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TWO-STEP BDF TIME DISCRETISATION OF NONLINEAR
EVOLUTION PROBLEMS GOVERNED BY MONOTONE
OPERATORS WITH STRONGLY CONTINUOUS
PERTURBATIONS

E. EMMRICH!

Abstract — The time discretisation of the initial-value problem for a first-order evo-
lution equation by the two-step backward differentiation formula (BDF) on a uniform
grid is analysed. The evolution equation is governed by a time-dependent monotone
operator that might be perturbed by a time-dependent strongly continuous operator.
Well-posedness of the numerical scheme, a priori estimates, convergence of a piecewise
polynomial prolongation, stability as well as smooth-data error estimates are provided
relying essentially on an algebraic relation that implies the G-stability of the two-step
BDF with constant time steps.
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1. Introduction

In this paper, we are concerned with the time discretisation of the initial-value problem for
a nonlinear evolution equation,

W+ Au=f in(0,7), u(0)=up. (1.1)

The operator A is supposed to be the sum of Nemytskii operators Ay and B corresponding
to the families of nonlinear operators { Ao (%) }icjo,r) and { B(t) }iepo,1], respectively. The main
assumptions are that, uniformly in ¢t € [0, 7], A(t) + k{ : V — V* (with V C H C V* being
a Gelfand triple and I being the identity) is coercive for some k > 0, Ag(t) + kI : V — V*
is hemicontinuous and monotone, and B(t) : V' — V* is strongly continuous, has range in
H, and fulfills a local Lipschitz-type condition. Moreover, Ay(t) and B(t) are supposed to
fulfill a growth condition.

The time discretisation under consideration is a two-step backward differentiation formula
(BDF) with constant time steps At = T'/N (N € N) for the computation of u" ~ u(t,)
(n=2,3,...,N, t, = nAt),

1 3 n n—1 1 n—2 n __ fn —
E(gu 2u" o Su )+A<tn>u =f" n=23_..N, (12)
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N
n=1

with given approximation { f™ of the right-hand side f and starting values u° ~ ug, u' ~
u(At).

Nonlinear evolution equations of first order are well known for the mathematical de-
scription of many time-dependent real-world phenomena, and so there is a vast literature
on their analysis as well as approximate solution (cf. the monographs of Barbu [5], Brézis
[7], Dautray and Lions [10], Fujita et al. [15], Gajewski et al. [16], Henry [26], Kacur [29],
Lions [33], Lunardi [37], Martin [38], Pazy [42], Rektorys [43], Roubicek [44], Sell and You
[45], Showalter [46], Tanabe [50], Temam [53], Zeidler [55], and the references therein). Our
framework follows essentially Emmrich [14], Gajewski et al. [16], Roubicek [44], and Zeidler
[55].

For the time discretisation of linear evolution problems, we refer to the standard text of
Thomée [54]. Many authors have analysed the backward Euler method for the time discreti-
sation of particular nonlinear partial differential equations and abstract evolution equations.
There is, however, comparatively little knowledge about the stability, convergence, and er-
ror estimates for other schemes, especially as applied to rather general classes of nonlinear
evolution problems.

The approximation of semilinear evolution equations by means of single-step methods
was considered, e.g., by Crouzeix and Thomée [9], Slodicka [47,48], Lubich and Ostermann
[36], and by means of linear multistep methods, e.g., by Hill and Siili [27]. Calvo and
Palencia [8] studied explicit multistep exponential integrators. Implicit-explicit multistep
methods were considered by Akrivis et al. [1-3].

The time discretisation for a certain class of quasi-linear evolution problems by explicit
multistep schemes was studied by Hass and Kreth [25]. Zlamal [56] has analysed A-stable
two- and one-step methods for quasi-linear parabolic problems of second order, and Le Roux
[32] analysed A(f)-stable multistep methods for abstract quasi-linear evolution equations.
For the analysis of Runge — Kutta methods applied to quasi-linear evolution equations, we
refer to Gonzélez and Palencia [19] and Lubich and Ostermann [34].

Linearisation was used by Lubich and Ostermann [35] in order to prove stability and error
estimates for linearly implicit one-step methods applied to nonlinear evolution equations
posed in a Gelfand triple. The backward Euler and strongly A(#)-stable Runge — Kutta
discretisations of fully nonlinear problems, which are governed by a densely defined nonlinear
mapping in a Banach space whose first Fréchet derivative is sectorial, have been dealt with,
again by linearisation, Ostermann and Thalhammer [40] (see also [18] for a similar approach).
Within the same analytical framework, stability of linear multistep methods has been studied
in [41].

Axelsson and Gololobov [4] have derived stability and error estimates for the #-scheme
applied to an evolution equation governed by a strongly monotone operator. Evolution
equations governed by maximal monotone operators and their approximation by Runge —
Kutta as well as linear multistep methods (including the two-step BDF) have been studied
by Hansen [22-24].

Among the abundance of methods, the backward differentiation formulae (BDF) seem
to be of particular interest as they are favourable for the integration of stiff problems. For
analysis of the BDF applied to ordinary differential equations, we refer in particular to the
monographs of Hairer et al. [20,21] and Stuart and Humphnes [49].

Error estimates for the two-step BDF with constant time steps applied to the semilinear
incompressible Navier — Stokes problem have been considered, e.g., by Girault and Raviart
[17], Le Roux [32], Hill and Siili [28], and Emmrich [12], whereas the convergence of a
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piecewise polynomial prolongation of the discrete solution has been shown in [13]. In [39],
singly implicit Runge — Kutta methods and also BDF have been applied to a class of quasi-
linear parabolic problems. Emmrich [11] has studied the two-step BDF with variable time
steps for a class of mildly semilinear evolution equations. Kreth [30,31] has studied the
two-step BDF with constant time steps applied to a nonlinear evolution problem governed
by a family of time-dependent, continuous, strongly monotone operators mapping a Hilbert
space into itself.

In this paper, we prove, for a large class of nonlinear evolution problems, the convergence
of piecewise polynomial prolongations of the discrete numerical solution towards a weak
solution to the nonlinear initial-value problem (1.1). A priori estimates for the numerical
solution are the essential prerequisite for the convergence. Moreover, we show stability of
the numerical solution with respect to the data. Stability estimates uniform in At then allow
to derive a priori error estimates for sufficiently regular solutions.

All results rely upon the theory of monotone operators and compactness arguments
together with algebraic relations describing the properties of the temporal discretisation.
Possible extensions and restrictions of the results are exemplified for the incompressible
Navier — Stokes problem for which Ay is linear.

It should be noted that results analogous to those obtained here for the two-step BDF
can similarly, although somewhat more easily, be derived for the implicit Euler method (cf.
also corresponding results in [44, Ch. 8.2]). For evolution equations governed by a monotone
potential operator, Roubicek [44, Rem. 8.20] postulates convergence results for the two-step
BDF relying upon an algebraic relation that is different from those employed here.

Unlike other work, we allow explicitly time depending operators and perturbations of the
monotone main part. Moreover, our results do not rely upon linearisation and, therefore,
do not require differentiability of the nonlinear operator A. Finally, the operator A is not
supposed to be a potential operator. Note, however, that our assumptions imply global
well-posedness of the original problem (1.1) which is different from the approach in, e.g.,
[40], [18], and [41].

The paper is organized as follows: In Section 2, we describe the analytical framework and
assumptions on the nonlinear operator A. Moreover, we collect some results concerning the
well-posedness of the original problem (1.1). The discretisation and its main properties are
discussed in Section 3. A priori estimates and the main convergence result are then proven
in Section 4. Finally, in Section 5, stability and error estimates are derived.

2. Time continuous problem

Let V.C H C V* be a Gelfand triple with a reflexive, separable, real Banach space (V|| - ||)
which is dense and continuously embedded in the Hilbert space (H, (-,-),|-|). The dual V*
of V' is equipped with the usual norm || f|l. := sup e (0 (f; v)/||v]|, where (-, -) denotes the
dual pairing. Sometimes we emphasise the spaces by a subscript as in (-, -)y+xy .

