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EXPLICIT RUNGE-KUTTA SCHEMES AND FINITE ELEMENTS
WITH SYMMETRIC STABILIZATION FOR FIRST-ORDER LINEAR
PDE SYSTEMS*
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Abstract. We analyze explicit Runge-Kutta schemes in time combined with stabilized finite
elements in space to approximate evolution problems with a first-order linear differential operator
in space of Friedrichs type. For the time discretization, we consider explicit second- and third-
order Runge-Kutta schemes. We identify a general set of properties on the space stabilization,
encompassing continuous and discontinuous finite elements, under which we prove stability estimates
using energy arguments. Then we establish L2-norm error estimates with quasi-optimal convergence
rates for smooth solutions in space and time. These results hold under the usual CFL condition for
third-order Runge—Kutta schemes and any polynomial degree in space and for second-order Runge—
Kutta schemes and first-order polynomials in space. For second-order Runge-Kutta schemes and
higher polynomial degrees in space, a tightened 4/3-CFL condition is required. Numerical results
are presented for smooth and rough solutions. The case of finite volumes is briefly discussed.
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1. Introduction. Let © be an open, bounded, Lipschitz domain in R, and let
T > 0 be a finite time. We consider the following linear evolution problem:

(1.1a) Ou+ Au=f in Q x (0,7,
(1.1b) u(-,t=0) = ug in €,
(1.1c) (M—D)u=0 on 092 x (0,7).

Here, u : 2 x (0,7) — R™, m > 1, is the unknown, f : Q x (0,7) — R™ is the
source term, and A is a first-order linear differential operator in space endowed with
a symmetry property specified below (the operator A can also accommodate a zero-
order term). Moreover, wug is the initial datum, D is a symmetric-valued boundary
field associated with the differential operator A by an integration by parts formula,
and M is a user-dependent nonnegative boundary field used to enforce the boundary
condition. The exact solution v is assumed to be smooth enough to have a trace at
t = 0 and on the boundary 99 of €. Typical examples include advection problems
and linear wave propagation problems in electromagnetics and acoustics.

Our goal is to analyze approximations to (1.1a) using explicit Runge-Kutta (RK)
schemes in time and finite elements with symmetric stabilization in space. Explicit
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RK schemes are popular methods to approximate in time systems of ordinary differ-
ential equations. In the context of space semidiscretization by discontinuous Galerkin
(DG) methods, explicit RK schemes have been developed by Cockburn and Shu [11],
Cockburn, Lin, and Shu [10], and Cockburn, Hou, and Shu [8] and applied to a wide
range of engineering problems (see, e.g., [9] and references therein). This is in stark
contrast with the case of space semidiscretization by continuous finite elements where,
to our knowledge, stabilization techniques have not yet been analyzed in combination
with explicit RK schemes. In particular, stabilization by consistent streamline diffu-
sion seems not to be compatible with explicit RK schemes. In fact, the only viable
explicit method with continuous approximation in space for the present evolution
problems is, to our knowledge, the method of characteristics [15, 25]. Alternatively,
implicit methods can be considered (see, e.g., [19, 16, 4]), i.e., based on A-stable
time discretizations or semi-implicit methods [4], resulting from the combination of
an A-stable scheme with an appropriate explicit treatment of the space stabilization
operator.

The starting point of our analysis is the observation that owing to the properties
of the differential operator A and the boundary condition (1.1¢), there is a real number
Ao such that (s.t.) for the exact solution,

(1.2) (Au,u)p > $(Mu,u)p,00 — Xollull7-

Here, we have set L := [L?(2)]™, (-,-)1, denotes the usual scalar product in L with
associated norm ||-||z, and (-,-)1 oo denotes the usual scalar product in [L?(99)]™.
As a result, an energy can be associated with the evolution problem (1.1a). Indeed,
taking the L-scalar product of (1.1a) by u, exploiting (1.2), and integrating in time, it
is inferred using Gronwall’s lemma that solutions to (1.1a) satisfy the energy estimate

T

(1.3) max ||ul|? +/ (Mu,u)r,p0dt < C,
te[0,T] 0

where the constant C' depends on the initial datum wug, the source f, the time 7', and

the parameter \g. This implies in particular that the energy, defined as the L-norm

of the solution, is controlled at any time.

Following the seminal work of Levy and Tadmor [24], our analysis of explicit RK
schemes with stabilized finite elements hinges on energy estimates. The crucial point
is that explicit RK schemes are antidissipative (that is, they produce energy at each
time step), and this energy production needs to be compensated by the dissipation of
the stabilization scheme in space. In [24], a so-called coercivity condition was proposed
on the discrete differential operator in space, and with this condition, the stability
of the usual three-stage third-order RK (RK3) and four-stage fourth-order (RK4)
schemes was proven under a CFL-type condition. The coercivity condition in [24]
can for instance be satisfied if an artificial viscosity is used for space stabilization.
However, artificial viscosity yields suboptimal convergence estimates in space as soon
as finite elements with polynomials of degree > 1 are used.

In the present paper, we improve on this point by establishing stability estimates
for a wide class of high-order finite element methods (FEMs) with symmetric sta-
bilization. High-order FEMs do not satisfy the above coercivity condition. Instead,
we derive here a sharper set of conditions on the stabilization and proceed along a
different path than in [24] for the stability analysis, still relying on energy arguments.
Using stability arguments alone yields only suboptimal energy error estimates in space
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for smooth solutions. Herein, we additionally derive quasi-optimal estimates using the
symmetric stabilization. We also consider fully unstructured simplicial meshes.

A salient feature is that our conditions allow for a unified analysis of several high-
order stabilized FEMs encountered in the literature. Examples include in the context
of continuous finite elements, e.g., interior penalty of gradient jumps (CIP) [7, 5],
local projection [1, 26], subgrid viscosity [18, 19], or orthogonal subscale stabilization
[12, 13], and also include discontinuous finite elements (DG methods) [23, 22, 17, 14].
Incidentally, a noteworthy point is that using the present approach, DG methods can
be cast into the same unified analysis framework as stabilized FEMs, indicating that
all these methods essentially share the same stability properties.

Explicit RK schemes come in various forms; see, e.g., [20]. Here, we present
results for two-stage second-order RK (RK2) and RK3 schemes. These schemes are
written in a specific form suitable for the present analysis, and we verify that usual
RK2 and RK3 schemes encountered in the literature can be cast into this form.

Our main results can be summarized as follows:

e Under the usual CFL condition 7 < g(h/c), where 7 is the time step, h is the
minimal mesh size, o is a reference velocity, and o is a dimensionless constant,
an energy error estimate of the form O(72 + h3/?) for the RK2 scheme and
piecewise affine finite elements is shown;

e Under the tightened 4/3-CFL condition 7 < ¢'(h/c)*/3, an energy error es-
timate of the form O(72 4 h?*1/2) for the RK2 scheme and finite elements
with polynomials of total degree < p with any p > 2 is shown. In view of this
error estimate, the 4/3-CFL condition is not very restrictive since for p = 2,
it yields an error estimate of the form O(h®/® + h/2) so that the time and
space errors are almost equilibrated, while for p > 3, a stronger restriction on
the time step is needed to equilibrate the time and space errors;

e Under the usual CFL condition 7 < gp(h/c), an energy error estimate of the
form O(73 +hP+1/2) for the RK3 scheme and finite elements with polynomials
of total degree < p with any p > 1 is shown.

