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ABSTRACT

Common envelope evolution is a crucial phase in binary stellar evolution. Current global three-dimensional simulations lack the reso-
lution to capture the small-scale dynamics around the embedded companion, while local wind-tunnel simulations always approximate
the companion’s orbital motion as linear rather than as rotation around the center of mass. We investigated how rotation, accretion,
and stratification influence small-scale gas dynamics, gravitational drag and lift forces, and the spin-up rate of the companion. We
performed three-dimensional local hydrodynamic simulations of a 0.2 M, compact companion plunging into the envelope of a 2 M,
red giant in a reference frame rotating at the companion’s orbital angular velocity, using the Athena++ code. The presence of strat-
ification generates an inward directed force, which is partially opposed by a rotation-induced outward lift force. Both the resulting
inward directed force and the drag force, strongly influenced by stratification, would affect the evolution of the binary separation. We
propose revised semi-analytical prescriptions for both drag and lift forces. Without accretion and for sufficiently small gravitational
softening radii, a quasi-hydrostatic bubble forms around the companion, while accretion prevents its formation and converts kinetic
energy into heat that could contribute to the envelope ejection. Drag and lift forces are only marginally affected by accretion. The
companion spin-up rate varies non-monotonically in time, first increasing and then decreasing as it plunges deeper into the envelope.
These results motivate future magnetohydrodynamic simulations to investigate how accretion, rotation, and stratification affect mag-
netic amplification and how magnetic fields, in turn, influence mass and angular momentum accretion rates, as well as the drag and

lift force exerted on the companion.
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1. Introduction

Common envelope evolution (CEE) is a key phase in the
life of many binary star systems. During CEE, a compan-
ion star becomes engulfed by the extended envelope of a
giant star, which initiates a rapid inspiral that ultimately
determines whether the system merges or emerges as a
close binary (see, e.g., Ivanova et al. 2020; Ropke & De Marco
2023, for recent reviews). This process is central to the
formation of compact binaries that later produce gravita-
tional waves (e.g., Li & Chen 2024; Wei et al. 2024), type Ia
supernovae (e.g., Belczynski et al. 2005; Ablimit et al. 2016;
Liu et al. 2023), and other transients. Despite its importance,
CEE remains poorly understood, and its simple parameter-
izations (van den Heuvel 1976; Tutukov & Yungelson 1979;
Iben & Tutukov 1984; Webbink 1984; Livio & Soker 1988;
Nelemans et al. 2000; Hirai & Mandel 2022; Di Stefano et al.
2023) oversimplify the physics and appear inadequate for pre-
dicting outcomes from first principles (e.g., Zorotovic et al.
2010; De Marco et al. 2011; Ge et al. 2022; Scherbak & Fuller
2023; Torres et al. 2025).

One of the keys to understanding CEE lies in studying the
interaction between a star and the envelope into which it plunges.

* Corresponding author: damien.gagnier@uni-heidelberg.de

Current global three-dimensional simulations adequately cap-
ture the large-scale evolution of the envelope and the overall
interaction between the companion and its surroundings, but
they generally lack the resolution to resolve the small-scale flow
structure around the embedded object. Local wind-tunnel sim-
ulations have been developed to address this limitation (e.g.,
MacLeod & Ramirez-Ruiz 2015; MacLeod et al. 2017; De et al.
2020; Prust & Bildsten 2024). By focusing on a small physical
region surrounding the companion and imposing an upstream
flow, they can achieve much higher spatial resolution. Such mod-
els have been used to measure gravitational drag and accre-
tion rates (e.g., MacLeod & Ramirez-Ruiz 2015; MacLeod et al.
2017; De et al. 2020; Prust & Bildsten 2024), informing semi-
analytic prescriptions that complement standard CEE parame-
terizations in stellar evolution codes (e.g., Fragos et al. 2019;
Everson et al. 2020; Trani et al. 2022).

Wind-tunnel simulations nevertheless rely on strong simpli-
fying assumptions. They typically neglect rotational and mag-
netic effects, which may be unavoidable during the dynami-
cal plunge-in phase given the companion’s supersonic orbital
velocity and the strong amplification of magnetic fields in
its vicinity (Ohlmann et al. 2016; Ondratschek et al. 2022;
Gagnier & Pejcha 2024; Vetter et al. 2024, 2025). The embed-
ded object is commonly represented as an absorbing boundary
with a radius orders of magnitude larger than its physical size.
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Such a choice of boundary conditions artificially removes gas
before it can form pressure- or rotation-supported structures near
the companion and neglects the local dynamics, both of which
can affect the flow on larger scales. Wind-tunnel setups also
ignore the interaction between the companion and the wake of
the primary’s core and are thus limited to the dynamical inspiral
phase and to relatively low binary mass ratios.

In addition to global and local simulations, efforts have
been made to develop analytic and semi-analytic models of
the gravitational interaction of one or two massive objects
moving through a gaseous medium (e.g., Ostriker 1999;
Kim & Kim 2007; Kim et al. 2008; Kim & Kim 2009; Kim
2010; Desjacques et al. 2022; Bhattacharyya et al. 2026). These
models provide useful reference points, though they are formu-
lated under idealized conditions. In reality, the primary’s enve-
lope is stratified, turbulence develops in the wake, magnetic
fields can be amplified, and the gas dynamics near the object
depend sensitively both on how the gravitational potential’s sin-
gularity is handled and on the sub-grid model for accretion.

In this paper we investigate the gas dynamics in the immedi-
ate vicinity of a plunging companion star, with particular empha-
sis on the roles of rotation, stratification of the primary star’s
envelope, and accretion. To this end, we solve the equations of
hydrodynamics in a reference frame centered on the primary’s
core and rotating at the companion’s orbital angular velocity. We
thereby include the Coriolis and centrifugal forces, as well as
sink terms for mass, momentum, and energy density.

This paper is organized as follows. In Sect. 2 we present
our physical model and describe the numerical setup. In Sect. 3
we show our simulation results and the analysis of the effects
of including accretion, rotation, and stratification. In Sect. 4 we
summarize our findings and discuss their implications.

2. Physical model and numerical setup
2.1. Equations of hydrodynamics and the numerical scheme

We used the Athena++ code (Stone et al. 2020) to solve the
equations of inviscid hydrodynamics in the reference frame cen-
tered on the primary’s core and rotating at the companion’s
orbital angular velocity: Q = Qe,

op

5 +V.(pu) :Sp’ (la)
6'(;;;[+V-(pu®u+Pl)=—pV(D

- 20Q (e, x u) — pQ’e. X (e, X 1) + S, (1b)
3(E + p®) o
P UV -(E+P+0Du) = o—

5 +V-((E+P+pQu) P

—pQ%e, x (e, xr)-u+Sg, (1o

where u is the velocity of a fluid parcel in the rotating frame,
E = e + pu?/2 with e the volumetric internal energy density,
@ is the gravitational potential, and we assumed a perfect gas,
P = (I' = e, with adiabatic index I' = 5/3. For simplicity, we
fixed the primary’s core at r; = 0 and approximated the cen-
ter of mass as coinciding with this point, thereby neglecting the
linear acceleration of the frame. In this frame, the companion
follows a circular orbit in the equatorial plane, and is initially
located at (r,0,¢) = {r,n/2,0}, with (r, 0, ¢) corresponding to
the conventional spherical coordinates. The density, momentum,
and energy density sink terms, respectively S,, S,, and Sg, are
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defined as follows:
o

Tacc

Spi=——WWd,ry), S,:=8Su", Sg:=5,(c+D). )
Because the companion is unresolved, these terms do not provide
realistic accretion rates but do allow us to study the qualitative
impact of accretion on the flow. Here, d = ||r — r|| is the distance
to the companion, T, = (yQ)~!, where y is a dimensionless sink

rate.

