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Outline

From	finding	to	characterizing	exoplanets

by	studying	their	atmospheres

Detecting	molecular	species	at	high	spectral	resolution

and	measuring	masses	and	inclinations	in	the	meanwhile

Constraining	the	atmospheric	properties

thermal	inversion	layers,	rotation,	winds

Future	applications

Characterizing	TESS	targets,	combining	high-resolution	spectroscopy	and	direct	imaging



How do we find exoplanets?

•	Periodic	shift	in	stellar	lines	
•	Fit	to	determine	P,	a,	e	
•	Lower	limit	on	MP	(i	unknown)

RADIAL	VELOCITIES

•	Planet	orbit	seen	‘‘edge-on’’	
•	Periodic	dip	in	the	light	curve	
•	Depth	~	star/planet	area

TRANSITS

ESO

E. de Mooij



The golden era of exoplanet discoveries
1995-2016	⇒	2,000+	confirmed	exoplanets
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Statistics of exoplanet population
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FGK	stars	
P	=	0.8-85	days	
ηany	=	(52	±	4)	%	

η⊕	=	(16.6	±	3.6)	%

The	most	common	planets	
have	no	analogs	

in	the	Solar	System	

Mostly	from	Kepler	on	transiting	planets	(Fressin	et	al.	2013)



Measuring the planet bulk density
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Planets	with	measurements	of	both	radii	and	masses	
Lighter	gray	=	bigger	error	bars



The structure and composition of small planets
Plot	from	Berta	et	al.	(2015)		

Lighter	gray	=	bigger	error	bars

The	smallest	planets	seem	to	be	compatible	with	Earth-Venus	composition



Observing exoplanet atmospheres

Solving	degeneracies	between	planet	interior-envelope

Determining	surface	conditions	and	hence	habitability

From	statistical	to	individual	properties	of	exoplanets

Linking	composition	to	origin	&	evolution

Molecular/atomic	species,	inversion	layers,	clouds/hazes…

Super-Earths	or	mini-giants	(or	something	unexpected?)

Reliable	estimates	of	C,N,O	elemental	abundances	vs.	stellar	values

Atmospheric	circulation,	T/p	profile,	composition,	biomarkers…



Eclipse	(Dayside	spectra)	
Planet	occulted	by	the	stellar	disk	
Measuring	the	missing	planet	flux

Atmospheric characterization: transiting planets 

Transit	(Transmission	spectra)	
Starlight	filtering	through	the	planet	atmosphere	
Measuring	the	planet	radius

Phase	curve	

Relative	contribution		
of	planet	day/night	side

Monitoring	of	the	total	light	from	the	star+planet	system,	at	various	wavelengths

Constraints	on	molecular	species	&	abundances,	T/p	profile,	longitudinal	energy	balance

Star	and	planet	are	not	spatially	resolved



Atmospheric composition and transmission signals 

Change	in	transit	depth		
due	to	atmospheric	opacity	

∆D	=	nHRP/(RS)2

H	=	kT/gµ

n	≈	log(∆κ)

Transit	depth	
D	=	(RP/RS)2

Jupiter-Sun	~	1%	
Earth-Sun	~	0.008%

RS

RP



Atmospheric composition and transmission signals 

Change	in	transit	depth		
due	to	atmospheric	opacity	

∆D	=	nHRP/(RS)2

H	=	kT/gµ

n	≈	log(∆κ)

Transit	depth	
D	=	(RP/RS)2

Jupiter-Sun	~	1%	
Earth-Sun	~	0.008%

RS

RP

Target	warmer	planets	
with	lower	density

Maximize	the	change	in	opacity	
between	spectral	channels

Find	and	target	planets	orbiting	
small	stars	(late-K	and	M-dwarfs)

How	do	we	maximize	
the	signal?



From low- to high-resolution spectra
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HD	189733	b	

1.14	MJup	

1.18	RJup	

K1-2V	star

Pont+	2013;	Burrows	2014

ultraviolet light and polymerization. They are generally not conden-
sates of common or abundant molecular species (such as water, ammo-
nia, iron or silicates, none of which fits the bill here). Although it is not 
at all clear what this haze is, hazes at altitude (<0.01 bars) can provide 
a nearly featureless continuum opacity to light and easily mute atomic 
and molecular line strengths. Indeed, hazes are emerging as central and 
ubiquitous features in exoplanet atmospheres. Annoyingly, not much 
mass is necessary to have an effect on transit spectra, making quantita-
tive interpretation all the more difficult. The fact that the red colour of 
Jupiter itself is produced by a trace species (perhaps a haze) that so far 
has not been identified is a sobering testament to the difficulties that lie 
ahead in completely determining exoplanet atmospheric compositions.

