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ABSTRACT

Simulation  of magnetohydrodynamic Kelvin― Helmholtz instabilities
has  been  performed  for  parallel  (見 。‖ヱ0) and  transverse  (見 。上χ。)
configurations,  modeling  high  latitude  (or  downstream flanks〕 and
dayside low  latitude  magnetosPheric  boundarieso   ln  the  parallel
configuration,  a  super… Alfvenic  and trans-50niC Shear flow develoPs
into small  eddies,  which  strongly  compress es,  twists,  and  hence
amplifies   the   magnetic   field   by  the  dynamo  action  with  an
amplification factor MA/2.  In the nonlinear stage, however large  the
initial Alfven mach number MA may be, the magnetic field amplified and
twisted  by  the hydromagnetic flow vortices reacts back upon the flow
evolution, and the flow vortices cascade into smaller structures.   In
the transverse configuration the instability leads to the formation of
a  fast  shock  discontinuity  from  an initially sub― fast shear flow.
Anomalous tangential stress  by  the  instability  in  the  transverse
configuration  reaches  l% of the magnetosheath momentum flux, but for
the parallel configuration,  the  anomalous  transport  is  2-3  times
larger  than  the anomalous transport in the transverse configuration.
The  anomalous  transPort  for  both  configurations   satisfies   the
requirement  of  the  vis cous― like  interacitOn  at the mangetospheric
boundary。

INTRODUCT10N

The  Kelvin― Helmholtz   (K― H)  instability   is   important   in
understanding a variety of sPace andi astrophysical phenё mena involving
sheared  Plasma  flow。    Of Particular interest in the sPace Plasma is
the  consequence  of   the   Kelvin― Helmholtz   instability   in   the
hydromagnetic  interaction between solar wind and magnetosPhere at the
magnetosPhere boundary (Figure l): It has long been suggested that  at
the   magnetosPheric  boundary  the  Kelvin― Helmholtz  instability  is
excited by velocity shears and leads to a  ・・vis cous― l ike00  interaciton
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(Axford  and  Hines, 1961)at the boundary, 1.e., the net transport of
501ar Wind momentum and energy into  the  magnetosPhre,  in  order  to
drive  the  large― scale  plasma  convection  inside the magnetOsphere.
Most of theoretical attempts  in  the  past  on  the  Kelvin― Helmholtz
instability  have  been  directed to the linear analysis and have been
successful in showing that the  magnetospheric  boundary  is  linearly
unstable for the Kelvin― Helmholtz instabllity; however, there has been
no self― consistent nonlinear treatment of the instability, whi ch colild
answer  what  nOnlinear  state  is  realized and how much momentum and
energy is tranfered by  the  instability  into  the  magnetosphere,  a
question being Particularly of interest in understanding energetics of
the solar wind― magnetosphere interaction.

reg:on

一 → {IO

convection

equatOrial p:ane

Figure lo  solar  wind… magnetosPhere  interaction  in  the  equatorial
Plane.

In  this  Paper  we  study  by means of magnetohydrodynamic (MHD)
simulation the MHD  Kelvin―Helmholtz  instability  in  a  compressible
plasma  as  an  initial  value  problem.   By  such  a self… consistent
nonlinear treatment, we will be able to elucidate the  basic  nonliear
dynamics   of   the   instabilities   (Miura,   1982)   in  the  basic
configurations of sheared plasma flow and magnetic  field  and  answer
how  much  momentum and enrgy of the solar wind is transfered into the
magnetosphere   by   the   Kelvin― Helmholtz   instabilities   at   the
magnetosPherlc boundarles.

2。   BASIC EQUAT10NS AND MODELS

ideal MHD equations, which describe
instability are:

The  conservative form of the
the hydromagnetic Kelvin― Helmholtz
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here,β ,v,B, and P are the plasma mass density, bulk  velocity  of  the
plasma,  magnetic  field  and  Plasma  pressure,  and  ε is the energy
density defined by
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We  show  in  Figure  2  the  two  basic  cOnfigurations  of  the
instability in a uniform magnetic field Bo investigated in the present
simulation.   The  parallel  configuration  mOdels  the magnetospheric
boundary at high latitudes in the noon― midnight meridian Plane or  the
downstream  flanks,  where  the  magnetic  field has a large component
parallel to the sheared plasma  flow.   The  transverse  configuration
models  the  magnetospheric  boundary at the dayside low latitude near
the equatorial Plane, where the magnetic field is almost transverse to
the sheared Plasma flow.  The parameters which appear in the fo1lowing
simulation are the sound mach number  Ms=v。 /cs  and  the  Alfv6n  mach
number MA=Vo/VA' Where Vo is the total Jump of the velocity across the
shear  layer,  cs  and  vA  being  the  sound  speed and Alfv6n speed,
respectively.  Regarding stabllity of the velocity shear layer in  the
parallel  configuration  we  should  notice  that  the  tension of the
magnetic field lines sets the following instability condition for  K― H
instability

MA 〉 2 (6)

By  using  these simple configurations and Parameters, we will be able
to elucidate the basic nonlinear dynamics of the instability  involved
in the above two basic configurations and their parametric dependence,
which  are  applicable not only:to magnetosPheric boundary but also to
wide reglons of sPace and astrophysical problems.   For  the  velocity
profile we assume a hyperbolic tangent form,

characterlzed  by
length a.

voy(x)= ― (V。/2)tanh(x/a)                   (7)

tOtaユ  Ve109ity jump Vo and velocity shear scale
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丁ransverse Configurotion
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Two  basic  configuratlons  of  the  MHD   Kelvin― Helmholtz
instability.   The magnetic field is either parallel to the
flow (Parallel con… figuration)or perpendicular to the flow
(transverse  configuration). The  velocity   profile   is
characterized  by  a  total  velocity
length 2a.

A. Miura

Figure 2.

jump  vo and a scale
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3.  NUMERICS

Simulations are performed in the x― y plane where the initial flow
velocity vy りas a shear profile in  the  X  directiOno   we  impose  a
boundary  condition  such  that  there  is  no mass f10w (vx=0)across
boundaries  at  x=± xb  and  all  quantities  are  periOdic  in  the  y
direction.   It then follows from (1)― (4)that Bx and derivatives with
respect to x of the remaining quantiti?s (ρ

'Vy'Vz,By,Bz,P)must vanish
at the boundaries (x=± xb)。   ThiS bOundary  cOnditiOn  means  that  the
flow  kinetic  energy flux and the poynting flux across the boundarieS
vanish.  Therefore, there is no inflow and outf10w  Of  energy  across
the  boundaries.   For  the  present  simulation  we  have  placed the
boundaries at x=± 10a, which is far enough from  the  shear  reglon  to
make boundary effects negligiblec  ln the fo110wing time is normalized
by τ〓2a/V。 , and we use a mesh system with a (loo,100)mesh.

In  the  present  simulatlon  we  have  given a linearly unstable
perturbation at the initial stage (t=0)as  an  initial  seed  of  the′
growing  perturbatione   Such  a  linearly  unstable  perturbatlon was
obtained by linear eigenmode analysis by the initial value code (Miura
and Pritchett,  1982),  which  follows  the  linearized  MHD  equatiOn
numerically  to  produce  the linear eigenmode.  we have used the two…
steP  Lax… Wendroff  scheme  (Richtmyer  and  MOrton,  1967) to  solve
equations  (1)… (4) and a mesh system with a (loo,100)mesh.  Although
the  Lax― Wendroff  scheme  includeds  an  artificial  viscosity   term
implicitly,  it  turned out during the cOmputation that the artificial
viscosity Only by the Lax―Wendroff scheme was nOt enough to smooth the
final  MHD  501ution  and  a  large  mesh  Oscillation  was   actually
obs ervedo   Therefore,  we  have  added additional artifical viscosity
term fo1lowing Lapidus (1967)in order  to  smooth  the  solution  and
Provide  a dissiPation mechanism, which is necessary to resolve a fast
shock  discontinuity  generated  by  the  K― H  instability. Namely,
following  Lapldus  (1967), we have added artificial viscOsity term to
the MHD variables first by smoothing those variables  in  x  directiOn
and then smoothing them in y direction as f0110ws:
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where  u=vx,  v=vy'  見=(ρ ,Vx,Vy,Vz,Bx,By,Bz,P),  vi  and  χ
2 are added

artificial viscosity terms, suffixes l-3 represent one cycle  of  each
time  step,  and  κ  is  a  constant of order of unityo  we have to be
specially careful in such a smoothing process, however, since  we  try
to  elucidate  the  anomalous  momentum  transPort  or  the  anomalous
viscosity induced by the Kelvin― Helmholtz instabilities, which is  due
to  the  finite  large  amplitude  K― H  mode.  Therefore, by trial and
errors, we have made those artificial  viscosity  terms  as  small  as
possible.

