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Abstract

In this paper we show that the variational multiscale method together with the variation entropy concept
form the underlying theoretical framework of discontinuity capturing. The variation entropy [M.F.P ten
Eikelder and I. Akkerman, Variation entropy: a continuous local generalization of the TVD property using
entropy principles, Comput. Methods. Appl. Mech. Engrg. 355 (2019) 261-283, 2019] is the recently
introduced concept that equips total variation diminishing solutions with an entropy foundation. This is the
missing ingredient in order to show that the variational multiscale method can capture sharp layers. The
novel framework naturally equips the variational multiscale method with a class of discontinuity capturing
operators. This class includes the popular YZ/ method and methods based on the residual of the variation-
entropy. The discontinuity capturing mechanisms do not contain ad hoc devices and appropriate length
scales are derived. Numerical results obtained with quadratic NURBS are virtually oscillation-free and
show sharp layers, which confirms the viability of the methodology.

Keywords: Discontinuity capturing operators, Variational multiscale method, Variation entropy, TVD
property, Variation entropy residual-based, Isogeometric analysis

1. Introduction

Discontinuities in physical quantities such as densities, pressures and velocities often occur in scientific
and industrial problems. Common examples include explosions, cavitation events, two-fluid flows and traffic
congestion. These phenomena are generally modeled by (nonlinear) conservation laws. Numerical methods
that aim to solve these conservation laws encounter difficulties at the shock waves. Straightforward dis-
cretizations pollute the discrete solution by spurious oscillations. To overcome this, the numerical method
typically introduces additional diffusion/viscosity near the shock. There exist many possibilities, depending
on the underlying numerical method, on how to determine this diffusion term.

In the finite-difference and finite-volume world, additional diffusion is often the result of one of the
following approaches. Perhaps the simplest technique to introduce diffusion is to use a standard upwind
method. This removes the spurious oscillations, but the price one has to pay is a significant decrease
of accuracy. An alternative is to use a monotonic upwind scheme for conservation laws (MUSCL) [1-4],
also known as a limiter scheme, which reduces the numerical flux to first-order near the shock. Several
other approaches equip the numerical method with discrete features. Examples include schemes with the
monotonicity property [5], the total variation diminishing schemes [5-7] or methods that ensure the maximum
principle [5, 8], e.g. in two-fluid flow simulations [9-11].
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In the context of finite element methods, the spurious wiggles were first addressed with the Streamline
upwind-Petrov Galerkin (SUPG) method for incompressible flow problems in the well-known 1982 paper
[12] and for compressible flow problems in [13, 14]. The compressible flow case required a quasi-linear
form which leads to the concept of generalized advection operators. In both cases the SUPG method adds
diffusion only in the direction of the flow and is not subject to artificial diffusion criticism. The SUPG method
provides accurate solutions without oscillations when strong shocks are absent. In regions near sharp layers
a more robust formulation was needed. To this purpose, several shock capturing operator mechanisms are
introduced. One of the first of these techniques has been proposed in [15]. This method provides control
of gradient of the solution. The sharp layers in compressible flows were addressed by Hughes et al. who
proposed to use entropy variables [16] and entropy variables in combination with the SUPG operator [17, 18].
Le Beau and Tezduyar equipped the original SUPG method with a shock capturing operator in conservative
variables [19, 20]. The numerical computations reveal that results of using entropy variables without shock-
capturing are nearly indistinguishable from using conservative variables with shock-capturing [20]. This
might indicate a similarity or relation between shock capturing methods and entropy variables. Another
important discontinuity capturing method is Y ZS shock-capturing [21-24]. This shock-capturing is based
on scaled residuals and contains user-defined parameters which can be chosen depending on the smoothness
of the layer. Other work on discontinuity capturing includes the CAU method [25] in which the flow velocity
in the SUPG term is replaced by an approximate upwind direction and the work of Sampaio and Coutinho
[26] in which an effective transport velocity is used. For a more complete overview of stabilized methods
and shock capturing techniques for compressible flows we refer to the review papers [27-29].

A particular class of stabilized finite element methods is that of the variational multiscale methods [30—
32]. The idea is to incorporate the effect of the small-scales via a model equation in the resolved part of
the solution. This improves the stability of the finite element scheme. This framework provides a theo-
retical foundation of stabilized methods. It has been widely applied for the computation of incompressible
turbulence [33-40]. The corresponding turbulence model is residual-based and does not contain ad-hoc
mechanisms. The technique finds also applications in free-surface flow and FSI computations [41-44]. The
multiscale formulation is often augmented with an artificial discontinuity capturing term when sharp layer
may occur. The VMS method offers rich possibilities to design new methods. It can be used to enforce a
particular property in the numerical method, such as a total variation bounding constraint [45] and the max-
imum principle [46]. Other recent work includes a VMS method that employs particular fine-scale models
to arrive at a discontinuity capturing term [47].

More recently a popular discontinuity capturing method known by the name entropy wviscosity method
has been introduced [48]. This method bases the added nonlinear viscosity on the entropy residual. The
motivation originates from the fact the entropy satisfies a conservation equation in smooth regions and an
inequality in at shock waves. Basing the viscosity on the entropy production does not affect the smooth
regions while in shock regions numerical dissipation is added. The entropy viscosity method has been further
developed in the framework of discontinuous Galerkin methods in [49]. Furthermore, the stability of explicit
entropy viscosity methods has been analyzed [50]. The method is a promising technique and has shown
quite well behavior on many benchmark problems. It is however an heuristic approach for which, to the
best knowledge of the authors, the theoretical justification is still missing. We cite

Guermond et al. [48]: ‘the amount of theory to justify the approach is almost non-existent. The justifi-
cation of the method is mainly heuristic for the time being.’.

The idea of using an entropy concept to locate sharp layers is interesting. We have recently proposed the
variation entropy theory [51] which provides entropy solutions with a new perspective and can be viewed an
extension of total variation diminishing solutions. In order to identify sharp layers in solution profiles, the
idea is to look at the gradient of the solution instead of at the solution itself. The variation entropy concept
provides an entropy framework to analyze the behavior of the gradient of the solution using the so-called
variation entropy condition. In a numerical setting this can be a tool to locate Gibbs oscillations.

All the previously mentioned techniques that add numerical diffusion in the region of the sharp layer
are in some way the result of equipping the method with a favorable numerical property. The methods are
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ad hoc technologies that are not derived from the continuous partial differential equation. We note that
Bazilevs et al. [24] conjecture that the variational multiscale method is the correct theoretical groundwork
for discontinuity capturing methods:

Bazilevs et al. [24]: ‘ While stabilized methods may be derived on the basis of the variational multiscale
methodology, discontinuity capturing is an ad hoc technique. Nevertheless, it is a widely used technology that
enables a practitioner to successfully tackle real-world applications. We believe that the multiscale frame-
work with a proper set of optimality conditions is the right underlying theoretical structure that may more
naturally lead to discontinuity capturing formulations. This conjecture is intriguing and warrants further
investigation.’.

In the current paper we prove that this conjecture is valid. To establish this, we unify previous ideas and
concepts into a variational multiscale-variation entropy framework. We believe that the variation entropy
theory was the missing element in order to be able to demonstrate the correctness of the conjecture in [24].
The variation entropy idea tells us the location of the viscosity whereas the multiscale concept provides a way
to model the viscosity via the missing scales. Merging the variational multiscale method with the variation
entropy framework naturally augments the VMS method with a discontinuity capturing operator. We sketch
this in Figure 1. We propose a discontinuity capturing viscosity that is variation-entropy residual-based. In
some sense this is similar to the entropy viscosity method [48] where the residual is based on the entropy.
In contrast, our discontinuity capturing term comes with theoretical foundations. We emphasize that the
proposed framework does not contain ad hoc devices. The approximate small-scale models are physics-based
by means of Green’s functions and residuals.

