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Abstract

In close binary star systems, common envelope evolution (CEE) may occur after a previous phase of mass transfer.
Some isolated formation channels for double neutron star binaries suggest that the donor of CEE was the accretor
of a previous phase of stable mass transfer. Accretion should substantially alter the structure of the donor,
particularly by steepening the density gradient at the core-envelope interface and rejuvenating the star. We study
the CEE of a donor that was the accretor of a previous phase of stable mass transfer and has a rejuvenated structure.
We perform 3D hydrodynamics simulations of the CEE of an 18 M, supergiant with a 1.4 M. companion using
rejuvenated and non-rejuvenated 1D stellar models for the donor. We compare the two simulations to characterize
the effect of the rejuvenation on the outcome of the common envelope phase and the shape of the ejecta. We find
that accounting for a previous phase of mass transfer reduces the duration of the inspiral phase by a factor of two,
likely due to the different structures in the outer layers of the donor. In the rejuvenated case, the simulations show
more equatorially concentrated and asymmetric ejecta, though both cases display evidence for the formation of a
pressure-supported thick circumbinary disk. During the dynamical inspiral phase, the impact of rejuvenation on
the unbinding of the envelope is unclear; we find that rejuvenation decreases the amount of unbound mass by
20%—-40% depending on the energy criterion used.

Unified Astronomy Thesaurus concepts: Common envelope binary stars (2156); Interacting binary stars (801);

CrossMark

! Institute of Theoretical Physics, Faculty of Mathematics and Physics, Charles University, V HoleSovickdch 2, CZ-180 00 Praha 8, Czech Republic;

2 Department of Astronomy and Illinois Center for Advanced Studies of the Universe, University of Illinois, 1002 W. Green St., Urbana, IL 61801, USA

Common envelope evolution (2154); Hydrodynamics (1963); Hydrodynamical simulations (767)

1. Introduction

An important fraction of stars is found in binary systems
H. A. Abt & S. G. Levy 1976; 1. A. Bonnell et al. 2004;
G. Duchne & A. Kraus 2013; M. Moe & R. Di Stefano 2017;
S. S. R. Offner et al. 2023), especially for massive stars
(B. D. Mason et al. 2009; H. Sana et al. 2012). These binary
systems show a large variety of configurations, ranging from very
wide systems with separations of thousands of AU to binaries
separated by a couple of solar radii. In the case of close binaries,
with a separation of <I au, the proximity of the stars generally
gives rise to interactions via mass transfer, and their evolution will
diverge from that of a single star (e.g., P. Podsiadlowski et al. 1992;
N. Langer 2012; H. Sana et al. 2012; N. Smith 2014; O. De Marco
& R. G. Izzard 2017). In particular, close stellar binaries commonly
go through phases of stable mass transfer via Roche lobe overflow.
During this phase, the donor star overfills its Roche lobe, and
material leaves the potential well of the donor to be accreted by the
companion, altering its structure in various ways (W. Packet 1981;
M. Cantiello et al. 2007; M. Renzo & Y. Gotberg 2021). A massive
main-sequence (MS) accretor is expected to experience a
rejuvenation process during which its core expands and increases
its hydrogen content through convective mixing (P. Hellings 1983).
Besides increasing the lifetime of the accretor, this process also
alters the structure of its core-envelope boundary (CEB) region.
Recently, M. Renzo et al. (2023) found that the rejuvenation
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process lowers the binding energy (BE) of the CEB, which is of
particular interest if the system later undergoes common envelope
evolution (CEE) with the rejuvenated star as the donor.

CEE is a phase of binary evolution during which the
secondary star plunges into the envelope of a giant primary and
orbits its core (e.g., B. Paczynski 1976; N. Ivanova et al.
2013b; N. Ivanova et al. 2020; F. K. Rpke & O. De Marco
2023). The drag exerted on the companion by the envelope
causes the orbit to decay as the companion transfers energy and
angular momentum to the envelope, potentially unbinding it.
The outcomes of CEE depend on the envelope ejection: a
successfully ejected envelope should allow the orbit decay
to slow until the system stabilizes as a short-period binary,
which may become a source of transient phenomena such as
cataclysmic variables (B. Paczynski 1976) or X-ray binaries
(e.g., V. Kalogera & R. F. Webbink 1998), or a double-
degenerate binary that may become progenitors of gravitational
wave events (e.g., J. Klencki et al. 2021; P. Marchant et al.
2021). On the other hand, if part of the envelope remains
bound, the two stars may eventually merge. The merger may be
observed as a luminous red nova (LRN, e.g., N. Soker &
R. Tylenda 2006; N. Ivanova et al. 2013a; O. Pejcha et al.
2016) or become a Thorne—Zytkow object (K. S. Thorne &
A. N. Zytkow 1975, 1977) if the companion is a neutron star
(NS). Thus, CEE is an important process of binary evolution. It
is, however, still unclear which physical processes are relevant
during the inspiral phase of CEE (e.g., J. L. A. Nandez et al.
2015; S. T. Ohlmann et al. 2016; M. MacLeod et al. 2018;
T. A. Reichardt et al. 2020; C. Sand et al. 2020; M. Y. M. Lau
et al. 2022).
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Since the outcome of CEE strongly depends on the
unbinding of the envelope, the fact that rejuvenation lowers
the BE of the CEB is of particular interest. The CEB is the
region where the BE is greatest; therefore, a CEE with a
rejuvenated donor might eject a larger part of the envelope and
significantly influence the post-CEE separation and stellar
masses. This scenario is of interest for formation channels of
binary NSs that expect a first phase of stable mass transfer in
which the accretor will later become the donor of a CEE phase
(e.g., A. V. Tutukov & L. R. Yungelson 1993; K. Belczynski
et al. 2016; T. M. Tauris et al. 2017; K. Nathaniel et al. 2024).
In such cases, the rejuvenation of the future donor of the CEE
could alter the outcome of the CEE phase and the subsequent
evolution of the binary.

In this paper, we investigate how a previous phase of mass
transfer and the ensuing rejuvenation of a CEE donor impact
the inspiral phase of CEE. To do so, we perform 3D
hydrodynamics simulations of the inspiral phase of the CEE
with rejuvenated and non-rejuvenated donor models of similar
masses obtained by M. Renzo et al. (2023). We briefly describe
the stellar models for the donor star as well as the setup of our
hydrodynamics simulations in Section 2. We present the results
of our simulations in Section 3 and discuss their implications in
Section 4 before concluding in Section 5.

2. Numerical Methods
2.1. 1D Stellar Models

The donor star models used in this study are 1D models
made under the assumption of spherical symmetry. The 1D
profiles of gas quantities are taken from the models computed
by M. Renzo et al. (2023) (publicly available, M. Renzo 2022)
using MESA version 15140 (B. Paxton et al. 2011, 2013,
2015, 2018, 2019). We use their nonrotating 17.84 M, single
star for the non-rejuvenated donor and their 15 M., accretor that
reaches 17.41 M, after case-B mass transfer for the rejuvenated
donor, which are both on the higher end of the mass
distribution for double NS progenitors (A. Vigna-Gmez et al.
2020). Both donors have a radius of 500 R, and a metallicity of
0.1 Z, and they still possess helium-rich cores.

