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ABSTRACT. In this paper we prove an abstract existence theorem which can
be applied to solve parabolic problems in a wide range of applications. It also
applies to parabolic variational inequalities. The abstract theorem is based
on a Gelfand triple (V, H,V*), where the standard realization for parabolic
systems of second order is (W2(Q), L2(Q), WH2(Q)™). But also realizations
to other problems are possible, for example, to fourth order systems. In all
applications to boundary value problems the set M C V is an affine subspace,
whereas for variational inequalities the constraint M is a closed convex set.

The proof is purely abstract and new. The corresponding compactness
theorem is based on [5]. The present paper is suitable for lectures, since it
relays on the corresponding abstract elliptic theory.

1. Introduction. In this paper we give an abstract existence proof for parabolic
systems. The abstract theorem has been applied to many boundary value problems.
Among other things it includes also cases in which the parabolic part is degener-
ated, therefore it contains elliptic-parabolic problems. It also includes the case of a
convex constraint, therefore it contains variational inequalities. The proof for the
combination of both effects is new, and has been presented by me in the lecture
about partial differential equations in 2003.

There are two main reasons for this approach. One is mathematical, and consists
of degenerate parabolic systems occurring in physical applications. The theory in
this paper applies for example to boundary value problems of parabolic systems as
shown in 11.1. Other applications one finds in [5], [6], [18], [4]. The proof is based
on the estimates given in sections 7 and 8. The theory is more general than the
parabolic existence theorems in [1], [12], [15], [19].

The other reason lies in theoretical physics and is the entropy principle as formu-
lated in rational thermodynamics, see e.g. [20]. It implies that the estimate, which
is the basic estimate of our approach, is equivalent with this entropy inequality.
Thus the equations coming from physics are left for mathematical treatment in the
original physical setting.

The method of this paper is worthwhile to make some comments. First of all
it is a purely abstract formulation of the underlying variational inequality. In this
formulation spaces with respect to the space variable are a Hilbert space H for the
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parabolic term and a Banach space V for the elliptic term, such that (V, H,V*) is
a Gelfand triple, which in a sloppy formulation means that

VeaH<=V (1.1)
The standard case for V < H is, that H and V satisfy
V C H with a continuous mapping Idy : V — H. (1.2)

The general case can be reduced to this special situation, see 13.2. The relation
H — V* is explained in 13.1. To generalize this paper to a Banach space H is an
interesting question, see section 12.

This paper contains variational inequalities in an abstract setting. Essentially
this is achieved by a choice of the set M. Let us explain this choice. If M is an affine
subspace, we are dealing, for example, with a standard boundary value problem.
That is, if Q is a bounded Lipschitz domain,

V =wh(Q), T C 99 closed,
M={ueV; u=u onT},

we are looking for the solution u of the problem
O — diva(u, Vu) = f in )0, T[x€Q,
u=1wu; in]0,T[xT,
vea(u,Vu) =g in|0,T[x(0Q\T),
u=1wup in {0} x Q.
If Qyu exists as a function in L2([0,T] x ), a weak version of this is

uw € L*([0,T]; M) and u = ug in {0} x Q and

T T

/ /(g - Opu + V¢ea(u, Vu) — ¢ f) dL"™ dL* —/ CgdH" tdL' =0
0 Q 0 o0

for ¢ = u — v with v € L*([0,T]; M).

A different situation arises for a variational inequality. We assume that the in-
equality is given by the inequality « > 0. Then the strong version of the Dirichlet
problem, with Dirichlet data u; > 0 and initial data ug > 0, reads

u>0 in]0,T[xQ,

Ou — diva(u, Vu) = f in (J0,T[xQ) N {u > 0},

vea(u,Vu) =0 on (]0,T[xQ) N d{u > 0},

u=wu; on |0,T[x09Q,

u=1wuy on {0} x Q.
If a;(u, Vu) = Zj a;;(u)0ju and an elliptic matrix (aij)ij’ it is easy to see, that the

condition at the free surface (]J0,T[xQ) N d{u > 0} is d,u = 0. Let us write the
solution in a weak form. If we define

M ={u € V; u >0 almost everywhere},
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this weak version can be written, if J,u exists as a function, as

u € L*([0,T]; M) and v = ug in {0} x Q and

T
/0 /Q((u — ) -+ V(u — v)ea(u, Vu) — (u —v)f)dL"dL* <0
for all v € L*([0,T]; M).

Now, in general one does not know that d;u is a function, it is only defined as a
distribution. However, then the term u0;u in the equation is not defined, but this
term formally can be written as 10,(u?) and then can be integrated. One obtains
the following weak version

u € L*([0,T]; M) and

/. (i (DI  fuol?) = v(d)(u(d) - uO>> a”

t
+/ / (Opv(u — ug) + V(u —v)a(u, Vu) — (u —v) f) dL"dL' <0
0 Jo
for almost all ¢ €]0,T[, and this for all v € C*°([0,T]; M).

This is of the form of the existence theorem, as we formulate it in 6.2, in the special
case that b(u) = u.

Therefore in this paper the goal is to prove the general existence theorem 6.2 in
an abstract setting for a general closed and convex set M C V. The usual version
for parabolic equations, that is M is a subspace, is a consequence of this general
theorem and formulated in 6.3.

There is a large class of problems to which this existence theorem can be applied.
Some are presented in section 11. Realistic elliptic-parabolic boundary value prob-
lems, which fall under the theorem in this paper, one finds in [11]. We mention,
that this paper also contains vector valued versions of such variational inequalities.
However, the large class of problems where u — b(u) has a jump, is not contained
in this paper. However, the basic estimates in this paper generalize to such jump
nonlinearities, so that the existence theorems can be used as an approximating step.

The constraint in this paper is a time independent set M C V. It often happens
that the more general case of a time dependent constraint occurs. The proof is more
involved, therefore not contained in this paper (see the argumentation in [13]).

There are different approaches to parabolic existence theory with a constraint.
In particular the approach by [15], where a variational formulation is formulated
and the elliptic part is of gradient structure. In this situation one can multiply by
Oyu and obtains an estimate on the time derivative.

Note: The main part of this paper has been presented during my lecture in 2003. I
hope that this theory, which builds on the theory of corresponding stationary prob-
lems, can therefore be used in future lectures on functional analysis or on partial
differential equations.

2. Motivation. In the following we present some formal observations, which show
that the type of system we consider is a consequence of general necessities. Consider
a system of partial differential equations

O +divgy, =7, fork=1,..., N, (2.1)
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where, in order to complete the system, we have to specify terms and determine
the independent variables. Independent of this we want to derive an estimate.
Therefore let us multiply the k-th equation by a function A;. Then summing over
k we get

Z AkOpvg + Z Apdivgy = Z ATk (2.2)
k k k

This identity should behave like a parabolic one, that is, integrated over a domain
Jto, t1[x€ it should be controlled by initial and boundary terms. Thus we require
that an identity

Z A0y, = Oyw (2.3)
k
holds with a quantity w. If this is true, we obtain

0= Z MO vE + Z Apdivg, — Z ATk
k k k
= atw + diV(Xk: /\qu) — ;@)\k “qkj — Xk: /\ka,
where g = (qkj)jzl,...,n' Writing 7 = rg + gk] this gives
Oyw + div(%:Aqu> + (;@-Ak (—qrj) + z}; Ak - (—Tk)) = Zk: Ak ks (2.4)
J

where usually the g ;-term and the ri-term are dissipative terms and g denotes an
external term. Integrating this identity over |tg,t1[xQ we obtain

/w(tl,x)dx

Q

-‘r/tl/ﬂ(Zaj)\k(t7x)-(—qkj(t,x)) +Z)‘k(t7$)'(—7“k(t7x))) da dt
to o

k

= /Q w(ty, z) da — /tt /a > O Ak(t 2)qi(t, 2)ev(x) dH" ! (z) dt

Qg

t1
—|—/ /Z)\k(t,z)gk(t,x)dxdt.
to Q k

The first term on the right side contains initial conditions and the second term
boundary conditions, whereas the last one is the external term. Therefore the two
terms on the left side are the essential ones. The positivity of the second integrand

D = Z@-Ak “(—qrj) + ZAk “(=7k),
kj k

if postulated, means that the dissipative term has a sign. Assuming that our N
equations are linearly independent we introduce independent variables uy, k =
1,...,N, and denote the vector v = (ux),. Let us for a moment assume that
further ¢ = — Y, ari(u)Vu, and for simplicity 7, = 0. Then, if Ay = Ag(u), the
dissipative term reads

D= z V- (—aqr) = Z (Z)\k’um (U)akl(u)>vum’vub
% %

ml
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which has the correct sign D > 0, if the matrix

<Z N, (W) @k (u ))

is positive semidefinite. We have a freedom to choose the functions uy, they are
not determined by the equations, and properties determined by the equations are
independent of the choice of ug. One particular choice is Ay = ug, in which case
(2.3) becomes

Zukatvk = 0w . (2.5)
k

Another possibility would be, to choose the functions v, as independent variable,
which would not change the procedure of this paper. However, what we do not
assume, is that ug and v are the same, that is a very special case.

Thus what remains is to study the first term on the left side of (2.2), that is
(2.5). Let us introduce the vector notation u = (uy), as above and v = (vg),. If
w = @(v) in (2.5), thus introducing v as independent set of variables, equation (2.5)

is equivalent to
Zukatvk = dp(v Z P 1, (V) Oy

Therefore, if the derlvatlves Oyvy are mdependent from each other, we derive as
necessary condition

Uk = o (V). (2.6)
On the other hand, if v = 8(u), hence we introduce u as independent set of variables,
equation (2.5) is equivalent to, if w = ®(u) (it is ® = pof),

"kl (u) = 04(@ (),
k

which one can write as
E Uk B, (w) gy = E D1y, (w)Opuy.
Kl

If the derivatives O;u; are independent from each other, we derive as necessary
condition

D unBrg () = By ().
k
By taking the derivative of this equation with respect to u,, one obtains

Bm’ul (U) + Zukﬂk’ulum (U) = (I)/ulum (u)7
k

from which it follows that (5, u,(u)),,; is @ symmetric matrix, therefore

By (U) = Brru, (u)  for all k. (2.7)
If this is true for all u, one has for a certain function
v = Br(u) =y, (u) for all k. (2.8)

We have seen, that (2.5) implies conditions (2.6) and (2.8), that is
Vg = Yoy, (u) and  up = @, (v) for all k, (2.9)
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which means, that u and v are dual variables to each other. As a consequence

(P(Bw) + (W) = Y @ (B)) B, () + Yo, (u)

k
> B (w) + o= Y (W)
k

k
so that

() + P(u) = Zukvk + const. for w and v as in (2.9). (2.10)
k

3. Conjugate function. Let H be a Hilbert space and ¢ : H — IR U {400} be a
mapping, which is not identical to +o00, and which is convex and lower semicontin-
uous. The dual mapping ¥*, defined by

v7() = sup((2, 2% )y — (=), (3.1)

is a mapping with the same properties, that is, ¥* : H — IRU{+00} is not identical
400, convex and lower semicontinuous. The map * is called the conjugate convex
function of 1, or Fenchel transformation of ). The main inequality reads

(z,2" )y <U(z)+¢*(z*) forall z,2* € H, (3.2)

which is Young’s inequality. In this inequality, for given z*, the equality holds for
z, if the supremum of ¢*(z*) in definition (3.1) is attained for this z. It also follows
that (1*)* = 4. Simple cases are

