CONVERGENCE OF DISCONTINUOUS GALERKIN
APPROXIMATIONS OF AN OPTIMAL CONTROL PROBLEM
ASSOCIATED TO SEMILINEAR PARABOLIC PDE’S

KONSTANTINOS CHRYSAFINOS*

Abstract. A discontinuous Galerkin finite element method for an optimal control problem re-
lated to semilinear parabolic PDE’s is examined. The schemes under consideration are discontinuous
in time but conforming in space. Convergence of discrete schemes of arbitrary order is proven. In
addition, the convergence of discontinuous Galerkin approximations of the associated optimality sys-
tem to the solutions of the continuous optimality system is shown. The proof is based on stability
estimates at arbitrary time points under minimal regularity assumptions, and a discrete compactness
argument for discontinuous Galerkin schemes (see Walkington [42, Sections 3,4]).

1. Introduction. The optimal control problem considered here, is associated to
the minimization of the tracking functional

1 (T a [T
Hw9) =5 [ M= Uliadt+5 [ laliaods (1)
0 0
subject to the constraints,

yo— div[A(z)Vy[ +6(y) =f+g  n(0,T)xQ
y =0 on (0,T)xT (1.2)
y(0,2) =1y in Q.

Here, © denotes a bounded domain in R?, with Lipschitz boundary T, yo, f denote
the initial data and the forcing term respectively, g denotes the control variable of
distributed type, U is the target function, and « is a penalty parameter. The nonlinear
mapping ¢ satisfies certain continuity and monotonicity properties, and A(z) € C*(Q)
is a symmetric matrix valued function that is uniformly positive definite. The physical
meaning of the optimization problem is to seek states y and controls g such that y is
as close as possible to the given target U.

It is worth noting that several problems arise in the analysis of numerical algorithms
of optimal control problems constrained to evolutionary PDE’s. Solutions of such
optimal control problems as well as of their corresponding optimality systems (first
order necessary conditions), satisfy low regularity properties. Furthermore, the asso-
ciated optimality system consists of a state (forward in time) equation and an adjoint
(backwards in time) equation which are coupled through an optimality condition,
and nonlinear terms (see, e.g [18, 21, 29, 36]). Hence, techniques developed for un-
controlled parabolic problems are not easily applicable. The size of the parameter
« also plays an important role in many interesting applications, since it effectively
determines the size of the control g, and hence the speed of convergence (see also [21]
for relevant discussions).
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The scope of this work is the analysis of classical discontinuous Galerkin (DG) schemes
which are discontinuous in time and conforming in space. First, it is shown that DG
schemes of arbitrary order converge to the optimal solution for all a > 0, for any data
f e L?0,T; HX(Q)], yo € L*(9) satisfying minimal regularity assumptions, and for
any target U € L2[0,T;L?(2)]. The key ingredient of the proof is the application
of a recently developed discrete compactness property (see Walkington [42, Theorem
3.1]) for DG schemes of arbitrary order, combined with stability estimates at arbitrary
time-points. The dependence upon « of various constants appearing in these estimates
is quantified, and the technique presented here, allows us to avoid any exponential
dependence. In addition, it is shown that the DG approximations of the corresponding
optimality system converge to the solution of the continuous optimality system under
minimal regularity assumptions on data, f,yg, target U, and for any choice of o > 0.

The motivation for using a DG approach stems from its performance in a vast area
of problems where the given data satisfy low regularity properties, such as optimal
control problems. The main difficulty in handling high-order discrete schemes within
the framework of the DG methodology for nonlinear evolutionary PDE’s, stems from
the lack of control on the discrete time-derivative. Recall that in the continuous case,
standard regularity theory implies that under certain assumptions on ¢, the weak
solution y of (1.2) belongs to W(0,T) = L2[0,T; H}(Q)] N H[0,T; H ()] when
yo € L2(Q) and f € L?[0,T; H=(Q)]. Therefore, the nonlinear terms can be treated
by using the classical Aubin-Lions compactness Lemma (see [38, 45]) which allows
to establish strong convergence in an appropriate norm. In the discrete case, the
presence of discontinuities imply that discrete time derivative is not integrable and
hence this line of argument fails. For the uncontrolled case and for low order DG
schemes, i.e. for piecewise constants or piecewise linear approximations in time, one
may circumvent this difficulty by deriving estimates at arbitrary times via estimates at
the partition points and at the energy norm, provided that the solution is sufficiently
smooth. However this technique is not easily applicable in the optimal control setting
due to the lack of regularity, and the nonlinear coupling of the forward / backward in
time optimality system.

In this work, we present an analysis of DG schemes of arbitrary order which is suitable
for optimal control problems. A synopsis of our work and related results follows.

1.1. Synopsis. After introducing the necessary notation in section 2, we define
the continuous optimal control problem and its corresponding optimality system. In
section 3, a key stability estimate at arbitrary time points for the solution of the
discrete optimal control problem is obtained. The proof is based on the construction
of a suitable polynomial approximation of discrete characteristic functions (developed
in [5]) combined with a “boot-strap” argument. A key feature of our stability esti-
mates is that the time-step 7 can be chosen independent of the size of the spacial
parameter h. These estimates together with the discrete compactness argument of
[42] are used to show the existence of the corresponding discrete optimal solution and
to prove convergence of discrete schemes of arbitrary order. In section 4, using a
“boot-strap” argument combined with approximation properties of a suitable poly-
nomial interpolant, we establish stability estimates on arbitrary time-points for the
adjoint variable. Then, using once more the discrete compactness Theorem of [42]
we show convergence of the DG approximations of the associated discrete optimality
system to the continuous optimality system. To our best knowledge the proposed
technique and results presented here are new.
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1.2. Related results. Several problems with distributed controls have been
studied before analytically in [18, 21, 29, 30, 36] (see also references within). Issues
related to the analysis of numerical algorithms for optimal control problems con-
strained to time-dependent problems were studied in [2, 8, 10, 17, 19, 23, 24, 25, 26,
27, 28, 33, 37, 40, 41, 43, 44]. In the recent works of [4, 31, 32, 34, 35] discontinuous
Galerkin schemes were analyzed for distributed optimal control problems constrained
to linear parabolic PDE’s. In particular, a posteriori estimates for DG shemes were
studied in [31, 32] for distributed control problems related to linear parabolic PDE’s,
while in [34] an adaptive space-time finite element algorithm is analyzed. A priori
error estimates for an optimal control problem of distributed type, having states con-
strained to the heat equation are presented at the energy norm in the recent work of
[35]. Finally, in [4] a priori error estimates for DG schemes for the tracking problem re-
lated to linear parabolic PDE’s with non-selfadjoint elliptic part with time dependent
coefficients are established.

