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HIGHER ORDER CONTINUOUS GALERKIN—PETROV TIME STEPPING
SCHEMES FOR TRANSIENT CONVECTION-DIFFUSION-REACTION
EQUATIONS *

NAVEED AHMED! AND GUNAR MATTHIES?

Abstract. We present the analysis for the higher order continuous Galerkin—Petrov (¢cGP) time dis-
cretization schemes in combination with the one-level local projection stabilization in space applied to
time-dependent convection-diffusion-reaction problems. Optimal a priori error estimates will be proved.
Numerical studies support the theoretical results. Furthermore, a numerical comparison between con-
tinuous Galerkin—Petrov and discontinuous Galerkin time discretization schemes will be given.
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1. INTRODUCTION

In recent years many numerical methods have been developed for the numerical solution of time-dependent
convection-diffusion-reaction equations. Some of the most effective and popular algorithms for treating time-
dependent problems can be defined thorough a process in which the spatial and temporal discretization are
separated. A common approach is to first apply the Galerkin method in space to reduce the time-dependent
partial differential equation into a system of ordinary differential equations. A suitable time discretization
method is then applied to solve it. An alternative to this approach is a coupled space-time formulation which
results in a system where all degrees inside the space-time cylinder are coupled. Hence, a (d + 1)-dimensional
problems is discretized for a spatial domain with d dimensions. We will separate in this paper the discretizations
in space and time.

The application of standard finite element methods to convection-dominated problems leads to spurious
oscillations which spread over the whole spatial domain unless the discretization parameter is of the same order
as the perturbation parameter.
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To overcome the instability while ensuring high accuracy, several stabilized techniques were proposed in the
literature. One of the popular remedies is the streamline-upwind Petrov—Galerkin (SUPG) method which was
introduced by Hughes and Brooks [15]. The SUPG method was originally proposed for steady state problems
and has been extended to transient problem, see [8,22]. Standard energy arguments applied to the fully discrete
problem yield error estimates under conditions which couple the choice of the stabilization parameters to the
length of the time step. In particular, the SUPG stabilization vanishes in the time-continuous limit. This behavior
is caused by the time derivative appearing in the stabilization terms of the SUPG method to guarantee the
strong consistency. The appearing non-symmetric term is difficult to handle in the numerical analysis. Using a
different analysis for the case of time independent coefficients on uniform grids, optimal error estimates with
the standard choice of the stabilization parameter independent of the time step length have been proved and
confirmed by numerical experiments, see [22].

Comparisons of the SUPG method with other stabilization techniques can be found in [11,26]. The stability
of consistent stabilization methods for convection-diffusion and flow problems in the small time step limit has
been investigated in [6,14].

A stabilization technique which became very popular during the last decade is the local projection stabilization
(LPS) scheme [5,7,28]. Compared to the standard Galerkin approach the local projection method provides
additional control on the fluctuations of the gradient or parts of its. Although the method is weakly consistent
only, the consistency error can be bounded such that the optimal order of convergence is maintained. Originally
proposed for the Stokes’s problem [4], the local projection method was extended successfully to transport
problems [5], Oseen problems [7,28], and convection-diffusion-reaction problems [29]. In contrast to the SUPG
method, neither time derivatives nor second order spatial derivatives have to be assembled for the stabilization
term of LPS. Furthermore, no coupling conditions of stabilization parameters to the length of the time step
arise.

The local projection stabilization can be applied in one-level or two-level versions. In the latter ones, the
projection spaces are defined on coarser meshes but standard finite element spaces can be used for approximation
and projection. The one-level LPS uses the same mesh for approximation and projection but the approximation
space is enriched compared to standard finite element spaces. The two-level version of LPS introduces additional
couplings between degrees of freedoms which do not belong to the same finite element cell. Hence, the stencil of
the stiffness matrix increases. This does not occur for the one-level variant of the LPS. The additional degrees
of freedom which appear due to the enrichment can be eliminated using static condensation. In this work, we
will use the one-level version of LPS.

Using stabilization techniques in space leads to a dramatic decrease of the oscillations which appear now only
close to boundary and interior layers. Moreover, the amplitudes are much smaller. To remove the remaining
oscillations, techniques for shock or discontinuity capturing can be applied. Numerical and analytical results
are given for instance in [18-20].

Accurate numerical solutions of time-dependent problems require higher order methods both in space and
time. In this paper, we will apply higher order variational type time discretization schemes. In particular, we
will use continuous Galerkin—Petrov (cGP) and discontinuous Galerkin (dG) time stepping schemes. The ¢cGP
methods are a class of finite element methods using discrete solution spaces in time which consist of continuous
piece-wise polynomials of degree less than or equal to k£ and test spaces which are built by discontinuous
polynomials of degree up to order k£ — 1. In dG methods, both solution and test spaces are constructed by
the discontinuous polynomials of degree less than or equal to k. Since the test functions in time are for both
considered temporal discretizations allowed to be discontinuous at the discrete time points, the solution of cGP
and dG schemes can be calculated by a time marching process.

The dG methods were first introduced by Reed and Hill [30] for neutron transport problems. The use of
continuous and discontinuous finite element methods to discretize time-dependent problems has been analyzed
for ordinary and partial differential equations by several authors. The time discretization by discontinuous
Galerkin’s methods was introduced and analyzed in [12] for the numerical solution of ordinary differential
equations and is combined with continuous finite element methods in space for parabolic problem in [13,33,34].
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The combination of LPS methods in space and dG methods in time has been analyzed for transient convection-
diffusion-reaction problems in [2]. The continuous Galerkin method in time for the heat equation has been studied
by Aziz and Monk in [3]. They have proved optimal error estimates as well as super-convergence results at the
endpoints of the discrete time intervals. Schieweck [32] has investigated the ¢cGP method for linear ordinary
differential equations in an abstract Hilbert-space setting and for nonlinear systems of ordinary differential
equations in d space dimensions. He has proved A-stability and optimal error estimates of the associated
c¢GP method. Moreover, it was shown that this discretization method has an energy decreasing property for
the gradient flow equation of an energy functional. Numerical comparisons of dG and ¢cGP methods as time
discretization of heat equations and transient Stokes problems are presented in [16,17]. A family of finite element
methods for the numerical solution of nonlinear systems of ordinary differential equations was recently given
in [27]. Furthermore, it was shown there that the new methods can be interpreted as pure collocation and
pure variational methods with special numerical integration. In [27], simple post-processing algorithms were
presented which allow to increase the obtained accuracy in time by one order in time-integrated norms.