To the best of our knowledge, the above results are new for continuous FEMs. As
such, they provide an attractive alternative to the method of characteristics since the
present schemes are more easily extensible to higher order. For DG methods, the two
above results for RK2 schemes have been obtained by Zhang and Shu for nonlinear
scalar conservation laws [28] and symmetrizable systems of nonlinear conservation
laws [29]. The present proofs are, however, different since they rely on the fact that
DG methods can be viewed as stabilized FEMs (using suitable interelement penalties)
instead of formulating them using fluxes. This approach is instrumental to the unified
analysis mentioned above. Moreover, our results for the RK3-DG scheme are, to the
best of our knowledge, new.

This paper is organized as follows. In section 2, we present the continuous and
discrete settings and state the conditions on the stabilization of the FEM allowing for
the unified analysis. In sections 3 and 4, we treat RK2 and RK3 schemes, respectively.
Numerical results illustrating the theory are presented in section 5. Finally, section 6
contains some conclusions together with a brief discussion on finite volume schemes
(DG methods with p = 0), the forward Euler method, and lines for future work.

2. The setting. This section presents the continuous and discrete settings to-

gether with some examples. We also state the conditions on the stabilization of the
FEM allowing for the unified analysis.
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2.1. The continuous problem. Let {A4;}1<;<q be fields in [L>°(Q)]™"™ s.t.

(2.1) A; is symmetric a.e. in Q Vi e {1,...,d},
d
(2.2) A=) 0;A; € [Lo(Q)™™

i=1

The differential operator A in (1.1a) is

(2.3) A= 4,0,

For further use, we set o := maxj<i<a || Aill[Lo(Q)mm. Assuming that the PDE
system (1.1a) is written in nondimensional form for u, the components of the fields A;
scale as velocities, and the quantity ¢ represents a maximum wave speed. The source
term f is in C°(0,T; L), the initial datum ug is in L, and the boundary field M used to
enforce the boundary condition is in [L>(9€2)]™™ and such that || M ||[zeaaymm <
Cro for some constant Cyr. Let n = (nq,...,ng4) denote the outward unit normal to
). The boundary matrix field D € [L*°(99Q)]"™ is defined s.t. a.e. on 02,

d
i=1

and takes, by construction, symmetric values. Owing to the symmetry property (2.1),
integration by parts yields (Av,v)r + 4 (Av,v), = 3(Dv,v)r,00. Since M is nonneg-
ative, the seminorm

(2.5) Jolar = (Mv, )}/ 5

is well defined. Introducing the bilinear form

(2.6) a(v,w) = (Av,w), + 2((M — D)v,w)r 00,
integration by parts yields

(2.7) a(v,v) = %|U|?\4 — %(AU,U)L.

We now give three examples of evolution problems fitting the present framework.
e Advection. Let 3 € [L>°(2)]? with V-8 € L>(Q2) and consider the PDE

(2.8) Ou+ B-Vu = f.
Set m =1 and
(29) Al:ﬂz VZE{l,,d},

yielding A = V-8 and D = $-n. An admissible boundary condition consists
of taking M = |5-n|, which enforces u to zero on the inflow boundary.

e Maxwell’s equations in R3. Let y, e be positive constants, set co = (ue)
and consider the PDE system

—1/2
b

OH +VxE =
(210) {:U“ t + X fla

e@tE —VxH = fQ,
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where H is the magnetic field and E the electric field. Set m = 6, u =
(u'/?H, e /?E), and let

(2.11) A; = co Vi € {1,2,3},

where 033 is the null matrix in R332 and (R;)jx = € for i, j, k € {1,2,3}, €jik
being the Levi-Civita permutation tensor, so that A = 0g 6. An admissible
boundary condition is for instance to enforce a Dirichlet condition on the
tangential component of the electric field. Then D and M are given by

033: N 033:—N
(2.12) D=co || M= |

where N = Z?:l n;R; € R33 is such that Nz = nxz for all z € R3.
e Acoustics equations in R?. Let ¢y be a positive constant and consider the
PDE system

(2.13) { o 20w+ Vg = fi,

8tQ+Vp: f27

where p is the pressure and ¢ the momentum per unit volume. Set m = d—+1,
U= (calp, q), and let

0 et ‘
(214) A = ¢ et Vi € {1,...,d},
€; 1 0d,d
where (eq, . . ., eq) denotes the Cartesian basis of R%, so that A = 0g41,4+1. An

admissible boundary condition is for instance to enforce a Dirichlet condition
on the normal component of the flux. Then D and M are given by

(2.15) D=c [O”t] M=o [0—"}] .

2.2. Space semidiscretization. Let {75 }x>0 be a family of simplicial meshes
of Q where h < 1 denotes the maximum diameter of elements in 7,. For simplicity,
we assume that the meshes are affine and that €2 is a polyhedron. Mesh faces are
collected in the set F}, which is split into the set of interior faces, F, ,il“t, and boundary
faces, F;**. For T' € T and for F € Fp, |||, and |||z, F, respectively, denote
the [L*(T)]™- and [L*(F)]™-norms; moreover, we define |17 = Y per, |7 7
We assume that meshes are kept fixed in time and also that the family {7,}n>0 is
quasi-uniform; see Remark 2.1 below.

Let V}, be a finite element space consisting of either continuous or discontinuous
R™-valued piecewise polynomials of total degree < p with p > 1 (the case p = 0 is
also possible for DG methods leading to finite volume schemes; see section 6 for a
brief discussion). Let 7, denote the L-orthogonal projection onto Vj,. Set V(h) :=
[H3/24€(Q)]™ 4+ Vi, € > 0. The seminorm |-|p; defined above can be extended to
V' (h). We consider a discrete version of the bilinear form a, namely, ay, together with
a stabilization bilinear form sj. Both bilinear forms a;, and sj, are defined on V' (h) x
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V(h). Tt is important to distinguish aj, from s;, since sy, is instrumental in achieving
quasi-optimal error estimates. In the context of DG methods, aj corresponds to the
use of centered fluxes, while adding s;, leads to upwind fluxes; see the example in
section 2.4. We define the linear operators Ay, : V(h) — Vj, and Sy, : V(h) = V}, s.t.
V(v,wy) € V(R) x Vg,

(2.16) (Apv,wp) L = ap(v, wy,), (Spv,wp) 1, = sp(v, wp,).
We also define Ly, : VI(h) =V, s.t.
(2.17) Ly = A, + Sy,

so that the space semidiscrete problem is for all ¢t € (0,7, %uh + Lpup = fr, where
fn=mnf.
We now state the key design conditions on the bilinear forms aj, and sp,. The first

three assumptions are the following:

(A1) for all vy, € Vi, ap(vp,vn) = %|vh|?\/] — %(Avh,vh)L;

(A2) sp, is symmetric and nonnegative on V (k) x V(h);

(A3) the strong solution u satisfies for all ¢ € (0,7), dympu + Apu = fp, and

Shu =0.

