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On a parabolic problem with nonlinear
Newton boundary conditions

MILOSLAV FEISTAUER, KAREL NAJZAR, KAREL SVADLENKA

Abstract. The paper is concerned with the study of a parabolic initial-boundary value
problem with nonlinear Newton boundary condition considered in a two-dimensional
domain. The goal is to prove the existence and uniqueness of a weak solution to the
problem in the case when the nonlinearity in the Newton boundary condition does not
satisfy any monotonicity condition and to analyze the finite element approximation.

Keywords: parabolic convection-diffusion equation, nonlinear Newton boundary condi-
tion, Galerkin method, compactness method, finite element approximation, error esti-
mates

Classification: 35K60, 656N30, 65N15

Introduction

A number of problems of technology and science are described by partial dif-
ferential equations equipped with nonlinear Newton boundary conditions. Let
us mention, e.g. radiation and heat transfer problems ([2], [22], [27]), modeling
of electrolysis of aluminium with turbulent flow at the boundary ([11], [29]) and
some problems of elasticity ([18]). Our paper was inspired by some nonstandard
applications in biology, where the nutrition of kernels of plants can be described by
a parabolic partial differential equation equipped by mixed Dirichlet - nonlinear
Newton boundary conditions (see, e.g., [1], [7]).

Up to now, elliptic problems equipped with Newton nonlinear boundary con-
ditions have been analyzed analytically as well as numerically. In the analysis of
these problems one meets a number of obstacles, particularly in the very topical
case when the nonlinearity is unbounded and has a polynomial behaviour. The
first results for a problem of this type were obtained in [11], where the existence
and uniqueness of the solution of the continuous problem was proved with the aid
of the monotone operator theory and the convergence of the approximate solutions
to the exact one was established under the assumption that all integrals appearing
in the discrete problem were evaluated exactly. In [12], the convergence of the
finite element method was proved in the case that both volume and boundary
integrals were calculated with the aid of quadrature formulae. In the analysis of
the boundary terms it was not possible to apply the well-known Ciarlet—Raviart
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theory ([5], [6]) of the finite element numerical integration because of the nonlin-
earity on the boundary. The convergence analysis was obtained with the aid of a
suitable modification of results from [33]. Furthermore, the work [13] is concerned
with the derivation of error estimates. They were obtained thanks to the uniform
monotonicity of the problem in [13]. However, in contrast to standard nonlinear
situations treated, e.g., in [4], [16], [17], [34], where strong monotonicity was used,
an optimal O(h) error estimate for linear finite elements was not achieved. The
order of convergence is reduced due to the fact that only uniform monotonicity
with growth of degree t27®, « > 0, holds now, and due to the nonlinearity in
the boundary integrals. Moreover, also the application of numerical integration
in the nonlinear boundary integral can lead to a further reduction of the rate of
convergence. The theoretically established decrease of the order of convergence
caused by the nonlinearity in the Newton boundary condition was confirmed with
the aid of numerical experiments in [15]. Finally, in [14], the effect of the approxi-
mation of a curved boundary is analyzed with the aid of Zldmal’s concepts of ideal
triangulation and ideal interpolation ([35]). Let us also mention that another ap-
proach was used in [19] and [20], where the problem for the Laplace equation with
nonlinear Newton boundary condition was transformed to a nonlinear boundary
integral equation.

Practical applications often require the solution of nonstationary transient
problems with Newton boundary conditions. In this paper we shall be concerned
with the analysis of nonstationary convection-diffusion problem equipped with
mixed Dirichlet - nonlinear Newton boundary conditions. In Section 1, the con-
tinuous problem is formulated. The concept of a weak solution is introduced
and some auxiliary results are established. We assume that the nonlinearity in
the Newton boundary condition has a linear growth and is Lipschitz-continuous.
Section 2 is devoted to the proof of the existence and uniqueness of the weak solu-
tion. In Section 3, under the assumption that the space domain is polygonal, the
finite element solution is analyzed and error estimates for the semidiscretization
in space are obtained.

1. Formulation of the problem

1.1 Function spaces and classical formulation.

Let © C R? be a bounded domain with a Lipschitz-continuous boundary I' =
O consisting of three parts I'y, I'g, I's, see Figure 1. By Q we denote the closure
of Q. For T > 0 let us denote by Qp the space-time cylinder Q x (0,7). Let n
denote the unit outer normal to I'. By N we denote the set of all positive integers.

We introduce the following notation of function spaces:

C(Q) — space of functions continuous in ;

C*(), k € N — space of functions having continuous derivatives of order
kin Q;
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Figure 1: Computational domain

C§°(0,T) — space of infinitely differentiable functions with compact support

in (0,7);

LP(Q)), 1 < p < oo — space of measurable functions whose pth power is Lebesgue
integrable over (2, equipped with the norm

1/p
(1.1) lull oy = ( [ e da:> ;

L2(Q), where a € C(Q), a1 > a > ag > 0, ag, 1 = const, is the a-weighted
L2-space which is a Hilbert space with the scalar product

(1.2) (u,v)a:/ﬂa(:v)u(x)v(x)dx;

WkP(Q), 1 < p < 0o — Sobolev space of functions from LP(£2) whose distribution
derivatives of order < k are elements of LP(2), equipped with the norm

1/p
(1.3) lullyyr.p) = < > |Da“|ip(ﬂ)) ’

lo| <k
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aaaal;%, and a = (a1,02), |o| = a1 + az. We set H¥(Q) =
Ty 0Ty