4。   NUMERICAL′  RESULTS

4。 l  Parallel configuration

First,  we  show  results  Of  a  siFIl11laiton run performd for tthe
parallel configuratione  solid and dashed curves in Figllre 3 marked by
the symbol ‖ show the time evolution of normalized Peak amplitudes
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Vx max/VN and Bx max/BN' Where  BN〓 Bo  and  VN=Vo'  for  the  parallel
configuratlon  with Ms=1。 0, MA=2.5。   In the early stage, the amplit.ude
grow linearly with the predicted linear growth rate.   At  t/τ =90  the
instability  saturates, Vx max/VN reaches 30 %, and the magnetic field
perturbation (transverse component)becomes comparable to the  initial
beckground magnetic field intensity.

T=20 Ms=1。 O MA=5.0 丁=20

x/a

‐10

x/a

15。7

yノa

Figure 4。 Flow  velocity  (left)and magnetlic field (right)at t/f=20
and 40 for the parallel configuration (Ms=1。 o, MA=5。 0).

Figure  4  shows  flow  vectors  (left panels)and magnetic field
vectors (right panels)at t/τ =20 and 40  for  a  simulaitOn  run  with
Ms=1。 O  and  MA=5。 0。   System length in the y direction Ly in this case
is equal to Ly=15。 7a, which  corresponds  tO  the  wavelength  Of  the
fastest growing modeo  ln the early state (t/τ =20), the sheared Plasma

10
丁=40
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T=40

y/a
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flow  undulates  slightly with the develoPment of the instability (top
left panel)。   Since the magnetic field is frozen into the plasma,  the
above  undulaiton  of the plasma flow leads to a slight bending of the
magnetic field lines as seen in the top right panel.  The  shear  flow
is extremely disturbed, however, by the saturation stage t/τ =40, and a
pair  of eddies is formed inside a large vortex at 7aく y〈 15。 7a.  IIl the
center of the large vortex, the flow is almost stagnant.  A stagnation
reglon also appears in between the large vortices, and the plasma flow
toward this stagnation reglon induced by vortices is fOrced to diverge
along a layer formed tangent to the vortices.  The  initially  u11l form
magnetic  field is slightly sheared and compressed inside the velocity
shear layer at t/τ =20 and eventually at t/τ =40, a  strong  cOmpresslon
of  the magnetic field occurs at o〈 yく 7a along the layer formed tallgent
to vortices.  On the other hand at 7a〈 yく 15a the magnetic field line is
stretched and twisted strongly as a cOnsequence of the wrappillg― up  of
the  field  lines by the differential rotation associated with each of
the twin vortices.  In this case, the total  magllet i c  energy  in tthe
whole  calculation  domain  increased  by  26  %  of the initial total
magnetic energy at the exPense of the initial flow kinetic energy.

Shown in the upper panels of  Figure 5  are  3-D  views  of  the
pressure  distributions  for  this  case.   Initially the pressure was
uniform, but with time, the pressure decreases along the reglon  where
the  mangnetic  flux  tube is compressed on both sides.  A substantial
depletion of the plasma pressure is seen for  later  stage  along  the
compressed  flux tube formed tangent to vortices.  ThiS is because the
flux tube is compressed on both sides  by  the  incoming  Plasma  flow
induced  by the vortex motion causing the plasma inside to be squeezed
out of the flux tube.

In the bottom panel of Figure 5,  we  summarize  plasma  dynamics
involved in the parallel configuration for the present case of MA=5.0,
which  has  led to a strong compresslon and twisting Of magnetic field
lines and the formation of a slow rarefaction layer.  Illustrated a150
in this figure is an amplification of the magnetic field at  the  site
of small eddies by the dynamo action, E。 」=v◆ (JxB)〈 0, where E and J are
the  electric  field and current induced by eddy motion and field line
twisting.  At the site of the slow  rarefaction  layer,  the  magnetic
field  is  also  amplified  by  slow  magnetosonic  rarefaction due to
accumulation of magnetic field lines by flux transfer associated  with
frozen… in  vortex motion.  Both of these processes, 1.e., twisting and
compresslon of magnetic field lines, contribute to a dynamo mechahism,
whereby the flow kinetic energy is conVerted into magnetic energy by a
deceleration of the flow by the:JxB magnetic force.

