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Abstract. In this paper, we discuss the a posteriori error estimates of the mixed finite
element method for quadratic optimal control problems governed by linear parabolic
equations. The state and the co-state are discretized by the high order Raviart-Thomas
mixed finite element spaces and the control is approximated by piecewise constant func-
tions. We derive a posteriori error estimates for both the state and the control approx-
imation. Such estimates, which are apparently not available in the literature, are an
important step towards developing reliable adaptive mixed finite element approxima-
tion schemes for the control problem.
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1. Introduction

Optimal control problems [18] have been extensively utilized in many aspects of the
modern life such as social, economic, scientific and engineering applications. Some of the
problems require to be solved with efficient numerical methods. Among these numerical
methods, finite element method is one of the most useful choices. There have been exten-
sive studies in convergence of finite element approximation for optimal control problems,
see, e.g., [1,14,17,25,30]. A systematic introduction of finite element method for optimal
control problems can be found for example in [15,26,28].
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In recent years, the adaptive finite element method has been investigated extensively. It
has become one of the most popular methods in the scientific computation and numerical
modeling. Adaptive finite element approximation ensures a higher density of nodes in a
certain area of the given domain, where the solution is more difficult to approximate but
can be characterized by a posteriori error estimators. Hence it is an important approach to
boost the accuracy and efficiency of finite element discretizations. There are lots of works
concentrating on the adaptivity of various optimal control problems, see, e.g., [3,4,13,16,
19-24]. Note that all the above works aimed at standard finite element method.

In many control problems, the objective functional contains the gradient of the state
variables. Thus, the accuracy of the gradient is important in numerical discretization of
the coupled state equations. Mixed finite element methods are appropriate for the state
equations in such cases since both the scalar variable and its flux variable can be approx-
imated to the same accuracy by using such methods, see, e.g., [5]. When the objective
functional contains the gradient of the state variable, mixed finite element methods can be
used for discretization of the state equation with which both the scalar variable and its flux
variable can be approximated in the same accuracy. Recently, in [6-8] we have carried out
some primary works on a priori, superconvergence and a posteriori error estimates error
estimates for linear elliptic optimal control problems by mixed finite element methods.

In [9], we have derived a posteriori error estimates for parabolic optimal control prob-
lems by the lowest order Raviart-Thomas mixed finite element methods. This paper is
motivated by the idea of [23]. We shall use the order k > 1 Raviart-Thomas mixed finite
element to discretize the state and the co-state. Due to the limited regularity of the optimal
control u in general, we therefore only consider the piecewise constant space. Then we de-
rive a posteriori error estimates for the mixed finite element approximation of the optimal
control problem. The estimators for the control, the state and the co-state variables are
derived in the sense of L®(J; L?(Q))-norm or L?(J; L?(£2))-norm, which are different from
the ones in [9]. The optimal control problem that we are interested in is as follows:

T
min {1 f (1p —pd||2+||y—yd||2+||u||2)dt}, .
uekcu | 2 0
¥i(x,t)+divp(x,t) = f(x,t) +Bu(x,t), x€Q, tel, (1.2)
plx,t)=—-A(x)Vy(x,t), x€, t €J, (1.3)
y(x,t)=0, x€dQ, teJ, y(x,0)=yu(x), x €Q, 1.4

where the bounded open set 2 € R? is a convex polygon with the boundary 99, J =
[0,T]. Let K be a closed convex set in the control space U = L2(J;L?(Q)), p,py4 €
(LA HY D)) w,y, yq € L2(J; HY(RQ)), f € L2(J; LA(Q), yo(x) € Hy(Q), B is a bounded
linear operator. We assume that the coefficient matrix A(x) = (a;;(x))2x2 € C®(;R**?) is
a symmetric 2 x 2-matrix and there are constants c;, ¢, > 0 satisfying for any vector X € R?,
c1lIXIz, < X*AX < ¢ IXI[2,.-

We assume that the constraint on the control is an obstacle such that

K:{ueU: u(x,t)>0, a.e.ianJ}.
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In this paper, we adopt the standard notation W™P(2) for Sobolev spaces on 2 with a
norm || - ||,,, , given by
MIE, = D D2,

|a|<m

a semi-norm | - [,,, , given by

V=D DI,

lal=m

We set W, P(Q) = {v € W™P(Q) : v|q = 0}. For p = 2, we denote H™(Q) =
wm(Q), HY(Q) = Wy 2(Q), and ||l = |- llm2s 1111 =11 llo.2-

We denote by L*(0, T; W™P(Q)) the Banach space of all L*® integrable functions from J
into W™P(Q) with norm

r 1
VIl s rywmr )y = (J ||V||‘;Vm,p(g)dt> )
0

for s € [1,00), and the standard modification for s = co. Similarly, one can define the
spaces H'(J; W™P(Q)) and C*(J; W™P(Q)). In addition C denotes a general positive con-
stant independent of h and At, where h is the spatial mesh-size for the control and state
discretization and At is the time increment.

