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Bursty bulk flows increase the parallel pressure faster than the perpendicular pressure in the high-
B central plasma sheet driving the firehose instabj8y Ji and R. A. Wolf, J. Geophys. Re$08,

1191 (2003; 30, 2242 (2003]. A nonlinear partial differential equation is derived and an
initial-value code developed to investigate the firehose anisotropy-driven turbulence in the Earth’s
geotail. It is essential to include dispersive ion kinetic effects in order to limit the range of linearly
unstable parallel wave numbers and to achieve a stationary nonlinear turbulent state. The nonlinear
dynamics of the firehose instability provides a possible explanation for ultralow-frequency Pi-2
fluctuations associated with bursty bulk flows and substorm20@ American Institute of Physics

[DOI: 10.1063/1.1888786

I. INTRODUCTION field. Due to the rapid shortening of the flux tube length as
the bubble propagates earthward, pressure anisotropy with
In the plasma sheet of the Earth’s geomagnetic tailthe parallel plasma pressure greater than the perpendicular
plasma flows which transport mass, energy, and magnetigressure(P,>P,) is created and maintained by the Fermi
flux earthward appear to be highly variable rather thamgcceleration mechanism as particles are forced to reflect over
steady. These intermittent and variable flows are particularlghorter and shorter path lengths along the field line. Growth
prevalent during periods of substorm activi@rising from  of magnetic perturbations was attributed to the firehose in-
the distortions of the Earth’s magnetosphere by periods ofiapility, with linear growth rates proportional to the parallel
southward pointing interplanetary magnetic fields and enyaye number as predicted by the linearized CGL equations.
hanced solar wind velocitigsand they are referred to as owever, it is not possible to follow the time evolution of
“bursty bulk flows” (BBFs). the instabilities into the nonlinear regime due to dominance
Chen and Wolf have proposed that these BBFs are duéyt gnort wavelength modes of the order of grid scale lengths.
to the formation and earthward acceleration of UNderpOPUrpig hreakdown is due to the exclusion of dispersive kinetic
Iated_flux twbes called bu_bbles. A I_|kely mecha_msm for the effects in their numerical simulation. Dispersive kinetic ef-
crf—:-atlon of such bubbles IS magnetic reconnection across tr}SCts limit the domain of unstable parallel wave numbers for
thin current sheet sgparatlng the northern apd_southern lob e firehose instability, and this dispersion will strongly af-
pf. t.he Earth's geotail. The pla§ma pressure inside a bubble Rct the evolution of the instability into the nonlinear regime.
initially .'°W.er than_that 9f neighboring flux tubes_, but the In this work, we discuss the nonlinear evolution of fire-
g?:ﬁtn itflc,[:llsIfokzl?:ggg;é?icorslirstz?;;;eaoezrspsi?gI%l’lelatrh%ra_hose instabilities in a mirror geometry with the inclusion of

same as in the surrounding medium. The stronger magne,“céispersive effects. We do not attempt to simulate the motion

tension force of the curved field lines inside the bubble is noOf a filament of flux tubes through a background medium.

longer in balance with the perpendicular gradient of the tota|"Ste@d: we focus on the derivation and simulation of a non-
pressure, and the bubble is accelerated earthwards. Chen ar partial differential equation for the firehose instability
Wolf use,d the magnetohydrodynam(®IHD) equations for which enables us to predict a nonlinear spectrum of magnetic
plasmas with isotropic pressure to numerically simulate th@€rturbations generated by firehose instabilities. We investi-
dynamics of a bubble moving through a two-dimensionalg_‘"‘te the pos§|bll|ty that firehose instabilities may be respon-
(2D) equilibrium plasma model of the Earth’s geomagnetics'ble for the irregular burs.ts of uItra_Iow—frequency electro-
tail. The characteristics of the simulated bubble seem to bg1agnetic waves called Pi-2 pulsations in the 2-25 mHz
qualitatively consistent with most of the measured propertie9@nd. The Pi-2 pulsations are observed in the geomagnetic
of BBFs. tail during the substorm growth phase, a period characterized
Ji and Wol?® repeated the bubble simulation of Chen Py enhanced plasma convection and bursty bulk figWs.
and Wolf using the anisotropic MHD equations of Chew, In Sec. Il, we discuss the kinetic dispersion relation for
Goldberger, and LowCGL).* Turbulent magnetic perturba- the low-frequency right-hand circularly polarized electro-

tions were observed propagating parallel to the magnetigiagnetic wave propagating in a uniform plasma parallel to
the equilibrium homogeneous magnetic field. We derive the

Paper RI2 5, Bull. Am. Phys. S0d9, 327 (2004. !ocal fluid Iim?t of the firehose_disperfsio_n relation with the
Pnvited speaker. inclusion of dispersive effects in the limit of small tempera-
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differential equation for the firehose instability in a mirror dfﬁ, (2)
geometry, starting from the Chew—-Goldberger—Low equa- -

tions for a plasma with anisotropic pressure. In numericalyith |m(q)>0.