3.1 Examples. Let H = IR.
(1) For p €]1,00] the convex function is ,(z) := |x[P. Then the dual mapping

T
of 1, is (¢Pp)*(x*) = Yp« (z*) = p% x*|P", if p* is the dual exponent of p, that is
1 1
p p

Then for 6 > 0

b b o7 1
—da--< =2 ) = Zgr p
ab = da 5 S Yp(da) + ¥y (5> ) af + §P*p*b

*

is the corresponding Young inequality.
(2) If the convex function % is given by
1 +oo for z* < 0,
Y(x) = 51(11&){(3:,0)27 then ¢*(z*) = %|x*|2 for o > 0,
is the corresponding conjugate function ¥*.
A subgradient z* € H of ¢ in z is defined by
V(E)>Y(z)+(Z2—2,2%)y forallzZe H, (3.3)

and the subdifferential

0Y(z) :={z* € H; z* is subgradient of ¥ in z}. (3.4)
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3.2 Lemma. It is

zred(z) = z€0YT(z")
and one of these statements implies, that 1(z) < 400 and ¥*(z*) < +o0, and is
equivalent to

P(2) +97(z") = (2, 2" )y -

Proof. The statement z* € 0v(z) implies by (3.4), that (3.3) is satisfied, which
implies ¥(z) < +00, since ¥(Z) is not infinite for all Z € H, that is, is finite for some
zZ € H. Then (3.3) is equivalent to

0=>9(z) +4"(") = (2, 2" )y,
which is symmetric in (1, z) and (¢*, 2*). We mention, that this inequality is the

inverse Young inequality (3.2) and therefore really must be an equality. O

The Weierstraf8 function Ey is nonnegative, if the function 1 is convex. Then
the graph of ¥ lies above a plain.

3.3 Weierstrafl E-function. For z5 € 09)(z2) we define
Ey(z1,22,23) = ¢(21) —(22) — (21 — 22, 23 )y
P(21) = (P(22) + (21 — 22, 23 ) ) 20,
which is nonnegative since z3 lies in 09(z2).

Note: If 1 is differentiable in zp then (z1,22) — Ey(21,22, Vi(22)) is the usual
FE-function depending on two variables.

Proof. Since 9 is convex, the property z3 € 9¢(z2) implies that E,, is nonnegative.
O

For zy € H the translated function is

V20 (2) = (20 + 2). (3.5)

Then the subdifferential 0., (z) = 01 (2o + z) is just a shift and for the conjugate
convex function (¢,,)*(2*) = ¢*(2*) — (20, 2% ). For a convex C'-function one
obtains

3.4 Lemma. Let ¢ : H - IR U {400} as above and D C H be open and convex.
Assume that 1) is finite and continuously differentiable on D and ¢ = oo in H \ D.
Then

(1) b:=Vy: D — H is monotone (increasing) in D.
(2) For z € D the subdifferential is 9y (z) = {b(z)}.
(3) For z € D and z* =b(z) it is
(z, 2" )y =¢7(2") + ¥(2).
With this the Weierstral E-function is defined for (z1,22) € D x D by
(21,22) = By (21,22, ViP(22)) = P(21) — ¥(22) — (21 — 22, Vip(22) )y
= (21) = ¥(22) — (21 — 22, b(22) ) s -

3.5 Lemma. Let ¢ and D as in 3.4. Then

(3.6)

By (21,25, 22) = Ey(22, 21, 27)
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for z1,20 € D and zf = b(z1), 25 = b(22).
Proof. By 3.4(3)
By« (21,25, 20) = " (21) =" (23) — (2] — 23, 22 )
= (=¢(21) + (21, 21 ) ) + (P(22) = (22, 23 )y) — (21 — 23, 22 )y
= —(z1) + ¥(22) + (21 — 22, 21 ) gy = Ey(22, 21, 27),
if we take the definition. O

Concerning b we will need for the next sections the following definition, which
essentially is the conjugate function 2* +— ¢ (2*) for z* = b(2).

3.6 Definition. Let ¢ and D as in 3.4 and b as in 3.4(1). For zgp € D define a
function B,, : D — IR by

Boy(2) 1= (102)"(b(2)) + 2 (0) (= By (20, 2,b(2)) )
(2= 20, b() )5 = $(2) + ¥(20)

1
- / (2= 20, b(=) — B((1 — 8)z0 + 52) ) ds.

It is B,, nonnegative, that is B,, > 0.

Proof. Using 3.4(3) and 3.4(1) one obtains the identities for B, (z). By the con-
vexity of 1, or the monotonicity of b, or the nonnegativity of Ey, the terms in the
definition are nonnegative. O

Then

3.7 Lemma. For zg, 21,20 € D

(21— 20, b(21) —b(22) ) g = Bz (21) — Bz (22) + Ey(21, 22, Vi(22))
> By (21) - B, (32) :

Proof. By the previous definition 3.6

B.,(z1) — Bz (22)
= (21— 20, b(21) )y — V(1) = (22 — 20, b(22) )y + ¥(22)
(21— 20, b(21) = b(22) )y + (21 — 22, b(22) )y — ¥(21) + ¥ (22)
(21— 20, b(21) = b(22) ) g — Ey(21, 22, Vi(22))
< (21— 20, b(21) = b(22) )

using the formula for Ey in (3.6). O

Whereas 1 for the example in 3.1 with p < oo grows at infinity of order p*, in
general one has only the following lemma.

3.8 Superlinearity of ¢f . Let ¢ : H — H be convex and lower semicontinuous,
and bounded on bounded subsets of H. Then for § > 0 and zy € H there exists a
constant Cj ., so that

2"l < 6YL (2%) + Cs, forall 2° € H.
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Proof. We compute
(W) ()2 s ((2,2%) = a(2)

2€9B1 (0)CH
5

v

sup  (z,2" )y — sup (%)
2€0B (0) #€0B 1 (0)

1 *
= Sl s e, (2)
zEaB%(O)

O

This implies, if ¢ and D = H as in 3.4, and b as in 3.4(1) and B as in 3.6, that
there is a constant Cj ., 1= Cjs,,, — 095, (0) with

16(2)||;; < 0By (2) + Cs., forall z € H and § > 0. (3.7)

4. Elliptic theorem. The parabolic existence proof is based on the following el-
liptic theorem, which is formulated on a closed, convex set M of a Banach space
v,

M C V nonempty, closed, and convex. (4.1)
Further a map

F:M-—-V* (4.2)

is given, where V* is the dual space of V. By (w,w*) — (w, w*),, = w*(w) for
w €V and w* € V* we denote the dual product of V. The main assumption for
the elliptic existence theorem 4.2 is the

4.1 Continuity condition. The following holds: Let u,,,u € V and v* € V* with
U, u € M and u,, — u weakly in V' for m — oo,
F(up,) — v* weakly™ in V* for m — oo, and

lmsup (U , F(um) )y < (u, v* )y,
m—0o0

then

lmsup (U, , F(um) )y = (u, v°)y .
m—roo

{ (u—v, F(u) —v"),, <0 for all v € M, and }

With this the following theorem is satisfied.

4.2 Theorem. Let V be a separable reflexive Banach space and M C V asin (4.1),
and let F': M — V* with the following properties:

(1) Boundedness. The map F is bounded on bounded subsets of M.
(2) Continuity property. The map F satisfies condition 4.1.
(3) Coercivity. For some © € M

u—1u, F(u
w%oo for w e M, ||u—all,, — oo.
Ju—ally
Under these assumptions there exists u € M, so that

(u—v, F(u)), <0 forallve M. (4.3)
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Note: The condition, that u belongs to M, in general is necessary for the theorem.
We call (4.3) the variational inequality for F' with respect to M.

Proof. A proof can be found in [17, Chap. 3], [2], [22, Kap. 3]. A version of this
theorem can be found in [8, Theorem (5.2.3)]. O

There are many examples, which fall under this theorem, the standard ones
are monotone operators and compact perturbations of monotone operators. The
condition 4.2(2), that is 4.1, is usually connected with the name “pseudomonotone
operators”, although the definition of pseudomonotone is a little bit different, but
it is equivalent under the complete assumptions of 4.2.

5. Time discrete problem. We consider a Hilbert space H and a Banach space
V as in the introduction, that is (1.2),

V CcH, Idy:V — H continuous, (5.1)

is satisfied. For more general V we refer to 13.2.
The approximative problem is given for discrete times ¢' with ¢ < ¢*t!. For
simplicity we consider the case of a constant time step h > 0, that is,
tt =ih forie€ IN. (5.2)
The constraint is approximated by

M? CV  nonempty closed convex, (5.3)

where here the set M’ may change in time. On M? an “elliptic” operator is given
by

At MV, (5.4)
where this map is defined recursively, that is, it may depend on the solution for
smaller i. The “parabolic” part is given by a map

b= V1 with v : H — IR convex and continuously differentiable. (5.5)
We approximate the parabolic problem by a time discrete version, that is we replace
the time derivative of b(u) by time differences

i 3 (b(u() — b(u(t — 1)),

Under assumptions (5.1)—(5.5) the problem is to find inductively in 4 a solution with
given starting value ug € H.

5.1 Time discrete problem. With u° = wy, € H find inductively for i > 1
elements v’ with
u® € M* and
(u' —v, +(b(u’) — b(u~1)) )H + (u' — v, Al(uf) >V <0 (5.6)
for all v € M°.

Here w1, for i = 1, is the initial value v° := ug € H, and for i > 2, is the
known vector from previous time step. Thus the solution u® € M? is constructed
inductively in 4, therefore the operator A* may contain also information from the

previous time steps, e.g. it may depend on u*~!.
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For the existence proof we deal with certain assumptions about the operator
u = F'(u) = Mdy, (Di(u) — Dy (u'™1)) + A’ (u), (5.7)

among them the continuity condition 4.1. We will show that the “parabolic” part
b = V1 by assumption gives the necessary property, provided the embedding from
V into H is compact. As consequence only the map A’ : M? — V* has to satisfy
4.1. The map F? satisfies the following

5.2 Remark. It holds for u € Mi and v € V

(v, >\Idv(D¢( ) Dy(u'™h)) + A'(u) ),
— (v, b(u )H+<v7Ai(U)>V
Proof. (v, b(u))y = (v, Vw(ﬂ))H Y(u)(v) = (v, IdyD(u) )y - -

5.3 Lemma. Let the inclusion Idy : V — H be compact. If the map A*: M? — V*
satisfies 4.1, then for all A € IR the map AIdj, (D —D1(u'~1))+ A? satisfies condition
4.1 on M?.

Proof. We assume that 4.1 is satisfied for A%, and we have to show that condition
4.1 for the map Fiin (5.7) is true. Therefore let w,,,u € M* with u,, — u weakly
in V and F*(u,,) — v* weakly* in V* for m — oo, and

limsuP<um7 Fi(um) >V <(u,v" >V'

Since Idy : V' — H is compact, hence completely continuous, it follows that u,, — u
strongly in H for m — oo. Since b is continuous, b(u,) — b( ) strongly in H, and
since for v € V

(v, 1Ay DY(um) )y = (v, DY(um) ) i = (v, b(um) ) g
it follows that Idj, Dt (uy,) — Idj,De(u) strongly in V* as m — oo. Defining
0" = 0" — Aldy, (Dep(u) — Dep(u'™"))
we see that the properties of F? imply
A () — 0% weakly* in V* for m — oo ,

limsup { wp, , A () Yy <{u, )y
m—o0

Since it is assumed that 4.1 for the map A? is satisfied, we conclude
(u—wv, A"(u) —5*>V <0 for all v € M?,

limsup { w,, , A (up,) >v =(u,v")y .

m—r o0

Inserting the definition of v* one gets
<u—v, F'(u) —v*>v <0 for all v € M?,

limsup (tm, , F*(tm) >V = (u,v")y .
m—r0o0

Therefore it has been shown that condition 4.1 for the map F* is fulfilled. O

Similar one can show, that property 4.1 for F implies this property for A%, It
is also enough to assume the boundedness condition for A?. This is because the
following lemma holds.
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5.4 Lemma. Let Idy : V — H be compact. If b is defined as in (5.5), then b is
bounded on bounded subsets of V.

