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Abstract. Temperature anisotropies may be encountered irsured by a rocket experiment at the edges of nighttime au-
space plasmas when there is a preferred direction, for inforal arcs Kelley and Carlson1977), in conjunction with
stance, a strong magnetic or electric field. In this paper, webroadband low-frequency electrostatic waves. The largest
study how ion temperature anisotropy can affect the threshperpendicular shears recorded in the literature were also
old conditions of a shear-modified current driven electro-uncovered from a rocket payload. In fact, broadband low-
static ion-acoustic (CDEIA) instability. In particular, this frequency electrostatic waves associated with perpendicular
communication focuses on instabilities in the context of top-shears of the order of 25 Hz were reported in the auroral F-
side auroral F-region situations and in the limit where finite region Earle et al. 1989.
Larmor radius corrections are small. We derived a new fluid- Horizontal gradients in field-aligned (FA) flows, or par-
like expression for the critical drift which depends explicitly allel shears, are also known to exist in the high latitude F-
on ion anisotropy. More importantly, for ion to electron tem- region. For example, shears in FA ion velocities were brought
perature ratios typical of F-region, solutions of the kinetic to notice with a rocket near and inside an auroral arc, at
dispersion relation show that ion temperature anisotropy mayighttime and concurrently with large perpendicular shears
significantly lower the drift threshold required for instability. near the poleward boundary of an intense electron precipi-
In some cases, a perpendicular to parallel ion temperaturéation sector \halen et al. 1974. Satellite data from Dy-
ratio of 2 and may reduce the relative drift required for the namics Explorer (DE) 1 and 2 also showed evidence of par-
onset of instability by a factor of approximately 30, assum- allel shears co-located with perpendicular shears @agu
ing the ion-acoustic speed of the medium remains constaniet al, 1988 Loranc et al. 1991 Lu et al, 1992 Kivanc
Therefore, the ion temperature anisotropy should be considand Heelis 1999 and the review byKoepke and Reynolds
ered in future studies of ion-acoustic waves and instabilities2007). The occurrence of simultaneous and co-located paral-
in the high-latitude ionospheric F-region. lel and perpendicular shears suggests that the conditions be-
hind one type of shears may be involved with the other one
(Koepke and Reynold2007). Interestingly, thermal ion up-
flows (TIU) appear to be located, at times, near auroral arc .
edges, in the same regions from which shears and large par-
1 Introduction allel current densities are observed (g.gunoda et a] 1989
St-Maurice and Hamz&009 and references therein).
Gradients in perpendicular (horizontal) drift velocities, In addition to field-aligned currents (FAC) and shears, ion
namely perpendicular shears, have been known to exist in theemperature anisotropies can also be part of the picture. Of- O
high latitude F-region for several decades. For instance, perten, the perpendicular temperature is seen to be larger than ©
pendicular shears as large as 20thsm ! (Hz) were mea-
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the parallel one Xy > Tj;i). At low altitudes, one mecha- ditions, through a spatially localised heating region for which
nism is the frictional heating of ions as they convect throughthe neutral exobase is a discontinuous boundary between
the neutral gas, in presence of a DC electric field. A re-fully collisional and collisionless plasmas. For one particular
view of the theory of ion velocity distributions in the high- case, an anisotropy factor &f;/T}i ~ 11 was produced af-
latitude F-region and the possible development of anisotropider 500 s and at an altitude of 1000 km. Anisotropies with par-
ion temperatures in presence of perpendicular DC electriallel enhancement were also observed. For the particular case
fields is presented b$t-Maurice and Schunkl979. The  under consideration, the ion parallel temperature increased
first experimental indication of non-Maxwellian distributions sharply approximately 100 s after initial exobase heating up
in the auroral F-region was provided ISt-Maurice et al.  to transient values in excess 0k210* K and then decreased
(1979 using a retarding potential analyser onboard the At-abruptly at approximately 200s. Nonetheless, only temper-
mosphere Explorer C (AE-C) satellite. Later, anisotropic ionature anisotropies witlf’;; > 7} are studied in this paper.
temperatures were observed in the high-latitude F-regionTransient regimes with enhanced parallel temperatures could
using the tri-static European Incoherent Scatter (EISCAT)be addressed in future work. Thus, based on observational
UHF system, during strong convection electric field eventsand numerical estimations, ion temperature anisotropies with
(e.g.Perraut et a).1984 Lgvhaug and F, 1986. In par- T1;i > Ty are plausible in the high latitude F-region.
ticular, Levhaug and R (1986 found ion anisotropy factors lon temperature anisotropies were also observed in lab-
(Aj = T1i/Tyi) reaching 1.8 for the average situation and just oratory experimentsSpangler et al.2002 and references
above 2.5 in other cases. Likewise, EISCAT radar observatherein). Interestingly, laboratory experiments demonstrated
tions at a variety of aspect angles inferred similar ion tem-that ion temperature anisotropy can significantly increase the
perature anisotropies. For instan¥éinser et al.(1987 es-  growth rate of shear-driven ion-acoustic (I1A) wavsépke
