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Solution formula for the vorticity equations in the half plane
with application to high vorticity creation at zero viscosity limit
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Abstract

We consider the Navier-Stokes equations for viscous incompressible flows in the half plane under the
no-slip boundary condition. In this paper we first establish a solution formula for the vorticity equations
through the appropriate vorticity formulation. The formula is then applied to establish the asymptotic
expansion of vorticity fields at ¥ — 0 that holds at least up to the time cy1/3, where v is the viscosity
coefficient and c is a constant. As a consequence, we get a natural sufficient condition on the initial data
for the vorticity to blow up in the inviscid limit, together with explicit estimates.
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1 Introduction

In this paper we consider the two-dimensional Navier-Stokes equations for viscous incompressible flows under
the no-slip boundary conditions:

Oiu—vAu+u-Vu+Vp=0 t> 0, T €8,
divu=0 t>0, T € €, (NS)

u=0 t>0, x € 09,

Uli=o = a r € Q.

Here  is a domain with smooth boundary 99, u = u(t,z) = (u1(¢t,z),us2(t,z)) and p = p(t, z) denote the
velocity field and the pressure field, and v > 0 is the viscosity coefficient. We will use the standard notations
for derivatives; 0, = 0/0t, 9; = 0/0x;, A = 23:1 9%, div u = 25:1 Oju;, and u - Vu = 23:1 u;jO0ju. In
this paper we mostly deal with the case when 2 is the half plane (Sections 3, 4), but in Section 2 the case
of bounded domains is also discussed.

The system (NS) has been studied quite extensively in various settings. In particular, it is well known
that (NS) admits a unique smooth solution, for example, in the energy class; see the books [44, 47] and
references there in. When € = R? the alternative approach using vorticity fields is also useful and has been
well developed by now. Here the vorticity w of the velocity u is defined by w = Rot u := d1us — douq, and
the equation for w is then formally obtained by acting the Rot operator on the first equation of (NS):

Ow —vAw+u-Vw =0 t>0, x € . (1.1)

When 2 = R? the vorticity equation (1.1) ensures the uniform bound of vorticity fields by the maximum
principle, which is essentially used to show the global existence of smooth solutions to (NS) in the infinite
energy class [20, 5, 24, 18, 16]; see also [4, 29]. However, in the presence of boundaries, a serious difficulty
arises in the study of vorticity fields. Indeed, under the no-slip boundary condition on velocity fields the



vorticity fields do not satisfy the boundary conditions such that the classical results in the parabolic PDE
theory are directly applied, and this absence of the “normal” boundary conditions has been a crucial obstacle
for the detailed mathematical study of (1.1). As is observed in [1], the boundary conditions for vorticity fields
are derived from a simple mathematical consideration through the Biot-Savart law. When 2 is a simply-
connected bounded domain or is the half plane, they consist of the normal derivative, a Dirichlet-Neumann
map, and the nonlocal nonlinear term. Under the compatibility conditions on a such that diva = 0 in  and
a = 0 on 09, the equation (1.1) equipped with these boundary conditions is shown to be equivalent with
(NS). Strictly speaking, the arguments in [1] are verified only when  is simply-connected, but it is easy
to modify them so as to work also for the multi-connected bounded domains by using the Helmholtz-Weyl
decomposition of vector fields. For reader’s convenience we will briefly describe this vorticity formulation in
Section 2.

The aim of this paper is to present a detailed analysis of the vorticity equations in the case of the half
plane by using the vorticity formulation introduced in Section 2. In this case the boundary conditions on
vorticity fields will read

V(0 + (—0%))w = —0y(—Ap) " (u- Vw) t>0, xcoR2. (1.2)

Here h = (—Ap)~!f denotes the solution to the Poisson equation with the homogeneous Dirichlet condition:
—Ah = finR? and h = 0 on OR%. From the calculation of the evolution of the enstrophy [|w(t)||7. based on
the integration by parts, one can see that the term (—8%)1/ 2w plays a role of the linear creation of vorticity
on the boundary. Although (1.2) is not a familiar condition due to the presence of the term (—8?)'/2w,
we can derive a solution formula to (1.1)-(1.2) through the Fourier-Laplace transform. This is the first
contribution of this paper and will be stated in Section 3. We note that a solution formula for the (Navier-)
Stokes equations is obtained by [45, 49] for R", with any n > 2, and it is a basic tool in the study of (NS)
in the half space. Our solution formula leads to LP — L? estimates of the propagator to the linear vorticity
equations, from which the mathematical validity of (1.1)-(1.2), i.e, the (time local) solvability of (1.1)-(1.2)
in suitable function spaces, is confirmed; see Theorem 3.6.

The solution formula helps to carry out a detailed analysis of vorticity fields even in the region near the
boundary. Making use of this advantage, as a second contribution of this paper, we investigate in Section 4
the behavior of vorticity at the zero viscosity limit ¥ — 0. The precise statement of the result will be given
in Theorem 4.1. Roughly speaking, we will see that the following asymptotic expansion holds at v — 0 near
the initial time:

w(t) ~ we(t) + war(t) for  0<t<cs. (1.3)

Here wg is the vorticity field for the solution to the Euler equations with the initial velocity a, wgy, is the
function describing the boundary layer up to the time cor/3, and ¢ is a constant independent of 0 < v < 1.
The function wpy, is written rather explicitly in terms of the initial data (see (4.3)), and it is a nontrivial
function if and only if

do(—Ap)~'(a-VRot a) #0 on OR?. (1.4)

When (1.4) holds wpy, will be shown to satisfy
v 2900 <lwpr(t)lloro,.) < lwpr ()]r < Cv 20722 0F5) (1.5)

forall v, t > 0 and 1 < p < oo, where Q,; = {z € R2 | 0 < 25 < (vt)'/?} is the region of the boundary layer.
In particular, (1.3) and (1.5) imply the high creation of vorticity near the boundary in LP for 2 < p < 0o as
follows:

||LP({O<3: <2 > 73070 5 00 (v—=0) if 2<p< oo, (1.6)
Sx2scy v

Jweor?)
see Corollary 4.2 for details. We note that, when (1.4) holds, the vorticity creation itself may be proved by
contradiction arguments if we do not ask for the concrete estimates such as (1.3) or (1.6). But it will be
difficult to gain further insight from such contradiction arguments.

The high creation of vorticity at the zero viscosity limit, which arises due to the nonlinearity of (1.1)-(1.2),
is naturally expected from the boundary layer theory. Nevertheless, to the best of the author’s knowledge, this



phenomenon with explicit estimates has been mathematically observed only under some restricted situations.
In [21] the nonlinear instability of the Prandtl boundary layer is proved around linearly-unstable stationary
solutions to the Euler equations. As a product of the calculations based on the spectral analysis and the
energy argument for velocity fields, it is also shown that there exist a sequence of solutions {u(*)} to (NS) and
{T,)} such that |Rot u*)(T,)||L~ — oo and T}, — 0 as v — 0. So in [21] the high vorticity creation in L is
observed around certain class of stationary solutions to the Euler equations. On the other hand, in [40, 41]
the asymptotic expansion for solutions to (NS) of the form u(t,z) = ug(t, z) + up(t, z1,22//v) + O(/v) at
v — 0 is established for analytic initial data. Here ug is the solution to the Euler equations and up is the
solution to the modified Prandtl equations. Hence, the results of [40, 41] imply the high vorticity creation
in LY for any p > 1, but under the regularity condition of analyticity on initial data.

In this paper the expansion (1.3) is proved just under the assumptions of some Sobolev regularity on
initial data. Furthermore, wpy, has a simple representation and at least up to the time cor*/® we do not
need the approximation using the Prandtl-type equations in the boundary layer. This observation of the
order v'/3 is newly obtained by the present paper, though the author does not know if the power 1 /3 can be
improved for general initial data in a Sobolev class. Note that we cannot expect the expansion (1.3) up to
the time O(1) in general, because the function wgy, in Theorem 4.1 does not take into account the nonlinear
interaction in the boundary layer region.