Proof. Assume this is not true. Then there is an R > 0 and u,, € V, m € IN, with
|m |l < R and ||b(um)| g — oo in H as m — oo. Since Idy : V' — H is compact,
hence completely continuous, u,, has in H a convergent subsequence, that is there
is w € H with u,, — u in H for a subsequence m — oo. Since b is continuous, we
conclude b(uy,) — b(u) for the subsequence, a contradiction. O

We can now formulate the theorem for time discrete solutions.

5.5 Theorem. Let (5.1)—(5.5) be satisfied and Idy : V' — H be compact. Further
assume

(1) Boundedness. The map A‘ is bounded on bounded subsets of M?.

(2) Continuity condition. The map A® : M — V* satisfies 4.1.

(3) Coercivity. There exists a A > 0 independent of i, and a @' € M?, such that

AMu—1a", b(u)), +(u—u’, Al(u)), e
Ju — @]y, (5.8)
for uw € M with Hu—ﬂ’Hv — 0.

Under these assumptions it follows, that for given uy € H and for h < % the time
discrete problem 5.1 has a solution.

Proof. Let u° be as in 5.1 and ¢ > 1. Because of remark 5.2 the problem in 5.1 can
be formulated as

<u—v7Fﬁ(u)>V§0 for all v € M* (5.9)
with w € M* and with F} : M* — V* given by
3 1 * i— i
Fy(u) := 5 1dy (Dy(u) — D (u )+ Al(u).

Property (1) implies 4.2(1) for F} by using 5.4. Since (2) is satisfied, the statement
5.3 shows that 4.2(2) is valid for the map F}. Since 1 is convex, the first term on
the right side of

u = Fy(u) = (/11 - /\> 1dy, (D (u) — Dp(u' 1)) + Fx (u)

is monotone in w, if h < %, where A > 0 is the number for which (5.8) holds. Hence
the coercivity 4.2(3) for F} is satisfied, since (5.8) is satisfied for Fy. Consequently
there is a solution of the variational inequality (5.9). O

Alternatively, the time discrete solution in 5.1 can be formulated as in 5.6. For
this we construct for each sequence v/ € H with j € INU {0} a step function in
time by

ul for (i —1)h <t <ih, i € N,
u® for t <0, (5.10)
My (t) == M* for (i —1)h <t <ih, i € N.
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Similar one defines the elliptic operator

At (u) for (i —1)h <t <ih, i € IN,

Ap(t,u) := 5.11
nlt;u) { 0 for t < 0. ( )

With these definitions equation 5.1 becomes

5.6 Time discrete problem. Find a step function u; with

up(t) = ug for t <0, up(t) € My(t) for t > 0,

(un(t) = v, 5 (0(un(t)) = blun(t = h)))) (5.12)
+ (un(t) — v, Ap(t,un(t)) ), <0 for ¢ > 0 and for v € M,(t).

By a step function we mean a function as in (5.10).

6. The main theorem. In the following we describe the main theorem of this
paper. Given a Hilbert space H and a Banach space V such that (V, H,V*) is a
Gelfand triple satisfying V' <— H < V*. As pointed out in section 13, we can work
with a special case and can assume that

V C H with a continuous mapping Idy : V — H. (6.1)

Besides these spaces we consider a set

M={ueLP(0,T);V); Bo(u) € L*([0,T]),

u(t) € M for almost all ¢} (6.2
with a time independent constraint
M C V nonempty, closed, and convex. (6.3)
We assume that the “parabolic part” of our problem is given by a map
b: H — H monotone and continuous, in fact (6.4)

b=V, ¢:H — IR convex and continuously differentiable,
where the functional By in the above definition is given by
Bo(2) = 9" (b(2)) + ¥(0),
see the definition in 3.6. On M we denote the “elliptic part” of the problem by

A: M = L ([0,T); V"),

6.5
A(u)(t) = A(t,u(t))  with  A(t,e) : M — V*. (6.5)
We shall present some illustrating examples in section 11, in particular 11.1.
According to the continuity condition in 4.1 we assume for the parabolic problem
in this section, that a time version of this condition is satisfied.
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6.1 Continuity condition. Let u,,,u € L?([0,T]; V) and v* € L? ([0, T]; V*) with
U (t), u(t) € M for almost all ¢ €]0, 7| and
U, — u weakly in LP([0,T]; V') for m — oo,
{B(um); m € N} bounded in L*°([0,T];IR) and
b(um) — b(u) strongly in L'([0,T]; H) for m — oo,
A(ty) = v* weakly in LP" ([0, T]; V*) for m — oo, and

T T
lirnsup/O (um(t), Alum)(t) )y dt < /0 (u(t), v*(t) )y dt,

m—r oo

then

T
[ty o0, Aw®) - ' 0)y dt <0
0
for all v € LP([0,T); V) with v(t) € M for almost all ¢ , and

T T
limsup/o (um(t), Alum)(t) )y dt = /0 (u(t), v*(t))y dt.

m—r oo

We mention, that by (3.7) the condition that B(u,,) € L*([0,T]) are bounded
implies also that b(u,,) € L*([0,T]; H) are bounded.

With this assumption we can prove the following existence theorem, where the
structure of the theorem is the same as in 5.5. We mention, that in concrete cases the
proof that A maps into L?" ([0, T]; V*) usually immediately gives the boundedness
condition 6.2(1).

6.2 Existence theorem. Let H be a Hilbert space and V a separable reflexive
Banach space as in (6.1) and with a compact embedding Idy : V' — H. and let M
as in (6.3). Moreover, let A: M — LP ([0,T];V*) as in (6.5), and let b: H — H
as in (6.4), with the following properties:

(1) Boundedness. A maps sets in M, which are bounded in the L*° ([0, T'])-norm
of By and bounded in the LP([0, T]; V')-norm, into bounded sets of L?" ([0, T]; V*).

(2) Continuity condition. A satisfies the condition 6.1.
(3) Coercivity. For almost all ¢t €]0,T[

(u—1u, A(t,u))y > collu —ul]}, — CoBg(u) — Go(t)
for all u € M. Here 4 € M and Go € L'([0,T]), and ¢o > 0 and Cj are constants.

Then there exist solutions of the “evolution problem”, that is for given ug €
closy (M) there is a uw € LP([0,T]; V') with

u(t) € M for almost all ¢,
Balu(®) — Ba(uo) + (5= v(2), bu(d)) — b))
+ [ (= (0da=0)(0) bu(t) = buo) )y

+(ult) —v(t), Alt,u(t))), ) dt <0
for almost all £ €]0,T7,
and this for all v € C*°([0,T]; V) with v(t) € M for almost all .
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Proof. The parabolic terms in the solution property in (6.6) we denote as
®q(u,v)(t) == Ba(u(t)) — Baluo) + (u—v(t), b(u(t)) — b(uo) )

i (6.7)
- / (8@ — v(t)) , bu(t)) — bluo) ) dt,

see definition 8.1. It is used in the proof the theorem in section 10. O

In the special case that the set M C V is an affine space, that is the constraints
are defined by equations only, the existence theorem has the following form.

6.3 Existence theorem. Let H be a Hilbert space and V' a separable reflexive
Banach space as in (6.1) and with a compact embedding Idy : V' — H. Further,
let M C V be a nonempty closed affine set, M and A as in (6.3) and (6.5), and
b: H— H asin (6.4), with the assumptions 6.2(1)-6.2(3).

Then there exist solutions of the “evolution equation”, that is if ug € closy (M)
there is a w € LP([0,T]; V) with

u(t) € M for almost all ¢,
T
| (= o). vute) = bwo) )
+(E(), Altu(t) )y ) dt =0
for all € € C3°([0,T[; V) with £(¢) € M; for all t.
Here M; C V is the subspace, such that M = u; + M; for every u; € M.

The proof of this statement uses the general existence theorem.

Proof. In 6.2 we have proved the inequality, using the notation in (6.7),

Bau.0)(O) + [ (u(t) = 0(t). Alt. )y 1 <0

for all v € C*°([0,T); V) which satisfies v(t) € M for all t. Here M now is an affine
subspace contained in V. It follows that this inequality then also holds for all

veWhP(0,T[; M) c W' (J0,T[; H) N LP(0,T[; M).

Now wug € closy (M), hence there are ug. € M so that uge — ug as € — 0 in H.
Then define us. € WHP(]0, T[; M) as in 8.3 and let

vi=uge — &€ WHP(J0,T[; M)

with ¢ € WH>(]0,T[; V) and £(t) € M;. Since t +— A(t,u(t)) is in LP" (]0,T[;V*)
and since use — u as 6 — 0 in LP(]0,T[; V), we get

/0 (u(t) —v(t), A(t,u(t)), dt :/O (u(t) — use(t) + (), A(t,u(t)) ), dt
—>/ (E(t), A(t,u(t)))y dt.
0
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We also get

Dy (u,v)(t) = Palu,use —&)(2)
(u(t)) — Ba(uo)

(= usel®) + £(2), b(ul®) = b(u) )

— | (0@ —us: +&)(1), b(u(t)) — bluo) )y dt

(=)

Since lim inf._,q lim infs_,o @7 (u, us:)(¥) > 0 for almost all £ > 0 we obtain
(&00), b0u(0) (o) ) 7
~ [ (@0 bu(®) = o) )yt + [ (60). Altu(e))y @t <o

This is obviously equivalent to the assertion. The left side is a linear form in &.
Now we can replace & by —¢& to obtain that the left side equals zero. If we now
restrict £ € C§°([0, T'[; My), that is with compact support in [0, T'[, then £ vanishes
in a neighbourhood of T', and therefore one chooses t close to T in order to get

T T
A F@W%MMW*M%HH&+A<HUMWM@WV&:Q

7. Parabolic estimates. We treat here the case of a constant constraint
My(t)=M*=M CV  nonempty, closed and convex. (7.1)

For sets, which are not constant in time, additional terms will occur in the following
lemmata. To be precise, let us consider solutions

up(t) =up € H for t <0,
up(t) € M, wy(t) € V* for t >0, with
(un(t) = v, EO(un(®)) — blun(t — 1)) 5 + (un(t) — v, wi(t) )y <0
for t > 0 and for v € M.

(7.2)

These elements can be given by different circumstances such as the time discrete
solution with wj (t) = Ap(t, un(t)). We assume that the quantities in (7.2) are step
functions in time, that is in the following computations (5.10) is assumed, which
means

ut  for (i —1)h <t <ih, i € IN,
un(t) =

u®  for —h<t<0, (7.3)
wi(t) =w*  for (i —1)h <t <ih, i € IN.

