Navier-Stokes equations: Green’s matrices, vorticity
direction, and regularity up to the boundary

Hugo Beirao da Veiga and Luigi C. Berselli,
Dipartimento di Matematica Applicata “U. Dini,”
Universita di Pisa, Via F. Buonarroti 1/c Pisa, ITALY.
email: bveiga@dma.unipi.it, berselli@dma.unipi.it

July 19, 2011

Abstract

We consider the initial boundary value problem for the 3D Navier-Stokes equations.
The physical domain is a bounded open set with a smooth boundary on which we assume
a condition of free-boundary type. We show that if a suitable hypothesis on the vorticity
direction is assumed, then weak solutions are regular. The main tool we use in the proof
is an explicit representation of the velocity in terms of the vorticity, by means of Green’s
matrices.

1 Introduction and results.
In this paper we consider the initial value problem for the 3D Navier-Stokes equations

u+(u-V)u—Au+Vp=0 in 2x]0, 77,
Vou=0 inQx]0,7], (1)
u(z,0) = ug(x) in Q,

where the unknowns are the velocity u and the pressure p. In order to avoid inessential

complications we assume that external force vanishes and that the kinematic viscosity is

equal to 1. The open and bounded set 2 C R? -the physical domain- has a smooth boundary
09, say of class C*%, for some o > 0.

We supplement the initial value problem with the so-called “stress-free” boundary condi-
tions

u-n=0 on 002x]0,T

{ o ®)

wxn=0 on 002x]0,T7,

where w = V x u = curlu is the vorticity field, while n denotes the exterior unit normal
vector. In the case of flat boundaries, the above conditions coincide with the classical Navier
boundary conditions, namely, v -n = 0 and n - Vu — (n- Vu-n)n = 0 (see the classical
references Serrin [26] and Solonnikov and Sc¢adilov [?]; see also [3] and [4]). The boundary
conditions (2) can also be used on a free-surface, see Temam [30].

The variational formulation and numerical implementation of the stationary Navier-Stokes
equations with the “non-standard” boundary conditions (2) (that correspond also to a jet dye



in applications to duct flows, see Conca et al. [14]), can be found in [1, 13, 14]. For questions
of existence and regularity for the stationary problem see also Girault [20]. The boundary
conditions (2) are also interesting because the treatment of the boundary layers is simpler
than in the usual no-slip case, see Temam and Ziane [32] and Conca [12]. See also Clopeau,
Mikeli¢, and Robert [11] for the 2D case. Similar conditions are also used in Lions [24] in
order to study vanishing viscosity limits for the 2D problem.

The initial value problem for the Navier-Stokes equations with the above boundary con-
ditions (2) poses the same problems as the usual one with vanishing Dirichlet boundary con-
ditions: one can only obtain global existence of weak solutions and local existence of strong
solutions. The proof can be done by adapting the usual one concerning Dirichlet boundary
conditions, as in Leray [22] and Hopf [21]. See Section 2 for further details.

In the present paper we address the problem of global existence of smooth solutions, under
additional hypotheses on the vorticity-direction. In particular, we extend previous results for
the problem without boundaries or in the half-space. In the sequel 8(x,y,t) denotes the angle
between the vorticity w at two distinct points x and y, at time t¢:

0(z,y.t) < L@(2,1),3(y.1)),
where, for each non-null vector v, we define v oy /|v|. Furthermore, ¢ denotes an arbitrary
positive constant.

The study of conditions involving the direction of vorticity, and its physical-geometric
interpretation, started with Constantin and Fefferman [15], who first derived some exact
formulas and employed them in order to prove regularity in the whole of R3. In particular,
in [15] the following result is proved.

Theorem 1.1. Let be Q = R3 and let u be a weak solution of (1) in (0,T) with ug € H'(R3)
and V -ug = 0. If

sinf(z,y,t) < clz —yl, a.e. z,y € R, a.e. t€]0,T], (3)
then the solution u is strong in [0,T] and, consequently, is reqular.

Remark 1.2. Related results concerning vorticity direction and geometric constraints on
potentially singular solutions for the 3D Euler equations (i.e. the case of vanishing viscosity)
have been proved by Constantin, Fefferman, and Majda [16].

The result of Theorem 1.1 has been later improved by the authors in reference [8], by
replacing the above Lipschitz condition by a 1/2-Ho6lder condition. More precisely, if

sinf(z,y,t) < clz —y|"/?, a.e. z,y € R, ae. t €0,T], (4)

then the solution w is necessarily regular. Actually, in reference [8] the authors consider a
family of sufficient conditions that contains (4) as the most significant case. More precisely,
in [8] the following result is proved:

Theorem 1.3. Let be 2 = R3 and let u be a weak solution of (1) in (0,T) with ug € H'(R?)
and V - ug = 0. If there exists § € [1/2,1] and g € L*(0,T; L*(R?)), where
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such that
sin0(x,y,t) < g(t,z)|z —y|®, a.e. z,y € R?, a.e t€]0,T], (5)

then the solution is necessarily reqular.
More recently, one of the authors, see [5], extended the 1/2-Holder condition in the whole
of R? to solutions to the boundary value problem (2) in the half-space case. In [5] the

following result is proved (actually, in the above reference, the author considers the Navier’s
slip boundary condition. However, on flat boundaries, this condition coincides with (2)).

Theorem 1.4. Let Q = ]Ri‘r. Suppose that ug € H (), V -up =0, and u is a weak solution
to (1)-(2) in [0,T]. Suppose also that for some B €]0,1/2]

sinf(z, y,t) < clz —y|?, a.e. x,y € Q, a.e. t€)0,T],

and that
3
B+1

Then, the solution u is a strong solution in [0,T], hence it is smooth.

w e L2(0,T; L*(Q)), with s =

In reference [5] the above result is proved by appealing, separately, to the classical Dirichlet
and Neumann Green’s functions, in the half space. This can be done since, for flat boundaries,
conditions (2) are equivalent to

W1 = Wy = O; g:j =0.

Here, since the boundary is not flat, we have to localize the problem, a not trivial and quite
technical matter. In reference [28], the author constructs global Green’s matrices for a large
class of boundary value problems and systems of partial differential equations. Our problem
falls within this class. The first (and may be main) step in [28] consists in constructing a
local version of Green’s matrices, in a neighborhood of each boundary point. With the help of
these local kernels, the author construct the global one. Unfortunately, it seems not possible
to treat our problem by applying directly to the global Green’s matrices. Hence we appeal
here to the above ”local” Green’s matrices.

It is of interest to compare the above situation with the different one, faced in the presence of
a Dirichlet boundary condition. In spite of the arbitrary (smooth) boundary, in reference [5]
the fundamental estimate (51) is proved by appealing directly to the global Green’s function
for the Dirichlet problem, without the need of a localization argument. However, a new
obstacle appears. Integration in ) of the scalar product —Aw- w gives rise to the boundary
integral

ow
= od
o On wdS,

as follows from (13). Under the boundary condition (2) we are able to estimate this term in
a suitable way, see the Lemma 2.2 below (if the boundary is flat, see [5], the above integral
vanishes). On the contrary, under the Dirichlet boundary condition, (14) does not hold. Hence
a suitable additional assumption on the above boundary integral seems necessary. See [5].

The aim of this paper is to extend the above regularity theorems to arbitrary, regular,
open sets 2. One has the following result.



Theorem 1.5. Let Q C R3 be an open, bounded set with a smooth boundary 052, say of class
C3, for some a > 0. Suppose that ug € H(Q), V -ug = 0, and u is a weak solution to (1)-
(2) in [0,T]. In addition, suppose either that there exists 8 € [1/2,1] and g € L*(0,T; L*(Q)),
where

2 3 1 4
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such that
sinf(x,y,t) < g(t, z)|z —y|?, a.e. x,y €, a.e. te€|0,T],

or either that there exists 5 €]0,1/2]
sinf(z,y,t) < clz —y|®, a.e. v,y € Q, a.e. t€]0,T],

and that

w € L*0,T; L (), UMhs:EIT.

