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Outline 
•  What	is	an	exoplanet?	

•  Why	are	they	interesKng?	

•  How	can	we	find	them?	

•  Exolife	??	



Jon	Thaler 	Exoplanets 	3	

What is an Exoplanet? 
Most	of	the	objects	that	we	see	in	the	night	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.			
(to	determine	the	planet’s	properKes	more	accurately)	
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Credit:	Michael	Zingale	
hjps://www.youtube.com/watch?v=tUzDKlaTHFM	

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.	

The	animaKon	shows	the	effect		
on	the	Sun	from	a	small	star	
(about	13%	the	mass	of	the	Sun)		
moving	in	the	Earth’s	orbit.	
	
	
However,	planets	are	much	less	massive	than	stars:	

	MJ	=	0.1%	MS	and	ME	=	0.0003%	MS	

This	means	that	the	Sun’s	speed	is	quite	small:	
	 	12.5	m/s	due	to	Jupiter	and	0.084	m/s	due	to	the	Earth.	

These	speeds	can	be	measured	using	the	Doppler	effect.	
~25	mph	 <	1	mph	
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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	460	Hz	to	400	Hz,	indicaKng	that	
the	car	is	going	about	25	m/s	(56	mph).	
	

Light	is	a	wave,	just	like	sound,	so	we	can	use	the	opKcal	Doppler	effect	
to	measure	speeds.	Color	is	the	opKcal	counterpart	of	pitch.		Blue	is	high	
frequency,	and	red	is	low.			

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	color	shis	is	very	
small.		The	frequency	needs	to	be	measured	to	an	accuracy	of	
1/300,000,000	!!	(three	parts	per	billion).		

Fortunately,	opKcal	techniques	are	capable	of	exquisite	accuracy.	

Car	horn	
doppler	
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Some Doppler Data 
Let’s	look	at	some	data.	
	

	

	

	

	

Note	the	scajer	of	the	data	points.			
The	measurement	accuracy	is	about	±2	m/s.			
Measurement	accuracy	limits	our	ability	to	observe	small	effects.	
That	means	it’s	difficult	to	find	small	(Earthlike)	planets.	

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	an	astronomer	60	light-years	away	could		
discover	our	Jupiter.	
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More Doppler Data 
Most	planet	observaKons	involve	much	shorter	orbital	periods:	
	

	

	

	

	

	

Note	that	the	plot	has	marginal	significance,	due	to	the	imperfect	
measurement	accuracy.	Kepler	10b	was	not	discovered	with	the	
wobble	method.		This	data	served	only	to	confirm	the	discovery.	

This	is	a	“super-Earth”	(M	~	4.6	ME)	orbiKng	a	“Sol”		
(M	=	0.90	MS).		The	period	is	0.84	days	(20	hours),		
because	the	radius	of	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.	

Note:	The	radius	of	the	Earth’s	orbit		
(93	million	mile,	or	150	million	km)	is	
defined	to	be	an	Astronomical	Unit	“AU”.	

The	star	moves	slowly,	because		
the	planet	has	lijle	mass.	
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Can We Discover a Goldilocks? 
Here’s	a	plot	of	planets	discovered	by	the	wobble	method.		
For	comparison,	our	solar	system	is	labeled	in	blue.			
Only	Jupiter	and	Saturn	could	be	discovered	with	the	wobble	
method,	unKl	the	measurement	accuracy	improves.	

	

	

	

	

Speed	

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

1	m/s	resoluKon	makes	it	undetectable.	

Earth	

Jupiter	

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	
Radius	of	Earth: 	6.4×103	km 	 	0.0001	
	

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

The	1882	transit	of	Venus	!!	
hjps://www.youtube.com/watch?v=oAD2WSr9VDA	
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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.	
Each	data	point	comes	from	one	photo.	
	
	
	
	
	
10-5	can	only	be	achieved	by	averaging	
many	measurements.			
	
That	requires	short-period	orbits.	
The	planet	must	be	close	to	the	star.	
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NASA’s Kepler Mission 
“A	search	for	habitable	planets”		
hjp://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.	
Although	its	gyroscopes	failed	in	2013,	it	remains	
useful	(with	reduced	capability)	for	planet	finding.	

	
Two	successors	
CHEOPS	(ESA),	and	
TESS	(NASA)	
will	launch	next	year.	
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Kepler	has	found	2235	confirmed	planets,	of	which	nine	are	
“rocky”	(like	the	Earth).		Most	planets	found	so	far	are	“Jupiters”	
(big	gas	balls.)		

