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ABSTRACT

Context. Asymptotic giant branch (AGB) stars are known to lose a significant amount of mass by a stellar wind, which controls the
remainder of their stellar lifetime. High angular-resolution observations show that the winds of these cool stars typically exhibit
mid- to small-scale density perturbations such as spirals and arcs, believed to be caused by the gravitational interaction with a
(sub-)stellar companion.
Aims. We aim to explore the effects of the wind-companion interaction on the 3D density and velocity distribution of the wind, as a
function of three key parameters: wind velocity, binary separation and companion mass. For the first time, we compare the impact on
the outflow of a planetary companion to that of a stellar companion. We intend to devise a morphology classification scheme based on
a singular parameter.
Methods. We ran a small grid of high-resolution polytropic models with the smoothed particle hydrodynamics (SPH) numerical code
PHANTOM to examine the 3D density structure of the AGB outflow in the orbital and meridional plane and around the poles. By
constructing a basic toy model of the gravitational acceleration due to the companion, we analysed the terminal velocity reached by the
outflow in the simulations.
Results. We find that models with a stellar companion, large binary separation and high wind speed obtain a wind morphology in
the orbital plane consisting of a single spiral structure, of which the two edges diverge due to a velocity dispersion caused by the
gravitational slingshot mechanism. In the meridional plane the spiral manifests itself as concentric arcs, reaching all latitudes. When
lowering the wind velocity and/or the binary separation, the morphology becomes more complex: in the orbital plane a double spiral
arises, which is irregular for the closest systems, and the wind material gets focussed towards the orbital plane, with the formation of
an equatorial density enhancement (EDE) as a consequence. Lowering the companion mass from a stellar to a planetary mass, reduces
the formation of density perturbations significantly.
Conclusions. With this grid of models we cover the prominent morphology changes in a companion-perturbed AGB outflow: slow
winds with a close, massive binary companion show a more complex morphology. Additionally, we prove that massive planets are
able to significantly impact the density structure of an AGB wind. We find that the interaction with a companion affects the terminal
velocity of the wind, which can be explained by the gravitational slingshot mechanism. We distinguish between two types of wind
focussing to the orbital plane resulting from distinct mechanisms: global flattening of the outflow as a result of the AGB star’s orbital
motion and the formation of an EDE as a consequence of the companion’s gravitational pull. We investigate different morphology
classification schemes and uncover that the ratio of the gravitational potential energy density of the companion to the kinetic energy
density of the AGB outflow yields a robust classification parameter for the models presented in this paper.
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1. Introduction

Stars with an initial mass between about 0.8 and 8 solar masses
evolve through the asymptotic giant branch (AGB) phase, sit-
uated near the end of the stellar nuclear burning cycles. Stars
in this phase are characterised by a significant mass-loss rate
of about 10−7 to 10−4 M� yr−1 and terminal wind velocities in a
range from 5 to 20 km s−1 (Knapp et al. 1998; Habing & Olofsson
2004; Ramstedt et al. 2009), which determines their further
stellar evolution. The wind-launching mechanism is believed to
emerge from a combination of stellar surface pulsations and dust
formation (Bowen 1988; see recent review by Höfner & Olofsson
2018). Due to the pulsations, stellar material overshoots the sur-
face reaching cooler regions, such that the dense material cools
down to about 1600 K. Consequently, favourable conditions are

met for gaseous species to condense into dust grains. These
grains absorb the infrared stellar radiation, accelerate outwards,
and drag along the gas (Liljegren et al. 2016; Freytag et al. 2017).
Therefore, AGB stars are typically embedded in a dense and
dusty circumstellar envelope (CSE). It is exactly because of this
favourable combination of high densities and low temperatures
that the circumstellar environment of AGB stars exhibits such
a rich chemistry, with over 100 molecules and 15 dust species
detected so far (Habing 1996; Habing & Olofsson 2004; Heras &
Hony 2005; Verhoelst et al. 2009; Waters 2011; Gail & Sedlmayr
2013; Höfner & Olofsson 2018).

Furthermore, stars in the AGB phase experience third
dredge-up events (Iben 1975; Sugimoto & Nomoto 1975). Dur-
ing these events, the convective envelope penetrates the region
previously occupied by the thermal pulse, and subsequently
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brings freshly synthesized 12C to surface layers (Schwarzschild
& Härm 1965). Due to this mixing, the surface abundance of
carbon changes significantly throughout the evolution on the
AGB track (see e.g. Lattanzio & Wood 2004 for a detailed
overview). Hence, the initially oxygen-rich (O-rich) star will
gradually become more carbon-rich (C-rich) and will eventually
attain a C/O-ratio larger than one. The change from O-rich to
C-rich directly affects the dust composition in the outflow of the
AGB star. Dust grains formed around O-rich AGB stars typically
have lower opacities than the grains in C-rich outflows. Since the
dust opacity controls the acceleration profile of the stellar wind,
O-rich AGB outflows experience a more progressive accelera-
tion and hence, only reach the terminal velocity at much larger
distances from the star than C-rich outflows (Decin et al. 2010,
2020).

High-resolution observations of the circumstellar environ-
ments of AGB stars, as taken for example with the Atacama
Large Millimeter/submillimeter Array (ALMA) interferometer,
reveal the presence of complex, asymmetric morphologies on
spatial scales from about 10 to several 100 au, including (com-
binations of) spirals, arcs, disks, and bipolarity (e.g. Mauron &
Huggins 2006; Decin et al. 2012, 2020; Ramstedt et al. 2014;
Kervella et al. 2016; Homan et al. 2021). The structures observed
in AGB outflows show resemblance with the complex asym-
metrical morphologies found in post-AGB stars and planetary
nebulae (PNe), believed to be the descendants of AGB stars (e.g.
O’Dell et al. 2002; Guerrero et al. 2003; Cohen et al. 2004;
Ertel et al. 2019), suggesting the formation mechanism to be the
same, only captured at a different evolutionary stage (Decin et al.
2020). Therefore, by studying the morphologies of AGB stars,
we also gain more insight in the shaping mechanism of post-
AGB stars and PNe. Though, it has been proven to be difficult to
model AGB outflows with a general approach. The only common
denominator seems to be the presence of a binary companion,
which is observed for some targets (e.g. L2 Pup, Homan et al.
2017; π1 Gru, Homan et al. 2020). Hence, the dominant shap-
ing mechanism of the CSE is believed to be the gravitational
interaction of the AGB wind with a (sub-)stellar binary compan-
ion orbiting around the AGB star (Nordhaus & Blackman 2006;
Decin et al. 2020). This assumption is supported by population
synthesis, since the binarity rate of AGB progenitors is found to
be above 50%, reaching even ∼100% when also planetary com-
panions are included in the binarity rate (Burke 2015; Moe & Di
Stefano 2017).

Over the last three decades, 3D hydrodynamical simula-
tions of AGB outflows with a companion embedded in the
CSE have been carried out using particle-based (smoothed par-
ticle hydrodynamics; SPH) as well as grid-based (adaptive mesh
refinement; AMR) numerical codes. Theuns & Jorissen (1993)
were the first to perform such simulations and uncovered that
the gravitational potential of the companion is able to shape the
AGB outflow in a spiral structure close to the binary system.
Depending on the equation of state of the gas, an accretion disk
is formed around the companion. Mastrodemos & Morris (1998;
1999) included a basic formulation for some molecular cooling
and came to similar results: the formation of an accretion disk
and a global spiral morphology in the AGB outflow. They found
that the specific shape and complexity of the spiral morphol-
ogy heavily depends on the initial binary configuration and wind
velocity. Some configurations lead to bipolarity in the outflow
such that the majority of the outflow is compressed towards the
orbital plane – by El Mellah et al. (2020) called ‘equatorial den-
sity enhancement’ (EDE) – which is observed for some AGB
stars (Decin et al. 2020). The simulations by Chen et al. (2017;

2020) contain more complex cooling, surface pulsations and a
basic prescription of radiative transfer, which results in more
complex morphologies such as circumbinary disks. Not only the
morphology is studied, also mass accretion onto the companion
as a result of the wind-companion interaction is already inves-
tigated in several works, for example by Liu et al. (2017) and
Saladino et al. (2018; 2019).

The different observational and numerical studies expose the
complexity of dust-driven winds and the difficulty to model and
understand all physical and chemical processes taking place. A
recurring parameter of interest determining the global shape of
the outflows is the velocity, more precisely the proportion of
the orbital velocity of the companion and AGB star to the wind
velocity (e.g. Theuns & Jorissen 1993; Saladino et al. 2018; El
Mellah et al. 2020). In this paper, we analyse the wind morphol-
ogy of a limited set of 3D SPH models, in which we vary three
key parameters. For the first time, we compare the effects of a
planetary companion on the CSE of an AGB star with the effects
of a stellar companion. We aim to find a consistent parameter that
is able to indicate the type of morphology, as a stepping-stone
to a systematic classification method for AGB-wind morpholo-
gies and as a guide to better constrain AGB system parameters
in observations. In particular, we will focus on the different key
velocities in the simulation and the vertical extent of the wind.

