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Abstract. The separability of microtearing mode (MTM)-dominated and
electron temperature gradient (ETG)-driven turbulence regimes is studied with
multiscale nonlinear gyrokinetic simulations. The simulations are based on
NSTX-like, high-confinement mode pedestal parameters, where electromagnetic
perturbations are large. Linear analysis indicates a wide scale-separation between
the MTM and ETG modes in binormal wavenumber space (perpendicular to the
magnetic field line), with no unstable modes at intermediate scales. Likewise,
single-scale nonlinear analyses, retaining ion-only or electron-only spatio-temporal
scales, produce seemingly well-converged transport states. Surprisingly, the
multiscale simulation, which contains both the ion and electron scales, closely
follows the transport from the electron-scale simulation. This trend is robust
over a wide range of electron temperature gradient. Remarkably, compared
to ion-scale simulations, MTM turbulence is significantly reduced at multiscale
resolution even when ETG turbulence is low. In this case, traditional ion-
scale resolution overestimates the electron energy flux, and it is not possible to
accurately simulate the MTM turbulence with separable ion-scale simulations.
While the analysis confirms the validity of electron-scale simulations for predicting
the electron transport, it also indicates that multiscale simulation may be required
for reproducing the turbulence spectrum for systems with coupled MTM-ETG
turbulence.
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1. Introduction

Accurate calculation of plasma turbulence in the high-confinement mode (H-mode)
pedestal region of tokamak and spherical tokamak (ST) plasmas is critical for design
and conceptual validation of future fusion reactors. Compared to conventional
tokamaks, STs like the National Spherical Torus Experiment (NSTX) operate at high
plasma ( (the ratio of the plasma thermal pressure to the magnetic pressure). As a
result, electromagnetic drift-wave instabilities, such as microtearing modes (MTMs)
and kinetic ballooning modes (KBMs), may dominate over electrostatic instabilities
at long (ion-gyroradius-scale) wavelengths [1, 2, 3]. This is in contrast to conventional
tokamaks where electrostatic instabilities such as the ion temperature gradient (ITG)
mode and trapped electron mode (TEM) often dominate. However, electromagnetic
instabilities are expected to be more important in advanced tokamaks (ATs) with
relatively high 8 and large self-generated bootstrap current [4].

In the H-mode pedestal, electrostatic instabilities are often suppressed by strong
E x B sheared flows, apparently reducing the ion energy transport to neoclassical levels
[5, 6] such that electron transport is dominant. Gyrokinetic analysis has indicated
that, at short (electron-gyroradius-scale) wavelengths, electron temperature gradient
(ETG)-driven modes are often unstable due to the steep pedestal temperature and
density gradients [7, 8, 9, 10]. Thus, ETG modes are believed to be a dominant
driver of pedestal electron transport. Recent simulations have also suggested that
MTM turbulence may provide an additional source of the pedestal electron transport
in tokamak experiments [11, 12, 9]. Studies of nonlinear MTM turbulence in
STs have mostly been limited to core regions [2, 13, 3, 14] since electromagnetic
field stochasticity and proximity to KBM stability boundaries in the pedestal make
nonlinear simulation more difficult [15, 16, 17].

In all cases, simulations are overwhelmingly based on single-scale analysis, i.e.
resolving only ion scales (wavelengths perpendicular to the magnetic field line that
are equal to or longer than the ion gyroradius) or resolving only electron scales
(wavelengths perpendicular to the magnetic field line that are smaller than the ion
gyroradius and on the order of the electron gyroradius). Multiscale simulations,
covering the full wavenumber and timescale range, are far more computationally
challenging, requiring leadership-scale computing resources. Previous multiscale
simulation has focused mainly on the conventional tokamak core and the interaction
of ITG and ETG turbulence [18, 19, 20, 21] (see also review of multiscale turbulence
studies in [22] and references therein). In fact, only recently have multiscale
simulations of tokamak pedestal turbulence been performed [23, 24], demonstrating
that experiments can lie in a bifurcation region between ion-scale-dominated transport
and multiscale transport. These results suggest that pedestal turbulence may often
be multiscale.

