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Abstract

®

CrossMark

The effects of poloidally inhomogeneous heat sources are investigated through a gyrokinetic
formula in collisionless toroidal plasmas. A gyrokinetic dispersion relation is newly derived
under the assumption that equilibrium parallel heat flows are generated to remove the injected
poloidally nonuniform heat source. The dispersion relation is numerically solved, considering
both inboard and outboard heat source injections. In the case of the inboard source injection,
both Stringer spin-up and geodesic acoustic mode (GAM) are excited. Conversely, outboard
injection leads to the emergence of a heat source-driven GAM (referred to as Q-GAM),

featuring a frequency around half that of the standard GAM. Various physical quantities of the
Q-GAM, such as mode frequency and source threshold, are analyzed through parametric scans.
The Q-GAM exhibits similarities with the energetic-particle-driven GAM (EGAM), particularly
in its frequency range, and both belong to one of the strong Landau damped poles. Despite
having distinct driving mechanisms and structural differences in parallel velocity and poloidal
coordinates, the response function of the perturbed parallel pressure to the potential, mainly
contributing to the destabilization of each mode around half of the GAM frequency, is derived
to have a similar form for both the Q-GAM and EGAM cases.

Keywords: tokamak, geodesic acoustic modes, Stringer spin up, gyrokinetics,
poloidal inhomogeneity, dispersion relation, response function

(Some figures may appear in colour only in the online journal)

1. Introduction

On a transport time scale in a tokamak, the parallel dynam-
ics or the poloidal structure of certain lowest-order fluid
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quantities are often disregarded. This assumption arises from
the perception that parallel dynamics occur too rapidly, res-
ulting in the damping out of all poloidal inhomogeneities on
a time scale faster than that of transport, primarily through
Landau damping or ion-ion collisions. However, it may be
necessary to reconsider this assumption, as there are instances
where poloidally nonuniform particles, momentum, or energy
external sources are injected locally in the poloidal direction
and remain constant over longer timescales than the transport
time. These sources include systems such as pellet injection,
neutral beam injection (NBI), or RF heating. Furthermore, this
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poloidal inhomogeneity is also obvious in respect of transport.
Turbulent transport, considered the primary cause of the anom-
alous transport, is well known to have a ballooning structure,
resulting in relatively low transport on the low field side due to
its favorable curvature. If there exists a difference in the radial
flux, it can lead to additional accumulation or loss of particles
and energy along the poloidal direction.

In such cases when poloidally inhomogeneous external
sources or transport exist, poloidal rotation is prone to
be unstable. Stringer first found that the poloidal rotation
becomes unstable in the presence of poloidally nonuniform
Pfirsch-Schliiter diffusion, a phenomenon known as Stringer
spin-up (SSU) [1]. Subsequent analyses by Hassam and Drake
revealed that poloidally nonuniform particle sources can accel-
erate this process [2, 3], and it was also found that particle
sources can destabilize not only SSU but also geodesic acous-
tic mode (GAM) [4, 5]. However, damping physics was not
considered in the studies by Hassam and Drake. Recently,
Hassam’s theory has been extended [6] to capture Landau
damping physics, using both gyro-Landau fluid [7-9] and
gyrokinetic [10, 11] models. These extensions concluded that
a kinetic description is necessary for accurate calculation of
the source threshold of GAM. Nevertheless, all these studies
on poloidal source effects have far focused solely on particle
sources.

In this study, we extend the theory of poloidal source
effects to include heat sources. A gyrokinetic dispersion rela-
tion is derived under the assumption that equilibrium heat
flows are generated to prevent the local accumulation of heat
by sources. The dispersion relation is numerically solved con-
sidering both outboard and inboard source injections. Both
the GAM and SSU become unstable with the inboard source
injection. On the other hand, a new mode, with a frequency
approximately half that of the GAM, becomes unstable with
outboard heat source injection. For this new mode, we have
named it the Q-GAM for the simple reason that the heat
source is usually denoted by a letter Q. Parametric scans are
conducted the on the frequency and growth rate of the Q-
GAM, and an empirical equation for the source threshold is
derived.

Interestingly, several theoretical and experimental obser-
vations about electric field oscillations with about one-half
frequency of the GAM have been reported (e.g. energetic
particle driven GAM (EGAM) by NBI injection [12, 13] and
ETRO in I-mode [14, 15]). Especially, the Q-GAM has some
phenomenological similarities with so-called Landau-EGAM
[16—-18]. Both modes originate from one of strongly damped
Landau poles and excited around half of the GAM frequency.
Despite these similarities, the two modes have completely dif-
ferent driving mechanisms: the Q-GAM is driven by E X B
convection coupled with the poloidal asymmetry in the back-
ground equilibrium heat flow, while the EGAM is driven by
inverse Landau damping arsing from the positive slope in the
fast particle distribution function. The similarity between the
two modes, despite their different driving mechanisms, arises
from the similar form of the response function of the perturbed
parallel pressure to the electric potential.

The scope of this paper is limited to the initial growing
phase of an unstable mode. Nonlinear saturation and final
damping of E x B flow are beyond its scope, as these involve
physical elements with longer time scales, such as residual
zonal flow [19, 20] or collisional damping [21, 22]. The pol-
oidal source effects discussed in this study arise from the E X B
convection due to poloidal asymmetry in the background equi-
librium flows. Once poloidally asymmetric particle or heat
sources are injected, equilibrium flows are assumed to be gen-
erated to prevent local heat accumulation along the poloidal
direction. The dynamics of the generation of these equilibrium
heat flows and their effects are left for future work.

The remainder of this paper is organized as follows: In
section 2, we provide a brief summary of the derivation of
the gyrokinetic dispersion relation with poloidally inhomo-
geneous particle sources, along with some numerical results.
In section 3, we extend the theory of poloidal sources to
include heat sources and derive a gyrokinetic dispersion rela-
tion accordingly. Here, we find that the Q-GAM is driven
by the outboard injection of heat sources. Further investiga-
tion on the Q-GAM, including parametric scans on frequency,
growth rate, and source threshold, is presented in section 4. In
section 5, we explore phenomenological similarities between
the Q-GAM and E-GAM using root-locus plots and discuss
these similarities in terms of the response functions of per-
turbed fluid variables to the electric potential. Finally, we con-
clude the paper in section 6 with a summary of the main results
and discussions.