This paper is organised as follows. In Sect. 2, we introduce
the numerical set-up used and the parameter space of the simu-
lations. In Sect. 3, we present our resulting models and discuss
the changes in the wind morphology when the set-up parameters
are altered. In Sect. 4, we examine the effects of the differ-
ent combinations of the model parameters on the terminal wind
velocity and vertical extent of the wind. We also investigate dif-
ferent wind morphology classification parameters that have been
mentioned throughout the literature. In Sect. 5, we review and
conclude.

2. Methodology

2.1. Numerical set-up

In this study, we adopted the numerical technique of smoothed
particle hydrodynamics (SPH; Lucy 1977; Gingold & Monaghan
1977), which solves the equations of fluid dynamics in a mesh-
free, Lagrangian way using smoothing lengths and kernels to
ensure a proper representation of the fluid. More specifically,
we used the code PHANTOM to perform the modelling (Price &
Federrath 2010; Lodato & Price 2010; Price 2012; see extensive
overview by Price et al. 2018).

The simulations consist of (i) two sink particle with a certain
mass, representing the AGB star and its companion and (ii) a dis-
tribution of SPH particles representing the AGB wind. Both sink
particles are so-called ‘gravity-only’, namely they are considered
gravitational point sources of which the internal structure is not
modelled. The SPH particles interact according to the laws of
hydrodynamics, generally given by the following conservation
laws, here given in the Lagrangian form:

dρ
dt

+ ρ∇ · v = 0 (continuity equation) (1)

ρ
dv
dt

= −∇p + F (equation of motion) (2)

du
dt

= (γ − 1)
u
ρ

dρ
dt

+ Λ (conservation of internal energy) (3)

where ρ is the gas density, v the velocity, p the gas pres-
sure, and u the internal energy of the gas. In Eq. (2), which
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represents the conservation of momentum, the term F contains
all additional forces that may act on the fluid, for example gravity
and radiation pressure. Equation (3) contains information about
the thermodynamics via the polytropic index γ, and the term
Λ includes additional processes which may change the internal
energy, namely cooling/heating terms from diverse processes if
present.

The wind itself is modelled as an ideal gas of which the
thermodynamics obeys the polytropic equation of state

p ∝ ργ. (4)

Since the temperature profile for AGB outflows is found
to follow the power-law behaviour in a spherical symmetric
approximation

T (r) ∝ r−ξ, (5)

with ξ ≈ 0.6–0.7 (Millar 2004), it can be shown that this cor-
responds to a polytropic index γ of 1.2. As a consequence, the
thermodynamical behaviour of the gas lies in a regime between
the adiabatic (γ= 7/5 for a diatomic gas) and isothermal (γ= 1)
extremes.

In AGB outflows, adiabatic cooling regulates the tempera-
ture of the wind, but there is also a significant contribution of
various heating and cooling processes, which are included in
Eq. (3) via the term Λ, if taken into account in the modelling.
In reality, the internal energy of the gas component of the AGB
outflow is mainly determined by (i) gas-dust grain collisions, (ii)
the photoelectric heating from dust grains, (iii) heat exchange
between the dust and gas component, and (iv) by cosmic rays.
The cooling in AGB winds happens mainly by collisional exci-
tation of rotational levels of abundant molecules, such as H2O
(O-rich winds), HCN (C-rich winds) and CO, and by vibra-
tional excitations of H2 (Decin et al. 2006). Additionally, the
reaction enthalpies of chemical processes such as the formation
and dissociation of molecules (e.g. H2) are able to contribute
significantly to the heating and cooling of the wind (Omukai
2000). However, in this paper we did not include these processes
(i.e. Λ = 0 in Eq. (3)), since coupling a chemical network and/or
radiative transfer approach with hydrodynamical modelling at
the current resolution, necessary to predict molecular and dust
species abundances and their interaction with radiation, is com-
putationally unfeasible to date. As a direct consequence, the
dynamics of the SPH fluid and thus the morphology, is invari-
ant to density scaling or, equivalently, the mass-loss rate (see
Eqs. (1)–(3)).

These ingredients (dust-gas chemistry and radiation) are in
principle also needed to simulate the launch of an AGB wind
(Woitke 2006; Boulangier et al. 2019). To overcome the issue of
their absence, the wind acceleration mechanism due to radiation
pressure on the dust is mimicked by introducing an additional
effective potential in the equation of motion to reduce the effect
of the gravity of the AGB star (Lamers & Cassinelli 1999). Thus,
the radial component of the force term in Eq. (2) becomes

Fr =−GMAGB

r2
1

(1 − Γ) − GMcomp

r2
2

, (6)

where the constant Γ ≥ 0. Here, r1 and r2 are the distances to
the AGB star and companion, respectively, and MAGB and Mcomp
the masses, G is the gravitational constant. To actually launch a
ballistic wind, we followed the ‘free wind’ case introduced by
Theuns & Jorissen (1993): we assume that the gravity of the
AGB star is balanced exactly by the radiation pressure on the dust

by setting Γ = 1. Otherwise, the ejected gas will either fall back
on the AGB star (Γ < 1) or will accelerate indefinitely (Γ > 1).
The resulting velocity profile for a single AGB star is shown in
Fig. 1 in black. This method is also adopted by Mastrodemos &
Morris (1998), Kim & Taam (2012a) and Liu et al. (2017), for
example. We note that the prescription of the momentum equa-
tion, Eq. (2), using the force term of Eq. (6) corresponds to a fast
acceleration of the AGB wind, that is for a single AGB star the
terminal velocity is reached within the first few stellar radii of the
simulated region. Further, we did not include surface pulsations
and spin of the AGB star in our simulations, although they may
have an important effect on the morphology of the outflow (e.g.
Mastrodemos & Morris 1999; Chen et al. 2017). We also did not
include tidal distortions, which may become significant when the
AGB star starts to fill a substantial part of its Roche lobe. Lastly,
effects due to radiation and magnetic fields were not taken into
account.

The wind is injected into the simulation as a number of col-
lisionless SPH particles with constant mass, isotropically placed
on a spherical shell at the effective radius of the AGB star,
set up at 1.267 au ≈ 272 R�. In other words, this radius can be
considered as the location at which the outflow has reached a
significant speed in order that a wind is launched. Such shells
are successively launched from the effective radius with a time
interval ∆t. The first five shells in the simulation are stationary,
so that they initialise the pressure and density gradient in the
wind, whereafter the equations of hydrodynamics take over to
determine the further development of the outflow. The resolution
parameters set the distance between the shells and the amount of
particles initialised on each shell (for details, see Appendix A).
Hence, the resolution sets ∆t in combination with the input wind
velocity vini, and the mass of the individual SPH particles MSPH
in combination with the input mass-loss rate Ṁ. In order to
minimise artificial perturbations and artefacts, the distribution
of equidistant SPH particles on the spherical shells is given a
random orientation before the shell is launched. A comprehen-
sive overview on the details of the numerical implementation of
stellar winds in PHANTOM is in preparation by Siess et al.

The companion is able to accrete wind material. This is
realised by a basic wind-accretion mechanism, so-called ‘prompt
accretion’. When an SPH particle comes within the predefined
radius of the companion, which acts as its physical surface, and
satisfies a number of accretion checks, it is removed from the
simulation (for details, see Price et al. 2018). The state of the
companion sink particle (e.g. mass, position, velocity) is updated
so that mass, linear momentum, and angular momentum are
conserved by the accretion of the SPH particle. For the stellar
companions this radius is set to 0.00456 au ≈ 1 R� and for the
planetary companions to 0.000912 au ≈ 2 RJup. However, since
no accurate cooling was implemented here, the wind accretion
by the companion cannot be modelled accurately and only served
as a way to control the amount of particles in the simulation and
optimise the resolution. Moreover, the models are constrained by
an outer boundary: if SPH particles cross this boundary, they are
also removed from the simulation. Similarly as before, the main
reason to set up this outer boundary is to optimise the resolution
of the simulations according to the maximum amount of SPH
particles and runtime. The simulations contained on average 106

SPH particles and were evolved up to a state of convergence
or so-called ‘self-similar’ behaviour, that is the wind morphol-
ogy no longer changes in snapshots taken at time intervals equal
to the orbital period. Self-similarity was reached after about 7
orbits, depending on the binary separation, wind velocity, and
outer boundary of the modelled domain.
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We note that, although the resolution in our models is fairly
high, it was still hard or even impossible to feasibly resolve the
region within a few tenths of au around the companion accurately
in the case of low-mass companions, such as planets, since only a
dozen of SPH particles will be present in that region. Therefore,
the gravitational interaction between the wind and the compan-
ion may not have been optimally modelled for such simulations.
For more massive companions, such as stellar companions, this
was not a problem, since the gravitational potential of the com-
panion is strong enough to attract a significant amount of SPH
particles, resolving the interaction adequately.