For a Banach space X and the time interval 0,7, let L"(0,7;X) (r € [1,00]) be the
usual space of Bochner integrable (for 7 = oo Bochner measurable and essentially bounded)
abstract functions. The discrete counterpart for functions defined on a time grid will be
denoted by I"(0,T; X). In the following, let p € (1, 00) and let ¢ = p/(p—1) be the conjugated
exponent. The dual pairing between LP(0,T;V) and L%(0,T;V*) = (L?(0,T;V))" is given
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by

<f> >Lq(OTV* YX LP(0,T;V) V*det.

O\ﬂ

Similarly we have (L*(0,T; H))" = L>(0,T; H) and

<f> >L°°(OTH x L1(0,T;H)

o\’ﬂ

The inner product in L?(0,T; H) is denoted by (-, ) r2(0.7:m)-
The space

X:=LP0,T;V)NL*0,T; H), |Jvllx = [[v]|zeorvy + |0l 220,78

is a reflexive, separable Banach space. The dual space X* can be identified with L9(0,T; V*)+
L?(0,T; H), equipped with the norm

1f1

R 1 f AL . .
X f1GLfI(O,T;V}‘l)’%fQELQ(O,T:,H) Hax (HleLq(O,T,V ) Hf2||L2(O’T’H))
F=F1+f2
If f possesses the representation f = f; + fo with f; € LY(0,T;V*), fo, € L?(0,T; H) then

the dual pairing between f € X* and v € X is given by

:/T(<f1(t)>v( Nvexv + (fa(t) /T Y xvdt

(see also [16] for more details). Note that X C L*(0,7; H) C X* forms a Gelfand triple.
If p > 2, then X = LP(0,T;V), X* = L9(0,7;V*), and we work with the standard norms
[0]loc := ||v||L,, ov)s | flloer == [ fll Laorive)-

By v/, we denote the time derivative of v in the distributional sense. We remember that
for p € (1, oo) the Banach space

W:i={veX:veX}, |v|w:=I]v

is continuously embedded in C([0,7T]; H), the space of uniformly continuous functions with

values in H. Due to the compactness theorem by Aubin and Lions (see Lions [33, Thm. 5.2

in Ch. 1]) and the continuous embeddings X «— LP(0,T;V), X* — L™=@2(0, T;V*), we

also have W <> LP (0, T;H) if V < H.A sequence that is bounded in 'W thus possesses

a subsequence that is strongly convergent in LP(0,7; H). Because of the boundedness in

L>(0,T; H) (remember that W — C([0,77]; H)), there is only one in L"(0,7; H) for any
€ [1, 00) follows. Therefore, W <> L"(0,T; H) for all r € [1,00) if V <> H.

Let {Ao(?)}icjor) and {B(t)}icpp,m be two families of operators Ag(t) : V' — V* and
B(t) : V — V*. We set A(t) := Ao(t) + B(t) (t € [0,T]) and associate the Nemytskii op-
erators Ag, B, A acting on abstract functions via (Agv)(t) := Ag(t)v(t), (Bv)(t) = B(t)v(t),
(Av)(t) = A(t)v(t) (t € [0,T]) for the function v : [0,7] — V. If B # 0, then V is assumed
to be compactly embedded in H. Each result in this paper relies upon one or more of the
following structural assumptions, where £ > 0 and p € (1, 00) are suitable numbers:
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(H1) The mappings t — Ay(t) and ¢t — B(t) are weakly measurable on (0,7), i.e., for all
v,w eV, t— (Ap(t)v,w) and t — (B(t)v,w) are Lebesgue measurable on (0, 7).

(H2) The operators Ao(t) + kI : V. — V* (t € [0,T]), where I denotes the identity, are
hemicontinuous and monotone.

(H3) The operators B(t) (t € [0,7]) map V into H. There is some § € (0,p] and for any
R > 0 there is some § = (R) > 0 such that for all ¢ € [0,7] and v,w € V with
max(|v], |w|) < R

|B(t)v = B(tyw| < B(R) (1 + [[o]P~° + [Jw]["™*) v — w].
(H4) For any R > 0 there is some a = «(R) > 0 such that for all ¢ € [0,7] and v € V' with

v <R
IA@©l. < Aol + [1BE)v]. < a(R) (1+ v[P™) .

(H5) There are constants > 0 and A > 0 such that for all ¢ € [0, 7] and v € V

((A®) + rD)v,0) = pllol]” = A.

For B(t) (t € [0,T]), the growth condition (H4) already follows from (H3) if 6 > 1 and
t — |B(t)0| is bounded. Besides (H1), we sometimes need the following stronger assumption

(H1") For all v € V, the mappings t — Ay(f)v and ¢t — B(t)v with values in V* are
continuous a.e. in (0,7).

Instead of (H2), we also work with the assumption

(H2") The operators Ag(t) + I : V. — V* (t € [0,7]) are hemicontinuous and there is a
constant py > 0 such that for all £ € [0,7] and v,w € V'

((Ao(t) + kD)v — (Ap(t) + KDw, v —w) = pollv — w|.

With (H2'), we have to suppose that p > 2 because there is no monotone operator
fulfilling the property above with p € [1,2). Note that (H2') is stronger than (H2) and
implies uniform monotonicity and thus coercivity of Ag(t) + xI.

In order to obtain stability and error estimates, we may rely upon the following assump-
tion instead of (H3) if (H2') holds true:

(H3") The operators B(t) : V. — V* (¢t € [0,T]) are strongly continuous.

Let p = 2. There is some 6 € (0,2] and s € (0,1], and for any R > 0 there exists
[ = B(R) > 0 such that for all ¢ € [0,7] and v,w € V with max(|v|, |w|) < R

(B(t)v = B(tyw,v — w) > =B(R) (1+ [0~ + w]*™)" o — w[* o — w][*™.

Let p > 2. There is some 0 € (0, p| and for any R > 0 there exists § = 3(R) > 0 such
that for all t € [0,7] and v, w € V with max(|v|, |w|) < R

(B(t)v — B(tyw,v —w) > =B(R) (1 + o]/~ + w]"~) Jv — w]*. (2.1)
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Obviously, there is a gap between the two cases p = 2 and p > 2 as the condition for p = 2
is much weaker than that for p > 2. However, we were not able to prove reasonable stability
or error estimates in the case p > 2 with an assumption that is weaker than condition (2.1)
and allows a potency of ||[v — w]|.

Assumption (H3') for p > 2 immediately follows from (H3). Moreover, (H3') for p = 2
follows from either of the following two continuity assumptions (the first one leads to s = 1):

(H3,_5) The operators B(t) : V. — V* (t € [0,T]) are strongly continuous and their range
is in H. There is some ¢ € (0, 2] and for any R > 0 there exists § = 3(R) > 0 such
that for all t € [0, 7] and v, w € V with max(|v],|w|) < R

|B(t)o — B(tyw| < B(R) (1+ [[v]*= + [[w]*~*) lv = w].

(H3)_,) There is some ¢ € (0,2] and s € (0,1], and for any R > 0 there exists 8 = 3(R) > 0
such that for all ¢ € [0,7] and v,w € V with max(|v|, |w|) < R

1B(t)o = B(t)wll. < B(R) (1+ [l + [wl**)" v — wl*llv — w]~.

In applications, (H3)_,) will be weaker than (H3)_,) and s will be small. The growth
condition (H4) follows for B(t) (t € [0,T]) already from (H3)_,) if § > 1 and t + || B()0]|.

is bounded. If V < H, then (H3), as well as (H o), this is a fixed term of B(t) : V — V*
(t € [0,T]). We remark that, for obtaining convergence and error estimates, the continuity
assumptions on B(t) (t € [0,7T]) can be further relaxed as we will discuss later.

