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Solar Eruptions 

• Solar flares, eruptive prominences, and coronal 

mass ejections; 

• The energy driving the eruption is stored in the 

coronal magnetic field beforehand; 

• Highly complex structures of the coronal 

magnetic field allows extra energy to be stored 

in the corona; 

• Loss of equilibrium in the coronal magnetic 

configuration triggers the eruption; 

• Magnetic reconnection allows the consequent 

evolution to continue. 
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Magnetic Reconnection 
• Most of the universe is in the form of a plasma threaded by a 

magnetic field. 

• When twisted or sheared, the field lines may break and reconnect 

rapidly, converting magnetic energy into heat and kinetic energy. 

• Magnetic reconnection is at the core of many dynamic 

phenomena in the universe, such as solar eruptions, geomagnetic 

substorms, tokamak disruptions, and disruptive processes in the 

other astrophysical environments of the magnetized plasma. 

• Fashions of magnetic reconnection extensively studied include 

Sweet-Parker (MA ~ Rm
–1/2), Petschek (MA ~ 1/lnRm), Hall (MA ~ 

di/L, Malyshkin 2009), and turbulence (MA ~ Rm
–3/16, Lazarian & 

Vishniac 1999; MA ~ 0.01, Bhattacharjee et al. 2009). 

Rm: Magnetic Reynolds number,  

Lundquist number 

MA: Reconnection rate, 

Alfven Mach number: MA= vi/vA  

MR in the astrophysical 

environments ➔➔➔ 
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Theories/Models of CME/Flare Current Sheets 

• Since Carmichael (1964), it has been suggested that the two-
ribbon flare took place as magnetic reconnection occurred in 
the current sheet located over loops of (CSHKP model, see 
also Kopp & Pneuman 1976 and Švestka & Cliver 1992). 

• Martens & Kuin (1989) pointed out for the first time that  the 
CSHKP-type structure is a part of disrupting magnetic 
configuration including a prominence and a short current 
sheet. 

• Lin & Forbes (2000) constructed a 2-D model of CME/flare 
and noted that magnetic reconnection actually took place in a 
long current sheet during the eruption (see also Lin 2002) , 
and more than 90% magnetic energy is released through the 
current sheet. 



The First Observational Evidence of the CME/Flare CS 
(Ciaravella et al. 2002;Webb et al. 2003) 

Composite image of EIT 304 Å (22:24 UT), 

LASCO C2 (12:33 UT), and line intensity 

distribution along the UVCS (16:56 UT) slit 

taken on 1998 March 23. The arrow indicates 

the true position of the UVCS entrance slit. 

UltraViolet Coronagraph Spectrometer 

High temperature 

spectral line image 

Low temperature spectral 

line images for comparison 

EIT 

304 Å 

image 



Role of Reconnection in Eruptions 

• Solar flares, eruptive prominences, and 
coronal mass ejections; 

• The energy driving the eruption is stored in 
the coronal magnetic field beforehand; 

• Highly complex structures of the coronal 
magnetic field allows extra energy to be 
stored in the corona; 

• Loss of equilibrium in the coronal magnetic 
configuration triggers the eruption; 

MA ~ 0: magnetic reconnection is suppressed 

(Forbes & Priest 1996). 

0 < MA < 1: magnetic reconnection occurs 

in the current sheet at a reasonable rate. 

Ji et al. (2003) Torok & Kliem (2005) 



Dynamical Properties of CMEs: Theory and Observations 
(MA = 0.1) 

 

A few 102 km/s 

h vs. t 

v vs. t 

a vs. t 

P vs. t 

E vs. t 

L vs. t 

p vs. t 

q vs. t 

Lin (2002) 
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The First Direct Measurement of the Reconnection 

Inflow Speed and the CS Thickness 
(Lin et al. 2005, 2007) 

6.4×104 km 



Thickness of the CME/Flare Current Sheet Observed 

• Results deduced from the UVCS data in Lyα: 

1.  6.4×104 km (Lin et al. 2007). 

• Results deduced from the UVCS data in [Fe XVIII]: 

1.  4.0×104 – 3.5×105 km (Ciaravella & Raymond 2008; Cairavella 

et al. 2013), 

2.  105 km (Lin et al. 2009), 

3.  2.1×105 km (Schettino et al. 2009). 

• Results deduced from LASCO data: 

1.  5.0×105 km (Lin et al. 2009), 

2.  3.0×105 km (Vrsnak et al. 2009). 

• Results deduced from Hinode/XRT data: 

1.  A few times 103 km (Savage et al. 2010), 

2.  1.3×105 km (Landi et al. 2012).  



Thickness of the CME/Flare Current Sheet Observed 

• Results deduced MK4 MLSO (the only result deduced from 

the ground-based observations alone so far): 

1. 3.7×104 km (Ling et al. 2014).  

• Results deduced from STEREO and LASCO: 

1. 2.38×105 –– 3.50×105 km (Kwon et al. 2016). 

• Results deduced from SDO/AIA: 

1. 1.72×103 –– 3.83×104 km (Seaton et al. 2017), 

2.                  ~ 3.3×103 km (Yan et al. 2018). 

• Results deduced from SDO/AIA and HINODE/EIS: 

1. 6.9×103 –– 9.6×103 km from EMs, and 9.6×103 –– 

1.1×104 km from plasma non-thermal velocity distributions 

(Cheng et al. 2018; Li et al. 2018). 

 
The CS thickness d ranges from a few 103 to a few 105 km.  



Origin of the Problem 

• Traditionally, it is believed that the thickness of the 

reconnection current sheet is governed by the proton 

gyroradius, rg, which is tens of meters in the coronal 

environment, and even much smaller in the lab environment; 

 

• Huge difference exists between the theoretical expectation and 

observational results! 

