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• 35 pc

• 40 - 120 Myr

• Argus 
member?
(Desidera et 
al. 2011)
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ISM Interaction?

• blue colors → small grains

• interaction with cold, dense 
cloud?

• stripping of bound grains

• deflection of unbound 
grains

• Limit on Na I absorption 
below that expected for 
CNM cloud column density
(Maness et al. 2009)
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Figure 7. Comparison between an F110W image of HD 15117’s disk from
Debes et al. (2008b) and a model of a disk interacting with a cloud of ISM gas
with the parameters mentioned in Section 4.1.2.
(A color version of this figure is available in the online journal.)

P.A. of 279!. The transverse velocity vector of HD 15115 on the
sky is at roughly the same P.A. as the disk. If we again assume
a cloud with velocity of 14 km s"1 on the sky, the minimum
and maximum possible relative transverse velocity is between
7 and 35 km s"1 if the cloud’s velocity vector is parallel or
antiparallel to HD 15115’s proper motion. The morphology of
the disk is consistent with the midplane plowing headlong into
an ISM flow.

We assumed that HD 15115 had a stellar mass of 1.5 M# and
that grains were launched from 35 AU, the rough inner radius of
HD 15115’s disk as inferred from its IR excess (Zuckerman &
Song 2004; Williams & Andrews 2006). Experimenting with
different models showed that Dg = 1.3 $ 10"18 cm"1 and
a relative velocity vector with equal components along the
midplane and along the observer’s line of sight with a magnitude
of 30 km s"1 best matched the observed data.

Figure 7 shows a comparison of the F110W image of
HD 15115 with our disk model on the same size scale. The
eastern lobe (left side of Figure 7) is contaminated by a strong
residual that points roughly northeast in the figure (see Debes
et al. 2008a). Otherwise, the figure shows that the morphology
of the model matches the observation of HD 15115 showing a
significant truncation of one lobe of the disk. Additionally, the
figure shows that our models predict that the FWHM of the disk
midplane should be wider on the truncated side. This aspect
of the disk morphology is not significantly probed by current
observations (Debes et al. 2008a). Another proposed scenario
for this morphology is the close flyby of HD 15115 by another
star (Kalas et al. 2007). However, no definitive candidates for a
flyby have currently been detected (Debes et al. 2008a).

4.1.3. An ISM Gas Interaction Model for HD 61005

The disk observed around HD 61005, the “Moth,” shows a
peculiar disk morphology reminiscent of material being pushed
up out of the disk midplane (H07). This shape might indicate
disk interaction with the gas component of the ISM. The star
itself is a late G8 dwarf at a distance of 34 pc, and H07 found
that the surface brightness of the dust is consistent with dust
grains roughly the size of the blow-out radius, 0.3 µm. H07 also
determined from HD 61005’s disk SED that the grains originate
from radii %10 AU from the star.

The proper motion of HD 61005 is "56.09 mas in R.A., and
74.53 mas in declination (van Leeuwen 2007). If we rotate these
velocities to a frame where the x-axis is parallel to the presumed
major axis of the disk and convert to relative velocities under

Figure 8. Comparison between an F110W image of HD 61005’s disk (kindly
provided by G. Schneider) and a model of a disk interacting with a cloud of
ISM gas with the parameters mentioned in Section 4.1.3.
(A color version of this figure is available in the online journal.)

the same assumptions we used above as for HD 15115, the
relative velocities will range in magnitude from 2 km s"1 to
30 km s"1, with a vector primarily along the x–z plane at an
inclination of 68! relative to the x-axis. If icy 0.3 µm grains are
the population we observe around HD 61005, we can derive Dg
under the assumption of an ISM gas density N(H i) = 100 cm"3.
These two assumptions result in Dg = 3.3 $ 10"18 cm"1.

We experimented with various relative velocity vectors until
we found a qualitative match to the data. A velocity vector that
is nearly perpendicular to the disk midplane with a magnitude
of 25 km s"1 matches the data best, along with an inclination
between the observer and the disk of 20!. Figure 8 shows a
comparison of the model and the data, at the same size scale
and stretch. We also see good qualitative agreement with the
morphology of this disk as well.

5. DISCUSSION

In this section, we discuss some details that our ISM interac-
tion model presently lacks.

5.1. ISM Dust Grains

For a disk interacting with an atomic ISM cloud with small
grains, AC97 calculated an “avoidance radius,” rav, where the
radiation pressure of the central star was strong enough to scatter
small grains away from a circumstellar disk. The distance rav
depends on !, v&, the initial velocity of a grain at large distances,
and the stellar mass M".

rav = 2(! " 1)GM"

v2
&

. (6)

Incoming ISM dust grains pile up at this radius and scatter
away from the star, leaving a paraboloidal region with minimum
radius rav that is free from sandblasting from small ISM grains.
This boundary marks the separation between where grains from
the ISM could have a significant effect and where the ISM dust
does not impact the evolution of dust in a circumstellar disk.

The color asymmetries observed for HD 32297 could poten-
tially be explained by this ISM grain sandblasting. With some
assumptions about the ISM grains as well as the cloud that may
be impacting HD 32297’s disk, we can estimate what rav is for
HD 32297. AC97 calculated expected !’s for ISM dust for an
A5 star such as HD 32297. They calculated a maximum ! for

Debes et al. (2009)
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ISM Interaction?

• warm, low-density cloud?

• typical values for density 
and velocity are insufficient 
for stripping grains

• secular perturbations by 
gas forces may play a role
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Figure 10. Orbital evolution of a test particle in the x–y plane under the effect
of neutral gas drag. Five time periods separated by a fixed number of orbits
are shown. The grain begins with its star–pericenter (Runge–Lenz) vector anti-
aligned with the incoming interstellar flow, directed along the positive y-axis,
and its angular momentum vector aligned with the z-axis (out of the page). The
ISM flow decelerates the grain on one leg (e.g., point p1) and accelerates it on
the other (e.g., point p2), causing the Runge–Lenz vector to rotate. The grain’s
periastra at each successive time is shown by a cross to illustrate this effect.