simulations of plasma instabilities, it is necessary to dissipate  Assuming isotropic cold electrons Witfie=T,o=Te, @
the energy at short wavelengths with scale lengths of thc=<|Qe|, and|ag> 1, we have

order of grid dimensions, and in Sec. IV we discuss the

ture anisotropy. In Sec. Ill, we derive the nonlinear partial | <1>1/2J°° exp(- &)
Z(a)=|—

modifications of the nonlinear firehose partial differential wzge Z(a) = - wﬁe B wge B w22i
equation introduced by plasma resistivity, plasma viscosity, ok, ae) = o(w=1Qd)  0Qd o’

and plasma dispersive effects. In Sec. V we discuss the nu- _ ' _ _
merical simulations. We describe the numerical method an@nd the dispersion relation can be written as follows:

we present results for three different types of Alfvén turbu- 2 2

lence driven by the firehose instability in a mirror geometry QUi _ K\ZP'Z + Igi(ﬁ -1 +h)

modeling the Earth’s geotail. We find that the nonlinear ~ 7c’ ' O Tii

firehose-driven fluctuations have a rich frequency and paral- Bi T, w

lel wavelength spectrum and that the value of the local non- " ko 1- ?<1 + 6) Z(a;) =0, Q)
linear firehose stability parameteft) fluctuates, with short- 1Pi i '

lived excursions into the unstable domaitit) <0. In Sec.  \herep,=v;/; and B3,;=8mNyT,;/B2.

VI, we compare the substorm-associated Pi-2 fluctuations Thjs dispersion relation predicts instability for tempera-

and the turbulent fluctuations generated by the numerical cajyre anisotropy of either sigrf(T,i/T,)-1]?#0. From a

culations. In Sec. VI, we summarize our conclusions. Nyquist analysis of the dispersion relation, we obtain the
following instability criterion which places an upper limit on
the magnitude ok:

Il. LINEAR DISPERSION RELATION V2 BT\ T 2
(—'+—" i')(—'—l) > kep?. (4)

In this section, we discuss the firehose dispersion rela- c? Ty T,
tion for parallel propagation in a uniform magnetic field. We
consider the equilibrium magnetic fieRBh=B,Z to be in the
z direction and the equilibrium distribution functids, to be

bi-Maxwellian:

Typically vf/cz< 1=<p,;T,i/T;;, and we will ignore terms
proportional tov?/c?.
In the case of small temperature anisotropy and modest

values of plasmaB, where 1> (BT i/ T)|[(T;i/T ) - 1]
m m\¥2 _ o > (BT i/ T)(T/T,)—-1]% the unstable parallel wave
Fo=Noy——| 5| em™ilemih, b akp? < 1. The instability is due t

20T, \ 24T, numbers are smalp < 1. The instability is due to resonan

particle interactions, and the unstable growth raie small,

with equilibrium densityN,, parallel temperaturg,, and per-  with y<w.

pendicular temperaturg, . However, in the case of small anisotropy-1(T;/T ;)
The perturbed electromagnetic fieldSE and 6B, are  —1]>0 with the parallel temperaturg; exceeding the per-
taken to be of the form pendicular temperaturel |;, and large plasma betg,
. ) Bi T il 2T;[(T/ T ))—1]>1, the character of the instability
OE = o explikiz—iwt) +c.C.; is transformed from a resonant particle instability into a flu-

. _ . _ idlike instability involving the velocity moments of the equi-
0B =B explikiz—iwt) +c.c.,with 5E and 6B perpendicu-  |ibrium distribution function. The dispersion relation given

lar to By, 6B=kc/ wz X 6E, wherew is the mode frequency by Eq.(3) can then, in the limit ofv/Q; <1 andkp, <1, be
andk; the parallel wave number. approximated by

Parallel propagating electromagnetic waves can be sepa-
rated into right- and left-hand circularly polarized waves. 2_ @2l q Bii ( _h)
: . . . : . w iVal 1+ 2
The dispersion relation for the right-hand circularly polarized QO 2 Tii
wave is given by Stikand Gary’

K2VAR, T, 2
@ Gadf( T A2 )0 ©
‘_2:1_2_5 (1—#>[l+a2(a)] lli Nl
@ @ I where the functiorZ(«) in Eq. (3) is replaced by its large
o m\¥? argument asymptotic expansidf(a) ——(1/a)-[1/(2a°%)]
- ;u 2_-|-H Z(a) @) —---. This is the dispersion relation for the unstable firehose

mode, unstable whefil—(T ;/T;)—(2/8,;)]1>0. In this do-
where the summation is over ions and electrons. For the iongnain of parameter space, the instability is fluidlike in char-
we havea=(w+();)/kv; and for the electrons we hawe  acter.
=(w=|Q¢)/ ke The ion and electron thermal velocities are Note that, in Eq.(5), the linear dispersive term im is
defined by v;=(2T,;/m)*¥? and v,=(2T./my)*? and the ignorable for small wave numbers whekg;~|w/Q| <1,
plasma dispersion functiofi(«) is defined by and the growth rate is proportional kp However, at larger
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wave numbers wherép,~ |w/Q;|¥?<1, this dispersive We do not couple the dynamics to the double adiabatic
term is no longer ignorable and the growth rate attains it<CGL pressure equations. We are interested in scenarios in
maximum value. which Pj—P, >0 remains fixed as the firehose instability

The maximum growth rate is given by evolves, reflecting the presence of an energy source that pre-

vents relaxation of the difference between the parallel and

[O) _ . TLi 2 TLi 2 .