For the convergence of the time discrete solutions we have to show estimates which
are independent of h. The first basic estimate is the



EXISTENCE THEOREM FOR PARABOLIC SYSTEMS 2095

7.1 Energy estimate. Let u;, and wj as in (7.2). Then we conclude, if @ is a step
function, and if ¢ is a multiple of h,

B (un(D)) + / Cunlt) — a(t), wi(t) )y dt

+ [ B un(e) (e = B, bt = 1)

< Bugoy(up) + / (07" a(t), b(un(®))),, .

provided @(t) € M for t > 0 and @(0) € H.

If the function u is constant, that is w € M, and if we neglect the last part on
the left side, Ey > 0, we obtain the standard version of the estimate

Bo(un () + | (un(t) = wi(0)y i < Bawo). (7.4)

Proof. With (7.3) the inequality (7.2) reads
(u' — v, b(u') fb(uifl))H +h{u —wv, w*i>v <0

for v € M* and for i € IN. Setting v = @’ € M* and summing over i = 1,...,k, one
gets

k
(ui_ﬂi,u*i_u*ifl)H+Zh<ui_ﬂi’w*i>vSO’

k
=1 i=1

2

Here we have used the notation u** := b(u'). It holds
(ui’ u*l)H = o (u) + p(u),
(ui’ w1 )H < H (1) + g (ud),
where for the inequality we also can write
(ui, w1 )H = " (W) + p(ud) — Ey(ul,ui =, w0

by taking the identity for ¢*(u*~!) into account (see section 3). Therefore one
obtains

k
(u' —a', u* u*t )H
i=1 )
= () () - Y (),
1:1 k - k
_ (" (u*) — (1)) — Z (@, w — uri! )H n ZEw(“ it i
i=1 i=1 i=1
k
= > (W) = (@, u) ) — @ @) = (@ w ) )
i=1
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Using that the first term is a telescope sum, and using the definition in 3.6, one
gets that this is

k k
1 . . . o .
= By (u®) — Byo(u®) + E h <h(uZ —a', u“1> + g Ey(ut,u~t u*t).
i=1 H =1

Here in the term Bgo(u®) and in the term (a’ — @'~') for i = 1 the function @

occurs. Now rewriting terms as step functions in time, one gets the result. O

0

The second estimate is the following

7.2 Compactness in time. Let (7.1) be satisfied, and let uj, and wj, as in (7.2)
as well as u} (t) = b(uy(t)). Then for ¢ an s being a multiple of h, s = jh, we infer

Eyp-(up(t + s),up (t), un(t)) < s- %Z (up(t) —up(t+ih), wp(t +1ih) )y .

i=1

Proof. Tt is assumed that ¢ and s are multiple of h, say,

t=kh, t+s=(k+jh (7.6)

As in the previous proof we write for ¢ = ih, i € IN, problem (7.2) as

(uifv,u*i—u*ifl)H§h<v7ui,w*i>v (7.7)

for v € M, where again we use the notation u** := b(u?).
Now choose k € IN and set v = ©*, and sum over i = k+1,...,k+j. The result

is
k+j k+j
§: (ul—uk,u“—u’”_l)HS §:h<uk_u17w*z>‘/.
i=k+1 i=k+1

Now by the identity 3.4(3) and Young’s inequality (3.2), see (7.5), we compute for
the left side

k+j
Z (uz _ uk , Wt — L )H
i=k+1
k+j k+j
_ Z ((ui,u*i)H—(ui,u*Fl)H)— Z (uk,u*ifu*ifl)H
i=k+1 i=k+1
k+j k+j
> Z (’(/}*(u“) _ w*(u*z—l)) _ (uk7 Z (’U,*l _ u*i—l))
i=k+1 i=k+1 =

— w*(u*k—i-j) _ ’L/)*<U*k) _ (Uk, u*k+j _ u*k)

= E"/J* (U*k+j7 u*ky uk)

H
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with Ey- defined in 3.3 and since u* € 9y*(u**), a consequence of u** € d(ut),
see 3.2. Thus we have shown
k+j
E’Ll)* (u*lc+j7 u*k,, ’U,k)

IN
—
:s.
I
<
E
<
i
<
S
|
-
SN—
T

i=k+1
k+j
§ h<uk7usz*z>v
i=k+1
1 J

S.iz<uk_uk+i’w*k+i>v'

J i=1

IN

We rewrite this as

1 J A & .

<s:-= u *UJﬂaw*kJﬂ

< ];< v
1 J

=5 D0 (un(t) —un(t+ ih) wi 1+ i)
=1

O

This proof works for a general convex set M. If M is a subspace one obtains a
slightly better estimate.

7.3 Lemma. Let M be an affine subspace, and uj, and wj as in (7.2). Then if ¢
and s are multiple of A and s = jh, we infer

(un(t +5) = un(t), blun(t + 5)) = b(un(t)) )y

—S<uh(t)uh(t+s), ;Zw;(t+zh)> .
14

i=1

Proof. As in the previous proof we know that (7.7) is satisfied, but now for an affine
subspace M, so that

(U,u’,ﬁi—uf—l)H:—h<v,w,’;i v (7.8)
for v € My, a subspace for which M = @, + My with u; € M. Now again choose
k € IN, and sum over i =k + 1,...,k+ j. The result is

k+j
(v,uzkﬂ—uzk) =—h( v, g wy’ .
H
1%

i=k+1
Now set v = u’ffj — uf, and write the result in terms of functions in time, that is
t = kh, see (7.3). O

8. Parabolic identity. In all theories about parabolic problems there is one equa-
tion, which plays an exceptional role, and it has to be proved for the continuous
limit problem. For some parabolic problems it is connected to an inequality, which
is postulated for the formulation of a solution. In this paper it is connected to the
following.
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8.1 Definition. Let u : [0,7] — H be measurable, & € H, such that Bz(u) €
L>([0,T]). Assume initial data ug € H. For v € WH1(]0, T[; H) define

Bo(u,0)(t) = Ba(u(t)) — Baluo) + (7= v(t), b(u(t)) — bluo) )5
- / (84— v)(s) . blu(s)) — blug) )y ds,

so that @4 (u,v) € L>([0,T1]).

Proof. We have to show that the definition is well posed. Since By (u) € L*°([0,T])
statement (3.7) implies b(u) € L°°([0,T]; H). Then the term under the integral,
since dyv € L1(]0,T[; H), is integrable. O

The definition can also be written as

Dy(u,v)(t) = (Ba(u(t)) + (@ —v(t), b(ut))y)
—(Bua(ug) + (u —v(0), b(ug) )y )

- / (8@ - v)(s), blu(s)) ) ds.

We mention, that only By (u) € L°°([0,T]) is assumed. The fact that ug is a “initial
value” for u, is only determined by this definition. The term ®;(u, v) is the parabolic
term in the differential inequality (6.6). That this coincides with the parabolic term
Otb(u) in the differential equation, is shown formally in the following lemma. The
argumentation is essentially the same as the proof in the time discrete case in 10.3.

8.2 Remark. Formally

Ba(u.0)(O) = [ (ut) = ol0). Ob(u(t) )

for every function u which has initial data u(0) = wo.

Proof. We write
/0 (ult) — o(t), Bb(u(t)) )y At

— [ (ult) = @ ub(a(t)) dt+ [ (a 0(t), (bCu(t)) ~ b(u(0))) ) .
0 0
Now from 3.7
(u(t) =@, b(u(t)) = b(u(t —0)) )y
= Ba(u(t)) — Ba(u(t = 6)) + Ey (u(t), u(t = 8), V) (u(t — 9)),
and if one considers the limit § — 0 after dividing by J, one obtains formally
O¢Bg(u) = (v — @, 0ib(u) )y -

Therefore the first term in the above identity is

/ (u(t) — ., Bpb(u(t)) ) dt = / 9, Ba(u(t)) dt = Ba(u(D) — Ba(u(0)),
0 0
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and for the second term one computes

/0 (- v(t) . Du(b(u(t)) — bu(0))) ) dt

= (a—v(t), b(u(t)) = b(u(0)) )y — /O (0x(u —v(t)) , b(u(t)) = b(u(0)) )y dt.

Add both terms in order to get @z (u,v)(1). O

This statement indicates, that formally ®;(u,u«) = 0. In a rigorous way this will
be proved in the following lemma.

8.3 Lemma. Let w : [0,7] — H be measurable, & € H, such that Bz(u) €
L*([0,T]). Then

lim inf lim iélf Dy (u,use)(t) >0

e—=0 o—

for almost all £ > 0, provided ug. — ug in H as e — 0. Here us. € WH1(]0,T[; H)
is the function

u(t) for ¢ > 0,
Uoe for t < 0.

ugse (t) 1= %/t u-(s)ds,  where  wu.(t):= {

=

The function ug € H is in definition 8.1 of ®;.
Hint: If uw € LP(]0,T[;V) and ug. € V, then us. € WP(]0,T[; V). The function
ug € H is the initial datum.

Proof. Obviously ®;(u,us.) is defined, since us. € WH1(]0,T[; H) with Q;us. =
O; %%, where 9;° is the backward differential quotient. Now by definition 8.1

®a(u,use)(t) = Ba(u(t)) = Baluo) + (@ —use(?), b(u(?)) — bluo) )y

- / (0@ — ug-(1)) , bu(t)) — b(uo) )y dt.

We see that with discrete partial integration, defining wu(t) := ug for ¢ < 0 and
therefore b(u(t)) = b(uop) for ¢ < 0,

/0 (04 — uge (1)), b(u(t)) — bluo) )y dt
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1t
- 2 /H (= ult), b(u(t)) — bluo) ) dt
t—6
[ = a0 0t dt

5/, (uo — uoe , b(u(t +0)) — b(ug) ) dt.
Here we have used that ¢ — ¢ > 0, and that @ (t) = u(t) for ¢ > 0. Now, let us have
a look at each of the three terms in the above identity.

In the first term, since ¢ — b(u(t)) is in L*°([0,T]; H) by assumption and (3.7),
the integrand t — (@ — wu(t), b(u(t)) — b(uo) ) is integrable. Therefore this term
converges for almost all ¢ to (@ — u(t), b(u(t)) — b(ug) ), a term which occurs also
in the formula for ®;(u, us:)(f), hence this term cancels.

The last term is, again since ¢ — b(u(t)) is in L ([0, T]; H),

0
' %Lé(uo — uge , b(u(t +6)) — b(ug) ) dt

< |luo — woe 4 - ess sup [|b(u(t)) = b(uo) |y — 0
t

)

as uge — ug for € — 0.
Concerning the second term we use the inequality 3.7, that is for all ¢, s

= 1 (= ult), Bult +5)) — bu(t) )
< 2 (Balu(t +)) — Ba(u(t))) = 8 Ba(u(t))
and the second term becomes

t—§ t—4§
—/ (a—u(t), 0;°b(u(t)),, dt < / 9,0 By (u(t)) dt
-5

-5
= ' 7 Ba(u _1 ' alu — Ba(u
= [JorBatuoyar =5 [ Butute)) dt = Bo(uo).

Since t — Bg(u(t)) is integrable, this converges for a subsequence 6 — 0 (a sub-
sequence of an a-priori given sequence § — 0, see the remark at the end of this
proof) for almost all ¢ to Bz (u(t)) — Bz (ug), a term which occurs in the formula for
D (u, use ) (1)-

Remark: We mention that for the sequence § — 0 one has to apply a certain trick.
First one chooses a subsequence so that the limit with respect to this subsequence
is the limes inferior in the assertion. With this subsequence one has to go into the
above proof with the choice of a subsubsequence. O
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9. Compactness theorem. The main statement of this section is the compactness
result in 9.3, whose proof is based on the corresponding result in [5]. Before we show
this we present a useful lemma.

