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Abstract. The present paper is the continuation of our study of absolute and convective instabilities in open shear layers
(Terra-Homem & Erdlyi 2003). In this paper thefiects of a magnetic field are included and a series of fully non-linear ideal
polytropic 2D MHD numerical simulations is carried out. The amount of mean flow required to sweep away the perturbation
before it grows and destroys the whole flow is calculated for various configurations of the magnetic field. The analytical
results obtained by Fej’(1964) for a velocity discontinuity were recovered with a very good accuracy. The study focused on
uniform, discontinuous and sheared magnetic fields. We found that the value of mean flow needed for a perturbation to become
convectively unstable (critical mean flow) decreased with decreasing value of the pladraalso found that the log value

side, of a discontinuous and sheared magnetic field, is predominant in the behaviour of the instability. Finally we show the
thickness of the magnetic shear layer hasfi®ce on the value of critical mean flow.
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1. Introduction (Ruderman et al. 1996). All of these studies have considered ei-
ther a velocity discontinuity or a magnetic field discontinuity.

Shear flows are present in most solar-terresirial applicati r a more realistic configuration one has to consider that both

and it is of fundamental importance to study their Sta.b.' IIt)fhe velocity and the magnetic field have a smooth transition. In
There are many examples of such flows; for some specific G

amples please refer to the Introduction of the first paper of thhs;e present paper we investigatéeiiences in the behaviour of
. [ ilities for th ibl fi i f th i
study (Terra-Homem & Ereli 2003) instabilities for three possible configurations of the magnetic

field. First, we embed the plasma in a uniform magnetic field;
There have only been a few studies of absolute and convgI s, W pasmain a unl gnetic 1

&xt we allow for a discontinuous transition of the magnetic
tive instabilities in astrophysical aspects. Wright et al. (200 g

tudied th ’ " f instabiliti t th Id; and finally we study the fference if the transition is
studied the convective nature of instabiiities at the magneqﬁ?"smooth function. This paper is a follow up of the study by

;pheric flanks. M".ls et aI..(2000) and Wright e.t al. (2002). SWUGkerra-Homem & Erdlyi (2003) where a purely hydrodynamic
led a boundary with continuous velocity profile and a d|scor&- se was considered. Including a magnetic field is important
tinuous magnetic field which was representative of the flai

. ce most astrophysical plasmas are magnetic (e.g. the solar
regions of the Earth’s magnetopause. Ruderman et al. (20 phy P d (e.g

. . . . d, magnetosphere, heliopause and solar structures).
derived analytical solutions for the heliopause geometry an n S 5 th . . d th ical
found that in the near flanks of the heliopause perturbations n Sect. 2 the governing equations and the numerica

are absolutely stable but convectively unstable (see also them&thc’d are presented. Théfdrent configurations of the initial

view by Ruderman 2000). Before, Baranov et al. (1992) stylelue problem are also discussed. Section 3.1 shows the results

ied the global behaviour of instabilities in thefdient sections ©f @ test case study for a comparison between the numerical

of the heliopause boundary surface. Ruderman & Fahr (19 d preV|ous_ar_1aIyt|caI results. This section was mouvated by

extended this study by including parallel magnetic fields itrji] f.ad that it is known that a yelomty dlsco_ntlr)wty can be

the interstellar side of the heliopause, and Ruderman & F@?blllsed by the presence of uniform magnetic fields; the sta-
ili

. CE ; - ty conditions for incompressible fluids have been derived
(1995) studied theftect of magnetic fields in the solar wind ) ) .
side of the heliopause and foundtdrences in the stability of _(see Axf_o_rd 1960, 1962)._Latgr @](.19(.54) derived thg stabil-
W conditions for a velocity discontinuity at a plane interface

the ecliptic and the polar parts of the heliopause discontinuL T .
etween two perfectly conducting, inviscid, compressible flu-

