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Abstract. The concept of diffusion in collisionless space which is of particular importance in the collisionless space
plasmas like those near the magnetopause and in the geplasma where classical diffusion is practically inhibited in all
magnetic tail during reconnection is reexamined making usephysically interesting processes (the less interesting case in
of the division of particle orbits into waiting orbits and break- space physicg; < 1, refers to subdiffusion, cf., e.gpkolov

outs into ballistic motion lying at the bottom, for instance, of et al, 2002. One of those processes is reconnection, the
Lévy flights. The rms average displacement in this case indominant mechanism for plasma and magnetic field trans-
creases with time, describing superdiffusion, though fastemport across magnetic boundaries represented by thin current
than classical, is still a weak process, being however strongheets/layers.

enough to support fast reconnection. Referring to two kinds Reconnection has the enormous advantage over global dif-
of numerical particle-in-cell simulations we determine the fusion of being localised, with the main physics of magnetic
anomalous diffusion coefficient, the anomalous collision fre-merging and plasma mixing taking place in an extraordinar-
quency on which the diffusion process is based, and construdgty small spatial region with the linear size shorter than the
a relation between the diffusion coefficients and the resis-electron inertial length< Ae = ¢/we. On this note, based on
tive scale. The anomalous collision frequency from electronavailable numerical simulations, we demonstrate by estimat-
pseudo-viscosity in reconnection turns out to be of the or-ing the anomalous collision frequengythat magnetic merg-
der of the lower-hybrid frequency with the latter providing ing during reconnection can well be understood as a localised
a lower limit, thus making similar assumptions physically anomalous diffusion process. This result satisfactorily unifies
meaningful. Tentative though not completely justified use ofthe two originally different views on plasma transport across
the « distribution yieldsc ~ 6 in the reconnection diffusion an apparently impermeable boundary like the magnetopause.
region and, for the anomalous diffusion coefficient, the order Anomalous diffusion is also of interest in cosmic ray
of several times Bohm diffusivity. physics, where it is frequently described as quasilinear diffu-
sion resulting from wave—particle interactions, formulated in
the Fokker—Planck phase space-diffusion formalism. Unfor-
tunately, most of the observed diffusive particle spectra (cf.,
e.g.,Christon et al. 1989 1991, for the most elaborate ob-
servations in near-Earth space) barely exhibit the shapes re-
sulting from quasilinear diffusion. They turn out to be power
law distributions both in energy and momentum space, most

Anomalous diffusion is the summary heading of all pro- frequently being described best by so-caltedistributions
cesses where the ensemble averaged mean-square displace-

ment (x?) o1 deviates from linear time dependenge=
1 with the classical (Einstein) diffusion coefficietil; = )
2T ve/m, with T the temperature, ang the classical binary < X2 )erm/ )

collision frequency. Foy > 1 one speaks of superdiffusion, Pk [X) = Ac | 1+ 02

Keywords. Space plasma physics (magnetic reconnection)

1 Introduction

@
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644 R. A. Treumann and W. Baumjohann: Superdiffusion

with normalisation factor,, d dimensionality, and corre-
lation length (cf., e.gl.ivadiotis and McComa<201Q 2011,
2013 for an almost complete compilation of the properties P(K) o exp(—ak®), (2
of « distributions) with high-energy/high-momentum slopes
to which the parameters are related. Estimated values
from the magnetospheric observations range in the interv
5 <k < 10 (Christon et al. 1997). Such distributions were
introduced byasyliunas(1969, following a suggestion by
S. Olbert, as best fitsIn the time-asymptotic limity distri-
butions were explicitly derived bjlasegawa et a{1985 and
Yoon et al.(2012). Theirg equivalent relation to superdiffu-
sion has also been suggesté@ddllis et al, 1995 Prato and
Tsallis 1999 Bologna et al.200Q Gell-Mann and Tsallis
2004 and references therein).

For the present purposes we make no direct use of the
distributions as they, apparently, play no role in reconnection.
Rather, as we demonstrate, anomalous diffusion in reconned®(n)) = /sz(n 1%0d’x, pmy=[]p. 3
tion results from processes leading to waiting statistics and 1
causing gyro-viscosity.

wherea is some positive constant, and<0x € R a real

apumber.a > 2 reproduces the classical Gaussian probabil-
ity spectra Tsallis et al, 1995. Non-Gaussian spectra have
flatter tails implyinga < 2, indicating superdiffusion. The
connection of the above probability spectrum to real-space
distributions, in particular te distributions, is non-trivial.

