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1. Introduction

Let us consider an open bounded domain £2 C RY, d > 1 (with a Lipschitz boundary I") and a finite time interval [0, T].
Let v be the outer unit normal vector to I".

This paper deals with the solvability of the following nonlinear evolution equation with a nonlocal Robin-type boundary
condition (BC)

0g(u) — Au = f(u) in(0,T) x £
—Vu-v:ozu+,3+/1(u onl" (1)
u) =u® ° in £,

where «, 8, g, K and f are given functions. We adopt the following conditions on the data:

g(0)=0, 0<y=<g <L

0<a, |a|<C @)
fG) —f@I <Clx—yl, Vx,y

B el ((0,T), Ly(IN), K € L,(£2), u® e HY(2).

Linear parabolic problems with a nonlocal BC have been studied in the last decades. Dirichlet BC in 1D arises in the
theory of linear thermoelasticity; cf. [1,2]. The well-posedness of this linear problem has been discussed in [3-5] under the
additional condition

/ IK(x)| dx < 1.
o)
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Stronger conditions on K were needed in numerical studies — cf. [6-9]. The stability of various numerical algorithms has
been addressed in [10].

Solvability subject to a nonlocal Robin BC has been studied in [11-13]. Numerical study based on monotonicity methods
has been performed in [14].

The paper is organized as follows. First we perform the time discretization based on Rothe’s method. The nonlinear
problem on each time point is solved using a relaxation technique. In this way a solution to the nonlinear problem is
approached by a sequence of linear BVPs with a nonlocal BC. The well-posedness of these linear problems is based on the
superposition principle - cf. [13]. We show the convergence of the relaxation iterations. Further we perform the stability
analysis and finally we prove the existence of a solution to the original nonlinear parabolic problem. The last section is
devoted to some numerical experiments.

Finally, as it is usual in papers of this sort, C, ¢ and C, will denote generic positive constants depending only on a priori
known quantities, where ¢ is small and C; is large.

2. Time discretization

First, we denote by (w, z),, the standard L,-scalar product of the functions w and z on a set M, i.e.,

(w, 2)ym :/ wz
M

and the corresponding norm
2
lwly = (w, wy .

The subscript will be suppressed if M = 2.
We divide the time interval [0, T] into n € N equidistant subintervals (t;_1, t;) for t; = it, where t = % We introduce
the following notation

Zi — Zi—
zi = z(t;), 0zj = ———

for any function z.
The Rothe method is an efficient tool for solving evolution problems. Replacing the time derivative by the backward
difference, a time-dependent problem is approximated by a sequence of nonlinear elliptic problems with a nonlocal BC,

which have to be solved successively with increasing time step t; fori = 1, ..., n. More exactly,
dg(u) — Au; = f(u;1) in 2
—Vu;-v=oiu; + B+ K,u;) onI” (3)
up = ud in 2.

The solution u; on any time step t; will be approached in the following relaxation process with running index k

Lujp — T Aui = tf (Ui—1) + g(Wi—1) + Lujp—1 — g(Uig—1) in2
—Vuig v = aig + Bi + (K, uik) onl” (4)
Uio = Uj—q in $2.

This is a linear BVP with a nonlocal BC for any fixed i and k. Its solvability is addressed in the following lemma.

Lemma 2.1. Assume (2). Then there exists 0 < 1, such that the problem (4) is well-posed for alli and k and 0 < t < 19 and
there exists a unique weak solution u; ), € H'(£2) to (4).

