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IMAGING THE DEBRIS DISK OF HD 32297 WITH A PHASE-MASK CORONAGRAPH
AT HIGH STREHL RATIO
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ABSTRACT

We present the first Ks-band image of the scattered light from HD 32297’s debris disk. HD 32297 is an A5
star known to possess a nearly edge-on disk with a high fractional luminosity Ld/L� ≈ 0.003 in the infrared.
Our image was obtained using phase-mask coronagraphy on the 1.6 m well-corrected subaperture on the 5 m
Palomar Hale telescope, and reaches an inner working angle of 400 mas. We confirm the previously reported disk
asymmetry and central hole. The gray J − Ks disk color appears similar on the two sides of the disk, which would
demand a minimum grain size of at least a few microns, larger than thermal arguments suggest. One possible
explanation is a planetesimal clump in a resonant orbit with an outward migrating giant planet, located at larger
radii than the warm dust emitting at longer wavelengths. Our observations also clearly demonstrate the benefits of
operating in the extreme adaptive optics regime with a coronagraph able to reach a very small inner working angle.

Key words: circumstellar matter – infrared: stars – instrumentation: adaptive optics – planetary systems:
protoplanetary disks – stars: individual (HD 32297)

1. INTRODUCTION

Stellar debris disks are the dusty products of planetesimal
collisions, and so trace the larger bodies in stellar systems
both via their production and their distribution. Because of
their young ages, high luminosities, and high probabilities
for having associated debris disks, A stars are likely the best
potential targets for both studies of debris disks, and the direct
observations of exoplanets. Indeed, many of the known resolved
debris disks are located around A stars, and the recent direct
images of planets are around A stars: Fomalhaut (Kalas et al.
2008), HR 8799 (Marois et al. 2008), and the putative planet
around β Pic (Lagrange et al. 2009).

HD 32297 is an A5 star (Fitzgerald et al. 2007) located at
a distance d = 113 ± 12 pc (Perryman et al. 1997). This
star presents a far-infrared (FIR) excess emission above the
photospheric level, fFIR = Ld,FIR/L�,FIR � 0.0027, calculated
from 25 and 60 μm fluxes obtained with IRAS. It was observed
quasi-simultaneously by Schneider et al. (2005) in the near-
infrared (NIR) F110W filter (∼ J band) with NICMOS onboard
the Hubble Space Telescope (HST) and by Kalas (2005) in the
R band with the University of Hawaii 2.2 m telescope. Both
observations showed scattered light originating from a nearly
edge-on disk, and provided insight on two very distinct spatial
scales. The NICMOS image revealed an asymmetric edge-on
disk detected from about 300 mas of the star (34 AU) to 3.′′3 from
the star (400 AU) to the northeast and 2.′′5 toward the southwest
(the outer regions of the disk fade to the sensitivity limit set by
the integration time), with a major axis position angle (PA) of
47.◦6 ± 1◦. Assuming circular symmetry, Schneider et al. (2005)
deduced a 10.◦5 ± 2.◦5 inclination from edge-on. On the other
hand, Kalas (2005) detected scattered light at larger scales from
580 AU to 1680 AU radius. While the overall shape reported by
Kalas (2005) is reasonably consistent with the PA of Schneider
et al. (2005), the morphology is very different. Indeed, the PAs of
the emission midplanes to the northeast and southwest diverge
by 31◦. To explain these asymmetries, Kalas (2005) proposed
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an origin in a collision of the disk with a clump of interstellar
material as HD 32297 moves southward. This observation has
led the team to the only age estimate available so far for this
system: 30 Myr. From the photometric standpoint, Schneider
et al. (2005) report f1.1μm = Ld,1.1μm/L�,1.1μm � 0.0033 in the
F110W NICMOS filter. The surface brightness profile falls off
from a few mJy arcsec−2 with a power law of 0.455 × r−3.57 for
the SW side of the disk and 0.45× r−3.2 on the NE side. The NE
side is also affected by an obvious break at 1.′′7. The asymmetry
mentioned earlier is evident from the integrated photometry,
with 3.14 mJy ± 0.57 mJy for the SW side and 1.67 mJy ±0.57
mJy for the NE.

