
Jup from ∼13 to 40 AU and objects >13 MJup from ∼8 to 40 AU.
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1. INTRODUCTION

Approximately 300 extrasolar planets have been discovered,
predominantly through Doppler spectroscopy, transits, and mi-
crolensing (e.g., Marcy et al. 2005; Charbonneau et al. 2007;
Gaudi 2008). Substellar objects with inferred masses below
the deuterium-burning limit (∼13 MJup) have been imaged as
members of young clusters (e.g., Zapatero Osorio et al. 2000;
Luhman et al. 2005), at wide separation (>tens AU) orbiting
other young brown dwarfs (e.g., Chauvin et al. 2004; Luhman
et al. 2006), and a young ∼1 M� star (Lafreni‘ere et al. 2008).
Although the deuterium-burning limit has acted as a de facto
boundary between �planets� and �brown dwarfs,� these objects
do not have birth certi�cates, and their means of conception is
a matter of conjecture. Given our knowledge regarding parame-
ters of protoplanetary disks, it is not clear that any of the imaged
companions with masses of <13 MJup could have formed in situ.
Exotic scenarios for formation at smaller radii and subsequent
planet�planet scattering have been proposed (e.g., Ford & Rasio
2008; Mamajek & Meyer 2007).

Recently, two studies (Kalas et al. 2008; Marois et al. 2008)
announced the discovery of what appear to represent the �rst
unequivocal cases of exoplanets being directly imaged and
resolved around nearby stars. Marois et al. (2008) imaged three
large gas giants in orbit around the young A-type debris disk
star HR 8799. Kalas et al. (2008) detect a companion �3 MJup
situated 12.′′7 (96 AU) away from the bright A3V star Fomalhaut
(α PsA; V = 1.2 mag). Fomalhaut is a target in our MMT/AO
survey for substellar companions around nearby intermediate
mass stars and we report results of our recent observations here.

Fomalhaut is a well-studied, nearby (7.7 pc; Perryman & ESA
1997), young (∼200 ± 100 Myr; Barrado y Navascues 1998)

∗ Observations reported here were obtained at the MMT Observatory, a joint
facility of the University of Arizona and the Smithsonian Institution.
4 Current address: University of Rochester, Department of Physics, &
Astronomy, Rochester, NY, 14627-0171, USA.

main-sequence ∼1.95 M� star with a debris disk system. The
debris disk system is remarkable for having been resolved in the
submillimeter with JCMT (Holland et al. 2003), far-infrared
(far-IR) with Spitzer (Stapelfeldt et al. 2004), and optical
with Hubble Space Telescope (HST; Kalas et al. 2005). The
HST/Advanced Camera for Surveys (ACS) coronagraph images
suggest that the cold dust belt is ∼25 AU wide, with a sharp
inner edge ∼133 AU from Fomalhaut. From the eccentricity
and sharpness of the inner edge of the debris disk, Quillen
(2006) predicted the existence of a ∼0.05�0.3 MJup planet
with semimajor axis a = 119 AU and eccentricity of ∼0.1.
The planet imaged by Kalas et al. (2008) has a stellocentric
separation of 119 AU and inferred semimajor axis of ≈115 AU,
in remarkable agreement with Quillen�s prediction. The mass
predicted by Quillen is lower than the upper limits derived by
Kalas et al. (2008, ∼1.7�3.5 MJup), however, they emphasize
that their 0.6 μm �ux may be contaminated by an extensive
circumplanetary disk.