Proof. First we introduce a function h as

h(s) = Ls — g(s).
Clearly

0<h(®=L-g@ ) =<L-y.
The variational formulation of (4) reads as

L (i, ) + 7 (Vitir. Vo) + tai (Uin. @) - + 7 (K. uie) (1, @) p

= (tf (Wi—1) + gWi—1) + hWix-1), ¢) — 7 (Bi, @) - (5)

for any ¢ € H'(£2). The left-hand side

a(i . @) =L (Ui, ) + 7 (Vitip, Vo) + 10 (Uike @) . + 7 (K, uige) (1, )

represents a continuous bilinear form in H' (£2).
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Using the Cauchy inequality, trace theorem and the Young inequality we can write that

(K. uie) (Louige) o < UK Juie] V17T [uicl| -

= € fJuai]| (Jusse] + [ Vusi])
1
< € Juni* + 5 [V

Therefore
2

2 T
AU, tig) > (L— CT) Juiee]|” + 3 Vi
which implies the coercivity of ain H'(£2) if T < 1o (1o is a sufficiently small positive number). The right-hand side of (5) is
a liner bounded functional on H'(£2). The rest of the proof is a consequence of the Lax-Milgram lemma. O
Convergence of the relaxation process is discussed in the following lemma.

Lemma 2.2. Suppose (2). Then for sufficiently small 7o and T < 7o we have limy_, o Ui, — u; in H'(£2), where u; solves (3).

Proof. We replace k by k — 1in (5) and subtract this relation from (5). Then we set ¢ = u; y — u; x—1 and we get

L i — s ||2 + 7 || VI — ui,k—l]Hz + Ty || Ui — i1 ||2r
= (h(ik—1) — h(Uig-2), tige — Uig—1) — T (K, i — Uig—1) (1, Uik — Uik—1) - -
The first term on the RHS can be estimated as
(h(uik—1) — h(uik—2), Uik — Uik—1) < (L —p) [Juik — viker | [uie—r — vik—2] -

For the second term on the RHS we involve the following inequality — see [15]

Izl < e IVzII® + C llzl*, Yz € H'(2),0 < & < &. (6)

We can write

(K. uik = tige—1) (1 uige — tige1) o < C [Jutiae — g || [Juin — wige— |-

IA

C |uik — i1 Hz + C |Juik — Uik ||2r

e || Vi — ui,k—l]H2 + Co [Juik — i1 ||2

IA

Collecting the estimates we arrive at

(L= Cor) ||uik — i “2 +t(1—8) | VIux — Ui,k71]||2 + Tai Uik — Uik-1 ||2r

< L= |Juige — g || [Juie1 — uie—2| - (7)
Fixing a sufficiently small ¢ we get for T < 7 that
L —
“utk — Ujk—1 || =< [ C):r “ui,k—l — Ujk—2 H .

If g is sufficiently small then L__C’:r < 1 and due to the Banach fixed-point theorem we get

L

lim u;, = u;, inLy(£2).

k— 00

Using this fact in (5) we can analogously see that the sequence of gradients is a Cauchy sequence, which implies that
lim uj, =w;, inH(2)
k— 00
and
lim u;, = u; a.e.in £2.
k— 00
Now, we may pass to the limit for k — oo in (5) and we see that u; is a weak solution to (3). O

3. Solvability

In this section we derive the existence of a weak solution to (1), which is given as

(8Ig(u)7 (;0) + (Vua V‘/’) +a (u’ go)l" + (I<a u) (19 ¢)F = (f(u)7 g&) - (ﬂ’ QO)[' (8)
forany ¢ € H'(£2) and a.e. in (0, T).
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The variational formulation of (3) reads as

(Bg (i), 9) + (Vui, Vo) + ai (Ui, @) + K, ui) (1, @) p = (F(uiz1), 9) — (Bi @) 9)
for any ¢ € H'(£2). The stability estimates for u; can be obtained using the standard technique for Rothe’s method.

