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Forming Planets & 
Getting them to Survive

Jade Carter-Bond

Jonti Horner

• Terrestrial Planet Formation & Chemistry

• Host-star abundances

• n-body simulations of multiple planets

• Solar System Small bodies



Finding Planets

• Direct Adaptive Optics imaging

Graeme Salter

Stephen Parker

• Young cluster searches for planetary-
mass objects



Getting decent spectra 
of “planets”
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Figure 10. Broadband measurements of the transmission spectrum of GJ 1214b (filled points) compared to theoretical models (lines). The models were binned over
the bandpasses of the measurements (open circles) and scaled to give the best fit to the data. The WIRCAM J- and K-band points from Croll et al. (2011a; gray
asterisks) were not included in the fitting. All calculations were done with high-resolution models; the models shown are smoothed for clarity.

Figure 11. Derived transmission spectrum of GJ 1214b from the MMIRS
K-band spectroscopy (filled triangles) compared to theoretical models (lines).
The models were binned over the bandpasses of the measurements (open circles)
and scaled to give the best fit to the data. All calculations were done with high-
resolution models; the models shown are smoothed for clarity.

consistent with the data. Such a source could be high-altitude
clouds or haze. The data constrain the altitude of clouds or
haze in GJ 1214b’s atmosphere to be at least above a level
corresponding to pressures of approximately 0.1 bar. If methane
is depleted down to a similar level, then the clouds or haze would
only have to be optically thick for wavelengths less than 1 µm.

4.2. K-band Spectroscopy

In addition to providing broadband measurements, the
MMIRS data also yield a low-resolution spectrum of GJ 1214b
in the K-band. These data are shown compared to theoretical
models in Figure 11. We examine these data in isolation, and
adjust the models to give the best fit without consideration for
the measurements at other wavelengths. There are three degrees
of freedom for the model comparisons.

The MMIRS K-band spectrum is featureless and flat like the
broadband data. The maximum deviation from the weighted
mean of the points is 0.5σ . So not only do we not confirm in our
broadband data the deeper K-band transit suggested by Croll
et al. (2011a), we also do not detect any spectral features in
the planet’s atmosphere at these wavelengths using differential
spectroscopy. Crossfield et al. (2011) previously presented a
non-detection of spectral features in this region based on high-
resolution differential spectroscopy, and we confirm their results
at lower resolution.

The 100% water atmosphere model is consistent with the data
(χ2 = 0.9), while the solar composition model in equilibrium
is ruled out at 4.3σ confidence using these data alone (χ2 =
24.5). The main opacity source in this window is methane, and
the solar composition model with methane artificially removed
is consistent with the data (χ2 = 2.0). The conclusion we draw
from these data is that the planet’s atmosphere must either be
metal-enhanced or methane-depleted.

4.3. Optical Spectroscopy

The optical spectroscopic measurements from the new FORS
blue data and the reanalyzed FORS red data are shown with
theoretical models in Figure 12. We examine these data in
isolation, and adjust the models to give the best fit without
consideration for the measurements at other wavelengths. We
find that the FORS blue values are on average 0.0007 larger
(indicating a deeper transit) than the FORS red data for the
wavelength range the two data sets have in common. This is less
than the 1σ uncertainty (0.0011) between the broadband points
for each data set. We subtracted this offset determined from the
FORS blue data for display in Figure 12 and the calculation of
the fit quality for the different models. The FORS optical data
include 34 measurements, and there are 33 degrees of freedom
for the examination of the model fit quality.

The maximum deviation from the weighted mean of the
FORS spectroscopic points is 2.3σ , which suggests that no spec-
tral features are detected in these data. The solar composition
model in equilibrium is ruled out at 6.6σ confidence (χ2 =
115.7) using these data alone. The solar composition model
with methane removed is discrepant from the FORS data at the
5.2σ level (χ2 = 91.2). The 100% water composition model
is consistent with the data (χ2 = 32.4). Water mass fractions
of 70% are needed to bring the models within 3σ of the data,
suggesting a highly metal-rich atmosphere. This conclusion is
the same as we found before using only the FORS red data
at lower resolution (Bean et al. 2010). The higher resolution
and precision for the FORS red data enabled by our improved
data reduction, and the addition of the blue data tightens the
constraints on the planet’s optical transmission spectrum.

