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This supplementary material provides derivational and implementa-
tion details that complement the main paper. We follow the notation
established there and restate only the definitions needed locally for
clarity.

1 Spatial Discretization of Hyperbolic Conservation Laws

To solve the Navier-Stokes equations, we begin with the underlying
hyperbolic framework, starting from the simplest linear advection
equation. Without delving into a formal definition, hyperbolic sys-
tems can generally be written in conservation form,

E+V-F(U):0, (1)
ot
where U represents the state vector of interest and F is the flux
function of U. For example, in the one-dimensional (1D) case where
F(U) = aU, the linear advection equation reads
aUu oUu
— +a— =0, (2)
ot ox
where a is the constant advection speed. The Euler equations de-
scribe inviscid fluid flow and form a hyperbolic system; viscous ef-
fects in the Navier-Stokes equations are incorporated later through
a kinetic formulation. The governing equations must be comple-
mented by a spatial discretization. Different numerical methods
adopt distinct representations of the solution function U(x). In 1D,
the finite-difference method (FDM) selects a set of grid points {x; }fi L
and their corresponding function values {Ui}fi . = U(x;). The finite-
volume method (FVM) divides the domain into N non-overlapping
elements Q., e = 1,2,..., N, and stores the average value of the
solution function within each element, U, = ﬁ /Qe U(x)dx. For
the actual discretization, FDM interpolates neighboring samples,
while the basic FVM practice is to store a piecewise-constant state
within Q,; in practice, a piecewise linear reconstruction with a
constant gradient per element is used to achieve second-order accu-
racy [Laney 1998; Toro 2009]. The finite-element method (FEM) and
the discontinuous Galerkin method (DG) go further by choosing
basis functions ¢;(x), i = 1,2,...,K, and representing the solu-
tion as a linear combination, i.e., in 1D, U(x) = 5:1 U;¢i(x). DG
restricts each basis function to a single element Q., permitting dis-
continuities at element interfaces [Cockburn et al. 2000; Hesthaven
and Warburton 2008]. From a solution-representation perspective,
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DG offers notable advantages: it requires only element-local infor-
mation, whereas other methods typically depend on neighboring
elements or points, compromising spatial locality and complicating
boundary treatments. The nodal discontinuous Galerkin method
(NDG) [Hesthaven and Warburton 2008] is a variant of DG that uses
Lagrange basis functions to represent the approximate solution,
denoted U(x), consistent with the main text:

K
Ux) = ) Uj5(x), 6)

=

where the Lagrange basis function £;(x) is defined as

K
tn= ] =% )

,
Xi — X,
k=1kzj 2 Tk

and satisfies ¢;(x;) = J;;, where 9;; is the Kronecker delta func-
tion. The point set {xi}fi | is chosen from quadrature abscissas, such
as Gauss-Legendre or Gauss-Lobatto points. In this work we use
Gauss-Lobatto points, defined as the roots of the Lobatto polyno-
mials Lo, (x) = L,(x) — L,—2(x) for n > 2, where L,(x) is the n-th
Legendre polynomial [Huynh 2007]. The following lists the roots of
Lo4 and Los:

Roots of Loy ‘ - ,_‘/?3, ‘/?5,1
Roots of Los ‘ _1,_@’0,@’1 .

The choice of point set is crucial. We call the chosen points solution
points, since U(x;) = U; holds by construction. To map the global
solution to a local element, we apply the coordinate transformation

2 L
r=z(x—xL)—l, x=§(r+1)+xL, (5)

where r € [—1,1], xr. is the left boundary of the element, and L is the
element length. We reuse the same notation for the solution function
in local coordinates. After the mapping, the solution polynomial
U(r) becomes

K
U(r) = > U;45(0), ©)
j=1
which is illustrated in Fig. 1.
The spatial derivative - is related to the local derivative 2 by
the chain rule,

7} or 9 20
2_r2_2°2 @)
ox oxodr Lor

In practice, we store the solution values in a block vector of length
N xKxC, where C is the number of components in U. This provides
both the mathematical representation and an implementation-level
organization of the solution.
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Fig. 1. Lagrange polynomial basis in 1D. We show an example in 1D
the weighted basis functions U;¢;(r) and the reconstructed degree-(K—1)
polynomial at K = 4 Gauss-Lobatto solution points.

2 Flux Reconstruction for Hyperbolic Conservation Laws

To numerically solve hyperbolic conservation laws, one first dis-
cretizes the equation in space, where the only term that requires
evaluation is the divergence term V - F(U). Note that in solving
hyperbolic conservation laws, the flux function F is defined as a
function of U. For example, F(U) = aU for a high-dimensional linear
advection equation. Based on the element-local solution polynomial
U(r) in Eq. (6), we need to reconstruct the flux function F(U) to
properly represent a globally continuous flux field. This scheme is
called flux reconstruction [Huynh 2007].

First, we examine a direct approach for flux function representa-
tion without reconstruction. Since we have nodal flux values F(U;)
at the solution points, we can construct the flux function as

K
F(r) = ) F(U)5(r). ®
j=1
Differentiating the flux function in 1D, we obtain

F(r) at;(r)
e S

When evaluated at r;, this becomes
OF (r; ot;(ri
(r Z F(u;) 22 (r ) _DRU),

where D is the dlfferentlatlon square matrix of size K with elements
3;(r)

oar
where F is the vector of flux values at the solution points. For fixed
solution points, the matrix D remains constant and can be pre-
computed.

