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Abstract

Provably stable flux reconstruction (FR) schemes are derived for partial differential equations cast in curvi-
linear coordinates. Specifically, energy stable flux reconstruction (ESFR) schemes are considered as they
allow for design flexibility as well as stability proofs for the linear advection problem on affine elements.
Additionally, split forms are examined as they enable the development of energy stability proofs. The first
critical step proves, that in curvilinear coordinates, the discontinuous Galerkin (DG) conservative and non-
conservative forms are inherently different—even under exact integration and analytically exact metric terms.
This analysis demonstrates that the split form is essential to developing provably stable DG schemes on
curvilinear coordinates and motivates the construction of metric dependent ESFR correction functions in
each element. Furthermore, the provably stable FR schemes differ from schemes in the literature that only
apply the ESFR correction functions to surface terms or on the conservative form, and instead incorporate
the ESFR correction functions on the full split form of the equations. It is demonstrated that the scheme is di-
vergent when the correction functions are only used for surface reconstruction in curvilinear coordinates. We
numerically verify the stability claims for our proposed FR split forms and compare them to ESFR schemes

in the literature. Lastly, the newly proposed provably stable FR schemes are shown to obtain optimal orders
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of convergence. The scheme loses the orders of accuracy at the equivalent correction parameter value ¢ as
that of the one-dimensional ESFR scheme.
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1. Introduction

The Flux Reconstruction (FR) framework, originally proposed by Huynh [1] (also referred to as lifting
collocation penalty [2] or correction procedure via reconstruction [3]), has emerged as a popular FEM ap-
proach that is both simple as it can be cast in a differential collocated form and affords design flexibility,
where through a choice of the correction functions, the properties of the scheme can be altered. Importantly,
subsets of FR schemes have been identified as provably linearly stable (see Refs. [4, 5, 6, 7, 8]) also known
as Vincent-Castonguay-Jameson-Huynh (VCJH) schemes or Energy Stable Flux Reconstruction (ESFR).
Unfortunately, these proofs are limited to affine elements and hence do not apply to general curvilinear
meshes.

A discretization agnostic approach for the design and analysis of arbitrarily high-order and provably
stable numerical methods for linear variable coefficient problems is provided by the summation-by-parts
(SBP) framework [9, 10, 11]. SBP operators are matrix difference operators that are mimetic to high-order
integration by parts and when combined with appropriate interface coupling procedures, for example simul-
taneous approximation terms (SATs) [12, 13, 14, 15, 16, 17, 18, 19], lead to provably stable and conservative
methods. FR has been cast in SBP form [20, 21, 22] as well in residual distribution schemes [23, 24, 25, 26]
paving the way for a common framework to analyze high-order schemes. Moreover, discretizations hav-
ing the SBP property form the foundations for nonlinearly stable schemes for nonlinear conservation laws
[27, 28, 29, 30, 18, 19, 31, 32, 33, 34, 35, 36, 37, 38].

The focus of this article is on the construction of provably stable flux reconstruction schemes in curvi-
linear coordinates. Since the publication by Svird [39], the extension of stability proofs for dense-norm
SBP operators, to variable coefficient problems—particularly curvilinear coordinate transformations, has re-
ceived little attention in the SBP literature. Svird [39] proved that when dense-norms, M, are multiplied
against a diagonal matrix containing the metric Jacobian on the mesh nodes, J, the result is not a norm, i.e.,

M is not in general a norm, and therefore provable stability is lost. However, by recasting dense-norm



SBP operators in staggered form and constructing metrics on the staggered grid, stability can be recovered
for partial differential equations (PDE) in curvilinear coordinates discretized using dense-norm SBP opera-
tors [40]. Alternatively, Ranocha et al. [21] demonstrated in one-dimension, that for modal based operators
the issue with dense-norms can be overcome by using a dense matrix, J, such that MJ = (M] )T. Ina
somewhat analogous way, the extension of stability proofs of ESFR schemes to curvilinear coordinates has
been unclear since the ESFR norm is dense. In this paper, taking inspiration from the developments in the
SBP literature and starting from the variational form, we demonstrate how to incorporate metric Jacobian
dependence in dense norms, specifically those arising in ESFR schemes. In variational form, it is immedi-
ately seen that including metric Jacobian dependence does not merely correspond to right multiplying the
norm matrix, but instead having the determinant of the Jacobian embedded within the integral; since the
metric Jacobian is always built on the quadrature nodes and arises in the integral by transforming from the
physical to the reference domain. This allows us to formulate the metric Jacobian dependent ESFR filter and
the metric dependent ESFR correction functions.

The overarching objective of this paper is to develop provably stable FR discretizations on curvilinear
coordinates for systems of partial differential equations. As highlighted by the SBP community [41, 42,
40], discrete integration by parts is not satisfied in the physical space for curvilinear coordinates. This is
due to the physical flux never explicitly being represented by an interpolating polynomial in the physical
space [43]. This distinction, to the authors’ knowledge, has not been investigated within the ESFR and DG
communities [44, 45, 46, 47]. The DG strong form in reference space can be derived by either an application
of integration by parts on the DG weak form in reference space or in physical space. Since the two strong
DG discretizations are not equivalent [48], we present the split form in order to mimic integration by parts
in the physical space. A critical result that has not been shown in the SBP literature [40, 49, 41], is that the
two DG strong forms are not equivalent even under exact integration and analytically exact metric terms,
making the split form essential for curvilinear high-order schemes.

In this article, we derive provably stable FR schemes on curvilinear coordinates and consider various
design decisions: modal or nodal basis, uncollocated integration, different ESFR correction functions, and
different volume and surface quadrature nodes. The first main insight is that the ESFR stability condition [50,
51, 5, 52] must contain metric dependence in curvilinear coordinates. Then, we demonstrate that stability
cannot be achieved when the ESFR correction functions are solely used to reconstruct the flux on the surface.
This issue has been presented on linear grids for Burgers’ equation by Ranocha er al. [20] and for Euler’s

equations by Abe et al. [53], although neither have found a solution to satisfy stability for general ESFR in



split form. In [20], the authors investigated the issue of the dense ESFR contribution to the split forms, where
they proved stability only for the DG case. In [53], the authors’ numerically demonstrated stability for the “g,
lumped-Lobatto” ESFR scheme, which is equivalent to a collocated DG scheme on Gauss-Lobatto-Legendre
nodes [54] and previously shown to be stable in split form by Gassner [55]. Following the general nonlinearly
stable FR framework developed in Cicchino et al. [56] for Burgers’ equation, the ESFR filter/divergence of
the correction functions is incorporated on the nonlinear volume terms to ensure nonlinear stability within
the broken Sobolev-norm. This differs from the literature where the ESFR correction functions were only
used to reconstruct the flux on the surface [1, 2, 50, 57, 58, 3, 5, 59, 53]. In addition, the proposed scheme

is in contrast from schemes where the ESFR norm®

was applied to the conservative discretization; either
filtering the strong form surface integral [60, 47, 20, 52], or filtering the entire weak form [22]; since such
stated schemes are only linearly stable.

The remainder of this article is organized as follows: In Section 2, we introduce the mathematical no-
tations, definitions of metrics, and establish the relationships between the physical and reference spaces.
In Section 3, the DG scheme is derived in both conservative and non-conservative strong forms. We sub-
sequently prove that the two forms are inherently different under exact integration and metric terms, and
introduce the DG split form. In Section 4, the classical ESFR scheme is established, and the proposed novel
nonlinearly stable FR scheme is derived. In subsequent Sections 5 and 6, we provide proofs of the free-
stream preservation, local and global conservation, and stability of the proposed stable FR split form. The
theoretical results are numerically verified in Sec. 7, where the classical ESFR scheme in split form (ESFR
filter only applied to the facet terms) diverges while, our proposed ESFR split form (ESFR filter applied to

facet and volume terms) remains stable and maintains the correct orders of accuracy.

2. Math Notation and Definitions
Consider the scalar 3D conservation law,
%u(x",t) +V- - fux0)=0,1r>0, x =[xyz] €Q,
u(x€,0) = uo(x°),

where f(u(x, 1)) € R4 stores the fluxes in each of the d directions, and the superscript ¢ refers to Cartesian

coordinates. In this paper row vector notation will be used. The computational domain Q" is partitioned into

6By ESFR norm, we refer to the (M + K) modified Mass matrix form in Allaneau and Jameson [60, Eq.(13)]



M non-overlapping elements, €,,, where the domain is represented by the union of the elements, i.e.
M
Q=0"=| o,
m=1

Each element m has a surface denoted by I',,. The global approximation, u"(x¢, t), is constructed from the
direct sum of each local approximation, uf’n(x”, 1), ie.

M

u(xC, 1) ~ ul(x°, 1) = @ ul (x°,1).

m=1
Throughout this paper, all quantities with a subscript m are specifically unique to the element m. On each
element, we represent the solution with N, linearly independent modal or nodal basis of a maximum order
of p; where, N, := (p + 1)4. The solution representation is, uf’n(xf, H = Zﬁ”l Xm.i(X)li(f). The elementwise

residual is,
0

&u

The basis functions in each element are defined as,

RIS, 1) = —ul (x,0) + V - flul (x¢, ). (1)

X(x) = D (), x2(x), .o xw, (3] = x(x) ® ¥ () ® x(2) € RN, 2)

where ® is the tensor product.

