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Outline 
•  What	is	an	exoplanet?	

•  Why	are	they	interesKng?	

•  How	can	we	find	them?	

•  Exolife	??		
•  The	future	...		



Jon	Thaler 	Exoplanets 	3	

What is an Exoplanet? 
Most	of	the	objects	that	we	see	are	stars.			
Exoplanets	are	things	that	orbit	stars.	

How	do	we	know	that	we	are	not	seeing	binary	stars,		
which	are	quite	common?	

•	The	minimum	stellar	mass	is	about	0.075*MS	(=	75	MJ).
	Otherwise	there	is	no	fusion	at	the	core.	

•	Planets	don’t	emit	light.	

Low	mass	and	no	light		
are	both	used	to	idenKfy	planets.	

Tcore	

GravitaKonal	pressure	heats	the	core.		
Tcore	~	15	million	degrees	for	fusion.	
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Why Are They Interesting? 
•	Stars	(including	binaries)	and	
planets	are	thought	to	form	from		
a	primordial	blob	of	gas,	but	the		
details	are	controversial.	
I	won’t	discuss	this	topic.	

	

•	Planets	come	in	two	types:	
° 	Gas	giants 	(e.g.,	Jupiter)	
° 	Rocks 	 	(e.g.,	Earth)	
We’d	like	to	know	if	there	are	other		
Earth-like	planets	that	could	support		
life:	“Goldilocks”	planets.	
Not	too	hot	and	not	too	cold	

The	disk	shape	is	a	result	of	the	rotaKon.	

The	green	regions	are	the	“habitable	zones”.	
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How Can We Find Exoplanets? 

There	are	two	primary	methods:	
• The	star	wobbles	as	the	planet	orbits	it.	
• The	star	becomes	(slightly)	dimmer	if	the	planet	
passes	in	front	of	it	(“transits”	the	star).		

Ideally,	we’d	like	to	observe	a	planet	both	ways.	
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The Wobble method 
When	objects	are	orbiKng	each	other,	neither	is	
staKonary.		The	center	of	mass	remains	fixed,	and	each	
object	moves	around	it.		The	raKo	of	speeds	equals	the	
raKo	of	masses.	
This	means	that	we	can	measure	the	mass	of	the	planet	
by	measuring	the	speed	of	the	star.			
The	Sun	is	much	heavier	than	the	planets:	

	MJ/MS	=	0.001	and	ME/MS	=	0.000003	(3×10-6)	

This	means	that	the	Sun’s	speed	is	quite	small:	

	12.5	m/s	due	to	Jupiter	and	8.4	cm/s	due	to	the	Earth.	

These	speeds	can	be	measured	using	the	Doppler	effect.	

Radial		
velocity	

Star	&		
planet	
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The Doppler Effect 
You’ve	all	heard	the	change	of	pitch	as	a	car	or	
ambulance	passes	by.		The	size	of	the	effect	depends	on	
the	raKo	of	the	car’s	speed	to	the	speed	of	sound.		In	this	
video,	the	pitch	drops	from	about	475	Hz	to	425	Hz	(B	to	
G),	indicaKng	that	the	car	is	going	about	19	m/s	(43	mph).	

Light	is	a	wave,	just	like	sound,	so	we	can	use	the	opKcal	
Doppler	effect	to	measure	speeds.		The	difficulty	is	that	
the	speed	of	light	is	huge	(300,000,000	m/s)	and	the	stars	
are	not	moving	very	fast	(1	m/s,	or	so).	

The	frequency	needs	to	be	measured	to	an	accuracy	of	
1/300,000,000	!!	(three	parts	per	billion)	

Car	horn	
doppler	
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Some Doppler Data 
Fortunately,	opKcal	techniques	are	capable	of	exquisite	accuracy.		
Let’s	look	at	some	data.	

	

	

	

	

	

Note	the	scarer	of	the	data	points.			
The	measurement	accuracy	is	about	±2	m/s.			
Measurement	accuracy	limits	our	ability	to	observe	small	effects.	