Wk2(Q). In HY() we shall also work with the seminorm

1/2
(1.4 ulingey = ( [ wuac)

HH(Q), € (% 1) — space of functions u € L?(R), for which

where D% =

1/2
(fQ fQ ;&(wy”;(ﬁu) dxdy) / < 00, with the norm

(1.5) "
ey = (Ilull3aey + 12w) "

Further, we shall introduce the Bochner spaces. Let X be a Banach space.
Then we define: C([0,T]; X) — space of functions u : [0,7] — X, continuous, for
which

(1.6) lulleo,mxy = sup [lu@®)llx < oo
tel0,T

)

C1([0,T]; X) — space of functions u : [0,7] — X continuously differentiable in
[0,T7T;

LP(0,T; X),1 < p < co — space of functions u : (0,T) — X, strongly measurable
such that

T 1/p
(L.7) nwm&ﬂm—(A|w&ﬁ> < oo,

For p = 2, X = L?(Q) we have L2(0,T; L?(Q)) = L*(Q7);
L>(0,T; L?(Q)) — space of functions u : (0,7) — L?(Q) such that

(1.8) [[ull oo (0,7;22(02)) = esssup [|u(t)[| 2(q) < oo
te(0,T)

It is known that LP(Q2), 1 < p < oo, H*(Q), u € (%, 1], LP(0,T; X), 1 < p < o0,
are reflexive Banach spaces.

In virtue of the Sobolev imbedding theorems,

(1.9) H?(Q) —— H"(Q), r,seN, 0<r<s,
(compact imbedding)
(1.10) HYQ) — LYQ), qell,0).

(continuous imbedding)
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By [26] (in the case of domains with infinitely smooth boundary) and [8] (for
Lipschitz-continuous boundary),

(1.11) HH*(Q) —— HFE(Q), if pu>e>0.
Hence, for p € (0,1) we have
(1.12) HY(Q) —— HH(Q) —>— H(Q) = L3(Q).

Due to the theorem on traces (see [26] for domains with infinitely smooth bound-
aries and [23] for Lipschitz-continuous boundaries), for every p € (%, 1] the trace
mapping 0 : HH(Q) — L2(99Q), is continuous. This means that there exists
Cy () > 0 such that

(1.13) lullz200) < Cre(Wllullgr(Q)y, ue€ H'(Q).
We set Cy. = O (1).

Now we introduce the following initial-boundary value problem: Find a function
u = u(z,t) defined in Q7 such that

(1.14)  o2) 8“(;;’ D _ div (8(2)Vu(z, 1) + v(2)u(z,1) + q(x) in O,
(1.15) ﬁ(w)w +y(@)u(z,t) = Gz, u(z, t)) on Iy,
(1.16) u(z,t) =0 on Do,
(1.17) 5(33)8”(22’ D _y on T,
(1.18) u(z,0) = ul(2), x € .

Let us assume that the functions from (1.14)—(1.18) have the following proper-
ties:

(1.19) a € C(Q), ap > a>ag>0, ag,a; = const,

(1.20) pec (@), p1> B> po>0, [o,B1 = const,
L =2

(121 velc'@],

(1.22) v € C(Ty), |7] < 41 = const,

(1.23) q € L*(Q),

(1.24)  wg e L3().
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Moreover, G : I'1 x R — R, G = G(z,u), is continuous, has a linear growth
and is Lipschitz-continuous with respect to u. This means that there exist g > 0,
g€ L*(I'1), K >0, Lg, such that

(1.25) |G(z,u)| < g(z) + K|u|, Yz eI, YueR,
(1.26) |G(z,u) — G(z,u")| < Lglu —u*|, Yoz eTl1, Vu,u*€R.
(Let us note that (1.25) follows from (1.26).)

Classical solution of the above initial-boundary value problem is a function
u € C?(Qp) satisfying equation (1.14), boundary conditions (1.15)~(1.17) and
initial condition (1.18) pointwise.

In the analysis of this problem it will be necessary to work with a number
of various constants. Constants with fixed meaning in the whole paper will be
denoted by symbols K, Lq, 71, ag, @1, 8o, C1vy Cr, Co, C1, ... . On the other
hand, by C we shall denote a generic constant having, in general, different values
in different places.

1.2 Weak solution.
In order to define the concept of a weak solution, we introduce the space of
test functions

(1.27) V={peH'Q); ¢|r, =0}

Let us remind that the well-known Friedrichs inequality holds in this space: there
exists a constant Cp > 0 such that

(1.28) el @) < Crlelm@) Yo eV

This implies that | - [f1(q) is a norm on V' equivalent with the norm || - [ 1(q).
The norm |- [g1(q)y on V' is induced by the scalar product ((-,-))y defined by

(1.29) ((u,v))y = /QVU - Vo dz.

The weak formulation is derived in a standard way: We assume that u is a
classical solution, multiply equation (1.14) by an arbitrary test function ¢ € V|
integrate over 2 and use Green’s theorem and conditions (1.15)—(1.17). We obtain
the relation

/a@tpd:c:/div[ﬁVu—l—vu](pdz—l—/q(pd:c
o Ot Q Q
:/ [ﬂVu+vu]~n<pdS—/ [6Vu+vu]-V<pdz+/qtpd:c
o0 Q Q

:/ [G(z,u)—’yu+v~nu]tpds+/ v - nupdS
I' I's

—/ﬁVu-chdm—/ v-nugodS—i—/div(vu)godx—i—/qcpdac.
Q o0 Q Q
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Hence,

/ Oz%g) dx + / [BVu - Vo — div(vu)y] dx

o Ot Q

(1.30)

= / [G(z,u) — yu] @ dS —|—/ qpdz.
I' Q

Let us introduce the following notation:

(1.31) (u, ©)o = /Qozwpdm,

(1.32) ag(u, p) = /QﬂVu -Vpdz,

(1.33) ai(u,p) = — /Q div(vu)p dz,

(1.34) a(u, @) = ap(u, p) + a1 (u, ),

(1.35) do(u, p) = . G(z,u)pdS,

(1.36) D)= [ upds

(1.37) d(u, ) = do(u, ¢) + da(u, p).

