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Previous observations of exoplanets have yielded tremendous chemical

diversity

HST NIR | |
> i

HST UV

GB LR IR

GB HRIR

GB LR Viz

GB HR Viz

Earths Super-Earths Neptunes — Saturns — Jupiters >

Temp (K):

1 2
' H He
1.00794 4.00260:
Hydrogen Helium
3 4 5 6 7 8 9 10
I Li Be B C N o) F Ne
6.941 9.012182 10.811 12.0107 14.0067 15.9994 18.9984032 20.1797
Lithium Beryllium Boron Carbon Nitrogen Oxygen Fluorine Neon
1 12 13 14 15 16 17 18
O -+ o I N Z o™ I |Na Msgo Al Si P S Cl Ar
2298976928 | 24.. 26.9815386 28.0855 30.973762 32.065 35.453 39.948
I O O < ’ I I O Sodium Magnesium Aluminum Silicon Phosphorus | Sulfur Chlorine Argon
— Q) N N ( ) — 19 30 31 32 33 34 35 36
<[()() ()| u II IZ — v K Zn Ga Ge As Se Br Kr
39.0983 65.38 69.723 72.64 74.92160 78.96 79.904 83.798
Potassium Zinc Gallium Germanium = Arsenic Selenium Bromine Krypton
37 48 49 50 51 52 53 54
v Rb Ag Cd In Sn Sb Te | Xe
85.4678 106.42 107. 112411 114.818 118.710 121.760 127.60 126.90447 131.293
Rubidium Palladium Cadmium Indium Tin Antimony Tellurium lodine Xenon
55 56 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
vi | Cs Ba LA Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
132.9054519 = 137.327 178.49 180.94788 183.84 186.207 190.23 192.217 195.084 196.966569 200.59 204.3833 207.2 208.98040 [209] [210] [222]
Cesium Barium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
87 88 104 105 106 107 108 109 110 1 112 113 114 115 116 117 118
i |Fr Ra AC |Rf Db S? Bh Hs Mt Ds R Ch Nh Fl Mc Lv Ts OP
[223] [226] [267] [268] 271 [272] [270] [276] [281] (280 [285] [284] [289] [288] [293] [294] [294)
Francium Radium Rutherfordium| Dubnium Seaborgium Bohrium Hassium itnerit D: { C ici i Flerovium i L i i O
40

" ~ A - ~ - o 0o an 44 4 4 47 P 40 4~



But what about for terrestrial planets only?
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But what about for terrestrial planets only?
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An overview of R<1.8 R® observations with HST and G-B instruments
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An overview of R<1.8 R® observations with HST and G-B instruments
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--- flatfit, o = 2.17 ® Joint Linear Fit
------ linear fit, o = 0.78
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) Diamond-Lowe et al. 2020



Relative Transit Depth (ppm)

-t
-
(-

O

(4]
(-
o

Frame of reference for spectral feature size of “1xSolar” models

1xSolar ~ 99.9% H2/He
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Frame of reference for spectral feature size of “1xSolar” models

1xSolar ~ 99.9% H2/He
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Frame of reference for spectral feature size of “1xSolar” models

At high SNR expect to see:
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“Rule-out” method: Different cloud-
metallicity scenarios are ruled out with
certain confidence when compared to

a flat line

Similar to PICASO hands on activity




An overview of R<1.8 R® observations with HST and G-B instruments
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An overview of R<1.8 R® observations with HST and G-B instruments

HST NIR
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An overview of R<1.8 R® observations with HST and G-B instruments

HST NIR
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An overview of R<1.8 R® observations with HST and G-B instruments
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TRAPPIST-1 System Compared to Our Solar System
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An overview of R<1.8 R® observations with HST and G-B instruments

