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As a Sagan Fellow, I will use new techniques to retrieve planet 
compositions and cloud properties for 3 classes of objects:  
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young brown dwarfs directly imaged planets

Marois et al. 2010

transiting small planets
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Figure 1. Left: colorÐcolor diagrams using optical+IR (top left) and IR-only (bottom left) photometry. Field objects are plotted based on our PS1 photmetry (yP1)
and the MKO photometry (JHK) compilation by Leggett et al. (2010). The extreme colors of PSO J318.5−22 compared to the Þeld population are evident. Also
shown are the young planetary-mass object 2MASS 1207−39b (Chauvin et al2005) and the very red Þeld L dwarfs 2MASS J2148+40, 2MASS J2244+20, 2MASS
J0355+11, and WISE J0047+68. Right: PSO J318.5−22 compared to known substellar objects based on the compilations of Dupuy & Liu (2012), Bowler et al. (2013),
and references therein. Young substellar companions are highlighted, with the AB Pic b data from Biller et al. (2013). PSO J318.5−22 is very red and faint compared
to Þeld L dwarfs, with magnitudes and colors comparable to the planets around HR 8799 and 2MASS J1207−39. (Its measurements uncertainties are smaller than the
symbol size.)
(A color version of this Þgure is available in the online journal.)

We determine the near-IR spectral type of PSO J318.5−22
using the Allers & Liu (2013) system, which provides
gravity-insensitive types consistent with optical spectral types.
For late-L dwarfs, visual classiÞcation in theJ andK bands and
index-based classiÞcations with the H2OD index are applicable.
For the GNIRS spectrum of PSO J318.5−22, we visually as-
sign aJ-band type of L9± 1 and aK-band type of L6± 1. The
H2OD index corresponds to L6.0± 0.8. The weighted mean
of these three determinations leads to a Þnal type of L7± 1.
Spectral typing of our low-resolution SpeX spectrum gives the
same classiÞcation (Table1).

PSO J318.5−22 shows a triangularH-band continuum, which
is considered a hallmark of youth (e.g., Lucas et al.2001).
However, Allers & Liu (2013) caution that very red L-dwarfs
having no signatures of youth (low gravity) can display a
triangularH-band shape (e.g., 2MASS J2148+40 in Figure2).
At moderate resolution, there are other indicators of youth for
late-L dwarfs. Our GNIRS spectrum displays a weak 1.20µm
FeH band as well as weak Nai (1.14µm) and Ki (1.17
and 1.25µm) lines, which indicate a low gravity. Using the
gravity-sensitive indices of Allers & Liu (2013), we classify
PSO J318.5−22 asvl-g, which Allers & Liu suggest correspond
to ages of∼10Ð30 Myr based on the (small) sample of young
late-M/early-L dwarfs with good age constraints. Altogether,
PSO J318.5−22 visually appears most similar to the red
L dwarfs WISE J0047+68 (Gizis et al.2012) and 2MASS

J2244+20 (McLean et al.2003), in accord with the similar
spectral types and gravity classiÞcations for these three objects.

Allers & Liu (2013) note that objects of the same age
and spectral type (temperature) can display different spectral
signatures of youth, based on two young L dwarfs in the AB Dor
moving group. Our new discovery afÞrms this idea. The spectra
of 2MASS J1207−39b and PSO J318.5−22 are quite different
(Figure2), despite their similar colors and absolute magnitudes
and the fact they may be coeval (Section3.2). PSO J318.5−22
shows a negative continuum slope from 2.12Ð2.28µm, whereas
2MASS J1207−39b has a positive slope. TheH-band continuum
of PSO J318.5−22 displays a ÒshoulderÓ at 1.58µm, whereas
2MASS J1207−39b has a very peaked continuum. Overall,
the spectrum of 2MASS J1207−39b appears most similar to
that of 2MASS J0355+11 (both objects have near-IR types of
L3 vl-g), despite their large differences in ages, colors, and
absolute magnitudes. Altogether, these comparisons hint that
determining relative ages and temperatures from NIR spectra
may be unexpectedly complex.

To assess the physical parameters, we Þt the low-resolution
near-IR spectra of PSO J318.5−22 and 2MASS J0355+11 with
the Ames/DUSTY model atmospheres (Allard et al.2001)
and the BT-Settl model atmospheres (Allard et al.2011) with
two different assumed solar abundances (Asplund et al.2009
[AGSS] and Caffau et al.2011[CIFIST]). Since both objects
have parallaxes, the scaling factors (R2/d2) from the Þts provide
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Fig. 10.Ñ Low-resolution spectra comparing the gravity (age) sensitive features for objects
classiÞed as L0 in the near-IR. From their optical spectra, thevl-g object (blue; 2M 0141-46)
is classiÞed as L0! and the int-g object (green; 2M 1552+29) is classiÞed as L0" (Cruz et al.
2009). The spectrum of the dusty object (orange; 2M 1331+34)is from Kirkpatrick et al.
(2010). The Þeld dwarf (gray) is the L0 standard 2M 0345+25 (Burgasser & McElwain
2006). FeH, NaI, K I, features are weaker at lower gravities and VO is stronger. The
H-band continuum shows a distinct triangular shape at low gravities.

young,  
very low gravity

intermediate gravity

Young brown dwarfs provide a testbed for 
understanding atmospheric chemistry and clouds. 

free-ßoating low mass brown dwarfs have the 
masses/temperatures of exoplanets, but are 
much easier to observe spectroscopically. 

