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Abstract. The Kelvin-Helmholtz instability (KHI) in its and Winske, 1993; Fujimoto and Terasawa, 1994, 1995;
nonlinear stage can develop small-scale filamentary field andhomas, 1995). There are also several ionospheric and
current structures at the flank boundaries of the magnetoground observations (Lee and Olson, 1980; Olson and Ros-
sphere. It has been shown previously with MHD simula- toker, 1978; Olson, 1986; Ohtani et al., 1999) associated with
tions that magnetic reconnection can occur inside these nathe KHI, as well as in-situ satellite observations (Fairfield
row current layers, resulting in plasma transport from the so-et al., 2000; Nikutowski et al., 2000; Nykyri et al., 2003;
lar wind into the magnetosphere. During periods of north-Nykyri, 2002), both from dawn and dusk-side flanks of the
ward IMF, this transport is sufficient to generate a cold, densdow-latitude boundary layer. The main objective of the sim-
plasma sheet on time scales consistent with satellite obserlation studies of the KHI has been to understand the non-
vations. However, when the length scales of these narrowinear evolution of the KH mode at the magnetopause and
current layers approach the ion inertia scale, the MHD ap-its effect on the momentum and energy transport. Hybrid
proximation is not valid anymore and the Hall term in the and full particle simulations also indicate that fast anoma-
Ohm’s law must be included. We will study the influence of lous diffusion is possible for sufficiently thin boundaries in
the Hall term on the KHI with 2-D Hall-MHD simulations the KH vortex (Fujimoto and Terasawa, 1994, 1995; Thomas
and compare our results with corresponding MHD simula-and Winske, 1993).

tions. We estimate plasma transport velocities of the order of Except for diffusion, the KHI — as an ideal plasma insta-

~1.5km/s, thus confirming the results of the MHD approx- pjlity — has not traditionally been expected to produce a sig-
imation. However, the fine structure and the growth ratesnificant mass transport. However, MHD simulations by Otto
differ from the MHD approximation in an interesting way.  and Fairfield (2000) -motivated by the Geotail observations

Key words. Magnetospheric phySiCS (magnetopause' CUS[j?f the KHI (Falrfleld et al., 2000)' indicated that reconnec-
and boundary layers; plasma waves and instabilities), Spaclon can occur inside the narrow current layers generated by
plasma physics (transport processes; magnetic reconnectiofie Kelvin-Helmholtz instability. Nykyri and Otto (2001)

numerical simulation studies; nonlinear phenomena; turbuuantified this reconnection process inside KH vortices in
lence) two dimensions using MHD approximation. Their results

indicate that reconnection inside KH vortices can transport
plasma of solar wind origin into the magnetosphere with a
transport velocity o~~1.5 km/s. This corresponds to a dif-
fusion coefficient of the order of 2@n?/s, which is suffi-
cient in producing the LLBL during northward IMF condi-

The Kelvin-Helmholtz instability (KHI) has been widely tions on observed time scales (Fujimoto et al., 1998). Brack
studied both with analytical theory (Chandrasekhar, 1961)biII and Knoll (2001) used 3-D MHD simulations in an ide-

and with numerous computer simulations using MHD (Miura . . . . -
P 9 ( alized perpendicular configuration, finding that KHI could

and Pritchett, 1982; Miura, 1984, 1987, 1992; Chen et al., . .
cause reconnection on the KH time scale. The MHD approx-

1997; Otto and Fairfield, 2000; Keller and Lysak, 1999; . i | i | and tial | Wh

Nykyri and Otto, 2001; Brackbill and Knoll, 2001), Hall- 't?at'ﬁ” kaSS“miSthar%e e;“porf‘ and spatia hscatis'. en

MHD (Huba, 1994, 1996; Fujimoto and Terasawa, 1991), "¢ tNICKNESS of the boundary fayer approaches the ion in-
rtia scalec/wp;, the Hall term in generalized Ohm’s law

and hybrid and kinetic codes (Terasawa et al., 1992; Thomagecomes important. By including the Hall tergix B, in

Correspondence tdK. Nykyri the system of equations describing plasma dynamics, one
(k.nykyri@ic.ac.uk) can show that the magnetic field becomes frozen into the
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initial shear flow layer are smaller for Hall-MHD than for
ideal MHD cases, concluding that the Hall term acts to in-
hibit the vortex formation, as well as to relax sharp density
and magnetic field gradients. He also reported an enhanced
diffusion of the magnetic field into the high density, low mag-

Table 1. Simulation Normalization.

Magnetic fieldBg 16 nT
Number density,g 11 cnt3

Current density 22 nA m? netic field reaion

Length scald.g 100 km gon. - .

