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West Midlands:

Keele area

is famous for pottery: Wedgwood, ... 

Exciting HyDeploy.co.uk / SEND projects

Keele

Keele is Not Kiel (Germany) But Where is it?
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- 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
Uncertainties in 1D

Cristini+2017

→ Improve theoretical prescriptions



3D C-shell Simulations
Snapshot from 10243 resolution run:

Cristini+ 2017, MNRAS

1D boundaries



3D C-shell Simulations: |v| movie

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

Cristini+ 2017, MNRAS

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


Snapshot from 10243 resolution run:

KH inst.

(shear)

Internal Gravity waves1D boundary

Cristini+ 2017, MNRAS

3D C-shell Simulations



Resolution & Luminosity Study

Cristini+2017, MNRAS



Cristini+2017, MNRAS

Boundary Entrainment



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)

𝑅𝑖𝐵 =
𝛥𝐵 × 𝑙

𝑣𝑟𝑚𝑠
2

𝑅𝑖𝐵 =
𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑠𝑖𝑛𝑔 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙

𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 𝑘𝑖𝑛𝑒𝑡𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦

Cumulative entrainment as in:

Scott+ 2021MNRAS.503.4208S

Instantaneous entrainment as in:

Staritsin 2013

A, n are constants



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

A:0.01-1, n~1



Way Forward: 1 to 3 to 1D link

Targeted 3D simulations
Uncertainties in 1D

Cristini+2017

→ Improve theoretical prescriptions



⚫ Convective Core 

⚫ (or shell)
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Implementation of Entrainment in 1D model

b increases with time over MS due to µ-gradient built-up.

Mild dependence of b on choice of r1 and r2, both chosen to be HP/4

Scott+ 2021MNRAS.503.4208S

Calculation of

15 M
⊙



Implementation of Entrainment in 1D model

RiB increases with time over MS so entrainment rate decreases 

(small change compared to mass dependence) 

Scott+ 2021MNRAS.503.4208S

15 M
⊙

A=10-4

n=1



Boundary Penetrability vs Initial Mass

Penetrability (~1/RiB) increases with initial mass. 

Mainly linked to increase in convective velocity, vc with mass (RiB ~ 1/vc
2)

Scott+ 2021MNRAS.503.4208S



Entrainment in 1D model: Impact on MS Width

MS width and its mass dependence better reproduced than current 

models with a single set of parameters

Scott+ 2021MNRAS.503.4208S



Entrainment in 1D model: Impact on core masses

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

M⊙ model.

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

Scott+ 2021MNRAS.503.4208S



Entrainment in 1D model: “Temporary Fix”
Scott+ 2021MNRAS.503.4208S

Mass-dependent α
ov

/fov (fits given in caption)

Entrainment implementation

Challenging post-MS:



Conclusions & Outlook

- 1 - 3 - 1 D (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

Could we do these simulations in 2D?

2D simulations a factor of N
z

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

MS width and its mass dependence not reproduced by current models

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

sHRD: Castro et al (2014A&A...570L..13C), 

Langer & Kudritzki (2014, A&A, 564, A52)



1D Model Uncertainties: L-M Plane

α
ov

up to 0.5 H
P

and 

rotation-induced mixing 

both needed to explain

HD166734

Higgins & Vink 

(A&A 622, A50, 2019)

See also Martinet et al 2021, A&A

α
ov

up to 0.5 H
P

; 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

Different prescriptions for 

convective mixing and free 

parameters strongly affect 

post-MS evolution.

See also Georgy+2014,A&A

Jones et al 2015, MNRAS, 

447, 3115 

Martins and Palacios (2013)



1D Model Uncertainties: Core Masses

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.

Kaiser et al, MNRAS 496, 1967 (2020)



1D Model Uncertainties: BH-mass gap

Shell mergers/interactions 

reduce CO-core mass at 

very low Z.

e.g. Farrel et al, MNRAS (2020) & references therein



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

Non-monotonic behaviour?

C

C

C

C
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1D Model Uncertainties: Post-MS