The condition (1.4) is necessary and sufficient for the vorticity to exhibit an unbounded growth at
T, = cov'/? as v — 0. The meaning of (1.4) is explained as follows. If we recall the Biot-Savart law in R2
and the vorticity equations associated with the Euler equations, (1.4) asserts nothing but dyup 1| =0 #0 on
BRi. Here up = (ug,1,up,2) denotes the solution to the Euler equations with the initial data a. Hence (1.4)
represents the nondegenerate condition for ug to be a nonzero velocity field on the boundary right after the
initial time. In such situations it is natural that the boundary layer immediately appears and thus the high
vorticity creation occurs near the initial time.

In Theorem 4.1 it is also proved that the L* norm of w is uniformly bounded in 0 < v <« 1 for the time
period (O,coz/l/ 3). In fact, if one does not use the vorticity equations it might be difficult to obtain this
uniform bound rigorously for such a “long” time for general initial data. This is one of the advantages of
the approach to (NS) from the vorticity formulation.

As a final remark of this section, the boundary conditions on vorticity fields can be derived also for the
three-dimensional flows from the similar spirit as in Section 2, and consequently, a solution formula to the
three-dimensional vorticity equations is obtained in the case of the half space. However, their representations
become more complicated, for the vorticity fields have three components in three-dimensional flows and they
interact with each other intricately. The details of this issue will be studied in another paper.

The rest of this paper is organized as follows. In Section 2 we extend the argument in [1] to the case
of multi-connected bounded domains and formulate the initial boundary value problems of the vorticity
equations by deriving the boundary conditions on vorticity fields. In Section 3 we establish a solution
formula for the vorticity equations in the half plane; see Theorem 3.1 and Corollary 3.3. The LP — L4
estimates for the associated propagator are given in Lemma 3.4. In Section 4 we study the behavior of
vorticity fields at the zero viscosity limit and give the asymptotic expansion near the initial time in Theorem
4.1. For the proof we need to introduce a suitable decomposition of the vorticity field and each term has to
be estimated carefully. This step requires rather involved calculations. In order to tidy up the arguments
and computations we will set out several subsections. Finally in appendices we prove some results on the
propagator of the linear vorticity equations which are used in the previous sections.

2  Vorticity formulation

In this section we derive an equivalent formulation to (NS) based on vorticity fields. The vorticity formulation
to (NS) itself has a long history, and has been studied mostly from the numerical point of view. The key
idea for the derivation of the formulation in this section is seen in [1]; the reader is also referred to [39]
for another vorticity formulation. For simplicity, in this section we deal with the case of multi-connected
bounded domains only. But under suitable spatial decay conditions on velocity fields it is easy to see that



the similar argument works also for Q = Ri (half plane) or Q = R?\Qpqq (exterior domain), where Qpqq is
a simply-connected bounded domain.

The assumptions on {2 are stated as follows: €2 is a bounded domain and 92 has connected components
Tg,T'1,---, Iy which are disjoint C'*° closed curves, and each I';, 1 < i < L, lies in €y, where g is a
simply-connected bounded domain with Qg = T'y.

Before stating the results, let us introduce some function spaces. C§°(2) is the set of smooth functions
with compact support in §2; Wé (Q),1eN, 1<p< oo, is the closure of C§°(2) with respect to the norm
of the Sobolev space W'P(Q); C55, (€2) denotes the set of all C*°-vector functions u = (u1,ug) with compact
support in Q such that div u = 0; L2 (1) is the closure of C§2, () with respect to the norm in (L?(Q2))?.

2.1 Helmholtz-Weyl decomposition

Hereafter n denotes the outward unit normal to 2. The boundary conditions on vorticity fields are closely
related with the Helmholtz-Weyl decomposition of vector fields. In particular, we need a decomposition of
tangential flows (i.e., vector fields u such that div w = 0 in 2 and v -n = 0 on 0f2) into the irrotational
ones and the rotational ones (see [22, 31] and references therein), which is a refinement of the classical
decomposition theorem of vector fields [52, 46, 15, 43]. For convenience of reference we follow the notations
in [31, Theorem 3.20]. Set

Hpor(Q)={he C®(Q) |divh=Rot h=0inQ, n-h=0on Q}. (2.1)
Here Rot h = 01hy — O2h1.
Theorem 2.1 (i) The dimension of Hpqr () is L and a basis {¢1, -+ ,pr} of Hpar(Q) is given by
0;=V'q, 1<j<L, (2.2)

where V+ = (02, —01) and g; s the solution to the Dirichlet boundary value problem

Ag; =0, in
=5 W _ (2.3)
¢ =0;;, onl;, 0<i<L.
(ii) For any u € L?(Q)? there exist h € Hpar (), 1 € Wy (), and p € WH2(Q) such that
u=h+V+y+ Vp. (2.4)
This decomposition is unique, and h and ¥ are given by
L
h = Z (u, V*+4;) 2V, d; = ¢;q;, Y = (—Ap) 'Rot u, (2.5)
j=1

where g = (—Ap)~1f denotes the solution to the Dirichlet boundary value problem: —Ag = f in Q, g =0
on 0S). Each c; is a positive constant which normalizes the norm of ||c;Vg;| 2.

Proof. See, for example, [31, Theorem 3.20].

As a corollary of Theorem 2.1, we get

Corollary 2.2 Let u € L2(Q) N W12(Q)2. Then u € (Wy>(Q))? if and only if

L
On(—Ap) 'Rot u + Z (u, vlqj)manqj =0 on IN. (2.6)

j=1



In this case we have
L
uw=(—Ap) 'Vtw= V(- Z )TV, V) . VG (2.7)

Here w = Rot u.

We note that (2.7) gives the Biot-Savart law in the multi-connected bounded domain; the velocity field
u is recovered from the vorticity field w through the formula (2.7), if w satisfies the integral condition

L
I Z —Ap)T'Vtw, V1) ,0,G; =0  on 9. (2.8)

2.2 Vorticity equations

Eq.(2.8) gives the integral condition on the vorticity field by which the associated velocity field satisfies the
no-slip boundary condition. But it is not so useful for the analysis of vorticity fields even when the topology
of the domain is quite simple, for (2.8) is highly non-local. Following [1], we do not deal with (2.8) directly,
but instead, we consider the boundary conditions so that (2.8) is preserved under the vorticity equations.
Based on this idea we obtain the boundary conditions on vorticity fields which are more local than (2.8).
As is pointed out by [13], these boundary conditions are not necessarily a drastic prescription to overcome
difficulties in the numerical analysis. However, as will be seen in Sections 3, 4, they indeed provide a useful
information for the mathematical analysis of vorticity fields.

Let a € L2(2) N (W;%(Q))2. We consider the equation

Ow — vVAw + uv-Vw = 0 t>0, e,
u = VH=Ap)w + Y5, (-Ap) "'V, Vi) . Vg t>0, ze, (V)
wlt=o = b := Rota z €,

together with the boundary condition

L L

v{0w — Apnw + Z (Vlw,VJ‘dj)H@nqj} = —0n(—=Ap) Hu- Vw) + Z wit, V;) 1 20nd), (BC)
J=1 j=1

for t > 0 and x € 092. Here g; is the function in Theorem 2.1 and Apy is the Dirichlet-Neumann map

defined by Apyw = Opwhar, Where wpg, is the solution to the Dirichlet boundary value problem: Awpq, = 0

in Q, Wher = w on 9. In the next theorem (V)-(BC) is shown to be equivalent with (NS). For simplicity
we assume that the solution (and the initial data) is smooth enough to ensure the formal calculations.

Theorem 2.3 The equation (NS) is equivalent with (V)-(BC) in the sense that if (u,p) is a smooth solution
to (NS) then w = Rot u solves (V)-(BC), and conversely, if w is a smooth solution to (V)-(BC) then u
defined by (V) solves (NS) for some p.