Velocity v 4 105 km s°1 Huba (1996) used a 2-D finite larmor radius (FLR) MHD
Time 4 0.955 code to study the nonlinear evolution of the KH instabil-

ity in a perpendicular, low plasma beta configuration. His
simulation results indicate that the FLR effects can either
increase or decrease the growth rate of KH instability, de-
electron fluid: E=—v,xB. When plasma is disturbed by pending on the sign aB-(V < V). Similarly, as in Fhe earlier
some external force, electrons react faster to the changes dlY)éork (Huba, 1994), he sugg(.asts'that the Kelvin-Helmholtz
to their smaller inertia than ions. Thus, electrons thus Stax}urbulence may be asymmetric _W'th respect to the dawn and
frozen into a magnetic field but the ions lose their magneticdUsk flanks (vorticity changes sign at dawn and dusk), if the

connection due to their larger inertia. The inertia length, Poundary layer is sufficiently thin. o _
Thomas (1995) studied the KH instability with 3-D ki-

2 . . .
c/wp=y/ 5% is ~40 times larger for ions than for elec- petic simulations using a uniform density embedded in the
trons. If we assume plasma number densities between Syniform magnetic field, but let the relative angle of the mag-
11cn?, the ion inertia length varies between 68-100km.  netic field and the velocity vector vary. He found that when
In the following we will briefly summarize the main re- y,.B=0, the ion mixing property in 2-D and 3-D simula-
sults of the non-MHD simulation studies of the KHI before tions are almost the same. Whéfy- B0, the mixing is

discussing the results of the present study. strongly reduced in 2-D but the 3-D results are not reduced
Fujimoto and Terasawa (1991) included both the Hall termpy much.

and electron pressure term in the generalized Ohm'’s law, lin- - Most (except Thomas (1995)) of the previous work (Fuii-

earized and numerically solved these extended MHD equamoto and Terasawa, 1991; Terasawa et al., 1992; Thomas and

tions in parallel ¥o| Bo) and perpendicularioL Bo) con-  \inske, 1993; Fujimoto and Terasawa, 1994, 1995; Huba,

figurations. Their simulation results indicate that ion inertia 1994, 1996), that include the ion inertia term or finite lar-

effect neither alters the gl’OWth rates Significantly, nor does itmor radius effect on their Simu|ation3, use a perpendicu|ar

alter the fastest growing wave numbers of the KH instabil- (v, 1 B) configuration or a linearized set of extended MHD

ity compared to the MHD cases. They found, however, thatequations, or both. In this study we investigate the effects of

the interior structure of the surface ripples seems to be morgne Hall term on the evolution and dynamics of the KH insta-

complicated than the corresponding results from the MHDyjility for different initial configurations. We also complete

analysis indicate, and that the ion inertia effect is most en-oyr 2-D study of plasma transport associated with the KH

hanced for the parallel configuration in a Igplasma. instability by extending the MHD results to the Hall-MHD
Terasawa et al. (1992) observed fast anomalous ion mixingegime and consider a realistic, asymmetric plasma and mag-

in a hybrid code simulation (particle ions and a massless elecnetic field configuration, where the magnetic field has a com-

tron fluid) in perpendicular configuration. Their simulation ponent both perpendicular and parallel to kheector of the

results show that the mixing occurs within a time scale com-jnstability. Our main motivation is to understand the ion

parable to the roll-up time of the Kelvin-Helmholtz vortex. inertia effect on reconnection inside Kelvin-Helmholtz vor-

They consider this process to be responsible for generatingices and whether this effect will alter the net plasma trans-

the low-latitude boundary layer. port quantified with MHD simulations by Nykyri and Otto
Fujimoto and Terasawa (1994) further studied this anoma{2001).

lous mixing in a perpendicular configuration assuming a con-

stant magnetic field across the initial shear flow layer. They

conclude that the mixing layer formed by the KH instability 2 Numerical method

is independent of the initial thickness of the boundary and

that this mechanism could be in part responsible for generThe results in this study are obtained by solving a full set of

ating the LLBL. In a companion paper Fujimoto and Tera- resistive two-dimensional Hall-MHD equations:

sawa (1995) consider a more realistic configuration where

the background magnetic field is inhomogeneous but still

perpendicular to the initial shear flow found. They found that 9 =—V-(pv) (1)

including the background inhomogeneity reduces ion mix- 35 1

ing. _ @pv) _ _g. [pvv + (-) (p + b2> - bb] @)
Huba (1994) studied the effect of the Hall term on the ¢ 2

Kelvin-Helmholtz instability in perpendicular configuration. 95 .1
He found that the maximum velocities perpendicular to the, = ¥ < {? X b—nj+ e X b) ®)
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Table 2. Simulation Runs.
Empty blocks indicate no change from the line above

ka 1) B1 B> ni "2 Ry, res. vis.

