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EXPLICIT RUNGE-KUTTA SCHEMES AND FINITE ELEMENTS
WITH SYMMETRIC STABILIZATION FOR FIRST-ORDER LINEAR
PDE SYSTEMS

ERIK BURMAN*, ALEXANDRE ERN', AND MIGUEL A. FERNANDEZ?

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 spatial stabilization, encom-
passing 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 the advection and wave equations.

Key words. First-order PDEs, transient problems, stabilized finite elements, explicit Runge—
Kutta schemes, stability, convergence.

AMS subject classifications. 65M12, 656M15, 656M60, 65L06

1. Introduction. Let Q be an open, bounded, Lipschitz domain in R% and let
T > 0 be a finite simulation time. We consider the following linear evolution problem

Oyu+ Au = f in Qx (0,7), (1.1)

completed with suitable initial and boundary conditions specified below. Here, u :
Q2 x (0, T) — R™, m > 1, is the unknown and f :  x (0,7) — R™ is the source
term. Moreover, 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). Typical examples include advection problems and linear wave propagation
problems in electromagnetics and acoustics.

Our goal is to analyze approximations to (1.1) using explicit Runge-Kutta (RK)
schemes in time and finite elements with symmetric stabilization in space. Explicit
RK schemes are popular methods to approximate in time systems of ordinary dif-
ferential equations. In the context of space discretization by discontinuous Galerkin
(DG) methods, explicit RK schemes have been developed by Cockburn, Shu, and
co-workers [11, 10, 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 discretiza-
tion by continuous finite elements where, to our knowledge, stabilization techniques
have not yet been analyzed in combination with explicit RK schemes. In particu-
lar, SUPG-type stabilization 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, 7]), i.e.
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based on A-stable time discretizations, or semi-implicit methods [7], resulting from
the combination of an A-stable scheme with an appropriate explicit treatment of the
stabilization operator.

The starting point of our analysis is the observation that owing to the properties
of the differential operator A, there is a real number \j s.t. for the exact solution,

(Au,u)p > $(Mu,u)p,00 — Mollull7, (1.2)

where M is a non-negative R™™-valued boundary field depending on the boundary
conditions. Here, we have set L := [L%(Q)]™, (-,-)z denotes the usual scalar product
in L with associated norm |||, and (-,-)p 0q denotes the usual scalar product in
[L2(09)]™. As aresult, an energy can be associated with the evolution problem (1.1).
Indeed, taking the L-scalar product of (1.1) by w, exploiting (1.2), and integrating in
time, it is inferred using Gronwall’s lemma that solutions to (1.1) satisfy the energy
estimate

T
ma ||uH%—|—/ (Mu,u)1o0dt < C, (1.3)
t€[0,T] 0

where the constant C' depends on the initial condition, the source f, the simulation
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 anti-dissipative (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 RK3 and 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 with symmetric stabilization.
High-order finite element methods do not satisfy the above coercivity condition. In-
stead, 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. Furthermore, we additionally derive energy error estimates that are opti-
mal in time and quasi-optimal in space provided the exact solution is smooth enough.
We also consider fully unstructured simplicial meshes.

A salient feature is that our conditions allow for a unified analysis of several
high-order stabilized finite element methods encountered in the literature. Examples
include in the context of continuous finite elements, e.g., interior penalty of gradient
jumps [2, 3], 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 DG methods can be cast into
the same unified framework as stabilized finite element methods, 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 and three-stage third-order schemes (abbreviated
as RK2 and RK3, respectively). These schemes are written in a specific form suitable
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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 the
minimal mesh size, o a reference velocity, and ¢ a dimensionless constant,
an energy error estimate of the form O(72 + h3/?) for the RK2 scheme and
piecewise affine finite elements;

e under the tightened 4/3-CFL condition 7 < ¢'(h/c)*/3, an energy error es-
timate of the form O(72 + hP*1/2) for the RK2 scheme and finite elements
with polynomials of total degree < p with any p > 2;

e under the usual CFL condition 7 < g(h/o), an energy error estimate of the
form O(7%+h?+1/2) for the RK3 scheme and finite elements with polynomials
of total degree < p with any p > 1.

To the best of our knowledge, the above results are new for continuous finite element
methods. As such, they provide an attractive alternative to the method of charac-
teristics since the present methods are more easily extendible to higher order. For
DG methods, the two above results for RK2 schemes have been obtained by Zhang
and Shu in the more general context of nonlinear scalar conservation laws [27] and
symmetrizable systems of nonlinear conservation laws [28]. Our result for the RK3
scheme is, to the best of our knowledge, new. Moreover, the present proofs for RK2
schemes on linear PDE systems allow to identify more directly the stability properties
of DG methods that play a role in the analysis.

This paper is organized as follows. In §2; we present the continuous and discrete
settings and state the conditions on the stabilization of the finite element method
allowing for the unified analysis. In §3 and §4, we treat RK2 and RK3 schemes,
respectively. Numerical results illustrating the theory are presented in §5. Finally,
some conclusions and lines for future work are drawn in §6.

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
finite element method allowing for the unified analysis.

2.1. The continuous problem. Let {4;}1<;<q be fields in [L>(Q)]™™ s.t.

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

i=1

The differential operator A in (1.1) is

d
A= A;0;. (2.3)
i=1
For further use, we set o := maxi<i<q||4ill[Lec(Q)mm. Assuming that the PDE

system (1.1) is written in non-dimensional form for u, the components of the fields
A; scale as velocities, and the quantity o represents a maximum wave speed.

Let n = (ny,...,n4) denote the outward unit normal to Q. Define the boundary
matrix field D € [L>=(9Q)]"™™ s.t. a.e. on I,

d
D= Z Aini, (2.4)
=1
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and observe that D takes, by construction, symmetric values. The boundary condition
on (1.1) enforces at all times ¢ € (0,7),

(D = M)ulaq =0, (2.5)

where the boundary matrix field M € [L*°(9€)]™™ is non-negative a.e. on 92, and
| M||{Lo(a0))mm < Cpro for some constant Cpy. The initial condition is u(-,0) = ug
in Q with uy € L, and the source term is such that f € CY(0,7; L). When deriving
convergence rates, we assume that u € C°(0,T;[HPT1(Q2)]™) if finite elements of
degree p are used, and that v € C'(0,7; L) and f € C'=1(0,T; L) with | = 3 for RK2
and [ = 4 for RK3.