2.2. Parameter set-up

The aim of this study is to analyse the morphology of a
companion-perturbed AGB outflow in different binary config-
uration with circular orbits (i.e. eccentricity e = 0). We fixed the
mass of the AGB star for all models at 1.5 M� and made use of
two different companion masses: a stellar companion of 1 M�
and a planetary companion of 0.01 M� ≈ 10 MJup. We varied the
binary separation between three values: 9.0 au, 4.0 au, and 2.5 au.
These values were chosen such that the modelled system corre-
spond to a so-called detached binary system (Eggleton 2006).
More precisely, the effective radius of the AGB star is smaller
than the distance to the first Lagrangian point from the centre
of the AGB star. According to population synthesis and statis-
tics, the binary configurations modelled here are expected to be
observed approximately 20% of the time (Moe & Di Stefano
2017; Fulton et al. 2019; Decin et al. 2020).

Lastly, we varied between two different wind types: a fast
wind and a slow wind. These two set-ups mimic roughly a C-
rich and O-rich outflow, respectively. More specifically, the wind
velocity at the location of the companion in the simulations is
lower for the slow-wind set-up, as would be the case in an O-
rich AGB outflow. This is due to the progressive velocity profile,
given by the well-known β-velocity law for stellar winds (Lamers
& Cassinelli 1999):

v(r) ' v0 + (v∞ − v0)
(
1 − R0

r

)β
, (7)

where for O-rich winds the value of β ranges between 1 and 2, but
can go up to ∼5 (Decin et al. 2010). For C-rich winds, the value
for β is generally found to be lower than 1/2 (Decin et al. 2015),
which corresponds to a fast acceleration. In Eq. (7) v∞ is the
terminal velocity and v0 the velocity at radius R0. Hence, given
Eq. (6), the fast-wind models are set up with an initial velocity
of 20 km s−1 and the slow-wind models with 5 km s−1. In Fig. 1,
we compare the velocity profile of a single-star AGB wind with
the β-velocity law from Eq. (7) for different values of β, where
we used v0 = 3 km s−1 as minimum velocity following Danilovich
et al. (2014) and R0 = 1.267 au the effective radius of the AGB
star in the simulations. For the fast and slow wind v∞ was set
to 21.4 km s−1 and 8.8 km s−1, respectively, as found in the sim-
ulations. From Fig. 1 we concluded that the wind acceleration
mechanism employed here, Eq. (6), is reasonable in compari-
son with the β-velocity law. We see that the velocity profile for
a fast wind corresponds to values β < 1 and for a slow wind
β > 1, as expected from observations. Although in our simula-
tions the mass-loss rate does not matter for the wind morphology
(Sect. 2.1), the fast and slow wind velocity can be associated with
mass-loss rates of 10−4 M� yr−1 and 2× 10−7 M� yr−1, respec-
tively, following the quasi-linear trend between those quantities
(Ramstedt et al. 2009). The input parameters of the twelve

Fig. 1. Radial velocity profile of a single-star AGB wind modelled
with PHANTOM in black, including β wind velocity profiles in colour
according to Eq. (7), as indicated by the legend. Upper panel: fast wind
(vini = 20 km s−1). Bottom panel: slow wind (vini = 5 km s−1). For infor-
mation the mean sound speed and the escape velocity are given in red
in dashed and dotted lines, respectively.

models and the orbital velocity1 of both binary components
are given in Table 1, including the naming of the different
simulations.

3. Results

The different simulations show a clear appearance of structure
formation in the physical properties of the AGB outflow. In this
section, we discuss the basic morphological effects of adjust-
ing each parameter individually. The morphology is presented
in a slice through the xy-plane and xz-plane, corresponding to
the orbital plane and meridional plane, respectively, at snapshots
where self-similarity is reached.

3.1. General description of the wind morphology

To facilitate the comparison between the models, we opted to
select one reference model, with which all other models will be
compared. Accounting for the known effects that shape the post-
interaction AGB wind, we selected S90FAST as reference model.
This model shows the dominant shaping mechanism, which is
the well-understood funnelling of wind material into a spiral
tail.

The gravitational interaction between the AGB wind and the
companion results in a spiral feature in the orbital plane, as
can be seen in the upper left panel of Fig. 2. The two spiral
edges or fronts delimit the gravity wake produced by the orbiting

1 The orbital velocity for the components in a binary system is given
by vi = 2πri/P, where P is the period according to Kepler’s third

law: P = 2π
√

a3

G(m1+m2) , and ri the distance from component i to the
centre-of-mass: r1 = a

1−q−1 , r2 = a − r1, with a the binary separation and
q = m2/m1 ≤ 1 the mass ratio.
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Fig. 2. Density distribution of model S90FAST (top row) and model S90SLOW (bottom row) of the orbital plane (left panels zoom-in of middle
panels) and meridional plane (right panels). Left and right black dots represent the AGB star and companion, respectively, not to scale. Snapshot
taken after 5 orbits, at which self-similarity is reached.

Table 1. Overview of the configuration of the twelve models (input
values and orbital velocities).

Model vini a Mcomp vAGB vcomp
(km s−1) (au) (M�) (km s−1) (km s−1)

S90FAST 20.0 9.0 1.0 6.3 9.4
S40FAST 20.0 4.0 1.0 9.4 14.1
S25FAST 20.0 2.5 1.0 11.9 17.9
P90FAST 20.0 9.0 0.01 0.1 12.1
P40FAST 20.0 4.0 0.01 0.1 18.2
P25FAST 20.0 2.5 0.01 0.2 23.0
S90SLOW 5.0 9.0 1.0 6.3 9.4
S40SLOW 5.0 4.0 1.0 9.4 14.1
S25SLOW 5.0 2.5 1.0 11.9 17.9
P90SLOW 5.0 9.0 0.01 0.1 12.1
P40SLOW 5.0 4.0 0.01 0.1 18.2
P25SLOW 5.0 2.5 0.01 0.2 23.0

Notes. Here, vini is the initial velocity (input), a the binary separa-
tion (input) and Mcomp the input mass of the companion (0.01 M� ≈
10 MJup). The naming of the models is abbreviated according to
‘Mcomp + 10a + windtype’, where Mcomp is given by ‘S’ or ‘P’, stand-
ing for ‘stellar’ and ‘planetary’, respectively. ‘FAST’ refers to a wind
initiated with vini = 20 km s−1 and Ṁ = 10−4 M� yr−1, and ‘SLOW’ to
a wind with vini = 5 km s−1 and Ṁ = 2× 10−7 M� yr−1. vAGB and vcomp
are the orbital velocity of the AGB star and companion, respectively.
Following applies for all models: MAGB = 1.5 M�, e = 0, γ= 1.2. More
details about the simulations can be found online: http://doi.org/
10.5281/zenodo.5070188.

companion and propagate radially outwards at different speeds.
Such a gravity wake was first described by Bondi, Hoyle and
Lyttleton (BHL; Hoyle & Lyttleton 1939; Bondi & Hoyle 1944)
for a point mass moving at constant speed on a straight path
through a gas cloud free from self-gravity, and forms the basis
for the mechanism here. The outer spiral front originates from
part of the material that was accelerated as a result of a grav-
itational sling around the companion, also called slingshot. In
Sect. 4.1 we elaborate on the slingshot and establish that it is a
valid model. When this material met with the wind, which was
relatively slower, a shock was generated. Therefore, we hence-
forth call this outer front the ‘front shock’. The inner edge of
the spiral wake, which is the one wrapped closest around the
AGB star, is slower. This is due to part of the wind material
that was decelerated by the gravitational sling and thus propa-
gated more slowly than the unobstructed wind coming from the
AGB star in the centre-of-mass restframe. Hence, a bow shock
formed when the faster wind collided with this slow material,
which we name the ‘back edge’. Since the velocity of the unob-
structed wind is affected by the motion of the AGB star (reflex
motion), induced by the presence of the companion, the AGB
star’s orbital velocity influenced the location of the back edge.
As a result of the velocity dispersion caused by the slingshot, the
gravity wake widened. Consequently, for the reference model we
see that after a few orbital revolutions the front shock caught up
with the back edge of the previous orbit, at a radius of about
120 au in the upper middle panel of Fig. 2. Both fronts merged
and combined into a global spiral structure, which differs from
the spiral wake structure closer to the binary system.
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In the meridional plane (plane perpendicular to the orbital
plane through both sink particles) of model S90FAST the mor-
phology shows arcs that bend towards the polar axis, extending
over all latitudes (Fig. 2, upper right panel). This feature is
already carefully discussed by Mastrodemos & Morris (1999):
the arcs in the vertical direction are the cross sections of the
surface of the spiral in the orbital plane. The edges of the dif-
ferent arcs on the side closest to the binary system, correspond
to the back edge of the spiral in the orbital plane and the outer
edge of the arcs to the front shock. The thickening in the arcs
is caused by the funnelling of the wind by the companion’s
gravitational potential (gravity wake), and is suppressed within
a limited height from the orbital plane, as discussed by Kim
& Taam (2012b). This funnelling will become more effective
when the gravitational interaction becomes stronger and hence
the vertical extent of the gravity wake will be more compressed
towards the orbital plane. Depending on the initial conditions of
the binary system and AGB wind, this may cause an equatorial
density enhancement (EDE, Sect. 4.2), where a large fraction of
the wind material is confined close to orbital plane. The narrow
ends of the arcs near the poles are the unperturbed signatures of
the spiral that were caused by the reflex motion of the AGB star,
which is not visible in the orbital plane. Kim & Taam (2012b)
investigated the sole effect of this reflex motion of the AGB star
with respect to its orbital and wind velocity. They found that the
vertical arc structure becomes more oblate or ‘flattened’ when
the orbital-to-wind velocity ratio of the AGB star increases, due
to the action of the centrifugal force. Since it is not clear if
this flattening and the presence of an EDE are connected, we
investigate this in Sect. 4.2.