The multi-frequency transit measurements of HD 189733b from the 
near-ultraviolet to the mid-infrared by Pont et al.36,37 are the clearest 
and most marked indications that some exoplanets have haze lay-
ers (Fig. 1). Curiously, the measurements show no water or other 
molecular features in transit. Aside from the aforementioned sodium 
and potassium atomic features in the optical, the transit spectrum 
of HD 189733b is consistent with a featureless continuum. Water 
features in a hydrogen (H2) atmosphere are very difficult to com-
pletely suppress, so their absence is strange. Furthermore, the transit 
radius increases below about 1.0 μm with decreasing wavelength in 
a manner that is reminiscent of Rayleigh scattering. However, owing 
to the large cross-sections implied, the culprit can only be a haze or 
a cloud. It should be mentioned that these transit data cannot distin-
guish between absorption and scattering, although scattering is the 
more likely cause for most plausible haze materials and particle sizes. 
Scattering is also indicated by the near lack of evidence for absorb-
ing particulates in HD 189733b secondary eclipse emission spectra39. 
Together, these data suggest that a scattering haze layer at altitude is 
obscuring the otherwise distinctive spectral features of the spectro-
scopically active atmospheric constituents.

Transit spectra for the mini-Neptune GJ 1214b have been taken 
by many groups, but the results concerning possible distinguish-
ing spectral features have, until recently, been quite ambiguous40. In 
principle, there are diagnostic water features at around 1.15 μm and 
1.4 μm. However, Kreidberg et al.41, using the Wide Field Camera-3 
(WFC3) on the Hubble Space Telescope, have demonstrated that from 
~1.1 to 1.6 μm its transit spectrum is around 5–10 times flatter than 
a water-rich, H2-dominated atmosphere with a solar abundance of 
water (oxygen) (Fig. 2). Flatness could indicate that the atmosphere 
has no scale height (see equation 1) (for example, due to a high mean 
molecular weight, μ), or herald the presence, yet again, of a thick haze 
layer obscuring the molecular features. Not surprisingly, a panchro-
matic obscuring haze layer is currently the front runner.

Lest one think that hazes completely mask the molecules of exo-
planet atmospheres, Deming et al.42 have published transit spectra of 
HD 209458b (Fig. 3) and XO-1b that clearly show the water feature at 
around 1.4 μm. However, the expected accompanying water feature 
at about 1.15 μm is absent. The best interpretation of this is that this 
feature is suppressed by the presence of a haze with a continuum, 
although wavelength-dependent, interaction cross-section that trails 
off at longer wavelengths. The weaker apparent degree of suppression 
in these exoplanet atmospheres might suggest that their hazes are 
thinner or deeper (at higher pressures) than in HD 189733b. Physical 
models explaining this behaviour are lacking.

So, the only atmospheric species that have clearly been identified 
in transit are water, sodium, potassium and a ‘haze’. Molecular hydro-
gen is the only gas with a low enough μ to provide a scale height that 
is great enough to explain the detection in transit of any molecu-
lar features (see equation 1) in a hot, irradiated atmosphere, and I 
would include it as indirectly indicated. However, carbon monoxide, 
carbon dioxide, ammonia, nitrogen gas, acetylene, ethylene, phos-
phine, hydrogen sulphide, oxygen, ozone, nitrous oxide and hydro-
gen cyanide have all been proferred as exoplanet atmosphere gases. 
Clearly, the field is in its spectroscopic infancy. Facilities such as 

next-generation ground-based telescopes (extremely large telescopes, 
ELTs) and space-based telescopes such as the James Webb Space Tel-
escope (JWST)22, or a dedicated exoplanet space-based spectrometer, 
will be essential if transit spectroscopy is to realize its true potential 
for exoplanet atmospheric characterization. The JWST in particular 
will have spectroscopic capability from ~0.6 to ~28.3 μm and will 
be sensitive to most of the useful atmospheric features expected in 
giant, Neptune-like and sub-Neptune exoplanets. It may also be able 
to detect and characterize a close-in Earth or super-Earth around a 
nearby small M star.