timated an anisotropy factori() of at least 1.75, assuming 2004 Teodorescu et 312003 Koepke et al.2003. The in-
a line-of-sight Maxwellian distribution function. In the same crease in the growth rate with thermal anisotropy suggests
way, Lockwood and Winsef1988 found anisotropies in ex- that the plasma was unstable to smaller critical drifts.
cess of 2. Several competing plasma instabilities, triggered by FA
Another proposed mechanism for perpendicular ion heatdrifts or horizontal shears in vertical velocity, have been
ing is associated with plasma waves or instabilities. For exinvoked to explain high-latitude F-region irregularities ob-
ample, simultaneous European Incoherent Scatter (EISCAT¥erved by coherent or incoherent scatter radars. The role of
Svalbard Radar (ESR) and EISCAT VHF observationstransverse shears in FA ion drifts on electrostatic IA insta-
showed that ion upflows can be, at times, linked with sig- bility eigenmodes and threshold conditions was studied by
nificant ion temperature anisotropy (e(@gawa et al.200Q Gavrishchaka et a[1998 and Gavrishchaka et a(1999.
Liu et al, 2009. In fact, Ogawa et al.(2000 suggested In particular, they suggested that velocity shears can sig-
that waves contributed to heat ions horizontally up to annificantly lower the threshold current of the current-driven
anisotropy ratio off' i/ Tji ~ 2, for the event considered in electrostatic ion-acoustic (CDEIA) instability, even when
their paper. Other authors proposed that velocity shear-driveff; ~ Te. SubsequentlySt-Maurice et al(2007) generalised
instabilities could energise ions at lower altitudes and subse&Gavrishchaka et a{1998’s results by adding collisions with
quently, drive ion upflowsl(iu et al,, 2004). neutrals and finite Larmor radius corrections to the isotropic
Numerical simulations also provided evidence of ion tem- kinetic dispersion relation, which had not been considered
perature anisotropies in the auroral ionosphere. For examby previous authors. In facgt-Maurice et al(2007) devel-
ple, at low altitudes, a Monte-Carlo simulation involving oped a generalised kinetic-based framework using a differ-
NO* ions and a mixture of O and Nneutrals resulted ent derivation thaiGavrishchaka et a(1999, that is, using
in an anisotropy factor up to approximately3ldepend- a local expansion of a drifting Maxwellian about a partic-
ing on the electric field strengthGaimard et al. 1998. ular position in space. LateRerron et al(2009 system-
Interestingly, the effects of shears in the convection flowatically studied the threshold solutions f-Maurice et al.
on F-region ion velocity distributions, which were stud- (2007 kinetic dispersion relation for different ion to elec-
ied by St-Maurice et al(1994, showed three-dimensional tron temperature ratios. Besides, tavrishchaka et al.
anisotropies. At higher altitudes in the topside, temperaturg1998 and Gavrishchaka et al1999 work was extended
anisotropies were also observed above the neutral exobasky Spangler et al(2002 who derived a dispersion rela-
which corresponds to the transition region from a weaklytion for a Maxwellian plasma which includes temperature
ionized plasma (ions collide with neutrals) to a fully ion- anisotropy and shears. They showed that ion temperature
ized one (ions do not collide with neutrals), as a result ofanisotropy alters the frequency modes of the sheared CDEIA
simulations from a single-component {Ptime-dependent instability by solving numerically the dispersion equation.
gyro-kinetic model of the high-latitude F-region response to They also demonstrated that ion thermal anisotropy increases
frictional heating, between 500 km and 2500 Hmianc and  the maximum growth rate, a conclusion which is consistent
St-Maurice 1994. Namely, this ion upflow model simulates with laboratory results ofeodorescu et a(2003. Spangler
the response of the passage of a flux tube, under various cort al. (2002’s findings involved numerical solutions of the
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dispersion relationship in terms of frequency and growth rate,
but they did not consider threshold conditions.
The focus of the present work is to verify if ion tem- 1 Ty
perature anisotropy in the topside F-region could lower the He= WT[l
threshold conditions of ion shear CDEIA instabilities. These Dil "€ .
instabilitites could take place, for example, on the edges (w—kn Vde+ll)e)Z<a)—kH Vde+tve):|'
of auroral arcs, in presence of ion outflows and large par- \/§|k”|v1e \/§|k|||vte
allel current densities. It appeared worthwhile to analyse
marginally stable solutions because plasma destabilisation ishe expressions fo; and Ue, which arise from the inclu-
already a challenging task by itself. Moreover, as far as E-sion of a BGK collision model in Boltzmann equatiot{
region radar observations are concerned, there is a tenden®yaurice et al, 2007), are respectively
for the phase speed of the largest amplitude irregularities to
saturate at the drift threshold, at least for structures less than
10m in size §t-Maurice and Hamz2009. In order to first — ;; _ ivi r, (bi)Z(w +ivi — ”Qi) )
study the importance of shears and temperature anisotropy \/§|k‘||v”,,~ - \/§|k”|v“t,~
effects on threshold solutions, this communication explores
auroral F-region situations where collisions with neutrals are
. - : . and
negligible and for small finite Larmor radius corrections.
The latter effects, in addition to temperature anisotropies and ) )
shears, will be presented in a subsequent paper. In Sect. 2;, — __'"¢ (‘”_kzvde +”’e)‘ (5)
we introduce the kinetic dispersion relation. In Sect. 3, we Y2k |vze V2Iky vre
present fluid-like modes in the limi# > T,; and compare