Assumption (A3) is a (strong) consistency property; it is equivalent to the fact that
for the strong solution w, for all t € (0,7T") and for all v, € Vj,

(2.18) an(u,vp) = (Au,vp) L + (M — D)u,vp) 1,00,

while sy, (u,v,) = 0. This consistency property can be weakened for the stabilization
bilinear form s, in particular when analyzing local projection or orthogonal subscale
stabilization. The present strong consistency assumption is sufficient to analyze inte-
rior penalty stabilization and DG methods; see section 2.4 for examples. Furthermore,
owing to assumption (A2), we can define on V'(h) the seminorm

1/2
(2.19) Jols == {sn(v,0) + o3, 3%

An important consequence of (A1)—(A2) and (2.19) is the following dissipativity prop-
erty of the discrete setting: For all vy, € V3,

(2.20) (Lh’Uh,’Uh)L = |Uh|% — %(A’Uh,’uh)[,.

The next two assumptions are fairly standard and concern the basic stability of the
discrete operators Sy, and Ly, namely,
(A4) there is Cg s.t. for all vy, € V4,

(2.21) [onls < €&/ 20202 o,

and there is C% s.t. for all v € [HPTL(Q)]™,

(2:22) v = mols < Coa 2R3 0| o pms
(A5) there is C, s.t. for all z € V(h),

(2.23) |Lnz||le < ol|Vihz| e + Crot/2h=12|z] g,

where V), denotes the broken gradient of z and ||-||« the usual norm in L%
(the broken gradient is needed when working with DG methods; it coincides
with the usual gradient for continuous finite elements).
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The last two assumptions are the most important. They can be stated as follows:
(A6) there is Cy s.t. for all (z,vy) € V(h) X V,

(2:24) |(Ln(z = mn2),vn)L] < Crllz — mnzll«(Jonls + [lonllL),

with the norm for y € V(h),

(225) Nyl = o202 Viyll e + 0202yl + o2 |lylle 7 + lylss
(AT) in the piecewise affine case (p = 1), there is C. s.t. for all (vp,wp) € Vi, X V3,

(2:26) |(Lnvn,wn — whwn)r| < Cro/2h™ 2 (Jvnls + [[onl|L)lwn — 7wl L,

where ) denotes the L-orthogonal projection onto piecewise constant func-
tions.
Owing to the definition (2.25) of the norm |||, (A5) implies for all z € V(h),

(2.27) Lozl < CLo' 2R 2 2],

with C}7 = max(1,Cr). Using inverse and trace inequalities, it is inferred that there
is Cy s.t. for all v, € Vy,

(2.28) Jonlls < Cuo 2RV oy 1.
Hence, letting Cr, := C7.C, there holds for all v, € V4,
(2.29) HthhHL < CL*CTh_lH’UhHL.

Furthermore, using (2.22) and usual approximation properties in finite element spaces,
it is inferred that there is C”, s.t. for all v € [HP*1(Q)]™,

(2.30) lo = mnolls < CLotZRPHY2 0|1 @pm-

Assumption (A6) is essential to derive quasi-optimal error estimates. It is sharper
than assumption (A5) combined with the Cauchy—Schwarz inequality, which yields
only

(2.31) [(Ly(z — mnz),on) ] < CLo' =22 — mpz|o]lonl 2

In other words, the factor h~'/2 is removed by augmenting the norm of vj, on the

right-hand side by |vp|s, and this is why controlling this seminorm in the energy
estimates is crucial and allows one to compensate for the antidissipative nature of the
explicit RK schemes (see also Remark 3.2 below). Without assumption (A6), the error
estimates are of order h? instead of h?*1/2. Moreover, assumption (A7) is essential
in the proof of Theorem 3.2 below to establish the convergence of the explicit RK2
scheme combined with piecewise affine finite elements under the usual CFL condition.

2.3. CFL conditions. Let 7 be the time step, taken to be constant for simplicity
and such that 7" = N7, where N is an integer. For 0 < n < N, a superscript n
indicates the value of a function at the discrete time n7, and for 0 <n < N — 1, we
set I, = [n7,(n + 1)7]. We assume without loss of generality that 7 < 1. We also
assume that the following, so-called usual CFL condition holds:

(2.32) T < o(h/o)
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for some positive real number p. The value of p will be specified below whenever
relevant. Furthermore, in the case of RK2 schemes with polynomials of total degree
> 2, we will also need the so-called strengthened 4/3-CFL condition

(2.33) T < o (h/o)?

for some positive real number o’. Again, the value of ¢’ will be specified below
whenever relevant. Since 7 < 1, the strengthened 4/3-CFL condition (2.33) implies
the CFL condition (2.32) with o = (¢/)%/*.

Remark 2.1. On shape-regular mesh families, as usual, the space scale in the
CFL condition is no longer h, but the smallest element diameter in the mesh. Then
the same space scale is used in the negative powers of h in assumptions (A4)—(AT).
It is also possible, with additional technicalities, to consider in the CFL condition the
ratio of the local meshsize to the local maximum wave speed.

2.4. Examples. In this section, we present two examples of discrete bilinear
forms ay, and s, satisfying assumptions (A1)—(A7). For F € Fi* there are 7,77 in
Tr such that F' = 0T~ NOTT, nr is the unit normal to F pointing from T~ to T, and
for a smooth enough function v that is possibly double-valued at F', we define its jump
and mean value at F as [v] := v|p- — v|p+ and {o} = 3(v|p- + v|7+), respectively.
For vector-valued functions, the jump and averages are defined componentwise as
above. The arbitrariness in the sign of [v] is irrelevant. Meshes can possess hanging
nodes when working with discontinuous finite elements under the usual assumption
that face diameters are comparable to local element diameters.

An example with continuous finite elements is that of CIP [7, 5, 2],

(2.34)  apP(v,w) = Y (Av,w)pr+ > (M —D)v,w)Lr,

TETh F‘E]:CXt
(2.35)  s7P(v,w) == Z (SF'v,w)L,F + Z he(SEtne-[Vol, ne-[Vul) L, r,
Fe]:}clxt Fe]:mt

where hp denotes the diameter of F. An example with DG is (see, e.g., [17])
(2.36) ayf(v,w) = a(v,w) = Y (D[], fw})L.F,

FeFint
(2.37) 598 (v, w) = Z (S0, w) L+ Z (S ], [w)r.F,

FeFpxt FeFnt

where Dp := Z?:l Ainp,; for all F € Fint,
The R™™-valued fields S¢* and Si*, which are defined on boundary and interior
faces, respectively, must satisfy the following design conditions:

(2.38)  for the exact solution u and V¢ € [0, T], S&'u = 0 on 99,
(2.39)  S¥* and S are symmetric and nonnegative,
(2.40) VF € F*X* S8 < ayol,, and VF € F™ ay|Dp| < SE < azol,,

and VF € F** and V(y, 2) € [L2(F)]™ x [L2(F)]™,

(2.41) (M = D)y, 2)1.r| < cuc™?lyls.rllz| L.,
(2.42) (M + D)y, z)r,r| < 04501/2||y||L,F|Z|S7F'
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Here, a1,..., a5 are positive parameters, inequalities in (2.40) are meant on the as-
sociated quadratic forms, I,,, denotes the identity matrix in R™™, and for F' € F5**,
lv|s.r = {(S¥,v)1,F + (Mv,v)r, 7 }'/2, which is well defined since S&* is non-

negative. The absolute value |Dp| is also well defined since Dp is, by construction,
symmetric.

