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Analisi numerica. — Estimates of deviations from exact solutions of initial-boundary
value problem for the heat equation. Nota di Sercey Reri, presentata (*) dal Socio O.A.
Ladyzhenskaya.

Asstract. — The paper is concerned with deriving functionals that give upper bounds of the difference
between the exact solution of the initial-boundary value problem for the heat equation and any admissible
function from the functional class naturally associated with this problem. These bounds are given by
nonegative functionals called deviation majorants, which vanish only if the function and exact solution
coincide. The deviation majorants pose a new type of a posteriori estimates that can be used in numerical
analysis. Also, the estimates formed by such majorants can be viewed as a certain extension of well known
«energy» estimates for solutions of parabolic type problems (see [1]).

Key worps: Parabolic equations; Deviations from exact solution; A posteriori estimates.

Ruiassunto. — Stime delle deviazioni dalle soluzioni esatre per il problema di Cauchy-Dirichlet relativo
all'equazione del calore. Questa Nota ¢ rivolta allo studio di funzionali che stabiliscono limiti superiori per
la differenza tra soluzioni esatte del problema di Cauchy-Dirichlet per I'equazione del calore e qualsiasi
funzione ammissibile nella classe associata in modo naturale a questo problema. Tali limiti sono espressi da
funzionali non negativi, detti maggioranti di deviazione, che si annullano solo se la funzione coincide con
la soluzione esatta. I maggioranti di deviazione pongono un nuovo tipo di stime a posteriori che possono
essere utili nell’analisi numerica. Le stime date da questi maggioranti possono inoltre essere considerate
come prolungamenti di stime dell'energia ben note per la soluzione di problemi di tipo parabolico (vedi [1]).

0. INTRODUCTION

Assume that # € V is a solution of a certain boundary-value or initial-boundary
value problem, V is a proper functional space v € V is a given function, which is
compared with #. Finding computable and effective estimates of the quantity ||« — v|,
where || - || is the respective norm, presents an important task from many viewpoints.

If v is an approximate solution, then such an estimate can be used for the explicit
control of approximation errors and, therefore, presents a special interest for the nu-
merical analysis. By evident reasons, it is called an @ posteriori error estimate. In last
decades, a posteriori estimates were intensively investigated by many authors (see, e.g.
[2-4] and the references therein). If it is assumed that » = v,, where v, is the Galerkin
approximation found for a subspace V, C V, then one can obtain the required estimate
by using the Galerkin orthogonality condition. In the literature, this method is known
as the «residual method». The general form of the residual type error estimates is as
follows

(0.1) oo — || < My s ¢,5¢,5... 5¢y,D),

(*) Nella seduta del 10 maggio 2002.
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where D denotes the set of given data (.. boundary conditions, coefficients etc.) and
¢,,i=1,2,... , N are the so-called interpolation constants that depend on properties
of a special type interpolation operator acting from V' to V), (see [5]). The number
N depends on the dimension of V), and may be rather large. Note that finding the
collection of sharp constants ¢, presents a special and often not an easy problem (see,
e.g., [6]). For parabolic type problems such estimates also include the so-called stability
constants that characterize stability of the initial-boundary value problem (sce, e.g., [7]).
Estimates (0.1) are widely used in computational practice for indication of errors and
subsequent mesh refinement. However, there is a restriction on the applicability of these
estimates that originates from the method of their deriving: the estimates are valid only
for exact solutions of the respective finite dimensional problems.

However, in many cases it is very desirable to have estimates of deviation from exact
solution that are valid for any function » from a wide class of admissible functions and
does not require an information on how this function was obtained. In other words,
the case in point is deriving functional type a posteriori estimates. The general form of
a functional type a posteriori error estimate is

0.2) | —v]| < M(v, Cy,D), YveV,

where (, is a constant (or several constants) depending on the domain Q considered
in the problem. Usually, C, is formed by constants in embedding estimates associated
with basic spaces of functions defined on 2. The functional M is natural to call the
majorant of deviation from exact solution or shortly the deviation majorant. It must be
continuous with respect to v, vanish if » = # and be practically computable for any
v € V. Evidently, (0.2) should in a certain way generalize the estimate of ||#|| known
in the theory of partial differential equations (see, e.g., [1, 8]).

