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Abstract. We study the dynamics of a piecewise (in time) distributed optimal con-
trol problem for Generalized MHD equations which model velocity tracking coupled
to magnetic field over time. The long-time behavior of solutions for an optimal dis-
tributed control problem associated with the Generalized MHD equations is studied.
First, a quasi-optimal solution for the Generalized MHD equations is constructed; this
quasi-optimal solution possesses the decay (in time) properties. Then, some prelimi-
nary estimates for the long-time behavior of all solutions of Generalized MHD equa-
tions are derived. Next, the existence of a solution of optimal control problem is proved
also optimality system is derived. Finally, the long-time decay properties for the opti-
mal solutions is established.
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1 Introduction

The control of viscous flows is very crucial to many technological and scientific appli-
cations. We are motivated to study the asymptotic behaviors and dynamics of solutions
for the controlled Generalized MHD equations (GMHD). In this paper we study the long
time behavior of the solution for optimal control problems associated with GMHD equa-
tions on the infinite time interval. The optimal control with the systems governed by
Navier-Stokes and Boussinesq equations was studying by L. Hou and Y. Yan [1] and by
H. Chun Lee and B. Chun Shin [2], respectively. This work is motivated by the desire to
steer over time a candidate velocity field u and magnetics field b to a target velocity field
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U and magnetics field B by appropriately controlling the body force. The existence of
solutions of GMHD equations was studied in [3].

We formulate here a controllability problem for the GMHD equations: find a triplet
(u,b, f) such that the functional

Y 2 B [t 2
oo b N)=5 [ [ Jwh) =B Pdxdi+ 2 [ [ |f~FPaxat, @)

is minimized subject to the 2-D GMHD equations:

ou

g-l-(u-v)u—(b-v)b-l-v;o-i-v(—A)ru:f, in Q% (0,00), (1.2)
%—I—(u-v)b—(b-v)u—l-@(—A)rb:O, in Q% (0,00), (1.3)
V-u=0, V-b=0, in Q) x (0,00), (1.4)
u=0,Au=0, Nu=0,---, Nu=0, on 902 x (0,00), (1.5)
b-n=0, Ab=0, A’h=0, ---, A"h=0, on 902 x (0,00), (1.6)
Vu=0, V’u=0,---, V'u=0, on 902 x (0,00), (1.7)
Vb=0, V?b=0, ---, V'b=0, on 902 x (0,00), (1.8)
u(0)=ug and b(0)=bhy, (1.9)

where n is an outward unit normal vector on dQ) and r a non negative integer, also v >0
and 6 > 0 are the kinematic viscosity and conductivity parameters, respectively. Here
a, >0 are given constants, () is a bounded, sufficiently smooth domain in R? with 0Q
denoting its boundary; U, B and F are a given desired velocity field, a given desired mag-
netic field and a given desired body force, respectively. Also, f is a distributed control
(body force), and u,b and p denote the velocity field, the magnetic field and the pressure
field, respectively.

S. S. Ravindran [4] was interesting in the standard case (r=1) and he had also used
a curl term. The periodic case was studying by M. Gunzburger and C. Trenchea in [5]
and [6].

Intuitively, if a flow field (u,b) is close to the desired field (U,B), then the body force
corresponding to the two fields (u,b) and (U, B) should also be close. Hence, in order that
the optimal control solution of GMHD equations is close to the desired field (U,B), we
must place some restrictions on the desired body force F involved in the cost functional
(1.1). In fact, throughout this paper we will simply choose for some P € L3(Q)),

F:=9,U+v(—A)"U+(UV)U+VP—(B.V)B (1.10)
for the desired field (U, B) satisfying

9;B+0(—A) B+(U.V)B—(B.v)U=0. (1.11)
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We make the following regularity assumptions on the prescribed data U,B and F:

{ (U,B)eL® (0,00} (Hz(ﬂ)mvr) X (HZ(Q)QV;))' (A1)

Fe L™ (0,00,L%(QY)).

Note that these hypotheses permit the special case of steady state (U,B). Thus one appli-
cation of the optimal control problem is to match a steady state flows field through the
control of external forces. Observe that (U,B) is not an optimal solution because (U, B)
in general does not satisfy the initial conditions. For technical reasons, we will need the
following assumptions

L, 0 .
29)\‘1”‘ 2 E_W’HVUM _—H|VBH| >0, keN”,
0
29A4k—§—ﬁmvum ——]HVBH] >0, keN,
K (A2)
222 A v >o, ke,
2 A‘”‘—%V——]HVUH\ >0, kEN.

We summarize the major components of this paper as follows.

e A quasi optimizer is constructed for the optimal control problem.

e We prove the existence of a solution for the distributed optimal control problem of
minimizing (1.1) subject to (1.2)-(1.9) and derive an optimality system of equations
from which optimal solutions may be deduced.

e The long-time behavior (dynamics) of the optimal solution is derived and the main
result is that the L2 (0,00;L%(Q)))-distance ||(u,b)(t) — (U,B)(t)|| between the opti-
mal solution (u,b) (t) and the desired state (U,B) (t) decays to zero as time f— co.

Our plan of the paper is as follows: Section 2 is devoted to preliminary material. In
Section 3 we construct a quasi-optimal control solution and some preliminary estimates
for all solutions of the GMHD equations. In Section 4 we prove the existence of an optimal
solution on the finite time interval and derive an optimality system of equations from
which optimal solutions may be deduced. Finally, in Section 5 we prove the decay of the
controlled dynamics to the desired dynamics.

2 Preliminaries

Throughout this work, C denotes a generic constant depending only on the physical do-
main (), the viscosity constant v and the conductivity parameter 8. We will use the stan-
dard notations for the function spaces L¥(Q}) with the norm denoted by ||-| 1r(0) and the
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Sobolev spaces H"(Q)) with the norm denoted by ||-||,,,- We simply denote by the norm of
L*(Q)) ||-||- The space H'(Q)) is consisting of functions in H™((}) which vanish on bound-

ary 0Q). The vector valued counterparts of these spaces are denoted by L¥ (()), H" ((}) and
H{'(Q).
We now introduce the solenoidal spaces

Wr:{uEHr_l(Q), V-u=0 and u-n]aQ:O},

V' ={uecHj(Q)), V-u=0 and Vu=---=V'u=~Au=---=A"u=0 ondQ},
Vi={ucH (Q), V-u=0 and u-n|yn=Vu=--=Vu=A~Au=---=A"u=0 ondQ}.

