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ABSTRACT

Context. Recent observational results from asteroseismic studies show that an important fraction of solar-like stars do not present
detectable stochastically excited acoustic oscillations. This non-detectability seems to correlate with a high rotation rate in the con-
vective envelope and a high surface magnetic activity. At the same time, the properties of stellar convection are affected by rotation
and magnetism.

Aims. We investigate the role of rotation in the excitation of acoustic modes in the convective envelope of solar-like stars, to evaluate
its impact on the energy injected in the oscillations.

Methods. We derived theoretical prescriptions for the excitation of acoustic waves in the convective envelope of rotating solar-like
stars. We adopted the rotating mixing-length Theory to model the influence of rotation on convection. We used the MESA stellar evo-
lution code and the GYRE stellar oscillation code to estimate the power injected in the oscillations from our theoretical prescriptions.
Results. We demonstrate that the power injected in the acoustic modes is insensitive to rotation if a Gaussian time-correlation func-
tion is assumed, while it can decrease by up to 60% for a Lorentzian time-correlation function, for a 20 Qg rotation rate. We show
that the modification of the excitation rate by rotation depends not only on the rotation rate but also on the radial and angular orders
of the considered oscillation mode. This result can allow for better constraints on the properties of stellar convection by studying
observationally acoustic mode excitation.

Conclusions. These results demonstrate how important it is to take into account the modification of stellar convection by rotation
when evaluating the amplitude of the stellar oscillations it stochastically excites. They open the path for understanding the large

variety of observed acoustic-mode amplitudes at the surface of solar-like stars as a function of surface rotation rates.
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1. Introduction

Acoustic waves are stochastically excited in the convective enve-
lope of solar-like stars, mainly due to turbulent Reynolds stresses
(e.g. Goldreich & Keeley 1977; Samadi & Goupil 2001). Stand-
ing acoustic waves, hereafter denoted as ‘p modes’, form
in resonant cavities extending from the surface to an inter-
nal turning sphere, whose radial location depends on the fre-
quency of the mode and its latitudinal degree. As pressure
fluctuations induce temperature and luminosity variations, one
can observe stochastically excited acoustic oscillation modes
at the surface of main-sequence and evolved solar-like pul-
sators (e.g. Kjeldsen & Bedding 1995; Appourchaux et al. 2008;
Bedding & Kjeldsen 2007; Michel et al. 2008; Barban et al.
2009; Ballotetal. 2011; Campante et al. 2016; Mathur et al.
2022; Hattetal. 2023; Gonzélez-Cuesta et al. 2023). Their
detection has been made possible with photometric data obtained
by space missions such as Convection, Rotation, and Tran-
sits (CoRoT; Baglin etal. 2006), Kepler/K2 (Borucki et al.
2008, 2010; Howell et al. 2014), or Transiting Exoplanet Sur-
vey Satellite (TESS; Ricker et al. 2014). The study of stellar
acoustic modes provides valuable information on stellar inte-
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riors (see for instance the reviews on helioseismology and
asteroseismology of Aerts et al. 2010; Garcia & Ballot 2019;
Christensen-Dalsgaard 2021), as they propagate inside stars
and are affected by internal processes. For instance, acoustic
modes observed at the surface of the Sun allowed for mea-
surement of the location of the base of the convective enve-
lope (e.g. Christensen-Dalsgaard et al. 1991; Basu et al. 1997),
of the internal rotation profile (from the surface down to about
0.25Rg; Schou et al. 1998; Thompson et al. 2003; Garcia et al.
2007; Mathur et al. 2008), and sound speed and density profiles
(Antia & Basu 1994; Couvidat et al. 2003). Asteroseismology of
solar-like stars allows one to constrain their evolutionary state
(Garcia et al. 2008; Bedding et al. 2010; Mosser et al. 2012;
Stello et al. 2015), the mean rotation in the convective zone (e.g.
Davies & Miglio 2016; Benomar et al. 2018; Hall et al. 2021),
and their magnetic activity (e.g. Lanza 2009; Garcia et al. 2010).

Hon et al. (2019) detected solar-like oscillations in about
92% of red giants observed by the Kepler mission by using
an automated code based on machine learning. On the main
sequence, the detection rate of solar-like oscillations is reduced
to 40% (e.g. Chaplin et al. 2011). In the Sun, acoustic-mode
amplitudes are known to be sensitive to variations in the mag-
netic activity level (e.g. Woodard & Noyes 1985; Elsworth et al.
1990; Jiménez-Reyes et al. 2003; Howe et al. 2015; Garcfa et al.
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2024), namely, acoustic mode amplitudes decrease with increas-
ing activity level (e.g. Chaplin et al. 2000; Komm et al. 2000;
Kiefer & Roth 2018). Such activity-related variations have also
been detected in other solar-like stars (Garciaetal. 2010;
Kiefer et al. 2017; Salabert et al. 2018; Santos et al. 2018).

In this framework, Mathur et al. (2019) studied a sample
of 867 solar-like oscillating stars observed during the Kepler
mission. According to the current theory of acoustic excitation
by turbulent convection, all of these stars should present solar-
like oscillations because of their convective envelope. However,
asteroseismic analysis has shown that p modes are not detected
in about 54% of these stars (see black circles on Fig. 1). This
could result from the impact of a high level of surface magnetic
activity (measured by the Sy, a photometric magnetic activity
proxy; see e.g. Mathur et al. 2014; Salabert et al. 2015) on the
excitation of acoustic modes. Other parameters such as rapid
rotation, metallicity, or binarity could also be responsible for this
non-detection. Figure 1 represents the sample of solar-like stars
from the study of Mathur et al. (2019) in the Sy, versus surface
rotation period (Pyo) diagram. If we focus our attention on stars
with similar magnetic activity compared to the Sun (stars located
between the dashed black lines on Fig. 1), we observe that stars
rotating slower than 5days (i.e. P,y > 5days roughly) tend
to have solar-like oscillation detection. On the contrary, solar-
like oscillations seem less likely to be detected for stars rotating
faster than 5 days. This indicates that not only magnetic activ-
ity but also rotation might impact the energy injected in acoustic
oscillations in solar-like stars’ convective envelopes.

The power contained in acoustic oscillations results from a
balance between the energy injection rates by turbulent Reynolds
stresses (e.g. Samadi & Goupil 2001; Samadi et al. 2005) and
the damping (e.g. Grigahceéne et al. 2005). The excitation of
acoustic modes is known to take place in the external third
of the star radius, where the stellar spectrum of turbulent
energy was initially modelled by a Kolmogorov (Kolmogorov
1941) turbulent energy spectrum (Goldreich & Keeley 1977;
Goldreich & Kumar 1990; Balmforth 1992). However, accord-
ing to observations, this choice for the spectrum does not repre-
sent the complete turbulent solar spectrum (Nesis et al. 1993). In
Samadi & Goupil (2001), the formalism describing mode exci-
tation was extended to all kinds of turbulent spectra. Then,
Belkacem et al. (2008) adapted the formalism to take all the
components of the Lagrangian displacement of stellar non-radial
oscillations into account. Later, Belkacem et al. (2009) took into
account the effects of slow uniform rotation on the excitation of
p modes. They showed that solar-like rotation modifies acous-
tic mode excitation rates because of their perturbation by the
Coriolis acceleration. Neiner et al. (2020) finally extended the
formalism to rapidly rotating stars. However, none of the works
described above include the direct impact of rotation on turbu-
lent convection.

In this paper, we aim to understand how p-mode amplitudes
are affected by the rotation of the star, through the modification
it induces on turbulent convection that excites pressure waves.
Indeed, we know from fundamental fluid mechanics studies (e.g.
Chandrasekhar 1961; Julien et al. 2012a) and dedicated stud-
ies as a function of stellar types (e.g. Brun et al. 2017, 2022;
Brun & Browning 2017) that turbulent convection is strongly
modified by rotation. Here, as a first step, we focus on the
theoretical study of the impact of rotation on the excitation of
acoustic modes and do not study the effect of rotation on the
damping of these modes. We do not take into account mag-
netic effects; magnetic effects on the excitation and damping
of the modes in rotating and magnetised stars are out of the
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Fig. 1. S, as a function of the surface rotation period, Py for 867
main-sequence stars observed in short cadence by the Kepler mission.
Red circles represent stars with detected oscillations, and black circles
are stars without their detection. Dashed lines represent the minimum
(bottom) and maximum (top) Sy, corresponding to the Sun magnetic
activity. Coloured rectangles delimit the sample at a rotation period of
about 5 days: in the grey area most stars do not present detectable oscil-
lations, while in the slow-rotation regime (red area) most stars present
detectable oscillations. Adapted from Mathur et al. (2019).

scope of this first article and will be investigated in follow-up
studies.

Within this context, we used the mixing-length theory (here-
after MLT) to assess the heat transport by convection (e.g.
Bohm-Vitense 1958; Gough 1977). Stevenson (1979) intro-
duced the rotating-mixing length theory (hereafter R-MLT),
which describes the modification of the root-mean-square (rms
velocity) and scale of turbulent convection by rotation for the
mode that maximises the heat transport. Barker et al. (2014) and
Currie et al. (2020) validated the theory and tested it with high-
resolution three-dimensional non-linear hydrodynamical simula-
tions of convection in a Cartesian box assuming the Boussinesq
approximation. Augustson & Mathis (2019) generalised this the-
ory by taking into account heat and viscous diffusions and deriv-
ing a prescription for the convective overshoot, which has been
successfully compared to 3D non-linear spherical numerical
simulations (Korre & Featherstone 2021). These prescriptions
also provide interesting results to understand light-elements mix-
ing in late-type stars (Dumont et al. 2021) and convective core
boundary properties in early-type stars (Michielsen et al. 2019).
Their model was then used to quantify the efficiency of the
stochastic excitation of gravito-inertial modes, which are gravity
modes influenced by rotation (Augustson et al. 2020). However,
the impact of rotating convection on the stochastic excitation of
acoustic modes has never been studied before.

In Section 2, we present the theoretical model of acoustic
mode excitation in a rotating convective envelope. We then intro-
duce the R-MLT, presented in Section 3, to assess how rota-
tion affects the stochastic excitation model. Finally, we imple-
ment the obtained theoretical prescription to estimate the energy
injected into acoustic oscillations in typical rotating Sun-like
stars. We model such stars using the Modules for Experiments
in Stellar Astrophysics (MESA; Paxton et al. 2011, 2013, 2015,
2018, 2019; Jermyn et al. 2023) in order to obtain their struc-
ture and evolution, along with GYRE (Townsend & Teitler 2013;
Townsend et al. 2014) to constrain the computation of their
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oscillations in Section 4. We present the main results of our
work, and we conclude on its impact on the understanding of
observed acoustic-mode amplitudes in rotating solar-like stars in
Section 5.

2. Turbulent stochastic mode excitation in rotating
stars

2.1. The inhomogeneous wave equation

Following the method of Samadi & Goupil (2001) and
Belkacem et al. (2009), we derive the inhomogeneous wave
equation by taking into account the Coriolis acceleration. We
neglect in the present work the action of the centrifugal accel-
eration and magnetic fields (see Bessila & Mathis 2024, for the
impact of the magnetic field). We use the usual spherical coordi-
nates (7, 6, ¢) and the corresponding unit vector basis (e,, ey, €,).
In the inertial reference frame, the fluid velocity field v is
expanded into two components:
o(r,0,¢,1) = u(r,0,p,1) + rsinQ(r, Oe,. €))]
Here, u is the velocity field in the rotating frame: it is then asso-
ciated with both turbulent convective motion and stellar oscilla-
tion velocities. We denote w = r sin 6€(r, H)e,, the velocity field
associated with rotation, where Q(r, 0) is the rotational angular
frequency. Then, assuming an axisymmetric rotation where the
rotation direction is along the 6 = 0 axis, the angular velocity
vector is L(r, 8) = Q(r, 0) cos e, — Q(r, 6) sin Bey. The mass con-
servation equation is written as:

dp

=+ V- (ou) = 0.

o )

The momentum equation, taking into account the Coriolis
acceleration, boils down to (see e.g. Unno et al. 1989, for the
rotation part):

d(pu)
ot

P
+V : (oun) +p Qa—” +2Q XU+ rsing - V)Qe,
v

3)
=pg - VP,

where p is the density, P the pressure, and g the gravitational
field.