1-60+60°, 0<v<i,
W, ry) =12(1 - v)’, I<v<l, A3)
0, v>1

is a smoothing kernel (Monaghan & Lattanzio 1985), where v =
d/r,, and ry is the sink radius. The velocity (u*) and specific
energy (€*) in the frame centered on the companion are given by

P
* — . L k %k * * * — * * _
u' =u (e,er + d(eye, + e¢e¢)), € : 2u u"+ p’ 4
where
. I—n d(e;xe; .
e=——, ¢ = M, and e, == e’ x e (5)
d ¢ 42 — 72 4

are the spherical unit vectors in the companion’s reference frame.
Setting ¢ to 1 implies #* = u, which reduces the momentum
sink to a standard sink prescription, while 6 = 0 corresponds
to a “torque-free” sink (Dempsey et al. 2020; Dittmann & Ryan
2021) where the accretion torque associated with the spin of
the sink particle is zero. Choosing § = 0 is justified because
the accreting object is much smaller than the sink radius (see
Sect. 3.5). Standard mass removal algorithms, in which the
particles accrete a fixed fraction (if not all) of the material
entering the sink radius (e.g., MacLeod & Ramirez-Ruiz 2015;
MacLeod et al. 2017; Muiioz et al. 2019; Antoni et al. 2019;
De et al. 2020; Tiede et al. 2020; Duffell et al. 2020; Kaaz et al.
2023; Rosselli-Calderon et al. 2024), dramatically overestimate
such a spin torque. This can generate artificial large-scale angu-
lar momentum fluxes, which in turn can significantly affect the
flow dynamics on scales much larger than r (see Dempsey et al.
2020; Dittmann & Ryan 2021, for more details). We mitigated
this issue by employing a spline-weighted sink, which progres-
sively reduces the torque contribution from material at increas-
ing distances from the sink. Finally, we note that, because
of angular momentum conservation, removing mass without
removing the corresponding angular momentum (i.e., setting
0 = 0) effectively spins up the gas within the sink radius and
in the companion’s reference frame. In regimes of strong accre-
tion, this can lead to an artificial increase in the local specific
angular momentum, potentially altering the flow dynamics and
even resulting in numerical instability. O(r, t) is the gravitational
potential of the binary,

2
O = Y 0 = =T G fd, o), ©)

i=1

where o (¢) prevents violent initial transients and ensures numer-
ical stability. It is defined as

o(t) = {Tdy“’

t < Tdyn
Y 7

1, otherwise.
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Here, 74y, = E/(QQ) (see Eq. 11), f(d, h) is the shape of the
softened potential derived from the smoothing kernel of Eq. (3)
(Hernquist & Katz 1989):

fd, hy) =
_l6,2 , 48 /4 _ 3245 14 : ’ 1
( U+ S =V +5), if0<v <3.

1

—)(=1 _ 322 /3 _ 48 44, 3245, 16 e 1 ’

I (15u’ U + 160 S0+ U +5), if 5 <0 <1
1, if o > 1.

®)

Here, v' := d/h, and hy is the gravitational softening radius. In
this work, we set ry = h;.

Our simulations are susceptible to numerical shock instabil-
ities when multidimensional shocks align with the grid, often
triggering the carbuncle phenomenon, where odd-even pertur-
bations grow unphysically (Quirk 1994). To mitigate this, we
employed the low-dissipation Harten-Lax-van Leer Riemann
solver (LHLLC; Minoshima & Miyoshi 2021)', which intro-
duces targeted tangential dissipation to suppress such perturba-
tions. Spatial reconstruction of the primitive variables is per-
formed using the piecewise parabolic method (Colella & Sekora
2008). We disabled the extremum-preserving limiters to
improve numerical stability, particularly near the gravitational
potential minimum. Time integration uses a strong-stability-
preserving third-order Runge-Kutta method (Shu & Osher 1988;
Gottlieb et al. 2009).

2.2. Initial conditions
2.2.1. Stratified case

As in Gagnier & Pejcha (2023, 2024, 2025), we initialized the
envelope of the primary star in hydrostatic equilibrium with
purely radial density and pressure profiles following a poly-
tropic relation with polytropic index n = 1/(I' — 1). The gas
obeys an ideal-gas equation of state, and gas self-gravity is
neglected. Doing so, the local stellar structure around r = r,
for a binary with a mass ratio ¢ = M,/M;, can be characterized
with two parameters: the density at r = r, and the ratio between
the Hoyle—Lyttleton radius and density scale-height at the same
location:

R,
= —, 9
& H, )]
with
2GM, 2qr; P
R, = = , H, =- , 10
¢ uz, 1+gq f dp/drlr=r, (10)

and where u,, = rQ is the companion’s orbital velocity. We
further express the Bondi-Hoyle-Lyttleton radius as

7o 20M (149’6
Sk +de 29+ (1492

R,, arn

where ¢ = c5(r2,t = 0) is the sound speed of the unper-
turbed envelope at the companion’s location. Using the hydro-
static equilibrium equation, one can derive the density and pres-

! The low-dissipation approach of Minoshima & Miyoshi (2021) for

LHLLD is applied here to HLLC.
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Fig. 1. Density and pressure profiles from the 2 M, red giant MESA
model of Ohlmann et al. (2016), shown as a function of the radius.
Dashed lines indicate the polytropic reconstruction used as initial con-
ditions, computed around the location where €, = 3, which is marked
by red crosses. The vertical line marks the radius where €, = 10 in the
reconstructed stellar structure. The red curve shows the stratification
parameter (¢,) as a function of radius for the MESA model, while black
dots indicate the €, values employed in our simulations.

sure profiles:

_[a-Dé6m, 2g | 2g 1
PO=1"%r \Tror\'Tad+oa-D) 7| -
(12)
P(r) = Kp(r)', (13)
where
2

~ p(r)V' (1 + q)’Rae,

Equations (1a), (1b), and (1¢) are homogeneous in density. Vary-
ing p(r,) therefore does not change the flow structure or the nor-
malized drag, lift, and accretion coeflicients (Sect. 2.4), but only
their absolute values. The 2 M, red giant MESA model shown
in Fig. 1 illustrates how the stratification parameter (e,) varies
across a realistic envelope and provides a reference for assessing
the accuracy of our local polytropic reconstruction. The simu-
lation results presented in this paper are expressed in terms of
dimensionless parameters and are therefore not tied to this par-
ticular stellar model.