Run 1 025 90 015 0.1 1. 1. 0 2 0.04
Run 2 025 96 0.15 01 165 0.35 0.59 2 0.04
Run 3 0.12 3 15 10 175 025 0.25 1 0.015

Run 4 5

Run 5 10

Run 6 15

Run 7 25

Run 8 0.12 3 15 10 165 0.35 0.59 2 0.04

Run 9 5

Run 10 10

Run 11 15

Run 12 25

Run13 0.25 3 15 10 165 035 0.59 2 0.04

Run 14 5

Run 15 10

Run 16 15

Run 17 25
oh =—V . (hv) + [M] W7y (4) We study the effect of the Hall term in two different sys-
ot 14 tem sizes. The smaller system uses a simulation box of 25.2
j=Vxb. (5) units inx, corresponding to a wavelength of about B¢ or

ka=0.25, whereu is the thickness of the velocity shear layer

The above partial differential equations are discretized us@ndk is the wave number.

ing the finite differences leapfrog scheme (Potter, 1973). The The problem with the inclusion of the Hall term is the in-
MHD code using this scheme has been developed and disc'€asing phase speed of the Whistler waves for short wave-
cussed in more detail by Otto (1990). Igngths. The Whistler phage speeq,h;w/k, is propor-

All quantities are normalized to characteristic values for ional 1o its k vector and increases linearly with the in-
the system, ie. length scaldsto a ion inertia length verse grid spacing;;, because .better resolution allows for
Lo=c/w,:; density p to po=nomo, with the number den- asmallerwgvelength of the Whistler que. The larger phase
sity no and the ion mas&g; magnetic fieldh to Bo; velocity speed requires better temporal resolution, and we achieved

v to the typical Alfven velocityv ,=Bo/ /% po; pressure to numerical stability by choosing a sufficiently small time step

Po=B2/(87); current density talo=c Bo/ (47 Lo); and time of Ar=0.02. In addition, a large size of the simulation do-
ttoa ?:haracteristic Alfen transit timery=Lo/v4. Theval- ~ Maininy of 45.2 (approximately G R) is used to minimize
ues for the normalization of the simulation units are summa-iN€ influence of the boundary conditions on the evolution of

rized in Table 1 the KH waves, for instance, by the reflection of waves (in-
The initial configuration for the simulation in the bound- cluding whistler waves). We use a nonuniform gridyin

. - . with maximum resolution of 0.1 in the center of the initial
ary coordinates uses a magnetic fieldbgf(x)=bo(x) sing, . S :
T shear flow layer and a uniform grid inwith resolution of
byo(x)=0, andb.o(x)=bo(x) cosp. The velocity is given

. . 0.12.
by vxo(x)=vo(x), vy0(x)=0, andv,o(x)=0. Initial density, . . o
. L . The larger system uses a simulation box of 51.2 units in
pressure, velocity, and magnetic field magnitudes are corresponding to a wavelength of abou8Ry, or ka= 0.12.

The simulation domain im is 102.4 (approximately 1.Bg).
1 1 y The spatial and temporal resolution are the same as that for
Po(x) = S (Psh + psp) + 5 (Psi = psp) tANN—) (6)  the smaller system size. , ,
0 We study the influence of the Hall term with 17 different
— pp) tanh(—-) (7)  Pplasmaand magnetic field configurations. The first two sim-
Lo ulation sets have a magnetic field only along kleector of
the instability and the remaining 15 simulation sets have a
magnetic field in both the-direction and along thk-vector.
1 1 y Simulation runs are listed in Table 2 in simulation units, and
bo(x) = (b + bsp) + 5 (bsi = bsp) ta”'”(L_Ol () indices 1, 2 refer to magnetosheath and magnetospheric side,

1 1
po(x) = E(psh + psp) + E(psh

1
vo(x) = —Evsh(tanr(%o> +1) ®)
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Fig. 1. KH vortex att/t4~60 and atr/t4~82. Lines are magnetic field lines projectedxtoy-plane and arrows are electron velocity
vectors. Color code represents electron current (left)zaz@mponent of the magnetic field (right).

respectively. Empty blocks indicate no change in the paramModel 2 usesc=0.001 andJ/.=2.5Jp. S is a step function
eters from the line above. equal to unity for arguments greater than O and equal to 0
Simulation runs 1-7 have the same parameters as thetherwise.
MHD simulations in Nykyri and Otto (2001), except for a
larger simulation domain ir-direction. In addition to the
simulation runs listed in Table 2, we have simulated case8 Demonstration of the Hall effect (simulation results
8-12 with the MHD code (with exactly the same parameters)  without background B;)
for comparison. Runs 13-17 are shorter wavelength runs that
are compared with longer wavelength cases 8-12. We useth@&1 Magnetic field asymmetry (Run 1)
following two resistivity models in these simulations:
Figures 1 and 2 show the evolution of the Kelvin-Helmholtz

. . . wave for Run 1 at/t4~60 and att/t4 82. In Fig. 1 lines
n(j) =Ky (2 = IASG® = I (model 1) are magnetic field lines projected o y-plane and arrows
n(j) = k(G2 — J.228(j% — J.2) (model 2). are electron velocity vectors. The electron current (left) and

(10) thez component of the magnetic field (right) are color coded.

