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The evolution of a star with [Fe/H]=-0.3 and M=1.2M (MESA rev. 7624)
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What happens at the bump luminosity?

Left: Evolution of a low-mass star in the HRD near the bump luminosity (M =0.83M, Z=0.0015)

Right: H-burning shell erases abundance discontinuities left behind by the CE at the FDU
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On the upper RGB, above the bump luminosity, the radiative zone between the H-
burning shell and the base of the convective envelope has uniform chemical
composition, which facilitates fluid buoyancy of any origin



The upper RGB thermohaline mixing is driven by a small difference in p between a fluid element and

Thermohaline mixing in upper RGB stars

its surrounding medium because the atomic diffusivity is much slower than the radiative heat

diffusivity K. It develops when p decreases with depth (usually, i increases with depth in stars)
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Reaction 3He(3He,2p)*He decreases u locally by |Ap |< 0.0001
(Eggleton et al. 2006)



A parametric model of extra mixing in a low-mass upper RGB star

Right: Diffusion coefficient D ., =(0.02-0.1) x K, or D, = 4 x 108 cm? s!, with a mixing depth
r.i = 0.04 —0.06 R reproduce the observed abundance patterns on the upper RGB (Left)

The first dredge-up (FDU)

The upper RGB extra-mixing
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Data from Gratton R.G. et al., 2000, A&A, 354, 169



RADIATIVE !3C BURNING IN ASYMPTOTIC GIANT BRANCH STARS AND s-PROCESSING
O. STRANIERO,! R. GALLINO,2 M. Busso,® A. CHIEFFL,* C. M. RAITERL,> M. LIMONGL’ AND M. SALARIS!
(ApJ, 440, L85, 1995)
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Figure3 Thermal pulse 14, the subsequent interpulse phase and thermal pulse 15 of 2 M,
Z = 0.01 sequence ET2 of Herwig & Austin (2004). The timescale is different in each panel.
The red solid line indicates the mass coordinate of the H-free core. The dotted green line
shows the boundaries of convection; each dot corresponds to one model in time. Convection
zones are light green. The shown section of the evolution comprises 12,000 time steps. The
colors indicating convection zones, layers with H-shell ashes and the region of the 3C pocket
match those in Figure 5. (From F. Herwig, ARA&A, 43, 435, 2005)



Mechanisms for upper RGB extra mixing

Rotationally-induced mixing (Sweigart A.V. and Mengel J.G., 1979, ApJ, 229, 624).
Thermohaline mixing (Charbonnel C. and Zahn J.-P., 2007, A&A, 467, L15).
Magnetic mixing (Busso M. et al., 2007, AplJ, 671, 802).

Internal gravity wave (IGW) shear-induced mixing? (this work)

Proton ingestion mechanisms to form 3C pocket in AGB stars

Rotationally-induced mixing (Langer N. et al., 1999, A&A, 346, L37).
Convective overshooting (Herwig F., 2000, A&A, 360, 952).
Magnetic mixing (Busso M. et al., 2007, ApJ, 671, 802; Busso M. et al., 2021, ApJ, 908, 55).

Internal gravity wave (IGW) shear-induced mixing (Denissenkov P. and Tout C., 2003, MNRAS,
340, 722).



ne problems of extra mixing in low-mass
oper RGB stars and Li enrichment in red-
clump stars




Li-rich red-clump stars (data from Deepak & Lambert D.L., 2021, MNRAS, 507, 205)

3.0
25
< 20
-
215
1.0
0.5

MJ/M,, — (1.18,1.22); [Fe/H] — (—0.35, —0.15)

e Li upper limit

® Li detection

red-clump stars

%

00 o g rte g

45 40 35 30 25 20 15 10 05 0O
A(Li) (dex)

stellar structure parameter

15.01

12.51

10.01

7.51

5.0+

2.5

0.01

RGB bump luminosity model with [Fe/H]=-0.3, M=1.2M,

=== N (mHz) ,"
10% x Mach number |
——= 10910 Dmix (cm?s71) ,’
Lamb frequency S, (mHz)
8 XU !

