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Groundbased Near-infrared Thermal Emission
from the hottest of the hot Jupiters
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THERMAL EMISSION IN THE NEAR-IR:

We've returned the most accurate photometry that has been obtained from
the ground to date using the Wide-field Infrared Camera (WIRCam) on the
Canada-France-Hawaii Telescope (CFHT).

We've used these data to detect the secondary eclipses of a number of hot
Jupiters from the ground.

These detections bracket the blackbody peaks of these worlds, leading to the
most model-independent constraints on their atmospheres.

When combined with Spitzer/IRAC

detections these observations: constrain
the day-to-nightside redistribution of
heat, energy budgets, bolometric
luminosities, temperature pressure
profiles, etc.

New results!

What does the ensemble of all the
near-infrared detections of hot Jupiters
tell us about hot Jupiters as a class?

Artist's View of Extrasolar Planet WASP-12b
NASA, ESA, and G. Bacon (STScl) = STScl-PRC10-15




GJ 1 2 1 4B A MINI-NEPTUNE’; o
"~ We've used WIRCam/ CFHT to. nbserve four tran5|ts of the
super-Earth GJd 1214b. : -

* We've detected a 4-sigma deeper transit .i-nKs-be-nd‘thaln-i_n J-
band for the transiting super-Earth GJ 1214b (the second.
transiting super-Earth, and the flrst that we can WeII- <
characterize). F AL |

* This is likely indicative of a spectral feature The only way to get
- a spectral feature this large is if GJ 1214b has a large scale
- height, low mean molecular weight and thusa - -
| 'hydrogen/hellum dominated atmosphere enveloping a rocky
. core. Other observations suggest the planet must also have

“hazes and a lack of methane. =~ .-

‘Gd 1 21 4b the flrst super—Earth for WhICh We Have been able to .
~ welt characterlze its atmospheric characteristics and bulk .
i comp05|t|on |s arguably better descrlbed as X m|n| Neptune

t

' 4 Image"Credit;' David A.ﬁjAguilar,_CfA o
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GJ12 14B: A MINI-NEPTUNE’ &

' We ve used WIRCam/ CFHT to. nbserve four tran5|ts of the

super-Earth GJd 1214b.

~ We've detected a 4-sigma deeper traneit .i-.n_I’(ls-bantl"than-'-i_n JF.

band for the transiting super-Earth GJ 1214b (the secend'._‘
transiting super-Earth, and the flrst that we can WeII- -
characterize). F AL |

ThIS is likely indicative of a spectral feature The only way to get
- a spectral feature this large is if GJ 1214b has a large scale
- height, low mean molecular weight and thusa - -

0 'hydrogen/hellum dominated atmosphere enveloping a rocky

t

' i comp05|t|on |s arguably better descrlbed as X m|n| Neptune

- core. Other observations suggest the planet must also have

'. hazes andalack of methane. - il e

‘Gd 1 21 4b the flrst super—Earth for which We Have been able to .
~ welt characterlze its atmospheric characteristics and bulk .

New and upcomlng observatlons'

. 4 Image"Credit;"David A.:-'Aguilar,lC)fA o




THERMAL EMISSION
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WHY THE NEAR-INFRARED?

For the hottest hot Jupiters the Spitzer mid-infrared wavelengths are at
longer wavelengths than the blackbody peaks of these planets.

The near-infrared J, H & K-bands often bracket the blackbody peaks of these
planets.
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ABOVE: NEAR- AND MID-INFRARED DETECTIONS FOR THE HIGHLY IRRADIATED HOT
JUPITER WASP-12B. DETECTIONS FROM CROLL ET AL. (2010c), LOPEZ-
MORALES ET AL. (2010) & CAMPO ET AL. (2010).



WHY THE NEAR-INFRARED?

® The near-infrared J, H & K-bands are windows in the water opacity.

* (Observations in these wavelengths are thus expected to probe much deeper
depths and much greater pressures in the atmospheres of hot Jupiters.

Partridge & Schwenke
Barber et al. (BT2)
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LEFT: THE NEAR-INFRARED RIGHT: J, H & KS-BAND OBSERVATIONS
J, H & Ks-BANDS ARE PROBE MUCH DEEPER PRESSURES
HOLES IN THE WATER AND THUS DEEPER DEPTHS IN THE
OPACITY. FIGURE FROM ATMOSPHERES OF HOT JUPITERS
SHABRAM ET AL. (2010). THAN THE SPITZER/IRAC

WAVELENGTHS. FIGURE FROM
BARMAN ET AL. (2008).
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WIRCAM NEAR-IR DEFOCUSED PHOTOMETRY

* WIRCam is optimally suited for
these observations as we are
able to rapidly read-out the
array to avoid saturation, and
WIRCam has a wide field of
view (21'x21') allowing us to
simultaneously observe a great
number of reference stars.

