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Is Parker’s topological dissipation by nanoflare-storms an effective mechanism for magnetic energy dissipation?

MHD modelling: full 3D simulation of two interacting magnetic threads undergoing a global MHD instability.

How can MUSE spectrograph improve our understating on coronal heating?



Photosphere:        K hot, optically thick, absorption lines;


Chromosphere:    K hot, optically thick, emission features;


Corona:                 K hot, optically thin, emission features,
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Addressing the coronal heating problem

Transition region (  100 km).<



Visible light during solar eclipse EUV Coronal loop (EUV)

How the solar corona is heated to millions Kelvin degrees? 



Visible light during solar eclipse EUV Coronal loop (EUV)

How the solar corona is heated to millions Kelvin degrees? 

Magnetic field as reservoir of energy: 

• What kind of mechanisms can efficiently convert magnetic energy into heat?


• How this different processes cooperate with each other?


• How the problem can be addressed by including the unavoidable and continuous interactions between 
corona, photosphere and chromosphere?



Magnetic stress based heating mechanisms
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Topological dissipation (Parker, 1971):  large-scale magnetic field possesses 
a hydrostatic equilibrium only if the pattern of small-scale variations is uniform 
along the large-scale field […] The result is rapid dissipation and field-line 
merging, which quickly reduces the topology to the simple equilibrium form.

From Large scales …

… to small scales



Large scale magnetic structures;

Irregular ad structured photospheric motions;

Multi-thread structuring;

Small scales, diffused heating.

• Initial condition: multi threaded, highly 
twisted magnetic structure;


• Domino effect: localised instability leading to 
a large heating event;


• Kink Instability as key element for large scale 
energy release: initial helical perturbation 
fragments in a turbulent way. Can trigger an 
MHD avalanche.


• Topological dissipation (Parker, 1971):  
large-scale magnetic field resulting in rapid 
dissipation and field-line merging, to restore 
the topology to the simple equilibrium form;


• State of the art: Tam et al 2015, Hood et al 
2016, Reid et al 2018, 2020 with relatively 
simple homogeneous atmosphere.


MHD avalanches 

Key points

Hood et al. 2016:  23 threads, mid plane current

Kink-instability



Address multiple strands interaction and instabilities 
as in Hood et al 2016;

Include Chromosphere-TR-Corona Interactions 
(stratified atmosphere): Reale et al 2016 model of a 
twisted coronal loop;


Reale et al. 2016:  temperature

Goals

Independent 
chromospheres

Independent 
chromospheres

straightened loop 
(vertical flux tube)

Full MHD equations:

Gravity

Thermal 
conduction

Radiative losses
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Pluto Code (Mignone et al. 2007);

MHD equation in eulerian conservative form;

• Mass continuity equation

• Momentum Equation 

• Energy Equation 

• Magnetic Induction Equation + CS

• Ideal gas law

Stretched geometry (loop length >> width); 

Gravity for curved loops;

Stratified atmosphere (chromosphere + TR + corona), 

• back ground heating,

• thermal conduction, 

• radiative cooling,

• plasma beta variation, 

• magnetic field tapering,

Boundary conditions: 

• smooth rotational plasma motions at photospheric 

boundaries;   

• periodic lateral BC;   

Numerical approach 
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∇ ⋅ ⃗B = 0

P = (γ − 1)ρϵ =
2kb

μmH
ρT

Pluto Code (Mignone et al. 2007);
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• Magnetic Induction Equation + CS

• Ideal gas law

Stretched geometry (loop length >> width); 

Gravity for curved loops;

Stratified atmosphere (chromosphere + TR + corona), 

• back ground heating,

• thermal conduction, 

• radiative cooling,

• plasma beta variation, 

• magnetic field tapering, 

Boundary conditions: 

• smooth rotational plasma motions at photospheric 

boundaries;   

• periodic lateral BC; 

Numerical approach 
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Pluto Code (Mignone et al. 2007);

MHD equation in eulerian conservative form; 
• Mass continuity equation

• Momentum Equation  
• Energy Equation 

• Magnetic Induction Equation + CS

• Ideal gas law

Stretched geometry (loop length >> width); 

Gravity for curved loops;

Stratified atmosphere (chromosphere + TR + corona), 

• back ground heating,

• thermal conduction, 

• radiative cooling,

• plasma beta variation, 

• magnetic field tapering,

Boundary conditions: 

• smooth rotational plasma motions at photospheric 

boundaries;   

• periodic lateral BC; 

Numerical approach 
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∇ ⋅ ⃗B = 0

P = (γ − 1)ρϵ =
2kb

μmH
ρT

Numerical approach 
Pluto Code (Mignone et al. 2007);

MHD equation in eulerian conservative form; 
• Mass continuity equation

• Momentum Equation 

• Energy Equation  
• Magnetic Induction Equation + CS

• Ideal gas law

Stretched geometry (loop length >> width); 

Gravity for curved loops;

Stratified atmosphere (chromosphere + TR + corona), 

• back ground heating,

• thermal conduction, 

• radiative cooling,

• plasma beta variation, 

• magnetic field tapering,

Boundary conditions: 

