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Current sheet formationé

i.e. gradients of magnetic fieldat small scales

é and magnetic reconnectioné 

i.e. diffusion of electric currents& changes in field line connectivities

é in 3D magnetic coronal configurations rooted in the photosphere

A theoretical (?) problem

c   La Recherche (2004)
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Quasi-static& line-tiedshearingof separatrices
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0 d/dy = 0 Č ïsy B2 /2 ) = 0 Č magnetic pressure force along y = 0

0 J x B = 0 Č magnetic tension force along y = 0Č ( BP0sP) By = 0

P = (x,z) plane

0 Field line equation : dy / By = dP / BPČ y = ( By / BP) dP

0 So : By cst along B lines in the plane P Č ( By / BP) dP = By (1 / BP) dP

0 So : y =  By (1 / BP) dP

0 On each side of separatrix : y equal &     (1 / BP) dP discontinuous

Č Jump in By Č 0W Ґ Ǌƻǘ . ґ л  Č Current sheet along whole separatrix

Connectivity discontinuity is instrumental in allowing current build-up 
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Howeveré

Yohkoh/SXT Lfff extrapolation

Yohkoh/SXT

H (DPSM / Pic du Midi)

Å Many flaring events cannot be associated with any separatrices!
(e.g. Mandrini et al. 96, 97 & 06, Schmiederet al. 97, Bagalaet al. 00, é)
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A theoretical (and observational) problem

Currentsheetformation & magneticreconnection

without

all the standard topologicalconditions ! 

5



I. Quasi-Separatrix Layers

II. Reconnectionat QSLs
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I.

Quasi-Separatrix Layers
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I. Quasi-Separatrix Layers

A. Connectivity and Mapping
1) Jacobianmatrix of the mapping

2) The squashing degree: Q

3) Computation of Q

B. Definitions and properties of QSLs
1) Definitions & construction

2) QSL thickness & robustness

3) QSLs and the skeleton

C. Examples of QSLs
1) Simulations

2) Observations

3) Laboratory
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I.A.1: Field line Mapping

Bz>0

Bz<0

r+ (x+,y+)

r - (x-,y-)

A particularfield line connecttwo points M + & M -

Two mutuallyinverse mappingcanbedefined:

+- : M + ĄM - suchas      +-(r+)=(X -(r+);Y-(r+))

-+: M - ĄM + suchas      -+(r -) =(X +(r -);Y+(r -))

With -+° +-: = +- ° -+=Id

M + 

M -

Y

X
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I.A.1: Jacobianof the mapping

Bz>0

Bz<0

r+ (x+,y+)

r - (x-,y-)

The mapping +- can be locally described by at the first order by:

+-(rô+) = +-(r+) + D+-(r+)(rô+-r+) + O(rô+-r+)

rô- =       r - + D+-(r+)(rô+-r+) + O(rô+-r+)

with D+-(r+) the Jacobianmatrix of the

vector-valued function +-(r+)=(X -(r+);Y-(r+)) 

Mõ+ 

M -

Y

X

Mõ-
rô-(xô-,yô-)

M + 

rô+ (xô+,yô+)
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I.A.1: Squashedflux tubes

Bz>0

Bz<0

r+ (x+,y+)

r - (x-,y-)

D+-(r+) locally characterize how an elementary flux tube (of infinitesimally 

small radius ) is deformed by the mapping. 

One can always find an orthonormalbasis (u+;v+) which is going to map an 

orthogonal  basis (u-;v-)  (but is not necessarily normal). 

||u+||=||v+||=1 & u+.v+=0   ;  +-(u+)=u+ +-(v+)=v- u-.v-=0

M -

Y

X

M + 

2

Titov, Hornig & Démoulinet al (2002)
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I.A.2: The displacementnorm

0Displacement norm N: ñnormò of the 
jacobianmatrix of the mapping 

N+=[ ij (D+-)
2

ij ]1/2

0N = [ (AB)2 + (CD)2 ]1/2 / ( 2d )

0N : norm of the vector  u+ + v+

N+= ||u+ + v+||

Priest& Démoulin(1995), 

Démoulinet al (1996)

+                  

+

A

B

++
C

D

2

Regions of high N (N >> 1) are regions of high 

connectivity gradients: early definition for quasi-

separatrix layers (Priest& Démoulin1995, Démoulinet al 1996)

Problem: Usually N+(r+)Í N-(r -) 

N does not give an unique value at the footpoints

of a single field line. 

