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Abstract

This work concerns analysis and error estimates for optimal control problems related to
implicit parabolic equations. The minimization of the tracking functional subject to implicit
parabolic equations is examined. Existence of an optimal solution is proved and an optimality
system of equations is derived. Semi-discrete (in space) error estimates for the finite element
approximations of the optimality system are presented. These estimates are symmetric and
applicable for higher order discretizations. Finally, fully-discrete error estimates of arbitrarily
high-order are presented based on a discontinuous Galerkin (in time) and conforming (in space)
scheme. Two examples related to the Lagrangian-moving mesh Galerkin formulation for the
convection diffusion equation are described.
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1 Introduction
We consider an optimal control problem related to implicit parabolic equations of the form
(M(t)u)s + A(t)u = F(t), ulon =0, u(0) = up. (1.1)

Here, Q is an open, bounded domain of R? d = 2,3, with Lipschitz boundary 0. In the above
context, H,U are Hilbert spaces related to the standard pivot construction U C H ~ H* C U*,
with continuous and dense embedding (say e.g. H = L2(Q2), U = H}(Q2)), U* denotes the dual of U,
M(.): H— H is a self-adjoint positive definite operator, A(.) : U — U* is a linear and continuous
map, F'(.) € U* and vy € H.

The main distinction between equation (1.1) and standard parabolic equations is that the time-
derivative of the solution is not given explicitly. However, under suitable assumptions on the oper-
ators M (.), A(.) the above equations are typically equivalent to “regular” equations of the form

M (t)u, + A(t)u = F(t), uloq =0, u(0) = up. (1.2)

The equivalence of problems (1.1)-(1.2) is studied in detail into the books of [26, 27] (see also
references within).

There are many physical examples of implicit parabolic equations (see e.g. [16, 26, 27]), including
several examples related to degenerate parabolic equations. Classical parabolic equations also take
the form of (1.1) when a time-dependent change of variables is applied. Typical examples are the
diffusion on surfaces which are in motion, and the Lagrange or characteristic Galerkin formulation
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of the convection diffusion equation (see e.g. [5, 7, 18]), which is the main motivation for studying
approximations of the above type of equations.

The natural setting for implicit parabolic equations, involves time-dependent norms, often called
Hilbert scales (see e.g. [26, 27]). We will be using spaces of the form H(t) = (H,|.||m)), U(t) =
(U, Iluey)- Here, ||| (e, [I-llu(e) denote time-dependent norms, and in most cases can be viewed as
“weighted” norms of L?*(Q) and H}(Q) respectively. The temporal regularity of functions with
values in H(.),U(.),U*(.) are denoted in a standard fashion, i.e., L?[0,T;U(.)], H[0.T;U*(.)],
L2[0,T; H(.)] etc.

The optimal control problem considered here is to minimize a tracking type functional,

T T
Kluag) = (172) [ = leydt + (0/2) [ ol (1.3
subject to equation (1.1), with F'(.) = f(.) + ¢(.), i-e., minimize the functional (1.3) subject to,
(Mt)u)e+A)u= f+g, ulan =0, u(0) = uo. (1.4)

Here g denotes the control variable, z is the target, and f, ug are given forcing and initial data terms.
The physical meaning of the tracking optimal control problem under consideration, is to influence
the behavior of the system in order to match the solution u of equation (1.4) to a given target z, by
using a control function g which acts as a distributed body force. The cost (objective functional) is
a quadratic functional which measures the distance between the solution w and the target z, while
a > 0 can be viewed as a penalty parameter. The second term of (1.3) is used to obtain a bounded
control function.

There is an abundant literature concerning the analysis of various optimal control problems hav-
ing states constrained to evolutionary PDE’s. We refer the reader to the books of [9, 11, 16, 17, 24]
and the references within, for various theoretical and numerical aspects of distributed optimal control
problems. However, there are only few results concerning error estimates for finite element approx-
imations of related optimal control problems. Fully-discrete estimates for a distributed optimal
control problem related to the heat equation were given in [23, 25]. In [29], a fully discretized opti-
mal control problem is defined and rigorously analyzed in the context of a general state constrained
convex control problem, related to linear parabolic PDE’s with possible non-selfadjoint elliptic part.
In an earlier work [22], a distributed optimal control problem related to a quasilinear parabolic PDE
was studied. Some results related to a-posteriori analysis of optimal control problems constrained to
linear parabolic PDE’s are developed in [20, 19]. Results related to other type of controls, in partic-
ular Neumann and Robin type of controls, are also applicable in case of distributed controls. In [31]
a Neumann boundary control is used to minimize the terminal-state tracking functional constrained
to linear homogeneous parabolic PDE’s, while in [21], a variety of estimates for Neumann boundary
control problem having states constrained to linear homogeneous parabolic PDE’s are shown. In
[15] (see also [16]), a semigroup approach is developed to study various optimal control problems,
having states constrained to linear homogeneous parabolic PDE’s, and error estimates are presented
for finite element approximations. Finally, error estimates of arbitrary order for the semi-discrete
approximation of Robin boundary control problems having states constrained to semilinear parabolic
PDE’s are presented in [3].

The scope of this work is the analysis and finite element approximation of distributed optimal
control problems having states constrained to implicit parabolic equations. In particular, we prove
the existence of an optimality system of equations, under the assumption that equation (1.4) possess
parabolic structure. Then a semi-discrete (in space) approximation scheme and a fully discrete
scheme which is discontinuous in time, and conforming in space are formulated and analyzed. The
main goal is to show that under certain structural hypotheses on the operators, the error estimates
of the corresponding optimality system have the same structure to the estimates of the uncontrolled
implicit parabolic equations (see e.g. [4]). The main features of these estimates can be summarized
as follows:



e The error estimates are derived under minimal regularity assumptions on the given data, on
the energy norm for both state and adjoint variables. For the state variable, we also obtain
estimates at arbitrary time-points. These estimates are applicable when higher order elements
are being used, provided that the natural parabolic regularity is valid for the solutions of the
optimality system.

e The operators A(.) are not assumed to be self-adjoint, contrary to many previous works.
For the semi-discrete (in space) approximation the operators A(.) do not need to be strictly
coercive. The dependence of various constants appearing in the estimates, on the coercivity
and continuity constants are being tracked.

e The fully-discrete scheme is based on the discontinuous (in time) Galerkin approach which
allows the use of different subspaces at each (or at every few other) time-steps. In the examples
presented here, re-meshing is also necessary in order avoid the degeneracy of the parabolic PDE.

e The parameter « is carefully tracked and does not appear at any exponential.

The rest of the paper is organized as follows. After, introducing the necessary notation and struc-
tural assumptions on the operators due to the presence of time-dependent norms, inner-products,
etc., we present two examples of implicit parabolic equations in section 2. In section 3, the continuous
optimal control problem is analyzed and an optimality system of equations is obtained. In section
4, the semi-discrete (in space) scheme is presented. The estimate of section 4, generalizes the error
estimates of [1] to implicit parabolic equations of the form (1.1). In section 5, fully-discrete error
estimates are obtained for the optimality system by using techniques of [4] (which were developed for
the uncontrolled problem) and a bootstrap argument. The result of section 5, extends to the implicit
parabolic case, the previously developed estimate for optimal control problems related to abstract
linear parabolic equations (see e.g. [2] and references within). Finally, we present convergence rates
for two examples which fall into this category. To our best knowledge these estimates are new.

2 An overview of implicit parabolic equations

For an excellent overview of implicit parabolic equations, we refer the reader to [26, 27] and references
within. To formulate the weak problem associated to the implicit parabolic equation (1.1), we
introduce time-dependent norms. In particular, the time-dependent (non-selfajdoint) nature of
operator A(t), is characterized by introducing equivalent (time-dependent) norms on U, of the form
||u||2U(t) = |u|2U(t)+\u|fq(t). Here, |u|y () denotes a seminorm on U (the principal part), while [u|g ) =
(M(t)u,u)p is a norm on H, endowed by the symmetric positive operator M(t). Occasionally we
adopt the notation, |u|g () = [|ul| (). The bilinear forms induced by A(t) and A*(t) are denoted by
a(t; u,v) and a*(t; u, v) respectively, where A*(t) is the adjoint operator of A(t). The notation of the
above operators, bilinear forms, norms will be abbreviated to A(.), A*(.), a(.;.,.), [l.[lz() [|-lv(.) ete.
We will also assume that the following dense and continuous embeddings hold: U(t) C H(t) C U*(¢).
The embedding constants are also assumed to be independent of time. The following structural
hypotheses on operators M(.), A(.), are needed.

Assumption 2.1. The operators M(t) are assumed to satisfy:

1. The operators M(t) are nonnegative, self-adjoint and there exist constants c(t) > 0 such that
(M(t)u, )i > e(t)|ulF;.

2. (Smoothness) For every t > 0 there exists a symmetric bilinear form u(t;.,.) satisfying

d
%(%U)H(t) = (ut, V) ey + (W, ve) gy + p(tsu,v), Yu,v € H'[0,T; H].



In addition, there exists C,, (independent of time) such that
1(t; u,v) < Culul gy vl

Remark 2.2. The assumption 2.1.1 guarantees that for t > 0, (M (t)u,v)y is actually an inner-
product, which is denoted by (.,.)p). Hence, H(t) is a Hilbert space with underlying set H and
denoted by (u,v) gy = (M(t)u,v)u. The assumption 2.1.2 implies that equation (1.1) is parabolic
in nature. Note that if u,v € U the weighted inner-product should be replaced by the weighted duality
(o JUs(),U() n assumption 2.1.2.

A consequence of the structural hypothesis on M (.), is that the norms on H (t) vary continuously
with respect to ¢. In particular, we quote the following lemma from [4, Lemma 2.2].