RIGHT: THE FOUR
CHIPS THAT
MAKE UP THE
WIDE-FIELD
INFRARED
CAMERA
(WIRCAM).

BoTTOM: WE
ALSO OBSERVE
SIGNIFICANTLY
OUT OF FOCUS,
SO THAT THE
LIGHT IS
SPREAD OVER A
DONUT.

ToprP: TRES-2B (GREEN SQUARE), AND
VARIOUS REFERENCE STARS USED TO
CORRECT OUR PHOTOMETRY (RED
CIRCLES).




CORRECTING THE RAW PHOTOMETRY

We perform aperture photometry on the target star and all the
suitably bright, unsaturated reference stars.

We use the reference stars that display the smallest root-mean-square

outside of occultation to correct our target for obvious systematic
variations in intensity.

The root-mean-square [RMS) improves from 14 mmag to 0.71 mmag
per 1 minute for TrES-2b.

Normalized Flux

0 100
Minutes from expected mid—secondary eclipse
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0 100
Minutes from expected mid—secondary eclipse

THE FLUX AND THE RESIDUALS OF THE TARGET STAR (BLACK),
AND THE REFERENCE STARS (VARIOUS COLOURS).



WIRCAM NEAR-IR DETECTIONS

CROLL ET AL. (2010A,B,IN PREP.)

®* A 50 detection of the Ks-
band (2.15 micron)
thermal emission of
TrES-2b equal to
B6x10“.

®* A 80 detection of the Ks-
band thermal emission
of TrES-3b (13x10%),
and an upper limit on
its H-band thermal
emission.

* Two detections (120
total) of the Ks-band

thermal emission of
WASP-3b. $1ge




WASP-12BIN J, H & Ks

CROLL ETAL. 2011
®* \We observed a partial eclipse in J-band (1.25 microns) and two full
eclipses in H (1.6 microns) and Ks-band (2.15 microns) of the highly
irradiated hot Jupiter WASP-12b. We achieved 4-240 detections of its
thermal emission in these bands.

WASP-12 Ks-band

rinutas from mid-secondary eclipse



A CARBON-RICH PLANET?

MADHUSUDHAN ETAL. 2011
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WASP-12 Y-BAND ECLIPSE

CROLL ETAL. IN PREP.
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SECOND FROM
TOP:. THE BINNED
PHOTOMETRY.

Mormalized Flux

SECOND FROM
BOTTOM: THE
BINNED
PHOTOMETRY
AFTER
SUBTRACTING THE
BACKGROUND.

BoOTTOM:
RESIDUALS FROM
THE BEST-FIT
ECLIPSE.
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Minutes from expected mid-secondary eclipse



THE NEw WASP-12B NEAR-IR FAMILY
PORTRAIT
CROLL ET AL. IN PREP.

Phase
0.4 042 044 046 048 05 052 054 056 058 06 062 0.64
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0.999 : .
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1
0.999
0.998
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1.002
1.001

1
0.999 .
0.998 WASP-12 Y-band
0.997

-150.0 -100.0 -50.0 0.0 50.0 100.0 150.0 200.0

Minutes from mid-secondary eclipse



WASP-12 REDUX
CROLL ET AL. IN PREP.
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WASP-12 PHASE CURVE?
CROLL ET AL. IN PREP.

Phase
0.84 086 0.88 0.9 . 0.94 096 0.98 1.02 1.04 1068 1.08 1.1

1.015
1.01
1.005
1
0.995
0.99
0.985
0.02
0.015
0.01

Mormalized Flux

-300.0 -250.0 . -150.0  -100.0 -50.0 0.0 50.0 100.0 150.0
Minutes from expected mid-transit

* A Ks-band transit of
WASP-12b



WASP-12 PHASE CURVE?

CROLL ETAL. IN PREP.

Phase
0.96 0.98
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Mormalized Flux

Fesiduals

Normalized Flux

Ks-band

A Ks-band transit of
WASP-12bh.

Another Ks-band eclipse
of WASP-12b.
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OVERVIEW OF NEAR-IR (JHK) DETECTIONS

WASP-12
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BRIGHTNESS TEMPERATURE OF THE THERMAL EMISSION OF HOT JUPITERS IN THE
JHK BANDS. DETECTIONS FROM: DE MoolJ & SNELLEN (2009), ROGERS ET AL.
(2009), GILLON ET AL. (2009), ANDERSON ET AL. (2010), GIBSON ET AL.
(2010),, CROLL ET AL. (2010A,B,201 1, IN PREP.), DE MOOIJ ET AL. 201 1,
CACERES ET AL. 201 1. THE VARIOUS SWAIN ET AL. RESULTS ARE EXCLUDED.



