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Kinetic simulation results reveal that the growth of the lower-hybrid drift instabiliidDI) in

current sheets has an important effect on the onset and nonlinear development of magnetic

reconnection. The LHDI does this by heating electrons anisotropically, by increasing the peak

current density, by producing current bifurcation, and by causing ion velocity shear. The role of

these in magnetic reconnection is explained. Confidence in the results is strongly enhanced by

agreement between implicit and massively-parallel-explicit particle-in-cell simulation2Z0@

American Institute of Physic§DOI: 10.1063/1.1885002
I. INTRODUCTION LHDI has been observed during magnetic reconnection in

the magnetotaﬁ, in the magnetopaué*eand in laboratory

The importance of the lower-hybrid drift instability experiments.However, two problems make the explanation
(LHDI) in the evolution of current sheets with thickness of anomalous resistivity based on LHDI difficult to accept.
comparable to the thermal ion gyroradius has been studieglirst, both simulation and observatiods show that the
for decades. The topic is of central relevance to the physicsaturation level of the LHDI is determined primarily by the
of magnetic reconnection and has widespread application telectron dynamics, and it is far too low to justify the anoma-
space, astrophysical, and laboratory plashigarly work on  |ous resistivity that is required to obtain realistic reconnec-
LHDI by Krall and Liewef has been followed by numerous tion rates within the Sweet—Parker model. Second, the LHDI
papers(see Ref. 1 for a review of the literatyre is mostly stabilized at high plasm@and thus it grows pri-

The LHDI is driven by the diamagnetic current that marily on the flanks of the current shééunless the current
arises because of the presence of inhomogeneities in the defayer is very thin®
sity and magnetic field in a current sheet. The fastest grow- Recently, the effects of the LHDI have been
ing modes are primarily electrostatic, and are confined to theevisited*?*®In the present paper, it is shown that the LHDI
edge region wittkpe~ 1, o ~kU; <y, y<{,, Wwherep.is  may play an important role in the onset of magnetic recon-
the electron gyroradiug); the ion diamagnetic drift velocity, nection, but through a mechanism very different in nature
Q= VQcf) is the lower-hybrid drift frequency{,. and  than anomalous resistivity. Although the LHDI is a micro-
Qq are the electron and the ion gyrofrequenciesscopic instability, it is also responsible for macroscopic
respectively.® Longer wavelength LHDI modey pipe~ 1, changes in the current sheet. The LHDI heats electrons an-
show a slower growth ratey~ (), and have a significant isotropically, preferentially in the perpendicular direction,
electromagnetic component that can penetrate into the cepeaks and bifurcates the current sheet, and creates ion veloc-
tral region for sufficiently thin current layefs. ity shear*!® These effects have important consequences

Since it is a relatively short wavelength and high fre- both on reconnection onset and on the saturation of recon-
quency instability, the LHDI has been considered for somenection. In particular, simulation results show that both tem-
years a source of anomalous resistivifyand it is often in- perature anisotropy Wwitil,, /T >1 and current peaking
voked to explain the discrepancy between the rapid observestrongly enhance the linear growth rate of the tearing
rate of reconnection and the slow, theoretically predicteqnstabinty_“
Sweet—Parker rate based on classical resistivity. Indeed the e note that the role of electron anisotropy on the onset
: of other electron anisotropy driven instabilities was recently
“Paper PI1B 2, Bull. Am. Phys. Sod9, 286 (2004). reexamined for a neutral sheétlt has been previously ar-

Y|nvited speaker. Electronic mail: paolo.ricci@dartmouth.edu gued that any electron anisotropy would be isotropized on a
®Electronic mail: jerrybrackbill@comcast.net

IElectronic mail: william-daughton@uiowa.edu very fast time scale due to a variety of e_:lectron anisotropy
®Electronic mail: lapenta@lan1.gov driven modes, such as the whistler anisotropy instability.
1070-664X/2005/12(5)/055901/7/$22.50 12, 055901-1 © 2005 American Institute of Physics
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However, it does not appear that these modes really exist 1.5 a) A

within a neutral sheet. The new results indicate that for /

T,¢/Tje>1 the anisotropic tearing mode is the dominant in- . 1

stability while in the opposite limifl | o/T;c<1 the current - .

aligned Weibel instability is driven unstabiéThus the elec- 0.5 R .

