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Abstract. Two models for a magnetosphere-ionosphere counot exactly Alien resonant oscillations. These oscillations
pling feedback instability in the lower magnetosphere areare modulations in the ionospheric density, which propagate
studied. In both models the instability arises because of thalong the ionospheric currents and not along the magnetic
generation of an Alfén wave from growing arc-like struc- field lines.

tures in the ionospheric conductivity. The first model is based
on the modulation of precipitating electrons by field-aligned
currents of the upward moving Alén wave (Modulation
Model). The second model takes into consideration the re-

flection of the Alfven wave from a maximum of the Alén 1 Introduction
velocity at about 3000 km altitude (Reflection Model). The

growth of structures in both models takes place when th§ a5 heen shown that the magnetospheric convection can
ionization function associated with upward field aligned cur- ;o | nstable and may be divided into convection streams.
rentis shifted from the edges of enhanced conductivity strucgeyeral causes for such convection separation have been
tures to their centers. Such a shift arises because the strugyggested: The interchange or shear flow instability (e.g.
tures move along the ionosphere at a velocity different fromg g« 1996 Samson et al.. 1996: Voronkov et al. 1997)
the E x B drift velocity. As a result, field-aligned currents e jonospheric feedback instability (e.g., Sato and Holzer,
of upward propagating Alfen wave at some altitude appear 1973: | eontyev and Lyatsky, 1982; Trakhtengertz and Feld-
shifted with respect to the edges of the structures. Althoughsiein 1984 Watanabe and Sato. 1988: Lysak, 1991), and the
both models may work, the growth rate for the first model, asmagnetosphere-ionosphere coupling instability including an
based on the modulation of the precipitating accelerated elecsctive role of magnetospheric plasma and taking into consid-
trons, for typical conditions, may be tens or more times largerg ation the effect of field-aligned currents on the ionospheric
than_ that for the second model based on the @&dfwave re- conductivity (Kozlovsky and Lyatsky, 1994, 1999). These
flection. The proposed models can provide the growth ofpqgels suggest that the convection streams arising as a result
both single and periodic structures. When applied t0 auros hjs instability may be responsible for the generation of au-
ral arc generation the studied |nstap|llty leads tq hlgh growthyoral arcs. An important role of magnetosphere-ionosphere
rates and narrow arcs. The physical mechanism is mostly.qpling in auroral arc generation was recently demonstrated

suitable for the generation of auroral arcs with widths of the by Newell et al. (1996a, b) who showed a strong suppression
order of 1km and less. The growth rate of the instability 4¢ 5urora in the sunlit ionosphere.

for such structures can be as large as 033 sIn the case

of periodic structures, their motion must lead to the gen-
erqtmq of magnetic pulsations W't,h periods of about 1-6 Siexcitation of entire magnetic field lines from one ionosphere
vyhm_h is c_Iose to the expected period of Adfv resonant os- to the other (Sato and Holzer, 1973; Kozlovsky and Ly-

c!llat!ons in the '°V.Ver magnetosphere._ However, these OS'atsky, 1994, 1999). The second version is related to the
cillations (for the first and most effective model MM) are development of the instability in the lower magnetosphere
(e.g., Leontyev and Lyatsky, 1982; Trakhtengertz and Feld-
stein, 1984; Lysak, 1991). This version of the instability is
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models of the magnetosphere-ionosphere coupling feedbackn altitude of about Rg (e.g., Olson et al., 1996). We will
instability in the lower magnetosphere have been proposedalso assume that the field-aligned currents associated with
One model (e.g., Leontyev and Lyatsky, 1982) (the Modu-an Alfvén wave generated by an ionospheric inhomogene-
lation Model MM from here on) is based on the modulation ity, traveling in this acceleration region, produce an addi-
of precipitating electrons by field-aligned currents of the up-tional downward electron acceleration in the region of up-
ward moving Alfen wave. The other model (Trakhtengertz ward field-aligned current, and an electron braking or de-
and Feldstein, 1984, Lysak, 1991) (the Reflection Model RMceleration in the region of downward current. The growth
from here on) takes into consideration the reflection of theof structures takes place when the ionization function asso-
Alfv én wave from a maximum of the Alén velocity atabout  ciated with upward field aligned current is shifted from the
3000 km altitude. The growth of structures in both modelsedges of enhanced conductivity structures to their centers.
takes place when the ionization function associated with up-Such a shift arises because the structures move along the
ward field aligned current is shifted from the edges of en-ionosphere at a velocity different from ti#&x B drift veloc-
hanced conductivity structures to their centers. ity. As a result, field-aligned currents of upward propagating
The aim of the present paper is to continue the studyAlfvén waves, at some altitude, appear shifted with respect
of this instability and to compare the efficiency of the two to the edges of the structures as shown in Fig. 1a.
models (as based on the modulation of precipitating elec- We proceed and use the continuity equation to evaluate the
trons by field-aligned currents of the Aim wave and on field-aligned currents
the reflection of the Alfén wave at an Alfén velocity max- R
imum at about 3000 km, respectively) for a magnetospheredz=V1-J=V.: (EPE + Znb x E) (1)
ionosphere coupling feedback instability in the lower mag-

