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Abstract—The problem of dispersion of geodesic acoustic modes is revisited with two different methods for
the solution of the kinetic equation. The dispersive corrections to the mode frequency are calculated by
including the m = 2 poloidal harmonics. Our obtained results agree with some earlier results but differ in var-
ious ways with other previous works. Limitations and advantages of different approaches are discussed.
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1. INTRODUCTION

Geodesic acoustic modes (GAMs) are the linear
modes supported by plasma compressibility in toroidal
geometry. GAMs derive their name from the effect of
the averaged geodesic curvature providing the
restoring force. Within the ideal MHD model [1],
GAMs dispersion relation has a simple form
o =2/R*+ csz/(qQRz), where ¢ = yp,/p, is the
ideal MHD sound velocity. Over the last decade, it has
gradually been realized that together with zonal flows,
GAMs represent an important ingredient of drift wave
turbulence in a tokamak. Drift-wave fluctuations are
coupled to low-frequency zonal flows and finite fre-
quency GAMSs via toroidal effects and nonlinear
Reynolds stress [2, 3]. GAMs and zonal flows rota-
tional modes suppress the small scale fluctuations via
shearing and energy sink thus creating complex inter-
actions between drift wave turbulence, zonal flows,
and GAMs [4—6]. The direct effect of GAMs on
anomalous transport is not clear at the moment; how-
ever, there are significant experimental evidence indi-
cating coupling and mutual effects of turbulent fluctu-
ations and GAMs. In addition to their role in regula-
tion of anomalous transport, it has been suggested that
GAM can also be useful for plasma diagnostic pur-
poses [7].

Large body of the current work investigates GAM
coupling to Alfvén and drift modes (see, e.g., [§—12]
and references therein). Yet, already in 1973,
A.B. Mikhailovskii pointed out that the theory of drift
waves in toroidal systems has to be developed taking

! The article is published in the original.

into account the averaged curvature, magnetic well,
and electromagnetic effects [13]. Using two-fluid the-
ory, in that paper, he developed the theory of drift
instabilities that include GAMs, Alfvén effects, mag-
netic well, and magnetic shear, as well as ion finite-
Larmor-radius (FLR) effects. Such general electro-
magnetic perturbations in toroidal systems with aver-
aged magnetic well are described by the dispersion
equation given by Eq (3.17) in [13]. The basic GAM
dispersion follows from Eq. (3.17) in the limit

cl+q2c“=0, (1)
where, in notations of [13] and neglecting the drift
effects, ¢, = cozquz/cf and ¢ = w(mz - cf/(qZRz)j.
It is easy to see that, in this limit, relation (1) describes
the simplest GAM. The full theory developed in [13]
lays foundations for many phenomena involving
GAMS, such as coupling to drift waves and tempera-
ture gradient driven modes, Alfvén effects, averaged
magnetic well, and ion FLR and resonant kinetic

effects, that are now being studied in numerous papers
(see extensive publications list in [10, 12]).

Later, it was realized that GAM are closely related
to poloidal plasma rotation [14—17]. At that time, the
discrepancy between the kinetic theory

o’ = 7v§,./(4R2) [14] and ideal MHD [1] @* = ¢?/R?
results became apparent, where v% =2T,/m; and

cf = Ypo/Py, With ¥ = 5/3. It was shown later that the
perturbed pressure in GAM is in fact anisotropic [ 18]
and the MHD system with anisotropic pressure allows
to reconcile the difference between kinetic and fluid
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approaches. The correct kinetic result with a 7/4 factor
was earlier obtained by V.A. Mazur and A.B. Mikhai-
lovskii [19].

Numerical simulations, both in tokamak [5, 6, 20—
22] and stellarator geometries [23, 24], have clearly
shown the presence of oscillations in the range of
GAM frequencies. The modes with similar frequen-
cies are ubiquitously observed in tokamaks [25—34].
Despite active experimental studies of GAM frequen-
cies, radial localization, propagation, and correlation
length, general eigenmode properties of GAMs have
not been firmly established, possibly due to multitude
manifestations of similar, but not the same phenom-
ena/modes. Although the frequency of the modes
detected experimentally in general shows the tempera-
ture scaling consistent with GAMs, there is no exact
match with available theoretical expressions and radial
profiles of the observed mode frequency and ampli-
tudes have not been explained theoretically. The GAM
eigenmode structure is crucially dependent on the
mode dispersion properties. It is generally understood
that the dispersion of GAM is determined by the sec-
ond-order effects related to the second poloidal har-
monics, while the main-order GAM frequency can be
calculated retaining only the first-order terms. In plas-
mas with finite ion temperature, the ion pressure per-
turbations due to toroidal compressibility are aniso-
tropic already in the first order [18]. Anisotropic
hydrodynamics with higher order finite ion Larmor
radius [35] and toroidal curvature terms is not easily
available, so the second-order calculations are most
easily done using the kinetic theory.