While this scheme is functional, it has a significant limitation. If
there are multiple elements, information is not propagated across
element boundaries [Huynh 2007]. To take into account the infor-
mation from neighboring elements, it is proposed by Huynh [2007]
to add a correction function to the reconstructed flux function, as

F(r) =F(r) + g1p(r) [Fj5 — F(-1)] + gra(r) [Fps —F(D], (9)

where gr5(r) and grg(r) are the correction functions, Fj ; and Fyp
are the common flux values at the left and right element boundaries,

Dij =

5

respectively, which are taken similarly to those in Hesthaven and
Warburton [2008]. It is worth noting that the extrapolation of the
flux function F(r) to the element boundaries is performed with a
single dot product. To evaluate F(—1), we can write

K
F(-1) = ) F(U))#;(~1) = w]F(U),

=1

where wy, can be precomputed as

£1(-1) (1)
£2(-1) (1)

w = . , WR= : . (10)
£x(-1) (1)

There are a few requirements for the correction functions:
* gra(=1) =1,918(1) =0, grp(~1) = 0 and grp(1) =1
e both g;p(r) and grp(r) are degree-K polynomials, one de-
gree higher than the solution polynomial (P = K — 1).

These requirements ensure that adjacent elements share the same

flux value at the element boundary, i.e., Fo(xg) = F41(x), while

3F(r)
Tor

flux function F(r) is illustrated in Fig, 2.

retains the same polynomial degree as U(r). The corrected
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Fig. 2. Continuous flux reconstruction. The discontinuous element-local
flux F(r) is corrected at each element interface to match the common
flux F*, yielding a globally continuous corrected flux F(r).

Some possible choices of the correction functions are provided
in Huynh [2007]; Vincent et al. [2011]. In this work, we choose
the lumping for Lobatto points (g;) type in Huynh [2007] for the

correction functions, setting grg(r) = g2(r) and grg(r) = g2(—r) by
symmetry. The correction function g, is defined as
K- K
g2(r) = RRK( )+ 9K RRK 1(r),
where Rg k is the Radau polynomlals of order K defined as
_ (=1 )K
Rri(r) = (Lx (r) = Lg-1(1)),

where Lg is the Legendre polynomlal of degree K. The whole chain
gives an analytical expression of the correction function g, defined
onr € [-1,1]; for K =5,
35 5 15 3

s Sty =

(N =-1r+ 2
r ——r .
92 16 "1 8 16
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To complement this correction function, the solution points are
chosen as the Gauss-Lobatto points, where g;(r;) = 0 at every
solution point except the first (r; = —1). This is illustrated in Fig. 3.
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Fig. 3. The shape of the correction function g,. The correction function
g2 defined on r € [—1, 1] with K =5 under Gauss-Lobatto points.

As for the common flux values, we can take the general Lax-
Friedrichs flux. In fluid simulations, we use an arbitrary Riemann
solver [Laney 1998; Toro 2009] to compute the flux values at the
element boundaries, e.g., the HLLC flux. For the Euler equations, we
refer the reader to Section 4. Collecting the K nodal conservative

states into a block vector U = [Uy,...,Uk]" and similarly F =
[F(U,),...,F(Uk)]T, the resulting update is
U

2 .
< 1I [DF + wip(Fj 5 — W[ F) + wgg(Fpg — wiF)| =0, (11)

where
915(r1) Irp(r1)
915(r2) Grp(r2)
WiB = : , WRB = . .
(1) G (70

Here, w; and wp are the pre-computed vectors from Eq. (10). The
coefficient 2/L arises from the chain rule in Eq. (7). This can be
further simplified and denoted as

ou 2 .
o +L(QF+CF)_0, (12)
where Q =D — CR, and
T *
C= [WLB WRB] , R= [g#] , F= [553] .
R RB
The concrete computational process for 1D flux reconstruction can
be summarized as follows:

(1) Precompute the matrices wr, wg, D, and C. Note that these
matrices are globally fixed and only need to be computed once
at the beginning.

(2) Compute the flux F(U;) at the solution points inside each ele-
ment.

(3) Extrapolate the flux to the element boundaries F(—1) and F(1)
using w, and wg from Eq. (10). For Gauss-Lobatto points this
step is trivial since the boundary values are already stored at F,
and Fg.

(4) Compute the common flux F* at all interfaces using a Riemann
solver.

(5) Update the solution values using Eq. (12) with a suitable time
integration scheme, e.g., the Runge-Kutta method.

Boundary conditions are not addressed in this section. For imple-
mentations related to the Euler equations and the Navier-Stokes
equations, we refer readers to Kou et al. [2022]; Mengaldo et al.
[2014] for stable and convenient approaches.

It is worth mentioning that the flux reconstruction method is
conservative with proper common flux functions. For interested
readers, we refer to Gassner [2013]; Huynh [2007] for a detailed
proof of conservative properties and energy stability. To update in
time, we can use the third-order strong stability preserving Runge-
Kutta (SSP-RK3) method [Gottlieb et al. 2001]. Denoting by U
the block vector of K nodal states at time level n and by £(U) =
—%(QF + CF*) the spatial operator from Eq. (12), the scheme reads

U =U™ +ALLU™) (13)
U= ZU(") + 31 [0+ AtL(D)] (14)
yln+) = %U(n) + ; [U+AtL0)]. (15)

These equations are written in a form conducive to implementation:
only a single additional array is needed to store the intermediate
solution U if properly implemented.

