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ABSTRACT

Gas-giant planets emit a large fraction of their light in the mid-infrared (�3 μm), where photometry and spectroscopy
are critical to our understanding of the bulk properties of extrasolar planets. Of particular importance are the
L- and M-band atmospheric windows (3–5 μm), which are the longest wavelengths currently accessible to
ground-based, high-contrast imagers. We present binocular LBT adaptive optics (AO) images of the HR 8799
planetary system in six narrow-band filters from 3 to 4 μm, and a Magellan AO image of the 2M1207 planetary
system in a broader 3.3 μm band. These systems encompass the five known exoplanets with luminosities consistent
with L → T transition brown dwarfs. Our results show that the exoplanets are brighter and have shallower spectral
slopes than equivalent temperature brown dwarfs in a wavelength range that contains the methane fundamental
absorption feature (spanned by the narrow-band filters and encompassed by the broader 3.3 μm filter). For
2M1207 b, we find that thick clouds and non-equilibrium chemistry caused by vertical mixing can explain the
object’s appearance. For the HR 8799 planets, we present new models that suggest the atmospheres must have
patchy clouds, along with non-equilibrium chemistry. Together, the presence of a heterogeneous surface and vertical
mixing presents a picture of dynamic planetary atmospheres in which both horizontal and vertical motions influence
the chemical and condensate profiles.

Key words: brown dwarfs – infrared: planetary systems – instrumentation: adaptive optics – planets and
satellites: atmospheres – planets and satellites: gaseous planets – stars: individual (HR 8799, 2M1207 b)
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1. INTRODUCTION

It is generally assumed that the atmospheres of gas giant
planets are analogous to the atmospheres of old brown dwarfs
because they are (1) approximately the same composition, (2)
approximately the same radius (∼1 Rjup supported by electron
degeneracy pressure) and (3) slowly cooling due to a lack of
internal fusion. However, early studies of a handful of directly
imaged exoplanets suggest that planets may be cloudier and
more turbulent than their older and more massive analogs
(Marois et al. 2008; Bowler et al. 2010; Currie et al. 2011;
Barman et al. 2011a; Skemer et al. 2011; Barman et al. 2011b;
Konopacky et al. 2013). A particularly large discrepancy exists
in the L band (3–4 μm), where atmospheric models that have
been successfully used to fit brown dwarfs underpredict the
[3.3 μm] fluxes of the HR 8799 planets by 1–2 mag (Skemer
et al. 2012).

∗ The Large Binocular Telescope (LBT) is an international collaboration
among institutions in the United States, Italy, and Germany. LBT Corporation
partners are: The University of Arizona on behalf of the Arizona university
system; Istituto Nazionale di Astrožsica, Italy; LBT Beteiligungsgesellschaft,
Germany, representing the Max-Planck Society, the Astrophysical Institute
Potsdam, and Heidelberg University; The Ohio State University, and The
Research Corporation, on behalf of the University of Notre Dame, the
University of Minnesota, and the University of Virginia.
† This paper includes data gathered with the 6.5 m Magellan Telescopes
located at Las Campanas Observatory, Chile.

Much of what is currently known about the physical proper-
ties of exoplanets comes from near-infrared (1–2.5 μm) pho-
tometry and spectroscopy (Chauvin et al. 2004; Mohanty et al.
2007; Marois et al. 2008, 2010; Currie et al. 2011; Skemer
et al. 2012; Patience et al. 2010; Bowler et al. 2010; Barman
et al. 2011a; Oppenheimer et al. 2013; Konopacky et al. 2013;
Bonnefoy et al. 2011, 2013; Currie et al. 2013; Kuzuhara et al.
2013; Janson et al. 2013), due in part to the difficulty of working
at longer wavelengths from the ground. However, self-luminous
exoplanets emit the majority of their photons in the mid-infrared
>3 μm, which, besides making the region interesting in its
own right, implies that less contrast is necessary to detect them
against the bright glare of their host stars (see Figure 1 and Hinz
et al. 2006).

While the first generation of directly imaged exoplanets were
relatively warm and massive (2M1207 b, HR 8799 bcde, and
β Pic b are all >800 K and >5 Mjup; Skemer et al. 2011;
Marois et al. 2008, 2010; Bonnefoy et al. 2011), systems like
these are known to be rare, while low-mass, close-in planets
are ubiquitous (Wahhaj et al. 2013; Nielsen et al. 2013; Biller
et al. 2013; Borucki et al. 2011; Batalha et al. 2013). Low-mass
planets, core-accretion planets, and elderly planets will all be
cooler than the early exoplanet discoveries (Fortney et al. 2008).
“Cool” planets emit an even larger fraction of their light in the
mid-infrared (see Figure 1).
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Figure 1. Characteristic examples of exoplanet-to-star contrasts (i.e., flux ratios)
as a function of wavelength, showing that (1) gas-giant exoplanets can be
detected with lower contrasts in the mid-infrared (3–5 μm) than in the near-
infrared (1–2 μm), and (2) this difference increases at lower temperatures. While
the planets that have been directly imaged to date (β Pic b and HR 8799 c, d,
and e on this plot) are relatively warm (1600 K and 1000 K, respectively), it
is likely that the majority of self-luminous exoplanets are much cooler. Planets
that formed by core-accretion (approximated by the “cold-start” models; Fortney
et al. 2008) are never hotter than ∼700 K. Planets around average-aged stars
(5 Gyr) are never hotter than ∼400 K, regardless of formation history. Jupiter,
which may be a ubiquitous outcome of planet formation, is only ∼130 K.
(Models from Madhusudhan et al. 2011; Burrows et al. 2003).

(A color version of this figure is available in the online journal.)

To prepare for imaging “cool” planets and to understand
the “warm” planets that have already been found, it is critical
that we expand our knowledge of exoplanet spectral energy
distributions (SEDs) into the mid-infrared. In this paper, we
present deformable secondary AO9 imaging of the HR 8799
system, using LBTI/LMIRCam, and the 2M1207 system, using
MagAO/Clio2. HR 8799 is a 20–160 Myr A5V star (Cowley
et al. 1969; Moór et al. 2006; Marois et al. 2008; Hinz et al.
2010; Zuckerman et al. 2011) with four directly imaged planets
(Marois et al. 2008, 2010) whose masses and separations
are difficult to explain with standard planet formation models
(Dodson-Robinson et al. 2009; Kratter et al. 2010). 2M1207 is
a 5–13 Myr M8 brown dwarf (Gizis 2002) with a planetary-
mass companion (Chauvin et al. 2004) that is also difficult
to explain with standard planet-formation models (Chauvin
et al. 2005). Ignoring system architectures, HR 8799 bcde
and 2M1207 b are unambiguously low-gravity, planetary-mass
objects whose atmospheres offer the first opportunities to
characterize directly imaged planets. Since all five planets have
luminosities consistent with L → T transition brown dwarfs,
their atmospheres are ideal laboratories for studying how cloud
properties are affected by a low-gravity planetary environment.