Since M is non-negative, the seminorm

1/2

olar = (M, v)} 3, (2.6)

is well-defined. Define the bilinear form
a(v,w) = (Av,w), + 2((M — D)v,w)r s0. (2.7)
A crucial consequence of properties (2.1) and (2.2) is that integration by parts yields
a(v,v) = Lv[3; — 3(Av,v)L. (2.8)

Lettlng )\0 = %HA”[LOO(Q)]"L,"L leadS to

a(v,v) 2 3lvfi; = AollvlZ. (2.9)

We now give three examples of evolution problems fitting the present framework.
e Advection: let 3 € [L>°(Q)]¢ with V-3 € L>(Q2) and consider the PDE

Ou+ B-Vu = f. (2.10)
Set m =1 and
A; =3, Vi e {17...,d}, (211)

yielding D = -n. An admissible boundary condition consists in taking M =
|3-n| which enforces u to zero on the inflow boundary.

e Maxwell’s equations: let s, e be positive constants, set ¢ = (ue)~ /2, and
consider the PDE system
0:H+VxE = f1,
HOt fi (2.12)
OE — VxH = fo,

where H is the magnetic field and E the electric field. Set m = 6, u =
(p'/?H, e /?E), and let

,,,,,,,,,,,,,

L Vie{l,...,d}, (2.13)

where 03 3 is the null matrix in R*3 and (Ri)ji = €jir ford, j, k € {1,2,3}, €
being the Levi—Civita permutation tensor. An admissible boundary condition
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is for instance to enforce a Dirichlet condition on the tangential component
of the electric field. Then, D and M are given by

0331 N 033 —NN
D = Cp "””% ””” N M = Cp 7""7% 7777777 ) (214)

where N = Zle n;R; € R33 is such that Nz = nxz for all z € R3,
e Acoustics equations: let ¢y be a positive constant, and consider the PDE
system

—2
¢y O+ Vg = fi,
0 tD q fl (215)
&gq + Vp = f27
where p is the pressure and ¢ the momentum per unit volume. Set m = 4,
u = (cg'p,q), and let

et
A = ¢ [0.611 , Vi€ {l,....,d}, (2.16)

where (e, ez, e3) denotes the Cartesian basis of R3. An admissible bound-
ary condition is for instance to enforce a Dirichlet condition on the normal
component of the flux. Then, D and M are given by

. Lt
I —

2.2. Space discretization. Let {7;},>0 be a family of simplicial meshes of
where h denotes the maximum diameter of elements in 7;,. For simplicity, we assume
that the meshes are affine. Mesh faces are collected in the set Fj, which is split into
the set of interior faces, Fi"*, and boundary faces, F5**. For T € 7}, and for F € Fp,
|-l 7 and ||-||1 F respectively denote the [L?(T)]™- and [L*(F)]™-norms; moreover,
we define [|-|7 , = Y per, |IlI7.p- We assume that meshes are kept fixed in time
and also that the family {7} }x~0 is quasi-uniform; see Remark 2.1 below.

Let V}, be a finite element space consisting of either continuous or discontinuous
piecewise polynomials of total degree < p with p > 1 (the case p = 0 is also possible
for DG methods). Let ), denote the L-orthogonal projection onto V3. Set V(h) :=
[HPTL(Q)]™ + V},. We consider a discrete version of the bilinear form a, namely ay,,
together with a stabilization bilinear form sp. Both forms are defined on V(h) x V},.
We define the linear operators Ay, : V(h) — V,, and Sy, : V(h) — Vj, s.t. V(v,wy) €
V(h) X Vh,

(Apv,wp) = ap(v,wy), (Spv,wp) L = sp(v, wp). (2.18)
We also define Ly, : V/(h) — V}, s.t.
Ly = A, + S). (2.19)

The seminorm |-|5s defined above can be extended to V'(h).
We now state the key design conditions on the bilinear forms aj, and s;,. The first
three assumptions are the following:
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(A1) for all vy, € Vi, an(vn,vp) = 3|vn|3; — 3 (Avn,vn)1;

(A2) sj, is symmetric and non-negative on V(h) x Vj;

(A3) the strong solution u satisfies for all t € (0,T), Lpu = mp(f — Opu).
Assumption (A3) is a (strong) consistency property; it is equivalent to the fact that
for the strong solution u, for all ¢t € (0,7, and for all v, € Vj,,

ap(u,vp) + sp(u,vp) = alu,vp). (2.20)

This consistency property can be weakened for the stabilization bilinear form sj. This
is, in particular, useful when analyzing local projection or orthogonal subscale stabi-
lization. The present strong consistency assumption is sufficient to analyze interior
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

[vls := {sn(v,v) + w3} (2.21)

The other assumptions concern the stability of the discrete operators S;, and Ly,

namely
(A4) there is Cg s.t. for all v, € V3,

lonls < OV |l |, (2.22)
and there is C§ s.t. for all v € [HPT1(Q)]™,
|v — mpvls < C_/ghp+1/2HU||[Hp+1(Q)]m; (2.23)
(A5) there is Cp, s.t. for all z € V(h),
|ILnzllz < Cr(a||Vazlpa + 020712 2)s), (2.24)

where V), denotes the broken gradient of z and ||-|| .« the usual norm in L4
(the broken gradient is needed when working with DG methods; it coincides
with the usual gradient for continuous finite elements);

(A6) there is Cj s.t. for all (z,vp) € V(h) X Vp,

|(Li(2 = mh2), o)1) < Cro/?|lz — mpzl|(vnls + [lvnll L), (2.25)
with the norm for y € V(h),
Iyl := P2V hyll o + B2yl + lyllz.z, + o2 lyls. (2.26)

Finally, in the piecewise affine case, that is, p = 1 in the definition of the discrete
space V},, we also assume that
(A7) there is CL s.t. for all (v, wy) € Vi, X V, with p =1,

|(Lvn, wn — mpwn) L] < Cho2h= 2 (o] s + lJonllz) wn — ThwallL, (2.27)

where 7 denotes the L-orthogonal projection onto piecewise constant func-
tions.
Our analysis hinges on Assumptions (A1)—(AT). For further use, we point out some
useful facts associated with these assumptions. An important consequence of (A1l)—
(A2) and the definition (2.21) of the seminorm |-|g is the following dissipativity
property of the discrete setting: For all v, € Vp,,

(thh,vh)L = |’Uh|% — %(Avh,vh)L. (228)
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Moreover, it is clear that (A5) implies for all z € V(h),
|Lnz|L < CLoh™2||z|.. (2.29)

Using inverse and trace inequalities, it is readily inferred from the definition (2.26) of
the norm ||-||. that there is C\ such that for all v, € V},

[onll« < Coh™ V2 lop] 1. (2.30)
Hence, letting Cp. := C,C,, there holds for all v, € V},,
||thh||L < CL*O'hilHUhHL. (231)

Finally, using (2.23) and usual approximation properties in finite element spaces, it
is inferred that there is C/ s.t. for all v € [HPT1(Q)]™,

||U - 7Th11||* < C;hp+1/2||7f||[Hp+l(Q)]nz. (232)

2.3. CFL conditions. Let 7 be the time step, taken to be constant for simplicity
and such that T = 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

7 < o(h/o), (2.33)

for some positive real number o. The value of ¢ 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

< o (h/o)?, (2.34)

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 (2.34) implies
the CFL condition (2.33) with o = (o/)3/%.

