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Abstract

By using the spectral Galerkin method, we prove a result on the global existence in time of
strong solutions for a system of equations of magnetohydrodynamic type. Several estimates
for the solution and their approximations are given. These estimates can be used in the
derivation of error bounds for the approximate solutions.

1. Introduction

In several situations the motion of incompressible electrical conducting fluids can be
modelled by the so-called equations of magnetohydrodynamics, which correspond to
the Navier-Stokes equations coupled with Maxwell’s equations. In the case where
there is free motion of heavy ions, not directly due to the electric field (see [10, 11, 9]),
these equations can be reduced to the form

ou n M 1 Koo
U _ DA Nu— —hVh=f — —V{(p*+ =h?*),
at Pm Uk Prm / Prm (p * 2 )
ah 1

— — —Ah+u.Vh — h.Vu = —Vuw,

at  uo

divu =0, divh =0,

ulaq =0, hlaa =0,

Uli=0 = o, hli=o = ho.

In these equations we have assumed homogeneous boundary conditions just for
simplicity. In standard ways, the nonhomogeneous case could be treated by imposing

customary conditions on the boundary data.
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Here, u and h are respectively the unknown velocity and magnetic fields; p* is
the unknown hydrostatic pressure; w is an unknown function related to the motion
of heavy ions (in such way that the density of electric current, j,, generated by this
motion satisfies the relation rot j, = —oVw); p, is the density of mass of the fluid
(assumed to be a positive constant); i > 0 is the constant magnetic permeability
of the medium; o0 > O is the constant electric conductivity; n > 0 is the constant
viscosity of the fluid; f is a given external force field.

The stationary problem corresponding to (1.1) was considered by Chizhonkov [3],
while the question of the (local) existence of a solution of the evolution problem (1.1)
was analysed by Lassner [7], making use of semigroup techniques similar to ones
in Fujita and Kato [5] (who also studied the asymptotic behavior of the solution as
t — 0%). The more constructive spectral Galerkin method was used by Boldrini and
Rojas-Medar [2] to obtain local-time strong solutions.

In this paper we consider the problem of the global existence of strong solutions of
(1.1), with homogeneous boundary conditions for u and & for simplicity of exposition.
The spectral Galerkin method of approximation will be used. Thus, the results in this
paper form the theoretical basis for future numerical analysis of the problem: here
we shall obtain estimates for the approximate solutions that will be fundamental
in a forthcoming paper in which optimal uniform error estimates for such Galerkin
approximations will be obtained.

The paper is organized as follows. In Section 2 the basic assumptions and results
that will be used later in the paper are stated. We also rewrite (1.1) in a more suitable
weak form, describe the approximation method and state the resuits of the paper
(Theorems 4, 5, 6 and 7). The following sections will be devoted to their proofs.

2. Preliminaries and results

Let € R", n = 2 or 3, be a bounded domain with boundary 32 of class C"'.
Denote by H*(£2) the Sobolev spaces on  with norm || - ||;, (-, -) denoting the L?-
norm on Q. H () is the completion of C3°(2) under the norm || - [|;. Also, denote
by L?(2) for 1 < p < oo the usual Lebesgue spaces and by || - ||,» the L?-norm
on . With the same symbols denote the spaces of n-dimensional vector functions.
If B is a Banach-space, denote by L?([0, T); B) the Banach space of the B-valued
functions defined in the interval [0, T) that are L?-integrable in the sense of Bochner
and by L} ([0, T); B) the B-valued functions defined in the interval [0, T) that are

L9-integrable in [0, a], foranya < T < 400.
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We put

C2(Q) = {v € C(Q)/ divy = 0},
H= closureof C () in (L} (R)",
V= closureof C2(Q) in (H'(Q).

It is possible to show that
V={ve HO'(Q)ldivv = 0}.

Recall the Helmholtz decomposition of a vector field: (L2(Q))" = H & G, where
G = {¢l¢ = Vp, p e H'(Q)}.

Throughout the paper P will denote the orthogonal projection from L2(2) onto H.
The operator A : H — H given by A = — P A with domain D(A) = (H*(Q))"NV
is called the Stokes operator. It is well known that A is a positive definite self-adjoint
operator and it is characterized by the relation

(Aw,v) = (Vw, Vv) forall we D(A),veV.

