43

Forced current sheets in a flapping magnetotail

C. M. Cully, R. E. Ergun, E. Lucek, A. Eriksson, D. N. Baker, an d C. Mouikis

Abstract: In the late growth phase, a thin current sheet often fornthénmagnetotail, with a scale size comparable to
the thermal ion gyroradius. This thin current sheet is @gihycembedded within a much thicker plasma sheet, and often
precedes substorm onset. In that sense, it is the initiaditon for reconnection or current disruption. A number of
models have been developed to explain the equilibrium kirsetlution of such a current sheet. One popular model is the
forced current sheet. In this one-dimensional solutioa,dbrrrent is supported by the pressure anisotropy seen ipidyra
translating deHoffmann-Teller frame. In this paper, wersledor forced current sheets in the Cluster data from 2001 (a
~19 Rg apogee). First, we develop a forced current sheet modegj tgpical parameters for the magnetotail, including
flapping motion. Using this model, we identify the obserwatéil characteristics of forced current sheets, concémgrat

on the DC electric field. We then search for these featurekarCiuster data from 2001. Despite searching through
more than 100 encounters with stable current sheets, we unedgle to find a suitable example. We conclude that the
relative velocity between the satellites and the deHofim@eller frame is low, except in extremely dynamic situatio
Consequently, forced current sheet models with anisotsypplied by the deHoffmann-Teller translation are not \yide
applicable to the stable magnetotail-al9 Rg.
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1. Introduction consistent with observations. However, the magnetic ¢ensi

. . . ... force in the resulting configuration is unbalanced, resgltn
In the past decades, increasingly sophisticated kinetia-si a non-equilibrium state.

lations have been broughtto bear on the fundamental presess More complicated equilibrium solutions do exist. One ma-
driving substorms. The impact of these codes has been substa I f P libri q luti SN di
tial; for example, the “GEM reconnection challenge” [2] haslOr class of equilibrium solutions assumes an isotropitrielis

shéped the way }nany authors view reconnection Nonetheleﬁbsuuon’ and allows the plqsma parameters to vary across field
the utility of these simulations depends on finding the azirre Thes [13, 18,21, 22]. In this paper, we will not focus on thes

initial and boundary conditions. 2-?222;0;?;?;%55.5 of solutions assumes anisotropic dis
Some simulations are relatively insensitive to the inttiah- J P

ditions. For example, the GEM challenge imposes a rather e>{£ibu“°ns (® > P1) atthe model boundaries [6-8, 12,25, 28].

treme perturbation at the boundary, which forces the reecnn nown as forced current sheet models, this class of solsition
tion to develop in a manner relatively insensitive to theiahi is entirely one-dimensional. In this paper, we try to betier

conditions. The reasoning is that these simulations fonuk® derstand the applicability of forced current sheets at @fus

basic plasma physics, and the development from initial cond apogee_élg RE?' . . .

tions is not of interest. Our first task is to extend some of the numerical simulations
The magnetosphere probably doesn't supply such radic4] forced current sheets [6]. One of the key discoveries ef th

boundary conditions, and the processes that occur witldn ar; luster mission is extensive spa_t|al structure in j.hedwec-

thus more influenced by initial conditions. Several autianse tion, Ofte"? seen as even-parity (kink-type) OSCI||atIOZB,_E3].

noted that the magnetotail exhibits hysteresis [15, 26icivts ~ INd€ed, since this flapping is what usually causes the saell

a dramatic example of sensitivity to initial conditions. Veel to pass through the current sheet, the vast majority of shser

that it is important to understand the stable equilibriunthef tions occur dl‘.'”ng '”ter"‘?"s of flapp!ng. an§equently,phe
magnetotail. ticular extension we are interested in is this: what happeas