4.2.2. Secular Perturbations to Grain Orbits Induced by Ram Pressure

The direct ram pressure stripping scenario described in
Section 4.1.1 requires that the ISM ram pressure force on
disk grains be comparable to the stellar gravitational force.
As shown in Section 4.2.1, this condition is not met in low-
density warm clouds, for which Fram/Fgrav ! 10"3 (at !70 AU;
see Equation 1). However, even in the case when the force
exerted by interstellar gas is much less than the gravitational
force, neutral gas can introduce secular perturbations to bound
grain orbits that could significantly change the morphology of
the disk over timescales of !103–104 yr, assuming submicron-
sized grains dominate the scattered-light distribution. This
perturbation timescale is less than the crossing time of local
warm clouds: tcross ! (Lcloud / 5 pc)/(vrel / 25 km s"1) ! 105 yr
(Redfield 2006). Thus, this mechanism can plausibly explain the
disturbed HD 61005 morphology. Interestingly, this scenario has
been proposed as the primary removal mechanism for dust in
our own solar system at 20–100 AU (Scherer 2000), though at
present, little empirical evidence is available to test this theory.

As described in Scherer (2000), the underlying physical
process responsible for neutral gas drag is similar to that
responsible for solar wind drag. In both cases, momentum
transfer from incident protons or gas particles to the grain
surface results in secular perturbations to the grain’s initial
orbit. However, the monodirectional character of the interstellar
gas drag force leads to changes in particle orbits that are very
different from those induced by the solar wind. While the solar
wind and Poynting–Robertson drag both act to reduce grain
eccentricities and semi-major axes, interstellar gas drag tends to
increase them, eventually unbinding the grains from the system.

In the absence of other perturbing forces, the analytic work of
Scherer (2000) shows that the gas drag force acts to rotate a given
particle’s orbital plane into a plane coplanar to the flow vector,
and its star–pericenter (Runge–Lenz) vector into a direction
perpendicular to the flow vector. These effects are illustrated
in Figures 10 and 11, which show the orbital evolution of two
dust grains with different initial orbital elements. The grain in
Figure 10 starts on a low-eccentricity (e = 0.3) orbit in the
x–y plane with its Runge–Lenz vector anti-aligned with the

Figure 11. Orbital evolution due to neutral gas drag of a test particle initially
inclined by 80# with respect to the incoming flow. Five time periods separated
by a fixed number of orbits are shown. The grain’s initial Runge–Lenz vector
is chosen to be at its equilibrium orientation. The ISM flow exerts a net torque
on the orbiting grain, causing the angular momentum vector to rotate into a
direction perpendicular to the ISM flow.

incoming interstellar flow and its angular momentum vector
aligned with the z-axis (out of the page). This orientation causes
the grain to be decelerated on one leg (e.g., point p1) and
accelerated on the other (e.g., point p2), causing the Runge–
Lenz vector to rotate. The grain’s periastron at each successive
time is denoted by a cross to highlight this effect. The rotation
continues until the Runge–Lenz vector becomes perpendicular
to the incoming flow. Thus, counterintuitively, neutral gas drag
leads to a buildup of grains perpendicular to the relative flow
direction.

The tendency of neutral gas drag to rotate a given grain’s
orbital plane into a direction coplanar with the incoming flow
is illustrated in Figure 11, which shows the evolution of a low-
eccentricity (e = 0.1) grain initially inclined 80# with respect to
the ISM flow. The grain’s initial Runge–Lenz vector is chosen
to be at its equilibrium orientation (perpendicular to the flow)
to isolate the effect of the orbital plane rotation. The ISM flow
exerts a net torque on the orbiting grain, causing the angular
momentum vector to rotate into a direction perpendicular to
the incoming flow. This effect is easiest to discern from the
two-dimensional projection of the y–z plane in Figure 11.

The above discussion suggests that rigorously modeling the
neutral gas drag effect requires knowledge of the initial grain or-
bital elements and the interstellar gas flow. However, for the case
of HD 61005, neither of these prerequisites is known. HD 61005
has a well-determined space motion; the Hipparcos-measured
proper motion corresponds to a plane-of-sky velocity of v! =
9.2 ± 0.3 km s"1, v" = 12.2 ± 0.4 km s"1 at the distance
of HD 61005. The radial velocity is vr = 22.3 ± 0.2 km s"1

(Nordström et al. 2004). However, the velocity of the putative
cloud responsible for the swept morphology is unknown. Veloc-
ities of local warm clouds can be comparable to the observed
space motion of HD 61005 (Frisch et al. 2002). Thus, the red
arrow in Figure 3 of H07 denoting the direction of the star’s

1108 MANESS ET AL. Vol. 707

Figure 12. Steady state model images for hypothetical debris disk systems undergoing neutral gas perturbations. In all models, the relative flow is coplanar with the
disk midplane. The adopted cylindrical coordinate system is shown with respect to the face-on disks in the left column. The vector r points in the direction of the
relative ISM flow; the azimuthal orientation of r is defined by ! . The disk inclinations are indicated at top. Each box is 9!! " 9!! (assuming a distance to the system of
34.5 pc); the color scale is logarithmic. The models show that brightness asymmetries, bow structures, and swept morphologies can all be produced by disk encounters
with warm interstellar clouds, which occupy a sizable fraction of the local ISM.

activity). For the case of the Sun only, the hydrodynamic
models of Müller et al. (2006) show that the termination
shock distance could easily vary between #10 AU and
500 AU. Observational astrosphere measurements of solar-
type stars are consistent with these predictions9 (Mann et
al. 2006, and references therein).