2. Poloidally inhomogeneous particle source
effects

The poloidally inhomogeneous particle source-driven instabil-
ity is investigated by deriving a gyrokinetic dispersion rela-
tion and numerically solving it. For simplicity, we consider
an axisymmetric toroidal system with a concentric circu-
lar equilibrium and a standard magnetic field, given by B =
Bo{[1/(1+ €cosb)]e, + (¢/q)eg }, where ¢ and 6 are toroidal
and poloidal angles, respectively, and € = r/Ry is the inverse
aspect ratio, assumed to be small. We are interested in a meso-
scale instability whose scale length is set by that of the pol-
oidal source. Since the poloidal source can be considered to
have a long wavelength compared to the ion gyroradius and
a low poloidal mode number, we assume n =0, m ~ 0, and
ki pi ~ O(e), where n and m are toroidal and poloidal mode
numbers, respectively, k; is a perpendicular wavenumber,
and p; is the ion gyroradius. Thus, we start our derivation
from the gyrokinetic equation for the zonal component with
the perpendicular wavenumber vector k; ~ k,Vr, which is
given by

0 .
(81‘ +vb-V+ ZOJD) Of |

64151(L

= — (VHb . V+iwD) <FMJ0 (kLP) ) +Cexp, (1)
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where ¢y, is the electrostatic potential, dfi, is the perturbed
o m \3/2 )

gyrocenter  distribution,  Fy = no (525) exp[fm(vu +

v2)/(2T)] is the usual Maxwellian distribution with an

equilibrium density ng, Jo is a zeroth-order Bessel func-
tion, p=v, /Q is the gyroradius with the gyrofreqeuncy

Q = eBy/(mc), and wp = k,( v”;;t/z) sinf is the radial drift
frequency, while the poloidal part is neglected considering
its smallness. Here, subscripts for the particle species are
omitted. The last term on the right-hand side of equation (1)
represents the E x B convection due to the poloidal asym-
metry in the equilibrium distribution function and serves as
the main instability source term in this study. In the pres-
ence of the poloidal particle source, the equilibrium distri-
bution function can be given by Fy= Fy +F, as demon-
strated in [3, 6], where F is the poloidally asymmetric part,
given by

~_ 2VHITt]iq
F=Fu( =" ). )

Here, vy = (27/m)'/? is the thermal ion velocity, ﬁﬁq is
the equilibrium particle flow generated to remove out the
poloidally inhomogeneous particle source S, and the vari-

ables with (---) mean poloidally inhomogeneous terms.
It satisfies a kinetic equilibrium condition, V(v Fo)=

(S/ no)(mvﬁ /T)Fu, and a fluid equilibrium one, V| (noﬁﬁq) =

S, respectively. Due to the poloidally asymmetric part
shown above, the E x B convection term is derived using
equation (2) as

- = Cbk,_an
CEXB* VE VF = lkrrBO 20

S v
S0 S Mg, 3)
rBy now; vt

= —ik,

where vp =e(B x Vi )/B} is the E x B drift and w, =
vr/(qRo) is a transit frequency of thermal ions. It is
worth noting that the E X B convection term, associated
with an up-down asymmetric particle source, S o sinf does
not satisfy the original GAM symmetry property [10],
which means that it cannot contribute to the GAM dis-
persion relation. Therefore, only the in-out asymmetric
part of the particle source, S‘occosﬁ, whose correspond-
ing E X B convection term satisfies the GAM symmetry
property (see section 5 for details), will be considered
hereafter.

In deriving the gyrokinetic dispersion relation, we follow
the approaches of [10, 11], neglecting the mirror force term
while retaining the E x B convection term. Because the
detailed derivations are available in [6], main results of [6]
are just summarized here. Using the Fourier-Laplace trans-
form with respect to 6 and ¢, respectively, the perturbed ion
distribution function can be derived from equation (1) as

o) =S, (m+1) (v /qRo)
Tl =2 1 <‘*’_(’"+l) (V|/61R0)>

11

y (‘W) + 014, m (W)

1) () (=)

g m+1 m—1
‘ i e (675 + 6750
N

(vi1/aRo)
X (w—(m—lil-l) (v|/qR0)>} @)

for m#0 Fourier components, where J, :Jn(k,.S) with
n=11",1"" is the nth order Bessel function, which stems

ik S cos b — ;:ioo i"el"f ], (krS), and
dcosf represents the radial displacement of the passing
ion. Here, fi, m = (0fk, m/Fm), pr= vT~/Q, 0= (e/)v +
pBo/(mv)))], Q, = eB,/(mc). The term S represents the cos ¢

from an expansion e

component of the particle source, (5};(,,,” denotes initial condi-
tion term, and (5;’,’?[_] , is the Kronecker delta function. For elec-
trons, due to their small gyroradius and fast parallel motion,
an adiabatic response is assumed as One, ., = noe(dk, m —
(dx,.m)ps )/ Te, Where Ongy, , and T, denote perturbed density
and temperature of electrons, respectively, and (-)gs means
average on a given flux-surface. The quasineutrality condition
is given by [d*vifu, m — (n0/2)(kepr)*edr, m/Ti = Sheky m-
From equation (4) and the quasineutrality condition, we find
that the solution for the GAM with a poloidally inhomo-
geneous particle source satisfies the original GAM sym-
metry property, given by 5}‘;(,_7,”(\1”) = (—l)mdﬂ”_m(—vﬂ) and
Ok,.m = (—1)" Pk, —m, as shown in [10]. If one consider finite-
orbit width (FOW) \k,3| > 0 in equation (4), the first term on
the right-hand side generates an infinite number of resonance
conditions w — (m+1)(v|/qRo), where the condition with
m+1=1 corresponds to usual Landau damping and those
with m 41 > 2 give enhanced damping to the GAM [10, 11].
In this study, however, we only consider Landau damping and
neglect ¢y, ,, with m > 2 components, considering the propor-
tional relation ¢, »/Pr0 X (k,S)m and the smallness of the
FOW |k,5 | < 1. Then, from equation (4), the perturbed ion
distribution function for m = +1 Fourier components is given
by

, _ E=(v/qRo) [edrs1(w) . (keprg
5fkr:tl(w)w:F(V|/qR0)|: kiTl +z( 5 )