The literature related to DG schemes for the solution of parabolic equations (without
applying controls) is quite extensive (see e.g. [39] and references therein). The relation
of the DG method to adaptive techniques was studied in [11, 12, 39]. Results related to
finite element approximation of semi-linear and general nonlinear parabolic problems
are presented in [1, 15, 13, 14].

2. Preliminaries.

2.1. Notation. We use standard notation for Hilbert spaces L?(Q), H*(Q),
0<seR, HY Q) = {ve H(Q) : v|r = 0}, related norms and inner products (see e.g.
[16, Chapter 5]). We denote by H~1(£2) the dual of H(2) and the corresponding du-
ality pairing by (.,.). For any Banach space X, we denote by LP[0,T; X], L>°[0,T; X]
the time-space spaces, endowed with norms,

T 1
[vllLego,r5x) = (/ ||U|\§<dt)p7 [0ll oo, x) = esssupgeqo 7y vl x-
0

The set of all continuous functions v : [0, 7] — X, is denoted by C[0, T; X], with norm
defined by [|v]|co,r;x] = maxiejo, 1) |v(t)||x. Finally, we denote by HY0,T; X],

T3 NN
ol = ([ Iollear)” + ([ Jular)”
and the solution space by W (0,T) = L2[0,T; H}(Q)] N H*[0, T; H~(2)] with norm

||’UH%/V(O,T) = ||U||2L2[0,T;H1(Q)] + ”UtH%Z[O,T;H*l(Q)]'

The bilinear form associated to our operator, is defined by
a(y,v) = / A(x)VyVoudx Vy,v € HY(Q),
Q
and satisfies the standard coercivity and continuity conditions

a(y,y) Z nllyline,  av) <Celylm@llvlme — Vy,ve Hy().

A weak formulation of (1.2) is then defined as follows: we seek y € W(0,T') such that
for a.e. ¢t € (0,77,

(2.1)
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for all v € H}(Q2). A weak formulation suitable for the DG schemes considered here,
is to seek y € W(0,T') such that

() o) + [ " (= ) + alyo) + (60),0)) (2:2)
= (o0 + [ (o + ()

for all v € W(0,T). The data satisfy the minimal regularity assumptions which
guarantee the existence of a weak solution y € W(0,7T), i.e.,

fel?0,T;HH Q) yo€ L2(Q)
while the distributed control will be sought in the space
g € L*[0,T; L*(Q)].

The above choice of the control space significantly simplifies the implementation of the
finite element algorithm, since it leads to an algebraic optimality condition. Hence,
it avoids the use of spaces of fractional order, or the solution of an extra PDE which
typically occur when other norms of g are included in the functional (see e.g. [21]).

For the subsequent analysis and it suffices that the target U € L2[0,T; L?(£2)]. How-
ever in most cases U is actually smoother, since the target typically corresponds to
the solution a parabolic PDE, and hence it can be assumed that U € W (0,T). The
semi-linear term is required to fulfill the following structural assumptions.

ASSUMPTION 2.1. The semi-linear term ¢ € C*(R;R), satisfy the following mono-
tonicity and growth properties. There exists C > 0, such that

&(s) 20, |o(s)| <Clsl, |o'(s)| < Cls["™", se(s) > Cls|"T, for1<p<3.

We close this preliminary section, by recalling generalized Hoélder’s and Young’s
inequalities and the Gagliardo-Nirenberg interpolation inequality (see e.g. [3, 16, 45])
for two dimensional domains, which will be used subsequently.

Generalized Holder’s Inequality: For any measurable set F, of any dimension
and for (1/s1)+ (1/s2) + (1/s3) =1, s; > 1,

LSS(E).

[ 12 FsdB < il el o
Young’s Inequality: For any a,b >0, 6 > 0, and s1,82 > 1

ab < da’ + C(6)b*2,  with (1/s1) 4+ (1/s9) = 1.
Gagliardo-Nirenberg Inequality: Let 1 < ¢ < p < co. Then, for s =1 — (¢/p),

lullzoe) < Cllullizig lulli gy, Ve HY(Q).

Next, we formulate the optimal control problem and state results regarding the exis-
tence of optimal solution(s) and its corresponding optimality system.
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2.2. The continuous optimal control problem. First, we quote a result
regarding the solvability of weak problem (2.2) on the natural energy space under
minimal regularity assumptions.

THEOREM 2.2. Let f € L?[0,T; H-Y(Q)], yvo € L*(Q), g € L?[0,T;L?(2)]. Then,
there exists a unique solution y € W(0,T) which satisfies the following energy estimate

yllw (o) < C(”f”L?[O,T;H*l(Q)] + lvoll () + ||g||L2[0,T;L2(Q)])~

Here C > 0 depends on the continuity and coercivity constants C.,n and 2.
Proof. The proof is standard (see e.g. [8, 16, 45]). O

Next, we state the definition of the set of admissible solutions A4 and of the optimal
control problem respectively.

DEFINITION 2.3. Let f € L?[0,T; H-*(Q)], yo € L*(Q), and U € L?[0,T; L?(Q2)].

1. The pair (y,g) is said to be an admissible element (pair) if y € W(0,T),
g € L?[0,T; L?(Q)] satisfy (2.2). (Note that J(y,g) < oo, due to Theorem

2. The pair (y,9) € Aqa is said to be an optimal solution if J(y,g) < J(w,h)
V(w7h) € Aqq, when ||y - w”W(O,T) + ||g - h||L2[07T;L2(Q)} <4 ford >0
appropriately chosen.

Below, we state the main result concerning the existence of an optimal solution for
the minimization of the functional (1.1).

THEOREM 2.4. Suppose yo € L?(Q), f € L?[0,T; H-*(Q)], U € L?0,T; L*(Q)].
Then, the optimal control problem has solution (y,g) € W(0,T) x L*[0,T; L*(Q)].