For elliptic boundary-value problems, majorants of type (0.2) were obtained in [9,
10] (and in some other papers cited therein). These papers are focused on convex
variational problems and attracts general methods of the functional analysis and calculus
of variations for deriving a posteriori error majorants. Their practical performance was
investigated in [11]. In [12], they were used for estimating the accuracy of 2-D models
in 3-D elasticity theory. In [13], two-sided estimates of deviations from exact solutions
of elliptic type problems were obtained. For this purpose, two methods — variational
and nonvariational — were used. The variational method is based on the analysis of
the variational formulation of problem in question and the nonvariational one — on
the analysis of the integral identity. The idea that majorants of deviations can be
also obtained by analyzing integral identities was proposed by O. Ladyzhenskaya in the
process of discussing the results of the author earlier obtained by variational techniques.
In [13], both methods were analyzed and compared. It was stated that for linear elliptic
equations they lead to the identical forms of majorants and minorants. In general, areas
of applicability of the two methods are different. From one hand, it is clear that
the variational method cannot be used if a problem has no variational form. From
another hand, there are nonlinear problems having a variational form where using dual
variational formulations is very useful (see, e.g., [14]).
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In this paper, deviation estimates are obtained for the initial-boundary value problem
associated with the heat equation, which presents a typical problem of parabolic type.
This problem has no variational form, so that the method is based upon integral identity.
It is interesting, that the resulting majorants (see Theorems 2 and 3) are functionals of
some new variational problems whose lower bounds give upper bounds of the deviation.
They can be used for a posteriori control of errors of approximate solutions obtained
by various numerical methods.

Results of the paper can be viewed as a step on the way to solving the general
problem on finding computable majorants of deviations for nonvariational problems
that was stated as a goal by O. Ladyzhenskaya.

1. STATEMENT OF THE PROBLEM AND MAIN RESULTS

Let © be an open, connected and bounded domain in R” with Lipschitz continuous
boundary 99, Q; :=Q x (0, 7), and S, := 90 x [0, T]. By ||- ||, o and | - 2.0,
we denote L,-norms of functions defined on Q and Q,, respectively. By L, ,(Qp), we
denote the space of functions ¢ € L,(Q,) such that the quantity fOT lg(, D), qdr is

finite. Also, we use the space VVZ%’I( Q) that consists of functions w € L,(Q,) having
finite norm

lw]); = /(w2 + w? 4| Vw "+ (Aw)?) dx dr
Qr
and vanishing on S;.. Other subsequently used spaces are as follows: the Hilbert spaces
W, Q) = L, (0, T); W, (D),
W10(Q) = 1,0, T); W),
the space
\/Vzl’O(QT) ={ve \/Vzl(QT) |v(x, ) =0onS,}
and the space V,(Q;), which is the Banach space of functions from \Vzl’o(QT) having

finite norm

2. ) 2 2
ool 1= vrai max [, 915 o + IVl g,

Here, and later on the symbol := means «equals by definition». The space
V, Q) = C([0, T1; L) n W, *(Qy)

is a subspace of V,(Q;). For all # € [0, T, elements of this space have traces from
L,(Q) on cross-sections of Q. that continuously change with respect to # € [0, T]. By
I;E’O(QT) we denote another subspace of V;(Q,), which is the intersection of V;"°(Q,)
and W1°(Q,).

In addition, for elements of the space V,'*(Q,) we define the quantity

[t 5 = 7wl TS o + 81Vl 4,



124 S. REPIN

The energy norm ||-|| and the above quantity will be used as a measure of the difference
between the exact solution and its approximation.

Consider the classical initial-boundary value problem for the heat equation: find
u(x, t) such that

(1.1) Lu=f in Q;

(1.2) u(x,0) =p(x), xe€

(1.3) u(x, ) =0, (x,2) € Sy,
where

(1.4) Lu:=u,—Au.

In the framework of the well-known existence theory for the parabolic type problems

(see, e.g., [1]), the function « € I;;’O(QT) is called a (generalized) solution of (1.1)-(1.3)
if it satisfies the following integral identity:

/Vu~V77 dx dt — / un, dx dt + /(u(x, Tn(x, T) — u(x, 0)n(x, 0))dx =
Q

(1.5) Qr Qr

:/fndxdt Vne \V;)O(QT).
Qr

We recall the classical solvability results (see, e.g., [1, 8]) for this problem.