Finally, the coercivity assumption (H5) can, at least for some of the results, be replaced
by the semicoercivity of A(t) + xI (t € [0,77]): Let || - || be a seminorm on V' and let there

be a constant ¢ > 0 such that for all v € V
vl < c(lloll + [v]) -

Then A(t) + xI (t € [0,T]) is said to be semicoercive (see Roubicek [44, p. 202)) if for all
veV
((A(t) + sl)v,v) Z plloll” = A

Indeed, with
(a+b) <27 a" +0b"), a,b=0,1>1, (2.2)

it can easily be shown that then
(A + (s + @) De,0) = g (ol + o) = A > g (ol 202 4 o2 —2) — 3 >

21_min(p’2)/,,b (|||'U||| _|_ |U|)min(p,2) _ 2,“ _ )\ 2 21—min(p,2)c— n’lin(p,?)luHUHmin(p,Q) _ 2/«6 _ )\’

and so (H5) follows with p := min(p, 2), Kk := & + 1, A 1= 2u + A, p ;= 21~ min@2) —min(@2),,
A typical example for the functional setting above is given by the initial-boundary value
problem for the nonlinear differential equation for u = u(x,t)

ou—V - (go(x, t, |Vu|p_1)|Vu|p_2Vu) + agp(z,t,u, Vu) + b(x, t,u, Vu) = f

with p > 2 in a bounded, sufficiently smooth domain Q C R?, supplemented by, e.g., ho-
mogeneous Dirichlet boundary conditions. The bounded function ¢ : Q x [0,7] x Rf — R
with a positive lower bound is supposed to fulfill the Carathéodory condition. Moreover,
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y +— @(+,+,y)y is assumed to be monotonically increasing and Lipschitz continuous. Under
suitable assumptions on the Carathéodory functions ag and b and taking V = W,?(Q),
H = L*(Q), the main part of the spatial differential operator and the semilinearity corre-
sponding to ag may be collected within the operator Ay, whereas the semilinearity corre-
sponding to b determines the operator B. Some simple concrete examples for the case p = 2
are agp(x,t,u, Vu) = c(x,t) - Vu with V - ¢(x,t) < 2k ae. in Q x (0,7) for some k > 0,
ao(x,t,u, Vu) = u|u|” with v < 4/d for d > 2, b(x,t,u, Vu) = sinu. See also [16, pp. 68 ff.,
215 ff.], [44, pp. 232 ft.], and [55, pp. 567 ff., 590 ff., 779 ff.] for applications.

Some essential properties of the Nemytskii operators Ay, B, A are collected in the follow-
ing proposition.

Proposition 2.1. Under assumptions (H1) and (H4), the operators Ay, B, and A =
Ao+ B map LP(0,T; V)N L>(0,T; H) into (LP(0,T;V))* = LY(0,T;V*) and are bounded.

If, in addition, (H5) holds true, then A+ kI fulfills for all v € LP(0,T;V)N L>*(0,T; H)

((A+ KL)v, v) Lo, v o) Lr(o,13v) = /~L||U’|Z£p(0,T;V) — AT

Moreover, (H2) implies that Ag+xI = LP(0,T;V)NL>(0,T; H) C L?(0,T;V) — L%(0,T; V™)
is hemicontinuous and monotone. With (H2') instead of (H2), Ag + kI is in addition uni-
formly monotone such that for all v,w € LP(0,T;V) N L>*(0,T; H)

<(A0 —+ HI)U — (Ao —+ H])w, v — w>Lq(07T;V*)XLP(07T;V) 2 /Jo”U — wHiP(O,T;V)’

With (H3), B is a strongly continuous mapping from W into L"(0,T; H) for all r €
[1,p/(p—9)). With (H3]_,) and ¢ € [1,2], B is a continuous mapping from L*(0,T;V) N
L>(0,T; H) into L"(0,T;H) for all r € [1,2/(3 — 0)]. With (H3,_,), B is a strongly
continuous mapping from W(0,T) into L™(0,T;V*) with r € [1,2/(1 — (6 — 1)s)).

The proof of the first assertions follows arguments similar to those given in [14, Lemma
8.4.4] and is omitted here. We only note that the Bochner measurability of the images results
from Pettis’ theorem together with Carathéodory properties that are fulfilled in particular
due to the monotonicity and continuity of Ay(t) + ~I and B(t) (t € [0,T7]), respectively.
The proof of the continuity statements for B relies upon the compact embedding of W into
L7(0,T; H) for arbitrary r € [1,00) and Holder’s inequality.

The following theorem summarises the results on the well-posedness of (1.1) under our
structural assumptions.

Theorem 2.1. [f (H1), (H2), (H3) or (H3!",), (H4), (H5) hold true, then, for any

p=2
ug € H and f € X*, there is a unique solution uw € W to the initial-value problem (1.1) such

that (1.1) holds in X*.
Let f = fi+ fo with fi € L0, T;V*), fo € L*(0,T; H). The solution then satisfies for
allt € [0,T] the a priori estimates

t

woF + [ TuoPds < (o + [ (LA +16)) ds 3¢ ) = .

0

/|IU'(8) — fa(s)lids + / [A(s)u(s)[|ids < M, (2.3)

where M’ depends on M and is bounded on bounded subsets.
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Moreover, the following stability estimates are fulfilled for solutions u,v € W with initial
data ug,vo € H and right-hand sides f,g: Let f,g € L*(0,T; H), then

ult) = o) < (oo~ ol + / 166) - ato)Ps),

where ¢ > 0 depends on the a priori bounds for u and v. Let f,g € L0, T;V*) and assume,
in addition, (H2') and (H3'). Then

=0+ [ o) — o < c(luo = wl+ / 1£(6) = g(s) 1205 ).

where ¢ > 0 again depends on the a priori bounds for u and v.

Proof. The existence proof can be carried out by means of a Galerkin approximation or
the Rothe method but the existence of a solution also follows from Theorem 4.1 below (with
somewhat stronger assumptions). Uniqueness immediately follows from (2.4) below. The
proof of the a priori estimates follows standard arguments.

For the first stability estimate, we subtract the equations for u and v and test with u —wv.
With the monotonicity assumption (H2) and the continuity assumption (H3), we find

5 lu(t) = v = klu(t) —v()]* = BM) (1+ [[u®) = + [0 @)[P~°) Ju(t) —v()]* =

(F(t) =g(t), ult) —v(t)) < [f(t) —g(®)][u(t) —v(t)] < % /() —g(t)\2+%IU(t) —v(t)l*, (24)

where M denotes the maximum of the two a priori bounds from (2.3) for ug, f and vy, g.
With

1 (7200 o)) = H (L) = o0 - Alate) ~ o))
A(t) 1= (1 264 280M) (L4 ()P + le()]P))

we obtain
u(t) — o(b)]? < i A (|U0—Uo|2 / 1£(s) %zs)

This proves, together with (2.3), the stability estimate since

T T
/A(s)ds < (1+ 26 + 28(M))T + 28(M / lu(s)[[P=° + [l(s)[P~°) ds.
0 0

Assuming (H3]_,) instead of (H3), the estimate can be derived in a similar way by employ-
ing Young’s inequality. Assuming (H2') and (H3'), the second stability estimate is proven
analogously. (|

Analogous a priori and stability estimates will later be derived for the time-discrete
problem.
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For B = 0 and with a growth condition more restrictive than (H4) (independent on R),
the existence and uniqueness are also shown in, e.g.,[5, Thm. 4.2 on p. 167] and [55, Thm.
30.A]. Roubicek [44, Thm. 8.28] provides existence results for a larger class of evolution
problems, including the case B # 0. The case B # 0 is also considered in [14, Satz 8.4.2]
but under more restrictive assumptions. Regularity results for evolution equations governed
by a monotone operator are provided, e.g., in [16, pp.217 ff.] and [44, Thm. 8.16, 8.18].