Proof. Similar to [8, 18, 29]. O

REMARK 2.5. The solution of optimal control problems having states constrained to
nonlinear parabolic PDE’s is in general not unique. However, note that if f,g,U €
L2[0,T; L*(Q)], yo € HY(Q), and ¢ is a continuous concave increasing function, with
sp(s) > 0 then it is proved that there exists a unique optimal control g (see e.g. [30,
Chapter 3, pp 43]). In addition, if ¢' is continuous, then the corresponding optimality
system admits a unique solution. For more results regarding existence and uniqueness
we refer the reader to [18].

2.3. The continuous optimality system. Suppose now that (y,g9) € Aag
is an optimal solution in the sense of Definition 2.3. Then, an optimality system
corresponding to the optimal control problem of Definition 2.3 can be easily derived
based on well known Lagrange multiplier techniques (see e.g. [8, 18, 29, 36]). In
particular, given f,yo, U satisfying the assumptions of Definition 2.3, we seek a state
(primal) variable y € W(0,T") and an adjoint (dual) variable y € W(0,T") such that
for a.e. t € (0,77,

(ye,v) +aly,v) + (8(y),v) = (f,v)+(g,v)  in(0,T]xQ
(¥(0),v) = (y0,v) in ©

— (e, v) + a(p, 0) + (' (Y, v) = (y = U,v) in [0,T) x Q
wT) =0 in Q

ag+p =0 in [0,7] x Q,

for all v € H}(Q). Using the optimality condition, we may replace g = —é u from the
forward in time equation which leads to the following weak formulation which is suit-
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able for DG approximations. Given f,yo,U satisfying the assumptions of Definition
2.3, we seek y, u € W(0,T) such that

T
o)+ [ (= ) + ) + 0. o))
T

= o)+ [ (o) = (/) )
y(0,2) = yo,

(2.3)

T T
| (o) + atino) + 0 @) it = ~u0)000) + [ =y
,U'(Ta ZL’) =0,

for all v € W(0,T).

REMARK 2.6. Note that due to optimality condition we obtain that the control g
is actually smoother, i.e., g = —(1/a)p € W(0,T). The later can be used to ob-
tain improved reqularity results for the state and adjoint variables via a “boot-strap”
argument, when additional regularity on U, f,yo is available.

3. The discrete optimal control problem.

3.1. The semi-discrete (in time) optimal control problem. We first state
the definition of the semi-discrete (in time) optimal control problem. We will use the
DG method for the discretization of the state equation (2.2) in time. Approximations
will be constructed on a partition 0 = t° < t! < ... < ¥ =T of [0,7]. On each
interval of the form (¢#"~!,¢"], we impose that the semi-discrete (in time) associated
functions are polynomials of degree k, i.e., they belong to the space

U={ye LQ[O,T; H&(Q)] cYlan-14m) € Pk[tnfl,t”;H&(Q)]}.

Here Py[t"1,t"; H}(Q)] denotes the space of polynomials of degree k or less having
values in H}(Q). The admissible pairs of the semi-discrete (in time) approximate
problem can be defined analogously to the continuous case. Therefore, the semi-
discrete (in time) optimal control problem is to seek state y € U, and control g €
L2[0,T; L?(2)] such that the functional J(y, g) is minimized subject to the constraints,

o)+ | " (=t + ) + (960 ) (3.1)

n—1

n

—e s [ (@) voe g @)

forn =1,...,N, and y° = y(0). Here we assume that the functions of I are left contin-
uous with right limits and we write y™ for y(t") = y(t" ), ¥ for y(t) while the jump
term is denoted by [y"] = ¥} — y". A few comments regarding DG approximations
follow.

REMARK 3.1. Note that the continuous weak solution y satisfies an analogous to
(3.1) weak form, when v € Pg[t" 1, t"; H3 ()] are being used as test functions into
(2.2). The control g needs only to satisfy g € L?[0,T; L*(Y)], i.e. it will be sought
in the continuous space while the semi-discrete (in time) state variable satisfies (3.1).
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However, due to the algebraic structure of optimality condition ag + = 0, the semi
discrete (in time) approximation of g, can be implicitly defined and computed as the
DG approzimation of the adjoint variable (see also [35]).

REMARK 3.2. Recall, that for the uncontrolled problem the existence of DG ap-
proximations can be easily proved when k = 0,1 (see e.g. [15, 89]), for linear and
semi-linear problems. For k > 1, existence and uniqueness can be proved under lo-
cal Lipschitz continuity properties for more general nonlinear problems by using fixed
point arguments (see, e.g. [1] and references within).

The analysis of the semi-discrete (in time) optimal control problem is similar to the
fully-discrete case, if we restrict ourselves to conforming finite element subspaces, i.e.,
for U, € H}(Q). The analysis will be presented for the fully-discrete case.

3.2. The fully-discrete optimal control problem. The fully-discrete ap-
proximations are constructed on a partition 0 = t° < t* < ... <tV = T of [0,7].
On each interval of the form (t"~! "] a subspace U, of H}(Q) is specified, and it is
assumed that Uj, satisfies the classical approximation theory results (see e.g. [9]). We
seek approximate solutions who belong to the space

Uy = {yn € L*[0,T; Hy(Q)] : yn|(pn—1,4n] € Pe[t" ", t"; Unl}.

Here Py[t"~1,t"; U] denotes the space of polynomials of degree k or less having
values in Uy. The discretization of the control can be effectively achieved through the
discretization of the adjoint variable.

Similar to the semi-discrete (in time) case, by convention, the functions of U}, are left
continuous with right limits and hence we will subsequently write (abusing the nota-
tion) y™ for yn(t") = yn(t™), and y7 for y,(t}). The jump at ¢" will be occasionally
denoted by [y"] =y} —y™.

