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•  How is reconnection rate determined? (The rate problem)	


•  How does reconnection take place in 3D? (The 3D problem)	


•  How does reconnection start? (The onset problem)	


•  How are particles energized? (The energy problem)	

	

•  How do boundary conditions affect reconnection process? (The boundary 

condition problem)	


•  How does reconnection take place in relativistic and strongly magnetized 
plasmas? (The relativity problem)	


•  How to apply local reconnection physics to a large system? (The scaling 
problem)	


Fundamental Reconnection Problems	




A Reconnection “Phase Diagram” 	
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A Hierarchy Model of Islands	

•  Hierarchy of islands: 	


•  Assume 	
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New Phases Provide Access to Astrophysical 
Reconnection  	
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All Phases Are Fast – But Different Physics Which 
Should Lead to Different Heating/Acceleration?	
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accretion disk interiors, solar chromosphere and tachocline,
molecular clouds, gamma ray bursts, and magnetar flares. It
could be argued that they form a line slightly below but
along the boundary (blue line) between the multiple X-line
collisional and hybrid phases. It is conceivable that the self-
regulation arguments for collisionality103,104 could be
applied here since collisional reconnection dominates at the
deepest level of the hierarchy on the one side of the bound-
ary while collisionless reconnection dominates on the other
side. In fact, it has been suggested through Hall MHD simu-
lations48 that reconnection in the multiple X-line collisional
phase is much slower than that in the hybrid phase although
it is much faster than the single X-line collisional (Sweet-
Parker) rate. However, the reconnection rate is not so differ-
ent: collisionless rates are around 0.1 and while the colli-
sional rates are around 1=

ffiffiffiffiffi
Sc
p
! 0:01 at the deepest level of

the hierarchy. A key question here is what determines the
overall reconnection rate in a hierarchy of islands and
whether it is indeed dominated by the reconnection process

at the deepest level49 or by the reconnection process at all
levels in an integrated way.

There are two special cases which do not belong to ei-
ther of the above three groups: protostellar disks and inter-
stellar media. Protostellar disks have lowest S among the
objects we surveyed and are located between the single X-
line and multiple X-line collisional phases. Interstellar media
are right in the middle of the hybrid phase, and probably
both collisional MHD physics and collisionless physics are
important in charactering reconnection processes there as a
part of the galactic dynamo.

Lastly, we note that currently there are no laboratory
experiments which can be used to study all of these new
phases of magnetic reconnection. Laboratory experiments
have been playing important roles in the reconnection
research: confirming some leading theoretical or numerical
models such as Sweet-Parker18 and collisionless reconnection
models105 while challenging others such as Petschek model;
benchmarking state-of-the-art numerical simulations;63,106,107

TABLE I. Key parameters of various plasmas from laboratory, heliophysics, and astrophysics. Unless explicitly stated, assumptions are (1) ! ¼ 1=2, (2) the

reconnecting field is 1=10 of total magnetic field, BR¼ 0.1BT, (3) equal electron and ion temperatures, Te¼Ti, and (4) ions are protons. We note that there are
opinions that the plasmas in Crab pulsar wind and radio lobes are nonthermal so that temperature may not be a good description (Refs. 68, 69). There are some
laboratory experiments which are not listed: flux rope experiments (Refs. 70–72) with S !k! 101 and plasma merging experiments (Refs. 73, 74) with

S¼ 102–103 and k¼ 101–102.

Location Plasma Size (m) Te (eV) ne (m–3) BT (Tesla) S k Notes

Lab MRX75 0.8 10 1# 1019 0.1 3# 103 1.5# 102 ! ¼ 1=4, Ti¼Te=2, BR¼ 0.3BT

VTF14 0.4 25 1.5# 1018 0.044 3# 102 4# 100 ! ¼ 1=4, Ti¼ 5 eV, Arþ

Laser plasma76 2# 10–4 103 5# 1025 100 2# 101 1# 101 Alþ 13, BR¼BT

MST77 1.0 1.3# 103 9# 1018 0.5 3# 106 6.2# 101 Ti¼ 350 eV, Dþ , BR¼ 0.05BT

TFTR78 0.9 1.3# 104 1# 1020 5.6 1# 108 2.3# 102 Ti¼ 36 keV, Dþ , BR¼ 0.01BT

ITER79 4 2# 104 1# 1020 5.3 6# 108 5# 102 Dþ , BR¼ 0.01BT

NGRX80 1.6 25 1# 1019 0.5 1# 105 1# 103 ! ¼ 1=4, Ti¼Te=2, BR¼ 0.3BT

Solar

system

Magnetopause81 6# 107 300 1# 107 5# 10–8 6# 1013 9# 102 BR¼BT (p. 267)

