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AGB stars

• Low and intermediate mass

• 𝑀𝑖𝑛𝑖 ∈ 0.8 M⊙, 8 M⊙

• Significant mass loss
• ሶ𝑀 = 10−8 − 10−4 M⊙/yr

• 𝑣∞ = 5 − 25 km/s

• Dust-driven wind

Evolution of 1 M⊙ star



Decin (2021)Decin (2021)

AGB’s dust-driven wind



AGB outflows

• Non-spherically 
symmetric

• Companion perturbed

• understanding through 
simulations

Decin et al. (2020)



Hydrodynamic setup

• 3D Smoothed Particle Hydrodynamics (SPH)

• External acceleration

• Ԧ𝑎 = −
𝐺𝑀𝐴𝐺𝐵

𝑟1
2 1 − Γ Ƹ𝑟1 −

𝐺𝑀𝑐𝑜𝑚𝑝

𝑟2
2 Ƹ𝑟2



Hydrodynamic setup

• 3D Smoothed Particle Hydrodynamics (SPH)

• External acceleration

• Ԧ𝑎 = −
𝐺𝑀𝐴𝐺𝐵

𝑟1
2 1 − Γ Ƹ𝑟1 −

𝐺𝑀𝑐𝑜𝑚𝑝

𝑟2
2 Ƹ𝑟2

Gravity 
AGB star



Hydrodynamic setup

• 3D Smoothed Particle Hydrodynamics (SPH)

• External acceleration

• Ԧ𝑎 = −
𝐺𝑀𝐴𝐺𝐵

𝑟1
2 1 − Γ Ƹ𝑟1 −

𝐺𝑀𝑐𝑜𝑚𝑝

𝑟2
2 Ƹ𝑟2

Gravity 
AGB star

Gravity 
companion



Hydrodynamic setup

• 3D Smoothed Particle Hydrodynamics (SPH)

• External acceleration

• Ԧ𝑎 = −
𝐺𝑀𝐴𝐺𝐵

𝑟1
2 1 − Γ Ƹ𝑟1 −

𝐺𝑀𝑐𝑜𝑚𝑝

𝑟2
2 Ƹ𝑟2

Gravity 
AGB star

wind 
launching

Gravity 
companion



Hydrodynamic setup

• 3D Smoothed Particle Hydrodynamics (SPH)

• External acceleration

• Ԧ𝑎 = −
𝐺𝑀𝐴𝐺𝐵

𝑟1
2 1 − Γ Ƹ𝑟1 −

𝐺𝑀𝑐𝑜𝑚𝑝

𝑟2
2 Ƹ𝑟2

Gravity 
AGB star

wind 
launching

Gravity 
companion

,     Γ = 1



Hydrodynamic setup

• 3D Smoothed Particle Hydrodynamics (SPH)

• External acceleration

• Ԧ𝑎 = −
𝐺𝑀𝐴𝐺𝐵

𝑟1
2 1 − Γ Ƹ𝑟1 −

𝐺𝑀𝑐𝑜𝑚𝑝

𝑟2
2 Ƹ𝑟2

• Eddington factor: radiative acceleration

• Γ =
𝜅𝐹/𝑐

𝐺𝑀𝐴𝐺𝐵/𝑟1
2 , 𝜅 𝑇𝑒𝑞 =

𝜅𝑚𝑎𝑥

1+𝑒𝑥𝑝 (𝑇𝑒𝑞−𝑇𝑐𝑜𝑛𝑑)/𝛿
+ 𝜅𝑔

Gravity 
AGB star

wind 
launching

Gravity 
companion

,     Γ = 1



Hydrodynamic setup

• 3D Smoothed Particle Hydrodynamics (SPH)