Titov, Hornig & Démoulinet al (2002)
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I.A.2: The squashingnumber

+                  

+

A

B

++
C

D

2

With 1 and 2 the eigenvaluesof the 

Jacobianmatrix D+- : + = 1 2

1 2| = area of the squashedflux tube

Geometrical interpretation: Q is the ratio 

of the squared diagonal to the area of the 

squashed flux tube. 

one have:

and Q = ( 1
2

2
2)/ | 1 2 |  > 2 

0Relation between N+(r+) andN-(r -) 

With + = det(D+-) , the determinant of 

the Jacobianmatrix 

0 Squashing number Q: 

Q = N2
+ / | +| = N2

- / | -|

Q is constant alonga given field line
(since| D+| = 1 / |D-|)

Titov, Hornig & Démoulinet al (2002)
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I.A.2: The squashing number 

+                  

+

A

B

++
C

D

2

0Flux is constant along a elementary 

flux tube:

+ = - ź Bz+ (r+) dS+= Bz-(r -)dS-

0At the first order: 

Bz+ (r+) = Bz-(r -) | 1 2 |

0The expansion-contraction factor:

K= ln (| +|) = - ln (| -|)

= ln (| Bz+ / Bz- |)  

K indicates how much the local 

elementary flux-tube cross section 

expands or contract

0The squashing number can be rewritten: Q= N2
+ / | +| = N2

+ / | Bz+ / Bz- |

Q = N2/ [ bz
elementary(z=0) / bz

squashed(z=0) ]

0 Practically, this formulation is usually more precise 

0Q provides the most important information about the connectivity.

0 Titov, ApJ660, 2007 : general definition of Q, in case of non-cartesiansystems 

of coordinates, arbitrary geometry of boundaries (e.g. open field)
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I.A.3 : How to computeQ ?

Estimation of Q implies to compute correctly a large number of field lines: 

At each point of the grid: 

ÁIntegration of the field lines at the neighboring points 

ÁDetermine the footpointposition Ą compute N

ÁDetermine the vertical field Ą compute Q

M +

M -

r - i+1,j

r - i-1,j

r - i,j +1

r - i,j -1

2

Unless the prescribed field is simple enough that integrating the field lines and 

determining the Jacobianmatrix can be done analytically (e.g. Titov et al. 03, Wilmot-Smith et al.09)
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I.A.3: How to computeQ ?

ÅComputing connectivity below the mesh size is often necessary since where Q is high 

connectivity gradients are high: small change of footpointposition Ą large variation of the 

position of the other footpoint

ÅComputing Q and N below the mesh size is ok! (Ígradients of local quantity):    large 

scale properties of the magnetic configuration dominates(cf. Démoulinet al. 96, 97).

High-order field-line integration algorithm is fundamental !

Issues:Too coarse initial grid

ÅRegion of high Q can be very thin (<< 

mesh size).

ÅToo coarse grid: miss these regions and 

Q will be poorly computed.

Solution:

ÅSubsample the initial grid  

(computationally expensive) 

ÅCompute Q on a mesh adapted to the 

mapping (e.g. Aulanier, Pariat et al. 05)

(e.g. Aulanier, Pariat et al. 05)

Half width Q ~ 0,004 smallestgrid size
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I.B.1 : Quasi-separatrixlayer definition

ÅQuasi-separatrix layers (QSLs) :(Démoulinet al. 96; 97)

ÅRegion of high Q (Q>>2)

ÅRegionsof strong but continuousconnectivity gradients.

ÅHyperbolic flux tube (HFT) :

ÅCenter of the QSL, regionwhere Q is the highest
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I.B.1 : Yes buté what is a QSL ?

Grey levels = Q(z=0)

Å Q >> 2 ??  Is that a definition ? é  well, first Q can be very high ! 

Å A QSL is a 3D structure: 

Å A QSL is frequently represented as an Iso-Q domain.

Å An iso-Q domain is a magnetic domaini.e the boundaries of an iso-Q domain 

are field lines (Q is constant along a f.l .) 

Å A QSL: the collection of very squashed elementary flux tubes/field lines

Å If you plot field lines sequentially along a segment and the opposite footpointsare 

strongly distant Č Victory: you found a QSL!

Å By extrapolation the mapping of a QSL on a 2D plane is called a QSL in the literature.