In order to minimize the effects of the non-exact numerical
hydrostatic equilibrium resulting from the finite grid resolution,
we used Gauss-Legendre quadrature of order 12 to map the ini-
tial profiles onto the mesh as volume-averaged variables at the
barycenter of each cell, which is different from geometric center
in polar-spherical coordinates. The initial velocity of the gas in
the companion’s orbiting frame is set to U = rsin6Qe,, at t = 0,
so that the envelope is initially nonrotating in the inertial frame.
Crucially, unlike in wind-tunnel simulations, the primary’s enve-
lope in our setup is in hydrostatic equilibrium in the absence of
the companion.

In our stratified simulations, the domain size is such that it
accommodates a sphere of radius 3 R,, so that the radial extent
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of the domain is Ar = 6?2:, and its angular extent is

3R,

J2 - GRy

where we have set ¢, = 0 and 6, = /2. We chose a mass ratio

q = 0.1 so that R, < r, and the domain does not include the pri-
mary’s core. In regimes of strong stratification (¢, 2 1), the outer
radial boundary of the computational domain can extend beyond
the stellar surface, requiring the modeling of an outer vacuum-
like atmosphere (e.g., MacLeod et al. 2018; Gagnier & Pejcha
2023). To handle this, we defined a critical radius (r.) at which
the transition from the stellar envelope to the atmosphere occurs.
In this work, we set r. to be the radius at which the local strati-
fication parameter of the reconstructed profile reaches a value of
10, coinciding approximately with both the maximum of ¢, and
the location of the stellar surface in the one-dimensional MESA
model (see Fig. 1). The atmosphere is assumed to be isothermal
and in hydrostatic equilibrium, and it is smoothly matched to
the envelope by ensuring continuity of the density, pressure, and
pressure gradient at » = r.. The resulting atmospheric density
and pressure profiles are given by

AB = Ap = 2 arctan (15)

o(r = r.) = p(re) exp I;(c;(lj;il (% - rl)]’ (16)
ay2
Pirzry = 290 a”

where the atmosphere’s sound speed is defined as ¢ =

VKT p(r)n.

2.2.2. Non-stratified case

For the non-stratified simulations presented in Sects. 3.1, 3.2,
and 3.3, weset M, = 1, ®; =0,R, = 1, p(t = 0) = 1, and
thus ue = V2. The initial gas pressure is set by choosing the
Mach number, P(t = 0) = u? /(M2T). The companion’s posi-
tion with respect to the center of rotation is , = Ro R, where the
Rossby number Ro is prescribed, and the orbital angular veloc-
ity therefore reads Q = u./r,. In the nonrotating wind-tunnel
simulations, we set the wind velocity U = u.

2.3. Mesh structure and boundary conditions

Our root-level grid resolution is 2563, on top of which we added
four levels of adaptive mesh refinement. We adopted a mesh
refinement criterion based on the second derivative error norm
of a function o (Lohner et al. 1987). A mesh block is tagged
for refinement whenever the following condition is met for a
given number of successive cycles (e.g., Mignone et al. 2012;
Gagnier & Pejcha 2023):

SalAas120 = Mg ppof?

= 2
2a (Ag 1201 + [Ag 120 + €T der)

> X (18)

where, for instance, A, 1120 = £(0jx1 — 03) and Oy per = |01 | +
2|oy| + |oi-1|. The parameter € is introduced as a filter to pre-
vent refinement in regions with small-scale fluctuations or noise,
and we typically set € = 0.01. In our simulations, we used
o =M = ul/c; and x| = x, + b(1 — x,), where y, = 0.95.
Here, b is defined as the minimum of 1 and the ratio of the total
number of 163-cell mesh blocks to a user-specified maximum,
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which we set to 10°. In quasi-steady state, each simulation con-
tains approximately 4.1 x 10% cells. A mesh block is tagged for
de-refinement whenever y < yqs — b(1 — x4), with x4, = 0.8, for
20 successive cycles. We imposed no-inflow boundary condi-
tions at both radial boundaries and at the minimum-¢ boundary,
and outflow boundary conditions at both 6 boundaries. Pressure
and density in the ghost cells at the inner radial boundary and
at the maximum-¢ boundary follow Eqgs. (12) and (13), with the
azimuthal velocity in the ghost cells at the maximum-¢ boundary
set to U. Quantities in the ghost cells at the maximum-¢ bound-
ary are evaluated using Gauss-Legendre quadrature.

2.4. Diagnostics

In this section we summarize the diagnostics computed at run-
time in our simulations.

2.4.1. Accreted quantities

The total mass accretion rate onto the sink particle is

M:z—fSpdV.

The spin torque, associated with the change in the sink’s internal
angular momentum, is

(19)

JE =5 [, r) xu ey +egeav 20

Here, 6 = 0 corresponds to neglecting the spin torque. The linear
momentum transfer rate in the direction i due to accretion is

pi= —fSp(u*-ei)dV. 1)

2.4.2. Drag and lift forces

The drag force, integrated within a sphere of radius R; of volume
V; around the companion, is

U
Faa(V) = - f pVD, - 2 qV, Vi = (I - rall < Ry
y Il

_prMgrzsin(paf(u')d
Jy, h2uw ow'

(22)
V.

Similarly, the radial (lift) force, integrated within the same vol-
ume, is

Vo,
F (Vi):=f VO, —L
+ B 2T

: _f pGM; (r—rysinfcos ) df(u') d
-y 2w ow

dv,  Vi={lr - rfl < R}
(23)
V.

In this work, we neglected the hydrodynamic drag and lift forces,
as they are expected to be orders of magnitude weaker than
their gravitational counterparts (e.g., Ricker & Taam 2012), with
Fhydro/ Farag ~ (R2 /R,)? < 1, where R, is the radius of the com-
panion.

3. Results
3.1. Nonrotating, non-stratified, and non-accreting case

As a fiducial model, we considered wind-tunnel simulations in
which a uniform supersonic flow impinges on a non-accreting
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point mass, similar to the setups of Thunetal. (2016) and
Prust & Bildsten (2024). In our case, however, the companion
is neither a solid sphere nor an absorbing boundary, but instead
is represented by a softened gravitational potential. This is the
same treatment used for the companion and the primary’s core in
global common-envelope simulations. Our local, high-resolution
models allow us to resolve the small-scale flow around the com-
panion. For a companion star of radius R;, the degree of flow
nonlinearity can be quantified by the parameter (Kim & Kim
2009)

1 ML R,
C2ML-1RY

n: (24)

where M., = M(ry,t = 0) is the Mach number of the compan-
ion in the unperturbed envelope. Prust & Bildsten (2024) show
that when n > 1, a hydrostatic halo forms around the com-
panion. In our setup, R, — 0 and thus  — oco. We therefore
expect the formation of a hydrostatic bubble, analogous to the
halos reported in Thun et al. (2016) and Prust & Bildsten (2024).
Assuming such a bubble exists and extends up to the shock front,
its density and pressure profiles follow directly from hydrostatic
equilibrium:

n

r-1

p(d) = p(dy) |1 - = (D — Do(dy))| » (25)
S,ps
P(d) = Kxp(d)'. (26)
Here
R, M
dg = K>S A1 27

is the shock stand-off distance, with « a factor of order unity
(Thun et al. 2016), which we set to 1, and

P |- DOME -2)+ 2]F [+ 1)+ 6DM2 - 1)
2 = _F 5

Pho [T+ DEAME -2

(28)

where p., and P, are respectively the density and pressure of
the unperturbed envelope at the companion’s location. Using the
Rankine-Hugoniot conditions together with pre-shock energy
conservation, u3,/2 = u} /2 — GM/d,, the post-shock sound

speed is 2 = cim ¢&(M,T), where

5,ps

EM, 1) =

T +1)? (3M2 - 2)
(29)

Figure 2 compares these analytical density and pressure pro-
files with results from a nonrotating, non-stratified, and non-
accreting wind-tunnel simulation with My, = Ue/c500 = 4,
and hy; = 0.05R,. Profiles are shown along the six Cartesian
radial directions centered on the companion (+x, +y, +z), within
the xy and xz planes. The comparison shows excellent agree-
ment: both the analytical profiles and the predicted shock loca-
tion from Eq. (27) reproduce the simulation results with high
accuracy. This indicates that a quasi-hydrostatic bubble indeed
forms around the point mass and extends out to the shock front.