In order to see the dependence of the instability consequences on
the Alfven mach number MA'  We  have  performed  simulation  runs  for
MA=2.5  and 10。 O and for a fixed sound mach number Ms=1。 oo  We show in
Figure 6, flow  velocity  vectors  at  the  saturation  stage  of  the
instability for MA〓 2。 5,5。 0,.10。 O frOm the top.  For MA=2.5, the tension
of  the  magnetic  field line is ・large in comparison with the inertial
term and therefore the flow is only slightly undulated with twin eddy―
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like circulatiOns developed in a large vortexo  with the  increase  of
the  mach  number  MA'  the  flow  is  disturbed more and more and for
MA=1000, a large vortex initially formed cascade into  smaller  eddies
and  the  f10w  is  more  nturbulent‖   in  the  sense  that  the  flow
perturbatiOn is now Of much smaller scale size.  The three  panels  in
Figure  7  show  magnetic  field  vectors  corresPOnding tO thOse flow
vectors in Figure 6.  For MA〓 2.5, the magnetic field lines oscillate

Pressure(H Case)

Ms=1。0

MA=5。〔

Upper panels:
surface) at
Lower   panel:
configuration.

(b)
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back and forth slightly owing to the frozen― in vortex motiOn inducedby
the instabllity.  However, with the increase of MA' the magnetic field
line is more strongly compressed and twisted by the flow vortices  and
fOr  MA=1000, the magnetic field is amplified six times of the initial
magnetic field in the slow  rarefaction  layer,  and  twisted  several
timeso   Notice  regarding  the  present  numerical scheme that in the
middle and bottom panels,  reglons  of  magnetic  field  reversal  are
formed,  but  they  are  not  subject to reconnectiOn by the numerical
resistivity.  This fact provides us with a proof of the  soundness  of
the present numerical scheme for the ideal MHD plasma.

By  a  compresslon  and  twisting of the magnetic field lirle, the
magnetic energy in the whole calculation domain has increased  (dyllamo
action). In order to see this increase of the magnetic energy, we have
plotted in Figure 8 the time evolution of the relative magnetic energy
increase  EWB― WB 〔t=0)]/WB (t〓 0)and the relative decrease of the f10w
kinetic energy [wk― Wk (t=0)]/Wk (t=0)・   It is obvlously seen in  these
plots  that  the total magnetic energy in the whole calculation domain
increases exPonentially with tirite at the exPense of the  flow  kinetic
energyo  This provides a sOlid evidence of the dynamo actiOn by the K―
H  instability  in  the  parallel configurationo  Both cOmpresslon and
twisting Of magnetic field lines contribute  to  a  dynamo  rnechanism,
whereby  the  flow  kinetic  energy is converted into magnetic energy。
This dynamo process is caused by a deceleration of the flow by the 」xB
magnetic force; that is, the magnetic field gains its ellergy from  the
vortex  flow  by v。 (JxB)く 0。   For the present parameter 〔Ms〓 1。 o), it is
obvlous from Figure 7 that the magnetic field  amplification  by  slow
rarefaction  process  contrlbutes most to the lncrease ln the magnetic
field.  The efficiency Of the magnetic field amplification using  this
process   depends   on  the  Alfven  mach  number  MA  Or  the  plasma
β(β `営MA/M3)O  If We assume a quasi stationaly state, the  amplification
factOr  of  the  magnetic  field, 1.e。 , Bf/Bl, where Bl is the initial
uniform magnetic field (=B。 ) and  Bf  is  the  final  magnetic  field
strength  inside  the  slow  rarefaction  layer,  may be calculated as
follows: The lower panel in Figure 5 shows that the  slow  rarefactlon
layer  is  formed  as a consequence of the compresslon of the magnetic
flux tube by the  incoming  Plasma  flow  induced  by  vortices.   The
pressure   balance   between  the  inside  and  outside  of  the  slow
rarefaction layer becomes

where vout iS the velocity of  the  incoming  plamsa  flow,  which  is
almost normal to the slow rarefaction layer.  From simulation results,
we  found  that  pout~Pin〈 くβoutV6utO   Therefore,  the  above pressure
balance condition gives simply

pout + ρout Vttut 十 二:テ1'～  pin + ::I

:Out V6ut γ:::

