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A fluid—kinetic hybrid electron model for electromagnetic simulations of figitgdasmas is
developed based on an expansion of the electron response using the electron—ion mass ratio as a
small parameter(Here B is the ratio of plasma pressure to magnetic pressufee model
accurately recovers low frequency plasma dielectric responses and faithfully preserves nonlinear
kinetic effects (e.g., phase space trappingMaximum numerical efficiency is achieved by
overcoming the electron Courant condition and suppressing high frequency modes. This method is
most useful for nonlinear kineti¢particle-in-cell or Vlasoy simulations of electromagnetic
microturbulence and Alfugic instabilities in magnetized plasmas. Z01 American Institute of
Physics. [DOI: 10.1063/1.1356438

Magnetic fluctuations in magnetized plasmas have been In this work, we develop a fluid—kinetic hybrid electron
shown in linear theories to be key ingredients inmodel for nonlinear kinetic simulations of low frequency
microinstabilitiest drift-Alfvé n wave instabilitie$,and mag-  turbulence in magnetized plasmas. Both the electron re-
netohydrodynamic instabilities such as toroidal Afive sponse and the perturbed parallel electric field are expanded
eigenmodes, energetic particle modésas well as the gen- based on a small electron—ion mass ratio. In the lowest or-
eration of magnetic pulsations in magnetoshérmsenlinear  der, the electrons are adiabatic and can be described by fluid
kinetic study of these electromagnetic fluctuations, meanequations. Thus, the high frequency modes are removed and
while, is hindered by the difficulty of treating the dynamics no electron Courant condition needs to be observed. In the
of electrons whose characteristic frequency is much fastehigher orders, the nonadiabatic response is treated kinetically
than that of the low frequency modes of interest. Specifiwith all nonlinear kinetic effects preserved. This model com-
cally, the existence of high frequency modes and the electrohines the good numerical properties of the fluid approach and
Courant conditiofy place stringent, unnecessary numericalthe accurate kinetic effects of the fully kinetic model. It is
constraints in nonlinear kinetic simulations. As a result, mosfnost useful for nonlinear kinetigoarticle-in-cell or Viasoy
turbulence simulations have been focused on the electrostatiémulations of low frequency modes, e.g., shear Aifve
limit. "8 Recently, major efforts have been directed at develaves and ion acoustic waves, in magnetized plasmas.
oping working electron models, e.g., massless electron WeAconsider a shearless slab with uniform magnetic field
model (no dissipatiof® and gyrofluid model (linear Bo=Boby and equilibrium uniform Maxwellian ions and
closurg.'® A fully kinetic electron model for gyrokinetic par- €lectrons
ticl_e simulations has been proposed _Which extracts out the _ -1z, -1 022
adiabatic response and solves dynamically only for the nona- fo=no(2m) o & 1
diabatic respons¥. Thus, it removes the numerical noise with a=i,e for ion and electron, respectivelg,=—e, q;
associated with the adiabatic response, which is larger thare, andv2=T,/m,. Assuming the usual gyrokinetic or-
the nonadiabatic response by the square root of electron—iafiering, the gyrokinetic equatidhfor the perturbed distribu-
mass ratio. However, the difficulties with high frequency tion function 5f ,=f,—f, is
modes and the electron Courant condition remain to be re-

D
solved. —5f = — —f 1
Dt a Dt 0 ( )
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nizing that most of the electrons behave adiabatically for
D 4 . V¢xB d, . d benay
D= EJF v|b— 5 -V— m—V:,//- ba_’ these low frequency modes, a “split-weight” schethbas

B @ vl been developed for gyrokinetic particle simulations. Instead

b=(By+ 6B)/B, andsB=V X A;. kj<k, is assumed where of solving for the full perturbed distribution function, Eq.
the nge vect,or ik = kuﬁo+ kLHk\L ” wit; R, -By=0. Finite (1), this method solves dynamically the kinetic equation gov-

. . . o erning the nonadiabatic part of the electron response. This is
Larmor radius effects in Eql) are omitted for simplicity. . . :
S much like the usual analytic formulatibhand Eqs.(1)—(4)
The parallel electric field i€ = —V, where :
are solved exactly. Since the perturbed momentum, pressure,
R - OA and even higher order moments need to be calculated from
Vap-b=V¢.b+W. (2 the electron distribution function which is evolved kineti-
o ) o cally, this method has to treat very accurately the dynamics
The gyrokinetic Poisson equation in the long wavelength apgf thermal electrons that contribute predominantly to these

proximation for the electrostatic potential is moments. Therefore, while it removes the numerical noise
2 SN +0.dn associated with the adiabatic response, this scheme still
Ps 2, dionit(eone 17 ! =
o Vig=— . : (3)  needs to observ& !’ the time step restrictions of Eqéb)

and (7), and is subject to the numerical noise of the un-
where A3=e€Te/Noe?, ps=Cs/Qi, cs=+\Te/m;, Q;  dampedwy mode. Nonetheless, the concept of treating only
=eBy/m;, andén,= [ 5f,dv . The Ampere’s law for the the nonadiabatic response dynamically does inspire the de-
vector potential is velopment of the present hybrid model.
28 We now formulate a fluid—kinetic hybrid model that can

