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Upper bounds on the growth of instabilities in gyrokinetic systems have recently been
derived by considering the optimal perturbations that maximise the growth of a chosen
energy norm. This technique has previously been applied to two-species gyrokinetic
systems with fully kinetic ions and electrons. However, in tokamaks and stellarators, the
expectation from linear instability analyses is that the most important kinetic electron
contribution to ion-scale modes often comes from the trapped electrons, which bounce
faster than the time scale upon which instabilities evolve. As a result, a fully kinetic
electron response is not required to describe unstable modes in many cases. Here, we
apply the optimal mode analysis to a reduced two-species system consisting of fully
gyrokinetic ions and bounce-averaged electrons, with the aim of finding a tighter bound
on ion-scale instabilities in toroidal geometry. This analysis yields bounds that are greatly
reduced in comparison with the earlier two-species result. Moreover, if the energy norm
is properly chosen, wave—particle resonance effects can be captured, reproducing the
stabilisation of density-gradient-driven instabilities in maximum-J devices. The optimal
mode analysis also reveals that the maximum-J property has an additional stabilising
effect on ion-temperature-gradient-driven instabilities, even in the absence of an electron
free energy source. This effect is explained in terms of the concept of mode inertia, making
it distinct from other mechanisms.

Keywords: fusion plasma, plasma nonlinear phenomena, plasma instabilities

1. Introduction

In a recent series of papers (Helander & Plunk 2021, 2022; Plunk & Helander 2022,
2023) a new theory has been developed that bounds the growth of linear and nonlinear
instabilities in gyrokinetic systems by considering the energy balance that must be obeyed
by these systems (from now on we will refer to these publications as Parts 1, 2 and 3,
respectively). These upper bounds are attained by the optimal modes of the system — states
of the gyrokinetic system that maximise the growth of a chosen ‘energy norm’ within the
limits allowed by energy balance. The optimal modes form a complete orthogonal basis
for the space of distribution functions. Unlike the ‘normal’ modes of the linear gyrokinetic
operator (solutions to the gyrokinetic system which evolve as exp(—iwt)), the velocity
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space dependence of the optimal modes is significantly simpler. Moreover, the optimal
modes possess a closed-form solution in terms of a finite set of gyrofluid-like moments,
without any closure approximation, resulting in a low-dimensionality eigenvalue problem
for the optimal growth rate, which can be solved at low computational cost. This makes
the optimal modes an attractive lens with which to explore gyrokinetic systems.

There is a wide range of energy norms that can be used in these optimal mode analyses.
In Parts 1 and 2 the bounds were developed using the Helmholtz free energy as an energy
norm, culminating in upper bounds on fully electromagnetic, multispecies instabilities.
Part 3 extended the optimal mode analysis by considering the generalised free energy,
a linear combination of the Helmholtz free energy and the electrostatic energy, for a
single kinetic species (kinetic ions with adiabatic electrons). The optimal growth of this
generalised free energy yields the lowest possible upper bound that can be formed from the
balance of these two energies, as will become clearer below. Importantly, the generalised
free energy adds an explicit dependence on magnetic geometry into the optimal mode
analysis by retaining the wave—particle interaction effects, including magnetic drifts,
which contribute in a physically transparent way to the evolution of the field energy of
the system.

While the bounds derived for the system with kinetic ions and adiabatic electrons have
been found to be quite close to the results of linear gyrokinetic simulations in tokamaks and
stellarators, the upper bounds for two kinetic species in the electrostatic limit derived in
Part 2 tends to be several times larger than the simulated linear instability growth in these
geometries (Podavini et al. 2025). This is most evident at small values of the perpendicular
wavenumber k| , where the simulated growth rates in the toroidal geometries tend to zero,
and the upper bound tends to a non-zero value of considerable size. This discrepancy
in qualitative behaviour is because the upper bound of Part 2 is geometry independent
and must also bound the growth of instabilities in closed-field-line geometries, like the
z-pinch (Ricci et al. 2006), which exhibit finite growth as k; — 0. As we will see, the
difference in these geometries lies in the transit average of the passing-electron response,
which may be non-adiabatic in closed-field-line geometry but is largely adiabatic on the
typical instability time scale in toroidal geometry, where the trapped electrons dominate
the non-adiabatic electron response.

In this work, we aim to increase the applicability of the optimal mode theory
with a kinetic electron response to stellarator and tokamak geometry. This is done
by considering a reduced two-species system, in the electrostatic limit, in which the
electron transit time along the magnetic field is assumed to be much faster than the
evolution of the instabilities. In toroidal geometry, this eliminates the passing-electron
contribution to instabilities, at lowest order, leaving only a bounce-averaged trapped
electron response. The resulting gyrokinetic system is often used to describe electrostatic
instabilities such as trapped-electron modes (TEMs) (Helander, Proll & Plunk 2013) and
ion-driven TEMs (ITEMs) (Plunk, Connor & Helander 2017), but is also applicable to
ion-temperature gradient modes (ITGs) (Proll e al. 2022). We note that we exclude modes
such as the electron-temperature-gradient mode (ETG) (Dorland et al. 2000; Plunk et al.
2019) and the universal mode (Helander & Plunk 2015; Landreman, Plunk & Dorland
2015) which evolve on time scales comparable to, or shorter than, the electron transit time.

To include wave—particle resonance effects, particularly involving the magnetic drifts,
we construct the generalised free energy (of which the Helmholtz free energy is a special
case) of the system with gyrokinetic ions and bounce-averaged electrons. We first study
the Helmholtz free energy limit, which is directly comparable with the two-species result
of Part 2. We then consider the full generalised free energy and explore the impact of
magnetic curvature on the optimal modes and the resulting upper bounds. We confirm
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that the previously known linear stability benefits of maximum-J magnetic geometries
associated with the presence of an electron free energy source (Proll et al. 2012; Helander
et al. 2013) are exhibited by the optimal modes. The optimal mode analysis also reveals
an additional stabilising effect that the maximum-J property has on ITGs — even in the
absence of an electron free energy source. We explain this effect through the concept of
mode inertia, which is sensitive to the degree of depletion of the Boltzmann response by
the trapped electrons. This is distinct from other mechanisms described in previous works
that enhance microstability in maximum-J stellarators, which involve a lack of resonance
between bounce-averaged curvature and diamagnetic drifts.

2. Gyrokinetic system

To begin, we consider a local, electrostatic gyrokinetic system, where the domain is
a narrow flux tube centred around a magnetic field line in the plasma. In this local
approximation, a Fourier decomposition may be applied in the directions perpendicular to
the magnetic field assuming periodicity in these coordinates. The electrostatic gyrokinetic
equation for a species a, and the Fourier component k is

8g(/zk 8gak . ] /
: : Ny — Y B-(kxKk)o¢pIougarr
o, TV T i0ugak t o Ek, (k X k)¢ Joa 8a ik
el (0 or ) sl @.1)
- ~ 1 a s .
T, \ot Pra 0

where g, x is the non-adiabatic part of the perturbed distribution function g,(R, E,, {4, t)
=8f(r,v, 1) + e, 8¢ (r, 1)Fay/T,, Fy is the background Maxwellian distribution and §¢
is the electrostatic potential. The phase-space coordinates for the gyrocentre distribution
function g, are the magnetic moment, u, = mavi /(2B) and the kinetic energy, E, =
myv*/2. We also use Clebsch magnetic coordinates, in which the magnetic field is of the
form B = Vy x Va, where ¥ is the toroidal magnetic flux (acting as a radial coordinate
in toroidal geometry), and « is the binormal coordinate, which labels different field lines
on surfaces of constant v. In these coordinates, the field-line following coordinate is /, the
unit vector along the magnetic field is b = B/B and the perpendicular wavenumber is k =
ki, = k,Va + k;, V. The argument of the Bessel function is Jo = Jo(k v, /£2,) with the
gyrofrequency defined as 2, = e,B/m,. The magnetic drift frequency is w,, = k1 - vy,
where v, = b x (v /2VInB + vﬁlc) /$2,. In the low-plasma pressure limit (assuming
V In B = k), the drift frequency can be approximated by