The discrete optimal control problem is now defined as follows. Under the assumptions
of Definition 2.3, we seek state y;, € Uy, and control g5 € L2[0,T; U] such that the
functional J(yp,gn) is minimized subject to the constraints:

W)+ [ (= ) + o) + @), o)) (32)

n—1

n—1

o
= (yn_lﬂﬁfl) +/ ((ﬂ Un) + (gh,vh))dt Yo € Pelt" 1t Uy,
¢

for n = 1,..., N. Here y° denotes the given initial approximation of y(0). Similar, to
the semi-discrete case, we note that g;, needs only to satisfy L2[0,7T; L?(Q2)] regularity.
However, motivated by the optimality condition, we discretize the control by using
the same discrete space U}, with the discrete state variable yy,.

The proof of existence of optimal solution of the discrete problem and its correspond-
ing discrete optimality system of equations (first order necessary conditions) require
stability estimates for the solution of (3.2).

The key ingredient is a stability result at interior time points when k is arbitrary.
For the later, we’ll use a suitable polynomial approximation of discrete characteristic
functions (see e.g. [5]). The main advantage of this approach, within the context of
optimal control problems, is that the proof does not need any additional regularity,
apart from the one needed to guarantee the existence of a weak solution. In particular,
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we do not assume that u; € L2[0,T; L?(Q)] which is frequently used in the literature
for DG approximations of parabolic PDE’s (even without controls), and it is not
suitable in the current optimal control setting.

3.3. Quotation of results related to the discrete characteristic function.
Note that the derivation of stability estimates at arbitrary times ¢ € [t"~!,¢") can be
facilitated by substituting v, = x[n-14)yn into the discrete equations. However, this
choice is not available since x[in-1 )y is not a member of Up,, unless ¢ coincides with
a partition point. Therefore approximations of such functions need to be constructed.
This is done in [5, Section 2.3]. For completeness we state the main results. The
approximations are constructed on the interval [0,7), where 7 = t" — ¢t"~! and they
are invariant under translations.

Let t € (0,7). We consider polynomials s € P[0,7], and we denote the discrete
approximation of xjo4)s by the polynomial 5 € {5 € Py(0,7),3(0) = s(0)} which

satisfies
T t
/ §q=/ sq Vq € Pr-1[0,7].
0 0

The motivation for the above construction stems from the elementary observation

that for ¢ = s’ we obtain [ s’ = f(f ss' = 1(s2(t) — s2(0)).

The construction can be extended to approximations of xjg v for v € P[0, 7;V]
where V' is a linear space. The discrete approximation of x[o v in Py [0,7; V] is

defined by 0 = Z?:o 3;(t)v; and if V is a semi-inner product space then,

9(0) = v(0), and /OT(@,w)V = /0 (v,w)y VYw € Pr_1[0,7;V].

Finally, we quote the main result from [5]. In the rest of this paper, we denote by Cj,
constants depending only on k.

PROPOSITION 3.3. Suppose that V' is a (semi) inner product space. Then the mapping
Zf:o si(t)v; — Zf:o 5i(t)vy on Pil0,7; V] is continuous in ||.||120,-,v). In particular,
191l 2[0,7v] < CrllvlL2(0,7:v75 19 — x10,00/2(0,7:v) < Crllvll£2(0,75v7
where Cy, is a constant depending on k.

Proof. See [5, Lemma 2.4]. O

REMARK 3.4. Combining the above estimate with standard scaling arguments and the
finite dimensionality of P[0, 7] we also obtain an estimate of the form

101 oo 0,722 < Crllvllnejo,r,22()-

For various extensions of these results we refer the reader to [6].

REMARK 3.5. The estimates of Proposition 3.3 hold when V = H(Q) as well as
when V is replaced by conforming finite element subspaces Uy, C HE(Q).

3.4. Stability estimates. Now we are ready to prove stability estimates for
the discrete optimal control problem under minimal regularity assumptions, which
are needed in order to obtain the existence of a discrete optimal solution and its
convergence to the optimal solution.



LEMMA 3.6. Suppose that yo € L*(Q), U € L?[0,T;L*(Q)], f € L*[0,T; H ()]
are given functions, and let ¢ satisfy assumption 2.1. If (yn,gn) € Up x L*[0,T; Uy
denotes a solution of the discrete optimal control problem, then

T T
| = Uit + (@/2) [l
T T
< (15 + /) | U Bt + [ 10IEsyet) = Cio

where C' is a constant depending only on Q. In addition, for alln=1,...,. N

n—1 "
n @ 1
157 Vs + 3 N Wy + [ (lonli o + Ioml5 ) < Dy
i=0

with Dyst = Csymax{1,1/a}. Let 7 = max;—1, ,7i, with 7, = t' — 71 If 7 <
min{ (1/8D%; V2C,) 7 (a/8)}, then

Iyl Zoe 0,722 ()] < CDyst

where C depends on (C./n),Cy and  but not on «, 7,h. Here C.,n denote the
continuity and coercivity constants of the bilinear form a(.,.).

Proof. For the first estimate note that (gp,0) is an admissible pair for the discrete
problem, and hence J(yn, gn) < J(gn,0) < (1/2) fOT ngh—UH%z(m < Cgt, where Cy; is
a constant independent of o. The estimate on ||gh||L2[O7T;L2(Q)] can be easily derived
(see e.g. [5, Section 2]) since it corresponds to the stability estimate without control.

Setting vy, = yp into (3.2) and using the monotonicity of ¢ and Young’s inequalities,
we easily derive

/25" 122 () + /2Ny 220 — A/2)y" 20 (3-3)

i
1
+/ ) (ﬂ”yh”%{l(ﬂ) + Hyh”ﬂﬂ(m)dt
tn—

" t™ "
<(C/n) / 1121t + / o125t + (C/a) / o125 .
—1 —1 tn—l

tn tn

Summing the resulting inequalities from ¢ = 1 to n, and dropping positive terms
on the left we obtain the estimate at partition points by using the previous bounds
on a fOT llgnll7 20 dt, fOT [ynl72(q)dt. The estimate at the energy norm follows upon
summation from 1 to N. It remains to obtain a bound at arbitrary time-points.
To achieve this, we will use the approximation of the discrete characteristic. Fix
t € [t"1,¢"] and set v, = ¢, into (3.2), where ¢, denotes the approximation of
X[tn—1,0)Yn defined as in Proposition 3.3. Then, using the definition of g, we obtain,

e

(1/2)llyn () F2@) + /DN 22 ) — /2" 120y +/ (6(yn), gn)dt

tn—1

t’ll t’ﬂ t’”
< / layns Gn)ldt + / 1, Gl + / (g i) dt.
t

n—1 tn—1 tn—1
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Using Proposition 3.3, we may bound gy, in terms of y;, in various norms. In particular,
using Young’s inequalities with appropriately chosen d > 0,

t" t"
/ lalyn, 9n)ldt < CiC. / ol 2 oyt
t tn—l

n—1
t" t" t"
[ st cim [ 18t [ Tl

"

t" t"
[ Maninide<a [ ot + ©ufa) [ et
t t’Vl* t”l*

n—1

Therefore, collecting the above inequalities and using standard algebra, we obtain

