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The regularity of the positive part
of functions in L*(I; HY(Q)) N HY(I; H(Q)*)

with applications to parabolic equations

DaNIEL WACHSMUTH

Abstract. Let u € L2(I; HY(Q)) with dyu € L2(I; H'(Q)*) be given. Then we
show by means of a counter-example that the positive part u™ of u has less
regularity, in particular it holds dyut ¢ L'(I; H'(Q)*) in general. Nevertheless,
ut satisfies an integration-by-parts formula, which can be used to prove non-
negativity of weak solutions of parabolic equations.

Keywords: Bochner integrable function; projection onto non-negative functions;
parabolic equation
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1. Introduction

In this note, we are concerned with the regularity of the positive part of func-
tions from the function space

W= {uec L*(I; H'()) : ;u € L*(I; H'(Q)*)}

of Bochner integrable functions. Here, I = (0,7), T > 0, is an open interval,
and H'(Q) denotes the usual Sobolev space on the domain ©Q C R"; d;u denotes
the weak derivative of u with respect to the time variable ¢ € I. The underlying
spaces form a so-called evolution triple (or Gelfand triple) H'(Q) C L*(Q) =
L?(Q)* ¢ HY(Q)* with continuous and dense embeddings. In the sequel, we will
use the commonly applied abbreviations

Vi=HYQ), H:=L*Q).

For an introduction to this kind of function spaces and their various properties,
we refer to e.g. [1, Section IV.1], [3, Section 7.2], [4, Chapter 25].
Let u € W be given. Let us denote its positive part by u™,

ut(t,r) = max(u(t,x), 0), t €I, € Q.

Due to the embedding W — L?(Ix (), the positive part is well-defined. Moreover,
since the mapping u +— u™ is bounded from H*(2) to H'(Q), it follows that for
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u € W also u™ € L?(I; V) holds. Here, the question arises whether u € W also
implies u™ € W. The aim of the short note is to provide a counter-example of this
claim, see Theorem 2.7. Nevertheless, the following integration-by-parts formula
holds true for all u € W

1) [t @y s = Sl @ = 3l O

which enables us to show positivity of weak solutions of linear parabolic equations,
see Section 3.

2. The regularity of the positive part

In this section, we study the mapping properties of u +— ut. First, let us state
the following well-known result:

Proposition 2.1. The mapping u — u' is Lipschitz continuous as mapping from
H to H. Furthermore it is bounded from V to V', and for uw € V it holds

Vu(z) if u(z)>0

, x €,
0 if u(z) <0

Vul(z) = {
which implies [[u™ ||y < |Jul|v.

The following result is an obvious consequence.

Corollary 2.2. Let u € W be given. Thenu* € L*(I;V)NC(I; H), and it holds

luFllzamvys utllomn < lullw.

With the same arguments that are classically used to prove Proposition 2.1,
one can prove

Corollary 2.3. Let u € W be given with u; € L*(I; H). Then ut € W with
uf € L2(I; H).

Moreover, in this case, we have ;u™ € L?(I x Q), and we can write for almost
all (t,z) € I xQ

) Bt (t, ) = {atu(t,z) if u(t,z) >0
0 if u(t,x) <0.
Now, if dyu is in L?(I; V*) only, the representation (2) makes no sense, as dyu(t, -)
is only in H!(Q)* for almost all .
In the following, we will construct a function u € W with d,u ¢ L?(I; H) such
that d,u™ ¢ L2(I; V*). The key idea is the observation that the mapping u — u*
for u € L*(Q) is not bounded as mapping from H'(2)* to H*(Q)*.
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To see this, set Q@ = (0,1). Let us define ¢,(x) = sin(2wnx). Then it is
well-known that 1, converges weakly to zero in L?(f2), thus strongly to zero in
H'(2)*. However, a short computation shows that

1 1 1/2 1
+ — + —_ : ——
/0 Y (x)de = /0 i (x) de —/ sin(2rx)dx = - #0,

0

which implies that ;" converges weakly to the constant function 1[)(z) =1/min
L?(€2). Hence, 9, cannot converge to zero in H'(Q)*.

In the sequel, we will equip V' with the scalar product (u,v)y := fQ Vu-Vuv+
u - vdzx and the associated norm. The space H is equipped with the standard
L?(Q) inner product and norm. We consider the family of functions

(3) Yn(x) := cos(nmz), x € Q

for n € N. Now, we will derive quantitative estimates of the norm of ¢, in V, H,
and V* for n — oo.

Lemma 2.4. Let n € N be given. Then it holds

n?r? + 1 1/2 1 1
n =\ 5 < nm, n = = nllve < ——
fonlly = (5 loulls = 750 Wl < —=—

PROOF: The first two identities can be verified with elementary calculations. To
prove the third, consider the solution z € V of (z,v)y = (¢n,v)g for all v € V.
Then it follows ||t |lv« = ||z||lv. The function z is given by z = mwn, and
hence the third estimate follows from the first.

Let us show that the V*-norm of ¢;"" is bounded away from zero.

Lemma 2.5. There is C > 0 such that

[[ag

PROOF: Let e € H be defined by e(z) = 1. Then we have

(V). e)n

/01 Y (r)dz = /Ol(COS(nFl‘))+ dz

. .

1/2n 1
= n/ cos(nmzx)dx =
0
Let now v, € V be defined by v.(x) = min(4z, 1, 4(1 — z)). Then it holds
lve — ell3 = 2f1/4(4z)2 dz = §. Thus, we can estimate

0

(W ve)vey = (W ) — 1Yl mllv —eellm >

=0.0296--- >

ot

3=

[\
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Here, we used ||¢;F ||z < ||t |l = 1/v/2. The lower bound implies that || ||y« >
%HveH‘;l, and the claim is proven. O

Let us now introduce a family of functions on small time intervals, which will
be used to define the counterexample by means of an infinite series.

