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Are they all the same?	
  

What are flares?	
  
(Def? O"ervations?) 	
  

(Differences confined/eruptive flares) 	
  

LINK with topology	
  
How/where does magnetic reconnection occur?	
  

Numerical models VS observations	
  
How do they complement each other?	
  



 
 Flares (confined, eruptive): definition and observations 

⟾ What happens? 
  
 Confined/eruptive flares: difference in drivers 

⟾ What drives flares? 
  
 The topology of flares 

⟾ Location of energy release? 

 Prediction from models 
⟾ What to look for? 

OUTLINE  



What is a flare? 
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« Flare »: sudden brightening in solar atmosphere 

soft X-ray 1-8A (GOES) 

hard X-ray 20 keV (Yohkoh) 
hard X-ray 100 keV (Yohkoh) 

microwave 6.6 GHz (OVSA) 

Qiu et al. (2004) Schrijver et al. (2011), 15/02/11 X-class flare 

131A 94A 335A 

171A 193A 211A 



What is a flare? Confined vs Eruptive 
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« Flare »: sudden brightening in solar atmosphere 

Qiu et al. (2004) Schrijver et al. (2011), 15/02/11 X-class flare 

131A 94A 335A 

171A 193A 211A 

Flares can be eruptive or confined 
Svestka (1986): « confined » and « ejective » 

Eruptive flares Confined flares 

soft X-ray 1-8A (GOES) 

hard X-ray 20 keV (Yohkoh) 
hard X-ray 100 keV (Yohkoh) 

microwave 6.6 GHz (OVSA) 



What is a flare? Confined vs Eruptive 
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« Flare »: sudden brightening in solar atmosphere 

Qiu et al. (2004) Schrijver et al. (2011), 15/02/11 X-class flare 

131A 94A 335A 

171A 193A 211A 

Flares can be eruptive or confined 
Svestka (1986): « confined » and « ejective » 

Eruptive flares Confined flares 

≠	
  
Eruptive flares:  
associated with a CME 

soft X-ray 1-8A (GOES) 

hard X-ray 20 keV (Yohkoh) 
hard X-ray 100 keV (Yohkoh) 

microwave 6.6 GHz (OVSA) 



Observational characteristics – Confined flares 
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Flare – Emission & Loops 

03/2014 (SDO) 

Flare ribbons 

v Circular ribbons 

Masson et al. (2009) 

v Several ribbons 

W
an

g 
et

 a
l. 

(2
01

4)
 



Observational characteristics – ERUPTIVE flares 
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Pre-eruptive sigmoid & filament 
(not always) 

STEREO-B / EUVI / 195 A 

N 

S 

Rust & Kumar (1996),Green & Kliem (2009),  
Schmieder (2013) 

Aulanier, Janvier & Schmieder (2012) 



Observational characteristics – ERUPTIVE flares 
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Flare loops 

STEREO-B / EUVI / 195 A 

Aulanier, Janvier & Schmieder (2012) 

⟾ Low-to-high altitude loop brightening 
⟾ Strong-to-weak shear transition 

Flare ribbons 

v 2 ribbons 



Observational characteristics – ERUPTIVE flares 
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STEREO-B / EUVI / 195 A 

Aulanier, Janvier & Schmieder (2012) 

⟾ Low-to-high altitude loop brightening 
⟾ Strong-to-weak shear transition 

Flare ribbons 

v 2 ribbons Coronal Mass Ejection 



 
 Flares (confined, eruptive): definition and observations 

⟾ What happens? 
  
 Confined/eruptive flares: difference in drivers 

⟾ What drives flares? 
  
 The topology of flares 

⟾ Location of energy release? 

 Prediction from models 
⟾ What to look for? 

OUTLINE  



How to explain the Energy release? 
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Where does the ( free) energy come from? 

1028 ~1033	
  erg 
Studies of magnetic field show right orders to explain 
flaring regions 

Energy of a flare 

Schrijver et al. (2012) Ex: Metcalf et al. (2005), but limited use of extroplation: see De Rosa (2009)  
 

Magnetic field FREE ENERGY 

⟾ Heat, kinetic energy, energetic particles 



How to explain the Energy release? 
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Where does the ( free) energy come from? 