—=(1+)|1-—-— 2-—+— perpendicular pressures.

& Ti Bi Ti Bi Let us use the subscript “0” to denote equilibrium quan-
at wave numbek;,, where tities and let the magnetic fielB, of a 2D geotail plasma

i equilibrium be represented as follows:
Kop, = (1_2_2)1 (2_h+£>
P i Bi Ty Bil Bo= Vy(x2 D Vy, (@)

Mode damping due to ion wave-particle resonance igvhere ¢ is a flux function which labels the magnetic flux
exponentially small except at large parallel wave numbersurfaces.
with kyp; ~ 1. Wave-particle resonances lead to progressively ~We introduce orthogonal curvilinear coordinaigsy, x,
larger velocity space gradients in the particle distributionwhere(,y) label a given field line and the third variabje
function, gradients which are eventually limited by particleis the field line coordinate. Note th&®; -V ®;=g;, where
collisions and microscale turbulence. In numerical investiga®1= ¢, ®,=y, ®3=yx, and§; is the Kronecker delta. The set
tions of ion-acoustic waves and the ion temperature gradierif vectorsdr /dy, drldy, or [ dy is reciprocal to the seVy,
instability, ion Landau damping is represented by an integraVy, Vx, and we haveV®;-dr/od;=4;. The equilibrium
operator. This nonlocal damping occurs throughout ithe magnetic field can then be expressed Bg=V X Vy
spectrum and represents a dissipative closure of the diverJdr/dyx, where 7=V X Vy-V y=B,-V x.
gence of the parallel thermal flux. In the numerical simula- In  plasma equilibria  with P, =Pg,(,Bg), P,
tions presented here, it will suffice to dissipate the energy irF Pg(#,Bo), the parallel component of the force in E@) is
short wavelength fluctuatiori&p; > 1) of the order of “grid”

scale lengths by the introduction of plasma resistivity and  —p,,. Vm Po. —>by- VB
viscosity, modeled by differential operatdisee Sec. IY Bo 0
1(0Py Py, —P
:__<_0”+M)bo'VBo (8)
By \ 9By By

Ill. ANISOTROPIC MHD MODE IN MIRROR ) ) ) ) )
GEOMETRY and it vanishes identically for a two-temperature Maxwellian

phase space distribution function. The unit magnetic field
In this section, we discuss the derivation of a nonlinearwector is denoted byp,=B,/By.
partial differential equation for the firehose mode in a two- The equilibrium pressure balance equation in the perpen-
dimentional(2D) high-pressure plasma equilibrium model of dicular direction is
the Earth’s geotail.
The starting point is the hydromagnetic fluid equation of bo X V Py, + 1 bo <V Bo
(CGL),

v 1 B3
p<—+V'VV):_V'P+_J><B. (6) :<_O+P0l_Po)b0><K0. (9)
ot c A7

The plasma pressur@ is a dyadic given byP=P (I-bb)  wherex,=b,- Vb is the field line curvature.

+P bb, wherel is the unit dyadicb is the unit vector in the We assume zero perturbed parallel electric field typically

direction of the magnetic field®, and P, and P, are the  small when the electron temperature is low and the electrons
perpendicular and parallel pressure components, respegan respond to short out the parallel electric field perturba-

tively. tions.
Note that Let the perturbed fields of the firehose mode be ex-
(P-P,) (P-P)) pressed in terms of the perturbed vector potenifal
V.P=VP +BB - V—— ~B.VB
B B SA=SA () VY, (10)
and that where the mode is considered to be plane polaritedim-
(P,=P)) plify the angly_si$ and th_e mode propag.ates in th_e direction
V.-P- ‘J XB=VP, +BB-V e of the equilibrium field linegso thatdA, is a function only
of y andt).
1 (P-P) The perturbed electric and magnetic fieldg and 5B,
¥ (477 B? BX(VxB) are then given by
(PH P, _ B? 136A,
V. SE=-=-—"TVy, 11
B? 2 c ot VY (1)
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d A JSA, or (1 (P=P.)\JasA
B=VOA=—TVyOVy=-J——. (12 :JB%—(——( : zi))—z Yt (19
ax dx Y dx\4m B By dx
Thus, for the total magnetic fiel, we have The perturbations vary predominantly along the field line
and perpendicular gradients can be ignored.
ar  doA, ar Finally, we have the relevant nonlinear firehose equation
B=Bo+oB=J| ~ [7—) 4 a
X dx 9y PSA :£821(1_4W(P|—PL)>£55A3, 19
:J{<ﬁ—r-ﬁ—r)VX P o " ar %9x B2 B3 dx '
X Ix where the total field magnitud@quilibrium plus perturbed
doA, [ ar or is qgi
- _2(7 (Iﬂ . Iﬂ) } (13) is given by
X T 06A,\?
B2=B3+ —2(—Y> . (20)
where the second expression is an alternative representation Bo\ dx

of B in terms of basis vectorS ¢, Vy, andVy.
For VOB we have

9 B2 a T 9oA
VXB={——=2(VyX Vy-)—5——
T dx By dx

Having completed the vector calculus calculation using
the orthogonal coordinatdg),y, x), we revert to the usual
distance measured along the field lisres(y, 1) coordinate,
to replace the field line coordinape Then, in a given flux

