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OUTLINE: PRECISE NEAR-
INFRARED PHOTOME’TRY

* Precise near-infrared
photometry from the
ground; limiting systematic
effects...

® The application on InGaAs
near-infrared detectors to
astronomy.

* Lessons learned for hot
Jupiters from near-infrared
observations.

IMAGE CREDIT: GREG LAUGHLIN



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. (201 1).



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
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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



WIRCAM LARGE PROGRAM:

THERMAL EMISSION OF TRANSITING EXOPLANETS

RAY JAYAWARDHANA, BRYCE CROLL, ERNST DE MoolJ, Loric ALBERT, ALDO BONOMO, DAVID
LAFRENIERE, JONATHAN FORTNEY, MAGALI DELEUIL, CLAIRE MOUTOU.

~ 150 HOURS

Determine the systematics that limit the precision of near-infrared
photometry from the ground.

To survey the near-infrared emission of a great number of hot Jupiters
exposed to varying levels of incident flux, stellar activity, etc.

Over the past two years we've observed the following targets:
TrES-2 (Ksx2), Qatar-2 (Ks), Qatar-1 (Ks), WASP-14 (KCont), TrES-3
(Ks, H, J), WASP-12 (Ksx3, KCont, Hx2, Jx2, Y, [Transit in Ks, J] ],
WASP-33 (KCont, LowOH]), HAT-P-23 (Ksx2), WASP-3 (Ksx2, H),
WASP-43 (Ksx3), HAT-P-7 (Ks), WASP-2 (Ks), KIC 12557548
[Transit in Ks). 11 or so detections across four targets.



QATAR2B IN KS

CROLL ET AL. IN PREP.

TOP: THE
UNBINNED
PHOTOMETRY.

SECOND FROM TOP:
THE BINNED
PHOTOMETRY.
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SECOND FROM
BOTTOM: THE
BINNED
PHOTOMETRY AFTER
SUBTRACTING THE
BACKGROUND.
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BOTTOM: RESIDUALS
FROM THE BEST-FIT
ECLIPSE.

Ks-band

| |
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QATAR-1BIN KS

CROLL ET AL. IN PREP.

0.0 0.0
Minutas from expected mid-secondary adipse

TOP: THE
UNBINNED
PHOTOMETRY.

SECOND FROM TOP:
THE BINNED
PHOTOMETRY.

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

BOTTOM: RESIDUALS
FROM THE BEST-FIT
ECLIPSE.




DISENTANGLING INSTRUMENTAL AND
ATMOSPHERIC EFFECTS

Reobservations of the same target at different epochs have resulted in accurate
data on one occasion and inaccurate data on another.

The instrumental or atmospheric explanation for this discrepancy is unclear.
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OUR CFHT/WIRCAM KS-BAND OBSERVATIONS OF TRES-3B OBTAINED ON TWO
OCCASIONS: JUNE 10TH, 2010 (LEFT), AND JULY 4™ 2010 (RIGHT).



NEAR-INFRARED LIMITING SYSTEMATICS

® The dominant systematics across the near-infrared are expected to be:
- in Ks-band thermal emission (telescope and atmosphere).
- in H-band, Airglow (radiated by excited levels of the hydroxyl radical [OH-]).
- in J-band, scattering from molecules in the atmosphere.

-in Y and z-band, water vapour variability.
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ToP PANEL: ATMOSPHERIC TRANSMISSION IN THE NEAR-INFRARED. BOTTOM PANEL.:
SKY OH EMISSION (BLUE), ZODIACAL SCATTERED LIGHT (RED), AND TELESCOPE
THERMAL EMISSION (BLACK). FIGURE FROM ELLIS & BLAND-HAWTHORN (2008).



AIRGLOW EMISSION AS THE LIMITING SYSTEMATIC?

® Airglow is known to vary on large and small angular scales, and also on 5-15
minute timescales (Moreels et al. 2008).