2. Initial conditions. As noted in Section 4.2.2 and
Appendix B, our adopted initial orbital elements for the
HD 61005 disk grains prior to the interstellar cloud inter-
action are highly uncertain, given a lack of information for

9 On a broader scale, no astrosphere detections have been made for stars
earlier than G-type. As a result, the typical effect of astrospheres on IS gas
drag in debris disks surrounding A-type stars is difficult to reliably assess.

the grain properties and underlying planetesimal population
that collisionally replenishes the observed dust disk. Future
long-wavelength observations sensitive to larger grains may
be able to place tighter constraints on the distribution of
submicron grains prior to the interstellar cloud interaction,
as the distribution of large grains would likely reflect that
of the parent bodies for the submicron population. Further-
more, larger grains would not be significantly affected by
interstellar gas drag on the same timescale as the submicron
size grains traced in these observations. The numerical tech-
niques employed here and in Scherer (2000) can be easily
revised to accommodate an arbitrary initial disk architec-
ture, provided the orbits are not highly eccentric, such that

Maness et al. (2009)
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ISM Interaction?

• can approximate gross 
morphology, but not yet 
asymmetries

• collision time on order 
steady-state relaxation time

• no perturbations from 
planets
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Figure 15. Comparison between the ACS Stokes I image (top), the NICMOS
1.1 µm image (middle), and a promising neutral gas model (bottom), taken from
Figure 12 (top row, third column). This comparison shows that the simple model
presented here is only a very rough representation of the data. Still, the gross
swept, asymmetric morphology is clearly present in the model image.

stars. Calculations of the ISM density required for sandblasting
to eject an observable flux of grains, the disk morphologies
produced in this case, and the timescale for which sandblasting
can be sustained would significantly aid in differentiating
between this explanation and the gas drag models presented
here.

6. SUMMARY

The morphology and polarization structure of HD 61005
in the HST/ACS data (Figures 1–3) strongly suggest that
HD 61005 is a debris disk undergoing significant erosion by

the ambient ISM. The physical mechanism responsible for
this erosion remains uncertain. Previous work has suggested
that HD 61005 may be interacting with an unusually dense
cloud. However, our high-resolution optical spectrum argues
against this idea, instead suggesting an ambient ISM density
typical of local interstellar clouds. Thus, the evolutionary state
of HD 61005 may represent a commonplace, intermittent stage
of debris disk evolution driven by interaction with typical, low-
density gas.

With this motivation, we considered the effects of secular
perturbations to grain orbits induced by ram pressure in warm,
tenuous clouds. This mechanism can significantly distort grain
orbits within a typical cloud crossing time and generate struc-
tures that very roughly reproduce the HD 61005 images. Fu-
ture work that incorporates additional, more detailed physics
may improve the agreement between the observations and in-
terstellar gas drag models. The theoretical effects of interstellar
sandblasting for solar-type stars should also be investigated in
greater detail.

Regardless of the interpretation for HD 61005, we expect
interstellar gas drag is important at some level in shaping the
structure and evolution of planetary debris disks. The frequency
with which this effect is important strongly depends on the typ-
ical sizes, shapes, velocities, and filling factors of warm inter-
stellar clouds, which have poorly constrained global properties
at present. Nevertheless, some morphological features common
to nearby resolved debris disks (e.g., brightness asymmetries,
warps, and bow structures) can in principle be produced in this
way. A larger sample of spatially resolved debris disks at a wide
range of wavelengths and more detailed theoretical work will
help eliminate some of these remaining ambiguities.

We wish to thank Jay Anderson and Vera Platais for pro-
viding the astrometric software used to test for companion-
ship. We also thank Carl Heiles, Gaspard Duchene, Seth Red-
field, and Marshall Perrin for useful conversations that helped
shape the ideas discussed in this paper. H.M. is funded by the
GRFP at NSF and the GOPF at UC Berkeley. Support for this
work was provided by NASA through grant number GO-10847

Figure 16. Ratio of the radiation pressure force to gravity (!) for astrophysical silicate grains (left) and water ice (right) for the HD 61005 system. The horizontal
dotted line indicates the ratio above which grains launched by parent bodies on circular orbits become unbound. Thus silicate and ice grains in a conventional debris
disk surrounding a solar type star are likely to remain bound to the star. On the other hand, the weak radiation field (! < 1) implies that radiation pressure alone
does not impede interstellar grains from entering the system. Thus if the astrosphere surrounding HD 61005 is smaller than the disk, interstellar sandblasting could
potentially erode the HD 61005 disk grains.

Maness et al. (2009)
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Recent Observations
A&A 524, L1 (2010)

suggests two distinct components, a nearly edge-on disk or ring
and a swept-back component that interacts with the ISM. Both
papers focused on the properties and origin of the swept-back
component. In this work, we present high-contrast ground-based
imaging with unprecedented angular resolution. We discover and
characterize a distinct asymmetric ring in the inner disk compo-
nent and discuss the probability of a planetary companion.

2. Observations and data reduction

We observed HD 61005 on February 17, 2010 with the NACO
instrument (Rousset et al. 2003; Lenzen et al. 2003) at the VLT.
The observations were obtained in the framework of the NaCo
Large Program Collaboration for Giant Planet Imaging (ESO
program 184.C0567). The images were taken in the H-band
(1.65 µm) in pupil-tracking mode (Kasper et al. 2009) to allow
for angular di!erential imaging (ADI, Marois et al. 2006). The
field of view was 14!! " 14!! and the plate scale 13.25 mas/pixel.
We performed the disk observations without a coronagraph, and
used the cube-mode of NACO to take 12 data cubes. Each cube
consisted of 117 saturated exposures of 1.7927 s, yielding a total
integration time of 41.95 min. The saturation radius was #0.!!15.
A total of 112$ of field rotation was captured while the pupil
remained fixed. Before and after the saturated observations we
took unsaturated images with a neutral density filter to mea-
sure the photometry for the central star. The adaptive optics sys-
tem provided a point spread function (PSF) with a full-width at
half-maximum (FWHM) of 60 mas with #0.!!8 natural seeing in
H-band (22% Strehl ratio).