X tube with ¢ constant, we have (J/Boy)ddA,/dx
=doA(s, )/ s and the magnetic field magnitude is given by

X Vi (19 B2=B2(s, y) +[d0A(s, )/ IS]2
EvaluatingB X (V X B), we obtain In Sec. II, we discussed the dispersion relation for par-
allel propagating circularly polarized modes in a uniform
9 BS 9 T aSA homogeneous plasma. The mode amplitude &8,
B X (VXB)=7T (——) (——2—2) =0Axi oA, (with 5A,=0, 5A_+ 0 for a right-hand circularly
wJI IxBy Ix polarized modg and the square of the perturbed magnetic
aoA) [ 9 B2 field magnitude i$95A. /32, In a dipole field configuration,
o (7_1#»_7 VX it is typically the case that the parallel wavelengths of the
perturbations are less than the scale length of the variation of
d T IsA, the equilibrium magnetic field along the field lifisee Sec.
+ ;(Eg ax Vx (195 V] and in this limit, the generalization of E¢L9) to a cir-

o . ~cularly polarized mode is achieved as follows: the mode am-
The plasma velocity is approximated by the electric plitude 5A, is replaced bysA=8A_ and the square of the

drift velocity, magnetic field magnituds? by B?=B3+|d5.A/ ds]?.
Note the presence in Eql9) of the firehose stability
C 1 96A i
V= OE X byt = - = Yy, (16) parametetr defined by
Bo B3 dt A

o=[1- > 5 |
where nonlinearities in the plasma inertia response and the 1 +£ 904
mass density modulatiofp associated with coupling to par- Bé Js
allel acoustic waves are ignored.

Taking theV ¢ component of the CGL momentum equa- where the firehose anisotropy parameeis given by

tion, we obtain A 47(P-P,)
= B2
& OA 1 _
-2+ V-V P+ ZTB X(VXB)(=0, (17  \ye have assumed th&y—P, >0 remains constant, and the

ot?
nonlinearity in Eq(19) manifests itself through the square of

where, keeping only the perturbed quantities and neglectin§'e total magnetic f'e.“BZ- .

al oy derivatives of the perturbed fields, The firehose anisotropy parameter is assumed to be

greater than unityA>1. Thus, in a uniform homogeneous

1 plasma,o<<0 for negligibly small magnetic field perturba-
Vi- {V P+ —B X (VX B)] tions and the firehose mode is unstable. However, as the
4 magnetic field perturbations grow in amplitude, the value of
(P-P)) o approaches and eventually exceeds zero and linear wave
=Vy-BB-V B2 growth is significantly modified.
In a dipole equilibriume is typically positive except at
+ (i _ (P~ Pi)) VB X(VXB)+: the “equatorial plane” where the magnetic field attains its
A7 B? minimum value. With boundary conditiofA(s=+L)=0 at

Downloaded 25 Aug 2006 to 128.83.179.119. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



056502-5 Nonlinear evolution of the firehose instability... Phys. Plasmas 12, 056502 (2005)

the ends of the field line, the linear eigenmodes are discrete, p FPOA By d { o I6A . Ust iy PSA
and thg number of unst_able ques will dep_e_nd on the extgnt B(z) a2 dmds By s By, dtds
of the field line over which the firehose stability parameter is
negativec<0. The most unstable mode is the odd parity 19 o, d 13d6A
mode, withd.A(s) antisymmetric ins and the magnetic field T Byas A %sB, ds
perturbation a maximum at the equatorial plane. In Sec. V, )
we describe the numerical simulation of Efj9), and as will ~ Whereus=n+u, ws=nu and v={(1+(B;i/2))/ Qijso is the
be seen the nonlinear evolution of the firehose instability in £0efficient of the dispersive term described in Sec. Il As will
dipole field will depend on the proximity of the equilibrium be seen in Sec. IV, the form of E(3) allows us to derive

to the marginally stable state. an energy equation which is used to monitor the accuracy of

Let us now discuss the modifications to Eg9) intro-  the numerical simulations. N
duced by resistive and viscous dissipations as well as kinetic e impose the boundary conditiatd(s=+L)=0 at the

(23

dispersion. ends of the field lines= =L, implying that we are modeling
the ionosphere or low altitudéhigh B field) region as a

IV. FIREHOSE PDE MODIFIED BY DISSIPATION AND boundary with perfect energy reflection.

DISPERSION The viscosity and resistivity used to absorb the energy

on the subgrid scale turbulence may be thought of as a proxy

I this section, we modify the nonlinear firehose equa-oy the effect of the high frequenay~ wp; lower hybrid drift
tion [Eq. (30)] by including the effects of1) plasma resis- (| ypj) wave turbulence seen in the flow bursté/hen no

tivity and viscosity which dissipates the energy in short,;scqys resistive dissipation is included the cross-field cur-
wavelength turbulence generated by the firehose instabilityent gensity in the large scale Alfvénic fluctuations exceeds
and (2) mode dispersive effects due to ion kinetics as detne threshold for the current driven lower hybrid modes of
scribed in Sec. |I. Hubaet all®* This LHDI turbulence is clearly a candidate
_From Ohm's law, Eq(16) for the perturbed plasma ve- 4 produce the dissipation used in modeling the subgrid scale
locity is modified in a resistive plasma as follows: dissipation given by the viscosity and resistivity in the simu-
fo _ lation model developed here. To include the coupling of the
B—0(5E— 76J) X by LHDI to the firehose Alfvén turbulence will require new
multiscale simulation codes.

