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Nonlinear stability of the near-earth plasma sheet
during substorms

P. Dobias, J. A. Wanliss, and J. C. Samson

Abstract: We analyze a nonlinear stability of the near-Earth plasheesvia a Grad-Shafranov equilibrium constrained
by CANOPUS data. Using a stability analysis based on coreparof various orders in a Taylor expansion of the
potential energy density, we demonstrate that an occwerendield line resonances followed by a development of a
Kelvin-Helmholtz instability at about 10 Re causes the #earth plasma sheet to become unstable minutes before the
onset.
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1. Introduction cuss a possible influence of the stability on the further deve
In the present work we address a nonlinear stability of th opment of this vortex. Our stability analysis is based on the
X 9deal MHD, and it does not include influences of various other
near-Earth plasma sheet during the substorm onset assumildl, < < 1ch as diffusion. Larmor radius effects. or azhalit
a presence of the Kelvin-Helmholz (KH) instability. [12]teu ressure gradient ’ '
line a possible sequence of events that take place during tHe '
substorm expansion phase. This sequence assumes the initi-
ation of the expansion phase near Earth. While there are otheg Equilibrium Magnetospheric Model
opinions we believe that the near-Earth initiation prosittee B ) N
simplest explanation for the observed sequence of evehts [8  For the stability analysis we use a Grad-Shafranov equilib-
We use a stability analysis approach suggested by [9], imtum in the form [12]
proved further by [4]. This stability method can be summar- Msin2 0 l—a/ 7 \3 a/ 7 \5
ized as follows. A plasma equilibrium is modeled using they(r, 0) = 27 [14— (—) + —(—) } (1)
Grad-Shafranov equation constrained by CANOPUS observa- 2 \IRx 4 \Rx
tions [4] to ensure that our tested configurations are releva The radius-, polar angled, and azimuthal angle are spher-
for the substorm event being analyzed. We are not modelingal coordinates)/ is the dipolar moment, and andRx are
a transition between equilibrium states, rather, we cateul parameters characterizing pressure gradient and positibie
each configuration as a separate equilibrium based on obséx-line. The solution (1) is a reasonable approximation asar
vations. In the second step we define plasma plasma perturbge position of the x-line, but breaks down at large distankts
tion in the form of a displacement connecting Lagrangian ancidvantage is that it allows a relatively simple correlatidth
Eulerian description(x,t) = x + §(x,t). All other per-  experimental observations via adjustment of the two parame
turbed quantities are expressed in terms of the displacemenersa and Rx using a position of the proton isotropy bound-
Then this plasma displacement is used to calculate expansiry and the position of the red emissions obtained from CAN-
terms in the potential energy density. Comparison of theser OPUS ground based observations [16, 17].
yields the stability properties of the system [9]. If the wed We use the distribution of auroral luminosity, from meriia
order term is dominant, the system is well described by linscanning photometer data, to gain information about theraat
ear approximation. If the third order is dominant, the syste and location of various plasma boundaries in the magnétotai
is explosively unstable [9, 7]. The dominant fourth ordente  As shown previously by [16] and [17] meridian scanning pho-
means that the system is nonlinearly stable [7]. This methogbmeters are excellent tools for investigating precijptanf
allows us to estimate a possible maximum growth of the incharged particles in the auroral ionosphere and can quitly ea
stability before it is saturated by nonlinear effects [5]. be used to constrain magnetospheric magnetic field models.
The above method is then used to analyze the nonlinear sta- The idea that we exploit in this paper relies on nonconserva-
bility of the near-Earth plasma sheet during the February Sion of the first adiabatic invariant when magnetic field vari
1995 substorm. We extend previous work of [6] by consid-ations occur on the scale of a particle gyroradius. A meas-
ering a possible development of Kelvin-Helmholtz institbil  ure of nonconservation is determined by the square root of
ies due to a strong velocity shear caused by field line resonthe ratio of the magnetic field line radius of curvature to the
ances [14]. We analyze changes of the stability properties garticle gyroradius [2]. Theoretical effort by [18] sugtgethat
the plasma sheet due to the presence of a vortex, and also dife transition between the taillike and dipolelike field figar-
ations occurs where the above ratio equals 3. In additiometo t
Received 11 May 2006. need for a magnetic field model, one can only find these loca-
tions if the energy of the precipitating particles is knowrthe
present work, the energies of the precipitating particiesla-
termined directly from the equilibrium magnetotail modeta
are not a free parameter.
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A new constraint is obtained from the model in that one of
the model parameters is directly related to the locatiorhef t
last closed magnetic field line. This boundary can also be ob
tained from ground-based photometer data [1]. They demon:
strated that the poleward border of 630.0 nm optical emissio =
is very close to the transition between open and closed fielc®
lines in the dusk-midnight sector. In this present paperale f
low the same methodology to determine the ionospheric loca
tion of the last closed magnetic field line.