HST NIR
TRAPPIST-1d
€
HST UV K
GB LR IR §
GB HR IR
€
GB LR Viz S
GB HR Viz -
——t ———— Wavelength ()
=2 22
o 1 = -
oo O 2 0 De Wit et al. 2018
A A o B Q. . .
ez % E o “These spectra demonstrate how stellar contamination can
Ce Tpo overwhelm planetary absorption features in low-resolution exoplanet

transit spectra...”
- Zhang, Zhou, Rackham et al. 2018

No detection



An overview of R<1.8 R® observations with HST and G-B instruments

HST NIR

HST UV

GB LR IR

GB HR IR

GB LR Viz

GB HR Viz

No detection

LHS 1140 b -|

You are
49 light-years
from Earth

LHS 1140 b

A potentially rocky world, larger than Earth

Lesson learned: Stellar contamination must
be dealt with and we need broad wavelength
coverage to robustly make inferences
regarding terrestrial planet observations




An overview of R<1.8 R® observations with HST and G-B instruments
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An overview of R<1.8 R® observations with HST and G-B instruments

HST NIR
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Diamond-Lowe et al. 2018



An overview of R<1.8 R® observations with HST and G-B instruments

HST NIR You are
41 light-years

from Earth

STUV HEN? GJ 1132 b

A potentially rocky world, larger than Earth

GB LR IR

GB HR IR 1.13 x Earth Radius 1.66 Earth Masses

300 T

GB LR Viz

GB HR Viz

| <« Aerosol Rayleigh scaterring *

GJ 1132 bql

Cerberus model
Native spectrum
A Averaged spectrum

1.2 1.3 1.4 f 1.6

No detection Wavelength [um] Swain et al. 2021




An overview of R<1.8 R® observations with HST and G-B instruments

HST NIR You are
41 light-years

from Earth

STV HeN? GJ 1132 b

A potentially rocky world, larger than Earth

GB LRIR
GB HRIR 1.13 x Earth Radius 1.66 Earth Masses T ~ 580 K
R ¢ Libby-Roberts et al. (2022) (This Work) 4 Swainetal. (2021) Mugnai et al. (2021)
GB LR Viz 00097
GB HR Viz <K 4.0026 4

0.0025 1
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No detection Libby-Roberts et al. 2022




An overview of R<1.8 R® observations with HST and G-B instruments

HST NIR You are
41 light-years

from Earth

T HeN? ) GJ 1132 b

A potentially rocky world, larger than Earth

GB LR IR

GB HR IR 1.13 x Earth Radius 1.66 Earth Masses T ~580 K

e - 1X Solar (x?: 16.3; pval: 7.5e-90; no: 16.3) e 600X Solar (x?: 2.6; pval: 2.5e-3; no: 2.8)
— 100X Solar (x%: 6.7; pval: 1.6e-19; no: 9.0) - 1000X Solar (x%: 1.3; pval: 0.14; no: 1.1)
G B LR VlZ — 300X Solar (x%: 3.2; pval: 7.3e-7; no: 4.8) — Flat Line (x?: 1.0; pval: 0.44; no: 0.15)

GB HR Viz
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Transit Depth (
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wavelengt ™ ibby-Roberts et al. 2022

1.3

No detection




An overview of R<1.8 R® observations with HST and G-B instruments

HST NIR You are
41 light-years

from Earth

TV HeN? ) GJ 1132 b

A potentially rocky world, larger than Earth

GB LR IR

GB HR IR

GB LR Viz

o Lesson learned: Reproducibility! Multiple
data reduction methods are needed to trust
the spectra

GB HR Viz

GJ 1132 bql

No detection




An overview of R<1.8 R® observations with HST and G-B instruments

HST NIR
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An overview of R<1.8 R® observations with HST and G-B instruments

HST NIR

HST UV

GB LR IR

GB HR IR

GB LR Viz

GB HR Viz

LHS 3844 bjl

No detection

LHS 3844 b

1.3 x Earth Radius 2.25 Earth Masses

Relative flux (ppm)
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o
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I
800 900 1,000 1,100
Orbital phase Temperature (Kelvin)

Remember from Laura
Kreidberg’s talk on Tues! Kreidberg et al. 2019



An overview of R<1.8 R® observations with HST and G-B instruments

LHS 3844 b

1.3 x Earth Radius 2.25 Earth Masses T~800 K

Ultramafic Surface materials have
reldspathic different absorptive

Basaltic

—— Granitoid properties

Models require at least
40% basalt or 75%
ultramafic rock to be
consistent with the data
4 6 7 at 30 confidence

Wavelength (microns)

No detection Kreidberg et al. 2019

Planet-to-star flux (ppm)

LHS 3844 bjl




An overview of R<1.8 R® observations with HST and G-B instruments

/
/
'Ea

Lesson learned: Null results are still
Informative! There are many different

techniques used to understand terrestrial
exoplanet atmospheres and we should
leverage them all!

