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Abstract: We present the first hydrodynamical simulations of common envelope evolution that
include the formation of dust and the effect of radiation pressure on dust grains. We performed
smoothed particle hydrodynamics simulations of the CE evolution for two systems made of a 1.7 M⊙
and 3.7 M⊙ AGB star primary with a 0.6 M⊙ binary companion. The results of our calculations
indicate that dust formation has a negligible impact on the gas dynamics essentially because dust
forms in the already unbound material. The expansion and cooling of the envelope yield very
early and highly efficient production of dust. In our formalism, which does not consider dust
destruction, almost 100% of the available carbon that is not locked in CO condensates in dust grains.
This massive dust production, thus, strongly depends on the envelope mass and composition, in
particular, its C/O ratio, and has a considerable impact on the observational aspect of the object,
resulting in a photospheric radius that is approximatively one order of magnitude larger than that of
a non-dusty system.

Keywords: stars; AGB; post-AGB; winds; outflows; binaries

1. Introduction

Common envelope (CE) evolution is a critical phase in the evolution of binary systems
and a pathway to the formation of various astrophysical phenomena, including compact
binaries, type Ia supernovae, cataclysmic variables, or X-ray binaries. During CE evolution,
one star in a binary system expands to the point where it engulfs its companion, leading
to a shared envelope that enshrouds both cores. The subsequent interaction and eventual
ejection of this envelope can significantly alter the orbital parameters of the system, often
resulting in a dramatic reduction in the orbital separation [1].

The CE phase evolution involves different stages [2]. Initially, as the primary star
expands and engulfs its companion, the binary system loses corotation due to the interaction
between the stellar components. The friction causes the in-spiral and deposition of both
orbital energy and angular momentum in the envelope. Depending on the initial parameters
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(the separation and evolutionary status of the primary), the end product is either a close
binary system if the envelope is efficiently ejected or the merger of the two stars.

Advancements in numerical simulations have begun to shed light on the dynamical
processes occurring during CE phases. Hydrodynamic simulations (for a recent review, see,
e.g., [3]) have provided detailed views of the envelope’s response to the embedded binary,
revealing the complex interplay between drag forces, heating, and envelope ejection [4,5]
and the key role of recombination energy in assisting the envelope ejection [6].

Dust formation is likely to occur in the cool, dense regions of the envelope, particularly
in cases involving evolved stars such as asymptotic giant branch (AGB) stars. The radiation
pressure exerted on dust grains can provide an additional acceleration, thereby aiding the
ejection of the envelope. Moreover, dust opacity increases the envelope’s optical depth,
affecting the appearance of the star.

Earlier studies investigating the role of dust in interacting binary stars focused on the
pre-common envelope phase [7], used post-processing methods to estimate dust formation
from the 3D simulations [8,9], or tried to assess the role of radiation pressure on dust in the
envelope ejection [10].

In this work, we report on our recent smoothed particle hydrodynamics (SPH) simula-
tions of common envelope evolution, including the treatment of dust following the works
of [11,12]. The implementation of dust is described in Section 2, and the initial setup is
presented in Section 2. In Section 3, we discuss our results and summarize our key results.

2. Dust Production

Dust formation involves the initial aggregation of gas-phase atoms and molecules into
small clusters, which then grow into solid dust grains. This process typically begins with
the formation of stable seed nuclei, often composed of refractory elements such as carbon,
silicon, or titanium [13]. Once these nuclei form, they act as condensation centers for addi-
tional material, allowing the grains to grow through accretion. The efficiency of nucleation
and subsequent dust growth depend on local conditions, including temperature, density,
and chemical composition. For instance, in the atmospheres of asymptotic giant branch
(AGB) stars, carbon-rich or oxygen-rich environments favor the formation of different
types of dust, such as amorphous carbon or silicates, respectively [14]. In our simulation,
nucleation and dust growth are calculated using the theory of moments developed by
Gail and Sedlmayr [13,15]. The main idea is not to follow the evolution of the grain size
distribution f (N, t) but, instead, its moments Ki, defined as