—— log;oK (cm?s71)

—— logio|Lr/Lo]| /

1

1

I
1
U

=== Iw 1
........ Imix = 0.055R o |

log1o (/R o)

and D, = 100xD,,

MJ/M,, — (1.08,1.12); [Fe/H] — (—0.60, —0.40)
e Li upper limit
3.0 Li detection
2.5 -
> ° >
~ 20 .
:‘4 . ®e o
80
2 15
1.0
0.5 .
45 40 35 30 25 20 15 10 05 0 -05
A(Li) (dex)
3.5
3.0
2.5
o 2.0 . Y S -
~ 2.07 e o -7
~ —— [ ]
= Y %, ' - ° ‘ °
o L ‘.. ’ :
2 e & s 8
o 1.5 e © 9, o ¢
o %0 o
o
1.0+ :
...................... nomix
0.5 —— nomix_PreFlash
=== KipTH667_rmix055_PreFlash
® RC stars (Deepak & Lambert 2021)
0.0 . . ; .
4 3 2 1 0 -1 =2
A(Li)

No-mixing and 100x thermohaine mixing on upper RGB



< propagation of internal gravity waves Shear-induced mixing by IGWs

(z) Forw < N, IGW fluid motion is nearly horizontal with uy << up,
Z
density 1.0 —o D | C . -B. __A and the vertical velocity shear is
perturbation [ 2 {I/ h’éavy/ 4// light] duy N
LA ooyt x4 T %k k()
0.8 [ S 7 dr
i The diffusion coefficient for shear-induced mixing by small-scale
0.6 turbulence is
(%)’
x D ~ dr K
0.4 shear ~ 1 N2 B
pressure | o frad. force _ _4acT? . e N
perturbation @D’ //OV /p P /ﬁlgh where K = 3e0’Cy is the thermal diffusivity, and # ~ 0.1 (as
thoi L )\ P proposed by Zahn J.-P., A&A, 265, 115, 1992, and validated in 3D
N s ] : . .
o / /1 £ AT hydro sims by Prat V., Guilet J., Viallet M, Mueller E., A&A, 592, 59
0.0 0.2 0.4 0.6 0.8 1.0 2016).
(x)
For shear mixing by IGWs, the diffusion coefficient is then
(uhkv)2
Digw ~ 1 N2 K.

The horizontal components of the vorticity of the IGW fluid motion
can be estimated as

(V x ), = Ouy ouy

0z 0x
or (V X u)? ~ (unkn)? ( %)2 ~ (unky)?. A similar estimate can
be obtained for the x component of the vorticity.

N
~ unky — uvkn ~ upnkn—,
10}

Therefore,
VXu

(unky)* ~ (V x u)?, and Digw ~ 7 INZ

So, to estimate the diffusion coefficient for shear mixing by IGWs
we need to know their vorticity |(V X u)| and spectrum u?(w, kp).




Li production in a helium-flash-induced mixing event at the RGB tip

The kinetic energy flux of IGWs is predicted to be proprtional to the convective flux Figw = M Feonv, Where M = Uconv/Cs is the Mach number
of turbulent convection (e.g., Rogers T.M. et al., ApJ, 772, 21, 2013). Given that also, e.g., Eq. (39) in Press W.H., ApJ, 245, 286, 1981,

N w 2 w?
F = put—1/1 - — = pu? 1- -z
16w = puy 7 N2 P hNkh( N2)
and Ueony &« L3 o« FI3,, we find that uy o« L*? and up o< L*3. For an IGW velocity field, the Richardson number is
NZ
Ri g — .
(V X u)?
For the KH instability, Ri < Ricit = i. However, even in a case of Ri > Ricit mixing is still possible (Zahn J.-P., A&A, 265, 115, 1992) with
K (V x u)2 43
D ~nN— =n——--Kx L"K,
IGW ~ H Ri n N2
wheren = 0.1 (e.g., Prat V. et al., A&A, 592, 59, 2016).
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Li production on upper RGB by extra mixing with rate increasing proportionally to L*3K

