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Gravity waves in general

K Subsonic (incompressible) waves: buoyancy as the restoring force

2 _ g2 N2 1 If kf<0 = Fvanescent
T @2 f k>0 = Propagation
N2 — g0 ds Brunt-Vaisala
\\ Cp dr = sfratification level

plz +Az) @ dm

pz)

Credit : Jacques Descloitres, MODIS Rapid Response Team,

NASA/GSFC



Infernal gravity waves (IGW) in the Sun P (Nz 1
r — Rp E'— )

@

Propagation regions:
- between 0 <r < 0.7 Ry, for O < v < 400 uHz

- 0 < v < 200 UHz: evanesecent in the surface convective zone

\_ 200 < v < 400 pgHz : coupling with surface acousfic modes = “Mixed modes” -

Propagation diagram
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Infernal gravity waves (IGW) in the Sun P (Nz 1
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Propagation regions:
- between 0 <r < 0.7 Ry, for O < v < 400 uHz

- 0 < v < 200 UHz: evanesecent in the surface convective zone

\_ 200 < v < 400 PHz : coupling with surface acoustic modes = “Mixed modes” -

Propagation diagram
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Energy ray paths in 3D

v Generated by the surface convection motions

v Energy propagating in inclined planes for given [ and m

Convective Zone

Radiative Zone
= IGW

Alvan+2014,2015

6,,=0° 8,,=18°

m=73

6,,=31°




Energy ray paths in 3D

[“ Spiraling around the stellar center = paftern depends on the wave frequency

Equatorial plane
in the radiative zone

v =40 uHz

Alvan+2014,2015



Damping in the radiative region (only...)

v IGW induces local excess/deficiency of thermal internal energy
- Radiafive diffusion fends to smooth out these thermal gradients.
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Damping in the radiative region (only...)

v IGW induces local excess/deficiency of thermal internal energy
- Radiafive diffusion fends to smooth out these thermal gradients.

AOT

Photons

ot or or rad Radial wavelength
Radiative diffusivity

¢

Two questions:
- Deposit of energy in the medium — transport efficiency ?

- Finite amplitude — detectability (question of g-modes) ?

- Need to know the wave amplitude ...

o
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IGW generation in numerical simulations of the Sun

/ Andersen 1996

- 2D Cartesian geometry

\_

— Open boundaries

- Efficiency < 0.1% = progressive IGW

r/R.

(4]
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/ Dintrans+2005

- 2D Carfesian geometry
— Closed boundaries
— Efficiency up to 40% = ecigenmodes

depth

depth

— Discrepancies: toward realistic sefup and spectral studies.
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IGW generation in numerical simulations of the Sun

/ Rogers+2005,2006

— Flat wave spectrum

— Polar geometry, realistic thermal structure

— But enhanced thermal diffusivity
= overestimated flux / generation

Wave Energy Flux (erg/s)
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IGW generation in numerical simulations of the Sun

/ Alvan+2014,2015

— Spherical geometry geometry, realistic thermal sfructure
— Gaussian at low frequency / Power law af high frequency

1005
107°}

3 1079
10"}

— Still enhanced thermal diffusivity, question of the thermal relaxation...

ro = 0.69Rg

0.0001

0.0010 0.0100 0.1000

Frequency (mHz)

/
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IGW generation in numerical simulations of the Sun

/ Le Saux+2022

o

- ~ Same spectral shape as Alvan+2014
— Study of the impact of the enhanced thermal diffusivity

— Conclude that simulations must be considered with caution ..

ref, r=0.662
10° 4 T
10'.".. I-!_\
~ 107 8 .
< N
s 10° AR
= m gL
: [y
T 10 1 =
% PREE \ EE
1071 W Aie "I =
=152 11
10734 “’ 1
expl—w?/dw?) ‘1
107°1 === exp(-w?/Bw?) \
| L]
107 101 102
w [HHzZ]

\

Overall, numerical simulations are good guides, but sfill not realistic enough
(cf. simu Re ~ 10% / stars Re ~10'2)

- Need for complementary semianalytical estimates !
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1-

Excitation by turbulent Reynold stress

Ay

Convective eddies generate
turbulent pressure
fluctuations

Convective zone

Radiative zone
Wave l Wave l
emission emission

.

