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THE DEBRIS DISK AROUND HD 32297
No. 2, 2005 HD 32297 CIRCUMSTELLAR DISK L119

Fig. 1.—V43–V61 PSF-subtracted image of the HD 32297 circumstellar disk. The central circle in each panel indicates the coronagraphic hole.r p 0!.3
(a) Linear display: 0–11 mJy arcsec!2. (b) The log10 display: [!0.7] to ["1.7] mJy arcsec!2. (c) The log10 display: [!1.5] to ["1.5] mJy arcsec!2. (d) Horizontally
oriented major axis. The small gray circle indicates the size of a 0!.11 resolution element. Linear display: 0–12 mJy arcsec!2.

Fig. 2.—Radial SB profiles along NE (black) and SW (red) “halves” of the
HD 32297 disk major axis. The 1 j error bars estimate uncertainties from
background variations and do not include the ∼12% uncertainty in the absolute
calibration of the disk flux. The first resolution element beyond the obscured
(gray) region may be affected by coronagraphic hole edge effects.

the NICMOS F165M band. The F165M magnitude of HD
32297 measured from our ACQ images is 7.61 ! 0.03, in
agreement with the CALCPHOT prediction of 7.61 ! 0.05.
We then find that the fraction of 1.1 mm starlight scattered by
the disk, , for r 1 0!.3, is 0.0033 ! 0.0004.f p L /Lnir disk, nir ∗, nir
Radial surface brightness profile.—Wemeasured the surface

brightness (SB) of the disk along its major axis in both direc-
tions from the star in square apertures one resolution element
(very close to 1.5 pixels) in extent and spaced one resolution
element apart to provide independent measures in every other
sample. The measured flux densities were converted to SB
units, and the major-axis radial profiles of both “halves” of the

disk are shown in Figure 2. Our photometric measurement
uncertainties, on spatial scales of a resolution element, are dom-
inated by residuals from imperfect PSF subtractions. Because
of the disk’s ∼10" inclination, there is no significant disk flux
along, and near, the minor axis beyond the radius of the co-
ronagraphic hole. Hence, we measure 1 j background varia-
tions along three radials (six points at each radius) roughly
orthogonal to the disk centered on the minor axis (but avoiding
the diffraction spike) to estimate the measurement uncertainties
arising from subtraction residuals at equal radial distances along
the major axis. These measures are made identically to the disk
flux measures along the major axis. Beyond ∼ 2!.2, where the
read noise becomes significant, the uncertainties (Fig. 2 error
bars) grow larger as a fraction of the disk flux.
Disk asymmetries.—The SW side of the disk (at r 1 0!.3) is

brighter (3.14! 0.57 mJy) than the NE side (1.67! 0.57 mJy).
In all HD 32297 PSF-subtracted images, at both field orienta-
tions, the SW side of the disk is brighter near the star (e.g., at
r ! 0!.6 in the V43–V61 major-axis radial profile; Fig. 2). The
innermost point in the radial profiles (at 0!.35) on opposite sides
of the disk is questionable due to its close proximity to the edge
of the coronagraphic hole, and it should be viewed with caution.
This brightness asymmetry, however, extends several hundred
milliarcseconds farther out and is also seen above and below the
midplane of the disk (e.g., Fig. 1d).
The SW and NE profiles are symmetric from 0!.5 ! r ! 1!.7,

while they differ significantly at smaller and larger radii. The SB
profile (SB in units of mJy arcsec!2, r in arcseconds) of the SW
side of the disk at r 1 0!.5 is well represented by a power law:
SB(SW)p 0.455r!3.57 with a goodness of fit . Fitting2R p 0.996
a single power law to the NE side of the disk, SB(NE)p 0.45r!3.2

( ), does not do as well. By inspection, there is an2R p 0.931
obvious “break” in the NE SB profile (Fig. 2) at r p 1!.7. In this
region (1!.4 ! r ! 2!.1), the NE side SB is systematically lower
than the SW side SB. Separately fitting the regions on both sides
of the break yields SB(NE; 0!.5 ! r ! 1!.7) p 0.51r!3.7 ( 2R p

) and SB(NE; 1!.7 ! r ! 3!.4) p 0.286r!2.74 ( ).20.940 R p 0.996

7. DISCUSSION

HD 32297 joins b Pic, HR 4796A, and a Psc A as an
additional example of a scattered-light disk about an A-type
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FIG. 1.— Logarithmically scaled, final combined NICMOS coronagraphic images of the HD 32297 debris disk at F110W (1.1µm, upper left), F160W (1.6µm,
upper right), and F205W (2.05µm, lower left). In the lower right corner of the figure is a logarithmically scaled color combined image of the disk, where blue is
F110W, green is F160W, and red is F205W.
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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).

Schneider et al. 2005 
- HST 1.1 µm discovery image
- inclination 77-82°
- interaction with ISM
- NE/SW brightness asymmetries  

Debes et al. 2009
- HST 1.6 and 2.05 µm images
- modeling interaction with ISM
- surface brightness break near  
90 - 110 AU
- NE/SW asymmetries

Mawet et al. 2009
- Palomar 1.6m sub-aperture 
at 2.2 µm
- NE/SW asymmetries
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TABLE 1
Flux Densities from Ground-Based Observations

Flux density (mJy) 11.7 µm 18.3 µm

Total a 53 90
Estimated photosphericb 25 10
Excess 28 80

a We assume that photometric variations dominate the uncertainties, and we adopt conservative estimates of 10% photometric error at 11.7 µm
and 15% at 18.3 µm (see §2.1).b Photospheric flux density estimates are extrapolated from K-band photometry (Cutri et al. 2003).

