Observing Thermal Emission and
Reflected Light from Exoplanets
with the Gran Telescopio Canarias

Jayne Birkby

Leiden Observatory, The Netherlands (birkby@strw.leidenuniv.nl)

Ignas Snellen, Matteo Brogi, Bas Nefs (Leiden Observatory, The Netherlands)
Ernst de Mooij (University of Toronto, Canada) Remco de Kok (SRON, The Netherlands)
Simon Albrecht (MIT, USA) Johannes Koppenhofer (University Observatory Munich, Germany)
lan Skillen (Isaac Newton Group, Spain) Adam Burrows (Princeton University, USA)

Exoclimes, 18/01/2012 Jayne Birkby, Leiden Observatory bir




Ground-based optical secondary eclipses?

Secondary eclipses (occultations) measure the planet-star flux ratio --> gives planet
temperature --> vital for understanding atmospheric chemistry, structure and dynamics

Secondary eclipse

Exoclimes, 18/01/2012 Jayne Birkby, Leiden Observatory birkby@strw.leidenuniv.nl



Ground-based optical secondary eclipses?

Secondary eclipses (occultations) measure the planet-star flux ratio --> gives planet
temperature --> vital for understanding atmospheric chemistry, structure and dynamics

Reflected Thermal
<> < >
1.000 -
- MOST 10-4
transmission
function
0.100 -
z 11073
< 1 - *g') P . :
k"'iv “ (f)n(; g0 )l 0 ; ] Q
0.010 [ : o .
i \’l’ solaré 0.1 0.3 . P
0.0 03 =107
lesolari 0.1 0.3 .
0.001 |- T
Coveinie [T Lol T [ [TPTTTTITT,  FTTTTTR [T, [ [ 1077
0.3 04 05 06 07 08 09 1.0 1.1 1.2 1.3
. A (um)
Secondary eclipse Burrows et al., 2008

Exoclimes, 18/01/2012 Jayne Birkby, Leiden Observatory birkby@strw.leidenuniv.nl



Ground-based optical secondary eclipses?

Secondary eclipses (occultations) measure the planet-star flux ratio --> gives planet
temperature --> vital for understanding atmospheric chemistry, structure and dynamics

Reflected Thermal
<> < >
HD 209458b (at secondary eclipse) :
1.000 VY :
- MOST ‘ 11074
transmission ]
function
0.100
= ] ~107°
I
< | | C o p
k""iv ’Ce(((:)n(; go )1 0 ;
0.010 — ‘ * :
- \”r solaré 0.1 0.3 .
0.0 03 <107
lesolarz 0.1 0.3 ]
0.001 1
Coveinie [T [ T [ [TPTTTTITT,  FTTTTTR [T [T Lioiiies 107”7
0.3 04 05 06 07 08 09 1.0 1.1 1.2 1.3

A (um)
Secondary eclipse

®

Burrows et al., 2008

Fo/Fuu (\)

day-side temperature

incident stellar irradiation
reflected light due to scattering
and possible clouds

absorbing species

global heat transport
short-wards of Spitzer: H,0, CO,,
CH,4 and CO molecular bands

Exoclimes, 18/01/2012

Jayne Birkby, Leiden Observatory birkby@strw.leidenuniv.nl



Ground-based optical secondary eclipses?

Secondary eclipses (occultations) measure the planet-star flux ratio --> gives planet
temperature --> vital for understanding atmospheric chemistry, structure and dynamics

Reflected Thermal
<> < >
HD 209458b (at secondary eclipse) :
1.000 VY :
- MOST ‘ 11074
transmission ]
function
0.100
= ] ~107°
I
< | | C o p
k""iv ’Ce(((:)n(; go )1 0 ;
0.010 — ‘ * :
- \”r solaré 0.1 0.3 .
0.0 03 <107
lesolarz 0.1 0.3 ]
0.001 1
Coveinie [T [ T [ [TPTTTTITT,  FTTTTTR [T [T Lioiiies 107”7
0.3 04 05 06 07 08 09 1.0 1.1 1.2 1.3