Multiscale simulation of MTM and ETG turbulence has been even less well-
studied. A first demonstration [25], based on ASDEX-Upgrade parameters at mid-
core, started with a saturated ion-scale simulation of MTM turbulence, refining the
numerical grid to include electron scales, and then running for several ion thermal
timescales. This work importantly showed that the MTM-driven turbulence was
suppressed — apparently by ETG turbulence. In the present work, through the use of
exascale computing resources, we expand on this result by using multiscale gyrokinetic
simulations to study the cross-scale interaction between MTM and ETG turbulence
for parameters characteristic of an NSTX pedestal. Parameter scans, varying the
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electron temperature gradient, are performed to vary the conditions under which ETG
or MTM-driven turbulence is expected to dominate. Long-time simulations (to several
hundred ion thermal timescales) ensure that long-wavelength fluctuations and long-
wavelength zonal flows can reach a statistical steady state, and that their effect on
the electron-scale modes is physically correct.

Since most pedestal modeling (in both tokamaks and STs) and MTM modeling (in
both the core and pedestal) is performed with single-scale analysis, a strong motivation
for this work is to explore the validity of the so-called separability approxzimation. This
approximation amounts to an assumption that ion-scale turbulence and electron-scale
turbulence can be computed separately and then added to compute the total flux,
thereby eliminating the need for expensive multiscale coupling. In this work, we study
the separability of ion-scale MTM turbulence from electron-scale ETG turbulence.

The remainder of this paper is organized as follows. In Section 2, the basis
of the separability approximation is explained. Section 3 outlines the baseline
NSTX-like pedestal simulation parameters, and Section 4 defines the single-scale and
multiscale numerical resolutions. The linear eigenmode analysis, defining the regions of
wavenumber space where MTM and ETG-driven turbulence are expected, is detailed
in Section 5. Section 6 presents the analysis of high-fidelity multiscale simulation
of coupled MTM-ETG turbulence. Comparisons are made with standard, single-
scale simulations to assess the validity of the separability approximation. Finally, a
summary is given in Section 7.

2. Separability approximation for ion-scale and electron-scale turbulence

To avoid the high computational expense of multiscale coupling, gyrokinetic analysis
is normally done at a single scale and relies on the validity of the separability
approximation. The approximation is based on two assumptions. The first is that
the ion-scale and electron-scale components of the fluxes are calculable by separate
ion-gyroradius-scale and electron-gyroradius-scale simulations. Mostly this implies
that the separate simulations converge numerically, producing a saturated transport
state. For example, in some electron-scale simulations, lack of long-wavelength zonal
flows can result in runaway (non-saturation) of the transport. The second assumption
is that the components of the fluxes from single-scale simulations are additive in such
a way that the sum reproduces the result from the more comprehensive multiscale
simulation. This implies that there are no significant cross-scale or intermediate-scale
interactions between the turbulent perturbations in perpendicular wavenumber space.
Because of the limited number of multiscale simulations, it is not clear when separable
simulations are valid as a proxy for a multiscale system. This uncertainty extends to
pedestal regions, where ion-scale turbulent transport is often suppressed by E x B
shear and/or there are no unstable modes at intermediate wavelengths. The only true
test of the validity of the separability approximation is to perform a simulation with
full multiscale resolution. Identification of specific regimes where the approximation
works is the first step toward understanding more generally when multiscale simulation
is required and when single-scale simulation may be sufficient.

3. Baseline pedestal simulation parameters

The simulations in this study are based on H-mode, pedestal-like parameters from
NSTX discharge #132588 at ¢ = 650 ms [26]. This experiment demonstrated access
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to a very wide pedestal and an enhanced performance regime that was free of edge-
localized modes (ELMs) due to reduced neutral recycling via lithium wall conditioning.
We consider a radial location in the steep-gradient region at r/a = 0.9 (normalized
poloidal flux ¥y = 0.87). Previous analysis suggested that the electron transport
from nonlinear gyrokinetic ETG turbulence (via electron-scale simulation) plus ion
neoclassical transport can account for roughly 50% of the total target experimental
energy flux [27]. Global linear analysis has also identified unstable MTMs [28]. The
purpose of the present study is not to perform an extensive experimental analysis of
pedestal transport, but rather to evaluate the cross-scale interactions of MTM and
ETG turbulence in this type of scenario.