For HR 8799, we build upon previous [3.3 μm] imaging
(Skemer et al. 2012) by using six narrow-band filters in the
3–4 μm window to probe the spectral shape of the 3.3 μm
methane fundamental absorption feature. For 2M1207 b, we
present photometry in the broader [3.3 μm] filter to determine
if the object has the same extreme 3.3–3.8 μm colors first
seen in the HR 8799 planets. We present our observations,
reductions, and photometry in Section 2, a comparison with

9 These adaptive optics systems employ the minimum number of warm
optics, minimizing the thermal infrared background from the telescope
(Lloyd-Hart 2000).

field brown dwarfs in Section 3, SED modeling in Section 4,
and our conclusions in Section 5. We also include filter curves
and their tabulated properties in the Appendix.

2. OBSERVATIONS AND REDUCTIONS

2.1. HR 8799

We observed the HR 8799 planetary system in six 5%
bandwidth filters from 3.0 to 3.8 μm (see filter properties in
the Appendix) on UT 2012 November 2 using LBTI (Hinz et al.
2012) and its 1–5 μm camera LMIRCam (Skrutskie et al. 2010;
Leisenring et al. 2012). The LMIRCam detector is a Hawaii-
2RG, 5 μm-doped HgCdTe device, with 32 readouts. Currently
we use 16 readouts, each of which reads 1024 rows by 64
columns, giving us a usable region of 1024 × 1024 (11 × 11′′).
Images from both LBT telescopes were corrected by the LBT’s
two deformable secondary adaptive optics (AO) systems10

and incoherently overlapped in LBTI’s beam combiner. The
resulting images at the focal plane of LMIRCam achieved the
diffraction-limited performance of a single LBT 8.4 m aperture
and the collecting area of the full 2 × 8.4 m LBT.

Ground-based high-contrast observations are usually limited
by instrumental quasi-static speckles, which can be removed by
allowing the astronomical field to rotate at a parallactic angle,
while keeping the instrument rotation fixed (Marois et al. 2006,
angular differential imaging). In this approach, sky rotation and
wall-clock time are the observational requirements, rather than
integration time. For our observations of HR 8799, we switched
filters every ∼60 s, rotating through the set and nodding every
∼10 minutes. By doing this, we were able to achieve adequate
sky rotation and clock-time in multiple filters simultaneously.
We acquired 7 minutes of data in each filter (42 minutes total)
over a period of 2 hr (with a 1 hr gap due to a telescope
malfunction), during which the parallactic angle changed by
70◦. There were occasional scattered clouds during the night,
but the AO wavefront sensor counts and thermal sky-background
remained consistent throughout the observations. The LBT’s
differential image motion monitor (DIMM) measured a natural
seeing of 0.′′8 and the nearby Submillimeter Telescope Tau-
meter measured a precipitable water vapor of ∼5–6 mm. Our
images were taken in correlated double sampling mode (reset-
read-integrate-read) so that the first read (0.029 s) could be used
as an unsaturated image of the star, while the second read (12.1,
12.1, 6.1, 4.0, 6.1, 3.0 s for the six filters, respectively) saturated
the star and filled the wells into the photon-noise regime away
from the star.

2.1.1. Detector Non-Linearity

Throughout the fall of 2012, LMIRCam suffered from detec-
tor non-linearity, caused by an incorrectly set bias voltage, which
has since been re-tuned. We constructed fluence-to-count cali-
bration curves (linearity curves) by taking sky flats of varying
integration times. Typical detector non-linearity is characterized
by decreasing gain with well filling. LMIRCam’s non-linearity
had an S-shape where gain increased with well-filling before en-
tering a linear regime and then turning over as the array reached
saturation. Over the course of the semester, the detector linearity
did change slightly, but from night to night it was quite consis-
tent. For the data reduction in this paper, we combined linearity
from consecutive nights (UT 2012 November 2 and UT 2012

10 The LBTI wavefront sensors are functionally equivalent to the First Light
Adaptive Optics System (FLAO Esposito et al. 2010).
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Figure 2. LBTI/LMIRCam images of the HR 8799 planetary system in six narrow-band filters. Each wavelength was observed for seven minutes with the incoherently
combined 2 × 8.4 m LBT aperture. HR 8799 c and d are visible in all six filters. HR 8799 b is visible in four of the six filters, although it is low S/N, given the short
integration times. HR 8799 e is also detectable at low S/N in the longest wavelength filters, given its known position. The planet positions are circled in the lower
right panel. North is up and East is left. The images are each 3.′′5 across.

(A color version of this figure is available in the online journal.)

November 3) to improve sampling, allowing an overall change
in the sky flux as a free parameter. The pixel-to-pixel linearity
curves were mostly consistent (to within ∼5%) after subtract-
ing biases and correcting for flat-fielding effects. Pixels with
linearity curves that were inconsistent with the rest of the array
were classified as bad pixels (10% of the array but mostly con-
centrated in a region that we avoided during our observations).
Using the good pixels, we constructed a median linearity curve
and scaled it, for each pixel, based on a flat field. We used the
set of curves to individually pre-process both correlated double
sampling reads of every frame.

After reducing all of our data (see Section 2.1.2), the dif-
ference in the inferred planet photometry with and without the
linearity correction is ∼40%. To assess the quality of this correc-
tion, we took images of HR 8799 with various exposure times,
ranging from our minimum integration time to the point where
the stellar core began to saturate. After linearizing these data,
the measured stellar flux remained constant to within 3%, which
validates our linearity correction.

2.1.2. Reductions and Photometry

Our science data is comprised of alternating short and
long exposures (correlated double sampling) in a series of six
filters. For the short-integration images, we subtracted similar
integration dark frames, taken at the end of the night, to
remove pixel-to-pixel biases (which persist for long timescales).
We then removed the more rapidly changing residual channel
biases (which are constant over each readout) by subtracting
the median of the 64 × 8 pixel overscan region from each
pixel in the corresponding 64 × 1016 light-sensitive region. We
then repeated the bias subtraction steps on the long-exposure
images. Both sets of images were linearized and flattened.

We then nod-subtracted the images and subtracted the sigma-
clipped median of each column to remove any residual electronic
effects. The images were binned, 2 × 2, to suppress bad pixels.
Known bad pixels (from flat-field maps) were masked in the
process and 2 × 2 blocks of bad pixels were replaced with
the average of surrounding pixels. The binned pixels have a
plate scale of 0.′′0214/pixel, which still oversamples the LBT’s
single-aperture diffraction-limited point-spread function (PSF;
0.′′07 FWHM) at our shortest wavelength (3 μm). The short-
and long-integration images were registered independently by
cross-correlation in Fourier space. The unsaturated (star) images
were median combined with 3σ clipping. The saturated images
were processed for angular differential imaging (ADI). For each
image, the stellar centroid was determined from the Airy rings,
and confirmed to be accurate by reducing the first and second
halves of our data independently and verifying that the planets
did not move. We then subtracted the stellar profile by fitting
an azimuthal profile at every radius bin with the first four low-
order modes of a fast-Fourier transform. Next, we subtracted
the median of the stack of images with adequate sky rotation
(a parallactic angle that has changed >λ/D) at a given radius).
Finally, we rotated and combined the images with a 3σ clipped
median.