We identify the dual space of W with W” itself under the L2(Q)) inner product and the
dual space of V" and V7, is denoted by (V")* and (V},)*, respectively. We have

V' x Vo' CV XW' C (V)% (V)

where the injections are continuous and each space is dense in the following one. Next,
we introduce the temporal-spatial function spaces L' (0, T;H" (Q})) defined on Q7 =Q X
(0,T) equipped with the norm

T 1/p
Il = InOl5e)

where p € [1,00). We simply denote Q. by Q. The solenoidal temporal-spatial function
space

Hi(Qr)={uel*(0,T;V"); duel?(0,T;(V)*)},
Hp(Qr)={be L*(0,T;V},); abeL*(0,T;(VH)")},

that associated norms are respectively given by
2 2 2
HUH"H; = ||v||L2(0,T;Vr) + HathLZ(O,T;(V’)*)’
2 2 2
HWHH; = HwHLZ(O,T;V;) + HawaLz(O,T;(V;)*)‘
For convenience we simply denote by

H'(Qr)=H,(Qr) x Hy(Qr), H"(Q)=H"(Q)xH"(Q),
H}'(Q)=HI(Q)xHI'(Q) and L*(Q)=L%(Q)xL3(Q).

We denote by |[|-||| the simplified norm notations of |||« (o r;12(2))- This norm will be
applied solely to U,B,VU and V B. For two normed spaces

2 2 2
10, sy =l 012, V(wb)eSixSa.
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For a function 1 and b in a temporal-spatial space, we often use the notation u(t) :=u(.,t)
and b(t):=b(.,t) to stand for the restriction of # and b at time  as a function defined over
the spatial domain ().

We introduce some standard continuous bilinear or trilinear forms:

W) ( / v(( V((—AY)dx, keN,Vu,peHF(Q),
Wiy (0.9) ze/nv . b):V((—A)qu)dx, keN,vb,pe H*1(Q),
a5 (n,9) =v [ (=)u)-((—2)*g)dx, kEN",Viu,p HH(0),
b 9)=0 [ (~2)D)-(~) p)dx, KEN', Vi p € (0),
c(u,v,w):/o(u-V)vowdx, Yu,o,w e H' (Q),

where the colon notation : denotes the inner product on R>*2. Also, we denote by (-,-)
the duality pairing between a Banach space and its dual. Note that for all u,v,w e H!(Q)),
¢ have the following continuity properties (see [7])

[e(u,0,w)| <2V a2+ V| 2|V |- ]2 || Vo |2, (2.1)
The trilinear form ¢ have followings properties
c(u,v,w)=—c(u,w,v) and c(u,v,0)=0, forallu,v,we Hl(Q) (2.2)
Let A1 >0 be the greatest real number satisfying the Poincaré inequality
Mgl <[Vol® et Allpl* <|IVyll*, VoeH', vyeH;,. (23)

Let IT: L?(Q)) — W’ be the Leray operator (i.e., the orthogonal projection with respect to
the L?(Q))-norm), it is well known (see [8] and [9]) that there are constants 71 >0 and
72 >0 depending only on (2 such that
1|11Ag| < [[Ap] <72|T1Ag,  YoeH?(Q)
1 |TAg| < [Ayp] <y |TIAg|,  YypeH(Q)

NHy(Q),
NHL(Q).
So that ||TTA.|| is equivalent to the H?(Q))-norm on H?(Q)NH’(Q)) and on H2(Q)NH, (Q).
Definition 2.1. Given T € (0,00), (u0,bg) € W' x W" and f € L?(0,T;L )
be a solution of the GMHD equations on (0,T) if and only if (u,b) € H' (QT) and (u,b) satisfies
(0ruu(t), @) +ay (u(t), @) +c(u(t),u(t), @) —c(b(t) b(t), ) = (f(£), ),
VeV, ae. te(0,00), (2.4)

(@eb (1), ) +al (b(), ) +c(u(t),b(t), ) —e(b(t),u(t), ) =0,
VeV, ae. t€(0,00), (2.5)

0)), (u,b) is said to

~—
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withr=2k,keIN* or r=2k+1,keIN
lim (u(t),b(t)) = (uo,bp), in W xW". (2.6)

t—=0"
We point out that (u,b) € H'(Qr) implies (u,b) € C([0,T];W" x W"). Hence, (2.6)
makes sense.
Now for T = oo, we define a solution for the GMHD equations as follows.

Definition 2.2. Given (u,by) €W X W’ and fe L2 (0 T;L2), (u,b) is said to be a solution of
the GMHD equations on (0,00) if and only if (u,b) € L% (0,00, V" x V)L™ (0,00, W x W),
9¢(u,b) € L2 (0,00;(V")* x (V4)*) and (u,b) satisfies (2.4)-(2.6)with T =co.

Now, we turn to the precise statement of the optimal control problem. For each T €
(0,00], we define the cost functional Jr by

e f)=4 [ (b)) — ), Bo) e E [0 -Fu2ar,

for all (u,b) € (U,B)+L?(Qr) and f € F+L2(Qr). Note that ] is also simply denoted by
J.

We point out that in the case of T = oo, which will be considered in the sequel, if
we choose the control f in the space L2(Qr), it is happen (e.g., in the case of a steady
(U,B)) that the value of the cost functional J(u,b, f) is always infinite for every triplet
(u,b, f) under consideration. Therefore, the choice of the control set should also involve
(U,B) and F. We define the admissible elements as follows with X1 and Y denoting
respectively the functional spaces as follows:

Xr=H'(Qr) for T€(0,0),
Xoo={ (,0) €13, (0,00,V" x H, ()N L (0,00,W" x H () )
3 (1,b) € L, (0,00,(V")* x (V7)) },
Yr=L?(0,T;(V")*) for T€(0,00),
Yeo=L2_(0,00;(V")*).
Definition 2.3. For a given T € (0,00, a pair ((u,b), f) € X1 x Yt is called an admissible element

if Jr((u,b),f) <ooand ((u,b),f) satisfies (2.4)-(2.6). The set of all admissible elements are
denoted by Uy (T).

Now for each T € (0,00], we state the optimal control problem on (0,T) as follows:
find a (u,b,f) €Uy (T) such that
]T(u/b/f) ST(wllp/h)/ V(w,gl),h) euﬂd(T)‘ (27)

We point out that in general, the initial state (u0,b) is at a certain distance away from
the desired flow, or (ug,bg) # (U(t),B(t)) for all ¢, the cost functional generally has a
positive minimum. Therefore our optimal control problem has nontrivial solutions. We
denote by A= (—2A).
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Lemma 2.1. For all ueV’, we have

[(A\) ullpe = ATVl 2, 2.8)
where A1 is a constant that appears in the Poincarré inequality.