V=

__1(85Ay_?0280ii35Ay)V_1// (21)
T B\ at 47 9sBy ds ) By’
. V. ENERGY CONSERVATION
where 7 is the plasma resistivity. . ) ) )
Similarly, plasma viscosity: is included by introducing In this section, we derive the equation for energy con-
an additional term to the force balance equatién. (6)], ~ Se€rvation. X _ _
with pav/at changed to Multiplying Eq. (23) by d6A"/ét and integrating the re-
_ sulting equation over a field line, we obtain
N wdla_, . )
p— - ————Bjv. (22) “dsddA’) p PAA By 3| o d6A
ot BgdsBgds —_— { B VN I
o . _ o By dt | BZ o> Amas| By ds
We find it convenient to parametrize the resistivigyand
viscosity u as follows: +'“3+i’”925“4_ii V2B iiﬂéfl} B
o B B, dtds Byas * A °3sB, ds
= = V 1 . . .
A 477p77 A The complex conjugate of the above equation is
g [T PR,
NZZT:“:PVA/—L- By ot [By at? 4Amds| By ds
wheren» and u are parameters which have the dimension of i 2 iv* oA _ iﬁﬂ V2B iiMA } -0
time. By, dtds Byas * A P3sB, ds

Then, substituting Bq21) for v we have Summing these equations and integrating by parts with

v Eiii " _{ £¢925AII . &i{ n+ ,uazéA:z the boundary conditiod@A(s=+L)=0, we obtain the follow-

P ot BydsByds ° B BZ o> 4mds| B, dtds ing equation for energy conservation:
d
- iiwvisoﬁi%} vy W+ We = W + Wi = =Py, (24)
By ds 3sBy ds t

Thus, including plasma resistivity and viscosity as de-Where the magneFic enerdds and kinetic energy\ are
scribed above, and also dispersive effects described by Ef€fined as follows:

(5), we modify Eq.(19) to obtain the final form of the non- ~ 1f ds p | 96A 2 f ds 25

By’
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0.008 — ' ' ' —
i 5=0.01, fra=10-3 ]
0.006 - / —
i / ] FIG. 1. Plots of saturatedj as func-
| R R | tions of equatorialAy—1 for different
£ 5004 P2 v=0.03, f4=10"° ] v and fi. In all simulations, the
L / _ plasma pressure, , magngtlc fieldBy,
L . . _ and number of grid points are the
L / v=0.03, fy=10"* 4 same in cases 1, 2, and 3, as given in
0.002— / — Table I.
o000l . . ! . /VV R
0.00 0.05 0.10 0.15 0.20
e ds| 264 /f ds . VI. NUMERICAL SIMULATIONS
B~
8 BO s The nonlinear partial differential equation for the fire-
. i hose mode is solved as an initial value problem by using the
and the quantitie®Vp, Wy, andPy, are defined by Runge—Kutta fourth-order method. The equilibrium magnetic
field is taken to be that of the simple finite dipolelil@
1 5A equilibrium field model given by Chaet al,*? recognizing,

We = 87TJ 5 ABIn J (27) however, that this field model is not consistent with a hg)h-
plasma. We do not expect our results to be sensitive to the
specific details of the field line variation of the dipole mag-

B ds  o|l, 91 &&4 netic field magnitude. The mirror ratio is controlled by the

W= 8 B_O’M4 A asB0 o5 f (28) maximum value of the length of the magnetic field line. All
s derivatives are determined by a cubic spline interpolation
on a grid with spacing\s=L/N andN=129.

ds 025,4 The key dimensionless physical parameters are the an-
Py= A otas f (29 isotropy factor A0:47-r(p”—pl)/B,21, the plasma betag,

:87-rpH/Bﬁ, and the dispersion parameterVya/Lv, where
Note thatWB, Wy, Wy, andPy, are positive definite, and B =B,(s=0) andVos=Va(s=0).

Wp is positive for anisotropic plasma pressures wgh We choose plasma parameters characteristic of flux tubes

>p,. Wprepresents the energy source driving the firehosgocated at a radius oR=12Rc. At the quatorial plane, we

instability, while Py is the energy damping rate due to resis-take the Alfvén speed to b¥,=500 km/s,T;/T ;=1.44,

tivity and viscosity. and B,;=7.2, so that the anisotropy parameteAjs=1.1.