There are several sources of GAM dispersion
which are different in their physics. Standard sources
of GAM dispersion are finite ion Larmor radius

effects k/p; due to a finite ion temperature,
pf = v% /(1)3, (with v% = 2T,/m;), and effects of the
so-called ion-sound Larmor radius k/p. (with
p? =T,/ (mi(z)iij) due to a finite electron temperature,

o,; = eB,/m,c. The ion-sound Larmor radius effects
can be described by standard fluid equations, while
the ion Larmor radius effects, in general, require
kinetic theory, or advanced higher order hydrodynam-
ics that includes second-order oscillations [35].
Another source of dispersion are the effects of finite

magnetic drift, which provide the order of (0,2,, /o’ dis-
persive corrections to the main-order GAM fre-
quency. The GAM frequency itself is a result of the
balance of the inertial and diamagnetic currents,

which can be expressed in the form k,2 p,-2 = (of, /@, S0
that the GAM frequency is ®° = ®;/ (k,z p,z) There-
fore, the dispersive corrections o)f,/(nz, though have
different physics origin, formally appear as an expan-

sion in ion FLR parameter, 0)5 /o = kf piz. Some-
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times, these terms are called finite orbit effects [36],
because they are related to the particle displacement
from the magnetic surface due to the geodesic curva-
ture drift (in radial direction); however, they do not
depend on the value of the safety factor ¢: the relevant

expansion parameter is (:)f, / ®” and not (x)f,qu : / V%»(x)2

(see further discussion of this in Section 5). Formally,
all three different effects u)ﬁ, Jo, k} piz, and k; pf are of
the same order for 7, = 7;. Note however, that (Df, /o’

corrections actually come from the averaging of 0)2
terms, which have large numerical coefficients (see,
e.g., Eq. (70)).

The kinetic theory of GAMs has been studied in a
number of papers [11, 36—41]. Specifically, the
explicit second-order dispersive corrections have been
calculated kinetically both for the mode frequency and
for the mode damping in [36, 38, 41—47]. Dispersive
corrections and radial group velocity have been also
calculated by different method in [21]. In principle,
such calculations are straightforward, however the
actual expressions are cumbersome and, in some
cases, are given by complex integral expressions [36].
Unfortunately, many expressions for the GAM disper-
sion available in the literature are not consistent with
each other, a number of terms have different coeffi-
cients, and some terms are missing. Comparison of
these different expressions is also difficult due to omit-
ted details of actual calculations. The goal of this paper
is to establish the common basis for the calculation of
the dispersive corrections to the local GAM frequency
in plasmas with finite electron and ion temperatures
and compare results from different approaches.

In order to resolve numerous contradictions in the
literature, we systematically present in sufficient
details the calculations of the GAM dispersion equa-
tion to the second-order of accuracy that is required
for the calculation of the radial group velocity and dis-
cuss different approaches for the description of the
parallel and toroidal resonances.

2. PERTURBATIVE SOLUTION
OF THE KINETIC EQUATION

We use the standard gyrokinetic equation for a
homogeneous electrostatic mode in the form [48, 49]

q
=-LF d+g, 2
f T w0+ g ()
R i ,
[0)_ w,; + T]ﬂ%}g = m_q;_,?)'lg(klvj_/mci)Fm7 3)

where the harmonic time dependence exp (—iw?) was
assumed and

R _vi / 2+ v”2
0, = —(beInB)~V. 4)
(Dci
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As standard in GAM theory, we neglect the normal
magnetic curvature, assuming that the radial gradients
are large compared to the poloidal, V, > V,. Then,
for V — ik one has

2 2
A 2+ .
m, z—LRV”k,sme
/2 + ‘chi ©)
=- dusine = —®,sin6,
Vr

where 0, = k,v;/(Rw,).