The plan of this paper is as follows. In next section, we shall give a brief review on the
mixed finite element method and the backward Euler discretization, and then construct the
approximation for the optimal control problems (1.1)—(1.4). Then, we derive a posteriori
error estimates for both the state and the control approximation in Section 3. Finally, we
give a conclusion and some future works.

2. Mixed methods of optimal control problems
In this section we shall now study the mixed finite element and the backward Euler
discretization approximation of parabolic optimal control problems (1.1)-(1.4). To fix the

idea, we shall take the state spaces L = L?(J;V) and Q = H'(J; W), where V and W are
defined as follows:

V =H(div;Q) = {v e (L*(Q))%, divv € LZ(Q)}, W = L3(Q).

The Hilbert space V is equipped with the following norm:

N =

¥ sy = (V1130 + lldivw 2, )
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We recast (1.1)-(1.4) as the following weak form: find (p, y,u) € L X Q x K such that

T
1
; - _ 2 _ 2 2
ug}ggU{zL (lp = pall* + 1y = yall* + llul )dt}, (2.12)
(A"'p,v) = (y,divv) =0, Vvev,tel, (2.1b)
(¥, w)+(divp,w) =(f +Bu,w), VweW, tel, (2.10)
¥(x,0) = yo(x), Vxen. (2.1d)

It follows from [18] and [23] that the optimal control problem (2.1) has a unique solution
(p,y,u), and that a triplet (p, y,u) is the solution of (2.1) if and only if there is a co-state
(g,2) € L x Q such that (p, y,q,2,u) satisfies the following optimality conditions:

(A'p,v) = (y,divv) =0, VveV, teld, (2.2a)
(y¢,w) + (divp,w) = (f +Bu,w), YweWw, teld, (2.2b)
y(x,0) = yo(x), VxeQ, (2.20)
(A_lq,v)—(z,divv):—(p—pd,v), YVvev,teld, (2.2d)
— (2, w) + (divg,w) = (y — yq,w), Ywew, teld, (2.2e)
z(x, T)=0, Vxeq, (2.2)
T
J (u+B*z,i—u)dt >0, Viiek, (2.29)
0

where B* is the adjoint operator of B and (-,-) is the inner product of L2().

Let Z, be regular triangulations of Q. h, is the diameter of T and h = maxh,. Let
V, X W, € V x W denote the Raviart-Thomas space associated with the triangulations
T, of Q. P, denotes the space of polynomials of total degree at most k (k > 1). Let
V(t)={v € P2(7) +x - P (1)}, W(7) = Pr(7). We define

Vv, = {vhev:vfe%,vh|TGV(f)}, (2.32)
Wy, = {WhEW:VTE%,Wh|T€W(T)}, (2.3b)
K, := {ah €K:YTET, i, = po(f)}. (2.30)

The mixed finite element discretization of (2.1) is as follows: compute (py, Y, up) €
L2(J; V) x HY(J; W) x K}, such that

T
R
min {—f (llpr —pall® + llyn — yall* + ||uh||2)dt} (2.4a)
uh(t)EKh 2 0
(A_lph: Vh) - (yh: diVVh) = O: v Vh € Vh: te ']: (24b)
(Yue>wr) + (divpp, wp) = (f +Bup,wy), Vw,eWy, tel], (2.4¢0)

yi(x,0) = ¥ (), Vxeq, (2.4d)
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where yg(x) € W, is an approximation of y,. The optimal control problem (2.4) again
has a unique solution (py, y5, ), and that a triplet (py,, ¥, up,) is the solution of (2.4) if
and only if there is a co-state (qy,z;,) € L2(J; V) x HY(J; Wy,) such that (p, Yn, @ p> Zh, Un)
satisfies the following optimality conditions:

A 'pu,vi) — (yp,divey) =0, Vv,eVy teld, (2.5a)
(Yne>wp) + (divpy, wy) = (f + Buy, wy), Vwo,eW, teld, (2.5b)
Yu(x,0) = yg(x), Vxeq, (2.50)
(A_lqh,vh)—(zh,divvh)z —(ph—pd,vh), Y VhGVh, t GJ, (25d)
— (Zne, W) + (divgp, wi) = (Vn — Ya, Wh)s Vw,eW, tel, (2.5e)
z,(x, T)=0, VxeQ, (2.50)
T
J (uh +B*Zh,ﬁh — uh)dt >0, v iy, € Kp,. (2.5g)
0

We now consider the fully discrete approximation for the above semidiscrete problem.
Let At >0,N =T/At €Z, and t; = iAt, i € Z. Also, let
wi _ ’l/)i_l

Y=Y =yYlxt),  dypt= —

The following fully discrete approximation scheme is to find (p;I, y}il, u;I) EVyxWy XKy, i =
1, 2, ---, N, such that

