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A B S T R A C T 

We present 3D hydrodynamic models of the interaction between the outflows of evolved, pulsating, Asymptotic Giant Branch 

(AGB) stars and nearby ( < 3 stellar radii) substellar companions ( M comp � 40 M J ). Our models show that due to resonances 
between the orbital period of the companion and the pulsation period of the A GB star , multiple spiral structures can form; the 
shocks driven by the pulsations are enhanced periodically in different regions as they encounter the denser material created by 

the substellar companion’s w ak e. We discuss the properties of these spiral structures and the effect of the companion parameters 
on them. We also demonstrate that the gravitational potential of the nearby companion enhances the mass-loss from the AGB 

star. F or more massiv e ( M comp > 40 M J ) and more distant companions ( > 4 stellar radii), a single spiral arm forms. We discuss 
the possibility of observing these structures with the new generations of high-resolution, high-sensitivity instruments, and using 

them to ‘find’ substellar companions around bright, evolved stars. Our results also highlight possible structures that could form 

in our Solar system when the Sun turns into an AGB star. 

Key words: stars: A GB and post-A GB – brown dwarfs – circumstellar matter – stars: winds, outflows – planetary nebulae: 
general. 
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 I N T RO D U C T I O N  

t the tip of the Asymptotic Giant Branch (AGB), stars become 
nstable to large amplitude, radial pulsations which result in periodic 
ariations in their optical and near-infrared (NIR) light curves on 
ime-scales of the order of ∼ 1 to several years (Wood 1979 ; Feast
t al. 1989 ; Whitelock, Feast & van Leeuwen 2008 ). These pulsating
tars are called Mira variables; they are long period variables that 
xhibit high mass-loss rates, up to 10 −5 M � yr −1 (Bowen 1988 ),
ia slow (3–30 km s −1 ), cool (100–1000 K) outflows that extend for
undreds of astronomical units. 
Detailed understanding of the pulsation mechanism is still lacking, 

o we ver, it is suggested that they are excited in the convective zone
f the star (Freytag & H ̈ofner 2008 ; Fre ytag, Lilje gren & H ̈ofner
017 ; Trab ucchi, Mowla vi & Lebzelter 2021 ). The pulsations are
onsidered an important step in driving the slow, dense Mira winds; 
ayers in the atmosphere are pushed outwards, ho we v er, the y fall back
s they do not have sufficient acceleration to overcome the gravity of
he star. The infalling material encounters outward moving material 
aunched by another cycle of pulsation. The collision of these inward 
nd outward moving layers creates shock waves that propagate 
hrough the outer atmosphere, lifting the gas far enough away from
he star to produce density enhancements that are sufficiently cool 
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or solid particles, dust grains, to condense (Bowen 1988 ; H ̈ofner &
lofsson 2018 ). 
Mira variables are known to produce copious amounts of dust in

heir outflows, usually indicated by a high excess in infrared (IR)
mission. The dust plays a role in driving the outflow by mediating
etween and coupling the stellar radiation field to the gas (Gilman
972 ). The dust grains absorb the photon energy, h ν, and the photon
omentum, h ν/ c , they heat up and start moving outwards. While
o ving outwards, the y collide with and transfer momentum to the

as resulting in a dust-driven wind (Lamers & Cassinelli 1999 ).
n illustration scheme of both processes that drive the outflow is
resented in Fig. 1 . 
State-of-the-art 1D simulations have been able to account for 
any of the observed properties of Mira outflows described abo v e,

uch as, their spectra, colours, and mass-loss properties for C-rich 
iras (e.g. Nowotny et al. 2013 ; Eriksson et al. 2014 ). These time-

ependent models have also been used to study how changes in the
tellar wind properties produce shell-like circumstellar structures and 
etached shells observed around AGB stars, as well as linking them
o the spherical arcs observed in their progeny, planetary nebulae 
e.g. Schoenberner 1981 ; Kahn & Breitschwerdt 1990 ; Steffen, 
zczerba & Schoenberner 1998 ; Corradi et al. 2000 ; Myasnikov
t al. 2000 ; Simis, Icke & Dominik 2001 ; Sch ̈onberner et al. 2005 ;
attsson, Wahlin & H ̈ofner 2010 ). 
While asymmetric structures are well-documented and ubiquitous 

n post-AGB systems and planetary nebulae (Balick 1987 ; Balick &

http://orcid.org/0000-0001-8525-3442
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M

Figure 1. A schematic illustration (not to scale) of the outflow in Mira 
variables. The pulsation creates shocks in the circumstellar environment 
driving the outflow (Freytag et al. 2017 ). While moving outwards, the gas 
cools down and when its temperature drops below the dust condensation 
temperature and if the density of the medium is high enough, dust starts to 
form. The dust grains absorb the radiation from the star, gain momentum, 
and mo v e outwards, colliding with and transferring momentum to the gas 
resulting in a slow, dense stellar wind. 
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rank 2002 ; van Winckel 2003 ; Corradi et al. 2004 , 2011 ; Sabin,
ijlstra & Greaves 2007 ; Lykou et al. 2011 ; Ueta et al. 2014 ; Manick,
iszalski & McBride 2015 ; Montez et al. 2017 ), with more recent

igh resolution, high sensitivity observations, e.g. with the Atacama
arge Millimeter/submillimeter Array (ALMA; Wootten & Thomp-
on 2009 ) and the Spectro-Polarimetric High-contrast Exoplanet
Esearch (SPHERE; Beuzit et al. 2019 ), it has become increasingly
lear that deviations from spherical symmetry happen much earlier
han previously thought – indeed, while the stars are still on the AGB.
bservations of asymmetric structures, e.g. spirals, bipolar outflows,

rcs, discs, and equatorial outflows in the circumstellar environments
f AGB stars are now commonplace (e.g. Mauron & Huggins 2006 ;
orris et al. 2006 ; Olofsson et al. 2010 ; Lagadec et al. 2011a , b ; Maer-

ker et al. 2012 ; Abate et al. 2013 ; Ramstedt et al. 2014 , 2017 , 2020 ;
tarkenburg et al. 2014 ; Decin et al. 2015 ; Kim et al. 2015 ; Lagadec &
hesneau 2015 ; Doan et al. 2017 , 2020 ; Khouri et al. 2018 ; Lagadec
018 ). 
Many of these structures have been linked to shaping by a binary

ompanion, as described by the references abo v e as well as detailed
heoretical studies (e.g. Theuns, Boffin & Jorissen 1996 ; Soker 1998 ;

astrodemos & Morris 1999 ; Balick & Frank 2002 ; Gawryszczak,
ikołajewska & R ́o ̇zyczka 2002 ; Nordhaus & Blackman 2006 ;
ohamed & Podsiadlowski 2007 , 2012 ; Kim & Taam 2012b ; Staff

t al. 2016 ; Chen et al. 2017 ; Saladino & Pols 2019 ; Saladino,
ols & Abate 2019 ; Maes et al. 2021 ; Malfait et al. 2021 and
eferences therein). The C-rich A GB star , R Sculptoris, pro v ed to be
 good catalyst for both observational and theoretical studies of the
haping processes (Maercker et al. 2012 ); having recently undergone
 thermal pulse, it is surrounded by a spherical, thin detached shell
hich was then revealed to harbour a spiral, created by an unseen low-
ass companion interacting with the dense AGB outflow. Modelling

he high-resolution ALMA data not only impro v ed our understanding
f the dramatic changes to the mass-loss properties during a thermal
NRAS 513, 4405–4430 (2022) 
ulse, but also helped us constrain the properties of the orbiting
ompanion. 

Indeed, the high luminosity of AGB stars and the large variations
n that brightness caused by their pulsations, make it difficult to detect
ow-mass companions using radial velocity or transit measurements.
o we ver, imaging of the circumstellar environment has been used to

nfer the presence of planets or substellar companions (e.g. Kervella
t al. 2017 ), and although they are difficult to detect, the number of
iant planets detected around evolved stars has increased in the past
ew years, particularly using radial velocity techniques (e.g. Sato
t al. 2003 , 2007 , 2008 ; Niedzielski et al. 2007 , 2009a , b , 2015 ; Liu
t al. 2008 ; Gettel et al. 2012a , b ; Nowak et al. 2013 ; Brucalassi et al.
014 ; Marshall et al. 2019 ; Quirrenbach et al. 2019 ; Jeong et al. 2021 ;
 ̈ollinger & Hartmann 2021 ); with the majority of these planets at
rbital separations ranging from close to intermediate (0.5 to 4.0
U). Furthermore, Soszy ́nski et al. ( 2021 ) suggested that accreting
lanetary companions – turned brown dwarfs – are the cause of the
ong secondary periods observed in red giant stars, illustrating the
nfluence of substellar companions on the observed properties of
iant stars. Ho we ver, detailed 3D modelling and predictions of the
ffects of such close-in substellar companions on the circumstellar
nvelopes of evolved stars have been lacking. 

