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ABSTRACT

The classical picture that planet formation occurs in protoplanetary disks that are isolated from their environment is undergoing a major
shift toward a more connected picture. An increasing number of evolved disks is found to interact actively with their environment, often
showing various types of spiral structures. We investigated whether these spirals can be a direct result of ongoing late infall using the
grid-based 3D hydrodynamics code FARGO3D. We performed a detailed analysis of the spiral properties and appearance in scattered
light and CO line emission using radiative transfer modeling with the code RADMC3D. In scattered light, we find well-defined spirals
with a few arms (m = 2) and more flocculent structures: the gradual accretion of gas remnants after a major accretion event is most
successful in the former, whereas active accretion via streamers favors the latter. The m = 2 spirals we find have a very low pattern
speed, making them easily discernible from spirals caused by a perturber. We also find spiral patterns in the 12CO residual motions,
but their morphology does not match the one found in scattered light. The disk perturbations are strongest in the upper layers (z > 4H),
which is reflected in the reduced amplitude of the residual motions in the more optically thin 13CO emission. Moreover, we find that
the formation of m = 2 spirals is not promoted in disks with lower mass, even though they are more susceptible to deeper kinematic
perturbations. While the late-infall streamers directly affect planet formation through the delivery of fresh material, we show that
the midplane remains unperturbed unless the infalling mass is on the same order of magnitude as the disk mass. Planet formation
can therefore only be affected by late infall through secondary mechanisms that lead to dust trapping or the generation of turbulence
starting from surface-level perturbations.

Key words. accretion, accretion disks – hydrodynamics – radiative transfer – methods: numerical – protoplanetary disks –
circumstellar matter

1. Introduction
In recent years, significant revelations have been reported while
trying to answer the question of how exoplanets form (for a
review, see Drążkowska et al. 2023) from theoretical and obser-
vational perspectives. One of the great challenges in the field is
understanding the coagulation of initially small dust grains in
protoplanetary disks, the birthplaces of planets. As the grains
grow, even though many challenges still remain unexplained,
they form the necessary building blocks for planets. Observed
substructures such as rings, gaps, and spirals in these disks can
significantly affect and shape the growth process (for a review,
see Bae et al. 2023). Within the past few decades, many ques-
tions have arisen that are yet to be fully answered, concerning,
among others, the available dust budget, its distribution through
the disk, the timing of the emergence of the substructures,
and whether they cause planet formation or are a consequence
thereof.

Planet formation theory has classically treated the Class II
evolutionary stage of a disk, when most of the material from the
natal cloud has disappeared, as the starting point. Consequently,
planet formation has often been modeled as isolated from the
disk environment. However, recent observations have challenged
this picture (e.g., Ginski et al. 2021; Huang et al. 2021; Garufi
et al. 2022; Gupta et al. 2024; Speedie et al. 2024), resulting
in a large paradigm shift, where models specifically target
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the environmental interactions and their effect on the disk.
Especially, the ongoing interaction of early-stage disks with
their natal envelope has been the focus of recent work (e.g.,
Drążkowska & Dullemond 2018; Morbidelli et al. 2022; Hühn
et al. 2025a; Carrera et al. 2025), with the aim to solve the
issue of insufficient solid mass being available for forming
known giant planets during Class II (Manara et al. 2018, though
it is debated, Savvidou & Bitsch 2025) by invoking that the
formation of planetesimals, the precursors of planets, might
start early, when more solids are available.

Observations indicate a ubiquitous number of disks that also
interact actively with their environment at later stages in their
evolution, which is evident by large-scale structures, such as
arms and tails (commonly refereed to as streamers), which are
suggested to result from infall. About 30% of the observed disks
in the Taurus star-forming region exhibit these types of structures
(Garufi et al. 2024). Thus, it is vital to investigate the nature of
these large-scale structures and their effect on the formation of
planets. Similar to early-stage infall, which can provide a large
number of solids (Hühn et al. 2025a), late accretion might deliver
new, potentially chemically distinct material to the disk, affect
its kinematics, and introduce substructure that might aid or harm
the planet formation process. It might even form an altogether
new disk (Kuffmeier et al. 2020; Hühn et al. 2025b).

Streamers can be interpreted as material that is accreted
sporadically from the environment (also called late infall). Sim-
ulations with simplified models of the capture of a spherical
gas cloudlet by a star and disk system (Dullemond et al. 2019)
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have facilitated the characterization of the structures seen in AB
Aur (Calcino et al. 2025b) and DG Tau (Hanawa et al. 2024) as
streamers. However, these cloudlet encounters might be rare, and
these models may be an oversimplification; in reality, it might be
necessary to assume that late infall is a result of Bondi-Hoyle-
Lyttleton (BHL) accretion in the turbulent interstellar medium
(ISM), for instance, from molecular remnants of the parent giant
molecular cloud. Models of this type of interaction are able to
produce direct (Hühn & Dullemond 2025) and indirect (Winter
et al. 2024) infall characteristics of disks.

Next to the direct evidence provided by streamers, an
indirect indicator of interaction of the disk with the environment
are warps. With the increasing observational indications of
warps and misaligned inner disks (Ansdell et al. 2020; Bohn
et al. 2022; Villenave et al. 2024; Kimmig & Villenave 2025;
Winter et al. 2025), it is important to understand their origin.
Late infall is one of the prime candidates for the creation of
these warps (Kuffmeier et al. 2021; Dullemond et al. 2022),
further indicating that infall might also be common at later disk
stages. Other scenarios for forming a warp include gravitational
torques from stellar flybys (e.g., Cuello et al. 2023; Kimmig
et al. 2026), inclined binaries (Facchini et al. 2013), or inclined
planets (Nealon 2018; Zhu 2019). A warped disk can naturally
exhibit additional substructure such as spirals when it is also
twisted (Winter et al. 2025), or shadows (Marino et al. 2015;
Facchini et al. 2018), which in turn can lead to the formation
of spirals (e.g., Su & Bai 2024; Zhang & Zhu 2024; Zhu et al.
2025; Ziampras et al. 2025).

Several systems with streamers and ongoing infall exhibit
spiral structures. The spiral pattern can either consist of many
flocculent arms, such as in SU Aur (Ginski et al. 2021), or of
a few well-defined ones, such as in DR Tau (Mesa et al. 2022;
Garufi et al. 2024). Previous work investigating the formation of
these structures revealed that infall might be the direct cause of
m = 1 spirals (Hennebelle et al. 2017; Calcino et al. 2025a) and
might explain at least parts of the flocculent spirals in AB Aur
(Calcino et al. 2025b). Gravitational instability (GI) is also the-
orized to offer an explanation (Speedie et al. 2024). However,
GI might be short-lived when irradiation from the central star
is taken into account (Rowther et al. 2024), so that it is natu-
ral to assume that both effects operate at the same time, with
the infall supplying fresh material to keep GI active (Longarini
et al. 2025). Well-defined spiral arms have also been shown to
be the result of a stellar flyby (Quillen et al. 2005), be caused by
planets (Baruteau et al. 2014; Muley et al. 2024), or by gap-edge
illumination (Muley et al. 2026).

This raises the question of what distinguishes the signatures
caused by different mechanisms and how they can be distin-
guished. Furthermore, spiral patterns found in the scattered light
with the Spectro-Polarimetric High-contrast Exoplanet Research
(SPHERE) instrument of the Very Large Telescope (VLT) do
not always match the spirals found in CO line observations with
the Atacama Large Millimeter/submillimeter Array (ALMA).
For example, MWC 758 shows a one-armed spiral in 12CO
line emission (Winter et al. 2025), while scattered light reveals
two spiral arms (Benisty et al. 2015; Ren et al. 2023). In the
millimeter continuum, the most prominent features are vortices,
although a weak one-armed spiral continues to be visible (Dong
et al. 2018). For other disks, there might even be no spiral
substructure in the continuum emission, even though other types
of observations indicate them, for example, in SU Aur (Ginski
et al. 2021). Moreover, there can be discrepancies between
the isotopologues of CO (e.g., Huang et al. 2025), as these
observations trace different disk layers. Infall might also cause

the formation of spiral structures even without direct evidence.
For example, the MWC 758 system has no confirmed streamers.
To explain its spiral structures, two planet candidates were
proposed (Wagner et al. 2019, 2023) instead, but it is unclear
whether these planets are connected to the spirals (Boccaletti
et al. 2021). A flyby is also an unlikely explanation in the case of
MWC 758 (Grady et al. 2013; Reggiani et al. 2018), suggesting
the possibility that infall might contribute to the formation of
the spirals despite the absence of streamers.

We investigate the spiral structures that arise in select sim-
ulation setups of late infall by HD25, under which conditions
they occur, how long they are present, and how they affect dif-
ferent layers of the disk. This work acts not only as a comparison
to previous similar works using smoothed-particle hydrodynam-
ics (SPH) simulations (Calcino et al. 2025a), but also as a
more detailed characterization of the spiral structures that can
be caused by late infall in the context of the vertical depen-
dence of disk properties and substructures indicated by the
aforementioned observations. A comparison to observed sys-
tems also enables insights into the role played by the theorized
environmental interactions in forming them and which condi-
tions provide a good match. A broader understanding of the
location and the way in which disk substructures are shaped
provides more clues on its impact on planet formation, which
predominantly occurs close to the midplane, where large grains
settle (Youdin & Lithwick 2007), when the streaming instabil-
ity (Youdin & Goodman 2005) is the mechanism invoked for
planetesimal formation (for a review, see Lesur et al. 2023).