(2r(3Mm2 -2) - @ - 1) (T -1 (3ME -2) + 2)'

To assess whether this bubble is energetically bound or unbound,
we evaluated the Bernoulli parameter:

1
B(r) = Ellull2 + h(r) + Qy(r), (30)

where h = (P+e)/p is the specific enthalpy. By definition, within
the quasi-hydrostatic bubble, ||u|| ~ 0 and §,8 ~ 0, so
B(d < ds) = BHSE = h(ds) + q)Z(ds)

o [fMaD)
- bYs,00 - 1

M+ 1). Gh

Thus, the condition for the gas bubble to be formally gravitation-
ally bound (8Bysg < 0) reduces to a simple inequality involving
only I" and M.,:

D)o

(32)
For adiabatic indices relevant to stellar interiors(1 < I' < 5/3),
condition (32) is never satisfied for supersonic flows (M. > 1).
In other words, no formally gravitationally bound hydrostatic
bubble can form around a point mass in the standard wind-tunnel
setup. The gas is energetically unbound, so local perturbations
at the bubble’s surface, such as turbulence or small density fluc-
tuations, could in principle trigger expansion and allow some
material to escape. In practice, however, the shock upstream and
the continuous inflow downstream act to confine the gas, main-
taining a quasi-stable hydrostatic bubble around the point mass.
We verified the theoretical Bernoulli parameter in the post-shock
region (31) as well as the hydrostatic balance residual in Fig. 2.
Good agreement is found except very close to the point mass,
where h + @, < |h| ~ |D,|. In this region, even small errors 6h
arising from finite resolution or the non-spherically symmetric
grid around the companion lead to large fractional deviations in
the Bernoulli parameter, 08/|B| = 6h/|B| > 1.

In a uniform gaseous medium, the gravitational drag exerted
on a supersonically moving point mass is expected to grow log-
arithmically with the integration radius (Ruderman & Spiegel
1971),

b
Firag ocln(%), (33)

'min

where bnx 1s the radius of integration, and by, is the effective
inner cutoff for which the linear theory underlying the Coulomb-
logarithm scaling Eq. (33) remains valid. What sets this cutoff
has been discussed extensively in the literature. Often, either the
physical radius (R) of the object or (for a compact and massive
body) bmin =~ max(R,R,) is chosen. Thun et al. (2016) iden-
tify bmin with the shock standoff distance d; (Eq. 27), effec-
tively treating it as the minimum spatial scale of interaction
below which gas exerts no drag. This interpretation is mislead-
ing as by is not the scale at which the drag vanishes, but rather
the smallest radius where the linear Coulomb-logarithm scaling
applies. Gas inside by, still exerts force, but its contribution
does not follow the logarithmic scaling. In Fig. A.1 we show
the time evolution of the gravitational drag measured within
different logarithmically spaced integration radii, scaled by the
Coulomb logarithm. In a quasi-steady state, the curves are con-
sistent with the Coulomb-logarithm scaling for an effective inner
cutoff of byin = 0.78 R,, about 50% larger than the shock stand-
off distance dy. In an infinite uniform medium, the drag force
would formally diverge, but in practice by, is limited by the
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Fig. 2. Density (panel a), pressure (panel b), normalized hydrostatic
balance residual Rysg = [|[VP + p V®,|| / max (||VP]|, |lo VOa||) (panel
¢), and Bernoulli parameter (panel d) profiles along radial rays from
the companion for a nonrotating, non-stratified, and non-accreting sim-
ulation with M., = 4. Gray lines indicate the analytical solutions
for density and pressure (Egs. 25, 26) and the hydrostatic Bernoulli
parameter Bysg (Eq. 31). The vertical dashed line marks the predicted
shock radius, d; (Eq. 27). All quantities are averaged over a duration of
At = R,/u., once a quasi-steady state has been reached.

causal extent of the wake, u.t. At t = 200R,/u-, this corre-
sponds to bmax = 200R,, implying that the gravitational drag
enclosed within our numerical domain represents only ~24%
of the total drag force at that time. This may become a signif-
icant limitation for local simulations or global simulations with
a limited numerical domain size. Indeed, including stratification,
magnetic fields, or accretion may cause the drag force to devi-
ate from a simple Coulomb-logarithm scaling. In such cases, the
limited domain may prevent the development of reliable drag
force prescriptions (see also Sect. 3.4.2).

3.2. Accretion effects

While jet-like outflows are observed in hydrodynamical simu-
lations of CEE (Gagnier & Pejcha 2025; Lau et al. 2025), the
high-momentum outflows observed in protoplanetary nebulae
and planetary nebulae likely require additional energy trans-
fer such as magnetic energy conversion via Lorentz force
(Ondratschek et al. 2022; Gagnier & Pejcha 2024; Vetter et al.
2024, 2025) or accretion onto the companion (Ricker & Taam
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2012; Blackman & Lucchini 2014; Chamandy et al. 2018). To
investigate the latter, we used the simplified wind-tunnel setup
described above but allowed the companion to accrete mass,
momentum, and energy.

In Fig. A.2 we show density, pressure, normalized hydro-
static balance residual, and Bernoulli parameter profiles along
radial rays from the companion for a simulation run with h; =
0.05R;, Mw = 4,6 = 0, and y = 100. In a quasi-steady
state, this corresponds to an accretion rate M =~ 0.02 My,
where My = 7R? poouie is the Hoyle-Lyttleton accretion rate
(Hoyle & Lyttleton 1939). Although such an accretion rate is far
below the Hoyle—Lyttleton prediction, its associated inflow is
sufficient to destabilize the gas near the companion. Instead of
accumulating into a quasi-hydrostatic, pressure-supported bub-
ble, material is continuously drained and funneled through the
asymmetric wake. This sustained inflow creates strong veloc-
ity shear near the companion, driving turbulence and inducing
collisions between converging streams. Accretion contributes to
local vorticity through the sink term —(1/7,)V X (‘Wu*), which
vanishes only when u* = wu,(d). Additional vorticity is gen-
erated by departures from hydrostatic equilibrium and accre-
tion anisotropies (mostly resulting from rotation and/or strati-
fication; see Sects. 3.3 and 3.4), via the baroclinic torque, (Vp X
VP)/p?. Collisions between converging streams then produce
weak shocks and small-scale viscous dissipation that locally
increase the entropy?. The higher-entropy gas is advected down-
stream, where it expands and forms bubble-like structures in the
wake, while simultaneously perturbing the upstream flow and
distorting the bow shock, causing the standoff distance to fluctu-
ate. This is illustrated in Fig. 3, where we show density, pseudo-
entropy, and Mach number snapshots taken at t = 100 R, /uc,
for the two aforementioned simulations.