Observe that for the regularity properties of the Stokes operator, it is usually
assumed that  is of class C3, this being in order to use Cattabriga’s results [4, 12]. We
use instead the stronger results of Amrouche and Girault [1] which imply, in particular,
that when Au € L*(2) then u € H?(2) and ||u|| 4> and || Au]| are equivalent norms
when Q is of class C"!.

The operator A~ is linear continuous from H into D(A), and, since the injection
of D(A) in H is compact, A~' can be considered as a compact operator in H. As an
operator in H, A™! it is also self-adjoint. By a well-known theorem of Hilbert, there
exists a sequence of positive numbers u; > 0, p;41 < u; and an orthonormal basis
of H, (w;), such that A~'w; = p;w;. We put A; = M,-_'- Since A~! has its range in
D(A) we obtain that Aw; = Ajwj, w; € D(A),0 <Xy <... <A <A1 <...and
lim;_,,, A; = +00. Also, {w;}?2, is an orthonormal basis for H and {wj/\/)Tj};il and
{w;/4;}32, form an orthonormal basis in V (with the inner product (Vu, Vv),u, v € V)
and H%(2) N V (with the inner product (Au, Av), u, v € D(A), respectively).

By using the properties of P, we can reformulate the problem (1.1), with homo-
geneous boundary conditions, as follows: find u, h, in suitable spaces to be exactly
defined later on, satisfying

a(u,, ¢y + aw.Vu, ¢) — (h.Vh, ¢) + v(Au, ¢) = (af, @),
h, )Y+ W.Vh, ) — (h.Vu, y)+ y(Ah, ¥) =0

for 0<t<T, V¢, €V and

u(0) = up, h(Q) = hy.

2.1)
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Here we have a = p,/u, v =1n/u, y = 1/(no).
Now we define strong solutions of the problem (2.1).

DEFINITION. Let ug, by € V and f € L*®([0, 00); L*(S2)). By a strong solution of
the problem (2.1), we mean a pair of vector-valued functions (u, h) that satisfies (2.1)
and such that u, A € L>*([0, o0); V) N L,Zoc([O, 00); D(A)).

REMARK. In what follows, we prove that if (u, h) is a strong solution of (2.1) then
u,, h, € L, ([0, 00]; H). This condition, together with u, h € L% ([0, 00); D(A)),
implies by interpolation (see [12, p. 260]) that u, h are almost everywhere equal to
a continuous function from [0, T]into V(0 < T < +00). Consequently, the initial
conditions u(0) = up and h(0) = hy are meaningful.

To prove existence of strong solutions we apply the spectral Galerkin method to

(2.1). That is, we consider the finite-dimensional subspaces V; = span[w!, ... , w*],
k € N, the corresponding orthogonal projections P, : H — V, and the approximate
solutions

k

k
W, =) ca@uw'x),  REn =) de(tw'(x),

i=l i=1

developed in terms of eigenfunctions of the Stokes operator. Then, the coefficients
ci(t) and d;; (¢) are found by requiring that u* and h* satisfy the following equations:

auk + vAut + a P, (ut.Vu*) — P (h*.Vh*) —a P f =0,
K+ y AR* + Po(u* Vh*) — Po(h*.Vu*) = 0, 2.2)
uk(0) = Py, h*(0) = Pihy.

This is equivalent to the weak form

a(u, §) + v(Vuk, Vo) +a(uk . Vuk, ¢) — (h*.Vh:, ) = a(f, ¢),
(h*, ¥) + y(VRE, Vi) + (u* . VR, ) — (hk.Vu*, ) = 0, (2.3)
u"(O) = Pkuo, hk(O) = tho, V¢, w (S Vk.

By using these approximations, Boldrini and Rojas-Medar [2] proved a local-time
existence theorem for (2.1). Their results are the following.

PROPOSITION 1. Let the initial values uq, hy € V and the external force f € L*(0, T;

(L2(2))"). Then, on a (possibly small) time interval [0, T;], 0 < T, < T, problem
(2.1) has a unique strong solution (u, h). This solution belongs to.C([0, T\], V).
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Moreover, there exist continuous functions F and G such that for any t € [0, T ],
H
Vs, II? + VA, HI? +/ (N Au(z, Y + | Ak(z, HIP)dT < F(),
0

and

/ (s 2, 2+ a2, Ddx < GQ@).
0

Also, the same kind of estimates hold uniformly in k € N for the Galerkin approx-
imations (u¥, h*).