3. Time discrete problem

For N € N, let At := T/N, t,, := nAt (n = 0,1,...,N). For a grid function {u"}._,

(no € {0,1,..., N}) with values in a Banach space (X, ||| x), we write {u"}}_ € 1"(0,T; X)
(r € [1,00]) if

N
ALY [y (€ [1,00)) and  max | [Ju"x (r = o),
n=ng

respectively, is bounded independently of At. Moreover, we define the divided differences

ut — un—l
Du" = ————
1u At Y
3 1 1 /3 1
Dyu” = §D1u" — §D1u"_1 = A7 (iu" — "t §u"_2) ,
un—l—l —un + un—l

and the extrapolation
Eun - 2un—1 o un—2

For a Bochner integrable function f, we define the natural restrictions

tn
n —i n _§ n _1 n—1
Rifim o [ f0dn RyFi= SRIf -SRI,

tn—1

For a smooth function u, we have Rjw' = Dyu(t,) = u/(t,) + O ((AD)*) (k € {1,2}),
D2u(t,) = u"(t,) + O ((At)?) as well as Eu(t,) = u(t,) + O ((At)?). Let f = fi + fo with
fi € LU0, T;V*), fo € L*0,T;H). By standard arguments, it can be shown that for
ke{l,2},n=kk+1,...,N,

N tn N tn

SR < e [ IAO s IRUE < c [ 1P

Jj=k 0 Jj=k 0
and so {RPfIN_, € 19(0,T;V*) +12(0,T; H). Here and in the following, we denote by ¢ a
generic positive constant that is independent of At.

The G-stability of the two-step BDF on an equidistant time grid follows from the algebraic
identity

4(ga—2b+%c)a:a2+(2a—b)2—b2—(Qb—c)2+(a—2b+c)2, a,b,c € R,
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which immediately proves for {u"}"_, C H the important relation
4(Dou”, u") = Dy (Ju"]? + |Eu" ') + (A)? D> '?, n=2,3,...,N, (3.1)

which will be frequently used in what follows.
The temporal approximation (1.2) of (1.1) we wish to study now reads as

Dou™ + A(t,)u™ = f*, n=2,3,...,N, (3.2)

with given approximations f™ (n = 2,3,..., N) for the right-hand side f and initial values
u® ~ ug, u' ~ u(t;). The value u' can be computed from u° by means of the implicit Euler
step

Dyu' + A(t))u' = f1. (3.3)

Theorem 3.1. Assume (H2), (H5) and let B(t) : V. — V* (t € [0,T]) be strongly
continuous. For anyu®,u' € H and {f"}\_, C V* there is at least one solution {u"}\_, C V

to (3.2) if At < 3/(2k). The solution is unique if At < 3/(2k) and B = 0.
Proof. In each time step, (3.2) is equivalent to the operator equation
% u" + Ag(t,)u" + B(t,)u" = f" + é u" "t — ﬁ u"?
with the right-hand side in V* since V. C H C V*. Its solvability follows from Brézis’ theorem
on pseudomonotone operators (see e.g. Zeidler [55, Thm. 27.A]) since for each time level ¢,
the operator 55 I + Ao(t,) : V — V* is hemicontinuous and monotone if At < 3/(2x), the
operator B(t,): V — V* is strongly continuous, and the sum of these operators is coercive
if At < 3/(2k). The uniqueness in the case B = 0 follows from the strict monotonicity of
soz I+ Ag(tn) 1 V — V¥ if At < 3/(2k). O
Uniqueness for B # 0 will follow from the stability results in Section 5 (see Remark 5.1).

4. A priori estimates and convergence

Proposition 4.1. Assume (H5) and let At < 7 < 1/(4k) for some T < T. Ifu’ u' € H
and f" = fr+ fr (n=2,3,...,N) with {f7}_, € 190, T; V*), {fa}N_, € I?(0,T; H) then

n=2

any solution {u"}_, to (3.2) is in 1°°(0,T; H)NIP(0,T;V) and satisfies the estimate

J=2,..,N

N N
max [l + (A)* D D2/ TP+ ALY [l <
=2 =2

N
c(|u°|2 A SR+ 1A + AT) M

Jj=2

Assume, in addition, (H4). Then {A(t,)u"}N_, € 19(0,T;V*), {Dou™}_, € 1900, T; V*) +
I12(0, T; H), and the estimate

N N
AtY |IDou! = 1+ ALY AL < M

j=2 j=2

holds true, where M’ depends on M and is bounded on bounded subsets.
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Proof. Testing (3.2) by u”, employing (3.1) and the coercivity condition (H5) as well as
Young’s inequality leads to

At)3

1 — n n
Sy (e B ) + B D - x —sp <

n H n n n
AN+ 5 P+ el F51° + el

where € > 0 is supposed to be sufficiently small such that 4(k + )7 < 1. The first assertion
follows from summing up upon noting that for any grid function {a"} and v > 0 with
vAt <1

D; ((1 — vAt)"a™) = (1 — vAt)" ' (D1a" — va"). (4.1)

We take here a™ := |u"|? + |Eu"*|? and v = 4(k + €). Note also that (1 — vAt)™ <
(1—vAt)™N < (1 —vr) " Lexp(WT/(1 —v7)) (n=1,2,...,N).
Forn=2,3,..., N, the growth condition (H4) yields Wlth ( Lg=p

AtZHA Dul (|7 < ca(vVM) <T+AtZ|IuJIIP>

Moreover, we have
Dou™ = fI' + f3 — A(tn)u"

and
Alfz:IIDzu] £ I"—AtZIIfl )] < CAtZ||f1||q+cAtZIIA Ju |12,

This, together with the first estimate, proves the second assertion. O

From the discrete solution {u™}»_; of (3.2) corresponding to the partition of [0, 7] with
the step size At, we now construct functions Ux; and Va, defined on [0, T]. We then study
the convergence of Ux; and Va; towards the exact solution as At — 0.

Let
ul, if t€[0,t],
UAt(t) — . ' [ 1]
u, if te (tho1,tn] (n=2,3,...,N);

1 1 E 2 D 1 _ if
VAt( ) . % (u + bu ) + Dju (t tl), 1 t e [O,tl],
s (" + Eu"™) + Dou™ (t —t,), if t € (thor,tn]) (n=2,3,...,N).

The construction of Va, reflects the choice of the method: The value u' is thought to be
computed by the implicit Euler method (3.3); if another method is used, then the definition
above has to be modified appropriately. The slope of Vay in (t,-1,t,] is Dou™ for n =
2,3,..., N, and the function is continuous. However, Vx; does not interpolate as Va;(t,) =
Sur—fu !t forn=2,3,...,N.

There are other possible prolongations that we will not consider here, e.g., the interpolat-
ing linear spline, the discontinuous interpolating piecewise linear function with slope Dou™
in (t,—1,t,] (n=2,3,...,N), or a continuous piecewise quadratic interpolation. Results for
such prolongations, however, rely upon the functions Ux; and Va; above.

For a null sequence {(At);} of time steps (At)y := T/Ny ({N.} € N with Ny — oo

as k — o0) and corresponding problems (3.2) with initial values u(()At)k, u%At)k, we always
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assume u(()At)k, u%m)k € V. Moreover, we suppose that the right-hand side of (3.2), (3.3) is
given such that the representation

flan, = Mo, + f2an, (0=1,2,...,Ni) (4.2)

with {fﬁ(m)k}gil € 90,7, V"), {fg(At)k}nNil € 12(0,T; H) holds true. Finally, we assume
that

|ufan, |* + 1uian, [? + (A0)k]uian, I” + (At)kllugan, I + (At)k[Ditiay, — faoan, ) < ¢
(At)k|D1ugAt)k| — 0. (4.3)

The first part of assumption (4.3) is fulfilled if u(()m),c =1’ € V and u%At)k e Vis
computed from (3.3). The proof is analogous to the one of Proposition 4.1 and relies upon

the algebraic identity
2(a —b)a =a*—b*+ (a—b)? a,bcER,

which gives
2At(Dyut, ut) = |[ut]? — [u®)? + Jut — PP

In view of the stability estimates for the continuous problem (see Theorem 2.1), the assump-
tion u® € V is not a restriction as we can always approximate uy € H by an element of V.
The second part of assumption (4.3) then follows from the first part if (At)] f(lAt)k|2 — 0.
This can be seen by testing (3.3) with u! — u° and employing the coercivity of A(t;) + kI
and the growth condition for A(#;). The condition on f(lm)k is fulfilled if f(lAt)k is, e.g., the
natural restriction Rif of f € L*(0,T;H) on (0, (At)y). If (H2') and (H3') are fulfilled,
then only u® € V and (At)| f(lAt)k |2 — 0 is required in order to ensure the second part of
assumption (4.3). The condition on f(lAt)k is fulfilled if f(lAt)k is, e.g., the natural restriction
of f € L0,7;V*) on (0, (At)g).