Then (1.30) can be written in the form

(138) ) P+ alut). o) = du(t).9) +(09)  YeeV.

In what follows we prove several important properties of these forms.

Lemma 1. The forms a, d are defined for u,p € V. For these functions we have

(1.39) lao(u, )| < Crlulg1(a)lelm (),

(1.40) la1(u, )| < Calul g1 (q)lel (),

(1.41) |do(u, p)| < C3(1 + [u|g1(q))lelm1(a)

(1.42) |d1(u, p)| < Calulgr()lelm(a),

(1.43) a(u,u) > %'uﬁfl(ﬂ) - COHUH%Z(Q) for u eV,

with constants Cy,...,Cyq > 0 independent of u, ¢ and By > 0 from (1.20). I,

moreover,

(1.44) v.n<0 on I'jUTs,
(1.45) divv<0 in €,
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then

(1.46) a(u,u) > 50|u|§11(m, ueV.

PRrOOF: Using the Cauchy inequality, the theorem on traces, the Friedrichs in-
equality and assumptions (1.20)—(1.25), we find that

lag (u, @) S/Q|6Vu-ch|dx§61/Q|Vu-Vg0|dx
< Crlul gy ()lel ),
|a1(u,g0)|§/ |div(vu)ga|dz§/ | div Vu<p|d:c—|—/ |v - Vup|dx
Q Q Q

< Cv(l[ull 2@ llell L2 + lulg@o)llell 2 @)
< CpCv(Cr + Dul g1 lel g @) = Celulgiq)lelm @)

ldo(u, )] < / G, 2)p] dS < / glg|dS + K / ) dS
1N ' Iy

< llgll2p)llel z2a0) + KllullL2(a) ¢l 22 (00)
< CreCrllgll 2ry) el @) + KCHCRlel oy lul (o)
= C3(1 + |ul g1 ) lel a1 ()

|d1(u, )| < /F Iyup| dS < 71/F lupl dS < 7 lull L2 a0y 1€l L2(a0)
1 1
< Calulgr(q)lela(q),

where Cy = HV”C‘l(ﬁ)’ Cy is the constant from the theorem on traces (1.13)

and Cf is the constant from the Friedrichs inequality (1.28) and C1 = 1, Cy =
CrCy(Cp +1), C3 = CryCp max{||gl| 2(r, ), KC1:Cr}, Ca = 11CECH,. Further,
we have

(147)  alusn) = folullys ) — [ divivuyude > Djulf q) — Collulay,
with Co = Cy (1 + 1/(269)), since
/ div(vu)u dz < |/ u? div v dz| + |/(v - Vu)u dz|
Q Q Q
< Cullulfagy + [ 1Vl ul da)
< OV(HUH%2(Q) + |ulg o) llullz2(@)

< _|“|%11(Q) + CO||U||2L2(Q)a



On a parabolic problem with nonlinear Newton boundary conditions

where we have used Young’s inequality:

L o, 1.9
. < = — >
(1.48) ab_25a —|—2€b, a,b>0,e>0
with e = 3y.
Under assumptions (1.44), (1.45), we obtain
(1.49) a(u,u) > ﬁ0|u|%{1(9) - /Qdiv(vu)u dr > 60|u|%{1(9),
since

/div(vu)udm:/ v-nu2dS—/v~Vuudcc
Q oN Q

:/ v-nu2d5’—1{/ v-nuzdS—/u2divvd:v]
I'1Ul's 0 Q

1 1
—/ v-nu2dS—|——/u2divvd:c§O.
2 Jryurs 2 Ja

[\

O

Definition of a weak solution. We say that u is a weak solution of problem
(1.14)-(1.18), if

(a) u € L2(0,T;V) N L™ (0,T; L*(Q)),

(b) u satisfies identity (1.38) for all ¢ € V in the sense of distributions on (0,7,
ie.,

T T T
—/1@@MMW@ﬁ+/’MMW@WUﬁ:/,ﬂMW@WUﬁ
(1.50) 0 0 0

T
+/<%wmww Vo€ CP(0,T), Vo eV,
0

and,
(c) u satisfies the initial condition

(1.51) u(0) = uP.

2. Existence of a weak solution

The goal of the next two paragraphs will be the proof of the existence and
uniqueness of a weak solution of the problem (1.14)—(1.18):

Theorem 1. There exists a unique solution of problem (1.50), (1.51).

437
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2.1 Proof of existence.

The existence of a weak solution will be proved with the aid of the Galerkin
method. The space V is separable and, hence, there exists its basis {wy, }—; such
that

< H'(Q)
(2.1) V= U X5 ,  where Xj = span{wy,...,w}.
k=1

Let us define the Galerkin approximation u;, € C' ([0, 7], X}) which satisfies
the conditions

(22) S (uylt) )+ am(0), ) = dlaug(0), ) + (g, 1),
i=1,...,k, te(0,7T),
(2.3) u(0) = ug = PP,

Here, the mapping P, is the L%-projection on Xy, i.e., for u € L2(Q)7 we define
Pru € X}, so that

(2.4) (Pru, ) = (u,0) Vo € X
In the sequel, we shall employ the following inequality from [3]:
(2.5) lwl2200) < Csllwl 2oy lwlm@) — YweV,

called the multiplicative trace inequality.

