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* A combination of all the observations to date suggest a

GJ 1 2 1 4B WA TER WORLD QR =
MINI-NEPTUNE’ T

' _Usmg WIRCam/CFHT we've observed an addltlonal five transits
in 2011 to add to the four transn:s we observed m 201 0

~ I'll present a preliminary analy5|s of the four new tr'ahsms
obtained in 2011 that largely contlnue to supporl: a deeper'
Ks-band transit. - . _

A proper investigation of systematic'effect's arecrueial "
_relatively flat spectrum, favouring a water-world of

~hydrogen/helium atmospher'e wlth high altltude clouds

More complicated explanatlons requwe addltlonal ebservatlons f
“to reveal spectral features to remain wable T olual

. 4 Image"Credit;"David A;jAguilai’,leA o



THE SUPER-EARTH GJ 1214B

Super-Earths are planets
with masses from 2-10
Earth masses.

The Super-Earth GJ 1214b
(Charbonneau et al. 2009)
Is the second transiting
super-Earth announced,
and the first we can
readily characterize.

GJ 1214b may be better
understood as a super-
Earth if it is composed of
an atmosphere similar to
terrestrial.

=k
(=]

,.-’;-‘:I aturn

/ oHD14s026b

2
T
-
i ]
-
&
[« %
-—
[ ]
[41]
=
g
o
.

Or a sub-Neptune if it has a
hydrogen/helium -
dominated atmospheric *o. 10 100
enve I 0 p e. Mass of planet (Mg)

ABOVE: TRANSITING PLANETS
CHARBONNEAU ET AL. (2009)



TRANSMISSION SPECTROSCOPY

* The depth of the transit (and thus the size of the planet) will appear to vary in
spectral absorption bands.

Continuous Spectrum

Emission Spectrum

W R < s 7
e e e 2 Sl el . 58, I P ey S
e Tl R Y e o oo L

. - - = e Lt o R - r:

E o o AT i = ]
. el e ! . : o . -
e R e R L T .
i S et = = e e g ns

Absorption Spectrum




TRANSMISSION SPECTROSCOPY

* The depth of the transit (and thus the size of the planet) will appear to vary in
spectral absorption bands.




TRANSMISSION SPECTROSCOPY

* The depth of the transit (and thus the size of the planet) will appear to vary in
spectral absorption bands.




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 composition of GJd 1214b these features were predicted to be

readily detectable (for a hydrogen/helium atmosphere) or very difficult (for
heavier mean molecular compositions).

This entire analysis assumes a low density for the planet, and thus a certain R*,
which has been called into question (Carter et al. 2011).
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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.
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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
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THE FLUX AND THE RESIDUALS OF THE TARGET STAR (BLACK),
AND THE REFERENCE STARS (VARIOUS COLOURS).



Broadband Tr ,m:ss:on
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2010 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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2010 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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2010: EXTRA ABSORPTION IN KS-BAND?
CROLL ETAL. 2011
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2010: EXTRA ABSORPTION IN KS-BAND?
CROLL ETAL. 2011

® A 40 detection of a deeper transit (and thus absorption) in Ks-band (2.15
microns) as compared to J-band (1.25 microns].
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THE BEST-FIT KS-BAND TRANSITS DISPLAY A DEEPER DEPTH THAN THE BEST-FIT
J-BAND TRANSITS (40).




GJ 1214B: A LOW MEAN MOLECULAR

WEIGHT ATMOSPHERE?
CROLL ETAL. 2011

® 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.

GJ 1214b
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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.



2011 NEAR-IR PHOTOMETRY OF GJ 1214B
CROLL ET AL. IN PREP.
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2011 NEAR-IR PHOTOMETRY OF GJ 1214B
CROLL ET AL. IN PREP.
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201 1: RESIDUALS FROM THE J-BAND DEPTHS
CROLL ET AL. IN PREP.
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201 1: RESIDUALS FROM THE J-BAND DEPTHS
CROLL ET AL. IN PREP.
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201 1: RESIDUALS FROM THE J-BAND DEPTHS
CROLL ET AL. IN PREP.
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20107201 1: RATIO OF KS TO J-BAND

TRANSIT DEPTHS
CROLL ET AL. IN PREP.

* The Ks-band (2.15 microns) transits are deeper than the J-band (1.25
microns) transits observed nearly simultaneously by greater than 50.

GJ 1214b
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GJ 1214B: A LOW MEAN MOLECULAR

WEIGHT ATMOSPHERE?
CROLL ET AL. IN PREP.

® A weighted mean of all the CFHT/WIRCam J-band and Ks-band transits to
date suggests that our Ks-band observations are deeper by greater
than 7-sigma.
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A STEAMY SUPER-EARTH?

Bean et al. (2011) presented exquisite VLT/FORS2 and Magellan/MMIRS

spectrophotometry and VLT /HAWKI photometry that ruled out a deeper
Ks-band depth and argued that GJd 1214b is either a cloudy/hazy
hydrogen/helium dominated planet or a water-world...

Bean et al.