Lemma 3.1. Assume (2). Then there exists a positive constant C such that

j Jj
]+ D0 Vuil? e+ e ulid 7 < €
i=1 i=1

forj=1,...,n

Proof. We introduce the following notation

Dg(2) :/ B(s) ds VzeR
0

for any function . If B is a monotonically increasing function with the Lipschitz coefficient Lg and (0) = 0, then @ is
convex and

which follows from the following simple considerations.
The continuous function & (z) := ®4(z) — BZZL(;) fulfills £(0) = 0 and £'(z) = B(2) (1 — %(;)) Therefore & (z) > 0.
Assume 0 < s < z. Applying the mean value theorem we get 8(s) = B'(6;)s < Lgs. An integration over (0, z) implies

LﬁZ2

2
Assume z < s < 0.Then 8(s) = B'(6s)s > Lgs. An integration over (z, 0) implies ®4(z) < bz

2
Moreover one can easily verify that

B(z1)(zo — 21) < Pg(z2) — Pp(z1) < B(2) (22 — 71)

for any z;, z; € R, which follows from the monotone character of j.
Put ¢ = y;Tin(9)and sumitup fori =1,...,j. We get

J J J
> () — g u) + Y IVwlP T+ ey fluglld T
i=1 i=1 i=1

j j Jj
Y F)uy =Y Buu)pr— Y Koup) (1) (10)
i=1 i=1 i=1
The first term on the LHS can be estimated as follows
Jj Jj
Z (gu) —g(ui—1), ui) > Z / [®-1(g(u) — Pyg-1(g(ui-1))]
i=1 i=1 7%

= /Q [®-1(g(1) — Py-1(g (o)) ]
y ]
N |
- 2
Applying the Cauchy and Young inequalities together with (6) to the RHS of (10) we easily arrive at

j J J J
2 2 2 2 2
lw]®+ > IvVulP r + ) e lullir <& IVull’ T+ G+ G Y fluil® =
i=1 i=1 i=1 i=1

Fixing a sufficiently small ¢ and using the Gronwall lemma we conclude the proof. O

2
— Clluoll”.

Let {a;}{2, and {b;}?2, be any sequences of real numbers such that all b; are nonnegative. We start with an obvious identity

1
ai(a; — aj—q) = 3 [af —a’ | + (a; — ai-1)?].
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which after summation gives
J
Z biai(a; — a;i—1) =
i=1

1
== bhia—a 1)+ Zb(a 21

N[ =
NG

bi[af —a? | + (a; — ai1)?]

N =
- T

1 1 J
= 5 Z (a,- — 0171)2 =+ 5 |:bja]-2 — boaﬁ — ZSb, al~2_1'l,':|
i=1

[

1 i
3 |:bjaj2 — boa} — Z(Eb,- af]r] .
i=1

We will use this relation in the following lemma.

A%

Lemma 3.2. Suppose (2). Then there exists a positive constant C such that

J J
S ewl? ¢ + Y IV = Vui P + | Vi |* + o )7 < €

i=1 i=1
forj=1,...,n
Proof. ¢ = u; — u;_q in(9)and sumitup fori = 1, ..., j. Using Abel’s summation
J J
2 Zai(ai —ai1) =0a —ay+ Z(ai —a;-1)°
i=1 i=1
we get

i=1 i=1 i=1

J
Z(sg(m Sui) T + = [HWJH — [IVuol? +Z||Vu1 Vu; m} > / ST
r

J J J
=Y (Fwi),8u)t =Y (Bidudpt— Y (K,u) (1, 8u)p 7.
i=1 i=1

i=1
The last term on the left can be estimated using (11) and Lemma 3.1 as follows

1
/ocuz?u Z[a]nu,nr o luoll% — cZnulnp }zzajllujlli—c

i=0

For the terms on the RHS of (12) we successively deduce that
J J
D Fwisn. duyr <&y [duil* T +C
i=1 i=1
and

<e ||Vuj||2 +C,

J
Z(ﬂi, dudrt

i=1

j
= ‘(ﬁj’ uj) . — (Bo. o) — Z @B ui—)rt

i=1

and

J
> K ) (18T

i=1

i=1

j
Vi + G+ llsuil? T
i=1

IA

Further we can write

J J
> Ggw). su)T =y Y [loull T
i=1 i=1

Collecting the estimates above and fixing a sufficiently small ¢ we obtain the desired result.

