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ABSTRACT

Context. The dust observed in debris disks is the result of a collisional cascade initiated from approximately kilometer-sized parent
bodies. Using near-infrared to submillimeter observations, we can probe particle sizes spanning 2–3 orders of magnitude, and with
sufficient angular resolution we can follow the dynamics of these dust particles. Observations taken as part of the ALMA survey to
Resolve exoKuiper belt Substructures (ARKS) program allowed for a detailed comparison with near-infrared scattered light observa-
tions, at an unprecedented resolution.
Aims. The comparison between the two wavelength regimes reveals that for most gas-bearing debris disks, the distribution of small
dust grains peaks outside the distribution of large dust grains. In this paper, we investigate whether gas–dust interactions can explain
such radial offsets.
Methods. We performed numerical simulations that account for the effects of radiation pressure, gas drag, and collisions, and com-
puted surface brightness profiles at several wavelengths to assess which parameters drive these radial offsets. We explored several
families of models, varying the gas mass, disk optical depth, dust size distribution, and radiation pressure strength.
Results. We find that while higher gas masses lead to more efficient outward radial drift, the resulting radial offset strongly depends
on the optical depth of the disk, as the drift efficiency directly competes with the particles’ collisional lifetime. We also find that
increasing the relative number of micron-sized dust grains usually yields a larger radial offset between scattered light and millimeter
observations. Finally, we show that mid-infrared observations can complement near-infrared and submillimeter images, and we discuss
the formation of secondary rings at near-infrared wavelengths.
Conclusions. The angular resolution achieved by the ARKS program has opened a new avenue for studying the dynamics of dust
particles in debris disks, revealing unexpected differences between the appearance of the disks scattered light and thermal emission.
We show that gas–dust interactions can explain the observed radial offsets and provide pointers as to which parameters have the most
significant impact.

Key words. instrumentation: high angular resolution – circumstellar matter – planetary systems

1. Introduction

A debris disk can be simply described as a collection of large,
approximately kilometer-sized, bodies and the debris produced
by their collisions (Krivov & Wyatt 2021). The parent bodies
must have formed earlier, in the protoplanetary disk (e.g., Lau
et al. 2024), and their mutual collisions result in a steep size
distribution that can span at least ten orders of magnitude. The
small end of the distribution is set by radiation pressure, which
quickly removes the smallest particles from the system (Krivov
2010). At first glance, describing a debris disk requires just a
handful of parameters: a birth ring where the parent bodies are
located, a size distribution describing the collisional cascade,
and the inventory of forces consisting mostly of gravity and radi-
ation pressure (though more refined models can include stellar

⋆ Corresponding author: johan.olofsson@eso.org

multiplicity, the presence of planets, Poynting-Robertson drag,
self-gravity of the disk, and/or gas drag).

Radiation pressure is a size-dependent force that naturally
results in a size segregation as a function of the stellocentric dis-
tance (r). The small dust grains are set on highly eccentric orbits
(or can become gravitationally unbound to the central star),
forming a halo outside the birth ring, while millimeter-sized par-
ticles are mostly unaffected and remain close to where they were
produced. There is therefore great value in comparing obser-
vations taken at different wavelengths. Submillimeter ALMA
observations trace the large grains and thus the birth ring, while
scattered light observations probe the extended halo as well as
the birth ring (Thébault et al. 2023). The ALMA survey to
Resolve exoKuiper belt Substructures (ARKS) Large Program
(Marino et al. 2026) has provided new submillimeter observa-
tions at high angular resolution, informing about the presence
of cold CO gas (Mac Manamon et al. 2026) and enabling
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a detailed comparison with archival Spectro-Polarimetic High
contrast imager for Exoplanets REsearch (SPHERE, Beuzit et al.
2019) images. Milli et al. (2026) present a comparison between
radial profiles extracted from the ARKS continuum submillime-
ter observations (see Han et al. 2026) and near-IR scattered light
observations. They find that there are six disks with a statistically
significant offset, and all but one are also known to host cold
CO gas. Conversely, the systems without significant offsets are
not known to host gas, except one. As discussed in Takeuchi &
Artymowicz (2001), Krivov et al. (2009), Olofsson et al. (2022),
and more recently Jankovic et al. (2026) and Weber et al. (2026),
gas can alter the dynamics of the dust particles. In this work we
therefore investigated whether the presence of gas can explain
the presence and strength of the observed offsets. We did not
attempt to fit or reproduce any particular set of ALMA and
SPHERE observations but rather carried out a parameter study
to check under which circumstances such radial offsets can arise.

In Section 2, we describe the simulation setup (from deter-
mining the dust density distribution to computing synthetic
images). We then present a fiducial model in Section 3 and
explore the parameter space to quantify which parameters can
explain the radial offsets seen in SPHERE and ALMA observa-
tions in Section 4. We discuss our findings in Section 5 before
concluding in Section 6.

2. Simulation setup

The end goal of each simulation was to compute the dust density
distribution as a function of grain size, accounting for the effects
of stellar gravity, radiation pressure, gas drag, and collisions.
The approach follows the one originally presented in Thébault
(2012), the main differences being the inclusion of gas drag (see
also Olofsson et al. 2022) and the fact that unbound grains are
included here (similarly to Thébault et al. 2023). In this section
we first describe the physical parameters defining our model,
then explain how the dust density distribution is determined and
how synthetic images are computed.

2.1. Dust and gas parameters

2.1.1. Dust parameters

The full disk can be described using only a few parameters. First,
we parametrized the radial distribution of parent bodies in the
birth ring by a normal distribution of semimajor axes, centered
at ad with a standard deviation σd. Next, the vertical structure
was determined by a single parameter ψ, the standard deviation
of a normal distribution from which we drew the inclinations of
the parent bodies with respect to the midplane.

At the beginning of the simulation, npart parent bodies are
created, which only experience stellar gravity. During the ini-
tialization, we drew their mean anomalies from a uniform dis-
tribution between 0 and 2π and computed their initial positions
and velocities. Each of these “seed” parent bodies release one
dust particle (hence npart particles in total), whose dynamics we
followed. Furthermore, a radius (s) was also assigned between
a minimum and maximum size, smin and smax, respectively, fol-
lowing a power-law distribution dn(s) ∝ sqds, with a slope q.
Finally, each particle was assigned a value of β, the ratio between
radiation pressure and gravity, computed following Burns et al.
(1979);

β(s) =
3L⋆

16πGcM⋆

Qpr(s)
ρs

, (1)

where L⋆ and M⋆ are the stellar luminosity and mass, G the grav-
itational constant, c the speed of light, ρ the material density of
the dust particles, and Qpr is the radiation pressure efficiency,
computed as

Qpr(s) = Qabs(s) + Qsca(s) × (1 − gsca(s)), (2)

averaged over the stellar photospheric model, where Qabs and
Qsca are the absorption and scattering efficiencies while gsca is
the asymmetry parameter. To have finer control over the blow-
out size (sblow below which grains are unbound to the star),
we include another free parameter, βscale, by which we multi-
ply the β(s) curve. For βscale < 1, this effectively decreases the
blow-out size (shifting down β(s)), and vice-versa, for βscale > 1
(see Fig. A.1). All the quantities related to dust properties are
computed using the optool1 package (Dominik et al. 2021).
Unbound grains sent on hyperbolic orbits because of radiation
pressure are included in the simulation.

