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Abstract. We have studied how the presence of collisions1 Introduction
affects the behavior of instabilities triggered by a combina-
tion of shears and parallel currents in the ionosphere under As the spatial resolution of ionospheric and magnetospheric
variety of ion to electron temperature ratios. To this goal wemeasurements has increased over time to reveal sharp density
have numerically solved a kinetic dispersion relation, usingand velocity structures, there has been considerable interest
a relaxation model to describe the effects of ion and electrorin recent years in studying the possibility of destabilizing
collisions. We have compared our solutions to expressionspace plasmas with velocity shears. There has, in particular,
derived in a fluid limit which applied only to large electron to been both direct and indirect evidence for sharp horizontal
ion temperature ratios. We have limited our study to thresh-structures in field-aligned currentsléggs and Davis1968
old conditions for the current density and the shears. WeMarklund et al, 1982 Cerisier et al. 1987, Berthelier et al.
have studied how the threshold varies as a function of thel988 Earle et al. 1989 Trondsen and Cogget997 Nogl,
wave-vector angle direction and as a function of frequency.1999 Noeél et al, 200Q 2005 Rother et al.2007). Simi-
As expected, we have found that for low frequencies and/odarly, field-aligned ion drifts of the order of km/s, have also
elevated ion to electron temperature ratios, the kinetic disperbeen uncovered over narrow horizontal ranges at high lati-
sion relation has to be used to evaluate the threshold condtudes (iu and Ly 2004 Ganguli et al. 1994. The two phe-
tions. We have also found that ion velocity shears can sighiomena, intense bursts of field-aligned currents, and large
nificantly lower the field-aligned threshold current neededlocalized ion upflows, may in fact be colocated since type-
to trigger the instability, especially for wave-vectors close to 2 thermal ion upflows (TIU) have been shown to be on the
the perpendicular to the magnetic field. However the currenedge of auroral arcs, where narrow but intense parallel cur-
density and shear requirements remain significantly higherent densities also exist (e.@ahlund et al. 1992 Forme
than if collisions are neglected. Therefore, for ionospheric1999. The collocation may well not be accidental since a
F-region applications, the effect of collisions should be in- field-aligned electric field and the presence of some remnant
cluded in the calculation of instabilities associated with hori- high frequency turbulence seems to be the only way to en-
zontal shears in the vertical flow. Furthermore, in many situ-hance the vertical bulk motion of the ionikggan and St.-
ations of interest the kinetic solutions should be used instead/aurice 2003.
of the fluid limit, in spite of the fact that the latter can be  The kinds of observations that we just described have cre-
shown to produce qualitatively valid solutions. ated a renewed interest in the role played by horizontal shears
in field-aligned flows in the excitation of plasma waves in

Keywords. Magnetospheric physics (Plasma waves and in_ionospheric and magnetospheric plasmgs. Thus,'ir] an garlier
stabilities) — Space plasma physics (Kinetic and MHD the-theoretical study on the subject, following an original idea

ory; Waves and instabilities) by D'Angelo (1969, Basu and Copp(1989 suggested, us-
ing fluid theory, that in the presence of collisions, horizontal

shears in the field-aligned ion velocity could produce very
low frequency modes in the frame of reference of a moving
F-region plasma at an angle very close to perpendicularity to
the magnetic field (by low frequency we mean hekgkCs,
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Later,Gavrishchaka et a{1998 generalized thBasu and In the present paper, we want to continue to explore the
Coppi (1989 work to higher frequencies and arbitrary an- St.-Maurice et al(2006 solutions by solving the full kinetic
gles of the wave-vector to the magnetic field. However, theydispersion relation. We use their fluid solutions as a starting
neglected collisions in the process. Nevertheless, they foungoint because they can be and have been studied in detail in
that, in the absence of collisions and finite Larmor radius cor-terms of physical processes that could be tracked; this type
rections, they could rather easily excite ion-acoustic waves irof study is not so easy to do with the kinetic solution. As
the presence of horizontal shears in vertical plasma driftsour starting point, we therefore compare fluid and kinetic so-
Overall, they concluded that both the current-driven elec-lutions under moderate drifts and large electron temperatures
trostatic ion-acoustic mode (CDEIA) and the current driven Te. We then proceed to systematically move away from these
electrostatic ion cyclotron mode (CDEIC) could be excited restrictions and we study how the threshold changes. Using
with parallel drifts significantly below the critical drift for this type of approach allows us to keep track of the evolution
the homogenous CDEIC and CDEIA. They also found thatof a mode by beginning with its quasi-fluid behavior while at
the threshold current was insensitive to the temperature ratithe same time tracking more easily its physical origin.
t=T;/Te and furthermore concluded that infinitesimal shears oy paper is organized as follows: in Sect. 2 we present the
could destabilize waves. generalized dispersion relation derived ®ty-Maurice et al.

