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A Special Moment in Human History, 
and the Right Time to Launch JWST…

courtesy @aussiastronomer (Jessie Christiansen)



Transiting Planets Alone  
Grant Access to their Masses and Radii 

Doppler Method 

Determine Planet Mass

Transit Method 

Determine Planet Diameter

Calculate Planet Density and Infer Composition: 

Gas giant (Jupiter) or Rocky planet (Earth)



Transits Allows Studies of the Atmospheres 
That Are Not Possible 

for Non-Transiting Planets

Transit

Secondary Eclipse
See thermal radiation and 
reflected light from planet          
 disappear and 
                         reappear

See light from star 
transmitted through the 
planet’s atmosphere



My Plan for Today

• Describe our current state of knowledge of 
exoplanets as informed by transits and RVs 

• Describe the revolutionary potential of JWST to 
characterize these worlds 

• Describe how we will discover the transiting 
planets upon which JWST will lavish attention
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NASA Kepler Mission 
2009 – 2013 

(now reborn as the 
K2 Mission, 2014+)



The Planet Radius Distribution for Sun-Like Stars

Fressin, Torres, Charbonneau et al. (2013); see also Petigura+(2013), Burke+(2015)



The Planet Radius Distribution for Sun-Like Stars

Fressin, Torres, Charbonneau et al. (2013); see also Petigura+(2013), Burke+(2015)

At least 16% of Sun-like stars 
have an Earth-sized planet 

At least 77% of Sun-like stars 
have at least one planet 

Rate of HZ Earths unknown



Towards Precise Constraints on the  
Mass-Radius Diagram below 2.8 Earth Radii

Dressing, Charbonneau, et al. ApJ (2015)



HD219134b
K21b

Small Planets Have Densities Consistent  
with the Rock-Iron Ratio of the Earth

Dressing, Charbonneau, et al. ApJ (2015)
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Dressing, Charbonneau, et al. ApJ (2015)

Small Planets Have Densities Consistent  
with the Rock-Iron Ratio of the Earth



Most planets more massive than 7 MEarth  
require a H/He envelope

K21b

Dressing, Charbonneau, et al. ApJ (2015)

HD219134b



M Dwarf Properties

0.07 < mass < 0.6 Msun

G2 
M = 1 Msun 

R = 1 Rsun 

T = 5800 K

M3 
M = 0.45 Msun 

R = 0.45 Rsun 

T = 3500 K

M6 
M = 0.12 Msun 

R = 0.18 Rsun 

T = 2900 K

Earth

--sizes to scale--

Slide by Jacob Bean
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Dressing & Charbonneau 2015

What is the Occurrence Rate of Planets that are 
both Earth-size and Earth-temperature?
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Predicted distance to the 
closest transiting habitable 
terrestrial exoplanet is 11pc

Dressing & Charbonneau 2015

What is the Occurrence Rate of Planets that are 
both Earth-size and Earth-temperature?



Maps and Atmospheric Dynamics 

Knutson et al. 2012



Detection of 
Molecules  

Constraints on 
Metallicity 

Non-Equilibrium 
Chemistry

Kreidberg et al. 2014, 2015

Transit

Secondary Eclipse
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The Astrophysical Journal, 794:155 (10pp), 2014 October 20 Knutson et al.

1.1 1.2 1.3 1.4 1.5 1.6
Wavelength (micron)

850

900

950

1000

N
or

m
al

iz
ed

 T
ra

ns
it 

D
ep

th
 (

pp
m

)

Figure 10. Wavelength-dependent transit depths averaged over the two visits
(black filled circles). Four different atmosphere models are shown for compari-
son: a solar metallicity model (red solid line), a 50× solar metallicity model (red
dashed line), a pure water model (solid blue line), and a solar metallicity model
with an opaque cloud deck at 1 mbar (solid green line). The average depth for
each model has been normalized to match the average measured transit depth
in this plot.
(A color version of this figure is available in the online journal.)