Proof. For simplicity of notations we write g; for ¢;. Let w be a smooth function satisfying (V). Set
u X w = (wug, —wuq) and

L t
=Vt (-Ap)~ Z a—y/ Viwds—i—/ uxwds, V qJ)LQV qj (2.9)
j=1 0

Then it is easy to see that t|t—g = a, div & =0 and Rot t =w for t > 0, z € Q, and n-a = 0 for t > 0,



x € 0f). Let T = (n2, —n1) where n = (n1,n2) is the outward unit normal to 9. Then we have

L
Ot = On(—Ap) low+ Z (- VW 4 u X w, VJ_Qj)LzaHQj
j=1

M=

= an(—AD)fl(A(w — Whar) — U Vw) + ( —vWViw+u xw, quj)manqj

1

.
Il

L
= —0hw 4 OnwWhar — On(—Ap) Hu - Vw) + Z ( — vVt +u x w, quj)Lzanqj.

j=1

Thus w satisfies (BC) if and only if (7 - @)(t,z) = (7 - @)(0,2) =0 for all t > 0 and x € I.
Assume that w is a smooth solution to (V)-(BC). Then (7 - @)(t,z) = 0 for t > 0, x € IQ by the above
argument, which implies @(¢) = 0 on 99Q. In particular, we have from Corollary 2.2 and (V),

U= (*AD)ile VJ‘ o+ Z —Ap) IVJ‘w VJ‘qJ) 2VJ-qj = u.

Hence, u satisfies u(t) = 0 on 9Q. Next we show that w solves (NS) with some p. Take any v €
C3°((0,T); C5%,(€) and set w = Rot v. Let us write v = V+¢ + Zle d;jV=+q;, where ¢ = (—Ap)~tw

and d; = (U,Vqu)LZ. Then by —Au = V+'w and (Vlw,Vqu)Lz = (VLwhar,Vqu)Lz we have from the
integration by parts,

T
/0(8tu—uAu+u~Vu,v)L2dt
T
:/0 ((%u—VAu+u~VU,VLw‘FZdjVJ—qJ)LZdt
j=1

T
z/ (Orw — vAw + u - Vw ¢+Zdjqj det—|—/ / V@andjqdedt
0 = a9

Jj=1

L

T L
= V/ P 2{8nwhar - Z (vlwa VLQj)Lzanqj} Z dej dsdt
0 S

Jj=1 Jj=1

T L
_/0 aQ{8( Ap)~H(u - Vw) Z u X w, V*t q;) 12 nq]}Zdjqdedt
=1

L L

T T
:yZdj/O (vahaT,vlqj)det—uZdj/o (V*whar, Vigj) ., dt

=1 =1

T L
7/ {0, (=Ap)~Hu - Vw) Z u X w, V*E qj) 2 nq]}Zdjqdedt
o Joq =
T
==y [ (Va0 V). V)
0

T L T
+Zdj/ (u.vw,qj)detJerj/ (ux w,V*g),,dt
=1 0 0

J=1

L T L T
= *Zdj/ (wu, Vaj) dt+2dj/ (ux w, V'g;),,dt =0.
j=1 70 0

Jj=1



Since v € C5°((0,T); C5%,(£2)) is arbitrary, u is a solution to (NS) for some p. Conversely, let (u,p) be a
smooth solution to (NS). Then clearly w = Rot u solves (V) by Corollary 2.2. Furthermore, (NS) implies

t t t
a—l—u/ Auds—l—/uxwds—/Vpds
0 0 0

t t t
a—y/ Vlwds—k/ uxwds—/ Vpds.
0 0 0

Let @ be the vector defined by (2.9). Then we have & = V- (—Ap)lw+ Zle (u, quj)szlqj = u. Thus
(t-a)(t,x) = (1-u)(t,z) =0 for t > 0, x € 99, which shows that w satisfies (BC). This completes the proof.

u(t)

3 Solution formula for the half plane case

The argument in Section 2 is clearly valid also when Q = Ri if the velocity and the vorticity decay fast
enough at spatial infinity. In the case of the half plane we have 9, = —d and Apyw = (—0?)'/?w, and
hence, the Fourier-Laplace transform is directly applied to derive a solution formula for (V)-(BC). This
formula is considered as a vorticity counterpart of the well-known formula for solutions to (NS) by [45, 49].
For the moment let us consider the linear problem

Oiw —vAw = f t>0, xz¢€ ]Rzir, (V)
wlt=o = b r e RZ,
together with the boundary condition
V(o + (=) w =g t>0, xe€dR%. (LBC)

Here f, g, b are assumed to be smooth and decay fast enough at spatial infinity. The integral equation for
the vorticity equations will be obtained by taking

f=-u-Vuw, g=—02(—Ap) Hu- Vw)|$2:0, (3.1)
and u = V- (—Ap)~lw, VL = (8y,—0;). We set
==2(82 + (-0%)3dy), (3.2)
G(t,z) = %ﬂ_texp(—%), BE(z) = —% log ||, (3.3)
T(t,x) = (EExG®) (@) = (E(-Ape) " G(1)) (@), (3.4)
(h1 * ho)(z) = » hi(z —y*)ha(y) dy, Y = (y1, —y2). (3.5)
Theorem 3.1 The integral equation for (LV)-(LBC) is given by
w(t) = eV + D(wt)xb — T(0)*b
+f BN (1) — gls) ML, ) ds + / Dt — ) 5 ((5) — gLy, _oy) ds
-/ T(0)+ (1) — (5)HE sy . (36)

Here e~ s the semigroup for the heat equation (with the unit viscosity) in Rf_ subject to the homogeneous
Neumann boundary condition, I'(0)x := limy o I'(¢)*, and g’H%zFO} is a one-dimensional Hausdorff measure
with density g defined by

(hy gM{y—oy) :/h(xl,())g(:cl)dﬂcl for  he Co(R2). (3.7)
R



The proof of Theorem 3.1 is given in the appendix. We note that I'(0) x h = ZE x h in R%. In (3.6) the
terms I'(0)x seem to cause trouble when solving the vorticity equations, for apparently they could give rise
to a derivative loss near the boundary. In fact, these terms do not appear in the vorticity equations, due to
the following cancellation property.

Proposition 3.2 If g = 02(—Ap) ™1 f |4y=0 then
EE+ (f — gHipy—0y) =0 in R?. (3.8)
In particular, we have
EExb=0 in R} if  O(—Ap)~'b=0 on ORZ. (3.9)

Proof. By the integration by parts we have

EE (f = M0y (2) = | VuEE)@ =) V(=Ap) ' f(y) dy
- /R (01 + ) AB(z —y") (01 + (=0)%) (~Ap) " f(y) dy
=0 in R?.

This completes the proof.

We note that the condition in (3.9) is nothing but (2.8). Thus, reminding also (3.1), we do not have
the problematic terms I'(0)* in (3.6) for the vorticity equations. It will be useful to rewrite the result of
Theorem 3.1 under the conditions in Proposition 3.2.

Corollary 3.3 Assume that O2(—Ap)~tb |z,—0 = 0 and g = O2(—Ap) "L f |zy—=0. Then the integral equation
for (LV)-(LBC) is given by

w(t) = "By 4 /Ot e”(tfs)B(f(s) — g(s)?—[%zzzo}) ds, (3.10)

where
etBh = e h 4 T(t) * h. (3.11)

Corollary 3.3 shows that the integral equation for the vorticity equation is written as
t
w(t) = e”tBb—/ e(t=9)B (u~Vw(s) —92(=Ap) ! (u-Vw) (S)H%I2_0}> ds, u=V+t(-Ap)~lw. (3.12)
0

It is possible to show the local-in-time solvability of (3.12) in suitable function spaces. Indeed, from L? — L?
estimates for e’? in Lemma 3.4 below we can construct solutions to (3.12) at least locally in time if b € LP(R?)
for some p € (1,2) by the contraction mapping theorem. Since its proof is rather standard we only state the
result in Theorem 3.6 and the details are omitted in this paper.

