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Why do we care about exoplanet atmospheres?

Putting our Solar System into context

Studying a large population of planets. (Planet formation and evolution in many
systems.)

Planets that have no counterpart in our Solar System.

Hotter planets allow us to probe composition that has rained out in our cooler
gas planets.

Super-Earths to mini Neptunes: may be gaseous, rocky or water worlds.
Atmosphere is the only way to constrain the nature of these planets.

Habitability
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What can we tell about a planet using its atmosphere?

§ X 20 0

Temperature Composition 3D structure Winds Mass loss

D
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What can we tell about a planet using its atmosphere?

§ X 20 0
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How do we measure exoplanet atmospheres?

Secondary eclipse

Phase curve

T

Transit Emitted and
reflected light

Transmission spectrum
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Transmission spectroscopy
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Transit - Transmission spectroscopy
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How do we measure exoplanet atmospheres?

Secondary eclipse

Phase curve

T

Transit Emitted and
reflected light

Transmission spectrum
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Emitted light / Reflected light

Phase curve
Secondary eclipse
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Emitted vs. Reflected light

SAQ Solar System Model at 10 PC
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How large are the sighals?
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Where does the data come from - Low resolution:

Ground-based:
FORS2/VLT, OSIRIS/GTC,
GMOS/GEMINI-South,

Space based:
HST (STIS,
WFC3)
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What can be measured at which wavelength?

Throughput Earth’s

atmosphere
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Where does the data come from - High resolution:
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How do we measure exoplanet atmospheres? 1/3

Secondary eclipse

Phase curve

T

Emitted and
reflected light

Transit

Transmission spectrum
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Transit — Transmission spectroscopy

HAT-P26b, a Neptune mass planet with HST + Spitzer
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Low resolution space based transmission spectra

pre JWST era
80p — l—-iS.T.V?I.:(.:?. — S||3itzer :RAC_ & O}i Q

C Na K
75F

C + o
65F ' H-m ¥ ++W WASP-39b

i HD209458b

D
o
T

(4]
o
N
EE

WASP-19b,

+

'S
[
II'[]II LELELEL

HAT-P-1b

n W w
(52} o a

N
(=)
L T L

Relative altitude in scale heights z(h)/H,,
.
o

15F

3 4 5 6 .7.891 1.5 2 25 3354 5
Wavelength (um)

Kempton & Knutson 2024; adapted from Sing et al 2010

7th Summer School - Multiwavelength approach to exoplanetary systems — 05 July 2024 -  Lisa Nortmann



Low resolution space based transmission spectra

WASP-127b
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Low resolution space based transmission spectra

pre JWST era
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Low resolution space based transmission spectra

pre JWST era JWST first results
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JWST vs. Spitzer - CO2 and Sulfur dioxide in WASP-39b
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Low resolution space based transmission spectra

pre JWST era JWST first results
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Low resolution space based transmission spectra

pre JWST era JWST first results

HST WFC3 NIRSpec G395 / NIRCam

MIRI LRS

Spitzer IRAC NIRISS SOSS
I

80 :I T T | L T T T I ] —— T . . T
C Na :K ] [ - 1
755_ HQO WAEE.1 ) E w0 - HD 209458 b ]
N W -l
n ¢ +H$ 1 AT ] : ' 1
651 H-m: ¥ _|_+ WASP-39b, 3 ot i L 1 2000
~t—, 1 - U A 1 200
- 60F Rt ' i A ]
£ 55: 41114 ~ J " HD202458b (] HD 189733 b
~ i e Ny " WASP-19b I - or B
@ 50— j = £ | 1500
E’ : %’: & wasPa9b 1 _
2 45F g I _ & ] ¢
T F 2 e g AR SN N Saeg BR-UY T i
S 4of o K W N A Tl § i1 1000 [ 2
g %5 oy ¢
= - gt \ . .'I Il'l HAT-P-18 b | 4 §
© 30 i ﬁw@m 240 AN N Madhusudhan et al 2024
> g 1 |
7 25¢ : | | “’
s [ ! !
T 2ok - ||- 1 N 4 u '
i of rl'l'J ':'_):l. |L | i |.'-4F.$I “ -
15 | f! 1 [lﬂ F il
B 'H‘ i |
: . , A I AN B Kempton & Knutson
O:I 1 1 ':I 1 E| 1 1 1 1 1 1 111 1 I 1 I . i CH- - ’ 7
3 4 5 67891 15 2 25 3354 5 e — S — 2024, left: adapted
Wavelength (um) 06 08 1 2 3 4 5 6 7 8910

Wavelogt ) from Sing et al 2010

7th Summer School - Multiwavelength approach to exoplanetary systems — 05 July 2024 -  Lisa Nortmann



Low resolution space-based transmission spectra

JWST results for K2-18b, a possible Hycean world
(Hycean: temperate ocean-covered worlds with H2-rich atmospheres)
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Madhusudhan et al 2024
Dimethyl sulfide (DMS) - a predicted biomarker for Hycean worlds
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Low resolution space-based transmission spectra