Ki =
∞

∑
N=Nl

Ni/3 f (N, t), (1)

where N is the number of monomers (dust building blocks) in a grain and Nl ∼ 1000 is
the minimum number of monomers that a cluster must contain to be considered a dust
grain. We consider C-rich chemistry (i.e., with a carbon-to-oxygen (C/O) ratio > 1) and
heterogeneous nucleation. In this framework, a grain can grow by the addition of C, C2,
C2H, and C2H2. To estimate the abundance of the monomers, a small chemical network
including 7 atoms and 25 molecules is solved at each time step, assuming the chemistry
is at equilibrium. Departure from chemical equilibrium could be induced by the passage
of a shock wave, which can dissociate molecules, or by the photo-dissociation of atoms
and molecules by a UV flux. In the dense inner regions of the outflow where dust forms,
chemical equilibrium is expected to prevail in the absence of strong chromospheric UV
emission (see, e.g., Chap 15.3.2 of [13]). The derived abundances of monomers then allow
for calculating the nucleation and growth rates needed to evolve the moments (for details,
see [16]).

One of the benefits of this theory is to relate the various moments to fundamental dust
parameters, which include the following:
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(a) The mean grain density nd = K0; that is, the density of all dust grains with size
N ≥ Nl .

(b) The average grain radius ⟨a⟩ = a0K1/K0, where a0 is the size of the carbon atom;
(c) The average grain surface ⟨AN⟩ = 4πa2

0K2/K0;
(d) The average particle size ⟨N⟩ = K3/K0;
(e) The number density of monomers of size N ≥ Nl condensed into grains ncond = K3.

Provided the grain size is smaller than the wavelength of the peak stellar radiation,
i.e., in the regime of the small particle limit, the third moment K3 can be shown to be
directly proportional to the dust opacity. For an AGB star of ≈2500 K, the maximum flux is
produced around λmax ≈ 1 µm, which sets the maximum size of the dust grain. We also
stress that, in our formalism, dust destruction is not accounted for, meaning that carbon
abundance always decreases as dust grows.

In this study, we also considered a simple analytical expression for dust opacity κdust,
initially devised by Bowen [17] to simulate dust-driven wind, the expression of which is
given by

κdust =
κmax

1 + e(T−Tcond)/δ
(2)

where κmax is the maximum dust opacity, Tcond is the condensation temperature of the dust
(around 1500 K for C-rich compositions), and δ ≈ 100 K is the temperature range over
which dust condensates (see [11] for details).

Once the dust opacity κdust is calculated, using either the theory of moments or
the Bowen expression, the effect of dust on the hydrodynamics can be accounted for by
including a radiative acceleration term in the equation of motion

dv
dt

= −∇P
ρ

−∇ϕgas−gas −∇ϕsink−gas +
(κdust + κgas)L

4πr2c
r
r

(3)

where P is the pressure, ρ is the density, ϕgas−gas and ϕsink−gas are the gravitational po-
tentials from the SPH particles (self-gravity) and between a particle and the sink masses,
respectively. As will be described in the next section, the AGB core and stellar companion
companion are modeled as two separate sink particles, characterized by their mass and
accretion radius among other properties. The radius r is the distance from the AGB core,
which is assumed to produce a constant luminosity L. We assume a constant gas opacity
κgas = 2 × 10−4 cm2 g−1, as proposed by [17], which is a good approximation for the
opacity surrounding a typical C-rich AGB star (for details, see [16]).

Initial Setup

The hydrodynamical simulations are performed with the smoothed particle hydrody-
namics code Phantom [18]. We use Phantom’s implementation of MESA’s OPAL/SCVH
EoS to account for recombination energy (as conducted by [6]) and consider two initial
stellar models: 1.7 M⊙ and 3.7 M⊙ solar metallicity AGB stars with core masses of 0.56 M⊙
and 0.72 M⊙ and radii 260 R⊙ and 343 R⊙, respectively. The stellar models were relaxed
from 1D MESA models [19] using the procedure described in [20]. The stellar core was
excised and replaced by a sink particle of the same mass. The companion star is modeled
as a sink particle of 0.6 M⊙ and could represent a low-mass main sequence star or a white
dwarf. The simulation includes 1.37 × 106 particles, and a C/O ratio of 2.5 is assumed.

3. Results
3.1. Orbital Evolution and Mass Unbinding

In all our simulations, the in-spiral ends around 7.5 years (Figure 1). The inclusion
of dust nucleation (solid blue line) hastens the plug in and leads to slightly larger final
separations. The shortening of the in-spiral phase is attributed to an earlier expansion of
the envelope in the dusty simulations. As will be discussed in Section 3.2, dust forms very
quickly, and the radiative acceleration gives the particles extra momentum, so they have
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slightly higher velocities than in a non-dusty simulation. Because of this faster ejection,
the companion stalls at a slightly larger orbital separation.

