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Outline

• Examples of partially ionized astrophysical and laboratory plasmas (PIP) 

• Fluid models to describe the physics of PIP,  non ideal effects                                     

• Tearing instability in PIP: reconnection regimes and onset of fast reconnection                                                          

• Application of the model to the solar atmosphere: photosphere and chromosphere                                             

• The case of Protoplanetary disks: reconnection as a potential source of heating and ionization.                                                 

• Conclusions, literature and some of the interesting things that unfortunately have not been 
covered here…
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Laboratory

MRX

LAPDRMF

TREX

Takahata et al. 2019

Lawrence et al. 2013 Desangles et al. 2018

Gekelman et al.1991, Popovich et al. 2010



Multi-fluid description and all we’ll be sweeping under the carpet…
• Compose the three-fluid electron-ion-neutral model, which is a generalization of the two-fluid plasma model  to include 

reacting neutrals: start with taking moments of the Boltzmann equation

Following Braginskii 1965 and  
Meier and Shumlak 2012 (MS12) 

Elastic  
Collisions

Γrec
i = Γrec

e = − nine⟨σrecve⟩

E.g. 0-th order Moments

Γion
n = − Γion

i = − n ne⟨σionve⟩

Resonant charge exchange(elastic)

Being   the effective Ionization Potentialϕion

Radiative Recombination

Electron Impact Ionization

Then you have an energy equation…



“Multicomponent Plasma” description

0 = − qene [E + (vi −
J
qn ) × B] − Rie

i + Ren
e

Defining v =
1
ρ

Σαmαnαvα =
1
ρ (minivi + meneve + mnnnvn) ⇒ vi =

ρv − mnnnvn

mini

E = [( ρv − mnnnvn

mini
−

J
qn ) × B] − Rie

i + Ren
e

ne ∼ ni ve = vi −
J
qn

⇒me → 0

Electron momentum equation valid for both PIP as well as fully ionized

Following Braginskii 1965 and  
Meier and Shumlak 2012 (MS12) 

With the usual MHD approximations, low frequency regime

Ohm’s law becomes

Ambipolar diffusion

Additional resistivity 



Non ideal effects in the induction equation
 Wardle 2007

Ion spiecies

 also depends on the velocity of the neutral fluidv

E.g. Ni et al. 2020

Proton-Electron Plasma

General Case



Magnetic Field-density diagrams for non-ideal coefficients

Neutral mean 
mass

rate coefficient for collisional  
transfer between ions and neutrals

See Draine 1989 
Wardle and Ng 1999

Hall Parameter

 is the grain size 
Notice the temperature dependence!
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Tearing Mode in PIP
Zweibel 1989, Pucci et al 2020

Electrons are light so they 
don’t move the ions when 

they bounce on them

νei =
nimi

neme
νie ⇒ νie ≪ νei

Linearizing for small perturbations the neutral equation

then take the curl

How to express this additional term?



PIP regimes for a thinning current sheet

τ̄Ai (1 +
νin

γ + νni )
1/2

:= τ̄Ai f1/2 → τ̄*A

S̄*A := S̄
τ̄Ai

τ̄*A

INDUCTION

MOMENTUM

Zweibel 1989, Pucci et al 2020

For the COUPLED REGIME

≪ νniτ̄Ai ⇒ ( avAi

ηm )
−1/2

( ρ
ρi )

−1/4

≪ νni
a

vAi
⇒ a ≪ ( ηmvAi

ν2
in )

1/3

f = (1 +
νin

γ + νni ) = (1 +
νin

νni ) = (1 +
ρn

ρi ) = ( ρ
ρi )

ρ = ρi + ρnγτ̄*A ∼ (S̄*A)−1/2 (1)

(2)

All barred 
quantities 

normalized with 
, CS thicknessa



Fast reconnection in the three regimes and dependence on system scales

Pucci et al 2020, Pucci et al 2024

“Ideal” Tearing a → L



ac1 = ( ηmvA

ν2
ni )

1/3

ac2 = ( ηmvAi

ν2
in )