Most simulations use a Harris model [10] for the initial con- forced current sheet if wave structure develops in the otire

dition. While simple and attractive, the Harris model is Onecarrfylngd&y)Idlrgctlorr]]? del . .
dimensional and does not include the observed normal com- After ﬁ‘]ﬁe oping the mo § ’ v(\;e. arehm a posdm(I)n. to "?‘SI.SGSS
ponent of the magnetic field3,). Some authors simply add a NOW much forcing is required to drive these models in raalist

constant normal component to construct a field geometry morgircumstances (i.e. how large of an electric field). We thes u
this knowledge to search for an example of a forced current

- sheet in the Cluster data from 2001.
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2. Forced Current Sheets The maximum current that can be generated from an aniso-

Forced current sheets are sheet configurations in which tr‘{éozplfgt]j]strlbutlon 's given by the marginal firehose ciier

magnetic field is supported by an anisotropic plasma pressur

There is an extensive literature that discusses these sjodelp2

from early work in the 1970’s [12,19] to recent work publishe — = P — P1 1)
in the past few months [31]. Ho

Consider a current sheet in tijedirection, with the sheet where both the magnetic fieldl and the pressureg; and P,
normal toz, as sketched in Figure 1. The resulting magneticare taken at the boundary, far from the sheet. The pressures
field reverses sign at = 0, and there is an additional con- are functions of both the conditions at the reservoir (wiieh
stant normal componerit. (assumed positive). The sheet is termines the incoming half of the distribution functionpathe
connected at large values of(both positive and negative) to current sheet itself (which determines the outgoing half).

a reservoir of particles. Because of the normal compofent In the case where the excess parallel pressure is supplied by
particles may flow along the field lines and interact with thea parallel driftV/, at the boundary, and in the limit of zero pitch
sheet, either crossing it to flow into the reservoir on theeoth angle scattering by the sheet, the marginal firehose conditi
side, or reflecting back to the initial reservoir. reduces simply td’p = V4, the Alfvén speed far from the
sheet. In the other limit, that of perfect isotropizationthg
sheet, a larger speed is requiré@: = v/3V4 [6].

The drift speed/, is related to the deHoffmann-Teller speed
Vur by the relationVp = Vg cos(), wheref is the (small)
inclination angle of the asymptotic fieltl = tan=1(B./B,)
with B, and B, evaluated at the boundary. The drift is strictly
parallel toB in the deHoffmann-Teller frame, as required by
the condition that the electric field vanish.

The marginal firehose condition is, however, only an upper
bound on the possible current. Numerical simulation [6] has
shown that this maximum current is attained for sufficiently
thin sheets. “Sufficiently thin” in this case can be assessed
ing the parameter

Reservoir

i

Reservoir

Fig. 1. Magnetic field configuration and coordinate systgis
out of the page.
K — Rmin

The essential idea for a forced current sheet is that pesticl Prmax
in the reservoirs have a larger parallel pressure than pdipe
ular pressure. Their parallel velocities are initially bketright ~ whereR,,;, is the minimum radius of curvature of the field line
in Figure 1, and are bent back to the left by their interactiorand pmax is the maximum Larmor radius of a thermal-energy
with the sheet. They consequently exert a reaction forch®n t ion [4]. In order to reach the marginal firehose limitinust be
sheet in the negativedirection. Equilibrium is achieved when less than about 0.2 [6]. In this regime, the sheet is suffilsien
this force exactly balances the magnetic tension force. thin that the ions execute Speiser-type orbits [29].

The pressure anisotropy in the reservoir is generally asdum  For values of between roughly 0.2 and 0.7, a forced current
to arise from one of two conditions. Either the parallel temp sheet still develops, but with a smaller magnetic field (etds
ature is larger than the perpendicular temperature, oritie d the lower limitVp = v/3V4). No solutions have been found
tribution flows along the field line with some parallel velgci  for values ofx above 0.7. This condition marks the onset of
A combination of these two conditions is also possible. Yarl deterministic chaos in the particle trajectories [4]. I Heeen
formulations tended to focus on the first possibility, winlere  proposed [6] that no equilibrium solution exists in this otia
recent works [6, 25, 28] focus on the second possibilitygéar rangex = 1, and that a sheet that approaches this condition
parallel flow. The term “forced current sheet” was coined bymay suffer a catastrophic loss of equilibrium.

