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ABSTRACT. We present here different boundary conditions for the Navier-
Stokes equations in bounded Lipschitz domains in R3, such as Dirichlet, Neu-
mann or Hodge boundary conditions. We first study the linear Stokes operator
associated to the boundary conditions. Then we show how the properties of
the operator lead to local solutions or global solutions for small initial data.

1. Introduction. The aim of this paper is to describe how to find solutions of the
Navier-Stokes equations
Ou—Au+Vr+(u-Viu = 0 in (0,T)xQ,
divu = 0 in (0,7)xQ, (1)
w(0) = w in Q,
in a bounded Lipschitz domain Q C R3, and a time interval (0,T) (T < oo), for

initial data wg in a critical space, with one of the following boundary conditions on
o0

e Dirichlet boundary conditions:
u =0, (2)

e Neumann boundary conditions:
MVu) + (Vu) v —7v =0, e (~1,1], (3)

e Hodge boundary conditions:

v-u=0, andvxcurlu=0, (4)
where v(z) denotes the unit exterior normal vector on a point z € 9Q (defined
almost everywhere when 99 is a Lipschitz boundary). The strategy is to find a
functional setting in which the Fujita-Kato scheme applies, such as in their fun-
damental paper [4]. The paper is organized as follows. In Section 2, we define
the Dirichlet-Stokes operator and then show the existence of a local solution of the
system {(1),(2)} for initial values in a critical space in the L?-Stokes scale. In
Section 3, we adapt the previous proofs in the case of Neumann boundary con-
ditions, i.e., for the system {(1),(3)}. In Section 4, we study (a slightly mod-
ified version of) the system {(1),(4)} for initial conditions in the critical space
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{u € L3(R3);divu = 01in Q,v-u = 0 on GQ}. Finally, in Section 5, we discuss
some open problems related to this subject.

2. Dirichlet boundary conditions. For a more complete exposition of the results
in this section, as well as an extension to more general domains, the reader can refer
to [16] and [11]. The case where € is smooth was solved by Fujita and Kato in [4].
In [2], the case of bounded Lipschitz domains € was studied for initial data not in
a critical space.

2.1. The linear Dirichlet-Stokes operator. We start with a remark about L?
vector fields on €.

Remark 1. For Q C R? a bounded Lipschitz domain, let u € L?(2;R?) such that
divu € L*(;R). Then we can define v - u on 92 in the following weak sense in
H~2(dQ;R): for ¢ € H (% R),

(u, Vo)a + (divu, d)o = (V- u, p)an (5)

where ¢ = Traa¢, the right hand-side of (5) depends only on ¢ on 9 and not on
the choice of ¢, its extension to Q. The notation (-,-)g is for the L?-scalar product
on E.

1
The space L%(2;R?) is equal to the orthogonal direct sum Hy & G where
Hy={ue L*(QR?);divu=01in Q,v-u=0 on 09} (6)
and G = VH(Q;R). This follows from the following theorem.

Theorem 2.1 (de Rham). Let T be a distribution in €>°(S;R?) such that (T, ¢) =
0 for all ¢ € €°(R3) with dive = 0 in Q. Then there exists a distribution
S € € (4 R) such that T = VS. Conversely, if T = V.S with S € €°(Q; R,
then (T, @) = 0 for all p € €>(Q;R?) with dive =0 in Q.

Remark 2. In the case of a bounded Lipschitz domain  C R3, the space Hy
coincides with the closure in L?(Q;R?) of the space of vector fields u € €>°(2; R?)
with dive = 0 in .

We denote by J : Hg < L*(Q; R3) the canonical embedding and P : L?(; R?) —
H, the orthogonal projection. It is clear that PJ = Idz,. We define now the space
Vy = HY(;R3)N Hy. The embedding J restricted to Vy maps Vg to HE(Q;R3): we
denote it by Jy : Vg < H} (4 R3). Its adjoint J§ =Py : H=1(Q;R?) — V] is then
an extension of the orthogonal projection P. We are now in the situation to define
the Dirichlet-Stokes operator.