2. Methods

We performed 3D hydrodynamical simulations on a spherical
grid with logarithmic spacing in the radial direction, and uniform
spacing in the polar and azimuthal direction. The computa-
tions were performed using the FARGO3D code (Benítez-Llambay
& Masset 2016), capable of GPU multiprocessing while using
the advection algorithm by (Masset 2000). We followed our
approach from Hühn & Dullemond (2025, HD25), and we refer
to that paper for a detailed description. In the following, we
briefly summarize the main aspects of the simulations.

2.1. Types of accretion models

In HD25, we simulated the late accretion of gas onto a Class II
disk, which is included as part of the initial condition, in two
different scenarios. The first model is the capture of a cloudlet of
gas, initialized in compact form on a hyperbolic orbit. We did not
confine the cloudlet in any way. As a result, the cloudlet expands
considerably before it encounters the disk, engulfing it in gas
rather than creating a gas trail directly onto it. The goal of this
more simplistic cloudlet capture setup is to model the encounter
of the disk with an interstellar medium (ISM) overdensity in a
controlled manner, and not to model the physical conditions in
realistic detail. Initializing the cloudlet with a compact size has
the advantage of keeping the inaccuracy incurred by treating it
as a point source when calculating the initial orbital velocity low.

In the second model, we did not include any initial overden-
sities. Instead, we model a compressively turbulent background
ISM with a systemic velocity with respect to the disk. This sce-
nario represents a more realistic case of turbulent Bondi-Hoyle-
Lyttleton (BHL) accretion onto the disk, where overdensities and
related streamers emerge naturally as a result of the turbulence.
As the disk moves through the ISM, an accretion tail emerges,
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and turbulent asymmetries result in net angular momentum rel-
ative to the star, creating streamers (see HD25 for details). This
scenario is more realistic, but offers less control over the accre-
tion process, which is mostly regulated by the infall rate, velocity
dispersion, and turbulent power spectrum. We did not drive the
turbulence; it was only included as an initial condition.

2.2. Numerical setup

We set the inner edge of the grid to rmin = 5 AU. For the cloudlet
capture simulations, we employed rmax = 5000 AU, whereas we
set rmax = 50 000 AU for all simulations with a turbulent ISM
as initial condition. In the polar direction, the grid extends from
θmin = 10◦ to θmax = 170◦. In the radial and polar direction, we
used an outflow boundary condition; the azimuthal boundary
was periodic. For the simulations of cloudlet capture, we chose
Nr = 366 cells in radial, Nθ = 146 cells in polar, and Nϕ = 330
cells in azimuthal direction, whereas we used Nr = 486 cells
for the turbulent medium simulations. This results in a number
of cells per scale height of H/∆r = H/(r∆θ) = H/(r∆ϕ) ≈ 2
at r = 5.2 AU (≈4.2 at 100 AU). Here, H is the gas pressure
scale height and ∆r, ∆θ and ∆ϕ describe the resolution in the
respective direction.

For the initial condition, we included a protoplanetary disk
with a symmetric surface density profile of Σ(r) = Σ0 (r/R0)−a,
with R0 = 5.2 AU and a = 1.5. We applied an exponential cut-
off at 100 AU. For each accretion model, we considered two
scenarios. First, a high disk mass, Σ0 = 310.547 g cm−2 result-
ing in Md = 0.05 M⊙, and second, a low disk mass, Σ0 =
31.0547 g cm−2, resulting in Md = 5 × 10−3 M⊙. The simula-
tions were performed using an isothermal equation of state and
a solar-mass star, with an aspect ratio of h(r) = h0(r/R0) f with
h0 = 0.03799 and f = 0.25. We included an α-viscosity of 10−3

(Shakura & Sunyaev 1973), but we note that the numerical dif-
fusion introduced by the grid also contributes to this value, and
that it could be significant at our employed resolution. The floor
density of the simulation was 10−22 g cm−3.

2.3. Initial conditions for the accretion model

In the cloudlet scenario, we initialized the cloudlet with v∞ =
0.5 km s−1, d0 = 3000 AU, Rcloud = 500 AU, and Mcloud = 5 ×
10−3 M⊙. This results in an initial density of the cloudlet of
ρcloud = 5.67 × 10−18 g cm−3. The cloud initially expands due
to the lack of pressure support, leading to a mean density of
∼10−19 g cm−3 at the time of the encounter with the disk, which is
comparable to filamentary structures in the Taurus star-forming
region (Pineda et al. 2010; Palmeirim et al. 2013). The total sim-
ulated time of the cloudlet simulations is 42.7 kyr. We set the
impact parameter to b = 0.5bcrit = 0.5GM⊙/v2

∞. Different from
the case considered in Hühn & Dullemond (2025, HD25), the
orbit of the cloudlet is not inclined with respect to the plane of
the disk, leading to in-plane capture. We chose this configuration
because we suspect it to be most favorable for purely infall-
driven spiral formation. First, the interaction between infalling
material and gas is concentrated at the disk edges, so that the
perturbation on the disk surface has the highest degree of asym-
metry, promoting spiral formation. Second, the contamination of
emission from the disk by the arising streamers and the accretion
tail is minimal for this orientation. Third, the effect on the disk
dynamics, for example, potential warping or tilting, which can
also cause spiral patterns (Winter et al. 2025), is also minimal
for this configuration, allowing us to separate the impact of the
different formation pathways.

For the simulations with a turbulent medium, we con-
sidered a systemic infall rate of Ṁsys = 10−8 M⊙ yr−1 and a
systemic velocity of vsys = 0.5 km s−1, resulting in ρISM = 3 ×
10−21 g cm−3. Unlike HD25, we chose the direction of the sys-
temic velocity such that it leads to in-plane streamers, that is, the
systemic velocity vector and angular momentum vector of the
disk are perpendicular, ûsys = (−1, 0, 0), for the same reason as
for the cloudlet capture case. We included small and large scales
in the turbulence power spectrum, with kmin = 2π × 10−5 AU−1

and kmax = 2π/50 AU−1. The turbulent velocity dispersion is
σturb = 0.5 km s−1. The simulated time of the turbulent medium
simulations is 30 kyr.

2.4. Synthetic observations

Using the Monte Carlo radiative transfer code RADMC3D
(Dullemond et al. 2012), we created synthetic observations of
select simulation snapshots, as in HD25. We produced obser-
vations of the 12CO and 13CO J 2–1 transition line, assuming
a constant 12CO abundance of 10−4 and a 13CO abundance of
10−4/70 (Wilson & Rood 1994), using 250 points in frequency
space covering a spectral range from −5 km s−1 to 5 km s−1 to
create first moment maps. Spatially, we used 400 pixels for
each axis, covering a range from −100 AU to 100 AU. As in
HD25, we did not employ any prescriptions for the freeze-out
or photo-dissociation of the CO isotopologues and recomputed
the temperature using RADMC3D instead of using the isother-
mal temperature distribution from the simulations. We assumed
Tgas = Tdust.

The main focus of this work is on synthetic scattered-light
observations. Here, the required dust opacities were calculated
using the optool code (Dominik et al. 2021), where we assumed
the standard dust model composition from the European FP7
project DIANA (Woitke et al. 2016). We assumed a porosity of
25% and mixed 15 different grain sizes between 1 µm and 3 µm,
sampling an n(a) ∝ a−2.5 power-law size distribution. We set the
dust-to-gas volume density ratio to 1%, which holds true under
the assumption that the grain size distribution on the disk sur-
face, perturbed by the infall, is predominantly given by small
grains, because large grains are removed from the surface due
to settling, and new small grains are constantly replenished from
the ISM. This assumption would not hold for the disk midplane,
where the large grains are present and contain a majority of the
mass, but these disk regions are not probed by the synthetic scat-
tered light observations. For better numerical treatment of the
scattering peak, we applied a chopping of 2◦ (Dominik et al.
2021), which is shown to be a reasonable assumption in simi-
lar conditions of protoplanetary disks (see Kimmig & Villenave
2025, Appendix A). To enable the study of the scattered light
emission as a function of time, analyzing many simulation snap-
shots, we utilized that simple scattering approximation included
in RADMC3D, which enables direct integration of the radiative
transfer problem by taking advantage of the specific problem
geometry. It assumes that all scattered light is starlight, that ther-
mal emission can be neglected, and that multiple scattering does
not occur. For all direct depictions of scattered light emission
shown in subsequent sections, we compared this approximation
to a full Monte-Carlo model and find no qualitative difference.

2.5. Determining residual motions

We characterized the spiral structures found using the synthetic
CO line emissions by considering the residual motions, that is,
the deviation of the determined moment 1 velocities from a
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Fig. 1. Polarized scattered-light intensity in four snapshots of simulation 1. The solid gray line denotes the 1 mJy arcsec−2 contour, the dashed gray
line shows the 0.1 mJy arcsec−2 contour, and the dotted gray line shows the 0.01 mJy arcsec−2 contour. The panel numbering corresponds to the
phases of the cloudlet encounter. The direction of the white arrow denotes the original orbital velocity of the cloudlet.

Keplerian disk model. While we could have, in principle, full
knowledge of the emission from the unperturbed disk from the
initial condition, key parameters that are relevant for an obser-
vation determination of an accurate Keplerian model are altered
due to the accretion that occurs over the course of the simula-
tion. For example, the apparent emission height, inclination, and
position angle are affected. To maintain comparability to obser-
vations, we therefore discarded any information obtained from
the knowledge of the initial conditions, and fit a Keplerian model
purely based on the synthetic observation at the considered time.