Burkhart et al., and applies principally to this second éond  Assuming a small value of (< 0.2), the guasi-adiabatic

()

tion [6]. invariant

Parallel flow might at first seem to be an unlikely candid- 1
ate to support a quiet-time current sheet, since satellisee ; — — ?{mvzdz (3)
vations seldom show the near-Alfvénic flows required. How- 2m

ever, the relevant frame in which to assess the pressures is t
deHoffmann-Teller frame. If the normal magnetic fighd is
small, then a small convection field, can cause the deHoff-
mann-Teller frame to translate very rapidly in thelirection.
For example, a convection electric fight} =1 mV/m combined
with a constant normal field,=2 nT creates a deHoffmann- signal-to-noise ratio. With the assumptien< 1, the mar-

Teller frame moving a_t 590 km/s. Near the par;ucle reses/orr ginal firehose condition gives the appropriate field maglatu
at the edges, this motion is very nearly paralleBto (not just an upper bound).

is approximately conserved [24]. An elegant analytical elod
[25] can be created by explicitly conserving this quanfityis
extends the applicability of the forced current sheet mmdel
into the regimé/p < Vr (with Vi the thermal velocity). This
regime is difficult to access with numerical studies due torpo
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3. Numerical Investigation relevance. Second, the method diverges whem:tharameter
(equation 2) is larger than0.7. As discussed above, it seems
ikely that no stationary solution can exist in this chaotinge,

which case the method diverges for physically meaningful
reasons [6].

We report here on two simulation runs. In the first run, we
used a flat sheet with no electric fiekd,, a normal compon-
ent of the magnetic field,, = 2 nT and a density, of 0.3
Em=3. The thermal speed of the incoming distribution was 600
km/s (i.e. 1.9 keV), and we varied the (parallel) drift speed

The numerical model we chose is an iterative self-condiste
method fundamentally similar to the one used by Burkhart e
al. [5, 6]. The method treats the full motion of the ions, but
treats the electrons as a charge-neutralizing fluid usimggle
Boltzmann approximation. lons are initially traced thrbodigal
electric and magnetic fields, with the resulting velocitydan
density moments calculated on a grid. New fields are then co
puted using these moments, and the particles are tracadjtihro

these fnew fields_. This proc%ss is re(peaétgd until the fit()al?s C)O'?o 2000 km/s. The asymptotic magnetic field far from the res-
verge from one iteration to the next (or diverge — see below). .. ' : ; . Bt
The simulation box in our study is a 256 by 256 elementuItlng current sheet is shown as the filled circles in Figure 2

rectangular domain in the y-z plane. We initialize ions & th

top and bottom edges of the domain according to a drifting 0 ] E (mV/m)
Maxwellian distribution. The drift is parallel to the madite 50 :
field, as required in the deHoffmann-Teller frame. Particlee
then traced in three dimensions through the simulation Isex u 400
ing the non-relativistic Lorentz force equation. We uselatio-
order adaptive-stepsize Runge-Kutta integrator, and Q@60 o 30F
100000 particles per iteration. S
The magnetic field on the first iteration is given by an initial 0 20f
guess as a hyperbolic tangent with an asymptotic field stiheng
given by the marginal firehose condition and a constant nbrma 10|
componentB,o. On subsequent iterations, we find the mag-
netic field by 0B
0 500 1000 1500 2000
B = VxA+By: @) Varir (/9
VEA = —pon(y, )iy, z) ®) Fig. 2. Maximum magnetic field as a function of drift velocity

(6)  vp, for a flat sheet and a sheet with a kink-type wave. Equivalent
lectric fields in the 2 nT normal magnetic field are shown an th

whereB, is a constant and all other symbols have their usuaﬁIOIDer abscissa.

meanings. Velocities and densities are computed diretin f
the patrticle distributions at each grid point. Velocitiaghex
direction are small, and we do not include them in the calcula
tion of the magnetic field.