5. CONCLUSIONS

We have obtained new ground-based measurements of the
transmission spectrum of the 6.5 M⊕ planet GJ 1214b in the
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Fig. 12.— The derived transmission spectrum of GJ 1214b from the FORS blue data (filled stars) and FORS red data (filled diamonds)
spectroscopy compared to theoretical models (lines). The FORS blue were adjusted downward by 0.0007 to match the red data in the
region where the data sets overlap. The models were binned over the bandpasses of the measurements (open circles) and scaled to give the
best fit to the data. All calculations were done with high-resolution models; the models shown are smoothed for clarity.
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Figure 3. Top: subimage of the drizzled WFC3/HST grism image centered on
the position of WISEP J1828+2650. The location of the spectrum of WISEP
J1828+2650 is indicated in red along with the positions of the J- and H-band
peaks. The location of the contaminating starlight is shown in purple and consists
of second- and third-order light from two other stars in the WFC3 field of
view. Bottom: the spectrum of WISEP J1828+2650 (red) and the contamination
spectrum (purple). The stellar contamination becomes progressively worse at
shorter wavelengths.
(A color version of this figure is available in the online journal.)

so using the contamination image generated by aXe. Unfor-
tunately, the contamination-corrected spectrum exhibits neg-
ative flux values which suggests that aXe is overestimating
the contamination level. We will therefore use the contam-
inated spectrum and consider it an upper limit to the ac-
tual spectrum. This issue will be discussed in more detail in
Section 4.1.1.

4. ANALYSIS

4.1. Spectral Characterization

Figure 2 shows the near-infrared spectra of the new
brown dwarfs. Also plotted for comparison purposes is our
IRTF/SpeX spectrum of UGPS 0722−05, the latest-type brown
dwarf known previous to this work. All of the spectra exhibit
deep H2O and CH4 absorption bands characteristic of late-type
T dwarfs but the J-band peaks of the WISE brown dwarfs are
narrower than the corresponding peak in the spectrum of UGPS
0722−05. This peak becomes progressively narrower beyond
T8 (Warren et al. 2007; Delorme et al. 2008a; Burningham et al.
2008; Lucas et al. 2010), indicating that all of the WISE brown
dwarfs have spectral types later than UGPS 0722−05. The spec-
trum of WISEP J1828+2650 is markedly different than that of
UGPS 0722−05 so we discuss this object in more detail in the
following section before discussing the other six dwarfs.

4.1.1. WISEP J1828+2650: The Archetypal Y Dwarf

The lower panel of Figure 4 shows the 1.15–1.70 µm spec-
trum of WISEP J1828+2650 along with the spectrum of UGPS
0722−05. The spectrum of WISEP J1828+2650, while domi-
nated by the same CH4 and H2O absorption bands present in
T dwarf spectra, has a feature not seen in any T dwarf: the
J- and H-band peaks, when plotted in units of fλ, are essentially
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Figure 4. 1.15–1.70 µm spectra of WISEP J1738+2732, WISEPC J1405 + 5534,
and WISEP J1828+2650 along with the spectrum UGPS 0722−05. The
uncertainties in the spectra are shown as gray bars. The spectra were all
normalized to unity at the peak of the H band (1.58 µm). Prominent molecular
absorption bands are indicated.
(A color version of this figure is available in the online journal.)

the same height. As discussed in Section 3.2.4, the spectrum
of WISEP J1828+2650 is contaminated by light from nearby
stars. This contamination, which is not removed by the aXe
software, becomes progressively worse at shorter wavelengths
(see Figure 3) such that the true spectrum will have an even
more extreme J- to H-band peak flux ratio.