Proof. We will prove it by induction.
For r =1, integration by parts and the use of the Poincarré inequality (2.3) and the
Schwarz inequality give

1Vu|[f2=(Vi, Vi) = (/\u,u) <H/\uHLZHuHLZ<_H/\uHL2HV“HL2/

and then
A\ ullr2 > M|Vl 2.

For r=2, thanks to the Poincarré inequality (2.3) and integration by parts, with the use of
the Schwarz inequality, we get

Al AullE: IV A= (VA V(Aw)
I(—A(/\u%/\u):(/z\u,/\u)su/z\uumu/\umz,

which implies
2
HOA) ulliz = A3 Aullliz > A3Vl o
Assume that at the level r

A ullz =AM V] 2,

then thanks to the Poincarré inequality (2.3) and integration by parts, with the use of the
Schwarz inequality, we get

AIAulB: <V A= (YA, V(AB)
r r r+1  r r+1
—(=a(AwAw) = (AwAw) < I Auliall Aul
which implies
)™ alli2 = 231 (A) w2 = A1Vl |2 =237 | Vo

This finishes the proof of Lemma 2.1. O



Dynamics for Controlled 2D Generalized MHD Systems with Distributed Controls 55

Let r =2k,k € IN*. The system becomes

%—?—i—v}(w—i—(u-v)u—(b~v)b—|—Vp:f, in Qx (0,00),
op %

E—I-O/\b—I—(u-V)b—(b-v)u:O, in Q% (0,00),
vV-u=0, v-b=0, in O x(0,00),
u=0, Au=0, N*u=0, ---, N'u=0, on 90 x (0,00),
bn=0, Ab=0, A*h=0, ---, A'b=0,  on dQx (0,00),
Vu=0, Vu=0, ---, Vu=0, on 90 x (0,00),
Vb=0, V*h=0, ---, V'b=0, on 902 x (0,00),

u(0)=up and b(0)=by.

Using the inner product and the 2k integrations by parts we find

1d 5 k 2
S @) P | Aut)| = e(oe),b(e)u() = (fu(®)),
(2.9)
1d 5 k 2
S DO+ k()| = e((t)ut),b(t) =0,
2dt
the use of the Lemma 2.1 and the Schwarz inequality gives

1d e
5 1O P +vAT 2 [ Vu(®) | = e (0(8),b(1)u(t) <[ - ull,
(2.10)
1d ke
5 2 I 124043V Vb (1) | e (b(8),u(t),b(1) <O.
Then also Vu € V" and Vb eV,

2(2k—1
{ a8 (1) = v|| AFul 2> vAZ* D | w12, 211)

2(2k—1
a8 (b,b) =0 \b|)2 > 0022V || wp) 2.

Now let r =2k+1,k €IN. The system becomes

aa—L;—vAKu—l—(u-V)u—(b-V)b—l—Vp:f, in Q% (0,00),
ab 2k

g—GA/\b—i-(u-V)b—(ImV)u:O, in Q) x (0,00),
V-u=0, V-b=0, in % (0,00),
u=0, Au=0, N*u=0, ---, N'u=0, on 0Q) x (0,00),

bn=0, Ab=0, A*h=0, ---, A'b=0, on 90 x (0,00),



56 De G. Akmel and L. C. Bahi / J. Partial Diff. Eq., 26 (2013), pp. 48-75

Vu=0, V2u=0, ---, V'u=0, on 0Q) x (0,00),
Vb=0, V*h=0, ---, V'b=0, on 902 x (0,00),
u(0)=up and b(0)="by.

Using the inner product and the 2k+1 integrations by parts give

2 k 2
2 dtu u(t)[P+v ||V ARu(8) | = (b(8),b(1) u (1)) = (fru(t)),

) (2.12)

2 5 Lo 240/ AB() || —e(b(t)u(t) b(1)) =o0.

The Poincarré inequality (2.3) and the use of Lemma 2.1 lead us to
[V (=) u ()| = A1 || (= A)kult) || = A3 (| Vu(t)]. (2.13)

Then (2.3), Lemma 2.1, the Schwartz inequality and 2k+-1 integrations by parts give

1d
5 llut) 1P +vAL || Vu(e) |2 —e(b(),b(),u(t)) < | £ I[ull,
(2.14)
1d
5 37 1PN +H6AF [ Vb(1) [P~ e (b(8),u(t),b(1) <O.
Hence also Vu e V' and Vb e V],
k
a?ZkH)(u,u):v||V/\u||22vA‘11k|\Vu||2, (2.15a)
k
Ay 1) (b,0) =0|V \b[|> > 675 Vb, (2.15b)

Throughout this paper we denote by
(v,w)=(u,b)—(U,B), and g=f—F,
unless we specify them. Then (2.4)-(2.6) are equivalent to

(v,w) € XrNL2(0,00;V* x V},), g€YrnL?(0,T;L*(QY)),
@r0(t),0)+a (0(8),9) + < (0(8),0(8), @) +< (0(£), U (1) )
(U1, 0(8),9) —c(w(t),w(t), ) —c(w() B(£) )
—c(B(t),w(t),p)=(g(t),p), VoeV ae. te(0,00), (2.16)
(@rw(t), ) +af (w(t), ) +e(o(t),w(t), ) +e(o(t),B(t),P)
+e(U(t),w(t),p) —e(w(t),v(t),p) —c(w(t), U(t), )
—c(B(¢),0(t),p)=0, VypeV],ae. te(0,0), (217)
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with r=2k,kecIN* or r=2k+1, keIlN
lim (u(t),b(t)) = (uo,bo), in W x W', (2.18)

t—0+

The cost functional can be rewritten as
Kr(0,w0,8) & Jr (0+U,w+B,g+F) :%/0+°° | (0,w) (£) |\2dt+§/0+°° Ig(t)||dt,  (2.19)
by defining
Vaa(T) d:ef{ ((0,w),g) € XpNL2(0,T; V7 x V3) x YrNL2 (0, T;L2(QY)),
Kr(v,w,g) <oo, ((v,w),g) satisfies (2.16),(2.18) }

Foreach T €(0,00], we can restate the optimization problem (2.7) in terms of the auxiliary
variables (v,w,g):

find a (v,w,9) € V,a(T) such that K7 (v,w,9) <Kr(z,kh), V(z,kh)eVyu(T). (2.20)

3 Preliminary estimates for the dynamics

3.1 A quasi optimizer

To estimate the dynamics of the optimal control solution, we need to find a sharp bound
for the value of inf(, ;, r)c,.(1)JT(1,b,f). It is important that this bound is uniform in T.
We now construct a quasi-optimizer (ﬁ,g,f) €U,4(00) for J (+,-). We can in turn derive
some preliminary estimates for the optimal solutions. By a quasi-optimizer we mean an
element (i,b, f) € Uy4(o0) satisfying | (iL,b)(t) — (U,B)(t) | =0 as t — oco. The following
theorem asserts the existence of such an element.