9.1 Lemma. Let ¢ = mh and assume uy, are step functions, see (5.10). If

/O et + 8),un(t)) < C - w(s)

for s > 0 which are multiple of h, then this inequality holds for any real s > 0. Here
w is a concave function and e : H x H — IR continuous.

The lemma applies to our function w(s) = s. By the way, the property w(0) =0
is assumed in 9.3.

Proof. Let s be arbitrary, 0 < s < t, and choose j € IN with
s=jh+o, 0<0<h,

so that
(1=F)-dh+ 7 -(G+1h=s. (9.1)
Then if t = (¢ — 1)h + 7, 0 < 7 < h, we compute by (5.10) for step functions uy,
it ifo+7<h,
up(t+s) = { A ifo4+71>h,

and therefore

mh—s
/0 e(un(t+ s),up(t)) dt

i ih—o m—j—1
= /( e(up(t + s),up(t)) dt + Z / e(un(t +s),un(t))dt

m—j m—j—1

= (h —o)e(u™ u') + Z oe(u It 4t
i=1

mh—jh
_ (1 _ %) /0 e(un(t + jh),un(t)) dt
mh—(j+1)h
+E/0 e(uh(t+(j+1)h)vuh(t))dt

<C. ((1—%) ~w(jh)+%-w((j+1)h)) < C-w(s)

by (9.1), since w is concave. O

The following statement we will apply in the main proof.
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9.2 Theorem. Let H be a Hilbert space and V' C H a Banach space with compact
embedding Idy : H — V. Further, let

b=V H— H

as in (6.4). Then for R > 0 there exist a continuous function wg : [0, co[— [0, o]
with wr(0) = 0 so, that for all § > 0

Hu1 ‘V <R, HuQHV <R, Ey(b(u),b(u?),u?) <4 (9.2)

implies
Hb(ul) — b(u?) HH <e (9.3)
with € := wgr(0).
Proof. The function wg can be constructed, if for every € > 0 there exist § > 0 such
that (9.2) implies (9.3). Thus we have to show
VR>0Ve>036>0: ((9.2) implies (9.3) ) .
Assume this is not true. This is equivalent to
JR>03e>0Vd>0: ((9.2) and not (9.3) ) .
Let such numbers R > 0 and € > 0 be given. Hence for small § > 0 there are
u}, ul € V with Hu};“v <R, ||u§||v < R, and Ey- (b(u}), b(u2),u?) < 6, but
|b(ug) — b(u3) HH > €. (9.4)

The boundedness in V' and the compactness of the embedding V' — H imply that
there are u',u? € H with u} — u' and u? — u? in H for a subsequence § — 0. Since
b is continuous it follows for this subsequence that b(u}) — b(u') and b(u2) — b(u?)
in H. Similarly since 9 is continuous we obtain 1 (u}) — ¥ (u') and ¥ (u?) — (u?)
in R. Hence by 3.5

as 0 — 0. It follows that
0= Ey(u?u',b(u)) = p(u?) = (u') + (u* —u?, b(ul)),, . (9.5)
Besides this we compute for every v € H
0< Ey(u®+v,u',bub))

= 1/1(u2 +v) —@/}(ul) + (ul —u?—w, b(ul))H

= Y +v)—p?) — (v, bu') )H + Ey(u?,ut,b(u'))

= P +v) = p?) — (v, b(u'))
by inserting the identity (9.5). We get

0 < ¥(u? +v) — () — (v, bu)))
for all v € H, that is
b(u') € dp(u®) = {b(u?)}

since v is differentiable. We conclude b(u') = b(u?) and therefore by (9.4)

e < |[b(us) = b(ud) ||, = ||b(u’) —b(u?)||,, =0

as d — 0, a contradiction. O
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With this we are able to prove the main result.

9.3 Compactness result. Let V' be a separable reflexive Banach space and H
a Hilbert space with compact embedding Idy : H — V. Further, let p €]1, 0],
to < t1, and
b=Vy:H—H
as in (6.4) (see also (5.5)). For C' > 0 let
Ko := { u < Lp([thtl];V) ; ||u||1£p([t0,t1];v) < C,
ess sup Bo(u(t)) < C,
tE€to,t1]
tl—s
Vs € [0,t1 — to] : / By (b(u(t + 5)), b(u(t)),u(t))dt < C-w(s) }.
to

Here w is continuous with w(0) = 0. Then
{b(u); u € K¢} is precompact in L*([to, t1]; H).

Proof part 1. We prove that
tl—S
sup / |o(u(t+s)) — b(u(t))||z;dt =0 ass—0.
u€lc Jtg
For this define
Ta(w) = { teltots—s]; llu(®)ll}, < B and [[u(t + )|, < R?
1 9.6
and @Ew*(b(u(t + ), b(u(t)),u(t)) < RV } | (9.6)

where we assume that w(s) # 0. Then for u € K¢

/ (|u<t> I+ e+ 5) 1+ S B (Ot +9).bu(t) u(t») at < 3.

Considering the integrand on [to,t1 — s] \ 75 (u) we see that
RP L' ([to, t1 — 5]\ T(u)) <3-C, (9.7)
therefore the Lebesgue measure of the set [to,t1 — s] \ T5(u) is estimated by a
constant depending on R alone. By (3.7) we compute for u € K¢
[b(u(t)]|y < C1:=C+ Cio for almost all ¢ € [to, 1]- (9.8)
Then by 9.2 and (9.8)
wr(w(s) - RP) fort € Ti(u),
[o(u(t + 5)) = b(u(®)) ||y < s
2-C4 for ¢t € [to,t1 — s] \ T (u),

and integrating this gives

/ bt + 5)) — (o) | dt

to

3-C

Rp

The right side is independent of u. First we choose R large enough, so that the
second term on the right becomes small, and then s small, so that the first term is
small. It follows that the integral is small uniformly in u € K¢. O

§(t1—to)-wR(w(s)-Rp)+2-Cl-
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Proof part 2. We prove that

to+id to+id
S () — () deds

= 0 Jeor-1s o+ i-1)s

<2 [ otwten - st + sl a) as <24,

3-C

Rp’
if both wgr and w are assumed to be concave and monotone, and of course wr(0) =0
and w(0) = 0. The estimate is true for every time interval [0, 6] with

with
€6R = (tl - t()) 'wR(w(é) . Rp) +2- Cl .

j=l ;to and k € IN. (9.9)
Indeed
to+1id to+1d
1 / / 1b(u()) — blu(s)) | dt ds
i<k to to+(i—1)6

_y! //Hb (fo + (i = 1)6 + 1)) — buto + (i — 1)6 + 52))|, dsz s

i<k

:2.2%/ / Ib(ulto + (i — 1)5 + 51)) — blulto + (i — 1)5 + 52))]|; dso ds:

d—s1
233 LT i+ G 18 40) bt + G- 18+ 51+ )l

-dsds;
min(8,t1—t)
2 Ibu(®)) = bt + )| s e
to
t1—s
< 5/ bt bttt £ ) e s
This gives the result. O

Proof main part. We choose a time step 6 > 0 as in (9.9) and approximate each
function by a step function as follows. We define

k

Bs,v)(t) ==Y b(v(te + (i — 1)6 + 5)) Xy (i-1)5.00--8) (1)

i=1
for v € LP([to,t1]; H) and s € [0,to — t1] and we approximate
b(u) by B(s,up)
for u € K¢ and a suitable s which we choose later. Here

D :{ w(t) if t € T3 (u),

u elsewhere,
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where it is assumed that @ € c. We compute

[ o) - s o)
=/tlHb(u(t))—b(u%(t))HHdH/t1||b<u;§<t ~ Bls,ub)(0)]], dt
and by (9.8) and (9.7)

! — b(ul = U —b(u
A|WMm b (t)) | Awﬁmmﬂ““” b

<2 Gt i\ TR =2 €y 2o e

hence

/tl||b(u(t — Bls,up) (@), dt
:8R+/tl||b(u6R(t)) B(s,uf) ()], dt

Integrating over the offset s we obtain

5// [b(u(t)) — B(s,u3) (1), dt ds

t1
=éeRr+ ¢ / / Hb B(s, u%)( ||Hdtds
5 tU

t0+l(5
<ent / %(0) = bt + (i = 1) +5))]| , d ds
to+(i— 1)6
to+10 to+1i0 5 s
/ / [|bugk(t)) —b(uR(s))HHdtds.
to to+(i—1)6

By setting 7; := [to + (i — 1)8,to + 6] N T2 (u) this is
k

2
= ep+ = / / 1b(u(t)) — b(@)] ; dtds
4 Z [to-+(i—1)6,t0+i6]\T; JT; "

52//Wb blu(s) | e ds

_ %+z§;/ ( | 1btate by e ) s
[to+(i—1)d,to+i8]\T:

52//w bu(s) | e ds

gsR+zL<M¢1yﬂ<» 2.¢,
to+10 to+10
/ b)) b))l de s
toJr(Z 1)5 to

§3-6R+2-6R
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by the above estimate. Hence

1 4 t1
sup 7/ / Hb(u(t)) — ﬁ(s,u%)(t)”Hdt <3-er+2- 6‘1;;, <e, (9.10)
uekeo 0 Jo to
if R is large and then 9§ is small. We then can choose an s = s,, such that for u € K¢
t1
/ bu(t)) — B(surud) (@), dt < 2 <. (9.11)
to
It follows that the functions b(u) lie in an 2e-neighbourhood of the step functions
B(su, uk),
{b(u) € L ([to,t1]; H); u € Kc}
C Boe ({B(su,u%) € L' ([to, t1]; H) ; u € Kc, R large, § small})

in the topology with respect to L*([to,t1]; H). O

Proof last part. From the previous proof it follows, that the precompactness of
{b(u); u e Ke} c L([to, t1]; H)
follows from the precompactness of
{B(su,u%); u € Ko, R large, § small} € L*([to, t1]; H),

since the first set is contained in an 2e-neighbourhood of the second set, € an arbitrary
small number. The second set depends on &, which is allowed. Indeed this is true,
since R was chosen large enough and § small enough, both depending on .

Therefore the precompactness of the second set in L!([to, 1]; H) has to be shown.
Since these are step functions, we have to show the precompactness of the steps in
H, that is the precompactness of

{b(uS(to+ (i —1)0 +54)); ue Ko, i <k, Rlarge, § small} C H.
We show instead the precompactness of the larger set
{b(u); weV, ||ull,, <R} CH

for large R. But this follows from the compactness of the embedding V' < H. Then
bounded sets in V' are precompact in H, and the continuous function b transforms
this to a precompact set in H. O

The compactness of the functions b(uy) in L'([0,T]; H) implies, that for a se-
quence h — 0 these functions have a strong limit b* in L'([0,7]; H). Then, if the
functions uy, already have a weak limit u, one can apply the following lemma, whose
proof is classical. It shows that the limits satisfy b* = b(u). Note, that this is true,
even if b is not strictly increasing, however it must be monotone.