3.2. Effect of the wind velocity on the morphology

We discuss model S90SLOW, which is the slow-wind counter-
part of the reference model, in order to map the morphological
changes with respect to the wind velocity. The density structure
in the orbital plane close to the binary systems shows a dou-
ble spiral structure (Fig. 2, bottom left panel). The first spiral is
wrapped closely around the AGB star and the second emerges
from a bow shock in front of the companion, dominating the
global spiral morphology. This inner structure is described as
a ‘vortex structure’ by Liu et al. (2017) and can no longer be
described as a simple BHL gravity wake. Accordingly, it dif-
fers significantly from the single spiral structure found in the
fast-wind reference model, also on a global scale (Fig. 2, lower
middle panel). This difference is due to the longer time that is
associated with the gravitational interaction between the AGB
wind and the companion when the wind propagates more slowly.
Therefore, the main contribution to the morphology shifted from
the reflex motion of the AGB star to the gravitational pull of
the companion, based on the comparison of the kinetic energy
density in the wind with the gravitational energy density of the
companion (more in Sect. 4.3).

In the meridional plane, arcs are present in the morphology,
displayed in the bottom right panel of Fig. 2. The wind mate-
rial is confined within a range of ∼150 au in the z-direction,
while in the x- and y-direction the wind expands up to ∼250 au.
Hence, we see that the outflow is focussed towards the orbital
plane, which is in contrast with the morphology of the reference
model. This is due to the lower wind velocity, which resulted in
the stronger gravitational interaction between the wind and the
companion. In this case, we suspect that a global flattening of
the CSE as well as an EDE is present in the model, on which we
elaborate in Sect. 4.2.

Hence, we find that the wind velocity is an important param-
eter for determining the morphology in the outflow. This result
was already stated by Mastrodemos & Morris (1998). More
specifically, by lowering the wind velocity we find a transition
in morphology from a single BHL spiral wake to a double spi-
ral structure, which is in agreement with previous studies (e.g.
Saladino et al. 2018).

3.3. Effect of the binary separation on the morphology

Here, we discuss the models where the companion is located
closer to the AGB star, namely at 4 au. As a result, the orbital
movement of both components became faster, the gravitational
interaction stronger and a larger portion of the wind interacted
with the companion, since the density is higher closer to the
AGB star. We find that the effect on the morphology is threefold.

First of all, the morphology in the orbital plane of model
S40FAST displays again a global spiral structure, resulting from
a double spiral close to the binary system (upper left panel of
Fig. 3). This is different from the reference model S90FAST, but
agrees with the vortex structure found in the slow-wind model
S90SLOW. Therefore, we find that decreasing the binary sep-
aration has a comparable effect on the wind morphology as
lowering the wind velocity, as was established by Mastrodemos
& Morris (1999). Secondly, the density in the meridional plane
(upper right panel of Fig. 3) reveals arcs which are globally flat-
tened: the horizontal extent is significantly larger than its vertical
counterpart. When the binary separation is further decreased
to 2.5 au, this flattening became stronger, see upper right panel
of Fig. B.1. This is mainly the effect of the larger orbital
velocity of the AGB star relative to the wind velocity, which
resulted in a larger centrifugal force on the wind, as investi-
gated by Kim & Taam (2012b). Lastly, a striking transition from
a smooth and regular spiral morphology to a perturbed spi-
ral structure appears in the orbital plane (Fig. 3, upper middle
panel). When the interaction between the companion and the
wind is strong, as is the case here, a bow shock appears in
front of the companion, which arches as an umbrella stagna-
tion flow, as is discussed in detail by Malfait et al. (2021). This
umbrella stagnation flow feeds a high-density region that trails
behind the companion. Malfait et al. (2021) found that for cer-
tain AGB-wind binary set-ups, the umbrella stagnation flow is
unstable and periodically brings wind particles to this high den-
sity region behind the companion, creating the irregularity in the
outflow. However, the exact cause of the instability remains yet
unknown.

For the slow-wind counterpart, we expect a large flattening
and potentially a strong EDE to be present in the meridional den-
sity distribution, in analogy to the findings of Sect. 3.2 and taking
into account that the gravitational interaction will be enhanced
by decreasing the distance to the companion. However, for model
S40SLOW (Fig. 3, middle right panel) the fundamental arc struc-
ture can no longer be recognised, as loops of higher density
material seem to extend to high latitudes. In the orbital plane
(middle left panels of Fig. 3) a heavily disturbed spiral struc-
ture is present, originating from the double spiral structure in
the centre. We attribute this broken and irregular structure in
both planes (orbital and meridional) to the same phenomenon
described before (Malfait et al. 2021), which is enhanced in this
case by the longer interaction between the companion and the
wind due to the lower wind velocity, in comparison with model
S40FAST. A similar morphology is found by El Mellah et al.
(2020), labelled as a ‘concentric petals pattern’, for such a model
with a low wind velocity.
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Fig. 3. Density distribution of model S40FAST (top row), model S40SLOW (middle row) and model P40FAST (bottom row) of the orbital plane
(left panels zoom-in of middle panels) and meridional plane (right panels). Left and right black dots represent the AGB star and companion,
respectively, not to scale. Snapshot taken after seven orbits, at which self-similarity is reached.

3.4. Effect of the companion mass on the morphology

We investigate the effect of a 10 MJup companion on the wind
morphology in a fast wind, displayed in the bottom panels of
Fig. 3. The amount of wind material that experience the gravita-
tional attraction of the companion is limited in this case, hence
the global interaction with the AGB wind is expected to be much
weaker.

In the orbital plane a narrow, two-edged single spiral struc-
ture emerged, which can be described by the simple BHL gravity
wake. This is similar to the reference model, albeit less distinct
and with a smaller relative density contrast between the spiral
arms and the region in between the arms in the case of a plane-
tary companion. This is because only a limited amount of wind
particles experienced the gravitational sling around the plane-
tary companion. The shock, created by the small fraction of
the total mass of the outflow, quickly lost its energy and thus
the perturbation in the wind is limited. In the meridional plane,
the fundamental arc structure is again retrieved. The vertical

extent is limited in this case, since the induced orbital motion
of the AGB star by the low-mass companion is negligible. This
is in agreement with the results of Kim & Taam (2012b). In
the study by Mastrodemos & Morris (1999), they established
that decreasing the companion mass has a similar effect on the
shape of the morphology of the outflow as increasing the wind
velocity or also as increasing the binary separation, which we
confirm.

These models (see also Figs. B.1 and B.2) reveal that even
massive planets are able to alter the morphology of an AGB
outflow. If the structure formation is detectable, observing AGB
winds may lead to an indirect way of finding exoplanets.

4. Discussion

In this section we elaborate on three different aspects of
the models: (i) the terminal velocity reached in the models,
(ii) the vertical extent and distribution of the outflow, and
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(iii) different proposed parameters that may be able to indicate
the type of morphology present in the outflow. To improve the
quality of the discussion, we employed two models from Malfait
et al. (2021), namely v20e00 and v05e00, which have the same
numerical set-up, but the stellar companion is located at 6 au for
both the fast- and slow-wind model. We renamed them S60FAST
and S60SLOW, respectively, in accordance with the naming of
our models.