Treorem 1. Let QY be a bounded connected domain with Lipschitz continuous boundary 0S2.
(7) Let f € L,(Q;) and ¢(x) € VOV;(Q) Then problem (1.1)-(1.3) is uniquely solvable in
the space ‘Vfo’l (Qp).

(i) Iff € L, (Qy) and ¢ € L,(Q) then u belongs to the class I;;’O(QT).

Assume that the conditions (7) of Theorem 1 hold, so that the solution # exists

in both spaces WfO’I(QT) and Io/é’O(QT). Let v € WZI’O(QT) be a given function. In
particular, » can be an approximation of # obtained by a certain numerical procedure.
We are interested in deriving an upper bound of the deviation 7% := # — v evaluated in
the norm [ - || (or in terms of the quantity [-] ;). Hereafter, such an upper bound is
called the deviation majorant. The majorants derived are presented by Theorems 2 and
3 below. Theorem 3 shows that the majorant is equivalent to a cerain measure of the
deviation.

2. FIRST FORM OF THE DEVIATION MAJORANT

2.1.  The energy-balance equation for deviations.

Assume that

@.1) Fel(Q), ée W),



ESTIMATES OF DEVIATIONS FROM EXACT SOLUTIONS OF INITIAL-BOUNDARY ... 125

In this case, # € ‘VfO’I(QT). Let the function » compared with # be such that
(2.2) ve W, o(Qp).
From (1.5) we obtain

/V’z? -V dx dt — /577; dx dt + / (@(x, T)n(x, T) —3(x, 0)n(x, 0)) dx =
Qr Qr Q

:/(fn—Vv-Vn—vtn)afxdt Vne \V;)O(QT).
Qr
Set 7 = % and note that
1 1
—/%%dxdm/\%(x, [ dx—/mx,m |* dv= S|, Dl o—5 1, 013 o
Qr Q Q

This gives the integral relation

- L - SO L
(2.3) HV”H;QT + EHM( LD o= /(fu —Vv - Vi —v,u)dxds + EHM( 05 o
Qr

that presents the energy-balance in terms of deviations. The relation (2.3) can be
considered as a generalization of the well-known energy-balance equation for the heat
equation (see, e.g. [8]). It is easy to see that the classical energy-balance equation
follows from (2.3) if set v = 0. Subsequently, we use (2.3) as a starting point for
deriving majorants of v — u.

2.2.  General estimate.
Introduce a new vector-valued function y*(x, 1) € Y (Q;), where

Y (Qp) = {y e, ) = {3, 0} | y; € [,(Qy), i=1,2,... ,n}

and rearrange (2.3) as follows:

_ L. 1,
IVallg, + 517¢. DI o = 517, 03 o =

(2.4) :/(fﬁ_ ytﬁ_y*.vg)gjxdth/(y* — V) - Vi dxdt.
Qr Qr

For almost all # € [0, 7], we can define the linear functional
Flo,p): Wi - R
by the relation

Fnv,y") = / (fn—vmn—y" -Vn)dx
Q
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The quantity
f(fn— vn—y -Vn)afx
07w,y := sup @

ne “c’}é(ﬂ)
n#0

IVall; 0

is evidently finite for almost all # € [0, 7], and can be viewed as the norm of this
functional. Moreover,

ﬂ]:t(f/:)’*)l]g < Cy (Hf( > t)Hz,Q + [z, (-, t)Hzﬂ) + 1y ¢, t)”z,Q >

where C, is a constant in the Friedrichs-Poincaré inequality. Therefore, the quantity
0F,(v, y)lg, is square integrable on (0, 7).

Now, we rewrite (2.4) as follows:

T
1 1 “ . ~
@ﬂvamr+zmw,ﬂ%n—jmhmﬁﬂz/fmmmnm+/@—vmvuﬂﬁz
0 Qr

Let 6 and 4 be two given constants such that
(2.6) 0<d6< 2, 0<pu<l.
Define the set
B0, T):={p#) e L_(0,T)| p(#) > p foralmostall € (0, 7)}.