REMARK 2.1. It is also possible to work with shape-regular mesh families. In this
case, as usual, the space scale in the CFL condition is no longer h, but the smallest
element diameter in the mesh. The same space scale is used in the negative powers of

h in Assumptions (A4)—-(A7).

2.4. Examples. In this section, we present two examples of discrete bilinear
forms satisfying Assumptions (A1)-(A7). For F € Fi*, there are T~,T" in 7}, such
that ' = 0T~ NOT T, nr is the unit normal to F pointing from 7T~ 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 {v} = L (v|r- + v|r+), 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.

An example with continuous finite elements consists in considering symmetric
stabilization based on inter-element jumps of the gradient of the discrete solution
[2, 3, 5]. In this case,

asP(v,w) =Y (Av,w)pr+ Y 3((M-D)v,w)Lr, (2.35)
TET, FeFext
sp P (v, w) = Z (S, w) . F + Z ha(SEnp-[Vo],np-[Vw])r.r,  (2.36)
FeFpe FeFint
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where hp denotes the diameter of F. An example with discontinuous finite elements
consists in taking [17]

ayf(v,w) = a(v,w) = > (Dp[v], {w})r r, (2.37)

FeFm

T8 (v, w) = Z (SE,w)p F + Z (S, [w]) i F, (2.38)

FeFpxt FeFin

where Dp := Zgzl Ainp,; for all F € Fint,
The R™™-valued fields S&* and S, which are defined on boundary and interior
faces, respectively, must satisfy the following design conditions:
for the exact solution u and for all t € [0, 7], S&'u = 0 on 09, (2.39)
St and S are symmetric and non-negative, (2.40)
VF € F*t, S$' < ayol,, and VEF € F™, as|Dp| < SE' < azal,,, (2.41)

and for all F € F* and for all (y, z) € [L2(F)]™ x [L*(F)]™,

(M = D)y, 2)1,r| < aso?lyls rll2lz.r, (242)
(M + D)y, 2)1,r| < asa™?|ly|l,rlzls.F- (2.43)
Here, aq,...,as are positive parameters, inequalities in (2.41) are meant on the as-
sociated quadratic forms, I,,, denotes the identity matrix in R™™ and for F' € F5**,
v|sr = {(S¥,v)rr + (Mv,v)p p}/? which is well-defined since S$* is non-

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

LEMMA 2.1. Assume that the design conditions (2.39)—(2.43) hold and that for all
T €T, and for all i € {1,...,d}, Ai|lr € [COY2(T)|™™. Then, Assumptions (A1)~
(A7) hold for a® and s(,np defined by (2.35)(2.36) and for a}® and s4° defined
by (2.37)—(2.38).

Proof. Assumptions (A1)—(A6) can be proven as in [5, 6] for continuous finite
elements with interior penalty and as in [17] for discontinuous finite elements. To
prove Assumption (A7) for continuous finite elements, let (v, wp) € Vi, x Vj, with
p =1 and set y, = wp — 7r2wh. Since yp, may not be in V}, we obtain

(Lnvnyn)e = Y (Ao, mnyn)or + Y 3((M = D)on, myn)p.r + 5.7 (0n, Thyn)-
TET, FeFg

For the third term, using (A2) and (A4) we obtain

1/2 o/2p—1/2

|52i (v, Thyn)| < |onlslmrynls < |onlsCy | Thynllz

< CY2 2 2 ol sllynll -

The second term is bounded similarly using (2.42) and a trace inequality to bound
l7ryn| L, r. For the first term, observe that

> (Avn,myn) e = Y (Avw, mnyn —yn)or + D (Avw,yn) oo =Ty + To.
TeTh TETH TeTn
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Following [5] using a so-called Oswald interpolate, it can be proven that
T < Co' 2 (Jopls + ol L) lyall -

Furthermore, since p = 1, letting A := Z;izl(ngi)Bi,

T =Y (A=Awn,yn)rr < Co2h™2|vp Lllysllz,
TeT,

using the local regularity of the fields A; and an inverse inequality. This completes

the proof of Assumption (A7) for continuous finite elements. For discontinuous finite
elements, the proof is similar, but simpler since mpy; = y, and so T3 = 0. O

The above setting can be applied to the PDE systems presented in §2.1; see [5, 17].

e Advection: take S¢* = 0 and S* = 7|3-np| with user-defined parameter

v>0(y= % amounts to so-called upwinding in the context of DG methods).

e Maxwell’s equations: take

where 71, 72, and 73 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: take

, (2.45)

where 03 is the null vector in R3. 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 pressure and that of the normal component of the momentum

per unit volume.

3. Analysis for explicit RK2 schemes. This section is devoted to the con-
vergence analysis of explicit two-stage RK2 schemes. First, we present the specific
form of the schemes on which we will work and show that usual implementations of
two-stage RK2 schemes fit this form. Then, we derive the error equation and es-
tablish the key energy identity. Finally, we infer (quasi-)optimally convergent error
upper bounds under the CFL condition (2.33) for piecewise affine finite elements and
under the strengthened 4/3-CFL condition (2.34) for polynomials with total degree
> 2. We will keep track of the constants 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 ¢’ in the CFL
condition, and whose value 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. We also set f;, := 7, f. Finally, recall that we assume
here u € C3(0,T; L) and f € C*(0,T; L).
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3.1. Two-stage RK2 schemes. We consider schemes of the form
wy =y — TLpuy + Tf1, (3.1)
uptt = L(up + wi) — 3TLywp + TR, (3.2)
with the assumption that
Ui =i+ TS o, Rl ST (3.3)

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

1 1,272
upt = up — TLpup + 3TPLRug. (3.4)