This	is	a	“Jupiter”	(M	~	0.96	MJ)	orbiKng	a	“Sol”	(M	=	0.88	MS).			
The	orbital	period	is	9	years	(Jupiter’s	is	12),		
because	the	orbit	is	a	bit	smaller	(4.2	AU	instead	of	5.2).	
	
This	is	how	astronomers	60	light-years	away	could		
discover	Jupiter.	

Radial		
velocity	
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More Doppler Data 
Most	planet	observaKons	involve	much	shorter	orbital	
periods:	

	

	

	

	

Note	that	the	plot	has	marginal	significance.	Kepler	10b	was	
not	discovered	by	the	wobble	method.		This	data	served	only	
to	confirm	the	discovery.	

This	is	an	“Earth”	(M	~	4.6	ME)	orbiKng	a	“Sol”		
(M	=	0.90	MS).		The	period	is	0.84	days	(20	hours),		
because	the	orbit	is	only	0.016	AU).	
It	is	called	Kepler	10b	(more	about	it	later).	
	
It’s	too	hot	(1800	K)	to	be	habitable.	
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Can We Discover a Goldilocks? 
Here’s	a	plot	of	planets	discovered	by	the	wobble	method.		
Our	solar	system	is	labeled	in	blue.			
Only	Jupiter	could	be	discovered	with	the	wobble	method,	
unless	measurement	accuracy	improves.	

	

	

	

	

Speed	

Earth	

Jupiter	

The	Sun	moves	8.4	cm/s	due	to	Earth’s	orbit.	

1	m/s	resoluKon	makes	it	undetectable.	

Kepler	10b	
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Planetary Transits 
When	a	planet	passes	in	front	of	a	star,	the	star	appears	
dimmer.		The	fracKon	depends	on	the	raKo	of	the	areas:	

Radius	of	Sun: 	7.0×105	km 	Dimming:	
Radius	of	Jupiter: 	7.1×104	km 	0.01	(i.e.,	1%)	
Radius	of	Earth: 	6.4×103	km 	0.0001	(i.e.,	0.01%)	
	

Venus	and	Mercury	transit	the	Sun,	
but	the	dimming	is	miniscule.			
Here’s	an	interesKng	video:	

1882	transit	!!	
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Planetary Transits (2) 
Here’s	what	one	expects	to	observe:	

	
	

Jupiter:		10-3	brightness	
accuracy	required	

Earth:		10-5	brightness	
accuracy	required	

10-3	accuracy	is	achievable	directly,	but	10-5	
can	only	be	achieved	by	averaging	many	
measurements	(requires	orbits	with	short	
periods).	
	

Transit		
Simulator	
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NASA’s Kepler Mission 
“A	search	for	habitable	planets”		
hrp://www.nasa.gov/mission_pages/kepler/main/index.html	

It	uses	an	85	Megapixel	camera	to	monitor	
more	than	100,000	stars	for	transiKng	planets.	
Launched	in	2009,	it	is	in	solar	(not	Earth)	orbit.	
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Kepler	has	found	2321	planet	candidates		
and	2165	eclipsing	binary	stars.			

Here’s	the	discovery	(in	2011)	of	Kepler	10b,	the	first	rocky	planet:	
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Fig. 12.— The Kepler photometry and physical models are plotted as a function of both time

(upper two panels) and phase (lower two panels). The transits of KOI-72.02 are highlighted

by blue vertical lines in the topmost panel while a cutout (defined by the yellow box) is

expanded to show the transits of Kepler-10b highlighted by red vertical lines (second from

top). The bottom two panels shows the phase-folded light curves centered on phase zero

as defined by the central transit time. The modeled light curves are shown as colored lines

(blue corresponding to KOI-72.02 and red corresponding to Kepler-10b. Also shown is a

phase cutout of the lightcurve and model (green) centered on phase= 0.5 where occulations

would occur for a circular orbit. The relative intensity scale for phase= 0 can be read o↵

the y-axis on the left-hand-side of the plot while the relative intensity scale for phase= 0.5

can be read o↵ the y-axis on the right-hand-side of the plot.
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Some Kepler Data 

This	is	probably	a	“Neptune”.	
Orbital	period	is	45	days.	
Radius	is	2.2	RE.	
	