The final reduced images are shown in Figure 2. Planets c
and d are easily detected in all six images. Planet b is detectable
in four of the six images, given its known position, although its
signal-to-noise ratio (S/N) is insufficient for detailed photomet-
ric modeling. The noise in the vicinity of planet e is too high
to detect the planet in individual narrow-band images (it is de-
tected when the images are coadded). It is possible that planet e
could be detected in individual narrow-band images using more
sophisticated high-contrast algorithms, such as LOCI or PCA.
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Table 1
LBTI Photometry of HR 8799 c and d and Clio Photometry of 2M1207 b

LNB1 LNB2 LNB3 LNB4 LNB5 LNB6 [3.3 μm]
(3.04 μm) (3.16 μm) (3.31 μm) (3.46 μm) (3.59 μm) (3.78 μm) (3.31 μm)

Contrast with Respect to Host Star

HR 8799 c 10.12 ± 0.15 10.17 ± 0.20 9.97 ± 0.15 9.52 ± 0.15 9.32 ± 0.15 9.32 ± 0.15
HR 8799 d 10.12 ± 0.20 10.02 ± 0.25 10.12 ± 0.20 9.52 ± 0.15 9.27 ± 0.15 9.27 ± 0.15
2M1207 b 3.86 ± 0.10

Absolute Magnitudes

HR 8799 c 12.35 ± 0.15 12.40 ± 0.20 12.20 ± 0.15 11.75 ± 0.15 11.55 ± 0.15 11.55 ± 0.15
HR 8799 d 12.35 ± 0.20 12.25 ± 0.25 12.35 ± 0.20 11.75 ± 0.15 11.50 ± 0.15 11.50 ± 0.15
2M1207 b 11.85 ± 0.14

Note. The listed absolute magnitudes do not include a distance modulus uncertainty of 0.06 mag (van Leeuwen 2007), which is correlated
between all bands.

Table 2
Literature Photometry (Absolute Magnitudes)

Filter λeff HR 8799 c HR 8799 d 2M1207 b References

F090M 0.90 μm 18.83 ± 0.25 1
F110M 1.10 μm 16.98 ± 0.15 1
J 1.25 μm 14.65 ± 0.17 15.26 ± 0.43 16.37 ± 0.20 2, 2, 3
F145M 1.45 μm 15.42 ± 0.03 1
F160W 1.60 μm 14.63 ± 0.02 1
H 1.63 μm 14.18 ± 0.14 14.23 ± 0.2 14.46 ± 0.21 4, 4, 5
Ks 2.15 μm 13.13 ± 0.08 13.11 ± 0.12 13.30 ± 0.11 2, 2, 5
3.3 3.3 μm 12.2 ± 0.11 12.0 ± 0.11 4, 4
L’ 3.8 μm 11.74 ± 0.09 11.56 ± 0.16 11.65 ± 0.14 2, 2, 5
M 4.7 μm 12.05 ± 0.14 11.67 ± 0.35 6, 6

References. (1) Song et al. (2006); (2) Marois et al. (2008); (3) Mohanty et al.
(2007); (4) Skemer et al. (2012); (5) Chauvin et al. (2004); (6) Galicher et al.
(2011).

However, the detections would not produce photometry that is
adequate for this paper’s analysis.

We calibrated the photometry of planets c and d by adding
artificial negative planets to the positions of the planets before
the ADI step (as described in Skemer et al. 2012). This is
necessary to calibrate out the self-subtraction that is intrinsic
to high-contrast imaging pipelines, such as ADI. Our absolute
photometry, assuming a stellar apparent magnitude of 5.22
(all bands; Hinz et al. 2010) and a distance modulus of
2.98 ± 0.06 (van Leeuwen 2007), is presented in Table 1. Errors
were determined empirically from the areas surrounding the
planets by inserting artificial negative planets with a range of
brightnesses at a precision of 0.05 mag. The values obtained are
consistent with the broadband measurements of Marois et al.
(2008) and Skemer et al. (2012; see Tables 1 and 2).

2.2. 2M1207

We observed 2MASS J12073346-3932539 (2M1207) in a
12% bandwidth 3.3 μm (see filter information in the Appendix)
with the Magellan adaptive optics system (MagAO; Close
et al. 2012) and its 14 × 28′′ FOV near-infrared imager, Clio2
(Sivanandam et al. 2006; Freed et al. 2004) on UT 2013 April 14.
Conditions were photometric, with 1.′′0 seeing (from DIMM
measurements) and 4.3 mm precipitable water vapor (from the
nearby and similar altitude La Silla weather station).

Previous AO imaging of 2M1207 (Chauvin et al. 2004, 2005;
Mohanty et al. 2007) has used the Very Large Telescope/
NACO’s infrared wavefront sensor (Rousset et al. 2003), which

takes advantage of 2M1207 A’s very red (V − K = 7) color.
The MagAO system has a visible light pyramid wavefront sensor
(Esposito et al. 2011), which is able to lock on fainter targets
than most typical Shack-Hartmann systems; however, it cannot
lock on 2M1207 itself (R ∼ 19.3). As a result, we locked on a
nearby guide star, 2MASS J12073100-3932281, which is 38.′′4
off axis and has an R magnitude of ∼14.2. The resulting off-axis
correction was sufficient to resolve the ∼0.′′8 binary, 2M1207
A-b.

Clio2 was mounted on the Nasmyth port of Magellan-II
(Clay), with the rotator turned on to keep 2M1207 from moving
with respect to the off-axis guide star. We obtained 529 [3.3 μm]
images of 2M1207 with 1.5 s detector integration times and 4
coadds, totaling 53 minutes of integration time over a period of
2 hr. The inefficiencies were caused by concurrent engineering
work, since this was the first time the system had been used to
track an off-axis target through transit at such a high elevation.
Clio2 was configured in its coarse plate-scale mode of 27 mas/
pixel. We nodded back-and-forth by 3′′ in an ABBA pattern to
subtract the background, and dithered around the chip to aid the
removal of bad pixels.

2.2.1. Reductions and Photometry

We processed the data by flat fielding, interpolating over bad
pixels, nod-subtracting the frames, and registering the images.
We frame-selected the best 80% of the images based on cross-
correlation to remove frames with poor image quality. We then
averaged the frames together, which produced a higher S/N
detection of 2M1207 b than a median combination. The final
image is shown in Figure 3. 2M1207 A and b are clearly
resolved.

To cleanly separate 2M1207 A and b for photometry, we sub-
tracted a five-pixel Gaussian smoothed image of the binary from
itself (unsharp masking). This adequately removed 2M1207 A’s
halo from 2M1207 b’s position leaving “b” on a flat background.
We used the IDL Astronomy User’s Library’s DAOPHOT-Type
procedures11 to perform PSF-fitting photometry, using 2M1207
A as a PSF for 2M1207 b (both unsharp masked). The result-
ing PSF-subtracted image had a small negative residual (∼0.2
mag), which we calibrated, along with our statistical uncer-
tainty, using aperture photometry. For the aperture photometry,
we used a 1.5λ/D aperture on-source (which was background-
noise-limited after unsharp masking) and around the array to
determine statistical errors. We find that 2M1207 b is 3.86 ±
0.10 mag fainter than 2M1207 A in the [3.3 μm] filter. Our

11 http://idlastro.gsfc.nasa.gov/
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Figure 3. MagAO/Clio2 images of the 2M1207 system. The binary is clearly
resolved despite being 38′′ off-axis from its faint (R ∼ 14.2) AO guide-star. The
slight elongation of 2M1207 A is from the anisoplanatism of the off-axis AO
reference star. 2M1207 b appears to be circular because of the image stretch,
which just shows its diffraction-limited core (FWHM = 0.′′1). North is up and
East is left. The field-of-view shown here is 2 × 2.′′5.