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

Y= frtt (3.5)

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

k1 = —Lpuy, + f7, (3.6)
ke = —Lu(u} + 37k1) + fr 772, (3.7)
uptt = upl + Th. (3.8)
It is readily verified that (3.6)—(3.8) can be rewritten in the form (3.1)—(3.2)
with
dh=2h - 1 (3.9)
Assumption (3.3) obviously holds.
Define
&y = up — mpu”, ¢ =wy —mpw”, (3.10)
& =u" —mpu”, (n =w" —mpw”, (3.11)

with w = u + 70;u. Using these quantities, the errors can be written as
W= -, wt—wf = (= G (3.12)

The convergence analysis proceeds as follows. Since upper bounds on &7 and (7
readily result from standard approximation properties in finite element spaces, we
observe that error upper bounds can be derived by obtaining upper bounds on &} and
¢j 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 w.
Then, we establish an energy identity associated with (3.1)—(3.2), whence the desired
upper bounds on &}’ and (' are inferred.
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3.2. The error equation. Our first lemma identifies the equations governing
the quantities &' and (j.
LEMMA 3.1. There holds

=& — TLRE) + Tay, (3.13)
W= 3E G~ STINGE + 57 (8.14)

with
op = L€, B = LaCl — " + ), (3.15)

with 7]n = 7'71 fI, (tn+1 - t)28tttu dt.
Proof. Recalling Assumption (A3), namely m,0,u™ = —Lpu™ + f}, yields

mw" = mpu" — TLu” + T f7
Subtracting this equation from (3.1) yields (3.13). To derive (3.14), observe that
u" Tt =" 7O + %728“11" + 2",
and projecting yields
"t = mpuw™ + 1% m0pu” + ey
= L(mpu” + mpw™) — SrLpu™ + A7 fE 4 AP m0uu” + ATy
Moreover,
TpOpu’ = 170 (O™ ) = —TLpOpu™ 4+ 70: f]} = —Lp(w™ — u™) + 70 f1)
whence

7T_hun-i—l _ %(ﬂ'hu" + thn) o %TLhwn + %T(ﬂ'hnn + f}? + Tatfﬁl)

Subtracting this equation from (3.2) yields (3.14). O
For further use, it is convenient to observe that (3.13)—(3.14) imply

W= G = LG — &) + 5707 — af). (3.16)

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

1€ — 16007 + TIEn1E + TIChIZ = i = GrllZ

+7(ah, &) + (B, G+ 5T(AGL &)L + 5T(AGL G (3.17)

Proof. Multiply (3.13) by &} and (3.14) by 2¢}’, sum both equations, and use (2.28)
to infer (Lp&f, &)r = 1613 — 3 (A&, &) and (LGl ¢ = [GRIE — 5 (A G e O

REMARK 3.1. The quantity ||&'"" — CP||2 appearing in the right-hand side of the
energy identity (3.17) is the anti-dissipative term associated with the explicit nature
of the RK2 scheme. This term essentially amounts to a second-order derivative in
time.
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LEMMA 3.3 (Stability). Under the usual CFL condition (2.33) for any positive
real number o, there holds

61 = 1513 + Srleh i3 + 3713 < it - ¢l

+OT(r! +IER I + ISR IZ + IR TIZ)- (3.18)

Proof. Starting with the energy identity (3.17), we bound the last four terms in
the right-hand side.
(1) We first bound o and G}!. Let us prove that

llaplle ST TIBR L S TR + 78, (3.19)

and that for all v, € V4,
m(ag,vn)r S TIE 1« (vnls + [lonllL), (3.20)
(B3, vn) e S TICR I+ (lnls + lvnlle) + 7°[onllz- (3.21)

Using the definition of ', the bound (2.29), and the CFL condition (2.33) to eliminate
the factor h~1/2 yields

Tlaplle = ILuélle < TCLoh ™ 2llER] S 7V/2(1€X .

Similarly, using the definition of 3;', the assumption on d;', and the regularity of the
strong solution u yields

I8k lL = TN LGy —mun™ + ML S TILaG Nl +7° S 720G ) + 72
This proves (3.19). In addition, owing to Assumption (A6),
T(ag, vn)r = T(Ln& vn) L S TS (lonls + llvallz),
and similarly, using a Cauchy—Schwarz inequality,
(B, vn)z = 7Ly vn)z + (=™ + 63, vn)z S TICE s (fonls + lonllz) +7°vnl| 2.
(ii) Owing to the bounds (3.20) and (3.21),
(ag, &)L+ 78y, L S TIE (& s + IR 1) + TG I (G s + IR Iz) + T2 Gl -

Moreover, it is inferred from (3.13) using the triangle inequality, the bound (2.31),
and the CFL condition (2.33) that

il < I€nlle + TILahlle + Tlanlle S + TlleRlz.
Hence, owing to (3.19),
IGHe S Rz + 72 1ER 1 < g T + 1€
since 7 < 1. Collecting these bounds and using Young inequalities yields
T(ah, &) + (B, G < 57IEE + 5TICHE + CT(rt + IER I +ICHIE + lIER1Z)-
(iii) Finally,
sTAG &L + 5m(AGHL G STIERIE + TIGIT S TIEIT + TlIER I,

since |(7]|z S 11E0 ||z + €2« This concludes the proof. O
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3.4. Error estimates. Starting from the stability estimate (3.18), there are two

ways to bound the positive term ||§Z+1 — (||? appearing in the right-hand side. In

the general case p > 2, the strengthened 4/3-CFL condition (2.34) 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 (2.33).

3.4.1. General case: 4/3-CFL condition. The next theorem provides a gen-
eral a priori error estimate in the general case p > 2 under the strengthened 4/3-CFL
condition.

THEOREM 3.1. Assume that u € C3(0,T; L) N C°(0,T; [HPTH(Q)]™). Under the
strengthened 4/3-CFL condition (2.34) for any positive real number ¢, there holds

N-1

1/2
= ud | + (Z a3 + ;T|wg|§> < 724 ppt/2, (3.22)

n=0

Proof. The proof is decomposed into three steps.
(i) Bound on [|€F! — ¢P||2. Starting from (3.16) and using (3.13) leads to

B =G = —5TLn(Ch — &) + 5T(B) — o)

= 1P L2ER + 47(0 — of — 7Lno}).