Moerchen et al. (2007) and Fitzgerald et al. (2007) reported
images of HD 32297 at mid-infrared (MIR) wavelengths,
and both show rather symmetric disk lobes extending up to
150 AU in radius. The common conclusion of these papers
is a ring of warm submicron-sized grains, purportedly also
responsible for the scattered light, with a density peak at 0.′′5–
0.′′6, suggesting a depletion inside this radius (∼ 70 AU). On the
other hand, recently Maness et al. (2008) found the same SW–
NE asymmetry in the mm as in the J band. The contrast between
asymmetry at short and long wavelengths and symmetry at
MIR wavelengths is in qualitative agreement with predictions
of resonant debris disk models such as that of Wyatt (2006).
As stressed by Maness et al. (2008), HD 32297 provides a
unique testbed for theories of grain and planetary dynamics,
and could potentially provide strong multiwavelength evidence
for an exoplanetary system.

To extend the wavelength coverage of HD 32297, we observed
it at Palomar in the Ks band with our extreme adaptive optics
(ExAO) level 1.6 m well-corrected subaperture (WCS) on the
5 m Hale telescope (Serabyn et al. 2007, 2009), using a phase-
mask coronagraph with a small inner working angle (IWA).

2. INSTRUMENTAL SETUP, OBSERVING STRATEGY,
AND DATA REDUCTION

The Palomar WCS has been described earlier (Serabyn et al.
2007). In short, an unvignetted, off-axis WCS is provided by
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Table 1
Target and Reference Stars Characteristics

Star Spectral Type K Mag V Mag Integration time (s) Seeing Strehl

HD 32297 A5 7.59 8.13 1500 ∼ 1′′ ∼0.8
HD 27734 A0 7.32 8.03 1000 ∼ 1′′ ∼0.8

a set of relay optics (RO) inserted upstream of the Palomar
adaptive optics system (PALAO). The RO magnifies and shifts
an off-axis subaperture pupil onto PALAO’s deformable mir-
ror, yielding roughly 10 cm actuator spacing. This configura-
tion, while reducing the effective aperture size from 5 m to
1.6 m4 nevertheless allows operation in the ExAO regime be-
fore other ExAO systems (e.g., SPHERE, GPI, etc.) come on
line. While providing unprecedented image quality on a ground-
based telescope, this off-axis setup is also ideal for use with
phase-mask coronagraphs such as, e.g., the four-quadrant phase
mask (FQPM) coronagraph (Rouan et al. 2007) because phase
masks work best with unobscured apertures.

The principle of the FQPM is to divide the focal plane field
into four equal quadrants centered on the optical axis, with two
diametrically opposed quadrants providing a π radian phase
shift relative to the other two, causing destructive interference
to occur inside the relayed geometric pupil area (Rouan et al.
2000). The final image is then formed after the pupil is passed
through a classical Lyot stop. The FQPM we used for these
observations was manufactured at JPL. It is a monochromatic
mask designed for use at the wavelength of the Br γ filter
(2.16 μm), close to the center of the Ks band. The FQPM was
produced from a uniform SiO2 substrate wherein a layer of
∼2.5 μm depth (half-wavelength index step, t = λ/ [2(n − 1)])
was etched in two opposite quadrants. All astronomical observa-
tions were acquired using the Ks filter in the PHARO camera, for
which this mask resulted in maximum peak-to-peak5 laboratory
and stellar rejections of the order of 40–50. This WCS-FQPM
system previously allowed us to reach an IWA of ∼ 2λ/D
(∼ 550 mas), and so to enable observations of faint brown
dwarf companions with a detection limit similar or slightly su-
perior to the full Palomar pupil, and similar even to the much
larger Keck telescope (Serabyn et al. 2009).

We observed HD 32297 on 2008 November 7. Each obser-
vation of the target star was accompanied by an observation of
a nearby calibrator star (HD 27734), which was used for point-
spread function (PSF) subtraction (Table 1). The plate scale
(80 ± 2 mas pixel−1) and orientation (±2◦) were derived from
observations of binaries. The error in these quantities arises from
our combination of small field of view and lowered resolution,
which limit our astrometric precision.