Variational multiscale

analysis M
eree Discontinuity

v

capturing

Variation entropy

theory

Figure 1: Merging the variational multiscale method and the variation entropy concept leads to a discontinuity capturing term

The remainder of the paper can be summarized as follows. The Section 2 briefly introduces the notion of
entropy and variation entropy solutions. In Section 3 we present the discontinuity capturing framework
based on the variational multiscale analysis and variation entropy theory. Section 4 presents numerical
results and in Section 5 we draw the conclusions and outline avenues for future research.

2. Entropy solutions

2.1. The classical entropy
Let © C R? be an open and connected domain. Consider the scalar-valued conservation problem:

find ¢ : Q x T — R such that

Qo+ V-£=0, (xt)€QxT, (1a)
d(x,0) = do(x). (1b)

The problem is equipped with appropriate boundary conditions. We assume that the initial condition
¢o € L*°() has compact support in Q. The smooth (nonlinear) flux denotes f = f(¢), the spatial coordinate
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is x € Q and time is t € Z = (0,¢t,) with ¢, > 0. The problem (1) can produce discontinuities and shocks
which motivates the usage of weak solutions. A weak solution ¢ is a bounded function that satisfies

/OOO /Q (pOv + £ - V) dxdt + /Q ¢o(x)v(x,0)dx =0, (2)

for all test functions v € C°(Q x [0,00]) (i.e. v is smooth and has compact support). An important
observation is that physically and mathematically correct solutions are vanishing viscosity solutions. This
is a key ingredient in the concept of entropy solutions which are weak solutions that satisfy an additional
inequality, denoted as the entropy condition.

Definition 2.1. A solution of (1) is called an entropy solution if it satisfies, in the distributional sense, the
entropy condition:

9m(¢) +V-q(¢) <0, (3)

for all convex entropy functions n. Condition (3) is rigorously understood as

/0 N /Q (n(¢)0v + a(¢) - Vv) dxdt > 0, (4)

for all test functions v € C°(2 x [0, 00]),v > 0.

Definition 2.2. A pair of functions (n,q) = (n(¢),q(®)) is called an entropy-entropy flux pair for the
conservation law (1) if

e 1) 1S convex

e the compatibility condition is satisfied:
dq _ Onof

96 9609’
For smooth solutions the entropy condition is satisfied with equality, while the entropy dissipates at

shock waves. In absence of boundary conditions, integration of (3) over 2 leads to a dissipation of the
overall entropy:

(5)

d
G [ <o /Qn(qb(x,t)) 0 < /Qn((bo(x)) dQ, for all ¢ > 0. (6)

This a-priori estimate is the so-called entropy stability property and can be understood as a nonlinear
L2-stability for conservation laws when taking 7(¢) = ¢2/2.

Theorem 2.3. Entropy solutions are unique (in the scalar case).
Proof. See [52, 53]. O

For more details about entropy solutions one can consult e.g. [52-55].

2.2. The variation entropy

The idea of the variation entropy (VE), developed in [51], is to consider the entropy of the conservation
law of V¢ instead of ¢. We start off with the same conservation law:

find ¢ : Q x T — R such that

0+ V- =0, (x,t) € QX T, (7a)
$(x,0) = ¢o(x). (7b)
4



in which the initial condition ¢(x,0) = ¢o(x) € L>(Q) is assumed to have compact support. The flux
f =f(¢) € C(Q,R) is possibly nonlinear.

Remark 2.4. In this paper we restrict ourselves to the hyperbolic case, i.e. £ = f(¢), unless explicitly
indicated. It is also possible to consider the parabolic case in which the flux depends on V¢, i.e. f = £(¢, Vo).
In that case one needs to assume that the matrix 0f /0V¢ is symmetric negative definite.

Definition 2.5. The convezx function n = n(V¢) is said to be a variation entropy if n(0) = 0 and it satisfies
the variation entropy condition

on+V-q<0, (8)

in weak sense where the flur q satisfies the compatibility condition

_ Mgy O

9= 596V ave

Remark 2.6. For parabolic problems the variation entropy condition reads
on+V-q—2<0, (10)

in weak sense where the flux q and the non-conservative term 2 are respectively given by:

of o of

q= %V¢' m + mvﬂy (11a)
of
2 = (HxpHyyn) : (meq’)) . (11b)

Here Hx¢ and Hy4n are the Hessians of ¢ and 7.

Proposition 2.7. A variation entropy satisfies the homogeneity property:

on
Ve =

v = for all v € RY. (12)

Theorem 2.8. A function n is a variation entropy if and only if
® 1) is positive homogeneous function of degree 1:
n(yv) =yn(v)  for ally > 0,v € R%. (13)
o 1 is sub-additive:
n(vi +va) <n(vi)+n(ve) forallvi,ve € RY. (14)

Proposition 2.9. A conver function 1 is a variation entropy if and only if it is given by

n=n(Ve) =1q(r,0) = F(0)r, (15)

where F' = F(0) is a scalar-valued function and where ¢ € R and r and 0 are the spherical polar coordinates
of V. The convexity condition is in the 2-dimensional case:

F()+ F"(0) > 0. (16)
Remark 2.10. The convexity demand in three dimensions is more involved. We refer to [51] for details.

Proposition 2.11. All semi-norms of V¢ are variation entropies.
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Corollary 2.12. A direct consequence of the homogeneity property (12) in Theorem 2.8 is that the variation
entropy fluz is given by

of

and that the variation entropy condition is thus rigorously understood as

/ / n| o+ o, Vo | dxdt > 0, (18)
0o Jra ¢

for all test functions v € C°(2 x (0,00)),v > 0.
In the case of parabolic conservation laws we can write

of of
q= %V‘F mvn (19)

Note that (17) is similar to the form of the compatibility condition of the classical entropy case when taking

the derivative with respect to V¢:
oq  oOf on

= — ) 20
Ve~ 06 C Ve (20)
Examples of variation entropies are
n=n(Ve) = [[Ve|2, (21a)
n=n(Ve¢)=c Vo, for c € RY, (21b)
n=n(Ve) = ||Vo|| := (V¢TAV¢)1/2 , for positive semi-definite matrix A. (21c)
where || - ||2 is the standard 2-norm. Variation entropy (21b) is the only linear variation entropy.

Definition 2.13. A pair of functions (n,q) is called a variation entropy-variation entropy flux pair for the
conservation law (7) if

e 1) is a variation entropy,
o the flux q is given by (17).

Definition 2.14. We call ¢ = ¢(x,t) a variation entropy solution of (7) if ¢ is a weak solution and ¢
satisfies (8) in a weak sense for each variation entropy-variation entropy flux pair (n,q).

Physically relevant solutions are vanishing viscous solutions ¢° satisfying:
0id° + V - £(¢°) = eAg". (22)
Suppose ¢€ is uniformly bounded in L () and
¢ = ¢ ae. as e€—0, (23)

then we say that ¢ is a physically relevant solution. In the following theorem we state that physically
relevant solutions are, apart from classical entropy solutions, also variation entropy solutions.

Theorem 2.15. The limit solution ¢ = lim._,qg ¢¢ is a variation entropy solution.

Proof. See [51]. O



Analogously to the classical entropy case, in absence of boundary conditions we can integrate over the
domain 2 to get a dissipation of the overall variation entropy:

at Jo n(Ve)d2 <0 = /Qn(ng(x, t)) dQ < /Qn(quo(x)) dQ, forallt > 0. (24)

3. The VMS-variation entropy framework for discontinuity capturing methods

In this section we employ the variation entropy concepts within the variational multiscale framework to
derive a class of discontinuity capturing methods.