To study the source term due to the turbulent background, we
break down each physical quantity f into an equilibrium com-
ponent fy, and an Eulerian perturbation f;. Using the Cowling
approximation g; = 0 (Cowling 1941) and assuming that the
equilibrium quantities verify the hydrostatic equilibrium equa-
tion, we obtained the perturbed form of Equations (2) and (3):

D09 1ipo + pou) = @
W +V 2 [(po + pruu] + (oo + p1)
X QZ_Z +2Q Xu +rsin9(u-V)Qe¢]
= p1g, — VPi. &)

The perturbed equation of state, using a second-order expan-
sion, is written as:

(6)

2 2 2
Py = cip1 + @St + @ppp1 + Qs ST + Qpsp151,

where:

@, = op s = oP
S as ), P\ opos)’

(3213) (aZP)

Ass = | 57| »%pp Pyl K

as2 ), op? ),

2 =T Py/po.

We have introduced c;, the sound waves speed, and '} = (‘?,IILHP) ,
Pls

the first adiabatic exponent, where S denotes the macroscopic
entropy. We assumed that the oscillations follow an adiabatic
evolution so that the Lagrangian entropy fluctuation is exclu-
sively due to turbulence: s; = 5,. We denote ds, the Lagrangian
turbulent entropy fluctuations and s, the turbulent Eulerian fluc-
tuations. In the presence of rotation, the link between Eulerian
turbulent and Lagrangian turbulent entropy fluctuations is:

(951

ds
dts’ = o+ Q50 + 1) + (@ V) (50 + 51).

)

Combining the time-derivative of Eq. (6) with Eq. (7), one
finds:

oP do
a_:l = c?[)tpl + a/sd—tsr —asu-Vsg— V- (agsiu) + siu - Va,
0 0 0
+a,s1V -u + 2,01 % + 24451 % + @y S| %
6s1 aSo (9s1
+ Qo1 — — ¥ Qd— — a, Q—- 8
@psP1 ot @ E» @ P ®)

To evaluate the amplitude of stellar oscillation modes excited
by turbulence, we considered that the velocity field is the super-
position of turbulent convective motions and stellar oscillation
velocities (respectively, U, and u.):

u=U; +uy +rsin6Qe,. )
As in previous works by Samadi & Goupil (2001) and
Belkacem et al. (2009), we assume that the turbulent convection
evolves freely and is not perturbed by the oscillations. We also
neglected the non-linear terms in oscillating quantities, while
keeping the terms of all orders with respect to turbulent quan-
tities. We then found the two separated continuity equations:

0,

2=V [(oo+p)U]. (10)
OPosc _

el V- (0o Uosc) - (11)

Differentiating (5) with respect to time and making use of
Egs. (4) and (8) while neglecting the non-linear terms in oscillat-
ing quantities yields the forced oscillation equation, also called
the inhomogeneous wave equation:

82
Po (—

Frie (12)

L)uosc +9D = E

One may break down this equation into several terms.
U ose |01 — Ly is the operator that governs the linear dynam-
ics of stellar oscillations under the combined action of com-
pressibility, buoyancy, and the Coriolis acceleration. It contains
all the terms that are linear in u,, and which do not contain
turbulent terms. 9 is the damping term, which describes the
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non-adiabatic interactions between stellar oscillations and tur-
bulence. It includes the cross-terms with oscillating quantities
U, and turbulent quantities U,. We excluded in the present for-
mulation the radiative damping. 0S/0¢ is the source term that
accounts for the forcing of the modes by the turbulent back-
ground. Only the terms that contain combinations of the turbu-
lent quantities s;, p;, U, are part of it. There is a strong analogy
between this inhomogeneous equation and a mechanical forced
mass-spring system: 9 is homologous of a mechanical damping,
while S is an excitation source which forces the oscillations.
We found the following expressions:

L =V I:a/suosc : VSO + C%V : (pOunsc)] - gV : (p()uosc)

82uosc auosc auosa
— poQ2 — 2002 X —— — in 6 -VQe,,
P32 Gag — PONEN Ty T ROTSIETS) %
(13)
6 a uOSC) all()SC
D= E [(p# +2V (pOuOSCU,) +p;QW
+ 20082 X Uose + pi7SIn O (Uos. - VQ) e, (14)

+V (@sttose - V1 + 2V - (pttose))|

2.2. Source terms

We focus now on the excitation source for the oscillations. One
can break down the dominant source term AS/dt into several
components to identify the various origins of the energy injected
into the modes:

SZSR+SS +SQ+SN, (15)

where Sy is the Reynolds stresses source terms expressed as:

OSg 0
- = —E[V : (pU,Ut)], (16)
S is the entropy fluctuations source term,
do
Ss=-V (a's dtst =V (ass.U) + s:U; - chs); a7
Sq is the source term due to rotation, and its gradient,
a8, 4] ou . A
a_;Q =-= [p,Qa—(pt +20,Q %X U, + p,rsin (U, - V)Qe¢] .
(18)
Finally, one has
a8
— =V[aV - UD] -9V - (ol
t
62
- ﬁ(PtUz)‘*‘-Ct, 19

where £, contains the linear terms that do not contribute to the
excitation. Previous studies (e.g. Samadi et al. 2008) have shown
that the contribution of entropy fluctuations accounts for less
than 10% of the total power injected in the modes in solar-like
stars. We neglected the contribution of the entropy fluctuation
source term Sy in this work. Moreover, Belkacem et al. (2009)
showed that So ~ MS where M is the Mach number. The
rotational contribution Sq is then negligible compared to the
Reynolds stresses term Sg in the subsonic regime, which is valid
inside the Sun and solar-like pulsators.
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Finally, as shown in Samadi & Goupil (2001), dSy/dt does
not significantly contribute to the stochastic excitation. Indeed,
the terms contained are either negligible compared to the
Reynolds stresses term Sg, or linear with respect to turbu-
lent quantities. As detailed in Samadi & Goupil (2001) in their
Section 4.1, linear terms in turbulent quantities vanish when inte-
grated over the convective envelope to compute the resulting
injected power. From this point on, we then consider that the
excitation source terms are reduced to the Reynolds stresses term
Sk alone.

2.3. Mode amplitudes with rotation

Using the inhomogeneous wave equation, we sought the mean
square amplitude of u,s., which is directly related to the power
% injected into each mode of a given radial, latitudinal, and
azimuthal order (n, ¢, m). Following Samadi & Goupil (2001)
and Belkacem et al. (2009), we obtained:
P = ndAP w;, (20)
where 7 is the damping rate of the waves and w is the mode
frequency in the inertial reference frame. We introduce the mode
inertia I = f f f(v pod’r (£* - €), where £ is the mode displacement,

&* denotes its complex conjugate and we perform the integral
over the whole star volume V. In the case of acoustic modes
studied here, we can neglect the inertia correction introduced in
the rapid rotation regime by Neiner et al. (2020).

The pulsational displacement or,s. and the velocity uqg. are
written using the adiabatic eigendisplacement &(r, ), that is with
no forcing, and an instantaneous amplitude A(?) due to the tur-
bulent forcing (Unno et al. 1989):

OFosc = %(A(t)f(r)em’ + c.c.), (1)

where c.c. indicates the complex conjugate. In this framework,
&(r) is expanded on the vectorial spherical harmonics basis (e.g.
Unno et al. 1989):

f(r) = (gr;[,m,ner + é:h;t’,m,an + §T;{’,m,nVH X er) Yt’,m(ga 90), (22)

where &, £y, and &t are the radial, horizontal, and toroidal func-
tions of the displacement eigenfunction, respectively. Then, the
oscillation velocity uqs is given by

Uose = A(1)|ioé(r) — (£(r) - VQ)r sin fe,, |e”, (23)

where Wy = wy+m, and wy is the wave frequency in an inertial
reference frame. In the latter expression, the temporal variation
of the instantaneous amplitude A(f) was neglected, as the oscilla-
tion periods are much shorter than their lifetime: d In A(¢)/df <
wop (see e.g. Samadi & Goupil 2001). In the framework of this
paper, we restrict ourselves to uniform rotation as a first step,
such that u.,. becomes

Uose = A()IGoE(r, )e'". (24)
Moreover, for acoustic waves studied here wy > Q. We then

assume that wy ~ wy. The mean squared amplitude is then (e.g.
Samadi & Goupil 2001; Belkacem et al. 2009):

(e) = !

——Ckg, 25
81 (wol)* )
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where Cy is the Reynolds-stress contribution:

Cr = f &, f d3rdre"'w°f<(§-SR>1(§-SR>2>. 26)

Here the operator ((.)(.)) denotes the statistical average per-
formed on an infinite number of independent realisations. Sub-
scripts 1 and 2 represent the values taken at spatiotemporal
positions (xo — r/2,—7/2) and (x¢ + r/2,7/2), respectively. To
compute the contribution Cr, we follow the formalism from
Samadi & Goupil (2001) which is built on three main assump-
tions:

1. It is assumed that the wavelength of the eigenfunctions is
large compared to the typical lengthscale of turbulence: this
assumption is called the separation of scales. To apply this
formalism, one must then compare the oscillation charac-
teristic lengthscale €,s to the turbulent characteristic length
of the eddies A. Only the turbulent eddies such that 4 <
{osc contribute to the stochastic excitation (see illustration
in Figure 2, and Samadi & Goupil 2001 for more details).
Using the softwares MESA and GYRE, we find that this
scale-separation assumption is valid for acoustic modes in
solar-like stars. Indeed, the injection scale verifies 4; < Cosc.

2. The turbulent background is considered homogeneous: ther-
modynamical quantities and the oscillations vary on scale
lengths much larger than the contributive turbulent eddies
(see e.g. Goldreich & Kumar 1990; Samadi & Goupil 2001).

3. Finally, isotropic turbulence is assumed. Although rotating
turbulence is anisotropic (e.g. Aurnou et al. 2015), this sim-
plification is necessary to combine the stochastic excita-
tion formalism by Samadi & Goupil (2001) and Rotating
MLT, which reproduces well the properties of the convec-
tive mode that transports the most heat in rotating anisotropic
convective flows (e.g. Barker et al. 2014; Currie et al. 2020;
Vasil et al. 2021). Tackling anisotropic turbulence with rota-
tion is subject to forthcoming developments.

Moreover, as underlined in Belkacem (2008), modes with fre-
quencies between 1 mHz and 5 mHz and low angular degree ¢
are essentially radial that is &, < &,. This is the case for the solar
p-modes considered in the present study. We also use the plane-
parallel approximation for acoustic modes: it is justified in the
present case by the fact that excitation occurs in the uppermost
part of the convection zone (r/R =~ 1). Such an approximation is
valid when the condition rk,s. > 1 is fulfilled in the excitation
region, ko being the local wavenumber (e.g. Belkacem et al.
2008). In this framework, one can write the Reynolds stresses
contribution as in Samadi & Goupil (2001):

16 dé
Cr=—r | dxpd|=
RTTET L 0 ar

where we have introduced the spherical harmonics Yy, and their
complex conjugates Y, . The integral is performed over the
whole convective zone volume V7. We also introduced the
source function

2
Yé’,mY[*’mSR (r’ 9’ 0-)0) 5 (27)

Swroon = [ GE® [dn@ronne. @9
Here, E(k) is the spatial kinetic energy spectrum in turbu-
lence, and y;(w) is the associated eddy time-correlation func-
tion following Stein (1967). With rotation, these kinetic energy
and time-correlation spectra depend both on the radius and
the colatitude of the studied location inside the convective

EDDY SIZE

ACOUSTIC WAVE

ee:

eee

eeee@
eeeee

eeeeeeRRe@®@
eeeeeeeRe@R@R@Re@
cccececceeeeecece

)\d \\\\\\\\
DISSIPATION SCALE

Fig. 2. Illustration of the scale separation assumption for the stochastic
excitation. In the turbulent cascade, A; denotes the energy injection scale
in the framework of the turbulent cascade, while A, is the dissipation
scale. The size of the largest eddy in the inertial range is estimated by
the mixing length A;. The size of an arbitrary eddy is denoted A. All the
eddies in the cascade contribute to the stochastic excitation.

zone. For this reason, Eq. (27) is now a multi-dimension inte-
gral where we cannot separate the radial part from the lati-
tudinal one. In the non-rotating case, where the source func-
tion only depends on the radius we recover the result by
Samadi & Goupil (2001).