Liu et al. 2013

Allers & Liu 2014
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New instruments like the Gemini Planet Imager will 
allow us to observe young proxies of the solar system. 

51 Eri b, the Þrst newly-
discovered planet from 
the GPIES survey, 
appears similar to a 
cool (700 K) brown 
dwarf with water and 
methane absorption 
features. 

Macintosh et al. 2015



Figure 2: Simulated transmission spectra for our program, using theoretical models from Co-I’s
Line and Fortney. Three illustrative atmospheres are shown, labeled by the molecules that
dominate the shape of each spectrum. Our transit depth uncertainties will allow us to distinguish
among these illustrative models, thanks to the very large predicted amplitude of the features.
Transit light curves for the 24 wavelength bins are shown (rotated 90�) above the corresponding
points in the transmission spectra. Simulations are shown for the nominal planet parameters, but
the H/He + H2O + CH4 atmosphere can be detected at > 6� even in the worst case
scenario described throughout the text.
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Super Earths with Flat Transmission Spectra 7

FIG. 6.Ñ Example high metallicity (100 and 1000! solar) transmission spectra with and without clouds. The top panel shows the optical and infrared
transmission spectra. The bottom panel shows the same spectra, zoomed in to focus on the Kreidberg et al. (2014b) data in the near-infrared. Cloud-free
transmission spectra are shown as light and dark gray lines and cloudy spectra are shown as colored lines. Note that the only model that Þts the data is the 1000!
solar model withfsed=0.01 (lofted) clouds.

assess the relative goodness-of-Þt for each model. We com-
pare the hotter and colder models to the same observed data;
since the data is consistent with a ßat line, it represents our
Þducial high SNR ÒßatÓ spectrum to explore the range of pa-
rameter space that is likely to have planets with featureless
spectra. We note that we are not suggesting that GJ 1214b has
a different incident ßux than reality; we are using the observed
data as a generic dataset representing a featureless spectrum.

Examples of these Þts are shown in the lower panel of Fig-
ures 6. It is clear both by eye and using a chi-squared anal-
ysis that neither of thefsed=1 models (thinner clouds) Þt the
data; the features in the models are signiÞcantly larger than
the error bars or scatter in the data points. For the thicker
clouds (fsed=0.01) only the highest metallicity model matches
the data well.

These results are summarized across the entire modeled pa-
rameter space in Figure 7. We calculate reduced! 2 assuming
20 degrees of freedom (22 data points- 2 Þtted parameters).
We consider acceptable Þts to be those with! 2

red < 1.14, cor-
responding to P=0.3 of exceeding! 2 assuming 20 degrees of
freedom (Bevington & Robinson 2003). In Figure 7, the dark
red regions represent the lowest reduced! 2. We Þnd that only
models at lowfsed and very high metallicity (! 1000 " so-
lar) can ßatten the transmission spectrum enough to match

the data. We assess whether this corner of parameter space is
likely in Sections 5.1 and 5.2.

3.2. Thermal Emission Spectra
Figure 8 shows thermal emission spectra for models with

thin and thick clouds. The cloud-free models are dominated
by features from water, methane, and carbon monoxide. As
in the transmission spectra, warmer objects have deeper CO
features and cooler objects have deeper CH4 features. Note
that at 3" GJ 1214bÕs irradiation (! 800 K) the amount of
methane is strongly metallicity dependent. Lower metallicity
models (100" solar) show a deep methane features between 2
and 4µm, whereas higher metallicity models have a shallower
feature.

Thin ( fsed=1) clouds marginally change the thermal emis-
sion. The difference is very small at 3Ð10" GJ 1214bÕs irra-
diation. For the cooler two sets, the clouds decrease the ßux
in the near-infrared (0.8Ð2µm) but leave longer wavelengths
unchanged.

Lofted clouds (fsed=0.01)Ñthe value offsedneeded to ßat-
ten the spectrum to match observationsÑdramatically change
the thermal emission. At all temperatures, the planet has
fewer features and a smoother spectrum. This difference is
because the clouds create an optically thick layer, blocking
the passage of photons from deeper, hotter layers in the atmo-

Small planets to date have shown featureless spectra, 
indicating the presence of clouds/hazes

As a postdoc, I will 
collaborate with observers 
to measure molecular 
features in a wider range 
of planets and quantify the 
importance of clouds and 
hazes. 

Morley et al. 2015

Þgure from Zach Berta-Thompson