Proposition 4.2. Let {(At)} be a null sequence of time steps. Under the assumptions

of Proposition 4.1 and if (4.2), (4.3) are fulfilled, there is a subsequence {(At)w} and an
element U € W such that

U, — U in LP(0,T;V), Uy, — U in L®(0,T; H),

Viay, — U in LP(0,T;V), Viay, — U in L=(0,T; H),
Viag, — U in X" = LU0, T; V") + L*(0,T; H).

If. in addition, V <> H, then {Vlay,, } also converges strongly in L"(0,T; H) towards U for
all r € [1,00).

Proof. From the definition of {Uay,} and {Viay,} and with Proposition 4.1 together
with (4.3), it follows that {Uas), } and {V{ay), } are bounded in L>(0,T"; H) and LP(0,T; V).
Moreover, the sequence of derivatives {V{y;) } is bounded in X*. The existence of a weakly*
in L>°(0,T; H) and weakly in LP(0,7"; V') convergent subsequence of {Uay), } and {Viay), },
respectively, follows now from standard compactness arguments (see [6, Thm. II1.26 f.]).
Moreover, there exists a subsequence of {V(’At)k} that converges weakly in X*.

Let {(At)} be a suitable subsequence of {(At)x} and let U € LP(0,T;V)NL>(0,T; H)
be the (weak and weak™) limit of {Uy),, }, whereas the limit of {V{as),, } is denoted by



Two-step BDF for nonlinear evolution problems 49

U e LP(0,T;V) N L>(0, T H). It can easily be shown that U' € X* is the weak limit of
{Viay,, + and thus U ENW.

We show that U = U in LP(0,T;V)NL>*(0,T; H). In what follows, we omit the subscripts
k and k'. Since
Diul (t—t + &), if ¢€0,t],

Var(t) — Une(t) =
2elt) = Unilt) {%Dluumun(t—tn), if t€ (thr,te] (n=2,3,...,N),

and since

Dlu —Dgu —7D2 u"” 1

we find (remember representation (4.2))

Vae(t) — Uni(t) =

(Diul — [ (t =t + 85 + f3 (t—t1 +8), if t€]0,t4],
(Dyum — f2) (t —t, + &t) — BEp2yn-1y (4.4)
t—t.+ 5, if t€(th_1,tn], n=2,3,...,N.

It follows that

N
1Var — Unelloe < cmax(((At)q“HDlul— FII7+ (AT " Dowd — f]17+
j=2

a1 S ||D2uf-1||z)l/q, ((At)?’é |f§|2)1/2)- (45)

j=2
By assumption, (At)? Zjvzl |fI? tends to zero as At — 0. In view of (4.3) and Proposi-

tion 4.1, also (A)M||Dyul — f1]|7 and (At)7T! ZﬁVZQ |Dyu? — f1]|4 tend to zero as At — 0.
For the remaining term, we observe with H <— V* and Hoélder’s inequality that

N N
(ALY T ID* ¢ < e(An)* Y 7 DA <

j=2 Jj=2
( N
(At)2a+! max |(At) 72?972 57 D2/ 2, if p < 2,
7=0,..., j=2
c{ (At)° Z D212, if p=2, =
=2
J N ' a/2
(At)2a+1(At)~1Ha/2 ( > |D2u3_1|2) : if p>2,
\ 7j=2
( N
(At)® ST D2/ 12 nOlaXN|uJ\q 20if p<2,
j=2 J75
N
cd (A5 S D212 if p=2,

<.
||

'MZ I

a/2
|D2u/~ 1\2) , if p>2.

,
7 N
>
~
\_/
<
Il
no
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So, because of the a priori estimate in Proposition 4.1, also this term converges towards
zero as At — 0. This shows that the difference Va;, — Uay converges strongly in X* to-
wards zero as At — 0. Because of Up; — U, Vay — U in Lr(0,T;V) and Up, — U,
Var = U in L®(0,T; H), we also have Uy, — U, Vay — U in L®ne9(0, T;V*) =
(Lmaxea) (0, T V))>k Since X* < Lmn(®) (0, T; V*), the limits U and U are equal at least as
elements of L™*®9)(0, T; V*). However, L™*P9 (0, T; V) is dense in LI(0,T; V*) as well as in
LY0,T; H) and so we find U=U in LP(0,T; V)N L>®(0,T; H)=(L1(0, T; V*)+ L0, T; H))*.

If V << H, the strong convergence of a subsequence of {Viay, } in LP(0,T; H) follows
since {V(ay), } is bounded in W < LP(0,T; H). The boundedness in L (0, T; H) then implies
convergence in L"(0,7; H) for all r < oco. O

Theorem 4.1. Assume (H1'), (H2), (H3) with 6 > min(1,p/2) or (H3)_,) with 6 > 1,
(H4), (H5). If B # 0 or k # 0, then assume that V' is compactly embedded in H. Let ug € H
and f € X* be given. For a null sequence {(At),} of time steps, consider the corresponding
sequence of problems (3.2), (3.3) with uly,), , uiny, €V fulfilling (4.3) as well as

1 :
§(U%At)k + u?At)k) —uy in H (4.6)

and the right-hand side {f&t)k}nNi1 being given by the natural restrictions of f. Then the
limit U € W from Proposition 4.2 is a solution to the initial-value problem (1.1) such that
(1.1) holds in X* and both {Uap, } and {Vias,} converge weakly in LP(0,T;V) and weakly*
in L>(0,T; H) towards U.

Proof. In what follows, we omit the subscripts k& and &’ for a suitable subsequence. With
the aid of the functions Ua; and Vs, the numerical scheme (3.2), (3.3) can be rewritten as

the differential equation
Vae + AaiUnat = far, 0<t<T, (4.7)

where fa; 1 [0,7] — V* is defined via fai(t) := Ry f for t € (t,—1,t,] (n =2,3,...,N) and
fae(t) == RYf for t € [0,t1], Aar := Ao + Bar with Ag A, being piecewise constant such
that Agai(t) = Ao(t,,) for t € (t,-1,t,] (n=1,3,..., N) and Ba; being defined analogously.
The properties of the Nemytskii operator Ay a; and Ba; are analogous to those of Ay and
B, respectively, as stated in Proposition 2.1. In particular, Ay a; and Ba, are well-defined
on LP(0,T;V) N L>(0,T; H) with range in X*.

By standard arguments, we find the strong convergence fa; — f in X*.

Because of assumption (H4), (4.3), and Proposition 4.1, we know that {AaUa:} is
bounded in L?(0,7;V*). So, we can extract a subsequence of time steps such that we
have the convergence results from Proposition 4.2 as well as

AAtUAt —b in Lq(O, T, V*) (48)
for some b € L9(0,7;V*). With Proposition 4.2, we then obtain
OZVAt—FAAtUAt—fAtAU/—Fb—f in X*

and thus
U+4+b=f in X" (4.9)

In what follows, we show that U € W fulfills the initial condition and that b = AU. This,
finally, proves that U is a weak solution to the initial-value problem (1.1).
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Since {Va;} is bounded in W — €([0,T]; H), for any t € [0, T], the sequence {Va,(t)} is
bounded in H and (together with (4.6)) we have for a suitable subsequence

1 .
Var(0) = i(ulm +ul\,) —ug in H

as well as

3 1 5 .
VAt(T):§ugt_§uZt =0 in H

for some 6 € H. Since U, Va; € W, we can employ integration by parts and obtain for all
v eV and ¢ € C([0,7])

(UT), 006(T) = U(0).0)0(0) = [ ((W0)vhott) + V(D). 0)(0) )t =

/ (<f(t> —b(t),v)(t) + (U(t),v)gb’(t))dt -
/<<f(t) — fae(t) + VA1) + Aac(t)Une(t) — b(t), v)p(t) + <U(t),v>¢/(t))dt _

S50 = ) + AslUsit) = 601, 0)o(0) + (U12) = Vale), 0} () ) e+

(Var(T), 0)o(T) = (Var(0), v)¢(0).
Taking the limit on the right-hand side, we come up with

(U(T), v)o(T) = (U(0),v)p(0) = (0, v)$(T) = (uo, v)¢(0).