The physical coordinates are mapped to the reference element & = {[£, n, {]: =1 < &,n,{ < 1} by

Nim

X0(€) = Ou(€) = ) O (€%, 3)

i=1
where ©,,; are the mapping shape functions of the N;,, physical mapping control points %;, ;.

To transform Eq. (1) to the reference basis, as in refs [61, 62, 63, 64, 65], we introduce the physical

ox¢ .
aj = @, J= 1,2,3

and reference

a =V, j=1,2,3

vector bases. We then introduce the determinant of the metric Jacobian as

JE =179 = a; - (ay X a3), )



and the metric Jacobian cofactor matrix as [61, 47, 62, 66],

J%a! Ja¢
CT = JUN ! = 12| = | /% ®)
J%a? J%d¢

The metric cofactor matrix is formulated by the “conservative curl” form from [63, Eq. 36] so as to

discretely satisfy the Geometric Conservation Law (GCL)

3 i 3

AJI(@)) 9
N = 0n=1.236 ) 2o (C)i=0.n= 1,236V (C) =0, ©6)
=S =iy

l
which is detailed in Sec. 5 for a fixed mesh, where ( ),; represents the n™ row, i™ column component of a
matrix.

Having established the transformations mapping the physical to the reference coordinates on each ele-

ment, the differential volume and surface elements can be defined as,

dQ,, = J$dQ,, similarly dT,, = J' dT,. @)

The reference flux for each element m is defined as

d
= Cn fn © Fr = D ACR)jif i @ Fry = FuCms ®)
i=1

where the dot product notation for tensor-vector operations is introduced. The relationship between the

physical and reference unit normals is given as [47, Appendix B.2],

1 1

o ~r
n,=—0Cyu-n =

T T

Jm ‘]m

W, ©)

for a water-tight mesh. Additionally, the definition of the divergence operator derived from divergence

theorem in curvilinear coordinates can be expressed as [61, Eq. (2.22) and (2.26)],

1 r 1 r T
Veifu=7aV (fuCn) = 7aV S (10)
and the gradient of a scalar as [61, Eq. (2.21)],
_ 1 r., _ 1 r T
Vx = 25Cn-V'x = J—Q(V x)Ch. an

m m



Thus, substituting Eq. (10) into Eq. (1), the reference elementwise residual is,
h,r o gr h r a h r 1 r reh r
R, (E,1) = R, (Ou(£7),1) = Eum@m(é’ ). 0+ J—QV S (1 (0, (6),1)). (12)

3. Discontinuous Galerkin

In this section we present a provably stable DG discretization for curvilinear coordinates [40, 49, 41] to
act as the cornerstone for our provably stable FR schemes. We derive the DG strong form for both “con-
servative” and “non-conservative” formulations, and prove that they are inherently different for curvilinear
coordinates; even with analytically exact metric terms and exact integration. This difference necessitates a

split form to ensure nonlinear stability on curvilinear coordinates. Specifically we cover:

1. Deriving the conservative DG strong form by transforming the physical DG weak form to reference
space. Then, projecting the reference flux onto the reference polynomial basis, and finally, integrating
the volume terms by parts in the reference space.

2. Deriving the non-conservative DG strong form by projecting the physical flux onto a physical basis
in the physical DG weak form. Then integrating the volume terms by parts in the physical space, and
finally, transforming the physical DG non-conservative strong form to the reference space.

3. Comparing the two forms, prove that they are inherently different, even under exact integration with
analytically exact metric terms, and that discrete integration by parts in the physical space is not
satisfied for either form. Then, combining the two forms to discretely “mimic” integration by parts in

the physical space.

3.1. DG - Conservative Strong Form

In a Galerkin framework, we left multiply the physical residual Eq. (1) by an orthogonal test function.
Choosing the test function to be the same as the basis function, integrating in physical space, and applying

integration by parts in physical space, we arrive at the weak form,

0 . . .
f Xm,i(xﬂau’,;(xar)dﬂm— Vmi(X) - fl (x, 0)dQy + | xmi(X )t - f* (Wl (x, )dT,, = 0,
Q, Q, |
Yi=1,...,N,
(13)



where f*(u" (x¢, 1)) represents the physical numerical flux.
Now, we transform the physical DG weak form, Eq. (13), to the reference space, by using the defini-
tions of the differential volume and surface elements, physical gradient operator and physical unit normals

(Equations (7), (9), (11)),

f )ci(fr)fﬁﬁuf'n(@m(f’),t)dﬂr - f
Q, ot

1, , -
A (EV (ENCL)Te - fUl(@n(E), 1)dL,

(14
1
+ f X,»(.gf)JnF,J—F”C,Q fr(@©,,(&),1)dl, =0, Vi=1,...,N,.

| m
Notice the change of variables since y,,(x°) = x(0;,(x¢)) are implicitly defined through polynomial ba-
sis functions in the reference space. From the definition Eq. (8), the reference flux is substituted for
C,ﬂ - fW"(©,,(£),1)) in the volume integral. We then project the reference flux in Eq. (14) onto the ref-

erence polynomial basis functions, and substitute the basis expansion for the solution. The variational DG

weak form in reference space is thus,

d ~F
fg )(i(fr)ijX(fr)Eﬁm(t)Ter— fg Vxi &) xE)f, 0" dQ, + fr XiENRCL - fr (Ul (©,,(€"),1))dT, =0,

Vi=1,...,N,.
15)

Next Eq. (15), the reference DG weak form, is integrated by parts in the reference space resulting in,

N,
d £ A ~T
fﬂ XX E) (D 2 + fﬂ x,-(f’)(§ V’x,-(f’)-fm,j(r))d9r+ fr XDy fry = X (€D (0 |dT, = 0,
r r j:l r

Vi=1,...,N,.
(16)

In the general case, the interpolation of the nonlinear reference flux to the face does not equal the metric
terms evaluated at the face multiplied with the flux on the face.

Next, we introduce N,, volume and N, facet cubature nodes, &, and f;’ . respectively. We also introduce
W and J,, as diagonal operators storing the quadrature weights and the determinant of the metric Jacobian
at the volume cubature nodes. We present the discretization of Eq. (16), the discrete conservative DG strong

form, as



Ny Npp

d T ~T ~F AT
M, Eﬁm([)T+S§f1m(t)T+S,]f2m(t)T+Sé'f3m(t)T+Z ZX(f},k)TWf,k[ﬁr m(f},k)T s ’X(f},k)fm(t)T] -0

=1 k=1
(17

where N represents the number of faces on the element. The discrete mass and stiffness matrices are defined

as,

(M= [ TR, — My = € WX ED.
0
(Se)ij = f Xi(fr)a_‘fXj(fr)er — 8¢ =X(§"C)TWX§(§£),
Q,
and similarly for the other reference directions. The equality for the stiffness matrices holds for quadra-
ture rules of at least 2p — 1 in strength. Furthermore, we introduce the L, projection operator as Il :=
M~'y(&")TW, where the metric independent mass matrix is M = x (&) Wx(&"). Thus, the modal coeffi-

cients of the reference flux are the L, projection of the reference flux, f,rn(t)T = TI( f,’nT ).

3.2. DG - Non-Conservative Strong Form

Returning to the physical DG weak form, Eq. (13), as discussed in [43, 67], there is no claim that the
physical flux has a polynomial basis function expansion for curvilinear elements. We term the scheme “non-
conservative” because it does not recover the definition of the reference divergence operator in Eq. (10) [40,
49]. Following the approach in [45, 46], we substitute the solution expansion and project the physical flux
onto the basis functions. Eq. (13) is integrated by parts in physical space and yields the “non-conservative”

DG strong form in physical space,

d
f Xm,i(xC)Xm(xC)_ﬁm(t)Tde +
. dt

Qn Ly

Vi=1,...

(18)

To discretely represent the derivative of the physical flux in the physical space, it must be represented by
the derivative of a basis expansion in the physical space multiplied by its modal coefficients. Although in
the continuous sense the physical divergence operator could be recovered by commuting the basis functions

across the dot product in Eq. (18); doing so would remove the claim that the physical flux has a basis

T
>

Nﬁ
Xnd G Y Vs L O+ [ s (1, = £, =0,
=1

,N,.



function expansion. Only in the reference space can the basis function be brought across the dot product
since the derivative of a polynomial basis function on the reference element exist. Thus, discretely applying
integration by parts in the physical space to arrive at Eq. (18) would necessitate that x,,(x¢) = ,\/((-),_,ll (x9))isa
polynomial basis. It is clear when transforming Eq. (18) to the reference space, and substituting the definition
of the gradient for curvilinear elements, Eq. (11), that it is inconsistent with the previous formulation in

Eq. (16),

N,
f XN E G0 ag+ [ X,-(ff)(z X)) fm,u))dsz | et - sopar,
r j:1 r
Vi=1,...
(19)

Explicitly, the metric cofactor matrix appears on the outside of the reference divergence/gradient operator.
Only if the mesh is linear, skew-symmetric, or symmetric with uniform constant wave speeds for linear

advection, will the volume integrals in Equations (16) and (19) be equivalent in discrete form.