The calibrator star was carefully selected to present the same
V−K color as the target (Table 1). Matching V magnitudes is
important to ensure a similar AO corrections, as the wavefront
sensor is mostly sensitive at V and R. K magnitudes also need
to be matched to ensure a proper signal-to-noise ratio (S/N)
match for the quasi-static speckle subtraction provided by the
calibration. Also, to reduce flexure-induced variations as much

4 The effective size reduction degrades the resolution accordingly. The Lyot
stop corresponds to a subaperture diameter D ∼ 1.6 m, consistent with the
measured WCS FWHM of ∼ 280 mas at Ks.
5 A coronagraph’s ability to suppress the starlight is conveniently quantified
by the peak-to-peak rejection, which is the ratio of the maximum (on-axis)
intensity in the direct stellar image to that of the maximum of the
post-coronagraphic stellar residual image. This metric is especially meaningful
on sky, since it directly represents the allowable gain in integration time for
individual unsaturated exposures.

NE truncation
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Figure 1. Final calibrated Ks-band image of HD 32297. The disk is detected
from an IWA of 400 mas (∼ 45 AU) to ∼ 1.′′5 (∼ 170 AU). The NE truncation
is evident, as well as the NE–SW asymmetry. The brightness scale is linear and
expressed in ADU.

as possible, the calibration star was chosen and observed at the
same hour angle as the target star.

Our full calibration procedure for both stars began in standard
fashion with flat-fielding, the subtraction of sky background
images, and replacing bad pixels with surrounding average
values. Images with peak-to-peak stellar rejections < 20 were
rejected, in order to maintain as high a contrast as possible.
The remaining good images were recentered and added for each
star. The reference star’s image was then scaled by the target/
reference flux ratio and subtracted from that of the target star.
Next an azimuthal average of the resultant residual stellar PSF
was subtracted, followed by light median filtering (2 pixels). The
total integration times on the science and calibrator targets were
about 1500 and 1000 s, respectively. A noncoronagraphic PSF
of both stars was taken for photometric calibration purposes.

3. KS-BAND IMAGE

Our resultant calibrated Ks-band image is shown in Figure 1.
The disk is clearly detected from our IWA of ∼400 mas
(∼ 1.5λ/D, arbitrarily defined according to the FQPM trefoil
residual speckle pattern level near the center), i.e., ∼ 45 AU,
to ∼ 1.′′5 (∼ 170 AU). Our IWA is thus well inside earlier
ground-based observations (Kalas 2005). Our observation also
compares favorably to the HST image in terms of IWA and
quality (Schneider et al. 2005), although the resolution is a factor
of 3 lower due to our smaller aperture and longer wavelength.
The measured disk PA of 50◦ ± 3◦ is consistent with previous
values (Schneider et al. 2005; Fitzgerald et al. 2007; Moerchen
et al. 2007). Furthermore, the NE lobe of our disk image appears
to extend no closer to the center than ∼ 0.′′6 (65 AU), suggesting
an inner hole in the disk, consistent with inferences in Schneider
et al. (2005), Fitzgerald et al. (2007), and Moerchen et al.
(2007). Finally, a SW–NE asymmetry is clearly present in our
image, both in terms of brightness and minimum emission radius
(< 400 mas or < 45 AU for the SW lobe and ∼ 0.′′6 or ∼ 65
AU for the NE lobe).
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Figure 2. Color-flux diagram showing the disk J/Ks fractional flux ratio vs.
J-band fractional fluxes, comparing the integrated values of the lobes in the Ks
band with the J-band observations of Schneider et al. (2005). Within our error
bars, the color of both lobes is gray.

4. LOBE PHOTOMETRY

Given our limited resolution (beam size ≈ 280 mas), we
chose not to derive the surface brightness profile of the lobes,
but instead to simply integrate the flux in the two lobes (NE and
SW) in apertures centered at r ≈ 950 mas along the disk PA.
The radius of our photometry aperture (∼ 600 mas) is about 4
beam radii and was chosen to encompass the zones of highest
signal-to-noise ratio in the image. Photometry of standard AO
images is known to be difficult, but ExAO systems, such as the
WCS, should not suffer from this problem, due to very stable
Strehl ratios provided (Serabyn et al. 2007).