Lemma 2.3. Let vi,v5 € H and s <t then, e“r(571) < |v1|i1(t)/|vlﬁi(s) < eCult=3) qnd

[(v1,02) () — (01,02) F1(s)| < (£ = 8)Ce ™ o1 ey 02| 1 (1), ty,ta € [s,1].
An assumption on the equivalence of norms in U(t) follows.

Assumption 2.4. For every 0 < 7 < T there exists Cy, > 0 such that for all s,t > 0 with [t—s| < T,

<C, YueU.

1/C, < ||U||U(t)
= ullus)

Finally, we quote the basic continuity and coercivity assumptions on the bilinear form and data.

Assumption 2.5. 1. Continuity of bilinear form: There exist 0 < ¢, < C, such that
) ) 1/2 ) ) 1/2
‘a(t;u,v)’ < (ca|u|U(t) + C’a|u|H(t)) (ca\v|U(t) + C’a|v|H(t)> ) Yu,v € U
2. There exists a weighted dual norm of U(.) (denoted by U*(.)) such that

1/2
|(F@).0)] < IF @ (calulf) + Caluliyy)

3. Coercivity: There exist constants ¢, > 0 and Cy € R such that
a(t;u,u) > cv|u|%,(_) — C7|u|fq(_)7 VuelU.

The bilinear form associated to the adjoint operator, will be also assumed to satisfy similar
continuity and coercivity properties and in particular that corresponding constants ¢, Cy, 3, CF
are comparable to cq,Cy, ¢y, C, respectively. In particular, for the examples examined here, the
important quantity is the ratio c,/c,, and the following relation holds ¢, /c, ~ ¢ /c3.

Utilizing the above notation and assumptions, the natural weak formulation of (1.4) can be stated

as follows: Given, f € L2[0,T;U*(.)], g € L*[0,T; H(.)], uop € H, we seek a function
weld = L0, T;U()]nHY 0, T;U*(.)]
such that

T T
D)o@y + [ (= v + o) = (oo + [ (FO0) Yoett @)

A few remarks with respect to the unique solvability of 2.1 in U follow. Under the above
hypotheses on the operators, it is not evident that w, € L2[0,T;U*(.)] (it is however true that
(M()u(.)) € L?[0,T;U*(.)]). Therefore, to formulate the optimal control problem but especially to
derive error estimates, we will assume that the PDE has the expected parabolic structure in terms
of regularity.



Assumption 2.6. (Parabolic regularity)
o Let f € L2[0,T;U*(.)], g € L*[0,T; H(.)], uo € H there exists unique u € U satisfying 2.1.
o Ifup €U, f,g € L*[0,T;H(.)] then w € H'[0,T; H(.)].

Remark 2.7. The above regularity assumption is the minimal one to guarantee the presence of
time-derivative at the natural energy space and typically corresponds to additional assumptions on
the time-differentiation of the operators M(.), A(.). Note also that if in addition to assumption
2.5, the operators A(.) are regular and self-adjoint (see e.g. [27, Chapter 3] or [26, Chapter 5]
for related results), then there erxists a unique solution u € L*°[0,T;H(.)] N L2[0,T;U(.)], with
(M ()u(.))e € L?[0,T;U*(.)], even dropping the assumption of strict positivity for operators M(.)
(the case of pseudoparabolic equations). However, in this work, we restrict ourselves to PDE’s that
possess at least the minimal parabolic reqularity.

2.1 Examples of implicit parabolic equations

Finally, we close this preliminary section by stating examples of parabolic equations, which take the
form of implicit parabolic equations after a time-dependent change of variables, and are related with
dynamic moving mesh finite element methods.

2.1.1 The convection-diffusion equation in Lagrangian coordinates

Recall that the classical convection diffusion equation takes the form
u; + V.Vu — eAu = 0, ulr =0, (0, 2) = uo.

In most interesting cases, the value of € is small compared to the given velocity field V resulting
to many significant computational and analytical difficulties. A popular strategy to address these
problems is to consider the equation in a Lagrangian variable. In particular, let V denote a numerical
approximation of V, and assume that « = x(¢, X) describes the change of variables defined by the
flow map associated with V, i.e., @(t, X) = V(t,z(t, X)) with initial data (0, X) = X. Then, if
a(t, X) = u(t, z(t, X)) the convection diffusion equation takes the form

iy + (V= V).(FTVxa) —e(1/J)divx(JE'F~TVxa) =0

where F;; = 0x;/0X; is the Jacobian of the mapping z = x(¢, X) and J = det(F'). Recall, that
J = Jdiv(V) and hence ~

ud = (Ju)y — Jdiv(V)a.
Therefore, if div(V) # 0 we obtain that the Lagrangian description of the convection diffusion
equation takes the form of an implicit parabolic equation, with

M()a = Ja,

and
A()a = —div(V)aJ + (V= V).(F~ TV xa) — edivx (JF T F~ TV xa).

The above description generalizes various characteristic Galerkin schemes (see e.g. [7, 18] and
references within). The variable X is typically referred as the referential or Lagrangian variable
while z denotes the Eulerian variable. Using the the ODE J = J diw(V), it easy to show that if
0 < cg < J(0,.) <Cp then coe_QHdi”mV“L‘x’t < J(t,.) < C’erHdiUmVHL“t.

The above formulation is related to Lagrangian and dynamic moving-mesh finite element schemes
as follows (see e.g. [5, Section 2| and references within): Recall the classical finite element con-
struction uses a reference simplex, denoted by K and a mapping x : K — K, determined by



z=x(X)=>, Li(X )a:z, X € K, where K is the arbitrary cell. Here {z;}; denote the nodes of

K, {X,}; the nodes of K and [; the Lagrange (referential) basis functions. Then, the finite element
approximation uy (¢, x) is given by

= Zii(X)ui(t) = Zli(x)ui(t), X e K.

In the above relations, {u;(t)}; denote the values of u;, at the nodes and I; = I; o x~
functions on K.
When the grid points (nodes) are allowed to move, say z; = x;(t) then

X)= Z L;(X)zi(t), and  @(t, X) = Z[i(X)vZ(t)

where v;(t) = @;(t) denotes the velocity of the i'* node. Assume that K(t) = x(t, K) is the time-
evolved mesh cell, and let [;(¢,.) : K(t) — R be defined byl (t,.) = liox (¢, .). Then, we may define
the approximate velocity V on K(t) by V = i o x~! which implies that V (¢, z(t, X)) = i(t, X).
This construction, states that when @;(t) = V(t,2;(t)), then x is the flow map associated to V
and in addition, V is the isoparametric interpolant of V on K. In particular, we have V(t,x) =

Remark 2.8. It is evident from the structure of the underlined PDE, that if V is a good approz-
imation of V then various constants arising during energy arguments will remain under control.
However, we emphasize that while the Jacobian of the transformation satisfies F(0,X) = I, its
condition number depends exponentially on various quantities ofV and the numerical scheme needs
to be re-initialized every few time steps. This is also important in order to maintain the positivity
of J(t,.) and hence the parabolic structure of the PDE. Therefore, the re-initialization process im-
plies that different subspaces need to be used every few other steps which give rise to discontinuous
Galerkin approzimations. For a detailed discussion and error estimates for the uncontrolled problem
related to above formulation we refer the reader to [5] (see also the references within).

1 are the basis

2.1.2 Diffusion on manifolds

A more general example of diffusion on manifolds also falls into the category of implicit parabolic
equations. We consider the diffusion on a cell membrane, S(t) C R3, which is transported by
velocity V. = V(t,x) in an ambient fluid (see e.g. [4]). Standard finite element schemes need
to construct triangulations (meshes) in each time step, which is computationally expensive. An
alternative approach which avoids triangulating on S(¢), is to construct a scheme which computes
on a reference configuration. Following the notation of [4], let S, denote the reference configuration,
and let x(t,.) : S, — S(t) C R? denote a mapping which relates the reference configuration and
S(t). For example, we may take S, to be S(0) or even the unit sphere S2. Assume that S, is locally
parameterized by coordinates X € U C R?, and let o denote the diffusion constant. Then, the
diffusion equation takes the form,

— (1)) divx (e J(FTF)™'Vxu) = 0,

where F' denotes the 3 x 2 matrix with components F;, = 0z;/0X,, and J = \/det(FTF) is the
determinant of the first fundamental form, which satisfies

Jy=J(I —-nxn)-(V,V)

where n(¢, X) denotes the normal to S(¢). The above equation is an implicit parabolic equation,
which can also take the form (1.1), with

M()u=Ju



and

A)u=—(I —nxn) - (V,V)uJ — divx(cJ(FTF) 'V xu).
In this case, it is easy to see that if 0 < ¢; < J(0,.) < C; then cre2VaVllzet < J(t,.) <
C1e2IVaVliL=t which establishes the positivity of M(.) of assumption (2.1) and hence the parabolic
structure of our problem (the rest of assumptions will be checked in section 4).

3 The continuous optimal control problem

3.1 Existence of an optimal solution

First, we define the set of admissible solutions and the notion of the optimal pair (denoted by Auq
and (u, g) respectively).

Definition 3.1. Given Q,T >0, ug € H, f € L*[0,T;U*(.)] and target z € L*[0,T; H(.)], z|r = 0,
the pair (u,g) € Aqq is called an admissible pair if u € U, g € L2[0,T; H(.)] and (u, g) satisfy (2.1).

Definition 3.2. Let T > 0, ug € H, f € L?[0,T;U*(.)], z € L?[0,T; H(.)]. Then (u,g) € Aqq is
called an optimal pair if K(u,g) < K(v,h) YV (v, h) € Aga-

The target z is typically smoother in many applications. For example z can be the solution of
another implicit parabolic equation, and hence to possess higher regularity. For example we may
assume that z € Y. Using standard techniques we may prove the existence of an optimal solution,
in the sense of Definition (3.2).