Set Ry = i7(8)' — o)t — TLyaj!). Using the triangle inequality, the bound (2.31), and
the CFL condition (2.33) yields

IR < 7lBkll + TlleRllL,
so that (3.19) implies
IRE L S 7%+ 720G + 7215
As a result,
lEn ™ = GRIE S THILRERIE +7(7° + €012 + ICHI)-
(ii) Using the above bound together with the stability estimate (3.18) leads to
IERTHIE = IERIT + 5TIERIE + 371G S T ILRERIE +7(rt +IERIZ + IGFIZ + NIER12),
since 75 < 74. The strengthened 4/3-CFL condition together with (2.31) imply
TLRERIT S TlIERIL-

Hence,

IERTHIT = IERIZ + S7IER1E + SIS S TIERNT + (7t + [lERIZ + IGRII2)-

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

N-1 N-1
EN 12 + D 37(Er 13+ 1GhIZ) S =4+ D rUErI + 116r 1),
n=0

n=0
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and using the approximation property (2.32) yields
N-1
IENIE + D m(ER T +1Gr 1) S 7+ h
n=0

whence (3.22) readily follows using a triangle inequality and the fact that |u—u}|s =
upls and [w —wils = [wy]s. O

REMARK 3.2. Although there is no specific limit to the value of the constant o' 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 small enough
value should be considered for o' ; see Section 5 for numerical experiments.

3.4.2. Piecewise affine finite elements: usual CFL condition. The next
theorem provides an a priori error estimate for p = 1 under the usual CFL condition.
THEOREM 3.2. Assume piecewise affine finite elements are used and that u €
C3(0,T; L) N C°(0,T; [H*(Q)]™). Then, under the usual CFL condition (2.33) with

0 < min {(2\/§CL)*2, (2\/§ch;)*2/3} : (3.23)

with C} = C;CL and where C; is the constant in the inverse inequality |V pvp|re <
Cih™ vy, — whop| L valid for all vy, € Vi, there holds

N—1 1/2
IIuN—uhNIIL+<ZéTIuZIQSJréTIwZ%) SPERt @21
n=0

Proof. We bound || — ¢||2 differently from the proof of Theorem 3.1. Set
=& — ¢, so that (3.16) yields

;LL'H - = %TL}LIZ + %T(ﬂﬁ —ap).
Hence, using a triangle inequality and Assumption (A5) yields

€ = Gl < 5CLoT|Vaah ] pa + 5CLo'/2h 2riaf]s (3.25)
+ 57188 — ahlle-

The first step is to control |V,z7||a. Let y? = 2} — na? and observe that

||yITLLH% = ('TZay}TLL)L = T(thgvy}?)ll - T(O‘27y}?)lla

since x} = TLp¢) — 7). To bound the first term in the right-hand side, we use
Assumption (A7) to infer

TI(Ln&it yh) el < Cra' PR e (I s + 1€ ) vk

Furthermore, bounding the second term by a Cauchy-Schwarz inequality, using the
CFL condition, and simplifying by ||y} ||z leads to

lyplle < Cro' 2R 2r|e s + TllagtllL + O3
Thus,

IVhaillce < Cik~ Myl < Clo'2h=221lh|s + Ch (rllaf | + 72 €k 1L),
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with C] = C;C%.. Hence, substituting back into (3.25) yields
I+ = Gl < 5CLCI™ 2227l
+ 3CLo PRI TIGE = Gils + OTA( 2 I+ G + 1€ 1),

where the contributions of }f and 3}' have been bounded using (3.19) and the (generic)
CFL condition (2.33). Owing to the condition (3.23), it is now inferred that

€ — Gl < 275271 2 (101 s + IR — &rls) + O 2 (T2 + [|€2]]w + [1C2 N1 + 1€ 1)
<2 32012(16n s + |CRLs) + OV (2 +||€R ] + IC2 ] + I€R1IL)-

Squaring yields
IEn™ = Gl < §7IERTE + 37IGRIE + Or(r® + IR 12 + ICR I + IER1IE)-
The conclusion readily follows by proceeding as in the proof of Theorem 3.1. O

4. Analysis of explicit RK3 schemes. This section is devoted to the con-
vergence analysis of explicit three-stage RK3 schemes. We proceed similarly to Sec-
tion 3. The main difference is that a sharper stability estimate can be derived for
RK3 schemes, so that the strengthened 4/3-CFL condition (2.34) is no longer needed.
Finally, recall that we assume here u € C*(0,T; L) and f € C3(0,T; L).

4.1. Three-stage RK3 schemes. We consider schemes of the form

wy =y — TLyuy + Tf1, (4.1)
yn = 3(upy +wp) — 37Lywy + ST(f} + 7O 1), (4.2)
up ™t = H(up + wi + yp) — 7Layk + 3TUR,

with the assumption that
Ui = [+ 1O + 500 S + 08, oIl ST (4.4)

There are many ways of writing explicit three-stage RK3 schemes. Since the space
differential operator is linear, they all amount in the homogeneous case (f = 0) to
upt™ = up — TLyuf + 377 Liup — AP L) (4.5)

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

ky = —Lpup + fr, (4.6)
ke = —Ly(uf + 37k1) + frt°, (4.7)
ks = —Ly(uf + 27ks) + fr /%, (4.8)
uptt =t + tr(ky + 3ks). (4.9)
Straightforward algebra yields
U= =3I T drau i = BrLa(T - - dra). (410)

PROPOSITION 4.1. Assume that f € C?(0,T;[H (Q)]™) and that s, = ;" as
defined by (2.36) or that sj, = sig as defined by (2.38). Then, (4.4) holds.
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Proof. We need to prove that |95 — (f" + 7O f7 + 2720u f1)||L S 7. Set ¢ =
A+ Bwith A= =3fp4 923 _1og, pnand B = —3rLy(fi % = fp — Lo, 7).
Using Taylor expansions yields

1A = (fif + 703 + 57°0u i)l S 72N flleaco,riny-

Consider now the term B and set 2" := f”*l/?’—f”—%Tatf” so that B = —%TLh(ﬂ'th).
Assumption (AB) yields

1Za(mnz") |z S IV2" e + R 2 maz"]s,

where we have used the H!'-stability of 7, in writing ||[Vz"||p«. When s, = s}dlg,
observe that |2"|s = 0 since f € C?(0,T;[H'(Q)]™) so that