Å e.g.: photosphericQSL 

Qmax ~ 600,000,000



I.B.1: Quasi-separatrixlayer properties

ÅQSLs are a 3D subvolumeof the domain 

Å Í  Separatricesare 2D surface 

ÅQSLs are large scale structures. They do not depends on local 

property of the field 

Å Í  Bald Patches and 3D null-point related structures (B=0 locally)

ÅQSLs generalize the concept of separatrices

Å A separatriceis located where the mapping is discontinuous:  Q Ą+ Ð
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Potentialfield

ï +

|bz| = 30        |bz| = 4        |bz| = 35

at z=0

b = 4 monopoles 1/r² locatedat z<0

Inversion line at z=0

QSLscanbesimply obtain in a potential configuration

I.B.1: How to create a QSL
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I.B.2: Topologyof configuration

Q Grey levels

Qmax ~ 4,000 >> 2

Half width Q ~ 2.6 smallestgrid size
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I.B.2: Comparison  with different configuration 

Grey levels

=

Squashing number Q

~ gradients of connectivity

Qmax ~ 4,000

Half width Q ~ 2.6 smallestgrid size

Qmax ~ 600,000,000

Half width Q ~ 2.6 smallestgrid size

Half width Q ~ 0,004 smallestgrid size

Polarities more aligned Ą higher Q: aligned dipoles: existence of a separatrice
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I.B.2: QSL thicknessvs. MHD cell size

Configuration 1 Configuration 2

Log Q

Distance at z=0 across the QSL

Log Q

Distance at z=0 across the QSL

Cell size = [ 1.5x10ï3 ; 18.0x10ï3 ]

almost resolved unresolved

QSL QSL

Qmax ~ 600,000,000Qmax ~ 4,000
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Robustnessof QSL shape

Å In theory, QSL can disappear if suitable continuous deformation of the boundary 

magnetic field. However, such motions are unlikely.

Å QSLs, as separatrix, tend to be very 

robust to boundary motions: QSLs 

tend to follow the change of the field
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Robustnessof QSL shape

Å QSLs, as separatrix, tend to be very 

robust to boundary motions: QSLs 

tend to follow the change of the field

Å In theory, QSL can disappear if suitable continuous deformation of the boundary 

magnetic field. However, such motions are unlikely.
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Potentialfield
ï +

|bz| = 30        |bz| = 4        |bz| = 35

at z=0

b = 4 monopoles 1/r² locatedat z<0
Inversion line at z=0

ÅQSLs can be formed by monopoles located below the boundary

ÅAt the level of these polarities the « skeleton» (nulls, separatrices, é) can be defined Č

Link between skeletonand QSL can be studied(Démoulinet al. 96, Titov & Hornig 02, McLean et al. 09)

ÅReminder:Charges description is only a formalism , a tool to model the flux distribution !

I.B.3: Skeleton and QSLs
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I.B.3: Skeleton and QSLs

Å Highest Q are found above the nulls

Å QSLsmainly matches the spines/separators
(McLean et al. 09)

Å Separatricesare embedded within QSLs:

Å A region of  Q Ą + Ð are surrounded by high Q 

Å How extended are the surrounding QSLs?

(McLean et al. 09)

Sources,

Nulls,

Separtrices

QSLs
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33/27

Squashing degree Q

(Restante, Aulanier, 

Parnell 08)

High QLow Q

Low Q

High Q

Low Q

High Q

Å Highest Q are found above the nulls

Å QSLsmainly matches the 

spines/separators
(McLean et al. 09)

Å Non spine-related QSLs linked with 

the portions of the fan branching 

away (Restanteet al. 09). 

I.B.3: Skeleton and QSLs
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Most studies of QSL done by 

numerical investigations:  e.g. 

Wilmot-Smith et al 09, Maclean et al. 09; 

Masson et al. 09, Santos et al. 09, Titovet 

al. 08 & 03,  Aulanieret al. 06 & 05, Pariat

et al. 06, De Moortelet al. 06, Buchner et 

al. 06, Galsgaardet al. 03 & 00, é   

I.C.1 : QSLsin simulations

Wilmot-Smith et al. 09

Titovet al. 08
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A. Connectivity and Mapping
1) Jacobianmatrix of the mapping
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I.C.2 : Application to H flare ribbons

Yohkoh/SXT lfff extrapolation

Yohkoh/SXT

H (DPSM / Pic du Midi)

0 linear force-free field extrapolations : curl B = B

0 chosen to best match - large SXR loops

- transverse Bphot if available

0 small connectivities weakly depend on 
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Yohkoh/SXT

H (DPSM / Pic du Midi)

SXR loops

Arch Filament System

Schmiederet al. (1997)

BEFORE reconnection 

AFTER reconnection 

I.C.2 : Application to H flare ribbons
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I.C.2 : Application to coronal heatingrelated

EUV emissions

Fletcher et al. (2001)

Mg IX                                  Qphot & QSL field lines                 Si XII & QSL field lines

Mg IX

Mg IX

Si XII

Yohkoh/SXT
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Grey levels = Q(z=0)(Masson, Pariat, Aulanier& Schrijver 09)

Inner 

Spine

Fan

Outer Spine

Fan

Å Observational evidence that: Null points can be embedded in extended QSLs

ï Ribbons primarily match the QSLs footprints, even in the presence of separatrices

(Masson et al. 09)

I.C.2: Observed 3D null points and QSLs
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I.C.3: QSLsidentifiedin laboratory

Experiment in the Large Plasma Device 

(LAPD) at UCLA (Lawrence & Gekelman09)

QSL located at the interface of two 

twisted flux tubes.