In Figure 1, we show the differences in cumulative mass and
BE of the two stellar models (see Figures 2 and 3 in M. Renzo
et al. 2023). The BE was calculated for an enclosed mass m and
total mass M using

BE(m; ay) = —fM (_rG(—nan’/) + athu(m/))dm’, (1)

where 0 < oy, < 1 is the fraction of internal energy that can be
used to unbind the envelope. The enclosed mass distribution is
denoted by m’(r), and the specific internal energy by u(m').
The value of the parameter o, impacts the outcome of the CE
phase since a larger contribution of the internal energy will help
unbind the envelope. In the bottom panel of Figure 1, we show
the difference in BE for each model when considering oy, = 0
and oy, = 1. By comparing these differences with the ratio of
BE of rejuvenated to non-rejuvenated models, we see that
rejuvenation is the main cause for the BE difference in the
innermost layers, close to the CEB, and the value of oy, mostly
matters in the core and in the outer layers of the envelope. We
thus expect the effect of rejuvenation to be dominant in the
inner layers of the envelope, but it should be less significant
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Figure 1. MESA stellar models for the rejuvenated (orange) and non-
rejuvenated (purple) stars. Top panel: enclosed mass. Bottom panel: ratio of the
cumulative BE. The black line shows the ratio of BE of the rejuvenated star to
that of the non-rejuvenated star, using Equation (1) and assuming oy, = 1. The
dashed orange and purple lines show the ratio of BE with ay, = 1 to BE with
g, = 0 for the rejuvenated and non-rejuvenated models, respectively.

compared to the impact of the choice of «y, in the rest of the
star. We also show the complete binding energy profiles of the
two stellar models in Appendix B.

2.2. Initializing 3D Hydrodynamical Simulations

Our 3D common envelope simulations make use of FLASH
4.5 (B. Fryxell et al. 2000; A. Dubey et al. 2008), an adaptive
mesh refinement (AMR) hydrodynamics code. FLASH solves
the Eulerian hydrodynamics equations on a mesh composed of
a large number of Cartesian blocks, each of which contains the
same number of zones. The blocks have different sizes and are
organized in an oct-tree structure to increase resolution in
regions of interest. The physics included and mesh refinement
used are described further in Section 2.3.

To initialize each simulation, we interpolate one of the 1D
MESA models described in Section 2.1 onto the AMR mesh and
add a collisionless particle representing the companion star at the
desired initial separation. To accurately capture the evolution of
the CEE, we require the AMR mesh to cover a large enough
volume to include all or most of the envelope as it expands away
from the donor. This makes it difficult to adequately resolve the
stellar core with available computing resources. For example, in
our highest-resolution runs described below, the computational
volume spans 72 au on a side, while the smallest zone spacing is
1.26 R, so a uniform mesh would require 12,280° zones and a
correspondingly small time step (~30 minutes). Even with this
resolution, we just begin to resolve the CEB. AMR makes these
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simulations tractable at this resolution, but fully resolving the
stellar core would be prohibitively expensive.

To alleviate the extreme constraints on the resolution of the
stellar core, we replace it with a collisionless numerical core
particle following a procedure similar to S. T. Ohlmann et al.
(2017). The numerical core is assigned a radius R that can be
resolved on the mesh, which effectively acts as a softening length,
but it cannot represent all of the mass within Ry, as that would
leave an empty region at the center of the star without pressure
support. We must therefore alter the MESA model within R
and self-consistently determine the numerical core mass Mcore.

To do this, we join the MESA model outside R.y. to a
simplified hydrostatic model inside R.or. This simplified model
is a solution of the modified Lane-Emden equation representing
a gaseous polytrope in the potential of a uniform-density
spherical core of mass M., Which satisfies

i 2d_9 2c0n ny _ 2
df(f d£)+€ 0"+ 0:) = 0. 2

Here, we adopt the customary definitions for the density and
radius variables 6 and & via

= p0", r=ag, 3)

where py is the central density, » is the polytropic index, and «

is the scale height. This equation differs from the normal Lane-
Emden equation (H. J. Lane 1870; R. Emden 1907) by one
term involving

MCOTE

02 f.
47R Sore Po

“)

The density p(Reore) and pressure P(Rcy.) from the MESA
model are used to determine the polytrope's specific entropy
K = P/p” and thus also o® = [K (n + 1)/(47G)]py/"~". The
polytropic index n is set using the adiabatic index ~y reported by
the equation of state at r = Reore Via n = 1/[y(Reore) — 11.
Isotopic abundances are also matched to the MESA model at
Rc.ore and held constant throughout the polytrope. The core
mass M. and polytrope central density p, are varied in a
nested pair of bisection loops until a solution that matches the
MESA density and enclosed mass at R is found. The part of
the MESA model inside R is replaced by the polytrope, and
the derived core mass is used to initialize the numerical core
particle at the center of the star.

Once the core properties have been determined, we linearly
interpolate the density, pressure, and hydrogen, helium, and
carbon/oxygen abundances from the modified MESA model onto
the AMR grid in FLASH, centering the star within the domain
and adding the numerical core particle. As described in
Section 2.3, in the FLASH simulations, we use the Helmholtz
equation of state, which differs from the MESA equation of state
in partially ionized regions. To preserve the hydrostatic
equilibrium of the model, we interpolate the MESA pressure
onto the AMR mesh and use the Helmholtz equation of state to set
the temperature and energy of the gas. Outside the star, the gas is
initialized as a uniform “fluff” medium at rest with temperature
and density set to approximately balance any outflow due to
unresolved pressure gradients at the stellar surface (25,000 K and
1072 gem™). To facilitate analysis, a passively advected tracer
fluid is initialized to 1 in fluff regions and O inside the star. All
velocities are initialized to zero at this stage.
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Figure 2. Density profiles as a function of radius of the donor at the start of the
CEE. Runs are labeled using their numerical core radius and finest resolution.
Upper panel: rejuvenated donor. Lower panel: non-rejuvenated donor. Blue
dots represent the density profile for different resolutions and orange/purple
lines represent the initial MESA profile. The black solid and dashed lines show

the mass fractions of H and He, respectively. The gray dotted line shows the
sum of the core radii 2R e = S0R;, and 2R e = 24R..

After initialization, we allow the donor to relax for 10¢ gonor,
where fit gonor = [4TRGonor/ (3GMaonor)]'/? is the freefall time-
scale for a donor of mass Myeno, and radius Ryenor- All the gas
initialized on the grid, including the polytrope inside R, 1S
regarded as ‘“envelope” material with total mass M, =
Maonor — Mcore. During this relaxation period we damp the
velocity field by multiplying all velocities by 0.9 at the end of
each time step. We show the density profiles of the resulting
rejuvenated and non-rejuvenated donor models in Figure 2.