The electric field is initially set to zero. On subsequentite

Setting the electric field to zero puts the simulations in the
eHoffmann-Teller frame. An equivalent simulation wasals
performed in the drifting frame, with the drift velocity st
zero and the external electric field varied. The results ef th

ations, we calculate it by two techniques are consistent.
At larger values of the drift velocity’p, the magnetic field
E = —Vé+ Forornal @) asymptotes to the marginall firehose limit. However, at more
realistic values o¥/p, the finite temperatures of both the ions
edy,2) _ In (”(97 2)) (8 and the electrons/{=400 eV) cause the sheet to thicken. The
kT, ng wider sheet increases the value rofenough that increased

(9)  pitch angle scattering occurs, and the magnetic field ischos
_ _ the strong-scattering limit df/+/3 times the marginal firehose
whereT, is the electron temperature ang is the average |imit.
density at the top boundary. The results are relatively-inde The second set of simulations used the same parameters, ex-
pendent of the electron temperature, as noted previoukly [6 cept that we introduced an even parity (kink-type) wavecstru

Convergence for this method typically takes only a few iter-yre into the sheet. The waves were supported by an electric
ations. It indicates the existence of a time-stationarytsmh,  fig|q

but does not guarantee stability. Some of the distributimrc{

tions encountered both in this work and in the other forcedt, = —waB,, cos(ky) (20)
current sheet literature are clearly unstable to a variétp-o ) )

stabilities. Assessing this is, however, outside the scopes ~ With w, a andk the wave frequency, amplitude and wavenum-

article. ber respectively. This is the induced electric field
Divergence typically occurs for one of two reasons. First, ~ OB
when the drift speed is small relative to the thermal speed/ x E = o (12)

(Vb < V), numerical noise becomes a problem. This can be
remedied by simply adding more particles, and has no phlysicazaused by a changing magnetic field

(©2006 ICS-8 Canada
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Bx(yvzvt) =

/
z =

B.(Z)
asin(ky — wt)

(12)
(13)

in the rest frame. The introduced wave had a period of 60
seconds, an amplitude of 500 km and awavelength of 7500 kmE
We implicitly assume here that a stable, non-growing kiyfet ™
mode exists. While observationally reasonable (see se8jio

we cannot verify this stability with the current model.
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This induced field is not curl-free, and cannot be transfarme
away. That is, no deHoffmann-Teller frame exists underghes
conditions. This isn't a problem in the simulations, sinke t
physics is independent of the frame, and the simulationdram
can be switched ea5|ly However, since the method is timee
mdependent there is one restriction on the frame: it mast b
co-moving ing with the wave. In the frame moving atramc =

(w/k)g, an additional electric fields = Grame x B arises

from the Galilean transformation. Since the solution is to-
moving frame is time-independent, the numerical method is
applicable without the need to extend to the time domain. =

The numerical technique converges for roughly the same <
range of parameters as the flat sheet. Although the familiarea™
caveats apply regarding the stability of the solution, théans
that we have found an equilibrium solution with a kink-type
wave present. Figure 3 is a pair of contour plots of the con-
verged solution folk/p=2000 km/s. Shown are the density and
velocity. The sheet is roughly 700 km across, with a strong >
density peak near the centre. Lower drift speeds result in a
broader sheet (up to twice as thick) with a less-pronounced
density maximum. The velocity enhancementis somewhat wid-
er than the density enhancement. The direction of the wgloci
vectors closely follows the kink motion. N

The asymptotic magnetic field for this simulation run is plot
ted using open squares in Figure 2. For the same drift spgeed, t
structured current sheet does not support as much curreat. T _
reason for this behaviour seems to be that the kinked sheet raE
domizes the trajectories more than the flat sheet. This wideng :
out the sheet (by about a factor of 2) and reduces the total cup < , . |
rent.