with previous theories. Threshold solutions in the quasi-fluid Ty previous dispersion relation was derived based on the
limit are presented in Sect. 4. Finally, numerical results attqjowing assumptions: electrostatic fluctuations and quasi-

higher ion to electron temperature ratios obtained from the,gtrality, isotropic electron temperature and the local ap-
kinetic dispersion relation are described in Sect. 5 and dispgximation , = 0) in the limit where the scale size of the

cussed in the context of F-region applications.

®)

shear is much larger than the wavelength. In addition, only
ion velocity shears¥(},) are included in the previous dis-

2 Kinetic theory persion equation since our aim is to describe instabilities

associated with ion outflow processes. Furthermore, realis-

The electrostatic dispersion relationship for waves in a drift-tic electron velocity shears were seen to have a small ef-
ing collisional bi-Maxwellian plasma with sheared parallel fect on the zero shear solutiorniBgron 2004. The geom-
ion flow and finite Lamor radius corrections, can be ex- etry of this model is presented in Fig. In Egs. (2) and

pressed as (3), ApiL is the ion perpendicular Debye length abd=
k3v2 ./ Q2 =k2p? is the argument of the exponentially

Hi(k, w) He(k, w) +1-0 1) scaled modified Bessel function of the first kinid, [b;) =
1+ Uik,w) 1+ Ueslk,w) =~ L,(b)e~"]. The T'* term is the new contribution produced