Then, the solution w is a strong solution in [0,T], hence it is smooth.

Note that in Theorems 1.3, 1.4, and 1.5 the assumption (4) alone is a sufficient condition
for regularity since weak solutions satisfy w € L*(0,T; L*(Q)) (consider 8 = %, a = b = o0
and s = 2). In addition, scaling properties show the sharpness of Theorem 1.5, since the case
B =0 and s = 3, corresponds to a well-known regularity class, as proved in ref. [2] and [9] for
R? and for a bounded domain, respectively. Moreover, by following [15], one shows that the
conditions on sin f(x,y,t) need to be assumed only in the region where the vorticity at both
points x and y is larger than an arbitrary fixed positive constant K. For further details see
Remark 3.9.

For simplicity, we present the complete proof of the above theorem only under the main
assumption (4) (which corresponds to the special case § = 1/2), since this is the most sig-
nificant case. In this way we avoid secondary points, that could hide the main ideas of an
overall complicated and technical result. Actually, once the Proposition 3.2 is established, it
is not difficult to make the necessary alterations in the subsequent results, in order to prove
Theorem 1.5 in all its generality.

Hence, we shall prove with full details the following result, that is the main result of the
paper (this result was announced by one of the authors in the note [7]).

Theorem 1.6. Let Q C R3 be an open, bounded set with a smooth boundary 0X), say of
class C>2, for some o > 0. Suppose that ug € H'(Q), V -ug = 0, and u is a weak solution
to (1)-(2) in [0,T]. Suppose also that

sinf(x,y,t) < clx — y\1/2, a.e. T,y €, a.e. t€0,T],

is satisfied. Then, the solution u is a strong solution in [0, T, hence it is smooth.

Each of the above theorems strongly appeals to ideas and techniques developed in the
previous ones. In the proof of Theorem 1.6 the crucial new contribution is that one can use the
representation formulas for Green’s matrices derived in Solonnikov’s outstanding work [27, 28]
in order to treat boundaries. With the aid of these explicit formulas we introduce original
local representation formulas for the velocity (in terms of the vorticity) and we are able to
employ (4) in order to prove suitable estimates for the vortex stretching terms.



Plan of the paper. In Section 2 we give a proper variational formulation of the problem
and we sketch the existence results for weak and strong solutions. In addition, integration
by parts formulas are derived with full details. In Section 3 we use Solonnikov’s theory
of Green’s matrices to give explicit representation of the vortex stretching term. By using
Hypothesis (4) we deduce suitable estimates for the vorticity growth. Finally, in Section 4
we collect all previous results in order to prove the regularity results of Theorem 1.6. In an
appendix some secondary calculations are reported for the sake of completeness.

Added in proof. In the forthcoming paper [10], one of the authors establish new results
concerning the existence of global regular solutions under suitable hypothesis on the directions
of wand curlw.

2 Variational formulation and energy-type estimates.

In this section we present the variational formulation of the Navier-Stokes equations with
the boundary conditions (2). We start by recalling the laws of balance for some physically
meaningful quantities. We assume the functions to be smooth enough to make the calculations
possible. In particular, by assuming that the solutions are strong (see Proposition 2.9) all the
formal calculations become rigorous. In the sequel, we denote by LP := LP(Q), for 1 < p < oo
and equipped with norm ||.|,, the usual Lebesgue spaces, while H® := H*(Q), for s > 0,
are the classical Sobolev spaces. We shall use the same symbol for both scalar and vector
function spaces. We also use the space of divergence-free tangential vector fields of L?(£2)

Lgdéf{ueLz(Q): V-u=0, u-n=0o0nd0}.

We recall that the divergence is taken in the distributional sense, while the trace condition
has to be understood with respect to the space H~/2(9Q). We also shall use the space of
more regular H'({) tangential and divergence free-vector fields:
d
1Y gi)n
In order to give the variational formulation of (1)-(2) we make some observations to explain
the integration by parts that are possible to perform within this setting. In the sequel,
d . . : C e .

05 e/ 8%1’ while €;;;, is the totally anti-symmetric Ricci tensor. Moreover, summation over
repeated indices is assumed.

2.1 Some integral identities.

In this section we derive some integrations by parts formulas that will be used in the sequel.
We start with an identity involved in the energy budget.

Lemma 2.1. Let u and ¢ be two vector fields, tangential to the boundary. Then

Q Q 0N

o0

where w = curlu.



Proof. We observe that, for i = 1,2, 3,
[w X n); = €k wj Nk = €k (€jim Otm) Nk = (Ok1 Oim — Om 1) T Ojtm, on 9€.

Hence
ng Ogu; — ng Ojug, = (W X n); on 0. (7)

Since the vector field u is tangential to the boundary, it follows that 8%?)

||8Q = 0, for each
vector field 7 tangential to the boundary. By smoothly extending the normal unit vector field
n to a small neighborhood of 99 (see for instance Necas [25] for Lipschitz prolongation for
C%1-boundaries), a straightforward argument (¢ is tangential, as well) shows that ¢ - V(u -n)
vanishes on 012, i.e.,

ng ¢; Ojug, = —uy ¢; Opny, on 0. (8)

Finally, by appealing in particular to (7) and (8) in the classic Gauss-Green formula, we
deduce formula (6). O

The second identity is concerned with the vorticity field.

Lemma 2.2. Assume that u is divergence-free and that on 9Q condition (2) holds, i.e.,
u-n=0and wxn=0. Then
ow

— g, W= (€1 €1y T €2jk €25y + €3k €387) Wj W Oy (9)

—/Aw cwdr < / |Vwl|? dz + c/ |w|?dS. (10)
Q Q o0

Proof. The vorticity w is parallel to the normal unit vector on 9€2. Hence 8(05:71) ‘ oo = 0 for

each vector field 7 tangential to the boundary. Since on the boundary w is orthogonal to
tangent vectors, it follows that w x V[(w x n);] =0 for i = 1,2,3, on 9. In more explicit
coordinates we can write, for i, « = 1,2, 3,

In particular,

€ijk €apy Wi Ok(wpny) =0, on 9. (11)
Hence, by considering Eq. (11) for (i, «) equal to (1, 1), (2,2), and (3, 3) we get, respectively:

ng wo 03ws + Ny wg Oawsz — Mg wo 03wz — Ng w3 ows + €15k €18y Wj W3 8kn7 =0,
N1 w3 O1ws + n3wy 03w — N3 w3z 0wy — nq wi d3ws + €25k €28y Wj W3 8]67%/ =0, (12)

ng w1 Oowy + Ny wo O1wz — Ny wy Gaws — N we 01wy + €35k €38y Wj wg Opny = 0.
Next, by adding term-by-term, equations (12) together with
(ng we Daws — ng wa Daws) + (N3 ws dsws — nzws Osws) + (N1 wy O1w1 — Ny wy Ow) = 0,
we show that
n; wi Ogwy, — (wi 1) (Okwi) + (€1jk €18y + €25k €28y + €35k €35y) Wj wg Opny = 0,  on IS

Finally, since V - w = 0 we get (9). Equation (10) follows by appealing to the well known
Green’s formula

—/Aw-wdx:/|Vw|2dx— @-wds, (13)
Q Q a0 On
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since (9) shows that

Je=¢(2)>0:

2.2 Weak/strong solutions and energy/enstrophy balance.

With the results of the previous section we can now give the following definition.