Theorem 1. The volume terms in Eq. (16) and Eq. (19) are inherently different for a curvilinear mesh; even

with exact integration and exact metric terms.

Proof. Consider just one of the divergence terms in the volume integral,

Conservative DG: Z f ,(fr)z &) [ %f (uy ))} aQ
J
(20)

Non-Conservative DG: Z j!; Xi(E)JS 6& Z 6)(](5’ [ £ ))}
el Ve

If we are to consider both exact integration and exact metric terms (anz%), then the two forms cannot be
equivalent for a general f,(u")

O

Remark 1. Only for the specific case of linear advection with a polynomial representation of the mesh can
the two forms be equivalent through polynomial exactness; provided they are both exactly integrated and the

nonlinear term in the conservative form is projected onto a sufficiently high polynomial space.

10

=0,

,N,.



3.3. DG - Split Form

For the objective of developing provably stable schemes, alike [41, 68, 49], we introduce the split form
by adding a half of the conservative DG Strong form Eq. (16) with the non-conservative DG Strong form

Eq. (19) to discretely satisfy integration by parts,

N, N,
f HEVE @) a2 + 5 f € )(ZV)(](f) fm,u))dsz . f € )(Z Vix€)CT) fm,(o)
J=1 j=1

fx(f Y wch-f, - fm - 2X(§ )@ |dl, =0, Vi=1,...,N,.
(2D

Note that the surface splitting naturally accommodates arbitrary sets of volume and facet cubature nodes.

Recasting Eq. (21) into discrete form by evaluating at volume and facet cubature nodes, we have the DG

split form,
d r, 1 T 2oty L WS 2 a7 & T C T
My () + SxXE) WY XED  F 0 + S @) WIXE) - Fo 0 + Y D x(& ) Wi f571= 07,
f=1 k=1
(22)
V& DCaE DT Vi, (€ )D& DT
where we introduced V' y(£7) = : : to store the trans-
VI E N CnEn )T VN, Eoy JCnE )T

formed reference gradient of the basis functions evaluated at volume cubature nodes. Also, we introduced
f&r=f :‘,,Cm(f"ﬁk) - % f,,lcm(f;yk) - % X(f_’f!k)f:n(t)T as the difference between the reference transformation of

the physical numerical flux, the physical flux and the interpolated reference flux on the face.

4. Energy Stable Flux Reconstruction

4.1. ESFR - Classical Formulation

Following an ESFR framework, the reference flux is composed of a discontinuous and a corrected com-

ponent,
Ny Ny,

fr @ @n(€,1) = fPT (@), 0) + D > g EH - (f3 = i) (23)

=1 k=1

11



The vector correction functions g/*(£€") € R associated with face f, facet cubature node k in the reference
element, are defined as the tensor product of the p + 1 order one-dimensional correction functions (¢ stores

a basis of order p + 1), with the corresponding p-th order basis functions in the other reference directions.

£ = (9 @ xm @ x©)(2*) . (x(© ® 6 @ X)) . (x(© ® xm ® () (21*) 1 s
= ¢/, &) &, & @1,

such that

I, iffi=f andk;=k
g€ ) iy = (25)
0, otherwise.

Coupled with the symmetry condition g£(£") = —gR(=£") to satisfy Eq. (25), the one-dimensional ESFR

fundamental assumption from [50] is,

Py I+ g
aé:p 6é:p+l

1
f Vi @)g™ (ENdé - ¢ =0,Vi=1,...,Np, (26)
-1

and similarly for the other reference directions.

Akin to [51, 5], consider introducing the differential operator,

s+v

2D: 9%V = ——— suchthats = {0,p}, v={0,p}, s+v=p,
0EsonY
v @7
3D: 4 = W’ such that s = {0, p}, v={0,p}, w={0,p}, s+v+w > p,
with its corresponding correction parameter
2D: Cisy) = C(ll_[);—ﬁ ,
(28)

Sprgw
(f/+l’+l’)

3DI C(S,v,w) = ClD
Note that the total degree is dim X p for a tensor-product basis that is of order p in each direction.

For example,

o
oEroLr’

or

931}
—, C =C 6(17,17,[7) —
9 P, (0,[},0) 1D»

0.p0) _ = =c
9 dEPanraLr Cp.p.p) = C1p-

(p.0.p) — _ 2
9 = C(p.0.p) = Cip>

Since | ﬁ(f*v’”'),\/(fr)Ta(”*W)(V’,\/(f’))dﬂ, composes of the complete broken Sobolev-norm for each s, v,
w [59, 52], the tensor product ESFR fundamental assumption, that recovers the VCJH schemes exactly for

linear elements is defined as,

12



f VE) - g™ ENAQ, = . (5@ N €NV - g EN) =0, Vi=1,.. N, (29)

r VW
where 3, sums over all possible s, v, w combinations in Eq. (27).
To discretely represent the divergence of the correction functions, we introduce the correction field

h'K(€") € P3,(R,) associated with the face f cubature node k as,

WheE) = x@(W™) = v g @, (30)

To arrive at the ESFR strong form, we substitute the ESFR reference flux, Eq. (23), into the elementwise

reference residual, Eq. (12), project it onto the polynomial basis, and evaluate at cubature nodes,

Ny Npp

d ~D,r A
XE T + TIVRE) - T 0 + 1 S @) 1 (- £ =07 61

f=1 k=1
Since Eq. (31) does not mimic integration by parts in the physical domain, as previously demonstrated

in Sections 3.2 and 3.3, we introduce the split form in compact form,

Ny Npp

r dA 1 r N2 I - < P - YL T
XED) a0 + STV XED) - F O + STV @) Fu " + 13 Y @) £ =0

f=1 k=1

(32)
Unfortunately, Eq. (32), which we will coin as the “Classical ESFR split form” is not energy stable since
the nonlinearity introduced by both the metric cofactor matrix and determinant of the Jacobian prevents
the volume terms from vanishing within the broken Sobolev-norm introduced in [69]. Fortunately, there is
a modified form of Eq. (32) which is provably stable and recovers the Classical ESFR scheme for linear

problems. We will term the proposed split form, which we now derive, as the “ESFR split form”.
To derive the proposed ESFR split form, we recast ESFR as a filtered DG scheme. To do so, as shown
in [47, 60, 52], we integrate Eq. (32) with respect to the basis function as the test function in the physical
domain. Using the definitions of the differential volume and surface elements, Eq. (7), we integrate the

divergence of the correction functions by parts,

13



d 1 ~D.r 1 - N
f Xi(fr)‘]rgnz/\/(fr)aﬁm(t)Ter +3 f XV xE) - ) (1) dD, + 3 f XV xE) Frt) A2,
o, o, Q

+ fr X&) - g @R - f51dT — f Vixi€) - g ER - f,71dQ =0, ¥i=1,.. N,

r

(33)

From the ESFR correction functions’ surface condition, Eq. (25), the facet integral in Eq. (33) is the
exact same as the facet integral in the DG strong split form Eq. (21). Also, the reference discontinuous flux
for the ESFR scheme is the same as the reference flux for a DG scheme (from definition). Thus, we will
drop the D superscript for the flux.

Next, as in the ESFR literature, we apply the differential operator 0“*) on Eq. (32), then left multiply
and integrate with respect to the d**) derivative of the basis function as the test function in the physical
domain [52, 47, 1, 4, 7, 70]. Then a scalar ¢, is incorporated and the expression is summed over all
(s,v,w) combinations. The order of those steps is extremely important as it ensures a positive-definite

broken Sobolev-norm, which solves the issue presented in [39, 21]. This results in,

5. 4 i S, VW T df\ s,V.w T s,V.w 1 r r a1 r
D s fﬂ T €N N E) (0T ARy + ) fg TndC €0 (S5 VT g ED)A - f1dR,

Cls,vw) S,V,W 7y (S, v,Ww 1 r N 1 or N 7 .
+ ZT fg TSy (€N )[EV X&) 0" + EV X&) F(0']dQ. =0, ¥Vi=1,...,N,.
(34)

Adding Egs. (33) and (34) together results in,

d
e Qg Qg (g Wy e\ La (0T a0
js; (Xz(f Wk (&) + § Csan) Xi(§")0 X(E& ))dtum(t) i

" S,V,W

1 ar 1 - 5
) fg XV xE) - [0 + 5 fg XiEOWVxE) - f(0) A, + fr Xi@)IR - £ 1dT,

C(s,v,w) Q q(s,v,w) 7y (s,v,W) 1 - T T 1 = N r
+ Z — L 0" xi(8)0 [EV X&) - f,0F + EV &) F.0) ]er

5,V,W

5, V,W T S,V W 1 r T A7 r .
—( f V(€D - gHENAR, = Y s f IRA Ty (€N (5 V- g (e >)d9r)[n fS1=0,Vi=1.....N,.
Q, Q, J

S,V,W m

(35)

Note that [#" - fﬁ”] is a constant evaluated on the surface, so it can be factored out of the last volume

integrals [50, 51].
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The root of the instability of the classical ESFR in split form is demonstrated in the third line of Eq. (35).
On linear grids, the determinant of the Jacobian and the metric cofactor matrix are both constants, and render
the ) derivative of the divergence of the discontinuous flux to be skew-symmetric [59]. However, for
curvilinear elements, the determinant of the Jacobian and the metric cofactor matrix are both nonlinear
polynomials. Thus, the """ derivative of the volume terms does not vanish in Eq. (35). Ranocha et al.
in [20] circumvented the issue by setting the ESFR contribution to zero and solving for the DG case (c¢(s,y.w) =
0). In the case of Abe et al. [53], the authors showed stability for Huynh’s g, lumped-Lobatto scheme. This
was expected since Huynh’s g, lumped-Lobatto scheme is equivalent to a collocated DG scheme on GLL
nodes [54].