Definition 2.2. The Dirichlet-Stokes operator is defined as being the associated
operator of the bilinear form
3
a:VagxVyg—=R, a(u,v)= Z(@Z—Jou, 0;Jov).

i=1
Proposition 1. The Dirichlet-Stokes operator Ag is the part in Hy of the bounded
operator Agq @ Vg — Vj defined by Apqu : Vg — R, (Ag,qu)(v) = a(u,v), and
satisfies

D(Aq) = {ue VyPi(—AD)Jou € Ha},
A = Pi(-AB)Jou u€ D(Aq),



NAVIER-STOKES EQUATIONS IN LIPSCHITZ DOMAINS 1357

where A denotes the weak vector-valued Dirichlet-Laplacian in L*(;R3). The
operator Aq is self-adjoint, invertible, —Aq generates an analytic semigroup of con-
1

tractions on Hq, D(AZ) = Vy and for all u € D(Ay), there exists m € L*(;R)
such that

JAqu = —AJou+ Vr (7)
and D(Ag) admits the following description
D(Ay) = {u eVydr e L2(R) : —AJyu+ Vr € Hd}.
Proof. By definition, for u € D(Ay), we have, for all v € V,

n

(Aqu,v) = = > (9;Jou, d;Jov)
j=1
= 72 H-1(03 Jou, Jov) gy = -1 (=) Jou, Jov)
j=1

= \# <P1(—A)J0U,U>Vd.

The third equality comes from the deﬁnition of weak derivatives in L2, the fourth
equality comes from the fact that Z L J = A. The last equality is due to the fact
that J) = P;. Therefore, Aju and ]P’l( A)Jou are two linear forms which coincide
on Vg, they are then equal. So we proved here that Agq = P1(—A)Jy : Vg — V.
Moreover, the fact that u € D(A4) implies that Agu is a linear form on Hy, so that
the linear form Py (—A)Jyu, originally defined on Vg, extends to a linear form on
H, (since V is dense in Hy by de Rham’s theorem). The fact that A, is self-adjoint
and — Ay generates an analytic semigroup of contractions comes from the properties
of the form a: a is bilinlear, symmetric, sectorial of angle 0, coercive on Vg x V.
The property that D(A7) = Vy is due to the fact that Ay is self-adjoint, applying
a result by J.L.Lions [8, Théoréme 5.3].

To prove the last assertions of this proposition, let u € D(A4). Then Aju € Hy
and Py J(Aqu) = PJ(Aqu) = u. Moreover, if u € D(Ay), u belongs, in particular,
to V. Therefore, Jou € H}(Q;R?) and (—A)Jou € H~1(;R3). We have then, the
equalities taking place in V,

Py (J(Aqu) — (=A)Jou) = P1J(Aqu) — Py (—A)Jou = Agu — Agu = 0.

By de Rham’s theorem, this implies that there exists p € E2°(;R) such that
J(Aqu) — (=A)Ju = Vp: Vp € H-1(Q;R3), which implies that p € L?(Q;R). O

The relations between the spaces and the operators are summarized in the fol-
lowing commutative diagram:

VdCi>H§

|

Aoa| Hy CHJ I? (-A%)

-~
P=J’
d d

Vj<~—H?
Pi=J;
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In the case of a bounded Lipschitz domain Q C R3, we also have the following
3
property of D(A}); see [11, Corollary 5.5].

3
Proposition 2. The domain of Aj] is continuously embedded into Wy (9 R3).

2.2. The nonlinear Dirichlet-Navier-Stokes equations. The system {(1), (2)}
is invariant under the scaling uy (t, z) = Au(\%t, A\x), (A\%t, \z) € (0,T) x Q (A > 0):
if w is a solution of {(1),(2)} in (0,7) x Q for the initial value ug, then u, is a
solution of {(1),(2)} in (0,5) x 1 Q for the initial value = — Aug(Az).

We are interested in finding “mild” solutions of the system {(1),(2)} for initial
values ug in a critical space, in the same spirit as in [4].

1
Lemma 2.3. The space D(A]) is a critical space for the Navier-Stokes equations.

Proof. We have to prove that D(Ag) is invariant under the scaling uy () = Aug(Az)
for z € +Q, A > 0. It suffices to check that |uyll2 = A2 |uflz and [|[Vuyllz =
1
A2||Vu|; and apply the fact that D(A]) is the interpolation space (with coefficient
1
1) between Hy and Vg = D(AZ). O
For T > 0, define the space & by
o = {ue @ ([0, T); D(AL));u(t) € D(AD), u/(t) € D(A3) for all t € (0, 7]
and sup ||t%A§u(t)||2 + sup HtAgu’(t)Hg < oo}
te(0,T) te(0,T)

endowed with the norm

1 1 3 1
lulle, = sup [[Aju(t)l2+ sup [[tZAju®)ll2+ sup [[tAju'(t)]2.
te(0,T) te(0,T) te(0,T)

