A POSTERIORI ERROR ANALYSIS FOR HIGHER ORDER
DISSIPATIVE METHODS FOR EVOLUTION PROBLEMS
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ABSTRACT. We prove a posteriori error estimates for time discretizations by
the discontinuous Galerkin method and the corresponding implicit Runge-Kutta-
Radau method of arbitrary order for both linear and nonlinear evolution problems.
The key ingredient is a novel higher order reconstruction U of the discrete solution
U, which restores continuity and leads to the differential equation U’ +IIF(U) = F
for a suitable interpolation operator II. The error analysis hinges on careful energy
arguments and the monotonicity of the operator §, in particular its angle bounded
structure. We discuss applications to linear PDE such as the convection-diffusion
equation and the wave equation, and nonlinear PDE corresponding to subgradient
operators such as the p-Laplacian and minimal surfaces, as well as Lipschitz and
noncoercive operators.

1. INTRODUCTION

Many contributions in the last few years have been devoted to a posteriori error
analysis for time dependent problems. Most of the work has been done for linear
or nonlinear dissipative problems by considering time discretizations based on the
backward Euler method or on higher order discontinuous Galerkin methods, cf. e.g.,
9, 7,8, 17, 27, 28] and [15, 16, 18].

If u denotes the exact solution, U its approximation and || - || a norm, we would
like to obtain a posteriori error estimates of the form

lu = Ul < n(U, )

where the estimator n(U, f) exhibits the following properties:

e (U, f) is a computable quantity which solely depends on the approximate solution
U and the data f of the problem,;

e 1(U, f) is of optimal order and entails minimal regularity;

e 1(U, f) utilizes explicit and easily computable constants.
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In this paper we propose an approach to this problem for the time discretization,
via the discontinuous Galerkin method dG(g) and the corresponding implicit Runge-
Kutta-Radau ITA method IRK-R(q) of any order ¢ > 1, of the initial value problem

(1.1) u+Fw) =f,  u0)=u,
in a Hilbert space (H, (-,-),|-|). The operator § : D(§) — H will be angle bounded
(1.2) @) =F(w),w—2) < Fv) = F(2),v —2) Yv,w,ze D)

with ~ > % [5, 26, 27]; this structural condition implies monotonicity but it is
indeed much stronger. We will develop most of the theory under the assumption
(1.2), which yields optimal order-regularity error estimates. We will also consider
monotone operators for which optimal order comes at the expense of extra regularity.
Our results are valid for ¢ > 1, are based on the dissipative structure of both dG(q)
and IRK-R(¢), and extend the optimal error estimates of Nochetto, Savaré and Verdi
for the implicit Euler method (¢ = 1) [26, 27]; see also [23, 24]. In addition to (1.2)
we will assume that § satisfies certain coercivity conditions for a seminorm || - || on
D(3F). In particular we will consider linear problems with smoothing effect (F is
sectorial) and several nonlinear problems with dissipative character; see Sections 3,
4 and 5 for details on our assumptions.

In contrast to the approach of [7, 8,9, 10, 11, 15, 16, 17, 28|, which is based on the
strong stability of suitable dual problems, the key novel ingredient of our approach
to a posteriori error analysis is a higher order reconstruction U, of degree q + 1,

which yields the differential equation
(1.3) U' +1I§(U) = F,

where U is a suitable continuous interpolant of the discontinuous discrete solution
U, II is an operator into a space of discontinuous polynomials Vi (q) of degree < ¢,
and F' is an approximation of f within Vi (¢). Expression (1.3) extends to ¢ > 1 the
pointwise representations of [25, 26, 27| for ¢ = 1. In these works U is the natural
piecewise linear interpolant of the piecewise constant backward Euler approximation
U. Rewriting (1.3) in the form

(1.4) U+3U)=F+3U) -13U) =R

reveals the fundamental principle behind our a posteriori error analysis: the residual
R measures the amount by which the pair (U, U) misses to be a solution of (1.1).
Therefore, stability of the continuous problem (1.1) dictates error estimates in terms
of R. In particular, we will study in detail the relation between our results and those
derived by duality for (linear) sectorial operators [9] (see Section 3.1). Regarding
(U ,U) as a relazed solution is a natural concept developed in [25] in Banach spaces
for ¢ = 1. Higher order reconstruction is also crucial for conservative schemes such
as the Crank-Nicolson method [2]. Theories in both [2, 25] differ from that herein.



HIGHER ORDER DISSIPATIVE METHODS FOR EVOLUTION PROBLEMS 3

We next recall the two time discretizations dG(q) and IRK-R(g) we are interested
in. Let 0 =ty <ty <--- <ty =T be a partition P of [0,7], I, := (t,,t,11], and
ky, := t,+1—1t, be the variable time-step. We denote by P(q) the space of polynomials
of degree < ¢, and by V(q) the space of discontinuous piecewise polynomials of
degree < ¢ over P, both with values in D(F): g € Vi(q) reads

q
gln,()=>_ #uw;  (w;€DE) 0<j<q).
=0

The discontinuous Galerkin method dG(q) of order ¢ > 1 is defined as follows [7, 8,
9, 10, 11, 14, 15, 16, 17, 21, 14, 30]: given Uy := ug, seek U € Vi (q) such that

(1.5) / ((U',v) + (S(U),w) dt +(UF —U,,vf) = / (f,v)dt, YveP(q)

In In

for 0 < n < N — 1; hereafter v, := v(t,), v} := lim,|gv(t, + ). We consider also
the corresponding Galerkin method with numerical quadrature at the Radau points:

given Vg := ug, find V' € Vi (q) such that

(1.6) / (<v’,u> + <13(V),v>) dt + (V5 — Vi, ub) = / (If,v0)dt, Yo e P(q)

I, I,
for 0 < n < N — 1. Here [ is the interpolation operator onto P(q) at the Radau
points of each I, (see Section 2). Then V (t"*1) coincides with V"™, the solution of
the Implicit Runge-Kutta Radau ITA method with ¢+ 1 intermediate stages [6, 13];
we will thus refer to (1.6) as IRK-R(g) for short. As in [19], writing the solution U
of dG(gq) in terms of Radau polynomials will prove extremely useful. This is what
establishes the connection between dG(gq) and IRK-R(q), leads to (1.6) and thus to
(1.3) (see Section 2).