Lawrence & Gekelman(2009)
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Conclusions
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3D magnetic reconnection 

without topological discontinuities

- QSLs: volume of strong mapping gradients
QSL generalize the concept of separatrix: separatrices are only a particular 

type of  QSL 

- The squashing degree Q allows to locate QSLs
To compute Q; an efficient field line integration algorithm is necessary.  

- QSLs are related to the large scale distribution of the magnetic field  
Unlike Null point and related separatrices which are due to a very local 

property of the field.

- ñQSLs are everywhereò
Problem: gradients of connectivity are VERY frequent:

Significant gradients are much less common

QSL surrounds classical separatrices (consequence ?)

Role of QSL in solar physics? 44



End Part I
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II .

Reconnectionat Quasi-Separatrix Layers

47

Review: sorry, none yet!



Ribbonsand QSLs

H (DPSM / Pic du Midi)

Observational evidences: QSL must be involved / related to the magnetic 

reconnection process

ÅAs with separatrices ribbons can be located at the same location than QSL.

ÅFlares ribbons are THE classical signature of reconnected field.
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What  determines field line dynamics
and what are the global effects
on MHD & particle time -scales

What is the nature of current
sheet formation and of magnetic

reconnection in 3D

in Quasi -Separatrix Layers ?
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II.  Reconnection at QSL

A. Currents build -up along QSL
1) Link between Q and J

2) Currents intensification at the HFT

3) Open issues/discussions

B. QSL reconnection
1) Field line slippage

2) Slip-running reconnection

3) Observation of QSL reconnection

4) HXR / ribbons evolution and QSL recon. 
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II.A.1: Currents& QSLs

Å QSLs are a 3D subvolumeof strong connectivity gradients

Å Separatricesare extreme QSLs  

Å As Separatrices, QSLsare expected to transfer: large scale shear: B distribution 

to smaller scales: QSL width

Å QSLs are expected to allow the formation of important non null rotational 

Ą Electric current sheets expected (?) to form along QSLs (Priest et al. 96, 

Démoulinet al. 96, 97)

z

x

y

x

y

x

P = (x,z) plane
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Å Analytical investigations of the link extremely difficult Ą numerical 

investigations: (Galsgaardet al., 00 & 03 , Pontinet al. 05, Aulanieret al. 05 & 06, Pariat et al. 06, 

Büchner06, Dreheret al. 08, Wilmot-Smith et al. 09)

ÅČ Similarly to separatrices, currents spontaneously 

forms along QSLs.

Å Recipe:  

Å Choose a magnetic configuration with a QSL (a free-range locally-grown one is a must!!)

Å Apply a boundary motion (not too slow, not too fast)

Å Look at the current density vs. Q.

Å Enjoy!

II.A.1: Currents & QSLs 
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II.A.1 : Comp.  with different configuration  and drivers    

+

Translation

Rotation
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II.A.1: Photosphericcurrents and QSLs

Simulation A1

Qln j(z=0)
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Qln j(z=0)

II.A.1: Photosphericcurrentsand QSLs

Simulation A2
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Qln j(z=0)

II.A.1: Photosphericcurrentsand QSLs

Simulation B1
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Qln j(z=0)

II.A.1: Photosphericcurrentsand QSLs

Simulation B2
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II.  Reconnection at QSL

A. Currents build -up along QSL
1) Link between Q and J

2) Currents intensification at the HFT

3) Open issues/discussions

B. QSL reconnection
1) Field line slippage

2) Slip-running reconnection

3) Observation of QSL reconnection
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II.A.2: Extended & narrow coronal currents

B1

A2

A1

B2

J = |rot B|

linear grey scaling
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II.A.2: Electric currents  j and Q around the HFT

Log Q = j/b j = curl b

Squashing degree Q

Coronal currents
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Lorentz Force Plasma flow

II.A.2: Currentsheetintensification at the HFT

Squashing degree Q

Coronal currents

(Aulanier, Pariat , Démoulin& DeVore2006)

Å Smooth build-up of the current sheet

ï Pinching by Lorentz forces

ïDecrease of the current width

ï Intensification of the current density
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