The boundary conditio®A(s=+L)=0 implies that we As mentioned earlier, we find it necessary to keep finite
are modeling the ionosphere or low altitufiigh B field)  hyperviscosity(f,= (Voa/L)us>0) in order to control the
region as a boundary with perfect energy reflection. nonlinear buildup of fluctuation energy on the grid scale dur-

We monitor Eq.(24) as an estimate of the accuracy of ing the extended nonlinear phase of the time evolution.
the linear and nonlinear simulations. Figure 1 shows plots oSimulations withi,=0 have the problem that energy conser-
the energyWg=~ (8B /2), /B?~ (As/L)(B% /2),s/B? as a vation, as determined by E@4), is not satisfied in the ex-
function of A andv for the simulations described in Sec. VII, tended nonlinear phase of the simulation due to the accumu-

where(), is a flux tube average of lengtrandAs is the full  lation of fluctuation energy on the grid scale.

width scale length at half-maximum @B, (s). Thus we can In Table I, we list the magnitude of the parametgisnd
estimate the turbulence magmtude at the central part of thg, for three different simulations. In Fig. 1 we summarize
field line aséB, ¢/ By —(L/As)l’Z\"ZW the magnetic energy in Alfvén-type fluctuations for the three

TABLE |. Parameters for three simulation cases.

Case Type Ag—1 B % R NAX s Wg

1 Solitonlike 0.1 5.0 0.03 3 129 1  (0.58+0.43x10°°
2 Weak turbulence 0.1 5.0 0.03 12 129 30 (1.82+0.45x10°3
3 Strong turbulence 0.1 5.0 0.01 12 129 10 (3.74+0.52x10°3
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% i w 2.0F E FIG. 2. Most unstable eigenmode in
<~ £1.5F E the linear stage of the simulation for
::25 = .. : 2 6g* st 3 the soliton bursts, case 1. As in Figs. 5
-60 -40 -20 O 20 40 60 -60 -40 -20 O 20 40 60 and 8,(@) is the most unstable eigen-
6(lotitude in degree) 8(latitude in degree) mode8A=5A/(B,L), (b) the local an-
gular frequency (solid line and
(c) (d) growth rate(dotted ling of the most
r 1.0F E unstable mode(c) the absolute value
o 1.0F E 0.8 E of the parallel wave number spectrum
© 0.8 E 0.6 3 of the eigenmode, and) the linear
Z06" 1 ® 0.4F E firehose parameter as a function of
3(, 041 ] 020 3 )
< 0.2 £ —8:(2) E ~ -
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cases as a function of the anisotropy drive paraméigr to beky L =20, i.e., kpnaAL=KnalAL/L ~27. A similar

—1). Increasing the dispersion parameiereduces the tur- result will also be seen later in Figs. 5 and 8.

bulence levels by one-half, as shown in Table I. In Figs. 2-10 Figure 3a) shows the time dependence 6B(s=0,t)

we present the detailed results of the numerical simulations:|55,4/s|, after saturation of linear wave growth. The
saturation amplitude is=éB/B,~0.07. In the nonlinear

A. Case 1. Soliton behavior stage, there are periodic bursts of low-amplitude fluctuations
In case 1, with»=0.03 andu,=10% the equilibrium at approximately every 35 min. Each burst lasts about 20
state is close to marginal stability. min, with four cycles oféB in each burst. The frequency

Figure 2 displays the most unstable eigenmode as gpectrum is a band of frequencies of widsH/f~ 0.5, cen-
function of latitude ¢=(wrs/2L) in panel (a), its real fre-  tered atf ~3.5-4 mHz, as shown in Fig(13.
quency(solid line) and growth ratédotted ling in panel(b), The time evolution of the instability exhibits a soliton-
and its wave number spectrum in parel like behavior. Note that the wave number spectrum of the
The magmtude of.the firehose staplhty parameteas a unstable eigenmodesee Fig. )] is narrow. A coherent un-
function of @ is plotted in pane(d). The firehose parameter .
) . o . . stable mode grows and saturates at a low amplitude. There-
is negative only within a small central range of the field line, o )
after, the mode decays and returns to its initial state where it

AL/L=0.1. Free energy from this range @< 0 excites the | i the I . q in f d
firehose instability locally, which then propagates along thémgers until the linear eigenmode cgn again form and grow,
and the cycle of growth and decay is repeated.

whole field line, and thus finally leads to a global firehose . :
mode. In Fig. 4, we plot the time dependence of the flux tube
The smallest wavelength component of the eigenmode igveraged energiéd/g, Wp, Wy, andWior. Energy from the

typically of the order of the spatial widthL=0.1L of the  anisotropy sourc&Vp, driving the firehose instability, is con-
region within whicho is negative. This can be seen from verted predominantly into magnetic energys and vice
panel(c) where we estimate the wave number maxinigyy,  versa.

(a) (b)

5

T oAf

]

% 3F

€ 2

BF FIG. 3. Two hours saturated nonlinear

- 0 fluctuations at#=0 in nonlinear stage
180 200 220 240 260 280 300 -15 -10 -5 0 S 10 15 of simulation for the soliton bursts.

