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There is a transiting Earth-sized planet (1-1.5 Rg,,;,) in the habitable
zone of an M dwarf star within 10.6 pc (Dressing and Charbonneau,
2015).

\,

Now we just have to find it!
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Image: Riedel, Henry, & RECONS group



How should we pick the right planet to study?




Kepler’s Potentially Habitable Planets
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TESS will most likely find JWST targets

* Predictions suggest 48 S planets lie within er near the HZ
« 2-7 of these planets will have host stars. brlghter than Ky=9
(Sullivan et al., 2015)




Extreme Habitability?
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Assessing Potential Habitability
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Assessing Potential Habitability
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The Habitability Index

Stellar Mass (Solar Units)
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Habitability Index for TESS Planets

From Barnes, Meadows & Evans, @25r T >3800K
i . eff
(2015), in press o175 R
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Based on a the Sullivan et al.
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Better Signal for Planets Orbiting M Dwarfs

Stellar Brightness

b

G Dwarf M Dwarf

100%

\ ) .

Small planets in the HZ produce better transmission spectra around small

(M dwarf) stars

- Increased transit depth for the same-sized planet (applies to
atmospheric absorption too0)



Refraction Also Limits Altitudes Probed

Refraction in Transit Transmission Spectra

To Star To Observer
« gestrnn e, No Refraction #
= >

With Refraction

Transit transmission will not allow us to learn about the planetary surface

For every planet/star system there will be a maximum pressure (or minimum altitude)
that can be probed. At deeper levels the refracted starlight is at too high an angle to
be intercepted by the observer.

Garcia-Munoz et al., 2012; Misra, Meadows and Crisp., 2014; Bertremieux & Kaltenegger, 2013, 2014



Refraction Reduces Spectral Features

Stellar Mass (solar masses)
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For planets in the habitable zone of their parent stars refraction has less of
an effect on detectability of spectral absorption for M dwarf planets, with a
larger effect for G dwarf planets.

Misra, Meadows and Crisp, 2014



Haze can severely limit transmission spectra
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JWST will get us beyond “the flat zone™ for mini-Neptunes
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Thermal Phase Curves May Reveal Metallicity

Amplitude of thermal phase curves

5
Wavelength (um)

Charnay, Meadows, Misra, Leconte, Arney (2015) in press
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Venus In Transit
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M Dwarf Planets May Make Their Own O,!

Terrestrial planets can lose
several Earth oceans of water via
hydrodynamic escape during the
PMS phase of M dwarfs.

Luger & Barnes (2015)

Water Lost
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Early Atmospheric Loss for M dwarf planets
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This extra pre-MS luminosity can
last for up to a billion years and
could dessicate planets formed
in the habitable zone of low
mass stars within the first 100
Myr

.

THE PUNCHLINE: Planets orbiting
stars above a stellar mass of ~ 0.4
are less likely to experience this
phenomenon, especially towards
the outer edge of the HZ.

RV 25% 50% 75|%
Position in Habitable Zone

Luger and Barnes, 2015




Abundant O, may not indicate habitability

stable oxygen
atmosphere

1. H Escape from Thin N-Depleted Atmospheres
(Wordsworth & Pierrehumbert 2014)

XUV/UV flux

2. Photochemical Production of O,/0O; (Domagal-
Goldman, Segura, Claire, Robinson, Meadows 2014)

log(H, outgassing)
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3. O,-Dominated Post-Runaway Atmospheres
from XUV-driven H Loss (Luger & Barnes 2014)
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4. CO, Photolysis in Dessicated Atmospheres
(Gao, Hu, Robinson, Li, Yung, 2015)
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Massive O, atmospheres may have O, features
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Detecting Surface Liquid

Stephan et al., 2010



LCROSS Observations of Earth Glint

Images of the Ea

ken with the
a (0.9-1.7um)
and MIR1 camera (6-10um)

LCROSS NIR2 c

R&)blnson et al., 2014



LCROSS Data Confirm Glint Predictions
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Detecting Glint for an Exo-Earth

4
For Exo-C hi-res model
a Cen A super-Earth (1.7 R;)
R=A/AA=10
3 SNR~ 10 _
At = 10 days simulated datga t=d44--
IWA = < 460mas N\ ] "
low-res model I - o4 :'" B |
AR TTEL |
l o
-

B itaat?l o

.6-0.9um optimal for pt
to look far oceans (redu
but does! JWST [have the

Apparent Albedo
N

do this? Nick doesn’t thi

10tometry

ced Rayleigh)
2 sensitivity to
Ink so!

Ty Robinson

0.5 0.6 0.7 0.8
Meadows, Robinson, Misra et al., 2015 Wovelength [I‘l'm]



O, in Transit Transmission

Br | | | | 1 JWST may be able to
detect (SNR > 3) the
1.06um O, and 1.27um O,
features for an Earth-like
planet orbiting an M5 dwarf
Spc away.
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Oxygen dimer features

IF we can get every transit
in the mission lifetime or
IF the sensitivity is better
than expected!

Atmospheric Absorption (km)

[
o
]

The oxygen A band would
l , , , likely not be detectable
0.6 08 10 12 14 (1.1-sigma), even in the

Wavelength (microns) cloud-free case.

Misra, Meadows, Crisp, Claire (2014)
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Transmission Spectrum of Earth Orbiting an M Dwarf
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Spectrum of self-consistent Earth around an M3.5V from Segura et al. (2005)
Transmisson model (includes refraction) from Misra et al., (2014)

Model is cloud-free, however the deepest altitude reached is 10km, likely
above any actual cloud deck. This also explains the lack of water vapor.



Transmission Spectrum of Early Earth Orbiting an M Dwarf

Alternative Earth: AD Leo 30 x S
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« Self-consistent early Earth (anoxic atmosphere/sulfur biosphere) around
M3.5V from Domagal-Goldman et al., (2011)

* Model is cloud and haze-free, and the deepest altitude reached is 10km, likely
above any actual cloud deck.

 Distinctive sulfur gases in the troposphere are not seen in the spectrum.



Early Earth Orbiting an M Dwart
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NIRISS Spectrum of M Dwarf Earth
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NIRSPEC Spectrum of M Dwarf Earth
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Summary ’CVP’

Warm mini-Neptunes (e.g. GJ1214b) should be straightforward targets for
JWST, which has the potential to characterize their cloud and atmospheric
composition using transmissior ""‘;‘ra{v{;;_ secondary eclipse and phase curve
measurements. R,

o, AN , L KW
o - 4
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Ay

. R 5o <Y

 JWST will be our first chanc # ize terrestrial planets, including
those in the habitable zone of '4’ arent star.

* For HZ planets observations
— Refraction may limit observatio
— Water and tropospheric biosigna

* Transit observations coadded ove
— Systematic noise sources will need to be c

%

 Target selection will be important, as features for the - targets will take
many transits to appear.
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Absorbing Radius of the Atmosphere(km)
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Absorbing Radius of Atmosphere(km)

AD Leo: Transmission Spectrum
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Other gases may show up false positives for life
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Glint Predictions From The VPL Earth Model
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