The data were flat-fielded, bad-pixel corrected, and centered
on the star by manually determining the center for the middle
frame and aligning the others through cross-correlation. We re-
moved 3 bad-quality frames and averaged the remaining im-
ages in groups of three for a total of 467 frames. We then used
LOCI (locally optimized combination of images, Lafrenière
et al. 2007) and customized ADI to subtract the stellar PSF to
search for point sources and extended non-circular structures.

In ADI, each image is divided into annuli of 2 FWHM width.
For each frame and each annulus, a frame where the field ob-
ject has rotated by 2 FWHM is subtracted to remove the stel-
lar halo. Additionally, the resulting image is subtracted by a
back-rotated version of itself. Finally, all images are derotated
and median combined. In LOCI, each annulus is further di-
vided into segments, and for each segment an optimized PSF
is constructed from a linear combination of su"ciently rotated
frames. A minimum rotation of 0.75 FWHM is optimal for point
source detection and has led to several detections around other
targets (Marois et al. 2008; Thalmann et al. 2009; Lafrenière
et al. 2010). To reveal the extended nebulosity around LkCa 15,
Thalmann et al. (2010) used a much larger minimum separation
of 3 FWHM. For the nearly edge-on and therefore very narrow
debris disk around HD 61005, we obtain an optimal result for
a minimum separation of 1 FWHM, but using large optimiza-
tion areas of 10000 PSF footprints to lessen the self-subtraction
of the disk. We also reduced the data with LOCI with a separa-
tion criterion of 0.75 FWHM and small optimization segments of
300 PSF footprints to set hard detection limits on companions.

Additionally we attempted a classical PSF subtraction using
a reference star, which is detailed in Appendix A.

3. Results

The NACO H-band images obtained by reduction with LOCI
and ADI are shown in Fig. 1. The circumstellar material is

Fig. 1. High-contrast NACO H-band images of HD 61005, a) reduced
with LOCI, b) reduced with ADI. The slits used for photometry are
overlaid. The curved slit traces the maximum surface brightness of the
lower ring arc, while the rectangular boxes enclose the streamers. In
both images the scaling is linear, and 1!! corresponds to a projected
separation of 34.5 AU. The arc-like structures in the background are ar-
tifacts of the observation and reduction techniques, and are asymmetric
because the field rotation center was o!set from the star. The region
with insu"cient field rotation is masked out. The plus marks the posi-
tion of the star, the cross the ring center.

resolved to an o!-centered, nearly edge-on debris ring with a
clear inner gap and two narrow streamers originating at the NE
and SW edges of the ring. A strong brightness asymmetry is seen
between the NE and SW side and between the lower and upper
arc of the ring. The inner gap has not been previously resolved by
HST, where only the direction of the polarization vectors hinted
at a disk-like component separate from the extended material
that interacts with the ISM.

LOCI provides the cleanest view of the ring geometry with
respect to the background because it e!ectively removes the stel-
lar PSF while bringing out sharp brightness gradients. The neg-
ative areas near the ring result from oversubtraction of the ro-
tated disk signal embedded in the subtracted PSF constructed by
LOCI. In particular, the ring’s inner hole is enhanced. However,
tests with artificial flat disks showed that while self-subtraction
can depress the central regions, the resulting spurious gradients
are shallow and di!erent from the steep gradients obtained from
the edge of a ring. Because of significant variable flux loss, pho-
tometry is unreliable in the LOCI image. In the ADI reduction,
the self-subtraction is deterministic and can be accounted for,
while the stellar PSF is subtracted adequately enough to allow
photometric measurements. In the image produced by reference
PSF subtraction (Fig. A.1) the stellar PSF is not e!ectively re-
moved. The image is unsuitable for a quantitative analysis, but
it confirms the streamers and the strong brightness asymmetry,
and also suggests the presence of a gap on the SW side.

3.1. Surface brightness of ring and streamers

The surface brightness of the ring and streamers (Fig. 2) is ob-
tained from the ADI image. We measure the mean intensity of
the bright ring arc as a function of angular separation from the
star in a curved slit of 5 pixels width (see Fig. 1b) following the
maximum brightness determined in Sect. 3.2. For the streamers
the slit is rectangular and of the same width. We calculate the
mean intensity in the intersection of the slit with annuli of 9 pix-
els width. To estimate the self-subtraction because of ADI, we

Page 2 of 5
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Eccentric Perturber?

Wyatt et al. (1999)

• Secular perturbations from 
a planet on an eccentric 
orbit can cause offset

• Deprojected offset is 18 AU 
for circle of radius 70 AU

• Can relative inclination be 
responsible for apparent 
“swept” structure?
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Figure 15. Comparison between the ACS Stokes I image (top), the NICMOS
1.1 µm image (middle), and a promising neutral gas model (bottom), taken from
Figure 12 (top row, third column). This comparison shows that the simple model
presented here is only a very rough representation of the data. Still, the gross
swept, asymmetric morphology is clearly present in the model image.

stars. Calculations of the ISM density required for sandblasting
to eject an observable flux of grains, the disk morphologies
produced in this case, and the timescale for which sandblasting
can be sustained would significantly aid in differentiating
between this explanation and the gas drag models presented
here.

6. SUMMARY

The morphology and polarization structure of HD 61005
in the HST/ACS data (Figures 1–3) strongly suggest that
HD 61005 is a debris disk undergoing significant erosion by

the ambient ISM. The physical mechanism responsible for
this erosion remains uncertain. Previous work has suggested
that HD 61005 may be interacting with an unusually dense
cloud. However, our high-resolution optical spectrum argues
against this idea, instead suggesting an ambient ISM density
typical of local interstellar clouds. Thus, the evolutionary state
of HD 61005 may represent a commonplace, intermittent stage
of debris disk evolution driven by interaction with typical, low-
density gas.