Struck, Cohanim & Willson ( 2002 ) carried out 2D simulations of
lanets and brown dwarfs in close orbit around Mira variables and
hey found substantial w ak es behind the companion and episodic
ccretion phenomena, which may give rise to observable optical
 vents and af fect SiO maser emission. Kim & Taam ( 2012b ) studied
he formation of an Archimedian spiral structure around AGB stars
ue to the presence of a substellar companion at intermediate distance
rom the star (10–20 AU), making estimates for the density contrasts
etween the arm and interarm regions. Using models that included
 more detailed treatment of the AGB stellar wind physics, e.g. a
inusoidal piston (at the inner boundary – near the stellar surface),
adiative cooling, and silicate dust formation, Wang & Willson
 2012 ) built several 1D models of a pulsating star with a planetary
ompanion in close orbit (1.019–1.35 R ∗). Their results showed the
ormation of multiple spiral arms centred on the AGB star due to
he interaction of the planet with the stellar pulsation. The number
nd period of the spiral arms vary depending on the mass of the
ompanion and its orbital period. 

To further aid observational studies, in this paper, we extend
he theoretical work of Wang & Willson ( 2012 ) to 3D, allowing
s to better predict the effect of a close-in companion on the
orphology of the outflow at different viewing/inclination angles.
urthermore, unlike previous multidimensional studies where the
ow at the inner boundary is prescribed and sets the wind mass-loss
roperties (e.g. all the previous SPH and grid code models abo v e),
n this work we have an outer atmosphere within which the wind
aunching takes place, allowing us to better study the influence of the
ompanion on the outflow properties as well. In addition, modelling
he interaction of close-in substellar companions with a pulsating
GB star could give us insight into the future Solar system, when
ur Sun turns into a giant, pulsating star. In Section 2 , we describe
he model setup and numerical details, and the resulting simulations
re presented in Section 3 . The formation and shaping of the AGB
utflow into multiple spirals is discussed in detail in Section 4 , and
e touch briefly on the observability of these structures, given the

ensitivity and resolution of current and future facilities, and the less
ertain understanding of planet survi v ability around evolved stars.
e conclude with a short summary and highlight potential avenues

or future studies in Section 5 . 
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Table 1. Standard model parameters. 

M ∗ 1 M �
R ∗ 268 R �
P puls 394 d 
U amp 4 km s −1 

T eff 2966 K 

Figure 2. A rendered cross-section of the smoothing length, h , of each 
particle near the atmosphere of the star. 
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 N U M E R I C A L  M E T H O D  A N D  SETUP  

.1 Smoothed particle hydrodynamics 

PH (Gingold & Monaghan 1977 ; Lucy 1977 ; Monaghan 1992 ) is a
agrangian method where the fluid is discretized into a finite number 
f particles. Each particle has fluid properties, such as density, 
elocity, pressure, and internal energy. Starting from an estimate 
f the density obtained by summing and smoothing the masses of
eighbouring particles, the other properties are derived using the 
agrangian formulation of the fluid equations. For the interpolation 

n this case we use a cubic spline smoothing kernel. The method
onserves momentum, energy, entropy, and angular momentum by 
ts Lagrangian construction (Springel & Hernquist 2002 ). Artificial 
iscosity is added in order to model shocks and density discontinu- 
ties, where the viscous forces are added to the equation of motion as
n excess of pressure on the particles (Monaghan & Gingold 1983 ;
alsara 1995 ). 
We use the SPH cosmological simulation code GADGET-2 

Springel 2005 ), which is a TreeSPH code that is capable of following 
 collision-less fluid with the N -body method and an ideal gas by
eans of SPH. The gravitational forces and self-gravity in GADGET- 
 are derived by the use of a hierarchical Barnes–Hut (BH) oct-tree
lgorithm (Barnes & Hut 1986 ). 

.2 Model setup 

.2.1 Modelling the pulsation and atmosphere 

he stellar pulsations are thought to originate in the conv ectiv e zone
f the AGB star (see e.g. Freytag et al. 2017 ). These pulsations result
n shock waves that travel through the extended atmosphere and 
e gin to driv e the outflow. Our models adopt the approximation from
owen ( 1988 ), where the pulsation is simulated by an artificial piston

in this work, a shell of particles) placed at the edge of the photosphere
 R piston ∼ 0 . 92 R photo ). The artificial piston, placed directly below
he atmosphere of the star, oscillates sinusoidally starting from a 

aximum amplitude U amp . The piston acts like a boundary layer 
here the radius and velocity of the boundary vary with time as

ollows: 

 = R 0 + U amp ( P / 2 π) sin (2 πt/P puls ) , (1) 

 = U amp cos (2 πt/P puls ) , (2) 

here R and U are the piston radius and velocity at time t ,
espectively, R 0 is the initial radius of the piston, U amp is the piston
elocity amplitude, and P puls is the pulsation period. 

The fundamental pulsation mode, P puls is derived from the period–
ass–radius relationship of Ostlie & Cox ( 1986 ) which relates the
 puls to the mass ( M ∗) and radius ( R ∗) of the star through: 

log P puls = −1 . 92 − 0 . 73 log M ∗ + 1 . 86 log R ∗. (3) 

The atmosphere of the star is represented by another shell of
as particles, just abo v e the artificial piston. We use equal mass
articles ( ≈ 7.476 × 10 21 g ≈ 3.75 × 10 −12 M �), set in a 1/ r 2 

ensity distribution. The combined mass of the artificial piston 
nd atmosphere is not included in the mass of the central star. A
ensity distribution of 1/ r 2 agrees well with the observations (Struck 
t al. 2002 ); using an exponential density profile similar to the one
rom Wang & Willson ( 2012 ) would be preferable, ho we ver, such a
istribution is difficult to achieve in SPH models using equal mass
articles. The inner regions of the star are not modelled and instead
 point mass (particle) is used to simulate its gravity. The standard
arameters of the central star used in all our models are listed in
able 1 . 

.2.2 Numerical resolution and smoothing 

ur models consist of 4.2 × 10 6 gas particles; 9.2 × 10 5 particles for
he piston and 3.3 × 10 6 particles in the atmosphere of the star. Each
as particle has a mass of ≈ 7.476 × 10 21 g ≈ 3.75 × 10 −12 M �. The
tar and the companion are added to the model as Gadget-2 ‘star’
point-mass) particles with masses equal to M ∗ (see Table 1 ) and
 comp (see Table A1 ), respectively. 
The smoothing length, h in SPH simulations defines the scale o v er

hich the fluid properties of the particles are interpolated. Therefore, 
 ef fecti vely determines the resolution of a simulation. To achieve
he goals of the Lagrangian adaptivity in SPH, GADGET-2 allows 
he smoothing length of each particle to vary in both space and
ime. Hence, the resolution increases in high-density regions (e.g. 
here shocks are forming from the stellar pulsation or interaction of

he stellar wind with the companion) and decreases in low density
egions. In Fig. 2 we show a cross-section plot around the regions of
he periodic shock-wave formation, showing that for the ≈ 4 million 
articles we use, the smoothing length is � 0.8 AU. 

.2.3 Modelling the radiation pr essur e on dust 

he radiation pressure on dust results in a net outward acceleration of
he dust grains that then transfer momentum to the gas by collision.
ust formation is typically modelled via two approaches, the so- 

alled moment method (Gail & Sedlmayr 1988 ; Gauger, Sedlmayr &
ail 1990 ), which ef fecti vely calculates the gro wth of dust grains,

ssuming the formation via primarily single monomers , such as C,
iO, and Fe. The other method is the chemical kinetic approach,
hich was introduced by Cherchneff ( 2006 ) and in which the

hemistry of dust formation is described by using a chemical kinetic
MNRAS 513, 4405–4430 (2022) 
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etwork of reactions. These approaches work successfully for C-rich
GB stars where a dust-driven wind is achiev ed, howev er, for O-rich
GB stars the nucleating species are still uncertain and pre-existing
rain seeds are used to initiate the process and trigger a dust-driven
ind (H ̈ofner 2008 ; Bladh & H ̈ofner 2012 ; Bladh et al. 2013 ). There

re also uncertainties regarding the grain composition (Bladh et al.
013 ) and the Fe-enrichment needed to reproduce the observable
eatures (H ̈ofner et al. 2021 ). 

Given these uncertainties, and the significant numerical cost to
ollow this in detail, similarly to Wang & Willson ( 2012 ), we adopt
he simplified method from Bowen ( 1988 ) to model dust forma-
ion. The approach consists of comparing the radiative equilibrium
emperature ( T eq ) of the gas to the condensation temperature ( T cond )
f the dust. If T eq is less then T cond an acceleration is added to
he gas particles. As detailed radiative transfer is not included in our

odels (due to computational cost), we assume radiative equilibrium
Lamers & Cassinelli 1999 ): 

 eq = T eff 

(
R ∗
2 r 

) 2 
4 + p 

, (4) 

here r is the radius of the gas from the central star and p is a
o wer-law coef ficient adopted from Bladh & H ̈ofner ( 2012 ) for
ifferent types of dust grains. We experiment with both silicates
nd carbonaceous grains. For the silicate (Mg 2 SiO 4 ) grains, we use
 dust condensation temperature T cond = 1100 K and p = −0.9.
or amorphous carbon (amC) grains, we adopt T cond = 1500 K and
 = 2.1. A more realistic approach to calculate the optical depth in
he cirumstellar medium and the equilibrium temperature of the gas
ill be presented in a future work. 
The dust cross-section for radiation pressure, in cm 

2 g −1 of gas is
erived using: 

 D 

= k max 
1 

1 + exp [( T eq − T cond ) /δ] 
, (5) 

here δ is the parameter for the condensation temperature range and
he maximum cross-section per unit mass k max is specified as an input
arameter. A value of k max = 1.5 cm 

2 g −1 is chosen to maintain the
atio between the acceleration due to the radiation pressure on dust
nd the gravitational acceleration, d v 

d t (rad)/ d v d t (g), less than or equal
o 0.95 (Bowen 1988 ). 