1028 ~1033	
  erg 
Studies of magnetic field show right orders to explain 
flaring regions 

Magnetic field FREE ENERGY 

Energy of a flare 

Schrijver et al. (2012) Ex: Metcalf et al. (2005), but limited use of extroplation: see De Rosa (2009)  
 

What process? 

60s: Sweet and Parker proposed:  magnetic reconnection 

Separatrices in 2D  à  current sheet  à  reconnection 

Early developments by: 
Parker (1957, 1963), Sweet (1958), Syrovatskii (1981) 

⟾ Heat, kinetic energy, energetic particles 



Reconnection: Observational evidences 
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Hard X-ray source above the loop top:  
particle acceleration at reconnection site 
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SXR high temperature ridges along outer or newly formed loops: 
heating takes place  
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«  See van Driel-
Gesztelyi’s 

and Pinto’s talks 
(Tuesday) 

«  See Oka’s talk 
 (Today) 



Confined flares Drivers: Observations 
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Large scale flux emergence 

New polarities emerging in older region 

⟾ Several B-connectivity domains involved 

Photospheric diverging motions 

⟾ Coronal loop expansion 

Mandrini et al. (2014) 

SDO/ HMI 

AR 11123: magnetic flux ì 70%/1 day 

Favorable conditions for mag. reconnection 

«  See Mandrini’s talk (Thursday) 



Confined flares Drivers: Observations 
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Favorable conditions for mag. reconnection 

Large scale flux emergence 

New polarities emerging in older region 

⟾ Several B-connectivity domains involved 

Photospheric diverging motions 

⟾ Coronal loop expansion 

SDO/ HMI 

AR 11123: magnetic flux ì 70%/1 day 

Mandrini et al. (2014) «  See Mandrini’s talk 



Confined flares Drivers: Numerical models 
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SoHO/ MDI 

v  Observationally-driven High-order MHD code 
 
       3D, non-uniform mesh, finite difference, predictor-corrector 
        g = 0 

Aulanier, Démoulin & Grappin (2005) 

Evolution of confined flares? OHM code  

Masson et al. (2009) 

Trace 1600 A 
11/16/2002 



Confined flares Drivers: Numerical models 
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Evolution of confined flares? OHM code  

v  Data-driven (from potential extrapolation) 
v  Physical regime: ηcoronal = cst, β≠0 
 

v  Photospheric diverging motions (as observed) 

Masson et al. (2009) 

SoHO/ MDI 



Confined flares Drivers: Numerical models 

⟾ Reconnection in the corona 

v  Data-driven (from potential extrapolation) 
v  Physical regime: ηcoronal = cst, β≠0 
 

v  Photospheric diverging motions (as observed) 

Masson et al. (2009) 

Evolution of confined flares? OHM code  

Miho Janvier – Solar and Stellar Flares – 23/06/2014                10/34    



Eruptive flares Drivers: Observations 
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Long term evolution of active regions 

v Shearing coronal loops 
  

v  Converging motions at PIL 
v Flux dispersal and B decrease 
 

v  Flux cancellation at PIL 

Yohkoh / SXT SoHO / MDI 

Démoulin et al. (2002)  
van Driel Gesztelyi et al. (2003)  
Martin et al. (1985) 
Schmieder et al. (2008) 
Park et al. (2010) 
Green et al. (2011) … 



Eruptive flares Drivers: Numerical models 
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Coronal response to flux dispersion 

⟾ Favorable conditions for triggering eruptions 

v  Magnetic flux density drops  à coronal tension decreases 
v  B cancels at PIL    à magnetic flux decrease in photosphere 

      à flux rope formation in corona 

Amari et al. (2003,2011) 
MacKay & van Ballegooijen (2006)  

Yeates & MacKay (2009) 

«  See Louis’ talk (Tuesday) 



Eruptive flares Drivers: Numerical models 
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Threshold for eruptions? 
                            OHM code β = g  = 0 

  

Aulanier, Török, Démoulin & DeLuca (2010) 

y 

x 

y 

x 

v  Photospheric magnetic diffusion of Bx,y,z 

v  Photospheric shearing motions ux,y 

Aulanier, Török, Démoulin & DeLuca (2010) 