4.1. Terminal velocity

Up until today the effect of the gravitational interaction between
a companion and the AGB wind on the terminal velocity v∞
is not studied. However, we expect an altered terminal veloc-
ity compared to a single AGB outflow: due to the interaction
between the companion and the outflow, wind particles are
accelerated and decelerated by the gravitational potential of
the companion and by the so-called gravitational sling(shot) or
gravity assist when the wind passes close to the companion.
Studying the effect on the terminal velocity is crucial since it
is an important parameter concerning stellar wind observations.

4.1.1. Toy model

In order to verify the terminal velocity found in the simulations,
we constructed a toy model of the gravitational interaction of
the companion on the AGB wind. We neglected the gravita-
tional pull of the AGB star, since in the simulations it is assumed
that this is balanced out exactly by the wind acceleration in the
‘free wind’ case adopted, see Eq. (6). In doing so, we implic-
itly took into account the wind acceleration mechanism of the
simulations in the toy model. We modelled the evolution of
the velocity of a particle, given an initial velocity, as it passes
close (d = 0.01 au) to the companion. Following a straight path
`, illustrated in Fig. 4, the gravitational acceleration due to the
companion’s potential is given by

g`(r) = ||g(r)|| cos δ

=
GMcomp

r2 cos δ=
GMcomp

a2 + `2 − 2a` cos θ
cos δ, (8)

where r is the distance from the wind particle to the companion,
a the binary separation, θ the angle between the path ` and the
binary axis, given by sin θ= d/a and, cos δ the projection of g(r)
on `; see Fig. 4 for a visual representation of the geometry used
in the toy model. We note that in reality a particle will not stay
on this straight path ` after the interaction, but for simplicity this
was not taken into account in the toy model, since it would only
have a minor impact on the velocity evolution. To predict the
final velocity vn of this toy model, namely the velocity at some
chosen distance from the AGB star that is taken as a proxy for
the terminal velocity, we used an iterative approach. Based on
simple mechanics, the evolution of the wind velocity in function
of time is given by

v j = v j−1 + g`, j−1t j, with t j =
|` j − ` j−1|
v j−1

, (9)

for j = 1, 2, 3, ..., n.

Thus, the terminal velocity of the toy model vtm
∞ = vn. In Eq. (9)

t j is the timestep and v0 equals the terminal velocity of the sim-
ulation of a single AGB outflow. The number of steps n in the
toy models depends on the outer boundary of the corresponding

Fig. 4. Schematic representation of the geometry of the toy model of a
wind particle (black dot) at timestep t j.

hydro simulation, which varies between 30 and 230 au, in order
that the stepwidth is 10−5 au for all toy models.

In our toy model, we included a gravitational slingshot or
also called gravity assist. In general, when a low-mass object m
(e.g. satellite) passes closely by a massive body M (e.g. a planet),
its velocity and path are altered due to the movement of the mas-
sive body, as a result of conservation of momentum and energy.
Thus, using these conservation laws in 1D, the final velocity vf
of the object is calculated as

vf = vin + 2u, (10)

where vin is the initial velocity of object m and u is the velocity
of M, assuming m � M. This can be used to calculate the final
velocity in 2D using a vector sum, thus taking into account that
the motion of the massive body is not along the same axis as the
low-mass object:

vf = vin + 2u
= (−vin cos θ + 2u cos ζ) x̂ + (vin sin θ + 2u sin ζ) ŷ (11)

where θ is the angle of vin with respect to the x-axis and ζ
the angle of u with respect to the x-axis; x̂ and ŷ are the 2D
Cartesian unit vectors. Hence, the magnitude of the final velocity
becomes

vf = (vin + 2u)

√
1 − 4vinu

(
1 − cos(θ − ζ)

)
(vin + 2u)2 . (12)

In our case, a wind particle along the path ` experience a grav-
itational slingshot due to its passage close to the companion.
Therefore, in Eq. (12) θ is the same as defined in Eq. (8) and
u corresponds to the orbital velocity of the companion vcomp, so
that ζ = 90◦.

From this toy model, we derived two values for the terminal
velocity vtm

∞ : (i) we calculated the final velocity without taking
into account the slingshot and (ii) we included the slingshot
instantaneously at the moment of closest approach. Thus for the
latter, vf from Eq. (12) was added to v j from Eq. (9) at timestep
j when the distance to the companion r j is minimal, thus when
r j = d. The results are discussed in the following section.

4.1.2. Comparison of the simulations to the toy model

From the simulations, we calculated the terminal velocity in the
orbital plane, in order to accurately compare the results to the
2D toy model. The terminal velocity was obtained by averag-
ing the velocity over the last 20% of the modelled region per
radius (Fig. 5). Since structure is present in the outflow, a range
of velocities are found at a certain radius, resulting in a range
in the terminal velocity, which is represented by a minimum,
a mean and a maximum value. This methodology is clarified
in Fig. 5, giving the radial velocity profile of the reference
model S90FAST in the upper panel, where the different obtained
terminal velocities are indicated.
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Fig. 5. Radial velocity in the orbital plane of model S90FAST (upper
panel) and S90SLOW (bottom panel), illustrating the methodology for
the determination of the terminal velocity v∞. For information the mean
sound speed c̄s and the escape velocity vesc are given in green in dashed
and dotted lines, respectively.

Figure 6 shows the results for the terminal velocity for the
different simulations in black empty circles, where its range is
illustrated by the errorbars. The results of the toy model with
and without the slingshot are given by the purple triangles and
green squares, respectively. For the planetary models, the termi-
nal velocity of the simulation coincides almost exactly with the
toy model without the slingshot and with the terminal velocity of
the single models. This demonstrates that the amount of particles
that experience a slingshot in the simulation is negligible, due
to the limited interaction region around a planetary companion.
Hence, the acceleration due to the slingshot is not able to alter
the global velocity field in the outflow. The interaction region is
approximately given by the capture radius Rcapt and is defined
as the largest distance to a central object (in this case the com-
panion) at which particles with speed vwind can still be affected
by the gravitational potential (Illarionov & Sunyaev 1975), based
on the BHL-accretion principle. It is derived from equating the
kinetic with the gravitational energy of such a particle, thus Rcapt
is given by

Rcapt =
2GMcomp

v2
wind

. (13)

For the planetary models Rcapt is only a fraction of an au; about
a few hundredths up to a few tenths of an au, which explains
why only a few wind particles experience an acceleration due to
the slingshot. Further, we find a slight decreasing trend in ter-
minal velocity with binary separation, which can be explained
as follows. When the binary separation is smaller, the wind has
less time to accelerate up to the companion’s location, and thus
reaches a lower maximal velocity and accordingly a lower termi-
nal velocity. For the slow-wind models, the effect is more distinct
due to the longer interaction time, as was explained earlier.

For the stellar models, we see that for the toy model without
the slingshot the terminal velocity becomes negative for some
simulations, which is unrealistic. This is because the maximum

velocity reached by a particle due to the gravitational potential of
the companion does not exceed the escape velocity of the com-
panion, given by vesc =

√
2GMcomp/r, at closest approach r = d

(see Fig. 4). Therefore, the extra acceleration due to the slingshot
is needed in order to explain the terminal velocity of the simu-
lations. We note here that the escape velocity of the AGB star
should not be taken into account, since the SPH particles are not
subject to the gravitational potential of the AGB star in the ‘free
wind’ case (see Sect. 2). The importance of the slingshot in these
cases also becomes clear from the value of the capture radius:
since Rcapt is about 70 au for a slow wind and about 5 au for a
fast wind, many wind particles interact with the companion and
hence experience a slingshot. However, this value of the capture
radius may not be used as the true size of the region of influence,
especially for the slow-wind models, since it is only applicable
to systems of which the morphologies can be described by the
BHL formulation (Decin et al. 2020). Thus, here Rcapt served as
an indicator that the interaction region is large compared to the
binary separation for the stellar models, in contrast with the plan-
etary models. In Fig. 6 we see that still part of the wind dodges
the slingshot, considering that the terminal velocity in the stellar
simulations is smaller than the one calculated for the toy model
with a slingshot. Contrary to the planetary models, we find an
increasing trend in the terminal velocity for decreasing binary
separation. This is because the final velocity due to the slingshot
depends on the orbital velocity of the companion, which is large
when the binary separation was small. Lastly, we identify that the
relative increase of the terminal velocity compared to the single
models is larger for the slow-wind models, which is again due
to the longer interaction time in combination with the relatively
larger impact of the orbital velocity of the AGB star.

4.2. Vertical wind extent and distribution

From previous studies, it is known that binary interaction
between an AGB star and a companion can cause the AGB
wind material to be focussed towards the orbital plane (e.g.
Mastrodemos & Morris 1999; Liu et al. 2017; El Mellah et al.
2020). By including basic prescriptions of cooling, dust opac-
ity and radiative transfer in their simulations, Chen et al. (2017,
2020) even obtained a circumbinary disk in certain models. This
is important since circumbinary disks are often observed around
post-AGB binary systems (van Winckel 2003) and recently also
around AGB stars in a binary (e.g. Homan et al. 2017). How-
ever, the formation process of such disks is still largely unknown.
Hence, studying the wind focussing towards the orbital plane is
a crucial step to gain insight in the formation process.