OVERVIEW OF NEAR-IR (JHK) DETECTIONS
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BRIGHTNESS TEMPERATURE OF THE THERMAL EMISSION OF HOT JUPITERS IN THE
JHK BANDS. DETECTIONS FROM: DE MoolJ & SNELLEN (2009), ROGERS ET AL.
(2009), GILLON ET AL. (2009), ANDERSON ET AL. (2010), GIBSON ET AL.
(2010),, CROLL ET AL. (2010A,B,201 1, IN PREP.), DE MOOIJ ET AL. 201 1,
CACERES ET AL. 201 1. THE VARIOUS SWAIN ET AL. RESULTS ARE EXCLUDED.



OVERVIEW OF NEAR-IR (JHK) DETECTIONS

D K-band ~—e—
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THE RERADIATION FACTOR (f) OF THE THERMAL EMISSION OF HOT JUPITERS IN
THE JHK BANDS. DETECTIONS FROM: DE MoolJ & SNELLEN (2009), ROGERS ET
AL. (2009), GILLON ET AL. (2009), ANDERSON ET AL. (2010), GIBSON ET AL.
(2010),, CROLL ET AL. (2010A,B,201 1, IN PREP.), DE MOOIJ ET AL. 201 1,
CACERES ET AL. 201 1. THE VARIOUS SWAIN ET AL. RESULTS ARE EXCLUDED.



CORRELATION OF TEMPERATURE

INVERSIONS WITH ACTIVITY
KNUTSON ET AL. (2010)
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OVERVIEW OF NEAR-IR (JHK) DETECTIONS
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THE RERADIATION FACTOR (f) VERSUS THE CA Il H & K ACTIVITY INDEX.: DE MOOLJ
& SNELLEN (2009), ROGERS ET AL. (2009), GILLON ET AL. (2009), ANDERSON ET
AL. (2010), GIBSON ET AL. (2010),, CROLL ET AL. (2010A,B,201 1, IN PREP.), DE

MoolJ ET AL. 201 1, CACERES ET AL. 201 1. THE VARIOUS SWAIN ET AL. RESULTS

ARE EXCLUDED.




OVERVIEW OF NEAR-IR (JHK) DETECTIONS
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Vi ARINFRARED OBSERV TIONs SUGGEST
F rfj;f,,m/u PHERE OF GJ 1214BMAY
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SPECTRAL FEATURES IN THE NEAR-IR

GJ 1214b was predicted to have prominent spectral features in the near- and far-
infrared (Miller-Ricci & Fortney 2010]).

Depending on the compaosition of GJ 1214b these features were predicted to be

readily detectable (for a hydrogen/helium atmosphere]) or very difficult (for
heavier mean molecular compositions).
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PREDICTED SPECTRAL FEATURES FOR A HYDROGEN/HELIUM DOMINATED
ATMOSPHERE (CYAN & MAGENTA CURVES) AND FOR HEAVIER ELEMENTAL
COMPOSITIONS SUCH AS A WATER-WORLD (GREEN CURVE). THE BLACK
POINTS WERE OUR PREDICTED PRECISION WITH WIRCAM.



EFFECTS DUE TO SPors?

* Transit depth measurements obtained at different epochs wiill dlsplay sllghted .
different depths due to rotational modulation if the flux of the star \zarles from *

epoch to epoch.
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' (BERTA ET AL. 2010). :

: IMAGE CREDIT: DAVIDA AGUILAR, CFA



NEAR-IR PHOTOMETRY OF GJ 1214B

CROLLETAL. 2011

We observed four transits of Gd 1214b in J-band (1.25 microns) and
nearly simultaneously in another band.
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NEAR-IR PHOTOMETRY OF GJ 1214B
CROLL ETAL. 2011

We observed three transits in Ks-band (2.15 microns) and one transit in
the CH40n filter (1.69 microns).
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Normalized Flux

Nomalized Flux

EXTRA ABSORPTION IN KS-BAND?
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CROLLETAL. 2011
Phase

D_QB 0. fi?’ : E}fi 'l 'l_D'l 'I_DE 1 .[]3 1_[]4

AR

(D) J-band

-50 0 20
Minutes from expected mid-transit

D.QB 0. fi?’ D_QB : 1.0° ’l_'DE 1.03 1.04

A i

rD]H«: band
]

50 0 20
Minutes from expected mid-transit




GJ 1214B HAS A LOW MEAN MOLECULAR WEIGHT
CROLL ET AL. SUBMITTED

Our observations argue for a greater transit depth in Ks-band than in J-
band (40 detection).