There are a number of theoretical challenges that must be met before 
transit data can be converted into reliable knowledge. Such spectra 
probe the terminator region of the planet that separates the day and 
night sides. They sample the transitional region between the hotter 
day and cooler night of the planet, at which the compositions may be 
changing and condensates may be forming. Hence, the compositions 
extracted may not be representative even of the bulk atmosphere. Ide-
ally, one would want to construct dynamical three-dimensional (3D) 
atmospheric circulation models that couple non-equilibrium chemistry 
and detailed molecular opacity databases with multi-angle 3D radia-
tion transfer. Given the emergence of hazes and clouds as potentially 
important features of exoplanet atmospheres, a meteorologically cred-
ible condensate model is also desired. We are far from the latter43, and 
the former’s capabilities are only now being constructed, with limited 
success44. The dependence of transit spectra on species abundance is 
weak, making it now difficult to derive mixing ratios from transit spec-
tra to better than a factor of 10 to 100. Although the magnitude of the 
variation of apparent radius with wavelength depends on atmospheric 
scale height, and hence temperature, the temperature–pressure profile 
and the variation of abundance with altitude are not easily constrained. 
To obtain even zeroth-order information, one frequently creates isother-
mal atmospheres with chemical equilibrium or uniform composition. 
Current haze models are ad hoc, and adjusted a posteriori to fit the 
all-too-sparse and at times ambiguous data. To justify the effort neces-
sary to do better will require much improved and higher-resolution 
measured spectra5.

Data at secondary eclipse require a similar modelling effort, but 
probe the integrated flux of the entire dayside. Hence, a model that 
correctly incorporates the effects of stellar irradiation (‘instellation’) 
and limb effects is necessary. Moreover, the flux from the cooling plan-
etary core, its longitudinal and latitudinal variation, and a circulation 
model that redistributes energy and composition are needed. Most 
models employed so far use a representative one-dimensional (planar) 
approximation, and radiative and chemical equilibrium for what is a 

Figure 1 | Transit spectrum of giant exoplanet HD 189733b. The planet/
star radius ratio against wavelength in ångströms. The black dots are the data 
points and the dotted lines are models. From left to right the dotted lines show 
the possible effect of Rayleigh scattering by mixed small grains at 2,000 K and 
at 1,300 K, by settling grains and by an opaque cloud deck. The grey line is an 
example spectrum without a haze. Reprinted with permission from ref. 36.
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HST	(low-res	spectroscopy)	+	Spitzer	(photometry)
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ultraviolet light and polymerization. They are generally not conden-
sates of common or abundant molecular species (such as water, ammo-
nia, iron or silicates, none of which fits the bill here). Although it is not 
at all clear what this haze is, hazes at altitude (<0.01 bars) can provide 
a nearly featureless continuum opacity to light and easily mute atomic 
and molecular line strengths. Indeed, hazes are emerging as central and 
ubiquitous features in exoplanet atmospheres. Annoyingly, not much 
mass is necessary to have an effect on transit spectra, making quantita-
tive interpretation all the more difficult. The fact that the red colour of 
Jupiter itself is produced by a trace species (perhaps a haze) that so far 
has not been identified is a sobering testament to the difficulties that lie 
ahead in completely determining exoplanet atmospheric compositions.

The multi-frequency transit measurements of HD 189733b from the 
near-ultraviolet to the mid-infrared by Pont et al.36,37 are the clearest 
and most marked indications that some exoplanets have haze lay-
ers (Fig. 1). Curiously, the measurements show no water or other 
molecular features in transit. Aside from the aforementioned sodium 
and potassium atomic features in the optical, the transit spectrum 
of HD 189733b is consistent with a featureless continuum. Water 
features in a hydrogen (H2) atmosphere are very difficult to com-
pletely suppress, so their absence is strange. Furthermore, the transit 
radius increases below about 1.0 μm with decreasing wavelength in 
a manner that is reminiscent of Rayleigh scattering. However, owing 
to the large cross-sections implied, the culprit can only be a haze or 
a cloud. It should be mentioned that these transit data cannot distin-
guish between absorption and scattering, although scattering is the 
more likely cause for most plausible haze materials and particle sizes. 
Scattering is also indicated by the near lack of evidence for absorb-
ing particulates in HD 189733b secondary eclipse emission spectra39. 
Together, these data suggest that a scattering haze layer at altitude is 
obscuring the otherwise distinctive spectral features of the spectro-
scopically active atmospheric constituents.