An additional issue introduced by ESFR on curvilinear grids is that the aforementioned ESFR stability
condition (fundamental assumption) in Eq. (29) (or the 1D analogous Eq. (26)) only holds true on linear
grids. That is, because in Eq. (35), if the determinant of the Jacobian was constant, then it would be factored
off in the last integral and the ‘") derivative of the corresponding mode of the correction functions would
then be factored out of the integral [52, 7, 8, 6,4, 71, 72]. On general curvilinear coordinates, this is not true,
even for analytically exact metric terms and exact integration as per Theorem 1, and the complete ESFR

fundamental assumption for three-dimensional tensor product curvilinear elements should be,

fg Vi€ g"(gNHde, - Zq) fg , Jf,f6‘”’””)(,(5’)6“"’”)(év’ #"M@)dQ =0, Vi=1,....N,.

(36)

If the grid is constant/linear then Eq. (36) simplifies to Eq. (29) with a constant scaling of the volume of the

reference element on c(s, . To extend Eq. (36) for triangular and prismatic curvilinear grids, one should

change the ") derivative with the operator D”"" presented in [51, 47, 7], and the analysis/result is the
same.

Therefore, using the metric dependent ESFR stability criteria, Eq. (36) in Eq. (35), and evaluating bilin-

ear forms at cubature nodes results in,

Ny Npp
d ., 1 r r ry " 1 r o AN T\ r ~r \r
(M + Kon) it + SXED WYX (ED - F) + X € WINED - Fo) + ; ;)((ff,k)TWf,k[n i

. Z C(J;,W) a(s,v,w)X(é_-\r))Tmea(s,v,w)/\/(é-c)n[.]r—nlVr X(é-c)j"’;l(t)T + Jr—nlﬁr/\/(f:) j‘m(t)T] = 0T'

S,V,W

(37)
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Eq. (37) is the filtered DG equivalent of the Classical ESFR split form presented in Eq. (32), with

(Km)ij ~ Z Clsvw) jg; anla(s,v,w)xi(fr)a(s,v,w)/\/j(é-r)dgr
‘ ‘ s,v,w r ‘ T ‘ (38)
= K= ) oum@ N E W0 Y E) = 3 i DLD}D) Mo(DLD;DY),

5,V,W 5,V,W

where D; = (M*IS,’;)S is the strong form differential operator raised to the power s, and similarly for the

other reference directions.

Remark 2. Note the inclusion of J ,, within K, in Eq. (38). It allows the broken Sobolev-norm M, + K,, to
be symmetric positive definite (for values of c1p > c—). This naturally arises from the order of applying the
differential operator, then integrating in physical space in Eq. (34), and re-defining the resultant curvilinear
ESFR fundamental assumption Eq. (36). This varies from the literature where the Jacobian was either a
constant [60, 7, 50, 57] or for curvilinear ESFR [44, 47] where the determinant of the Jacobian was left
multiplied to Eq. (32). The 8" derivative was then applied to the entire discretization (to have the 9"
derivative applied directly on the reference divergence operator), which would arise in the 3*"" derivative
of the determinant of the metric Jacobian J,, in the norm. Explicitly, 6(‘“””“)(],,,%11,{1) * Jmﬁ(s"”w)(d%ura),

and hence (9(3""W)X(§£)TWﬁ“*v’w)(J W,) is not a norm.

Remark 3. The stated approach is unlike what is adopted in [60, 47, 20] where K, was constructed using
the Legendre differential operator then transformed to the basis of the scheme. Here c(s,,, must take the

value from a normalized Legendre reference basis.
However, Eq. (37) is not provably stable since the final term does not vanish in the broken Sobolev-norm.
Lemma 1. Eq. (37) is equivalent to a DG scheme with the ESFR filter applied solely to the facet integral.

Proof. Rearranging Eq. (37) by substituting IL,, = M, x (&) WJ,,, thus (&)W = x (&) WJ,J,! =
MmHmJ,;l, and using Chan [49, Theorem 4] results in,

Ny Npp
d., 1 —lygr rN . 7 -1gr N F r ~r o
(Mm + Km)aum(t)T + EMmHm[JW,IV X(fv) 'fm(t)T + Jmlv X(fv) 'fm(t)T] + fz; ;X(ff,k)TWf,k[n fﬁ ]
1 ar - n
K [TV - 07 + T,V - Fa" [ = 07

(39)
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which simplifies to

(Mo Ko (0" + 5 (Mo + K1, 90E) - Fot) 4 0,1970(E0 - 1,0 |
Ny Nyp (40)
ST € Wl £ = 07

f=1 k=1

Recalling the definition of IT,,, = M,‘nl,\/({fC)TWJ  and solving for Eﬁm(t)T in Eq. (40) results in,

Ny Npp

do o1 i e Twloroeny . 7 T 4 vy, b o(aT -1 AT o eCry — T
SO + S M EY WV ED  F,07 + V) o | + (M + K) fz; ;x@ﬁk) Wili - f511 =07,
(41)
which concludes the proof since the ESFR filter is only applied to the facet integral in Eq. (41).
O

The proof in Lemma 1 shows that Eq. (37) recovers the divergence of the correction functions applied
solely to the face in Eq. (41), as seen in the literature [60, 47]. That is, from Allaneau and Jameson [60], and
Zwanenburg and Nadarajah [47, Eq. 2.19],

17, x@(i"™) = (Mo + Ko) (€0 Wy 42)

Explicitly, Eqgs. (32), (37), and (41) are all equivalent expressions of ESFR.

4.2. ESFR - Proposed Nonlinearly Stable Flux Reconstruction

As shown by Cicchino et al. [56], provable nonlinear stability can be established for FR schemes by
incorporating the ESFR filter/divergence of the correction functions on the volume integrals. This results in

our proposed ESFR split form,

Ny Npp
d 1 - y _ ) NN
SO + (M + K,) XE W[V ED - To @ + V(@) Fou |+ (M + Kn) 0> 0@ Wil - £571 = 07
f=1 k=1

(43)

Or in equivalent form which simplifies the stability and conservation analysis,
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Ny Npp

d A 1 r r ry gl < r ry 7 r Ar o
(Mo + Ko=) + Sx @) WV E) - Ju + Vx€) - Ju0" | + ; ;x@ﬁywﬁk[u S5 =0

(44)

Eq. (43) is on design order as proved in Sec. 4.3.
Remark 4. We present the equivalent form of Eq. (43) in SBP notation in Sec. A.l based on [73].

We note that the computational implementation of the proposed ESFR schemes differ significantly from
existing FR implementations in the literature [74]. On general curved meshes and for general quadrature
rules, the FR norm matrix over each element is dense. Thus, when implementing the proposed energy stable
FR scheme, the FR norm matrix must be constructed and inverted over each individual element. On affine
elements, the inverse of each elemental norm matrix can be computed through a constant scaling of a single
reference norm matrix, as is typically done in ESFR by solving for the correction functions [51, 5]. However,
for a static curved mesh, these matrix inverses can be precomputed and stored. This increases both storage
costs and the number of memory transfers necessary for the proposed schemes.

In comparison, the most common FR schemes [51, 50, 1, 2] avoid introducing a mass/norm matrix
altogether by formulating the main computational steps of the scheme as operations on the reference element.
Collocated DG schemes (and the equivalent FR schemes) on curved elements yield a trivially invertible
diagonal mass (norm) matrix, with values of the determinant of the metric Jacobian at collocation points
appearing as weights for each diagonal entry. For dense mass (norm) matrices appearing in high-order
DG on curved meshes, it is possible to approximate the inverse in an efficient, energy stable, and high order
accurate fashion using a weight-adjusted approximation to the mass matrix [49]. However, because the norm
matrices constructed in this work are constructed as the sum of two matrices, it is not currently possible to

directly apply such an approach.

