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磁绳：磁螺旋结构，其内部所以磁⼒线相互缠绕。
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普遍存在于我们宇宙空间!!

!!Nebula!
(Morris!et!al.!2006)�

!Black!hole!
(Meier&et&al.&2001)�

Laboratory experiment (Gekelman et al. 2012)Magnetopause+
(Burlaga(1988)�

螺旋结构



太阳⼤⽓⽩光像



太阳系中两种最剧烈的爆发
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⽇冕物质抛射
Coronal Mass Ejections

太阳耀斑
Solar Flares



主要内容:

Evidence	and	forma/on	of	pre-exis/ng	
MFRs,	

Early	evolu/on	of	CMEs,	

Magne/c	reconnec/on	during	CME/flares



磁绳⼦的特征和形成机制
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CME/flare模型

7

(shibata et al. 1995) 磁绳被认为是太阳⼤⽓中的基本磁场结构，其
向上抛射引起CME，同时在其下⽅形成耀斑	
(Forbes	&	Isenberg	1991;	Chen	1996;	Titov	&	



剪切磁拱
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磁绳

太阳爆发前身结构本质之争

S. K. Antiochos

B. Kliem V. Vourlidas

Y. Fan G. Aulanier



磁绳在⽇冕中存在的间接证据

Sigmoids��

(Canfield)et)al.)1999;)Makenzie)&)
Canfield)2008……)�

(Su et al. 2011)



暗条/⽇珥

Filam
ents�

�

(Guo%et%al.%2010;%Jing%et%al.%
2010……)�

Solar Tornadoes

(Zhang et al. 2011; Li et al. 2012; Su et al. 2012; 
Wedemeyer et al. 2012)



暗腔

Cavi%es�(Gibson(et(al.(2006;(Berger(et(al.(
2012……)�



Helical'
brightening��

(Dere%et%al.%1999……)�



AIA



CME in the inner corona

(Patsourakos et al. 2010)



“Direct”	evidence	of	the	
existence	of	MFRs：
EUV	Hot	Channel

1.	Appearing	as	a	channel-like	
structure	with	a	high	
temperature	of	>7MK,	
2.	Appearing	in	the	dark	
cavity,	following	a	bright	front,	
3.	Exis/ng	prior	to	the	first	
appearance	of	the	CME,	
4.	Evolving	from	S-shape	to	
semicircle,	
5.	With	fixed	footpoints.	

(Zhang, Cheng & Ding 2012)



Four	days

Pre-structure:	Sigmoid

Helical	threads	inside	MFR Rota/on	of	cool	plasma	down	
to	chromosphere

(Cheng et al. 2014a, Li et al. 2013, Zhang et al. 2015)



Different Orientations:

1. Confined flare events with hot FRs (CFR)
2. Eruptions with hot FRs (EFR)
3. Prominence eruption events without hot FRs (PE)
4. Eruptions without hot FRs or prominences (PFL)
5. Confined flare events without hot FRs (CFL)

Statistical results:

(Nindos et al. 2015)

(Cheng et al. 2013a)(Cheng et al. 2011b)(Cheng et al. 2014a)



DEM反演









DEM structure of MFR



磁绳如何形成，那⾥形成？
July 7 00:00 UT:                                 活动区出现于太阳东边缘
July 11 00:00–July 12 03:00 UT:       剪切核⼼磁场转化为强缠绕性磁场
July 12 16:10 UT:                               热磁绳爆发, 产⽣X1.3级耀斑和快速CME

NOAA 11520



Formation of MFRs
An	MFR	forma/on	in	sigmoidal	AR	11520
a XRT Ti/poly 11-July 03:00UT

d XRT Ti/poly 12-July 07:00UT

b AIA 94 11-July 03:00UT

e AIA 94 12-July 07:00UT

c AIA 335 11-July 03:00UT

f AIA 335 12-July 07:00UT

Sheared	arcades	--->	con/nuous	sigmoidal/twist	lines	



Temperature	Structures	of	MFR
11-July 03:00UT 12-July 07:00UT
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1.	High	temperature	of	the	core	field	shows	that	the	reconnec/on	takes	
place	there.		

2.	The	forma/on	of	MFR	could	be	from	the	reconnec/on	between	sheared	
arcades.



Photosphere	flows:

Shearing	flows	
convergence	flows

Rota/on	flows

(Cheng et al. 2014b)



NLFFF	structures	of	MFR
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The	reconnec/on	pacern	varies	spa/ally	from	bald-patches	to	
hyperbolic	flux	tube	along	the	direc/on	of	the	MFR	axis.