1 S S .
min {5 ZAt(Ilpz —pLlP+ Iy = yillP+ IIuLIIZ)} (2.6a)
u;EKh l:1
(A 'pl,vy) = (yi,divwy) =0, Vv, eV, (2.6b)
(dty}l;: Wh) + (dlvp;p Wh) = (fl +Bu;15 Wh)5 v Wh S Wh: (26C)
yP(x) = yi(x), Vxen. (2.6d)

It follows that the control problt_em .(2._6) has a unique solution (p,il, y,il, u,il), i =
1, 2, ---, N, and that a triplet (p,,y;,u;) € Vp X Wy X Kp, i = 1, 2, --+, N, is
the solution of (2.6) if and only if there is a co-state (qlil_l,zi_l) € V;, x Wy, such that

(pL.yla; bzt uh) € (Vy, x Wy)? x K, satisfies the following optimality conditions:

(A'pt,vi) — (¥}, divw,) =0, Vv, eV, (2.72)
(dty;;,wh) + (divpfl, wp) = (f! +Bu;l,wh), YV w, €Wy, (2.7b)
y(x) = yg(x), Vxeq, (2.70)
(A_lq;'l_l,vh) — (z;'l_l, divvy) = —(p;'l_1 — pfi_l,vh), Vv, eV, (2.7d)
— (dtz,il,wh) + (divq;'l_l,wh) = (y;;_l — yé_l,wh), YV w, €Wy, (2.7¢)
z,’lv(x) =0, Vxeq, 2.7)

(u;; +B*z,i1_1,ﬂh — u;;) >0, V iy, € K. (2.79)
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Fori=1,2, -, N, let

Vil oy = (6= Oy + (e — ti_1)y)) /A,
Zh|(tl = ((tl—t)zl (= 1—1)2;;) /At,
Pol oy = ((ti= 0P + (c — t_1)p}) /A,
Ul = (= 07+ (= o)) /e
Uh|(q,1 6] h

For any function w € C(J; L?(Q)), let

Ww(x,t)] =w(x,t;), W(x,0)| =w(x,t;_1).

te(ti—1,ti] te(ti1,t;]

Moreover, we let
Pale oy = ((ti =P+t = t:1)p}) /At

Then the optimality conditions (2.7) satisfying

(A™1P,,vy) — (Y, divv,) =0, Yv,eVy, (2.8a)
(Yie, wy) + (divPy, wy) = (f + BUy, wy), Y wy € Wy, (2.8b)
Y (x,0) =y, h(x), Vxen, (2.8¢)
(A71Qy, vi) — (2, divvy) = —(B, — Pa>Vh)s Vv,eVy, (2.8d)
— (Zne, wi) + (divQp, wy) = (Y — F4, wh), Vwp €Wy, (2.8¢)
Zn(x,T)=0, Vxeq, (2.8f)
(Uy + B*Zy, 1, — Up) > 0, Y i, € Kj,. (2.82)

In the rest of the paper, we shall use some intermediate variables. For any control
function Uy € K;,, we first define the state solution (p(Uy), y(Uy), q(Uy),2(Uy)) satisfies

(A7 'p(Up),v) — (y(Up), divw) =0, Vvev, (2.9a)
(v (U),w) + (divp(Uy),w) = (f + BU,w), Vwew, (2.9b)
y(Up)(x,0) = yo(x), Vxeq, (2.90)
(A"'q(Uy),v) = (2(Up), divv) = —(p(Uy) = p 4, v), Vvey, (2.9d)
— (2:(Up), w) + (divg (Up,), w) = (¥ (Up,) — yq,w), Vwew, (2.9e)
2(Up)(x,T) =0, YV xeq. (2.9)

Let R, : W — W, be the orthogonal L?(Q)-projection into W, [2], which satisfies:
(Ryw —w, ) =0, weWw, y ew, (2.10a)

IRpw —wlloq < Cllwll, 4k, 0<t<k+1, ifwewnw(Q), (2.10b)
IRpw —wl|_, < Cllwl| A", 0<r t<k+1,ifweH(Q). (2.10¢)
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Let IT;, : V — V,, be the Raviart-Thomas projection operator [11], which satisfies: for
anyv eV

f wp(v =Iv)-vpds =0, w,€W,, E€&, (2.11a)
E

J (V —HhV)'VthdyZO, vy, €Vy, TE%, (2.11b)
T
where &, denote the set of element sides in .
We have the commuting diagram property
divoIl, =Rjodiv:V—-W, and div(I —1I;)V L W, (2.12)

where and after, I denote identity matrix.
Further, the interpolation operator II; satisfies a local error estimate:

lv —Mpvllon < Chlvly 4, v eVNH(F). (2.13)

The following lemmas are important in deriving a posteriori error estimates of residual
type.