We consider both cloud-free models with solar and 50× solar
metallicities, as well as a pure water model and a solar metal-
licity model with a high cloud deck located at one mbar. We
calculate the significance with which our data can rule out a
given model using the equation from Gregory (2005):

Significance = χ2 − ν√
2ν

, (3)

where χ2 is calculated by comparing our averaged transmission
spectrum to each model and ν is the number of degrees of
freedom in the fit (27 in our case, as there are 28 points and
we normalize the models to match the average measured transit
depth of our data). This metric assumes that our measurement
errors are Gaussian and uncorrelated from one wavelength bin
to the next; although this is almost certainly untrue at some
level, it represents a reasonable starting point for comparing
different models. Following this approach we find that our
measured transmission spectrum is inconsistent with the solar
and 50× solar cloud-free models at the 10σ and 9σ levels,
respectively. It is equally well described by the water-dominated
(0.6σ ) model and the solar metallicity model with optically
thick clouds at a pressure of one mbar (0.6σ ), as well as a flat
line at the average transit depth across the band (0.4σ ). We
find that a solar metallicity model with clouds at 1 mbar is
also consistent with the data (1.8σ ), indicating that the clouds
could be located slightly deeper in the atmosphere. We note that
there are any number of high metallicity atmosphere models
that could provide a fit comparable to that of the pure water
model; all our data appear to require is either a relatively metal-
rich atmosphere with a correspondingly small-scale height, or
the presence of a high cloud deck that obscures the expected
water absorption feature in a hydrogen-dominated atmosphere.
We constrain the maximum hydrogen content of the atmosphere
in the first scenario by considering a series of cloud-free models
with varying number fractions of molecular hydrogen and water,
and find that in this scenario the atmosphere has to be at least
20% water by number in order to be consistent with our data at
the 3σ level. We list the χ2 values and level of disagreement for
all models in Table 5.

Table 5
Atmosphere Model Comparison

Model χ2 Level of Disagreementa

Flat line 29.9 0.4σ

Solar metallicity 102.9 10.3σ

50× solar 92.2 8.9σ

Solar with cloud deck at 1 mbar 31.2 0.6σ

Solar with cloud deck at 10 mbar 40.4 1.8σ

10% H2O 53.6 3.6σ

20% H2O 42.2 2.1σ

30% H2O 37.5 1.4σ

40% H2O 35.1 1.1σ

100% H2O 31.1 0.6σ

Notes. a This is the significance with which we can rule out a given model,
calculated according to Equation (3). Significance levels less than 3σ mean that
the data are consistent with that model within the reported errors.

The conclusion that HD 97658b’s transmission spectrum ap-
pears to be flat at the precision of our data places it in the same
category as both the super-Earth GJ 1214b (Kreidberg et al.
2014) and the Neptune-mass GJ 436b (Knutson et al. 2014).
As with these two planets, a more precise measurement of
HD 97658b’s transmission spectrum will eventually allow us
to distinguish between high clouds and a cloud-free, metal-rich
atmosphere. Our constraints on the atmospheric scale height in
the cloud-free scenario are relatively weak compared to those
obtained for GJ 1214b and GJ 436b, despite the fact that we
achieve smaller errors (20 ppm versus 30 ppm) in our measure-
ment of the differential transmission spectrum. This is primarily
because HD 97658b has a smaller planet–star radius ratio than
either of these systems, and the predicted amplitude of the trans-
mission spectrum is correspondingly small. Fortunately, it also
orbits a brighter star than either GJ 1214b or GJ 436b, making
it possible to achieve high precision transit measurements with
relatively few observations. Unfortunately, this makes ground-
based observations particularly challenging as the nearest com-
parison star with a comparable brightness is located more than
40′ away. For space telescopes such as Hubble and Spitzer,
achieving the precision required to study this planet in detail
will mean pushing the systematic noise floor to unprecedent-
edly low levels. There is every reason to believe that this level
of performance should be achievable, and given the unique na-
ture of this planet it is likely that this will be put to the test in
the near future.