The fit was performed using the Monte Carlo disk fitting
code discminer (Izquierdo et al. 2021). In order to isolate the
disk emission from cloud contamination as much as possible,
we restricted the disk model to a maximal size of 100 AU, and
excluded emission from the inner 10 AU. In the interest of com-
putational cost, we downsampled the synthetic image by six
pixels, and we only considered emission from within 150 AU.
Therefore, only emission at a distance 10 AU < r < 150 AU was
considered. We performed the fit using 250 walkers that take
10000 steps while fixing the stellar mass to 1 M⊙, enforcing a
centered disk, and fixing the systemic velocity at zero.

3. Results

We investigated the formation of spiral structures, mainly those
on the disk surface which are probed by scattered light obser-
vations, in simulations with setups similar to those in HD25. In
particular, we considered a cloudlet capturing onto a disk with a
mass of 5 × 10−2 M⊙ in-plane (simulation 1) and BHL accretion

with an accretion rate of 10−8 M⊙ yr−1 onto a disk of the same
mass (simulation 2). We also consider these scenarios for a disk
with a mass of 5 × 10−3 M⊙ (simulations 3 and 4). We put the
main emphasis on simulation 1, and explored how a different
infall model, or infall onto a lighter disk, changes the picture in
subsequent sections.

3.1. Cloudlet capture

The capture of a cloudlet of gas leads to various spiral structures
at different times in the simulation. These structures, either spi-
rals that have a low number of arms or that are very flocculent,
can be characterized depending on the environmental conditions
at that time, and whether they occur in the inner or in the outer
disk regions. We show synthetic polarized scattered light obser-
vations for four representative snapshots in Fig. 1. The camera
angle was chosen such that the disk appears fully face-on. We
identify four different phases in our simulation. The first phase is
characterized by the initial, main encounter of the cloudlet with
the disk, before overshooting gas falls back and streamers form.
Here, we find little structure in the outer disk, whereas the inner
disk shows several flocculent spiral arms. These flocculent spiral
arms persist once the fallback streamer arises, which we call the
second phase, but they are considerably different in shape and
have fainter emission. At this stage, we also find a strong two-
armed spiral, which we refer to as an m = 2 mode, emerging in
the outer disk for the first time in the simulation.

We find that another m = 2 spiral structure arises after the
fallback streamer has largely dissipated, which we classify as the
third phase. This structure is more clearly visible than the one
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during phase 2. It stretches from inner to the outer disk and is
not accompanied by flocculent structures. At this time, the bulk
of the mass has already been accreted; this structure is there-
fore solely caused by the accretion of remnant gas leftover from
the cloudlet encounter. Here, the spiral structure is also directly
reflected in the contour lines of the emission (see Fig. 1, bot-
tom left panel). Qualitatively, the spiral persists for a long time
(∼20 kyr), but it stops extending to the outer disk after ∼10 kyr,
leaving behind a structure in the inner disk that appears to be
more wound-up (see phase 4 in Fig. 1).

To quantify the strength of the individual spiral modes, we
performed an analysis of the Fourier-transformed azimuthal
intensity distribution, shown in Fig. 2, where m = ϕ̃ is the
Fourier transform of the azimuthal coordinate. The transforma-
tion was performed at two distinct radii that we are representative
of structure in the inner (r = 25 AU) and outer (r = 70 AU) disk.
The classification into the four phases is based on the excitation
of the Fourier modes, shown in Fig. 2. This figure confirms the
previous findings, where the amplitude of the m = 2 mode is
particularly strong in the inner disk starting at phase 3, and the
first m = 2 mode with strong amplitude is found in the outer disk
during phase 2. The presence of flocculent spirals can be seen in
phases 1 and 2, where also higher-order modes are excited. The
Fourier analysis suggests that the m = 1 mode is also excited
in the outer disk during phase 1. The excitation of this mode is
not related to the presence of an m = 1 spiral, but caused by the

contamination of the scattered light image from the accretion
tail caused by the cloudlet interacting with the disk.

3.1.1. Pattern speed

In an effort to characterize the m = 2 spirals found across the
majority of the disk in phases 3 and 4, we calculated the pattern
speed, an observable spiral property that is particularly useful
when the spirals are caused by a perturber, for example, a planet
or another star. We utilized the peak finding algorithm from
the scipy Python package to find the location of the spirals in
azimuth at the same radii as for the modal analysis above, that is,
r ∈ {25, 70} AU. In other words, we found all peaks in two rings
at each point in time. The algorithm was applied to the logarith-
mic intensity values, which were divided by the median initial
intensity at each radius. We required that a peak is brighter than
the initial median intensity and has a topographic prominence1

of 0.3. The results are marked in Fig. 3. Afterwards, we used the
clustering algorithm DBSCAN from the Python package sklean
to separate the two spiral arms. We only considerd peaks that
we determined visually to be part of the m = 2 spiral (marked
in green and blue in Fig. 3), and discarded all others (marked in
gray in Fig. 3).

1 The topographic prominence is defined as the lowest distance
required to descent from the peak before a higher peak can be reached.
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Fig. 4. Moment 1 residuals from Keplerian motion of the 12CO line
emission. The top row shows three snapshots, taken at the same time as
in Fig. 1, where the camera is oriented face-on. The bottom row instead
shows images where the camera has an inclination of 30◦. The black
lines show polarized scattered light contours, as in Fig. 1. The panel
numbers correspond to the evolutionary phase.

The pattern speed was then determined through a linear fit
of the azimuthal peaks over time, as shown in Fig. 3. We find
that the spirals are close to stationary. For the inner disk, the
arm marked in blue has a pattern speed of ϕ̇ = 0.08 kyr−1, cor-
responding to a corotation radius rcorot = 1840 AU and the green
one has ϕ̇ = 0.11 kyr−1 (rcorot = 1460 AU). The pattern speed is
especially slow in the outer disk. Here, the blue spiral arm moves
with ϕ̇ = 0.05 kyr−1 (rcorot = 3150 AU) and the green one with
ϕ̇ = 0.07 kyr−1 (rcorot = 2040 AU). This result acts as a defin-
ing difference to spirals created by other mechanisms, where
either a Keplerian pattern speed or one corresponding to a spe-
cific perturber are expected, so that the inferred rcorot would be
smaller.

Measurements determining spiral pattern speeds have been
conducted observationally. For the spiral in the disk around
SAO 206462, for example, a pattern speed corresponding to
rcorot = 86 AU was measured (Xie et al. 2021). Additionally, in
V1247 Ori, the pattern speed corresponds to rcorot = 118 AU.
These observed values are much lower than what we find in our
simulations. Thus, this can serve as a way to distinguish spirals
formed purely through infall from those formed through other
mechanisms. We confirmed the low pattern speed of the spirals
in our simulations not to be an effect of the output frequency.

3.1.2. Gas kinematics

Substructures found in polarized scattered light trace the density
structure of the disk surface layer. In order to obtain informa-
tion about the kinematical structure and deeper disk layers, we
investigated the gas kinematics by creating synthetic observa-
tions of 12CO and 13CO J 2–1 line emission, and considering
the first moment of that emission. Due to the fact that the disk
is surrounded by gas from the environment, and that we neglect
possible photodissociation of CO, the emission of 12CO is very
optically thick, and the τ = 2/3 surface, where τ is the opti-
cal depth, is high above the midplane (see Fig. 6 below). For
the 13CO emission on the other hand, the τ = 2/3 surface lies
deeper inside the disk, where perturbations created by the infall
are smaller. We investigated deviations from a purely Keplerian
rotation, which would correspond to a fully unperturbed, isolated
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Fig. 5. Same as Fig. 5, but for 13CO. We note that the value range of the
color bar is reduced.

disk, by computing the residuals of the first moment map using
the discminer code. The usage of its Monte-Carlo fitting rou-
tines allows for the determination of the apparent disk inclination
and position, which is different from the expected orientation
given by the camera angle, as possible asymmetries and changes
in disk tilt can be introduced during the accretion. The deter-
mined residuals are shown in Fig. 4 for 12CO emission, and Fig. 5
for 13CO emission. The discminer fit parameters can be found
in Tables E.1, E.2, and E.3.

The optically thick 12CO emission, tracing the upper layers
of the disk, shows spiral structures in its residuals. They are most
apparent during phases 3 and 4, at the time when the m = 2
spiral is prominent in scattered light. We find that the physical
location of the spirals in the disk does not coincide with their
location in scattered light. However, the spiral shape matches
between the 12CO and scattered light emission. The spirals are
most prominent when the disk is viewed face-on, suggesting that
they are caused by vertical motion induced by the cloudlet cap-
ture. In contrast, the residuals we find when the disk is viewed at
a 30◦ angle reveal a more large-scale structure in the outer disk,
which we interpret to be a one-armed spiral for phase 2, and a
two-armed one for phases 3 and 4.

We find that the emergence of substructures in the CO emis-
sion depends strongly on the viewed isotopologue. For 13CO,
residuals of considerable amplitude are only found during phase
2, where an active streamer is falling onto the disk. The distri-
bution of substructures matches that of the 12CO emission, but
at a lower amplitude. For the inclined view, a spiral is visible
in phase 2, but cannot be found in the later phases. We note
that the residuals shown in these later phases are the result of a
model limitation in the discminer code, which is related to the
characterization of the emission surface and errors introduced
by including environment emission in the fit of the Keplerian
model.