Theorem 3.3. Let T >0, ug € H, z € L2[0,T; H(.)], f € L?[0,T;U*(.)], and let U(.) C H C U*(.)
be dense embedding of Hilbert spaces with embedding constants independent of time. Assume that
l-luey, |-la() are equivalent to |.|y and |.|g respectively and let U C H with compact embedding.
Suppose that Assumptions 2.1,2.4,2.5,2.6 are satisfied, and let & € U, be the solution of (1.4), when
g9(.) = 0. Then, there exists an optimal pair (u,g) € Agq.

Proof. (Sketch:) Note that Auq # 0, since (4, 0) € Aqq due to the solvability assumption, and that
K (u, g) is bounded below by 0. We denote by (un, gn) € Aqq & minimizing sequence for the optimal
control problem, and note that (u,, g,) satisfy (2.1) and by definition, the tracking functional implies
that,

”unH%Q[O,T;H(.)]v O‘HgnH%Z[O,T;H(.)] < C < oo,
while the parabolic regularity assumption 2.6 (a) guarantees that
lunllz20,ms0 ) Nuntllz2po,mo+(y) < C < o0.

Hence, there exists a subsequence (still denoted by (un, gn) € Aqq) which converges to an element
(u, g), in the following sense:

up, — u  weakly in L2[0, T; U(.)], gn — g weakly in L2[0,T; H(.)]
Upt — u;  weakly in L2[0,T;U*(.)], u, — u  weakly * in L*[0,T; H(.)].
Recall, that U(t) C H(t) C U*(t) with dense and continuous embeddings with constants independent
of time, and that the norms ||.|| gy = |.|z(.) and semi-norms |.|¢(;) are equivalent to the H norm and

U semi-norm respectively. Therefore, the compact embedding U C H and a well known compactness
result for L2[0,T; B] spaces (see e.g. [28]), implies that

Up — U strongly in L2[0,T; H].

Therefore, we may pass the limit into (2.1), which proves that (u,g) € A,q. The weak lower
semi-continuity of the functional finishes the proof. O



3.2 An optimality system of equations

Adjusting the technique of [14] to the time-dependent norm framework of implicit parabolic equa-
tions, we prove that the optimal solution pair satisfies the first-order necessary conditions. First, we
show the existence of a Gateaux derivative at any direction.

Theorem 3.4. Let ug € H = H(0), = € L*[0,T;H(.)], f € L?[0,T;U*(.)] be given and sup-
pose that the Assumptions 2.1-2.4-2.5-2.6 hold. Define a mapping g — u(g) from L2[0,T; H(.)] to
L?[0,T;U(.)], where u(g) denotes the solution of (1.4), with g € L?[0,T; H(.)] given. Then, there

exists a Gateauz derivative (%Z) - h in every direction h € L?[0,T; H(.)], denoted by w = w(h) =
(g—;) - h, satisfying

(M(t)w): + A(t)w = h(t), wlp =0, w(0,z) = 0. (3.1)
In addition, w € H[0,T; H(.)].
Proof. The proof is standard due to the linearity of the operators. O

Using standard techniques, we can show that the optimal solution (u,g) € A.q can be located
by requiring the Gateux derivative of Theorem 3.4, to be equal to zero. Next, we derive an explicit
formula of the first order necessary condition.

Theorem 3.5. Suppose the assumptions of Theorem 3.4 hold, and let w = w(h) denote the Gateaux
derivative of Theorem 3.4 at direction h € L?[0,T; H(.)]. Then, for every ha € L?[0,T; H(.)],

/0 (o)) = /0 "k

where ¥ € U satisfies the weak formulation

[ (@ + 00 + ) = @O 0O+ [ (oo

for every v € L2[0,T;U(.)] N HY0,T;U*(.)]. In addition, v» € H'[0,T; H(.)].

Proof. We begin by noting that the integral fo (¥, h)f () can be formally computed from (3.1), by
using assumption 2.1 and in particular that M (.) is self-adjoint and w(0,x) = 0,

/ g = / T(h,w)m.)

= (w(T),¥(T)ur) + /OT (w,Ye)m(y +al; wﬂ/}))

T
= (w(T),¥(T))u(r) +/O (w, )y + (Wi, V) ey + plsw, ) + a(-;W,l//))

- /OT <(wt,¢)H(~) + pl;w, ) +a('3w’¢)> E/o (s )y

Here we have used that once more assumption 2.1. The last equality establishes the desired result,
after noting that M(.) is self-adjoint, p(.;w,v) = u(.;9,w), and using integration by parts. Note
that all integration by parts performed are justified due to regularity properties of 1,w. O

Now we are ready to justify the existence of an optimality system of equations (first order
necessary conditions).



Theorem 3.6. Given T > 0, ug € H, z € L*[0,T; H(.)], f € L*[0,T;U*(.)], and let assumptions
of Theorem 8.4 hold. Let (u,g) denote an optimal pair (in the sense of Definition 3.2). Then,
fOT(w +ag,h)gy =0, for all h € L?[0,T; H(.)], and where v is the solution of:
T T
| (@ + .0+ @ (50)) + @0 000 = [ w20,
0 0
for every v € L2[0,T;U(.)] N HY0,T;U*(.)].

Proof. Suppose that (u, g) is an optimal pair, denote by (%Z’g)) - h the Gateaux derivative of the

functional K (u,g) on the direction h. Then, we easily compute

T Du T
/ (u—z, (D—> -h —I—a/ (9, P)m()
0 g H() 0
T T
0 0

where w = w(h) is defined in Theorem 3.4. Using Theorem 3.5, for ho = u — 2z € L?[0,T; H(.)]

/OT(U — 2, W)[() = /OT(d%h)H(,)

Combining the last two equalities, we obtain

(DK(g(gWag)) h= /OT(¢+o¢g, h)H ()

which establishes the conclusion after noting that (%&mm) ~h=0,Yhe L0,T;H(.). O

(DK(g;g)vg)) T

Therefore, using the optimality condition to replace, the control from the state equation, the
optimality system takes the form, for all v € L2[0,T;U(.)] N H[0, T; U*(.)],
T T
(D). oDy + [ (= o) + aliwn)) = (o vO)+ [ (700 = (1) w0)ay
T

T
| (@omey + utav0) +0"(0,0)) + @O 000y = [ (=200
0 0

(3.2)
where ug, 9(T) = 0 are given initial and data terminal data, and f,z denote the forcing term and
target function respectively. The above system corresponds to the weak form of the following coupled
system of implicit parabolic equations:

{ (M(t)yu)e + At)u = f— (1/a)i u(0, z)
—(M@)Y)e + Bt)yy =u—=z (T) =
where the operator B(.) is induced by, (Bvy,vs) = a*(,;v1,v2) + pu(.;v1,v9), for all vi,vy € U. Tt

is evident that the choice of the L? norms into the functional (1.3) leads essentially to an algebraic
optimality condition which results to a simpler and more computationally attractive system.

(3.3)

4 The semi-discrete (in space) optimality system

We prove the existence of semi-discrete (in space) approximations of arbitrary order and derive
semi-discrete (in space) error estimates for the optimality system based on the operator theoretic



approach of Brezzi-Rappaz-Raviart (see e.g. [10]). Within the context of optimal control problems,
the Brezzi-Rappaz-Raviart theory was first used in [12] for a boundary control problem related to
the stationary Navier-Stokes equations. In order to apply this theory, we need to obtain estimates
for a model (uncoupled) implicit parabolic PDE. Contrary to the work of [3], an auxiliary term is
included to the model implicit parabolic PDE, in order to overcome the lack of “strict coercivity”
of the bilinear forms.

4.1 The discrete optimality system and projection estimates

To simplify the analysis, we set H(0) = H = L*(2) and U(0) = U = HZ(f). First, we introduce
the finite element subspaces Uy, of U = HE () which satisfy the standard approximation properties,
constructed over a triangulation R using piecewise polynomials of degree [ > 0. We emphasize that
Uy, are constructed independent of time, and are subspaces of U = H{ (£2), while the time-dependent
norms capture the structure of the time-dependent operators. Then, the semi-discrete (in space)
approximations of the optimality system (3.3) can be written as follows. Given, f € L2[0,T;U*(.)],
up € H = H(0), we seek up, ¥, € H[0,T;Uy] such that for every v, € H[0,T;Uy),

(un(T), vn(T)) (1) +/0 <— (Wn, Vae)m () + a(-?“havh))
= (o, w0 + [ {fo0n) = (1))
/ ((wh,vht)H(.) + (s n, o) + a*(-ﬂﬁh,vh)) + (¥n(0),v,(0)m = / (un — 2, V) H ()
0 0

(4.1)
where up denotes a suitable approximation of the given initial data wy and ¢ (T) = 0.

Remark 4.1. Note that finite element subspaces are constructed in a standard fashion, using stan-
dard finite element basis, while the underlying time-dependent subspaces are only implicitly defined
through the time-dependent norms and inner products.

Before proving the existence, stability properties and error estimates of the proposed discretiza-
tion (4.1), we define the L? projections (with time-dependent) norms, which will play a crucial role
in the subsequent analysis. We denote the “weighted” projections Py (t) : H — U}, by:

Py, (t)v € U, (M(t)(v - Ph(t)v),vh)H =0 Yy, € Up. (4.2)

The generalized “weighted” L? projections will be also needed in order to derive error estimates for
the time-derivative. We denote by Qp(t) : U* — Uy, the projection which is defined by,

Qh(t)u € Uy, (M(t)(Qh(t)’U),’Uh)H = <Uavh>U*,U Yy € Up,. (43)

Since U C H(t) C U* and H(t) is the weighted space with inner product (u,v)g ) = (M (t)u,v)H,
the projection Qp(t) can be viewed as an extension of Py (t). Therefore, if u € H then Pp,(t)u =
Qr(t)u. In the presence of the structural hypotheses 2.1-2.6 and in particular of the norm and
semi-norm equation equivalences (see section 2), we obtain standard approximation properties for
the projections Py, Qp.