With this motivation, we considered the effects of secular
perturbations to grain orbits induced by ram pressure in warm,
tenuous clouds. This mechanism can significantly distort grain
orbits within a typical cloud crossing time and generate struc-
tures that very roughly reproduce the HD 61005 images. Fu-
ture work that incorporates additional, more detailed physics
may improve the agreement between the observations and in-
terstellar gas drag models. The theoretical effects of interstellar
sandblasting for solar-type stars should also be investigated in
greater detail.

Regardless of the interpretation for HD 61005, we expect
interstellar gas drag is important at some level in shaping the
structure and evolution of planetary debris disks. The frequency
with which this effect is important strongly depends on the typ-
ical sizes, shapes, velocities, and filling factors of warm inter-
stellar clouds, which have poorly constrained global properties
at present. Nevertheless, some morphological features common
to nearby resolved debris disks (e.g., brightness asymmetries,
warps, and bow structures) can in principle be produced in this
way. A larger sample of spatially resolved debris disks at a wide
range of wavelengths and more detailed theoretical work will
help eliminate some of these remaining ambiguities.

We wish to thank Jay Anderson and Vera Platais for pro-
viding the astrometric software used to test for companion-
ship. We also thank Carl Heiles, Gaspard Duchene, Seth Red-
field, and Marshall Perrin for useful conversations that helped
shape the ideas discussed in this paper. H.M. is funded by the
GRFP at NSF and the GOPF at UC Berkeley. Support for this
work was provided by NASA through grant number GO-10847

Figure 16. Ratio of the radiation pressure force to gravity (!) for astrophysical silicate grains (left) and water ice (right) for the HD 61005 system. The horizontal
dotted line indicates the ratio above which grains launched by parent bodies on circular orbits become unbound. Thus silicate and ice grains in a conventional debris
disk surrounding a solar type star are likely to remain bound to the star. On the other hand, the weak radiation field (! < 1) implies that radiation pressure alone
does not impede interstellar grains from entering the system. Thus if the astrosphere surrounding HD 61005 is smaller than the disk, interstellar sandblasting could
potentially erode the HD 61005 disk grains.
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• We have resolved scattered light from the HD 
61005 debris disk with Keck II adaptive optics

• Single perturber can produce a morphology 
consistent with an offset and ‘swept’ wings

• Secular perturbation timescale must be less than 
collision time (~5000 yr) – degeneracy in Mp, ap, ep

• Scattered-light contribution from grains with 
similar β

• Test hypothesis with direct detection planet search 
using next-generation instruments (e.g. GPI)
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Figure 15. Comparison between the ACS Stokes I image (top), the NICMOS
1.1 µm image (middle), and a promising neutral gas model (bottom), taken from
Figure 12 (top row, third column). This comparison shows that the simple model
presented here is only a very rough representation of the data. Still, the gross
swept, asymmetric morphology is clearly present in the model image.

stars. Calculations of the ISM density required for sandblasting
to eject an observable flux of grains, the disk morphologies
produced in this case, and the timescale for which sandblasting
can be sustained would significantly aid in differentiating
between this explanation and the gas drag models presented
here.

6. SUMMARY

The morphology and polarization structure of HD 61005
in the HST/ACS data (Figures 1–3) strongly suggest that
HD 61005 is a debris disk undergoing significant erosion by

the ambient ISM. The physical mechanism responsible for
this erosion remains uncertain. Previous work has suggested
that HD 61005 may be interacting with an unusually dense
cloud. However, our high-resolution optical spectrum argues
against this idea, instead suggesting an ambient ISM density
typical of local interstellar clouds. Thus, the evolutionary state
of HD 61005 may represent a commonplace, intermittent stage
of debris disk evolution driven by interaction with typical, low-
density gas.

With this motivation, we considered the effects of secular
perturbations to grain orbits induced by ram pressure in warm,
tenuous clouds. This mechanism can significantly distort grain
orbits within a typical cloud crossing time and generate struc-
tures that very roughly reproduce the HD 61005 images. Fu-
ture work that incorporates additional, more detailed physics
may improve the agreement between the observations and in-
terstellar gas drag models. The theoretical effects of interstellar
sandblasting for solar-type stars should also be investigated in
greater detail.

Regardless of the interpretation for HD 61005, we expect
interstellar gas drag is important at some level in shaping the
structure and evolution of planetary debris disks. The frequency
with which this effect is important strongly depends on the typ-
ical sizes, shapes, velocities, and filling factors of warm inter-
stellar clouds, which have poorly constrained global properties
at present. Nevertheless, some morphological features common
to nearby resolved debris disks (e.g., brightness asymmetries,
warps, and bow structures) can in principle be produced in this
way. A larger sample of spatially resolved debris disks at a wide
range of wavelengths and more detailed theoretical work will
help eliminate some of these remaining ambiguities.