For these studies, we use the gyrokinetic code CGYRO [29, 30, 31] to compute
the turbulent transport. Simulations were performed in the local, flux-tube limit.
Equilibrium parameters are given in Appendix A. For simplicity, impurities are
neglected. Shaped flux-surface geometry [32] (not up-down symmetric) is used,
and multi-species collisions are included using the Sugama collision operator [33].
Rotation (equilibrium E x B flow shear) is also included. Importantly, transverse
electromagnetic fluctuations (6A4)) are retained, but compressional magnetic field
fluctuations (6B)) are neglected in the simulations to eliminate closeness to the KBM
stability limit. It was confirmed that the growth rate of the MTM is quantitatively
similar when neglecting 6 B, but the KBM is suppressed. Finally, the inverse electron
temperature gradient scale length, 1/Lyr., = —dInT,/dr, which is a key driving
parameter for electron turbulence, is varied around the baseline experimental value to
mimic the transition from MTM-dominant to ETG-dominant turbulence.

In what follows, energy fluxes are normalized by the gyroBohm reference level
Qas = neTecspi7 where n. is the electron density, T, is the electron temperature,
¢s = \/Te/mp is the deuteron sound speed, and p, = ps/a is the ratio of the deuteron
sound gyroradius ps; = ¢5/ . unit to the system size. Here, mp is the deuteron mass, a
is the midplane minor radius of the last closed flux surface, and Q. unit = eBunit/(Mmpc)
with Bunit(r) = (¢/r)(dvp/dr), defined with respect to ¢ (safety factor), and ¢ (poloidal
flux divided by 27) [34]. The equivalent experimental flux from power-balance analysis
(often called the target flux) is Qfor,/Qap = 48. For reference, the neoclassical energy
fluxes from the NEO code [35, 36] for the full case (including carbon impurities) are
Q™°/Qcp = 18 and Q*°/Qgp = 1.3. In the simplified case, this is reduced to
Q°/Qcp = 8.6 and Q'*°/Qcp = 0.8. However, it is still expected that the ion
energy transport is dominantly neoclassical, i.e. the turbulent ion energy transport is
relatively negligible. This will be confirmed in what follows.

4. Single-scale vs. multiscale numerical resolution

We consider a baseline multiscale resolution with corresponding single-scale (ion-scale
only and electron-scale only) resolutions in order to assess separability. We will refer to
simulations using these as MULTI, I-SCALE and E-SCALE, respectively. The detailed
numerical resolution parameters are defined in Table 1. The multiscale simulations use
aradial box length of L, = 146p, and a binormal box length of L,, = 349p,. N, = 1152
radial modes and N, = 768 complex toroidal modes are retained. These resolutions
were determined based on radial and binormal box size convergence for the ion-scale
simulations [varying L, and L, at fixed (k2 ps)max and (kgps)max]- Note that these are
among the largest spatially-resolved simulations reported to date. The total ensemble
of five full multiscale resolution simulations required 250k node-hours on the ezascale
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Table 1. Multiscale, ion-scale, and electron-scale numerical resolution definitions
for the radial (L) and binormal (L,) box sizes, number of wavenumbers
in each dimension (N, and N,), and corresponding minimum and maximum

wavenumbers.

L, A(ksong) (kgps)max N, Ly A(kQPS) (kaps)max Nq
MULTI 146, 0.043 24.7 1152 || 349p; 0.018 13.8 768
I-SCALE 146p5 0.043 4.1 192 349p5 0.018 0.85 48
E-SCALE || 4.0p, 1.57 25.1 34 4.1p, 1.53 13.8 10

Frontier supercomputer at the Oak Ridge Leadership Computing Facility (OLCF).
The ion-scale simulations use the same box sizes, but resolve only low perpendicular
wavenumbers relevant for ion dynamics. However, we will show that for this case it
is necessary to use very high radial resolution [up to the multiscale (k%ps)max] for
convergence of the MTM, as lower radial resolution results in spurious transport. The
electron-scale simulations, on the other hand, neglect ion-gyroradius scales, resolving
only high &, , on the order of the inverse electron gyroradius. Specifically, the electron-
scale simulations resolve up to the same maximum wavenumbers as the multiscale
simulations but use much smaller box sizes. Finally, other resolution parameters (for
multiscale, ion-scale, and electron-scale simulation) are Ny = 48 (field line resolution),
N¢ = 18 (pitch-angle resolution), and N, = 8 (energy resolution) with maximum
energy u2,,,. = 8, same as for the linear simulations. For reference, explicit definitions
of the CGYRO numerical resolution parameters can be found in [29].