Fig. 1.— 11.7 µm (left) and 18.3 µm (right) images of HD 32297. Contours are linearly spaced at 3, 6, 9, 12, and 15 times the 1-σ noise
level (mJy pixel−1) in the 11.7 µm image, and at 3, 6, and 9 times the 1-σ noise level (mJy pixel−1) in the 18.3 µm image. The 11.7 µm
and 18.3 µm images are gaussian-smoothed by 2 and 3 pixels, respectively. The circle at the upper right in each image corresponds to the
size of the FWHM of the PSF at each wavelength.Moerchen et al. 2007

- T-ReCs 11.7 and 18.3 µm
- inner cavity < 70 AU
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Fig. 1.—V43–V61 PSF-subtracted image of the HD 32297 circumstellar disk. The central circle in each panel indicates the coronagraphic hole.r p 0!.3
(a) Linear display: 0–11 mJy arcsec!2. (b) The log10 display: [!0.7] to ["1.7] mJy arcsec!2. (c) The log10 display: [!1.5] to ["1.5] mJy arcsec!2. (d) Horizontally
oriented major axis. The small gray circle indicates the size of a 0!.11 resolution element. Linear display: 0–12 mJy arcsec!2.

Fig. 2.—Radial SB profiles along NE (black) and SW (red) “halves” of the
HD 32297 disk major axis. The 1 j error bars estimate uncertainties from
background variations and do not include the ∼12% uncertainty in the absolute
calibration of the disk flux. The first resolution element beyond the obscured
(gray) region may be affected by coronagraphic hole edge effects.

the NICMOS F165M band. The F165M magnitude of HD
32297 measured from our ACQ images is 7.61 ! 0.03, in
agreement with the CALCPHOT prediction of 7.61 ! 0.05.
We then find that the fraction of 1.1 mm starlight scattered by
the disk, , for r 1 0!.3, is 0.0033 ! 0.0004.f p L /Lnir disk, nir ∗, nir
Radial surface brightness profile.—Wemeasured the surface

brightness (SB) of the disk along its major axis in both direc-
tions from the star in square apertures one resolution element
(very close to 1.5 pixels) in extent and spaced one resolution
element apart to provide independent measures in every other
sample. The measured flux densities were converted to SB
units, and the major-axis radial profiles of both “halves” of the

disk are shown in Figure 2. Our photometric measurement
uncertainties, on spatial scales of a resolution element, are dom-
inated by residuals from imperfect PSF subtractions. Because
of the disk’s ∼10" inclination, there is no significant disk flux
along, and near, the minor axis beyond the radius of the co-
ronagraphic hole. Hence, we measure 1 j background varia-
tions along three radials (six points at each radius) roughly
orthogonal to the disk centered on the minor axis (but avoiding
the diffraction spike) to estimate the measurement uncertainties
arising from subtraction residuals at equal radial distances along
the major axis. These measures are made identically to the disk
flux measures along the major axis. Beyond ∼ 2!.2, where the
read noise becomes significant, the uncertainties (Fig. 2 error
bars) grow larger as a fraction of the disk flux.
Disk asymmetries.—The SW side of the disk (at r 1 0!.3) is

brighter (3.14! 0.57 mJy) than the NE side (1.67! 0.57 mJy).
In all HD 32297 PSF-subtracted images, at both field orienta-
tions, the SW side of the disk is brighter near the star (e.g., at
r ! 0!.6 in the V43–V61 major-axis radial profile; Fig. 2). The
innermost point in the radial profiles (at 0!.35) on opposite sides
of the disk is questionable due to its close proximity to the edge
of the coronagraphic hole, and it should be viewed with caution.
This brightness asymmetry, however, extends several hundred
milliarcseconds farther out and is also seen above and below the
midplane of the disk (e.g., Fig. 1d).
The SW and NE profiles are symmetric from 0!.5 ! r ! 1!.7,

while they differ significantly at smaller and larger radii. The SB
profile (SB in units of mJy arcsec!2, r in arcseconds) of the SW
side of the disk at r 1 0!.5 is well represented by a power law:
SB(SW)p 0.455r!3.57 with a goodness of fit . Fitting2R p 0.996
a single power law to the NE side of the disk, SB(NE)p 0.45r!3.2

( ), does not do as well. By inspection, there is an2R p 0.931
obvious “break” in the NE SB profile (Fig. 2) at r p 1!.7. In this
region (1!.4 ! r ! 2!.1), the NE side SB is systematically lower
than the SW side SB. Separately fitting the regions on both sides
of the break yields SB(NE; 0!.5 ! r ! 1!.7) p 0.51r!3.7 ( 2R p

) and SB(NE; 1!.7 ! r ! 3!.4) p 0.286r!2.74 ( ).20.940 R p 0.996

7. DISCUSSION

HD 32297 joins b Pic, HR 4796A, and a Psc A as an
additional example of a scattered-light disk about an A-type
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FIG. 1.— Logarithmically scaled, final combined NICMOS coronagraphic images of the HD 32297 debris disk at F110W (1.1µm, upper left), F160W (1.6µm,
upper right), and F205W (2.05µm, lower left). In the lower right corner of the figure is a logarithmically scaled color combined image of the disk, where blue is
F110W, green is F160W, and red is F205W.
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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).

Schneider et al. 2005 
- HST 1.1 µm discovery image
- inclination 77-82°
- interaction with ISM
- NE/SW brightness asymmetries  

Debes et al. 2009
- HST 1.6 and 2.05 µm images
- modeling interaction with ISM
- surface brightness break near  
90 - 110 AU
- NE/SW asymmetries

Mawet et al. 2009
- Palomar 1.6m sub-aperture 
at 2.2 µm
- NE/SW asymmetries

Thermally-emitting dust around HD 32297 5

TABLE 1
Flux Densities from Ground-Based Observations

Flux density (mJy) 11.7 µm 18.3 µm

Total a 53 90
Estimated photosphericb 25 10
Excess 28 80

a We assume that photometric variations dominate the uncertainties, and we adopt conservative estimates of 10% photometric error at 11.7 µm
and 15% at 18.3 µm (see §2.1).b Photospheric flux density estimates are extrapolated from K-band photometry (Cutri et al. 2003).