_ The Gavrishchaka et a[1998 work was later extended (200, In Sect. 3 we compare the results using the fluid-
in a series of papersGavrishchaka et a(1999 explored e dispersion relation presented previously$ty-Maurice

the weak and strong shear limits of the earlier paper t0 congt |, (2006 with those obtained using the general kinetic
clude that for weak shears the minimum field-aligned cur-gjispersion relation. Finally, we explore the kinetic dispersion

rents were indeed much smaller than the critical current forg|ation for modes that can be excited by vertical ion drifts
both the CDEIA and CDEIC instabilities. For the strong ynder appropriate F-region conditions.

shear limit, no field aligned current was required at all to
destabilize ion-acoustic modes. This work was then extended
by Scime et al.(2002 to include thermal anisotropy and
by Spangler et al(2002 who considered the effect of ion
and electron temperature anisotropies. None of these ex-
tensions of the original study, however, included collisions,

which raises the issue of their applicability to ionospheric A kinetic dispersion relation for electrostatic current and
situations. To this goalSt.-Maurice et al(2006 provided shear driven instabilities in a collisional plasma has been pre-
an extension of the origin@avrishchaka et a(1998 work  Sented byst.-Maurice et al(200§. The model assumed that

in which they added collisions. However, the dispersion re-there was a vertical drift in the thermal electrons and/or ions

lation contained so many parameters that they limited thei@"d that the drift had a horizontal gradient in the x-direction
study to a quasi-fluid limit that considered large ion argu- (I-€- @shear) in the plane perpendicular to the magnetic field.
ments and small electron arguments. This limit, which con-" this paper, we only present the generalized kinetic disper-
tained both collisional and finite Larmor radius effects, was SIoN refation itself and refer the readersa-Maurice et al.
then compared to previous studies, from the initial study of(2008 for the details of the derivation.

Kindel and Kennel(197J) to the current convective work The St.-Maurice et al(2006 dispersion relation for elec-

of Ossakow and Chaturve@ 979, the work ofBasu and trostatic modes is written as follows

Coppi(1989 and of course the results Gfavrishchaka et al.

(1998. Within the fluid limit (requiring, in particular, that Hi(k, o) He(k, )
Te>Ty), it was found that collisions and Larmor radius cor- 1+ Uik, w) = 1+ Ue(k, )
rections both acted to modify the threshold conditions in

the regimes explored bjasu and Coppf1989 and Gavr- where thefj (k, w) function is known as théj component of

ishchaka et al{1998. In particular, collisions usually meant S .
that the plasma could no longer become unstable to im‘initesiEhe susceptibilityk is the wavenumber ani is the Debye

mal shears. In additiorgt.-Maurice et al(2006 found a new length for the |(?ns. o . )
mode with a cyclotron flavor at intermediate aspect angles. In  The expression for the susceptiblity of the ions can be writ-
terms of specific numbers, overall, in the absence of shearten as follows Perron 2004 St.-Maurice et a).2009

they got ion acoustic modes for vertical drifts of the order

of 10-100Cs, which were similar to the numbers obtained ky Vy; 5 o [ @iV @ + iV —nQ;

by Kindel and Kenne(1971). However, shears always intro- Hi=1- k. |2 +Zr"(k> ) <ﬁ|k |Ut'> ( V2Ik, |vi )
duced a near zero current mode §ofkCs<1; for moderate ' V! o S; ' . ‘ Q'
shears §=V{;/ 2i<0.1), the generalization looked similar _ ™ (k25?2 d (w T iz ') 7 (w T i '>

to the Basu and Copp{1989 expression with modes ata ‘7 10\ 20k g V2lk: |

small fraction ofkCs. 2)

The generalized kinetic dispersion relation

+ k%25 =0 (1)
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while the susceptibility for the electrons can be written as  variety of input parameters. We start by comparing the re-
: . . sults obtained from the fluid dispersion relation (presented in
T'[ (‘“ kdeeJ””e) (w k'Vdeere) St.-Maurice et a).2006 with those obtained using EqlL)(
Te V2lk:|vee V2lk:|vee We show that under the appropriate input parameters, the
ky Vie {1 (w—kz Vde+ive> 7 (w—kz Vde+iVe> } } quasi-fluid results are identical to those obtained from the ki-
|k, |S2e 2|k, |vte V2\k;|ve netic dispersion relation. This requires large enough values
©) of wr/kCs.

