


Methods to detect exoplanets .
£ -33.25 :
* Radial velocity 5
* (motion of star in our line-of-sight) * -33.3
* Transit photometry
* Direct imaging
* Astrometry (motion of star on sky) £ ng
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* Microlensing F400 - Tl Kepler-167d
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Planet mass

13 M,

* Most common systems
have Super-Earths

P(CJ[HI) ~ 70%

P(HI|CT) ~ 7%

* Cold Jupiters (like solar
system): not too unusual

P(CJ|SE) =~ 30%
P(SE|CJ) =~ 90%
* Hot Jupiters: rare but
easy to detect
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Exoplanets are common!

o Transit
o Radial velocity
o Eclipse timing variations
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Methods to characterize exoplanets
(atmosphere+composition)

Density: transit+radial velocity

Atmospheres:
* Primary or secondary transit
* Direct imaging
* Both cases: spectra or multi-band photometry

Orbital line variations: challenging
* beyond today’s discussion

Astrometry: very hard, unused to date

Transit timing variations and Microlensing: useless
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—xoplanet Populations
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Planet Mass (M, ,,)

Terrestrial? .01 Ice Giantg'1O{Eis;las.lif.'%lia:lmltg .00 . .“1'9;00

20

—
o

Planet size (transit)

Planet Radius (R,
AN

a\e‘ . .
- and mass (radial velocity):
& density/composition
2 o -
Exoplanets
1 Solar System planets _
ral L1 aaaul
1 10 100 1000

Planet Mass (Mg, )



Cold H,/He
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Mass and Radius of Kepler-138 Planets

GASEOUS
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Exoplanet Radius vs. Distance from Star
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Are terrestrial planets habitable?

Planet temperature:
stellar irradiation, atmosphere

O

Star with
mass 5 Mgy,

Star with
mass  Mg,,

Solar System



The greenhouse effect

Sunlight
Reflected
g sunlight
Clouds
Infrared or heat
% radiation
Surface ;




ce with Snow e Open Ocean

0.1 0.5 0.94

o: albedo =reflectance
Ice (and clouds) reflects energy = cooler planet



Blackbody emission: hotter objects emit at higher energies
(=shorter wavelengths)
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Radiation Transmitted by the Atmosphere
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Ultraviolet | Infrared

Radiation of blackbody
at 6000 K

Solar radiation at top of
the atmosphere

Solar radiation at Earth’s
surface (direct beam)

* Planets are cool

* Need infrared telescopes!

Radiation of black-
body at 288 K
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Earth’s surface
infrared emission
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Habltable (I|qU|d water) zone
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Kepler-62 System

Habitable Zone

2c 62b
l ’ Mercury Venus Earth Mars

Solar System

Planets and orbits to scale



TRAPPIST-1 System lllustrations
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Current Potentially Habitable Exoplanets

Ranked in Order of Similarity to Earth

#2 #3 4 #5

L3

N

Gliese 667Cc  Kepler-62 e Tau Cetie*  Gliese 581 g* Gliese 667Cf  HD 40307 g
0.83 0.83 0.77 0.76 0.76 0.73

#7 #H8 #9 #10 #11 #12

e e @

Kepler-61b Gliese 163 ¢ Kepler-22 b Kepler-62f  Gliese 667Ce  Gliese 581d
0.73 0.73 0.71 0.67 0.60 0.53

*planet candidates Number below the names is the Earth Similarity Index (ESI) CREDIT: PHL @ UPR Arecibo (phl.upr.edu) December 5, 2013




Atmosphere detection methods

Eclipse: Direct Imaging:
Removing “star” from “star plus Spatially resolving planet from
planet” flux reveals the planet's star allows measurement of
thermal emission or albedo: thermal emission or albedo.

€ -
-
~

AR

i .
e —

Transmission:

Planet's apparent size at Phase Curves:
different wavelengths reveals Total system light throughout an
atmospheric opacity and composition. orbit constrains atmospheric

circulation and/or composition.



