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THE IMPACT OF DIFFERENTIAL ROTATION ON THE STOCHASTIC
EXCITATION OF ACOUSTIC MODES IN SOLAR-LIKE STARS
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Abstract. We model the stochastic excitation of acoustic modes in solar-like pulsators taking into account
the action of differential rotation. We derive the theoretical formalism for the stochastic excitation with
differential rotation, and make use of rotating convection Mixing-Length Theory to assess how the convective
velocity is modified by rotation. Finally, we use the stellar structure and evolution code MESA combined
with the stellar pulsation code GYRE to compute acoustic modes amplitudes.
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1 Introduction

Acoustic modes are stochastically excited by turbulent convection in solar-like stars’ envelopes (e.g. |[Samadi &
Goupil/2001)). Recent observations using the results from Kepler, showed that acoustic modes are not detected
in nearly 40 % of solar-type stars (e.g. Mathur et al.[[2019)). This non-detection depends on the rotation and
magnetic activity. Indeed, rotation locally modifies the convective properties (e.g. [Stevenson/|{1979), which in
turn influence the stochastic excitation. In a previous work (Bessila et al., submitted to A&A), we showed that
uniform rotation can inhibit acoustic mode amplitudes. However, convective zones rotate differentially: the
difference in the rotation rate between mid-latitude and the equator can go up to 60%, as highlighted in recent
observational works (e.g. Benomar et al,2018).

In the present study, we extend the theoretical formalism for the stochastic excitation of acoustic modes
(Samadi & Goupil[2001)) to include the effects of differential rotation (DR), through its influence on convection.
We use a Rotating Mixing-Length Theory (R-MLT) approach (Stevenson||1979; |Augustson & Mathis 2019)
to model the local impact of DR on convection. We then estimate numerically the resulting influence on the
power injected into the acoustic modes using the combination of the MESA stellar structure and evolution code
(Paxton et al.|2011}, 12013}, 12015} 2018, 2019; |Jermyn et al.[2023) and the GYRE stellar pulsation code (Townsend
& Teitler|2013)).

2 Theoretical framework

2.1 Differential rotation

To model the stellar rotation profile, we chose a conical latitudinal DR profile: Q(0) = Q, + AQsin(6), where
Q, is the rotation rate at the equator and AQ = Q., — Q, is the difference in the rotation rate between the
equator and the poles. If AQ > 0, the rotation rate at the equator is higher than the one at the poles: it
is a solar DR profile. On the contrary, if AQ2 < 0, the rotation profile is antisolar. Moreover, the DR rate
is not independent of the mean rotation. Some studies find |AQ|/Q Ro’; for Ros > 0.2 where Roy is the
fluid Rossby number which compares the inertia of convection to the Coriolis acceleration effect and scales like
Roy oc M}93%0-05 /), where p is an exponent that is found to be between 2 and 6 depending on the author
(e.g.|Saar|2010; Brun et al.[[2017)). An antisolar DR regime is seen in numerical simulations for high fluid Rossby
number, the transition from an anti-solar to a solar rotation regime is being observed to occur around Roy ~ 1
(e.g. Noraz et al.|2022).
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2.2 Stochastic excitation

Following the theoretical models by [Samadi & Goupil| (2001); [Belkacem et al.| (2009)), the power injected into

p) .

a given acoustic mode (n,¢,m) is P = %7‘(‘3 fv d3xop} ‘dg%f(r)‘ Yg,m(e,go)YZm(G,go)SR (r,0,wp), where I
is the mode inertia, py the mean density, ., ¢ the radial component of the eigenfunction, Y7 ,,, the spherical
harmonic of degree ¢,m, and Y, its complex conjugate. Sg is the contribution of the Reynolds stresses:
Sk (wo) = [ 92 E2(k) [ dwxy (w + wo) X (w), where E is the kinetic energy spectrum and xy, is the eddy-time
correlation spectrum.

2.3 Rotating convection

To model rotating convection, we consider the framework of R-MLT developed by |Stevenson| (1979), which is
built on the assumption that convection is dominated by the linear mode that carries the most heat (Malkus
1954). This simple R-MLT model predicts that the convective velocity scales like Q~1/5, diminishing when the
rotation increases. It has successfully been compared to results from local direct numerical simulations (see e.g.
Barker et al.|[2014).

3 Results

We examine the impact of DR on a fixed acoustic mode ¢ = 0, n = 7 in a main-sequence solar-like stars
with masses ranging from M = 0.8Mg to M = 1.1My, and metallicity Z = 0.02. The stellar structure and
oscillations are computed with the MESA and GYRE codes, respectively. At a given rotation rate 2, we
constrain the DR using the scaling laws from Section As shown in Fig. the power injected into the
oscillations decreases more rapidly with an antisolar DR profile. With a solar DR profile, the resulting power
diminishes less than in the solid body rotation case.
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Fig. 1. Influence of DR on the power injected in the acoustic mode £ = 0,n = 7,m = 0. The dashed lines denote the
anti-solar rotation regimes (Roy > 1), while the dotted lines show the uniform rotation case. We explored different
possibilities for the exponent p between 2 (upper limit) and 6 (lower limit). For values of Roy > 0.2, the relative
differential rotation rate is assumed to be constant (e.g. |[Brun et al.|2022) so the choice for p has no impact.

4 Conclusions

We have extended the theoretical model for the stochastic excitation of acoustic modes in solar-like pulsators,
taking into account a conical DR profile. We show that in stars with a lower rotation rate, which could display
an antisolar DR, the power injected into the oscillations is lower than for the uniformly rotating case. The
opposite occurs for solar DR. This result opens the way to a better characterisation of the modes detectability
and exploration of DR in solar-like stars.
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