4.3. ESFR - Accuracy of Metric Dependent ESFR Schemes

Following the work of [60, 47, 52], we consider a normalized, p-th order Legendre reference basis
Xref&) = Xoe (&) ® Xy (D) ® X o p({) 00 & € [-1, 1]%. The motivation behind using an orthonormal refer-
ence basis rather than an orthogonal reference basis is that it allows K, to be constructed directly with the
differential operator and mass matrix of the scheme [52, Sec. 3.1]. Thus, we introduce the transformation

operator T = I, ;x(£]), where Io; = M., x,, /(€1)"W, such that K,, = T" K T

18



Next, we explicitly formulate K,, ,.r to derive the metric Jacobian dependent ESFR filter. To express
K, .y we introduce the modal differential operators for a normalized Legendre reference basis If); =

(M;elsze,m 1)*, similarly for D; and If);v, to result in,

Km,ref = Z C(s,v,w)a(&VYW)Xref(fC)TWJma(Jyv’W)/\/rgf(fC) = Z C(s,v,w)(i);D;Dé' )TMmref(D;D;i);)

45)
= Knrepij ~ ) o) fg T e i €N X ey j( €A,

Typically when deriving the correction functions [50, 51, 72] or ESFR filter [60, 47, 52], we would
utilize the orthogonality of the reference basis functions. However, for curvilinear coordinates, the reference

basis functions are not orthogonal on d€2,,, = an)dﬂr. That is,

fg et & Ve (€A, = 61 46)
but,

f J,%)(,ef,i(fr))(,ef,j(f’)er # ad;;, where @ = const, unless J = const, 47

r

where the last inequality holds even under exact integration and the analytically exact J<:. An equality would
be present in Eq. (47) if and only if y,, f((i),’nl (x€)) is also an orthogonal polynomial basis; but thus far there is
no claim that ,\/,‘,_,f(('F),_nl (x°)) or ,\/(G),‘nl (x)) are polynomial in the analysis. Using Eq. (47) in Eq. (45) directly
shows that for a tensor-product basis, K, s is not diagonal for curvilinear coordinates, and is diagonal only
under the constant metric Jacobian case.

To prove the order of accuracy for curvilinear ESFR schemes, we demonstrate which modes the ESFR

filter, F,ef, operates on; such that £, ¢(1)" = Fuper St ;07| .
E DG

SFR
Theorem 2. For general curvilinear coordinates, the ESFR filter operator is applied to all modes of the
discretization, not just the highest order mode; even for triangular/prismatic elements [51, 75], the 3p-th
broken Sobolev-norm considered in [52], and all other cases where the corresponding K,, .y would be

diagonal with a single entry on the highest mode.

Proof. We substitute Eq. (47) when constructing the metric Jacobian dependent mass matrix for a normal-

ized Legendre reference basis,
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(Mo rep)ij = f anz)(,ef,i(f’)/y,ef,j(fr)dﬂ, # ad;j, where @ = const, (48)
o,
that shows the reference mass matrix is dense, even with exact integration and analytically exact metric

a 0
terms. Thus, we let M, .y = and Ky, ,.r = to consider the special case where the correction
‘ b ¢ 0 d

functions are only applied on the highest mode, i.e. prismatic/triangular curvilinear elements and tensor-

-1
product curvilinear elements using the 3p-th broken Sobolev-norm [52]. This implies (Mm,,e r+ Ko re f) =

| c+d -b
P . Thus
-b a
bd
-1 I wor .
F ef = (Mm,m i+ Ky re f) M, ;= o | Therefore, considering the complete case for
a(c+d)—b?

-1
Fper = (Mm,,e r+ Ko e f) M, ,.; implies the filter has influence on all modes, rather than just the highest

mode, which varies from the literature for linear grids [60, 47, 52]. O

Typically in the ESFR literature [1, 57, 2, 50, 51], the scheme is shown to lose at most one order of
accuracy because the divergence of the correction functions correspond to the highest mode of the scheme.
Unfortunately, this is only true for constant metric Jacobians, or non-positive-definite norms as discussed
in Remark 2. Theorem 2 directly proves that ESFR schemes can lose all orders for general curvilinear
coordinates; even without considering our proposed ESFR split form and instead considering the classical
VCIJH schemes with or without exact integration, and/or with or without analytically exact or discrete metric
terms. This result is dependent on the metric dependence within the ESFR fundamental assumption, Eq. (36),
in curvilinear coordinates. In Section 7.1, we numerically show for three-dimensions that the scheme loses
all orders at the approximate location [7, Figure 3.6] that the one-dimensional ESFR/VCJIH schemes lose

one order of accuracy; at a value of ¢ > c,.

5. Discrete GCL

In this section we briefly review how to compute C,, to ensure both the correct orders of accuracy, free-
stream preservation and surface metric terms being consistent between interior and exterior cells. The main
idea from Kopriva [63] was to satisfy the GCL (Eq. (6)) a priori by equivalently expressing the reference

vector basis multiplied by the determinant of the Jacobian in curl form. With the interpolation being within
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the curl, discrete GCL is satisfied since it is the divergence of the curl. That is, by expressing the reference

transformation (metric cofactor matrix) as,

(Cross Product Form) Jd = a;jXa,i=1,2,3(, jk) cyclic,
< (Conservative Curl Form) JQ(ai)n =—-¢;-V ' x (x;'V’xfn), i=1,2,3,n=1,2,3(n,m,l) cyclic,

. 1 . X X . .
& (Invariant Curl Form) J%(a’), = _Eéi -V x (x?V’x,‘n - x,‘nV’xﬁ), i=1,2,3,n=1,2,3(n,m,l) cyclic,

where & = [%, J, 2] is the physical unit vector 7. Then for the conservative curl form, the GCL can be written

as,

i A a'),)
S

and similarly for the invariant curl form. Thus Kopriva [63] proved that to discretely satisfy GCL a priori,

= -V (V' x (¥V'x5,)) = 0,n = 1,2,3 (n,m, ) cyclic,

one must interpolate to the flux nodes (volume or facet cubature nodes) before applying the curl. That is, the

discrete conservative curl form reads as,

JH@)y = (C)ni = —&;- V" x OE)(x{V'x5,), i = 1,2,3,n = 1,2,3 (n,m, ]) cyclic, (49)

and similarly for the invariant curl form. For general three-dimensional curvilinear elements, Kopriva [63]
also proved that the cross product form does not discretely satisfy GCL, thus the conservative or invariant
curl forms should always be used.

One of the primary issues raised by Abe et al. [76] was that Eq. (49) does not ensure that the normals
match at each facet cubature node. It is to be noted that Abe et al. [76] considered only the invariant curl
form, but the methodology is also consistent for the conservative curl form. To circumvent the issue, one
main result from [76] was to have two separate interpolation operators, one for the “grid points” (mapping
support points) and another for the cubature (flux) nodes. This distinction was made because in high-order
grid generation, it is typical to have the exact corners of the elements, making them continuous finite ele-
ments at the grid points [77, 78]. Thus, Abe et al. [76, Egs. (31)-(34), (41) and (42)] evaluated (xl”V’xfn) in
Eq. (49) at the grid nodes, and computed the mapping shape functions at the flux nodes prior to the applica-

tion of the curl operator [76, Eq. (43)]. By doing so, consistency is ensured at each face since the grid nodes

7this is not to be confused with the previous definition of £¢ which are the mapping support points (grid points)
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are continuous; and GCL is satisfied at each quadrature point because the final interpolation is performed

within the curl operator. Therefore, we have the discrete conservative curl form,

(Oni = =2 V" X OEhis n0es)| O Ehic nodes %5V OE g noaes)Xor | i = 12,3, 1= 1,2,3 (n,m, ) cyclic,
(50)

and similarly for the discrete invariant curl form,

1 r o T 4.C o T act
(C)"i = _Eel Vi ®(§ﬁux nodes [G(fgrld nodes V G(fgrid nodes)x G(fgrld nodes V G(fgrid nodes)xl ]’
i=1,2,3,n=123n,m,I) cyclic,
(5D

where we assumed the mapping shape functions are collocated on the mapping support points X°. In all

numerical results we used Eq. (50) with GLL as the grid nodes.

6. Free-Stream Preservation, Conservation and Stability

In this section, we prove free-stream preservation, conservation, and stability for our proposed prov-
ably stable FR split form, Eq. (43). For free-stream preservation, we prove that it is essential to distinguish
between grid nodes and flux nodes in Egs. (50) and (51). Then, by satisfying GCL, we demonstrate con-
servation. Lastly, to illustrate the stability of the scheme, we show that it is essential to incorporate the

divergence of the correction functions on the volume terms.