2
2 Uy ULy

. v )
Waa X Bga(l) (—i + —2“> : (2.2)

where vy, = +/2T,/m, is the thermal speed and @, (I) is a geometry dependent factor. The
energy-dependent diamagnetic drift frequency is

4 P (U 2.3)
W, = Wyq al\ 5 T X s .
‘ 7 vy, 2

where the plasma gradients enter via w,, = (k,T,/e,) dInn,/dy and the gradient ratio
n. =dInT,/dInn,. In the electrostatic limit, the system is closed by the quasineutrality
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condition

2
Z e;z“ 8¢k = ; €q / ga,kJOa dSU. (24)

a

In Clebsch coordinates, we may write the nonlinear term of (2.1) in the more convenient
form

1 / / /
73 0B (kX K)Sboa gunie = ) (oK, = kaky) Soa gasw- (25)
-

v
3. Bounce-averaged electrons

To simplify the electron gyrokinetic equation, we employ a standard ordering. We
assume that the time scale of the dynamics of interest in the gyrokinetic system 7, (i.e.
the growth time of an instability) is much longer than the time scale on which thermal
electrons transit the typical parallel length scale of the system, such that tp > L/vr..
Expanding the electron distribution in orders of L/(vr.Tp) as gex = 88, et g;’ x- - wefind
that, to leading order,

—0, 3.1)

such that the lowest-order electron distribution function is constant along the magnetic
field line. This, it turns out, is a highly consequential result of this ordering, and how it
is interpreted is the key to tailoring the forthcoming optimal mode analysis to capture the
behaviour of the electron response for ion-scale instabilities that satisfy our ordering in
toroidal geometry.

The constancy of g% = g%(E., ., ¥, @) in [ implies that its value is entirely determined
by the parallel boundary conditions. For the passing particles in toroidal geometry, and for
ke # 0, the relevant boundary conditions are the so-called ‘incoming’ boundary conditions
of ballooning space where

8ek(v>0,l = —00) =0, (3.2)
Zex(v)<0,1 = 00) = 0. (3.3)

As explained in an appendix by Plunk et al. (2014), these boundary conditions are required
to preserve causality (Connor, Hastie & Taylor 1980), such that information from the
boundary, which is infinitely far away, cannot be communicated in a finite time. Therefore,
it must be the case that g%(k, # 0) = 0 in the passing region of velocity space to satisfy the
boundary conditions. For the k, = 0 component, ballooning space boundary conditions
are not appropriate because there is no mechanism that should cause the mode to decay
along the flux tube. Thus, for k, = 0 the electron distribution function has a zeroth-order
contribution from the passing electrons.

The trapped particles on the other hand (in the absence of collisions), are confined to a
limited region of ballooning space. As such, the appropriate boundary conditions for these
particles are the ‘turning-point’ boundary conditions (Connor ef al. 1980),

8ek(V>0,1=1)) = gox(vy<0,l = 1)), 3.4
8e,k(vu>0, l=0b)= ge,k(UH<O» I=1h) (3.5)

where [/, , are the bounce points for a particle defined by AB(l/;,) = 1, where A is the
particle pitch angle, 4 = v?/(v?B). These boundary conditions can be satisfied with
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gg’ « 7 0, and so, for k, # 0, only the trapped electrons contribute to the non-adiabatic
electron response in this limit. Note that this is not the case in closed-field-line geometries
where the parallel boundary conditions can be periodic, allowing gSY « to be non-zero in the
passing region of velocity space to zeroth order.

At next order in L/(vr.Tp), we find

08ck |\ 08ek i 0 Kk — ko K.) S Tong’
9t V| 7 + 1Wge 8, k =+ Z ( Yyheg T Ra 1//) d)k’ Oege,kfk’
-

el €0 0 LT
S — +io’ ) 8¢rJo.. 3.6
T, (8t ! *e> Ko (3-6)

We now define the bounce average as

L

...dl
L) /v"_i b )dl
153 - — ?
/ di/v e V= AB
Iy

where we have introduced the bounce time 13 = flf (dl//1 — AB)."! In pitch-angle
coordinates, the velocity space element is defined as

(.)= (3.7)

nv’Bdv da
d*v = —_— 3.8
L5 69

where o = v /|v;|. Applying the bounce average to (3.6) annihilates the g;, & contribution,

leaving an equation for gg, - Additionally ordering k, p, < 1, where p, = vr,/[£2,|, for
simplicity and omitting the superscript ‘0’ for brevity gives

age’k i / '\ R4 eFeO 0 . T\
S Bacges + ; (kyK, — kk,)) 3y Gt = — - (a_z + 1a)*e) 56, (3.9)

We now consider (3.9) as the governing equation for the bounce-averaged electrons in our
gyrokinetic system, which is accurate to lowest order in L/(v.7p). Here, we restrict our
view to toroidal geometry such that, for k, # 0, g, is only non-zero in the trapped region
of velocity space.

4. Energy balance

In the limit of tp > L/vr., we have a gyrokinetic system comprised of ions described
by (2.1), with finite ion-Larmor-radius effects, and bounce-averaged electrons described by
(3.9). As described in Parts 1, 2 and 3, we can construct energy norms for this two-species
system that are conserved by the nonlinear terms of the gyrokinetic equations. These
nonlinear invariants are the Helmholtz free energy, detailed in Parts 1 and 2, and the
electrostatic energy, described in Part 3. We now derive these invariants in our system
with bounce-averaged electrons.

'H ere 73 has units of length, due to the cancellation of v when changing to pitch-angle coordinates, but is typically
referred to as the bounce time for trapped particles.
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4.1. Helmholtz free energy

For simplicity, we will consider a two-species hydrogen plasma with n; = n, = n, but the
following can be easily generalised to multiple ion species. Constructing the Helmholtz
free energy of this system proceeds in the same manner as in the general multispecies case,
shown in Part 2, except for our assumption that k; p, < 1. This is done by multiplying the
gyrokinetic equation for each species by the factor 7,g; ;/F.o, integrating over velocity
space, applying the flux-tube average defined by

L
o= [oog /[ G=myf g D

summing the equations for both species, and taking the real part. Applying the flux-tube
average has no impact on the bounce-averaged electron equation, but we leverage the

identity
</f(v, ) d3v> = </f(v, )} d3v> (4.2)

to allow us to combine the electron and ion contributions to the Helmholtz free energy.
After using quasineutrality, we arrive at the Helmholtz free energy, which looks similar to
that of Parts 1 and 2,

_ |ga,k|2 3 ein 2
H(k, 1) =Y (T, o — S 1) 4.3)
a0 a

a

The Helmholtz free energy balance reads, as before,

d . .
Z d—tH(k, 1) =2Re Z <ea / io! SdiJoags s d3v>

k ak

=2 (Di(k, 1) + DI (k. 1)) ; (4.4)
k

the only difference here is that we have considered the limit Jo, ~ 1 and g, =
8e(E,, e, W, ) with g, = 0 for 4 < 1/B,. We have denoted the electron contribution
with a ‘tr’ superscript to signify that only the trapped region of velocity space contributes.
The total free energy drive for a given k is then given by D(k, 1) = D;(k, t) + DY (k, 1),
which determines the rate at which the system can grow given the presence of gradients in
the plasma.

4.2. Electrostatic energy

To construct the generalised free energy, as demonstrated for a single kinetic species
in Part 3, we first need to derive the electrostatic energy balance of the system with
bounce-averaged electrons. As shown in Appendix A of Part 3, the electrostatic energy
balance equation of a multispecies system may be constructed by applying the operator

Rez< / a9 Joa ...)d3v> (4.5)

to the gyrokinetic equations for each species and summing over species. When this
operator is applied to the electron equation, the nonlinear term is annihilated. This can
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be shown by noticing that its contribution,
Re) " < / (kyk, — koK),) 8630w gei d3v> , (4.6)
KK
when expressed in pitch-angle coordinates (3.8) and using the identity (Helander et al.