netosphere where j; is the field-aligned current (positive direction is

along the magnetic field)J is the height-integrated iono-
spheric currentXp and Xy are the height-integrated Ped-
ersen and Hall ionospheric conductivitidg,is the electric
field, andb is the unit vector along the magnetic field. The
A self-consistent model for the stratification of magneto- magnitude of field-aligned currents in an Afiv wave propa-
spheric convection was first proposed by Sato and Holze@ating in the magnetosphere can be derived as follows (Malt-
(1973), who showed that upward field-aligned currents ofsev etal., 1977; Leontyev and Lyatsky, 1982; Lysak, 1991),
an Alfvéen wave reflected from the conjugate ionosphere may 5 EUP
lead to an additional increase in ionization inside the growingjz=—V1-Jm=—Xw Py
structures, and consequently to the development of the insta-
bility. This model as well as that proposed by Kozlovsky and Where Jm are transverse magnetospheric currents in the
Lyatsky (1994, 1999) consider the instability in the global Alfvén wave, closing field-aligned currents;” is the trans-
magnetosphere-ionosphere system including both conjugatéerse electric field of the upward moving At wave,Zy,
ionospheres. A self-consistent model for the stratification ofiS the magnetospheric wave conductivity
the magnetospheric convection in the lower magnetosphere 2
was first proposed by Leontyev and Lyatsky (1982), who Xy =
showed that upward field-aligned currents of Afvwaves A Va
generated by growing arc-like structures in the ionospheriovherec is the light speed andl is the Alfvén speed. The
conductivity can lead to the modulation of precipitating elec- average value of the plasma density in the E-region is derived
trons and to an ionospheric feedback instability in the lowerfrom the ionization balance equation for electrons:
ionosphere. The problem was solved numerically and it was,
. . - n 2

shown that the instability can indeed take place. —+—(nvy) =qg—an (4)

The recent experimental results published by Newell etat ox
al. (19964, b) have stimulated our interest in this very fun-whereuy is the X-component of th& x B drift velocity, ¢
damental field of research and led us to Study the prob|em |r’15 the ionization fUnCtion, and is the recombination factor.
some more details. We will derive the dispersion equationAssuming the ionization function to be proportional to the
for the instability, examine the growth rate of the generatedmagnitude of upward field-aligned currefta at point A of
structures, and compare the growth rate of the instability tothe acceleration region just over the potnivhere we derive
that given by another possible model for the stratification ofthe electron density (see Fig. 1), we can write
the magnetospheric convection in the lower magnetosphere . .
to be di%cusse% in the next section. ’ PRTG = xajzn(x.0) = xajz(x — vydt,1—51) )

To study this problem we will follow some of the steps wherej;(r —38t,x —vdr) is the field-aligned current over the
in Leontyev and Lyatsky (1982), and will suggest the ex-ionosphere level at time— ¢ and for the coordinate —
istence of a region of field-aligned electron acceleration atvy§z. It is necessary to evaluate the field-aligned current at

