Time evolving control variates in global particle-in-cell simulations
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Global particle-in-cell (PIC) gyrokinetic simulations commonly employ physics-based con-
trol variates (equilibrium distribution functions) to suppress statistical noise and reduce com-
putational cost. Fixed backgrounds, typically shifted Maxwellians, become progressively inef-
fective when plasma profiles evolve nonlinearly or under the influence of sources and sinks.
Building on a recent adaptive Maxwellian approach in ORBS5 that updates density and tem-
perature profiles [1], this work proposes a time-varying control variate that remains effective
for both Maxwellian and non-Maxwellian states by exploiting Phase-Space Zonal Structures
(PSZS) [2, 3]. PSZS are slowly evolving orbit-averaged components of the distribution func-
tion that are not rapidly damped by collisionless processes such as Landau damping. They play
a key role in mediating energetic particle transport in tokamaks. A direct PSZS computation via
finite-element projection has been implemented in ORBS5 using 3D tensor-product B-splines
[4, 5]. The proposed method defines the adaptive control variate as the orbit-averaged distribu-
tion, constructed in constants-of-motion space via a finite-element representation. The B-spline
coefficients are obtained through a Galerkin (mass-matrix) formulation, yielding a sparse sym-
metric system with the right-hand side built by projecting PIC markers onto the spline basis
with the appropriate phase-space Jacobian. Since PIC noise scales with the variance of parti-
cle weights, the effectiveness of the scheme is quantified by the time evolution of the reduced
weight variance, which is substantially decreased by aligning the control variate with the evolv-
ing background. Benchmarks on ion-temperature-gradient turbulence show a marked reduction
in reduced weight variance compared to traditional static backgrounds, indicating significant

noise mitigation and improved efficiency for evolving plasma states.
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