Several excitafion models, but a general mechanism/expression
- Pressure mafching af the rad/conv interface

- Reynold forcing through the convective bulk

14



|- Excitation by furbulent Reynold stress

-2

Convective eddies generate
turbulent pressure
fluctuations

Convective zone

Radiative zone

Wave
emission

Wave l
emission

-
Several excitafion models, but a general mechanism/expression
- Pressure mafching af the rad/conv inferface (Press 1981, Garcla-Lopez+ 1991, Zahn+1997/)
- Reynold forcing through the convective bulk (Kumar 1999 Lecoanel 2013)

.

Turnover timescale of

the biggest eddies Horizontal « size » of

l b the biggest eddies

C
v l \ Convective Mach number

Convective energy flux— at the BCZ = Efficiency
at the BCZ Ex : Sun Mc ~ 104

Wave energy

flux

15



2- Excifation by penetrative convection

Radiative
cooling

Turbulent
Entrainment
of matter

Buoyancy
braking

Surface of the star

Convective
Zone

P

Propagation
Of IGW

Penetration
Zone

Stably stratified
Radiative
Zone

Alvan+2014
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2- Excifation by penetrative convection

Radiative
cooling

Turbulent
Entrainment
of matter

Buoyancy
braking

Surface of the star

Convective
Zone

P

Propagation
Of IGW

Penetration
Zone

Stably stratified
Radiative
Zone

/ Penetration zone in the Sun:

Péclet number: Pe~ 10° -107
= the plume keeps ifs thermal identity
= Efficient buoyancy braking!

To the contrary, in simulafions :

Pe ~ 1-10°= the plume is more rapidly mixed
= Weak buoyancy braking, lack of realism ...

/
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2- Excifation by penetrative convection

fDriving = Ram pressure exerted by an ensemble of incoherent plumes

- Momenfum equation: P arzf +Vp' —p'g+pVy ==V (pV, ® V)

I 2 19,2
- Radial plume velocity V,, (r, 1) = f(—) Vur) e Sul? e

Tp

-~
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2- Excifation by penetrative convection

fDriving = Ram pressure exerted by an ensemble of incoherent plumes

- Momenfum equation: P ‘ff +Vp' —p'g+pVy' ==V (pV, @V,)
f 12 45,2
- Radial plume velocity V,, (r, 1) = f(—~) V. (r) e il €,

Gaussian plume fime
profile Radial profile

f 2.9
fol—|=e"'m
Ll =

-~
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2- Excifation by penetrative convection

fDriving = Ram pressure exerted by an ensemble of incoherent plumes

- Momenfum equation: P arzf +Vp' —p'g+pVy ==V (pV, ® V)
[ 2 g2
- Radial plume velocity V,, (r, 1) = f(—~) V. (r) e il €,

Gaussian plume time
orofile Radial profile

» No heat exchange during the excitation (adiabatic approximation)

— Ram pressure dominates on the plume lifetime.

v Excitation assumed stafionary, ergodic and uniform horizontally

o

— Stafistical approach: semi-analyfical approximation of the wave energy flux.

20



2- Excifation by penetrative convection

/“ Outgoing flux af the BCZ as a function of pulsation W and angular degree |/

Horizontal correlation
—> f4vf; /

(A 2 19,2
=I(l+1)b" /2
Frr, w,l,m) ~F) e DI
-
Temporal correlation between Plume Froude number
K the plumes and the waves at the BCZ

~

J

v Excitation efficiency
— Froude number ~ reaction of the medium fto the plume penetration.
- In the Sun, FrR~107°

-

~
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Penetrafive convection vs Reynold stress

F, (W m 2 rad ! .s)

—_——
Il
N

Kumar et al.