The fact that &7 is a Banach space is straightforward. Assume now that u € &r,
and that (Jou, p) (with p € L?(Q; R)) satisfy {(1), (2)} in H~(Q;R?): indeed, every
term Vp, 9;Jou, —AJou and (Jou-V)Jou independently belong to H—1(Q; R3). We
can then apply P; to the equations and obtain

u'(t) + Aqu(t) = —P1((Jou - V) Jou)

since P1Vp = 0 and Pi(—A)Jou = Agqu. We have then reduced the problem
{(1),(2)} into the abstract Cauchy problem
W' (t) + Agau(t) = —Pi((Jou-V)Jou) ®)
u(0) = wg, u€ép,
for which a mild solution is given by the Duhamel formula: © = « + ¢(u, u), where
a(t) = e tayy and

o, v)(t) = / e~ (t=9)4a (—%]P’l((Jou(s) V) Jov(s) + (Jou(s) - V)Jou(s))) ds.

0

The strategy to find u € &p satisfying u = a + ¢(u,u) is to apply a fixed point
theorem. We have then to make sure that &7 is a “good” space for the problem, i.e.,
«a € &r and ¢(u,u) € &r. The fact that o € & follows directly from the properties
of the Stokes operator A; and the semigroup (e’tAd)tZO.

Proposition 3. The application ¢ : & x & — Er is bilinear, continuous and
symmetric.
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Proof. The fact that ¢ is bilinear and symmetric is immediate, once we have proved
that it is well-defined. For u,v € &r, let
f(t) = =3Py ((Jou(t) - V)Jou(t) + (Jov(t) - V)Jou(t)), te (0,T). (9)
By the definition of & and Sobolev embeddings, it is easy to see that
(Jou(t) - V)Jov(t) + (Jov(t) - V)Jou(t) € L*(Q;R?)

and
[(Joult) - V)Jov(t) + (Jov(t) - V)Jou(t) ||, < Ct% ||ull e, ||v]l&r

where C' is a constant independent from ¢. Indeed, by Proposition 2, if u,v € &r,
then Vu, Vo € L3(Q, R3*?) with the estimates

IVu(®)lls <t7* llulls, and [[Vo@)lls < 7% [[vlls, for all £ > 0.
Moreover, since D(A2) < LS(;R3), we also have
lu@®lls <% flulls, and [()lls < t7% [[o]lg, for all ¢ > 0.
This, combined with the fact that L3 - LS < L2, gives the following estimate
1f@®)]l, < Ct~ % Jullgpllvlle, for all t > 0. (10)

Therefore, we have

vller ds

1 LT e _3
143 s, 0)(D)]]s < / AT e =940 4 C 5~ lullsy

IA

¢
13
o[ =945 tds) luler oo
0
and since fot(t —s)"is ids = fol(l — 5)"is™4 ds, we finally obtain the estimate

1436, v)(D)ll2 < C llulls [0]s, - (11)

The proof of the continuity of ¢ — Aggb(u, v)(t) on Hy is straightforward once we
have the estimate (11). The proof of the fact that

3
IVtA¢(u,0)(t)ll2 < C llullspl|v] ey (12)
1 3
is proved the same way, replacing Aj by Aj and using the fact that

3 _s _3
[Ade =94 g,y < C(t—5)73

t 1
/ (t—s)fgsfgd(s‘:t*%/ (1—5)7237% ds.
0 0

It remains to prove the estimate on the derivative with respect to t of ¢(u,v)(t).
Let us rewrite f as defined in (9) as follows:

f(s) = =3P1V - (Jou(s) @ Jov(s) + Jov(s) ® Jou(s))

where u ® v denotes the matrix (u;v;)1<i <3 and V- acts on matrices M =
(mm)lgi,jég the fOHOWng way:

3
V.M = (; aimiyj)lgjgg.

and
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For u,v € & and s € (0,T), we have
fiis) = -imv. (Ju’(s) ® Jov(s) + Jou(s) @ Jv'(s)
+ JV'(8) @ Jou(s) + Jov(s) ® Ju’(s))
For all s € (0,T) we have
stllJu/(s) @ Jov(s)lla < s (s)]lslls T Jov(s)]ls
IsAZ e (3)l2lls T AZ0(s) |2