3.1. Starting point

We take the point of view that a good numerical method solves the conservation law problem:

find ¢ : Q x T — R such that
Op+V-f=0, (x,t) € A X T, (25a)
P(x,0) = ¢o(x),  x€Q, (25b)
with smooth flux f = f(¢) and at the same time does not harm the variation entropy condition
on+V-q<0, (26)

for variation entropy 7. In the remainder of this section we derive a multiscale framework which endeavors
this.

Remark 3.1. Here we focus on hyperbolic conservation laws. We want to emphasize that changing to the
parabolic case is a trivial execution. Furthermore, one can augment the conservation law with a non-zero
source term.

We start off with the regularized conservation law:

find ¢¢ : Q x T — R such that

O + V- £(¢°) = eAgS, (x,t) € QX I, (27a)
¢°(x,0) = ¢o(x), x e, (27b)
with regularization parameter ¢ > 0. The initial condition ¢(x,0) = ¢o(x) € L°°(Q) is assumed to have

compact support. Note that the limit solution is a variation entropy solution (Theorem 2.15). The weak
form of this problem is:

find ¢¢ € W such that for all w € W

(w, 019 L2(0) — (£(¢°), VW) 2() = —(8°, w)w. (28)

Here (-,-)r2(q) is the standard L2 innerproduct and we have used the self-adjoint positive-definite linear
viscosity operator to define an inner product:

(w,v)w = (eVU, V) 12 - (29)

A natural norm is the energy norm:

c (30)

2
ol - L2(Q)

61/2V'U‘
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For more details about the construction of an energy norm we refer to [56].

3.2. Mesh representation and geometrical mapping

Let the parametric domain be € := (=1,1)% C R? and let us denote the mesh in the parametric domain
with M. The elements @ of M have element size hg = diag(Q)) (diagonal length). We denote the physical
domain by © C R? and the continuously differentiable geometrical map (with continuously differentiable
inverse) by F : Q — Q. Each parametric element () € M maps into a physical element

which induces a physical mesh:
K=FM):={Qk : Qx =F(Q),Q € M}. (32)

We denote the corresponding Jacobian by J = DF = 9x/0¢, or in index notation J;; = 0x;/9¢;. We define
the second-rank element metric tensor as

e" o 9k 0
G- aTi a?i —J7737', or in index notation Gij = ai’: afc’;. (33)
The inverse is given by
ox ox” Ox: O
G l'=—==— =3I, with the index notation G !=——2. 34
o€ 0¢ 7 &k, Oy, (34
Furthermore we define the physical mesh size hi as
h2
hic = 21313 (35)

where the subscript F refers to the Frobenius norm given by

d 2
= Y (52) = man) = e, (36)
ij=1 J

with Tr the trace operator. The Frobenius norm is a natural choice for mesh metrics since it is rotation-
invariant and appears in several well-known mesh quality measures. Another benefit is its lower compu-
tational costs compared to the standard p-norm [57]. Furthermore, on a Cartesian mesh it reduces to the
length of the diagonal of an element. We use the notation V¢ to distinguish differentiation with respect to
the reference coordinates £ from the gradient in physical coordinates V.

On uniform Cartesian meshes we use the notation dx/0¢ := dx1/0&1 = Jxa/IE = dx3/IEs > 0.

3.83. The multiscale split

The residual-based variational multiscale approach splits the solution into a large-scale and a small-
scale component. The large-scale component is solved numerically, whereas the small-scale contribution is
treated in an approximate sense. Assume that there exists an idempotent (and possibly nonlinear) projector
2" W — WP The trial solution and weighting function spaces split as

W=2"Wa (7 - 2" W =wWrew, (37)

where W" is the coarse-scale linear subspace and W' is its infinite-dimensional complement. This allows us
to decompose ¢¢ € W and w € W as:

¢f = (¢9)" + (¢°)  and w=wh+w, (38)
8



where (qbe)h = P"¢¢ and wh = P"w. Because W" is a subset of W, (28) implies that for all w € Wh

(", ()" + (6))) L2y — (E((6)" + (¢)), Vo) L2(q)
=— (@) + @) ") . (39)

regardless of the possible nonlinearity of &?". Take for the coarse-scale space Wh C H'(£2). Sending ¢ — 0
in (39) and noting that due to

(@) ") <) Iwlw'lw =0 as e—o, (40)

we arrive at

(w", (6" + ¢)) 12y — (" + &), Vu') 2y = — (¢, "), (41)

for all w" € W', with ¢" := lim._¢ (¢€)h and ¢’ := lim._,q ((/)6)/. Here we use an abuse of notation for
the term on the right-hand side which is the limit of the small-scale regularization term. In contrast to
the large-scale component, the small-scale term does not vanish in general due to the (possibly) unbounded
gradient V¢'. Note that this weak formulation is still exact. However, the infinite-dimensionality of W’
does not allow for a discrete implementation.

Let 7 be a positive-valued variation entropy function n = 7(V¢) : R? — R, (and thus nonlinear,
eliminating the linear variation entropy (21b)). We assume that n(Vw) € L?(Q) Yw € W. The large-scale
solution space associated with 7 is defined as

V= p(VWh), (42)

with the elements
0= n(Veh) e V. (43)

We define the small-scale variation entropy as 7 := n(V$)—n". Let us denote the residual of the conservation
law and that of the variation entropy condition as:

HcrL¢p = 09+ V -f, (44)
HvEN =0 +V-q

_ On

= ve -V (Zcro) - (45)

3.4. A standard optimality projector

To establish scale separation the projector 22" needs to be selected. We construct the projector via the
minimization of a functional. The standard approach is the following. Consider the minimization problem:

find ¢" € W' such that:

Ry _ ph
26— o) = int Z(6-0") (16)

where the quadratic functional is given by
Z(9) = 14l (47)
Lemma 3.2. The functional .# : W" — R given by
M (w") = gllo — w5y (48)

is strictly convex.



Proof. This follows from the positive definiteness of the second derivative which equals

A2t (wh)(uh, ") = (W, "), (49)
for uh, vh € Wh. O
Theorem 3.3. Assuming W" is closed, problem (46)-(47) has a unique solution.
Proof. This is a consequence of Lemma 3.2. See also [46]. O

The multiscale split projector (37) is now defined as:

P = argmin L (¢ — ¢") . (50)
phewh
We obtain a stationary point when the Gateaux derivative of the functional .# in direction w" vanishes:
P peW — ¢t e W find ¢ € W such that for all wh € Wh:
A2 (¢ - ¢")(w") = 0. (51)
Evaluating (51), the multiscale split projector takes the form:
P peW — ¢h e W find ¢ € WP such that for all wh € Wh:
(w", ¢" = p)w = 0. (52)

Employing this relation in the VMS weak formulation, via the multiscale split (38), cancels the symmetric
contributions on the small-scales:

(w", ¢ )w = 0. (53)
As a result, the small-scale solution space is given by

W= {¢ew: (" ¢)hw=0 foraluw"ewh}. (54)

Remark 3.4. The orthogonality (53) is linked to correct energy behavior for the convection-diffusion and
the incompressible Navier-Stokes equations. For details we refer to [40, 58].

