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Abstract. An electron-magnetohydrodynamic model is used can bifurcate due to a gradual deterioration of the CS due to
to simulate the structure of an electron scale current sheaton-adiabatic scattering of quasi-trapped particlenyi
during early phase of collisionless magnetic reconnectionet al, 2002.
The current sheet develops structures, viz. bifurcated, fil- Recently, current sheets with electron scaleelectron
amented and triple-peak structures at different locations irskin-depthde = c/wpe) Nnon-Harris features, viz. bifurcated,
the current sheet. The reversal of the net out-of-plane electriple peak and filamentary structure, have been observed by
tric field seen by electrons bifurcates the current sheet in theCluster spacecraftfygant et al. 2005 Nakamura et al.
outflow regions, the individual peaks having scale sizes of 22006 Mozer et al, 2005. These observations have moti-
few electron skin depths. Secondary instabilities of the bifur-vated theoretical and simulation studies on the development
cated CS lead to its filamentation in the outflow and separaof the electron scale structures of the current sheets. The
trix regions while triple-peak structures form at reconnectionlower hybrid drift instability can produce an electrostatic po-
sites. These structures have implications for the forthcomingential structure across the sheet leading to an enhancement
NASA/MMS mission designed to resolve electron space andf the current (over its initial peak value) at the sides of the
time scales in the magnetosphere. initial single peak, yielding a bifurcated structuf2aughton
et al, 2009. However, this bifurcated structure is different
érom the one observed by Clustaiygant et al. 2005, in
which the central dip of the bifurcated sheet reaches almost
zero. Another mechanism of bifurcation is the disruption of
the central peak caused by the trapping of current-carrying
electrons in large amplitude electrostatic oscillations gener-
1 Introduction ated by current driven instabilitieSingh et al. 2006§. The
bifurcated sheets are, however, parallel to each other, in con-
Thin current sheets (CS) with thicknessemn gyro-radius  trast to the cluster observations which show a diverging ge-
play important roles in the magnetosphere and have beeometry. The triple peak structure formed in these simulations
identified by many satellite observations. These deviate sighas two side peaks at the edges of the central peak, which is
nificantly from the well-known Harris sheet and exhibit a va- different from the observationdNékamura et a).2006 in
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riety of structures, viz. bifurcated (two peaks separated by avhich the side peaks are closer to the central peak and not at§
dip) (Runov et al.2003 Hoshino et al.1996 and triple peak  the edges. ®
structure (a central peak accompanied by two weaker side Motivated by the Cluster observations on electron scales, O
peaks) Nakamura et a].200§. Many theories and simula- which are usually associated with the magnetic reconnection %
tions have studied these non-Harris type structugeshino  events, and in view of the forthcoming NASA/MMS mission c
et al. (19969 suggest that bifurcated CS corresponds to thedesigned to probe electron space and time scales in the mag-&
slow shock structure associated with magnetic reconnectiometosphere, simulation results on the development of vari- ©

While the ion current dominates in the centre of the magneto-ous electron scale structures during early phase of reconnecO
tail CS, a cross-field electron drift at the edges can support dion are presented in this Letter. In collisionless plasmas, O
double peaked structurAgano et al.2003. The ion current  magnetic reconnection is initiated in electron scale current
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662 N. Jain et al.: Electron scale current sheet structure

is suitable for the early stage of reconnection. This model
is valid for the space scalesd; and time scales wal =
(eBo/mic)~1, and is represented by the equatitfingsep

etal, 1990
%(B—VZB) =V x[vex (B—V?B)], 1)

where ve = —V x B. These equations assume uniform
electron density and incompressibility (valid foge < wpe,
which is usually satisfied in the magnetotal{gant et al.
2005). The displacement current is ignoreduas w,%e/wce-
In Eqg. @), the magnetic field is normalised by a typical value
Bo, length byde, time by wqgt = (¢ Bo/mec)* and veloc-
ity by the electron Alfeen velocityvae = dewce. In EMHD
the frozen-in condition of magnetic field breaks down due to
electron inertia, which is the dominant non-ideal term in gen-
eralised Ohm'’s law for scale sizesde (Hesse and Winske
1998.