[uller l[vllsr,

ININ A

where the first inequality comes from the fact that L3 - L8 < L2, the second comes
1 1

from the Sobolev embeddings D(A}) < L3(Q;R?) and D(AZ) — L°(;R3) and

the third inequality follows directly from the definition of the space &p. Of course

the same occurs for the other three terms Jyu(s) ® Jv'(s), Jv'(s) ® Jou(s) and

Jov(s) ® Ju'(s). Therefore, since A, ? maps V] to Hy, we obtain
5 1
sup |[|s¥ A, 2 f'(s)ll2 < cllull e [v]le- (13)
0<s<T
We have

— % —s5Aqg —$)d % —(t—s)Aq d 0.7
o, 0)(t) / £ s>s+/0 e f(s)ds te(0,T).

and therefore
Slu,v) (1) = e’%“‘df(%)-k/o AfesAiaEp(t — s)ds

t
+/2 —Age~ =344 £(5)ds,
0

which yields

t

2 1 1
st (t—s)1

511
vo( | =5 ds)lullsrv]lsr
0 (t—3)4 S4

1
c 2 do
< 7(1—1—/ 7) U v ,
< ;04 gooyrer)lelelvle:

where we used the estimates (10), (13), and the fact that — A, generates a bounded
analytic semigroup, so that || AGe~t44|| 2(Hy) < Ct™. This last inequality together
with (11) and (12) ensure that ¢(u,v) € & whenever u,v € &rp. O

14 6(u,0) (8)]]2 < g||f<%>!|2+c( /

s ) lullsr ol s

We conclude this section by applying Picard’s fixed point theorem (see e.g. [17,
Theorem A.1]) to obtain the following existence result for the system {(1),(2)}.

Theorem 2.4. Let Q C R3 be a bounded Lipschitz domain and let ug € D(Aj).
Let o and ¢ be defined as above.

1
(¢) If ||Ajuoll2 is small enough, then there exists a unique u € &x solution of
u=a+ ¢(u,u).
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1
(i1) For all up € D(A]), there exists T > 0 and a unique v € &p solution of
u=a+¢(u,u).

1
Uniqueness in the larger space €;([0,7); D(A])) can be obtained, applying [15,
Theorem 1.1].

3. Neumann boundary conditions. In this section, we study the system {(1)7
(3)}. We will only survey the results proved in [14], the method to prove existence
of solutions being similar to what we done in Section 2.

3.1. The linear Neumann-Stokes operator. The boundary conditions (3) are
indexed by A € (—1,1]: if A =1, (3) becomes

T(u,m)v=0o0n (0,T) x 09, (14)
where T'(u, 7) = Vu+ (Vu) " — 7ld denotes the stress tensor; if A = 0, (3) becomes
Oyu—mv=0on (0,T) x 90. (15)

Before defining the Neumann-Stokes operator, we need the following integration by
parts formula.

Lemma 3.1. Let A € R, v,w : Q = R3, 7, p: Q — R sufficiently nice functions
defined on the Lipschitz domain Q C R3. Let Lyu = Au+ AV (divu) and define the
conormal derivative

o) (u,m) = (Vu+ (VU)T)V —7v  on J9. (16)
Then the following integration by parts formula hold
/ (Lyu —Vm) -wdx = —/ [In(Vu, Vw) — 7 divw] dx
Q Q
+ oM (u, ) - wdo (17)
a0

/(Lkw—Vp)nde—!—/[ﬂ'divw—pdivu] dx
Q Q

A A
+/6S2 [0) (u,m) - w — 0 (w, p) - u] do, (18)

where
3
INE Q) = ) (isGiy + M Gia)s  for &= (&ij<ij<a and ¢ = (Gij)1<ij<s.
ij=1
Recall that Vu = (0;u;)1<i j<3-

1
The space L?(£2;R?) admits the following orthogonal decomposition: H,, & G,
where Gy = {Vw;w € H&(Q;R)} and
H, = {ue L*(R?*);divu = 0}. (19)
Following the steps of the previous section, we define V,, = H*(;R3) N H,, and
Jn o Hy — L2(Q;R3) the canonical embedding, P, = Jj, : L2(;R3) — H, the
Qrthogonal projection, J,, : V,, — H'(Q;R3) the restriction of .J,, on V,, and J! =
P, : (HY(Q;R3)) — V!, extension of P, to (H'(£;R3))’. We can now define the
Neumann-Stokes operator.
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Definition 3.2. Let A € R. The Neumann-Stokes operator is defined as being the
associated operator of the bilinear form

ax: Vo xVy, =R, ay(u,v)= / I)\(anu,anv) dx
Q

In the case where A\ € (—1,1], the bilinear form ay is continuous, symmetric,
coercive and sectorial. So its associated operator is self-adjoint, invertible and the
negative generator of an analytic semigroup of contractions on H,,.