In the standard VMS framework the small-scales of the governing equations need to be modeled to arrive
at a numerical method. For general details about small-scale modeling we refer to [37, 58, 59]. We employ
the standard small-scale model for ¢':

¢ = —reLZcLe’, (55a)
od' =0, (55b)

The scalar stabilization parameter 7¢y, is a mesh-dependent approximation (based on inverse estimates, see
e.g [60]) of the inverse of the differential operator. We use the hat-sign to indicate that (55) is a small-scale
model instead of it being the actual small-scales. In the following we use this approximation and ignore
the hat-sign. The current approach is known as the concept of static small-scales, due to assumption (55b).
We note that, as an alternative, one can employ dynamic small-scales. In that case a dynamic version of
(55a) is used and the second modeling assumption, relation (55b), is not made. This dynamic approach has
some advantages [40, 58, 61]. Furthermore, we remark that nonlinear contributions of the small-scales can
be incorporated in the residual, see e.g. [37].
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By employing the orthogonality (53) and the small-scale model (55) in an SUPG fashion in (39) we arrive
at:

find " € WP such that for all w" € W"
of
(w", 90" L2 () — (VW £(¢")) 12 + Z((TCL)KW V', Zep(9M)) 12y = 0. (56)
K

The consequence is thus that both the large and small-scale components stemming from the regularized
term vanish. However, when incorporating the variation entropy condition in the projector the small-scale
contribution does not vanish. We present this approach in the next subsection.

3.5. A wvariation entropy optimality projector

Here we present a new optimality projector that uses the variation entropy condition. This naturally
leads to a discontinuity capturing term.

Remark 3.5. Here we choose to enforces the variation entropy condition in an indirect manner. As an
alternative one could use a more direct approach. We present the corresponding steps in Appendix A.
This alternative approach does not provide a convex problem and as such uniqueness of the minimization
problem can not be guaranteed.

Consider the minimization problem:
find ¢" € WP such that:
ZL(p—¢") = inf L(¢p—0"), 57
(¢—¢") = jnf Z(6-0") (57)
where the constraint set reads:
KM= {¢" e Wh: (v",n(Ve") = (V)2 <0 for all v € YV}, (58)

Lemma 3.6. The solution space K" is convez.

Proof. This is direct consequence of the sub-additivity and the homogeneity of the variation entropy. Indeed
let 0 < ¢ <1 and let ¢}, ¢4 € K" then

(0", (VY + (1= OVEE)) 120 (59)
< (0", (VL) +n((1 = Vb)) L2 (sub-additivity)

", Cn(Vel) + (1= On(Veh)) 2y  (homogeneity)
< (", (Ve) + (1= On(Ve)) 2@y (oF, ¢ € K)

", n(Ve)) L2, (60)

for all v® € V. This implies (#} + (1 — )¢k € Kh. O

Theorem 3.7. Problem (57)-(58) has a unique solution.

Proof. The constraint set K" is convex. Uniqueness follows from Lemma 3.2 in a similar fashion as in
Theorem 3.3. Details can be found in [46]. O

We proceed by opening the solution space. We penalize violating the constraint defined in (58). The
constraint problem (57)-(58) converts into the unconstrained minimization problem:

11



find ¢" € W' such that:
S(o=¢"6,¢") = it 7(6—0" 66", (61a)
where we have defined the functional # : W' x W X WhE R as

F(wi, wa, w3) = Z(wr) + %II\/ﬁ{n(sz) —n(Vws)}_ 720 (61b)

where {-}_, defined as {a}_ = (a — |a|)/2, isolates the negative part of its argument. Here p = u(Q) > 0
is a parameter penalizing excess variation entropy of the coarse scale solution. The unit of p is [u] =
[#]2/([)>T)*. In the case that the unit of 7 is that of the solution over length, i.e. [] = [¢]/L, p has the
unit of a viscosity: [u] = L?/T.

Proposition 3.8. The functional ¢ = 7 (¢ — ¢, ¢, ¢") is bounded:
L(b—d") < (6= 0" 0,0") < Fup(d— ") (62a)

where the upper bound is given by

1
Hup(d = 6") = L(6 = 6") + S IVim(V (6 = 6" )0 (62b)
Proof. This follows from the sub-additivity of n (14):
1(V¢) —n" = 1(Ve) = (Ve + (V" — Vo))

>n(Ve) —n(Ve) —n(Ve" - Vg)
= —n(Ve" - Vo). (63)

Remark 3.9. In the case that the variation entropy equals = |V¢||2, the upper bound converts into
1 1
Hup(d = 8") = Sll6 = 6" [}y + Sl 2V(6 = 6" 1720
1
= 5\\(6+H)1/2V(¢—¢h)||%2(ﬂ)a (64)

which is the energy norm with viscosity € + pu.

We penalize violating the constraint defined in (58) by defining the projector 22" ¢ : W — W' as:

'@h¢:argmin/(¢_¢h7¢a¢h) . (65)

phewh

Remark 3.10. This can be viewed as a nonlinear Tikhonov-like regularization of orthogonal projection in
W. Alternatively, it can be seen as a penalty regularization of the inequality-constrained projection

min 2 (¢ —¢")
Pry—argl . (66)

subject to 1 (V¢") <n(Ve) a.e. in Q

n this paper we use the notation [a] to denote the unit of quantity a. Furthermore, L denotes and length unit and T a
time unit.
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The first-order optimality conditions for 22" follow from equating the Gateaux derivative in direction
w" to zero. Noting that

An(veh) (V') = 5o T, (67

we obtain the problem:
P peW — oh e W find ¢ € WP such that for all wh € Wh:

(¢, w"),, =— (u{n’} on" ,th> : (68)
w OV h L2(Q)

Using the homogeneity of 7", i.e. relation (12), we can write:

on 1 onl on" h
8V(Z)h - nh (av¢h ® 6V¢h Vor. (69)
Thus we arrive at
(¢ wh),, = (V6" V) ) (70)
in which the matrix K is given by:
on" on"
K= — 1
g (aw)h Yover) (712)
/
v= —,u{n57 . (71Db)
n

The parameter v > 0, referred to as variation entropy viscosity, scales with the relative error of the variation
entropy 7" and has unit [v] = [u] = [¢]?[] 72T . Note that K has the unit of a viscosity:

> _L?

(72)

The matrix (71a) acts as diffusion based on the variation entropy residual. Note that the diffusion operator
of the streamline upwind method [12] acts in the direction of the flow. For discontinuity capturing control
of gradients in the direction V¢" is relevant [15]. The diffusion operator K acts in the direction 9n/0V¢".
This is the direction in which the variation entropy changes and is thus a natural direction to add diffusion.

Lemma 3.11. The matriz K is symmetric positive semi-definite.

Proof. Symmetry is trivial and the positive semi-definiteness is a direct consequence of v being positive. [

Remark 3.12. One could alternatively start from the constrained projector &2" and approximate the
Lagrange multiplier associated with the constraint by penalizing —u{n’}_ to obtain the same result.

At this point, no approximation has been made. We may substitute (70)-(71) into (41), illustrating
how unresolved viscous dissipation in the fine-scale solution is expressed in terms of variation entropy in
the coarse-scale problem when the coarse scales are defined by the nonlinear projector 2?". Notice that,
when taking the limit € — 0 the right-hand side of (71) does not vanish in this limit. This is consistent
with the necessity of shock-capturing operators in the inviscid limit. Further, the right-hand side of (71)
is independent of the precise choice of viscous operator, as one would hope in the case that an arbitrary
regularization introduced for analysis purposes.

13



3.6. Small-scale model variation entropy

The current VMS-VE framework requires a model for the negative part of the small-scale variation
entropy {n'}_. This opens the door to explore several small-scale models leading to different numerical
methods. Note that the small-scale variation entropy 7" = n(V¢) — n" is linked to the small-scale solution
@' via:

'y ={n(Ve) —n"}-
= {n(Ve" +V¢') —n"}_

< {n(Ve')}-
—0. (73)
Thus employing the model {n'}_ = {n(V¢')}_ where the small-scale solution ¢’ is determined by the

standard static model (55) causes the discontinuity capturing operator to vanish.