Definition 2.3 (Weak solution (& la Leray-Hopf)). We say thatu € L>(0,T; L2)NL?(0,T; H})
is a weak solution to (1), with the boundary conditions (2), if the two following conditions

hold:
T T
/ / (—ugs +VuVe + (u-V)ue) dedt +/ ¢ Vnu dSdt = / uo(x) ¢(z,0) dz,
0 Q 0 [2/9] Q

for each ¢ € C([0,T] x Q) satisfying V- ¢ =0 in Q x [0,T], ¢(T) =0 in Q, and ¢-n =0
on 02 x [0,T].
There exists ¢ = ¢(§2) > 0 such that the energy estimate

t
IIU(75)||§+/0 IVu(s) 13 ds < [luoll3 e**,

is satisfied for all t € [0,T].

Observe that the condition w x n.= 0 on 9f) can be recovered by integration by parts.
Before going into existence of weak solutions, let us see one inequality that holds for
smooth solutions.

Lemma 2.4. Let u be a smooth solution of (1)-(2) in [0,T]. Then, there exists a positive
constant ¢ = ¢(Q2) such that

1 d
/ \u|2da:+/ |Vu2da:—c/ 2 dS < 0. (15)
2dt Jo Q 00

Proof. The proof follows immediately by taking the scalar product of (1) with u, by integrat-
ing over €2, and by using results of Lemma 2.1. Note that the first order derivatives of the
(extended) normal unit vector n are uniformly bounded, since the domain is smooth. O

Next we give the definition of strong solution.
Definition 2.5 (Strong solution). We say that a weak solution u is strong in [0,T] if
Vu € L>(0,T; L*(Q)) N L*(0,T; H(R)) .

We say that a weak solution u is strong in [0, T1[ if w is strong in [0,T] for each T < Ti.



Standard trace theorems imply that for strong solutions the condition w x n = 0 takes
place in H~/2(9Q). In addition, standard tools (following the same lines of the proof in [17])
show uniqueness of strong solutions in the much wider class of weak solutions.

In order to show existence of strong solutions, one can consider the balance equation for
the vorticity: By applying the curl operator to (1) we get

wet (u-Viw—LAw=(w-V)u in Qx]0,7], (16)
V-w=0 in 2x]0, 77,

and the system is supplemented with the boundary condition (w x n)‘ag = 0.
In order to deduce enstrophy balance, we take the scalar product of (16); with w, and we
integrate over ). By appealing to (10)we show the following result.

Lemma 2.6. Let u be a strong solution of (1)-(2) in [0,T]. Then, there exists a positive
constant ¢ = ¢(Q2) such that

1d
/ \wlzdx+/ ]Vw\2dx—c/ w|?dS < ‘/(qu)u-wdac
2dt Jo Q 0 Q

Inequality (17) allows us to bound (at least for small times/small data) the vorticity in
natural function spaces. As is well known, the presence in the right-hand-side of the vortex
stretching term (that, at least at first glance, behaves like the integral of |w|?) is the main
obstacle to proving global existence results for strong solutions, even for the Cauchy problem
in R3.

To employ inequality (17) we must observe that it concerns the L?-norm of the vorticity
and its first order derivatives, while the definition of strong solutions involves the full first
and second order derivatives of u. In order to deduce suitable estimates we shall show that
it is possible to bound the gradient of velocity, by the curl (at least in the L?-setting). More
precisely, we have the following result.

. (17)

Lemma 2.7. Let u € H} be a function satisfying (2). Then, there exists a positive constant

¢ = () such that
1
/ V2 gc(Q)/ \u|2dx+/ w|2da. (18)
2 Ja Q 0

In addition, if w € HY(QQ), then u € H? and its H*-norm can be bounded by ||w| g1 -

Proof. Since V -u = 0 in €2, one has
—Au = curl curlu = curlw.

In particular,

—Au = curlw in Q,
u-n=0 on 09, (19)
wxn=20 on 0f).

Next, we multiply both sides of the first equation (19) by w, and integrate over Q. By
appealing to Lemma 2.1 it follows that

/]Vu|2dx—|—/ uiukainde:/curlw-udx.
Q o0 Q
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This last equation can be written in the equivalent form

/ |Vu)? dx+/ u; u Ong dS = (wxmn)- -udS+ / |w|? da . (20)
Q o o0 Q

The boundary integral on the right hand side of (20) vanishes. On the other hand, smoothness
of 9 implies that the second integral on the left hand side of (20) is bounded by a multiple
of [5 |ul?dS. Hence, the standard trace inequality implies (18).

The L?-regularity of second order derivatives follows by standard arguments. O

Remark 2.8. In order to use inequality (18), we need a bound for the L?-norm of u to ensure
the H'-a-priori estimate for the solution. Since we are considering the time-evolution prob-
lem, the above bound follows from the energy estimate (23)1, in the next section. However,
if Q is convex, then this last device is superfluous since the integrand that appears in the
surface integral in the left-hand-side of (20) is (almost) everywhere non-negative. With this
assumption it is also possible to prove existence (and regularity) of solutions to the stationary
Stokes and Navier-Stokes equations with non-standard boundary conditions (2), see [20] for
an approach with vector-valued potentials. In addition, with a different variational formu-
lation, existence and uniqueness of weak solutions to the stationary Navier-Stokes equations
with the “non-standard” boundary conditions (2) can be given in simply connected domains.
For related question of non-uniqueness, see Foiag and Temam [19] with the characterization
of curl/div-free vector fields in non-simply connected domains.

In the following, a main point is that the system (19), more precisely, the system

—Nu=f in €,
u-n=0 on 012, (21)
wxn=0 on 0f).

is of Petrovksi type (see [28]). In Petrovksi’s systems —roughly speaking— different equations
and unknowns have the same “differentiability order,” see p. 126 in [27]. This fact allows
us to use in the sequel the “simplified” representation formula (25), in which just a single
Green’s matrix is present. We also recall that Petrovksi’s systems are an important subclass
of Agmon-Douglis-Nirenberg (ADN) elliptic systems, having the same good properties of self-
adjoint ADN systems. In addition, for these systems the H?-regularity can be used to prove
the full regularity of solutions, provided that the data are smooth. In particular, this implies
(by employing a boot-strap argument) that if 9 is smooth, then strong solutions of (1) are
smooth, say C°.

For the reader’s convenience we give here some remarks on the above subject. In refer-
ence [28], see p. 126, in connection with the particular system of equations and boundary
value problem under study, the author considers a set of integer ”weights” t;, s;, 0;. The
system is called of Petrovksi type if s; = 0 and o; < 0, for all 7 and j. Let us consider the
system (21), in the case of a flat boundary and assume that the x3 direction is normal to the
boundary. In this case the above weights are given by ¢ = to = {3 = 2, 51 = s9 = s3 =0,
and 01 = 09 = —1, 03 = —2. Hence the system (21) is of Petrovksi type. On the contrary, if



we consider the Stokes problem

—Au+Vp=f in Q,
V-u=0 in
(22)
u-n=>0 on 012,
wxn=20 on 01},
then one has two additional weights, s4 = —1 and t4 = 1. Hence the system is not of Petrovksi

type.

For an introduction to the above subject we recommend the reader to look up in the proof of
proposition 2.2 in [31], where the Stokes system is considered under the Dirichlet boundary
condition. Under this boundary condition the ¢; and the s;, ¢ = 1,...,4 are as above,
moreover 01 = 03 = 03 = —1. Hence the system is still not of Petrovksi type (the weights oy
are denoted in [31] by 7).

2.3 Existence of solutions.

We conclude this section by giving a sketch of the proof of the existence results for weak and
strong solutions.

