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Abstract: Optimal control problems governed by a transport
equation are investigated that are motivated by optical flow
problems. The control is given by the velocity field, corresponding
to the optical flow, while the state corresponds to the brightness of
image points. The problem is studied in the setting of spatially BV-
regular vector fields under very low regularity requirements. Existing
stability results for the control-to-state operator are improved and
based on this the existence of minimizers for several classes of
optimal control problems is proved under mild assumptions on the
admissible sets.
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1. Introduction

In this paper, we investigate optimal control problems governed by transport
equations, where the control is the velocity field. The main focus lies in the
analysis of the problem, in particular — existence of optimal controls, under
very low regularity requirements on the velocity field and also on the state. The
problem class considered is motivated by optical flow based image sequence
interpolation. Optical flow basically describes the vector field of velocities of
apparent points in the 2D image plane. Assuming that image points of a scene do
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not change their brightness over time while moving, the brightness u : (0,7") x £,
with Q C IR? denoting the image domain, satisfies a transport equation, where
the velocity field is given by the optical flow b : (0,T) x  — R? The goal
of the optical flow problem is to recover b from image data that correspond
to snapshots Yy, of u(tk,-) at time instances ¢;. Classical approaches usually
compute a steady optical flow between two images. The well-known method by
Horn and Schunck (1981), e.g., obtains approximations ;Y d,,Y, and §,,Y of
Oru, Oy, u and, Oy,u, respectively, from two given images via finite differences
and then computes b = (b1, ba)T—often on a pixel grid—by minimizing

J(b) = /(5tY+b16m1Y+b26m2Y)2 d:vld:v2+)\/(|Vb1|2+|Vb2|2) drydzs.
Q Q

This function is a weighted sum of a least-squares term, expressing the linearized
brightness constancy assumption and an H!-regularization. Since the 1980s,
this and other approaches (e.g. Lucas and Kanade, 1981) were further explored
in numerous papers, see Baker et al. (2011) for an overview.

The problem class studied in this paper arises in a different approach, where
an unsteady optical flow, as well as the corresponding brightness, are computed
from a given sequence of images by solving an optimal control problem of the
following form (see Hinterberger and Scherzer, 2001; Borzi, Ito and Kunisch,
2002):

man (u,b) ZTk (||u ) Y]gHiz(Q)) + R(b), (P)

s.t. 8tu+Vu~b:O in (0,7) x Q,
w(0,)=Y7 in Q.

Formulations of this kind were first studied in Hinterberger and Scherzer
(2001) and Borzi, Ito and Kunisch (2002). The optimization variables are the
image brightness u, which is the state, and the optical flow b, which is the
control. Both are defined on the spatio-temporal domain (0,7") x Q with Q C
RY. The data Yy, k € {1,..., K}, are a given image sequence, corresponding
to time instances t; € [0,7]. The brightness constancy assumption leads to
the transport equation, which constitutes a constraint of the problem. The
objective function consists of a term, measuring the misfit between Y, and u at
the time instances, and a regularization term R for b. In this case, a solution u
of the transport equation can be seen as a continuous interpolation in time of
the image sequence and b is the corresponding optical flow field.

The current paper focuses on the investigation of the optimal control
problem (P) for vector fields b with spatial BV -regularity. This low regularity
requirement allows for consideration of the practically important situation, in
which b contains spatial discontinuities. We will use the results by Ambrosio
and followers (Ambrosio, 2004; Crippa, 2007; Crippa, Donadello and Spinolo,
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2014a,b); De Lellis, 2006/7) concerning the existence and uniqueness of solutions
for the underlying transport equation. All these results build on the concept
of renormalized solutions of transport equations, developed and applied by
DiPerna and Lions for Sobolev-regular vector fields in DiPerna and Lions (1989).
A function w is called a renormalized solution if it satisfies the weak formulation
of the transport equation and if every composition 8(u) of u with a C'*-function
[ is again a weak solution of the same equation.

DiPerna and Lions proved that any weak solution of the transport
equation with Sobolev-regular vector fields is a renormalized solution. This
renormalization property then yields uniqueness of weak solutions for the
transport equation. In 2004, Ambrosio extended this theory to vector fields with
BV -regularity in space and absolutely continuous divergence. Some refinements
and extensions were developed in later work by Ambrosio, Crippa, De Lellis
and others (Crippa, 2007; De Lellis, 2006/7; Crippa, Donadello and Spinolo;
2014a,b).

A crucial step in the theory of renormalized solutions is the proof of
convergence to zero of the so-called commutator

re =b-V(ux*p:)— (b-Vu) * pe

as € — 0, where b denotes some vector field, v the corresponding solution and
pe some mollifier. In contrast to L'-convergence to zero of the commutator
in the Sobolev regular case, the commutator only converges weakly* to some
measure o for general BV -regular vector fields. Therefore, Ambrosio had to
develop various new techniques to give an upper bound for ¢, which then turns
out to be zero. This problem appears again in our second improved theorem
of existing stability results for the control-to-state operator: in the proofs to
this theorem, a similar term as the commutator appears and we use the same
techniques that Ambrosio had developed to prove convergence to zero of this
term as € — 0. Due to these improvements in the results for stability, we are
able to show the existence of minimizing points of the optimization problem (P)
under quite mild regularity assumptions.

Borzi, Ito and Kunisch (2002) discussed well-posedness of the transport
equation in a setting with Sobolev regularity, but did not study the existence of
solutions to the optimal control problem. In 2011, Chen (2011) and Chen and
Lorenz (2011) developed further the theory for a specific version of (P). For
vector fields b with Sobolev regularity in space and vanishing divergence, they
showed existence of minimizing points for their optimal control problem. Their
theoretical results are based on results of DiPerna and Lions (1989), related to
the well-posedness of solutions for the transport equation with Sobolev regular
vector fields.

The goal of this paper is to show the following result about the existence of
optimal solutions of (P) in spaces of minimal regularity:
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THEOREM 1.1 Let
beV? =
={be L>((0,T) x QN N L*((0,T), BV(Q)N | divb € L*((0,T),L>(Q2))}
with
b(t) € Wes(Q) == {w € LY (Q)| |w(z)| < §dist(z, 09Q)
for almost all x € Q with dist(z,9Q) < e}

for almost all t € (0, T) and for some fized chosen € > 0 and § > 0. Then, if
1011 oo 0,7y x )~ + 1AV bl L2 (0.7, Lo () S M

holds for some M > 0, there exist optimal solutions for the problem (P) in the
admissible sets.

The regularization term R is of the form

T
«

5 /Fl (HDb(fa')Hi/((Q)NxN) dt + Ri(b),
0

R(b)

where we consider the following options for R;:
(i) Rl(b) =
T
(i) R2(b) = % J T2 (110eb(t, )20y ) s

0
T
() As(0) = 3 [ s s (v b(t, )7y ) .

(iv) R4(b) = Ra(b) + R3(b)
and we will add some further constraints on b for some of these terms. The
precise setting is presented in Section 8.

The paper is structured in the following way: Section 2 summarizes the
required existence and uniqueness theory. For later use in stability results
for transport equations, it is essential to study the weak limit of products
of weakly convergent sequences of functions. Section 3 develops the required
result of compensated compactness type. Since the available stability results
for transport equations are not sufficient for our purposes, suitable extensions
are developed in Sections 4 and 5. As Bochner integrability is not well suited
for non-separable image spaces such as BV, Gelfand integrability is used in this
case. Hence, Section 6 studies the predual of BV (Q2) in order to interpret the
weak*-topology on BV () as the true weak*-topology on dual spaces. Section
7 provides some required prerequisites concerning the closedness properties of
certain sets of functions bounded in L4((0,7), BV(2)Y). The main result of
this paper, the existence of solutions to the considered class of optimal control
problems, is proven in Section 8.
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Notation

Throughout, 7' > 0 denotes the length of the time interval (0,7) and Q C RY
is a bounded domain with Lipschitz boundary 02. We distinguish two cases for
functions f : (0,7) — X with values in a Banach space X: If X is separable,
we assume that the functions f are Bochner integrable. Otherwise, if X =Y’
is a non-separable dual space, we assume that the considered functions are
Gelfand integrable, i.e., that the function ¢t — (f(t),y) is Lebesgue integrable
for any y € Y. Further information on Bochner and Gelfand integrability can
be found in Aliprantis and Border (2006), Emmrich (2004), Okada, Ricker and
Pérez (2008), and Schweizer (2013). For the Banach space BV (€2) we define the
subspace

BVy(©2) :={g € BV(Q)| Tg = 0},

where 7 denotes the trace operator (see, e.g., Ambrosio, Fusco and Pallara,
2000). Further information on BV -functions and their properties can be found
in Ambrosio, Fusco and Pallara (2000) and Attouch, Buttazzo and Michaille
(2014). In the following, for any g € [1,00] we set ¢’ € [1, 00| as the value such
that % + % =1 is satisfied.

2. Existence and uniqueness of transport equation
In this section, we consider the transport equation

Ou+b-Vu=0 in (0,7) x Q, )

w(0,-)=wuo in S
for some given initial value ug € L®°(Q) and b € LY((0,7) x Q)N. As
mentioned in the introduction, we are interested in vector fields b with spatial
BV-regularity. For this vector field regularity, Ambrosio (2004) proved the
uniqueness of weak solutions of (1) using the concept of renormalized solutions
of DiPerna and Lions (see, e.g., DiPerna and Lions, 1989): a weak solution u of
the transport equation (1) is called a renormalized solution if for any 8 € C1(IR)
the composition 8 o u is again a weak solution of the same equation with the
initial value 8(ug). Furthermore, the vector field b of the transport equation has
the renormalization property if any solution of the equation is a renormalized
solution.

Ambrosio’s theory was refined in further works (see, e.g., Crippa, 2007;
Crippa, Donadello and Spinolo, 2014a,b; DeLellis, 2006/7) by several authors.
We will use these results to obtain a well-defined control-to-state operator for
our optimal control problem (P).

Before we start, we first need to clarify what is meant by b - Vu when the
vector field b is not smooth: if u € L*°((0,T) x Q), b € L'((0,T) x Q)" and
divb € L1((0,T) x ), then we define the distribution b - Vu € D'(R x Q) by

(b-Vu,p) = —(bu,Vy) — (udivb, ) Vo e C([0,T) x ).
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This leads us to the following general definition of weak solution for the transport
equation (1):

DEFINITION 2.1 (WEAK SOLUTION) Letug € L®(Q), b € LY((0,T)x Q)N with
divb € L'((0,T) x Q). Then, we call a function u € C([0,T], L>=() —w*) a
weak solution of (1), if the following equation is satisfied

//u(@tgo—i-b-ch—i—cpdivb) dzdt = —/uocp(O,-) dx
0 Q Q

for all p € C°([0,T) x Q).