The diffusion process can be envisaged as consisting of a
sequence oi steps (cf., e.g.JTreumann 1997 bridging the
time froms = 0 tor = ¢, with the particle jumping from first
waiting to thenth waiting position; the expectation value of

St@e latter becomes

n

Thenth expectation value is proportional to the random mean
square of the displacemert and a power of the elapsed
time sequence. Working in Fourier (or momentum) sgace
multiplication of the probabilities yields

Collisionless dissipation and related diffusion is mediated in ; " ,
a wider sense by collisionless turbulence (cf., edjegrini P (11K) = p"(K) occexp(—ank®) ~ p (k') (4)
et al, 1996. Here binary collision timesc > z, by far ex- with p (k") the probability of the:th time step. Henck’ =
ceed anomalous interaction times. Any real non-collisional, ' 1/, .
By : . - kn*/*. Any real-space coordinate therefore scales as
diffusion proceeds at times much shorter than classical (in~ _1, . S
. o e ) xn . For the real-space probability this implies that
comparison infinite) diffusion times, with absolute values of
anomalous diﬁ"usiqn coefficients being small.' p(n|%) dix — p(x/nl/a) ddx/nd/a (5)
The superdiffusion process can be considered as a se-
quence of “waiting times” when the particle is in a quasi- yielding from Eq. ) for the nth displacement expectation
stationary trapped state followed by “breakouts” into ballis- value
tic motion until the next trapping and waiting period starts

2 Diffusion process

(Shlesinger et al.1987 Klafter et al, 1990. Such particle  (x?(n)) = n?/* (x?) (6)
motions are typical, for instance, for Lévy flights (cf,, e.g., ] )
Shlesinger et 311993. with & < 2 not precisely known but to be determined below

Working ind dimensions, the probability of a particle oc- from numerical simulations. The mean-square displacement
cupying a particular volume element during a process, asShould be obtained from the second moment of the underly-
sumed to be caused by some unspecified (nonlinear) intedd real-space distribution function, for instance theistri-
action between particles and plasma waves, is most conve?ution, yielding
niently formulated in wave number spakeavith probability 1
spectrum (x%) = Sk + 1)¢?, (7

1Theoretical attempts to justify solar wind distributions fol- an expression we will make tgntative (not fully justified and
lowed, invoking wave-particle interactions with the inclusion of for the present purposes marginal) use of only at the very end

residual binary collisions Scudder and Olbert1979. Statisti- N application to reconnection.
cal mechanical arguments were based on non-extensive statis-

tical mechanics Tsallis 1988 Gell-Mann and Tsallis 2004.
From kinetic theory they were identified as collisionless turbulent

guasi-stationary states far from thermal equilibrium resulting from . babil . has b di ised |
anomalous wave-particle interactiol@¢umann1999a b). There In using probability stepa, time has been discretised into

the role of the temperaturg as a thermodynamic derivative was PIECES of free flight, waiting and some kind of interaction. On
clarified (see alstivadiotis and McComa=2010). The relation be- ~ average the interaction is covered by a fictitious anomalous
tween the non-extensive and thex parameters was first given in  Collision frequencyva. Ordinary binary collision frequen-
Treumann(1997). ciesyc are very small, suggesting a scaling> v¢ with the

3 Diffusion coefficient

Ann. Geophys., 32, 643650, 2014 www.ann-geophys.net/32/643/2014/



R. A. Treumann and W. Baumjohann: Superdiffusion 645

anomalous timescale;! = 7, < 7c = v;* much less than
the collision timescalec. The diffusion process takes place
in a timer < tc. Replacing the time steps— vyt the mean
squarenth displacement becomes

oscillation the average displacements settle into an approx-
imately smooth continuously increasing curve of constant
slope((Ax)?) o 1117,

The slope of the final evolution of the average displace-
ment is close but by no means identical to classical diffusion,
which is shown by the slope of the two straight lines in the
figure. Though the deviation in the slope is small, it is nev-
ertheless substantial and statistically significant, indicating a
superdiffusive process which deviates from classical diffu-
sion. (We should note that, because of the large number of
~ 6.3 x 10° macro-particles used in the simulation of which
525000 had high energies and contributed most to the mean
as a function of timev,. Sinceva > g, it is much less than  displacement as well as for the high time resolution, the sta-
the classical diffusion coefficient which in this case would tistical error of the measurement is smaller than the width of
correspond to free flight. Under anomalous collisions the freethe line in this figure!)
flight is abruptly interrupted and reduced to non-stochastic Adopting the probability spectrum-based theory the exper-
diffusion by the finite anomalous collision frequengy imentally determined slope of2 ~ 1.17 of the average dis-
placement in Figl tells that in these simulations one had

