
 
 
 1 / 20 

Exploring Habitable Worlds beyond our Solar System 

 
White paper submitted in response to ESA’s call for science themes for the 

L2/L3 missions of its Cosmic Vision program 

 
     

 

 
 

Coordinator / spokesperson: Andreas Quirrenbach 
 

Contact details: 

 

Prof. Dr. Andreas Quirrenbach 

Landessternwarte, Zentrum für Astronomie der Universität Heidelberg 

Königstuhl 12 

D-69117 Heidelberg 

Germany 

 

A.Quirrenbach@lsw.uni-heidelberg.de 

 

+49-6221-54-1792 



 
 
 2 / 20 

1. List of Supporters 
632 supporting scientists world-wide, among them 424 faculty/staff, 119 postdocs, 46 PhD stu-
dents and 561 persons with PhD. 

ESA Member States (471).	Austria (9):	Baumjohann	W.,	Funk	B.,	Hron	J.,	Kerschbaum	F.,	Khodachenko	M.,	Kupka	F.,	Lammer	H.,	
Pilat‐Lohinger	E.,	Weiss	W.;	Belgium (19):	Absil	O.,	Aerts	C.,	Carone	L.,	Decin	L.,	Dehant	V.,	Gillon	M.,	Javaux	E.,	Lemaitre	A.,	Libert	AS.,	
Lombaert	R.,	Paladini	C.,	Papics	PI.,	Raskin	G.,	Rochus	P.,	Surdej	 J.,	Triana	S.,	Van	Hoolst	T.,	Van	Winckel	H.,	Vanaverbeke	S.;	Czech 
Republic (3):	 Civis	 S.,	 Ferus	 M.,	 Heyrovsky	 D.;	 Denmark (4):	 Andersen	 AC.,	 Buchhave	 LA.,	 Christensen‐Dalsgaard	 J.,	 Karoff	 C.;	
Finland (1): Lehto	 H.;	 France (158):	 Allard	 F.,	 Almenara	 JM.,	 Anthonioz	 F.,	 Arenou	 F.,	 Aristidi	 E.,	 Arnold	 L.,	 Astudillo‐Defru	 N.,	
Augereau	JC.,	Barge	P.,	Barros	S.,	Baudino	JL.,	Baudoz	P.,	Beaulieu	JP.,	Bendjoya	P.,	Bénilan	Y.,	Benisty	M.,	Bertaux	JL.,	Bertout	C.,	Beust	
H.,	Beuzit	JL.,	Bezard	B.,	Boccaletti	A.,	Bonfils	X.,	Bordé	P.,	Bouchy	F.,	Bourrier	V.,	Brack	A.,	Briot	D.,	Cabanac	R.,	Caillat	A.,	Cassaing	F.,	
Cassan	A.,	Catala	C.,	Cavalié	T.,	Chaintreuil	S.,	Charnay	B.,	Chelli	A.,	Chiavassa	A.,	Cottin	H.,	Coudé	du	Foresto	V.,	Coustenis	A.,	Creevey	
O.,	Crouzier	A.,	Crovisier	 J.,	Daniel	 I.,	Dayan	F.,	Deleuil	M.,	Delfosse	X.,	Delorme	P.,	Delsanti	A.,	Deschaud	JE.,	Despois	D.,	Dohlen	K.,	
Donati	 JF.,	 Duvert	 G.,	 Eggl	 S.,	 Ertel	 S.,	 Ferlet	 R.,	 Ferrari	M.,	 Forget	 F.,	 Forveille	 T.,	 Galicher	 R.,	 Gargaud	M.,	 Giard	M.,	 Gonzalez	 JF.,	
Griessmeier	JM.,	Guyot	F.,	Hébrard	G.,	Hénault	F.,	Hersant	F.,	Hervé	G.,	Homeier	D.,	Huby	E.,	Jacquemoud	S.,	Jolly	A.,	Keller	R.,	Kern	P.,	
Kervella	P.,	Kiefer	F.,	Kluska	J.,	Labèque	A.,	Labeyrie	A.,	Lacour	S.,	Lagage	PO.,	Lagrange	AM.,	Lainey	V.,	Lambert	J.,	Lamy	L.,	Langlois	
M.,	Le	Poncin‐Lafitte	C.,	Leach	S.,	Lebreton	J.,	Lecacheux	A.,	Lecavelier	des	Etangs	A.,	Leconte	J.,	Léger	A.,	Lellouch	E.,	Léna	P.,	Lestrade	
JF.,	Lilensten	J.,	Lopez	B.,	Maillard	JP.,	Maire	AL.,	Malbet	F.,	Marcq	E.,	Martic	M.,	Martinez	P.,	Mary	D.,	Mathias	P.,	Menut	JL.,	Meunier	N.,	
Michel	P.,	Milli	J.,	Millour	F.,	Monin	JL.,	Montargès	M.,	Morales	JC.,	Mouillet	D.,	Moutou	C.,	Mugnier	L.,	Ollivier	M.,	Pantin	E.,	Parmentier	
V.,	Perrier	C.,	Perrin	G.,	Petrov	R.,	Piccoli	R.,	Plez	B.,	Rambaux	N.,	Raulin	F.,	Raymond	S.,	Remus	F.,	Renner	S.,	Robert	V.,	Rodriguez	S.,	
Roques	F.,	Rospars	 JP.,	Rossi	L.,	Rouan	D.,	Rousset	G.,	Samuel	B.,	 Schneider	 J.,	 Selsis	F.,	Soulez	F.,	Tallon	M.,	Tanga	P.,	Thévenin	F.,	
Thiébaut	É.,	Tisserand	P.,	Toublanc	D.,	Turck‐Chièze	S.,	Vakili	F.,	Vidal‐Madjar	A.,	Vigan	A.,	Vinatier	S.,	Vincendon	M.,	Wakelam	V.,	
Westall	 F.;	 Germany (49):	 Anglada‐Escude	 G.,	 Berdyugina	 S.,	 Bredehöft	 JH.,	 Cabrera	 J.,	 Crossfield	 I.,	 Csizmadia	 S.,	 Dreizler	 S.,	
Eigmüller	P.,	Erikson	A.,	Fossati	L.,	Fruth	T.,	Grenfell	 JL.,	Guenther	E.,	Güngör	D.,	Hatzes	A.,	Heller	R.,	 Iro	N.,	 Jeffers	S.,	 Joergens	V.,	
Johann	U.,	Kley	W.,	Krivov	A.,	Labadie	L.,	Launhardt	R.,	Lenzen	R.,	Lobo	Gomes	A.,	Mancini	L.,	Mandel	H.,	Mohler‐Fischer	M.,	Mordasini	
C.,	Mueller	M.,	Ofir	A.,	Quirrenbach	A.,	Raetz	 S.,	Rauer	H.,	Redmer	R.,	Reffert	 S.,	Reiners	A.,	 Schuller	PA.,	 Sonnabend	G.,	 Sornig	M.,	
Stangier	T.,	Stepanovs	D.,	Sterken	V.,	Trifonov	T.,	von	Braun	K.,	von	der	Lühe	O.,	Weigelt	G.,	Weiss	A.;	Greece (3):	Chatzitheodoridis	E.,	
Georgantopoulos	 I.,	Varvoglis	H.;	 Ireland (2):	McKenna‐Lawlor	S.,	Ray	T.;	 Italy (28):	Adriani	A.,	Antichi	 J.,	Barbieri	M.,	Bellucci	G.,	
Boccato	C.,	Bonavita	M.,	Bonomo	AS.,	Borsato	L.,	Castronuovo	MM.,	Ciaravella	A.,	Cosmovici	C.,	Damasso	M.,	Desidera	S.,	Di	Mauro	MP.,	
Esposito	F.,	Focardi	M.,	Gai	M.,	Gratton	R.,	Lattanzi	MG.,	Mesa	D.,	Micela	G.,	Nascimbeni	V.,	Ortolani	S.,	Pagano	I.,	Piccioni	G.,	Piotto	G.,	
Silvotti	R.,	 Sozzetti	A.;	The Netherlands (25):	Birkby	 J.,	Bloemen	S.,	 Braam	B.,	 de	Kok	R.,	 den	Hartog	R.,	Di	Gloria	E.,	Dominik	C.,	
Fridlund	M.,	Gandolfi	D.,	Hoeijmakers	J.,	Keller	C.,	Kenworthy	M.,	Roelfsema	R.,	Rottgering	H.,	Schwarz	H.,	Snellen	I.,	Snik	F.,	Sodnik	Z.,	
Spaans	M.,	Stam	D.,	Thalmann	C.,	Vermeersen	B.,	Vicente	S.,	Vosteen	A.,	Waters	R.;	Norway (1):	Werner	SC.;	Poland (9):	Gawroński	
M.,	Grzedzielski	S.,	Konacki	M.,	Nowak	G.,	Rozyczka	M.,	Siwak	M.,	Smiljanic	R.,	Smith	A.,	Szuszkiewicz	E.;	Portugal (16):	Adibekyan	V.,	
Boissé	I.,	Brandão	I.,	Coelho	J.,	Delgado	Mena	E.,	Figueira	P.,	Krone‐Martins	A.,	Luz	D.,	Martins	J.,	Moitinho	A.,	Montalto	M.,	Mortier	A.,	
Neves	V.,	Santerne	A.,	Santos	N.,	Sousa	S.;	Romania (4):	Belu	AR.,	Fendrihan	S.,	Pricopi	D.,	Suran	MD.;	Spain (44):	Aceituno	Castro	J.,	
Alonso	R.,	Amado	PJ.,	Anglada	G.,	Barrado	D.,	Belmonte	JA.,	Bernabeu	G.,	Caballero	JA.,	Claret	A.,	Colomé	J.,	Deeg	H.,	Diaz‐Sanchez	A.,	
Eiroa	C.,	Esposito	M.,	Fors	O.,	Galadi‐Enriquez	D.,	Gutiérrez	JL.,	Lara	LM.,	Lopez‐Puertas	M.,	Maldonado	J.,	Manteiga	M.,	McCormac	J.,	
Modroño	Z.,	Molina‐Cuberos	GJ.,	Montes	D.,	Ortiz‐Gil	A.,	 Palle	 E.,	 Perez	Cagigal	M.,	 Perez‐Garrido	A.,	Ramón	Ballesta	A.,	Régulo	C.,	
Ribas	I.,	Roca	Cortés	T.,	Rodler	F.,	Rodrigo	R.,	Rodríguez	E.,	Sanchez‐Blanco	Mancera	E.,	Sanchez‐Lavega	A.,	Sanz‐Forcada	J.,	Skillen	I.,	
Valle	PJ.,	Villaver	E.,	Voss	H.,	Zapatero	Osorio	MR.;	Sweden (15):	Bjerkeli	P.,	Brandeker	A.,	Carrera	D.,	Davies	M.,	Feltzing	S.,	Johansen	
A.,	 Justtanont	K.,	 Liseau	R.,	Nordh	L.,	Olberg	M.,	Olofsson	G.,	 Persson	CM.,	Rickman	H.,	Romeo	A.,	Wirström	E.;	Switzerland (19):	
Alibert	Y.,	Bartholdi	P.,	Ehrenreich	D.,	Fortier	A.,	Hagelberg	J.,	Holl	B.,	Lendl	M.,	Lovis	C.,	Mayer	L.,	Mayor	M.,	Mégevand	D.,	Motalebi	F.,	
Pfenniger	 D.,	 Quanz	 S.,	 Saesen	 S.,	 Sahlmann	 J.,	 Schmid	 HM.,	 Udry	 S.,	Wyttenbach	 A.;	United Kingdom (62):	 Aigrain	 S.,	 Astley	 J.,	
Bagnulo	S.,	Barstow	J.,	Bochinski	J.,	Bowles	N.,	Bradshaw	T.,	Brown	D.,	Burleigh	M.,	Cameron	A.,	Catalan	S.,	Cho	J.,	Faedi	F.,	Ferlet	M.,	
Fletcher	 L.,	 Frith	 J.,	 Galand	 M.,	 Gomez	Maqueo	 Chew	 Y.,	 Goodwin	 S.,	 Hall	 A.,	 Hargreaves	 R.,	 Haywood	 R.,	 Hellier	 C.,	 Hodgkin	 S.,	
Hoekzema	R.,	Irshad	R.,	Irwin	P.,	Ivison	R.,	Jones	H.,	Kolb	U.,	Kraus	S.,	Lim	T.,	Lucas	P.,	Mohanty	S.,	Mueller‐Wodarg	I.,	Nayakshin	S.,	
Nelson	R.,	Norton	A.,	 Ogilvie	G.,	 Pickering	 J.,	 Pollacco	D.,	 Raven	 J.,	 Rice	K.,	 Savini	 G.,	 Serjeant	 S.,	 Simpson	F.,	 Smalley	B.,	 Smith	M.,	
Stevens	I.,	Stixrude	L.,	Tinetti	G.,	Tsapras	Y.,	Turner	O.,	Vidotto	A.,	Walton	N.,	Wheatley	P.,	White	G.,	Williams	I.,	Wyatt	M.,	Young	J.,	
Young	R.,	Yurchenko	S.	 