Transit spectra for the mini-Neptune GJ 1214b have been taken 
by many groups, but the results concerning possible distinguish-
ing spectral features have, until recently, been quite ambiguous40. In 
principle, there are diagnostic water features at around 1.15 μm and 
1.4 μm. However, Kreidberg et al.41, using the Wide Field Camera-3 
(WFC3) on the Hubble Space Telescope, have demonstrated that from 
~1.1 to 1.6 μm its transit spectrum is around 5–10 times flatter than 
a water-rich, H2-dominated atmosphere with a solar abundance of 
water (oxygen) (Fig. 2). Flatness could indicate that the atmosphere 
has no scale height (see equation 1) (for example, due to a high mean 
molecular weight, μ), or herald the presence, yet again, of a thick haze 
layer obscuring the molecular features. Not surprisingly, a panchro-
matic obscuring haze layer is currently the front runner.

Lest one think that hazes completely mask the molecules of exo-
planet atmospheres, Deming et al.42 have published transit spectra of 
HD 209458b (Fig. 3) and XO-1b that clearly show the water feature at 
around 1.4 μm. However, the expected accompanying water feature 
at about 1.15 μm is absent. The best interpretation of this is that this 
feature is suppressed by the presence of a haze with a continuum, 
although wavelength-dependent, interaction cross-section that trails 
off at longer wavelengths. The weaker apparent degree of suppression 
in these exoplanet atmospheres might suggest that their hazes are 
thinner or deeper (at higher pressures) than in HD 189733b. Physical 
models explaining this behaviour are lacking.

So, the only atmospheric species that have clearly been identified 
in transit are water, sodium, potassium and a ‘haze’. Molecular hydro-
gen is the only gas with a low enough μ to provide a scale height that 
is great enough to explain the detection in transit of any molecu-
lar features (see equation 1) in a hot, irradiated atmosphere, and I 
would include it as indirectly indicated. However, carbon monoxide, 
carbon dioxide, ammonia, nitrogen gas, acetylene, ethylene, phos-
phine, hydrogen sulphide, oxygen, ozone, nitrous oxide and hydro-
gen cyanide have all been proferred as exoplanet atmosphere gases. 
Clearly, the field is in its spectroscopic infancy. Facilities such as 

next-generation ground-based telescopes (extremely large telescopes, 
ELTs) and space-based telescopes such as the James Webb Space Tel-
escope (JWST)22, or a dedicated exoplanet space-based spectrometer, 
will be essential if transit spectroscopy is to realize its true potential 
for exoplanet atmospheric characterization. The JWST in particular 
will have spectroscopic capability from ~0.6 to ~28.3 μm and will 
be sensitive to most of the useful atmospheric features expected in 
giant, Neptune-like and sub-Neptune exoplanets. It may also be able 
to detect and characterize a close-in Earth or super-Earth around a 
nearby small M star.

There are a number of theoretical challenges that must be met before 
transit data can be converted into reliable knowledge. Such spectra 
probe the terminator region of the planet that separates the day and 
night sides. They sample the transitional region between the hotter 
day and cooler night of the planet, at which the compositions may be 
changing and condensates may be forming. Hence, the compositions 
extracted may not be representative even of the bulk atmosphere. Ide-
ally, one would want to construct dynamical three-dimensional (3D) 
atmospheric circulation models that couple non-equilibrium chemistry 
and detailed molecular opacity databases with multi-angle 3D radia-
tion transfer. Given the emergence of hazes and clouds as potentially 
important features of exoplanet atmospheres, a meteorologically cred-
ible condensate model is also desired. We are far from the latter43, and 
the former’s capabilities are only now being constructed, with limited 
success44. The dependence of transit spectra on species abundance is 
weak, making it now difficult to derive mixing ratios from transit spec-
tra to better than a factor of 10 to 100. Although the magnitude of the 
variation of apparent radius with wavelength depends on atmospheric 
scale height, and hence temperature, the temperature–pressure profile 
and the variation of abundance with altitude are not easily constrained. 
To obtain even zeroth-order information, one frequently creates isother-
mal atmospheres with chemical equilibrium or uniform composition. 
Current haze models are ad hoc, and adjusted a posteriori to fit the 
all-too-sparse and at times ambiguous data. To justify the effort neces-
sary to do better will require much improved and higher-resolution 
measured spectra5.