(1)) = () (vat) 7. ®)
With y = 2/« it defines the anomalous diffusion coefficient
D, when multiplying byr; 1 = v,

Da(d,1) = <X2>(Vat)2/a Va = Dca(l)af)z/a 9

a~171 (experimental (10)

4 Evolution
a value substantially far away from the Gaussian limit spec-

Estimates of diffusion coefficients respectivelybased on ! ! Solait 8
tral slopex = 2 and being less than it, thus indicating quite

observations in space plasma are not only rare but unreli P
able. They suffer from the practical impossibility of any suf- Song superdiffusion.

ficiently precise determination of particle displacements as a

function of time and the subsequent transition to the asympy  ,ansition to collisional state
totic state. In addition they are mostly based on quasilin-

ear theories of particular instabilitieS#gdeey1966 1979  Anomalous diffusion proceeds on a faster than classical

Liewer and Kral] 1973 Huba et al. 1977 1981, Davidson
1978 LaBelle and Treumanr988 Treumann et a).1991;
Yoon et al, 2002 Matthaeus et al.2003 Daughton et a.
2004 Ricci et al, 2005 Roytershteyn et 312012 Izutsu et
al., 2012 which do not properly account for any nonlinear
interactions.

We therefore refer to high-resolution particle-in-cell sim-
ulations Scholer et al.2000 performed in order to deter-
mine the cross-magnetic field diffusion of ions near quasi-
perpendicular shocks. The results are compiled in Eig.

timescale with time-dependent diffusion coefficient which
justifies the term superdiffusion. In spite of this, the coeffi-
cient Dea = (X2)vq in front of the time factor determining the
absolute magnitude of the diffusion is generally small. It does
not compensate for thabsolutesmallness of the diffusion
coefficient. When, after a long time has elapsed of the or-
der of the classical collision tim&, classical diffusion takes
over scattering some particles to larger, some others back to
smaller displacements and putting the collisionless process
temporarily out of work. The average displacement of the vi-

The right-hand side of the figure shows one macro-particleplently scattered particles whose displacement line has been
orbit arbitrarily selected out of the large number of particles smeared out suddenly over a large spatial domain may now
used in the simulation to determine their instantaneous disfollow the classical linear temporary increase.
placements from the origins of their trajectories in the sim-  One single elapsed binary collision time may not suffice
ulation as a function of simulation time measured in unitsto stop the nonlinear collisionless interaction process. The
of their identical (energy-independent) gyration frequencywidely scattered particle population may still have sufficient
wci = eB/mj in the total magnetic field, which is the sum freedom to organise again into a softened collisionless dif-
of the ambient and the self-consistently generated turbulenfysion which lasts until the next binary collision time has
wave magnetic field. The particle shifts its position perpen-passed. During this second collisionless period the slope
dicular to the magnetic field from its start point to the end should be flatter than the initial collisionless slope, and af-
point in the simulation. Itis found in a slowly changing wait- ter statistically sufficiently many periods of elapsed classical
ing position, performs jumps to new waiting positions, and collision times no collisionless mechanisms revive anymore.
ends up during a final jump. Such an orbit is neither adia-piffusion has by then become completely classical. These

batic nor stochastic. sequences are schematically shown in Big.
The left part of the figure shows the average displace-

ment, ensemble averaged over the entire particle population,
as a function of simulation time. After performing an initial

www.ann-geophys.net/32/643/2014/ Ann. Geophys., 32, 6836 2014



646 R. A. Treumann and W. Baumjohann: Superdiffusion

lon trajectory

3 Mean Perpendicular Displacement 20
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Figure 1. Two-dimensional numerical simulation results of the mean downstream perpendicular displacement of ions near a quasi-
perpendicular supercritical shock (shock normal afgie87°), Alfvénic Mach numbeM a = 4 as a function of simulation time (simulation

data taken frongcholer et al.200Q courtesy American Geophysical Union). Distances are measured in ion inertial lepgthgw; with

wj ion plasma frequency. (Left) The particle displacement performs an initial damped oscillation before settling into a continuous diffusive
increase at time abouigjr ~ 40 (in units of the ion gyro frequeneyj). The further time evolution deviates apparently only slightly from

