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We consider the stationary Navier-Stokes equations on a multiply connected
bounded domain 2 in R" for n = 2, 3 under nonhomogeneous boundary
conditions. We present a new sufficient condition for the existence of weak
solutions. This condition is a variational estimate described in terms of
the harmonic part of solenoidal extensions of the given boundary data; we
prove it by using the Helmholtz—Weyl decomposition of vector fields over
@ satisfying adequate boundary conditions. We also study the validity of
Leray’s inequality for various assumptions about the symmetry of €.

1. Introduction and summary

We consider the stationary Navier—Stokes equations on a bounded domain Q in R"
for n =2, 3 under nonhomogeneous boundary conditions:

—uAv+@-VYo+Vp=f inQ,

(1-1) divo=0 inQ,
v=/p ondQ.
Here v =v(x) = (v1(x), ..., v,(x)) and p = p(x) denote the velocity and pressure

atx =(xy,...,x,)€Q,while f= f(x)and f = (x) =(f1(x), ..., Bu(x)) denote
the given external force defined on €2 and the given boundary data defined on 0Q;
the coefficient of viscosity is u > 0. We use standard notation for Laplacian,
gradient, divergence, and convective derivative:

I ) __(Op op
AD—Zj:] —axj2, vp—(a—m,,a),
. n Q0v; n ov
d = — -V = —
ivo ijl 3%’ (v-V)o ijl oF ox;
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Throughout, we use conventional notation such as H"(Q), H'(€2), H*(0),
WS (Q) form € N, s > 0and 1 <r < oo to denote the usual Sobolev spaces
for either scalar or vector functions. We denote by HOI’ ,(€) the completion of
Cg’oa (€2) with respect to the Dirichlet norm ||V - || 12(q), where Cgf’a (Q) is the set of
u € C3°(Q) for which divu =0 in Q; we define HO1 » (€)* to be the dual space of
Hol’ »(€2), and (-, -) denotes the duality pairing between Hol’ »(€)* and H(i »(€);
the inner product and the norm in L2(Q) are denoted by (-, - ) and | ||, respectively.

We also impose throughout the following assumption on Q.

Assumption §. (i) The boundary 6Q has connected components I'g, I'y, ..., 'z,
which are C* surfaces. The I'y, ..., I’z lie inside I'p, and I'; NT"; = & for
i #j.

(ii) There exist C* surfaces X1, ..., Xy transverse to 0Q such that X;NX; =&
for i # j, and such that Q = Q\ X is a simply connected domain, where
=V, ;.

In the n = 2 case, condition (ii) is always fulfilled and the numbers L in (i)
and N in (ii) are equal.

As a consequence of the incompressibility condition divo = 0 of (1-1), the
boundary data f is required to satisfy the general flux condition

L
(GF) Z/ B-vdS=0,
j=0"Ti

where v is the outward unit normal to 0Q.
Suppose that # € H'/?(6Q) and f € HOI,U (Q)*. We call v a weak solution of
(1-1) if v € H'(Q) satisfies divo =0in Q, v = f on 6Q, and the integral identity

(1-2) 1(Vo,Vé) +((v - Vv, ¢) = (f, $)

for all ¢ € H(} »(€2). In this paper, we study the existence of weak solutions of
(1-1) under the condition (GF).

In his celebrated paper [1933], Leray showed that (1-1) has at least one weak
solution under the restricted flux condition

(RF) /ﬂ-vdS:O forall j=0,1,...,L,
L

which is clearly stronger than the general flux condition (GF). Several fundamental
results on the existence and regularity of solutions of (1-1) have since been shown
by Hopf [1957], Fujita [1961] and Ladyzhenskaya [1969] under the restricted flux
condition (RF). However, it is still unknown whether there exist solutions of (1-1)
with boundary data f satisfying only the general flux condition (GF).
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One of our main purposes is prove the existence of at least one weak solution
under a condition weaker than the restricted flux condition (RF). Our sufficient
condition takes the form of a variational estimate (see (1-8) of Theorem 1.3 below)
and reflects the topological properties of the domain € explicitly through the space
Vhar(Q) of harmonic vector fields over Q, defined as the set of 4 € C*°(Q) such
that divh =0 and rot A =0 in Q, and & x v = 0 on d€Q. The boundary condition
appearing in Vp, () is different from that usually used in the study of Navier—
Stokes equations; see for example [Temam 1979, Theorem 1.5].

In fact, by the Helmholtz—Weyl decomposition of V},,(Q) — see Theorem 2.1 —
we can show a useful criterion on solenoidal extensions of the boundary data f:

Proposition 1.1. Let Q be a bounded domain in R" for n = 2, 3 satisfying the
assumption (5). Suppose that the boundary data f € H'/*(8Q) satisfies the general
flux condition (GF). Then there exists a solenoidal extension b€ H'(Q) of § into Q
such that

(1-3) divb=0inQ and b=p ondQ.
Also, any solenoidal extension b € H'(Q) satisfying (1-3) is decomposed as
(1-4) b=h+rot w,
where h € Vi (Q) and w € X2(Q) N H*(Q), and the following hold:
(I) The vector potential w in (1-4) obeys the estimate
(1-5) lwllg2@) < clBlar2oq),

where c is a constant depending only on €,

(II) the harmonic part h in (1-4) is given explicitly as

(1-6) h= Zy/gZanga]k/ L-vdsS.
=1 j=1

Here {y1, ... wr} is the basis of Vha(Q) given below by Theorem 2.1(1) and
is related to qj by w; =Vgq; for j=1,..., L,while (ajx)1<jk<r is the L x L
regular matrix defined by

(1-7) ajk:{(]/\/ﬁ)e]k ifl<k<j,

fj+1<k<L,
where e;) =1 and e with 1 <k < j and j > 2 denotes the (], k)-cofactor of
the matrix
C1l1 ..Clj
Ci=|: - | prisist
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with 5
qk .
Cik = _dsz(l//jal//k) for]9k=19'~'aLa
0
r; ov

and
Ap=1 and Aj=detC; forl<j<L.

The space X g (Q) appearing in (1-4) is the set of w € W2(Q) such that div w =0
in Qand w-v =0 on oQ.