We propose a model for {n'}_ inspired by the variation entropy condition. Other possibilities may lead
to an improved method with practical benefits and/or theoretical advantages. Remark that in the case of
smooth solutions the variation entropy condition converts into an equality. Here we use the standard VMS
method and write down the Euler-Lagrange equations of small-scale equation. Following this reasoning we
propose the model for {n'}_:

('} —vp = —ve {%ve (")}, (74)

where the hat-symbol indicates the modeling step. Here 7yvg > 0 represents a time-scale associated with the
variation entropy. We note that 7vg is an element-wise parameter: 7vg = (Tvg) - We wish to emphasize
that model (74) is residual-based, both directly with residual Zvg and with residual Zcy, see (45).

3.7. Variation entropy viscosity

The variation entropy viscosity corresponding to the model (74) is:

B h
VWE = W TVE{VEU(,:?)}+ ) (75)

where the subscript VE refers to the variation-entropy residual. Despite the fact that the variation entropy
viscosities are element-wise parameters, for the ease of notation we do not explicitly write a subscript K
referring to element K in this subsection. Note that the variation entropy viscosity (75) vanishes when the
variation entropy condition is satisfied.

The product p 7vg needs to be modeled. A natural approach would be to model the terms separately.
In this case, a standard VMS approach could be used to model the intrinsic time-scale associated with the
variation entropy, Tvg, i.e. one could use a discrete approximation of the inverse of the corresponding dif-
ferential operator?. The term p is a penalty parameter that links the variation entropy to the regularization
term. Recall that the unit of p is [¢]%[n] 72T 1. Since u is associated with the variation entropy, a natural
choice for the time-scale in p is T\7E1 Following this approach, the model for 7 would cancel in the product
1 TveE. This suggests the alternative to model the product p 7yg as one quantity instead of modeling the
separate terms. This is how we proceed. As p connects the variation entropy to the regularization term
associated with the conservation law and this connection is governed by the operator 9n/9V¢-V (see (45)),
we employ this operator to determine the product p 7vg. By applying the chain rule this operator may be

2In the linear convection-diffusion case one could use Tvg = 7ci1, as the differential operators equal (see (105) in Section
3.10).
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written as:

o' G _ (%€ "\ o
oveh ~  \9x OVl ) 0€

on" 0
= (3 —. 76
(" v ) 3¢ (70)
Note that the unit of the product pu 7vg is the inverse square of that of the operator 9n/0V¢ - V (the units

are [¢]%[n] =2 and [¢]~![n] respectively). We propose to use the discrete approximation of the inverse square
of the operator 9n/dV¢ - V as a model for u 7vg. We take:

-2

G

onh
OVl

p7ve =C hg

where C' is some unitless constant. Remark that a similar approximation technique also employing reference
coordinates has been used to derive the stabilization parameter 7¢r,, see e.g. [37]. The variation entropy
viscosity thus converts into

e ()

_ 2
el n

‘ o (79)

IV h

Remark 3.13. Viscosity coefficients are usually determined via introducing a shock-capturing quantity
and a length-scale. In the small-scale model (74) the quantity {%’VE (nh) } n /n" serves as shock-capturing

quantity (and has unit 7-1).

The next step is to select a variation entropy. We propose two options. The simplest choice for the
variation entropy is to take n" = ||V¢"||2. Remark that this variation entropy is objective, see [51]. The
corresponding variation entropy viscosity takes the form:

IVo" |2 ) {#ve (IVe"l2)},
IVella Ve e

= Vet = wE=Ché( (79)

Another option is to select n = H|V¢>h which is defined for a positive semi-definite symmetric matrix as

s
H|V¢H|i = V¢T AV ¢, see (21c). This is indeed a variation entropy and is rotation invariant whenever

A(Rx) = RA(x)R” (80)

for rotation matrix R, see [51]. We suggest to take A = G™1, i.e. n = |Hv¢h”|c;4 = ||Veo"|l2. Trivially
G~! = G71(x) satisfies (80). The variation entropy viscosity corresponding to this choice is:

T (||C ¢h||2)}
h h 2 { E 3 +
v = wgep=0h

7= Vetls v N [Ved" |2

(81)
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Proposition 3.14. On an uniform Cartesian mesh there holds on element K :

1 T ox\?

GK = JKJ = 876 IK, (82&)

h2 o\
W= "oty =1 (55 (s2)

0
196012 = (196" |0 = 196" 1275 (82¢)

0%

V6"l = 1V6" 125> (82d)

Lemma 3.15. On uniform Cartesian quadratic/cubic meshes we have

{Zve (IV¢"2)}
V" |2 7
{Zve (IVe"2)},
V" |2 ’

vve ([Ve"]2) = C hi (83a)

VVE (\‘V£¢h||2) =C h% (83b)

Proof. Using (82b) and (82d) the first identity is obtained:

IVe" 1> > {#ve (IV6"12) },
Nz Vo],
oz \ 2 {%ve (|V"2)}
= C h? () +
@\ o¢ AP

{%ve (IVo"2)}
— C h2 +
K [Vl ’

we([Ve"l2) = C 12 (

(84)

The second expression follows via (45), (82a) and (82c):

{%ve (IVed"ll2) }
Ved" |2

Gflv(ﬁh ' N }
[V¢h|20z/0¢

2o h
{wx/aaw (% (¢h>)}
2

we([Ved"|l2) = C hg

+

=Ch

[Voh|20z/0¢
=Cha [V 202/ 0¢

{%ve (IVo"2)}
=C h2 +
< V"2

+

(85)

Corollary 3.16. On uniform Cartesian quadratic/cubic meshes we have the identity:

vve (1V6"]2) = (gg) vve (1968 12). (86)

To avoid singularities we introduce a regularized variation entropy n”, see also [51]. Let us define the
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regularization of variation entropy H‘quh for regularization parameter 0 < ¢ < 1 via:

Il

h\2 RIZ . (|2 2 Tr(A)
()" = V"Il a = V" llx +&*—5—= (87)
Furthermore we also define:
IVolZs = IVel3 + €. (88)
The resulting expressions for the variation entropies chosen above are
2
"= Vet = (k) =[Ve2, . (89a)
2 2
" =Ved"la = () =[|Ve"||Z g1 = IVed" 13 +21TNE/d =: [IVed" |12, 2 - (89b)
where the regularization parameters are related as
et = 2| 3% /d. (90)

We apply the regularization both to the shock-capturing quantities and the prefactors yielding the following
regularized variation entropy viscosities:

h
h h 2 V"l {‘%VE (||V¢ \|e~,2>}+
n: =1[Ve'lee = we=Ch , (91a)
’ IV l..c Vel
K Vel
= |Ve"Z. = we=C hQQ{ v (IVed"lee2) (91b)

Vedle 2

Remark 3.17. Applying solely regularization in (78) to derive regularized versions of the expressions (79)
and (81) does not exclude singularities.

The specific regularization choice ensures that Corollary 3.16 also holds in the regularized case.

Corollary 3.18. On uniform Cartesian quadratic/cubic meshes we have the identity:

a 2
vvs (V6" o) = (az.') vve (166" |ec.2) (92)

where the terms in the brackets after vyg refer to (91a) and (91b) respectively.