2 Model description and problem solution

)

©)
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produced by one precipitating electron, which can be written
in the following form:
x=1+8= (6)
€i

wheree is the energy of precipitating electrons in &V,is
the ionization potential{16 eV) and the factos ~ 2. (e.g.,
Kozlovsky and Lyatsky, 1994, 1999; Lyatsky, 1999). The
factora in Eq. (5) is given by:

1
- 7
a=— ()

where ¢ is the electron charge, andz is the thick-
ness of the E-region. In the linear approximation, us-
ing a plane wave exp-iwt+ik-r) analysis, and assum-
ing 8 Xp/8 Xpo=én/ng, where the subscript 0 means undis-
turbed values, we obtain from expressions (1-7) the follow-
ing expression for the dispersion equation

w—k-v+i2ang=k-Aexpi(w—k-v)t (8)
where

a Jeff

no 1+ £2 ®)

where Jeff = Zp[E + (8EH/82p)13 x E]. When the Hall to
Pedersen conductivity rati®zy /s Xp ~ X/ XZp, the effec-
tive current/ ¢ is equal to the ionospheric current.

The dispersion relation (8) can be separated into real and
imaginary parts, allowing us to evaluate the real part of the

Fig. 1. A scheme explaining the growth of a strip of enhanced frequency and the growth rate.

ionospheric conductivity, which is thought to be an auroral arc, for _ kA =5
two magnetosphere-ionosphere coupling feedback instability mod® =" cos(@dr)
els believed to occur in the lower magnetosphere. The instability

arises because field-aligned curreritsof an Alfvén wave emit-
ted by the arc-like structure are generated. The first m¢aeb

based on the modulation of precipitating electrons by field-aligned

currents of the upward moving Alén wave (the additional ac-

(10)
y 4+ 2ang =k - Asin(@dt) (12)

where® = Re(w —k - v) = k(vph—vx). From Eqg. (11) we
have that foik - A > 0 the growth ratg’ is maximum when

celerated electrons are shown by the symbol “e”). The second. b4

model(b) takes into consideration the reflection of the Afwwave wdt ~ (E —et 2m7r)

from a maximum of the Alfén velocity located at altitude of about 37

3000km. The growth of arc-like structures takes place when the@dt =~ (7 —€ +2m7r> (12)

ionization function is shifted from the edges of enhanced conduc-

tivity structures to their centers. Such a shift arises when the strucwheree is a small value <« 1, andm =0,1,2,3, ... The up-

ture moves along the ionosphere at a velogjfy, different from the
vx =cEy/B drift velocity. As a result, the field-aligned currents of

the Alfvén wave are shifted relatively to the edges of the structures

which leads to a shift of the ionization function.

an ulterior time in order to take into account the time delay
and spatial shiftxs¢ required for the wave to be exited in the

ionosphere and to reach the acceleration region at moment

at point A, as shown in Fig. 1. The time deldyis equal
to z1/ Va, Wherezy ~ 1 Rg is the altitude of the acceleration
layer. The factory in Eqg. (5) is the efficiency of ionization

www.ann-geophys.net/28/359/2010/

per expression is related > 0 when(vph—vx) > 0; the
lower expression is related @> 0 when(vph— vx) < 0. For
negativek - A < 0 we have the opposite situation. The de-
pendence of the wave vectbrand growth rates on @d¢ is
illustrated in Fig. 2.

For the case of maximum growth rate, @@6s ~ ¢
and sinmbér ~ 1, and for the most important cagesr ~
(m/2—e+2mm) > 0 we obtain from Eq. (11)

I 4+2mm
k~2 "7 ok 13
€Adt = ffmax (13)
y+2ang~k-A (14)
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The magnitudek in Eq. (13) cannot be larger thaax,
which corresponds to a minimum size for the generated
structures, which is larger than some Larmor radius of ac-
celerated electrons, which is of the order of few hundreds of
meters. We can then rewrite Eq. (13) for

% +2mm
kmaxAgt

We now estimate the magnitude«ds given by Eq. (14). For
typical magnitudesc = 30, Az =20km, n =5 x 10"t m~3,
andJer=0.1Amtand=p/%, =5 (e.g., Kozlovsky and
Lyatsky, 1999; Lyatsky, 1999), we obtaifi~ 0.3kms1.