Remark 1.2. In view of (1-6), the harmonic part & of b depends only on the basis
{wjhi<j<r of V4ar(Q) and the boundary integrals fl"j f-vdSforj=1,...,L.
Hence the harmonic part / is independent of the choice of the solenoidal exten-
sions b of the boundary data 5. Also, & can be regarded as the projection of b onto
the relative de Rham cohomology Vi, (€2) of Q; see [Schwarz 1995, Section 2.6].

With the aid of Proposition 1.1, we can show our main theorem.

Theorem 1.3. For n =2, 3, suppose Q is a bounded domain in R" satisfying the
assumption (1). Suppose that the boundary data § € H'/?(8Q) satisfies the general
flux condition (GF), and the external force f is in H(} - (§)*. Let h be the harmonic
part of the solenoidal extension of [ into Q given by’(1—6).

Then, if the estimate

(h, (z-V)z)

(1-8)
cer@vizo  IVzl?

holds, there exists at least one weak solution v € H'(Q) of (1-1). Here
(19 2@ ={zeHy, @) (- V)z,0)=0foral g H}, Q).

Remark 1.4. (1) The space y(Q) consists of weak solutions of the stationary
Euler equations with Dirichlet boundary condition (see Lemma 2.4). Such
a relation between the existence of weak solutions of (1-1) and the space
x () above has been already used tacitly in [Leray 1933], [Amick 1984] and
[Kapitanskii and Piletskas 1983] .
(2) By using (1-6), it is not difficult to show that the restricted flux condition (RF)
is equivalent to the condition that 4 =0 in Q. Hence, the existence of solutions
of (1-1) under (RF), already proved in [Leray 1933; Hopf 1957; Fujita 1961;
Ladyzhenskaya 1969], can also be derived by applying Theorem 1.3.

As an immediate consequence of Theorem 1.3, we can show that if the harmonic
part & of the solenoidal extension of the boundary data £ is small compared to the
viscosity u, then there exist weak solutions of (1-1).

Corollary 1.5. Let Q, f, S, and h be as in Theorem 1.3.
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(D Letn=3.If

(1-10) Csllhlli 3@ < #,

then there is a weak solution v € H'(Q) of (1-1). Here Cy = 371720237 =2/3
is the best constant of the Sobolev embedding H'(Q) — L°(Q).

() Letn=2andlet2 < p < oo. If
(1-11) C, AT R Lrey < 1

holds for ¢ = 2p/(p — 2), then there is a weak solution v € H'(Q) of (1-1).
Here C, is the best constant of the Gagliardo—Nirenberg inequality

(1-12) |lull o) < Cq||u||i/zq(g)||Vu||lL;(2§/;)] forallu e H'(Q) and 2 < g < oo,

and A is the first eigenvalue of the minus Laplace operator — A under Dirich-
let boundary conditions.

Remark 1.6. (1) Galdi [1994, Theorem VIII.4.1] showed in the n = 3 case that
weak solutions of (1-1) exist under a condition somewhat stronger than (1-10).
Namely, Galdi assumed that

L
ij‘/ pvds| <v,
j=1 ¥

where k; for j =1, ..., L, are certain computable constants depending only
on the domain Q. See also [Borchers and Pileckas 1994, Section 1].

(2) In [Kozono and Yanagisawa 2009b], we proved the result stated in (I) using
Hopf’s [1957] cut-off function technique and Proposition 1.1. However, the
result in (II) for the n = 2 case seems to be new.

Aside from the corollary above, the variational estimate (1-8) in Theorem 1.3
will give us deeper insight into the existence of weak solutions of (1-1). Indeed,
by using the variational estimate (1-8), we can systematically study the validity of
Leray’s inequality, whose definition we now recall; see [Takeshita 1993]. Suppose
that the boundary data f € H'/?(8Q) satisfies the general flux condition (GF). We
say Leray’s inequality (LI) holds for £ (and Q) if, for an arbitrary € > 0, there is
a solenoidal extension b, of f into Q such that divb, =0 in Q and b, =  on 0Q
and such that

(LI) |- V)be, u)| < ]| Vul?

for all u € Hy , ().
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The validity of Leray’s inequality leads to an a priori bound of the Dirichlet
norm for all possible weak solutions of (1-1), from which the existence of weak
solutions of (1-1) immediately follows.

In Section 3, we first observe, by using the Helmholtz—Weyl decomposition
again, that if Leray’s inequality holds, the numerator (%, (z- V)z) appearing in the
variational estimate (1-8) always vanishes for all z € y (Q); see Proposition 3.1. In
view of this observation, we review the results by Takeshita [1993], Amick [1984]
and Fujita [1998], and then give new results on the validity of Leray’s inequality
under several assumptions about the symmetry of the domain €,

This paper is organized as follows. In Section 2, we recall the Helmholtz—Weyl
decomposition of Vp,(Q), which we then use to prove Proposition 1.1. Next, we
prove Theorem 1.3 with the aid of Leray and Schauder’s fixed point theorem via
reduction to absurdity; a key ingredient is Proposition 2.2, a simple observation
about the space y () derived from Proposition 1.1. We then prove Corollary 1.5
by using Theorem 1.3. In Section 3, we study the validity of Leray’s inequality.
In the appendix, we outline for completeness the proof of the Helmholtz—Weyl
decomposition of vector fields over a two-dimensional bounded domain, since we
proved it only for the three-dimensional case in [Kozono and Yanagisawa 2009b].

2. Proof of Proposition 1.1, Theorem 1.3, and Corollary 1.5

We first give the Helmholtz—Weyl decomposition of the harmonic space Vo (€2).

Theorem 2.1. Suppose Q is a bounded domain in R" for n = 2,3 that satisfies
assumption (7).