PROPOSITION 2. In addition to the assumptions of Proposition 1, assume that uq, hg €
V N (HYR))" and that f, € L*(0, T; (L*(2))"). Then, the functions u, h satisfy

Nl (2, NP + s 2, N +/ (IVu,(z, HI? + VR (2, DT < H(D);
0

lAu(e, HI* + 1AL, I < L)

f Uit (52 B + Nz, H2)dT < M),
0

foreveryt € [0, T\, where H(-), L(-) and M (-) are continuous functionsint € [0, T].
Also, u, h € C'([0, T1); H) N C([0, T,], D(A)).

Moreover, the same kind of estimates hold uniformly in k for the Galerkin approx-
imations (u*, h*).

As a consequence of the above, using the results of Amrouche and Girault [1], we
conclude the following.

PROPOSITION 3. Under the hypothesis of Proposition 1, there exist unique functions
p,w € L*0,T; H'(Q)/R) such that when p* = p — %hz, (u, h, p*, w) satis-

fies (1.1). Under the hypothesis of Proposition 2, p,w € L*(0, T;; H'(2)/R) N
C([0, 1], LX()/R).

Now we state the results that will be proved in this paper.

THEOREM 4. Suppose thatn = 3, thatug, vy € V andthat f € L*([0, 00); (L*(2))").
If luollv, Hhollv and || f 1] Le(o.00): L2¢y) @re sufficiently small, then the solution (u, h)
of problem (2.1) exists globally in time and satisfies u € C([0, 00), V). Moreover,
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for any 6 > O there exists some finite positive constants M and C such that

sug{IIVu(t)II, IVR)I} = M, (2.4
supe™” f e*lu I + llh(s)I*}ds < C, (2.5)
>0 0
supe™® / e*{l| Au(s)||> + || Ah(s)||*}ds < C. (2.6)
>0 0

Also, the same kind of estimates hold uniformly in k for the Galerkin approxima-
tions.

REMARK. We have distinguished the constant in the first of the above estimates because
it will play a special role in many points in the arguments that follow.

THEOREM 5. Under the hypothesis of Theorem 4 and in addition uy, hy € V N H*(Q)
and f, € L*([0, 00); (L*(2))"), the solution obtained in Theorem 4 satisfies

u € C([0, 00); (HX ()" NV)NC'([0,00); H).

Moreover, for any 8 > O there exists one finite positive constant C such that

sug{llu,ll, lad} < C, 2.7
t>
sup(llul, l14h1) < C, | 28
>

t
supe~ f (V)P + 1k, )P)ds < C, 2.9)
1>0 0

t
sup e~ f & (it (I + () [2.)ds < C. 2.10)
>0 0

Also, the same kind of estimates hold uniformly in k for the Galerkin approximations.

For the system (2.1) it is possible to recover the classical result, that usually holds
for the Navier-Stokes equations, that in the two-dimensional case it is not necessary
to assume the smallness of the initial data and external force. In fact, we have as
follows.

THEOREM 6. Suppose thatn = 2, thatug, ho € V andthat f € L*([0, 00); (L*(2))").

Then the solution (u, h) of problem (2.1) exists globally in time and satisfies u €
C([0, 00); V). Moreover, the estimates (2.4)—(2.6) are true for any 6 > 0.
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THEOREM 7. Under the hypothesis of Theorem 6 and if in addition ug, hy € V N
(HX(2))" and f, € L=([0, 00); (L*())"), then the solution (u, h) satisfies

u, h € C([0, 00); V N (HX())") N C'([0, o0); H) .

Moreover, the estimates (2.7)—(2.10) are true for any 6 > Q.

As a consequence of the above, using the results of Amrouche and Girault [1], we
conclude the following.