Lemma 2.1. Let 7, be the average interpolation operator defined in [27]. For m =0 or 1,
1<qg<ooandVvewhi(Qh),

|V - ﬁhV|W"”q(T) < Z Chi_m|V|W1,q(T/). (214)
T'NT#D

Lemma 2.2. ([10]) Let 7y, be the standard Lagrange interpolation operator. Then for m =0
orl,1<qg<ocoandVvew>I(Qh),

v — mtpvlwma(e) < Chi_m|v|wz,q(T). (2.15)

3. A posteriori error estimates

In this section we study a posteriori error estimates for the mixed finite element ap-
proximation to the parabolic optimal control problems.
In order to the following analysis, we divide the domain € into three parts:

Q= {x €eQ:(B*Z,)(x) < o},
Qp = {x €Q:(B*Z,)(x) > 0,Uy(x) = 0},
Q, = {x €Q:(B*Z,)(x) > 0,Uy(x) > o}.

It is easy to see that the partition of the above three subsets is dependent on t. For all ¢,
the three subsets are not intersected each other, and

Q=0Q_uUQuu,.

Firstly, let us derive the a posteriori error estimates for the control u.
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Theorem 3.1. Let (y,p,2,q,u) and (Y, Py, Zy, Qp, Uy) be the solutions of (2.2) and (2.8),

respectively. Then we have
”u - Uh”%Z(‘];LZ(Q)) < Cn% + ”Zh - Z(Uh)lliz(J;Lz(Q))J

where

ﬁ,ﬁ =||U, + B*Zh||%2(J;L2(Q_UQ+)).

Proof. 1t follows from (2.2g) that
T
”u - Uh”iZ(J;LZ(Q)) = L (ll - Uh)u - Uh)dt
T T
:J (u+B*z,u—Uy)dt +J (Up +B*Z,, U, —u)dt
0 0
T T
+ J (B*(Z, — z(Uy)),u — Updt + J (B*(2(Uy) — 2),u— Up)dt
0 0
T T
SJ (Uh + B*Zh, Uh - U)dt + f (B*(Zh - z(Uh)),u - Uh)dt
0 0

T
+ f (B*(2(Uy) — 2),u — Up)dt
0
= I]_ + 12 +13

We first estimate I;. Note that

T
Il :f (Uh +B*Zh, Uh - U)dt
0

T T
:J J (Uh+B*Zh)(Uh—u)dxdt+J J (U, +B*Z,)(U;, —u)dxdt.
0 Ja_ua, 0 Jq

It is easy to see that

T
J J (Un +B*Z)(Uy, — w)dxdt
o Ja_ua,
* 7 112
<C(o)llu,+B ZhllLZ(J;LZ(Q_UQ+))

:C(5)"7% + 5”1[ - Uh”iZ(J;Lz(Q)))

+ 6l = Unll2. 12000,

3.1)

(3.2)

3.3)

(3.4)

where § is an arbitrary small positive number, C(§) is dependent on §~!. Furthermore,

we have that
U,+B*Z,>B*Z,>0, U,—u=0-u<0, on €.
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It yields that

T
J J (U, +B*Z,)(U;, —u)dxdt < 0. (3.5)
0 Ja

Then (3.3)-(3.5) imply that

Il < C(5)7ﬁ + 5||u - Uhll%Z(J;LZ(Q))' (36)

Moreover, it is clear that

T
I, = J (B*(Z, — 2(Uy)),u — Up)dt
0

< C(O)IZy —2(Upl +6llu— Uyl (3.7)

2 2
L2(J;L%(92) L2(J;L2(Q)"

Now we turn to I5. Note that
¥(x,0) = y(Up)(x,0) = yo(x) and z(x,T) ==2(Up)(x,T)=0.
Then from (2.2) and (2.9), we have
T
L= &) -n.u-uvpde
Jo

T
= (‘ (z(U,) —2,B(u—Uy))dt
Jo

T
- (= WD) 2(U) - 2) + (divip — p(Uy), 2(Uy) — 2) ) it
0

T
: J (@' - P, q(U) — 9) — (¥ = YU, div(g(Uy) - q)) ) dt
0
T
= J (= (W) = 2%y = YU +(@iv(@U) - ),y = ¥(U) ) dt
0
T
: f (@ (@W) - @).p ~ pU) — E(U) — 2 divip — p(U)) ) dt
0

T
=J ((.)’(Uh) — ¥,y = y(WUp))+(p(Uy) —p,p —p(Uh)))dt <o. (3.8)
0

Thus, we obtain from (3.2) and (3.6)-(3.8) that
”ll - Uhl'%z(J;Lz(Q)) < Cn% + ”Zh - Z(Uh)”iZ(J;LZ(Q))a (39)

which proves (3.1). O
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2
L*(J;L2(Q))
stability results (see [12] for the details) for the following dual equations:

In order to estimate the error ||Z, —z(Up)|| we need the following well known

¢, —div(A*'V¢p)=0, xeQ,te[t"T],
¢lan =0, te[t",T], (3.10)
¢ (x, t*) = po(x), x €4,

and
—, —div(AVY) =0, xeQ,te[0,t"],
wlaﬂzO, te [OJ t*:|3 (3~]—1)
'l/)(x, t*):’lpO(X)) x €Q.