102 m  vs.  104 km! 

Stable vs. unstable! 
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Manifestations of Large-Scale 

Magnetic Reconnection Process 

• Large-scale current sheet is unstable to several 

plasma instabilities, especially the tearing mode 

instability; 

 

• Many structures of various scales and the 

associated processes are allowed to occur 

simultaneously in a large-scale current sheet. 



What Causes Fast Reconnection in a Thick Current Sheet? 

The Role of the Hyper-Resistivity 

• Hyper-resistivity results from the competition between the amplification and 
the diffusion of the magnetic field by the tearing mode turbulence 
(Bhattacharjee \& Yuan 1995). 

• The tearing turbulence starts with diffusing the large-scale magnetic field, then 
converts part of the magnetic energy into the kinetic energy of the 
perturbation, which in turn creates perturbed small-scale magnetic fields via 
the dynamo process. 

•  The growth of the perturbed field is controlled by the tearing since the 
turbulence diffuses the perturbed field created by the tearing modes as well 
(see Strauss 1986; 1988). 

• This causes more efficient diffusion in the reconnecting current sheet. Small-
scale field stochasticity (braiding) produced in this process gives rise to an 
effective perpendicular momentum transport, hence to an anomalous electron 
viscosity (see also discussions of Biskamp 1993, p. 22). 

• Numerical experiments show the occurrence and the development of the 
tearing mode in various environments (Drake et al. 2006; Loureiro et al. 2007; 
Buechner et al. 2010; Shen et al. 2011; and references therein). 

• Observations indicate that speeds of the turbulence inside the current sheet are 
around 60 km/s (Bemporad 2008). 

Laboratory Plasma (Drake et al. 2006) 

Laser Plasma (Dong et al. 2006) 

Zhong et al. (2010, 2016) 



Plasmoids Observed to Flow inside CS in Eruptions 

The current sheet and plasma blobs 

flow outward along the current sheet 

Takasao et al. 2012 

Ko et al. 2003 

Liu et al. 2013 
TRACE 195 

XRT med-

Be 

Courtesy of K. Reeves 

Lin et al. (2005) Reeves et al. (2017) 



Fractal Reconnection Process 
(Shibata & Tanuma 2001) 

• Resistivity invokes 

tearing mode, kinetic 

processes, and the 

current sheet then shows 

the fractal features; 

• The time, t0, of the 

formation of the first 

magnetic island is 

governed by the initial 

property of the CS:  

     t0 = (δ/L)1/2 Rm
1/2 δ/vA 



Spectrum Analyses of the Reconnection Process 
(Barta et al. 2011) 

Kolmogorov spectrum 

Non-Kolmogorov spectrum 

 

Dong et al. (2018) 

Homogeneous K-spectrum 

Inhomogeneous K-spectrum 

Rm = 8×104 

Rm = 106 



Fast Reconnection Begins with Turbulence 
(Shen et al. 2011) 



•  Current density and Half-

width of Current sheet 
       

       The half-width w (solid line) near the PX- 

point,  decrease to about 7.5x10-3 at  time 

t=26.8τA when the first island appearing. 

       Then w gradually decreases to the minimum 

value 2.5x10-3 and it subsequently fluctuates 

around this minimum value. 

•  The Rate of magnetic   

reconnection MA. 

 

       The solid line shows the instant value 

and the dotted line is for the 

corresponding average value. The arrow 

indicates time t = 26.8 τA when the first 

magnetic island forms 

Diffusion in CS is 

significantly enhanced.  

Shen et al. (2011), Ye et al. (2020) 

Fast reconnection begins as 

parameters in CS become 

non-uniform.  



Multiple Scale Features & Complex Structure 
Global features of 

disrupting field 

CS (Mei et al. 2012) 

CS internal structure 

Slow shock & W-field 

Analytical results 

Vasyliunas （1975） 

Quasi-isotropic 

turbulent region 

Anisotropic 

turbulent 

region 

Ye et al. (2019, 2021) 



Multiple Scale Features & Complex Structures 

 Numerical experiment in 3D (Mei et al. 2017) 
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Summary 
• The solar eruption results from the conversion of 

magnetic energy into heating, bulk motion of the flaring 

plasma, and energetic particles; 

• Magnetic reconnection occurs in a long and thick, as 

well as highly dynamic CS connecting CME to flare; 

• A long CS is unstable to various plasma instabilities, 

turbulence is the direct consequence; 

• A CME/flare CS is an assembly of many structures of 

various scales and the associated diffusive processes, 

reconnection could occur fast in a thick CS; 

• Large-scale CS only appears in the astrophysical 

environment, lots of new physics might be included; 

• Large-scale and turbulent reconnection is a new and 

open question. 
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• Thanks very much for your attention! 



Key Points 
• Difference is huge between the solar eruption and its counterpart in 

laboratory on the Earth: 

• Length scale: 105 ~ 106 km vs. tens of meters 

• Plasma density: 108 ~ 1010 cm–3 vs. 1019 ~ 1020 cm–3 

• Period of process: several hours vs. tens of minutes 

• Total energy involved: 1030 ~ 1032 ergs vs. ~ 1010 ergs 

• Boundary conditions: line-tied + open vs. others 

 

• Scaling law may help relate two to one another on some specific 

aspects, help understand some, but not all, physics behind solar 

eruptions through looking into the results from experiments in lab; 

• Changes in scale may somehow cause changes in physics as well; 

• Size does matter. 
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Life Grasshopper 

Model grasshopper in 

BMoS, about 20 times 

bigger in size than the 

life Grasshopper. 

Water strider 