2 3 4 5 6 7

w (lU_G rad.s! )

Pincon+2016

—  Plume-induced waves
—— Turbulence-induced waves

50 100 150 200

Angular degree !

Turbulent pressure vs Penetrative convection :

Shape : decreasing power laws vs Gaussian
Degree at maximum : size of convective eddies > size of plumes at the BCZ
Total flux : ~ 0.1 % vs ~ 0.6 % of the solar energy flux

(Note : the total spectra is a weighted sum of both contributions)

22



Penefrafive convection vs Reynold stress

Pincon+2016

=1 10 — Plume-induced waves
:i —  Turbulence-induced waves
\\\
g S c© 10°5 50 100 150 200
w (10 rad.s™) \(\@Q Angular degree !
ro = 0.69R, ro = 0.69R,
10°f ' | 105f ' ' -
- E "-E 10-4 B -
S 107"°F < 10-5L ]
o~ 10-15 _ = 10—8 .- . -.
10_20 10-"3... |~30: ]
0.0001 0.0010 0.0100 0.1000 107" 107'° 1077 1078
Frequency (I'T'IHZ) Alvan 2014 kh (Cm-i) 23



Detectability: the quest of the g-modes.

T J 1 ¥ T J ; ¥ T . '| 2 T 11
p-modes f
radiative zone \Y; > 400“HZ .r! —
!
§ T =N .r'
ol \\/’ LI
> o /‘ ‘.. !
i =) / 1 —
DO s - ‘\ lll
" | ﬂ/\[\/ D
—( W ~
g_mOdes / convective zone |
v <400pHz
.0 0.2 II, 0.4 o 0.6 o 0.8 — 1.0
/R

v Resonant gravity modes = pofential diagnostic of the solar core:

- Core stratification = complementarity with neutrinos

= consfraints on metallicity, nuclear reactions, electron screening

- Consfraint on the angular momentum redistribution

24



Still no robust detection

K Evanescent, very small amplitudes at the solar surface

- Several claims of detection, but no confirmation

v Most recent claim by Fossaf+2017,2018
- Search for the signafure of g-modes in the p-mode specfrum
- Nof reproduced

- p- and g-mode coupling foo small

25



Still no robust detection

K Evanescent, very small amplitudes at the solar surface

- Several claims of detection, but no confirmation

v Most recent claim by Fossaf+2017,2018
- Search for the signafure of g-modes in the p-mode specfrum
- Nof reproduced

- p- and g-mode coupling foo small

v Theoretical estimares of the mode amplitudes are thus useful to

- Guide observational strafegies and future instrument design

- When detected, diagnostics of the excitation and damping mechanisms

o
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Semianalyfical estimates

KMean g-mode amplitude = balance driving/damping

(-IED‘-‘;C dEos - ?
—(t) =P -2 nE (1 — ) — =
dt (t) | Bose(t) o dt (8)=0 = Fos 2n
—
Driving Stationary over long
fimescale

v Most recent estimates

1) v < 100 pHz: radiafive damping, analyfical

- Kumar+1996: Reynold stress, Gaussian eddy-fime correlation.
- Belkacem+2011: Reynold stress, Lorentzian eddy-time correlation (simus 3D).

- Pingon+2021: Penetrative convection, exponential plume fime profile
|t

Je|—

Tp

\2) v > 100 YHz: mode-convection inferaction dominates damping, uncertain ...

e_'“”_rp

1l

/
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Semianalyfical estimates

Belkacem 2022

surface amplitude [cm/s]

102 .