Yellow asterisks are fluid elements that are located initially
Here x=0.005 and/.=1.1Jp for model 1 which corresponds at the boundary=0. Atr/z4,~60 a vortex in electron veloc-
to model 1a) in MHD simulations of Nykyri and Otto (2001). ity field is clearly visible, with narrow electron current layers
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time = 60.
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Fig. 2. KH vortex atr /T 4~60 and at /t4~82. Lines are magnetic field lines projectedita-plane and arrows are plasma velocity vectors.
Color code represents ion current (left) and total current (right).

of opposite polarity forming in the center of the simulation (when reconnection operates in a positive electron current
box. The Hall effect also starts generating an out-of-the-layer, a positiveB, is formed in the regions where outflow
plane magnetic field component. Atr4~82 a highly non- isin the+x-direction, and a negativB, in the regions of the
linear vortex has formed with very strong electron current —x-direction. In the negative current layer this behaviour is
layers. Ongoing reconnection is observable in the positivereversed) and is consistent also in magnitude.

electron current layer at, —y=[7.3, 2.8] and at negative

electron current layer at, —y=[—6.3, —2.7]. Reconnection

is not symmetric because the initial configuration had a mag- ] )

netic field asymmetry. If the magnetic field is exactly the N Fig. 2 arrows are plasma velocity vectors, the color
same on both sides of the initial shear flow layer, magneticc0de represents ion current (left) and total current (right). At
reconnection would happen at the same rate in both negativé/fA’“%o avortex_ls clearly visible but there is no ion current.
and positive current layers forming a symmetric structure. 1 N€ total current is dominated by the electrons: Aty~82
Strong out-of-the-plane magnetic field components are genLhe ion current increases in two regions whgrg there is no
erated such that the strongest, negativelayer is formed eIeptrpn current and where the plasmg vglomty is very slow.
in the electron outflow region from the reconnection site TNiS is probably due to the Hall electric field generated by
at x, —y=[7.3, 2.8] (towards the center of the simulation the poloidal electron_flovy across the p_oI0|daI magnetic field.
box). The out-of-plane magnetic field has the same polar-The total current which is mostly carried by electrons has a

ity as in the Hall-MHD reconnection challenge (Otto, 2001) maximu[mfisnsrecgr;?ection regionsxat—y=[6.3, 2.0] and at
x, —y=[—6.3, —2.7].
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Fig. 3. KH vortex att/t4~63 and att/t4~81. Lines are magnetic field lines projectedxtoy-plane and arrows are electron velocity
vectors. Color code represents plasma density.

3.2 Magnetic field and density asymmetry (Run 2) code represents ion current (left) and total current (right) at
t/t4~63 and att/t4~81. Atr/t4~63 (top) the first mag-

To illustrate the effect of an added initial density asymme- netic island is detached in the region where total current (top

try, Fig. 3 depicts a KH vortex at/t4~63 and at/t4~81  right) is negative. At/r4~81 (bottom) a second magnetic

for the Run 2 parameters. Lines are magnetic field lines'sland is detached at, —y=[—11, —5] in the negative cur-

projected tor, y-plane and arrows are electron velocity vec- rentlayer. The positive current has increased frgm ~63,

tors. The color code represents plasma density. The Kelvinbut it is not distributed only along the elongated layer like at

Helmholtz instability twists the magnetic field in the y-  #/74~63. Compared to the previous run the magnitude of

plane which leads to anti-parallel magnetic field compo-the ion current has remained closely the same but it is now

nents. A high density magnetic island becomes reconnecteficcupying a larger area. These differences are due to the

at t/t4~63, and a second island is detached faty~81. change in initial condition: the density asymmetry changes

Compared to Run 1, the reconnection occursr2Cearlier ~ the dynamics of KH instability.

for Run 2. The inertia of the vortex motion in the high den-

sity spine is larger than in the lower density layer, causing the

reconnection to occur earlier for Run 2. For the cases con4  Results of the plasma transport

sidered in this study (Runs 2—17) the higher density spine is

always on the same side as the higher current density layefy Nykyri and Otto (2001) the plasma transport associated
becauseB; andny are larger tharB; andnz (Table 2). An \jth the Kelvin-Helmholtz instability was estimated using
interesting future study would be to investigate a reconneczn MHD approximation. Here, we study the influence of the
tion balance between high-density, low-current-spine and thgya|| effect on the plasma transport and compare the results
low-density, high-current-spine. with the MHD cases.