. A (um)
Secondary eclipse Burrows et al., 2008

’ —____Poster: Sukrit Ranjan HST/WFC3
occultations 1.1-1.7microns

Fo/Fuu (\)

day-side temperature

incident stellar irradiation
reflected light due to scattering
and possible clouds

absorbing species

global heat transport
short-wards of Spitzer: H,0, CO,,
CH,4 and CO molecular bands

Exoclimes, 18/01/2012

Jayne Birkby, Leiden Observatory birkby@strw.leidenuniv.nl



-

Ground-based optical secondary eclipses?

Secondary eclipses (occultations) measure the planet-star flux ratio --> gives planet
temperature --> vital for understanding atmospheric chemistry, structure and dynamics
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Ground-based optical secondary eclipses?

Why from the ground? Money, money, money...
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Existing ground-based optical secondary eclipses
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- GTC Optical Secondary Eclipse Survey

OSIRIS broad-band imaging CCD (7.8 x 8.5 arcmin) on the
10.4m GTC

u' (350nm) (Rayleigh scattering), r' i' z' (925nm) (thermal emission)

WASP-12b, CoRoT-1b, TrES-3b, HAT-P-23b and HAT-P-7b
- expected depth > 0.01%, P < 3 days, V < 13.6

Dome restriction - can’t observe above 73 degrees elevation

e windowed readout (1.25 x 3.5 arcmin)

— rapid cadence (5-14 seconds in z', 60 secin u')
o defocus (avoid saturation and flat fielding errors)

o sufficient baseline for accurate depth measurement and decorrelation of
systematics (90 hour large ESO program)
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The ‘good’...

z'-band: HAT-P-23 b, TrES-3 b, CoRoT-1b
u'-band: HAT-P-23 b, TrES-3 b

The bad...
WASP-12 b: no observations yet (u', g', r', ')

And the ugly...
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Preliminary Results

CoRoT-1b z'-band
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Preliminary Results

CoRoT-1b z'-band
B Fringe and illumination correction

Divide target by master reference star
Multiple linear regression fit:

e Model
o Airmass
* Seeing _z
e X position e
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. Pitential sources of residual systematics

® Treat the symptoms or the cause?
Principle component-like analysis to ‘blindly’ remove
correlations
e Smarter handling of systematics? Gaussian processes
e Non-linearity? No, tested.
e PSF variation across the field -> decorrelate for x&y
spatial position
e Bias frame noise pattern changes rapidly - underlying
electronic issues?
¢ Rotator angle flat field issues? Low-level ~5x10
® Precipitable water vapour variations? No data available!
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Broadly agrees with previous findings of no heat redistribution
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. . Preliminary Results ’

® HAT-P-7 b seems too bright for our strategy.

® Additional Ks-band secondary eclipses with LIRIS/
WHT as part of the GROUd-based Secondary
Eclipses (GROUSE) Project e.g. TrES-3b de Mooij &
Snellen (2009) (HAT-P-23b and CoRoT-1b under
analysis)
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How else can we study optical secondary eclipses?
Spectrophotometry with VLT/FORS2 multi-slit
spectrograph

Proposal accepted (PI: Snellen) using same method
that Bean et al. used for the GJ1214b transmission

spectroscopy

Aim: first optical spectrum of an exoplanet at 0.6-1.1
microns
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Conclusions

® Ground-based secondary eclipse measurements are
becoming ‘routine’ but this does not mean they are easy...

® Key to success is identifying and monitoring systematic
sources and/or removing them effectively

® We have a tentative detection of secondary eclipse in z-
band of CoRoT-1b, need to investigate PCA methods for
removal of systematics

® Non-detections in u-band - upper limits on the albedo

® Optical spectophotometry from the ground at secondary
eclipse is a promising alternative
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