tron anisotropy may in fact play a crucial role in governing o X

the onset physict’ S o T 2 s
This paper reviews published results and introduces zZIL

some new results on the scaling of LHDI evolution with the 1.5 v

current sheet thickness. The scaling enables us to show that b) v

the effect of the LHDI decreases with the thickness of the 1 R

current sheet profile, passing from current peaking in the =8 N W\,

central region to current bifurcation. Moreover, it is shown 05 v LY

that the level of the electron anisotropy induced by the LHDI .J" \” ‘\/ v

is reduced for thicker current sheets. 93 SPa— o ] > 3
The paper is organized as follows. Section Il describes 2L

the system we study and the simulation tools we use for the 1.5

task. Section Il focuses on the macroscopic effects of the c) np

LHDI, which are explained by a simple physical model in 1 I

Sec. IV. Section V reviews results on the effect of the LHDI -> T

on the linear and nonlinear evolution of the tearing 05 ! J\J' \

instability. i 0\

0

z/L

Il. PHYSICAL SYSTEM AND THE SIMULATION ) . . . .
APPROACH FIG. 1. The evolution of the current densilyis shown from simulations in

the (y,2) plane. The dotted lines represent the current profiles-@taver-

. . . aged along. Profiles at();=4 are shown by a solid lineNPIC simulation
Following the Geospace Environment ModelifEM)  5ng a dashed linéCELESTE3D simulationfor p/L=1.828, casda); at

magnetic reconnection challen@oea Harris current sheet is Q=8 for the p;/L=0.915, casdb); and attQ,=17 for the p;/L=0.457,
considered! The usual magnetotail reference frame is usedgase (c). The other current sheet parameters afg/(=2.88, m/m,
with the magnetic field aligned to thedirection, =180, andTi/Te=5.

B =B, tanhz/L)e,, (1)
The nonlinear dynamics are simulated by two PIC codes,
an explicit simulation code NPIC and an implicit simulation
n=nysech(z/L). (2) code CELESTE3D. The explicit plasma simulation code
NPIC is based on a well-known explicit electromagnetic
The current sheet parameters asg/{,.=2.88, Ti/Te  5140rithm2324 The particle trajectories within NPIC are ad-
=5, m/m.=180, and three different current sheet thICImess‘e%mced using the leapfrog technique, and particle moments

a_lr?ﬂsidered,pi/Lzl.SZS, 0.915, and 0.457(wns  are accumulated with area weighting. The simulations are
=\2Tg/my). The boundary conditions are periodic for both .\, o a3 massively parallel computer. The implicit plasma

particles and fields in th& direction (for simulation in the simulation code CELESTE3Msee Refs. 25-37solves the
tearing plangandy direction (for simulations in the LHDI ¢, set of Maxwell-Viasov equations using the implicit mo-

plane. Conducting boundaries are imposed for the fields afnent method. Both Maxwell's and Newton's equations are
thez boundaries, and reflecting boundary conditions are useffiscretized implicitly in time. The implicit simulations are
for the particles. The domain considered ligxL,=12 4 on a workstation.

x12. The nonlinear simulations are performed by the two

To investigate the evolution of the system, a linear Vla-¢,qes with very different simulation parameters, as discussed
sov code and two different nonlinear particle-in-cé?C) in Ref. 14.

simulation codes are used. The linear Vlasov results use the
forma_lly exact approach described in Refs._4 and_ 22. Thi?“_ NONLINEAR EVOLUTION OF THE LHDI

technique employs a normal mode calculation using a ful

Vlasov description for both ions and electrons. The orbit  Two-dimensional simulations are performed in {lggz)
integrals arising from the linear Vlasov theory are treatedplane of the Harris current sheet with several current sheet
numerically using the exact unperturbed particle orbits andhicknesses. The initial Harris equilibrium is unstable to the
including the form of the perturbation inside the integral. LHDI and the early dynamics is dominated by this instabil-
Both electromagnetic and electrostatic contributions to thaty. In the present paper the focus is on the nonlinear conse-
field perturbation are retained and resulting system of intequences of the LHDI.

grodifferential equations is solved using a finite element ex- The LHDI modifies the current profile. In Fig. 1 the
pansion of the eigenfunctioh. y-averaged current profile for the three current sheets thick-

and plasma density given by
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nesses is represented after the growth of the LHDI. For the
thinnest casey;/L=1.828, the LHDI causes a peaking of the
current profile. This effect has been documented in previous
workst? 141671828314 the alteration is primary due to elec-
tron acceleration: the ion and electron density modifications
are weaket?*3®Within a fluid model, current peaking due
to LHDI was also predicted in Ref. 29. At a later stage in the
evolution of the current sheet, a strong kink instability domi-
nates the evolution of the current sh&&t® Simulations
have revealed that the current profile becomes bifurcated at
this stage®