For the second part of our study, we examine how the tem-
) . ; . perature ratid;/ Te affects the threshold conditions. To that
locity shearqi is the Debye length for the ionSie isthe 4,5 e yse the generalized kinetic dispersion relation so as
ion, electron gyrofrequencygi.e is the ion/electron drift ve- to be able to increase the ratio to values of order 1, which

locity along the magnetic field line andie=\/Tie/mie IS s outside the range for which the quasi-fluid expressions are
the thermal velocity of the ions/electrons (using eV units for valid.

T, e), vie is the ion/electron momentum transfer collision fre-

He=

+

wherew =w—k, Vyi, Véi =d Vdie/dx is the ion/electron ve-

The final part of our study is concerned with the effects of
quency andpi=,/T;/m;Q? is the Larmor radius for the ions. collisions on the threshold conditions. For temperature ratios
To get the last term foH, in Eq. (3) we have used the low of order 1, we examine the effect on the solution of a change
frequency limitw< Qe or equivalentlyp2—0. in the electron to ion collision frequency ratio as well as the
The functionl,, (b) is given by effect of the ion to cyclotron frequency ratio. This allows for
L a study of different possible ionospheric regimes.
L (D) = I (b)e (4)
3.1 Comparing the fluid dispersion relation and the
generalized kinetic dispersion relation under small
T/ Te ratios

wherel, (b) is the modified Bessel function. A similar con-
tribution is associated with the shear tefy) in Eq. (2) in
association witl". In comparison with Eq. (4) contains

finite Larmor radi rrection. It is given . .
afinite Larmor radius correction. Itis given by The quasi-fluid expressions that were presentedSin

) = [(1 —b)I,(b) + bl (b)] e b (5) Maurice et al(2006 were based on large ion arguments and
small electron arguments, which is equivalent, basically, to
whereb=k2pf andpL =/T/mQ? is the Larmor radius. having a small}/ T ratio. We therefore start our exploration
The functionsUj(k, w) in Eq. (1) take the form (se®er-  with a comparison between the quasi-fluid solution and the
ron, 2004 St.-Maurice et a).2009 kinetic results under vanishingly small valuesIof Te. This
v o +ivi — nQ has the advantage of grounding our study on the somewhat
Z I, (k (—) (6) simpler (and easier to understand) fluid solutions, before em-
V2lkvi 5 V2k:|vg

barking into more general cases that cannot directly be com-
pared to fluid modes.
In the upper panel of Fidl, we present the threshold con-
0 ditions as a function of the magni i i
gnitude of the relative drift

|AVq4/Cs= (Vdi—Vde) / Cs| and of the ion sheafi=V};/ Q.

The results are computed using Egs. (A1-A5%bfMaurice
et al. (2009. We use as inpuf2j/kCs=2.0, ve/vj=10.0,

i/ Qi=0.01 and7;/Te=10"6. Each curve represents the
solution or threshold valuesAVy/Cs, Si) as the angle,
o=arctan(k/ky) is swept from 0 to 9C° for wr/ kCs=0.02,

0.1, 0.5, 0.9 and 1.01. The y-axis for both panels in Eig.
represents the threshold values of the ion sh&arwhile
the x-axis represents the corresponding values of the rela-
tive drift, AVy/Cs. Each point on the solution curves corre-
sponds to a specific angle between the wavevector and the
magnetic field.

The results presented in the upper panel of Eigre iden-
tical to those presented iBt.-Maurice et al(2006 (their
Fig. 4) except for the trace corresponding to the lowest value
3 Results of wr/kCs namely,wr/kCs=0.02. When the complete fluid

dispersion relation is used, as is the case here, we observe

In this section we study the threshold conditions for insta-the existence of an additional solution branch for near zero
bility using the full kinetic dispersion relation Eql)(for a shears and relative drifts betweel.5Cs and ~1000Cs

U iVe Z<C()_kzvde+lve)
e fr—
V2lk;|vte V2lk;|vee

Equations 2-3) and 6-7) can be now put into Eq1j and
the roots of the resulting dispersion relation can be stud-
ied. In their studySt.-Maurice et al(2006 limited them-
selves to fluid-like mode solutions by considering large ion
and small electron arguments only in Ed).(In the present
paper, we will study the solutions for the full kinetic solu-
tion threshold conditions, i.e., we seek solutions for which
w is strictly real =wr). We proceed as ist.-Maurice

et al.(2006 by assuming thabr/kCs and2j/ kCs are given
and we solve Eq.1) for what the shear and drift parameter
(Si=V§/ Qi=k:<i/ky) and (A Vy/ Cs= (Vae—Vdi) / Cs) need

to be for different values of the angldbetween the wavevec-
tor and the magnetic field.
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Fluid Dispersion Relation
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Fig. 1. Threshold conditions obtained from the fluid-like dispersion relation using Egs. (A1-AS).-dflaurice et al(2006 (top panel)

and using the full kinetic dispersion relation Ed) (lower panel). Results are presented égg/kCs=0.02 (dot-line), 0.1 (dashed line),