(I) The space Vpar(Q) of harmonic vector fields is L-dimensional. A basis of
Vhar () is the set {y1, ..., wr} such that w; = Vgq; for j =1, ..., L where
qj solves the Dirichlet boundary value problem of the Laplace equation:
Ag;j=0 inQ,
qj|F[ =5ji fori =O, 1,...,L.
(I) Let 1 <r < oo. Forevery u € L"(Q), there exist an h € Vi (Q), a w € X! (Q)
anda p € Wol’r(Q) such that u is decomposed as

-1

(2-2) u=h+rotw—+Vp inQ,
and the triplet {h, w, p} in (2-2) satisfies the estimate
(2-3) 1Al @ + lwllwir @) + 1IVPIr @ < CllullLr @),

where C is a constant depending only on Q and r. This decomposition is
unique in that if u = h +rotw + Vp with h € V1, (Q), w € X! (Q) and
pe Wol"(Q), then h = h, rot w =rot i and Vp =V p.
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(D) Let 1 <r <ocoands > 1. Ifu € W (Q) for 1 <r < oo, then the w and p
appearing in (2-2) satisfy

we X (@QNWH(Q) and pe Wy (QNWSHL(Q),
and the triplet {h, w, p} in (2-2) satisfies
(2-4) IAllwsr @) + lwllws+r@) + 1V Pllwsr @) < Cllullwsr @),
where C is a constant depending only on Q, s and r.

The space X' () appearing in statements (I1) and (111) is the set of w € WL (Q)
such thatdivw =0in Q and w - v =0 on 0Q. When n =2, rot w in (2-2) should
be read as rot w = (6w/0x2, —0w/0xy) for a scalar function w, and the spaces
Vhar(Q) and X[ (Q) should be replaced by Vaar (Q) and Wol’r(Q), respectively,
where Viar(Q) is the set of h € C®°(Q) such that divh = 0, Roth = 0 in Q
and h Av =0 on 6Q, with Roth = 0hy/0x; — dhy/0xy and h Av = hpvy — hyv).

Proof of Theorem 2.1. In n = 3 case, parts (I) and (II) were proved as [Kozono
and Yanagisawa 2009c, Theorem 1 part (3) and Theorem 3 part (2)], and see also
[Bendali et al. 1985]. To prove part (III), we observe that the scalar potential p
and the vector potential w in (2-2) are the solutions of two elliptic boundary value
problems

Ap=divu in Q,
(2-5)
p=0 on 0Q,
and
[ rotrotw =rotu in Q,
divw =0 in Q,
(2-6) 1

rotwXv=uxv onoQ,

w-v=_0 on 0Q).
In addition, since —A = rot rot — grad div, we find that (2-6) implies that

—Aw=rotu 1inQ,
2-7) {rotwXxv=uxv onodld,

w-v=0 on 0Q).

This casts (2-6) into the form of an elliptic boundary value system with comple-
menting boundary conditions in the sense of Agmon, Douglis and Nirenberg; see
[Kozono and Yanagisawa 2009c, Lemma 4.3(2)]. Hence, part (III) follows by
applying the regularity theorem of [Agmon et al. 1964] to the boundary value
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problems (2-5) and (2-7). The proof of Theorem 2.1 in case when n = 2 will be
separately given in a more general setting in the appendix. O

By using Theorem 2.1, we can prove Proposition 1.1.

Proof of Proposition 1.1. Step 1. Since f € H'/?(6Q) satisfies (GF), it is well
known that there exists a solenoidal extension b € H'(Q) of 8 into Q satisfying
(1-3) and

(2-8) 16llwi2) < cllBlla20q)

where c is a constant depending only on Q; see for example [Ladyzhenskaya and
Solonnikov 1978].

Step 2. For the solenoidal extension b obtained in the preceding step, we apply
Theorem 2.1 with r =2 to obtain b = h +rot w + V p, where w € X2 (Q) N H*(Q),
h € Vna(QQ), and p € WO1 ’Z(Q). However, since

Ap =divh +div(rot w) +div(Vp) =divb =0 in Q,

and p =0 on 0Q, we can conclude that p =0 in Q. Therefore, b = h +rot w. The
estimate (1-5) follows from the estimates (2-4) with s = 1, r = 2 of Theorem 2.1
and (2-8).

Step 3. By orthogonalization of the basis {y j}]L'zl of Vhar (Q) from Theorem 2.1(I),
we obtain an orthonormal basis

L

(2-9) goj(x):Zajkt//k(x) forj=1,...,L,
k=1

where the o j; are the same constants as in (1-7).
By virtue of Theorem 2.1(I), we then see from (2-9) that the harmonic part # of
the solenoidal extension b is given as

L L L L
h= Z(b, Pjej = Z(b, Zajk lﬂk)%‘ = Z ajk(b, Var)o;
Jj=1 j=l1 k=1 jk=1
L L
(2-10) = — Z ajk(divb, qk)goj+ Z ajk(pj/ (B -v)grdS
jik=1 jik=1 oo

L
= Z ajkqoj/ ,B-l)dS.
Ik

k=1
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Furthermore, referring to (2-9) again, we have

J-k=1 k
L L
(2-11) => aijajgl//g/ B-vdS
jk=1 =1 T
L L L
ST San [ povas
(=1 j=1 k=l T
This proves (1-6) and thereby Proposition 1.1. O

Proof of Theorem 1.3. The following proposition is crucial for proving Theorem 1.3
and is also part of Section 3’s investigation of Leray’s inequality.

Proposition 2.2. Suppose that f € H'/*(6Q) satisfies (GF). Let b € H'(Q) be
an arbitrary solenoidal extension of f into Q satisfying (1-3), and let h be the
harmonic part of b. Then

(2-12) b,(z-V)2)=(h,(z-V)z) forallz e x(Q).

We postpone the proof of Proposition 2.2 to the end of this section. Let b be the
solenoidal extension of § given by Proposition 1.1. Taking u = v — b, we are going
to seek a weak solution u € HOIJ (Q) that satisfies

(2-13) UVu, V) +((b-Vyu+ u-VYb+ (u-Vyu, p) = (F, ¢)

forall ¢ € Hol,g (Q), where F = uAb—(b-V)b+ f. For this purpose, we introduce
a parameter A € [0, 1/u] and the equation

Q-14)  (Vuh, V) + A((b- V)it + (u* - VIb+ (- V), ) = %(F, #).

and put

(2-15) S(2) = {u* € Hy ,(Q) | u*satisfies (2-14) for all ¢ € H; , (Q)}.