It must also be noted that even if rotation does not add any
significant source term in Equation (12), it indirectly influences
mode excitation:

1. Waves are affected by the rotation so that they become
inertio-acoustic waves. This changes both the frequencies of
the modes wy, which are shifted, and the eigenfunctions of
the displacement &. For acoustic modes in main-sequence
solar-like stars, this effect is treated as a first-order pertur-
bation (e.g. Reese et al. 2006) so we neglect it in the present
work.

2. Convective properties strongly affect the source terms. In
the MLT theoretical framework, this happens through a
change of the convective wavenumber k; and the convec-
tive rms velocity vg. For such an approach, rotation tends
to weaken convection (Stevenson 1979; Barker et al. 2014,
Augustson & Mathis 2019), for the convective mode that
transports the most energy. Rotation also affects turbulent
convection through a change in the kinetic energy spec-
trum (Zhou 1995; Mininni & Pouquet 2010). This effect
is paramount in the present model and discussed in
Section 3.

3. The stellar structure is modified by the centrifugal acceler-
ation. The star’s thermodynamic quantities (density, pres-
sure, entropy) profiles change as well as the stellar oscillation
mode resonant cavity and as a consequence the mode eigen-
frequencies (Espinosa Lara & Rieutord 2013; Reese et al.
2021; Mombarg et al. 2023). This is the so-called indirect
effect on stellar oscillations (Gough & Thompson 1990). We
neglect this effect in the present work.

Figure 3 illustrates these interdependencies.
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Fig. 3. Interdependencies in the stochastic excitation mechanism taking
rotation into account. The light blue arrow denotes the direct impact of
rotation on convection we take into account, while dotted arrows repre-
sent phenomena we neglect. Dark arrows represent the general interde-
pendencies in the formalism describing the turbulent stochastic excita-
tion of stellar oscillations.

2.4. Turbulent spectrum

One has to proceed with the derivation of Sz. We used the
descriptions of temporal and spatial properties of the turbulent
spectra.

2.4.1. Temporal spectrum

Various choices for the eddy time-correlation function
Xr(w) exist in the literature (e.g. Goldreich & Keeley 1977;
Belkacem et al. 2010). Some theoretical formulations assume
a Gaussian function (see e.g. Goldreich & Keeley 1977;
Balmforth 1992; Houdek et al. 1999; Samadi & Goupil 2001):

1 _wo
i, (29)

X () = e
TWy

where wy, is the frequency of the turbulent eddy associated with
the wavenumber k, defined in Eq. (34). Other works find that a
Lorentzian gives a better agreement with solar observations and

numerical simulations (e.g. Samadi et al. 2003; Belkacem et al.
2010; Philidet & Gizon 2023):

1 1
Xr(w) = —

—_—, (30
Twy w)?
1+ (2)
where we normalise this function to 1:
+00
f dwyr = 1. 31

We then define the frequency component of the integral (45):

I(wo, k) = f Xie(wxi(w + wo)dw, (32)

00

where y; = )(kG for a Gaussian time-correlation, and y; = )(k for
a Lorentzian time-correlation function. The comparison between
those functions is illustrated in Fig. 4.

A2S, page 6 of 17

2.4.2. Kinetic energy spectrum

The last step to compute Sy following Eq. (28) is to proceed
with the integral over the wavenumber k, taking into account the
kinetic energy spectrum:

A o dk

Sr(r,0,wo) = 2k ()1 (wo, k). (33)
ke

The eddies turnover frequency is (Balmforth 1992):

W = kuk, (34)

where u; is the characteristic velocity of the eddy with wave
number k. It is related to the kinetic energy spectrum E(k) (Stein
1967):

2k
ul = f E(k)dk.
k

We first derive the expression for the kinetic energy spectrum.
For k > k., where k. is the injection scale (k. corresponds
to the largest eddy), we use a Kolmogorov energy spectrum
(Kolmogorov 1941):

(35)

k (07
E<k>=y(k—) : (36)

where vy is a normalisation factor. The turbulent cascade con-
serves the overall kinetic energy:

f e =

c

(37

where w is the vertical rms velocity and ¢ is the anisotropy factor
as defined by Gough (1977):

,o G

w2y’
w, being the vertical convective velocity and u. the convective
velocity. In the following, we work within the isotropic frame-
work of the rotating mixing-length theory so that the convective
velocity is the same in every direction: ¢ = 3, and w. = u. the
rms convective velocity. The normalisation factor vy is then:

(38)

(—a - Doui?
= —" 39
Y % (39
We also introduce the reduced wavenumber:
k
= —- 40
- (40)
Eq. (35) gives
u = \BK'Z, 41)
where
= %uga -2, (42)

One can deduce the turnover frequency for the eddy of
wavenumber k, following Eq. (34):

3+a

wp = 0K'%, (43)
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Fig. 4. Left: Comparison between a Lorentzian eddy-time correlation function (following Eq. 30) and a Gaussian time-correlation function (Eq. 29),
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the Lorentzian eddy-time correlation. Right: Influence of the choice for the eddy-time correlation on S. Rotation only affects this term when a

Lorentzian is chosen.

where:

6§ = keB.

Finally, we compute the integral over the wave number k, assum-
ing a Lorentzian eddy time-correlation spectrum defined by
Eq. (30):

A * E(k)? dk
SR(r’H’wO):f k2 2 :
ke 2nwy [1 + (2‘”—“1) ]

Equations (27) and (45) enable us to compute the contribu-
tion of the Reynolds stresses to the stochastic excitation for a
given acoustic mode. One can choose to model the turbulent
kinetic energy spectrum with a given slope a. The choice for
this parameter depends on the turbulent regime and is influenced
by rotation (see Sect. 3.3 for more details). The important phys-
ical quantities are the values of the convective rms velocity and
wavenumber, usually computed in 1D stellar modelling codes
using the Mixing-Length Theory.

However, as shown in Figure 3, rotation affects convec-
tion, which in turn influences the stochastic excitation of modes
through the Reynolds stresses source term we compute. Rotation
indeed influences convection, leading to a lower (resp. higher)
value for v, (resp. k.) in the Rotating Mixing-Length Theory
compared to the non-rotating case. To model the impact of rota-
tion on the stochastic excitation of modes, we thus require a
robust model and prescription for rotating convection.

(44)

(45)

3. Rotating convection
3.1. The state of the art

To model rotating convection in stellar or planetary inte-
riors, the most realistic approach is to use direct numer-
ical simulations (DNSs), solving the underlying equations
of fluid dynamics. Progress has been made, following the
increase of computing power. For instance, the community
has computed large sets of Large Eddy Simulations of the
3D non-linear dynamics of stellar rotating convective zones in
spherical geometry (we refer the reader to Brun & Browning
2017; Smolarkiewicz & Charbonneau 2013; Brun et al. 2022;
Kipyla et al. 2023). To tackle specific phenomena, local DNS
is also often used instead of global simulations, neglecting
the body’s curvature and using Cartesian boxes, while push-
ing the Reynolds number to its maximum possible value (e.g.
Julien & Knobloch 1998; Julien et al. 2012a; Currie et al. 2020;

Vasil et al. 2021). However, these simulations are very demand-
ing and they cannot systematically explore large regions of the
parameters space yet.

To study stellar structure and long-term evolution in astro-
physics, heat transport by convection is most of the time quan-
tified using MLT (e.g. Bohm-Vitense 1958; Gough 1977). This
unidimensional theory is broadly implemented in stellar struc-
ture and evolution codes, such as MESA (Paxton et al. 2011,
2013, 2015, 2018, 2019; Jermyn et al. 2023). Despite its sim-
plicity, it has proven to be relevant in modelling stars and planets
along their evolution. MLT is based on the maximisation of the
heat flux transported by convection, following the principle of
Malkus (1954). The convective MLT length scale and the con-
vective velocity are governed by the linear mode that maximises
the convective heat flux. As such, the MLT is thus a local and
monomodal theory.

However, it omits many important effects, including rotation
and magnetic fields. To address these simplifications, a theory
of the MLT that takes into account rotation and magnetism has
been proposed by Stevenson (1979) and extended in the case of
rotation by Barker et al. (2014) and Augustson & Mathis (2019).
This R-MLT has not been widely implemented in 1D stellar
evolution codes yet, one exception being Ireland & Browning
(2018) (see also Michielsen et al. 2019; Dumont et al. 2021 for
the specific study of convective penetration with good agree-
ment with asteroseismology of early-type stars and observations
of light-elements abundances in low-mass stars, respectively).
Ireland & Browning (2018) show that the entropy gradient in
low-mass stars can be modified by rotation, leading to struc-
tural and evolutionary changes, although such changes are
found negligible. The same conclusion has been obtained in
the case of giant gaseous planets by Fuentes et al. (2023) and
Fuentes et al. (2024). The authors suggest that planetary rota-
tion is another factor contributing to the longevity of primordial
composition gradients in Jupiter, as observed by the Juno space-
craft. Furthermore, the prescriptions of Stevenson (1979) have
been successfully confronted with nonlinear numerical simu-
lations in Cartesian geometry (Barker et al. 2014; Currie et al.
2020). In these simulations, the R-MLT formalism established in
Stevenson (1979) holds well for three decades in Rossby number
(defined in Eq. (47)), which compares the inertia of convective
flows to their Coriolis acceleration. The prescription for the con-
vective overshoot with rotation derived by Augustson & Mathis
(2019) in the R-MLT framework has also been successfully com-
pared with numerical simulations (Korre & Featherstone 2021).
Finally, the R-MLT theory has been used to model the stochas-
tic excitation of gravito-inertial stellar oscillation modes by tur-
bulent convection in rapidly rotating stars with predictions in
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Table 1. Modulation of the convective velocity and scale by rota-
tion in the rapidly and slowly rotating regimes, respectively, following
Stevenson (1979).

Ro < 1 Ro > 1
URo) 1.5R0"S 1 - 55—
K(Ro) 05Ro™35 1+ W

agreement with asteroseismic observations of rapidly rotating
early-type stars (Neiner et al. 2012, 2020). This last study shows
a high interest in using this theory to study the impact of rota-
tion on the stochastic excitation of stellar oscillation modes in
rotating solar-type pulsators.

3.2. Prescriptions for rotating mixing-length theory

In the present work, we make use of the prescription of
Augustson & Mathis (2019) to account for the modification of
convection by rotation, generalising the model by Stevenson
(1979). This latter provides prescriptions for the asymptotic
regimes of slow and rapid rotations while Augustson & Mathis
(2019) prescriptions can be applied for any rotation rate (and
Rossby number as defined in Eq. (47)). Both follow the heat flux
maximisation principle proposed by Malkus (1954): the convec-
tive flow is dominated and modelled by the mode that transports
the most heat.

Stevenson (1979) gives a modulation factor in each case. The
convective velocity (resp. convective wavenumber) with rotation
u. (resp. k.) is expressed with respect to the convective velocity
(resp. convective wavenumber) without rotation uq (resp. k):

u. = U(Ro)uy,

_ 46
ke = K(Ro)ko, 46)

where we use the effective convective Rossby number introduced
by Stevenson (1979) computed as a function of the non-rotating
characteristic velocity and the convective scale:

_ M()k()
" 2Qcosd

Here 6 is the colatitude. The convective velocity without rotation
uy, as well as the convective wavenumber without rotation k are
outputs from the MESA stellar structure and evolution code (see
Sect. 4 for the detailed method and results).

The values of the modulation factors U(Ro) and K(Ro)
derived by Stevenson (1979) in the slow and rapid rotation limits
are given in Table 1.

Augustson & Mathis (2019) uses the same principle, and
solves the following equation:

Ro (47)

2
25 52 18 cos~ 6 ~ 0

48
2572Ro? 52 @)

where § is defined as § = 21/331/25-5/6,
One can in turn find the velocity modulation and the
wavenumber modulation, as in Stevenson (1979):

- 5%

0=—:"2 (49)
V6

_ 2

k=437 (50)
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Fig. 5. Rotating mixing-length theory: modulation of the convective
velocity (top panel) and wavenumber (bottom panel) in Stevenson
(1979) (green lines) and in Augustson & Mathis (2019) (dark lines).

We refer the reader to the Appendix A, where we detailed
the method from Augustson & Mathis (2019) for the derivation
of Equations (48), (50), and (49).