The goal of the present paper is to combine the local projection stabilization in space with continuous
Galerkin—Petrov discretizations in time. We will give a stability result and error estimates for the fully discrete
scheme. Furthermore, a numerical comparison of ¢cGP and dG time discretization schemes combined with LPS
in space will be given.

This paper is organized as follows: In Section 2, a weak formulation of the time-dependent convection-
diffusion-reaction equation and some basic notation are given. The semi-discretization in space and the local
projection stabilization method are introduced in Section 3. Section 4 presents the fully discrete problem with a
continuous Galerkin—Petrov time discretization and its error analysis. Finally, numerical results which confirm
the theoretical prediction will be given in Section 5. Furthermore, a comparison to discontinuous Galerkin time
discretization schemes will be presented.

2. MODEL PROBLEM

Let 2 be a polygonal or polyhedral domain in R?, d = 2, 3, with Lipschitz boundary 9¢2. We consider the
following time-dependent convection-diffusion-reaction equation:

Find uw : £2 x [0,T] — R such that

v —eAu+b-Vutou=f in 2 x (0,7),
u=0 on 912 x (0,7T), (2.1)
u(-,0) = ug in 2
with a small positive constant 0 < ¢ < 1, b(x), and o(z) are given function, ug the initial data, and T'> 0 a
given final time. We assume that b and o are time-independent whereas f may depend on time ¢. Furthermore,

let the data b, o, ug, and f be sufficiently smooth in {2 and 2 x (0, T'), respectively. We assume in the following
that there exists a positive constant oy such that

o(x) — %div b(z) > 09 >0 in {2 (2.2)

Note that the assumption (2.2) is no restriction for time-dependent convection-diffusion-reaction problems of
type (2.1). Indeed, if condition (2.2) is not fulfilled we consider the problem

Find v : £2 x [0, T] — R such that

v —eAv+b-Vu+ (o + My=eMFf in 2x (0,7,
v=0 on 912 x (0,7T),
v(-,0) = ug in 2
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for the function v defined by
v(z,t) = e My(z,t).

If M is chosen sufficiently large then condition (2.2) is fulfilled for the modified problem for v.

Throughout this paper, standard notation and conventions will be used. For a measurable set G C R%, the
inner product in L?(G) and L?(G)? will be denoted by (-, -)¢. The norm and semi-norm in W™?(G) are given
by || - |m.p,c and | - |m.p.c, respectively. In the case p = 2, we write H"™(G), || - ||m,¢, and | - |m,¢ instead of
Wm2(G), ||+ lm2.c, and | - [mo2.c. If G = §2, the index G in inner products, norms, and semi-norms will be
omitted. The subspace of functions from H!(£2) having zero boundary trace is denoted by H(£2).

We will write shortly a ~ 3 if there exist positive constants C; and Cs such that o < C18 and 8 < Cya hold
true.

We consider also some Bochner spaces. Let W be a Banach space with norm | - ||y and I := [0, T]. We define

C(I; W) = {v =W, v continuous}7

T
L2(LW) = {U:I—>I/V, /o ||v(t)|€vdt<oo},

J
H™(I; W) := {v cLA(LW): % cLX(L;W),1<j< m},
where the derivatives 97v/0t7, j = 1,...,m, are understood in the sense of distributions on I. We use in the

following the short notation Y (W) := Y (I; W). The norms in the above defined spaces are given by

1/2

1/2 m 2

T
ooy = swllo@llw,  llvlezow) = (/0 |U(t)||%/vdt> s ol oy =D

=0

otJ

L2(W)

Let us introduce the space V := H{(§2), its dual space V’ := H=1(£2), and (-, -) for the duality product between
these two spaces.
Let up € H§(£2) and f € L2(V'). A function u is a weak solution of problem (2.1), if

ue X :={uel?V): v eLl*(V)} (2.3)
with
(W (t),v) + a(u(t),v) = (f(t),v) Yo eV (2.4)
for almost all t € I and
u(0) = ug, (2.5)

where the bilinear form a is given by
a(u,v) :=e(Vu, Vo) + (b Vu,v) + (ou,v).

Note that the definition of X in (2.3) implies the continuity of u as a mapping I — L?(§2) such that the initial
condition (2.5) is well-defined.
Integrating (2.4) over [0, T], we obtain the problem:

Find v € X with u(0) = uo and

T T
/0<u’(t),v(t)>—l—a(u(t),v(t))dt:/0 (), 0o(0)dt Yo e LX(V). (2.6)
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In the following, we shall denote by ', ¢, and ¢¥) the first, second, and kth order time derivative of a
function ¢ which is sufficiently smooth in time.

For finite element discretizations of (2.6), let {7}, } denote a family of shape regular triangulations of {2 into
open d-simplices, quadrilaterals, or hexahedra K such that

- %
KeTy,
The diameter of K € 7, will be denoted by hx and the mesh size h is defined by h := max hi. Let Vj be a
h

finite element space defined on 7, such that the inverse inequality

Vo

lo.5¢ < Cinvhi |vnll1, i

holds for all K € 7;, and all v;, € V}, where the constant c¢i,, is independent of K and h. We set X, := Hl(Vh).
Let ug, , € Vi, denote a suitable approximation of the initial condition w. Later on, ug 5 will be specified.
The standard Galerkin’s method applied to problem (2.6) consists in

Find up, € X}, such that up,(0) = ug,p, and

T T
/0 (u;(t),vh(t))+a(uh(t),vh(t))dt:/0 (F@on()dt  Von € LA(Va). 2.7)

In the convection-dominant case € < 1, it is well-known that the standard Galerkin’s method (2.7) applied
to problem (2.1) is unstable and leads to solutions which are globally polluted by spurious oscillations unless
the discretization parameter h is of the same order as the perturbation parameter .