The following theorem states the existence and uniqueness of solutions for
the transport equation (1) on bounded spatial domains. This result can be
easily concluded from Theorem 1.1 in Crippa, Donadello and Spinolo (2014a),
Theorem 1.1 in Crippa, Donadello and Spinolo (2014b) and Remark 2.2.2 in
Crippa (2007).

THEOREM 2.1 (EXISTENCE AND UNIQUENESS OF SOLUTIONS) Let ug € L*(Q)
and b € L>((0,T) x Q)N N LY((0,T), BVo(Q)N with divb € L'((0,T), L>(R)).
Then, the transport equation (1) has a unique weak renormalized solution
u € C([0,T], L>°(R2) — w*). Furthermore,

[t )l o) < Nlwoll oo (q)
for any t € [0, T] and the vector field b has the renormalization property.

For the subsequent sections, we define for ¢ € [1,00) the sets of vector fields

V= {be LI((0,T), BV(Q)N NL®((0,T) x Q™| divb € LI((0,T),L>(Q))}

(2)
and
Vi = {be V! be LY(0,T), BVo())"}.
Then, due to Theorem 2.1, the solution operator S, given by
S: L™(Q) x Vi — C([0,T], L=(Q) — w*), @)

(ug, b) — S(ug, b) = u,

is well-defined.
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3. A compensated compactness result for weakly
convergent sequences

In this section, we prove a result, which is reminiscent of the compensated
compactness results of Tartar (1979) and Murat (2005): the product of two
weakly convergent sequences converges to the product of their weak limits if
the sequences satisfy some regularity assumptions. The theorem we present is
a generalization of Proposition 1 in Moussa (2016) to the case, in which one of
the sequences has codomain BV (), instead of Sobolev regularity, as in Moussa
(2016). We will use this statement in the proofs for the stability theorems in
the subsequent sections, where we will be faced with the situation that we have
to specify the limit of the product of weakly convergent vector fields with their
weakly convergent solutions. We start with two auxiliary lemmas.

LEMMA 3.1 Let ¢ € [1,00] and let (f,) C L9((0,T),BVp(2)) be a bounded
sequence. Then

fnCy-+h) = frn—=0 n LY(0,T),LY(Q) ash—0

uniformly in n € N.

PrOOF: We take the standard mollifier p. for € > 0 and set g, x = fn * p1/k,
where we extend f,, by zero to the entire RY in the spatial variable. Then, we
estimate for almost all ¢ € (0,T) and for h € RY

1
/|gnkta:—|—h) Gn.k(t, )] dx—/ /Vgnkta:—l—rh)Thdr dx
RN RN |0

< Jhl., / / Vgt )], dedr

0 BN
< |l IV Flt My

where we use Theorem 2.1 (b) from Ambrosio, Dusco and Pallara (2000) for the
last inequality. Integrating over (0,7) yields

1/q

Jlgnatts ) = ans Moy | <l Ul pagoimy sy < C bl

where C' > 0 denotes an upper bound for the sequence (f,,). With the following
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estimate

[fnCs 1) = fall oy, i)y < WfnCs+ 1) = fall Lago.r), 00wy
SNl +h) = gnkCss + M)l ooy, 01wy
+ 1 fn — g";k”Lq((O,T),Ll(IRN))
Fllgnk s+ 1) = gnkll o1y, 00 (v
< 2| fn = gnkll o1y, 21 ®YY)
F1gnk(+1) = gkl pao,7), 00 (mYY) >

we deduce the statement: For any given € > 0, we choose k(n) € N for each
n € IN such that

”fn — In,k ||Lq((o7T7Ll(n{N)) <

|

for all k > k(n) and § = €/2C, where C' is the constant in the proof. Then, for
hloe <6
”fn('v""h)_fn||Lq((o7T7Ll(Q)) < %+C|h|oo <e. O

LEMMA 3.2 Let q € [1,00], p € C (RY) be some mollifier for the spatial
variable and let (f,) C L((0,T), BVo(Q)) and (g,) € L9 ((0,T), L®()) be

bounded sequences. Then, the commutator
Sk = Jn(gn * p1/i) — (fugn) * p1/k
converges uniformly in n € N to zero in L*((0,T) x Q) as k — oo.
Proor: Fort € (0,T) and x €  we have
Suate) = [ (falti) = Fultso = ) 9a(t.2 = D)prjely) dy
RN
and thus, integrating over (0,7") x {2 yields

T

//|Sn,;€(t,:1c)| dxdt

0 Q

< ||9n||Lq’((0,T),Loo(Q)) / p1/6(Y) [ fn = fulsr = y)||Lq((o,T),L1(Q)) dy
RN

<C / pl/k(y) ”fn - fn(v C y)||LLI((07T)7L1(Q)) dy,
{yl ly|I<1/k}
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where C' > 0 denotes an upper bound for (g,) in L7 ((0,T), L°°()). Then,
Lemma 3.1 yields the statement. g

Now, we turn to the main statement of this section. The proof of this theorem
is a reproduction of the proof of Proposition 1 in Moussa (2016), adjusted
and extended to functions f,, f € LI((0,T), BVp(?)) and weak convergence
in L1((0,T) x Q).

THEOREM 3.1 Let ¢ € (1,00]. Furthermore, let (gn) C Lq,((O,T),LOO(Q)) N
L>((0,T) x ) and (fn) C LI((0,T), BVp(2)) be bounded sequences in each of

these spaces, such that
fo=f inLYN(0,T)x Q) and g, —g in LY((0,T)x Q),

where f € L((0,T), BVy(Q)) and g € LI ((0,T), L>()) N L®((0,T) x Q). If
(Orgn) is a bounded sequence in L'((0,T), (W™2(Q))') for some m € N, then

fagn = fg in M((0,T) x Q).

PROOF: We perform the same steps as in the previously mentioned proof. With
Lebesgue’s dominated convergence theorem we obtain

flg*pik) = fg in L'((0,T) x Q) as k — oo. (4)

Furthermore, since (g,) C L7 ((0,T), L°°(€)) is bounded, we obtain for a
fixed k € IN that

(gn * prye)n and  (V(gn * p1sk)), = (90 * Vo),

are bounded in L!((0,7) x ) and L'((0,T) x )V, respectively. In addition, if
we consider d;g,,(t,-) as a distribution on RY for almost all ¢ € (0,7T), i.e. if we
define its application on py, € C°(RY) as dygn(t, -)(¢|a), then the convolution
is defined as

(Orgn(t,-) * Pl/k)(ﬂf) = Oygn(t, ')(Pl/k(ﬂi —)la)-

Hence, we conclude for ¢ € Cy((0,T) x Q) that

T
//(6tgn(t7 ) * p1y)(x)o(t, ) dedt
0 Q

T

< ||@||C<<07T>xﬂ>// o1/ = Ml ) 1900t M 2 el
0 Q

< Qe loqomyxe 10178 w2 gy 1969l 1 0,79, 0w m 21y

< Crllellcoryx) -
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where Cj, > 0 denotes a bound depending on k € N. Thus, (8t (gn * pl/k)) isa
bounded sequence in M((0,7") x ). Summing up, we obtain that (g, * p1 /i )n is
a bounded sequence in BV ((0,T) x Q) for any k € N. As a consequence, there
exists a subsequence (gn, * p1/x )1 being convergent to some hy, in L' ((0,T) x Q)

for a fixed k € N. Since g, — g in L9 ((0,T) x ), we easily obtain that
In*p1k — g*p1k in L((0,T) x Q) as n — oo and thus hy = g* p1 /5. With a
proof by contradiction we deduce that the whole sequence g, * p1/1, — g * p1/
in L1((0,7) x Q) as n — oo. Now, using a standard diagonal argument, we can
find a subsequence (labeled by n again) such that

gn*p1/k(t, ) — gxp1/i(t,z) for almost all (t,x) € (0,7)xQ and for all k € N

as n — oo. In addition, we have that (g, * pi/x)n is a bounded subset of
L>((0,T)x Q) for each k € N, due to the boundedness of (g,,) in L>°((0,T") x2).
Thus, gn * p1/k — g * p1k in LP((0,T) x Q) for any p < co. Furthermore, (f,)
is bounded in L"((0,T) x Q) for r = min(g, N/(N — 1)) and we obtain for any
pe L>®((0,T) x Q) and k € N

[(Fulgn * pryw) = F(9 % prya)s ©)| < Nl e 0.1y x) 1 ll 0.0y %)
Nlgn * p1/1 _g*pl/kHLr/((o,T)xQ) (5)
+ [{(fn = (g = prym)e)| — 0
as n — 00, Le. fulgn * pri) = flg* p1x) in LY((0,T) x Q). Since (fy) is
bounded in L((0,T) x ) and (g,) is bounded in L*>((0,T) x §2), we obtain
that (fngn) is bounded in L((0,T) x ). Finally, we deduce that for any fixed
p € Co((0,T) x Q)
[((fagn) * pr/i = Fudn, ©)| = [(fagn,  * pr/x — ©)|
< 1fngnllromyxey 1€ * Pk = €l comyxay (6)
< Cllexpin— SQHC((O,T)xQ) =0
since ¢ is uniformly continuous in (0,7") x €. Summing up, we conclude, for
any ¢ € Co((0,T) x ) that:
(£ = Fagn ) < [(fg— F(g% pr/i), #)|
F(g* i) = Falgn * p1yx), 0)]
f gn*pl/k (fngn)*pl/ka >|
(fngn *P1/k — fngna(p>"

—~

+|
+|
+|

o~~~

Then, the first, third and fourth terms on the right hand side converge
uniformly in n € N as k — oo due to Lemma 3.2 and the estimates (4) and (6).
Therefore, for any € we choose k(¢) € IN such that the sum of the first, third
and fourth term is smaller than e for any k > k(e). Then, for fixed k(e), we can
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choose n(e) € N such that the second term is smaller than e for all n > n(e)
due to the estimate (5). Consequently,

(fg— fugn, o) <26 ¥ n2>n(e)

which proves the statement. O

4. Stability of the solution operator: first improvement

In Crippa (2007) and DiPerna and Lions (1989) it is mentioned (and proven)
that solutions of the transport equation are elements of C' ([O, T],L7.. (IRN)) for
any p € [1,00). This can be easily deduced from the renormalization property
of vector fields. In DiPerna and Lions (1989) it is additionally shown that
sequences of solutions are strongly convergent in C ([O,T],LfoC (IRN )) if the
sequences of vector fields and initial data satisfy some convergence assumptions.
For the proof, arguments of Arzela-Ascoli type are used. Arzela-Ascoli is also
used by Crippa (2007), but it is just shown that sequences of solutions are
convergent in C ([O, T), LP (IRN ) — w) In the first stability theorem we present
the proof for convergence in C([0,T],L?(Q2) — w), based on the theorem of
Arzela-Ascoli in locally convex spaces. In contrast to Crippa, where strong
convergence of the vector fields is required, our assumptions only demand weak
convergence of the vector fields in L!((0,7) x Q)¥. In DiPerna and Lions
(1989) it is shown that weak convergence of the vector fields is sufficient if
the uniform convergence of the translation relation appearing in Lemma 3.1
is satisfied by the sequence of vector fields. In addition, it is also mentioned
that this condition is fulfilled if the vector fields are a bounded sequence in
L((0,T), X)N, where X is a Banach space embedding compactly into L'(Q).
In Lemma 3.1, we have shown this for the special case of X = BVy(2). These
results were sufficient for DiPerna and Lions to prove weak convergence of
bpun to bu in L'((0,7) x )N, which we summed up to the compensated
compactness result in the previous section. With the aid of some auxiliary
statements building on renormalization arguments, we additionally show strong
convergence of solutions in C([0,T], LP(€2)) for any p € [1,00). Again, we start
this section with two auxiliary lemmas.