By using standard techniques, the two differential inequalities (15) and (17) can be used
to prove the existence of weak and strong solutions. In fact, by taking into account the trace
inequality, we prove the following differential inequalities:

1d 1
2dt/ﬂ|u]2d:z:+2/Q]Vu\2dx§c(§2)/g\u|2dx,

1d 1
/ \w[de—l—/ |Vw\2d:v§c((2)/ |w|?dx + /(w-V)u-wdx

By using a Faedo-Galerkin approximation method, with the techniques introduced by Hopf [21],
(see e.g. Temam [31] or Constantin and Foiag [17]) one can easily show the following result.

(23)

Proposition 2.9. Let ug € L2 be given. Then, for each T > 0 there exists at least one weak
solution of the 3D Navier-Stokes equations (1) with the boundary conditions (2). In addition,
if up € H} then there is a T* = T*(||Vugll2) > 0 such that a unique strong solution in [0, T*]
erists.

From Lemma 2.7 it follows that if we are able to bound the L?-norm of the curl of a weak
solution u, we are also able to bound the full gradient of this solution. This is the reason
why we can use the vorticity equation. A standard continuation argument, that will be used
in the proof of Theorem 1.6, reduces our task to showing that if a weak solution satisfies
Hypothesis (4) in (0,T), then w(z,t) belongs to L>(0,T; L*(Q2)).

3 Solonnikov’s theory on the Green’s Matrices: A sharp esti-
mate of the vortex stretching.

The results in this section are the core of our proof. In fact, by appealing to the integral bounds
shown below, the proof of Theorem 1.6 will follow by a standard continuation argument (see
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the next section).

In order to give upper bounds for the vortex stretching we prove a suitable estimate for
the integral that appears in the right-hand-side of the vorticity balance equation (17). The
estimate on the vortex stretching term will be derived by using an explicit representation
of the solution to the boundary value problem (19), which generalizes that introduced in
reference [5] in the half-space case, and by using identities similar to those introduced in [15].

3.1 Preliminaries on Green’s functions.

Since 0f) is smooth and compact, we may fix a positive, real ¢ such that for each point of

x € g, where

Qs def {z € Q such that d(z,0Q) <4},

there exists a unique point (the orthogonal projection) Pz € 99 such that

d(x,Px) = min d
(@, Pz) = min d(z,y),
where d( ., .) is the Euclidean distance in R3.
Given z( € 2 and we distinguish between two cases: 1) zg € 4; 2) 29 € Q\y, for some
positive 0 < k < § that we shall fix later.
We aim at proving (see Proposition 3.2) a bound for

| (w(@o) - V) u(@o) - w(zo)

7 (24)

independent of ¢, recall (17). To this end we express the velocity u in terms of the vorticity
w, by appealing to the boundary value problem (19). Since this system is of Petrovksi type,
there exists a single Green’s matrix G(x,y) (see [28]) such that:

u(zx) = / G(z,y) curlw(y) dy. (25)
Q
The matrix G(z,y) can be written as

G(x,y) = G(z,y) + g(z,9),

where the first term on the right hand side, which contains the “leading-order terms,” satisfies
the estimates

C

. o pp
Je>0: IDszG(w,y)ISW’

Vr,y e Q, x #y, (26)
while the second term g(z,y) consists of lower order terms, as |x — y| — 0; see again Solon-
nikov [27, 28]. In order to prove our results, we need more explicit representation formulas
for G(x,y). So, let us be precise about some details, proved in reference [28], to which we
constantly refer.

First, we localize our problem by appealing to the construction of the Green’s matrices
made in [27]. More precisely (for a proof and further details see p. 150 in [27]), it is possible
to find a finite covering {wg}ta=1,...n, N € N, of Q such that:

a) we CQ;

11



b)

The regions w, -which do not intersect the boundary 02- are cubes defined (for i =
1,2,3) by |z; — 2¢| < dy, with 2® € Q, and d(w*, 0) > dy. The set of indices of these
interior regions is denoted by Z.

The remaining w® are given, in local coordinates {z%} with centers at points 2% € 952,
by inequalities

2| <dy 1=1,2;  0< 23— Fu(2f,25) < 2da,

where F'¢ € C3% define 952 as a Cartesian surface (graph) near the points z, by equa-
tions 2§ = F%(2{,25) defined in square domains |z{'| < dg, with ¢ = 1,2. The set of
indices of these boundary regions is denoted by B.

There is a partition of the unity consisting of smooth functions {x,(y)}. associated
to the covering {w®}q, with Y, xa(y) = 1, Yy € Q such that supp[xa(y)] C w® and
U, w® D Q.

The coordinates {2} are connected to z by an orthogonal transformation z* = U%(z —

x%) in order that the z§-axis is directed along the normal interior direction at the point
x® € 0§). The transformation £* = F?(2?) is defined by

& =21,
§5 = 23, (27)
5;31 = Zg - Fa(ztllvzg)v

and maps w® into the cube [£¢| < da, for i = 1,2 and 0 < £2 < 2dy. It also maps w® NS
onto &3 = 0. Finally, the transformation

T =F*oU",

which connects  and £, has Jacobian identically equal to 1.

The fact that the domain 2 is smooth and bounded implies that we may choose the two
strictly positive numbers d; and ds (small enough) such that

1
§|x—y\§|T“:U—T“y|§2|x—y|, Vo, y€w* VaeB. (28)

By means of this change of coordinates the Green’s matrix G(x,y) can be expressed in terms
of the explicit Green’s matrices Z%(., .) and G%(., .) that are known respectively for the
whole space or for the half-space, leading to the following representation formula:

with

ue) = [ 3 o) 22w fewt )] ¢ <|xd_3y|> dy+

a€el

+ [ S e el (T 6 @)

d
a€B 3

+ /Qg(x, y) [curlw(y)] dy,

dg = (1/4) min{dl, dg}

12



Here Z%( ., .) is the Green’s matrix related to the Poisson problem in the whole-space:

Zg(gun):ﬁ‘é._nw 7’7.]:17"‘73

and J;; denotes the Kronecker’s delta such that d;; = 1, if ¢ = j, and 0 otherwise. The

function G*(., .) is the Green’s matrix associated to the Poisson problem in the half-space
with suitable (Navier) boundary conditions:

oo 1
G"”‘(E’")_M(rs—m €J|£—n|>’

with €4 = €2 = 1 and eg3 = —1. The “bar” denotes the “reflected point”

_, def .
We recall that the introduction of “reflected point” derives from the use of virtual charges to
treat problems with boundaries, classical in the potential theory for electrostatic problems;
see, e.g., Courant-Hilbert [18].
The function ¢ € C*°(R) is a monotonic non-increasing cut-off function such that

05 <1 and ()= v

Finally, as recalled above, the matrix g(§,n) consists of lower-order-terms (i.e. terms that are
not of the leading order as those in Z(&,n) and G(§,n)), say

Cc
€ — i+

Je,y>0:  |[DEDJg(€,m)| < Vo,yeQ a#£y,  (30)
where v > 0 depends on the Holder regularity of the solutions to (19), see [28]. Consequently
~ depends just on the regularity of the boundary 9f2, since the differential operator and the
boundary operators in (19) have constant coefficients. Recall that, as already remarked at
the end of Section 2.3, we may assume that the right-hand side curlw is regular in (0, 7).

Remark 3.1. In order to understand the explicit formulas for Z(z,y) and G(z,y), we recall
that we are dealing with boundary conditions involving the vorticity which, on flat boundaries,
become the usual Navier-slip boundary condition. For system (19) this boundary condition
-in local coordinates- become a Neumann boundary condition for the first two components of
u (or, equivalently, for the normal derivative of the velocity in the tangential directions) and
a Dirichlet boundary condition for the velocity in the normal direction (the third component
in our reference frame.) Hence, in the flat-boundary case (see [5]), problem (19) reduces to

—Au = curlw in ]R?jr,
uz =0 on &3 =0,
Ou;

853 y o J 3 On€3

This basic problem leads to the construction of the principal part G(&,n) of the Green’s
matrix. For a classical treatment of the Green’s function in these particular cases see also
Lévy [23] and Courant-Hilbert [18].
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3.2 Some explicit formulas for the vortex stretching.