5. Separability in linear wavenumber spectrum

The linear eigenmode analysis is shown in Fig. 1 for a range of a/Lr.. The results
are shown for two different values of the ballooning parameter 6y [37, 38], where
0o € [—m, ). Linear microinstabilities typically peak at 8y = 0. However, it has been
shown that modes that peak at finite 8y can be destabilized in steep-gradient regions
like the pedestal, with growth rates that are higher than the mode at 6, = 0 [39, 40, 41].
For the modes in Fig. 1, it was confirmed that all unstable modes are in the electron
diamagnetic direction. An MTM is the dominant mode at low ky. The mode structure
for the MTM exhibits an odd (so-called tearing) parity for the fluctuating electrostatic
potential d¢ and an even parity for the fluctuating transverse electromagnetic potential
0A, as shown in Fig. 2. This is a characteristic feature of MTMs. For the MTM, the
electromagnetic fluctuations are relatively large, with (ve/cs) [0A || > [6¢|. We use the
factor of the electron thermal speed v, to emphasize that this term is dominant in the
electron equation [42]. In Fig. 1, there are notably no unstable modes at intermediate
wavenumbers, specifically in the range of 0.4 < kgps < 2.5. ETG modes dominate at
high kg. At the low end of the region where ETG modes are unstable, the dominant
ETG mode is not peaked at 8y = 0. The dependence of the linear growth rate on 6, at
kgps = 13.8 is shown in Fig. 3. The result for kgps = 0.2 is also shown for comparison.
At both wavenumbers, multiple modes are unstable. At the lower wavenumber, the
dominant mode is localized around 6y = 0. At the higher wavenumber, two ETG
modes are unstable, one localized around 6y = 0 and one localized around 6y = 0.035.
While the value of 6y at the peak for the latter mode varies somewhat with kg, we
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have found the variation of the maximum linear growth over 6y at a particular kg
for this mode to be weak. Thus, in Fig. 3, we show only the case of 6, = 0.035 as
an estimation for the linear stability of this mode. As shown in Fig. 4, both of the
ETG modes have even parity for ¢ (shifted for the finite-6y mode), in contrast to the
MTM. The electomagnetic fluctuations are relatively small (|§A)| < [d¢|) and the
nonlinear turbulence is expected to be electrostatic-driven.

The electron temperature gradient can provide a source of free energy for both
MTMs and ETGs. In the parameters we consider, the variation of the linear growth
rate of the MTM with a/L7 is non-monotonic but weak. However, the width of the
instability range in wavenumber narrows as a/Lr. increases, and the linear growth
rate peaks at smaller ko, such that [(ya/cs) /(kops)],eqy monotonically increases from
a/Lre = 10 to a/Ly, = 27.5. This indicates that larger electron transport from low-
kg fluctuations may be expected at larger a/Lp.. At small scales, the linear growth
rate of the ETG modes increases strongly with increasing a/Lp. as expected. For the
electron-scale range, there are multiple unstable ETG modes, including a mode that
persists up to kgp. ~ 5. Further investigation shows that this is a slab mode sensitive
to geometry; in particular, the mode is suppressed for Shafranov shift dRy/dr 2 —0.2.
Nevertheless, due to computational limitations, it is not feasible to explore the full
range of unstable ETG modes, and thus we will restrict our nonlinear analysis to ETG
modes in the range of kgp; < 15 (i.e. neglecting the gray region in Fig. 1). For each
case, [(va/cs) /(kops)]peay for the ETG modes with 6o = 0 in this range is less than
the value for the MTM, even for the case of a/Ly. = 27.5. This is also the case
for the finite-0y mode for a/Lp. < 17.3. For coexisting ITG and ETG turbulence,
it has been shown for some limited cases that the relation of this ratio for an ITG
mode vs. an ETG mode may be used as a measure of the validity of the separability
approximation [43, 44]. Specifically, if the ratio is greater than 1, then cross-scale
coupling in multiscale transport may not be important, and ion-scale ITG simulation
may reproduce the multiscale transport. This of course assumes that the single-scale
simulations converge. It is unclear if this measure can be applied to systems with
MTMs.