3 Flux Reconstruction on Tensor-Product Elements

On a 2D quadrilateral element, the K? solution points form a tensor-
product grid: K points in each coordinate direction r and s. Because
each direction acts independently, the multi-dimensional FR update
decomposes into 2K independent 1D FR problems, one per row and
one per column of the grid, and the directional contributions are
accumulated at every solution point. The same idea extends to 3D
hexahedra with K* points and 3K? independent lines.
The hyperbolic conservation laws in 2D can be written as

F oF

+ =—+ =0, (16)
at ot ox ay

where F, and F are the columns of the flux tensor F, i.e. the direc-
tional fluxes in the x and y directions, respectively. We use tensor-
product elements and represent the solution as

K K
U(r,s) = Z DUyt E5(s), (17)

i=1 j=1

and the element-local flux polynomial, evaluated from these nodal
values, is

K K
F(r,s) = Z Z F(U,)Zi(r)¢; (). (18)

i=1 j=1

In 2D, the 1D flux reconstruction scheme is applied independently
along each row and column of the tensor-product element. On a
tensor-product grid, each solution point on an element edge is also a
flux point, i.e., a location where the common flux is evaluated. Each
face contains K flux points, so the correction is organized face-wise.
At a corner, the same flux point contributes once in each coordinate
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direction. The corrected directional fluxes can be written as

K
Fo(r,s) =Fe(r,s) + ) gus(n?;(s) [Fry; = Fe(ri,s))]
j=1
]K
+ 2 ars (24 [Fry = Pl
j=1

K
Fy(5) =Fy(r,9) + ) gus(E(r) [Fy iy~ Fy(riosy) |

i=1

K
+ 2 om0 [Py = Fyrisi) | (19)

i=1
where ch,l » F;’Kj, F“;’il,
corresponding directions at the face flux points, and hence

and F’; .k denote the common fluxes in the

F(r,s) = [Fx(r, s) l:"y(r, s)] .

Along each row s =s;, lN:‘x follows the 1D FR reconstruction in the
r-direction. Therefore,

JF. ]
CE(rus) = > QueFelros) + Y CoFryy (20)
k b=+

Thus, each directional derivative is evaluated by applying the 1D FR
operator independently along that coordinate line, which is precisely
the sum-factorized tensor-product structure. The resulting semi-
discrete update equation at solution point (i, j), for each conserved
variablec =1,..., Ng, is:

ijc

U, 2
— + -
ot L

D Qi Fekje + ) Cin Frye
k b=+
+ ) Qi Fyike + ), Cip F;,.,,c] =0, (21)
k b=+

where Uije, Fx,ijc, and Fy;jc are the c-th components of the con-
served state and directional fluxes at solution point (i, j); Fx*,bjc is
the c-th component of the common flux in the x direction at bound-
aryb € {—,+}(r =—-1orr =1)forrow j, and F;ibc the same for the
y direction at boundary b (s = —1 or s = 1) for column i. Q € RKXK
and C € RX*? are the same scalar FR matrices as in 1D (Section 2);
Qix sums along the r-axis (first line) of Fy, while Qi sums along the
s-axis (second line) of F,, reflecting the tensor-product structure.
The same idea extends directly to 3D tensor-product hexahedra:
there are 3K? independent 1D FR lines and six face-based common-
flux corrections, one pair for each coordinate direction.

4 Instantiation for the Isothermal Equations

This section concretizes the abstract FR framework of Sections 2
and 3 for the isothermal, weakly compressible Navier-Stokes equa-
tions used throughout the main text. We specify the flux functions,
the rotation-invariance property that allows a single common-flux
routine to serve all face directions, and the split-form technique that
suppresses aliasing instabilities at high polynomial orders.

Isothermal flux. In two dimensions, the conserved state is U =
[p, pu, pv]T, and the directional fluxes are

pu po
F.(U) = [pu? + p|, F,(U)=| puv |, (22)
puv pv* +p

with the isothermal equation of state p = pc?, where ¢; = VRT is
the constant speed of sound.

Common flux and rotation invariance. At each element interface,
a common flux F* couples neighboring elements. Any approximate
Riemann solver (e.g., Lax-Friedrichs or HLLC [Toro et al. 1994]) can
provide F* given the left and right states Uy, Ug and a face normal
n. A Riemann solver typically operates along the x-axis. Extending
it to a face with arbitrary unit normal n = (cos 0, sin6)" exploits
the rotation invariance of Eq. (22):

F-n=T!F.(TU), (23)

where T rotates the momentum components into the face-aligned
frame:
1 0 0
T=|0 cosf sinff,
0 —sinf cosf

and 0 is the angle between the x-axis and n. On axis-aligned grids
(as used throughout this paper), 6 € {0, +7, 7} and T reduces to a
signed permutation of the momentum components.

Split-form anti-aliasing. At high polynomial orders, nonlinear
aliasing errors can destabilize the simulation [Jameson et al. 2012].
The split-form remedy [Abe et al. 2018; Kuya et al. 2018] recasts
the convective flux divergence as a weighted sum. Taking the x-
direction flux as an example, it decomposes into convective and
pressure parts:

0

F? = (p].
0

Fy = pu¢ +FP, ¢ =

e & =

The product rule rewrites the convective divergence as
7] 190 1,0 1 0
5 Pud) =S —(pug) + Sp—-(pu) + Spu—-¢.  (24)
In the FR update (Eq. (12)), the term QF, is replaced by
QF, «— iD(pu¢) + 3¢ D(pu) + 3 puD¢ + DF? — CRF,.