Once an event has been selected for analysis, we calcula
the equatorward edge of the 486.1 nm proton aurora, and the
poleward edge of the 630.0 nm electron aurora as describédg. 2. Magnetic field in the equatorial plane for 4:30, 4:35 and
above. The two free parameters in the magnetic field modet:40 UT configurations. Dotted line shows dipolar field foe th
are varied via the Levenburg-Marquardt nonlinear optimizareference.

tion method to minimize the sum of the square of the error ) ) B
between the model boundaries and the boundaries obtainégdevelopment of the Kelvin-Helmholtz instability, thandae

from the photometer data. further coupled to a ballooning modes. Therefore in thisspap
We analyze the stability of the near-Earth plasma sheet duve study the influence of the development of K-H instability
ing the February 9, 1995 event. The substorm onset occurred]! the overall stability of the near-earth plasma sheet.
approximately at 4:37 UT, with the first weak disturbances ap . .
pearing between 4:30 and 4:35 UT [6]. We performed stability, e assume azimuthal symmetry for our analysis, and per-
tests for three times around the onset. The first stabilgy te [0rmed the stability analysis around kg, in the region where
was performed at 4:30 UT, just before any significant disturb FLRS are likely to occur [12]. This location further correspls
ances started occurring. The second test was performeukfor t {0 @ possible location of the processes responsible forifym
4:35 UT configuration, at the time just prior to onset. The las the breakup arc [13]. The development of the K-H instability
test we have performed corresponded to the beginning of th@long the azimuthal position of the resonance will have a two
recovery phase at 4:40 UT. The last test was performed to if©!d effect on the dynamics of the displacement. First, it wi
vestigate changes of energy balance that the onset migat halpcrease the gradient of the plasma displacement due té-deve
caused. Plasma pressure and magnetic field calculated in tR@Mentof a vortex structure. The second effect of the wrappi
equatorial plane are shown in Figures 1 and 2. The pressufé th€ limitation of the growth of the magnitude of the displa
gradientincreases and the region of maximum pressure is mo{€nt. If the K-H instability is coupled to a ballooning type i
ing earthward. The value of plasnihat 10 Re is 14 for the _stablllt_y_ the growth can continue as the shear flow-ballogni
4:30UT, later it increases to 40 for 4:35 UT, and then drops tdnstability [14].
10 for 4:40 UT configuration. The magnetic field lines are be-
ing stretched, this is marked by a drop of magnetic field in thei<
near-Earth region. g

== 4:30UT
— 4:35UT 1
‘=im 4:40UT
““““ dipolar g

10 X [RE] 15 20

We use a fluid approximation to model development of the
H instability. This is justified by the fact that our analtys
is restricted to the equatorial plane where the magnetid fiel
is perpendicular to the velocity field and thus there is ngpwra
==+ 430UT | ping of magnetic field lines present. To model the K-H indtabi
— 4:35UT ity into its nonlinear stage we use a semi-analytical apgtoa
== 440UT j first presented by [10]. It is based on approximating the sur-
. face of discontinuity by a series of elementary vorticeguFe

3 shows development of the surface of discontinuity inaigdi
the direction of velocity vectors. The distance in x and edir
tions is normalized in terms of wavelengthof the instability.
The wrapping of the surface of discontinuity is clearly blsi

at the later stages of the development. The magnitude of the
ddisplacement is approximately O.2The ambient velocity is
scaled ast1.

nPa
O N M OO ©

15 20

Fig. 1. Plasma pressure in the equatorial plane for 4:30, 4:35 an
4:40 UT configurations.

Once we calculate temporal development of the K-H vortex,
we are ready to model coupling between FLR’s and the K-H
3. Plasma Displacement for K-H Instability instability. For simplicity, we can assume that the resaean
N ) _introduces the velocity sheat|usrrr| along the azimuthal
To perform the stability analysis we needed to choose igjirection. Since we are dealing with the dynamics close ¢o th
the specific form of plasma displacement. Here we extgnd thﬁﬂdnight plane, we can approximate the plasma sheet by a box
work of [6] where the authors assumed the plasma displacgnodel, with positive x in the tailward direction and y in the
ment corresponding to field line resonances,and have cenclugzimuthal direction. Then the surface of discontinuityistie
ively shown that approximately 2 minutes prior to onset they_girection at the position of resonanas, The necessary ra-

plasma sheet becomes nonlinearly unstable. [14] showed thgja| perturbation is introduced by the resonance itself.
a presence of the 18phase shift in the velocity will lead to
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02 ‘ resonance-type displacement. Further development ofdahe v
tex leads to a strong dominance of the third order term. This
means that the presence of the vortex further destabilizes t
near-Earth plasma sheet. For the initial magnitude of tke re
onance of IRg, even the initial stages of the vortex develop-
ment lead to a dominant third order term in the energy density
We obtained the strongest dominance of the third order term
for stage (c) (Fig. 3) of the vortex development. Furtherpwra
ping of the vortex leads to dominance by the fourth order term
which means that it provides a stabilizing effect on theesyst

The results of the analysis of the 4:40 UT configuration were
analogical to the results at later growth phase. The ihjtial
dominant second order term for early stages of the vortex de-
velopment are followed by the dominance of the fourth order
term. This confirms that at this stage the excess energy was
already released and the system is back in the lower energy
state.