Lemma 3.1. ([12]) Let ¢ and v be the solutions of (3.10) and (3.11) respectively. Let Q be
a convex domain. Then

-
[$(x, OPdx < Cllgolifog, Ve[t T], (3.12a)
Q
('T
[ voPaxar < CligollZ2q, (3.12b)
Jt* Ja
('T
( |t — t¥||D?¢p|?dxdt < c||¢0||§2(m, (3.12¢)
Jt* JQ
('T
[ e tllpePdxdt < Cligollfz g (3.12d)
Jt* JQ
and
( Y (x, OPdx < Cligpolifog, ¥ t€[0,67], (3.13a)
Ja
t*
( ( |v¢|2dxdtsc||¢0||§2(m, (3.13b)
Jo J@
t*
( ( |t — t*||D%¢y|>dxdt < C||1p0||§2(m, (3.13¢)
Jo Ja
t>:<
( ( |t — "]l |Pdxdt < Cllwollfz(m, (3.13d)
Jo Ja

where |D?¢| = max{|82v/8xi8xj|, 1<i,j <2}, and |D?¢| is defined similarly.

We also need the following Gronwall’s Lemma.
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Lemma 3.2. ([29]) Let f and g be piecewise continuous nonnegative functions defined on
0 <t < T, g being non-decreasing. If for each t € J,

f(t) <g(t) +J f(s)ds, (3.14)
0

then f(t) <e'g(t).
Now, we are in the position to estimate the error ||Z;, — z(Up)|| L2(J:12(Q)-

Theorem 3.2. Let (y,p,2,q,u) and (Y, Py, Zy, Qy, Uy,) be the solutions of (2.2) and (2.8),
respectively. Let (y(Uy), p(Uy),2(Uy),q(Uy), Uy) be defined as in (2.9). Then we have the
following error estimate

”Zh - Z(Uh)”ZZ(J LZ(Q))

2
<022 0} + CIP(UD = Pllagy oy + I = YU sy (BA15)
1=
where
i+1 9
2 _ 2 _ R .
nz_ie[r{l,la\ll)il] Jt Zh J ( Zy +divQy, Yh—i-yd) dxdt }; (3.16a)
~ . 2
= |lnAt h* —Zp, +divQ, — YV +74) dx b 3.16b
=|ln hgﬁg’; {Z TJT( he +divQy — ¥ + 74 X} ( )
tiyy )
2 . -1 _
= A Phn—pg— ; 1
N4 ie[riﬁiil] J,_l Zwlflelll/lvhﬁ( Qn+P,—Dy th) dxdt }; (3.16¢)
2
2 =|lnAt h% . A7l P,—ps—V dx }; 3.16d
g |tglg>; {Z Wﬂ?év‘&hj Qu+Py—Pa— Vwy) x}, (3.16d)
77; = ”pd _pd”%Z(J;LZ(Q)) + ||pd _pdlliz(J;Lz(Q)); (316ﬂ
77% = ”Yh - Yh”%Z(J’;LZ(Q)) + ||5’d _.)’d”%zu LZ(Q)); (3168)

Proof We first define ql}:’ as follows:
(A_lth: vh) - (Z]I«lva diVVh) = _(th - pg5vh): v Vi € Vh' (317)
Then from (2.7d) and (3.17) we deduce that

(A7'Qp, vi) — (Zy, divwy) = —(By — Py, Vi), Vv,eVy. (3.18)
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Combining (2.8d), (3.18) and the definitions of Z, Q, P, and p 4, we get
(A7'Quvi) = (Zp, divvy) = =(P, — Pg,vi), Vv, €V (3.19)

Let ¢ is the solution of (3.10) with ¢o(x) = (Z, — 2(Uy))(x,t*). Then it follows from
(2.8d)-(2.81), (2.9d)-(2.9f) and (2.11)-(2.12) that

1(Zy = 2(UCx, )12 g
=((Zy —2(U)(x, £, ¢ (x, 1)

T
= f (- (@~ 2, $) — (2, — 5(Up), div(av$)) ) dt
T

T
= f (= (@~ 2D, $) + (U, V) )t + f (W - po V9) - (2, div(AV$)) ) dt

* t*

T
=f (= @ = 25U #) + (V@ — a(U)), ) ) dt

T T
+J ((P(Uh) — P4, Vo) — (divQy, ¢))df - f (Zy, div(I1,(AV ¢)))d t
T ‘ T ‘
=J (—Zp + divQy, — Yy + 34, )dt — f (YU = Y4 = Yo+ Ja, p)dt
T T
+ f ((eW) ~pa, V) + (@1, V) ) d —f (A7'Qu + Py — P, TI(AV))d 1
T T
ZJ (—th + diVQh — Yh +_)7d, ¢)dt +J (A_lQh +Ph _I_’d — th,AV¢ — Hh(AV¢))dt