Proposition 4.2. Let {Rp}r>0 be a quasi-regular family of triangulations of the domain Q, and for
each h > 0 let U, C U = H}(Q) be a classical finite element space constructed over Ry, containing
piecewise polynomials of degree | > 0, on each triangle K € Ry. Suppose also that there exist

constants Co(t) > 0,C1(t) > 0 such that the following (semi)-norm and norm equivalences hold
lullzoye™ D < llullmey < lulae®®,  and |ulye D < |ulue < [uly)e™®.

Then,

10



1. Ifu e UNH*Y(Q), there exists C = C(l), such that

lu = Pa(t)ull ey = lu = Qu(®)ull gy < CeOlul i gyh™.

2. If the triangulations {Rp}trso are quasi-uniform then there exists C = C(l) such that the
following inverse inequality holds:

lunluey < (C/R)eP DDyl gy Yun € Un.

3. If the triangulations {Rp}r~o are quasi-uniform then there exists C = C(l) such that

lu— Py (t)ulue = [u— Qn(t)ulyy < CeOTAW |y i )b, YueUnH*(Q).

Proof. The proof follows in a verbatim way [5, Lemma 3.4]. O

Remark 4.3. The Proposition 4.2 states that the classical approximation properties for the weighted
L? projection hold in both weighted L?> and H' norms, and various constants are quantified. The
constants Co(t), C1(t) can be explicitly computed in most interesting applications. Note also that
an estimate on the dual norm can be derived based on Proposition 4.2. In particular, recall that
U=U(0)=H}Q), H=H(0) = L*(Q). Then foru € H*'NU and forv € U*, v, = Py(t)v € Uy,
using Proposition 4.2,

(u— Qr(t)u, v) ) (u— Qu(t)u, v — V) Ht)
sup = sup
00l vl 0£vel vl
Colt)
§ C’eco(t)|u|Hz+1hl+1 76 |U|H1h

|U|U(t)
Ce2Co(H)+C1(h) || g1 hl+27

IA

by using the semi-norm equivalence.

4.2 Semi-discrete error estimates for a model problem

In order to obtain estimates for the coupled optimality system of equations, we first establish es-
timates on a model problem, which satisfies the strict coercivity assumption. In particular, we
consider the uncontrolled implicit parabolic equation g(.) = 0, and we prove semi-discrete error
estimates, under minimal regularity assumptions. The auxiliary weak problem is stated as follows:
Given f € L2[0,T;U*(.)], uo € H = H(0), we seek u € L2[0, T;U(.)] N H'[0,T;U*(.)] such that for
all v € L2[0,T;U(.)] N HY0, T;U*(.)],

T

(U<T)av(T>)H(T)+/O (—(u,vt)H(‘)ﬂLa(-;va)+77(u7 U)H(‘)) = (u(O),v(O))H+/O (fov)p. p (44)

Remark 4.4. The constant n > 0 will be specified later, and depends on the data cq,Cq,cy,Cy, C,.

Similarly, the semi-discrete (in space) problem of the uncontrolled auxiliary problem takes the
form: we seek uj, € H'[0,T;Up) such that for all v, € H'[0,T; Up],

T
(un(T),on(T)) m (1) +/0 ( = (un, vne) () + alssun, vn) + ”(“h’vh)H(')> (4.5)
= (un(0),v,(0)) g +/0 <f7vh>U*,U'

11



The subsequent result will be used to uncouple the optimality system. The key idea is to derive
an estimate on the energy norm ||.||z2(o,7;7(.)) which is independent of estimates on time-derivative
us. The proof is based on L? projection techniques, and follows [5, Theorem 3.1]. For completeness,
we state the relevant result and quantify various constants in terms of the ratio ¢,/c,. The quantity
ca/cy plays important role in applications such as the Lagrangian moving mesh formulation of
convection-diffusion equations (see e.g. [5]).

Theorem 4.5. Let U, C H}(Q) be a finite dimensional subspace satisfying the assumptions of
Proposition 4.2 and suppose that assumptions 2.1-2.4-2.5 hold. Suppose that f € L?[0,T;U*(.)],
uo € H, and let u,uy, denote the solutions of (4.4)-(4.5) respectively. Then, for n > C, + (C,/2) +
(¢yCq/cq), the following estimate holds for the error e = w — uy,. There exists an algebraic constant
C > 0 such that:

C“/|e‘%2[0,T;U(.)] + (c“rca/ca)|e|i2[(],T;H(.)] < C<|€(0)|12H + (Caca/cy + CWCG/CG)‘ePE?[O,T;H(.)]
e /ey + elepBaproe)
with ep(.) = u(.) — Py()u(.). Here Py(t) denotes the weighted L* orthogonal projection.
Proof. Subtracting (4.5) from (4.4), we obtain the orthogonality condition
T
() on ey + |
0

Decomposing the error as e(.) = u(.) —un(.) = u(.) — Po()u(.) + Pn()u(.) — up(.), denoting e, (.) =
u(.) — Pr(Du(.), en(.) = Pu()u(.) — up(.) and setting v;, = e;, we obtain

/

— (e;vn)m1() + (s e, o) + (e, vh)H(A)> = (e(0),v0(0)) . (4.6)

(eh(T)7eh(T))H(T)+/O (_(ehaeht)H(.)+a(';eh7eh)+77(ehueh)H(.))

T
= (en(0),en(0)) z(0) —/0 a(.; ep, €n).

Here we have used the properties of Py (.). In particular, we emphasize that by construction, ey, (t) €
Uy, a.e. t € (0,7T], and since Uy, is independent of time, ep:(t) € Uy too. Hence fOT(ep,eht)H(.) =0.
Using assumption 2.1, we obtain

T
1d 1
len(T) 31y +/O (* ia(eh,@h)H(.) + §U(~§eh76h) +a(;en en) + U\Ghﬁl(.))

T
= Jen(0)[ ) — / ol epren),

which leads to (by assumption 2.4)
T T
(1/2)(\6h(T)|?1(T) - |€h(0)|%1(o)) + Cv/o lenltrey + (n—Cy = (Cu/z))/o lenl i)
T 1/2 1/2
< / (calenlfcy + Calesliey) " (calenld) + Calenli,)

Using the identity ab < (1/46)a? + §b? and selecting 6 > 0 to hide the ¢, fOT |eh|?](_) to the left, we
obtain

T T
(1/2) (llen(T)rcry = len (Ol ) + (e2/2) / lenl? () + (0= Cy = (Cu/2)) / lenl3r()
< [ /e lenlt, + Cacaf2en ey + (exCof2c0) [ lenfy
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Multiplying the last inequality by two, selecting 7 such that 21 —2C,, — Cy, — (¢;,Ca/ca) > (c4Ca/ca),
and using triangle inequality we obtain the desired estimate. O

Corollary 4.6. Let the assumptions of Theorem 4.5 hold. Then,

lelZzoz00 < € (1) 2@y + lleplEaporcs )
where C' is a constant depending only on the ratio cq/cy, Cq, Cy, C,.
Proof. Using standard algebra, the estimate of Theorem 4.5 and triangle inequality. O

We close this subsection by proving an error estimate for the time derivative, based on the
generalized L? projection techniques.

Theorem 4.7. Suppose that the assumptions of Theorem 4.5 hold, and denote by C, the stability
constant of the projection Qp(.) with respect to U(.) norm, i.e.,

1@n(ullo) < Collullo., and  lu—=@Qn()ullue) < Collullug)- (4.7)
Then,
||€t||%2[0,T;U*(.)] < C(Hut - Qh(')utH%z[O,T;U*(‘)] + HGH%?[O,T;U(.)])
where the constant C depends on Cq,Cy, C,, Cq, Cy, and the ratio cq/c,.

Proof. Working similar to the proof of Theorem 4.5 and integrating by parts the resulting orthogo-
nality condition, we obtain

T
/ (et,vn)u=(y,u() + 1l e,vn) +alse,vn) +nle,vn)m() =0, (4.8)
0

for all v, € H[0,T;U]. Note that e, € H[0,T;Uy]. Then adding and subtracting Qp(.)v € Uy,
and using (4.8),

/ (e, V)Us(),us() = / (et,v = Qu()V)u«(),u) + (et Qn()V)uwi)u()

0 0
T T

= / (et,v = Qn()v)u«()u() — / (N(-; e, Qn()v) +al;e, Qn(-)v) + nle, Qh(-)U)H(.)>a
0 0

for all v € L2[0,T;U(.)]. Here, at the last equality we have also used the fact that Qn(.)v(.) €
H'[0,T;Up]. Indeed, the stability inequality (4.7), the definition of Qj(.), implies that Qp(.)v(.) €
U}, and hence (Qn(.)v(.)): € Uy, since Uy, is independent of time (by its construction). For the first
term on the right hand side, note that up.(.) and Qn(.)us belong in Uy, and hence

T

T T
/ (et,v = Qn()V)uw()u) = / (ug, v = Qn()V)uw)u) = / (ug — Qr(ue, v — Qr()V)Uw(),u()-
0 0 0

Combining the last two equalities, we obtain,

T T
/ (et V)Uw(),U() / (ug — Qn(ut, v — Qn()V)uw(),u()
0 0

B /OT (u(.; e, Qn()v) +al.se,Qn()v) + e, Qh(~)v)H(-))~
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Holder’s inequality, and various norm equivalences imply that

T T
/ (e, Vu=()u) < C(/ |lus — Qn(.)uel
0 0

T
+/o Cu||€||H(.)||Qh(~)“||H(.) + ||€||U(.)\|Qh(~)v||U(.) + 77||6HH(~)HQh(~)U||H(.)>

vellv = Qr()vllu(,

< C(llu — @Ol ro-nllo = Qu( Il 2wy
+((Cu+ lellzzpo,zrcy + lell 2o rwin ) 1@l zpo ey )-

Using the stability inequality (4.7), and taking the supremum over v € L?[0,T;U(.)] we obtain the
desired estimate. O

Various estimates of symmetric form can be deriving by combining the last two results. Recall,
that the quantity of interest with respect to the size of the various constants, is cq/c-.