The following proposition is a consequence of the integration by parts formula
(17), [14, Theorem 6.8] and [8, Théoréme 5.3].

Proposition 4. Let A € (—1,1]. The Neumann-Stokes operator Ay is the part
in H,, of the bounded operator Ag x : V, — V, defined by (Ao u)(v) = ax(u,v).
The operator Ay is self-adjoint, invertible, — Ay generates an analytic semigroup of

1
contractions on H,,, D(A}) =V, and for all u € D(A,), there exists = € L*({;R)
such that

JpAyu = —AJyu+ Vr (20)
and D(Ay) admits the following description
D(Ay) = {u € Vp; 371 € LA(UR) : f = —AJyu+ V7 € Hy, and 9) (u,m); =0},
where 02 (u, )¢ is defined in a weak sense for all f € (H*(Q;R3)) by

<53‘(u,7r)f,1/}>39: (Hl)/<f,\I/>H1+/QIA(VJHU,V\I’)CZSU7 L2<7T,diV\I/>L2

for ¥ € HY(Q) and ¢ = Troq V.

Remark 3. If f € (H'(Q;R3))’, the quantity 9, (u,7)s exists in the Besov space
B*?(0Q; R3) = H~2 (99, R3) according to [14, Proposition 3.6].

Thanks to [14, Sections 9 & 10], we have a good description of the domain

of fractional powers of the Neumann-Stokes operator Ay. In particular, in [14,
Corollary 10.6] it was established that

3
D(A}) is continuously embedded into W?(Q; R?). (21)
3.2. The nonlinear Neumann-Navier-Stokes equations. The results in 3.1

allow us to prove a result similar to Theorem 2.4 for the system {(1),(3)}. As in

1 . .

the previous section, it is not difficult to see that D(A}) < L3(Q;R?) is a critical
space for the system. For T' € (0, oo, following the definition of &7 in Section 2, we
define

Fr = {ue @([0,T); D(AT));u(t) € D(A}),'(t) € D(A}) for all t € (0,7
and sup ||t%A§u(t)||2 + sup [[tA{W/(t)]|2 < oo}
te(0,T) t€(0,T)

endowed with the norm

1 . 3 1
lullzr = sup [[AJu(t)llz + sup [[t2AJu(t)ll2+ sup [[EA{w ()]|2.

(0,T) te(0,T) )
The same tools as in 2.2 apply, so we can prove the following result (see [14, Theo-
rem 11.3]).

)
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Theorem 3.3. Let Q C R? be a bounded Lipschitz domain and let ug € D(A%).
Let B and 1 be defined by

B(t) = e My, t>0,

and for u,v € Fr and t € (0,T),
Y(u,v)(t) = /0 e_(t_s)A*(—%Pn)((Jnu(s) V) Jnv(s) + Ju(s) - V)jnu(s)) ds.

1

(1) If [|[AJuol|2 is small enough, then there exists a unique u € Fo solution of
u=p+ 'l/}(uv u) L

(it) For all ug € D(AY), there exists T > 0 and a unique u € Fr solution of

A comment here may be necessary to link the solution u obtained in Theorem 3.3
and a solution of the system {(1),(3)}. If u € Fr, then «’ € H,, and (Jyu-V)J,u €
L2(2;R™). Moreover, if u satisfies the equation u = 8 + 9 (u, u), then u is a mild
solution of

Ayu = —u — Pn((Jnu . V)jnu) € H,.
Going further, we may write
TPy ((Jnw - V) Jpu) = (Jou - V)Jyu — Vg
where ¢ € H}(Q;R) satisfies
Aq = div (Jyu - V)Ju) € HH(Q;R™).
Therefore, we have by definition of Ay, there exists 7 € L?(Q, R) such that
—AJyu+ V= J,(Asu) = —Jpu' — (Jou - V)Jau+ Vg

and at the boundary, (u, 7) satisfies (3) in the weak sense as in Proposition 4. Since
q € H}(Q;R), (u, 7 — q) satisfies also (3). This proves that (u, 7 — ¢) is a solution
of the system {(1), (3)}.

The uniqueness is true in a larger space than .#p: for each uy € D(A%), there
is at most one u € 6, ([0, T); D(A%)), mild solution of the system {(1),(3)}. For a
more precise statement, see [14, Theorem 11.8].