Theorem 3.1. Assume that the assumptions (A1) and (A2) (in the introduction above) hold.
Then there exists a pair ((11,b), f) € Upq(co) satisfying V't >0

~ 2
| @By (5) = (UB) (1)< (1o, bo) — (U, Bo) 7o~ (3.1)
and VT € (0,00]
= al|(uo,bo) — (Uo,Bo)|> T
< _
Jr (i, f) < ~ (1 e ) (3.2)
with
9 4 8 v 4
el 4k—2____ 2__ 2 4k—2____ 2
e=min {20142 F = IV UIP - - IVBIP, 2025 - IV,

0 4 8 3v 4
a4 Y =T 2 2 4k _ 2
201 —5 g VU= 5 VB, i =5~ vl 6
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Proof. For r =2k (k € N*), by substituting ¢ =v(t) and ¥ =w(t) in (2.16)-(2.17), using
(2.11) and summing, we have

oI+ S o (B2 +A2 ™ | o (o) P
0D w(1) P+ (u(t), U(t),0(t)) —c(w(1), U(E),w(t))
—c(w(t),B(t),0(t)) +c(v(t),B(£),w(t)) < (g(t),0()). (3.4)

The use of (2.1) and (2.3) gives

(o0, U(0,0(0)] <V2o(0) || FUl - Vo)
<Z o)+ VU [ To(e)

v 2 2 2 2
<— —_— . .
<z [IVe@] +M1HWUH| [Vo(t)]|, (3.5)

and

0
le(w(t),B(1),0(1))] < 4 [ Vao(t) "+ 55 HIVBHI Vo), (3.6)
so that combining the last inequalities give
H(m+—|W@W+mﬁ“*wvwmﬁmm?“WmeW

0 4
STHW(OH +§HVW(t)HZJrEH!VU!!!2~HV o(D)*+ - !HVUH\ V()|

8
=SB Ve P21 ()0 ()], 67)
1
hence
d 3
3 (@ o)+ (225 - vul ) 900
0
+ (26042 S ITUIP = L IVBIE ) [T <2500, 69

For r=2k+1(k€IN), by substituting p=0v(t) and p=w(t) in (2.16)-(2.17), using (2.15)
and summing, we have
2 4k 2 4k 2
o)1+ 5 S w0 P +Ad [ Vo(t) +0A% [ T (o)

+e(o(t),U(t),0(t) —e(w(t),U(t)w(t)) —c(w(t),B(t),0(t))
+e(o(t),B(t)w(t)) <{g(t)v(t)). (3.9)
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Hence combining the last inequality with (3.5)-(3.6) give
d d 2, 34k 2., gy dk 2
P17+ w1 +20A8 [ Vo(b) | +20M | Ve (1) |

3v 2 4 2 2 4 2 2
< _ - . - .
< Vo) 2+ S IVl + VU [ Ve(b) 4o VU V(o)

8
=SB V(e P21 (s(6), ()] 610
1
Then
d 3
o+ Ieml?) + (zm4k—7"——|nvum )Ivo) 2
0
+ (2804 3~ g VU= IR IV <2) g0, G

or again (3.8) and (3.11) become

S (POP @)+ £ (IVo@I+ Vo) <20g,00)], 612

so that the use of (2.3) gives

% 1(0(8), () 1+l (o(8),w(t))I* <2 (g(), 0 (1)) . (3.13)

In particular, we let (7,@) be the solution of (2.16)-(2.18) when g=0, i.e., (&b, f) satisfy
(1.2)-(1.9) with f = F. Thus we apply the Gronwall’s inequality to (3.13) with ¢ =0 to
obtain

13@) (1< 1 (00,00) e < 0 o) — (U Bo) 26,

which gives the conclusion (3.1). Furthermore, we see that for each T € (0,00], (with f=F)

@b )= [ 152 0P
| (t0,b0) — (Uo, Bo) | —eT
< —
- 2¢ (1 ¢ )
< ][(u0,b0) — (U, Bo) || (3.14)
- 2¢
This completes the proof of this theorem. O

Remark 3.1. It follows from Theorem 3.1 that
lim min Jr(ii,b,f) =0.
T=00(i1,B, f) EUna(T)
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We see that a quasi optimizer (ﬁ,@,f) has been created in the sense that

|@b)» —(u.B)®)

‘—)0, as t— oo and ]oo(ﬁ,g,f) isbounded.

(t)—(U,B)(t)|| = 0 exponentially as t — co. The true optimizer is expected

(t)—(U,B)(t)|| =0 as t — oo and at the same time, minimize
the work involved to realize and maintain the optimizer flow.

3.2 Estimate for the dynamics of admissible elements

In this section, we will derive some estimates for the dynamics of all solutions of (1.2)-
(1.9). These estimates in turn will allow us to derive preliminary estimates for the dy-
namics of the optimal solutions. First we consider the L™ (O, T;LZ(Q)) estimates in terms
of the initial data and the functional values.

Theorem 3.2. Let T € (0,00]. Assume that the assumptions (A1) and (A2) hold. If (u,b,f) €
U,a(T), then V€ [0,T],

1 1,) (£) — (UL, B) () < | 10, bo) — (U, Bo) | \/%]T(u,b,f) (3.15)
If in addition, s
]T(u/b/f) S]T(ﬁ/b/f)/
then
1(,) (£) — (U, B) ()[|* < Ko | (st0,b0) — (Uo, Bo) ||, (3.16)

where € and (i1, b, f) are defined in Theorem 3.1 and

o (14,5,

Proof. Applying the Schwarz and the Young inequalities to (3.13) we find
YOI +Bls®I)

3| @@ O +ell(ew) (B <

\/»
\/7 (all (@) ()12 +Bllg (D)%) (3.17)

Multiplying both sides of this inequality by ¢’ and then integrating in t over (0,), lead
us to

@) (O] <[ (00) O]+ F/ [ (0,0) )|+ Bg(s)]) s
<[/ (o) (0) [*e~ / | (0,0) () [+ B (1))

<[|(w,w) () e

2
mli(u,b,f)
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This yields the inequality (3.15). Moreover combining the condition J7(u,b, f) < Jr(iL,b, f)
with the inequality (3.15) and the Theorem 3.1 we find the inequality (3.16). This finishes
the proof of this theorem. O

Now, using the uniform Gronwall’s inequality we derive L®(0,T;H") estimates.