Fig. 1.— 11.7 µm (left) and 18.3 µm (right) images of HD 32297. Contours are linearly spaced at 3, 6, 9, 12, and 15 times the 1-σ noise
level (mJy pixel−1) in the 11.7 µm image, and at 3, 6, and 9 times the 1-σ noise level (mJy pixel−1) in the 18.3 µm image. The 11.7 µm
and 18.3 µm images are gaussian-smoothed by 2 and 3 pixels, respectively. The circle at the upper right in each image corresponds to the
size of the FWHM of the PSF at each wavelength.Moerchen et al. 2007

- T-ReCs 11.7 and 18.3 µm
- inner cavity < 70 AU

interest for : 
Higher Angular Resolution 

Higher Contrast
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OBSERVING PROGRAM

Program with NACO/VLT (385. 0476) to observe several known 
debris disks at high resolution/high contrast. Objectives were to:

• probe the dust spatial distribution
• study grain properties
• search for signposts of planets

Strategy:

• coronagraph (4QPM) to attenuate the star
• differential imaging to reduce the stellar pattern

Friday, March 23, 2012
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ANGULAR DIFFERENTIAL IMAGING

Exploit the deterministic rotation of the field of view in Alt-Az telescope 
w.r.t the temporal evolution of stellar speckles
Several levels of ADI algorithms :

- cADI (Marois et al. 2006)
- rADI (Marois et al. 2006)
- LOCI (Lafrenière et al. 2007)

4

Marois et al, 2008
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ANGULAR DIFFERENTIAL IMAGING

Exploit the deterministic rotation of the field of view in Alt-Az telescope 
w.r.t the temporal evolution of stellar speckles
Several levels of ADI algorithms :

- cADI (Marois et al. 2006)
- rADI (Marois et al. 2006)
- LOCI (Lafrenière et al. 2007)

4

Marois et al, 2008

ADI algorithms differ by the 
way to build a reference PSF

Friday, March 23, 2012



Observing Planetary Systems II - Santiago, Chile

A TOOL FOR PLANET DETECTION ...
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A TOOL FOR PLANET DETECTION ...

Marois et al, 2010

Lagrange et al, 2010

Thalmann et al, 2009
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... BUT ALSO EXTENDED OBJECTS
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... BUT ALSO EXTENDED OBJECTS

HD 61005 - Buenzli et al, 2010

 Pic - Lagrange et al, 2012

2 Thalmann et al.

FIG. 1.— High-contrast images of the HR 4796 A debris disk. White plus signs mark the star’s location. The saturated central area is masked in grey. (a)
Subaru HiCIAO H-band data after reduction with simple ADI (subtraction of a median background) and median smoothing on the scale of 5 pixels (= 48mas
≈ 1λ/D). Orange dotted lines mark the mean of the spider diffraction pattern. The stretch is linear between ±3·10−5 times the stellar peak flux. (b) The same
after ADI reduction with the LOCI algorithm, using conservative settings (optimization region area of 10,000 PSF footprints). Note the “streamers” extending
radially out from the ansae (yellow arrows). Linear stretch of ±1.5 · 10−5. (c) The same with aggressive LOCI settings (300 PSF footprints) for point-source
detection. Linear scale of ±6 · 10−6. (d) HST/STIS 0.2–1.0µm image from Schneider et al. (2009, Figure 8) reprinted for comparison. These authors point
out a possible flux deficit in the southwestern quadrant of the disk (dashed green arrows). (e) Simple ADI image from (a) in logarithmic stretch [10−7, 10−3],
showcasing the streamers. Red shading indicates spider artifacts.

Here we present new ground-based near-infrared imaging
data at high spatial resolution, revealing the tapered outer
regions of the debris disk.

2. OBSERVATIONS AND DATA REDUCTION
Our observations of HR 4796 A were obtained with the

Subaru Telescope on May 24, 2011, within the SEEDS sur-
vey (Strategic Exploration of Exoplanets and Disks with
Subaru/HiCIAO, Tamura 2009). The HiCIAO instrument
(Hodapp et al. 2008) with a 20′′×20′′ field of view and a plate
scale of 9.50±0.02mas/pixel was used. The image rotator
operated in pupil-tracking mode to enable angular differential
imaging (ADI, Marois et al. 2006). A sequence of 260 images
was taken inH-band with an exposure time of 10 s, for a total
integration time of 43.3min and a total field rotation of 23◦.
Weather conditions were good (seeing 0.′′5–0.′′8 in V -band),
and the AO188 adaptive optics system (Minowa et al. 2010)
provided a FWHM of 6.5 pixels= 62mas.
The images were corrected for flatfield and field distortion