Figures 7 and 8 display the radial structure of the mean den-
sity in the orbital plane 〈ρorb〉 (dashed black lines) and along the
polar axis 〈ρpolar〉 (cyan full lines) for the different models. To
come to these profiles, the average density was calculated in a
disk-like region of height twice the binary separation a along
the orbital plane and in a cylinder of diameter 2a along the
polar axis, respectively. The bumps on these two profiles are
remnants of the spiral morphology in the density that is not
fully averaged out. The grey lines give the ratio of the mean
densities 〈ρorb〉/〈ρpolar〉 (right-hand side y-axis). From inspecting
Fig. 7, we noticed that the wind-focussing towards the orbital
plane exhibits different signatures on the polar density pro-
files. Hence, we distinguished between two types of focussing:
global flattening of the CSE and equatorial density enhancement
(EDE), which originate from different physical mechanisms. In
the following two sections, flattening and EDE are studied in
detail.
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Fig. 6. Terminal velocity for the fast models (left) and the slow models (right) as calculated from the toy model with and without a slingshot in
purple triangles and green squares, respectively, and from the simulation in empty circles. The terminal velocity of the corresponding single star
model is given by the black dashed lines.

We note that the following analysis was performed on mod-
els that do not include cooling other than quasi-adiabatic cooling
(γ= 1.2). When modelling the outflow with another thermody-
namical prescription or by including other cooling and heating
sources, these findings may change. Following the results from
Chen et al. (2017, 2020) we suspect that the presence of a global
flattening of the wind and the formation of an EDE will be
strengthened and thus that more material will be present in a
broad disk-like region around the orbital plane.

4.2.1. Global flattening of the circumstellar envelope

We defined a ‘flattening’ of the CSE due to the centrifugal effect
of the orbital motion of the AGB star on its outflow, induced
by the presence of the companion (Kim & Taam 2012b). In the
meridional plane of the outflow of the AGB star, the flattening
is expressed as a smaller vertical than horizontal extent of the
wind, especially near the poles where a conical void-like region
is visible (e.g. upper right plot Fig. 3). It depends on the rela-
tive magnitude of the orbital velocity of the AGB star and its
wind velocity. Therefore, we defined a flattening ratio Φ in two
different ways here: (i) from the input values of the model, more
specifically from the initial wind velocity and the orbital velocity
via the binary separation, since it is the orbital-to-wind velocity
ratio that controls the flattening, and (ii) from the global spatial
information of the morphology of the simulation, based on the
mean density around the polar axis relative to the mean density
in the orbital plane.

When we looked at the AGB system edge-on, the orbital
velocity of the AGB star is only affecting the wind velocity in
the horizontal direction and not in the vertical, since the orbital
motion occurs in the face-on plane. Therefore, the flattening ratio
based on velocity Φv was defined as

Φv = 1 − vini

vini + vAGB
, (14)

Table 2. Flattening ratios.

Φv Φr

S90FAST 0.24 0.01
S60FAST 0.28 0.30
S40FAST 0.32 0.36
S25FAST 0.37 0.42
P90FAST 0.00 0.02
P40FAST 0.01 0.01
P25FAST 0.01 0.01
S90SLOW 0.56 0.46
S60SLOW 0.61 0.21
S40SLOW 0.65 0.00
S25SLOW 0.70 0.00
P90SLOW 0.02 0.01
P40SLOW 0.02 0.02
P25SLOW 0.03 0.03

Notes. Here, Φv and Φr are given for the different models, according to
Eqs. (14) and (16), respectively. The larger the value, the more flattened
the outflow is expected to be (in case of Φv)/is found to be (in case
of Φr).

where vini is the initial wind velocity of the model and vAGB the
orbital velocity of the AGB star. Thus Eq. (14) describes the
ratio of the velocity in the meridional plane to the velocity in
the orbital plane. Consequently, the flattening is expected to be
largest for low initial wind velocities and small binary separa-
tions (large orbital velocity). The results of Φv for the different
models can be found in Table 2.

From the definition of flattening, we identified flattening in
the models when the density ratio in Figs. 7 and 8 (grey profiles)
is generally increasing in function of radius from a certain point
onwards, indicating the conical void near the poles. From these

A25, page 10 of 18



S. Maes et al.: SPH modelling of companion-perturbed AGB outflows including a new morphology classification scheme

Fig. 7. Radial structure profiles of the mean density of the stellar models around the polar axis 〈ρpolar〉 (cyan, full lines) and in the orbital plane
〈ρorb〉 (black, dashed lines). The grey lines give ratio of the mean densities 〈ρorb〉/〈ρpolar〉, corresponding to the y-axis on the right side of the plots.
Top: fast wind models, bottom: slow wind models. From left to right according to decreasing binary separation.

Fig. 8. Radial structure profiles of the mean
density of the planetary models around the
polar axis 〈ρpolar〉 (cyan, full lines) and in the
orbital plane 〈ρorb〉 (black, dashed lines). The
grey lines give ratio of the mean densities
〈ρorb〉/〈ρpolar〉, corresponding to the y-axis on
the right side of the plots. Top: fast wind
models, bottom: slow wind models. From
left to right according to decreasing binary
separation.

figures, we calculated the spatial flattening ratio Φr as follows.
We took the ratio of the maximum radius in the model rmax

2 to
the radius where the mean density on the polar axis is the same
as the final mean density in the orbital plane rpolar in logarithmic
space, given by

rpolar = max{r ∈ [rmin, rmax] : log ρpolar(r) = log ρorb(rmax)}. (15)

2 This maximum radius is however smaller than the predefined outer
boundary of the model, to avoid physically incorrect fluid properties
due to the adapted boundary conditions. Hence, in Figs. 7 and 8 we
made sure to only show the physically correct region.

Thus, the spatial flattening ratio Φr is given by

Φr = 1 − rpolar

rmax
. (16)

The results are also given in Table 2 and are expected to be in
agreement with the values for Φv.

From the mean density profiles in Fig. 7 we see that a flatten-
ing is present for all stellar models except S90FAST, S40SLOW
and S25SLOW. We notice that the expected flattening, accord-
ing to the predictions of Φv in Table 2, is not present for the
slow-wind models of smallest binary separation S40SLOW and
S25SLOW and smaller for the remainder slow-wind models

A25, page 11 of 18



A&A 653, A25 (2021)

S90SLOW and S60SLOW (see lower panels of Fig. 7 and right
column of Table 2). Since the wind is slower in these models,
the interaction will take longer and the amount of wind par-
ticles, participating in the interaction, is larger. Therefore, the
contribution to the morphology of the gravitational pull of the
companion is large compared to the contribution of the orbit-
ing AGB star. Thus, this implies that the gravitational pull can
alter the morphology more severely in slow winds, which results
in diminishing or even cancelling out the flattening caused by
the orbital motion of the AGB star itself (Table 2). For the fast-
wind models, the flattening ratios Φ of both methods seem to
agree well with each other. Only for model S90FAST the flat-
tening ratio resulting from spatial dimensions Φr diverges from
the one predicted from velocities Φv. Since here the wind is fast,
it can easily reach an extensive distance from the AGB star and
since the binary separation is larger, the density contrast due to
the interaction with the companion only sets in further out. If we
compare it to the remainder fast-wind models, we notice that the
flattening sets in at a smaller radius for decreasing binary sepa-
ration. Therefore, we suspect some flattening is present in model
S90FAST, but only on a larger spatial scale than is modelled here
(i.e. at a radius greater than 250 au).

For the planetary models the wind is mostly spherical, as
discussed before, and which can be seen from Fig. 8, since the
mean density in the orbital plane almost matches exactly the
mean density around the polar axis. Therefore, no distinct flat-
tening is present for these models as given by both Φv and Φr in
Table 2.

4.2.2. Equatorial density enhancement (EDE)

The gravitational pull of the companion on the AGB wind
confines the wind material in the orbital plane, resulting in a so-
called equatorial density enhancement or EDE in short (Theuns
& Jorissen 1993; El Mellah et al. 2020). Different to the flat-
tening, an EDE is expressed in the outflow as a more compact,
disk-like density enhancement along the orbital plane. Hence, we
identified an EDE to be present when the mean density around
the polar axis is smaller than the mean density in the orbital plane
over the whole extent of the wind, indicating this disk-like struc-
ture. This is the case when in Figs. 7 and 8 the mean density
ratio is larger than one over the whole radial range, not taking
into account the first few radii3.

