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Abstract

We discuss the solvability of the time-dependent incompressible Navier-Stokes equa-
tions with nonhomogeneous Dirichlet data in spaces of low regularity.

1 Introduction

Throughout this paper  is a subdomain of R? having a nonempty compact smooth
boundary, I'. We consider the nonhomogeneous nonstationary incompressible Navier-
Stokes equations

V-v=0

in  x (0,00) ,
v+ (v-V)v—Av=-Vr+f (1.1)
v=g on I' x (0,00) , '
v(-,0) = on .

The exterior force f, the boundary velocity g, and the initial velocity v° are the given
data, and the velocity v and pressure 7w are the unknowns.

It is well-known that these equations are a mathematical model for the motion of a
viscous incompressible fluid, where we have normalized the (mathematically irrelevant)
constant viscosity and density to 1.

In this paper we are interested in the case where the boundary data g is different from
zero and v°, f, and ¢ possess little regularity. In particular, we do not assume that g is a
tangential vector field.

Our results are expected to be useful in control problems since we can guarantee the
existence of a unique maximal solution (in a natural weak sense) depending continuously
on the data, measured in a rather weak topology. The fact that we do not have to
worry about compatibility conditions and can work in spaces of low regularity facilitates
topological considerations which are necessary in the minimization of cost functionals, for
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example. To give an idea, we can guarantee the existence of a unique maximal (very weak)
solution (v, V) of (1.1) such that v belongs to L, (J ¥, Ly(€2)), where J7 is the maximal
interval of existence, provided

3<qg<r<oo, 1/r+3/qg<1,
and

(0%, (£, 9)) € Lg() X Lyjoc(RT, Ly(R2) x Ly(T)) -

Navier-Stokes equations with nonhomogeneous boundary data in spaces of low regular-
ity have been studied intensively by G. Grubb and V.A. Solonnikov [10], and, in particular,
by G. Grubb (see [6]-[9]). These authors use pseudodifferential operator techniques and
study the equations in anisotropic Bessel potential and Besov spaces. Thus they obtain
fractional time derivatives only, in general. Moreover, they have to require that v" and g
belong to spaces of positive smoothness and that compatibility conditions have to be
satisfied.

Our approach is different, based on semigroup and interpolation-extrapolation methods,
developed by the author and already applied to the Navier-Stokes equations in [2]-[4]. Our
solutions possess time derivatives with respect to some weak topology. Furthermore, we
can separate space and time regularity to get very precise results.

We recall the main results of [4], restricting ourselves to the situation where g =0 is
not required, and draw some consequences. Then we deduce an improved version of the
main existence and uniqueness theorem of [3]. Finally, we give sufficient conditions —
a priori estimates in very weak topologies — for the solutions to exist globally. We also
show that our results are optimal in the sense that our spaces of initial values cannot be
enlarged within their classes.

2 Function spaces

We use standard notation and employ the following convention: If F(Q,R3) is a vector
space of R3-valued distributions on € then we simply denote it by §. If X is a subset
of R? different from € then we put F(X) := F(X,R?). For example, D, resp. D(12), is the
space of smooth R3-valued functions having compact support in €2, resp. Q, and WZIS(F) is
the Sobolev-Slobodeckii space of R3-valued distributions on T.

We always assume that ¢, € (1,00). Then HJ and By ,, 1< p < oo, are the usual
Bessel potential and Besov spaces, respectively, (of R3-valued distributions on ) for s € R.

(See [2] for more detailed explanations.) We set
(v, w) ::/Qv'wd:v, v,w € D),

and, denoting by do the volume measure of I,
(v,w)F::/Fv-de, v,we C(T) .