3. SPATIAL STABILIZATION BY THE LPS METHOD

We concentrate on the one-level local projection stabilization method in which approximation space and
projection space are defined on the same mesh. Let D(K), K € 7y, be finite dimensional spaces and mx :
L23(K) — D(K) the local L2-projection into D(K). The local fluctuation operator rx : L2(K) — L2(K) is
given by kxv := v — mgv. The stabilization term .S, is defined by

Sh(up,vp) = Z ,uK(FeKVuh,mKVvh)K
KeTy,

where g, K € 7y, are user chosen non-negative constants. The fluctuation operator is applied component-wise
to vector-valued functions. The used local projection stabilization gives, compared to the standard Galerkin’s
methods, additional control on the fluctuation of the gradient. Note that one can replace the gradient Vwy, by
the derivative in streamline direction b - Vwy, or (even better [24,25]) by bx - Vwy, where by is a piece-wise
constant approximation of b.

Stability and convergence properties of local projection methods are based on the following assumptions with
respect to the approximation space V}, and the local projection spaces D(K), K € T, see [28,31].

Assumption 1. There is an interpolation operator j; : H2(£2) — Vj, such that for all K € 7j, the standard
error estimate

1k <Ohy vl Yo e HY(K), 2<1<r+1, (3.1)

lv —jnvllo,x + hi|v — jrv

and the additional orthogonality condition
(v—Jrv,qn)x =0 Vv € H2(12), Vg, € D(K) (3.2)

hold true.
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Assumption 2. The fluctuation operators kg, K € 7Ty, satisfy the following approximation property
Iskgllox < Chlclalx — VgeH(K), 0<1<r (3:3)
In order to concentrate on the main aspects of temporal discretizations, we will assume in the following
feL*(L?), ug € H3(2),

and the discrete initial condition ug = jpuo is well-defined. In the case ug € Hl(()) only, one could use an
interpolation operator jj, : H'(£2) — Vj, with the orthogonality condition (3.2) and the error estimate

lo.x + hilv— jnolix < Chlelvlliwm) Vv eH(K), 2<1<r+1,

lv— jnov

with a suitable neighborhood w(K) of K € 7y, see [28]. The upcoming analysis would more technical and is
skipped for this reason.
The stabilized semi-discrete problem for u; reads:

Find up, € X, such that up,(0) = jpuo and

T T
/ (up, (8), vn () + an (un(t), vp(t)) dt = / (f(t),vn(t)) dt Vo, € L2(V3) (3.4)
0 0
where the stabilized bilinear form ay, is given by
ap(un,vn) = alup,vp) + Sp(un, vp).
Thanks to (2.2) we have
ap(vp,vp) > ”|’Uh”|2 Yop € Vy, (3.5)
i.e., the bilinear form ay, is coercive with respect to the mesh-dependent norm
2 2 1/2
loll := {elvl + oollvll§ + Sn(v,v)} "~ (3.6)

4. TIME DISCRETIZATION

We discretize in this section problem (3.4) in time by using continuous Galerkin—Petrov’s methods and
discontinuous Galerkin’s methods. To this end, we consider a partition 0 =ty < t; < ... < ty = T of the time

interval I and set I, := (tn—1,tn), T :=tn —tn_1, n =1,... N, and 7 := (Hax, 7. For a given non-negative
_n_

integer k, we define the spaces
Xk .= {ueC(I,V):uIn € Pr(I,,V), nzl,‘..,N},
Yk .= {veL2(I,V):v1n € Pr(I,,V), n:l,...,N}
with values in V' and the fully discrete spaces
Xk.= {ueC(I,Vh):ujn € Pu(1,, V1), n:l,...,N},

Y= {v cL2(I, Vi) :vl, €Pr(In, Vi), n=1,.. .,N}
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with values in V}, where

k
Pi(I,,V) := {u:]n—>V : u(t):ZUftj, Uuiev, j:O,...,k},
j=0

k
Pr(In, Vi) = {uh I, = Vi sun(t) =Y Uit/ Ul €V, j = Ok}
j=0

denote the spaces of V-valued and Vj-valued polynomials of order up to k in time, respectively. The functions in
the spaces Y* and th are allowed to be discontinuous at the nodes ¢,,, n =1,..., N — 1. We define for functions
v e Yk +YF by

- . 3 + . 3 T
v, = tllfflov(t)’ v,y = tl%gl+0v(t), [V]n = v, — vy, (4.1)

the left-sided value v,,, right-sided value v, and the jump [v],, at t,.

4.1. The continuous Galerkin—Petrov (cGP) method

We describe in this section the combination of the continuous Galerkin—Petrov (cGP) time discretization
scheme with the LPS finite element method in space to get a fully discrete version of (3.4).
Now, let us introduce the bilinear forms B, B} and the linear form [ as

T

B(u,v) ::/0 {(u’(t),v(t)) + a(u(t), v(t)) } dt, (4.2)
T

By (u,v) ::/0 {(u/(t),v(t)) + ah(u(t),v(t))}dt, (4.3)
T

I(v) ::/O (f(t),v(t)) dt. (4.4)

Then, the continuous and fully discrete problems read:

Find u € X such that u(0) = ug and

B(u,v) =1(v) Vv € L*(V). (4.5)

Find up,, € X,’f such that up -(0) = jruo and
By (uhz,0n,r) = l(vn,r) Yo, € VL (4.6)
Since the test functions are allowed to be discontinuous at the discrete time points t,, n =1,..., N — 1, we can

choose test functions vy, » = vpp(t) with a time independent vy, € V3, and a scalar function ¢ : I — R which is
zero on I \ I, and a polynomial of degree less than or equal to k — 1 on I,,. Then, the solution of the cGP (k)
method can be determined by successively solving one local problem on each time interval I,,.