From Fig. 7, we identify the presence of an EDE for the
four slow-wind models and for the fast-wind model at smallest
binary separation S25FAST. This reveals that when the gravi-
tational interaction between the companion and AGB wind is
strong, more specifically when the wind is slow or the compan-
ion is located close-by and the spiral structure can no longer
be described by the simple BHL wake, the presence of a com-
panion is able to confine the majority of the wind material in
a small range around the orbital plane of about 50 au. For the
planetary models (Fig. 8) no distinct EDE is identified since the
outflow is mostly spherical, as expected. However, the slow-wind
models display a slightly lower mean density around the polar
axis compared to the orbital plane and this becomes more plain
for smaller binary separation. This confirms that even planetary
sized companions are able to alter the density distribution in the
wind.

3 The first few radii represent the boundary of the modelled region, and
therefore the physical quantities at those radii cannot be fully trusted
since they are influenced by the adapted boundary conditions.

4.3. Morphology classification

The analysis of the previous section hints that there should exist
a combination of system parameters that, when properly com-
bined, result in one general parameter that is able to capture
the nature of the companion-induce perturbation in the AGB
wind. Ideally, such a ‘wind morphology classification parameter’
(henceforward referred to as ‘classification parameter’) should
at least subdivide the wind into three major classes: (i) barely
perturbed winds, which resemble smooth outflows, (ii) interme-
diately perturbed winds, which contain regular spirals, and (iii)
the highly perturbed winds, which contain complex instabili-
ties. Once the classification parameter is found, its classification
scheme can be used to provide tighter constraints on the possible
system parameters, since high-resolution observations provide a
notion of the global morphology of the AGB wind. Hence, using
the known system parameters and the classification parameter
estimate, the ratio of the unknown remaining system parameters
with respect to each other can be deduced, limiting the range of
modelling options for the system.

In the literature, attempts have been made to construct such a
classification parameter from the known system properties. For
example, Theuns & Jorissen (1993) found that an unusual mor-
phology was more likely to arise when the wind velocity is of the
same order of magnitude as the orbital velocity of the system.
Further, Mastrodemos & Morris (1998) pointed out the impor-
tance of the wind velocity at the location of the companion as
having a crucial effect on the resulting morphology of the wind
and accretion processes. Two decades later, Saladino et al. (2018;
2019) and El Mellah et al. (2020) described their simulations in
function of the ratio of the terminal velocity to the orbital veloc-
ity of the companion and could thereby classify the morphology
of their models based on several input values.

Further in this section, we investigate the validity and consis-
tency of different candidate classification parameters adopted in
the literature and introduce another candidate, using the twelve
simulations in this paper as well as the two models from Malfait
et al. (2021) used in the previous section. Since this set of sim-
ulations shows crucial changes in morphology (from regular to
broken spiral, flattening, EDE, etc.), it is a good starting point
for the analysis of the different classification parameters, despite
the limited input parameter space. In Sect. 4.3.1 we introduce
the four different parameters; η being the ratio of velocities, Qp

being the ratio of momenta, α the ratio of radii, and ε the ratio of
energies. In Sect. 4.3.2, we continue with the discussion of each
parameter applied to the models, see also Fig. 9.

4.3.1. Description of the parameters

Saladino et al. (2018, 2019) and El Mellah et al. (2020) con-
structed their models in terms of scale-invariant quantities. The
speed of the models is for example expressed in terms of
v∞/vcomp, which is named η by the latter. They retrieve a complex
and irregular morphology when η . 1. However, considering
that there exist a multitude of manners in which to measure v∞
from a modelling point-of-view, some ambiguity is found in this
definition. For example, in the case of Saladino et al. (2018; 2019)
v∞ is the terminal velocity of the corresponding single star model
for each binary star model. Yet, it can be shown that v∞ is not
always a good representation of the wind speed when it interacts
with the companion, see for example Fig. 5. A better approx-
imation for the wind velocity vwind near the companion is the
velocity of the corresponding single AGB model at the distance
where the companion in the binary model is located (thus at the
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binary separation a), including the orbital motion of the AGB
star:

vwind =
√
v2

single(r = a) + v2
AGB. (17)

We henceforth define the velocity-based classification parameter
η as a function of this more refined measure of the wind velocity:

η ≡ vwind

vcomp
. (18)

Decin et al. (2020) introduced the dimensionless parameter
Qp, with the aim to predict the morphology of the outflow of the
AGB star as a result of the interaction with the companion. Qp

is defined as the ratio of tangential momentum of the companion
to the wind’s radial momentum encountered by the companion
in one orbit:

Qp =
pcomp

pwind
=

Mcompvcomp

Mwindvwind
, (19)

where Mcomp is the companion’s mass, vcomp the orbital velocity
of the companion, Mwind the mass of the wind material in a torus
of width twice the Hill radius4 of the companion at the compan-
ion’s orbit, and vwind the velocity of the wind defined in Eq. (17).
The morphology is expected to have little departure from a radial
outflow for small values of Qp, models with intermediate values
are assumed to display an EDE, and for large values of Qp the
morphology is expected to deviate strongly from a radial outflow.

Mastrodemos & Morris (1999) found that their models were
sensitive to the ratio of the capture radius Rcapt, introduced in
Eq. (13), to the binary separation a, which we will call α hence-
forth. Thus, α is the fraction of the binary separation that is filled
by Rcapt:

α ≡ Rcapt

a
=

2GMcomp

v2
wind

1
a
. (20)

It is expected that regular and quasi-spherical morphologies
result in small α-values and more irregular and chaotic outflows
give a large value for α.

Lastly, we propose a new parameter ε, defined as the ratio
of the gravitational energy density in the Hill sphere of the
companion to the kinetic energy of the wind:

ε ≡ egrav

ekin
=

GMcompρ

RHill

1
2ρv

2
wind

=
(24G3M2

compMAGB)1/3

v2
winda(1 − e)

. (21)

El Mellah et al. (2020) already hinted to this parameter, by stat-
ing that the outflow structure depends on the amount of specific
kinetic energy deposited in the wind compared to the Roche
potential. This ε-quantity is exactly equal to the ratio of the cap-
ture radius Rcapt to the Hill radius RHill, since these two radii are
derived from energy conservation. The former focusses on the
contribution from the kinetic energy of an incoming particle and
the latter on a gravitational energy of the two components of
a binary system. Also here, small values for ε are expected for
models in which the wind kinetics dominates, thus models that
show a regular or quasi-spherical morphology and larger val-
ues are predicted when the morphology is irregular or strongly
flattened, because then the gravitational pull of the companion
dominates over the wind kinetics.
4 In general, the Hill radius of a body m orbiting another body M is
approximately given by RHill = a(1 − e)

(
m

3M

)1/3
, with m/M < 1, a the

semi-major axis and e the eccentricity of the orbit, defining the Hill
sphere of body m (Hamilton & Burns 1992).

4.3.2. Application of the parameters

Figure 9 presents the resulting values of the four classifica-
tion parameters for the different models. In Sect. 3, we found
different characteristics in the morphology of the simulations
when changing certain input parameters. (i) The morphology
gains more complexity when the binary separation is decreased,
due to the stronger gravitational interaction between the wind
and the companion. (ii) A slow-wind set-up results in a larger
contribution of the companion’s gravity to the interaction, with
again a more complex outflow structure as a result, due to the
longer interaction time. (iii) The planetary models show a quasi-
spherical outflow with a low-density contrast spiral wake, which
is different from the stellar models. Hence, if a proposed clas-
sification parameter is valid, we expect to retrieve these three
features from its numerical value. Further, we discuss the results
of the parameters one by one and systematically discard the ones
that are not found to be valid and consistent when applied to the
models in this paper.

The results for η are given in green in the upper panel of
Fig. 9. Feature (i) is well captured by η: models with a smaller
binary separation result in a smaller value. Also, feature (ii) is
visible: for the fast-wind models η is slightly higher than for
the slow-wind models. However, the distinction in value is not
as clear as the visualisation of the morphology indicates, and η
does not show the clear cut-off value around 1 for more irregular
morphologies, as suggested by El Mellah et al. (2020). Lastly,
feature (iii) is not at all present in the numerical values, and thus
η does not distinguish between companion type. Therefore, our
simulations show more diversity than captured in the classifica-
tion proposed by El Mellah et al. (2020) and reveal that a ratio
of characteristic velocities alone does not give a full quantitative
description of the morphology in the AGB outflow.

