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A B S T R A C T 

Massive stars in the red supergiant (RSG) phase are known to undergo strong mass-loss through winds and observations indicate 
that a substantial part of this mass-loss could be driven by localized and episodic outflows. Various mechanisms have been 

considered to explain this type of mass-loss in RSGs, but these models often focus on single-star e volution. Ho we ver, massi ve 
stars commonly evolve in binary systems, potentially interacting with their companions. Moti v ated by observations of the highly 

asymmetric circumstellar ejecta around the RSG VY CMa, we investigate a scenario where a companion on an eccentric orbit 
grazes the surface of an RSG at periastron. The companion ejects part of the outer RSG envelope, which radiatively cools, 
reaching the proper conditions for dust condensation and e ventually gi ving rise to dust-driven winds. Using simple treatments 
for radiative cooling and dust-driven winds, we perform three-dimensional smoothed particle hydrodynamic simulations of this 
scenario with a 20 M � RSG and a 2 M � companion. We follow the evolution of the binary throughout a total of 14 orbits and 

observe that the orbit tightens after each interaction, in turn enhancing the mass-loss of subsequent interactions. We show that 
one such grazing interaction yields outflows of 3 × 10 

−4 M �, which later results in wide asymmetric dusty ejecta, carrying a total 
mass of 0 . 185 M � by the end of simulations. We discuss the implications for the evolution of the binary, potential observational 
signatures, as well as future impro v ements of the model required to provide sensible predictions for the evolution of massive 
binaries. 

Key words: hydrodynamics – (stars:) binaries (including multiple): close – stars: massive – stars: mass-loss – stars: winds, 
outflows. 
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 I N T RO D U C T I O N  

he red supergiant (RSG) phase is an important part of the evolution
f massive stars with initial masses between 8 and 25 M � (e.g.
kstr ̈om et al. 2012 ), during which they undergo substantial mass-

oss through winds. Observations show that a significant part of 
his mass-loss can be driven by episodic outflows localized on the 
tellar surface (Humphreys et al. 2021 ), as is shown by the ejecta
urrounding VY CMa. VY CMa is a RSG located at 1.2 kpc (Zhang
t al. 2012 ) and is one of the largest and most massive RSGs observed
o this date, with a current radius of 1420 ± 120 R �, a luminosity
f (2.7 ± 0.4) × 10 5 L �, and an initial mass at the upper range for
SGs (25 − 32 M �, Wittko wski et al. 2012 ). Various observ ations
f VY CMa show that it is embedded in asymmetric circumstellar 
jecta with distinct and complex structures such as arcs, knots, and 
lumps (Smith et al. 2001 ; Humphreys, Helton & Jones 2007 ; Jones
t al. 2007 ; Kami ́nski et al. 2013 ; Richards et al. 2014 ; O’Gorman
t al. 2015 ; Decin et al. 2016 ; Vlemmings et al. 2017 ; Gordon et al.
019 ; Kaminski 2019 ; Humphreys et al. 2021 ; Quintana-Lacaci et al.
023 ; Humphreys et al. 2024 ). The clumps, in particular, are thought
o be caused by highly localized mass-loss events that have been 
ccurring for the past 1200 yr (Shenoy et al. 2016 ), but their origin
o far remains unexplained. 
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Various mechanisms have been considered to explain episodic 
ass-loss in single RSGs, generally involving dust-driven winds 

aunched by a disturbance of the stellar surface by magnetic activity,
onvection, or pulsations (e.g. Smith et al. 2001 ; Humphreys et al.
007 ; O’Gorman et al. 2015 ; Vlemmings et al. 2017 ). Ho we ver,
uantitative prescriptions of these processes are scarce and often 
mbiguous, and stellar evolution models of cool supergiants continue 
o use time-averaged empirical mass-loss formulations that do not 
ake into account the episodic nature of RSG mass-loss (e.g. de
ager, Nieuwenhuijzen & van der Hucht 1988 ; Nieuwenhuijzen & 

e Jager 1990 ; van Loon et al. 2005 ). Since these localized outflows
an represent a large fraction of the mass lost by the RSG, as is the
ase for VY CMa, our poor understanding of these mechanisms 
ntroduces large uncertainties in current massive star evolution 

odels (e.g. Smith 2014 ) and serious discrepancies between theory 
nd observations (e.g. Massey et al. 2023 ). Furthermore, a lot
f important astrophysical processes, such as gravitational wave 
mission from compact binaries, chemical evolution of galaxies, 
nd core-collapse supernovae (SNe), strongly depend on massive 
tar evolution. It is therefore crucial to impro v e our understanding of
pisodic mass-loss in RSGs and better constrain their fate. 

An important aspect of RSG evolution is multiplicity. A significant 
raction of massive stars are found in binary systems (e.g. Mason et al.
009 ; Sana et al. 2012 ; Moe & Di Stefano 2017 ), with a large variety
f possible configurations, including some with short separation of 
he two stars which allow them to interact. A small but significant
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. Schematics of the scenario explored with our simulations. A 

companion on an eccentric orbit grazes the envelope of the RSG and the 
resulting outflow radiatively cools, eventually reaching temperatures that 
permit dust formation. Radiation pressure then accelerates the dust grains, 
which drag the gas along, resulting in asymmetric dust-driven winds. 
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art of these systems are expected to remain bound and interact
hroughout their whole evolution, leading to the formation of objects
uch as X-ray binaries or gravitational wav e ev ents. F or instance,
ommon formation channels for double neutron star binaries show
ultiple evolution stages where one of the stars is an RSG interacting
ith its companion (e.g. Tauris et al. 2017 ). Therefore, scenarios
here binary interaction and stellar winds interplay are likely to
ccur. While the impact of binarity on stellar winds has been
nvestigated in the case of stars on the Asymptotic Giant Branch
AGB; e.g. Berm ́udez-Bustamante et al. 2020 ; Chen, Iv anov a &
arroll-Nellenback 2020 ; Aydi & Mohamed 2022 ; Esseldeurs et al.
023 ), it remains widely unexplored for RSG stars. 
In this paper, we investigate a scenario where binary interaction

an drive anisotropic mass-loss episodes in RSGs that can later turn
nto dust-driven winds. More specifically, we consider an RSG with
 companion grazing the RSG envelope on a highly eccentric orbit.
e illustrate this scenario in Fig. 1 : the companion grazes the outer

nvelope at each periastron passage and the shocked gas is ejected
rom the envelope. As the ejected gas spreads outwards, it cools
nd eventually reaches temperatures that are low enough to allow
ust to condense. Radiative pressure then accelerates the newly
ormed dust grains, dragging the gas along and ef fecti vely dri ving
n asymmetric wind. Eventually, the companion enters deep into the
nvelope of the RSG and commences a common envelope evolution
e.g. Paczynski 1976 ; Fragos et al. 2019 ; Lau et al. 2022 ; Gagnier &
ejcha 2023 ; R ̈opke & De Marco 2023 ; Gagnier & Pejcha 2024 ).
his scenario resembles the grazing envelope evolution proposed by
oker ( 2015 ) except we do not involve accretion disc and jets around

he companion and the resulting outflow morphology is different
Shiber, Kashi & Soker 2017 ). Our model makes use of radiation
ressures on dust grains, which was suggested as important in the
ate stages of common envelope evolution by Glanz & Perets ( 2018 ).
lanz & Perets ( 2021 ) also studied common envelope evolution in

ccentric binaries but did not address anisotropic outflows during
eriastron passages. 
NRAS 531, 3391–3405 (2024) 
We explore the proposed scenario through three-dimensional (3D)
ydrodynamic simulations, where we include a simplified treatment
f dust formation and radiation pressure driving the RSG outflows.
e note that the aim of this proof-of-concept study is not to reproduce

he detailed properties and complicated morphology of the ejecta
urrounding VY CMa or other RSGs, where in reality they likely arise
rom an interplay of many different processes. Instead, our goal is to
llustrate that binary interactions can potentially explain some of the
bserved features. A more sophisticated treatment of dust formation
nd radiative processes can be added in follow-up studies to reach a
etter agreement with the observations. In Section 2 , we describe the
ethods used to model our scenario, including how we simplified the

ifferent treatments of the physical processes involved. In Section 3 ,
e present our results, including the evolution of the orbit, amounts
f mass ejected, and the ejecta expansion. In Section 4 , we discuss
he possible formation channels for our system, the implications of
ur model for binary evolution, the possible observational signatures
f such winds, and future impro v ements for our models. 