(A color version of this figure is available in the online journal.)

hybrid PSF-fitting/aperture photometry approach was meant to
ensure that an elongated PSF (due to anisoplanicity) did not bias
our aperture photometry. However, we note that subtracting the
image from itself after a 180◦ rotation (which removes 2M1207
A but not b), and then performing aperture photometry produces
a result that is consistent at 1σ .

Because Clio2’s 3.3 μm filter is very sensitive to variable
telluric water vapor, we did our absolute calibration using
data from the space-based Wide-field Infrared Survey Explorer
(WISE; Wright et al. 2010). In the WISE1 filter (3.4 μm),
2M1207 is 11.556 ± 0.023 mag. Subtracting the contribution
of 2M1207 b (Δ mag ∼ 3.86 at 3.3 μm, 2M1207 A is 11.59 ±
0.02 mag in the WISE1 filter.

To convert the WISE1 photometry to our [3.3 μm] bandpass,
we calculated the [3.3 μm]-WISE1 colors12 of a range of
DUSTY model atmospheres (Allard et al. 2001) that have been
used to fit 2M1207 A (Mohanty et al. 2007; Patience et al. 2012).
From 2400 K to 3100 K and log(g) from 4.0 to 5.5, [3.3 μm]-
WISE1 = 0.01 with a range of <0.01. Therefore, 2M1207 A is
11.60 ± 0.03 and 2M1207 b is 15.46 ± 0.10 in the [3.3 μm] filter.
Using a weighted average of parallax measurements (Biller &
Close 2007; Gizis et al. 2007; Ducourant et al. 2008, 52.8 pc ±
1.0 pc), we find that 2M1207 b has an absolute [3.3 μm]
magnitude of 11.85 ± 0.14. A summary of our photometry
is presented in Table 1.

3. MID-INFRARED COLORS OF EXOPLANETS

While there are still relatively few examples of directly im-
aged exoplanets, hundreds of brown dwarfs have been observed
throughout the optical and infrared, and their properties are
relatively well characterized compared to exoplanets. Because

12 We used the 3.3 μm filter curve from the manufacturer (JDSU; see the
Appendix), the WISE1 filter curve from http://www.astro.ucla.edu/∼wright/
WISE/passbands.html, a model Alpha Lyr spectrum from Cohen et al. (1992),
and a telluric transmission function (1.0 airmasses, 4.3 mm precipitable water
vapor at Cerro Pachon) from http://www.gemini.edu/sciops/telescopes-
and-sites/observing-condition-constraints/ir-transmission-spectra.

brown dwarfs and gas giants share similar compositions, temper-
atures, and radii, the large sample of brown dwarfs is a baseline
with which to compare directly imaged exoplanets.

In Figure 4 we plot color–magnitude diagrams of brown
dwarfs and directly imaged exoplanets to illustrate similarities
and differences in their appearances. The brown dwarf data is
assembled from Dupuy & Liu (2012), who include 2MASS
photometry (Skrutskie et al. 2006), WISE photometry (Wright
et al. 2010) and, when available, L′ photometry (Leggett et al.
1998, 2001, 2002; Golimowski et al. 2004; Leggett et al. 2007;
Lucas et al. 2010) for a large sample of M-, L-, and T-type
brown dwarfs with parallax measurements. We use Dupuy &
Liu’s (2012) set of “normal” brown dwarfs (excluding low
gravity, moving group members, and low metallicity), removing
a small fraction that have large photometric errors (>0.1 in
color). For the middle and right color–magnitude plots (ML′

versus [3.3 μm]-L′ and MM versus L′ − M) we use WISE band
1 and 2 measurements for the brown dwarf sequence and color
correct13 them to [3.3 μm] and M respectively so that they can
be compared to ground-based measurements of exoplanets. For
the exoplanets, we use photometry of the four HR 8799 planets
(Marois et al. 2008, 2010; Galicher et al. 2011; Skemer et al.
2012), 2M1207 b (Chauvin et al. 2004, this work), β Pic b
(Bonnefoy et al. 2011, 2013), and GJ 504 b (Kuzuhara et al.
2013). The exoplanets show a distinct separation from the field
brown dwarfs in the left and middle color–magnitude diagrams
(MH versus H − Ks and ML′ versus [3.3 μm]-L′).

Brown dwarfs cool through the M-dwarf and L-dwarf se-
quence, becoming fainter and redder in the MH versus H − Ks
color–magnitude diagram (left panel of Figure 4). As the brown
dwarfs cool below an absolute H magnitude of ∼14, the se-
quence moves sharply to bluer colors where the brown dwarfs
have a spectral type of “T.” The L → T transition is thought
to reflect the change from cloudy to cloud-free atmospheres
(e.g., Burrows et al. 2006; Saumon & Marley 2008; Marley
et al. 2010), as the clouds dissipate (rain) and/or sink below
the photosphere (Ackerman & Marley 2001; Burgasser et al.
2002; Tsuji & Nakajima 2003; Knapp et al. 2004). The planets
in this range of absolute H magnitude appear to be an extension
of the L-dwarf sequence, implying that planets maintain cloudy
photospheres at cooler effective temperatures than field brown
dwarfs. The distinction is thought to be gravity-dependent14

(Burrows et al. 2006; Saumon & Marley 2008; Metchev &
Hillenbrand 2006; Bowler et al. 2010; Liu et al. 2013). In low-
gravity objects, hydrostatic equilibrium implies that a given
species’ condensation temperature (where cloud decks form)
will occur at a lower pressure (higher in the atmosphere) than
in an equivalent temperature high-gravity object (Marley et al.
2012). Thus, the cloudy to cloud-free transition for low-gravity
exoplanets should occur at lower effective temperatures and
fainter H magnitudes than for more massive brown dwarfs.
For the exoplanets plotted in Figure 4(a), β Pic b (∼1700 K;
Bonnefoy et al. 2013), HR 8799 cde (∼1100 K; Currie et al.
2011; Skemer et al. 2012), 2M1207 b (∼1000 K; Skemer et al.