Send gfprint requests toR. Erdlyi, ids, in the presence of uniform magnetic fields. This gives an

e-mail:robertus@sheffield.ac.uk analytical background to compare the numerical results with
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Table 1. The values of the parameters used in the simulations carrieérev is the velocity,B is the magnetic fielgy is the densityp

out in this work, and all the variables changed in each section. is the thermal pressure amgy is the total pressure (magnetic
plus thermal pressures). The magnetic field is measured in units
fixed parameters Ms = 0.83 Yad = 1.66 for which the magnetic permeability is a4 = 5/3 (adiabatic
varied parameters h L B | Uo index) andc, is a constant related to the sound speed by
Section 3.1 0.1 - varied 0.0
Section 3.2 2.0 - varied varied o= [ YadCap™
Section 3.3.1 2.0 0.01 varied varied P
Section 3.3.2 20 2.0 B1=20 varied The conditionV - B = 0 must be satisfied at all time. The equi-
4.0 B2 =10 librium configuration follows the model used in the study of

absolute and convective instabilities without the presence of

previous established conditions. In Sect. 3.2 a study is carri@@gnetic field by Terra-Homem & Eetyji (2003). The velocity
out for the case of a velocity shear with a uniform magnetm’of”e and the perturbation remain the same, i.e. a tanh profile
field, and in Sect. 3.3 the case of a velocity shear with mag-used for the horizontal component of the velocity and the
netic shear is investigated for a wide range of the parametergerturbed vertical component of the velocity is a pulse with a

One should note that the interpolation in all the plots showwaussian distribution in space. The spatial coordinates and ve-
was always done with more than four data points. These wéggity are normalised by half the thickness of the shear layer,
calculated in very time consuming numerical simulations adhd, by the dierence of velocity in the two streans) =
are represented by the various symbols in the plots (stars, trih— Uz, respectively. The thickness of the velocity shear layer
gles, squares, etc.). For that reason, the number of data pomfixed and is represented by The boundaries are all contin-
chosen was the minimum necessary for a correct interpolatié®us as in the purely hydrodynamical case (Terra-Homem &
of the respective fitting function. This choice has sacrificed alcrdélyi 2003). In this case, however, there are two more free
curacy in the results, but the purpose of the present articleviables which are the horizonta,) and vertical B,) com-
to show the trend andfects of the dferent magnetic configu- ponents of the magnetic field. The vertical componentis always
rations. This was achieved in the plots presented here. WH@ken to be zero and the horizontal component may be uniform
applying to more realistic configurations, one can then st@ftvarying from one side to the other of the shear layer. These
considering a higher accuracy in the results. Also consideritvgp distinct cases are presented below in more detail.
Figs. 8, 10 and 11, the interpolation is done with more data The problem of initially perturbed open shear flows
points than the ones seen in the plots. The reason why the datsolved numerically using the program VAC (Versatile
points are not all represented is that some lie belowstheis Advection Code). A detailed description of VAC can be found
(negativey). In order to better identify the critical value ofin e.g., T6th (1996). The Flux Corrected Transport (FCT)
mean flow U,), it was chosen not to show the negative parnethod is used to carry out the fully non-linear 2D simulations
of y and so these points were excluded from the plot. The im-a 400x 800 uniform mesh.
terpolation in these figures is a quadratic polynomial, and at In orderto keefy¥-B = 0 a projection scheme was used. The
least 5 data points were used, enough to represent adequatplppection scheme uses a Poisson solver to limit the divergence
second order polynomial. For the other figures geometric furaf-B to a maximum stipulated value. For more details on the
tions were used for the fitting. projection scheme and the B = 0 condition see @th (2000).

This wide scope in the parameters allowed sevefiddint In the simulations carried out for this study the maximum value
configurations to be studied. The mean velocity and the majlowed forV - B was 10°.
netic field intensity, as well as the width of the magnetic shear
layer, were varied. Table 1 shows all the parameters used in 51

following results. Finally in Sect. 4 the most important resulfs i Uniform magnetic field

are summarized. In the case of a uniform magnetic fielBy is a constant, the
equilibrium can be represented as shown in Fig. 1.
2. Equilibrium configuration The magnetic field is parallel to the velocity shear layer, and

. ) ) o the density is constant in the whole domain. The density is also
In this study the ideal polytropic MHD approximation has beejiity because it is assumed that the density is scaled by a char-
used; this assumes that the change in the thermodynamigabristic densityo. The strength of the magnetic field is mea-

quantities of the plasma is a quasi-statical process and the eqyged by the plasmgparameter which is defined as follows
tions read as follows:

2c2
dp + V- (vp) =0, D p=—7=., (6)
d(pv) + V - (vo) — V - (BB) + Vpyor = 0, 2 T
0B+ V- (wB)-V-(Bv) =0, (3) whereu, is the Alfvén speed
BZ
Ptot = P+ 7» (4) B2

P = Cao”™. (5) s P



M. Terra-Homem and R. Ealyi: Absolute and convective instabilities. II. 9

y y
B 4~fBl
— — -
Ul Ul
—_—m
R — —_— - - "
P E——
— - —_—
X - X
— - —e
—e —e -
> >
— —
—_—m
p2
—_—m
—e —e —
—
— U, — U, B,

Fig. 1.Cartoon of the equilibrium in Cartesian coordinates for uniforrig. 2. Cartoon of the equilibrium in Cartesian coordinates fdfedt
magnetic field. ent magnetic fields on each side of the shear layer.

Once the value @8 is givenBy can be calculated as

The strength of the magnetic fields is calculated from the
zca/ﬁ’ad
\ 5

By = (7) plasmag parameter using Eq. (7), and the ratio between the

plasma beta at o (31) and the plasma beta ato (3,). In this

The parameters for defining the equilibrium are then the me&@S€1 iS assumed to be unity and scaleddgybut the density
velocity Uo = (U1 + Uy)/2), the plasmas and the sound ¢&n no longer be uniform in order to satisfy the condition of
speed ¢). The sound speed is defined by the parameger constant total pressure across the shear layer. The density pro-

that is varied in order to change the sonic Mach number, whifil¢ must account for the change in the magnetic field and can
reads as be calculated using Eqgs. (4) and (5). The ratifp, is obtained

from the ratioB;/B.. This means that the sound speed is no

Ms = AU (8) longer constant as in the previous case, although the change is
Cs very small since the ratip*>/p is very close to unity through-

In this configuration, since the density is constant, the souadt the whole domain.

speed is also constant. In order to define the equilibrium configuration the param-

eters used as input are the same as in the previous section, but
now there are also two plasmavariables §1; 82) and the size

of the magnetic shear layel); Note that the size of the mag-
The second case of this study will focus on accounts fidedi netic shear layer does not necessarily have to be the same as
ences in the magnetic field on both sides of the shear layeritas size of the velocity shear layer (ite# L).

shown in Fig. 2.
There is a uniform magnetic field ato that shall be re-
ferred to asB,, and a uniform magnetic field ateo desig- 3 Results and discussion
nated a,. The transition of the magnetic field is defined by a
smooth function (tanh), as in the case of the velocity transitio®.1. Kelvin-Helmholtz stability threshold with uniform
and reads as follows magnetic field

Bx = B+ Brtanh(z/L). (9)  Inthe case of a velocity discontinuity it is possible to derive an-

HereL is the thickness of the magnetic shear layer. The avéytical solutions to the stability problem. The instability due to

age magnetic f|e|d§) and the ratio of magnetic f|e|d§.0 are th|S Velocity discontinuity iS the We” knOWn KelVin-HeImholtZ
defined as instability. When there is a uniform magnetic field present this

B, + B, instability can be suppressed if the magnetic field intensity
— is strong enough. The condition for the magnetic field inten-
sity required to stabilise a velocity discontinuity in a perfectly
B, - B, conducting, inviscid, compressible fluid with uniform den-
Br = 5 sity and uniform magnetic field was derived by ée(1964).

2.2. Sheared magnetic field

B=




10 M. Terra-Homem and R. Eetlji: Absolute and convective instabilities. 11.

Kelvin—Helmholtz stability threshold velocity
s

a.10[ ‘ w 10 7.0x107"
0.05 B ; 5.3x107 !
~ 000k 77777777 S 3.5%107
F : 5 1.8x107"
-0.05 ‘
5 : ~10 4.4x1073
. 0 2 4 6 8 10

010
0 2 4 6 8 10

TR R R R R N4
ol

(@)

time= 40.000 X

Fig. 4. Streamlines ofv| in a discontinuous velocity profile with uni-
Fig. 3. Growth rate variation with plasmafor a velocity discontinu- ¢5rm magnetic field, for the whole domain of computation oz 10,
ity with uniform magnetic field s = 0.83;Uo = 0). The vertical dot- . — 0,83, and mean velocity, = 0. The colour scale indicates in-
ted line indicates the threshold value for which the interface becomgssity of velocity in dimensionless units, and the contour lines are the

unstable. vector potential of the magnetic field.

