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Kinetic instabilities in substorm dynamics

W. Horton, J.-H. Kim, E. Spencer, and C. Crabtree

Abstract: A brief survey is given of the kinetic theory of plasma irstities that are potentially important in substorm
dynamics. Instabilities associated with the release ofptlessure gradients in the dipole-to-near geotail tramsitegion

are key candidates to explain the initial release of storestgy with the simultaneous onset of auroral brightening.
Instabilities driven by the plasma sheet current gradierthé region beyond 15-2By are responsible for release of lobe
magnetic energy and the initiation of high speed Earthwandifig streams. Generally, either instability could occustfi
or both essentially simultaneous according to local plagradients and thd3-field.
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1. Introduction 1 is the flux function from the magnetic field produced by the
lasma current, and the external coil driven toroidal fiBlgd
rops out of the tearing mode stability problem except for de
ermining the location of thé = 0 surfaces. The situation is

e same with thés, field componentin the geomagnetic tail.
he standard tearing mode theory is given in [3] and involves

e solution of the zero frequency shear Alfvén mode equati
“ound the field reversing current layer of width. Here we
fise the GSM coordinates of the geomagnetic tail. The solutio
of the field structure gives the logarithmic derivative o ther-
turbed flux functioniy with A’ = (dévy/dz)/dv at the tear-
ing layer. The value of\’ is negative for stable modes, crosses
zero for unstable modes and goes to infinity as the plasma be-
mes ideal MHD unstable from the pressure gradient exceed-
g the criticaldp/dy of the ballooning modes. These features
are seen in the magnetic field and core soft x-ray spectromet-
ers of tokamaks as in [4]. The lowest magnetic mode m/n=1/1
shows the sawteeth crashes at intervals of about 100 Alfvén
periods and the 3/2 mode is stable but repeatedly kicked or
seeded by the pulses from the 1/1 mode. Finally, as the core
plasma pressure rises high enough the 3/2 mode catches on
and grows to form a large magnetic island.

Qualitatively, the description of this evolution of thelsta

ity of the tearing mode is seen from the formula fat =
—2k, cot(k.L.) wherek, = (dj/diy — k2)*/2. As the cur-
rent density gradient increases so that., — 7 the A’ goes

Space science has been remarkably successful in idegtifyirg
the large number of plasma instabilities that occur in thg-ma
netosphere and ionosphere. The one central problem wteere t
identification of the key instabilities is still controvéakis the
substorm dynamics. Recent advances in multiple spacecrg|
missions and the IMAGE space craft have defined the issues
substorm dynamics much more sharply. At the same time th
kinetic theory of the key substorm instabilities has adeaic
dramatically. Here we review the advances made in the kineti
theory of instabilities thought to dominate the substorwbpr
lem.

There are four classes of kinetic instabilities invokedste e
plain the substorm growth and expansion phases. They are (;
the pressure gradient driven ballooning interchange mwiths
shear Alfvén wave polarization ofB, and a smalles B,

(2) the drift compressional ballooning mode driven by the io
temperature gradient with a dominandijg polarization and
smalldo B, and electrostatic field part, (3) the large set of col-
lisionless tearing modes driven by the gradient of the ptasm
current density);j /9y = j'/B in contrast to the density and
temperature gradients, (4) the cross field current drivetabil-
ities (CCI) that require no spatial gradients but have lagge
j1/en > v; wherev; = (T;/m;)"/?. There is a large class of
current driven instabilities that are well known in the pies

Iggﬁﬁggb-mgs ';:e:jelg‘zgttgegfwtﬁg'cfa?‘f t[)é8:11 (l:(%vgrilheer ito infinity and the island width is observed to grow to the size
: y, they Y Playeriy,atis comparable to the scdle of the current layer width. In

substorm dynarics and often can appear as the nonlinear .dﬁhetic theory of collisionless tearing modes it is not resagy

Ve'gﬁ.”?e”t to small space scales of the first three types of iy inioduce the! of the external solutions when the whole
stabilities.