States in cooperation with ESA (14): Canada (6):	Doyon	R.,	Gregory	P.,	MacPhee	S.,	Marois	C.,	Matthews	J.,	Metchev	S.;	Hungary 
(7):	Borkovits	T.,	Dálya	G.,	Kiss	L.,	Klagyivik	P.,	Regaly	Z.,	Szabo	R.,	Szabó	G.;	Slovenia (1): Zwitter	T.		 	

Non ESA States (147): Argentina (3):	Beauge	C.,	Giuppone	C.,	Guilera	OM.;	Australia (1):	Haubois	X.;	Brazil (1):	Ferraz‐Mello	S.;	
Chile (10):	de	Graauw	T.,	Grellmann	R.,	Hales	A.,	Ivanov	V.,	Jenkins	J.,	Kabath	P.,	Mawet	D.,	Minniti	D.,	Muller	A.,	Rabus	M.;	China (5):	
Gu	S.,	Guo	J.,	Wang	T.,	Wang	X.,	Zhang	YH.;	India (1):	Vahia	M.;	Israel (6):	Helled	R.,	Mazeh	T.,	Perets	H.,	Podolak	M.,	Vazan	A.,	Zucker	
S.;	Japan (9):	 Inaba	S.,	Kawahara	H.,	Kokubo	E.,	Matsuo	T.,	Murakami	N.,	Narita	N.,	Nishikawa	J.,	Shibai	H.,	Tamura	M.;	Russia (6):	
Bisikalo	D.,	 Demekhov	A.,	 Ksanfomality	 L.,	 Kulikov	 Y.,	 Shematovich	V.,	 Tavrov	A.;	Serbia (1):	 Novakovic	 B.;	Taiwan (1):	 Ip	WH.;	
United States of America (103):	Adams	F.,	Albrecht	S.,	Angerhausen	D.,	Armstrong	JT.,	Arras	P.,	Aufdenberg	J.,	Barman	T.,	Baron	F.,	
Batalha	 N.,	 Belikov	 R.,	 Benneke	 B.,	 Boley	 A.,	 Boss	 A.,	 Boyajian	 T.,	 Breckinridge	 J.,	 Brown	 R.,	 Bryden	 G.,	 Cabrera	 N.,	 Caldwell	 D.,	
Carpenter	K.,	Catanzarite	J.,	Chaboyer	B.,	Choquet	E.,	Clampin	M.,	Cowan	N.,	D'Angelo	G.,	Danchi	W.,	Davis	P.,	de	Val‐Borro	M.,	Defrere	
D.,	Dekens	F.,	Demory	BO.,	Deroo	P.,	Doyle	L.,	Duchene	G.,	Dumusque	X.,	Forrest	W.,	Gaulme	P.,	Gilliland	R.,	Greene	T.,	Groth	E.,	Guyon	
O.,	Guzik	 J.,	Haghighipour	N.,	Havel	M.,	Huang	X.,	 Isella	A.,	 Janson	M.,	 Jenkins	J.,	 Jevtic	N.,	Kane	S.,	Karalidi	T.,	Kasdin	NJ.,	Kasting	J.,	
Kopparapu	Rk.,	Lai	D.,	Lawson	P.,	Lay	O.,	Lisse	C.,	Livengood	T.,	Lopez‐Morales	M.,	Lozi	J.,	Lunine	J.,	Lyon	R.,	Mandell	A.,	Marley	M.,	
Martinache	F.,	Mather	J.,	McElwain	M.,	Mennesson	B.,	Mitchell	D.,	Monnier	J.,	N'Diaye	M.,	Orton	G.,	Palmer	P.,	Pipher	J.,	Plavchan	P.,	
Pluzhnik	E.,	Ragozzine	D.,	Ridgway	S.,	Rinehart	S.,	Roberge	A.,	Sahai	R.,	Sanchis‐Ojeda	R.,	Sciamma‐O'Brien	E.,	Serabyn	E.,	Sparks	W.,	
Stapelfeldt	K.,	Su	K.,	Taylor	SF.,	ten	Brummelaar	T.,	Traub	W.,	Trauger	J.,	Tsvetanov	Z.,	Turner	N.,	Unwin	S.,	Vakoch	D.,	van	Belle	G.,	
Vasisht	G.,	Warner	J.,	Woolf	N.,	Wordsworth	R.,	Yelle	R.	

For an updated list, with institutional details and more complete statistics, see www.blue-dots.net.