Lemma 2.6. Let I := (0,1). Let ¢ € H}(I) be given. Define

(4) 6n(t) = n(n+1) - (n(n + 1)t — n).

Then it holds supp ¢,, C (%_H, 1) and

pnllrry = lI9llLr ), [0ctnllLr(ry = n?l10ell L1 1),

pnllz2(r) < V20|19 L2(r), [0ebnllr2ry < V202 0el| L2 (r)-
PRrROOF: This follows by elementary calculations. [

Let us now define the function

(5) u(@,t) =Y n () ().

n=1

Theorem 2.7. Let ¢ € H}(I) \ {0} be given with ¢ > 0. Then the function
u defined in (5) with v, and ¢,, from (3) and (4), respectively, belongs to W.
However, the time derivative of its positive part dyu™ does not belong to L' (I; V*).

PROOF: Let us define the partial sum uy := 22;1 ¢n (t) (). We will exploit
the fact that the supports of the functions ¢,, are distinct. From the Lemmas 2.4,
2.5, and 2.6, we have

N N N
lunllZzy = D n Clonliam vl <ed n % n*n?=cd n?
n=1 n=1 n=1
N N N
loun Tz = D N0bnllieltnlf <ed n70-nfn?=c) n?
n=1 n=1 n=1
N N N
ol =Y n 3 Nodnllrp e lv- > ey n3n? 1=cd nt.
n=1 n=1 n=1

This proves that (uy) strongly converges in W to w. Since u = uy on (#, 1),
the weak derivative 9;u™ exists almost everywhere on I, and belongs to the space
Li (I;V*). Suppose that d;u™ € L'(I;V*) holds. Then by the continuity of the
integral it follows

1

||8tu+||L1(];V*) = lim ||6tu+(t)| Vo* dt = lim
N —o00 1/(N+1) N —o00

||<'9tuNHL1(I;V*) — 00,

which is a contradiction, hence dyu™ ¢ L(I;V*). O
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3. Positivity of weak solutions to parabolic equations

Let © C R™ be a domain. Again, we make use of the evolution triple V' =
HY(Q), H=L*Q), V* = (H(Q)*). Due to the counter-example in the previous
section, we cannot apply the well-known integration-by-parts results for functions
in W to u™. In order to prove formula (1), we recall the following density result

Proposition 3.1 ([3, Lemma 7.2]). The space C*°([0,T],V) is dense in W.
First, let us prove the integration-by-parts formula for smooth w.

Lemma 3.2. Let u € W with O,u € L*(I; L?(2)) be given. Then it holds

T T
| @), wranveva=3 [Coguran
= 2 (e Ol 0)1)

PROOF: Since dyu € L%(I; L2(f2)), it holds dyu™ € L?(I; L*(Q2)). With the repre-
sentation (2) it follows

1 /T
//Gtu(x,t)u+(ac,t)dxdt://atu"’(x,t)u"’(x,t)dacdt:—/ Or||u (1)]|% dt,
1Jo 1Ja 2Jo

which proves the claim. O

(6)

Lemma 3.3. Let u € W be given. Then it holds

T
/ (Onu(t), wt(t)y-y dt = / Al (
0

PROOF: Let u € W be given. By density, there is (ux) in C*°([0,T],V) with
ur — win W. By continuity of the projection, it follows u: —uT in C([0,T], H).

Moreover, the sequence u;; is bounded in L?(V). Hence, there is a weakly con-
verging subsequence with weak limit @ in L?(V'). Due to u{ — u* in C([0,7T], H),
it follows @ = u™, and the whole sequence converges weakly, u; — u* in L2(V).

Since uy, is smooth enough, uy satisfies (6). Moreover, the left-hand side and
the right-hand side in (6) converge for k — oo, proving the claim. O

(lu* @17 = Il (O)11%) -

l\DI»—l

Let us remark that this result can be proven using difference quotients, see e.g.
[2, Lemma 2.5].

The integration-by-parts formula (1) can be applied to prove non-negativity of
weak solutions of parabolic equations with non-negative data. Let f € L*(I; L?)+
L?(I; V') and ug € H be given. Then u € W is a weak solution of the parabolic
equation with homogeneous Neumann boundary conditions

(7) Ou—Au=fonlIxQ, dhu=00onlIx0dN u0)=u(z),



332

‘Wachsmuth D.

if the following equation is satisfied for all v € V and almost all t € [
@u(t), Dy + [ Vule.)V0(e)de = (1), o)v-v-
Q

Theorem 3.4. Let f € LY(I; L?(Q)) + L3(I; V*) be given, with f > 0, which is
(f,v) >0 for allv € L3(V)NC(I; H) with v > 0. Let ug € H be given with
uop > 0. Let u be a weak solution of the parabolic equation (7). Then it holds
u > 0.

PROOF: Let us denote u™ = —(—u)™ € L3(V)NC(I; H). Testing the weak formu-
lation with ™, integrating from 0 to ¢, and using Proposition 2.1 and Lemma 3.3
yields

02 [{ha -y ds
:/t@tu(s), u‘(s)>v*7vds—I—/Ot/QVu(x,s)Vu_(x,s)dxds

0
1 _ _ _
=5 (IOl = ™ Ol7) + 1V 122062200
1. _
> 2Ol
Hence, it follows u~(t) = 0 for almost all ¢ € I, which implies u~ = 0 almost
everywhere on I x €. O
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