Let us denote by 7,1 : L2(L?) — Y,ffl the L2-projection into the space of Vj-valued functions which are
allowed to be discontinuous at the discrete time points. Hence, we have

Tr_1w € Y7L / (w(t) = mp—qw(t)) ¥ dt =0, j=0,...k—1. (4.7)
I,

We consider the mesh-dependent norm

. ) 1/2
[vlleap = (/0 Imi—1v (@) dt + §Iv(T)I3> :



1436 N. AHMED AND G. MATTHIES

Note that || [|cgp is on X} C Y}¥ not only a semi-norm but a norm. Indeed, the first term inside the definition of
Il llcap guarantees that ||v|cgp = 0 results in a function v which is on each time interval I,, given by L;n)(t)go(x)

where L;n) is the transformed kth Legendre polynomial on I,, and ¢ € Vj,. Due to v(T) = 0 and L;N)(T) =1,
the function v vanishes on the last time interval In. The continuity of v on I gives then v(ty_1) = 0. By
recursion we obtain that v = 0 on I. Hence, || - |[cgp is a norm on X}.

We will show in the following lemma a property of the bilinear form By which will be used in the next
theorem to prove existence, uniqueness, and stability of fully discrete problem (4.6).

Lemma 4.1. The condition
1
[on,|1Zap < Bh(0n,r, mh—10n,7) + §||Uh,r(0)\|3 (4.8)
holds true for all vy, . € X,’f.
Proof. Using the definition (4.3) of By,, we obtain
T
By (vh,7, Th—10h,7) :/ (Vh 7y Th—1Vh,7) + an(Vh r, Th—10h, ) dE. (4.9)
0

We get

T T 1 Td
| Ghrmamadi= [ made=3 [ Sl
0 0 o dt

for the first term on the right-hand side of (4.9) where the projection property (4.7) and v}, _ € Y;Ft were
applied. The second term in (4.9) uses the fact that convection and reaction are independent of time. Since
Up,r € X,’f and Tp_1vp,r € Y}ffl, the definition (4.7) of 71 and the coercivity (3.5) of the bilinear form ay
give

1 1
6t = S llvn,(T)IIE = 5 lon.-(O)II3

T T T
/ an(Vp v, Tp—1Vh,7) dt = / an(Th—1Vn,r, Th—1Vp,7) dt > / l17k—1vn - ||? dt.
0 0 0

Putting all these estimates into (4.9), we get

T
1 1 1
By (vn,r, Th—10n,r) 2 / k1 on,- I dt + Ellvh,r(T)llg - §||vh,f(0)\|8 = llvn+l2ap — §thx(0)\|g~ (4.10)
0

Hence, the statement of this lemma follows. O

The next theorem states the stability of the fully discrete method (4.6).

Theorem 4.2. The solution up r of the fully discrete problem (4.6) is uniquely determined and satisfies the
stability estimate

) T 1/2
[l ogp < N (/0 ||f||3dt> + [ldnuollo (4.11)

with the constant oo from (2.2).
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Proof. Due to Lemma 4.1, we have

1 T 1
Huh,THiGP < By (un,rs Th—1un,r) + §Huo,h||(2) = / (f Te—1un,-) dt + 3
0

! 1
< [ Uflolme-sunllo i+ 5
0

1 /T 1
< — Fllovool|Tk—1un,-|lodt + =
Nl | fllov/ool| [ 5

o 1T
N dt _
o [ g |

1
— 209

1
at
T3

T 1 )
1713t + 5 unr e +

and the statement of this Lemma follows since up_-(0) = j,u(0). O

We define for the sufficiently smooth solution u of (4.5) its time interpolant % € X* on the interval I,, by

Wtn—1) =u(tn-1), ualty)=ulty,), /(u(t)—ﬂ(t),w(t))dtzo Vw € Pi_o(I,, V). (4.12)

n

Hence, the standard interpolation error estimates
|u(t) — a(t)|m dt < C’T’”l/ [V (1), dt, (4.13)
/ l(u— @) (t)|mdt < CTF / lu*+D ()|, dt (4.14)

hold true for m € {0,1} and all time intervals I,, n =1,.

Theorem 4.3. Assume g ~ hy for all K € Tj,. Suppose Al and A2. Let up, » and u be the solutions of the fully
discrete problem (4.6) and the continuous problem (4.5), respectively. Moreover, let u € HY(H™1) N HFL(HY).
Then, there exists a positive constant C' independent of h, T, and €, such that the error estimate

[unr —uf cap SCO|T k+1HuHHk+1(H1) + (2 hl/z)hTH“Hm(HrH) (4.15)

holds true.

Proof. The error analysis starts by decomposing the error e := uy » —u into the interpolation error n := j,u—u
and the difference £ := uy, - — jpu between discrete solution and the interpolant of u. Hence, we have

Uh,r—uzezf‘H?-

Lemma 4.1 for the discrete error function & provides

126 < Bal& vnr) + %II&(O)IIS = By (& mp-1€) (4.16)

since £(0) = up,+(0) — jpa(0) = 0 due to the choice of the discrete initial condition and the properties (4.12) of
the interpolation in time.
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In the following, we will bound the right-hand side of (4.16). We obtain from (4.5) and (4.6) the error equation

T

T T
By(&, m—1&) = /0 (f, Wk_lf) dt — /0 ((jhﬂ)/,ﬂ'k_lg) dt — /0 ap (jhﬂ, Wk_lf) dt
T

T T T
- ' ea€)d 1€ dt — i), mh_1€) dt — inil, m_1€) d
/0 (v, mp—1§) t+/0 a(u, mp—1§) dt /o ((nw)', mp—1§) dt /0 an (jnt, mp—1 ) dt
T T T T
=—/ (n’,m_lf)dt—/ a(n,m_lg)dt—/ Sh(n,wk_lg)dt—/ Sp(u, 7p_1€)dt. (4.17)
0 0 0 0

The arising terms on the right-hand side of (4.17) will be bounded by terms depending on the solution u of the
continuous problem (4.5). Using the error splitting and an integration by parts with respect to time, we get

T T T
_/0 (n’,wk,lg)dt:/o ((u—ﬂ)/,ﬂkflf) dt+/0 ((ﬂ—jhﬂ)/,ﬂk,1f) dt

) + /0 (@ = ) men)

in

_ ﬁ: (_/ (u— 0, (mp_18)") At + (u — T, Tp_1€)

L,

tn—1

T
:/o (W — jpt’), mp—1€) dt.