0.5 (dotted line), 0.9 (dash-dotted line) and 1.01 (solid line) for the collisional case Qgin@Cs) =2, T; / Te=10"5, v;/;=0.01 and
ve/vj=10.0. Red curves in the bottom panel are solutions for which the relative drift never changes signs (crosses zero) as the wave-vector
angles are swept from 0 to 90 degrees.

and a shear variatiorsj, varying between 0 and 0.19. The terms, including the normally smal Vy/Cs contribution.
change in the low frequency solution comes from a contri-Clearly, this contribution is indeed only present at the lowest
bution from the relative drift, throughhVy/Cs, in Eq. (A.2)  frequencies. This is evident from the fact that at higher fre-
in St.-Maurice et al(2006. In their studySt.-Maurice etal.  quencies, all curves are identical with and without the addi-
(2006 had neglected this term when computing the thresh-tional AVy/Csterm. Altogether, this agrees, in the end, with
old conditions. In the present study, we have retained alla statement byst.-Maurice et al(200§ who wrote that it

Ann. Geophys., 27, 38894, 2009 www.ann-geophys.net/27/381/2009/
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would be best to solve the full fluid dispersion relation when not done with a passage through 0, but rather through a singu-
wr<0.1kCs. larity. While this occurs, we note that the shear changes sign
The lower panel of Figl shows plots of the threshold con- from positive to negative, thereby indicating that the origin
ditions that were obtained using the generalized kinetic dis-of the singularity inAVy is related to the change in sign of
persion relation Eq.1) for the same input parameters used the shear.
with the fluid dispersion relation in the upper panel. The red When considering the lower panel of Fig.we first no-
curves shown in the lower panel of Fijcome from thresh-  tice that the kinetic results actually contain two “branches”
old conditions for which the relative drift never changes sign of solutions to Eq. 1) for each frequencygr/ kCs. The exis-
(with AVy>0in all cases). As a result, no deep minimum can tence of the two branches is consistent with results obtained
be seen in the magnitude of relative drift on our logarithmic by Perron(2004), who undertook a morphological study of
scale, since the relative drift does not go through zero (se¢he kinetic solutions by plotting the magnitude of EQ).4s a
the red curves in the lower panel of FB). The red traces function of shears;) and relative driftt A Vy/ Cs) for a given
correspond to what we will call the “upper branch” solutions wavevector angl€d). Perron(2004 showed that for any
of the kinetic dispersion relation. The importance of the ex-given angle there were actually two solutions. One of the so-
istence of this type of solutions is discussed in more detaillutions coincides with a large positive relative drift for which
later below. we have coined the term “upper branch”, while the second
By comparing the two panels in Fig. 1, we observe that forsolution coincides with smaller relative drifts which change
large values ofor/ kCs the kinetic and fluid dispersion rela- signs and have been labeled here as the “lower branch” so-
tions give identical results for the threshold conditions. Thelutions. As stated earlier, in order to better differentiate be-
only exceptions are the traces corresponding to the two lowtween the two branches in a graphical sense, we have traced
est values ofvr/kCs, namely,wr/kCs=0.02 and 0.1 when the “upper branches” in red and the “lower branches” in
the relativeA Vy/ Cs is larger than~50. However, this repre-  black. This color scheme has been used throughout the paper.
sents a high drift (large current density) regime, which is of In the lower panel of Fig2 we observe, first of all, that for
less interest to the present work. large values ofvur/kCs the positions obtained in the min-
We can get another view of the low frequency differencesima of the magnitude oA Vy (sign reversals) using the ki-
between the solutions from the full fluid dispersion relation netic dispersion relation are usually in excellent agreement
used here and the low Vy approximation solution used in with those found using the fluid dispersion relation (upper
St.-Maurice et al(2009 by comparing the upper panel of panel) as well as with those presentedStyMaurice et al.
Fig. 2 with their Fig. 5, both of which show how the magni- (2006 in their Fig. 5. The only exceptions are seen in the
tude of the relative drift changes as a function of the wave-traces corresponding to the two lowest frequencies, namely,
vector angled. Notice that once again, our present fluid re- wr/kCs=0.02 and 0.1. For both of these traces, the min-
sults are shown in the upper panel of EXgvhile the kinetic  ima have been shifted towards the left, that is, to smaller
results are shown in the lower panel. wave-vector angles for the kinetic case compared to the fluid
When the upper panel of Fig.is compared to Fig. 5 of case. For example, fargr/kCs=0.02, the minimum is at
St.-Maurice et al(2006 the most important difference is ~0.09 for the fluid case while it is closer to 0.02or the
the existence of a localized minimum in the relative drift for kinetic case. In addition, it should be noted that all of the
wr/kCs=0.02 at6~0.09° when theAVy term is retained upper branches, shown in red, correspond to positive drifts,
in the computation. The localized minimum in the trace for AVy/Cs>0. For the lower branches, shown in black, positive
wRr/kCs=0.02 in our computation does not appear in Fig. 5 drifts, AVy/Cs>0, are found on the left of the minima while
of St.-Maurice et al(2006§. However, all the other curves, negative driftsAVy/Cs<0, are found on the right of each ab-
which correspond to larger values @k/kCs, are in very  solute values minima shown in Fig. Interestingly enough,
good agreement with those froBt.-Maurice et al(20086. the angles at which the black traces (lower branch) intercept
It should be noted that at the angle where the magnitudehe red traces (upper branch) for any given frequency always
of the relative drift is a minimum (specifically, 0.0%or the coincide with the location of the cusp (singularity AVy)
wr/kCs=0.02 case), the relative drift changes sign from pos-that appear in the fluid case. The singularity found in the
itive on the left hand side of the minimum to negative on thefluid case is therefore an artifact and is replaced in the ki-
right hand side of the minimum. The presence of this min-netic dispersion relation by a crossover between two families
imum continues the trend established at larger frequenciesf solutions.
for a minimum with sign reversal, that goes to increasingly We can, in the end, summarize our comparison of solu-
small values ob as the frequency goes down. In addition to tions under lowTl;/ T, conditions as follows: first, we have
this change of sign through a passage through zero, we ndo be aware of the fact that at low frequencies, there is
tice a cusp in thevr/kCs=0.02 curve near-1.5°. Again, a non-negligible contribution from\Vy that only matters
this cusp extends a similar trend seen at higher frequenciest the lower frequencies but nevertheless allows the fluid
At that cusp, both the shear and the relative drift change theimodes to continue to have a sign reversahivy at a well
signs. This time, however, the reversal in the sigm\éf; is defined angle, which is close to perpendicularity at small
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Fluid Dispersion Relation
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Fig. 2. Relative drift as a function of wavevector angle for the cases described if.Fidpe angle is ® when the angle is perpendicular to
B and 90 when parallel to it. The line scheme is the same as inFig.