13 The color correction comes from fitting the complete set of BT-SETTL
models (Allard et al. 2012), which cover a wide range of temperatures, and
hence fully sample the 3.3-WISE1 and M-WISE2 slopes. We find that
[3.3 μm]−L′ = −0.001 + 0.885× (WISE1−L′) + 0.462567× (WISE1−L′)2

over a range of [0.0,2.0] in WISE1-L′ (with corresponding polynomial errors
of 0.003, 0.016 and 0.009), and L − M ′ = −0.020 + 1.177 × (L′ −
WISE2) − 0.002 × (L′ − WISE2)2 over a range of [−1.0, 1.5] in L′ − WISE2
(with corresponding polynomial errors of (0.002, 0.008, and 0.007).
14 When comparing planets and brown dwarfs of the same effective
temperature, the planets are younger and lower mass than the brown dwarfs.
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Figure 4. Color–magnitude diagrams showing the positions of directly imaged extrasolar planets with respect to field brown dwarfs. In the left panel, the HR 8799
planets and 2M1207 b appear to be a continuation of the L-dwarf sequence, implying that the planets have clouds at fainter absolute H-band magnitudes than the field
brown dwarfs. The recently discovered GJ 504 b also appears below the L-dwarf sequence, although other near-infrared colors place it with the field T dwarfs. In the
middle panel, the directly imaged planets are systematically bluer than the field brown dwarfs, suggesting that their 3.3 μm methane absorption feature is somewhat
diminished through some combination of clouds and non-equilibrium CO ↔ CH4 chemistry. The right panel shows the directly imaged planets as relatively consistent
with the field brown dwarfs, although with large error bars. For all three plots, error bars in the upper right corner represent the maximum error bar for the brown
dwarf sample.

(A color version of this figure is available in the online journal.)

2011; Barman et al. 2011b) and HR 8799 b (∼900 K; Currie
et al. 2011) are all consistent with cloudy photospheres. The
recently discovered GJ 504 b (∼510; Kuzuhara et al. 2013)
is approximately the same H − Ks as the other planets while
being much fainter overall. However, its J − H colors (see
Figure 11 of Kuzuhara et al. 2013) are consistent with cloud-
free, late T-type brown dwarfs, and narrow-band photometry
shows methane absorption (Janson et al. 2013).

At around the same temperature range where field brown
dwarfs are transitioning from cloudy to cloud-free, carbon
is converted from CO to CH4, producing strong methane
absorption bands at 1.7 μm and 3.3 μm (Burrows et al. 1997;
Geballe et al. 2002). For temperatures cooler than ∼1200 K,
virtually all of the carbon monoxide is removed if the reaction is
allowed to go to chemical equilibrium (Lodders & Fegley 2002;
Barman et al. 2011b). However, CO absorption is observed in
field T dwarfs (Noll et al. 1997; Geballe et al. 2009), implying
that the reaction does not reach equilibrium faster than CO from
hot brown dwarf interiors is mixed into their cooler photospheres
(Saumon et al. 2000).

While nearly all field brown dwarfs cooler than ∼1200 K
show CH4 absorption in the near-infrared, exoplanets with sim-
ilar effective temperatures do not (HR 8799 bcd and 2M1207 b;
Mohanty et al. 2007; Marois et al. 2008; Bowler et al. 2010;
Barman et al. 2011a; Konopacky et al. 2013; Oppenheimer
et al. 2013). In the mid-infrared, the CH4 fundamental absorp-
tion band is at 3.3 μm and a strong CO band is at 4.7 μm,
while intermediate wavelengths (∼4 μm) have relatively weak
molecular opacity (Burrows et al. 1997). The middle panel of
Figure 4 (ML′ versus [3.3 μm]-L′), which is sensitive to CH4
absorption, shows the field brown dwarfs becoming redder at
later spectral types due to increased methane absorption. The
planets (HR 8799 bcde and 2M1207 b) are systematically bluer

than the field brown dwarfs, which could be caused by a lack of
methane, which absorbs at 3.3 μm and/or clouds, which smooth
out spectral features (see Section 4 for detailed modeling). The
right panel of Figure 4 (MM versus L′ − M), which is sensi-
tive to CO absorption, also shows the brown dwarf sequence
becoming redder at later spectral types, although in this case,
the effect is caused by decreasing CO absorption. The planets
(HR 8799 bcd) are roughly consistent with the brown dwarf se-
quence (within their large error bars), indicating that they may
have a similar non-equilibrium excess of CO.

4. SPECTRAL ENERGY DISTRIBUTIONS
AND MODELING

The color–magnitude diagrams described in Section 3 sug-
gest that exoplanets maintain cloudy photospheres at lower tem-
peratures than field brown dwarfs, and that non-equilibrium
CO ↔ CH4 chemistry is at least partially responsible for their
3–5 μm SEDs. While there has been relative success fitting the
near-infrared (1–2.5 μm) SEDs of these objects with cloudy
and/or non-equilibrium chemistry models (Marois et al. 2008;
Currie et al. 2011; Madhusudhan et al. 2011; Barman et al.
2011a; Skemer et al. 2011; Barman et al. 2011b; Konopacky
et al. 2013), there has been more difficulty when the mid-infrared
(3–5 μm) SEDs are considered in parallel (Hinz et al. 2010;
Skemer et al. 2012; Marley et al. 2012; Lee et al. 2013). Here
we attempt to explain the broad-wavelength SEDs of planets,
incorporating our new photometry of HR 8799 c, HR 8799 d,
and 2M1207 b. Sections 4.1–4.3 review models from previous
work, in the context of our new data. Sections 4.4–4.5 present
new models. Section 4.6 summarizes our aggregate findings.
The models broadly fall under three families, which, for sim-
plicity, we denote by their group leaders: Burrows, Barman,
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Table 3
Atmospheric Models Used

Figure Object Model Family Teff Clouds Chemistry Reference

5 HR 8799 c Burrows 1000 K AE-type Equilibrium Madhusudhan et al. (2011)
5 HR 8799 d Burrows 900 K AE-type Equilibrium Madhusudhan et al. (2011)
5 2M1207 b Burrows 1000 K A-type Equilibrium Skemer et al. (2011)

6 HR 8799 c Burrows 1000 K AE-type Equilibrium Madhusudhan et al. (2011)
6 HR 8799 c Burrows 1000 K AE-type 0.1 × CH4, 10 × CO Skemer et al. (2012)
6 HR 8799 c Burrows 1000 K AE-type 0.01 × CH4, 100 × CO Skemer et al. (2012)
6 HR 8799 d Burrows 900 K AE-type Equilibrium Madhusudhan et al. (2011)
6 HR 8799 d Burrows 900 K AE-type 0.1 × CH4, 10 × CO Skemer et al. (2012)
6 HR 8799 d Burrows 900 K AE-type 0.01×CH4, 100×CO Skemer et al. (2012)
6 2M1207 b Burrows 1000 K A-type Equilibrium Skemer et al. (2011)
6 2M1207 b Burrows 1000 K A-type Equilibrium Skemer et al. (2011)
6 2M1207 b Barman 1000 K best-fit thickness Kzz = 108 Barman et al. (2011b)

7 HR 8799 c Burrows 700 K/1400 K A-type/AE-type Equilibrium Skemer et al. (2012)
7 HR 8799 d Burrows 700 K/1400 K A-type/AE-type Equilibrium Skemer et al. (2012)

