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Direct exoplanet spectra with 
high dispersion spectroscopy 

(HDS) 
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Cross-correlation functions trace out the 
radial velocity curve of the planet

Cross-correlation functions from 𝜏 Boo b
Planet rest frame 

(Kp=110 km/s)

Brogi et al. 2012
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Brogi et al. 2014

C/O<1 
inversion expected 

but not seen

See also: Rodler et al. 2012; 2013 (CO in τ Boo b & HD 189733 b); Snellen et al. 2010, 2013 (CO in HD 209458 b, beta Pic b), 
Lockwood et al. 2014 (H2O in τ Boo b), Schwarz et al. 2015 (no dayside CO in HD 209458 b), Hoeijmakers et al. 2015 
(probably no TiO in HD 209458 b), see also Ernst de Mooij poster here (Super-Earth 55 Cnc e)

Unambiguous detections of CO and H2O in 
hot Jupiter atmospheres and no stratospheres
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Super-stellar C/O: core accretion 
Stellar C/O: gas collapse



Water absorption in 51 Peg b at 3.2 µm

Birkby et al. in prep



Confirmation of CO+H2O absorption at 2.3 µm

• Max. signal at  
Vrest=0 km/s 
"

• KP/KS = MS/MP 
"
"
• PKP/2πa=sin(i) 

Brogi et al. 2013
Birkby et al. in prep
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Measure mass of planet 
to < 5% error





Model-independent masses 
and radii of brown dwarfs



There are only 2 (+2?) model-independent BD mass 
and radius measurements anchoring evolution models

David et al. 2015

Light curve: P, i, ecosω, R1/a, R2/a; RV curve: K1, K2, esinω 
K1, K2, i, e ⇒ M1, M2, a; R1/a, R2/a, a ⇒ R1, R2; Teff1, Teff2, R1, R2 ⇒ L1, L2, D

BHAC2015 models
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There are only 2 (+2?) model-independent BD mass 
and radius measurements anchoring evolution models

David et al. 2015

Light curve: P, i, ecosω, R1/a, R2/a; RV curve: K1, K2, esinω 
K1, K2, i, e ⇒ M1, M2, a; R1/a, R2/a, a ⇒ R1, R2; Teff1, Teff2, R1, R2 ⇒ L1, L2, D

BHAC2015 models

0.7”

LHS 6343 AC - transiting M-dwarf + brown dwarf 
with a wide M-dwarf companion

Montet et al. 2015

KAC=9.25 mag

C



Keck/HIRES

Transiting brown dwarfs converted into eclipsing 
double-lined spectroscopic binaries with HDS

Kepler

Kepler

Spitzer

Spitzer

Montet et al. 2015

Montet et al. in prep



Keck/HIRES

Transiting brown dwarfs converted into eclipsing 
double-lined spectroscopic binaries with HDS

Kepler

Kepler

Spitzer

Spitzer

Montet et al. 2015

Montet et al. in prep

Keck/NIRSPAO?

Models courtesy of Jonathan Fortney



Oh El Niño…
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NIRSPAO/Keck II spectra, 2-3 µm



Rotation and winds 
in exoplanet atmospheres



HDS is sensitive to line shape/shift 
from winds and rotation
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HDS is sensitive to line shape/shift 
from winds and rotation

Pr
es

su
re

Winds only Winds+rotation

Kempton & Rauchser 2012; Showman et al. 2013

Winds blue-shift entire 
upper atmosphere 

Wind shift observed in HD 209458 b 
at -2±1 km/s (Snellen et al. 2010)



HDS is sensitive to line shape/shift 
from winds and rotation

Pr
es

su
re

Winds only Winds+rotation

Kempton & Rauchser 2012; Showman et al. 2013

Rotation creates 
double-peaked 
line profile

Are hot Jupiters 
tidally locked? 