Theorem 3.3. Let T€(0,00] and (u,b, f) EUqa(T). Assume that the assumptions (A1) and (A2)
hold and assume further that J1(u,b, ) < Jr(ii,b, f). Then for each € >0, we have

(u—U,b—B) e L2(0,T;H'(Q))NL™ (¢, T;H'(Q))NC([e, TI;H'(QV)),

with
T
| 196 (5) =V (U, B)(5)]1ds < Ka (a0, b0) = (U, Bo) |, 618)
and
IV (u,b) (£) — V (U, B)(1)||” < Ka|| (110, bo) — (U, Bo) ||*,  Vt>e, (3.19)
where
)\1 1 14
k=2 (1l ),
2 1 2
Kz—ZCKo( -1-9 + = >H(uo,bo) (Uo,BO)H,

K3:2(C5—|—C6).

Proof. Let T € (0,00] be given. For each € >0, it follows from the regularity results for the
GMHD equations (see [3]) that (v,w) € L2(0,T;H"(Q)) NC([¢, T;H'(QY)) if T < o0 so that
(3.15) holds.

When T =00, we have (v,w) € L2 (0,T;H'(Q))) NC([¢, T];H'(Q)).

Applying Young and Schwarz inequalities to (3.12) and integrating by parts in t over
(0,T), we obtain easily (3.18).

Then we set 9 = —ITAv(t) and ¢ = —ITAw(t) in (2.16) and (2.17), respectively. Note
that

2

4

e (0(8),~T180(8)) = (v(~A)%o(t), ~TTo(t >—1/HHV A)<u(t)

= (0(=0)%w(t),~T1Aw(t) ) =611V (=A) w(t)

2

4

al (t(t), ~T1Aw(t)

~—

and

sy (0(8),~T180(8)) = ( —vA(~8)%o(8),~T180(8) ) = v |T1(~ )+ o() |

a?ZkH)(w(t),—HAw(t)):<—9A(—A)2k w(t),~TTAw(t > GHH k“w(t)Hz.

4
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Applying Sobolev imbedding and interpolation results, we obtain for r =2k (k€ IN*)

Zdt L Wo(6)|2+vA | TTvo ()

<[lo(t)]I"2 (Vo (6) || [ITTAo(E) |2
+e® 2 Vo) |2V U@ AU |2 [ TTAo () |
U@ Ivum) 2 vo) | Ao ()P
+lw ()12 V(b || |[TTw(E) || /2 [ TTAw (4]
+Hlw ()Y V()2 IVBE) |2 | AB(H)[|? [ TTAo(t)]|
+HBON2 VB[ Vao(t) ||V T1aw(t) || V2 [ TTAw (1))
+]1g(B)] ITTAD(H) ], (3.20)

and

Zdtuw( B> +0AT [TIVo(t) |2
<[lo(t)II"2 Vo) |2 Vw(b) || [ TTaw(t) |2
+e® 12 IVe() |2 VB2 | AB(#) |2 [ TTAw(t) |
U@ Ivu )2 V) |2 [Taw ()P
+Hw ()2 V()2 | Vo ()2 (TTAe(E) | [ TTAw(1)]|
+Hlw ()2 V)|V U@ |au ) |2 TTAw (]|
+IBOI2IVBOM2 Vo) |2 [T |2 [ TTaw(b)]]. (3.21)

Applying now the Young and the Poincarré inequalities and summing each inequal-
ity, we get

3 19 (@) (17 < = [ IVo(b) |+ = () [V )
+@Hv(t)HzHVv(t)HZHVw(t)HZJre%Hw(t)HzHVw(t)HZHVv(t)Hz
G5 [ T0(1) |+ Co [T (0) P+ g (0, 6.22)
with
Cs= (G IUWPITUO+ = VU] U]
v3 \/_

+%HB(1‘)HZHVB( Bl*+ VB HAB(f)H—M‘%k)

9\/_’
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Co= (Q—i @I vu)®+ [Vu@|Hauc|

6\/7‘
+ S IB® R IVBE) 2+ —— |
v6 \/_

Likewise, for r =2k+1 (k€ IN), we use the same technique and we obtain (3.22). But in
this case Cs and Cg are given by:

VB ||AB(t>n—9Aa*k>.

cl= (V%Hu(t)HZHVU( )12+ fuw ) AU
ruw )| HAB(t)H—M‘%“>,
\ﬁuvw AU

+@HB(0H2HVB( )P+ \/—HVB( )HHAB(t)H—M?k_Z)

FBOIP VB

Ci=(GIUGPIvu©I+

The use of (3.16) gives

% IV (0,0) (1) < Ka |V (0,0) ()| |V (0,20) ()| *+ K5 |V (0,0) (¢) Hz+% ls )11,

where
2

1 1
K2:2CK0< st >H(uo,bo) (Uo,Bo) 1%,

and
K3:2<C5+C6), or K3=2(C§+Cé).

To apply the uniform Gronwall’s inequality to this last inequality, we need the fol-
lowing estimates which followed from (3.2), for each £ >0, we have

19 b)6) ~ V(U B) ()]s <K | (o o) — (U Bo) P,

and
t+e 2 5
| (Kl V@b E) -V UB)EIP+S 56 ) ds
2«
< (Kukar+52 ) o bo)— (U )|
This completes the proof. O

An immediate consequence of Theorems 3.2 and 3.3 is the following preliminary es-
timates for the optimal solutions.
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~

Theorem 3.4. Assume that the assumptions (A1) and (A2) hold. Let T € (0,00] and (ii,b, f) €
U,4(T) be an optimal solution for (2.7). Then

[ (@B) () WB) ()] <Ko l (o, o) — (Lo Bo) P, 6.2
/OTHV@B)(S) —V(U,B)(s)szngl I (110 — Uo, bo— Bo) 1%, (3.24)

and 5
HV(LT,E)(t)—V(U,B)(t)H <Kp(e) | (uo— U, bo—Bo)||>,  Vt>e, (3.25)

where all constants are as defined in Theorems 3.2 and 3.3.

4 Existence of an optimal control

4.1 The case of finite time interval

In this section, we first give the existence of an optimal solution for (2.7) with T <o and
we give also an optimality system. We then derive some estimates for the adjoint state.

4.1.1 Existence of an optimal control

Theorem 4.1. Let Te (0,c0). Then there exists an optimal solution (ii,b, f) €Uyq(T) for the prob-
lem (2.7), i.e. there exists at least an element f€L2 (0, T;L?(Q))) and (i,b) €C ([0, T|;W" x W")N
i,Db,

~

L2(0,T; V" X V") such that the functional J1(u,b,f) attains its minimum at (iL,b, f) and (ii,b)
satisfies (2.4)-(2.6) with f=f.