Finally, the linear wavenumber spectrum in Fig. 1 suggests that a separability of
regimes of MTM turbulence and ETG turbulence may exist, without any cross-scale
interaction, since there are no unstable drift modes in the intermediate wavenumber
range. Linear analysis shows that the primary source of separability is the density
gradient. For example, as shown in Fig. 5 for the 8y = 0 mode, as a/L,, decreases, both
the MTM and ETG are destabilized over a wider range of wavenumbers. However, we
do not vary density gradient in this work because the MTM growth rate quickly rises
to very high (potentially unphysical) levels.

6. Multiscale analysis of coupled MTM-ETG turbulence

Results from nonlinear multiscale simulations are analyzed in a scan over a/Lye.
Comparisons are made with single-scale nonlinear simulations (i.e. ion-scale and
electron-scale as defined by the resolution parameters in Table 1) with the ultimate
goal of assessing validity of the separability approximation. In what follows, we will
establish several key results as summarized below:

e Both single-scale simulations (ion-scale MTM and electron-scale ETG) converge
numerically, yielding plausible steady states of turbulence.
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Figure 1. Linear growth rate versus kgps for a range of a/Lr.. Solid lines
correspond to 6y = 0, while dotted lines correspond to 6p/(27) = 0.035. At
low wavenumbers an MTM is dominant, while at high wavenumbers ETG modes
dominate. The spectrum is separable in that no modes are linearly unstable
at intermediate wavenumbers 0.4 < kgps < 2.5. Note that, in the nonlinear
simulations, the gray region is neglected.
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Figure 2. Linear eigenmodes for the MTM at kgps = 0.2 for the case of
a/Lre = 17.3. The MTM has characteristic odd parity for d¢, which is also
extended in ballooning angle, and has relatively large electromagnetic fluctuations,

ie. (ve/cs) |5AH| > |69
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Figure 3. Linear growth rate versus ballooning parameter 6y for a range of
a/Lr. at (a) kgps = 0.2 and (b) kgps = 13.8. At the lower wavenumber, the
dominant mode is localized around 6y = 0. At the higher wavenumer, the mode
localized around a peak of 6y /(27) = 0.035 has larger maximum growth rate than
the mode localized at 6y = 0.

e Saturation of electron fluxes in electron-scale simulations is due to a combination
of short-wavelength zonal-nonzonal mode coupling and nonzonal-nonzonal mode
coupling in the absence of ion-scale zonal flows.

e Multiscale fluxes are nearly equal to electron-scale fluxes, implying a suppression
of ion-scale MTM turbulence.

e MTM turbulence is significantly reduced in multiscale simulations even when
high-kg turbulence is low, so cannot be attributed to ETG-coupling.

e Traditional ion-scale simulations generate spurious MTM-driven transport that
significantly overestimates (.. Numerical convergence of ion-scale simulations
requires multiscale radial resolution. However, even then, it is not possible to fully
reproduce the ion-scale transport observed in the multiscale simulation. Nonlinear
coupling to high-ky modes is non-trivial.
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Figure 4. Linear eigenmodes for ETG modes at kgps = 10 for the case of
a/Lpe = 17.3. Solid lines correspond to 69 = 0, while dotted lines correspond to
0o/(2m) = 0.035. Both modes have even parity for d¢ (shifted for the finite-0g
mode) and relatively small electromagnetic fluctuations (|5A||| < |69)).
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Figure 5. Linear growth rate versus kpps for a range of inverse density
gradient scale lengths a/L, for the case of a/Lp. = 17.3. Only modes with
0o = 0 are shown. At low wavenumbers an MTM is dominant, while at high
wavenumbers ETG modes dominate. As a/L, decreases, both the MTM and
ETG are destabilized over a wider range of wavenumbers, such that the apparent
separability of the two regimes closes.
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e In this case, multiscale simulations confirm the validity of electron-scale
simulations for predicting electron transport. However, the MTM-driven
transport with separable ion-scale simulations, while small, is not wvalid.
Multiscale resolution is required to recover the correct ion-scale turbulence
spectrum.