Technically, the tearing mode instabilities are the moiit di region of the tearing mode function is treated globally. A& w

cult plasma instabilities to calculate and have been dgtie- will see, the lack of a full global treatment of the tearingdeo
bated for decades. The tearing mode is ubiquitousin theHaboIed o & long term misconception about the mode being more

X i stable than it is known from recent kinetic theory calculas
atory tokamak plasma. While the toroidal geometry playssom_ - ' 1otione

role in the mode tearing many features are in common with the In this article, we first describe the state of the kinetic bal

geomagnetic tail. The large plasma currggy(v)) — 7(v) loonin ; o X ; ‘
X , . 7 g mode instability and the drift compressional mate i
(hereafter) is confined to the core with a peakitigdy) that stability in Sec. 2. In Sec. 3 we describe the current undedst

increases with time or with core heating of the electronseHe ing of the collisionless tearing modes which is a complexifiel
There are basically two scales of the tearing mode instgbili
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easier to simulate and discuss since the ions play only the rowhereas DM rely on temperature anisotropy to drive the mode
of quasineutrality here. We give an electron tearing mouhe si  unstable. Crabtree and Chen used the ratio of the electmon te
ulation with the electron Hall terms of the skin depth and theperature to the ion temperature as a small parameter to de-
ion inertial scale length that shows a 60% conversion ogstor couple the electrostatic component from the compresscamat
magnetic energy into electron particle energies in a pesfod ponent. They also considered frequencies below the shéamAl
50 Alfvén times which is sufficiently fast and strong to be afrequency which eliminates the coupling between the cospre
dominant energy release mechanism in the growth phase ofsional component and the shear component of the perturbed
substorm. magnetic field. With these orderings the following integzial
genvalue problem was derived

2. Kinetic Ballooning Interchange Instabilities

KLpiB) + Bi <6A [%] W\/ﬁh> ~0.

The kinetic theory of the drift ballooning interchange msde W — Wpj
require bounce averaged response to both the electron and io (1)
perturbed distribution functiodf. (e, i, , t) andd f; (e, p, x, t)
wherey is the magnetic moment = v? /2B ande the kinetic ~ where the angle brackets refer to velocity space integratio
energy per unit mass= v2/2. and the overline refers to bounce-averaging along the firedd |

The ballooning interchange maximum growth rate is approx+” = 1/7 jj;, Fds/v(e, 1, s), s¢ is the turning point in the
imatelyyqx = ().11;1-/(LPRC)1/2 whereL,, is the ion pressure  mirror field. Alsow,,; is the ion diamagnetic drift frequency
gradient scale length defined byL, = dlnp;/0x andR, is containing the ion pressure gradieny; is the grad-B/curvature
the minimum radius of curvature which is given byx, 2 = drift frequency averaged over the bounce motiongnidn; =
0) = B,/B, = 1/R.. This growth computed as a function 91InT;/J1lnn, is the ion temperature gradient relative to the
of distance down the geomagnetic tail reaches a maximum iion density gradient, and, is the finite-gyroradius Bessel
the regione = —6 to —10 Rg where the Earthward pressure  This equation was solved numerically and analytically. Max
gradient is steepest. imal growth rates were found to occur whénp; ~ O(1),

In the plasma sheet the local magnetic field is giveBoy: with a2 ~ vi(n; — 2/3)/R. and forn; ~ —1. The radial
B.(2)x + B,z where|z| < L.. At the edge of the central mode width may also be estimated @®;. [11] studied the
plasma sheelz| = L, the field isB = B,ox + Bpz. In  kinetic generalization of the standard MHD ballooning equa
the CPS the local B-field magnitude variess= (B2 + tion studied by [15] and others. From a quadratic form in the
B?2%)'/2 with a large mirror ratioR,, = B,o/B, > 10  drift-kinetic approximation a reduced kinetically corteaiad-
where B,y = B.(z = L,) = B/L, is the lobe magnetic ratic form was derived that accounted for the strong cogplin
field. Pressure balance across the central plasma shest giJeetween the shear Alfvén wave with the interchange dynamic
B2,/2p10 = po =~ noT;. Thus there is a very high ratio of local given by,
plasma pressure-to-magnetic field energy density at thatequ
orial planes = 2uopo/B2% = (B2%,/B2%) > 100. Owing to ) o2
the high mirror ratioR,,,, ions and electrons with pitch-angles /d1/)d1// ds [_W_ |§w|2 n 1 ‘%
greater thany = 15° mirror in the CPS and the ballooning ‘ Bl v% Lo | Os
eigenfunctions are confined to the CPS. _ _ 2p0p' K- V) | 12