 
 
 3 / 20 

2. Executive Summary 
We are now at a unique moment in human history. For the first time, we are able to build instru-
ments that allow us to investigate directly how unique the Earth is and whether or not we are alone 
in the Universe. Discovering Earth's sisters and possibly life is the first step in the fundamental 
quest of understanding what succession of events led to the emergence and survival of life on 
Earth. For this, we need to know how, where and when stars form from gas and dust and how, 
where and when planets emerge from this process. This is certainly one of the most important sci-
entific goals that ESA and Europe could set themselves. [ESA, Cosmic Vision, 2005] 
 
Triggered by the discoveries of the first planets outside the Solar System twenty years ago, the 
study of planetary systems associated with other stars and of the properties of exoplanets has 
grown into one of the most vibrant fields of astrophysics. Surveys covering thousands of stars have 
yielded nearly 1000 confirmed planet discoveries, and steady progress is being made from Jupiter-
size objects towards Neptune- and now Earth-size planets, driven by refinements in instrumenta-
tion and observing techniques.  

Thanks to the ubiquity of planetary systems and the broad diversity of exoplanets, in terms of size, 
composition, temperature, and orbits, we have already begun the exploration of some distant 
worlds by remote sensing. The population of gaseous exoplanets at short orbital periods (the so 
called hot Jupiters or hot Neptunes depending on their size/mass) that includes a significant frac-
tion of transiting objects has provided us with the data to expand comparative planetary science 
beyond our own Solar System. Transmission and emission spectroscopy achieved during primary 
transits and secondary eclipse, respectively, as well as orbital spectrophotometry for transiting and 
non-transiting planets have made possible the detection of atmospheric species and clouds, and 
the measurement of atmospheric temperatures, vertical/longitudinal thermal structures and wind 
speeds. First applied to the most favorable hot Jupiters, these techniques are now providing re-
sults on smaller and cooler planets. The trend towards the observation of terrestrial exoplanets will 
continue, but characterizing them, assessing their habitability and searching for signs of biological 
activity implies an ambitious space program that will aim, beyond the next decade, at the direct im-
aging of exoplanets that do not necessarily transit, which represent the vast majority of exoplanets 
and include our nearest neighbors. 

The stunning progress in exoplanet science during the past years has broadened our view, 
and changed the perspective we had on these questions when they were framed within the 
Cosmic Vision program. Whereas previous proposals for large space missions, informed solely 
by our own Solar System, focused strongly on the possibility of detecting “Earth twins”, we are now 
in a position to formulate questions about habitability and ultimately extraterrestrial life in the more 
general context of comparative planetology, with a large number of systems available for study.  

Among the remarkable feats of the exoplanet community has been the ingenuity with which new 
observing techniques have been invented and put into successful use over the past twenty years. 
We now have a diverse set of tools at our disposal, with which we can explore different aspects of 
exoplanetary systems. A number of complementary approaches have been identified that can ad-
dress habitability from different angles. Coronographs and infrared interferometers have been 
studied at some level of detail, and other more recent concepts (external occulters and integrated-
light telescopes) also show considerable promise. While none of these is ready yet for flight, the 
rapid progress over the past few years in the development of the key enabling technologies gives 
confidence that an exoplanet exploration mission will become viable technically and financially in 
time for implementation in the middle of the next decade. 
 
Ever since the first discovery of a planet around a Sun-like star (Mayor & Queloz 1995), Europe 
has been playing a leading role in exoplanet science, with arguably the best ground-based instru-
ments and the first dedicated exoplanet space mission (CoRoT). Future plans include the small 
mission CHEOPS, as well as two strong contenders for M3 (PLATO and EChO). The adoption of 
“Exploring Habitable Worlds beyond the Solar System” as the theme for a large mission will enable 
ESA to secure its leading role in this endeavor into and beyond the next decade. 
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3. The Science Case of Exoplanet Characterization: 
Atmospheres, Surfaces, Habitable Environments 

Probably for as long as humans have looked up to the night sky, they have tracked the wanderings 
of the brightest specks of light across the background of seemingly unmoving stars. Observed 
through the first telescopes, these planets appeared to be physical bodies with their own moons 
around them, orbiting the Sun just like the Earth; a discovery that triggered the upheaval of the 
commonly held view of the place of the Earth and mankind in the Universe. With the increasing 
quality of ground-based telescopes, and, since the 1960’s, with space-based telescopes and dedi-
cated spacecraft, the Solar System’s planets and moons changed from merely slightly differently 
colored, fuzzy dots into unique and stunning  worlds of their own.  

3.1. The Diversity of Planets 
One of the lessons of Solar System exploration is diversity. Since the 1990’s, an even broader 
perspective has emerged with the discovery of exoplanets, as planets around other stars are 
called. And these worlds present an even greater diversity than those of our Solar System, in 
terms of observed masses (from 0.67M⊕	to 30MJup and beyond), orbital range (from 0.006 AU to 
more than 1000 AU), orbital eccentricity, and host star properties. 

One of the key drivers for Solar System exploration has been the search for life elsewhere. Finding 
life forms on another planet or moon would help to shed light on the formation and evolution of life 
on Earth. A prerequisite for life appears to be liquid water. The search for life is therefore closely 
linked with the search for liquid water and habitable conditions. So far, we haven’t found liquid wa-
ter on other planets or moons. Venus was long suspected to harbor water, because while this 
planet is closer to the Sun than the Earth, and thus receives a much larger solar flux, its clouds re-
flect most of this flux back to space. It was only in the 1960’s that Venus’s surface temperature 
was found to be close to 500°C, due to the extreme greenhouse effect in its thick carbon dioxide 
atmosphere, and in the 1970’s, it was discovered that its clouds consist of sulfuric acid instead of 
water (Hansen and Hovenier 1974).  

Mars orbits on the outer edge of the Sun’s so-called habitable zone – the region around a star 
where the stellar flux that is incident on a planet would allow liquid surface water to exist. While 
water-ice is abundant on Mars (e.g. Plaut et al. 2007), the surface pressure and the temperature 
are too low for liquid surface water to be in equilibrium with the atmosphere. Mars shows evidence 
for the geologically recent presence of liquid surface water, indicating that in the past, the Martian 
atmosphere might have been much thicker, the climate much warmer and wetter, and more favor-
able for life (Solomon et al. 2005). Traces of ancient life, and even subsurface pockets of current 
life, will be searched for by ESA’s upcoming Exomars mission. ESA’s L-class mission JUICE will 
get a close-up of moons of the gas giant Jupiter where thick crusts of water-ice are predicted to 
cover deep, possibly habitable, oceans of liquid water (Grasset et al. 2013).   

While the search for life elsewhere in the Solar System is still ongoing, it has become clear that 
there cannot be evolved life, beyond very primitive micro-organisms, and then only on a very few 
bodies (Mars and some of the giant planets’ moons). However, we know that there are many more 
observable habitable exoplanets and that no present observation excludes evolved forms of life on 
them. Therefore, to find abundant life as we know it on Earth, we have to look beyond our own 
planetary system. Only a search for life on planets around other stars would answer the longstand-
ing question whether we are alone.  

3.2. Reaching beyond the Solar System 
After two decades of hunting for exoplanets, we have identified almost 1000 of them, and we now 
know that there are at least as many planetary companions as there are stars in our galaxy. And 
thanks to the increased sensitivity of instruments and analysis methods, it has also become appar-
ent that small exoplanets are in fact much more common than giant, gaseous ones. Indeed, ac-
cording to recent estimates, at least 10% of stars could have a small planet orbiting in their habita-
ble zone.  
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We know very little about these exoplanets, apart from their masses (and often only a lower limit is 
known), sizes, and the diameters of their orbits. As we know from the terrestrial planets in the So-
lar System, whether or not a planet in or near the habitable zone of a star has surface conditions 
compatible with life will depend strongly on the chemical composition and thickness of its atmos-
phere. The next step in the thriving field of exoplanet research should therefore be studying the 
physical properties, atmospheres and surfaces of exoplanets. This search for habitable conditions, 
i.e. conditions that are compatible with the presence of liquid water, or for actual signatures of life 
as we know it, i.e. spectral features due to vegetation (Fuji et al. 2010) or gases like O2 and CH4 
(Rauer et al. 2011), does not have to be confined to small, rocky exoplanets around solar type 
stars. Other types of stars have planets, too (indeed, several of the known small exoplanets orbit 
red dwarfs). And, just like Saturn’s largest moon, Titan, moons of gas giants that are located in or 
near a star’s habitable zone could also have atmospheres and habitable conditions (Heller 2012).  