3.1.3. Perturbation depth

The amplitude of the visible structures in the residual motions
strongly depends on the isotopologue. This indicates a weak
overall influence of the infall on disk kinematics, meaning that
strong perturbations only occur in the upper disk layers, where
the density is low. This result is expected, as the total mass
of the cloudlet is only 10% of the disk mass. In Fig. 6, we
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Fig. 7. Volume-weighted averages of the orbital elements of the gas as a function of time and semimajor axis. The left panel shows the eccentricity,
while the middle panel shows the argument of periapsis. The vertical dashed lines show the different phases of the encounter. The right panel shows
the elliptical orbits for each semimajor axis bin, viewed face-on, using the e and ω values from the other two panels.

characterize the perturbation depth in more detail by calculating
the azimuthal coefficient of variation (CV) of the density,
σρ/ρ̄, over time as a function of height above the midplane.
This coefficient is a measure for the strength of the density
perturbations at a given height. For the calculation, we used the
same two radii as for the calculation of the azimuthal Fourier
decomposition. As the residual motions for the two different
CO isotopologues suggest, perturbations in the density strongly
decrease in layers below three pressure scale heights in the inner
disk, and only reach substantial values in the outer disk during
the initial cloudlet encounter (phase 1). CV values above 0.1
are not reached below four pressure scale heights in the inner
disk after phase 2, when the m = 2 spiral arises. This means
that the infall-induced density fluctuations below this height
are lower than 10% of the mean density. The effect of a deeper
perturbation on the emergence of spiral patterns seems to switch
between the inner and outer disk. In the inner disk, the m = 2
spiral is only visible in phases 3 and 4, were the perturbation
depth is minimal. In contrast, in the outer disk, the m = 2 spiral
disappears for the minimal depth in phase 4, but is strong during
the deeply perturbed phases 2 and 3.

3.1.4. Effect on orbital elements

In an effort to shed more light on the mechanism that leads to the
formation of the spirals, we calculated the orbital properties of

the gas in the directly influenced upper layers. We determined the
eccentricity and argument of periastron as a function of semima-
jor axis, which was split into 100 bins. Values from cells whose
semimajor axis values lie within the same bin were averaged,
and values were weighted by cell volume. We chose not to use
the density or mass of the cell as weight, as this would favor
the unperturbed disk midplane. As we are mainly interested in
surface-level effects, using the cell volume as weight is a choice
that puts emphasis on the upper disk layers. To prevent cells that
are unrelated to the disk itself from influencing the calculated
average, we only considered cells that are within 4 pressure scale
heights from the disk midplane.

The resulting values, as a function of time, are shown in
Fig. 7. We find an excitation of eccentricity in the outer disk,
up to e ∼ 0.35, once the fallback streamer emerges. Similar to
recent results by Calcino et al. (2025a), where twisted ellipti-
cal orbits acted as an explanation for the spirals arising in their
model of cloudlet capture, we find a shift in the argument of peri-
astron at the locations with excited eccentricity. However, unlike
their findings, the resulting elliptical orbits do not align in a way
that would promote the formation of low-modal spirals for the
majority of the time. The most prominent, but brief, spiral struc-
ture that forms as a result of that mechanism is shown in the right
panel of Fig. 7. It is an m = 1 spiral in the inner disk, which is not
related to any structures visible in scattered light. This indicates
that the spirals found in our simulation are a direct consequence
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Fig. 9. Same as Fig. 2, but for simulation 2, where we model a BHL accretion scenario.

of the late infall accretion, and not a consequence of perturbed
disk dynamics. We note that, in principle, the induced eccen-
tricity subjects the upper disk layers to a parametric instability,
which could drive vertical flow patterns and turbulence (Ogilvie
& Barker 2014; Dewberry et al. 2025).

3.2. Accretion in a turbulent medium

When late infall occurs in the form of BHL accretion, that is,
when gas is accreted from a turbulent environment, the emerging
spiral structure is considerably different from that in the cloudlet
capture scenario. Only two different kinds of structures arise,
which we again used to divide the evolution into two phases,
shown in Fig. 8 using two representative snapshots2. In phase
1, a faint Bondi-Hoyle accretion tail is present, but no separate
streamer has formed yet. Here, an m = 2 spiral can be seen, espe-
cially in the outer disk. The distinct spiral arms are marked in
Fig. 8. Once a streamer has formed, which we classify as phase
2, the inner disk m = 2 spiral can no longer be seen due to the
perturbations at the disk surface, and the scattered light from
the streamer arms make it difficult to discern clear spiral arms

2 We note that the physical times of the evolutionary phases in the BHL
accretion case do not match those of Fig. 1.

by eye. A spiral structure with a low modal number remains
in the outer disk, although the exact dominating mode is also
hard to discern by eye: It could be a one-armed spiral, or a
two-armed spiral where one arm is considerably dimmer than
the other.

Analogously to the analysis of the cloudlet capture case, we
analyzed the strength of the individual spiral modes in Fourier
space, shown in Fig. 9. Here, we identified the two evolutionary
phases mentioned above. The initial m = 2 spiral in the outer
disk during phase 1 is less strong in the inner disk, and fre-
quently disappears. The inner and outer disk exhibit a strong
m = 1 mode, although we suspect this to be caused by the con-
tamination of the scattered-light image by the Bondi-Hoyle tail.
During phase 2, when the arced streamer is present, the Fourier
decomposition is dominated by the m = 1 mode in the inner disk,
and the m = 2 mode in the outer disk. Since the streamer appears
fainter further from the star, we conclude that the spiral struc-
ture present in the outer disk at that time is likely to be truly
dominated by an m = 2 mode, and not a result of contamina-
tion. However, similar to phase 1, we suspect contamination by
the direct signature of the late infall to play a significant role
for the inner disk. To examine this further, we explored whether
this m = 1 mode may indeed be a disk-inherent structure in the
subsequent sections.
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Fig. 10. Moment 1 residuals from Keplerian motion of the 12CO and
13CO isotopologues for simulation 2. Top: same as the top row of Fig. 4.
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A fundamental difference of this accretion scenario com-
pared to cloudlet capture is the continued excitation of higher
order modes. This is caused by the sustained presence of
a streamer, unlike the cloudlet capture scenario, where the
streamer only persist for a short time, and eventually dissipates,
leading to accretion of the gas remnant. As a result, the Fourier
decomposition of the azimuthal intensity profile calculated for
the BHL accretion case is more prone to contamination by the
streamer.

3.2.1. Gas kinematics

We further investigated how the gas kinematics are affected in
this scenario. Analogously to Section 3.1.2, we computed the
residual motion found in the moment 1 map of the 12CO and
13CO line emission (see Fig. 10). For phase 1, we find that the
innermost disk region exhibits an m = 1 spiral in the gas kine-
matics, which is not seen in the Fourier decomposition of the
scattered light (see Fig. 9) due to the perturbations introduced
by the ongoing infall. It is visible in the emission of both iso-
topologues, indicating that it is not only the result of direct
streamer emission. It is instead a result of a kinematic pertur-
bation induced by the streamer. This is apparent because the
perturbation in the 13CO emission spatially matches a pertur-
bation in the 12CO emission, originating from the upper layers,
and this perturbation is connected to the direct emission of the
streamer. We also find an m = 1 spiral in the outer disk regions,
which spatially matches one of the arms found in the scattered
light (see Fig. 8).

We find the most interesting kinematic structure for phase 2.
Here, we see strong residual motions in the inner disk that
coincide with the location of the brightest scattered-light struc-
tures. The inner disk spirals exhibit an m = 2 pattern in the CO
emission, which is especially visible for 13CO. The outer disk

regions show residual motions that are akin to an m = 1 spiral.
These findings are the direct opposite of the apparent scattered-
light structures, where the Fourier decomposition shows a strong
m = 1 mode is present in the inner disk, and a strong m = 2
mode is present in the outer disk (see Fig. 9, where distinct spi-
ral arms are marked with arrows). A determination of the number
of spiral arms by eye suggests that there is an m = 1 spiral in the
outer disk, or an m = 2 spiral where one arm is very dim, which
is matched by the kinematic analysis. Considering the CO lines
emission, it is easier to discern observable features caused by the
streamer from those exhibited by the disk itself due to jumps in
the velocity residuals. The emission of molecular lines is also
not directly affected by shadowing (but it is affected indirectly
via changes in the temperature). This allows us to conclude that
streamer contamination and shadowing are likely explanations
for the differences between structures seen in the CO emission
and the dominant modes of the Fourier-decomposition of the
scattered light.

In contrast to the cloudlet capture case, we find no mean-
ingful structure in the residual motion of the CO isotopologues
when the disk was viewed at an inclination of 30◦, which is
shown in Appendix A. However, more careful modeling of the
disk motion that is less susceptible to issues related to envi-
ronmental emission and non-smooth changes in the emission
height might allow for the discovery of residual motions in the
more inclined case. Including photodissociation would remove
emission from the environment and could further improve the
analysis of inclined disks. This is subject to future work.

3.2.2. Perturbation depth

The depth toward the midplane of the perturbations induced
by the infall in this scenario is overall comparable to what we
find in the cloudlet capture case (Section 3.1.3), see Fig. A.1.
As expected, the deepest perturbation occurs during phase 2,
when material is actively accreting in the form of a streamer,
reaching down to z ≈ 3H in the outer disk. Differently from
the cloudlet capture case, the perturbation depth does not vary
greatly in time, because the accretion does not stop during the
simulation. The minimal height above the midplane for which
the density CV is higher than 0.1 is shallower than during the
cloudlet impact. This indicates that the disk density structure is
not noticeably affected by the infall beyond the upper surface
layers.

