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Fig. 2. Radial profile along the disk position angle for the ring (left) and
for the arc (right), extracted from the H2H3, and YJ PCA images and
normalized to the median emission of the east side from 15 to 40 au.
The residuals between the East and West disk profiles are shown at the
bottom. The normalization is di�erent for the right and left panels. The
dot-dashed line corresponds to the cut of Fig. 1.

An additional arc-like structure (“Arc” in Fig. 1) is detected
at 40 mas south of the main ring. It extends visually up to
650 mas on the west side (70 au). This arc structure shows a
strong flux asymmetry compared to the ring (Fig. 2). It is also
retrieved at the same position into the IFS and IRDIS image for
both TLOCI and PCA reductions. As for the ring, we are confi-
dent this feature is real and not a residual from the stellar halo.
In the following section, we attempt a first characterization of
the observed structures to better understand their nature. A more
detailed model will be produced in a forthcoming study.

3.1. Model

We injected scattered light disk models into the IRDIS data
to interpret the observed features. The disk models were gen-
erated using the GRaTeR code (Augereau et al. 1999). GRaTeR
considers a power-law for the radial distribution of the dust of
index �in > 0 and �out < 0 inward and outward of a refer-
ence radius r0(�) respectively. The disk model is rotated to the
angles of the initial frames, convolved with the measured PSF,
and then subtracted from the data. The resulting images are re-
reduced using the PCA algorithm used for the data reduction to
obtain a disc-subtracted image. This step is repeated iteratively
by varying the free parameters of the disk model until a reduced
�2 computed in the part of the model-subtracted image in a zone
covering the location of the disk on the averaged H2+H3 images,
is minimized.

We assumed a gray color for the disk between H2 and H3. To
limit the parameter space, we adopted a distribution of optically
thin dust with constant e�ective scattering cross-section.

3.2. Inner ring

To model the inner ring, we fixed the inner and outer slopes
to �in = 10 and �out = �5 to mimic sharp edges. We as-
sumed a circular ring, with anisotropic scattering parametrized
by a Henyey-Greenstein parameter g. Therefore, the model has
five free parameters (semi-major axis r0, position angle PA,

Table 2. Morphology of the inner belt.

PA (�) r0 (au) itilt (�) g �2
region 1

�93 � 1 58:6 � 3 80 � 1 0:82 � 0:02 2.6

Table 3. Results of the modeling of the belt and arc.

Model �out r0 (au) flux ratio �2
region 2

Two belts –8+4
�8 130 � 8 0:08 � 0:03 3.5

Belt+halo �1:3+0:6
�0:8 n.a. 0.66 � 0.40 3.8

inclination itilt, g, and the flux). The �2 (�2
region 1) is computed

in a region encompassing only the inner belt (see Appendix A).
The parameters of the model of best fit are reported in Table 2
and details on the minimization are given in Appendix A. The
initial PCA-reduced image, best model and PCA-reduced image
after best model subtraction are shown in Fig. 3.

The “arc” structure is still present in the residual image
(Fig. 3), thus indicating that it is not a product of self-subtraction
e�ects from the ring. We compare two possible models of that
structure in the following section.

3.3. Model of the arc

We considered the best model of the inner ring (Sect. 3.2) and
modeled the arc with a second, outer belt. We assumed the same
inclination, position angle and g parameter as for the inner belt.
The outer slope �out, the radius and the flux ratio with respect to
the inner belt are left as free parameters. The �2 (�2

region 2) is now
computed on a region encompassing the pixels where the ring
and the arc are detected (Appendix A).

As an alternative, we investigated whether a narrow belt and
a smooth disk halo could reproduce the ring and the arc. We
did so by analogy with HR 8799 where such a halo was pro-
posed (Su et al. 2009). We used for the ring the best fit found
in Sect. 3.2 and added a smooth halo modeled by an additional
disk of outer slope �out,halo < �out and with a flux scaling factor
lower than that of the narrow belt. In total, there are three free
parameters: �out,halo, the narrow belt flux, and the halo flux.