Take two scalar-valued functions o, (#) and o, (#), such that

2.7) %@:§<“ﬂiﬂ’ %w:§a+mm.

In virtue of the Young-Fenchel inequality, we have

T T
~ . (#) . 1 -
/]-',(u, v,y )dt S/ <a12 07,(v. )5, + WW(”)”;,Q) dt
0 0

T
N a, () . 1 ~
Q/(vU_w-wmtg/( 200V -y ||§,Q+@|v<u>nég) d
T 0

Note that o, (#) and «,(z) satisfy the relation

1 n 1
o, (2)  o,(2)

=4.

Now, (2.5) and above inequalities imply the estimate

(2.8) Q= OIVal; o, + 3¢, D5 o < My, 3, B),
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whose right-hand side is the functional
M, 37, B) = [, 0) = 63 ¢ +
2.9) 1 ‘ 2 1 2
w5 [ (Ao =Vol o+ (14 5) 170,00 )
0

This estimate is valid for any 8(¢) € B"(0, T) and 6 € (0, 2].
It is not difficult to see that M(v, y*, ) vanishes if and only if

F(3v,9)=0 foralmostall z€(0,7),
¥y =Vv a.e. in Qr»

v(0, x) = ¢(x) for ae. x € Q.

Such a situation arises if » coincides with generalized solution of problem (1.1)-(1.3)
and, therefore, # = 0 (so that (2.8) holds as equality).

2.3.  Majorants of the deviation.

The functional M,(v, y*, ) involve only quadratic terms. It gives upper bounds
for various measures of the deviation 7%. For example, if set 6 = 1 and 6 = 2, then
(2.8) respectively implies the following two estimates:

(2.10) IVl3 o, < M@, 3. B),
~ 2 *
(2.11) [max 7, D20 < My, 5", 5)

where the functons §(z) € B"(0, T) and y"(x, £) € Y"(Q,) may be taken arbitrary.

To make these estimates computationally attractive, we should replace the norm of
F, by an explicidy computable quantity. This can be done if take y* in a certain
subspace of Y (Q;). Namely, assume that

(2.12) yeYi(Qp) ={y Y (Q) | divy: € L,(Q)}.
Then, for almost all z€ (0, 7),

/ #(x, £)divy™ (x, t) dx = — /y*(x, t)-Vii(x, t) dx

Q Q

and we have

(2.13) 17, )l < G, / |f = v, + divy’ |2 d.
Q
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Therefore, the functional
M, ¥, B) ::/\v(x,O) — ¢(x)|* dx +
(2.14) 1 ¢ 1
3 [ (e mb v G (14 5 )1 o+ diy ) e
Qr
gives an upper bound of M, (v, y*, B) if y* € Y ().

TreorEM 2. Let the conditions (2.1) and (2.2) be satisfied. Then
(2) Forany B € B"(0, T) and y* € Y (Q;) the estimates

(2.15) IVEl; o, < M,(v, 5", ),

~(. 2 < v *
(2.16) max. [7(-, 85 o < My(v, y°, B)
hold.

(#7) Forany § € (0, 2] and 8 € B"(0, T) the variational problem

2.17) inf  M,(v, y*, )

veWzl,o(Qr)

T Q)

has a solution. The exact lower bound of this problem is equal to zero and is atrained if and only
fv=wuandy =Vu.

Prook. (7) Estimates (2.15) and (2.16) follow from (2.10) and (2.11).

(77) Existence of the pair (v, y") € "Vzl,o(QT) x Y} (Qg) minimizing the functional
ﬂ5(v, ", B) is proved straightforwardly. Really, set v = % and y* = Vu. Since
u € \Vfl’l, we see that divWu € L,(Q;) and, therefore, y* € Y (Q7). In this case,
M(v, y°, B) =0, so that the exact lower bound is attained.