However, the main problem here is not Strehl ratio stabil-
ity but pointing registration onto the coronagraphic mask, and
the resultant fluctuations in the residual PSF wings between the
target and reference stars. In order to try to remove all contam-
ination from the central star, we fitted the astigmatic residuals
present in two disk quadrants (coincidently demarcated by the
FQPM quadrants here). Residual astigmatism, a temporal ef-
fect common in AO imaging, likely comes from wind-induced
anisotropy. It creates a pseudo-background “plateau” that has to
be removed from the image. To do this, a plateau component
was fitted in the direction perpendicular to the disk major axis
and removed at all radii from the IWA to the disk detection limit
at 1.′′5. This second calibration step leaves larger error bars and
yields:

1. NE Ks-band flux: 0.6 mJy ± 0.3 mJy,

2. SW Ks-band flux: 1.0 mJy ± 0.3 mJy.

Results in terms of disk fractional brightness (normalized
by the flux of the star at the corresponding wavelength) are
presented in Figure 2 and compared to the J-band data. The
integration areas are nearly identical to Schneider et al. (2005).
The tiny difference in area, which has been taken into account,
only accounts for ∼ 0.1 mJy. The fractional fluxes of both disk
lobes are perhaps slightly blue, but statistically consistent with
flat spectra, i.e., with a gray color between J and Ks.

5. DISCUSSION

HD 32297 is now a rare case of a debris disk with re-
solved observations at many wavelengths (1.3 mm, MIR, Ks
band, J band), together with R-band observations at larger
radii and various unresolved FIR spectral energy distribution
(SED) points. A summary of the observational results is as
follows: (1) an asymmetric disk at J and Ks (and R further out),
with a global J − Ks color which is close to gray, but perhaps
slightly blue, and a suggestion of an extrapolated R−J blue
color (Kalas 2005), (2) a central clearing confirmed at Ks (NE
truncation at ∼ 0.′′6 or ∼ 65 AU), (3) a symmetric disk seen at
MIR wavelengths, and (4) an asymmetric disk seen at millimeter
wavelengths (SW lobe brighter).

The disk asymmetry could be transient from a recent major
collision producing dust. However, the velocity dispersion of
such a cloud should lead it to azimuthally smear out on a few
orbital timescales. On the other hand, a long-lived asymmetry
(surviving longer than a few orbital periods, i.e., > 10,000
years) can originate in dust trapped in orbital resonance with
a massive planet. Wyatt (2006) presents models for the case
of dust parent bodies trapped in a 2:1 resonance with a giant
outer planet. He predicts that a large disk asymmetry should
be apparent in the population of the largest dust grains still
resident near the parent bodies, and in the population of the
smallest dust grains that are being expelled by radiation pressure
forces. Medium-sized grains would be removed from their
source region but not ejected, and thus could assume a more
symmetric distribution. The presence of comparable brightness
asymmetries in the millimeter and in scattered light, and the
absence of asymmetry in the thermal infrared, led Maness et al.
(2008) to suggest that this model may be directly applicable to
the case of HD 32297. In addition, they estimate that the total
mass of dust in the bright clump is ∼ 1 M⊕, one of the highest
masses ever inferred for a debris disk. For comparison, the
Fomalhaut belt dust mass is ∼ 0.02 M⊕, Vega’s is ∼ 0.01 M⊕,
and even β Pictoris’s dust mass is only ∼ 0.1 M⊕ (Holland et al.
1998). The needed planet mass predicted by Wyatt (2006) is in
the 30–300 M⊕ range. The orbital radius of the putative planet
would coincide with the inner edge of the disk (∼ 65 AU in our
data), and it would trail the trapped dust clump by 90◦ in orbital
longitude.

Our data adds to the above scenario by constraining the
properties of the NIR scattering dust. Our direct measurement of
a nearly neutral disk color supersedes the indirect arguments for
a blue color that Kalas (2005) made by extrapolating the outer
disk profile inward. From the Mie scattering theory, the neutral
color we measure implies that the minimum grain size for the
dust seen at J and Ks is ∼ 5 μm diameter (Laor & Draine 1993,
for spherical astronomical silicates), which is comparable to the
blowout grain size of ∼ 3 μm (Burns et al. 1979). However,
the MIR images of HD 32297 show a rather extended warm
ring (Moerchen et al. (2007) inferred a temperature of 186 ±
15 K) that any thermal emission model would populate with
very small grains (< 0.1 μm), too small to radiate away their
heat content effectively. In order to increase the residence time
of such small grains, Fitzgerald et al. (2007) invoked gas drag
forces (HD 32297 is surrounded by a massive gas disk; Redfield
2007), and an icy/porous composition,6 which ineffectively

6 Note that recent Spitzer IRS spectra show no significant silicate features (K.
Stapelfeldt et al. 2009, in preparation), which indicates the relative depletion of
small silicate grains in the disk, consistent with the expected radiative blowout
size.
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couple to the radiation (Burns et al. 1979). Those grains are
ruled out as a major contributor to the scattered light by the
measured NIR neutral color.

