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A previously unexplored EP source: 

particle acceleration by turbulence 

induced magnetic reconnection within 

the disc.

Based on magnetic reconnection, 
and account for flares with a spatial 
extent that propagate along 
magnetic field lines.

Young star



Particle Acceleration in 
T Tauri Flares

How to model particles acceleration by magnetic reconnection?
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Arnold et al. (2021)

Arnold, H., Drake, J. F., Swisdak, M., Guo, F., Dahlin, J. T., Chen, B., ... & Shen, C. (2021). Electron acceleration during macroscale magnetic reconnection. Physical review 
letters, 126(13), 135101.
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Chandra



As a source 
of funding for the

contenders

Energetic particles produced by flares ionise the disc

13:    Particle acceleration site

e, p

Infrared
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A typical flare temperature

Far above standard sources

EP from flare dominate the ionisation 
at their luminosity peak



18

With Flares 

  

 No Flare  

Increased temperatures at the surface

Brunn et al. 2024
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Meskini et al. 2024
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Brunn et al. 2024
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NIRSpec Synthetic spectra
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Particle Acceleration 
by turbulence induced 
magnetic reconnection

How to model particles acceleration by  magnetic reconnection in turbulence ?
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We assume that the size of a turbulent eddy L is 
equal to the reconnection length

Xu & Lazarian (2022)
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A fraction of the thermal particles from 
the disc are accelerated to supra-thermal 
energies by magnetic reconnection
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Gamma d’Euler function



27

Brunn et al. (2026)
Brunn et al. (2026)

There is an 
optimal 
height that 
maximises 
the EP 
energy

1 AU
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Brunn et al. (2026)
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EP contribute more than 
the sum of all other sources

More than 10% of the sum 
of all other sources

Brunn et al. (2026)



30intermediate layer
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With additional EP source

Without additional EP source

Difference EP - No EP
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HCN, C2H2:
strong increase

NH3:
decrease

Most species : unaffected



33



34

Locally accelerated EPs must be 
considered and further studied 

for a better description of 
protoplanetary discs



As a prize 
for the fighting

Monte Carlo Analysis to account for temporal effects from YSO 
observations

As a prize 
for the fighting

Duration distribution.

Luminosity distribution.

Frequency distribution. 
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Getman et al. (2021) Getman et al. (2021)



Perspectives 

Develop a model of turbulent reconnection that could occur farther in the disc

Work on the effects on chemistry and production of the synthetic JWST 

spectra

Extend our propagation model to high column density, accounting for diffusion

Short term perspectives:
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Perspectives 

Develop a model of turbulent reconnection that could occur farther in the disc

Short term perspectives:

Middle term perspectives:

Study the effects of EP propagating in winds and jets

Estimate the production of radioactive isotopologues in discs, important for 

planetesimals geology

Extend our propagation model at high column density, accounting for diffusion

Work on the effects on chemistry and production of the synthetic JWST 

spectra
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As a source 
of funding for the

contenders
As a prize 

for the fighting

Normalising the supra-thermal particle energy distribution 

As a prize 
for the fighting

We assume that the X-ray emission is 

bremsstrahlung radiation.  

 

Brunn et al. (2023)

Density as a function of flare size 

Flare size as a function of temperature
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Getman et al. 
(2008)

Getman et al. (2008)



Energetic particles affect the accretion processes in discs
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No Flare With Flares

 

 

 

 

Accounting for flares reduces the size of the dead-zone in the inner disc



Energetic particles affect the accretion processes in discs
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Accounting for flares 

reduce the dead-zone size 

in the inner disc.

The reduction of the dead 

zone size leads to an 

increase of the accretion 

rate. 
Brunn et al. (2024 sub)

Toy model of Accretion Rate



As a prize 
for the fighting

The Energy Loss Function

As a prize 
for the fighting
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The Electron energy loss functions

42

Coulombian losses 
dominate at low 
energy and low 
column density (high 
temperature) 

Brunn et al. (2023)

Schlieckeiser et al. (2013)

Schlickeiser, R. (2013). Cosmic ray astrophysics. Springer Science & Business Media.



The Electron energy loss functions

43

Rovibrational losses 
dominate at low energy 
and high column density 

Brunn et al. (2023)

Dalgarno et al. (1999)

Schlickeiser, R. (2013). Cosmic ray astrophysics. Springer Science & Business Media.
Dalgarno, A., Yan, M., & Liu, W. (1999). Electron energy deposition in a gas mixture of atomic and molecular hydrogen and helium. The Astrophysical Journal Supplement 
Series, 125(1), 237.



The Electron energy loss functions
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Ionisation losses dominate 
at intermediate energy

Brunn et al. (2023)

Schlickeiser, R. (2013). Cosmic ray astrophysics. Springer Science & Business Media.
Dalgarno, A., Yan, M., & Liu, W. (1999). Electron energy deposition in a gas mixture of atomic and molecular hydrogen and helium. The Astrophysical Journal Supplement 
Series, 125(1), 237.



The Electron energy loss functions
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Radiative losses 
dominate at high energy

Brunn et al. (2023)

Schlickeiser, R. (2013). Cosmic ray astrophysics. Springer Science & Business Media.
Dalgarno, A., Yan, M., & Liu, W. (1999). Electron energy deposition in a gas mixture of atomic and molecular hydrogen and helium. The Astrophysical Journal Supplement 
Series, 125(1), 237.