We wish to thank Jay Anderson and Vera Platais for pro-
viding the astrometric software used to test for companion-
ship. We also thank Carl Heiles, Gaspard Duchene, Seth Red-
field, and Marshall Perrin for useful conversations that helped
shape the ideas discussed in this paper. H.M. is funded by the
GRFP at NSF and the GOPF at UC Berkeley. Support for this
work was provided by NASA through grant number GO-10847

Figure 16. Ratio of the radiation pressure force to gravity (!) for astrophysical silicate grains (left) and water ice (right) for the HD 61005 system. The horizontal
dotted line indicates the ratio above which grains launched by parent bodies on circular orbits become unbound. Thus silicate and ice grains in a conventional debris
disk surrounding a solar type star are likely to remain bound to the star. On the other hand, the weak radiation field (! < 1) implies that radiation pressure alone
does not impede interstellar grains from entering the system. Thus if the astrosphere surrounding HD 61005 is smaller than the disk, interstellar sandblasting could
potentially erode the HD 61005 disk grains.
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Figure 6. ACS and NICMOS images processed to compute the grain color. The left panel displays the ACS image binned to the NICMOS pixel resolution and
convolved with the NICMOS off-spot PSF. The middle panel displays the NICMOS image convolved with the ACS PSF. The right panel shows a masked ratio image
of the left and middle images divided by the stellar flux density ratio; values less than unity represent grains that preferentially scatter blue light, whereas values greater
than unity represent grains that preferentially scatter red light. In the ratio image, we have applied a mask to all pixels with values less than 2.5 times the background
level in either original image. The ratio image indicates that the disk appears predominantly blue with no appreciable color gradient.

HD 32297 and HD 15115 debris disks, for example, have
been suggested to show blue optical to near-infrared scattered
light colors (Kalas 2005; Kalas et al. 2007), though the result
for HD 32297 is currently under debate (Debes et al. 2009).
Interestingly, both disks have morphological features consistent
with ISM interaction. HD 32297 shows a bowed disk structure,
similar to HD 61005, though on a much larger scale (!1000 AU;
Kalas 2005). HD 15115 is highly asymmetric, perhaps as the
result of ISM erosion (Debes et al. 2009).

The M dwarf debris disk, AU Mic, which has a similar
polarization structure to HD 61005 (Section 3.1.2), also shows
blue optical to near-infrared colors, with a color gradient toward
bluer colors at larger radial distances, indicating changes in
the grain size distribution (Strubbe & Chiang 2006; Fitzgerald
et al. 2007). The global [F606W]"[F110W] color of the
HD 61005 disk is comparable to the [F606W]"J AU Mic
disk color at projected radii within !40 AU, the approximate
location of the parent body ring in this system (Fitzgerald et al.
2007).

Like AU Mic, the blue color of the HD 61005 disk is likely
due to the disk grain size distribution. Scattered light images
afford a relatively narrow window on the grain size population
because the brightness at a given location in the disk is largely
determined by the product of the grain size distribution and the
grain scattering cross section. In the presence of a steep size
spectrum characteristic of a collisional cascade, this product
is strongly peaked near x # 2!a

"
! 1. For example, for the

Dohnanyi spectrum with dn/da $ a"7/2 (Dohnanyi 1969), this
peak occurs at x % 2–6, depending on the optical properties
of the grain material. In Figure 7, a Mie calculation shows the
peak for water ice and astronomical silicates at 0.6 µm and
1.1 µm as a function of grain size. The plots illustrate that the
HD 61005 NICMOS images trace grains with radii of order
0.2–2 µm, while the ACS images trace systematically smaller
grains with radii of order 0.1–1 µm. Thus, the observation
that HD 61005 is globally brighter at optical wavelengths than

Figure 7. Product of the scattering cross section and a Dohnanyi size spectrum
as a function of logarithmic grains radius for spherical particles. At a given
wavelength, this product largely determines the surface brightness at a particular
location in the disk. Assuming a steep size spectrum (e.g., Dohnanyi), a large
peak is observed near x ! 1. Thus a given scattered light image traces a
relatively narrow window of the grain size population. The HD 61005 disk is
globally brighter at optical wavelengths than near-infrared wavelengths, likely
reflecting the larger number of grains at increasingly small sizes. The above
results are monochromatic: "F606W = 0.6 µm and "F110W = 1.1 µm.

near-infrared wavelengths suggests the disk contains a larger
number of grains at increasingly small sizes, consistent with
our expectation of a steep size spectrum.

The inference that the F606W ACS images trace predomi-
nantly submicron-sized grains is also consistent with the imag-
ing polarimetry results (Section 3.1). The large polarization
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Figure 15. Comparison between the ACS Stokes I image (top), the NICMOS
1.1 µm image (middle), and a promising neutral gas model (bottom), taken from
Figure 12 (top row, third column). This comparison shows that the simple model
presented here is only a very rough representation of the data. Still, the gross
swept, asymmetric morphology is clearly present in the model image.

stars. Calculations of the ISM density required for sandblasting
to eject an observable flux of grains, the disk morphologies
produced in this case, and the timescale for which sandblasting
can be sustained would significantly aid in differentiating
between this explanation and the gas drag models presented
here.

6. SUMMARY

The morphology and polarization structure of HD 61005
in the HST/ACS data (Figures 1–3) strongly suggest that
HD 61005 is a debris disk undergoing significant erosion by

the ambient ISM. The physical mechanism responsible for
this erosion remains uncertain. Previous work has suggested
that HD 61005 may be interacting with an unusually dense
cloud. However, our high-resolution optical spectrum argues
against this idea, instead suggesting an ambient ISM density
typical of local interstellar clouds. Thus, the evolutionary state
of HD 61005 may represent a commonplace, intermittent stage
of debris disk evolution driven by interaction with typical, low-
density gas.

With this motivation, we considered the effects of secular
perturbations to grain orbits induced by ram pressure in warm,
tenuous clouds. This mechanism can significantly distort grain
orbits within a typical cloud crossing time and generate struc-
tures that very roughly reproduce the HD 61005 images. Fu-
ture work that incorporates additional, more detailed physics
may improve the agreement between the observations and in-
terstellar gas drag models. The theoretical effects of interstellar
sandblasting for solar-type stars should also be investigated in
greater detail.

Regardless of the interpretation for HD 61005, we expect
interstellar gas drag is important at some level in shaping the
structure and evolution of planetary debris disks. The frequency
with which this effect is important strongly depends on the typ-
ical sizes, shapes, velocities, and filling factors of warm inter-
stellar clouds, which have poorly constrained global properties
at present. Nevertheless, some morphological features common
to nearby resolved debris disks (e.g., brightness asymmetries,
warps, and bow structures) can in principle be produced in this
way. A larger sample of spatially resolved debris disks at a wide
range of wavelengths and more detailed theoretical work will
help eliminate some of these remaining ambiguities.