The magnitude o8¢ is equal to the time of propagation of
an Alfvén wave to the acceleration layer, that is about 3s.
Substituting these magnitudes into Eq. (14) and assuming
ki~ 1km yields

<exkl1 (15)

1
m+Z<e<1 (16)

This expression is satisfied fer = 0 but not for largenn.

This means that it is sufficient to restrict ourselves only to
the casen =0, though for some conditions the excitation

of waves with larger m may be possible as well. We also
note that in the case of a phase shift closerf@, a single
auroral arc can be excited because the additional ionization
comes down to the same structure. In the case of larger phase
shifts it is impossible to explain single arcs but only multiple
periodic structures.

Thus the most probable scenario is the excitation of waves
propagating along the ionospheric current. Because the
growth rate is proportional to the wave vecfarthis insta-
bility should lead to the excitation of very narrow structures
with sizes as small as 1km and even less. The phase ve-
locity of these structures is close to the drift velocity of the
plasma. The magnitude of the growth rate can be estimated
by substituting in Eq. (14) the typical value af= 0.3 km/s
as obtained earlier. Then, we obtaire 300k. Assuming
k=10"3mlyieldsy ~0.3s1.

We note that the motion of the periodic structures at speeds
close to theE x B drift must lead to observations of mag-
netic pulsations. If the wave lengthis=2r/k ~ 6 km and
the drift velocity is about 1kms! the pulsation period is
about 6s. This is close to the expected period of the &dfv
resonant oscillations in the lower magnetosphere. However,
these oscillations are not exactly Aéfm resonant oscillations
as we will see in the next section. These structures arise as
modulations of the ionospheric conductivity that propagate
along the ionospheric currents and not along the magnetic
field lines. They are ionospheric structures, which can trig-

Fig. 2. The solution of the dispersion equation. Upper panel showsger the launch of Alfén waves as we have suggested.

the dependence of thkevector versugdt, wherew is the frequency
in the coordinate system moving at tliex B drift velocity. The
lower panel shows the dependence of the growthyatersusdt

units.
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3 Alfvén resonance excitation model

Another possible model for the stratification of the magneto-
spheric convection and the excitation of arc-like structures in

www.ann-geophys.net/28/359/2010/
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the lower magnetosphere was proposed by Trakhtengertz anslave exg—iwt +ik-r) analysis, and from Eqgs. (1-6) and
Feldstein (1984) and Lysak (1991). This model is based orn(17) we obtain the following dispersion equation
the reflection of Alfien waves (RM), emitted from the iono-

spheric inhomogeneities, from a region of enhanced@ifv ,, _ .y 1 2igng= _a ke der : (18)
velocity at an altitude of about 3000 km often called the no 1+§—5%

Dessler maximum in the Al&n velocity. This model is in

fact the model of Sato and Holzer (1973) applied to the lowerwhereR is the reflection factor for the Alfen wave and =

magnetosphere. ®8t, where againd = Re(w —k-v). The expression (18) is
The scheme explaining this instability is shown in Fig. 1b. Separated into a real and an imaginary part as follows:

The necessary shift of resulting field-aligned currents from )

the edges of the structures is provided by field-aligned cur, _ go(w) =k Votk- Ay 1_|_& 1-K . (19)

rents of the reflected Alen wave shifted along the iono- Sw |1— Rei?|

sphere due to the motion of the structures. The dispersion

equation for this instability can be obtained using the same ¥p 2Rsing

method used earlier, but some equations must be exchanget.= —k- Alz_w |1— Rei®2 2ano (20)
The equation describing the field-aligned currents of the re-
flected Alfven wave need to be added. The equation is simi-where
lar to Eq. (2) but holds a minus sign in front.
a J eff
5 EUp Al:_n_o Tp 1+Rei? |? (1)
E Zp 1+Ref