• smooth rotational plasma motions at photospheric 

boundaries;   

• periodic lateral BC;  



Pluto Code (Mignone et al. 2007);
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• Energy Equation 
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• Ideal gas law

Stretched geometry (loop length >> width); 

Gravity for curved loops;

Stratified atmosphere (chromosphere + TR + corona), 

• back ground heating,

• thermal conduction, 

• radiative cooling,

• plasma beta variation, 

• magnetic field tapering,

Boundary conditions: 

• smooth rotational plasma motions at photospheric 

boundaries;   

• periodic lateral BC; 
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Numerical approach 




∇ ⋅ ⃗B = 0

P = (γ − 1)ρϵ =
2kb

μmH
ρT

Pluto Code (Mignone et al. 2007);

MHD equation in eulerian conservative form; 
• Mass continuity equation

• Momentum Equation 

• Energy Equation 

• Magnetic Induction Equation + CS

• Ideal gas law 
Stretched geometry (loop length >> width); 

Gravity for curved loops;

Stratified atmosphere (chromosphere + TR + corona), 

• back ground heating,

• thermal conduction, 

• radiative cooling,

• plasma beta variation, 

• magnetic field tapering, 

Boundary conditions: 

• smooth rotational plasma motions at photospheric 

boundaries;   

• periodic lateral BC; 

Numerical approach 

(constrained transport approach)
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Chromosphere

Corona

Loop structure: stretched flux tube

T = 104 K T = 104 KT = 106 K

Pluto Code (Mignone et al. 2007);

MHD equation in eulerian conservative form;

• Mass continuity equation

• Momentum Equation 

• Energy Equation 

• Magnetic Induction Equation + CS

• Ideal gas law

Stretched geometry (loop length >> width); 

Gravity for curved loops;

Stratified atmosphere (chromosphere + TR + corona), 

• back ground heating,

• thermal conduction, 

• radiative cooling,

• plasma beta variation, 

• magnetic field tapering,

Boundary conditions: 

• smooth rotational plasma motions at photospheric 

boundaries;   

• periodic lateral BC; 

Numerical approach 
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21

Pluto Code (Mignone et al. 2007);

MHD equation in eulerian conservative form;

• Mass continuity equation

• Momentum Equation 

• Energy Equation 

• Magnetic Induction Equation + CS

• Ideal gas law

Stretched geometry (loop length >> width); 

Gravity for curved loops; 
Stratified atmosphere (chromosphere + TR + corona), 

• back ground heating,

• thermal conduction, 

• radiative cooling,

• plasma beta variation, 

• magnetic field tapering,

Boundary conditions: 

• smooth rotational plasma motions at photospheric 

boundaries;   

• periodic lateral BC; 

Numerical approach 



Pluto Code (Mignone et al. 2007);

MHD equation in eulerian conservative form;

• Mass continuity equation

• Momentum Equation 

• Energy Equation 

• Magnetic Induction Equation + CS

• Ideal gas law

Stretched geometry (loop length >> width); 

Gravity for curved loops;

Stratified atmosphere (chromosphere + TR + corona), 

• back ground heating, 
• thermal conduction, 

• radiative cooling,

• plasma beta variation, 

• magnetic field tapering,

Boundary conditions: 

• smooth rotational plasma motions at photospheric 

boundaries;   

• periodic lateral BC; 

Numerical approach 
ρE
∂t

+ ∇ ⋅ [ ⃗u(ρE + Pt) + ⃗B ( ⃗u ⋅ ⃗B )] =
= ρ ⃗u ⋅ ⃗g − nenHP(T) − ∇Fc + H0

Energy equation:

Background heating: H0 = 10−3T3.5
6 L−2
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F =
Fsat

Fsat + |Fclass |
|Fclass |

Fclass = k||b̂(b̂ ⋅ ∇T ) + k⊥[∇T − b̂(b̂ ⋅ ∇T )]

Thermal conduction:

Fsat = 5ϕρc3
s

Anisotropic heat transport:

Heat flux saturation:



Pluto Code (Mignone et al. 2007);

MHD equation in eulerian conservative form;

• Mass continuity equation

• Momentum Equation 

• Energy Equation 

• Magnetic Induction Equation + CS

• Ideal gas law

Stretched geometry (loop length >> width); 

Gravity for curved loops;

Stratified atmosphere (chromosphere + TR + corona), 

• back ground heating,

• thermal conduction, 

• radiative cooling, 
• plasma beta variation, 

• magnetic field tapering,

Boundary conditions: 

• smooth rotational plasma motions at photospheric 

boundaries;   

• periodic lateral BC; 

Numerical approach 
ρE
∂t

+ ∇ ⋅ [ ⃗u(ρE + Pt) + ⃗B ( ⃗u ⋅ ⃗B )] =
= ρ ⃗u ⋅ ⃗g − nenHP(T) − ∇Fc + H0

Energy equation:

Background heating: H0 = 10−3T3.5
6 L−2
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F =
Fsat

Fsat + |Fclass |
|Fclass |

Fclass = k||b̂(b̂ ⋅ ∇T ) + k⊥[∇T − b̂(b̂ ⋅ ∇T )]