frequencies. The smalAVy contribution was not consid- netic solution is detectably smaller than the angle from fluid
ered bySt.-Maurice et al(2006. Only frequencies such that theory (this stated, however, both angles are very close to
wr/kCs<0.1 are affected by this correction. Secondly, we perpendicularity to the magnetic field anyway). At wave-
find that the kinetic solution has two branches of solutions.vector angles that are greater than the angle\fgg reversal,

The branch that corresponds to smaller valuea &f and

there is a cross-over between the two kinetic solutions. The

undergoes a sign reversal at a particular wave-vector angle isross-over occurs at a point where the fluid solutions hit an
in excellent agreement with the quasi-fluid solutions in theartificial singularity inAVy. At angles that are beyond the

region of the reversal. One exception occurs, once again atross over point the fluid solutions move from agreeing with
smaller frequencies, where the angle obtained from the kithe lower kinetic branch to agreeing with the upper branch

Ann. Geophys., 27, 38894, 2009
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kinetic solution. However, all these features involve ratios magnitude of the relative drift are only lowered for very nar-
|AVy/Cs| of order 100 or more, at least for the situations row ranges of the anglé for any given frequency. This is
that we have considered. Since we are interested mostly ishown in Fig4 through deep minima in the traces of the rel-
threshold associated with relatively low ratios|afVy/ Csl, ative drift as a function of angle. The relative driftVy is

we can conclude that the fluid solutions are valid where itnegative on the right side of all the absolute values minima
counts the most, namely, in regions where the relative driftsshown in Fig.4 while AVjy is positive on the left side of the
reach their lowest values. At small values®f 7. we can  minima.

therefore use the fluid results with Conﬂdence, at least when AS T increaseS, the threshold |0wering can be considered

the frequency is large enough, which in our case correspondg pe a resonant condition since the angular requirement on

0 wr/kCs>0.1. the direction of the wavevector is so specific. For example,
o whenwr=0.9kCs the relative drift can be quite modest when
3.2 Kinetic results for larger values of 7/ Te the angle is of the order of 15-2But the requirement on the