To begin the analysis, Fig. 6 shows the results for the multiscale electron and
ion energy fluxes. For all values of a/Lr., the electron energy flux is larger than
the ion flux. The ion energy transport is dominantly neoclassical, as expected. It
was confirmed that the fluxes are electrostatic-driven, such that the electromagnetic
component is more than an order of magnitude smaller. The fluctuations of the
electrostatic and electromagnetic potentials for the multiscale turbulence are shown in
Fig. 7. The eddies of the electrostatic fluctuations are characterized by short (electron)
scales. In contrast, the electromagnetic fluctuations have large (ion-scale) radial
correlation lengths, although these are much smaller in amplitude. Overall, these
results imply that the multiscale transport is dominated by ETG-driven turbulence.

In Fig. 6, comparisons are made with the electron-scale (ETG) simulations.
Surprisingly, the electron-scale simulations not only converge, exhibiting a saturated
state to long times (¢ > 100a/cs), but the electron-scale energy fluxes also very
closely follow the multiscale fluxes. At first glance, these results imply suppression
of MTM turbulence by ETG turbulence, as indicated in the results of Ref. [25]. The
electron fluxes from both the multiscale and electron-scale simulations increase as
a/Lre increases, consistent with the linear ETG drive in Fig. 1. Relatedly, we also
find that the multiscale fluxes are suppressed for a/Lp. < 10. At this gradient, the
ETG mode at 6y = 0 is stable and the mode at 6y = 0.035 is only weakly unstable, with
[(va/cs) [ (kops)]peare = 0-355 and the region of instability limited to 4.5 < kgps < 20.
On the other hand, the MTM remains unstable. This means that the suppression
(to a low level) of MTM-driven turbulence in this case is unlikely to be attributed to
coupling with ETG-driven turbulence.

To explore the multiscale temporal dynamics, we plot time traces at a/ Ly, = 17.3
in Fig. 8. The plot compares the ion-scale component of Q. (i.e. summing over
binormal wavenumbers kgps < 1) to the component consisting of the intermediate
through electron scales (kgps > 1). At times shorter that the ion timescale (t < la/cs),
the turbulence is dominated by high-ky (ETG) modes. In this plot, it is clear that
the MTM-driven turbulence is indeed present and not fully suppressed, as the linear
MTMs at ion-scale wavenumbers begin to grow around ¢ ~ 10a/cs with saturation
reached by ¢ ~ 100a/cs. There is a finite but small contribution of the low-kg
turbulence to the electron flux.

The zonal electrostatic potential intensity is also shown in Fig. 8. We define this

as
700 Z<’¢3(k90,k2) 2> : M)
k0 !

where (---), denotes a time-average and ngb = ed¢p/T.. The multiscale zonal intensity
grows on the ion timescale, following the increasing Q**<!. This is consistent with
the usual case for ITG turbulence that zonal flows are dominantly driven by low-kg
modes; though, in this case, they are driven by the MTMs. Unlike previous short-
time multiscale simulations, these were run well into ion timescales, confirming that
we do not observe any stabilizing effect of the low-ky MTMs on the high-ky ETG
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Figure 6. (a) Electron and (b) ion energy fluxes versus a/Lp.. Simulation results
at electron-scale resolution (E-SCALE) are compared with multiscale resolution
(MULTTI). The multiscale fluxes follow the electron-scale fluxes. The turbulent
Q; is small and much lower than the neoclassical flux (NEO).

transport. This is consistent with the matching of the electron-scale transport fluxes
with the multiscale fluxes. That the ETG turbulence here is largely unaffected by the
ion-scale turbulence is in contrast to prior multiscale simulation of coupled ITG-ETG
turbulence, where high-kg turbulence is reduced by nonlinear coupling to low-kg modes
and ion-scale zonal flows [18, 19, 20]. This is also in contrast to prior simulations which
showed a suppression of electron-scale flux by MTM-driven zonal flows [45].