Figure 1. Evolution of the separation (left) and bound mass (right) in the 1.7 M⊙ model for different
dust implementations based on the nucleation model (dusty), the absence of dust (non-dusty), or
the Bowen model with two values of κmax = 5 and 15 cm2 g−1. For the estimate of the bound mass,
we consider the two definitions of the total energy: the mechanical one associated with Em

tot and the
thermal one linked to Eth

tot.

The total energy of a particle can be defined as the sum of its kinetic and gravitational
potential energies, given by the equation Em

tot = Ekin + Egr. The thermal contribution Eth

can also be included in this definition, yielding total energy as Eth
tot = Ekin + Egr + Eth. It

should be noted that in this latter expression, recombination energy is not considered as it is
still debated what fraction can be radiated away [21,22]. The bound mass is then calculated
by summing the contribution from all the particles that have Etot < 0. The results (right
panel of Figure 1) show that the envelope gets unbound more rapidly in the nucleation
calculations (blue lines vs. yellow lines) but, in the end, dust does not increase mass ejection
significantly (the non-dusty simulations stopped earlier at a higher bound mass, but the
curves show the same tendency to converge toward an almost complete unbinding of the
envelope). The Bowen dust simulations with κmax = 5 cm2 g−1 in Equation (2) behave
very similar to the non-dusty simulations, but when κmax = 15 cm2 g−1, the evolution is
very comparable to the nucleation case, except that the envelope is expelled slightly more
rapidly. We also notice that in our simulations, the final unbound mass weakly depends on
the assumed criterion (Em

tot or Eth
tot).

3.2. Dust Formation and Properties

The left panel of Figure 2 shows, as a function of distance from the AGB star, the total
energy of the particles when the dust starts forming efficiently. We arbitrarily trace this
moment by selecting the particles when the dust opacity reaches κdust = 0.02 cm2g−1 (the
distribution of particles in this plot is weakly dependent on this threshold opacity). As can
be seen, the total particle’s energy is always positive, indicating that dust is forming in the
unbound material. This explains why dust has such a small effect on the unbound mass
(Figure 1). The color of the particles refers to the time of dust nucleation in years (tnuc).
Initially, dust forms in the inner region (yellow color), and by the end of the simulation,
it is active through almost the entire envelope (up to ∼200 au). Dust forms as early as
1 year from the onset of the simulation and occurs preferentially in a shell that expands,
grows thicker, and becomes more symmetric. Movies illustrating the evolution of the
structure and of various quantities can be found at (accessed 21 November 2024) https:
//tinyurl.com/y455avdj. The opacity in the shell increases and by the end of the in-spiral
phase, reaches a maximum of around κdust ≈ 20 cm2g−1 (Figure 2, right), making it
optically thick (see Section 3.3). We also note that contrary to the 3.7 M⊙ model, the shell in
the 1.7 M⊙ model is slightly elongated in the polar direction. This is likely related to the
different mass ratios and initial separation. More details about the evolution of the dust
properties can be found in [12].

https://tinyurl.com/y455avdj
https://tinyurl.com/y455avdj
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Figure 2. (Left) Energy and position of the particles in the 1.7 M⊙ model when the dust opacity
first reaches κdust = 0.02 cm2g−1. (Right) Dust opacity as a function of distance after 20 years of
simulation. The color bar indicates tnuc, i.e., the time in years since the beginning of the simulation
when the opacity first reaches κdust = 0.02 cm2g−1. Particles that form dust early are located
in the inner region (left panel), but after 20 years, they have traveled to the outer region of the
simulation (right panel). A movie of the evolution of κ (right panel) is available at the following URL:
https://tinyurl.com/bd3ae6cc (accessed 21 November 2024).