We are grateful to STScI Director Matt Mountain and the
Director’s Discretionary Time program for making it possible
to obtain these observations prior to the next regular HST pro-
posal cycle. We also thank Beth Perriello and the rest of the HST
scheduling team, as they worked overtime in the days leading
up to the Christmas holiday in order to make sure that we ob-
tained the best possible data from this program. We also wish
to acknowledge Valerie Van Grootel, who was kind enough to
share an advance copy of her paper prior to publication. H.K.
acknowledges support from NASA through grant GO-13501.
L.K. received funding for this work from the National Science
Foundation in the form of a Graduate Research Fellowship.
J.L.B. acknowledges support from the Alfred P. Sloan Founda-
tion and NASA through grants NNX13AJ16G, GO-13021, and
GO-13467. D.H. has been supported through the European Re-
search Council advanced grant PEPS awarded to Gilles Chabrier
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HD 97658b

 
Figure 2.  Averaged transmission spectrum for GJ 436b.  Black filled circles indicate the 
error-weighted mean transit depth in each bandpass, with the plotted uncertainties calculated as 
the sum in quadrature of the 1σ standard deviation measurement errors and the systematic 
uncertainties from stellar limb-darkening models.  We show three models for comparison, 
including a solar-metallicity cloud-free model (red line), a hydrogen-poor 1900 times solar 
model (blue line), and a solar metallicity model with optically thick clouds at 1 mbar (green line).   
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Knutson et al. 2014a

GJ 436bFigure 2: The transmission spectrum of GJ 1214b. a, Transmission spectrum measurements
from our data (black points) and previous work (gray points)7–11, compared to theoretical models
(lines). The error bars correspond to 1σ uncertainties. Each data set is plotted relative to its mean.
Our measurements are consistent with past results for GJ 1214 using WFC310. Previous data rule
out a cloud-free solar composition (orange line), but are consistent with a high-mean molecular
weight atmosphere (e.g. 100% water, blue line) or a hydrogen-rich atmosphere with high-altitude
clouds. b, Detail view of our measured transmission spectrum (black points) compared to high
mean molecular weight models (lines). The error bars are 1σ uncertainties in the posterior distri-
bution from a Markov chain Monte Carlo fit to the light curves (see the Supplemental Information
for details of the fits). The colored points correspond to the models binned at the resolution of
the observations. The data are consistent with a featureless spectrum (χ2 = 21.1 for 21 degrees
of freedom), but inconsistent with cloud-free high-mean molecular weight scenarios. Fits to pure
water (blue line), methane (green line), carbon monoxide (not shown), and carbon dioxide (red
line) models have χ2 = 334.7, 1067.0, 110.0, and 75.4 with 21 degrees of freedom, and are ruled
out at 16.1, 31.1, 7.5, and 5.5 σ confidence, respectively.
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Hundreds of HST orbits later, we have not detected a 
molecular feature in any planet smaller than Neptune. 

GJ 1214b

We have not detected a molecular feature 
in any planet smaller than Neptune.



My Plan for Today

• Describe our current state of knowledge of 
exoplanets as informed by transits and RVs 

• Describe the revolutionary potential of JWST to 
characterize these worlds 

• Describe how we will discover the transiting 
planets upon which JWST will lavish attention



Slide courtesy Jeff Valenti



Data quality for a single eclipse
M

odels from
 Figure 4b of B

urrow
s et al. 2008

Slide courtesy Jeff Valenti



Single Transit in each of NIRISS, NIRCam,  
and MIRI, displayed at R=100. 

Constrain major molecular constituents 
(CH4, CO, CO2, H2O, NH3), temperature 
inversions, overall metallicity, and in some 
cases the C/O ratio. 

Greene et al. (2016)

HD 209458

GJ 436

GJ 1214



cloudless atmospheres, 
15 transits with each 

instrument:

NIRCAM 
(not shown, but also awesome)

JWST noise estimates from Natasha Batalha; model atmospheres from Eliza Kempton’s Exo-Transmit

JWST will be able to observe some  
high-μ atmospheres on terrestrial exoplanets.

NIRISS/G700XD NIRSPEC/G395 MIRI/LRS

H2O

O2

CO2

Slide courtesy Zach Berta-Thompson

GJ 1132
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Images: PHYSICS by Physical Science Study Committee; NASA

Characterization 
requires photons.



Explorer  
Mission

TESS
launch in 2017, 

to find hundreds of  
nearby small exoplanets 

amenable to detailed 
characterization

Ricker et al., JATIS, (2014)



George Ricker (P.I.) 
Roland Vanderspek (Deputy P. I.) 