Figure 4 shows results for the magnitude of the resonance set
at 0.75Rg for the most unstable stage of the vortex (Fig. 3c)
for all four configurations. The cross-section is taken tigto
the region of maximum gradient in the velocity. Parts (a) and
(c), corresponding to 4:30 UT and 4:40 UT configurations re-
spectively, show stable behavior (dominant 4th order term)
Part (b), corresponding to 4:35 UT configuration is explos-
ively unstable. For this configuration, the third order taem
dominant. Thus, around 4:35 UT, just minutes prior the on-
set, the near Earth plasma sheet became explosively uastabl
while during growth phase and the recovery phase the near-
Earth plasma sheet was nonlinearly stable.

Since the K-H instability does not extract potential energy
Fig. 3. Development of the Kelvin-Helmholtz instability in the and only redistributes the kinetic energy, the presencéef t
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equatorial plane. K-H instability alone is not able to explain the energy recon
. ) figuration in the near-Earth plasma sheet. Note in Fig. 3, tha
4. Results of Stability Analysis the presence of vortex wrapping leads to a saturation of the

agnitude of the displacement. [14] proposed that a cogplin

to the preexisting FLR around R);. We started with the mag- etween K-H and ballooning mode§ couldlead to a growth of
nitude of the resonance at 0.R;. The magnitude of the dis- the vortex and thus to reconfiguration of the energy in the re-
placement defines the magnitude of the velocity shear. The#©"- _ _ _ _
we assumed that there is a perturbation in the radial dinecti _ 10 test the effect of this scenario on the change in the stabil
that will initiate vortex development (Fig. 3). For the stap Ity properties, we have assumed an increase in the size of the
analysis we have chosen stages a,c, and d of the vortex. Th¥Atex, and calculated the energy density for such configura
we repeated tests with the initial magnitude of the FLRRg;1  tions. Fig. 5 shows energy density terms for a vortex thawgro
Presence of the K-H instability leads to broadening of tise di t0 twice its original size. Parts a) and b) corresponds teeor
turbed region, propagating the perturbation further awegnf ~ Sizes of IR and 2Rg. As the vortex grows, the fourth order
the resonance site. The initial setting (magnitude of reoa  t€rm in energy becomes dominant, suggesting nonlinear-satu
0.75Rg) ensures that the initial energy density is in the linear@tion of the instability. This result agrees with the scenaf
regime. Just as in the case of a pure FLR type of displacemerf€configuration of energy due to K-H ballooning coupling and
for the 4:30 UT configuration the dominance of the second oriS consistent with the computational model of the shear-flow
der was followed directly by the dominance of the fourth orde ballooning instabilities and observations of auroral amdd 4]
term as the vortex development progresses. It means that aﬁiﬁd [15]. _ _ N
instability growth will be saturated due to nonlinear eflec ~ To summarize, the development of the K-H instability from
For the initial magnitude of the displacement aR# we ob-  the velocity shear due to field line resonance provided amil
tained similar results, with the difference that the fowstder ~ stability properties for various stages of the Feb. 9, 1985 s
term was dominant from the onset of the K-H instability. storm as did the field line resonance alone. This suggedts tha
For the 4:35 UT configuration starting with the initial mag- these general stability results are not dependent on teed/p
nitude of the FLR’s at 0.7y ensures the initial energy dens- the displacement, and any realistic displacement yieldseo
ity to be in the linear regime (dominant second order term)explosively unstable near-Earth plasma sheet minutes forio
However, even for the initial stages of the K-H instabilitye  the onset while it remained stable during the most of the grow
third order term is much more important than for the purephase.

We assumed that K-H instability developed as a consequen

(©2006 ICS-8 Canada
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Fig. 5. Potential energy density for the 4:35 UT configuration for
the K-H ballooning type of the displacement.
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Fig. 4. Potential energy density in the case of a Kelvin-Helmholtz References

instability in the equatorial plane. The magnitude of thitiah
FLR was 0.75 Re.

5. Conclusions

We improved previous stability analysis by including a pos-
sibility of the development of a Kelvin-Helmholtz vortex in
the system and analyzing its influence on the stability of the 3.
system. Our results suggest that during the stable state of a
substorm the presence of the K-H vortex does not influence4.

the general stability of the system. Since there is no availa

free energy, such a vortex must be saturated. In the case of un
stable configuration during the onset, the presence of the K- 5.

instability can cause a faster initiation of the explosiv&abil-

ity due to enhanced gradients in plasma displacement. How-
ever, we need to note that the K-H instability can be initlate 6.
in the presence of any shear in velocity and does not have to
be tied to the presence of FLRs. On the other hand, if there is

resonance present, it is likely that the K-H instability Iveip-

pear. We can conclude that for the studied event, the tiansit
between stable and unstable configurations correspontie to t
time of onset no matter what the displacementis. The K-H in- 8.

stability alone cannot extract potential energy from thetem.
It only transforms different forms of kinetic energy. Thiene,

we have also investigated what happens if the vortex grows du 9.
to coupling with ballooning modes. It appears that the ghowt
of the vortex might eventually lead to reconfiguration of the10.

energy and the saturation of the instability.
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