The simulations are performed in the x-z plane with
the equilibrium profilesBy =tanhz/L)x and Jo= —ve=
(1/L)secl(z/L)$. A CS scalel. = 1.0 is used. The bound-

Fig. 1. The current densityy (coloured surface) and magnetic field ary cc.)ndltlons.are periodic along.(—lx 10 Ix) _Wh'le per-
lines in the x-z plane. The cuts d§ along the white dashed lines turbations vanish at the boundaries £/;), with Ix = 60
on the]y_surface are a|so Shown. and lz = 30 The gnd I’eSO|UtI0n |$X = AZ = 015 and

time step isAr =0.01. The simulations are initialised
with small amplitude perturbations of the forfi(x,z) =

sheets and evolves from an early electron dynamics domd/1€Xp(—z%/L?) %, sin(mmx/lx) with f1=0.001.

inated time-dependent phase to a quasi-steady phase. An In the simulations, reconnection takes place at multiple
electron-magnetohydrodynamic (EMHD) model is used tosites with the dominant site at the centre={z =0) and
describe the electron-scale processes in the early phase. @ther secondary sites at different x-locations along the line
is shown that the bifurcation of an electron scale CS is anc =0. Figurel shows a surface plot ofy along with the
inherent feature of the reconnection, arising from the associmagnetic field lines, reconnecting at=0 (dominant site)
ated electron flows and electric field. In the nonlinear stage@ndx ~ —37, in the fully nonlinear stage & 145). The cuts
the bifurcated CS gets filamented and triple peak structure®f Jy alongx =0, —19.29,—30 and—37.17 are also shown.
form at the reconnection sites. All three types of structuresThe region shown in Figl is symmetric around =0 and

are present simultaneously in reconnection. focuses on a small regior-87 < x <0 and—10<z < 10)

A direct comparison of these structures with the Clusterbetween the two reconnection sitesxat 0 andx ~ —37
observations may not be appropriate as the simulations pet0 highlight the main structures iy The two outer peaks
tain to the early stage of reconnection. However, it is pos-Which extend fromx = —37 tox = 0 parallel to the magnetic
sible that the structures, as observed by Cluster, formed ifield separatrices form a pair of bifurcated sheets. In between
the early stage and then couple to ion scales in the later stagb€ two outer peaks, two larger peaks originating from the
of the evolution retaining their shapes. The early stage elecSite atx ~ —37 and extending towards> —37 form another
tron dynamics and the cross scale coupling is planned to peair of bifurcated arms. Many small scale current filaments
probed by the forthcoming NASA/MMS mission, and the re- ¢an be seen on the bifurcated sheets, which run parallel to the
sults presented here have important implications for such obSeparatrices, and in the region between them.
servations by providing the spatio-temporal development of The structures have different features depending on the
the CS structure on electron scale and simultaneous presené@cation, as can be seen from the cuts/pfin Fig. 1. At

of the different kinds of structures at different locations with * ~*0 and—37, which are sites of reconnectiafy, has triple
respect to the reconnection site. peak structure and the individual peaks have widtlk. At

x = —30, the current in the central region is bifurcated (thick-
ness of individual peak- 3dg) with two small peaks on the
2 EMHD model and structure of electron current sheets  sides. The corresponding profile B (not shown here) has
a step-like structure at=0. At x = —19.29, Jy has multi-
The EMHD model describes the motion of electron fluid ple peaks and consequently magnetic field profile has many
in a charge neutralising background of stationary ions andstep-like structures.
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2.1 Bifurcated structure 5 1
The complicated structure ok, shown in Fig.1, is a fea- ) D= ED'E
. : , — - 0

ture of the dynamic evolution of reconnection from an initial

linear to fully nonlinear stage at=145. The physics of the " i " i "

formation of the bifurcated structure can be studied in detail

during the initial linear or weakly nonlinear stage of recon- 0z

nection. N0 B — ——— — Tz
Figure 2a-d show the structures of,, vy, v, and E, = 5 . 04

(E +ve x B)y in a smaller region around the central site 10 : o ° 10

(x =z =0) in the initial weakly nonlinear stage (at= 50)

of evolution, dominated by the maximally growing mode. 5 01

In the outflow regions, the bifurcated sheets have diverging~ o ~= T = :?—':3' » . iﬂ

shapes with the outflow jets directed away from the recon- v, Mo

nection site. The normal componeantin Fig. 2c shows in- -10 5 0 5 10

flows to the reconnection region and diverging flows in the

downstream regions. Since the magnetic field is frozeninthe s 0.04

flow, the inflow leads to the thinning of the CS in the recon- , -_-:;_“_‘_ a—_a;—’ igm

nection region. The diverging outflows, on the other hand, —The -0.02

open up the CS, leading to the diverging shape of the CS in D -5 0 5 o

the outflow regionsRogers et a).2001). The reduction in %

the magnitude of/y in the downstream regions leading to

. . . ~f hRE: vB ‘ E, ‘ A ‘ (e)
the bifurcation is due to the reversal of the net out-of-plane Def/\ o=
\/éy )
5 1

electric field seen by electrons in the downstream regions, as

explained below. ol - 0
The physical mechanism of the CS bifurcation is governed %
mainly by the out-of-plane)( component of the electron _
momentum equation: Fig. 2. The variables(a) Jy, (b) vx, (c) vz and (d) Ey =

[E+Ve x Bly in the initial stage of simulations & 50). The cuts
alongz =0 of E{, (magenta),ux Bz (black), vzBx (red) andEy
(blue) are shown irfe).