LEMMA 4.1 Let g,¢°% € C([0,T), L*(Q) — w). Then g € C([0,T], L*(Q)).
PROOF: For p =1 € L?(Q) we deduce that
ot 3y = [ #*t00p do = [ six)e do = oG5,
Q

Q
ast— s in [0,T].

Since, in addition, g(¢,-) — g(s,-) in L?*(Q) as t — s, the statement is proven. [
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LEMMA 4.2 Let (gn), (g2) € C([0,T], L?(2) — w) be two sequences such that
gn—g and g> —g*> inC([0,T],L*(Q) —w),
with limits g,g* € C([0,T], L*(Q) — w). Then,
gn,g € C([0,T),L*()) foralln € N and g, —g in C([0,T],L*(Q)).

PROOF: Due to Lemma 4.1 we know that g,,, g € C([0,T], L*(Q)) for alln € N.
Furthermore, considering that g2 — ¢? in C([0,T], L?(2) — w) and choosing
o =1¢e L*), we conclude that

s llgn(t, )20y = N9t ) 3oy | =0 as = ox. (™)
te[0,T]

In addition, we estimate

. [ nlt) — g(e.2)* as| < s J (ga(t.2)° — g(t,2)?) dx|  (8)

tel0,T
Q

+2 sup / ot 2)(g(t, 2) — gt 2))dz|. (9)
te[0,T)

Obviously, term (8) tends to zero as n — oo. For the second term, (9), we
introduce the functions

L, : LQ(Q) — R, ® = sup |hn,ap(t)|
te[0,T]

with hy, () := /go(ac)(g(t,x) — gn(t,z)) du.

Q

These functions are Lipschitz continuous: obviously, h, ., € C([0,T]) for any
¢ € L?(2) and n € N and we estimate

|Ln(90) - Ln(wﬂ = ‘”hn,w”c([o,T]) - th,ch([QT]) < ||hn,<p - hn,w”c([o,T])
< Clle=dl2)-

The constant C' > 0 is independent of n € IN due to the uniform boundedness
of sup |[gn(t,-)||p2(q) with respect to n € N, shown in (7). We define the set
t€[0,T]
A= {g(t,)|t € [0,T]} € L?(Q). This set is compact, since it is the image of
a compact set under a continuous function. Hence, for each function L,,, there
exists an element ¢, € A such that

Lin(ipn) = max Ln ().
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Since (pn) C A, there exists a subsequence (g, ), converging to some ¢ €
in L?(Q)). Furthermore, for any n € N, we have the estimate ‘hn7g(t).)(t)|
sup ’hn)g(t7,)(s)’ < Ly (pn). Thus, we conclude that

S

A
<

sup ‘hnmg(t,-)(t” < sup hnkytpnk*%?(t) + sup |hnk#’(t)|

te[0,7T] te[0,T] te[0,T]
< Cllen, = @l 2 +ts[%rzp] [y ()] -
elo,

Both terms on the right hand side tend to zero as k — oco. Summing up,
the term in (9) converges to 0 for n = ny, k — oo and, therefore, g,, — g in
C([0,T],L?(2)). Now, a standard proof by contradiction yields that the whole
sequence (g,,) converges to g in C([0,T], L?(£2)). |

With the aid of these two lemmas we can prove the first (improved) stability
theorem for the solution operator S.

THEOREM 4.1 (FIRST STABILITY THEOREM) Let b € V{ and let the initial
value satisfy ug € L>®(). Furthermore, let (b,) C V§ and (uo,) C L®(Q)
be two sequences with the following properties:

(i) (uo,n) is bounded in L>(Q) and converges to ug in L'(12),

(ii) (a) (by) converges strongly to b in L*((0,T) x Q)N or

(b) (by) is bounded in L1((0,T), BVo(Q))N for some ¢ > 1 and b, — b
in L1((0,T) x Q).

(iii) (divb,) converges strongly to divb in L'((0,T) x Q).
Then, for any 1 < p < oo, the sequence of unique solutions (u,) C
C([0,T], L (Q) —w*) of (1) with vector fields b, and initial data gy, is a subset
of C([0,T),LP(QY)) and converges in C([0,T],L*(Q)) to the unique solution
u € C([0,T],LP(R2)) of (1) with vector field b and initial value ug.

PrROOF: We first prove the theorem for the special case of p = 2 and then
derive the general statement from this.

Let (b,) C V§ and (ug,,) be sequences with limits b € V§ and ug € L*°() as
assumed in the theorem. Then, [[un(t,-)|p @) < C1 < oo for any ¢ € [0,T]
and any n € N, due to Theorem 2.1. Therefore, (u,(t,-)) C L?(Q2) represents
a relatively compact subset with respect to the weak topology in L?(Q) for all
t € [0,7]. In addition, we set gn, = (un(t,-),p) for ¢ € C°() and we
conclude with ¢ € C2°((0,T)) that

T T
/ b0 L un(t, ), )t = — / B (0)un(t, ), o)
0 0

1/}(0 [<un(t7 ')bn(ta ')a V<P> + <un(ta ) div bn(tv ')7 <P>] dt,

[l
Ot~
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i.e. (gn,p) is weakly differentiable with derivative

We estimate for r, s € [0,T] with s < r

/ |n., ()] dt < / b (t)dt,

where h,(t) = C1 - C(p) [an(t, ')HLl(Q)N + [[div ba (2, ')”Ll(Q) and C(p) >0 is
a bound, depending on ¢. The set of functions (h,,) form a uniformly integrable
set in both cases: due to the strong convergence of (divb,) in L*((0,T) x )
and in case (a) due to the strong convergence of (b,) to b in L*((0,T) x Q)
and in case (b) due to the estimate

1/q 1/q
/||bn(t, ')HLl(Q)N dt < an||Lq((0,T),L1(Q))N r— s /7 < Ca|r — s o

Hence, the set of functions (’ g;w)’) is also uniformly integrable for fixed
p € C(2) and thus, we deduce equicontinuity for the sequence (g ) for any
¢ € L*(9) in the following: let (¢r) C C°(Q) be a sequence converging to ¢ in
L?(Q) and let 0 < s <7 < T. Then, we obtain

19n,o (1) — gn,p(5)]
/
< (Hun(r, W p2q) + llun(s, ')||L2(Q)) ok = @l L2y + / |9n., (8)] dt.

Now, for € > 0, we find k. € N and 6(¢) > 0 such that [[pr. — ¢ll12q) < €
and f: g;w:k (t)}dt < ¢ hold if |r—s| < (). Then, |gn,o(r) — gn,e(s)| <

(C5 + 1)e, where C5 = 2 |Q|1/ >Cy. Consequently, Arzela-Ascoli yields that
there exists a subsequence (uy, ) and some v € C([0,7T], L*(2) — w) such that
Up, — v in C([0,T],L3(2) — w). Using Lebesgue’s dominated convergence
theorem and some simple calculations yield in case (a) that v satisfies the weak
formulation with vector field b and initial data ug. Hence, v is a weak solution
of the transport equation with vector field b and the initial value ug, and thus

is unique, i.e. w = v. In case (b), the same calculations yield that for any
Y e Cx([0,T) x Q)

T
/UO,nw(Oa )) dx +//Un5t¢ + unp div b, dxdt
0 Q

Q €

T
— /u0¢(0,~) dx//vatz/)—l—m/)divb dxdt.
Q 0 Q
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It remains to show that

T T
//unbn - V¢ dxdt — //vb -V dzdt
0 Q 0 Q

is satisfied. Our aim is to use Theorem 3.1. Therefore, we have to show that
(Oyuy,) is a bounded subset of L((0,T), (W™?2(Q))"). We choose m so large
that W™2(Q) < C1(Q). We know from above that for any ¢ € W™?2(Q) and
for almost all ¢ € (0,7)

<atun(t7 ')7 (P> = <un(t7 ')bn(tv ')7 v@> + <un(t= ) div bn(tv ')7 (p>a
i.e. Quun(t, ) € (W™2(Q)) and thus, we estimate for ¥ € L*((0,T), W™2())

(¢, D) < Cy |9 oo (0,7, wm 2(02))

for some C4 > 0 independent of n € IN. The principle of uniform boundedness
now yields that (9;u,,) is a bounded sequence in L' ((0,T), (W™2(£))"), and we
can apply Theorem 3.1, leading to

T T
//unbn - V¢ dxdt — //vb -V dzdt
0 Q 0 Q

for any ¢ € C*((0,T) x ). The general case, i.e. for test functions in
C>([0,T) x ), can be deduced using smooth cut-off functions in time, i.e.
(m) € C2((0,7)) with 0 < my(t) < 1, ni(t) = x(0,1)(t) and nj, = &g — o for
all t € (0,7), k € N as k — oo. Thus, v satisfies the weak formulation and, as
above, we deduce that v = u. Finally, by a standard proof of contradiction, we
obtain that the whole sequence (uy,) converges to u in C([0, 7], L2(2) — w).

Furthermore, following the previous argumentation, we obtain that (uy,)?
converges to u? in C([0,T], L?(Q) —w) due to the renormalization property of b.
Then, Lemma 4.2 yields that u,,u € C([0,T], L*(Q2)) for all n € N and u,, — u
in C([0,T], L*(Q)).

