New Frontiers of High-Resolution Spectroscopy

Probing the atmospheres of brown dwarfs and reflected light from exoplanets
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Direct exoplanet spectra with

high dispersion spectroscopy
(HDS)




High dispersion spectroscopy R > 25,000 detects

the RV shift of the planetary spectrum
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High dispersion spectroscopy R > 25,000 detects
the RV shift of the planetary spectrum

Toy model of CO lines
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High dispersion spectroscopy R > 25,000 detects
the RV shift of the planetary spectrum
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High dispersion spectroscopy R > 25,000 detects
the RV shift of the planetary spectrum
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Cross-correlation functions trace out the
radial velocity curve of the planet

Planet rest frame
Cross-correlation functions from 7 Boo b (Kp=110 km/s)
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Unambiguous detections of CO and H20 In
hot Jupiter atmospheres and no strato§pheres
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Unambiguous detections of CO and H20 In

hot Jupiter atmospheres and no stratospheres
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Water absorption in 51 Peg b at 3.2 uym

Birkby et al. in prep



Confirmation of CO+H20 absorption at 2.3 ym

- Max. signal at
Viest=0 km/s

+ Kp/Ks = Ms/Mp
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Confirmation of CO+H20 absorption at 2.3 ym
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Confirmation of CO+H20 absorption at 2.3 ym
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Model-independent masses
and radii of brown dwarfs



There are only 2 (+27) model-independent BD mass
and radius measurements anchoring evolution models
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There are only 2 (+27) model-independent BD mass
and radius measurements anchoring evolution models
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Transiting brown dwarfs converted into eclipsing

double-lined spectroscopic binaries with HDS
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Transiting brown dwarfs converted into eclipsing
double-lined spectroscopic binaries with HDS
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Oh El Nino...



Wavelength

NIRSPAO/Keck Il spectra, 2-3 uym




Rotation and winds
In exoplanet atmospheres




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




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

Winds only Winds+rotation

HD 209458b
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HDS is sensitive to line shape/shift
from winds and rotation

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

Winds only Winds+rotation

— Wind shift observed in HD 209458 b
N at -2+1 Km/s (snelien et al. 2010)
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HDS is sensitive to line shape/shift
from winds and rotation

Winds only Winds+rotation

HD 2094580
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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)

CO'added CCF / GCCF
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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)

CO'added CCF / GCCF
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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)

é Porb = 222 dayS
O Viot = 3.4%135 1 km/s
é Prot = 1.729,5 4 days
b= Vshit = -1.711.1 2 km/s
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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)
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CO'added CCF / GCCF

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

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

Porb= 2.22 days
Viot = 3.4%13.5 1 km/s
 Prot = 1.7%%290 4 days
Vshift = -1 .7+1'1-1.2 km/s
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HARPS optical transit spectra (Louden & Wheatley 2015)
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Exoplanets in Colour






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

1.0 Eclipse depth ~0.01%
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Wavelength-dependency of reflected light varies
with composition, structure, clouds, and dynamics

1.0 Eclipse depth ~0.01%

0.8
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Ag

Evans et al. (2013)
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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

3-0 detection, Ag>1 for Rp=1.2Ry, Ag=0.5 assuming Rp=1.9R,
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New HARPS-N observations to measure moderate
resolution albedo spectrum




New HARPS-N observations to measure moderate
resolution albedo spectrum

Preliminary reduction @

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







Seeing through the clouds




Clouds alter the apparent T-P profile with A
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Clouds alter the apparent T-P profile with A
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Clouds alter the apparent T-P profile with A

ARIES/MMT simultaneous wavelength coverage (1.5-2.5 microns)
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Future prospects for high spectral
resolution exoplanet studies




The future is bright...

Ground-based transit hunters:
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Space-based transit hunters:




ELTs enable time-resolved and exo-Earth studies
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Take home messages:

 High dispersion spectroscopy (HDS) provides unambiguous
detections of molecular features and measures C/O ratios.

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

e 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