[8] solved the integral equation for the ballooning driftaden = e— \5 ‘

Lo
S
Ho QL

eigenmodes and show that these modes first go unstable in the B OF
transitional regionX = —6 to —10 Rg where theVyp;/pR. —4WZ/d3v a
is maximized and@? < 10. Closer to the Earth the large value - e

W= Waa W’Q
( o ) ’HQL

of kfv% from the short connection lengtty & stabilizes the — 2
o . T X 3. OFa )
interchange modes. Deep into the geomagnetic tailXfox +im(47) Z d’v 9% (W — Wia)d(w — wpa) | 1R}, }
—10Rg the plasma compressional energy in the interchange a

motion overcomes the destabilization from the interchange = 0. (2)

ergy released. Similar results are given in [6]. v . )

Kinetic theory predicts that as the Earthward pressureigrad J)"eref, is the contravariant component of the displacement
ent increases the first mode to go unstable is the balloonin® = —%kyX) of the perturbed flux tube that is the kinetic the-
interchange mode in the region that maps to the auroraltrighOy generalization of the MHD displacement field(s). Here
ening zone. This pressure-gradient instability releaspes- QLO) andQ(Ll) are functions of¥ so that Eq. (2) contains only
sure puls&fp > 0 with § B, < 0 that propagates tailward and one field variable, as in MHD theory. This kinetic theory is
typically sets off magnetic reconnection in the taikat= —20  given in [30].
to —25 Rg. This regime is called the inside-out model of sub-
storm. . . .

[7] considered the finite-gyroradius effects on drift coeger 3 Magnetic Reconnection Instabilities
sional modes. Drift-Compressional modes (DCM) are similar - The reversed magnetic field B, in the geotail is a large
to Drift-Mirror modes (DM) in that they are dominated by the reservoir of energy available energy to drive plasma floves an

compressional pardB) of the polarization. However DCM tg increase the thermal energies. These tearing modes are of
have as their source of free energy spatial inhomogeneitiggo types :
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¢ microscale electron tearing modes on the scatgof. ~ frequencyy is the electron density, is the magnitude of the
10km and electron charge.

_ In the simulations shown here we take the limit of zero plasma

« the marcoscale tearing modes on the scale/af,; ~ resistivitys; and check energy conservation to five digits. With
pi ~ 400 k. high order time integrators it is possible to run for finit@¢s

There must be and can be hundreds ofdhe,.-scale tearing with zero resistivity. The dynamics exhibits a long exponen
mode sites to release the required magnetic energy to explafial growth time ending with a nonlinear, faster than linear
substorms. The ion tearing mode sites will be of the order oPonential growth pulse that saturates into a coherent monli
a few. The electron modes grow very fast on the time scale of&' Structure. Typically 50-60% of the initial magnetic rgye

seconds whereas the ion tearing modes require minutes. 1S redistributed into the sum of the parallel and perperidicu
flow energies and the electron thermal pressure by the recon-
3.1. lon Scale Tearing Modes nection pulse.

Tearing models occurring on the ion gyroradius scale are ' "€ Simplest electron tearing mode dynamics occurs when
difficult to analyze theoretically due to fast bounce motign Pl@sma flow is almost incompressible. This occurs when there
electrons with period — j'st ds /vy (e, u, 5) that yields an in- is a guide fieldB,. The small flow compression comes from

— St b ?

; the polarization drift of the ions and is given by/ /ot where
tegral response for the perturbed plasma deisitgnd current U=V2éwith E = ~VéandB = § x Vi) + B,§. The

fgltlen }hlg Ici)\?etnegrlng dynamics. The ion tearing mode grOWthvorticity U grows to feed plasma into the reconnection layer.
V1S9 y The compressional Alfvén wave propagates drops out of the
2\ A/ 3 dynamics in this regime owing to its higher frequency and dif
vE = kv <C_2> ZE = Wero <&) , (3) ferentpolarization. The plasmais described in an eleettalt
vi ) L L, fluid limit by the following two field equations

wherew.,, = eB,/m; = 2rad/s for B, = 20nT lobe OF

field. When the current sheet thickness exceeds- 3p;, the  —— 4 (¢ F] = p2[U, 4] 7)
grow;h rate is too §IOW to _play a rqle in the substorm dynam|csg(t]
Using the quasineutrality condition [28] o YU = [ ®)
0L+ i = 0 4
T, "0 = (4)  whereJ = —V2y,F =¢y+d>J, U = V2 ¢, and the Poisson