We then restart the simulation from a checkpoint file, turn
off damping, and add the companion star. The companion star
is initialized as a particle with the same radius R as the
donor core, but with a mass of 1.4M, representing an NS. We
place it on the x-axis at a separation a;,;; for which the Roche
lobe radius (computed using the P. P. Eggleton 1983 approx-
imation) equals the MESA model's stellar radius Rgonor- These
initial separations correspond to 843.9R., (period 654.6 days
or 1.79yr) for the rejuvenated donor and 838.5R. (period
641.1 days or 1.76 yr) for the non-rejuvenated donor. We also
reset the velocity of any gas with a density above the fluff
density and a fluff tracer fraction less than 0.9 so that this gas is
in solid-body rotation about the donor core with an angular
velocity equal to 95% of the corotation frequency. At the
surface of the donor, this corresponds to 45% and 35% of the
critical rotation speed for the rejuvenated and non-rejuvenated
donors, respectively.
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The common envelope simulation is then run from this
initial condition until the orbit stabilizes or the core separation
falls below 2Ry.. The core separation at this time (fg,a) 1S
denoted by ag,,. We note, however, that a subsequent slow
inspiral phase not followed here can modify this “final”
separation further, and this slower phase may be sensitive to the
rejuvenation status of the donor.

With this setup, the donor is not in equilibrium with the
binary potential at the beginning, but because all runs are
initialized the same way, we expect the differences between
them to be mainly due to the differences in the donor model. To
test this assumption, we used a smoothed particle hydro-
dynamics (SPH) code designed for relaxing binary models in
the corotating frame to compare the energies of the two binary
systems under two configurations. In the first configuration, we
mapped the 1D stellar models onto the SPH code at the orbital
separations a;,;; used in this paper and then measured the
kinetic, internal, and potential energies, including orbital
motion and spin in the kinetic energy. In the second
configuration, we mapped the models at 4a;,;, allowed them
to relax for g gonor, forced the binaries together to a;,; over an
interval of 8fggonor, then allowed them to relax for an
additional #¢ 4onor before measuring the energies. In each case,
we used the (25, 2.5) resolution described below together with
approximately 50,000 SPH particles, and the same core
replacement algorithm was used as in the FLASH simulations.
We found that for both donor models, the kinetic energy was
6%—7% smaller in the unrelaxed configurations, while the
internal energy was 10% larger and the potential energy was
9%—12% larger in magnitude. Since the fractional changes in
the energies between configurations are very similar for the two
donors and at the 10% level, we expect differences larger than
this to be due to the different donor structures.

2.3. 3D Hydrodynamical Simulations

Within FLASH, we use the directionally split piecewise
parabolic method solver together with the Helmholtz equation
of state, parallel fast Fourier transform-based multigrid Poisson
solver (P. M. Ricker 2008; C. Daley et al. 2012), and a second-
order leapfrog time integrator for particles. Simulations take
place within a 3D Cartesian volume 72au on a side, with
“diode” boundary conditions for hydrodynamics and isolated
boundary conditions for the gravitational field. Diode boundary
conditions correspond to outflow (zero-gradient) boundaries
unless the velocity component normal to the boundary is
inwardly directed, in which case this component is set to zero
in the boundary zones. This allows material to escape the
domain but prevents any inward velocity that develops at the
boundary from creating artificial inflows.

Each AMR block contains 8° zones, and the coarsest level of
refinement contains 12° blocks. Blocks are refined by applying
the default FLASH second-derivative criterion to the density
and pressure and by requiring refinement of blocks containing
any zone whose center is within 4R, of a stellar core. We
allow all blocks that contain a stellar core to refine to a higher
maximum refinement level than those that do not. Convergence
testing showed that, for the donor models considered in this
paper, we required the numerical core radius to be at least five
and preferably 10 times the smallest zone spacing Axy, in
order to relax the donor without producing unphysically
strong convective instabilities (this is more stringent than we
have found in simulations with low-mass donors). To avoid
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Table 1

Simulations Performed for This Study
Donor Reore AXmin Meore Meny
Re) (Re) (Mc) (Mc)
Rejuvenated 25 5.0 791 9.50
R) 25 2.5 791 9.50
12 1.26 7.68 9.64
Non-rejuvenated 25 5.0 10.26 7.58
(NR) 25 2.5 10.26 7.58
12 1.26 9.68 8.06

Note. R o is the radius of the numerical core, Axp;, is the size of the smallest
cell, My is the mass of the numerical core, and M., is the mass of the
envelope.

excessive refinement of the volume, we force derefinement of
blocks whose maximum density is smaller than 10~ '®gcm
or which lie outside a distance of 18 au from the center of the
computational volume. We find when enforcing this constraint
that very low-density material at the boundary of the refined
region sometimes develops standing waves parallel to the
refinement boundary; these do not appear to affect the overall
solution.

The particles representing the numerical core of the donor
and the companion interact only gravitationally with the gas.
The interaction is determined by computing the acceleration
due to the two cores in each mesh zone and storing it as an
AMR variable that is added to the finite-differenced gas
potential found with the Poisson solver. The acceleration of
each core due to the gas is summed during this loop in such a
way as to ensure momentum conservation. The donor core and
companion also experience a mutual gravitational interaction.
This method differs from the technique used in previous
published FLASH common envelope simulations (e.g.,
P. M. Ricker & R. E. Taam 2012) and yields greatly improved
conservation properties, though because the gas gravitational
acceleration is not conservatively differenced in the Euler
equations, and the time centering of the gas and particle update
steps is not the same, we do not conserve momentum to within
round-off error. We monitor conservation in each of the runs
and present results from the highest-resolution cases in the
Appendix.

For each stellar model, we performed runs at several
different resolutions, varying the maximum level of refinement
and the number of finest-level zones per numerical core radius.
Table 1 summarizes the different simulations, and Figure 2
shows the density profiles after the replacement of the core for
different resolutions, as well as the initial MESA density and
composition profiles. In the rest of this paper, we use the
notation R(Rcore, Axmin) to refer to runs with a rejuvenated
donor and NR(R.ore, Axmin) to refer to runs with a non-
rejuvenated donor.

3. Results

We ran a total of six simulations, three for each donor model.
We show an overview of the simulations in Figure 3 through
density snapshots of the R(12, 1.26) and NR(12, 1.26) models
at different phases of the evolution of the system. In the early
stages of each simulation (shown in rows 1 and 2 of Figure 3),
the companion accretes mass from the donor while the orbit
slowly shrinks. Then it grazes the outer envelope of the donor,
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Figure 3. Snapshots of the R(12, 1.26) and NR(12, 1.26) runs in the xy (equatorial) plane (left) and in the xz (meridional) plane (right), centered on the position of the
donor's core. Each panel shows a density slice at z =0 and is 20 by 20 au. The donor core and companion are denoted as gray points. First row: start of the run.
Second and third row: first grazing of the envelope of the donor by the companion. Fourth row: core-companion separation is around 1 au. Fifth row: core-companion
separation is 2Rcore. The animated version of this plot is available at doi:10.5281/zenodo.13768537.

until it plunges into the envelope and the dynamical inspiral
starts (rows 3 and 4). As the companion spirals further into the
shared envelope, matter is lifted off the donor, and tight spiral
patterns form at late stages (row 5). We summarize the final
state of each run in Table 2 and discuss the evolution of
different quantities of interest throughout our simulations in the
following subsections.