Here’s	the	discovery	(in	2011)	of	Kepler	10b,	the	first	rocky	planet:	

	
	

– 76 –

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.

Some Kepler Data 

This	is	probably	a	“Neptune”.	
Orbital	period	is	45	days.	
Planet’s	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	

– 76 –

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.

Another	(larger)	planet,	for	comparison	
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Eclipsing	binary	stars	produce	a	similar	periodic	dip	in	brightness.		
How	do	we	know	they	are	not	planets?	
We	can	tell,	because	both	stars	emit	light.	

	
	

	

	

	

	

	

	

	
	
Kepler	has	found	2876	eclipsing	binaries.	

Binary Stars Look Different 

The	two	dips	will	be	
different,	unless	the		
stars	are	the	same		
temperature.			
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A New Discovery (perhaps) 
Two	weeks	ago	(August	24),	an	Earthlike	planet	candidate	in	the	
habitable	zone	was	announced.			Discovered	by	the	HARPS		
spectrograph	in	Chile,	using	the	wobble	method.			
HARPS	has	discovered	130	planets.	

The	star:	(Proxima	Centauri,	a	red	dwarf)	
Mass 	0.12	MS	
Luminosity 	0.0016	LS	

The	planet:	
Mass: 	About	1.3	ME	
Temperature 	-29	C	(-38	F)	(if	no	atmosphere)	
Orbit	radius 	0.05	AU	(closer	than	Mercury)	

The	star	is	not	very	bright,	but	the	planet	is		
in	the	habitable	zone	because	it’s	so	close.	

If	it’s	real,	it	will	be	very	interesKng,	because	it’s	only	4.2	light	years	away.		
Easy	to	study	in	detail.	
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the pre-2016 data. Final confirmation is achieved when all of the data 
sets are combined (Fig. 1c)—the statistical significance of the signal 
at 11.2 d then increases dramatically (FAP <  10−7, Bayesian evidence 
ratio B1/B0 >  106). This implies that not only the period, but also the 
amplitude and phase are consistent during the 16 years of accumu-
lated observations (see Fig. 2). All of the analyses performed with and 
without correlated-noise models produced consistent results. A second 
signal in the range of 60–500 d was also detected, but its nature is still 
unclear due to stellar activity and inadequate sampling.

Stellar variability can cause spurious Doppler signals that mimic 
planetary candidates, especially when combined with uneven  
sampling9,17. To address this, the time series of the photometry and 
spectroscopic activity indices were also searched for signals. After 
removing occasional flares, all four photometric time series show 
the same clear modulation with a period of P ≈  80 days (Fig. 3b–e), 
which is consistent with the previously reported photometric period of 
approximately 83 d (ref. 3). Spectroscopic activity indices were meas-
ured on all of the HARPS spectra, and their time series were also inves-
tigated. The width of the spectral lines (measured as the variance of the 
mean line, or m2) follows a time dependence that is almost identical to 
the light curves, a behaviour that has already been reported for other 
M dwarf stars18. The time series of the indices that are based on chro-
mospheric emission lines (for example, Hα ) do not show evidence of 
periodic variability, even after removing the data points that are likely 
to be affected by flares. We also investigated possible correlations of 
the Doppler measurements with the activity indices by including linear 
correlation terms in the Bayesian model of the Doppler data. Although 
some indices do show hints of correlation in some campaigns, includ-
ing them in the model produces lower probabilities, owing to overpa-
rameterization. Flares have very little effect on our Doppler velocities, 
as has already been suggested by previous observations of Proxima19. 
More details are provided in Methods and Extended Data Fig. 8. As the 
analysis of the activity data failed to identify any stellar activity feature 
that is likely to generate a spurious Doppler signal at 11.2 d, we con-
clude that the variability in the data is best explained by the presence 
of a planet (Proxima b, hereafter) orbiting the star. All of the available 
photometric light curves were searched for evidence of transits, but no 
obvious transit-like features were detectable in our light curves. We used 
optimal box-Least-Squares codes20 to search for candidate signals in 
data from the All Sky Automatic Survey3. No significant transit signal 
was found down to a depth of about 5%. The most likely orbital solution 
and the putative properties of the planet and transits are given in Table 1.