3.8. Diffusion matrices

Let us first consider the case n" = ||[V¢"||.2. We use the non-regularized n" = ||[V¢"||2 to derive the
diffusion matrix and find via (71):
V¢h v¢h
K T h
[Vorl2 [V |2

Kg = (vvE) (93)

with variation entropy (vvg)x given in (91a). Using the relation (70) we see that in this case the matrix
K i results in isotropic diffusion:

(V" KxV¢") g, = (Vo' (ve)k V") g - (94)
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In the other situation, i.e. n? = HVg(bhH%g, using also the corresponding non-regularized variation entropy
yields for the diffusion matrix:

G Vet GVl
IVedtll2 — IVed |2

with variation entropy (vvE)k given in (91b). The resulting diffusion contribution in the weak form is based
on local gradients:

Kx = (vwe)kx (95)

IVt
Vo, K Voh) _ (th7 LVED gL )
( xVe"), Q) (vve) K \|v£¢h||2” el L2(0x)
= (Vew", (we)x Ved") o q, - 56)

Remark 3.19. We note that Guermond and Nazarov [62] use reference coordinates to enforce the maximum
principle. They observe that local reference coordinates can provide more control over the gradients.

Theorem 3.20. On uniform Cartesian quadratic/cubic meshes the choices 1 = [|[V||c 2 and n = |[Veol|c, 2
coincide.

Proof. This is a direct consequence of Corollary 3.18:

8 2
(Vew", (i) (IVed"lec) Ved") oo = <th,<wE>K (IVed" -c.2) () wh)

3.9. Complete semi-discrete formulations

By substituting the diffusion terms (94) and (96) with corresponding variation entropy viscosities (91)
into (70) and using the SUPG model of (56) in (39), we arrive at the following variational formulation:

find ¢" € W' such that for all w" € W":

of
(@™, 00" 1oy = (V" £ (6")) paoy + D ((TCL)KW : th,%’CL((bh))
K

Galerkin

L2 (Qx)

Stabilization

> (Vo' (we)k V) ey i 0k = V6" |ea
K
Discontinuity capturing
in physical coordinates
+ =0 (98a)
D (Vew" (wr)rVed ) r2in) i 1l = [IVed" |oc 2

K
Discontinuity capturing
in reference coordinates

18



where the variation entropy viscosity is:

V|- Ave ([Vo"|lz 2 .
o A R R CALI N0} SR S
IV il. o IVerl. o
e [Zyr (196" .. 2)} )
VE 13 €¢,2 .
C h? + if nt=1{Ved e, 0
Q ||v£¢hHEg,2 f n [Ved™ | 2

We conclude that the variation entropy optimality projector with the proper modeling choices naturally
augments the VMS method with a discontinuity capturing term:

| VMS + VE ~ DC (99)

This proves the conjecture of Bazilevs et al. [24]:

‘the multiscale frame-work with a proper set of optimality conditions is the right underlying theoretical
structure that may more naturally lead to discontinuity capturing formulations.’

Remark 3.21. It is possible to set a maximum to the introduced viscosity, see e.g. [48]. Based on first-
order upwind techniques (which yields in some cases a monotone method) a natural choice would be to take
the maximum viscosity as:

(100)

of
Vmax = Cmaxh ar
* H 9l

where Cpax 1S some constant.

3.10. The convection-diffusion problem

In the preceding part of this section we have solely focused on the hyperbolic case. As claimed, the
parabolic case is a straightforward extension, which we demonstrate here using the convection-diffusion
model problem.

Let ¢g = ¢o(x), divergence-free velocity field a = a(¢) and diffusivity x > 0 be given. The problem reads:

find ¢ = d(x,t) : Q@ x RT = R such that:

hop+a-Vo—rAp=0 in Qx7Z, (101a)
b=y on 0f, (101b)
d(x,0) = ¢o(x) in . (101c)

The standard weak formulation is:
find ¢ € H} () such that for all w € Hg ()

(w,0:p+a- v¢)L2(Q) + (Vuw, /{V(JS)Lz(Q) =0 in QxZ, (102a)
#(x,0) = ¢o(x) in Q, (102b)
where we use the standard notation for the function spaces with H} () := {w € H'(Q) : w = g on Q}. We

note that the this problem suits the abstract framework with function spaces W = H1(Q), W* = H~1(Q).
The linear operator £ : H)(Q) — H~'(Q) is defined as

H-1(Q) <£¢, ’u}>H5 Q) = (w, 8,5¢)L2(Q) — (Vw, a(b - KV(b)Lz(Q) . (103)
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Applying the methodology results in the following method:

find ¢" € Wg such that for all wh € Wh:

(w", 00" +a- V") 20y + (Vo' V") 12(q) Z((TCL)K(H'th+KAw ), ZcLd") 120
K

Galerkin contribution

VMS stabilization

S (V' vk Ve e if nlt=Ve"|-z
K

Discontinuity capturing
in physical coordinates
+ =0 (104a)
> (Vew" viVed )2y il =[Ved" ez
K

Discontinuity capturing
in reference coordinates

where the variation entropy viscosity is:

oz (A9 2 Y H£UVS" o)}, PN
Ivenl IV eh| "le
v " - (104b)
E:
{£(IVed" c.2) } .
¢ Ve |lcc 2 . if nl=Ved"|le2-

We wish to emphasize that convection-diffusion and variation entropy operators coincide:

AL = Lo, (105a)
Pyen = L. (105b)

The element-wise stabilization parameter (7cr) i is defined as in [58].

3.11. Connection to the YZB method

In order to establish the connection to the YZS5 method [24] we present an alternative small-scale model.
Instead of using the model (74), one can use an approximation. Using the definition (45) we may write:

h

v = v { g V@) (106)

+

Again using (76) we now approximate (106) as a residual-based model via:

— _ -~ anh
{nl}—CL = —TVE th J! av¢h ) [ ZcL (¢h) |
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Using the model (77) for uryg, the corresponding variation entropy viscosity takes the form:

| on” \Zcw (") |
VoL, = [ TVE th vz o (108)
o' || |Zer (¢") |
= 1
c th e (109)

where the subscript refers to the conservation law residual. In this case the variation entropy viscosity (108)
scales with the residual of the conservation law but generally does not vanish when the variation entropy
condition is satisfied.

Using the same large-scale variation entropies, i.e. 7" = [[V¢"|2 and n" = [|[Veo'|2, we get the
expressions:
Zew (o
" =IVe"l: = wvoL=C hq # ; (110a)
IVl
h h | ZcL (¢h) |
n"=|Ved'l: = ver=Ch : (110D)
¢ © Ved" 2
Lemma 3.22. On uniform Cartesian quadratic/cubic meshes we have
\Zcr (6") |
vor ([Ve"|l2) = C hx =, (111a)
Vo2
0z \ " |%or (¢") |
ver (|[Ved®||2) = C h () = 111b
L (” 13 ||2) Q 8€ ||V¢h||2 ( )
Proof. The proof is similar to that of Lemma 3.15 and uses (82b)-(82d). O
Corollary 3.23. On uniform Cartesian quadratic/cubic meshes we have the identity:
h 0w\ ? h
ver (V" [l2) = 2 ) Ver (IVed™[|2)- (112)
The regularized versions of the variation entropy viscosities are:
Zer, (¢"
nt=Ve"lez = wveL=0Chq |7h()| ; (113a)
IV il..c
h
h h 2 |ZcL (¢ ) |
=V = ver=0Chp ———2~ . 113b
Ne H 1% ||£5,2 CL Q ‘|V§¢hl|€§,2 ( )
Corollary 3.24. On uniform Cartesian quadratic/cubic meshes we have the identity:
h ox\? h
ver (V" [e2) = %) Ver (IVed™ llee 2)- (114)

Theorem 3.25. On uniform Cartesian quadratic/cubic meshes the choices n = [|[V||c 2 and n = ||[Veol|c, 2
coincide.