It remains to show the result for general p < co. The case 1 < p < 2 is
obviously satisfied, due to the continuous embedding of C([0,T], L?(£2)) into
C([0,T],L*(QY)) for p < 2. Therefore, we only have to show the statement for
the case of 2 < p < 00. So, let 2 < p < oo and let ¢,s € [0,7]. Then, we
estimate

[un(t, ") — un(s, ')”ip(sz) < O§72 [un(t,-) = un(s, ')||2L2(Q) =0

as t = s. Obviously, the estimate also works for u. In the same way we estimate
for t € [0, T

e (t, ) = ult, )5 o) < CE 2 llun(t, ) = ult, ) 720

and taking the supremum over [0, 7] yields the statement. O



276 PH. JARDE AND M. ULBRICH

5. Stability of the solution operator: second improvement

In this section, we improve over the previous stability result. The improvement
consists in replacing the strong convergence of (divbd,) to some divd in
LY((0,T) x Q) with boundedness of (divb,) in L'((0,7), L>(2)). This refined
result will be needed in the proof of existence of minimizing points for the
optimal control problems in the last section. In DiPerna and Lions (1989), this
result is shown in Theorem IL.5 for vector fields with spatial Sobolev regularity
under stronger assumptions on the convergence of the vector fields than we
require. The idea of DiPerna and Lions’ proof is the following: they convolve
the unique solution u, corresponding to the vector field b, with some mollifier
pe and obtain u. := u * p.. Then, they show that the function wu. satisfies the
same transport equation, but with some inhomogeneity r.. This inhomogeneity
converges strongly to zero in some Lebesgue space as ¢ — 0 (Theorem II.1 in
DiPerna and Lions, 1989). As a next step, they consider the difference u,, — u.
of the unique weak solutions u,,, corresponding to the vector fields b,, and the
smoothed wu.. For this difference, they can show that it is uniformly bounded
in n by two terms: by the L'-norm of the difference u — u. and by the L'-norm
of r.. Taking the limit in € yields their statement in the end.

We take the same route to show our results for vector fields with spatial
BV-regularity. Unfortunately, the proof is much more complicated and we
are confronted with the same problem as Ambrosio had with the commutator
re = (div(bu)) * p. — div(b(u * p:)): DiPerna and Lions had the case that
their commutator converged strongly to zero in some Lebesgue space as € — 0,
whereas Ambrosio’s commutator can only be split into a strongly convergent
part r1 . and some weakly*-convergent part r3 .. Then, Ambrosio had to show
carefully that this second term also vanishes as ¢ — 0. The same problem
appears here with the inhomogeneity 7., appearing in the transport equation,
satisfied by the convolved solution u.. This inhomogeneity can only be split
into a ,good“ part 7, being convergent in some Lebesgue space, and a ,,bad*
part, for which we have some estimate for the limit as ¢ — 0. Therefore, most
of this section resembles the approach of Crippa in his thesis Crippa (2007) and
we use the same techniques to tackle the problems. We start with some lemma
that is a reproduction, with some modifications, of Proposition 3.2 in DeLellis
(2006/7). An incomplete proof of the statement is given in DeLellis (2006/7)
and a complete, but longer proof is given in Lemma 3.1.11 in Jarde (2018).

LEMMA 5.1 Let 1 < q < oo, let g € LY ((O,T),BV(IRN))N and let z,w € RV,
Then, the difference quotient

w' (g(t,x+82) — g(t,z))
)

can be written down as ngLt?,z + ngg75,z, where
(i) w' g5 — w' Jgz in L7 ((0,T), L*(RY)) as § — 0, where J, denotes the
Radon-Nikodym derivative of the absolutely continuous part D*g of Dg
with respect to LN .
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(ii) For any compact set K C RN and for almost all t € (0,T) we have

imsup [ 07 gs.(0.2)] de < (@ Dg2)(8, ] ()

where D*g denotes the singular part of the measure Dg with respect to
LN . Furthermore, for any measurable set I C (0,T) we have

limsup/</K‘wT921572(t,x)‘ dx)q dtg/(\(wTDng)(t,-)\ (K))" dt.
I I

6—0

(iii) For every compact set K C RN, for almost all t € (0,T) and ¢ > 0, we
have

. / (0" gra2(t,2)] + [T g25.2(t,2)]) da < [w]|2]|Dg(t, |(K.),
€(0,e
K

where K. = {x € R¥|dist(x, K) < €}. Furthermore, for any measurable
set I C (0,T) we have

q
Sup)/</ ([ grs=(t2)] + |0 g2 (t,)]) dz) dt
K

0€(0,e
1

< [ (ullzliDgte, ()" at.
T
The next theorem is an adaptation of Theorem II.1 in DiPerna and Lions (1989)
for vector fields with spatial BV -regularity instead of Sobolev regularity. It plays
an important role in the proof for the second (improved) stability theorem.
Before we present the theorem, we first need to introduce some definition.

DEFINITION 5.1 For any p € C° (IRN) and any N x N-matrix M we define

AWM, p) = [ (Vo) M) d.
RN

THEOREM 5.1 Let 1 < ¢ < oo and b € Li((0,T), BVo(Q)N with divh €
LY((0,T), L>°(R)) and denote by u the unique weak solution of the transport
equation with initial data ug € L°()). We set u. := u * p., where p denotes
an even mollifier for the spatial variable with supp(p) C B1(0) and where we
extended u (by zero) to (0,T) x RN. Then, u. satisfies

Opue + div(bue) —uc divd = r, in (0,T) x RV,

ue (0, ) = ug * pe on RV,

where
Te =T1e+4 Troe with 16,72, € LY ((O, T), Ll(RN))

and r1¢,72,c having the following properties:
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(i) There exists some compact set K C RN independent of p, such that

el x @iy =0 and 120 x @y k) =0

forany 1 >¢ > 0.
(it) 1, = 0 in L((0,T), LY(RN)) as e — 0 and
(iii) for any measurable set I C (0,T) and any compact set W C RN we have

hrilj(l)lp/ (/W |72, (t, )| dw) th < C/ (/W A(My(t, ), p) d|D°b(t, )] (x)) th.

I

Here, My denotes the matriz valued Borel function such that D*b = My |D®b|
and C > 0 is a constant depending only on u.

Proor: We have

0 = [Opu + div(bu) — udiv b] * pe
= Ot(ux pe) + div(b(u * pe)) — u * pe divd + div(bu) * p.
— (udivd) * pe — div(b(u * p.)) + u* p divd

and thus
O (ue) + div(b(ue)) — ue divd = re,
where 7. is given by
re = (udivd) * p. — u* pe divd + div(b(u * pe)) — div(bu) * pe.

Obviously, the term (udivb) % p. — u % p.divb converges to zero in
L7((0,T), L*(IRN)). Thus, we have a closer look at the commutator

R, = div(bu) * pe — div(b(u * pc)).
We can rewrite R, using Lemma 5.1 as
R.(t,x)

= / u(t,x +e2)byc . (t, ) Vp(2) dz — (u* po)(t, ) div b(t, x) (10)
RN
- / u(t,x +e2)boc . (t,2) " Vp(z) dz. (11)
RN

Then, we define s1 . as the function given in (5) and s2 . as the function given
n (11). We set

K = {z e RV| dist(z,Q) < 2}.
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Then, since w is zero outside of €2, we immediately obtain that

el xmyk) =0 and 72|07y @mN\x) =0,

where we define r . := (udivd) * p. — u * p.divd — s1 . and ro . = —s2.. The
functions 1, and sy - are elements of L9 ((0,7), L*(R")), due to the following
reason: we set ¢ = 1,2 and estimate

T
/(L
0
T q
< |U|Loo((o,T)xQ)/</B / |bie,=(t,2) TV p(2)| dIdZ) dt
0 1(0) /K

T
<l o0 B O™ [ . [ (%ol el 1000, )] (120" e < o,
1
0

q
dx) dt

/ u(t, x4 e2)bic . (t,2) " Vp(z) dz
RN

where we used point (iii) of Lemma 5.1. To finish the proof of point (ii) it
remains to show that s;.. — 0 in L7 ((0,7), L*(RY)). For almost all ¢ € (0,T’)
we deduce that

/ / u(t, x4 e2)brc . (t,2) " Vp(2) dzdx

RN RN

— / u(t, x)
RN

=— / u(t,z) divb(t, z) dz

RN

N
Z e Jy(t,x)e; / 205, p(2) dzdx

ij=1 RN

as ¢ — 0. Using Lebesgue’s dominated convergence theorem and point (iii) of
Lemma 5.1 we then obtain that

s1,e =0 in L((0,T), L' (RY))

as € — 0. It remains to show the property of sz .. Due to point (ii) in Lemma
5.1 we know that for almost all + € (0,7) and for any compact set W C RY

lirgljélp/ ‘b27€,z(t,x)TVp(z)‘ dx < ‘(Vp(z))TDsb(t, Dzl (W).
w

Moreover, since the support of p is a subset of B1(0), we obtain with Fatou’s
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Lemma for a measurable set I C (0,7

q
limsup/(/ / ’b27€,z(t7x)TVp(z)‘ d:vdz) dt
e—0 RN JW

I
- / </]RN |(Vo(2)) T D*b(t, 2| (W) dz>th.

The last term can be rewritten as

1/</]RN |(VP(Z))TDSb(t,~)z| (W) dz)th

_ / (/W AMy(t, ), p) d|D*b(, )| (x))q dt.

Thus, we conclude that

q
1imsup/</ |s2.e(t, x)] dx) dt
e—0 i w

q
§limsup/ (/ / |u(t,:1c+£z)b2)87z(t7x)TVp(z)‘ dzd:v) dt
e—0 W JRN

I

S — ( /W A(My(t, ), p) d|D*b(, )| <x>) dt.
I

|
Now, we are prepared for the main result of this section, which is a generalization
of Theorem IL.5 from DiPerna and Lions (1989) to vector fields with spatial BV -
regularity.

THEOREM 5.2 (SECOND STABILITY THEOREM) Let ¢ € (1,00), ug € L™(£2)
and let be L>=((0, T)xQ)NNLI((0,T), BVo(Q))N with divb € LI((0,T), L>(12)).
Furthermore, let (by,) C Vi and (uon) C L®(Q) be two sequences with the
following properties:

(i) (uo.n) is bounded in L>°(Q) and converges to ug in L'(12),

(ii) (bn) < L4((0,T), BVo(Q))N is bounded and converges weakly to b in

L((0,7) x )Y,

(iii) (divb,) C L1((0,T), L>°(Q)) and is bounded in L*((0,T), L>=(Q)).