Choosing ¢(7T) = 0 and ¢(0) = 0, respectively, we find that U(0) = ug and U(T) = 6 in H
since V' 3 v is dense in H.

The method for proving b = AU is similar to Minty’s well-known monotonicity trick.

Let us show that Ba,Ua; — BU in X*. So, let B # 0. We then have additionally the
compact embedding V <> H at hand. We firstly show that Ux; — U in L7(0,T; H) for all
r € [1,00) (remember that already Va; — U in L7(0,7; H) for all r € [1,00)). Since {Un:}
is bounded in L>(0,T; H) and U € L>=(0,T; H), it suffices to show Ux; — U in L*(0,T; H).
Because of Ux, — U in L>®(0,T; H), we already know that Ux, — U in L?(0,T; H) and it
remains to show ||Ua¢l|z2,r;m) — Ul 20,1 as L*(0,T; H) is a Hilbert space. We observe

082 0irs) = 100,200 | = | (Usts Usd) 2oz = (U 0) soran| =

‘(UAt — Va, UAt)Lz(o,T;H) + (VAt - U, UAt)L2(07T;H) + (UAt -U, U)LQ(O,T;H)’ <

1Uat = Vaelloe [[Uaelloc + IVae = Ullczor.m [[Uadl 220,750y + | (Uae — U, U)L2(O,T;H)) :
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Each of the terms on the right-hand side converges towards zero as At — 0 since Up; — Va; —
0 in X* (see estimate (4.5) and the according arguments), Va, — U in L2(0,T; H) if V <> H,
Upar — U in L*(0,T; H), and {Ua:} is bounded in LP(0,7;V) and L*(0,T; H).

With (H3) and the boundedness of {Un;} in LP(0,T; V'), we obtain Bao;,Ux;—BaU — 0in
L™(0,T; H) for all r € [1,p/(p—13)) and thus in L4(0,T;V*) if § > 1 as well as in L*(0,7T; H)
if § > p/2. Hence, Ba;Ur; — BasU — 0 in X* if 6 > min(1,p/2). With (H3]_,) instead
of (H3) and § > 1, it immediately follows Ba;Ua; — Ba;U — 0 in L2(0,T; V*). In view of
(H1'), we have for almost all ¢ € (0, 7))

[Bar(H)U(t) = BOU(2)[[« — 0.

Since also (see the growth condition (H4)) where the right-hand side is integrable, we find
by Lebesgue’s theorem that Ba,U — BU in L(0,T; V™).
It follows Ba;Upay — BU in X* and thus (because of Ux; — U in X)

(BatUnat, Uat) — (BU,U), (4.10)

where here and in the following (-, -) is the dual pairing between X* and X.
Since U, Va; € W, we find with integration by parts

W', 0) = 5 (0P = 0OF) = 3 (VD) ~uoP)

as well as .
(VaeVa) = 5 (IVad D) = [Vac(0)[?)
and hence (remember Va,(T') — U(T'), Var(0) — ug in H)
(U',U) < liminf(VX,, Var).
Together with fa; — f in X* and Ux; — U in X, we obtain from (4.9), (4.10), and (4.7)

(b— BU,U) = (f —U' = BU,U) >
lim sup ((fAt — VAy — BaUnt, Uas) + (Vay, Une — VAt>> =

lim sup ((AO,AtUAta Unt) + (Vap, Ut — VAt>>- (4.11)

The monotonicity of Ay(t)+~xI :V — V* (¢t € [0,T]) implies the monotonicity of Ay a¢+rI :
LP(0,T;V)NL>(0,T; H) C X — X* and shows for all w € LP(0,7;V) N L>*(0,T; H)

<A0,AtUAt7 UAt) P <A0,AtUAt7 UAt) - <A0,AtUAt - AO,Atwu Unat — w) - HHUAt - U)H%2(0,T;H) =

<A0,AtUAta w> + <A0,Atw, UAt - 'LU) - /‘fHUAt - w||%2(07T;H). (4.12)
We then observe that

<A07AtUAt,'UJ> = <AAtUAt,'UJ> — <BAtUAt,'UJ> — <b, 'UJ) — <BU,1U> = <b — BU, 'UJ)

With (H1'), we also have Ay aw — Aow in L4(0,7;V*) (as was shown for Ba; above) and
thus Upa; — U in X implies

(Ap arw, Uar — w) — (Agw, U — w).
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Since Upy — U in L2(0,T; H) if V <5 H, we also have

1Uat — wll 20,750 = [IU = |l 2200:m)- (4.13)
Altogether, we find from (4.12)
lim sup(Aop atUat, Uat) = (b — BU,w) + (Aow, U — w) — k||U — w||2L2(07T;H). (4.14)

It remains to analyse (VX,, Uat — Var). A straightforward calculation shows that

<ga—2b+%c) (a—2b+c):%(a—b)z—Q(a—b)(b—c)+%(b—c)22

1 1
i(a—b)2—§(b—c)2, a,b,c e R.

With the definition of Va; and (4.4), we thus obtain

(VAL Ut = Var) =Y / (VA1) Uns(t) — Vay(t))dt =

= tn—1

At)? &
/(t t1+—)dt|D1uN| —Z /(t tn + )dt|D2uAt|2 4) > (Doulr,. D?ul,) =
tn—1

n=2

N
1 _ 1,
1 E ( (I Atl+§um2aum 2, 4 u, ) =

n=2
1 1
137 (5 b — P 2, — ik s — k) + g i ) >
n=2
1
—Z(mt u = s = i) > -5 fub —

which converges by assumption (4.3) towards zero.
From (4.11) and (4.14), we now obtain for all w € LP(0,7; V)N L>(0,T; H)

(b— BU,U) > (b— BU,w) + (Aqw,U —w) — &l|U — w320 1)

and thus

(b— BU,U —w) > (Aqw, U — w) = K||U — wl[32(0 .-
With w = U £ sv (v € LP(0,7;V) N L>*(0,7; H)) and s — 0+, the hemicontinuity of A,
proves

(b— BU,v) = (AgU, v)

and thus, by density, b = AU in L%(0,T;V*). So, U € W is a weak solution to (1.1).
By contradiction, we can show that the whole sequences {Va;} and {Ua;} converge
towards U since a solution to (1.1) is unique in 'W. O
Note that assumption (4.6) follows from (4.3) if U(()At)k — g in H. The compact embed-

ding V <> H is also employed if B = 0 but x # 0 in order to have (4.13).

Assumption (H3) with 0 > min(1,p/2) or (H3)L,) with 6 > 1 on B(t) (t € [0,77]) can
often be relaxed: As one can infer from the proof above, we only need that Ux; — U in
Lr(0,T;V), Un;, — U in L®(0,T;H), and Ux, — U in L"(0,T; H) (r € [1,00)) imply
(BU,U) < liminf(BaUn¢, Ua)-
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Remark 4.1. The statement of Theorem 4.1 remains true under assumption (H3) with
d > 0 instead of § > min(1,p/2) if t — B(t)v is, as a mapping with values in H, demicon-
tinuous a.e. in (0,7") for all v € V| ie., if t — (B(t)v,w) is continuous a.e. in (0,7) for all
veV,weH.

The remark above can be seen as follows: Since B(t) (t € [0,7]) has range in H, we find
with the demicontinuity, Lebesgue’s theorem, and the growth condition (H4) that B, U —
BU in L™ (0, T; H) for all ' € [1, q]. We already know from the original proof that Ba,Ua; —
BaU — 0in L7(0,T; H) for all 7' € [1,p/(p — 0)). Taking a suitable exponent 7’ > 1 with
the conjugated exponent r > 1 and remembering that Un; — U in L"(0,T"; H), it follows

<BAtUAt7 UAt)Lq(O,T;V*)xLP(O,T;V) - <BAtUAt7 UAt>Lr’(O,T;H)><LT(O,T;H) -

<BU= U)LT'(O,T;H)XLT(O,T;H) = <BU7 U>L‘1(0,T;V*)xLP(0,T;V)v
which gives (4.10).