Such turbulent, anisotropic accretion-driven flows may effi-
ciently amplify magnetic fields through stretching, twisting, and
folding of field lines, potentially producing much faster mag-
netic energy growth near the companion than in the non-accreting
regime. Even without accretion, magnetic fields can signifi-
cantly influence the binary separation evolution, drive jet-like out-
flows (Ondratschek et al. 2022; Vetter et al. 2024, 2025), and con-
tribute to angular momentum transport during the post-dynamical
phase (Gagnier & Pejcha 2024). Accretion may therefore further
strengthen the magnetic feedback on the system. These effects
will be explored in detail in a forthcoming work (Gagnier et al.,
in prep.). Figure 4 shows the time evolution of the drag and radial
forces acting on the companion, for a non-accreting simulation
as well as accreting simulations with y = 100 and 6 = 0 and
1. We find that, while accretion induces strong temporal variabil-
ity in both drag and radial forces, the resulting change in the mean
drag force is likely not significant in view of the system’s intrinsic
stochastic fluctuations (see Appendix B). These force fluctuations
translate directly into variations in the companion’s instantaneous
orbital decay rate, while the variable balance between drag and
radial forces can excite eccentricity during the dynamical inspi-
ral. The impact of both effects on the orbital evolution remains to
be quantified. For clarity, the linear momentum accretion rate is
omitted from the figure. It acts like a small “negative” drag force
(or thrust), contributing only ~0.27% of the drag for 6 = 0 and
~0.55% for ¢ = 1.

2 With our sink prescription, the entropy equation takes the form
pTDs/Dt = §,(2 - T)P/(( — 1)p) < 0, implying that the sink acts as
an explicit entropy sink. The entropy generation is therefore not caused
by the sink itself, but arises from shocks and from the conversion of
turbulent kinetic energy into heat via numerical dissipation.
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Fig. 4. Time evolution of the radial and drag forces exerted by the gas on
the companion in non-stratified simulations with Ro = 5.5 and M, = 4,
with and without accretion. Forces are integrated within a sphere of
radius 3 R,. The shaded regions indicate the 30  range (see Appendix B).

3.3. Rotational effects
The Rossby number,

n _ 2g+(1+9)%e,
|(u - V)u| R, 24(1+9’e

| X u|

if g, >0,
Ro (34

otherwise,

quantifies the dynamical importance of rotation in the flow. For
typical common-envelope parameters, with a binary mass ratio
g = 0.1 and a stratification parameter €, = O(1), Ro = O(1).
This implies that rotational effects associated with the orbital

motion cannot be neglected. Still, standard wind-tunnel simu-
lations (e.g., MacLeod & Ramirez-Ruiz 2015; Thun et al. 2016;
MacLeod et al. 2017; De et al. 2020; Prust & Bildsten 2024)
ignore rotation entirely.

Rotation breaks the mirror symmetry of the flow, both dynam-
ically via the Coriolis force and statically through the asymmetry
of the effective gravito-centrifugal potential, ®ge = 1 + O —
(Qe. x r)?/2. In the orbiting frame with angular velocity Q, the
azimuthal velocity of the inflowing gas increases linearly with
distance from the rotation axis, further enhancing the symmetry
breaking. As a result of this broken symmetry, inflowing material
is deflected around the companion, generating z-directed angu-
lar momentum in the companion frame and producing a net pos-
itive lift force. This effect is illustrated in Fig. 5, where we com-
pare density snapshots from a Cartesian wind-tunnel and a rotat-
ing simulation on a spherical grid with Ro = 5.5, at quasi-steady
state. Both simulations are non-stratified, non-accreting, and have
M = 2 and kg = 0.1, R,. Figure 6 shows the time evolution of
the drag and lift forces. While rotation only slightly increases the
drag force (by ~14% in this example), the lift force may signifi-
cantly influence orbital contraction and excite eccentricity during
the plunge-in phase (see also Sect. 3.4.2). The flow also develops
a secondary shock and strong, large-scale shear, which triggers
shear instabilities that drive turbulent eddies. Numerical dissipa-
tion of these eddies generates entropy, heating the gas and driving
the expansion of hot bubbles.

3.4. Stratification effects

We performed hydrodynamical simulations with a fixed soften-
ing radius of h; = 0.05 R,. Unlike the previous sections, which
focus on unstratified envelopes, we now explore the effects of
stratification by varying the parameter €,, thereby probing dif-
ferent depths within the primary’s envelope (see Fig. 1). In these
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Fig. 6. Time evolution of the radial and drag forces exerted by the gas on
the companion in non-stratified simulations with Ro = 5.5 and M., =
2, with and without rotation. Forces are integrated within a sphere of
radius 3R, . The shaded regions indicate the 30~ range (see Appendix B).

stratified runs, the Mach number of the flow is directly deter-
mined by the value of €,:

(1+9°

2 _
M, =€ 2

(33)
3.4.1. Flow morphology

Figure 7 shows zoomed-in snapshots of density at ¢ =

100 R, /ue, in the xy orbital plane and projected on a spheri-
cal shell at radius r,, for different values of the stratification
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parameter (€,), including rotation but without accretion. Here,
€, = 0.2 corresponds to the innermost part of the 2 M, red giant
envelope, while €, = 10 corresponds to the outermost parts (see
Fig. 1). In these simulations, the upstream flow is vertically strat-
ified in density and pressure, and the local Mach number varies
vertically due to the combined effects of the radial sound-speed
gradient from stratification and the azimuthal velocity profile
with constant angular velocity Q. The companion gravitation-
ally deflects the surrounding gas, and the density stratification
produces asymmetric gravitational focusing, with denser layers
contributing more inertia, resulting in a vertically offset wake.
Coriolis and centrifugal forces in the rotating frame further influ-
ence the vertical asymmetry of the wake (see Sect. 3.3). The
magnitude of the mirror asymmetry increases with the stratifica-
tion parameter (¢,). The post-shock radial stratification is shaped
by the upstream density and pressure structure and the radial
variation of the upstream velocity. This results in a correspond-
ing radial variation in post-shock azimuthal momentum, which
causes the gas to be differentially deflected by the companion
and generates z-directed angular momentum in the companion’s
orbiting frame (e; - (e; X u*) # 0). For €, 2 3, strong shear flows
develop around the companion in the orbital plane and in the
wake above and below it, leading to Kelvin-Helmholtz instabili-
ties.