Oxidizing Reducing

half-reaction half-reaction
co — €O, o, — €O
CH,0 — CO, €O, - CH,0
H, — 2H* 2H* - H,
2NH, — N, N, = NH,
HS > S S = HS
CH, - CO, €O, — CH,
HS- — SO SO — HS-
CH, — CH,0 CH,0 — CH,
NH, — NO; NO; — NH,
Fe?*(organic) — Fe** Fe** — Fe?* (organic)
L NojoNop NO; o NO;
NO; — NH,

NH, — NO;

Fe** — Fe?



Starlight

Transmission
studies of
atmospheres

Starlight

Earth: 6400 km
radius, ~10-100
km atmosphere

Starlight

Tiny signal!

e *® Atmosphere



Atmosphere detection methods

Atmospheric ebcape L\L/ \(1 S
| J I Mgl Silll

Vertical mixing (/ D

Atmospheric circulation

Chemical equilibrium




UV &
Ly-a, CII,
Mgl, Silll

Different wavelengths probe
different layers in atmosphere

Clouds/hazes

Vertical mixing Infrared

H,0, CO,

S . CHy, HON,
Atmospheric circulation COp, NHy

Chemical equilibrium

30 1200 1600
T (K)
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Complex atmospheric models:
testable predictions for different abundances
(C/0O ratio) and atmospheric properties

Vertical mixing
Atmospheric circulation
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TIME

ROCKY/ICY PLANETS TRANSITIONAL
(<5M,) PLANETS
(~5-15M,)

Terrestrial Planets
Minor Bodies & Small Terrestrial yith Secondary

Dwarf Planets  Planets (Mars-  Atmospheres
analogues) =

“Evaporated" Small Giants
& "Naked" Planetary Cores
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GAS-RICH PLANETS
(>15M,)

Jovian and Super-Jovian
Giant Planets
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Atmospheres
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strial planets: small rocky giant planets: four huge gas many very small
Ids with thin atmospheres giants, containing most of the mass  ice /rock balls
of the Solar System



Terrestrial planets

. Giant planets

) Earth



Gas giants
Jupiter: energy from i
contraction (2 cm/yr) lce Giants
Cold
Large cores/small
Saturn: energy from envelopes

differentiation (heavier
elements sink)



0 EARTH

JUPITER SATURN URANUS NEPTUNE
B Molecular hydrogen B Hydrogen, helium, methane gas
. Metallic hydrogen B Mantle (water, ammonia, methane ices)

Core (rock, ice)



Jupiter

Hydrocarbon Hydrocarbon
ices ices
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Saturn (and its rings)










Rings: water ice a few m across
remnants of a moon
Thousands of km across; ~10 m thick!
<100 million years old



Shepherd moons




The Ice Giants

Neptune




Triton i' I:

Galatea
Naiad —% ,‘ . Despina
Thalassa D~ Proteus
p ./
NG
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»

JWST image of Neptune’s rings and moons



HOT GAS GIANT EXOPLANET WASP-39 b

TRANSIT LIGHT CURVE

NIRSpec | Bright Object Time-Series Spectroscopy
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HOT GAS GIANT EXOPLANET WASP-39 b

ATMOSPHERE COMPOSITION NIRSpec | Brign Obect Trme-Series Spacroscpy
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HOT GAS GIANT EXOPLANET WASP-39 b

ATMOSPHERE COMPOSITION

Amount of Light Blocked

Amount of Light Blocked

NIRISS | Single Object._.

pectroscopy
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Chemical Reactions Caused by Starlight

Photons from WASP-39 b's nearby star intera ot with abunc nt'
water molecules (H,O) in the e f“uwdu_w -_w)

SN R eI 110, WalorSp “ru'
Hydroge\k ¥ / Y rondo (OF).
Sulfide i

The molecules continue to I\‘
interact in the atmosphere. ™)

Hydrogen sulfide reacts with
hydrogen and hydroxide in a
series of steps.
Logend
- o Th: pg&gess strips hydrogela'n I\A
and adds oxygen, eventually ‘
i producing sulfur dioxide.  @®
€ ‘ Sulfur

| Omgen  Sukw Dioxide



EXOPLANET VHS 1256 b

EMISSIUN SPECTRUM NIRSpec and MIRI | IFU Medium-Resolution Spectroscopy
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F, (scaled)

3.0

2.5

N
(@)

—_
(6)