For the same run Fig. 4 shows magnetic field lines pro- The mass transport is calculated by integrating the plasma
jected to thex, y-plane and arrows are electron velocity vec- density over magnetic islands (flux ropes) captured from the
tors. The electron current (left) and thecomponent of the  magnetosheath, i.e. islands of magnetosheath material which
magnetic field (right) at/z4~63 (top) and at/t4~81 (bot-  are entirely embedded in the magnetosphere. The method of
tom)are color coded. At/t4~63 reconnection occurs at defining the initial boundary is similar to the one discussed
x, —y=[3,0] in a region of negative electron current. A posi- in Nykyri and Otto (2001) but here the magnetic islands are
tive, elongated electron current layer is located adjacent tqjefined by electron fluid elements. During the simulation,
a strong magnetic field layer. A weak, negatiBe layer  the location of these elements is determined by integrating
starts forming in the elongated regions of enhanced magnetighe electron fluid velocity. Ideally, the electron fluid elements
field. Atr/t4~81 a second magnetic island is detached atstay on the same field line if the magnetic field is frozen into
x, —y=[—11, —5] and the negativé; layers are intensified.  the electron fluid flow. However, reconnection and numerical

In Fig. 5 arrows are plasma velocity vectors and the colordissipation can break this condition.
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Fig. 4. KH vortex att/t4~63 and atr/t4~81. Lines are magnetic field lines projectedxtoy-plane and arrows are electron velocity
vectors. Color code represents electron current (left)zas@mponent of the magnetic field (right).

In two dimensions Ohm’s law (including the Hall term) The results in Figs. 7, 8, and 9 are expressed in terms of an

can be written as average entry velocity
AM 1
dA (1) _
3Zl‘ + Ve VA = —n/;, (11) Ventry At pgpLyx ’ (12)

whereM is the mass of the magnetic islang; is the simula-

whereA_ is thez-component of the magnetic Vector poten- o time 7 is the wavelength angs, is the magnetosheath
tial, and changes along the path of a fluid element are only ensity

due to the resistive term on the right side of (1), if the initial

gauge ofA; is maintained. If this is the case, a fixed value 4 1 pemonstration of plasma transport and growth rates

of A, determines the magnetic boundary. Sinceis deter- (Runs 3-7)

mined by integrating the magnetic field, we use the electron

fluid elements to determine the proper gauge and to test thgigure 6 shows the evolution of the Kelvin-Helmholtz wave

frozen-in condition. for Run 5 att/t4~62 and at/t4~107. Lines are magnetic
The mass entry from the magnetosheath into the magnetdield lines projected ta, y-plane and arrows are electron ve-

sphere is calculated by integrating the density over the area dbcity vectors. Color represents plasma density (upper panel)

the detached magnetic islands. An averaged mass entry ratnd thez-component of the magnetic field (lower panel). The

is determined by dividing the mass in the islands through &first magnetic island is detachedsdt,~62, and there is a

typical time (i.e. the time it takes to form a nonlinear wave). depletion of theB,-component surrounding the reconnected
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Fig. 5. KH vortex atr /T4 ~63 and at /t4~81. Lines are magnetic field lines projectedita-plane and arrows are plasma velocity vectors.
Color code represents ion current (left) and total current (right).

island. Formation of this first island corresponds to the firstfer by about 88%. Growth rates in this study are obtained by
peak in mass transport velocity in Fig. 7a. #kt4~107 the  plotting (in log-scale) the maximum values of perpendicular
main magnetic island is detached by reconnection from thevelocity components during the whole simulation as a func-
magnetosheath corresponding to the maximum mass diffution of time and calculating the slope of the growth graph
sion velocity of 1.2 km/s in Fig. 7a. (slope of the graph kv,) vst in Figs. 7, 8, 9).
Figure 7b illustrates the effect of the magnetic field
along the k-vector of the KH instability for Runs 3— 4.2 Comparison of plasma transport and growth rates be-
7. Plasma transport velocities are reduced for increasing tween MHD and Hall-MHD simulations (Runs 8-12)
¢(Bx=Bgsin(¢)), due to the stabilization of the KH insta-
bility by the magnetic field. Errors in the average velocity Figure 8a represents mass transport velocities as a function
can be caused by the choice af and inaccuracies of the of ¢ for simulation runs 8-12. For comparison we also
island boundaries. simulated these cases with the MHD code. Both plasma
Figure 7c depicts the growth of the Kelvin-Helmholtz in- approximations give the same results within the limits of
stability as a function of /T4 for ¢=3°, 5°, 1°, 15> and  the error bars. The maximum plasma transport velocity,
25°. Naturally, the largest growth ratg=0.1, is obtained  Vuirs=1.8km/s is obtained fap=3°. The plasma transport
for ¢=3° and the smallest growth rate=0.09, is obtained is reduced for large due to the stabilization by the magnetic
for y=25°. So the maximum linear growth rate is only about field.
10% larger than the minimum growth rate, but the corre- Figures 8b and ¢ show growth of the Kelvin-Helmholtz
sponding maximum mass transport velocities for arfdds instability for the Hall-MHD and MHD approximations as a
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Fig. 6. KH vortex atr/t4~62 and at/t4~107 for Run 5. Lines are magnetic field lines projected tg-plane and arrows are electron
velocity vectors. Color code represents plasma density (upper panef)@mponent of the magnetic field (lower panel).