Ionisation 
rate

 

Injection model
(magnetic reconnection)

Disc Model

Padovani et al. 2009

 

 

(CSDA)



 



Particles 
penetrate above 
the disc and 
propagates along 
the MF lines

:    Position of particle penetration site



Vertical : Reference

Hyperbolic : Standard disc

Quartic : Differential accretion 
in the disc

Magnetic Configurations

: Flare position



Toroidal Magnetic Configurations

Particles explore different 
column densities for each 
configuration



Bremsstrahlung Luminosity (erg/s):

 

Getman, K. et al. (2008) The Astrophysical Journal.

 Density as a function of flare size 

Flare size as a function of temperature



H2H2

H2H2

H

H

H

H

Plasma

Plasma

Plasma

Plasma

ProDiMo 
solutions 
considering 
the X-ray 
emission of 
the flare

Disk model for 10MK flare

Disk model for 1MK flare

Disk model for 100MK flare

Disk model no X-rays from the flare



100 MK Flare

1 MK Flare

10 MK Flare

ProDiMo computes the chemical structure of the 
disc for different flare temperatures

Atomic 
hydrogen is 
present 
deeper in the 
disc for hot 
flares with 
strong X-ray 
emission



Power law spectrum as in 
solar flares

 

 

Particle 
Injection

 



 

Oka, M et al. (2018). Space Science Reviews.
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Ball, D., Sironi, L., & Özel, F. (2018). The Astrophysical 
Journal.
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Ball, D., Sironi, L., & Özel, F. (2018). The Astrophysical 
Journal.
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Toroidal Magnetic Configurations

 

 

Arnold et al. 2021



Each spectrum injects the 
same amount of energy

The total energy is regulated 
by the injection energy of non 
thermal particles
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We build a mean loss 
function at each position

Mean Loss function
 

 

 



We build a mean loss 
function at each position

Mean Loss function
 

 

 



Two regions:

-Atomic hydogen dominated
-Molecular hydogen 

dominated

Mean Loss function

 



 

 

 

 

 



Particle's  
trajectory  
depends on 
initial  pitch 
angle
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Spectra have to be 
summed over 
pitch angles

 



Ionisation 
rate

 

 



Hotter flare, 
higher ionisation 
rate

Even weak flares 
are a dominant 
source of 
ionisation

Brunn et al (2023) MNRAS



 

Ionisation rate

Lower index, 
higher ionisation
rate

 



Monte-Carlo 
Analysis

Luminosity  distribution

Duration distribution

Waiting time distribution

Position of occurence

PMS Observations
(Getman 2021) 

Solar Observations
(Aschwanden 2010)

Based on loop size
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Monte-Carlo 
Analysis

Luminosity  distribution

Duration distribution

Waiting time distribution

Position of occurence

PMS Observations

Solar Observations

Derived from luminosity and 
duration distribution

Power-law

Pareto II 

Poissonian



Luminosity distribution

Getman et al. 21 (ApJ)

Sample of more than 
20 000 PMS of 40 star 
forming regions

X ray observations from 
CHANDRA



Luminosity Distribution

Getman et al. 21 (ApJ)

 

 



Position of occurrence

C. O. G. Waterfall et al. (2020)

 

 



Position of occurrence

 

 



 

Top view of the disc

(au)

Cross section of the flare loop with the disc



Alternative Position Distribution 



MRI active region



Temporal evolution of the flare luminosity

  

 

 

(Getman 2021)

Exponential rise 
and decay of the 
luminosity



Rate equation for electron density

 

 

Initial conditions are fixed by ProDiMo 



(ks)

 

Luminosity profil 

Electron density at different deepness as function of time



(ks)

 

Luminosity profil 

Electron density at different deepness as function of time



Waiting time between two solar flares

Aschwanden et al. 2010

Data are from 
solar flares

We assume the 
same 
distribution for 
T Tauri stars

 

(s)



Luminosity Distribution of Flares from PMS

Data 
Getman et al. 2021

 

Extrapolation

 

 



Parameters are 
chosen randomely 
according to their 
observed 
distributions

Modelisation of the X ray luminosity of the flares of a PMS



Energetic particles affect the observational tracers in discs
Synthetic JWST spectra

As a prize 
for the fighting

The CO and OH emission 

lines are very sensitive to 

EP

In the future we will use 

JWST spectra to 

constrain our model

Coronal Flares 

Two ProDiMo models without Flares 
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OH emission lines 

Star-Disc Flares 
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As a source 
of funding for the

contenders

As a prize 
for the fighting

There are many types of magnetic reconnection

As a prize 
for the fighting

Reconnection is dominated by 

collisional or non-collisional 

processes, with or without 

plasmoids, turbulent or not, 2D or 3D, 

etc. 
The type of reconnection determines 

the acceleration processes and 

ultimately the particle energy 

distribution. 
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Ji et al. 2022



As a source 
of funding for the

contenders

As a prize 
for the fighting

We estimate the reconnection regime in T Tauri flares

Ji and Daughton (2011)
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As a source 
of funding for the

contenders

As a prize 
for the fighting

We can estimate the reconnection regime

Ji and Daughton (2011)

As a prize 
for the fighting

The reconnection regime can be 

determined based on temperature, 

density, magnetic fields intensity and 

the length of the reconnecting layer.

The reconnection regime in T Tauri 

flare is “Multiple X-line collisional”.
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T Tauri flares
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