This	is	Kepler	10b,	a	rocky		
planet.		However,	it’s	too	hot		
(1800	K)	for	Goldilocks.	
Orbital	period	is	20	hours!	
Orbital	radius	~	0.016	AU.	

Light	curve	when	the	planet	is	in	front	of	the	star	Light	curve	when	the	planet	is	behind	the	star	
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Eclipsing	binary	stars	don’t	look	the	same	as	transiKng	
planets,	because	both	objects	emit	light.		

	
	

Binary Stars Look Different 

Eclipsing		
binary	
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The Search for Exolife 

Suppose	we	find	an	Earth-like	planet	in	the	habitable	zone.			
How	can	we	tell	if	it	has	life?	

We	need	to	know	more	about	the	planet	than	its	mass.		We	
cannot	yet	image	exoplanets,	but	it	is	just	now	becoming	
possible	to	learn	something	about	their	chemical	composiKon.	

One	can	determine	the	chemical	composiKon	of	a	gas	by	
measuring	the	absorpKon	of	light	that	passes	through	it.		So,	
this	property	of	a	transiKng	exoplanet’s	atmosphere	can,	in	
principle,	be	measured.	
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Absorption Spectra 
Here	are	the	absorpKon	spectra	of	various	gases.		When	a	planet	passes	in	
front	of	a	star,	some	of	the	wavelengths	emired	by	the		
star	are	absorbed	by	the	planet’s	atmosphere.			
For	example,	carbon	monoxide	absorbs	near	5	microns.		

1	 5	 10	 15	
Wavelength	(microns)	

CO	

CH4	

N2O	

CO2	

HDO	

O3	

H2O	

Directorate of Scientific Programmes M. FridlundM. Fridlund, August 2006

Bio markersBio markers

The goal is to find rocky planets with an 
atmosphere out of photo-chemical balance.

(cf. Lederberg, 1965 and Lovelock, 1965)

Working definition: 

Life { O3 + H2O + CO2

Ideally, detect reduced molecules (CH4, N2O) as 
well

Here	are	the	
absorpKon	spectra	
of	three	planetary	

atmospheres.	
This	is	real	data!!	

Which	planet	has	life?	
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Exolife 
Water	and,	especially,	oxygen	(in	this	case	ozone)	are	
smoking	gun	indicators	of	our	kind	of	life.		Oxygen	is		
much	too	reacKve	to	remain	in	the	atmosphere	without	
plant	life	to	replenish	it.	

This	is	a	very	difficult	measurement	to	make	in	an	
exoplanet,	especially	a	small,	Earthlike	one.	

Directorate of Scientific Programmes M. FridlundM. Fridlund, August 2006

Bio markersBio markers

The goal is to find rocky planets with an 
atmosphere out of photo-chemical balance.
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A Proof of the Principle 
This	year,	astronomers	used	the	Very	Large	Telescope	(VLT,	a	set	of	
four	8	m	telescopes	in	Chile)	to	detect	carbon	monoxide	in	the	
atmosphere	of	a	“Super	Jupiter”	that	orbits	Tau	BooKs	(a	visible	star).	
	
	
	
	
	
	
	
Gas	giants	have	lots	of	atmosphere,	so	this	is	an	“easy”	measurement.	
Unfortunately,	the	data	analysis	is	quite	complex	and	doesn’t	lend	itself	
to	a	nice	graphic.		Trust	me!	

The	star:	
Mass: 	1.3	MS	
Distance:	51	l.y.	
	
The	planet:	
Mass: 	4.1	MJ	
Orbit: 	0.05	AU	
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The Future ... 
The	European	Space	Agency	(ESA)	considered	a	set	
of	satellites	(the	Darwin	mission)	to	search	for	life	
on	Earthlike	exoplanets,	but	abandoned	it	as	
unfeasible	at	this	Kme.		NASA	considered,	and	
abandoned,	a	similar	project	(the	Terrestrial	Planet	
Finder).	

Perhaps	in	10-20	years	...	
	
ScienKfic	and	technical	progress	are	intertwined,		
but	that’s	another	talk.	