Data at secondary eclipse require a similar modelling effort, but 
probe the integrated flux of the entire dayside. Hence, a model that 
correctly incorporates the effects of stellar irradiation (‘instellation’) 
and limb effects is necessary. Moreover, the flux from the cooling plan-
etary core, its longitudinal and latitudinal variation, and a circulation 
model that redistributes energy and composition are needed. Most 
models employed so far use a representative one-dimensional (planar) 
approximation, and radiative and chemical equilibrium for what is a 

Figure 1 | Transit spectrum of giant exoplanet HD 189733b. The planet/
star radius ratio against wavelength in ångströms. The black dots are the data 
points and the dotted lines are models. From left to right the dotted lines show 
the possible effect of Rayleigh scattering by mixed small grains at 2,000 K and 
at 1,300 K, by settling grains and by an opaque cloud deck. The grey line is an 
example spectrum without a haze. Reprinted with permission from ref. 36.
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Molecular fingerprints at high spectral resolution
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⇒	Telluric	and	planet	signal	disentangled	

⇒	Planet	radial	velocity	can	be	measured

Planet:	10/100	km/s	
Star:	10/100	m/s

Carbon	monoxide	-	2.3	µm



Transiting	planets	are	observable:	
• During	transit	
• Before/after	secondary	eclipse

Transmission	spectroscopy

Dayside	spectroscopy

Exoplanets at high-spectral resolution
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Dayside	spectroscopy		
applicable	to	non-transiting	planets!

The	thermal	spectrum		
of	the	planet	is	targeted	directly

Exoplanets at high-spectral resolution
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The	Earth’s	atmospheric	absorption	is	stationary	in	wavelength	
The	planet	moves	along	the	orbit	and	it	is	Doppler-shifted
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(Requires	knowledge	of	planet	Vorb)



The orbital motion of τ Boo b

Night 2Night 1

Night 3

Brogi+	2012

Measured:	
RV	ratio:	KP/KS	

⇒	Mass	ratio:	MP/MS	

!
Inferred:	
Orbital	inclination	i	
Planet	mass	MP	=	ƒ(MS)	
!
Uncertainties	in	MP	dominated	
by	uncertainties	in	MS

For	τ	Boo	b:	i	=	(45.5±1.5)º,	MP	=	(5.95±0.28)	MJup
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3×6	hours	of	VLT/CRIRES,	2.3µm	
Carbon	monoxide	detected	(6σ)



Molecular detections to date

18

6	planets	(2	transiting,	3	non	transiting,	1	directly-imaged)	
CO	(6),	H2O	(4)	detected	

Detections	on	9/10	datasets	
Masses	and	inclinations	for	non-transiting	planets	

!
CH4	and	CO2	not	(yet)	detected	

Low	abundances	expected	for	CO2?	(e.g.	Heng	&	Lyons	2015)	
Uncertainty:	Incorrect	/	incomplete	line	lists	

VLT/CRIRES	
R=100,000	

2.3µm,	3.2µm,	3.5µm	
dayside,	transit,	night-side

Snellen+	2010,	2014;	Brogi+	2012,	2013,	2014,	2016;	Brikby+	2013,	de	Kok+	2013;	Schwarz+	2014

Rodler+	2012,	2013;	Lockwood+	2014



Modeling the planet atmosphere
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T

non-inverted!
invertedlo

g(
p)

ΔT

A = (TA,pA)

C = (TC,pC)

B = (TB,pB)

C’ = (TC’,pC’)

• Parametrized	T/p	profile	
• H2-dominated	(hot-Jupiters)	
• Trace	gases:	CO,	H2O,	CH4,	CO2	
• VMR:	10-7-10-4	for	CH4,	CO2	

• VMR:	10-5-10-2	for	H2O,	CO	
• Clear	atmosphere	(inclusion	of	an	
optically-thick	cloud	deck	is	possible)

What	do	we	measure?	
1.	Degree	of	match	between	data	and	models	(strength	of	CCF)	

2.	Average	line/continuum	depth		
!

Transit	spectra	
Weak	dependence	on	T	or	lapse	rate	
Possible	influence	of	hazes/clouds	

!
Emission	spectra	

Line	depth	≈	∆T	⇒	degeneracy	between	TA,	lapse	rate,	abundances
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T

non-inverted!
invertedlo

g(
p)

ΔT

A = (TA,pA)