Now we derive a priori estimates of approximate solutions wuy,.
Lemma 2. There exists a constant C > 0 such that each solution uj, of problem
(2.2), (2.3) satisfies the estimates

(2.6) lukll oo 0,1 2(0)) < €,
(27) ||uk||L2(O,T;V) S C Vk = ].7 2, e

PRrROOF: Conditions (2.2) can be written as

(2'8) (u;g(t)v 90)01 + a(uk(t)7 (P) = d(uk(t)v 90) + (‘L (P) Voe Xy, t€ (07 T),

where we simply write u) instead of % Substituting ug(t) for ¢ in (2.8), we

obtain

(2.9) /Qau;(t)uk(t) dr + a(ug(t), ug(t)) = d(ug(t), ug(t)) + /Q qug(t) dz.
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In virtue of Lemma 1, (2.5), the linear growth of the function G, the Cauchy

inequality and Young’s inequality, we find that

1

3 [ DO do+ Plunn ey - Collu)2(q)

< |/1“1 Gz, u(t))ug(t) dS — /1“1 yud(t) dS—f—/Qquk(t) dz|

IN

| / gui(t) dS| + K / W2(t) dS + llal gy lun(®) | 2y + / 2 (1) ds
I I I

1 1
< gl + (5 + 5 ) @l + o ®lBaqe,
+ llall 2o luk () 22 ()
< (54 K+ ) u®) ey + 5 lun(® 22 + = lal220) + 29112
=3 M kO L2ry) + 52 @) T 5902 @) + 51190L2(ry)
1
< Colluk (Ol L2y lue ()] g1 ) + §Huk(f)||%z(9) +Cr

< (L5 Y )y + R up (s gy + €
=13 3 k L2(9) 4 E\UTHL () 75

where Cg = C5(% +K+mv), Cr= %(HQHQL?(Q) + Hg”2L2(F1))‘ Hence,

2

d 1 Cs
(2:10) ZIVaue(t) 33 )+ 2 un(t) s @ < 205+ Co+ 22

The integration with respect to time yields

ol sy + 2 [ 10O e 46 < 205 + Co+ L) [ @
+2C7T+041Huk( )||L2(Q)7

and, thus,

t t
(211)  [ug(®)l32q) + C1o /0 ()31 € < C /0 k()32 d + Co.

where Cg = 2( + Co + 50 )/ao, Cy = (2C7T + aq||ug(0 )”2L2(Q))/a0 and C1g =

Bo/(2ap). Now we use Gronwall’s lemma in the form frorn [9]:

Let y,w, z,r € C([0,T]), w,r > 0 and y(t) +w(t) < +f0 y(s) ds. Then

t

t
(2.12) y() +w(t) < =(t) + /0 r(9)2(9) exp ( /19 r(s)ds) do.

) g (1) 22 +2C.
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Here we set =(t) = C, r(s) = Ci, (1) = [ux(0)][2 (-

w(t) = C1o fy lur(€) 31 () d6- Then (2.11) implies that

t
Jur 02z + 1o [ k(s g e
(2.13) L0
< Cy+ CgCg/ exp (/ Cyg ds) d¥ = Cg exp (Cgt) < Cg exp (CsT).
0 J

From this we get

T
(:14) max [ (D)lF2(q) + Cro /0 (&) 1 dE < 2o exp (C5T) = const,

which immediately yields (2.6) and (2.7). O
Let us continue in the proof of the existence of the weak solution. Since
{w1,...,wi} is a basis in X}, there exist functions (1 (t),...,(x(t) such that
k
(2.15) ug(t) =Y Gi(Hw.
i=1

Conditions (2.8) represent a system of ordinary differential equations for unknown
functions (;(t), i = 1,..., k. Its right-hand side satisfies the Carathéodory con-
ditions and is Lipschitz-continuous with respect to (;, « = 1, ..., k, which implies
the existence of a unique generalized (i.e. absolutely continuous) solution in some
time interval [0, 7*]. From the uniform boundedness (2.6) and (2.7), it follows
that there exists a unique approximate solution uj in the whole time interval
[0,T] (see e.g. [24]).

With the aid of a modification of Theorem 4.11 in [28, p. 290], there exists such
a basis {w;}72; in V' that

(2.17) (wi,wj)a = 52‘]' Vi,j eN,
w; ’LU]' ..
(2.18) ((ﬁa W))V = 0 Vi,j €N,
J
(2.19) 0<C<A <X < ... and N\ -0 as r — o0,
(2.20) {wi/Vi}2y forms an orthonormal basis in V.

(The scalar product ((-,-))y is defined in (1.29).)



On a parabolic problem with nonlinear Newton boundary conditions 441

Moreover, for X;, = span{wy,...,wy} and
k
(2.21) Plv = Z(’U, wi)aw; 1V — X CV,
=1
we obtain
(2.22) |P]?U|H1(Q) < |U|H1(Q) YvelV.