In the simulation of the current sheet with intermediate
thickness, both NPIC and CELESTE3D show bifurcation of
the current. Current bifurcation has been observed in satellite
measurements of thifl. ~ p;) (see Ref. 3land thick current
sheets(L>p;,) (see Refs. 32 and 33and in laboratory
experiments? The build-up of the bifurcated current sheet as
a result of the LHDI was also recently shown in particle
simulations by Sitnovet al,*® starting from a non-Harris
current sheet equilibrium. It should be remarked that current
sheet bifurcation has also been explained as a consequence
of the kink that affects the dynamics of the current shi8ets

or as a consequence of the physics in the reconnection
plane37'38 FIG. 2. The electron pressure rati®%,/Pey (s0lid line) and P,/ Pe,y

' . (dashed lingare averages alongand plotted at time( =4 for the p;/L
For the thickest current sheet, the agreement betwee—nl.828, caséa); att(),;=8 for thep;/L=0.915, caséb); and attQd;=17 for

NPIC and CELESTE3D is poor. We note that this simulationthe p;/L=0.457, casdc). The other current sheet parameters apg/ Qe
is challenging for both codes and it is our plan to understand?2:88: m/me=180, and Ti/Te=5. The results are from the NPIC
the reason of the discrepancies between the two simulatio%mUIat'onS'
results. While CELESTE3D shows current bifurcation, NPIC
reveals small fluctuations of the current on the flanks of thav. A SIMPLE PHYSICAL EXPLANATION
current sheet. Nevertheless, it should be pointed out that both . . . - .
NPIC and CELESTESD reveal no significant changes of the A simple physical model is sufficient to explain the con-

. ) sequences of the LHDI. We refer the reader to Refs. 15 and
current density az=0, and that the peak value of the bifur-

h ) ller than th 17 for a complete description of the process, and in the fol-
cated current shown by CELESTESD is smaller than the ong,in \e summarize the basic mechanism. Particles can be
observed in the thinner current sheet. Thus, both codes Shoéi‘fstinguished betweencrossing with trajectories that

that the effect of the LHDI decreases with the current Sheeltraverse both sides of the current layer, amshcrossing

thickness. with trajectories that are confined to one side of the
The nonlinear evolution of the LHDI not only heats elec- |ayer. The perpendicular kinetic energy= %(U§+U§)/21

trons (an effect documented in many previous works, €.0.and  canonical momentum, py=mw,+aA/c (A

Ref. 9 but preferentially heats electrons in directions per-=-pL In[ coshz,L)] in a Harris she@t are constants of the

pendicular to the magnetic field. The ratio of perpendiculaparticle motion, and only particles wiir> p§/2mS can cross

to parallel electron temperature, evaluated as the ratio of thghe layer. The boundary between crossing and noncrossing

components of the electron pressure ten3gr,/ Ty, from particles can also be written as

NPIC is shown in Fig. 2. The electron distribution functions ; e 1/ v \2
are not gyrotropic in the thinnest current sheet case. Perpen- —% =— - —(—Z> , 3
dicular heating decreases with increases in the current sheet Yths 2 20\vps

thickness. The values of anisotropy at the center of the cuiwhere a=(L/pg)In[coshz/L)]. The approximate phase ve-

rent sheet from NPIC and CELESTES3D are listed in Table liocity of the LHDI for cold electrons iso/k,~U;/2 and it is
Finally, it is interesting to note that the LHDI creates

velocity shear. This latter consequence has been the subjeTcAtBLEI g , . . -

of a number of papersee Ref. 16 and references thefein [A247) Sicton ressre a1 o e ceter of e ure

Its main effect is to promote the growth of a Kelvin— =1.829, t0,=8 (p,/L=0.919, andtQ,=17 (p,/L=0.457.

Helmholtz instability(KHI). Recent three-dimensional simu-

lations show that the KHI appears not to have an important pi/L=1.828 pi/L=0.915 pi/L=0.457

effect on reconnection onset since it grows on the same re;

connection time scaléd but its role on reconnection onset in

more general configuration is still to be investigaltgd.