2013)
1/3(1) 1/Bmin b j
/ di / Ay / dl, (4.7)
/BHIZIX l/Bn\ax : l

J L

where the subscript j denotes the different magnetic trapping wells along the flux tube,
becomes

1/Buin e ¢} I
Re Y © / s, / dvv? (ky K, — kK,)) 56350 er - (48)
0

iroj | 1B

Since 8¢y = 8¢ and g, = g.._x, upon taking the real part, this contribution is
proportional to

(kykl, — koK) (3¢ 180 et + 518D 1 Ge—rsi) 4.9)

which changes sign if k and &k’ are swapped, such that this term vanishes upon summation
over k and k.
What remains of the electron equation when this operator is applied is

Re ) < / —edo;; (8;”‘ + iadege,k) d3u>
k
2
_ Rez<;—/ Fl0; ( 0 1w )%kd3v>. (4.10)
k e

We may also use the identity (4.7) to rewrite the right-hand side of this expression. Upon
taking the real part of the right-hand side, the term proportional to w!, vanishes leaving

* agé,k . e n Brnax -
ReZU _e&p"( ot ) > 4Vc1zZ Z w1661 dA.
k

1/Buin
(4.11)
Applying the operator (4.5) to the ion gyrokinetic equation proceeds similarly, albeit
without bounce averages, yielding

agl 3gl d ezn
Re2</ edpylo; ( azk + vy azk +iwgg:. k) d3v> =< Z T(r()i(b)|5¢k|2),
k 1

k

(4.12)
where I;(b) = Iy(b) exp( b) and b = k? 1 ,ol . If we now sum the contributions from the
ions and the electrons, given by (4.12) and (4.11), after using quasineutrality, we arrive at
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electrostatic energy balance,
d
— Elk,t) =2 K(k,t) + K¥(k, 1)) . 413
dt;();((ﬂre()) 4.13)

Here, E(k, t) is electrostatic energy contained in the potential fluctuations in this system
given by

2 /Brmax

1
E(k.1) = = {<(1 + 7= ) 864) = 57 Y / rB,jM,-,deA} SRR
i T Jus

min

where © = T;/T,. The drive terms K;(k, ) and KU'(k, #) are the work performed by the
ions and trapped electrons on the electric field, respectively, and are given by

" 0gir . 3
Ki(k, t) = —Rele 6¢k~]0i UHW + 1wqi8i i d’v , (415)
and
K"(k, ) = Re <e / iadea¢,tge,kd3v>. (4.16)

The total electrostatic energy drive is then K(k, ) = K;(k, t) + KU'(k, 7). The drive, K,
determines the rate at which the electrostatic energy of the system can grow, given the
energy transfer possible by wave—particle interactions. This form of electrostatic energy
balance is similar to forms derived by Helander et al. (2013) and Plunk et al. (2017), where
they were concerned with normal modes.

4.3. Generalised free energy

Now that we have found forms for both the electrostatic energy and the Helmholtz free
energy, we can construct the generalised free energy, as shown in Part 3, by considering
the linear combination

H=H — AE, (4.17)

where A is a real constant. Here H can be guaranteed to be a positive-definite energy norm
if A is chosen correctly; for example, any negative real choice of A gives a positive definite
energy measure. However, positive-definiteness will not be fulfilled beyond a certain
magnitude of positive A. Note that H does not define a single energetic norm, but rather
an infinite set of norms for each allowable value of A, all of which are invariant under
nonlinear interactions between different wavenumbers if A is chosen to be independent
of k (Plunk & Helander 2023). The Helmholtz free energy is a special case in this set of
energy norms for which A = 0.
The energy balance equation for H is

d ~
m Xk:H(k, =2 Xk: (D(k,t) — AK(k, 1)) (4.18)

This energy balance is now ‘aware’ of both the source of free energy growth (the
gradients), and the mechanism by which it is extracted (wave—particle interactions). As
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defined in Part 3, the instantaneous growth rate of the generalised free energy is
A= (D—- AK) /H. (4.19)

Note that because H defines a positive definite square norm, the linear, normal mode
growth y; is bounded by the maximum possible value of A,

yr < max A. (4.20)

8e:8i

5. Optimal modes

We now seek the distribution functions g; and g, which extremise the value of A
— the optimal modes. These optimal modes are found by varying (4.19) with respect
to the distribution function for each species and seeking an extremum (§ A = 0). This
optimisation procedure yields two coupled variational problems, one for each species,
given by
SH 8D 8K

= —A

88, 88 88a

However, when performing the variation, we must take into consideration that the electron
distribution function is independent of the field-line-following coordinate /. To enforce
this, when computing the variation of a functional F[g,] as

(5.1

SF d

8g. de

F[ge + Ehe], (52)

e=0

the perturbation /4, is taken to be independent of /. To make the impact of /-independence
clearer, we define the inner product on the space of trapped-electron distribution functions

as
2m g [ g.I”
(8er )y = — 2}: / da /O dv ver,jTgF—, (5.3)

Vv 1/Bmax e0

which can be derived from the inner product for ion distributions (which we also use for
the ion distributions here) defined in Part 3,

_ l&il® &
(& &) = <Tif Fio d U> (5.4)

by expressing the velocity space integration in pitch-angle coordinates, under the
assumptions of /-independence, and g, being zero in the passing region of velocity space.

Evaluating the two variational problems (5.1) and expressing the result in terms of
the inner products defined above, for the respective species over which the variation is
performed, yields two coupled eigenvalue problems for the optimal modes and the growth
rate A,

A Hagy =) (Dugs — AKungs) (5.5)
b b

where the operators ﬂab, D, and Ky, are given in Appendix A. Here, and from now on,
we will omit the subscript ‘k’ for simplicity. These operators are expressed in terms of a
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finite set of velocity-space moments of the distributions,

1 3
Klg = — gaJOad v, (56)
n
1 V2 3
K2 = — — ) 8aJoa d’v, (5.7)
n v,
| [ — TS 3
Kze = SO =AB/2) | — ) g.dv, (5.8)
Te
1 Ui vﬁ 3
i = = — +— ) &doidv, 59
. n/<2v%i+v%i s 52
1 vy 3
K4i = — — ) &Joid’v, (5.10)
n Ui
1 Jo;
Ks; = _/ (ﬂ) @ % Py, (5.11)
n UTi al

where we have written @g.(I) = @g.f (1), f(I) is a dimensionless function which captures
the I-dependence of @y, and @q. is a constant with units of inverse time. Note that, due
to the appearance of the bounce average in each of the electron operators in Appendix A,
the equation which results from the variation of the electron distribution function gives an
optimal g, which is independent of [ as required.

This eigenvalue problem for the optimal mode growth has ‘full’ dependence on the
magnetic geometry of the flux tube, i.e. the magnetic field strength, the curvature and the
metric coefficients, all as a function of /. The system can be closed exactly in terms of the
moments «,, by taking moments of the two equations given by (5.5). This results in an
8 x 8 system of integrodifferential equations which must be solved for the eigenvalue A.

This system of equations can be solved for any choice of A, for which H is positive
definite, allowing us to compute the optimal mode growth rate for any element in the set
of energy norms defined by H. Thus, for a given scenario (e.g. plasma parameters and
geometry), we can seek the value of A which corresponds to the most restrictive norm on
the dynamics of the system within this set. This will give the tightest possible bound on
linear instability growth in accordance with (4.20).

In practical terms, this means that for each scenario we can optimise over A to find the
tightest upper bound on instability growth in the system. Here, this optimisation will be
carried out numerically. As explained in Part 3, this tightest upper bound is guaranteed to
be less than (or equal to) that of the Helmholtz free energy at A = 0 and the magnitude
of the optimal A can be thought of as the relative importance of wave—particle effects in
restricting the optimal growth for a given scenario.

Note that, due to the complexity of the system in general magnetic geometry, we are
unable to derive generally the limiting value of A beyond which positive definiteness is
no longer guaranteed. However, this does not pose a problem when solving the system
numerically as positive definiteness can be checked at each step when optimising over A.

6. Solving the system in the slow-ion-transit limit

To make finding the solution to the eigenvalue problem more straightforward, we
consider the limit L/vr; > tp, where the ion transit time is much longer than the typical
instability time scale. In this limit, we can neglect the derivatives along the magnetic field
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line that arise due to the parallel ion motion. This reduces the dimensionality of the system
by removing x4 and «s; from the problem, leaving a 6 x 6 system of integroalgebraic
equations. Note that this ordering is the typical ‘toroidal’ ITG and TEM ordering often
applied in linear, normal-mode analyses (Biglari, Diamond & Rosenbluth 1989; Helander
et al. 2013; Plunk et al. 2017). The system of moment equations in this limit is given in
Appendix B.