Here, we have used the properties (4.12) of interpolation in time and the fact that time derivative and inter-
polation in space commute. Hence, using the Cauchy—Schwarz’s inequality, the interpolation properties of jp,
and the stability property of the interpolation in time, we obtain

N N
<y / 1@ = ini@lollms1€llo dt < CH™1S / & 2 s €llo
n=1 In n=1 In

N 12,y 1
<ot (3 [ Witaar) (3 [ almociia)
n=1""n n=1""n

< Chr+1||u||H1(H”‘+1)H§HCGP'

T
‘—/ (', mp—1&) dt
0

/2

To get an estimate for the second term on the right-hand side of (4.17), we exploit the definition of the bilinear
form a. Using the Cauchy—Schwarz’s inequality, the error splitting, and the approximation properties (3.1)
and (4.13), we get

T
[ e Ima9 + onmese) et
0
Y 1/2
<OY [ (elu—intlt +lu— intl}) * mecsel a
n=1v*n
o ~12 ~ s ~2 ~12 o\ 2
<O [ (ehult+ effi— il + Ju— 3+ i = i) -l
n=1""n

n

N 1/2
<O [ (e w2l + e+ 12 (g 4 1+ 0R)) el
n=1 I

<C {(51/2 + h)mHuHL?(H,,,H) + (Y2 4 1)R ’|uHH’€+1(H1):| €lcap-
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In order to estimate the convection term in the bilinear form a, we proceed as follows. Using the error splitting,
we get

T T T
/ (b- Vi, m16) di = — / (b-V(u— @), mp1€) dt - / (b- V(@ — juit), me_1€) dt. (4.18)
0 0 0

The interpolation error estimate (4.13) gives for the first term in (4.18)

T _ blo,00 o _
[ e mag i < Bl S [ v @), vawnoa),a
n=1""n

\/_
N vz N

<C (Z 75“2/[ |“(k+1)|§dt> (Z/I |7Tk—1§||2dt>
n=1 n n=1 n

S CTkJrl ||u||Hk+1(H1)H£HCGP

1/2

Integrating the second term in (4.18) by parts in space gives

T T T
’—/ (b.V(ﬂ—jha),’]kalg) dt S / (a—jhﬂ,b~V’R’k,1§) dt + / ((’/Tk,1f) divb,ﬂ—jhﬂ) dt|. (419)
0 0 0

The first term in (4.19) is estimated by using the orthogonality condition (3.2) as follows

T T
/ (ﬂ—jhﬂ,h V’]kalg) dt| = Z (ﬂ—jhﬂ, K)K(b . V’]kalf))K dt
0 0 kgem,
T
< [X Nl llnac®- Va8
0 kgem,

One can obtain for b|x € (leoo(K))d the estimate

s - 9] < Ol

|1,oo,K||7Tk:71£||O’K + HbHO,oo,KH“K(VW*lf)Ho,K’

see ([28], Cor. 2.14). Using this estimate, the approximation property (3.1), ux ~ hx, and the stability property
of the interpolation in time, we get

T
<C [ 52 W v (sl + e (meca€)fo.sc a
0 ke,

T 1/2 T
= O(/ Z h%(Hz”ﬂHgH,K dt) (/ ‘70||7Tk—1§“g dt)
0 0

KeTy,

T Y2, o 1/2
+O</o ZMth%HW”EH,Kdt) (/0 Z MK||KK(V7Tk—1£)||(2),K dt)

KeT, KeTy,
< Ohr+1/2 ||u||L2(HT+1) H§HCGP'

T
/ (ﬂ—jha,b'Vﬂ'k_lg) dt
0

1/2



1440 N. AHMED AND G. MATTHIES

Using the Cauchy—Schwarz’s inequality and the properties of the spatial interpolation, we obtain for the second
term on the right-hand side of (4.19)

T
= C/O Z Hﬂ_jhﬂ“g“é/2||7fk—1f\|odt

KeT,
< Ch™ M |ullp2 ey 1€ llecp-

T
[ (@ divn.a— i) e
0

Inserting these estimates into (4.18), we get

T
/ (b . Vn,ﬂ'k_lf) dt
0

< OBl gy + 7 il e

Hence, we have for the second term on the right-hand side of (4.17) the following estimate

T
/0 a(n,mp—1§)dt

< {2 4 B ey + 7 gy | (420)
We rewrite the third term in (4.17) by using the error splitting as

T T T
—/ Sh(’I],’lTk,1f) dt = / Sh(u—ﬂ,wk,lg) dt+/ Sh(ﬂ—jha),’frk,1§) dt. (421)
0 0 0

Then, the stability of the fluctuation operator kg, the boundedness of pg, and the error estimates of the
interpolation in time give for the first term in (4.21)

T
/ Sh(u—ﬂ,wk,lg) dt
0

N
<> /1 Sy (u =, u — ) Sy (w1 & T €) dt
n=1"v"n

N 1/2
< 2_:1/1 ( > uK||mKV(u—a)||g7K> llrr—1 €]l dt

KeTy,

< O ull s gy 1€ cap-

Similarly, the L2-stability of the fluctuation operator kx, the parameter choice g ~ hx, and (3.1) result for
the second term of (4.21) in

T T
| s aimag)dt < [ 877 - 5@ - i)y (mest meosd) de
0 0

T 1/2
< / (Z uK||w<V<a—jha>>||§,K> 1€l at

KeTy,

T
<2 [l a6l de < O g el
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Hence, we get

T
‘—/ Sh(n,’ﬂ'kflg) dt S C(hr+1/2||u||L2(Hr+1) -l—Tk+1||u||Hk+1(H1))||§||CGP. (422)
0

To estimate the last term in (4.17), we use the Cauchy—Schwarz’s inequality, the approximation properties of
the fluctuation operator kg, and the parameter choice ux ~ hx to get

1/2
/ Sh u T 1§ dt / 51/2 u ’LL) S 1/2 (’]Tk 1€, T 1f dt < C/ ( Z /iKHK?K V’LL)HO K) ”|7Tk71§‘” dt

KeTy,
< Chr+1/2”“’|L2(Hr+1) [€]lccp- (4.23)

Putting the above estimates into (4.17), we obtain
By (Uh,T - jha, kalf) <C |:(51/2 + h’l/z)h’rHuHHl(Hr#»l) + Tl HUHH’C‘FI(HI)] Hg‘chll
Using (4.16), it follows that

||Uh,T _jhﬂHCGP < C{(€1/2 + h1/2)hr||u||H1(Hr+1) + Tk+1||u||Hk+1(H1):| . (4.24)

Finally, the statement of this Theorem follows by applying the triangle inequality and the interpolation error
estimates in space and time. O

The next theorem gives an L?(L?) error estimate for the error u — uy_, which is optimal with respect to time.