Time (min) f{mHz) There are periodic bursts of soliton be-

© havior in (a) 5B:(a/ﬁs)6f4, (c) 6E

T =(-1/c)(d/ )8A, and (d) SA. Panel
> (b) is the turbulent magnetic energy
NE frequency spectrum.
o
X
N -10 ]

180 200 220 240 260 280 300 180 200 220 240 260 280 300

Time {min) Time (min)
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FIG. 4. Time dependence of flux tube averaged eneNigsWi, Wp, and W,y in the nonlinear firehose simulation for the soliton bursts. Exponentially
growing Wy (which cannot be seen in this linear-linear plistin the linear stage far<80 min. There are seven pulses from the solitons separated by 35 min
with a full width at half maximum o3 min.

B. Case 2: Weak turbulence In Fig. 7, we plot the time dependence of the flux tube
averaged energiéd/z, Wp, Wy, and W, Energy from the
g_nisotropy sourc®Vp, driving the firehose instability, is con-

=0.03 is the same as that in case 1, but the dissipation p ted dominantly int " The fi
rameteru,=107° is smaller by an order of magnitude. The verted predominantly Into magnetic en.ergyB.. e Tux
tube averaged fluctuation amplitude is estimated to be

equilibrium is further away from marginal stability, and the —
dissipation and damping of short wave length modes are reéB/BO(O)NO'OG'
duced.

Figure 5 displays the most unstable eigenmode in pan
(a), its frequency in panelb), its wave number spectrum in
panel(c), and the value oé in panel(d). The unstable mode In case 3, the dispersive parameter is reducefi=t6.1
structure is similar to that of Case 1 but the linear growthand the dissipation parameter is the same as that in case 2
rate is larger. =107,

Figure 8a) shows the time dependence 6B(s=0,t) Figure 8 displays the unstable eigenmode in péaehs
=|98A1 4|« after saturation of linear wave growth and Fig. a function of latituded=s/(2L), its real frequencysolid
6(b) the frequency spectrum. The saturation amplitude idine) and growth rate(dotted ling in panel (b), its wave
~06B/B,~0.12, larger than that in case 1. The nonlinearnumber spectrum in panét), and the value ofr in panel
coupling to other modes is no longer ignorable and the non¢d).
linear state is not dominated by a single coherent mode. The The linear growth rate for this case is larger than that in
amplitude fluctuations remain finite withB(s=0) varying case 2, and the equilibrium state is even further away from

In case 2, the magnitude of the dispersive parameter

eé. Case 3: Strong turbulence

approximately sinusoidally. marginal stability.
(a) (b)
6F E g 4.0F
— AF E E 3
T 2f 1 E*
2 of 1 < 30f 3
1% F L) F
= -2F 1 & o5t 3 FIG. 5. Most unstable eigenmode in
w —4rF B E z E the linear stage of the simulation, case
-6L E 2.0t 3 PR ;
2. As in Fig. 2(a) gives the most un-
-60 -40 _29 ° 20 40 60 -60 -40 _2,0 0 20 40 60 stable eigenmode as a function 6f
O(Iotltude n degree) G(Iotltude n degree) (b) gives ioln SA/t along a field
(c) (d) line, (c) gives the absolute value of the
.. 30F E 1.0 ] parallel wave number spectrum of the
2 25} E 0.8F E eigenmode, andd) gives the linear
o 2.0f E 06F E firehose parameter as a function of
x 1.5F 1 © 04f E 0.
8 o
< Tk i -02 ~ ]
-150 -100 -50 O 50 100 150 -60 -40 -20 O 20 40 60
kL B(latitude in degree)
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270 280 290 300 -10 -5 0 5 10 nonlinear fluctuations a#=0 in the
Time (min) f(mHz) nonlinear stage of simulation, case 2.
As in Fig. 2(a) gives the turbulensB,

_ () (@ (b) gives the turbulent magnetic en-
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Figure 9 shows the turbulence for 20 min of constantsB/B,= \s’Z—V\/,3~O.086. The average amplitude in the small
anisotropy drivingA=1.1, at the equator. We see strong tur-rangeAs, within which the firehose instability is driven, is
bulence of the perturbed magnetic figli(s=0,t) with high  larger than the global amplitudéB|B, by =&Bs/B;,
amplitudes in panel(a). The saturation amplitude is =(L/As)Y25B/B,,
~B/B,=13/50, whereB,=50 nT is the magnitude of the
equilibrium field at the equatorial plane. Parib] displays VIl. COMPARISON OF DRIVEN FIREHOSE

the frequency spectrum.
. . . TURBULENCE WITH PI-2 FLUCTUATIONS
The real frequencies in the nonlinear-staee Fig. %)]

are much lower than the real frequency of the linearly un-  Magnetic field fluctuations in the Pi-2 frequency range
stable modésee Fig. 8)]. Thus there is a significant down- 7-30 mHz are routinely observed at and before the start of
ward shift in the real frequency as the instability evolves intomagnetic field dipolarization in substorms. There are appar-

the nonlinear phase. ently three varieties of Pi-2 fluctuations according to Kepko
In panel(c) we see a spiky electric field and in parié) and Kivelsor®® with one type of Pi-2 turbulence well corre-
the Faraday rotation of the displacement vector. lated with the high-speed earthward-flow butst=E,/B,

Figure 10 shows energy conservation during the nonlin=3800-1000 km/s. Such fast earthward plasma flows are ex-
ear firehose simulation. The magnetic enevily grows ex-  pected to drive up the parallel pressure of the ions faster than
ponentially in the linear staget<16 min. Beyond t the perpendicular pressure, producing the firehose
=20 min there are many interacting modes producing thénstability?* Thus, we seek to correlate these particular Pi-2
irregular fluctuations in the saturated nonlinear stage. Figur8uctuations with the nonlinear firehose electromagnetic tur-
10 also gives the flux tube averaged turbulence amplitude dsulence derived here.