The left panel of Figure 3 shows the particles’ average dust grain size as a function
of distance from the AGB core at the end of the simulation. The most remote particles,
where dust first formed (yellow points with lower tnuc), contain relatively small grains with
sizes ranging between ∼0.02 µm and 0.06 µm. With increasing time, dust growth proceeds
and grains reach a maximum size of ∼1 µm around tnuc ∼ 12 years. By the end of the
simulation, nucleation is still active in the inner region where the density is high enough for
monomers to accumulate on the seed particles. Since dust forms in the unbound material
are at a relatively large distance (≳10 au) from the central core, the radiative acceleration
has a weak impact on the flow, the evolution of which is mainly controlled by the deposition
and transport of the orbital energy.

Figure 3. (Left) Average particle’s grain size as a function of distance at the end of the simulation
(after ∼40 years) for the 1.7 M⊙ model. (Right) Dust mass as a function of time for the 1.7 and 3.7 M⊙
models. The horizontal lines indicate the maximum possible dust production, which depends on the
initial C/O ratio and envelope mass.

Dust production is very efficient during the CE evolution and really starts after
∼10–12 years (right panel of Figure 3). Within ∼32 years (38 years), a plateau is reached
in the 1.7 (3.7) M⊙ model when all the carbon that is not locked into oxygen is trapped in
the grains. This massive production is a consequence of the large envelope expansion that
allows the temperature to drop below the condensation value (1500 K) for nucleation to be
efficient. This leads to the production of ≈0.8 × 10−2 M⊙ and 2.2 × 10−2 M⊙ of dust for
the 1.7 and 3.7 M⊙ model, respectively. The efficiency is close to 100%, but this is an upper
limit because our models do not account for dust destruction. It should be emphasized that
the amount of dust so produced strongly depends on the envelope mass and composition,

https://tinyurl.com/bd3ae6cc
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in particular, its C/O ratio. The key point is that CE evolution produces as much dust as a
star during its TP-AGB phase, but it does this in only a few decades.

3.3. Photospheric Appearance

As previously mentioned, the formation of dust in the expanding envelope does not
significantly impact the hydrodynamics, but it can substantially affect the appearance of
the object. To estimate the photospheric radius, we performed simple inward ray tracing to
determine where the optical depth first reaches τ = 1. The integration is made along the x,
y, and z axes and then averaged to obtain the polar (along ±z) and equatorial (±x and ±y)
radii. As shown in Figure 4, the photosphere initially grows more rapidly in the orbital than
in the polar direction, tracing the asymmetries in the flow. By 2.5–5 years, the polar and
equatorial photospheric radii become very similar, making the envelope appear roughly
spherically symmetric. Without dust and with a lower mass ratio, we find that asymmetry
is more pronounced. The main effect is the much larger photospheric radius of the dusty
simulations, making the object appear almost ten times bigger. Our simulations do not
reproduce the very non-spherical, bipolar morphology seen in central stars of planetary
nebulae (CSPNe). This discrepancy arises partly because our models show that the release
of recombination energy that allows dust to form produces a more spherical ejection.
Additionally, we do not account for the interaction of a fast wind with the ejected envelope
during the planetary phase, which has been shown to produce bipolar outflows (e.g., [23]).

2.963 2.650 0.531 0.060 0.056 0.055 0.054 0.054 0.054
Separation (Dusty) / AU

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
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orbital, Dusty 3.7M
polar, Dusty 3.7M
orbital, Non-dusty 3.7M
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Figure 4. Evolution of the photospheric radius for the 1.7 (left) and 3.7 M⊙ (right) models. The results
of the dusty and non-dusty simulations are shown in blue and yellow, respectively. The mean
equatorial and polar photospheric radii are shown in solid and dotted lines. The shaded region
corresponds to the smoothing length and provides an estimate of the uncertainty.

4. Conclusions

Using the SPH code Phantom, we performed the first simulations of common envelope
evolution, including the formation of dust, following the theory of moments developed
by [15]. The main conclusions are as follows:

• Dust forms in the unbound material and does not help to unbind more mass.
• Dust forms early in the simulation (already ∼1 y after the start of the simulation).
• Dust formation is very efficient (≈10−3–10−2 M⊙ of dust is produced in our mod-

els). However, these mass estimates should be considered as upper values, as dust
destruction is not included. However, the point is that a common envelope evolution
is susceptible to producing as much dust as an AGB star but in only a few decades, as
compared to tens of thousands of years of the thermally pulsing AGB duration.

• If dust is not efficiently destroyed, it will dramatically impact the optical appearance
of the object, as shown by the large increase in the photospheric radius. We should
also expect this source to present a strong IR excess.
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