/2 lynOI720) + /2" NMZ2 @) — /2Dy 22y + /tn_1<¢(yh),z7h>dt

n—

.
<Gy / (171210 + (Ce + mllynlrs oy + allgnlzey + (1/a) lynlF2ay ) dt-

For the last term note that (1/«) ftn 1 ||yh||L2(Q dt < (Tn/a)HthLOO tn—1gn.12(q))- 10
remains to bound the semi-linear term. For thls purpose, note the growth condition
and Young’s inequality with s; = (p+1)/p, s2 = p+ 1, imply,

t’Vl tn
/ (6(yn), u)dt < C / / lyn [P |gnldt
tnfl tn—l

t”L t’”.
. 1
< / ||thLp+1 Q)dt + C/ ) ||yh||i-;+1(g)dt-
tn—

tn—

For the last term on the right hand side, the Gagliardo-Nirenberg interpolation in-
equality states that

HthLPH ) < C||yh||L2 Q)Hyhnill(ﬂ)a
withs=1-(2/p+1)=(p—1)/(p+1). Hence, 1 —s=2/(p+ 1) and

N 41
/ gl gy < © / 0 132 o I s ey
tn-

o
< C”ghH%N[t"—l,t";LQ(Q)]/ ”yh”Hl(Q)dt
tn

g

.12 GB-p/2, " ) (p—1)/2
< Cllgnlizoepn—14m;02(0); (/tnil 1dt> (/tnil Hyh”Hl(Q)dt)

< CkHyh||2L<x>[tn—1,tn;L2(Q)]T£37p)/2DgSZt_1)/2-

Here we have used the generalized Holder inequality with s; = 2/(p —1) > 1, 55 =
2/(3—=p) > 1 (recall 1 < p < 3), Proposition 3.3 to bound ¢, in terms of y,, and the
stability estimates at the energy norm. Hence, selecting ¢ such that ||yh(t)||%2(9) =
SUPe (g1 o] YR ()72 (o and choosing 7, > 0 in way to satisfy C’kﬂ(f_p)/QD@(/’;t_l)/Q <

(1/8) and (7, /a) < (1/8), i.e., for 7, < min{ (1/8D - 1)/2Ck)2/3_p, (a/8)} we obtain,

yst

/Dyl Foe i1 emsr20y) < 19"z

tn
+C /tni1 (||f||12H*1(Q) + (Ce + 77)||yh||%11(9) + ||yh||1[j;’7_i1(52) + oz||gh|\2Lz(Q)>dt.
10



The estimate now follows by using the previously derived estimates at the energy
norm and at partition points. 0

In order to handle the nonlinear terms within the DG setting some form of strong
convergence needs to be established. For the later we will employ the following com-
pactness argument of Walkington (see [42, Theorem 3.1]).

3.5. The discrete compactness Theorem. The problems considered in [42],
involve the numerical approximations of solutions w : [0,7] — U of general evolution
equations of the form

ur + A(u) = f(u) u(0) = uo, (3.4)

where U is a Banach space and each term of the equation takes values in U*. Here,
both A(u) = A(t,u) and f(u) = f(t,u) may depend upon ¢ and are allowed to be
nonlinear. We assume that U C H C U* (with continuous embeddings) form the
standard evolution triple, i.e., the pivot space H is a Hilbert space. The numerical
schemes approximate the weak form of (3.4), i.e.,

(ug,v) + a(u,v) = (f(u),v) Vv el, (3.5)

where a : U x U — R is defined by a(u,v) = (A(u),v). Recall, that for each subspace
Uy C U and partition 0 = t% < ¢! < ... <t = T of [0, 7] the DG scheme constructs
a function in Pi[t" 1 ¢"; U] on each (t"~1 "), which satisfies for n = 1,..., N and
for all vy, € Pp[t™ 1, " U],

/tt” ((Uht, vp) + a(umvh))dt e O T A /tt (f (un), vn)dt.  (3.6)

n—1 n—1

Here, 4 is a given approximation of ug. Set F(u) = f(u) — A(u). Then the follow-

ing theorem [42, Theorem 3.1] establishes the compactness property of the discrete
approximation.

THEOREM 3.7. Let H be a Hilbert space, U be a Banach space and U C H C U™ be
dense and compact embeddings. Fiz integer k >0 and 1 < p,q < oo. Let h > 0 be the
mesh parameter, and let {t'}N , denote a uniform partition of [0,T]. Assume that
1. up € {up € LP[0, T;U] | wp
val,

(tn—1,¢m) € Py [t"=1 " Uy)} and on each inter-

n—1

t"l t'rL
/ (upt, vp)dt + (uﬁ*1 — u”_l,vfﬁfl) = / (F(up),vy)dt
t t

holds for every vy, € Prlt" 1, Uy).
2. {un}n>o is bounded in LP[0,T; U] and {||F(un)|| Lajo, 750+ } >0 @5 also bounded.

Then,
1. If p > 1 then {up}r>o is compact in L"[0,T; H| for 1 <r < 2p.

2. If1<(1/p)+ (1/q) <2, and vazl |[urlll? < C is bounded independent of
h, then {up}n>o is compact in L"[0,T; H| for 1 <r <2/((1/p)+ (1/q) —1).

Proof. See [42]. O
11



3.6. Convergence of the discrete optimal control problem. Once, we have
shown the stability estimates in L>[0,T; L2(Q)] N L2[0, T; H}(2)], we may apply the
discrete compactness Theorem 3.7, to obtain the existence of an optimal discrete
solution, and its convergence to the continuous optimal solution.