LEMMA 2.1. Assume that the design conditions (2.38)—(2.42) hold and that for all
T € T, and for all i € {1,...,d}, A;|lr € [COY2(T)]™™. Then, assumptions (A1)
(A7) hold for aS® and s defined by (2.34)~(2.35) and for a® and %2 defined by
(2.36)(2.37).

Proof. Assumptions (A1)—(A6) can be proven as in [2, 3] for CIP and as in [17]
for DG. To prove assumption (A7) for CIP, let (vp,wp) € Vi, X V}, with p = 1 and set
yn = wp, — mowp. Since y;, may not be in Vj,, we obtain

(Lnonyn)e = Y (Ao, mayn)er + Y (M = D)on, mhyn)L.r + 5.7 (0n, Thyn)-
TET;, FeFg

For the third term, using (A2) and (A4) we obtain
|52ip(vh,77hyh)| <|vn|s|mrynls < |Uh|50é/201/2h_1/2||7rhyh||L
< 0%V 2n P sllun o

The second term is bounded similarly using (2.41) and a trace inequality to bound
| 7hynl 2 7. For the first term, letting A := z‘j:l(ngi)ai, we observe that

> (Avw,mnyn)r = Y Aua,mnyn)er + > (A= Aop, mayn) oo = T1 + Tb.
TETh TETh TETh

Owing to the regularity of the fields A; together with an inverse inequality, |Ta| <
Co'2h=Y2|luy || ||yn|lL. Moreover, since p = 1, z;, := Awy, is piecewise constant so
that for all T' € Tn, (2zn,yn)r,r = 0. Hence, T} = ZTeTh(ZhaWhyh —yn)r,7- Let
Zav(z1n) € Vi, be such that its values at element vertices are the average of the values
taken by zj, on the elements sharing the vertex (the high-order variant of the averaging
operator Z,, is used to prove (A6)). Then using the approximation properties of
Tav (see [2]) and the Cauchy—Schwarz inequality yields

1/2

Ti= Y (= Ta()smngn —vn)rr < | > belllaallie ] llualle.
TET, FeFint

Since ||[zn]llz.r < I[Avi]llz.F + | [(A — A)vp]|l L., using (2.40), the regularity of the
fields A;, an inverse inequality, and a discrete trace inequality leads to

ITu| < Co 2= 2 (Jo]s + [lvnll L) l|ynllz-

This proves assumption (A7) for CIP. For DG, the proof is similar, but simpler since
Thyn = yp and so Ty = 0. O
The above setting can be applied to the PDE systems presented in section 2.1;
see [2, 17].
e Advection. Take S&* = 0 and S = ~|8-np| with user-defined parameter
v>0(y= % amounts to so-called upwinding in the context of DG methods).
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e Maxwell’s equations in R3. Take

(243)  Sgt=co l ------------ ] it =gy | 2R RS

where 1, 2, and ~3 are positive user-defined parameters and where Np
is defined as N by using np instead of n. The operator S amounts to
penalizing on each interface the jump of the normal derivative (for CIP) or of
the value (for DG) of the tangential components of the electric and magnetic
fields.

e Acoustics equations in R¢. Take

(2.44) S = ¢

where 0y is the null vector in R?. The operator Sint amounts to penalizing
on each interface the jump of the normal derivative (for CIP) or of the value
(for DG) of the pressure and that of the normal component of the momentum
per unit volume.

3. Analysis of explicit RK2 schemes. This section is devoted to the con-
vergence analysis of explicit RK2 schemes. First, we present the specific form of
the schemes on which we will work and show that usual implementations of RK2
schemes fit this form. Then we derive the error equation and establish the key energy
identity. Finally, we infer quasi-optimal energy error estimates under the CFL con-
dition (2.32) for piecewise affine finite elements and under the strengthened 4/3-CFL
condition (2.33) for polynomials with total degree > 2. We will keep track of the con-
stants to derive the CFL conditions but not to state the error estimates. Henceforth,
C denotes a generic constant, independent of the mesh size and the time step, but
that can depend on f, u, the fields A; and M, the constants in assumptions (A4)-
(A7), and the constants ¢ and o' in the CFL condition. The value of C' can change at
each occurrence. The inequality a < Cb, for positive real numbers a and b, is often
abbreviated as a < b. This convention is kept for the rest of this work. Finally, we
assume here u € C3(0,T; L) and f € C%(0,T; L).

3.1. RK2 schemes. We consider schemes of the form

— 17Lpuy + 7f1,

1 1
up +wy) — 5TLywy + 57,

— ==

u
n+1

(3.2) uptt =1

with the assumption that

(3.3) Ui =i+ Toufy o ohlln ST

There are many ways of writing explicit RK2 schemes. Since the space differential
operator is linear, they all amount in the homogeneous case (f = 0) to

(3.4) uptt = uff — TLpuf 4+ 272 Loul.

Two examples of RK2 schemes that fit the present form are
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e the second-order Heun method which is usually written in the form (3.1)—(3.2)

with
(3.5) Y= frth

Assumption (3.3) obviously holds.

e the second-order Runge method (also called the improved forward Euler

method) which is usually written in the form

(3.6) ky = —Lpuy + f1,
kg = —Lh(uz + %Tkl) + f}?+1/2,
uZH = up + Tka.

Equations (3.6)—(3.8) can be rewritten in the form (3.1)—(3.2) with

(3.9) v =2f2 - g
Assumption (3.3) obviously holds.
Define
(3.10) & = up — mpu, ¢y = wy — mpw",
3.11) Er=u" —mpu”, =w" —mpw",

with w = u + 70;u. Using these quantities, the errors can be written as

(3.12) u —uy =& — &, w" —wp ==

The convergence analysis proceeds as follows. Since upper bounds on & and (7
result from standard approximation properties in finite element spaces, error upper
bounds can be derived by obtaining upper bounds on ;' and (;’ in terms of £ and
¢ and then using the triangle inequality. To this purpose, we first identify the error
equation governing the time evolution of &' and (}'. The form of this equation is
similar to (3.1)—(3.2) with data depending on &, ¢, f, and u. Then we establish an
energy identity associated with (3.1)—(3.2), whence the desired upper bounds on &}’

and ¢}’ are inferred using, in particular, assumption (A6).