In this section we appeal to the explicit representation formula (29) to estimate the vortex
stretching term. We start from the integrals involving the leading order terms and -for the
sake of completeness- we shall treat in an appendix all the lower order terms.

A crucial point of this paper is the following proposition.

Proposition 3.2. There exists a non-negative constant C, uniformly bounded for x € €,
such that

(@) 9) u(@) - w(@)| < Clo@) | fwll+

w(y)ldy

+/Q [\Det(a(x),a@),TxTTy)\ + \Det(@(x)@(y),a(y’))\] Tz — TyPP

~ . —_— ~ R / wiy)|d
+/Q [\Det(W(:v),w(y),Txo —Ty)| + |Det (&(x),5(y), o (y ))|] K‘ng)‘:/“yyﬁ

(31)

This proposition will be proved separately for points “near the boundary” and for points
“far from the boundary;” see (32) and (47). New ideas concern the treatment of points near
the boundary. Estimates for points far from the boundary can be derived easily from the
results in the whole of the space, or by a substantial simplification of the argument used to
treat points near to the boundary. Nevertheless, just for completeness, we shall also give the
guidelines for proving (31) for points x far from the boundary.

In order to properly define “near” and far” set

4 min{s, dy, do},

were 6, dq, da, and d3 are defined in the previous section.

3.2.1 Proof of Proposition 3.2 for points “near the boundary.”

We now suppose that xq is an arbitrary (but fixed) point, near the boundary. More precisely,
we assume that
To € Q2d/3' (32)

As previously claimed, by means of a rigid rotation (recall that the Navier-Stokes equations
are invariant by means of rigid transformations) we can use a reference frame with origin
at P(zg) and such that e3 = z9 — Pxzg. The e; and es-directions -tangential to J€- are
chosen in order to have a right-handed triple of unit vectors. In this system of coordinates
the boundary point Pzy becomes the origin (0,0,0). The change of coordinates is made by
flattening the domain near x( in the direction of the normal unit vector passing through xg
and having this line as vertical axis for the corresponding square in es-variables. With this
choice of coordinates the transformation is simply given by

T
Tr =< x9 (33)

T3 — F(xl,l’g),
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where, for notation convenience, from now on we denote z by z (observe that (33) is a special
case of (27)). Note that here there are no rotation U, see formula (27) (more precisely, U is
the identity).

It is worthwhile observing that the transformation 7' depends on the point xg € €2, even
if we do not write it explicitly. In particular, contrary to the tools used to prove existence
of Green’s matrices, in the sequel we appeal to a different transformation 71" for each point
xo € Q. Note that (see [27, 28]), for a given regular domain 2, the parameters that characterize
the transformation 7' can be chosen independently of the particular point zg. In fact, these
parameters depend only on the diameter of the local subset w® and on the local regularity
of the boundary 952, which however is characterized by global parameters (for instance the
curvature is globally bounded).

In addition, we shall make use of just one chart in connection to each single point zq, in
order to bound (24) uniformly with respect to the point xg. This is justified by taking into
account the above independence of the main parameters, with respect to the particular point
xo. More precisely, we make use of two sets w! and w? such that:

1. xp € w', where w' is defined by
w'={|z;| <2d/3 i=1,2; 0<a3—F(z1,22) < 4d/3},

where x3 = F(x1,x2) denotes the analytical expression of the boundary 02 near Pxg
(recall the third equation (33)).

2. x9 & w?, where w? is defined by

w?={zeQ:d/3< |z i=1,2; orif |z;| < d/3, then z3 > F(x1,22) + d}.

Remark 3.3. The definition of these two sets implies that d(xg,w?) > d/3 > 0.

Moreover, the local change of coordinates is given by “flattening” the boundary by means
of the smooth function F. In particular, F € C satisfies F(0,0) = Fj,(0,0) = F,,(0,0) = 0
and the transformation 7" is bounded from below and from above in a Lipschitz way by (28).
Hence couples of points that are “near,” are (uniformly) mapped into couples of points that
are “near,” and reciprocally. We finally observe that under the transformation 7" one has

T.%'() = Z9.

Actually, T acts as the identity on the vertical line passing through xg and Pxy.

By using these tools for x near to xq -say for d(z,zg) < d/16— formula (29) becomes

ue) = [ a6y e () dy
+ /2 x2(y) G2(z,y) [curlw(y)] dy + /Qg(fvyy) curlw(y) dy, (34)
= Jl(x) + Jg(x) + Jg(x),
where dy4 is defined by
dy = (1/4) min{d, ds}. (35)
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Recall that supp[x2(y)] C wa and note that Ga(z,y) collects terms of leading order (multiplied
possibly by a cut-off function) which satisfy -at worse- the estimate in (26). The matrix g(z,y)
(which contains lower-order terms), Jo(z), and J3(z) will be treated in the appendix. Note
that, since we are working “near to the boundary,” the Z(z,y)—terms are not present.

Let us focus on the first integral in the right-hand-side (rhs in the sequel) of equation (34).
We first integrate by parts, obtaining

de

Ji(x) lef /1 x1(y) G(Tz, Ty) [curlw(y)] ¢ <\Txd—4Ty\> dy

= [ w(y)ewl |x1(y) G(Tz, Ty)¢ e Ty | gy
foewen| (72
# [ k) xnhat) Gy ¢ () ds

Observe that the presence of the cut-off function xi(y) implies that the boundary integral
needs not to be evaluated on the whole dw' but just on 9Q N dw'. Due to the boundary
conditions w X njpn = 0 this surface integral vanishes identically. Hence, we are left with the
following identity!

Tx —-T
i) = [ wweno@aty) faw¢ (T d
Tx—-Ty
+ [ wwamnTy < hawe ()] ay (36)
def
= Ji(z) + Ji (x).
For the moment let us consider the leading term Ji (x). The term JZ(z) will be treated in the

appendix A.1. To deal with Ji (), we use the index notation, with the Einstein’s convention

of summation over repeated indices. Recall that [v x w]; = €V wy for vectors v, w € R3
Auy(x)

and [curlu]; = [V x u(2)]; = €ju—5, - A detailed expression is then
)], =
— o [T = TP Oy T — TP 0w )Y )

1 / W) [me—Tmy Tmx — Ty ] 0Ty ()¢ (]Ta:—Ty\) i
=—— | wily)eim | ———"s — i€ — —_— )
dr J o Y T STy T I T~ TP ) owe Y ds Y

Since Ji(x) is one of the terms that enters in the representation formula (34), we need to
differentiate it with respect to the z;-variables, and to multiply by w;(z)w;(z), in order to
be able to estimate its contribution to the term (w(xo) - V) u(zp)w(xp). To this end, and to
simplify the manipulations, we separate the terms with and without “reflected quantities.”
Consequently

oJi ()] da(z)

oz, wil@wlz) = =5 = wilz)w;(z) +

a.’Ei

9b;(x)
81‘1'

wil@) w (), (37)

'The differential operators “nabla” and “curl” act on the y variables.
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where (see [5], equation (43))

as(x) e~ Le, / wnly) Lt =Ty 0wy (o o (T2 =TY1Y 4
! 47 IM wl : |me_Tmy’3 8yk ! dy ’

def 1 / Tomx — Ty 0Tny (]Tx - Ty])
bj(x) = —€jnie € w = — | dy.