3.1. Evolution of the Orbit

We first examine the orbit of the binary during CEE by
studying the evolution of the separation of the numerical cores,
which is shown in Figure 4 for both rejuvenated and non-
rejuvenated models. This evolution can be broadly divided into
three phases. First, the orbit slowly loses stability and becomes
eccentric as the companion accretes gas from the donor and
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Table 2

Unbound Mass and Orbital Separation at the Final Time in Each Simulation
Simulation thinal Mg p Mg i piTh Afinal

(yn) (Mc) M) Ro)
R(25, 5.0) 3.7 0.09 0.55 <50
R(25, 2.5) 45 0.12 0.60 <50
R(12, 1.26) 4.3 0.13 0.57 <24
NR(25 ,5.0) 5.7 0.08 0.66 <50
NR(25, 2.5) 8.9 0.09 0.75 <50
NR(12, 1.26) 8.6 0.08 0.74 <24

spirals inward toward its surface. In the second phase, the
companion grazes the outer envelope of the donor, and the
orbital inspiral begins to accelerate. This phase appears to last
longer for the non-rejuvenated donor. In the third phase the
companion plunges into the envelope of the donor. The
modulation of separation due to the eccentricity becomes
smaller as the orbit decays, indicating an eventual circulariza-
tion. Nevertheless, the binary remains eccentric during the
whole inspiral phase, even after the orbit regains its stability
near the resolution limit. The lower-resolution runs show that
Reore/ Axmin = 10 is needed to obtain converged results.

While we observe the same overall evolution for the two
donor models, we note a change of pace in the inspiral between
the two sets of simulations. The first and second phases of the
orbit last around two years for rejuvenated donors, but it takes
six years for the companion to start the fast inspiral in the
envelope of the non-rejuvenated donor. This can be seen from
the third row of Figure 3, where the companion is already
inside the envelope of the rejuvenated donor and drives
significant outflows, while the non-rejuvenated system is still in
the earliest phase, with less gas ejected. The speed of the fast
phase of inspiral is also slightly affected: it takes about two
years for the companion to reach a stable orbit in the
rejuvenated donor, against almost three years in the non-
rejuvenated case. As a result, the binary with a rejuvenated
donor reaches the minimum separation between cores after
4.5 yr, while the non-rejuvenated inspiral takes almost 9 yr. We
hypothesize that this faster pace is due to the difference in the
structure of the outer layers of the rejuvenated model. As
shown in the top panel of Figure 1, more mass is contained in
the surface layers of the rejuvenated model compared to the
non-rejuvenated case as a result of past accretion phases. These
more massive outer layers exert a stronger gravitational drag on
the companion as it grazes the envelope of the donor, which
causes a stronger orbital decay and thus a much faster inspiral
phase.

Finally, we remark that while our simulations show
stabilized orbits, the separation of the binaries has reached
2R ore before the orbit has become stable. Considering that the
density of the gas inside the domain delimited by the numerical
cores is much lower than the density in the stellar profiles, the
gravitational drag and torques between the companion and the
gas are very likely underestimated. As such, we do not take any
results after the cores have coalesced as physically meaningful
and consider that the orbit of the cores did not manage to
stabilize in any of our simulations. It is thus impossible to
conclude whether the stellar cores will merge or stabilize in a
tight orbit by the end of the inspiral phase, and we can only
derive an upper limit on the final separation of the binary and
an upper limit on the duration of the CE phase.
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Figure 4. Evolution of the separation of the cores during the CEE for both
rejuvenated (orange) and non-rejuvenated (purple) donors at different
resolutions. The gray dotted lines denote where the separation is equal to the
sum of the core radii, 2Rcore = S0R: and 2R ore = 24Rs,.

3.2. Outflows

The evolution of the shape of the envelope during the high-
resolution simulations is shown in Figure 3. In the final
snapshots, taken just before the cores coalesce, we see the
expected over-densities due to the inspiral of the companion in
both donor models, but the spiral pattern appears slightly
tighter and more concentrated toward the center of the binary in
the case of the rejuvenated donor. From the slices in both the
equatorial and the meridional planes, we see that the non-
rejuvenated envelope has spread further by the end of the
simulation than the rejuvenated envelope. Additionally, the
slices of the meridional plane of the envelope show strong
spherical asymmetries, with a large decrease in density around
the polar axis of both models. In particular, the matter
distribution in the rejuvenated envelope appears significantly
asymmetric with respect to the z-axis of the grid.

We inspect the shape of the ejecta and the envelope at the
end of the simulation in Figures 5 and 6. In particular, we are
interested in the isotropy of the outflow. Figure 5 shows the
azimuthally averaged density (p), (centered on the donor core)
of the gas right before the cores coalesce in the case of the
rejuvenated and non-rejuvenated (12, 1.26) models. Both
models have nonspherical outflows with substantial under-
densities in the polar regions, but the ejecta is more equatorially
concentrated in the case of the rejuvenated donor. To quantify
how isotropic the mass distribution is at different radii, we
examine the ratio

f:fﬂ j(’) pr?sin@ dr df fo " sin@ do
ST [ pr?sing dr do fe‘_"’*‘ sin 6 df

Ri(r) = )

of enclosed mass within radius r and polar angle range
[0;, 0,,1] to that within radius r, divided by the corresponding
ratio of volumes. Alternatively, one can think of R,(r) as the
ratio of the average density in the polar bin i and the average
density over all polar bins. This ratio allows accounting for
the fact that different polar angle bins have different enclosed
volumes; if p is a function of » only (i.e., the mass distribution
is isotropic but not necessarily uniform), then R(r) = 1 for all i
and r. The result of this analysis, shown in Figure 6, indicates
that most of the ejected gas is concentrated in the range of polar
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Figure 5. Azimuthally averaged density (p), of the R(12, 1.26) and NR(12,

1.26) models in the top and bottom panels, respectively. Circles are labeled
with radii in AU.

angle [—50°, 50°] relative to the orbital plane, leaving the polar
regions mostly empty beyond approximately a few hundred
solar radii. In the case of the rejuvenated envelope, the
asphericity of the gas is strong even in the inner regions of the
ejecta (R < 50R.), whereas the mass distribution of the inner
non-rejuvenated envelope is closer to isotropic.