Then, for any 1 < p < oo, the sequence of unique solutions (u,) C
C([0,T], L (Q) —w*) of (1) with vector fields b, and initial data gy, is a subset
of C([0,T),LP(QY)) and converges in C([0,T),L*(Q)) to the unique solution
u € C([0,T],LP(2)) of (1) with vector field b and initial value ug.

We prepare the proof of the Theorem in several steps (Lemmas 5.2-5.5). In the
following, if some Lebesgue function is just defined on a proper subset of RY
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in the spatial variable, then we extend this function by zero to the whole R” if
we consider the function as some function defined on RY in our calculations.

We take some even mollifier p € C2°(B1(0)) and we set u. := u * p. for the
unique solution u of the transport equation with vector field b and initial value
ug. We will prove the theorem in several consecutive lemmas. In the first lemma
we obtain an expression for the difference of u,, — u..

LEMMA 5.2 Under the assumptions of Theorem 5.2 the following expression for
the difference u,, — ue holds:

O /(un —u.)? do — /(un —u.)?divb, dr
K K
= 2/(un —ug) (=11 — 726 + (b—0by) - Vue) dz, (12)
K
where K C RN denotes the compact set of Theorem 5.1.
ProOOF Due to Theorem 5.1 we deduce that u, satisfies
Opue + div(bue) —u divb =110 + 72, in (0,7) x RY,
ue (0, ) = ug * pe on RV,
We first assume that uo; € C°(Q) and b € C*((0,T) x Q). Then, the
corresponding solution w; of the transport equation is also smooth with zero
spatial boundary value. These functions can be obviously extended in a smooth

way to RY in the spatial domain. We take 8 € C*(R) such that 3(0) = 0.
Then, we write

OB (up — ue) + div(bB(u; — ue)) — Bug — ue) divy (13)
= B (u — ue) (0 (uy — ue) + div(by(wg — ue)) — (u — ue) div by)
=B —ue) (—r1e — 12+ (b—0) - Vue). (14)

For the initial value we have that 8(u;(0,-) —uc(0,-)) = B(uo; — uo * pe). In
the following, we denote by K the compact set given in point (i) in Theorem
5.1 and we know that 2 C K. Now, integrating over K yields

8t/[3(ul —ue) do — /ﬂ(ul — ue) divb; dx
K

K
= [ #w = ue) (rre = rae k(0= ) - V)
K

The choice of 3(t) = t? for t € R yields that
Oy /(ul —u.)? dv — /(ul —u.)?divh dr
K

K

= 2/(ul —ue) (—r1,e — 72+ (b—b) - Vue) dx.
K
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Our first assumption was that u;, b; and ug; are smooth functions. Therefore,
we take a sequence of smooth functions (by, x)r such that

bok — by in LY(0,T) x Q)N and  divb, — divb,
in L'((0,T) x Q) as k — oo.
In addition, we take a sequence of smooth and bounded functions (ugnk )k C

C>(Q), converging to ug ,, in L*(Q). Then, the above equation is valid for by, x
and uy,, ; and Theorem 4.1 yields for £ — oo

O /(un —u.)? dr — /(un —u.)?divb, dr
K K

= 2/(un — Ue) (_Tl,a —Toe + (b—"0bp) - Vue) dx
K

O

LEMMA 5.3 Under the assumptions of Theorem 5.2 the following estimate
holds:

[t =2 as

K

T
<(Cy+1)- | Cy // |r1,e| deds + /((Uo,n — u07€)2 dx
0K K

t
+2 //(un — Ug)r2 e dxds
0 K
t
+2Cs n%a);] // n — Ug)r2e dadr| + 2 // n — Ue)(b—by) - Vue dxds
s€|o,
0 K

t
+203/HdiVbn Moo // n — Ue)(b—by) - Vue dzdr| ds (15)
0 K

for some constants C3,C5,Cy > 0 and any t € [0, 7).
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PROOF: We use expression (12) of Lemma 5.2 and estimate:

8t/((un —u.))? dx

K
< ||divbn(t,~)||Loo(Q)/(un —u.)? dI+Cl/|T175| dx
K K

— 2/(un — Ug)To e dx
K

+ 2/(un —ug)(b—by) - Vu, dz,
K

where C; > 0 can be chosen as C; := 2sup ||u01n|\Lm(Q) + 2|uoll oo (). By

integrating in time, we get

[ =) s

K

/ v b (5. )l e / (. — ue)? dads

+2 //(un —ue)(b—by) - Vue dads
+Cl//|r18| dxds + 2 // )2, dxds —|—/ Uo.n — u0€)2 dx.

K

Using Gronwall’s Lemma we obtain

[t w7 do <

K

T
C’l//|r175| dxds—l—/((uom—uQE)2 dx
0 K K

t
1“1‘/Hd1Vb ||L°°(Q) ef HdiVbn(”’,')”Loo(Q)d’r‘ dS +
0



284

PH. JARDE AND M. ULBRICH

t

t
+2 // n — Ue)T2,e dxds +2// n — U )(b—by) - Vue dzds
0

0

t| s
+2/ //(un—us)r“ dxdr ||divbn(57.)||Lm(Q) I b (r) | oo (A7 g
0 10 Kk
t
+2/ // n— ue)(b—by) - Vue dxdr| x
010 Kk
X ||div by (s, )HLoo(Q SN b ()| oo () A7 76

Setting

Cy := e "'Pn foT”diVb"(t"”'Loom)dt SUP/ ”diV bn(ta ')HLoo(Q) dt
n

and 03 — esupn fDTHdiv bn(t,~)|\Lm(Q)dt

yields the statement of the lemma. O

LEMMA 5.4 Under the assumptions of Theorem 5.2 we have

2

lim sup /|un(t, ) —u(t, )| dx

n—00 ¥

<C5/|u5(t,) (t, )] da:+C4/(u(t N —u(t,-)? dov +2CCy R.(s%)
K K

T (16)
+ C,C1(Cr1 + 1) //|r115| dxds + C4(C2 + 1) /((uo - u015)2 dx
0 K

K
t
+ 204 //wl—uarggd:vds
0

for some specific wy € L>®((0,T) x Q), s* € [0,T] and some function R. €
c([0,T]).

Proor: The proof of Theorem 4.1 shows that there are subsequences
(un), (u2) € C([0,T], L=(Q)—w*) and (uy, divb,), (u2 divb,) € L1 ((0,T), L=(Q))
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(labeled by n again) and wy,ws € L((0,T) x Q) and ws,ws € L*((0,T) x Q)
such that u, — w; in L>((0,T) x Q) and

Up — W1 and u? — wo in C([0,T], L*(R) — w),
Up div by, — w3 and u? div b, — wy in L'((0,T) x Q).

In particular, w1 (0,-) = ug and wo(0,-) = u3. We restrict ourselves to these
subsequences Furthermore the mappings R, . : [0,7] — R, defined by s —

= |y [ (un — uc)rac dadr|, are equicontinuous in n: for 0 < s <t <
T we obtarn that

|Rn,€()_ na |< // 7‘25 dxdr <Cl//|r2€| dxdr.

S

We set Re : [0,T] = R, s+ Re( Uo Sy (w1 —ue)ra e d:vdr| and obtain
that Ry, c(s) = Re(s) for all s € [0, T] As R, are continuous functions for all
n € N, we find s, € [0,7] such that

R, n) = R,
e(sn) Sg}g);] e(s)

Then, (s,) represents a bounded sequence and thus, there is a convergent
subsequence (s,,) (which is labeled by n again) with limit s* € [0,T]. We restrict
our considerations to this subsequence. We conclude for the subsequence that

|Rne(sn) = Re(s™)| < |Rne(sn) = Rne(8%)| + [Rne(s*) — Re(s")] — 0 (17)

as n — 00, since R, . are equicontinuous. Now, we estimate

2
(K/|un —u| dzx

< /|un—ua| dx
K
2
—I—(;</|u€—u| dx +2/|un—u€| dx/|u€—u| dx
K K

2

< Cy /(un —u.)? de +Cy /(us —u)? dr + C5/|u5 —ul| dx (18)
K K K
with Cy = |K|1/2. As in the proof of Theorem 4.1, we obtain as a

consequence of Theorem 3.1 that

Unby = wib  in M((0,T) x Q)N (19)
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Since (uy) is bounded in L*°((0,T) x 2) and (by,) is bounded in LP((0,T) x
Q)Y for p = min(q, N/(N —1)), we obtain that (u,b,) is bounded in LP((0,T) x
Q)N and thus with (19) we deduce that u,b, — wib in LP((0,T) x Q)N.
Consequently, we obtain that

//(un—ug)(b—bn)-VuE dxdr| -0 asn—0
0 K

for any s € [0,7] and with Lebesgue’s dominated convergence theorem we
conclude that

t s
1V Op (S, - oo Up — Ug — b0pn) - VUue axar S —
div b L) b—b,) - Vu. dedr| ds — 0
0 0 K

as n — oo for any ¢ € [0,7]. Taking the limes superior over n and using
estimates (5.3), (18), as well as relation (17), we obtain

2

< Cs / lue(t, ) —u(t,-)| dz+ Cy /(ug(t, N —u(t,-)? de

K K

T
+20402R5(S*)+C4Cl(02+1)//|T‘1)5| dxds
0 K

t

+C4(Ca+ 1) /((uo — u0,8)2 dx +2Cy //(wl — Ue)T2 e dxds|.
K 0 K
O
LEMMA 5.5 Under the assumptions of Theorem 5.2 there exists a sequence (€, )
with 0 < g, <1 for allm € N and &, — 0 as m — oo such that
2(wy — ue,, )rae,, — o in M([0,T] x K) asm — oo.
The measure o € M([0,T] x K) is independent of the mollifier p.