(38)

We start by dealing with the term involving a;(z) and we have the following result.

Lemma 3.4. Assume that xo satisfies (32), and define the functions aj(x), for j =1,2,3,
as above. Then, there exists a positive constant c, independent of xqy, such that

aaég()) wj(zo) wj(zo)

< CIw(wo)\2<\lwllz+
(39)

+/ [Det @ (w0), &(y), T — Ty)| + [Pet(@(x0), 5(y), o) m>

Proof. Taking the derivative of a;(z) with respect to x; we get
Jaj(x) 1 Opm 0Ly 0Tz |Tx — Ty|
—— e ey AR
ox; 4776Jkl /wl wi(y) |Tx — Ty|? Oy Oz x1(y) ¢ da 4

1 Tox — Toy) Tz — Tny) 0Ty 0T,x Tx—Ty
_ejkl/ Wl(y)(p |1§Jx)—(Ty|5 ) Em 8315)‘ 1(y) ¢ |d4’ dy

a7
1 Tz — Ty 0T, Tx —T Tyx oT,x

_ 4fjkl/ wi(y) mg mYy (y) ¢! ‘ Yl P p‘
s wl |Tx — Ty|? Oy dy dy|Tx — Ty| Ox;

< Al(@) + A% (@) + A (@).

dy

(40)
These three terms should be multiplied by w;(z)w;(x). We start by considering the first one,
i.e.,

Ay () wie) wi(x).
Observe that, due to the formula that defines the function 7" (recall (33))
oT,
83;3 = 5rs+0's(y)53r7 r,s=1,2,3,
where o5(y) = os(y1,y2) = —%IS"W) is independent of y3. Hence, we write o(y’), where

vy = (y1,y2). Note that o3(y1,y2) = 0 and also that o(y') = o(]y’|). Hence, by choosing a
possibly smaller d > 0, we may suppose that |o(y)| < 1. In addition, note that

0'1'(560) == O'Z'(ﬂjo/) == 0'1(0,0) == 0, = 1,2,3. (41)

In order to make the calculations clearer, we distinguish between terms coming from the
diagonal of the matrix % (we call them “non-o-terms”), which are independent of o, from
those deriving from the o%f—diagonal part (we call them “o-terms”), which depend on o(y).
Neglecting the o-terms and due to the properties of the Ricci tensor €;;; (for convenience, in

this case, we write ~ instead of =) we have
1

A wila) o) = = e b)) [ 20 ¢ () ay =o.
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The o-terms will be treated later on, after having considered the A;(z)w;(x)w;(x) terms.

As above, we start again with the non-o-terms (the treatment is now similar to the
corresponding terms in the whole space case and this is the reason for the order in which we
consider the various terms.) The non-o-term of A?j (z)-type is given by

AZj () wi(z) wj(z) ~
~ _% /WI €jx1 wi(z) wj () wi(y) G _,i,jv’;y)_(?;s_ Ll xa)¢ (W) -

By appealing to the properties of the Ricci tensor, we can rewrite the latter term as follows

A (@) wilx) wy(x) ~
3

~ - 1(Tx/—\Ty -w(x)) Det(Tz — Ty,w(y),w(@)) x1(y) ¢ <

[Tz — Ty| dy
dy ) |Tx — Ty|3
(42)
This shows, when z = x¢, that the absolute value of rhs in (42) is bounded by the first integral
in the rhs of (39). To this end, recall (28), observe that |T$/—\Ty| = 1, and also that the
non-negative quantities x1(.) and {(.) are bounded by 1.

We now come back to the o-terms of Ailj () wi(z) wj(z). These o-terms involve, in principle,

three type of terms which come from the product aaTyTSy ag;f?. However, since all quantities

must be evaluated at x = xp, and also by recalling (41), we are left simply with the single
term

0s(Y1,Y2)03r Opi.-
In coordinate notation, the o-term of Allj(:ro) wj(xo) wj(xo) is given by
1 OpmO3mOpi , |Tzo — Ty|
s , , _TpmT3mTpi E20= 290 g
etan)y(a0) [ ) 22 o) ) ¢ () dy
Hence p = m = ¢ = 3. It follows that the above o-term is given by:

1 , / | Txo — Ty| dy
1-3(20) /wl ejrw; (o) ok (y") wi(y) x1(y) ¢ ( 0 Tog— TylF’

| Txo — Ty| dy
dy |Txo — Ty|?

= o) | Det(uleo) wlv).00)) 1)

Consequently, we can bound the last term by the second integral in the rhs of (39).

Next we consider the o-terms that appear in the expression of A%j(xo) wi(zo) wj(zo). We note
that, due to the fact that o(xg) = 0, we are left only with the following term

1 (Tpzo — Tpy)(Tmzo — Tiny) |Txo — Ty|
—Ewi(iﬂo) Wj(xo)ejkl / wi(y) L |T];0 — ;y|5 - 53m5pi0k(y,)X1(’y) ¢ T dy.

wl

Since p = ¢ and m = 3, the above expression becomes
1

— TgfL‘O — T3y |Tl‘0 — Ty|
—_— e — pa— . . . , N —— e
=1 wl((Tﬂ:o Ty)-w(@o)) €k w;j(w0) or(y) wi(y) T2y — Ty x1(y) ¢ < R dy,
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which, in turn, is equal to

S <<Ton—Ty>-w<xo>>Det(w(xo»w(y),a(y’))xl<y><(

a7 J 1

Tz — Ty|> (Tswo — Ty) dy
dy [ Tzg — Ty|*
(43)
Hence this term is still bounded by the second term in Eq. (39).

Finally we consider the A?j () term. The contribution of this term is easier to handle, since
the function ¢’(s) is identically zero if its argument s is, in absolute value, smaller than 1/4.
This implies that in the integral that defines Afj(x) the potentially singular contribution
coming from points y such that |Txzy — Ty| vanishes, is cut off. This shows that \Af’j(:c)]

can be bounded in terms of d4 for all z. (Recall also that the derivatives ?)Z’? are uniformly
bounded, see (28).) Then, we have the following estimate:

| A3, (0) wi(o) wj(zo)| < C(da) [wilwo)| |wj (o) /1 |w(y)| dy
“ (44)
< C(dy) |w(xo)|? /Q w(y)| dy < Cllwll2lw(wo)|?,

where C(dy) is a bounded function, depending only on the bounded domain . Note also
that ds > 0 is a fixed number, see (35).
The proof of Lemma 3.4 is now accomplished. O

We treat now the bj(x) terms, that involve the “reflected” quantities.

Lemma 3.5. Assume that xo satisfies (32), and recall the definition (38) for the functions
bj(z), for j =1,2,3. Then, there exists a positive constant c, independent of xq, such that

' 9b;(xo)
ox;

wj(z0) w;j(wo)

< clw(zo)[? (IIw\2+

|Txo — Ty|3
(45)

+/ [’Det@(xo)@(y),m/jﬂ/)]+|Det(@(x0),@(y),g(y/))@ ’“’(y”dy)

Proof. By following the notation of the previous lemma we write

8b($) def 2 3
(9]1;1- = Bz'lj(‘r)+Bij(x)+Bij($)7

where each term is obtained from the corresponding term of Afj (z), see (40), by changing its

sign and by replacing Tz — Ty everywhere by Tx — Ty (except in the argument of the cut-off
function ¢ and in ¢’.) Hence, the non-o-terms of B;j(x)-type satisfy

Tx—-T
Bl wante) (o) = epaesay(o) o) | aaly) s vat) ¢ () dy =0,

as follows from the properties of the Ricci tensor, together with that of e;.
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On the other hand, at = = ¢, the o-term Bz-lj (x) is given by

1 5pm63m6pi ’ ‘T.’L‘o — Ty|
1wi(zo) wj(xo) /w | €3k € Em wz(y)i‘ho - T—y|30k(y D) ¢ = ) dy
1 _ |Txo — Ty dy
- —— D / S—

fren(oo) [ Det @l wlo). o) aatn) ¢ () o

This term will be estimated below.