The Doppler semi-amplitude of Proxima b (approximately 1.4 m s−1) 
is not particularly small compared with other reported planet candi-
dates6. The uneven and sparse sampling combined with the longer-
term variability of the star seem to be the reasons why the signal could 
not be unambiguously confirmed with pre-2016 data rather than the 
total amount of data accumulated. The corresponding minimum plan-
etary mass is about 1.3 Earth masses (M⊕). With a semi-major axis of 
approximately 0.05 au, it lies squarely in the centre of the classical hab-
itable zone for Proxima5. As mentioned earlier, the presence of another 

Figure 1 | Detection of a Doppler signal at 11.2 d. a, b, Detection 
periodograms of the 11.2 d signal in the HARPS+ UVES pre-2016 data 
(a) and the HARPS PRD campaign only (b). c, The periodogram obtained 
after combining all of the data sets. Black lines correspond to the ∆ 

lnL statistic, whereas the grey thick lines represent the logarithm of the 
Bayesian posterior density (see text, arbitrary vertical offset applied for 
visual comparison of the two statistics). The horizontal solid, dashed and 
dotted lines represent the FAP thresholds of the frequentist analysis.

Figure 2 | All of the data sets phase-folded at the 11.2 d signal. Radial 
velocity measurements phase folded at the 11.2 d period of the planet 
candidate for 16 years of observations. The abscissa values of phase-folded 
plots are determined by first computing the difference between each Julian 
date and the reference epoch of the Keplerian fit (Julian date of the first 
UVES observation), and then computing the remainder of the division 
of this difference with the orbital period. Although its nature is unclear, 
a second signal at P ≈  200 d was fitted and subtracted from the data to 
produce this plot and improve visualization. Circles correspond to HARPS 
PRD, triangles are HARPS pre-2016 and squares are UVES. The black line 
represents the best Keplerian fit to this phase folded representation of the 
data. Error bars correspond to formal 1σ uncertainties.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

11.2	day	orbit	(the	planet’s	“year”)	
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Noisy	signal	needs	confirmaKon	!!		

Isn’t	this	too	cold?	
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The Search for Exolife 

Suppose	Proxima	b	is	a	real	planet.			
How	can	we	tell	if	it	has	life?	

We	need	to	know	more	about	the	planet	than	its	mass.		We	are	
just	beginning	to	image	exoplanets,	but	it	is	possible	to	learn	
something	about	their	chemical	composiKon	even	without	
imaging.	

One	can	determine	the	chemical	composiKon	of	a	gas	by	
measuring	the	absorpKon	of	light	that	passes	through	it.		That	
means	that	the	chemical	properKes	of	a	transiKng	exoplanet’s	
atmosphere	can,	in	principle,	be	measured.	
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Absorption Spectra 
When	light	passes	through	a	gas	(or	any	material),	some	wavelengths	are	
absorbed	more	than	others.			

The	Earth’s	atmosphere	affects	the	sunlight	that	reaches	the	surface.		
Above	the	atmosphere,	the	spectrum	is	a	smooth	distribuKon	of	
wavelengths	that	is	determined	by	its		
temperature	(about	5800	K).		At	the	surface,		
much	of	the	blue	light	is	missing,	and	also		
some	specific	wavelengths,	determined	
by	what	molecules	are	in	the	atmosphere.	

In	principle,	we	can	use	this	to	study		
exoplanet	atmospheres:	
	
	
	
Compare	the	light	from	the	star	when	the	planet	is	in	front	of	it		
with	the	light	when	the	planet	is	somewhere	else.	

exo-atmosphere	
star	
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Absorption Spectra (2) 
Here	are	the	absorpKon	spectra	of	various	gases.		
For	example,	carbon	monoxide	absorbs	near	5	microns.		

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?	

1	 5	 10	 15	
Wavelength	(microns)	

CO	

CH4	

N2O	

CO2	

HDO	

O3	

H2O	

These	are	all	infrared	wavelengths.	
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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	exoplanet	measurement,	
especially	with	a	small,	Earthlike	planet.	

However,	the	principle	has	been	demonstrated.		In	
2012,	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	BoöKs	(a	visible	star).	

The	James	Webb	telescope	(launch	in	2018)	will	study	
the	atmospheres	of	Jupiter-like	exoplanets,	but	not		
exo-Earths.	

	

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
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What Environment Is Needed 
for Life? 

Air,	Water,	Facebook?	
What	else?	

	
What	I’ll	discuss:	
If	we	see	an	Earthlike	planet,	is	it	possible	to	assess	the	possibility	that	it	
could	support	life?		Being	in	the	habitable	zone	is	one	requirement,	but	there	
are	others	as	well.	