1/3

trec ∼ L/vA

Application to the solar Atmosphere Pucci et al 2024

L < = (min)(Hp, Lconv) Current sheets scale Takeuchi and Shibata 2001

Bottom of the  
Photosphere 

Top of the  
chromosphere

Leake et al. 2005

Zhadnov 1962 Avrett & Loeser (2008) 

α ∈ (0.3 − 0.6)

Bs ∈ (1200,2200)G Singh & Krishan 2010b 

Trigger condition  
for a CS L = Hp

 could be resolved by DKIST or SOLAR-C (Watanabe 2014; Shimizu et al. 2020; Rimmele et al. 2020)! a ∼ 100km



Application to astrophysical plasmas PPDs
With simplified Thermochemistry Bai 2011

β = 1



Gorti private comm.

Ruaud and Gorti 2019, our complete thermochemistry network

PAHS- are the negative charge carriers at the disk mid plane 
(Arulanantham 2024 found in sub-solar mass star Tau 042021).

Pucci et al 2024



ac1 = ( ηmvA

ν2
ni )

1/3

ac2 = ( ηmvAi

ν2
in )

1/3

trec ∼ L/vA

Trigger 
condition  

for a CS 
L = Hp

Onset of fast, “efficient” magnetic reconnection and energy conversion.

Pucci et al 2024



Reconnection feedback on disk heating

R = 2.5au

Upper disk  
atmosphere

Disk  
Midplane

Qrec =
dEM

dt
=

B2

8π
vA

L

Using limitation by accretion power from Pringle et al 1981…Qrec

L = HP

Pucci et al 2024
Pucci et al in prep.



Reconnection Heating

No magnetic dissipation H2O

H2O

nLTE radiative transfer solved for the 
LAMBDA database

Additional source of heating/ionization for the thermochemistry code: feedback from MHD

QAD + QOhm

QAD = ηADJ2
⊥

QOhm = ηOhmJ2
Pucci et al in prep.Gorti private comm.



R= 1 au Synthetic JWST/MIRI spectra

HCN

CO

With EPs
Without EPs 

 Energetic particles (EPs) acceleration by 
reconnection in turbulence

● A fraction of magnetic energy         goes into 
low-energy particles with E<100 MeV. 

● These non-thermal particles ionize the disc as 
they propagate

● Energy is deposited deep in the disc, reaching 
midplane regions

Additional source of ionisation for thermochemistry 
(Work in progress)

Impact on the disc chemistry with ProDiMo

● One order of magnitude enhancement of  
ionization rate compared to the standard ionisation 
sources (X-rays/UV)

● Increase in abundance of ionisation tracers e.g 
HCO

● New ingredient for thermochemical models boost 
synthesis of complex molecules e.g HCN

Valentin  
Brunn, Postdoc OAA

Brunn et al. in prep



Conclusions

• Magnetic reconnection (MR) occurs in partially ionized astrophysical and space plasmas and laboratory devices have experimented or 
been in part dedicated to the study of this process. 

•  A simplified fluid approach is provided by the “multicomponent plasma” (Braginskii 1965) which allows us to understand, the role of 
elastic collisions between the species in MR, neglecting particles production and charge exchange reactions.                 

• In collapsing current sheets the analysis provided by Zweibel 1989 is reviewed (Pucci et al 2020) to discuss the PIP regimes (coupled, 
weakly coupled, decoupled), and the onset of fast magnetic reconnection.                                                         

• Application of the model to the solar photosphere and chromosphere provides a lower limit for the fast reconnecting CS of 
 (Pucci et al. 2024), which could be resolved by DKIST or SOLAR-C (Watanabe 2014; Shimizu et al. 2020; Rimmele et al. 

2020).                                

• Application of the model to PPDs: heating and ionization by MR can change the chemistry and elements available for planet formation 
and local sound speed, changing the winds launching speed (Suzuki et al 2010, McNally 2013,  Pucci et al 2024, Brunn et al 2024).                                        

• A refined model including multi species analysis and local heating functions would significantly improve the estimate on MR impact 
in energy transfer processes (see e.g. Wargnier et al 2022 10.3847/1538-4357/ac6e62).

a ∼ 100km

https://ui.adsabs.harvard.edu/link_gateway/2022ApJ...933..205W/doi:10.3847/1538-4357/ac6e62
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