8 HR 8799 c Marley 1100 K fsed = 0.25 Equilibrium this work
8 HR 8799 c Marley 1100 K fsed = 0.25 with 30% thin clouds Equilibrium this work
8 HR 8799 c Marley 1100 K fsed = 0.25 with 10% cloud free Equilibrium this work
8 HR 8799 d Marley 1100 K fsed = 0.25 Equilibrium this work
8 HR 8799 d Marley 1100 K fsed = 0.25 with 30% thin clouds Equilibrium this work
8 HR 8799 d Marley 1100 K fsed = 0.25 with 10% cloud free Equilibrium this work

9 HR 8799 c Marley 1100 K fsed = 0.25 with 10% cloud free Equilibrium this work
9 HR 8799 c Marley 1100 K fsed = 0.25 with 10% cloud free Kzz = 106 this work
9 HR 8799 d Marley 1100 K fsed = 0.25 with 10% cloud free Equilibrium this work
9 HR 8799 d Marley 1100 K fsed = 0.25 with 10% cloud free Kzz = 106 this work

Notes. The Burrows models are generally described in Burrows et al. (1997) and Burrows et al. (2006), with cloud parameterizations from Madhusudhan et al. (2011).
The Barman models are comprehensively described in Barman et al. (2011a) and references therein. The Marley models are generally described in Saumon & Marley
(2008) and Marley et al. (2012), with cloud parameterizations from Ackerman & Marley (2001) and Marley et al. (2010). Adopted models are highlighted in bold.

and Marley. A listing of all of the models and their basic prop-
erties is given in Table 3. The photometry plotted in figures is
listed in Tables 1 (new data) and 2 (literature data).

4.1. Previous Work: Cloudy/Thick-Cloudy Atmospheres

At the time of their initial discovery, it was noted that the
HR 8799 planets had colors that looked like L dwarfs (cloudy
with no methane absorption), while their luminosities were
more consistent with field T dwarfs (Marois et al. 2008). A
similar phenomenon had been seen in the planetary-mass object,
2M1207 b. However, as a single object, it could be explained as a
“normal” brown dwarf seen through an edge-on disk (Mohanty
et al. 2007).

Since the HR 8799 planets are also redder than the field L
dwarfs (see Figure 4), Currie et al. (2011) and Madhusudhan
et al. (2011) used thick clouds to explain their broad SEDs,
and Skemer et al. (2011) used the same models to explain
2M1207 b. The adopted models from Madhusudhan et al. (2011)
and Skemer et al. (2011) are shown in Figure 5. For HR 8799 c
and d, the models under-predict the [3.3 μm] flux by a factor of
∼4 (Skemer et al. 2012).

Our new narrow-band photometry of HR 8799 c and d (shown
in the right panel) are consistent with the broad-band photometry
(in the left panel) and show a shallow slope with a slight break
between LNB3 and LNB4 (which is consistent with methane’s
opacity profile; see Figure 10), rather than the deep methane
absorption feature seen in the thick-cloud models. Our new
photometry of 2M1207 b shows that it is also much brighter
at [3.3 μm] than the thick-cloud models predict (by a factor
of ∼2, but this is very dependent on the precise choice of

cloud thickness), and it has a similar, if not more extreme
3.3 μm–3.8 μm slope as the HR 8799 planets.

4.2. Previous Work: Cloudy Atmospheres with
Non-Equilibrium CO ↔ CH4 Chemistry

After obtaining a near-infrared spectrum of HR 8799 b,
Barman et al. (2011a) showed that in addition to clouds, non-
equilibrium CO ↔ CH4 chemistry, caused by vertical mixing,
is required to explain the spectrum of HR 8799 b. Subsequently,
Barman et al. (2011b) and Galicher et al. (2011) applied similar
models to 2M1207 b, and HR 8799 c and d, respectively.

Skemer et al. (2012) obtained [3.3 μm] photometry of all
four HR 8799 planets, which were much brighter than the thick-
cloudy/equilibrium chemistry atmosphere models (described in
Section 4.1), and somewhat brighter than the non-equilibrium
models from Barman et al. (2011a) and Galicher et al.
(2011). To investigate the effects of non-equilibrium chemistry,
Skemer et al. (2012) used the thick-cloud atmospheres from
Madhusudhan et al. (2011) and removed CH4 until the models
were consistent with the [3.3 μm] photometry; however, this
made the models too bright compared to existing L′ (3.8 μm)
photometry. The non-equilibrium models from Skemer et al.
(2012) are shown in Figure 6. These models show a sharp flux
increase at the edge of the methane absorption feature, similar
to what is seen in the equilibrium chemistry models, but shifted
in wavelength. This is inconsistent with the smooth slope seen
in our narrow-band photometry.

While the non-equilibrium chemistry models predict a fairly
sharp increase at the edge of the methane absorption feature for
HR 8799, the same is not true for 2M1207 b. In Figure 6, we plot
the Barman et al. (2011b) model of 2M1207 b along with our

7
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Figure 5. Absolute photometry for HR 8799 cd and 2M1207 b compared to thick-cloud atmosphere models. The photometric data are shown as red error bars, the
model spectra are shown as blue curves, and the model photometric predictions are shown as blue horizontal lines spanning the filter half-maximums. The thick-cloud
models are adopted from Madhusudhan et al. (2011) for HR 8799 cd and Skemer et al. (2011) for 2M1207 b, using the grid from Madhusudhan et al. (2011). Two
cloud parameterizations are used: A-type, which are the thickest clouds in Madhusudhan et al. (2011) and AE-type, which are slightly thinner. For all three objects,
the broad-band photometry (left side of the figure) is generally well-fit by the models, except for the [3.3 μm] filter. Our new narrow-band 3–4 μm photometry (right
side of the figure) is consistent with broader-band photometry at similar wavelengths, although systematically brighter within errors.

(A color version of this figure is available in the online journal.)

new [3.3 μm] photometry. The photometry is consistent with the
model. 2M1207 b is redder than the HR 8799 planets in the near-
infrared. This pushes the models toward thicker clouds, which
wash out the methane absorption feature at 3.3 μm in concert
with non-equilibrium chemistry. For HR 8799, the near-infrared
driven cloud properties are not quite thick enough to wash out
the 3–4 μm SED, even with non-equilibrium chemistry.

4.3. Previous Work: “Patchy” Linear Combinations
of Cloudy Models

Based on the earlier observations that 2M1207 b and the
HR 8799 planets have L-dwarf SEDs at T-dwarf luminosities,
Skemer et al. (2012) attempted to fit the HR 8799 data with
linear combinations of patchy cloud models, where the SED
would be dominated by an L-dwarf model, while a cooler,
cloudier model suppressed its luminosity without drastically
changing its shape. The adopted models from Skemer et al.
(2012) are shown in Figure 7. The combined models show
an almost linear slope from 3 to 4 μm. Our narrow-band
photometry has the same general shape as the models, but

with, perhaps, a slight jump in flux between LNB3 and LNB4
(particularly for HR 8799 d), which would be better captured by
the non-equilibrium chemistry models. Note that the narrow-
band 3–4 μm photometry are systematically higher than the
models (which were chosen to fit the broad-band photometry),
but are consistent within error bars.