W22 g = h™V22" — 2" g < ||IV2"| e

When s;, = sj;ip, 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

1BllL < T||V(fn+1/3 - f" - %Tatfn)”Ld < TS”f”C?(O,T;[Hl(Q)]m)v
completing the proof. O
4.2. The error equation. Along with definitions (3.10) and (3.11), let
W=y —my", 0=y —may", (4.11)

with y = v + 70,u + %7’23”%
LEMMA 4.1. There holds

(=& —TLE, +Tay, (4.12)
Oh = 38+ G) = 37LaGH + 3707, (4.13)
W= (6 Gh+ 6R) — 3TLabR + S, (4.14)
with
ap =Ln&, B =La¢l, o = Lty —mn™ + 0y, (4.15)

where n™ =771 [} L(tyi1 — )3 0upudt.
Proof. Equations (4.12) and (4.13) are obtained as in Lemma 3.1. To derive (4.14),
observe that

u" =" 4 o + %7’28ttu" + %Tgﬁtttu" + %7'77",

and proceed again as in Lemma 3.1. O
For further use, it is convenient to recall that (4.12)—(4.13) imply

O =G = 37Ln(Ch — &) + 37(By — af), (4.16)
and to observe that (4.13)—(4.14) imply

Lo~ LrLL(0F — ) + ST — B (4.17)
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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 = 3lIERIE + 37Ih 1S + TIGR TS + 37I0R1E + §l10R — GRIIT

= o7 = GG+ SlET =07 + A

1 n o gn 1 n en 1 n o ¢n 1,/n (418)
+ 37, 0L + 57 (BR, &)L + 5T (ag, & + 5¢h )L,
where A i= Lr(A&R, &)L — 2T(AG, &)L + £7(AG],07) 1.
REMARK 4.1. The quantities 17|C — &8|% and 3||&7 — 0712 appearing in the

right-hand side of the energy identity (4.18) are the anti-dissipative terms associated
with the explicit nature of the RKS3 scheme. However, contrary to the RK2 scheme,
there is now a positive term in the left-hand side of (4.18), namely %H@,’f — (3,
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 poly-

nomials.
Proof. Set A= L|&r*|2 = L&+t — 6|12 — L€zl12. Then,

A= (67 = 300,000 — 516k 1IE
= 3IORIZ + (& = 0n, 00 — 51€0113
= 3l0R1% = BURIE = 57(Ln (0% = G, O + 37(vh = B3, 0
where (4.17) has been used. Set

Dy = 37(vh = B 001

The term 1 |67]|2 — 3[|&7]|3 can be evaluated using the energy identity (3.17) for the
RK2 scheme upon replacing f};‘“ by 6}. Setting

Dy =Dy + %T(O‘2762)L + %T(ﬁ}?’ C}?)L + iT(Agﬁag}?)L + iT(AC_}?’ C}?)L;
yields
A= —37|&0 % = 57IGE + 168 — GRIIE — 57(Ln(0) — Ci), 05 ) + Do
= —57IEn 1% — 57ICRIE — 5TIOR IS + 3168 — GHNIZ + 5T(LaCR, 7). + Dy
= =57l % — §7IGRIE — 57TIORIE + 31165 — GhlIT + 37 (LaCR, 05 =GR + Dy
= —57IEh 1% — §TICRIE — §TIORIE + (07 — G\ O — G + 5TLACE) L + D3,

with D := Dy + ¢7(A67,05), and DY := D} — +7(AC), (). Consider the fourth
term in the right-hand side, say B, and observe that owing to (4.12) and (4.16),

B =30 — (i —5(0h — i) + 37Ln&y + 37(8) — ap))e
= — 4167 — GRI% + 305 — G & — G+ (B 6F — G

Set G = —37|¢n |3 — 27| % — 2710712 — 2102 — (|12 and D3 = DY +37(8, 05 — (o)L,
so that

A=G+ 508 — & — )L + Ds.
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Then, using again (4.16) leads to
A=G+5(=57Ln(G = &) + 378k — o), & — Gi)r + Ds
=G+ §7I¢ — &% + Da,

with Dy = Dy + 27(80 — ', &0 — ) — (AR — €8),¢r — &)1 Using the
expressions for Dy, DY, and D3 in Dy yields (4.18). O
LEMMA 4.3 (Stability). Under the usual CFL condition (2.33) with

o <min(2;C5, (5)V2erh, (4.19)
there holds

&8 — NERI2 + A rlenlE + ric i3 + &rlopi
< O7(r® + €212 + IR + 10712 + g ).~ (4.20)

Proof. We bound the terms in the right-hand side of the energy identity (4.18).
(i) Bound on 7|/ — &%, Let € and ¢ be positive real numbers to be chosen later.
Observe that

G =&l < L+ 0)l0h — &5+ (L + e IoE — Gil3
<1+l +6)|9"|s+(1+6)( +eENIGE + A+ ehlon - GI3
<+ +eohlE + 1+ + eI

+ 1+ e HCsoh MO — I3,

where Assumption (A4) has been used. Then, taking e = 5 and ¢ = {7 and observing
that (1 +€)(1+¢) = o5, (1 +e)(1+é 1) =15, and that

% (1+eHC0soh™t < 12>
owing to the choice (4.19) for the CFL condition, it is inferred that
lTKh £h|S = 24T|9h|5 + T|£h|S + 12||0h C}TLLH%
(i) Bound on %[|&+" — 67]|2. Using (4.17) and the bound (2.31) yields
e = 0rlL < §72ILn(0h — COIZ + 5771k — BRI
5 (TCLaah™ 2105 =GRl + 5721l — BilL
w0k = GIL + 57°lvk = BRllL,

owing to the choice (4.19) for the CFL condition.
(iil) Inserting the bounds delivered in steps (i) and (ii) into (4.18) yields

IN I/\

ngnH”L SR + 5571E0 % + 7'|<h|s + 5 7I0h %
< %TQHWh Billg + TR, 0L + 57(BR, &)L + 5T(aR, &h + 3¢ L + AR

(iv) It remains to bound the five terms in the right-hand side, say T7-T5. To this
purpose, we first bound the quantities aj, 3}, and ~;' by proceeding as for the RK2
scheme. It is readily inferred that

Tlaplle £ 72l TIBRIL S 72NCR L TRl S T2 108 + 7Y
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and that for all v, € Vj,

(o, vn)r S TlER I+ (lonls + [lonllL),
T(Bhsvn)r S TG« (onls + llvnllz),

(v vn)z S TN (onls + lonlle) +7*flonll 2.

