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T 321D: the case of entrainment

PRACE




Keele is Not Ki

iel (Germany) But Where

o e

SCOTLAND -
Y PR e s

,»ﬁﬂ

TV P b

T
CITHO _'_u\u-

s i

e

=1 '_'?Tw-cm‘\ ‘\.I'.

Byw s
s AT -c,.h.-'\-mll":r“""
el
Ty
£ oSt 1
ATl

Keele area

Is famous for pottery: Wedgwood,

Exciting HyDeploy.co.uk / SEND projects

i it

l""\. n-\.—.-

Wreceam, |

n
al l [ - L) 1
. - Lance:stel W, L
b Flestwood! ) o
/b e b i) Thornton-CleveleysG, QFoulton-Le-Fylde g " Felghleyd Shgley LEEdS -
LTI : S o P S | Burnle
L e | Blackpool e, DE rod ¥ Bradford®
Wi, T b Presiﬂnﬁ*‘ o 1 4
il T T !_l_l;}l_l_‘::’m .y D_“'\ E!Iackburn 5 | % .
Southport f : | . atieya e e i . e
B { Leyland _,Ru{:hdal_e;,_ = 'DWak&reld ] | Bartan-Lpor
y A 4 ) |:| Lry - Huddersreld -t ) iThomel Scunthorpe
Skelmersdale™ WI an c amsley : 2
| 24 Bolwn Oldham ‘_- E
(. § _ 1 |
Moraton o . Demun - |
oreton of r¥ N Vo s
P o | 5tockpon X “‘: \
Lla'ald':- restatyn Eebingtong, ¥ J_I::ﬂ.ltnnfham [ 2 =g F"l:'dk. Sheﬁ'eld T \ |
S T 3 __E“!"o Ellesmere s RURCoM, ] { '
b [EET s R atwyn Bay = H2l0ElQ Port, 8 - Honrr.ucno LI_I']ngln
i Algarartis - ks, LR F
ﬁ.‘-‘:;ﬂ wm iy TRt G-v—-\u insi Denbigh 3"'0“0“9 L |
A s i ' .
Tl Buckleyo' . () 1
‘:, R H"‘";' _'r-'.-. T Tyl ey uc £ CP&SIEE %' Sutton in
T rTE e e ,,r.-. S L . ﬂ.snfleld
B
iy

ﬁl_'_lewarlc-pn-Tr:ent

“Slea
[
= - |
—(Grantham
| 1By g A NGHtingham g,
o/ I Bilirton e Lc-ng Eaton
g 'upoh Trent i M Melton” |
. [ i = I Mcmbra,f |
= # S dl I}D‘t - B
- ) o8 \ a3 |n e, Lo.ugnborougn_ ; Eo
¥, Sth'ffshurv e GTElfofd B vos A Leicester ynStamior
Haaele,'O' Walsam QTEI'TIWDI‘H‘I .
Woluerhamplonb o Wightono ™ ===y
Bridgnorthel Birm ngham ONUﬂﬁaiﬂﬂ,‘
Stol_erridge |

—“‘1 Flddermlnsterc b AR Ru
Eromigro.’e-#j COV‘EI"I[I’!.I'
Staurpart - Seuern ! J'D o /| L 0

DrDIh\IchQ" Reddllch W a“’-"‘-'kc

Leomin
e

St r"atford-Llp-on':- Anvon \

arzhor

Done

-

LA - S| o =




- 321D concept
- Entrainment:

3D results

Theory

1D implementation

1D results: MS width, core masses, ...
- Boundary shape - shear

- Conclusions & Outlook



Way Forward: 1 to 3 to 1D link

Targeted 3D simulations Uncle gelluies ',n —

Cristini+2017
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3D C-shell Simulations




3D C-shell Simulations: |v| movie



http://www.astro.keele.ac.uk/shyne/321D/convection-and-convective-boundary-mixing/visualisations

3D C-shell Simulations




Resolution & Luminosity Study

.t =1241.3 s (dump 249

Gas Velocity:
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Boundary Entrainment
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Entrainment Law Theory

Cristini et al 2019, MNRAS (see also Garcia & Mellado, 2014, Deardor 1980, Chemel,
Staquet and Chollet 2010, Fernando, 1991, Stevens and Lenschow, 2001, Jonker+ 2013)

stabilising potential

I =
5™ turbulent kinetic energy

The buoyancy jump is an integral of the squared buoy-
A, n are constants ancy frequency N? with respect to radius r, given by