The acceleration of the gas particles due to the radiation pressure
n dust, which is added to the particles acceleration is defined as
ollows: 

d v 

d t 
( rad ) = 

k D 

L 

4 πr 2 c 
, (6) 

here L is the luminosity of the star, r is the distance between the
as particle and the star, and c is the speed of light. 

Our models do not take dust destruction into account for several
easons: (1) The formation of dust occurs beyond ∼ 2–3 R ∗ ( ∼ 2–4
U), (2) The hot shocks that lead to dust destruction occur below
2 R ∗, (3) Our assumption of adding acceleration to the gas particles

onsiders instantaneous dust formation depending on T eq , and the
hock waves generated by the pulsation every pulsation period do
ot reduce significantly the dust abundance (Wang & Willson 2012 ).

.2.4 Cooling 

ooling or thermal relaxation by radiative transfer is not included
n this work. The models are all adiabatic such that the net radiative
nergy per unit mass gained/lost, Q , is al w ays equal to zero. The
esults from these models produces realistic mass-loss rates on the
NRAS 513, 4405–4430 (2022) 
rder of ∼ 10 −7 M � yr −1 without including dust formation. Note
hat the Bowen ( 1988 ) models with adiabatic processes resulted in
igh mass-loss rate, but his results were less catastrophic than the
odels of Wood ( 1979 ). More realistic cooling, such as relaxation

owards T eq at a finite rate will be implemented in future versions of
he code. 

.2.5 The orbit of the companion 

he substellar companion is placed in a circular orbit around the
ulsating star. The companion orbits in the equatorial/orbital plane
the x–y plane) and is added as a point-mass particle. The orbit of the
ompanion is not affected by tidal drag or mass-loss in this version of
he model. The companion is assumed not to accrete any material due
o: (1) the relatively small mass of the companion compared to the

ass of the star, (2) the short time-scale of the simulation compared
o the accretion time-scale in case of a substellar companion (see e.g.
illaver & Livio 2009 ). 
For models where the companion is at an orbital distance of

 comp < 3 R ∗ from the centre of the A GB star , it is considered in
ircular orbit around the centre. The star is then kept stationary,
articularly since the barycentre of the system is very close to the
tellar centre (separated by ≤ 0.06 R ∗). In models where d comp > 3 R ∗,
he star and the companion are both orbiting the barycentre of the
ystem which lies within the radius of the star for most of the models.
or such models, the stellar centre is separated by ∼0.1 − 1.0 R ∗ from

he barycentre of the system. d comp is al w ays the distance between the
ompanion and the centre of the star. In Appendix A , we elaborate on
ow the properties of the companion, such as, the relative velocity
 v orb ), orbital period ( P orb ), angular momentum L , and d comp were
erived. In some models, we intentionally fix some of the properties
f the companion to test the effect of changing other properties. 

 RESULTS  

ur results consist of a set of 40 models. The variables in these
odels are the P orb , d comp , the mass of the companion ( M comp ), U amp ,

nd the resonance mode M : N (for every N pulsation cycles, the
ompanion completes ∼M orbits). Note that for these resonances
 is al w ays < N and N is equal in number to the number of

piral structures ( N s ). The resonance mode represents the P orb –
 puls resonance. Table A1 lists all the models with their different
arameters. Models 1 to 32 led to the formation of multiple structures
 N s ≥ 2). Ho we ver, models 33 to 40 led to the formation of one
ominant spiral arm ( N s = 1). In all the models P puls / P orb ≈ M/N <

.0. Systems where this ratio is larger than 1.0 are beyond the scope
f this study and are excluded from our analysis. In such systems, P orb 

s smaller than P pul (394 d) implying that the companion is below
he photosphere and hence it is already completely engulfed. For
omputational efficiency, models 1 to 40 do not include acceleration
ue to radiation pressure on dust. The effect of this process is
tudied with a small subset of models and we present the results
n Section 3.7 . 

.1 Formation of periodic shock waves 

he stellar pulsation creates a cycle of shock waves that travel
utwards carrying material away from the star. These shocks form
hen the outgoing material (due to the pulsation) meets with the

n-falling material (due to the gravitational potential of the star). At
he shock formation region, the temperature of the gas increases up
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Figure 3. Cross-section slices through the orbital plane x–y of a single star, showing radial velocity , density , temperature, and entropy , from top left to bottom 

right, respectively. The plots show the formation of circular shock waves in 2D (spherical shells in 3D) due to the stellar pulsation. 
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o ∼1.5 × 10 4 K and the gas velocity attains ≈ 6 – 10 km s −1 . As the
hocks propagate outwards, they decelerate and cool down. 

In the case of a single star, the shocks produced by the radial,
inusoidal motion of the piston are spherically symmetric. In Fig. 3 
e show cross-sections through the orbital plane of different gas 
arameters for a single star (model 0). The assumption of spherical 
ymmetry for the piston and shock excitation is idealized (see 
.g. Freytag & H ̈ofner 2008 ; Freytag et al. 2017 ). The detailed
odels of Freytag et al. ( 2017 ) show that convection cells and

undamental-mode pulsation will result in chaotic shock wave 
tructures around the A GB star , shifting from spherical symmetry. 
o we v er, the y also show that if the radial velocity is averaged
 v er a sphere around the star, radial periodic shock waves are
learly visible (see fig. 5 in Freytag et al. 2017 ). We will elaborate
ore in Section 4 on the implications of this assumption for our

esults. 
The interpolation at the heart of SPH means that sharp disconti-

uities require large numbers of particles (high resolution) to mini- 
ize the smoothing region. Although limited due to computational 
 xpense, we e xplore the effect of changing the resolution on the
ormation of the radial shock waves. We simulate a single star
ith 2.1 × 10 5 and 1.1 × 10 6 particles. In Fig. 4, we show radial
elocity cross-sections from these two simulations. The shock waves 
re better resolved for higher resolution simulations as expected. 
bviously, the increase in the resolution allows for better estimation 
f the gas properties near discontinuities. In the simulation with the 
owest resolution (2.1 × 10 5 particles), the radial periodic shock 
aves are barely resolved. 
We also test the effect of including the acceleration due to radiation

ressure on dust grains on the outflow structure and morphology. 
n these simulations we use only 1.1 × 10 6 particles to reduce
he computational time. In Fig. 5 we show radial velocity cross-
ections and radial velocity profiles for a single star with acceleration 
ue to radiation pressure on silicate and amorphous carbon grains 
see Fig. 4 -left-hand panel to compare with the model that does not
nclude dust formation). With the addition of dust acceleration, the 
utflow velocity of the gas increases, as expected. The gas velocity
ithin the shock region increased by a factor of around 2, when

dding dust compared to the model without dust. Both models, with
i-based dust grains or amC based dust grains result in similar gas
 elocity e xcess. In Fig. 5 we also present the radial acceleration due
o dust as a function of radius. Our values are comparable to those
resented in fig. 2 of Wang & Willson ( 2012 ). 

.2 Formation of multiple spiral structures 

f the companion is at a d comp < 3 R ∗ and if there is a resonance
etween P orb and P puls , multiple spiral structures form in the
ircumstellar environment centred at the AGB star and extending 
or more than 70 AU. To elaborate on how these structures form, we
hoose model 9, where P orb is in a resonance mode of around 1:2
MNRAS 513, 4405–4430 (2022) 
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Figure 4. Radial velocity cross-sections through the orbital plane x–y of a single star, using 2.5 × 10 5 particles (left-hand panel) and 1.1 × 10 6 particles 
(right-hand panel). 

Figure 5. Top: 2D radial velocity cross-section slices through the orbital plane x–y of a single star after ≈ 76 pulsation cycles, with silicate based dust (left-hand 
panel), and with amorphous carbon dust (right-hand panel; see the right-hand panel of Fig. 4 for comparison with a single star without dust). Bottom left-hand 
panel: radial velocity profiles along the x direction for −2 < y (AU) < + 2. We remo v e the particles which constitute the atmosphere of the star to focus on the 
V r profile and shock waves. Bottom right-hand panel: the radial acceleration due to radiation pressure on dust, against radius, for silicate-based (Mg 2 SiO 4 ) and 
amorphous carbon-based (amC) dust, as derived using the formalism and assumptions made in the code. 
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ith P puls , as an example, and note that the same interaction process
ccurs in the formation of multiple spiral structures in models 1 to
2 (Table A1 ). 
While the companion is traveling in the dense circumstellar
edium around the star, its gravitational potential creates a w ak e

hat trails behind it. A 2D temperature cross-section slice through the
NRAS 513, 4405–4430 (2022) 
rbital plane [panel (a) in Fig. 6 ] shows the w ak e of the companion,
onsisting of a ‘leading arm’ denoted arm (1) and a ‘trailing arm’
inner arm) denoted arm (2). Due to the close-in circular orbit of the
ompanion, and the resulting high orbital velocity, the two arms have
ifferent degrees of curvature, with arm (1) being more curved than
rm (2). 