. o by shears, given by (bi) = [(1 — bi) L, (bi) + bl (bi)]e ™.
where the ion susceptibility is given by

1 [T, 1 s arevl, =kpTjs/ms andv? & =kpTi;/m;, respectively.
H=——— _+Zrn(bi)(—) ) B mi i i el = k2 + k2 i
kz)%,L Ty = \/z|k|||vun' Q; = ¢qiB/m; is the ion gyrofrequency ankt” = k7 + ki is
l . the wave numberV,, is the electron parallel drift velocity
T T w+ivi —n; . . .
(ngzi <1_ _> +w_> z<—> — with respect to the ion frame of reference (or electron-ion
Tjji Tji V2lky vy relative drift) and finally,; ¢ is the ions (electrons) collision
o TLikLV) frequency with the neutrals. The full derivation of Eq. (1),
Zrn (bi)m k192 which is a generalisation @t-Maurice et al(2007) disper-
n

O b — G sion relation that includes ion temperature anisotropy, will

@tivi—n 'Z(w+w' " '))} be presented in a following paper. In this communication,
N2k vy N2k vy we limit our study to the limiting case whenge — 0, or

For the electrons, since» < Qe, of equivalently p;, = equivalentlyUj e — 0, and for small Larmor radius correc-

_ tions i pr;i =k v3,,/Q% < 1), so thatly ~T',. As a re-
e/ $2e — 0, we end up with sult, Eq. (1) is reduced to

Hi(k,w)+ He(k,w)+1=0 (6)
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where B R 2
1 I:TJ_i 1 a i s 2 A
i = —+ ) T —(=—— (7) V', = d(V,)dx X
k233, LT Xn: ’ <«/§|kn |vnn‘> d d N
(ngi (1_ i) +wi> 7(n )
Tji Tji N2k v} Nk
\ J_
TyikLVy w —n; o —nj :| N
Ly (bi) = L1+ VA \% (X) —
Zn: T k1 V2lky vy <~/§|k|||vun') v K |
and e 0 I
1 Ty |: w —ky Vye ® — k| Ve :| Il
He= ————1|1+ V4 . (8) |
K223, Te <ﬁlknlvute) <«/Elknlvnre)
Note that the previous dispersion relation is equivalent to the y

one presented b8pangler et al(2002. For the IA branch,
bi <« 1and, therefore, the = 0 term dominates the series. In Fig. 1. Geometry of flow shear. The drift velocity is aligned with
their analysisScime et al(2003, Spangler et ak2002 and  the magnetic fieldB, and the gradient in the drift velocity is per-
Spangle(2001) reported that thé2x p; | term has a negligi- pendicular toB., in the x-direction. The wave vectérlies in the
ble effect on the dispersion relation solutions. We follow the Y-z plane at an anglé with respect to the direction perpendicular
same procedure and consider wavelengths much larger thdf Bo. The perpendicular and parallel components afek | and
the Debye radius in order to guarantee quasi-neutrality. WeiI-

wish to stress, though, that this approximation is valid only
if A> Ap;1, or equivalently,d; > Ap;1 and iy > Ap;1
sincer=2 = AIZ + /\[2. Otherwise, the anisotropy effect on

threshold conditions would be rendered less important. Con

sequently, for thes = 0 mode and fokAp;; — 0, the ion

temperature anisotropy effect is to increase the ion suscept

bility ( H;) since each term is multiplied b/ 7};. By con-
trast, the electron susceptibility/t) does not depend on ion
anisotropy. It is worth noting that fdr;. — 0, the linear dis-
persion relation for electrostatic waves in anisotropic magne
tised hot plasmas is recovered (e5gix, 1992 chap. 11).