Moreover, still proceeding as for the RK2 scheme,

Gl SN + &l N8R S IR NL + 1€« + 1G]
Using these estimates yields
T S (" + IR+ 1167112)-
Furthermore, using Young inequalities leads to
Ty + T3+ Ty < 57I€R15 + $57IGE + 710k 15
+OT(T0 + IERIZ+ G+ 10713 + IR 11)-
Finally, since A is symmetric,

T S (IR IE +ICHIZ + 1671Z) < 7RI+ NI + 1R 11E)-
Collecting the above bounds and since 77 < 76 concludes the proof. O

4.4. Error estimate. The next theorem provides a general a priori error esti-
mate under the usual CFL condition.

THEOREM 4.1. Assume that u € C*(0,T; L) N C°(0,T;[HPTY(Q)]™). Under the
CFL condition (2.33) with the choice (4.19) for o, there holds

N-1 1/2
u —ul | + (Z =TunE + Hrlwp|E + 4187|y;;|23> <P pt2 (4.21)
n=0

Proof. Starting with estimate (4.20), sum over n, apply Gronwall’s lemma, and
use the approximation property (2.32). O

5. Numerical results. In this section we investigate numerically the explicit
RK2 and RK3 schemes using, respectively, their implementations (3.6)-(3.8) and (4.6)-
(4.9). Regarding space discretization, we consider the continuous (CIP stabilized)
and discontinuous (DG) finite element methods discussed in §2.4, using piecewise
affine (p = 1) and quadratic (p = 2) polynomials. We first illustrate the convergence
properties of the various schemes by considering two test cases with analytical smooth
solutions. Then, we investigate on a benchmark with rough solution the capability
of the present schemes to control spurious oscillations. The numerical computations
have been carried out using FreeFem-++ [21].

5.1. Convergence rates for smooth solutions. We focus on two of the ex-
amples discussed in §2.1, namely the advection and acoustics equations.

To illustrate the convergence rate of the discrete solutions, we have computed the
energy errors [[u™ —ulY ||, at the final simulation time for specific sequences of 7- and
h—refinements. The scaling 7/h is chosen to satisfy the appropriate CFL condition
and, according to the error estimates (3.22), (3.24) or (4.21), in such a way that the
error in time dominates the error in space. More precisely, we have taken:
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e For RK2 with p =1 and RK3 with p =2, 7 = Ch (constant usual CFL);

e For RK2 with p = 2, 7 = Ch*/3 (constant strengthened 4/3-CFL);

e For RK3 with p = 1, 7 = Ch'/2. This choice is made in order to reduce the
spatial error which scales as h%/2 only. The usual CFL increases as the time
step is reduced; for the smallest time step considered, we have ensured that
the scaling 7/h satisfies the required condition (4.19).

5.1.1. Advection equation. As a first numerical test, we consider a two-
dimensional rotating Gaussian benchmark: we solve (2.10) with 3 = (y,z)*, f = 0,
Q = {(z,y) € R? : 22 +y* < 1}, and the following Gaussian function, centered at
the point (0.3,0.3),

() (.’I}7 y) = 610[(75—0-3)2-&-(1/—0.3)2]7

as initial condition. The stabilization parameter v in S 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., [4] for such an investigation in the steady case). For each numerical scheme,

we report the energy errors at the final time T = 2, i.e., after a complete rotation of
the initial condition.

01 F
 ——— RK2-P1/CIP
[ —TF+— RK2-P1/DG
001 |
5
g 0001
5] F
0.0001 [
0.00001 L—z2" S | . L
001 0.01

time-step size

FIGURE 5.1. Advection equation. Convergence history for explicit RK2 with continuous (CIP)
and discontinuous (DG) affine finite elements (p =1).

(h,7) | (h,7)/2 | (hy7)/4 | (h,T)/8
CIP 0.4 7 54 568
DG 1.6 11 90 781
TABLE 5.1

Advection equation. Elapsed CPU time (dimensionless) for the computation of the results
reported in Figure 5.1.
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Figure 5.1 presents the convergence results for the RK2 scheme with p = 1.
We have set 7/h = 0.2, which amounts to choosing ¢ = 0.2 in the usual CFL condi-
tion (2.33) (recall that, here, 0 = 1). The RK2-CIP and the RK2-DG schemes exhibit
second-order accuracy in time, as stated in Theorem 3.2. On a fixed mesh, the DG
formulation yields more accurate results, together with increased computational cost.
This is reflected in Table 5.1 which reports the corresponding (dimensionless) CPU
times. The increased accuracy and cost of the DG formulation can be related to the
larger number of degrees of freedom. In this sense, it is worth noticing that all the lin-
ear systems have been solved using the sparse direct solver provided with FreeFem++
without explicitly exploiting the block diagonal structure of the DG mass matrix (this
is particularly relevant in large-scale computations).

The convergence results for the RK2 scheme with quadratic finite elements (p = 2)
are presented in Figure 5.2. Here, the discretization parameters 7 and h satisfy the
strengthened 4/3-CFL condition (2.34) with ¢’ = 0.14. As expected, the RK2-CIP
and RK2-DG schemes exhibit the O(72) accuracy predicted by Theorem 3.1. We also
observe that the strengthened 4/3-CFL condition seems to be numerically sharp.

1 F
F —A—— RK2-P2/CIP .
[ —O—— RK2-P2/DG -

01 F

0.01

error

0.001

0.0001

0.00001 L L el L L N S R R S A WA
0.001 0.01 0.1

time-step size

FIGURE 5.2. Advection equation. Convergence history for explicit RK2 with continuous (CIP)
and discontinuous (DG) quadratic finite elements (p = 2).

Figure 5.3 presents the results for the RK3 scheme with affine finite elements
(p = 1). Here, 7 scales as h'/? and the usual CFL condition is satisfied with an
increasing parameter g, up to 0.21. Surprisingly, both the RK3-CIP and the RK3-
DG schemes show a convergence rate 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 the coarser meshes. Finally, Figure 5.4 reports the results for RK3
with quadratic finite elements (p = 2). Here, the usual CFL condition (2.33) holds
with o = 0.08. Both the RK3-CIP and the RK3-DG schemes exhibit the O(73)
accuracy stated in Theorem 4.1, although some perturbations, due to the O(h5/ 2)
spatial contribution of error, are clearly visible on the finer meshes.

5.1.2. Wave equation. We now consider the first-order PDE system (2.15) in
the unit square Q = [0,1]? with reference velocity ¢y = 1 and final simulation time
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FIGURE 5.3. Advection equation. Convergence history for explicit RK3 with continuous (CIP)
and discontinuous (DG) affine finite elements (p = 1).