Eruptive flares Drivers: Numerical models 
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Threshold for eruptions?  
Flux rope  

erupts 

Flux rope is stable 
 

stop driving  è  relax to an equilibrium  

time / tA 

coronal 
reconnection 

photospheric 
reconnection 

apex of the overlying arcade 

Aulanier, Török, Démoulin & DeLuca (2010) 

Démoulin & Aulanier (2010) 

⟾ Torus Instability 



Eruptive flares Drivers: Numerical models 
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Threshold for eruptions?  
Flux rope  

erupts 

Flux rope is stable 
 

stop driving  è  relax to an equilibrium  

time / tA 

coronal 
reconnection 

photospheric 
reconnection 

apex of the overlying arcade 

 (no driving, from t = 125 tA) 
Coronal arcades 

Erupting flux rope 

Aulanier, Janvier & Schmieder (2012) 
Janvier, Aulanier, Démoulin & Pariat (2013) 
Dudik, Janvier, Aulanier, del Zanna et al. (2014) Bz 

phot 



Eruptive flares Drivers: Numerical models 
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Threshold for eruptions?  
Coronal arcades 

Erupting flux rope 

Bz 
phot 

t=15 tA 

t=30 tA 

t=45 tA 

v  Shear transferred from pre-eruptive 
  field lines via reconnection 

Aulanier, Janvier & Schmieder (2012) 
Janvier, Aulanier, Démoulin & Pariat (2013) 
Dudik, Janvier, Aulanier, del Zanna et al. (2014) 

v Formation of flare loops: 
•  strong-to-weak shear transition 
•  Low to high altitude formation 

v Envelope formation of the flux rope 



Eruptive Flares Drivers: conclusion 
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Mechanisms for eruptions 

Torus instability (Loss of equilibrium) 
	
  

 
	
  
⟾ MHD simulations (reproduce observations) + corresponds to observations 

Also in: Aulanier et al. (2014) 

Aulanier et al. (2010), Fan et al. (2010), Kliem et al. (2013) 

«  See Schmieder’s talk (Thursday) 



Eruptive Flares Drivers: conclusion 
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Mechanisms for eruptions 

Torus instability (Loss of equilibrium) 
 

	
  
 
 
Breakout reconnection above flux rope 
	
  

⟾ MHD simulations (reproduce observations) + corresponds to observations 

⟾ Works only if  not too much magnetic flux at high altitudes 

Antiochos et al. (1999), Karpen et al. (2012),… 

Also in: Aulanier et al. (2014) 

Aulanier et al. (2010), Fan et al. (2010), Kliem et al. (2013) 

«  See Schmieder’s talk (Thursday) 



Eruptive Flares Drivers: conclusion 
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Many processes that help, or lead to, one of the above: 

Mechanisms for eruptions 

Torus instability (Loss of equilibrium) 
 

	
  
 
 
Breakout reconnection above flux rope 
	
  
⟾ Works only if  not too much magnetic flux at high altitudes 

v  Flare reconnection from below     à Tension transfer or  accel’ by recon’ jet 
v   Purely converging or shearing motions    à Building-up pressure below 
v   Twist emergence into B-free/weak corona   à Mass drainage or additional shear flows 
v  Flux cancellation through Bphot diffusion    à Decrease of arcade flux 

⟾ MHD simulations (reproduce observations) + corresponds to observations 

Antiochos et al. (1999), Karpen et al. (2012),… 

Also in: Aulanier et al. (2014) 

Aulanier et al. (2010), Fan et al. (2010), Kliem et al. (2013) 

«  See Schmieder’s talk (Thursday) 



 
 Flares (confined, eruptive): definition and observations 

⟾ What happens? 
  
 Confined/eruptive flares: difference in drivers 

⟾ What drives flares? 
  
 The topology of flares 

⟾ Location of energy release? 

 Prediction from models 
⟾ What to look for? 

OUTLINE  



Does energy release occur At null points / separatrices? 