? = —[Ey +vzBx — vx Bz] (2)
t
The changes in the current density are due to the terms on the
right-hand side (RHS), which is the y-component of the to-
tal electric fieldE’ = E + ve x B seen by the electrons. The fano et al, 1999. The growth rates and eigen functions of
cuts alongz; =0 of E)’, and various terms on RHS of EQ)(  the EMHD tearing mode are obtained from the numerical so-
contributing toE;, (Ey, v, Bx anduvyB;) are shown in Fig2e lution of the linearized EMHD eigen-mode equations yield-
atr =50. Near the line =0, the second termyBy) onthe  ing the maximally growing mode foitx L = 0.4 = Ax ~ 15
RHS is small for all values of, sincev, ~ 0 (by symmetry). for L=1.0. The real and imaginary parts of the corre-
The last term €xB;) on the RHS is small near~0 (itis  sSPonding eigen functiorB;; are shown in Fig3a and b.
zero at the reconnection site Bs, v = 0). Therefore, in the To obtain two—dimensional structures in real space, we take
vicinity of x =0, the reconnection electric field, in +5 di- ~ Bz(x,2) = bz(z)sin(kxx), where bz(z) = real(Bz1) (shown
rection (going into the plane of the paper in Fig—d) accel- N Fig. 3a), allowing reconnection of the equilibrium field
erates electrons along, leading to an intensification of the Bo=tanh(z/L)x at the siter =z =0. This givesBx(x,z) =
current alongt$. Away fromx =0, vy andB; increase and  (1/kx)bx(z)coskxx) and 1~)y(x»z) = (1/kx)uy(z) cOhxx),
the Lorentz force termayB; in Eq. (2) makes finite contribu-  Wherebx(z) =b}(2), anduy (z) = kZbz(z) — b (z) are shown
tion to the total electric field. The total out-of-plane electric in Fig. 3¢ and d. Figure3e shows the structure of the CS
field £}, seen by electrons reverses its direction in the out-When the perturbed current densify(x,z) = —dy(x,2) is
flow reg|ons where the nonlinear tengB, exceedsty, as  added to the equilibrium current densifyo = secl(z/L).
shown in Fig2e. It can be seen in Figd thatEy is along the  Since Jy(x,z) > 0 in the vicinity of z =0 and Jy(x,z)
equilibrium current in the central region while in the outflow cogkyx), the CS intensifies in the region of the lengily 2
region it is in the opposite direction, resulting in a bifurcation (—Ax/4 < x < Ax/4, Ax = 21/ kx) and is bifurcated in the out-
of the current there. flow regions, viz.|x| > Ax/4. For comparison, Figf shows
The structures in Fig2 form early in the simulation and the CS structure in the linear stage<30) of the simulations
their features can be understood in detail from the normalwhen eigen structures begin to take shape from the initial per-
modes of the equilibrium, which is tearing unstabal- turbations. Figur&f shows formation of the similar structure
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Fig. 3. The real(a) and imaginary(b) parts of the eigen functio8,1 and thez-dependence oBx(x,z) (c) and vy(x,z) (d). The
panel(e) shows the structure of the CS when perturbed current deﬁwy, 7) = —1y(x,z) is added to the equilibrium current density
Jyo= secﬁ(x/L), while the bottom pandf) shows the CS structure in the linear stage of the simulations.

as in Fig.3e, however the bifurcation is not as clearly visi- which, in the nonlinear stage, combines with the Lorentz
ble as in the latter. This is due to the perturbations in Big. force arising from the interaction of the electron outflow and
being in the linear stage and, thus, have small amplitudesthe normal component of magnetic field, which are also in-
while in Fig. 3e have amplitudes comparable to the equilib- trinsic features of reconnection.

rium values.