Magnetotail81 6# 108 600 3# 105 2# 10–8 4# 1015 1.3# 103 BR¼BT, Ti¼ 4.2 keV (p. 233)

Solar wind81 2# 1010 10 7# 106 7# 10–9 3# 1012 2# 105 (p. 92)

Solar corona81 1# 107 200 1# 1015 2# 10–2 1# 1013 4# 107 (p. 79)

Solar chromosphere82 1# 107 0.5 1# 1017 2# 10–2 1# 108 3# 108 Neutral particle effects are weak82

Solar tachocline83,84 1# 107 200 1# 1029 1 1# 109 5# 1010

Galaxy Protostellar disks85 9# 109 3# 10–2 6# 108 2# 10–5 8# 103 1# 109 L¼ 2h(R =1AU), e-n collisions

included,82 Mgþ

X-ray binary disks86,87 4# 104 75 1# 1027 36 3# 107 9# 108 M ¼ 10M%, L¼ 2h(R¼ 102RS),
a¼ 10–2, _M ¼ 1016g=s

X-ray binary disk coronae88 3# 104 5# 105 1# 1024 1# 104 1# 1016 9# 107 M¼ 10M%, R¼RS, Ti¼ (mp=me)Te,

gCompton included (Ref. 88)

Crab nebula flares89–91 1# 1014 130 106 10–7 5# 1020 2# 1011 Pair plasma, T from BR
2=2l0¼ 2nT

Gamma ray bursts92 104 3# 105 2# 1035 4# 109 6# 1017 2# 1016 Pair plasma

Magnetar flares 92,93 104 5# 105 1041 2# 1011 6# 1016 5# 1017 Pair plasma, SGR 1806-20

Sgr A* flares94,95 2# 1011 7# 106 1013 10–3 2# 1024 5# 108 L¼ 2R¼ 20RS

Molecular clouds96,97 3# 1016 10–3 109 2# 10–9 1# 1011 7# 1012 Neutral particle effects included,82

HCOþ

Interstellar media96,97 5# 1019 1 105 5# 10–10 2# 1020 1# 1014 L¼magnetic field scale height

Extra-
galactic

AGN disks86,87,98 2# 1011 24 8# 1023 0.5 2# 1013 1# 1014 M ¼ 108M%, L¼ 2h(R¼ 102RS),
a¼ 10–2, _M ¼ 1026g=s

AGN disk coronae88 3# 1011 5# 105 1# 1017 4 1023 3# 1011 M ¼ 108M%, R¼RS, Ti¼ (mp=me)Te,

gCompton included (Ref. 88)

Radio lobes69 3# 1019 100 1 5# 10–10 2# 1025 8# 1012

Extragalactic jets99 3# 1019 104 3# 101 10–7 6# 1029 1# 1014 3C 303

Galaxy clusters100 6# 1018 5# 103 4# 104 2# 10–9 2# 1025 6# 1011 A1835

111207-8 H. Ji and W. Daughton Phys. Plasmas 18, 111207 (2011)

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://php.aip.org/php/copyright.jsp



Solar Corona Example	
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L	
 1E+7 (m)	


L_cs	
 5E+5 (m)	


T	
 200 (eV)	


N	
 1.0E+15 (m^-3)	


B_guide	
 200 G	


B_rec	
 20 G	


S	
 1.1E+13	


ρ_s	
 0.28 (m)	


λ	
 3.6E+07	


VR =
η

µ0ρS
~ 1 m/s ~10−6VA  

Field line breaking	

due to collisionless 
processes	


Purely collisionless 
process or need 
MHD+collisionless?	




Crab Nebula Flare	
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L	
 1E+14 (m)	


L_cs	
 5E+13 (m)	


T	
 130 (eV)	


N	
 1.0E+6 (m^-3)	


B_guide	
 1E-4 G	


B_rec	
 1E-3 G	


S	
 5E+20	


ρ_s	
 530 (m)	


λ	
 2E+11	


Purely collisionless 
process or need 
MHD+collisionless?	