Consider the perturbed electrostatic potential in
the form

0 =0dy+0,sin0+ ¢, cos20
+ 04,5in 30 + ¢4, cos40 + ...

(6)
The perturbed distribution function is presented in a
similar form

g=g,+g.cos0+ g ,sinO + g,. cos20 )

+ g5,5in30 + g4, cos40 + ...

The GAM dispersion appears as the fourth-order
terms in the perturbed density expression,

n=(edp,/T )0)2 /o)4 so we include the higher order
terms in Egs. (6) and (7).

Equation (3) can be solved by two different meth-
ods. In one approach [39, 40, 50, 51], solution is
obtained perturbatively by separating different har-
monics. For simplicity, we neglected the parallel ion-
sound dynamics in Eq. (2) by taking the limit g — oo}
however, the general case is considered in [40]. From
Egs. (2), (6), and (7), one finds the following set of
equations

wg, + ;(Ddgs = OJJo (kJ_vJ_/O‘)u)T Fy0,, ®)

1

- %c—odgk = 0J3kv1/0) T Fip,: )

i

0,8, + g,

1_ 1—
—=~ 0,8, + O, + =048,
5 8 P) 5 83

(10)
- (DJO (kJ_VJ_/(Dct) T FO(‘)ZL”
1 1—
~0;8). + WGz, —~ 0,84,
2 2 2e (11)
=w/, (kle/mci)FFOq)Ssa
_%O_)dg% + WGy = (DJ(?(kJ_VJ_/O)ci)%FOq)%- (12)
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Solving these set of equations by using the expansion
in ®, / ® < 1, one finds

2
10
&o = JOZ(kLvL/(Dci)iFO (‘bo +§m_g¢0

3 1 31 1, ()
(0 [0 (.0 ()]
d¢0 dq)s dq)s ___d¢2cjs
[0)
g = Jé(/qvl/wa)iF0 (——d%
; 3 T (14)
(D (D l(D
___dq)O q)s dq)s d¢2cj7
2
82 = Jg(kLVL/mci)%FO
X | ’ (15)
(Dd 0,
X| ==Ly +=—20, + by |
2o 20, P o, + 0,

In fact, it can be readily shown that g, and g,. do
not contribute in our ordering and ¢,,. should be cal-

culated only to accuracy of (Tof, / o’ terms.

Using Egs. (13)—(15), the ion density equations
can be written in the form

_eq)o[ 1 3 1 1 3 ]
ny =2 Ly 3, Ly vl 3k
0Ti223244442284(16)
+e¢s[_lK1_§K3 +1[3d} 1e¢2cK2,
T, \ 2 8 4 4 T,

1

0[ 4 ]
I -K ] =K
1 7 3d — 3

g (17)
+e¢S[—112+ sz MY
T, \ 2 2 T,
Me — %o _lK +- I4d] ed)s[ K, _11341}
T, \ 2 4 T, \2 4
(18)
eq’k[ 12+11(2]
T, 2 2
Here, the following expansion was used

Ji =1-kivi/(20})+3kivi/(320}]. Definitions of
relevant integrals are given in the Appendix A. Note

that the perturbed density is normalized to the equilib-
rium value.

The perturbed density for the electron components
can be found either from electron kinetic equation or
from simple fluid equations [39]. The perturbation of
the electron density in m = 0 component is absent,
n, = 0, and the first and second poloidal harmonics
follow Boltzmann distribution,

= 7%%’ (19)

where L = (s,2c).
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3. DISPERSION EQUATION

Using quasineutrality conditions for n,, n,, and
n,., one obtains the following equations for ¢, ¢,, and

¢26

(_112 "'114 +1K2_114d +§K4]¢0
27773 T T 20)
3 1 ]
+-Lk, -3k, 411, 0, K =0,
[ YTty o, —— K10,
i+112—§K2}¢5
. 2 4 1)
=[_K1_§K3 +l[3d]¢0 +1K1¢205
4 2 2
1 1 1 1 1 3
—+-1, =~ Ky |0y :[_—Kz +-1yy _‘K4J¢0
T 2 2 2 4 8 (22)