T T
+J (p(Up) —P,+Pg— P4 +Qh_Qh:v¢)dt+J (Fa = Ya+ Y — y(Up), p)dt

To prove (3.15), the first step is to estimate I;. Let t* € (t;_1,t;], wheni > N — 1, by
Lemmas 2.1, 2.2 and 3.1, we have

T
I =J (=2 + divQy, — Vi + F4, b — 700 ) dt
.
T
SCJ Z | = Zpe + divQy — Yy + Fall 2oy | @ oy d t
t* T

T T

sc@f Zhif (—th+dinh—?h+5/d)2dxdt+C6J J |V |2dxdt
t* T T t* JQ
ty

<c(8) Zhif (—th +divQ, — ¥, + yd)z dxdt + C5||(Z, — z(U))(x, t*)||§2m). (3.21)

tya T



A Posteriori Error Estimates for Parabolic Control Problems 451

Wheni <N —1,
tiy1 N .
11=J (= Zue +divay — T+ 7, 6 — 7ub ) dt
t*
T
+J (= Zue +div@y = T+ 4, & — mnp ) dt
tit1
i+1
<CJ Z”_th+d1VQh Y+ Vallzeoyhel @ lanendt
+CJ Z”_th+diVQh_?h+5/d”L2(T)h%|¢’|H2(T)dt
tiy1 T
i+1 . . 9 tit1
50(5)J ZhiJ (—th+dinh—Yh+5/d) dxdt+C5J J Vo |>dxdt
t* T T t* Q
T 2
+C(5)J |t—t*|—12hjj (—th+dinh—l7h+5/d) dxdt
tity
r +
+C5J |t — t*| |D 2¢2dxdt
tit1

i+1
5C(5)J Zhif (—th+dinh—?h+5/d)2dxdt
tig T T

.o ~ ~ \2
te[t T {Zh4J th+d1th—Yh+yd) dx}
i+1>

+c5||(zh—z(Uh))(x,t |2

2 (3.22)

The second step is to estimate I,. Let t* € (t;_;, t;] again. Similarly, wheni >N — 1,
T
I :f (A—lQh +P,—pg— Vwp, AV — Hh(Aqu))dt

<C(6) WmeJ AT'Qu+P,— Py — th) dxdt
ty_p T Wh Wh

+C611(Zh — 2(UD)Cx, )17 (3.23)

LX)
Wheni <N —1,

Whe h

i+1
<C(5)J min J (A—lQh +P,—py— th)zdxdt

+C(6) ln

2
max h2 . min A—l 4P —B.—Vw dx
— t* | teltis1,T] {Z wrEW, «fr ( Qn h— Pd h) }

(3.24)

+ CoI(Z, — 2(Up))(x, t*)HLz(n)
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Then we estimate I3, I4. It follows from Lemma 3.1 that

T
I3 ZJ (P(Uh) —Py+Pg—Pq+Q _Qh:vd))dt
t*

SC(é)”p((]h) - Ph”%z(t*,T;Lz(Q)) + C(5)||pd - pd ”%,Z(t*,T;LZ(Q))

T
+C(5)||Qh_thliz(t*,T;Lz(Q))+C5J J |v¢|2dth
t* JQ
SC(é)”p((]h) - Ph”%z(t*,T;Lz(Q)) + C(5)||pd - pd ”%,Z(t*,T;LZ(Q))

+ C(5)||Qh - Qh”%z(t*,T;LZ(Q)) + C5||(Zh - Z(Uh))(x; t*)”%Z(Q)J (325)

and

T
Iy =J‘ (Fa = ya+ T = y(U), ¢ )dt
o
<CEMNTa = YalPrge gz + CEMTn = YU e e
+66 max {ll$Cx, 0l )}
<COMTa = YalPape oz + CENTr = Vil 1rmceny
+ CEONY = YU e gopoay + COIZ =2, M. (3.26)
Hence, from (3.21)-(3.26) we have that when t* € (t;_;,t;], i > N — 1,

1(Z, = 2(U))Cx, 1 g

ty
SCJ Zhif (—th+divéh—f/h+5/d)2dxdt
t T

N2 T

tn

. -1 - 2 2

+C f Zwm% f (A7'Qu+ Py = Bg = Vwa) dxdt +Clp(U) = Pull}e 1oy
N-2

+ C”I_’d - Pd ||%2(t*,T;L2(Q)) + C”Qh - Qh”%z(t*,T;LZ(Q)) + C||5’d - yd ”%,l(t*,T;LZ(Q))
+ C”Yh - y(Uh)”%l(t*’T;LZ(Q)) + CH?h - Yh”%l(t*,T;LZ(Q))' (3-27)