LHS 3844 bjl

No detection



Present Capabilities with JWST
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Hubble (de Wit et al. 2018)
JWST simulation (Batalha et al. 2017a)
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Single Transit Spectral Precision

Compared to Hubble JWST Extends Wavelength Coverage and Precision
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Present Capabilities with JWST
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Present Goals with JWST
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‘ Transmission Geometry
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1. Do the planets of the TRAPPIST-1 system have
atmospheres? Biosignatures?

2. Is there a compositional divide between super-
Earth and sub-Neptune atmospheres?

3. Do M-dwarf planets have atmospheres?
3a. Cycle 1: Transmission signals?

3b. Cycle 2: Emission signals®?



Currently Published JWST Observations
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Currently Published JWST Observations

Commissioning target not necessarily used for science
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Currently Published JWST Observations

Currently Published A JWST transmission spectrum of a nearby Earth-
MIRI ‘ D sized exoplanet
NIRCam J. Lustig-Yaeger, G. Fu, E. M. May, K. N. Ortiz Ceballos, S. E. Moran, S. Peacock,
K. B. Stevenson, M. Lopez-Morales, R. J. MacDonald, L. C. Mayorga, D. K. Sing,
NIRISS K. S. Sotzen, J. A. Valenti, J. Adams, M. K. Alam, N. E. Batalha, K. A. Bennett, J.
NIRSpec D Gonzalez-Quiles, J. Kirk, E. Kruse, J. D. Lothringer, Z. Rustamkulov, H. R.
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Currently Published JWST Observations

Currenty Published ROCKY EXOPLANET TRAPPIST-1 b

\ |:| DAYSIDE TEMPERATURE COMPARISON I | F1500w

TRAPPIST-1 b Measured
D D Earth Measured T

Mercury Measured

. -400°F -200°F 0°F | 200°F 400°F !

100 K 200 K 300 K 400 K 500 K

TRAPPIST-1 b Model
Atmosphere distributing heat
evenly around planet

GJ 468 b
LHS 3844 b

TRAPPIST-1 b Model
Dark surface, no atmosphere,
no redistribution of heat
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WEBB

SPACE TELESCOPE

No detectable CO2, hot temperature is
No detection consistent with no atmosphere Greene, Bell et al. 2023
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Published ROCKY EXOPLANET TRAPPIST-1 ¢

[] EMISSION SPECTRA

Measurement

MIRI | Time-Series

Simulated spectrum: Bare rocky surface with no atmosphere (ultramafic rock)
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02/C02 mixtures with surface pressures
ranging from 10 bar are ruled out, hot

No detection temperature is consistent with no atmosphere

D Simulated spectrum: Thin carbon dioxide atmosphere with no clouds

Simulated spectrum: Thick carbon dioxide atmosphere with sulfuric acid clouds (Venus-like)

Zieba, Kreidberg et
al. 2023




WE ARE ONLY AT THE INFANCY OF OBSERVATIONS OF TRAPPIST-1 AND OTHER SYSTEMS
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CONCLUSIONS

OBSERVATIONS OF TERRESTRIAL PLANETS

1.

2.

Additional Reading:
“Atmospheres of Rocky Exoplanets”
Annual Reviews

Wordsworth & Kreidberg

Null results are still results

Broad wavelength coverage is
needed to robustly interpret spectra

Reproducible results is key! Multiple
reduction methods are needed

We have many different
observational techniques to tackle
exoplanets. We should use them all!

We are at the infancy of terrestrial
exoplanet observations
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LOTS more exciting science to come!
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