Theorem 4.4. Assume ug ~ hi for all K € Ty. Suppose Al and A2. Let uy, » and u be the solutions of the fully
discrete problem (4.6) and the continuous problem (4.5), respectively. Moreover, let u € HY(H™ 1) 0N HF1(H).
Then, there exists a positive constant C' independent of h, T, and €, such that the error estimate

T 1/2
(/ ||u<t>—uh,7<t>||3dt> soT1/2[7k+1||u||Hk+1(Hl)+<el/2+hl/2>hr||u||Hl(Hr+l) (4.25)

holds true.

Proof. Let e; = up,r — jnu. Applying the ideas leading to (4.24) in the proof of Theorem 4.3 not only on [0, T]
but also on [0,¢,], n =1,..., N — 1, results in the estimate

tn 1
/ ||7rk_1e7<t>||2dt+§||eT<tn>|3s0[72<’“+”||u||i1k+1<ﬂl> <€+hhzr||u||Hl<Hr+l>]

where the ranges of the time integrals on the right-hand side were extended from [0,¢,] to [0,7] due to the
monotonicity of the integrals. After neglecting the non-negative integral on the left-hand side and multiplying
by 7,, a summation over n = 1,..., N provides

ZTnHeT iIp < € (ZT ) [TZ’WHUHEWu +(e+ h>h2r|\ul\f{1<m+1>}- (4.26)
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Since e, is a piece-wise polynomial of degree less than or equal to k in time, a norm equivalence on finite
dimensional spaces gives

tn tn
/ ||e7<t>||3dt<ck</ m1e7<t>|3dt+m||e7<tn>|3> (4.27)

tn—1 th—1

where C}, depends on the polynomial degree k but is independent on 7,, and h. Hence, we obtain

T N o oty N tn
[ o)== 3 [ HeT@)H;chkz( / Hmm(t)HEdt+mHeT<tn>H§>
n=1Ytn-1

n=1 n—1
T N )
<O (/ Imr—re- (@) dt + TnHeT(tn)H0>
0 n=1
2k+2 2 2r 2
< T[4l + D ol |
Here, the bound for the two terms derived from Thm. 4.3, (4.26), and the fact the time step lengths 7,, sum

up to T" were used. Hence, the statement of the theorem follows by applying the triangle inequality and the
interpolation error estimates. O

4.2. The discontinuous Galerkin (dG) method

We describe in this subsection briefly the discontinuous Galerkin (dG) time discretization in combination
with the LPS method in space. Let us introduce the bilinear form BSG by

N N-1
BiiC (u,v) := Z/ {(u/(t),v(t)) +ah(u(t),v(t))}dt+ > ([uln,vf) + (ud o) (4.28)
n=1""n n=1
where the jumps [], and the right-sided values ¢; are defined in (4.1). The linear form (9% is given by
T
199(v) == (up,vd) +/ (f(t),v(t)) dt. (4.29)
0
The fully discrete scheme reads:
Find up, » € Y,f such that
BRC (upryvn,r) =19%(p,r)  Vop,r € VE (4.30)

The mesh-dependent norm is defined by

N 1 L N2 1 1/2
[vllac = | lo@)IZ dt + Slog 13+ = > vlalld + 5 Iyl ~ (4.31)
. 2 2 2
n=1 n n=1

The next theorem cites the main results from [2] where the local projection stabilization method in space has
been combined with the discontinuous Galerkin method in time.

Theorem 4.5. Suppose Al, A2, and px ~ hi for all K € Ty,. Let up» and u be the solutions of the fully
discrete scheme (4.30) and the continuous problem (2.4), respectively. Moreover, let u € H(H™1) N HF1(H).
Then, there exists a positive constant C' independent of h, T, and €, such that the error estimate

tn,r — ullac < CTF 2 ulgrergny + C(e/? + hl/z)hr(”U”Hl(H"“) + HUHC(H’“‘H)) (4.32)

holds true.
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5. NUMERICAL STUDIES

We present in this section some numerical experiments to assess accuracy and performance of local projec-
tion stabilization techniques in space combined with higher order variational time discretization schemes. All
computations have been performed using MooNMD [21].

In our numerical computations, we have used mapped finite element spaces [10] where the enriched spaces
on the reference cell K are given by

PEUbble( ) o= P (K) + baPy_ (), r=1,
Qkubble(k) — QT(I?) + span {BD‘%;*l’ i = ]_’2} , r > 1.

Here, ba and by are the cubic bubble function on the reference triangle and the biquadratic bubble function on
the reference square, respectively. The mapped finite element spaces based on ]P:?“bble(.f(\' ) and QE“bble(IA{ ) will
be shortly denoted by PPubble and Qbubble respectively.

The combinations V,, = PbuPPle. D(K) = P,_;(K), 7 > 1, on triangular meshes and the combinations
v, = Q}?ubble, D(K) = P,_1(K), r > 1, on quadrilateral meshes fulfill the assumptions Al and A2. Further
examples of approximation spaces V}, and projection spaces D(K) satisfying Al and A2 are given in [28,31].

The stabilization parameters px have been chosen as

pr = pohx VK €T,

where p9 denotes a positive constant which will be given for each of the test calculations.
We define by
1/2

T
[vllLee) = {/O |v(t)||(2)dt} v ollee == max J[o(ta)llo

1<n<N

the L2(L?)-norm and the discrete £°°(L?)-norm in time.