function oft/t4. The largest growth ratg=0.1, is obtained  eration must come from the kinetic flow energy such that this
for the Hall-MHD case withp=3° and the smallest growth effect should act to reduce the growth rate for Hall dynam-
rate,q=0.07, is obtained for the MHD case with=25". ics, in particular for larger magnetic field values alongthe
vector. Thus, the combined effect of the demagnetized ions
and of the perpendicular magnetic field generation may ac-
count for the smaller difference in the Hall MHD and MHD
growth rates for larger magnetic field along theector.

For the Hall-MHD approximation the maximum linear
growth rate is 24% larger than the minimum growth rate.
For MHD simulations the maximum growth rate is only 13%
larger than the minimum growth rate. The Hall-MHD growth
rates forp=3°, 5°, 10°, 15°, and 28 are 21%, 17%, 13%, Except for the case witlp=3°, the Hall-MHD growth
13% and 7% larger than the corresponding MHD growthrates are slightly larger for simulations Runs 3-7 than for
rates, respectively. The growth rates are larger for all thecases 8-12. This is probably due to the lower viscosity and
Hall-MHD cases compared to the corresponding MHD casesmaller density gradient used in Runs 3—7. Note that the
because in the Hall-MHD the magnetic field is frozen into viscosity is employed to arrest nonphysical grid oscillations
the electrons and thus, it doesn’t constrain the ion motionwhich can occur because the leapfrog method lacks numeri-
This difference between MHD and Hall-MHD-KH growth cal diffusion. Here, itis used as a velocity diffusion term with
becomes smaller for larger magnetic field values alongthe a physical coefficient which scales @a3= whereA is the
vector of the KH mode. This appears counterintuitive at firstlocal grid spacing and is the coefficient listed in Table 2.
glance because the smaller magnetization of ions due to thEor a unit distance the corresponding velocity diffusion time
Hall physics should be more important for larger magneticis approximately 1®9Alfv én times in the region with the best
fields along th&-vector. However, the Hall effect also gener- grid resolution, i.e. much longer than the time scales consid-
ates a perpendicular (out of the plane) magnetic field which isered in our simulations. Thus, corresponding effects should
not present in MHD. The energy for this magnetic field gen- be small in general, however, a residual effect on growth
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Fig. 7. (A) Mass transport velocity as a function of time fo£10°.
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Fig. 8. (A) Mass transport velocity as a function@for MHD and
Hall-MHD. (B) Growth of KH instability foro=3°, 5°, 1(°, 15°

instability for p=3°, 5°, 10°, 15° and 25. and 25 for Hall-MHD approximation(C) Growth of KH instabil-

ity for MHD approximation.

rates cannot be excluded as expressed in the slightly different

growth rates comparing Runs 3-7 and 8-12. 4.3 Demonstration of the wavelength effect on the plasma
The Hall-MHD mass transport velocities agree for transport (Runs 13-17)

smallg, between cases 3—-4 and 8-9, but are smaller for cases

10-12 than for cases 5—7. In Nykyri and Otto (2001) it was Figure 9a represents mass transport velocities for the small

shown that reconnection inside Kelvin-Helmholtz vortices is wavelength £ka=0.25) cases 13-17. These results agree

independent of the resistivity model since the reconnection(within error bars) with mass transport velocities obtained for

is strongly driven by the vortex motion. We assume that thelarge wavelength cases 8-12:£0.12). Figure 9b shows

discrepancy between plasma transport velocities for large KH growth for ¢=3°, 5°, 1®°, 1%, and 28. The short

is due to a slightly increased stabilization of the KH mode wavelength growth rates are about 40% larger than the large

both by larger viscosity in Runs 8-12 and by the larger mag-wavelength growth rates. The maximum linear growth rate is

netic field. 25% larger than the minimum growth rate far=0.25. At
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t /t4~60 this fast growing, small wavelength mode is clearly 2000 rTTTTTTTT T 00o]
observable in Fig. 6. It grows faster into a nonlinear stage and% [
decays before reconnection occurs at the vortex of the larger,
wavelength.