To further investigate the scale-separation dynamics, we analyze the nonlinear
wavenumber spectra. We define the spectral density of energy flux Q, for species a in
terms of the total flux as

Qo= AkQE, (2)
k

where k = kgps. The spectral density for the electron energy flux is shown in Fig. 9
for various a/Lr. for the multiscale simulations. The plots are separated to highlight
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Figure 7. Multiscale fluctuations of the electrostatic potential d¢ and
electromagnetic potential JAH for the case of a/Lp. = 17.3. The eddies of the
electrostatic fluctuations are characterized by short (electron) scales, while the
electromagnetic fluctuations have large (ion-scale) radial correlation lengths.
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Figure 8. Time trace of multiscale electron energy flux Q. for a/Lr. = 17.3.
The sub-components of the flux containing low (ion-scale, kgps < 1) and high
(kgps > 1) wavenumbers are shown. The high wavenumber range dominates the
total flux, even though the zonal electrostatic potential intensity Ip increases as
the ion-scale transport grows.
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Figure 9. Spectral density of the electron energy flux ng) as a function of
binormal wavenumber for multiscale simulation at various a/L7., comparing (a)
the ion-scale spectra and (b) the electron-scale spectra. The area under the curve
is the total flux. The spectra for the reduced, electron-scale resolution simulation
(E-SCALE) closely matches the full multiscale simulation.

the ion-scale and electron-scale binormal wavenumber spectra, such that the area
under the curve represents the total flux. It is clear that the low wavenumbers
do not contribute significantly to the overall transport due to extreme localization
in wavenumber space. The localization qualitatively corresponds with the region
of unstable MTM linear modes in Fig. 1. In contrast, at higher wavenumbers the
turbulence shows a relatively broad spectrum. This is qualitatively consistent with
the range of linear instability for the finite-8p ETG mode in Fig. 1. Importantly, the
spectral density for the multiscale simulation closely matches that of the electron-scale
simulation, confirming not only dominance of ETG-driven turbulence but also validity
of the electron-scale simulation for accurately modeling the electron transport channel.

Since the electron-scale simulation does not couple to ion-scale zonal and non-
zonal modes, an alternative mechanism must be responsible for saturation of the high-
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Figure 10. Illustration of the effect of removing the zonal flow coupling. Plot
(a) shows short-time E-SCALE simulation, producing Q./Qgp = 5.55. In plot
(b), the n = 0 zonal response has been decoupled nonlinearly from the gyrokinetic
equation, causing the flux to increase to Qe/Qcp = 9.86. Thus with nonzonal
mode-mode coupling only, the saturation level increases by a factor of 1.8. This
suggests that zonal-nonzonal mode coupling has about the same importance as
nonzonal-nonzonal mode coupling in setting the saturation amplitude.

k¢ turbulence and related numerical convergence of the electron-scale simulations. To
further understand the role of zonal flows, we performed electron-scale simulations
decoupling the zonal (kg = 0) response nonlinearly from the gyrokinetic equation,
leaving only nonzonal mode-mode coupling. The results are shown in Fig. 10. Here,
the fluxes still saturate without nonlinear coupling to short-wavelength zonal flows,
but at a somewhat higher level (1.8 x the original flux). Thus both zonal-nonzonal
and nonzonal-nonzonal coupling play comparable roles in setting the saturation level.

Finally, we revisit the validity of the ion-scale MTM simulation. Determining the
proper radial resolution for nonlinear gyrokinetic simulations is non-trivial. Compared
with core parameters, large magnetic shear in the pedestal reduces the natural
periodicity length L of the mode according to L = 1/(skyp), as in Eq. (76) of Ref. [29].
Equivalently, this corresponds to higher fundamental wavenumber k, = 2mwsky.
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However, at sufficiently large shear, eigenmodes may become strongly localized (as
shown in Fig. 2). Figure 1la shows the convergence of (). with increasing radial
wavenumber resolution at fixed radial box size L,. At traditional ion-scale resolution,
spurious levels of Q). are found, such that the ion-scale ). is on the same order or larger
than the electron-scale Q. for a/Lr. < 17. Comparing with the multiscale simulation,
this implies that the cross-scale coupling suppresses the MTM turbulence. However, as
we mentioned previously, the reduction cannot be attributed to coupling with unstable
ETG modes. In Fig. 1la, for the ion-scale simulation, we find that (). does not
numerically converge until we reach multiscale radial resolution. This is required not
for resolving the linearly unstable MTM, but rather the shorter-wavelength stable
modes. There is a small stabilizing effect on the MTM turbulence from the E x B
flow shear g (see Table Al), where v is the Waltz shearing rate [46]. For example,
Q. increases from 0.01 Q¢gp to 0.2 Qgp at the multiscale radial resolution when vg
is set to zero. But this does not account for the overall very small fluxes. Even at
this extreme radial resolution, though, the flux does not reproduce the transport at
equivalent ion-scale binormal wavenumbers in the multiscale simulation. This is shown
more clearly in Fig. 11b. Using the high (multiscale) radial resolution, as binormal
wavenumber resolution increases toward the multiscale result, the high-ky ETG-driven
flux grows. While the contribution to the total flux is small, coupling to unstable ETG
modes increases the low-ky (MTM-driven) transport.