Actually, in virtue of (2.16), (2.18)—(2.21), for v € V' we have

k
|PvlFn gy = D (0, wi)3(wi, wi)y

.
—_

(2.23)
=3 L = 30 SR < ol
~ A ) 1% P ) \/)\_z %4 HY(Q)
Further, for every ¢ € X}, we have
k
(2.24) (Pfnga P)a = Z(Uv w;)a (Wi, )a = (v,9)a-
=1

Now let us return to the definition (2.2) of the approximate solution uy, rewrit-
ten in the form (2.8). Since X C V C L2(Q) = L2(Q)* C V*, the derivative
uj, = Ouy/Ot can be considered as an element of V*. If we denote by (-,-) the
duality between V* and V in such a way that

(2.25) W,0) = (9, 0)a Vo€V, Vi€ LL(Q),
then we have
(2.26) (u;g, ) = (u;g, ©)a VeV

Let v € V. Then, according to (2.24), (2.26) and (2.8), since uj, € X, we find
that

(ug,(t),v) = (u (1), v)a = (uj,(t), Pgv)a
—a(ug(t), Pyv) + d(ug(t), Pyv) + (¢, Pyv) 12 (-
This, Lemma 1 and (2.22) imply that
(2:27) (g, (1), )] < C(lup ()| 1) + Dlvlgie) Yve V. te(0,7),
where the constant C depends on C1,...,C4. Hence,

T T
/ 2 _ / 2 gt < 2/ 9
IR CAGI [ 1202 [ (0 gy +1)
= 20°T +2C% gl o vy B = 12,0

which is bounded by a constant independent of k, as follows from (2.7).
The obtained results can be summarized in the following way:
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Theorem 2. The sequence {uy}72; is bounded in L°°(0, T L?(Q)) and in
L?(0,T;V). The sequence {u}}?2, is bounded in L*(0,T;V*).

In what follows, we shall apply the well-known Aubin-Lions lemma (see, e.g.,
[25] or [10]):
Theorem 3. Let Xy, X, X1 be Banach spaces with the following properties:

(a) X9 — X — X; (continuous imbedding),
(b) Xo, X1 are reflexive,
(¢) Xg —— X (compact imbedding).

Let us put
2 dv o
(2.29) W =qv e L*(0,T; Xo); - € L*(0,T5 X1) ¢ -
Then
(2.30) W e L2(0,T; X).

Now we prove the following results:

Theorem 4. The sequence of approximate solutions {uy}72; is compact in
L%(0,T; HH(R)) for p € (%,1). The sequence of traces {ug|aax(0,1)}the1 I
compact in L2(0,T; L?(05)).

PRrROOF: It is necessary to show that there exists a function u and a subsequence
{ur e, (for simplicity we use the same notation) such that

(2.31) wy — u in L2(0,T; H()) for k — oo,

(2.32)  wuglaax(o,r) — uloaxr) in L2(0,T; L?(89)) for k — oco.

Let us set Xg =V, X3 =V* X = H*(Q) for p € (%, 1). Then, in view of the
results from Paragraph 1.1, the conditions (a), (b), (c) from the previous theorem
are satisfied, because V. C H1(Q) —— HH(Q) — L%(Q) = L2(Q)* — V*,
Moreover, the trace operator @ is defined on H*(Q2) and 6 : H*(Q) — L?(9Q) is

a continuous mapping. By the Aubin—Lions lemma, there exists a subsequence of
approximate solutions {uy}7 ; such that

(2.33) up —u in L2(0,T; H*(Q)) as k — oo.

This means that

T
(2:34) [k — a2 () :/0 luk(®) = a2y dt — 0 as k- oo.
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Further, from the property (1.13) of the trace operator 6 : H*(Q) — L2(0Q) it
follows that

ue(t) | o — u(®) |sallL200)

(2.35) = [|0ug(t) = Ou(t)ll L2 (a0) < Crre (1) ug(t) — ()| pros(er)-

Hence,

T

) 2
= aorzomy = [, ([l uPas) a
I 220,722 (002)) 0 o0 | |

T
= [ k(0 Lon = ) Ll o
T
< Ch) [ () = u(®)lfyuy dt =0 as k= ox,

what we wanted to prove. (I
Since L2(0,T; L2(09)) = L?(8Q x (0,T)), we obtain:

Corollary. It is possible to choose a subsequence {uy}7>, of approximate solu-
tions satisfying (2.31), (2.32) and

(2.36) ugp —u  a.e. in 90 x (0,7).

Remark. The convergence of the traces of ug(t) for kK — oo can also be proved
by putting Xo = V, X = L?(Q), X; = V* in the Aubin-Lions lemma. This
yields the strong convergence of a subsequence (since W << L2(0,T; L?(Q))):
(2.37) up —u in L2(0,T; L3(Q)).

Further we use the multiplicative trace inequality (2.5)

lwl|F200) < Csllwl2@)lwlae — YweV.

From this we have

T T
Il s rszaoay = | 1020 dt < Cs [ 10 z2(@yla®lmo @

- 1/2 /1
(2.38) <Cs (/0 Hw(t)H%z(Q) dt) (/0 |w(t)|§{1(9) dt)

= Cs|lwll 20,7520 1wl L2 0,751y

1/2
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This, the boundedness (2.7) of the sequence {uy}7 in L%(0,T;V) and (2.37)
imply that

2
[l — “HLZ(Q,T;LZ(aQ)) < Cslluy, — UHL2(0,T;L2(Q)) g — “HL2(0,T;V)

< Cs5(C + lull 20,0, ) Mluk — ull L20,7;22(0)) — 0
as k — oo,

what we wanted to prove.