We also use (-, -) to denote the standard duality pairings between various spaces of
(scalar- and vector-valued) distributions without fearing confusion. Similar conventions



Navier-Stokes Equations with Nonhomogeneous Dirichlet Data 3

hold for (-, -)p. We write 9, for the derivative on I with respect to the outer unit normal v,
denote by ~ the trace, and by -, the normal trace operator, that is, y,u = v - yu.
We set

{ue Hj; yu=0}, 1/g<s<2,
. {ue H)/R®) ; supp(u) C O}, s=1/q,
H, = 5 (2.1)
H 0<s<1/q,
(Hjs)lv —-2<s<0,

where the dual space is determined by means of the duality pairing (-, -). It follows (cf.
[14, Theorems 4.7.1(a) and 4.8.1]) that

H,=H;, —2+1/g<s<1/q. (2.2)

(In [14] the case of a bounded €2 is considered only. However, it is easy to verify that all
results in that book cited here and below continue to hold if it is only assumed that IT" is
compact.) In [3, Remark 1.5] it is shown that

Dy(Q) :={p € DQR); v9=0}

is dense in H for |s| < 2.
We denote by Hj the closure of Dy :={u€D; V-u=0} in L;. Recall (e.g., [5],
[11]-[13]) that

Hy={uely; V-u=0, v,u=0}.

We put

H:NH,, 0<s<2,
HS = (2.3)

(H,)', —2<s<0,

the dual spaces being determined by means of the duality pairing (-, -),, obtained by
restricting (-, -) to Hy x H,.

Similarly,
{ue By, ; yu=0}, 1/g<s<2,
5 {u € B(}’/Tq(R:%) ; supp(u) C ﬁ} , s=1/q, (2.4)
o Bi, ., 0<s<l1/q, '
(B,5) —2<s<0,
the dual space being determined by means of (-, -), and
B:, NH,, 0<s<2,
By, := { the closure of D, in BSJ, ) s=0, (2.5)
(B,5) —2<s<0,



4 H Amann

where now the dual spaces are determined by the pairing (-, -),. Similarly as for the Bessel
potential spaces,

B;, = B; —241/g<s<1/q. (2.6)

q’r )
In general,
d
E; — E, , E,e{H,H;, B, By, ; 1<r<oco}, s>t, (2.7)

where the superscript d means ‘dense embedding’. Thus it follows from (2.2)-(2.4) and
(2.6) that Hy, resp. By, is the closure of H, in H, resp. By ., for —2+1/q < s < 0.
Lastly,

Gq = {U €Ly; v=Vm, € LqJOC(ﬁ,R)}
and

G,:=H,NG,, 0<s<2,
whereas

G, is the closure of G, in Hj for —2<s5<0.

Observe that we can also define spaces By , and By , for p € {1,00} and 0 < s <2 by
replacing r in (2.4) and (2.5), respectively, by p. Thus we obtain well-defined scales By .,
and Bj , for |s| < 2 by setting

B, = (B,), Bi.:=®B,), -2<s5<0,

with respect to the duality pairings (-, -) and (-, -),, respectively. Finally, we put

B, », = closure of Hy in By ., By = closure of Hy in By

for |s| < 2. For |s| <2 with s # 0 the spaces B _ and B __ are denoted in [2] by ng o

q?oo q7OO
and ng ., respectively, and called little Nikol’skii spaces.

3 Integrable data

Throughout this section we suppose that

o 3<qg<r<oo, 1/r+3/g<1; (3.1a)
o (f.9) € Lyjoo(RY, H M/ s W V/attr(r) (3.1b)
o Ve IB;}/T . (3.1c)

Let J be a subinterval of R* containing 0 such that J := J\ {0} # 0. Set J* := J\ {sup J}.
The pair (v,w) is said to be a (very weak) Lr(qu/T)—solution of the Navier-Stokes equa-
tions (1.1) on J if

(0,w) € Lyjoe(J*, HY™ x G >+/7) (32)
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and

/]{<3t¢+ﬁ¢yv>+<vw,v®v>}dt
= /J{<’w790> — (fo0) +{9,009)r } dt — (v°,0(0))

for all ¢ € D(J*, Dy(2)).

A solution is maximal if there does not exist another solution (of the same type) being
a proper extension of it.

Clearly, (3.3) is formally obtained from the second differential equation in (1.1), the
momentum equation, by multiplying it by ¢, integrating by parts, using Green’s formula,
the boundary and initial data, and setting w := V.

By admitting in (3.3) standard test functions ¢ € D(J*, D) = D(Q x J*) only, it follows
that a very weak solution is a distributional solution of the momentum equation.