1 3 1 ]
+ =K +>Ky— =15, |0,,
[2 1 3 3 4 3d q)s

where 1, = T,/ T,. Excluding ¢,. from Egs. (20)—(22),

one has

1 1 3 1 3
L SIS SR B S SIS
(22 272 T3t g4 gt

11<2(K2+3K4/4 14d/2)j¢
g T L/2- K, /2 ’

(23)
( | 3 |

+| K, —2Ks+=1
2 1 8 3 4 3d

8 T.'+1,2-K,/2 o

1,1 3

—+=-1,—=K

(ce 277 47
K (K, +3K;/4—-1,,/2

_ l I(_ll 3/ 3d/ ) (l)s — (_Kl _§K3
4 1, +1,/2-K,/2 4

K (K,+3K,/4-1,,/2
+113d_l 1(_12 4/ 44/2) b.
T, +1,/2-K,/2

(24)

2 4

The combination 1';1 + 1,/2 corresponds to the
ion-sound Larmor radius dispersion factor (1 + k! pf),
p? = Te/(m,.(ofi), and, in general, k,zpf does not have
to be small compared to unity.

The standard (dispersionless) expression for
GAMs is obtained by neglecting all fourth-order terms

and assuming that T’ >(12,K2,K12j, which gives
I, =K, +K/1,, or

2
2 z[zﬂe]:‘f_g[zﬂe].
krpi 4 R 4

2
2 ®
(,0(): d

(25)

SMOLYAKOV et al.

The next-order dispersion corrections are obtained
by expansion in small parameters ([ 2 Ky, K 12] <7, =1
and retaining the fourth-order terms,

3 1 3

L+ Ky, +1, K +=1,—=~1,,+>K
2 2 1 16 4 7 4d 7 4

T, {—KIIM + % KK, + ‘l‘ Kf} (26)
+ 2K} [—112 + §K2] +1okt =o.
2 4 4
Using the definitions of the integrals in the Appendix A,

this dispersion equation becomes identical to the one
obtained previously [38, 41],

_1+V_727EZ+TJ+ kp 3 V%i
(DZRZ 4 i 4 R2 2
4
(13+31: +1 ]+ Vi (747 Bl 27
4 32 32
+§rz+ ’C)} 0.
8 2

It is worth noting that the form of the dispersion equa-
tion given by Eq. (27) is not unique, but may depend
on the way how Egs. (20)—(22) are manipulated and

expanded in small parameter k; piz. For instance,
direct expansion of the determinant of the system of
homogenous equations (20)—(22) gives the following

equation:
2
Vi (7 3
N + kr i

m2R2[4 Pi [4

—1+

v (1339 3
—H 2[ +22T, 42 ]
R'o 4 8 2
4
+_‘1Tf4[w+ﬂte _Z 5}
R'w\32 8 8
which looks quite different from Eq. (27). In fact,
Egs. (27) and (28), are equivalent to the order of the

(28)

=0,

terms kr2 p?. This can be seen by noting that the disper-
sion factors D, and D, in these equations are different
in the third term, containing the lowest order disper-
sion equation,

2
D, —E‘ RZT’2[143+3I +r}
. (29)
- Vi [747 481, 3502 1 Te]
32 32 2
2
DZEB—er+ ";T"z[ lj+3891: += 1}
) Ro (30)
LV [747 .59, _ztz]
R'o*'l32 8 ° 8°
and
PLASMA PHYSICS REPORTS ~ Vol. 492 No.5 2016
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2
> 2(7-+re)
o R \4

2
x|2- (B3|
o' R \8 2

Asaresult, the difference D, and D, does not affect the

. . . . . 2.2
first-order dispersive corrections in k,.p;.

The explicit dispersive corrections to the GAM fre-
quency can be written in the form

(31)

o’ = o 1+ 207D (32)

where the dispersion coefficient D, is given by the
expression

oo (o

4 |4 33)
+[Z+re] [747+481 435, 2+1T3]
4 32 32 8 ¢ 2

We note that the expressions in [43, 45, 46] miss some
terms and some have incorrect coefficients. It is inter-
esting that the dispersion effects due to ion-sound
Larmor radius are negative [21], while those due to ion
temperature effects are positive. The latter are domi-
nant in plasmas with T, = 1. The sign of the dispersion
correction D; changes to negative around T, = 5.45
[41]. Note that the dispersion relation obtained in [47]
results in positive dispersion for any values of <,.
Equation (32) gives the following group velocity:
1 2 e
Vgr = g_lgi = EwokrpiDl‘
The GAM group velocity was also calculated in [21] as
aratio of radial free energy flux to the total free energy.
We were unable to match our expression (34) with the
expression in [21], possibly due to some typos.