 M E T H O D S  

e use the smoothed particle hydrodynamic (SPH) code PHANTOM

Price et al. 2018 ) that solves the Lagrangian form of the equations of
ydrodynamics by discretizing the fluid as particles with mass
 and local fluid velocity v (e.g. Gingold & Monaghan 1977 ;
ucy 1977 ; Price 2012 ). Physical quantities are then computed by
umming particle contributions weighted by a smoothing kernel W ,
or instance, the density around particle a is given by 

a = 

∑ 

b 

m b W ( | � r a − � r b | , h a ) , (1) 

here h a is the smoothing length, which defines the neighbourhood of
he particle a , and is proportional to the local particle number density
 a = h fact n 

−1 / 3 
a , h fact is a proportionality factor. The resolution of the

imulations is therefore set by the total number of particles used, the
hoice of smoothing kernel and h fact . 

For this work, we set up PHANTOM is set up to solve the equations of
ydrodynamics in the following form: 

d � v 

d t 
= −∇P 

ρ
+ πshock + � a selfgrav + � a ext , (2) 

d u 

d t 
= − P 

ρ
( ∇ · � v ) + � shock − ϒ cool 

ρ
, (3) 

here P is the pressure, u is the internal energy, � a selfgrav is the
cceleration due to self-gravity, � a ext represents the acceleration due
o external forces such as sink particles or a radiative flux, � shock and
 shock are viscous dissipation terms, and ϒ cool is an optional cooling

erm. For W , we use the M 4 cubic spline kernel with h fact = 1.2,
orresponding to an average of 58 neighbours. 

Our scenario involves more than hydrodynamics and self-gravity.
s shown in Fig. 1 , our simulations require a treatment of radiative

ooling as the shocked gas is ejected from the RSG and a treatment
f dust condensation and radiative pressure to accelerate the outflow.
ince this work is meant to be a proof of principle, these treatments
ill remain simple, but we do plan on improving them in follow-up

tudies. For this study, we run a set of four simulations which are
ummarized in Table 1 . In the rest of this section, we describe how
e initialize the RSG and the binary system (Section 2.1 ), as well as
ow we treat dust-driven winds (Section 2.3 ) and radiative cooling
Section 2.2 ). 
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Table 1. Summary of the simulations performed for this study, showing the 
number of particles, minimum softening length h a , and processes involved in 
the run. 

Number of particles min h a Physics involved 

2.5 × 10 5 22 R � Hydro, self-gravity, cooling, dust-driven 
winds 

1 × 10 6 14 R � Hydro, self-gravity, cooling, dust-driven 
winds 

1 × 10 6 14 R � Hydro, self-gravity, adiabatic, no wind 
2 × 10 6 11 R � Hydro, self-gravity, cooling, dust-driven 

winds 
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Figure 2. Density profile of the outer envelope of the RSG in our simulation 
at the end of the relaxation and 10 τ dyn later. Top: Density profiles, purple 
shows the initial profile and orange the profile after 10 τ dyn , the grey dashed 
line shows the softening radius of the RSG numerical core. Bottom: Relative 
change in density computed as ( ρf − ρi )/ ρi . The envelope remains stable 
apart from a 25 per cent increase in density at the surface. 
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.1 Initialization of the system 

e consider a binary of mass ratio q = M 2 / M 1 = 0.1 with
 M 1 = 20 M � RSG similar to VY CMa, and a companion of
 2 = 2 M �, which could represent either a low-mass non-degenerate 

tar or a fairly massive neutron star (NS; e.g. Özel & Freire 2016 ).
e initialize this system in two steps, first, the one-dimensional 

1D) stellar profile of the RSG is mapped to 3D and relaxed in
HANTOM . During this phase, there are no external accelerations and 
o cooling. Then, after ensuring the stability of the 3D model, we add
he companion and let the binary evolve for several orbital periods. 

For the interior of the RSG, we create a 1D stellar profile with
roperties similar to VY CMa, which has mass and radius estimated 
o be 17 ± 8 M � and 1420 ± 120 R �, respecti vely (Wittko wski et al.
012 ). Since the companion mostly interacts with the outer layers of
he RSG, it is unnecessary and computationally e xpensiv e to resolve
he core and inner envelope of the giant. We therefore replace part of
he stellar interior with a sink particle, a point mass that interacts with
ther particles only gravitationally through a potential smoothed with 
 cubic spline kernel. We excised about half of the envelope, which
ncreases the number of particles at the stellar surface for a reasonable
otal number of particles as well as maintains a reasonable time-step 
uring the simulations. For the rest of the envelope, we choose to use
n artificial RSG profile that is conv ectiv ely stable, since reproducing
ccurate conv ectiv e motion requires resolving the inner envelope and 
e wish to a v oid the decrease in time-step associated with these dense

nvelope layers. To create the model for the envelope, we follow the
ethod provided in appendix A of Lau et al. ( 2022 ) and solve the

quations of hydrostatic equilibrium with an ideal gas equation of 
tate assuming an adiabatic index of γ = 5/3, constant entropy, and 
ccounting for the softened potential of the core. To solve these 
quations, we used boundary conditions from a realistic RSG profile 
btained with MESA (Paxton et al. 2011 ; Paxton et al. 2013 , 2015 ,
018 , 2019 ; Jermyn et al. 2023 ) made to match the properties of VY
Ma (for a detailed description of the process see the Appendix). 
Following this process, we created a 1D conv ectiv ely stable profile

f a 20 M � and 1500 R � RSG that is shown in Fig. 2 . We initialized
t in PHANTOM with a sink particle core of 13.75 M � and a potential
moothed with a cubic spline kernel. We define the smoothing length 
f this potential to be R soft,1 = 375 R �, yielding an ef fecti ve radius
f 750 R � for the sink particle since the Newtonian potential is
eco v ered at 2 r soft with a cubic spline kernel. The 1D stellar profile
f the RSG is mapped to a 3D distribution and then relaxed using the
rocedure implemented in PHANTOM by Lau et al. ( 2022 ). The giant
s then evolved for 10 dynamical time-scales ( τdyn = 241 d) to ensure
he stability of the star. In Fig. 2 , we show the density profile before
nd after relaxation: while the RSG remains stable, the relaxation 
nd subsequent evolution yield a small change in stellar radius as the
SG has slightly expanded during the relaxation and then contracted. 
or the highest resolution simulation (2 × 10 6 particles), the RSG 

as expanded from 1500 R � to 1569 R �. 
Once the star is relaxed and stable, we add the neutron star

ompanion by placing it at the apoastron of the orbit. Since a neutron
tar is much smaller than the minimum smoothing length in our
imulations, we initialize it as a sink particle of mass M 2 = 2 M �
ith smoothing length and accretion radius equal to the minimum 

esolved length, which is R soft,2 = 11 R � for our highest resolution
imulations with 2 × 10 6 particles. The orbit of the system is set with
 semimajor axis A = 7500R � and eccentricity e = 0.8, so that the
econdary grazes the envelope of the RSG at each periastron passage.
e then evolve the system for several orbits until the companion has

lunged deeply into the RSG envelope and the smoothed potential 
f the two sink particles o v erlap. 

.2 Cooling 

s the companion goes through the envelope of the giant, the shocked
as that is ejected becomes optically thin and cools radiatively 
o the local equilibrium temperature T eq , where radiative cooling 
nd irradiation from the RSG compensate each other. Under the 
ssumptions of spherical symmetry and that the RSG radiative 
ntensity dominated the local intensity, T eq is given by (Lamers &
assinelli 1999 ): 

 eq = T eff , 1 W ( ̃ r ) 1 / (4 + p dust ) , W ( ̃ r ) = 

1 

2 

⎛ 

⎝ 1 −
√ 

1 −
(

R 1 

˜ r 

)2 
⎞ 

⎠ , (4) 

here T eff,1 and R 1 are the ef fecti ve temperature and radius of
he RSG, ˜ r is the distance from the centre of mass of the RSG,
nd W ( ̃ r ) is the so-called geometrical dilution factor. Since we are
rimarily interested in situations where T eq decreases below the dust 
ondensation temperature T cond , equation ( 4 ) includes dust correction
hrough the exponent p dust , which comes from approximating the 
MNRAS 531, 3391–3405 (2024) 
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avelength-dependent part of the dust opacity with a power law, 

d = κ0 

(
λ

λ0 

)−p dust 

. (5) 

he dust properties are described in Section 2.3 . 
Since cooling impacts the kinematics of the ejected gas, it is

mportant to take it into account in our simulations. The most natural
ay to handle this process would of course be to fully resolve

adiative cooling and irradiation by imposing a cooling time-scale
 v er which the gas relaxes to T eq . The cooling time-scale t cool o v er
hich a shocked gas radiates away its internal energy U = 3/2 k B T

an be estimated from a radiative cooling function (e.g. fig. 22 of
erland et al. 2017 ), 

 cool = 

Um p 

ρ� ( T ) 
. (6) 

ere, m p is the proton mass, ρ is the density of the gas, and � ( T ) is the
sual cooling function. As the companion goes through the envelope
f the giant, the shocked upper layers of the envelope reach temper-
tures up to 35 000 K, for which the cooling rate is approximately
.16 × 10 −4 erg cm 

3 s −1 . For a density of 10 −10 g cm 

−3 , equation ( 6 )
ields t cool ≈ 3.2 × 10 −4 s. Considering the hydrodynamical time-
tep t step of our simulations is of the order of hours, it is impossible
o resolve such fast cooling in our simulations without making their
ost unreasonably high. 