To gain further insight into the behavior of the envelope, we
analyzed the role of pressure gradients and centrifugal acceleration
in the final snapshots of the highest-resolution runs. Figure 7
shows slices in the orbital plane (passing through the center of
mass) of bound and unbound material, fluff mass fraction, and gas
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Figure 6. Relative mass distribution of the envelope within different radii of

the donor core, as defined by Equation (5), at #4,,, for R(12, 1.26) and NR(12,

1.26) in the top and bottom panels, respectively. Each curve shows a different
polar angle bin, with the angle measured from the orbital plane.

density, pressure, and specific internal energy. We identify three
distinct cylindrical regions in the specific internal energy slice: an
inner region extending from 0 to 5au characterized by a tight
spiral shock; a middle region extending from 5 to 15au
characterized by smoother shocked flow; and an outer region
extending from 15 to 30 au characterized by low densities and
shear instabilities and terminating in the irregular surface of the
envelope. (We use the same radii for both donors, although the
outer radius of the middle region for the non-rejuvenated donor
appears slightly smaller.) Mass-weighted spherical radius compo-
nents of the gravitational acceleration g, pressure acceleration

—(V p)/p, and centrifugal acceleration v(f /r (based on
cylindrical radius) for the three regions are listed in Table 3.

The material in the outermost region originates during the early
interval when the companion is outside the donor's envelope, and
the orbital decay is driven by tidal interaction and the loss of
material through the outer Lagrange points. During this phase, the
surface layers of the donor are transferred to the companion and
expand within its Roche lobe, forming a contact discontinuity
where they meet the hotter fluff material. This region shows some
mixing with the fluff due to shear instabilities and a largely
pressure-driven outflow (though the pressure gradient in this
region is very small).

The middle region is produced during the part of the
companion's first orbit in which it grazes the surface of
the donor's envelope. The transferred gas accompanying the
companion first interacts with the companion's wake during this
phase, producing the first of the spiral shocks. While pressure
support still dominates centrifugal support, the two balance the
gravitational field in this region. Given the flattened ejecta
structure, we could characterize this material as forming a
circumbinary disk. The long-term interaction of this material
with the stellar cores is likely important for determining the final
separation (similar arguments have been made for low-mass and
very high-mass common envelopes; A. Kashi & N. Soker 2011;
B. D. Metzger 2022), but we cannot follow this interaction with
the current simulations.
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Table 3
Mass-weighted Averages of Radial Acceleration Components at ¢ = #g,

Model Region Mass z -V p) Z P v2/r
M.)  (ems™®)  (ems)  (ems Y
R(12, 1.26) Inner 8.83 -9.5 29 0.64
Middle 0.67 -0.20 0.13 0.034
Outer 0.13 —0.028 0.022 0.0061
NR(12, 1.26) Inner 7.09 -20 38 1.30
Middle 0.86 -0.20 0.19 0.032

Outer 0.014 —0.030 0.040 0.0053

In the inner region, a tight spiral shock pattern is produced as
the companion spirals into the donor's envelope. This region
shows a strongly pressure-driven outflow, feeding the middle
disk region. If this outflow were to strengthen during further
inspiral in a higher resolution simulation, we might expect it to
shock and unbind more of the material in the middle
circumbinary disk region. However, in these runs it has not
done so, contributing to the low rates of unbinding discussed in
Section 3.3.

3.3. Mass Loss

We show the fraction of envelope mass lost in our
simulations as a function of time until the numerical cores
coalesce in Figure 8. A mesh zone is considered unbound if its
kinetic energy is greater than its potential energy:

¢+%ﬂ>0. (6)

Alternatively, we can assume that a fraction oy, of the internal
energy of the zone is converted into kinetic energy and
consider the parcel unbound if

1
o+ Evz + agu > 0. @)

We count mass lost from the computational domain as
unbound, though in our simulations this amount is very small
(<0.1%). The value of ay,, the parameter denoting what fraction
of internal energy is used to unbind gas, is not well-determined by
our simulations since they do not include radiative cooling or
recombination energy and do not follow the long-term evolution
of the common envelope after the dynamical phase. Setting it to
unity provides an upper limit on the unbound mass. The more
conservative criterion of Equation (6) serves as a lower limit. In
both cases, the amount of mass lost is calculated using an upper
limit on fluff abundance, such that any zone with a fluff
abundance greater than 0.1 is not included in the sum. This cut
removes a considerable fraction of the domain, including regions
where the fluff has mixed with very small amounts of gas from the
envelope. To get a better idea of which parts of the domain are
taken into account for the mass loss, we use the middle panels of
Figure 7 to compare snapshots of the density and the fluff
abundance of the gas with a 0.1 limit applied, so that white
regions correspond to regions that have been cut out. As an
alternative to the fixed cutoff, we considered the sum of unbound
mass over the domain weighted by the local fluff abundance, but
found it changed the unbound masses by at most 1%. We note
that since all the binaries reach their minimum resolvable
separation of 2R in our simulations, a part of the inspiral is
not captured. Higher resolution simulations with smaller R o
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Figure 8. Evolution of the amount of unbound mass during the CEE for
different resolutions and donor models. Cyan lines show the unbound mass
considering the total energy is calculated using only the potential and kinetic
energy of each cell (o, = 0). Pink lines show the unbound mass considering
the total energy is calculated using the potential, kinetic, and internal energy of
each cell (o, = 1). Mass is considered unbound if its total energy is positive or
if it has left the domain. Left panel: simulations with a rejuvenated donor. Right
panel: simulations with a non-rejuvenated donor.

values should follow the inspiral deeper in the common envelope,
possibly leading to more mass loss.

Figure 8 shows that the rejuvenation of the donor does affect
the amount of mass lost. When considering the less conservative
criterion for mass loss (Equation 7), the rejuvenated giant loses up
to 0.052M.,,, (0.50M ) while the non-rejuvenated one loses up to
0.072M..,,, (0.58M ). Neither donor model yields significant mass
loss, though the fractional mass loss decreases by about 40%
when considering the rejuvenation of the donor. Similarly, when
considering the more conservative criterion (Equation 6), the mass
loss in the rejuvenated system reaches 0.014M.,, (0.13M.)
against 0.017M.,, (0.14M.) in the non-rejuvenated case,
effectively showing a 20% decrease when taking rejuvenation
into account. In each case the low-resolution runs appear to
converge to the high-resolution results for the simulation times
covered. Unbinding is still occurring rapidly at the end of the runs
when internal energy is included, and more slowly when it is
neglected.

To investigate the origin of the difference in mass loss
according to the two energy criteria, we show slices of bound and
unbound material in the orbital plane according to the two criteria
derived above in the leftmost panels of Figure 7. We see that
adding internal energy to the binding criterion primarily affects the
low-density outer region and the outer part of the middle region
characterized as a circumbinary disk in Section 3.2, causing them
to become unbound. The inner region and inner part of the disk
remain bound; thus, the difference between the two energy criteria
is due to the significant internal energy of the outer regions of the
ejecta. Given the dynamics of the inner region (expanding spiral
shocks) and the additional orbital energy that might be released in
higher resolution simulations, we expect additional material in the
disk to become formally unbound by shock heating in such
simulations.