The best fit parameters are given in Table 3 and the resid-
uals after subtraction of the two models are shown in Fig. 4.
The residuals are slightly higher for the case of the ring+halo
model. The scenario including two belts of debris is favored by
the present data.

4. Concluding remarks

The disk around HIP 67497 has an infrared luminosity (IL) in
the same range as the disks already resolved around the Sco-
Cen A-F type stars HD 111520, HIP 79977, HD 106906, and
HD 115600 (LIR=L� � 10�3�10�4). This could explain why we
were able to resolve it. For HD 106906, and HD 115600, C14
finds outer belts at shorter separations than observed. In the case
of HIP 67497, the second belt corresponds roughly to the loca-
tion of the coldest belt found by C14, but the flux ratio between
the two belt models found in Sect. 3.3 is of the same order as the
ratio of the IL of the belts found by C14 (7.85).

HST/STIS images of HIP 67497 show extended emission
at large scales (Padgett & Stapelfeldt 2016), which we compare
to the SPHERE images in Fig. 5. The inner structures (�300)
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� !
Figure 2.  Left: PCA image of the disk. Middle: Residuals after subtraction of the best single ring model, with 
the same linear color scale as the left image. Right: best single ring model (unconvolved with the SPHERE PSF) 
in a log scale to show the fainter backward side of the disk.  This model only tries to reproduce the inner ring 
and therefore the arc described in Fig. 1 is still clearly visible in the residuals.  

!

!  
Figure 3: Left panels: best model of the double ring (top) and residuals after subtraction (bottom) . Right panels: 
best model of a single ring with a smooth halo (top) and residuals after subtraction. The 2 bottom panels have 
the same linear colour scale (also identical as that of Fig.  3) while the models have a logarithmic colour scale. 

!
- I strongly recommend adding more discussion and interpretation related to the observed 
structures. What can be the origin of a single ring vs. ring+arc? Why if there is an external belt, 
only one part of the belt is observed in form of an arc? I imagine that the authors are concerned 
about the page limit, but I would suggest moving the section of detected point sources and limits 
to an appendix and increase the discussion part, if the authors desire to keep the manuscript as a 
letter. It would be interesting also to compare the results with the structures resolved in other 
debris disks (which are listed for instance in the conclusion of the abstract). As I mentioned 
before, a discussion about the possible relation with the observed candidate companions 
(potential disk truncation and sculpting the observed structures) can be very suitable for a 
discussion. !!
You can discuss the presence of gas that can lead to rings as shown by Lyra and Kuchner. ALMA 
constraints can constrain such a scenario. Alternatively a planet might have carved a gap, or a 
resonance might have removed particles from un unstable configuration as is the case in the 
Saturn rings.!!
Minor comments: !!
-Conclusion in the abstract: it does not have meaningful information. It reads more like a general 
remark than a conclusion of the analysis done for the paper. !!

Fig. 3. Results of the forward modeling for the case of a single belt. Left: PCA image of the disk. Middle: Residuals after subtraction of the best
single ring model, with the same linear color scale as the left image. Right: best single ring model (unconvolved with the SPHERE PSF) in a log
scale to show the fainter backward side of the disk.

Fig. 4. Results of the forward modeling for the case of two belts (left
panels, reduced �2 = 3:5) and a narrow-ring laid over a smooth halo
(right, reduced �2 = 3:8). The models are shown on top and the post-
ADI residual images at the bottom.

Fig. 5. Sketch showing the HST/STIS and the SPHERE images of the
debris disk around HIP 67497.

seen with HST have an orientation compatible with the belt
and the arc of the SPHERE images. Another asymmetric fea-
ture is seen on the east side up to 8 arcsec, but can not be
easily related to the structures seen with SPHERE. Di�erent
asymmetries at di�erent scales have already been noticed for
HD 106906 (Kalas et al. 2015) and HD 32297 (Esposito et al.
2014; Schneider et al. 2014) for example. One candidate com-
panion (#1, see Appendix B) could lie within the structures re-
vealed by STIS and the arc seen with SPHERE. The present
STIS data are unfortunately a�ected by blind zones caused by
the position of the coronagraphic bars of STIS (only two roll
angles).