9.4 Lemma. If u,,,u € LP([0,T]; V) and b* € L1([0,T]; H) with
U, — u weakly in LP([0, T]; V) as m — oo,
b(Upm) — b* strongly in L*([0, T]; H) as m — oo,
then
b* = b(u).
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Proof. Define R: LP([0,T); H) x L*([0,T]; H) — L>([0,T]; H) by
v b))~ ()
R0 B0 = T o) Iy + 180T

We want to show, that R(u,b*) = 0, that is b(u) = b*. Now it follows from the
assumption, that for a subsequence b(u,(t)) — b*(t) strongly in H for almost all ¢
as m — 0o. Therefore (for this subsequence)

R(v,b(um))(t) = R(v,b*)(t) strongly in H as m — co. (9.12)

To continue, we have to use the standard monotonicity argument for b, which implies

0 < (v(t) = um(t), b(v(t)) = b(um(t) ) g »
and therefore 0 < (v(t) — um(t), R(v,b(um))(t) ) for almost all ¢. It follows that

0< A (0(t) = wm(t) , R(v, b(um))() )5y it

T T
= /O (v(t), R(v,b(um))(t) ) g dt—/o (um (), R(v,b(um))(t) )y dt.
Since R(v,b(uy,)) is bounded in L*°([0,T]; H), it follows from (9.12) for every ¢ <

00, that R(v, b(um,)) — R(v,b*) strongly in L([0,T]; H) for m — co. Setting ¢ = p*
we see that

/ (v(t), R(v,b(um))(t) )y dt —>/ (v(t), R(v,b*)(t) )y dt asm — o0
0 0

for v € LP([0,T]; H). Now to the convergence of the second term. Since u,, — u
weakly in LP([0,T]; V'), which is continuously embedded into L?([0, T]; H), and since
R(v,b(um)) — R(v,b*) strongly in LP" ([0, T]; H) for m — oo, it follows

T T
/ (um(t) , R(v, b)) () ) dt—>/ (u(t), R(o,6")(t)),, dt  as m — oo,
0 0
Altogether we conclude
T
0< / (v(t) — u(t), R(v,b*)(¢)),; dt
0

for all v € LP([0,T]; H). We apply now a Minty type argument, that is we replace
v by u+e(v —u) and letting € N\, 0, to obtain

T
0< /0 (v(t) —u(t), R(u,b)(t) )y dt

for all v € LP([0,T); H). Since v = v — u is an arbitrary element of L”([0,T]; H)
this gives

T
0< [ (30, Ruwb)(e))y de
0
for all v € LP(]0,T]; H), and therefore also
0= [ (30 R0y a

which finally implies R(u,b*) = 0 almost everywhere. O
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Having proved that b* = b(u) it follows that « € M, provided u,, € M and t —
By (unm(t)) is bounded in L*°([0, T]) uniformly in m. This sequentially closedness is
also true under some more general convergence conditions as shown below.

9.5 Lemma. If u,,,u € L?([0,T]; V) and
U, — w weakly in LP([0,T]; V) as m — oo,
b(um) — b(u) weakly in L2([0,T]; H) as m — oo,
By () bounded in L=([0,T)),

then
Uy € M for m € IN  implies u € M.

Proof. By the Lemma of Mazur u is the strong limit of elements in
conv{u, € V; m € IN}.
This implies that the weak convergence in L?([0,T]; V') lets the set
{u e LP([0,T];V); u(t) € M for almost all ¢},

which is closed and convex, invariant. On the other hand, by the same reason
w := b(u) is the strong limit in L?([0,T]; H) of finite sums

Z QU Way, —> W, Z an=1, a,; >0
melN melN

with wyy, := b(um,). Since ¢* is lower semicontinuous, one concludes

o) = v fm, 3 et < fim o (3 vt

meIN meN
and the convexity of * implies, that

meIN meN
since ¥* (W (t)) = Bo(um(t)) — ¥(0) and Bo(un(t)) < C for some C. Since
Y*(w(t)) = Bo(u(t)) — 1(0) we conclude By(u) € L*([0,T]). O

10. Convergence proof. In the following we give a convergence proof of the main
theorem of this paper, formulated in 6.2. We consider the case of a time indepen-
dent constraint M C V, and the boundedness condition 6.2(1) and the continuity
condition in 6.1 are satisfied. Besides this we assume the coerciveness in 6.2(3).

First we show that we have approximative solutions of the time discrete problem.
We define the time discrete operator to the map (s, z) — A(s, z) from (6.5) by

1 it
Ap(t, z) = 7 /( o A(s,z)ds for (i—1)h <t < ih. (10.1)

The initial data are ug € H and b is given by (6.4). With this we show

10.1. There are solutions uy, which are step function with uy(t) = ug for t < 0 and
up(t) € M for ¢t > 0, of the time discrete problem

(1000 =0 00 = an(t =11 )+ Can(0) =0 An(t () <0
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for v € M. This is true for ¢ > 0 which are multiple of h, and then also for all £ > 0.

With A*(u) := Ap(t',u), t* = ih, and M* = M for i € IN we have to show the
assumptions in 5.5.
We want to prove 5.5(1). Let S be a bounded set in M*. Define

) wif (i—1h <t <ih
Si={u; € LP([0,T};V); we S} with wu(t) =4 _
u elsewhere

and % an element in M. Then S; is a bounded set in LP([0,T]; M). Since the
embedding V < H is compact, the values of u and, by 5.4, the values of b(u) both
are bounded in H for u € S. It follows, by the definition in 3.6, that By(u) are
bounded, say By(u) < R. We obtain

B(](U) if (’L — ].)h <t< Zh,

Bo(ui(t)) = )

By(u) elsewhere |

that is
1Bo (i) [ oo 0,77y < max(R, Bo(a)).
Hence on S; also the L*([0, T'])-norm of By is bounded. It follows from 6.2(1), that
A on S; is bounded in L¥" ([0, T]; V*), say,
1
Ve dt)

ih
/ At u) dt
(

i—1)h

T
R = ([ A | o~ o, 17 +) = </o | A(t, ui(t))]

1

E3

1h P
> ( / ||A<t,u>||':dt> > nt
(i—1)h

— Alt dt
P, Ak

i—1)h

V*

p—1 .
=h"7 || A (u)|
Ve
Therefore A’ is bounded on S, which shows 5.5(1).

We want to prove 5.5(2) and we know 6.2(2), that is the continuity condition
6.1. Let a sequence be given for A’ as in 5.5(2), which is stated in 4.1, that is
Um,u € M* = M with u,, — u weakly in V and A’(u,,) — v* weakly* in V* for
m — oo and such that

v

1imsup<um, A () >V <(u,v")y .

m—r oo

We have to show, that the conclusions in 4.1 are true. Define

uim(t):{ U if (i —1)h < t < ih } v:(t):{ v if (i — 1)k < t < ih }

@ elsewhere A(t,u) elsewhere

and u; to u as u;, to uy,. Then for m — oo it converges wu;;, — u; weakly in
LP([0,T); V), and A(ugy,) — v weakly* in LP" ([0, T); V*), and

limsup/O (uim(t), A(t, uim(t)) )y dt < /0 (ui(t), vi(t))y dt.

m—r o0

Since the embedding V < H is compact, u,, converges to u strongly in H. Since b
is continuous also b(uy,) — b(u) strongly in H, and by the definition 3.6 it follows
that B(um) — B(u) in IR. This implies that {B(u;y); m € IN} is bounded in
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L ([0, T];R) and that b(wy,) — b(u;) strongly in L?([0,T]; H). Thus the assump-
tions in the continuity condition 6.1 are fulfilled, hence 6.1 can be applied, and we
conclude

T
[ w0 - o), At us(0) = w20y ae <0 (102)
for all v € LP([0,T]; V) with v(t) € M for almost all ¢ and
’ T T
hmsup/O (wim(t) , At uim(t)) )y dt :/0 (ui(t), vf (t) )y dt.

m—r 00

Plugging in the definitions for w;,, and w;, the last identity becomes

limsup { w,, , A (up,) >V =(u,v")y .
m—r oo

Setting with given v € M

U(t):{ 5if(i1)h<t§z‘h}

u elsewhere

one obtains similarly from (10.2)
(u—1v, A'(u) —v*),, <0.

Thus the conclusions of the continuity condition 5.5(2), see 4.1, is satisfied. There-
fore the continuity condition 5.5(2) is fulfilled.
It remains to show 5.5(3). From the coerciveness 6.2(3)

(u—1a, A(t,u))y > collu — a3, — CoBa(u) — Go(t) (10.3)

for all £ > 0 and w € M one gets, since @ does not depend on time, the same
estimate for the operator Ay,

(u—1a, An(t,u) )y > collu—ally, — CoBa(u) — Gon(t), (10.4)
where

ih
Gon(t) == }IL/( on Go(s)ds for (i —1)h <t <ih

in other notation
(u—1, Al(u) ), > collu—a|} — CoBa(u) — Gon(t). (10.5)
Since by 3.7

(u —a, b(u) — b(u(iil)) )H > By(u) — Ba(u(ifl))

we obtain
(u=—a A =b@ ™))+ (u—u, A'u)),
> collu —all} + A(Ba(u) — Ba(u™Y)) — CoBy(u) — Gon(t")
> collu—ally, = ABa(ul"V) = Gon(t)
if A > Cy, therefore, since p > 1,
(uw— @, A(b(u) = b(ul=))) , + (u—a, A¥(u))

Hu_ﬂ”\/

VY &~

as ||u||y, — co. This shows coercivity 5.5(3) with @' = @. Since all assumptions are
fulfilled 5.5 is applicable.
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10.2. We prove: There is u € LP([0,T]; V) with u(t) € M for almost all ¢, such
that for a subsequence h — 0 the following convergence holds:

up, — u weakly in LP([0,T]; V),

A(up) = A(e,up) — u* weakly* in LP*([0,T]; V"),
{Ba(up); 0 < h < ho} bounded in L*([0,T)),
b(up) — b(u) strongly in L'([0, T]; H).

Here the approximative functions u; are defined only in [0, 7}], where T}, is the
largest multiple of h less or equal T'. Tt is irrelevant, how uy, is defined in |Ty, T7,
the main thing is that it stays bounded, for example we define it by u. Then the
statements hold on the interval [0, T1.

We take a solution of 10.1, set wj (t) := Ap(t, un(t)) in (7.2), and use the a-priori
estimate 7.1. We obtain

Ba(up(?)) +/O (up(t) —a, wy(t)),, dt < Bg(uo).

The coerciveness (10.4) leads to
t
/ (un(t) —a, wy(t)), dt
0
t t t
> co/ |un(t) —al}, dt — CO/ Bﬁ(uh(t))dt—/ Gon(t)dt.
0 0 0

This implies

Bl () +co | fun(®) = al}, e
(10.6)

< Ba(ug) + Co /O Ba(un(t)) dt + /O Gon (1) dt.

Since Go € L'([0,T]) the last term on the right is bounded uniformly in h. Then a
Gronwall argumentation on the inequality (10.6) gives the boundedness of the sets

{Ba(up); 0 < h < ho} in L=([0, Th]).

Using this one gets from (10.6) the “parabolic” estimate

Tn

ess sup By (up(t)) —|—/ lunllt < C, (10.7)
te[0,T%] 0

where C' depends only on ug, @, Gg, By, cg, T, and obvious quantities like p, n,

V, H. In particular, C' is independent of h. Hence for a subsequence h — 0 there

exists the weak limit up, — w in LP([0,T]; V). Since up(t) € M for almost all ¢, it

follows that u(t) € M for almost all ¢.