Wheni <N —1,
”(Zh - Z(Uh))(x’ t*)”iZ(Q)
t1+1
scj Zhij (= 2y + divQ, —Yh+yd)2dxdt

t;
~ ~ 2
max { Y k| (=2 +divQ, -V +7,4) dx
telt;1,T] p= T

t
+C |In
T —t*
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h- A” P -V d
re[rﬂﬂ{z wrflelvrt}hf 't By = pa = V)’ x}

i+1
-1 = 2 2
+ cf Zwrggvhf (A7'Qu + Py = Ba — Vwn) dxdt+Clp(Uy) = Pull2a e 1opoan)

+C|ln

T—t*

+C||Pd pd”LZ(t* LZ(Q))+C||Qh Qh||L2(t TLZ(Q))+C||5/d _de%l(t*,T;LZ(Q))
+ CHYh y(Uh)HLl(t T- LZ(Q)) + C”Yh YhHLl(t T LZ(Q)) (328)

Therefore, it follows from the above two cases that

”Zh Z(Uh)”Loo(J :L2(02))

<CZ"71 +C”p(Uh) Ph”L2(J Lz(ﬂ))_'_C”Yh y(Uh)”LZ(J LZ(Q)) (329)
i=2
The triangle inequality and (3.29) yield to (3.15). O

In [9], we have derived the following estimate:

1P, = p (Ul 2z <C (IF = Fllzegsuzcan + 10 = Vdellzegsucay
+ 1By — Pull 22y + lyh () — J'o(x)llfz(ﬂ))- (3.30)
Similarly, we can prove that

QK — q(Upll 2120y
<C (IIp(UR) = Pullzgiaay + 160 — Pallizwszzan + 10n = Qullizgizzay
+115a — yall2g.r2 + 1Y% — YU 22200y + 1Y% — Yall 2.2
12— Z)ell 220y + I1Pr — Ph||L2(J;L2(n)))- (3.31)

To obtain our final result, we still need to estimate the term Y, — y(Uy,) in (3.15).

Theorem 3.3. Let (Y3, Py, Z1, Qp, Uy) and (y(Uy), p(Uy),2(Uy),q(Uy), Uy) be the solutions
of (2.8) and (2.9), respectively. Then we have

”Yh - y(Uh)”Loo(J L2(Q) = <C Zlonl ) (332)
A

where

tit1
nj, = max {J Zh%J (Yht +divP, — f —BUh)dedt} ; (3.33a)
t T

i€[1,N—1] -
-

n3, = |lnAt| max {Z hif (Yht +divP, — f —BUh)de}; (3.33b)
T T

te[0,T]
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tiy1
2 . -1 2
- AP -V dxdt }; 3.33
e ief?z%)fl]{ft Zwlflelvr&hﬁ( w = Vwy) " dx } (3.330)

i—1

N3, = [InAt| tg[lg}] {Z h2 - erflei%h JT (A—lph - th)Z dx} ; (3.33d)
N34 = 1Py = Pall?ss 20y + 1T = i)l 2y (3.33¢)
M35 = I = FlZ25.1200y + 176 (0 = Yo (122 - (3330
Proof. Similar to (3.19), we can get the following equality;
(A71P,vy) — (Y, dive,) =0, Vv, €V (3.34)

Let 1) is the solution of (3.11) with ¥o(x) = (Y, — y(Up))(x,t*), using (2.8a)-(2.8c),
(2.9a)-(2.9¢) and (2.11)-(2.12), we infer that

=((Y, — y(Up))(x, £9), 9 (x, t))

= J (= YD) ) = (¥ = y (U, div(aV)) )de
0

+ (Y = y(Up))(x, 0), 4 (x,0))

=J (= YWD ) + (U, 7)) d
0
- f (¥, div(T (A + (¥ — Y (U))(x, 0), 1(x, 0)
0
=J (= y W) + (div(By = U, ) ) dt
0

+ J (A7, Ty (AVY)) = (divBy, 1) ) de + (¥ — ¥(UR))(x, 0, 9 (x, 0)

0
ZJ (Yie +divBy, — f — BU, 4p)dt +J ((f —fop) + (P, — Ph,VQP))dt
0 0

+J (Vwy, — AP, AV — TTL(AVAY))d t + ((V, — y(Up))(x,0), 9(x,0)). (3.35)
0

When t* € (t;_1,t;],1 <2,

1Y = y (UDICx, 72

t, 6
P 7 2 . _ 2
SCJI Zhif (Y + divP, — f —BUy,) dxdt+Cft ZWI’IIEI&J (A7'P, — Vwy) " dxdt
0o T T o T T

+ CH.’E - f ”f,l(o,t*;LZ(Q)) + Cth - Ph||%2(0,t*;L2(Q)) + C||}’g(x) - yO(x)”iz(Q) (336)
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Wheni > 2,
||(Yh - y(Uh))(X t*)”%Z(Q)