Remark 4.2. Let the operators Ag(t) : V. — V* (t € [0,7]) be linear and assume
(H2") (i.e., the operators fulfill, uniformly in ¢, a Garding inequality). Instead of (H1’), let
t — Ag(t)*v (with Ag(t)* : V — V* denoting the dual operator of A(t)) be continuous and
let t +— Ag(t)v, t — B(t)v be demicontinuous, as mappings with values in V*, a.e. on (0,7)
for all v € V. Then the statement of Theorem 4.1 remains true if (H3]_,) holds for arbitrary
d € (0,2].

The remark above is based upon the following observations: Because of the linearity,
we can consider the dual operators Af ,, : L*(0,T;V) — L*(0,T;V*) that are bounded
uniformly with respect to At. It can be shown that Aj \,v — Ajv — 0 in L*(0,T; V*) for all
v € L?(0,T;V). Since Uny — U in L*(0,T;V), we find for all v € L*(0,T;V)

(Ao,atUns — AoaiU, v) = (AG A0, Une — U) — 0

such that Ag a;Uni — AoadU — 0in L(0,T; V*). Because of the demicontinuity property, we
have Ag AU — AU in L?(0,T;V*). So, we come up with Ag a;Un¢ — AU in L*(0,T;V*).
But then, in view of (4.8), it remains to show b — AyU = BU, i.e. BaoJUn, — BU in
L?(0,T;V*). The demicontinuity property for B shows that Ba,U — BU in L*(0,T;V*).
Moreover, (a subsequence of) {BaUa; — Ba:U} converges weakly in L?(0,T;V*) (the se-
quence is bounded because of the growth condition (H4)). The limit can only be 0 since from
(H3/_,) (with arbitrary & € (0,2]), we also know that Ba,Ua;—BaU — 0in L™ (0,T; V*) for
some 1 < r’ < 2 (depending on § and s) but the dual space L"(0,7; V') with the conjugated
exponent r is dense in L?(0,T;V).

As an example, let us consider the semilinear incompressible Navier-Stokes problem in
a bounded, sufficiently smooth, two-dimensional domain €2 described by the differential
equation

ou—Re 'Au+ (u-Vu+Vp=f, V- -u=0,
subject to homogeneous Dirichlet boundary conditions, where Re > 0 denotes the Reynolds
number. With V = {v € H}(Q)?:V-v=0}and H = {v € L*(Q)?*: Vv =0, v,v =0}
(7n denotes the trace in the normal direction), the existence and uniqueness of the velocity
u € W with p = 2 that fulfills the corresponding evolution equation (1.1) in L*(0,7T;V*) is
wellknown (see [51, Thm. 3.1 on p. 282, Thm. 3.2 on p. 294]). For the time-independent
semilinearity B with
(Bu,v) = /(u -V)u - vdx, (4.15)
Q
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it can be shown that
|Bv — Bwll, < ¢ ([o"?vl]V? + [w|"2|lw]"/?) [v = w'2lo = w2, v,w eV,

which implies (H3)_,) with § = 1 and s = 1/2.

The three-dimensional Navier — Stokes problem requires, however, a more refined tech-
nique since the existence of a velocity v € L*(0,T; V)N L>®(0,T; H) with ' € LY3(0,T;V*)
can be shown but not the existence in a space W. Nevertheless, a convergence result analo-
gous to Theorem 4.1 has been shown by the author in [13].

Let us finally remark that the convergence of the two-step BDF was already postulated
in a remark in [44, Rem. 8.20] for an evolution problem with Ay, B being independent of
time and Ay being a monotone potential operator such that Agv = ®’(v). Here, ® : V — R
is a convex functional such that for all v € V

®(v) = plvlly — slvf*.

The proof of convergence shall then rely upon the testing of the discrete equation (3.2) by
u™ — u""!, the algebraic relation

(ga—2b+%c) (a—b)zg(a—b)z—%(a—b)(b—C)Z

1
(a —b)* — g(b—c)z, a,b,c € R,
which gives forn =2,3,..., N
1
At(DQUn, u — un—l) > |un - un—1|2 - g ‘un—l o un—2 27

and the convexity of ®, which gives for all u,v € V
(@'(u),u—v) = ¢(u) — (v).

This technique, however, does not apply to the more general case considered here.

5. Stability and error estimates

N
n=ng

Proposition 5.1. Assume (H2), (H3), and (H5). Let At < 7 with 7 < T being suffi-
ciently small. Let {u"} and {v"} be a solution to (3.2) with right-hand side { "} € 1*(0,T; H)
and {g"} € I>(0,T; H) as well as initial values u°, u* € H and v°,v' € H, respectively. Then

For brevity, we write in the following only {v"} instead of {v" for a grid function.

N
maXN |un o Un|2 + (At)4z |D2(uj—1 _ Uj_1)|2 <

Jj=2

N
c (1 — At — cz(At)‘S/p)_T/At <|u0 — 2+ Jut =P+ Atz |f7 — gj|2)>
j=2

where ¢, ¢y, ¢y are positive constants not depending on At.
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Proof. We subtract the equations for {u"} and {v™} and test by u™ — v™. In view of the
monotonicity assumption (H2), we find

(Da(u" —0™),u™ — ") — klu" — v"|2 + (B(ty)u"™ — B(t,)v", u™ —o™) < (f" — g™, u" — ™).

Identity (3.1) together with (H3), the Cauchy — Schwarz and the Young inequality gives

1 At 3
1 Dy (Ju" — v"* + [E(u"*! —o"™)]?) + (A7 4) ID?(u™ ™t — " )2 — k|u" — 0" P~
N n|P= n n n n 1 n n
BOM) (L4 lu™ |77 + [l [P70) u" = 0" [P < " = g" P + 7 u™ = o™

4

Here, M is the maximum of the two a priori bounds from Proposition 4.1 corresponding to
either of the two sets of initial values and right-hand sides.
From Proposition 4.1, we also infer with inequality (2.2) that forn =2,3,..., N

5 5 5/ N . . (p—3)/p 5/ 2M (p—0)/p M (p—0)/p
n||p— n||p— P P P P —
[ ([P + [Jo"[P7° < 2 ( > (I )P + ||| )) <2 (At) =2 (At) .

j=2
So, we come up with

Dl (|un o ,Un|2 + |E(un+1 o Un+1)|2) + (At)3|D2(Un_1 o ,Un—l)|2_

M\ P-9/p
At(1+4f<a+46(M) <1+2(E) ))\u"—v"P <4 =gt
Let 5
At < 7 < min ((2(1 + 4k 4+ 48(M))) 1, (16/6(M)M(p_6)/p)_ /p> :
Then

AL () L
Atv(At) .= At (1 + 4k +46(M) <1 +2(Kt) )) <Tr(T) < =4+ = =1,

and we can apply (4.1). The assertion now follows from (4.1) and summing up, which leads
on the right-hand side to the factor
(1— Atu(A) T2 = (1= e At — cy(ALyP) T2

¢ =144k +48(M), ¢y =86(M)MP=/P, -

For the following proposition, note again that assumption (H2') implies p > 2 and so
12(0,T; H) C 19(0,T; V*).

Proposition 5.2. Assume (H2'), (H3'), and (H5). Let At < 7 with 7 < T being suf-
ficiently small. Let {u™} and {v"} be a solution to (3.2) with the right-hand side {f"} €
1900, T; V*) and {g"} € 19(0,T;V*), as well as the initial values u°,u' € H and v°,v* € H,
respectively. Then

N

N
maXN u" — Un|2 + (At)4Z; |D2(uj—1 _ ,Uj—l)|2 + Atz; ||uj _ Uj||P <
i= i=

N
c(l—cAt— 02(At)5/p)_T/At <\u0 — 0 4 [ut =02+ At Z 17— ngz)v
j=2

where ¢, ¢y, ¢y are positive constants not depending on At.
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Proof. We subtract the equations for {u"} and {v"} and test by u"™ — v™. In view of the
monotonicity assumption (H2'), we find

(Da(u"™ — v™), u™ = v"™) + pollu™ — 0[P — Klu”™ — v" [+
(B(t,)u™ — B(t,)v", u™ —v™) < (f" —g",u" —o").