j2=V1-Jm=Sw (17) It S0 T ke

ax

. o The magnitude of the growth rate is maximum doe &st ~
The total disturbed electric field is now a sum of both upwardﬂ/2+2mn’ wherem = 0.1.2.3, ... In this case the real and

ic fi — Rup down : . -
and d_ownwa_rd wave electric fle_KiE =E"+E ' The . imaginary parts ofv = w, +iy can be rewritten as follows:
equation for ionization balance is the same, but the ioniza-

tion functiong must be written now in some other form with ¥p 1—R2
the time delay being twice as long in order to take into ac-w, =k-Vo+k-A; (1+ " 1+R2> (22)
count the time delay required for the reflected wave to reach w
the ionosphere (see Fig. 1b). The time delayn Eq. (5) is
equal now to 2>/ Va wherez; is the altitude of the Dessler , _ —k-Alﬁ 2R 2ano (23)
maximum. For simplicity we consider a simplified model Ty 1+ R?
suggesting that the wave is reflected from a narrow bound-
ary at an altitude of about 3000km. The simplified model 4, — _4 ZJG“ 5 (24)
we have just presented neglects some important aspects re- n049 4 (&) + (& 1—R2)

Xw 2w 1+R2

lated to the profile of the Alfgn velocity. The earlier mod-

els of Trakhtengertz and Feldstein (1984) and Lysak (1991
used an exponential profile of the plasma density that allowe
them to find, in the second case, some closed form solutions

)I'he maximum value for the growth rate taking place Ro&
is given by

and perform some numerical simulations. The present ap- a p
proach allows to obtain the dispersion relation and estimategg_; = ——k- Jeer2 —2ang (25)
the growth rate. We have retained all the physics that was o 1+ (%)

included in the previous models mentioned above.

The last important feature of this model is that the fac- Taking typical magnitudes for the different quantities in ex-
tor x in expression (5) (for the ionization function), the effi- pression (25) and for a ratbp/ X\ ~ 5, the maximum mag-
ciency of ionization produced by one precipitating electron, nitude for the growth rate appears to pe(ionization effi-
is now equal to 1 because the Aéiw reflection model does ciency) times less than that given by Eq. (14) for the previ-
not take into consideration accelerated electrons. The accebus model (the modulation model MM). For more realistic
eration takes place rather far from the ionosphere, and aceonditions when the reflection coefficient is less than 1, the
celerated electrons do not follow the reflected Aliwvave.  growth rate becomes smaller. Since thdactor is about
Taking into account a modification of electron acceleration30, the Alfven resonator excitation model (RM) is also 30
by Alfvén waves leads us immediately to the previous modetimes less effective than the model taking into consideration
described above. The variation of the ionospheric conductivthe modulation of electron acceleration by field-aligned cur-
ity in this model (RM) is produced not by accelerated elec-rents of the Alfien waves (MM), considered above. Never-
trons but by cold particles carrying field-aligned currents of theless, for some situations for which the magnitude of the
Alfvén waves. In the linear approximation, using a planeratio p/ %y is small, this mechanism can also work.

www.ann-geophys.net/28/359/2010/ Ann. Geophys., 28, 3682010
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tures. If the upward field-aligned current is shifted toward
@ \ Acceleration Layer the center of the ionospheric strip, the latter grows. Estimates
show that the growth rate of the first instability as based on
the modulation of the precipitating accelerated particles by
field-aligned currents of the Alen wave, for typical condi-
tions, is expected to be tens or more times larger than that for
the second instability as based on the Aliwvave reflection
from the Dessler maximum in the Algn velocity. This is
because the first mechanism is thought to be associated with
the modulation of accelerated electrons whereas the second
mechanism is suitable only for cold electrons which have a
L V’=v,,-v, V’=Vph-Vx<—| small ionization efficiency. We should point out that this re-
flection model (RM) cannot be associated with hot electrons
because they are accelerated rather far from the ionosphere
and do not follow the field-aligned currents of the Adfv

) Acceleration Layer wave as taken at the ionospheric level.