In the limit of cold ions, 7, > T;, the GAM disper-
sion equation can be found in nonperturbative form

(34)

not assuming small k,2 pf. From Egs. (23) and (24),
one obtains

- 2
L+ Iz__K] + 12 _ﬁzo’ (35)
T, 2 4 e 2 1,
resulting in
2 2.2
ol = 26 1+3k,p/2 (36)

2 b
R (1+klp?)
where p? = 7,/(mw, ), which, in the limit of weak

dispersion, gives the result ° = 2(cf/R2](l —kfpf)
consistent with Eq. (32).
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4. PERTURBED DISTRIBUTION FUNCTION
BASED ON THE EXACT SOLUTION
OF KINETIC EQUATION

Alternative approach to the solution of the gyroki-
netic equation

®— 0y, sin O + im,ai h
0 (37)
= wT_q)Jo (kv i/O0o)F,

was suggested in [44 52], (see also [20, 36, 53]) with
Oy =K (VJ_/Z + v )/0) R and o, = v;/(¢R). Note
that here we are followmg the notations of [44, 52],
where the sign of o, term is different: ®,, = —®,, (cf.
kinetic equations (3) and (37)).

By integrating over the particle trajectories, the for-
mal solution of Eq. (37) can be written in the form [44]

Jmi == ?ﬂ%—%“Wﬂn
' (38)
im Oy ()
* ,Zm 0+ (1= o, ¢,},

where § = @, /0, = OyqR/ vy .

To compare this solution with our expressions (13)—
(15), we separate the m = 0, m = =1, and m = £2 har-
monics. The m = 0 harmonic has the form

fy = —%{% T3k, /)

XZ

n,l=—

(39)

0+ n-Ho,

0 (O, () 4»}

introducing the shorthand notations

eky {

Jo= ¢0L0 +¢1LO +6_ Lo +¢2L0 +0.,L, } (40)

i

where

o o/, E)J,E)

Ly=-1+ J&(kvl/sz,-)n_z_‘; e (41)
L= Jé(km/ﬂ»nif' % “2)
L' =Tk, /9, )Z‘; '% 43)

S/, >Z OLE@

O+ ( - 2)0‘)1‘1
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©J () :28)

o+ (n+ 2w,

Ly = =J5(kv./Q, )Z (45)

Practical applications of these expressions require the
expansion in small parameter  and truncating the
infinite series to several lowest order terms. Note that
such truncation is only possible for § <1, so that
higher order terms J ,(§)/,,,,(§) can be neglected. The
formal expansion assuming & << 1 gives

L) =—1+Ji(kv,/Q)

{ I3 + 201 ©, 2co2.1§(g)}_ (46)
’ o -0, o -4,

Next, the Bessel functions can be approximated giving
the form

=1+ Jg(kvL/Q,.)[[l —%gz +312§4]
47
L 20 2@ e.e 20° & @
o -o, 4 4) o -40,64]

Note that each term in Eq. (47) will diverge at v, = 0
due to the factors with § o< 1/v;. In fact, the singular
contributions cancel exactly when all terms in each

order of & are retained in J; (), J(€), and J; (). By
combining these terms, one gets the expression

Ly = =1+ Jgtkv /Q) + I kv, /)
(10 3 o “9)
20 -0, 8(0’-w;)(0 - 40;]]

which does not contain any singularities at v, — 0,
since m,§ = ®,/®.