Apart from the search for life outside the Solar System, studying exoplanets’ physical properties, 
atmospheres and surfaces, will provide us with a wealth of knowledge on the formation and evolu-
tionary processes that shape not only planetary systems as a whole, but also the interiors, atmos-
pheres, and surfaces of individual planets. The large diversity exhibited by the Solar System plan-
ets in, amongst others, their atmospheric chemical composition and structure, the radiative and 
dynamical processes governing their climates and weather patterns, their internal composition and 
structure, their magnetic fields, and even in the properties of their moons and ring systems, has 
allowed us to significantly broaden our understanding of how planets work. These fields of study 
are now being enriched even further by discoveries of exoplanets with properties that are not found 
within the Solar System. We are thus at the dawn of a new science: comparative exoplanetology. 

3.3. Physical Properties of Exoplanets: A Rich Field for Exploration 
The diversity in physical properties of exoplanets, such as size, mass, composition, and orbits, and 
the paucity of information about the formation and evolution of these planets and their atmos-
pheres, provide many opportunities for discoveries and new insights. Meaningful comparative 
planetology that connects these systems to the Solar System is now becoming possible. Indeed, 
more detailed observations, observational baselines long enough to cover several orbital periods 
and/or seasonal changes, and the relentless growth in computing power for data analysis and nu-
merical modeling of physical processes have revealed significant and important gaps in our 
knowledge and understanding. As an example, a general circulation model that satisfactorily simu-
lates the Earth’s current climate and weather patterns will not do the same for Venus upon chang-
ing the solar irradiation or the planet’s obliquity, rotation period, or atmospheric thickness and 
composition. As another example, we don’t know whether Venus and the Earth started off with 
very different atmospheres, or with similar ones. If they were similar: when and why did the diver-
gence start? How stable are such atmospheres anyway? And what was the Earth’s atmosphere 
like when there was liquid surface water while the Sun was young and faint?  

Exoplanet characterization will shed new light on these important questions and enable new ap-
proaches to the open problems (e.g., Medvedev et al. 2013). Although the detection methods that 
have harvested the vast majority of exoplanets known today all have peculiar biases towards plan-
etary sizes, orbital distances, or temperatures, it can safely be concluded that exoplanets cover a 
huge parameter space: from young and hot to old and cold, from small and solid to giant and gas-
eous, from tight to wide orbits, and from circular to eccentric orbits that give rise to extreme tem-
perature changes and hence to extreme dynamical processes in planetary atmospheres. Differ-
ences in types of parent stars – their composition, size, and activity – could also result in differ-
ences in types of planets. Exoplanet characterization will fill the gaps in our knowledge and under-
standing because it changes the universe around us into a huge physics laboratory where argua-
bly enough planets can be probed to tackle a range of variables, including habitability and life (e.g. 
Grenfell et al. 2007).  

Comparative exoplanetology is thus undoubtedly among the most exciting areas in all of science in 
the 21st century. The questions raised by the extreme complexity of this field will keep challenging 
space- and ground-based technologies for decades to come. By scheduling a large mission for 
launch in 2034, ESA will further energize the field and take a large step forward towards a fuller 
understanding of habitable worlds beyond our Solar System. 
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4. Exoplanet Characterization: Present and Near Future 
The study of extrasolar planets is presently one of the fastest-growing areas of astrophysics. While 
surveys with different techniques (radial velocities, transit photometry, microlensing, coronographic 
imaging, and soon astrometry with GAIA) are discovering planets and planetary systems at an ac-
celerating pace, we are also moving progressively into the era of exploration and characterization 
with photometric and spectroscopic methods. With increasing instrumental sophistication, each 
technique progresses from large to small planets, and most of them from hot to cool. This is partic-
ularly important in the context of the quest for habitable planets, which are within reach of the dis-
covery programs now, but whose characterization will require larger and more advanced observing 
tools. 

4.1. Studies of Exoplanet Atmospheres with Transit Spectroscopy  
Out of the nearly 1000 exoplanets discovered so far, the ~300 transiting planets represent a 
unique opportunity to access spectral features of exoplanetary atmospheres. Transiting exoplanet 
properties for which we have spectroscopic information are particularly diverse, with star-planet 
distances ranging from 0.014 to 0.45 AU, equilibrium temperature ranging from 540 to over 3000 K 
and orbital eccentricity ranging from 0 (for the circularized hot Jupiters) to 0.93. The Spitzer Space 
Telescope has led to great advances in the understanding of the composition of transiting giant 
planets. The infrared spectra as observed with secondary eclipse data of hot Jupiters are believed 
to be shaped predominantly by water absorption (Burrows et al. 2005, Seager et al. 2005), but 
other molecules such as methane also play a role (Swain et al. 2008). While methane in particular 
could become more important for cooler planets, its abundance in GJ 436b is still controversial 
(Line et al. 2011, Stevenson et al. 2010, Knutson et al. 2011, Beaulieu et al. 2011). For close-in 
planets orbiting luminous stars, strong irradiation could flatten the temperature gradient and weak-
en absorption features in the spectrum at the time of eclipse (Fortney et al. 2006). The results on 
HD 189733b from Spitzer/IRAC (Tinetti et al. 2007, Ehrenreich et al. 2007, Beaulieu et al. 2008, 
Désert et al. 2009) and HST/NICMOS (Swain et al. 2008, Sing et al. 2009, Gibson et al. 2011) pro-
vide the first glimpses at the atmospheric composition of this hot Jupiter, revealing the signatures 
of molecules and the presence of haze. Important observations of primary transits have also been 
made using Spitzer (Richardson et al. 2006, Gillon et al. 2007, Nutzman et al. 2009). Large 
ground-based telescopes have also been used successfully to obtain spectra of a few bright ex-
oplanets (Snellen et al. 2008), recently even of some that do not transit (Brogi et al. 2012). 

A new chapter in exoplanetary science began with the discovery of the first transiting super-Earths 
(Léger et al. 2009; Charbonneau et al. 2009), for which measurements of mass and radius are 
possible. GJ 1214b is an especially interesting object since its spectrum has also been measured, 
giving us constraints on the nature of its atmosphere. Spectra have been obtained in transmission 
during primary transit and in emission during secondary eclipse, from the ground and from space. 
The flatness of the spectra can have several interpretations, but it definitely rules out a clear at-
mosphere with solar composition. Possible explanations are depletion of CH4 or a dense cloud 
layer (Bean et al. 2010, Croll et al. 2011, Crossfield et al. 2011, Berta et al. 2012). Alternatively, the 
planet might be significantly smaller than indicated by the best present estimates and not possess 
a substantial atmosphere at all (Bean et al. 2011). These conclusions emphasize the diversity of 
the planetary conditions but also the need for consistent, reliable observational constraints. 

Transit surveys like NGTS from the ground, and TESS and PLATO (if selected for M3) from space, 
will discover new interesting targets for transit spectroscopy. With missions such as the James 
Webb Space Telescope (JWST), we should be able to acquire better quality spectra of transiting 
Hot Jupiters and Hot Neptunes, to access atmospheric signatures of a few super-Earths, and to 
start characterizing such planets. Additionally, the EChO mission (currently under consideration by 
ESA as a candidate M3 mission) aims at measuring the largest technically and financially feasible 
part of the planetary spectrum (from 0.4 to 11 or even 16 μm). This mission is also optimized for 
time-sequence studies of these planets, thus providing access to meteorological phenomena 
through observations of temporal variability. High-resolution near- and mid-infrared spectroscopy 
with the next generation of extremely large telescopes will provide further insight into the composi-
tion and dynamics of giant and possibly even Super-Earth planet atmospheres (Hedelt et al. 2013, 
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Snellen et al. 2013). By the end of the next decade we will thus have acquired experience with the 
observational and theoretical tools needed for the analysis of exoplanet atmospheres. The logical 
next step will be the extension of such observations to potentially habitable planets. 

4.2. Direct Detection with Coronographic Imaging 
While radial velocity (RV) and transit searches are pushing towards the discovery of lighter planets 
down into the Super-Earth regime, direct imaging so far has revealed only a handful (about 30) of 
planetary-mass objects due to the high contrast that is needed at small separations (less than 1 
arcsec). Nevertheless, a few emblematic objects have been discovered and studied, like β Pic b 
(Lagrange et al. 2009, 2010), the four planets around HR 8799 (Marois et al. 2008, 2010), and the 
intriguing supposedly planetary object in the Fomalhaut system (Kalas et al. 2008, 2013). In this 
respect, young systems offer a reduced star-to-planet contrast, as the planet’s high, early luminosi-
ty decays slowly with age. The imaged planets are all located at physical separations larger than 
about 10 AU (β Pic b being the closest) and have masses (estimated from their luminosities) larger 
than 5-10 MJup. These systems are also very young, with ages ranging from a few Myr to a few 
hundred Myr. Overall, current ground-based instruments are now able to reach contrasts as large 
as 106 at typically 10 AU for the closest stars (10-20 pc), while the detection of more mature plan-
ets would require a dynamic range of more than 109. 

