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This Is not a technique talk.
SSW 2023 was Characterizing Exoplanet Atmospheres —
wonderful resources there with more details!
https:/nexsci.caltech.edu/workshop/2023/agenda.shtml
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It is still early in the exploration of exoplanet atmospheres
with JWST, but the landscape is clearly different.
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It is still early in the exploration of exoplanet atmospheres
with JWST, but the landscape is clearly different.

30 C, S, N species
Photochemistry -
20 Internal temperature constraints CO isotopologues
Silicate clouds Silicate clouds
10 Eclipse mapping C, N species
Transit mapping :
@ Phase-resolved emission spectroscopy +Studying planets as
Y a function of age!
& 4 C, S species
= Exotic (highly reflective) clouds/hazes
© 2 High metallicity atmospheres
i Oceans?
: Interior-atmosphere interactions?
Lack of thick, Venus-like atmospheres
05 Magma ocean outgassing?
' Variable atmosphere?
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It is still early in the exploration of exoplanet atmospheres
with JWST, but the landscape is clearly different.
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The extended wavelength coverage of JWST is providing a
closer look at short period giant planet atmospheres.



The accessibility of sulfur species Iin exoplanet atmospheres through
the aid of photochemistry allows for a new window into planet
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The accessibility of sulfur species Iin exoplanet atmospheres through
the aid of photochemistry allows for a new window into planet

co,
WASP-39 b |

= 225007 Transiting exoplanet |||
- (028 MJupiter)
£ 22000 | R
O # —-S0O,—
® 21500 ' { i SO 2
O * *; Wy e ] ﬁ%* J W | |{|# H}*{ﬂ;ﬂ o H‘,”l” HH L { %} m '
7)) t } ¥ $
§ 21000 A **{h}* H{ #H**h *h M*iﬂ** Hyt *Hm*f* ****l{*iH“ * A N:** ﬂ** * |' | | i | | | I |
l_

0500 - H,0 -H,0- -H,0- —-H,0- —H,0— ’ ‘

07 1 2 3 4 5 10

Espinoza & Perrin 2025

data from Feinstein et al. 2023, Ahrer et al. 2023, Alderson et al. 2023, Powell et al. 2024

Oxidization

atmosphere

Chain formation

Tsai et al. 2023

-2 -1 0 +1 +2 +3 +4

Oxidation state of S

—
<
N

—
<
NN

Average VMR between 10 and 0.01 mbar
) o
& &

—

o
L
o

30

Atmospheric Abundance Ratio
(relative to Solar)

[

o
o

=
o
™

o
—T—

w
T T

= XX
X%"'"—”ﬂ
..... s
P
— H,0
CO,
SO,
V
) 10 20
Metallicity (x solar)
Pebble and gas &= C/5
- || accretion (SB21) -®- Q/S 1
¥+ C/O
o)
(o)
M
o
<
=

Planetesimal and

. gas.acc.:reltioln (P22)

3 10 30
Initial Semimajor Axis [AU]

Tsai et al. 2023

| Crossfield et al.
| 2023

modeling

| results from
| Schneider &

«Jffr

Bitsch 2021 and
Pacetti et al.
2022



Access to carbon species like CH4s improves constrains on the
atmospheric as well as the interior composition.

WAS P'1 07 Best-fit model (R = 300) ~+ Data 20 error envelope CH, CO, SO,
b ——— Clear atmosphere —— Fit residuals H,O CO NH,
| JWST/NIRcam
T 4
= A | |
> - | Ho | | |
= 205k | A | | b
> Wiy L
~ . SRR A | L
2.00 — | | BT

2.5 3.0 3.5 4.0
Wavelength (um)

Welbanks et al. 2024
see also Sing et al. 2024
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Access to carbon species like CHs improves constrains on the

atmospheric as well as the interior composition.
WAS P'1 07 Best-fit model (R = 300) ~+ Data 20 error envelope CH, CO, SO,
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JWST/NIRcam

210

2.05 F

Transit depth (%)

LTI T | el

2 00 | | | ,
2.5 3.0 3.5 4.0

Wavelength (um)

Changinginternaltemperature

Equilibriumyvs. disequilibrium (i. e., mixing & photochemistry) Changing eddy diffusion coefficient