We compared the output of U and K with these two meth-
ods in Fig. 5. For the velocity modulation, Augustson & Mathis
(2019) predictions are in excellent agreement with those of
Stevenson (1979) in the asymptotic slowly and rapidly rotat-
ing regimes. When it comes to the wavenumber modulation
for the low Rossby number case, the exponent is in agree-
ment, only the prefactor differs between Stevenson (1979) and
Augustson & Mathis (2019). As both authors consider a linear
dispersion relation for the convective instability, there can subsist
a difference in the prefactor. The Rossby number in Solar-like
stars is superior to Ro > 1073 (see e.g. Fig. 7): in this regime the
difference between Stevenson (1979) and Augustson & Mathis
(2019) formulations is negligible. In the following, we esti-
mate the power injected into stellar acoustic modes by turbu-
lent convection while taking its modification by rotation into
account making use of the most recent and non-asymptotic
Augustson & Mathis (2019) prescriptions.

3.3. Turbulent spectrum in rotating turbulence

Rotation also affects the turbulent kinetic energy spectrum
defined in Eq. (36), which in turn influences the stochastic exci-
tation of acoustic modes (see Fig. 3). Numerical simulations
and experiments have highlighted a wide panel of behaviours in
rotating convection or free turbulence. Theoretical, experimen-
tal, and numerical studies provide scalings for the kinetic energy
spectrum (Julien et al. 2012b). Zhou (1995), Mahalov & Zhou
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(1996) propose E(k) o k=2, in a phenomenological study. When
the turbulence is forced at a scale ky, Smith & Waleffe (1999)
find with numerical simulations E(k) o k3 for k < ky, and
E(k) o k73 for k > k. Mininni & Pouquet (2010) also find
a scaling E(k) oc k=3, similar to the Kolmogorov spectrum
scaling for forced turbulence. Nevertheless, rotating turbulence
is strongly anisotropic: for a more accurate description of the
turbulent cascade, one must generally distinguish the wavenum-
ber parallel to the rotation axis k;, and the orthogonal component
k.. We neglect this anisotropy in the present study as a first step
because we are considering the isotropic formalism of R-MLT.
Following Eq. (36), the turbulent kinetic energy spectrum scales
like E(k) oc k~* and we explore the dependency of the stochastic
excitation with the slope « of this spectrum. More details regard-
ing the turbulent spectra in rotating turbulence can be found
for example in Godeferd & Moisy (2015), Alexakis & Biferale
(2018).

4. Results: Impact of rotation on the excitation of
acoustic modes in solar-like pulsators

In this section, we assess the power injected by the rotating tur-
bulent convection into the acoustic modes, using the theoreti-
cal formalism expounded upon above. We use a Solar-like star
1D model, computed with the stellar evolution code MESA for
quantities like sound speed, convective velocity or density pro-
files. We use in combination the stellar oscillation code GYRE to
compute stellar acoustic modes eigenfunctions € and their eigen-
frequencies.
For each mode, we use the following methodology:

1. For a given rotation rate Q, we compute the effective Rossby
number using a profile from MESA. Next, we calculate
the convective velocity modified by rotation, following the
prescription from Augustson & Mathis (2019). We refer the
reader to Appendix A for more details. Fig. 7 shows the
Rossby number, modified convective velocity, and modi-
fied wavenumber for a Sun-like model. Since the effective
Rossby number diverges near the equator, we only display
points where 6 < /2.

2. We compute the oscillations eigenfunctions &,(r) and eigen-
frequencies wp with GYRE.

3. Ateach radial position, we compute the integral I(r, wp) from
Eq. (32) over all the eddies scales.

4. Finally, we integrate over the whole star’s convective enve-
lope, using Eq. (27).

This process, which is summarised in Fig. 6, is then repeated
for any stellar model, for different modes (¢, m,n) and values
for the rotation Q. In the following work, we take the aver-
age surface rotation of the Sun as a reference: Q, = 28days
(Thompson et al. 2003; Garcia et al. 2007).

4.1. Influence of the turbulent eddy-time correlation

As explained in Section 2, one can choose either a Lorentzian or
a Gaussian turbulent time-correlation function. First, we exam-
ine the impact of either of these choices on mode excitation.
Using Augustson & Mathis (2019) model for rotating convec-
tion, the lower integration bound k. in S(r, 0) increases when the
rotation increases. However, only a Lorentzian time-correlation
function is significantly modified by rotation, the Gaussian time-
correlation function being too steep for low-k values. We plotted

j MESA

Equilibrium
quantities

k
Acoustic mode o(r), uo(r), po(r)

(4, m,n)

|

Eigenfunctions Modified convective

values

kosc(T)) §r(7'),w0 kC(T7 9)7'““0(7.7 6)

l |

Spectral source integral Each 7;
A T dk 9
Sg (1,6, wp) :/k EE (k)Z(wo, k)
Resulting contribution Whole CZ

dé,

2
2| Yem Y/ Si (1, 0,w0)

16
Cr = —7r3/ d*zopd
15 Vez

Fig. 6. Method used to assess the power injected into stellar acoustic
modes. We first computed a stellar model with MESA, where the mod-
ification of the stellar structure by rotation is not taken into account.
For a given value of rotation Q, we compute the local Rossby num-
ber and then the modified convective wavenumber and velocity, fol-
lowing the prescriptions by Augustson & Mathis (2019). We compute
the eigenfunctions and eigenfrequencies for the acoustic modes using
GYRE. It enables us to compute at each radius position the local spec-
tral source term S(r, ). Finally, we integrate the resulting contribution
on the whole Convective Zone (CZ).

in Figure 4 J (k) the integrand of S(r, 0),
+oo 2
Sk (r,0,wp) = f Ek—(zk)f(wo,k) dk, (51)
ke | )
J (k)

to underline this effect. As only a Lorentzian eddy-time corre-
lation function significantly impacts the stochastic excitation of
acoustic modes in the presence of rotation, we adopt this choice
in the following semi-analytical study. Indeed, Mathur et al.
(2019) have shown that mode detections are related to stel-
lar rotation periods. Therefore, we assume that rotation influ-
ences the stochastic excitation of acoustic modes, supporting the
choice for a Lorentzian eddy-time correlation function in this
framework.

Choosing a Lorentzian eddy-time correlation function, we
examine the impact of rotation on the various acoustic modes.
We use a Sun-like model, with metallicity Z = 0.02 (see
Appendix B for the MESA inlists). Here, we consider a fixed
value for the turbulent spectrum slope: @ = —5/3 (Kolmogorov
1941). For each mode, we compute the power Py injected into
the oscillations without rotation (Q = 0), and the injected power
Pq taking rotation into account.
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Fig. 7. Solar model computed with MESA. Left: Effective Rossby number as defined by Stevenson (1979) in Eq. (47) in the Sun’s convective zone.
The region at the base of the convective zone and at the poles have the lowest Rossby number, then is the most affected by rotation. Centre: The
same figure, but for the modulation of the convective velocity in the framework of R-MLT of Augustson & Mathis (2019). The convective velocity
is diminished by 50% in the lowest Rossby number region, at the base of the convective zone. Right: Modification of the convective wave number
with rotation, following Augustson & Mathis (2019). In the lowest Rossby number zone, the size of the convective eddies is the most diminished.
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Fig. 8. Impact of rotation on different acoustic modes. Left: Influence of the radial order n for the modes with £ = 0,m = 0: the modes with the
lowest values of n are most influenced by rotation. Right: Influence of the horizontal degree ¢ for the modes with n = 8 and m = 0.

Figure 8 shows the ratio Pq /Py as a function of rotation for
different modes. As expected, rotation tends to inhibit the excita-
tion: the higher the rotation rate, the lower the power injected by
the stochastic excitation. Furthermore, rotation does not affect
the modes equally: for a fixed value of £ = 0, the lower the
n order, the more inhibited the modes (see the left panel in
Fig. 8). In Eq. (27), the term S diminishes when the frequency
wy increases. However, when computing the modes using GYRE
the remaining term with d¢,/dr makes the overall injected power
increase. This dependence of the injected power on the order
and degree is mostly due to the term in &, in Eq. (27), which
is computed with GYRE here. Indeed modes with higher eigen-
function amplitudes at the base of the convective zone, where
the Rossby number is smaller, are more strongly influenced by
rotation, leading to a more pronounced reduction in the injected
power.

For modes with increasing ¢ and a fixed n = 8 and m =
0, the impact of rotation on mode excitation does not follow a
clear trend. This non-monotonic variation with ¢ arises from the
role of the spherical harmonics in Eq. (27), which modulate the
excitation differently at each latitude. Modes with £ = 0 and
¢ = 2 are almost equally influenced by rotation, while modes
with € = 1 and £ = 3 are more affected (see the right panel in
Fig. 8).
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Moreover, the excitation also depends on the azimuthal num-
ber m, which appears in spherical harmonics within the Reynolds
stresses contribution in Eq. (27). As the spherical harmonics
modulus verify Y;f’m = (=1)"Y;_, the same values for |m| give
the same power injected in the oscillations in this framework. We
studied the influence of m and ¢ for a fixed n = 8 radial order in
Fig. 9. There is no direct tendency observed: (£ = 2,m = 1)
mode is more diminished by rotation than the corresponding
m = 0 mode, whereas for { = 1 and £ = 0, values of m # 0
are always less diminished by rotation than the corresponding
m = 0 modes.

4.2. Influence of the turbulent spectrum

In the previous section, we chose a value of —5/3 (Kolmogorov
1941) for the turbulent spectrum, in Eq. (45). However, rotation
also affects the turbulent kinetic energy spectrum (see Fig. 3 and
Section 3.3). We compute the injected power into the modes for
different values of the turbulent spectrum in Fig. 10.

We chose the values found in the literature: « -5/3
(Kolmogorov 1941; Mininni & Pouquet 2010), « -2
(Zhou et al. 1998), and « —3 (Smith & Waleffe 1999). We
used the same method as before, focusing on the mode ¢ = 0,
n = 8, which is strongly influenced by rotation as explained



Bessila, L., et al.: A&A, 700, A25 (2025)

101\ — (=1m=0 10

- f=1,m=%1 \,

0.4
0.4

— (=2,m=0 10
—m 0=2,m = %1
—— l=2,m=x2

0.4

— (=3m=0

(=3m==x1

== (=3m=x2

(=3m==3

0 5 10 15 20 25 0 5 10
Q.

Q.

Fig. 9. Influence of rotation on the excitation power for different values of azimuthal order m for a Sun-like stellar model. Left: £ = 1,n = 8 modes
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Fig. 10. Influence of the choice for the kinetic energy spectrum in the
present theoretical model. The steeper the slope « for the kinetic energy
spectrum, the higher the power injected into the modes.

in the previous section. The power injected into the modes is
influenced by the choice for the turbulent spectrum scaling: the
steeper the slope, the higher the injected power. Indeed, we can
show from Eq. (45) that

N (a—1)? dK
Sr(r, 6, wo) ~ N KT+30)/2 4 A(] — 21-0)KGa+ D2 (52)

where A is a prefactor that does not depend on a. Numerically,
we find that the higher the value of ||, the higher the integrand,
which leads to more power injected by the stochastic excitation.

4.3. Impact of the stellar structure

All the studies presented in the previous parts were carried out
using the same solar-like star model computed with MESA. We
now focus on other stars with a different mass or metallicity to
explore the effects of stellar structure on our results. We thus
apply the same algorithm to five different stellar models.

First, we study the impact of the stars’ metallicity on the
stochastic excitation. We consider Sun-like stars with 1 M,
mass, 460 Gyr age, and different metallicities Z = 0.002, Z =
0.02 and Z = 0.04, respectively.

Second, we model a Pre-Main Sequence (PMS) star with a
1 Mg mass, 50 Myr age and a Z = 0.02 metallicity. Indeed, PMS
stars are of growing interest in asteroseismology, as they could
help to investigate the formation and early evolution phases of
stars (see e.g. Zwintz & Steindl 2022). Progress has been made
to develop novel ways to detect solar-like oscillations in these
stars, despite high background levels (Miillner et al. 2021). In
addition, these stars tend to rotate faster than Main Sequence
stars (e.g. Gallet & Bouvier 2015), which could further hinder
acoustic mode detection.

3, n = 8 modes with different m.

Table 2. Parameters of the star KIC 10644253: Comparison between
the observations and the computed MESA model, with the source of
the observed values.