6.1. A square magnetic well

We cannot make much progress towards an analytical solution of this system for a general
magnetic geometry. Thus, to gain some insight into the behaviour of the system, we
consider a ‘square’ magnetic field of the form

6.1
Buw. Il = LJ2. ©.1)

Bl — {Bmin, ~L/2 <1<L/2,
with wg, () = const. and k;, = const. In this simplified geometry, the «,, eigenfunctions
are constant inside the magnetic well between —L/2 < [ < L/2 and the k,, moments must
vanish for |/| > L/2. In this case, there are two possibilities, either the ion moments must
also vanish in this region, or the electron moments are zero everywhere, corresponding
to the system with adiabatic electrons. Both of these solutions are realisable, with the
adiabatic electron solution being described in Part 3. Here, we concern ourselves with
the eigenfunctions that vanish at By,.x, whilst keeping in mind that the adiabatic electron
solution is also present in the system outside the well.

The solution to the eigenvalue problem in this square magnetic geometry is given in
appendix C and is denoted as Agw. We find that the value of A beyond which the system
is not guaranteed to be Hermitian (i.e. implying a violation of positive-definiteness) is

14+t

A< —" |
F()+'L'8

(6.2)

where ¢ = /1 — Bpin/Bmax. While we will mostly employ this solution as a benchmark
for comparison with numerical solutions, it can provide some insight into the behaviour of
the optimal mode system in this limit. Firstly, in the Helmholtz limit with A =0, we
see that Agw reduces to an expression of the same form as the fully kinetic electron
Helmbholtz bound derived in Appendix D of Part 2, with the only difference being the
lack of finite-electron-Larmor-radius effects in the solution here, and the reduction of the
size of the electron response by the trapped-particle fraction ¢. Later, we will see that
this reduction of the population of electrons which contributes to instability growth has
a profound impact on the qualitative behaviour of the bound. Moreover, in the limit of
& — 0, we recover the adiabatic electron Helmholtz bound of Part 1. Thus, the system
studied here behaves like an intermediate limit between the fully kinetic and adiabatic
electron limits.

For the generalised free energy case, with A # 0, we also note that, in the limit of
& — 0, Agw reduces to the adiabatic electron result of Part 3 in the toroidal ITG limit.

6.2. Numerically solving the system

The analytical solution in the square well, Agw, already provides some insight into
the behaviour of the eigenvalue problem but does not capture the subtleties of the
bounce-averaged electron response. In realistic magnetic geometries, the local curvature
along the field line may differ vastly from the bounce-averaged curvature felt by trapped
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electrons due to the variation of the magnetic field strength along the field line. As a
result, the ions and electrons in the bounce-averaged limit can experience drifts which are
vastly different. This could be captured in the square well geometry by stipulating that the
ions and electrons experience different curvatures in the well, but this would be a coarse
approximation of the realistic situation.

To get a better sense of the behaviour of the system in more realistic geometries,
we resort to numerically solving the system of integroalgebraic equations given by the
moment form of the kinetic eigenvalue problem (5.5) in the slow-ion-transit limit (L/vg; >
7p). For the sake of simplicity, we do this in simple, toy-model magnetic fields. Here, we
discretise the system on a basis of cosines in [/, with zeros at the maximum of magnetic
field strength (the eigenfunctions of interest are purely even in a symmetric geometry, and
must vanish at B = By,,«), and use a recently developed numerical package to evaluate the
bounce averages and integrals over A (Mackenbach et al. 2023a).

7. Helmholtz free energy (A = 0) bounds

For the case of A = 0, the generalised free energy reduces to the Helmholtz free energy,
and the x3, moments do not contribute to the system of equations. This reduces the
dimensionality of the system to 4 x 4. In this limit, the optimal modes do not depend
on magnetic curvature, but retain dependency on B(/) and the variation of k;, with /. We
will refer to the optimal mode growth rate of this system with A = 0 as the Helmholtz
bound. To get a sense of how the optimal modes behave in response to the presence of
different plasma gradients, we consider three cases: the case of a pure ion-temperature
gradient in the plasma (Vn = 0, VT, = 0) that we refer to as the ‘pure ITG case’; a pure
density gradient (VT; =0, VT, = 0) case that we refer to as the ‘pure TEM case’; and
a case with only an electron temperature gradient (Vn = 0, VT; = 0 which we refer to
as the ‘pure ETG-TEM case’. While we have only considered single gradients here for
simplicity, we note that the optimal modes can equally be applied to mixed gradient cases.

In figure 1, we show the Helmholtz bound of the system as a function of b; = k? p?.
Here, for the numerical solution, we consider a magnetic field of the form B(/) = By —
By cos(l) with By = 1 and B, = 0.2, and use k; = const. for simplicity. In a sinusoidal
field such as this, the magnetic trapping wells are identical and are separated by identical
maxima (like in an omnigenous field), thus we need only solve the system in a single well
with —t < I < m. Note that numerically solving the integroalgebraic system results in a
spectrum of eigenvalues (an example of which can be seen in figure 2), which are all real
due to the Hermiticy of the system, and come in pairs of positive and negative values of
equal magnitude due to the time reversibility of the system (Plunk & Helander 2022). In
figure 1 we only show the fastest-growing optimal mode growth rate (the largest positive
eigenvalue) for clarity.

We also show the analytical Helmholtz bound of the system in a square magnetic
trapping well of the same depth, Agw, given by (C18) with A = 0. We compare these
Helmholtz bounds with the bounce-averaged trapped electron response to the Helmholtz
bounds with adiabatic electrons, given by (6.20) in Helander & Plunk (2022), and the
Helmbholtz bound with fully kinetic electrons, taken from Appendix C of Plunk & Helander
(2022). For all gradients considered, we find that the numerical solution in the sinusoidal
magnetic field closely follows the analytical solution for the square magnetic trapping well.

For the pure ITG case (figure 1a), we find that the Helmholtz bound of the system with
the bounce-averaged trapped electron response lies between the bounds for the adiabatic
and fully kinetic electron systems. Moreover, in figure 2 we see that this is true of the
entire spectrum of solutions, which appear to be bounded from below in magnitude by
the adiabatic electron bound. We note that, for all gradients, the optimal mode growth
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FIGURE 1. Optimal mode growth rates A of the Helmholtz free energy with t = 1 as a function
of k2 ,o.2 for the various electron models. Panel (a) shows the pure ITG case, (b) shows the pure

1L
TEM clase and (c¢) shows the pure ETG-TEM case.
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FIGURE 2. Spectrum of numerical solutions to the kinetic eigenvalue problem (5.5) for a
sinusoidal magnetic field strength with T =1 for the pure-ITG case alongside the adiabatic

electron optimal growth rate. Shown are the six largest eigenvalues found numerically.
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FIGURE 3. Eigenfunctions of the kinetic eigenvalue problem (5.5), obtained numerically, for
A = 0 (Helmholtz limit of the generalised free energy) with t = 1, b; = 1.5, in the pure TEM
case. Here, the absolute values of the k,, moments are shown as a function of /, alongside the
magnetic field strength B(/), for the eigenfunction with the largest eigenvalue (@) and the second
largest (D).

rate tends to zero as k; — 0 in the bounce-averaged system. This signifies the removal
of the ‘magnetohydrodynamic-like’ instability mechanism present in the fully kinetic
electron Helmholtz bound, which causes the bound to approach a finite value in this limit.
Mathematically, the cause of this difference is illustrated by the square well solution Agw
where as k; — 0, the numerator tends to zero and the denominator is proportional to
(1 — &), which is finite unless the trapped particle fraction is unity. Thus, we have Agy —
0 as k; — 0. This is in contrast to the fully kinetic electron bound of Part 2, whose
denominator goes to zero in the limit k; — 0 in such a way that the bound remains finite.
Physically, the Helmholtz bound with fully kinetic electrons overestimates the degree of
instability because it contains a contribution from non-adiabatic passing electrons which,
in toroidal geometry, does not contribute on time scales longer than the electron transit
time.