Next, we discuss the results for the momentum ratio Qp

(Eq. (19)) given in yellow in Fig. 9. We note that the results
for the fast- and slow-wind models differ by two orders of mag-
nitude. The reason for this is the different input mass-loss rate
for both wind types. Hence, this is an algebraic effect, since the
input mass-loss rate does not influence the morphology for poly-
tropic winds, but only the mass of the individual SPH particles
(see Sect. 2.1), in that way affecting Mwind in Eq. (19). Therefore,
only the relative differences between the results were taken into
account here, because we can rescale Qp with any chosen value.
Qp increases with binary separation, thus feature (i) is decently
captured by this parameter. However, there is no clear distinction
in Qp-value between the models of different wind type (taking
into account what was stated before) and of different companion
type, thus Qp is lacking the ability to represent features (ii) and
(iii) found in the morphology. Therefore, Qp is not able to give a
decisive classification of the morphologies of our models. More
information about the binary and AGB wind set-up is needed in
order to describe the morphology in a quantitative way.

The third panel of Fig. 9 displays the results for the ratio of
radii α (Eq. (20)) in red. The values for α increase in function
of binary separation, displaying feature (i). Furthermore, a clear
distinction between the stellar and planetary models is present
and the difference in wind velocity comes to appearance. Thus
features (ii) and (iii) are well captured by α, since α does not only
deal with the velocity of the system, but also with gravitational
interaction, contrary to η and Qp. Based on these results, we can
make the following classification scheme for α. For α � 0.5 the
morphology is quasi-spherical, with a small density-contrast spi-
ral present. If α ∼ 0.5, the outflow shows a clear, regular spiral
in the orbital plane and arcs in the meridional plane. Systems
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Fig. 9. Resulting values of the different classification parameters. The
different models are given on the horizontal axis in each panel: fast
models (left) and slow models (right). The fillstyle of the symbols indi-
cate the morphology found in the outflow of the model, as given by the
legend in the top figure. For all but η, we expect more complex mor-
phologies to correspond to higher values for the different classification
parameters w.r.t. quasi-spherical morphologies, for η we expect lower
values.

with α � 0.5 have a more irregular or even chaotic (spiral) mor-
phology, often flattened in the meridional plane. Hence, α gives
a consistent representation of the different morphologies that
we find in our models and is therefore a suitable candidate as
classification parameter.

Lastly, we investigate the quantity ε (Eq. (21)), given in blue
in the bottom panel of Fig. 9 for the different models. The out-
come looks similar as the results for α: an increasing trend in
function of decreasing binary separation is present and a clear
distinction between the stellar and planetary models appears as
well as between the fast- and slow-wind models, thus ε is also
able to capture well the three morphological features found in the
simulations. The following classification scheme arises: mod-
els with ε � 1 show a quasi-spherical outflow, when ε ∼ 1 a
single, regular spiral is retrieved, and for ε � 1 complex, irreg-
ular morphologies are found, such as double spirals and chaotic
behaviour, often flattened in the meridional plane.

Therefore, α and ε are both found to be suited as classifi-
cations parameters. Because ε is a ratio of energy densities, we
accept three clear regimes: ε < 1, ε ∼ 1, and ε > 1, as is found.
This is not the case for α, since the classification value, here
found to be ∼0.5, fluctuates when varying a. We note here that
from observations it is known that the mass-loss rate Ṁ is also
an important quantity for the morphology classification (Decin
et al. 2020), because it impacts the chemistry and dust forma-
tion. Therefore, one would expect that Ṁ should enter into some
classification parameter if these processes could be taken into
account in the modelling.

5. Summary and conclusions

In this paper, we performed twelve hydrodynamical simula-
tions of companion-perturbed AGB outflows using the SPH
code PHANTOM, varying three key parameters: wind velocity,
binary separations and companion mass. We investigated (i) the
prominent global morphological changes in the density structure
when varying the parameters, (ii) the effect of the gravitational
interaction between the outflow and the companion on the termi-
nal velocity of the wind, (iii) the vertical compression of wind
material to the orbital plane due to the interaction and (iv) we
carried out a morphology classification of our models using four
different candidate classification parameters.

Regarding the morphology of the AGB outflow, we found
that for a fast wind and large binary separation set-up, a single
spiral structure formed in de orbital plane, where the widening of
the spiral was caused by the velocity dispersion due to the gravi-
tational slingshot or gravity assist of the companion on the wind
particles. In the meridional plane the spiral manifested itself as
arcs, reaching the poles of the outflow, showing the inherent 3D
structure of the wind morphology. We recovered that this funda-
mental spiral structure became more complex when decreasing
the wind velocity or by decreasing the binary separation. A dou-
ble spiral or so-called vortex structure emerged in the orbital
plane close to the binary system and the arcs in the meridional
plane were compressed towards the orbital plane. For smaller
binary separations, the spiral became irregular and broken, due
to periodicity in a high density region forming behind the com-
panion. When the companion mass was lowered to the mass of a
massive planet, the spiral became again similar to the fundamen-
tal single spiral structure. We proved that even massive planets
are able to affect the wind morphology.

By studying the effect of a companion on the terminal wind
velocity, we found that, for stellar companions, the increase
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in terminal velocity with respect to a single AGB wind was
explained by a gravity assist on the wind particles due to the
companion’s motion. For planetary companions, too few wind
particles experienced this assist, so that the slight decrease in ter-
minal velocity with respect to a single AGB wind was explained
by the gravitational attraction of the companion only.

We analysed the vertical extent and distribution of the wind
and distinguished between two signatures: a global flattening of
the CSE as a result of the orbital motion of the AGB star and
an equatorial density enhancement (EDE) caused by the grav-
itational pull of the companion on the wind. We found that
flattening in the outflow of the models corresponded well with
the predictions we made based on velocity, and that the effect
was enhanced in the case of a slow AGB wind. However, for
models S40SLOW and S25SLOW, the stronger wind-companion
interaction present diminished or even cancelled out the global
flattening of wind material. An EDE was found for all slow-wind
models and fast-wind model S25FAST, since the structure for-
mation in the outflow was dominated by the gravitational attrac-
tion of the companion and no longer by the orbital movement of
the AGB star.

Multiple morphology classification parameters from the lit-
erature, and one that we introduced ourselves, were examined to
verify if they were able to probe the type of morphology present
in our models. The aim was to derive a singular parameter that
can be used to retrieve and constrain some information from
observations about AGB system, without the need of detailed
3D modelling. We concluded that α (ratio of the capture radius
to the binary separation, Eq. (20)) and ε (ratio of the compan-
ion’s gravitational energy density to the wind’s kinetic energy
density Eq. (21)) both properly capture the variety of morpholo-
gies found in our simulations and result in a distinct morphology
classification scheme.
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Appendix A: Resolution set-up

In the PHANTOM simulations, the numerical resolution is
set by two parameters, called i_wind_resolution and
wind_shell_spacing, we shall abbreviate them as res and
space in the formulae, respectively. Together they determine
the amount of particles that are launched into the simulation as
follows.

The i_wind_resolution is an integer directly associated
with a fixed amount of particles, N, which can be placed on a
sphere isotropically and is calculated as

N = 20× (2× res× (res − 1)) + 12. (A.1)

The interparticle distance on the sphere Dpart can be determined
by using the radius R of the sphere:

Dpart = R× 2

(2× res − 1)×
√√

5×ϕ
, (A.2)

with ϕ the golden ratio and where R is in this case the effective
radius of the AGB star.

The wind_shell_spacing sets the distance D between the
successively launched shells via Dpart:

D = space×Dpart. (A.3)

Table A.1. Resolution set-up of the simulations.

res space

S90FAST 6 3
S40FAST 4 0.3
S25FAST 4 0.25
P90FAST 4 0.65
P40FAST 4 0.3
P25FAST 4 0.25
S90SLOW 5 0.4
S40SLOW 5 0.18
S25SLOW 5 0.15
P90SLOW 4 0.19
P40SLOW 5 0.17
P25SLOW 5 0.15

Notes. Here, res is the i_wind_resolution input value and space
the wind_shell_spacing for PHANTOM.

Since in this paper we aimed to model the global morphology
of the outflow with about 106 SPH particles in each model, we
tweaked the two resolution parameters per model individually
to optimally resolve the morphology. In other words, due to the
different input wind velocity, binary separation and companion
mass adopted, we could not use the same resolution set-up for all
models. The resolution input values for the different models can
be consulted in Table A.1.
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Appendix B: Gallery of models

Fig. B.1. Density distribution of the orbital plane (left panels zoom-in of middle panels) and meridional plane (right panels). From top to bottom:
models S25FAST, S25SLOW, P90FAST and P25FAST. Left and right black dots represent the AGB star and companion, respectively, not to scale.
Snapshot taken after 10 orbits when a = 25 au and after 5 when a = 90 au, at which self-similarity is reached.
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Fig. B.2. Density distribution of the orbital plane (left panels zoom-in of middle panels) and meridional plane (right panels). From top to bottom:
models P90SLOW, P40SLOW and P25SLOW. Left and right black dots represent the AGB star and companion, respectively, not to scale. Snapshot
taken after 5, 7 and 10 orbits, respectively, at which self-similarity is reached.
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