichment in both close-in & distant giants
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Disks studies also indicate early planet formation

Structure in Class | disks Class 0/I disks required for solid budget
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Atmospheric measurements Interior models
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