3.2.3. Orbital gas elements

We analyzed the orbital elements in the same way as in the
cloudlet capture case. The accretion of material leads to an exci-
tation of the eccentricity in the surface layers, and a simultaneous
shift in the argument of periastron, shown in the left and middle
panel in Fig. 11. There are several key differences to the exci-
tation of eccentricity in the cloudlet capture scenario. First, the
maximal excitation is slightly lower, reaching e ∼ 0.25, present
during phase 2 when the streamer is active. Second, the semima-
jor axes of the excited gas are limited to a smaller range of values,
close to 60–70 AU. Lastly and most importantly, the alignment
of the elliptical orbits caused by the shift in the argument of peri-
astron creates an m=1 spiral pattern, shown in the right panel in
Fig. 11, similar to the findings by Calcino et al. (2025a).

Even though we find a similar alignment of the gas orbits,
we find the resulting pattern to be unrelated to the spiral pat-
terns that arise in the scattered-light synthetic observation. While
the strong m = 1 mode in the inner disk (see Fig. 9) may
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Fig. 11. Same as Fig. 7, but for simulation 2.

initially suggest the presence of a spiral created through this
mechanism, its shape and location do not match the scattered-
light images found in Fig. 8. Furthermore, the ellipse pattern is
already present during phase 1, where the m = 1 component of
the Fourier decomposition is weak in the inner and outer disk,
and where no visual match to the pattern exists. The disk eccen-
tricity might, in principle, also cause the spiral patterns found
in the residual motions, motivated by the idea that gas in an
eccentric disk exhibits vertical motion due to a breathing mode
(Ragusa et al. 2024). Indeed, in the CO residual motion of the
two considered isotopologues, various m = 1 patterns arise, but
they are of a different shape and at a different location. We there-
fore conclude that, while the orbits are affected in the same way
as found by Calcino et al. (2025a), the spiral patterns we find in
the scattered light and residual motions are a direct consequence
of the late infall, rather than an alignment of eccentric orbits. The
disturbances at the top layers of the disk due to the infall act to
conceal any structures that the orbital shift might create, and the
lower disk layers traced by the less abundant isotopologues are
not sufficiently perturbed.

3.3. Lower disk mass

In previous sections, we found that the induced spiral structures
are mainly caused by the disturbances in velocity and density in
the upper layers of the disk. The reason for the shallow influ-
ence of the infall on the disk is the comparatively low mass
of accreted material compared to the disk mass. We therefore
expect the mass of the disk itself to have a major impact on our
results, as a lower-mass disk would be subject to deeper perturba-
tions. In this subsection, we investigated the two infall scenarios,
a cloudlet capture scenario and gas accretion from a turbulent
medium, with a reduced disk mass by a factor of 10. We sum-
marize the most important differences in the following. A more
detailed analysis is given in Appendix B.

As expected, the disks are more deeply perturbed when the
disk mass is lower, which is more pronounced for the turbulent
accretion scenarios. This is shown in Fig. 12, where we show
the lowest value of z/H for which the CV of the density is at
least 0.5. The figure can also act to quantify the results discussed
in previous sections: The perturbations by BHL accretion are
deeper at later times, but shallower than the perturbation by the
cloudlet capture during the time when the cloudlet encounters
the disk. This result generally holds true for the lower disk mass
case, but here, the BHL perturbation is deeper than the cloudlet
capture one at earlier times. Specifically, it occurs at t ∼ 15 kyr in
the inner disk and t ∼ 20 kyr in the outer disk for the lower disk
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Fig. 12. Perturbation depth in units of the pressure scale height as a
function of time for all four simulations. The left panel shows the depth
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the outer disk (r = 70 AU). The dashed lines represent simulations with
regular disk mass, solid lines ones with low disk mass. The blue lines
describe cloudlet capture simulations, whereas the red lines describe
accretion in a turbulent medium.

mass, but at t ∼ 20 kyr in the inner and t ∼ 25 kyr in the outer
disk for the regular disk mass cases. For the lower disk mass, the
deepest perturbation is 2.5 pressure scale heights for BHL accre-
tion for the inner and outer disk, although this occurs at different
times for the different disk regions. In the case of cloudlet cap-
ture, the disk with lower mass is perturbed down to 3 pressure
scale heights in the inner, and 2.5 pressure scale heights in the
outer disk.

A natural consequence of the change in perturbation depth
is a corresponding change to the arising spiral structures in the
polarized scattered-light intensity, especially for the low spiral
modes. We provide a comparison for all four simulations in
Fig. 13. Least affected by the change in disk mass is the relative
amplitude of the m = 1 mode in the inner disk. Here, the ampli-
tude is diminished compared to the regular mass disk around
t ∼ 20 kyr for the BHL accretion case, but enhanced around
the same time for the cloudlet capture case. More significant
differences occur in the outer disk. Here, the amplitude of the
m = 1 mode is strongly enhanced for the cloudlet capture case at
t ∼ 20 kyr, and again at t ∼ 30 kyr. The increase is less severe,
but present for the turbulent medium accretion simulation, at
t ∼ 15 kyr.

We find that for the m = 2 mode, a decrease in disk mass is
detrimental to the relative amplitude. This is especially true for
the cloudlet capture case, where the mode disappears fully in the
inner disk. In the outer disk, while not disappearing fully, it is
strongly decreased for the cloudlet capture case and the scenario
where gas is accreted from the turbulent medium.
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4. Discussion
4.1. Spiral formation mechanism

In this work, we show that the two considered infall mecha-
nisms, that is, cloudlet capture and BHL accretion, can cause
spiral structures, and that the m = 2 mode dominates the arising
pattern. This result deviates from the results of previous stud-
ies, which mainly found the m = 1 mode to dominate in the case
of asymmetric accretion (Hennebelle et al. 2017; Calcino et al.
2025a). A more detailed analysis of the physical origin of the
spiral structures is subject of future work, but in the following,
we discuss the main potential spiral formation mechanism in our
simulations, and the main differences to previous work.

Without consideration for secondary mechanisms, the effects
of arbitrary perturbations to any protoplanetary disk quantity
on its dynamics can be studied by performing a decomposition
into a series, for example, azimuthal Fourier modes or vertical
Hermite modes (see, e.g., Zhang et al. 2025). A perturbation
whose decomposition is dominated by an m = 1 Fourier mode
would then be associated with creating an m = 1 spiral pattern.
To first order, this is the reason for the creation of this pattern
in previous works, where the infall is highly asymmetric. The
infall originates from one direction and interacts with the side of
the disk facing that direction, either fully in the case of extended
infall, or in a spatially confined way when the infall takes the
form of a streamer. Other mechanisms can create m = 1 spirals,
for example, a disk warp (Winter et al. 2025) or the excitation of
disk eccentricity and a twist (Calcino et al. 2025a). However, we
find that these mechanisms do not cause the spirals arising in our
simulations.

No such strong asymmetry in the interaction with the
infalling material exists in our simulations. This is a conse-
quence of the fallback of material in the cloudlet and BHL
case (see HD25). In the simulations of cloudlet capture, the
expanded cloudlet interacts with the disk predominantly from
one side during the initial encounter, and the newly bound, ini-
tially overshooting material falling back interacts with the disk

predominantly from the other side. This double-sided interaction
has a strong m = 2 mode in its Fourier decomposition, leading
to m = 2 spirals. These spirals are not identifiable in synthetic
observations during the entire interaction. The reason for this is
that the disk surface is perturbed by the accretion, in the form of
sound- and shockwaves. This is especially relevant during the
initial interaction between the cloudlet and the disk, and dur-
ing the period where the fallback streamer is active. After these
strong interactions have subsided, the spirals are more clearly
visible; they are still caused by font- and backside interactions
with the leftover cloudlet gas, but the accretion rate is lower
and corresponding surface perturbations are less relevant. The
two-sided interaction being the main driver of the m = 2 spi-
ral morphology also offers an explanation for the result that the
spiral arms of the cloudlet-induced m = 2 spirals are almost
stationary: The spirals are launched from the interaction sites
between disk and infall, which do not change drastically over the
course of the simulations. This matches the previous findings by
Calcino et al. (2025a) and Hennebelle et al. (2017).

The mechanism forming m = 2 spirals in the BHL accretion
simulations is similar in concept, but the details are different.
The two-sided nature of the interaction is given by the sys-
temic flow on one side, and the fallback of material from the
accretion tail on the other side. While a turbulent medium is
necessary to create fallback streamers (see HD25), turbulence is
not a required ingredient to form m = 2 spirals, as the two-sided
interaction arises due to the fallback of material in the accre-
tion tail. When turbulence is included in the consideration, the
m = 2 spiral formation mechanism does not change, because the
deviations it introduces in the density and velocity fields of the
systemic ISM flow are small and do not have a significant impact
on the fallback mechanism. Therefore, this scenario is best com-
pared to the ASNR2 case of Hennebelle et al. (2017), where
inflow is asymmetric but nonrotating. While not discussed in the
original work, this simulation also shows a weak m = 2 spiral
pattern. In our study, we did not perform a pattern speed anal-
ysis for the BHL accretion simulations, because the surface is
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too strongly perturbed in the scattered light to allow for a proper
characterization of the spiral location. However, given that the
spirals presumably form through the same mechanism, we expect
the spirals to also be almost stationary in the BHL accretion case.

In summary, the mechanism forming m = 2 spirals in our
simulations is the two-sided interaction of infalling material with
the disk, caused by the fallback of newly bound material. The
essence of this mechanism is the same for both accretion mecha-
nisms, although their observational implications are different. In
the cloudlet capture case, the main interaction leads to stronger
perturbations, but the corresponding spiral patterns are difficult
to discover due to the corresponding surface perturbations. The
interaction with the leftover gas after the main encounter is favor-
able for the detection of spirals, because the accretion occurs
without creating a fallback streamer, but it is limited in time.
On the other hand, BHL accretion creates more persistent inter-
actions, solving the issue of a short interaction time compared
to the disk lifetime. At the same time, the persistent interactions
lead to the continuous creation of fallback streamers, and the cor-
responding constant surface perturbation make the detection of
spirals more challenging in observations.