Now it is possible to pass to the limit in equation (2.8), rewritten in the form

—/OT(uk(t) dt—i—/OTa Yo(t) dt

(2.39) T T
:/ d(ug(t), w dt+/ g, w;)0(t)dt Y9 e C§°(0,T),

0 0
i=1... ..k

The sequence uy, satisfies

(2.40) Up — U *_weakly in L>(0,T; L2(12)),
(2.41) up — u weakly in L?(0,T; V),
1
(2.42) up — u strongly in L2(0,T; H*(Q)), p € (5.1,
(2.43) U — U strongly in L?(Qr),
(244)  uglsaxor) — uloaxor) strongly in L*(0,T; L*(09)),
(2.45) U — U a.e. in 00 x (0,7T).
Let ¥ € C3°(0,T). It is obvious that the mappings
T
(2.46) 6 L2(0,T;V) — / (6(t), wi)a? (t) dt € R,
0
T
(2.47) 6 € L2(0,T;V) / a(6(t), w)I(t) dt € R,
0

are continuous linear functionals on L?(0,T; V). On the basis of the definition of
the weak convergence in L2(07 T;V) we can immediately pass to the limit in the
first two terms in (2.39). Further, we split the third term in two parts:

T T
(2.48) /0 d(ug (1), wi)9(t) dt:/o {do(ug(t), wi) + dy (up(t), w;) } O(t) dt
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The part with dj is again linear in wuj(¢) and we proceed as above. Concerning
the part with dy we have to prove that

T
(2.49) ]/0 {doue(t) w) — dou(t), i)} 9(6) dt] — 0 as & — oo,

This is a consequence of the Lipschitz continuity of the function G, the Cauchy
inequality and (2.44):

T
|| (ot ) = do(utt). ) o0y
- | /OT { /]F1 (G, up (1)) — Gla, u(t))) wid(2) dS} |
<[ ! {2l - ol as oo o

< c(/F |wz-|2ds)1/2(/0T [ o —u<t>|2d5dt)1/2 o,

where C' = Lg|9|| 120, 1)-

(2.50)

Summarizing the above results, we see that the limit function v satisfies con-
ditions u € L2(0,T;V) N L>(0,T; L?(Q)) and (1.50) with ¢ := w;, i = 1,2,... .
This and (2.1) imply that (1.50) holds for all ¢ € V. It remains to verify condi-
tion (1.51). For each v € L?(Q),

(2.51) (Prv, ) = (v, ), VoeV as k— oo.

Actually, for ¢ € V there exists {p}72,, ¢r € X} such that ¢, — ¢ in V
(cf. (2.1)) and

|(Prv — v, 9)| = [(Prv — v, 0 — @)
(2.52) < Cr([|Pevll 2y + vl L2@)lle — ekllv
< 2C%[lvll 2@ lle — ¢rllv — 0 as k — oc.

Further, in view of (2.28), we can assume that the sequence wy, is chosen in such
a way that

(2.53) ul = % —~ ¥ in L%0,T;V*).
Then for all ¢ € V and all ¥ € C§°(0,T)
T T
| o= tim_ [ o) 0
0 — J0

T T
(2.54) — tim [ (), )00 dt = — /0 (@i(t), )0 (1) dt.

k—o0 Jo
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which means that «/ = Ou/0t = u, and hence,
(2.55) uj = in L0, T;V*).

Obviously for all ¢ € V and ¢ € C§°[0,T) with ¥(T') = 0, ¥(0) # 0, we have
©I(t), 0 (t) € L*(0,T; V), and, hence,

T
(2.56) /O (i (1) — (1), ) (1) dt

T
= —(ug(0) — u(0), 9)¥(0) — /0 (ug(t) — u(t), )9’ (1) dt.

In virtue of (2.55) and (2.41), the integrals in the first expression as well as the
first integral in the last expression have zero limit as k¥ — oo. Hence, using
u,(0) = Pyu® and (2.51), we find that (u® — u(0),¢) = 0 for all ¢ € V, which
means that

(2.57) u(0) = u°.

Thus, we have proven that u is a weak solution of problem (1.14)—(1.18).

2.2 Proof of uniqueness.
Let us assume that there exist two weak solutions w1, ug of problem (1.14)-
(1.18). This means that the following equations are satisfied:

(258) T (uilt), P)a +alui(t), ) = d(ui(t).9) + (a.9) VoV, i=12,

in the sense of distribution on (0,7).
On the basis of results from [32, Chapter III, Lemma 1.2], or [21],

(2.59) %(ui(t),cp)a = (%(t),@, peV, i=1,2, forae. te(0,T).

(See (2.25).) From (2.58) and (2.59), writing w = u1 — ug, we obtain

(2.60) <%—I;(t)7 @) + a(w(t), p) = d(ui(t), ) — d(uz(t), ¢),

Vo eV, for ae. t € (0,T).
Now, we substitute ¢ := w(t) and find from (2.60) that

(2.61) <%—1:(t)7W(t)> +a(w(t), w(t)) = d(u1(t), w(t)) — d(uz(t), w(t)),

for a.e. t € (0,7).
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From the above references it follows that w € C([0,T]; L2(Q)) and

(2.62) alw(t)[? dz = %(w(t),w(t))a

= 2(%(t),w(t)> for a.e. t e (0,7).

dt Jo

This and (2.61) imply that

(2.63) %%/Qa|w(t)|2dx—i—a(w(t),w(t))d:v

:/ [G(x,uz2(t)) — G(z,ur(t))] w(t) dS—/ v|w(t)|?dS for ae. te (0,T).
It r

1

The individual terms will be estimated with the aid of Young’s inequality (1.48),
inequality (2.5), Lemma 1 and assumptions (1.19)—(1.23) and (1.26). Thus, for
a.e. t € (0,7),

d

it 0 a|w(t)|2 dx + 50|w(t)|%{1(9)

(264) < 2(m + La)Os[[w(t)ll 2oy lw(®)l a1 ) + 2C0llw(®)ll72(q)
< 02,1 0 + Cr Ol

where C11 = 2Cg + 2(Lg + 71)2C2/Bo. Thus
d 2 Bo 2 2
— Qalw(t)l do + 7Iw(t)lH1(Q) <Cn QIw(t)l dz.