(12)

(13)

This relation means that the dynamic Pressure by the  incoming  plasma
flow   is   nearly  balanced  by  the  magnetic  Pressure  inside  the
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rarefaction layero   lf  we  usc  the  empirical  fact  obtained  from
simulation results

(14)Vout ～ Vx max ～
 若
旦

(13)can be rewritten as

ρout(← メ ～
妻        H5)

Thus,  we  can  conclude that the amplification factOr of the magnetic
field is

( れ

:嘔  m

We  show  in  Table  l  the  amplification  factors,   Obtained   from
simulations and calculated frOm 〔16), of the magnetic field for three
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different  values  of  MA in the saturation stage.  Although the above
calculations  are  based  on  a   crude   argument,   the   calculated
amplification factor has agreed very well with the simulation restilts,
suggesting  that  a  simple  dynamo relation (13)by slow magnetosonic
rerefaction is  Well  satisfied  in  the  actual  s iinul ati on  results.
Summarized  also  in Table l are the value of the initial Plasma β and
that of the  plasma  β  within  the  slow  rarefaction  layer  at  the
saturation  stage  for  three  different  values  of MA・   Although t.he
initial plasma β is much larger than unity for all cases, the Plasma β
at its saturation stages becomes l-2  for  all  cas es,  owing  tO  the
squeezing  process.   Because  of  this large decrease of the plasma β
within  the  rarefaction  layer,▽ p  and  JxB  forces   become   almost
comparable,  and  hence  the flow is strongly affected by the magnetic
field, even though the initial (seed)magnetic field  satisfying  β〉〉1
is toO Weak to affect the plasma motion.

4.2  Transverse configuration                                     t

Solld  and dashed curves in Figure 8 marked by the signtt show the
time evolutlon of normalized peak amplitudes vx max/VN' Bz max/BN  fOr

il:ttri::I:1::。 i::fil:litillm::lh I:[Υl::・
OblMfil二

|:)ic:I:i:1ソ f.lSB:li

amplitudes grow linearly with the  predicted  linear  growth  rate  γ=

0。 09。 2a/V。 .  In the saturation stage, both normalized amplitudes reach
25%.   In  this  case,  the total magnetic field energy increased only
slightly, by l.6 % of the initial total magnetic field energy  by  the
fast compresslon.

We  show  in  Figure  9 simulation  results  of the  transverse
configuration with its time evolution showll in Figure 3.   The  system
length  Ly  in  this  case  is  equal  to 17.9a, which is equal to the
wavelength of the fastest growing  mode  え.   Left  panels  show  flow
Pattern  at  t/τ =25,55.   The initially laminar sheared Plasma flow is
disturbed slightly at t/τ =25, and it develoPs into a flat vortex  cell
at  t/τ =55.  This time evolution may be regarded in the magnetosPheric
inertial  frame  as  a  sPatial  evolution  along  the  magnetosPheric
boundary  from  uPstream to downstream over a distance of 55τ x1/2V。～3え
where え is the Wavelength of the fastest growing mode.  The transverse
vortex size at t/τ =55 becomes much larger than the  initial  thickness
Of  the  velocity shear layer (2a), and therefore a large scale mixing
of Plasma is accomplished by a vortex motion.  It  is  seen  that  the
initial laminar shear flow is accelerated and decelerated periodica.1.ly
in  the  y… direction,  since  the peン turbed vortex motion periOdically
changes the direction of rotati:ono  Notice that  the  ultimate  energy
for  this  acceleration is provided by the inertiel forCe ρ。(avy/3x)vx
due  to  the  velocity  shearo   An  interesting  consequence  of  the
instabllity  found  for  this  case is the formation of a pair of fast
shock structures aligned side by side across the velocity shear layer,
even  though  the  initial  maximum  flow  speed  was  less  than  the
magnetosonic  speed (vy max=Voイ 2=0。 71 Vf).  The right panels in Figure
9 show a 3-D view of the pressure distribution.  It is  seen  that  at
t/τ =55,  the  pressure  gradient  pres ents  a clear― cut discontinuity,
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which appears at the strongly accelerated flow regiOn  in  the  bottom
left panel.  The physical picture leading to this fast shock formation
is as fol10ws: Initially, the plasma was unifOrm and the maximum flow