_ . . _ bracket is defined byy, F| = y - V¢ x VF. All quantit-
and integrating over velocity space the trapped and trabsie ies are dimensionless(this will be fixed with the proper dime
contribution to the total perturbed electron distributioelds  sions). The distance is normalized by the system gizand

the perturbed electron density time is normalized by Alfvén time scaley, = L./va where
ed on the Alfvén velocityvqs = \/B?/2uop. Also two dimension-

1 = (K ne > —ne) LyZeq (5) less parameterd. and p, are the electron skin depify =
T. o4 (¢/wpe)/ L and the ion sound gyro radiys = (cs/wei)/ L.

where the vector potential contribution teidn, /6A)5 A, is The computation has been done with

given in detail in [29]. ¥ = Spm®ma(t)exp(inz + imez) 9)

The key point is to include the contribution of the perturbed . ;
density over the long flux tube where the small pitch angle? = En,m@m,n () exp(inz + imex) (10)
electrons make long excursions toward the ionospherei-Pre\yheren, m are integerss = L. /L, is an aspect ratio of the
ous simulations in [5] and [25] may not have included suffi-system. The initial profile are the unstable current shiggt

ciently long flux tubes to capture this physics. with small perturbations)s ; ande, 1, that is,
3.2. Electron Scale Tearing Modes ¥(0) = cosz+ d1pcos(4z) cos(ex)
The latest developments on the electron-scale magnetic re5(0) = Jd¢sin(4z)sin(ex).
connection (MR) modes are given in [1] and [23]. The im-
pulsive reconnection model of Bhattacharjee has the fisle-l ~ 1he electron model conserves the total energy of electrons
breaking mechanism of electron inertial given by finite= a}nd the magnetic field. The energy formula and the conserva-
¢/wpe. Therefore, it is necessary to use the generalized Ohm*40n law are given by
Law dEyot d
% @ (Ep+ E| + Epxs + Ep)

2o dJ e JxB 1d
EtvxB- 0t Vo JXB ., (6) = 5 [ dedl(Ve)? + (V)

wpe dt ne ne

+(Ve)* +pi(V?9)*] =0 (11)

whereE is the electric field B is the magnetic fieldy is the
plasma flow velocityg is the speed of lightJ is the current whereEp is magnetic energyy is electron parallel flow en-
density,p. is the electron pressure,, is the electron plasma ergy, Er. 5 is the electron perpendicular flow energy afigl
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is the electron thermal energy. As shown in Fig. (1), there
are four transfers between the different energy components ‘ ‘
The magnetic energlfz and the electron parallel flow energy — AE

clw L =02, p/L_=0.1, (L,L)=(20,40)Ttc/w
pe z s z FAND'S pe

N
o

E are transfered back and forth to the thermal endrgyy Ngo 15 ___AE
thermal interaction< v, V| p. >. And the energiesiyz and N ol Eg@ =187
E, are transfered back and forth to the perpendicular flow en- o .

o st

ergy Erx g by the electric interactior: j; V¢ >.

The energy change relevant to thel/, 4> and.J are shown 80 90
in Fig. (2), During the process, almost 60% of the magnetic
energy is released and About 30% of the released energy is

transfered to the ion thermal energy. The simulation box is —~ 1(2) - EEXB
207 ¢/wpe X 407 ¢/wp. and the unitof energy iBy = B2L2/2u, & s} mm
which for 10 nT reversed field overla, = 10 ¢/wp. = 100km e S\ N\A
is 2.5 x 10°J/Rg. In the upper panel, we see the released E’ ‘21’ M-+ )

magnetic energ\Ep of 12 F;y and the increase of the par- L.

allel flow kinetic energy in the electrons isEj. In the bot- 80 90 100 fit? 120 130 140 150

tom panel the perpendicular flow energy increases fiigt i Ta

and then drops t@ E, while the electron thermal energy con-

tinually increases t6 E,. Energy is conserved by the 12 units Fig- 2. Plot of energy evolution in time fod. = 0.2, ps = 0.1

of released magnetic energy going to 5+2+5 units of paralleith initial mode (k.. k) = 27 (4,0.5)/L.. Almost 60% of

flow, perpendicular flow and thermal plasma energies. Ingermmagnetic energy is released.