No matter the energy criterion used, we do observe a
difference in mass loss between the rejuvenated and non-
rejuvenated models. While the expectation was that the overall
lower BE in the rejuvenated donor would help unbind more
mass, it appears that the non-rejuvenated donor ejects slightly
more of its envelope in our simulations. This is likely an effect
of our setup. Due to the difference in density profiles and the
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fixed core radius for both sets of simulations, the non-
rejuvenated donor is initialized with a larger core mass
(9.68M,)) than the rejuvenated donor (7.68M). While this is
compensated throughout the simulation by a lower envelope
mass (8.06M,, for the non-rejuvenated model against 9.64M,
for the rejuvenated model), it still induces differences in
gravitational energy release toward the end of the simulation.
As the two cores get closer, their interaction dominates the
gravitational energy release over the interaction between the
core and the envelope, which is now a lot more spread out. By
the end of the simulation, we find that the release of orbital
energy in the non-rejuvenated case is about 2.92 x 10* erg,
which corresponds to around 1.3 times the BE of the envelope
(calculated with oy, = 1), while it comes up to 1.48 x 10*8 erg
in the rejuvenated case, corresponding to 1.1 times the BE of
the envelope.

We cannot firmly conclude that one donor would lose more
material than the other at the end of a full CEE. The final
contribution of internal energy to envelope unbinding is not
certain at present since we do not resolve the long-term
evolution of the system and our simulations do not include
radiative cooling or recombination energy, which may also
influence the unbinding efficiency (e.g., N. Ivanova et al. 2015;
A. Grichener et al. 2018; N. Soker et al. 2018; M. Y. M. Lau
et al. 2022). Overall, both high-resolution simulations are
consistent with either a merger of the cores or stabilization of
the binary orbit below our resolution limit.

4. Discussion

Most 3D hydrodynamics simulations of CEE to this date
have been performed for low-mass stars, though recently some
effort has been put into massive CEE with NS companions.

J. A. P. Law-Smith et al. (2020) performed simulations of a
12 M, donor and a 1.4 M., NS companion, and found a clean
ejection of the envelope with a stabilized orbit at <5.1 R,
However their methods strongly differ from ours, as they
excise the outer layers of the donor and reduce it to a 10 R, star
but resolve the core down to <0.005R.. In our case, the
inspiral in the outer layers drastically changes between
rejuvenated and non-rejuvenated models, suggesting that such
a method might not be able to fully capture the effect of
rejuvenation on CEE and thus would poorly reproduce the
inspiral. M. M. Moreno et al. (2022) performed magnetohy-
drodynamics simulations of a 10 M., with a 1.4 M. NS and
found a successful envelope ejection and an orbit stalling at
15 R, indicating that our numerical cores are indeed too large
to resolve the stabilization of the orbit, if it occurs. They also
found that <10% of the envelope was unbound before the cores
reached a separation of 2R .. = 40R. and the mass loss
increases later as the inspiral stalls, indicating that if the binary
stalls at a lower separation than we can currently resolve in our
simulations, we can expect a significant increase in mass loss.

On the other hand, M. Y. M. Lau et al. (2022) presented
simulations of two cases, a 12M. donor with a 1.4 Mg
companion (consistent with an NS) and a 3.0 M, companion
(consistent with a black hole) to probe the effect of
recombination energy. They found that the inspiral stalls only
in the case of a black hole companion. Their simulations with
the NS have a low mass ratio, similar to ours, and the orbit
stalls after the numerical cores overlap, thus providing only an
upper limit on the final separation, as in our case. Similarly to
M. M. Moreno et al. (2022), they find that most of the envelope
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is unbound after the inspiral stalls in their simulations with
black hole companions, and the mass loss due to the dynamical
inspiral is only slightly larger than our results.

4.1. Future Improvements

The main goal of this work was to investigate whether the
significant difference in BE across the envelope of rejuvenated
and non-rejuvenated donors, as shown in Figure 1, would affect
the inspiral phase of CEE and change the outcome of the CEE.
Overall, our simulations show a faster inspiral but lower
unbinding efficiency with a rejuvenated donor.

We note however that these results are severely limited by our
resolution. First, the largest difference in BE profiles in the two
stellar models is situated in the innermost layers of the envelope
(r ~ 1-10 R, see Figure 1), which are not well-resolved with our
current best resolution. Thus, simulating the CEE with a smaller
core radius and minimum cell size is required to properly assess
the impact of rejuvenation on envelope ejection. Increasing the
resolution would result in a longer inspiral phase before the cores
coalesce or stabilize, thus improving the prediction of the outcome
of the inspiral. If the binary stabilizes, simulating the inspiral
around layers close to the CEB may also allow us to define a
boundary between the ejected material and the remaining core
(e.g., T. M. Tauris & J. D. M. Dewi 2001; N. Ivanova 2011;
M. U. Kruckow et al. 2016) and parameterize 1D evolution
models of the stripped remnant (e.g., A. Vigna-Gmez et al. 2022).
Additionally, correctly resolving the CEE on longer timescales
will likely lead to an increase in mass loss due to a late conversion
of internal energy to kinetic energy.

However, due to the nature of 3D hydrodynamics methods,
our simulations probe the initial dynamical phase of the
evolution much better than later possible phases, which are
longer-lived (e.g., F. Meyer & E. Meyer-Hofmeister 1979;
M. Renzo et al. 2021). Thus, our simulations are most sensitive
to differences in the outer layers of the donors we use, which
are also influenced by, e.g., rotation and opacity effects (e.g.,
A. Blaauw 1993; A. Miszuda et al. 2021; M. Renzo &
Y. Gotberg 2021). Since the effects of rejuvenation are most
apparent in the inner layers of the donor, close to the CEB, it
may be too deep to be accurately probed with 3D hydro-
dynamics simulations at present.

Finally, since the mass loss in the systems considered in this
study is very low, it may be of interest to study the effect of
rejuvenation in systems with binary parameters, allowing larger
unbinding efficiencies. For instance, considering a more equal
mass ratio can drastically increase the amount of mass lost
during the inspiral, in which case the effect of previous
rejuvenation may be much stronger. We might therefore expect
the effects of rejuvenation to be more pronounced for
progenitors of binary black hole systems than for progenitors
of double neutron star systems. However, black hole mergers
have been recently proposed to be more likely to form through
stable mass transfer rather than CEE (e.g., P. Marchant et al.
2021; K. Pavlovskii et al. 2017; E. P. J. van den Heuvel et al.
2017, J. Klencki et al. 2022; L. A. C. van Son et al. 2022).