(Suzuki et al. 2010). Stellar position was estimated in each
frame by two different methods: (1) Fitting a Moffat profile
to the PSF halo, and (2) triangulating between symmetrical
pairs of static speckles. Both were consistent with an empir-
ical drift model (!ri = !r0 + !v0i + 1/2 !a0i2) plus measure-
ment noise. The difference between the two sets of centroids
showed no systematic behavior, and was consistent with in-
coherent combination of the two measurement noise sources.
We therefore used the drift model for image registration, for
an estimated centering accuracy of ∼0.3 pixels = 2.9mas in
the co-added image.
ADI combined with the LOCI algorithm (Locally Op-

timized Combination of Images, Lafrenière et al. 2007)
is currently the most successful ground-based imag-
ing technique for the detection of planets (Marois et al.
2010; Lagrange et al. 2010; Currie et al. 2011) and substel-
lar companions (Thalmann et al. 2009; Biller et al. 2010;
Janson et al. 2011). Furthermore, it has proven useful in
revealing high-contrast circumstellar disks (Thalmann et al.
2010; Buenzli et al. 2010).
We applied three implementations of the ADI technique to

our data: (I) “Simple ADI”, consisting of subtracting a me-

dian background from the entire dataset before derotating and
co-adding. This method causes the least amount of flux loss
and is therefore useful for estimating the surface brightness
profile of the disk. (II) “Aggressive LOCI”, using frame se-
lection criteria of 0.5 FWHM (minimum differential field ro-
tation between images to be used for mutual subtraction, to
limit self-subtraction of physical sources) and an optimiza-
tion region with an area of 300 PSF footprints. Althoughmost
of the disk signal is lost and negative over-subtraction effects
appear, this method achieves excellent speckle suppression
and provides the best constraints on point sources, such as
planets. (III) “Conservative LOCI”, a compromise between
the previous two methods, first described in Thalmann et al.
(2010). This method preserves more disk flux than aggressive
LOCI while achieving significantly better speckle subtraction
than simple ADI. The resulting image proves ideal for deriv-
ing geometric parameters of the inner disk edge. Due to the
dataset’s limited field rotation budget, we do not use an in-
creased frame selection criterion to conserve more disk flux,
as Thalmann et al. (2010) do. Instead, we enlarge the opti-
mization area to 10,000 PSF footprints, lowering the impact
of the disk signal on the optimization process, as first demon-
strated in Buenzli et al. (2010). Unless otherwise noted, we
use the default numerical and geometric LOCI settings as de-
fined in Table 1 and Fig. 1 of Lafrenière et al. (2007).

3. RESULTS
3.1. Imaging the debris disk

Figure 1 shows the results of applying the three ADI re-
duction methods to our data: Simple ADI in (a), conservative
LOCI in (b), and aggressive LOCI in (c). In panel (d), we
reprint the HST/STIS image by Schneider et al. (2009, Figure
8) for comparison. Starlight scattered from the disk is visible
as a strongly projected ellipse in all images, down to stellocen-
tric separations of 0.′′5 in simple ADI and 0.′′4 in LOCI. Dif-
ferential imaging clearly resolves the inner edge of the disk.
While most of the flux concentrates around this edge, each

ansa appears radially smeared out, extending a “streamer”
outwards along the major axis. Similar streamers have been
observed in deep ADI or roll subtraction images of other de-
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Since the disk does not suffer from foreshortening along its
apparent major axis, the distances along the strip are a direct
measure of physical distance. We collapse the strip into a one-
dimensional profile, plotted in Figure 3.
The intensity drops down to zero over a distance of 54mas

(≈ 8AU, 1.0 FWHM) on the West side and 81mas (≈ 11AU,
1.5 FWHM) on the East side of the gap, indicating that the
edge is sharp at or below the image resolution. The bisecting
curve between the two opposed gap edges reveals a system-
atic offset from the star’s position by 64mas (9AU) with a
standard deviation of 6mas (0.9AU). Since the star is unsat-
urated, its centering accuracy (∼0.2 pixels = 2mas) does not
contribute significantly to the uncertainty. The distance of the
gap edges from the star are 345mas = 48AU on the left side
and 447mas = 63AU on the right side at an accuracy of 9mas
(1.3AU), consistent with the 46AU radius derived from mil-
limeter interferometry by Piétu et al. (2006).
After scaling each pixel in the strip by r2 before collaps-

ing the strip, we find that the nebulosity appears at roughly
the same brightness on both sides of the gap, suggesting a
r−2 dependency of the unscaled flux levels. This is consistent
with the assumption that we are looking at reflected light from
material at varying distances r from the star.
Thus, the inner edge of the outer disk around LkCa 15 likely

features a pericenter offset comparable to those observed in
the disks of HD 142527 (Fukagawa et al. 2006) and Fomal-
haut (Kalas et al. 2005).

4. DISCUSSION
4.1. Forward scattering scenario

One possible explanation of the observed bright nebulos-
ity is forward-scattering, which is commonly invoked to ex-
plain the brightness asymmetries in disk surfaces seen in
reflected light (e.g. Weinberger et al. 1999; Fukagawa et al.
2006). Forward-scattering on large dust grains can be sev-
eral times as efficient as backward-scattering; as a result, the
near-side surface of such a disk appears brighter than the far
side. This requires the outer disk surface to be illuminated
by the star. The first of the two SED-compliant models in
Mulders et al. (2010) includes a forward-scattering disk sur-
face; furthermore, the far-side gap wall is shadowed by an
optically thick inner disk, rendering it hard to detect in di-
rect imaging (Figure 4c). Note that the size and shape of the
dust grains in the wall are not well known. This scenario is
supported by Piétu et al. (2007), whose orientation and incli-
nation values for the LkCa 15 disk suggest that the northwest
side is the near side, as well as the fact that the crescent seen
after reference PSF subtraction features a bright spot along
the minor axis.