Still, these few objects provide crucial information for understanding the physics of exoplanets, in 
particular the diversity with respect to the planets found by RV and transits, which has important 
implications regarding their formation and evolution. We have learned that planets can be much 
more massive than those in the Solar System, that they form relatively quickly (β Pic has a well-
constrained age of 12 Myr), and that different mechanisms could be required to explain their for-
mation at large distances (gravitational instabilities as opposed to core accretion). This knowledge 
is inaccessible by indirect detection because RV and transit photometry concentrate on the inner 
part of old systems, which have certainly lost memory of initial conditions due to migration and/or 
planet scattering. In addition, we are starting to obtain atmospheric properties through photometry 
(temperature and surface gravity, Bonnefoy et al. 2011, 2013) and low resolution spectroscopy 
(composition, Janson al. 2010, Konopacky et al. 2013, Oppenheimer et al. 2013). Finally, imaging 
is the only technique that provides a global picture of planetary systems including the distribution of 
the dust in protoplanetary and debris disks, which allows us to study the disk-planet connection 
(Lagrange et al. 2012) and to infer the presence of planets (Wyatt 2003). 

Figure 1: Synthetic emission spectra of the hot Jupiter HD209458b together with various observational
data points (Swain et al. 2009). The data are from various sources, and there are gaps in the spectral
coverage. Despite over a decade of study, the sparse data shown here represent the highest-quality ex-
oplanet spectrum obtained to date. 
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In the coming decade, several instruments optimized for direct imaging (extreme adaptive optics 
and coronographs) will be installed at large ground-based telescopes, starting with the series of 
planet finders like GPI (Macintosh et al. 2008) and SPHERE (Beuzit et al. 2008). These are de-
signed to reach contrasts of 106 – 108 very close to the star (>1 AU) and detect a new population of 
young giant planets with masses similar to that of our Jupiter.  Characterization of their atmos-
pheres will become feasible with low resolution spectrographs in the near IR (1 – 2.3μm). SPHERE 
and GPI will also put important constraints on the frequency of giant planets at large orbital peri-
ods. Towards the end of this decade, JWST (and possibly SPICA) will come with a suite of IR in-
struments, all having coronographic observing modes. JWST’s NIRCAM, MIRI and NIRISS will al-
low detailed atmospheric characterization (mostly photometry but also low resolution spectrosco-
py) of the planets discovered by SPHERE but at longer wavelengths (2.5 to 16μm), and will likely 
push the detection limit to the range of ice giants with long periods.  

5. The Landscape in 2034 

5.1. Further Developments in Exoplanet Detection and Characterization 
Over the past two decades, the field of exoplanet research has grown faster than any other in as-
trophysics, both in terms of objects to be studied (from zero to at least one thousand), and in terms 
of active scientists (from a handful of part-timers to a large vibrant community). This growth has 
been driven by a strong diversification and many refinements of the available observing techniques 

Figure 2: View of the β Pic system showing the debris disks superposed with the planet images in Nov.
2003 and Nov 2009 (Mouillet et al. 1997, Lagrange et al. 2009, 2010). 
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and facilities. As it is likely that many of these developments will continue in the foreseeable future, 
it is not easy to extrapolate the state of the field over another twenty years, or to predict some of 
the major discoveries that will undoubtedly be made during that period. Nevertheless, we can fore-
see major features of the landscape of exoplanet exploration around the envisaged launch date of 
the L3 mission: 

 Radial-velocity surveys will have performed exhaustive searches for terrestrial planets orbit-
ing nearby stars. ESPRESSO at the 8.2m VLT, CARMENES at the Calar Alto 3.5m and 
SPIRou at the 3.6m CFHT will be able to detect 1M⊕ planets in the habitable zones of “qui-
et” Sun-like stars and M dwarfs. 

 TESS will have detected the brightest targets harboring transiting terrestrial planets in orbits 
up to ~30 days, and a small sample of longer-period planets. PLATO, if selected for M3, will 
expand the parameter range with a catalog of temperate terrestrial planets in orbits up to 
the habitable zone of Sun-like stars, where they are likely able to retain their atmospheres, 
and to develop habitable conditions. 

 Thanks to the combination of radial velocities with transit observations (CHEOPS), the 
mass-radius relation will have been established down to Earth-size planets; consequently 
the bulk composition of these planets will be understood (Sohl et al. 2012). Note, however, 
that strong degeneracies exist for planets with an atmosphere (Adams et al. 2008). 

 High contrast imaging surveys (SPHERE, GPI, JWST, SPICA, ELTs) will have discovered 
many young Jupiters and Neptunes; spectroscopic follow-up will have provided more de-
tailed information on a subset of them. 

 ALMA and LBTI will have imaged debris disks and determined the prevalence of zodiacal 
dust disks around solar-type stars. 

 Astrometry with GAIA will have discovered most of the giant planets between 15pc and 
150pc, but it will still miss nearby low-mass planets. The latter could be found by a dedicat-
ed astrometric mission, which would be an attractive candidate for a medium-size mission 
(M4).  

 Transit spectroscopy is already a rich field for hot giant planets orbiting close to their stars, 
and will expand towards cooler and smaller planets with data from many complementary 
facilities, including JWST, EChO (if selected for M3), and infrared instruments at extremely 
large telescopes (including the E-ELT). 

However, and significantly, spectroscopic investigations of potentially habitable planets will still be 
lacking, because none of the facilities that are presently foreseen for construction during the next 
twenty years will provide data with sufficient scope and quality to make meaningful statements 
about habitability. Thus, even if the status of exoplanet exploration around 2034 cannot be fore-
seen in detail at present, it is logical for ESA to focus its L3 mission on the characterization 
of habitable worlds. Missing this chance would in fact endanger the leading role that Europe has 
been able to establish in the field of exoplanets from its inception. In contrast, an early adoption of 
this topic for L3 would provide a framework in which the scientific focus and output of intermediate 
investments in space and on the ground can be optimized. 

5.2. Targets for Habitable World Exploration 
The design and optimization of any exoplanet exploration mission depends critically on the number 
and properties of the targets it is to observe. From the preceding discussion it follows that im-
portant progress will be made in this regard within the coming years: 

 Kepler and microlensing surveys are establishing η⊕, the fraction of stars with planets in 
their habitable zones. This will tell us on a statistical basis the number of planets available 
for exploration within a certain volume. 

 Next-generation RV surveys (e.g. ESPRESSO in the visible, CARMENES and SPIRou in 
the near-IR) will discover Earth-like planets in the habitable zones of “favorable” Sun-like 
stars and M dwarfs, i.e., in a subset of stars with rather quiet photospheres. This will pro-
vide an actual sample of target planets within 15pc that are amenable to spectroscopic 
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characterization. PLATO, which has been proposed as the M3 mission, would provide a 
sizeable sample of additional targets (the closest transiting planets). 

 An astrometric mission, which could for example be flown as ESA’s M4 mission, could con-
duct an exhaustive search of the habitable zones of all nearby stars down to 1 M⊕, thus es-
tablishing the “ultimate” target sample for further exploration. 

 ALMA and LBTI will characterize debris disks, which could manifest themselves as “noise” 
for planet characterization missions. 

 Ground-based long baseline interferometry (VLTI, CHARA, NPOI), as well as asteroseis-
mology from space with TESS, PLATO (if selected as the M3 mission) and from the 
ground, combined with parallaxes from GAIA, will establish precise values for the most im-
portant properties of the host stars (mass, radius, distance, age), which are needed to de-
termine the corresponding properties of their planets. 

In summary, one can be confident that the present uncertainties about the number and properties 
of potential targets, which are sometimes seen as impediments for the implementation of a cost-
effective planet characterization mission, will largely be removed within the next decade. Further-
more, specimens representing different categories of exoplanets – including potentially habitable 
ones – will be known 20 years from now. While an exhaustive census of the solar neighborhood 
would certainly be desirable (and possible), it is by no means a prerequisite for starting the in-
depth characterization of those planets that we know. 

While it is thus still premature to define a possible mission target catalog, we can estimate the 
number of potentially habitable planets using current Kepler and Corot results that suggest a value 
of η⊕ of 10 to 20% for F, G, and K stars (Batalha et al. 2013, Fressin et al. 2013). The correspond-
ing value for M dwarfs may even be as high as ~50%. Based on these numbers, a variety of mis-
sion architectures are capable of characterizing samples of tens of potentially habitable planets. 
 