4. Hodge boundary conditions. Most of the results presented here are proved
thoroughly in [12] for the linear theory and [13] for the nonlinear system. We start
with the study of the linear Hodge-Laplacian on LP-spaces and then move to the
Hodge-Stokes operator before applying the properties of this operator to prove the
existence of mild solutions of the Hodge-Navier-Stokes system in L3.

4.1. The Hodge-Laplacian. Let H = L?(Q;R?) and
V= {u € H;curlu € H,divu € L*(;R) and v-u =0 on 89}.
We start by defining on V' x V the following form
b:VxV =R, bluv)= (curlu,curlv) + (divu,divv),

where (-, -) denotes either the scalar or the vector-valued L?-pairing.
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Remark 4. Contrary to the case of smooth bounded domains (with a ¢! bound-
ary), the space V is not contained in H'(2; R?). The Sobolev embedding associated
to the space V is as follows: V < Hz(Q;R3) with the estimate

lull,3 < C[llullz + lleurlullz + [[divulz], weV; (22)
see for instance [10].
Proposition 5. The Hodge-Laplacian operator B, defined as the associated opera-
tor in H of the form b, satisfies
D(B) = {ueV;Vdivue H,curlcurlu € H and v x curlu = 0 on 6Q}

Bu = —Au, ué€ D(B).

Since the form b is continuous, bilinear, symmetric, coercive and sectorial, the
operator —B generates an analytic semigroup of contractions on H, B is self-adjoint
and D(B2) =V.

Remark 5. As in Remark 1 for a bounded Lipschitz domain 2 and a vector field
w € H satisfying curlw € H, we can define v X w on 952 in the following weak sense
in H-2 (9 R3): for ¢ € H'(Q;R3),

(curlw, ¢p)q — (w, curld)g = (v X w, d)an (23)

where ¢ = Trpa®, the right hand-side of (23) depends only on ¢ on 99 and not on
the choice of ¢, its extension to §2.

To prove that B extends to LP-spaces, we prove that its resolvent admits L? — L?
off-diagonal estimates. This was proved in [12, Section 6]

Proposition 6. There exist two constants C,c > 0 such that for any open sets
E,F C Q such that dist (E, F) > 0 and for allt >0, f € H and

u=(Id+t*B) " *(xrf),

we have

dist (E,F)
= lIxeflle- (24)
Proof. We start by choosing a smooth cut-off function ¢ : R? — R satisfying & = 1
on E, £ =0on F and [|V{]|e < W We then define = e where a > 0 is
to be chosen later. Next, we take the scalar product of the equation

u—t*Au=xrf, u€ D(B)

with the function v = n?u. Since n = 1 on F and |julla < |[xrf]2, it is easy to
check then that

Ixpullz + txedivulls + txzcurluly < Ce™

lnull3 + £ Indiv ul]3 + 2 [[neurl u]]3

< lxrfII3 + 20l VEloot® ull (ndiv ullz + [[peurlull2)

and therefore, using the estimate on [|V¢||o and choosing « = %, we obtain

lull3 + £ Indiv ull3 + £ [neurl ull3 < 2lxr f13.

Using now the fact that n = e® on E, we finally get

dist (E,F)

Ixzull2 + tlxedivulls + txzeurluly < V2e™ ™ 3 || xpf2,
which gives (24) with C = v/2 and ¢ = -. O
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With a slight modification of the proof, we can show that for all § € (0,)
there exist two constants C, ¢ > 0 such that for any open sets E, F' C ) such that
dist (B, F) > 0 and for all z € X9 = {w € C\ {0};|argz| <7 — 6}, f € H and

u=(z1d + B) " (xr /),
we have
. 1
2 lIxgulle + |2|2 [ xedivulls + |2 2| xpeurlulls < C e cdtEDIEE |y rl, (25)

With that in hand and the Sobolev embedding (22), together with the rescaled
Sobolev inequality

R?|[xgulls < C(|Ixpulls + Rlxpdivuls + Rlxpeurlul,) (26)
where R = diam E, we can prove that, choosing E = QN B(z,|2|"2) and F; =
QN (B(z, 27t 2|7 2) \ B(z,27]2|72)) for # € Q and j € N:
1 _9i
llllxpulls < Clz77 e || f5]2 (27)
where f; = xr, f.