As will be explained in Section 2.2, the lifetime of the dust
particles depends on the optical depth of the disk. This is simply
parametrized by a maximum geometric optical depth τmax which
will be used to normalize optical depth profiles to estimate the
collisional lifetime of the particles. As discussed in Zuckerman
& Song (2012), the optical depth can be related to the fractional
luminosity of the disk fdisk = Ldisk/L⋆, as τmax ∼ 2r fdisk/∆r,
where Ldisk is the luminosity of the disk, r is the radius of the disk
and ∆r its radial width. The last parameters related to the proper-
ties of the birth ring are its inclination and position angle (i and
ϕ, respectively). These two parameters relate only to the view-
ing geometry for computing the images (Section 2.3), without
affecting the physics.

2.1.2. Gas parameters

The gaseous disk is parametrized by a normal distribution for the
surface density distribution Σg(r), centered at ag with a standard
deviation σg, and normalized to a total gas mass Mgas. The com-
position of the gas is described with the mean molecular weight
µ, and the gas temperature varies as Tg(r) = Tg,0(r/ag)−1/2.

2.2. Determining the dust density distribution

Since the gas exerts a force on the dust grains that depends on
their velocities, we derive the dust density distribution in an
iterative manner, as described below.

2.2.1. Inventory of forces

At t = 0, npart particles are created and they immediately expe-
rience the following three forces: stellar gravity, radiation pres-
sure, and gas drag. The first two are simply accounted for by
reducing the stellar mass M⋆ by a factor (1 − β) when comput-
ing the acceleration (Burns et al. 1979). For the gas drag, we
followed Jankovic et al. (2026) and assumed that the gas is in
vertical hydrostatic equilibrium, with the vertical scale height
computed as

Hg = cs(r)/Ωk =

√
kBTg(r)r3

GM⋆µmH
, (3)

where cs(r) is the local sound speed, Ωk the Keplerian angular
velocity in the midplane, kB the Boltzmann constant, and mH

1 Available at https://github.com/cdominik/optool
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the mass of the hydrogen atom. The velocity of the gas in the
vertical and radial directions are null, but because the gas feels
its own pressure, its azimuthal velocity will depart from the local
Keplerian velocity vk and can be computed as vg = vk

√
1 − η,

where η is derived as in Jankovic et al. (2026, also capped at
unity at large separations):

η(r) =
c2

s (r)r
GM⋆

7
4
+

r2 − rag

σ2
g

 . (4)

At each distance r, there is a value of β(s) for which the effect
of radiation pressure and gas drag cancel each other out (β(s) =
η(r)), so that the particle no longer drifts in the radial direction.
This divides the β(s) plane into two different domains of inward
or outward drift. Figure A.2 shows four examples of the β(s)
stability regions, determined by the condition η(r) = β(s), for
different combinations of Tg,0 and µ. As discussed in Takeuchi
& Artymowicz (2001, see also Krivov et al. 2009; Jankovic et al.
2026; Weber et al. 2026), in the absence of collisions, if a dust
particle has a β value larger than the local value of η it will drift
outwards, until it reaches a location in the disk where β(s) = η(r).

The thermal velocity of the gas is computed as in Takeuchi
& Artymowicz (2001):

vtherm =
4
3

√
8kBTg,0

πµmH

(
r
ag

)−1/2

, (5)

The gas drag force can then be computed as:

Fgas = −πρgs2
√
v2

therm + ∆v
2∆v, (6)

where ρg is the local gas density and ∆v is the relative velocity
between the dust particle and the gas, the latter of which depends
on η.

2.2.2. Integrating the equation of motion and assessing
convergence

To follow the motion of the dust particles, we used a fourth
order Runge-Kutta integrator and the acceleration accounts for
all the aforementioned forces. The timestep δt is fixed to one
hundredth of the orbital period at a distance of ad. The final dust
density distribution is estimated through an iterative process of
several consecutive runs. The purpose of these runs is to make
sure that the grain-to-grain collisions are accounted for properly.
If one were to compute just one simple iteration, the end result
would highly depend on its duration. We therefore followed the
approach outlined in Thébault (2012), which is also similar to
that described in Krivov et al. (2009).

A first iteration was computed (“run 0”) for an arbitrary dura-
tion (e.g., 500 000 years), which yielded a first estimate of the
radial optical depth profile. For this first run, there are no col-
lisions, and particles are not destroyed. It is parametrized by a
total number of integrations, and at every timestep we increased
the 1D vertical optical depth, τ0(r), by the cross-section, πs2,
of the particles (meaning it is not computed only at the end of
the simulation, but rather updated after each timestep). Once the
run is finished, the τ0(r) profile is normalized so that the maxi-
mum is equal to τmax (an input parameter of the simulation). This
is illustrated in Fig. 1, for which τmax = 5 × 10−2. We note that
while the code is 3D, since the problem is axisymmetric we used
azimuthally averaged quantities whenever possible (e.g., τ(r)) to
speed up calculations.

102 103
r [au]

10 7

10 6

10 5

10 4

10 3

10 2

10 1
Run 0
Run 1
Run 2
Run 3
Run 4
Run 5
r 1.5

Fig. 1. Geometric optical depth as a function of the stellocentric dis-
tance. A reference slope of r−1.5 is shown with a dotted line. The solid
lines of various colors and thicknesses show the evolution of the optical
depth for successive iterations (see Section 2.2.2 for details). The loca-
tion of the birth ring is marked by the gray-shaded area (ad ± σd).

The following iterations (n) will use the estimate of τn−1(r)
of the previous iteration (n − 1) to determine whether a parti-
cle is destroyed or not. For each particle, at each timestep, we
computed a probability that a particle is destroyed as

fcoll =
πδtτn−1(r)

torbit
, (7)

similarly to Olofsson et al. (2022). If a particle is destroyed, it
is removed from the simulation and a collision does not produce
new particles. The optical depth profile τn(r) is then updated,
at each timestep, with the cross-sections of all remaining parti-
cles, and this is repeated until the simulation finishes. A run with
collisions will be considered as finished when 99.99% of the ini-
tial npart have been destroyed. The inclusion of unbound particles
requires an additional condition for particles to be removed from
the simulation. These grains are set on hyperbolic orbits and
will never come back in the birth ring. Their chances of being
destroyed by collisions are therefore very small. We set a maxi-
mum distance (100 times the reference radius ad) beyond which
we considered the particles to be removed. Overall, the total
duration of the simulation for the nth iteration will depend on the
collisional lifetime of the particles, since we needed to ensure
the vast majority of particles are destroyed one way or another.
It may be shorter or longer than in previous iterations, since τ(r)
may differ, especially for the first few iterations. Figure 1 shows
the evolution of the optical depth profiles for consecutive runs
0 to 5. It is apparent that the simulation quickly converges to a
stable optical depth profile, where runs 3, 4, and 5 are almost
perfectly identical to each other. For comparison, a slope of r−1.5

is also displayed, which is the expected behavior for the optical
depth beyond the birth ring (Strubbe & Chiang 2006; Thébault
& Wu 2008). At large stellocentric distances, beyond ∼2 000 au,
the profile flattens towards r−1 because of the increasing contri-
bution of unbound grains (see Strubbe & Chiang 2006; Thébault
et al. 2023).
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2.3. Synthetic images

During the last iteration (run 5), the code will also compute a set
of images, in scattered light (total intensity or linear polarimetry)
and thermal emission. The images are parametrized by a number
of pixels and a pixel size. At each timestep, for each particle,
we first applied two rotations to the (x, y, z) coordinates: the first
one to account for the inclination i of the disk, and the second
for its position angle ϕ. If the considered particle falls in the
field of view of the image, the corresponding pixel is updated as
described in the following.