3  Fluid-like modes

In their paper,Spangler et al(20029, who added thermal
anisotropy effects t@&avrishchaka et a(1998’s dispersion
relation, derived a fluid-like mode after having performed the

large ion and small electron argument expansions. They con

cluded that the fluid-like dispersion relation for ion-acoustic

waves in an anisotropic plasma does not depend explicitly
on ion temperature anisotropy. They essentially obtained arn
expression equivalent to the isotropic case except that the re
evant electron temperature was the parallel one. However, b

keeping higher order terms in the expansion, the threshol
drift can have a thermal anisotropy dependency. For simplic
ity, we defined; = T i/ Tji andt = T/ Te. Then, it can be
shown that the critical relative drift (for zero growth rate con-
dition), in the limitt « 1, can be expressed as

Vae _ or _ V1-4i
Cs  kCs  J1+bA;
where wr is the real part of the frequency; = S;/targ,

2 ~2
tang = |ky|/kL, Si=V} /i and b, = 55 = b;/r. Note

=
Y

9)

Ann. Geophys., 31, 451457, 2013

that in the fluid-like limit ¢ « 1), the ion-acoustic speed
(Eg. 1 of Appendix A) reduces t6; ~ /kpTe/mi. The in-

clusion of ion anisotropy lowers the critical drift by a rel-

z_itively small correction {1+ b;A;) in the denominator.
When the ion anisotropy correctiom;j) is neglected, the

fluid-like results ofGavrishchaka et a(1998 andSpangler
et al. (2002 are recovered. For shear-free and isotropic situ-
ations ¢ = 0 andA; — 1), we find thatV,;, ~ C; is required

to destabilise the plasma, a threshold condition in agreement
with the classical CDEIA instability Kindel and Kennel
1971).

4 Numerical and analytical results in the quasi-fluid
limit

Equation @) has been plotted in Fig (top panel) for dif-

ferent ion anisotropy factors and far/kC; = 0.5. We re-

duced the range df; andV;../Cy in order to better observe

he threshold variations with;. We estimate thats;| < 0.1

s plausible in the F-region. For example, with 1 km peak

lon drifts along the magnetic field and™Gons, |S;| = 0.2
ould imply a horizontal shear scale on the order of 20 m,

which seems to be smaller than what might be possible by

t

roughly one order of magnitud€érron et al.2009. That
being stated, the threshold loci correspond to oblique waves
with aspect angles in the approximate range of $% <

45°, with 6 decreasing from the upper left corner to the lower
right corner. The validity of Eq.9) has been confirmed by
solving the kinetic dispersion relation at low temperature ra-
tios (r) and within|S;| < 1. The exact numerical solutions
were in excellent agreement with the analytical solutions for
Aj=1,2,5 and 10, in the limitr < 0.01. For that reason,

www.ann-geophys.net/31/451/2013/
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Fig. 2. Threshold conditions for the shear CDEIA instability in an anisotropfcglasma using Eq9j, wr/kCs = 0.5 andj/ kCs = 2. S;

as a function ofV;,./C; is presented in the top panel fdg from 1 (solid), 2 (dashed), 5 (dotted) and 10 (dashed-dotted). Equ&jds (
plotted in bottom panel fof = 47° andsS; = 0.

kinetic solutions are not shown in Fig. We notice a small 5 Numerical kinetic results for larger temperature ra-
decrease of critical drift with the ion anisotropy factor. This tiost