The paper is organized as follows. We first discuss in Section 2 the reconstruction
of either U or V' above, along with the crucial pointwise representation (1.3). In
Section 3 we study linear operators §, for which IIF = §. We examine sectorial
operators in Subsection 3.1 and apply our results to convection-diffusion problems
in Subsection 3.2; the estimators are of optimal order and regularity, are extremely
simple since they reduce to energy dissipation or jumps |UT — U,|| in the energy
norm, and have absolute and explicit stability constants as in [26, 27]. Compared
with [9], our estimators provide additional control of the full energy norm at all times.
We analyze monotone operators in Subsection 3.3 and apply our results to the wave
equation in Subsection 3.4; the estimates are of optimal order but require higher
regularity, as expected for hyperbolic problems (see [16]). We deal with nonlinear
angle bounded operators (1.2) in Section 4. We consider subgradient operators in
Subsection 4.1, Lipschitz operators in Subsection 4.2 and noncoercive operators in
Subsection 4.3; the p-Laplacian is a relevant example. We finally derive a conditional
a posteriori error estimate in Section 5 for the minimal surface operator, for which
the condition is also a posteriori and thus verifiable.
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2. RECONSTRUCTION

In this section we derive the representation formula (1.3) for both dG(g) and
IRK-R(gq), namely,

(2.1) U +3U)=F+3U) - 1g(0),

where F' := IIf, Il = P is the L? projection onto Vi(q) for dG(q) and IT = T is
the Lagrange interpolation operator at the Radau points for IRK-R(g). These two
methods are indeed closely related [19, 21].

2.1. Reconstruction Operator. Let {7; ji} be the Radau points in [0, 1]. Then

0 <7 <---<7y41 =1 and for appropriate weights {w; }ji} the Radau integration
rule on [0, 1]

q+1

(2.2) / T)dr = Zw]g 7)

is exact for all polynomials of degree < 2¢g. Let {¢;}¢*] C P, and {E }t C Pyyq be
the Lagrange polynomials associated with either {T]} Tyor {T]} * with 7o = 0. The
corresponding Radau points in I,, are denoted by tn;, the Lagrange polynomials by
Ui, L4, and they satisfy
(2 3) th’ :tn+Tj/{7n ] :O,,q+1 (tn,g :tn, tn7q+1 :tn+1>
' i () = 06(7), s () = 05(7),  t =1ty + Thn.
The quadrature (2.2) induces a similar formula in /,, with nodes {t,, ]}q , and weights
ni = knw;. In addition, let the interpolation operator I : C[0,T] — Vi(q) be

q+1

Comnsequently, if V' is a polynomial in Pq(In) in t, then V(t) = IV ().
The reconstruction operator I : Vi(q) — Vi(q + 1) is now defined as follows:
Ulr, = 1U|;, € P(q+ 1) satisfies

Ur=u,.

n

(2.5) / <[7’,v>dt+/ (U v)ydt +(UF = U,,vf) =0, YoeP(q).

In the sequel, we show that U is well defined and exhibits some useful properties.

Lemma 2.1 (Reconstruction). U is uniquely defined by (2.5), is globaly continuous,
and satisfies

Ultng) =Ultng), §=0,....q+1  (Ultno) =Un).
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Proof. Integrating (2.5) by parts we get

—/<auwmw@gw@n (O v
(2.6) n
:_/ (U, Yt + (Usey, vmsy) — (U0,

In
Since (7: = U, selecting v constant in time we get that (77111 = U, = Uyq1. Since
tng+1 = tnt1, using the exactness of the Radau integration rule (2.2) in I,,, (2.6) can
be written as

E wnz N0y nz E wnz iy nz (wn,z:knwz)

Since v is arbitrary in P(q), we obtain Uw’ = U, ; for 1 < j < q. This completes the
proof. O

A consequence of the fact that U interpolates U at the Radau points is the fol-
lowing crucial properties for the estimates to follow.

Lemma 2.2 (Properties of (7) The following error representation is valid

(2.7) (U =), () = loo®)(U, —UF), Vtel,

If

(2.8) / ‘60 |pd7' p, V1<p<oo,

then for any semi-norm || - || in H

2.9) /HU Ulpat)"” =, KIPIUF ~Uall, V1<p<oo.

Proof. Note that U—-Uin I, is a polynomial of degree ¢ + 1 which, in view of
Lemma 2.1, vanishes at the Radau points {tn] . Since (U —U)(tno) =U, - U},
we readily deduce (2.7). Since

1
/ Golt)|dt = E, / Bo(r)|Pdr = ko,
0

then (2.9) follows immediately. The proof is thus complete. O

2.2. Discontinuous Galerkin Methods. In view of (2.5), we can rewrite (1.5) as

(2.10) / (((7’,1)>+<8(U),v>>dt:/ (), Vo eP(g).

I In

If P is the piecewise L? projection onto Vi (q), then (2.10) readily implies
(2.11) U+ P3U) =F,
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with F':= Pf. For piecewise constant solutions U, that is ¢ = 0, we have PF(U) =
§(U). An expression similar to (2.11) was first used in [27] for subgradient and
angle-bounded operators, and later extended in [25] to accretive operators in Banach
spaces for ¢ = 1 and in [2] to the Crank-Nicolson method in Hilbert spaces.

