
(A very brief)  
Intro to Exoplanet Science with 

LUVOIR 

Mark Marley & Vikki Meadows 

Michael Carroll







Hatzes & Rauer (2015)

Super-Earths to 
sub-Neptunes



Direct Imaging Science is 
Distinctive

Kepler, RV, microlensing
primarily reveal planetary 

system architectures. 
Direct imaging isolates & 

detects light directly 
from the planet.



ExoPAG 11

Upper vs. deep 
atmosphere

Atmosphere features 
are more readily 
detected by 
imaging than by 
transits

Model spectra 
by Caroline Morley

What about Transit Spectroscopy?

GJ 1214b
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Cool giants have distinct atmospheric 
physics/chemistry from hot transiting planets

hot 
Jupiters

all solar 
system 
planets

figure courtesy C. Morley



Example: Diversity of Jupiters

Color and albedo are 
functions of type and 

depth of clouds.

Clouds depend on 
BOTH internal heat 
flow (mass, age) and 

incident flux.

photochemistry



2 AU

0.8 AU

Cahoy et al. (2010)
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Favorable RV 
Planets for 
Direct 
Imaging w/
2.4-m 
telescope



Kreidberg+ 2014



Won’t WFIRST Do All This?
• Coronagraph Instrument is technology 

demonstrator for high contrast imaging 

• Only 2.4-m telescope, 1 year for coronagraph 

• Very Limited targets w/spectra

Lupu et al. (2016)



Diverse Exoplanet Science
• Characterize all possible planets

• provides context for habitable planets

• need to understand systems holistically incl. near misses

• Nature of super Earths/sub-Neptunes

• Giant planets

• easier, outstanding spectroscopy targets (OWA requirement)

• laboratories for clouds, photochemistry, formation, stellar 
influence, etc.



Terrestrial Exoplanets With LUVOIR 
…or why we need a large, space-based telescope beyond JWST.   

                Victoria Meadows (University of Washington, Seattle), Ty Robinson, Jake   
                Lustig-Yaeger, Giada Arney, Eddie Schwieterman and the  
                NAI Virtual Planetary Laboratory Team  
 
 
 

 



Comparative Planetology 

Mathias Pederson 

Are we weird? 



The Search for Life Elsewhere 

Are we alone? 



A Big Telescope for Small Planets  

•  Comparative Planetology   
–  What is the nature of their surfaces and atmospheres?  
–  How are super-Earths and mini-Neptunes related to each 

other, and to other planets in our Solar System?  
–  What can these planets tell us about terrestrial planetary 

processes in different physical and chemical regimes?  
–  Can abiotic planetary processes mimic biosignatures?  

•  The Search for Life Beyond the Solar System 
–  What are the characteristics of HZ planets? 
–  Are they habitable?   
–  Do they exhibit signs of life?   
–  With a meaningful statistical sample, what is the prevalence 

of habitable and inhabited planets in our Galaxy?  



	JWST,	WFIRST,	ELTs	provide	ini5al	opportuni5es	on	a	few	targets	

For	JWST,	WFIRST,	the	number	of	targets	accessible	will	be	small:			
JWST may obtain spectra of 1-3 HZ terrestrials orbiting M dwarfs. 
ELT direct imaging could access ~ 12 late M dwarfs, not all will have HZ planet  
WFIRST could detect ~5 super-Earths around F and G dwarfs with 1-2 spectra     
 

K	Stapelfeldt	



Small	Planets	with	WFIRST	

Meadows et al., WFIRST SIT proposal 
Figures by Ty Robinson  



LUVOIR will be able to observe tens of HZ Earths 

Dalcanton et al., 2015 

6.5 m 

12 m 

2.4 m 

LUVOIR should be able to directly image  
tens of Earth-sized planets in the Habitable 
Zone. 

Stark et al., 2015 
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LUVOIR will access planets orbiting a broad range of stellar types 



Refraction Limits Altitudes Probed in Transmission  

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

•  Transmission spectra - from JWST or the ground – cannot observe the planetary surface 

•  For every planet/star system there will be a maximum pressure (or minimum atmospheric  
     altitude) that can be probed.   
 
•  Can probe deeper for planets in M dwarf habitable zones (but still limited to 8-10km)  
     Habitable planets orbiting Sun-like stars are not accessible.  

Misra	et	al.,	2014	



Habitable terrestrials have dry stratospheres 
H2O difficult to detect in transmission!    

…a wet stratosphere indicates a planet in crisis! 

Earth 



Self-Consistent Earth orbiting an M3.5V seen in transmission  

E. Schwieterman  

Spectrum of self-consistent Earth around an M3.5V from Segura et al., 2005.   
Transmission model (includes refraction) from Misra et al., 2014.  
 
Water vapor is not seen at shorter wavelengths as the much weaker signal is swamped  
by CH4 at 1.1 and 1.4um! 
 
Identifying terrestrial planets with water vapor will be challenging in transmission   
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Simulated JWST/NIRISS Spectrum of M3.5V Earth 

Assuming photon-limited noise 
10 transits/65 hrs exposure time 
Rebinned 2048 -> 32 columns  

CO2 CH4 
CH4 

CH4 

Schwieterman et al., 2016 

Drake Deming 
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Many (non-O2) biosignatures will be confined to the deep atmosphere 
Transmission cannot probe there.  

Domagal-Goldman et al., 2011 

Early Earth with a sulfur-dominated biosphere  

Sun AD Leo 

•  Exotic biosignature molecules that are more susceptible to UV radiation will be less  
abundant and found in the lower troposphere only - may not be accessible to transmission. 
•  Many of these molecules also have their strongest features in the MIR.    



