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Introduction

Zonal structures such as zonal flows are known to play crualie$ in dynamically regulating
plasma transport in tokamak plasmas. The analogues inranglasma are the convective cells,
which have been extensively studied in the 1970’s [1, 2] endbntext of cross-field transport
[3]. In particular, it is worthwhile mentioning the extemsistudies of convective cells excitation
by kinetic Alfvén waves (KAW), with applications to flows ihé upper ionosphere [4, 5].

It has been recently demonstrated that, generally, elgetio (ESCC) and the magnetostatic
(MSCC) convective cells are excited simultaneously by KA Proper theoretical treatment
of spontaneous excitation of ESCC and MSCC by KAW must tat@ account: (i) the finite
ion Larmor radius (FILR) corrections to the Reynolds strégsthe finite coupling between
ESCC and MSCC. In this work, theoretical predictions are garad with numerical simula-
tion results of a kinetic ion—fluid electron hybrid model.[Bxcellent agreement is obtained
for mode structure and generation rate of convective cé€ids) by KAW, demonstrating that
ESCC and MSCC are indeed coupled, and that spontaneous @&tiexds suppressed at long
wavelength, showing the crucial role of FILR effects.

As KAW are efficiently excited by mode conversion with the ahalfvén continuous spec-
trum, it can be assumed that their perpendickigpectrum (to the ambieBtfield) is anisotropic
and predominantly directed across magnetic flux surfacigis negligible impact on cross field
transport. Present results imply that CC are not only effityeexcited by KAW via modula-
tional instability at short wavelengths, but also that tie®gropize the KAW spectrum as conse-
guence of scattering of the initial KAW spectrum off the CThus, this effect has potentially
great impact on cross field transport in both space as wellsagrf plasmas [6, 7].
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Figure 1: (left) Marginal stability curves in thigoi, kypi) plane for fixedk gpi = 0.02,7 =1
andfe = B = 0.2 and different values adBy/By. (right) Modulational instability growth rate
from Eq. (3) (continuous line) v&By/Bg is compared with hybrid simulation results (open
circles) for(kxpi, kypi) = (0.8,0.6) (blue) and(kxoi, kypoi) = (1.0,0.8) (red).

Modulational instability dispersion relation

Consider an infinite, uniform, loyg plasma withBy = BpZz. We adoptd@ and dA as the
field variables, withk, pi| formally of &' (1) and p; the ion Larmor radius. Consider also 4-
wave interactions among the pump KA = (ay, Ko), the convective cell (CCRQ; = (wy, k;)
with k;- 2= 0; and the KAW sideband€)+ = (w:,K+), wherew; = w, + ap, w- = w, — w;

andk. = k,+ kg. The pump KAW satisfies the dispersion relation and poléidracondition
gno = (1—T0)/bo— dokipv/w§ =0 and 4o = wodAjo/(KjoC) = G0 ; (1)

wherel o = lo(bo)e~™, g is the modified Bessel functioty = k? 02, pi = Q7 (Ti/m)/?,

0o =1+T1(1-Tp) with T =Te/T;, andv is the Alfvén speed in the considered uniform equi-
librium. Due to the interaction of the KAW punmo with the CCQ, up and down-shifted (in
frequency) KAW sidebands are generated. It is possiblenwastrate that maximum nonlinear
coupling occurs fok, L ko [6], so thatby = (k2 , /k? j)bg=b,+bo, [ =T_, €a; =€, and
2(1—@)/000 Ay broy(1—Tg)—bpoo(1—T4) .

+ow,— A 2 /2ap) , — ;
(1iawmnf(c% 0 /20) wo 2booo(1—T +)

with AL = A the frequency mismatch of KAW sidebands from the resonaorditonea . = 0.