4.2. Illuminated wall scenario
Another explanation for the nebulosity is that it represents

the inner wall of the outer disk on the far side of the star, illu-
minated by the star and viewed directly through the disk gap
(Espaillat et al. 2008, Figure 4b). The illuminated surface of
the near-side wall, on the other hand, is blocked from sight by
the bulk of the optically thick disk. Furthermore, the wall is
high enough to cast the outer surface of the disk into shadow,
suppressing a forward-scattering signature. This corresponds
to the second model by Mulders et al. (2010). The morphol-
ogy of the nebulosity favors this scenario, given that (1) there
is a sharp outer edge roughly parallel to the inner edge, (2)
the nebulosity reaches across the major axis, “embracing” the

FIG. 4.— (a) Ellipse fits to the inner and outer boundaries of the scattered
light nebulosity seen in the HiCIAO H-band LOCI image after median fil-
tering on the spatial scale of 5 pixels ≈ 1 FWHM and derotation by −29.3◦

(based on the position angle of 150.7◦ in Piétu et al. 2007). The inner (or-
ange) and outer (red) ellipses are offset from the star along the major axis by
51mas and 57mas and rotated by −4◦ and −3◦ , respectively. Their centers
are marked by orange and red plus signs, respectively, while the star’s posi-
tion is indicated by a white plus sign. The dotted lines delimit the area on
which the quantitative analysis in Figure 3 is based (offset angle −3.5◦). (b)
Sketch of the illuminated wall scenario, taken from Espaillat et al. (2008),
based solely on the SED and millimeter interferometry. The inner disk is
not to scale. The illuminated disk wall on the far side (light grey) is di-
rectly visible while the near-side wall blocks its bright side from view. (c)
H-band image of the forward scattering scenario including anisotropic scat-
tering, from the simulation presented in Mulders et al. (2010). The near-side
disk surface (top) appears bright due to efficient forward scattering, whereas
the far-side disk wall (bottom) is mostly shadowed by the inner disk (center,
not resolved), reducing the wall image to two thin parallel arcs.

star, and (3) the nebulosity is wider along the major axis than
along the minor, all of which are expected for an illuminated
tapered disk wall, but not for forward scattering on the disk
surface. Thus, we consider the illuminated wall scenario the
more likely explanation until further data become available.

4.3. Gap formation mechanism
Both scenarios presented above must invoke a disk gap to

explain the sharp inner edge of the observed nebulosity. Our
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MINIMIZATIONS RESULTSA. Boccaletti et al.: Imaging of HD32297

Table 3. Best model parameters with the global minimization.
Significance of values are indicated in brackets.

filter i (◦) αout αin r0 (AU) g
H 88 (0.50) -6 (0.40) 10 (0.50) 110 (0.57) 0.5 (0.50)
Ks 88 (0.90) -5 (0.57) 5 (0.37) 110 (0.97) 0.5 (0.53)

cell mean that they are equiprobable. The significance has to be
larger than the inverse of the number of allowed values for each
parameter. Some parameters are very well constrained like i and
r0 (significance of 0.90. and 0.97 in Ks) supporting a quite large
inclination of 88◦. The value for r0 is in very good agreement
with the slope break in the SB measured by Debes et al. (2009)
as in our measurement (see next section). Density profiles are
more difficult to constrain especially αout in H and αin in Ks.
Finally, the global minimization clearly points to a noticeable
anisotropic scattering of g = 0.5. Minimization in H and Ks
leads to the same values for i, r0 and g although the significance
is always lower in H as a result of lower data quality. The values
of αout and αin are not consistent between filters but significance
is lower and we may expect chromatic dependence for these two
parameters.

5.3. Minimization of SB slopes and spine

The global minimization approach is useful to get a global pic-
ture of the disk because it takes into account all the available
information in all the relevant pixels and try to simultaneously
adjust all the parameters of the model, assuming the disk is sym-
metrical. However, it is difficult to control precisely the intensity
of the fake disks injected into the data so we tested alternative
procedures. To refine the analysis, as a second step, we carry out
the minimization with other criteria that are less dependent on
pixel to pixel variations. Here, we set the inclination to i = 88◦
as a clear outcome of the global minimization analysis.

Starting with the Surface Brightness we proceed similarly to
section 4 to extract this quantity on both the true disk and the
fake disks. We do not minimize the full SB profile but just the
slopes in the 4 areas of interest inward and outward of 1” and in-
dependently in the NE and SW sides. We used the same regions
defined in section 4 to minimize αout and αin, so respectively
1.2-1.8” and 0.6-0.9”. Again, the minimization provides 30 sets
of parameters for each area and we searched for the highest oc-
currence. The results are shown in Table 4. This analysis con-
firms a larger index for αout in Ks but points to a lower value
in H unlike the global minimization while it is actually in bet-
ter agreement with the SB profiles of the true disk plotted in
Fig. 4. The inner density profiles are about similar than for the
global minimization, although with larger significance, and fea-
ture a steeper index in H than in Ks. Again this is in agreement
with Fig. 4 and 1 but we suspect that the larger stellar residu-
als in H have a large impact on the determination of αin. The
parameter r0 peaks at ∼ 110AU as in the global minimization
but in addition suggests a lower value in the SW (90-100AU).
It is however difficult to give a clear conclusion from this sole
measurement since the range of r0 falls unequally between the
two regions where the minimization is performed. Furthermore,
the minimization of SB slopes is not appropriate to constrain the
anisotropic scattering factor (0.00 < g < 0.75).