The ij(x)—term is treated by adapting the previous calculations made to estimate the Afj (x)-
term. In particular, we must take into account the action of the €,, term. One has

B} (o) wilwo) wj(wo) =

= 2 [ (@m0~ T oty et T~ Tyt tan) i (LT ) 0
- 3 [ (=Tt et te0) wlo). ) ) ¢ () =2l

where the second term on the rhs corresponds to the o-terms: see the equations (42) and (43).
By appealing to the inequality

T — Tyl > [Two — Tyl (46)

we prove that both ]lej (x0) wi(xo) wj(xo)| and ]BZZJ (x0) wi(xo) wj(xo)| are bounded by the rhs
of (45). Note that |w(xo)| = |w(xo)|.
Finally, by using again (46), and by recalling the remarks already made for the Azgj terms,
one easily shows that
| B (o) wi(o) wj(0)| < C ||wll2fw (o).

The proof of Proposition 3.2, for points near the boundary, is accomplished by appealing to
the estimates proved in this section. O

Remark 3.6. For the reader’s convenience, we summarize the main steps done until now.
By appealing to (34) we have shown that

(0(a) V) ul)a(e) =wlo) (Pger) + 2204 SR ),

The J;(z) term (see (36) and (37)), which is the main term, gives rise to the following equality

0ay(x) , O;(a)

(0(e) - V) ul)ale) = (2500 4 UL

+ “lower order terms”> wi(x) wj(z).

By using Lemmas 3.4-3.5 we ended the proof of Proposition 3.2. As shown above (with the
aid of (29)) the terms J(z) and J3(x) give rise to “lower order terms” and, for convenience,
they are treated in the first part of the appendix.
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3.2.2 Proof of Proposition 3.2 for points “far from the boundary.
In the case of points xg that are not “near the boundary,”
zo & Qogys, (47)

we do not need to appeal to the change of coordinates T. We define sets
4d
Wt {ZC €Q: d(z,z) < 9},

and 0
W2 {:c €Q: d(z,z) > 9}.

Note that d(zg,w?) > 2d/9 > 0. Further, we define functions a;(z), j = 1,2,3, as done in
Eq. (38), where now 85’;2@; is replaced by d,,x. Note that for points far from the boundary

there are no b; terms.

Lemma 3.7. Assume that xo satisfies (47). Then, there exists a positive constant c, inde-
pendent of xg, such that

aaj ($0)
8%‘2'

Wi (wo) Wy (o)

§c|w(mo)2<||w||2+ /Q \Det(am),@(y),x;y)‘\wﬁ/)ldy)

lz —yf?

Proof. The proof is a simplification of that of Lemma 3.4 and we just present a sketch of it.

Now the leading order term of the Green’s matrix is that occurring in the whole space
case and the calculations are very similar to those in [15]. The representation formula for the
solution of system (19) is now (for x near xg)

) = [ i) 2 et () dy

(48)
+ [ 0 Galoy) el dy + [ g(o.9) ol
w
Remark 3.8. The functions Ga(z,y) and g(z,y) are not those in Eq. (34). However, we use
the same symbols since they have the same main properties of the corresponding functions
in (34).

We come back to Eq. (36) and we make the same calculations starting with (48). As usual
taking the derivative with respect to z; and multiplying by w;(z)w;(x) we define terms that
correspond to the a;(x) in (38). Essentially we have only the terms “without reflections,” the
main difference is that in this (simpler) case we have not o-terms, since no rectifications in
required at interior points. Hence the estimates are proved in the same way. O

Remark 3.9. In all the expression appearing in the statement (and in the derivation) of
Proposition 3.2 we need to have the vorticity-direction & well-defined. In all computations of
Section 3 we are implicitly assuming that w is always non-vanishing. To be rigorous one has
to fix a positive constant K, and to decompose the vorticity as w = wy + wy, where

wiz), i |w(@)] < K,
0, if  |w(z)| > K,
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while wy(z) = w(x) — wi(x). Then, the vortex-stretching term can be split into the sum of
eight terms
([wr +wa] - V)[u1 + ug] - w1 + wal,

with obvious notation. Most of the resulting terms are not difficult to handle since they involve
the bounded part wy of the vorticity. Only the (2, 2, 2) term needs the use of Hypothesis (4)
in order to be estimated as in Proposition 3.2. For this term the quantity & is well-defined,
and all calculations are completely justified. Full details how to implement this essential
technical part can be found in [15] and in Section 4 of [8]. It is straightforward to apply the
same ideas to the present context.

3.3 Using the hypothesis on the vorticity direction.

We now use the Hypothesis (4), in order to control the various terms that derive from our
representation of the vortex-stretching term. We prove the following result.

Proposition 3.10. There exists a non-negative function S : Q — R belonging to L3() such
that, for each g € €1,

da(xo)
81‘@'

9b; (o)
8$i

< Clw(z0)|? (Hsz + S(fﬁo))»

wi(zo) wj(zo)

wi (o) wj(zo)

< Clo(ao) (w2 + S(xo) )
Moreover,

1Sls < Clle |2
The above constants C = C () are independent of xg.

Proof. Let us consider the rhs of Eq. (39). By using (4) we obtain
‘Det(@(m),@(y),Tm/—\Ty” <sinf(x,y,t) < Clz — y\l/Q, Va,y €,

almost everywhere for ¢ € [0,T]. Hence, by recalling (28), we show that

~ ~ - w
(a0 [ [Det(@tan).3l0). Tao = Ty) | dy < clutan) | ,xo‘ _(1;),'5/2 day.
w1 w

Set

S(z) déf/QW”/Qdy_

lz —yl°

Note that by Hardy-Littlewood-Sobolev inequality, see e.g. [29], it follows that S € L3(Q)
since w € L2(Q) for almost every ¢ € (0,T).

The last term in the rhs of Eq. (39) is treated in a similar way, by recalling that o is
bounded. The first equation (49) is proved.

We pass now to the reflected b;(z) terms. We want to estimate the rhs of Eq. (45). The
relevant point is to prove that

~ R . S— ’w(y)‘ / |w(y)\
Det ) JTag —Ty)| ——F=5dy < C — dy, 50
o1 ‘ € (w($0) w(Z/) o y)‘ |TLUQ _ Ty‘3 Y wl |:1,’0 — y|5/2 y ( )
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with C' independent of zg. The second term in the rhs of Eq. (45) can be treated as the above
one.
In order to prove this inequality, the obstacle arises from the fact that we have to compare
the direction of the vorticity at the point y with that at the point xg, after reflection.
We use now the fact that the exterior unit normal vector at Pz satisfies n(Pxg) = —es
and also that
W(Pxg) =e3 or w(Pxg) = —e3,

since Px( belongs to the vertical line passing through xg. First we observe that sin / (Q(a:o), ieg) =
sin Z(ﬁ(mo), +e3), due to the fact that reflection on the boundary (as in the half-space case)
changes the sign of the third component (that in es-direction). Consequently, the sinus of the
angle between the reflected vector and the direction es is that of the angle identified by the
vorticity without reflection.

Next, by using the Hypothesis (4) it follows that

sin £ (@ (o), £e3) < czg — (Pao)|V/? = c([xo]3)"/?,

where [z0]3 denotes the third component of x.
Now we identify the angle between unit vectors with the length of a geodesic connecting
them on a spherical unit surface. In this way we see that

L(@(20),B(y)) < L(@(w0),e3) + £(es,n(Ily)) + £(n(Ily),&(y)),

where Iy € 0 is the point of the boundary obtained by projecting y on 01, along the
direction of xyg — Pxzg = e3, see Figure 77.