This condition can be modified in order to give the condition

for 3 to stabilise a velocity discontinuity, and can be written a@Hrvature of the field, there is a restoring force that counter-
acts the instability. If that restoring force is strong enough then

2 the instability is suppressed and the interface becomes stable.

B < 2v2c = Be. (10) This is the physical reason for which a uniform magnetic field
\adAU (1 + %2) can stabilise the velocity discontinuity. That is also the reason
why a transverse magnetic field will not have much influence

Note, the smaller the value gfthe larger the intensity of the On the Kelvin-Helmholtz instability (see Chandrasekhar 1961,
magnetic field, since the sound speed is fixed. Substituting faBap. XI).

values in Eqg. (10) for the ones used in the simulatiars=
1.28;AU = 1;y,q = 1.66), it is found that for values @¢ <

7.45 the velocity discontinuity is stable.

Simulations are carried out forftierent values g8 and the
growth rate is calculated. The results are shown in Fig. 3. Nafeinstead of having a tangential discontinuity in the flow ve-
that a velocity discontinuity can be considered as a velociycity, we introduce a continuous change of the velocity profile,
shear layer with widtth = 0. In reality the width of the shear defining a shear layer with a finite thickness. Chandrasekhar
layer is not zero and the transition is smoothed over a sm@b61) found for the hydrodynamic case, and Ong & Roderick
number of grid cells. The real value bfs 0.1 for simulating a (1972) for the hydromagnetic case, that a finite boundary
discontinuity, as can be seen in Table 1. thickness has a quenchingfect on the instability for large

The stability condition derived from the numerical results iwavenumbers. It is to expect then that the introduction of a
found to be that fop < 7.5 the velocity discontinuity interface shear layer will result in a more stable configuration than the
is stable. Figure 3 shows that the growth rate crossing fronoae in Sect. 3.1. Thistkect was also observed in the numeri-
positive value to a negative value occursBat 7.5, as can cal results by Terra-Homem & Eetji (2003) for a shear flow
be seen by the dotted line. This is in excellent agreement Wiglyer. If the éfect of the layer of finite thickness is to stabilise
the analytical result of 45. The diference, of only % in the the flow, than it can be predicted that a smaller magnetic field,
threshold found, is due to the error introduced when calculatingmpared with the one in Sect. 3.1, is required to stabilise the
the growth ratey). flow. This results in a larger value f@ since it is inversely

In Fig. 4 the streamlines of a discontinuous velocity prgroportional to the intensity of the magnetic field. Indeed this
file with a uniform magnetic field are plotted whege= 10, was observed by our numerical simulations, for which the crit-
Ms = 0.83 andUy = 0. Figure 4 clearly shows the interfacdcal value for the plasma beta is found toge= 8 (see Fig. 5)
has become unstable and it destroys the original equilibriufar a hydromagnetic shear layer. The introduction of a finite
It can be also observed that the magnetic field lines follow thigickness boundary layer increases the threshold valyg of
streamlines of the fluid, as expected, since there is no magneii6%. The plot in Fig. 5 shows that the growth rdecreases
resistivity and so the frozen in condition must be satisfied. with decreasinglasmas. This is expected because as the value

The magnetic field lines are shown to be distorted by tloé the magnetic field intensity is increased, i.e. decreagjiiig
flow, and, because of the magnetic force acting against thiél cause the magnetic forces to become dominant over the

3.2. Case of continuous velocity transition and uniform
magnetic field



M. Terra-Homem and R. Ealyi: Absolute and convective instabilities. II. 11

0.08 [T ‘ 7 0.08[7 ]
[ X [ ]
0.06 - N 0.06 .
0.04F . 0.04f .
0.02|- . 0.02F ]
~ - 1 0° r 1
0.00 - 0.00 -
-0.02F - -0.02F -
—0.04 ] 0.04f ]
—0.06 L e L] —0.06 L L [ S R
0 20 40 60 80 100 0.00 0.05 0.10 0.15 0.20

g 1/6

Fig. 5. Growth rate variation with plasm@for a velocity shear layer Fig. 6. Growth rate variation with 43 (< va) for a velocity shear layer
with uniform magnetic field s = 0.83;Uy = 0). The vertical dot- with uniform magnetic field s = 0.83;U, = 0). The vertical dot-

ted line indicates the threshold value for which the interface becontieg line indicates the threshold value for which the interface becomes
unstable. unstable.