[BC] Kumar et al. (1996)

1073

10! 102
frequency [uHZ]



A new estimate for the solar mixed modes

v v > 200 pHz: Same properties as low-order acoustic radial modes in the envelope

— Assumption: similar driving and damping for close frequencies

— [heir amplitudes are related 2
i’ Mixed Am  Muet
2 — -
Radial Afet  Mm

v Estimate of the radial mode amplitude in 400 pHz > v > 200 pHz
- Extrapolation from the observed low-frequency radial modes (I1mHz > v > 2mHz)

@ Davies et al. (2014) P

| ® Komm etal. (2000) y 4
—— 0.0058v—9.82 »

—.= 0.0066v—10.71 »

In(A2)

1200 1400 1600 1800 2000
v[uHZ]
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g-modes amplitudes: current sfatus

surface amplitude [cm/s]

[BC] Kumar et al. (19906)

1073

101 102
frequency [uHzZ]

v Low frequency domain (10 pHz < v < 100 pHz) more suited to deftect g-modes
v Theoretical uncertainties ~ gap with the detection threshold (e.g., GOLF)

— Need for improvement in the description of convection.
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|(GW transport in current stellar models

KA quite “simple” formalism in a first step
- Internal structure: - Spherical (1D), shellular rotation Q(r0) ~ Qfr) (Zahn 1992)
- Propagation: - Horizontally-averaged radial wave flux
- Effect of frequency Doppler-shift

- No Coriolis force/rofaftion gradient effect

- Excitation/damping: - Available Reynold stress / penetrative convection models

- Quasi-adiabatic damping (Press 1981)

.

~

/
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|(GW transport in current stellar models

/“ Angular momentum transport equation A
& o 1 o — 1 0 aQ 314 _
—(FQ)y. = ——(0r'QU(1)+ —=— [ oDy #* == | + — — — Furulr
° o (), \\5}'3 r}r(Q} 27 )} | ‘\5'3 dr (é Yo 81 ridr MEI{

~

K Meridional circulation Shear turbulence IGW /




|(GW transport in current stellar models

/“ Angular momentum transport equation A
L —— d 1 @ aQ 314
o— (1 EQ)MJ_ = 52 (Q}4QU1{})) +—=— | 0Dy g + _— — — Fiwlr)
dt ar Corédr ar 8T ridr s
- AR - 2\ o /
Meridional circulation Shear turbulence GW
N /
m=+! rlg |
Fa= 33 [ ol
wr
m=—1
_ Flux at the top of the Radiative damping
with radiative zone

. s—NNi ([ N* \"7dr

Wave intrinsic frequency

w(r, w,m) = w — mo(r) and 6Q:Q(r)_QBCZ



|(GW transport in current stellar models

/“ Angular momentum transport equation
' 1 o e 1 d 219} 314
0= (P, = Z=(er*QUs(n))+ 5= 0Dy == | + —5 5 Fuwlr)
dt 5rfdr Cortdr dr | 8mrtdr
N - 4 NG - 7 NS - /
N ~N N
N Meridional circulation Shear turbulence IGW
m=+[ T rlg |
Frw(r) = Z Z @ iew
wr
m=—[
Flux at the top of the Radiative damping

with radiative zone

2 ],."-
: N? dr
(r, z)z[f(fﬂ)]’”"f* No_mz 5

Wave intrinsic frequency

w(r, w,m) = w — mo(r) and 6Q:Q(r)_QBCZ

v Transport results from 3 ingredients: Damping + Excifafion + Rofafion confrast

34



Transport efficiency : a simple estimate

Get a stellar model...

Assume a given rotation profile...

0.8+

- assumed smooth here.
- varying amplitude of the rotation contrast :

3Q=Q_-Q_

core

0.6 F

Q(r)/86Q

04

r/ry

0.6

0.8

1O
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Transport efficiency : a simple estimate

Get a stellar model...

Assume a given rotation profile...

0.8+

- assumed smooth here.
- varying amplitude of the rotation contrast :

3Q=Q_-Q.

core

0.6 F

Q(r)/86Q

... and compute (at a given time) r/ri

0.8
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Transport efficiency : a simple estimate

Get a stellar model...