6.1. Free-Stream Preservation

We first demonstrate that the surface splitting from Eq. (43) satisfies free-stream preservation if the metric
terms are computed via Eq. (50) or (51). We start by substituting f,, = @ = constant and %ﬁm(t)T =07 into

Eq. (43),

L (Mo + Kn) X&) W]V 0Co(€)) + 970

2
N/ Nyp 1 1 (52)
HMo + Kn) D X0 Wl G0 (@ = Ja) = S0 x(&, )T@C(ED].
=1 k=1

Factoring out the constant, utilizing GCL Eq. (6), and the divergence of a constant is zero we are left with,
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Ny Npp

- 1 1
— (Mu+K,) ; ;X@;,kfWf,k[iﬁ’cm@;,kf A= i X (€ ACE)]. (53)

Since the metrics computed in Eq. (50) or (51) are computed at a continuous set of grid nodes (included on

the boundary), with only the last interpolation performed at the flux nodes,

(K& OTACL(E))) = —2;-OE} VOE) " OENT X OE g nodes)| O Eria notes iV OE i noces Ty |

i=1,2,3,n=1,2,3(n,m,l) cyclic,
= (1Cu(€70)
(54)

and similarly for the invariant curl formulation. Note that @(£/)! is always true and appears from a change

of basis in Eq. (54). Thus Eq. (53) becomes,

Ny Npp

-1 r T 1 ~r r T 1 ~r r _oT
= (M, +K,) fz; ;)((ff,k) Wil 58 Col€)0)" 1= i - (1C(Ep )] = 07, (55)
which concludes the proof since free-stream is preserved. o

6.2. Conservation

To prove global and local conservation, we use quadrature rules exact of at least 2p — 1, and consider the

(M, + K,,,)-norm,

Ny Npp
. d 1 o 1, , o sCr
(M + Ky) i = =S AW R(E) - F() = SIWTH(E) - T - ; kzl] IWpali - £, (56)

X “T\T
where 1 is implicitly defined by 1 = [1,...,1] = (X({,:C)IT) . Discretely integrating both volume terms by
parts yields the following expression for the right-hand-side of Eq. (56),

Ny Nyp

1 r N 1 r r N ~r r *
= SV OW XEDF 0" + 5V ACKEDW X ENF 0 = Y > Wl Co)" - f1. (5T)

f=1 k=1
Utilizing the property of GCL from Eq. (6) and that the gradient of a scalar is zero, allows the volume terms

to vanish and local conservation is established,
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Ny Nyp

R (07 Km)%ﬁ(t)T == 3 > AW Cu(€})" - fl.

f=1 k=1

(58)

From the assumption of a conforming, water-tight mesh, then the interior normal equals the negative of

the exterior normal, provided the surface metrics are computed by Eqgs. (50) or (51), which concludes the

proof for global conservation with periodic boundary conditions.

6.3. Stability

We consider the broken Sobolev-norm W;p’z = M,, + K,, to demonstrate stability,

. d. o 1d ., _1d
(D)Mo + K ) i = Sl = 5Nl ok,
1 . 1 ~ A Ny Npp
= —5unWYXE) 0 = SunWINE) T = 3 D unWyalid - 571
F=1 k=1

Next, we discretely integrate the first volume term by parts in the reference space,

Ny Npp

2 =1 k=1

Since the two volume terms in Eq. (60) are equivalent,
V()W X(fC)f:n(t)T =V'(u,)W- fmCm(fC) = Vr(um)WCm(f\r;)T 'fm = me ' Vr(um)cm(f‘r;)T,
=y = V)W EF0" = WYX ED - Fu0,

they discretely cancel for linear advection, and we are left with

1d Ny Npp

1
2 _ _ A1 r \T . *
§E||u||wgfa.z = fgl k; u,Weylit Cm(ff’k) fn 2fm)],

1 r 1 . 5 1
= SV @)W XENTn = SunWIRE) T = 3 D Wil Cu€,0" - (= 500

O

(39)

(60)

(61)

(62)

which concludes the proof since it is the same stability claim as that for a linear grid. Thus energy is

conserved for a central numerical flux, and energy monotonically decreases for an upwind numerical flux

with periodic boundary conditions [52, 40].

For completeness, we present the operator form of the above stability proof in Appendix B.
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7. Results

In this section, we use the open-source Parallel High-order Library for PDEs (PHiLiP,
https://github.com/dougshidong/PHiLiP.git) [79], developed at the Computational Aerodynamics
Group at McGill University, to numerically verify all proofs. Three tests are used: the first verifies Thm. 2 for
three-dimensions, the second verifies that the ESFR filter operator (divergence of the correction functions)
must be applied to the volume for stability, and the third verifies Thm. 1 and Remark 2. When we refer to
“ESFR Classical Split”, we are using the split form with the ESFR correction functions only applied to the
surface, whereas “ESFR Split” refers to our proposed provably stable ESFR split form with the correction
functions applied on both the volume and surface terms.

For the order of accuracy (OOA) tests, to compute the L, error, an overintegration of p + 10 was used to

provide sufficient strength,

M M
L2 —error = J Z f (“m - u)de = J Z(uzl - ueTxacr)Wme(um - uexact)- (63)
m=1+8 m=1

We additionally compute the Lo, error as sup(ul, —ul . ). In all experiments, our basis functions y(£”) are

Lagrange polynomials constructed on GLL quadrature nodes. Our “grid nodes”, or mapping-support-points,
are GLL quadrature nodes. Our “flux nodes” for integration are GL quadrature nodes. Lastly, all schemes

were conservative on the order of 1e — 15.

7.1. ESFR Derivative Test

The first numerical test addresses Thm. 2, where we solve for the divergence of the flux, V- f. In this
test, we only solve for the volume terms. We take the heavily warped grid in Fig. 1, defined by Eq. (64), and
distribute the flux from Eq. (65). Then we solve for the volume terms in Eq. (43), that approximate V - f, for

varying values of c.
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Figure 1: 3D Warped Grid

x=&+ ll—O(cosm7+ cosné’),

1
y=n+ —exp(l —n) sinn€ + sin ),
ep =g +inxg "

1 . .
z={+ %(sm 2né + sin 2mn),

[£1m,¢1€10,17%.

f = [exp (—10x?), exp (=10my>), exp (=10 sin z)], s

Vo foxact = —10(2x exp (—=10x%) + 37y? exp (=107y?) + cos (z) exp (10 sin z)). ©

The maximum GCL computed for the grid was O(le-15). First, we demonstrate in Tables 1 through 4
that the error levels change as we increase ¢, but the orders remain unchanged until ¢ > c,. Next, for the
polynomial order range, p = 2 through p = 5, we verify that applying the ESFR filter operator does not
affect the order of accuracy up to a certain value, and by Thm. 2, the scheme loses all orders of accuracy
at this value. The black star is the location of ¢, in Figures 2 through 5. The drop off value of ¢ closely

resembles the values obtained by Castonguay [7, Figure 3.6].
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dx cpG OO0OA Ci OO0OA dx DG OO0OA Ct OO0OA
3.125e-02  1.949e-02 - 1.860e-02 - 3.125e-02  4.436e-01 - 3.713e-01 -
1.563e-02 2.587e-03 291 2.467e-03 291 1.563e-02 7.033e-02 2.66 5.746e-02 2.69
7.813e-03  3.285e-04 298 3.133e-04 2.98 7.813e-03  9.885e-03 2.83 8.056e-03 2.83
3.906e-03 4.122e-05 299 3.931e-05 2.99 3.906e-03 1.309e-03 292 1.072e-03 291

Table 1: L, Convergence Table p = 3 Table 2: L., Convergence Table p = 3
dx DG OO0OA Ct OOA dx DG OO0OA Ct OO0OA
2.5000e-02 1.618e-03 - 1.559e-03 - 2.5000e-02  4.648e-02 - 4.085e-02 -
1.2500e-02  1.070e-04 3.92 1.032¢-04 3.92 1.2500e-02  3.388e-03 3.78 3.033e-03 3.75
6.2500e-03  6.784e-06 3.98 6.542e-06 3.98 6.2500e-03  2.296e-04 3.88 2.056e-04 3.88
3.1250e-03  4.256e-07 3.99 4.103e-07 3.99 3.1250e-03  1.496e-05 3.94 1.34le-05 3.94

Table 3: L, Convergence Table p = 4
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Table 4: L., Convergence Table p = 4

Figure 3: 3D ¢ vs OOA for p =3



Figure 4: 3D ¢ vs OOA for p = 4 Figure 5: 3D ¢ vs OOA for p =5

7.2. Nonsymmetric Grid

As illustrated by Thm 1, the nonlinear metric terms vanish for both symmetric and skew-symmetric
grids; resulting in a false-positive stable solution. Thus, a nonsymmetric grid was chosen to ensure that
nonlinear metric terms are present. The warping for the nonsymmetric grid is similar to that used by Wu et

al. [80], defined by Eq. (66), and the grid is illustrated in Fig. 6,

/
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Figure 6: Warped Grid p = 3
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Scheme Flux Energy Conserved O(le-12) Energy Monotonically Decrease

Cons. DG Central No No

Cons. DG Upwind No No
EFSR Split cpg Central Yes Yes
EFSR Split c¢pg Upwind No Yes
EFSR Split c.. Central Yes Yes
EFSR Split ¢, Upwind No Yes
EFSR Classical Split ¢,  Central No No
EFSR Classical Split ¢,  Upwind No No !

Table 5: Energy Results p = 3,4 Uncollocated N,, = (p + 1)? Grid 1

E+ L cos nfcos 3n
x= — = —
¢ ) 277

10
y=n+ L sin 271& cos zn (66)
10 2"

[£n) e [-1, 1%

We apply the following linear advection problem in Eq. (67),

@ N ou 7ou
ot Tox  edy ’ (67)

u(x, y, 0) = ¢200°0"

with periodic boundary conditions. We integrate with a Runge-Kutta-4 integrator, using a timestep dt =
0.05dx, with dx being the average distance between two quadrature nodes. The grid is partitioned into 82
elements. All results are uncollocated, with the solution built on the GLL nodes and integrated on the GL
nodes. Since our metrics were computed via Eq. (50) and surface splitting was used, we were able to use GL
nodes for both volume and surface integration without any form of optimization seen in the literature [40].
We first show energy results for uncollocated integration in Table 5, then uncollocated overintegration in

Table 6.

