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A slide from the last lecture

* Rossiter - McLaughlin effect

2
ARM =~ gDvsini* vV 1—-b2

D = (RP/R*)2
* b — Impact param., vsini- stellar rotational velocity
* https://arxiv.org/pdf/1709.06376.pdf



Exoatmospheres



Outline

Recap exoatmospheres

Detection methods

- Spectroscopic

- spectrophotometric

Weather on exoplanets

Challenges of precise spectroscopy/photometry



What do we know?

* Atmospheres of exoplanets do exist
* We know different types of atmospheres on exoplanets
- H/He rich, heavy elements rich, water

- the thinner the atmosphere is the more challenging is its
detection

* Large telescopes with precise instruments needed, but....



Scale height

kA
H_

- Mg

k — Boltzmann constant

M — mean molecular weight

g — gravitational constant

T — mean atmospheric temperature

EARTH — about 8 km
TITAN - about 40 km



Different types of atmospheres
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And how to detect the atmospheres?

» After new detections of exoplanets, also
characterization attempts start in 2002

* Main goals are:
- detection of atmosphere

- physical conditions on the surface/in the
atmosphere of the exoplanet

* Photometric and spectroscopic methods



Transits and eclipses of
exoplanets

inferior conjunction (IC)
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superior conjunction (SC)

From Angerhausen et al. 2008



Transit spectroscopy, the principle

Transit spectroscopy = transmission spectroscopy

Signal=Annulus/R?

Star

>

Typical Signal of the planetary spectral lines < 10+
Smaller star & larger planet = better chance to see something



Transmission spectroscopy
high spectral resolution

. Towards
Exoplanet Transit Event — Earih



HD209458 b

e Charbonneau et al. 2002
https://arxiv.org/pdf/astro-ph/0111544.pdf

e Detection with HST STIS
e v

wavelength (nm)


https://arxiv.org/pdf/astro-ph/0111544.pdf

What can we see?

* Absorption in stellar lines due to planetary atmosphere by
atoms — high. resolution spectroscopy (Na, K)

* Absorption in stellar lines due to planetary atmosphere by

molecules — low. resolution spectroscopy (H20, CO2, TiO,
CH4)

* First observations performed in 2002 with HST
- HD209458b
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First ground based detection

 Redfield et al. 2008 -

https://iopscience.iop.org/article/10.1086/527475/pdf
e Sodium doublet in HD189733b

e HET — 9.2-m telescope

Image from Redfield et al 2008
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First ground-based detection with 4m class
telescope

* Wyttenbach et al 2015 - https://arxiv.org/abs/1503.05581
 HD187933b with HARPS
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https://arxiv.org/abs/1503.05581
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Another Sodium Detection with HARPS
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Another Sodium Detection with HARPS
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Wasp-166b revisited
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Wasp-166 revisited
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Fig. A.l. The upper panel shows all spectra in the SRF as a 2D map of wavelength and transit phase for the first transit. The stellar sodium
doublet is visible as two hornizontal light yellow bands. Transit ingress and egress are marked with black dashed lines. The central plot shows the
nommalised sum of all spectra with a fit to each line in dashed blue. The FW HM is indicated as dotted vertical lines. The lower panel shows the

same data, but corrected for the stellar spectrum by the master-out, in the PRF. The dotted lines propagate the position of the FWHM from the
central panel. The low-SNR remnants are clearly visible, but the SNR is too low to see the planetary trace.

Credit: Seidel at al. https://arxiv.org/abs/2007.01783



Wasp-127 revisited (with ESPRESSO)

R. Allart, L. Pino. C. Lovis et al.: WASP-127b seen by ESPRESS0
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Fig. 8: Transmission spectrum around the Na D2 (left) and NaD1 (righr) line averaged across the two transits in grey and binned by
fifteen elements in black. The vertical blue dash dotted line represents the expected position of planetary sodinum lines.

Credit: Allart et al. https://arxiv.org/abs/2010.15143



But... small telescopes?

« Kabath et al. 2019

« FEROS at 2-m telescope real data and injected sodium —
DETECTION POSSIBLE!

Wasp-18b FEROS data
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1000.*Signal

Prospects for small telescopes
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Figure 5. The expected atmospheric signal for well-characterised transiting plan

a= a function of the visual mapgnitude of the host star. The orange triangle shows the
position of HID 180733, while the red triangle is the rescaled value, assaoming o 2m-
cla=s telescope (See text). All the points abowe the solid ine are soitable candidates to
perform transmis=sion spectrosoopy with o 2m-class toleseopss.

Kabath et al. 2019 - https://arxiv.org/pdf/1905.04665.pdf
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What happens if the star is flaring?

* Klocova 2017 et al. - https://arxiv.org/pdf/1707.09831.pdf
 What happens if during the transit a flare occurs?
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https://arxiv.org/pdf/1707.09831.pdf

Other methods



Spectrophotometry

e Spectroscopy during the transit/eclipse

* Usually, low spectra
* Spectral bins are se
spectrophotometric

resolution
ected to obtain
ight curve

(by integrating of the flux)

e Resulting light curve Is fitted and transit
parameters are obtained
* Depth of transit varies with wavelength

= TRANSMISSION SPECTRUM
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FORS2 2010, 2011
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SOFI NIR transmission spectroscopy

- ) L. ] 1.5 — 2.3 micron low res.
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WASP-19b — better resolution

* Sedaghati et al. 2015, A&A
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Normalized Flux
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Fig. 2. Transmission spectrum of WASP-19b as measured with FORS2
(black dots, with error bars) compared to two models of planetary at-
mospheres. one with no Ti1O (top panel) and one with a solar abundance
of T1O (bottom panel). from Burrows et al. (2010) and Howe & Bur-
rows (2012). We have also estimated the mean value of the models in
bin sizes of 20 nm (orange open squares). The dashed lines represent
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Can we determine the colour of skies on
exoplanets?