The kinetic energy flux of IGWs is predicted to be proprtional to the convective flux Figw = M Feonv, Where M = Uconv/Cs is the Mach number
of turbulent convection (e.g., Rogers T.M. et al., ApJ, 772, 21, 2013). Given that also, e.g., Eq. (39) in Press W.H., ApJ, 245, 286, 1981,

N w 2 w’
F — u2_ 1—- — = u2 1= —1/2,
16w = puy 7 N2 thkh( N2)
and Ueony & L3 o F13. we find thatlu, o L?3 and u, o L*3| For an IGW velocity field, the Richardson number is
NZ
Rirn —.
(V x u)?

For the KH instability, Ri < Ricit = i. However, even in a case of Ri > Ricit mixing is still possible (Zahn J.-P., A&A, 265, 115, 1992) with

K (V x u)2
D ~p— =n————K
IGW ~ H Ri n N2

o L4/3K,

wheren = 0.1 (e.g., Prat V. et al., A&A, 592, 59, 2016).

T T - ] — .
——— N (mHz) 'l : E : ________ 3 5
15.0- 10 x Mach nupber H -7
. === 10910 Dmix (cm?s™?) Pof 3.01
(0] Lamb frequen’cy S1 (mHz) '.
40.-‘) 12 -5 1 8xu Il || E
% — logoK (cmzé‘l) =| 2.5
5 10.04 — logwolLiLof . —
o -——- I ,I e O
o s=++ Imix=0.035Ro 1 = 2.01
ul ' -
s 7.54 J } —= °
-+t
5 / : S
E 5 0 I/ ' ! 8\ 15 7
4(7‘) ) /// \\[ -
— 7 ‘
5 p 1.0 |
o 25 - e e B nomix
2 L P | g —— DK005_rmix055
0.01 P T P 0.5+ : --- DK003_rmix055
. I ! DK003_rmix055_Reimers
I ! ® RC stars (Deepak & Lambert 2021)
T T T " 0.0 . : . . T T
-3 =2 -1 0 1 4 3 2 1 0 -1 -2
log10 (r/R o) A(Li)

RGB tip luminosity model with [Fe/H]=-0.3, M=1.2M and

RGB mixing with rate increasing proportionally to L*3K
Dmix =0.003 (L/Lbump)4/3 K<K g g prop Yy



The first results of 3D hydrodynamic simulations of convection and IGWs in a 1.2M, RGB
luminosity bump and tip model with [Fe/H]=-0.3 by S. Blouin using the PPMstar code
(Woodward P., Herwig F. and Lin P.-H., 2015, ApJ, 798, 49)

A movie of the vorticity in the RGB tip model from 28803
Frontera TACC run at the nominal heating (1xL)



The first results of 3D hydrodynamic simulations of convection and IGWs in a 1.2M, RGB
luminosity bump and tip model with [Fe/H]=-0.3 by S. Blouin using the PPMstar code
(Woodward P., Herwig F. and Lin P.-H., 2015, ApJ, 798, 49)

small envelope

Convective envelope IGWs

The vorticity image from 15363 Frontera TACC run



The first results of 3D hydrodynamic simulations of convection and IGWs in a 1.2M, RGB
luminosity bump and tip model with [Fe/H]=-0.3 by S. Blouin using the PPMstar code
(Woodward P., Herwig F. and Lin P.-H., 2015, ApJ, 798, 49)

large envelope

Convective envelope IGWs

The vorticity image from 15363 Frontera TACC run



Frequency (uHz)