3.2. The error equation. Our first lemma identifies the equations governing

the quantities &' and (.
LemMA 3.1. There holds

(3.13) Ch =&, — TLrE, +Tay,,

(3.14) W= 2+ G = STInGE + 578,
with

(3.15) ap = L&y, B = LnCy — mn™ + 6},

with ™ =171 [} (tnt1 —t)*Opu dt.
Proof. Recalling assumption (A3), namely, 7,0;u"™ = —Lpu™ + f}, yields

mpw™ = mpu’ — TLyu” + T f
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Subtracting this equation from (3.1) yields (3.13). To derive (3.14), observe that
u"t = u" 10" + 30" + AT,
and projecting yields
mpu" T = mu™ + 1% mopu” + Lrmpn”
= L(mpu” + mpw™) — STLpu" + TS+ A0 + AT

Moreover,

TR Opu” = 70 (mpOu™) = —TLp O™ + 10, f]) = —Lp(w"™ — u™) + 70, ),
whence

mputt = %(mlu" + mpw™) — %TL}L’U}" + %T(mm” + [l TOS)-

Subtracting this equation from (3.2) yields (3.14). O

3.3. Energy identity and stability. Our next step is to derive an energy
identity, then leading to our main stability estimate.
LEMMA 3.2 (energy identity). There holds

(3.16) ll& ™ IT — €T + TIER 1S + G T3
= 16+ = I+ 7(ah, &)+ 7(BR, L + 5T(AG &)L + 37(AG G )L

Proof. Multiply (3.13) by & and (3.14) by 2¢;', sum both equations, and use the
identity 2(&7T ¢ = €72 — (1€2T — ¢PI|12 + ||¢R |2 together with (2.20) which
vields (Lu&p, &) = |epld — 2(AGLg)L and (LGl = IGi2 — 4

Remark 3.1. The quantity ||&"" — ('||2 appearing on the right-hand side of the
energy identity (3.16) is the antidissipative term associated with the explicit nature
of the RK2 scheme. This term essentially amounts to a second-order time derivative.
Instead, the positive terms 7|¢7'|% +7(¢'|% on the left-hand side result from dissipation
in space.

LEMMA 3.3 (stability). Under the usual CFL condition (2.32) for any positive
real number o, there holds

BA7) &2 — €112 + Lriepl + Arlcpld
<€ = I + O+ R ]2 + 1212 + €2 2)-

Proof. Starting from the energy identity (3.16), we bound the last four terms on
the right-hand side.
(i) We first bound o and §};. Let us prove that

(3.18) llaplle S TRNEN . TIBRIL S 7RI + 72,
and that for all v, € Vj,

(3.19) 7(ag,vn)n S TNE N« (Jonls + JvnllL),
(3.20) (B o)L S TNC I (vals + llvallL) + 72 lonl 2.
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Using the definition of o', the bound (2.27), and the CFL condition (2.32) to eliminate
the factor h~1/? yields

Tllahlle = TILrér L < 7CLa 22 )R L S T2 1ER e

Similarly, using the definition of 3}, the assumption on 67}, and the regularity of the
strong solution u yields

7183l = T LGy — man™ + 6p | S TILRC L + 70 S T2 G + 7.
This proves (3.18). To prove (3.19)—(3.20), we use assumption (A6) to infer
T(ag,vn)r = T(La&g vn)r S TIE |« ([onls + [lvnllL),
and similarly using assumption (A6) and the Cauchy—Schwarz inequality,
T(Bhson)e = T(LaC s vn) L+ 7(=man™ + 8, vn) . S TIC e (fonls + llonllz) + 73 vn] .-

(ii) Owing to the bounds (3.19) and (3.20),

m(ah, &)+ 7B, G S TIER (€0 s + I1€R 1) + TG (IS s + IR 1) + 72 G 2

Moreover, it is inferred from (3.13) using the triangle inequality, the bound (2.29),
and the CFL condition (2.32) that

G e < W€k 1e + Tl Lréill + Tllaglle S 1€R1E + llek ]z

Hence, owing to (3.18),

G SNEM L + 7 2IER 1 < €01 + €2,

since 7 < 1. Collecting these bounds and using Young inequalities yields
(o, &) + 7By, G < 37IEE + 5TIGHE + Ot + €711 + G112 + €L 11Z)-
(iil) Finally,
sT(AG &) + 57(AG G e STIERE +7IGRIE S TlERIE + TlEr |z,

since [|(] ]|z S 1171 + [|€2]]«- This concludes the proof. O

Remark 3.2. Assumption (A6) is crucial to obtain the bounds (3.19)—(3.20),
which are sharper by a factor 7/2 than the bounds resulting from (3.18) and the
Cauchy-Schwarz inequality, yielding for instance 7(af,vs)r < 7V/2(€2(|.||vn | z; that
is, adding the seminorm |vj|g on the right-hand side allows one to gain a factor /2,

3.4. Error estimates. Starting from the stability estimate (3.17), there are two
ways to bound the positive term [|€"! — ¢*[|2 appearing on the right-hand side. In
the general case p > 2, the strengthened 4/3-CFL condition (2.33) is needed. By
proceeding differently and using assumption (A7) for p = 1, it is possible to control

this term using only the usual CFL condition (2.32).
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3.4.1. General case: 4/3-CFL condition. The next theorem provides a
quasi-optimal energy error estimate in the general case p > 2 under the strength-
ened 4/3-CFL condition.

THEOREM 3.1. Assume that u € C3(0,T; L) N C*(0,T;[HPFL=5(Q)]™) for s €
{0,1}. Then under the strengthened 4/3-CFL condition (2.33) for any positive real
number o', there holds

N-1 1/2
(3:21) ||uN—uhN||L+(Z%mm%%mm%) <,

n=0

Proof. The proof is decomposed into three steps.
(i) Bound on || — ¢f||2. Combining (3.13) and (3.14) yields

P = G = LTI - ) + (B — o)
= 12 L3ep + 4n(B) — af — 7Lna}).

Set R} = %T(ﬂ,’f —af —7Lpa}). Using the triangle inequality, the bound (2.29), and
the CFL condition (2.32) yields ||R} || < 7(|8; |z + 7llai | L, so that (3.18) implies

IBH L S 7° + 720G + 72 )1€x
As a result,
€+t =GRl S THILRERIE +7(7° + I€RI1Z + IGrI1D)-
(ii) Using the above bound together with the stability estimate (3.17) leads to
IER ML — R + 37IEn 15 + 57ICh & S THILRERIT + (7" + IERIZ + IR I + 1IERTIZ),
since 79 < 7. The strengthened 4/3-CFL condition together with (2.29) imply
ILRERIT < TlERIIE-
Hence,
1 4
IER T — IR NT + 57IER TS + 37IGH IS S TIERIE + m(r* + [IER 12 + ISR I12)-

(iii) Summing over n in the above estimate and using Gronwall’s lemma, it is
inferred that

N-1 N-1
IENIZ + D 37(r 13 + 1Gh12) S+ D mUERIZ + 16e112),
n=0 n=0

and using the approximation property (2.30) yields
N-1
IEVIE + D7 313 + IGhI3) S =+ n2
n=0

whence (3.21) readily follows using the triangle inequality and the fact that [u—ul|s =
upls and [w —wi|s = Jwyls. O

Remark 3.3. Although there is no specific limit to the value of the constant ¢’ in
the 4/3-CFL condition for the convergence result of Theorem 3.1 to hold, the constant
in the error estimate depends exponentially on o’. Hence, in practice, a value small
enough should be considered for o'
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3.4.2. Piecewise affine finite elements: Usual CFL condition. The next
theorem provides a quasi-optimal energy error estimate for p = 1 under the usual
CFL condition.