If we can uniformly bound the Dirichlet norm of all u* € S(1) as in Lemma 2.3,
then (see for example [Ladyzhenskaya 1969] and [Kapitanskii and Piletskas 1983])
the existence of existence of weak solutions u € HOI’J (Q) satistying (2-13) for all
RS HOI’ , (€) will easily follow from Leray and Schauder’s fixed point theorem and
the homotopy invariance of the degree of the Leray—Schauder mapping.

Lemma 2.3. [f the estimate (1-8) in Theorem 1.3 holds, there exists a constant M
such that |Vu’| < M for all ut e S(4), and for all /. € [0, 1/ u].
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Proof of Lemma 2.3. We proceed by reduction to absurdity. Suppose that there exist

sequences {uj}j?il C Hol,g (Q) and {/Ij};?‘;l C [0, 1/u] satisfying [|Vu ;|| — oo and
Aj—> Ao €0,1/u] as j — oo, and

1
(2-16)  (Vuj, V@) +4;((b-Vyuj+ (uj-V)b+ (uj-Viuj, ¢) = ;(F, P)
forall ¢ € HOI, ,(€). Setting ¢ = u; in (2-16), we have by integration by parts
1
Vi 1742 - V)b, uj) = 2 (F ),

because b satisfies (1-3) and because u ; € HOI’U (€2). We then put w; =u;/N; with
N; =Vu;| to obtain

(2-17) 14+ 4;((w; - V)b, wj)=L<F> wj).
HNj
Furthermore, since |Vuw, || = 1, we see that the limit w € Hy () of {w;}%

exists in the sense that

(2-18) Vw; — Vw weakly in L*(Q) and w; — w strongly in LY (Q),
as j — oo. Therefore, letting j — oo in (2-17), we find by (2-18) that
(2-19) 1+ Ao((w - V)b, w) =0.

On the other hand, multiplying both sides of (2-16) by Nj_2 gives

A

(F, ),

for all ¢ € HOIJ(Q). Letting j — oo in the above, we can also deduce from
(2-18) that /lo(iw -V)w, ¢) = 0. Since we find by (2-19) that 19 # 0, we have
(w-VYyw,¢p)=0forall ¢ € Hol’[7 (€2), which implies that w € y (Q).

Consequently, if (1-8) in Theorem 1.3 holds, then by Proposition 2.2, we can
see from (2-19) that

L= 20(b, (w-V)w) = Ao(h, (w- V)w) < uol Vo> < [V,
which contradicts ||Vw|| < 1. This proves Lemma 2.3 and thereby Theorem 1.3. [J
Proof of Corollary 1.5. In case when n = 3, by Holder’s inequality and the Sobolev
embedding theorem we have

(h, (z-V)2) < Al llzll sVl 2 @) < Cs”h“L3(Q)||VZ”%2(Q)a

for every z € HOI’ »(€2), where C; is the best constant of the Sobolev embedding
H'(Q) < L%(Q). Therefore, if the condition (1-10) is fulfilled, we see from this
inequality that the estimate (1-8) holds.
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In case when n = 2, we combine the inequalities of Holder, Poincaré, and
Gagliardo and Nirenberg to show that

(h, (z-V)z) < hllLr@lizllLo@ I Vzll L2 @)

2 2-2
(2-20) < Cyllhllrllzl g, IV 2l 72!

~1
< CoAT IRl Lr@ V2172 g

forall2 < p <ooand 1/g =1/2—1/p, where C, is the best constant of the
Gagliardo—Nirenberg inequality (1-12) and A is the first eigenvalue of — A under
Dirichlet boundary conditions. Note that 2 < g < oo since 2 < p < oco. Therefore,
if (1-11) is satisfied, the estimate (1-8) readily follows from (2-20). O

It remains to prove Proposition 2.2. The following lemma regarding the space
x (Q) is a slight modification of the result previously proved by Ladyzhenskaya,
Kapitanskii and Piletskas; see also [Amick 1984].

Lemma 2.4 [Kapitanskii and Piletskas 1983]. For any z € y(Q), there exists a
scalar function g € W1-3/2(Q) satisfying

(2-21) (z-V)z4+Vg=0 inQ.

Furthermore, the trace y (q) € W'/33/2(6Q) satisfies

(2-22) y@lr;,=cj forj=0,1,...,L,

where c; is a constant that may depend on j.

Proof of Lemma 2.4. Since z € H'(Q), by Hélder’s inequality and the Sobolev
embedding theorem we see that (z - V)z € L3?(Q). Since ((z- V)z, ¢) = 0 for all
NS HOI, » (€2), by applying the Helmholtz decomposition for L3/2(Q), we can see
that there exists a scalar function ¢ € W'3/2(Q) satisfying (z- V)z = —Vgq in Q.
That the trace y (¢) takes the constant value ¢; on each boundary component I';
for j =0,1,..., L is proved in [Kapitanskii and Piletskas 1983, Lemma 4]. [J

Proof of Proposition 2.2. Since the boundary data f satisfies (GF), we can see by
Proposition 1.1 that the solenoidal extension b € H'(Q) of § into Q decomposes
as b =h+rot w, with h € Vo (Q) and w € X g (Q) N H?(Q). Therefore, in view
of Lemma 2.4, one has by integration by parts
(b, (z-V)2) = (h+r10t w, (z-V)z2)
= (h, (z-V)z) — (rot w, Vq)

=(h,(z-V)2) +/ag(v x Vy(q)) - wdS = (h,(z-V)z)

forall z € y (€2), because y (q)|r; =c; for j=0,1, ..., L, and v X V is a tangential
differentiation on the boundary. O
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3. The validity of Leray’s inequality
We begin with a simple but important observation about the relation between the

validity of Leray’s inequality and the variational estimate (1-8).

Proposition 3.1. Let Q be a bounded domain in R" for n = 2, 3 satisfying the
assumption (5). Suppose that the boundary data f € H'/*(8Q) satisfies the general
flux condition (GF). If Leray’s inequality (L1) holds for [, then

(3-1 (h, (z-V)z) =0 forall z € y(Q).