Parameter

Observations

Source

Model

Mass (M)

1.13 £ 0.05 Metcalfe et al. (2014)

1.15

Radius (Rp) 1.108 £0.016 Metcalfe et al. (2014) 1.120

Z (dex) 0.026 £ 0.05 Brunttetal. (2012) 0.026
log g (dex) 4.40+0.3 Bruntt et al. (2012)  4.39
Age (Gyr) 1.07 £ 0.25 Metcalfe et al. (2014) 1.32
Ter (K) 6030 + 60 Bruntt et al. (2012) 6005
Q Qo) 2.47 +0.05 Garcia et al. (2014b) -

We also model a young Sun F-type 1.15 M, star from the
Kepler sample, KIC 10644253. Its properties are presented in
Table 2, based on the work of Salabert et al. (2016). This star
is of keen interest as it is a typical F-type star, which has a thin-
ner convective layer than G-type stars and a more rapid rotation.
This more rapid rotation characterises F-type stars as they are
less braked than G-type stars (Garcia et al. 2014a; Breton et al.
2021; Santos et al. 2021).

The evolutionary paths of those models in the HR diagram
are shown in Fig. C.1. Their radial profiles of density, convec-
tive velocity, and convective wavenumber in the MLT framework
are plotted in Fig. C.2. These profiles are obtained using stellar
models computed with MESA, where rotation does not modify
the structure.

Figure 11 shows the power injected into the acoustic mode
(¢ = 0,n = 8) for those five different MESA models. First, one
notices that the lower the metallicity, the less influence rota-
tion has on the mode amplitudes. For the metal-poor model
with Z = 0.002, the convective zone is thinner than for the
other models (see Fig. C.2), and the Rossby number is always
superior to unity. Thus, the influence of rotation on convection
is negligible throughout the whole convective zone, and exci-
tation in this model seems insensitive to rotation. Second, the
overall stellar structure plays an important role in the acous-
tic mode excitation by convection. Indeed, the power injected
into the lowest-metallicity model (Z = 0.002) exceeds the power
injected into the Z = 0.02 model by nearly two orders of mag-
nitude. Although the Z = 0.002 model has a thin convective
zone compared to the Z = 0.02 model, its convective veloc-
ity at the top of the convective zone is higher (see Fig. C.2).
Most of the power from stochastic excitation is injected at the
top of the convective zone, just below the photosphere. The
difference in convective velocity at this location thus explains
the variation of the injected power. A direct observational link
between Kepler stars’ metallicities and their acoustic mode
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Fig. 11. Influence of the stellar structure on the stochastic excitation of acoustic mode (¢ = 0,n = 8) with rotation. Left: One can notice a stronger
decrease in the ratio /P for stars with a higher metallicity. Modes in such stars are less affected by rotation. Right: The normalised value of the

total power injected % is plotted.

amplitudes is difficult to emphasise, as other stellar parameters
such as luminosity and effective temperature are also influenced
by metallicity. Kjeldsen & Bedding (2011) suggested an empir-
ical scaling relation predicting solar-like oscillation amplitudes.
For stars with the same mass and equally damped oscillations, a
higher stellar luminosity and a lower effective temperature lead
to higher amplitudes. This appears to agree with the present
study, although we did not take into account the effects of
damping. Mathur et al. (2019) searched for a tendency among
the metallicities of non-oscillating stars in their Kepler sam-
ple, using both the Apache Point Observatory Galactic Evolu-
tion Experiment survey (APOGEE DR14, Majewski et al. 2017,
Holtzman et al. 2018) and the DR2 Large Sky Area MultiObject
Fiber Spectroscopic Telescope survey (LAMOST, De Cat et al.
2015; Luo et al. 2016). They noticed a high discrepancy between
the values of the two different surveys, leading to uncertain con-
clusions. One also has to highlight that examining the impact
of metallicity has to be handled carefully: not only the metal-
licity, but the whole stellar structure parameters (such as the
effective temperature and the luminosity) play a significant role
in mode excitation by convection. For example, Samadi et al.
(2010) found that for a fixed effective temperature metal-poor
stars tend to have less excited modes. As in the present work, we
compare stellar models with the same mass and age, thus there is
no contradiction with the previous study of Samadi et al. (2010).

For the 1 My PMS model of metallicity Z = 0.02 at age
50 Myr, nearly ten times less power is injected into the modes
than for the corresponding main sequence model (Fig. 11,
left panel). For this PMS star, the injected power decreases
more rapidly when rotation increases compared with the main
sequence model (Fig. 11, right panel). This result is important
for selecting relevant targets for PMS pulsating Solar-like stars.

When it comes to KIC 10644253 (1.15 M, Z = 0.026), more
power is injected into the modes than into the Z = 0.02 model,
although its metallicity is higher. Indeed, the stellar structure is
different in this case with a higher luminosity. Such results cor-
roborate that one has to take into account precisely the whole
stellar structure to assess the power injected by the stochastic
excitation into the modes for a given star.

5. Conclusion and perspectives
5.1. Discussion

In this work, we generalise the formalism modelling of the
stochastic excitation of stellar acoustic oscillation modes by
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the bulk turbulence in uniformly rotating convective stellar
regions. We build on the work by Samadi & Goupil (2001)
and Belkacem et al. (2009), taking the modification of convec-
tion by rotation into account. To do so, we use the prescrip-
tion of the Rotating Mixing-Length Theory (Stevenson 1979;
Augustson & Mathis 2019), which is a monomodal approach
considering the mode that transports the most heat.

We applied this theoretical formalism to stellar models, using
a combination of MESA and GYRE numerical codes. This semi-
analytical approach enables us to obtain the following conclu-
sions.

First, the choice for the eddy-time-correlation function is
paramount. As shown in Sect. 3.3, a Lorentzian eddy-time
correlation function significantly impacts the stochastic excita-
tion of acoustic modes in the presence of rotation, while for
a Gaussian function, there is no impact on the injected power.
Studying the influence of the rotation on the mode ampli-
tudes from an observational point of view can help better con-
strain the time-correlation spectrum in the convective zone (for
more details about the previous works, we refer the reader
to the review in Samadi et al. 2015). Noticing modulations in
the mode amplitudes as a function of rotation as reported by
Mathur et al. (2019) corroborates a Lorentzian function for y
according to our model, in agreement with Samadi et al. (2003)
and Philidet & Gizon (2023). Indeed, Mathur et al. (2019) have
shown that the mode detection are related to the rotation peri-
ods, as illustrated in Fig. 1. A systematic study of mode ampli-
tudes in stars with surface rotation period P, determination will
help confirm it. It constitutes a key constraint on the coupling
between turbulent convection and stellar oscillation modes in
rotating stars.

Second, rotation significantly diminishes the power injected
into acoustic modes by turbulent convection. In a realistic solar-
like star, the injected power can decrease by up to 60% for a 20 Qg
rotation rate, compared to the non-rotating case. This is an indi-
rect effect, due to the impact of rotation on convection that we
modelled using the Rotating Mixing-Length Theory (Stevenson
1979). This is in agreement with the Kepler observations of
rapidly rotating stars in the study by Mathur et al. (2019), among
which fewer detections of acoustic modes are observed in rapidly-
rotating stars. It demonstrates how stellar rotation (and magnetic
field, see Bessila & Mathis 2024) must become key parameters
when predicting the observability of stellar oscillation modes (see
e.g. Goupil et al. 2024, for the PLATO mission).

Using stellar modelling and oscillation numerical codes
MESA and GYRE, we also find that the modes are not equally
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affected by rotation: the injected power is more strongly inhib-
ited in low n and low ¢ modes. For a given ¢ parameter, low-
frequency modes (i.e. low n modes) are more inhibited by
rotation. However, when looking at the influence of m or £ on
the excitation, no clear tendency emerges because of the com-
plex behaviour of the source term (see Figures 8 and 9).

The choice for the kinetic energy spectrum slope « in the the-
oretical prescription does not influence how rotation diminishes
the power injected into the modes compared to the non-rotating
case. However, the resulting power differs: the steeper the slope,
the higher the power injected into the acoustic modes. Studying
more precisely amplitudes of the stochastically excited acous-
tic modes can thus provide constraints on the turbulent kinetic
energy spectrum inside the convective zone.

Finally, stellar structure and fundamental parameters are
paramount to assessing the power injected into acoustic modes.
For a fixed stellar mass and age, metallicity plays a key role. The
lower-metallicity model we computed presents a higher excita-
tion rate, nearly 107 times higher than the 10 times more metal-
rich corresponding model. The main parameter when it comes to
excitation is the velocity near the photosphere, where the modes
are mostly excited by convection. The higher this velocity, the
higher the power injected into the modes. This result needs to be
further compared with observations. As highlighted in Yu et al.
(2018), the effect of metallicity is difficult to disentangle from
other stellar parameters such as effective temperature, mass, and
luminosity. Moreover, metallicity also has an impact on rota-
tion (Amard & Matt 2020): at ages superior to 1 Gyr, stars with
higher metallicity are expected to spin down more efficiently.
This work corroborates that in Solar-like stars, mode amplitudes
are very sensitive to the mass and evolutionary stage. There-
fore, to accurately assess the robustness of the present model,
an extended study comparing observations to theoretical ampli-
tudes computed using 1D stellar models with different metallic-
ities and rotation rates is required.

5.2. Perspectives

Our study opens the way to a better understanding of how acous-
tic modes are excited by convection, and how rotation influences
the excitation.

However, the mode amplitudes are a balance between driv-
ing and damping in the framework of stochastic excitation
(Samadi et al. 2015). The present work focuses exclusively on
the driving of such modes. Modelling the damping rate (see e.g.
Houdek & Dupret 2015), as well as the influence of rotation on
the damping of the modes is key to fully assessing the impact
of rotation on the mode amplitudes. To our knowledge, such a
study of this phenomenon has never been done in the literature.

Furthermore, stellar convection zones are observed and pre-
dicted to be differentially rotating (e.g. Thompson et al. 2003;
Garcia et al. 2007; Barnes & Kim 2010; Brun & Browning
2017; Benomar et al. 2018; Brun et al. 2022), while we con-
sidered in this study a uniform mean rotation. The effects of
differential rotation on the acoustic mode excitation rates are
currently under investigation (Biscarrat et al., in prep.). One
can expect a different behaviour depending on the differen-
tial rotation profile (solar or anti-solar), and the differential
rotation rate.

The present study also highlights how important the stellar
structure is when it comes to mode excitation: we considered five
different stellar models and witnessed changes of several orders
of magnitude for the power injected into the modes. Such effect
should not be ignored: in the near future, these prescriptions

should be extended to a wide range of stellar models across the
HR diagram. In addition, future works should also tackle PMS
stars in order to select some interesting targets. Moreover, there
is a strong need for better predictions of mode detection for mis-
sions such as TESS and PLATO. For example, Campante et al.
(2016) and Goupil et al. (2024) studied acoustic mode detection
probability, taking into account the properties of the target stars.
Such studies could be extended by taking rotation into account.

Moreover, our semi-analytical formalism can be adapted to
tackle other types of waves. For gravity waves and gravito-
inertial modes, the present work has to be extended to take into
account the horizontal and toroidal displacements (Samadi et al.
2010; Belkacem et al. 2019; Neiner et al. 2020). Such waves are
stochastically excited at the base of the convective zone, which
is where the Rossby number is small and the rotation effects are
dominant, as demonstrated in Cartesian models by Mathis et al.
(2014) and Augustson et al. (2020). One can then expect rota-
tion to play an even more important role for gravity and gravito-
inertial waves than for acoustic modes. One can also apply
our formalism to study the impact of rotation on the stochas-
tic excitation of Rossby waves (e.g. Philidet & Gizon 2023;
Blume et al. 2024). These waves have been recently observed in
the Sun (Loptien et al. 2018; Gizon et al. 2021), and are driven
by rotation. They constitute a complementary probe with acous-
tic modes to sound rotating stellar convection zones.

Finally, as shown observationally by Mathur et al. (2019)
and theoretically by Bessila & Mathis (2024), the magnetic field
also has an impact on the mode excitation. Rotation strongly
influences the magnetic field, which is generated by the dynamo
action inside convective zones (see e.g. Brun & Browning 2017)
and thus they are closely linked. Addressing the magnetic field
effect on mode excitation is thus key to fully understanding the
excitation of mode amplitudes. It should be examined first on its
own and then combined with the effects of rotation.