The goal of these numerical studies is to estimate the min-
imum electric field required to support a forced current sheeg
under realistic conditions. Referring to Figure 2, it'sari¢hat =
for a typical 25 nT asymptotic field, the electric field must be =_
at least 2 mVv/m in a sheet with a density of 0.3¢Th w”-

-2000 & 0.0M0
0 2000 4000 6000 0 2000 4000 6000
y (km) y (km)
Fig. 3. Density (left) and speed (right) for a forced current
sheet with a kink-type wave. Selected velocity vectors Haeen
plotted in the right hand panel.
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4. Comparison to published averages Time (min past 0300)

In the satellite frame, the anisotropy required for a force
current sheet could manifest itself in three different ways
large anisotropy in the ion distribution is one fairly obw#
signature. Observationally, however, the required aropits
are rarely observed [17,22]. Typical observed anisotsjrie
the current sheet are substantially less than 10% [14].rAssu
ing a typical pressure of 0.2 nPa at 2@ IRL4], a 10% aniso-
tropy results in a maximum field strength of only 5 nT (using
the marginal firehose condition). While certainly possiiole
extremely dense sheets, or under conditions of unusuatjg la
anisotropy, it seems unlikely that the temperature aropgtr
could frequently support forced current sheets.

dFig. 4. Cluster magnetic and electric field data from 2001
October 11. Colour coding is black, red, green, magenta for
Cluster satellites 1 through 4 respectively (see panel 3).

A second possibility is that the anisotropy could manifest
itself as a bulk flow in the spacecraft frame. With typicalkoul
flows less than 50 km/s [14], this translates to no more than a
few nT.

The final possibility is that the deHoffmann-Teller frame is
translating rapidly with respect to the spacecraft franypidal
electric fields are roughly 0.2 mV/m [30], which when coupled
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with a normal magnetic field of some 2 nT results in a 100 km/swith the characteristics found above, and should be 90 dsgre
drift. Again using typical parameters, this yields only-& n'T  out of phase. Consequently, we interpret these oscillatimn
asymptotic magnetic field. resulting from the same even-parity perturbation to theshe
From the statistical observations, it seems fair to coreelud In summary, kink-type waves are clearly seen, and the elec-
that the average magnetotail is not described by a forced cutric field measurements resolve the 0.2 mV/m fields from
rent sheet model. On the other hand, thin current sheetoare rthis motion. What is notably lacking, however, is any evicken
“statistically average” events. Indeed, large anisogefiave of a strong DC electric field. The field is much less thanth
occasionally been observed prior to substorm onset [16}- Co mV/m that would be required for this to be a forced current
sequently, we decided to re-examine the observations tolsea sheet. There is also little anisotropy in the particle measu
for forced current sheets. ments (not shown). This is clearly not an example of a forced
current sheet.