PIC 2.20 1.09 1.04
CELESTE3D 1.84 1.01 0.95
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Noncrossing \\ @
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2 a2
ZL= 'ﬁl‘

z/IL

FIG. 3. Cross section of phase spdtap) in thev,-v, plane, illustrating a
drifting Maxwellian ion distribution and the phase space boundary if3g.
for two different spatial positions in the layer. The shaded region in the
upper figure corresponds to the approximate phase velocity of the waves
wlk,~U;/2, which are in the proper region to resonantly scatter crossing
ions into the noncrossing region of phase space. This scattering process and
the resulting charge accumulation is illustrated in the lower figure.

z/IL

-0.03

FIG. 4. (Color online. They-averagedy-velocity profile is shown from the
NPIC simulation(red line and compared with the estimate of E4) (blue

line). The three cases arg/L=1.828 (top), p;/L=0.915 (middle), and
pi/L=0.457 (bottom). The black line is the initial velocity profile at0.

in the proper region to permit resonant scattering of ions

from crossing trajectories to noncrossing trajectories and

vice versa. As is shown in Fig. 3, because of the slope of the ~ Te.(zt)  By(zt) )
distribution function in the vicinity of the resonance, the Te, (zt=0) B(zt=0)"

scattering from the crossing to the noncrossing region is i . . )
more frequent. It should be remarked that scattering can only ~ Where the electron orbits are helical, this expression
occur if the ion meandering IengtlﬁZ_piL, which measures Provides a good estimate of the pe_rpendlcular hgatm_g at
the spatial extent of the crossing ion orbits, overlaps with th&@1y stage of the current sheet evolution, as shown in Fig. 5.
localization of the LHDI. In the central region, the electron trajectories undergo a va-

Scattering has two consequencésit leads to a loss of riety of complicated crossing orbits andis no longer the
positive charge in the center, in conjunction with a gain inrelevant adiabatic invariantThe comparison for the thickest
the edge region, and therefore gives rise to an electrostatf@S€ iS poor, more likely because the actual physical heating

potential structure across the layéi) since the ion scatter- du€ 10 EQ.(5) is masked by a fair amount of numerical
ing is asymmetric irv, (particles with smallen, are prefer- heating, rather than because other physical mechanisms pro-

entially scattered a significant velocity shear is induced at dUCe electron anisotropic heatifg.

the edge of the current sheEtshat induce a KHE®
The electron flow velocity can be approximated as

2
-
c d¢ =
Veyz Ue- EE, (4 3 0
X .l <_>/-/‘
where the first term is the equilibrium flow velocity, the sec- -Zi TETRES?
ond term is theE X B velocity induced by the electrostatic yiL TulTy>
potential, the inertia terms are neglected, and the equilibrium # gl { =
distributions are used to evaluate the pressure tensor. As is e
shown in Fig. 4, the agreement between the velocity evalu- ‘ =
ated from Eg.(4) and the actual velocity resulting from ! (r))
NPIC simulation is remarkable at early stage of the current ESTENTEST
sheet evolution, before the current sheet profile strongly de- dﬂ;’
viates from its initial shape. i
Electron anisotropy is closely related to the plasma sheet 0 =
structure. Anisotropic heating can be explained considering 1 =
that for the case of noncrossing electrons with helical trajec- 2 2 =
tories, the magnetic momem«tzmuzl/ (2B,) is an adiabatic 12 o% i‘rof/rd,i'os

invariant, since the time scales of the evolution of the system

: P i~EIG. 5. (Color onling. The y-averagedT,, /T profile is shown from the
are slow compared to the typical electron scales. This Imp“eElPIC simulation(red ling and compared with the estimate of Ef) (blue

that the_ pgrpendicular temperature is related to the locaje) The three cases arg/L=1.828 (top), p;/L=0.915 (middle), and
magnetic field, pi/L=0.457 (bottom).
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FIG. 6. The growth ratey/(); of the tearing mode is plotted as a function 5> 1.5 ,I '
of k,L for Tg, /T4=0.9 (dotted, T, /Ty =1 (solid), Te, /Tg=1.5 (dashed, o )
Te, /Ty=2 (dash dotted The other current sheet parameters apg/ Qe 1 I
=2.88,m/m,=180, p;/L=1.828, andT;/T¢=5. /
05 /
//
V. EFFECT OF LHDI ON THE TEARING INSTABILITY 0 it i =T
0 10 20 30 40

We focus attention on the effect of the nonlinear conse-
quences of the LHDI on the tearing mode in the cagé

=1.828. In two-dimensional simulations without an initial FIG. 7. The change in the reconnected fl\ with time is compared for

perturbation, linear analysis and sirrllulations. give the samRpic (3 and CELESTE3Db) simulations. The parameters of the current
growth rate for the fastest growing tearing mode, sheets arel,, /Tg=1 (solid), Ts, /Ty=1.5 (dotted, T, /Ty=2 (dashed