Here h, the harmonic part of an arbitrary solenoidal extension b € H'(Q) of f8
into Q, is as given in (1-6).

Proof of Proposition 3.1. Assume that (LI) holds for f € H'/?(6Q) satisfy-
ing (GF). Then, as in the proof of Proposition 1.1, it follows from the Helmholtz—
Weyl decomposition that any solenoidal extension b, of £ into € decomposes as
b = h+rot w,, where 1 € Vi (Q), 0, € X2 (Q)NH?(Q). Referring to Remark 1.2,
we find that & is independent of ¢. Whereas, by Proposition 2.2 we have

(be, (z-V)2) =(h, (z-V)z) forall z € y(Q).
Therefore, since (LI) holds for S, we see that for an arbitrary ¢ > 0,
(3-2) |(h, (2= V)| = 1(be, (2 V)2 = (2 V)b, 2)| < &l| V2l
Since & is independent of ¢, we can conclude from (3-2) that
(h,(z-V)z) =0 forall z € y(Q). O

The validity of (3-1) for all z € y () implies the estimate (1-8) in Theorem 1.3;
we are immediately led from Proposition 3.1 and Theorem 1.3 to this:

Corollary 3.2. Let Q and p be as in Proposition 3.1. If Leray’s inequality (LI)
holds for B, then there exists at least one weak solution v € H'(Q) of (1-1).

Remark 3.3. Let § € H'/2(3Q) satisfy the restricted flux condition (RF) and let
b € H'(Q) be an arbitrary solenoidal extension of £ into Q. Since (RF) implies
that the harmonic part 4 of b vanishes on €, as mentioned in Remark 1.4(2), we
can see in a way similar to the proof of Proposition 3.1 that

b=rotw forsome w € Xg Q)N H*(Q).

Therefore, via Hopf’s cut-off function technique [1957], we can conclude that
Leray’s inequality holds for all # € H!/?(0Q) satisfying (RF).

In view of Remark 3.3, one might ask whether Leray’s inequality (LI) holds
for all € H'/2(8Q) satisfying only the general flux condition (GF). According to
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Takeshita [1993], the answer is no. We will give another proof of Takeshita’s result
by using the following corollary, which is just the contrapositive of Proposition 3.1.

Corollary 3.4. Let Q, f and h be as in Proposition 3.1. If there exists a vector
field zo € y (Q) such that

(3-3) (h, (z0-V)z0) #0,
then Leray’s inequality (LI) does not hold for f5.

Following [Takeshita 1993], we consider the case when Q is an annulus in R?
given by Q = {x e R? | Ry < |x| < Rg} with 0 < R; < R,. We put

Io={xeR®||x|=Ry} and TI={xeR’||x|=R}.

Then, from Theorem 2.1(I), one can see that dim V},,;(Q) = 1 and the base of
Vhar (Q) is given by
X
h= b T rlﬁ-valS.
Take zo = f (|x|)ey, with nontrivial function f(y) € C{°((R1, Ro)) and unit angular
vector e¢g. Then it is easy to see that zg is in Hol’ﬂ (Q) and (z0- V)zo = —Vqo(|x])
with go(r) = flg] f2(s)/s ds. Hence, we see that zo € y (). In addition, we have

(h, (z0-V)z0) = —((z0 - V)h, z0)

2 2
_ 1 ﬁ-vdS( |Z0|2 dx _/ (er-20)” )
2z Jr, |x] |x]
Ry £2
pvas [ LD,
Iy R T
where e, = x /|x|. Therefore, if fl"u B-vdS #0, then (h, (z9-V)z0) #0. Combining

Corollary 3.4 and Remark 3.3 then gives another proof of Takeshita’s result.

Proposition 3.5 [Takeshita 1993]. Let Q be an annulus domain in R2 as above.
Suppose € H'Y?(6Q) satisfies the general flux condition (GF). Then Leray’s
inequality (LI) holds for B if and only if B satisfies the restricted flux condition
(RF) as
p-vdS=[ p-vdS=0.
To I

Remark 3.6. Takeshita [1993, Theorem 2] presented a more general statement:
Let Q be a bounded domain in R" with n > 2 and smooth boundary I' = U]L= s
where the I'j are the connected components of I'.  Assume that for each such
component there exists a diffeomorphism ®; of §"=1 % [0, 1] into Q such that
D; (S"1x {0))=T"; and ©; (" 1x {1}) is a sphere contained in Q. Suppose that
B € H'/2(8Q) satisfies (GF). Then (LI) holds for B if and only if B satisfies (RF).
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Recently, Kobayashi [2009] gave an elementary proof for Takeshita’s statement
in the two-dimensional case. In [Kozono and Yanagisawa 2009a], we will give a
generalization of Takeshita’s statement in the three-dimensional case.

From Proposition 3.5 we see that constructive proofs relying on (LI) do not
show the existence of weak solutions of (1-1) under the general flux condition
(GF) when Q is an annulus. This fact, however, does not mean the nonexistence
of weak solutions of (1-1).

In fact, Amick [1984] showed the existence of weak solutions of (1-1) under
(GF) for a class of symmetric domains Q C R?, which includes annuli.

Definition 3.7 [Amick 1984]. We say Q C R? has type A symmetry if

(1) Q is symmetric with respect to the xj-axis;

(i1) the boundary 6Q has L 4+ 1 connected components I'g, I'y, ..., I'z, which are
C surfaces that each intersect the x;-axis; the I'y, ..., 'y lie inside I'g; and
FiﬂF‘, =¢f0ri 75]

A vector field u = (uy, uy) is said to be symmetric (with respect to the x;-axis)
if u1 is an even function of x, and u» is an odd function of x».

Theorem 3.8 [Amick 1984]. Suppose Q is a bounded domain in R with type A
symmetry and smooth boundary. Suppose that the boundary data 5 € H'/*(6Q)
is symmetric and satisfies the general flux condition (GF), and the external force
fSe Hol’(7 (Q)* is also symmetric. Then there exists at least one symmetric weak
solution vS € HY(Q) of (1-1) with f = 5 and f = f5.