Input the photospheric magnetogram Method: 

Compute the coronal field 

Compute magnetic null points & separatrices 

I	
   II	
   III	
  

IV	
  

2D separatrices 

Separator Null 

3D separatrices: 2 intersecting cupola 

-­‐	
  
-­‐	
  -­‐	
  

+	
   +	
  

4 connectivity domains 
Null 
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«  See Parnell’s talk (Tuesday) 

Titov et al. 2002 



Does energy release occur At null points / separatrices? 
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Input the photospheric magnetogram Method: 

Compute the coronal field 

Compute magnetic null points & separatrices 

Comparison with observed energy release signatures 

Various configurations analysed:  

Gorbachev & Somov 1989,  Mandrini et al. 1991, 1993, Démoulin et al. 1994,  
Mandrini et al. 1996, 1997, Schmieder et al. 1997, Aulanier et al. 1998, Gaizauskas et al. 1999, Bagala et al. 2000, Fletcher et al. 2001, 
Mandrini et al. 2006, Cristiani et al. 2007, Savcheva et al. 2012, Mandrini et al. 2014, …  



Does energy release occur At null points / separatrices? 
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MDI magnetogram à LFFF extrapolation 

⟾  Evidence of reco. at null point 

Magnetic null point 

Bn	
  >	
  0	
  

Bn	
  >	
  	
  0	
  

Bn	
  <	
  	
  0	
  

v  Null point 
 

v  Field lines close to null point 
(correspond to observed coronal loops!) 

v  Similar loops present from ~1 h before until 
late decaying phase of X17 

But small scale event 

⟾ Event independent of X17 flare 

Mandrini et al. 2006 

X17-flare, 28/10/2003 

TRACE    195 Å 



Does energy release occur At null points / separatrices? 
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  The X17 flare started below these f.l.  

v  Without magnetic null point 
v  Start from ~1 h before the X17 flare 

Large scale event 

⟾ Precursor of the X17 flare:  
 large scale quadrupolar reconnection 

Mandrini et al. 2006 

No other Magnetic null point, But Quadrupolar configuration  
à Quasi-Separatrix layers 

X17-flare, 28/10/2003 

TRACE    195 Å 

Blue field lines reconnect è red field lines 



Definition of Quasi-Separatrix Layers? 
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Q ≡
|| F ||2

Bn,+ / Bn,−
>>1

Same value of Q at both feet of a field line :    Q+  = Q- 

€ 

F =
∂x− /∂x+ ∂x− /∂y+

∂y− /∂x+ ∂y− /∂y+

$ 

% 
& 

' 

( 
) 

Localized, drastic change of magnetic connectivity (but continuous without null points) 
QSL definition:  regions where  

“Squashing degree” 
Démoulin et al. (1996), Titov et al. (2002), Pariat et al. (2012) 

(x- ,y-) 

(x+ ,y+) 

Field line mapping  
  to the “boundary” 



Definition of Quasi-Separatrix Layers? 
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Q ≡
|| F ||2

Bn,+ / Bn,−
>>1

Localized, drastic change of magnetic connectivity (but continuous without null points) 
QSL definition:  regions where  

“Squashing degree” 
Démoulin et al. (1996), Titov et al. (2002), Pariat et al. (2012) 

Leads to: 

⟾ Slipping reconnection 
successive reconnection due to the continuous change of 

connectivity 



PIL	
  

Bz < 0 

Bz	
  >	
  0	
  

QSLs in Eruptive flares: analytical model 

QSLs in twisted configuration  
Hyperbolic Flux Tube:  

 X-shape in a 2D plane 

3 D 

2.5 D 

Separator 

half QSL volume 

     Q large 
à thin volume PIL	
  

(largest Q region) 

Démoulin et al. (1996) 
Titov (2007) 
Pariat et al. (2012) 
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Flux rope 



QSLs in Eruptive flares: Observations – HFT  
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Savcheva et al. (2012a,b) 

Twisted flux rope 

HFT	
  

log	
  Q	
  

Hinode/XRT 

07/02/12 06:41 UT 

⟾ HFT are typical structures 
of sigmoid regions  
& Flux Ropes 

Topology analysis with NLfff extrapolation 

v  1st QSLs from a data-constrained 
NLFFF model 

v  More complex than previous 
analytical  model but similarities in 
shape 

Vertical cut 



z 

x 

Before 
eruption 

Q = squashing factor                                          « gradient of field line connectivity » 