THEOREM 8. Under the hypothesis of Theorem 4 or 6, there exist unique functions
(0, 00; H'(Q)/R) such that when p* = p — %hz, (u,h, p*,w) is a
solution of (1.1) and satisfies for any 8 > 0 the condition

p.w € L?

loc

t
suope'g' / e” (I pl3 @m + 1wl gy r)ds < +o00. 2.11)
tz 0
Under the hypothesis of Theorem 5 or 7, p, w € L*(0, oo; H'(R2)/R)NC([0, 00);
- L2(Q)/R) and satisfy
Suop{llpllf,,(ﬂ,m + wlld gy} < +00. (2.12)
rz

3. The proofs of Theorems 4 and 5

We start by proving the boundedness in time of ||Vu(¢) ||, | VA(¢)||. From Boldrini
and Rojas-Medar [2, p. 8], we have the differential inequality

d
2;(01IIVMI|2+IIVhIIZ)+VIIAM|I2+}/IIAh|I2 < @ [|Vul®+ VR +C5, (3.1

where C, C; and C3 = C sup,,, || f(#)|l are positive constants. Now, observe that
there exist C; > 0, Cs > 0 such that

Cae||Vu|l® < )| Aul?,
CslIVRI* < yllAR|?,

So, inequality (3.1) becomes

d
E(aIIVuIIZHIVhIIZ) < Ci(@[| V" + || VA" — Csat | Vu||? = Cs|| VR +C5
< Ci@|Vull" + VA" = Co (@l V> + I VR + C5, (3.2)
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where C; > 0.
Letting ¥ (r) = a||Vu@)|? + |VA(2)|? produces the differential inequality
d
d—'f < CY - Gy + G,
¥ (0) = || Vuo|I> + || Vholl>.

We consider the corresponding differential equation

d
d_‘:’ = C1¢’ — Co¢ + C;3 = F(C3, ¢),

¢(0) = ¥ (0).

Results from the differential inequalities imply ¥ (t) < ¢ (¢) for all ¢ in the interval
of existence. Observe that, when C; = 0, F(0, ¢) = C,¢°> — C,¢. Consequently,
F (0, ¢) has a simple root given by r(0) = (C,/C,)"/*. This root is unstable, and so,
for C; small, F(Cj3, ¢) also has one unstable simple root r(Cj3) close to r(0). Thus, if
O0<¢¥(0)=¢(0) =r(C3),wehave 0 < ¥ () < ¢p(t) <r(C;y) < +oc forallz in the
interval of existence. Thus, there exists a constant M > 0 such that

SUOP{IIVMII, IVA|} = M < +oo0.
(4

Now, we proceed to prove the other stated estimates. They should be proved first
for the approximations (u*, h*) and then carried to (u, k) in the limit. Since that is
a standard procedure and the computations are exactly the same, to ease the notation
we will work directly with (u, &) in the rest of the paper. The technique of using
exponentials as weighting functions in time was inspired by Heywood and Rannacher
[6].

Multiplying the inequality (3.2) by €%, 6 > 0, and integrating in time from 0 to ¢
yields

I3 t
@ VO + IVROIP) + v f | Au(s)|ds + f || Ah(s) | ds
0 0

t t
< || Vuol® + ||Vh0||2+C1(¥5/ ea’lIVu(S)II'OdS+C1/ e”IVh(s)||"* ds
0 0

t t t
+a9/ eeSIIVu(s)llzds-i-O/ e"’IIVh(s)llzds—f-Cg/ e% ds.
0 0 0

On multiplying by e~® and recalling that || Vu(¢)|| and ||VA(¢)|| are uniformly
bounded, we get that e~ fo' e || Au(s)||*ds and e=* fot e’ ||Ah(s)|?ds are also uni-
formly bounded. Setting v = u, in (2.1) (actually, setting v = uf in (2.3)), yields

a'"ul "2 = a(f’ ut) + (h.Vh, ut) - a(u'vu’ ul) - V(A!l, ul)'
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From this, we have

t t .

/ e |lu, (s)||*ds < c/ eSO + 1A VA|? + |u.Vu|? + ||Au|>ds. (3.3)
0 0

Now, bearing in mind (2.4) and the Sobolev embedding H? <> L%, the following

estimate is obtained.

lu.Vul? < NlulfalVull® < CllAul*IVul® < CM || Aull®.