the classical (linear) increase of the mean displacement, fOllOW((Igﬂ)z) (04 (wcif)l'17 power law. (Note that simulation-time limitations

did not allow monitoring of the long-time evolution of the ensemble-averaged square displacement, thus inhibiting the determination of the
final state of the diffusion process.) (Right) Late time trajectory of an arbitrary ion of the sample used. The orbit is projected into the plane
perpendicular to the mean magnetic field which consists of a superposition of the ambient and wave magnetic fields. The ion orbit is neither
an undisturbed gyro-oscillation nor a smooth stochastic trajectory. It consists of waiting (trapped gyrating) parts and parts when the ion
suddenly jumps ahead a long distance cause by some brief but intense interaction between the particle and wave spectrum. This break out
gyration is typical of rare extreme events like those in Lévy flights referred to in the present paper.

6 Discussion

Waiting statistics offers an approach to anomalous diffu- lim Dy(t) —> Dgn(t 2 1) < De (11)
sion in various regions of space plasmas where classical” "

(and neo-classical) diffusion processes are inappropriate, vi 1/, _ —1 i

olently failing to explain the transport of plasma and mag- for vz -(t RSN ’Wlth -WW(t R ). a[-WV-V(t R ]

e o : X X both either constant or oscillating around their time-averaged
netic fields. Application to numerical simulations near col- mean vaIues(WW(t > rf)> <a(t > tf)> and the final aver-
lisionless shocks determined the valueaof 1.71, which I BN RS ) .

age diffusion coef‘ﬂmer(tDa (1 St Sg )) remaining con-

turns out to be close to but sufficiently far below its clas- . A . .
. . S : e e stant. Under such circumstances the diffusion coefficient in
sical (Gaussian) limite = 2 for identifying superdiffusion. . . - :
Fig. 2 never approaches the classical limit but settles instead

\?vﬁﬁeﬂrrilgfusmn coefficients obtained are small but increase, "o 1 ich lower anomalous collisionless Ie(/BQ”). The

The present theory is based on constarfor the entire related processes_lle outside the present mvestlgatlon._We
o . . - may, however, estimate a lower bound on the average final
diffusion process. This might be unrealistic. Real powers

P " fin ; ~ =1 \whi ;
a [Wyw ()] will turn out functionals of the time-dependent diffusion coefﬁuem(Da )assummgrf va ", Which yields

turbulent wave levelsW,,(z) which are generated self- < [ pyfin
consistently in the underlying turbulent collisionless wave- Dea S <Da >

particle interaction (for a derivation of the phase-space dis- ) ) .
tribution in particular wave-particle interactions cf., e.g., [N the following we list a few practical consequences of
Hasegawa et al.1985 Yoon et al, 2012 vyielding time- ~ OUr theory which focus on one of the most interesting prob-

asymptotic values of the phase-space power-law indée- Igms in coIIisionIess_ plasma phys?cs_, the mechanism of col-
pending on wave powei). lisionless reconnection of magnetic fields.

It may be expected that, with increasing wave leé¥gl(z),
a new collisionless equilibrium will be reached where the dif-

fus(;on process, 'T finite t'me;,ffff' approaches another new \ye may yse these arguments to infer briefly about the resis-
and approximately constant diffusivity tive scaleL,, a quantity frequently referred to in discussions

(12)

6.1 Resistive scale and relation to reconnection

Ann. Geophys., 32, 643650, 2014 www.ann-geophys.net/32/643/2014/
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Figure 2. Schematic hypothetical evolution of the diffusion coefficient for the case simulated in Fig. 1 until the collisional classical diffusion
state would have been reached. Time is measured here in classical coIIisiorngﬁme(skeft) The anomalous increase of the diffusion
coefficient with time. The growth of the diffusion coefficient gradually comes to rest after the classical collision time has elapsed. Dotted: A
time-dependent nonlinear stationary state never approaching classical diffusion. (Right) Time evolution of the average particle displacement
increasing as shown in Fig. 1. When approaching the classical collision time, scattering of particles to both larger and smaller displacements
widen the displacement range, leading to a reduced increase until the second collision time. Similarly after the second, third, and the following
collision times. Finally, the increase in the displacement settles into linear in time, implying classical or stationary diffusion.