Theorem 4.8. Suppose that the assumptions of Theorems 4.5-4.7 hold. Then, the following estimate
18 true:

lellZz2i0r.00y + lled 22,0y < C(|6(0)|§1(o) +lleplZao, vy + llue — Qh(~)ut||2L2[O,T;U*(.)]>’

where the constant C' depends on Cq, Cyy, C,,, Cy, Cyy and the ratio cq/cy, ¢ /c..

Once, we have obtained error estimates on the natural energy norm under minimal regularity
assumptions for the auxiliary problem, we are ready to rewrite the optimality system into the
operator framework of Brezzi-Rappaz-Raviart. First, we quote the main result regarding the Brezzi-
Rappaz-Raviart theory, specialized to our needs. For more details the reader can consult [10].

4.3 The Brezzi-Rappaz-Raviart theory

The problems considered are of the following type. Suppose that X', ) are Banach spaces and we
seek y € X such that
X+7Gx =0, (4.9)

where 7 € L(Y,X), G is a C? mapping from the solution space X to the data space ). We call a
solution a regular solution if x + 7 G, (x) is an isomorphism from X to ). Here G, (or DG) denotes
the Fréchet derivative of G(.). We also assume that there exists another Banach space Z, contained
in Y, with continuous embedding, such that

Oy(x) €L(X,2)  Vxed. (4.10)

Approximations are defined on a subspace X} C X based on an approximating operator 7 €
L(Y, X},). The discrete problem is to find x;, € A}, such that

xn + TnGxn = 0. (4.11)
The approximation operator 75, needs to satisfy the following properties.
lim (%~ Thyllx =0, Vye, (412)
and
lim |7 = Tllzz,2) = 0. (4.13)

Recall that if Z C Y with compact embedding then (4.13) follows directly from (4.12). Next, we
state the main theorem. In the following statement D2G denotes the second Fréchet derivatives.
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Theorem 4.9. Let X,Y be Banach spaces. Assume that G is a C? mapping from X to Y and
that D*G is bounded on all bounded sets of X. Suppose also that (4.10)-(4.12)-(4.13) hold and that
X € X is a regular solution of (4.9). Then there exists a neighborhood O of the origin in X and
for h < hg small enough, a unique function x, € Xp such that xy, is a regular solution of (4.11),
Xn — X € O. Moreover, there exists a constant C' independent of h such that

Ixn = xllx < Cll(Th = T)Gx| x- (4.14)

Proof. [10, Theorem 3.3, pp.307]. O

Remark 4.10. The main advantage of the using the above framework to the linear optimality
system, is that it facilitates the decoupling the forward and backward in time PDE’s in presence of
the non-selfadjoint operators. Note also that the estimate has a symmetric structure, and relates the
error of the coupled optimality system to the error the model (uncoupled) PDE.

4.4 Brezzi-Rappaz-Raviart framework of the optimality system

In order to apply Theorem 4.9, we need to recast the optimality system, into the Brezzi-Rappaz-
Raviart framework. For this purpose, we set H = L?(Q), U = H} () and let H(.), U(.) denote the
underlying time-dependent spaces, induced by the operators M (.), A(.).

X = L?0,T;Uln H[0,T;U"], Y = L?0,T;U* N H

X=XxX, Y=YxVY.

All above spaces are endowed with the natural time-dependent norms, e.g.,

[ (w, 1/’)”3( = ca|u|%2[O,T;U(.)] + Ca\u|%2[o,T;H(.)] + Hut”%Q[O,T;U*(.)]
+eal¥|T2p0 vy + Caltl 2.y + 1020 7.0+
| (f1,u1, f27U2)||§; = \\f1||2Lz[o,T;U*(,)] + |U1|§1(0) + Hf2||%2[O,T;U*(.)] + |1/}2|%{(T)'

We define the operator T' € £(), X') such that for given data (fl, a1, f, @g) €Y, (q, '(/AJ) = T(fl, i1, fo, 1/;2)
is the unique solution of the problem,

T
(@), o0 ery + [ (o) + aaw) +m ) (4.15)

:@hmmm+1;g;@mqu Yo e L0, T;U()|nHY 0, T; U*(.)],

_@%Mﬂhmg+A (@v)acy +ns0,0) + 0" (59,0) + ma(dh, ), ) (4.16)

T
:—memmH+A<ﬁ”%wmm Vo e L?0,T;U()] N H'0,T;U*(.)].

The parameters 71,72 will be chosen as indicated in the proof of Theorem 4.5. The mapping G
is defined by: Given (4,v) € X then G(4,v) = (f1,41, f2,92) € Y if and only if for all v €
200, 75U ()] N B [0,T:U*(.)]
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T T .
\/0 <f1’v>U*(4),U(.) = 7/0 <<f’v>U*(.),U(4) - (1/05)(1/}31])1'1() +771(ﬁ>’U)H())
(%1, (0)) (o) (u0,v(0))
/0 (fv)eywey = —/0 (@ =2 v)m0) + @ v)ug)
(2, 0Dy = 0.

Clearly the pair (u,%) € X is a solution of the optimality system (3.3) if and only if
(u,9) + TG (u,¢) = 0.

It remains to define the approximating operator 7;,. We denote by U}, (independent of time) a finite
element subspace of H{ () satisfying the assumptions of Theorem 4.2, and let X;, = H[0,T;Uy)].
Then,

Xh = Xh X Xh,
and for (fl,ﬂl,fg,'&z) € Y, we define Th(fl,ﬁl, f27'¢;2) = (f&h,i)h) € X, if and only if

T
('&h(T)7'Uh(T))H(T) + A ( — (ﬁhavht)H(_) +a(.;bp,vn) + nl(ahﬂl}h)H(_)>

T
= (ﬁlavh(o))H +/(; <.f17’Uh>U*(.)7U(') vvh S HI[OaT’ Uh]? (417)

T
—(2(T), v(T)) (1) +/0 ((7/;}“ Une) () 13 s vn) + a* (5 n, va) + 02 (s, vh)H(.))

T
= —(¥n(0),vr(0) +/0 <f2’vh>U*(.),U(.) Yo, € HY0,T;Up). (4.18)

Recall that the approximations are constructed on U, C Hi () independent of time. Similar to
the continuous case, the discrete optimality system now takes the operator form

(un,¥n) + TnG(un, ¥n) = 0.
A few remarks about the structure of the operators 7,7, G follow:

Remark 4.11. The operator T contains a forward and a backward in time implicit parabolic equa-
tions and it is essentially uncoupled. All coupling terms are contained in operator G. The estimate
on T — T, corresponds to two (uncoupled) estimates for the two auxiliary problems (a forward and a
backward in time) for suitable choices of ni,n2. The addition and subtraction of the term n;(.,.) ()
into 4.15-4.16 is to guarantee the strict coercivity of the bilinear forms.

Theorem 4.12. Let Uy, C HE(Q) be classical finite element subspaces satisfying the standard ap-
proximation properties of Proposition 4.2, and f € L?[0,T;U*(.)], uo € L*(Q), z € L?[0,T; H(.)]
are given data. Let U(.) C H C U*(.) be dense embedding of Hilbert spaces with embedding constants
independent of t, and let the norm and semi-norm equivalences of Proposition 4.2 hold. Suppose also
that the operators M (.),A(.),A*(.) satisfy Assumptions 2.1,2.4,2.5,2.6. Furthermore, let (u,¢) € X
is a regqular solution of the optimality system 3.2. Then, there exists a neighborhood of the origin
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O such that for h < hg small enough, (up,¥n) € Xy is a unique solution of the discrete optimality
system (4.1), and

|(u, ) = (wn,¥n)l|lx — 0 as h — 0.

In addition, if u,vp € L2[0,T; HH1(Q)NU ()] N HL0,T; H=1(Q) N U(.)], then there exists constant
C > 0, depending to (1/a),Cq,Cy,C,, Cy and the ratio cq/c., such that,

[[(w, %) — (un, ¥p)l|x < Ch*' D (u, 1))

where D'(u,%) denote norms of the expected higher parabolic regularity L*[0,T; H*1(Q)NnU()] N
HY0,T; H=Y(Q)nU()|.

Proof. Tt is clear that G is a smooth polynomial map from X to ). Note also that D?G is bounded
on all bounded sets of X', and recall that Theorem 4.5, 4.7 imply that

(T = T0)(f1, 41, fo,01)]|x — O as h — 0,

for appropriate choice of parameters 7;,ns. Indeed, 7 — 7}, essentially compares two uncoupled
problems, a forward and an backward in time. Hence, we may apply the estimate of the model
problem, with an appropriate choice of 71 = n where 7 is specified in Theorem 4.5, for the forward
in time model problem to obtain an estimate of the form Theorem 4.8, while the backward in time
problem can be treated similarly. Let (u,v), (, z/;) € X and note that the derivative DG is defined
as DG(u, ) - (@,v) = (f1,01, f2,%1) if and only if

/0T<fhv>U*(.>,U<,) - /OT ( — (/) (¥, v)pr(y + 771(11,U)H(.>)

(111, ’U) = O
T T R
/ (fo,v)u) v = —/ ((ﬂ,U)H(.) + n2(1), U)H(.))
0 0
(’&h U) =0
For sufficiently small € > 0, we set Z = L2[0,T; L*(Q)]N H[0,T; H=1(Q)] x HE(Q), and Z = Z x Z.
Here, Z is endowed with the time-dependent norm ||[v]|% = ||’UH%2[0’T;H(.)] + ||vt||2L2[0,T;U*(.)]. Since

L?(Q) ¢ H () with compact embedding, using a standard compactness result in LP[0,T; B]
spaces (see e.g. [28, Theorem 2.1, pp 271]), we obtain that L2[0,T;L?(Q2)] N H'[0,T; H~Y(Q)] C
L?[0,T; H~1(Q)] with compact embedding. Therefore, Z C ) with compact embedding, due to the
time-dependent norm, and semi-norm equivalences. Moreover, notice that DG(u,v) € Z due to
regularity properties of @, ). Hence, we have verified the assumptions of Theorem 4.9, which clearly
imply the desired estimates. O