3.4.2. Drag and lift forces

Figure 8 shows the time-averaged drag and radial forces exerted
by the gas on the companion, averaged over ¢ € [50, 100] R, /uc
as functions of the stratification parameter (¢,) and of the radius
of the integration volume. Similar to MacLeod et al. (2017) and
De et al. (2020), we find that the drag force increases with
increasing stratification strength. The fitting formula for the
drag force proposed by De et al. (2020) provides an excellent
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Fig. 7. Zoomed-in snapshots of the density at r = 100 R, /s, in the xy orbital plane (first panel) and on a spherical shell at radius r, (second panel).

match to our results in strongly stratified parts of the envelope
(e, > 0.7), but significantly overestimates the drag in more
weakly stratified regions. This difference arises because our sim-
ulations neglect accretion, so the measured drag reflects only
the gravitational interaction with the stratified gas. In contrast,
MacLeod et al. (2017) and De et al. (2020) remove mass over
a large region around the companion, transferring momentum
from the gas to the object. While this mass removal gener-
ally reduces the net drag force (e.g., MacLeod et al. 2017, and
Sect. 3.5), it also alters the large-scale density distribution, which
can increase the total measured drag force. In strongly stratified
flows, the accretion rate is lower (see Fig. A.3 and Sect. 3.5), and

the steep density gradients dominate the wake structure, reduc-
ing the discrepancy between the two approaches. By neglecting
accretion, we isolate the drag arising solely from the gravita-
tional interaction with the stratified gas, without relying on sub-
grid accretion prescriptions. Accretion effects are discussed sep-
arately in Sects. 3.2 and 3.5. For ¢ = 0.1, we provide an alterna-
tive fitting formula for the gravitational drag force in Eq. (36a).
Stratification also generates a lift force perpendicular to the
companion’s orbital motion. For steep density gradients, this
force is directed inward, toward higher-density regions, and its
magnitude increases with both €, and the size of the integra-
tion volume. However, for weak stratification (¢, < 0.5), the lift
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force reverses direction, producing a net outward contribution
that remains too small to significantly affect the orbital evolution.
As discussed in Sect. 3.3, rotation has the opposite effect: it gen-
erates an outward force, directed toward lower-density regions.
Including rotation therefore reduces the net inward force, espe-
cially in outer layers with high €, and thus low Ro. This is illus-
trated in the bottom panel of Fig. 8. For a binary mass ratio
q = 0.1, we propose a simple fitting formula for this lift force
in Eq. (36D).

2
*m as as M
— amMoo +( - ], M_TS 1,
o Fdrag(3 Ra) - r;) VMoo Mzo «
TRZp oz, 2
D an M, Mo,
m=0
(36a)
F.3R,
1uGR) boM?,, (36b)
TRZpooiz,

where M7, = M(e, = 0.7). Fitting coefficients a,, and b,
are given in Table A.1. Convergence tests for €, = 3 (Fig. A.4)
show that both drag and lift forces converge for softening radii
below roughly E The value used in this section, i, = 0.05, R:,
falls well within the converged regime. We expect this behavior
to hold for other values of €,. We show the solution to a two-
body problem that includes drag and lift forces acting on the sec-
ondary in Fig. A.5. For that, we used the ¢, radial profile of the
2 M, red giant MESA profile (Fig. 1), and we assumed a mass
ratio g = 0.1. The secondary star is subject to the gravity force
from the enclosed primary mass and experiences additional drag
and lift forces. We compared four models: (1) our full prescrip-
tion with drag and lift forces (Egs. 36a and 36b); (2) the same,
but with F, = 0; (3) the drag force prescription from De et al.
(2020); and (4) a standard Hoyle—Lyttleton drag force nRﬁpmui.
We find that our model (Egs. 36a and 36b) results in an initial
inspiral that is faster than both the standard Hoyle—Lyttleton drag
and the drag force prescription from De et al. (2020). In the outer
layers, where €, > 0.7, the difference with De et al. (2020) arises
from the inclusion of the (inward) lift force F', . In the innermost
layers, where stratification is weaker (¢, < 0.7), further differ-
ences stem from the stronger drag force in our model.

As in the non-stratified simulations, we find that the drag
force follows the Coulomb-logarithm scaling (33), but with
bmin = 0.76 R, and only for integration radii b = 2 R,. Con-
sequently, the fitting formula for the drag force (36a) can be

rescaled for larger radii byax > 3 f?: by

IN(Dmax /(0.76 Ry))

Fdrag(bmax) = Fdl’ag(S FRZ) In(3.95) ’

(37

keeping in mind that by,,x is bound by the causal extent of the
wake. Conversely, the lift force does not follow a Coulomb-
logarithm scaling, and its dependence on bp,,x varies with the
stratification parameter, precluding a simple rescaling. Conse-
quently, Eq. (36b) should be regarded as a lower bound for the
actual lift force acting on the companion. This limitation com-
plicates the ability of local simulations to accurately capture its
role in orbital evolution and eccentricity excitation, and poses a
challenge for devising reliable prescriptions for one-dimensional
evolutionary codes.
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Fig. 8. Time-averaged drag (top) and lift (bottom) forces on the com-
panion as functions of the stratification parameter (€,) and integration
radius, averaged over ¢t € [50, 100]R,/uc. The red curve shows the
prescription from De et al. (2020, Eq. A.4). The blue curve shows our
fitting formulae (Eq. 36a).

3.5. Combined effects of stratification, rotation, and accretion

Here, we investigate the combined effects of stratification, rota-
tion, and accretion. We consider three stratification parame-
ters, €, = 0.3, 0.5, and 3, which correspond approximately to
ra/R. =~ 0.35, 0.5, and 0.9, respectively. In this section, unless
stated otherwise, we adopt y = 1000 and ¢ = 1, yielding mass
accretion rates (in terms of My; ) comparable to those of the non-
stratified simulations with y = 100 presented in Sect. 3.2. The
parameters and diagnostics of these simulations are summarized
in Table A.2.

Figure 9 shows the normalized hydrostatic-centrifugal bal-
ance residual profiles along radial rays from the companion for a
non-accreting and an accreting simulation with €, = 3, averaged

over t € [99,100]R,/u. As also found in Sect. 3.2, accretion
prevents the formation of a quasi-hydrostatic bubble around the
companion (see also Figs. A.6 and A.7). In the absence of accre-
tion, such a bubble forms, with the centrifugal contribution to
the force balance being less than 10% of the gravitational force
(not shown). Unlike the non-stratified, nonrotating case, the bub-
ble does not extend to the shock front and instead has a radius of
~0.1 R,. Quasi-hydrostatic equilibrium implies barotropicity and
thus an absence of vorticity generation from baroclinic torque
within the bubble.

We verified that the radius of the quasi-hydrostatic bubble
does not depend on the softening radius in the non-accreting sim-

ulation by repeating it with 2, = 0.1, 0.2, and 0.5 R,. The bubble
size remains unchanged for i, = 0.1 R, but it does not form for

h > 02R,. Increasing the softening radius weakens the hydro-
static support of the gas surrounding the companion, making it
more susceptible to perturbations from the strong surrounding
flow (Gagnier & Pejcha 2025). This same strong rotational flow
also limits the extent of the hydrostatic bubble to a fraction of
the shock stand-off distance. By contrast, in the accreting case,
the gas near the companion is baroclinic (see Fig. A.8), lead-
ing to vorticity generation that may enhance local magnetic field
amplification, compared to non-accreting simulations. The same
behavior is observed for both €, = 0.3 and 0.5. In these cases,
however, the stratification-induced asymmetry is much smaller
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than for ¢, = 3, resulting in weaker z-directed angular momen-
tum in the companion frame. This results in reduced shear and
turbulence, leading to a more stable flow in the companion’s
vicinity. In the absence of accretion, the quasi-hydrostatic bub-
ble is therefore significantly larger for weaker envelope stratifi-
cation. In particular, for both €, = 0.3 and 0.5, the bubble extends
all the way to the shock front, similarly to the non-stratified and
nonrotating simulations discussed in Sect. 3.2. We did not inves-
tigate the dependence of the bubble size on the softening radius
for the stratification parameters considered here.