effect does not depend significantly on angle or ion shear, at
least for the parameters considered herein, since the thresfhe kinetic solutions differ significantly from the quasi-fluid
old curves remain almost parallel with respect to each othersolutions wherx is larger than A, especially for large as-
We observe a critical drift reduction by a factor of approx- pect angles. In this section, we investigate hywnfluences
imately Q2 to 0.3 depending on the wave vector angle, asthe kinetic threshold curves at an elevated ion over electron
Aj is increased from 1 to 10 and for a constant valu€af  temperature ratio. A case study with= 0.5 is shown in
Put differently, this represents a 20 to 30 % abatement comFig. 3 which was computed by finding the zeros of Ef), (
pared with the isotropic threshold locus. The variation of drift with the help of Egs.2) and @), using the same input fre-
threshold with ion anisotropy is illustrated in the lower panel quencies as in Fig2 and for|S;| < 1. Note that shear val-
of Fig. 2, in the case of zero shea$; = 0) and for a fixed ues of|Sj| ~ 1 should be considered with caution, since in
angled = 47°. For this particular case, the drift threshold is this case, the ion shear magnitudg),) would be close to
lessened by approximately 28 %&svaries from 1t0 10.In-  the ion gyrofrequency St-Maurice et al. 2007). We ob-
deed, we can conclude that ion temperature anisotropy actserve that for a temperature ratiowof 0.5, ion temperature
to reduce the critical drift in the fluid-like limit, even in the anisotropy affects significantly the threshold drift. For exam-
presence of small or zero ion shear. ple, even with zero shear, an anisotropy factorApt= 10
acts to reduce the critical drift by a factor of approximately
100 to 200 for a constar@;. When considering a more re-
alistic ion anisotropy factor ofij = 2 and a small negative
shear §; ~ —0.1), the drift threshold ¥;.) decreases by a
factor of approximately 30 for a constafif. Therefore, ion
temperature anisotropy is an important parameter to include

www.ann-geophys.net/31/451/2013/ Ann. Geophys., 31, 48%% 2013



456 P. J. G. Perron et al.: Shear-modified CDEIA instability threshold conditions in O plasmas

1 T

0 decreases in
this direction

o
w
T

Ton velocity shear (Si)

S
w
T
ko
S,
-, b
2 \

10’
Critical relative drift (V de/CIS)

Fig. 3. Threshold conditions for the shear CDEIA instability in an anisotropicglasma using the kinetic dispersion relation (Eg and
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in the kinetic dispersion relation since it can strongly reducework. The critical drift numerical solutions were normalised

the critical current required to trigger ion-acoustic instabili- with the total ion-acoustic speed, using the total ion temper-

ties in a collisionless ionosphere. ature expressioffi = (Tji + 271i)/3. Hence, the isothermal
ion-acoustic speed can be formulated as a function of parallel

_ and perpendicular thermal velocities
6 Conclusions

We explored how the CDEIA marginal stability conditions Cs = Ulti\/Ai (% + % (Ai +2>> (A1)
(zero growth rate) in the long wavelengtti(; ; — 0) and '

small finite Larmor radius limits were affected by inclusion Me /1

of ion velocity shears and ion temperature anisotropy. The = Ute\/;i 1+ 3 (Z +2)

approximate kinetic dispersion was derived assuming elec-

trostatic modes, quasi-neutrality, isotropic electron tempera- 1 1/1

ture, zero electron velocity shears and the local approxima- = VLriy/ 7 + 3 <XI + 2)

tion (k, = 0) in the weak shear limit. All calculations were

done for an @ collisionless plasma, which could resem- from which the following dimensionless quantities can be ex-

ble topside F-regions, at high enough altitudes where colpressed as
lisions could be safely neglected, but below approximately

1000 km. We derived a new fluid-like expression which de- k2kpTj 2 kC;\? 1
pends explicitly on ion temperature anisotropy. The addi-bi = —-Zmi = 0 Q 1,1(1 .5
tion of anisotropy factors actually lowers the critical drift : [? T3 (A_i + )]

in the quasi-fluid limit. Furthermore, when considering the
full kinetic dispersion relation, it can significantly reduce the 1)

w 1 1 1/1
drift threshold. For example, an anisotropy factor of 2 low- fz—lk o1 sz) (ﬁsin@) \/Ai [; + 3 (Z +2>}
ered the electron driftyy,) by a factor of approximately 30 150

assumingC; remains constant, for a small negative shear w w 1 me |1, T 1 )
(Si ~—0.1) andt = 0.5. Future work will involve adding —5, <kC ) ( - ),/ —, /1t 3 (I + )
collisions with neutrals and finite Larmor radius corrections V2lkyvyre s/ \v2sing / \ mi !

to the anisotropic dispersion relation and studying its effects. Vie _@<i \/@ 1+E i+2
\/év”[e mi 3\ 4

V2
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