The first results of 3D hydrodynamic simulations of convection and IGWs in a 1.2M, RGB

luminosity bump and tip model with [Fe/H]=-0.3 by S. Blouin using the PPMstar code
(Woodward P., Herwig F. and Lin P.-H., 2015, ApJ, 798, 49)

Spectra of IGWs in the radiative zone of the RGB tip
model at nominal heating (1xL) (in the right panels, the
radius increases from the bottom to the top curve; the
k-w diagram below is shown for the radius R=400 Mm
of the blue dotted curve)

U, power (log m?s=24~1uHz™1)
-3.5 -3.0 -2.5 -2.0 -1.5 -1.0

w
o

S
o

w
o

N
o

o)
o

o

power (m2s=27-1)

power (m2s=24-1)

106 L

10°
104

103

102 L
101 L
100 L

10—1 L

1072

10%
105
104k
103}
102 L
101 B
100}

10—1 L

1072

Bump setup ;

250 Mm —r— 500 Mm
300Mm —&= 600Mm
350Mm 700 Mm
! 400 Mm 800 Mm

1 10 100

Tip setup

1 10 100



The first results of 3D hydrodynamic simulations of convection and IGWs in a 1.2M, RGB
luminosity bump and tip model with [Fe/H]=-0.3 by S. Blouin using the PPMstar code
(Woodward P., Herwig F. and Lin P.-H., 2015, ApJ, 798, 49)
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The first results of 3D hydrodynamic simulations of convection and IGWs in a 1.2M, RGB
luminosity bump and tip model with [Fe/H]=-0.3 by S. Blouin using the PPMstar code
(Woodward P., Herwig F. and Lin P.-H., 2015, ApJ, 798, 49)
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Li production on upper RGB by rotational mixing with rate proportional to LPK

In the radiative zone of an upper RGB star, angular momentum transport by rotation-induced mixing is determined by the equation

o (prZQ) = L%[pr“ﬂ U - 5?)] + ii<pr4vvg> ,

ot 572 r2 or or
. or (r%)z
where r = (E)M W=Dy =n N and U is the radial component of the meridional circulation velocity.

For moderate stellar wind, according to Zahn (1992),

C C QR ( dM
Dt = —-r|U| = o2 P = - ;
50a 200 p QM dt
2
where a = %%. For the Reimers mass-loss rate, %(Moyr_l) =—-4x10"8y gLR x L3 « LK, while for the modified Reimers law

1.4
%(Moyr_l) x (g%) x LB where L, R, and g are in solar units, and K L.
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At log(L/Lg)=2.5, RGB and AGB stars have very similar [Fe/H]

asteroseismology properties. RGB mass-loss rates from Catelan M., 2009, Ap&SS, 320, 261



The problem of proton ingestion into C-
rich radiative zone in low-mass AGB stars
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The formation of the 3C pocket by IGW mixing
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Conclusions

Mixing by IGWs in the radiative zone of the low-mass upper RGB star measured in
our 3D hydrodynamic simulations is far too slow to explain the observational data,
and its rate scales with the luminosity differently, D, is proportional to LY/2, than
expected (L%3), therefore IGW mixing is also unlikely to be efficient enough to
produce Li during the He-core flash in amounts comparable to those observed in
red-clump stars

On the other hand, IGW mixing can still be sufficiently fast to form a 13C pocket in
a low-mass AGB star (the corresponding 3D hydrodynamic simulations are
underway)

As an alternative, rotation-driven mixing by meridional circulation and shear-
induced turbulent diffusion (Zahn J.-P., 1992, A&A, 265, 115; Charbonnel C., 1995,
Apl, 453, L41; Denissenkov P.A. & Tout C., 2000, MNRAS, 316, 395) may have a
rate proportional to LPK with p > 4/3 (for the modified Reimers and other RGB
mass-loss rates) and lead to the enrichment of RGB stars in Li when they approach
the RGB tip.

Thank you!