® They are also known to be affected by gravity waves in the ionosphere (Glass et al.
1999). |

CFHT - Sun Jan 22 21:26:51 HST 2012

CFHT SKYCAM OF THE MAUNA KEA SKIES.



LIMITING SYSTEMATIC OF NEAR-INFRAED DATA

CROLL ET AL. IN PREP.
® The limiting systematic that affects the precision of observations from night
to night is not obvious [although sky background plays a prominent role, it
does not explain the variation in night-to-night precision).

RMS OF ALL THE REFERENCE STARS OF WASP-12B IN KS-BAND OVER FOUR
EPOCH OF OBSERVATIONS (BLUE, RED, BLACK, AND GREEN).




LIMITING SYSTEMATIC OF NEAR-INFRAED DATA
CROLL ET AL. IN PREP.

RMS OF OBSERVATIONS OF WASP-12B IN VARIOUS BANDS (BLACK=KS,
BLUE=J, RED=H, GREEN=Y, AND ORANGE=KCONT).




NEAR-INFRARED DETECTORS

® Existing Near-infrared detectors (JHK]
usually use mercury cadmium
telluride (HgCdTe; MerCad Telluride)
detectors. Cooled to -190 Celsius.

® Indium Gallium Arsenide (InGaAs) are a
much cheaper alternative (10-20x
cheaper; they only have to be cooled
to -30 to -60 Celsius) that have been
developed for military/night-vision
purposes. Recently, lower noise
versions of these cameras have
begun to be developed that may be
suitable for astronomical
observations. 100 swige  ResPRLsy A

Gol. A

INGAASs CAMERAS ARE
QUANTUM EFFICIENT
FROM 0.9 — 1.7
MICRONS, ALLOWING
YJH-BAND
OBSERVATIONS.

Y RN
ToP: THE FOUR CHIPS THAT MAKE UP
THE WIDE-FIELD INFRARED
CAMERA (WIRCAM) A MERCAD
TELLURIDE DEVICE.

SU320HX-1.7 SWIR camera

BoTTOM: AN INGAAS CAMERA.



INGAAS CAMERAS

PETER SULLIVAN, BRYCE CROLL & RoB SIMCOE

® InGaAs cameras have been used previously with astronomical observations
with little success [The Robo-AO system had a hard time detecting a 6
magnitude star on a 1.5m telescope with their InGaAs Camera [Nick Law,
electronic communication]).

® We received a grant to purchase one or two of these InGaAs cameras and
experiment with whether they are suitable for astronomical observations
(first generation instruments suffered from high read noise and high dark
current).

® We started by begging, borrowing
and stealing these cameras, but
recently acheived first-light on a
custom-built camera.
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Figure 1: (Left) the Xenics Xeva-320-1.7 InGaAs camera.
(Right) the Princeton Instruments PioNIR camera.




THE DREAM TEAM

RIGHT: MYSELF

BoTTOM: ROB SIMCOE



LABORATORY LENSLET TESTS
SULLIVAN, CROLL & SIMCOE (IN PREP.)

® Lenslet array tests (right top)
indicate that we achieve
promising precision with
artificial sources.

® Qur lenslet data bins down near
the Gaussian-noise
expectation with increasing
bin size (right bottom).

ToP:. INGAAS OBSERVATIONS OF THE LENSLET ARRAY.

BOTTOM RIGHT: OUR LENSLET
PHOTOMETRY BINS DOWN
NEAR THE GAUSSIAN
NOISE EXPECTATION.




OBSERVATIONS AT WALLACE OBSERVATORY

® We recently attached our new camera to the Wallace 24-inch (MIT
observatory by Lowell, MA) on a relatively clear night - 3.5” seeing.
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WALLACE OBSERVATIONS OF THE TRANSIT OF
WASP-33

o0f— : X —

We attempted (and failed) to .
detect the 1% transit depth of
the bright star WASP-33
(J"7.5).

Growing pains associated with — :
using these higher read-noise . -
and dark current detectors.

ToP: INGAAS OBSERVATIONS OF WASP-33
AND A NEARBY REFERENCE STAR.