4.4. Patchy Cloud Models (Cloudy/Cloudier
and Cloudy/Cloud-Free)

While the patchy cloud models from Skemer et al. (2012) are
encouraging, they are constructed by linearly combining a pair
of one-dimensional atmospheric models that have different tem-
perature profiles, including in the deep atmosphere where global
circulation and convection would presumably homogenize their
thermal profiles. A self-consistent two-column model needs to
account for the energy flux carried by both components and
should employ the same thermal profile. Such a model is pre-
sented in Marley et al. (2010), which allows for two atmosphere
columns with arbitrary spatial coverage that combine to carry a
specified thermal flux given by σT 4

eff . Using this formalism, we

8
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Figure 6. Same as Figure 5, but with models that include non-equilibrium CO ↔ CH4 chemistry or parameterized CO/CH4 opacity. The Burrows models are from
Skemer et al. (2012) and have similar clouds properties as Figure 5 but with diminished CH4 and enhanced CO opacity. The Barman model, which is from Barman
et al. (2011b), also employs thick clouds and uses chemical reaction rates to self-consistently calculate CH4 and CO mixing ratios assuming a vertical diffusion
coefficient of Kzz = 108 cm2 s−1. The HR 8799 planets are not well-fit by the Burrows models, which predict a sharp edge to the methane absorption feature, even
with suppressed methane opacity. Our new narrow-band 3–4 μm photometry suggest a smoother slope. Note that analogous models from Barman et al. (2011a) and
Galicher et al. (2011) predict qualitatively similar behavior (when considering models that have radii consistent with evolutionary tracks). However, the Barman model
fits 2M1207 b quite well, including our new [3.3 μm] photometry. Combined with Barman et al. (2011b)’s fit of the 2M1207 b near-infrared spectrum, it appears that
thick clouds and non-equilibrium chemistry can explain all of the existing data for 2M1207 b.

(A color version of this figure is available in the online journal.)

construct illustrative models showing how heterogeneous clouds
affect a planet’s SED. Figure 8 shows three models demonstrat-
ing the effect of self-consistently calculated cloud patchiness15:
very thick (opaque) clouds (fsed = 0.25), very thick clouds with
patches of thinner clouds (same cloud model as the very thick
clouds but with 10% opacity), and very thick clouds with clear
patches. The models with no clear patches both wash out the
near-infrared water absorption features (the absorption is seen in
the spectra of Barman et al. 2011a; Konopacky et al. 2013) and
suppress too much of the planet’s near-infrared flux, pushing it
to the mid-infrared. Small clear patches (here 10% of the planet
surface area) allow flux to escape from the holes and bring the
near-infrared flux up to the measured values, but the resulting
cooler atmosphere results in a large methane absorption feature
at [3.3 μm], which is not seen in our mid-infrared photometry.

15 The models are generally described in Saumon & Marley (2008) and
Marley et al. (2012), with cloud model utilizing parameter fsed, from
Ackerman & Marley (2001) and Marley et al. (2010).

4.5. Patchy Cloud Models with Non-Equilibrium Chemistry

In Figure 8 the ∼3.3 μm absorption feature arises from
relatively cool methane found very high in the atmosphere, at
pressures of 10 to 20 mbar and temperatures of 875 to 900 K.
Because this is close to the CH4/CO equilibrium conditions
and the deeper atmosphere is well within the region of CO
stability, moderate vertical mixing can mix CO into the upper
atmosphere and substantially lower the methane mixing ratio.
Figure 9 compares the cloudy/cloud-free model spectrum from
Figure 8 with a spectrum computed following the prescription
of Saumon et al. (2006) for the same temperature and cloud
profile but with eddy diffusivity Kzz = 106 cm2 s−1. With such
mixing the methane number mixing ratio drops from ∼10−4

to ∼10−7 and the absorption feature is absent. Such levels of
mixing are consistent with those observed in some brown dwarfs
(Stephens et al. 2009) and are broadly consistent with the strong
gravity wave flux observed in numerical models of convection
under these conditions (Freytag et al. 2010). The model spectra

9
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Figure 7. Same as Figure 5, but with models that linearly combine two different thick-cloud atmosphere models to represent non-isotropic emission through regions
with different temperatures and different cloud properties. The models are from Skemer et al. (2012) using the grid from Madhusudhan et al. (2011). The HR 8799
planets are reasonably well-fit by the data. However, the modeling approach of linearly combining two-atmosphere models is not entirely self-consistent, so additional
modeling (Section 4.4) is needed to study patchy cloud models.

(A color version of this figure is available in the online journal.)

Figure 8. Same as Figure 5, but with self-consistent patchy clouds calculated using the formalism of Marley et al. (2010). The thick-cloud models use
fsed = 0.25 (Ackerman & Marley 2001), which are very thick clouds. The models with patches of thin clouds also use fsed = 0.25, but with 30% of the
surface having 10% of the normal cloud opacity. In the third set of models, 10% of the surface has no cloud opacity. The HR 8799 planets are not well-fit
by any of the models. The thick-cloud models and models with thin cloud patches both wash out the near-infrared SED where spectra of HR 8799 b, c, and
2M1207 b show strong water absorption bands (Barman et al. 2011a; Konopacky et al. 2013; Patience et al. 2010). The models with cloud-free holes still have too
much methane absorption from ∼3.1 to 3.6 μm.

(A color version of this figure is available in the online journal.)
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Figure 9. Same as Figure 5, but with self-consistent patchy clouds calculated using the formalism of Marley et al. (2010) combined with non-equilibrium chemistry as
described in Saumon et al. (2006). The non-equilibrium models use a diffusion coefficient of Kzz = 106 cm2 s−1. Both of the HR 8799 planets are reasonably well-fit
by the patchy-cloud/non-equilibrium chemistry model, although the model clearly overpredicts the M-band (4.7 μm) flux of HR 8799 c. These models are a heuristic
demonstration of the type of processes that are likely shaping the spectra of these directly imaged planets, although clearly more detailed model fits are required to
find the best fitting parameters.

(A color version of this figure is available in the online journal.)

provide a qualitatively good fit to both HR 8799 c and d, although
we have not attempted to fine-tune the models to fit the curvature
seen in the narrow-band filter SED, or constrain the exact model
parameters.

4.6. Summary of Modeling

For the HR 8799 planets, we find that a combination of patchy
clouds and non-equilibrium CO ↔ CH4 chemistry is necessary
to fit the observed data. Our 3–4 μm photometry, in particular,
is not fit well by models that employ patchy clouds without
non-equilibrium chemistry, or non-equilibrium chemistry with-
out patchy clouds. For 2M1207 b, non-equilibrium chemistry
models, which employ thick but not patchy clouds, provide an
adequate fit, and there is no reason to add extra free parameters.

This result suggests that all three planets have vertical
mixing/non-equilibrium chemistry in their atmospheres, and
all three planets have thick clouds, but only HR 8799 c and
d necessarily have holes in their clouds. It is possible that
the HR 8799 planets are in the process of entering the L →
T transition, where cloud patchiness is observed as periodic
variability in some field brown dwarfs (e.g., Artigau et al. 2009;
Radigan et al. 2012), while 2M1207 b, which is younger, has not
yet evolved to that point. As is the case for the brown dwarfs, the
patchy clouds should cause variability in the HR 8799 planets.
Vertical mixing as evidenced by non-equilibrium chemistry
appears to be persisting in the HR 8799 planets, even as
the clouds are starting to dissipate. For young, low-mass
objects, the disappearance of clouds and the appearance of
methane absorption might happen on different timescales and
for different reasons.