We therefore have to resort to a simpler method to cool the ejected
as. Instead of imposing a time-scale for the cooling process, the
jected particles are cooled so that they would exponentially reach
 eq on a time-scale equal to the hydrodynamical time-step. This
nsures that cooling does not become faster than the explicit time-
tep and should prevent the development of cooling instabilities.
o do so, the equilibrium temperature at a particle location T eq,a is
alculated using equation ( 4 ), and the corresponding specific internal
nergy is obtained using the ideal gas equation of state: 

 eq ,a = 

k b T eq ,a 

( γ − 1) μm p 
, (7) 

here the adiabatic index is γ = 5/3 and the mean molecular weight
s μ = 0.659. The local cooling rate per unit volume is then calculated
s 

 cool ,a = ρ
u a − u eq ,a 

t step 
, (8) 

here u a is the specific internal energy of the particle before cooling
s applied. This cooling rate is applied in equation ( 3 ) for any particle
hat is considered ‘ejected’, i.e. is outside of the RSG envelope, 

 cool = 

{
ϒ cool ,a if ˜ r a > R 1 , 

0 if ˜ r a ≤ R 1 . 
(9) 

o a v oid approaching too low temperatures, we apply an arbitrary
oor temperature of 500 K. Overall, our treatment of the radiative
ooling process is an o v ersimplification and will require more
ccurate treatment in follow-up studies. 

.3 Dust-dri v en winds 

n our scenario, the wind is driven by the radiation pressure on the
ust condensing in the ejecta lifted by the companion passage. As the
ust grains are accelerated outward by the radiative flux, they drag the
as along by transferring momentum through collisions. Accurately
eproducing the formation of such winds therefore requires resolving
ust formation (and destruction), the radiative acceleration of dust
NRAS 531, 3391–3405 (2024) 
rains, and dust-gas interactions. As this work aims to be a proof of
oncept, we will treat this problem with simple methods that should
ield qualitatively similar outcomes to more complete physical
reatments. We leave the improvement of the wind treatment for
ollow-up studies. 

The radiative acceleration of the dust grains due to the radiative
ux of the RSG is taken into account by setting � a ext in equation ( 2 )
o that it depends on a local Eddington factor � a , 

�  ext,rad = 

GM 1 

r 2 1 

� a ̂  r a , (10) 

here ˆ r a is the unit vector connecting particle a to the RSG.
he simplest treatment of stellar winds is the so-called free wind
pproximation (Theuns & Jorissen 1993 ), which consists of setting
 a = 1 so that all particles escape the gravitational pull of the star.
e apply this method to our simulations, adding the condition that

nly particles with properties fulfilling dust condensation criteria
re accelerated. To find out whether dust can condense in a specific
egion, we compare the condensation temperature of the dust T cond 

o the temperature of the particle T a and set the value of � a as 

 a = 

{
1 if T a < T cond , 

0 if T a > T cond . 
(11) 

e set the dust properties following Bladh & H ̈ofner ( 2012 ) who
arametrized dust-driven winds for different types of dust grains
o determine the main wind-drivers. Based on their results and the
ow C/O ratio of RSG stars, we consider silicate grains composed
f Mg 2 SiO 4 , for which the y deriv ed T cond = 1100 K and p dust =
0.9. The dust parameters we note that with this formalism, we do

ot account for the interaction between the dust and gas, which are
f fecti vely fully coupled. 

Overall, our method is similar to the procedure devised by Bowen
 1988 ), which has been widely used to treat dust condensation in
GB stellar winds (e.g. Berm ́udez-Bustamante et al. 2020 ; Chen
t al. 2020 ; Aydi & Mohamed 2022 ; Esseldeurs et al. 2023 ) and
ommon envelope evolution (e.g. Gonz ́alez-Bol ́ıvar et al. 2022 ;
erm ́udez-Bustamante et al. 2024 ), but it differs in some aspects.
heir simulations are al w ays adiabatic, so they compare the local
quilibrium temperature (calculated using equation [ 4 ]) to the con-
ensation temperature, whereas in our simulations the gas cools as
t is ejected, and we can directly use the gas temperature for the
omparison. Additionally, they use this comparison to calculate a
ocal Eddington factor � that depends on the temperature difference
nd assumptions on gas and dust opacities, while we simply apply
 = 1 wherever dust condensation conditions are met. 

 RESULTS  

e performed a total of four simulations: three runs with cooling,
ust driving and varying resolution (2.5 × 10 5 , 1 × 10 6 , and 2 × 10 6 

articles), and one control adiabatic run without cooling and dust-
riven winds with 1 × 10 6 particles. The parameters of the runs are
ummarized in Tables 1 and 2 . 

In Fig. 3 , we show snapshots of the density cross-section in our
ighest resolution simulation during the first grazing of the RSG
nvelope. As the companion grazes the outermost layers of the
nvelope, the shocked gas is ejected approximately perpendicularly
o the stellar surface. Ho we ver, it is then dragged by the companion
s it leaves the vicinity of the RSG. Eventually, the outflow expands
pproximately radially in the y < 0 region, while we observe no
jection of gas in the y > 0 region. The outflow expands and
ools, reaching the dust condensation temperature T cond = 1100 K
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Table 2. Initial conditions of the high-resolution simulations (2 × 10 6 

particles). T cond and p dust are the dust condensation parameters according 
to equations ( 4 ) and ( 5 ). 

RSG primary M 1 20.0 M �
R 1 1569 R �

R soft,1 375 R �
M core 13.75 M �
M env 6.25 M �
T eff 3500 K 

Companion M 2 2.0 M �
R soft, 2 11 R �

Binary Eccentricity 0.8 
Semimajor axis 7500 R �

Period 43.91 yr 
Dust T cond 1100 K 

p dust −0.9 
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or r � 4500 R �, where the gas density is about 10 −14 g cm 

−3 .
adiative pressure then starts to accelerate the dust grains, ef fecti vely

upporting the radial expansion of the gas. During the following orbit, 
he outflow continues expanding while the RSG, which first expanded 
s a response to the perturbation from the companion, is restoring
ts hydrostatic equilibrium. After one full orbit (around 40 yr), the 
utflow has extended to a rough semicircle of radius r ∼ 400 au in the
y plane with a thickness of z ∼ 200 au, reaching densities as low as
0 −18 g cm 

−3 and terminal velocities of around 40 km s −1 . Besides
roducing these asymmetric winds, we also expect the interaction 
igure 3. Snapshots of the density during the first periastron passage in our high
how cross-sections of density taken at z = 0, y = 0, and x = 0 planes, respectively.
an be found at https:// youtu.be/ jcW0KyMayBE . 
etween the companion and the RSG envelope to impact the orbit of
he system, which in turn impacts the conditions of each subsequent
razing. 
To assess the rele v ance of the cooling and the dust-driven winds in

upporting the asymmetric outflows, we performed a fully adiabatic 
imulation. In Fig. 4 , we show the outflow resulting from one grazing
nteraction after the companion has passed the apastron in both the
diabatic and non-adiabatic simulations. We see that the ejecta in the
diabatic simulation is much more extended: it reaches r � 500 au
ith a thickness of ∼300 au, while the radiatively cooled ejecta has
nly spread to r ∼ 200 au with a thickness of ∼200 au. Additionally,
he adiabatic outflow is denser, reaching up to 10 −14 g cm 

−3 in the
nner region, against 10 −15 −10 −16 g cm 

−3 for the cooled outflow.
inally, the asymmetry of the ejecta with respect to the centre of
ass of the system is much less pronounced in the adiabatic case:

he adiabatic outflow broadly surrounds the RSG, while the gas is
nly ejected in a roughly semicircular slab in the simulations with
ooling and winds. This comparison shows that the cooling and wind
rescriptions are essential to produce strongly asymmetric outflows. 