Assume a given rotation profile...

- assumed smooth here.

- varying amplitude of the rotation contrast :

002=0

... and compute (at a given time)

[.ocal timescale on
which IGW can
modify the rotation

o QBcz

>TL~

0.8+

0.6 F

Q(r)/86Q

0.4+

A

oriQ

_v'(FJ,w)‘

0.2 04 0.6 0.8 1O

r/ry

Angular momentum
density

Divergence of the
wave flux

= (Criterion : IGW are efficient if Tr < Evolution/contraction timescale.

37



Transport efficiency in the solar case

105 ¥ I T
| — Plume-induced waves
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Transport efficiency in the solar case

10° . . .
| — Plume-induced waves
4| A
In the Sun, 10 "' po T mEEEEEE R — Turbulence-induced waves
ﬁ- | Y S e o T
. : > R AR e P ]
+ ...IGW can modify rotationon Tr< 10Gyr. O - .- . i -
/-~ Low rotation contrast ~ . @)
10°F, | et ’ N
I / = “ N\ (D)
; - E 10°F) | L
= ...plume-induced IGW are more efficient S ) NN
than turbulence-induced IGW. = 10t} 3 _ _ ‘v B
~ 4 High rotation contrast it S
107 g __""‘“E\‘:fu
: : N
= The higher the rotation contrast, 10° r\—/ S
the more efficient the transport by IGW - =3
@
107 _ &?_
N (Pincon et al., 2016)
1000 0.1 02 03 0.4 05 0.6 0.7

/R
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Transport efficiency in the solar case

In the Sun,

= ...IGW can modify rotation on T.< 10Gyr .

= ...plume-induced IGW are more efficient
than turbulence-induced IGW.

= The higher the rotation contrast,
the more efficient the transport by IGW

—  Plume-induced waves

— Turbulence-induced waves ||

()
10° al
(Pincon et al., 2016) d:l‘
1006 0.1 0.2 03 04 05 0.6 0.7
I/R~
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Transport efficiency in the solar case

—  Plume-induced waves
— Turbulence-induced waves ||

In the Sun, 10° e e e mm -

= ...IGW can modify rotation on T.< 10Gyr .

= ...plume-induced IGW are more efficient
than turbulence-induced IGW.

(Myr)

= The higher the rotation contrast,
the more efficient the transport by IGW

—— e
1

(Pincon et al., 2016)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.

/R
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Transport efficiency in the solar case

In the Sun,

= ...IGW can modify rotation on T.< 10Gyr .

= ...plume-induced IGW are more efficient
than turbulence-induced IGW.

(Myr)

= The higher the rotation contrast,
the more efficient the transport by IGW

ydampN(w+m69>_4 \

(Pincon et al., 2016)

—  Plume-induced waves
— Turbulence-induced waves |

0.2

0.3

Sun ‘?’g
m
0.4 0.5 06 0.7
/R

= IGW can efficiently slow down the core if 0Q > 00, (~ 0.14Hz in the Sun)
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Regulation mechanism driven by IGW ?
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Regulation mechanism driven by IGW ?
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Regulation mechanism driven by IGW ?
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Regulation mechanism driven by IGW ?

’

" Initial state
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Regulation mechanism driven by IGW ?
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= The system reaches a
quasi-static state where
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IGW-driven regulation in subgiant stars ?
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- Low-frequency IGW can slow down subgiants...

...buft sftill insufficient for Red Giants.



Evolutionary models including fransport by IGW

fv Talon+2005, Charbonnel+2009, Mathis+2013

— Account for shear turbulence + meridional circulation + IGW.

— Can somehow explain the “flat” solar rofation profile.

10

Q/2nm(uHz)
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Evolutionary models including fransport by IGW

fv Talon+2005, Charbonnel+2009, Mathis+2013

— Account for shear turbulence + meridional circulation + IGW.