2.3. Runge-Kutta-Radau Methods. We now consider the Implicit Runge-Kutta
Radau ITA method IRK-R(gq) with ¢ + 1 intermediate stages {an}qJrl 6, 13]. It is
known that the coefficients of IRK-R(q) are

T 1
(212) aij = / fj(T)dT, bZ = / EZ(T)CZT (: aq+17i), V ]_ S Z,] S q + 17
0 0

and that the following implicit relation for {V,, ]}q+1 holds

g+1

(2.13) Vw+k§:mj — fnj) =0,

where f, ; = f(t,;). It is instructive to see the connection between (2.13) and (1.6),
which hinges on the interpolant V = I'V.

Lemma 2.3 (Equivalence between (1.6) and (2.13)). Formulations (1.6) and (2.13)
of IRK-R(q) are equivalent and, in fact, they are a collocation method for V in each
interval I, with starting value V,, o = V,,, namely

(2.14) V04 8WVii) = fagy V1<i<q+1.
Proof.  We first resort to the exactness of the Radau quadrature for polynomials

of degree < 2¢q to realize that

q+1

(2.15) (IF(V) = 1fv) = an] — Jngsv(tnj)), Yo € P(g).

Therefore, (1.6) yields the expression

(2.16)
q+1

‘[<v vyt + (Vi — Vi, v +§:w” Vi) = fugsv(ta)) =0, o€ P(q),

or, with the help of (2.5), the simpler expression

(2.17) [ ﬁ+§:w” — fags0(tn)) =0, Yo € P(q).
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Since V' is a polynomial of degree < ¢, taking v = ¢,,; and making use again of the
Radau quadrature and Lemma 2.2, we end up with (2.14). Consequently

q+1

Vi) = (g = F(Vag))as(t),  ViEE L,

j=1

whence

tn,i N
Vii— Vo= / V' (t)dt
tn

q+1 tn.i q+1
=3 (fug = 3(Vay)) / lng()dt =k Y i (g — F(Vas)),
j=1 in j=1
which is (2.13). This completes the proof. O

Expression (2.17) also reads

/i«V%O+UMV%wy#:/QUﬁwﬁ,VUEPWL
In In
or equivalently

(2.18) V'+I3(V) =F,

with F':= If. A comparison of (2.18) with (2.11) leads to the interesting conclusion
that the pointwise representations of dG(¢) and IRK-R(q) differ only in the form of
the operator acting on § and f. This will be instrumental below.

3. A POSTERIORI ERROR ESTIMATES FOR LINEAR OPERATORS

In this section we assume that § : D(F) — H is linear, whence IIF(U) = F(U),
and F = TIf for either dG(q) or IRK-R(¢) and (2.1) becomes

(3.1) U +3U)=F,

as in [25, 26, 27]. In view of (3.1), we will now examine both methods at once but
distinguish between sectorial and monotone operators.

3.1. Sectorial Operators. For § : D(F) — H monotone, we define the energy
semi-norm associated with § by

(3.2) o]l == (3(v),0)7, Ve D),

and V := {v € H : ||v]| < co}. In addition, we assume that § satisfies the strong
sector condition

(3.3) (S (), w)* < 4 [[ol* [lw]*, ¥ v,w € D(F),
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which implies v > 1/2; note that v = 1/2 in case § is selfadjoint. Condition (3.3) is
equivalent to the following inequality for the skew-symmetric part of the operator
[5, Proposition 1]

(3.4) (8 (v), w) = F(w),v)| < 2plvllllwll, ¥ v,we D),
with 42 = (u? 4+ 1)/4; note that g = 0 if § is symmetric. We observe that (3.3)
@), w)

implies that § is continuous and ||F(v) ||« = sup,eps) o satisfies

1
(3.5) 4—,y2||3(v)||3 <ol < IB@IE, ¥ ve D).

Lemma 3.1 (Linear Angle-Bounded Operators). The strong sector condition (3.3) is
equivalent to the v-angle-bounded condition

(3.6) Fo—w)w—2) <Y Fw—2),v—2) Vovwze D).

Proof. We simply set © = v — z and @ = w — z in (3.6) to get the equivalent
formulation (we omit the tildes)

(3.7) (§(v),w) < ¥*(F(v),v) + (F(w),w), Vov,we D).
Then replace v by Av with A € R, and argue with the resulting quadratic inequality
in A to realize that (3.3) and (3.7) are equivalent. O

Lemma 3.2 (Coercivity). If § satisfies (3.3), then for all v,w,z € D(F)
1
(3.8)  Flv—w),w—2z) <29*Fw—2),v—2) — 5 max (Jlv = w|?, |z — w|?).

Proof.  Elementary calculations based on (3.5) yield

Fv—w),w—2)=(F0v—-—w),w—0v)+ (Fv—w),v—2z)
< —llv —w|* 4+ 2y|[v — w|||lv — 2]
< —2llo —wl? + 2o - =P

1
< —5llo = wl? +27%(3(0 = 2), 0 - 2).
On the other hand, a symmetric argument implies

Fv—w),w—2)=(F(z—-w),w—2)+Fv-—2),w—2)

—llw = 2[* + 2y]jv — 2|l[lw — 2|

IA

IA

1
—5llw = 2I* +29%lv — 2|

Combining these two inequalities, we easily obtain (3.8). O
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We are now ready to prove both upper and lower a posteriori error bounds. To
this end, we first need to introduce the error concept €:

R 1 (T R 1 (T
(3.9) = max( max |(u—U)(t)|2,—/ ||u—U||2dt,§/ ||u—U||2dt>.
0 0

0<t<T 2

Theorem 3.1 (Upper Bound). If ug € V, then the following estimate is valid for
sectorial operators § and for both dG(q) and IRK-R(q) for any g > 1:

N—-1 T
(3.10) & <03 Y kUT - Uil +2 [ I - FlEas
n=0 0

Proof.  Subtract (3.1) from (1.1) to obtain the error equation

d(u—ﬁ)+s(u—U):f—F.

dt
We next multiply this equation by v — U to see that
1d ~ ~ ~
Szl UP = (§(U ~u)u—U) =(f - Fu-1U),
whence, in view of (3.8), we deduce

1d ~ 1 ~ ~ ~
S lu— TP + S max (Ju = UIP, u = D) < 29210 = TP + ju = BY1f - Fl.