.1 Evolution of the orbit 

s the companion grazes the RSG envelope, we expect the drag
etween the gas and the companion to considerably affect the orbit
f the binary. In Fig. 5 , we show the evolution of the separation of
he binary. We see that during each subsequent periastron passage, 
he companion reaches deeper layers of the outer envelope and the
rbit tightens while remaining eccentric. The binary starts with a 
MNRAS 531, 3391–3405 (2024) 

est resolution run (2 × 10 6 particles). The upper, middle, and lower panels 
 Sink particles are denoted as red circles. A full movie of the first interaction 
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Figure 4. Comparison of the ejecta after one apastron passage of the 
companion for the adiabatic run (right panels) and a run with radiative cooling 
and dust-driven winds (left panels). The upper and lower panels show a cross- 
section of the density taken along the z = 0 and x = 0 planes, respectively. 
Both simulations were performed with 1 × 10 6 particles. 

Figure 5. Evolution of the binary separation. The high, medium, and low- 
resolution runs are shown in purple, orange, and yellow , respectively . The 
upper and lower dashed lines show the RSG surface (1500 R �) and the sum 

of the ef fecti ve radii of the two sink particles for the high-resolution run 
(772 R �). 
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Figure 6. Evolution of the amount of unbound mass. The high, medium, and 
low-resolution runs are shown in purple, orange, and yellow, respectively. 
Plain lines show the amount of unbound mass according to the energy criterion 
in equation ( 13 ), which includes the gas’ internal energy, dashed lines show 

the amount of unbound mass using the more conserv ati ve energy criterion in 
equation ( 12 ), which does not include internal energy. The inner plot shows 
the mass-loss during the first orbits. 
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40 yr period, which decreases on average by 3 −4 yr after each
rbit, reaching a period of about 7 yr on the 10th orbit. At this point,
he companion is more than 250 R � beneath the RSG surface at
eriastron, dri ving more massi ve and less localized outflows, and
ecreasing the orbital period even faster. 
After 13 orbits, the companion is fully engulfed by the RSG and

tarts spiralling in the envelope with a period of the order of one year,
f fecti vely starting a phase of common envelope evolution (CEE;
.g. Paczynski 1976 ; R ̈opke & De Marco 2023 ). Unfortunately, we
annot resolve the inspiral of the companion in our simulations: the
otential of the RSG sink core is smoothed up to 750 R �, so we barely
bserve one full orbit of the inspiral before the smoothed potentials
f the sink particles o v erlap, at the end of the 13th orbit. We expect
hat more mass will be ejected during CEE, and the outflow should
etain some polar asymmetry until the CEE circularizes the orbit. It
s ho we ver not possible to determine the outcome of the CEE with
ur simulations. 
NRAS 531, 3391–3405 (2024) 
Overall, the orbit of the binary tightens drastically throughout the
imulation due to the grazing interaction, leading to CEE after only
00 yr. We discuss implications and possible modifications to this
ime-scale in Section 4 . 

.2 Mass-loss 

e estimate the mass lost by the system after each periastron passage
sing the usual energy criteria: a particle is considered unbound if
ts kinetic energy is higher than its gravitational energy, 

 gr + E kin > 0 . (12) 

lternatively, a fraction of the internal energy of the gas, αE int , can be
onverted into kinetic energy, and the amount of unbound particles
s then determined as 

 gr + E kin + αE int > 0 . (13) 

ince α is unconstrained, setting it to unity allows us to derive
n upper limit on the mass-loss of the binary, while the more
onserv ati ve criteria set by equation ( 12 ) can serve as a lower
imit. Using both criteria, we e v aluate the e volution of the mass-
oss throughout the simulations, which we show in Fig. 6 . 

During the first three orbits, the mass-loss is very episodic, with
 sharp rise in the total unbound mass of ∼3 × 10 −4 M � right
fter each grazing interaction. Between interactions, the amount of
nbound mass stays essentially constant. Most of the ejected particles
av e been cooled, radiativ ely accelerated, and unbound within a
ear from the periastron passage of the companion. Then, from the
ourth orbit onward, the sudden rise in mass-loss becomes stronger
nd the unbound mass is rising continuously. Both of these features
ntensify after each subsequent interaction. Since the surface layers
f the RSG expand in response to the grazing interaction, and the
ompanion reaches deeper and denser layers of the envelope, it drives
ore massive episodic outflows at periastron, but also a low-intensity
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ontinuous outflow until the next interaction. About 10 −3 M � of mass
s unbound 1 −2 yr after the interaction, and about 10 −4 M � is lost
ontinuously in between each periastron passage. After the 10th orbit, 
he system approaches CEE and episodically ejects � 10 −2 M � per 
nteraction. The companion is completely engulfed by the envelope 
fter the 13th orbit and ejects about 0 . 1 M � of matter in a continuous
ay. At the end of the simulation, which corresponds to a total of
4 orbits, the system has ejected a total of 0 . 185 M �, 80 per cent of
hich was ejected in the last 10 yr of the evolution, during the onset
f CEE. 
We note that our estimation of the mass ejected during the late

volution of our system is flawed due to our simplified treatments of
ooling and dust condensation. Our treatment of radiative cooling 
oes not take gas opacities into account since it relies on the
pproximation that the ejected gas is optically thin. Ho we ver, this
ssumption does not hold for the outflows launched when the system
s close to the onset of CEE, which should be optically thicker
onsidering their high density. The opacity of these outflows likely 
ecreases as they expand, but they will become optically thin and 
tart to radiatively cool at much larger distances from the system
han earlier outflows. Therefore, our method underestimates the 
emperature of the late outflo ws, allo wing dust to condense and
adiation pressure to drive winds in regions where it is not likely
o happen. This leads to an o v erestimation of the outflow velocities
nd possibly of the amount of unbound mass at late times. 

Fig. 6 also shows that the differences between the two mass-loss
riteria are relatively insignificant, especially at early times when the 
wo criteria yield practically the same result. This is expected, since 
he internal energy of the gas at the stellar surface is much lower than
he kinetic energy imparted to the gas by the companion during the
nteraction and any extra thermal energy from shock interaction is 
uickly radiated. After five orbits, ho we ver, the companion starts to
robe deeper layers of the envelope, with increasingly higher internal 
nergy and where our cooling prescription is not active, so the two
stimates deviate from one another. As the end of the simulation 
pproaches, the gap between the two values deepens and we expect 
he difference between the two criteria to be similarly significant 
uring the ensuing CEE phase. 

.3 Evolution of the ejecta 

n Fig. 7 , we track the evolution of the ejecta on longer time-scales
y showing density snapshots of our highest resolution simulation 
uring subsequent orbits at the moment of apastron. Each successive 
eriastron passage of the companion drives a new outflow, which first
ncreases the density of the inner ejecta, then expands and merges 
ith the less dense outer part of the ejecta. In this section, we use the

erm ‘ejecta’ to qualify the entire body of ejected gas and the term
outflow’ for the gas ejected due to one grazing interaction only. 

The evolution of the ejecta can be broadly divided into two phases
hat mostly differ by the time elapsed between subsequent grazing 
nteractions. For the first five orbits, the orbital period ranges from
0 to 20 yr and the outflows can expand over large scales before
he binary is at periastron again, which causes the broad spiral
attern in the ejecta appearing in the first row of Fig. 7 . This slow
volution lasts for about 140 yr, during which the ejecta expands 
o r � 1000 au as a roughly semicircular slab of vertical thickness

500 au, with densities ranging from 10 −15 g cm 

−3 in the innermost
egion to 10 −19 g cm 

−3 in the outer ejecta. 
As seen in Fig. 5 , each interaction strengthens the orbital decay of

he binary, which starts to strongly affect the outflows after the fifth
rbit of the binary. At this point, the grazing interactions become
ore frequent, with a period P orb ≤ 20 yr, causing tighter spiral

atterns in the inner ejecta while the ejecta continues spreading 
utwards. The companion also starts to dig deeper into the envelope 
f the RSG, significantly increasing the density of each subsequent 
utflow, reaching up to 10 −13 g cm 

−3 in the innermost part of the
jecta. As the system approaches the onset of CEE, we also see
hat matter is ejected more isotropically, and the densest part of the
utflow spreads around the binary with a shape similar to a disc.
e expect that the outflows will become even more isotropic as the

ystem evolves through CEE since the orbit should circularize, but 
he already ejected material should retain its o v erall asymmetry. 

At the end of the simulation, the dusty ejecta broadly resembles a
one and we can distinguish three main regions. First, the innermost
egion, directly surrounding the binary, results from the late time 
volution during which the binary was close to the onset of CEE and
he outflows are the most massive. With a total mass of about 0 . 15 M �
xtending up to ∼100 au away from the binary in a roughly conical
hape, it is by far the densest region of the ejecta. Since the time
lapsed between grazing interactions has drastically decreased, the 
hell-like o v erdensities caused by the companion shocking the gas
re closer to each other, yielding a tighter spiral pattern than in earlier
tages of the simulation. Beyond the innermost ejecta, we identify 
 relatively dense region of 10 −15 −10 −17 g cm 

−3 spreading up to
500 au from the system, which we estimate to carry ∼3 × 10 −2 M �.
his region is more asymmetric than the inner ejecta, it corresponds

o where most of the outflows have merged and is thus made of the
ost extended parts of the late e volution outflo ws and the slowest

egions of earlier outflows. Finally, a wide and less dense region
xtends to r � 2000 au, with densities reaching very low values
f 10 −18 −10 −20 g cm 

−3 . This region carries roughly 5 × 10 −3 M �,
orresponding to the early outflows that have now spread far away
rom the binary. 