For p > 2, assumption (H3') together with (3.1) and Young inequality gives

N o W [ e R
= GO0 (1 I+ 1) 7 < = gL+ o

where M is the maximum of the two a priori bounds from Proposition 4.1 corresponding to
either of the two sets of initial values and right-hand sides. Let

At < 7 < min {(8(%& + BM))) 7 (16g(M)M<p—5>/p)‘5/p} .

The rest of the proof then is as in the proof of Proposition 5.1 with ¢; = 4(k + 3(M)) and
the same c¢.
For p = 2, we observe that

At)?

1 n n n n n— n n
D (ut — o P (B — o) 4 B D2t e gt — o2

A= 7P = 800 (4 [ < =
el = g"l2 + 2 ||u v,
With Young’s inequality, we find

BM) (1 + P72+ [0 1P7°) " u" = o Pl — o™ |*7 <

s ni|2— n|2— n n H n n
Cpo0, ) B> (14 [[u |70 + [[o"P70) Ju” = o"” + ZH|u" — 0",

2
(2—s)/s
s (2—s
C(MO’S):§< Ko ) ’

and the proof can be finished as before with 3(M) being replaced by C/(jo, s)3(M)**. O

Remark 5.1. The propositions above show stability with respect to the right-hand side
and the initial values for sufficiently small but fixed At; the stability estimates are in general
not uniform in At. However, if 6 = p in (H3) and (H3'), respectively, then the stability
constant is bounded for At — 0 since then

where

— At - e(anTn) T~ - T/t g (AT
(1= 1 At — ey (A7) (1— (c1 + c2)At) <o (o)

Moreover, uniqueness of a solution to (3.2) can immediately be inferred from the proofs
of Propositions 5.1 and 5.2.

Stability estimates for the discrete derivative Dy(u" —v™) can be obtained if the operators
A(t) (t € [0,T]) fulfill some Holder-type condition.
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Proposition 5.3. In addition to the assumptions of Proposition 5.2 assume that there
is some r € (0,1] and for any R > 0 there exists y(R) > 0 such that for all t € [0,T] and
v,w €V with max(|v|, jw|) < R

[A(t)y — A(t)wl. < y(R)(1+ [Jofl + lw])P~ "l — w]]".
Then

‘V§:”D2 Tl < dﬁ}:”ﬂ—1MP+c(L—th_@@ﬁym>mem%nx

j=2

N\
(|u° P P A —gﬂnz) |
=2

where ¢, ¢y, ¢y are positive constants not depending on At.
Proof. From (3.2), we immediately get

N N N
ALY T Da(u! = )| < ALY |f7 = @7+ cAt > [JA(t ) — A(ty)o’||2.
j=2 j=2 j=2

Holder’s inequality yields (with At = (At)P=1=ma/P(At)ra/p)

N N
AES AW — A2 < A(DAES (L4 (] 4+ o ) — o <
- =2
N ' ‘ (p—1-r)q/p N , S\ e/
cv<M>q(AtZ<1 Tl + Wn)p) (Atz o wnp) <
j=2 =2

N rq/p
ey(M)4(T 4 2M)P—1=ma/p <At >l = ||p> .
=2
Here, M is again the a priori bound for solutions to (3.2). The assertion now follows from
Proposition 5.2 since ¢ = p/(p — 1). O
Estimates for the error u(t,) —u" (n =2,3,..., N) between the exact and the numerical
solution easily follow from stability estimates that are uniform in At because of the error
equation

Do(u(ty) — u™) + A(t,)u(t,) — At,)u" = p" := Doul(t,) — u'(t,) + f(t,) — f™ (5.1)
Proposition 5.4. Let f” —u" € L*(0,T; H). Then
N .
AtZ 0P < (A" =" G20 mm) + ALY IREf = [,
=2

Let f" —u” € LU0, T;V*) (q € [1,00)). Then

N
AtZ 1714 < (A1 f" = |4 0 iy + AL D> IIRSS = )12
j=2
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Proof. Integration by parts shows that

pri=p" + f" = Ry f = Dou(ts) — u'(ta) + f(tn) —R3f =

([ =03t (0 @i+ [ - 0 - o))

By standard arguments, we find

N T

MY IFP <! [ 17710 - (o)t
Jj=2 0
as well as
Atz 1#7]12 < c(Aty/o-D / 17(t) — ()9
Upon noting that ¢ = p/(p — 1), the assertion follows. O

The proposition above shows that the consistency error, measured in the discrete
12(0,T; H)- and 19(0, T'; V*)-norm, respectively, is of second order if { "} is an appropriate ap-
proximation. It might be worth to mention that one obtains first-order consistency (and cor-
responding error estimates) if only ¢(f”—u") € L*(0,T; H) and ¢(f”—u"") € L4(0,T; V*), re-
spectively. Moreover, order two can generically not be exceeded even if f”—u" € L>(0,T; H)
and f” —u" € L*>(0,T;V*), respectively.

The stability results from Propositions 5.1 and 5.2 together with the error equation (5.1)
and Proposition 5.4 now immediately prove the following theorem.

Theorem 5.1. Let u € W be the solution to (1.1) with ug € H and f € X*, and let
At < 7 with 7 < T being sufficiently small.

Assume (H2), (H3) with § = p, (H5), and let f, f" —u" € L*(0,T;H), u’,u* € H,
{f"}y € 1%(0,T; H). The discrete solution {u™} to (3.2) then satisfies the error estzmate

o ult) =" P<e(Jua— P fu(e) = P (A0~ Byt A3 IR - PP)

7j=2

Assume (H2'), (H3') with 6 = p, (H5), and let f, f" —u" € L0, T;V*), u°,u' € H,
{f"} €190, T;V*). The discrete solution {u"} to (3.2) then satisfies the error estzmate

max lu(t,) — "|2+At2||u ) — || <C(|u0—u0|2+|u(t1)—u1|2+

N
(O = ey + B0 Y IRET = )
=2

The first part of the theorem shows convergence of optimal order O((At)?) in the discrete
I(0,T; H)-norm if the initial approximations and if {Ryf — f"}, measured in the discrete
12(0,T; H)-norm, are of second order. The second part shows — under weaker assumptions
on the right-hand side and the regularity of the exact solution — convergence of order
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O((At)P/P=1)) in the discrete [2(0,T; H)-norm and of order O((At)%®=Y) in the discrete
P(0,T;V)-norm, respectively, if {R5f — f"} is of corresponding order. If p = 2 then the
order is always O((At)?). With respect to the initial approximation, we remark that u! might
be computed by means of an implicit Euler step giving a local error of the corresponding
order as one can show similarly to the results above for the two-step BDF: Let f/ — u” €
L>(0,T; H), which is the case if f' —u”, f" —u"” € L*(0,T; H) or if f' —u” € L?(0,T;V),
f" =" € L0, T;V*), then |u(t;) — u'| can be shown to be of order O((At)?). Note here
that one only needs one step and no summation is carried out.

In particular situations, the assumptions on B can again be relaxed. The semilinearity
(4.15) of the Navier — Stokes problem, for instance, satisfies for solenoidal functions v, w € V'
the relation

(Bv — Bw,v — w) :/((U—w)~V)U-(U—w)dx.

The Hoélder’s and the Young inequality, embedding arguments, and interpolatory inequalities,
then allow (with spatial dimension d € {2, 3}) to estimate for sufficiently smooth v

(Bv = Bw,v —w)| < cl|vllaalv — wf’[lv — w]|”* < ellolly5 v — w]® + % lv —wl?,
where || - [|22 denotes the H?(Q)%-norm. With v = u(t,) and w = u™, error estimates can

be obtained as far as the exact solution possesses more spatial regularity. Note, however,
that higher-order error estimates for the Navier — Stokes problem require a more refined
analysis since a higher regularity of the exact solution is equivalent to certain compatibility
conditions on the initial data (over-determined Neumann problem for the initial pressure)
that are hard to fulfill (see, e.g., [52]). The estimates then rely upon the parabolic smoothing
property and duality arguments (see, e.g., [12]).
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