Proposition 7. There exists a constant C' > 0 such that for all f € L?>(Q;R3) N
L3(4R?), 2 € X, g, the following estimate holds:

[2lll(21d + B) ™' flls < C| fls- (28)

Proof. For x € Q and r > 0, denote by Bg(x,r) the ball centered in 2 with radius
r intersected with Q. Let u = (2Id + B)™'f. For z € Q, let f; = xp, [ for
F; = Bo(x,2%12|72) \ Bq(z,27]z|"2) and u; = (2Id + B)~'f;. From (27) and
Fubini’s theorem, keeping in mind that a Lipschitz domain in R" is a n-set in the
terminology of [7] (which means that balls centered in Q with radius r intersected
with © have a volume equivalent to ™), we have

s < CEI[[ (1Bl [ ) as]’

N

(., o) T
< C[/Qgiocemﬂ(']gﬂ(x’%)1/Bn(m)|f(y)|2dy)é)3dxf‘
= C(ge‘@jﬁ)|M<|f|2>||§gm;R)

< Il

where we used the notation ¢ = |2|~2 and M denotes the Hardy-Littlewood maxi-
mal operator (which is bounded on L? for all p € (1, 00)). O
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Corollary 1. The semigroup (643)%0 extends to a bounded analytic semigroup
on LP(Q;R?) forp € [3,3].

Proof. For p = 3, this comes directly from Proposition 7. We obtain the result for
all p € [2,3] by interpolation and for all p € [%, 2] by duality (since the operator B
is self-adjoint). O

We can actually prove that the semigroup (e=*2 )i>0 extends to a bounded ana-
lytic semigroup on LP(€; R3) for p in an interval containing [% 6]. In an open interval
(pa, ga) containing [%, 3], the negative generator B,, of this semigroup satisfies

D(B,) = {ueLP(4R%);divu e WHP(Q;R?), curlu € LP(Q;R?),
curlcurlu € LP(Q;R?),v-u =0 and v x curlu = 0 on 90}
Byu = —Au, wue€ D(B,).

To obtain estimates in LP for p > 3, the method is in the same spirit as what we

have just done, combined with a bootstrap argument and regularity results for B.
For a complete proof, the reader may refer to [12, Section 5].

4.2. The nonlinear Hodge-Navier-Stokes equations. Granted that u is a suf-
ficiently smooth vector field, we have the following identification

(u-V)u=3iV[u*+u x curlu.

That is, replacing 7 in (1) by 7 + |u|?, the system {(1), (4)} reads

Ou—Au+Vr+uxculu = 0 in (0,7) x €,
divu = 0 in (0,7)xQ
u(0) = wy in €, (29)
v.u = 0 on (0,7T) x 09,
vxcurlu = 0 on (0,7)x 90.

Before trying to solve this system, we need some facts about the Hodge-Stokes

operator. In [3], it was proved that the orthogonal projection PP defined in Section 2
on L?(9Q;R3) extends to a bounded projection on LP(Q; R3) for p in an open interval
(pa, ga) containing [%, 3]; denote it by P,. In [12, Lemma 3.7], it was proved that
P, and B,, the Hodge-Laplacian in LP(2;R3) commute on D(B,). This allows us
to define the Hodge-Stokes operator A, on

H,= {u € LP(;R3);divu =0 in ©, and v-u =0 on 89}.

The results we proved for the Hodge-Laplacian naturally extend to the Hodge-
Stokes operator as stated in the following theorem.

Theorem 4.1. Let p € (pqa,qq). The Hodge-Stokes operator A, defined on H, by
D(4,) = {ué€ Hyjcurlu € LP(R?), curl curlu € LP (€ R?)
and v X curlu =0 on GQ}

Apu = —-P,Au = —Au, ue D(4,)



NAVIER-STOKES EQUATIONS IN LIPSCHITZ DOMAINS 1367

is the negative generator of a bounded analytic semigroup on H, defined by

e vy = ]P’pe_thu = e_tBPIP’pu =e Bry, we Hp.

Moreover, this semigroup satisfies the uniform estimate

sup(lle™ll e,y +  [VEwle ™ o, 1) (30)
>

+ ||tcurlcurle_tAPH;g(Hp,Lp)> < 00.

We now rewrite the nonlinear Hodge-Navier-Stokes system for initial data in the
ciritical space Hs in the abstract form

u'(t) + Apu(t) + Pp(u(t) x curlu(t)) =0, wug € H, (31)
for p to be determined. The idea to solve (31) is to apply the same method as

in Sections 2 & 3. To do so, we need a regularizing property of the Hodge-Stokes
semigroup, which was proved in [13, Theorem 3.1 and Theorem 4.1]: the Hodge-
Stokes semigroup satisfies the estimate

sup([1t% 747 | (a1, o) + 15 curl 4| s, 1)) < 00 (32)
>0
whenever p € (pa,9a), ¢ € (p, ga) with %— g = % for some a € (0,1). The proof of

this results relies on the possibility to find an “inverse of the curl” modulo gradient
vectors and uses results proved in [9].