Assume that M (v, y*, ) = 0. This means that the function v(x, #) satisfies the

initial and boundary conditions and, also, that for almost all (x, ) € Q; the relations

(2.18) Vo =y € Y (Q),
(2.19) divy*—o,+f =0
hold. They mean that v is the exact solution of problem considered. Indeed, (2.19)
implies
/(WL -y V) dxds — / v(x, T)n(x, T)dx + /zz(x, 0)n(x, 0)dx +
Qr Q Q
+ /fndxdt: 0 Vne ‘Vzl,o(Qr)-
Qr

In view of (2.18), this relation is equivalent to the integral identity (1.5). Hence, we
conclude that v = u. O
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Cororrary 1. By (2.15) and (2.16) we can estimate the deviation 7 in the «energy» norm

as follows
(2.20) 7l < M@0, y*. B) + My(w, 5. B).
Also, by (2.8) we obtain

2.21) (@, < My, 5", 0), &=2-3.

Remark 1. The majorant ﬂé(v, y", B) is defined if v € VV;’O(QT), /e L(Qp),
v(x,0) € L,(), and ¢(x) € L,(Q). It is possible to extend estimates (2.15), (2.16),
(2.20), and (2.21) to a wider set of functions by arguments close to those used in [8,
Chapter 2, §2].

Remark 2. The majorants M and M 5 yield various estimates of type (0.2). For
example, take y* = Vv in M andy =RVvin ./\/15, where R : Y™ (Q;) = Y} (Qp) is
a smoothing operator (computatlonally inexpensive operators of such a type are known
in the numerical analysis). Then the quantity M (v, Vo, 3) or ﬁa(v, RVv, 3) form
the right-hand side of (0.2) provided that ¢ and § lies in the admissible sets.

3. SECOND FORM OF THE DEVIATION MAJORANT

3.1. General estimate.

Now we reform the right-hand side of (2.4) by other means. Present the right-hand
side of this relation as sum of three terms, which are

I :/(ﬁz— vl — w,ii —y" - Vi) dxdt,

Qr

I, :/ ()/* —Vov+ Vw) -V dxdt,
Qr

I :/(wtu—w;-va) dixet .
Qr

Here, y* € Y"(Q;) and w e VVZI,O(QT) are arbitrary functions (later we discuss how to
chose these functions in order to obtain rigorous estimates).

For almost all # € (0, 7), we define the linear functional
F(5v,w,9): VOVE(Q) - R

by the relation

Fv,w,y") /(fn—vn w —y V) dx.
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It is easy to see that the quantity
f (f‘ni [/ wzniy* VTI) dx
Q

IVall; o

0F,(v, w, y)g:= sup

ne V;%(Q),
n#0

is finite for almost all # € [0, 7] and can be considered as a norm of this functional.
The terms /; and I, are estimated by the same method as has been used in the
previous section. In view of (1.5), we have

L= Lv, w) + / (#(x, TYw(x, T) —7(x, 0)w(x, 0)) dx,
Q
L(v, w) := / (VU~ Vw + vzw—ﬁu) dx dt .
Qr

where

By following the lines of the previous section, we deduce the general estimate

- | A
20| Valg, + (1 - ;) 7, D3 o < Allw, DS o +

T
1 1
(3.1) + 5/ ((1 + By —Vov+ VwH;Q + (1 + B) 07, (v, w,y*)[]é) dt +
0

+2L(v, w) + / (\(b(x) — v(x, 0)|2 —2w(x, 0)(p(x) — v(x, 0))) dx,

Q
which is valid for any
(3.2) wis, ) € W (Q,),
(3.3) Yy eY(Q),
(3.4) B(r)eB"0,T7),
(3.5) v>1, 6€(0,2].

As in the previous section, we find a majorant of the right-hand side of this estimate

provided that
(3.0) V€ Y Q).

This majorant is given by the functional

—

M0, w.y, B) = lw(, TS o +

Co(1+ B)

T
+5/ (mmw— Vot Vulf o + S g, divy*@,Q) de +
0

Sl

+2L(v, w) + / (|¢(x) — v(x, 0)]* — 2w(x, 0)(p(x) — v(x, 0))) dx .

Q



ESTIMATES OF DEVIATIONS FROM EXACT SOLUTIONS OF INITIAL-BOUNDARY ... 131

The theorem below states important properties of the quadratic functional M_;(v,w 5", 3).