art/stac749_f4.eps
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Figure 6. 2D temperature cross-section slices through the orbital plane from model 9. Panel (a) shows the companion traveling in the dense circumstellar 
environment creating a w ak e behind it consisting of two arms, a leading arm denoted (1) and a trailing arm denoted (2). The companion position is identified 
by a yellow point and the arms are highlighted with dashed yellow lines for guidance. Panel (b) shows two shocks (indicated by the blue arrows) forming due 
to the interaction of arm (1) with the shock wave on the left-hand side, and the tail of arm (2) with the same shock wave on the right-hand side of the orbital 
plane. Panel (c) is same as (b) but after ∼ 1 pulsation cycle (half an orbital period). Panel (d) is same as (b) but after ∼ 2 pulsation cycles (one orbital period). 
The shocks on both sides cluster to form two spiral arms centred on the AGB star. 
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Due to its proximity to the star and the shock formation region,
he companion e x erts a gravitational pull on the upper atmosphere
f the star. This increases the velocity and temperature of the pulled
as below the companion, enhancing the mass-loss locally (see e.g. 
ang & Willson 2012 ). When the upcoming shock waves due to

he stellar pulsation meet the w ak e of the companion, they lead
o a strong shock, propagating outwards. Particularly, these shocks 
ccur between the shock waves and arm (1) of the w ak e [blue arrow
n panel (a) of Fig. 6 ]. At the location of these shocks, the gas
emperature rises up to ≈ 3 × 10 4 K and the gas velocity increases
p to ≈ 18 km s −1 . Compared to its surrounding medium, the shock
elocity and temperature are a factor of 3 greater. 

After half an orbit, arm (1) of the w ak e meets a subsequent
ulsation cycle, which creates another shock on the other side of
he orbital plane [yellow arrow in panel (c) of Fig. 6 ]. This repeats
ith every half orbit and each pulsation cycle. Similar shocks occur 
etween the tail of arm (2) and the stellar pulsations [e.g. yellow
rrows in panels (b), (c), and (d) in Fig. 6 ]. These shocks cluster on
ach side of the orbital plane to form two spiral structures, centred on
he A GB star , with a long-lasting momentum. The high velocity of
he shocks lead to a velocity contrast with the surrounding medium. 

Since, the ratio between P puls and P orb in model 9 is � 0.48 (slightly
ffset from M / N = 0.5), this means that the companion meets the
hock waves at a slightly earlier location every new pulsation cycle. 
his is the reason behind the formation of dynamic spiral structures

nstead of two static bars. We will elaborate more on the formation
f static bars in Section 3.3 . 
In Fig. 7 , we show a sample of multiple spiral structures/bars

rom models 4, 9, 21, and 26. The plots are radial velocity
ross-sections through the orbital plane. In each of these models, 
 certain number of spiral structures (or bars) form around the
ystem depending on the resonance between the orbital and pulsation 
eriods. A time-evolution visualization of the models can be found 
n the supplementary material. 

Our models show spiral structures in the velocity cross-sections, 
o we ver, the spirals are not clearly resolved in the density cross-
ection plots (see Fig. B1 ). This is because the density at the shock
ocation is not substantially different compared to the surrounding 

edium. An increase in the resolution of the simulation might allow
s to better resolve the gas properties at the shock location and
herefore resolve the spiral structures in the density cross-section. In 
ddition, implementing more realistic cooling regimes will increase 
he density contrast at the shocks. The 1D models of Wang & Willson
 2012 ) show multiple spiral arms in the density cross-sections. This
gain emphasizes that implementing realistic cooling and increasing 
he resolution of the simulation are necessary to resolve the spirals
n the density plots. 

Fig. 8 presents a comparison of radial velocity, temperature, and 
ensity profiles along the x -axis from models 0 (no companion) and
, after � 90 pulsation cycles. We choose to show the profiles after
0 pulsations because at this stage the second winding of the spiral
rm is parallel to the y-axis, which allows a better representation
f the spiral arms in the profiles. The radial velocity profiles are
rastically different between the two models. In model 0, the velocity
rofile shows the stellar pulsations only. However, in model 9, the
elocity profile shows (1) the stellar pulsation, which appear as 
apid oscillations o v er short distances ( ∼ 2–3 AU) and (2) the spiral
tructures which appear as global oscillations o v er the extent of the
MNRAS 513, 4405–4430 (2022) 
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Figure 7. Velocity cross-sections through the orbital plane after ∼ 76 pulsation cycles for models 4, 9, 21, and 26, showing the different morphology and 
numbers of spiral structures depending on the resonance mode between the pulsation and orbital periods. Top left-hand panel: model 4 showing two static 
bar-like structures due to a resonance exactly equal to 1:2. Top right-hand panel: model 9 showing two spiral structures due to a resonance ≈ 1:2. Bottom 

left-hand panel: model 21 showing three spiral structures due to a resonance ≈ 1:3. Bottom right-hand panel: model 26 showing four spirals due to a resonance 
≈ 1:4. 
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ircumstellar medium. Overall, the spiral structures show a velocity
ontrast of a factor of ≈ 2.0 compared to the medium between the
pirals. This distinction between models 0 and 9 is not very obvious
n the temperature and density profiles, ho we ver, there are still major
ifferences between the two models and the shocks between the
tellar pulsations and the companions are clearly visible in the
rofile as temperature and density gradients, particularly between
5 and 35 AU, which is consistent with the location of the spiral
rm. This indicates the presence of spiral structures in the density
rofiles but the contrast with the surrounding medium is low, which
s the reason these spirals are not resolved in the density cross-
ections. 

In Fig. B2 , we show entropy cross-sections for models 9. The
wo spiral structures are resolved in the entropy cross-section, which
mphasizes that the multiple spiral structures are indeed present and
re the outcome of clustered shocks between the stellar pulsations
nd the w ak e of the companion. 

If there is no P orb –P puls resonance, the shocks between the w ak e
f the companion and the pulsations occur at different locations
n the orbital plane leading to a random distribution of shocks
round the A GB star , hence neither evident spirals nor bars form
see Fig. 9 ). 
NRAS 513, 4405–4430 (2022) 

l

.3 Properties of the spiral arms 

he multiple spiral arms forming around the AGB star in the orbital
lane are Archimedean spirals propagating in the radial direction.
he spirals have the following properties: 

(i) Number and period of the spiral arms: the number of spiral
rms, N s , is directly correlated with the resonance mode and hence
ith P orb and P puls . For a resonance mode M : N , the number of spiral

rms is al w ays equal to N . We consider the spiral arm period ( P sa )
s the period of the spiral pattern. It is the time for which the spiral
attern repeats itself. In the case of two spiral arms, the period is one
alf of a full apparent rotation of a spiral arm. In the case of three
piral arms, the period is one third of a full apparent rotation. Wang &

illson ( 2012 ) derived a relation between the P sa , P orb , P puls , and N s 

ased on their models and some analytic considerations. We find the
ame relation based on our models. For N s > 1, P sa is derived using: 

 sa = 

P orb P puls ∣∣MP orb − NP puls 

∣∣ , (7) 

here M and N represent the resonance mode M : N . In Table A1 we
ist P sa for all our models. 
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Figure 8. From top to bottom: radial velocity cross-section and radial velocity, temperature, and density profiles from models 0 (left-hand panel) and 9 
(right-hand panel) after ≈ 90 pulsation cycles, along the x direction for −2 < y (AU) < + 2. We remo v e the particles which constitute the atmosphere of the 
star to focus on the V r profile and spiral structures. We add a blue dashed line for guidance to help the reader track the spiral structure location. 
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Figure 9. Radial velocity cross-section through the orbital plane, after ≈ 76 
pulsation cycles, from a model that exhibits no P orb –P puls resonance ( P orb 

= 1044 d). The shocks do not cluster and hence no spiral structures form. 
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(ii) The winding of the spiral arms: depending on the orbital
eriod of the companion, the spiral structures show faster or slower
inding. We discuss this thoroughly in Section 4.3 . Fig. B3 rep-

esents radial velocity cross-section plots of different time-steps
rom model 9, which shows the winding of the spiral arms with
ime. The arms appear to be merging and fading at larger distances,
o we ver, gi ven that the spirals are moving radially, we do not expect
hem to completely merge. The apparent merging and fading of the
rms is a numerical effect due to the limited number of particles in
ur simulations. Injecting more particles in the simulation should
aintain the spiral structures o v er a longer time-span. In addition,

ur simulations show fading shocks/spirals at distances larger than
0 AU. This is expected given that the shocks are spreading o v er
arger distances in a region of low resolution, near the boundaries
f our simulations. Similarly, Gawryszczak et al. ( 2002 ) carried out
PH simulations of AGB stars in close binary systems. Their models
esult in the formation of a single spiral structure due to the orbital
otion of the secondary star. In these models they estimate the

iffusion (dissipation) radius ( r d ) and time-scale ( t d ) of the spirals
ue to density gradient at the boundary of their simulations to be
 d = t d × v w = P orb × v 2 w /c, where v w is the wind velocity and c
s the local sound speed. Ho we v er, the y also note that due to the
ecrease in the resolution of the simulation and increase in the
moothing length at its boundary, the dissipation radius of the spirals
ecomes much smaller than the predicted one and is dominated by
he numerical dissipation. 