Brogi et al. 2016



Rotation period of HD 189733 b consistent 
with a tidally-locked planet

CRIRES infrared transit spectra (Brogi, de Kok, Albrecht, Snellen, Birkby, Schwarz 2016)
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Rotation period of HD 189733 b consistent 
with a tidally-locked planet

CRIRES infrared transit spectra (Brogi, de Kok, Albrecht, Snellen, Birkby, Schwarz 2016)

HARPS optical transit spectra (Louden & Wheatley 2015)

Porb = 2.22 days 
Vrot = 3.4+1.3-2.1 km/s 
Prot = 1.7+2.9-0.4 days 
Vshift = -1.7+1.1-1.2 km/s

Vshift=1.9+0.7-0.6 km/s (disk averaged) 

Spatially resolved, eastward rotating jet





Exoplanets in Colour
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Wavelength-dependency of reflected light varies 
with composition, structure, clouds, and dynamics 

Evans et al. (2013)
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HD 189733 b
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Use high-resolution spectroscopy to create 
50nm binned albedo spectra with HARPS-N



Tentative reflected light from 51 Peg b with HARPS 
suggesting highly inflated planet
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Radial velocity (km/s)
Martins et al. 2015

3-σ detection, Ag>1 for RP=1.2RJ, Ag=0.5 assuming RP=1.9RJ

FWHM=22.6 ± 3.6 km/s



New HARPS-N observations to measure moderate 
resolution albedo spectrum



New HARPS-N observations to measure moderate 
resolution albedo spectrum

Model: R=300,000 theoretical solar spectrum (courtesy of Paula Coelho)

Preliminary reduction

Birkby et al. in prep.





Seeing through the clouds



Clouds alter the apparent T-P profile with λ

Birkby et al. 2013, Birkby et al. in prep.
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Clouds alter the apparent T-P profile with λ

Birkby et al. 2013, Birkby et al. in prep.





Future prospects for high spectral 
resolution exoplanet studies 



The future is bright…

MEarth

Ground-based transit hunters:

Ground-based direct-imagers:

HARPS, HARPS-N, SOPHIE, APF, MINERVA
Ground-based precision RV planet hunters:

CHEOPS

TESS

PLATOSpace-based transit hunters:



ELTs enable time-resolved and exo-Earth studies

• Isotopologue ratios (e.g. HDO)     
to study evolutionary history

• Abundance and structure mapping 
as a function of longitude

Biomarkers in Earth-like planets

Snellen, et al. 2013

O2 at 5σ after 5-15 years 
with E-ELT

Snellen et al. 2014

Map β Pic b with E-ELT twice 
as fast as VLT maps BDs

BD Luhman 16 B 

Crossfield et al. 2014
Our nearest rocky neighbour

10hrs E-ELT/METIS detects 1.5RE Earth ‘twin’ orbiting α Cen A at 5σ

Doppler imaging of surface features 
© Marshall Johnson



ELTs enable time-resolved and exo-Earth studies

• Isotopologue ratios (e.g. HDO)     
to study evolutionary history

• Abundance and structure mapping 
as a function of longitude

Biomarkers in Earth-like planets

Snellen, et al. 2013

O2 at 5σ after 5-15 years 
with E-ELT

Snellen et al. 2014

Map β Pic b with E-ELT twice 
as fast as VLT maps BDs

BD Luhman 16 B 

Crossfield et al. 2014
Our nearest rocky neighbour

10hrs E-ELT/METIS detects 1.5RE Earth ‘twin’ orbiting α Cen A at 5σ

Doppler imaging of surface features 
© Marshall Johnson



Take home messages:
• High dispersion spectroscopy (HDS) provides unambiguous 

detections of molecular features and measures C/O ratios. 
"

• HDS creates double-lined (eclipsing) spectroscopic binaries thus 
model-independent masses and radii of BDs and exoplanets. 

"

• HDS measures the rotational broadening and shift of exoplanet 
spectral lines thus their rotation periods and global wind patterns. 
"

• The albedo, colour, and cloud properties of exoplanets are 
accessible with HDS. 

"

• High-resolution optical-infrared spectrographs (R>25,000) 
are a key resource for exoplanet atmosphere characterization.

jbirkby@cfa.harvard.edu                                                   http://www.cfa.harvard.edu/~jbirkby                                                @jaynebirkby