TreoREM 3. Let the conditions (2.1) , (2.2), and (3.5) be satisfied. Then
(2) For any B, w and y* subject to the conditions (3.2) , (3.4), and (3.6) the estimates

(3.7) IVl o, < M, w, 5", 8),
~ 2 Vi *
(3.8) Jmax 7, Dy .0 < My, w, 57, )
hold.
(#1) For any and 8 € B"(0, T), the variational problem
(3.9) inf ﬂw(v, w,y",0)
ve Wy 0(Qg)
we W, ((Qr)

Y eV Q)

has a solution. The exact lower bound of this problem is equal to zero and is attained if v = u,
w=0andy =Vu

Proor. Estimates (3.7) and (3.8) directly follow from (3.1).
Since //\/l\w(y, w,y ,p) > 0and ﬂw(u; 0,Vu, ) =0, we see that (u, 0, Vu)
is a minimizer. O

3.2.  Equivalence of the deviation and majorant.

Let us now focus on another property of the majorant. Assume that v is a given
approximation of #. From (3.1), we find that the estimate

~ Vi * ’ 1 !
(310) [u](z,y/’(;/) S M’Yé(y’ W,}/ )/B); ’Y = 1 - ;; 6 :276

holds for any 8 € B(0, 7), w e VVZI’O(QT), and y" € Y (Q,). However, to obtain a
rigorous upper bound one should minimize the majorant over the above defined sets.
This procedure gives the quantity

Me(»):= inf M_. (v, w,y,B),
() et s v B)
we Wy ((Qr)
ye¥g (@)

which is the desired upper bound. We are aimed to show that this bound is realistic,
i.e. it does not lead to large overestimation of the actual value of the deviation. Since
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uc VVfo’l(QT), we may set y* = Vue Y (Qr). Then

T
— 4
M) <M _ (v, u—v,Vu, f) = 5 /(1 + BV o dt +
0

+ A, D5 o —2 /(|vm2 + %, %) dxdt +
Qr

+ 2/(Vu'V(uf v) + u,(u—v) — f(u— v)dxdr +
Qr

T
1+ ~
~lo= sl g = [ (4152 - 2) vl g ds +
0

+ (v = DlaC, DI o + 176,05 o — I — o, 03 o

Hence, we obtain

—~ 2. - ~

M) < SO + 2|Vl o, + (v = Dlfat, D o
Thus, for any v € W, (Q,),

(311) [u_ Z}](Z,Y/,L;/) S M\j‘i;(v) S [u_ y](z,y//’(;u) >

where 6" = 2(§" + 2p) and 7 =~ — 1. This relation means that the quantity M%(v)
is equivalent to a certain measure of deviation 7%. In particular, if set 6 =1 and v =1,
then this double inequality comes in the form

V=213 o, < MP,(0) <200+ 2|V =)} 4, -

which shows that M | () is equivalent to a certain measure of deviation.

3.3.  On the justification of the method of Runge.

Finally, we briefly comment on possible applications of the estimates derived. In the
numerical analysis, it is widely used a heuristic method originally proposed for ordinary
differential equations by C. Runge. In this method, the accuracy of an approximate
solution obtained on the mesh with mesh-size H is controlled by comparing it with
another solution obtained on a finer mesh 4 (e.g. » = H/2). Subsequently, such a
heuristic approach was often applied to partial differential equations solved by finite
difference or finite element methods. The estimates obtained in this paper provide a
quantitative basis for the method of Runge. Really, let U, be an approximate solution
of the heat equation computed on the mesh with mesh-size 7 for time variable and A
for spatial variables. Let #_, be another approximate solution computed on a finer mesh

(7, h). Then, estimates (2.15), (2.16), (2.20), (2.21), (3.7), (3.8), (3.10), and (3.11)
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can be directly used for measuring computational errors. For example, by applying the
estimates (2.21) and (3.10), we obtain

(312) [u_ UTH](ZI,L;/) S 7\/{\5((]7—]_]’ R(vuTh)) /B):
(3.13) [ — UTH](ZW’,rS’) < ﬂw(UTH) oy = Uryps RVu,), B),

where R is an appropriate smoothing operator mapping vector-valued functions to
Y (Q7). To make these estimates sharper one may minimize their right-hand sides
with respect to 8 € B"(0, T) by using a suitable minimization procedure.
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