of diffusion in the presence of current flow. It plays a role in (Sagdeey 1966 1979 for the quasilinear generation of
the diffusive evolution of the magnetic field which from the anomalous resistances. Numerical particle-in-cell simula-

induction equation is given in its simplest form tions (cf. Treumann and Baumjohan2013 for a recent
review) confirmed instead that in all cases the main driver

@ =V xV x B+ DynV?B, D = o ;Lg,)_ (13) of fast collisionless reconnection is the electron “pseudo-

ot Mo viscosity” implied by the presence of non-diagonal terms

(Hesse and Winskel998 Hesse et al.1999 in the ther-

termined through resistivity = v/eowg and electron inertial mally anlsotrop|c electron pressure te_nmr measured in
: the stationary frame of the reconnecting current layer and

lengthAe = c/we, With plasma frequencye. It tells, at what . . : .
. e ; . accounting for any subtle finite gyro-radius effects in the dy-
scale resistive diffusion starts affecting the plasma dynamics; _ . : . D
s . . hamics of electrons in the inhomogeneous magnetic field of
It is interesting to know how the resistive scale evolves

o ) . . o the electron diffusion region where electrons perform bounc-
with time in a nonlinearly active though collisionless

medium. Using the expression for the produgtto replace Ing Speiser orbits.

The resistive scale is defined A$ ~ Dt = A2t being de-

vt gives 6.2 Gyroviscosity

1/2 . .
Ly, _ { Da(1) } ~ (vat) V@ (14) An expression for the anomalous collision frequengyhat
Ae Dca is equivalentto electron pseudo-viscosity is found referring

to the volume viscosityry (or kinematic viscosityukin =
uy/mN, with N the density) and the molecular collision fre-
quencyvy (Huang 1987

for the resistive scale in units af;, expressed through the
(time-dependent) diffusion coefficieht,. This indicates that
the resistive scale increases with time from a valyg <
re Llln'[i| Da~ (DE") when L ~ ) approaches the inertial ;1 = NT/vy,  Or  pin = T/mum. (15)
scale.

Small (anomalous) resistive scales imply fast magneticFormally, this allows for the determination of when iden-
diffusion as observed in collisionless systems like in recon-tifying wv with the electron volume “pseudo-viscosityle
nection. Since in collisionless plasma there is no resistive dif{0r kinematic pseudo-viscosifye kin = ite/ Nme) resulting
fusion, one concludes that any process causing diffusion wilffom the non-diagonal electron pressure tensor elements, a
readily reduce the resistive scale to values below the electrofuantity which can be determined either from observation or
inertial scale, causing comparably fast dissipation of mag_from numerical particle-in-cell simulations. This yields
netic fields a_nq favouring reconne_cnor_]. o var NTe/tte = Te/ Mettekin (16)

The remaining problem consists in finding an appro-
priate expression for thequivalentanomalous “collision  with N the plasma density arif} the relevant electron tem-
frequency” v, under collisionless conditions. Observations perature for thepressure tensor-induced equivaleartoma-
(LaBelle and Treumanri988 Treumann et al.199Q Bale lous collision frequency.Macmahon (1965 derived an
et al, 2002 do not indicate any presence of sufficiently MHD form of the full pressure tensor including finite ion-
high wave amplitudes in collisionless reconnection requiredgyroradius contributions in the limit of very strong magnetic

www.ann-geophys.net/32/643/2014/ Ann. Geophys., 32, 6836 2014



648 R. A. Treumann and W. Baumjohann: Superdiffusion

fields, barely applicable to the weak magnetic field reconnec+or the wanted pseudo-viscosity this gives
tion site. A simplified version of his expressions neglecting
heat fluxes was given b§tasiewic1987 based on the im-  Hekin ~ Te/mesvas = Te/meva 2 1.25 Te/ mewce (21)

plicit gssumption thatin strong mag_netic fiel_ds the mean freQ/vith the factorr in the denominator cancelling, a form simi-
path is replaced by the ion-gyroradius. In view of reconnec-iar to gyro-viscosity for both simulation and real plasma ap-

tion, this form has been used blau and Sonneruf1997) in licati
lication to rotational discontinuities (for the role of vis- plicatons. . :
appiti i vi fluids. cf.and nd Lifshitz198 Adopting the above numerical estimateigf the anoma-
cosities SCoUs TuICs, cLandau a shitz1987). . lous diffusion coefficient becomes
In this form, rewritten for the relevant electron dynamics,

one hasue > Te/ mewce, Which identifiesva = vgy ~ wce 85  D,(r) = 1.65x 1072 Deg (weet) 7. (22)
an electron gyro-viscous MHD collision frequency of the or-
der of the electron cyclotron frequeneye = eB/me — in- It increases slowly with time measured in electron cyclotron

deed much larger than any Coulomb collision frequency. Itperiods.
suggests that gyro-viscous superdiffusion means Bohm dif-

fusion. 6.4 Digression orx
6.3 Estimates of transport quantities With the last formula we have, in principle, achieved our
goal.