The asserted estimate (3.10) follows from (2.9) after integration in time. O

Remark 3.3 (Energy Dissipation). A striking property of (3.10) is that, except for
data oscillation, the energy dissipation, or jump discontinuity, ||U,S — U,|| is what
controls the error. This estimate for dG(q) as well as for IRK-R(q) extends the
estimates of Nochetto, Savaré and Verdi for the implicit Euler scheme (¢ = 1) to
higher order (¢ > 1) without changing their structure [26, 27]. Similar estimates
were obtained by Eriksson, Johnson and Larsson via duality [9].

Remark 3.4 (Stiff ODE). This theory applies to stiff ODE systems and yields a
posteriori estimates which are dimension independent. The nature of these estimates
is different though from those in [11, 15] in that our results incorporate energy terms
and the estimators accumulate in time in the L? norm instead of the L° norm.

Remark 3.5 (Smooth Data A Priori Error Estimates). We assert that the error esti-
mates in Theorem 3.1 are of optimal order-regularity provided the initial data and
forcing term are smooth. To see this, we consider f = 0 and recall the a priori
estimate of [30, Theorem 12.1] extended for sectorial operators,

T 1/2 T 1/2
(3.11) (/0 Ju—UJ1? dt) " < CWI(/O g+l ar) "
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where k = max, k,, is the largest step-size. Since
anU?j - UnH2 < anHqu - U(tn)||2 + 2k, || Uy — u(tn)||2

tnt1 k tn
SC’/ ||U—Iu||2dt—|—C'k = / |U — Tul|*dt,
tn n—1 tn—1

we deduce from (3.11) that
N-1 T
U = Ul < R [ ol
0

=0

3

provided k,, < Ck, _1; the latter is a reasonable constraint between consecutive time-
steps. Compared with the estimates of Eriksson, Johnson, and Larsson [7, 8, 9],
which require the regularity maxo<,<r |07 u|, we observe that both

) T ) 1/2
max [87™u| and (/ 187 0|2 dt)
0

0<t<T

are bounded by the same constant depending on data. Therefore, in the linear
case considered here, their control require the same regularity on the data (ug, f) of
problem (1.1).

Remark 3.6 (Comparison with Duality). We now show the striking agreement be-
tween the stability constant 4% in Theorem 3.1 and the corresponding one of Eriks-
son, Johnson and Larsson [9] for analytic semigroups based on duality arguments
for dG(q). The a posteriori error estimate shown in [9] has the form

: — < o — )
(3.12) max |u(t,) = U(t,)| € CrCsly  max <]Un Ul +maxk|f = Pfl).

1<n<N

where C7 is an interpolation constant, Ly grows logarithmicaly with respect to ky
and Cj is the stability constant of an homogeneous backward dual problem. A sharp
bound for Cg can be found by a simple energy argument [30]. For simplicity we
consider the corresponding homogeneous forward problem

(3.13) w; +F(w) =0, w(0) =’

where §* is the adjoint of §. Then Cy is the constant of the strong stability estimate
Cs

(3.14) F )] < ).

We assert that C's ~ v for sectorial operators. To see this, we deal with v = tw and
the equation that it satisfies. Since v; = w + tw;, then

Uy + 5 (v) = wy,
whence

(i, v) 4+ (F (ve), v1) = (Wi, ve) = —(F (W), ve) < 2y|Jwl|[Jvel] < A*[lw]]? + [Joe]*-
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Therefore, since (F*(vy), v:) = ||v¢]|* and fg |w][? ds < 3 [w°|?, we obtain
¢
o < 29% [l dt+ P < (37 + DIuP.
0

Moreover, the fact that |w(t)| < [w°| finally yields
HF (w)] = tho] < Jwl+ o] < (¥ + D2+ 1) [u),
which implies
Cs=(y"+ 1) +1.
This shows that although the approach of this paper is based on simple but careful

energy arguments, it gives a posteriori error bounds that for linear sectorial operators
compare remarkably well with the estimates based on duality techniques [9].

Theorem 3.2 (Lower Bound). If ug € V, then the following estimate is valid for
sectorial operators § and for both dG(q) and IRK-R(q) for any q > 1:

N-1
(3.15) 23" ka|lU = U|f? < 4€2.

n=0

Proof.  This is a trivial consequence of (2.9) because
N—-1 T
02 Y kU ~ Ul = [ 10 - vl
n=0 0

T
<o [ (o0 + Ju-vP)a<se. 0
0

Remark 3.7 (Dominant Term). A simple by-product of (3.10) and the above proof
is the following upper bound

T T T
VA2 < 1642 ( 2 _ 2) _ P2
o = D)0 <1697 max ([ =01, [ =i +2 [ - P2

This shows that, up to data oscillation, the energy error L*(V) controls the L>(H)
erTor.

3.2. Application: Convection-Diffusion Equation. Let (2 be a bounded Lips-
chitz domain in R? with any d > 1. Consider the initial boundary value problem

u — EAu+b-Vu+cu=f, in Q x [0,7],
(3.16) u(+,0) = uo, in Q,
u=0, on 0N x [0, 77,
with H := L?(Q2) and norm | - |. The coefficients b € W1H>(Q), c € L>*() satisfy
(3.17) b(z)| < by, d(z):=—1divb(z)+c(z) >dj >0, ae z€Q,
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and €2 > 0. The underlying elliptic operator F(v) := —e?Av+b-Vv+cv has a domain
D(F) :={v € H}(Q) : Av € H}, and induces the energy norm in V := H} ()

(3.18) |v]|? = (F(v),v) = /9(62|Vv|2 + d|v*)dx Vovel.

Let pp > 0 be the constant of Poincaré inequality
pplw| < [Vuw| YVwe.
The following result is well known [27, Lemma 5.1], but we prove it for completeness.