4.2. Shape of the Outflow

As seen in Figures 3, 5, and 6, one of the differences between
our rejuvenated and non-rejuvenated simulations is the shape of
the ejecta. While the ejecta are far from spherically symmetric in
both cases, they are significantly more equatorially concentrated in
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the rejuvenated models. The differences in the symmetries and
compactness of the ejecta are likely due to the different speeds at
which the companion spirals in. In particular, a slower inspiral
gives more time for the outflow to spread further out, which
explains why the envelope is much more extended at the end of
the non-rejuvenated simulation.

The ejecta asymmetries do not directly impact the CEE;
however, they do have observational consequences as the ejected
envelope expands and cools to the proper conditions for dust
condensation. Thus, the resulting dusty CSM around the remnant
of the CEE, which should be observable at least in the infrared,
has a significantly different geometry and mass distribution if
rejuvenation is taken into account. This may also impact the
observational signatures of later interactions with the CSM.

The middle region between 5 and 15au in our simulations
appears to be occupied by a mainly pressure-supported
circumbinary disk. Pressure-supported disks have been observed
in other common envelope simulations with massive donors
(M. Y. M. Lau et al. 2022, M. Vetter, private communication),
and the long-term evolution of such a disk is likely to have major
effects on the final separation (B. D. Metzger 2022; D. Wei et al.
2024). In particular, this will have important consequences for the
rates of gravitational wave events and merger-related transients.
At present, we can conclude that our simulations support the
formation of a disk and suggest that its properties may be sensitive
to the rejuvenation status of the donor.

Since the companion in our simulations is an NS, a merger may
produce a Thorne-Zytkow object, which should most frequently
originate from binary systems that experienced mass transfer and
rejuvenation (K. Nathaniel et al. 2024). Alternatively, the merger
could lead to collapse into a black hole accompanied by a strong
supernova (SN) explosion (R. A. Chevalier 1996; C. L. Fryer &
S. E. Woosley 1998), and the dense circumstellar medium
resulting from the CEE ejection will interact with the SN explosion
(e.g., N. Smith 2011; R. A. Chevalier 2012; B. D. Metzger 2022),
potentially yielding a Type IIn SN or an ultraluminous SN. The
different equatorial concentrations and asymmetries observed
between the rejuvenated and non-rejuvenated cases will impact
the interaction between the circumstellar medium and a future SN,
which may in turn affect the observed properties of the interacting
SN and the remnant.

4.3. Other Effects of Binary Evolution

Our simulations indicate that considering one previous phase of
mass transfer significantly impacts CEE. However, there are other
phases of binary evolution that may substantially impact the
structure of a future CEE donor and thus the details of the CEE
process. In particular, we found that the change in the mass
distribution in the outer layers of the donor accelerated the inspiral
phase; thus, any process that affects these regions may be relevant.

Among these processes, stellar rotation is an important source
of structural difference in a star. Beyond causing significant
mixing, rotation impacts the size of the core (A. Heger et al. 2000;
A. Maeder & G. Meynet 2000) and the ensuing centrifugal force
can drive or strengthen mass loss (N. Langer 1998). While a star
can be born and evolve with an already significant rotation rate, it
may also gain angular momentum through accretion (e.g.,
W. Packet 1981; M. Renzo & Y. Gotberg 2021), in which case
the consequence of the spin-up should differ from the effect of
natal rotation (M. Renzo & Y. Gotberg 2021). In this work, we
considered a donor that has been spun up due to accretion, but
compared it with a nonrotating and non-rejuvenated single donor,
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which is the type of donor profile most commonly used in 3D
hydrodynamics simulations of CEE. This may, however, lead to
different results than if we had considered a rotating non-
rejuvenated star. In Figure 9, we show the ratio of cumulative BE
for a rejuvenated accretor and single star, for different rotation
rates for the single star (from w/we; = 0 t0 w/wey = 0.9, using
the models computed by M. Renzo et al. (2023, see their
Appendix A). From this figure, it is clear that the difference in BE
profiles is not significantly affected by rotation in the innermost
layers of the star. However, we observe a significant difference in
the BE ratio in the outer layers, suggesting that rotation does
indeed play a role in unbinding these layers, requiring more
attentive investigation in any follow-up work.

Besides accretion, stars in close binaries can gain or lose
angular momentum through equilibrium tides (e.g., J. P. Zahn
1977; P. Hut 1981; L. Ma & J. Fuller 2023), which, for example,
cause the circularization and synchronization of the orbit.
However, tidal interactions are notoriously complicated and
uncertain, and nonequilibrium effects such as dynamical tidal
waves may further influence the state of the binary close to the
onset of CEE (M. MacLeod et al. 2019). Thus, it can be argued
that using uncertain rotation rates predicted by theories of tidal
interaction does not necessarily improve the accuracy of 3D
simulations. It should then be enough to accurately account for the
spin-up due to previous binary interactions and its effect on the
structure of the star, and arbitrarily set the binary and the envelope
close to corotation at the start of the CEE simulation.

In this study, we considered a system that evolved through a
typical double NS binary formation channel (e.g., T. M. Tauris
et al. 2017; A. Vigna-Gmez et al. 2018). This evolutionary
process starts with two massive MS stars in a close orbit, such
that the system undergoes a phase of stable mass transfer when
the more massive star evolves out of its MS phase and expands.
The donor is gradually stripped of its mass while the MS
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accretor gains mass and undergoes a rejuvenation process.
Eventually, the stripped donor collapses and turns into an NS
without disrupting the binary (M. Renzo et al. 2019). The
initially less massive star later expands when leaving its MS
phase, eventually leading to a second phase of mass transfer
that becomes unstable and leads to CEE. This second mass
transfer phase can be short-lived, but it may also occur on the
thermal timescale of the accretor (e.g., J. L. A. Nandez et al.
2015; O. Pejcha et al. 2017; N. Blagorodnova et al. 2021) and
thus significantly affect the structure of the donor.

While the first phase of mass transfer is accounted for in the
stellar models used in this work (M. Renzo et al. 2023), the effects
of the SN explosion and the second phase of mass transfer have
been neglected. In particular, the ejecta due to the SN explosion
can interact with the companion (e.g., R. Hirai et al. 2018;
M. Ogata et al. 2021), injecting energy into its outer envelope,
which would cause expansion and possibly ablate part of the
surface layers. Additionally, the phase of mass transfer directly
preceding the onset of CEE should also affect the donor, in
particular through the removal of its outer layers. These two
processes may remove some of the dense outer layers of the donor
that formed through the first phase of mass transfer, thus
mitigating the increase in inspiral pace while maintaining a lower
BE profile across the stellar envelope. Including these two other
phases of the evolution of the binary may therefore yield different
results than we observed in our simulations. This scenario may be
further complicated by assuming that the orbit is eccentric at the
onset of CEE (A. Vigna-Gmez et al. 2020), which may delay the
loss of orbital stability since eccentric mass transfer only happens
during periastron passages during its early stages (e.g., J. E. Staff
et al. 2016).