velocity

instability. The unexpected result is, however, that this tran- 10

0.5289
sition is quite abrupt. The growth rate remains almost con-  E -
stant for values o8 ranging from 10640 and then drops very E :

quickly in the range of 305. This abrupt transition is in fact 5 =
an artifact of the scale used. The sharp transition is caused by :
plotting the growth ratey) to the plasma betgs). If instead A
the inverse of the plasma beta is used3(¥ va), the abrupt _ oﬁ
transition is eliminated, as can be observed in Fig. 6. e
The condition of quenching large wavenumbers (i.e. small
wavelengths), by the introduction of a finite thickness layer,
can be noticed when comparing Fig. 7 with Fig. 4. When the
shear flow layer is present (Fig. 7) the instability has clearly a
much larger wavelength than in the case of a discontinuity in
the flow (Fig. 4). This increase in the wavelength might, at first ~'0°
instance, mean that the size of the domain inxrdirection = 2 ¢ y 6 8 10

must be increased. However, due to the following two points

we hope to show that it is acceptable to maintain the size of tRg- 7. Streamlines ofv| in a continuous velocity profile with uniform
domain magnetic field, for the whole domain of computation ot 25, Mg =

. S . . 0,83, and mean velocity, = 0. The colour scale indicates intensity

The first point is that continuous boundaries are used. Lo . . X

. S - L of velocity in dimensionless units, and the contour lines are the vector

Unlike periodic b_oundarles, that_ have a big influence on ﬂﬂﬁtential of the magnetic field.

growth rate, continuous boundaries have a snfédlot. On the

other hand, the size of the domain will restrain the maximum

wavelength we can study. That is, the size of the domain agtse only point where caution must be taken is when compar-

as a cut-f value for the wavelength and that has dfeet ing the results for dferent values ofi. This is however avoided

on the instability. The next point will explain why this can bén the present work, and the discontinuous case is present as

neglected. a test case to corroborate our simulations. With the exception
One must consider what is the purpose of this study, antiSect. 3.1, the value df is always the same (see Table 1).

that is to find the influence of the magnetic field and it§edti  This also enables to maintain a continuity with the work done

ent configurations on the critical mean flowd). It is not the in Terra-Homem & Erélyi (2003).

purpose to do a detailed study of the instability itself. Having As in the previous case there is a curvature in the magnetic

that in mind, there is only the need that the interface be unstild caused by the flow disturbance, which will cause the mag-

ble for Uy = 0. When the value ob)g is increased we show netic force to counteract this curvature stabilising the flow if

that the behaviour of the instability changes. Since the only ghe magnetic field is strong enough.

rameter changed gy, it can be concluded that it is due to  Due to this stabilising féect the growth of the instability

the change in the mean flow that the nature of the instabilityill be reduced, since some energy is used to cancel the restor-

has changed. Theffect of the boundary becomes then irreling force of the magnetic field. From a point of view of absolute

evant in this case, because it is always the same in all cage®d convective nature of the instability, this results in a smaller

0.3978

0.2666

0.1355

0.0044
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Regions of absolute instability 0.03
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Uo Fig. 9. Growth rate variation with plasm@for a velocity shear layer

with uniform magnetic field, = 0), for Ms = 1.66 (full line) and
Ms = 4.15 (dash-dotted line). The vertical dotted line indicates the
0W_reshold value for which the interface becomes unstable.

Fig. 8. Plot of growth rates for dierent values of mean flowy. The
plasma parametegg# = 20 andMs = 0.83. The vertical dotted line
indicates the threshold value for which the instability becomes c
vective U.).

themagnetic conditionA new Mach number is defined, called

the Alfvénic Mach number, which can be written as
mean flow velocity needed to sweep away the perturbation be- AU

fore it grows everywhere. This translates to a smaller valyg, = =—
of U; and can be verified in Fig. 8 where the growth rates are vA
plotted for diferent values of the mean flow¢), with 8 = 20.  \ynerey, is the Alfvén speed. In this case the condition for

From Fig. 8 it is found that the critical value of mean flovstapility is the Alfénic Mach number to be smaller than unity
is Uc = 0.22. From this it is concluded that even a small magsee Ruderman & Wright 1998). This can be easily understood:
netic field 8 = 20) has a significant change in the valudlf ), is proportional to the intensity of the magnetic field, so for
Comparing the value found in the case with no magnetic fieldw values ofMa, v is large and the magnetic field is strong
Uc = 0.37 (see Terra-Homem & Eetlji 2003), with the value enough to stabilise the flow. Fd#a > 1, va is small compared
of 0.22, here there is an40% reduction in the critical value of with the shear and the magnetic field can no longer stabilise the
mean flow. flow resulting in an unstable configuration.