! Although the energy did not monotonically decrease for this case, it did not diverge either. Instead it gradually decreased over time

giving a false positive.
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Scheme Flux Energy Conserved O(le-12) Energy Monotonically Decrease

Cons. DG Central No No

Cons. DG Upwind No No
EFSR Split cpg Central Yes Yes
EFSR Split c¢pg Upwind No Yes
EFSR Split c.. Central Yes Yes
EFSR Split ¢, Upwind No Yes
EFSR Classical Split ¢,  Central No No
EFSR Classical Split ¢,  Upwind No No !

Table 6: Energy Results p = 3,4 Uncollocated N,, = (p + 3)? Grid 1

An interesting result in Tables 5 and 6 is the false positive for the ESFR Classical split with an upwind
numerical flux. From the derivation of our proposed curvilinear FR schemes in Sec. 4.1, specifically Eq. (34),
there is no stability claim for the two terms Km(J ~lyr X(fC)) and K,,, (J ,jllv’,\/(fﬁ)) as they can result in either
a convergent or divergent scheme. The advantage of our proposed FR schemes is that they are provably
stable. In the next test case, it will be shown that the ESFR classical split is divergent for a skew-symmetric
grid.

To demonstrate the orders of accuracy, we consider the linear advection problem in Eq. (68),

ou N ou N Oou 0
ot dx dy
ylel-1L,11% re0,2
[x.yl € [-1.1] [0,2] 68)
u(x,y,0) = sinrx sinwy,
Ueyact(X, Y, 1) = sinnr(x — ¢) sin n(y — 1.
We used a timestep of df = 0.5dx, where again dx is the average distance between two quadrature

nodes. The convergence rates are shown in Tables 7 through 10 for uncollocated integration, and Tables 11

through 14 for uncollocated overintegration.

7.3. Skew-Symmetric Grid
For further verification, we conduct the same experiments on the skew-symmetric grid from Hennemann

et al. [81], shown in Fig.7, with warping defined in Eq. (69),
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dx DG OO0A cy OO0A dx DG OO0A cy OO0OA
6.2500e-02  1.4592¢-02 - 3.9628e-02 - 6.2500e-02  4.7490e-02 - 1.1192e-01 -
3.1250e-02  1.1632e-03  3.65 3.0945e-03 3.68 3.1250e-02 5.2854e-03 3.17 1.4510e-02 2.95
1.5625e-02 7.4833e-05 396 1.7779-04 4.12 1.5625e-02 3.6961e-04 3.84 1.5445e-03 3.23
7.8125e-03  4.7374e-06 398 1.0851e-05 4.03 7.8125e-03 2.5181e-05 3.88 8.0837e-05 4.26
3.9062e-03 3.0227e-07 397 6.8311e-07 3.99 3.9062e-03 1.6401e-06 3.94 5.2672e-06 3.94

Table 7: L, Convergence Table p = 3 N,, = (p+1)? Upwind Table 8: Lo, Convergence Table p = 3 N,,, = (p+1)* Upwind
Numerical Flux Grid 1 Numerical Flux Grid 1

dx DG OO0A cy OO0A dx DG OO0A cy OO0A
5.0000e-02  3.7766e-03 - 8.1107e-03 - 5.0000e-02  1.7943e-02 - 3.4934e-02 -
2.5000e-02 1.4876e-04 4.67 2.5675e-04 498 2.5000e-02 7.1420e-04 4.65 1.8378e-03 4.25
1.2500e-02 5.1042e-06 4.87 9.2869e-06 4.79 1.2500e-02 2.7883e-05 4.67 6.7414e-05 4.77
6.2500e-03  1.6763e-07 4.93  3.1350e-07 4.89 6.2500e-03 1.0551e-06 4.72 2.9290e-06 4.52
3.1250e-03  5.4776e-09 494 1.0345e-08 4.92 3.1250e-03 3.4989e-08 4.91 1.0435e-07 4.81

Table 9: L, Convergence Table p = 4 N,, = (p+1)? Upwind Table 10: Lo, Convergence Table p = 4 N,, = (p + 1)
Numerical Flux Grid 1 Upwind Numerical Flux Grid 1

dx DG OO0A cy OO0A dx DG OO0OA cy OO0OA
6.2500e-02  1.4539e-02 - 3.9565e-02 - 6.2500e-02  4.7467e-02 - 1.1172e-01 -
3.1250e-02  1.1594e-03  3.65 3.0883e-03 3.68 3.1250e-02 5.2245e-03  3.18 1.4400e-02 2.96
1.5625e-02 7.4762e-05 395 1.7771e-04 4.12 1.5625e-02 3.6902e-04 3.82 1.5435e-03 3.22
7.8125e-03 4.7363e-06 398 1.0849e-05 4.03 7.8125e-03 2.5167e-05 3.87 8.0826e-05 4.26
3.9062e-03 3.0074e-07 398 6.8243e-07 3.99 3.9062e-03 1.6398e-06 3.94 5.2670e-06 3.94

Table 11: L Convergence Table p = 3 N,, = (p + 3)? Up-

wind Numerical Flux Grid 1
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Table 12: Lo, Convergence Table p = 3 N,, = (p + 3)?
Upwind Numerical Flux Grid 1



dx DG OO0A cy OO0A dx DG OO0OA cy

OOA

5.0000e-02  3.7361e-03 - 8.0479¢-03 - 5.0000e-02  1.7408e-02 - 3.4462e-02
2.5000e-02 1.4812e-04 4.66 2.5660e-04 4.97 2.5000e-02 7.0797e-04 4.62 1.8335e-03
1.2500e-02  5.0980e-06 4.86 9.2793e-06 4.79 1.2500e-02 2.7798e-05 4.67 6.7391e-05
6.2500e-03  1.6758e-07 493 3.1344e-07 4.89 6.2500e-03 1.0549e-06 4.72  2.9288e-06
3.1250e-03  5.4642e-09 494 1.0338e-08 4.92 3.1250e-03 3.4983e-08 4.91 1.0434e-07

Table 13: L, Convergence Table p = 4 N,, = (p + 3)? Up- Table 14: Lo, Convergence Table p = 4 N,, = (p + 3)?
wind Numerical Flux Grid 1 Upwind Numerical Flux Grid 1

Figure 7: Second Warped Grid p =3

x=¢&—-0.1sin2nn,
y=n+0.1sin2x¢, (69)
[£.7] € [0, 1]%.

The sole purpose of using a skew-symmetric grid, is to show that even in the case when the grid has all the

nonlinear metric terms cancel out, as per Thm. 1, Remark 2 holds because the determinant of the metric
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Scheme Flux Energy Conserved O(le-12) Energy Monotonically Decrease

Cons. DG Central Yes Yes

Cons. DG Upwind No Yes
EFSR Split cpg Central Yes Yes
EFSR Split c¢pg Upwind No Yes
EFSR Split c.. Central Yes Yes
EFSR Split ¢, Upwind No Yes
EFSR Classical Split ¢,  Central No No
EFSR Classical Split c,  Upwind No No

Table 15: Energy Results p = 3,4 Uncollocated N,, = (p + 1)? Grid 2

Jacobian cannot be factored out of the ") derivative. Thus, the ESFR correction functions must satisfy
the metric dependent stability criteria in Eq. (36). We use the same initial condition described in Eq. (67) for
the energy results, presented in Tables 15 and 16.

An interesting result from this grid is that conservative DG without the split form was stable, due to the
skew-symmetry of the grid; while, ESFR classical split form was unstable. This highlights the importance of
false positives while testing curvilinear grids. To demonstrate the orders of accuracy, we consider the linear

advection problem from Eq. (68), and present the results in Tables 17 to 24.

8. Conclusion

This article proved that discrete integration by parts is not satisfied in the physical space for DG conser-
vative and non-conservative forms, as well as standard FR forms, even with analytically exact metric terms
and exact integration—provided that the basis functions are polynomial in the reference space. This lead to
the formulation of metric dependent FR correction functions. Through the construction of metric dependent
FR correction functions, the inclusion of metric Jacobian dependence within arbitrarily dense norms was
derived and manifested through the FR broken Sobolev-norm. The resultant curvilinear expression had the
correction functions filtering all modes of the discretization. The theoretical findings were numerically ver-
ified with a three-dimensional, heavily warped, non-symmetric grid, where the orders of convergence were

lost at the equivalent correction parameter value c as that of the one-dimensional ESFR scheme.