BoOoTTOM: INGAAS OBSERVATIONS OF THE TRANSIT OF WASP-33. WE FAIL TO
DETECT THE TRANSIT.






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. MOOIJ & 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.
2011, GILLON ET AL. (2012). 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. BROADBAND DETECTIONS FROM: DE MOOIJ & 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. 2011,

CACERES ETAL. 2011, GILLON ET AL. (2012).



OVERVIEW OF NEAR-IR (JHK) DETECTIONS
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THE RERADIATION FACTOR (f) OF THE THERMAL EMISSION OF HOT JUPITERS IN
THE JHK BANDS. BROADBAND DETECTIONS FROM: DE MOOILJ & SNELLEN (2009),
ROGERS ET AL. (2009), GILLON ET AL. (2009), ANDERSON ET AL. (2010), GIBSON
ETAL. (2010), CROLL ET AL. (2010A,B,201 1, IN PREP.), DE MOOLJ ET AL. 2011,

CACERES ET AL. 2011, GILLON ET AL. (2012).



OVERVIEW OF NEAR-IR (JHK) DETECTIONS
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THE RERADIATION FACTOR (f) OF THE THERMAL EMISSION OF HOT JUPITERS IN
THE JHK BANDS. BROADBAND DETECTIONS FROM: DE MOOILJ & SNELLEN (2009),
ROGERS ET AL. (2009), GILLON ET AL. (2009), ANDERSON ET AL. (2010), GIBSON
ETAL. (2010), CROLL ET AL. (2010A,B,201 1, IN PREP.), DE MOOLJ ET AL. 2011,

CACERES ET AL. 2011, GILLON ET AL. (2012).



CORRELATION OF TEMPERATURE

INVERSIONS WITH ACTIVITY
KNUTSON ET AL. (2010)
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OVERVIEW OF NEAR-IR (JHK) DETECTIONS
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& SNELLEN (2009), ROGERS ET AL. (2009), GILLON ET AL. (2009), ANDERSON ET
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MoolJ ET AL. 2011, CACERES ETAL. 2011.




OVERVIEW OF NEAR-IR (JHK) DETECTIONS
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MOOIJETAL. 2011, CACERES ETAL. 2011.




OVERVIEW OF NEAR-IR (JHK) DETECTIONS
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NEAR-INFRARED RERADIATION FACTOR (f) VERSUS THE RATIO OF THE 4.5 TO 3.6
MICRON RERADIATION FACTORS (A PROXY FOR TEMPERATURE INVERSIONS).
SPITZER RESULTS FROM: FRESSIN ET AL. (2010), O'DONOVAN ET AL. (2010),
TODOROY ET AL. (2010), CAMPO ET AL. (201 1), BEERER ET AL. (201 1), COWANET
AL. (2012), BLEcIC ET AL. (2012), ANDERSON ET AL. (2012).




OVERVIEW OF NEAR-IR (JHK) DETECTIONS
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NEAR-INFRARED RERADIATION FACTOR (f) VERSUS THE RATIO OF THE 4.5 TO 3.6
MICRON RERADIATION FACTORS (A PROXY FOR TEMPERATURE INVERSIONS).
SPITZER RESULTS FROM: FRESSIN ET AL. (2010), O'DONOVAN ET AL. (2010),
TODOROY ET AL. (2010), CAMPO ET AL. (201 1), BEERER ET AL. (201 1), COWANET
AL. (2012), BLEcIC ET AL. (2012), ANDERSON ET AL. (2012).




SUMMARY

® The limiting systematic of ground-based near-infrared photometry is still
unclear.

* InGaAs near-infrared cameras show promise and the science possibilities,
when combined with an array of modest-sized telescopes, include transit
searches around late M-dwarfs, and brown dwarfs.

® It is unclear what the combination of all the broadband near-infrared thermal
emission detections of hot Jupiters tell us about hot Jupiters as an
ensemble, rather than as individual objects.
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