One last measurement was carried out to further constrain
the anisotropic scattering factor. We applied the procedure de-
scribed in section 3 to evaluate the spine of the disk as we con-

Table 4. Best model parameters with the SB minimization.
Significance of values are indicated in brackets.

filter area αout αin r0 (AU) g

H
NE in - 10 (0.47) 110 (0.67) 0.25 (0.50)
SW in - 10 (0.63) 110 (0.63) 0.25 (0.47)
NE out -4 (0.47) - 110 (0.60) 0.75 (0.60)
SW out -4 (0.53) - 100 (0.50) 0.00 (0.33)

Ks
NE in - 5 (0.43) 100 (0.37) 0.50 (0.30)
SW in - 2 (0.47) 90 (0.47) 0.50 (0.53)
NE out -6 (0.70) - 110 (0.30) 0.75 (0.70)
SW out -5 (0.40) - 100 (0.40) 0.00 (0.33)

sider it can provide a more reliable value for g. For the same
reasons as above, we expect these geometrical measurements
to be less dependent on the intensity normalization of the fake
disks. Results are reported in Table 5 where we considered the
NE and SW sides separately. Here, we did not expect significant
results for αout and αin which are related to the disk intensity
while we measure just coordinates for the spine. This is con-
firmed in Table 5 where no particular values emerge. The radius
r0 shows a difference in between the NE (110AU) and SW (80-
90AU) sides (although with a low significance in Ks) and there-
fore confirms the former suspicion from the SB minimization.
Debes et al. (2009) also noted such a NE/SW asymmetry but in
the opposite direction. However, they used directly the indica-
tion from the SB without modeling. As the disk is seen almost
edge-on, this asymmetry could be related to an offset of the cen-
tral cavity as in many other debris disks (Boccaletti et al. 2003;
Kalas et al. 2005; Thalmann et al. 2011; Lagrange et al. 2012)
and then interpreted as a signpost of planet which is sculpt-
ing the disk. The relation between this potential offset and the
anisotropic scattering remains to be explored. As for the factor
g, the Ks band favors one single value of 0.25, while it is larger
in H. We note that the largest value of the anisotropic scattering
factor (g = 0.75) is actually unrealistic according to our images
since it would make the disk brighter than the stellar residuals
in the zone r < 0.65”. As we exclude this region dominated by
the starlight in the minimization process some large values may
come out. It is surprising that the spine minimization yields a
different value for g than the global minimization (0.25 instead
of 0.50) while it remains symmetrical and still appears of the
same order of significance.

Table 5. Best model parameters with the spine minimization.
Significance of values are indicated in brackets.

filter area αout αin r0 (AU) g

H NE - 4, -5, -6 (0,33) 10 (0,53) 110 (0,67) 0.5 (0,50)
SW - 6 (0,73) 5 (0,37) 80 (0,43) 0.75 (0,70)

Ks NE - 4, -5, -6 (0,33) 5 (0,40) 110 (0,30) 0.25 (0,47)
SW - 4 (0,57) 2 (0,53) 90 (0,37) 0.25 (0,67)

5.4. Discussion

This last result clearly shows the limits of the minimization in the
case of our data. The disk of HD32297 being close to edge-on,
the dominant parameter is the inclination which can be easily
measured. Then, r0 and g are derived with quite high signifi-
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Table 3. Best model parameters with the global minimization.
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r0 (significance of 0.90. and 0.97 in Ks) supporting a quite large
inclination of 88◦. The value for r0 is in very good agreement
with the slope break in the SB measured by Debes et al. (2009)
as in our measurement (see next section). Density profiles are
more difficult to constrain especially αout in H and αin in Ks.
Finally, the global minimization clearly points to a noticeable
anisotropic scattering of g = 0.5. Minimization in H and Ks
leads to the same values for i, r0 and g although the significance
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of αout and αin are not consistent between filters but significance
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parameters.
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in H unlike the global minimization while it is actually in bet-
ter agreement with the SB profiles of the true disk plotted in
Fig. 4. The inner density profiles are about similar than for the
global minimization, although with larger significance, and fea-
ture a steeper index in H than in Ks. Again this is in agreement
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disks. Results are reported in Table 5 where we considered the
NE and SW sides separately. Here, we did not expect significant
results for αout and αin which are related to the disk intensity
while we measure just coordinates for the spine. This is con-
firmed in Table 5 where no particular values emerge. The radius
r0 shows a difference in between the NE (110AU) and SW (80-
90AU) sides (although with a low significance in Ks) and there-
fore confirms the former suspicion from the SB minimization.
Debes et al. (2009) also noted such a NE/SW asymmetry but in
the opposite direction. However, they used directly the indica-
tion from the SB without modeling. As the disk is seen almost
edge-on, this asymmetry could be related to an offset of the cen-
tral cavity as in many other debris disks (Boccaletti et al. 2003;
Kalas et al. 2005; Thalmann et al. 2011; Lagrange et al. 2012)
and then interpreted as a signpost of planet which is sculpt-
ing the disk. The relation between this potential offset and the
anisotropic scattering remains to be explored. As for the factor
g, the Ks band favors one single value of 0.25, while it is larger
in H. We note that the largest value of the anisotropic scattering
factor (g = 0.75) is actually unrealistic according to our images
since it would make the disk brighter than the stellar residuals
in the zone r < 0.65”. As we exclude this region dominated by
the starlight in the minimization process some large values may
come out. It is surprising that the spine minimization yields a
different value for g than the global minimization (0.25 instead
of 0.50) while it remains symmetrical and still appears of the
same order of significance.

Table 5. Best model parameters with the spine minimization.
Significance of values are indicated in brackets.

filter area αout αin r0 (AU) g

H NE - 4, -5, -6 (0,33) 10 (0,53) 110 (0,67) 0.5 (0,50)
SW - 6 (0,73) 5 (0,37) 80 (0,43) 0.75 (0,70)

Ks NE - 4, -5, -6 (0,33) 5 (0,40) 110 (0,30) 0.25 (0,47)
SW - 4 (0,57) 2 (0,53) 90 (0,37) 0.25 (0,67)

5.4. Discussion

This last result clearly shows the limits of the minimization in the
case of our data. The disk of HD32297 being close to edge-on,
the dominant parameter is the inclination which can be easily
measured. Then, r0 and g are derived with quite high signifi-

7

A. Boccaletti et al.: Imaging of HD32297

Table 3. Best model parameters with the global minimization.
Significance of values are indicated in brackets.