N S| e,
()t

where normalized variables S. = S./(now), V=V /v,

and v, =v, /vy are used. By substituting Of;+; into
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Figure 1. Root-locus plots of the gyrokinetic dispersion relation (6) with equations (7) and (8). Results with outboard S‘oul(: S‘c) and
inboard Si, (= —S.) source intensities increasing from 0 to 1 are shown in figures (a) and (b), respectively. Other parameters are fixed as
e=0.1,¢g=3, and 7. = 1.0. Root-loci of the GAM and SSU are plotted by blue and red curves, respectively.

equations (2.4) and (2.5) of [10], the gyrokinetic dispersion
relation with the particle source effects is finally derived as

L s ils N@) [N@)+N@)]
q2+A( ) +A (D) Y =0 (6
with
A@)=Z () <w3+w+2g>+w2+;
N@)=Z () <a2+ 2) +@,
D(@)=14+wZ (), (7
and
A(@):-;[Z(@)(@ME)JF#H %
N(@) :—i[1+w2(@)]§, ®)

where Z(&) is the usual plasma dispersion function, & =
w/w, is the mode frequency normalized to transit one, and
7. =T,/T; is the temperature ratio of electrons to ions. In
equation (6), the coefficients with (---) given in equation (7)
represent the original GAM dispersion contributions, while

those with (---) given in equation (8) represent the particle
source effects.

To study the poloidally inhomogeneous particle source
effects, we numerically solve the gyrokinetic dispersion
relation (6) with equations (7) and (8) considering both
the outboard and inboard source injections. Root-locus
plot with increasing outboard (S’Om =8, > 0) and inboard
(S’in =-8.> 0) particle source intensities from 0 to 1 are
shown in figures 1(a) and (b), respectively, while other para-
meters are fixed as e =0.1, g=3, and 7, = 1. One can eas-
ily see that the outboard particle source destabilizes the SSU,

while the inboard source destabilizes the GAM. These results
are well consistent with those from fluid models like reduced
MHD model [3] or gyro-Landau fluid model [7, 8]. However,
as reported in [6], the gyrokinetic model is essential for accur-
ate calculation of the GAM threshold because the Hammet-
Perkins closure model cannot fully capture the Landau damp-
ing physics. Especially, the gyrokinetic calculation is desirable
for studying the heat source effects, where we find a new mode
excited around frequency of half of the GAM one.

3. Poloidally inhomogeneous heat source effects

In this section, we extend the analysis of particle source effects
to include those of heat sources. Except for adopting a dif-
ferent poloidally asymmetric part in the equilibrium distribu-
tion function, the derivation of the gyrokinetic dispersion rela-
tion follows the same approach used in the previous section.
Referring to section 4 of [9], with assumptions of #) = 0 and
T =T, the poloidally inhomogeneous part of the equilib-
rium distribution function is rewritten as

G I
F=F + 2o (vi—=1) ], O
v PoVT 3 PovT 17— 1) )

where py = noT is the equilibrium ion pressure, and Z]ﬁq and

Z]Ff are equilibrium parallel heat flows of parallel and perpen-
dicular energies, which are generated to balance out the par-
allel and perpendicular heat sources Q) and Q| , respectively.

This modified equilibrium distribution function satisfies a kin-
~ 2 (292 —
etic equilibrium condition, V(v Fo) = [(QH/PO)M +

(Q./ po)Zf/ﬁ (293 — 1)]Fu, and fluid equilibrium conditions,

VHZ]ﬁq = QH and VHZ]T1 = Q. , respectively. Due to the pol-
oidal asymmetry in the modified equilibrium distribution func-
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tion, the E X B convection term is derived using equation (9)
as

= pr0 OF
Cexp = —VE- VF = —ik, By 00
- 2 -
v (v =3
_afeo (2 1 (% =3) o 2, (ﬁ_ 1) Fu
rBo \ pow:r 3 Powr

As in the case of particle sources, only the in-out asymmetric
part of the heat sources, QH .0  cosf will be considered for
the same reason that the £ x B convection term with the up-
down asymmetric heat sources, Q” , 0  sinf does not con-
tribute to the GAM dynamics due to their mismatch with the
GAM symmetry property.

Using the Fourier-Laplace transform again, perturbed ion
distribution function is derived as

] +0) (v/aR
= (e )
x (M) + 61, () + 4 (%)
(o) (25 ()
x {Zil”‘lm,u (61’”,7,‘1+5§'77,',)

L’

o))

5f}( m

Y

for m # 0 Fourier components. Here, QHC and Q. represent
cosf component of parallel and perpendicular heat sources,
respectively. Note that the solution for equation (11) also sat-
isfies the GAM symmetry property, just like in the case of
particle source. Neglecting FOW contributions and ¢y, with
m > 2 from equation (11), the perturbed ion distribution func-
tion for m = 1 Fourier components is given by

i1 (w) =

+ (v /Rog) [eask,ﬂ @ ., (krm) edn0 (@)
wF (VH/R()q) T 2 T

{( ;n)jfl(v'|3 ) €
x ;2i(9ﬁ-1)%}],

where parallel and perpendicular heat sources are normalized
by Q.= Q|c/(pow:) and Q1= Q1./(powr), respectively.
Finally, by substituting equation (12) into equations (2.4) and
(2.5) of [10], the gyokinetic dispersion relation is derived to
have the same form as the particle source case, as shown in
equation (6). The only difference lies in the coefficients with

12

(-++), which are given by

o e o5- 2]
e
Vo =z (- L)1) 2 ay

while the other coefficients with (---)
equation (7).

To study the poloidally inhomogeneous heat source effects,
we numerically solve the gyokinetic dispersion relation (6)
with equations (7) and (13), considering both the out-
board and inboard heat source injections. As done with the
particle source case, root-locus plots with increasing outboard
(QHoul = Q. > 0) and inboard (QHin = —Q. > 0) parallel heat
source intensities from 0 to 2 are shown in figures 2(a) and (b),
respectively, while other parameters are fixed as e = 0.1, g =3,
7. =1, and Q. = 0. At this moment, we set our perpendicu-
lar heat source to zero to focus on the effects of the parallel
one. Compared to the results with the particle source shown in
figure 1, the patterns of instability with parallel heat sources
differ significantly. Remarkably, we found a new mode with a
frequency of about half of the GAM becomes unstable when
the heat source is injected on the outboard, as shown with the
green curve in figure 2(a).