In Fig. 8 , we show the radial velocity of the gas at the end of the
imulation. The late outflows can be traced in the spiral pattern by
harp velocity fronts, while the early outflows have softer velocity 
radients as they merged a long time ago. The outermost ejecta,
rising from the first outflows and spreading beyond r � 500 au, show
adial velocities of v r ∼ 50 −60 km s −1 . The rest of the ejecta has
ot reached such high velocities, the innermost part has on average
 r � 30 km s −1 while the intermediate region reaches v r ≈ 40 km
 

−1 . We, therefore, estimate the wind terminal velocity to be v ∞ 

≈
0 km s −1 . 

 DI SCUSSI ONS  

ere, we discuss constraints on the evolutionary pathways that lead 
o the grazing by the companion (Section 4.1 ), statistics of binarity
f RSGs (Section 4.2 ), the duration of the grazing phase (Section
.3 ), what happens after the interaction (Section 4.4 ), observational
ignatures (Section 4.5 ), and possible future impro v ements of our
odel (Section 4.6 ). 

.1 Formation of the system 

he evolutionary pathways leading to our configuration depend on 
hether the RSG companion is a compact object, such as a neutron

tar, or a low-mass non-degenerate companion. From the point of 
iew of our simulations, both options are indistinguishable, because 
he gravitational potential of the companion must be smoothed on 
cales larger than its radius. If the companion is a low-mass main
equence (MS) star, the binary could have simply been born on this
MNRAS 531, 3391–3405 (2024) 
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Figure 7. Density snapshots of the simulation with 2 × 10 6 particles taken when the companion is at apastron. The two upper rows show the density 
cross-section of the equatorial plane (slice along z = 0) and the two bottom rows show the meridional plane (slices along x = 0). 
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rbit and began interacting when the more massive star expanded to
n RSG. Alternatively, the binary has such a low mass ratio that it
ay have formed in a wider more circular orbit and was subject to

he Darwin and/or eccentric instability (e.g. Darwin 1879 ; Hut 1980 ;
ggleton & Kisele v a-Eggleton 2001 ; Pe ̌sta & Pejcha 2023 ), which
ould have reduced the binary separation and potentially increased

ts eccentricity. Considering that VY CMa is associated with but
ies off of a cluster NGC 2362 (Lada & Reid 1978 ; Mel’Nik &
ambis 2009 ; Zhang et al. 2012 ), it is interesting to speculate about
 scenario where a massive star in a binary explodes as a supernova,
eaves behind a neutron star, and the explosion kick sets the neutron
tar on an eccentric orbit and the binary on a trajectory away from
NRAS 531, 3391–3405 (2024) 
ts birth cluster. While this scenario might not apply to VY CMa
pecifically, it is interesting to discuss it more generically. 

We consider a common scenario for the formation of double
eutron star binaries (Tauris et al. 2017 ), starting with two massive
S stars on a relatively close orbit. The more massive star eventually

volves and expands, and the binary experiences a phase of case B
r C mass transfer. As the RSG transfers mass to its companion, it
s gradually stripped of its envelope and eventually undergoes core
ollapse (CC). The collapsing star turns into an NS without fully
isrupting the binary, which according to Renzo et al. ( 2019 ) should
appen in about 14 per cent of massive binaries. While the natal
ick of the NS does not fully unbind the binary, it will increase
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Figure 8. Snapshot of the radial velocity of the ejecta taken after 14 orbits. 
The upper and lower panels show radial velocities taken at x = 0 and z = 0 
planes, respectively. 
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ts eccentricity (Brandt & Podsiadlowski 1995 ; Kalogera 1996 ) and 
iden the orbit to up to 4 times the pre-CC separation according

o Kalogera ( 1996 ). The initially less massive star will expand to
n RSG, eventually reaching radii large enough for the compact 
ompanion to graze the RSG envelope at periastron. 

The time-scale of the post-CC evolution depends on how close 
he initial masses of the two stars were and whether the accretion
uring the pre-CC mass transfer phase has increased the main- 
equence lifetime of the accretor (Neo et al. 1977 ). It is, ho we ver,
trictly constrained by the tidal circularization time-scale of the 
inary (Zahn 1977 ), since the star should reach the RSG phase
efore the eccentricity of the binary decreases significantly. If we 
onsider that the initially less massive star is close to the onset
f the RSG phase at the birth of the NS, and therefore has a
ignificantly conv ectiv e env elope, the circularization time-scale of 
he binary is highly dependent on the ratio of semimajor axis to stellar
adius τ circ ∝ ( A / R 1 ) 8 . Using equation (2) of Verbunt & Phinney
 1995 ), the circularization time-scale reaches a maximum estimate 
f τ circ 
 10 7 yr for a 20 M �, 1500 R � RSG. The binary should thus
ircularize on longer time-scales than the time-scale of the evolution 
nd expansion of the future RSG, which should be at most of the
rder of 10 6 yr if the star is still on the MS at the start of the post-CC
volution. Therefore, the binary should retain its large eccentricity 
y the time the compact companion can graze the envelope of the
SG. 

.2 Statistics of RSG binarity 

tatistics of RSG binarity can serve as a clue as to whether our
cenario occurs frequently. Neugent et al. ( 2018 ) devised some
riteria to detect companions around RSGs from their contribution in 
he spectra of the binaries, ho we v er, the y are mostly efficient for blue
ompanions since their contamination is more easily distinguished 
rom the red light of the RSG. A complementary way of determining
he binarity of a RSG is to secure multiepoch spectroscopy to look
or periodic variations of radial v elocities. Howev er, due to the large
adii of RSGs the minimum orbital period of their companion has to
e of the order of hundreds of days, meaning that such spectroscopic
tudies have to be performed on time-scales of years. Furthermore, 
he amplitude and time-scale of these periodic variations are likely 
imilar to the variability due to atmospheric conv ectiv e motion
n RSGs (Schwarzschild 1975 ), which further complicates RSG 

ultiplicity studies. Despite these difficulties, the binary fraction of 
ool supergiants in the Milky Way has been estimated to be around
5 per cent (Burki & Mayor 1983 ), and some X-ray binaries were
ound to have a RSG companion (e.g. Gottlieb et al. 2020 ; Hinkle
t al. 2020 ). RSG multiplicity studies targeting the Local Group (e.g.
eugent et al. 2019 ; Patrick et al. 2019 ; Neugent et al. 2020 ; Dorda &
atrick 2021 ; Neugent 2021 ) generally find binary fractions around
0 per cent, mostly with OB-type companions. Patrick et al. ( 2022 )
ound 6 candidates for RSG + compact companion in the Small

ilky Cloud, though they potentially are false positives, and Neugent 
 2021 ) estimated the fraction of RSG + compact companion in M31
nd M33 to be about 4.73 per cent using BPASS (Eldridge et al.
017 ). While rates of binarity for RSGs inferred from observations
re relati vely lo w, especially for binaries with a compact companion,
t is still non-negligible and therefore our grazing scenario seems 
lausible. 

.3 Duration of the grazing encounters 

ur simulations co v er only about 200 yr or 13 orbits before the
inary enters the CEE. Such a short duration would imply that our
hances of finding a RSG undergoing this type of evolution are
 ery slim giv en the RSG lifetime. Ho we ver, the duration of our
imulation is mostly driven by the constraints of available computing 
ime and resolution. If both can be increased, we could simulate the
volution for many more orbits before the CEE. This interaction is
imilar to a normal CEE, where Iaconi et al. ( 2018 ) and Reichardt
t al. ( 2019 ) found that increasing simulation resolution leads to a
onger duration of pre-CEE inspiral, mass transfer, and mass-loss. 
he long duration of the pre-dynamical CEE phase is also seen in
D binary evolution simulations (e.g. Klencki et al. 2021 ; Marchant
t al. 2021 ). Observations of transients accompanying stellar mergers, 
he luminous red novae, also indicate the presence of pre-dynamical 

ass-loss lasting many hundreds and potentially thousands of binary 
rbits (e.g. Tylenda et al. 2011 ; Pejcha, Metzger & Tomida 2016a ,
 ; Pejcha et al. 2017 ; Blagorodnova et al. 2021 ). 
Another aspect affecting the duration of the grazing phase is 
issing physics near the surface layers of the star. Real stars exhibit
 complex interplay of convection, diffusion, and ionization in their 
MNRAS 531, 3391–3405 (2024) 
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urface layers, which affects the stability with respect to mass
emo val (e.g. P avlo vskii & Ivano va 2015 ). In RSGs specifically,
he additional physical effects include the large size of conv ectiv e
ells, pulsations leading to in the outer atmosphere shocks, dust and
olecule formation in the gas lifted off the surface by pulsations,

nd feedback from accretion on to the companion (e.g. Haubois
t al. 2009 ; Shiber & Soker 2018 ; Goldberg, Jiang & Bildsten 2022 ;
reytag & H ̈ofner 2023 ). 
All of these effects could extend the duration of the grazing

hase by making the conditions in the outer stellar layers different
rom what we assume in our adiabatic simulations. Furthermore, the
ass ejections could happen intermittently depending on whether

he periastron passage occurs during the maximum or minimum
xpansion of the RSG pulsation. Finally, a longer duration of the
razing phase could also facilitate precession and tilting of the
ompanion orbit, for example, due to the action of tidal forces. The
ass ejections would then still be oriented in one direction during

ach ejection or a series of subsequent ejections, but the orientation
f the ejection could gradually change. All of these aspects would be
nteresting to investigate in future work. 