We wish to thank Jay Anderson and Vera Platais for pro-
viding the astrometric software used to test for companion-
ship. We also thank Carl Heiles, Gaspard Duchene, Seth Red-
field, and Marshall Perrin for useful conversations that helped
shape the ideas discussed in this paper. H.M. is funded by the
GRFP at NSF and the GOPF at UC Berkeley. Support for this
work was provided by NASA through grant number GO-10847

Figure 16. Ratio of the radiation pressure force to gravity (!) for astrophysical silicate grains (left) and water ice (right) for the HD 61005 system. The horizontal
dotted line indicates the ratio above which grains launched by parent bodies on circular orbits become unbound. Thus silicate and ice grains in a conventional debris
disk surrounding a solar type star are likely to remain bound to the star. On the other hand, the weak radiation field (! < 1) implies that radiation pressure alone
does not impede interstellar grains from entering the system. Thus if the astrosphere surrounding HD 61005 is smaller than the disk, interstellar sandblasting could
potentially erode the HD 61005 disk grains.
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Figure 6. ACS and NICMOS images processed to compute the grain color. The left panel displays the ACS image binned to the NICMOS pixel resolution and
convolved with the NICMOS off-spot PSF. The middle panel displays the NICMOS image convolved with the ACS PSF. The right panel shows a masked ratio image
of the left and middle images divided by the stellar flux density ratio; values less than unity represent grains that preferentially scatter blue light, whereas values greater
than unity represent grains that preferentially scatter red light. In the ratio image, we have applied a mask to all pixels with values less than 2.5 times the background
level in either original image. The ratio image indicates that the disk appears predominantly blue with no appreciable color gradient.

HD 32297 and HD 15115 debris disks, for example, have
been suggested to show blue optical to near-infrared scattered
light colors (Kalas 2005; Kalas et al. 2007), though the result
for HD 32297 is currently under debate (Debes et al. 2009).
Interestingly, both disks have morphological features consistent
with ISM interaction. HD 32297 shows a bowed disk structure,
similar to HD 61005, though on a much larger scale (!1000 AU;
Kalas 2005). HD 15115 is highly asymmetric, perhaps as the
result of ISM erosion (Debes et al. 2009).

The M dwarf debris disk, AU Mic, which has a similar
polarization structure to HD 61005 (Section 3.1.2), also shows
blue optical to near-infrared colors, with a color gradient toward
bluer colors at larger radial distances, indicating changes in
the grain size distribution (Strubbe & Chiang 2006; Fitzgerald
et al. 2007). The global [F606W]"[F110W] color of the
HD 61005 disk is comparable to the [F606W]"J AU Mic
disk color at projected radii within !40 AU, the approximate
location of the parent body ring in this system (Fitzgerald et al.
2007).

Like AU Mic, the blue color of the HD 61005 disk is likely
due to the disk grain size distribution. Scattered light images
afford a relatively narrow window on the grain size population
because the brightness at a given location in the disk is largely
determined by the product of the grain size distribution and the
grain scattering cross section. In the presence of a steep size
spectrum characteristic of a collisional cascade, this product
is strongly peaked near x # 2!a

"
! 1. For example, for the

Dohnanyi spectrum with dn/da $ a"7/2 (Dohnanyi 1969), this
peak occurs at x % 2–6, depending on the optical properties
of the grain material. In Figure 7, a Mie calculation shows the
peak for water ice and astronomical silicates at 0.6 µm and
1.1 µm as a function of grain size. The plots illustrate that the
HD 61005 NICMOS images trace grains with radii of order
0.2–2 µm, while the ACS images trace systematically smaller
grains with radii of order 0.1–1 µm. Thus, the observation
that HD 61005 is globally brighter at optical wavelengths than

Figure 7. Product of the scattering cross section and a Dohnanyi size spectrum
as a function of logarithmic grains radius for spherical particles. At a given
wavelength, this product largely determines the surface brightness at a particular
location in the disk. Assuming a steep size spectrum (e.g., Dohnanyi), a large
peak is observed near x ! 1. Thus a given scattered light image traces a
relatively narrow window of the grain size population. The HD 61005 disk is
globally brighter at optical wavelengths than near-infrared wavelengths, likely
reflecting the larger number of grains at increasingly small sizes. The above
results are monochromatic: "F606W = 0.6 µm and "F110W = 1.1 µm.

near-infrared wavelengths suggests the disk contains a larger
number of grains at increasingly small sizes, consistent with
our expectation of a steep size spectrum.

The inference that the F606W ACS images trace predomi-
nantly submicron-sized grains is also consistent with the imag-
ing polarimetry results (Section 3.1). The large polarization
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Figure 15. Comparison between the ACS Stokes I image (top), the NICMOS
1.1 µm image (middle), and a promising neutral gas model (bottom), taken from
Figure 12 (top row, third column). This comparison shows that the simple model
presented here is only a very rough representation of the data. Still, the gross
swept, asymmetric morphology is clearly present in the model image.

stars. Calculations of the ISM density required for sandblasting
to eject an observable flux of grains, the disk morphologies
produced in this case, and the timescale for which sandblasting
can be sustained would significantly aid in differentiating
between this explanation and the gas drag models presented
here.

6. SUMMARY

The morphology and polarization structure of HD 61005
in the HST/ACS data (Figures 1–3) strongly suggest that
HD 61005 is a debris disk undergoing significant erosion by

the ambient ISM. The physical mechanism responsible for
this erosion remains uncertain. Previous work has suggested
that HD 61005 may be interacting with an unusually dense
cloud. However, our high-resolution optical spectrum argues
against this idea, instead suggesting an ambient ISM density
typical of local interstellar clouds. Thus, the evolutionary state
of HD 61005 may represent a commonplace, intermittent stage
of debris disk evolution driven by interaction with typical, low-
density gas.