Lemma 3.8 (F is Sectorial). § satisfies (3.3) with constant ~ given by

1

b?
3.19 2::—(1 -———JL———)
(319) Ut e2(d3 + €2p%)

Proof.  This proof hinges on (3.4). Since
o] > €V, |ol> > (eph + &) o] Vwve,

the skew-symmetric part of § satisfies for all v,w € V

2,
|(§(v),w) = (F(w), v)] < bo| Vollw] + bo| VewlJo] < -

llvllllw]l.
e(e?p?, + d?)?

[T

Consequently p = boe ' (e’p?, + d3) * and the expression for  follows from ~? =
(1+ p?)/4 [5, Proposition 1]. O

The following a posteriori error estimates is a simple consequence of Theorems
3.1 and 3.2.

Corollary 3.1 (Error Estimates for Convection-Diffusion Equations). If ug € V, then
the following estimates are valid for the convection-diffusion problem (3.16) with -
given by (3.19) and for both dG(q) and IRK-R(q) for any ¢ > 1:

N-1 N-1 T

1

105 D kallUS = Unl® < € < 9’0l Yy ko[ US = Un* + 2/0 If = FllZdt.
n=0 n=0

3.3. Monotone Operators. We consider a linear operator § such that (§(v),v) >
0 for all v € ‘H. This assumption is insufficient to guarantee optimal a priori error
estimates [29]. The same happens with the a posteriori error analysis.

Theorem 3.3 (Error Estimates for Monotone Operators). If ug € D(§), then

N-1 T
max|u—U|§a12kn|3(Uj—Un)\+/ |f — F| dt.
n=0 0

0<t<T
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Proof. We repeat the argument of Theorem 3.1 except that we can no longer
exploit coercivity. Since
1 d = s A A~ A A~
g7l — UP 4+ Fu—-0),u—U)=FU-U),u—-U)+{f — F,u—U)
we deduce

d N . .
Zlu— 0P < 2ju—01()§(0 - 0)] + If - FI).

We now invoke the sharp Gronwall inequality

d . g

— < <

dta(t) < 2a(t)b(t) = Dax, a(t) < a(0) —1—/0 b(t)dt,
which results by comparison with the ODE satisfied by A?(¢), where A(t) = a(0) +
fg b(s)ds. The assertion finally follows from Lemma 2.2. O

3.4. Application: Wave Equation. Let € be a bounded Lipschitz domain in R?
for any d > 1. We consider the initial boundary value problem:

Utt—A’U:g, in Q x (O,T),
(3.20) v(0) = v°,v,(0) = v, in Q,
v|oa =0, on 992 x (0,7,

with D(—A) = H2(Q) N HY(Q). To write (3.20) in the form u; + F(u) = f, we set
u = (ug, uz) and reduce the order as follows:

=) sl =)

Let U = (Uy,Us,) be either the dG(q) or IRK-R(gq) approximation of u, and let
G = Ilg. The next issue is to state the functional setting. We start with H :=
Hg(Q) x L*(2) with scalar product (v, w) = (Vuy, Vwy )+ (vg, wy) and corresponding
norm |- |; hence (F(v),v) = 0 for all v € D(F) = D(—A) x L*(2). The error is then

-

¢ = max (IIV(U1 - (71)”%2(9) + [Juz — [72”%2(Q)> g

0<t<T
Corollary 3.2 (Energy Norm Estimate). If v" € D(—A) and v' € H}(Q), then

1 T

N-1 1
€< Z kn(”A(Uan - Ul,n)”%?(n) + V(U — U2,n)||%2(sz)> i +/0 lg — Gllr2()-
n=0

This estimate provides an optimal order error bound at the expense of additional
regularity. In order to reduce the regularity demands, we seek an alternative choice
of H which leads to an estimate in a weaker norm but also with lower data regularity
requirements.
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Let T := (—A)~! be the restriction to L*(Q) of the inverse Laplacian with zero
Dirichlet condition. Let H := L*(Q2) x H~'(Q2) with scalar product, [3]

(v,wy = (v, wr) + (Tvg, we), Y v,weH;
hence (F(w), w) = —(wq, wy) + (T(—=A)wy,wy) = 0 for all w € D(F). The error is

1

¢ = max <||u1 — ﬁ1||%2(9) + [Jug — (72H?{—1(Q)> g

0<t<T

Corollary 3.3 (Weak Estimate). If v° € H}(Q) and v' € L*(Q), then

N-1 1 T

2

€ <ar Y k(WU = Ui ey + 105, = Uaalifaey) ™ + / lg = Gl e

n=0
Remark 3.9 (Hyperbolic vs. Parabolic Character). Using duality arguments, a pos-
teriori error estimates for the fully discrete discontinuous Galerkin method were
proved in [16] for ¢ = 2. In contrast to the parabolic case, the estimators were
expressed in terms of discrete-time L' norms. This is due to the fact that strong
stability estimates of the form (3.14) are not valid for the wave equation. Our esti-
mators in this case are also expressed in terms of discrete-time L! norms. Compared
to the parabolic case, the increased regularity required in the estimators appears also
in [16]. This what is expected for problems of non-parabolic character as the a priori
results for the Schrodinger equation show [19]; see also [3].

4. A POSTERIORI ERROR ESTIMATES FOR NONLINEAR OPERATORS

In this section we will consider the nonlinear case. The notion of linear angle-
bounded operators (3.6) extends naturally to nonlinear § [5, 26, 27].

Definition 4.1 (Nonlinear Angle-Bounded Operators). The (possibly) nonlinear op-
erator § is called y?-angle-bounded if it satisfies for some v > 0

(41)  (B) = Fw)w—2) < 4AFW) - F:)v—2) Yo,z e DE).
Angle bounded operators are monotone because taking z = w we conclude that
() =F(w),v—w) =20 Vv,we D).