C = (TC,pC)

B = (TB,pB)

C’ = (TC’,pC’)

• Parametrized	T/p	profile	
• H2-dominated	(hot-Jupiters)	
• Trace	gases:	CO,	H2O,	CH4,	CO2	
• VMR:	10-7-10-4	for	CH4,	CO2	

• VMR:	10-5-10-2	for	H2O,	CO	
• Clear	atmosphere	(inclusion	of	an	
optically-thick	cloud	deck	is	possible)

What	do	we	measure?	
1.	Degree	of	match	between	data	and	models	(strength	of	CCF)	

2.	Average	line/continuum	depth		
!

Transit	spectra	
Weak	dependence	on	T	or	lapse	rate	
Possible	influence	of	hazes/clouds	

!
Emission	spectra	

Line	depth	≈	∆T	⇒	degeneracy	between	TA,	lapse	rate,	abundances

!
Removing	degeneracies	

!
Larger	spectral	range	(ideally	the	whole	NIR)	

Absolute	fluxes	from	broad-band	/	low-res	measurement	



Dayside spectra and thermal inversions
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T

non-inverted!
invertedlo

g(
p)

ΔT

Continuum	at		
high	pressures

Line	cores	at		
low	pressures

Line	depth	traces	T	difference	
(continuum	vs.	core)

•	dT/dlog(p)	>	0	⇒	Absorption	lines	

•	dT/dlog(p)	<	0	⇒	Emission	lines

The	cross-correlation	naturally	detect	inversion	layers	
(Models	with	the	wrong	T-p	profile	produce	anti-correlation)

All	high-resolution	observations	have	detected	absorption	lines	
(But	stay	tuned	for	Brogi+	in	prep.)

No	evidence	of	inversion	layers	to	date	in	the	literature	
(Knutson+	2008,	2010;	Diamond-Love+	2014;	Schwarz+	2014)



Testing the synchronous rotation of hot Jupiters

21

Rotation	and	winds	broaden	and	distort	the	planet	line	profiles	
(Showman+	2012;	Miller-Ricci	Kempton+	2012,	2014;	Rauscher	&	Kempton	2014)

Day-	to	night-side	winds		Equatorial	super-rotation	

HJs	become	tidally	locked	on	short	timescales:	Porb	=	Prot	
HJs	have	2	main	regimes	of	atmospheric	circulation



Testing the synchronous rotation of hot Jupiters

21

Rotation	and	winds	broaden	and	distort	the	planet	line	profiles	
(Showman+	2012;	Miller-Ricci	Kempton+	2012,	2014;	Rauscher	&	Kempton	2014)

Day-	to	night-side	winds		Equatorial	super-rotation	

HJs	become	tidally	locked	on	short	timescales:	Porb	=	Prot	
HJs	have	2	main	regimes	of	atmospheric	circulation

Testing	predictions	on	HD	189733	b	
1.1	MJupiter,	1.2	RJupiter,	K1-2V	star	

!

2	hrs	of	VLT/CRIRES	=	1	transit	@	2.3µm	



The transmission spectrum of HD 189733b
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Model spectra
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Modeling the broadened planet line profile

	Rigid	rotation	(Vrot)	
	Equatorial	band	super-rotating	(Veq)	

No	day-to-night	side	winds	(directly	from	offset	of	CCF)

Li
ne

	in
te
ns

ity
	(n

or
m
al
iz
ed

)

Radial	velocity	(km	s-1)



Measuring line broadening from the CCF
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Challenge:	CCF	is	not	the	true	planet	profile
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Challenge:	CCF	is	not	the	true	planet	profile

1 2 3 4 5 6 7
Rotational velocity Vrot (km s-1)

0

2

4

6

8

10

Eq
ua

to
ria

l s
up

er
-ro

ta
tio

n 
V e

q (
km

 s
-1
)

5m

4m
3m

2m

1m

1m

Eq
ua

to
ria

l e
xc

es
s 

ve
l. 