With these properties of the Hodge-Stokes semigroup in hand, the following
existence result for (31) is almost immediate. For T' € (0, oc], we define the space
gT by

— {u € ([0, T), Hs) NE((0,T), Hy1+0)); curlu € (0, T), L3(Q, R?)

with sup_(Ils*07 u(s)lls(1e) + V5 curlu(s)lls) < oo}
o<t<T

endowed with the norm
lullgr = sup ([[u(s)lsllsTF u(s) ls01e) + Vs curlu(s)]s),
0<t<T
where € > 0 is such that 3(1 4+ ¢) < ¢q.

Theorem 4.2. Let 2 C R3 be a bounded Lipschitz domain and let ug € Hs. Let y
and ® be defined by

(t) = e "rug, >0,
and for u,v € 9r, and t € (0,T),

O(u,0)(t) = /0 g o4

(M)

(—2P3)((u(s) x curlv(s) + v(s) x curlu(s)) ds.

3
2

N|—=

(3) If |luolls is small enough, then there exists a unique u € Yoo solution of u =
v+ O(u,u).

(i) For all ug € Hs, there exists T > 0 and a unique u € 9y solution of u =
v+ D(u,u).

For a complete proof of this theorem, we refer to [13, Section 5].
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5. Remarks and open problems.

5.1. Comparison between the boundary conditions. The boundary condi-
tions (2), (3) and (4) can be decomposed, for sufficiently regular vector fields u,
into their normal part and their tangential part as follows

(i) (2) becomes
v-u=0 and vxu=0 on 09, (33)

(#3) (3) becomes
v [(Vu+Vu' =7 and [(Vu+Vu ))wn =0 ondQif =1, (34)
(#i1) the Navier’s slip boundary conditions read
vou=0 and [(Vu+Vu )|, =0 on I, (35)

(iv) (4) is already decomposed into its normal part v -u = 0 and its tangential
part v - curlu = 0 on 09.

It is common to identify the Navier’s slip boundary conditions (35) with the Hodge

boundary conditions (4). This is true only on flat parts of the boundary. In the

case of a €2 domain 2, it can be proved that (35) and (4) differ only by a zero-order

term. For more informations on this subject, the interested reader could refer to

[13, Section 2].

5.2. Open problems. In the case of a smooth bounded domain in R”, it was
proved by Y. Giga and T. Miyakawa in [6] that the Dirichlet-Navier-Stokes system
admits a local mild solution for initial values in L™ (critical space for the system in
dimension n). Their method relies on the fact that the Dirichlet-Stokes operator,
as defined in Section 2, extends to all LP spaces and is the negative generator of
an analytic semigroup there, which was proved in [5]. The situation in Lipschitz
domains is different. For instance, P. Deuring provided in [1] an example of a do-
main with one conical singularity such that the Dirichlet-Stokes semigroup does not
extend to an analytic semigroup in LP for p large (or p small), away from 2.

As already mentioned, E. Fabes, O. Mendez and M. Mitrea proved in [3] that the
orthogonal projection P defined in Section 2 on L?(£);R3) extends to a bounded
projection on LP(Q;R?) for p in an open interval containing [3,3] (if Q is ¢,
then this interval is (1,00)). This led M. Taylor in [18] to formulate the conjecture
that the Dirichlet-Stokes semigroup defined originally on H; extends to an analytic
semigroup on LP for p in the same interval as in [3].

Remark 6. This conjecture is actually true when, instead of considering Dirichlet
boundary conditions, we consider Hodge boundary conditions, as proved in Sec-
tion 4.

In the same paper [3], the authors proved that the orthogonal projection P,
defined in Section 3 on L?(£2; R?) also extends to a bounded projection on LP(£2; R?)
for p in the same open interval containing [%, 3} . This leads to the conjecture similar
to Taylor’s that the Neumann-Stokes semigroup defined originally on H,, extends
to an analytic semigroup on L? for p in the same interval.

As for now, no positive result is known in LP for p # 2 for these two conjectures.
To apply the Fujita-Kato scheme as in Sections 2& 3, proving that the Stokes
semigroup extends to an analytic semigroup in L3 seems to be the first step to
obtain mild solutions of the Navier-Stokes system with either Dirichlet or Neumann
boundary conditions.
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