VIAI= ~ Mol 0l + Gedue) @ overcome the electron Courant conditign and remove the un-
with ngéu,= v éf,dv . Equations(1)—(4) form a com-  physicalwy mode by solving approximately, rather than ex-
plete system governing the electromagnetic fluctuations imctly, Egs.(1)—(4). Noting that the phase velocity of the

our model plasma. shear Alfven wave and the ion acoustic wave are typically
~ Linearizing Egs. (1)-(4) and making the ansatz much smaller than the electron thermal velocity, we can ex-
e'(kx=«!) "\we obtain the linear dispersion relation pand the linear solution of Eq1) for the electron
2 - _ k”UH ey _61,0 w
kzvz_l [1+{eZ(l) + T+ 75Z(5)]=Kips, (D) 5fe—kHv”—_wT—efo—T—efo 1+ m+
YA

In this expansion, the small parame#®f<1 is the ratio of

where theZ function is . L
the wave phase velocity to the electron thermal velocity, i.e.,

) 1 e‘tzd for the shear Alfva wave
Z({)=—= f —dt,

Vrl =4 ® oA me)1/2_5
with 7=To/T;, {,=w/\2kp,, and Alfven speeduv, Koy V2o, \Bemi) ™

=B,/ ughgm;. There are two branches of normal modes in . .
07 VHoTo™l and for the ion acoustic wavé,,=m.,/m.. &, represents

© A kineti . 3\ _ M1 22
Eq. (5): a kinetic Alfvén wave” with ©=Kjpay1tkip; for the deviation from the adiabatic response. Widgp< 1, we

cold ion and adiabatic electron, an ion acoustic wave with
o=Kkcs for 7>1. The Alfven wave becomes a high fre- can expand Eqa1)—(4) based oy, and solve them order

L . . by order. Formally, the parallel electric field potentialnd
\c/J|vLthincy modégyrokinetic version of the plasma oscillatién distribution functionf,, are expanded,

Y= 1//(°)+ l[f(l)+' . fe: fOeEi///Te+ 59((.;.1)"" ..

|(|| m;
PHTCN Heﬂi In the lowest ordery= ¢ andf .= f,e*”Te, and all
electrons are adiabatic and can be described by a fluid model.
In particular, the density is governed by the continuity equa-
tion which can be obtained from E¢L),

for B.<1, where the electron beta is

rIOTe
e~ -
®
The restriction on the time stefpt for kinetic simulations of
Egs.(1)—(4) is imposed by thevy mode The vector potential evolves according to E2),
wyAt<i, (6) A .
" —=b-V(y-9). ©

and the electron Courant condition
KueAt<1, @) These two Qynamlcal e.quatlons are closed by field equations,
i.e., the Poisson equation,
These time step restrictions are physically unnecessary since 5
the modes of interegshear Alfven waves and ion acoustic (ﬁ) Vf —

. i 5ni + qe‘sne
waves typically have lower frequency < wy ,kjve. Recog- Ap '

€0

(10
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and Ampere’s law 100 T T T
NoQedUe= — VA —ngq; U; . (12) o
The lowest order solution for the parallel electric field is
on 2
et Mo 1= = (12) N
No

Equations(8)—(12) are a complete set for the fluid electron 10°3F
model in the lowest order id,.

In the first order ind,,, we treat the nonadiabatic re- 104k
sponse using the electron kinetic equation, @, with the E
perturbed field from the lowest order solution

1050 . . .

D e o VhxB 107 1078 102 107" 109

— 69 =1fo—e® Te| — y{0+ V). (13

Dt ge OTe wt 82 ‘ﬂ ( ) Be
With z,/fgo):&t//(o)/é't which can be evaluated from the lowest FIG. 1. Kinetic Alfven wave real frequencies, /); (upper curvesand
order solution of Eqs(8) and (12), damping rates- y/Q; (lower curveg vs electron beta. Solid lines are kinetic

q ( ) ( ) results, dashed lines are hybrid model results, ard’ ‘boints are simula-

e ©) SUg tion results.