(iii) Equation of motion of the spirals: although they appear
o be rotating in a specific direction, the shocks forming the spiral
rms propagate in the radial direction. The apparent rotation of the
piral pattern and the winding of the spiral arms are due to the
ffset between ratio of P puls / P orb and M / N . The shocks cluster into
piral arms that propagate in the radial direction with a speed ( V s )
epending on the M comp , U amp , and the local sound speed. The local
diabatic sound speed is density dependent and it is expressed as
 

2 
s = γp/ρ = γ ( γ − 1) e with γ being the adiabatic index, e the gas
pecific internal energy, ρ the gas density, and p the gas pressure. The
as Mach number ( M gas ) is then derived by dividing the gas radial
elocity by the local sound speed: M gas = V r / c s . The Mach number
f the spiral structure ( M s ) is equal to M gas at the location of the
pirals (where the shocks sweep through the gas). In Fig. B4 , we plot
he Mach number of the gas for models 1 to 12, after � 76 pulsation
ycles. In most of the models, the spiral arms show supersonic
NRAS 513, 4405–4430 (2022) 
peeds. From our models and analytical considerations, we derive
he following equation that describes the equation of motion of the
piral arms: 

( t) ∼ 2 θ ( t) V s ( r, t) d comp + d comp , 

here r ( t ) defines the radial position of a section of the spiral arm at
ime t and θ ( t ) is equal to ( t / P sa ) π. 

(iv) Formation of bars: if the ratio of P puls / P orb is � M / N (e.g.
odel 3, 4, 5), the shocks cluster into bar-like structures instead of

ynamic spiral arms (see top left-hand panel of Fig. 7 ). For such
odels, the shocks between the pulsation and the companion’s w ak e

ccur at almost the same location during every pulsation cycle. If
he ratio of P puls / P orb is exactly equal to M / N , the bars are static (e.g.
odel 4), ho we ver, if it is slightly greater or smaller, the bar-like

tructures are then dynamic, but their period is very long and they
ventually turn into spiral arms on a time-scale of the order of � P sa 

e.g. model 5; see Section 4.3 ). 

.4 Observing the system at different viewing angles 

ne of the advantages of 3D modelling is the ability to observe the
ystem in different directions. Cross-section slices through the polar
lanes, (z–x) and (z–y), do not show spiral structures, instead they
how complex structures, such as arcs and bars around the system
Figs B6 and B7 ). The formation, morphology, and symmetry of
hese structures depends on the resonance between P puls and P orb . 

To describe the formation of these arcs and bars, we will adopt
odel 9 again as an example. The w ak e of the companion resembles
 cone-like-structure in 3D (Fig. B8 ). If the companion is traveling
hrough the x–z or y–z plane, a 2D cross-section through the w ak e
f the companion in these planes is a 2D-circle-shape (see Figs B8
nd B9 ), whose radius depends on the location of the slice relative to
he w ak e. As the stellar pulsations meet the w ak e of the companion,
trong shocks form in the x–z or y–z planes, which cluster to form arcs
nd bars. The multiple bars (top panel of Fig. B7 ) are mainly formed
y the strong shocks between the upper and lower edges of the w ak e
nd the stellar pulsation; due to the proximity of the companion, the
mplitude of the stellar pulsations is the highest when meeting the up-
er and lower edges of the w ak e. Fig. B8 represents a schematic illus-
ration to illustrate the formation of the arcs/bars in the polar planes.

The bar-like structures can be seen in the y–z or x–z planes, only
f the stellar pulsations meet the companion around z ≈0 or y ≈0,
espectively. Otherwise, the structures will form at planes with z and
 different from zero and slices through z = 0 and y = 0 do not show
vident structures (e.g. model 21 in Figs B6 and B7 ). Therefore, the
ymmetry and the shape of these structures depend on the location
f the cross-section slice and the orbital resonance. 

.5 Formation of a single spiral 

f the companion is at a distance d comp � 4 R ∗, the substellar compan-
on creates a single spiral when traveling through the circumstellar

edium of the AGB star. In Fig. 10 we show cross-section plots
hrough the orbital plane for models 33, 36, 39, and 40, all showing
 single spiral. Single spirals hav e been observ ed around sev eral
GB stars (e.g. Mauron & Huggins 2006 ; Kim & Taam 2012a , b ;
aercker et al. 2012 ; Decin et al. 2020 ; Homan et al. 2020 ; Randall

t al. 2020 ). In these cases the system is composed of a binary system
ith a large orbital separation (several dozens of astronomical units).
he formation of a single spiral in such binary systems is due to

he reflex motion of the binary and the gravitational focusing of
he mass lost from the giant star (e.g. Mastrodemos & Morris 1999 ;

art/stac749_f9.eps
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Figure 10. Top: 2D radial velocity cross-section through the orbital plane from models 33 (left-hand panel) and 36 (right-hand panel), after ≈ 76 pulsation 
cycles. Bottom: same for models 39 (left-hand panel) and 40 (right-hand panel), after ≈ 88 pulsation cycles. All models show a single spiral in the orbital plane. 
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ohamed & Podsiadlowski 2007 ; Raga & Cant ́o 2008 ; Kim & Taam
012b ; Chen, Iv anov a & Carroll-Nellenback 2020 ; Guerrero et al.
020 ; Castellanos-Ram ́ırez et al. 2021 ). 
Ho we ver, in the case of a substellar companion orbiting the

GB star at a moderate distance d comp ∼ 4 – 10 R ∗ and when P orb 

P puls , the single spiral arm is formed due to the interaction
f the w ak e of the companion with the circumstellar environment
nd the stellar pulsations. Due to the gravitational potential of the 
ompanion and its wider orbit, the companion drags a large number 
f particles behind it, increasing the density and velocity in the 
 ak e substantially. As the companion orbits the star and the gas
o v es outwards, the trailing wake of the companion forms a spiral

tructure centred at the companion. In addition, since P orb is much 
arger than P puls, the companion meets a new cycle of shock waves
fter traveling a small fraction of its orbit. Each time the w ak e of
he companion meets a new shock wave cycle, a shock is created.
hese shocks propagate in the radial direction and cluster into the 
piral arm, enhancing its momentum. These shocks are imprinted 
n the spiral arm as enhanced velocity regions. In Fig. B10 we
how a zoom-in plot on the shock formation regions for these four
odels, to highlight the interaction between the pulsations and the 
 ak e of the companion. The shocks can be seen on both the inner

nd leading arms of the spiral and they are more obvious on the
nner one near the stellar pulsations, compared to the smoother 
eading arm. This is particularly the case for models 33 and 36
here the companion is closer to the star. In the case of simulations

hat assume continuous outflows with constant velocity winds (e.g. 
im & Taam 2012b ), these shocks are not seen. For models 39 and
0, where the companion is at a distance of 10 R ∗, the spiral arms
re smoother, ho we ver, the leading arm shows multiple components, 
orming discrete layers, due to the stellar pulsations. These discrete 
ayers are formed by the gradient in velocity caused by the shock
aves from the pulsations and are not typically seen in simulations
ith a constant velocity outflow. 
For models with a single spiral arm (models 33 and 40), the spiral
tructures are well resolved in the density cross-sections (Fig. B1 ).
ince in this case the spirals are created by the companion traveling

hrough the circumstellar medium, the density in the w ak e of the
ompanion is substantially larger compared to the surrounding 
edium. The single spiral structure (from model 40) is also clearly

esolved in the entropy cross-section (Fig. B2 ). 
The period of a single spiral arm, P sa , is equal to P orb . In this case,

he spiral pattern repeats itself when the companion completes one 
ull orbit. A time-evolution visualization of the models can be found
n the supplementary material. 

In Figs B11 and B12 , we show cross-section plots of the same
odels in the polar, y–z and x–z planes, respectively. These plots slice

ertically through the orbital plane and therefore instead of a single
piral arm we see multiple arcs on both sides of the star. The arcs
n this case are slices through the spiral arm, showing its inner and
eading arms. The number of arcs increases with increased winding 
f the spiral arm and the opening angle of the arcs is smaller for
loser companions ( d comp ∼4–5 R ∗, e.g, models 33 and 36) compared
o more distance companions ( d comp ∼ 10 R ∗, e.g. models 39 and
0). In all the models, the arcs are composed of multiple layers,
hich again are caused by the interaction of the w ak e with the stellar
ulsations. The pulsations are clearly visible inside the first arc as
pherical shock waves (see Fig. B10 ). 

.6 Testing different resolutions 

e explore the effect of resolution on the outcome of our models.
n Fig. 11 we show 2D radial velocity cross-section plots for four
imulations with parameters similar to model 9 but for different 
esolutions: 2.5 × 10 5 , 1.1 × 10 6 , 4.2 × 10 6 (original model), and
.5 × 10 6 particles. It is clear that the spirals are better resolved for
igher number of particles. Increasing the number of particles in the
imulation reduces the scale o v er which the particles’ properties are
MNRAS 513, 4405–4430 (2022) 
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Figure 11. Left-hand panel: 2D radial velocity cross-section through the orbital plane for model 9 after 76 pulsation cycles, but using different resolutions. The 
models from left to right, top to bottom have the following number of particles: 2.1 × 10 5 , 1.1 × 10 6 , 4.2 × 10 6 , and 8.5 × 10 6 , respectively. The spirals are 
clearly better resolved when we increase the resolution of the simulation. Right-hand panel: radial velocity profiles of the same simulations, colour coded based 
on the resolution of the simulation as indicated in the legend. 
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moothed, and therefore allows for better estimates of the properties
f the particles at density and velocity discontinuities, such as the
ocation of the shocks between the stellar pulsations and the w ak e of
he companion. We also present radial velocity profiles for the four

odels in Fig. 11 , showing a higher amplitude in the velocity of the
as at the shocks, which again implies that a higher resolution allows
s to better determine the gas properties at shock discontinuities and
o better resolve the spiral arms. Fig. B13 shows the density cross-
ection for the same models. The shocks are slightly better resolved
or the simulations with higher resolution, yet the spiral structures
re not evident, as discussed previously. 