It should be noted that the bifurcation in the linear the- 2.2 Multi-peak and filamentary structures
ory is purely due to the reconnection electric figlg as the
nonlinear termwy B; is absent. This recognition leads to an The CS shown in Figl exhibits more complicated struc-
understanding of the differences between the lengths of theures, arising from the evolving reconnection. The reconnec-
reconnecting CS in the linear theory and simulatiod&(  tion at the dominant central site & z = 0) bifurcates the CS
and Sharma2009. For B; o sin(kxx), Faraday’s law gives  in the associated outflow regions. This leads to the forma-
Ey o< cogkxx) which bifurcates the CS beyorid| > Ax/4  tion of two separate peaks in the outflow regions, connected
yielding CS length to be/2. However, in the simulations at z ~ 0, and appear as the outermost peaks in EigThe
the nonlinear termy B, reverses the direction df, withina  bifurcated current profile is susceptible to current shear in-
distance closer thaky /2, resulting in a length of reconnect-  stabilities (ain et al. 2004 which not only break the bifur-
ing CS smaller thany/2~ 7.5 (Fig. 2a). cated arms of the CS along the separatrices into filaments

In our simulations, the bifurcation of the CS in the down- With scale size~ de, but also filament the CS in the out-
stream region is a consequence of reconnection facilitatedow region between the separatrices. The filamentation of
by bulk electron inertia. This is an intrinsic feature of elec- CS along separatrices is more clearly visible in the top panel
tron scale reconnection (in both linear and nonlinear stages)f Fig. 4.
independent of the non-ideal effects breaking the frozen-in The triple peak structures, shown in Fifj. form at the
condition and has been observed in PIC simulations alsweconnection sites due to ti& x By drift of electrons in the
(Daughton et a).2006 Hesse et al.1999. The basic origin  inflow region. The in-plane Hall electric fiel = (Ey, E7),
of the bifurcation in the linear stage is the out-of-plane re- shown by arrows around the central dominant site in the top
connection electric field (an intrinsic feature of reconnection) panel of Fig.4, points towards the CS in the inflow regions
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and, thereforeE; x By drift of electrons gives rise to two
positive side peaks idy. The bottom panel of Fig shows

the cuts ofJy andJy gritt = —E2/Bx alongx =0. The points
nearz = 0 have been excluded in plotting qrit asBx =0 at
z=0. The profiles of/y and Jy qrit Match very well and the
two side peaks iy coincide with those iy grit. A similar
match is found for the triple peak structure at the secondary
reconnection sites.

A new type of structure with four peaks (two side peaks 0.4
along with the central region bifurcated into two peaks), seen
atx =—30 in Fig.1, forms due to the presence of the multi- 5|
ple reconnection sites with one of them being dominant. The
two side peaks in the four-peak structure are the outer peaks
in Fig. 1, which are the bifurcated peaks formed due to the :
reconnection at the central dominant site<{0). The field 10 = 0 5 10
lines that reconnect at the dominant site<{ 0) reconnect z
again downstream forming the secondary sites, one of which,
shown in Fig.1, is atx ~ —37 atr = 145. The reconnection Fig. 4. Top pan.el: current density,, shown by the colour, and in-
at this secondary site bifurcates the current sheet in the ass@2n€ electric field vectorst., £7) by the arrows at = 145. Bot-
ciated outflow regions and the bifurcated peaks appear as tht§m pgmel. cgts |0f]y andaEz/ Bx (points near: =0 excluded as
two inner peaks of the four-peak structure. x=0atz=0) alongr =0.

3 Discussion and conclusion et al, 2006. In our simulations, the triple-peak structure
at the dominant site has side peaks at the edges of the cen-
The simulation results show that the electron processes in th#sal peak, while at the secondary site the side peaks develop
early phase of collisionless reconnection leads to the comcloser to the central peak and its shape resembles the ob-
plex structuring of the electron scale CS. Similar electronserved structureNakamura et a).2008, indicating recon-
scale structures have been observed in the satellite obsepection at multiple sites in the magnetotail. The number
vations, as part of the structures on larger space and timef the reconnection sites in the system is determined by the
scales. The EMHD simulations presented here represerfiumber of unstable wavelengthig that can fit in the length
physics only on electron scale and caution is needed in a diof the CS, i.e., by the ratié/2, wherel is the length of
rect comparison with the observations. However, there aréhe CS. Since the wavelength of the most unstable mode is
certain similarities in the shapes (not the sizes) of these elecgenerally proportional to the CS thicknessthe condition
tron scale structures between the observations and simuldor reconnection at multiple sites becomgg oc//L > 1,
tions, and here we point out these similarities. Motivatedwhich is readily satisfied in the magnetotail. The scale size
by these similarities, it is suggested that the electron scale- 10de of the triple peak structure at the secondary site
CS structures begin to take shape in the early stage of rekx &~ —37) is smaller than the one in the Cluster observations
connection and later couple to ion scales to become part of~ di ~ 40de). The error estimates in these Cluster measure-
the larger scale structures. The data from the forthcomingments bring the scale size down to 60 % smaller, vizle16
NASA/MMS mission on the electron scale will enable direct Which is closer to the case of the simulations.