Similarly, one gets the following expressions for
other coefficients

Ly = iJy(kv,/Q;)

Ew, 3 wfi§3 (49)
X + - ’
2(0-o,) 8(@2 - mfij(m— 20,) |
L' = =il (kv /Q;)
v @ " 3 wff&S (50)
2(0+0,) 80 -, |(0+20,)]
12 = —J2kv,/Q, O 51
e Py S
L2 =—J2kv,/Q. 0,8 (52
0 olkv./ ’)[4(m+ o, ) (o + 2(0,,.)} ©2)
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According to Egs. (6) and (7), it is more convenient
to write the perturbed distribution function in terms of
the cos 0 and sin 6 components of ¢. Introducing

Xos =100 = A-)s
Xje =X; A=)
for y; =(¢,, f;), where j = 1,2, the principal compo-
nent takes the form

doMy + 0 My + ¢, My
T, (53)

+ 02 MG+ 05, M),

=5

where
My = Ly = =1+ J5(kv, /Q)+ J5 (kv /Q;)
Jrew s e 54
2[032 - (x),z,j 8[032 - wfij(wz - 40),2,-j ’
e _1(p1 -1
MY = 2[L0 + L'

of |3 o |
[03 —(o,zij 2(0)2—40),2ij ’

=iJ(kv,/Q;)

My = (L - 1)
00, 3 &’ (56)
=Jokv./Q) (co t mﬁ){l " 4(032 :40),2,]}
ME = %(Lé + 1)

&’ {0)2 + 20)?,) (57)
o — (ofij(coz — 403,2,-) ’

3 _ 12 42
My =1~ 1)

58
(’waigz (58)

2 2 2 2 .

® —o),,j((o —4(0,,)
Note that upon integration over v, M “and M do
not give any contribution to density moments. The

remaining term, in the limit ® > , simplify to the
expressions

=- J&(kvl/Q»L[

E %J&(km/ml(

4
M =1+ J2kv,/Q, ){1+ 1@, 300 }

20> 8o
30
40 ’

M =-J3kv, /Q, e ‘”d’ .

My = J3kv, /<, )"’d’ {
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They are identical to Eq. (13) taking into account that
®, = —0,. A similar procedure gives the following
expression for the sin 0 parity of the first side band:

(59)

£ = _eky {

OoM; + 0, My + ¢2ch2sC}'

l

The full expressions for the components of the M
matrix are given in the Appendix B. In the limit

o > ®,, the relevant components are

M = J3kv,/Q, >[°’d’ +3 ‘”d’} (60)
o 4@
MY =1+ 120kv,/Q, ){1 +3 “)w} (61)
4w

—J kv, /Q, )"’d’ . (62)

Correspondingly,
F s ¢

Foe = S {00Ma: + 0 M] + 0 ME), (63)
with the expressions

M3, = -J3 kv, /Q; o "’d’ (64)

My = —Jotkv,/Q, )"’d’ (65)

My =~1+J5 kv, /Q). (66)

Note that expressions (59) and (63) with formu-
las (60)—(66) are identical to expressions (14) and
(15). The full expressions in the Appendix C clearly
show the coupling of the first and second harmonic

resonances ®” = vuz/qu2 and @’ = 4v”2/q2R2. One
should note, however, that the infinite sum of the
products of the Bessel function in Egs. (41)—(45) can
only be truncated by assuming that &=
Wy /0, = ®,qR/ v isasmall parameter. In fact, this is
not required for GAMs, not even for weak dispersion

case (k,z piz,k,2 pf) < 1. In the GAM frequency order-

ing, we have = mgay =Vvy/R> (04 Vv7;/9R),
g > 1. Somewhat artificial truncation of the infinite
sum of the Bessel function has some effect on the res-
onant damping, which is discussed in the Summary.

5. SUMMARY

The problem of dispersion of GAMS has been
revisited in this paper. There are several methods for
calculation of GAM dispersion in the literature. In this
paper, we have recalculated the dispersive corrections
to the standard GAM frequency by accurate expansion

in small parameters T, (I 2, Ky, K 12 J < 1. It is shown that

PLASMA PHYSICS REPORTS Vol.42 No.5 2016
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our expression is identical to the one obtained in [38]
by using the kinetic theory for ballooning Alfvén waves
[11]. The same result was also obtained by using very
different variational approach in [44]. Explicit expres-
sions for GAM dispersion given in [43, 45—47] are
inaccurate in various ways.