Substitution yields weak formulation (98) where the variation entropy viscosity are now given by (113).
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As variation entropy we take n = ||[V¢"||s which yields:

R h
(Vo KiVe") 2y = | VO",C thvCLh(‘b)'wh . (115)
Nola " ) o)

This is the (regularized version of the) discontinuity capturing term used by Akkerman et al. [44] for the
level-set convection equation. On Cartesian uniform meshes it reduces to

Zer, (o"
(th’, KKV¢h)L2 Q) = vuwh, C hKlCLi}S(bHv(bh - (o
() Ve, L2(Qk)

For convection-diffusion problems this coincides with the YZS discontinuity capturing operator [24] with
parameter 5 = 1. This term is used for non-uniform meshes as well.

Remark 3.26. Remark that YZS discontinuity capturing and the beyond SUPG discontinuity capturing
are nearly identical in a one dimensional pure convection case with stabilization parameter h/a.

Remark 3.27. The discontinuity capturing operator YZS with parameter § = 2, in contrast to 8 = 1, does
not fit in the presented framework. The fact that the choice 5 = 1 is preferred over § = 2, see [24], confirms
the viability of the presented theory.

4. Numerical comparison

In this Section we evaluate the numerical methods on benchmark problems. All the computations are
performed with TIGAR [63]. We employ C'-continuous quadratic NURBS and use the generalized-a time-
integrator with the parameter po, = 1.0. Note that this is the only time-integrator within the generalized-«
family linked to correct energy behavior, see e.g. [58]. The regularization parameter is taken as e2 = 1072,

We show the results of using

1. the well-known SUPG method.

2. the YZS method with = 1. The connection of this method with the developed framework is presented
in Section 3.11.

3. the new method which is summarized in Section 3.9.

All the computations are performed on Cartesian meshes. Here the choices n = |Vl and n = [|[Veo||2
coincide (Theorem 3.20). Non-Cartesian computations may be subject of another work.

First we evaluate the convergence behavior of the new methods on a smooth pure advection problem.
Then we evaluate the methods on two nonlinear benchmark problems: (i) the Buckley-Leverett equation with
gravity and (ii) the KPP rotating wave problem. Both tests involve non-convex fluxes and are challenging
since the corresponding solutions have a two-dimensional composite wave-structure. These problems have
been employed in other works concerning discontinuity capturing mechanisms, see e.g. [24, 48, 64-66]. We
refer the reader for a comparison of the results to those works.

4.1. Convergence on smooth solutions
In this first numerical experiment we consider a smooth profile to test the convergence of the methods.
The problem reads:

0+ V- =0, (117a)
1 if 1.0

o(x,0)=¢ P {712 RS (117D)
0.0 otherwise,

f(¢) = ag. (117¢)
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with radius r = /22 + 2.

(a) 2D topview (b) 3D sideview

Figure 2: Smooth solution problem with quadratic NURBS. The final solution at ¢ = 1.0.

The convection velocity field is constant with value a = (0.1,0.15). The time-step size is chosen as At = 4hg
and we take C' = 0.5. Figure 3 shows second-order/third-order convergence in the L2-norm for each of the
three methods which for finer meshes yields second-order convergence due to the choice of the time-integrator.

T
YZB ——
1.0x1072 E VE =—f—
F SUPG
1.0x1073 | E
F 2nd order
1.0x10% E E
Il

3rd order

error

1.0x1073
10! 102
N

Figure 3: L2 convergence of the smooth solution problem with quadratic NURBS.

4.2. Buckley-Leverett with gravity
The gravitational Buckley-Leverett problem with a Riemann initial configuration reads:

find ¢ = ¢(x,t) : Q@ x T — R such that:

96+ V£ =0, (1184)
. if 22 2 .
¢(x,0) = { (1)8 ;tier;ige,g b (118b)
B &2 621 5(1— ¢
fo) = <¢2 1P Pi0—9¢ )) | (118¢c)

The Buckley-Leverett problem emerges from a two-phase immiscible incompressible fluid problem. It rep-
resents a saturation equation in which gravitational effects are incorporated. This results in different fluxes
in both spatial directions. The problem has also been considered in [48, 66, 67]. The solution is advanced
in time until ¢ = 0.5.
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All computations are performed on a 100x100 mesh with time-step size At = 0.01. We show in Figures
4-6 the solution profiles at final time ¢ = 0.5. The gray scale of the viscosity magnitude is per Figure chosen
such that the location of the diffusion becomes most apparent. The results of the SUPG method contain

excessive oscillations. The discontinuity capturing viscosity based on the variation entropy condition focuses
on the sharp layer, whereas basing it on the residual of the conservation law spreads it out.

= -0.3161

= 1.340

(a) 2D topview (b) 3D sideview

Figure 4: Buckley-Leverett problem, the solution at final time ¢ = 0.5 using the SUPG method.

min = -0.032

max = 1.023 |l

) 3D sideview

(a) 2D topview (c) viscosity magnitude

Figure 5: Buckley-Leverett problem, the solution at final time ¢ = 0.5 using the YZS method with constant C' = 0.25.

min = 0.001

max = 0.9882 I

) 3D sideview

(a) 2D topview

(c) viscosity magnitude

Figure 6: Buckley-Leverett problem, the solution at final time ¢ = 0.5 using the VE method with constant C' = 0.25.



4.3. KPP rotating wave
The KPP rotating wave problem is:

find ¢ = d(x,t) : 2 x T — R such that:

Ohp+V-f =0, (119a)

. 3.5m ifa?+y? <1,
$(x,0) = { 0.25m otherwise,

f(¢) = (sing,cos@). (119¢)

The test case was proposed in [65] and is named after the authors Kurganov, Petrova, and Popov.
Several reconstruction schemes, e.g. central-upwind schemes as WENO5, Minmod 2 and SuperBee, are not
successful for this test.

All computations are performed on a 100x100 mesh with time-step size At = 0.01. Figures 7-9 show the
solution profiles of the various methods at final time ¢ = 1.

The results of the SUPG method display sharp layers with excessive oscillations. The solution quality
improves greatly when using any of the other methods. Again, the discontinuity capturing viscosity is more
localized near the sharp layers when it is based on the variation entropy condition (displayed in Figure 9)
than on the residual of the conservation law (see Figure 8). We see at some locations a viscosity value
that is higher than required. In Figure 10 we show the results of using a maximum for the viscosity via
equation (100) with Cp,ax = 1.0. The gray scale of the viscosity magnitude of Figures 9 and 10 is the same
to highlight the effect of using a maximum viscosity. The overly diffusive regions are now removed and the
resulting profile has minimal smearing and the spurious oscillations are virtually absent.

(119D)

Remark 4.1. In this testcase it is apparent that the viscosity of the new method is active in regions where
variation entropy is created. Gibbs oscillations appear right next to the discontinuity and this is where the
viscosity acts. Note that the viscosity is absent at the location of the shockwave itself. This is in contrast
to the entropy viscosity method [48] in which the viscosity focuses on the shockwave itself rather than on
the oscillations next to it.

min = -3.125

max = 13.19

(a) 2D topview (b) 3D sideview

Figure 7: KPP rotating wave problem, the solution at final time ¢ = 1.0 using the SUPG method.
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min = 0.5820

max = 11.16

(a) 2D topview (b) 3D sideview (c) viscosity magnitude

Figure 8: KPP rotating wave problem, the solution at final time ¢ = 1.0 using the YZS method with constant C' = 0.25.

min = 0.7080

@ y

(a) 2D topview (b) 3D sideview (c) viscosity magnitude

Figure 9: KPP rotating wave problem, the solution at final time ¢ = 1.0 using the VE method with constant C' = 0.25.

min = 0.7167

@ 4

(a) 2D topview (b) 3D sideview (c) viscosity magnitude

Figure 10: KPP rotating wave problem, the solution at final time ¢t = 1.0 using the VE method with constant C' = 0.25 and
using the maximum viscosity (100).
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5. Conclusions

In this paper we have presented a general framework for discontinuity capturing mechanisms. The
framework does not employ ad hoc devices which is, to the best knowledge of the authors, in contrast
to previous discontinuity capturing methods. The developed theory contains two key ingredients, namely
variation entropy theory and variational multiscale analysis. Variation entropy provides us the location of the
viscosity and VMS models this viscosity via the missing scales. Merging the variation entropy concept into
the variational multiscale method naturally equips the variational multiscale method with a discontinuity
capturing term.