Lemma 3.4 (i) Let 1 <g<p<oo orl<q<p<oo. Then we have
I fllr < O35 £ o t>0. (3.13)
(ii) Let 1 < g <p< oo and p > 1. Then we have
e (gH gz ler < O 20FT70) g g, t>0. (3.14)
(i) Let 1 < ¢ < p < oo and k € N. Then we have

IV*eB fl| L < Ct™ a5 % || £ Lo t>0. (3.15)



iv) Let 1 < ¢ < p < oco. Assume that g = Oy(—A)" f |py—0. Then we have
2
_141 1 _
IeB (f = gH{r—0y)lle < Ct™5F 72|V (=Ap) " £ s t>0. (3.16)

Proof. (i) Since it is straightforward to get ||e!®~ f||p» < Ct=/PH1/4||f||1q for all 1 < ¢ < p < o0, it suffices
to show ||T(t) * f|lzr < Ct= V2TV || f||Le if 1< g<p<oocorl<gq<p< oo Tothisend we first write
D(t) * f = E(—Ag2) "' (G(t) * f) and observe that the symbol p(€) of the operator Z(—Agz)~! is given by

—& +ilé1l&
€12 '

Thus Z(—Ag:)~! is a singular integral operator in R? (see [12, Theorem 8.14]), so we have for 1 < ¢ < p < oo
orl<gq<p<oo,

p(§) =2 (3.17)

IT() * fllzr@ey < CIG(@) * fllorzy < O 747 f]|a.

Let 1 < ¢ < p = co. Then by the Gagliardo-Nirenberg inequality we have for max{q,2} < ¢ < oo and
oc=1-2/q,

I0(E) % fllw(ge) < CIVI(E) % FEabeny [T % FlFacen) < CIVGE) % Flbaben G0 % FFagas) < CF 7 £ o

(ii) Again it suffices to show ||I‘(t)*g7-l}tx2=0} | < C’t*(1+1/q72/p)/2HgHLgl' To prove this we use the pointwise
estimate (5.8) and observe that

)" lg(y1)l dyr. (3.18)

) . (1 —y1)/VE? mj
ID(8) * (9H 2,0y (2)] < Ct A(1+10g<e+|<xly1>/ﬁ|2> T

Then the Young inequality implies that

2 1
(log(e + %))Hf

_1
P q ||
llg Lg, -

Q=

IT(E) % (912 o) (22 g, < O3 G301 4 1221

Vit

Hence we get (3.14) since p > 1 and p > g.

(iii) It suffices to consider ||V*T'(¢)* f| r», but the desired estimate follows from the pointwise estimate (5.8)
and the Young inequality. The details are omitted here.

(iv) By the definition of e!Z and the integration by parts we have
¢P(f = gH{zy=0y) (@)

= /]R Vj (Gt,z —y) + Gtz —y*) + T(t,x —y*)) - VH(=Ap) ' f(y) dy.

2
+

Then it is easy to get (3.16) from (5.8) and the Young inequality. This completes the proof.

If b € LP(R?%) for some p € [1.2) then it is not difficult to see dy(—Ap)~tb |z,—0 € LP(R) + L=(R).
Moreover, we have

Proposition 3.5 Ifbe L'(R%) and 2(—Ap) b |z,—0 = 0 then b(x)dx = 0.

g
Proof. Since
:(~8p) b 0) = - [ R e L (319)
we have
0= [ @a-20) ) w0 e =+ [ wbty) [ o dndy= [ ) dn
R T JRr2 R |[T1 = 9112 + ¥5 R2



This completes the proof.

Proposition 3.5 shows that if b € Ll(Ri) is the vorticity field of a velocity field satisfying the no-slip
boundary condition, then b must have zero integral mean over Ri. In other words, there are no nontrivial
vorticity fields which are nonnegative and decay fast enough at spatial infinity. This is contrastive if compared
with the case 2 = R?, where there are nontrivial and nonnegative vorticity fields which decay rapidly at
|x| = oo.

We conclude this section by stating the local solvability of (3.12).

Theorem 3.6 Assume that b € LP(R2) for some p € (1,2). Then there is T > 0 such that (3.12) has a
unique solution w € C([0,T); LP(R2)) satisfying supgscq tV/P~V4|w(t)|1e < co. If b satisfies the compat-
ibility condition 82(—Ap)~'b = 0 on ORZ in addition, then the solution w(t) converges to b as t — 0 in
LP(R%).

Proof. The solution is constructed in the space X7 = {f € C([0,T); LP(R2)) | supgcq tY/P~Y4|| f(t)|| 12 <
oo} with the norm || f||x, = supge,cr | f()|lr + supgeser t/P71/4| f()||z4 by the contraction mapping
theorem, thanks to Lemma 3.4 and the well-known estimates such as ||V (—=Ap)~'Vf|z« < C||f|lre for
1 < g < ooand |[VH=Ap) ' fllre < ClfIIFallflI7 with o = (4 —2p)/(4 —p) for 1 < p < 2. To
show the convergence to the initial data, it suffices to write e**5b = e”*2~p + (I'(vt) — T'(0)) b+ T'(0) x b
and note that the last term vanishes by Proposition 3.2. Then by the density argument and the estimate
supysg [|T(¢) bl < C||b]|L» one can check that [[(T'(vt) — T'(0)) * b| > goes to zero as t — 0. It is easy to
see that e”*2Nb converges to b in LP as t — 0. This completes the proof.

Remark 3.7 Even for b € L'(R2 ) we can construct a local unique solution w to (3.12) such that ¢! =1/7w(t) €
L*(0,T; L"(R2)) and lim;—0 t'~Y/"||lw(t)| 1~ = 0 with 7 = 4/3, 4. Furthermore, under the smallness assump-
tion of ||b]|z: it is also possible to show that the solution exists globally in time. However, the author does
not know if the solution w belongs to L>(0,7’; L*(R2)) in general, due to the lack of the L* — L* estimate
of etB.

Remark 3.8 By the bootstrap argument using Lemma 3.4 the solution w in Theorem 3.6 is shown to be
smooth in positive time. We note that, in order to ensure that u = V1 (—Ap)~lw solves (NS), we need the
compatibility condition 8>(—Ap)~'b =0 on IR? for the initial data.

Remark 3.9 When b € LP(R%) for some p € (1,2) the related velocity a belongs to LL(R3) with 1/q =
1/p — 1/2 by the Hardy-Littlewood-Sobolev inequality. Since ¢ > 2 we already know the solvability of (NS)
in this case from the L? theory of the Stokes or the Navier-Stokes equations in the half space; for example,
see [45, 32, 14, 46, 51, 17, 36, 19, 49, 42, 11] and references therein. On the other hand, if b € L* (Ri) then a
belongs to the weak L? space. The reader is referred to [30] for the analysis of the Navier-Stokes equations
in the weak LP spaces.

4 Application to analysis of vorticity at zero viscosity limit

The inviscid limit behavior of solutions to the Navier-Stokes equations is a classical theme in fluid mechanics.
However, if the no-slip boundary conditions are imposed on velocity fields, only partial results are known
even in the two-dimensional case; so far we need either the analyticity of initial data or the radial symmetry
of the domain and the solutions. More precisely, if the initial data is analytic it is proved in [2, 40, 41] that
the inviscid limit is described by the Euler equations and the Prandtl equations. When € is a disk and the
solution possesses a radial symmetry, the inviscid limit is already well studied in various functional settings
[37, 6, 34, 35, 27]; see also [38]. On the other hand, [23] gave necessary and sufficient conditions for the
convergence of weak solutions of (NS) to that of the Euler equations in the energy class. The analysis in
this direction has been developed by [48, 50, 10, 25, 26, 27].
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Making use of (3.10), in this section we study the behavior of vorticity fields at the zero viscosity limit
when Q) = Ri and establish the asymptotic expansion near the initial time. The main result is stated as
follows.

Theorem 4.1 Assume that b = Rot a with a € LL(R%) N (Wy%(R%))? for some 1 < ¢ < oo and b €
WH4/3(R2) for 1> 1. Let w be the solution to (V)-(BC) with Q = R%. Then there are co,C > 0 such that
the following estimates hold for sufficiently small v > 0:

lu(@®) L= < C for 0<t<cws, (4.1)

101 1

lw(t) — wp(t) —wpL )|l < Cr~2G)¢30+3) for 0<t<cos, <p<oo. (42

LWl >

Here ¢ is independent of v, and C is independent of v and t € [O,col/l/g]. The function wg s the vorticity
field of the solution to the Euler equation with the initial velocity a. The function wgy, is defined by

t 2
wpr(t,x) = 2/ (47‘(1/5)7% exp(ff—yzs) ds - 92(—Ap) ' (a- Vb)(21,0), (4.3)
0
and in particular, it is nontrivial if and only if
do(—Ap)~'(a-Vb) #0 on ORZ. (4.4)
When (4.4) holds wgy, satisfies
lwprt)]|zr < C'v~ 207220+ for t>0, 1<p<oo, (4.5)
lwsL®)| > 30733 (43) for t>0, 1<p<oc. (4.6)

Lo ({0<z2<(vt) 2 }) =

Here the positive constants ¢y and C' are independent of v and t.