We have also analyzed the details of the alternative
approach based on the exact solution of the drift-
kinetic equation as in [20, 36, 44, 52, 53]. An inherent
problem of this methods is a representation by the
infinite sum of Bessel functions. Practical application
of this series requires a truncation which is possible for
small values of the Bessel function argument
€ =0,/0, = ®yuqR/v. In general, this is not a small
parameter for the GAM frequency. Another problem
is that the formal expansion generates expressions
which are diverging in calculations of the density per-

turbation, due to the arguments containing 1/ v”2"
contributions. These divergences are superficial; as
we have shown in Section 4 above, the divergent
terms are cancelled out when all terms of the same
order are included in the expansion of the Bessel
functions. This problem was also recognized and
treated in a different way in [20]. It was pointed out
in [44] that Landau damping of GAMs is enhanced

when the second-order resonances ®” = 4VH2/(12R2
are taken into account; however, only the resonant
parts of the second-order terms were included to
avoid divergences (see, e.g., Eq. (2.6) in [44]).
Another inherent difficulty in using exact solution
(39) appears when one consider the resonant contri-
butions for high values of ¢. In this case, the argu-
ment of the Bessel functions § = @,;/w, = ®,qR/ v,
is not small, formally, series (39) cannot be truncated
and large number of terms have to be included with full
Bessel functions, as was shown by the comparison with
direct numerical simulations in [54]. In fact, GAMs
still will be damped even in the limit ¢ — o due to the
toroidal resonances. Such a damping will be especially
large for short wavelength modes [46].

We would like to note that coupling of the parallel
and toroidal resonances exists even for the first-order
terms. This is apparent when one uses the approach
used in [39, 40, 51]. Using this method, one obtains
the perturbed distribution function as given by
Egs. (113) and (114). These expressions clearly show
the contribution of the toroidal resonances

®° = /2, which remain active even in the limit of
g — o=. The resonances are equivalent to the contri-
butions of infinite series (39) in the high ¢ limit. The
authors of [46] have used a perturbative method simi-
lar to that of [39, 40, 51] and have considered the con-
tribution of the toroidal resonance separately. How-
ever, they have not included the coupling of the higher
harmonics to the lower order terms given by the last
terms on the left-hand sides of Egs. (8) and (9)
(cf. Egs. (8) and (9) with Eq. (5)—(7) in [46]). As
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result, the dispersive corrections to the real frequency
given in [46] are not accurate (cf. our Eq. (28) with
Eq. (9) of [46]). The calculations of the GAM damp-
ing due to toroidal resonances based on the method of
[39, 40, 51] will be reported in a separate publication.

APPENDIX A
AUXILIARY INTEGRALS
K, = <‘°_d> =Qu (67)
(O] ()
_2 2
— ) i 70‘) i
—3 3
— Q) i 9(0 i
4 4
Ky =(Pa) =240 (70)
® 16
ki
1= ;)f> = k.p;, (71)
_ kfvi A4 4 79
[4 = (D4 - 2krpl B ( )
— ('Odl krzvjz_ 3wd, 2.2
I3d =\ P) == krpt ) (73)
o0 o, 2
)
_ Oy kv 130y ,2 .2
1, = <(D_a; mz[L> — Z—‘ékr i (74)

2 2, 2
P; = Vr5i/ W

The angle brackets <> mean the averaging over the
Maxwellian distribution function.

APPENDIX B

FINAL EXPRESSIONS FOR THE FIRST
AND SECOND HARMONICS
OF THE PERTURBED DISTRIBUTION
FUNCTION

The m = £1 components of the perturbed distribu-
tion function can be written from Eq. (38) in the form

- ) .

fi= ‘}—°{¢OL? + 0L+ L+ 0,17 + 0L} (75)
fa= efy

T, (76)

X {00Ll) + O LL, + ¢ L7 + 0,12, + ¢, L73),

where
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0 - 0,) 8(0)2 - 03:21')(“)_ 200,
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0,8’
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O—-0, 2(0)_(0ti)(0)_20)ri) ’

2¢2
@y

L'= —lJ(?(kvl/Q,-){ ‘
4 )

0w,§

2 b
0 :|

L= z‘Jé(kvL/sz,»B

L7 =0,
L)) = iJ5(kv, /)

(('0_ O)ti)(w_

% 0,& + 3 03?1'&3
2(

o+ o,) 8[(02 - 0),2[](0)+ 20,

0,8’

L= —lJOZ(kvL/Qi)[ ‘
4 0

LT = -1+ J5(kv, /Q)

2¢2
W,

2 b
0y :|

J o L1
0+, 20+, (o+2w,)]

Li] = 0,

0O,

J’