2.3.1. Scattered light images

For each particle, we first computed the scattering angle (θ) as
the arc cosine of the dot product between the line of sight and
the position vector of the particle. Its contribution is then:

Fscattered =
F⋆

4πr2 πs2S 11(s, θ)Qsca(s) (8)

where S 11 is the element of the Müller matrix for the total
intensity phase function, computed with optool (for polarized
intensity this would be replaced by S 12), r is the distance to the
star, and F⋆ the stellar flux.

2.3.2. Thermal emission

One key aspect when computing images in thermal emission is to
estimate the temperature Tdust of the particles, which depends on
the absorption coefficients (hence s and wavelength λ) and the
distance r to the star. Assuming that the dust grains are at equi-
librium temperature, we can equate how much light they absorb
and emit, to obtain the following relationship:

r(s,Tdust) =
R⋆

2

√√ ∫
λ

F⋆(λ)Qabs(λ, s)dλ∫
λ
πB(λ,Tdust)Qabs(λ, s)dλ

, (9)

where B is the Planck function at the temperature Tdust and R⋆

the stellar radius. When initializing the simulation, the code
samples an array of temperatures between 2 and 3000 K and
computes the corresponding radius for all grain sizes (illustrated
in Figure A.3). During the simulation, when computing the ther-
mal emission image, for a particle of a given size and given
distance, we inverted the above equation to find the temperature
of the dust grain. If the particle falls in the field of view of the
image, the contribution to the flux at a wavelength λ then is:

Fthermal = 4πs2Qabs(s, λ)πB(λ,Tdust). (10)

2.3.3. Additional diagnostics

To facilitate the comparison between scattered light and thermal
emission images, we can also save intermediate products, since
we have the cross-section and distance for every particle in the
simulation. For instance, we saved surface brightness profiles as
a function of the radius for both kinds of images. This was done
by summing the contributions of Equation (8) or (10) in radial
bins (with ∆r = 0.8 au) and dividing by the surface area of the
considered ring. This is done regardless of the azimuth angles
(and, hence, not at a fixed scattering angle in scattered light); this
approach is similar to de-projecting the image and azimuthally
averaging the surface brightness. The contributions to the radial
profiles can also be saved for different intervals of β so that we
can identify which grain sizes contribute most to the final image.

2.3.4. Convolution, sensitivity, and observables

For the purpose of this study, neither the images nor the radial
profiles were convolved by a point spread function. Since we are
mostly interested in the position of the maximum surface bright-
ness, we also opted not to include noise in the final products.
While these two aspects could not be overlooked if we were
attempting to fit models to the observations, this is not the main
goal of this work. Convolution would add further complexity to
the multidimensional parameter space; for instance, even con-
volving the scattered light image with a point spread function of
fixed width (e.g., 40 mas) would have different impacts depend-
ing on the distance of the star (∼10 pc for a disk like AU Mic or
117.9 pc for HD 121617).

Regarding the observables, some of the ARKS papers show
radial profiles in surface density (e.g., Milli et al. 2026) instead
of surface brightness. In this work, we decided that the final
products should be as close as possible to the observations and
therefore work with surface brightness profiles.

2.4. Caveats and known limitations

To be able to explore the parameter space, and explain a pos-
sible origin of the radial offsets, we needed to compute a
rather large number of models. To maintain a reasonably short
computing time, assumptions and simplifications have to be
made. We mention here the main known limitations of the
approach.

2.4.1. Collisional model

The collisional lifetime of the dust particles is a simplified esti-
mation. For instance, the production of dust grains is assumed
to follow a power-law distribution, and all subsequent collisions
are purely destructive (the particle will simply be removed from
the simulation).

Furthermore, in Equation (7), the relative cross-sections of
the particles do not intervene when computing the probabil-
ity that a particle is destroyed. In reality, we know that, for
a s−3.5 size distribution, the global geometrical cross section
decreases as s−0.5. As a consequence the collisional lifetime
should increase as

√
s, thus making larger particles survive

longer than smaller ones; this means that our collisional life-
time is underestimated. Additionally, according to Equation (7),
the relative velocities between two particles are not accounted
for when checking whether or not a particle is destroyed. The
distribution of relative velocities between dust grains might
play a more crucial role in simulations with gas compared to
simulations without gas. On the one hand, gas drag should cir-
cularize the orbit (decreasing eccentricity while at the same
time increasing pericenter distance, see Olofsson et al. 2022).
This circularization is expected to lower the relative velocity
between two particles since the velocity vectors should become
more aligned with each other as the eccentricities of the par-
ticles decrease. On the other hand, most collisions take place
in the birth ring (where the optical depth is maximum), where
the velocities of the particles are the highest, regardless of their
size. Given the complexity of implementing these two effects
(cross-sections and velocities) and the underlying assumptions
that would go behind such a model, we opted for a simpler solu-
tion that still accounts for the dynamical collision lifetime of the
particles.
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2.4.2. Gaseous disk

The prescription for the gaseous disk is also a simplistic descrip-
tion. We assumed a normal distribution for the radial distribution
of gas. Such a distribution is qualitatively consistent with the
observed radial distributions of CO emission in the ARKS sam-
ple (Mac Manamon et al. 2026) in the sense that CO density
likely decreases both radially inwards and radially outwards from
the belt center. We also assumed that the gas temperature is
the blackbody one and is vertically constant. Furthermore, the
gaseous disk has no velocity in the vertical direction, it does
not viscously spread for the full duration of the simulation,
and does not contribute gravitationally, despite being assigned
a nonzero total mass. Marino et al. (2022) show that vertical
mixing caused by turbulent diffusion could affect the spatial
distribution of the dust particles, but since we have very few
constraints on the mixing strength we opted not to include such
effects in the simulation. Dust radial diffusion due to gas tur-
bulence is not accounted for in the simulations as its strength
remains unconstrained.