In the remainder of this paper we write V7 for w without fearing confusion.

The following theorem guarantees the existence of a unique maximal L, (H; / ")-solution
of (1.1) and gives further regularity properties.

Theorem 1. Let assumptions (3.1) be satisfied. Then the Navier-Stokes equations (1.1)

possess a unique mazximal LT(H;/T)—solution, (v, V7). The mazximal interval of existence,
J7T, that is, dom(v, V), is open in RT. Moreover,

ve CIHB VY, (0,V7) € Ljoe(J T H 2T x G247y (3.4)
If J* #RT then v is not uniformly continuous on J7.
Proof. This is a particular case of [4, Theorem]. |
Remarks 1. (a) In [3] it is shown that

H;2+1/r ~ H(;2+1/r % qul/qﬂ/r(p) i (3.5)

Thus H, 2T ig not a space of distributions on 2 but contains also distributions being
supported on I'. This explains why there is no compatibility condition for g guaranteeing
that g is a tangential vector field. Indeed, a possible nontrivial normal component of g is
compensated by the ‘boundary part’ of the (generalized) pressure gradient w.

(b) Due to (3.5) our hypotheses on (f, g) are ambiguous in the sense that f may ‘contain
a part on I’ which should be covered by g. It is tempting to assume that

f € Lujoc(RT, H 21Ty (3.6)

However, then

/J<ﬁ o) dt (3.7)

is not necessarily well-defined for all test functions ¢ € D(J*,Dy(R2)). To guarantee that
(3.7) is meaningful for a given f with (3.6), it suffices, for example, to assume that
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f = fo+ f1 with dist(supp(fo),F X R*) >0 and f; € Lr,loC(RJ“,Hg) with 0 > =2+ 1/q
(see [4]).

(c) Given T > 0, the velocity part of the maximal solution satisfies

ve BUC(J* N [0,T],B, ") ,
where BUC is the space of bounded and uniformly continuous functions, iff

ve L (JT N[0, T],HY) . (3.8)
Thus, if it can be shown that

o cither v e BUC(J* N[0, T], B;/")
e orvéeE LT(J+ N [U,TLH;/T)

for every T' > 0, then (v, V) is a global solution.

Proof. Since v satisfies the differential equation in [4, (5.8)], it is easily verified that (3.8)
implies that

o € L (J*T N[0, 7], H>Tm).

Now the assertion is a consequence of [4, Theorem 2.2(i)], Theorem 1, and of (2.2) and
(2.6). |

(d) The maximal solution (v, V) depends in the topologies described by (3.2) and (3.4)
continuously on (vo, (f, g)), with respect to the topologies specified in (3.1).

Proof. See [4, Remark 2.3(c)]. |

(e) In [4, Proposition 3.4] it is shown that

d
Bt = Biosro - (3.9)
provided
81—3/(]1280—3/6107 1>1/q121/q0>0, 1>1/T121/T0>0. (310)

It is known that the corresponding embeddings for the standard Besov spaces are optimal.
This implies that conditions (3.9), (3.10) are sharp as well. From this we deduce that the

two spaces IBSq_llllr ! and ]Btz)lﬁg % are incomparable if (q1,71) # (go,70). In this sense each one
of the spaces By, ; ", where (g, r) satisfies (3.1a), is an optimal space of initial values. M



Navier-Stokes Equations with Nonhomogeneous Dirichlet Data 7

4 Time-continuous data

In this section we suppose that

o 3<qg<T<r<oo, —-1+3/¢g<s<1/r; (4.1a)
° (f’ g) c C(RJF,HC;QJFUT % I/V(;l/qul/T(F)) : (41b)
s UO € @Z,OO : (41(3)

Thus, in comparison with (3.1b), we now require slightly more smoothness for f and g.