THEOREM 3.2. Assume that piecewise affine finite elements are used and that
u € C3(0,T;L) N C*(0,T; [H>=5(Q)]™) for s € {0,1}. Then under the usual CFL
condition (2.32) with

(3.22) 0< min{gcf,%(c;)*m},

with C{ = C;CL and where C; is the constant in the inverse inequality |Vpvp| e <
Cih=Y|vp, — 7dvp|| L valid for all vy, € Vi, there holds

N-1 1/2
(3.23) ™ =g + (Z sTIuhls + éﬂwﬁl%) SEah RO

n=0

Proof. We bound [|€" — ¢||3 differently from the proof of Theorem 3.1. Set
2l = €0 — (P, so that (3.13)(3.14) yield

G = drLach + (6] — of).
Hence, using the triangle inequality and assumption (A5) yields

(3.24) €t — ¢l < 207 Vaap | pa + LCLa 2R 2 1|2

+ 57088 — apllL-

The first step is to control ||Vpz}|r« using the inverse inequality ||[Vpz}|lpe <

Cih Yy, where y = 2 — nlafl. The key idea is to exploit the fact that, up

to a nonessential perturbation, =} is in the range of the discrete operator Lj since
xy = 1Lp&; — Taf. Thus,
2
lyrllz = @k yn)e = T(Lasy yn)e — 7(ak, yi)L-
To bound the first term on the right-hand side, we use assumption (A7) to infer

TI(L&h yi)el < Crot 2R 2e(I60 s + llER 1) llyhl -

Furthermore, bounding the second term by the Cauchy—Schwarz inequality, using the
CFL condition, and simplifying by ||ly;||z leads to

lyille < Cro' 2R 27|g|s + Tllaglle + O /2| | ..
Thus, owing to the above inverse inequality on ||[Vyz} || 14,
IVhaplpe < Ch™Hlyitlle < Clo2h=>righ s + Ch ™ (rllag |l + 7211 ],
with C/ = C;C%.. Hence, substituting back into (3.24) yields

€Tt — ¢l < ACIa® PR32 22105

+1CLa' PR | — Grls + CT (P €0+ I1CE + 11€R L),
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where the contributions of @} and 8" have been bounded using (3.18) and the (generic)
CFL condition (2.32). Owing to the condition (3.22), it is now inferred that

et = Ghlle < 27201 2(I6h s + 16 = r1s) + OV (2 e llgp |+ ICH | + 1€k )
<2720 (16 s + 1G] s) + OV 168 + I I+ 1R 1L).

Squaring yields
6+ = GrlIE < 37IER 18 + 371G 3 + O (7> + €202 + ICRIIZ + 114117
The conclusion readily follows by proceeding as in the proof of Theorem 3.1. d

4. Analysis of explicit RK3 schemes. This section is devoted to the con-
vergence analysis of explicit RK3 schemes. We proceed similarly to section 3. The
main difference is that a sharper stability estimate can be derived for RK3 schemes,
so that the strengthened 4/3-CFL condition (2.33) is no longer needed. Furthermore,
we assume here v € C*4(0,T; L) and f € C3(0,T; L).

The stronger stability properties of explicit RK3 schemes are reflected by the
fact that these schemes are stable under the usual CFL condition (2.32) without
any stabilization (s, = 0); see [27, Theorem 2]. This is, however, not sufficient
to derive quasi-optimal error estimates of the form O(7% + hP*1/2). Indeed, in the
absence of stabilization, assumption (A6) cannot be invoked leading to suboptimal
error estimates of the form O(73 + hP). Therefore, it is important to revisit the
stability analysis of explicit RK3 schemes in the presence of stabilization so as to
ensure that the corresponding energy identity provides enough dissipation in space.

4.1. RK3 schemes. We consider schemes of the form

(4.1) wy =y — TLyuy + Tf1,

(4.2) yi = (up +wp) = gTLywp + 5T(f7 + 7O,
(4.3) uptt = $(up +wp +yp) — ATLpyp + 3TUR,

with the assumption that

(44) I/JZ :fﬁl+Tatf}?+%T2attf}?+5Z, H(SZ”L STB.

There are many ways of writing explicit RK3 schemes. Since the space differential
operator is linear, they all amount in the homogeneous case (f = 0) to

1 1272 1.373
(4.5) uptt = ujf — TLyuf + 577 Liup — 570 Lyuj.

One example that fits the above form is the third-order Heun method, which is usually
written as follows:

(4.6) ky = —Lpull + f7,

(4.7) ky = —Ly(ujl + Lrk) + f7 7,
(4.8) ks = —Ln(uff + 27ko) + 123,
(4.9) uptt = up + 1r(ky + 3ks).

Straightforward algebra yields

(4.10) G = =2 S L Sr Ly (f YR = Lo ).
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PROPOSITION 4.1. Assume that f € C2(0,T;[H (Q)]™) and that s, = s as

defined by (2.35) or that s, = szg as defined by (2.37). Then (4.4) holds.
Proof. We need to prove that |[¢) — (f" + 70 f7 + 2720u fi)||L S 2. Set ¢ =

A+ Bwith A= —3fp4 923 _1og, fnand B = 3Ly (fi % — fp — Lo, f7).
Using Taylor expansions yields

IA = (f7t +70cf7 + 37200 S L S T2 Fllcao,rin)-

Consider now the term B and set 2" := f”+1/3—f"—%78tf” so that B = —%TLh (mn2").
Assumption (A5) yields || Ln (72" || < V2" || pa+h~Y?|7,2™|s, where we have used

the H'-stability of 7, in writing ||Vz"|| a. When s;, = sig, observe that |2 = 0
since f € C2(0,T;[H*(Q)]™) so that

R Y2 2" g = K227 — 2" g < |[V2"| e
When s;, = s,clip, the boundary contribution is bounded as above, while the interior

contribution is bounded by a trace inequality and the H'-stability of 7, yielding
again h=/2|m,2"|s < ||V2™||La. As a result, using Taylor expansions yields

IBlle S IV (™3 = = 270, ") e S 72N flle o rpm @)1
completing the proof. d

4.2. The error equation. Along with definitions (3.10)—(3.11), let 6} = yp —
my™ and 07 = y" — mpy”, with y = u + 70u + %TZattu.
LEMMA 4.1. There holds

(4.11) Ch =& — 7Ly + 7oy,

(4.12) On = 5(& +Ch) — 57LnCh + 578y,

(4.13) W= 3R+ G+ 0) — 5Tl + ST,

with

(4.14) ap = Lp&y, Br = LGy, Vi = Lnb7 — 0™ + 5y,

where N = 771 fln %(tn+1 — )30 dt.

Proof. Equations (4.11) and (4.12) are obtained as in Lemma 3.1. To derive (4.13),
observe that u™*! = u™ 4+ Td,u™ + %T23ttu” + %7'3(%“11” + %Tn”, and proceed again
as in Lemma 3.1. a

4.3. Energy identity and stability. Our goal is now to derive an energy iden-
tity, then leading to our main stability estimate.
LEMMA 4.2 (energy identity). There holds

SIERTHIE = SIERIT + 7IEn s + §7ICRIE + 57100 15 + 51167 — GRIIT
(4.15) = 571Gk — &S + 3l — ORlIL + AR
+ 3700+ 5B &) + ST (an, & + 5Ch )L,
where A} := %T(A{Z,&,’;)L — %T(AC}Z,&,’;)L + %T(AGZ,GZ)L.