Although algebraically equivalent to the original divergence (prod-
ucts with ¢ and pu are taken node-wise across solution points), the
split form is significantly more stable at high polynomial orders
while preserving conservation [Kuya et al. 2018]. The y-direction
follows by symmetry, replacing pu and r with pov and s. The kinetic
flux formulation of the main text decomposes naturally into inviscid
and viscous parts, making this technique directly applicable.

The framework above handles only inviscid fluxes; viscous effects
can be treated using the kinetic approach developed in subsequent
sections. We also refer readers to Arnold et al. [2002]; Huynh [2009]
for conventional viscous treatments in FR.
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5 Kinetic Flux Evaluation

This section derives the single-stage fully-discrete update and spec-
ifies the kinetic flux formulas the update requires. We adopt the
isothermal BGK model throughout: the distribution function satis-
fies o, f + £ - Vf = —(f — g)/7, and the Maxwellian equilibrium is
expanded to second order in u (low-Mach regime, ||u|| < VRT) [Guo
et al. 2013; Kruger et al. 2017]:

_ p ll€1|°
98) = GrrryoR eXp(_ 2RT )

Eu (Ew ||u||2] 9

‘u
1+2—+
RT ' 2(RT)?  2RT
where 7 = v/(RT) is the relaxation time, R the specific gas constant,
T the constant temperature, and D the spatial dimension. Macro-
scopic variables are recovered from velocity-space moments (-):

U=(pf).Fa=(laef) withe =1 £7]".

Single-stage update. Integrating the semi-discrete FR system along
direction d over one time step [0, At] gives

X

. ., 2 At "
gt — g _ Z/o [QF,(t) + CF(1)] dt

2At .
zU(")—T[QFd+CFd], (26)

where the second line applies the midpoint rule. In 1D, Fy € RKXC is
the block vector of element-local fluxes at the K solution points and
Fe R?XC collects the common fluxes at the two element bound-
aries, both evaluated at the half-step h = At/2. For tensor-product
elements in 2D and 3D, the same FR update should be applied along
each direction, and the resulting directional contributions should
be summed as in Section 3. Because the midpoint rule evaluates the
integrand at a single time level, the common flux F}; is computed
only once per step, whereas a second-order Runge-Kutta integrator
would require at least two evaluations. This reduction is significant:
the common flux is the most expensive component of FR, not only
due to the flux computation itself but also because of the complex
inter-element data dependencies it entails (Section 6). Single-stage
schemes that exploit this advantage have been explored extensively
in the FR community [Babbar et al. 2022; Gassner et al. 2011].

The task is now to construct F; and F; from the known state U,
We work at the per-point level: F;(h) denotes the N.-component
flux at a single solution point and F;(h) the common flux at a
single interface; their rows assemble the block vectors above. Each
per-point flux is a velocity-space moment of the corresponding
distribution function:

Fa(h) =ap f(h),  Fa(h) ={apf(h). (27)

Half-step distribution function. Evaluating Eq. (27) requires the
distribution function f(h) at the half-step. Integrating the BGK equa-
tion over [0, h] along characteristic lines [Guo et al. 2013; Shu et al.
2014] yields an explicit approximation for the half-step distribution

function:
f(h)~ Af'(h) +Bg(h), A=< B=1--. ()

where f*(h) := g(0) — h & - Vg(0) is the propagated distribution
function and g(h) = g(U(h)) is the equilibrium at the half-step

macroscopic state. The only remaining unknown is U(h), which
sets g(h). Taking moments of Eq. (28) and using the compatibility
condition {(@(f — g)) = 0 yields

U(h) ={¢[9(0) —h & - Vg(0)]) (29)

which determines it from g(0) and Vg(0), both of which the FR
discretization provides. Note that Eq. (28) implicitly requires 7 < h,
so that A € (0, 1] and f(h) is a convex combination. More elaborate
approximations of f(h) are possible [Guo et al. 2013; Xu 2001], but
Eq. (28) is linear in time and the least expensive.

Common distribution function. The common distribution func-
tion f*(h), required by Eq. (27) to compute F};(h), adopts the same
A-B decomposition as Eq. (28) [Xu 2001]. Two simpler alternatives
motivate this choice. First, directly upwinding the propagated distri-
bution (KFVS [Chou and Baganoff 1997]) gives a Lax-Friedrichs-like
numerical flux with excessive numerical dissipation. Second, eval-
uating the flux purely from g(U*) for a common state U* recovers
only inviscid dynamics with no physical viscosity. Concretely, at
each element interface with unit normal n, each neighboring ele-
ment first reconstructs its own half-step distribution, denoted by
fr(h) and fr(h), from Eq. (28). The common state is therefore ap-
proximated by upwinding these full half-step distributions through
half-range moments:

U(h) = (@ fu(R), + (¢ fr(h))_, (30)

where (-), denotes integration over the half-spaces € - n = 0. With
U*(h) fixed, the common distribution is approximated by centering
the equilibrium part at U*(h) and selecting the propagated part
upwind:

fi(h) if&-n>o0,
fi(h) if&-n<o,

where f7(h) and f3(h) are the propagated distributions supplied
by the left and right elements, respectively. For axis-aligned grids
(the scope of the main text), the interface normal coincides with a
coordinate direction, so £; = £ - nand F;(h) = (§; ¢ f"(h)) follows
directly from Eq. (27).

f*(h) =~ Bg(U"(h)) +A{ (31)

6 Deriving Kinetic Predicted-Moment Flux Reconstruction

Building on the previous section, we establish a complete numerical
formulation in which Egs. (26) and (27) serve as the core update
rule, while Egs. (28) and (31) provide formulas for evaluating the
element-local distribution function f(h) and the common distribu-
tion function f*(h).