Caveat:	We	do	not	have	a	solid	understanding	of	planetary	formaKon	and	
stellar	system	evoluKon,	so	I	can’t	make	precise	statements.	
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Might Proxima b Host Life? 
This	a	complicated	problem,	and	there	is	a	lot	of	disagreement.			
I	will	only	discuss	one	issue,	and	will	simply	menKon	some	of	the	
others.	
Water.		Our	kind	of	life	requires	water.			

Unfortunately,	the	inner	stellar	system	tends	to	be	dry,	because	
water	evaporates.		The	water	needs	to	be	brought	from	the	outer	
(cold)	region	aser	the	planet	is	formed.		This	would	occur	during	
the	later	epoch	of	collisions	with	small	objects	(e.g.,	comets)	that	
contain	water	locked	up	as	ice.			

	Whether	this	is	possible	depends	on	various	controversial	planetary	
formaKon	models.		One	big	quesKon	is	how	important	is	the	
existence	of	Jupiter.	(Proxima	does	not	have	a	Jupiter.)		

Why	is	Jupiter	needed?	
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Host Life (2) 
Atmosphere.		It’s	not	obvious	that	this	is	necessary.		Can’t	life	simply	exist	in	

oceans?		That’s	probably	where	it	started	on	Earth.		However,	air	does		
more	than	provide	stuff	to	breath.	
°	Greenhouse	effect:	Minimizes	day/night	temperature	variaKon.	
	(Also	moves	the	habitable	zone	outward	a	bit.)	
°	Protects	the	surface	from	radiaKon	(stellar	UV	and	X-rays,	and	cosmic	rays).	
A	problem:	Without	protecKon,	the	stellar	wind	ablates	the	atmosphere.	

MagneKc	field.			
°	Protects	from	the	stellar	wind	and	from	low	energy	cosmic	rays.	
°	Requires	that	the	planet	be	rotaKng.	
The	need	for	an	magneKc	field	is	not	firmly	established.	

Stellar	instability.			
Red	dwarfs	tend	to	be	unstable.		The	Sun	varies	only	by	about	0.1%	over	its	
11	year	cycle.		Proxima	varies	by	a	factor	of	10-100	in	its	ultraviolet	and	x-ray	
output.		Life	prefers	(but	may	not	require)	a	stable	environment.	
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Host Life (3) 
Tidal	locking.		Tidal	forces	cause	orbiKng	objects	(e.g.,	the	Moon)	to	end	up	

with	the	same	face	always	toward	the	central	ajractor.		Tidal	forces	are	
larger	at	short	distance,	so	planets	that	are	near	their	star	(e.g.,	Proxima	b)	
are	Kdally	locked	due	to	fricKon.		Mercury	is	Kdally	locked	to	the	Sun.	
			

	
	

	
°	Slow	rotaKon	results	in	a	smaller	protecKve	magneKc	field.	
°	There	is	a	hot	side	and	a	cold	side,	with	a	large	(~200°	F)	temperature	
	difference.		An	atmosphere	may	moderate	this.		The	habitable	zone	may	
	be	limited	to	a	narrow	band	near	the	day/night	boundary.	

Proxima	b	is	not	an	ideal	candidate	for	a	place	to	look	for	life,		
but	it’s	close	to	us	(easy	to	study)	and	who	knows	...	?			

planet	star	 day	
(hot)	

night	
(cold)	

RotaKon	slows		
due	to	fricKon	
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Credit:	Chester	Harman	(UPR,	Arecibo)	

The	first	Goldilocks	planet,	but	not	Earthlike.			
Most	likely	a	“Neptune”	(a	small	gas	planet).	

			Increasing	probability			
that	a	planet	is	habitable.	

Discovered	in	2014.		Maybe	habitable,	
but	too	far	(500	l.y.)	for	detailed	study.	

Kepler	186f	

Existence		
is	disputed.	

A Short Inventory of  
Goldilocks Planets 
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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).	

Aser	the	James	Webb	launch	in	2018,	the	next	large	space	
telescope	will	be	WFIRST	(launch	in	2025,	maybe).		With	a	
proposed	upgrade,	it	will	be	able	to	study	nearby	planets.	

Just	launched	Thursday:	NASA’s	Osiris-Rex	will	return	a	piece	
of	asteroid	(in	2023),	to	study	the	early	solar	system	and	look	
for	clues	about	the	origin	of	life	(e.g.,	organic	molecules).	

This	is	going	to	be	a	long	process	of	search	and	discovery.	