Ab:f'Ner, (2)
r

where r; and r» encompass the boundary of the convective
core, centred at r = r,. The upper limit r is equal to r, plus
some fraction of a pressure scale height; in this study we

A mass entrainment rate, M.y, can be derived from this
to give

Instantaneous entrainment as in:

Meni = 47r200ve ARG, ) Staritsin 2013

with p, being the density at r = r,. The mass contained
within the entrained region, Mgy, is then

My = Z M jAY (7)  Cumulative entrainment as in:
’ Scott+ 2021MNRAS.503.4208S



Entrainment Law for C, Ne & O-burning

Cristini et al 2019, MNRAS (see also Garcia & Mellado, 2014, Deardor 1980, Chemel,
Staquet and Chollet 2010, Fernando, 1991, Stevens and Lenschow, 2001, Jonker+ 2013)

Georgy+, Rizzuti+, in prep
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Way Forward: 1 to 3 to 1D link

Targeted 3D simulations Uncle gelluies ',n —

Cristini+2017
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boundary layers

o Stable Region
(IGW)

« Shear Layer

o Penetrative Overshoot /
Entrainment

o Convective Core
o (or shell)
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Implementation of Entrainment in 1D model

Scott+ 2021MNRAS.503.4208S

)
Calculation of Ab = f N3dr,
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Ab increases with time over MS due to p-gradient built-up.

Mild dependence of Ab on choice of r; and r,, both chosen to be H./4



Implementation of Entrainment in 1D model

Scott+ 2021MNRAS.503.4208S
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RIB increases with time over MS so entrainment rate decreases

(small change compared to mass dependence)



Boundary Penetrability vs Initial Mass

Scott+ 2021MNRAS.503.4208S

O default step overshoot
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Penetrablility (~1/Rig) increases with initial mass.

Mainly linked to increase in convective velocity, vc with mass (Rig ~ 1/v¢?)



Entrainment in 1D model: Impact on MS Width

Scott+ 2021MNRAS.503.4208S
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Figure 6. Spectroscopic HRD in the mass range 8 to 32 Mg with ao, = 0.1 step overshoot and two entrainment models, A = 10~* and
2 % 10*. The dotted lines represent the position of the TAMS from model grids with ey, = 0.1 (Ekstrom et al. 2012) and aqy = 0.335
(Brott et al. 2011). The dash-dotted line represents the position of the empirical TAMS determined by Castro et al. (2014); see their
Table 1 for the polynomial coefficients of the three TAMS lines used in this figure. As in Fig. 3, the dots, pluses and crosses have been
placed where the model reaches 90%, 95% and 99% of the MS lifetime respectively.

MS width and its mass dependence better reproduced than current
models with a single set of parameters



Entrainment in 1D model: Impact on core masses

Scott+ 2021MNRAS.503.4208S
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Figure 7. Final helium core mass, My, for various values of step overshoot a,, and entrainment parameter A. All entrainment models
use n = 1. Blue circles represent the default value of aq,, which is 0.05 for 1.5 Mz and 0.1 otherwise. Left: Absolute value of My, against
initial mass. The @,y = 0.1 point at 20 My is taken from the Ekstrom et al. (2012) grid. Right: My normalised by the default step
overshoot value.

CO core masses predicted up to 80% larger than for current models: A 15 M, model may behave as a 20-22
M . model.
0

But A values do not match 3D hydro simulation results yet ...



Entrainment in 1D model: "Temporary Fix"

Scott+ 2021MNRAS.503.4208S
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Figure 9. Step overshoot parameter ao scaled using Eq.8. The
polynomial fit to the m = | points uses the equation agy (M) =
—0.00037 86?Mi2m+0.038859lSMi,,i—0.0123T484. Previous studies such
as Claret & Torres (2017) and Moravveji et al. (2016) show that
similar results are obtained using an exp-D f parameter which
is roughly a factor of 10 to 15 smaller than the equivalent step
overshoot agy. Therefore a fit for f(Mjy) would be roughly 1/10
to 1/15 of agy(Mipi).

Mass-dependent o /fov (fits given in caption)



Conclusions & Outlook

-1-3-1D (321D) modelling of stellar interiors:
- 3D C, Ne, O-shell simulations follow entrainment law
- Lower boundary stiffer than upper boundary!
- Entrainment law: Implementation difficult but results promising

- More exciting work ahead!



2D Simulations of Convection

Gas Velocity: ||v]|, t=0.0 s (dump 1)
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2D simulations a factor of N, cheaper so 100 — 1000 times cheaper but ...