J
(K. w) (1, 1)) . — (K, uo) (1, up)  — Z (K, 8u) (L, ui_1)pt

(11)

(12)
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Now, let us introduce the following piecewise linear in time functions

G (0) = g(uo)
Gn(t) = g(uj—1) + (t — ti_1)8g(uy) fort € (ti—q, t;],

and

u,(0) = ug
Un(t) = w1 + (t — ti_1)du;  fort € (i1, 1.

We also introduce a step function u,
un(0) = up,  Up(t) =u;, fort € (tiq, til.

Similarly we define @,, f,,. The variational formulation (9) can be rewritten as

(0:Gn, @) + (ViIn, V@) + @nlln, @) + (K, T) (1, ) = (F@n(t — 1)), ) — (Bn. 0) - (13)
for any ¢ € H'(£2).
Now, we are in a position to show the solvability of (8).
Theorem 3.1. Suppose (2). Then there exists a solution to (8).

Proof. A priori estimates fulfill the conditions of [16, Lemma 1.3.13]. This directly gives the existence of a function u €
C([0,T], Ly(£2)) N Ly ((O, T), Hl(Q)) obeying do;u € L, ((0, T), L,(£2)) and the existence a subsequence of {u,} (denoted
by the same symbol again), for which

Uy — U in C ([0, T], L»(£2))
dup — du  inLy ((0,T), L(£2)) (14)
U, (t) — u(t) inH'(£2) forallt € [0, T].

Using the stability results and (6) we deduce (an analogous deduction is valid for u,)

T T T
2 2 2
[ =< e [ =g, + G [ =

T
Ce + Cg/ llup — ull?.
0

IA

Passing to the limit for n — oo and using (14) we get

lim /T llup — ull% < Ce,

n=00 Jo
which for ¢ — 0 implies

Up, Uy — u inly ((0,T), Ly(I)) . (15)
Lipschitz continuity of g together with (14) give

g(un) — gw) inC([0,T], L(£2)).

Integrating (13) over (0, t), passing to the limit for n — oo and differentiating the result with respect to the time variable,
we get the existence of a weak solution to (8). We show only a short hint for the nonlinear term in (13), which is the most
complicated one. The reasoning for other terms is standard.

Assume that t € (tj_4, t].

t 5 5
/ (a[Gns (/7) = / (atcﬂv W) - / (athv (/))
0 0 t

= E@©) - 2w )~ [ GG y)
S~ ttt) )
N

T

]
=@@mrgmm@—f(
t

According to Lemma 3.2 we have fors < t

t
g Wn(t)) — gn () = Cllun(t) — un(s)ll < C/ 9eunll = Cy/It —s|.
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Table 1
Numerical solution of (17) with L = 1 + 2¢%°.
X; u* uwith r = 0.001 u with 7 = 0.0001
d=2 d=3 d=2 d=3
maxnit = 11 maxnit = 29 maxnit = 17 maxnit = 45
0.0 1.6487213 1.6477674 1.6477819 1.6486307 1.6486314
0.62831855 1.3338435 1.3330053 1.3330726 1.3337659 1.3337696
1.2566371 0.50948284 0.50903394 0.50917884 0.50944467 0.50945361
1.8849556 —0.50948297 —0.50903584 —0.5091806 —0.50944493 —0.50945387
25132742 —1.3338436 —1.3330282 —1.3330948 —1.3337679 —1.3337716
3.1415927 —1.6487213 —1.6480338 —1.6480411 —1.6486553 —1.6486556
Table 2
Numerical solution of (17) with L = 100.
Xi u* u with T = 0.001 u with T = 0.0001
d=2 d=3 d=2 d=3
maxnit = 135 maxnit = 535 maxnit = 245 maxnit = 913
0.0 1.6487213 1.6382256 1.6477815 1.6482649 1.6486314
0.62831855 1.3338435 1.3205855 1.3330704 1.3337659 1.3337696
1.2566371 0.50948284 0.49888473 050917323 0.50841503 0.50945359
1.8849556 —0.50948297 —0.49890955 —0.50917508 —0.50841637 —0.50945384
2.5132742 —1.3338436 —1.3209115 —1.3330927 —1.3330338 —1.3337716
3.1415927 —1.6487213 —1.6415738 —1.6480409 —1.6484228 —1.6486556