We have named this newly discovered mode Q-GAM,
choosing the letter Q because it commonly represents the heat
source. One remarkable characteristic of the Q-GAM is that
it lies much below the real axis when there is no heat source
injection, originating from one of the many strongly damped
Landau poles. However, it rapidly becomes unstable with the
increase of the heat source intensity, while maintaining its
frequency around half of the GAM. This behavior resembles
the Landau-EGAM reported by [16—18], where the EGAM
also arises from a strongly damped landau pole. However, the
EGAM is driven by inverse Landau damping due to the pos-
itive slope of the distribution function, whereas the Q-GAM
is driven by the E x B convection resulting from the poloidal
asymmetry of the background heat flows. The similarities and
differences between them will be further explored in section 5.
On the other hand, in the case of inboard heat source injec-
tion, as shown in figure 2(b), both SSU and GAM are driven.
It is interesting that the SSU and GAM, respectively driven by
the outboard and inboard particle source injections, are driven
simultaneously with inboard heat source injection. In sub-
sequent sections 4 and 5, we will focus on the Q-GAM driven
by the outboard heat source injection and explore its paramet-
ric dependencies and destabilization mechanism in compar-
ison to the EGAM.

-) are derived the same as

4. Parametric scans on frequency and threshold of
Q-GAM

In this section, parametric scans of the Q-GAM are conduc-
ted and various physical quantities are measured. First, the
frequency and growth rate of the Q-GAM are measured as
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Figure 2. Root-locus plots of the gyrokinetic dispersion relation (6) with equations (7) and (13). Results with outboard Q”(,ut(: Quc) and
inboard Q”in(: —Quc) parallel heat source intensities increasing from 0 to 2 are shown in figures (a) and (b), respectively. Other parameters
are fixed as e=0.1,¢=3, 7. = 1, and Q 1c = 0. Root-loci of the GAM, SSU and Q-GAM are plotted by blue, red, and green curves,

respectively.
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Figure 3. Real frequency (top) and growth rate (bottom) of the SSU (red), GAM (blue), and Q-GAM (green) as functions of the outboard
heat source intensity. Parametric scans are conducted regrading inverse aspect ratio e (left), safety factor ¢ (middle), and temperature ratio of

electrons to ions 7, (right), respectively. All parameters are fixed as e =0.1, =3, 7, = 1, and Q. = 0, except for the one being used as a

scanning variable.

functions of source intensity for each of the following scanning
variables: inverse aspect ratio ¢; safety factor ¢; and temperat-
ure ratio of electrons to ions 7., as shown in figure 3. Here, the
frequency and growth rate are normalized by the GAM fre-
quency wg and vy /Ry, respectively, and the outboard source
intensity Qnom increasing from O to 2 is used. It shows that
the frequency of the Q-GAM hardly changes with increasing
source intensity once determined by each parameter (see top

row of figure 3), while the initially strongly negative growth
rate rapidly increases (see bottom row of figure 3). From the
€ scan (see left column of figure 3), the same results for dif-
ferent values of € are shown when the frequency and growth
rate are displayed as functions of Quom /€. This is because the
instability term in our dispersion relation is always inversely
proportional to ¢, as shown in equation (13). On the other
hand, the scans for ¢ and 7, exhibit nonlinear behavior across
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Figure 4. Threshold source intensity of the Q-GAM as a function of (a) inverse aspect ratio ¢, (b) safety factor ¢, and (c¢) temperature ratio
of electrons to ions 7.. All parameters are fixed as e =0.1, ¢ =3, 7. = 1, and Q. = 0, except for the one being used as a variable.

Empirical equation (14) derived for Q‘T";m is also plotted by red curves.

different values of each scanning variable. From the g scan (see
middle column of figure 3), we observe that the frequency of
the Q-GAM decreases with increasing g. On the other hand,
the growth rate may either increase or decrease depending on
its sign; it particularly decreases when it is positive. It is also
noteworthy that the sign of the growth rate changes at the same
source intensity value. These observations suggest that the Q-
GAM is more likely excited in the core region rather than
the edge one if the injected source intensity exceeds a certain
threshold. From the 7, scan (see right column of figure 3), it
is evident that the frequency generally decreases with increas-
ing 7., while remaining relatively constant with respect to the
source intensity. However, when 7, has a very low value (see
green dotted line in figure 3(c)), the frequency does not remain
constant but decreases regarding the source intensity. In the
case of growth rate, it decreases with increasing 7., and it
appears that the threshold of the Q-GAM increases, unlike the
results shown with the g scan.

As shown with parametric scans on the Q-GAM growth rate
(see bottom row of figure 3), there exists a certain amount
of the heat source intensity at which the growth rate shifts
from negative to positive. This critical value of the outboard
heat source intensity, which changes the sign of the Q-GAM
growth rate, is defined as the Q-GAM threshold and denoted
by C ﬁzut. Parametric scans for ( ﬁ‘;ut are conducted and shown
in figure 4. First, Qﬁgm appears to be linearly proportional
to ¢, as shown in figure 4(a). Again, this linear relation ori-
ginates from the fact that source intensity is divided by € in
the gyrokinetic dispersion relation. In other words, Qﬁ‘o‘ut /€
remains constant for fixed values of g and 7, thus € has noth-
ing to do with the physics of the Q-GAM threshold. Next, in
the g scan shown in figure 4(b), Qﬁgut seems almost unchanged
by g. It is useful to remind that, in the case of GAM driven by
the inboard particle source injection, the threshold follows a
proportional relation ST oc exp (—¢?7.) [6]. It is because the
Landau resonance around g = 1 surface (w =v|| /Rp) matches
well with the frequency range of the GAM (wg ~ v/Rp). So,
it significantly damps the GAM around g =1 surface, and

the Landau damping rate is exponentially attenuated when
it crosses the resonance surface. However, in the case of Q-
GAM, it has no chance of meeting this condition because
its frequency range lies around half of the GAM (wg.gam ~
(0.5)vr/Rp). Nevertheless, including the FOW effects, which
are neglected in this study, could lead to additional damping
of the Q-GAM arising from the g = 2 surface (w = v||/(2Ry)).
In such a case, the FOW effects would likely cause more
enhanced damping of the Q-GAM compared to the original
GAM, given its lower frequency range. For an accurate predic-
tion of the Q-GAM source threshold, the FOW effects should
be considered. Lastly, in the 7, scan shown in figure 4(c), it
is found that Qﬁgut has a proportional relation with ,/7,. From
the numerical results, we can derive an empirical expression
for Qﬁgm, which is given by

Ol =245¢\/7. + 1.16, (14)
whose results are also plotted with red curves in figure 4.
In the case of SSU driven by outboard particle source injec-
tion, the threshold is analytically derived as ngl‘t =e\/m/2(see
equation (28) in [6]). Unlike the particle source threshold,
which exhibits a simple linear proportional relation with e,
it exhibits additional 7, dependency. This additional depend-
ency suggests that moment effects, rather than other kinetic
effects, are responsible for the observed variation. The neg-
lected FOW effects, which could enhance the damping of the
Q-GAM through ¢ and 7, further support this interpretation.

