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What	makes	a	planet	habitable?	
Ice	covered	oceans,	concluded	à	Exoplanets	
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Persistent	global	ice	cover:	



Hand	et	al.	2007	

Energy	budget	of	Europa’s	ocean	



K.	Nealson	
JGR	Planets	
1997	



Giant-planet	magne[c	fields	entrain	charged	par[cles	
which	bombard	the	trailing	hemispheres	of	moons	à	

radioly[c	chemistry	
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Hand	et	al.,	Astrobiology,	2007	

An	oxygen-rich	Europa	ocean,	supplied	by	recycling	of	radioly[cally-processed	material	
from	the	surface?	
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Persistent	global	ice	cover:	



How	to	confirm	a	global	sub-ice	ocean	exists:	
decoupling	of	ice	shell	from	deep	interior	by	ocean	

increases	the	amplitude	of	
gravity	[des	and/or	physical	libra[on	

Thomas	et	al.	Icarus	2016	



Measuring	the	thickness	of	the	ice	shell	



(Stone	Aerospace)	

nuclear	reactor	
is	required	

Landing	and	recovering		
ocean	materials	

no	nuclear	reactor	
requirement	



A	shortcut:	sample	material	from	the	cryovolcanic	plumes	of	Saturn’s	moon	Enceladus	

NASA/JPL	



Kite	&	Rubin	PNAS	2016	

The	‘<ger	stripes’	that	launch	Enceladus’	geysers	are	gateways	to	a	global	ocean	



Hsu	et	al.	Nature	2015	
not	correct	–		
now	known	to	
be	global	

Hydrothermal	vents	were	ac<ve	at	the	Enceladus	seafloor	geologically	recently		
(inference:	probably	ac<ve	today	also)	



Waite	et	al.	Nature	2017	

Energy	is	available	for	life	on	Enceladus	



Complex	organic	molecules	are	being	launched	into	space	from	a	
scum	layer	on	the	top	of	Enceladus’	ocean	
Po

st
be

rg
	e
t	a

l	N
at
ur
e	
20
18
	



Key	points	from	today’s	lecture	

•  evidence	for	global	sub-ice	oceans	in	the	outer	
Solar	System;	

•  the	“ideal”	sub-ice	ocean	for	biology	(and	
ways	in	which	Europa,	Ganymede	and	
Enceladus	deviate	from	that	ideal).	





Exoplanet	habitability	
HABITABLE-ZONE	1-2	EARTH	RADIUS	PLANETS	ARE	
NUMEROUS	
	
HABITABLE-ZONE	1-2	EARTH	RADIUS	PLANETS	ARE	LIKELY	
DIVERSE	COMPOSITIONALLY		

	-	MG/SI/FE	
	-	WATER	
	-	CARBON	
		

THE	M-STAR	OPPORTUNITY	
	-	PROBLEMS	FOR	HABITABILITY	FOR	PLANETS			 			 			 		
			ORBITING	M-STARS	

	
INTERSTELLAR	MISSIONS?	
	
	
	



Exoplanets	are	detected	mainly	through	radial	
velocity	measurements	and	transits	
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TRAPPIST-1	(Gillon	et	al.	2016)	



HABITABLE-ZONE	1-2	EARTH	RADIUS	
PLANETS	ARE	NUMEROUS	
	 Sunlike	(FGK)	stars:	

Red	dwarf	(M)	stars:	

Dressing	&	Charbonneau	ApJ	2015	



HABITABLE-ZONE	1-2	EARTH	RADIUS	PLANETS	
ARE	LIKELY	DIVERSE	COMPOSITIONALLY		
	-	HYDROGEN	
	-	MG/SI/FE	
	-	WATER	
	-	CARBON	

	



HABITABLE-ZONE	1-2	EARTH	RADIUS	PLANETS	ARE	LIKELY	DIVERSE	COMPOSITIONALLY		
	-	HYDROGEN	

Ginzberg	et	al.	
ApJ	2016	



HABITABLE-ZONE	1-2	EARTH	RADIUS	PLANETS	
ARE	LIKELY	DIVERSE	COMPOSITIONALLY		
	-	MG/SI,	MG/FE,	e.t.c.		

	

	

Jura	&	Young,	‘Extrasolar	cosmochemistry,’	Annual	Reviews,	2014	

Constrained	mainly	by	
composi[ons	of	white	dwarfs	
that	are	accre[ng	material	
fderived	from	[dally	shredded	
planets.	
	

~1	Earth	radius	

~1	Solar	mass	



Jura	&	Young,	‘Extrasolar	cosmochemistry,’	Annual	Reviews,	2014	



HABITABLE-ZONE	1-2	EARTH	RADIUS	PLANETS	
ARE	LIKELY	DIVERSE	COMPOSITIONALLY		
	-	WATER	

	

Raymond	et	al.	MNRAS	Lerers	
accepted	



CYCLE-INDEPENDENT	PLANETARY	HABITABILITY	ON	EXOPLANET	
WATERWORLDS?	

Kite	&	Ford,	in	revision	



HABITABLE-ZONE	1-2	EARTH	RADIUS	PLANETS	
ARE	LIKELY	DIVERSE	COMPOSITIONALLY		
	-	CARBON	
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THE	M-STAR	OPPORTUNITY:	RELATIVELY	DEEPER	
AND	MORE	FREQUENT	TRANSITS	
à	EASIER	TO	DETECT	&	CHARACTERIZE		
		



Rocky	planets	in	the	habitable	zone	
around	red	dwarfs	(75%	of	stars	in		
the	Galaxy)	should	have	a		
permanent	dayside	and	nightside	
	

Example:	GJ	1214b		
(Charbonneau	et	al.,	Nature	2009;		
Bean	et	al.,	Nature	2010)	
à Exoplanet	phase	curves	can	test	this	predic[on	 Vi
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HIGH	XUV	FLUX	SUSTAINED	FOR	LONG	
PERIOD	FOR	SMALL	STARS	

Lammer	et	al.	2009	Space	Science	Reviews	



STRONGER	STELLAR	
WIND	à	STRONGER	
NONTHERMAL	
ATMOSPHERIC	
ESCPAE	



ADDITIONAL	PROBLEMS	FOR	HABITABILITY	FOR	
PLANETS	ORBITING	M-STARS	
	

Kite	et	al.	ApJ	2011	

Enhanced	Substellar	Weathering	Instability	

Tarter	et	al.	Astrobiology	2007	



INTERSTELLAR	MISSIONS?	
•  Current	distance	record:	Voyager	1	@	0.8	light-days	
•  No	interstellar	missions	have	been	funded	
•  The	technology	for	an	interstellar	mission	does	not	currently	exist	
•  Breakthrough	Starshot	is	a	philanthropically-funded	technology	

development	project	for	a	laser-accelerated	interstellar	lightsail	

50-70GW	power,	0.1	gram	payload,	5000g	accelera[on,	0.2c	cruise	speed			