 

	
Figure 3: Chart summarizing the instrumental landscape up to 2034 both in space (upper part) and on 
the ground (bottom part). Bars of same color correspond to similar techniques. 
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6. Key Science Questions and Required Observations 
The in-depth characterization of the physical and chemical properties of terrestrial exoplanets is a 
long term goal. It will require spectroscopy with sufficient resolving power and SNR at both thermal 
and scattered wavelengths. A broad spectral coverage from visible to mid-IR is necessary to as-
sess the radiative budget of the planet, which is the key to understanding its climate. In addition, it 
also enhances the number of observable spectral molecular signatures, making the identification of 
molecules more robust and minimizing the uncertainty on their abundances. Observations will also 
have to be spread over several orbital periods, with different sampling frequencies, in order to 
characterize the signal variability associated with climate, rotation, seasons, phases and variations 
in the stellar luminosity. Polarimetry combined with visible spectroscopy would also constitute an 
additional way to derive the atmospheric gaseous/particle content. Techniques to constrain the 
mass and radius of the planet will not only contribute to understanding the nature of the planets but 
will also strongly increase the information content of the spectra whose interpretation depends on 
both the gravity and the radius. The radius, in particular, allows converting observed fluxes into al-
bedos (scattered light) and brightness temperatures (thermal emission). The radii and masses of 
non-transiting planets can be constrained from spectra, although at reduced accuracy and with re-
liance on suitable models.  

The general goals of obtaining an in-depth understanding of the physical and chemical properties 
of terrestrial exoplanets, and of developing the notion of habitability in the broader frame of com-
parative planetology, can be broken down into these more specific questions: 

1. What are the physical characteristics of the atmospheres (composition, temperature 
and pressure profiles, haze, clouds, winds)?  

2. What is the internal structure of those planets?  

3. What is the nature and composition of the surface (rocky, liquid, icy...)?  

4. What is the time (and seasonal) variability of those features? Which roles do dynamics 
and photochemistry play?  

5. What are the key processes which govern the chemistry in those exotic atmospheres?  

6. If we discover chemical disequilibria – could they be caused by life?   

The information needed to address those questions can be provided by remote sensing observa-
tions. In particular: 
 
Bulk planetary composition and internal structure: 
The planetary composition and internal structure can be constrained in several ways. Measuring 
the planetary radius and mass will determine the mean density directly. Measuring the atmospheric 
composition will allow us to distinguish a Neptune-like planet from a terrestrial planet. In addition, 
finding traces of volcanic gases in the atmosphere may provide insight about the composition of 
the interior. Finally, an indirect estimate of the planet's surface gravity may be made through prima-
ry transit observations of the atmosphere, which give an indication of the atmospheric scale height. 
 
Atmospheric composition: 
The molecules which are most abundant, or have the strongest signatures, can be detected at low 
to medium spectral resolving power (e.g. H2O, CO2, O2, O3), from the UV to the IR, depending on 
the absorption properties of the molecular species (Des Marais et al. 2002). To detect less abun-
dant or weaker molecular signatures a spectral resolving power of ~100 or higher is needed (e.g. 
C2H2, HCN). Most atoms and ions can be found in the UV-VIS-NIR (e.g. Na, K, H3

+). Very high 
spectral resolution is needed to resolve these lines. To estimate the elemental and molecular 
abundances, a combination of appropriate spectral resolving power R and wavelength coverage is 
desirable. The required R will mainly depend on the molecule/element, on the wavelength interval 
and atmospheric region we are probing. To estimate chemical gradients (spatial and temporal) we 
need to be able to spatially resolve the planet (e.g. through observations at different planetary 
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phases) and/or monitor the atmosphere with a cadence and integration time which are shorter than 
the specific chemical reaction rate.  
 
Thermal structure: 
The effective temperature of the planet can be calculated knowing the flux from the host star, the 
orbital parameters and the planetary albedo. However the planetary albedo depends not only on 
the reflectivity of the surface but also on the opacity of the atmosphere and on the cloud properties. 
The atmospheric opacity is also responsible for a greenhouse effect that increases the surface 
temperature beyond the effective temperature, with obvious consequences for the habitability of 
the planet. 

The infrared is the best interval to probe the vertical thermal structure of a planetary atmosphere 
through spectroscopic absorption signatures of molecules. The higher the spectral resolution, the 
higher the altitude we can probe: for example with Spitzer and Hubble low resolution spectroscopy 
and photometry, we typically sound the atmospheric region between the bar and millibar levels.  

Horizontal thermal gradients require the ability to probe the planet at different phases. This can be 
attempted by monitoring light curves of transiting and non-transiting planets. 

Indirect constraints on the temperature can be obtained through the temperature dependence of 
molecular and elemental absorption properties, or through measurements of the atmospheric scale 
height with transit data (provided other parameters such as gravity and the main atmospheric 
components are known).  
 
Atmospheric dynamics and variability: 
Atmospheric dynamics and temporal variability can be monitored by repeated observations of the 
thermal structure of the atmospheres. Observations of variations can also provide information on 
the rotation rate and on seasonal changes. In any case, the integration time of the observations 
needs to be sufficiently short to sample the variations; in the case of periodic processes like the 
diurnal rotation of planets, phase binning can also be employed. 
 
Clouds and aerosols: 
The presence of clouds and/or hazes in a planetary atmosphere profoundly influences the radia-
tion balance and the climate of a planet. The optical properties of clouds and hazes depend on the 
size, shape and distribution of the particles. Spectroscopic observations in the visible and the infra-
red of the planetary atmosphere can provide constraints on those parameters. Polarized light in the 
visible is well-suited for detecting and characterizing clouds and hazes. Repeated observations are 
necessary to detect temporal variability, formation processes, and typical patterns.  
 
Albedo and surface: 
Spectral and photometric observations of the planet in the visible and near-IR spectral range pro-
vide constraints on the planetary albedo and the surface type of a planet (provided there is a sur-
face, and the atmosphere is transparent enough at least at some wavelengths to get a glimpse of 
it). Also in this case, polarization may be the key for retrieving the type of surface. The presence of 
liquid water at the surface might be detected thanks to its glint (Robinson et al. 2010). 
 
Magnetic field and upper atmosphere: 
Observations of ionized species mainly in the UV (notice though that H3

+ is detectable in the NIR) 
offer the possibilities of sounding the upper atmospheres of exoplanets, exploring star-planet inter-
actions, and investigating escape processes.  
 
Moons and rings: 
Moons of transiting exoplanets will probably be detected rather soon, as they induce characteristic 
distortions in the light curves as well as timing variations. Photometric observations might also re-
veal the presence of prominent Saturn-like ring systems. Large moons have been hypothesized to 
stabilize a planet's obliquity and improve climate stability (Williams & Kasting 1996). 
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Planetary system architecture: 
For a full understanding of the conditions on the surface of an exoplanet one must also take into 
account the context provided by the whole planetary system. The dynamical stability of the orbital 
parameters and the obliquity, as well as impact rate and history, depend on the presence of other 
large bodies in the system, and may have profound implications for the planet’s habitability. Ideally 
one should thus seek to obtain complete sets of orbital parameters for all planets in the system; 
the presence and distribution of interplanetary dust may also provide crucial information on these 
issues. 
 
Links to the Solar System: 
Exoplanet science has a strong link to Solar System research. However, one cannot use the Solar 
System as a blueprint for exosystems, because each system and its evolving planets has a unique 
history and different end products. The Solar System planets should be used as “test-cases” in ex-
oplanet studies. They are the only planets that can be studied in situ. Data, expertise and sophisti-
cated numerical models have been collected and developed. Therefore Solar System studies and 
exoplanetology will ultimately merge into the broader field of comparative planetology.  

7. Strawman Concepts 
From the discussion in the preceding section it is apparent that the characterization of exoplanets 
and the exploration of habitable conditions on them comprise a very rich diversity of specific ques-
tions that can be addressed by an equally diverse set of observational approaches. Consequently, 
one cannot define a single mission concept that will provide a comprehensive and definitive picture 
of the habitable worlds in the solar neighborhood. In this Section, we will therefore describe a 
number of very different concepts that approach the quest for habitable worlds with common objec-
tives based on different observing techniques in different parameter ranges. Each concept is ca-
pable of advancing the field of exoplanet exploration in a very significant way, as each can discrim-
inate between hostile and potentially habitable worlds. We will thus have a choice between these 
concepts that can be based primarily on technological maturity and financial considerations later in 
the mission definition process. 

7.1. Viable Mission Architectures 
The biggest challenge in exoplanet exploration is the enormous contrast between the planet itself 
and its host star. There are two basic approaches to distinguishing planetary and stellar photons: 
spatial and temporal separation.  

An instrument that aims at spatially resolving the planet from its host stars needs to provide suffi-
cient angular resolution, i.e. of order 0.1" for a habitable-zone planet at a distance of 10pc. At visi-
ble wavelengths, this corresponds roughly to the resolution limit of a meter-sized telescope; in the 
thermal infrared an interferometer is needed to keep the unit telescope size reasonable. Working 
at very high contrast means that the starlight has to be rejected efficiently with a coronograph or 
nuller, and this in turn requires extremely precise control of the wavefront. 