If the shear is increased one would expect that the instabil- By inspecting these two conditions carefully one can imme-
ity would be stronger and so a bigger magnetic field would lgately conclude that they are in fact counteracting each other.
needed in order to stabilise the flow. However, this is quiteTae first condition (acoustic) requires small values of shear,
simplistic picture, and, as shall be demonstrated next the floiile the second (magnetic) requires large values of shear.
can actually be stable for large values of shear. Recall thaferefore increasing the value of the shear at first will cause the
this study only considers perturbations travellipgrallel to  flow to be more unstable, due to the magnetic condition. If the
the flow, and this turns out to be important and critical wheyalue is further increased to a value so that the acoustic condi-
explaining the stabilisation observed in the simulations. To #on is achieved the flow will actually stabilise. Figure 9 shows
lustrate this, two conditions for stability (or instability) must behat the criticag decreases. = 1.3, for a sonic Mach number
considered. that is doubled which is equivalent to doubling the amount of

The first condition is what will be referred to as theous- shear s = 1.66). ForMs = 4.15 the flow is actually stable for
tic conditionof instability. For values of sonic Mach numbenall of thes values as shown in Fig. 9.

(Eq. (8)) larger than 2/2, Landau (1944) determined that the  Another point to make is that due to this conflicting con-
shear flow becomes stable. When the flow velocity beconditions low 8 plasmas, or so calledold plasmas, will al-

so large that the wave can no longer interact with the flow tgays be stable to perturbations propagating parallel to the flow
create the instability, this results in a stable configuration (sgRuderman & Goossens 1996). Recalling thas a measure
Landau 1944; Baranov et al. 1992). This condition is only valiof relative strength of acoustic and magnetic forces, the case
for perturbationgarallel to the flow. In the general case ther@f 8 = 1 means thats andvs have a ratio ofy,q/2 ~ 1 (see

is always a direction in which the perturbation is unstable a&d). (6)) which means thaéls ~ Ma. If these two characteris-

as the Mach number increases the cone of propagation for tleespeeds are about the same value, this will give a very small
unstable modes is reduced (Syrovatskii 1954). window for the amount of shear that can satisfy both condi-

On the other hand there is the magnetic field which cdions for instability. In fact it can be estimated that only values
stabilise the flow; this second condition will be referred to axf Mg between 1 and 2 can lead to an unstable flow for the
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B = 1 case. However the general picture is a lot more stable. ___ Regions of absolute instability
This is because the conditions derived by Landau (1944) are for | | |
an interface of discontinuous velocity, and in the present sec-
tion there is a continuous transition of velocity that has been
proved to stabilise the flow. Therefore the window for insta- 0-03
bility is much smaller. Simulations were carried out for cases

/
7

< :
of 8 = 1 with Mg = 0.83,Ms = 1.17,Ms = 1.66 andMg = 2.34 g &
where all of this cases were found to be stable. If the valueg oo \ ]
of B is decreased the window for instability decreases and at |- 1
some point it vanishes by the flow becoming stable for all val- g Y 1
ues ofMs. i i 1
0.01 AN -
3.3. Case of continuous velocity transition . ]
and sheared magnetic field 0.00EL . LN e ]
0.00 0.05 0.10 0.15 0.20

In this section we study theffect of a magnetic shear layer U,

on the stability of shear flows. The magnetic field is changin

from one side of the shear layer to the other. The change of

magn?tlc field can P.CC”T m.two.meren.t qus: iLis discontin- B1 = 40;8, = 8. The vertical dotted lines indicate the threshold values

uous, i.e. the transition in field intensity is sudden and occUfs  hich the instability becomes convectiv].