Example 1. The rotating Gaussian benchmark as a pure transport problem in two space dimensions is taken
from [2,9]. Hence, we consider the problem (2.1) in

Q={(z,y) eR?: 2 +y> <1}
with the data
e =0, b:(_yax)Ta J:f:()a T =2,

and the Gaussian initial condition
uo(x,y) = exp ( —10(z — 0.3)? — 10(y — 0.3)2>
which is centered at (0.3, 0.3). Note that the solution u is at all times given by a suitably rotated initial condition.

The calculations have been performed on triangular meshes which were obtained from an initial triangulation
by successive refinement with boundary adaption due to the curved boundary. The initial mesh (level 0) and
the mesh on level 3 are shown in Figure 1.

In this example, we are interested in the convergence order in space. To this end, we keep the error in time
small by using the methods cGP(3) and dG(2) with time step length 7 = 27 x 1072, Hence, 1000 time steps
correspond to one complete revolution of the Gaussian. We used the LPS discretizations with 1, = Pyubble,
D(K) = P3(K), and the stabilization parameters pxg = 0.1hg. Table 1 shows for the time discretizations
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FIGURE 1. Triangular meshes for Example 1: coarsest mesh (left) and mesh after three refine-
ment steps (right).

TABLE 1. Example 1: errors and convergence orders in space for ¢cGP(3) and dG(2).

llu —up rlleccp llu —up rllac
cGP(3) dG(2)
Level Error Order Error Order
2 7.892-2 7.900-2
3 8.234-3 3.26 8.238-3 3.26
4 7.001-4 3.56 7.003-4 3.56
5 6.192-5 3.50 6.192-5 3.50
6 5.471-6 3.50 5.473-6 3.50
Theory 3.5 3.5

c¢GP(3) and dG(2) the errors and convergence orders in the ¢cGP-norm and the dG-norm. It is clearly to see
that the convergence orders predicted by Theorem 4.3 are achieved. Moreover, the differences between the two
time discretization schemes are very small. This is due to the fact that the temporal error is almost eliminated
by the used higher order time discretizations with small time step length.

Example 2. In order to assess the effect of the applied time discretizations, we exclude in this example the
spatial error. We consider problem (2.1) in £ = (0,1)? with e = 1078, b = (1,2), 0 = 1, and T = 1. The
right-hand side f and the initial condition uy are chosen such that

u(z,y,t) = 1+ 2z + 3t20%
is the solution of (2.1) equipped with non-homogeneous Dirichlet boundary conditions.

We used the LPS discretizations with V}, = QbuPPle. D(K) = Py(K), and stabilization parameter px = 0.1hx.
A uniform mesh consisting of 4 x 4 squares was considered in our calculations. Note that for any time ¢ the
solution u can be represented exactly by a function from the finite element space V},. Hence, all occurring errors
will result from the temporal discretizations. The higher order time discretization methods cGP(3), cGP(4) and
dG(2), dG(3) were applied.

We report in Table 2 and 3 the errors and convergence orders for these methods. We see that all considered
methods are accurate of order k + 1 in the L?(L?)-norm as predicted by Theorem 4.4. The orders k + 1 and
k+1/2 in the cGP-norm and the dG-norm are achieved which also confirms the theoretical results. The values
in the discrete £°°(L?)-norms show clearly that the cGP(k) methods, k = 3, 4, are super-convergent of order 2k



CGP FOR TRANSIENT CONVECTION-DIFFUSION-REACTION EQUATIONS 1445

TABLE 2. Example 2: errors and convergence orders for cGP(3) and dG(2).

llv — un,rllLz L2y llu — up oo lu —unrllecp  llu—unrllac
cGP(3) dG(2) cGP(3) dG(2) cGP(3) dG(2)
T Error Order Error Order Error Order Error Order Error Order Error Order

1/20 5.028-2 1.415-1 1.655-1 4.296-1 6.766-1 1.189

1/40 8.130-3 2.63 3.453-2 2.04 8.821-3 4.23 4.047-2 340 1.164-1 2.53  4.565-1 1.38
1/80 8.336-4  3.28 6.038-3 252 2.230-4 1.82 1.950-3 0.87 1.282-2 3.18 1.227-1 1.90
1/160 6.340-5 3.71 8.364-4 2.85 1.350-5 7.53 2.325-4 6.57 1.003-3  3.68 2.497-2  2.29
1/320 4.205-6  3.91 1.055-4 299 6.531-8 7.69 2.215-6 6.71 6.704-5 3.90 4.517-3 247
1/640 2.670-7 3.97 1.305-5 3.00 1.030-9 5.99 6.958-8 4.99 4.265-6 3.97 7.945-4 250
Theory 4 3 6 5 4 2.5

TABLE 3. Example 2: errors and convergence orders for cGP(4) and dG(3).

llu —un,rllL2 L2 llu —up |l lu —unsllcap  [lu—unrllag
cGP(4) dG(3) cGP(4) dG(3) cGP(4) dG(3)
T Error  Order  Error  Order Error Order Error Order Error Order Error  Order
1/20 1.682-2 5.201-2 1.510-2 4.925-2 3.103-1 5.381-1

1/40 1.659-3 3.34  8.285-3  2.65 2.247-4 6.07 1.368-3 5.17  3.276-2 3.24 1.339-1  2.00
1/80 9.414-5 4.14  8.293-4  3.32 1.599-5 3.81 1.916-4 2.84 1.934-3 4.08 2.005-2 2.74
1/160 3.704-6  4.67 6.088-5  3.77 2.201-8 9.50 5.182-6 8.53 T7.705-5 4.65 2.130-3 3.23
1/320 1.240-7  4.90 3.930-6 3.95 2.683-11  9.67 1.257-9 8.69 2.587-6 490 1.961-4 3.44
1/640  3.945-9  4.97 2.456-7 4.00 2.295-13 6.52  9.657-11 7.02  8.240-8 4.97 1.7385  3.49
Theory 5 4 8 7 5 3.5

TABLE 4. Example 2: errors and convergence orders of post-processed solution for ¢GP(3),

cGP(4), dG(2), and dG(3).