6.1 Bottlenecks

In the inviscid FR scheme, the corrected flux is built from the
element-local flux and the common flux at interface flux points.
The only inter-element coupling enters through this common flux,
which depends only on reconstructed states. Viscosity changes this
picture because the common flux must now encode viscous infor-
mation in addition to the conservative variables, so its evaluation is
no longer state-only.
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Why kinetic. A kinetic numerical flux is attractive because the
half-range upwinding of the time-evolved distribution already sup-
plies a penalty, while the BGK evolution incorporates viscous effects
within the same flux evaluation and avoids a separate lifting-based
viscous treatment [Gassner et al. 2007; Xu 2004]. However, the
common flux still depends on information originating from both
adjacent elements, so the key bottleneck is how to represent and
exchange that interfacial viscous information efficiently.

Why naive strategies are unattractive. Several straightforward
strategies are possible, but none is appealing in our setting. Recon-
structing neighbor gradients on the fly requires substantial addi-
tional data movement and repeated differentiation. Storing interface
(6 x K? directional points on faces) or full-element gradients avoids
this recomputation but increases memory footprint and global-
memory traffic. These costs are amplified under the fused single-
stage tensor-product implementation presented in the main text,
where local derivatives are produced and consumed on chip rather
than written to global memory. A stored-gradient pipeline would
forfeit this advantage (for memory-bound tensor-product FR) by
reintroducing an additional global-memory write/read path between
predictor and corrector stages. Likewise, discrete-velocity kinetic
solvers such as LBFS [Ma et al. 2022; Shu et al. 2014] and conven-
tional GKS [Xu 2001] both fit naturally with gradient-based common-
flux evaluation, but their costs are substantial in the present high-
order FR setting: LBFS requires velocity-space unrolling, while con-
ventional GKS relies on costly time-dependent flux [Guo et al. 2008].

Why moments. A moment-based representation is attractive in
FR for two reasons. (1) It transmits only the information required
by the viscous part of the common flux, reducing interface data
relative to full gradients. (2) It matches the kinetic decomposition
f =g+ f"9, allowing the predictor to encode and the corrector to
reconstruct the common flux directly in moment space. We therefore
formulate the common flux in terms of predicted moments. This
compact representation is specifically designed for tensor-product
FR, where gradient information is produced locally but is expensive
to transmit across the inter-element path.

6.2 Derivations

The single-stage update (Eq. (26)) requires the element-local flux F,
and the common flux F;, both defined as velocity-space moments
(Eq. (27)) of the half-step distribution functions f(h) (Eq. (28)) and
f*(h) (Eq. (31)). The moment-based formulation evaluates these in
two stages. The predictor computes U(h) via Eq. (29) and encodes
gradient information into the non-equilibrium stress tensor IT(h);
these are the only quantities exchanged across element interfaces.
The corrector then evaluates F(h) and F* (h) entirely from the pre-
dicted moments, without explicit access to spatial gradients. The
corrector exploits the split-form decomposition of Section 4: the flux
tensor admits an additive decomposition into equilibrium moments
(inviscid) and non-equilibrium moments (viscous).

Before proceeding, we introduce the moment notation for the
Mach-number-expanded equilibrium g in Eq. (25). Since all moments

are polynomial in u, the half-range integrals required for the com-
mon flux evaluation reduce to simple algebraic expressions, avoid-
ing the erf functions that arise from the unexpanded Maxwellian.
For the moments mgp, = (§§§z§§g> where g, b, ¢ are non-negative
integers, the first-order moments correspond to the conservative
components:

Mmoo = pu, mo10 = PO, Moo1 = pwW.
The second-order moments are related to the momentum flux:

Moo = p(uz + RT), Mo20 = p(Z)z + RT), Myo2 = p(WZ + RT),

Mi10 = PUv, Mo11 = POW, Mio1 = pUw.
Finally, the third-order moments are:
msgo = 3pRTu, Moso = 3pRTv, moo3 = 3pRTw,
mai0 = pRT0, mizo = pRTu, mao1 = pRTw,
mo21 = pRTw, mioz = pRTu, mo12 = pRTo,

with mq1; = 0. These moments will enter the viscous corrections
below. The viscous stress tensor IT is defined as the second-order
moment of the non-equilibrium distribution function, i.e., I3 =
<§a§ﬁ f “eq>. Grad’s closure [Grad 1949] offers various reconstruction
approaches; here we approximate the non-equilibrium distribution
function "¢ using the stress tensor as follows:

; _||§||2) Haﬁ(gagﬂ _RTéaﬁ)
(27RT)P/2 2RT 2(RT)? )

where D = 3 is the spatial dimension, d, is the Kronecker delta, and
summation over repeated Greek indices is implied. Here, Grad’s clo-
sure is used only as a decoding closure: given the transmitted stress
tensor II, it provides a velocity-space representation of f™°? whose
required full and half-range moments can be evaluated analytically.
We do not solve a moment system beyond the Navier-Stokes vari-
ables or close an independent hierarchy of moment equations. With
the above non-equilibrium approximation, all zeroth- and first-order
moments of f"°1 vanish, and the second-order moment recovers
the stress tensor IT. By defining M. = <§§§Z§§f"eq>, we have

g =

(32)

Mooo = Migo = Moo = Moo1 =0
Moo =Ilyx,  Mozo =1Ly, Mooz = Iz,
Miio = ny = nya Mior =y =1z, Mon = Hyz = sz-

Derivation of the moment-based predictor. With these definitions,
the predictor computes the macroscopic state U(h) and the viscous
stress tensor IT(4). The predicted state U(h) follows from Eq. (29).
To avoid explicit quadrature over velocity space, we approximate
Vg by finite differences using auxiliary states U3 = U - uchV,4U,
where u, = eVRT is a characteristic velocity (typically with € = 0.1):

Uh) = (pg(0)) =k > (p&iVag(0))

de{x,y,z}

<lpgO)+ - Y (ptalo(Ug) - g(U)]).

¢ de{x,y.z}

Here, we approximate V4g(0) by [g(U) —g(Uﬁ)] /(uch). Defining the

perturbed equilibrium moments mj , := (§,‘? §ly’§§g(U§)> and the
A

difference notation Agmgp. := (m dabe

— Mape) /e, the macroscopic
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predictor is obtained by summing the equilibrium moments and
their corresponding gradient corrections:

Uo(h) = mooo + Axmigo + Aymoio + Azmoor,
Ui (h) = mygo + Axmaggg + Aymyzg + Azmyg, (33)
Uz (h) = moio + Axmiio + Aymozo + Azmon,
Us(h) = mooy + Axmyor + Aymorr + Azmoos.
Substituting Eq. (28) into the definition of II(h) gives:
Mep(h) = (Ealp {A[g(0) —hE - Vg(0)] + (B - 1)g(h)}).
With B = 1 — A, the predicted stress tensor II(h) can be written as:

Mx (h) = A (=Armaoo + Axmago + Aymaro + Azmaor) s

My (h) = A (=Aimizo + Axmarg + Aymizo + Azmyyy),
Mz (h) = A (=Armior + Axmaor + Ayminn + Azmigs) (34)
Myy(h) = A (=Armogo + Axmizg + Aymoso + Azmozr)
Hyz(h) =A (_Atm()ll + Axmiyr + Aymoz + Azmmz),
. (h)=A (_AtmOOZ + Axmygy + Aym012 + AszOS) s

where Aymgpe = Mmape(U(h)) — mgpe denotes the temporal differ-
ence in equilibrium moments. To enforce the traceless property,
each component IL (h), II, (), and II,; (k) is reduced by sub-
tracting tr (IT) /3, so that I1,, (h) does not need to be stored explic-
itly. The remaining components follow from the symmetry prop-
erty Ilpp = Ilg,. All terms in the predictor are thus formulated
as linear combinations of moments. Structurally, the predictor is a
moment-space realization of the Cauchy-Kowalewski procedure: the
kinetic equation converts temporal derivatives into spatial ones. The
predicted stress IT(h) encodes only time-0 spatial gradients. This
first-order treatment is standard in the GKS family [Xu 2001] and
preserves the formal temporal accuracy of the midpoint-rule update.
A higher-order variant would evaluate Eq. (34) on the predicted
state U(h), at the cost of additional instructions in the predictor.

Derivation of the moment-based corrector. In the corrector step,
the full flux tensor F(h) (using a definition different from that in the
main text) can be expressed in terms of the predicted macroscopic
state U(h) = [p, pu" |7 and the predicted stress tensor I1(h) as:

F(h) = (9& " g(U(h))) + (@& f4(T1(h)))

[mis0  mot0 Moot Moo Moo Moo
— Moo  Mi10  Mio01 + May Mg Mo

mio Moz  Moil Mo Moo  Monn

|M101  Mo11 Mooz Mior Mo Mooz

[ pu pov pw
| T + pu2 +p Txy+ puo Iy, + puw (35)
T | ey + puo My, +po*+p Iy + pow ’

| [Lyz + puw Iy, + pow II,, + pw2 +p

where p = pRT, and all quantities are evaluated at the half-step.
This formula exhibits a linear decomposition into an inviscid and
a viscous component, recovering the familiar flux formulation of
the NS equations. This decomposition also allows us to leverage the
split-form technique detailed in Section 4, which is a critical compo-
nent for ensuring practical numerical stability and computational
efficiency.