Young giant planets are predicted to be hot (for MJup > 3,
Teff > 300 K for ages <500 Myr (Baraffe et al. 2003)),
and theoretical spectral energy distributions (SEDs) predict a
strong peak around ∼5 μm (e.g., Burrows et al. 1997). While
direct imaging surveys for substellar companions to nearby
stars have concentrated on near-IR bands (e.g., H and K), the
models predict that L and M-band �uxes for planets should be
much brighter than at J, H, and K. For example, a 10 MJup
object with age 0.5 Gyr has predicted colors of J − M � 4,
H − M � 4, and L − M � 1 (Baraffe et al. 2003). Motivated
by these predictions, we initiated surveys of nearby (d < 25
pc) stars of various types to search for substellar companions at
wide separations (greater than 10 AU) using the Clio IR camera
on the 6.5 m MMT telescope with the adaptive secondary mirror
(Lloyd-Hart 2000; Wildi et al. 2003; Brusa et al. 2004). Here,
we report observations with MMT/AO and the Clio IR camera
sensitive to giant planets at a wide range of orbital radii interior
to the companion reported by Kalas et al. (2008).
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Figure 2. Clio 5 μm image of Fomalhaut and environs. The location of
Fomalhaut b (Kalas et al. 2008) is marked at the upper right, just off the �eld of
view of the observations. The red ellipse marks the location of the dust belt at
140 AU (Kalas et al. 2005). The yellow ellipses represent distances of 20 AU
and 40 AU from the central star. The image is scaled linearly. No signi�cant
point sources are detected in the image.

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

interpolate the following M-band magnitudes for our calibrator
stars: m[4.8] = 2.34 mag (β UMa), 2.63 (ι UMa), and 3.27
(ζ Lep). Conservative photometric uncertainties are ±0.03 mag
dispersion.

These three stars were observed at air masses from 1.05 to
1.45, allowing extrapolation of photometry to the air mass range
(2.1�2.5) of the Fomalhaut observations. A second check of
the photometry was performed by estimating Fomalhaut�s �ux
using the unsaturated �rst Airy ring in the AO corrected images.
These �ux estimates agree with the air mass extrapolation to
10%, con�rming the stability of the observing conditions during
the whole night.

Our �nal co-added intensity image is shown in Figure 2. The
residuals from the ADI PSF subtraction of the star are present
as a speckle pattern surrounding the middle of the image. The
red ellipse marks the location of the dust belt as imaged by
Kalas et al. (2005). The location of the exoplanet Fomalhaut b
is marked at the upper right of the image, out of the �eld of view
of the combined Clio observations. The combination of beam
switched images requires the masking of the negative beam
switch, which when combined with the �eld rotation leads to the
two triangular areas of no sky coverage within the larger image.
For our �eld rotation of 21◦, the median combining procedure
removes any companions closer than 1.05 arcseconds (Marois
et al. 2006). We mark this inner limit with a black circle centered
on Fomalhaut in Figure 2.

3.4. Sensitivity Estimation

In exoplanet imaging, there are several ways to express the
expected point-source sensitivity at a given location in the �nal
image. In this paper, we quantify this as the faintest source
detectable at the 5σ level above the local background noise
(Oppenheimer et al. 2003; Hinkley et al. 2007). We construct
a sensitivity map from the 375 individual ADI-reduced science
images. First, we combine the images to form both the mean

Figure 3. Deprojected sensitivity map of the Clio observations of Fomalhaut,
showing 5σ sensitivity contours in Jupiter masses. The red circle marks the
location of the dust belt, and the two yellow circles mark 20 and 40 AU,
respectively. For small areas, we reach down to a 5σ detection limit of 1.85 MJup.
The underlying image shows the 5σ sensitivity image in M-band magnitudes,
as marked on the scale bar.

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

intensity image and an image representing the standard deviation
at each pixel location in the mean intensity image, using a sigma
clipping routine to reject anomalous and outlier pixels from the
�nal combination. In addition to the mean intensity and standard
deviation images, an image representing the number of frames
used to generate the �rst two images (a good pixel image) is
also produced.

We estimate the mean �ux of Fomalhaut in a 5 × 5 pixel
(1.25λ/D) box, and then generate the sensitivity map by
estimating the mean �ux required for a 5σ detection at each
point in the intensity image. The 5σ limit is calculated using the
mean background noise within a 5 × 5 pixel box in the standard
deviation image divided by the square root of the number of
good frames at that pixel.