QSLs in Eruptive flares: 3D MHD simulation – HFT  
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Bz 
phot 

Coronal arcades 
Erupting flux rope 

Janvier, Aulanier, Pariat & Démoulin (2013) 

Vertical cuts 

Flux 
rope HFT 

Cusp 

1me	
  



z 

x 

Before 
eruption 

Q = squashing factor                                          « gradient of field line connectivity » 

J = |curl B| electric currents 

QSLs in Eruptive flares: 3D MHD simulation – HFT  
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Janvier, Aulanier, Pariat & Démoulin (2013) 

Vertical cuts 

Flux 
rope Current  

sheet 
Cusp 

Flux 
rope HFT 

Cusp 

See also: (Galsgaard et al. 00, 03, Pontin et al. 
05, Aulanier et al. 05, 06, Pariat et al. 06, 
Büchner 06, Dreher et al. 08, …)  

v Current layers: Similar 
location as QSLs 

 
v Collapse of the coronal 

current layer (=thinning) 
Prediction from the model 

(not yet observable) 

1me	
  



QSLs in Eruptive flares: 3D MHD simulatioN – Horizontal Q-maps 

Top views 

-­‐	
  polarity	
  

+	
  polarity	
  

Chandra et al. (2009) 
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Janvier et al. (2013) 

⟾ Similar shape as flare ribbons 



QSLs in Eruptive flares: 3D MHD simulatioN – Horizontal Q-maps 

Top views 

-­‐	
  polarity	
  

+	
  polarity	
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Janvier et al. (2013) 

⟾ Photospheric currents: footprints of coronal 
current layer 

⟾ Flare ribbons: photospheric footprints of QSLs/HFT 
& currents 

TOPOLOGy: TO predict/understand where reconnection takes place 

Standard flare model in 3D 

Chandra et al. (2009) 



 
 Flares (confined, eruptive): definition and observations 

⟾ What happens? 
  
 Confined/eruptive flares: difference in drivers 

⟾ What drives flares? 
  
 The topology of flares 
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Eruptive flares: Model prediction & observational confirmation 
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X-class flare of Feb. 2011 



Eruptive flares: Model prediction & observational confirmation 
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Janvier, Aulanier, Bommier, Schmieder, et al (2014) 

1m
e	
  

Jz	
  (t)	
   Jz	
  (t)	
  –	
  Jz	
  (t0)	
  

1me	
  of	
  flare	
  peak	
  

Photospheric vertical currents = current ribbons 



Eruptive flares: Model prediction & observational confirmation 

Janvier, Aulanier, Bommier, Schmieder, et al (2014) 

1m
e	
  

Jz	
  (t)	
   Jz	
  (t)	
  –	
  Jz	
  (t0)	
  

1me	
  of	
  flare	
  peak	
  

Photospheric vertical currents = current ribbons 

Electric current I 

v Increase of electric current  
   = collapse of the current layer 
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Views from Earth Standard flare model in 3D 

Eruptive flares: Model prediction & observational confirmation 
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Janvier, Aulanier, Bommier, Schmieder, et al (2014) 

v Increase of electric current  
   = collapse of the current layer 

Observational evidences! 



Eruptive flares: Model prediction & observational confirmation 
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«  See Dudik’s talk (Tuesday) 

X-class flare of July 2012 

Dudik, Janvier, Aulanier, Del Zanna, et al (2014) 



Top	
  view	
  

Jz	
  (z=0)	
  

Top view 

Eruptive flares: Model prediction & observational confirmation 

X-class flare of July 2012 

Dudik, Janvier, Aulanier, Del Zanna, et al (2014) 
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v  Kernel motion 

v  Apparent field line motion 

See also: Young et al. (2013) 

See also: Aulanier et al. (2007) 

Slipping reconnection with QSLs: 
    successive change of magnetic connectivity 

Leads to: 