.4 Evolution and fate of the binary 

epending on the amount of envelope ejected during the CEE
nsuing after the grazing and the nature of the companion, the
ystem could evolve to a close binary with two compact objects
e.g. a double NS binary, Tauris et al. 2017 ), or the two stars could
erge, possibly resulting in a Thorne- ̇Zytkow object (ZTO; Thorne &
ytkow 1977 ) if the companion is an NS, or an e xotic superno va if

he merger product explodes (e.g. Che v alier 2012 ). It is, ho we ver, not
ossible to draw conclusions on the outcome of this process from our
imulations, since properly simulating this phase of the evolution of
he binary would require resolving the deep interior of the RSG. 

We may broadly examine the outcome of the CEE using the energy
ormalism (e.g. Webbink 1984 ): 

− G 

M 1 M 1 , e 

λR 1 
= −αC E G 

[
M 1 , c M 2 

2 A f 
− M 1 M 2 

2 A i 

]
, (14) 

here M 1,e and M 1,c are the mass of the RSG envelope and core,
espectively, which are about 13 . 5 and 6 . 5 M � according to the
ESA model used to set up our RSG. Parameter λ is defined by

he mass distribution inside the star, A i and A f and the initial and
nal separation of the CEE. By setting αCE , the envelope ejection
fficiency, and λ � 0.1 as appropriate for evolved RSGs (Kruckow
t al. 2016 ), we find that the CEE can unbind the whole envelope
or final separation of A f � 4 R �. Thus, it seems unlikely that the
ystem ejects the whole envelope. This estimation is ho we ver too
imple to reflect the reality since the efficiency of envelope ejection
n CEE and the physical processes involved (e.g. recombination, dust
ormation) are still relatively unconstrained in current CEE models
see R ̈opke & De Marco 2023 for a detailed discussion). Therefore,
e leave the fate of the binary as an open question. 
We can, ho we ver, estimate the impact of our chosen initial

onditions on the evolution of the system. We could consider a
ompanion mass M 2 lower than 2 M �, in which case we expect less
assi ve outflo ws due to the grazing interaction. In our simulations,

he efficiency of the radiative force to drive the winds would remain
nchanged due to the very simple formulation of radiative pressure
n dust grains; therefore, we do not expect the wind velocities to
hange for a different companion mass. However, we note that in a
ealistic scenario, the efficiency of dust condensation does depend
n the density of the gas, and since a lower mass companion yields
NRAS 531, 3391–3405 (2024) 
ess dense outflow, it would also likely change the wind properties.
he decrease in companion mass would also cause the orbit to decay
ore slowly, as the dynamical friction between the outer envelope

nd the companion is lower during each periastron passage, which
ill result in a later plunge-in. We expect opposite effects for higher

ompanion masses: more massive outflows and a faster evolution. 
The choice of orbital parameters of the system should also have a

ignificant influence on the evolution of the binary and the outflows.
n our simulations, a is not freely chosen, it is set so that the binary
eparation at periastron is exactly equal to the radius of the RSG,
 = R 1 /(1 − e ). For lower e , a is smaller and the less eccentric orbit
ill be o v erall closer to the RSG surface. As a result, the companion
razes a larger portion of the stellar surface and encounters higher
ensities. This leads to less asymmetric outflows, and the higher drag
n the companion accelerates the orbital decay to CEE. 

.5 Obser v ational signatures 

ere, re vie w v arious observ ations that can indicate that grazing
ncounters are ongoing or happened relatively recently: outflow
mission, changes of the RSG, accretion on to companion, observable
ignatures of TZO, and supernova explosions. We also specifically
iscuss VY CMa. 

.5.1 Outflow emission 

he most evident signature of this interaction is the emission from
he cool asymmetric outflow, which we expect to be observable
t millimetre/submillimetre and infrared wavelengths. As shown
n Fig. 7 the dusty outflow could be angularly resolved with the
LMA interferometer if the distance to the system is small enough.
utside of the continuum emissions from the dust, the ejecta should

lso be traceable with molecular emissions, which arise from the
arious gas-phase chemistry across the outflow. Since we do not
odel the various phenomena occurring at the RSG surface, the
orphology of the outflow in our simulations represents the simplest

ossible outcome. Ho we v er, an y complicated morphological feature
n the outflow would likely be unresolvable, which includes the spiral
eatures in the innermost ejecta, and traces of the common envelope
hase would likely be hard to detect. 

.5.2 Changes of the RSG 

epeated close passages of a companion will affect the RSG by tidal
issipation. Our simulations are inadequate to study these processes,
ut we can speculate about some of the potential outcomes. First, the
SG could expand in response to the tidal heating. For our choice of
ompanion mass, the orbital energy of a grazing orbit is much smaller
han the RSG envelope binding energy (Klencki et al. 2021 ) and no
ignificant o v erall e xpansion is e xpected. Ho we ver, the dissipated
nergy could still strengthen the processes that are already ongoing
uch as the more common dust-driven RSG wind, potentially leading
o a tidally enhanced wind (e.g. Tout & Eggleton 1988 ; Chen, Han &
out 2011 ). The intensity of this effect depends on the amount of

idal dissipation, the depth of deposition, and the ability of the star
o quickly remo v e this excess energy by radiation. 

.5.3 Accretion on to companion 

efore fully entering the envelope of the RSG, our system should
lso show X-ray emission from the accretion on the companion.
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ince the companion mo v es supersonically through the outflow of
he RSG, we can approximate the accretion rate Ṁ 2 of the companion 
sing the approximation of spherical accretion on to a moving object 
Bondi–Hoyle–L yttleton–L yttleton accretion), 

˙
 2 = 

4 πρ( GM 2 ) 2 

( c 2 s + v 2 2 ) 3 / 2 
, (15) 

here ρ is the density of the surrounding outflow, c s is the sound
peed, M 2 the mass of the companion, and v 2 is the velocity of
he companion relative to the surrounding gas. In our simulations, 
he av erage relativ e v elocity of the companion is 20 km s −1 , and
he density of the surrounding ejecta is 10 −15 g cm 

−3 , resulting
n an accretion rate of 4 × 10 −6 M �. The corresponding accretion
uminosity is L acc = GM 2 Ṁ 2 /R 2 where R 2 is the radius of the
ompanion. Inefficient accretion or radiative emission will decrease 
 acc . When considering a low-mass MS companion of R 2 
 2R �,

he accretion luminosity becomes L acc 
 10 35 erg s −1 , making it
imilar to X-ray bright T Tauri stars (Telleschi et al. 2007 ). For an
S companion of R 2 = 10 km s −1 , the accretion rate yields a very
igh luminosity of L acc 
 10 40 erg s −1 , which is a factor of ∼50
igher that the Eddington limit for a 2 M � star. Given the super-
ddington accretion rate, the NS might look like an ultra-luminous 
-ray source displaying super-Eddington flux only near the polar 

xis (e.g. King 2009 ). If jets develop, our scenario reduces to the
razing envelope evolution developed by Soker ( 2015 ), Shiber et al.
 2017 ), and Shiber & Soker ( 2018 ). 

The high-gas density in the vicinity of the RSG that gives rise
o a high Ṁ 2 also provides a large gas column that can absorb
nd scatter the X-rays. Considering a spherical constant-velocity 
utflow from the RSG with r −2 density profile, Ṁ 1 = 10 −5 M � yr −1 ,
elocity 20 km s −1 , and inner edge at 1500 R �, we obtain density
10 −15 g cm 

−3 and hydrogen column of ∼10 23 . Depending on the
mission temperature and the detector properties, such a high gas 
olumn can reduce the expected flux by many orders of magnitude 
e.g. Montez et al. 2015 ). Even with inefficient accretion and a
igh intervening gas column, we would still expect signatures of 
ccretion such as highly ionized gas or feedback on the surrounding
edium. 