Corollary 4.2 Under the assumptions of Theorem 4.1, if (4.4) holds in addition, then there is c3 > 0 such
that

<p<oco.  (47)

Q| W~

Jolt) = w5 Ol gty = 2 2O for o<t <end,
P <za<(vt

Here ¢ is the constant in Theorem 4.1 and co is independent of v and t € [0, coul/?’]. In particular, the high
creation of vorticity near the boundary in LP occurs in the following sense.

> 631/*%(1*%)

lw(cor®)] S oo (v 0)  if 2<p<c. (4.8)

1 5
Lr({0<z2<civ3})

Remark 4.3 In Theorem 4.1 the assumption on b in L*/ 3(Ri) is just for technical reasons, and we can also
handle with b in W P(R2) if p € [1,2) and [ > 1.

The proof of Theorem 4.1 requires rather lengthy calculations, and we divide it into several steps. Let
J(f) be the velocity field recovered from f via the Biot-Savart law, i.e.,

J(f) = (L), () =V (=Ap) ' f, V' = (82, —00). (4.9)
Note that J(f) satisfies V- J(f) = 0 in R and Jo(f) = 0 on ORZ. The function wp satisfies the equation

Owwg + ug - Vwg =0 t>0, z€R?%,
ug = J(wg) t>0, zeRZ, (4.10)
wE|t:0:b, J)ER?’_.

We note that (4.10) is equivalent to the Euler equations with the boundary condition ug2 = 0 on 8]1%3_.
Hence, under the assumption b € Wh?/ 3(R?%) with [ > 1 the existence and the uniqueness of solutions to
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(4.10) follow from the methods developed in the literature [53, 54, 22, 3, 28, 7, 9, 8]. In particular, we can
show that wg € C1([0,T); W!4/3(R%)) with I’ > 1 for all T > 0, and this fact will be freely used in the rest
of the paper. Next we consider the second and third expansions of w which are directly related with wg:

Oywp —vAwg; =0 t>0, xecR%,
v(Owg 1 + (—af)%wEJ) = —Ji(ug - Vwg) t>0, ze 8Ri, (4.11)
wg1lt=0 = 0, T € R%r,
Oywp —vAwg s = VAwg t>0, zeRy,
v(Oawg,2 + (*3%)%11)&2) = —vJi(Awg) t>0, ze€dR%, (4.12)
wg,2lt=0 =0, reR?.

The function wg,; is responsible for the creation of vorticity near the boundary. Set
Wg = Wg,1 + WE2, F:J(wE+wE)VwE+J(wE)VwE (413)

Then w = w — wg — wg satisfies w|t—o = 0 and

Ow — vAw = —L(wg + wg)w — N(w,w) — F t>0, z€R%, (4.14)
v(Byw + (—=02)2w) = —Jy (L(wg + wg)w + N(w,w) + F) t>0, z€dR2. .
Here
L(f)w=J(f)-Vw + J(w) -V, N(f,9) = J(f)-Vg. (4.15)

By the above definitions we can check that each of J(wg + wg 1), J(wg2), and J(w), satisfies the no-slip
boundary condition (see the proof of Theorem 2.3), and this property will be essentially used in the proof
of Theorem 4.1. We note that the above decomposition of w should be effective only near the initial time
0 <t < P for some 3 > 0. For a longer time period we need to take into account the vorticity counterpart
of the Prandtl equations, where the verification of such expansion is widely open except for the analytic
initial data. Finally we set for § > 0,

Qs = {z €R2 | 0 < ay <52}, Q5 =R2\Qs = {z € R | x5 > 62} (4.16)

In the sequel we will focus on the a priori estimates of w (especially, of w) based on the above decompositions.
The basic strategy is as follows: we will use the integral equations (3.6) or (3.10) for the estimates of wg 1
and wg 2, and also of w near the boundary. The estimates of w away from the boundary will be obtained
by the energy argument. Theorem 4.1 then follows from these a priori estimates.

4.1 Preliminary estimates

In this section we prepare several linear estimates which will be used to study wg and w.

4.1.1 Estimate for layer potential

We set
Gita) = — exp(—'xi|2) (4.17)
it @t P '
Kow(9)(ta) = 2 /0 Go(w(t — 5),2) ds g(0,21), (4.18)
Kio)t) = 2 / Gw(t — ) % g(s)HLy gy ds. (4.19)
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Lemma 4.4 Let 1 <p<oo, ke NU{0}, 1=0,1,2. Then we have

10F Ko (9) (Dl o0,y > v 27912050 0k g(0))| s, (4.20)
0¥ 05 K1 () Do < Com2Omo 025D (0 g Loy + 110008 gl e 1z, + WH|OF gl Lo, ), (4:21)
10 K10 (9)(D)l|21, e < CEIOTgllLgoree (4.22)
0% (K1, — Ko) (9) ()]l < Cvm 207020 (t51|0,0% gl e o, + 12 101 gl e 12, ), (4.23)

Proof. We may assume that k = 0. Since

t
IKo(g)(t,x)|:2\9(07x1)l/ Ga(v(t —s),z)ds > 2\9(07031)|/ Ga(v(t —s),x)ds
0 0
1
t2 3
> [ _
el |g(0’x1)|2(ﬂ'y)% eXp( 2Vt)7
we have
1
L 1
t2 (vt)2 ng 1 1
_ P - —(1—*)*1+) K ,
Ko@) N0 2 gosr ([ ep(=E ama) o)z, = v 00D 1okg0),

This proves (4.20). When | = 0, (4.21) is a direct consequence of the Young inequality. When | = 1 we
rewrite 0, K1 ,(g) as

K1 ,(g9)(t,x) = 2/ /62 v(t—s),x1 — y1,22)9(s,y1) dy1 ds (4.24)

- 2/ // BG((v(t —s),z1 — y1,y2) dy2g(s, y1) dy: ds

= 2/ // (8,G — 22G)((v(t — s), 21 — y1,y2) dy2g(s, y1) dyy ds
o JrJo
:—y—lg(t,$1)+2y_1// G(vt,x1 — y1,y2) dy29(t, y1) dys
R JO

+2 /t/ /952 G((v(t—s), 1 — y1,y2) dy2 (v 0sg(s,y1) — O7g(s, 1)) dyrds.  (4.25)
Thus the Young inequality implies
102K1.0(9) (D) og 12, < Cv™ Y(lgllzoe e, + t10rgll Loy, + vt07gll Lo rr, ), (4.26)
which leads to
102K1,,(9) ()| e (f2o<r}) < (3113%1/71(||9||L;>0L51 + tl|0ugllLeerr, + Vt||8129||L$°L£1)7 (4.27)
On the other hand, we have from (4.24) and |9,G(t, x)| < Cxy '|G(2t, x)|,
102K1,0(9) )| Lo (2o >RrY) < CR_lu_%(l_%)t%(H%)||9||L;>°L§1' (4.28)

Taking R = (vt)'/? we get (4.21) with [ = 1. The case [ = 2 for (4.21) is obtained by the equality
K1 (9)(ta) =207 [ Gtz — ya,aa)gt ) dy
R

+ 2/0 /RG((V(t —8),21 — y1,22) (v ' 0s9(s,y1) — 97 g(s,y1)) dys ds, (4.29)
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which is derived from (4.25). The details are omitted here. Est.(4.22) is easily checked from the definition
of K1,(g). To prove (4.23) we observe that

K1 ,(9)(t,z) — Kou(9)(t, @ *2/ / v(t—s), 21 —y1,22)(9(s,y1) — 9(0,21)) dya ds
:2/ /G(u(t—s),$1 —y1,22)(9(s,91) — 9(0,91)) dy1 ds

+2/ / v(t—s) fyl,:c2)(g(0,y1) fg((),xl)) dy; ds
=N(t,x) + Lx(t, x).