Huba (1994) obtained growth rates #0.04Vy/a for
both MHD and Hall-MHD approximations féa=0.26. For
the values ofVp=315 km/s and:=100 km used in the sim-
ulation study, the growth rate obtained by Huba (1994) be-
comes;~0.126, which is comparable to the values presented2 50|
in Fig. 9b. Fujimoto and Terasawa (1991) report little affect ¢ [
of Hall dynamics on the linear growth rate of the Kelvin-
Helmholtz instability forka <0.4.
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Huba (1994) reported the Hall effect to cause small-level oL e s o 01582 Hall—MHD
turbulence ka>1) that inhibits vortex formation. We also Phi= 3 q= 0.1352
found small-level, ion inertia scale vorticity in our simula- I /\NJW/\/‘V\W\‘N

5 Small-scale structures 2

tions. The ion inertia scale vorticity is clearly observable as or
small ripples in plasma density. We found the most clearly i / ]
structured, small-scale vortices we found §e£5° (Run 4). 2 M .
Figure 10a represents electron velocity (arrows) and plasma I ]
density (color code) at/t4~93, and Fig. 10b shows the, -4l . .
component of the magnetic field. Magnetic field lines are 0 50 Alfven time(s)loo 150
not plotted on these figures, in order to distinguish the small-

scale structure better. One can see two vortices in Fig. 10&;g g (a)Mass transport velocity as a functiongfor short wave-
one corresponding to u=0.12 and the other t6a=0.25.  |ength (ka=0.25,,=0.4 R) Hall-MHD. (B) Growth rates of KH

Figure 10c represents a magnified region of Fig. 10a, reinstability for=3°, 5°, 10°, 15° for Hall-MHD approximation.
vealing a chain of small-scale vortices with a wavelength of

approximately 1 to Bchw,,. lon inertia scale ripples ap-

peared first in the smaller waveleng#ta &0.25) KH vortex

atr/t4~90. This structure existed forrQ before the vor-

tex decayed. Small scale vortices are observed for all cases

3-8, but the longest lasting structures are obtained for small

anglesp=3°, 5°. In these cases the ion inertia scale perturba-

tions “attack” the high density, small wavelengka£0.25), Figure 11 shows magnification of Fig. 10a for different
vortex resulting in vortex decay. The dynamical evolution plasma and field properties. Figure 11a represents electron
of the larger vortex is not altered by these ion inertial lengthvelocity (arrows) and plasma density (color code) on the
dynamics. For larger angleg£10° and 158) the ion dynam-  left, and thez-component of the magnetic field on the right.
ics doesn’t cause a decay of the smaller, high density vorteXrigure 11b depicts plasma velocity (arrows) and ion current
but works mostly in the “edges” of the higher density region, (color code) on the left, and total current on the right. Mag-
mixing “intermediate” density plasma with the lowest den- netic field (arrows) and electron current (color code) are plot-
sity plasma. Fop=25°, the small-scale perturbations were ted on the left of Fig. 11¢c andcomponent of the velocity is
strongly reduced. We also studied the effect of zero magnetiplotted on the right. A comparison between Figs. 11a and
field in the simulation plane using a perpendicular configura-11b indicates that regions of high plasma density correspond
tion (kL B), to see whether ion inertia scale perturbations areto regions of negative ion current. Similarly, the positive ion
further enhanced from cases with=-3° and 5. For ¢p=0°, current regions correspond to the regions of low plasma den-
the growth rate of KH is larger and the overall dynamics is sity. Positive ion current regions also correlate with regions
more turbulent due to the lack of magnetic field stabilization, of positive plasma velocity. The magnetic field reverses sign
so the system was already in the saturation stage when thacross the positive electron current layer. Since the mag-
small-scale turbulence started affecting a narrow high dennetic field is frozen into the electron fluid, a depletionAp

sity layer. It's also worth mentioning that, while Huba (1994) is formed in the regions of strong positive electron current
observed small-scale turbulence to inhibit vortex formation, (electrons traveling into thez-direction). In the regions of

in our simulation the main vortices were already fully devel- negative ion current, there is a large positive electron current,
oped before the ion inertia scale turbulence started decayingo in these regions the electrons and protons are traveling into
the smaller vortex. same direction, reducing the total current in these regions.
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Fig. 10. KH vortex for 9=>5 atr/14~93. (A) shows electron velocity (arrows) and plasma density (color cgBgyepresentg-component
of the magnetic field(C) is a magnified domain of Fig. A.