We will derive our results under the assumption that an amount of coercivity is
inherited by (4.1). To this end we introduce the nonnegative quantity for n > ~:

(4.2) oy(v,w,2) =1 (F(v) = §(2),v = 2) = (F(v) = F(w), w—2z) Yv,w,z€ D(F),
and assume the following coercivity condition.

Definition 4.2 (p—Coercivity). Let D(§) be equiped with a lower semicontinuous
(l.s.c) seminorm || - ||. The operator § is called p-coercive if for some p > 2 and
n >y there exists 6 > 0, depending on n, such that

5
(43)  oyv.w,2) > max (Hv —w|lP, fJw— z||p), YV v,w, 2 € D(F).
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This notion of coercivity is a natural extension of the linear case (3.8) in Lemma
3.2, where p = 2, n = /2, and § = 1; likewise, we set V := {v € H : ||v|| < oo}.
Note that even in the linear case we need n > 7 to gain the above coercivity.
Examples of (4.3) are given in Subsections 4.1 and 4.2.

We are now ready to prove a posteriori error bounds in the nonlinear case similar
to Theorem 3.1. In analogy with (3.9), we introduce the following error concept €:

~ 5 [T ~ 5 [T

¢ = mas (max |(u — D)0 -/ u — O, -/ Ju—UlFdt).
0st<T P Jo P Jo

Theorem 4.1 (Error Bound for Nonlinear Operators). Let § be v2-angle bounded and

p-coercive with respect to the seminorm || - || for n > ~. If p* = p/(p — 1), then the

following estimate is valid for both dG(q) and IRK-R(q) for any q > 1:

e <2 [ (§0)-50).0 - vy

(1.4 o
(3" ] (@) -ms@r + 1s - Pz )

Proof.  Subtract the continuous equation (1.1) from the semidiscrete counterpart
(2.1), to obtain the error equation

A~

U —w)+3(U) =(w) = @FU) -USU) +(F~f) VOst<T

Testing with U — u and using (4.3), we sce that

1d, =, 0 ) -
sl = 07+ S max (Jlu = U] u— 0|

<PFU) - F(0),U = U) + (FU) - UFW)) + (F — f),U —u).

e—P*/p

Next, we use Young’s inequality, ab < %ap + = bP", with e = g to arrive at

(B(0) — TF) + (F— £).0 - u)| < %nﬁ—unp

i pi (57" (1) - 3@y +1s - FI),

whence (4.4) follows immediately upon integration. O

Remark 4.3 (Nonlinearity). In contrast with Theorem 3.1, we notice two nonlinear

effects. First, we can no longer express (§(U) — F(U),U — U) in terms of the jump
residual ||UF — U, ||>. Secondly, the new estimator ||§(U) — IIF(U)]||« accounts for
the approximation of F(U) ¢ Vi(q) by piecewise polynomials of degree < g.
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4.1. Application: Subgradient Operators. A subclass of angle-bounded oper-
ators are the subgradient operators, which are characterized by the existence of a
proper lower semicontinuous convex function

¢:H— (—o0,+x], D(p)={veH: o) <o},
such that § = V¢ is the subgradient of ¢. This means that § and ¢ satisfy
(4.5) d(w) = ¢(v) = (§(v),w —v) 20, VoveDF)we D(9).

Moreover, the following well-known characterization has been used in [26, 27| to
derive a posteriori error estimates for the implicit Euler method.

Lemma 4.4 (Subgradient Operators are 1-Angle Bounded). All subgradient operators
$ are 1-angle bounded. If, in addition, ¢ is Frechet differentiable and § satisfies

(4.6) |lv —w|? < (Fv) —F(w),v —w), Vuvwe D)

then § is p-coercive with 6 = 1; moreover, it holds

1
(4.7) o1 (v, w, 2) > 5(“@ —w|? + |w— sz), Y u,w,2 € D(F).

Proof.  Since
(§(0)=F(w), w=2) = (F(v) =§(2), v=2)+ V), =)+ F(w), 2=w) +(F(2), v—2),
in view of (4.5), we first see that § is 1-angle bounded, i.e.
(§(v) = F(w), w = 2) < (F(v) = §(2),v - 2).
On the other hand, using the mean value theorem in (4.5) and (4.6), we deduce
o) = 6(0) = Fwhw =) = [ () = §0) v~ )2

1 1
d 1
> [ ool Z = o= ol s = S
0 § 0 p

where ws = sw + (1 — s)v. This implies (4.7) and concludes the proof. O
In view of (4.7), we now define the error concept to be

¢? = max ( max |(u— D)), - ' u— Odt + 2 ' llu — Udet).
0<t<T " Jo D Jo

Corollary 4.1 (Error Estimates for Subgradient Operators). Let § = Vo be a subgra-
dient operator with ¢ Frechet differentiable and satisfying (4.6). Then the following
error estimate is valid for both dG(q) and IRK-R(q) for all ¢ > 1:

4p*/p
p*

¢? < 2/0 (@) = 3O + ——(I5W) = TFO)IZ +11f = FI) )t
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Proof. Since n = ¢ = 1 from Lemma 4.4, it suffices to show
(F(U)-3U).U~U) <|IFU0) =FO)|Z-
This follows from ||[U — U||P < ||§(U) — F(U)||P" which, in light of (4.6), results from
|T-UlP < (3(0) - 3(U), U~ U)
< [8U) =S IU=U]|
1 ~ .01~
< —I5W0) =FW)IL +-lU=U|]".
p p
Consequently, inserting this bound into (4.4) we obtain the asserted estimate. [J

Remark 4.5 (p—Laplacian Operator). Given p > 2, let §(v) := — div(|Vv|P=2Vv)
be the p-Laplacian operator [4, 22, 27]. This operator is the subgradient of ¢(v) :=
%|Vv||72p(m in H = L*(Q), and has the following coercivity property [27]

(4.8) (§(u) = F(©),u —v) = A[[V(u = o),

for a suitable constant A, > 0. Hence § is p-coercive with respect to the norm ||v|| =
A;/pHVUHLp(Q), and Corollary 4.1 applies with dual norm ||v||, := A;l/pH’UHW—*l(Q).