The integration with respect to time is possible and yields
2 Bo [* 2 ! 2
ao [ e de+ 2 [ (@) q)de < Cn [ (@) dede,
Q 0 0 JQ

2 Cu [ 2
[ wtoae < 2 e e e
because |w(0)|> = 0.

From the last inequality, using Gronwall’s lemma (2.12), we find that

(2.65)

(2.66) /Q|w(t)|2d:c <0, te(0,7).

This already implies that w = 0 and, hence, u; = ug, which proves the uniqueness
of the weak solution.
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3. Finite element approximation

Let us assume that the domain € is polygonal. By {Th}he(o,ho)v ho > 0, we
denote a system of triangulations of 2 with standard properties from the finite

element theory (see, e.g., [5]): 7}, is formed by a finite number of closed triangles
K and

(1) (@ 0= |J K,

(b) if K1, Ko € Tp,, K1 # Ko, then either K1 N Ky =0
or K1 N K9 is a common vertex or K7 N Ko is a common side
of Kl and KQ.

Let the end points of T'1, ', I's be vertices of the triangulations 73,.
By hi and Y we denote the length of the maximal side and the magnitude
of the minimal angle of K € 7}, respectively, and set

3.2 h = h 9, = min Y.
(3.2) mnax hi, h= in Uk

Let us assume that the system {Th}he(o,ho) is regular. This means that there
exists a constant ¥g > 0 such that

(3.3) 9, =Yg Yhe(0hg).

We define the following finite dimensional spaces:

Xy ={vp, € C(Q);vp |k € PA(K) VK € Ty},

(3.4)
Vi = X NV = {vy, € Xp; 00, = 0},

where P;(K) is the space of all linear polynomials on K.
The approzimate solution is defined as a function wup, with the following prop-
erties:

(3.5) (a) up € CH[0,T]; V),

(b) %(uh(t)#’h)a +a(up(t), on) = d(up(t), n) + (4 0n)  Ven € Va,
() up(0) = up = myu’,

where 7}, is a suitable interpolation operator from V into V},.
Similarly as in the case of the Galerkin approximation we can prove the exis-
tence of a unique solution of the discrete problem (3.5).
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If we denote by {v1,v2,...,vn} a basis of the space V},, then there exist func-
tions &;(t), j =1,..., N, such that

N
(3.6) up(t) = Y &)
j=1

and condition (3.5), (b) can be rewritten in the form

N N N
(3.7) 7 Z{“] Vi, Vi)a +a Z t)vj, v;) = d( Z tyvj, v;) + (q,v;),
i=1,....N,

or

N N N
Z Vj,V)a == a(vj,v)&(t) +d>_ &)y, v) + (g, v:),
7=1

i=1,....N.

This is a system of nonlinear ordinary differential equations which can be solved
by a suitable discrete method for the solution of ODE’s. Let us mention several
simple numerical schemes. To this end, we construct a partition {tk}é\/[: o of the
time interval [0, 7], where t;, = k7 and 7 =T /M.

We have several possibilities of the time discretization:

(1) We use the approximation ff ~ j(ty) and
k+1 k
dfj(tk) N fj - fj

(3.9) a T

and all other terms with §; are considered on the time level {;. In this way we
obtain a simple explicit forward Euler scheme whose stability is conditioned by a
rather restrictive limitation of the time step 7.

(2) The use of the backward time difference

dgilteen) & =8

dt T

(3.10)

on the time level ¢; 1 leads to fully implicit unconditionally stable scheme. This

requires to solve a nonlinear algebraic system on each time level ¢ for unknowns
gk—i-l €k+1
, .

P

449
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(3) If we use the approximation

d&;(tr+1) - 5;?“ - 5?

3.11
(3.11) dt T ’

and consider the linear terms Zjvzl a(vj,v;)&;(t) on the (k + 1)-st time level,

whereas the nonlinear terms d(Z;-V:l §;(t)v;,v;) are linearized with respect to

k1 k+1
&t N as e

P

N

N N
Z §i(tpr1)vj,v;) = —/ 725;?—1-11)]-% dS+/ G(z, fovj)vi ds
LRI Iy j=1

N

N
(3.12) = Z d1 (vy, Ui)f;'ﬁ_l +/1“ G(z, Zﬁfvj)vi ds
1 j=1

we obtain a semiimplicite conditionally stable scheme, requiring the solution of a
linear system with respect to unknowns §k+1, e ,§k+1 on each time level.

In what follows we shall be concerned with the investigation of the convergence
and error estimates for the space semidiscretization (3.5). We shall assume that
the continuous problem (1.14)—(1.18) possesses a unique strong solution u with
the following regularity properties:

(3.13) u e L0, T; HA(Q)), % e L0, T; H()).