Remark 4.13. The above result indicates that the optimality system exhibits the same approxi-
mation properties to an uncontrolled model problem, provided that the constants involved to norm
equivalences stay under control. However, in many interesting cases such as the Lagrangian moving
mesh formulation of convection dominated problems or the dynamic mesh approaches of problems
related to the diffusion on manifolds (see e.g. [5] and [4] and relevant discussion within) these
constants grow exponentially in terms of various physical variables (see also relevant discussion in
section 2) unless re-triangulation of the mesh is performed in every few time-steps. Hence, similar to
the uncontrolled case, fully-discrete schemes based on the discontinuous Galerkin (in time) approach
are needed to properly model the change of subspaces at every other (or every few) time steps.
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5 Fully-discrete error estimates

In this section we consider approximating optimal control problems which are related to implicit
parabolic equations of the form

(M(t)u)y + B(t)u = F, ulr =0, u(0,x) = u(0) (5.1)

Here, we will assume that the operator B(.)u : U(.) — U*(.) induces a strictly coercive bilinear
form b(.;.,.) in the sense of Theorem 4.5. In particular, the associated bilinear form b(.;.,) has the
following structure:

b(;u,v) = a(;u,v) +n(u,v) g

The optimal control problem considered in this section, is to minimize the tracking functional (1.3)
subject to equation (5.1) with F' = f 4+ g. It obvious that the analysis of Sections 3 and 4 is also
applicable in this case, while the parameter 1 can be quantified in terms of constants C,,C, C}, and
the ratio ¢, /cy similar to Theorem 4.5. Then, the optimality system of equations take the form, for
all v € L2[0, T;U(.)] N HY0,T;U*(.)],

T
(w(T),v(T))m(r) +/0 ( — (u,v) () +alsu,v) + 77(U7U)H(‘)) — (u0,v(0))m
T
= [ (- w0y + 0o 00)
0 T

T
| (@wm +0" o)+ 0)n) + nle.0)) + 00000 = [ = z0)y

’ (5.2)
Below, we discretize the corresponding optimality system in both space and time, using a discon-
tinuous Galerkin approach. The proposed scheme is discontinuous in time, but conforming in space
and the time-discretization is defined in the neighborhood O of Theorem 4.12 where the correspond-
ing semi-discrete approximation (of arbitrary order) in space was defined. Given a quasi-uniform
partition 0 = t° < t* < ... <tV = T of [0,T] with 7 = max; 7%, 7° = (# — t'~!) and subspaces
U of U, satisfying the standard approximation properties (see e.g. [6]) the DG method constructs
approximate solutions uy, ¥y, € U] where

Uy = {un € L0, T;U(.)] such that up|gn—14m) € Pelt" 1, t"; U]}

Here Py [t" 1, t" U '] denotes polynomials of degree k with respect to time and values in U;'. Then
the fully discrete formulation, is to seek up,, € U] such that for every n = 1,..., N and v, €
Pttt Up,

tn
(Un7 ’U")H(tn) + /

tn—1

—(u" T ey = / ( — (/) (¥, va)m(y + (S, Uh>U*(.),U(.))
o et (5.3)

( — (U, Vhe) () F a5 up, va) + n(un, vh)H(.))
o

— (L, V") Hmy +/ ((wh,vht)H(.) +a* (5 n, vn) + 0(Un, vn) m() (5 Pn, vh))
i
o~
+( i_l,vi_l)H(tnfl) = tnfl(Uh — Z,Uh)H(.).

Note that by convention the functions are assumed to be left continuous with right limits, and
we denote by u™, the value of u(t") = up (") and by u'} the value of u(t"). The exact solution
are assumed to be C[0,T; H(.)] (see also the parabolic regularity assumption 2.6), so the jump in
the error at t" is denoted by [e"] = [u"] = u!} — u". We refer the reader to [30, Chapter 12] for an
excellent exposition of the discontinuous (in time) Galerkin methods (see also references within).

18



Remark 5.1. The existence of discontinuous Galerkin approximations can be proved easily for low
order schemes. For example, recall that when k = 0 (piecewise constants in time), the discontinuous
Galerkin scheme reduces to the implicit Fuler scheme. Alternatively, for the arbitrary k, we first
obtain a-priori estimates on up, Y at the energy norm and at arbitrary time-points, working similar
to the subsequent Theorems 5.4,5.7, and then we proceed by following the approach of [14, Section 3]
based on the definition of a fully-discrete optimal control problem. Below, we focus on the derivation
of error estimates.

Next, we derive error estimates of arbitrary order for the above optimality systems of equations.
The proof solely relies on suitable projection techniques (see e.g. [4] for the uncontrolled problem)
since the lack of regularity for the time-derivative of the discrete problem due to the discontinuities,
prohibits the use of the operator theoretic framework of Brezzi-Rappaz-Raviart which was used
in the semi-discrete (in space) approximation. These projections, will also allow us to handle the
time-dependent norms and inner products associated to our problem. Below, we state the main
definitions (see also e.g. [4]).

Definition 5.2. 1. We denote by P,(t) : H(t) — U} the standard weighted L? projection from
H(t) onto U}, i.e., (Pu(t)v,va)m) = (v,vn)ua@ Yon € UJ.

2. We denote by P'°° the local weighted L? projection, by P¢ . C[t"=1 " H(.)] — Py[t" 1, t"*; U]
that satisfies (P'°°v)" = P, (t")v(t") and

tn
/ (U—Plrfc’u,’uh)H(‘) =0 Yoy E’Pk_l[tnil,tn;U;ﬂ
t

n—1
where we have used the convention that (PYv)™ = (PY%v)(t").

3. We denote by P the projection which consists of all local P'°° projections, i.e., PY° :
C[0,T; H(.)] — U] satisfies Piv € U] and (P,ln?cv)ktn—l)tn] = Pl¢(y [tn—1,¢n])-

Remark 5.3. For the adjoint equation, the projections of Definition 5.2 (denoted by Pfl"c’b,Pifc’b etc)
shguld be modified to handle the backwards in time evolution. In particular, in addition to relation
ftib;l (v — Py, vn)p(y = OV on € Pe—1[t" 1, £ U] we should impose the matching condition at the
left end-point. However, note that the approximation properties of both projections are exactly the
same, and hence we occasionally use the same notation for both situations. For the basic properties
of the above projections we refer the reader to [30, 5] and references within.

Now, we are ready to prove the main estimate at the energy norm. Throughout the rest of
this section we will be tracking the dependence of various constants on the ratio ¢,/c, and on the
parameter «. The proof uses techniques from [4, Theorem 4.3] suitably adjusted for the optimality
system.

Theorem 5.4. Suppose that the Assumptions 2.1, 2.4-2.5-2.6 hold, and let u,vp € L[0,T;U(.)] N
HY0,T;U*(.)], un,n € Uy denote the solutions of optimality systems (5.2) and (5.3) respectively.
Denote by e = uw—wup, and r = — . Then for n satisfying n > 4C +4(Coca/cy) +6C,, +2C, the
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following estimate holds:
T
M + Wl oy + [ (Iel + 1/l l,) + Zn ||H<tl>+2|\ [

T T
< Cmax{1, (1/a%)} | / (17 = Pleeyullcy + 11 = Pyl ) + / Il

-1

=2

+ 3 min {(Cu/7 e IPa (T = Pu(t)

2oy (1 = Pult) By}

M= 1]

+ 3 min {(Cu/T ) IPT = P () oy, (T = POyt By } + 180

1

.
Il

where C' depends on the ratio cq/cy, and on the constants Cq, C,,C,,, Ci, Cy.

Proof. Subtracting (5.3) from (5.2) we obtain the orthogonality condition, for every n =1, ..., N and
Vp € 'Pk[tnil, t"; U,TZL],

n

(€ ey + [ (= (eoondy + atsesmn) + ate,n)ng)

gn—1
tTl,
_(enilfUi_l)H(tn—U = —(1/0[)/ (T’ Uh)H(')
- (5.4)

-
0% + [ (e + 0" o) o) + i)
t

n—1
tm

+(r Lo Y e :/ (e,0n)H()-
t

n—1

We decompose the error e = (y — Pifc )+ (Plocy yn) = e, + ey, and using the properties of Pl"c
and in particular that j;tn,l (eps Vht)r() = 0, since vy € P [t"™ L ¢m, U], we obtain,

t'rL
(ehs v ) E () +/ (— (en,vne)m(y +al.;en,vn) + n(ehavh)H(‘)) — (e ) g
t

n—1
P

(a(.; ep,Up) + n(ep,vh)H(_)) - (l/a)/ (r,vn)m()-

tn—1

t’rL
= ((I — Pnfl)u(tn_lx’Uiil)H(tn—l) — /

tn—1

Setting vy, = ej, in the above equation, and using the assumptions 2.1 and 2.4,

/26l + [ (rlenlboy + = Colenfhey) + (/21" = e By
tn

< (1/2)lep ™ oy + / (alsepsen) + nlepsen)icy + (1/2)ulsensen))

(= Po a1, e Y sy — (1/a) /tH(r, en) ). (5.5)

The inequality ab < (1/45)a® + §b, with appropriate § > 0, and assumptions 2.1,2.4, imply that

/ttn (a(.;e;neh) +nlep,en) ) + (1/2)u(-;€h7€h)) < /t:"I ((Cv/2)|eh‘2U(-) T (Ci/%me”%(-))

n—1

+ / (((Cacas2ey) + /2)lenling + ((e;Ca/2ea) + (Cuf2) + (0/2)lenli, ).

n—1
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Finally for the coupling term, decomposing r = r, + rj, where r, = (I — Pﬁfc’b)w,rh = Pifc’bw — Yy,
we write f:n_l —(1/a)(r en) ) = f:n_l —(1/a)((rp,en) )+ (Thsen)m()) and note that

.
| / ~/a)rpeno| < [ (10l + (ilenfi,).