Amick proved Theorem 3.8 by showing a uniform a priori estimate similar to
Lemma 2.3, via reduction of absurdity. The following lemma on the symmetric
vector fields of y () was crucial. Define y*(Q) to be the space of all symmetric
2% € Hy ,(Q) such that ((z° - V)z%, ) = 0 for all ¢ € Hy , (Q).

Lemma 3.9 [Amick 1984]. Suppose Q is the domain from Theorem 3.8. Suppose
that 75 € ¥5(Q) and g% € WY3/2(Q) is the scalar function given in Lemma 2.4
satisfying

>N +VvgS=0 inQ.
Then the trace y (q°) obeys
(3-4) 7@, =C forj=0,1,.... L,
where C is a constant independent of j.

On the other hand, by retracing the proof of Theorem 1.3, we get the following
variant of it in the symmetric case.
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Theorem 3.10. Let Q be a bounded domain in R? that satisfies assumption (1) and
is symmetric with respect to the x1-axis. Suppose that 5 € H'/*(6Q) is symmetric
and satisfies (GF), and the external force f* € HO1 , ()" is also symmetric.

Then, if

hS, S.v)zS
(3_5) Sup LSZ)Z) R
25ey5(Q),Vz5#£0 IVz2l

there exists at least one symmetric weak solution vS € H'(Q) of (1-1) with f = 5
and f = f35.

Here h3 is the harmonic part of an arbitrary solenoidal extension of B3 into Q
defined by (1-6) with f8 replaced by f°.

Another proof of Theorem 3.8. Let b5 € H'(Q) be an arbitrary solenoidal extension
of #5 into Q and let #* be its harmonic part given by (1-6). Using (3-4) and
Proposition 2.2, one can see by integration by parts that for all z% € »5(Q)

S, (- V)5 =5, 5 - V)Z5)
=—(°,Vq®)

= [ @ omaas==c [ pvas=o,
0Q 0Q

because [35 satisfies (GF). Thus (3-5) holds for all z5 € XS (Q), and hence we have
Theorem 3.8 just by applying Theorem 3.10. O

From Takeshita’s statement in Remark 3.6, and from the fact that the proof
of Theorem 3.10 still relies on reduction to absurdity, one might be tempted to
conclude that even when the domain has type A symmetry and all the data is
symmetric, it is still hard to give a constructive proof for the existence of weak
solutions of (1-1). However, Fujita [1998] succeeded in giving such a proof by
showing that Leray’s inequality holds if we consider only symmetric test functions
ue HO{U (Q) in (LI).

To make the argument clear, we introduce the symmetric Leray inequality (SLI).
Suppose that Q is symmetric with respect to the xj-axis, and the boundary data
pS € H'/2(6Q) satisfies (GF) and is symmetric. We say that the symmetric Leray
inequality holds for 5 (and Q) if, for arbitrary & > 0, there exists a symmetric
solenoidal extension bf € H'(Q) of 5 into Q satisfying the inequality

(SLI) |’ - V)bE, ud)| < e| Vu®|?
for all symmetric u5 € HOI, - (€2).

Theorem 3.11 [Fujita 1998]. Suppose that Q and the boundary data 5 are as in
Theorem 3.8. Then the symmetric Leray inequality (SLI) holds for 5.
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On the other hand, it is easy to see that the argument that proved Proposition 3.1
yields the following in the symmetric case.

Proposition 3.12. Let Q be a bounded domain in R? that satisfies assumption (f)
and that is symmetric with respect to the x-axis. Suppose that the boundary data
B3 € H'?(6Q) satisfies the general flux condition (GF) and is symmetric.

Then, if the symmetric Leray inequality (SLI) holds for 5, we have

(3-6) (h*, @*-V)2®) =0 forall z° € x5(Q).
Here h® is the harmonic part of an arbitrary solenoidal extension of f° into Q.

Therefore, we can prove the Amick’s result in Theorem 3.8 by just combining
Theorem 3.11 with Proposition 3.12 and Theorem 3.10.

Definition 3.13. We say Q C R? has type B symmetry if

(i) Q is symmetric with respect to the xj-axis;

(i1) the boundary 0€2 has 2M + 1 connected components g, I';, ..., 257, which
are C* surfaces; the components I', ..., Iy lie inside I'gand I'; NT'; = ¢
fori # j; and

(iii) the components I';;_; and I'y; for j =1, ..., M are symmetric to each other

with respect to the x;-axis.

Under this symmetry, we will show that the symmetric Leray inequality does not
hold for general symmetric boundary data 8% satisfying (GF), given an additional
geometric condition involving the basis of Vi, (€2) and the space y (Q).

The following criterion is similar to Corollary 3.4, and is the contrapositive of
Proposition 3.12.

Corollary 3.14. Let Q and 5 be as in Proposition 3.12. If there exists a vector
field zg € x3(Q) such that

(3-7) (h%, (z5 - V)zp) # 0,
then the symmetric Leray inequality (SLI) does not hold for 5.

Let Q be a bounded domain in R? with type B symmetry, and let 85 € H'/?(6Q)
satisfy (GF) and be symmetric. We consider first the simplest case that M =1,
which means that 0Q consists of connected components I'g, I'y and I'»; these are
C° surfaces such that I'; and I'; lie inside of I'g, and I'; and I'; are symmetric to
each other with respect to the x-axis. We wish to show that there exists a vector
field zg € x3(Q) satistying (3-7) under an additional geometric condition, when
the boundary data ﬁs does not satisfy (RF). So we first study Vh,(Q2). Let g1 be a
solution of (2-1) with j =1 and L = 2, so that

(3-8) Agi=0 inQ,q|r,=0; for;j=0,1,2,
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and define g» = ¢2(x1, x2) by g2(x1, x2) = g1(x1, —x2). Since I'; and I'; are
symmetric to each other with respect to the x;-axis, we find that the ¢, above is a
solution of (2-1) with j =2 and L = 2. Hence, we can see that a basis {1, 3} of
Vhar () is given by

0 0
39y =Va(), pal) = Var(x) = (a—j’ci —a—g)m, —x3).