Our work demonstrates that there are reasonable models that
can explain the broad-wavelength appearances of the HR 8799
planets and 2M1207 b. A dedicated modeling effort is needed
to constrain the ranges of important physical parameters.

5. SUMMARY AND CONCLUSIONS

While the first generation of directly imaged planets were
primarily discovered in the near-infrared (1–2.5 μm), cooler
planets emit the majority of their light at longer wavelengths,
where it is therefore critical to study their general appearances.
In particular, the 3–5 μm region contains a significant amount
of information about gaseous and condensed absorbers, while
also being accessible to current ground-based telescopes.

In this work, we have obtained photometry of HR 8799 c
and d, and 2M1207 b in the 3–4 μm window, which contains
the methane fundamental absorption feature, and is a region
where previous work has struggled to explain planet SEDs
with atmospheric models. The directly imaged exoplanets are
separated from the field brown dwarf population in MH versus
H − K and ML′ versus [3.3 μm]-L′ color–magnitude diagrams,
suggesting that the exoplanets are characteristically different
than similar temperature, but older and more massive field brown
dwarfs.

Based on new and existing photometry, we attempt to model
the complete SEDs of HR 8799 c and d, and 2M1207 b. While
models with thick clouds and vertical-mixing/non-equilibrium
chemistry can explain the appearance of 2M1207 b, an ad-
ditional free parameter for cloud patchiness is necessary to fit
HR 8799 c and d. Cloud patchiness is observed in the atmosphere
of Jupiter and may signify the onset of the L → T transition,
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where clouds dissipate, and/or sink below the photosphere of
a planet/brown dwarf. In this scenario, the HR 8799 planets
might be beginning their L → T transition, while 2M1207 b is
still too young. Patchy clouds manifest as periodic variability
in some brown dwarfs. Our modeling predicts that HR 8799 c
and d should be variable, although the magnitude of this result
depends on the scale of the clouds holes and the orientation of
the planets with respect to our line of sight (Kostov & Apai
2013). Based on Figure 8, the variability should be evident at
all wavelengths, with peak amplitudes in the J band, and the
short-wavelength side of the L band.

The fact that the HR 8799 planets and 2M1207 b have
different colors than field brown dwarfs suggests that it will
be difficult to categorize brown dwarfs and extrasolar plan-
ets with sparse collections of infrared photometry. Late-type
brown dwarfs found by WISE, and ultra-cool exoplanets found
by James Webb Space Telescope imaging will both need to be
studied in detail with multi-wavelength photometry and spec-
troscopy. Additionally, parallax measurements will be essential
for breaking the degeneracy between nearby, young objects, and
distant, older objects that might have similar colors.

Given that the planets studied in this work all have very shal-
low 3.3 μm–3.8 μm slopes, it is worth considering whether L-
band exoplanet imaging surveys should use a broader bandpass
than the typically used L′ filter (3.4–4.1 μm). For HR 8799-like
planets, a broader filter (3.0–4.1 μm) would improve sensitiv-
ity. However, such a filter might not be a good match for cooler
planets, if methane absorption becomes prominent at lower tem-
peratures.

Currently, only a handful of exoplanets have been directly
imaged. As their numbers grow, it will be possible to determine
how youth, gravity, composition and formation history affect
their appearances. And as the population of directly-imaged
planets extends to cooler temperatures and lower masses, the
mid-infrared will be a critical wavelength range for understand-
ing their aggregate properties.

The authors thank Travis Barman for his insightful comments
and for supplying his 2M1207 b model. We also thank the
anonymous referee for excellent suggestions. This work would
not have been possible without the dedication of the LBTI staff,
in particular Vidhya Vaitheeswaran, who programmed LBTI’s
rapid filter changing capabilities. A.S. was supported by the
NASA Origins of Solar Systems Program, grant NNX13AJ17G.
V.B. is supported by the NSF Graduate Research Fellowship
Program (DGE-1143953). The Large Binocular Telescope In-
terferometer is funded by the National Aeronautics and Space
Administration as part of its Exoplanet Exploration program.
LMIRCam is funded by the National Science Foundation
through grant NSF AST-0705296.

APPENDIX

FILTER PROPERTIES

The observations described in this paper use non-standard
filters in the 3–4 μm L-band window. We present the filter curves
in Figure 10 and calculate basic filter properties (λeff , FWHM,
and zero-point flux) in Table 4. The narrow-band filters have
not been used before, but are a useful set for measuring low-
resolution SEDs in the L′-band window. The [3.3 μm] filter has
been used more extensively (Hinz et al. 2010; Currie et al. 2011;
Skemer et al. 2012) for sampling the short-wavelength side of

Figure 10. Filter profiles for the seven filters used in this work and a
model telluric profile for 1.0 airmasses and 4.3 mm precipitable water
vapor (Gemini Cerro Pachon model from http://www.gemini.edu/sciops/
telescopes-and-sites/observing-condition-constraints/ir-transmission-spectra).
The telluric transmission, which is variable, can significantly affect the raw
filter properties, which are listed in Table 4. Also shown is an opacity plot
for methane (linear scaling), which demonstrates the utility of the filters for
measuring methane absorption in cool atmospheres.

(A color version of this figure is available in the online journal.)

Table 4
Filter Properties

λeff FWHM Zero-point Flux
(μm) (μm) (Jy)

LNB1 3.04 0.15 361
LNB2 3.16 0.08 342
LNB3 3.31 0.16 313
LNB4 3.46 0.16 290
LNB5 3.59 0.09 270
LNB6 3.78 0.19 243
LNB7

a 3.95 0.24 225
[3.3 μm] 3.31 0.40 311

Notes. λeff and zero-point fluxes calculated using a synthetic Vega
spectrum (Cohen et al. 1992). The filter properties are calculated
without including telluric transmission, which varies with airmass
and precipitable water vapor.
a Not used in this work but available as part of the narrow-band
filter set.

the L-band, which is not covered by the more commonly used
MKO L′ filter. Although this filter is colloquially referred to as
L-short (Ls), it should not be confused with the L-short filter
that was once installed in NIRC (λcentral = 2.9785 μm, FWHM
= 1.023 μm)16. To avoid confusion, we refer to it as [3.3 μm]
throughout this paper.

A model telluric atmosphere is shown with the filter set in
Figure 10. From 2.9 to 3.5 μm, the Earth’s atmosphere has
significant water-vapor absorption, which can vary signifi-
cantly. Sharp slopes in the telluric transmission can cause non-
negligible changes to the filter properties listed in Table 4 (in
particular the 3.3 μm filter), which were calculated without
a telluric model. Detailed modeling should include a telluric
transmission model matching the observing conditions.

16 http://www2.keck.hawaii.edu/inst/nirc/manual/fw_macros.html
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