.7 Including acceleration due to dust 

e include acceleration due to dust in a few models to test its
ffect on the formation of spiral arms. For these models we use
.1 × 10 6 particles for computational efficiency. We experiment with
oth silicate and carbonaceous dust, as detailed in Section 2.2.3 . In
ig. 12 we present velocity cross-sections from four simulations.
hese simulations have the same parameters as models 9 and 39, but
ith acceleration from silicate-based and carbonaceous-based dust
rains. In the simulations that have the same parameters as model
, two spiral arms form. Ho we ver, the spiral structures are noisier
ompared to the models that do not include dust. This is expected
iven the added dust acceleration. We also observe a single spiral arm
n the models that have the same parameters as model 39. Again, the
piral structures are noisier due to the added dust acceleration. If we
se higher resolution, e.g. 2.4 × 10 6 particles, similar to the rest of
he models, we expect that the spiral structures will be better resolved
see Section 3.6 ). We discuss the effect of dust acceleration on the
ossibility of observing multiple spiral structures in Section 4.4 . 

 DISCUSSION  

.1 The effect of the companion on the mass-loss 

ur models show that the presence of a close-in companion around
he pulsating star enhances the mass-loss. This is due to: (1) the
ravitational pull e x erted by the companion on the gas in the
pper layers of the atmosphere and (2) the high-velocity and high-
NRAS 513, 4405–4430 (2022) 
emperature shocks between the w ak e of the companion and the
tellar pulsation. These shocks lift material away from the star and
nhance the outflow/mass-loss. 

Since the gravitational potential of the companion is the main
actor at play, there is a trend of higher mass-loss rate with increasing
 comp and decreasing d comp . These trends are illustrated in Figs 13

nd 14 . The higher the M comp , the greater the pull on the gas in the
tmosphere and the stronger the shocks. The same effects manifest
hen the companion is closer to the star. While we show here the

ffect of one factor (presence of a companion) on the mass-loss rate,
here are multiple factors that affect mass-loss in AGB stars, such
s the pulsation mode, radiation pressure on dust, cooling, etc. (e.g.
 ̈ofner 2008 ; Wood 2015 ; McDonald & Zijlstra 2016 ; H ̈ofner &
lofsson 2018 ; Groenewegen & Sloan 2018 ). In addition, changes

n the atmosphere of the star caused by the nearby companion might
ead to changes within the star’s inner layers and eventually affect
he mass-loss processes (e.g. Privitera et al. 2016a , b ; Staff et al.
016 ; Rao et al. 2018 ; Stephan et al. 2020 ; Rapoport, Bear & Soker
021 ). Therefore, it is worth noting the limitations of our models in
ev ealing an y such ef fect on the stellar interior gi ven that we only
imulate the atmosphere and circumstellar environment of the star. 

.2 Effect of the companion mass and distance on the spiral 
rms 

n models 9, 12, 13, 14, and 15 we study the effect of M comp on the
tructure of the spiral arms and their contrast with the surrounding
edium. For these models we adopt different companion masses (5,

0, 30, 40, and 50 M J ) for the same orbital period and orbital sepa-
ation. In this case the orbital period and separation are intentionally
xed just to test the effect of different companion masses. 
The models show that the velocity contrast of the spiral arms with

he surrounding medium is higher for higher M comp (see Fig. 15 ). The
reater gravitational pull e x erted by the heavier companion on the gas
n the circumstellar environment and in the upper atmosphere of the
tar leads to stronger shocks of higher velocity and temperature. This
s highlighted in Fig. 16 where we plot the radial velocity profiles
rom some of these models. The profiles show that the radial velocity
ontrast and the amplitude of the shocks is higher for higher M comp .
or model 11, the presence of a higher mass companion leads to an

art/stac749_f11.eps
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Figure 12. 2D radial velocity cross-section through the orbital plane for models 9 (top) and 39 (bottom), but this time including acceleration from silicate-based 
(left-hand panel) and amorphous carbon (right-hand panel) dust. 

Figure 13. The evolution of the total mass-loss (left-hand panel) and the mass-loss rate (right-hand panel) per year per unit solar mass, for different M comp at 
the same distance from the star. The models presented are model 0 (black solid line), model 13 (blue dashed line), model 14 (red solid line), model 9 (green 
dashed line), and model 15 (yellow solid line). The only parameter changed in these models is the companion mass. Both the total mass-loss and mass-loss rate 
increase with increasing M comp . 
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ncrease in the radial velocity of the gas by a factor of ≈ 2, compared
o models 0 and 12 (Fig. 16 ). 

In all the models presented in Fig. 15 , two spiral arms form,
ith the exception of model 12 ( M comp = 5 M J ). In this model, the
ravitational pull e x erted by the companion on the surrounding gas is
elatively weak, leading to weak shocks and unresolved spiral arms. 
n increase in the resolution of the simulation might help resolve 

he spiral arms in such a case (see Section 3.6 ). Nevertheless, the 1D
odels of Wang & Willson ( 2012 ) show multiple spiral structures

or a close-in companion with a mass = 5 M J . Similarly, a more
istant companion with a mass = 5 M J also gives rise to a single
piral structure in the grid-based models of Kim & Taam ( 2012b ).
his again emphasizes that the absence of spiral structures in our 
odels for a companion mass � 5 M J is likely a numerical effect. 
M  
Our models also show that if the companion is closer to the star, the
hocks between the companion’s w ak e and the stellar pulsations are
tronger – showing higher velocity and higher temperature. Fig. 17 
epresents the velocity profiles of model 2 and 21. For model 2 where
he companion is closer to the star, the velocity contrast due to the
hocks is higher compared to model 21. 

.3 Effect of the orbital period and resonance mode on the 
piral arms 

he P orb and its resonance with P puls plays the major role in determin-
ng the properties and morphology of the spiral arms (e.g. number,
eriod, winding, etc). The higher the offset between P orb / P puls and
 / N , the shorter the period of the arms and vice versa. In Fig. 18 ,
MNRAS 513, 4405–4430 (2022) 
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Figure 14. The evolution of the total mass-loss (left-hand panel) and the mass-loss rate (right-hand panel), per year per unit solar mass, for different d comp with 
the same companion mass ( M comp = 30 M J ). The models presented are model 1 (blue dashed line), model 4 (red solid line), model 9 (green dashed line), and 
model 20 (black solid line). The only parameter changed in these models is d comp . Both the total mass-loss and mass-loss rate decrease with increasing d comp . 

Figure 15. 2D radial velocity cross-section through the orbital plane from model 0 ( M comp = 0), 12 ( M comp = 5 M J ), 13 ( M comp = 10 M J ), 14 ( M comp = 20 M J ), 
9 ( M comp = 30 M J ), and 40 ( M comp = 50 M J ), going from left to right, top to bottom, after ∼ 76 pulsation cycles. There is a trend of increasing velocity contrast 
between the spiral structures and their surrounding medium with increasing M comp . 
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e highlight the effect of P orb on the period of the spiral arms and
heir winding. At the same time-step of the simulation, the spirals
xperience different windings depending on the P orb and therefore
 sa . Model 11 (with P sa = 7293 d) shows more than one complete
inding after ≈76 pulsation cycles, with a winding angle ω > 2 π rad.
o we ver, for model 5 ( P sa = 103885 d) the winding angle ω < π/4 rad

fter ≈ 76 pulsation cycles. 
As seen pole-on from the z > 0 direction, the spiral arms appear to

otate following a specific direction in the orbital plane. The direction
f the apparent rotation depends on the ratio of P puls to P orb . If
 puls / P orb is less than M / N , the apparent rotation of the spiral arms is in

he counterclockwise direction, and if P puls / P orb is greater than M / N ,
hen it is in the clockwise direction. Fig. B5 illustrates both cases,
sing models 2 and 6 as examples, showing the spiral arm locations
NRAS 513, 4405–4430 (2022) 
t different time-steps. In model 2 where P puls / P orb = 0.508, the spiral
rms appear to rotate in the counterclockwise direction, ho we ver in
odel 6 where P puls / P orb = 0.492, the spiral arms appear to rotate in

he clockwise direction. Nevertheless, the shocks that form the spiral
rms are moving in the radial direction in both cases. 

.4 Can the spiral arms be obser v ed? 

he early (more than two decades ago) theoretical studies of
ingle spirals forming in the outflows of evolved stars laid a solid
oundation for further simulations and for our understanding and
nterpretation of the observations of such structures with current
 acilities. There are tw o main considerations in determining whether
he multiple spirals simulated here will be observable: first, we need
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Figure 16. Radial velocity profiles along the x-axis from models 12 (blue 
circles), 13 (red diamonds), and 15 (cyan stars), after ≈ 76 pulsation cycles. 
The profiles show higher velocities for higher mass companion. 