Thus, passing to the limit forn — oo in (16) we get
t
lim / (0:Gn, @) = (g(u(t)) — g(uo), ¢) .
n—-oo 0
On the other hand, fOT 18:Gall> < C fOT 18:un]l?> < C and we may write (due to the reflexivity of L, ((0, T), L>(£2))

t t
lim (3:Gp, @) = / <, ).
n—oo 0 0

This relation is valid for any ¢, thus ¢ = 9,g(u(t)) and one can differentiate the term (g(u(t)) — g(ug), ¢) with respect to
the time variable. O

4. Numerical experiment

In this section we will present the numerical results from the solution of the model problem (1) for testing the
performance of the presented algorithms. We consider a model problem in the form

0. g(u) — Uy =fu) xe(,m),te(0,7)
u, (0,t) =0;

—ux(ﬂ,t)—u(n,t)=/ﬂ1<(x)u(x,t) dx+ B (t) (17)
u (x, O)=u°(x), ’

where g and K are some functions to be chosen.

Let u* (x,t) = e cos (x) be the solution to (17). We choose K (x) = % and g (s) = s + s|s| in our computations. Then
B (D) =3¢, f (u) = dg(u) — ty = 2u(1 + |u]) and u® (x) = cos (x).

The solution u; on any time step t; will be approached by the relaxation process (4). We recall that L is the Lipschitz
constant of the function g. The iteration process stops when the following condition is satisfied

d
lluip — i1l < 7%,

where d > 1 is a fixed constant and ||.|| stands for the usual L, (£2)-norm.

After stopping the iterations at k = k; ;e we denote u; := u;, .- The results for u(t, x;) with h = 7 /500 at the time
point t = 0.5, using Rothe-finite element method developed in this article and the exact solution u*, are shown in Table 1
for L = 142e%>. Analogous results but for L = 100 are shown in Table 2. Here, the symbol “maxnit” denotes the maximum
number of iterations. Comparing the number of iterations in both tables we see that the relaxation process converges faster
for smaller L.

Fig. 1 shows the “maximum L, (§2)-error” err = maxX;¢o,7; ||u*(t) — u(t)||, which is graphed against r. We have taken
h = Z in our computations. We see that the rate of convergence is almost © (7).

500
Fig. 2 depicts the “maximum L, (£2)-error”, which is graphed against h. We have taken t = 0.001 in our computations.
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0.01 A -84
; : : : y 95 ‘ : . . ; ]
0.01 0.02 0.03 0.04 0.05 -9 -8 -7 -6 -5 -4 -3
T Ln(1)
Fig. 1. Relation between the maximum L, (§2)-error and the discretization parameter t.
0.0028 A -5.9 A
0.0026 6.0
0.0024 -6.1 A
0.0022 A = -6.2 -
= b5
© k=4
0.0020 A —  -6.3
0.0018 -6.4
0.0016 A -6.5
0.0014 - -6.6
0.02 0.04 0.06 0.08 0.10 0.12 0.14 5 4 3 2
h Ln(h)

Fig. 2. Relation between the maximum L, (£2)-error and the discretization parameter h.
Conclusions

We have studied a nonlinear parabolic problem with a nonlocal BC with applications in thermoelasticity. The nonlocal
term in the BC was modelled by a weighted average of a solution over the whole £2. We have designed a very easy
implementable algorithm for computations, based on suitable linearization and an on the superposition principle. We have
proved the existence of a weak solution. The uniqueness of a solution remains still an open problem.
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