With this motivation, we considered the effects of secular
perturbations to grain orbits induced by ram pressure in warm,
tenuous clouds. This mechanism can significantly distort grain
orbits within a typical cloud crossing time and generate struc-
tures that very roughly reproduce the HD 61005 images. Fu-
ture work that incorporates additional, more detailed physics
may improve the agreement between the observations and in-
terstellar gas drag models. The theoretical effects of interstellar
sandblasting for solar-type stars should also be investigated in
greater detail.

Regardless of the interpretation for HD 61005, we expect
interstellar gas drag is important at some level in shaping the
structure and evolution of planetary debris disks. The frequency
with which this effect is important strongly depends on the typ-
ical sizes, shapes, velocities, and filling factors of warm inter-
stellar clouds, which have poorly constrained global properties
at present. Nevertheless, some morphological features common
to nearby resolved debris disks (e.g., brightness asymmetries,
warps, and bow structures) can in principle be produced in this
way. A larger sample of spatially resolved debris disks at a wide
range of wavelengths and more detailed theoretical work will
help eliminate some of these remaining ambiguities.

We wish to thank Jay Anderson and Vera Platais for pro-
viding the astrometric software used to test for companion-
ship. We also thank Carl Heiles, Gaspard Duchene, Seth Red-
field, and Marshall Perrin for useful conversations that helped
shape the ideas discussed in this paper. H.M. is funded by the
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Figure 16. Ratio of the radiation pressure force to gravity (!) for astrophysical silicate grains (left) and water ice (right) for the HD 61005 system. The horizontal
dotted line indicates the ratio above which grains launched by parent bodies on circular orbits become unbound. Thus silicate and ice grains in a conventional debris
disk surrounding a solar type star are likely to remain bound to the star. On the other hand, the weak radiation field (! < 1) implies that radiation pressure alone
does not impede interstellar grains from entering the system. Thus if the astrosphere surrounding HD 61005 is smaller than the disk, interstellar sandblasting could
potentially erode the HD 61005 disk grains.
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Figure 6. ACS and NICMOS images processed to compute the grain color. The left panel displays the ACS image binned to the NICMOS pixel resolution and
convolved with the NICMOS off-spot PSF. The middle panel displays the NICMOS image convolved with the ACS PSF. The right panel shows a masked ratio image
of the left and middle images divided by the stellar flux density ratio; values less than unity represent grains that preferentially scatter blue light, whereas values greater
than unity represent grains that preferentially scatter red light. In the ratio image, we have applied a mask to all pixels with values less than 2.5 times the background
level in either original image. The ratio image indicates that the disk appears predominantly blue with no appreciable color gradient.

HD 32297 and HD 15115 debris disks, for example, have
been suggested to show blue optical to near-infrared scattered
light colors (Kalas 2005; Kalas et al. 2007), though the result
for HD 32297 is currently under debate (Debes et al. 2009).
Interestingly, both disks have morphological features consistent
with ISM interaction. HD 32297 shows a bowed disk structure,
similar to HD 61005, though on a much larger scale (!1000 AU;
Kalas 2005). HD 15115 is highly asymmetric, perhaps as the
result of ISM erosion (Debes et al. 2009).

The M dwarf debris disk, AU Mic, which has a similar
polarization structure to HD 61005 (Section 3.1.2), also shows
blue optical to near-infrared colors, with a color gradient toward
bluer colors at larger radial distances, indicating changes in
the grain size distribution (Strubbe & Chiang 2006; Fitzgerald
et al. 2007). The global [F606W]"[F110W] color of the
HD 61005 disk is comparable to the [F606W]"J AU Mic
disk color at projected radii within !40 AU, the approximate
location of the parent body ring in this system (Fitzgerald et al.
2007).

Like AU Mic, the blue color of the HD 61005 disk is likely
due to the disk grain size distribution. Scattered light images
afford a relatively narrow window on the grain size population
because the brightness at a given location in the disk is largely
determined by the product of the grain size distribution and the
grain scattering cross section. In the presence of a steep size
spectrum characteristic of a collisional cascade, this product
is strongly peaked near x # 2!a

"
! 1. For example, for the

Dohnanyi spectrum with dn/da $ a"7/2 (Dohnanyi 1969), this
peak occurs at x % 2–6, depending on the optical properties
of the grain material. In Figure 7, a Mie calculation shows the
peak for water ice and astronomical silicates at 0.6 µm and
1.1 µm as a function of grain size. The plots illustrate that the
HD 61005 NICMOS images trace grains with radii of order
0.2–2 µm, while the ACS images trace systematically smaller
grains with radii of order 0.1–1 µm. Thus, the observation
that HD 61005 is globally brighter at optical wavelengths than

Figure 7. Product of the scattering cross section and a Dohnanyi size spectrum
as a function of logarithmic grains radius for spherical particles. At a given
wavelength, this product largely determines the surface brightness at a particular
location in the disk. Assuming a steep size spectrum (e.g., Dohnanyi), a large
peak is observed near x ! 1. Thus a given scattered light image traces a
relatively narrow window of the grain size population. The HD 61005 disk is
globally brighter at optical wavelengths than near-infrared wavelengths, likely
reflecting the larger number of grains at increasingly small sizes. The above
results are monochromatic: "F606W = 0.6 µm and "F110W = 1.1 µm.

near-infrared wavelengths suggests the disk contains a larger
number of grains at increasingly small sizes, consistent with
our expectation of a steep size spectrum.

The inference that the F606W ACS images trace predomi-
nantly submicron-sized grains is also consistent with the imag-
ing polarimetry results (Section 3.1). The large polarization
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