Figure 17. Radial velocity profiles along the x-axis from model 2 (red) and 
model 21 (blue) after ≈ 76 pulsation cycles. The shock velocities are slightly 
higher for model 2 where the companion is closer to the star’s atmosphere. 
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o consider the companion survi v ability and the different factors
hat can affect the formation of evident spirals; second we need to
onsider the capabilities of current facilities/instruments to resolve 
uch structures. 

Several studies have been carried out to investigate the survi v al of
lanets around giant stars and their orbital ev olution (e.g. Villa ver &
ivio 2007 , 2009 ; Nordhaus et al. 2010 ; Kunitomo et al. 2011 ;
illaver et al. 2014 ). Nordhaus & Spiegel ( 2013 ) showed that most
ompanions with orbits < 6 AU will be engulfed by stars with masses
etween 1 and 3 M �. Ho we ver, v arious parameters and mechanisms
f fect the survi v al of the planet (e.g. tidal drag, mass-loss, the system
arameters), hence this topic is still an e xtensiv e field of research.
tudying the survi v al of the companion and its orbital evolution
re of course not the focus of this work. Our simulations assume
hat the companion is not engulfed by the star and therefore we
 xclude an y decay in the orbit of the companion and we assume that
he companion survives and is in a stable orbit o v er the simulation
ime-scale – all reasonable assumptions (Duncan & Lissauer 1998 ; 
illaver & Livio 2007 ; Batygin & Laughlin 2008 ; Kervella et al.
017 ; Vanderburg et al. 2020 ). Ho we ver, if there is a change in the
rbital period/separation (e.g. due to orbital decay), there would be 
mplications for the possibility of observing the spiral structures: 
f the time-scale of the formation of the spirals is shorter than the
ime-scale of a stable orbit, it is likely that the spirals would not be
bservable. Whilst, if the time-scale of a stable orbit is longer than
he time-scale of the formation of spirals, such spirals could form
nd might last for a few thousands of years. 

The presence of more than one substellar companion around the 
GB star should lead to the interaction of both companions with

he circumstellar environment and the stellar winds. This will likely 
ause even more complex structures, with the possibility of multiple, 
interfering’ spiral arms, increasing the challenge to observe and 
istinguish the structures. The interaction of the stellar pulsations 
ith multiple companions is not considered here, but will be the

ubject of our follow-up study. 
Furthermore, our models are idealized – we assume a spherical, 

adially pulsating AGB star. While this assumption is reasonable, in 
eality the morphology of the atmosphere and the shock structures 
re much less spherically symmetric (Freytag et al. 2017 ). In a
ealistic outflow, we expect that the spiral arms might deviate from
ymmetric structures in the orbital plane and show more complexity, 
.g. if the pulsations are more chaotic in a particular direction, it
s possible that shocks cluster in a spiral arm only on one side of
he orbital plane. This adds to the challenges of observing the spiral
tructures and determining the influence of a close-in companion on 
he circumstellar environment of the AGB star. 

While the presence of acceleration due to dust can lead to less
ymmetric and noisier spiral structures, both Wang & Willson 
 2012 )’s and our models show that despite the added acceleration
ue to radiation pressure on dust, observable spiral structures can 
orm around the star. Ho we ver, a more realistic formalism for dust
cceleration is needed to better assess the formation of spiral arms
n this case and the potential of observing them. 

In several of our models, the spiral arms complete their first
inding on a time-scale of 20 to 150 yr (e.g. models 1, 2, 6, 7,
, 9, 10, 11; see Fig. 18 ). Therefore, we expect that in these cases
he spiral arms will achieve several winding on a time-scale of the
rder of hundreds of years, which is short compared to an AGB star
ifetime. This could make it difficult to distinguish and observe the
piral arms. Ho we ver, in the case of P puls / P orb being very close to
 / N (e.g. models 3, 4, and 5), the winding time-scale of the spiral

rms jumps to a few thousand years, making it easier to observe
nd distinguish such multiple spiral arms. For Mira variables with 
ulsation periods of the order of a few thousand days, the formation
nd winding time-scales of the spiral arms become much longer 
 ∼ thousands of years), increasing the chance of spotting multiple 
piral arms in their circumstellar environments. 

The inclination of the system also plays an important role in
etermining the observability of the structures, near-face-on spirals 
ight be easier to detect compared to the arcs and bars that result

ooking edge-on at the orbital plane. 
The multiple spiral structures in our models extend out to 70 AU,

cales that are not far off for current and imminent high-resolution,
igh-sensitivity facilities. Facilities like ALMA which have revealed 
 diversity of structures around Galactic AGB stars (Lagadec & 

hesneau 2015 ; Kervella et al. 2017 ; Brunner et al. 2019 ; Lagadec
019 ; Homan et al. 2020 ), instruments with extreme adaptive optics
uch as SPHERE, intended to resolve the circumstellar environment 
f young stars and proto-planetary systems (Avenhaus et al. 2018 ;
issa et al. 2018 ), and future instruments, such as the mid- and near-

nfrared cameras and imager on the James Webb Space telescope 
Gardner et al. 2006 ) could offer us a chance to observe the multiple
piral structures. Given the difficulty to resolve the structures in 
ensity-space in our simulations, and that the outflows are cold and
usty, observations in velocity-space and at mm/submm and infrared 
avelengths, stand the best chance of detecting the circumstellar 

eatures. 
MNRAS 513, 4405–4430 (2022) 
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Figure 18. 2D radial velocity cross-section through the orbital plane from models 1 ( P orb = 761), 2 ( P orb = 775), 5 ( P orb = 791), 6 ( P orb = 801), 7 ( P orb = 808), 
8 ( P orb = 812), 9 ( P orb = 815), 10 ( P orb = 823), and 11 ( P orb = 833), going from left to right, top to bottom, after ≈ 76 pulsation cycles. The models show the 
changing shape of the spiral structures with changing P orb . 
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.5 Implications for our future Solar system 

ur Sun will evolve into an AGB star in around 5 billion years
rom now, pulsating with a period of the order of a year and with
n outer stellar radius that could extend beyond Earth’s orbit and
s far as that of Mars (Iben & Renzini 1983 ). This process will
ikely be destructive for the inner planets and might affect the orbits
f the gas-giants, particularly their semimajor axis and eccentricity
Debes & Sigurdsson 2002 ; Veras & Wyatt 2012 ). The orbit of the
as giants in our Solar system will possibly be stable for several
illion years during the post-main sequence phase (e.g. Duncan &
issauer 1998 ; Batygin & Laughlin 2008 and references therein).

f the pulsation period of the Sun and the orbital period of, e.g.
upiter achieve a certain resonance, the interaction between Jupiter
nd the solar pulsations might lead to the formation of multiple spiral
tructures, similar to the ones we obtained in our models. If Jupiter
nds up in a much more extended orbit compared to the solar radius
Debes & Sigurdsson 2002 ), a single spiral arm could form due to the
nteraction of the w ak e of Jupiter with the circumsolar environment,
imilar to models 33 to 40. 

In our simulations we did not resolve spiral structures for models
ith a companion mass � 5 M J . But a significant increase in the

esolution of the simulations (e.g. an order of magnitude more
articles) should allow us to resolve spiral structures for a companion
ass of 1 – 5 M J . Ho we ver, we did not attempt this given the

ubstantial increase in the computational time that might result from
uch increase in the resolution of the simulation. Nevertheless, the
D models of Wang & Willson ( 2012 ) did result in the formation of
ultiple spiral arms for a companion mass of 5 M J . 
NRAS 513, 4405–4430 (2022) 

a  
 C O N C L U S I O N S  A N D  SUMMARY  

e have carried out 3D hydrodynamic models of mass-losing,
ulsating AGB stars to simulate the effect of a close-in substellar
ompanion on the morphology of the circumstellar environment of
he star. Below is a summary of our results: 

(i) If there is a resonance between the orbital period of the
ompanion and the stellar pulsation, and if the companion is at
 distance d comp < 3 R ∗, the interaction between the w ak e of the
ompanion and the stellar pulsations leads to the formation of strong
hocks, which cluster in multiple spiral arms centred on the system.
he number of the spiral arms is based on the resonance between the
rbital and pulsation periods. 
(ii) Similar to the models of Wang & Willson ( 2012 ), we found

hat the period of the spiral structure can be expressed as: P sa =
P orb P puls 

| MP orb −NP puls | , where M and N represent the resonance mode M : N . 

(iii) Our models demonstrate that the presence of a close-in
ompanion enhances the mass-loss from the giant star. 

(iv) Our 3D models show that complex structures such as bars-
nd arc-like structures form in the polar planes. 

(v) If the companion is at a distance d comp > 4 R ∗, the interaction
etween the companion and the stellar outflow leads to the formation
f a single spiral arm. 
(vi) We tested the effect of dust formation on the morphology of

he outflow and we found that multiple or single spiral arms are still
esolved when adding acceleration due to dust, but they are noisier. 

(vii) Future high-resolution, high-sensitivity instruments might
llow us to image these multiple spiral structures around AGB stars.
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(viii) We also speculate that the interaction between Jupiter and 
he solar pulsations when our Sun turns into an AGB star might lead
o the formation of spiral structures similar to those obtained in our
imulations. 