=0.17d);, but tearing saturates at such a low amplitude that pe/ ce=2.88,m/m=180, p;/L =1.828, andT;/ T =5.
only a thin reconnected region results. The half-width,

~0.44_ at tQ);=83, should be compared with the GEM . . . o .
challenge with a large initial perturbation, which covers theWlth an anisotropic electron temperature as an initial condi-
. 14 ' tion. With Ty, /T >1, NPIC and CELESTE3D simulations
whole domainw=10L at tQ);~ 30. .
show that short wavelength modes grow to form small is-

: Nonlmear th_eorles(e.g., see Refs. 39-#predict that_ lands, which then merge to form a single large isldtite
anisotropic heating of electrons during the growth of the in- : _ .
dominant mode numben,=1 covers the whole domain by

Stab.'“ty reduce.sTeL/'I_'e" beloyv L V.Vh'Ch strongly stabilizes tQ;=20). The reconnected flux is shown in Fig. 7. For
tearing. Two-dimensional simulations performed by NPIC L
' L Te. /Ty between 1.5 and 2, reconnection involves the whole
and CELESTE3D confirm the prediction and show that by ; C .
domain and the growth of the tearing instability does not

t0);=80, Te, /Ty is reduced from 1 to the range 0.83-0.87, . . : :
for which the linear code predicts that the maximum roWthsaturate until all of the available magnetic flux is recon-
P 9 nected, similar to the GEM challenge. Consistent with earlier

- o ; e o 4
rate, y=0.04, is a fraction of its initial valué® For a results, the ratidl,, /Ty decreases te=0.8 due to tearing,

larger system, small islands will eventually coalesce intob . . i
larger islands, but this process is too slow to account for the ut then increases with the onset of fast reconnection.
’ Our results and othersee Refs. 12 and 13how that

rapid reconnection observed in simulations extended in th‘fahinner current sheets and higher current densities also en-

hird dimension-* . . .
third dimensio hance the linear growth rate and nonlinear evolution of the

The LHDI also heats electrons anisotropically, but in S . : : S
contrast to the tearing instability, it increases rather than det_earlng instability. The linear growth rate, Fig. 8, is higher for

creased,, / Ty. The linear growth rates of the tearing insta- thinner current sheetsy=0.17@); for p/L=1.828 (GEM

bility obtained by the linear Vlasov code, Fig. 6, increasesCha"enge thicknegscompared withy=0.6321; for pi/L

With Ty, /Ta: for To, /Ty=2 the maximum growth ratey =3.656. The wavelength of the fastest growing mode, how-

~3.80,,, is more than an order of magnitude larger than theEVer is the same in all cases. For sufficiently thin current

. = sheets, the tearing mode does not saturate at low levels and
maximum growth rate,y=0.18), for Te, /Tg=1. The . .
. . covers the whole domain. The reconnected flux increases
wavelength of the fastest growing tearing mode decreaseu%ntil it exhausts the supply bif~ 201
with increasing anisotropy: in the ca3g, /T =2 the maxi- PRIy DY ei '
mum occurs folk,L =2.25, considerably larger than the typi-
cal wavelengthk,L=0.5, for isotropic electrons. These re-
sults are consistent with earlier analy4s!’ The evolution of the LHDI and its influence on recon-
Since the anisotropic heating due to the LHDI occursnection is studied using results from a linear kinetic code and
more rapidly than tearing growth, we consider simulationstwo PIC codes employing very different algorithms: NPIC is

tQ .
ci

VI. CONCLUSIONS
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o7 ' ' ' ' ' ' ' ’ ' electron distribution anisotropic: the same relation between
current sheet profiles and anisotropic electron distribution
osf ] has been pointed out in the study of current sheet equilibria.
Within the Grad-Shafranov theé‘l%/ and the Vlasov
o5 ] theory,35'50 it has been shown that an anisotropic electron
distribution (T, >Tg) leads to a bifurcated current profile.
o4t . Finally, it is important to note that the initial configura-
o p/L=3.656 tion examined in this study did not include a background
T oal . plasma(lobe) nor did it examine the influence of a guide
field or normal component. Each of these factors is known to
o2 § influence the stability properties of the LHDI, so further
p/L=1.828 work is needed to examine the feasibility of this onset
01k ) mechanism for more realistic conditions.
p/L=0.914
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