Proof. Note first that, since T is finite, assumption (A1) yields
(U,B)€L?(0,T;H'(Q) xHL(Q)), FEL?(0,T;L*(QQ)).
Let (1tn,bp, fr) €Uy (T) be a minimizing sequence for the problem (2.7). Hence

1' ,b ’ - i f /b/ . 4'1
ngrolo]T(un nfn) (u,b,fﬁrelL{M(T)]T(u f) (4.1)

The cost functional verifies
5/T 2 ﬁ/T 2
> -£
Jr(ub,f) =5 ; IF ()"t ; [E(t)["dt,

so that f, is bounded in 12 (O, T;LZ(Q)). Indeed, suppose that f,, is not bounded. Then, it
would exist a sub-sequence of ( f,, ) again noted f,, such that

JE)IOIQ | fun ||L2(0,T;L2(Q)) =+
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and then since F € L?(0,T;L*(Q))),
11121;101T<un/bn/fn) = +-00.

This contradicts (4.1). Therefore f, is bounded in L? (0, T;L*(Q2)).
Using the estimates in Theorem 3.4, for ¥ = (uy,by), (4,b,) remains bounded in
C([0,T];H" x HL)NL2 (0, T;H"(Q) x H,,(Q)) whenever u,by, Uy, By € L? (0, T;L*(Q2)) .
Note that (u,b) remains bounded in L?(0,T;H’ (Q))) see [3], then thanks to (1.2)-(1.3)
and the Schwarz inequality, we obtain:

l

H H<HuH IVl + ] [7al] +0]1 -

u

| < -Vl 1ol Vo[ + [V pll+vilulla + £,

Also

[t ar S?UI?H”HH' <|lullze0,7,02(00)
0T

bl <sup|[bllar <[|bll (0, 12(00)-
0,7]

Hence 2 5 and g? are bounded in L2(0,T,L2(Q)). Then

d

T (un,by) isboundedin L™ (0,T;L*(Q)),

and consequently in L?(0,T;L?(Q2)), since L*(0,T;H'(Q))) C L*(0,T;H'(Q2)). Therefore
we can find a pair (ii,b, f) and a subsequence, still denoted by (it,,, by, f,,), such that

;

fu HfAin L?(0,T;L*(Q2)) weakly,

u, — i in L2(0,T; V") weakly and in L (0,T;(V")*)" —weakly,
b,—b in L2(0,T; V") weakly and in L* (0,T;(V",)*)* —weakly,
Oy, —> 0yl in L2 (0,T;L2(Q))) weakly,

9;b, — ;b in L2 (0,T;L?(Q2)) weakly.

Using the fact that, from compactness of the inclusion of L?(0,T;V") in L2(0,T;W"),
u, — i and b, — b strongly in L%(0,T;WT), we set

@Outn,9) = @iitg),  @ibug)—(abg),  al(ung)—ai(ig),
@ (bug)—=al (be),  clinune)—c(iig),  c(bubue)—c(bbo),



66 De G. Akmel and L. C. Bahi / J. Partial Diff. Eq., 26 (2013), pp. 48-75

so that (ii,b) is a solution of (2.4)-(2.6) with f=F.
Moreover, using lower semicontinuity yields that:

/ e —u()| dt<hm/ lua(5) = U(H)|2dt,
/ o) dt<hm/ 1ba () = B(1)|2dt,
n—oo
/ |7t~ ar < tim / | fu(H)—F()|dt,
which implies
]T<i[b ) (un/bn/fn)-
and therefore the proof is completed. O

4.1.2 Optimality system

For numerical needs and thanks to [10], let us give here some results of an optimality
system, consisting in the forward GMHD equations given by (2.4)-(2.5) with initial data

lim (u(t),b(t)) = (uo,bo),
t—0*
the backward in the time adjoint system

— (08 (t), @) +a; (§(8), @) +c(u(t), ,8(t)) +c(,u(t),5(t)) —e(b(t),@.n(t))

—c(g,b(t) (1)) = (a(u—-U)(t),9), VpeVae. tc(0,), (4.2)
— (@ (1), ) +al (n(t), )+ ( (), () + c(p,u(t),n(t)) —e(b(t),,8(t))
—c(p,b(t),6(1)) = {a(b—B) (1), ¥), VpeVyae te(0,00), (4.3)

with final condition

lim (£(t),7(¢)) = (0,0).

t—=T-
The above system of equations is a weak formulation of the system:

3_;#1/( A ut (- 7)u—(b-)b+7p=f,
O o(— )b+ (- 7)b— (b 7)u=0,

ot

vV-u=0, V-b=0,

_g—f—l-v( A)TC_(”'v)§+(v”)T5+(b'V)ﬂ—(Vb)Tiy-l—Vn:a(u_u),
_?9_17+9(—A)r’7 —(u-V)+(vu)Ty+(b-v)E—(vb) E=a(b—B),

VC 0,V170
f=
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in Qr with the same initial, final and boundary conditions. We see that the optimal
solution (1,0, f ) along with the Lagrange multiplier (¢,71).

4.2 The case of the infinite time interval
We prove now the existence of an optimal solution for (2.7) on the infinite time interval
(0,00). We will make use of the existence results on finite time intervals.

~

Theorem 4.2. There exists an optimal solution (ii,b, f) € Uysg(T) for (2.7) with T = co.

Proof. For each T €(0,00), we may use Theorem 4.1 to choose a (u1,br, fr) €U, (T) which
solves (2.7) and satisfies

Jr(ur,br, fr) (‘U/ll)/hl)réuad(T)]T(wllJ ) (4.4)

(@rur(t), @) +ay (ur(t), ) +c(ur(t),ur(t), @) —c(br(t),br(t),¢)=(f(t), ),

VeV ae. te(0,0), 4.5)
(e (1), ) +a8 (b (8), ) +c(ur(t),br(t),) —c(br(t),ur(t),p) =0,
VeV ae. te(0,00) (4.6)
and
tl_i)r&(uT(t),bT(t)) = (uo,bo), in W xW". 4.7)

The fact that U;(0)| (0,c0) CUaa(T) for each finite T yields that
Jr(ur,br, fr) <Jr(w,,h) < Joo(w,p,h),  forall (w,,h) EUg (o).