Massachusetts Institute of Technology 

science center shared between  
MIT + Harvard/Smithsonian CfA 

collaboration including: 
NASA Goddard, NASA Ames, MIT Lincoln Lab, Orbital 

Sciences, STScI, SAO, MPIA-Germany, Las Cumbres 
Observatory, Geneva Observatory, OHP-France, 
University of Florida, Aarhus University-Denmark, 

Harvard College Observatory, Vanderbilt University,

TESS

Ricker et al., JATIS, (2014)
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All the TESS slides  
are courtesy 

Zach Berta-Thompson
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Ricker et al. (2014), Sullivan et al. (2015)
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Ricker et al. (2014), Sullivan et al. (2015)



Ricker et al. (2014), Sullivan et al. (2015)

observable 
by JWST for 

>200 days/year

27 days

54 days

81 days

108 days

189 days

351 days

ecliptic pole



(60X speed)

The TESS CCDs 
take 2 second 

exposures. These 
data are used for 
guiding, but not 

downloaded. 

Postage stamps will 
be downloaded at 

20 second cadence 
for 1,000 bright 

asteroseismology 
targets. 

Postage stamps will 
be downloaded at  
2 minute cadence 
for 200,000 stars, 

primarily good 
planet-search  

hosts.

Full frame images 
will be downloaded 

at 30 minute 
cadence

0.5° (60X speed)
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TESS timeline:
2016 2017 2018 2019 2020

2016 2017 2018 2019 2020

flight hardware + software, testing 

instrument  
delivery for 
observatory 
integration

TESS  
observes  
southern  
ecliptic  

hemisphere

TESS  
observes  
northern  
ecliptic  

hemisphere

launch

commissioning 
(two months)

TESS  
extended 
mission!



Non-Kepler 
Kepler/K2 



Non-Kepler 
Kepler/K2 
TESS (expected)



Many Ongoing / Upcoming  
Dedicated M-dwarf Planet Surveys

• SPIROU (RV, CFHT) 
• CARMENES (RV, Calar Alto Observatory) 
• HPF (RV, Hobby Eberly Telescope) 
• APACHE (Transit, Italy) 
• MEarth-N and MEarth-S (Transit, Arizona + Chile) 
• SPECULOOS (Transit, Chile) 
• EXTRA (Transit, Chile) 

• Also, NGTS, HARPS, HARPS-N, HIRES, and others…



The MEarth Project  
 

David Charbonneau, Jonathan Irwin,  
Zachory Berta-Thompson, 

Elisabeth Newton & Jason Dittmann





MEarth Discovers GJ1132b – 11 May 2015 
Movie & Observatory by Jonathan Irwin (Harvard-Smithsonian CfA) 



The First Terrestrial Exoplanet 
Available for Atmospheric Study

Berta-Thompson et al. Nature Nov 2015



The First Terrestrial Exoplanet 
Available for Atmospheric Study

Berta-Thompson et al. Nature Nov 2015

TRAPPIST-1



47Slide: M. Lopez-Morales

Humanity’s First Credible Attempt to Detect an Alien 
Biomarker Gas is to Use the ELTs to Search for Oxygen at 
High Resolution (Snellen et al.; Rodler & Lopez-Morales) 

M4-M6 is optimal. 
M3 and earlier: star is too big 
M7 and later: too few optical photons



Single-Event Candidates from MEarth:  
Need to Determine Period from RV Follow-Up



Modern Earth orbiting an M5V 
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Features at 2-30 ppm.   Water vapor seen at the few ppm level.  

Transmission model (includes refraction) from Misra et al., (2014) 
 
Model is cloud-free, however continuum corresponds to 8km above the planetary 
surface, likely  above any actual cloud deck.   

Slide Courtesy of  Prof. Victoria Meadows
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Conclusions
• Small planets are common: 

– At least 16% of Sun-like stars have an Earth-sized planet 
– Mean number of Earth-size planets per small star HZ is 0.24 
– Terrestrial planets are consistent with the Earth’s ratio of Fe to MgSiO3. 

• JWST is a revolutionary opportunity to constrain the molecular constituents, 
temperature structures, and metallicities of exoplanet atmospheres. 

• Only terrestrial exoplanets orbiting M-dwarfs are accessible to JWST. 

• TESS will discover 300 Earths and super-Earths transiting nearby stars, 
and significant ground-based work is required for their follow-up. 

• Dedicated M-dwarf exoplanet surveys may soon uncover some terrestrial, 
habitable-zone planets transiting nearby M-dwarfs.
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