(2)

bisAj: =

Here, for simplicity, we considek o = Xk, o and, thusk, = yk,. Then, field equations for
KAW sidebands can be solved forp. anddy.. = (oo + wy)dA 4/ (K|oC) as a function 0B ¢,
O = wdA;/(K|oc), and the KAW pump amplitude. These expressions are thenitibd

into the evolution equations f@g, anddy;; which, lettingw;, = iy;, can be cast as [6]

(F+0%) 8, =
(Z+02) 5y, =

—0yp(0@— O;) + Byduy,
—ay(0@, — dz) + Bydy:,, 3)
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Figure 2: Time evolution oBy, By, andEy in the pump KAW (black), daughter convective cell

(red), and the matching KAW (green) modes.

which yield CC mode structure and modulational instabiitgpersion relation. Hereyy, By,
ay andfBy are known functions ofdBy /Bo| = |(doc/ woBo)K1 0K|0d|; anday, ki o andk, [6].
In the long wavelength limithy < 1, we generally havéy,/d@, ~ ¢(1). However, Eq. (3)
reduces toZ + A% ~ (ay — ay) < 0. Thus, KAW can not spontaneously excite CC inlthes 1
limit. Meanwhile, assuming thalg, (ESCC) is suppressed, delivers the erroneous claim that
MSCC can be spontaneously excited by KAW ligr< 1.

In the short wavelength limibp > 1, we have again thay,/d¢, ~ ¢(1) and Eq. (3) reduces
to Y2 + A2 ~ ay[T — (14 1)(by/2bo)], with ap O b2. Thus,b, < 2bt/(1+ 1) is requested for
modulational instability, and maximum growth rate is ob&a for(b,/bg)m ~ (4/3)1/(1+1).
Meanwhile,a,T > A? is also needed for modulational instability, which posesveelr bound

on b, for effective CC excitation.

Numerical solution of the modulational instability dispersion relation

From Eq. (3), it is generally expected thag,/d@, ~ €(1); i.e., ESCC and MSCC should
be excited by KAW simultaneously fdip ~ &'(1). This is shown by numerical solution of
Eq. (3) in Fig. 1(left), reporting the marginal stabilityrees in the(kwoi, kyoi) = (K 0pi, k20i)
plane for different values of the KAW pum@By/Bo = 0.02,0.05,0.1,0.2,0.4. Here, fixed
parameters arleopi = 0.02,7 = 1 andfe = f = 0.2. The amplitude dependent lower threshold
in kypi = kzp;, and the upper threshold kt = ky for T = 1 predicted theoretically are clearly
visible. The maximum CC growth rate conditi¢ky/ky)m =~ (2/3)%/2 ~ 0.8 for T = 1 is also
well verified. For the same fixed parameters, Fig. 1(righBanwhile, shows the modulational
instability growth rate vs. the KAW pump amplituddy /By for (k«pi, kypi) = (0.8,0.6) and
(kxoi, kypi) = (1.0,0.8), compared with numerical results from hybrid simulations.
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Hybrid Simulation

The hybrid simulation scheme is similar to thatlah, Johnson, and Wanf, 8], in which
ions are treated as fully kinetic particles moving in a salfisistent electromagnetic field, and
electrons are treated as a massless fluid. The computati@emscis fully nonlinear, but our
analysis of the modulational instability focuses only oméarly stage of its exponential growth.
Fixed parameters are those of Fig. 1, lengths are normatiizgdand the time t(ﬂ(l.

The pump mode is imposed everywhere as a steady driver atieaelstep, with magnetic
field dBg = (0, 5By, 0)sin(ko - X — axpt) and specified wave number and frequency, which, in
the hybrid simulation, are consistent with Eq. (1). Frbs 0-10, the system is filtered to keep
only the Fourier modé&g of initial pump, which allows a self-consistently develogmh of the
pump mode structure. Far> 10, more Fourier modes are released in order to examine the
excitation of the convective cell modes. Figure 2 showsithe evolution ofBy, By, andEy in
the resulting three wave interaction for a case with coigtamp amplitud&By = 0.4 atkg =
(1.25,0,0.02). The black solid curves show the pump mode, for wHighs constant in time.
The Ey, component of the pump is two orders of magnitude smaller Bafmot shown). The
excitation of the CC mode, with wave numlsgr= (0,0.8,0), is shown with the red curve. Both
Bx andEy increase nearly exponentially with time fram-= 10, as fitted by the straight dotted
line, reaching the saturation levelstat 31. The growth rate is measured to p&; = 0.29.
No power is excited in th&, component, consistent witty = 0 in the CC mode. The green
curve depicts the matching KAW mode with = (1.25,0.8,0.02), in whichBy, By, andEy are
all seen to also grow exponentially wigf Q; = 0.29.
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