Several options exist to explain the morphology of the disk
of HIP 67497. The observed ring-like structures may be caused
by dust-gas interactions (Lyra & Kuchner 2013). Unfortunately,
the gas content of the disk remains unknown. Alternately, plan-
ets with di�erent individual eccentricities and semi-major axes
(Lee & Chiang 2016) may also provide an explanation for the

double-ring structure. Our observations are sensitive to 1.5 to
15 MJup in-between the ring and the arc when accounting for
the disk inclination (Fig. B.1). We explore in Appendix C the
case of one, two, or three perturbers on circular orbit, or one and
two planets on eccentric orbits using numerical simulations. The
predicted masses can reach �21 MJup for the case of a single
planet. But the mass estimate of the perturber(s) is sensitive to
the eccentricity of the orbit(s). New observations with STIS and
SPHERE are required to reveal the full morphology of the disk,
improve the detection performances, and to clarify the nature of
the CCs.
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Fig. A.1. Conservative S/N map showing the regions used to compute
the chi square.
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Fig. A.2. Minimization of the free parameters of the single belt model.

Appendix A: Details of the model-fitting

We report in Fig. A.1 the zones used to compute the �2 when
comparing the disk model to the data. The �2 for the single belt
modeling is computed in the region between the plain green el-
lipse and the dashed green ellipse. It contains 1041 pixels, or
118 resolution elements. For the case of the model of the outer
ring, the �2 is computed in the region between the plain green
ellipse and the black ellipse. It contains 3279 pixels, or 390 res-
olution elements.

Figure A.2 shows the �2 minimization for each of the five
free parameters of the single ring model (Sect. 3.2). Figure A.3
shows the �2 minimization for the free parameters of the models
with two belts, or one belt and a halo (Sect. 3.3). The 1� �2 levels
used to estimate the error bars on each parameters are reported
in red.

Appendix B: Detected point sources and limits

We detect ten candidate companions (CC) at large separations
in the IRDIS H2 and H3 images. Their astrometry and predicted
mass, assuming they are bound, are reported in Table B.1. All
those point sources lie outside of the field-of-view of the IFS.
None of them are aligned with the disk’s position angle.

The placement of the candidates in color-magnitude dia-
grams can help to determine if they have both the luminosity and
colors typical of cold substellar companions, or if they are in fact
background objects. Such diagrams have been created for the

Fig. A.3. Minimization of the free parameters for the model of a single
belt and a halo (left column) and of the model with two belts (right
column).
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Fig. B.1. Detection limits (5�) for the IFS (spectral PCA) and IRDIS
(TLOCI) converted to mass. The candidate companions are reported in
red. Top: full separation range. Bottom: zoom at inner working angles.

IRDIS filters (see a description in Mesa et al. 2016). We show
the placement of the CCs of HIP 67497 in Fig. B.2. The CCs #2,
6, and 9 have the luminosities typical of T dwarfs but the colors
of MK dwarfs, the most common contaminants. This indicates
that these CCs are likely to be background objects. All the re-
maining CCs, except for the CC #1 and 2, are retrieved in the
HST/STIS (optical) images of Padgett & Stapelfeldt (2016) and
are therefore likely background stars.

We estimated the detection limits of the IFS via the injec-
tion of fake companions with flat spectra into the datacubes and
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Fig. B.2. Placement of the candidate companions from Table B.1 into
color-magnitude diagrams.

Table B.1. Photometry and astrometry of point sources.