In this work, we make our first steps in investigating the effect of a
ubstellar companion on the circumstellar environment of a pulsating 
GB star in 3D. We plan to introduce more physically moti v ated
echanisms into our models, such as radiative cooling, radiative 

ransfer, and different approaches to mimic a dust-driven wind. We 
lso plan to study the effect of multiple substellar companions and 
lanetary systems on the circumstellar environment of AGB stars. 
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PPENDI X  A :  C O M PA N I O N  PROPERTIES  

or a circular orbit with M comp << M ∗, the constant relative velocity
s given by: 

 comp = ( GM ∗/d comp ) 
1 
2 , (A1) 

here G is the gravitational constant, M ∗ is the mass of the star, and
 comp is the orbital radius of the companion. The angular momentum
f an object is in general given by 
 L = 
 r × 
 p , where 
 r is the vector
rom the centre of rotation and 
 p is the linear momentum. For a
ircular orbit, the position vector is al w ays tangential to the orbit,
hus, the angular momentum can be written as L = rp = rmv . The
ngular momentum of the companion can then be derived using:
 = m ( GM ∗d comp ) 

1 
2 . We can write then: 

 comp = 

L 

2 

M 

2 
comp GM ∗

(A2) 

rom Kepler’s third law we can write: 

 

3 = 

P orb G 

2 M 

3 
comp M 

2 
∗

2 π
(A3) 

sing equations ( A2 ) and ( A3 ) we can then derive d comp for every
 orb and vice versa. The model parameters along with the companion
roperties are stored in Table A1 . 
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Table A1. Models parameters. 

Model M comp d comp P orb P puls / P orb M : N N sa P sa U amp 

(M J ) ( R ∗) (d) (d) (km s −1 ) 

1 30 1.299 761 0.517 1:2 2 11 105 4.0 
2 30 1.315 775 0.508 1:2 2 23 488 4.0 
3 30 1.326 785 0.501 1:2 2 103 097 4.0 
4 30 1.330 788 0.500 1:2 2 – 4.0 
5 30 1.333 791 0.498 1:2 2 103 885 4.0 
6 30 1.344 801 0.492 1:2 2 24 276 4.0 
7 30 1.352 808 0.487 1:2 2 15 918 4.0 
8 30 1.356 812 0.485 1:2 2 13 330 4.0 
9 30 1.360 815 0.483 1:2 2 11 893 4.0 
10 30 1.369 823 0.478 1:2 2 9265 4.0 
11 30 1.380 833 0.472 1:2 2 7293 4.0 

12 5 1.360 815 0.483 1:2 2 11 893 4.0 
13 10 1.360 815 0.483 1:2 2 11 893 4.0 
14 20 1.360 815 0.483 1:2 2 11 893 4.0 
15 40 1.360 815 0.483 1:2 2 11 893 4.0 

16 20 1.091 586 0.672 2:3 3 23 088 4.0 
17 20 1.104 596 0.661 2:3 3 23 482 4.0 
18 30 1.721 1160 0.339 1:3 3 20 775 4.0 
19 30 1.731 1170 0.336 1:3 3 38 415 4.0 
20 30 1.754 1194 0.329 1:3 3 39 203 4.0 
21 30 1.766 1204 0.326 1:3 3 21 563 4.0 
22 40 1.766 1204 0.326 1:3 3 21 563 4.0 

23 20 1.010 522 0.754 3:4 4 20 567 4.0 
24 20 1.019 529 0.744 3:4 4 18 948 4.0 
25 30 1.019 529 0.744 3:4 4 18 948 4.0 
26 50 2.093 1556 0.253 1:4 4 30 653 4.0 
27 40 2.100 1564 0.251 1:4 4 51 351 4.0 
28 40 2.122 1588 0.248 1:4 4 52 139 4.0 
29 50 2.129 1596 0.246 1:4 4 31 441 4.0 
30 50 2.138 1606 0.245 1:4 4 21 092 4.0 

31 30 1.360 815 0.483 1:2 2 11 893 5.0 
32 30 1.360 815 0.483 1:2 2 11 893 6.0 

33 40 4.0 4033 0.069 – 1 4033 4.0 
34 50 4.0 4015 0.069 – 1 4015 4.0 
35 40 5.0 5637 0.069 – 1 5637 4.0 
36 50 5.0 5611 0.069 – 1 5611 4.0 
37 40 10.0 15 943 0.069 – 1 15 943 4.0 
38 50 10.0 15 870 0.069 – 1 15 870 4.0 
39 80 10.0 15 658 0.069 – 1 15 658 4.0 
40 100 10.0 15 521 0.069 – 1 15 521 4.0 
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PPENDIX  B:  COMPLEMENTA RY  PLOTS  

n this appendix we present complementary plots. 
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igure B1. 2D density cross-section slices through the orbital plane after � 76 pu
eft), and model 40 (bottom right). In models where multiple spiral arms form (t
o we ver, in models where a single spiral arm forms (bottom panels), the spiral stru

Figure B2. 2D entropy cross-section plots from models 9 (left-hand panel) and
lsation cycle for model 9 (top left), model 26 (top right), model 33 (bottom 

op panels), the spiral structures are not well resolved in the density plots. 
ctures are well resolved in the density plots. 

 40 (right-hand panel), after ≈ 76 and ≈ 89 pulsation cycles, respectively. 
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Figure B3. 2D radial velocity cross-section slices through the orbital plane from model 9 at different time-steps, in ascending order from left to right, top to 
bottom, showing the winding of the spiral arms as a function of time. t is the time in days elapsed since the start of the simulation. 

Figure B4. 2D M gas cross-section slices through the orbital plane after ≈ 76 pulsation cycles for models 4, 5, 6, 7, 8, and 9, going from left to right, top to 
bottom. The spiral arms are propagating in the radial direction close to a supersonic speed ( M sa � 1) in most of the models. 
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Figure B5. 2D radial velocity cross-section through the orbital plane from models 2 (top) and 6 (bottom) after 46, 59, and 80 pulsation cycles, from left to 
right. The red arrows indicate the apparent direction of rotation of the spiral arms. In model 2 the spiral arms are rotating in the counter-clockwise direction, 
ho we ver in model 6 the spiral arms are rotating in the clockwise direction. 

Figure B6. 2D velocity cross-section slices through the y–z plane after ∼ 76 pulsation cycle for models 4 (top left), 9 (top right), 21 (bottom left), and 26 
(bottom right). 
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Figure B7. 2D velocity cross-section slices through the x–z plane after ∼ 76 pulsation cycle for models 4 (top left), 9 (top right), 21 (bottom left), and 26 
(bottom right). 
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Figure B8. Top: Schematic illustration of the w ak e of the companion in 3D, showing a cone-like structure and a 2D cross-section slice through the wake 
forming a circle-shape in the x–z plane. Bottom: Cartoon model (sizes not to scale) illustrating the formation of arcs and bars in the x–z plane due to the shocks 
between the stellar pulsations and the w ak e of the companion. The pulsation amplitude is highest when meeting the upper and lower edges of the w ak e creating 
stronger shocks that cluster into bars. 

Figure B9. Top: 2D temperature cross-section through the x–z plane at y = 1.5 AU and at dif ferent time-steps, sho wing the w ak e of the companion (blue 
arrows), forming a cone-like structure in 3D (V-shape in 2D). The yellow dots represent the location of the companion. The cross-section does not show the 
stellar atmosphere which is at y ≈ 0. Bottom: 2D temperature cross-section through the x–z plane at y = 0 and at different time-steps, showing the shocks 
between the w ak e of the companion (a circle in this case; see Fig. B8 ) and the stellar pulsations. The shocks are highlighted in yellow and red arrows, and they 
eventually cluster into X-shaped arcs and bars. The companion is moving towards the inside ( y < 0) of the x–z plane. 
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Figure B10. Same as Fig. 10 but zoomed-in on the inner region of the spiral arms. 

Figure B11. Top: 2D radial velocity cross-section in the y–z plane from models 33 (left-hand panel) and 36 (right-hand panel), after ≈ 76 pulsation cycles. 
Bottom: same for models 39 (left-hand panel) and 40 (right-hand panel), after ≈ 89 pulsation cycles. 
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Figure B12. Top: 2D radial velocity cross-section in the x–z plane from models 33 (left-hand panel) and 36 (right-hand panel), after ≈ 76 pulsation cycles. 
Bottom: same for models 39 (left-hand panel) and 40 (right-hand panel), after ≈ 89 pulsation cycles. 

Figure B13. 2D density cross-section through the orbital plane from model 9 after 76 pulsation cycles, but using different resolutions. The models from left to 
right, top to bottom have the following number of particles: 2.1 × 10 5 , 1.1 × 10 6 , 4.2 × 10 6 , and 8.5 × 10 6 , respectively. 

This paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/3/4405/6555474 by M
ichigan State U

niversity-C
ollege of Law

 user on 02 July 2023

art/stac749_fB12.eps
art/stac749_fB13.eps

	1 INTRODUCTION
	2 NUMERICAL METHOD AND SETUP
	3 RESULTS
	4 DISCUSSION
	5 CONCLUSIONS AND SUMMARY
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	SUPPORTING INFORMATION
	APPENDIX A: COMPANION PROPERTIES
	APPENDIX B: COMPLEMENTARY PLOTS

