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So

Solar Orbiter Extreme Ultraviolet Imager (EUI) 30/9/2024

Why do we even measure solar magnetic field?



Solar Orbiter Polarimetric and Helioseismic Imager (PHI) 22/3/2023

Photosphere, 617 nm BLOS, magnetogram



G.E. Hale et al. 
(1919)

Pieter Zeeman (NP in 1902)



example:

Energy levels splitting in magnetic field

Transitions between Zeeman sublevels in simple case 
of spectral line (adapted from Trujilo Bueno, 2006)



No magnetic 
field







Weak field approximation 



We need to solve radiative transfer equation!



Propagation of radiation and interaction with 
matter in the presence of a magnetic field

● RTE is hard to solve 
analytically, so we use 
Milne-Eddington approximation 
(Unno, 1956; Rachkovsky, 1962)

● Magnetic field (Zeeman effect), 
velocity, pressure, and other 
parameters are constant with 
height, and the source function 
changes linearly with optical 
depth

propagation matrix source 
function

possible to solve RTE 
analytically, so there is a basis 

for inversion!



Direct problem

atmospheric model

we obtain Stokes 
vector

RTE

* Radiative transfer equation - RTE



Inverse problem

we define 
operator

we look for a 
specific model

problem is 
posed as 
minimization

we use 
Levenberg-Marquardt 
algorithm

response functions



*pixel-by-pixel 
inversion

Milne-Eddington inversion
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Resolving azimuthal 180° ambiguity

All methods are based on additional 
approximations or assumptions; There 
are two general approaches:

a) Choosing the solution closest 
to a reference field (e.g., 
potential field)

b) Minimization of a functional

 

Our approach: a differentiable 
surrogate of so-called Minimum energy 
method. Reasons for this choice are:

a) Global method - disambiguation 
informed by spatial context, not 
pixel-isolated

b) Physical basis - acute angle 
(potential reference) + Jz² (current 
minimization) + dBz/dz (divergence 
constraint)

 c) Proven superiority - MEM was the 
top performer in the Metcalf et al. 
(2006) comparison



Minimum energy method

● Minimization of 
divergence yields a 
physically-based 
solution

● Minimization of the 
vertical component 
of the current 
density yields a 
smoothness condition

Horizontal derivatives → finite differences

Vertical derivative → the so-called spectral 
method



Minimum energy method 
→ simulated annealing

● For every pixel, adding 180°  
to the azimuth is proposed

● if change decreases energy it 
is accepted

● if change increases energy, 
it is accepted with 
probability that depends on 
temperature

The system is gradually cooled 
by decreasing the temperature!











Why machine learning and what’s been done so far?

Socas-Navarro (2005) - Strategies for Spectral Profile Inversion 
Using Artificial Neural Networks

Asensio Ramos & Díaz Baso (2019) - Stokes Inversion based on 
Convolutional Neural Networks

Milić & Gafeira (2020) - Mimicking spectropolarimetric inversions 
using convolutional neural networks

Higgins et al. (2022) - SynthIA: A Synthetic Inversion Approximation 
for the Stokes Vector Fusing SDO and Hinode into a Virtual 
Observatory

Jarolim et al. (2025) - PINN ME: A Physics-Informed Neural Network 
Framework for Accurate Milne-Eddington Inversions of Solar Magnetic 
Fields



Convolutional Neural Networks

Convolution - a small kernel 
(e.g., 3×3) slides across the 
input, applying the same weights 
at every spatial position

Translation invariance - the 
operation is identical everywhere; 
physical laws don't care where in 
the field of view we look

Receptive field - each output 
pixel "sees" only a small 
neighbourhood of the input; 
stacking layers expands this 
neighbourhood









RESULTS



Dataset we test this on

















CONCLUSION
Self-supervised dilated CNN performs ME inversion and 180° 
disambiguation simultaneously!
Acute angle loss is the critical disambiguation component
Jz² provides regularization but cannot disambiguate fully alone
∇·B term unreliable at native resolution - ongoing work

Ongoing work:

Quantifying where and how badly the FFT potential-field closure fails 
across different magnetic structures

Future work:

Multi-height inversions for true ∂Bz/∂z
Application to Solar Orbiter PHI data
Uncertainty quantification