* FORS blue W HAWK]
® FORS red ¥ Spitzer
A MMIES

Wavelength (m)

IMAGE CREDIT: ESO/L. CALCADA



POSSIBLE SYSTEMATICS WITH CFHT/WIRCAM
STARING MODE DATA

® Switching the filter back and forth. However the J-band photometry
appears robust and it is difficult to imagine a systematic induced by
switching the filter that only affects the Ks-band photometry. Also,
although it is difficult to extrapolate from just two points, the
combination of our two transits where we observe solely in Ks-band
display a similar combined depth to our Ks-band weighted mean -
however, our most recent Ks-band transit does display the smallest
depth yet, only 1-sigma deeper than our J-band mean.

® Non-linearity correction. However our J-band photometry reaches similar
count levels to our Ks-band photometry. Thus any discrepancy in the
non-linearity correction should be similar in both bands. Not applying
the non-linearity correction at all still returns significantly deeper Ks-
band depths.

® It is difficult to imagine how other systematics (variations with airmass,
colour of the reference star versus the target star) would induce a
transit depth difference in the Ks-band but not the J-band photometry,
as the transit depth is already a differential measurement.



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



ADDITIONAL GROUNDBASED OBSERVATIONS OF
GJ 1214B

DE MOOLJ ET AL. (SUBMITTED)

® Photometry obtained with the Isaac Newton Telescope (INT), the MPI/ESO
telescope, the Nordic Optical Telescope (NOT) and the William Herschel

Telescope (WHT).

De Mootj et al.: Transit observations of GI1214b
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GJ 1214B's ATMOSPHERIC COMPOSITION

A combination of all the observations to date suggests a relatively flat
spectrum. Thus a water-world scenario or a hydrogen/helium
atmosphere with a high altitude cloud layer remains the preferred
scenarios.

A hazy methane-free hydrogen/helium atmosphere remains a plausible
scenario, but requires follow-up observations that discover additional
spectral features to remain viable.

A single discrepant point is not sufficient justification to justify an obscure
physical scenario.

Desert et al.
Berta et al.
Croll et al.

Wavelength (microns)



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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EFFEcCTS OF UNOCCULTED SPOTS

Even though the Spitzer infrared points show remarkable agreement with
the optical values, the planet to star radius ratio may be significantly
higher than in the optical, if GJ 1214 is continually spotted (de Mooij et
al. submitted). This would favour a hydrogen/helium dominated
atmosphere.

L
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Star Spot

Image Credit: Carter et al. (2011)

Bean et al.
| de Mooij et al.
] Desert et al.

Berta et al.

Croll et al.

Wavelength (microns)



$UMMARY GJ 12148, WA TE’B#WORLD; %

OR MlNl-NEPTUNE ?

' ‘_'l' Desplte that our CFHT/WIRCam observatlons dlsplay a .
deeper Ks-band than J-band transit depth the -
combination of all the observations to date reveal a
relatively flat spectrum, thus favouring a water—world or
hydregen/ helium atmosphere W|th a hlgh alt|tude c'loud
layer. -

- A more complicated hydrogen/helium dominated ..

. atmosphere remains viable, but requires additional -

~ observations to confirm near-mfrared spectral features
~ or short wavelength scattering features .

Elther way, It Is |mportant to validate these broadband
photometrlc and spectrophotometrlc technlques-to

% '. facilitate future observations of exoplanets mcludlng exo- |

y e Earths -

g ‘Imagé'Credit: Dabid A. _A'gui.lalr,) CfA



GJ 1214B: A LOW MEAN MOLECULAR
WEIGHT ATMOSPHERE?
CROLL ET AL. IN PREP.

® A weighted mean of all the CFHT/WIRCam J-band and Ks-band transits to
date suggests that our Ks-band observations are deeper by greater
than 7-sigma.

GJ 1214b
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ADDITIONAL GROUNDBASED OBSERVATIONS OF
GJ 1214B

DE MOOLJ ET AL. (SUBMITTED)

® Photometry obtained with the Isaac Newton Telescope (INT), the MPI/ESO
telescope, the Nordic Optical Telescope (NOT) and the William Herschel

Telescope (WHT).

De Mootj et al.: Transit observations of GI1214b
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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!

-

& Bean et al. (2070) Salar
® Croll et al. (2011) —— no CH, + Rayleigh clouds
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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.
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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




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!



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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A LARGE RocKY CORE
ROGERS & SEAGER (2010) & NETTELMANN ET AL. (2010)

From the observational constraints on the planet's mass (6.55 M_) and
radius (2.68 R_), and thus density (Charbonneau et al. 20039) we can
infer the bulk composition of GJ 1214b.

The hydrogen/helium envelope makes up a small percentage of the mass.

GJ 1214b, by mass, could have a Fe /Mg, oFe, ,Si0,
great deal of water and a small °,
amount of iron/silicates, or a
very small amount of water and
a very large amount of
iron/silicates.

Either way, GJ 1214b must have
a large rocky core.

FIGURE FROM ROGERS & SEAGER (2010).



EXTRA ABSORPTION IN KS-BAND?
CROLL ETAL. 2011

2010 June 27128 J-band
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RESIDUALS FROM THE BEST-FIT J-BAND TRANSIT DEPTHS.



EXTRA ABSORPTION IN KS-BAND?
CROLL ETAL. 2011
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RESIDUALS OF THE KS AND CH4ON DATA FROM THE BEST-FIT J-BAND DEPTHS.
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