Haze	can	severely	limit	transmission	spectra	

Kreidberg et al., 2014 

GJ1214b:  Not Solar composition 

Not high mean molecular mass atmosphere 

Conclusion: High-altitude cloud/haze 



Hazy Earth - Sun at 0 Ga
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Haze	is	not	as	big	an	issue	for	direct	imaging	

At	10pc,	it	takes	200	hrs	to	get	this	S/N	
At	3pc,	it	takes	20	hrs.		

Arney	et	al.,	in	prep	

H2O	

LUVOIR	10m		

Thin	haze	s5ll	allows	access	to	the	deeper	atmosphere,	
including	detec5on	of	tropospheric	water	vapor,	even	at	visible	
wavelengths.				



3.	O2-Dominated	Post-Runaway	Atmospheres	
from	XUV-driven	H	Loss	(Luger	&	Barnes	2014)	

Transmission	-	M	Dwarfs	

2.	Photochemical	Produc5on	of	O2/O3	(Domagal-
Goldman	et	al.;	Tian	et	al.,	2014,	Harman	et	al.,	2015)	

	Transmission	-	M	Dwarfs	

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

Direct	Imaging	-	F,	G,	K,	M	Dwarfs	

LUVOIR targets will orbit earlier type stars as well as M dwarfs 
Susceptible to fewer biosignature false positive mechanisms  

4.	CO2	Photolysis	in	Dessicated	Atmospheres	
(Gao,	Hu,	Robinson,	Li,	Yung,	2015	)	

Transmission	-	M	Dwarfs	
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Schwieterman et al., 2016 

Abiotic O2 generation can be identified… 
if we have wavelength coverage in the visible to near-infrared.  

CO, CO2, O4  and CH4 features can 
help reveal abiotic processes.   

Earth Photolytic source 

Atmospheric Escape 

Direct Imaging 
High O2 atmospheres 
Exhibit abundant O4 

Transmission 

Transmission 

Transmission 



Visible	O4	bands	may	reveal	O2	from	atmospheric	loss.		

O2	O4	O2	O4	

O4	

O4	

1	bar	O2	
Dessicated		

10		bar	O2	
Dessicated		

Jake	Lus5g-Yaeger,	Eddie	Schwieterman,	Ty	Robinson,	Giada	Arney	
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Phase Dependent Imaging of Terrestrials – Ocean Detection 

But can be discriminated at high phase angles 

LCROSS 



~λ4 
H2O 

O2 

The	Money	Plot		

LUVOIR	10m	

Eddie	Schwieterman,	Jake	Lus5g-Yaeger,	Ty	Robinson,	Giada	Arney	



Direct	Imaging	of	Terrestrials	–	Some	Issues	
Hazy Earth - Sun at 0 Ga
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Hazy Earth - Sun at 2.7 Ga
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Hazy Earth - K2V
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Arney	et	al.,	in	prep	

Planets	with	smaller	angular	separa5ons		
have	less	of	the	spectrum	accessible	

To	quan5fy	the	most	readily	detectable		
water	band,	we	need	detectors	with		
good	QE	through	0.9-1.0um	

Haze	can	have	strong	
	features	of	its	own!		
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Planets	with	smaller	angular	separa5ons		
have	less	of	the	spectrum	accessible	

To	quan5fy	the	most	readily	detectable		
water	band,	we	need	detectors	with		
good	QE	through	0.9-1.0um	

Haze	can	have	strong	
	features	of	its	own!		

All	planets	at	10pc		

The	Valley	of	Death	



Earth,	2.7	Ga	
	
200hrs	@	10pc	
13	hrs	@	5pc.			

Long	band-pass	simultaneous	nulling	is	highly	desirable	

The	200	hrs	here	is	PER	BANDPASS.			With,	say,	4	nulling	bandpasses	spanning	the		
wavelength	range,	this	would	be	800	hrs	on	target.	
(*might	need	mulGple	coronagraphs!	)	
	
Being	able	to	bin	down	spectral	resoluGon	on	fainter	targets	will	be	crucial	
	–	low	to	no	noise	detectors	needed!			

Jake	Lus5g-Yaeger,	Eddie	Schwieterman,	Ty	Robinson,	Giada	Arney	

~λ4 
H2O 

O2 

Earth,	0	Ga	
	
200hrs	@	10pc	
13	hrs	@	5pc			

Haze	

CH4		
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CH4		
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M	Dwarf	HZs	may	be	accessible	over	limited	wavelength			

This	is	great	for	compara5ve	planetology	as	LUVOIR	can	access	true	Solar	System		
analogs	as	well	as	some	M	dwarf	planets.		
	
Wavelength	range	accessibility	also	depends	on	posi5on	in	the	HZ!				

4.66pc	distant	M4V	
Planet	at	inner	edge		

4.66pc	distant	M4V	
Planet	at	outer	edge		

O2		
O2		

Jake	Lus5g-Yaeger,	Eddie	Schwieterman,	Ty	Robinson,	Giada	Arney	



•  Observations by upcoming missions, including JWST, WFIRST and 
ground-based telescopes will provide initial opportunities to study 
the atmospheres and surfaces of HZ terrestrials. 
–  the number of targets accessible will be small (or possibly non-existent). 
–  transmission spectroscopy cannot access the troposphere and surface, 

where most water, and a wider array of biosignatures may be present.    
–  JWST and ELTs are limited to M dwarf planets, where possible false 

positives for biosignatures are potentially much higher.  

•  Direct imaging of a large number of HZ Terrestrials around A 
through M Dwarf stars with LUVOIR will: 
–  Provide meaningful statistics on the fraction of worlds that are habitable 

and that support life 
–  Allow access to the surfaces and entire atmospheric column for more 

detailed characterization of planetary systems, including those like our 
own.   

–  Vastly improved capability to search for habitability and biosignatures.  

LUVOIR will have unique capabilities  