Similarly, we have
|h.VRII* < CM||AR)>.

Using these estimates in (3.3) produces
t t
e [ ehu)Pds < COne [ URIP +1AUI? + 1 ARID ds.
0 0

Consequently, by (2.6) together with the fact f € L®([0, 00), L?(£2)), we conclude
the desired estimate for u,. The estimate for &, is proved in a similar way. Observe that
the previous estimates hold true for 6 > 0 if we are considering finite time intervals
[0, T]1,0 < T < +oo (with the suprema obviously depending on T'). This comes from
the method of proof. Thus, in a finite interval [0, T'], one can take the last estimates
with@ = 0.

REMARK. As in the end of the previous proof, observe that all these estimates hold
true for 6 = 0 on the time interval [0, 00) if we also include in the hypothesis
f € L¥([0, 00); L*(2)).

PROOF OF THEOREM 5. To prove Theorem 5 further estimates for u, h (actually u* and
h*) are needed. To this end, differentiate (2.1) (i) and (ii) (actually (2.3) (i) and (ii))
with respect to ¢ and set ¢ = u, and ¥ = h, (actually ¢ = u’ and = h*). We are
left with

ad
55"“1”2 + V"V”tuz =a(fy, u,) — o, Vu,u,) + (h,.Vh,u,) + (h.Vh,, u,),

1d
EE"h' I> + v IVA? = —(u,.Vh, b)) + (h,.Vu, b)) + (h.Vu,, b)),

since (u.Vu,,u,) = wu.Vh,, h,) = 0.
Adding the above inequalities produces

d
'Z'E(Ol"u:“z + 1A% + vl Vi + ¥ I VA, 1P
=a(f;, u)—a,.Vu,u)+h,.Vh, u,)—u,.Vh, h,)+(h, .Vu, h,), (X))
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since (h.Vh,, u,) + (h.Vu,, h,) = 0. From the Sobolev-type inequality

lplles < ol Vell**,

we have
ety Ve, )] < eel| Vil 2
< | Vuel |21 Vi,
< CIVal P + vl Vi
and

[((h . Vh, u)| < Nh N VRN ol s
< Cliadle I VRI V|

< IR VHIP + vl Vu
< CIVAI 12 VR + %UHVu:HZ
< CIVRI* A PN + %yllwhll2 + %vIIVuzIIZ-
Analogously, one can prove
(. VR, b)) < CIVRIP|IA I + éyIIVh,II2 + éVIIVu,IIZ,
|(h. Vi, R)| < C||Vull*|lA1* + %VIIV/LIIZ-
Thus, by using the above inequalities in (3.4), one obtains
%(allu,llz + 1A 1?) + v Vi 12 + v VAP < CM)(lu ) + AP + CLLAN

Multiplying the above inequality by ¢ and integrating the resulting inequality
from 0 to ¢ produces

& (@l I + 17 O + f & | Vis ()2 + ¥ [ Vhi () [D)ds
0
<o f (s &I + e (s)ID)ds + C f &1L £.(s)IPds
0 1]

+ allu, O + 17O + 9/ e (@llu () + 1h,(5)]°) ds.

0
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-0t

Multiplying the above inequality by e~ gives

14
allu O + Ih O + e / e WIIVu, ()N + v IVA()I1P)ds
0

< C(M)e* [ (s &I + s ()[2)ds + Ce™ / L £(s)]1%ds
0 0

1§
+ae™ |u, )| + e |2, O + 96'0'/ e (@llu (I + Ih (I ds
0
< C +ae™u ) + A, O,

thanks to the previous estimates. So, it is enough to find estimates for ||«,(0)|> and
|7,(0)|1? (actually [|uf(0)|| and ||/} (0)])).

For this, recall that ug, ho(uf; hf) € V N H2(Q). Consequently, setting ¢ = u, and
¥ = h, in (2.1) (actually ¢ = u* and ¢ = h¥ in (2.3)), yields

allul? = alf, u) — v(Au, u,) — a@.Vu, u,) + (h.Vh, u,),
A ? = (h.Vu, b)) ~ (u.Vh, h) — y(Ah, h)).