200:1‘)}
I

L= —iJé(kvl/Q,-{

1
2(0+ o,) (0 + 20,)

(77)

(78)

(79)

(80)

81)

(82)

(83)

(84)

(85)

}. (86)

The second-order harmonics m = +2 are given by

_ek

fo= " 00Ls + 0Ly + 011" + 0,1, + 0,157, (87)

1

ek -
S = To{q)ong + 0Ll + 0L

1

+ 0,12, + 0,153,

2¢2
15 =—iJ§<kvl/Q,~>L 0%

0w,§

- ('oti)(o‘)_

20, J ’

Ly = —iJé(kvL/Q,-{
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0, (0)2 + 20)?,]

o - mﬁ)(mz - 4co,2i]
L', =0, (95) 2

1 W&’ \
L, = _ng(kvL/Qi)[(w+ o) (0 + 20)ﬂ~)}’ OO M =—Iithv /0, ){ 2(0’

}, (106)

My = -1+ J5(kv,/Q)——s "’4 ~. (107)
-1 .p2 1 00,E (0) - (z),,»j
L, =iJ, (kVJ_/Qi) 5 5 s (96)
+ W, + .
o odlo+ 20 M3 =il kv,/Q, )—2"":" o a0y)
L’ =0, (97) [ )
L =—1+J,kv,/Q; ) 2 (98) APPENDIX C
0
o CONTRIBUTIONS OF TOROIDAL
with RESONANCES

As it was shown in [39], the parallel Landau
® = v;/qR and toroidal resonances ® = @, are cou-
[ 0,E0 .3 ) } (99)  pled already for the first harmonics. For completeness

My =i(L = L)) = J3ev,/Q)

we give relevant expressions for the harmonics of the

37 2 3 0\ .2 p
((’3 -, 4 (") - 03,,-)(03 — 40y perturbed distribution function here. The correspond-
ing equations can be written in the form
. . X be written in the f
e _Q(y1 g1
M :5(14 _L—l) D-X=VY, (109)
22 (100)  where the vector X = (g, g,,) and the vector ¥ is given
= (kv /9)— 14305 | by ‘
- ('011 2[03 - 40)[[] o

e F 0
¥ = el Mo g2, )[ ] (110)

MY = %[L} - (-] T, "o,

X & The corresponding solutions for f;, and f,, are [39]
0] 1 ;;
= -1+ J5kv, /Q)| 55+~ (101) o F 7
0 — 0, 4(1) —0),, fO:_(xM(xq) + 20/ 0\Zo
T w
L1 0,8’ (0 + 20 °‘ X (111)
2(032 - co,zi](of - 403,2,-) ’ lwd“ Oy — [ 2R2J¢0 }
ME =L -1 2
. 2( 1 _1) Jis = ~¢afue by + Jolze) (Za)[_w2¢ls - iwmdocq)o} -(112)
0w, (0)2 + 2(0?,] (102) T W

- JO (kv /8 ) ( — mf.)(mz - 400[2,] ’ Here, W = ®” — vH2/q2R2 — mf,a/2 clearly shows the

coupling of the toroidal and ion-sound (parallel) reso-
nances. To compare with Eq. (39), we write Egs. (111)

s 1 =
M = -[L + L7 and (112) in the form
103 F s
_ 2k, /)3 OO (199 fo = S2{00G3 + 0,6y, (113)
=1 0( vJ_/ i) P P 2 2 |°
2 [(o —co,,]((o —4(0,,)
eF B
0 1,2 202 fls —L (q)OGls + q)lsGlls] (114)
M, = _EJO(kVL/Qi)wtié T;
(104) where
% o + 2w, [0)2 ~ 0)2}
(0" -0 )0 - 405 Gy = —1+J3(z) 55—, (115)
© - ('Otl ('Odi/2
‘o, s 0,E
Mli _ i]z(kv /Q,) 3 O O, , (105) Gl = _ijz(zl.) 1 (116)
2 o 2(0)2 - 03,2,.)[032 40),%] ' ' 2(032 — oy — 0331;/2)
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0w,
2 2 2 >
O —o; —0;/2
w2
2 2 2
0" —0; —0y/2
It is straightforward to generalize this approach to
include the second harmonics [51].

G, =il (z;) (117)

GE =—1+J}z) (118)
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