In the KPM-FR scheme, the common-flux evaluation specified in
Eq. (31) can also be cast into a concise, analytically closed form. The
common state U*(h) is now approximated by aggregating contribu-
tions from both sides of the interface as specified in Eq. (30). Without
loss of generality, we work in the face-aligned frame and take the
interface normal to be the x-direction, so that &, = £ - n = &; the
other coordinate directions follow from the rotation-invariance ar-
gument in Section 4. The half-range moments (yf), = fExzo xfdé
denote the moments analytically integrated over the velocity half-
spaces defined by positive and negative normal velocities, respec-
tively. Specifically, we define the half-range equilibrium moments

asms, = (é‘?é‘s §g>i and, similarly, the non-equilibrium moments

+ b
as Mabc - <§;§y§§fﬂeq>i.
For notational brevity, we first introduce a set of constants associ-
ated with the half-range integration of the Maxwellian distribution

function:
2RT RT
Cr = V2rRT, Cp =24/, c3:‘/2—,
T T

Utilizing these constants, some half-range moments associated with
the equilibrium and non-equilibrium distribution functions can be
expressed as:

1 u
moioo:l’(gia)’ Mg =0,
2
. u u“ + 2RT " |
mi, =p|=—+ —]1, M, = +——,
100 = P (2 20, 100 2C,
1 u ny
My1o = PO 2 + a) = 0Mygps Mgy =+ c
1 u I,
Mooy —PW(EiC_l) = WG, Mgy, = + C
+ P2 + Iy
Mo = 5 (u® + RT £ Cou), Mg = >
u II
mi =po (5 £Cs), M, = =2,
2 2
u II
Ml = pW (Eic3)’ Mio, = ;Z~

+
000,L
Consequently, the resulting approximation for

We also introduce the shorthand half-range moments c;, :=m
and cg == m

U*(h) is:

000,R*

Up (h) = mggq 1 + Mgg 1 + Mg r + Moo
=CL + CR,
Uy (h) = m;roo,L + M1+00,L + Mygor + Migo g
=c)! [pL(ZRT + Ciur + ui) — pr(2RT — Cyug + ué)
+ (Mg — Mra) | (36)
Uy (h) = mgyop + Mgyo + Moior + Moro
= crop + cgog + Cp ' (M xy — HRaxy),
Us (h) = mggy 1 + Mgoy 1 + Moo g + Mooy
= cpwr + cgwg + Cp (L ez — TRxcz).

The non-equilibrium contribution is particularly simple in our case,
consisting of linear functions of II.
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Applying the same A-B decomposition as in Eq. (31) and using
Af* = Ag + f"°9, the common flux F*(h) takes the form

F*(h) = B(&@g(U* (M) + (Ep(Age(h) + £,V (),
+(E@(Agr(h) + f34(h))) _,
= B [mjg g, 7, me]T +F(h),
=B [p*u*,p*(u"2 + RT),p*u*U*,p*u*w*]T +F(h), (37)
where
F(h) := (&@(Agi(h) + £ (h))), + (Ep(Agr(h) + fR*I(R))

denotes the half-range coupling contribution to the common flux.
With this convention, the components of F can be explicitly ex-
pressed as:

_ . _ + _
Fo(h) = Amiyop + Amigg g + Moo + Migo g

A
=20 [pL(ZRT + Ciup + ui) — pr(2RT — Crug + ufz)]
1

1
+ E (HL,xx - 1—IR,xx) 5
Fi(h) = Amygg  + Amggy g + Mygo 1 + Mooy
A
=5 [pL(RT + Coup + ui) + pr(RT — Coug + u}ZZ)]
1
+ E (HL,xx + HR,xx) s (38)

i _ + - + -
Fp(h) = Amiyop + Ampop + Mo + Mo

=A [pL (C3Z)L + —uszL) + PR (—C3UR + uszR )]

1
+ 5 (HL,xy + HR,xy) >

_ o _ . _
F3(h) = Amjy, 1 + Amyg g+ Mjg, 1 + Mpg ¢

=A [pL (C3WL + —uLZWL) + PR (—C3WR + uR;R )]

1
+ 5 (HL,XZ + 1-IR,xz) .

This completes the derivation of our single-stage kinetic moment
framework. While the core formulation is now established, the prac-
tical implementation incorporates two key refinements introduced
in the main manuscript: zero-overhead stabilization and oscillation-
free tangential transport. We restate them below in the context of
our kinetic moment expressions.

To enhance numerical robustness for high-Reynolds-number sim-
ulations, we introduce a blending parameter A € [0, 1] to interpo-
late between the baseline scheme and the more dissipative KFVS
flux. This is achieved by modifying the coefficients A and B in the
common-flux evaluation (Egs. (37) and (38)) as:

A=(1-2)A+21 B=(1-21)B. (39)

Setting A = 0.5 empirically provides a useful balance between sta-
bility and accuracy, mirroring the design of the Fromm scheme.
Additionally, to mitigate spurious oscillations near the inviscid limit,
we adopt the oscillation-free tangential transport strategy, where
tangential velocity components are treated as passive scalars ad-
vected by the kinetic mass flux mJ,,. The tangential flux components

gentially corrected

isotropic flux

Fig. 4. Shear-flow oscillation control. Comparison between the stan-
dard isotropic kinetic formulation and the tangentially corrected transport
scheme. The isotropic formulation produces spurious oscillations, while the
corrected scheme suppresses them.

in Eq. (37) are replaced by:
* B B * *
Fy(h) = Fy(h) + E [mloo (vr +vR) + |m100’ (or = UR)] s

F;(h) = F3(h) + g [mge (Wi + wR) + |mig| (wp —wg)] . (40)

Notably, these modifications are implemented in an anisotropic
manner: the blending parameter 1 is only applied to the normal
components of the kinetic flux, whereas the tangential terms in
the formulas above retain the baseline coefficients A and B (ef-
fectively A = 0). This preserves the kinetic penalty for diffusion.
This parameter-free correction effectively suppresses shear-induced
artifacts while maintaining acoustic stability via the fully kinetic
normal flux, as illustrated in Fig. 4. We recommend employing both
enhancements in practical simulations when robustness across cases
is prioritized.