At this point, let us estimate QHOm, considering the bal-
looning structure of the turbulent transport. Assuming there
are no external heat sources and parallel energy accumu-
lates soley from the divergence of turbulent radial heat
flux, the parallel heat source can be expressed as Q) ru =
—(1/r)0(rgruw)/Or, where grub = — XTub (1, 6) (dpo /dr) rep-
resents the turbulent radial heat flux with the turbulent thermal
diffusivity XTub- By substituting grub into Q) tur, it can be
rewritten as
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Figure 5. Frequency ratio of Q-GAM to GAM at source threshold as a function of (a) inverse aspect ratio e, (b) safety factor g, and (¢)
temperature ratio of electrons to ions 7.. All parameters are fixed as e =0.1, ¢ =3, 7. = 1, and Q| - = 0, except for the one being used as a

variable.

dzl’o
dr?’

XTub 0 | OXTurb dPo
1. — + X Turb

dr or dr

QH,Turb = (15)

Assuming d’*po/dr? =0 and §, = (r/X1ub)(OXTurn/r) >
1, equation (15) reduces to Q| rup = (OXTurn/90r)(dpo/dr).
Next, we make an assumption on the thermal diffusivity as
X1ub (7,0) = XX (r) (1 + cos ) p2(vr/a), where Xgp rep-
resents the maximum value of yru divided by p>(vr/a) and
X 1s the normalized function that represents the radial struc-
ture of yTuwp. Note that the factor (1 + cosf) implies the bal-
looning structure of the turbulent transport. By substituting
XTurb 100 Q)| 1urp, dividing by pow;, and taking only cos  com-
ponent, the normalized form of the in-out asymmetric Q| rur

is given by
q . PT 2 8>Zr a
() (5) ()

where L, ! = —(dInpo/dr) represents the equilibrium pres-
sure scale length and p=r/a is the normalized radius
of a given flux-surface. One can readily recognize that
equation (16) is related to Q”(,ut in this paper. Considering
strong turbulent diffusion with steep negative gradi-
ents for both py and y,, we use following parameters:
g=3, ¢=0.1, Xgg =7, pr/a=8-1073, 9x,/0p= -5,
and a/L,, = 6. With these parameters, we obtain QH e Turb ™
0.4, closely matching the source threshold of Q-GAM (see
figure 4).

Lastly, the frequency ratio of Q-GAM to GAM, measured
at the Q-GAM source threshold, is shown in figure 5. From
the € scan shown in figure 5(a), it appears that € does not
affect the frequency of Q-GAM. From the ¢ scan shown in
figure 5(b), it is shown that the frequency ratio decreases from
around 0.6 to 0.3 as ¢ increases from 1 to 3. In the 7, scan
shown in figure 5(c), the ratio also decreases from around 0.4
to 0.2 as 7, increases from 0.5 to 5.0, but this decrease is
more gradual compared to that observed in the ¢ scan. It can
be concluded that, at the source threshold, the frequency of
Q-GAM significantly decreases by ¢ and relatively weakly by

QHc,Turb =

Te, lying in the frequency range of 0.2wg < w < 0.6 wg within
the parameter range of 1 < g <3 and 0.5 < 7, < 5.0.

5. Similarity between Q-GAM and EGAM

In this section, we compare the characteristics of Q-GAM with
EGAM to identify the physical mechanisms underlying their
similar destabilization patterns. Let us first compare the equi-
librium distribution functions of these two modes. Figures 6(a)
and (b) illustrate equilibrium distribution functions for the Q-
GAM and EGAM cases, respectively. For the Q-GAM case,
m = 0 and sin  components of F stands for F; and F, respect-
ively. Equation (9) is used for F with the fixed parameters of
dy*/ (povr) = sin6 and ¢/ (povr) =0 (Qy. = L and 0 . =0
in terms of the heat sources). For the EGAM case, thermal and
fast particle components are represented by F; and Fry + Fy_,
respectively, as defined in equation (A.13), with fixed para-
meters of nf/no =04, =1, and itH =3 (see appendix A.3
for definitions). Both cases feature tails in their equilibrium
distribution functions; however, the tail of Q-GAM arises
from the poloidally inhomogeneous part and satisfies F (v) =
—F (—v|), whereas the tail of EGAM results from the fast
particle contribution and satisfies Ff+ (v)) = Ff+ (—v), where
F ;'_ =Fp +Fp_.

Destabilizing terms for the Q-GAM and EGAM arise from
these tails. For the case of Q-GAM, the E x B convection,
resulting from the particles retaining the poloidally asymmet-
ric heat flows, work as the destabilization term. By consid-
ering only the cosf component of the parallel heat source in
equation (10), the normalized form of the £ x B convection
term is given by

—Vg - VF

(e ) G20) ™

=cosf

Cexs (6,9)) =
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Figure 6. Equilibrium distribution functions for the (¢) Q-GAM and (b) EGAM cases. For the Q-GAM case, m =0 and sinf components
are plotted by blue dotted and red dashed curves, respectively. For the EGAM case, thermal and fast parts are plotted by blue dotted and red
dashed curves, respectively. Total equilibrium distribution functions are plotted by black solid curves for both cases.

where vgg = ik, ¢y, 0/B is the poloidal E x B drift and FM =

Fum/(no+/525 ). On the other hand, the corresponding
destabilizing term for the EGAM originates from the accel-
eration of energetic particles due to the radial magnetic drift
in the potential. Its normalized form is given by

(0 e(vo,- Vo) 5¢
Ap, (0,9)) = N 3/2
() )
U (o A [ | (1
= — | |F — —F;
=sind— 5/2 ( I+ 2 ) { f v f 1o
(18)
3
where Ff =(Fe £F) /(% /T ). Next, we check

how these terms satisfy the GAM symmetry property,
given by (5ﬁnm(v”) = (—1)’”5ﬁh,m(—v‘|) with m=1. The
E x B convection term for Q-GAM satisfies Cpyp(0) =
CAE><B(79) and éExB(f’\|) :*CAExg(*\A/H), while the accel-
eration term for EGAM satisfies Ap,(0) = —Ap,(—0)
and /lp,_(f/“) = /lD,(—f/”), respectively. These relations
demonstrate that they have opposite even/odd relations
in both poloidal angle and parallel velocity. However, as
a result of these coupled reversed relations, each term
satisfies Ap, (0,V) = —Ap,(—0,—V) and Cgxp(0,V)) =
—Cpyp(—0, —V) ), respectively. This means that, despite hav-
ing different structure along the poloidal angle and parallel
velocity, both terms satisfy the original GAM symmetry con-
dition, allowing them to contribute to the dynamics.