A variation on the concept of coronographic imaging is the idea of placing an occulter in front of the 
telescope, blocking the starlight even before it can enter the optical system. This obviates the need 
for precision wavefront control and decouples the inner working angle (IWA, the minimum accessi-
ble angular separation between star and planet) from the telescope size, but requires a complicat-
ed mission scenario with telescope and occulter spacecraft separated by thousands of km. 

Concepts relying on temporal separation between star and planet obtain time series of the inte-
grated light of the system. If the orientation of the observed system is nearly edge on, transits 
(when the planet is in front of the star) and eclipses (with the planet behind the star) lead to a dim-
ming whose wavelength dependence contains information on the planetary spectrum. Even if a 
planet does not transit, its contribution to the integrated light varies with the orbital phase. Instru-
ments aiming at detecting the ensuing changes of intensity, polarization, or wavelength of absorp-
tion lines are conceptually relatively simple, but require extremely high signal-to-noise and excel-
lent stability. 
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7.2. Coronographs 
High contrast imaging has been intensively developed in the last decade in particular for ground-
based instruments like SPHERE and GPI (currently under construction for the ESO VLT and Gem-
ini, respectively), but also for space with JWST. The fundamental challenge is obtaining high con-
trast at a small inner working angle (measured in multiples of the diffraction limit, λ/D). A lot of ef-
fort has been put into manufacturing various sorts of coronographs (apodization, phase masks, 
shaped pupils, among others; see Guyon et al. 2006 for a description). Most of these designs have 
been tested in the lab and some are currently implemented in real instruments. When used with 
good optics or with adaptive optics, these devices are able to deliver contrasts of 104 to 105 at a 
fraction of an arcsecond from the star, and soon planet finder instruments will reach even higher 
contrast (106 to 108) on the ground, which is sufficient for science programs focusing on young 
planets. The realm of mature planets, giants as well as terrestrial, will require even larger con-
trasts: 109-1010 in the visible and near-IR at closer separations of only a few times the telescope 
diffraction limit (corresponding to ~1 AU at 10-20pc). This means that a capability to suppress the 
starlight with an additional factor of 100 to 1000 with respect to SPHERE and GPI is needed. Such 
a challenging objective cannot be simply attained from an extrapolation of SPHERE and GPI, and 
hence calls for the development of new instrumental concepts and new strategies. In this respect, 
lab experiments have been built both in US and Europe to tackle coronography and wavefront con-
trol with large spectral band passes (Trauger & Traub 2007, Guyon et al. 2012, Baudoz et al. 
2012). The achieved contrasts are very close to the requirements but still require some efforts to 
increase achromaticity and performance at the system level. The key points that are at the focus of 
current research are: 1) the capacity to control the optical wavefront in real time along the whole 
optical path to the science image in both phase and amplitude, 2) the achromaticity of the corono-
graph, and 3) the ability to recover the planetary signal embedded in the residual stellar light. 

Moving from ground to space, in 2002 the NASA Terrestrial Planet Finder project studied a large 
coronographic telescope (6 to 8m in size) whose objective was to detect and characterize Earth 
twins in the solar neighborhood. Although abandoned in 2006, TPF-C has identified the key tech-
nologies for a space-based coronograph (Quirrenbach 2005). Smaller, 2-4m class coronographic 
telescopes have also been studied, and SEE-COAST and SPICES (with a 1.5m telescope) were 
proposed as an M class mission for Cosmic Vision (Schneider et al. 2009, Boccaletti et al. 2012). 
Maire et al. (2012) investigated the astrophysical potential of such a small coronograph in the con-
text of exoplanets (Fig. 4). It can take spectra in the visible (0.45-0.90 μm) of mature planets from 
about 1 to 10 AU (depending on planet size and stellar spectral type) in the solar vicinity (<20pc). A 
few Super earths (about 2.5 R⊕), the most challenging targets, could be observed if present 
around the nearest targets (4-5 pc). To be efficient, such a mission needs an input catalog of tar-
gets, which will be provided by radial velocity surveys from the ground as well as astrometry with 
GAIA. Surprisingly, a 1.5m telescope with 1010 contrast capability can even perform low resolution 
spectroscopy of an Earth twin planet around the nearest star (about 1 pc).  

Figure 4: Simulated spectra across the SPICES spectral range, of Neptune-like (left) and Earth-like plan-
ets (right) with various properties demonstrating the ability of comparative planetology: spectral fea-
tures vary at a detectable level with planet properties (Maire et al. 2012). 
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To extend the mission capabilities to cover the appealing science case of spectroscopy of terres-
trial planet atmospheres, beyond the marginal access provided by SPICES, a larger telescope (but 
with the same contrast capability) is required. A telescope diameter of 2-3 m is suitable for the sci-
ence objectives proposed in this White Paper and is compatible with an ESA L class mission. In 
addition, an extension further into the near-IR is desired, although this imposes stronger limits on 
the angular resolution (equivalent to about 1 AU at 10 pc in the near-IR). With a suitable system 
design, it may even be possible to include the capability of sub-microarsecond astrometry, and 
thus to measure the planetary orbit (Guyon et al. 2013). 

The concept of SPICES (for details see Boccaletti et al. 2012; see also Fig. 5) can be considered 
as a starting point for a study of an L class mission and is described here to provide an example of 
the present state of coronographic concepts and technologies. SPICES is a 1.5-m off-axis tele-
scope consisting of a coronographic system combined with wavefront correction, which feeds an 
integral field spectro-polarimeter covering the 450-900 nm band and measuring two linear polariza-
tions (Stokes Q, U). The requirement on the telescope optical quality is not drastic, but 10nm rms 
must be achieved at mid-frequencies. The instrument consists of two channels to mitigate the 
problem of chromaticity. Each channel is assigned a direction of polarization and half of the spec-
tral band while it contains a single deformable mirror and a polarimetry-compliant coronograph. 
Wavefront sensing can be performed with a variety of techniques, such as the Self-Coherent 
Camera (Galicher et al. 2010), which also provides discrimination between speckles and planets 
(based on coherence) as a second stage (in the post processing). A deformable mirror (DM) pro-
vides a wavefront quality and stability on the order of tens of picometers. A Xinetics 48x48 actuator 
DM component has been tested at TRL5 by JPL (Trauger et al. 2010) and meets the contrast re-
quirement. The coherent light is suppressed by a Vector Vortex Coronograph, a derivation of the 
phase mask concept which can be made potentially achromatic with a 50% bandwidth (Mawet et 
al. 2009). A raw contrast of ~109 over 20% bandwidth has been demonstrated at JPL (Trauger et 
al. 2011, Mawet et al. 2011). The backend instrument is a microlens-based integral field spectro-
graph (IFS) similar to those being developed now for SPHERE and GPI. Polarimetry is implement-
ed in this design by using a rotating half-wave retarder as a modulator and a polarizing beam-
splitter cube as an analyzer. For the purpose of thermal stability, target accessibility, and high data 
rate for the full mission, the satellite must be on an orbit around the Sun-Earth L2 Lagrangian point.  

Figure 5: Conceptual design of the SPICES payload showing the main blocks: telescope, polarimeter, co-
ronagraph and IFS. Only the main optics are shown here for sake of clarity. 
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7.3. External Occulters 
A different type of starlight suppression, first proposed by Lyman Spitzer, combines a telescope 
and a starshade (or occulter) in space for discovery of planets (Spitzer 1960). The size of the 
shade and the inter-spacecraft separation were enormous and thus impractical, but over many 
years refinements in starshade design have reduced the required starshade dimensions and im-
proved the level of suppression. The technology developments and mission studies for external 
occulters have mainly been done in the US; a serious effort to build up similar expertise will be re-
quired in European academia and industry. 

Though the original concepts for the starshade have used transmitting sheets with graded trans-
mission for apodization, the most recent work has focused on optimizing the shapes of serrated-
edge binary masks. Petal shapes have been found (e.g. Vanderbei et al. 2007) that permit opera-
tion at IWA < 100 milli-arcsec at wavelengths from 0.5-1.1 μm, using a shade with a nominal diam-
eter of 40 meters at a telescope-starshade separation of 40,000 km. The telescope can be an or-
dinary diffraction-limited space telescope, and its diameter is determined mainly by the integration 
time required to detect faint planets (∝ D-4), and by the need for planet-star astrometry (∝ λ / D). It 
can observe the planet in the entire passband from 0.5 to 1.1 μm in a single integration. Slewing 
from one star to the next requires that the starshade travel several thousand kilometers. To ac-
complish this within a few weeks requires large starshade velocities and ∆-velocities. With conven-
tional thrusters, this would take a hefty amount of fuel; advanced electric propulsion eliminates this 
concern, but requires substantial electrical power. A substantial engineering effort has been dedi-
cated to minimizing the time between observations and the resources required, and some mission 
scenarios have been found that yield satisfactory efficiencies with one occulter, and much better 
with two occulters. For modest telescope sizes (up to ~4m), these mission concepts outperform 
internal coronographs in terms of the number of planets that can be observed, as the smaller IWA 
more than compensates for the poorer agility. External occulters are particularly suited for long in-
tegrations on a small number of “cornerstone systems” that can be studied in exquisite detail, in-
cluding monitoring of seasonal changes. 