TKE cascade goes upwards rather than downwards!

Vortices survive much longer and merge rather than decay!

Convection is 3D and turbulent so 2D simulations may never reproduce real flow!!



1D Model Uncertainties: MS Width

SHRD: Castro et al (2014A&A....570L..13C),
Langer & Kudritzki (2014, A&A, 564, A52)
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MS width and its mass dependence not reproduced by current models

(but see Vink et al. 2010;McEvoy et al. 2015)



1D Model Uncertainties: L-M Plane

N Higgins & Vink
R/ (A&A 622, A50, 2019)

<.
& 1Y
E ! a,, uUp to 0.5 H; and
" \ ,, rotation-induced mixing
) \ both needed to explain
N HD166734

Mass

Fig. 4. Illustration of the mass-luminosity plane with a typical evolu-

tionary track entering the ZAMS at the red dot, evolving along the black See also Martinet et al 2021’ A&A
arrow. The dotted vector suggests how increased rotation and/or convec-

tive overshooting may extend the M—L vector. The curved dashed line

represents the gradient at which mass-loss rates affect this M—L vector.

The red solid region represents the boundary set by the mass-luminosity

relationship, and as such is forbidden.

a,, Up to 0.5 H, ; fov up to 0.05 from Asteroseismology

See e.g. Deheuvels et al. 2016, Aerts et al 2018, Claret & Torres 2019, Pedersen et al 2020, 2021; Aerts et al ...



1D Model Uncertainties: Post-MS

Martins and Palacios (2013)

| | |

i Different prescriptions for
62 M= 20 M,
convective mixing and free

parameters strongly affect

post-MS evolution.
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1D Model Uncertainties: Core Masses
Kaiser et al, MNRAS 496, 1967 (2020)

Table 2. The absolute and relative variation of the total mass, My, the helium core mass, M, and the carbon-oxygen core mass,
Mco. The individual values of each model are shown in Table 1. The values include Ledoux and Schwarzschild models.

AMo (Mg) S Mo AM, Mg) M, AMco Mg) sMco
15Mg 3.38 (3.45) 27.72% (27.80%) 2.30(2.74) 43.07% (51.31%) 2.40 (3.94) 69.77% (114.53%)
20Mg 8.60 74.35% 2.94 36.70% 2.94 51.49%
25Mg 0.02 65.84% 3.96 40.08% 4.1 55.48%

Notes. The variation for a quantity Q is calculated as §Q = Sﬂ: Omax—Omin  1()0), where Omax and Opin are the maximal and
re

minimal values of the quantity for the initial mass and Q. the value of the reference model (see the text).
* The values in parentheses include the models with no CBM.

Up to 70% uncertainties in CO core masses predicted by models using the full
range of CBM parameters. A 15 M_ model may behave as a 20 M_ model.



1D Model Uncertainties: BH-mass gap

e.g. Farrel et al, MNRAS (2020) & references therein
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Figure 2. Kippenhahn diagram of a GENEC non-rotating 85 Mg model
at Z = 0. Solid (dashed) lines correspond to the peak (100 erg/g/s) of the
energy generation rate for H burning (blue) and He burning (green). The
red arrow indicates the H-He shell interaction. An inset is included at the
top of the figure to show that the interaction is resolved, where white circles
indicate each timestep.



1D Model Uncertainties: Post-MS

Detailed convective shell history affects fate of models: strong/weak/failed explosions!!!
Sukhbold & Woosley, 2014ApJ...783...10S Sukhbold, Ertl et al, 2016ApJ...821...38S,
Ugliano et al 2012, Ertl et al 2015
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Fic. 1.— The compactness parameter, £ 5, (eq. (1); O'Connor
& Ott 2011) characterizing the inner 2.5 My of the presupernova
star is shown as a function of zero-age main sequence (ZAMS) mass
for all 200 models between 9.0 and 120 Mg. The compactness

Non-monotonic behaviour?

We are particularly interested in how the “explodabil-
ity” of the presupernova models and their observable
properties correlate with their “compactness” (Fig. 1;
O’Connor & Ott 2011)

M= R(M) /1000 ki |ty punee

(1)

and other measures of presupernova core structure
(§ 3.1.3;Ertl et al. (2015)). Using a standard central en-
gine in presupernova models of variable compactness, a
significant correlation in outcome is found (§ 4). As pre-

log(te / yr)

Fia. 13.— Convective history of four models showing the major