comparison with the simulations. In conclusion, the EMHD simulations of an electron scale
A bifurcated CS with thickness of each shee3—5dewas  CS show the development of a variety of structures during
observed in the magnetotailMygant et al. 2005. In addi- early phase of reconnection. The bifurcation of the CS in

tion, the observed profile @y has many step-like structures the outflow regions is an inherent feature of reconnection,
near the centre of the CS, which corresponds to the multi-as shown by the linear eigen-mode analysis and simulations.
peak structure of the CS. The cut 8f at x =—-19.29 in  The mechanism for the bifurcation associated with reconnec-
Fig. 1 shows a multi-peak profile of the current sheet with tion is the reversal of the net out-of-plane electric field seen
scale sizes of the individual peaksl—3de. These features by electrons in the outflow region. The filamented CS can
of the CS compare well with the observations. However, itarise from secondary current shear instabilitigair{ et al,
should be noted that the observed thin electron scale currer#004) of the bifurcated CS, while triple peak structures form
sheet was embedded in a much thicker ion scale CS. at the reconnection sites due to thigx By drift of electrons

A triple peak CS with scale sizes of individual peaks down in the inflow regions. A new kind of structure at= —30,
to ~ 5de and a gross scale close to one ion skin depth ( Fig. 1, viz., bifurcated profile at the centre with two side
has been observed by Cluster in the magnetdidkémura  peaks, is also seen in the simulations. Depending upon the
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trajectory of the spacecraft, one or more of the structures camesse, M., Schindler, K., Birn, J., and Kuznetsova, M.: The diffu-
be observed in a single reconnection event. The structures of sion region in collisionless magnetic reconnection, Phys. Plas-
the CS presented in this work are associated with reconnec- mas, 6, 1781-1795, 1999.

tion and some of the features are consistent with the observddoshino, M., Nishida, A., Mukai, T., Saito, Y., and Yamamoto, T.:
tions. These results have implications for the NASA/MMS Structure of plasma sheet in magnetotail: double-peaked electric

and other missions designed to resolve electron scale stru%- current sheet, J. GeOphysj Res., 101, 24775-24786, 1996.
. j ain, N. and Sharma, A. S.: Electron Scale Structures in Colli-
tures in Earth’s Magnetosphere.

lik di f . hich fi sionless Magnetic Reconnection, Phys. Plasmas, 16, 050704,
Unlike most studies of reconnection, which are of its doi:10.1063/1.31340432009.

steady state, the re;ults prg;gnte_d here are expected 10 & N, Das, A, and Kaw, P. Kink instability in
more prominent during the initial time dependent phase of glectron magnetohydrodynamics, Phys. Plasmas, 11, 4390,
reconnection after its onset in an electron scale CS and be- doi:10.1063/1.1777232004.
fore ion dynamics become important. The structures formedingsep, A. S., Chukbar, K. V., and Yan'kov, V. V.: Reviews of
during this initial phase may be modified by the ion dynam-  Plasma Physics, vol. 16, Consultants Bureau, New York, p. 243,
ics, for example, the triple peak structure may be broadened 1990.
due to the Hall electric field present over an extended in-Mozer, F. S., Bale, S. D., McFadden, J. P., and Torbert, R. B.: New
flow region in the presence of ion dynamics. As discussed in fea,t”rf,esl(;’f electron diffusion rgg'onf] observed at S“gbs()'azr mgg'
Sect.2.1, the bifurcated structure can be understood in terms  Netic field reconnection sites, Geophys. Res. Lett,, 32, 124102,
S . doi:10.1029/2005GL024092005.

of the normal modes of the equilibrium and, thus, is expecteq\I .

. . ) . . akamura, R., Baumjohann, W., Asano, Y., Runov, A., Balogh,
to persist with some effects due to nonlinearity. The filamen-

A., Owen, C. J., Fazakerley, A. N., Fujimoto, M., Klecker,
tary structures, on the other hand, are due to many processesg  and Reme, H.: Dynamics of thin current sheets associated

whose time evolution can be influenced significantly by non-  with magnetotail reconnection, J. Geophys. Res., 111, A11206,

linearity and ion dynamics. d0i:10.1029/2006JA01170@006.
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