The most difficult technological issue is ensuring that the edge shape of the occulter is made well 
enough and maintained that way. Managing scatter and diffraction of sunlight off the edges, and 
deployment of the large starshade also need to be addressed. A NASA-funded technology pro-
gram has demonstrated the manufacture of an occulter with flight quality edges, and a current one 
is intended to demonstrate deployment. Conventional prelaunch end-to-end testing – i.e., demon-
strating stellar suppression at typical mission distances – is impossible. Thus it will be necessary to 
rely on diffraction models validated by subscale testing.  

7.4. Interferometers 
A space-based interferometer with starlight rejection capabilities – i.e. nulling (Bracewell 1978, An-
gel & Woolf 1997) – offers simultaneously the sensitivity, angular resolution and dynamic range 
needed to isolate and spectroscopically characterize the light of an exo-Earth in the ~6–20μm mid-
infrared spectral domain. 

As the faint planetary signal needs to be disentangled from the bright stellar one, the system must 
be spatially resolved typically at the 50–200mas level. A space-based nulling interferometer is able 
to spatially resolve and discern the faint planetary photons from the 106 times brighter stellar flux, 
as well as from spurious sources like stellar leaks (due to resolved stellar disk), our own local Zo-
diacal cloud, the exozodiacal light, and the thermal emission produced by the instrument. Luckily, 
the mid-IR range is also where the otherwise huge flux contrast of the system is reduced. 

A 10-year long activity on both sides of the Atlantic to select the optimal array geometry converged 
in 2005 into the so-called Emma X-array configuration. The baseline concept is an X-shape con-
figuration of four 2-m collectors flying in formation at L2 over a 5-year duration. The beams are 
combined within an additional centrally positioned spacecraft, where destructive interference can-
cels out the light from the central star. The long and short baselines of the rectangular configura-
tion are tunable from tens to hundreds of meters in order to uniquely optimize the transmission 
map of the interferometer to the size of the habitable zone, which directly depends on a given stel-
lar spectral type. 
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In the X-array arrangement, the respective destructive outputs of the two short-baseline Bracewell 
interferometers are combined with opposite phase shifts (±90°). This results in an internal “phase 
chopping” process (Mennesson 2005), which efficiently removes the thermal background and any 
emission from centro-symmetric sources around the nulled star.  

A large effort in Europe has developed extensive expertise on nulling interferometry, both in aca-
demic and industrial centers. This has led to the publication of 34 PhD theses and 40 refereed pa-
pers. Built on the strong heritage of the Darwin/TPF studies (Cockell et al. 2009), progress has 
been achieved in various key technological areas, giving additional credit and technical readiness 
to this instrumental approach in the horizon of an L3 launch in 2034. 

A key aspect is the deployment of a space interferometer based on a distributed array involving 
formation-flying operation. With the successful launch in 2010 of the PRISMA mission (OHB (S), 
DLR (D), CNES (F), DTU (DK), CDTI (E); Fig. 6) a crucial step has been made with the validation 
of the “Optical Arm” building block composed of two free-flying units, whose shape (length, orienta-
tion, rigidness) is controlled by the GNC/AOCS system. Extending the flight-tested building-block 
functionality from a distributed 2-S/C instrument to a 5-S/C instrument (i.e. 4 “optical arms” around 
one A-Unit) mainly relies on the replication of the coordination functionality and does not present 
additional complexity in terms of procedures according to the PRISMA navigation team. The cur-
rent positioning accuracy is sub-cm, limited by the metrology system (GPS and RF). The launch of 
the PROBA-3 mission in 2017 will provide further valuable free-flyer positioning accuracy results 
(sub-mm). However, it should be noted that the requirement on the S/C positioning for interferome-
try is only at the sub-cm level, as the additional accuracy for co-phasing the array is provided by 
nanometer-accuracy servo delay-lines with few cm stroke, as demonstrated by TNO-TPD (NL). 

The Planet Detection Testbed (Martin et al. 2010, 2012) has demonstrated the deep nulling need-
ed for the detection and spectroscopy of Earth-mass planets. At 10μm with 10% bandwidth, it has 
achieved nulling of 8x10-6 (the flight requirement is 10-5), starlight suppression of 10-8, and planet 
detection at a planet-to-star contrast of 2x10-7, the Earth-Sun contrast. The phase chopping tech-
nique (Mennesson 2005) has also been implemented and validated on-sky for the Keck Nuller In-
terferometer (Colavita 2009). 

In parallel, the operation of ground-based interferometers such as the VLTI has permitted to devel-
op a strong European competence in the field of fringe sensing, tracking and stabilization. 

7.5. Alternative Concepts 
The recent stunning progress in the field of exoplanet detection and characterization has been 
mostly due to the exploitation of temporal rather than spatial differencing (see Section 4.), with 
Spitzer, HST, Kepler, and from the ground. It is particularly remarkable that many new “tricks” have 
been invented and put into practice that only ten years ago were not considered feasible: analyses 

Figure 6: Demonstration of Formation Flying by PRISMA, 30 Oct. 2010. Two spacecraft, Tango and Mango,
were successfully maintained at a distance of 100 m during 4 hours. The standard deviations were a few
cm, limited by the accuracy of the radio frequency sensors.  Laser based sensors will reduce this error to
circa 100 μm (ESA's Proba 3 project). © Swedish Space Corporation, CNES and DLR 
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of secondary transits (eclipses), out-of-eclipse light curves (phase curves), ground-based detec-
tions of molecular bands, and inspired applications of transit timing variations, to name just a few. 
CHEOPS, TESS, JWST, and hopefully EChO and/or PLATO will build on this legacy and offer 
many opportunities for the development of new strategies, perhaps even including studies of hab-
itable super-Earths around bright M dwarfs. While it currently appears that the thorough characteri-
zation of habitable planets will likely require spatial rejection of the starlight to reach the required 
contrast, innovative temporal-differencing concepts might become serious alternatives in the com-
ing years, on time for implementation as the L3 mission. 

8. Sketch of Possible Implementation Plan 
Considering that the scope of the present solicitation encompasses two decades from adoption of 
the science theme to envisaged launch date, care has to be taken to plan for technology develop-
ment, and to maintain sufficient flexibility for identifying the mission concept most suitable for at-
taining the science goals, within the budgetary and technological constraints. For this decision, the 
proper yardstick clearly is not technology ready for a flight project today, but technology that can 
be brought to sufficient maturity within one decade. The existence of several viable concepts using 
very different observing strategies and therefore very different basic technologies should thus be 
viewed as a strength rather than a weakness, as several years are still available for technology 
development, risk mitigation, and to match the cost of each concept to the L mission envelope. 

While considerably detailed preliminary studies have already been carried out on some of the con-
cepts discussed above, much less has been done on others. In particular, careful system-level in-
dustry studies of coronographic missions have not yet been carried out in Europe. Moreover, even 
the more exhaustive studies involving industry were done ~10 years ago, and under the assump-
tion of a much shorter time line available for technology development than currently envisaged. It is 
thus necessary to take a fresh and uniform look at the system level, to identify the key enabling 
technologies and the path to advance their maturity, before a sound decision can be made about 
the concept selection.  

Assuming that the exoplanet theme is selected in 2014 for a 2034 L3 mission, a tentative timeline 
leading to the mission definition could therefore appear as follows: 
 
2014-2015: Initial system-level assessment study for each concept family, identifying key enabling 

technologies which need maturity enhancement 

2016-2020: Intensive R&D program to boost critical key technologies to a TRL level > 5; industry 
studies including cost estimates where needed 

2019:  Call for proposals for L3 mission 

2020:  Selection of mission concept for implementation 

2020-2024: Further technology advancement to flight readiness, main trades and system analysis 
for the selected mission 

2026-2034: Phase B 

2034:  L3 Launch 
 
Preparatory science programs will proceed in parallel with these technical activities. As explained 
in Section 5., programs to search for target planets in the solar neighborhood and to characterize 
exozodiacal dust disks will proceed largely independently of the L3 mission anyway. However, the 
adoption of exoplanet exploration as a Large Mission by ESA will provide an added incentive for 
scientists and funding agencies to intensify their research efforts in these areas. 

With the discovery of exoplanets, fiction and dream have become science. Observational exo-
planetology has developed with extraordinary rapidity, and will continue to do so, attracting the ef-
forts of our brightest minds, producing results which change the way we perceive the universe and 
ourselves. It is now realistic to address the great questions about habitable worlds other than 
Earth. Those questions will never be answered without instruments such as described here. A 
strong program of exoplanet missions is an essential component of the path ahead. 
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