The main result of this section can be formulated in the following way:

Theorem 6. Let the exact solution satisfy the regularity conditions (3.13) and
let uy, € C1([0,T];V},) be the approximate solution obtained with the aid of the
method defined in (3.5), (a)—(c). Then there exists a constant C' independent of
h such that

(3.14) e () = un(t) 2y < Ch,
(3.15) v = unll 20,7311 (0)) < Ch-

PRrROOF: The exact solution and the approximate solution satisfy the relations

31 (Ghe) tawe) =dwp)te)  oev

and

ou
(3.17) (8—:790}1) +alup, on) = d(up, op) +(q,0n)  Yopr, €V CV,
[0
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respectively. Subtracting these equations from each other and putting ¢ = ¢ =
¢ = mpu —up, € Vy, where m, : V. — V, is Clément’s interpolation (see [5,
Paragraph 3.2.3]), we obtain

(3.18) (F5r2he) ol €)= dlu©) — deun. ),
(5¢) +(Ghe) +ateco)+atne) = dw.o)  du.©

(319) = d(uv 5) - d(ﬂ-huv g) + d(ﬂ-huv g) - d(Uh, f)v

200 (Ge) +aled

= ()~ d(m &) + (e &) ~ dun. &)~ ) - (L)

where we denote n = u — mpu and thus v —up, =n+ €.

We estimate individual terms in (3.20) with the use of Lemma 1, Young’s in-
equality (1.48), the Friedrichs inequality (1.28) (with constant Cg), inequality
(2.5) (with constant C5), theorem on traces (1.13) (with constant Cy) and as-
sumptions (1.19)-(1.26). If we set Cia = C1 + Ca, C13 = 2((Lg + 711)CHCE +
C12)?/Bo, Cra = 2(Lg +1)*CECE/Bo, then

D IVEEDI 2y + L1610y — ColllZ 2oy
< (La + )0l z200) 1€l 2 (00)
+ (La + 1R a0 + Crallz o €l + 1| el 2y €l 2oy
< (La +71)CHhCRlnl o |§|H1 )+ (La +711)Cs5Crl€l L2 )€l (@)
+ Cr2[nl ()€l a1 () + 0<1|| HLz(Q €l 22
= &l 0l o) ((La + 'Yl)O’I‘rCF + 012)

+ (LG +71)C5Cr[€ll L2 ()€l 51 () + all\al\y(g €l L2 (@)

ap o o

aq
|§|H1 +Ol3|77|H1 +CI4H§||L2(Q 5 Hath(Q 7”5“%2(9)

Hence,

d
D IVEED| 20y + 2Llels

o1,0n 9
< Cuslnl oy + (Cua + Co + TR a0y + LI 2y
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Under the assumptions that the system {7}, }j,¢ (0 5y) is regular, Clément’s in-
terpolation has the following interpolation properties:

(3.:21) v = mpvllr2@) < Cehlolpiq), ve HY(Q),
v — 7ThU|H1(Q) < OCh|U|H2(Q)a Ve H2(Q),

(3.22) lv = mholl 2y < Ceh®lvlgz), v € H*(Q).

(See [5, Paragraph 3.2.3].) This and (3.13) imply that

ou
(3.23) || IIL2 Cchl—lHl(Q
(3.24) |77|H1 )y < Cohlulpg2(q
(3.25) nll2) < CCh2|u|H2

Let us set Ci5 = aio max(C13C2, St 02 &t + C1a + Cp). Then we have

D IVaED)| 2y + 2

< aoomn&(t)nizm) +aocst? |

| (t)@{l(g)

ou(t

%@ﬂ(m + |“(t>|§12<m) !
IVEED () — IVAEO) 22y + 2 / €D o

t 0
< aoCis [ 163 0+ aoCisn [ ( “a(t)up +|u<z9>|§qz(m) a,
0 0

320) 160s + 12 [ 160 @
aq
< 015/0 €032y 40+ Crsh*Cu + 2 E0) .
where

(3.27) Cu =l 1 20.mm () + 1l 0 75020

The last term in (3.26) vanishes in virtue of the relation u9 = m,u® = m,u(0).
Now Gronwall’s lemma (2.12), where we set

t
y(t) = €@ 1720y, w(t) = 45700/0 |€(9) 31 40, () = C15Cub?, r(t) = Cis,
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yields the estimate

t
IOy + 2= | 10 oy 40

t
(3.28) < C15Cuh? + C3Cul? / exp (C15(t — ) dv
0

= C15Cuh? exp (C1st).
From this it follows that

(3:29) e, lun(t) = mhu(®)l 2(q) < Cuh,

(3.30) lun, = mhull 20,701 (@)) < Cuh

Finally, with the aid of (3.23)—(3.25) and triangular inequality we arrive at the
error estimates

(3.31) s [u(®) = un(®)l12(0) < Cuh,

)

(3.32) lu = wnll 20,7501 (@) < Culy

where the constants C, CA'u depend on u, but are independent of /. This concludes
the proof. O

4. Conclusion

In this paper, a nonstationary convection-diffusion problem equipped with
mixed Dirichlet - nonlinear Newton boundary conditions have been analyzed.
The main result is the proof of the existence and uniqueness of a weak solution
and the finite element analysis, carried out in the case of the Lipschitz-continuous
boundary nonlinearity. There are several further questions and open problems of
the practical importance:

e analysis of the problem with a boundary nonlinearity of more general
behaviour (polynomial growth, local Lipschitz-continuity),

e finite element solution using numerical integration for the evaluation of
integrals,

e investigation of the effect of the approximation of a curved boundary of
the domain 2,

e extension of the results to higher degree elements,

e analysis of the full space-time discretization.
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