丁=25

Pressure(■ Case)

x/a T=40

‐10

x/a

17。 9

10

Ｍ

Ｍ

10

Figure 9。

yノa

Flow velocity at t/τ =25 and
dimensional  plots  of  the
panels)at t/τ =40,45,50955
(Ms=MA=2。 0).             :

55  (left  pane15) and  three―
,pressure  distribution  (right
for the transverse configuratlon

speed  was  below  the  magnetosonic speed.  As the instability grows,
however, the vortices are excited and  the  flow  is  accelerated  and
decelerated  periodically  in  the y direction by the perturbed vOrtex
motion.   Therefore,  the  decelerated  f10w  is  overtaken   by   the
accelerated  flow  causing.the  pressure gradient to steepen more and
more with timeo  Eventually, the accelerated flow  speed  exceeds  the
local  magnetosonic  speed,  and a fast shOck discontinuity is fOrmed.

丁 =55
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In order to resolve the fast shock structure, we  show  in  Figure  10
profiles  in  the  y  direction  of  pressure  (P),  density  〔ρ), and

liIP:I:III:s(:l ;;rlililil llgi::::。 lllt::lelal::iviV『 ラ991:Fl:lilせ :T:↓
Vo at x=3。 Oa in  the  saturation  stage  〔t/τ =55).   At  y=loa,  thOse
quantities  pres ent  clear… cut  discontinuities, across which the flow
speed changes from super― fast (Mf=1009)in the tlPstream side  to  sub―
fast  (Mf=o。 7)  in  the  downstream  side,  consistent  with the shock
condition 〔Landau and Lifshitz, 1959)。   Notice that in the present MHD
scheme the dissipation mechanism necessary for the  formation  of  the
fast  shock  discontinuity  is  Provided  by  the artificial viscosity
implicitly included in the Lax― Wendroff  scheme  and  that  introduced
following Lapidus (196ス ).
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Figure 10。  Profiles in the y… direction of pressure (P),  density  (ρ ),
temperature  (T)normalized by,their initial ,alues PN' βN'
TN'  and  Profiles  of  vy  and  the   magnet950■ iC 'Speed
normalized   by   Vo   fori  thea transverse  configuration
(Ms=MA=2。 0)at x=30a :and T/τ =55。  i

It is obvlous in Figure 10 that the initial uniform flow velocity
(vy) is  perturbed  and  steepened to form a fast shock discontinuity
where this velocity exceeds the local magnetosonic speedo  The maximum
perturbation of  vy  becoTe,  a,Out  20  %  of  V。 ,  which  is  almost
comparable  to  the  maximum veloCity in the x― direction of the vortex
motion.  Therefore, if we assume (△ vy)max～ Vx  max  in  the  saturation

θ イZ9
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sinply

〔17)

above

(18)

for a
l.3,
strong

stage,  the  condition for
wrltten as

l l

百 VO + (△
Vy)max

lf we use the fact that vx
equation

the  fast  shock formatlon can be

〔 唱 +V3)1/2

obtain  from  the

～
 : V。 + Vx max 〉

max10。 25  V。 ,  we

:卜ご くβVy〉 = … :[西  くρVxVy   ttx里ェ 〉

Mf > 1。 3

as  a  rough conditlon for the fast shOck formation.  Therefore,
fast magnetosonic Mach number less than some critical value, say
the  acceleration  of  the  initial  flow is not exPected to be
enough to form ゼhe fast shock discontintlity.

4。 3  Anomalous transPort

Let us now investigate anomalous momentum and energy transPort by
the instabilities.  If we take a sPatial average of the y― component of
(2)in  the  y― direction,  we  obtain  for  the  two― dimenslonal  case
(3/az=0)using the periodicity of perturbations in the y― direction

〔19)

where  the  brackets  denote the spatial average over the wave period.
From (19) we  find  that  the  instability  can  exert  an  anomalous
tangential  stress  くρvxvy~BxBy/μ O〉 on Plasma, where the first term is
the  hydrodynamic  Reynolds  stress  and  the  second  term   is   the
hydromagnetic  Maxwell  〔magnetic) stress.  In order to calculate the
change of momentum flux in a rectangular volume extending from x=O  to
x=∞  and  surrounded  by  a unit surface at x〓 o, we integrate equation
(19)from x=∞  to x〓 O to obtain