Remark 4.1. The quantities 17|¢* — €% and L[| — 67||2 appearing on the
6 15h hls 2llSh RIIL
right-hand side of the energy identity (4.15) are the antidissipative terms associated
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with the explicit nature of the RK3 scheme. The term involving the |-|s-seminorm on
the right-hand side indicates in particular that the coupling between the explicit RK3
scheme and space stabilization deserves a careful analysis. A further important fact is
that, contrary to the RK2 scheme, there is now a new positive term on the left-hand
side, namely, %HGZ — (||, which significantly improves the stability properties of
the RK3 scheme, in particular circumventing the need for the strengthened 4/3-CFL
condition for high-order polynomials.
Proof. We first observe that combining (4.11)—(4.13) yields
(4.16) =G = 3TLu(CGh — &) + 57(Bh — af),
(4.17) W =0 = 3TL(0h — Gb) + 5T( — BR)-
Set A= )& — 516" —6;17 — 31717 Then
A= (g™ = 50000 - 5116117

= 3IORIL + (& = 0. 0L — slEnlz

= 5I0RI1Z = SI€IE = 37(Ln(Oh = G1). 0D + 57(vk = BR. R,
where (4.17) has been used. Set Dy := 37(yj — B7,0;") . The term 677 — 37117

can be evaluated using the energy identity (3.16) for the RK2 scheme applied to
(4.11)—(4.12). Setting

Dy i= D1+ g7(aq, &)e + 5708, G + 37(AGH &) + 37 (A G
yields
A= —37I&1% — 37ICTE + 3116% — GRIIZ — 37(La(0h — ¢, 0h)L + D2

= —57I& S — 37IGE — 5TIORE + 5108 — CRIZ + 57(LuCh, 0h)r + Ds

= —oTI& S — §7IGHIE — 37IOR TS + 3108 — R + 37(LnGhs 0 — ¢i)r + Dy

= —57I& S — §TIGHE — 5TIORIS + 508 — G 0% — G + 3TLnG) L + D3,
with D} := Dy + ¢7(A0},07) 1 and DY := D}y — 27(A¢p, (). Consider the fourth
term on the right-hand side, say, B, and observe that owing to (4.11) and (4.16),
B =30 — G, 0h — Gi + 37LaGi)L

30 — G =3 (08 — G) + 37L&y + 37(B — af))L
= —gllk = GHIZ + 508 — G & — G+ 3783 0 = G

Set G = — 57|15 —§7ICR 15— 5710018 — 1107 = ¢ l|7 and D3 = DY+ 37(B}, 05 — i) s
so that

A=G+ %(92 — G &n — G + Ds.
Then using (4.16) again leads to

A=G+ 3(—37Ln(C — &) + 5781 — o), & — i) + Ds
=G+ L7|¢ — &rE + D,

with Dy = D3+ :7(8) — a1, &8 — (M — HT(ACE — €1), ¢ — &) Using the
expressions for Dy, D}, and D3 in Dy yields (4.15). o

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



EXPLICIT RK-FEM WITH SYMMETRIC STABILIZATION 2037
LEMMA 4.3 (stability). Under the usual CFL condition (2.32) with
(4.18) 0< mln(1§405_1 (%)1/20;3) ,
there holds

(4.19) NIEFHIT — ERNT + geTI€R 1S + 57ICH 1S + 45710h 1%
< Or(r8 + ER1IZ + ICRIIE + 1107112 + lI€R11E)-
Proof. We bound the terms on the right-hand side of the energy identity (4.15).

(i) Bound on 17|¢f — &'%. Let e and € be positive real numbers to be chosen
later. Observe that

I —&rlE < A+ e)lon —&ple+ 1+ e h)on — Gl
SA+1+a)6rE+ 1+ +e HIEE+ 1 +e DI —CRIZ
<A+ +)6r15+ 1+ +e I

+ (14 Csoh M0 — G,

where assumption (A4) has been used. Then takmg e =2 and ¢ = I and observing
that 2(1+€)(1+¢6) =5, 2(1+e)(1+é ) =1L and that

%T(l + efl)Csohfl < %,
owing to the choice (4.18) for the CFL condition, it is inferred that
TTICh — ER1E < LTIORIE + BTl |E + Slon — Gl
(i) Bound on £[|¢*" — 67(|7. Using (4.17) and the bound (2.29) yields
216 = ORlIE < 572ILn(0k = GOIL + 577117 — BrlZ
(TCLoh™ 21105 = G + 57° i — BrlZ
=0 = GRIL + 577 Ik — BRI,

owing to the choice (4.18) for the CFL condition.
(iii) Inserting the bounds delivered in steps (i) and (ii) into (4.15) yields

IN A

SIEn I = SlERIT + sa7lenls + IS + 55 7I6R 1%
< 570l = BRIL + 57O 00) + §T(B &) + gT(ad, & + 5Ch)L + A

(iv) It remains to bound the five terms on the right-hand side, say, T1-T5. To
this purpose, we first bound the quantities o}, 3;', and 7}’ by proceeding as for the
RK2 scheme. It is readily inferred that

llaple ST 18RI S 72Ukl Tl S V21001 + 74
and that for all v, € Vj,

T(ag, vn) S Tl&x [« (lonls + llvnllz),
7By on)e S TG« (vnls + [[onllL),

(v vn)z S Tl (lonls + llvnll ) + 7*[onll 2.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



2038 E. BURMAN, A. ERN, AND M. A. FERNANDEZ

Moreover, still proceeding as for the RK2 scheme,

Gk S ERIE +11éxller OR1E S €T + &l + NG+

Using these estimates yields 71 < 7(77 + [|¢2|2 + [|62]|?). Furthermore, using Young
inequalities leads to

Ty + Ts+ Ty < 7018 + HTICHE + 7160012
+ CT (T8 + JEXN2 + ICEIZ + 102012 + 1E7017)-

Finally, since A is symmetric,

Ts SR + IS + 10R12) S 7RI + IS + 1ERTIT)-
Collecting the above bounds and since 77 < 7% concludes the proof. n|

4.4. Error estimate. The next theorem provides a quasi-optimal energy error
estimate under the usual CFL condition.

THEOREM 4.1. Assume that u € C*(0,T; L) N C*(0,T;[HPFL1=5(Q)]™) for s €
{0,1,2}. Then under the usual CFL condition (2.32) with the choice (4.18) for o,
there holds

N-1 1/2
(420) ™ — il + (Z Frlunls + FiwRls + %TIyZI%) S 70 R,

n=0

Proof. Starting with estimate (4.19), sum over n, apply Gronwall’s lemma, and
use the approximation property (2.30). O

5. Numerical results. In this section we investigate numerically explicit RK2
and RK3 schemes using, respectively, their implementations (3.6)—(3.8) and (4.6)—
(4.9). We discretize in space using the continuous (CIP stabilized) and DG FEMs
discussed in section 2.4, using piecewise affine (p = 1) and quadratic (p = 2) poly-
nomials. We consider the advection equation (2.8) with 8 = (y,—z)t, f = 0, and
Q= {(z,y) € R? : 22 + 4> < 1}. We first illustrate the convergence properties of the
various schemes on a test case with smooth initial datum. Then we investigate on
a test case with rough initial datum the capability of the present schemes to control
global spurious oscillations. The numerical computations have been carried out using
FreeFem++ [21].