-
o

0.5

0.0

Spectra of dlfferent dlrectly |maged planets
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HR 8799b 2M1207b
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Range of spectra for directly
imaged planets

Tomorrow: formation of
exoplanets



Terrestrial worlds

Venus: Earth: Mars:
thick atmosphere Very nice!l  Very little atmosphere



Properties of Earth, Venus, and Mars
Property
Semimajor axis (AU)
Period (year)
Mass (Earth = 1)

Diameter (km)

Density (g/cm?3)

Surface gravity (Earth = 1)
Escape velocity (km/s)

Rotation period (hours or days)
Surface area (Earth = 1)

Atmospheric pressure (bar)
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With enough S/N, we can
detect the differences between
Venus, Earth, and Mars-like

exoplanets!
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HISTORY OF WATER ON MARS

Billion years ago







Ganymede Titan Mercury Callisto
5262 km 5150 km 4880 km 4806 km

Moon Europa Triton Pluto Titania
3642 km 3476 km 3138 km 2706 km 2300 km 1580 km



e ’ \AI

NASA/Dragonfly Titan Mission

(artist image, planned for late 20205)
- 2 SRR, 4. RIS R W



lce worlds of Jupiter

Europa Ganymede Callisto



Metallic Core Cold Brittle Surface Ice

Rocky Interior
H,>O Layer

Warm Convecting Ice

Metallic Core Ice Covering

Rocky Interior Liquid Oean Under Ice
H,O Layer



Enceladus: ice
moon of Saturn




Enceladus: geysers!

T AT P




° ° Enceladus "Cold Geyser" Model

H,O vapor plus ice particles

HOIlce T=~77K

Vent to surface

Pressurized Liquid H,O Pocket T =273 K
I ’ . ' Hydrothermal Circulation
& Convecting Ice

Tidal Heating Hot Rock Tidal Heating




Titan: the main moon of Saturn




Ice-six

|
(tetragonal crystals) 4 -t I -ta n
Liquid water ocean

Fully differentiated dense-ocean model
Drawn to scale

Normal ice (1)

Surface
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ROCKY EXOPLANET LHS 475 b

TRANSMISSION SPECTRUM

NIRSpec | Bright Object Time-Series Spectroscopy

Amount of Light Blocked
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Starlight




Oxidizing Reducing

half-reaction half-reaction
co — €O, o, — €O
CH,0 — CO, €O, - CH,0
H, — 2H* 2H* - H,
2NH, — N, N, = NH,
HS > S S = HS
CH, - CO, €O, — CH,
HS- — SO SO — HS-
CH, — CH,0 CH,0 — CH,
NH, — NO; NO; — NH,
Fe?*(organic) — Fe** Fe** — Fe?* (organic)
L NojoNop NO; o NO;
NO; — NH,

NH, — NO;

Fe** — Fe?



EXOPLANET GJ 486 b

TRANSMISSION SPECTRUM

NIRSpec Bright Object Time Series Spectroscopy
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ROCKY EXOPLANET TRAPPIST-1¢c

EMISSION SPECTRA

MIRI | Time-Series Photometry (F1500W)

fhtness of Light Emitted by the Planet

(eclipse depth)

fc.\i‘“
- ,_

© Measurement
I Simulated spectrum: Thin carbon dioxide atmosphere with no clouds

0.07% —

| Simulated spectrum: Bare rocky surface with no atmosphere (ultramafic rock)

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

I I
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(microns)

14

16

18 .

WEBB

SPACE TELESCOPE



Futures of atmosphere studies

* JWST: mid-IR telescope, 10-20 years of discovery
— S10 billion USD, led by NASA+Canada/ESA

— Most powerful astronomy facility ever built

* ARIEL (ESA)

e ELTs (Extremely Large Telescopes): next generation...



Accretion of gas and solids and C/O variability

Next class:
formation of exoplanets

o

9

C/0 ratio

* Where and how do exoplanets form?

0.8
0.7
— Protoplanetar disks! e
0.5 l
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n n o, 0, *
* How do different formation scenarios e, " e, s, B o S el
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79 "n y Y/ Co QL CO o/
affect planet chemistry and S B T

habitability?
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ext class: planet formation

Accretion of gas and solids and C/O variability
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