The collision timescale in the disk is of the order of 6 × 104

years (Fitzgerald et al. 2007), while the Poynting–Robertson
drag timescale for 5 μm particles is a few million years. For
such grains, the removal mechanism is inefficient and would
naturally yield a density gradient from the grain collisional
cascade source in the clump (Dohnanyi 1969) relative to the
rest of the disk. The optical depth of the clump would therefore
be much higher than the axisymmetric component of the disk,
explaining the scattered light asymmetry.

While predicting symmetric MIR emission, Wyatt’s (2006)
model did not invoke grains smaller than the blowout size as its
origin. Then, one problem remains. Why would there be very
small, warm grains only in the axisymmetric component of the
disk? If the very small grains indeed do not couple well with
the radiation and/or if gas drag prevents them from blowing
out, there would be no reason for them to be underabundant in
the clump. In the absence of a dynamical mechanism to explain
the segregation of the very small grains, another possibility is
that the very small grain population associated with the clump
is simply farther from the star, so that it is too cool to emit in
the MIR. Since the millimeter/NIR clump is seen at projected
separations comparable to that of the thermal MIR emission
structures (∼ 0.′′6), a cooler clump located farther from the
star would need to be offset radially in/out of the plane of the
sky. A 2:1 resonant clump scenario similar to that of Wyatt
(2006), i.e., a configuration wherein the disk inner edge and
dust clump are located at radii 1.3 and 1.6 times the migrating
planet semimajor axis, respectively, would be consistent with
these properties. This possibility can be tested by determining
the relative temperatures of the clump and disk, or equivalently,
the wavelength at which the transition from clumpy to smooth
structure occurs (Wyatt 2006).

Finally, while the color information does not yet show
significant differences between the two lobes, this does not
prevent the grains in the clump from having a slightly different
compositions, and therefore a somewhat different albedo/
emissivity from the bulk of the dust in the disk. Spatially
resolved spectroscopy/spectrophotometry with HST and 8+ m
class ground-based telescopes, and FIR imaging with upcoming
observatories such as Herschel and JWST, would be useful tools
to reach definitive conclusions on the origin of the symmetry
properties of this unique system. Moreover, we note that with
the clump out of the plane of the sky, and a putative planet in
a 2:1 resonance trailing the clump by 90◦, the planet could be
in a relatively more favorable location for its detection via high
contrast and high angular resolution imaging.

6. CONCLUSIONS

We present the first Ks-band image of the debris disk around
A-star HD 32297. We obtained this image using a small 1.6 m
WCS on a large telescope. In conjunction with very small IWA
coronagraphs such as the FQPM, this instrumental configura-

tion can evidently provide competitive scientific results. It has
recently shown its capability to detect faint brown dwarf com-
panions very close to host stars (Serabyn et al. 2009), and in
this Letter, we show that debris disk imaging and analysis can
also benefit from this novel use of ground-based telescopes.
Our observations have brought valuable new constraints on the
HD 32297 disk: a central clearing (NE truncation resolved at
∼ 65 AU), an ∼ 2:1 flux asymmetry in the Ks band, and a global
gray color, further filling in a picture that seems increasingly
consistent with an outward migrating planet trapping planetesi-
mals in a mean motion resonance, such as in the model of Wyatt
(2006). The results obtained here provide further motivation to
further investigate the unique HD 32297 system, which may be
a very good testbed for understanding planet/disk interactions.
Moreover, on the instrumental side, the fact that such a small but
well-corrected telescope aperture can already yield good high-
contrast images at such small angles bodes well for the future,
especially as better phase masks (Mawet et al. 2009) and larger
ExAO-corrected apertures are both possible.

This work was carried out at the Jet Propulsion Labora-
tory (JPL), California Institute of Technology (Caltech), under
contract with NASA. D.M. is supported by an appointment to
the NASA Postdoctoral Program at JPL, Caltech, administered
by Oak Ridge Associated Universities through a contract with
NASA. The data presented in this Letter are based on observa-
tions obtained at the Hale Telescope, Palomar Observatory, as
part of a continuing collaboration between Caltech, NASA/JPL,
and Cornell University.
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