* Rayleigh scattering - GJ3470b?
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Very accurate photometry



Our observations with 4m class

* SOFI @ NTT — La Silla 3 nights

* OSIRIS @ SOAR - Cerro Pachon 1 night
* SOI @ SOAR - Cerro Pachon 1 night
Both telescopes are 4-m class!!!

ESO



Residuals

Our measurements - OSIRIS
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Residuals
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4-m class telescopes good?

01230 I I I I I I I ]
u 7™ Ne i
| % FORS blue W HAWK| % WIRCAM /N -

U.127 [ ® FORS red ¥ Spitzer e / \ —
- A MMIRS X \}/ \k -

0.119 A -
i ]

0oM7s 5 E_ £ - _,M-: —
;_ R”‘“"a_ﬁ___ AN ‘ —— Solar composition model i

0.115 __\ﬁ Qo /0 - —— 100% H,0 composition model 7]
B T —~a—_/ —— No CH, model -

0.113L | | L | | |

0.5 0.6 0.7 0.8 091.0 2.0 3.0 4.0 2.0
Wavelength (um)
Caceres, Kabath et al., 2014, Aand A



Our results compared (photometry)
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Fig. 11. Left: A zoom-in from Fig. 10 for the optical region around our /-Bessel measurements. Right: The K-band region of spectra around our
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Transits and eclipses of
exoplanets

inferior conjunction (IC)
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superior conjunction (SC)

From Angerhausen et al. 2008



Emission from the planet

* Thermal radiation from the planet in IR
Signal =T . /T (R e R siar)?

* Very shallow signals — few mmags

* Measuring directly the (missing) emission of
the reflected light from the planet

 Resultis an emission spectrum

 Due to geometry, not all planets hide behind
the host star

planet planet
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* Thermal radiation from the planet in IR
Signal = T, ./Ta(R e R star)?
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T|O speues absorblng the stellar heat?
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Weather on exoplanets



Eclipses/transits

A occultation s
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star + planet nightside

o~ transit

star — planet shadow

From Winn, 2010, http://arxiv.org/pdf/1001.2010v5.pdf



Variation due to day/night cycle

* Near to mid IR with SPITZER (now no more possible)
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Strong winds on HD209458b
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https://www.mdpi.com/2072-4292/15/3/635



WASP-43
Radius ~ 470 000 km

WASP-43b . o
Radius ~ 70 000 km 90

WASP-43b orbit
Distance = 2 000 000 km

https://www.spacetelescope.org/news/heic1422/




Raining iron”?

-

Tirme from mjd-ransit fij
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Ehrenreich et al. 2020, https://arxiv.org/abs/2003.05528
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1D or 3D model?

STAR

1D assumption

E Bk

3D assumption

Hatter

eaening

roaming
Hight ¥
Varius reglons probed considering 10 or 3D assumption for the Mmosphene, with large temperoture and scole height differences

https://www.mdpi.com/2072-4292/15/3/635
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Probed atmospheres

https://arxiv.org/pdf/2205.04100.pdf
Guilliot et al. 2022


https://arxiv.org/pdf/2205.04100.pdf

Evaporating atmospheres

Neutral fraction

https://arxiv.org/pdf/2003.03231.pdf
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What do we have now?

ATMO ¥2/N = 1.098, M/H = 3 times solar, C/O = 0.35 = PICASO ¥°/N = 1.203, M/H = 10 times solar, C/O = 0.30
o JWST - WAS P-39b — PICASO ¥2/N = 1.084, M/H = 3 times solar, C/O = 0.46 + Weighted-average transmission spectrum
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https://www.nature.com/articles/s41586-022-05591-3
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Wasp-39b
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HOT GAS GIANT EXOPLANET WASP-39 b

ATMOSPHERE COMPOSITION

NIRISS | Single Object Slitless Spectroscopy _ NIRCam F322W2

WEBB

SPACE TELESCOPE

https://webbtelescope.org/contents/media/images/2022/060/01GJ3Q66DTT4AHPMDCVNC9GXH5Y?news=true



EXOPLANET K2-18 b

ATMOSPHERE COMPOSITION

Amount of Light Blocked

NIRISS and NIRSpec (G395H)
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ARIEL

Elliptical primary mirror: 1.1 x 0.7 metres
Mission lifetime: at least 4 years in orbit

Payload mass / launch mass: ~500 kg / ~ 1500kg
Instrumentation: 3 photometric channels and 3 spectrometers covering
continuously from 0.5 to 7.8 microns in wavelength

Launch date: 2029

Destination: Sun - Earth Lagrange Point 2 (L2)

Launch vehicle: Ariane 6-2. Launch shared with Comet Interceptor.

https://arielmission.space/index.php/press-releases/



ARIEL sample and goals

1000 atmospheres characterisation target
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Thank you
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