Despite accretion’s impact on turbulence, the drag and lift
forces remain essentially unchanged (see Table A.2). Still, accre-
tion plays a crucial thermodynamic role. The inflow generates
entropy through shocks and small-scale dissipation near the
companion (e.g., Figs. A.6 and A.7), converting a fraction of the
orbital energy into thermal energy. This heating is then advected
downstream, contributing to the gravitational unbinding of the
envelope.

We further find that the contribution of linear momentum
accretion to the total drag force increases as the stratification
parameter (€,) decreases and appears to saturate in the weak-
stratification regime (see Table A.2). Additional simulations are
required to confirm this trend. The main reason for this increase
toward lower ¢, is that regions with smaller stratification param-
eters correspond to denser parts of the envelope, where accre-
tion rates are higher. A similar trend is observed for the radial
force; however, it does not saturate in the asymptotic limit of
weak stratification, since both the radial momentum accretion
and the lift force should vanish as €, — 0. Indeed, in this limit,
the Rossby number diverges and the combined effects of strat-
ification and rotation on wake asymmetry disappear, yielding
pr — 0and F, — 0. For finite €,, linear momentum accretion
remains finite, producing a net thrust and lift force.

We finally briefly investigated the effect of allowing angular
momentum accretion onto the companion’s spin by choosing ¢ =
1. To this end, we assumed the companion to be a 0.2 M, white

dwarf (WD) with a radius R, ~ 0.02 Ry>. The specific angular
momentum of the accreted material along the companion’s z-
axis reads

e
l, I (38)
We report this quantity normalized by the Keplerian value at the
WD surface {x = VGM;R, in Table A.2. As expected from
the increasing wake asymmetry with stronger stratification, ¢,
increases with increasing €,. For ¢, = 3, £, is ~80% of the
Keplerian value at the WD surface. Because ¢, is computed
from the total angular momentum and mass accretion rates inte-
grated over the sink region, it represents a weighted average over
the accreted material. Hence, for €, = 3, individual parcels of
accreted gas can already carry specific angular momentum above
the Keplerian value. At larger €,, i.e., closer to the stellar sur-
face, the global ¢, itself is expected to exceed the Keplerian limit.
These results indicate that, even though the corresponding accre-
tion rate is only about 1% of the Hoyle—Lyttleton rate, the combi-
nation of parameters y = 1000 and 6 = 1 likely overestimates the
spin torque on the WD. Assuming uniform rotation of the WD,
as well as a radius of gyration k = 0.2 (Andronov & Yavorskij
1990), we can measure the corresponding spin-up timescale,

Jx s
W’ JK = kM2 GMsz.

. *
acc z

(39)

Tspin—up =

The values of Tgpin_yp are also reported in Table A.2. We find that
for all three accreting simulations, even in the €, = 3 case where
part of the accreted material is likely rotating super-critically,
the spin-up timescale of the WD remains much longer than the
dynamical inspiral timescale, which is of order 1 Py. This sug-
gests that the WD’s spin is unlikely to change significantly dur-
ing the dynamical inspiral phase. Moreover, we find that the
dependence of Tgiy_yp ON €, is non-monotonic. This behavior
arises because Tgpin_yp « (€ M)7!, with ¢, increasing with e,
while M decreases with increasing €,. This suggests the exis-
tence of a critical stratification parameter 0.5 < €; < 3 at which
the spin-up timescale reaches a minimum for our specific simu-
lations parameters. We finally note that magnetic torques could
modify the spin-up timescale by transferring angular momentum
between the WD and the surrounding material.

4. Conclusion

We studied the effects of rotation, accretion, and stratification on
the dynamical inspiral phase of CEE. To this end, we performed
three-dimensional local simulations of a 0.2 M, compact com-
panion plunging into the envelope of a 2 M, red giant in the
companion’s orbiting frame, using the Athena++ code. Accre-
tion onto the companion was modeled with either a standard
sink, which allows angular momentum accretion onto the com-
panion’s spin, or a torque-free sink, which prevents it. The main
results are as follows:

1. The rotation associated with the orbital motion has a weak
impact on the gravitational drag force. Measured drag forces
are consistent with De et al. (2020) in the strong stratification
regime. Asymmetries from the Coriolis force and the effec-
tive gravito-centrifugal potential generate a lift force, which
partially counteracts the inward radial force from density

3 The sink radius in our simulations is r, = 0.05 i?va € [0.05,0.42] R,
i.e., much larger than the assumed WD radius.
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stratification. The total radial force significantly affects the
orbital evolution and cannot be neglected. We propose a new
prescription for both drag and lift forces. Unlike the drag,
the lift force does not follow a Coulomb-logarithm scaling,
and the proposed lift force prescription should therefore be
regarded as a lower limit.

2. In the absence of accretion, a quasi-hydrostatic bubble forms
around the companion. In the weak stratification regime, the
bubble extends up to the shock front, while in the strong
stratification regime, strong rotational flows in the compan-
ion’s frame limit its radius. Such bubbles contribute negli-
gibly to the net drag and lift forces and suppress vorticity
growth. In the non-stratified and nonrotating regime, the bub-
ble is never formally gravitationally bound and can be dis-
rupted by small perturbations.

3. Accretion prevents the formation of a quasi-hydrostatic bub-
ble, producing weak shocks and strong turbulence near
the companion. These processes generate entropy that is
advected downstream and may aid envelope ejection and
enhance magnetic energy amplification. Within the consid-
ered parameter space, accretion marginally affects drag and
lift forces, remaining within the intrinsic stochastic variabil-
ity of the flow. Using a standard sink, angular momentum
accretion onto the companion’s spin can be overestimated
because the companion’s physical size is much smaller than
the sink radius. The companion’s spin-up timescale remains
much longer than the dynamical inspiral timescale. The
spin-up rate varies non-monotonically with depth, peaking
at intermediate radii where the product of accreted specific
angular momentum, ¢,, and accretion rate, M, is largest.

Magnetic fields influence CEE by affecting gas dynamics and

orbital separation and contributing to the launching of bipo-

lar outflows (Ohlmann et al. 2016; Ondratschek et al. 2022;

Gagnier & Pejcha 2024; Vetter et al. 2024, 2025). Global mag-

netohydrodynamic simulations show that magnetic energy is

predominantly amplified near the companion, but limited res-
olution near the companion restricts detailed study. Local
simulations, such as those presented here, provide an ideal
framework for examining magnetic amplification and its feed-
back on flow dynamics. Studies of massive objects in mag-
netized gas are sparse (Dokuchaev 1964; Sanchez-Salcedo

2012; Cunningham et al. 2012; Shadmehri & Khajenabi 2012;

Leeetal. 2014; Kaazetal. 2023), and none have included

the combined effects of rotation, stratification, and accretion.