In this paper, we do not address the influence of global (profile shearing) effects
on the MTMs. Global linear gyrokinetic simulations have been able to reproduce
some distinctive features of experimentally observed fluctuations, such as magnetic
frequency bands [47]. However, nonlinear global simulations can produce a well-known
profile-flattening effect [48] (e.g. of the temperature gradient) and may spuriously
lower the ion-scale turbulence levels even further. In the end, the result of our
multiscale study is that, while the electron-scale simulation is valid for reproducing the
electron transport levels, it is not possible to accurately simulate the MTM turbulence
in this case with separable ion-scale simulations.

7. Summary

Multiscale gyrokinetic simulations of plasma turbulence for regimes of MTM
and ETG-driven turbulence have been performed to study the validity of scale-
separated simulations that resolve only ion or only electron spatio-temporal scales.
The simulations were based on H-mode pedestal-like parameters from an NSTX
experiment, where electromagnetic fluctuations are large. The linear analysis showed a
dominant MTM at low (ion-gyro-radius-scale) binormal wavenumbers and dominant
ETG modes at high (electron-gyroradius-scale) wavenumbers. The linear spectrum
is separable in that no modes are linearly unstable at intermediate wavenumbers.
Both of the single-scale (ion-scale and electron-scale) nonlinear simulations produce
well-converged transport states. It was shown that saturation of electron-scale
simulations does not require ion-scale zonal flows. Surprisingly, the multiscale electron
transport closely follows the transport from the electron-scale simulations, implying a
suppression of ion-scale MTM turbulence. The result is robust in a scan over electron
temperature gradient, the key driver of ETG modes. At first glance, these results imply
a suppression of MTM turbulence by ETG turbulence. However, the significantly
reduced levels of MTM turbulence persist even when the high-ky turbulence is low,
and thus cannot be attributed to ETG-coupling. Traditional ion-scale simulations
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Figure 11. (a) Convergence of Q. in ion-scale simulations of MTM turbulence
with increasing radial wavenumber resolution (at fixed L ). Spurious high levels
of Qe are found with traditional ion-scale radial resolution. Stars indicate the sub-
components of the fluxes containing only ion-scale wavenumbers (0 < kgps < 0.85)
from the full multiscale simulations. (b) Convergence of simulations with binormal
resolution at fixed (multiscale) radial resolution. It is not possible to fully
reproduce the transport at equivalent ion-scale wavenumbers in the multiscale
simulation with ion-scale simulation.

generate spurious MTM turbulence that overestimates the electron energy flux. While
the contribution of the MTM turbulence to the overall transport is small, the ion-scale
simulations cannot fully reproduce the transport at the equivalent wavenumbers in
the multiscale simulation. Overall, the results confirm the validity of the electron-
scale simulations for predicting the electron transport in this case. However, they also
indicate that separable ion-scale simulations may not be valid for simulating the MTM
turbulence.

We caution that, from this analysis, we cannot generalize for which cases electron-
scale simulations are expected to saturate and when ion-scale and electron-scale
simulations can be added to accurately predict the turbulent fluxes. The only true test
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of the scale separation is to perform a multiscale simulation. Future work will expand
multiscale analysis for a broader range of turbulence regimes, e.g. ETG with ion-scale
turbulence dominated by ITG, TEM, and different classes of MTMs. Due to the high
computational expense of multiscale simulation, further identification of the validity of
the separability approximation for ion-scale and electron-scale turbulence is essential
for developing reduced models and for practical integrated transport modeling.
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Appendix A. Simulation equilibrium parameters

The simulation equilibrium profile and geometry parameters based on NSTX #132588
at t = 650 ms for r/a=0.9 are given in Table Al and Table A2, respectively.
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