Proor: We know that

T
2 sup //|w1(t,3:) —us(t, )| |re.e(t, x)| dedt < oo
0<e<1 -
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and thus, there exists a sequence (g,,) with 0 < ¢, < 1 for all m € N and
€m — 0 such that 2(wy — ue,,)r2.,, converges to some o, € M([0,T] x K).
This limit measure o, is not depending on p:

for t € (0,T") we take the following sequence (1, ) C C°([0,T)), such that

0<ner(s) <1Vse(0,T), ner(s)— xjo,4(s)Vs€[0,T) and 77{&,1@ — 0p—0;

in the distributional sense. Lebesgue’s dominated convergence theorem then
yields that 7, — Xjo,g in L"((0,T)) for all 1 < r < oo and for any t € [0,T).
Hence, from the equation given by lines (13) and (14) we deduce, by setting
B(t) = t? for all t € R and integrating over [0,7] x K with test functions
v € C(]0,T] x K) and fixed s € [0,T), that

T
- / . / e, )P dudt + / Dk (0000, ) (tn (0, ) — e, (0,))? da
0

K
T
+ // — Ue,,) ns,k(aﬂp + by, - Vo + @divd,)
0

+2(uy — Usm)sﬁﬁs,k(—ﬁ,sm —roe, +(b—"0by) - Vue,, ) dzdt.

where u,, and b,, denote the above solutions and vector fields. Now, taking the
limit in n yields, with the same argument as in the proof of the previous lemma
for products of weakly convergent sequences,

wy = 2wyte,, +uZ ) (el + 1550 + b - Vo)) dudt

©ns i (Wg — 2waue,, + ugm div b) dxdt

/]
/

(20)

_|_

+
N\ O\H o\ﬂ

775,1@(0)90(07 ) (ug — 2ue,, (07 ')UO + (uam (07 ))2) dx

T
- 2//(w1 — Ue, )N k(1. + T26,,) drdt.
0 K
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For the last term in (20), we have

T
/ / Mok — X(0.)) (W1 — ts, )@(r1.co, + T2, ) drdt
0

T 1/4’
<2 / |775,k - X[O,s]|q dt
0
T q 1/q
/ (K/ (01 = e, plrrc, + 72, |
0
1/q’
<2C /‘ns,k_X[O,s]’q dt —0 ask—)oo,

where C' > 0 is an upper bound for

q
sup </ (/ [(wy — ue,, )p(r1e,, +Tr2e.,)] da:) dt)
meN

Thus, we can switch the limiting processes of k — oo and m — oo and we
obtain, using r1,,, — 0 in L'((0,T) x K) as m — oo

1/q

m—00 k— 00

klirn (0p, PNs k) = lim  lim 2// — Ue,, )T2,e, PNs ke dxdt
— 00

m—o0 k—o0

= lim lim //(wg — 2w1ue,, +uZ )(enh + Nsk(Orp + b Vo)) dudt

+ lim lim [ 7s4(0)p(0,-) (u% — 2ue,, (0, )ug + (ue,, (0, ))2) dx

m—00 k— 00
K

T
+ lim lim | nex /cp(w4 — 2wsue,, +uZ divb) dzdt

m—o0 k—oo
0 K
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m— o0

+ lim //(wz — 2wiue,, +uZ )(Oyp+b- V) dadt
0 K
+o(ws — 2wsue,, +u? divd) dzdt]

= //(wg —2wu 4+ u?)(Dpp + b - V) + p(wy — 2wsu + u? divb) dadt
0K

- / o(s,-) (wg(s, ) = 2w (s, )u + u(s, )2) dx

K

since

wa (07 ) — 2wy (07 ')uam (07 ) + (USm (07 ))2
= uj — 2ugue,, (0,-) + (ue, (0,-))*> =0 in L*(Q).

From the above equation and the preceding estimates and equations we obtain
the following information: if we omit 7, ; at the beginning and just test with
¢, we see that the measure o, is given by

0, = —0i(wa — 2wiu+u?) — div(b(wz — 2wiu +u?)) + (ws — 2wzu +u? div b)

and thus, it is independent of the mollifier p. Therefore, we call o, just o in
the following. Furthermore, if we restrict o to the set [0, s] x K and denote the
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restriction o, we obtain from the above equation for any ¢ € C.([0,T] x K):

/ /90 dos = / /X[O,S]SD do
(0,7] K

[0,s] K
= lim /SD(X[O,S] — Ns,k) do + lim / /cpn&k do
k—o0 k—oc0
(0.1] K (0,7 K
=~ [ s wnls. )~ 2un(syu+ (u(s, ))?) da
K

—I—//(wz—2w1u+u2)(8tcp+b-Vgo)
0K

+ @(wy — 2wzu + u? div b) dxdt,
i.e. the restriction 2[(w1 — ue,,)72.c,,l|j0,s)x xk L' ® LY converges weakly™ to

o5 = —0, ((wg — 2wiu + u2)|[0,s]><K) —div (b(wg — 2wu + u2)|[075]xK)

+ (wy — 2wz + u? div b)ljo,s]x k-

Proof of Theorem 5.2: We first introduce the set
K= {p € C2°(B1(0)) such that p > 0 is even, and / plx) de = 1} .
B1(0)

So far, we have shown that our limits do not depend on the specific mollifier
and we go back to estimate (16). Taking the supremum over m € N with
t €10,T] and ¢ =1 on [0, max(t, s*)] x K yields:

2

lim sup /|un(t,:17) —u(t,x)| dz

n—roo

¢
< 2C sup //(wl(s,:zr) — U, (8,2))r2e,, (s,2) dxds
0 K

meN
+ CC4 sup R, (s")
meN
= Cou([0,] x K)| + CCy |os- ([0, 5] x ).

Now, in the remaining part, we show that ¢ = 0. This will work in the

same way as it is shown that the limit measure of the commutator is zero in
Crippa (2007). The sequence (|(w1 — uc,, )72.,,|) is bounded in L'((0,T) x K)
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and thus, a subsequence converges weakly* to some measure A € M([0,T] x K).
Due to Proposition 1.62 in Ambrosio, Fusco and Pallara (2000) we have that
|o| < A. Hence, restricting to this subsequence we obtain for ¢ € C.([0,T] x K)

[ [t aol o)
[0,7] K

T
< limsup// lo(t, )| |(w1(t, x) — ue,, (t,2))r2e,, (£, )| dedt

m—r oo

<Chmsup//|g@ (t,z)] / [b2,e,..2(t, ) - Vp(z)| dzdxdt.

m— 00

Now, upon setting S := ||| ¢ (0, 77xx) and

Wiy ={z € K| |p|(t,z) >y}

we rewrite (21) and obtain

T S
Climsup/// /|b2,am,z(t,x)-Vp(z)| dzdzdydt
m—r oo

0 0 WtyIRN
T

< ///hmsup / [b2,e,,.2(t, ) - Vp(z)| dedzdydt
m— 00

0 RN

S
/ / (Vp(2) T (D*B)(t,)2| (W) dedydt
0

RN

lo(t, )| A(My(t,x), p) d|D?b(t,-)| (z)dt.

T~y °—n °

K
Thusa |U| < CA(Mb7 )
that |o| = f |D®b| and

|[f(t,x)| < CA(My(t, ), p) for |D?b|-a.e. (t,x).

|D*b|, and hence there exists a Borel function f such

Since |o| does not depend on the mollifier p, we deduce with the same

argumentation as in Crippa (2007) that

|[f(t,x)] < inf CA(My(t,z),p) = inf CA(My(t, z),p) for |D°b|-a.e. (t,z),
peEK’ peEK

where K’ C K denotes a countable dense subset. Then, the Lemma of Alberti

(see Lemma 2.6.6 in Crippa, 2007) yields that
|f(t,x)| < Cltrace(My(t,z))| =0 for |D°b|-a.e. (t,z),
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since the singular part of div b is zero. Therefore, we obtain that ¢ = 0 and
thus for t € [0,T)

2
limsup</ |tn (t, ) — u(t, )] da:) =0.
n—r oo RN

For the subsequence (u,) being convergent to w; in C([0,T], L*(Q) — w), we
conclude that wy(t,-) = wu(t,-) for all ¢ € [0,T]. Analogously, we obtain that
wa(t,-) = u?(t,-) for all t € [0,T]. Using a proof by contradiction as in the
case of Theorem 4.1, we obtain that the whole sequence (u,) converges to u in
C([0,T],L?(2)) and using the boundedness of (u,) in L>((0,T) x Q), we get
that the convergence is valid in C'([0, 7], LP(£2)) for any 1 < p < o0. O

6. Predual of the space BV(2)

In the space BV () an often used topology is the so-called weak—topology. The
name of the topology is misleading, since this topology is not the standard
weak—topology in functional analysis if BV () is seen as a dual space of a
separable Banach space. In Remark 3.12 in Ambrosio, Fusco and Pallara (2000)
it is mentioned that these two topologies coincide if the domain is sufficiently
regular. We will show that Lipschitz regularity for the domain is sufficient.
With this result we do not need to distinguish between these two topologies in
the subsequent parts, in particular in the case when we consider vector fields
as Gelfand integrable functions, where BV () is regarded as a dual space with
(dual) weak-topology. We also refer to Pelczynski and Wojciechowski (2003)
for a related characterization of the predual of BV (Q).

In Remark 3.12 in Ambrosio, Fusco and Pallara (2000), a sketch for
constructing the predual of BV () is given. In the following, we call T'(2)
the predual of BV (Q2) and we give a precise construction of T'(Q2): we set
X = Co(Q)N*! and

E:={®=(®,...,0n) € X, = (D1,...,0n) € CZ(Q)Y
such that divp =P} .

Then, E is a subspace of X and we set Y as the closure of F with respect
to ||| ¢(qyn+1- Now, Remark 3.12 in Ambrosio, Fusco and Pallara (2000) yields
that the map T given by

T :BV(Q) - M(Q)N*L, w (WL, 0w, ... Op )
is an isomorphism between BV (Q2) and T(BV (2)) with

||“HBV(Q) <2 HT(“)HM(Q)N+1 <2 ||“HBV(Q) :



Minimizers for optical flow based optimal control problems 293

Furthermore, for all ® € E and v € BV () we have that
(T (), @) aq()v+1,00(0) v +1)

_|_

WE

_ N
= (“L ) (I)O) (M(2),Co(2)) (o q)k)(M(Q),Co(Q))

>
Il

' (22)

N
_ N 3:
= (uﬁ ,le(p)(M(Q Co() Z (O, s fI)k M(2),Co(2))
k=
=0.

= (uEN, div cp) (uﬁ div go)

(M(Q),Co(2)) M(£2),Co(R))

Hence, we obtain that (T'(u),y) = 0 for all v € BV(Q2) and all y € Y. This
means that T(BV(£2)) C Y°, the annihilator of Y, which is the set of linear
functionals L € X’ such that Y lies in the kernel of L. By using the following
result we conclude that Y° = T(BV(Q)).