As mentioned in section 3, the Q-GAM and EGAM share
several phenomenological similarities: (1) both modes origin-
ate from one of many strongly damped Landau poles, and
(2) both modes are excited around half the GAM frequency.
For a clearer comparison, contour plots of [D(@)|~! (D(@):
dispersion relation) for Q-GAM and EGAM are shown in
figure 7 with various source intensities of Quout and ng/ny,
respectively. In the Q-GAM case, D(w) is defined as the
left-hand side of the dispersion relation (6), together with

equations (7) and (13), and the same parameters shown in
figure 2 are used except for Qnoup On the other hand, in the
case of EGAM, we use the left-hand side of EGAM dis-
persion relation (9) in [18] for D(®), using following para-
meters: ¢ =3, i) =3, 7, =1, and 7y = 1. In figures 7(a) and
(b), Landau poles corresponding to Q-GAM and EGAM are
denoted by green and yellow circles and their root loci are also
plotted by curves with the same color. If there is no instabil-
ity source (QHOut for Q-GAM and ns/ny for EGAM), both
poles of the Q-GAM and EGAM lie far below the real axis.
However, once the instability term is added, both the Q-GAM
and EGAM are rapidly destabilized with increasing Q”om and

nf/no, crossing the real axis at Q”(,ut =0.36and nf/no =0.044,
respectively. At these thresholds, the Q-GAM is excited at a
slightly lower frequency than half that of the GAM, while the
EGAM is driven at a slightly higher frequency (see middle
column of figure 7). After both modes are excited, the growth
rate of Q-GAM continues to increase with Q”(,ut, while the
frequency is maintained. On the other hand, in the case of
EGAM, the increase of growth rate becomes slow, and the fre-
quency starts to decrease as ny/ng increases (see right column
of figure 7).

Figure 8 is useful for explaining why Q-GAM and EGAM
share similar characteristics. It shows each real component of
arearranged gyrokinetic dispersion relation, which is given by

1 Ry (@) Ry (@ oA s Ry (@
-== Pl + PLxA( ) + <vaa£F0>9 xA( )
q w w w

, (19

on a real axis of w. Here, R;, R; ., and R;, represent the
response functions of the sinf components of perturbed dens-
ity, parallel pressure, and perpendicular pressure to the m =0
electric potential, respectively. The term (vaagF()) denotes
the magnetic drift contrlbutlon in a rate change of the back-
ground distribution, where (-) = [ d*v(-)/(27 T/m)/? means
the velocity integral. The response functlons and <@Dvégﬁo>g
for the GAM, Q-GAM, and EGAM cases are derived with

exact definitions in appendix A and their corresponding
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Figure 7. Contour plots of |D(c21)|’1 for the (@) Q-GAM dispersion relation with various intensities of QHom and (b) EGAM dispersion
relation with various values of ns/ng on the complex plane. In the Q-GAM case, Quom = 0 (left), 0.36 (middle), and 0.7 (right) are used,

while other parameters are fixed as e =0.1, ¢ =3, 7. = 1, and QLC = 0. In EGAM case, ny/ng =

are used, while other parameters are fixed as ¢ =3, it = 37
dashed red vertical lines, respectively.
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Figure 8. Real components of the rearranged gyrokinetic dispersion relation (19) on the real axis for the () GAM, (b) Q-GAM, and (c)
EGAM cases. Right-hand sided components (Rj ,, + (@pvOs Fo)iRi,) /@, R, /@, and their sum are plotted by blue, red, and black curves,

respectively, while the left-hand side, —1/ 4%, is plotted by black dashed lines. Parameters are fixed as ¢ =3 and 7, = 1 in the standard GAM
case, while the same parameters used in middle figures of figures 7(a) and () are used in the case of Q-GAM and EGAM, respectively. The

crossing points between the black curves and dashed lines are denoted by blue (GAM), green (Q-GAM), and yellow (EGAM) stars,

respectively.

equation numbers are summarized in table A1. In the standard
GAM case shown in figure 8(a), the crossing point between the
black curve (right-hand side of equation (19)) and the dashed
line (left-hand side of equation (19)) is denoted by a blue star,
indicating the typical GAM frequency. For the Q-GAM and
EGAM cases, we used threshold source intensity Q”C =0.36
and ny/ny = 0.044 (same values used in the middle column of
figure 7), respectively, so that the dispersion relation could be
satisfied on the real axis. As shown with gray shaded areas in
figures 8(b) and (c), the humps of red solid curves by R; J&
raise the black curves (right-hand side of equation (19)), while
the blue curves by (R;, + (@pyOgFo)sRy,) /@ lower them.

This results in mode solutions around w/wg ~ 0.4 for the Q-
GAM (see green star in figure 8(b)) and w/wg ~ 0.6 for the
EGAM (see yellow star in figure 8(c)), respectively. It is found
that the hump in Rp‘| /& for the Q-GAM primarily results from

the term — (- i
w VH_

( e ), +)» as illustrated by the red dashed
curves in ﬁgures 8(b) and (o, respectively. Here, the sub-
scripts ¢ and s on AD s and CEX B,c denote their sin¢ and cos 6
components, respectlvely. It can be concluded that the phe-
nomenological similarities between the Q-GAM and EGAM
stem from the coincidentally analogous shapes of their main

CEX3 v, while for the E-GAM, it arises

from the term —~
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destabilizing terms within their respective dispersion relations,
despite their differing physical mechanisms and opposite sym-
metry conditions along the poloidal angle and parallel velocity.