Beyond providing more realistic outcomes of CEE, includ-
ing the effect of the mass transfer phase directly preceding the
CEE is of interest for models of luminous red novae (LRNe)
from massive progenitors (e.g., AT 2018bwo) (N. Blagorodn-
ova et al. 2021), in which hydrogen recombination alone is
unable to explain the observed luminosities (T. Matsumoto &
B. D. Metzger 2022). In our simulations, the outermost layers
of the star are ejected before the start of the inspiral. This
slower ejecta will eventually collide with the spiral shock
propagating outward during the inspiral, and the resulting
shock heating may provide the second energy source required
to power the LRN (B. D. Metzger & O. Pejcha 2017). Though
we cannot make any predictions for shock-powered light
curves due to our initial conditions, which do not account for
pre-CE mass transfer, future simulations that do include more
realistic initial conditions could inform LRN models.

We note that due to computational restrictions, most of the
effects mentioned here can only be included through the use of
1D stellar evolution codes. This means that the use of the
resulting stellar profiles for the initial conditions of 3D
simulations of CEE will suffer from the notorious issues of
the 1D approximation. In particular, 1D schemes are unable to
correctly approximate some 3D processes, such as convective
motion, which renders their estimation of the thermal structure
in the outermost layers of red supergiants inherently inaccurate.
While 3D methods are needed to capture such effects (e.g.,
A. Chiavassa & B. Freytag 2015; Y.-F. Jiang et al. 2015, 2018;
J. A. Goldberg et al. 2022), they are too expensive for this
purpose, and the use of 1D simulations is necessary for now,
despite the fact that their inaccuracies may mitigate the effects
of binary interactions on the outcome of CEE.
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5. Conclusions

In this work, we have performed 3D hydrodynamics
simulations of CEE using donor models that take or do not
take into account a previous phase of mass transfer. This mass
transfer phase induced a rejuvenation process in the future
donor of the CEE phase, which significantly lowered its BE in
the innermost envelope. We compared the outcomes of the
CEE process in our simulations and found that rejuvenation
does impact the speed of the inspiral, the shape of the ejecta,
and the amount of mass lost by the system during the inspiral.

The main difference observed when a past phase of mass
transfer is accounted for is a twice-faster inspiral phase. This is
likely due to the denser outer layers of the donor resulting from
past accretion, which strengthens the drag on the companion
when it starts to plunge into the envelope. In both rejuvenated
and non-rejuvenated cases, we found that the orbit of the binary
does not stabilize before the numerical cores coalesce, though
this may change when increasing the resolution of the
simulations or considering more massive companions.

On the other hand, the impact of donor rejuvenation on the
mass loss of the system is less clear. We found a 20% decrease in
unbound mass with rejuvenation when using the conservative
energy criterion, and a 40% decrease when including the internal
energy of the gas. We note that this is likely an effect of our setup,
which is biased by a difference in core and envelope masses
between the rejuvenated and non-rejuvenated donor models. We
found that the total energy release throughout the simulation is a
higher fraction of the BE of the envelope in the non-rejuvenated
case, thus increasing the efficiency of the envelope ejection for
this model. The unbinding efficiency of the system is overall very
low, with up to 5% and 7% of the envelope mass ejected in the
rejuvenated and non-rejuvenated cases, respectively. Therefore, it
is complicated to assess the full impact of rejuvenation on mass
ejection, and simulation of different mass ratios may help in that
regard.

One effect of using rejuvenated stellar models was a change in
ejecta morphology: the rejuvenated ejecta is more equatorially
concentrated and less spherically symmetrical than in our non-
rejuvenated models. This difference mostly has observational
consequences, especially if the inspiral ends in a merger. In
particular, the ensuing merger transient and a potential later SN
explosion of the merger product may have different properties if
the mass distribution of the CEE ejecta is different. In both
rejuvenated and non-rejuvenated cases, we observed the formation
of a pressure-supported disk with different properties.

We note that due to numerical limitations, our simulations
have relatively large core sizes that do not allow us to resolve
the innermost part of the inspiral, where the difference in BE
should be the strongest. As a result, both sets of simulations are
consistent with either a merger of the cores or stabilization of
the binary below our resolution limit. Therefore, simulations
with smaller core sizes and higher resolution are needed to
study the full impact of rejuvenation.

Our simulations only considered a specific phase of the
typical binary evolution channel for double NS binaries, but the
results indicate that any significant structural changes in
the stars occurring during binary interactions are relevant for
later CEE. Thus, it seems important for future CEE simulations
to account for as much of the binary evolution previous to the
onset of CEE as possible, especially previous mass transfer
phases and structural changes due to rotation.
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Appendix A
Level of Error in Conserved Quantities

We tracked changes in total quantities that are not explicitly
conserved by FLASH or that can change because of our diode
boundary conditions and report those results for the highest-
resolution runs here. We include all gas represented on the grid
(including the low-density fluff, whose initial mass was about
0.6M,) as well as the stellar cores in these quantities.

The evolution of the linear momentum is shown in Figure 10.
Because the initial linear momentum is zero, we plot the
absolute rather than relative change. Its behavior is oscillatory,
with the largest amplitudes for the z component in both cases
and the x component for the non-rejuvenated case. The net drift
in the center of mass by the end of the simulation is [0.013,
—0.070, 0.47] au for the rejuvenated case and [—0.20, —0.025,
0.52] au for the non-rejuvenated case.

The evolution of the fractional change in angular momentum is
shown in Figure 11. The angular momentum about the center of
mass is dominated by the z component, which was initially
0.26M., au” day " for the rejuvenated case and 0.23M,, au® day "
for the non-rejuvenated case. All components change by less
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Figure 10. Evolution of x, y, and z components of the total momentum. Left: NR(12, 1.26). Right: R(12, 1.26).
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Figure 11. Evolution of x, y, and z components of the total angular momentum. Left: NR(12, 1.26). Right: R(12, 1.26).
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Figure 12. Evolution of the total energy and its constituents relative to the initial sum of the kinetic and internal energies and the absolute value of the potential energy.

Left: NR(12, 1.26). Right: R(12, 1.26).

than 4% of these initial values over the course of the runs, with
the z component changing by less than 2.3%. As the core and
companion particles inspiral from an initial separation of
about 4 au to a minimum resolvable separation of about 0.12 au,
their angular momentum decreases by a factor of 5.9 (ie.,
to 17% of its initial value), so nonconservation of angular
momentum may introduce as much as a 27% error in the final
separation.

The evolution of the fractional change in total energy and its
constituents appears in Figure 12. Very little (<0.1%) of the
envelope mass escapes the grid during either simulation.
Hence, the change in total energy is a good measure of overall
energy conservation. We find that in the rejuvenated case, the
total energy changes by less than 1% of the sum of the kinetic
and internal energies and the absolute value of the potential
energy, while for the non-rejuvenated case, the total change is
less than 2.5%.

Appendix B
BE Profiles

In Figure 13, we show the binding energy profiles of the
MESA models used to initialize the donors in our simulations.
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