— Can somehow explain the “flat” solar rofation profile.

2 Explain the Li dip observed in sfellar clusters (cf mass dependence of excirarion)j
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Evolutionary models including fransport by IGW

Q/2nm(uHz)

@

-

Talon+2005, Charbonnel+2009, Mathis+2013

— Account for shear turbulence + meridional circulation + IGW.

— Can somehow explain the “flat” solar rofation profile.

— Explain the Li dip observed in stellar clusters (cf mass dependence of excirarion)j
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Evolutionary models including fransport by IGW

fv Talon+2005, Charbonnel+2009, Mathis+2013

— Account for shear turbulence + meridional circulation + IGW.

— Can somehow explain the “flat” solar rofation profile.

2 Explain the Li dip observed in sfellar clusters (cf mass dependence of excirarion)j
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Evolutionary models including fransport by IGW

/v Talon+2005, Charbonnel+2005, Mathis+2013

— Account for shear furbulence + meridional circulation + |IGW.

— Can somehow explain the “flat” solar rotation profile.

. Explain the Li dip observed in sfellar clusters (cf mass dependence of excirarion)y
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Going beyond this simple picture

fShear Layer Oscillation

- Wave/shear inferaction
- Very localized at the BCZ e
- Impact on global evolufion 7?

- Need for multi-fiming method...

700 yrs — /50 yrs
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ﬁ“ And more to tackle ... \

— Non-adiabatic effects (in progress)

— Non-linear waves, furbulence in radiative zones

— Effect of Coriolis acc.

\ - Transport of chemical elements (e.g., Stokes drift, wave breaking, ...) J




Concluding remarks

4 )

v Gravity waves in the Sun and in stars:
- Invoked for more than 30 years (e.g., Schatzmann 1993).

- Available “simple” prescriptions, a few evolutionary computations.

v Potential probing of the solar core: the quest of g-modes
- No robust defection, low-frequency range more suited for a future defection.

- Need improvements in the description of convection to be more realistic.

v Transport of AM and chemical elements:
- Very promising (solar an subgiant rotation, Li abundance)
- But still need fo go beyond the current approximations.

- Using complementarity between semianalytical developments and simulations.

o /
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Effect of the Coriolis force at very low frequencies

Previous excitation/propagation wave models neglect the Coriolis force

- w<Q = this approximation fails (even for slow rotators)

Local Dispersion relation (e.g., Gerkema 2005):

— 2 2 s 2_
kz . k2 N W + (Ufs Coriolis
;AR parameters
(,{)2 - fZ w2 - f2
New behaviors : - Propagative inertial waves in convective regions
- Evanescent sub-inertial waves in radiative regions
Inertial waves Evanescent graviio-ineriial waves Convective regr'un
| | R
_ | | -
w_ 20 N (I
P Stably stratified region
Gravito-inertial waves
André 2017
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Impact on the excitation ?

Traditional approximation fails at these frequencies (e.g., Eckart 1960, Mathis 2014)...
= Complex GLOBAL 2D problem since no more separable in the radial and latitudinal

coordinates

... BUT stil analytically tractable in the non-traditional LOCAL f-plane !
(e.g., Mathis 2014, Augustson 2020)

4

André 2017

=> How the Coriolis force influence the wave excitation by penetrative plumes ?
(Note : Local approach valid only for horizontal wavelength much smaller than the radius)

S7



Preliminary results for a Sun

Flux withrotation
Flux without rotation
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=>Depending on the latitude and frequency, the wave flux is increased/decreased.
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Preliminary results for a Sun

Flux with rotation
Flux without rotation
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= But it also depends on the horizontal direction of propagation !
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Preliminary results for a Sun

Flux with rotation
Flux without rotation
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= But it also depends on the horizontal direction of propagation !

= Complex horizontal dependence : work in progress (with S. Mathis & K. Augustson)
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