6. Conclusions and discussions

In this study, we investigate the perturbations in tokamak plas-
mas caused by a poloidally inhomogeneous heat source. The
gyrokinetic dispersion relation is derived under the assump-
tion that an equilibrium heat flow is generated to prevent local
energy accumulation along the poloidal direction. The pol-
oidal structure of heat flow, coupled with the E x B flow,
contributes to the convection and plays a crucial role as an
instability source. The gyrokinetic dispersion relation (6) is
derived with equations (7) and (13), which contains the effects
of the poloidally inhomogeneous heat source. The disper-
sion relation is numerically solved, considering both outboard
and inboard heat source injections. In the case of outboard
source injection, as shown in figure 2(a), we have discovered
the destabilization of a geodesic-like mode with a frequency
approximately half that of the standard GAM. This new mode,
driven by outboard heat source injection, is referred to as Q-
GAM. Conversely, with inboard source injection, as shown in
figure 2(b), both the SSU and GAM are driven. Previous stud-
ies have shown that zonal flows can be also driven and equilib-
rium toroidal rotation flow [23, 24] or turbulent heat flux [25],
with modifications in the frequency of zonal flows and GAM
by the toroidal rotation [23, 24]. However, the primary dis-
tinction between the Q-GAM identified in this study and zonal
flows investigated in [23-25] lies in the poloidal inhomogen-
eity of the background flows or fluxes.

To further investigate the Q-GAM, we conducted paramet-
ric scans of its real frequency and growth rate, as shown in
figure 3. The results reveal that the heat source has a minimal
impact on the frequency of Q-GAM when scanning paramet-
ers such as ¢, g, and 7,. Instead, it primarily contributes to the
destabilization of the Q-GAM, exhibiting nonlinear behavior
in the growth rate concerning g and 7. In particular, the g scan
suggests that the Q-GAM could be more likely excited in the
core region rather than edge one if the source intensity is suf-
ficiently higher than the threshold. Since the Q-GAM origin-
ates from a heavily damped Landau pole, a specific threshold
of heat source intensity, denoted by Qﬁgut, is required for its
excitation. We conducted parametric scans of Qﬁgut as shown
in figure 4, and derived an empirical equation (14) for Qﬁf)‘ut. It
appears that the Q-GAM threshold has no dependence on € and
g, while a proportional relation with /7, is observed, believed
to originate from moment effects. We made a simple estima-
tion of QILTurb considering the ballooning structure of the tur-
bulent transport. In scenarios with strong turbulent transport
exhibiting steep negative gradients in py and Yy, the predicted
value turns out to be comparable to Qﬁgm, suggesting a pos-
sible destabilization of the Q-GAM.

The Q-GAM and EGAM share some phenomenological
similarities, as shown in figure 7. To identify the reason for
these similarities, the velocity structures of the equilibrium
distribution functions are compared for both Q-GAM and

EGAM cases, as shown in figure 6. For both cases, equilib-
rium distribution function exhibits a bump-on-tail-like struc-
ture. However, the detailed velocity structure of the EGAM is
quite different from that of the Q-GAM, leading to the absence
of channelling property in the Q-GAM [26, 27]. The main
destabilizing terms for each mode are also identified as fol-
lows: for the Q-GAM, it is the E X B convection due to pol-
oidal asymmetry in the parallel equilibrium heat flow, denoted
by éEX 8, and for the EGAM, it is the radial magnetic drift con-
tribution to the acceleration of energetic particles, denoted by
AD',. These terms exhibit opposite even/odd relations regard-
ing both parallel velocity and poloidal angle, as shown in
equations (17) and (18). However, thanks to these coupled
reversed relations, they both satisfy the GAM symmetry prop-
erty and contribute to the GAM dynamics. The gyrokinetic dis-
persion relation is reformulated as equation (19) with newly
defined response functions. It turns out that the bump-like
shapes in R, mainly resulting from Cpxp for the Q-GAM

and ler for the EGAM, primarily contribute to the mode
solutions for each mode, as shown by the gray shaded areas
in figures 8(b) and (c), respectively. Consequently, the phe-
nomenological similarities between the Q-GAM and EGAM
originate from the similar shapes of R; , within their cor-
responding dispersion relations, despite their distinct driving
mechanisms and opposing symmetry properties of their main
destabilizing terms.

To verify and validate this new mode, additional exper-
imental and numerical studies may be necessary. Since the
main source of the Q-GAM is the heat source injection on the
outboard side, the radial structure of the Q-GAM can be mod-
ulated by adjusting the configuration and intensity of the heat
source. A central assumption in this study is the generation of
equilibrium parallel heat flow to maintain a balance with the
heat source, which requires further investigation through more
self-consistent global dynamic simulations. Furthermore, the
Q-GAM could potentially contribute to the turbulence regula-
tion through the dynamic shearing of turbulence eddies, akin
to the role played by the GAM [28, 29]. Given that the poloid-
ally inhomogeneous radial heat flux, resulting from the bal-
looning structure of the turbulent transport, could destabilize
the Q-GAM, ensuring the self-consistency in how the Q-GAM
is driven by the turbulence and its role in the turbulence reg-
ulation may be crucial. For the EGAM, previous reports [30,
31] have highlighted its complex nonlinear global dynamics
when coupled with the turbulence. Consequently, it is desir-
able to conduct long-time simulations using a global, full-F
gyrokinetic code to comprehensively investigate the impact of
this new mode on the turbulence.
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Appendix A. Derivation of response functions

Rﬁ\\x’

(Cupvég i:()>fy, shown in the reformulated gyrokinetic dispersion
relation (19), are derived for the cases of GAM, Q-GAM, and
EGAM, respectively. Each response function is defined as

IA?HS/ZA
(koprq) ¢o

Here, normalized quantities are used as

R;

PLs> and

In this appendix, response functions Rj,

Telts

. _ ﬁl.r/z
(kprg)do "

(krPTQ) ﬁgo .
(A1

;lj

AA oA o ong 5p\|s (SPLS ego
nstHmPlSa(z)O] =|——

n’ po’ po T

} . (A2)

They represent the response of sinf component of perturbed
density On, parallel pressure Jp||, and perpendicular pressure
op., respectively, where each perturbed fluid variables is
defined by

[571, op|s 5pL] = /d3v 5f[1, mvﬁ7 ;mvi} . (A.3)