From (1-6), we can see that the harmonic part 25 of an arbitrary solenoidal exten-
sion of A5 into Q is described as

2 2 2
hSIZl//gZangajk/ ﬂS‘UdS
=1 j=1 k=l T
2 2 J
:ZngZangajk/ ﬂS-UdS
(=1 j=t k=1 Tk

:vql(a%1 BS-vds+add | BS-vdS+aznan ﬁs-vdS)
I Iy I

+Vq2(a22a21 ﬂS-VdS-i-OC%Q ﬁS~vdS)
I

I

= ((a}, + a3, + a21022)Vq) + (@002 +a3)Ve) | B-vdS.
I

In the last equality above, we used the fact that [;. BS-vdS= | B $.vdS, which
follows from the symmetry of 5 and Q with respect to the x;-axis. Therefore, it
holds for all z5% € y%(Q) that

(%, (2° - V)2%) = ((af) + a3) + 02102) (Va1 (% - V)2¥)

+ (axn001 +03)(Vaa, (25 - V)25)) | B-vdsS.
Iy

We put here kiS = (5 V)ziS for i = 1,2. Since z° is symmetric, we find that k;
and k; are even and odd, respectively, with respect of x;. Hence, by (3-9) and a
change of variables, we have

0 o
(VCIZ: (ZS . V)ZS) :/ ( q1 (xl, —)Q)kig(xl, xz) — ﬂ(xl, _x2)k§(x1, xl)) dx
Q 8x1 ax2
0 B
:/ ( L (o) (et —02) = S e, x2S (o —xz)) dx
Q axl aXZ

0 o
= / (ﬂ(xb xz)kf(xb x0) + ﬂ(xl, xz)kf(xl, x2)) dx
Q 6)(1 6)62

= (Vqi, - V)5).
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The last two displayed equation then give

(h5, (25 - V)25 = (o, + a3, + 202100 + 03,) (Var, 25 -V)Z5) [ p5-vds
I

= (af, + (a21 +a)H(Vaq1, (25 - V)% | pS-vds.
Iy

By definition, a1; # 0. Therefore, by Corollary 3.14, the result above gives a
theorem:

Theorem 3.15. Let Q be a bounded domain in R* with type B symmetry and M = 1.
Suppose that the boundary data 5 € H'/?(dQ) is symmetric and satisfies the
general flux condition (GF) as

pSvdS+ | pS-vds+ | pS-vdS=0
To Iy I,

but does not satisfy the restricted flux condition (RF), which means that at least one
of these three integrals does not vanish. If there exists a vector field zg e y5(Q)
such that

(3-10) Va1, (z§ - V)z5) #0,

then the symmetric Leray inequality (SLI) does not hold for 5. Here g is the
harmonic function defined by (3-8).

Remark 3.16. By integration by parts, the condition (3-10) is rewritten as

(Va1 (z5 - V)z5) = —((z5 - V)Vaq1, z3)

2 2
0
== 2 [ @i dn = - [ Hesstaizldn,
ij=1 ania.x]' Q

where (zg) ; denotes the j-th component of zg and Hess(ql)[zg] stands for the
quadratic form of zg associated with the Hessian matrix of g;. However, because
of our lack of our knowledge of the space of y (), it seems difficult to check the
validity of (3-10) so far.

We next study bounded domains Q C R? with type B symmetry and M > 2.
Suppose A5 € H'/2(8Q) is symmetric and satisfies the general flux condition (GF).

As before, we let gp;_1 for j =1, ..., M solve the boundary value problem
A 2ji—1 = 0 in Q,

(3-11) 2 _
q2j_]|]"i=52j_]’l’ fOI'l=0,1,...,2M,

and we define g2; by q2;(x1,x2) = q2j_1(x1, —x2) for j =1,..., M. By the
reasoning from the M = 1 case, we then see that these g,; solve the boundary
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value problem

Agri =0 in Q,
(3-12) [ q2j

@2jlr; =62 fori=0,1,...,2M.
It follows from Theorem 2.1(I) that the set {y1, ..., wou}, where
yaj—1(x) = Vga;_1(x),

0q2j—1  0q2j—
sz(x)ZVCDJ(X)Z( -

8)61 ’ 8)62

)(xl, —XQ) fOl‘j = 1, ey M,
is a basis of Vy,(€2). In the same way as on page 143, one can also see that
(Va2j-1, 2° - V)2%) = (Vao;, - V)2¥) for j=1,.... M.

Therefore, by noting the fact that sz» 1/)’5~v ds = frzﬂs-v dSforj=1,..., M,
J— J
we can derive from the above that

(3-13) (5, (25 - V)z%)

oM M oM
=D (Vgi. *-V)Z*) D aji Zajk/ p*-vds
i=1 j=1 k=l T
M M oM
= Va1, V)% D a0 Zajk/ p*-vds
(=1 j=1 k=1 T
M oM M
+ > (Vaa, (V)25 D Zajk/ p*-vds
: r
(=1 = k=1 k

M oM M
:Z(VQM—I,(ZS‘V)ZS)Z(OU,ZK—I+aj,2€)zajk/ p-vds
=1 =1 k=1 Tk

(Vaga-1, (2% - V)Z%)

2M M

X D > (e +aj20) @1 +ajx) p-vds

j=1k=1 ot

I
M=

o~
Il

1

Now for £ =1,..., M, we put

2M M

(3-149)  ppS1= Z Z(aj,2£—1 +ajo) (0 ok—1+ajox) B -vds

j=1k=1 ok
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and ¢/[z%] = (Vqar—1, (z5 - V)z5). Then we can rewrite (3-13) as
(3-15) (h°, (° - V)2%) = (P[], Qlz°gw,
where

PIBS1=(pilB°), ..., pulB’]) and QIZ°1= (qilZ°], ..., qulz®]),

and (-, -)gm denotes the inner product in RM. The next lemma shows that the
triviality of P[45] implies the restricted flux condition (RF).