at x = 0 (centre of the shear layer); it is continuous, i.e. the

transition is a smooth function and is centered at0. In what

follows we treat the two dierent cases separately. The discoftcan be seen that fg = 40, which is double the value @f

tinuous case of the magnetic field is not actually discontinuoyie value otJ. is changed by 25%. This indicates that the larger

but an approximation to it. In this case= 0.01 (see Table 1), the plasma on one side the more flow is needed to sweep away

which actually covers only two grid cells. This is a very goothe perturbation, which is in agreement with the observation

approximation to a discontinuity. that the magnetic field intensity is lower in that case and so the
instability is stronger and grows more quickly.

a4 10.Plot of growth rates for dierent values of mean flow, with
s = 0.83. The full line hag; = 20;8, = 8 and the dashed line has

3.3.1. Discontinuous transition of magnetic field

3.3.2. Continuous transition of magnetic field
In Sect. 3.2 it was shown that ftMs = 0.83 the flow was stable 9

for values of3 < 8, and unstable otherwise. The threshold valueet us now consider a finite length over which the magnetic
for the mean flowd. was found to be @2 for the same sonic field changes fronB; to B,. A new variable is introduceld/L,

Mach number ang = 20 (see Fig. 8). Therefore the first caswherelL is the thickness of the magnetic shear layer and

to be studied habls = 0.83,8; = 20 ands, = 8, following the the thickness of the velocity shear layer. Therefore the case of
definitions shown in Fig. 2. According to the previous resultdiscontinuous transition of the magnetic field, discussed pre-
this flow must be unstable since both plasma betas are gpoveviously, can be considered herelgd. — 0. Representative
andU. can therefore be calculated and compared with the osignulations are shown here for twdidirent widths of the mag-
where the plasmg is 20 everywhere. The results from the nunetic shear layer and are compared with the discontinuous case
merical simulations for this case are shown in Fig. 10, andfitr Mg = 0.83 with31 = 20 ands; = 10. The results are plotted
can be seen th&t; = 0.075. in Fig. 11.

Comparing this valuel. = 0.075) with the value found It is observed from the numerical results that changing the
when the entire plasma is uniformd & 20) we foundU, = Wwidth of the transition layer for the magnetic field has no sig-
0.22. A difference of more than half is observed! Thifati- hificant change in the value &f.. The diferences in the value
ence appears because the plaghua side 2 is at the edge ofof Uc observed in Fig. 11 are caused by numerical errors when
the value for which it can stabilise the flow. Another few simirying to fit the exponential curve to the numerical data. The
ulations were carried out for cases where all the parametggximum diference is only @1. This is even more assured
were the same with the exception of the valuggfwhich was Dy inspecting that the value &fc for the discontinuous case is
reduced to e.g. 6 and 2. In both cases the flow was stablelarger thanfoh/L = 1 and smaller than fdr/L = 0.5, showing
though the plasma on side 1 was above the critical value an@0 trend of behaviour with decreasihgL. The critical value
the plasma should be unstable. This suggests that the preddthinean flow can then be averaged from the three values found,
nant behaviour is governed by the loyggslasma, and if one of Which results inJ. = 0.18.
the sides has a plasmdelow the critical value then the entire
interface will be stable. 4. Conclusi

We note, that the unstable side does haveftatethat can oneiusions
be observed in the value for the threshold of the mean flow fiorthis paper we studied théfect of magnetic field in the value
which the shear flow becomes convectively unstable. In Fig. @D critical mean flow necessary for an instability to become
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Regions of absolute instability understood by inspecting Fig. 5 where the plot has almost a
behaviour of a step function.

When both of the sides hayg&values above the critical
value then the interface is unstable. In this case there is a direct
effect of the values of plasm@on each side on the threshold
value for the mean flowl{c). It was found that the higher the
value ofp on one side the higher the valueld§, which means
that more flow is needed in order for the perturbation to be-
come convectively unstable. Once again this confirms that for
high 3 values the magnetic field intensity decreases and so the
magnetic forces are weaker and cannot counteract the instabil-
ity as much as in the case of a lower valugofhe inclusion of
a finite thickness transition layer for the magnetic field proved
N to have no #ect on the value of the critical mean velocity,
T I S I for all the three dierent lengths of the layer.