6 Discussion and Conclusions ure 12 shows a comparison between linear MHD theory and
our simulation results. Figure 12a indicates that the growth

In this study it has been demonstrated that the net plasm&t€S predicted from the linear, incompressibies=0) the-
transport due to reconnection inside Kelvin-Helmholtz vor- 0¥ &re about 50% larger than from the simulations for longer

tices is unaltered in a Hall-MHD approximation for the con- Waveolength ka>0.12) cases. This difference is even larger
sidered cases. For smallcases (corresponding to strongly (100%) for shorter wavelength casés £0.25) in Fig. 12b.
northward interplanetary magnetic field) we estimate the! "€0Ty assumes that the velocity shear layer thickress

mass diffusion velocities to be about 1.5 km/s. If we assumd$ infinitesimal, that plasma is incompressible, and that the

a solar wind density of 11 cirand a plasma sheet density of world is Iinegr. When the wavelength approa}ches the s.hear
1cn?, it would take about 2 h to replace all the mass in the flow layer thickness, the growth of the wave is not possible

plasma sheet with this process. This is in excellent agreemerlf! ré@lity (and simulations), but for linear theory there is not

with observations by Borovsky et al. (1998) and Fujimoto SUch a limit.

et al. (1998), which indicate that during period_s of strongly Huba (1994) concluded that the Hall term acts to in-
qorthward IMF the cold dense plasma sheet is formed in &jpjt vortex formation, implying that the growth rate for
time scale of about two hours. the Kelvin-Helmholtz mode is reduced by ion inertia ef-
For smallp, Hall-MHD growth rates are about 20% larger fects. However, results in this study indicate that Hall-MHD
than the MHD growth rates, and for cases with large mag-growth rates are about 20% larger than the corresponding
netic field along the&-vector of the instability (large), the MHD growth rates. Huba (1994) comes to his conclusion by
Hall-MHD growth rates are about 7% larger. The growth evaluating only the maximum value of the perpendicular ve-
rates are larger for all the Hall-MHD cases compared to thelocity component across the initial shear flow layer such that
corresponding MHD cases, because in the Hall-MHD thethe one maximum value of the whole simulation represents
magnetic field is frozen into the electrons and thus, it doesn’the growth. In MHD approximation Huba (1994) reported
stabilize the ion motion on sufficiently small-scales. Fig- the maximumv, to be 40km/s, and in Hall-MHD 20 km/s
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Fig. 11. (A)is a magnified domain of Fig. 10AB) shows plasma velocity vectors (arrows), and ion current (color code) on left and total
current on right(C) depicts magnetic field vectors (arrows) and electron current (color code) on left,camdponent of the plasma velocity
on right.
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KH Growth Rate, k°,=o*12 within the KH wave. When density asymmetry is included,

_ ] the bipolarB, layers become more elongated. While the in-

0.15F Ven = 315 km s™' ] fluence of the Hall term in magnetic reconnection has been
' ] studied widely, and compared with the MHD and particle

-1

(0] F 4
~ 0-10¢ Q@\ —— = Theory y A simulations (Birn and Hesse, 2001; Ma and Bhattacharjee,
v : ——— = Holl-MHD 2001; Pritchett, 2001; Otto, 2001; Birn et al., 2001), the re-
0.05 = MHD ] .
: ] sults presented here are the first results of a small-scale re-
0.00C - - - ] connection in a turbulent plasma.
0 10 20 0, 40 While the net plasma transport due to the reconnection
inside Kelvin-Helmholtz vortices is unchanged in the Hall-
KH Growth Rate, ka=0.25 MHD approximation, the dynamical fine structure (arising
0.35¢ ' ' ' B from the finite ion inertia length) of the Kelvin-Helmholtz
0.30F Van = 315 km 57" 3 instability showed highly interesting results. Observed ion
5, 0250 inertia scale turbulence might become very important in re-
< 020F q(®) : B gions such as the Earth’s magnetospheric cusps. The mag-
T 0.15F — =Theory 3 netic field in the immediate vicinity of the cusp is rather
0.10E S T —Simulotion small and in the larger vicinity the geomagnetic field con-
0.05E , , , ] verges towards the cusp location such that the field close to
0 10 20 30 40 the magnetopause rotates by 3&0ound the cusp. Thus,
there are always two regions in which the IMF is parallel or
@ anti-parallel to the geomagnetic field, allowing reconnection

to operate, and a region where the velocity component is per-
Fig. 12. (A) represents comparison of KH growth rates between pendicular to the magnetic field, allowing Kelvin-Helmholtz
linear MHD theory and Hall-MHD and MHD simulations for instability to operate. Chen (1997) showed that in three di-
ka=2m /a3=0.12. (B) shows comparison between KH growth rates mensions a Kelvin-Helmholtz vortex can obtain filamentary
between theory and Hall-MHD simulations fr=0.25. structure by magnetic reconnection such that the ion inertia
scale becomes important.
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