The bounce-averaged electron system also yields a Helmholtz bound for the pure TEM
case and the pure ETG-TEM case; see figures 1(b) and 1(c). In this bounce-averaged
electron system, this provides a bound on the growth of Vi and VT,-driven TEMs (this
does not extend to ‘true’ ETGs, which exist at larger values of k, thus violating our
assumption of k, p, < 1 and require a non-adiabatic passing electron response).

In figure 3, an example of two of the fastest-growing eigenmodes is shown for the
pure TEM case. The eigenfunctions are similar (in /-variation) to the expectation from
the linear theory, with the fastest growing mode having a maximum where the largest
fraction of trapped electrons reside at the minimum of the magnetic field strength. The
fastest-growing eigenmode has a significant contribution from the x,. moments, indicating
their importance for extracting free energy at these parameters.

8. Generalised free energy bounds

We now turn our attention to the general problem in which A is a free parameter. For this
case where A # 0, the species moments k3,, are retained. Thus, the optimal modes of this
system depend on the magnetic curvature drift, wg,, for each species. We seek values of
A which minimise the maximum growth rate A of the generalised free energy, giving the
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FIGURE 4. The optimal mode growth rate of generalised free energy, at the minimising
value of A, versus the drive parameter ks at T = 1. The analytical square well with constant
curvature solution is shown alongside the numerical solutions of the eigenvalue problem in a
cosine magnetic well with constant curvature. These are computed for a density-gradient-driven
case (pure TEM case), an ion-temperature-gradient-driven case (pure ITG case) and an
electron-temperature-gradient-driven case (pure ETG-TEM case).

lowest possible upper bound. The largest resulting optimal growth rate, at this minimising
value of A, gives an upper bound on instabilities, in the considered limit, that depends on
the magnetic curvature.

Because of the complexity of the general system, we perform the optimisation over A
numerically and exclude values for which positive definiteness is violated. However, we
have found that the optimisation space of A(A) is very smooth and that a global minimum
is easily found.

As a first test for the numerical solution, to facilitate comparison with the analytical
solution for square magnetic trapping well with constant curvature, we solve the system
numerically for the case of a magnetic field of the form B(l) = By — By cos(l) with
By = 1 and B; = 0.1 with constant curvature, @4, (/) = const. Following the analysis of the
generalised free energy with adiabatic electrons of Part 3, we consider the instability drive
parameter k; = w,;/@g Or (kg = wyn;/dq for the pure ITG case and k; = |wyen.|/Dg;
for the pure ETG-TEM case). We thus have @&, /w,; = sign(e,)x,; 'T, /T; for each species.
Under this normalisation, if x; > 0, then @g,w., > 0 for both species, corresponding to
‘bad’ curvature where linear instability is expected. The case of x; < O corresponds to
‘good’ curvature, where the system is expected to be linearly stable.

In figure 4, we show the optimal mode growth for the pure TEM case, the pure
ETG-TEM case, and for the pure ITG case, as the curvature-drive parameter k, is varied.
We see that the square and the cosine trapping wells follow similar trends with «, attaining
a maximum for a finite positive value of k,, where the optimal bound is obtained for A = 0
and therefore coincides with the Helmholtz bound. This feature of the generalised free
energy bound overlapping with the Helmholtz bound at a particular value of the curvature
drive was also found for the adiabatic electron analysis in Part 3. The optimal bound
decreases monotonically away from this maximum towards the ‘strongly driven’ limit of
large positive «, and in the direction of small «, in the ‘resonant limit’. The bound also
decreases for k,;, < 0 where the curvature is favourable (‘good’).

In figure 5, we compare the optimal mode growth in the square well, Agw, with constant
curvature to the solution to the linear dispersion relation with bounce-averaged electrons
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FIGURE 5. Comparison between the generalised upper bound Agw, and the linear growth rate,
for a pure ITG case in a square magnetic well with Bpin/Bmax = 0.1, T = 1, and constant
curvature (see Appendix D). Here, the drift-kinetic limit has been considered for simplicity
(Joi = 1).

(details given in appendix D) in the same geometry, in the pure ITG case. Once again, we
vary the drive parameter k,; to compare how each solution depends on the curvature inside
the well. We confirm that the linear result lies below the upper bound, and we find that,
much like the behaviour of the upper bound, the presence of bounce-averaged electrons in
the linear dispersion relation ‘lifts up’ the linear growth rate of the ITG. In regions where
the normal modes are stable, the optimal modes have a finite but reduced growth rate, as
was found in Part 3 for the adiabatic electron system.

8.1. Impact of the maximum-J property

A class of magnetic configurations in which the gyrokinetic system with bounce-averaged
electrons is particularly interesting is provided by so-called ‘maximum-J’ geometries,
where the radial profile of the parallel adiabatic invariant,

L
J, L, ¥, a) = mv V1 —ABdI, (8.1)
A

has a maximum at the magnetic axis, and decreases radially (Rosenbluth 1968). In such
geometries, the electrons experience good curvature everywhere because

T2 dInn 3J
2ty dy Ay

is negative for all trapped electrons if J/0¢ < 0 and dInn/dy < 0, as is usually the case
in fusion plasmas (Proll et al. 2012; Helander et al. 2013). Quasi-isodynamic stellarators
are a particular type of optimised stellarator (Helander & Niihrenberg 2009; Niihrenberg
2010) which can be designed to have this property (Sdnchez et al. 2023; Rodriguez,
Helander & Goodman 2024). In such devices, the local curvature (as seen by the ions)
may be unfavourable, but the bounce-averaged curvature for trapped electrons is always
favourable. Many results from normal-mode theory, as well as gyrokinetic simulations,
have found that the trapped electron population in these geometries have a stabilising
influence if a plasma density gradient is present (Proll et al. 2012; Plunk et al. 2014;
Alcusén et al. 2020; Proll ef al. 2022). The physical reason for this enhanced stability

(8.2)

a)*eade =
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FIGURE 6. An example of an approximately maximum-J toy geometry, where most trapped
electrons, particularly those that are deeply trapped, experience bounce-averaged good curvature.
(a) The curvature is shown alongside the magnetic field strength, where negative values indicate
bad curvature. (b) The A-dependence of the bounce-averaged electron drift is shown.

can be traced back to the fact that relatively little of the thermal energy is ‘available’ for
conversion to instabilities (Helander 2017; Mackenbach et al. 2023b).

To investigate if this property is present in the optimal mode system, we require a test
geometry where the ions may experience bad curvature locally, while the bounce-averaged
curvature of the electrons can be independently varied. A simple model magnetic
geometry can be seen in figure 6. In this geometry, we choose a curvature of the form
w4, (1) Jwy; = sign(e,)o,cos(D)T,/T; and B(l) = By + B; cos(l), where once again, we take
By =1.0 and B; = 0.1. In this toy geometry, o, is a parameter which determines the
relative magnitude of the gradient length scale and the maximum radius of curvature,
similar to the familiar R/L, or R/L;, normalisation, where R is the major radius of the torus
and L, 7, is the scale length of the density or temperature gradients, respectively. With this
model geometry, by changing the sign of o, we can choose between a mostly maximum-J
geometry for o, < 0, where most trapped electrons, particularly those which are deeply
trapped, experience bounce-averaged good curvature, and a mostly minimum-J geometry
for o; > 0. Importantly, we can make this change between maximum-J and minimum-J
geometry without changing the field-line-average curvature (zero in this case), whilst
always having a region of unfavourable curvature along the field line.