3. A first model

To have “realistic” default parameters for a first simulation, we
chose HD 121617, an A-type star with a relatively narrow belt,
as a proxy for a typical system hosting a gas-bearing debris
disk. Following Marino et al. (2026), the stellar parameters are
set to M⋆ = 1.9 M⊙, L⋆ = 14 L⊙, at a distance of 117.89 pc.
The inclination and position angle of the disk are i = 44.1◦,
ϕ = 58.7◦. Since we are not aiming to reproduce the ALMA and
SPHERE observations of this system, the remaining parameters
are defined more loosely. The birth ring of planetesimals is cen-
tered at ad = 75 au with a standard deviation of σd = 5 au. The
opening angle of the disk is set to ψ = 0.04 and the parent bod-
ies have a proper eccentricity drawn from a normal distribution
with a standard deviation of 0.05 (as in Thébault et al. 2023 for
instance). The peak optical depth is set to τmax = 5× 10−3, corre-
sponding to fdisk = 5×10−4 (assuming∆r = 3σd). The minimum
and maximum grain sizes are 0.1 µm2 and 5 mm, with a slope in
q = −3.5, and βscale = 1. The optical properties are computed
with the distribution of hollow spheres model (DHS, Min et al.
2005) assuming a maximum filling factor ( fmax) of 0.8 and the
DIANA composition (Woitke et al. 2016 and references therein)
for which ρ = 2.08 g cm−3. For these parameters, the size for
which β = 0.5 is ∼20 µm, meaning that a significant fraction
of the size distribution (0.1 < s < 20 µm) consists of unbound
grains. For the gaseous disk, the total mass is Mgas = 10−2 M⊕,
with a distribution centered at ag = ad = 75 au, a standard devi-
ation σg = 10 au, a mean molecular weight µ = 28 (implying
a secondary origin for the gas, where the disk is CO rich and
hydrogen poor), and a reference temperature of Tg,0 = 40 K
(Brennan et al. 2026).

Figure 2 shows the collisional lifetime of particles as a func-
tion of the β value (only bound grains are considered in this
map). When computing the last run of a simulation (run 5 from
Fig. 1), at each timestep, if a particle with a given β value is
destroyed, we incremented the corresponding (t, β) cell by unity.
The color-coding in Fig. 2 therefore shows the number of colli-
sions at a given (t, β), renormalized to the maximum for each β

2 Tazaki & Dominik (2022) show that aggregates composed of
monomers with radii 0.1–0.2 µm can reasonably explain polarimetric
observations of the transition disk HD 142527. We therefore set the
minimum grain size to be the size of such monomers.
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Fig. 2. Collisional lifetime as a function of the particles’ β value. The
color-coding indicates the number of particles destroyed in a given cell,
renormalized for each column.

value. In this first simulation, most of the particles with β ≤
0.1 will only survive for about 10 000 years. As mentioned in
Section 2.4.1, the probability of having a destructive colli-
sion does not depend on the cross-section of the dust particles
(Eq. (7)). The combined effect of the radiation pressure and
gas drag is the only factor that could lead to a size-dependent
collisional lifetime. Since particles with low β values are less
sensitive to these forces, this yields a constant collisional life-
time. But, as β increases, so does the lifetime of the particles,
since they spend a significant amount of time outside the birth
ring, where densities are lower.

For this first model, we computed two images, one in scat-
tered light, total intensity, at a wavelength of 1.63 µm and a
second one in thermal emission at 880 µm3. As a benchmark, we
also computed another simulation where the gas mass was set to
0. Figure 3 shows the results for the set of parameters described
above, for the simulation with gas.

We can see that the radial profiles for the simulation with gas
peak at the following distances: 78.5 au for SPHERE, and 75.5 au
for ALMA (3.0 au offset). The results from the gas-free simula-
tion show that the ALMA profile remains largely unaffected by
gas drag, for this set of parameters. The SPHERE profile of the
simulation with gas peaks ∼1.7% further out relative to the simu-
lation without gas (77.2 au), indicating that gas–dust interactions
are shifting the distribution of small grains outward.

Figure 4 shows the cumulative contributions to the surface
brightness as a function of the β value so that we can investigate
which grain sizes are contributing to these radial profiles. This is
a cumulative plot in the sense that the line β < 0.15 also includes
the contribution of grains with β < 0.1 and so on. The lower
panel is for the ALMA image and shows that the majority of the
flux comes from grains with β < 0.1 (i.e., s > 100 µm) with a
marginal contribution from grains smaller than that. In scattered
light, the top panel of Fig. 4, the situation is quite different as all
intervals contribute to the image. As β increases, the peak of the
profile shifts to larger distances due to the combined effect of

3 For brevity we refer to the two different kind of images as the
“SPHERE” and the “ALMA” images. Furthermore, for SPHERE we
only look at the total intensity images, not polarized intensity.
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Fig. 3. Results for the fiducial model, with a gas mass of 10−2 M⊕. Left: synthetic scattered light image in total intensity at 1.63 µm. Middle: thermal
emission image at 880 µm. Right: normalized surface brightness profiles. The profiles for the simulation with (without) gas are shown with solid
(dashed) lines. The ALMA profiles are shown in black and gray; the other two profiles (purple and orange) are for the SPHERE profiles.

radiation pressure and gas drag. Interestingly, even though they
are short-lived, unbound grains do contribute a non-negligible
fraction to the image (they make up for the difference between
the lines marked “All β” and “β < 0.5”), in line with the findings
of Thebault & Kral (2019).

4. Parameter space exploration

Even though our approach has relatively few free parameters,
computing one simulation can be lengthy (from a few hours to
a couple of days). We therefore could not compute a fully pop-
ulated grid of models and could only explore combinations of
a few parameters. We here followed an empirical approach to
identify which ones drive the extent of the radial offset, guided
by which ones can affect either the dynamics of the grains or
the integrated optical properties. Table 1 summarizes the differ-
ent families of models we computed, and the parameters that are
varied with respect to the fiducial model are highlighted in bold
font.

4.1. Gas mass and dust optical depth

The first parameters that we explored to vary the radial offset
between the SPHERE and ALMA images were the gas mass
(Mgas) and peak optical depth (τmax) of the dust, since they
will affect either the radial drift efficiency or the collisional
timescale. Starting from the first model described in Section 3,
we changed the gas mass Mgas to be between 10−3 and 1 M⊕
(7 values). We also varied τmax between 5 × 10−4 and 5 × 10−2

(5 values), which resulted in 35 models (the other parameters
remained the same as before; see family F1 in Table 1). For this
set of parameters, the fractional luminosities of the disks would
range between 5 × 10−5 and 5 × 10−3.

The peak positions and the offsets for these 35 models are
displayed in Figure 5. In each panel, the five curves are for
the different values of τmax. For the low gas mass models, the
peak positions of the SPHERE and ALMA profiles lie close to
the reference radius ad = 75 au. For both wavelengths, as the
gas mass increases the peaks shift to larger stellocentric dis-
tances. We note that for the ALMA profiles (third panel) there is
some dispersion on the peak positions (≲0.5 au). This is because
the ALMA surface brightness profiles mostly trace the largest
grains (Fig. 4), which are less numerous in our simulations given
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Fig. 4. Cumulative contributions to the surface brightness radial pro-
files as a function of β for SPHERE (top) and ALMA (bottom), for the
fiducial model, with Mgas = 10−2 M⊕. The hatched area corresponds to
ad ± σd.

the steep size distribution, leading to larger numerical Pois-
son noise for the ALMA profiles compared to the SPHERE
profiles.