T T T 2.25 2.20 ' 2.20
—— Best fit (disequilibrium) b - T,,=200K
Equilibrium . 4220} ¥y a0 daae L T, =350 K
+ Data £.40 245 | goner =sz0k 2.15
" : 42.15 -+ Data g
| , 412.10 | 210 &
| W 12.05 | 2052
L ,1«.*/\/\ 42.05 log(K_,)=7.5 ~
..... log(K,,)=9.5 i 3\:
- 2.00 | — Bestfitlog(K,,)=8.5 2.00 2.00
-+ Data
1 | 1 | 1 A 1 | 1 1 A 1 | 1.95 1 I 1 I 1 | ) | I 1 ) | | 1 1 l 1.95 A A | A L A L L A s L L ' 1 1.95
091 1.5 2 25 3 4 5 6 7 8 910 12 0.91 1.5 2 25 3 4 5 6 7 8 910 12 091 1.5 2 25 3 4 5 6 7 8 910 12
Wavelength (um) Wavelength (pm) Wavelength (um)
Welbanks et al. 2024
see also Sing et al. 2024

Johanna Teske 12 SSW2a5



Is JWST helping solve the mystery of sub-Neptune
planets...?
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A small sample from JWST already shows diversity in feature
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et al. 2024
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Is diversity in spectral features due to temperature (aerosols), surface
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Is diversity in spectral features due to temperature (aerosols), surface

gravity? ..
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Is diversity in spectral features due to temperature (aerosols), surface
gravity? ..
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Is diversity in spectral features due to temperature (aerosols), surface
gravity?

20 | | 900
ARy A Nl TOI-421 b
N ¢ / | N ot~ Mo | 2.6Re | 922
® \jf\f‘*&nkr\/
2 | L) TOI-836 oo
o= 1o * JUIL1S VP YRt T -836 C
6 10— IR +"? + i + 9.6Ms | 2.6Re | 665 K
+
%)
© 700

GJ1214 Db
8.4Me | 2.7Rs | 567 K

—o—0—0—0—0-

TOI-776 C 600

6.9Msg | 2.0Rg | 420 K

Equilibrium temperature (K)

TOI-270d
4.8Me | 2.1Rg | 387 K

500

Planetary Radius (scale-heights; p

K2-18 b 400
8.9Mo | 2.4Re | 284 K
LHS 1140 b
5.6Mo | 1.7Re | 226 K 300

Espinoza & Perrin 203%a velength (um)

data from Davenport et al. 2025, Wallack et al. 2024, Schlawin et al. 2024, Teske
et al. 2025, Holmberg & Madhusudhan 2024, Madhusudhan et al. 2023, Damiano
et al. 2024

Johanna Teske 19 SSW2a5



Is diversity in spectral features due to temperature (aerosols), surface
gravity?
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Is diversity in spectral features due to temperature (aerosols), surface
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For many sub-Neptunes, H2 and heavier volatiles will be miscible in
the gas and supercritical phases.
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et al. 2024 Benneke et al. 2024, submitted
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Coldest sub-Neptunes like K2-18 b may host liquid-water oceans, but
may require indirect inference.
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et al. 2024 adapted from Hu et al. 2025,
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Coldest sub-Neptunes like K2-18 b may host liquid-water oceans, but
may require indirect inference.
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There are also cases that don’t fit the predicted trend, and might be
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Rocky planets
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Atmosphere
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Hydrogen can dissolve into the
magma ocean and produce
water endogenously. A water-
rich planet does not
necessarily mean it formed

beyond the ice line.
Schlichting & Young 2022

Si0 + %0,

SO, =2 2H, O+S + 2H
Also Kite & Schaefer 2021; Dorn &
Lichtenberg 2021, Luo, Dorn, & Deng 2024



The possibilities for rocky planet atmospheres are (slowly)
coming into focus.
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Still not able to distinguish bare rocks from thin atmospheres, but
thick, CO2-rich compositions are disfavored (so far).

Emission observations (not just JWST)
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Crossfield et al. 2022, Zhang et al. 2024, Hu et al. 2024, Patel et al. 2024
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We still face perils across this new landscape.
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This talk Is only a quick glimpse.
The landscape is growing, deepening, and will keep
surprising us!
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It is a great privilege to learn about other worlds with
JWST.
This Is only possible because of the passion, :
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(NI But there may be hope In “self-calibrating” stellar surface
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We do not yet understand sources of systematic noise

*actual estimate in Cycle 1 proposa
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Figures from Nicole Wallack (see, e.q., Wallack et al. 2024)

Much more work in prep!
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%How surveys are designed and executed can leave an

| YOUR OWN RISK unintended (biased) imprint on the results.
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Optimizing for the best constraints on atmospheric parameters will not necessarily result
INn more accurate or precise constraints on population parameters.

Jopulation studies are not meaningful if the inferred result changes depending on what subset

Batalha of al. 2023 of the underlying population is included in the sample.
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