:τ 
ノl 〈ρvy〉 dX =  ̈くρvxvy   BxBy/μ。〉x=0 (20)

This  indicates  that  across  the  surfact  at  x〓 o   〔magnetospheric
boundary) there  is  a net transfer of momentum in the y∴ direction by
the instability, which is equal to the anomalous tangential stress  at
x〓 0.  In the magnetospheric inertial frame, where the velocity changes
from  zero  to  V。 , the net energy flux across velocity shear layer is
given by the tangential stress multipliё d by v。 。              ,

We show in Figure ll anomalous stresses (upper panel) normalized
by  βoV3  and  ve10City shear profiles (lower panel)for the two basic
configurations ; the time evolutions for  these  cas es  are  shown  in
Figure 3 and the velocity shear profiles are those at their saturation
stages.   For  the  transverse  configuration  (見

0上χ。) aSSuming  two―
dimenslonality where a/az=o, 1。 e., the field line is  not  a1lowed  to
bend,  the  Maxwell  stress  vanishes  and only the Reynolds stress at
t/τ =30 is Plotted (dot― dash curve).   The  anomalous  Reynolds  stress
peaks  at  x=0, and the peak stress becomes Oooo6 ,。 V3, WhiCh is O。 6 %
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of the flow momentum flux far from the shear  layer.   This  anomalous
momentum  transPort by the Reynolds stress leads to a finite diffuslon
of momentum shown as a relaxation of the velocity profile from  dashed
curve to dot― dash curve in the lower panel.  In the parallel

ゝ
２負
ｘ

5χ fθ

‐3

―イθa

Figure ll SPatial averages of vy at t〓 O and  in  the  growing  phas es
(lower   panel) for  the  parallel  (Ms〓 1。 0,  MA=2。 5) and
transverse (Ms=MA=2。 0)configurationso  Spatial averages of
anomalous  stresses  for  the  two  configurationl・  '(upper
panel)I   The  hatched  arOa  cOrresPOnds  to  the momentum
transport for the transverse case.:

configuration,  the  Maxwell  stress  (501ld  curve)at t/τ =50 is much
larger than the Reynolds stress (dashed curve), and the Maxwell stress
reaches ～0.5 % of the flow momentum flux at this  time  far  frorn  the
velocity  shear  layer.   Note  thdt  the  anomalous Maxwell stress is
strongly confined within the reglon of the ve10city  shear  where  the
magnetic  field  line is bent most strongly; this causes a very strong

声
｀`
_ヽReynolds:

rェ ,。 , T=30

Mttw計/1
fl′,o,T=50

/〆
―Reynolds:

、 ω研丁=50

上 Cose'Ms=2.O MA=2.0

ll Coser Ms=f.O MA=?.5

丁=85御,/

ハveraged Velocily
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relaxation and widening of the initial velocity shear (501id Curve  i rl
the  lower  panel),  which  in  turn  leads tO dynamo amplification of
magnetic fieldo  since the net transfered mOmentum is proportional  to
the  area  between the initial velocity shear profile and the velocity
shear profile at the saturation stage (shown by the hatched  area  for
the  transverse  case),  it  is  seen  from  the  lower panol that the
parallel configuration has a larger (about 3 times)momentum transport
than the transverse configuration.  This means that the  hydrOmagnetic
Maxwell stress is more efficient than the hydrodyllamic Reynolds stress
in the momentum transPort.  If we define the anoma10us viscOsity by

νano 〓 β雨
1〈 BxByイμ0

we   obtain   for  the  parallel
ソan。 =2。 6× 10~2aVo at x=o,  which
(magnetic  vis cosity; Eardley and
case (Ms=MA=2。 0)we obtain vano=1

― ρVxVy〉  (d〈 vy〉 /dx)~1 (21)

case  (Ms=1。 o,  MA=2.5) at  t/τ =50。
is  mainly  due  tO  magnetic  stress
Lightman9 1978).  For the transverse
.2x10~2aVo at x=oe t/τ =80。       ,

These results suggest that the momentun diffuslon process  is  an
intrinsic  feature of the Kelvin― Helmholtz instabilities which ill turn
leads to the saturation of the instability.  It is interesting to note
that the  importance  of  the  MHD  wave,  the  Alfven  wave  or  s10w
magnetosonic   wave  in  the  compressible  case,  in  increasing  the
diffuslon rate of the magnetic field has been  recOgnized  by  Petchek
(1964) and  Levy  et  al.,  (1964). In  the  present case, the s10w
rarefaction wave contributes to the strong diffuslon  of  moment1lm  or
dissipatlon of vorticity as was seen in Figure ll.