# Band Contrast PA Sep MPred
(�) (mas) (MJup)

1 H2 13.33 � 0.09 185.5 � 0.3 1092 � 6 2 � 1
H3 13.71 � 0.13 185.3 � 0.4 1088 � 8 2 � 1

2 H2 14.62 � 0.12 71.9 � 0.1 4258 � 7 1 � 1
H3 14.42 � 0.13 71.9 � 0.1 4264 � 7 1 � 1

3 H2 13.24 � 0.08 293.3 � 0.1 3996 � 3 2 � 1
H3 13.10 � 0.07 293.3 � 0.1 3998 � 3 2 � 1

4 H2 10.21 � 0.07 100.4 � 0.1 5626 � 2 7 � 2
H3 10.12 � 0.06 100.4 � 0.1 5628 � 2 7 � 2

5 H2 11.20 � 0.07 155.8 � 0.1 6398 � 2 4 � 1
H3 11.13 � 0.07 155.8 � 0.1 6400 � 3 4 � 1

6 H2 14.58 � 0.16 279.9 � 0.1 5721 � 6 1 � 1
H3 14.12 � 0.12 280.0 � 0.1 5724 � 7 1 � 1

7 H2 12.13 � 0.07 285.6 � 0.1 6462 � 3 3 � 1
H3 12.05 � 0.08 285.7 � 0.1 6458 � 3 3 � 1

8 H2 11.58 � 0.07 283.7 � 0.1 6444 � 3 4 � 1
H3 11.48 � 0.07 283.7 � 0.1 6439 � 3 4 � 1

9 H2 13.92 � 0.09 351.8 � 0.1 5376 � 4 2 � 1
H3 13.87 � 0.09 351.8 � 0.1 5375 � 5 2 � 1

10 H2 13.32 � 0.09 342.6 � 0.1 6539 � 5 2 � 1
H3 13.12 � 0.08 342.6 � 0.1 6541 � 4 2 � 1

Notes. The predicted mass if bound to the star is reported in the last
column.

used the COND evolutionary tracks to convert the derived con-
trasts to masses (Bara�e et al. 2003). The IRDIS detection limits
were estimated from the TLOCI coe�cients and the local noise
level. We report those limits in Fig. B.1. The data are sensitive
to planetary-mass companions down to 15 au.

Appendix C: Putative perturbers

We investigate the presence of one, two and three giant planets as
responsible for the gap between the two possible belts resolved
around HIP 67497 using numerical simulations based on pub-
lished analytical formulae. A detailed description will be made
in Lazzoni et al. (in prep.).

If we make the assumption that one planet on a circular orbit
only is responsible for the gap, we find that this planet should
have a mass of 20.6 MJup and semi-major axis a = 90:5 au fol-
lowing Morrison & Malhotra (2015). For the case of an eccentric
planet, we used the expressions for the half-width of the chaotic
zone �a found by Wisdom (1980; for planet eccentricity �0.3)
and Mustill & Wyatt (2012; for eccentricity >0.3) as a basis:

�a = 1:3 � (Mp=MStar)2=7 � ap; (C.1)

�a = 1:8 � (Mp=MStar)1=5 � e1=5 � ap; (C.2)

with Mp the planet mass, Mstar the primary star mass, and e the
eccentricity of the disk. In our analysis, we consider the planet
to arrive at periastron in the nearest point to the inner belt and at
apoastron in the nearest point to the outer one. We then substitute
in the previous expressions for �a, the value of the semi-major
axis with the positions of periastron and apoastron in turn. In that
case, we predict that planets with low eccentricities (e = 0:13)
can have masses below our detection threshold.

We also investigated the case of two or three equal-mass
planets on circular orbits. We considered planets as near as pos-
sible to each other (maximum packing, Gladman 1993) in order
to have a stable system but, at the same time, to obtain com-
pletely chaotic regions between the planets such that the disk
material could not survive in it. For two planets on circular or-
bits, we followed the results of Marzari (2014) and found that
2.7 MJup equal-mass perturbers with semi-major axes of 73 and
105 au could clear the gap. For the case of a three planet sys-
tem with circular orbits, the relations of Marzari (2014) give
perturber masses of 0.14 MJup and semi-major axis of 64.4, 87.5,
and 118.7 au. We considered a last configuration with two equal-
mass planets on eccentric orbits, supposing again the maximum
packing condition, and following the Eqs. (C.1) and (C.2). We
find that low masses (0.1�0.4 MJup) with quite small eccentrici-
ties are needed to dig the entire gap.

We recall that multiple assumptions are made here (equal
mass pertubers, maximum packing). Therefore, we believe that
a more in-depth dynamical analysis of this system is required
to understand the morphology of the disk (N-body simulations;
beyond the scope of this letter).
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