4.2. Implications for the observational interpretation of spirals

We find a large variety of spirals arising as the result of surface-
level disturbances solely caused by late infall. In particular, we
find that prominent m = 2 spirals can arise in scattered light,
and m = 1 spirals in the CO residual motions, which are unre-
lated to other mechanisms commonly invoked to form spirals.
The infall that causes these structures also does not necessarily
need to be visible in the form of a streamer. The most prominent
scattered-light spiral structure arises in Fig. 1, at a time when
only a faint remnant of the original cloudlet is accreted after the
main infall event, with an active fallback streamer, has passed.
With this in mind, special care should be taken when inferring
disk conditions or planet candidates from the existence of spi-
ral structures alone. When no additional information, such as a
considerable pattern speed or perturbations in deeper layers, is
available that can exclude a late-infall event causing spirals, an
observed spiral might be mistaken for evidence of a perturber,
GI, or a warped disk that might not reflect the physical reality.
For example, a warped and twisted disk was recently found to be
a possible explanation for the spirals in the 12CO line emission
in MWC 758 (Winter et al. 2025); however, none of our spiral
structure, neither in scattered light, nor in CO, is related to a
warp structure (see Appendix D).

Deep perturbations could act as evidence for the forma-
tion of spirals through other mechanisms, because late infall
does not drive them directly unless a lot of mass is accreted
(see Appendix B). It remains to be investigated to which extent
this statement holds true when considering that the infall could
trigger secondary mechanism, like the Rossby wave instability
(Bae et al. 2015; Kuznetsova et al. 2022), or the excitation of
turbulence (e.g., Fleming & Stone 2003). It is currently unclear
whether the Rossby wave instability might be triggered by the
infall when mass is not directly deposited at the midplane, as
3D studies of it assume hydrostatic equilibrium (e.g., Meheut
et al. 2012), which does not hold in this case.

Based on the patterns we see in our simulations, we predict
that structures like in SU Aur (Ginski et al. 2021) should be most
common for disks under the influence of late infall: A clearly
visible streamer with flocculent spiral structures. Especially in
the inner disk, we find that the perturbation caused by stream-
ers prevent the formation of spirals with strong low-numbered

Fourier modes, so that we would not expect to see such spirals at
the same time as a streamer. This conclusion holds for observa-
tions of scattered light; even in the abundant CO isotopologues,
low-m spirals can exist during active infall streamers. In general,
the spiral morphology in scattered light and CO line emission
could be used to infer information about the environmental con-
ditions causing streamers of material, by distinguishing between
accretion from a turbulent ISM or accretion caused by a single
encounter with a cloudlet-like overdensity.

The spiral patterns that we discover in the CO line emis-
sion kinematic residuals are the clearest when the disk is viewed
almost face-on, with only a small deviation from a perfect 90◦
angle being introduced by the infall. This indicates that the
motions causing the spiral patterns have a strong vertical compo-
nent. We find that, during the accretion of the cloudlet remnant,
the spirals are not visible when the disk is viewed at an inclina-
tion of i = 30◦. They are only visible while the streamer is active
in the cloudlet capture case. However, this could be related to
difficulties in fitting a Keplerian model to the emission, caused
by the abundant emission of the surrounding material. More
detailed modeling, or the consideration of the photodissociation
of CO which reduces emission in the surrounding cloud, could
allow for the detection of spirals also in the inclined case. If this
is indeed the case, we would expect the perturbations at the sur-
face level, caused by the turbulent flow, to differ between the
front and back emission surfaces, which could act as another way
to distinguish infall-related perturbations from those created by
other mechanisms.

As discussed in the previous sections, there are two key fac-
tors that allow us to distinguish the spirals caused by late infall
from spirals caused by other mechanisms: The pattern speed and
the dependence of the structures on the height above the mid-
plane. In some cases, the shape of the spirals themselves can
also aid in the distinction. For example, depending on the cool-
ing rate, GI causes flocculent structure in the outer, and spirals
with fewer arms in the inner disk (Rowther et al. 2024). This
is the direct opposite of infall-induced spirals, where flocculent
structure is found in the inner disk, and m = 2 spirals are found
in the outer disk.

4.3. Implications for disk dynamics and planet formation

The presence of spiral substructures in the disk raises the ques-
tion whether they could aid planet formation. On the one hand,
infall generally delivers new solids that can aid, or even rejuve-
nate, planet formation. In addition, spirals can accumulate dust
and create density enhancements that would be beneficial, for
example for the formation of planetesimals or for retaining solids
for pebble accretion. For this to be effective, trapping needs to
occur at the disk midplane, but we find that the midplane is not
directly affected by the infall; the spiral structure does not pen-
etrate deeply enough into more massive disks. For these disks,
that is, for Md ≳ 0.05 M⊙, we therefore conclude that the induced
spirals do not influence planet formation neither positively, nor
negatively.

This finding does not come without a model-based caveat.
The presence of a strongly turbulent disk surface, excited by
the infall, could drive weak turbulence in the midplane (e.g.,
Fleming & Stone 2003), which would be missed in our sim-
ulations. Numerical viscosity introduced by the misalignment
between the gas velocity and the cell surfaces is not a significant
problem due to our choice of a spherical grid, but numerical
diffusion might play a significant role. Even if this was fully
negligible, low levels of turbulence cannot be resolved in our
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simulations because the eddy scale,
√
αH, is smaller than the

cell size. Resolving the excitation of turbulence with α = 10−2

requires a cell size of 0.1H, or 10 cells per scale height, which
is not reached inside the disk, but even turbulence below this
value could influence planet formation. All in all, while our
results indicate that the midplane is not directly perturbed by the
infall, our setup does not allow us to make a definitive statement
about whether planet formation could be aided by the secondary
excitement of turbulence via the turbulent upper layers.

This result strongly depends on the ratio between the accreted
mass through infall and the mass of the already present proto-
planetary disk. We find that, for a lower initial disk mass but
the same accreted mass, the perturbations reach deeper into the
disk (see Appendix B). When the infall perturbs the disk deeply
enough to affect the midplane structure, dust traps can be cre-
ated, which affects planet formation. This would be more likely
to occur at later stages of the disk, when most of the mass
has been depleted. Alternatively, a higher infall rate onto a disk
of unchanged mass would also affect layers close to the mid-
plane, but might lead to the disk and surrounding cloud being
interpreted as a Class I source. This suggests that late infall
may be especially important to consider toward the end of the
protoplanetary disk lifetime.

4.4. Model caveats

Our simulations only considered the evolution of the gas in the
disk and its surroundings, and we made no attempt to model
the transport or evolution of any solids. This was motivated by
the computational cost that would be introduced by integrat-
ing additional components, especially when multiple grain sizes
and grain growth are to be treated. For the large-scale streamers
themselves, it is reasonable to assume that the dust is small and
therefore well coupled, so that an inclusion of the dust is not very
impactful. While assuming perfectly mixed and small grains is
also suitable for the consideration of scattered light and CO
line emission images at sufficient emission heights, modeling
of the dust size distribution, including coagulation, and dust-gas
interactions is necessary for a more detailed investigation of the
impact that late infall has on dust transport, dynamics, and planet
formation. Even though we only find surface-level perturbations
in the gas, the growth, settling, drift, and vertical mixing could,
in principle, connect the perturbed surface with the seemingly
unperturbed midplane and impact planet formation directly.

We modeled the BHL accretion by introducing compress-
ible turbulence to the large-scale environment around the disk as
an initial condition, but without dynamically driving the turbu-
lence. As a result, the turbulence decays over time in our model,
whereas in reality, the strength of the turbulence at a given time
is a reflection of the environmental conditions in the region the
disk moves through. The decay is more significant for the smaller
scales, as scales smaller than the cell size cannot be resolved, and
with our choice of spherical coordinates with log-radial spac-
ing, the cell size increases with increasing distance from the star.
Flow that originates from these further-out regions, reaching the
disk at later times, has a turbulent power spectrum that is sup-
pressed at small scales (higher k values). We do not expect that
this decay has a significant impact on our results, but we note that
the emergence of spirals that have low-m Fourier modes with
a high amplitude could be related to this artificial suppression
of small-scale turbulence at that time. As we utilized a simple
isothermal temperature model in our simulations, we also did not
treat the heating that would occur as a result of the shocks and
turbulent compression in the environment. The former is likely

to be result in substantial heating as streamers hit the disk surface
(van Gelder et al. 2021). In the future, it should be investigated
how this heating affects the spiral structures.

We did not consider the effects of freeze-out and photo-
dissociation when computing the CO abundances used for the
creation of the synthetic CO line emission images. While we do
not expect these effects to have a significant impact on the abun-
dances inside the disk and at its surface, the resulting optical
depth of the cloud surrounding the disk is likely overestimated
as a result. As a result, it has a stronger effect on the discminer
Keplerian fit, and fits performed on a real observation might
have more success with discovering residual motions without
introducing emission-height related model residuals. As we only
resolve the disk with a few cells per pressure scale height in the
vertical direction, we might also incur inaccuracies in the effec-
tive height above the midplane a particular CO isotopologue is
emitting from.