In figure 7, we show the optimal growth rate A as o, is varied, the pure ITG case, pure
TEM case and pure ETG-TEM case. The upper bound in the pure TEM case is lower in
the maximum-J geometries (negative o) than in the equivalent minimum-J geometries
(positive o,). To explore the physical mechanism at play, we also test the dependence
of the optimal mode growth on the curvature drift for each species separately. For o, <
0 (maximum-J), removing the electron drift frequency (the instability mechanism that
remains is analogous to the ITEM of Plunk et al. (2017)) increases growth rates if |o,] is
small, and has little effect for o, large and negative. Thus, w4 has a stabilising effect in
the maximum-J geometries, in agreement with the expectation linear theory. Moreover, in
maximum-J geometries at large negative values of o, the instability mechanism is largely
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FIGURE 7. The optimal mode growth rate of generalised free energy, for the minimising A,
versus the drive parameter o,4. Negative and positive values of this parameter correspond to the
‘maximum-J’ and ‘minimum-J’ cases of the model geometry shown in figure 6. (a) The pure
TEM case is shown at k| p; = 1.5, (b) the pure ITG case in the drift kinetic limit (Jo; & 1) is
shown and (c) shows the pure ETG-TEM case at k| p; = 1.5. The impact of species-dependent
curvature drifts on each case is explored by zeroing out @wg; or @ge independently.

reliant on the ion curvature drift, as is expected from the linear ITEM or ubiquitous mode
(Coppi & Pegoraro 1977).

For 0, > 0 (minimum-J), the removal of the curvature drift for either species in the pure
TEM case serves to move the maximum value of the optimal growth rate towards lower
values of o, and greatly reduces the growth rate for large o,. This suggests that the drifts
of both species are important for the optimal extraction of free energy from the gradients.

In the pure ETG-TEM case, we see a reduction of the optimal mode growth for o, <
0. This is in keeping with the expectation from the dispersion relation of Plunk et al.
(2017), which shows that the maximum-J property, associated with the relative direction
of the bounce-averaged drift to the electron diamagnetic frequency, also exerts a stabilising
influence in the strongly driven limit when 7, is finite. The optimal mode analysis here
suggests that this benefit extends into the resonant limit (small o).

We observe that maximum-J configurations also exhibit lower optimal growth in the
ITG scenario (Vn =0, VT, = 0). This is despite the absence of any electron free energy
source, something which has not been predicted previously from linear normal-mode
theory. It is found that beyond a negative value of o, of sufficient magnitude, the ITG upper
bound with bounce-averaged electrons coincides with that of the adiabatic electron upper
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bound of Part 3 computed in this geometry (because the bound with adiabatic electrons is
local in this limit, here we evaluate the bound at each point in / in the toy geometry and
plot the largest value found). This is also reflected in the eigenfunction (not shown), which
tends towards a delta function at the location of maximum magnetic field strength, where
the trapped electron contribution is zero, suggesting that the adiabatic ITG solution to (5.5)
becomes the solution with the largest A for these values of o,. As shown in figure 7, this
mechanism of stabilisation in maximum-J geometry is present even if @wq. = 0. Thus, this
stabilising mechanism in maximum-J geometries is distinct from the known mechanism
that follows from the difference in sign between @y, and a)Ze (Proll et al. 2022).

8.1.1. Interpreting with linear theory

To interpret the observed reduction of the ITG-driven optimal mode growth in
maximum-J geometries without a source of electron free energy, we turn to expressions
from linear normal-mode theory (i.e solutions to the gyokinetic equation which evolve in
time like exp(—iwt), where w is the complex frequency). The comparable linear dispersion
relation is given by (3.5) in Plunk et al. (2017), for the case of a pure ITG, which is valid
if the mode frequency satisfies w/(w,;n;) ~ (wgi/w.n)"* < 1 (i.e. in the regime of large
k). Taking the drift-kinetic limit (Jo; =~ 1), the normal mode frequency is given by

oo dl
o=t [-on [ ou0Bsr

+00 dl T 1/Bumax o 172
r/ |5¢|ZE ) Z/ 318,17 da ) . (8.3)
. -

1/Bmin

where instability growth is given by a positive imaginary part of @ which arises due to
regions of bad curvature along the magnetic field (w.,n;@q > 0). We see that when the ITG
is unstable, the trapped electron contribution in the denominator acts to further destabilise
the mode by making the denominator (which is always positive (Helander et al. 2013))
smaller. This destabilising effect is due to the depletion of the Boltzmann response by the
population of non-adiabatic trapped electrons.

The effect of the maximum-J property on this dispersion relation is most easily
illustrated when the case of the ‘square well’ magnetic field with constant curvature
inside the well is considered. Inside the well, the ITG frequency becomes w =

:I:\/ —w,niwg/(t(1 — €)), where ¢ is the trapped particle fraction, and outside the well

it is given by w = +/—w,;n;wg/t. If we consider a series of these square magnetic
trapping wells with minima of B = B, separated by regions of B = B,.x, with a magnetic
curvature that alternates sign (from ‘good’ curvature to ‘bad’ curvature) between regions
of B = By and B = By, then there are two possibilities: either the bad curvature
is located at the minimum of magnetic field strength, corresponding to a minimum-J
geometry; or the bad curvature is located outside the well, corresponding to a maximum-J
geometry.

In the minimum-J case, the ITG is unstable inside the well, with a growth rate given by
w= :l:\/ —wyiNiwgi /(T (1 — g)). In this scenario, the non-adiabatic population of trapped
electrons can raise the ITG growth rate by depleting the Boltzmann response. On the other
hand, in the maximum-J case, the ITG is stable inside the well because the curvature is
favourable there (®g4iw,;n; > 0). Instead, the unstable ITG is outside of the well at B = B,
and the growth rate is @ = +/—w,;n;®q /7, corresponding to the ITG growth rate if the
electrons are treated adiabatically.
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This behaviour can also be inferred from the ITG growth rate in general geometry (8.3),
in which it can be seen that for instability to occur, the average of w,;n;@q|8¢|* along
the magnetic field line must be positive, such that §¢p must have large amplitude in the
regions of bad curvature. In maximum-J geometry, the regions of bad curvature are at
different locations in / than the minima of magnetic field strength. In these geometries,
for the instability criterion to be fulfilled, the non-adiabatic electron response, which
is proportional to the average potential seen by the trapped electrons as they bounce in
the magnetic well, will be necessarily small. Otherwise, if the electron contribution were
large, the potential would have a large amplitude in a region of favourable curvature, thus
impacting the instability criterion. As a result, the destabilising impact of trapped electrons
on the ITG is diminished in such geometries.

This is not the case in minimum-J geometries, where the regions of bad curvature
are located at the minima of B along the field line. In these geometries, the instability
criterion and the magnitude of the trapped electron contribution are not in conflict, thus
the ITG growth can be increased by the trapped electron population without impacting the
instability mechanism.

In the optimal mode analysis, this effect is slightly obscured due to the optimisation
over the A parameter, but the same basic behaviour can be observed in the expression
for E(k, t) given by (4.14), which is of the same form as the denominator in (8.3). Thus,
the magnitude of E(k, t) affects the magnitude of A via the denominator of (4.19), for
non-zero values of A. This stabilising effect of maximum-J can be seen in figure 7, where
for the ITG scenario, the upper bound with bounce averaged electrons approaches the
adiabatic electron result for large negative values of o, corresponding to an approximately
maximum-J geometry.

To summarise this section, the impact of the trapped electron response on ITG
instability in the absence of electron free energy is always destabilising, but the amount
of destabilisation is impacted by the location of the most deeply trapped particles relative
to the regions of bad curvature. To use a term coined in the literature for zonal-flows
(Diamond et al. 2005), the location of the trapped particles changes the inertia of the
ITG mode, with ITGs possessing lower inertia in minimum-J configurations than in
those which are maximum-J. This may go some way towards explaining why simulations
performed in newly optimised, highly maximum-J stellarators (Goodman et al. 2024)
show a smaller increase in ITG-driven heat fluxes with the addition of kinetic electrons in
comparison with configurations which do not satisfy the maximum-J property to the same
degree.

9. Conclusion

We have studied the optimal modes of the generalised free energy for the case of a
two-species system with fully gyrokinetic ions and bounce-averaged electrons. The central
result of this effort is a system of integrodifferential equations (B1)—~(B3) and (B10)-(B12),
the solutions to which provide an upper bound on the possible instantaneous growth of any
instabilities which satisfy L/vr. < 7p. These bounds depend explicitly on the magnetic
field strength of the chosen flux tube. Despite being more difficult to solve than the optimal
mode systems of Parts 1-3 (requiring a numerical treatment for all but the simplest of
magnetic fields), the eigenvalue problem here, which involves a relatively small number
of velocity space moments of the distribution function, is still much simpler than the
equivalent normal mode problem, which involves computing the full distribution function
as a function of velocity space.