As shown in the bottom panel of Figure 5, the offset is always
positive (rSPHERE ≥ rALMA). It first increases with the gas mass
but tends to decrease as Mgas becomes larger, as even the large
grains start to drift outward. For the higher gas masses, the offset
increases significantly, reaching values close to 30 au. This hap-
pens when a “secondary ring” begins to appear in scattered light.
Such secondary rings are known to arise from gas–dust interac-
tions (Takeuchi & Artymowicz 2001; Jankovic et al. 2026). In
brief, as discussed in Jankovic et al. (2026), the drift velocity of
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Table 1. Summary of the different families of models explored in this study.

Family Number of Mgas τmax q βscale ad ag µ T0 smin
models (×10−3 M⊕) (×10−3) (au) (au) (K) (µm)

F1 35 [1, 5, 10, 50, 100, 500, 1000] [0.5, 1, 5, 10, 50] –3.5 1 75 75 28 40 0.1
F2 35 [1, 5, 10, 50, 100, 500, 1000] [0.5, 1, 5, 10, 50] –3.5 0.25 75 75 28 40 0.1
F3 35 [1, 5, 10, 50, 100, 500, 1000] [0.5, 1, 5, 10, 50] –3.75 1 75 75 28 40 0.1
F4 35 [1, 5, 10, 50, 100, 500, 1000] [0.5, 1, 5, 10, 50] –3.75 0.25 75 75 28 40 0.1
F5 35 [1, 5, 10, 50, 100, 500, 1000] [0.5, 1, 5, 10, 50] –3.75 0.25 75 75 28 40 0.5
F6 35 [1, 5, 10, 50, 100, 500, 1000] [0.5, 1, 5, 10, 50] –3.75 0.25 75 75 28 300 0.1
F7 35 [1, 5, 10, 50, 100, 500, 1000] [0.5, 1, 5, 10, 50] –3.75 0.25 75 75 2 40 0.1
F8 35 [1, 5, 10, 50, 100, 500, 1000] [0.5, 1, 5, 10, 50] –3.75 0.25 75 70 2 40 0.1
F9 35 [1, 5, 10, 50, 100, 500, 1000] [0.5, 1, 5, 10, 50] –3.75 0.25 50 50 28 40 0.1

Notes. For each family the parameter(s) that differ from the fiducial model (which belongs to family F1, highlighted in orange) are highlighted in
bold font. The second column reports the number of models computed for each family.

80

90

100

r S
PH

ER
E 
[a
u]

75.0

77.5

80.0

82.5

r S
PH

ER
E 
[a
u]

75

76

77

78

r A
LM

A 
[a
u]

max = 5×10 4

max = 10 3
max = 5×10 3

max = 10 2
max = 5×10 2

10 3 10 2 10 1 100
Mgas [M ]

100

101

r S
PH

ER
E 
- 
r A

LM
A 

[a
u]

Fig. 5. Peak positions for the radial profiles for SPHERE (first and sec-
ond from the top) and ALMA (third from the top) and the difference
between the two (bottom, in log-scale), as a function of the total gas
mass and for different peak optical depths (legend in the middle panel),
for family F1. The second panel from the top shows a zoomed-in ver-
sion of the topmost panel. For the top three panels, the horizontal dashed
lines show ad = 75 au.

the dust particles, under the effects of stellar gravity, radiation
pressure, gas drag, and Poynting-Robertson (PR) drag, strongly
depends on their sizes. The location of the secondary ring is
mostly determined by where the drift velocity of the particles
falls to zero, which depends on gas pressure profile and den-
sity, which in turn depends on gas mass. In this work, we also
accounted for collisions, and the cross-sections of the dust grains
drive the shape of the optical depth radial profile, which in turn

governs the collisional lifetime of the particles and, hence, the
location of any secondary ring that may form, meaning that the
location of the secondary ring also depends on τmax. Since a sim-
ulation is considered as finished when the optical depth profile,
τ(r), no longer changes between consecutive iterations, the sec-
ondary ring will not continue to evolve over time. Its brightness
and detectability will, however, strongly depend on the cross-
sections of the grains, their scattering efficiencies (for scattered
light images), and their absorption efficiencies and temperatures
(for thermal emission images). Since this is investigated in depth
in Jankovic et al. (2026), in the rest of this paper our main focus
lies on disks with a single ring, but we still discuss our sim-
ulations that show secondary rings and the differences of our
approach with the one of Jankovic et al. (2026) in Section 5.3.

Increasing gas mass and optical depth seems to have an oppo-
site effect on the peak position of the radial profiles, which can
be seen in the third panel of Figure 5. The curve for models
with high optical depth (τmax = 5 × 10−2 in yellow) is below
the one for models with low optical depth (τmax = 5 × 10−4 in
black). Regardless of the gas mass, the peak positions of the
ALMA profiles peak farther out for low optical depth compared
to larger optical depth; the dust particles have more time to drift
before they are eventually destroyed by collisions. Furthermore,
in the lower panel of Fig. 5, the curves for simulations with
τmax = 5× 10−4 and 10−3 show a maximum offset for a gas mass
of ∼10−2 M⊕, and the offset decreases for higher gas masses (bar-
ring the last two points). As τmax increases, the maximum offset
is reached for higher gas masses, closer to 0.1 M⊕, the offset then
decreasing for higher gas masses. This correlation between the
two parameters is further discussed in Section 5.1.

4.2. The size distribution

The surface brightness in the SPHERE images strongly depends
on the detailed dust properties, especially for the small end of the
size distribution (Fig. 4). Since this would increase the parameter
space significantly, we opted not to change the composition or
porosity of the dust particles. To test if we could obtain larger
offsets between SPHERE and ALMA, we varied parameters that
are related to the particle size distribution, which will affect the
Qsca, S 11, and the cross-sections s2. The first two parameters that
we considered here are the slope of the size distribution q and
the strength of the radiation pressure via βscale.

First, changing the slope of the size distribution q (to values
smaller than −3.5) will increase the number of small particles
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in the simulation. Such steeper values are indeed expected when
taking into account the size-dependence of the crushing energy
(Gáspár et al. 2012). Since the small particles are the ones most
strongly affected by radiation pressure and gas drag, increasing
their numbers relative to larger grains should affect the peak
position of the scattered light surface brightness profile. Sec-
ond, as mentioned before, the motivation to introduce the βscale
parameter is that it allows us to more finely control the β(s)
relationship. From Eq. (1), this means that β(s) is no longer self-
consistent with the dust properties Qabs or Qsca (or the stellar
parameters L⋆ or M⋆). In principle, changing β(s) to have a dif-
ferent value for sblow can be achieved by changing either the
dust composition or the porosity (e.g., Arnold et al. 2019), but
since the Qsca and S 11 strongly depend on the composition, this
would not allow us to isolate the impact that sblow has on the final
images. Instead, by setting βscale to ¼, the blow-out size decreases
from 20 µm to 5 µm (F2 and F4), while all the other optical prop-
erties remain the same. This break of consistency with respect
to Eq. (1) was deemed acceptable to limit the number of free
parameters.