Hence, collecting that last inequalities into (5.5), we arrive to
o
12 + [ ((@/Dlenlly+ (f4) = C, = (e,Cuf260) = (CufDlenliy )
i
t’!‘L
/2R Wiy < /2N oy + [ (@726 lealf + (Cacaf2e0) + (/2 sl

n

= Pacul ), ey + [ )l —(0) [ Gnenue (59

It remains to treat the inner product term of the right hand side of equation 5.6. Note that 6271 €
Uy ~1 and hence

(I = Pac)u(t™ ), e gy = (1= Pac)u(™ )y = e argen )
< I = Pac )™ D oy + /)| ler ™ 1),
while an alternative bound is obtained by

(I~ Pac)u™™), € sy = (Pall = Bacult™™), 8 o
< NP~ Pac)ue™™)
(C(Crs Co) /T e (Pall = Py Jult™ )3

tTI,
e/ ) [ lenlfy
tn—

A

IN

)

Here, we have used the inverse estimate for functions on P [t"~!,¢"; U] and the norm equivalence
assumption, which states that

e sy < Cu/r™ [ Nenlnony < OCC/T [ lenl
tn— tn—

Now we turn our attention to the backwards in time equation. Decomposing the error of the adjoint
variable as r = r, + rp with r, = (I — Pifc’b)w,rh = Pﬁfc’bw — 1y, and working similarly to state
variable, we obtain

i

—(rh V") E(Em) +/ ) ((Thavht)H(,) +a*(5rn,vn) + (T, vn) + n(rhvvh)H(4)>
tn—

tTL

(TZ+1,U+ Jer(en—1y + (Tpss 0" ) E(eny — / (a(.;rp,vh) + (. rp, o) + n(rp, U;L)H(,))
i

n—1
t’Vl
—|—/ (e,vh)H(.).
t

n—1

Setting v;, = rj, and using the assumptions 2.1,2.4 and the inequality ab < (1/48)a® + §b?, for

21



appropriate § > 0 analogously to the primal variable, we obtain
(/2 ey + /2 -y — Q2N ey (5.7)

t [ ((er/Dml + (@f4) = € = (e Ca2e) = /)l

n—1

< /t ((03/207)|7"p|121(.) + ((Caca/2¢y) + (n/2) + (CH/Q))Vp@I(.))

n—1

t’ﬂ t’Vl
=P+ [ Wyl + [ e
The inner product term of the right hand side of (5.7) can be treated similarly to (5.6). Multiplying
(5.7) by (1/a), adding the resulting inequality to (5.6) and summing from 0 to N, we obtain the
desired estimate, after noting the the coupling terms j;tn,l (= (/) (rh,en)m() + (1/a)(en,rn)u(.))
are cancelled due to the symmetric property of operators M (.). O

Remark 5.5. The key feature of the proof is to exploit the presence of the weighted L? norm in the
functional and the symmetric property of the operator M(.) in order to cancel the terms with the
alternative sign.

Since, we have obtained an estimate on the energy norm ||.||12(o, 7)) for both the state and
adjoint variable, the optimality system is now essentially uncoupled. Hence, using a classical “boot-
strap” argument, we may obtain estimates at arbitrary time-points, working with each equation
separately by applying the techniques of [4, Theorem 4.3]. Recall, that a convenient choice of test
functions in order to obtain stability and error estimates at arbitrary time points, is to multiply the
equation by Xxo,,)%n, X[o,t)€r respectively. However, this choice is not available unless ¢ is a partition
point. To overcome this difficulty, approximations of such functions need to be constructed. For
implicit parabolic equations, this is done in [4, Section 3.1]. The main advantage of this approach
within the context of optimal control problems, is that we do not require any additional time-
regularity. Below, we state the main results. To simplify the presentation, we consider the interval
[t"=1,¢") and let t € [t"~L, 7).

Let u € Pplt" 1,7 U']. Then, we define the discrete approximation 4 of X[tn—1,pu such as:
@ € Pglt"1,t"; U] satisfying

n

t
ﬁ(t"il) = u(t"fl) and / (@, v) ey = / (w,v) (s Yv e Pk_l[tnfl,t"; Uyl
t tn—1

n—1

The following lemma establishes bounds in L2[t"~1 ¢"; H(.)] and L?[t"~!,¢"; U(.)] norms respec-
tively.

Lemma 5.6. The mapping u — @ in P[t" 1, t"; H(.)] is linear, continuous and there exists a
constant Cy depending only on k such that

||a||L2[tn717tn;H(_)] < (1 + CkGC”T)||UHL2[tn717tn;H(_)].
In addition, let the inverse hypothesis constant Cip,(h) be defined by

u
Cinv(h) = max sup sup |h|7U(t)
0<n<N up €UN te(tn—1,tn] ‘uh|H(t)

Then, there exists a constant C depending only on Cy,C,, such that

[ul 2pen—1 4ns0(y) < C(Ck, Cu)(Cz\U|L2[tn—l,tn;U(.)] + TCmv(h)|u|L2[t"—1,t";H(.)])-
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Proof. See [4, Lemma 3.2 and Corollary 3.4]. O

Theorem 5.7. Suppose that the assumptions of Theorem 5.4, and Lemma 5.6 hold. Then, there
exists a constant C depending on C(Cy,C,, Cy,/CaTCiny(h)) and on constant C' of Theorem 5.4

such that for e, = Piu — uy, the following estimate holds:

t" T
AGIT +/0 eylenlfry < Cmax{1, (1/a2)}(|€0\%1(0) +/0 I(I = PR)ull
Nf

+ z_: min {(Ck/TH_le)”PiJrl(I — P)y(t")

K3

[u

T
b I = PO b+ [ 1= vl

Proof. (Sketch:) The proof follows closely the proof of [4, Theorem 4.3], suitably modified to handle
the adjoint variable term 1 — 1y, of the right hand side. Since, we have already obtained an estimate
on ||.||2p0,m;u()), the estimate at partition points follows easily from (5.5). It suffices to bound
le(t)| ) for t € (t"=1,t"]. Similar to the proof of Theorem 5.4, we decompose the error into

e = (u— Pu) + (P{“u — up) = e, + e, to obtain the orthogonality condition,

tTI,
n—1 _n

» ( — (en, vne) m() +alsen, vn) + n(eh,vh)H(,)) —(ep ,fU_;'__l)H(tnfl)

(e, V") E(en) + /
t'n.
t'n/

= ((I - Pn_l)’u,(tn_l),Ui_l)H(tn—l) —/

tn—1

(a(.; €psUn) + U(ep,vh)H(,))

~fa) [ = tnvuc

Integrating by parts in time, and using assumption 2.1, we obtain,
t
/t » ((eht,vh)H(,) +a(.;en,vn) +n(en vn) ) + p(s eh.vh)> 4 (62;1 _ GZ‘l,Ui‘l)Hm*l)

o
= ((I - pn_l)u(tnfl)’Ui—l)H(tnfl) —/ (a(.;ep,vh) + n(ep,vh)H(.))
t

n—1

—(1/a) / (% — ny on) ().

n—1

Setting vy, = €p, where éj, denotes the discrete approximation of x|g-1 4 epn, we obtain

+ o
/ (eht, eh)H(,) + / /L(.; ep, éh) + (62_7_1 - 62717 eiil)H(tn—l)
t

n—1 tn—1
n

= ((I = Pon)u(t™ 1), e ) pgeny —/ (G(G €p; €n) + n(ep’éh)H(.))

tn—1

—(1/a) /tt" (Y —Yn,en)me) — /t:"l (a(';ep;éh) +77(€h>éh)H(.))

n—1

Using once more the smoothness assumption 2.1, we finally arrive at

g

p(.; en, en) +/ p(sensen) = (1/2)|en irn—y + (1/2)|len ™ ey

tn—1

tn

(1/2len®F - (1/2) |

tn—1

tn
= ((I = Pocy)u(t™™ 1), e ) pn—1) —/ (a(-§ep7éh) + n(epaéh)H(.))
t

—(1/a) /tt" (% — tn, €n)m() _/

n—1 tn—1

"

(a(.; ep; €n) + 1(en, éh)H<.>)-
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It remains to bound the terms involving the bilinear form a(.;.,.), the linear form u(.;.,.) and the
inner products (.,.)g (). This is done in [4, Theorem 4.3], by using the assumption 2.4, 2.5 combined
with the estimates of Lemma 5.6 to bound terms of éj in terms ej. The jump terms can be handled
similar to Theorem 5.4. It remains to bound the inner product term containing the adjoint variable.
For that purpose, note that Cauchy-Schwarz (with § > 0) and Lemma 5.6 imply

IN

t" t" t"
/o) [ o= vnlluoWenllney < @) [ o=l + (1/450) [ Tl

"

(6/0) [ o= wnllyy + (1 + Cue)/s0) [ fenlf

n— tn—

IA

Choose 6§ > 0 such that ((1 + Cxe®7)/4da)) = C, /4. The remaining of the proof follows identical
to [4, Theorem 4.3]. O

Corollary 5.8. Under the assumptions of Theorem 5.4, and Lemma 5.6 the following estimate
holds:

t" T
O+ [ calely < Cmaselt, (103} (1€ + len Ol + [ 10 = Piyul

+ 3 min {(Cu/T NP (T = PO s | = Po)ult) sy} + (1/a?) / [ = vnl3r))

=0

Here, C depends on C(Cy, C,,, Cy, \/CaTCiny(h)), the ratio c,/cy and on constant C of Theorem 5.4.
Proof. The proof follows using standard algebra and triangle inequality. O

So far, we have obtained estimates under minimal regularity assumptions for the fully-discrete
optimality system of equations, in terms of the projections defined in definition 5.2. We complete
this section, by recalling a result from [5, Corollary 4.8] which expresses the error of the projection
Pﬁfc in terms of the local projections P'°¢ and hence to the standard weighted L? projection.