Instead, use can be made of available numerical simula- However, someone might want to know the explicit form
tions (Pritchett 2009 which quantitatively determined the of the diffusion coefficient. For this one needs to determine
contribution of the electron-pressure tensor-induced pseudcthe coefficientDca, which requires knowledge @k?) in the
viscosity to the dissipative generation of the parallel electricelectron exhaust. Since, from the simulations, no informa-
field in guide-field reconnection (cfreumann and Baumjo- tion is available on displacements, one has to refer to model
hann 2013 for a critical discussion)Pritchett(2005 ob-  assumptions for the distribution functigrix).

tained for the maximum non-diagonal pressure-generated Among the limited number of such functions available one
field £, p in the inner part of the reconnection site (or elec- may adopt the distribution Eq. {), even though it is rather

tron exhaust region) improbable that in the tiny reconnection region and for the re-
1 stricted reconnection time any stationardistributions will
Ejp = (eN)""|V-Pe| < 0.4VaBo, (17)  have sufficient time to evolve.

Nevertheless, in the absence of any better choice, one may
tentatively evoke the relation/2 = k (k +d/2)~1 between
a andk, as proposed from non-extensive statistical mechan-

with simulation mass ratiof, = m; /me, = 64. On using in- ics (Tsallis et al, 1995 Prato and Tsallis1999 Bologna et
= , = 64.

dexs for simulation quantities, real electron masses becomeal" Z.OOQ.L'Vad'Ot'S and McComaSZ_Ol@ to hold in the su-
Mo = rmes, With r = 64/1840. With currend, we may put perdiffusion ranger < 2, and apply it as well to our particu-
’ ' lar reconnection problem.

Eon o= o1 ~ T Bo  AesvasBo (18) Then, on using the measured valuexpfve havex ~ 5.9
I.p = MasHl oLy for d = 2. This gives the two-dimensional superdiffusion

o L; 2/ M = _
. . coefficient from Eqgs.Z2), (7), and @), with squared correla-
Thus, the anomalous collision frequency corresponding tg;, lengtht? = 2T,/ meva, as

the pressure-induced pseudo-viscosity in the simulation of
the reconnection process was of the order of Dac (1) ~ 11 Dg (weet) M, (23)

where N, Bg, and Vp are the respective density, magnetic
field outside the current layer, and Alfvén velocity based on
Bo. The width of the current layer wds, ~ 2\j = 2/ Mgy,

vas S 0.8 \/ﬁs (Va/c) wes = 0.8 wees (29) where Dg ~ Tg/mewce is of the order of the Bohm diffu-
sion coefficient. This value of ten times (!) the Bohm diffu-
sion is excessively large, implying the presence of extraordi-
narily strong anomalous diffusion at the reconnection site,
though not in unacceptable disagreement with exception-
Va = var < 0.03wce. (20) a!ly fa;t s_poqtaneous recor;nectign. For a Gaussian proba-
bility distribution one had(x<) = ¢d/2 and thusDy(t) ~
This value is more than one order of magnitude smaller thanDg (weet) .
the one ofvg, obtained above from gyro-viscous MHD the- It should, however, be kept in mind that the derivation of
ory, rewritten for electrons. Still, its value is uncertain for the the « diffusion coefficient Eq.Z3) is based on the arbitrary
unknown dependence on mass ratio of the reconnection ele@ssumption that the unknown distribution of displacements
tric field E), p in the simulations. Assuming that this depen- in the narrow electron exhaust would indeed be of the family
dence is moderate, the agreement is surprisingly reasonablef « distributions. While the determination of the anomalous

with the second form of the right-hand side resulting when
accounting for the identityVa /c)v/ M = wee/we. IN terms
of real electron masses the last expression becomes

Ann. Geophys., 32, 643650, 2014 www.ann-geophys.net/32/643/2014/
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collision frequency from the simulations used is very well the two anonymous referees for several helpful and clarifying com-
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