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Abstract

MagnetOhydrodynamic(MHD)simulatiOns ofthe Kelvin― Hel口 holtz(K―H)inStabiliけ

driven by the velocity shearin a 2_]D plane perpendicular to the magnetic fleld show that after

the nonlinear satllration of the linearly fastest gro、 /ing vortices,the vortex train formed by thc

K―H instability is further susceptible to the vortex pairlng,which continues as 10ng as the

length of the silnulation system a1lows it.Each vortex formed in the fast rarefaction region is

associated wlth an eddy current,which is inertia cllrrentin nature.The netrnomentum transport

and shear relaxation by the instability occur as long as the vortex Pairing continues.The

momentum transport resuling in a velocity shear relaxation by the vortex pamng is much larger

than that due to the growth Of the fastest grov/ing mode.A large tangential stress is imposed on

the magnetopause by the K― II instability and is responsible fOr a tailward stretching of

geomagnetic fleld lines.

The K― H instability is important in understanding a vanety of phenomena involving

sheared Plasma■ow in space[1,2]and aStrOphysical[3]phenOmenao Space observations in

situ have shown that the instability occurs at the earth's magnetopause and they have suggested

a close connection between the magnetopause K― H instability and the existence of a flow

boundary layer within the magnetopause[4].The COmplete understanding ofthe E× B shear

stabilization and/or destabilization ofturbulence atthe plasma boundaγ
 may also be important

in improving plasma confinement in tokamak and stellarator plasmas. Hydrodynarnical

expe�ments have shown that atthe late stage of the K― H instability,twO vortical structures

combine to form a single,larger vortical structure[5].Such VOrtex pairing in the K― H
instability has been reproduced by nume� cal experiments ofthe 2‐ ]D hydrodynalnics[6]and 2-

D magnetohydrodynamics[2].The pu⊇ Ose Of this paper is to understand the basic reladonship

among vortex development,fast rarefaction,eddy current,and momentuln transpOrt by the

instability in a 2-]D plane transverse to the magnetic ield by using an MHI)simulation.The

pre�ous 2-D14HD simulalons[2]dOne fOr different conflgnrations including a flow parallel

to the magnedc ield have not addressed the basic rela■orlship.

�ID silnulations are perfolllled in the x― y plane ptte,dicular to the lnagnetic fleld,

where the initial floM/velocity vOy has a shear proflle vOy(x)=Vo/2(1-tanh(X/a))and the

other equilib� uln quantities are u■ if。 1111・ In this conflguration,the wavelength of the fastest
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growing mode λ́FGM iS equalto 15.7a and its growth rate is equal to O.13VO/2a[7].The length

Ly Of the silnulation system is equal to 4・ λFG�I=62.8a.At T=0,a superposition of the linear

eigenfunctiOn of the fastest grov/ing mode and its subharlnonic modes is added to the

equilib� um as an initial perturbation with a small amplitude.Wぃ en the plasma is compressible

and γ≠2 as in the present silnulation(γ =5/3 is the ratio of specific heats),B appears

explicitly in the governing equations and there is essential difference of the K― H instability

between the 2-D transverse MHD case(Dβ Z=0)and the 2-D hydrodynamic case.In the 2-D

inCOmpressible,in� scid hydrodynamic■ ow the total kineic energy and the mean enstrophy

(Square vOrticity)must remain constant during the fluid motion[8].ThiS fact imposes a

requirementin the 2-D hydrodynalnics that the bulk of the energy concentrates in the small

wave―number;in other words the fluid elements with siFnilarly signed vorticity must tend to

group together[8].In the 2-D MIHD transverse case,we obtain

Therefore,when▽ ・v=O and▽ p is parallel to▽ pt,where ptis the total pressure defined by

pt=p+B2/2μO,the mean enstrophy must be conserved.This means thatthe same tendency for

the bulk Of energy to concentrate in the small wave― numbers is also expected for a 2-]D MHD

transverse case,where the compressibility is small and▽ p is para■ el to▽ pt.

Figure l shows contour lines of the z― component of the vorticity at eight different

times.The contour lines are plotted fOr negative voFtiCity.In the early phase four vortices

appear as predicted by thに linear theoryo At「 F=80 two vortices are folllled out of the initial follr
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Fig。 1.Colltour lines of■9z― cOmponent of the vorticity at eight different imes.
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vortices. 
′

「 his prOcess of the vortex pairing is very silnilar to that reported in the

hydrodynamics[5,6].

Figure 2 sho、vs contour lines of pressure(tOp),■ 0ヽV Velocity vectors(Iniddle),and

curl・ent vectors(bottOm)at tヽνO different times.By T=40(left panels)fOur pairs of high

pressure(cOmpressed)region and low pressure(rarefled)re」 On have lined up near x～ 0.At the

peak of the high pressure region(denOted by H),the peak pressure reaches l.14pO,where p0

is the inidal uniform pressure.At the bOttom of the low pressure regiOn(denoted by L)the

pressure becomes O.776pO.The rarefied region has a lnuch steeper pressure gradient than in

the compressed re」 on.The middle left panel shows that four■ ow vOraces have developed

near x=O in the rarefled region by「F=40.The bottom left panel shows thatthe eddy current is

associated with each flow vortex.The eddy currentin the rarefied re」 on iS the inertla current

in nature.In other words;the centnfugal force by the vortical rota■ on is balanced by the J× B

force dttected to the center of the vortex.The top nght panel shows that a pair oflow and high

pressure regions develops after the second vortex Pai� ng at T=230.In the low preOsure

re」On the minimum pressure becomes as low as O.481pO owing tO a strong fast rarefaction.In

the rarefled rcgion a large vortex develops.This panel also shows that in the compressed

region,the large flow momentum in the y direcion in xく O is transpoH,dtO X>0・

Figure 3 shows,from the top,proflles at T=20(left)and T=220(� ghO acrOSS X Ofthe

nollllalized Reynolds stress,thc x component of the nollllalized electric fieldくEx>,which is

responsible for the]E× B d� ftin the y direction,the nollllalized■ ow mOmentunl profile
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Fig.2.Contour lines of pressure(tOp),f10W Velocity vectors(middle),and Current vectors

(bOttOm)attWO different times Tイ 0(leftl and T=230(� ght).
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Fig.3.Profllcs at T=20(lefth and T=220(right)acrOSS X ofthe averaged Reynolds stress,the

x component ofthe averaged electnc fleldく (Ex>,the averagcd flow momentum<pvy>,and the

averaged■ow velocityく vy>■Om the top.The dotted proflles show thett initial proflles.

くρVy>,and the norlnalized flow velocity profile<vy>。 The dotted proflles in<pvy>and<vy>

show their initial profiles.Although the net rnomentum is transported fronl x<O tO x>O by

the growth of the fastest growing mode at T=20,much laFger flow moFnentum is transported

across x=O by the coalescence ofthe fastest groM′ ing lnodes at T=220。

In space and astrophysical applications the spatial growth Of the K― H instability is FnOre

common than the teFnpOral growth as treated here.■ ■Юrefore,the large FnOmentum transport by

the vortex pairing is expected in the downstreanl region of the sheared plasma■ ow in space

and astrOphysics,e.g。 ,atthe downstream magnetopause.
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