The discontinuity capturing viscosity is based on the variation entropy condition. In smooth regions
the variation entropy relation is governed with an equality, and this is where the discontinuity capturing
term vanishes. Near sharp layers, however, the variation entropy relation becomes an inequality. Here the
discontinuity capturing term switches on; dissipation based on the variation entropy production is added to
the formulation.

Many spurious oscillation diminishing methods are isotropic of nature or add diffusion in the crosswind
direction. The discontinuity capturing viscosity acts in the direction identified by the change of the variation
entropy. We believe that this is a natural direction, since this is where sharp layers are expected. In particular
cases the viscosity reduces to an isotropic one.

The steps of the framework to arrive at a discontinuity capturing term can be summarized as follows:

Regularize the conservation law.

Perform a multiscale split and subsequently take the limit of regularization parameter to zero.
Select a projector based on the variation entropy condition.

Select a small-scale variation entropy model.

Compute the variation entropy viscosity.

Select a large-scale variation entropy.

A o

We have tested the new discontinuity capturing method on nonlinear benchmark problems. The compu-
tations are performed with quadratic NURBS. The numerical results are virtually oscillation-free and have
minimal smearing. Compared to the well-known YZS method [24], the diffusion of the new discontinuity
method is more localized near sharp layers. These are the locations where variation entropy can be created.
We emphasize that the diffusion should not be added at the shock but right next to it.

This paper sheds light on the different concepts of entropy solutions, the total variation diminishing
property and their relation to discontinuity capturing mechanisms. In particular, it establishes a connection
between total variation/variation entropy and discontinuity capturing.

The current framework provides some insight into discontinuity capturing techniques, however we cer-
tainly do not claim that it is sufficient in this context. There are several openings.

e The first concerns the choice of the variation entropy. Numerical results indicate that taking the 2-
norm of the gradient leads to good behavior. Improvement might be achieved with another choice of
the variation entropy.

e Another point that deserves interest is the small-scale variation entropy model. We have taken the
simplest options and perhaps at this point progress can be made.

e Furthermore, a numerical investigation of the performance of the new method on curved /non-Cartesian
meshes could be investigated.

Summarizing, this paper proposes a novel paradigm for the construction of discontinuity capturing
operators. We think that the framework has a more fundamental mathematical foundations than previously
proposed methods. The reason is that it naturally emerges from the conservation law and does not contain
ad hoc devices. This, together with the good numerical results illustrate the viability of the framework.
The basic questions of discontinuity capturing operators, i.e. (i) where to add diffusion?, and (ii) how much
diffusion should be added? are answered. The results of this paper indicate that diffusion should be added
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there where variation entropy is being produced with an amount that scales with the variation entropy
production.

We close this paper with the following note. The variational multiscale method has proven to be a
powerful tool for the simulation of turbulent flows, as displayed in the seminal work [37]. In the current
paper we have demonstrated that, in addition to this,

the variational multiscale method is suitable to deal with sharp layers/discontinuities.

The reason for this is simple: both turbulence and shock wave problems contain features that do not
‘fit’ on a coarse mesh; the variational multiscale framework incorporates these features into the numerical
method.

Appendix A. An alternative optimality projector

Here we present an alternative projector that directly penalizes violation of the variation entropy condi-
tion. Consider the minimization problem:

find " € W such that:

L(p—¢") = inf L(¢—0"), (A1)
eheK:h
where the constraint set reads:
KM= {¢" e Wh: (v, Bven")r2) <0 for allv" € V). (A.2)

We proceed by opening the solution space with a penalty approach. We define the projector by
h . 1 hi12 1 h 2
P o= argmin o |6 — 6"}, + 5 [Varve{Zven" |2 q) (A3)
¢h€wh

where p and 7yg play the same role as before. Just like for the projector of Section 3.5, when the variation
entropy condition is not harmed the first-order optimality conditions reduce to an H'(£) orthogonality.
This optimality projector 22" implies:
find ¢" € WP such that, for all w" € W
(¢, w"),, = (erip{@ven’ s, d%ven" (Vo) (V) 1o ) - (A4)

Employing the definition of Zyg and the chain rule we arrive at:
/o h 2 h on" LAY
(¢, w"),, = (woe{Zventy 55 d (VZcL) (¢")(w")
+ (HT\Q/E{%VEnh}+7 Hv¢h77thh, V,@CLqﬁh)LQ(Q) . (A5)

Using the homogeneity property and interchanging differential operators we may write:

(@', w"),y, = (KV¢", veV (dZcL(@")(w"))) 12 () + (KVW", 7veVReLE") 11 g - (A.6)
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where Tvg denotes the time-scale linked to the variation entropy and where the matrices are given by:

anh anh
K= — ® = A7
WVEGv R © oV (A-7a)
K = vyen"Hygn'", (A.7b)
R h
UVE = ,[LTVE{V:;:}?}jL. (A7C)

We arrive at the same expression for vyg, we may employ the model (77). At this point it is unclear how to
arrive at a numerical method from the small-scale model. There are several options however these include
unwanted approximations and/or require neglecting some terms. We do not proceed with this projector
however we present some discussion on the diffusion matrices below.

Proposition Appendix A.l. The matrices K and K are symmetric positive semi-definite.

Proof. Symmetry is trivial and the positive semi-definiteness of is a direct consequence of vvg being positive
and the convexity of " (for K). O

Note that both K and K have the unit of a viscosity and both are based on the variation entropy residual.
The matrix K is the same as found before and acts in the direction is represented by 9n/0V¢". Below we
analyze the matrix K.

Let u)| denote the projection of u onto On/OV o":

o ont
uj| = o ® 8V¢hu (A.8)
where the hat-symbol indicates scaling to unit size: ¥ = v/||v|2. Note that we have the identity
on" on"
Y aver — N aven (A.9)
and that the vector
8,;7}1 a,;]h

is perpendicular to u. Whereas the matrix K provides control over gradient in the direction dn/ AV
(represented by wy), the matrix K can provide control of gradients in the direction orthogonal to that

(represented by u_ ). In this case Ku should be proportional to u . This is only the case if = ||V¢"||2, as
stated in the next proposition.

Proposition Appendix A.2. The matriz K acts in the direction orthogonal to dn/ONV¢" if and only if
n=|Ve"|a (up to multiplication with a constant).

Proof. Up to scaling by a constant, we need to find 5 such that:
Ku = VygU_ (All)

for all vectors u. Substitution of (A.7b) and (A.10) gives:

o' oyt
h —
VyEN Hv¢h77u = VVE (I — 6v¢h ® W u. (A12)
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Taking u = V¢" provides

-1

ot || an
h h h_ . h
N"HygnnVe" = Vo' —n — (A.13)
¢ IVeh ||aver |,
Next, we use the homogeneity property (12) to find:
ont || on |7t
ho . h _
Rearranging gives
on" h a7A7h h
Vo' = . A.15
H v |, v (A-15)
Taking the norm leads to:
on" h h
e Ive . = (A.16)
By again using homogeneity we arrive at
on" h on" h
H3V¢h ) Hvd) H2 = OV ph -Vo©. (A.17)
This means that the vectors 97/0V¢" and V" point in the same direction. We conclude n = ||V" |2, up
to multiplication with a constant. O
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