. . shear is that is has to be larger than 1.0 (see3}igOn the
In Fig. 3 we present the threshold solutions to Ef).4s the  juqr hand, whemr=0.02kCs andr=1.0, the relative drift

temperature ratia=T1;/Te increases from 0.01 (top panel) 45 3 minimum value a~0.03° corresponding to a shear on
to 1.0 (bottom panel). We have used the same input valueg,a order of 0.002—0.003 (see bottom right panel of Bjg.
as in Fig.1 for the other parameters. As the temperature ra- As just alluded to, Fig5 shows how the shear changes as

tio T increases, FigB clearly shows that the threshold curves ) : .
‘ P y function of angle for the near zefi¢y cases described in

begin to deviate significantly from those that were presented_. o )
in Fig. 1 of the previous section: the red traces or the “up_cEIgS.?) and4. In this figure we have only plotted the “lower

per branch” solutions begin to move towards the right, i.e. ranch” solutions because the “upper branch” solutions are

towards larger relative drifts for all values ok/kCs ast for much larger relative drifts. The first thing to notice is that

increases from 0.01 to 1.0. On the other hand, the bIackthe'{r"’ICes do not vary much withexcept for a small system-

traces or “lower branch” solutions remain relatively station- atic shift of all traces towards the left or equivalently, toward

ary while the temperature ratio increases. In that sense, th?n:ﬁ”fr atnlglesta;srlr;ﬁreases. A?oé?ecz ﬁo'rm ttcr)1kee|p |rr:1m|ind n-
“lower branch” solutions are relatively insensitive to the tem- s that, at least Tor Ine cases studied here, Ihe plasma is u

perature ratier stable to “small” sheard ;| <0.05) only when the angle of

We remind the reader that all of the “upper branch” solu- the wave \{ector is within 1 degree of perpendicularity to the
. : S . . . magnetic field. We are led to conclude that the most unstable
tions shown in red in Fig3 are associated with strictly pos- . "7 . . .
o : . W . Situations wherfj/ T is greater than 0.1 are those for which
itive values of the relative drifiA Vg. The “lower branch the modes are very nearly perpendicular to the magnetic field
solutions, shown in black, exhibit increasesSjrwith |A Vy| y Y perp 9

and are associated with values afVy that are relatively and approach zero frequency. These results are highly rem-

. ; . iniscent of theBasu and Copp{1989 work. For situations
small in magnitude and change signs at some value of the ; .

Where the wave-vector deviates measurably from perpendic-
angle of the wave-vector.

) . ularity while maintaining a small drift requirement, we find
An easy conclusion that can be drawn from Rgs that y g 9

o ; that the shears have to be of the order of 0.2. This, however,
as the temperature ratio increases, the shears required f%r

S . annot be considered to be an “infinitesimal” shear. In that
p_Iasma.destablhza_tlon can be gune small near Zero fre.quenéase’ on the other hand, the frequency could be of d@er
cies while the relative drift requirement can remain relatively
modest in these cases. This can be seen by the nearly hor- ) ) . .
izontal black traces fomr=0.1kCs and 0.02Cs nears;~0 33 Effects associated with changing collision
for all the temperature ratios presented. In addition, muchas ~ frequencies
was the case for small temperature ratios, the traces irBFig.
demonstrate that the threshold requirements on the magnWe have examined the effect of collisions on threshold con-
tude of V4 are small to negligible only for a very narrow ditions using the kinetic dispersion relation Ed).( We
range of angle®. This observation is, however, easier to have first examined the role played by the ratigv; on
make if we use Fig4, which shows how the relative drift the threshold conditions. Using the reasonable assumption
changes with the angle of the wavevector. As with Bighe that the collision frequency in the BGK model is representa-
temperature ratio increases from 0.01 in the top left panel tive of the momentum transfer collision frequency, and using
to 1.0 in the lower right panel. electron-ion collisions and ion-neutral collisions for F-region

We also observe from Figt that ast increases, the “up- applications, the ratioe/v; then becomes proportional to
per branch” solutions (red traces) systematically move up-(ne/no) Te_3/ Z/Jm for a background atomic oxygen
ward towards larger values of the relative drift. The “lower atmosphere, wherg is the atomic oxygen densit$s¢hunk
branch” solutions on the other hand, stay relatively station-and Nagy2000. Thus, a study of the effect of/v; in the F-
ary with increasing temperature ratiosAs the black traces region context becomes equivalent to studying the influence
in Fig. 4 clearly demonstrate, the threshold condition on theof the plasma density and electron temperature.
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Fig. 3. Threshold conditions obtained using the kinetic dispersion relation BdoX 7/ Te=0.01 top panelTj/Te=0.1 second panel,
T/ Te=0.5 third panel andj/ Te=1.0 bottom panel. The red traces correspond to the upper branches solutions of the threshold conditions
that are shown in Figd. The line scheme is the same as in Rig.