THEOREM 3.8. Suppose that f € L*[0,T; H=*(Q)], yo € L3(Q), U € L2[0,T; L*(2)].
Let h > 0 and a uniform partition 0 = t° < t' < ... <tV =T of [0,T) fized, with
T=max;—1,  NTi, Ti =t' — 71, satisfying the assumptions of Lemma 3.6. Then,

1. For a > 0, there exist yp, € Uy, and g € L?[0,T; L*(Q)] such that the pair
(yn,gn) satisfies the discrete equation (3.2) and the functional J(yn,gn) is
manimized.

2. For a> 0, (yn, gn) converges to the solution (y,g) of the continuous optimal
control problem as h,T — 0.

Proof. We present the proof for 3/2 < p < 3. The case 1 < p < 3/2, can be treated
similarly.

(1). Let h >0 and 0 =t < ¢!, ....t" = T be a fixed uniform partition of [0,T] with
7, h satisfying the assumptions of Lemma 3.6. The discrete admissible set

A = {(yn, gn) € Uy, x L*[0,T;Up] such that (3.2) is satisfied}

is not empty since (n,0) belongs in it. Now let (Yam,gnm) € A%, be minimizing
sequence where yp,, denotes the corresponding solution of (3.2) with right hand side
9nm- In fact, we may choose the minimizing sequence such that J(ynm, gnm) < M,
with M be the value of the functional for an admissible element, say (gn,0). Hence,
the stability estimates (independent of h,7) imply that (passing to a subsequence, if
necessary), as m — 0o,

Yhm — Yy weakly in L2[0,T; HY(Q)],  ynm — yn  weakly-* in L>°[0,T; L(2)],

Ghm — gn  weakly in L2[0,T; L?(£2)].

The proof now follows by using standard arguments and the finite dimensionality of
the subspaces. We may pass to the limit to show that (yn,gn) € Aflld satisfy the
discrete equation (3.2) (see also part (2)). The weak lower semi-continuity of the
functional finishes the proof.

(2). Recall that y;, is bounded in L*°[0,T;L?(2)] N L2[0,T; H'(Q)] by constants
independent of 7,h, and similarly g; is bounded in L2[0,7; L?(2)]. Hence, we may

extract subsequences (still denoted by s, gr), converging weakly to y, g respectively
in the following sense,

yn —y  weakly in L2[0,T; H' ()], yn —y weakly-* in L°°[0,T; L?(Q2)],

gn — g weakly in L2[0,T; L?(2)].

Using the discrete compactness Theorem 3.7 we will prove the strong convergence of
yn to y in L2[0,T; L?(Q2)]. To verify the assumptions of Theorem 3.7 set U = H} (1),
H= LQ(Q) and deﬁnea <F(y)7 1)> = 7a(ya U) - <¢(y)a U> + (g7 U) + <fa U>7 vyv (RS H(%(Q)
It is evident by the stability Lemma 3.6 and in particular by the estimates on y; in
L2[0,T; HY(Q)], L>=[0,T; L*(Q)], on g in L2[0,T; L?(Q)], and the assumptions on

12



the semi-linear term, that {||yallr2(0,7;m () tr>0, {HF(yh)||L4/3[0,T;H—1(Q)]}h>0 re-
main bounded independent of h, 7. Indeed, to bound the later term, we only need to
consider the semi-linear term. Let v € L4[0,T; Hi()]. Using Holder’s inequalities,
the embedding H'(Q2) C L*(Q) and the Gagliardo-Nirenberg interpolation inequality
(note that 2 < 4?” when 3/2 < p)

lyall Lan/s () < Cllynll 2oy Iyl @)

Withs:l—miwzmg—;?’, 1 — s =3/2p, we obtain

T T
| [ tpondear <€ [l g ol

r 3/4, (T 1/4
4p/3
SC(/O HthIL’iﬁ/g(Q)dt) (/0 ||vujtpm)dt)
T 2 3/4
£x(2p-3)
SC(/O HthQLQ(Q)Hyh”lgﬁlf(ﬂz)7 dt) HU”L“[O,T;Hé(Q)]SC,

where at the last step we have used the stability bounds for y, and the fact that
% x (2p —3) < 2, for 1 < p < 3. Hence, Theorem 3.7 is applicable, with p = 2,¢ =
4/3,r = 2 and the strong convergence of y;, to y is proven in L?[0,T; L?(Q2)] norm.
It remains to show that the solution (yn, gn) € A%, of (3.2) converges to the solution
(y,g) of (2.2). Then, the weak lower semi-continuity of the functional finishes the
proof. Suppose now that we choose v, € C[0,T; U] N Uy, with vp(T) = 0. Then,
equation (3.2) takes the form,

/OT ( — (Yns Vnt) + a(yn, vn) + (D(Yn), Uh>)dt = /OT (<f, Up) + (gmvh))dt + (1°, v (0)).

Recall, that there exists a subsequence (still denoted by ys, gn) such that yp, — y
weakly in L2[0,T; HY(Q)], gn — g weakly in L2[0,T; L?(Q2)] and y;, — y strongly in
L?[0,T; L?(Q)]. Hence, we may pass the limit term by term into the above equation
to get equation (2.2). A standard density argument completes the proof. O

4. The discrete optimality system. In the last section, we prove convergence
of the solutions of the discrete optimality system to the solutions of the continuous
optimality system. The fully-discrete optimality system is defined as follows: we seek
Yn, i, € Uy, such that for n = 1,..., N and for every v, € Pp[t" 1, t"; U],

o)+ [ (= omeona) + o) + 6ln). o)) (4.1)

n—1

n

= ("o + /ttn1 (<f7 vp) + (ghaﬂh))dta

g

—(ul, ") + /tnil (<Mhyvht> + a(vn, pn) + (¢/(yh)ﬂhavh))dt (4.2)

£

= —(//f:l,viil) —‘r/ (yh -, Uh)dt7
t

n—1
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and
T
/ (agn + pmson)dt =0 Wy, € L2[0,T; U], (4.3)
0

Here, 3°, uf =0, f,U are given data, and y° denotes an approximation of 3(0).