A spectral feature this large is only possible if its atmosphere has a large
scale-height, a low mean molecular weight, and thus a hydrogen/helium

dominated atmosphere.

Terrestrial atmospheres are ruled out at >20.

GJ 1214b

ad o
1'1' I.H'r ﬂ.“ IIII

Wavelength (microns)

THE BEST-FIT TRANSIT DEPTHS FROM OUR ANALYSIS. THE BLACK POINTS ARE
THE WEIGHTED MEAN OF THE J AND KS-BAND OBSERVATIONS. EACH
COLOURED SET OF POINTS WAS OBSERVED SIMULTANEOUSLY.



A STEAMY SUPER-EARTH?

* Bean et al. [2010) presented exquisite VLT photometry and argued that GJ
1214b is either a cloudy/hazy hydrogen/helium dominated planet or a
water-world...

IMAGE CREDIT: ESO/L. CALCADA



VL' T PHOTOMETRYOF GJ 1214B
BEAN ET AL. (2010)

FROM BEAN ET AL. (2010) THE PLANET SHOULD BE WATER-DOMINATED
(LEFT), OR HYDROGEN_/HELIUM-DOMINATED WITH CLOUDS/HAZES (FIGURE
FROM DEMING 2010).

® Measurements
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VLT SPECTROPHOTOMETRY ARGUES THAT GJ 1214B MUST HAVE A
HAZY/CLOUDY HYDROGEN ATMSOPHERE, OR BE WATER-DOMINATED.




SPITZER/IRAC OBSERVATIONSOF GJ 1214B
DESERTETAL. (2011)

Desert et al. (201 1) lack of transit depth variations argue for a water-world
composition; if the planet has a hydrogen/helium dominated composition
It must be depleted in methane.

Observations => MEarth: B VLT: Spitzer: @
Model

etallicity
olar metallicity
etallicity with no CH4
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FIGURE FROM DESERT ET AL. (201 1). SPITZER/IRAC 3.6 AND 4.5 MICRON
OBSERVATIONS OF GJ 1214B



GJ 1214B's ATMOSPHERIC COMPOSITION

The water-world possibility is only viable if my Ks-band point is an outlier.

A hazy methane-free hydrogen/helium atmosphere explains all the
observations to date and provides the best-fit to the data.

The transmission spectrum could simply be more complicated than we
expect. More modelling is encouraged!
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FIGURE FROM MILLER-RIccI KEMPTON ET AL. (201 1): COMPILATION OF THE GJ
1214B TRANSIT DEPTHS TO DATE ACROSS A WIDE WAVELENGTH RANGE.



RECENT KS-BAND OBSERVATIONS OF GJ 1214B
CROLL ET AL. IN PREP.

® Single-band observations only in Ks-band.

®* However MEarth long-term monitoring indicates the star may be more
spotted than last year.
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THE GJ 1214B TRANSMISSION

SPECTRUM REFINED
CROLL ET AL. IN PREP.

1.8

Wavelength (microns)

Rules out the water world model at > 3-sigma.
B6-sigma difference between the J and Ks-band depths.
Three more CFHT/WIRCam transits of GJ 1214B in the next two weeks!



SUMMARY GJ 12 1 45 A MlNI-NEPTUNE’ ‘.

o Fr'om our near-5|multaneous obser'vatlons in J- band and Ks -
i band we have been able to demonstr'ate an increased
transit depth in Ks-band. | - R

* Thisis likely indicative of a spectal absor'ptlon feature near
215m|cr'ons R o o P e

* The only way to get a feature thls Iar'ge is for the scale | :
' height of GJ 1214b's atmosphere to be Iarge and |ts M
mean molecular weight to be low. .

) GJ 1214b, the first super'-Ear'th we have been abIe to

~_ characterize, is arguably better described as a Mini-
Neptune with a hydrogen/helium atmosphere depleted |n
“methane, a r'ocky core, and hazes.

e. ,Even more observatlons of. thls object across a Wlde
P S Wavelength r'eglme are stlll requwed o -




NEAR-INFRARED THERMAL
EMISSION SUMMARY

® Using CFHT/WIRCam we " ve detected the thermal emission of a number of hot
Jupiters right at their blackbody peaks - with many more to come in the YJHK
bands!

® Unfortunately what these near-infrared observations reveal about hot Jupiters as
a class is still to be determined.




Thanks for your attention &
thumbs-up for staying to the end
of the session
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