LEMMA 6.1 Let Q C RYN be an open set and u,v; € M(Q) fori =1,...,N
such that

/(%Cicp(x) du(z) = —/go(ac) dv;(x) VoeCl(Q), i=1,...,N.
Q

Q
Then, there exists a unique u € BV (Q) such that p = ul™.
PRrROOF: The proof can be found in Lemma 4.1.1 in Jarde (2018). O

Hence, Theorem II1.1.10 from Werner (2011) yields that Y° ~ (X/Y)" and
an isomorphism is given by

T Y° = (X/Y),  yeTiy)
with
Ti(y) : XY = R, [w] = (T1(y), [w]>((X/Y)/,X/Y) = <y,w>(xgx)
which is well-defined, due to (22). Hence, BV () is isomorphic to (X/Y)

via Ty o T and we can identify the predual I'(Q?) with X/Y. Now, for some
u € BV (), we define

N
(u, [w)) By (0),r@) = (U‘CN’wO)(M(Q Co Q))+Z (Dt W) (pma(02),00(02)) (23)
k=1

for all [w] € T'(Q) with w € X and w = (wp,w1,...,wn). Therefore, we
conclude for a sequence (u,) C BV() and some u € BV () (we use the
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notation = for the standard weak-topology in functional analysis and =X for
the usually used weak—topology in BV (2)) that

up = u & (U, —u, [w]) (Bv(@),r@) vV [w] € T(Q)
s u, LN Souch in M() and

Oy Uy, — O, in M(Q) VYie{l,...,N}
S Uy = U in L'(Q) and

Oy Uy, — O, in M(Q) VYie{l,...,N}

* %
< Up — U.

In the third equivalence relation we used the fact that for domains with compact
Lipschitz boundary BV (Q) is compactly embedded in L'(£2) (see Proposition
3.21 and Corollary 3.49 in Ambrosio, Fusco and Pallara, 2000). Hence, for
Lipschitz regular and bounded domains, these two topologies coincide and in
the following we will use the term weak* and the notation — for both topologies.

7. Closedness of bounded sets of time dependent vector
fields

In this section, we take a closer look at the norm bounded sets of vector fields. In
the main theorem we will prove that sequences (b,) C V%, which are bounded
with respect to some norm, contain subsequences, which are convergent in a
weak sense and whose limits are again vector fields with the same temporal and
spatial regularities. The statement will play a crucial role in the next section:
in the proof of existence of minima, the result of this section will give us a limit,
for which it can be shown that it represents a minimum. We start with the
definition of K-convergence for vector-valued functions.

DEFINITION 7.1 (KOMLOS CONVERGENCE (K-CONVERGENCE)) Let X be a
separable Banach space. A sequence of functions fn : (0,T) — X' is said to
be K-convergent to a mapping f : (0,T) — X' if for every subsequence (ng) of

(n)
=3 ) S ()
k=1

for almost all t € (0,T).

This type of convergence plays an important role in the proof of the following
main result of this section, which is based on results of Cornet and Martins da
Rocha (2004).

THEOREM 7.1 Let ¢ € (1,00) and let (b,) C VI be a sequence. If (by,) is
bounded, i.e.

’rSLlElE ||anLq((O;T),BV(Q))N S C < 00
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for some C > 0, then there exists a subsequence (by,) and a function b € V?
such that the following properties are satisfied:

(i) b(t) € conv({by,(t)|n € lN}w*) for almost all t € (0,T),
(i1) for any measurable set B € B((0,T))

/bn(t,-)dt A /b(t,-)dt in BV (Q)N
B B

(i1i) for any measurable set B € B((0,T)) and any monotonically increasing,
convez function g : Rf — R with g(z) € O(|z|) (for || — 0)

[ 9 (196N e < timint [ g (IDBa 0, Mgy )
B B
(iv) b, — b in LP((0,T) x Q)N as n — oo for any p € [1,min(q, N/(N — 1))).
PrOOF: We first show that for any [w] € T'(Q)" the set of functions

t= (bn(ts); [w]) By o)y, re)m) (24)

is uniformly integrable in m € IN. Then, results from Cornet and Martins da
Rocha (2004) will yield most of our statements. Let [w] € T(Q2)Y. We take
a fixed representative w € Cp(Q)V*(N+1) and estimate for any measurable set
B c (0,7)

N
/‘ BV(Q)NFQ)N)‘ dr < Z/ zn E wll ’ dr 25)
i=lp

+

N N
ZZ/‘ Oz;bin (7, ), wij11) ‘ dr.
B

=1 j=1
(26)
Now, we have a closer look at the terms (25) and (26). For term (25) we obtain

Z/} zn E w”’dr<|B|1/q Cl

le

(27)

for some C7 > 0 independent of n € N. For the second term, (26), we estimate
ZZ/\ Baybin (r, )y wig1)| dr < |BIYY Cy ZZHUJ”HHCQ) (28)
i=1j=1p i=1 j=1

for some C5 > 0 independent of n € IN. The uniform integrability of the
functions in (24) follows directly from estimates (25)-(28). Now, Theorem 3.1
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(b) in Cornet and Martins da Rocha (2004) yields that there exists a subsequence
(labeled by n again) and a Gelfand integrable function b € L*((0,7T), BV (Q))™
such that

n—00
B B B

— limin < / bo(t, )t [w]>

B

</b(t,-)dt, [w]> =/<b(t,-),[w]>dtgnmmf (bt ), [w]) dt

for any [w] € T'(Q)" and for any measurable B € B((0,7)). Since the above
inequality is satisfied both for [w] and —[w], we conclude that

/Mnmi/ﬂnmiuwmw (29)
B B

for any B € B((0,T)). Due to Proposition 3.1 in Cornet and Martins da Rocha
(2004) we can choose the subsequence (b,,) such that it is K-convergent to b.
Furthermore, part (c¢) of Theorem 3.1 in Cornet and Martins da Rocha (2004)
yields point (i). Since BV(f) is compactly embedded in LP(Q) for any p <
N/(N —1), (29) yields that

/mmW%/wﬁﬁmmmW
B B

for any B€B((0,T)) and any p< N/(N—1). Now, Theorem 10.4 (i) in Schweizer
(2013) yields that for p € (1, min(g, N/(N — 1))) and for h e L? ((0,T) x Q)N
with 1/p/4+1/p =1, there is a sequence (hg) C L? ((0,T), L? ((Q))" of simple
functions such that hy — h in L ((0,T), L” (Q))N. Denote by A; C (0,T),
i=1,..., K(k) the different measurable subsets where hj, is constant with value
hi; € LP' (Q). Then, we conclude that

~—~

K (k)
[(h, by, — b)| < Z <h7€,i7 / ba(t,-) = b(t,)dt)|+C ||hi — h”LP’((O,T),LP’(Q))N
i=1 A

for some C' > 0, since (b,) is bounded in LP((0,T) x Q)V. This yields that
|(h,b, —b)] — 0 asn — oo. Thus, b, — b in LP((0,T) x Q)" and hence
in L1((0,7) x Q)N. It remains to show that b € L?((0,T), BV(Q))" and
point (iii) holds. We consider the sequence (Db,) C L2((0,T), M(2)N*N).
For this sequence we do the same steps as in the proof of Theorem 3.1 (a) in
Cornet and Martins da Rocha (2004), but with some differences: due to the

boundedness of (fOT |1Db,, (¢, -)Hg\A(Q)NXN dt) and g(z) € O(|x|), we obtain that
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T
SUPpen Jo 9 (HDbn(t, ')Hg\/[(Q)NXN) dt < oo. Thus,

T
A :=liminf [ ¢ (||Dbn(t7 ')H'(Z\/[(Q)NXN) dt < oo

n—00
0

and we choose a convergent subsequence (labeled by n again), such that

T
J— M q
A=l [ (1950 )

0
Then, as in the above mentioned proof we construct a subsequence (Db, ),
which is K-convergent to some f € LY((0,7), M(Q)N*N). On the other hand,
we already know that the whole sequence (Db,,) is K-convergent to Db. Thus,

we conclude that Db = f and we have, as in Cornet and Martins da Rocha
(2004):

”Db(tv ')”M(Q)NXN < lim inf

n—roo

1 n
ﬁ;Db t

I
< hnH_l)gf - Z; [1Db; (t, )| pggy v

||M(Q)N><N

for almost all ¢ € (0,T"). Since z +— |z|? is convex and continuous, while g is
monotonically increasing and convex, we deduce that

NI IR
9 (I1Db(E gy ) < liminf > (11Di(t, )y )

for almost all t € (0,7). In addition, due to g(x) € O(|z|), the above expressions
are integrable over measurable sets B C (0,7). Fatou’s lemma for positive
functions then yields

[ 9 (10000 By ) e < tmmind 5 [ (100100 gy )

B i=lp

—hmln /g || Dby, (¢ HM(Q)NXN)dt
B

for any B € B((0,T)). The boundedness of (b,) in L4((0,T), BV(2))" and the
choice of g(x) = z finally yields that b € L4((0,T), BV(Q))". O

In addition to this result for Gelfand integrable functions, we need the
following result for Bochner integrable functions in the subsequent section.
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LEMMA 7.1 Letl € N, g: R — R{ be a monotonically increasing and convex
function with g € O(x) and let (f,) C L*((0,T), L?(2))! be a bounded sequence.
Then, there exists a subsequence (fn,) and some f € L*((0,T), L*(Q))! such
that

T T
/ 9 (I1£. )72y ) dt < liminf / 9 (11t M3z e )
0 0

PRrOOF: Due to the boundedness of (f,,) in L2((0,T), L%(Q))!, there exists a
subsequence (labeled by n again) and some f € L2((0,T), L?(Q2))! such that
fn— fin L2((0,T), L?(Q))!. Furthermore, due to the properties of g, we have

T

sup /g (an(t7 ')”iz(g)z) dt < oo
nE]NO

and thus, we can choose a subsequence (f,,) (labeled by n again) such that

T

T
lim inf / 9 (It ) gy ) dt = lim. / g (Il )
0

0

holds. By applying Theorem 2.1 from Diestel, Ruess and Schachermeyer (1993),
we then obtain that there is a sequence (h,) C L2((0,T), L*(Q))! with h,, €
conv({fx| ¥ > n}) for n € N such that (hy(t,-)) is convergent to some h(t,-) €
L?(Q)! for almost all ¢t € (0,T), i.e

N(n) N(n)
hn= Y Anifi with0< A, <1 forn<i<N(n)eN and » A\,;=1

for all n € N. We assume that h(t,-) # f(¢,-) fort € B C (0,T) with £!(B) > 0.
Then, we have for ¢ € L?(Q)!

/ ({8, 2" < e sup / 1ty < 0.