of fractional changes this is approximately a 60% decreése o . . -

magnetic energy transformed into 109 B flow, 25% paral- 4. Crossfield Current Drive Instabilities

lel flow and 25% electron thermal energy. The space and time |, the driven reconnection simulations, and other plasma

scales ar@0 c/wp. and60L/v4. In the central plasma sheet speet instabilities including the firehose instabilityven by

these scales are typically 100 km and 1 min. the bursty bulk flows ([13, 14] and [12]), the gradient of the

magnetic field is locally very large and the associated deift

locity vq = j/en. > v; = +/T;/m; locally. This condition

@ when satisfied over a region of sufficient volume gives rise to
the crossfield current driven instabilities called CCI. lamd

his collaborators [19, 20, 21] have worked out many details

of the CCl instabilities and have shown them to be capable of

producing a turbulent resistivity that increases the letadtric

field in proportional to the level of these fluctuations. [@jikles

a review of these instabilities and their effects on the ents

in the plasma connected to the regions of auroral brighggnin

S

PR . . . A
U”@‘i The Geotail space data in this region of 1013 shows strong
A magnetic field fluctuations as shown for five substorms in de-
Fig. 1. Diagram of the energy transfer among magnetic energy tail in [27].
Eg, perpendicular kinetic energi s« 5, parallel kinetic energy
E and electron thermal energy,. 5. Conclusion

Thus we see there are three classes of kinetic instabilities
that can be associated with substorm expansion phases. The

. . most widely used instabilities are the pressure gradianedr
3.3. Global Driven Reconnection Model ballooning interchange mode in the near Earth transitiosal
t gion between the dipole field and the inner edge of the central
plasma sheet. Transient conditions of either sharply asing
or decreasing convection electric field from the interptane
magnetic and electric field create the steep Earthwardymess

The solutions described above are for local instabilityhef
current sheet with the growth rate driven by the gradienhef t
current densitydj, /diy. The wave functions are localized at
the current sheet dropping off to negligible values in theelo

conditions. In the global solution the boundary conditians pro :
changed to be those given on the upper and lower magnetdivided by the geometric mean of the plasma pressure scale
pause with mixed values 6f) andddi/dz atz = + H. These engthL, qnd t.he chal rad_|us .Of magnetic curvature.

are called driven reconnection solutions and are used in [9& In the midtail region, which is stable to the ballooning mte

and [10]. These global solutions are those that are created £2n9€ mode owing to the high local plasma pressure, the first
the driven reconnection simulations of [26] and [2]. Instability to be excited is the ion scale tearing mode. Tre i

tearing mode occurs when the current gradient scale leihgth
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is sufficiently short estimated here as three ion gyroradie 8.

lobe field B,y andB,,/ B¢ < 0.1. The mode produces a large
magnetic island but grows slowly with the growth rate divlde

by the lobe cyclotron frequency proportional to the thireveo 9.

Of pi/Lza that is’ymam/wci ~ (pi/Lz)3-

When local current filaments of size less than the protori0.

gyroradius are present then the electron scale tearing mode

driven unstable. The electron tearing mode grows very hapid 11.

with time scales of seconds but the magnetic islands ard smal
scaling with the electron collisionless skin depthwhich is
tens of kilometers.

We show a simulation for these small scale tearing modes
that gives a conversion of 60% of the magnetic energy into

electron thermal energy and electron parallel and perpendi 13.

lar flow energies. There would be a high mode dengtty of
the electron tearing modes, and they are not restrictedeto th

symmetry plane of the geomagnetic tail but can occur locallyi4.

wherever the local gradient of the current densify/dz is

sufficiently strong. On the dayside magnetopause [22] showss.

evidence for a high density of electron reconnection sites.

Finally, the current density itself, without a gradientnca 16.

produce a high frequency kinetic instabilities that prostur-

bulent scattering of the electrons that create an anomadsus  17.

istivity. There is a wide variety of these instabilities ttypo
under the name of CCI (crossfield current instabilities)eas r

viewed by [18]. It seems likely that all three types of inskab 18,

ities are active in various types and stages of the substgrm d
namics.

With the THEMIS mission and then the MMS mission we
may expect to learn which type of instability is dominant in

various types of substorms and responsible for which effect2g.

such as conversion of magnetic energy to various forms of ion
and electron energies.
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