Remark 4.6 (Porous Medium Operator). Given p > 0, let F(v) := —A([v|P~2v) be
the porous medium operator. This prototype of degenerate operator is the subgra-
dient of ¢(v) := %H’UHLP(Q) in H = H'(Q), and is p-coercive in LP(2) [27], i.e.

(F() = F(w),v —w) = Apllv = wlfq),
for a suitable constant A, > 0. Corollary 4.1 applies again.

4.2. Application: Lipschitz Operators. We will consider now a subclass of non-
linear operators which extend the class of linear sectorial operators of §3.1. We
assume that § satisfies (4.6) with p = 2, namely,

(4.9) lv —wl* < §(v) = F(w),v —w) Yov,we D),
as well as the following Lipschitz condition for some v > 0
(4.10) 15(v) = F(w)ll« < 27[lv —w| ¥V v,w e D(F);

compare with (3.3). The following lemma extends Lemma 3.2, and is proved in [27,
Lemma 4.3]. We present its proof here for completeness.

Lemma 4.7 (Angle-Boundedness and Coercivity). If § satisfies (4.9) and (4.10), then
for all v,w, z € D(F)

(@11 (§(0) ~ §(w)w—2) < 277 — 2l — g max (Jlo — w2 — w]]?).
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Proof. Proceeding as in Lemma 3.2, we obtain
(§(v) = S(w),w —2) = Fv) = F(w),w —v) + Fv) = F(w),v - 2)
1
< —llv = wl* + 29l = wllfjv — 2| < =5 llo = w]* + 29*[lo - 2%,
as well as
(§(v) = 8(w),w —2) = (§(2) = F(w), w —2) + F(v) = F(2), w — 2)
1
< —llz = wl* + 2yllo = 2lllw = 2| < —Fllw = 2|* + 2" ]lo — 2",
Combining these inequalities, we deduce the estimate (4.11). ([l

Note that (4.11) implies (4.3) with p = 2, = v/27, 6 = 1. Therefore Theorem
4.1 is applicable with an error concept & of the form:

R 1 /T R 1 [T
2. _ _ 2 1 ey t T2
€2 .= max(org%uu 0)(1)] ,2/0 lu — T dt,2/0 lu— U] dt).
Corollary 4.2 (Error Estimates for Lipschitz Operators). If ug € V and (4.9) and
(4.10) hold, then the following lower and upper bounds are valid for both dG(q) and
IRK-R(q) for all ¢ > 1:

=2

- N-1
a; kal|UF = Un|” < €% < d92aj Z knl| U = Un|f?
(4.12) n n=0

w4 [ (180) - T2 + 1 - 1)

] =
|
el

Proof. We note that (4.11) with = /2y yields the upper bound. To derive
the lower bound, we proceed as in Theorem 3.2, whose proof does not rely on the
structure of §. O

4.3. Noncoercive Operators. A class of operators that satisfy (4.9) and (4.10)
can be defined as follows [1]: let F(v) := Av —B(t,v), where A is a positive definite,
selfadjoint, linear operator on a Hilbert space H with domain D(2() dense in H,
and B(t,) : D(A) — H is a (possibly) nonlinear operator for all ¢ € [0,7]. We

let V := D(AY2), with norm |jv|| :== |AY20] = (Av,v)"?, and assume that || - |
dominates | - | in V. If we identify H with its dual, then the Hilbert triplet satisfies
VY C 'H C V*, with V* the dual of V. A natural condition for v’ + F(u) = f to be of
parabolic type is the one-sided Lipschitz condition on B(t,-),

(4.13) (B(t,v) —B(t,w),v—w) < Nv—wl|*+ plv—w|

with a constant 0 < A < 1; (4.13) is equivalent to the Garding—type inequality

(4.14) (F) - Fw), v —w) > (1= Vo —wl - plo - wf.
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If p =0, (4.14) reduces to (4.9). We also require the additional Lipschitz condition
(4.15) 1B(¢,v) = B(t, w)|l. < Lllv - wl]

with constant L > 0. Hence, (4.10) is satisfied with 2y = L+ 1. Instead of extending
Corollary 4.2 to u > 0, we take advantage of the structure of § in the following result
which is formulated in terms of the error concept

~ 1 — T ~
¢? ;= max { max e M| (u — U)(t)|?, T)\ / 6_3“t<|]u — U +2|lu— U||2>dt} .
0

0<t<T
Corollary 4.3 (Error Estimate for Noncoercive Operators). If § = 2A — B satisfies

(4.13) and (4.15), and T’ := 1 + %,A = 125, then the following error estimates

are valid for both dG(q) and IRK-R(q) for all ¢ > 1
N-1 T
€ < a3 ke e (DIUS = Ul + 20UF = U) + 8 [ e vp = e
n=0 0

Proof.  We first write the error equation in the form
%u? —u 42U — ), U —u) = 2(B(U) — Bw), U —u) + 2(F — f,U — u),
and observe the elementary equality
2V —u), U —u) = |U = ul® +|U —ul* - [T - U|>
We next see that (4.13) and (4.15) imply
2(B(U) — B(u), U —u) = (B(U) — B(u), U —u) + (BU) — B(u), U — u)
+ (BU) —Bw),U —U) + (B(U) —BU),U —u)
< MU = ul? + AT = ul? + p|U — u? + p|U — uf?
+ LU = ull|T = Ul + L|T = u]| [T = U||.
Inserting this back into the error equation, we thus arrive at
SN0~ + 22 (20—l + 10 — ulP?) < 3010 — P
+T|T = UJ* +2ulT = UP + A|IF = fII2.
The asserted estimate follows easily from the Gronwall’s lemma and Lemma 2.2. [
5. CONDITIONAL ESTIMATES: MINIMAL SURFACE EQUATION

For quasilinear operators § the theory of §4 does not always apply. It may, in
particular, be difficult to find a suitable Sobolev setting. This is the case of the
minimal surface operator over a domain €2 of R?