The above inequalities imply

allu, O < all FO)Nl + vil Auoll + all Auoll | Vol + || Ako|l [ Vholl < C < +o00,
1A @I < llAholl I Vuoll + | Auoll I VAol + ¥ | Aholl < C < +00.

Taking ¢ = Au and ¥ = Ah in (2.1) (actually ¢ = Au* and ¥y = Ah* in (2.3))
produces

vilAuli> < CUFI® + N + lw. Vul® + |2 VR]?), (3.5
YIARI? < CUIRNE + lu.VRI? + |Ih. Ve ). (3.6)

Observe that

. Vull? < ulZ i VulZe < CIVRl I Val 2] Aul®?)
< CIIVul|| Aul? < C||Vul|" + %vIIAuIIZ-
Analogously, we obtain
k. Vh|| < CIIVA|I" + %yllAhllz,
lu.Vh* < CliVull®lIVAI® + %VIIAhllz,

1
IA.Vull? < CI VA Vul? + ZvIIAullz-
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Now, adding inequalities (3.5) and (3.6) and using the above estimates, produces
vilAull®> + y I ARI® < CULI 4 Nuall? + DD + (Vul]' + [ VA"

+ IVulBI VR + VAR |BVul?)
< C < +4o00.

Thanks to the previous estimates, this implies supllAu(t)||2 <C, supllAh(t)II2 <C.

Differentiating (2.1) (i) (actually (2.5) (i) w1th respect to t) ylelds
au, = P(af, + h,.Vh +h.Vh, — au,.Vu — au.Vu,) — vAu, = g. 3.7

Consequently,
t !
6‘0'/ e llugll}.ds < e’e'/ e”liglly.ds.
0 0

This is sufficient to estimate the right-hand side. To do so, observe that

P ;. VR)|ly+ = sup |(u,.Vh,v)|

flvliv <1

< C sup |[[Vu| | VA |Vv]

flufiv=<i

< CIVR| Vil = CM || V]

Consequently, for all ¢t > 0,
t H
e ? / e || P(u,.Vh)||>. ds < CM?e™™ / €| Vu,||%ds < C,
0 0

thanks to estimate (2.9). Also,

lAullv. = sup |(Au,, v)| = sup [(Vu,, Vv)| < ||Vu,.

flvllv<t flulv<1

Thus

1 t
e / e”||Au, ||} ds < e f e |Vu,|?ds < C.
0 0

The other terms in (3.7) are estimated analogously. We obtain

H I
sup e_e'/ e u, IIf,. ds < sup e'a’/ e*lg)|.ds < C
0 0

20 t>0

and this completes the proof of the theorem.
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4. The proofs of Theorems 6 and 7

The remarks made at the beginning of the proof of Theorem 4 also hold here.
Working as in Boldrini and Rojas-Medar [2, p. 6], we have

ad, 2 _
2dtllull +v||Vu|* = a(f,u) + (h.Vh, u),

1d

~—|lh|? Vh|? = (h.Vu, h).

5 77 1P+ v IVRIT = (h.Vu, h)
Adding the above identities gives

d
E(Otllull2 + 1B + 20 Vul? + 2y | VA = 2a(f,u) < CIfI? + v|Vul?.

By multiplying the above equation by ¢ with & > 0 to be chosen later on, we
conclude that

d - ~ ~ ~ -
Eeo'(allu||2+ A1)+ ve® | Vul® + 2y e | VA|® < Ce™ || £1I* +8e™ (llull® + A1)

Since ||@]|? < Cq||Ve|? for ¢ € Hy (), we have

d = ~ ~
Ee("(allullz + |BI%) + Ce” (IVul® + IVRI®) < Ce | fII?

for0 < 8 < min{2y/Cq, v/aCg).
The above inequality implies

allu@N® + kO + Ce'§'/ e (IVu ()| + | Vh(s)|)ds
0

< e (@lluol® + llholl®) + Ce™ /0 ' |1 £ (s)117ds
< alluol® + lloll* + Cll f Iz < C < +o00.
Taking ¢ = Au and ¢ = Ah in (2.1), gives
ad ) 2
—2—d—t||Vu|| +v||Au||* = a(f, Au) + (h.Vh, Au) — a(u.Vu, Au), @.1)
%;—tuw:u? + Y| AR|> = (h.Vu, Ah) — (u.Vh, Ah). 4.2)

Recall the following inequality that is only true in the two-dimensional case (see
(8, p. 70D
lplle < ClVON NN,
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Using this inequality produces

|(h.Vu, Ah)| < ||Alzs[Vull ]| ARl
< CollnlZ Va2, + el AR
< CA\Vh| Al [ Aul) | Vull + ll Ak
< CesllRIPIVARIPVul® + el ARI? + 81| Aul)®.