(k
m

/s
)

Planet rotational velocity (km/s)
1 2 3 4 5 6 7

Rotational velocity Vrot (km s-1)

0

50

100

150

200

R
ad

ia
l v

el
oc

ity
 s

em
i-a

m
pl

itu
de

 K
P (

km
 s

-1
)

7m

7m
6m

6m

6m

5m

5m

4m

4m

3m
3m

3m

2m

2m

2m

1m

1m

Pl
an

et
 R

V 
am

pl
itu

de
 (k

m
/s

)

Planet rotational velocity (km/s)

0
1m

2m
3m

4m
5m

6m
7m

0

Ga
in 

in 
sig

nif
ica

nc
e w

.r.t
. s

tra
igh

t li
ne

 (6
m)

1σ

2σ

3σ

4σ

5σ

6σ

7σ

0

Full	χ2	maps	of	fitted	parameters
Best-fit	value
Synchronous	rotation

Observed	CCF	
CCF	of	models

Residuals

Planet rest-frame velocity (km/s)

Real signal

-60 -40 -20 0 20 40 60
RVbary (km s-1)

-0.02

-0.01

0.00

0.01

O
rb

ita
l p

h
a
se

Injected (3x nominal)

-60 -40 -20 0 20 40 60
RVbary (km s-1)

-40 -20 0 20
Vrest (km s-1)

-10

-5

0

5

C
o
-a

d
d
e
d
 C

C
F

 /
 σ

C
C

F χ
2=52.3Prot=0

-40 -20 0 20
Vrest (km s-1)

χ
2=35.6Prot=1.7

-40 -20 0 20 40
Vrest (km s-1)

χ
2=65.5Prot=1.0

Data	is	consistent	with		
synchronous	rotation	
Vrot	=	(3.4+1.3-1.2)	km/s	
Prot	=	(1.7+2.9-0.4)	days
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Challenge:	CCF	is	not	the	true	planet	profile
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Challenge:	CCF	is	not	the	true	planet	profile
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Challenge:	CCF	is	not	the	true	planet	profile

1 2 3 4 5 6 7
Rotational velocity Vrot (km s-1)

0

2

4

6

8

10

Eq
ua

to
ria

l s
up

er
-ro

ta
tio

n 
V e

q (
km

 s
-1
)

5m

4m
3m

2m

1m

1m

Eq
ua

to
ria

l e
xc

es
s 

ve
l. 

(k
m

/s
)

Planet rotational velocity (km/s)
1 2 3 4 5 6 7

Rotational velocity Vrot (km s-1)

0

50

100

150

200

R
ad

ia
l v

el
oc

ity
 s

em
i-a

m
pl

itu
de

 K
P (

km
 s

-1
)

7m

7m
6m

6m

6m

5m

5m

4m

4m

3m
3m

3m

2m

2m

2m

1m

1m

Pl
an

et
 R

V 
am

pl
itu

de
 (k

m
/s

)

Planet rotational velocity (km/s)

0
1m

2m
3m

4m
5m

6m
7m

0

Ga
in 

in 
sig

nif
ica

nc
e w

.r.t
. s

tra
igh

t li
ne

 (6
m)

1σ

2σ

3σ

4σ

5σ

6σ

7σ

0

Full	χ2	maps	of	fitted	parameters

Equatorial	
super-rotation	
unconstrained

Best-fit	value
Synchronous	rotation

Observed	CCF	
CCF	of	models

Residuals

Planet rest-frame velocity (km/s)

Real signal

-60 -40 -20 0 20 40 60
RVbary (km s-1)

-0.02

-0.01

0.00

0.01

O
rb

ita
l p

h
a
se

Injected (3x nominal)

-60 -40 -20 0 20 40 60
RVbary (km s-1)

-40 -20 0 20
Vrest (km s-1)

-10

-5

0

5

C
o
-a

d
d
e
d
 C

C
F

 /
 σ

C
C

F χ
2=52.3Prot=0

-40 -20 0 20
Vrest (km s-1)

χ
2=35.6Prot=1.7

-40 -20 0 20 40
Vrest (km s-1)

χ
2=65.5Prot=1.0



Day-to-night side winds
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Vrest	=	(–1.7+1.1–1.2)	km/s
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Day-to-night side winds
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Vrest	=	(–1.7+1.1–1.2)	km/s
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NB:	Our	data	constrains	independently	orbital,	rotational,	and	wind	velocity!



Targeting smaller and fainter planets

Sample:	H	<	11	mag,	MP	>	0.05	MJup,	RP	>	0.35	RJup

Spectrum:	1.5-1.7µm,	H2O	spectrum	for	HD	189733	b,	scaled	by:	
scale	height,	planet/star	radius,	host-star	H-band	magnitude

Brogi+	in	prep.