<cf f (Ve +divB, — f — BUh) dxdt
12 T
~ ~ 2
Wt | (Y +divP, — f —BU,) d
tef[l(}%fiz]{z J ht+ P, — f h) X}
. -1 2
+CJ. Zwﬂflel%hj (A1, — Vwy) dxdt
2 2
ter[lga:lxz]{Zh Iggvr&hf A7lp, — th) dx}

+C||f f”L (0 t* Z(Q))+C||Ph Ph||L2(0 t*. Lz(ﬂ))+c||y0(x) yO(X)”zZ(Q) (3 37)

+C ln—

+C ln—

Hence

1Y = Y Ul g2 < € 21]0 n?. (3.38)
1

This proves (3.32). O

Let (p,y,q,2,u) and (Py, Yy, Qp, Zy, Uy) be the solutions of (2.2) and (2.8), respectively.
We decompose the errors as follows:

P—P,=p—pU)+pU) —Py:=€; +ey,
Y=Y=y—yWUp)+yWU,) —Y,:=r1+ey,
q—-Qn=9—qUy)+q(U,) —Qp =€y + &y,
z2—2Zyp=2—2(Uy) +2(U) — Zy, :=15 + 5.

From (2.2) and (2.9), we derive the error equations:

(AYeq,v) = (ry,divv) =0, Vvev, (3.39a)
(rie,w)+ (dive,,w) = (B(u — Up), w), Ywew, (3.39b)
(AYey,v) — (1, divy) = —(p — p(Uy), v), Yvev, (3.39¢)
— (rop, w) + (dive,y, w) = (y — y(Up), w), YVweWw. (3.39d)

Theorem 3.4. There is a constant C > 0, independent of h, such that

lle1 22y I llLew;2@y) < Cllu — Upll2g;2c0)) (3.40a)
lleallLorr2eqy) + Iralliew; 2y < Cllu = Upll2;200))- (3.40b)
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Proof. Part I. Choosing v = €; and w = r; as the test functions and add the two
relations of (3.39a)—(3.39b), we have

(A ey, €1) + (ryp, ) = (B(u— Uy), 1p). (3.4D)

Then, using e-Cauchy inequality, we can find an estimate as follows

(A_leb 61) + (rlt) rl) <C (”rIH%Z(Q) + ”B(u - Uh)”%Z(Q)) . (342)
Note that
— a 2
(rie,r) = EEHHHLZ(QV

then, using the assumption on A, we can obtain that

10
leale + 5 57 1m1agqy < € (IraliZagy + lu = UnliZsgy ) (3.43)
Integrating (3.43) in time and since r;(0) = 0, using Lemma 3.2 to get

+ [l < Cllu— Uyl

2 2
LO(J5L2(Q)) — L2(J;L3(9)) (3.44)

”61 ”%,Z(J;LZ(Q))

this implies (3.40).
Part II. Similarly, selecting v = €, and w = r, as the test functions and add the two
relations of (3.39¢)-(3.39d), we can obtain that

(A7 ley,€9) — (rorma) = (y — y(Up), 15) — (p — p(Up), €3). (3.45)

Then, using e-Cauchy inequality and the assumption on A, we find that

10
leallsy = 5 52 1mallogqy < € (Il +lIraliZogy +llerlegy ). (3.46)

Integrating (3.46) from t to T and since r,(T) = 0, applying Lemma 3.2 and (3.44), we
can easily obtain the following error estimate

a2y = e = Unllfagy 20y (3.47)

”62 ”%Z(J;LZ(Q))
We complete the proof of Theorem 3.4. O

Collecting Theorems 3.1-3.4 and (3.30)—(3.31), we can derive the following results:

Theorem 3.5. Let (p,y,q,z,u) and (Py, Yy, Qy, Zy, Uy) be the solutions of (2.2) and (2.8),
respectively. Then we have

2 2 2
”u_Uh”LZ(J;LZ(Q)) + ”.y - Yh”Loo(J;LZ(Q)) + ”P - Ph”LZ(J;LZ(Q))
15
+ ”Z - Zh”%oo(J;LZ(Q)) + ”q - Qh”%Z(J;LZ(Q)) =< CZ "712; (348)
i=1

where 1, is defined in Theorem 3.1, ), - -+, Mg are defined in Theorem 3.2, and Mg, ***, N15
are defined in Theorem 3.3.
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4. Conclusion and future works

In this paper, we derive a posteriori error estimates for the mixed finite element so-
lutions of quadratic optimal control problems governed by parabolic equations. Our pos-
teriori error estimates for the linear parabolic optimal control problems by mixed finite
element methods seem to be new. In the next work, we shall design the adaptive mixed fi-
nite element algorithms and use the mixed finite element method to deal with the optimal
control problems governed by nonlinear parabolic equations. Furthermore, we shall con-
sider superconvergence of parabolic optimal control problems by high order mixed finite
element approximation.
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