• External acceleration

• Ԧ𝑎 = −
𝐺𝑀𝐴𝐺𝐵

𝑟1
2 1 − Γ Ƹ𝑟1 −

𝐺𝑀𝑐𝑜𝑚𝑝

𝑟2
2 Ƹ𝑟2

• Eddington factor: radiative acceleration

• Γ =
𝜅𝐹/𝑐

𝐺𝑀𝐴𝐺𝐵/𝑟1
2 , 𝜅 𝑇𝑒𝑞 =

𝜅𝑚𝑎𝑥

1+𝑒𝑥𝑝 (𝑇𝑒𝑞−𝑇𝑐𝑜𝑛𝑑)/𝛿
+ 𝜅𝑔

Gravity 
AGB star

wind 
launching

Gravity 
companion

,     Γ = 1



Approximations

Approximations 𝚪 𝑻𝒆𝒒

Free-wind Γ = 1

Geometrical Γ =
𝜅𝐿𝐴𝐺𝐵

4𝜋𝑐𝐺𝑀𝐴𝐺𝐵
𝑇𝑒𝑞

4 =
1

2
1 − 1 −

𝑅⋆

𝑟

2

𝑇⋆
4

Lucy Γ =
𝜅𝐿𝐴𝐺𝐵

4𝜋𝑐𝐺𝑀𝐴𝐺𝐵
𝑇𝑒𝑞

4 =
1

2
1 − 1 −

𝑅⋆

𝑟

2

+
2

3
𝜏𝐿 𝑇⋆

4

Attenuation Γ =
𝜅𝐿𝐴𝐺𝐵

4𝜋𝑐𝐺𝑀𝐴𝐺𝐵
𝑒−𝜏

𝑇𝑒𝑞
4 =

1

2
1 − 1 −

𝑅⋆

𝑟

2

𝑒−𝜏𝑇⋆
4



Approximations

Approximations 𝚪 𝑻𝒆𝒒

Free-wind Γ = 1

Geometrical Γ =
𝜅𝐿𝐴𝐺𝐵

4𝜋𝑐𝐺𝑀𝐴𝐺𝐵
𝑇𝑒𝑞

4 =
1

2
1 − 1 −

𝑅⋆

𝑟

2

𝑇⋆
4

Lucy Γ =
𝜅𝐿𝐴𝐺𝐵

4𝜋𝑐𝐺𝑀𝐴𝐺𝐵
𝑇𝑒𝑞

4 =
1

2
1 − 1 −

𝑅⋆

𝑟

2

+
2

3
𝜏𝐿 𝑇⋆

4

Attenuation Γ =
𝜅𝐿𝐴𝐺𝐵

4𝜋𝑐𝐺𝑀𝐴𝐺𝐵
𝑒−𝜏

𝑇𝑒𝑞
4 =

1

2
1 − 1 −

𝑅⋆

𝑟

2

𝑒−𝜏𝑇⋆
4



Approximations

Approximations 𝚪 𝑻𝒆𝒒

Free-wind Γ = 1

Geometrical Γ =
𝜅𝐿𝐴𝐺𝐵

4𝜋𝑐𝐺𝑀𝐴𝐺𝐵
𝑇𝑒𝑞

4 =
1

2
1 − 1 −

𝑅⋆

𝑟

2

𝑇⋆
4

Lucy Γ =
𝜅𝐿𝐴𝐺𝐵

4𝜋𝑐𝐺𝑀𝐴𝐺𝐵
𝑇𝑒𝑞

4 =
1

2
1 − 1 −

𝑅⋆

𝑟

2

+
2

3
𝜏𝐿 𝑇⋆

4

Attenuation Γ =
𝜅𝐿𝐴𝐺𝐵

4𝜋𝑐𝐺𝑀𝐴𝐺𝐵
𝑒−𝜏

𝑇𝑒𝑞
4 =

1

2
1 − 1 −

𝑅⋆

𝑟

2

𝑒−𝜏𝑇⋆
4



Approximations

Approximations 𝚪 𝑻𝒆𝒒

Free-wind Γ = 1

Geometrical Γ =
𝜅𝐿𝐴𝐺𝐵

4𝜋𝑐𝐺𝑀𝐴𝐺𝐵
𝑇𝑒𝑞

4 =
1

2
1 − 1 −

𝑅⋆

𝑟

2

𝑇⋆
4

Lucy Γ =
𝜅𝐿𝐴𝐺𝐵

4𝜋𝑐𝐺𝑀𝐴𝐺𝐵
𝑇𝑒𝑞

4 =
1

2
1 − 1 −

𝑅⋆

𝑟

2

+
2

3
𝜏𝐿 𝑇⋆

4

Attenuation Γ =
𝜅𝐿𝐴𝐺𝐵

4𝜋𝑐𝐺𝑀𝐴𝐺𝐵
𝑒−𝜏

𝑇𝑒𝑞
4 =

1

2
1 − 1 −

𝑅⋆

𝑟

2

𝑒−𝜏𝑇⋆
4



Ray-tracer



Ray-tracer



Ray-tracer



Ray-tracer



Ray-tracer

At each point K:
• 𝜅𝑖  𝜌𝑖

• 𝑑𝑖



Ray-tracer

At each point K:
• 𝜅𝑖  𝜌𝑖

• 𝑑𝑖



Ray-tracer

At each point K:
• 𝜅𝑖  𝜌𝑖

• 𝑑𝑖



Ray-tracer

At each point K:
• 𝜅𝑖  𝜌𝑖

• 𝑑𝑖



Ray-tracer

At each point K:
• 𝜅𝑖  𝜌𝑖

• 𝑑𝑖



Ray-tracer

At each point K:
• 𝜅𝑖  𝜌𝑖

• 𝑑𝑖



Ray-tracer

At each point K:
• 𝜅𝑖  𝜌𝑖

• 𝑑𝑖



Ray-tracer

At each point K:
• 𝜅𝑖  𝜌𝑖

• 𝑑𝑖



Ray-tracer

At each point K:
• 𝜅𝑖  𝜌𝑖

• 𝑑𝑖



Ray-tracer

At each point K:
• 𝜅𝑖  𝜌𝑖

• 𝑑𝑖

𝜏 = ⋆𝑅׬

𝑟
d𝜏 ≈ σ𝑖 Δ𝜏𝑖 

   = σ𝑖
𝜅𝑖 𝜌𝑖+𝜅𝑖+1 𝜌𝑖+1

2
Δ𝑠𝑖 



Ray-tracer

At each point K:
• 𝜅𝑖  𝜌𝑖

• 𝑑𝑖

• 𝜏𝑖

𝜏 = ⋆𝑅׬

𝑟
d𝜏 ≈ σ𝑖 Δ𝜏𝑖 

   = σ𝑖
𝜅𝑖 𝜌𝑖+𝜅𝑖+1 𝜌𝑖+1

2
Δ𝑠𝑖 



3D → Healpix
Order 0 Order 1

Order 3 Order 2
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Interpolation along a ray

At each point K:
• 𝜏𝑖

Linear interpolations
between points

𝜏 at closest point
along the ray
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Interpolation in between rays

Trace more rays

Interpolate 𝜏 between
closest rays
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Lucy

Attenuation

• Full 3D radiation 
transfer code 
Magritte

• Lucy 
approximation 
most accurate

Validation 
Study



Conclusions

• Dust formation and radiative 
transfer is crucial

• Different approximations can 
make significant changes

• Lucy approximation most 
accurate

Esseldeurs et al. (2023)



Future work

• Combination of Lucy and 
attenuation approximation

• Couple Phantom to MCFOST 
for full radiation transfer 
calculation

Esseldeurs et al. (2023)



Tripple simulations and disk formation

Malfait+ (in prep. a,b) 

Jolien Malfait



Maes+ (in prep.) 

Silke Maes

Machine learning Approach
to Chemistry Emulation (MACE)



AMUSE

Steven Rieder

?



• Open-source software library for 
3D non-LTE line radiative transfer
De Ceuster+ (2020a,b; 2022), Ceulemans+ (in prep.),
github.com/Magritte-code/Magritte

• Optimize discretization for RT through remeshing
(De Ceuster+ 2020b & accelerated by Ceulemans+ in prep.)

• Traces rays and solves RT equation along each ray

• GPU version in progress

Frederik De 
Ceuster

Thomas 
Ceulemans



Triple system synthetic observationsR Aql observation

Jolien Malfait



Jolien Malfait Owen
Vermeulen



Jolien Malfait Owen
Vermeulen



Frederik De 
Ceuster

De Ceuster+ (in prep.) 
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