Then it is easy to see ||[I1(t)||rr < Cu_(l_l/p)/2t(3+1/p)/2||8tg||L§oL£1. As for I, we have
t L o1+ L
[2()]|r < C ; 1 Gr(v(t = $))lLgg rr 1G2(v(E = $))ll1z, 2 dslOgllpgery, < Cv2t 2 [0l peers, -
This completes the proof.

4.1.2 Estimate for (I'(t) — I'(0))

Proposition 4.5 Let 1 <p<oo, ke NU{0},1=0,1, and m > 0. Then

19F 85 (D (t) — T(0)) % fllze < Ct2 (|0 fll o + 05 (=02)% f|1o) + CU|OF (—02)% f]

L, (4.30)

108 (D(8) = 1(0)) * (gH{nyeop) o + ¢ 25050 (D (2) = T(0)) % (9H}4y—0p) 2

< Ot <||5f(3f)é9||wl + 1207 g s, +t||a%+k<a%>%ml)- (4.31)
Proof. We may assume that k = 0. In view of (5.5) and (5.6) we have
t
T -1 f = [ 56 far

= —2/ HG(T)* 0y fdr — 2 /32 * (—02)7 f dr. (4.32)

Hence (4.30) with I = 0 follows from the Young inequality. When [ = 1 by the equality 02G(7) = 9,G(T) —
0G(1) we observe that in R?,

82(1“(1‘)7 :72/ 82 *81fd772G() 81 *2/ 81 *(91 )%de

Hence it is easy to get (4.30) also for I = 1 by the Young inequality. As for (4.31), we have the equality
(4.32) with f replaced by gHy,, o, and thus,

(D(t) = T(0)) % (9H},,—0y) = —K11(839)(t) — K11 ((—03)2 9)(1). (4.33)
Here K ; is defined by (4.19) and we have used the fact that g is time-independent in this case. Then by
using (4.21) and by noting that 9,9 = 0, we conclude that || (T'(t) —T'(0)) * (g’;’-[{$2 o1)ll» is bounded by the
right-hand side of (4.31). As for [|2504(I'(t) — I'(0 )) (g’H{xQ 0})||Lp, from the inequality |25'0] G(r,x)| <
Cr(m=1/2G(27,z) it is not difficult to see that t~(m=10/2||27'94 (T'(t) — I'(0)) » (g?’-l{g[‘,2 o) llLr is estimated
just as same as || (T'(t) — I'(0)) x (g’H{_T2 op)llzr. We omit the details here. This completes the proof.
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4.1.3 Estimate for velocity field

Proposition 4.6 Let J(f) be the vector field defined by (4.9). Then it follows that

bez, 42
17Dl < CUFIE S0 4<p<os,  (434)

Iz grazy < Clflls + Conlleg £ e 1 m>0, (4.35)
V(s 2, < Cllfls, 2, L<p<oo,  (436)
oz Ta (Pl 2, < Clonfllu,ce, L<p<oo,  (437)
IVTDllzw + 1TV F)lr < Clfllzs l<p<oo.  (438)

Proof. We first note that (4.38) follows from the Calderén-Zygmund inequality. As for (4.34), the case p =4
is derived from the Hardy-Littlewood-Sobolev inequality, and the case p = oo follows from the Gagliardo-
Nirenberg inequality ||J(f)|| L ®2) < CHVJ(f)||}:/42||J(f)\|1L/42 and by applying (4.38 ) and (4.34) with p = 4.
The case 4 < p < oo is then obtained by the interpolation. Est.(4.35) is derived from the inequality

() (@) < c/ If(y)ldy+0m/ !

s [f(y)]dy for x> 1,
y2<3 y2>3 |z —y

and then by applying the same argument as in the proof of (4.34) with p = oo to the second term of the
right-hand side of the above inequality. To prove (4.36) we note that

|z2 — y2| | |72 + v

ANE@ISC [ (TR o

)If ()l dy,

then the desired estimate follows from the Young inequality

( |22 — ol |22 + ol
r2 Ui+ (22— 1)yl (22 + )

11 (F) s a2)lln, <C WFCoy2)lee, dy < Cllflley ez, -

z2

Finally, we have for Js(f),

1o(f) (@) = / 0o () (1) dy = — / 00 ) () dye.

Thus (4.37) holds by (4.36). This completes the proof.

4.2 Estimate for wg;

Set g = —Ji(ug - Vwg) |zy—0. Then Theorem 3.1 implies

t ¢
wp(t) = _/O eu(t_smN(g(s)H}zz:O}) ds — /0 (C(v(t —s)) = T(0)) * (g(s)H}m:O}) ds
= wg11(t) +we,.2(t). (4.39)
We also recall that wpy, is defined by (4.3).

Proposition 4.7 Let 1 <p< o0, 0<k<4,1=0,1, and m > 0. Let 0 <t < 1. Then we have

Nk wpL () > v 2O DBOFD |0kg(0) 12, (4.40)

0% wpL ()|, < Cr— 2 p)z(43) (4.41)

|0Fwp,11(8) — Bwpr(t)l|le < Cv 20D 3 (13 4 p2), (4.42)

|OFweaa(8)| Lo + (v8) T |23 O Ohwp 1 1 (D e < Cv 2073045, (4.43)
|0Fwe 12 (8) Lo + (v8) T |2 O Oywp 1 (1) < CrPot!os, (4.44)
|10 we1 ()]s, 1 < Ct. (4.45)
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Proof. Since wg,1,1(t) = —K1,,(g9)(t) and wpr(t) = —Ko,(g)(t) by the definitions, (4.40) - (4.42) and (4.44)
follow from Lemma 4.4 and Proposition 4.5. Est.(4.43) is obtained by using the representation of the kernel
of e~ and the Young inequality; see Lemma 4.4 and the proof of (4.31). The details are omitted here since
their calculations are straightforward. As for (4.45), we already have ||0fwg 1.1 (t)]| 1y, L2 < Ct by Lemma

4.4, so it suffices to consider wg 1 2. By the Sobolev inequality and (4.44) we have
1.3
lwea2()lly, e < CllOvwea2(t)|lr < Crte.

We note that (4.44) holds also for k¥ = 5 if b is smooth enough, hence (4.45) holds for k¥ = 4 by the same
argument. This completes the proof.

4.3 Estimate for wg

By Theorem 3.1 the function wg o is written as

¢ t
wga(t) = y/ (e”(t*S)B —T'(0) * ) Awg ds — 1// (e”(tfs)B —T(0)* ) (J1 (AWE)H%IQ:O}) ds
0 0
=: 'UJE’Q’l(t) + U)E’Q’Q(t). (446)

Proposition 4.8 Let 4/3 <p <00, 0<k <4,1=0,1, and m > 0. Then we have

|0Fbwraq(t)|r < Cut, (4.47)
|OFwg2(t)|e + ()T |25 0k Ohwpao(t)r < Clut)30F3), (4.48)
H@wa’Q,g (t) ||Lal62 Lg.i S Cl/t. (449)

Proof. The proof of (4.48) and (4.49) is the same as in (4.43)-(4.45). Indeed, in this case it suffices to take
g as —vJ1(Awg) |z,=0- So we omit the details. To estimate wg 21 we decompose it as

14y 14y

t t
’U)E,271(t) = l// €D(t_s)ANAwE ds + V/ (F(l/(t — S)) — F(O)) * Awgpds =: wgo1 1(t) +wgro1 Q(t).
0 0
From 0ye?®N f = et 9y f and the Young inequality we have

t
108 0kws a1 (D)]l1r < Cu/ 1940k Awp o ds < Cut.
0

3—1
2

By using (4.30) the function wg 212 is estimated as [|0F0bwg 21.2(t)|r < C(v1)
proof.