Addressing these effects is the focus of forthcoming work.
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Appendix A: Extra figures and tables

Table A.1. Polynomial coeflicients a,, and b,,.
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Fig. A.1. Time evolution of the gravitational drag measured within dif-
ferent logarithmically spaced integration radii, scaled by the Coulomb
logarithm. We find the gravitational drag to follow the Coulomb-
logarithm scaling in a quasi-steady state, provided by, ~ 0.78.
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Fig. A.2. Same as Fig. 2 but for accretion parameters 6 = 0 and y =

100, corresponding to a mass accretion M =~ 0.02 My in a quasi-steady
state.
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Table A.2. Section 3.4’s simulation parameters and results.

€ Y 6 <Fdrag> <_p¢>/<Fdrag> <FJ_> <pr>/<FJ_> <M> <€z/€K> <Tspin—up>

3 0 - 485 - -6.53 - - - -

3 1000 1 4.81 -2.32-1073 —-6.67 3.16-107%  1.38-1072 0.81 273.99
0.5 0 - 077 - 0.32 - - - -
0.5 1000 1 0.77 -557-1072  3.56-1072 -0.83 4.39-1072 0.26 49.30
0.3 0 - 040 - 0.27 - - - -
0.3 1000 1 0.37 -7.25-1072 0.19 -0.21 3.09-102 523-1072  188.30

Notes. Brackets indicate a time average over ¢ € [50, 100] E/ U . Drag and lift forces, as well as linear momentum accretion rates are expressed
in units Fyg. The spin-up timescale in expressed in orbital periods. In the inertial frame, the companion orbits in the +e, direction, —p, thus

effectively acts as a drag force.

T T
100 -
- 1032
T o107tk L\T
¢ £
- 31
EG 10 3]
= o0,
= =
= 1072 | <3
[ . i 30
[ —— My, 10
Fyr,
R Simulation runs
1072 F
L il 1 i 1 PR |
100 10"
€p

Fig. A.3. Hoyle-Lyttleton accretion rate and drag force as a function
of the stratification parameter (e,) for the 2M, red giant MESA model
(see Fig. 1). Vertical dashed lines indicate the €, values employed in the
stratified simulations of this work.
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Fig. A.4. Time evolution of the radial and drag forces exerted by the gas
on the companion in stratified simulations with €, = 3, with different

softening radii (h,). Forces are integrated within a sphere of radius 3 Iﬂi"a
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Fig. A.5. Inspiral of a 0.2 M, companion through the envelope of a 2 M,
red giant, using four drag force prescriptions: our fitted drag and lift
prescriptions (Eqgs. 36a—36b; solid blue); the prescription from De et al.
(2020, orange); the Hoyle-Lyttleton formula, Fy,, = 7R2p.u?, (green);
and our fitted drag prescription but with F, set to zero (dashed blue).
For clarity, trajectories are shown only for r > 0.25. Below this radius,
trajectories start intersecting with themselves, corresponding to inter-
action with the companion’s own wake, which is not included in our
model. At such small orbital separations, interactions with the primary’s
wake would also play a major role in the orbital evolution.
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Fig. A.6. Zoomed-in snapshots in the xy plane of the density, pseudo-entropy, and Mach number at ¢ = 75 R, /us, for stratified simulations with
hy = 0.05R, and €, = 3. First row: Non-accreting case. Second row: Accreting case with y = 1000 and § = 1.
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Fig. A.7. Same as Fig. A.6 but on a spherical shell at radius r;.
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Ve x V& |[/[[Vpll[|[V P2l
0.4 0.6

Fig. A.8. Close-up view of the normalized
deviation from hydrostatic equilibrium in xy
(left column) and xz (right column) planes at
t = 100 R, /u, for two simulations with €, = 3.
Top row: Case without accretion. Bottom row:
— — Case with accretion with 6 = 0 and y = 100.
Y [Ra] €T — X2 [Ra] Black circles indicate the softening radius /; =
0.05R,.
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Appendix B: Simulation stochasticity

We performed 15 separate simulations, each initialized with a
random perturbation J¢, € 0.5x[-107%, 107] to the background
stratification parameter €, = 0.5, in order to capture the system’s
intrinsic stochastic behavior. This ensemble allows us to assess
how much of the observed variability arises from inherent ran-
domness, as opposed to variations in global parameters or added
physical mechanisms such as magnetic fields, rotation, or accre-
tion.

To quantify this stochasticity, we computed the autocorre-
lation function of the detrended drag force in each simulation
run. We began with the raw drag force, Fyrag = Farag(llr — 12|l <
3R,), and subtracted its best-fit linear trend to suppress spu-
rious long-term correlations. To further reduce edge effects in
the autocorrelation calculation, we mirrored the detrended sig-
nal by appending its time-reversed copy, following the method
of Andrassy et al. (2022). The resulting time series, F’ ;rag(t), was
then used to compute the autocorrelation function over the inter-
val t € [to, tend] Ra/tlco:

Tend
Fi.OF; (t+71)dt
Ri(r) = o “tf * d gz (B.1)
o F drag(’) dt
where 5 = 50 and f.,q = 100. The de-correlation time Tgec

is defined as the lag 7 at which the normalized autocorrelation
function R*(t) first crosses zero. This provides a characteris-
tic timescale over which fluctuations in the time series become
approximately independent. For each realization, we estimated
the number of independent fluctuations as

Tend — 1o .

Nreal = (B.2)

Tdec

For each realization, we computed the standard deviation oy of
the original (not detrended) drag force Fg,s and estimate the
standard error as

go
Nef’f

(B.3)

g; =

Figure B.1 shows the time evolution of the drag force for all
15 simulations, including their individual time-averaged values
over the interval ¢t € [ty, tendal, Ra/Ue, the standard error aver-
aged across the realizations, and the autocorrelation function
R(7). We find that, for a softening radius A, = 0.1 ﬁ;, a stratifi-
cation parameter €, = 0.5 = ¢, and in the absence of accretion,
the drag force exhibits significant time variability within each
realization. However, the time-averaged drag forces differ by at
most ~ 4% across the 15 runs, with a 30 range corresponding
to a maximum relative variation of ~ 17%. This range quanti-
fies the baseline stochastic variability arising from small random
perturbations in the stratification. The 30~ range observed here
provides an illustration of the typical amplitude of fluctuations
due to intrinsic stochasticity; their behavior under other physical
conditions remains uncertain, however.

]

2
oo

Fyrag [ﬂ'Ripoou

0 20 40 60 80 100

1.00
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R*(7)

—0.25

—0.50
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1071

Fig. B.1. Top: Time evolution of the drag force exerted by the gas
on the companion in 15 stratified simulations with €, = 0.5 + Je,.
Forces are integrated within a sphere of radius 3 R,. The shaded region
shows the 30~ confidence interval. Bottom: Autocorrelation function
of the detrended drag force. The vertical red line marks the mean de-
correlation time.
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