The roughly equal-intensity J and H flux peaks are also con-
firmed by our ground-based, near-infrared photometry, which
gives J − H = 0.72 ± 0.42 mag. Model atmospheres of
cool brown dwarfs predict that the near-infrared colors, which
are blue for the hotter T dwarfs, turn back to the red at effective
temperatures between 300 and 400 K as the Wien tail of the
spectral energy distribution collapses. This turn to the red was
proposed as one of the triggers that might force the creation of
a Y spectral class (Burrows et al. 2003; Kirkpatrick 2008).

Further underscoring the extreme nature of WISEP
J1828+2650 is its J–W2 color of 9.29 ± 0.35 which is over
2 mag redder than the WISEP J1541−2250, the second red-
dest brown dwarf in our sample at J–W2 = 7.18 ± 0.38
(Kirkpatrick et al. 2011). WISEP J1828+2650 is also the red-
dest brown dwarf in our sample in H–W2, J–[4.5], and H–[4.5],
where [4.5] represents the Spitzer Space Telescope (Werner et al.
2004) Infrared Array Camera (IRAC; Fazio et al. 2004) channel
2 magnitude. Given the extreme nature of both its near-infrared
spectrum and near- to mid-infrared colors, we identify WISEP
J1828+2650 as the archetypal member of the Y spectral class.
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WISE “planets”

• Are free-floating planetary-mass objects 
brown dwarfs or planets? (Sumi et al. 2011)

• WISE data will reveal even colder objects in 
the next few years at d~10pc with J>21

• Gemini GeMS MCAO imaging can measure 
distances directly!

• Magellan+FIRE can get spectra



• Pan-Pacific Planet Search (sub-giants)
• alpha Cen search (Mt John, NZ)
• Anglo-Australian Planet Search

• “Iodine-less” velocities 

• HAT South Transit Follow-up
• Future M-dwarf searches

Rob Wittenmyer

Duncan Wright

• Transit Follow-up & characterisation

• Rossiter-McLaughlin

Brett Addison



Anglo-Australian Planet Search

• Established in 1998

• First planet in 2001.

• ~32n/yr since 2001

• “Rocky Planet” 
campaigns in 
05, 07 & 09

• 50n/yr from 09B-12B

• I2 cell spectroscopy
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Transit Planets
• HAT South (Bayliss et al.  at ANU)

• Using CYCLOPS to obtain iodine-less velocities 
for faint (V=12-14) targets

• delivers data that can be calibrated
to 1-2m/s (differential)
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CYCLOPS2

• UNSW-funded new bundle, with all 15 
fibres working

• An additional fibre that can deliver a ThXe 
arc simultaneously with data!

• Deliver 1 m/s iodineless velocities 
because we can calibrate how UCLES 
changes for every exposure.



M-dwarfs?
• “State of the art” is 105 M-dwarfs at 

HARPS on 46n over 4 years.

• 42 have more than 10 epochs, and 4 of 
those are later than M4 (i.e. < 0.5Msun)

• CYCLOPS2+
UCLES+MITLL3 
can work at 
700-900nm …

• 5Mearth “habitable zone” planets become 
doable.
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The Future

• Its always better to calibrate a stable system 
as well as you can.

• Really should UCLES with a thermally and 
pressure-stabilised new spectrograph, then 
apply what we’ve learned about calibrating 
UCLES to that!

• We just need to do it for less than the 
$20m that HARPS cost.



Veloce
• A Kiwi-spec inspired, 

asymmetric white pupil, near-Littrow design.
Thermally and pressure stabilised

• Three cameras
   R~120,000 at Hbeta-Halpha
   R~75,000 at 390nm-Hbeta
   R~75,000 at Halpha-950nm

• 19 element “CYCLOPS” feed 
+ simultaneous calibration

• Contact me if you think the AAO Forward 
Look should be building one of these!