(5.1) §(u) :=div %, Qu) == /14 |Vul?,
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which is better studied in terms of geometric quantities. One such quantity is
(Vu, 1)
Qu) -

the unit normal to the graph I', := {(x,u(z)) : * € Q}. The following geometric-
type coercivity was first observed by Fierro and Veeser [12]:

ORI I LIRS 2 Q)+ Q)
(3)=§(0).u=v) = (s — s Vu=0)) = [ 1N =N (o) £

This can be interpreted as an L? estimate for the normals to the graphs T',,T,
measured on them. For this to make sense we need u,v € WL(Q).

Let U be either the dG(q) or IRK-R(g) approximation to the evolution prescribed
mean curvature equation:

(5.2) N(u) =

Vu
. Oyu — div
59) Q)

subject to an initial and lateral boundary condition u = uy. We assume that (5.3)
admits a smooth solution in WL (2 x (0,7)). We denote by

vUu " VU
Q) QW)
the piecewise constant jump J(U) is a measure of numerical dissipation and Q(U) is

a measure of the nonlinearity of §. The latter will be used next to quantify proximity
to the exact solution u. We first set H = L*(2), and define the concept of coercivity

plo.wiz) = [ ING) = Nw)F Q) do

along with that of error for 0 < X < 1:

=f inQx(0,7T),

(5.4) JW) =0 -U,, NU) =

Jun

2

¢ == max { max [u — UJ%; /OT Gp(U,u; U) + (1 — Np(U, u; u))dt}

0<t<T

Proposition 5.1 (Conditional Estimate). If the solution U of dG(q) or IRK-R(q)
with ¢ > 1 satisfies the a priori condition

(5.5) A= 2| RU)QUY @) < 1,

and o 18 defined as in (2.8), then

(
¢ < {502 / /'V" U))|2 iz dt+9/0T/Q]‘)I(U)|2Q(U)3 dxdt}%+/0T|F—f|dt.

Proof.  Subtracting (1.1) from (2.1). we obtain the error equation
(U —u),0) + ((U) = §(w),v) = (FU) = TFV), v) + (F = fv).
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We now choose v = U — u which, in view of (2.7), reads v = U — u + (J(U) where
U(t) = lyo(t) for t € I,,. Since

(B(U) ~ §(0), U =) = 5 (U, w50) + plU,w:0)
we have
%Iu = U+ p(U, usu) + p(U,u; U) < 200] [(3(U) = F(w), J(V))]
+2NU), V(U —w)) +2(F — f,U —u)).

(5.6)

Then, since ]% - m| < |N(u) — N(U)|, it is easily seen that

| 2

. o . [ IV3)
20t] [{§(U) ~ §u), 3(WU))| < +p(U ;1) + 4o, / S

It remains to estimate the last two terms in the right hand side of (5.6). Both terms
require finding a bound for |V(U — u)| in terms of geometric quantities we have
control of. To this end, we proceed as in [12]. If we set

= (Vu,1) and q=(VU,1),
then
B p q
p—q| = ‘|p|— - !ql—’
p| q

p p
< |2 - Llal +|ipl 2~ Jal 2| = |2 = 2 lal + |Ipl -
p| |d p| !p! Pl lal

whence
(5.7) V(U — )| < [N(u) = N(U)|QU) + |Q(u) = QU)|.

In addition, for a,b € R, we have

11 1 1 1
_‘:‘___Jr) a.

|b— al b—al |b—al
< + - -z
b2 —  ab b a b a b a b

Hence, taking a = Q(u),b = Q(U) and using | — 3| < [N(u) — N(U)|, we get

(5.8)  |Qu) = Q)| < QU)?IN(u) = N(U)| + Q(u)Q(U)*|N (u) — N(U)*.
Combining (5.7) and (5.8), and making use of Q(U) > 1, we arrive at

V(U —u)| < 2[N(u) = N(U)|QU)* +|N(u) = N(U)Q(u)QU)*.
Consequently, if A = 2|[N(U)Q(U)?|| L= (), then we get

(D), V(U ~w)| < 10U, U) +4 / RO PQUY do + 2p(U, w5,
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whence, using Q(U) > 1,
~ 1
2[(NU), VU = V)| < 5 p(U,w;U) + A p(U, w5 u)
3O)P
+ 9/ NU)|“Q( / :
TP+ e | om)

Insertlng the above estimates back into (5.6), we find

~ 1

~ 2
<9/|m )2Q( )+5a;/@+2|p—f||z7—u|.

Since A < 1 in view of (5.5), we thus have an expression of the form

d 2 2
T a®(t) + b (t) < A(t) + 2d(t)a(t).

The asserted estimate is finally a consequence of the following Gronwall-like inequal-
ity [27, Lemma 3.7]:

max{&% a(t), ( /O TbZ(t)dtf} < ( /0 T&(t)dtf + /0 " O

Remark 5.1 (Coercivity). It is worth noticing that the second term in the definition
of € is not a norm but a geometric quantity without homogeneity. Therefore, the
technique of Lemma 4.4 does not apply to yield coercivity. However, the minimal
surface operator is 1-angle bounded from Lemma 4.4, which leads to an optimal a
posteriori error estimate for polynomial degree ¢ = 1 as in [27]. For ¢ > 1 we need
control of the nonlinear term 91(U), which vanishes otherwise, and this is achieved
via the coercivity term.

Remark 5.2 (Conditional Estimates). We point out that the condition (5.5) is a
posteriori, and thus verifiable. It is conceivable that, for a sufficiently fine partition of
[0, 77, (5.5) would be valid. Conditional estimates are somehow natural for nonlinear
equations but rather unusual in a posteriori error analysis. We refer to Fierro
and Veeser [12] for elliptic problems of prescribed mean curvature and Lakkis and
Nochetto [20] for the mean curvature flow of graphs, both for ¢ = 1.
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