Lemma 3.17. Let Q be a bounded domain in R* with type B symmetry and M > 2.
Suppose 5 € H'/?(6Q) is symmetric and satisfies the general flux condition (GF).
Then, P[f5] = 0 if and only if the restricted flux condition (RF) holds as

/ pS-vdS=0 forall j=0,1,...,2M.
¥

Proof of Lemma 3.17. We first observe from (3-14) that

2M

‘P[B°] = (Z(aj,%’—l +ajo0) () 2k—1+ 0 2) ‘ i, ... . Mk—1,..., M)
j=1
(3-16) x( ﬁs-vds(ku,...,M).
k-1
On the other hand, a straightforward calculation yields
2M
det(Z(aj’zg_1 +aj,25)(aj,2k_1 +05j,2k) ‘ tl1,... . M k—1,..., M)
j=1
2
= Z Z sgn(o ) (o, 1+ 0y 2) -+ - (Okyy 21 +akM,2M)) ,

1<ji<--<ju=<2M U_(.il,ij)
“\kt,.nky

where sgn(o ) is the sign of the permutation o . It is easy to see that the right side of
this equation contains the term (ajja33 - - -aZM_LZM_])Z, which is positive by the
definition of the a j; in Proposition 1.1. Hence, the determinant above is nonzero.
Therefore, it follows from (3-16) that P[f $51=0if and only if

pS-vdS=0 forallj=1,...,M.
I

It is easy to see that this is equivalent to (RF) since 55 and Q are symmetric with
respect to the x;-axis and B3 satisfies (GF). This proves Lemma 3.17. (|

Accordingly, using Corollary 3.14 again and referring to Lemma 3.17, we have
the following theorem.
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Theorem 3.18. Let Q be a bounded domain in R with type B symmetry and M > 2.
Suppose that the boundary data 5 € H'?(0Q) is symmetric and satisfies the
general flux condition (GF) as

2M
Z/ BS-vdS=0,
j=0"Ti

but does not satisfy the restricted flux condition (RF), which means that at least one
of the integrals in the previous expression does not vanish. If there exists a vector
fields zg € x5(Q) such that

(3-17) (PIB51, QlzdNpm #0,
then the symmetric Leray inequality (SLI) does not hold for 5.

Remark 3.19. As can seen from the argument above, it is not difficult to generalize
Theorem 3.18 to the case of R” with n > 3.

Appendix

We here outline a proof of the Helmholtz—Weyl decomposition of vector fields over
two-dimensional bounded domains; this decomposition is more general than the
n =2 case of Theorem 2.1. In this appendix, we let

Xnar(Q) = {h € C®°(Q) | divh =0,Roth =0in Q, h-v =0 on 0Q},
Viar(Q) = {h € C®(Q) | divh =0, Roth =0 in Q, h Av = 0 on 6},

where Roth = d0h,/0x; — 0hy/dx, and h Av = hovy — hyv, for a vector-valued
function & = (hy, hy), and rot w = (6w /0x,, —0w/0xy) for a scalar function w.
The aim here is to show the following theorem.

Theorem 3.20. Let Q be a bounded domain in R?* satisfying the assumption ().
() The spaces Xna(Q) and Viar(Q) are L-dimensional. Furthermore, a basis
{o1, ..., 0L} of Xnar(Q) and a basis {1, ..., wr} of Vha(Q) are given by
pj=rotq; and wyj=gradq; forj=1,...,L,
respectively, where the q; are solutions of the following Dirichlet boundary
value problem for the Laplace equation:

Agi=0 inQ and gqjlr,=0;; fori=0,1,...,L

(II) Let 1 <r < 00. For every u € L"(Q),

(a) there exists an h € Xpar(Q), a w € Wol’r(Q) and a p € WY (Q) such that
u=h+rotw+VpinQ,or
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(b) there exists an h € Vi (Q), a w € W (Q) and a p € W(}’F(Q) such that
u=h+rotw+ Vpin Q.

In both cases (a) and (b), the triplet {h, w, p} is subject to the estimate

(3-18) 1Al @) + lwllwir @ + IIVPller@ < Clluller @),
where C is a constant depending only on Q and r. The decompositions in (a)
and (b) are unique in the same sense as in Theorem 2.1(1).
() Let1 <r <ocoands > 1. Ifu € W5 (Q), then the w and p appearing in the
decomposition (a) or (b) gain further regularity such that
w e Wol’r @QNWE Q) and pe WHE(Q)  in case (a),
or
we Wt (Q) and pe Wol’r(Q) NWFTL(Q)  in case (b).

In both cases (a) and (b), the triplet {h, w, p} is subject to the estimate

(3-19) IAllwsr @) + lwllws+ir @) + IV Pllwer@) < Cllullwsr @),
where C is a constant depending only on Q, s and r.

Proof. The proof proceeds in almost the same way as in [Kozono and Yanagisawa
2009c, Theorem 1]; we call this “our other paper” here. Our other paper studied
only the case of three-dimensional bounded domains. Here we will point out only
the differences.

Given a vector field u € L"(Q), it is not difficult to see that the scalar functions
p and w appearing in case (a) or (b) formally satisfy the following boundary value
problems: In case (a),

Ap=divu inQ,

(3-20) 9
p =u-v onoQ,

Rotrot w=Rotu in Q,
on 0Q),

(3-21)
and in case (b)

(3-22)
on 0Q2,

Rotrot w =Rotu in Q,
(3-23)
=uAv onoQ.

[Ap divu in Q,
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Since the governing boundary value problems (3-20) and (3-22) for p are the same
as those in the three-dimensional case, we need only investigate the governing
boundary value problems (3-21) and (3-23) for w. As in our other paper, we are
readily led to weak formulations of solutions of (3-21) and (3-23): In case (a), a
scalar function w € Wol’r (Q) is said to be a weak solution of (3-21) if

(3-24) (rot w, rot @) = (u, rot @)

for any scalar functions ¢ € Wol’r/(Q) with ¥’ = r/(r — 1); in case (b), a scalar
function w € W1 (Q) is a weak solution of (3-23), if

(3-25) (rot w, rot @) = (u, rot @)

for any scalar functions ¢ € W' (Q) with r' = r/(r — 1).

Then we can easily see that the same procedure from our other paper still works
to establish the L"-variational inequalities associated with the weak formulations
(3-24) and (3-25). By using those L"-variational inequalities, we achieve the exis-
tence of weak solutions of (3-21) and (3-23). The rest of the proof is word-for-word
repetition of the proof in our other paper. O
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