First, note that (roughly speaking) the angle between the direction of the normal unit
vectors n(Pzp) and n(Ily) is small, if |29 — y| is small. In fact, the magnitude of the angle is
determined by the curvature of the boundary, which is uniformly bounded. Hence, the angle
/(n(Pxgy),n(Ily)) is (at least) bounded by ¢|Pxzy — ITy|. Then, since Pz is the origin, and
since the first two components of xy vanish, it follows that

3 3

[Py — Tyl = > ([Pals — [My]s)* = S ([MIy]:)?

=1 =1
<yi+ys+eld)(yi+y3) <yt +ys+cld)(yi +y3) + ([wo]s — y3)?

3
d) > ([zoli — [W):)* = er(d)]xo — yI*.

i=1
Recall (again by the regularity of the boundary) that |[Ily]s| < ¢(d)\/y? + y3. Finally
sin  (n(Pxo), n(Ily)) < c¢lzg —yl.

Then, Hypothesis (4), together with the above remarks on the distance between y and Ily,
imply that

sin £ (B(20). 5(0)) < e(froly> + Jzo v + |28 + e + 63| ).
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By using the calculus inequalities (1 + a?)'/4 < 1+ /[a] and |a + |b]| < |a + b] + |a — b|, we
can increase the rhs of the last expression as follows:
(fwols”® + lo =yl + 203 + e(@) (v + y%)‘wl) < c([wold" + Iyl + oo — yl + |} + y%)(w)
< ¢(lzo = 912 + 20 — 712 + |20 — y1)-
Now we observe that
|z — | < 2|Txo — TY| < 2|Txo — Ty| +2|Ty — Ty
In addition, by using the explicit expression (33) for the transformation T, we get
Ty — Tyl < 2|F(y")| = 2|F(y') — F(20)| < ¢(d) |0 — y]-

Then, since zg and y belong to w!, their distance is bounded by the “small” number d > 0.
Hence, the term |z — y| can be absorbed into |z¢ — y|'/2, by increasing the constants c.
Finally, by collecting all the previous inequalities, we get, for zq, y € w':

Sinl@(l‘o)’@(y)) < c(|wo — ?’1/2 + |z — y,l/Q) < C(|Tl‘0 - T§|1/2 + |zo — y|1/2)-

By using (46) and (28) it readily follows that

Tzo — Ty|Y/2 + |zo — y|'/? < Tz —Ty|?  |zo — y|'/? c
|Txo — Tyl|3 T |Txo—TyPP  |Txo—Ty> = |zo —y>~ V2

We have finally proved that:

()|
| B (o) wi(o) wj (20)] < ¢ w (o) / oo —yp 172 ¥

and this ends the proof of the Proposition 3.10. O

4 Proof of the main result.

We have now at disposal all the results needed to give the proof Theorem 1.6. By using the
results of the previous section, we deduce the following result.

Proposition 4.1. Let us assume that Hypothesis (4) holds and that u is a strong solution
in [0,T[. Then, to each € > 0 there corresponds a positive C. > 0 such that the following
inequality holds:

/Q(w(x)'VU(w)) ‘w(z)dr| < e Vol + Ce(llwllz + wll3), ae te[0,T[  (51)

Proof. The above inequality follows easily from the uniform bounds previously proved, to-
gether with Holder’s inequality. Actually, one shows that

/ (w(xo) - Vu(zp)) - w(zo) dxg
Q

SC/Q\w(xo)|2[1+5(a:0)+Hng] dizo

< Ol P llsya 1+ lwlls + S
< w3 flw]l2
< Clwl3(lwlls + [Vewls)
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where the last inequality is obtained by using convex interpolation and the Sobolev inequality
Iflle < C(Ifll2+ IV fll2). Finally, an application of Young’s inequality ends the proof. [

The proof of the main result is now a simple consequence of Proposition 4.1.

Proof of Theorem 1.6. Let us suppose -per absurdum- that the weak solution u is strong in
[0, T [, for some T} < T and that u cannot be continued as a smooth solution beyond 7. By
scalar multiplication of both sides of (16) followed by integration in €2 (recall also (23)2), and
by appealing to Proposition 4.1, the following differential inequality holds:

d
@3+ [Vell3 < C(l +lw®l2 + HW(t)H%) lo@®)l3,  ae tef0,Tif

Consequently, Gronwall’s lemma implies that

limsup [|w(t)]|2 < +o0.
t—T;

Hence, by Lemma 2.7, ||Vu(t)||2 is uniformly bounded in [0,7}], i.e., u is a strong solution
in [0,77]. By standard arguments one proves that the solution w is regular in [0, 77 + €[, for
some positive ¢, contradicting the maximality of T7.

0

Appendices

As announced in Section 3 we report here the (simple) calculations that lead to the estimates
of some of the “secondary terms.”

Al

We start by considering the term J12 (z), defined in Eq. (36), whose explicit expression is

1 | Tz — Ty| , (| Tz —Ty| Tpy 0Ty
— ¢ Tz, T L A
el /wl wi(y) G(Tz, Ty) [6kxl(y)é< @ )+X1(3/)< da dy|Tx — Ty| dyk %

Next we differentiate with respect to ; and multiply by w;(z) w;(z). For convenience we split
0;J%(x) as follows:

. [Tz — Ty| , 1Tz — Tyl Tpy oL,y
[ w0, 62 70) |oat¢ (T2 e (P oS gy

, [Tx — Tyl ) (T2 =Tyl Ty 0Ty
# [ e 6Ty |omatn an,¢ () e [o () | Sy

Note that the first and the second derivatives of the cut-off function ¢ vanish if the argument is
small enough (recall “for instance” the estimate (44) of Ag’j (z9)). Hence, we have to consider
just the term

1 Tx—-T
= [ emat o 6@y avaw ¢ () ay -
dm J.1 dy

:1/ e wn(y) me_Tmy—ef Tomxr —Thy ﬁmea )¢ [Tz — Ty| dy
dr Jou TN T =Ty T T — T3 Oy dy ’
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which is bounded by
w(y)l
C ———dy.
=l

A.2

Now we consider the terms present in formulas (34)-(48), which are not treated in the previous
sections. The function g(x,y) includes only terms that are not of leading order, and it
satisfies (30). In particular, the contribution of the lower order term V. Js(z) (where J3(z)
is defined in Eq. (34)) can be bounded as follows:

1
]vx [ st cuntty) dy] <[ 1 x ()] dy
Q Q ’3?

—y|*

dy 1/2
<e(frmiem) 19l

The last integral defines a function of x that is uniformly bounded (due to the fact that € is
a bounded domain with compact closure), provided that v > 1/2. Consequently,

[ @@ 90| [ atepeutot) dy) wie) s

< CHVWHLQ(Q)HWH%Q(Q)

< el VwllEag) + Cellwllza)

with € > 0 arbitrarily small.
To end up, we now consider the term

/ xo) Ga (o, ) [eurl w(y)] dy.

2

We observe that this term appears in both (34)-(48). In both these equations the function
Ga(z,y) satisfies

1C = C(d) >0: ’gQ(mvy)|z:xo|a |v$g2(may)|z:xo| < Ca Vy € W27

since 2o and w? are far “enough” from each other (recall Fig. ??). Finally, just in the way
used to prove the above results, we show that there exists C' > 0, independent of xg, such
that

‘(w(ﬂfo) - V/2 X2(y) Ga(,y) curlw(y) dy) - w(zo)

< C\w(mo)IQ/ |curlw(y)| dy, Vo € Q.
Q
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