As is discussed in Parts 1-3, the upper bounds given by the fastest growing
optimal modes not only give an upper bound on linear instability, but also have
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nonlinear implications. This is because the nonlinear growth of the system is bounded
by the growth of the fastest growing optimal mode. Here, however, the removal of
the ‘finite-electron-Larmor-radius’ effects associated with retaining k, p, results in an
unbounded growth of A as k; — oo. As a result, the nonlinear growth is also unbounded
if all values of k, are considered. Thus, when seeking a bound on nonlinear growth,
the spectrum in k; must be cut off at a chosen value, limiting its applicability to cases
in which only the ion-scale dynamics are of interest, as is often done in gyrokinetic
simulations. Other nonlinear implications of optimal modes also discussed in Part 2, such
as their required presence in statistically steady turbulence (DelSole 2004; Landreman
et al. 2015), also hold true for the optimal modes studied here.

The upper bounds computed here are specific to toroidal geometries with non-periodic
flux tubes (i.e. tokamaks and stellarators) and as such, the Helmholtz bound we find
behaves as expected in these geometries at small values of k, p;. This is in contrast to the
fully kinetic electron Helmholtz bound of Part 2 which, in its generality, must also bound
growth in closed-field-line geometries. The Helmholtz bounds of the bounce-averaged
system are significantly lower than the Part 2 result for all gradients, as long as &k, p, < 1.

Moreover, the generalised bound, which is optimised over the free parameter A, depends
explicitly on all the geometry quantities associated with the flux-tube domain. Here, we
neglected parallel ion motion in our system of equations for the sake of simplicity, focusing
on the typical toroidal ITG-TEM limits familiar from normal-mode theory. We have found
that the optimal modes exhibit much of the behaviour expected from normal modes,
attaining a maximum growth rate (relative to the strength of the plasma gradients) when
the curvature drift for both species is unfavourable and when the ratios of the diamagnetic
frequencies and drift frequencies are close to unity. We have also demonstrated that the
beneficial properties of maximum-J configurations expected from normal-mode theory
are also captured by the optimal modes. This was also found to be the case for another
measure of turbulent transport that is valid nonlinearly, the available energy of trapped
electrons (Helander 2017; Mackenbach et al. 2023b).

An unexpected consequence of this work was the observation of reduced ITG mode
growth rates in maximum-J configurations in comparison with a similar minimum-J
configuration when trapped electrons are included, even in the absence of a source of
free energy in the electron equation. This effect, observed in both the optimal modes and
the normal modes, was found to be related to the ‘inertia’ of the ITG mode, which is larger
in maximum-J devices.

The optimal modes presented in this work could form the basis of a ‘target function’
for stellarator optimisation, given that they depend explicitly on the magnetic geometry
and plasma parameters. The optimal modes studied here exhibit the effects present in the
adiabatic electron optimal modes of Part 3. In particular, the two-species upper bound
here shows a reduction of instability in both the ‘strongly driven’ and ‘resonant’ limits
of the drive parameter x; (or o,); these limits are also visible in the available energy
analysis of Mackenbach et al. (2023b). This suggests that, for fixed plasma gradients,
one could choose to reduce the amount of bad curvature experienced by both species
thus increasing «, (or o). Alternatively, in so-called ‘critical-gradient optimisation’, the
amount of bad curvature could be increased (decreasing k, into the resonant limit),
as performed by Roberg-Clark et al. (2023) for ITG-driven turbulence with adiabatic
electrons. Our findings suggest that both strategies are viable for reducing the growth
of instabilities including the response of trapped electrons. Moreover, as we have seen,
these optimal modes capture the interaction of several physical effects associated with the
maximum-J property and thus may directly inform the optimisation of the benefits of this
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property in a way that is not captured by present maximum-J targets, which are generally
not designed with turbulence in mind.
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Appendix A. Determining the Hermitian linear operators

The Hermitian linear operators in (5.5) can be identified from the variational problem
(5.1). To make the variation of H more straightforward we invert the identity (4.7) to arrive

at
2 2
I’_‘I: Te |ge| d +T |gz| d v
FeO Ft()
ezn VBO Bdl
a|8p|” — —8 —4 , (A1)
T ( SoF v 1/Bue N1 —AB ¢>>

where we have defineda = 1 + t + A(1 4+ t — I;). Written in this form, all that remains
is to insert §¢p from quasineutrality,

8¢ = _h (f gldoid’v — fge d3v) ; (A2)
en(l+4+ 1)

and perform the variation over g; and g,, writing the result in terms of the inner product
defined for each species given by (5.3) and (5.4) yielding

SH T .
— = dvLg E: ; A3
52, </ vFiogl { d Hb8h}>+00 (A3)

SH 1/Bain T,
Z/ / dv v? rB’Feo {ZHebgb} + c.c., (Ad)

88, 1/Bunas

and

from which the operators can be identified. The construction of the operators associated
with D proceeds similarly. However, due to the derivatives with respect to /, care must be
taken when finding the operators associated with K. This involves integration by parts,

https://doi.org/10.1017/50022377824000965 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377824000965

Energetic bounds on gyrokinetic instabilities. Part 4

23

and because the derivatives with / are taken at constant E, and u,, we require the identity
given in an appendix of Plunk & Helander (2023),

s pd (1 i
V) lJold V= 3[ U||g,d v U||giwd V.

After some manipulation, the Hermitian linear operators can be found to be

Z Hlbgb

Z ,F(ebgb =&
b
Z Divgy =

b

Z Devgr =
b

Z Kings =
b

Z Kevgs =
b

FioJoi At (VBO  Bda _
. aky —Kie) — — — (K1 — K1) | »

1Bus V1 —AB

1Buw N1 —AB

iFi()J()l- 1+ U2 3 ( )
S | @i il 5 Kii = Kie
2(1+ 1) T\ T o))

_w*i(l - 3771'/2)K1i — WyiNiK2; + w*e(l - 3776/2)K13 + w*eneKZe) )

i'L'FeO 1+ U2 3 (_ _ )
— = —3)) G — ki
21+ T\ ~2)) T
Fwse(1 = 31, /2)K10 + WseNekre — w4i(1 — 31;/2)ic1; — a&i’?i@i) ,

Fi 1B el <vn >+ i el Uoi( )
51 1 o | Yo Kai Uriksi T V) o5 WoilK1i — Kie
20+ \ "l R FTA

2 v2
—1Joi |:C?)di(l)’<3i — @yekze — Wi (1) ( >+ —!) (r1; — Kle):|> ,
v vy

TFy Ba<UTi > rerlii T
O rEEE—— — | ——K4; ) — VUtiKs; 1| wqil)K3;
20+ \at\B ™ e G

2 2
. v i
—Wgek3e — Wge () <— + —) (K1; — K1e) )

2
2vTe vTe

tFyg [—— At (V8O Bda _
+—T (K —Kie) — B3 ——(k1i — k1) | »

(AS)

(A6)

(AT)

(A8)

(A9)

(A10)

(All)

where we have used the moment representation given by (5.6)—(5.11). Inserting these
operators into (5.5), for a = i and a = e, gives the equation for the optimal distribution
function for ions and electrons, respectively.