filter i (◦) αout αin r0 (AU) g
H 88 (0.50) -6 (0.40) 10 (0.50) 110 (0.57) 0.5 (0.50)
Ks 88 (0.90) -5 (0.57) 5 (0.37) 110 (0.97) 0.5 (0.53)

cell mean that they are equiprobable. The significance has to be
larger than the inverse of the number of allowed values for each
parameter. Some parameters are very well constrained like i and
r0 (significance of 0.90. and 0.97 in Ks) supporting a quite large
inclination of 88◦. The value for r0 is in very good agreement
with the slope break in the SB measured by Debes et al. (2009)
as in our measurement (see next section). Density profiles are
more difficult to constrain especially αout in H and αin in Ks.
Finally, the global minimization clearly points to a noticeable
anisotropic scattering of g = 0.5. Minimization in H and Ks
leads to the same values for i, r0 and g although the significance
is always lower in H as a result of lower data quality. The values
of αout and αin are not consistent between filters but significance
is lower and we may expect chromatic dependence for these two
parameters.

5.3. Minimization of SB slopes and spine

The global minimization approach is useful to get a global pic-
ture of the disk because it takes into account all the available
information in all the relevant pixels and try to simultaneously
adjust all the parameters of the model, assuming the disk is sym-
metrical. However, it is difficult to control precisely the intensity
of the fake disks injected into the data so we tested alternative
procedures. To refine the analysis, as a second step, we carry out
the minimization with other criteria that are less dependent on
pixel to pixel variations. Here, we set the inclination to i = 88◦
as a clear outcome of the global minimization analysis.

Starting with the Surface Brightness we proceed similarly to
section 4 to extract this quantity on both the true disk and the
fake disks. We do not minimize the full SB profile but just the
slopes in the 4 areas of interest inward and outward of 1” and in-
dependently in the NE and SW sides. We used the same regions
defined in section 4 to minimize αout and αin, so respectively
1.2-1.8” and 0.6-0.9”. Again, the minimization provides 30 sets
of parameters for each area and we searched for the highest oc-
currence. The results are shown in Table 4. This analysis con-
firms a larger index for αout in Ks but points to a lower value
in H unlike the global minimization while it is actually in bet-
ter agreement with the SB profiles of the true disk plotted in
Fig. 4. The inner density profiles are about similar than for the
global minimization, although with larger significance, and fea-
ture a steeper index in H than in Ks. Again this is in agreement
with Fig. 4 and 1 but we suspect that the larger stellar residu-
als in H have a large impact on the determination of αin. The
parameter r0 peaks at ∼ 110AU as in the global minimization
but in addition suggests a lower value in the SW (90-100AU).
It is however difficult to give a clear conclusion from this sole
measurement since the range of r0 falls unequally between the
two regions where the minimization is performed. Furthermore,
the minimization of SB slopes is not appropriate to constrain the
anisotropic scattering factor (0.00 < g < 0.75).

One last measurement was carried out to further constrain
the anisotropic scattering factor. We applied the procedure de-
scribed in section 3 to evaluate the spine of the disk as we con-

Table 4. Best model parameters with the SB minimization.
Significance of values are indicated in brackets.

filter area αout αin r0 (AU) g

H
NE in - 10 (0.47) 110 (0.67) 0.25 (0.50)
SW in - 10 (0.63) 110 (0.63) 0.25 (0.47)
NE out -4 (0.47) - 110 (0.60) 0.75 (0.60)
SW out -4 (0.53) - 100 (0.50) 0.00 (0.33)

Ks
NE in - 5 (0.43) 100 (0.37) 0.50 (0.30)
SW in - 2 (0.47) 90 (0.47) 0.50 (0.53)
NE out -6 (0.70) - 110 (0.30) 0.75 (0.70)
SW out -5 (0.40) - 100 (0.40) 0.00 (0.33)

sider it can provide a more reliable value for g. For the same
reasons as above, we expect these geometrical measurements
to be less dependent on the intensity normalization of the fake
disks. Results are reported in Table 5 where we considered the
NE and SW sides separately. Here, we did not expect significant
results for αout and αin which are related to the disk intensity
while we measure just coordinates for the spine. This is con-
firmed in Table 5 where no particular values emerge. The radius
r0 shows a difference in between the NE (110AU) and SW (80-
90AU) sides (although with a low significance in Ks) and there-
fore confirms the former suspicion from the SB minimization.
Debes et al. (2009) also noted such a NE/SW asymmetry but in
the opposite direction. However, they used directly the indica-
tion from the SB without modeling. As the disk is seen almost
edge-on, this asymmetry could be related to an offset of the cen-
tral cavity as in many other debris disks (Boccaletti et al. 2003;
Kalas et al. 2005; Thalmann et al. 2011; Lagrange et al. 2012)
and then interpreted as a signpost of planet which is sculpt-
ing the disk. The relation between this potential offset and the
anisotropic scattering remains to be explored. As for the factor
g, the Ks band favors one single value of 0.25, while it is larger
in H. We note that the largest value of the anisotropic scattering
factor (g = 0.75) is actually unrealistic according to our images
since it would make the disk brighter than the stellar residuals
in the zone r < 0.65”. As we exclude this region dominated by
the starlight in the minimization process some large values may
come out. It is surprising that the spine minimization yields a
different value for g than the global minimization (0.25 instead
of 0.50) while it remains symmetrical and still appears of the
same order of significance.