REMARK 4.1. The existence of the discrete optimality system can be proved similar
to the linear case (see e.g. [35]), by using the previously developed stability estimates.
Note that the optimality condition (4.3) is equivalent to f:",l (agn + pn,vr) = 0 for all
vp € P[t" L t"; U], and n = 1,..., N and hence we may replace the control function
from equation (4.1), similar to the continuous case.

A “boot-strap” argument will be applied in order to derive estimates on the adjoint
variable at arbitrary time points. For this purpose, an exponential interpolant of
e~ M= X > 0, needs to be constructed.

4.1. An exponential interpolant. An L>[0,T; L*(Q)] bound for the adjoint
variable will be obtained, by using the following polynomial interpolant.

DEFINITION 4.1. Let V be a linear space, and X\ > 0 be given. If v = Zf:o ri(t)v; €
Pttt V], with r; € Py[t" =1, t"],v; € V, we define the exponential interpolant of
v by

k
v = E TiV;
=0

where 7; € Py[t" 1, t"] is the approzimation of ri(t)e " =Y satisfying 7 (t") = r;(t")
and

m o,
/ 7 (D)g(t)dt = / (g D, g e Pe i),
tn—1 gn—1

The above construction is the analogue of [7, Definition 3.3] suitably modified for the
adjoint equation (4.2) which is posed backwards in time. In particular, we use the
extra degree of freedom to match the interpolant at the end point of each time interval
(t"~1,t"] instead of the initial point which is used when dealing with the forward in
time problem. An analogue of [7, Lemma 3.4] can be proved using exactly the same
arguments (see also [5, Lemma 2.3, and Lemma 2.4]).

LEMMA 4.2. Let V and @ be linear spaces and v — v be the map constructed in
Definition 4.1, with parameter A > 0. If L(.,.) : V x Q@ — R is a bilinear mapping
and v € Py[t" =1, t"; V], then

/t L(o(t), g(t))dt = / L@, q®)e > Dar,  qePeqlt™ Q.

n—1 tn—1

If (.,.)v is a (semi) inner-product on V', then there exists a constant Cy, depending
on k (and not on \), such that

llv — 77||L2[tn—17tn;v] < CpA(t" — tn_l)”UHLQ[tnfl,tn;V]’
and in particular,

||’DHL2[t"_1,t";V] < Ck”””[ﬁ[tn—l’tn;v}.
14



Proof. (Sketch) The key step is to show that
t’Vl

t’Vl
t -

n—1

The rest of the proof follows by standard calculations as in [5, Lemma 2.4]. For this
purpose, note that since r;(t") = 7;(t"), there exists p; € Pr_1[t" 1,#"] such that
r; —7; = (t" — t)p;. The last relation, and the definition of the interpolant imply that
for all ¢ € Prp_[t" 1, "],

o o o
[ —opade= [ imraar= [ @ e
tn—l tn—l t"_l
Setting ¢ = p;, and using Holder’s inequality, we obtain

.
N (4n_yn—1

/ (1" — typldt < (1= e DIyl s gogllpll 21,40

t

n—1

The equivalence of norms in Py [t"~1,¢"], and the last inequality show that
¢ n n—1
Cuten — 7 [ pat < (1= g o [l o,

tn—1

or equivalently,
n n—1
Cr(" = " )il opn 1 eyt < (1= e ) i papna ).
The desired bound follows by the norm equivalence in Pg[t"~1,¢"]. O

4.2. Convergence of the discrete optimality system. Finally, we establish
stability estimates under minimal regularity assumptions for the adjoint variable.
These estimates combined with the discrete compactness Theorem 3.7 will be used to
establish convergence of the discrete optimality system to continuous one.

LEMMA 4.3. Suppose that yo € L*(Q), U € L?[0,T; L*(Q)], f € L?[0,T; H=1(Q2)] are
given functions, let ¢ satisfy the growth condition assumptions 2.1. If (yn, gn) denote
the discrete optimal solution and (yn, tin, gn) satisfy (4.1)-(4.2)-(4.3) then

N T
||N9r|\2L2(Q) + Z HW]H%"‘(Q) + 77/0 ||Mh||§{1(n)dt < Cya'/?
i=1

and forn=1,....N
it 720y < Cora?,

where Cs; is defined in Lemma 5.6. Let T = max;—1_ T, with 7; = t — 71 satisfy
the assumption of Lemma 3.6. Then

||ﬁ'hH%°°[O,T;L2(Q)] < CCyall? (1 + D;ZZI)/Q) = Dyst,

where C' does not depend on o, T, h, but only on C./n,Cr, Q and Dy denotes the
constant of Lemma 3.6. Here C.,n denote the continuity and coercivity constants of
bilinear form a(.,.).
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Proof. First, note that the optimality condition and the estimate of Lemma 3.6 on
gn clearly imply that fOT ||MhH2Lz(Q)dt < Cga. Now, setting v, = pp to the adjoint
equation (4.2), using the monotonicity of ¢ and Young’s inequality we obtain

n

~(/2l 720 + Q/2DNE"NZ2 @) + A/ 1720 +n/ el oyt

tn

n

. &
< a1/2/ lyn — U220y dt + (1/4a1/2)/ 1 1 lI7 2 0yt
t e

n—1

Summing the above inequalities from N to 1 and using the bounds on y, — U, up
and uf = 0, we obtain the first estimate. The second estimate follows upon summing
the inequalities from N to n. It remains to obtain a bound at arbitrary time-points.
For this purpose let fij, denote the exponential interpolant of pj as constructed in
Definition 4.1. Integrating by parts (in time) (4.2) and setting v;, = fi;, we obtain

[ (= Gt + i)+ (0 ) )t = () = [ = Ve

n—1 tn—1

Using the Definition 4.1, and integration by parts (in time) the first term of the above
equality can be written as,

g

d _ n__
la”l‘h”i?(ﬂ)e M0

tn t'll
- / tnes fin)dt = — / (s i) Dt = —(1/2) /
t t

n—1 tn—1 n—

tn

n n— _ n__gn—1 _ n__
= —(1/2)[|5" 1720y + (1/2) 1112 1||2L2(Q)e A" )+()\/2)/t » |72 0e M0,
Hence, combining the last two relations, and standard algebra, we obtain
n— —A(n =gt n n
(/2 G2 e ) = (1/2) I 120y + /21720

o o
+(A/2)/t N _t)dt+/t (@ (yn ) )t (4.4)