5。   SUMMARY AND DISCUSS10N

We  have  demonstrated  by  a MHD simulatiOn that the MHD Kelvin―
Helmholtz instabilities leads to  finite  transPort  of  momentum  and
、energy  across  the  magnetosPheric  bOundary.   For both Parallel and
transverse configuratlons, important FeSults revealed by  the  pres ent
simulation may be summarized as follows:

Parallel configuration
(1) For  super― Alfv6nic and transonic shear flow 〔Ms=1,2。 5く MAく 4), the
instability leads to the oscillation  of  the  velocity  shear  layer,
which bends the initially uniform magneti'c field。               ′
(2) For hyper― Alfv6nic shear flow (MA〉4, Ms=1), the instabrlity leads
to formation of eddies trapped in e large vortex,  and  the  initially
uniform  magnetic  field  is  strongly  cOmpressed, twisted, and hence
amplified with the amplification factor ～MA/2 by f10w vortices and the
total magnetic energy in the whOle calculation domain increases by the
dynamo action E◆ 」〓v◆ (JxB)く 0。
(3)The anomalous momentum and energy fluxes across the velocity shear
layer reach to 2% and 4% of those・ of the background flow far from  the
shear  layer  and  the  initial  ve10city shear is strongly relaxed by
those finlte transPort.
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Transverse configuration
(1)For a magnetosonic mach number larger than a critical  value,  the
instability  leads  to  the  formation of the fast shock discontinuity
from an initially subfast shear flow due to the  accelerat10n  Of  the
flow velocity by a vortex。
〔2)The anomalous momentum and energy fluxes across the velocity shear
layer  reach to l% and 2% of those of the background flow far from the
shear layer.                 

｀

With regard to the transport of 501ar Wind  momentum  and  energy
into  the magnetosphere, it has been said that in order to satisfy the
energy consumption in the magnetosphere, the necessary  momentum  flux
is  l¨ 2%  of  the  solar wind momentum fluxo  Therefore, the anomalous
momentum flux by the  Kelvin― Helmholtz  instabilities  seems  to  well
satisfy  the ŕequirement  of  the viscous― like interaction hypothesis
〔Axford  and  Hines,  1961).   For  a   typical   condition   at   the
magnetospheric  boundary,  aぇ ρLi  and  V。 ～vti'  Where  pLi ano vtitare
Larmor radius and thermal speed of typical ions at the  boundary,  the
observed   anomalous   viscosities  ソano笙0002a  Vo  for  the  parallel
configuration and  vano―~0001a  Vo  fOr  the  transverse  configuration

become  comparable to the BOhm diffuslon, which is usually regarded as
the upper bound for the anomalous  Particle  transPort  in  the  10w― β
Plasma.   For  typical parameters at the magnetosPheric boundary a=250
km, V。 =400 km/sec, these anomalous viscosities also become equal to or
larger than the  viscosity  calculated  by  Axford  and  Hines  (1961)
νano笙 1013  cm2/seC to account for the magnetosPheric convectlon with a
reasonable intensity.  These results based on a MHD simulation of  the
Kelivn― Helmholtz  instabilities  strongly  suggest  that  the‐ Kelvin¨
Helmholtz instabilities Play an important  role  in  the  transfer  of
momentum  and  energy across the magnetospheric boundary, Particularly
when the magnetic stress (viscosity)by  the  tangled  magnetic  field
lines is involved in the interactiOn.
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Table lo  The Plasma β at the initial stage, the plasma β at the saturatlon
stage of the instability, and the amplification of the magnetic
field for three different Alfvё n mach numbers.

Table l

MA
β at the

lnitial      saturation    Bf/Bi
β         Stage

WB~WB(t=0)

WB(t=0)

2.5

5。 0

10。 0

7.5

30.0

120。 0

1。 6

1。 7

2.3

1.9

3.6

6.0

8.7 %

26   %

140  %