. This completes the

4.4 Estimate for F'
Let F be the function defined by (4.13), which is decomposed as F' = Z?:l F; with
Fy :J(wE+wE)~VwE,1, Fy :J(wEerE)-VwEQ, F3:J(wE)~VwE. (4.50)

Proposition 4.9 Let 1 <p<o00,4/3<qg<o00, k=0,1, and m >0. Let 0 <t < 1. Then

|2l ()|l < Cv (v 2t + 1)(vt)z 3t (4.51)
0¥ Fs(t)||lr < Cut+Crztp)z(y), (4.52)
|OFFs ()|l < Cusst'tss + C(vt)F, (4.53)
105 Fs(8)||e < Cvoet'taa + C(uvt)i. (4.54)
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In particular, we have

e

J0FF) e < Cr2wt)2®+3) 4 Cut(wt) 5 + C(ut)

o

4
<p<g, (4.55)
0.

Wl =

|OFF#) |l < Cr2wt)2CH) + Cvt(wt) T3 + C(ut) <p< (4.56)

Remark 4.10 Although it is possible to derive slightly better estimates for Fy and F3, (4.52) and (4.53)
are enough for the proof of Theorem 4.1. If b € W!(R2) in addition, then (4.54) and (4.56) hold also for
1<q(p)<4/3.

Proof. Tt suffices to consider the case k = 0. Since J(wg + wg) satisfies the no-slip boundary condition, we
have

T2 T2 Y2
Ji(wg +wEg)(x) = —/ (we +wg)(x1,y2) dy2 — / / J1(0} (W + wg))(z1, 29) dzo dya,
0 o Jo

and
To Y2 T2 Y2
JQ(wE—i—wE)(x):/ / al(wE—i—wE)(xl,zg)dzgdyg—/ / Jg(af(wE—|—wE))(x1,z2)dz2dy2.
o Jo o Jo

The estimates (4.34)-(4.37) with m > 1 and Propositions 4.7-4.8 imply
|J(0F(wg +wEg))||L= < C for 0<t<1
Thus we have from (4.45), (4.47), and (4.49),
|J1(we +wg)(x)] < C(zy + 23 + 1), |Jo(wg + wg)(z)| < Cxa(xs +1). (4.57)

This yields

|F1 (t, l’)| S 0(1172 —+ l’g + t)|81wE71(t, l’)‘ + CZI?Q(SCQ —+ t)|82wE71(t, IE)|,
and hence, (4.51) holds by (4.43) and (4.44). Next we consider (4.52). We decompose wg 2 as in (4.46), and
then (4.47) yields

|J(wg +wEg) - Vwg2 1

l» < COlJ(wE + wEg)||L=|VwEg2,1l L < Cut.

On the other hand, the term J(wg +wg) - Vwg 2,2 is estimated as in the proof of (4.51) by using (4.48) and
we get

1 (we + wE) - Vwg sl < C(t+ (vt)2)(wt) 2057,

This shows (4.52). As for (4.53), we write F5 = F5 1 + F3 o with F3; = J(wg;) - Vwg. In order to estimate
F51 we observe that if zo > (vt)'/* then

et <C [ ot up )l dy < Co0H [ P upatyldy (@59
2 |7 —yllz —y*| 2 |7 -yl
Here, in the first inequality of the above estimate we have used
21 — | 1 1 |+|~T2*y2 x2+y2| Cyo
1— Y1 - - < .
e =yl Je—y Pt e -yl -y P T o —ylle -y

Hence by the Holder inequality and the estimates for the Riesz potential we have

1T (w,1) - Vo]l Cwt)T||lwswp |, 4 < Crsts,

L ({z> ()T })

[/ (wg1) - Vo]

IN

1 1 1
I 2 2
LOO({Igz(Vt)i}) C(Vt) 4 ||x2wE,1||L% ||x2wE-,1HL4 S Ct,
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where we have used (4.43) and (4.44). Then by the interpolation we have ||.J(wg,1) - VWE| Lr ({zy>we)1/4}) <
Cv'/(®p)¢1+1/(8P) - On the other hand, we have from Proposition 4.6,

1 1 —
1T we) - Vel ooty < CODIN(we)hwel g cr, + C0t) 5 |0y Ja(wp 1) Dawel| g 12,
L L
< Ct)llwpales, co, + Cwt) 7 |01wpally rp,
< Cyist'tis,

In the last line we have used Hf”L;QLi;l < C\|f||1L/p||81f||1 /P and the estimates (4.43)-(4.44). Next we
have from (4.47) and (4.48) that || J(wg2) - Vwg|zr < Clwgsllpas < Cwt)/® and || J(wg2) - Vwg|re <

Cllwpa| Vs lweali? < Cwt)3/*. This yields ||J(wp2) - Vwg|Lr < C(wt)?/4, and (4.53) is proved. For
(4.54) it suffices to consider the case ¢ < co. Instead of (4.58), we use

oo
|J(wE,1><t,x>|§0/ S — |wE,1(t,y>|dysc/ b2 Clwsa(t ) dge.
RZ |z — yl|lz — y*| 0 |z2 — ya|2|T2 + o2

Then, if 25 > (vt)*/? and 0 < o < 1 we have
(o]
o 1
[J(we1) (¢, 22) L < C(Vt)_z/ = lY2wr,1(t, - y2) [ L dye. (4.59)
! 0 |ze—up|'Tz !

Set h(t,z2) = ||J(wg,1)(t, "xz)HL?fi ||VWE(t)||Lg<;Lgl- Then the Hardy-Littlewood-Sobolev inequality leads
to

1J(wp,1) - VwpllLa((zy>wiiey) < 1 (wazwn)hy)
< C(Vt) 4||y2wE,1(t)HL;2ng
_a 1—1
< CWt) F lypdriwpa ()] lyews. (O]

where 1/q = 1/r — a/2. Hence (4.43)-(4.44) imply that ||J(wg,1) - VWE| La({2s>@we)1/2)) < Cr=Y(vt)+1/(2a),
By the same argument as in the proof of (4.53) we also have ||J(wg1) VWl pa({zy<(wiyi/zy) < Crv= 1 (pt) /20,
and thus, (4.54) holds if 4/3 < ¢ < co. This completes the proof.

4.5 Estimate for w

By (4.14) and Corollary 3.3 the function w is expressed as

3 t
——Z/ =98 (f() — gi(s)HL,, o) ds = — ZW (4.60)
i=0 70
Here g;(t) = J1(fi(t))(21,0) and
f():F7 f1:J(UJE+’lUE)vw,
fo=Jw) - V(wg +wg), fz = N(w,w). (4.61)

Proposition 4.11 Let 0 < v < 1. Then there are cq,C > 0 such that

lw®)r < Crint for 0<t<cs,

IN
i

IN
~

(4.62)

= Qo

lw®)|lr < Cy s+t for 0<t<cous,

A
hS]
IN
8

(4.63)
Here cg is independent of v, and C is independent of v and t € [O7coy1/3}.

Remark 4.12 In order for the arrangement of the proof we will establish the L? estimates of w based on
the estimates in L*/3 and L*. As a result, the L? estimates in Proposition 4.11 become slightly rough when
p > 4. In fact, from the argument below it is possible to show that [Jw(t)||z» < Cv?/GP)t also for 4 < p < oo,
but if 0 <t < cpz/l/3 with ¢, depending on p.
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4.5.1 Estimate away from the boundary

In the region away from the boundary the energy argument is useful to estimate w. The divergence free
condition of u plays an essential role. We recall that €25 and 2§ are defined by (4.16).

Proposition 4.13 Let 4 < p < co. Assume that 6 = 123 and 0 < t < /3. Then

IN

t t 3 1 .
0Ol 4 g, 0/0 ol 4 ds+cy-%/0 ol loll2s ds + Cvied 4 ovie¥, (a6

IN

T T o1 ff
lo®llzr@g < Cpr™s [ w7 llwlze” ds+Cp*vs [ wl|s ds
0 0

. [t 1 1 3.7 L o4 L
+C”_§/ lwllzellw]]? 4 lwl|7s ds + Cprats + Cpy2rt**2s. (4.65)
0 3

Here the constant C is taken independently also of p.