Appendix B. Moment form of eigenvalue problem

Here, we give the (quite lengthy) closed set of equations which arise upon taking
moments of (5.5). The moment equations which come from the optimal ion distribution
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function equation are

oA ((1+ ) G { ( ) At VB0 B(1)dA @y — & )}>
Tk — alky —Kie) — — ————— (K1 — K1e
Y+ e 2 Jyp JT—aB

=i (w*iﬂiGl (k1i — Ki1e) — @40iGokai — @4 (1 — 310;/2)Gok1e + Wy Gokre

+ w4 (1 = 3n,/2)Gok e — A {d)di(l)G3(K1i — K1) + @4 Gok3e — C?)di(l)GO/Qi}) ,

(B1)
24 (<1+r) = { TRy R UL )})
K2 (1 + 'L') a(Ky; Kie D) B m K1i Kie

=1i (a)*iniGZ(Kli - Kle) - 6()*i’?iGlKZi - w*z(l - 3ni/2)GlKle + a)*eneGlKZe

+wi (1 = 3n./2)Gik, — A {@di(l)G4(K1i — Kie) + @04 GiK3, — C?)di(l)GlKﬁ}) s

(B2)
2A((1+t) - 3 { (K1 — )_E I/B(I)M('._‘ )})
K3 (1 + 'L') QK Kie D) . ;—1 — 1B K1i Kie

=i (w*iniG4(K1i — K1e) — 0uNiG3ka — 0, (1 = 30:/2)G3k 1. + @ieNeG3kae
tw..(1 —31./2)G3k1, — A {@di(l)Gs(Kli — Kie) + @4 G3k3, — C?)di(l)G’jKSi}) . (B3)
Here, the functions G,; = G (b) come from evaluating the integrals over velocity space

which contain J§, in the integrand. We use the same notation as was used in Part 3, where,
in an appendix, these functions were computed and are given as

Go = I, (B4)
Gi=(3-b)L+bh, (B5)

G, = 1 ((66> —20b + 15) Iy + 2b ((10 — 4b) I + bI)), (B6)
Gy =3 (I — (b—-21), (B7)

Gy =1 ((30" = 116+ 10) Iy + b ((11 — 4b)T + b1%)), (B8)
Gs = (3> — 12b+14) Iy + b (b5 — 4(b — 3)I})) (B9)

where I,(b) = 1,(b) exp(—b) and I, is the modified Bessel function of the first kind.
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The equations which arise upon taking velocity space moments of the optimal electron
distribution are

T VBO  B(1ydaA
2(1+ 1) JiB 1 —AB
At (VBD B(yda _

- — ——(K1i — K1)
2 Ji/Buy 1 — 2B
i (VBD B()da (3 _ _
= — —— | z W (K1 — K1)
2 J1Buw V1 —AB \2
- w*e(l - 3776/2)121i - w*enelz% + w*l(l - 3771/2)/211 + w*ir)iEZi

2A((1 + Tk, + {a(Kli_Kle)

1 S —
—A {@diKai — Wgek3e — E@de(l — AB/2)(k1; — Ele)}) , (B10)
2A ((1 O " B {(—)
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2
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5
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Appendix C. Eigenvalue problem in the square magnetic well

In the slow-ion-transit limit with a square magnetic trapping well, the /-dependence of
the eigenvalue problem (5.5) is trivial. This makes the system of moment equations purely
algebraic, allowing us to adopt a ‘supermoment’ representation akin to that of Part 2. We
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define

J\ -2
0, = eun (Z ";) , (Cl)

IZI = ZJaKlav (C2)
Bo =Y 0u, (1= 304/2))K1a + Nakaa) (C3)
K3 = Z 0ty K3as (€4

where we have introduced the normalisation @), = w.,/w,; and w), = @4,/ w,;. We may
also define the following velocity-space-dependent factors:

2

v
Vie=Joa V2= —5Joa (C5a.,b)
Ta
v v
Via = (—g + —”) Joas (C6)
2 Ta UTa
where we once again take Jo, & 1. If we adopt the compact notation
9o,
Zcfﬁl@zb, 7o = m (C7a,b)
nT,

then (5.5) for the species ‘a’ can be written as

2 nT,
_O—awla/%2 —A [anzh,%aizl - Oa‘p]alz3]) . (CS)

A OlFa() i FaO ’ ~ / ~
C()_ ga nT ( o'allflaKl) (w*a(l - 3na/2)oawlaK1 + w*anaaawéa’(l
*i

Here, we have evaluated the integral,

VO BdA | BO)
b NT—AB Binax

and defined @ = (¢ — Ate(l))/(1 4 7). We can take moments of (C8) by multiplying by
the constant c(”) and the function v,,, summing over the index n and the species label, and
integrating over velocity space to arrive at

(Km +a Z [zoxi })

i
=25 (“);u(l = 3/20) T X1y k1 + @ T Xy, k1 — T X'k

=2¢e(l) (C9)

In

—A oL Zaxk - Tuxik)) (C10)
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where the factors X'@ are integrals over velocity space defined by

1
Xr(rlllr: = Z/FOanawnaJOa d3v» (Cll)

where, for the electron species, the velocity space integral is carried out in the trapped
region of velocity space, defined by 1/Byax < A < 1/Bpin-

Written in this form, the system reduces to a simple 3 x 3 generalised eigenvalue
problem which may be solved for the eigenvalue A. The X'“'s are given by

X =e X =Gb), (C12a,b)

X)) =3e. X\ =Gi(b), (C13a,b)

X\ =3(e+1e%). X1 =G0, (Clda,b)

Xy =Be, X5} = Gyb), (C15a,b)

Xg =2 (e+16), XQ =G, (C16a,b)

Xy = % (% + §e3 + 1—1085) . XY = Gs(b), (Cl7a.b)

where the functions G, (b) are given in appendix B. In this simple limit, the eigenvalue
problem can be solved analytically to yield

2 ok 2 ok ok 2 skd ~ dd 7 wd dd
ASW = (Cee Wiy + Cie WieWyi + Cii Wy + Cii W4iWg; + C C()dl + C w*ewde C a)de

+ C0,i0de + CL¥0re@gi + CYDegi) /(16(1 + T)(1 + 7 — @(X) + X)),
(C18)

where we define the following factors:

O = 1X9(@2 = 35))XD + 4T2X) + 470 (X2 = 370X + 0. X)) — 0. X9,

(C19)

Cr = —2t((3n. — DX\ — 20X ) (Bni — )X\ — 21X 1), (C20)

O = X902 = 300X + 45,2 = 30X + nXD)) — d2x D — x0xD), (21
Ci = 4A2nX0XD — xVX0) 4+ X1 (3, — )X — 2X0n0), (C22)

Cl = 4 A (XDXD + X)) — X%, (C23)

C? = 4At (X (B, — )X — 20, X)) + 210 (XX — X9X1))), (C24)
CU = 4T (X (XD + X9) — 1X97), (C25)

C = 4At (X0 (X2 = 3n.) 4+ 2X9n.)), (C26)

Ci = 4AT (XS (X2 = 3n) + 2(X0n)), (C27)

Cl = 8t A’XX\Y). (C28)
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Appendix D. Linear theory

To make a comparison between the upper bounds derived here in the bounce-averaged
electron response limit, we must solve the integral equation

178 B(l)d/l
Bm V1 —

where & = w/wg (1), & = w/(we.(1 — AB/2)) and the ion response R; is given by the
standard expression of Biglari ef al. (1989),

I+t -RG.D)p=r1 R (4, £)9, (D1

1
Ri(&. D) =Y(E) + kai {[T —2n; i| Y(&) + 277,'Y(§i)} , (D2)

where kg = w,;/@¢q(l) and Y (&) = —/EZ(/E) with Z being the plasma dispersion
function and where the principal branch of \/&; has been selected. The electron response

e ’5e f E , 2 k]

where x = v/Vre, Kge = Wyo/(@ge(1 — AB/2)) and we have taken n, = 0 for simplicity.
Here, because the integrand is even in x, the integration domain can be extended to
x € [—o0, oo]. Additionally, a partial fraction expansion can be employed to yield

R(/ls)_(’(de &) ( x? _ x? )dx
=t e [ (e

where we have selected the principal branch of /&,. The above integrals can be written
in terms of the standard definition of the plasma dispersion function, but care must be
taken. Because we are interested in unstable eigenmodes, defined as Im§&; > 0 (which
corresponds to Im &, < 0), we can express the integral in terms of the plasma dispersion
function by evaluating Z in the complex-conjugate plane when the imaginary component
of its argument is negative and then taking the complex conjugate of the output. This
avoids the contribution from analytic continuation into the lower-half of the complex plane
which is included in the definition of Z but is not relevant here;

Ro(Ee D) = (ke — &) {1 Ve (—J?)]} (D4)

Which is equivalent to previous derivations by Connor et al. (1980). For this work, we only
consider the solution to this equation in a square magnetic trapping well with constant
curvature. In this case, ¢ = ¢ and @4, (/) = const. The integral over A and the roots of the
dispersion relation can both be computed numerically. The solution is shown in figure 5.
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