Lemma 5.9. Let the spaces {H(t)}L_, satisfy the assumptions 2.1,2.4, and the inverse hypothesis
assumption of definition 5.2. Then, there exist constants Co, Cy depending upon Cy = Co(k,eCn™)
and Cy = Cy(k, Cy, €7, eCT) (where C is an algebraic constant) such that the projection P° :
Cl0,T;H(.)] — U}, of definition 5.2 satisfies,

[lu— Pullee < Co  ax, (||u — Pp(t™)ul| poopn—1 iy + Tk+1||u(k+1)||Lm[tn_1,tn;H(tn)])

/
A+ {1+ CyrCin {(Zuu— " Vullses o)

N

1/2
Al O D Vil PRI R
n=1
when w1 € L0, T; H| N L0, T; U], and similarly
. 1/2 . N 1/2
I = Plull2 < oo((z = Palt™ulagn-s omisiery)  + 7 (3 0D s gy ) )
n=1

/
+Cl\/a(]— + C TC“w {(Z ||'LL — u”LQ[tn 1gn, U(tn)])l ’
N

1/2
(S D s ) )

n=1
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Here, u**1) denotes the (k + 1) time-derivative, and

T

T T
lullZ = SzépT”u(S)H?{(s)—"_ca/o le(5)[Er(s) s, II\u|||§=/0 IIU(S)H%(.W%/O (811 s

se

Proof. See [5, Corollary 4.8]. O

6 Convergence Rates

Below, we demonstrate the applicability of the results of sections 4 and 5, in the situation of the
examples of section 2. Specifically, we state semi-discrete (in space) error estimates for the example
2.1.2 (diffusion on manifolds), and fully-discrete error estimates for the example 2.1.2 (convection
diffusion equation in Lagrangian coordinates, with appropriately chosen regularization parameter
7). Here we follow the exposition of [4, Section 6].

First, we consider semi-discrete (in space) error estimates for the optimality system related to
the example 2.1.2. For that purpose, note that the corresponding time-dependent bilinear forms,
inner products, etc are defined by:

(u, V) () = (M(t)u,v)r2(s,) E/ uvJ
S

and
a(;u,v) = / (U(V’U)T(FTF)_IVU —(I—-nxn)- (VwV)uv) J.
S
Then, recall that
Ji=JI —nxn)-(V,V),

so if 0 < ¢g < J(0,.) < Cy, we obtain
coe “t < J(t,.) < Cpet, with C =2|V.V| L.
In order to verify Assumptions 2.1-2.4, note first that the semi-norm is defined by

luldr E/S o(Vu)T(FTF)™'Vul.

T

and that the bilinear form

p(su,v) :/ uvdy = / w(l —non)-V,V,
5 S

r

satisfies Assumption 2.1 with C), = 2|V, V|| z~. The norm equivalence on U(.) can be found in [4,
Relation 6.2]. Finally, the continuity and coercivity constants, are given by (see also [4, Section 6]),

ca=0, Cu=2[VyV]r=, c¢y=0, C,=2|V,V|Lre.

The constants appearing in the adjoint bilinear form a*(.;u,v) also maintain the same structure, in
particular, we point out that the corresponding ratio c¢,/c, ~ 1. Combining Theorem 4.12 and the
approximation properties of Proposition 4.2, we obtain the following estimate.

Theorem 6.1. Suppose that {Rp}nso be a quasi-uniform family of triangulations of S,, and let
Un C HY(Q) be a classical finite element space constructed over T, by using polynomials of degree
Il > 0 on each triangle. Then, under the assumptions of Theorem 4.12, there exists a neighborhood
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of the origin O such that for h < hg small enough, (up, ) € Xp is a unique solution of the discrete
optimality system 4.1, and

|(u, %) = (un,¥n)l|x — 0 as h — 0.

In addition, if u,» € L2[0,T; H" ' NU()]NHY0,T; H™1NU(.)], then there exists constant C > 0,
depending to ||V V|| e, Cy, Cu, (1/a?) similar to Theorem 4.5 such that,

[[(w, %) = (un, ¥p)||x < CH*' D (u,1p).

Here D'(u,)) depends only on norms of u,.

Remark 6.2. The above estimate states the error for the semi-discrete solution of the optimality
system, is as good as the approximation theory enables it to be. Recall, that the Brezzi-Rappaz-
Raviart theory compares the estimate of the optimality system to an estimate of a strictly coercive
model problem.

For the example 2.1.1 (convection-diffusion equation in Lagrangian coordinates) we begin by
identifying various spaces and constants appearing in our model. First note that we are interested
in deriving fully-discrete error estimates in Lagrangian coordinates (¢, X) and hence in order to
apply our theoretical results we will need to add a regularization parameter 7(.,.) g () to satisfy the
strict coercivity of the bilinear form. This is similar to the moving mesh characteristic Galerkin
approach of [7, 18]. The spaces H(t) will be taken to be the weighted inner product (in Lagrangian
coordinates), i.e.,

(U, 0) m(r) =/ uvJ(t,.).

s

The continuity of the bilinear form M (.) is understood in the sense
/ a" L X2 (T X)dX = [ uide = / u (T X)), X)dX,
Q. Q Q.

where u : Q — Ris fixed and @" (¢, X) = u(x(t, X)) denotes the representation of v in the Lagrangian
configuration on interval (t"~!,¢"]. The weighted semi-norm (principal part) of H' is defined by

al?, :/Q TV a2 JdX.

T

Note that performing a changing of variables to the Eulerian coordinates, the last integral equals to
Jo IVzul?dz. The bilinear form af(.;.,.) is identified by

a(57,7) = /Q (— diva (V) + (V= V).(F "V xa)o + (P~ "V ). (F~ TV x)) ]

T

For assumption 2.1, recall that J satisfy J = Jdiv,(V) so in the interval (t"~1, "], we easily obtain

that ) ~ 1 . < -1
e~ l1dive (V)llLoe (t—t"77) < J(_’t)/J(_’ti_l) < elldiva(V)llzee (t=t"77)

Hence, if the reference configuration on each time interval (i.e. the initial condition for the ODE in
(t"=1,"]) is selected to satisfy x(t} ', X) = X, which implies J(¢,",.) = 1 then we easily obtain
(see [5, Theorem 4.9]) that

=
Il

c(t)|ullfz(o,) < (J()a, (M()u,u),

26



with ¢(t) = e~ l4vs(Wlle(t=t""") ' The norm equivalence on U(.) (assumption 2.4) and the constant
Cy can be found in [5, Theorem 4.9]. Finally for constants of assumptions 2.1-2.5, take the form
(see [5, Theorem 4.9])

Ca=26, ¢y =¢/2, Oy =|divg(V)]oo + IV = VI3 /e

and
C, = max{1,C,}, C, = ||dive (V)| oo, Cinv(h) = C(Q, k)e="Cy /h.

Theorem 6.3. Let U} be a finite element subspaces constructed by piecewise polynomials of degree
l in a way to satisfy the classzcal approzimation theory properties as stated in Proposition 4.2. In
addition, let T = max;—y, N T' with 7" = (tz ti— 1) be a quasi-uniform partition of the time-interval
[0,T]. Suppose that the hypotheses of Theorem 5.7 and Lemma 5.6 hold and let the initial value
u) satisfy ||u — Po(0)a(0)]|z2(q,) < Chl+1||'a(0)||Hl+1(Qr). Then, for n > 4||divg(V)||eo + ||V —
V|2 /e, there exists a constant C depending upon Cy, ||dive(V)|se, |V — V|2 /e, elldivs(V)llee
Cy,Cq and \/eT/h such that the approxzimate solutions of the discrete optimality system computed
by the discontinuous Galerkin method satisfy

e = @l + (/@I — Gllls < Cmax{1, <1/a2>}{hl+101 TRy 4 VE(1 47/ (HCy + 741C)

+h! (R + min(h/V/7, h2/7V/€))Cs + V(1 + 7/h)Co) }

In addition, at arbitrary points, the following estimate holds:

lla - anllle < Cmax{1,(1/a%)} x {T’Hl (Cr+ Ve +7/m)Ca)

+h! ((h + min(h//7, h? /7€) C5 + Ve(l + T/h)06> }

where,
N 1/2 N 1/2
Cro= (Ml iminy) (X 1 i)
n=1 n=1
N 1/2 N 1/2
G = (DB apns mzey)  + (D D g inisrey)
n=1 n=1
N 1/2
G = (s iy (anum L))
n=1
a (k+1) /2 (k1) 12 1/2
G = (1 o s g +(an [ R
n=1
Cs = IISnaSN|u|L°°[t" L gn, Hl+1(9)]+1£ﬂa<XN|1/)|ch[tn L HIFL(Q)]s
1/2 1/2
CG = (Z|ﬂ‘%2[tn—1’tn;Hl+l(Q ) <Z |¢|L2[tn 1 RALH Hl+1(Q )])
C; = max ||7.L(ICJr ||Loc[tn 1gnof(¢m)] T AX H”(/J (k+1) ||Loo[tn71}tn;H(tn)].

1<n<N 1<n<N

Here @tV | p(k+1) denotes the (k + 1)t time-derivative of @, respectively.
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Proof. The proof follows by combining Theorem 5.4, Corollary 5.7 and Lemma 5.9 and standard
algebra. For the jump terms we refer the reader to [5, Corollary 4.10]. Finally, note that Cjy,(h) <
C(Q,0)(1/h). O

Remark 6.4. The above estimate is applicable for a variety of choices of discretization parameters
7, h. One of the main features of this approach is that the estimate is still valid even if € is relatively
small in terms of T and h. In case, of fine-meshes, i.e., h < € then the estimate can be simplified.
Finally, we would like to point out that the constant C' does not depend on erponential terms of
(1/a), and hence the estimate remains valid even in case that « is small.
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