Table 5. Best model parameters with the spine minimization.
Significance of values are indicated in brackets.

filter area αout αin r0 (AU) g

H NE - 4, -5, -6 (0,33) 10 (0,53) 110 (0,67) 0.5 (0,50)
SW - 6 (0,73) 5 (0,37) 80 (0,43) 0.75 (0,70)

Ks NE - 4, -5, -6 (0,33) 5 (0,40) 110 (0,30) 0.25 (0,47)
SW - 4 (0,57) 2 (0,53) 90 (0,37) 0.25 (0,67)

5.4. Discussion

This last result clearly shows the limits of the minimization in the
case of our data. The disk of HD32297 being close to edge-on,
the dominant parameter is the inclination which can be easily
measured. Then, r0 and g are derived with quite high signifi-
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Global (pixel-to-pixel) : 
- good minimization but 
no NE/SW information

Surface brightness (indices): 
- g, αin not well constrained
- confirm value of r0

Spine : 
- not relevant for αin and αout

- asymmetry for r0
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BEST MODELS

i = 88° : more inclined than Schneider et al. 2005, role of ISM interaction in HST images
r0 = 110 AU : compatible with Debes et al. 2009 and possibly asymmetrical
αout = -5 : compatible with grains blow out by radiation pressure
αin = 2 : not well constrained but compatible with small dust depletion as in Moerchen 
et al. 2007
g = 0.5 : deviation to the midplane is a sign of anisotropy 
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LIMITS OF DETECTION

A. Boccaletti et al.: Imaging of HD32297

responding to r0). In H, the attenuation can be as large as ∼1
mag/arcsec2 at the same radius.
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Fig. 7. Surface Brightness expressed in mag/arcsec2 as measured
for the model with parameters i = 88◦, r0 = 110 AU, αout = −4,
αin = 10, g = 0.50 (top), corresponding to the H band and for
the parameters i = 88◦, r0 = 110 AU, αout = −5, αin = 2, g =
0.50, corresponding to the K band. Red lines respectively blue
lines stand for the NE side respectively the SW side. Dotted lines
show the dispersion at 1 σ. Dashed lines correspond to the fitted
power law profile.

7. Limit of detection to point sources
Our data feature the highest contrast ever reported for HD32297
hence suitable to derive limit of detection of point sources. In
this particular case, it is relevant to measure the contrast along
the midplane as the orbits of hypothetical planets will be likely
aligned with the disk plane. For each image in Fig. 1 we cal-
culated the standard deviation perpendicularly to the midplane
at ± 0.15” (to isolate the spine but we check that the result do
not strongly depends on that windowing) and we extended to
all radii to produce a contrast curve. The photometric biases in-
troduced by the three algorithms were calibrated with nine fake
planets located at specific locations (from 0.25” to 5” and 90◦
from the midplane) from which we interpolated an attenuation
profile used to correct for the contrast curves. The 5σ contrast
curves are presented in Fig. 8. As it is measured in the disk mid-

Fig. 8. Detection limit to point sources at 5σ for cADI (black),
rADI (red) and LOCI (blue). The expected intensity of some
planetary objects from the BT-SETTL model are shown for an
age of 30 Myr.

plane instead of the background noise, the limit of detection is
similar for the three algorithms.We plot also the level of contrast
for three planet masses: 6, 10 and 20 MJupiter assuming an age
of 30 Myr (Kalas 2005) and considering the BT-SETTL mod-
els from Allard et al. (2011). However, we note that the age of
HD32297 is not very well determined. We can definitely reject
the presence of brown dwarves at separations larger ∼50AU.
Due to the distance of the star (113 pc) it is impossible to put
any constraints on planetary mass objects at closer separations.
At 110AU, the distance of the inner ring, the detection limit
reaches ∼10MJupiter. Assuming the inner cavity is sculpted by
a planet and following the approach presented in Lagrange et al.
(2012) we can estimate the position of that hypothetical planet.
According toWisdom (1980) the distance of the planet to the rim
of the ring (δa) is related to the planet/star mass ratio (Mp/Ms)
with the relation:

δa/a = 1.3 × (Mp/Ms)2/7 (3)

where a is the semi-major axis. So a+δa is the distance of the in-
ner rim which is lower than r0. We calculated Mp for several as-
sumptions on a+δa (90, 100, 110AU) and takingMs = 2.09M%.
We interpolated these masses on the BT-SETTL model, hence
converted into absolute magnitudes and into contrasts. Smaller
values of a+δawould lead to unrealistic masses in the stellar do-
main. The dotted lines in Fig. 8 show the combination of planet
masses and separations that are able to produce an inner ring at
110AU. The comparison between dynamical constraints (dotted
lines) and detection limits (solid lines) indicates a possible range
of separations and masses for the planet: a > 65 ∼ 85AU and
Mp <12 MJupiter. We stress that this estimation is only valid for a
planet at the quadrature (projected separation = physical separa-
tion). However, given the steepness of the dynamical constraints,
if a planet produces the ring it is necessarily close to the rim or
it would have been massive and hence detected.

8. Summary & conclusions
We presented high contrast images of the debris disk around
HD32297 obtained with NACO at the VLT in the near IR H
and Ks bands. To improve the attenuation of the starlight and the
speckle rejection we combined phase mask coronagraphy and
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Exclude a very massive 
planet / BD within the cavity

Dynamical constraints 
+ limits of detection : 

if a planet is responsible for the 
cavity it is located at 65-85 AU

and its mass is < 12 MJupiter

Assumptions: Age = 30 Myr,  r0 = 110 AU
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SUMMARY

demonstrate the capability of NACO + Corono + ADI to recover the spatial 
distribution of dust in debris disks. 

Images complement the results of HST and mid IR data.  

ADI is powerful for detection but produces biases. 

using modeling and fake disks is one performant solution to un-bias ADI 
and retrieve the actual morphology of the disk.

Results are promising for further observations of debris disks with NACO 
and in the context of SPHERE.
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