Acknowledgements. The authors thank the referee for detailed comments that
allow them to improve their work. The authors thank Jordan Philidet and Kevin
Belkacem for fruitful discussions. L.B. and Stéphane M. acknowledge support
from the European Research Council (ERC) under the Horizon Europe program
(Synergy Grant agreement 101071505: 4D-STAR), from the CNES SOHO-
GOLF and PLATO grants at CEA-DAp, and from PNPS (CNRS/INSU). While
partially funded by the European Union, views and opinions expressed are how-
ever those of the author only and do not necessarily reflect those of the European
Union or the European Research Council. Neither the European Union nor the
granting authority can be held responsible for them. Savita M. acknowledges
support from the Spanish Ministry of Science and Innovation with the grant
no. PID2019-107061GB-C66 and through AEI under the Severo Ochoa Centres
of Excellence Programme 2020-2023 (CEX2019-000920-S).

References

Aerts, C., Lefever, K., Baglin, A., et al. 2010, A&A, 513, L11

Alexakis, A., & Biferale, L. 2018, Phys. Rep., 767, 1

Amard, L., & Matt, S. P. 2020, ApJ, 889, 108

Antia, H. M., & Basu, S. 1994, A&AS, 107, 421

Appourchaux, T., Michel, E., Auvergne, M., et al. 2008, A&A, 488, 705

Augustson, K. C., & Mathis, S. 2019, ApJ, 874, 83

Augustson, K. C., Mathis, S., & Astoul, A. 2020, ApJ, 903, 90

Aurnou, J. M., Calkins, M. A., Cheng, J. S., et al. 2015, Phys. Earth Planet. Inter.,
246, 52

Baglin, A., Auvergne, M., Boisnard, L., et al. 2006, 36th COSPAR Scientific
Assembly, 36, 3749

Ballot, J., Gizon, L., Samadi, R., et al. 2011, A&A, 530, A97

Balmforth, N. J. 1992, MNRAS, 255, 639

Barban, C., Deheuvels, S., Baudin, F., et al. 2009, A&A, 506, 51

Barker, A. J., Dempsey, A. M., & Lithwick, Y. 2014, ApJ, 791, 13

Barnes, S. A., & Kim, Y. C. 2010, ApJ, 721, 675

Basu, S., Christensen-Dalsgaard, J., Chaplin, W. J., et al. 1997, MNRAS, 292,
243

Bedding, T. R., & Kjeldsen, H. 2007, Commun. Astroseismol., 150, 106

A2S5, page 13 of 17


http://linker.aanda.org/10.1051/0004-6361/202452093/1
http://linker.aanda.org/10.1051/0004-6361/202452093/2
http://linker.aanda.org/10.1051/0004-6361/202452093/3
http://linker.aanda.org/10.1051/0004-6361/202452093/4
http://linker.aanda.org/10.1051/0004-6361/202452093/5
http://linker.aanda.org/10.1051/0004-6361/202452093/6
http://linker.aanda.org/10.1051/0004-6361/202452093/7
http://linker.aanda.org/10.1051/0004-6361/202452093/8
http://linker.aanda.org/10.1051/0004-6361/202452093/8
http://linker.aanda.org/10.1051/0004-6361/202452093/9
http://linker.aanda.org/10.1051/0004-6361/202452093/9
http://linker.aanda.org/10.1051/0004-6361/202452093/10
http://linker.aanda.org/10.1051/0004-6361/202452093/11
http://linker.aanda.org/10.1051/0004-6361/202452093/12
http://linker.aanda.org/10.1051/0004-6361/202452093/13
http://linker.aanda.org/10.1051/0004-6361/202452093/14
http://linker.aanda.org/10.1051/0004-6361/202452093/15
http://linker.aanda.org/10.1051/0004-6361/202452093/15
http://linker.aanda.org/10.1051/0004-6361/202452093/16

Bessila, L., et al.: A&A, 700, A25 (2025)

Bedding, T. R., Kjeldsen, H., Campante, T. L., et al. 2010, ApJ, 713, 935

Belkacem, K. 2008, Theses, Observatoire de Paris, France

Belkacem, K., Samadi, R., Goupil, M. J., & Dupret, M. A. 2008, A&A, 478, 163

Belkacem, K., Mathis, S., Goupil, M. J., & Samadi, R. 2009, A&A, 508, 345

Belkacem, K., Samadi, R., Goupil, M. J., et al. 2010, A&A, 522, L2

Belkacem, K., Kupka, F., Samadi, R., & Grimm-Strele, H. 2019, A&A, 625, A20

Benomar, O., Bazot, M., Nielsen, M. B, et al. 2018, Science, 361, 1231

Bessila, L., & Mathis, S. 2024, A&A, 690, A270

Blume, C. C., Hindman, B. W., & Matilsky, L. I. 2024, ApJ, 966, 29

Bohm-Vitense, E. 1958, Zeitschrift fur Astrophysik, 46, 108

Borucki, W., Koch, D., Basri, G., et al. 2008, IAU Symp., 249, 17

Borucki, W. J., Koch, D., Basri, G., et al. 2010, Science, 327, 977

Breton, S. N., Santos, A. R., Bugnet, L., et al. 2021, A&A, 647, A125

Brun, A. S., & Browning, M. K. 2017, Liv. Rev. Sol. Phys., 14, 4

Brun, A. S., Strugarek, A., Varela, J., et al. 2017, ApJ, 836, 192

Brun, A. S., Strugarek, A., Noraz, Q., et al. 2022, ApJ, 926, 21

Bruntt, H., Basu, S., Smalley, B., et al. 2012, MNRAS, 423, 122

Campante, T. L., Schofield, M., Kuszlewicz, J. S., et al. 2016, ApJ, 830, 138

Chandrasekhar, S. 1961, Hydrodynamic and Hydromagnetic Stability (Oxford:
Oxford University Press)

Chaplin, W. J., Elsworth, Y., Isaak, G. R., Miller, B. A., & New, R. 2000,
MNRAS, 313, 32

Chaplin, W. J., Bedding, T. R., Bonanno, A, et al. 2011, ApJ, 732, L5

Christensen-Dalsgaard, J. 2021, Liv. Rev. Sol. Phys., 18, 2

Christensen-Dalsgaard, J., Gough, D. O., & Thompson, M. J. 1991, ApJ, 378,
413

Couvidat, S., Garca, R. A., Turck-Chize, S., et al. 2003, ApJ, 597, L77

Cowling, T. G. 1941, MNRAS, 101, 367

Currie, L. K., Barker, A. J., Lithwick, Y., & Browning, M. K. 2020, MNRAS,
493, 5233

Davies, G. R., & Miglio, A. 2016, Astron. Nachr., 337, 774

De Cat, P,, Fu, J. N, Ren, A. B., et al. 2015, ApJS, 220, 19

Dumont, T., Palacios, A., Charbonnel, C., et al. 2021, A&A, 646, A48

Elsworth, Y., Howe, R., Isaak, G. R., McLeod, C. P., & New, R. 1990, Nature,
347,536

Espinosa Lara, F., & Rieutord, M. 2013, A&A, 552, A35

Fuentes, J. R., Anders, E. H., Cumming, A., & Hindman, B. W. 2023, ApJ, 950,
L4

Fuentes, J. R., Hindman, B. W., Fraser, A. E., & Anders, E. H. 2024, ApJ, 975,
L1

Gallet, F., & Bouvier, J. 2015, A&A, 577, A98

Garcfia, R. A., & Ballot, J. 2019, Liv. Rev. Sol. Phys., 16, 4

Garcia, R. A., Turck-Chieze, S., Jiménez-Reyes, S. J., et al. 2007, Science, 316,
1591

Garcia, R. A., Mathur, S., & Ballot, J. 2008, Sol. Phys., 251, 135

Garcia, R. A., Mathur, S., Salabert, D., et al. 2010, Science, 329, 1032

Garcia, R. A., Pérez Herndndez, F., Benomar, O., et al. 2014a, A&A, 563, A84

Garcia, R. A., Mathur, S., Pires, S., et al. 2014b, A&A, 568, A10

Garcia, R. A., Breton, S. N., Salabert, D, et al. 2024, A&A, 691, L20

Gizon, L., Cameron, R. H., Bekki, Y., et al. 2021, A&A, 652, L6

Godeferd, F. S., & Moisy, F. 2015, Appl. Mech. Rev., 67, 030802

Goldreich, P., & Keeley, D. A. 1977, ApJ, 212, 243

Goldreich, P., & Kumar, P. 1990, ApJ, 363, 694

Gonzailez-Cuesta, L., Mathur, S., Garcia, R. A., et al. 2023, A&A, 674, A106

Gough, D. O. 1977, ApJ, 214, 196

Gough, D. O., & Thompson, M. J. 1990, MNRAS, 242, 25

Goupil, M. J., Catala, C., Samadi, R., et al. 2024, A&A, 683, A78

Grigahcene, A., Dupret, M.-A., Gabriel, M., Garrido, R., & Scuflaire, R. 2005,
A&A, 434, 1055

Hall, O. J., Davies, G. R., van Saders, J., et al. 2021, Nat. Astron., 5, 707

Hatt, E., Nielsen, M. B., Chaplin, W. J., et al. 2023, A&A, 669, A67

Holtzman, J. A., Hasselquist, S., Shetrone, M., et al. 2018, AJ, 156, 125

Hon, M., Stello, D., Garcia, R. A, et al. 2019, MNRAS, 485, 5616

Houdek, G., & Dupret, M. A. 2015, Liv. Rev. Sol. Phys., 12, 8

Houdek, G., Balmforth, N. J., Christensen-Dalsgaard, J., & Gough, D. O. 1999,
A&A, 351, 582

Howe, R., Davies, G. R., Chaplin, W. J., Elsworth, Y. P., & Hale, S. J. 2015,
MNRAS, 454, 4120

Howell, S. B., Sobeck, C., Haas, M., et al. 2014, PASP, 126, 398

Ireland, L. G., & Browning, M. K. 2018, ApJ, 856, 132

Jermyn, A. S., Bauer, E. B., Schwab, J., et al. 2023, ApJS, 265, 15

Jiménez-Reyes, S. J., Garcia, R. A., Jiménez, A., & Chaplin, W. J. 2003, ApJ,
595, 446

Julien, K., & Knobloch, E. 1998, J. Fluid Mech., 360, 141

Julien, K., Rubio, A., Grooms, L., & Knobloch, E. 2012a, Geophys. Astrophys.
Fluid Dyn., 106, 392

Julien, K., Knobloch, E., Rubio, A. M., & Vasil, G. M. 2012b, Phys. Rev. Lett.,
109, 254503

A2S, page 14 of 17

Kipyld, P. J., Browning, M. K., Brun, A. S., Guerrero, G., & Warnecke, J. 2023,
Space Sci. Rev., 219, 58

Kiefer, R., & Roth, M. 2018, ApJ, 854, 74

Kiefer, R., Schad, A., & Roth, M. 2017, ApJ, 846, 162

Kjeldsen, H., & Bedding, T. R. 1995, A&A, 293, 87

Kjeldsen, H., & Bedding, T. R. 2011, A&A, 529, L8

Kolmogorov, A. N. 1941, Doklady Akad. Nauk. SSR, 434

Komm, R. W., Howe, R., & Hill, F. 2000, ApJ, 531, 1094

Korre, L., & Featherstone, N. A. 2021, ApJ, 923, 52

Lanza, A. F. 2009, Proc. Int. Astron. Union, 5, 120

Loptien, B., Gizon, L., Birch, A. C., et al. 2018, Nat. Astron., 2, 568

Luo, A. L., Zhao, Y. H., Zhao, G., et al. 2016, VizieR Online Data Catalog: V/149

Mabhalov, A., & Zhou, Y. 1996, Phys. Fluids, 8, 2138

Majewski, S. R., Schiavon, R. P., Frinchaboy, P. M., et al. 2017, AJ, 154, 94

Malkus, W. V. R. 1954, Proc. R. Soc. London Ser. A, 225, 196

Mathis, S., Neiner, C., & Tran Minh, N. 2014, A&A, 565, A47

Mathur, S., Eff-Darwich, A., Garcia, R. A., & Turck-Chieze, S. 2008, A&A, 484,
517

Mathur, S., Garcia, R. A., Ballot, J., et al. 2014, A&A, 562, A124

Mathur, S., Garcia, R. A., Bugnet, L., et al. 2019, Front. Astron. Space Sci., 6,
46