5. Case study

Figure 4 shows Cluster observations of a stable current sheg' Event search

encounter on October ¥12001, immediately prior to a sub-  We tried to find an example of a stable forced current sheet
storm. The top three panels display the magnetic field fram thdriven by DC electric fields in the 2001 Cluster data. Based on
FGM fluxgate magnetometer [1] in a coordinate system chosethe results shown in Figure 2, the required electric field is
to match the simulation coordinates. The current sheet abbrm
2 was found at each data point as the gradient [11] in the mag- /0.3cm—3 [ B,
netic field strength. The coordinate system for Figure 4 use&y < (2mV/m) o (2nT) :
the averagé direction, and: was found by rotating about this
axis to maximize the field i and minimize the field iny. In order to include as many events as possible, we looked for
Between 0310 UT and 0320 UT, there are strong waves thaftable sheets that hdd, greater than half this value. Despite
rotate the sheet normalby roughly 60 degrees. The mode is looking at more than 100 stable current sheets, no events wer
largely even parity (kink-type), as evidenced by the faetth found.
the oscillations at C3 remain in phase even wiikns negat- There were certainly intervals in the Cluster data wifgn
ive (i.e. the satellite is on the opposite side of the shd@@t):  exceeded this threshold. However, these were invariatgy-n
ing analysis on the oscillations gives a phase velocity®20  tremely dynamic, unstable current sheets. The portion ®f th
km/s in they direction. With the 60 second period, this gives aevent shown in Figure 4 after 0325 UT is an example.
wavelength of 7200 km. Using this wavelength, the 60 degree
rotation ofZ implies an amplitude of 500 km. ]
The amplitude can be independently verified by noting the/. Conclusions

Scitellr']te sce:garatg)r(]ﬁ: Crlusrtler t3 _'I_ShIOW‘TS:.t\'/W' foIIO\t/yed by We used an iterative self-consistent method to find a station
then L2, an IS highest. The relaiveeparations are ry solution for a forced current sheet with a kink-type wave

893 km, 1061 km and 1986 km respectively. Since the top O%his is the first report of this type of solution. The solution
the C3 trace barely overlaps with the C2 and C4 traces, whicg similar in many I\D/vays to the ys%lution for a flat forced cur-

in turn barely overlap with _the C1 trace, the amplitude muste sheet, except that the sheet is considerably thiclkes. T
be roughly half the separation distance,&500 km. The em-  yhicier sheet translates into a reduced efficiency for cdimge

bedded sheet thickness can also be estimated in this masinergq pressure anisotropy into an organized current.

something like 2500 km. We estimated the electric field requi i
. . quired to establish a fbrce
AL0325 UT, the current sheet begins to rapidly break up. Ony, rent sheet with equal parallel and perpendicular pressn

the ground, there is evidence of a pseudobreakup at this timg, ¢ satellite frame. The result was quite large: at least 2mV

the main substorm follows after that. For this study, howeve ;, typical sheets

weTrhe n;terested more 'T thﬁ mtehrvallbefqref_tt:(ljsfhappﬁnsél We then searched the Cluster data for 2001 for an example of

e bottom two panels show the electric field from the Clustef giah1e forced current sheet supported by a DC electrig field

EFW double_z-probe electric field instrument [9] in the SAMETO0 gither with or without kink-type structure. Our failure todi

'([ja}ted cqord!nate shyl/sAtemaCA:Iu_?ter EFW onI);Tmeasures In twgp, example means that the relative velocity between thé sate
Imensions: roughlyz andy. To project to this system, We jiq frame and the deHoffmann-Teller frame is low, except in

have assumed zero electric field along the unmeasured axigyremely dynamic situations. We conclude that forcedentrr

An offset has also been subtracted from the sunward directiogpaat models (with anisotropy supplied by the deHoffmann-

(~ 2). Teller translation) are not widely applicable to the stabhkg-

As a check on the assumption that the unmeasured COMPORatytail at~19 RE) y app g

ent |§roughly zero, we tried determining it using the comstr This does not mean that these models are never applicable.

E - B = 0. This yielded similar results, except whéhwas  However, it does restrict their domain. First, they couldibe-

near the spin plane (in which case this second method hastfg| in very dynamic situations with large DC electric fields.

well known divide-by-zero failure). _ This is an important class of phenomena including reconnec-
There is a clear oscillation ifv,,. It has the same period as tjon outflow regions and bursty bulk flows. Second, periods of

the magnetic kink-mode oscillations, but is 90 degrees but oynysually large pressure anisotropy do exist. A follow-nialg

phase. Applying equation 10, the induced electric field & th searching for such events would be worthwhile.
y direction should be- 0.2 mV/m for kink-mode oscillations

(14)
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