.5.4 Observable signatures of TZO 

s we discussed in Section 4.4 , the companion could have spiralled
n and merged with the core of the RSG, possibly resulting in a
ZO. These objects are hard to distinguish from RSGs, only a few
andidates have been proposed, such as U Aqr (Vanture, Zucker & 

allerstein 1999 ), HV 2112 (Levesque et al. 2014 ; Tout et al. 2014 ;
accarone & de Mink 2016 ; Worley et al. 2016 ; Beasor et al. 2018 ),

nd VX Sgr (Tabernero et al. 2021 ), and none of these objects have
een confirmed to be TZOs. According to Cannon et al. ( 1992 ), a
ZO should look like a cool and bright RSG close to the Hayashi limit

Hayashi & Hoshi 1961 ), but show unusual lines in its optical spectra.
s the neutron star spirals in the envelope of its companion, the

ombination of the high surface temperature of the NS and conv ectiv e
nvelope of the RSG would trigger interrupted rapid proton (irp) 
apture (Cannon 1993 ). Despite the broad TiO absorption features 
bserved in RSGs, some of the heavier elements produced by the irp
rocesses should have high enough abundances in the atmosphere to 
e observed, especially Rb, Yb, and Mo (Biehle 1994 ). Other TZO
pectral features include 7 Li and Ca I enhancement (Podsiadlowski, 
annon & Rees 1995 ; Tout et al. 2014 ) or 44 TiO and 44 TiO 2 (Farmer
t al. 2023 ). 
.5.5 Supernova explosions 

he merger of the RSG core and the companion may also result in
 supernova explosion, which could produce a black hole remnant 
f the companion is a compact object. Many Type IIn supernovae
nd other luminous transients show evidence for mass ejections 
receding the terminal supernova explosion (e.g. Margutti et al. 
014 ; Ofek et al. 2014 ; Jacobson-Gal ́an et al. 2022 ). It has been
uggested that a strong binary interaction or a CEE is responsible
or pre-supernova mass ejections leading to a formation of dense 
ircumstellar medium (CSM; e.g. Smith 2011 ; Che v alier 2012 ;
etzger 2022 ). This has moti v ated theoretical works investigating

nteractions of supernova explosions with various aspherical CSM 

istributions such as disks, oblate or prolate ellipsoids, and colliding 
inds shells (e.g. Vlasis, Dessart & Audit 2016 ; Suzuki, Moriya &
akiwaki 2019 ; Kurf ̈urst, Pejcha & Krti ̌cka 2020 ; Pejcha, Calder ́on &
urf ̈urst 2022 ). Interestingly, none of these works has considered the

ype of aspherical CSM that we are predicting here: subtending only
 small fraction of a solid angle with internal density variations
orresponding to individual periastron passages. However, based on 
nalogous works on different aspherical CSM distributions, we can 
redict that a supernova explosion colliding with the CSM predicted 
ere would lead to a radiative shock that is quite likely embedded
n the optically thick supernova ejecta and that initially reveals its
resence only as an additional energy source. When the supernova 
jecta becomes optically thin, the CSM distribution could manifest 
n profiles of nebular spectral lines. 

.5.6 Application to VY CMa 

e can compare these expected signatures to observations of VY 

Ma. We first note that no companion has been directly observed
round VY CMa, suggesting that if our scenario was ever involved
n the evolution of VY CMa, the companion is now either fully
ngulfed in the envelope of the supergiant or is orbiting too close to
he stellar surface to be observable Decin et al. ( 2006 ) reconstructed
he mass-loss history of VY CMa and found that it underwent a
hase of increased mass-loss rate of 
 3 × 10 −4 M � yr −1 about
000 yr ago. This phase lasted about 100 yr and was preceded by
 phase with relatively low mass-loss rate of 
 10 −6 M � yr −1 for
bout 800 yr and succeeded by a phase of increased mass-loss of
 10 −4 M � yr −1 lasting until today. It would be natural to identify

his event of increased mass-loss with grazing interactions, which 
ulminated with a stellar merger followed by an enhanced wind phase 
ue to the energy deposition in the RSG envelope by the inspiralling
ompanion (e.g. Clayton et al. 2017 ; Glanz & Perets 2018 ). 

Alternatively, the morphology of our asymmetric outflow seems 
o be consistent with the dusty clumps observed in the immediate
icinity of VY CMa (e.g. Kaminski 2019 ). The mass of these clumps
as estimated to be of the order of 10 −3 –10 −2 M � with velocities of
0 −50 km s −1 , and were likely ejected about 100 yr ago (Humphreys
t al. 2024 ), which is consistent with the total mass of the extended
jecta in our simulations and the velocities shown in Fig. 8 . We
ote that our wind terminal velocities only depend on the Eddington
actor, which is a free parameter set in equation ( 11 ), so they are a
road upper limit rather than a reliable estimate. Kaminski ( 2019 )
stimated the size of the clumps with 3D radiative transfer models,
nd found that the most elongated clump (clump B) could be up to
000 au long, which is compatible with the size of our ejecta. 
Concerning the companion accretion, Montez et al. ( 2015 ) ob-

ained non-detections in X-rays that place an upper limit of L X <

.6 × 10 31 erg s −1 , which is far below the estimated L acc 10 35 erg
MNRAS 531, 3391–3405 (2024) 
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−1 we deri ved. Ho we ver, the upper limit is highly contingent on the
mission temperature and the sensitivity to softer radiation with T
 10 6 K is much worse given the expected intervening absorption

olumn. Still, VY CMa does not prominently display highly ionized
mission lines or other signs of an accretion process. So if VY CMa
ad a companion, it was probably already deep within the RSG
nvelope by the time the observations were made. If the companion
s a NS then we might expect VY CMa to be a TZO, spectroscopic
tudies of the object do show Ca I and Rb I lines (Wallerstein
971 ; Dinh-V-Trung et al. 2022 ); ho we ver, no traces of other heavy
lements have been found. The use of different tracers, such as the
nes proposed by Farmer et al. ( 2023 ), could shed some light on this
ssue. 

To summarize, VY CMa could have merged with a grazing
ompanion about 1000 yr ago; ho we v er, the comple xity of its
urrounding medium would require some modification to our model
r combination with other physical processes. Increasing the realism
f our model could allow to better determine whether this mechanism
lays a role in the formation of some of the asymmetric outflows
round VY CMa. 

.6 Impro v ements of the model 

ur simulations use approximations and simple treatments of the
nvolved physical processes to reduce their computational cost. Here,
e discuss potential impro v ements for follow-up studies. 
First, we have made several assumptions regarding the initial

onditions of our set-up. We have assumed that when the simulations
tart, no interactions are taking place between the RSG and the
ompanion. Considering how close the two stars are, there is a chance
hat the RSG o v erfills its Roche Lobe around the periastron of one
r more orbits preceding the start of the simulations, resulting in
otential mass transfer and/or outflo ws. Ho we v er, an y interaction
uring the previous orbits would simply lead to smaller, possibly
egligible, mass ejections. To assess the rele v ance of pre vious
nteractions, one could evolve the binary in 1D in MESA following
he methods of Marchant et al. ( 2021 ), and possibly obtain better
nitial conditions for our simulations. 

Another approximation we made in this study is to model the
SG envelope as conv ectiv ely stable, which prevents us from inves-

igating the interplay between surface convection and the companion
nteraction, which w ould lik ely affect the morphology of the ejecta.
o we ver , resolving con vective motion requires modelling the entire
SG envelope as well as including radiative transport in the envelope,

o a v oid a strong o v erestimation of the conv ectiv e flux (e.g. Ricker
t al. 2018 ). Both choices would dramatically increase the cost of
he simulations, especially considering the long time-scale of our
imulations, therefore, incorporating convection in our simulations
ill likely be considered in later phases of impro v ements. 
Furthermore, as mentioned in Sections 2.2 and 2.3 , our numerical

reatment of dust-driven winds has been simplified and can be
mpro v ed to various degrees. Dust formation and destruction can be

ore accurately treated by including a density and composition de-
endence, for instance by using the moment method (Gail, Keller &
edlmayr 1984 ; Gail & Sedlmayr 1988 ; Gauger, Gail & Sedlmayr
990 ; Gail & Sedlmayr 2013 ), which has been implemented for
arbonaceous dust grains in PHANTOM by Siess et al. ( 2022 ). RSG
tars have a low C/O ratio, so this method would need to be adapted
o oxygen-rich dust condensation, which is significantly harder to
odel than carbon-rich dust formation. There are many more dust

pecies to account for compared to the case of carbon-rich dust, and
NRAS 531, 3391–3405 (2024) 
t is not completely known which particles serve as seed nuclei for
xygen dust growth (for more details, see chapter 15.5.6 of Gail &
edlmayr 2013 ). Implementing a complete condensation scheme
or oxygen-rich dust in 3D hydrodynamics codes is therefore a
hallenging but important step towards improving dust treatment
n simulations of evolved stars. It would also allow for a better
stimation of local opacities and Eddington factor, which are essential
or the proper treatment of radiation pressure on the dust-gas mixture.