Top	
  view	
  Top view 



Eruptive flares: Model prediction & observational confirmation 

X-class flare of July 2012 

Dudik, Janvier, Aulanier, Del Zanna, et al (2014) 
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v  Kernel motion 

v  Apparent field line motion 

See also: Young et al. (2013) 

See also: Aulanier et al. (2007) 

Slipping reconnection with QSLs: 
    successive change of magnetic connectivity 

Leads to: 

Top	
  view	
  

Jz	
  (z=0)	
  

Janvier, Aulanier, Pariat & Démoulin (2013) 

Top view 



Eruptive flares: Model prediction & Futur confirmation? 
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✜ Change the particle-beam paths 
✜ Motion of HXR source along flare ribbons QSL reconnection:  

Hα & HXR sources 

foot point 
    motion 

coronal 
 source 

Krucker et al. (2003) 



Driver of eruptive flares: 
Large fl5 dispersal 

 

v  Coronal tension î + Flux rope formation 

v  Torus unstable flux rope 

Driver of confined flares: 
Large fl5 emergence 

 
 

v  New polarities emerging in older region  

CONclusionS 
2 types of flares 

 
 

v Confined flare (localised) 
 

v Eruptive flare (with CME) 



CONclusionS 

Driver of eruptive flares: 
Large fl5 dispersal 

 

v  Coronal tension î + Flux rope formation 

v  Torus unstable flux rope 

2 types of flares 
 
 

v Confined flare (localised) 
 

v Eruptive flare (with CME) 

Driver of confined flares: 
Large fl5 emergence 

 
 

v  New polarities emerging in older region  

Topology of flares 
Null points and QSLs 

 
 

v QSLs extend the concept of 
separatrices 

v QSLs: similar locations as currents 
v Reconnection at QSLs: slipping 

reconnection (apparent motion of 
F.Ls) 



CONclusionS 

Driver of eruptive flares: 
Large fl5 dispersal 

 

v  Coronal tension î + Flux rope formation 

v  Torus unstable flux rope 

2 types of flares 
 
 

v Confined flare (localised) 
 

v Eruptive flare (with CME) 

Driver of confined flares: 
Large fl5 emergence 

 
 

v  New polarities emerging in older region  

Model predictions 
Standard flare model  

in 3D 
 

v  Flare ribbons = footprint of the 
coronal current layer/HFT 

 

v  Slipping reconnection forms 
flare loops/flux rope envelope 

Topology of flares 
Null points and QSLs 

 
 

v QSLs extend the concept of 
separatrices 

v QSLs: similar locations as currents 
v Reconnection at QSLs: slipping 

reconnection (apparent motion of 
F.Ls) 



Eruptive flares: Model prediction & Discrepancies 

✜  Model prediction: kinetic enercy ~ 5-10% of flare energy 
✜  Emslie: kinetic energy ~ same or 3x bolometric energy  

Energetics of flares 
(CME kinetic energy) 
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Amari et al. (2003), also: Jacobs et al. 2006; Lynch et al. 2008; Reeves et al. 2010, Aulanier et al. 2012 
 

Emslie et al. (2012) 

Why such discrepancies? 

v Observational biases? 
 
v Numerical problems in ALL codes? 



Eruptive flares: Model prediction & Futur confirmation? 

✜ Change the particle-beam paths 
✜ Motion of HXR source along flare ribbons QSL reconnection:  

Field line 
 mapping 

Janvier et al. (2013) vslipping =α || F ||

v  Slipping reconnection 
  è slow HXR motion 

v  Slip-running reconnection 
  è fast HXR motion 

v  Null-point/Separator reco. 
 è jump of HXR footpoint p7ition  

Aulanier et al. (2006) 
Fletcher & Hudson (2002)? 
Janvier et al. (2013) 
Dudik et al. (2014) 
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vslipping > cA 

Lo
g |

|F|
| 

x(t) / photosphere 

F crit 

vslipping < cA vslipping < cA 

v  QSL 

Masson et al. (2009) 

vslipping > cA 

Lo
g |

|F|
| 

x(t) / photosphere 

F crit 

vslipping =∞ 

v  Null point + QSL 

vslipping < cA vslipping < cA 