In following paragraphs, response functions will be derived for
the cases of GAM, Q-GAM, and EGAM, respectively. They
have share the same derivation process. First, perturbed dis-
tribution function for m = +1 will be given for each case.
Next, response functions of dny, 6p||s, and dp_ ; are derived
by taking velocity moments of 1, mvy, and (mv? )/2, respect-
ively. Thorough this appendix, perturbed and Maxwellian dis-
tribution functions are normalized by no(52)*? and denoted
by Fy and 6}, respectively, and the velocity structure of nor-
malized drift frequency and radial displacement of passing
ions are denoted as Wp, = V] + 77 /2 and dy = vy + 3 /(29)),
respectively, for simple representation. For the velocity integ-
ral, (-); is defined as [ d*v(-)/(2m T/m)3/?. Equation numbers
for response functions, <@Dv(§gﬁ0>‘;, and the main instability
terms for the GAM, Q-GAM and EGAM cases are summar-
ized in table A1 as shown below.

Table A1. Table of equations: response functions and <(I)Dvégi70>‘;
for the GAM, Q-GAM, and EGAM cases.

GAM [10] Q-GAM EGAM [17, 18]
8fr1 (A4) (A.8) (A.15)
Ri, (A.5) (A.9) (A.16)
Ry, (A.6) (A.10) (A17)
Ry,. (A7) (A.11) (A.18)
(@pvOs Fo)s 1 1 (A.20)
Main — (A.12) (A.19)

instability term

A.1. Standard GAM case

The original derivation of the GAM dispersion relation is
given by [10]. Using equation (2.6) from [10], the normalized
perturbed ion distribution function for m = £1 components,
neglecting the FOW effects, is given by

[a)ﬂ
(A.4)

Then, by taking velocity moments 1, mv?, and %mvi on
equation (A.4), response functions for each perturbed fluid
variables are derived as

N . A V”
5 —_F
f1 (W) M3 FO

krprq
2

(@)Jri(

o — |5 o /r“+<A Y| >
s f/H—L:) 5 ¢ M\A)H—Lf) 5
= {Z(d) (‘1’2‘1'%)+@}/{Tg_l+1+w2(&1)}, (A.5)
v W
Rop =\Fw5 =) ~Ra{fug—5 )
=Z() (w“ + ;w2> + (@ + @)
—R;, [a3z(w)+<w2+; ] (A.6)
R P L N P
B2 |\ -a ), R"S< T
:%[Z(w)(a2+1)+w—R;,S{1+w2(w)}] (A.7)

The term (vaégF@o simplifies to 1 when Fj is assumed to
have a Maxwell distribution, as in the case of GAM.

A.2. Q-GAM case

The perturbed ion distribution function for m = 1 compon-
ents in the case of Q-GAM is already given by equation (12).
Following the normalization rules in this appendix, perturbed
distribution function is rewritten as

1 (@) =

By taking velocity moments of equation (A.8), the response
functions are derived as
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Among the terms of the parallel pressure response function,
we found that the £ x B convection term, given by
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(A.12)

in equation (A.10), serves as the main instability source for
Q-GAM. The impact of this term on Q-GAM is well shown
in figure 8(b). For the term (dDV85ﬁ0>g, only the Maxwellian
part of Fj is considered and it simplifies to 1. This is because F
can contribute to the Q-GAM dispersion relation only through
the E x B convection, due to its poloidal structure.

A.3. EGAM case

For the derivation of response functions for EGAM, we fol-
low the approach of [17, 18], assuming the same species for
fast ions and thermal ions. They derive an EGAM dispersion

relation using the gyrokinetic equation, by adequately assum-
ing the equilibrium distribution function as

Fo=F,+Fp +Fp (A.13)
with
3/2
m &
F = =
= (277Tt) xp [ Tt] ’
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where subscripts ¢ and f stands for thermal and fast particles,
and subscripts + and — next to f means positive and neg-
ative shifted part of the fast particle distribution in parallel
velocity. Here, 7y = T5/T, represents temperature ratio of fast
particles to thermal ones and u|| stands for parallel velocity
shift in the fast particle distribution, determining the location
of the hump in the fast particle distribution. The equilibrium
density ng satisfies ng = n; + ny. Afterwards, we use following
normalizations:
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(A.14)
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Here, [vr,,vr,| = \/2[T}, T]/m represent thermal velocities of
thermal and fast ions, respectively. The perturbed ion distribu-
tion function for EGAM can be analytically derived using the
same approach as in [10]. The only difference lies in the fast
particle contribution in F, which is modeled by double shif-
ted Maxwellian distribution function. By utilizing the Fourier-
Laplace transform and neglecting the FOW effects, the per-
turbed ion distribution function for m = =1 components is
given by

fr
3/2
27

X {q@il (c&)—&-i(

Vil
VH Fw

Set1 (@) = — |fiFi + OcFf

krqu
2

) 8y0 (@} . (AL15)

where Ffi =Fp +F, and de = —T,(0/OE) are newly
defined for simple representation. Here, also note that the
kinetic energy derivative of the fast particle distribution
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is calculated as JgF} = {FF = (ye/vyp) I:"f*} /7. By taking
velocity moments of equation (A.15), the response functions
are obtained as
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with
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2):

2y (Gp, ) = 2 (@ — duyy) (1 -

The main instability source of EGAM also originates from the
response of perturbed parallel pressure R, similar to that in
Q-GAM. The corresponding term, stemming from the accel-
eration term if energetic particles, is given by

~2 3/2 ~3
a4, N I L NI
V) —w s 2 Y V—w/.
v vr
T/ TF a A -4 {':)fz
=51 & @piy) | & + 5

in equation (A.17). The impact of this term on EGAM is well
shown in figure 8(c). For the term (@Dvég F 0)3, it does not trivi-
ally simplify to 1 as in the case of GAM or Q-GAM due to the
shifted Maxwellian shape of Frt. Its calculation is given by

- A G SN ﬁ‘<A <A+ i‘lfA—>>
va F v=Jt th += v Fr— A*F
(ko) f<wD >a 2\ T, iy
_e .
=fi+75 [2+ 2 ()] - (A.20)

By substituting the response function equations (A.16)-
(A.18), along with equation (A.20) for <LDDV85F 0)3, into refor-
mulated gyrokinetic dispersion relation (19), the EGAM dis-
persion relation is recovered (see equation (9) in [18]).
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