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Introduction to PINNs



Physics Informed NNs (PINNs)



Neural Networks (NNs)

Complex models that can be trained to approximate    
any function or operation

Machine Learning (ML), Deep Learning (DL), Artificial Intelligence (AI)



Physics Informed NNs (PINNs)

– Unknown physics/equations

– High cost of data acquisition

– High-dimensional data

– Missing data, complex noise processes

– Multiple formats (images, time-series, scattered data)

ML                                                                                                                 Simulations    Data                                                                       Models



Neural Networks (NNs)



Physics Informed NNs (PINNs)







First PINN applications     
in MHD



PINN applications in MHD
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PINN applications in MHD

(q,μ, b2, b3, b4, b5, b6, b7,s1,s2)



Pulsar Magnetospheres



What is the reference 
steady-state solution

for Pulsars?



Spitkovsky 2005



Philippov, Kramer 2023



Pulsar Magnetospheres today

• The Y-point at 75% to 85% of the light cylinder 
(in all global PIC simulations of the last 10 years)

• Current sheets cannot be treated with the ideal 
force-free formalism (e.g. the pulsar equation)

• The whole magnetosphere disappears via 
dissipation in the equatorial current sheet within 
a few hundred light cylinders

• Simulations relax to one solution: how about 
mode switching?

• Issues with resolution of global PIC simulations



Solution of 
the Pulsar Equation 

with PINNs



Steady-state in 2D: pulsar equation



Steady-state in 2D: pulsar equation



PINN applications in MHD
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We can do better…



PINN applications in MHD



Old methodology

• Solve the 2D pulsar equation (steady-state)

– Not yet in 3D but doable

• Start with a dipole and set the star in rotation at 
t=0 ➔ the FFE/MHD/PIC simulation relaxes to 
the steady-state (does it?)

• Issues with Current Sheets

– Numerical vs physical dissipation

– Internal structure (non ideal, finite thickness)

• Y-point at ~80% of the light cylinder



Bransgrove, Beloborodov, Levin 2023





New methodology

• Choose ΨS = Ψopen (or θpc)

• Separate closed (IN) and open (OUT) regions

– Monopole OUT ➔equatorial CS disappears!

• Solve IN, solve OUT (e.g. meshless with PINNs)

• Check for pressure imbalance across separatrix

• Adjust separatrix

➔Solution with pressure balance across separatrix

– Equatorial CS restored in the end!

0





Dimitropoulos et al. 2024
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We discovered                   
a new solution!



Contopoulos et al. 2024

75% RLC



Contopoulos et al. 2024
Spitkovsky 2006



Contopoulos et al. 2024
Timokhin 2006



Intermittent pulsars 



Contopoulos et al. 2024
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Solution of 
the 3D Pulsar Equation 

with PINNs

Dimitropoulos, Contopoulos 2024 (work in progress)



Steady-state in 3D

Dimitropoulos, Contopoulos 2024 (work in progress)
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Dimitropoulos, Contopoulos 2024 (work in progress)



Summary

• PINNs possess considerable power
– It is important to recognize their inherent challenges 

and limitations (must never be left unmonitored)

• Minimum energy solution when xY=0.85
– Seen in all global PIC simulations since 2014

• New solutions: as xY→1, Ė→0
– New possibilities for pulsar spindown

• We need to investigate and resolve the above 
issues before embarking into more of the same 
“grand ab-initio” simulations



Future PINN applications



Future PINN applications

• Completion of the 3D pulsar magnetosphere

+ PIC investigation of Y-point and separatrix

• 3D reconstruction of the force-free magnetic 
field in solar active regions (direct spinoff)



Dimitropoulos, Contopoulos 2024 (work in progress)



PINN applications in MHD

Contopoulos, Dimitropoulos, Gontikakis in preparation



PINN applications in MHD

Contopoulos, Dimitropoulos, Gontikakis in preparation



Thank you!
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