Pair plasma	

	

Assume thermal plasma	

	


2nT ~ Brec
2µ0



Design	  Goals	  for	  MRX-‐U	  
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Current	  Sheet	  Length	  	  
~	  System	  Size	  /	  4	  

Kuritsyn et al. (2007) 
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Conceptual Designs Are Nearly Complete	


Parameters	
 MRX	
 MRX-U	


Device 
diameter	
 1.5 m	
 3 m	


Device length	
 2 m	
 4 m	


Flux core 
diameter	
 0.75 m	
 1.5 m	


Stored energy	
 ~100 kJ	
 ~3 MJ	


Plasma 
heating 	
 No	
 OH 

(~1MW)	




Geometry & Boundary Conditions for 	

Fully Kinetic Simulations	
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Conducting BC Fields - Reflecting for particles	


PF Coil	
 PF Coil	


New Drive coils	


Choose drive time	

Include Fokker-Planck collision operator	




Drive coils improve control over layer formation;	

There are sufficient time for many islands to form & eject	


Secondary 	

island	




Reconnection of Sectored Magnetic Fields?	
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ical “flying carpet” or a “ballerina skirt” (Figure 2). As far as
we know, the HCS extends throughout most of the helio-
sphere, having been observed to be continuously present in the
most distant magnetic field observations of Pioneer [Smith,
1989] and Voyager [Burlaga and Ness, 1993].

3. Discovery: How and by Whom
The discovery of the current sheet is intimately related to

attempts to explain the sector structure of the heliospheric
magnetic field (HMF). A surprising feature of the earliest
magnetic field measurements in space was their organization
into a few magnetic “sectors” in which the fields alternated
between inward and outward [Wilcox and Ness, 1965]. The
interface between the sectors, where the signs of the radial and
azimuthal field components changed from positive to negative
or negative to positive, was known as the “sector boundary”
(SB). To the extent that the nature of this boundary was of
interest, the early view was that the sectors took the form of
“orange slices,” with the sector boundaries being vertical or
north-south surfaces parallel to the Sun’s magnetic axis. Typ-
ically, two or four sectors were observed each solar rotation.

An important discovery soon after sectors were identified
was a dependence of the sector structure on heliographic lat-
itude (Figure 3). When the observations were used to produce
a single measure of the dominant magnetic polarity per solar
rotation and examined over several years, a sinusoidal varia-
tion was found, superposed on a long-term average of 0.5, that
coincided with the annual excursions of the interplanetary
spacecraft in latitude [Rosenberg and Coleman, 1969]. Shortly
afterward, studies of high-latitude ionospheric currents ob-
served in ground-based magnetic field data showed a close

correlation between their polarity and the interplanetary sector
structure [Svalgaard, 1975]. Since the ground-based observa-
tions were available for many years, the sector structure and
dominant polarity could be studied over an extended interval
of 4.5 sunspot cycles before observations in space began. This
extended data set showed the same sinusoidal variation with
latitude with the additional feature that the dominant polarity
reversed along with the sign of the Sun’s magnetic poles at or
near sunspot maximum [Wilcox and Scherrer, 1972]. Clearly,

Figure 1. Schematic of the heliospheric current sheet. The shaded current sheet separates fields from the
north and south solar magnetic poles which are open (only one end attached to the Sun). The normal to the
current sheet represents the magnetic axis of the solar field and is shown tilted with respect to the Sun’s
rotation axis. Closed field lines (those which have both ends on the Sun) are shown at midlatitudes to low
latitudes and lie inside the current sheet. The fields above and below the current sheet develop the spiral
structure characteristic of the solar wind generally. From Smith [1993]. (Reprinted by permission of the
University of Arizona Press. Copyright @ 1993 by the University of Arizona Press.)

Figure 2. Three-dimensional representation of the HCS in-
side the heliosphere. The continuous HCS and its tilt relative
to the solar rotation axis lead to a pair of peaks and valleys that
spiral outward from the Sun. A spacecraft would cross the HCS
twice per solar rotation and would observe two sectors. This
view is from above the current sheet, which extends outward to
!15 AU during two solar rotations. The HCS does not stop at
that distance but continues out into the heliosphere. From
Jokipii and Thomas [1981].

SMITH: REVIEW15,820

Heliospheric current sheet 
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Summary	

•  A phase diagram in term of Lundquist number (S) and 

effective size (λ) has been developed to summarize 
current understanding of magnetic reconnection 
involving different dynamic processes.	


•  A survey of plasma parameters was done for a large 
number of plasmas where magnetic reconnection might 
occur.	


	

•  MRX-U is proposed to access all reconnection phases 

with  larger λ (~10✕) and higher in S (~100✕). 
Conceptual engineering design underway, guided by 
state-of-the-art numerical simulations with relevant 
geometry and parameters.	