Mathur, S., Garcia, R. A., Breton, S., et al. 2022, A&A, 657, A31

Metcalfe, T. S., Creevey, O. L., Dotan, G., et al. 2014, ApJS, 214, 27

Michel, E., Baglin, A., Auvergne, M., et al. 2008, Science, 322, 558

Michielsen, M., Pedersen, M. G., Augustson, K. C., Mathis, S., & Aerts, C. 2019,
A&A, 628, A76

Mininni, P. D., & Pouquet, A. 2010, Phys. Fluids, 22, 035105

Mombarg, J. S. G., Rieutord, M., & Espinosa Lara, F. 2023, A&A, 677, L5

Mosser, B., Goupil, M. J., Belkacem, K., et al. 2012, A&A, 540, A143

Miillner, M., Zwintz, K., Corsaro, E., et al. 2021, A&A, 647, A168

Neiner, C., Mathis, S., Saio, H., et al. 2012, A&A, 539, A90

Neiner, C., Lee, U., Mathis, S., et al. 2020, A&A, 644, A9

Nesis, A., Hanslmeier, A., Hammer, R., et al. 1993, A&A, 279, 599

Paxton, B., Bildsten, L., Dotter, A., et al. 2011, ApJS, 192, 3

Paxton, B., Cantiello, M., Arras, P., et al. 2013, ApJS, 208, 4

Paxton, B., Marchant, P., Schwab, J., et al. 2015, ApJS, 220, 15

Paxton, B., Schwab, J., Bauer, E. B, et al. 2018, ApJS, 234, 34

Paxton, B., Smolec, R., Schwab, J., et al. 2019, ApJS, 243, 10

Philidet, J., & Gizon, L. 2023, A&A, 673, A124

Reese, D., Lignieres, F., & Rieutord, M. 2006, A&A, 455, 621

Reese, D. R., Mirouh, G. M., Espinosa Lara, F., Rieutord, M., & Putigny, B.
2021, A&A, 645, A46

Ricker, G. R., Winn, J. N., Vanderspek, R., et al. 2014, Proc. SPIE, 9143, 914320

Salabert, D., Garcia, R. A., & Turck-Chiéze, S. 2015, A&A, 578, A137

Salabert, D., Régulo, C., Garcia, R. A., et al. 2016, A&A, 589, A118

Salabert, D., Régulo, C., Pérez Herndndez, F., & Garcia, R. A. 2018, A&A, 611,
A84

Samadi, R., & Goupil, M.-J. 2001, A&A, 370, 136

Samadi, R., Nordlund, A., Stein, R. F., Goupil, M. J., & Roxburgh, I. 2003, A&A,
404, 1129

Samadi, R., Goupil, M. J., Alecian, E., et al. 2005, JApA, 26, 171

Samadi, R., Belkacem, K., Goupil, M. J., Dupret, M.-A., & Kupka, F. 2008,
A&A, 489, 291

Samadi, R., Ludwig, H.-G., Belkacem, K., Goupil, M. J., & Dupret, M.-A. 2010,
A&A, 509, A15

Samadi, R., Belkacem, K., & Sonoi, T. 2015, EAS Publ. Ser., 73, 111

Santos, A. R. G., Campante, T. L., Chaplin, W. J., et al. 2018, ApJS, 237, 17

Santos, A. R. G., Breton, S. N., Mathur, S., & Garcia, R. A. 2021, ApJS, 255,
17

Schou, J., Antia, H. M., Basu, S., et al. 1998, ApJ, 505, 390

Smith, L. M., & Waleffe, F. 1999, Phys. Fluids, 11, 1608

Smolarkiewicz, P. K., & Charbonneau, P. 2013, J. Comput. Phys., 236, 608

Stein, R. F. 1967, Sol. Phys., 2, 385

Stello, D., Huber, D., Sharma, S., et al. 2015, ApJ, 809, L3

Stevenson, D. J. 1979, Geophys. Astrophys. Fluid Dyn., 12, 139

Thompson, M. J., Christensen-Dalsgaard, J., Miesch, M. S., & Toomre, J. 2003,
ARA&A, 41, 599

Townsend, R. H. D., & Teitler, S. A. 2013, MNRAS, 435, 3406

Townsend, R., Teitler, S., & Paxton, B. 2014, IAU Symp., 301, 505

Unno, W., Osaki, Y., & Ando, H. 1989, Non-radial Oscillations of Stars, 2nd
edn. (Tokyo: University of Tokyo Press)

Vasil, G. M., Julien, K., & Featherstone, N. A. 2021, Proc. Natl. Acad. Sci., 118,
€2022518118

Woodard, M. E,, & Noyes, R. W. 1985, Nature, 318, 449

Yu, J., Huber, D., Bedding, T. R., et al. 2018, ApJS, 236, 42

Zhou, Y. 1995, Phys. Fluids, 7, 2092

Zhou, Y., Speziale, C. G., & Rubinstein, R. 1998, Phys. Fluids, 10, 3242

Zwintz, K., & Steindl, T. 2022, Front. Astron. Space Sci., 9, 914738


http://linker.aanda.org/10.1051/0004-6361/202452093/17
http://linker.aanda.org/10.1051/0004-6361/202452093/19
http://linker.aanda.org/10.1051/0004-6361/202452093/20
http://linker.aanda.org/10.1051/0004-6361/202452093/21
http://linker.aanda.org/10.1051/0004-6361/202452093/22
http://linker.aanda.org/10.1051/0004-6361/202452093/23
http://linker.aanda.org/10.1051/0004-6361/202452093/24
http://linker.aanda.org/10.1051/0004-6361/202452093/25
http://linker.aanda.org/10.1051/0004-6361/202452093/26
http://linker.aanda.org/10.1051/0004-6361/202452093/27
http://linker.aanda.org/10.1051/0004-6361/202452093/28
http://linker.aanda.org/10.1051/0004-6361/202452093/29
http://linker.aanda.org/10.1051/0004-6361/202452093/30
http://linker.aanda.org/10.1051/0004-6361/202452093/31
http://linker.aanda.org/10.1051/0004-6361/202452093/32
http://linker.aanda.org/10.1051/0004-6361/202452093/33
http://linker.aanda.org/10.1051/0004-6361/202452093/34
http://linker.aanda.org/10.1051/0004-6361/202452093/35
http://linker.aanda.org/10.1051/0004-6361/202452093/36
http://linker.aanda.org/10.1051/0004-6361/202452093/37
http://linker.aanda.org/10.1051/0004-6361/202452093/38
http://linker.aanda.org/10.1051/0004-6361/202452093/39
http://linker.aanda.org/10.1051/0004-6361/202452093/39
http://linker.aanda.org/10.1051/0004-6361/202452093/40
http://linker.aanda.org/10.1051/0004-6361/202452093/41
http://linker.aanda.org/10.1051/0004-6361/202452093/42
http://linker.aanda.org/10.1051/0004-6361/202452093/42
http://linker.aanda.org/10.1051/0004-6361/202452093/43
http://linker.aanda.org/10.1051/0004-6361/202452093/44
http://linker.aanda.org/10.1051/0004-6361/202452093/45
http://linker.aanda.org/10.1051/0004-6361/202452093/46
http://linker.aanda.org/10.1051/0004-6361/202452093/46
http://linker.aanda.org/10.1051/0004-6361/202452093/47
http://linker.aanda.org/10.1051/0004-6361/202452093/48
http://linker.aanda.org/10.1051/0004-6361/202452093/48
http://linker.aanda.org/10.1051/0004-6361/202452093/49
http://linker.aanda.org/10.1051/0004-6361/202452093/49
http://linker.aanda.org/10.1051/0004-6361/202452093/50
http://linker.aanda.org/10.1051/0004-6361/202452093/51
http://linker.aanda.org/10.1051/0004-6361/202452093/52
http://linker.aanda.org/10.1051/0004-6361/202452093/52
http://linker.aanda.org/10.1051/0004-6361/202452093/53
http://linker.aanda.org/10.1051/0004-6361/202452093/54
http://linker.aanda.org/10.1051/0004-6361/202452093/55
http://linker.aanda.org/10.1051/0004-6361/202452093/56
http://linker.aanda.org/10.1051/0004-6361/202452093/57
http://linker.aanda.org/10.1051/0004-6361/202452093/58
http://linker.aanda.org/10.1051/0004-6361/202452093/59
http://linker.aanda.org/10.1051/0004-6361/202452093/60
http://linker.aanda.org/10.1051/0004-6361/202452093/61
http://linker.aanda.org/10.1051/0004-6361/202452093/62
http://linker.aanda.org/10.1051/0004-6361/202452093/63
http://linker.aanda.org/10.1051/0004-6361/202452093/64
http://linker.aanda.org/10.1051/0004-6361/202452093/65
http://linker.aanda.org/10.1051/0004-6361/202452093/66
http://linker.aanda.org/10.1051/0004-6361/202452093/67
http://linker.aanda.org/10.1051/0004-6361/202452093/68
http://linker.aanda.org/10.1051/0004-6361/202452093/69
http://linker.aanda.org/10.1051/0004-6361/202452093/70
http://linker.aanda.org/10.1051/0004-6361/202452093/71
http://linker.aanda.org/10.1051/0004-6361/202452093/72
http://linker.aanda.org/10.1051/0004-6361/202452093/73
http://linker.aanda.org/10.1051/0004-6361/202452093/74
http://linker.aanda.org/10.1051/0004-6361/202452093/75
http://linker.aanda.org/10.1051/0004-6361/202452093/76
http://linker.aanda.org/10.1051/0004-6361/202452093/77
http://linker.aanda.org/10.1051/0004-6361/202452093/77
http://linker.aanda.org/10.1051/0004-6361/202452093/78
http://linker.aanda.org/10.1051/0004-6361/202452093/79
http://linker.aanda.org/10.1051/0004-6361/202452093/79
http://linker.aanda.org/10.1051/0004-6361/202452093/80
http://linker.aanda.org/10.1051/0004-6361/202452093/80
http://linker.aanda.org/10.1051/0004-6361/202452093/81
http://linker.aanda.org/10.1051/0004-6361/202452093/82
http://linker.aanda.org/10.1051/0004-6361/202452093/83
http://linker.aanda.org/10.1051/0004-6361/202452093/84
http://linker.aanda.org/10.1051/0004-6361/202452093/85
http://linker.aanda.org/10.1051/0004-6361/202452093/86
http://linker.aanda.org/10.1051/0004-6361/202452093/87
http://linker.aanda.org/10.1051/0004-6361/202452093/88
http://linker.aanda.org/10.1051/0004-6361/202452093/89
http://linker.aanda.org/10.1051/0004-6361/202452093/90
http://linker.aanda.org/10.1051/0004-6361/202452093/91
http://linker.aanda.org/10.1051/0004-6361/202452093/92
http://linker.aanda.org/10.1051/0004-6361/202452093/93
http://linker.aanda.org/10.1051/0004-6361/202452093/94
http://linker.aanda.org/10.1051/0004-6361/202452093/95
http://linker.aanda.org/10.1051/0004-6361/202452093/96
http://linker.aanda.org/10.1051/0004-6361/202452093/96
http://linker.aanda.org/10.1051/0004-6361/202452093/97
http://linker.aanda.org/10.1051/0004-6361/202452093/98
http://linker.aanda.org/10.1051/0004-6361/202452093/98
http://linker.aanda.org/10.1051/0004-6361/202452093/99
http://linker.aanda.org/10.1051/0004-6361/202452093/100
http://linker.aanda.org/10.1051/0004-6361/202452093/101
http://linker.aanda.org/10.1051/0004-6361/202452093/102
http://linker.aanda.org/10.1051/0004-6361/202452093/103
http://linker.aanda.org/10.1051/0004-6361/202452093/104
http://linker.aanda.org/10.1051/0004-6361/202452093/105
http://linker.aanda.org/10.1051/0004-6361/202452093/106
http://linker.aanda.org/10.1051/0004-6361/202452093/107
http://linker.aanda.org/10.1051/0004-6361/202452093/108
http://linker.aanda.org/10.1051/0004-6361/202452093/109
http://linker.aanda.org/10.1051/0004-6361/202452093/110
http://linker.aanda.org/10.1051/0004-6361/202452093/111
http://linker.aanda.org/10.1051/0004-6361/202452093/112
http://linker.aanda.org/10.1051/0004-6361/202452093/113
http://linker.aanda.org/10.1051/0004-6361/202452093/114
http://linker.aanda.org/10.1051/0004-6361/202452093/115
http://linker.aanda.org/10.1051/0004-6361/202452093/116
http://linker.aanda.org/10.1051/0004-6361/202452093/117
http://linker.aanda.org/10.1051/0004-6361/202452093/118
http://linker.aanda.org/10.1051/0004-6361/202452093/119
http://linker.aanda.org/10.1051/0004-6361/202452093/120
http://linker.aanda.org/10.1051/0004-6361/202452093/121
http://linker.aanda.org/10.1051/0004-6361/202452093/121
http://linker.aanda.org/10.1051/0004-6361/202452093/122
http://linker.aanda.org/10.1051/0004-6361/202452093/123
http://linker.aanda.org/10.1051/0004-6361/202452093/123
http://linker.aanda.org/10.1051/0004-6361/202452093/124
http://linker.aanda.org/10.1051/0004-6361/202452093/125
http://linker.aanda.org/10.1051/0004-6361/202452093/126
http://linker.aanda.org/10.1051/0004-6361/202452093/127
http://linker.aanda.org/10.1051/0004-6361/202452093/128
http://linker.aanda.org/10.1051/0004-6361/202452093/129
http://linker.aanda.org/10.1051/0004-6361/202452093/129
http://linker.aanda.org/10.1051/0004-6361/202452093/130
http://linker.aanda.org/10.1051/0004-6361/202452093/131
http://linker.aanda.org/10.1051/0004-6361/202452093/132
http://linker.aanda.org/10.1051/0004-6361/202452093/133
http://linker.aanda.org/10.1051/0004-6361/202452093/134
http://linker.aanda.org/10.1051/0004-6361/202452093/135
http://linker.aanda.org/10.1051/0004-6361/202452093/136
http://linker.aanda.org/10.1051/0004-6361/202452093/137
http://linker.aanda.org/10.1051/0004-6361/202452093/138
http://linker.aanda.org/10.1051/0004-6361/202452093/139
http://linker.aanda.org/10.1051/0004-6361/202452093/140
http://linker.aanda.org/10.1051/0004-6361/202452093/140
http://linker.aanda.org/10.1051/0004-6361/202452093/141
http://linker.aanda.org/10.1051/0004-6361/202452093/142
http://linker.aanda.org/10.1051/0004-6361/202452093/143
http://linker.aanda.org/10.1051/0004-6361/202452093/144
http://linker.aanda.org/10.1051/0004-6361/202452093/145