0.00 0.05 0.10 0.15 0.20 Finally we wish to make some remarks. First it is impor-
Yo tant to note that this study is fqrarallel propagation only,

Fig. 11.Plots of growth rates for fierent values of mean flowy. The which has significant constraints. It would be interesting to ex-
plasma parameters gfg = 20,5, = 10 andMs = 0.83. The full line tend the study for non-parallel propagation were the interface
represent$i/L — oo, the dashed lin@/L = 1 and the dash-dot line would still be unstable even for logwalues. Such study is very

h/I__ = 0.5..The v_e_rtical dotted lines infjicate the threshold values f‘i’rﬁ']portant because many astrophysical problems deal with cold
which the instability becomes convectiveld. plasmas, as a first approximation. One example is the cavity of
the magnetosphere. Second, we found that the thickness of the
magnetic shear layer has practically rfteet on the nature of

convectively unstable. Threeftirent cases were studied: (i)the instability. This may be because this study used the limit of

: P : ; . Ideal MHD approximation. The inclusion of a dissipative term
an uniform magnetic field; (ii) a discontinuous magnetic fiel ; - .
g . I rhay lead to the presence of resonant instability thaffexeed
(iif) and a magnetic field with a smooth transition.

_ . . i by the thickness of the magnetic shear layer (see the recent an-
The numenc_al simulations car_rled ogt here are a_ble to r:%ytical study by Erélyi & Taroyan 2003). The critical point

cover the analytical results for a discontinuous velocity rangjgye js that the threshold of resonant flow instability was found

tion of the intensity needed for the magnetic field in order {9,y the KHI threshold in various normal mode analysis. To

stabilise the interface. These served as test cases. the best of our knowledge there are no studies of the absolute
The inclusion of a finite thickness transition layer for thend convective nature of resonant flow instabilities. It would

velocity resulted in a more stable configuration than the digtso be most interesting to try and recover numerically in a for-

continuous transition. Less magnetic field intensity was foughrd problem the results found by the normal mode analysis of

to stabilise the interface in the case where the transition of \@dglyi & Taroyan (2003).

locity was a smooth function. This conclusion has to be taken

carefully, because there is the problem of the size of the do-

main. In this case it may be important to consider that the si#eknowledgementsMTH thanks FCT, Portugal, for its financial sup-

of the domain may in fact be stabilizing the interface and nB@rt (Ref. No. SFRIBD/80762002). RE acknowledges M.dfay for

the inclusion of the shear layer. We suspect that it is in faeqtient encouragement and is also grateful to NSF Hungary, (OTKA,

a combination of both. It was also found that even if the ma§e": No- TO43741). We also acknowledge Dr M. S. Ruderman for

netic field is not sfficient to stabilise the interface the magnetiauihrgf‘g?\l;;gfu' discussions and comments anddh ie principal

field still has a strongféect on the behaviour of the instability. '

The necessary mean flow to sweep away growing perturbations

was found to decrease by 40% even for a weak magnetic field

(8 = 20). This could be explained because the magnetic fi

hinders the rate of growth of the perturbation, due to magne

tension and restoring forces. Axford, W. I. 1960, Quart. J. Mech. Appl. Math., 13, 314

When diferent magnetic fields were allowed on the twéxford, W. 1. 1962, Can. J. Phys., 40, 654
different sides of the shear layer it was found that, if tHg2ranov. V. B., Hans, J., & Ruderman, M. S. 1992, A&A, 261, 341
plasmas on one of the sides was low enough to stabilise ﬂ%mndrasekhar, S. 1961, Hydrodynamic and Hydromagnetic Stability

. . . o . (Oxford University Press)

interface in the case of a uniform magnetic field, then the 'E'rdélyi R. & Taroyan, Y. 2003, J. Geophys. Res. 108
terface would be stable. This result agrees with another resul:. ’10_16292002 3 A009’586 ' ' '
which is that the transition from unstable to stable due to thgg,. 3. A 1964, Physics Fluids, 7, 499

reduction ofg is quite abrupt. So, as soon as that critical valuéndau, L. D. 1944, Dokl. Akad. NauBSSR, 44, 151

is reached the side with log/plasma will cancel out thefiect  Mills, K. J., Longbottom, A. W., Wright, A. N., & Ruderman, M. S.

of the side with highB plasma. This behaviour can be better 2000, J. Geophys. Res., 105, 27685
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