= - /tt" (G(Mmﬂh) + (yn — U, ﬁh))dt’

n—1

Recall that Lemma 4.2 implies that

o g
/ 1 a(pen, fin)dt < CkCc/ ) Hﬂh”%ﬂ(ﬂ)dt’
t e

n—

and
o o o
| = U < ©ufa?) [ lnleyit+ [l = Ul
It remains to treat the semi-linear term. Adding and subtracting up, and using the
monotonicity of ¢, we obtain

/t (6 (yn ), fin)dt > / (& (yn)pans in — un ).

n—1 tn—1
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For the later term, the growth condition on ¢’, the Holder’s inequality (with s; =
2/(p—1),82 = s3 = 4/(3—p)), and the continuous embedding H'(Q) c L*B~P)(Q),
imply
o o
\ (@' (yn)pns i = pin )dt| < C/ lyn 17> ) 1nll s (e 10 = 1l pas oo ()
gn—

o
-1 _
< CHyh”ZI)loo[tnfl’tn;LQ(Q)] -/tn_l ||/~LhHH1(Q)||,uh - Nh”Hl(Q)dt

—1)/2 _

< CDETV P i p2en-r o) 1B — pnll 2pen1 gm0
—1)/2

< OO VAT llan a1 o1 o)

where we have used the stability estimate of Lemma 3.6 on ||yh||2LC,C[0 rir2() < Dyst,
and Lemma 4.2 to bound fi;, — pp, in terms of pp. Therefore substituting the last
inequality into (4.4), we obtain

n— A=t n n
/2Ny N Za@e ) = /22 + /2120

¢
02 [ e

,
— [ (CeCullunliiay + 1/ lnlFaey + a2 on ~ Ul )t
t’n,—

n

t
+CDg(fif V255, / 132 oyt
tn—l
Setting now A = 1/7,, we obtain
/25 2y = (/2)E 1720y + (1/2)" 120

.
e /2m) [ il

.
< [ (CuCellmlBin @y + (al ) lnlE ey + a2 lyn — Ul o) d
tn—

n

t
1 2
+CD&; /ck/ 1||uh\\§{1(9)dt.
t’Vl*

The proof now follows, after using the inverse inequality ||uh\\%m[tn_1 i 12(Q)] <

(Ck/Tn)H,uhH%g[tn_l tn;12(q)) and the previously developed estimates of yp, up in vari-
ous norms. [0

Note that stability estimates on pj scale better in terms of a compared to y, as
expected. Using the above estimates, which are independent of 7, h, we may pass the
limit into the discrete optimality system to prove convergence.

THEOREM 4.4. Suppose that f € L2[0,T; H1(Q)], yo € L*(), U € L2[0,T; L?*()]
and that ¢ satisfies assumption 2.1. In addition, let ¢ € C*(R;R) with |¢"(s)| <
Cls|P=2 for 2 < p < 3 or ¢ be uniformly continuous. Let h > 0 and a uniform
partition {t'}N of [0,T] with 7; = t' — =1 and 7 = max;—1,... N T, satisfying the
assumptions of Lemma 3.6, and Lemma 4.3. Then, for a > 0, (yn, un) converges to
the solution (y, 1) of the continuous optimality system as 7,h — 0.

17



Proof. (Sketch) The proof follows similarly to Theorem 3.8. We treat the case 3/2 <
p < 3 (the case 1 < p < 3/2 can be treated similarly). Recall that y, g are bounded
in L°°[0,T; L*(Q)] N L?[0,T; H(Q)] and L?[0,T; L*(Q)] by constants independent
of 7,h. Similarly pj is bounded in L°°[0,7; L?(2)] N L2[0,T; L*(£2)] by a constant
independent of 7, h. Hence, we may extract subsequences, converging weakly to y, g, it
respectively in the above norms, while an application of the discrete compactness
Theorem 3.7 guarantees the strong convergence of y to y in L?[0,T;L?*(Q)] and
of up to p in L2[0,T; L?(Q)]. Note that in order to apply Theorem 3.7, we now
define (F(u),v) = —a(u,v) — (¢'(y)u,v) + (y — U,v). Tt is evident by the stability
estimates that {|un | L2(0,7;m1 ) }r>0, {IF (10l Lass0,7,5-1(0) }r>0 Temain bounded
independent of h, 7. For the later term, we only need to estimate the term,

T
/ (¢ (yn) s vn)dt < Cllpnl|Lapo,rsa@lllyn P~ 20,7522 @191 oo, Lo @)
0
< CHMh”Loe[o T;L2 Q)]”/‘hHLZ 0,T;H! Q)]|||yh|p HL2 0,T;L2 ()] HU||L4[O T;H(Q)]-

Note that using the embedding L*(2) c L2®=1(Q) (recall that 3/2 < p < 3),
and the interpolation inequality ||.H%4(Q) < Ol lzz@ -1 (), we may show that
|Hyh|p71||L2[07T;L2(Q)] < oo since yp, remains bounded (with constant independent
of h,7) in L*°[0,T;L?(Q)] N L2[0,T; H'(2)]. All other terms are easy to handle.
The proof is completed after noting that we may pass the limit into equations (4.1)-
(4.2)-(4.3), and into the functional (1.1). Indeed, for the adjoint equation, choosing

vy, € C[0,T; Up] NUp with vy (0) = 0, equation (4.2) takes the form,

T T
/ ((uh,vht> + a(pn, vn) + (&' (yn) Uh>>dt = / (yn — U, vp)dt
0 0

Using the strong convergence of yy,, pp, in L2[0, T'; L?(€2)] we may pass the limit term
by term. For the semilinear term note that

T

/0 (& (91— () pin on )t = / (& ()~ (g )) s vn et + / (&' (yn) (=), on) .

The first term can be treated using the growth condition on ¢” (or by the uni-
form continuity of ¢), the regularity of p, v, and the strong convergence of y, in
L2[0,T; L?(Q2)]. The growth condition on ¢, the stability estimates on yy,, and the
strong convergence of p, allow to pass the limit through the second term. O

Acknoledgments: The author would like to thank Prof. Noel J. Walkington, for
providing the compactness result [42, Theorem 3.1] which led to significant improve-
ments of the results.
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