Bessila, L., et al.: A&A, 700, A25 (2025)

Appendix A: Rotating mixing-length theory from
Augustson & Mathis (2019)

We detail here the Rotating Mixing-Length Theory (R-MLT) for-
malism from Augustson & Mathis (2019), which we use in our
stochastic excitation modelling to take into account the modifi-
cation of the convection properties by rotation.

In this framework, we consider a local Cartesian model,
which allows us to characterise the local dynamics of rotating
convection around a given radius and latitude in a star or in a
planet. In Augustson & Mathis (2019) the fluid dynamics is stud-
ied within a simplified Rayleigh-Bénard set-up. The key point to
underline here is that scaling laws obtained within this simplified
geometry have been recovered in numerical simulations of rotat-
ing stellar convection in global spherical geometry (Vasil et al.
2021; Korre & Featherstone 2021). Building on this, we also
apply these scaling laws to model the stochastic excitation of
acoustic oscillation modes in rotating solar-like pulsators.

A.1. Linear Boussinesq equations

Augustson & Mathis (2019) considered an infinite layer of fluid
with a local rotation vector €, inclined with an angle 6 rela-
tively to the vertical direction. They also used the Boussinesq
approximation, which neglects density fluctuations except for
the buoyancy force. This means that we focus here on small-
scale motions (and eddies) which have properties linked to the
local conditions. The fluid has a small thermal expansion coef-
ficient « = —(0Ilnp/d1nT)p, where p is the density, T the tem-
perature and P the pressure. The fluid is confined between two
infinite impenetrable plates with different temperatures and sep-
arated by a distance £. In this framework, the Navier-Stokes
equation within the Boussinesq approximation with rotation is
written as:

ou

-1
=" - -Vu+2Qxu=—VP—ga® +vVu, (A.1)
P

0

where u is the fluid velocity in the rotating frame, p and ® are
the fluctuations of pressure and temperature respectively caused
by convection around their hydrostatic background values. We
introduce the molecular diffusivity v and the thermal diffusivity
k. The thermal diffusion equation is:

00

v kV?0O = Bu, —u - VO, (A.2)

where £ is the thermal gradient:

p=L (A3)
dz g

with ¢, being the specific heat capacity at constant pressure. In
addition, the velocity field in the Boussinesq approximation is
solenoidal:
V-v=0. (A4)

Linearising and combining the previous equations
Egs. (A.1)-(A.4), one obtains a single equation for the
vertical component of the velocity (see e.g. Chandrasekhar
1961, for more details regarding its derivation):

(8, - KV2> (8, - vV2)2 Viu, + gaTﬁVi (8, - VVZ) u,

+4Q-V [Q -V (8, - kV?) uz] =0. (A.5)

Furthermore, Augustson & Mathis (2019) assume impenetrable
boundary velocity conditions and stress-free boundary temper-
ature conditions, which require that the vertical wavenumber is
k. = nr/{y, with n an integer. We neglect in our study all diffu-
sive processes that is « = v = (. Indeed, including such diffusive
processes does not qualitatively change the results in R-MLT.
The vertical velocity behaves as exp(sf), where s is a growth rate
for the convective instability Eq. (A.5) then yields the dispersion
relation that links s to the wavevector k:

31
£+ 0% cos’(6) - & . ) _o, (A.6)
Z
where
N? = lgap, (A7)
S
o= S A8
S =N (A.3)
3 2 k2
2=1+a =@ (A9)
K2k
a* = h k—g =a} +a,, (A.10)
Z Z
40?2
2 _
O = N (A.11)

Moreover, to compare the results from the R-MLT and the
standard MLT as implemented in stellar evolution codes, we
need to compute the characteristic convective velocity vy with-
out rotation. vy is derived from the growth rate and maximising
wavevector in the non-rotating and non-diffusive case. This leads
to sg = 3/5|goafol, where By and go are the thermal gradient
and effective gravity in the non-rotating case, respectively. From
Eqg. (36) in Stevenson (1979), we have k(z) = 5/2k§ and:

50 _ \/EN*,O \/6

_ S _ = N
T T 5 Tk 5p oo

We can then define the convective Rossby number Ro:

Vo \/EN #,0

(A.12)

Ro = = . A.13
© 2Q0tycos O 101, cos b ( )
It implies that:
20 6N. 0
o= _ W V6N o cos (A.14)
N, N.Roty 5aN.Ro

We then consider the variation of the superadiabaticity,
which is given by € = HpB/T. With this definition, N> =
lgaTe/Hp|, where Hp is the pressure scale height. We then intro-
duce N.o = |goafo| in the non-rotating case. So far, all quanti-
ties have been normalised with respect to NV,, which includes the
impact of rotation on 8 and g. We introduce the ratio of supera-
diabaticities as an additional unknown:

q = N.o/N.. (A.15)
Therefore, one has:
6
0= qi = gcos 00, (A.16)
SnRo
where:
40?2
Oy = —. (A.17)
N,
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A.2. Heat-flux maximisation

The method defined by Malkus (1954) relies on the heat-flux
maximisation principle: it assumes that the linear mode that
maximises the total convective heat flux is dominant. With
Mixing-Length Theory, it amounts to selecting this maximis-
ing mode to compute the characteristic convective velocity and
wavenumber for the flow. In the absence of any diffusive pro-
cess, the convective heat-flux writes (see e.g. Stevenson 1979):

Fo §°
= ——, A.18
where Fy = (p)cPNf’O/ (gak?) is the heat-flux in the absence

of rotation. When maximised for a positive real value of §,
Eq. (A.18) implies that

ds

= (A.19)

N |

The derivative of the dispersion relationship yields another
expression for ds/dz:

ds =325 -1)
dz 1+ OX2 + 73382 -1)

(A.20)

Moreover, Augustson & Mathis (2019) used a heat flux invari-
ance approximation. Indeed, the total heat flux is assumed to
remain identical with and without rotation (see section 2.3
from Augustson & Mathis 2019 for more details). This condi-
tion yields:

3
%[[;]]0 _ % \E# _ 1 (A21)
which implies:
§ = 3qz, (A22)
where § = 2!/331/2575/6_ One then has the convective velocity

and wavenumber modulation, depending only on the maximising
value for z:

ko k32
X = % = V2/527, (A.23)
1
k 5\¢
ulo - s_zi = (E) . (A.24)

Finally, only the maximising wavenumber z is needed. Equat-
ing the right-hand sides of Eqgs. (A.19) and (A.20) then apply-
ing (A.22), we find:

18
27 -5 - ———— =0, A25
LT T 5 Re R (A25)

which is Eq. (46) from Augustson & Mathis (2019). Together
with Egs. (A.23) and (A.24), one can recover the convective
velocity (resp. convective wavenumber) modified by rotation in
the framework of R-MLT.
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Appendix B: MESA inlists for the solar model

! kap options

! see kap/defaults/kap.defaults

use_Type2_opacities = .true.
Zbase = 0.016

/ ! end of kap namelist

&controls

initial_mass = 1.0

! MAIN PARAMS
mixing_length_alpha = 1.9446893445
initial_z = 0.02 ! 0.04, 0.002, 0.026

do_conv_premix = .true.
use_Ledoux_criterion = .true.
I OUTPUT

max_num_profile_models = 100000
profile_interval =
history_interval =1
photo_interval = 300

! WHEN TO STOP
xa_central_lower_limit_species(l) = ’'hl’
xa_central_lower_limit(1l) = 0.01
max_age = 6.408d9

I RESOLUTION
mesh_delta_coeff
time_delta_coeff

=]
[=1NV,]

! GOLD TOLERANCES
use_gold_tolerances = .true.
use_gold2_tolerances = .true.
delta_lg XH_ cntr_limit = 0.01
min_timestep_limit = 1d-1

11limit on magnitude

delta_lgTeff limit = 0.25 ! 0.005
delta_lgTeff hard_limit = 0.25 ! 0.005
delta_lgL_limit = 0.25 ! 0.005

| asteroseismology
write_pulse_data_with_profile = .true.
pulse_data_format = ’'FGONG’

I add_atmosphere_to_pulse_data = .true.

/ ! end of controls namelist

&pgstar

/ ! end of pgstar namelist
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Appendix C: Hertzsprung-Russell diagram and
profiles for the MESA models

We show here the Hertzsprung-Russell diagram for the MESA
models we computed in Fig. C.1, as well as the profiles for the
density, Mixing-Length from non-rotating MLT and convective
velocity from non-rotating MLT in Fig. C.2. The stellar proper-
ties for these models are detailed in Tab. C.1.

Table C.1. Table of Stellar Properties for the computed MESA models.

Mass Age zZ Te.w | Radius | Convective boundary
(Mo) (dex) | (K) | (Ro) (Rez/Ry)
1 4.6Gyrs [0.002|7048 | 1.26 0.99
1 | 46Gyrs | 0.02 [5758| 1.01 0.72
1 | 46Gyrs | 0.04 |5589| 1.06 0.69
1 50Myrs | 0.02 |5590| 0.89 0.73
1.13 | 1.32 Gyrs | 0.026 | 6005 | 1.120 0.79
— IM.,Z=0.04 1Mo, Z = 0.002,4.60Gyr
— IM.,Z=0.02 *  1M.,Z=0.02,4.60Gyr
1.0 1 —— 1My, Z=0.002 Yo 1Mo, Z=0.02,50Myr
—— L13Ms,Z=0.026 Y% 1M.,Z=0.04,4.60Gyr
R Y¢  KIC10644253
3 0.5
g
0.0
—0.5"— T T - -
3.85 3.80 3.75 3.70 3.65
logTesy

Fig. C.1. Hertzsprung-Russell diagram for the computed MESA models
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Fig. C.2. (Top) Radial profiles for the density. (Centre) Radial profile
for the convective mixing-length profile. (Bottom) Radial profile for the
convective velocity.
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