5.1. Convergence rates for smooth solutions. The initial datum is the
Gaussian function ug(z,y) = e *®¥) with p(z,y) = 10[(z — 0.3)> + (y — 0.3)?]. The
stabilization parameter v in S&t is set to 0.5 for DG (i.e., upwinding) and to 0.005 and
0.001 for CIP with p =1 and p = 2, respectively (improvements by further tuning of
these parameters goes beyond the present scope; see, e.g., [6] for such an investigation
in the steady case). In Table 5.1, we report the energy errors ||u’y — ulY||, at the
final time T" = 27, i.e., after a complete rotation of the initial datum. The scaling
7/h is chosen to satisfy the appropriate CFL condition and, according to the error
estimates (3.21), (3.23), or (4.20), in such a way that the error in time dominates the
error in space. The RK2 schemes with p = 1 exhibit second-order accuracy in time,
as stated in Theorem 3.2. On a fixed mesh, the DG formulation yields more accu-
rate results and uses a larger number of degrees of freedom. The RK2 schemes with
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TABLE 5.1
Energy error at final time for smooth initial datum.

p=1
RK2 (7 = 0.2h) RK3 (see text)

T CIP DG T CIP DG
9.82e—3 4.3le—3 1.79e—3 | 1.05e—2 8.45e—2  3.92e—2
4.9le—=3 7.20e—4 3.9le—4 | 5.24e—3 4.30e—3 1.72e—3
2.45e—3 1.58e—4  8.86e—5 | 2.62e—3 1.55e—4  8.36e—5

p=2
RK2 (7 = 0.14h%/3) RK3 (7 = 0.08h)

T CIP DG T CIP DG
3.98e—2  5.60e—2 4.27e—2 | 3.14e—2 5.57e—2 4.13e—2
1.58e—2  5.54e—3 3.74e—3 | 1.57e—2 5.16e—3 3.44e—3
6.28e—3 6.08e—4 4.38e—4 | 7.85e—3 5.47e—4  3.90e—4

p = 2 yield the O(72) accuracy predicted by Theorem 3.1. We also observed that the
strengthened 4/3-CFL condition seems to be numerically sharp. For the RK3 schemes
with p = 1, 7 scales as h'/2. This choice is made in order to reduce the spatial error
which scales as h3/2 only; thus, the usual CFL condition is satisfied with an increasing
parameter o, up to 0.21. The achieved convergence rate is slightly higher than the
theoretical O(73) stated in Theorem 4.1. A possible explanation is that contributions
of the spatial error can be dominant on coarser meshes. Finally, the RK3 schemes
with p = 2 yield the O(73) accuracy stated in Theorem 4.1; slight perturbations, due
to the O(h5/ 2) spatial contribution of error, can appear on the finer meshes.

5.2. Controlling oscillations in rough solutions. We now consider the initial
datum ug(z,y) = % (tanh(10%(eP(@¥) — 0.5)) + 1). Owing to the sharp layer (with
thickness of order 0.001), spurious oscillations are obtained when using unstabilized
continuous finite elements (or, equivalently, centered fluxes) on meshes that are too
coarse to resolve the internal layer. We consider a fixed uniform mesh with 256
elements along the boundary of Q (h &~ 0.025). The sharp layer is thus underresolved.
Approximate solutions are presented in Figure 1, confirming that the present methods
are able to avoid the global spreading of spurious oscillations, so that the discrete
solution after a complete rotation still exhibits a sharp layer. In all cases, the largest
possible time step has been used; the corresponding value of ¢ in the CFL condition
is reported in Figure 1.

6. Concluding remarks. In this work, we have analyzed several approxima-
tion methods to the evolution problem (1.1a)—(1.1¢), combining explicit RK schemes
in time and stabilized finite elements in space. In our opinion, salient features of
this work are the following: (i) the fact that continuous and discontinuous finite ele-
ment approximation in space can be cast into a unified analysis framework, (ii) the
possibility to use high-order approximation methods in space and time (at least up
to third-order in time, but an extension to RK4 schemes proceeding along the same
lines should be feasible) in an explicit framework, (iii) the intertwined stability effects
coupling stabilization in space and antidissipativity in time. This last point is impor-
tant in the analysis of RK2 schemes with piecewise affine finite elements, but it also
plays a role in bounding the aj, 3}, and 7}’ terms in the energy identities owing to
assumption (A6).

The techniques presented herein can also be used to analyze finite volume schemes
with upwinding by interpreting them as DG methods with polynomial degree p = 0.
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(a) RK2P,/CIP, (b) RK2P;/DG, (c) RK3-P;/CIP, (d) RK3-P;/DG,

7/h = 0.51 7/h =02 7/h = 0.64 7/h = 0.26
(e) RK2-Py/CIP, RK2-P5/DG, (g) RK3-Po/CIP, (h) RK3-Py/DG,
7/h=0.2 T/h—012 7/h =0.26 7/h =0.15

Fic. 1. Contour-lines of discrete solution at final time for rough initial datum.

The forward Euler scheme takes the form uZH = up — 7Lpup + 7f so that the
error equatlon becomes {”H = & — TLp&) + Tay, where of = L&} — mpn™ with
=71 ( 7, (o1 — 1 )Owu dt. Multiplying by &' yields the energy identity

sIETHZ = SIERIE + TIEr(s = 51&T = ErIIT +T(ah, &) + 3T(AG, &)L

In the finite volume case, a remarkable property is that there is C? s.t. for all vy, € V},,
(6.1) HLh'UhHL < Cg(fl/zhil/2|vh|s.

(This property is equivalent to the coercivity condition considered in [24].) As a
result, under the usual CFL condition (2.32) with ¢ = (2C9)72, the first term on the
right-hand side of the energy identity, which results from the antidissipative nature
of the forward Euler scheme, can be bounded as
sllen™ = &rli < srlenls + 72llaniZ,

whence proceeding as above, an energy error estimate of the form O(r + h'/?) is in-
ferred. In the absence of upwinding (that is, if centered fluxes are used), the above
argument breaks down since |-|s = 0, and it is necessary to invoke a stronger 2-CFL
condition of the form 7 < ¢/(h/0)?. Using upwinding with the usual CFL condition
or centered fluxes with the 2-CFL condition both yield a consistent approximation
method in the sense that (A3) holds true. Furthermore, the stability argument also
breaks down for high-order DG methods (p > 1) since (6.1) no longer holds true,
thereby requiring again a 2-CFL condition. Alternatively, an inconsistent approxima-
tion with the usual CFL condition can be derived using continuous, piecewise affine
finite elements and first-order streamline diffusion for which s(v,w) = h(Av, Aw),.
Finally, we observe that explicit RK2 schemes can also be used in conjunction with

finite volume schemes. Indeed, the proof of Theorem 3.2 is still valid for p = 0 under
the usual CFL condition (2.32) with ¢ = %CL_Q.
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Extensions of this work can explore various directions. Firstly, a more general
form for the evolution problem (1.1a) can be considered, namely, Agdiu + Au =
fon Q x (0,7). When Ay is smooth, the above analysis carries over with minor
modifications. When Ay is not smooth (e.g., piecewise constant on the mesh), the
analysis must be modified; DG methods appear to be more appropriate to handle
this case. A further extension of the present analysis is to tackle error estimates in
the graph norm. Finally, ongoing work focuses on combining explicit and implicit
schemes for the approximation of evolution problems with stiff terms resulting from
diffusion.
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