We could further impro v e the realism by resolving the dust-gas
nteractions. PHANTOM already has several formalisms for dust-gas

ixtures, either with a two-fluid approach (Laibe & Price 2012 )
r a one-fluid method that keeps track of the composition of the
ixture (Laibe 2014 ; Laibe & Price 2014 ; Price & Laibe 2015 ).
hile the outcome of simulations with accurate treatments of dust-

riven winds might be qualitatively similar to our results, it would
lso likely yield a more detailed structure in the winds, and lower
utflow velocity and densities since our dust condensation criterion
s relatively permissive. 

Impro v ements re garding the formulation of the radiative force on
ust grains would also likely impact the morphology of the wind.
sseldeurs et al. ( 2023 ) shows the difference in radiative pressure

reatments for winds in binaries with an A GB star , and it is clear that
ore accurate approximations (e.g. Lucy 1971 , 1976 ) yield more

etailed wind structures than with a simple free-wind approximation,
s well as better estimations of the wind velocities. Ho we ver, such
ethods require the calculation of optical depth, which needs to

e estimated along the line of sight of each particle and severely
omplicates the simulations if one wants to calculate it on the fly
uring an SPH simulation. This was implemented in PHANTOM by
sseldeurs et al. ( 2023 ) using a ray tracer algorithm, so we leave

he possibility of adapting their method to our set-up for follow-up
tudies. 

 C O N C L U S I O N S  

he goal of this work was to investigate whether a companion grazing
he envelope of a RSG can launch significant asymmetric episodic
utflows that later expand through dust-driven winds. To do so, we
erformed 3D hydrodynamics simulations of a 2 M � star on a highly
lliptical orbit around a 20 M � RSG with an env elope e xtending to
500 R � (Fig. 1 , Section 2 ). In our models, we see the companion
razing the RSG envelope at periastron and ejecting gas from the
utermost envelope, which results in a dense semicircular outflow
Fig. 3 ). The ejected gas becomes optically thin and cools, reaching
onditions that are fa v ourable for dust condensation. The radiative
ressure on dust grains then accelerates the outflow outwards,
f fecti vely launching dust-driven winds that expand radially. 

We investigated the evolution of the system through several
uccessive grazing interactions and found that the orbit drastically
ightens after each interaction (Fig. 5 ). The orbital period decreases
y ∼3 −4 yr per orbit, decreasing the periastron distance significantly
nd enhancing the mass-loss during the grazing interaction. The
utflows therefore become denser and more frequent as the system
 volves, ef fecti vely altering the properties of the ejecta (Fig. 7 ). The
ass ejected during each grazing interaction goes from 3 × 10 −4 M �

uring to first orbit to ∼ 10 −2 M � before the onset of CEE (Fig. 6 ). 
After 13 orbits ( ∼200 yr), the system enters CEE which dra-
atically enhances the orbital evolution and mass-loss rate of the

inary. Due to the large softening length of the numerical core of the
SG, we cannot resolve the CEE of the system with our simulations;

herefore, the outcome of the CEE remains unconstrained and could
esult in a short-period binary or a merger. Our simulations stop after
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4 orbits, at which point the binary has ejected a total of 0 . 185 M �
f gas spreading beyond r � 1000 au, with 80 per cent of this mass
ituated in the innermost part of the ejecta ( r � 100 au). The final
jecta has a conical shape and shows a shell-like structure due to the
hocks from each grazing by the companion. 

While the initial conditions of our simulation seem relatively 
xotic, mostly due to the eccentricity of the system, we expect this
razing interaction to be rele v ant for the evolution of massive binary
ystems. For instance, this scenario applies to binaries with low mass

S companions with an orbit wide enough to retain a significant 
ccentricity, in which the stars evolve as effectively single until the 
assive star expands as a RSG or the orbit dramatically tightens due

o the Darwin instability. 
Although the duration of this phase is uncertain and depends on 

omplicated physics near the RSG surface, it should still produce 
bservable signatures. The dusty ejecta should be observable at 
illimetre/sub-millimetre wavelengths, as well as molecular lines 

ue to the rich chemistry expected in the outflow. 
Additionally, the companion should accrete matter from the 

utflows, which we expect to result in X-ray emission or highly 
onized lines. Ho we ver, their detectability is highly af fected by the
arge intervening absorption column expected in such situations. 

Lastly, the binary could evolve to a TZO after CEE if the
ompanion is an NS, which is of interest since TZOs are hard to
istinguish from RSG, and none have been unambiguously identified 
et. 
By comparing our results with observations of the ejecta around 

Y CMa, we speculate that such a grazing interaction could have 
een responsible for the increase in mass-loss occurring about 
000 yr ago (Decin et al. 2006 ) or more recent ejections about
00 yr ago (Humphreys et al. 2024 ). Some outflows around VY
Ma resemble the results of our simulations, ho we v er, the observ ed
orphology is much more complex and requires an interplay of 
ultiple effects. Our simulations, which were only meant as a proof

f concept, were performed using simple treatments of radiative 
ooling and winds in the outflows, and therefore require more 
ccurate prescriptions in follow-up studies. Improving the accuracy 
f our simulations will allow us to study the morphology of the
utflows in greater detail, as well as produce synthetic observables 
hat can used for a better comparison with observations of VY CMa,
roviding a strong test for our hypothetical scenario. 
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ge main sequence star with metallicity Z = 0.02 to the RSG phase
ithout stellar winds. To produce a stellar model similar to VY 

Ma, we need to ensure that the stellar radius is large enough to
each very low densities in the outer envelope. As such, we looked
or stellar evolution parameters for which the star expands as much as
ossible during the RSG phase. Similarly to Goldberg et al. ( 2022 ),
e found that the largest envelopes result from a low mixing length

oefficient in the H-rich envelope αH , i.e. less efficient convection. 
ore specifically, we found that a model with αH = 1 reaches about

150 R � in the RSG phase while models with αH = 3 only expand
o 1000 R �. 

We therefore choose to work with the model with the lowest mixing
ength and opt to analytically expand the stellar profile obtained 
o reach a radius of 1500R �. This expansion is done following
omology scaling relations, which are obtained by estimating the 
quations of stellar structure by including the conservation of mass 
istribution: 

r i ( m ) 

R i 
= 

r f ( m ) 

R f 
. (A1) 

he new surface pressure of the star P f scales as follows: 

 f = P i 

(
M f 

M i 

)2 (
R i 

R f 

)4 

. (A2) 

e take the ef fecti ve radius of the excised core to be half of the
otal radius of the star, which corresponds to a softening length of
 soft,i = 287 . 5 R � and a core mass of M c = 13 . 75 M � according to
he MESA stellar profile. The radius of the core of the extended giant
 c,f is simply calculated using equation ( A1 ). 

Following this procedure, we expand a 1150 R � star with P i =
12 dyn cm 

−2 and r soft,i = 287 . 5 R � to a 1500 R � star with P f =
3 dyn cm 

−2 and r c,f = 375 R �. These boundary conditions are then
sed to solve the equations of hydrostatic equilibrium to obtain a 
onv ectiv ely stable stellar interior model as explained in appendix A
f Lau et al. ( 2022 ). To construct this model, we use an ideal
2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
igure A1. Comparison of the density profile of the RSG model obtained
ith MESA (grey line) with our simplified stellar profiles. The orange line

hows the simplified profile calculated with the initial conditions from the
ESA model, and the purple line shows the profile calculated with the

xpanded initial conditions. 

as equation of state with adiabatic index γ = 5/3 and a uniform
ean molecular weight μ = 0.659 (obtained from the average mean 
olecular weight in the envelope of the MESA model). In Fig. A1 ,
e compare the detailed MESA model to the simple profiles obtained
sing initial conditions from MESA RSG and the extended initial 
onditions. Tak en at f ace value, the density in the upper layers of
he envelope is underestimated, and the density gradient is severely 
moothed. This would lead to an underestimation of the outflow 

ensity and the impact of the grazing on the companion trajectory.
o we ver, the actual density profile near and abo v e the photosphere

s affected by pulsations and wind launching and likely significantly 
iffers from a simple 1D stellar model. 
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