There is a third parameter, related to the size distribution, that
we can change: the minimum grain size smin (usually smin < sblow
and all the grains with sizes in between would be gravitationally
unbound). Family F5 is based on the parameters of F4, only with
smin changed from 0.1 µm to 0.5 µm.

We considered five families of models (F1 to F5). For each
family, we varied Mgas and τmax, as described in Table 1, but with
q = −3.5 or −3.75 (close to the slope reported in Gáspár et al.
2012), βscale = 1 or ¼, and with smin = 0.1 or 0.5 µm. For each
model we computed the offset between the peak positions of the
SPHERE and ALMA profile. Then, for each family of models
(F1 to F5), we computed a kernel density estimation (KDE),
summing normal distributions with a standard deviation of 1 au,
centered at the value of the offset. This is done to avoid sensitiv-
ity to the bin size and provide a more continuous representation
of the data. The results are shown in Figure 6 for all nine families
of models.

For some of the families, there are offsets larger than 15 au.
This happens when the secondary ring becomes brighter than
the birth ring in scattered light, and is further discussed in Sec-
tion 5.3. Barring these particular cases, we see that the maximum
of the KDEs shifts towards larger offsets as we decrease q and
βscale. Decreasing sblow seems to be slightly more efficient than
decreasing q; the KDE for family F2 peaks at larger distance
than the one for family F3. Changing both parameters seems
to be cumulative and the KDE for family F4 peaks at ∼6.5 au.
Releasing a larger quantity of small dust particles (steeper size
distribution or decreasing the blow-out size via βscale) therefore
helps increase the offset between the SPHERE and ALMA radial
profiles. We remark that increasing the minimum grain size from
0.1 to 0.5 µm (F5 compared to F4) yields a similar distribution
of offsets. The scattering efficiencies Qsca for submicron parti-
cles (s < 0.5 µm) are likely too small to have a significant impact
on the resulting surface brightness profiles (see e.g., Figure 4 of
Olofsson et al. 2023).

4.3. Gas kinetic temperature and mean molecular weight

Since the local sound speed cs intervenes when estimating the
gas-drag force and depends on both the temperature profile and
the mean molecular weight, we then varied these two parameters.
We computed new models based on family F4 (Table 1), which
shows the largest offsets and set Tg,0 = 300 K and µ = 28 (F6) or
Tg,0 = 40 K with µ = 2 (F7).
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Fig. 6. KDE and histograms of the offsets for all families of models (F1
to F9). The vertical dashed line is centered at 0. The fact that some of
the curves display negative offsets is due to the fixed kernel’s width of
1 au.

Figure 6 (for families F4, F6, and F7) shows that changing
either parameter has little impact on the radial offset between
SPHERE and ALMA. As illustrated in Fig. A.2, for a given
radius r, the stable region where η(r) = β(s) (Eq. (4)) is reached
for larger β values when increasing Tg,0 or decreasing µ. This
means that, assuming they survive long enough, the small parti-
cles will not drift as far away from the birth ring. For the larger
grains, contributing to the ALMA profiles, the situation is less
straightforward. In Figure A.2, the stability curve for family F4
crosses r = 75 au for β ∼ 10−3, which is shifted to β ∼ 10−2

for models of family F6. All particles with 10−3 < β < 10−2

should drift outward for models of family F4, while the same
grains should remain close to the birth ring for families F6 and
F7. While this should help in obtaining a larger offset for fami-
lies F6 or F7, the assumption that the particles can survive long
enough may not hold. Indeed, the birth ring is where the optical
depth peaks, hence where the lifetime of any particle is shortest.
Overall, this is a multidimensional problem, but Fig. 6 suggests
that the kinetic temperature or mean molecular weight have little
impact on the offset between SPHERE and ALMA observations,
in the regime rSPHERE − rALMA ≲ 10 au. However, when it comes
to the formation of secondary rings, Fig. 6 shows that increasing
Tg,0 or decreasing µ results in fewer systems with offsets larger
than ∼20 au (that is, secondary rings). This is in line with the
results presented in Jankovic et al. (2026) who found that the dis-
tribution of small particles is smoother for lower µ values, while
grains with sizes 10 < s < 30 µm pile-up outside the birth ring
and create a detectable secondary ring for models with larger µ
values (their Figure 7).

4.4. Birth ring and gaseous disk radius

In this subsection, we investigate how the scale of the offset
varies when changing the reference radius of either the birth ring
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Fig. 7. KDE of the offset divided by the reference radius of the gaseous
disk ag for families F4, F8, and F9, using a kernel standard deviation of
0.05.

ad or the gaseous disk ag. Our reference family of models is F4
(Table 1), since this family shows the largest offsets (Fig. 6). For
family F8, the gaseous disk peaks at ag = 70 au instead of 75 au,
with ad = 75 au (we note that for this family of models, µ is set
to 2, compared to 28 for F4, but we show that this only has a
small effect, Section 4.3). Family F9 is similar to F4, except that
ad = ag = 50 au. Figure 7 shows the KDEs for these three fam-
ilies of models (with standard deviation of 0.05 for the kernel),
but in this specific case, the offset is divided by ag so that we can
quantify the relative effect that ag has. Even though the extent of
the parameter space exploration is limited to a handful of values,
our results suggest that the relative offset does not depend sig-
nificantly on ag since all KDEs peak at the same location. The
offset would be smaller for more compact disks, and larger for
disks at a greater separation from the star.

5. Discussion

5.1. The competition between gas mass and dust optical
depth

Figure 8 shows the offset measured between the peak positions of
the SPHERE and ALMA radial profiles as a function of the ratio
Mgas/τmax. Since τmax, which governs the collisional timescale,
is directly related to the total dust mass, the ratio Mgas/τmax
can be considered as a proxy for the gas-to-dust mass ratio. We
used Equation (7) from Wyatt (2008) to convert the fractional
luminosity fdisk to an estimated dust mass, as

Mdust = 12.6 fdiska2
dκ
−1
ν X−1

λ , (11)

where κν is the dust opacity (1.9 cm2 g−1 at 0.89 mm, Marino
et al. 2026, converted to 50.7 au2 M−1

⊕ ) and Xλ is meant to
account for the emission falloff at longer wavelengths, which
we assumed to be 4 as in Wyatt (2008). Since the linear trans-
formation from τmax to Mdust depends on ad, we did not include
results from family F9, since ad is 50 au compared to 75 au for
the rest of the models. The two populations display a similar pat-
tern as a function of Mgas/τmax, but with a vertical offset; models
with smaller βscale show overall larger offsets compared to mod-
els with βscale = 1, as discussed in Section 4.2. We also show a
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Fig. 8. Offset between SPHERE and ALMA as a function of the ratio
between the gas mass Mgas and maximum optical depth τmax for all
models from families F1 to F8 (i.e., all but F9). Models with differ-
ent βscale are shown with different symbols and colors. The dashed blue
box shows the locus of models whose secondary belt is brighter than
the birth ring in the SPHERE radial profiles. The underlying contours
show a 2D KDE for all the models. A secondary x-axis at the top shows
the estimated gas to dust mass ratio.