Equation (10.7) says that (define for example up(t) := @ for T, < t < T) the
set {up; 0 < h < hg} satisfies the required boundedness assumption in 6.2(1).
It follows by the boundedness condition 6.2(1) that the set {A(up); 0 < h <
ho} is bounded in L ([0,T]);V*). Therefore there is a subsequence h — 0 so
(all subsequent subsequences have to be chosen as subsequence of the previous
subsequence), that the weak* limit A(up) — u* exists in LP ([0, T]; V*).
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What is missing is the strong convergence of b(uy) as h — 0. To derive this we
go into the second estimate in section 7, that is 7.2,
1 L
By (b(un(t + 5)), bun(t)), un(t)) < s - EZ (un(t) = un(t + ih) , wj(t + ih) )y, .
i=1
This gives

/0 By (bun(t + 9)), b(un(8)), un (1)) d

1 J T—s
gst/ Cun(t) = un(t +ih) , wh(t +ih) )y, dt
i=1 70

< 25 - lunll oo, 71 | Wk o* (0,774

By the estimates proved so far, that is the estimates for u;, and w; = A(uy) the
right side is bounded by a constant times s. Thus we obtain

/0 h Ey- (b(un(t +s)),b(un(t)), un(t)) dt < C - s.

This estimate is fulfilled for all s > 0, not only for multiple of h, see lemma 9.1. Then
the compactness theorem 9.3 implies that {b(up); 0 < h < hg} is precompact in
LY([0,T]; H). Hence there is a subsequence h — 0 so (all subsequent subsequences
have to be chosen as subsequence of the previous subsequence), that b(uy) strongly
in L1([0,T]; H) to a limit b*. But then by 9.4 it is b(u) = b*, so that b(up) — b(u)
strongly in L([0,T]; H).

10.3. Proof of 6.2.

For the sequence u;, we have the following time discrete inequality

" (up, v)() + /Ot (up(t) —v(t), Ap(t,un(t) )y dt <0

for all £ > 0 and all t — v(t) € M with v € L*([0, T]; H), where

" (1, v)(T) ::/ (un(t) — vt) . 07 b(un(1))),, dt
0

and uy,(t) := ug for t < 0. We now define for a given f a t = #;, as a multiple of h
with

th —h <t <t
We use this ?;, and obtain

<1>g(uh,v)(th)+/0 " Cun(t) = v(t) , An(t, un(t) )y dt < 0.

Since uy, is a step function, i.e. up(t) = up(ih) for (i — 1)h < t < ih, see (5.10), we
compute for ¢, = ih

/Oth (un(t), An(t,un(t) )y dt = Z h (up(ih) , Ap(ih, un(ih) )y,

2 ih th
=3[ ) A unin) )y e = / Can(t), Altun(t) )y dt,

i—1 7 (@E=1)h
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that is

Bhun, o))+ [ (@), A @)y at
0 (10.8)

SA%Oﬁ%AMuw@Dv@~

The parabolic part we compute (this looks similar to 8.2)
i)t = [ (unl0) ~ vl0), 0 a0,
_ /Oth (un(t) — @, O *b(un(t)) ) , dt
+ /Oth (- v(t), 07" (b(un(t)) — buo)) ) ,, dt.

With usage of lemma 3.7 this is

> ' O " Bu(un(t)) dt —l—%/ ' (@ —wv(t), blup(t)) —b(ug) )y dt
0 0
th—h
e [ @ e+ ) ban(0) — o) g
.

= i ' 07" Ba(un(t)) dt —|—% [; (a—v(t), blun(t)) —blug) )y dt
th—h
! (a—v(t+h), blup(t)) —blug) )y dt

tn—h
—/0 (87" (@ — v(t)) . b(un(t)) — b(uo) ), dt
= Ba(un(tr)) — Ba(uo) + (@ — va(tn), b(un(tn)) — bluo) ) g

th—h
fA (8" (@ — (1)), blun(t)) — blup) ), dt.

Here we have used the choice of t; above, and
1

ih
vp(t) == h/( ” v(s)ds for (i —1)h <t < ih.

Altogether we derived
@4 (un,v)(En) > Ba (Uh( 1)) = Ba(uo) + (& — vn(tn) , bun(tn)) — b(uo) )

/0 " (0" (u ), b(un(t)) — blug) ), dt
= Ba(ua( 3) — Ba(uo) + (@ —vn(t), b(un(t)) — b(uo) ) g
/0 (07" (@ — v(t)) . b(un(t)) — bluo) ), .

Now we know b(up,) — b(u) strongly in L' ([0, T]; H), and therefore for a subsequence
that b(up) — b(u) in H almost everywhere. Since By (up (¢)) = ¥ (b(up (t))) +1z(0),
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see definition 3.6, and if we now assume that d;v € L1([0,T]; H), we conclude that
for h — 0 for almost all ¢

B (un( 3) Ba(uo) + (@ — vn(t) , b(un(t)) = buo) )

[ o). b )~ o))

" Ba(uld) — Baluo) + (5~ 1) Hu(E) ~ b))
- [ (0= o) o) o))

— () (D),

see definition 8.1. Therefore we have proved that for almost all ¢

lim inf ®” w(up, v)(th) > Pa(u,v)(t). (10.9)

h—0

Since equation (10.8) reads

O (up, v) () + /th (up(t), At up(t) )y dt
0

sfwwmhm%mwaKWWmﬂwM@N“
*}/o (v(t), u™(t))y, dt

for h — 0 (the sequence has to be chosen as the above subsequence), we obtain

th
lim inf " (up, v)(F) + lim sup / (un(t), Alt,un(t))y dt
0

h—0 h—0
sA<wxmwww,

that is

@a(u,v)(ﬂ—i—limsup/o lun(t), At un(®) )y dtg/o (o(t), w*(t))y dt.

h—0

Since up, and A(uyp,) are bounded, the contribution

[ (w0, Aty a0

as h — 0, and therefore

Dy (u,v)(t) + lim sup/ (un(t), At,un(t) ), dt
, h=0J0 (10.10)

sé<wmwmnw.
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Now we come to the missing term for the sequence. We set v = us with us from
8.3 (it is Oyv € L1([0,T); H)) and obtain

D (u,us)(t) + lim sup/ (un(t), At,un(t) ), dt
h—0 0

s/o (us(t) . (1) )y dt_>/0 (ult), u (), dt

as § — 0. Since ®y(u, us)(?) in the limit § — 0 is nonnegative as shown in 8.3, we
arrive at

h?j}jp/o (un(t), At un(t))y dté/o (u(t), u*(t))y dt

This is the last property in the assumption of 6.2(2). (In reality one has to use the
time interval [0, 7] instead of [0, ], that is one has to use for example the functions

in(t) ::{ up(t) for t <t }7 - ::{ U*(t)ifortgtf }’

afort>t A(t,a) for t > €

and u defined with respect to u as uj, with respect to uy. Note, that then

111}?5313/0 (in(t) ) AltTin(t) )y dtg/o (), 7 (1)) dt

holds.) Therefore we can use the conclusions of 6.2(2), that is for allv € LP([0,T]; V)
we infer

/ (u(t) = v(t), A(t,u(t)) —u*())y dt <0, and
o . (10.11)

nmsup/o (un(t) ) Alt,un(®)) )y dt:/o Cult), w (1) )y,

h—0

Plugging the identity of (10.11) in the above equation (10.10), one gets

Ba.0)(O)+ [ (ult) = 0(t) w7 (0))y At <0

and therefore, using the inequality in (10.11), one obtains

By (u,v)(7) +/0 (u(t) = v(t), A(t,u(t) ), dt < 0.

This is the assertion.

11. Examples. In the following we present some concrete examples. First there
are second order boundary value problems, where  C IR" is a bounded Lipschitz
domain and

H=TL*(Q;RY) and V=wL(QRY).
Here the usual isomorphism between L2(Jto, t1[xQ; IRY) and L?(Jto, t1[; H) is used.
Therefore we identify wu(t,z) = w(t)(xz). For simplicity we take N = 1, and we
let L2(Q) = L*(Q;R) and W2(Q) = WH2(Q;IR). Under these assumptions the
following standard example is true, where we do not choose the most general form.
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11.1 Second order problem. We let 2 C IR™ as above and take a closed (may
be empty) set I' C 9. On the time interval [0, T] we consider the elliptic-parabolic
boundary value problem

OBz, ul(t, z)) — diva(z, u(t, ), Vu(t,z)) = f(t,x) for (¢t,x) €]0,T[xQ,
u(t,z) =ui(z) for (t,z) €]0, T[xT,
a(u(t,z), Vu(t,z))ev(x) =0 for (t,z) €]0,T[x(0Q\T),
Bz, u(0,x)) = B(xz,up(x)) for xz € Q.
Here functions u; € WH2(Q) and uy € L*(Q) and a right side f € L*([0,7] x Q)
are given. Moreover 8: Q2 X IR - IR and a: Q2 x IR x IR" — IR" are Carathéodory

functions, that is measurable in the first argument and continuous in the other
arguments. We assume the following monotonicity and growth conditions

(B(x,21) — Bz, 22)) - (21 — 22) > 0,
(a(z,z,p1) — a(x, z,p2))e(p1 — p2) > ¢+ |p1 — pa*,
|B(x,2) [ <C-(1+]|2]), la(z,2,p)|<C-(1+]p]),

(1) Then, with a correct choice of M, A, and b, this example is of the general type.
The condition 6.2(1) of theorem 6.3 is satisfied.

(2) If in addition a(z,z1,p) = a(x, z2,p) whenever S(x,21) = B(z, 22), then the
continuity condition 6.2(2) is satisfied.

(3) If in addition H* Y(T) > 0 or |B(z,2) — B(x,0)| > c1]z| for 2 € IR, then the
coercivity 6.2(3) is satisfied.

Proof (1). Since we have the boundary condition u(t,s) = u; in the formulation of
the problem, we set a time independent constraint

M :={u € V; u=wu; almost everywhere on I'}
with V := W12(Q). The map b: H — H, H = L*(Q), is given by
b(u)(z) = B(x,u(z)) forxz e Qandue H.

If o: QxR — IR is a convex map in the second variable with {Lo(z, 2) = B(z, 2)
and ¢(z,0) = 0, then |p(z,2)| < C(1 + | z|*) by the growth condition on 8, and
we are able to define ¢ : H — IR by

P(u) = / o(z,u(z))dr for u e H.
Q
It follows that b = V), that is

(Vo) )y = DY(u)(v) = ~9(u+ev)

€ =0
= /Q %cp(a;u(m) +ev(x)) ., dz = /Q %gp(x,u(x))v(x) de = (b(u), v)y.