IRIS observations 



2014	Nanjing	Workshop

Spectral	Images

14-12-11
29



2014	Nanjing	Workshop

Profiles	of	Spectra

14-12-11
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2014	Nanjing	Workshop14-12-11
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2014	Nanjing	Workshop

2014-September-10:	Si	IV

14-12-11
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2014	Nanjing	Workshop

2014-September-10:	Si	IV

14-12-11
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2014	Nanjing	Workshop

可能的形成机制

14-12-11
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⽇冕物质抛射的开始和早期演化
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Ini/a/on	mechanisms

Reconnec/on	type	
								1.		Tether-CuHng	(Moore	&	Labonte	1980…)	
								2.		Breakout	(AnRochos	et	al.	1999)	
								3.		Flux	Emergence	(Chen	&	Shibata	2000)	
Ideal	MHD	type	
							1.	ParRal	Torus	Instability	(Olmedo	&	Zhang	
2010…)	

								2.		Kink	Instability	(Hood	&	Priest	1981…)	
								3.		Loss	of	equilibrium	(Forbes	&	Isenberg	1991…)



										Tether-Cudng																				



Aly-Sturrock	限制
完全打开的磁场总是⽐对应的⽆⼒场拥有更多的磁能。



Breakout model



Flux	Emergence



�	������

�	������



Ideal	MHD	instability:	Torus	Instability

n表示磁场的⾼度衰减，Θ表示部分电流环在光球以
上的弧⻓占相同半径电流环总周⻓的⽐。

(Shafranov 1966; Chen 1989; 
Kliem & Torok 2006)

轴向电流产⽣
的⾃身电感

电流环的轴向电流为Jt、环向电流为Jp、轴向磁场为Bt、环向磁场

为Bp、背景的轴向磁场 为Bet、环向磁场为Bs、电流环的大半径为

R、小半径为a、顶点高度为Z、足点分离距离为2S0





Ideal	MHD	instability:	Kink	Instability

(Fan et al. 2014)

where l is the length of the current-carrying flux system, 
r is the (minor) radius, and Bz and Bφ are the axial and 
azimuthal field components, respectively.

Controlled by the total twist:

(Hood & Priest 1981; Torok & Kliem. 2003)



Confined and Eruptive 
Eruption

n=0.83

n=1.54

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



磁绳在CME早期演化中的作⽤
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(Zhang, Cheng & Ding 2012)
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(Zhang, Cheng & Ding 2012; Cheng et al. 2013a, 2014a)

Role	of	MFR	in	forming	and	accelera/ng	CME



耀斑硬X射线和CME加速的关系



CME理论模型



⽇冕物质抛射中的磁场重联
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CME	加速模型	
磁重联



Reconnection in 2D
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重联电场和耀斑的关系



(Cheng et al. 2011b)

磁绳下⽅三维磁重联的EUV成像
J. Q. Sun, X. Cheng*, M. D. Ding et al. 2015



磁重联过程的3D磁拓扑演化



Erupting flux rope
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Reconnection
Plasma heating

Flare loops

Flare ribbons

3D structure of Solar Eruption

(Sun, Cheng et al. 2015)

Cusp-shaped flare loops (Masuda et al. 1994);

Inflows and downflows near the reconnection 
region (Yokoyama et al. 2001; Savage & McKenzie 2011; Takasao 
et al. 2012; Liu et al. 2013; Xue et al. 2016)

Double hard X-ray coronal sources (Su et al. 2003);

Changes of connectivity of coronal loops (Su et al. 
2013; Yang et al. 2015; Li et al. 2016). 

What happens here
Sweet-Parker and Petschek? 



A tale told by 2017-09-10 CME eruption

 Very fast CME 
with a speed of 
3000 km/s and the 
second largest 
flare in the past ten 
years,
 The linear 
structure 
connecting the 
CME bottom and 
flare top is clearly 
observed and that 
appears to be very 
dynamic.
 Similar to 2D 
picture of solar 
eruption by Lin & 
Forbes (2000).



What happens in current sheet?
told by 2017-09-10 limb eruption

hot blob —> flux rope? 20 MK; significant heating!!

(Cheng et al. 2018 ApJ)



Turbulence and fragmented current sheet

fragmented current sheet
—> plasmoids

significant non-thermal
—> turbulence?

(Li et al. 2018, ApJL; Cheng et al. 2018 ApJ)



Intermittent outflows: Fragmented 

The lower limit of length-to-width ratio ~16

> threshold of tearing mode instability (2pi)  

(Cheng et al. 2018 ApJ)



总结：
1.  ⽇冕中存在磁螺旋结构 (磁绳), 其在太阳爆发之前就已经存在，观测特征为千万度的
极紫外通道结构。

2.  磁绳⼦可能是在光球剪切、汇聚运动下、通过在低层⼤⽓中的磁重联形成，持续时间
从⼏个⼩时到⼏天不等。

3. ⽇冕物质抛射的早期动⼒学过程（形成和加速）和相关耀斑辐射的变化由磁绳的动⼒
学过程决定。磁绳抛射导致磁重联，快速释放磁能加速⽇冕物质抛射和增强耀斑辐射。

4.  重构的磁重联三维磁拓扑结构表明磁重联位置具有三维属性，⽀持磁绳导致CME/
flare爆发模型。

5.  磁重联发⽣在电流⽚中，其中的等离⼦体被直接加热。⼤的电流⽚⻓宽⽐说明撕裂膜
不稳定性的发⽣，它能够产⽣磁岛和湍流，保证⾼重联率。磁重联在太阳爆发过程

中以撕裂和湍流的⽅式进⾏。




