
Stellar Convection: Modelling, Theory and Observations - September 20th, 2024 - carolina.ortiz.rodriguez@hs.uni-hamburg.de

Star-in-a-box setup for late-type 
stars
Carolina Ortiz Rodríguez (Universität Hamburg, Germany)


Petri Käpylä (Leibniz-Institute for Solar Physics (KIS), Germany)

Felipe Navarrete (Institut d’Estudis Espacials de Catalunya (IEEC), Spain)

Dominik Schleicher (Universidad de Concepción, Chile)

Barbara Toro (Universidad de Concepción, Chile)

Juan Pablo Hidalgo (Universidad de Concepción, Chile)

Robi Banerjee (Universität Hamburg, Germany)

1



Fi

2
Stellar Convection: Modelling, Theory and Observations - September 20th, 2024.

First version by Dobler, W., Stix, M., & Brandenburg, A. (2006). The Astrophysical Journal, 638(1), 336.



The non-ideal fully compressible MHD equations of induction, 
continuity, motion and energy conservation are solved with the 
Pencil Code:


Käpylä, 2021, A&A, 651, A66
Star-in-a-box setup: set of equations

Boundary conditions:


Impenetrable and stress free for the 
flow 

.


The magnetic field is assumed to be 
perpendicular to the boundary

.


Temperature is symmetric across the 
exterior boundaries of the box.


Vanishing second derivative for the 
density.

un = 0, ∂utan = 0, n = x, y, z

∂n Bn = 0, Btan = 0
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Star-in-a-box setup: 
set of runs
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Fully convective setup at three 
different rotation rates,


, which 
correspond to

 days.


 was varied from 0.1 to 10.

Ω̃ = 1.0, 0.7, 0.5

Prot = 43, 60, 90

PrM

Ortiz-Rodríguez et al. A&A 678, A82 (2023)



Amplitude of the radial and 
latitudinal differential rotation

Differential rotation
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Δ(r)
Ω =

Ωtop,eq − Ωbot,eq

Ωtop,eq

Δ(θ)
Ω =

Ωtop,eq − Ωbot,θ

Ωtop,eq

Differential rotation is quenched at high .ReM

Ortiz-Rodríguez et al. A&A 678, A82 (2023)



When  is 
increased sufficiently, 
the relatively regular 
cycles of large-scale 
fields found at low 
and moderate 
are disrupted.


ReM

ReM

Large scale magnetic fields
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Azimuthally averaged toroidal magnetic field near the surface of the star as a function of time.



Evolved late-type 
stars using the 
star-in-a-box setup
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Magnetic fields have been observed in 
RGB stars.


Chromospheric emission scales in the 
same way with the Rossby number in 
young (main sequence) and evolved (giant) 
late-type stars (Lehtinen, J. J.,et al. 2020, 
Nature Astronomy, 4(7), 658-662).


High core-to-envelope rotation rate (Beck, 
P. G.,et al. 2012, Nature, 481(7379), 55-57).


Figure 5 of Aurière, M., et al. (2015), A&A, 574, A90.
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Considerations
Red giant star setup
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Figure from Ceillier, T., et al. 2017, A&A, 605, A111.
 Relation between the Rossby number and X-ray emission (normalized to the 

bolometric luminosity) for a sample of both fully and partially convective 
stars. (Wright, N. J., et al. (2018). MNRAS, 479(2), 2351-2360).

Magnetic activityRotation periods The Rossby number, 
Ro, measures the 
rotational influence 
on the flow.


       Rо ~ Prot/𝛕c

In some stars, the 
Rossby number is 
good at describing 
their magnetic 
activity.


In general, 𝛕c is not 
measured directly.

In general, is not measured directly
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Considerations
Red giant star setup
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We need to modify and/or add:


Gravitational potential (Freytag, B., 
et al. (2002). Astron. Nachr. 323(3‐
4), 213-219),


Slope-limited diffusion added for 
density field,


A convective envelope by setting 
the value of the opacity (Kramers 
opacity law).

Ingredients
Red giant star setup
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Φ = −
GM*

[r4
0 + r4/ (1 + (r/r1)8]

1/4

Time evolution of volumetric average thermal 
energy and velocity field for a run with SLD (red) 

and without it (yellow).

 




Re = 110, 112
Co = 1.23, 1.25



Red giant star setup
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Preliminary results

Contributions to the luminosity from enthalpy (red), kinetic energy (purple), 
cooling (blue), radiation (brown), convection (grey), viscosity (green) and heating 

(orange).



Red giant star setup
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Preliminary results and next steps
Fast core, slow envelope. 

What is causing it?

Surface magnetic fields



We need runs with different rotation rates. Some problems had been found,


One way to fix this may be to reduce the luminosity, .ℱ ∼ u3

Next steps
Red giant star setup
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How is the overshoot layer in these simulations?