Using the bound of J« (ﬁ,g,f) for a quasi-optimizer (ﬁ,g,f) constructed in Section 3-1, we
have (i1,b, f) €U,4(o0) and then

bt fr) < inf (W, P,h) < c0. 4.8
Jr(ur,br, fr) (w’lp’hl)reluﬂd(w)] (w,p,h) <o (4.8)

For each integer I >0, we denote by (u,b;, f;) a solution of (4.4)-(4.7) for T =1. We set
(v1,wy,81) = (u;—U,b;—B, fi—F). Then, (v;,w;,g;) satisfies (2.16)-(2.18) with T =1I. Us-
ing (4.8) and the standard estimates for the MHD and GMHD equations on finite time
interval, we obtain that |[g; 120 ;;12(c0)) | (41,00 |31, @nd (| (241,00) || = 0,1, W wr) @re umi-
formly bounded for all I. Hence, by induction we may choose successive subsequences

of positive integers {l,(lm) }:o:1 form=1,2,--- such that

G NI N U R
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and
l(”l)) - (v(m)/w(m))/ ln ﬂl <Qm) as n— oo,

l(m)) A (v(m),w(m)), in L®(0,m;W" xW") as n— oo,

&m) Ag(m), in L2 (O,m;LZ(Q)) as n— oo,

(vl(”l)/w
n

<vl("l)/w
n

for some (00", w(™) e H' (Qn) and g™ € L2 (0,m;L?(Q2)). Hence, by extracting the diag-
onal subsequence, we have that for each m’,

(20, 20,0) = (0", 200™)), in 2 (Qu) as m — oo, (4.9)
(0,00,w,0) = (0", w(™)), in L= (0,m';W" x W") as m— oo, (4.10)
g —g"™, in L2(0,m’;L*(Q)) as m — co. (4.11)

For each integer m’ >0, (4.9)-(4.11) and standard techniques for the MHD equations,
compactness results and density arguments (see [7,11]) allows us to pass to the limit as
m — o0 in the equation

n

e (o0 (0,0, (1), 9) x(8) e (0 (1), U (1), 0) x(1

n n

+c (U(f)/vgm (t),(p) x(t)—c (w,ym (1), w,m) (f)/q’) x(t)

n

—c (w00 (£),B(£),9) x(5) = (B(t) w0n (£),9) x(1) } ol

:/Om <gl(m)(t)/q0>)((t)dt, VQOEVT,)CEC [O,m/] Wlth @(m/)zol

[ {00} 16 (s 020

and

[ Bry (0,9 206+ (0 (61 8) 100
e (00 (60,00 (1,9 ) 1 (5)+ (0,00 (), B(E) 4 ) x(8)
e (U800 ()9 () = (0,00 (1),0,0 (8),9) X (1)

—e (wn (6 U(E) ) x(6) —< (B(&) 0y (1)) x(0)
=0, VeV, xeC[0,m'] with@(m')=0,
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to obtain
/Om {<8tv(m/)(t),qo>7((t)+a¥ (U(m )(t)/GO)X(t)
te v(m’)(t),U(M’)(t),¢>X(t)+c o™ (t), (t),q))x(f)
e (U ()0 (1), 0) x(t) =< (0 (5), 0™ (1), @) x(£)
e w(m’)(,g),g(,s),(p)x(t) ¢ (B(t),w(m’)(t),(p>x(t)}dt
- Oml<g(ml)(t),g0 x(tydt, YeeV’, xeC[0,m'] with @(m') =0,
and

[ (2r 6 0+ (w8, 9) )

) x(B)+e (00 (), B, ) x(1)

x(8) < () (6),07)(6),9) x(
'U

2
0,) x(5)—e (B0 (1),9) x(t) e
m'] with @(m')=0,

+
a
<
—~
~
\\_/
g
3\
[
N—

which is equivalent to

(0™ (1), @) +ar (w0 (£),9) +¢ (™) (6),ut) (1), 9)

—c (b0 (1,60 (8),9) = (f")(1),0), VP EV ae. tE(0,00), @12
and
(g o) slaomon)
_C<b< ) 0, YpeV’ ae. te (0,00, '
where

(u(mv,b(m’)) = (0™, ™))+ (U, B).

By uniqueness of weak limits, we have that

(m1) 7, (m1) — (p(m2) yy(m2)
@™ wm)| =) wlm),

and

g(ml)

(Om)

for all my,my with my < my. Thus, the functions (3(t),@(t)) := (0™ (¢),w™(t)) if t <m
and g(t):= g™ (t) if t <m are well defined on (0,00) and furthermore, (3,@) € H},.(Q)
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and g€ L2(0,00;,L2(Q))). Upon setting (#,b) = (3,@)+ (U,B) and f =g+ F and noting that
m’ is arbitrary in (4.12)-(4.13), we are easily led to

'~

(0ui(t), @) +af (i(t), p) + e (A(t), 7(t),9) —< (B(1),5(1), )
:<f<m’>(t),(p>, Voe V" ae. te(0,00), (4.14)
and
(3:b(8), ) +af (B(1), ) +c (1) () p)
—C(E(t),ﬁ(t),¢):o, VeV ae. te(0,00). (4.15)

Now we examine the initial condition for (ﬁ,@) The continuous embedding
H'(Qr) = C([0,T;W" xW")

implies that (12(0),5(0)) is well defined in W’ x L2(Q). Let x be a continuously differen-
tiable function in [0,00) with a bounded support, integrating by parts, using the fact that
(,m (0), b, (0)) = (10,bo) and then passing to the limit, we obtain

= G 0,020+ (00,0 att) e (1,0 (11,0, 0) 201

n

—c by ()b (), ) (1)

= [T{" 0,9)x(0dt+ (w0, 9)x(0),  VoeV, @16

and

/0 (B (0.) (8 (B0 (8),9) (5 (100 (), b (8,0 (1)

= (B ()1 (1)) (1) b= (b, p)x(0), Ve Vi, (4.17)

Thus, by passing to the limit in the last equations we obtain

and

|
(@)
/N
=
=
=)
=
N———
=
Ny

Q.

—

I
=
S
=
=
=L

<
<

M

<
5 ~

(4.19)
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On the other and, by multiplying (4.14) and (4.15) by x(t) and integrating by parts we
obtain

— (B b(1),0) x(0) fat= [ (£ (1), 9) x(DdE+ (0,0)x(0), VgEV, (120)

and

Jo L= () o+ (50 xtor+e (300, b0019) )
—c(B(), (1)) x(t) fdt= (bo,p)x(0), VeV (421)

A comparison of (4.18)-(4.19) and (4.20)-(4.21) yields (#o,b) = (t0,bo) in W™ x W'. Finally,
using the lower semicontinuity of the functional J7(.,.,.) and the fact that (0,@) = (i,b) —
(U,B) € L2(0,00;V" x V') and §= f —F € L2(0,00;L?(Q}) ), we obtain

o0 (1,0, f) SUmInfT, o (1,00, b0, fyon) < Jeo (0, 9,1), (0, 1,h) €Usg(0),
so that by letting m — oo,

Joo (1,0, ) < Jeo(w,p, 1), V(@ ,h) €Una(co).