Analogously,

[(u.Vu, Au)| < Csl|Vull* + 81l Aul?,
|(.Vh, AB)| < Ccllull*IVul®I VA + el AR,
[(h.Vh, Aw)| < Coslhl?|VRI* + el AN + 81| Aul®.

Adding the identities (4.1) and (4.2) and using the above estimates, with suitably
chosen ¢ and 8, yields

d
E(OﬂIIWII2 + I VRI?) + vl Aul? + y | AR|?
< CUVAIPNVul)? + IIVull* + IVRIY) + CILFIP.
In particular,
d
?d—t(OtHVull2 + IVA?) < C@l|Vul® + | VRI?Y + Cl £
Setting ¥ (t) = a||Vu(t)||* + || VA(2)|)? in the last inequality produces
2 ¥ <CY*+CIfI?
dt =~ '
Observe that Cy2 4+ C, < 2Cy¢* fory > (C,/C)/?, where C, = Csup, 0. I F DIl
If £* = max {(C,/C)'/z, 1, o Vul? + ||Vho||2}, then either 0 < ¥ (¢) < £* for all

t > O or there exists some interval [¢,, 1], t, > t, for whicha||Vu () I>+ || VA@) > =
£* and for t € [#, t,] it is true that || Vu(t)||> + || VA(@)]I> > €*. Then, due to the

choice of £*, in this interval [z, #,], Ew < Cy? holds or, equivalently,

d

—Iny < Cy.

v =Cy
Multiplying the above inequality by ¢ gives

d - - — =
Ee"' Iny < Ce +06” Iny.
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Observe that there exists a positive constant p such that Inyy < p 4+ pyr. Using
this and integrating the last inequality from ¢, to ¢ € [¢,, #,] gives

- — LA _— 4 -
' Iny@)—e" Iny () < (C +9p)f e* Y (s)ds +9,0f e*ds.
0 [ £]
Hence,
- — — ' - —_ - ’ -
Iny@) — e Iny() < (C+0p)e™™ / "y (s)ds +0pe™ / e* ds
: 1 I
< (C +6p)elluoll® + lholl® + | F 3] + p[1 — €°7]
< (C + 8p)[elluoli® + ol + | I3 + p = M.

Consequently, since —®*“@ Iny(5;) > —Iny(s), we have In(¥ (2) /¥ (1)) < M,
which implies that for all ¢ € [z, t,]

al[Vu @I + IVROI? < @) Vu)|? + IVA@)]12)e™ = ee™.
Since this is independent of ¢, and 1, we conclude that forall ¢ > 0
al|Vu@®I? + |VA@)|? < max{e*, £*e™) = ¢*e™.

The rest of analysis is now done exactly as in the three-dimensional case.

5. Proof of Theorem 8

Observe that (2.1) (i) and (2.1) (ii) are equivalent to Au = P(F) and Ah = P(G),
respectively, where F = of — au, — au.Vu + h.Vhand G = h.Vu — u.Vh — h,.

Under the hypothesis of Theorem 4 or 6 (respectively of Theorem 5 or 7), we have
F,G e L% (0, 00; L¥X(R2)) (respectively, F, G € L*(0, 00; L%(2))).

loc

Therefore, Amrouche and Girault’s results [1] imply that there are unique p, w €
L} (0,00; H'(Q)/R) (respectively, p,w € L*®(0,00; H'()/R) N C([0, 00);
L?(£2)/R) such that

—vAu+Vp=F, divu =0, ulr=0
and
—yAh+Vw = G, divh =0, hir = 0.

It is enough to take p* = p — ﬁh2 and Theorem 8 is proved. Estimates (2.11)

(respectively (2.12)) follow easily from the previous estimate and the estimates given
in the above section. This completes the proof of the theorem.
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