The results of our collision frequency ratio study are Figs.1-5. Likewise, in similar fashion to previous figures,
shown in Fig.6 where the top panel shows how the thresh- the lower left panel of Figé shows how the absolute value
old condition changes with shedr and the absolute value of the relative drift changes withwhile the lower right panel
of the relative drift AVy/Cs| whent=1.0,v;/2ij=0.01 and  shows how the absolute value of the shear changes as a func-
ve/vi=100. We have used the same frequency range as ition of aspect angle.
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Fig. 4. Relative drift as a function of wavevector angle for the case described i8.Fldne angle is @ when the angle is perpendicularBo
and 90 when parallel to it. The line scheme is the same as inEig.

When we compare the top panel of Fiywith the bot-  which corresponds to a shear §~0.002. Whenve/v; is
tom panel of Fig.3, we observe very little differences be- increased to 100.0 while keeping all the other parameters
tween the figures. The same thing can be said of the comthe same, the minimum in the relative drift fair=0.02
parison between the lower left panel of Fegwith the lower  is located at9~0.1° corresponding to a shear magnitude
right panel of Fig4. The only differences are that when the |S;|~0.005-0.006. From these results we can conclude that
value of vg/vj is increased, the minima fabr/kCs=0.02 changingve/v; by one order of magnitude from 10 to 100
and 0.1 move towards the right or to larger aspect anglesloes not significantly affect the solutions, at least for our
while the minima forwr/ kCs>0.1 remain relatively station- choice of the other parameters.
ary. For example, wheme/vj=10.0 and r=1.0 the mini-

mum in the relative drift forwgr=0.02 is located a#~0.03° Finally, in order to more clearly illustrate the impact of the
collision frequency on the threshold conditions in the kinetic
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Fig. 5. Velocity shear as a function of wavevector angle for the case described i8. Hige angle is ® when the angle is perpendicular to
B and 90 when parallel to it. The line scheme is the same as inFig.

regime, we have also decreased the ion collision frequencyAVp|<«Cs;. This can be seen by the fact that in Fig.

by one order of magnitude for the case0.1, while main-  we now see thevg=0.1kC, modes excited with weak rel-
taining all other variables the same. The results of the cal-ative drifts if the shears are of the order of 0.1; meanwhile,
culations are shown in Fig/, using the same format as in the higher frequency modes have not yet gone through the
Fig. 6. Figure7 confirms the trends that could be inferred al- resonance wheis;=1. This contrasts with Fig3 where
ready in the fluid limit, in theSt.-Maurice et al(2006 study. the required shears were much smaller at all frequencies.
First of all, the small frequency ion shear driven instabil- These results are consistent with the analysis presented by
ity modes associated with the “lower branch” solutions be-St.-Maurice et al(2006§ which showed that the shear modes
come more difficult to excite, in that they all require stronger can only be excited in the presence of collisions in the fluid
to much stronger shears to be created under the constraimégime.
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The second feature that we can notice from Figs that, 4 Discussion and conclusions
for a given value ofvg/kC, the “upper branch” modes are,
by contrast to the small frequency ion shear driven modes,
true for shears near zero or negative. Again, we stress thdly St.-Maurice et al(2009, there are two classes of solu-
these results are entirely consistent with the analysis pretions: the first one is found at small frequencies, with nearly
sented byst.-Maurice et al(2006 who contrasted a zero col- Perpendicular wave-vectors that are very sensitive to shears

lision frequency case to the casg/v;=10 andv;/@;=0.01  (lower branch solutions). The second one deals with frequen-

deviations from perpendicularity, greater sensitivity to drifts
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Fig. 7. Same as Fig, but forv;/ 2;=0.001,ve/v; = 10.0 andt = 0.1.

and less sensitivity to shears. Based on the analysis present@gbt like for the fluid case, for;/ Q; of order 0.01, the easi-

in St.-Maurice et al(2006 it is clear that the first class is est modes to excite still had low frequencieg &k Cs) and
essentially the small frequency ion shear driven instabilitywere within one degree of perpendicularity to the magnetic
analyzed first byBasu and Copp(1989. The second class field. Such modes require relatively small current densities
is more closely related to the streaming instability discussedrelative drifts less than the ion acoustic speed) and shears
initially by Kindel and Kenne[(1971) in that it is much less  |Sj|=|V,;/ Qi| that can be as small as 19 We have found
sensitive to shears than the first. that these modes did not depend strongly on the &}id,

o _oron the ratiove/vji. They are nevertheless somewhat easier
In the present work we have explored the kinetic solutiontg excite with smaller values df / Te.