Assuming that the inclination of the dust belt is similar to
the inclination of the orbital plane of any other planets in the
Fomalhaut system, we can deproject our images to give a �face
on� view of the whole system. Figure 3 is a deprojected and
expanded view of Figure 2, showing contours of 5σ point-source
sensitivity limits, using M-band �uxes from the COND models
(Baraffe et al. 2003) to convert to planet masses for objects with
temperatures <1800 K. Sensitivity curves for regions close to
Fomalhaut are shown as azimuthally averaged plot in Figure 4.
Although blind sensitivity tests have shown 50% completeness
at 5σ observations (Heinze 2007), we keep our point-source
sensitivities to be consistent with the limits quoted by other
planet surveys.

4. DISCUSSION

It is unclear whether there is any connection between the
presence of gas giant planets and debris disks (Moro-Mart·�n
et al. 2007). Apai et al. (2008) searched within cold debris
disks studied with Spitzer and found no evidence for large
gas giant planets at large radii. With the discovery of a gas
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Figure 4. Azimuthally averaged contrast curve for the observations of Fomal-
haut. The 5σ point-source M-band magnitude detection limit is calculated from
the 375 individual Clio images. Mass limits for COND models are shown by
the horizontal dashed lines.

giant planet near the inner edge of its outer debris belt, the
question arises: does Fomalhaut have giant planets at smaller
radii? Current analysis of the debris system suggests inner (R <
20 AU) and outer (R > 100 AU) planetesimal belts responsible
for the bulk of the mid-IR and far-IR/submillimeter emission,
respectively (Greaves et al. 1998; Stapelfeldt et al. 2004; Kalas
et al. 2005). However, there is plenty of room for additional
gas/ice giant planets in the system. Our upper limits rule out
masses greater than 2 MJup between ∼13 and 40 AU. Models
of dynamic scattering (Chatterjee et al. 2008; Scharf & Menou
2009) suggest that gas giants could end up at large separations
due to planet�planet scattering. In this scenario, the largest
planets in the system tend to stay put and smaller planets end
up in large, eccentric orbits. Our results suggest this may not be
an explanation for the location of Fomalhaut b.

One alternative is that giant planets have less 5 μm �uxes than
theory suggests, either due to the presence of opacity in the upper
atmosphere masking the underlying, hotter regions beneath
(Orton et al. 1998) or because of nonequilibrium chemistry
in the planet�s atmosphere (Hubeny & Burrows 2007). In this
early era of direct imaging, the question remains open as to
which models explain the observed �uxes of giant exoplanets
(Marois et al. 2008).

Barnes & Greenberg (2007) have explored the hypothesis that
most planetary systems are �packed� in the sense that any orbit
dynamically stable on timescales of order the age of the system
or longer are inhabited. This implies that the planet formation
process is very ef�cient indeed and is consistent with numerical
integration of the orbits in our own solar system (Laskar 1996).
This hypothesis found recent con�rmation in the discovery of
HD 74156 d (Bean et al. 2008) of the mass and orbit predicted.
If Fomalhaut has a multiplanet system spaced like the solar sys-
tem (or HR 8799 giant planets spaced logarithmically, spaced
by ∼0.25 ± 0.05 dex in a), one would naively predict interior
planets at radii ∼65, ∼35, and ∼20 AU. Spitzer detected evi-
dence of a warm inner disk at <20 AU (Stapelfeldt et al. 2004).
It is tempting to speculate that Fomalhaut�s inner disk is likewise
being perturbed by another planet. If Fomalhaut indeed has a
packed system of planets between its inner (less than 20 AU)
and outer (greater than 133 AU) debris belts, our M-band results
suggest that planets in the ∼13�40 AU range are less than <2
MJup in mass. Chiang et al. (2009) suggest that Fomalhaut ex-
hibits an �anomalous� acceleration in the Hipparcos astrometry
(Perryman & ESA 1997; van Leeuwen 2007), consistent with a

∼30 MJup brown dwarf at r ∼ 5 AU. Our observations also
rule out the existence of brown dwarfs (greater than 13 MJup) at
separations of ∼8�40 AU. Additional observations are planned
to detect the thermal emission from Fomalhaut b in order to
further explore its properties.
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