0.004 [T T T
0.002— We —

? 0.000 i RIRDRONIIRE % W, wToloI __
g I | ]
] i H ]
- We -
-0.002— —
—0.004_- P R S S R T S T E S S S T B R S T S S ._
0 100 200 300 400

Time (min)
FIG. 7. Time dependence of flux tube averaged eneifigsVy, Wp, andW,y, in the nonlinear firehose simulation, case 2. The magnetic eMgggyrows

exponentially in linear stage up to 70 min and then becomes saturated turbulence in the nonlinear stage. As sam&g=Fig/V4,is much larger thai,
Wt Femains very small, and, is very small and therefore not plotted.
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Sigsbeeet al. show the characteristics of this type of ing both the correlation of the turbulence with the fast earth-
substorm-flow burst Pi-2 turbulence for five substorms fromward flows and the observed characteristics of the electro-
the geotail spacecraft in the region ofRB-13Re. The geo-  magnetic turbulence for these types of Pi-2 oscillations.
tail electric and magnetic data shown in Fig. 3 of Ref. 7 for There appear to be no observations which directly cor-
the April 26, 1995 substorm at 0750UT show broadband Pi-Ze|ate Pi-2 fluctuations with negative values of the firehose
f!uctuations in _the fre_quengy r.anggs 3-30 mHz for dur.a— stability parameter, o=1-A,<0, whereA, is the aniso-
tIOI.’IS Atg 10 min. During th_|s time interval, called the dipo- tropy parameter defined bg,=4(P,~P,)/B2 However,
larization front, the meaB, field decreases from 40 nT to 10 there is evidence of the occurence of negative values i

ggzndl% anreas_t:s fror:m a’BS nT to 20t nt Ior :jhi Aptrll 26, the Earth’s geotail. Kaufmanat al. used one year of one-
substorm with geotaB s magnetometer data atRs3 minute geotail data to analyze the firehose anisotropy param-

near 23:00 MLTMLT—mass-length-timg The earthward eter A, as a function of the plasmg=8mP,/B2 They re-

flow reaches 2000 km/s such thg{=v,B,~50 mV/m at . B )
0754UT where thesB fluctuations reach their maximum ported values fol ranging frqm 0'1. to T1'1235’ with the
values near to zero occurring in the highbins=~ The num-

level. All three components d are spiky, with a turbulent _ ) )
wave form showing perhaps up to 100 spikes in the 15 mirP€" Of data samples in the highbins, 5>30 and 16<
period containing some smaller amplitude noise up to 100~ 30: IS, however, low. For example, in the region n&ar
mHz. The ion cyclotron frequency starts at 600 mHz and™~10Re for |Y|<15R., Kaufmannet al. found 1425 cases
drops to 300 mHZRef. 7, Fig. 4. with 0<A;<<0.25 and 32 cases with<lA;<1.25. They
The |ow_frequency Spectrum iS SUCh thaD/Ql Concluded tha.t even though the Value%ﬁrom the data. iS

~0.03-0.10 and&B/B=~10nT/40nT=0.25. Furthermore, a few tenths, the methodology that was used underestimates
the noisy wave forms reported {iRef. 7, Fig. 3 for B,, B,, ~ the value ofA,.

B,, andE, are similar to those obtained for a 10 min interval  In the firehose simulations, the time scales and magni-
in the simulations shown in our Fig. 9. Thus, we concludetudes of the computed fluctuations are consistent with the
that the nonlinear firehose turbulence is capable of explainmagnetic and electric fluctuation observations reported by

(@) (b)

20 P
] L 20F E
= 10f P~ ]
£ gt o 1.5} E FIG. 9. Twenty minutes of saturated
a 106 ~ 1.0F E nonlinear fluctuations ap=0 in the
- B o5k E nonlinear stage of the simulation. Here
-20¢ E 0.0 E (@) is the turbulent perpendicular mag-
280 285 290 295 300 -10 -5 0 5 10 netic field 5B, (b) is the turbulent mag-
Time {min) f(mHz) netic energy frequency spectrufn) is
the turbulent down-dusk electric field
(9) SE, and(d) gives the realsolid line)
— and imaginary(dotted line parts of
E ‘.\ the turbulent vectorial potentiabA.
> e The magnitudes irta) and (b) are es-
E, X timated based on choosing the field
% < Bo=50 nT atg=0.
280 285 290 295 300 280 285 290 295 300
Time {min) Time (min)
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FIG. 10. Time dependence of flux tube averaged magnetic enggkinetic energyWy, plasma anisotropy energy for firehose modé, and the total
energyW,,y IN energy conservation equation in the nonlinear firehose simulation for the strong turbulence. Thé\¢n@éugyto hyperviscosity is not plotted
because of extreme smallness.
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