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• Estimation of 3D structures from 2D images
is challenging
• optically-thin plasma

• Thomson scattering

How can we fully utilize our observing 
capabilities to estimate the 3D plasma 
distribution in the Heliosphere?



Tomographic reconstruction with Physics-Informed Neural Radiance Fields

from Jarolim et al. under review

• Based on Neural Radiance Fields (Mildenhall et al. 2021) → SuNeRF (Jarolim et al. 2023)



CME Dataset

• Validation with synthetic PUNCH observations (Credits: A. Malanushenko)

– GAMERA simulation – 0.1 AU to 100 𝑹⨀

– Ground truth reference – electron density

– Idealized (no noise, artifacts, background stars)

– Different observer configurations used for method validation

Polarized Brightness – Obs. 1 Polarized Brightness – Obs. 2
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Ecliptic slice of electron density



3D reconstruction of CMEs
Full Ecliptic

• Comparison of 
latitudinal and 
longitudinal 
slices

• Different observer 
configurations →
blue arrows

• More viewpoints 
lead to better 
reconstructions

• 2 viewpoints can 
provide a full 3D 
reconstruction of 
the CME
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CME Tomography – 2 Viewpoints

• Tomographic reconstruction
– Bright front (high-density) + variations

– Dark cavity (low-density)

– Bright core (high-density)

• 2 Viewpoints are sufficient to resolve the 
3D topology of CMEs

• Correct reconstruction of deformed front
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Longitude-slices:



CME Tomography – 2 Viewpoints

• Tomographic reconstruction
– Bright front (high-density) + variations

– Dark cavity (low-density)

– Bright core (high-density)

• 2 Viewpoints are sufficient to resolve the 
3D topology of CMEs

• Correct reconstruction of deformed front
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Full CME Tomography – 2 Viewpoints
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From Simulations to Observations



Learned Corrections

• Observational data has artifacts, 
calibration issues, and F-corona 
contributions

• We include additional learnable 
correction masks →
separate noise and data as part of the 
reconstruction



Learned Corrections

F-Corona Straylight



Learned Corrections

F-Corona Straylight

-



PUNCH corrections

• Observational gaps interpolated 
through temporal smoothness + 
physics constraints

• Continuity equation enforces physical 
stratification of solar atmosphere

• Over- and Under-subtraction are 
intrinsically corrected

Degree of Polarization

Degree of Polarization



Application to Observations

• Reconstruction based on: PUNCH/WFI, STREREO-A/COR2, GOES/CCOR

• Video: observer location, forward rendered pB from 3D reconstruction, integrated density

• Combined view from 3 to 50 𝑹⨀



Coronal Mass Ejection from April 2026



Coronal Mass Ejection from April 2026



Coronal Mass Ejection from April 2026



Probing the 3D morphology of CMEs

• Reconstruction based on: STREREO-A/COR2, STREREO-B/COR2 (2010-03)

• Video: slices at constant longitude of electron density (top) and velocity (bottom)



Inferred 3D Velocity Field

• Density and Velocity at radial slices

– 5 to 15 𝑹⨀

– Velocities through continuity equation

• Coronal holes → fast solar wind
– Low density

– High velocities

• Streamers → slow solar wind
– High density

– Low velocities

• Visible CME shocks in the corona



Conclusion

• Physics-Informed Neural Radiance 
Fields enable 3D reconstruction of the 
Heliosphere from sparse observations
– Including physical constraints can 

overcome viewpoint limitations

– Combines multiple observations into a 
physically consistent 3D representation of 
the Heliosphere

• Next steps:
– Integrated EUV + white-light tomography

– Advance physics model

– Additional instruments (HI, in-situ)

• SuNeRF: github.com/RobertJaro/SuNeRF

• Jarolim et al. 2024
ApJL 961 L31

• SuNeRF-CME; 
• Jarolim et al. under review

SOHO
(1995-)

VIGIL 
(2029)

STEREO-A
(2006-)

STEREO-B
(2006-2014)

L1

L5

L4PUNCH
(2025-)

https://github.com/RobertJaro/SuNeRF
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Application to Filament Eruption (Jarolim et al. 2024)

• White-light and EUV observations could be combined into a single 3D reconstruction

• 3D reconstruction of filament eruption

• Reconstruction from 2 viewpoints (SDO/AIA + STEREO-A/EUVI)

Height from solar center Integrated absorption



Outlook: Density and Temperature reconstructions

• Tomographic reconstruction of electron density and temperature through the 
temperature response function

• Directly combines observations of SDO/AIA and Solar Orbiter/EUI

• 3D density reconstruction of Coronal Hole Boundaries, Active Regions, and Filaments

• a) emission measure; b) rendered SDO/AIA filtergram; c) slice through 3D atmosphere

Jarolim et al. in 

prep,

results in 

model units



Stress Test – Rendered Polar View



Application to Observations - PUNCH

• Reconstruction based on: PUNCH/WFI, STREREO-A/COR2, GOES/CCOR

• Video: forward rendered pB from 3D reconstruction, integrated density, observer location





Derived CME parameters – 2 viewpoints

3 viewpoints Halo-CME Far-side CME

• CME parameters based on 
2 observers from different 
viewpoints (60° separation)
(0°=full halo CME)

• <100° separation to CME:
– ∆Velocity (front): -3%

– ∆Mass: 8% 

– ∆Latitude: 3°

– ∆Longitude: 2°



Importance of Physics Constraints

• Physics constraints improve 
consistency of reconstructions

• Reconstructions without 
physics show:

– Spurious drift of center-of-mass

– Variable mass

– Potential ghost trajectory

– Fuzzy background

a) Slices through ecliptic plane

b) Evolution of CME parameters



Tomographic reconstruction with Physics-Informed Neural Radiance Fields

• Coronal observations are difficult to 
interpret
• Human fitting can be subjective

(e.g., triangulation, CGS reconstruction; Verbeke et al. 2022)

• Tomography: Use observations from 
multiple viewpoints to reconstruct the   
3D plasma distribution in the corona 
and heliosphere.



Tomographic reconstruction with Physics-Informed Neural Radiance Fields

• Small data: known physics and boundary condition

• Solver method for Partial Differential Equations (PDEs)

→ Incorporate additional physics constraints to overcome limitations

• Neural network acts as function approximation 
of simulation/reconstruction volume



Tomographic reconstructions

Howard, Timothy A., and S. James Tappin. "Interplanetary coronal 
mass ejections observed in the heliosphere: 1. Review of theory." 
Space science reviews 147 (2009): 31-54.

Observed brightness 

depends on

scattering geometry

Observed brightness 

and temporal evolution 

provides spatial 

information
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Ghost trajectories can be 

unphysical solutions 
(DeForest et al. 2013)
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