The pair (v, V) is said to be a (very weak) C(H;/r)—solution of the Navier-Stokes
equations (1.1) on J if (3.3) holds (with w = Vr and) with (3.2) being replaced by

(v, V) € O(J,HY" x G2y | (4.2)

Theorem 2. Let (4.1) be satisfied. Then the Navier-Stokes equations (1.1) possess a
/7")

unique mazimal C’(H; -solution, (v, V), satisfying

: 1/r—s)/2 _
tim /7972 o )] /e = 0. (4.3)

The mazimal interval of existence, JT, is open in RT,
ve OV J 2 N C(I,BE L)
and

lim /772 |7 (8) | pyasae = 0. (4.4)

Proof. Given Banach spaces F and F, we write L(E, F') for the Banach space of all
bounded linear operators from E into F, and £2(E, F) is the Banach space of all continuous
bilinear maps from F into F.

We denote by R € L (I/Vq_l/qul/T (), H;2+1/7) the dual of the interior normal derivative
operator

~9, € L(HZT, W/ VT(I) (4.5)

The validity of (4.5) is a consequence of the trace theorem. Then

f+Mge CRT, H2TT) (4.6)
We also set B(v,w) := V- (v ® w) and recall from [4, Lemma 4.1] that

Be LAY HY 178y (4.7)

By A we mean the unique extension in E(Hé/T,H(;zH/T) of —A|H; € L(H?, L),

the negative Laplace operator in L, with Dirichlet boundary conditions. Then A is

well-defined and, considered as an unbounded linear operator in H, 2

2L/ (see [2, Section 2 ]).

, it generates

a strongly continuous analytic semigroup on Hy
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Now we consider the differential equation
v+ Av=—-Vr+ B(v,v)+ f+Rg inJ, v(0) = o° (4.8)

in HQ_QH/T. From [3, Theorem 2.2] we know that
H;Q—f—l/r _ H;Q—&-l/r ® Gq—Q—i—l/T

241 /7 241/7

is the unique contin-
uous extension of the Helmholtz projector P : L, — H,. Moreover, A := PA]]HL;/ " is the
unique extension in E(Hé/T,H(;QH/T) of the Stokes operator —PA|HZ € L(HZ2, H,), and

—A is the infinitesimal generator of an analytic semigroup {U(t) c > 0} on Hq—?-ﬁ-l/r’

and that the corresponding projection P from H, onto Hy

the unique continuous extension over H, 2H1/7 of the Stokes semigroup on H,.
Now we set b:= PB and h := P(g + Rg) and consider the evolution equation

v+ Av=>bv,v)+h inJ, v0)=1° (4.9)
in Hq_2+1/r, which is obtained by projecting (4.8) into Hq_2+1/r. From (4.7) we deduce that

be LAHY H2/r=1=3/a) (4.10)
and (4.6) implies

h e C(RT, H >y . (4.11)
Put 2y :=(1/r+1—-3/¢) A (1/7 —1/r). Then (2.7), (4.10), and (4.11) imply

be EQ(Hé/T’H;2+1/T+2’y)  he C(R+7H;2+l/r+2'y) ' (4.12)

Note that 0 < 2y < 1.
From [2, Theorem 3.4] we infer that Status: O

—9241 2y - —2+1 1
H 2+ 2y = [ 2 ki) (4.13)
where |-, -] . denotes the complex interpolation functor of exponent . Furthermore, setting
2a:=1/r — s, we also infer from [2, Theorem 3.4] that
B oo = (Hy 27 HY ™) oo (4.14)
with (-, ')(1)—04700 being the continuous interpolation functor of exponent 1 — «, and that

TU\HZ is strongly continuous. Hence, setting

Ey:= Hq_2+1/r , FEp:= H}/T , Fig = BS

q,00 )

it follows from (4.12)—(4.14) and [2, Theorem 5.6] that (4.9) possesses a unique maximal
solution

veC(JTB; ) NCUT HY Y N (T, H 2T (4.15)
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satisfying (4.3), and that J* is open in R*.
Now we put

Vr:=(1-P)(—Av+ B(v,v) + f + Ryg) .