Both proposed models can lead to the development of both
single and periodic structures. Single structures can take
place when the phase shift between the original upward field-
aligned current of the Alfén wave and the ionization func-
tion is less thamr, so that the additional ionization leads to
an increase in conductivity inside the same structure. When
the phase shift is larger than, it can lead to the develop-
ment of multiple periodic structures. The formation of both
single and multiple structures is demonstrated in Fig. 3. Re-
turning to the problem of auroral arc generation, we note that
there are three important features of arcs, which must be ex-
plained. They are (e.g., Borovsky, 1993): a high growth rate
structure(a), and multiple periodic structure®). v — Uph — 1 of arc formation, narrowness of arcs, and their orientation
is the relative velocity of the structures in the coordinate systemdoSe to the.auroral_ oval. The proposed model (MM_) e.nables
moving at the x B drift velocity. us to explain the first two. The growth rate of this insta-

bility is proportional to thek vector, which means that the

generation of narrow structures is most effective. Therefore
4 Discussion this mechanism seems to be suitable for generation of very

narrow auroral arcs with width of about 1 km and less. The
Two models describing the modification of convection in the growth rate of the instability for such narrow structures can
lower magnetosphere and its separation or break up into nabe as large as 0.38. We note however, that this mechanism
row streams are considered. Both models include the geneenables us to explain auroral arcs only in one ionosphere,
ation of Alfvén waves by ionospheric inhomogeneities. Theand it is not suitable for excitation of wide and conjugate au-
first model (MM), first proposed by Leontyev and Lyatsky roral arcs; such arcs are more likely excited not in the inner
(1982), is based on the modulation of precipitating electronanagnetosphere but along global magnetic field lines as con-
by field-aligned currents of the upward Aéa wave. The sidered by Kozlovsky and Lyatsky (1994, 1999). We note
second model (RM), first proposed by Trakhtengertz andalso that the proposed mechanism for auroral arc generation
Feldstein (1984) is a modification of the original Sato andmay be responsible for small-scale structure inside a wider
Holzer (1973) model; this model (RM) takes into consider- arc. In this case, an original wide arc provides some original
ation the reflection of Alfén wave from a maximum in the electron acceleration (an increase in the ionization efficiency
Alfvén velocity at about 3000 km altitude. The growth of x factor) that provides favorable conditions for the convec-
waves in both models takes place when the ionization function flow instability in the lower magnetosphere, discussed in
tion associated with upward field aligned currents appearshis paper.
to be shifted from the edges of structures toward their cen- The phase velocity of these structures is close tdiheB
ters. Such a shift can take place because the arising structureisift velocity. In the case of the generation of periodic struc-
move along the ionosphere at some velocity which is not nectures, theirE x B drift must lead to the generation of mag-
essarily equal to the drift velocity. As a result, field-aligned netic pulsations. For structure widths of the order of 1 km (or
currents of the upward propagating Aéfiv wave at some al- wave lengthi ~ 6 km), a drift velocity of 1kms? leads to
titude appear shifted with respect to the edges of the struca pulsation period of about 6 s. This is close to the expected

Fig. 3. A scheme explaining the generation of a single arc-like

Ann. Geophys., 28, 35866, 2010 www.ann-geophys.net/28/359/2010/
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period of the Alf\en resonant oscillations in the lower mag-  The phase velocity of the structures is close tokhe B
netosphere. However, these oscillations (for the first mosdrift velocity. In the case of the periodic structures, their
effective modulation model MM) are not exactly Aflm res-  motion must lead to the magnetic pulsation generation. For
onant oscillations; they are not associated with resonant cavstructures with wave lengths of order of 1-6 km, a drift ve-
ity modes. Therefore observations of similar oscillations inlocity of 1 km s leads to a pulsation period of about 1-6s.
the lower magnetosphere and ionosphere (e.g., Boesinger &his is close to the expected period of the Afvresonant

al., 1999) should not be interpreted as Afwresonant oscil-  oscillations in the lower magnetosphere. However, these os-
lations; we note that the authors cited above considered alsaillations (for the first most effective model) are not exactly
an alternative interpretation of their results. real Alfvén resonant oscillations.
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