5. Conclusions

We performed 3D hydrodynamics simulations and radiative
transfer modeling to investigate the emergence of spiral struc-
tures as a result of late infall. For our investigation, we used the
simulation setups leading to streamers from Hühn & Dullemond
(2025), considering the capture of a gaseous cloudlet and the
accretion of gas from a turbulent medium. We draw the following
conclusions:

– In the cloudlet capture scenario and considering the
scattered-light emission, the inner disk is strongly perturbed
when the cloudlet hits the disk and a streamer forms, lead-
ing to a flocculent structure. In contrast, m = 2 spirals can
form in the outer disk at this time, which only occurs in the
inner disk after the initial streamer has subsided. This sce-
nario generally favors the formation of well-defined spiral
arms after the infall has largely subsided;

– The pattern speed of the m = 2 spiral during the remnant
accretion after cloudlet capture is low, ranging between ϕ̇ =
0.05 kyr−1 (rcorot = 3150 AU) and ϕ̇ = 0.11 kyr−1 (rcorot =
1460 AU), depending on the considered radius and spiral
arm;

– In the scenario in which the disk accretes mass from a tur-
bulent medium, where the infall rate fluctuates but does not
fully subside, the formation of surface-level m = 2 spirals,
visible in scattered light, is generally not favored. Here, the
disk shows more flocculent structures during the simulation,
but before the first streamer arises, an m = 2 spiral can form;

– Spiral structures can also be seen in 12CO line emission
through residuals from Keplerian motion, but they do not
match the scattered-light emission patterns. They are best
seen when the disk is viewed face-on, suggesting that they
are caused by vertical motion. The amplitude of their indi-
vidual angular modes also differs from the scattered-light
case;

– The perturbations induced by the infall are mostly limited
to the upper layers of the disks, to about four pressure
scale heights. This is directly related to the smaller resid-
ual motions found in the emission of the more optically thin
13CO;

– While changes to the gas orbital elements can be induced
for some time in the upper layers, the m = 1 spiral pat-
tern induced for the turbulent medium accretion case is not
visible in scattered light or in molecular line emission;

– Perturbations reach deeper into a disk when its mass is lower
compared to the infall, which is expected. This affects the
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spirals that emerge in scattered light in many aspects; most
notably, it disfavors the emergence of an m = 2 spiral during
remnant accretion.

Our results demonstrate that the observed spiral structures do not
necessarily need to be induced by a clear perturber, even when
the spiral arms are very well defined. Instead, they emerge natu-
rally as a result of infall. Despite this, they can be discerned from
spirals formed through other mechanisms through their low pat-
tern speed. More generally, the spiral perturbations do not reach
the midplane of the disk, unless its mass is low compared to the
accreted mass, which is the most relevant location for planet for-
mation. Spirals formed solely through infall, without considering
any additional mechanisms they might trigger, are therefore not
expected to greatly affect planet formation beyond the delivery
of new material, especially at the beginning of the Class II stage.
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Appendix A: Additional figures for turbulent medium accretion (high disk mass)
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Fig. A.1: Same as Fig. 6, but for simulation 2.
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Fig. A.2: Residual motion found in CO isotopologue line emission for simulation 2 at an inclination of i = 30◦. Left: Same as bottom
row of Fig. 4. Right: Same as bottom row of Fig. 5.

In this Appendix, we present additional figures for simulation 2, which were not discussed in Section 3.2. In Fig. A.1, the depth
of the perturbations induced by the BHL accretion is shown. Similar to the cloudlet capture case, the perturbations do not reach
deeper than three pressure scale heights in the inner disk, and only does so very briefly for the outer disk. This allows us to conclude
that, for a disk mass of Md = 0.05 M⊙, any discovered substructure is limited to the surface for both infall mechanisms, even when
assuming initial conditions or infall rates that are on the higher end of realistic values.

In Fig. A.2, we present the residuals of the moment 1 line emission of 12CO and 13CO for an inclination of i = 30◦. Unlike
the face-on case, no considerable substructure can be seen. We note that, due to the optical thickness of the surrounding turbulent
medium and the strong disturbance of the disk kinematics in the upper disk layers, fitting a Keplerian model becomes increasingly
difficult within the capabilities of the discminer code, creating severe unphysical residuals, not allowing any conclusions to be made
for an inclination of i = 30◦. In addition, a straight line of residuals can be seen at x = 0. This is caused by missing emission in
the 0 km s−1 velocity channel in the synthetic observations, which is the result of the turbulent medium surrounding the disk. Due
to the simulation setup, it has no velocity toward the line of sight, so that emission in that channel is dominated by the background
emission. A different camera angle would shift this strong residual to a different channel, but would not fix the issue. In reality,
the freeze-out of CO might make the line emission less optically thick than we assume (see Section 4). For 13CO, the surrounding
medium does not obscure the disk as strongly.

Appendix B: Additional figures for simulations with low disk mass

In this Appendix, we present additional Figures for simulations number 3 and 4, which have a lower disk mass, making them
more susceptible to deeper perturbations. In Fig. B.1, we show the scattered light synthetic images of a selection of the snapshots
considered for the regular disk mass simulations. The visible structures match the findings presented in Fig. 13: For the cloudlet
capture, m = 2 spirals disappear in the inner disk and become weaker in the outer regions, whereas the m = 1 mode becomes
stronger, especially in the outer disk. For the BHL accretion, the m = 2 mode actually becomes more strongly visible during phase
1, but structures mostly disappear during phase 2. In general, the observed structure is comprised less of flocculent spiral arms. To
test to what extent the change in visible structures is related to the change in the scattering height, we also created synthetic scattered
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Fig. B.1: Synthetic scattered light observations of structures found in the simulations with a lower disk mass. Left: Same as zoomed-
in area of panels 2 and 3 in Fig. 1, but for simulation 3. Right: Same as zoomed-in areas in Fig. 8, but for simulation 4.
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Fig. B.2: Same as Fig. B.1, but with an artificially high dust-to-gas ratio of 0.1, reproducing the dust mass used for simulations 1
and 2.
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Fig. B.3: Same as the left panel of Fig. 7, but for simulation 3 (left) and simulation 4 (right).

light observations with a dust-to-gas ratio higher by a factor of 10 compared to the regular value. Even though this is an unrealistic
value, it allows us to reproduce the solid mass assumed in simulations 1 and 2. The results are shown in Fig. B.2, showing that the
change in emission height does not account for all differences found in the lower disk mass case, but it can account for some changes
in visible structure. For the cloudlet case, the spiral structure seems more dominated by the m = 2 mode for the higher dust-to-gas
ratio during phase 2, as is the case for simulation 1, and some spiral structure is recovered in the inner disk. For the BHL accretion
case, the m = 2 mode during phase 1 disappears with the higher dust-to-gas ratio, which also holds true for the flocculent variations
during phase 2.

In Fig. B.3, we show the eccentricity of the gas for the cases of lower disk mass. The locations of excitation in time and semimajor
axis do not change significantly, though for the cloudlet case, the excitation of eccentricity is stronger. This is an expected result, as
the momentum of the infalling material has a greater impact on the total momentum of the gas. For the BHL case, the excitation is
at a similar level, or lower at a few points in time, but the inner disk becomes more excited.
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Fig. B.4: Same as Fig. 4 (left) and Fig. 5 (right), but for simulation 3.
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Fig. B.5: Same as Fig. 4 (left) and Fig. 5 (right), but for simulation 4.

In Fig. B.4, the residuals of the gas motion as determined from the first moment map of the CO isotopologue line emission are
shown for the cloudlet capture case. In the face-on images, m = 1 spiral structure dominates for phases 3 and 4, and they can be seen
with more clarity than for the regular disk mass case. For the panel showing the phase 2 snapshot, the structure is less obvious and
spirals are more flocculent. Similar to the high disk mass case, the issue of fitting a Keplerian model remains and is further amplified
by the stronger perturbations that the disk with lower mass is subject to, creating further severe unphysical residuals in the i = 30◦
images. We show the same kind of images for the BHL accretion case in Fig. B.5, and find an analogously increased prominence of
low-mode spirals. Most notably, the m = 1 spiral structure is very clear in this case, especially during phase 1.

The depth of the perturbations induced in the lower-mass disks are shown in Fig. B.6, providing more context on the analysis
based on a threshold value shown in Fig. 12. In line with expectations, perturbations protrude further toward the midplane. In the
cloudlet case, even the midplane can be weakly affected directly at the time of the main encounter, but they retract to the surface for
the later accretion stages, affecting only layers at z ⪆ 3H. For BHL accretion, deeper layers are affected only at later times, but for
significantly longer compared to the cloudlet case. Perturbations occur close to the midplane during the majority of phase 2.
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Fig. B.6: Same as Fig. 6, but for simulation 3 (top) and simulation 4 (bottom).

Appendix C: Inclined infall
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Fig. C.1: Left: Same as zoomed-in areas of Fig. 1. Right: Same as zoomed-in areas of Fig. 8.

In this Appendix, we present synthetic scattered light observations of two simulations where the infall direction is inclined
relative to the disk plane. They are shown in Fig. C.1. The cloudlet capture simulation was run with the same parameters as simulation
1, but the position vector and initial velocity of the cloudlet were rotated by 30◦ around the x-axis. The BHL accretion simulation
was run with the same parameters as simulation 2, but the systemic velocity unit vector is ûsys = (0, 1

√
2
, 1
√

2
). In the cloudlet case,

m = 2 spirals arise during the same phases as in the case of in-plane cloudlet capture, but they are less prominent during phase 3. We
suspect that this is because the infall perturbations are more symmetrically spread across the disk surface, diminishing the effect. In
the limit of perfectly face-on accretion event, we would not expect that spirals form directly. In this case of inclined infall, the disk is
also more susceptible to other spiral formation mechanisms, like the excitation of eccentricity (Calcino et al. 2025a), or disk warping
(Winter et al. 2025), which could contribute to the visible spiral patterns. A detailed analysis of this scenario is outside the scope of
this work. The accretion tail found in the BHL accretion simulation has an orientation relative to the observer that is unfavorable for
the study of spiral patterns, though infall streamers are more easily observed (see HD25).