Due to Theorem 1.35 from Ambrosio, Fusco and Pallara (2000) we obtain that

[t = (hu(t, ), )] = [t = (R, -), )] in L*((0,T)).
Hence, we conclude for v € L?(B) that

//¢ h(t,z) dxdt(—//l/J (x) dwdt
5 / / B(O)p(@)f(t, ) dudt,
B Q
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ie. (h(t,),o) = (f(t,-),¢) for almost all t € B. Since ¢ € L*Q)! can
be arbitrarily chosen, we obtain that h(t,-) = f(t,-) in L2(2)! for almost all
t € B. But this is a contradiction to our assumption, and thus h = f in
L2((0,T), L?(2))!. Consequently, we obtain

g (17, 2y ) = Tim g (Il )20y )
N(n)

< linrr_1>ioréf Z An,ig (”fi(ta ')”i%sz)l)

for almost all ¢ € (0,7"). Thus, Fatou’s lemma finally yields

T N(n) T
Jo (170 ey) dt < timin S Ans [1g (1A ey )
0 =n

0
T
. . 2
= Igglorgf/g (an(t, ')||L2(Q)l) dt.
0

8. Existence of minima of the optimal control problems

In this last section, we apply the results of the previous sections to prove the
existence of minimizing points for optimal control problems with the transport
equation as a constraint. We start with the optimal control problems and the
admissible sets and finish the section with the existence result.

8.1. Optimal control problems

We consider the following type of optimal control problems

min J(u, b)

u,b

K T
1 «
= 50 (b ) = Velley) + 5 [ T2 (1DME ) gy )t (30
k=2 0

+R(b) (31)

with regularization parameter o > 0, functions T4, Iy R >R, k=2,..., K
and constraints

ug + div(bu) — udiv(b) =0 in (0,7] x Q, (32)
u(0,-)=Y; inQ, (33)
b=0 on(0,T) x 9, (34)
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where Y, € L>(Q), k = 1,...,K are given. The term R denotes additional
regularization terms and we will cover the following ones in our investigations:

(i) Rafb) =0,
T
(i) Rab =§IF2(H& i) d

0
T
(iii) Ry (b) = %of (||d1vb )||§2(Q)) dt,
(IV) R4(b) R2 (b) + R3 (b)
where 3,7 > 0 are regularization parameters and I';,T's : R — R are given
functions. In the first two cases, we will additionally distinguish between two

further subcases: the set of constraints given by (32)-(34) and the same set plus
the additional constraint

divb=10 in (0,T) x Q. (35)

For the functions Yy, k=2,..., K and I';, i = 1,2, 3 we assume the following:
(a) the functions Yy : R — R{ are lower semi-continuous,
(b) the functions T'; : R — R are convex, monotonically increasing, in O(x)
and xl;rx;o Ti(z) = co.

In this case, the regularization terms in (8.1) and in (ii)-(iv) are well-defined.

8.2. Admissible sets

Before we can introduce a setting for an admissible set, we have a closer look at
the BV -regularity for our considered vector fields. So far, we have the obvious
setting

be V32
={be L>((0,T) x )N N L*((0,T), BV(Q))N | divb € L*((0,T),L>())} .

For the existence and uniqueness of solutions we need vector fields b, which
have zero trace at the boundary of the spatial domain. The demand of
b € L?((0,T), BV5(R2)) would not be enough, since the trace operator is not
continuous with respect to the weak*-convergence, but with respect to the
strict convergence in BV (). As we will get at best weak*-convergence for
a subsequence of a minimizing sequence, the weak*-limit would not need to
have zero trace at 02 for almost all ¢ € (0,7). This means that we need some
control of behavior of our BV -functions close to the boundary in order to ensure
that limits of weakly*-convergent sequences of BV -functions with zero boundary
trace do have zero boundary trace. Therefore, we introduce the following setting.
Given some £ > 0, we define for an open bounded set @ C R with Lipschitz
boundary

O, = {z € O|dist(z,00) < e}.
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Then, we set for 6 > 0 and € > 0
W.5(0) := {w € LY(O)| |w(z)| < §dist(z,d0) for almost all z € O}, (36)
and obtain the following result:

LEMMA 8.1 Let © C RYN be open and bounded with Lipschitz boundary 0O and
let e >0 and § > 0. Then, any f € BV(0), satisfying f € W, 5(0), lies in
BV, (0).

PrOOF: The proof can be easily deduced by using properties of BV -functions
and is presented in Lemma 4.2.1 in Jarde (2018). O

LEMMA 8.2 Let O C RY be an open and bounded set with Lipschitz boundary
90 and let ¢ > 0 and 6 > 0. Furthermore, let (f,) C L'(O) be convergent to
f € LY(O) with f, € W 5(0) for alln € N. Then f € W, 5(0).

PRrROOF: The proof can be found in Lemma 4.2.2 in Jarde (2018). O

With this technical assumption we define the set of admissible vector fields S,q
for the various optimal control problems. We take fixed M >0, > 0and e > 0
and we consider vector fields b: (0,7) x Q — RY with

be Sy :={be V? b(t,-) € W.5(Q) for almost all ¢ € (0,7}

and define the admissible set for M, € and §
1,0 ,0 .
S {b €Sor | 10l e 0.1y x v + 1AV Dl 120 7). oo )y < M}- (37)

Obviously, we have that SZ’; C V2. Furthermore, for the case of the additional
constraint divb = 0, we define the set

Mt = {b e SMed| divh = o} (38)
and in the case of time regularization

SIS {b e SM=0) b € L2((0,T) x Q)N} . (39)
The previous sections yield that there is a well-defined solution operator

S L>(Q) x Vi — C([0,T], L=() —w*), (ug,b) — S(ug,b).
Based on this solution operator we define the control-to-state operator Ly, as

Ly, : Vi — C([0,T], L>(Q) — w*), b+ Ly, (b) = S(Y1,b) (40)



302 PH. JARDE AND M. ULBRICH

M,e,8

and its restriction to S, ;" as Ly, qa. We abbreviate the terms SM’E"&, gM.e.0

ad ad,0
and S%Z?ﬁé t0 Sad, Sad,0 and Sgq.5,, respectively, if it is clear which constants
M, ¢ and § are used in the current setting. Incorporating these control-to-
state mappings into the objective function J leads to various reduced objective
functions F; for our considered cases: we define

in the case | the reduced objective function | with admissible set
J(Lyiaa(),) as

R=Ry I3 Sad

R = Rl Fl.,O Sad,O

R = R2 F2 Sad,at

R=Ry Iy Sad,0 N Sad,a,

R = R3 F3 Sad

R = R4 F4 Sad,at

For these reduced objective functions we show in the subsequent theorem that
they attain their infima on their admissible sets, i.e. there are minima within
the admissible sets for each optimal control problem.

8.3. Existence of minima

THEOREM 8.1 (EXISTENCE OF MINIMA OF THE OPTIMAL CONTROL PROBLEMS) Let
M >0,e>0 and § >0 be fired chosen. Then, the reduced objective functions
F;, i € {1,...,4} and F;o, j = 1,2 attain their minima on their admissible
sets.

ProOOF: We just show the statement for the objective function Fj, since the
proof works in the same way for the other problems.

The objective function Fy has a finite infimum in Sy, since Fy(b) > 0 for
all b € Sgq.5,- Now, let (by,) C Sqd,6, be a minimizing sequence, i.e.

F4(bn) > F4(bn+1) VneN and lim F4(bn) = _ inf F4(b)
n—oo bESad,at
The sequence (b,,) is bounded in L2((0,T), BV (Q))":
T 1 r
!
Fa(b1) > Fa(bn) > —-T1 | = / Dby (t, ) Agynsw dt | Y eN
0

and thus,

T
sup [ D80,y it < o
nelN 5
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In addition, [|bal| ;e ((,7)x0)v < M foralln € N, and hence (by,) is also bounded

in L2((0,T),L*(Q))Y. Using Theorem 7.1, we obtain that there exists a
subsequence (b,,) (which is labeled by n again) and some b € L*((0,T), BV (Q))¥
such that

T T

/n (||Db(t,-)|\iA(Q)NxN) dt < 1inrgi£f/F1 (||Dbn(t,.)||i4(Q)NxN) dt (41)

0 0

and b, — bin L'((0,T) x Q). For the limit b we have that b(t,-) € W, ()
for almost all ¢ € (0,7"): denote

N = {t € (0,7),ba(t,) € BV(QN}U{t € (0,7),bnlt, ) ¢ Wes(2)™}

and

N :={t e (0,T),b(t,-) ¢ BV(Q)N}.
Then, N,, and N are null sets and
neN

is also a null set as a countable union of null sets. Furthermore, due to Lemma
8.2 we conclude that for any ¢ € (0,7)\W

ge{balt, ) nEN} =geW.s(Q)V

is satisfied. Consequently, in the same way we conclude that for any ¢t €
0, T)\W

w*

g € conv ({bn(t, I ne ]N}w*) = g€ W5V

is also satisfied. Thus, b(t,-) € W, 5(Q)V for almost all ¢ € (0,T). In addition,
since (b,), (O4b,) and (divd,) are bounded sequences in L>((0,7) x Q)N
in L2((0,7) x Q)Y and in L%((0,T), L>(f)), respectively, we conclude, using
standard arguments, that b, — b in L°((0,T) x Q)Y d;b,, — ;b in L?((0,T) x
Q)N and div b, — divbin L2((0,T)x Q) with divb € L2((0,T), L>(£2)) for some
subsequences. Due to Lemma 7.1, we know that each of these subsequences
contains a subsequence (labeled by n again) such that

T

T
/F2 (Hat (t, )”L?(Q)N dt<hm1nf/F |0 HLQ(Q)N) dt
0

0

and

s (|ldiv b (t, )13y )

St~

T
/Fs (Hdivb(t, -)|\2L2(Q)) dt < liminf
0
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hold. We restrict ourselves to those subsequences. Summing up, we have shown
that b € Sq4,5,. Finally, using Theorem 5.2, we obtain that

Ly, 4da(bp) = Ly, qa(b) in C([0,T],L"(R)) forl<r< oo
and thus we get for all 2 < k < K

Ly, aa(bn)(tk, ) = Yi = Ly, aa(b)(tk,-) — Yi in L?(Q) asn — oo.
In total, we obtain with estimate (41):

Fy(b)

]~

T
1 2 o 2
5 2Tk (IEv, a1 ) = Villia) + 5 [ T3 (1060 gy
0

2

O\)ﬂﬁ‘

T
B 2 gl . 2
+§ Iy (||8tb(t, )HL2(Q)) dt + 5 I's (Hle b(tv )||L2(Q)) dt
0
LK
. 2
< lim inf [5 > Tk (HLYI,ad(bn)(tkv )= Yka(sz))
k=2

T
8% 2
+§/F1 (”Dbn(tu')HM(Q)NXN) dt

0
5/ I
ol .
—+ 5 /PQ (||8tbn(t, )Hiz(ﬂ)) dt + § /F?) (Hlebn(t7 )||i2(9)) dt
0 0

= liminf Fy(b,) = inf Fy(b).

n—00 bESaa,0,
Thus, the infimum is attained and Fy has a minimum in S,q,9,- O
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