For the elliptic part we set A(t,e) : M — V* by

(o, Aty = [

Q

(Vv(:c)oa(x, u(z), Vu(z)) — v(m)f(t,x)) dz foru,veV,

where a(e, u, Vu) € L?(Q2) by the growth condition. The map
A= L*([0,T]; V) = L*([0, T]; V™)



EXISTENCE THEOREM FOR PARABOLIC SYSTEMS 2117

is given by A(u)(t) := A(t,u), the set M given in (6.2) is a subset of L?([0,7]; V).
To obtain the abstract equation (6.8) we have to identify u(t,z) = u(t)(z) with
u(t) € V. The test functions ¢ have compact support in [0,7[x(Q \ T'), which
is equivalent to ¢ € C°°([0,T] x Q) with ¢ = 0 in a neighbourhood of {T'} x
Q and [0,T] x . Therefore in (6.8) it is assumed that ((t,z) = £(t)(z), and now
& € C§°(]0, T[; My), where My := M — u; is a subspace and £(t) = 0 for ¢ close to
the final time 7. O

Proof (2). Let um,u € L*([0,T]; W12(Q)) and v* € L?([0,T]; W12(Q)*) as in the
continuity condition 6.1. By the ellipticity condition on a

T
0< / /(Vum — Vv)e(a(z, up, Vi) — a(z,un, Vv)) dz dt
0o Jo
T T
= [ G A by A= [0 A1) e
T
—/ /(Vum — Vv)e(a(z, up, Vv) — f(t,z)) dzdt.
0o Jo
Since by assumption we have a dependence a(z, z,p) = a(x, 8(x, z),p), where also
a is a Carathéodory function, and since b(u,,) — b(u) strongly in L1([0,T]; H), we

conclude for a subsequence m — oo that 8(z, un(t, z)) — Bz, u(t,z)) for almost
all (t,x). Hence for a subsequence

a(, Up,, V) = a(z,u, Vo) strongly in L*([0,T]; L*(2)).

Therefore we get

T T
0< limsup/ (Um , At tum) Y12y dt —/ (v, V" Jypr2(q) dt
0 0

m—r 00
T
7/ / (Vu — Vv)e(a(z,u, Vv) — f(t,z)) dzdt.
0o Ja
For v = u one obtains the second conclusion of continuity condition 6.1. Then
T
0< / (u—v, 0" )ypiaq) dt
0
T
—/ / (Vu — Vv)e(a(z,u, Vv) — f(t,x)) dz dt.
0o Jo
Now replace v by v, := u + (v — u) and obtain for ¢ — 0
T
0< / (u—v, 0" )yiaq) dt
0
T
—/ /(Vu — Vo)e(a(z,u, Vu) — f(t,z)) dzdt
o Jo

T
:/0 (u—v,v" = A(t,u) Jy1.2(q) dt,

which is the first conclusion of the continuity condition 6.1. O
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Proof (3). To prove 6.2(3) we compute with @ = uy
(u—u, A(t,u) — A(t, 1) )12
= / (Vu — Vi)e(a(e,u, Vu) — a(e, 4, Vi) dL”
Q

= /Q(Vu — Vi)e(a(e,u, Vu) — a(s,u, V) dL"

—|—/ (Vu — Vﬂ)O(a(o, u, Vi) — ale, @, Vﬂ)) dL»
Q

> ||V (u— )32y — 2CIV (=) || 2 - 11+ V| 2
hence
(u—1, A(t,u) )y .2q)
> dl|V(u—0)[720) = IV = 8) i) - [AEGD) e
=20V (u = u)l p2(q) - 11+ [Valll 2 (q)-

This gives the desired estimate, since in case H?~!(T") > 0 the Poincaré inequality
can be used, and otherwise ||u — ﬂ||2LQ(Q) < C1(14 Bg(u)) by assumption on 8. O

The fact, that one proves that A maps into L2([0,7];V*), usually gives the
boundedness condition 6.2(1) as a byproduct. We mention, that also the case, that
a(z,u(t,x), Vu(t,z)) has a controlled unbounded term in u(¢,x), can be treated.
Similar arguments apply to a right side f(¢, z,u(t, x)).

Also the case of systems of elliptic equations is covered, that is the case N > 1.
Then different components of this system may satisfy different boundary conditions.

In general, there is not, as usual in parabolic equations, a uniqueness theorem as
consequence of the existence theory. Uniqueness theorems are available only under
additional assumptions (see e.g. [5]). The reason for nonuniqueness is, that the
theory works for elliptic-parabolic problems, and it is well known that for elliptic
problems in general the solution is not unique.

11.2 Non-uniqueness. Let §: IR — IR be given and consider the problem

B (u) —div(eVu) = f(u) in]0,00[x€,

dyu=0 on]0,00[x09,

u(0,2) = up(x) for xz € Q,
with a strictly positive function a € L*°(]0,00[x2) and a continuous sublinear
function f : IR — IR. We assume that [ is continuous, sublinear, and weakly

monotone non-decreasing. Under these assumptions there is a weak solution for
each initial datum wuy € L (). Let us take the example

Bo+c(u—u_) foru<u_,
Bu) =< By +ey(u—uy) foru=uy,
monotone and continuous for u_ <wu < uy,

where c_ >0, c1 >0, u_ < uy, and S_ < 4. Then the following is true:

(1) If 5 = B4 and f = 0, then for u_ < uy < uy each function u = const. is a
solution, if this constant lies in Ju_, u4[.
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(2) Ifu_ <wup < uy, then each function can be obtained as limit of unique solutions
of problems with strictly monotone (.

Proof (2). Let @y = const. with u_ < 4y < us. For 6 > 0 and € > 0 let us consider
the problem

OBs(u) — div(aVu) = —e(u — Gp)  in |0, co[x €,
Oyu=0 on]0,o00[x09,
u(0,x) =wup(x) for x € Q,
where
Bs(u) := B(u) + du.

Let w = us. be the unique weak solution of this approximate problem. By the
maximum principle u_ < u < uy, so that the differential equation is

d0yu — div(aVu) + e(u — @g) = 0,

and from there the energy estimate
t
g/(u(t,a:) —2p)*dx +/ / <a(t,a:)|V(u(t,x) — 1) |* + e(u(t,z) — uo)> dz dt
Q 0 Jo
< é/(uo(:c) ~ o) de
2 Ja

holds. It follows immediately, if one chooses § = d. small enough, that us.. — o
when ¢ — 0. O

The problem where v_ = uy and S_ < [ is not contained in this theorem,
although the theory is capable to treat this case as a limit uy —u_ N\, 0, but we do
not discuss this here.

The standard case of parabolic equations is, that the solutions are continuous in
time. This is not the case here, and it has again to do with the elliptic-parabolic
character of the problem, see [5, Introduction].

11.3 Non-continuity. Consider the problem
Of(u) —Au=0 in]0,00[x1,
u(t,x) =uy(t) fort >0, z €9,
u(0,2) = up(z) for x € Q,
where Q = Bp (0) is a ball, u3 < 0 continuous, and
B(u) = max(u,0).
Then the following holds:

(1) If the initial data are positive somewhere, there is a solution w, which has a
jump in time.
(2) The solution in (1) is the limit of the unique solutions with 8 = S.,

U for u > 0,
Be(u) = {

U for u <0,

as € — 0.
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Proof (1). In the case n = 1 for suitable initial data and boundary data, a weak

solution is
iy = | O (s5¢)  forlal< s,

&' () - (lzl = s(t))  for |a] > s(t),
which is a C'-function until the jump happening at time ¢ = t...;;, where
S(t) = 25 \% tcrit - ta
and a function constant in x
u(t, ) = uq(t)

after the jump. Here the boundary data, we assume R > s(0), are

(0 &n'(€) - (R — s(t)) before the jump t < topg,
u =
! less than zero after the jump ¢ > tepi.

Further

oo y2i
n(y) =1- Zl m>

or equivalently,

n"(y) = 2yn'(y) + 2n(y) =0,
n(0) =1, n'(0) =0, &~ 0.92414 first positive zero of 7 .

The boundary data u; can be continuous for all . For n > 1 the procedure is
similar. O

One sees in both examples 11.2 and 11.3 that the method in this paper is closed
among all problems with a weakly monotone 8. We mention that uniqueness the-
orems as well as regularity theorems one can find in different literature. One can
also think about differential equations of fourth order. Depending on the bound-
ary condtion, say, if they are given as Dirichlet conditions of the values and first
derivatives, one uses H = L?(Q) and V = W?22(Q) as spaces. Also other spaces
have applications.

12. Generalizations. A generalization is the situation that H is a Banach space,
e.g. as in [9]. We do not consider this situation here, but it is one of the first things
to do. If H = L%(Q2) with ¢ > 1, more general monotone functions S,

|B(z,2) | <C(1+]2]|") with s> 1,
would be allowed. Another class of problems have even stronger growth like
Blu) = e,
or more general an arbitrary growth. This class also belongs to the closure of
problems of this method, but is not considered here.

An important example comes from diffusion in a chemical system. Although
this seems to be an application of this theory, it is not clear, how the standard
assumptions fit our theorem, see e.g. [24]. The source term, which is there already
in the ODE version, is monotone, but does not give a contribution to the standard
diffusion term. That is, if one leaves the ODE version unchanged, one has to

manipulate the elliptic part of the problem to make the theorem work. This is done
in [24].
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As mentioned in the paper, a generalization to a time dependent constraint is
possible, but not contained in this paper. This is important, as examples in [15], [16]
and [13] show. It is also possible to show the existence locally in time, as presented
in [3]. For this a weaker coercivity condition is enough.

Of big interest it would be, to generalize the set V to a locally convex topological
vector space. The 3D incompressible Navier-Stokes equation does not satisfy the
assumption in the present version. Leray’s weak solution of Navier-Stokes equation
uses D(Q2) = C§°(2) and its dual space D'(2) = (D(2))* for the formulation. The
generalization would go into this direction. The incompressible 2D Navier-Stokes
equation is covered by the existence theorem of this paper because

2
”uHL“([tO,tl]xQ) < C- ”u”LQ([to,tl];le?(Q))HUHLM([tD,tl];L?(Q)) forn=2.

13. Appendix. In the following we deal with statements about Gelfand triples
(V,H,V*), that is, about a Hilbert space H and a Banach space V satisfying

Vs H<s V¥, (13.1)
by which one means, that the following line of mappings
V - H =~ H* — V*

I T I+ (13.2)

exist, where I : V — H is a continuous linear map. Here Jy : H — H* is the
isomorphism of the Riesz representation theorem and I* : H* — V* the adjoint
map of I : V — H. We can also write

V - H — V.

In literature the notion of a Gelfand triple includes the injectivity of I and J, or
equivalently, the injectivity of I and I*. We mention the following

13.1 Proposition. Let H be a Hilbert space and V a Banach space, such that
(V,H,V*) satisfies (13.2). Then

(1) [[I(v)]| < Cllv|ly for all v € V.

(2) J:=1I*0Jy : H— V* has the representation

(v, J(u))y = (I(v), u)y forue H, veV.

(3) The map J := I*oJyol : V — V* satisfies
<vl,j(v2)>‘7=(l(v1),l(v2))H forvl,v2€\7.

(4) J injective <= I(V) dense in H.
The following has to be applied, if a general space Vis given.
13.2 Lemma. The general case in 13.1, with the assumption that I is injective,
can be reduced to the special case
V C H with a continuous mapping Id : V. — H
via

Vi=I(V)CH, vl ="
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Remark: If V is a Hilbert space, also V' becomes a Hilbert space with (v, v ), =

(1_11)1 s 1_11)2)

‘7.

The following theorem is functional analysis (a proof is contained in [7]). In this

paper it is unspoken used when bounded sets in LP" ([tg, t1]; V*) occurred and when
it was used that such sets are weakly sequentially compact.

13.3 Lemma. If V is a separable reflexive Banach space and 1 < p < co. Then

LY ([to, ta]; V*) = (LP([to, t1]; V)"

The Isomorphism I, going from the left space to the right one is given by

ty

(0 B oo = [ (00 FO)y de

to

for f* € LP ([to,t1]; V*) and for v € LP([tg, t1]; V).
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