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Structure and 
evolution equations

Solar boundary conditions

(a simple overview)
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Solar interior structure modelling

Structure and 
evolution equationsAdditional input

Solar boundary conditions

Constant parameters

● Elemental abundances (X
i
)

- MB22    → Z/X = 0.02249
- AAG21  → Z/X = 0.01866  

● Nuc. reaction rates → S-factors

S
i,j

(0),   S’
i,j

(0),   S”
i,j

(0)

(a simple overview)

Physical quantities relations

● EoS →   ρ(P,T,...)

● Opacity       → κ
R
(ρ,T,X

i
)
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Solar interior structure modelling

Structure and 
evolution equationsAdditional input Solar structure and 

observables

Solar boundary conditions

Constant parameters

● Elemental abundances (X
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(a simple overview)

● Radial profiles

● Sound speed profile  
↔  Helioseismology

● Neutrino outflows
pp, pep, hep, 7Be, 8B,  …

● Calibrated parameters
αMLT  , Rbcz, Yini, ...Physical quantities relations

● EoS →   ρ(P,T,...)

● Opacity       → κ
R
(ρ,T,X

i
)
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● Calibrated parameters
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(ρ,T,X

i
)

Hard-coded in Fortran 
→ recompile each time

Few hours per thread
(GARching STellar Evolution Code)
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Solar interior structure modelling

Structure and 
evolution equationsAdditional input Solar structure and 

observables

Sun as lab for new physics?

● Exotic particles → energy-loss

ε      ε  δε→ -

Solar boundary conditions
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αMLT  , Rbcz, Yini, ...Physical quantities relations

● EoS →   ρ(P,T,...)
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Hard-coded in Fortran 
→ recompile each time

Few hours per thread
(GARching STellar Evolution Code)
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Solar interior structure modelling

Structure and 
evolution equationsAdditional input Solar structure and 

observables

Sun as lab for new physics?

● Exotic particles → energy-loss

ε      ε  δε→ -

Solar boundary conditions

Constant parameters

● Elemental abundances (X
i
)

- MB22    → Z/X = 0.02249
- AAG21  → Z/X = 0.01866  

● Nuc. reaction rates → S-factors

S
i,j

(0),   S’
i,j

(0),   S”
i,j

(0)

(a simple overview)

● Radial profiles

● Sound speed profile  
↔  Helioseismology

● Neutrino outflows
pp, pep, hep, 7Be, 8B,  …

● Calibrated parameters
αMLT  , Rbcz, Yini, ...Physical quantities relations

● EoS →   ρ(P,T,...)

● Opacity       → κ
R
(ρ,T,X

i
)

Hard-coded in Fortran 
→ recompile each time

Few hours per thread

Uncertainties

(GARching STellar Evolution Code)
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Standard Solar Model variations

Input
parameters (const.)

Solve 
equations

Output 
(parameters or functions)
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Standard Solar Model variations

Input
parameters (const.)

Solve 
equations

Output 
(parameters or functions)

Linear approximation:

Much simpler linear system 
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Standard Solar Model variations

Input
parameters (const.)

Solve 
equations

Output 
(parameters or functions)

Linear approximation:

(*) See F. Villante’s talk for the analytical approach (LSM)

Much simpler linear system 

n times(numerical approach)*
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SSM theoretical uncertainties
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SSM theoretical uncertainties

n-dim normal distribution 
of samples (M-C)
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SSM theoretical uncertainties

n-dim normal distribution 
of samples (M-C)
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SSM theoretical uncertainties

n-dim normal distribution 
of samples (M-C)

Standard 
deviation
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SSM theoretical uncertainties

Input uncertainties (SF-III) Neutrino flux prediction uncertainties

n-dim normal distribution 
of samples (M-C)

Standard 
deviation
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Input data
➢ S-factors: 

Solar Fusion III 

➢ Solar abundances:
GS98, AGSS09, C11, 
AAG21, MB22...

➢ Radial profiles (physical, 
chemical, neutrino, etc)

➢ Neutrino outflows at 1AU
+ uncert + corr

➢ Partial derivatives 
(power laws)

Output data

DOI:10.5281/zenodo.10822316

Barcelona 2023 SSM

https://doi.org/10.5281/zenodo.10174170
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Input data
➢ S-factors: 

Solar Fusion III 

➢ Solar abundances:
GS98, AGSS09, C11, 
AAG21, MB22...

➢ Radial profiles (physical, 
chemical, neutrino, etc)

➢ Neutrino outflows at 1AU
+ uncert + corr

➢ Partial derivatives 
(power laws)

Output data

DOI:10.5281/zenodo.10822316

Δp
i  [dex] → 

output Φ
ν
  

~ 2 s →

+    parameter variation routineBarcelona 2023 SSM

https://doi.org/10.5281/zenodo.10174170
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SSM function variations

Sun as lab for new physics? Exotic particles → extra energy-loss
(axions, hidden photons, etc)

Discrete set of parameters Function of continuous variable(s)
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SSM function variations

Sun as lab for new physics? Exotic particles → extra energy-loss
(axions, hidden photons, etc)

Discrete set of parameters Function of continuous variable(s)

Partial derivatives Functional derivatives (Kernels)
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SSM function variations

Sun as lab for new physics? Exotic particles → extra energy-loss
(axions, hidden photons, etc)

Discrete set of parameters Function of continuous variable(s)

Partial derivatives Functional derivatives (Kernels)

PD calculation Kernel calculation

Localized perturbation:

Careful with borders!
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SSM energy-loss Kernels 

n times

Localized perturbations Kernels
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SSM + γ-Axions energy-loss
with Kernels method

γ - Axions 
energy-loss 

in theory:

Numerically → discrete sum + iteration [ i ] 
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SSM + γ-Axions energy-loss
with Kernels method

γ - Axions 
energy-loss 

in theory:

Numerically → discrete sum + iteration [ i ] 
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SSM energy-loss Kernels
+ integration routine (beta)

DOI:10.5281/zenodo.15624062

● Scripts:
- Iterative Kernel * E-loss integration,
          ~ 10 sec per iteration,
- Neutrino outflows integration
- Plotting scripts

● Model/Kernels data:
- B23 SSM_MB22 (expanded for Kernels)
- Kernels
- SSM+gAxion (g10=1–10)
- SSM+hidden photons (hp=1–6)

● Several examples: 
Energy-loss functions, input, output, etc

https://doi.org/10.5281/zenodo.15624062
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SSM + γ-Axions 
with Kernels method
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Y.Herrera, F. Villante, A. Serenelli, M. Maltoni?, C. Sanchez-García? (article in preparation)
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Thank you!

DOI:10.5281/zenodo.15624062DOI:10.5281/zenodo.10822316

0000-0002-6469-1942

I’m for hire!!

Yago Herrera

https://doi.org/10.5281/zenodo.15624062
https://doi.org/10.5281/zenodo.10174170
https://orcid.org/0000-0002-6469-1942