The spectrum and its components from multiple absorbers O}i
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3D effects during transit in low resolution
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How do we measure exoplanet atmosphere

Secondary eclipse

Phase curve

T

Transit Emitted and
reflected light

Transmission spectrum
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Temperature — pressure profile

In the emission case:

Blackbody spectra

Isothermal Inverted Non-inverted

A A A Example Spitzer

Example high resolution
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Spitzer: (warm Spitzer: 3.6y and 4.5u) photometry
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Heat redistribution
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(no) Heat redistribution
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Measured F1500W ____ 0, + CO, 10 bar

Expected F1280W

25F

Flux (uly)

0.0r
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Wavelength (um) Greene et al. 2023
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How do we measure exoplanet atmospheres?

Secondary eclipse

Phase curve

T

Emitted and
reflected light

Transit

Transmission spectrum
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s—05July 2024



How do we measure exoplanet atmospheres?

Phase curve Emitted and reflected light &
Secondary eclipse

& i
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#
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| -0.6 -0.4 -0.2 00 02 0.4 06 Pluriel 2023;

adapted from
Knutsen et al. 2012
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Secondary eclipse mapping

/ N ()

Majeau et al. 2012
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High-resolution spectroscopy

Orbiting exoplanet

. host star
TJ_ red/blue shi; T observer J,

Spectrum

T telluric/stellar lines exoplanet lines
Spectral Time Series
o '> H
E | : |
= ~ |
!
{ .

Wavelength

Animation by Lennart van Sluijs

Method pioneered by
Snellen etal 2010
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High-resolution spectroscopy

Untreated spectra

Normalized and deep tellruics masked

After 4 SYSREM runs
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High-resolution spectroscopy
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High-resolution spectroscopy

Model

le—4
Data Brogi et al 2010
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Cross-correlation technique
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Cross-correlation technique

CO and H20 in the emission spectrum of
WASP-178b
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Dynamics

------ Only instr. broadening
-6 1 ——. Smearing of 5 km/s

—— Rot. broadening (11 km/s)
—7 - —-- Rot. broadening (11 km/s) + smearing

2.3553 2.35535 2.3554
Wavelength (um)

Lesjak et al 2023
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Phase curves at high resolution 374

(a) CCF map in the stellar rest frame ____

g D}i& 0.7
-9 S= % o
Phase curve of a hot Jupiter with ==

CRIRES" in the K band (1.9-2.5 pm) -
e
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-300 =200 -100 0 100 200 300

< > (b) CCF map in the planetary rest frame
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Yan et al. in prep.
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3D structure in transmission spectroscopy

Ch
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3D structure in transmission - WASP-127b
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3D structure in transmission - WASP-127b

D

Morning and evening terminator
and poles can be resolved
and investigated

normalized CCF

-50 0 50 -50 0 50 -50 0 50
v (km/s) v (km/s) v (km/s)

Nortmann et al. in ref at A&A
arXiv:2404.12363
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Atmospheric escape - Evolution

O Hydrogen: Lyman a Helium:
% GJ436b WASP-69b
- 121.567 nmhw[UV] - HST only 10833 nm [~ 1um NIR] © many observatories
A AN, et
%4‘ P \ - " T il 3 ° [ . . )
I
P L wo 0100 """" 200 E_E i ij} 1.02
log - 1 ; : n.es-_l ! . . |
:ZZH 1082.0 1082.5 Waue;r?:t?{?nm} 1083.5 1084.0
Ehrenreich et al. 2015 gortn:ang etl?l. 2’cO1l82018 WASP-107b with HST
See also: Vidal-Madijar et al. 2003 Aﬁe? Sf lpgo;aseH% 5110 ] Wi
for HD209458b artetat. A
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Studying atmospheric escape using helium
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Studying the Helium - XUV connection
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Atmospheric escape - Evolution
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HST WFC3 10 transits of GJ1214b
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Challenges - Long period planets

_ Short period
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Challenges - Stellar activity (also CLV+RME)

Stellar Contamination Specgrg}a Produced by Spots-Only Models

Rackham et al. 2018
Apai et al.
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The future:

European
Southern

Observatory ared ELT Imager and

@

- ; A ¥ .FC.i'l:;l.lSil'lgD.l"l_V;\i and
4 ( E& -) hot planets, ranging
\ &/ super-Earths to gasigis

@ Examining each object
A\’ / forupto3days. - =

The World's Biggest Eye on the Sky

Habitable Exoplanet Observatory (Bild: Airbus)

(HabEx)
The ELT is planned to start operations as an integrated
part of the Paranal Observatory in 2025.
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What can we tell about a planet using its atmosphere?

§ X 20 0

Temperature Composition 3D structure \;Visnds _ Atmospheric
) file) C/0 rajclc? > Day-to night side upersonic loss
(-pressure pro Metallicity > Hot spot-(offsets) Equatorial
- Formation S Jets jets Evolution
- and evolution > Cool poles Day-to-
nightside
winds
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