2D KDE underneath the scatter plot, for all the models, to better
show the density distribution of offsets.

Initially, as the ratio Mgas/τmax increases, so does the size of
the offset. Higher gas masses will increase the offset as the gas
drag force is larger (Equation (6)). Gas drag will both dampen the
particles’ eccentricities and increase their pericenter distances
faster for higher gas masses (e.g., Fig. 5 in Olofsson et al. 2022).
They should thus be less likely to return inside the birth ring
where their chances of being destroyed are higher. On the other
hand, increasing τmax will decrease the offset, since it influences
the collisional lifetimes of the particles (Eq. (7)). For larger τmax
values, particles will be destroyed more efficiently, before they
might reach the location where β = η. Lowering the maximum
optical depth or increasing the gas mass therefore helps shift the
peaks of the surface brightness profiles to larger separations.

However, beyond Mgas/τmax ∼ 10 (Mgas/Mdust ∼ 0.3) the dis-
tribution of offsets splits into two different branches. The upper
branch is populated with models that show a secondary ring
brighter than the birth ring in scattered light; models with large
gas masses or low optical depths where the small dust particles
can drift outwards before being destroyed. On the other hand, the
lower branch is populated with models where the effect of gas
drag results in a broadening of the SPHERE surface brightness
profiles, or the creation of a secondary ring that does not become
brighter than the birth ring. As an example, the surface bright-
ness profiles for a model with a “shoulder” in scattered light
are shown in Figure 9. The contribution of the small grains in
the SPHERE profile is mostly confined to distances in the range
90–100 au. As a consequence, the surface brightness in the birth
ring (the hatched region) arises from larger grains, which are less
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Fig. 9. Same as Figure 4 for the model of family F1 with Mgas =
10−2 M⊕ and τmax = 5 × 10−4.

sensitive to gas drag and radiation pressure, resulting in a smaller
offset between SPHERE and ALMA.

5.2. Mid-IR observations

Mid-IR observations are complementary to mm observations as
the thermal emission no longer probes the Rayleigh–Jeans tail
and the flux density depends much more on the stellocentric
distance. For each model we therefore computed new thermal
emission images at a wavelength of 18 µm (akin to JWST/MIRI
observations and in the same wavelength regime as ELT/METIS
observations). The peak positions of the SPHERE, ALMA, and
the newly computed radial profiles (to which we refer to as
“JWST”) are shown in Figure 10 arranged by their respective
families. The three rightmost panels show the histograms of peak
positions for each wavelength.

In most cases, the peak positions of the JWST profiles
lie in between the ALMA and SPHERE ones, but there are
some exceptions. Interestingly, we see that the JWST profiles
peak inward of the ALMA profiles for family F1. This can be
explained by computing the flux density at 18 and 880 µm, which
is shown in Figure A.4, for a given grain size (100 µm). The
flux density decreases much faster with the stellocentric distance
in the mid-IR compared to submillimeter. For the remaining
families of models, this effect makes a smaller difference. The
different behavior of family F1 compared to all the other models
is related to the abundance of small dust grains. Family F1 is the
only one for which q = −3.5 and βscale = 1, and it is the only
family for which the JWST profiles mostly peak inward of the
ALMA profiles.

We can also see in Figure 10 that secondary rings can become
brighter than the birth ring at mid-IR wavelengths, for fami-
lies F6 to F8. The common denominator between these families
are the gas properties, either the temperature (T0) or the mean

molecular weight (µ). The brightness ratio between any sec-
ondary ring and the main ring at mid-IR wavelength could
therefore provide additional constraints on the origin of the gas,
informing whether it is of primordial or secondary origin.

To better understand why the mid-IR peak positions seem
to depend on the size distribution (e.g., families F1 vs. F4),
Figure 11 shows the cumulative surface brightness profiles at
18 µm. Similarly to Fig. 4, the contributions of the different
intervals of β are shown. For this example, most of the sur-
face brightness can be explained by the contributions of either
large grains (β < 0.05) or much smaller, unbound grains. As we
varied either βscale or q (or both; family F4) to have a larger num-
ber of small dust particles, the contribution of unbound grains
increased, shifting the peak to larger separations. This is in line
with the results presented in Thebault & Kral (2019), show-
ing that the unbound grains can significantly contribute to the
mid-IR flux. This underlines the importance of obtaining high
angular resolution observations at these wavelengths, as they
probe a population of dust particles that are otherwise poorly
constrained.

Any further analysis of the mid-IR profiles would require the
implementation of PR drag in the code. Recent JWST observa-
tions of debris disks such as Vega (Su et al. 2024) and Fomalhaut
(Sommer et al. 2025) suggest that PR drag plays a significant role
in shaping the morphology of the disks as seen at these wave-
lengths (even though these two particular systems have smaller
fractional luminosities than the models discussed in this study).

5.3. Secondary rings

Milli et al. (2026) compared the radial profiles derived from
SPHERE and ALMA observations for the ARKS sample and
showed that the disk around HD 131835 is a rather unique
system. Among the six disks that display a significant off-
set between scattered light and submillimeter observations,
HD 131835 has the largest one: the ALMA profile peaks at 65 au
(from the frank modeling results) to be compared to 112 au in
scattered light for the brightest ring, leading to a relative offset of
∼70%. Jankovic et al. (2026) investigated different scenarios to
explain the origin of this large offset. One of them is the effect of
gas drag, on which we based our calculations of η(r). However,
there are some differences between the two approaches: Jankovic
et al. (2026) did not directly account for collisions nor for the
presence of unbound grains, while we did not include the effect
of PR drag in our simulations.

Some of our models show first order similarities with the
observations of HD 131835. Figure 12 shows one of the mod-
els from family F4, with a gas mass of 5 × 10−2 M⊕ and a
maximum optical depth of τmax = 5 × 10−4. This combination
of parameters ensures that the grains can survive for a long
time while experiencing non-negligible gas drag. The SPHERE,
JWST, and ALMA images are displayed, from left to right, while
the rightmost panel shows their corresponding surface brightness
profiles. At mm wavelengths, only the main ring is visible, even
though from the surface brightness there might be a hint of a
secondary bump close to 100–110 au. At mid-IR wavelengths,
the main ring appears very similar to the one seen with ALMA,
but the secondary ring is almost as bright (∼70%) in thermal
emission and is clearly visible in the image. In scattered light,
the secondary ring is brighter than the main ring, echoing what
is observed for HD 131835 (Feldt et al. 2017; Milli et al. 2026;
Jankovic et al. 2026). Interestingly, we can see in the image that
the azimuthal brightness due to the scattering phase function is
different in the inner and outer rings. This is because the inner
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Fig. 10. Left: peak positions of the surface brightness for SPHERE, JWST, and ALMA for the different families of models listed in Table 1. The
horizontal dashed line marks ad (75 au for families F1 to F8 and 50 au for family F9). Rightmost panels: histograms of the peak positions for each
wavelength regime.
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Fig. 11. Same as Figure 4, for the thermal emission surface brightness
profile at 18 µm, for a model of family F1 (Mgas = 0.5 M⊕, τmax = 10−3).

ring mostly consists of large grains (β < 0.05) while the scattered
light from the outer ring arises from particles with β > 0.05.