33



Scheme Flux Energy Conserved O(le-12) Energy Monotonically Decrease

Cons. DG Central Yes Yes

Cons. DG Upwind No Yes
EFSR Split cpg Central Yes Yes
EFSR Split c¢pg Upwind No Yes
EFSR Split c.. Central Yes Yes
EFSR Split ¢, Upwind No Yes
EFSR Classical Split ¢,  Central No No
EFSR Classical Split c,  Upwind No No

Table 16: Energy Results p = 3,4 Uncollocated N,, = (p + 3)? Grid 2

dx ¢pG OO0A c. OO0A dx ¢pG 00A c. O0A
6.2500e-02 6.9001e-03 - 22205¢-02 -  6.2500e-02 4.0068¢-02 -  1.6836e-01 -

3.1250e-02  4.9929e-04 3.79 2.1666e-03 3.36 3.1250e-02 3.7121e-03 3.43 2.7181e-02  2.63
1.5625¢-02  3.0374e-05 4.04 9.5947¢-05 4.50 1.5625¢-02 3.0497e-04 3.61 1.2679%-03 4.42
7.8125¢-03  1.9340e-06 3.97 5.6723e-06 4.08 7.8125¢-03 2.1527¢-05 3.82 6.7106e-05 4.24
3.9062e-03 12339-07 3.97 3.5426e-07 4.00 3.9062¢-03 1.4001e-06 3.94 4.0344e-06 4.06

Table 17: L Convergence Table p = 3 N,, = (p + 1)? Up- Table 18: Lo Convergence Table p = 3 N,, = (p + 1)?
wind Numerical Flux Grid 2 Upwind Numerical Flux Grid 2

We derived dense, modal or nodal, FR schemes in curvilinear coordinates that ensured provable stabil-
ity and conservation. This was achieved by incorporating the FR correction functions (FR filter operator)
on both the volume and surface terms. Through a suite of curvilinear test-cases, one being non-symmetric
and the other being skew-symmetric, the provable stability claim was numerically verified for our pro-
posed FR schemes. The choice of grids highlighted the importance of assessing false-positives, especially
in curvilinear coordinates where metric skew-symmetry has the metric cross-terms cancel out, as well as
when metric symmetry combined with equivalent advection speeds in every physical direction results in an
equivalence between the conservative and non-conservative forms. It was also numerically verified that FR
schemes that solely use the correction functions to reconstruct the surface are divergentin general curvilinear

coordinates—in both conservative and in split form. Lastly, we demonstrate that the proposed FR scheme
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dx DG OO0A cy OO0A dx DG OO0OA cy OO0OA
5.0000e-02  1.5174e-03 - 3.7476e-03 - 5.0000e-02  9.6178e-03 - 2.4719e-02 -
2.5000e-02 4.8840e-05 4.96 1.0266e-04 5.19 2.5000e-02 3.9077e-04 4.62 1.2826e-03 4.27
1.2500e-02 1.6575e-06 4.88 3.7381e-06 4.78 1.2500e-02 1.5061e-05 4.70 5.5561e-05 4.53
6.2500e-03  5.9007e-08 4.81 1.4512e-07 4.69 6.2500e-03 6.9115e-07 4.45 2.6736e-06 4.38
3.1250e-03  2.1770e-09 4.76  5.2669e-09 4.78 3.1250e-03 2.4981e-08 4.79 1.0379e-07 4.69

Table 19: L, Convergence Table p = 4 N, = (p + 1)* Up- Table 20: Lo, Convergence Table p = 4 N,, = (p + 1)
wind Numerical Flux Grid 2 Upwind Numerical Flux Grid 2

dx DG OO0A cy OO0A dx DG OO0OA cy OO0OA
6.2500e-02  6.8280e-03 - 2.2131e-02 - 6.2500e-02  3.9689e-02 - 1.6899e-01 -
3.1250e-02  4.9794e-04 378 2.1647e-03 335 3.1250e-02 3.6977e-03 342 2.7110e-02 2.64
1.5625e-02 3.0357e-05 4.04 9.5922e-05 4.50 1.5625e-02 3.0464e-04 3.60 1.2676e-03 4.42
7.8125e-03  1.9337e-06 3.97 5.6719e-06 4.08 7.8125e-03 2.1521e-05 3.82 6.7102¢-05 4.24
3.9062e-03  1.2338e-07 3.97 3.5425e-07 4.00 3.9062e-03 1.4000e-06 3.94 4.0343e-06 4.06

Table 21: L, Convergence Table p = 3 N, = (p + 3)* Up- Table 22: Lo, Convergence Table p = 3 N,, = (p + 3)
wind Numerical Flux Grid 2 Upwind Numerical Flux Grid 2

dx DG OO0A cy OO0A dx DG OO0OA cy OO0OA
5.0000e-02  1.5058e-03 - 3.7268e-03 - 5.0000e-02  9.5289¢-03 - 2.4636e-02 -
2.5000e-02 4.8725e-05 4.95 1.0251e-04 5.18 2.5000e-02 3.8874e-04 4.62 1.2817e-03 4.26
1.2500e-02 1.6566e-06 4.88 3.7369e-06 4.78 1.2500e-02 1.5046e-05 4.69 5.5551e-05 4.53
6.2500e-03  5.8997e-08 4.81 1.4511e-07 4.69 6.2500e-03 6.9098e-07 4.44 2.6735e-06 4.38
3.1250e-03  2.1769e-09 4.76  5.2668e-09 4.78 3.1250e-03 2.4979¢-08 4.79  1.0379e-07 4.69

Table 23: L, Convergence Table p = 4 N,, = (p + 3)? Up-

wind Numerical Flux Grid 2
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Table 24: Lo, Convergence Table p = 4 N,, = (p + 3)?
Upwind Numerical Flux Grid 2



retains optimal orders of accuracy in the appropriate range of ¢ values.
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A. Summation-by-Parts

The proposed algorithm in this paper is inspired by developments in the SBP literature, but derived using
standard techniques and arguments from both the DG and FR communities. In this section, we make the
link to the SBP formalism direct by assembling the relevant SBP operators.

The stiffness operators satisfy discrete integration by parts for quadrature rules of at least 2p — 1 strength,

fﬂ XiEIV X E)dR, + fﬂ VXi(E (€A, = fr Xi€ (€l dT,

Ny Npp (Al)
& XEWYXE) + VXEWYE) = D> M€)W (&) ).
f=1 k=1
A.l. SBP - Strong Form FR Split
We introduce the lifting operator,
Ny
Lo=M" ) x@&)'Wy, (A2)

f=1
where X(.f;) stores the basis functions evaluated at all facet cubature nodes on the face f, and Wy is a

diagonal matrix storing the quadrature weights on the face f.

We now introduce the SBP operator [73],

Q' = WM™ 'Sp,

to formulate the skew-hybridized SBP operator from Chan [73, Eq. (10)],

. i_ iNT - . ~E
o =) 0 -@) Wx (&)L, diag(i}) (A3)

2|- 25, Wy diag @I X, W diag(i)
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Next, similar to Chan [73, Eq. (27)], we introduce the metric dependent hybridized SBP operator as,

. 1d . m( )1~‘ ~ i . Cm(l\;)l
Q, =5 Z(dla & ]Q,, Q) diag fr ! ]) (A4)
j=1 m(ff)]t Cm(ff)ji
In equivalent form, we express Eq. (43) as,
d Nf d
4o NT ~1,0em\T -1 r o F!
SO + [(Myy + K € (M + o) ;x@f) ; 20, © FY)
(A.5)

d Ny
£ ) (M + Ky)™ Y diag (1, )(f = f 0i)) = 07

=1 =1

(F )]k _fs(u],uk) Y1 <]+k<va +pr,

where n,, = #'C” .

We would like to emphasize that incorporating the ESFR filter on the volume terms does not create a
new ESFR differential operator, but instead is a modification on the norm that the DG volume is projected
on. That is, we project both the volume and the surface terms to the p-th order broken Sobolev-space in the

nonlinearly stable FR scheme, whereas in DG, the volume and surfaces are projected onto the L,-space.

B. Stability Proof - Operator Form

Here we present the stability proof from Sec. 6.3 in operator form. We start by applying the (M, + K,,,)-

norm, and we quickly see that it cancels off with its respective inverse,

i ()M + K, )j (D)7
= i, ()M, + ) (M, + K,) géx(f ) W(a; ag I8 (f’ WEn®" + ai(Jy, (f’) i (;, My (€)'
= it ()Mo + Kpn)(Miy + Ko Z‘ XENTW  diag(il) £

" (B.1)

Next, consider the volume terms with respect to a single (i, j)-pairing, substitute (Mg‘ =x(E)M™ 1S5 j»and

swap the metric terms with the quadrature weights in the second volume term,
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W ox(E) . o0& T, ()0 08 0x(£)) .
i (OX(E]) W (a; %, AL | (O Te N EN O + a1 =5 %, My ()it
= ailt (X (E) Wy (E)M 'S, ;TI(J,) ;’ WED DT + @i, () (&N (3 f’ Pl AL 'Se My (€Dt (t) .
(B.2)

We continue by substituting II” = Wy(&)M™!, and Iy (€)= M'M =1,

= il () (&) T S (T —2 0%, WED () + a; um(t)X(f’)T(JQ il )HTSf ("

m a
= ()i (®)") Se 2 f’ WEn®)" + it (DX (€] (T (f’

(B.3)
Y Sg it (D'

Lastly, we substitute ILy(&)) = M~'M = I once more and then perform integration-by-parts on the first

stiffness matrix to arrive at,

Ny
= —aift, (DS} (T, f’ )X(fv)um(t)T + ait (X (€D (T (f’ TS jitn (DT + > aitin(Ox(€))T diag(m® W& in (1)
f=1

(B.4)

The two volume terms are the transpose of each other, thus they cancel out and the resultant stability claim

is the same as Eq. (62) in Sec. 6.3.
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