Appendix D: Warp structure

Previous work has shown that a warped and twisted disk can create spiral structures, and that this mechanism can explain aspects
of the spiral structure in MWC 758 (Winter et al. 2025). While our simulation setups was not chosen to promote the formation of
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Fig. D.1: Warp properties as a function of radial distance and time, where a darker color denotes a later snapshot. Left: Disk tilt in
the reference frame described by the total angular momentum, β′. Middle: Disk twist in the same reference frame, γ′. Right: Warp
strength ψ′ in that reference frame. All values are for simulation 1.

0.00 1.78 3.56 5.45 7.23 9.13 10.90 12.80 14.58 16.47 18.25 20.15 21.92 23.82 25.60 27.50 29.27
t / kyr

101 102

r / AU

0.1

0.0

0.1

0.2

0.3

0.4

0.5

′  /
 d

eg

101 102

r / AU

150

100

50

0

50

100

150

′  /
 d

eg

101 102

r / AU

10 6

10 5

10 4

10 3

10 2

10 1

′

Fig. D.2: Same as Fig. D.1, but for simulation 2.
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Fig. D.3: Same as Fig. D.1, but for simulation 3. We note that the range of values on the ordinate is increased compared to that
Figure.
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Fig. D.4: Same as Fig. D.1, but for simulation 4. We note that the range of values on the ordinate is increased compared to that
Figure.
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a disk warp, we nevertheless investigated whether a warp could be the cause of the substructures we find in this Appendix. Figures
D.1,D.2,D.3 and D.4 show three parameters that are commonly considered for the characterization of a warped disk structure for all
four simulations. These parameters are the disk tilt β,

β(r) = arccos(lz(r)), (D.1)

the twist γ,

γ(r) = arctan2(ly(r), lx(r)), (D.2)

and the warp strength ψ,

ψ(r) = |ψ(r)| = r
∣∣∣∣∣∂l(r)
∂r

∣∣∣∣∣ . (D.3)

Here, l is the unit vector of the cell volume-weighted average angular momentum in a spherical shell at radius r with a thickness
given by the grid resolution, ∆r. They are calculated in a different reference frame than that one given by our grid configuration; it
is defined as the frame where the total disk angular momentum coincides with the z direction, so that the transformation is given by

l′ = Rx(−ϕx)Rz(−ϕz)l, (D.4)

where Ri are rotation matrices about axis i, and the rotation angles are given by

ϕx = arccos(ltot,z), (D.5)

ϕz = arccos

− ltot,y√
1 − l2tot,z

 , (D.6)

with ltot being the unit vector of the total disk angular momentum, integrated within 150 AU. The initial condition of the cloudlet
capture simulations lead to a capture in the plane of the disk. We therefore do not expect a strong warp to occur, which we confirm
with this analysis. In the regular disk mass case, the maximal tilt in the bulk of the disk is 0.1◦. Here, there is no considerable twist,
that is, γ does not change significantly with radius, and the maximal strength is ψ ∼ 10−2. The warp is not much more significant for
the lower disk mass case, where the maximal tilt is 0.8◦, there is no twist, and the strength only reaches ψ ∼ 10−1 in the outer disk.

For the simulations of BHL accretion, the systemic velocity is also in the disk plane, which does not promote warping of the
disk, but the turbulent nature of the environment could, in principle, lead to more significant warping. However, we also do not find
this to be the case. For the regular disk mass case, the tilt reaches β ∼ 0.4◦ and the strength reaches ψ ∼ 10−2. For the low disk
mass case, the strength is of the same order of magnitude, but lasts longer, and the maximum tilt reaches close to β ∼ 1◦. Neither
of these simulations exhibit considerable twisting. We therefore conclude that warping is not the source of our CO line emission
substructures, as expected. It remains to be investigated how out-of-plane accretion could cause more significant warp effects, which
was found in previous works about late infall (e.g., Kuffmeier et al. 2021), and how that might cause the creation of substructures.

A93, page 20 of 22



Hühn, L.-A., et al.: A&A, 708, A93 (2026)

Appendix E: Discminer fit parameters

Table E.1: Model parameters determined by the discminer code for simulation 1, phase 2.

Attribute Parameter 12CO face-on 13CO face-on 12CO inclined 13CO inclined
Orientation i (rad) -0.013918 -0.000893 0.531263 0.534741

PA (rad) 2.473116 1.777206 3.078874 3.13764
Peak intensity I0 (Jy/pix) 1.786355 1.636759 3.400697 3.756422

p -1.756626 -1.358126 -3.386501 -1.62514
q 0.853544 0.914558 1.464581 1.15346
Rout (AU) 292.028464 173.065857 337.543622 295.388881

Line width L0 (km/s) 0.443715 0.360182 0.182926 0.215174
p 1.437235 -0.591546 3.854614 -0.155465
q -0.656888 0.347203 -1.791307 -0.099281

Line slope Ls 0.763965 3.133948 1.187412 2.666266
p -0.547374 -0.193224 0.18797 0.14124

Upper surface z0 (AU) 75.931583 24.582231 92.94603 44.740208
p 2.62048 1.173912 2.451284 1.578596
Rb (AU) 136.363943 157.124266 135.436658 123.259567
q 3.548277 3.837051 1.179266 1.62922

Lower surface z0 (AU) 10.186404 27.280565 46.835506 21.554529
p 1.401177 1.738811 2.769326 1.524081
Rb (AU) 156.521556 147.455423 191.508056 153.658222
q 4.44322 4.507593 1.997903 2.751715

Table E.2: Model parameters determined by the discminer code for simulation 1, phase 3.

Attribute Parameter 12CO face-on 13CO face-on 12CO inclined 13CO inclined
Orientation i (rad) -0.008464 0.000284 0.541732 0.53171

PA (rad) 1.236967 1.665269 3.137841 3.139437
Peak intensity I0 (Jy/pix) 2.181766 1.501563 4.827026 4.737016

p -0.47821 -0.859487 -1.742632 -1.666194
q 0.918481 0.551083 1.020335 1.179157
Rout (AU) 213.873871 215.980399 252.403358 320.514226

Line width L0 (km/s) 0.333042 0.446096 0.208635 0.17185
p -0.202836 -0.671717 0.366968 -0.162427
q 0.091417 0.550841 -0.400435 -0.142254

Line slope Ls 2.652136 3.471416 1.236261 3.530185
p -0.185746 -0.096082 -0.743685 0.182489

Upper surface z0 (AU) 44.314921 20.546271 43.099641 43.91231
p 0.662675 1.502242 1.79254 1.687935
Rb (AU) 141.891144 101.516024 136.948374 114.09979
q 6.003319 2.704703 3.515581 1.596887

Lower surface z0 (AU) 74.961395 31.079452 16.12589 26.154063
p 0.417348 1.031362 1.820823 1.727622
Rb (AU) 136.507681 143.967677 317.521125 125.081057
q 6.400883 4.939914 3.330637 1.55085
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Table E.3: Model parameters determined by the discminer code for simulation 1, phase 4.

Attribute Parameter 12CO face-on 13CO face-on 12CO inclined 13CO inclined
Orientation i (rad) 0.003787 -0.000168 0.54285 0.530572

PA (rad) 3.000773 0.924257 3.138717 3.13899
Peak intensity I0 (Jy/pix) 2.16589 1.842631 4.249739 4.764129

p -0.431873 -1.113991 -0.962164 -1.408765
q 1.02278 0.753264 0.730904 1.102828
Rout (AU) 207.641656 184.231506 175.519168 344.843874

Line width L0 (km/s) 0.326406 0.52853 0.213381 0.168953
p -0.233479 -0.908925 0.063096 -0.176727
q 0.28306 0.771579 -0.264783 -0.13784

Line slope Ls 3.329383 3.498086 2.42813 3.718619
p -0.058892 -0.07426 -0.097767 0.225348

Upper surface z0 (AU) 60.525584 11.221921 28.781314 41.804518
p 0.360929 1.765037 1.178712 1.5583
Rb (AU) 143.208523 222.033692 128.884887 108.790378
q 6.104135 3.285206 7.933757 1.547284

Lower surface z0 (AU) 62.817536 33.433312 15.393315 20.914966
p 0.312927 0.952737 1.535566 1.553152
Rb (AU) 147.570851 155.267855 120.549235 128.287544
q 6.952082 4.70432 0.7615 1.926948

Table E.4: Model parameters determined by the discminer code for simulation 2.

Attribute Parameter 12CO phase 1 12CO phase 2
Orientation i (rad) 0.035227 0.015317

PA (rad) 3.031075 2.786731
Peak intensity I0 (Jy/pix) 4.019554 1.659029

p -0.553326 -4.422599
q 1.489104 1.781956
Rout (AU) 289.739617 198.899374

Line width L0 (km/s) 0.299288 0.386206
p -0.083432 3.326358
q -0.437694 -1.387461

Line slope Ls 1.745675 1.649106
p -0.142413 -0.073902

Upper surface z0 (AU) 55.022357 96.445318
p 0.262799 2.564996
Rb (AU) 130.580834 130.327168
q 9.019506 8.866092

Lower surface z0 (AU) 28.880108 90.17602
p 1.2896 3.445089
Rb (AU) 111.040741 126.227747
q 4.293829 9.086012
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