We note that HD 131835 is not the only debris disk for which
a secondary ring has been reported from near-IR scattered light
observations. Olofsson et al. (2023) reported the detection of
a faint outer ring in the disk around HD 129590. This ring is
only detected in total intensity, not in polarized light, and the
disk is known to harbor cold CO gas (Kral et al. 2020). Sim-
ilar results were found for HD 120326, with the exception that
the disk seems to be devoid of cold CO gas (Bonnefoy et al.
2017; Desgrange et al. 2025). While it is often considered as
a “hybrid” disk, the disk around HD 141569 is known to be
gas-rich (Flaherty et al. 2016) while showing multiple rings
in scattered light (Singh et al. 2021). However, none of these
systems currently have high angular resolution observations at
millimeter wavelengths that can be compared with the scattered
light observations.

Interestingly, when the gas mass is large and the optical depth
small, we find that some models also exhibit a secondary ring

in the ALMA surface brightness profiles (though they never
become brighter than the birth ring). Regardless of the wave-
length at which a secondary ring is observed, such bimodal radial
profiles could be misinterpreted as the presence of a gap in the
distribution of planetesimals, mimicking the presence of massive
perturbers in the disk. That being said, in a second-generation
gas scenario, it is unclear how we could have, at the same time,
a low optical depth and a high gas mass since the gas should be
released from collisions of icy bodies; this would also produce
significant amounts of dust (e.g., Marino et al. 2020).

These results should, however, be taken with caution since
our simulations do not include the effect of PR drag. As men-
tioned in Jankovic et al. (2026), PR drag starts becoming
important in regions where the gas density is low (but has lit-
tle impact in regions of higher density). This is best illustrated in
their Figure 7, showing grains can stop drifting outwards before
they reach the regions where β(r) = η(r). In our simulations drift
stops either at β(r) = η(r) or where the gas density and drift
velocity drop to very low values. In practice, this suggests that
the secondary ring could be closer to the birth ring compared to
our results. Future works focusing on the properties of these sec-
ondary rings should include PR drag (as in Jankovic et al. 2026)
and collisions (as in this study).

6. Summary

With new high-angular-resolution observations we can probe the
spatial distribution of dust particles at unprecedented details,
opening new ways to study debris disks by following the dynam-
ics of the dust grains. Motivated by the comparison between
new ARKS submillimeter and archival SPHERE near-IR obser-
vations of gas-bearing debris disks (Milli et al. 2026), we
investigated how the distribution of dust particles is affected
by gas drag. The metric of interest in this study is the radial
offset between peak surface brightness in images at different
wavelengths. We have presented a new parameter space study,
building upon past works (Takeuchi & Artymowicz 2001; Krivov
et al. 2009; Olofsson et al. 2022; Jankovic et al. 2026), and we
summarize our main results here:

– Gas drag can affect the dynamics of dust particles, and the
final dust density distribution strongly depends on both the
gas mass and the disk’s optical depth. Increasing the gas
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Fig. 12. Left to right: SPHERE, JWST, and ALMA images, as well as surface brightness profiles for all three wavelengths, for a model from family
F4, with a gas mass of 5 × 10−2 M⊕ and a maximum optical depth of 5 × 10−4. The pixel size is 12.26 milliarcseconds for all three images (akin to
SPHERE/IRDIS), and no convolution by a point spread function has been applied.

mass increases the rate at which particles drift outwards,
while a greater optical depth implies shorter collisional
lifetimes, limiting how far particles can drift.

– Even though we investigated only a small part of the param-
eter space, we find that variations in the gas mean molecular
weight and kinetic temperature do not appear to have a
significant impact on the extent of the offset;

– We find that either having a steeper size distribution (q <
−3.5) or decreasing the blow-out size can increase the radial
offset measured from multiwavelength observations, making
it compatible with the offsets reported in Milli et al. (2026);

– We show that mid-IR wavelengths are complementary to
near-IR and submillimeter observations and that measur-
ing radial offsets between the three different combinations
can provide additional constraints on the gaseous disk’s
properties and the grain size distribution;

– While the contribution of unbound grains is negligible at
submillimeter wavelengths, they do contribute in near-IR
scattered light and even more so at mid-IR wavelengths, in
thermal emission. Their contribution should not be ignored
in this wavelength regime;

– When no secondary ring is observed, the extent of the offset
scales with the reference radius of the disk: smaller disks
display smaller offsets;

– Similarly to previous work we find that a secondary ring can
appear outside the planetesimal belt. This only occurs under
the right conditions (low optical depth and high gas mass).
The ring appears in both scattered light and mid-IR obser-
vations (and is brighter than the birth ring), while it remains
barely detectable at millimeter wavelengths. Models with a
low mean molecular weight or a high kinetic temperature
seem to be less prone to developing a secondary ring.

The approach described in this work is currently not well suited
to directly fitting observations, due to the relatively high com-
putational time required, nor regions of the parameter space that
we have not explored (e.g., dust composition). That being said,
the observations obtained with the ARKS Large Program, com-
bined with near-IR scattered light observations, have opened a
new avenue to studying the dynamics of dust particles, and this
new diagnostic can help us better understand how dust particles
evolve after being produced from collisions of planetesimals in
debris disks.
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Fig. A.1. Radiation pressure strength β(s) for the default composition
and stellar parameters (solid black line). Scaling down the original curve
by βscale effectively changes the blow-out size sblow (red curve). The hor-
izontal dashed line shows β = 0.5, while the vertical dashed lines show
the blow-out size for both β(s).
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Fig. A.2. Stability curves in the β(r) plane, for different configurations
of the reference gas temperature and mean molecular weight. A parti-
cle released at a given (r, β) above (below) one of the curves will drift
inwards (outwards), until it reaches the curve. The horizontal dashed
line represents ad, the location of the birth ring.

Appendix A: Dust temperature, β, and η

We show here additional diagnostic plots providing context for
the modeling approach. The β(s) and η(r) curves are shown
in Figs. A.1 and A.2, respectively. Figure A.3 shows how the
temperature of the dust particles varies as a function of the stel-
locentric distance (r) and grain size (s) and Figure A.4 shows
how the thermal emission flux density varies as a function
of r for a specific grain size (s = 100 µm) at two different
wavelengths (18 and 880 µm, respectively).
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Fig. A.3. Example map of Tdust as a function of the grain size and stel-
locentric distance, with iso-temperature contours.
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Fig. A.4. Flux density as a function of stellocentric distance, for a par-
ticle of size s = 100 µm (β ∼ 0.1) for two different wavelengths, 18 and
880 µm.
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