Thermal conduction:

Fsat = 5ϕρc3
s

Anisotropic heat transport:

Heat flux saturation:

Radiative losses per unit E.M. : CHIANTI



Pluto Code (Mignone et al. 2007);

MHD equation in eulerian conservative form;

• Mass continuity equation

• Momentum Equation 

• Energy Equation 

• Magnetic Induction Equation + CS

• Ideal gas law

Stretched geometry (loop length >> width); 

Gravity for curved loops;

Stratified atmosphere (chromosphere + TR + corona), 

• back ground heating,

• thermal conduction, 

• radiative cooling,

• plasma beta variation,  
• magnetic field tapering,

Boundary conditions: 

• smooth rotational plasma motions at photospheric 

boundaries;   

• periodic lateral BC; 

Numerical approach 

Chromosphere β ≫ 1
Corona β ≪ 1



Pluto Code (Mignone et al. 2007);

MHD equation in eulerian conservative form;

• Mass continuity equation

• Momentum Equation 

• Energy Equation 
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Gravity for curved loops;

Stratified atmosphere (chromosphere + TR + corona), 

• back ground heating,

• thermal conduction, 

• radiative cooling,

• plasma beta variation, 

• magnetic field tapering, 
Boundary conditions: 

• smooth rotational plasma motions at photospheric 

boundaries;   

• periodic lateral BC; 

Numerical approach 

Chromosphere β ≫ 1
Corona β ≪ 1

Magnetic field expansion 
from footpoints



Pluto Code (Mignone et al. 2007);

MHD equation in eulerian conservative form;
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Magnetic field expansion 
from footpoints

Different footprint 
twisting velocities



Pluto Code (Mignone et al. 2007);

MHD equation in eulerian conservative form;

• Mass continuity equation

• Momentum Equation 

• Energy Equation 

• Magnetic Induction Equation + CS

• Ideal gas law

Stretched geometry (loop length >> width); 

Gravity for curved loops;

Stratified atmosphere (chromosphere + TR + corona), 

• back ground heating,

• thermal conduction, 

• radiative cooling,

• plasma beta variation, 

• magnetic field tapering,

Boundary conditions:  
• smooth rotational plasma motions at photospheric 

boundaries;   

• periodic lateral BC; 

Numerical approach 

Chromosphere β ≫ 1
Corona β ≪ 1

Magnetic field expansion 
from footpoints

Different footprint 
twisting velocities

Periodic lateral BC



Pluto Code (Mignone et al. 2007);

MHD equation in eulerian conservative form;

• Mass continuity equation

• Momentum Equation 

• Energy Equation 

• Magnetic Induction Equation + CS

• Ideal gas law

Stretched geometry (loop length >> width); 

Gravity for curved loops;

Stratified atmosphere (chromosphere + TR + corona), 

• back ground heating,

• thermal conduction, 

• radiative cooling,

• plasma beta variation, 

• magnetic field tapering,

Boundary conditions: 

• periodic lateral BC; 

• smooth rotational plasma motions at photospheric 

boundaries;   

Numerical approach 
Numerically challenging! 

Full 3D problem (256  512  512 pixels);

Magnetic field, thermal conduction;

Fine spatial resolution (to appropriately resolve the transition 
region);

Fine temporal resolution (high efficient thermal conduction + 
strong temperature gradients);

Physically long process.

× ×

MEUSA - OAPa Galileo 100 - Cineca

Single run: 250000 h on Cineca Galileo 100



Results
This work therefore confirms, in more realistic 
conditions, that avalanches are a viable mechanism for 
the storing and release of magnetic energy in plasma 
confined in closed coronal loops, as a result of 
photospheric motions.  Current density 

fragmentation into 
current sheets

Turbulent behaviour of 
flaring plasma

Widespread, impulsive 
heating

Field line merging, change of 
topology to restore simple 

equilibrium form



MUSE Diagnostics

I0 = ∑
j

Fj

I1 =
∑j Fjvj

I0

I2 =
∑j Fj(vj − I1)2

I0

Fj = Λ(Tj)n2
j Δz[ j]

Zero-momentum (emission maps) 

First-momentum (Doppler shifts) 

Second-momentum (line widths) 

MUSE SG LINES WAVE LENGTH TYPICAL REGION LOG10 T [K]

Fe IX 171 quiet corona / upper 
transition region 5.9

Fe XV 284 active-region corona 6.4

Fe XIX 108 hot flare plasma 7.0/7.1

Å

Å

Å

• Multi-slit Solar Explorer;

• Medium Class Explorer proposed by NASA;

• ASI participation;

• Launcing: 2027

• Heritage: IRIS, SDO, Hinode

• EUV multi-slit spectrograph 

  ( ; t  10 s)

• EUV context imager; 

Δpixel ∼ 0.167′ ′ Δ ∼

Observables: 



Any chances to corroborate the model?

- From the top POV; 
- Helical patterns above TR: 

smoking gun of the kink 
instability;


- Doppler shifts as evidence 
of chromospheric 
evaporation.