0.1

—~A—— RK3-P2/CIP
—{F— RK3-P2/DG

T

T

0.01

Ty

0.001

error

LA |

0.0001

LA |

0.00001 T | T
0.001 0.01 0.1

time-step size

FIGURE 5.4. Advection equation. Convergence history for explicit RK3 with continuous (CIP)
and discontinuous (DG) quadratic finite elements (p = 2).

T = 1. The right-hand sides f; and f> and the initial data are chosen to yield the
following exact solution:

p(.%‘7 Y, t) = exp(t) Sin(ﬂ—x) Sin(ﬂ—y)’ Q(xa Y, t) = p(SC, Y, t) |}:| :

For the DG method, the free parameters in S&¢ and St are set to v, = 1 and
v2 = 3 = 0.1, while for the CIP method, they are set to 73 = 1 and 5 = 3 = 0.01
with p = 1 and v = v3 = 0.005 with p = 2. In Figures 5.5 to 5.8, we report the
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convergence results for the energy norm of the error at final time.

The RK2 scheme with affine finite elements (p = 1) exhibits optimal time conver-
gence, as shown in Figure 5.5. Here, the discretization parameters satisfy the usual
CFL constraint with ¢ = 0.13. The same optimal rate is obtained in Figure 5.6 with
quadratic finite elements (p = 2) and a set of time and space meshes satisfying the
strengthened 4/3-CFL condition with o' = 0.07.

01
[ —ZA—— RK2-P1/CIP
[ —TF+—— RK2-P1/DG 1
0.01 |
= [
2 |
3
0.001 |
0.0001 21 L il L L L
0.001 0.01

time-step size

FIGURE 5.5. Wave equation. Convergence history for explicit RK2 with continuous (CIP) and
discontinuous (DG) affine finite elements.
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FIGURE 5.6. Wave equation. Convergence history for explicit RK2 with continuous (CIP) and
discontinuous (DG) quadratic finite elements.

As in the rotating Gaussian benchmark, a super-convergence behavior is obtained
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FIGURE 5.7. Wave equation. Convergence history for explicit RK3 with continuous (CIP) and
discontinuous (DG) affine finite elements.
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FIGURE 5.8. Wave equation. Convergence history for explicit RK3 with continuous (CIP) and
discontinuous (DG) quadratic finite elements.

for the RK3 scheme and affine finite elements (p = 1), see Figure 5.7. The time step
7 scales as h'/? and the usual CFL is satisfied with an increasing parameter o, up to
0.21. Finally, Figure 5.8 presents the results for RK3 with quadratic finite elements
(p = 2) and the usual CFL condition holding with ¢ = 0.05. Optimal O(73) accuracy
is obtained for the CIP and the DG discretizations.
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(a) Discrete initial condition (b) RK2-P1/Unstabilized

FIGURE 5.9. Contour-lines for the discrete initial condition and the final discrete solution
provided by the explicit RK2 scheme with unstabilized continuous affine finite elements.

5.2. Controlling oscillations in rough solutions. For the advection bench-
mark discussed in §5.1.1, we now consider the following initial data:

e~ 10[(z—0.3)*+(y—0.3)*] _ (5
+1
0.001

up(z,y) = % [tanh (

This function is smooth but has a sharp layer (with thickness of order 0.001) leading
to spurious oscillations when using unstabilized continuous finite elements on meshes
that are too coarse to resolve the internal layer. Our goal with this test case is to illus-
trate the capabilities of the methods analyzed in this paper to control such spurious
oscillations. To this aim, we consider a fixed uniform mesh with 256 elements along
the boundary of Q (h &~ 0.025). The sharp layer is thus under-resolved. The discrete
initial data takes the form of a cylinder of height 1 centered at the point (0.3,0.3); the
contour-lines of its linear interpolant are shown in Figure 5.9a. Figure 5.9b shows the
solution at final time, T' = 27 (i.e., after one rotation of the initial data), obtained
by the explicit RK2 scheme (1000 time steps) with unstabilized continuous, piecewise
affine finite elements (v = 0 in the CIP method). The numerical solution is globally
polluted by spurious oscillations.

In Figure 5.10 we report the approximate solutions obtained with the explicit RK2
scheme, using piecewise affine or quadratic CIP or DG finite elements and using the
largest allowed (in terms of stability) time step size 7. As expected, global oscillations
are eliminated by both the CIP and the DG methods, and the numerical solution
maintains its general aspect with a sharp layer. The increased accuracy of CIP and
DG with p = 2 is clearly visible. Note that, compared to DG and for the considered
values of 7, the CIP method allows the use of larger time steps. Moreover, the critical
value of 7 depends on the polynomial order.

In Figure 5.11 we have finally reported the approximate solutions obtained with
the explicit RK3 scheme. Note the slightly improved accuracy with respect to Fig-
ure 5.10. Once more, the critical value of 7 depends on the polynomial order and the
largest values were obtained with the CIP method (for the considered choice of the
stabilization parameter).

6. Concluding remarks. In this work, we have analyzed several approximation
methods to the evolution problem (1.1) combining explicit RK schemes in time and
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(a) RK2-P; /CIP, 7/h = 0.51 (b) RK2-P, /DG, 7/h = 0.2

(c) RK2-P,/CIP, 7/h = 0.2 (d) RK2-Py/DG, 7/h = 0.12

FIGURE 5.10. Contour-lines of the final discrete solution obtained with the explicit RK2 scheme
and piecewise affine or quadratic CIP stabilized or DG finite elements.

stabilized finite elements in space. A series of numerical tests confirmed the stated
stability and convergence results. In our opinion, salient features of this work are the
following: (i) the fact that continuous and discontinuous finite element 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 anti-dissipativity in time. This last point is particularly evident in the analysis of
RK2 schemes with piecewise affine finite elements, but it also plays a role in bounding
the o}, f;', and ~;' terms in the energy identities owing to Assumption (A6).

Extensions of this work can explore various directions. Firstly, a more general
form for the evolution problem (1.1) can be considered, namely

ApOu+ Au=f on Q% (0,7). (6.1)

When Aj 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 or strong reaction.
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(a) RK3-P,/CIP, 7/h = 0.64 (b) RK3-P; /DG, 7/h = 0.26

(c) RK3-Py/CIP, 7/h = 0.26 (d) RK3-P2/DG, 7/h = 0.15

FIGURE 5.11. Contour-lines of the final discrete solution obtained with the explicit RK3 scheme

and piecewise affine or quadratic CIP stabilized or DG finite elements.
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