—_ =—B.V—. 14

Te lr/lt B ( )

o . _ . noise and the time step restrictipBg. (6)] associated with
The parallel electric field with the first order correctign  this mode are removed analytically. This results in a lesser

=@+ ¢ can be obtained from thk, expansion required number of particles and a larger time step in the
sn.  end simulations. Second, the hybrid model overcomes the elec-
eTe—1=—2 % (15)  tron Courant condition of Eq(7). In the lowest order with

Mo Mo the fluid equations, the time step restriction is the shear Al-

with on{=[sg9{Mdv|. Equations(13)—(15) form a com-  fvén wave or the ion acoustic wave frequenay,
plete system for the first order correction of the nonadiabatic
response. This procgdure can be repeated to achieve accu- wpAt<1. 17)
racy to higher order in5,,.
We now examine the linear dielectric properties of the

hybnd electron model with first order accuracym“ Eqs In the hlgher order with kinetic Corrections, the time step
(8)—(15). lon dynamics are treated using the usual gyroki-restriction is the transit time of resonant electrons with a low

netic equation, Eq(1). Linearizing these equations, we ob- Velocityv~va, Cs. This is identical to the time step of Eq.

tain the dispersion relation (17). Therefore, unlike the fully kinetic approach*’ where
dition, our hybrid model preserves accurate electron re-

_2.2 )

trtrGZ(g) | =kips. (16 sponse without the constraint of the Courant condition for

As expected, this dispersion relation of the hybrid modelisa  \whijle the hybrid electron model is valid for any low

result of a small parameter expansion of the drift kineticfrequency modes including kinetic Alfmewaves and ion

, numerical accuracy requires the observation of Courant con-
w 1
22 Y17z
k” l)A 1 - gez( ge) . . , . X
both kinetic Alfven wave and ion acoustic wave.

dispersion relation, Eq5), acoustic waves, here we study the kinetic shear Alfwave
in a shearless slab to demonstrate the utility of the hybrid
1702000 =1-0Z(L)+-++, for {o~6n<1. model. In these gyrokinetic particle simulations, the electron
e e

dynamics is treated using Eq®8)—(15) and the ion contri-
Note that the crucial kinetic effect, Landau damping, is re-bution is omitted for simplicity(the ion acoustic wave is
tained rigorously in this expansion. This hybrid model can besuppressed The corresponding analytic dispersion relations
regarded as a nonlinear closure scheme. Unlike the gyrofluidf Egs. (5) and (16) are shown in Fig. 1. The hybrid model
closure!® which only treats linear wave—particle interac- results (dashed ling agree with the exact kinetic results
tions, i.e., phase mixing, the hybrid model preserves faith{solid lineg for B.>m./m;, i.e., ,,<1. The simulation re-
fully nonlinear kinetic effects, e.g., particle trapping by sults(* +") also agree very well with the analytic results of
waves. In the limit of small,,, the hybrid model recovers the hybrid model. The simulation parameters ang/m,
the exact kinetic results. What is more, it has superior nu=1837,k, ps=0.4, k| /k; =0.01, and 0.00% 8.,<0.2. The
merical properties as compared to the fully kinetic model.number of spatial grids isly= 64, the number of electrons is
First, there are only two branches of normal modes in EQN,=10000, and time step i At=0.1 (which is required
(16): the shear Alfve wave and the ion acoustic wave. The for integration of a simple oscillator with frequenay using
unphysical high frequencw, mode is explicitly removed a second order Runge—Kutta methdeor the highg, cases,
from the hybrid model because of the adiabatic electron rethis time step violates the electron Courant condition of Eq.
sponse in the lowest order of expansion. Thus, the numericdl) and the grid size is also larger than the collisionless elec-
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0.0006 ' ' ' ] very small and electrostatic fluctuations dominate the dy-
namics. Thus foB.<m/m;, simulations can be reduced to
an electrostatic onéeffectively 8,~0). Here the smallness
parameter is the ratio of sound speed to electron thermal
speedg,,=Vm./m;. In the lowest order irb,,,, electrons are
adiabatic and we only need E@L0). The next order nona-
diabatic correction is governed by Ed.3). As expected, the
linear dispersion relation of this electrostatic system has only
one normal mode: the ion acoustic wave. The unphysi¢al
mode, which has a thermal fluctuation level much higher
than that of the ion acoustic wafds again explicitly re-
moved. Furthermore, the electron Courant condition can be
violated. These are the advantages of the hybrid model in the
electrostatic limit as compared to the electrostatic split-
Qit weight schem® which is fully kinetic.

0B/Bo

-0.0006 L
0

FIG. 2. Nonlinear simulation of kinetic Alfwewave exhibits oscillation in
amplitude of perturbed magnetic fieldolid line), while linear simulation
shows exponential decagashed ling
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