HU7HUhYT‘L2(L2) Hufﬂuh,ﬂ' ‘LQ(L2)
cGP(3) cGP(4) dG(2) dG(3)
T Error Order Error Order Error Order Error Order
1/20 3.834-2 1.200-2 1.049-1 3.675-2

1/40 4.566-3  3.07 7.620-4 3.98 1.826-2 2.52 3.706-3  3.31
1/80 2.786-4  4.04 2.363-5 5.00 2.936-3 3.24 2.063-4 4.17
1/160  1.115-5  4.64 4.750-7 5.64 1.451-4 3.73 7.886-6 4.71
1/320  3.740-7  4.90 8.978-9 590 9.435-6 3.94 2.586-7 4.93
1/640 1.190-8 4.97 1.270-10 5.97 6.911-7 4.00 8.130-9  4.99
Theory 5 6 4 5

while the dG(k) methods, k = 2,3, are super-convergent of order 2k + 1. These superconvergence results are
known for the heat equation, see [3,35].

Table 4 shows the error e = w — ITuy, - in the L2(L2)—n0rm where I1uy, » denotes the post-processed solution
which is obtained by means of a simple post-processing from the solution wy , of the original cGP method or
dG method. Details of the post-processing can be found in [1,27]. Note that the post-processed solutions of
both ¢GP(k) and dG(k) are super-convergent of order k + 2 in the L?(L?)-norm. This is confirmed by the error
norms in Table 4.
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TABLE 5. Example 3: errors and variation of solutions for cGP(2), cGP(3), dG(2), and dG(3).

e —un iz Var(0.5)

o cGP(2)  cGP(3)  dG(2) dG(3)  <GP(2) cGP(3)  dG(2) dG(3)
0.01 7.3575-3  5.5714-3 7.3575-3  5.5714-3  3.3597-2  4.3397-2  3.9573-2  4.3397-2
0.1 4.4980-3  3.2775-3  4.9799-3 1.8913-3 1.8605-2 1.7010-2 1.8605-2 1.7010-2
1.0 6.7158-3  4.7016-3 6.7158-3  4.7016-3  2.7546-2  2.9773-2 2.7546-2 2.9773-2

Example 3. This example is taken from [23]. The prescribed solution has the form

1 arctan [26_1/210(35, y)]

uw(z,y,t) = 16sin(rt)z(1 — z)y(1 —y) (— + > ) (5.1)

2 T

where
w(z,y) = 0.25% — (z — 0.5)% — (y — 0.5)°.

This is a hump which changes its height in the course of time. The steepness of the circular internal layer
depends on the diffusion parameter e. Analogue to [23], we present the simulation for 2 = (0,1)2, ¢ = 107,
b=(2,3),0=1,and T = 2. We use

var(t) := max up,(x,y,t) — min up,(,y,t

(t) ()02 hr (T, y,t) (9o hr (T, y,t)
as a measure for undershoots and overshoots. For calculating the minimal and maximal values of uj ,, we used
only the values at the vertices of the underlying mesh. For evaluating the size of the spurious oscillations, we
assess the variation of the discrete solutions uy r at ¢ = 0.5 where the hump reaches its maximal height. The
exact value is var(0.5) = 0.997453575. Furthermore, some indication of the smearing of the solution is derived

from
1/2

T
ey = (/ (||e<t>|%+e||e<t>|%)dt> L e=u—w

The time step length was chosen to be 7 = 1073, The computations were performed on a uniform grid
consisting of 128 x 128 squares. This leads to 98,817 degrees of freedom for the spatial discretization with
Vi, = Qbubble. D(K) = P1(K) and 180,993 degrees of freedom for Vj, = Q5uPPle. D(K) = Py(K) including the
Dirichlet degrees of freedom. Note that in the following figures only the nodal values at the mesh vertices are
shown, i.e., the additional bubble part of the solution will not be presented. We have performed calculations
with po € {0.01,0.1,1.0}.

The results for cGP(2) with V}, = QbuPPle. D(K) = Py(K) and ¢cGP(3) with V}, = Qbubble. D(K) = Py(K)
are presented in Table 5 and in Figure 2. It can be observed that small and large coefficients o inside the
definition px = po hx lead to spurious oscillations behind the hump in the direction of convection. The solution
obtained by ¢GP(2) with g = 0.1 possesses still small overshoots and undershoots whereas the numerical
solution obtained by ¢GP(3) captured very well the solution. Furthermore, almost no oscillations are present.

We visualize in Figure 3 the computed profiles of the solution for dG(2) with V}, = Q5uPble. D(K) = Py (K)
and dG(3) with V}, = Q5PPle. D(K) = Py(K). The coefficient p1g took the values 0.01, 0.1, and 1. It can be
noted that there are no significant differences between the solution obtained by dG(k) and ¢cGP(k), see Table 5.
Furthermore, the spurious oscillations vanish almost completely also for dG(3).

6. CONCLUSIONS

We have combined higher order variational time discretization by continuous Galerkin—Petrov’s methods
and discontinuous Galerkin’s methods with the one-level local projection stabilization technique in space. Error
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FIGURE 2. Example 3: numerical solution at ¢t = 0.5, left: cGP(2) with V3, = Q5PPle. D(K) =
Py (K), right: ¢cGP(3) with Q}uPPle D(K) = Py(K); top to bottom: py = 0.01, o = 0.1,
Mo = 1.0.

estimates for the ¢GP(k) method are given and proved. The numerical experiments support the theoretical
results. Both time discretization schemes allow to get highly accurate numerical solution. Due to the applied
spatial stabilization, the remaining oscillations are located near to layers. Moreover, higher order approximations
in time provide solutions with less oscillations. Furthermore, the differences between the solutions obtained
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FIGURE 3. Example 3: numerical solution at ¢t = 0.5, left: dG(2) with V;, = Q3'PPle) D(K)

Py (K), right: dG(3) with Q}uPP'e D(K) = Py(K); top to bottom: jig = 0.01, o = 0.1, pg = 1.0.

by continuous Galerkin—Petrov’s methods and discontinuous Galerkin’s methods were small in all considered
examples.
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the proof of Theorem 4.4.
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