Then it follows from (4.6), (4.7), the continuity of A as a map from ]HL;/T into H;QH/T,

the definition of P, and (4.15) that
Ve C(Jt,G 2T

and that (4.4) is true. It is obvious that (v, V) satisfies (4.8) with J = J+.
Set F':= —Vr + B(v,v) + f +MRg. Then (4.2)-(4.7) imply

FecC(Jt H ), %E?)tza O (4.16)
Fix p € (1,1/2«). We deduce from (2.2), (4.3), and (4.16) that
V€ Lyptoc(JT,HY™) | Av,F € Lyjoo(JH, H2HT)

Hence 0 = —Av+ F € Ly 1oc(J 7, H;QH/T), so that v is a I/Vp1 -solution of

Jloc

v+ Av=F inJt,  v(0)=1" (4.17)

in H;2+1/T in the sense of [1, Section III1.1.3]. Thus Theorem V.2.8.3 of that book (with

a:=0and Ey:=H, 2+1/ ") guarantees that v is the unique maximal Lp(H;/ ")-solution
of (1.1). This implies that (v, V) is the unique maximal C(H;/T)—solution of (1.1) satis-
fying (4.3). [

Remarks 2. (a) Suppose that for each 7' > 0 one of the following conditions is satisfied:

o veBUC(JTNI0,T], B2 %) ;
° U(J+ n[o, T]) is relatively compact in B;;OJF?’/Q :
e there exist tp € J* and 0 > —1+ 3/q such that

sup[o(t)|lwy < oo .
teJ+tN[to,T)

Then J© = RT.

Proof. For =2+ 1/q <t < 1/q one finds, similarly as (2.6), that B}, ., = Bl . By in-

terpolating (with (-,-)¢,c0) one deduces from [3, Theorem 2.2] that B, , is a closed linear

subspace of By, = B . From this and v € C(J+,I§B;ij3/q) it follows that B can be

replaced by B in the first two conditions above. Similarly, one can replace W7 = By |
by B, in the third hypothesis. Now the assertion follows from the proof of Theorem 2
and [2, Remarks 5.9(b) and (d)], thanks to B , — BY .. [ |

(b) Everything said above remains valid if we replace the continuity hypothesis for (f, g) by
(f+9) € C((0,00), H*H/T s W7Vt T(T))

and lim, o 77 (f(2),g(t)) = 0 in Hy > 7 s wy Varm(r),
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Proof. This is a consequence of [2, Theorem 5.6] and the proof of Theorem 2. |

(c) It can be shown that By . SR Iﬁ%;’oo. Suppose that 3 < ¢ <r <ooand 1/r+3/¢ <1,
and that (f, g) satisfies (4.1b). Then (f, g) satisfies (3.1b) as well. Hence, given v° € B;}/T,

Theorem 1 guarantees the existence of a unique maximal LT(H;/ ")-solution (v, V)

on J;F. Since s := —1/r > —1 + 3/q, assumptions (4.1) are satisfied as well. Hence The-

orem 2 implies that there exists a unique maximal C(H;/ ")-solution (veo, V7o) on JL

satisfying

lim ¢1/7 t . =0.
lim [ Vo0 ( )IIH;/

Note that this does not imply that vee € Ly joc(J5, H;/ ") and, conversely, we cannot guar-

antee that (v, Vm,) isa C (H;/ ")-solution on J,F. This shows that Theorems 1 and 2 are
independent of each other.

(d) If (3.1) is satisfied and v is the unique maximal LT(H;/T)—solution of (1.1) then it
follows that there are qo > ¢ and ro > r satisfying 2/r¢9 + 3/qo < 1 such that

v € Lygroc(JT, Lyy) - (4.18)

Such a ‘Serrin’ condition is also valid if v is a C (H;/ ")-solution, provided (f,g) is appro-
priately smooth (cf. [2, Remark 9.5(b)]). This fact can be employed to obtain regularity
results for these solutions.

Proof. Condition (4.18) is a consequence of [4, Theorm 3.3]. ]

Corollary 1. Suppose that v° and f are smooth and g =0. If the hypothesis of Re-
mark 2(a) is satisfied then the Navier-Stokes equations possess a unique global smooth
solution.

Proof. This is an immediate consequence of Remarks 2(a) and (d). [

Of course, the assumption that g = 0 can be replaced by assuming that ¢ is a smooth
tangential vector field. Furthermore,

Byl &0 — Bl 3< g <qi < o0,

40,0

where these embeddings are proper. Increasing g should thus make the task of verifying
one of the conditions in Remark 2(a) easier.
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