6.3 Two-dimensional formulation

For completeness, we also present the KPM-FR formulas in two
dimensions. First, we introduce the moment notation for the equi-
librium distribution function in 2D, mg, = (fjj ’;g>, where a, b are
non-negative integers. The relevant moments up to the third order
are listed below:

Moo = P, mio = pu, mo1 = po,
My = P(uz +RT), Moz = P(Uz +RT), mi1 = puv,
mso = 3pRTu, mos = 3pRTo,

mgy; = pRTo, myz2 = pRTu.

Following the derivation in the 3D case, the non-equilibrium
distribution function 4 in 2D follows the same form as Eq. (32) but
with D = 2, where the indices «, § run over {x, y}. Defining M,;, =
<§;§Z f “eq> similarly, we recover the stress tensor components:

Moo = Mo = Moy =0,
Mz =Txx, Moz = Hyys My = ny = ny-
With these definitions, the predictor computes the macroscopic
state U(h) and the viscous stress tensor I1(h). Specifically, the pre-

dicted state follows from the Taylor expansion of the equilibrium
distribution function:

U(h) = {pg(0) —=h D" (p&aVag(0)

de{xy}
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1
~log)+ — > {okalg(Uf) —g(W)]).
€ de{xy}
Here, V49(0) is approximated by [g(U) — g(U5)]/(uch) using the
auxiliary states U} = U — u:hV,U. The characteristic velocity is
given by u. = € VRT as in the 3D formulation. Analogously, by defin-
ing the 2D perturbed equilibrium moments m . := <§;§Zg(U§)>
and the difference notation Agmgy, := (mﬁ ab — Mab)/uc, the macro-
scopic predictor is obtained as:
Us(h) = mog + Axmyg + Aymoy,
Ur(h) = mig + Demag + Aymyy, (41)
Ug(h) =mp; + Axmy; + AymOg.
Similarly, the predicted stress tensor is obtained by substituting the
reconstructed distribution function into its definition, IIys(h) =

(ExEp[A(g(0) —h € - Vg(0)) + (B—1)g(h)]). With B = 1 — A, the
predicted stress tensor II(h) can be written as:

Mex (h) = A (=Armag + Axmsg + Aymay)
My (h) = A(=Aimig + Axmyr + Aymyy), (42)
Hyy(h) =A (—Atmoz + Axmlz + AymOg) 5

where A;mgp := mgp(U(h)) — mgp denotes the temporal difference
in equilibrium moments.

Proceeding to the corrector step, the full flux tensor F(h) takes a
form analogous to the 3D case:

F(h) = (€ g(U(R))) + (@& f*Y(I1(h)))
my Mot My Mo
=|mg my|+ (Mo My
miy Mo My Mo
pu PO
= | Oyx + pu® + pRT Ty + puv , (43)
ey + puo Oyy + pv® + pRT

with all quantities evaluated at the half-step.

In the KPM-FR scheme, the common-flux evaluation specified
in Eq. (31) can also be cast into a concise, analytically closed form.
We use the same set of constants associated with the half-range
integration as in the 3D case:

[2RT |RT
Cy =V2nRT, Cy=24/——, C3= 2—
T T

Utilizing these constants, the 2D half-range moments for the equi-
librium and non-equilibrium distributions take a form analogous to
the 3D case:

+ 1 u +
o= -+ —, My, =
L) P(z ) 00
2+ 2RT
mip = p LT i , M;y :inxxs
2 2Cy 2¢
1 u ny
mg; = po (5 * C_l) = omyp, Mg, ==+ c
+ _,0 2 + l-Ixx
mZO—E( +RTiC2L4), MZO_T’
+ u + ny
s —o(tic ) ME =2
mu PU(Z 3 11 2

We also define the shorthand half-range moments cj, := m(;ro, ; and

R = my, . Consequently, the resulting approximation for the

common state U*(h) is:
Up (h) = mgyp + Mgy + mgg g + Myg g
=cL +cg (44)
U (h) =miyp + Mgy +migp + My g
=(2c)! [pL(ZRT + Ciug + ui) — pr(2RT — Cyug + ué)
+ (Mg xx — HR,xx)] ,
Uy (h) = mg; 1 + Mgy + mg; g + Mgy g
= cpop + cgog + Cp (L xy — MRaxy)-

As in Eq. (37), the total common flux F*(h) combines the cen-
tral part based on the common state and the upwinded half-range
contributions:

F*(h) = B [miy, my,, mt, | "+ F(h)
=B [p*u’, p*(u? + RT), p*u*o*| " + F(h), (45)
where
F(h) = (Ecp(Agi(h) + £1(h)), + (Ep(Agr(h) + fi(h)))_

denotes the half-range coupling contribution to the common flux.
With the same x-normal convention, the components of F can be
explicitly expressed as:

Fo(h) = Amy; + Amy, p + My + M g

=20 [pL(ZRT + Ciup + ui) — pr(2RT — Cyug + ulze)]
1

1
+ E (HL,xx - 1—IR,xx) 5
Fi(h) = Am3y; + Amy, p + My | + My o

A
=3 [pL(RT + Coup + ui) + pr(RT — Coup + u}zz)]

1
+ E (HL,xx + HR,xx) B (46)
F(h) = Amﬁ,L +Amy g+ M1+1,L + Mg

<o (0 + 58] -con + 2

1
+ 5 (Mpxy + Mray) -
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