to the dispersion relation, meaning that we were not limited
to small 7/ T, ratios, among other things. We have found We have found that modes with relative drifts less than the
that the temperature ratio did not produce any surprise. Thudgpn-acoustic speed and frequencies of the order(af can
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nevertheless be excited if the shears are increased. For whatlitates the trigger of an instability is the temperature ratio
we have called the “lower branch” solutions, we have foundT;/ Te: the lower this ratio is, the easier it is to trigger an in-
that deviations from perpendicularity that could be as largestability. While there is nothing new to this result, we wish
as 10 or more can happen in this case, provided the sheato simply emphasize here that shears do not play a significant
parameter S;| reaches a value of the order of 0.2. These,role in lowering the threshold for this geometry, at least for
however, are not the kinds of infinitesimal shears that werethe cases that we have studied here.
discussed in the collision-free work @avrishchaka et al. Finally, while we have focussed here on F-region applica-
(1998, and such shears seem unlikely: for instance, withtions, we should stress that our study should also be relevant
1 km/s peak ion drifts along the magnetic field and ©ns,  to laboratory studies of shear-driven instabilities. In particu-
|Si]=0.2 would imply a horizontal shear scale of the order of lar, Agrimson et al.(2001) demonstrated that shears clearly
20 m. In view of various observations of ion outflows in what played a role in decreasing the threshold speed conditions in
appear to be intense current regiodagan and St.-Maurice  terms of|AV4|. Although the authors did not give enough
2005 and of the simulations performed bicél et al.(200Q information about the collision frequencies in their system,
2005, this scale would appear to be smaller than what mightwe note that their shear paramefgmwas of order—1. As
be possible by roughly one order of magnitude. However, ifseen by a comparison between the top panel of Fig. 7 and
even relatively modest parallel current densities are allowedhe second panel from the top in Fig. 3, the threshold speeds
to flow, with Vge of the order of, say, &5 to 10Cs, the re- in the regionS;— —1 are rather sensitive to the collision fre-
quirement for the shears does go down, as seen in Figs. 1 argliency for what we've called here the “upper branch” modes.
3 and some of our other panels. We could therefore expecThis stated, is should be clear from the comparison between
modes with frequencies of the order of @Gs and wave-  Fig. 7 and Fig. 3 that for sufficiently small values wf €
vectors at an angle®’3o 10° away from perpendicularity to  the shears should indeed play a major role in significantly
the magnetic field to be excited in “type-2” ion outflow re- lowering the threshold speed.
gions, where intense parallel currents also appear to be ob- In summary, while we can confirm that shears play an
served, this near the edges of auroral arcs. important role in lowering the threshold relative drift, col-
The above may have practical applications to radar obserlisions act to strongly favor the excitation of low frequency
vations of irregularities in the vicinity of intense parallel cur- modes with wave-vectors very nearly perpendicular to the
rent regions near the edge of arcs. However, we should notenagnetic field. Collisions also strongly hinder the produc-
that the excited modes that we have discussed thus far ar@on by shears of modes with frequencies of the ordenf
nearly perpendicular to the magnetic field and favor lowerSuch modes remain nevertheless possible in the ionosphere
frequencies. The excited modes would therefore be seen dn view of the fact that strong ion outflow regions appear to
essentially field-aligned and drifting with the plasma. Radarscoexist with regions of fairly intense parallel current den-
in the SuperDARN network are particularly well suited to sities at high latitudes. However, it would appear that the
catch these kinds of echoes. Horizontally narrow regions ofshears are relatively small so that these modes should be fa-
ion outflow might, for these radars, therefore be seen as localvoring wave-vectors that are rather close to perpendicularity
ized regions of strong radar echoes in the vicinity of intenseto the magnetic field; at least for the calculations that we have
velocity shears (where parallel current densities and possiearried out, the shears have very little impact on the thresh-
bly type-2 ion outflows are most likely to be found). Still, it old conditions of modes with wave-vectors closely aligned
has also been suggested that strong ion acoustic echoes owith the magnetic field direction for conditions that would
casionally observed with incoherent scatter radars along thée expected in the F-region ionosphere.
magnetic field direction (or close to it) in the F-region are
produced by localized intense parallel current dens.ltles (Se%esearch and Development Branch — Royal Military College fel-
Sedgemore-ScheIthess and St.-MaumﬂQl _fo_r areview). lowship, as well as research grants from the Natural Sciences and
Th_e interest of the present work is to see if in the Presence:ngineering Research Council of Canada.
of ion outflows and associated shears we could obtain a de- Tgpical Editor M. Pinnock thanks two anonymous referees for
crease in the threshold conditions for this kind of observationtheir help in evaluating this paper.
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