Current sample (H < 11 mag)
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Sample	size:	124	
Observable:	100	
Detectable	S/N>5:	60	

S/N

Simulations:	APO	2.5m	+	Apogee	(R=22,500,	full	H	band)



Apogee@APO:	~70%	S/N	of	VLT/CRIRES	for	equal	observing	time

Work	in	progress	
CH4	and	CH4+H2O	models:	relative	VMRs	

Apply	the	calculations	to	the	expected	yield	of	TESS	(Sullivan+	2015)

Detection	estimated	by	observing	a	target	every	time	there	is	a	transit

VLT Apogee SNR (Apogee/VLT)

Mirror size 8.2m 2.5m 0.305

Spectral resolution 100,000 22,500 0.47

Spectral range 50 nm 190 nm 1.9

Throughput 2.0-2.5% ~15% 2.6

Total 0.71

Trading mirror size for better spectrographs



Work in progress: HDS in the TESS era
TESS	yield	from	Sullivan+	2015

• 250,000	target	stars	
• 1,700	detections	
• 67	RP	>	4	R⨁	
• 1,100	with	2	R⨁	<	RP	<	4	R⨁	
• 556	with	RP	<	2	R⨁:	

419	around	M-dwarfs	
137	around	FGK	stars	
130	brighter	than	K	=	9	mag

Adapting	the	APO	
simulations	to	range	of	
spectra	for	super-Earths

Exploring	a	range	of	current	
and	next-generation	NIR	

spectrographs



1996	-	ESO	3.6m	+	ADONIS

VLT	8m	+	NACO

(first	imaged	in	1984)

Spectral and spatial resolution combined: β Pic b

Image:	courtesy	of	D.	Ehrenreich



Spectral and spatial resolution combined: β Pic b

GPI first light - β Pic b"
Macintosh et al. (2014)
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0.44”	separation	(8.8	AU)	

2.6×10-4	contrast	
"

No	change	in	planet	RV	during	the	night		
(Combining	high-dispersion	spectroscopy	and	high-contrast	imaging,	Snellen+	2015)



Spectral and spatial resolution combined: β Pic b
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Spectral and spatial resolution combined: β Pic b
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No	change	in	planet	RV	during	the	night		
(Combining	high-dispersion	spectroscopy	and	high-contrast	imaging,	Snellen+	2015)



Spectral and spatial resolution combined: β Pic b
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Spectral and spatial resolution combined: β Pic b
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β Pic b rotates in only 8 hours!

34

Cross-correlation	function	broadened	by	27	km/s
Cross correlation with model CO signal (S/N=6.5)



β Pic b rotates in only 8 hours!

34

Cross-correlation	function	broadened	by	27	km/s
Cross correlation with model CO signal (S/N=6.5)

A	test	for	the	next	decade!	
High	Contrast	Imaging:	10-4	planet/star	contrast	

High-Dispersion	Spectroscopy:	10-5	core/continuum	contrast	(photon	limited)	
⇒	10-9	planet/star	contrast	achievable



Earth-like	planet	(R=1.5	R⨁,	T=300K)	orbiting	α	Cen	B	(Snellen+	2015)

Simulating HDS+HCI: Metis @ E-ELT
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Solar-type star

M5-dwarf

Terrestrial planets around dwarf stars

The	planet/star	contrast	increases	for	smaller	stars

M-dwarfs	are		
the	most-common	stars	

in	the	solar	neighborhood!

You are here!



O2	in	transmission		
Earth-size	planets	orbiting	M-dwarfs	

1/3	of	the	dayside	signal	from	τ	Boo	b
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Transiting terrestrial planets around M-dwarfs

39m	E-ELT,	30	transits	(3	years)	⇒	5σ	detection!
Extremely	Large	Telescopes	+	Hi-res	spectroscopy

Challenge:	I	=	10-11	mag	(M-dwarf)	vs.	K	=	3.4	mag	(τ	Boo)



Conclusions
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• Robust	molecular	detections	
• Masses,	inclinations	of	non-transiting	planets	

• Winds	and	planet	rotation	
• Inversion	layers	
• Relative	molecular	abundances	and	C/O	ratio	

• Can	be	combined	with	direct	imaging	
• Ideal	to	complement	JWST	in	following-up	TESS	targets	
• Potentially	suitable	for	targeting	rocky	planets	in	HZ	of	M-dwarfs!

High-resolution	transmission	spectroscopy	
can	characterize	exoplanets