~

Hence we have proved that (iL,b, f) is the desired optimizer for (2.7) with T = co. O

5 Dynamics of optimal control solutions on the infinite time
interval

For many feedback control models, the controlled flow exponentially decays to the de-
sired flow. For our optimal control system, Theorems 3.3 and 3.4 gave some preliminary
results as ||(u,b) (t)—(U,B)(t)|| stays bounded. We will prove much stronger results in
this Section: ||(u,b) (t) — (U, B)(t)|| approach zero as t goes to co. We point out that these
last results are not unique to the solutions of the optimal control system; these results can
be proved under weaker conditions.

Lemma 5.1. Let T € (0,00). Assume that (u,b,f) €Uyq(T) and Ay > 1. If

1(,6) (£) = (U, B) (#)[| >0
forall t€ (t1,t2) C[0,T], then

1 u,b) (£2) — (U, B) (t2) | < [ (1w,b) (12) — (U, B) (12) || + Kav/2— Fa (Jr(u, b, 1)) /2,
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with

I<4:<§<§ 2) (v osir) s [13>/

If in addition, the assumptions (A1) and (A2) hold and Jr(u,b,f) < ]T(ﬁ,g,f), where (ﬁ,g,f) is
defined in Theorem 3.1, then

[[(u,b) (t2) = (U, B) (t2) || <[ (u,b) (t) — (U, B) (t1) |
+ Kygv/ tz—tlH(uo,bo)—<UQ,Bo)H \/g (5.1)

Proof. By setting p=v(t) and ¢y=w(t) in (2.16)-(2.17) we obtain, for r =2k (k€ IN*),
k
> DR+ Ae ]| = et w(),0() (e, u(®),0()
+e(w(t),B(t),0(t)) +e(B(1),w(t),v(t)) +(g(t),0(t)), (52)

ol +9HAw )| =e@(®), o060 (o), BE)w(2)
+C( ( ) U(t)w(t))+e(B(t)0(t),w(t)), (5.3)
summing, thanks to (2.11) and using Sobolev imbedding and interpolation results

L2 (o) P+ () [7) +vA2% ) o (t) P+ 022 | T(t)

<V2||[ Vo)l VUil ot )H+\[HVW( DI-IIVBEN-[[lo@)]
+V2[[ V)| IVU@I- @) |+ V2 Vo) IVBO- [w®) |+ g6 [,

we have
2 )0 [+ (% 1) (v 9o (t) 40 Valt) )
<lg®I-Ie®l+ (FHIVUGIP+5 1T o)
+(GIVUOIR+ L ITBOIE) )P

using the Poincarré inequality

@) S 1), w(E) [+ 23 (20 -1) (vllot) P +0 o e) )
s(%%) (v U@ IP+IVBOIF) - llo@,w @+ lg®l-lo®,w®)]. 64
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For r=2k+1 (k€ IN), using the same method, we obtain

() O S 1)@ [+ (A1) (vo@)IP+ ol
< (§+§) (IIvu@IP+IIVBEP) - lo®w®IP+ IOl e ®l. 65

The inequalities (5.4) and (5.5) become

[(o(t),w(®)) |l % 1w (t),w(t) || +er || (o(t),w()) ]
<Co-[|(w(t),w ()] + 18 (DI | (w(t),w(t)]],
where

er=min{vAy (AT*7V =1),001 (A1 V1) s (AF-1) 0 (A8 -1)

and

(1 1 2 2
Co=(5+) (NUIP+1198IR).

If |o(t),w(t)|| >0 for all t € (t1,t2), then we may divide this inequality by ||v(t),w(t)]| to

obtain

gz I @) (B[ +er [ (0w)(B)]| = Coll (v,w) (1) [ +[g(£)]]

1/2
g@qﬁ%) (“||<vfw)(t)H2+ﬁ|\g<t>llz)1/2'

for all t € (1,t2). Multiplying the last inequality by ¢! and then integrating over (t1,t2),
we are led to

I(v,w)(t2) ]| "2

1/2 )
<o)t e+ (36G+5) [ (l@aoP+plgoIR) e
we have
@) (t2)]

<[ () (tr) [[e~51 271
1/2

+(§Cé+%>m </tf<a||<v,w>(t>n2+ﬁng<f>llz>df)m (fetemar)
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with e~1(27h) < 1,

1/2 ty 1/2
@l <l e+ (3G ) Urb )2 ( [ etna)

1 1 1/2 1_ —281(t2_t1) 12
1

15 12 1/2
SH(v,w)(tl)H-l-vtz—h(ECO-FB) (Jr(u,b,f))"",

where we have used the fact that 1—e™¥ <y for y > 0. Hence, we have shown (5.1) and
(5.1) simply follows from the bound (3.2) so that applying the mean value theorem to
the last factor we have the result. O

We are now prepared to establish the asymptotic decay property of

I(u(8),b(£)) — (U, B())
as t— oo for any (u,b, f) €Uy;(0).

Theorem 5.1. Assume that
(u,b,f) €Unq(T).

Then
lim [ (u(£),b(£)) — (U(t), B(1)) ]| =0. 5.6)

t—o0

Proof. If Joo(u,b, f) =0, then the theorem is trivial. Thus we assume

Joo(u,b,f) >0,

and proceed to prove (5.6) by contradiction. Assume that (5.6) is false. For given € >0

we set

e2

5= . 0. (5.7)
4(ta—t1) (Ka)" Joo (u,b, f)

Then we may choose a sequence {t, } such that t, — oo, t, 11—, >6 and

| (u(tn),b(tn)) —(U(tn),B(ts))]| >€>0,

then we can show that
1 (8),b(£) — (U(D),BO)| >0, VEE (bu=3,t). 5.8)

Indeed, we set )
t=sup{te (t,—1,ta): | (U(t),B(t))|| =0}
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and assume that t, —f <J, i.e., t € (t,—,t,). Then we have
I(u(5),b() — (UE,BE)I>0,  on (Bh),
so that by (5.1),

which contradicts || (u(f),b(
using (5.1) again, we have

e (£),b.(8)) = (W), BE)) | 2| (1(8a), b(tn)) = (U (ta), B(£)) || =K' (Jr (b, £)) 2

|
~—
SN—
|
—~
=
|

),B(%))|| =0. This proves the assertion (5.8). Now

and we are led to
o [ln b A€
Jolitb,f) 25 Y [ (), b(6) ~ (U(E), BE) P2 5 Y 50 =c,
n=2 tn—0
which contradicts the assumption J« (1,b, f) < oo. Hence, (5.6) is true. O
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