Proof. Let € >0 and let x.(z2) be a cutoff function such that x. = 1 if 23 > 2e and x = 0 if 23 < ¢, and
|03 x| < Ce™7. Note that we can take x. of the form (y.)? for a suitable Y. Set w. = wy.. Then w, satisfies

dpwe — vAWe +u - Vwe = —xJ(w) - V(wg + wg) — Fxe + wusdoxe — V(02X Oow + wdix.), (4.66)
which is now considered as the equation in R2. For > 0 we set
U, (2) = (2 + %)% —n, (4.67)

which satisfies

1"

0<W,(2) <z, 0, (2)] <1, v, (2) > 0, 2|70 (2) < %1 for ¢ > 1. (4.68)

Let 1 < p < co. Then by the integration by parts we have

d " _ ’ _
nwolz, = fvp/\lln(we)IVwEIQ‘I’Z l(we)*vp(pfl)/\‘I’n(we)lz\VweF‘I’f, ?(we)

fp/\IJ;(wE)\I/gfl(we)XeJ(w) -V(wg +wg) —p/w;(we)\pgfl(we)er
+2py/w82><682w5{\1/; (wﬁ)\I/g_l(wE) +(p— 1)|\I/;](w5)|2\112_2(w5)}

+pv / WO T, () T2 ) + p / (w00 T2 (wJwusdaxe

IN

_g q/;;(we)|we|2qu-1(we)—%‘1)/|\1:;,(w5)|2|w6|2x1/g—2(w5)
4 [Tl I w) - Ve + we)] +p [ w1l
4 [ P w4 Cotve? [l
wepe [l .
e<w2<2e

From (4.68) and y. = (X.)? it is easy to check that

/w2|82)<6|2‘11;;(w6)|w6|p_1 -0 as pn—0
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by the Lebesgue convergence theorem. Hence by integrating over 0 to ¢ and letting n — 0 we get
L/
el < o [ T e () Vo + w0l + i) ds
2 -2 5 e
+Cp-re” / [wellZo llwl| e ds + Cpe™ / [wel| 7o lwuzl| Lo (fe<as <2ey) ds.
0 0
Let € = pd'/2 > §'/2. Then this inequality implies

t
sup [[w(s)|[Lr(ns) < p/ (1T (w) - V(we + wg) ||y g + HF||LT’(Qg)) ds

0<s<t
+c/ (5 M ulloo 0~ Hwmall, oy os,) ds (4.69)
From (4.34) and (4.57) we have
lwuzll sty = Clwlle (1 a(@)loe + 1 a(ws +we)l 0 oyity)
< Clwlor (hel? fwlf +Cpot (pat + ). (4.70)

Let us consider |[.J(w) - V(wg + wg)||Lr(qg). For p=4/3 we have from Propositions 4.6, 4.7, and 4.8,

A

|J(w) - V(wg + wE)”Lé

fon = 1)l za (IVwrllzz + [Vwpzalce + 823V (wp1 +wE22)]12)

IA

C’Hw||L§ (1—}—1/3—!—(5_11/%3%). (4.71)

Similarly, for p € [4,00) we have from (4.34) and Propositions 4.7 and 4.8,

IA

[J(w) - V(wg + wE)||Lrog) 1T (@)llze (IVwelre + [Vwpailpe + 07 23V (wea + wp22)llz)

N

1y2 1_2 1
Cllwll 37wl e * (1 +vs +357"s). (4.72)

As for F', we have from Proposition 4.9,

A

[Fllrrs) < ”FIHLP(QC) + [ F2lle + [|F5] e

“E |2l By || e + C(vt)? + Cowtitas

m,

< O EU(ut) BT 4 ()t 4 CuE ittt (4.73)

IN

for 4/3 < p < oo. Let us take m > 0 large enough. Then, collecting these above, we have for 0 < ¢t < 1,

)], § e, < C(1 40 Tot) / ol 3 ds + Cv / ol ol 2y ds + Cutet 4 ovie®, (a7

s
and for p € [4,00),

|2+

t
||w(t)||Lp(Q§)§Cp(1+u_%t)/ ol ¥ ] 27 ds + C (st + pt / w2 ds

+COvE / ||w||Lp||w||24\|w||L4ds+cpy4t4+pr% 243y (4.75)

Hence Proposition 4.13 follows from 0 < ¢t < v*/3. This completes the proof.
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4.5.2 Estimate for W

Proposition 4.14 Let 1 < p < 0o and 0 < k < 1. Assume that 0 <t < v*/3. Then

Wo®llr < Cv > 5w, (4.76)
IWo)|lze < Cuv 2 5(wt)%. (4.77)
Proof. If 1 < p < oo then we have from (3.13) and (3.14),
t t 141
Wo®ller <€ [ 1F @ erds +C [ (w1t =) Ign(o)]sz, ds. (4.78)
0 0
By (4.36) we have [lgo(s)l|zz, < CIIF(s)ll s, 2, < CIF(s)| P01 (s)| /7. Thus (4.55) yields
IWo)|le < Cr3wt)20%s) 4 Cv=2(vt)*tsr + Cv =t (vt)s
+Or ()2 D) (W3 () + v () T v (wt) )
< Cv e (ut)i
if 0 <t < v'/3. This gives (4.76). If p = co then we have, instead of (4.78),
[Wo ()|l < Cy / v(t— )" *F(s)]| o ds+0/ v(t— )% lgo(s )|z ds (4.79)

for all 2 < ¢ < co. This implies |Wo(t)||p~ < Cr=272/GD ()7 if 0 < t < v1/3, which completes the proof.

4.5.3 Estimate for W,

Proposition 4.15 Let 4 < p < co. Assume that 0 < t < v'/3. Then
¢
Wil g < v [ =)ty ds
0
+Cv~s / ||w|| 1 ds+Cv~3 / Hw||24 ||wHL4 ds + Cvitt —&—Cu_gt?s (4.80)

t . t
Wi (B)1r < Cvm12t5 / (t — )" ||wl| s ds + Cv ™' T o / lwll 4 ds +Cv™ 3% 3 / ]l £+ ds
0 0

1

# 0w  [ il il ds + 02007 4 0o (181)

Proof. We give the proof only for (4.81) since (4.80) is obtained in the same manner. From (3.16) and (4.38)
we have

Wi () e < c/o (v(t — ) V(= Ap) L (J(we + wg) - V)| ds

3

< C| (v(t—s9) * T J(wp + wg)wl| s ds.
0

Set 6 = v*/3. Then by (4.57) we have for 0 < s <t < v'/3,
17 (ws +we)wllLio, < C(6% + )l < OV |w]pa.

On the other hand, from (4.34) for J(wg), (4.36) for Ji(wg), and (4.35)-(4.37) with m > 1 for Jy(wg), we
have

[J(we + we)wllLiqg) < C(|J(wEe)lle + [|1(we)|Le + [[J2(wE)|[ L) lw| L) < CllwllLiag)-

Here we have also used Propositions 4.7, 4.8, and 0 < ¢t < 1. Then (4.81) follows from (4.65). This completes
the proof.
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4.5.4 Estimate for W,

Set fa1(t) = J(w) - Vwg, fa2(t) = J(w) - Vwg, g2t x1) = Ji(f2,;(t))(x1,0), and

Wa,;(t) = /Ot "B (f,5(5) = g,5(5) Hipyoy) ds. (4.82)
Proposition 4.16 Let 4 < p < co. Assume that 0 <t < v'/3. Then
Wan @), s < cué/ot(t—s) [l 4 ds, (4.83)
Won(®)ee < Cr2lG75 / t(t—s)_%(%_%)”wnﬁ ds, (4.84)
IWap(t)]l,s < Cvs /Ot(t—s)—%nwLg ds, (4.85)
IWao(Ole < Cvi2ts /Ot@—s)—i*é(uwnw+u%||w||Lg>ds. (4.86)

Proof. We give the proof only for (4.84) and (4.86). The other estimates are proved by the similar arguments.
By the definition of W5 1, (3.13) and (3.14) yield

War0llr < € [ (e -20)7F

5_2

ol + 0t = )2 P gaals, ) as

1

Then (4.84) follows from

[f2.1(s)lles < ClI(w)l|zs < Cllwll 4,
lgza(s)lics, < ClJ(w) Vgl rs) < ClI(@)lpallwell 4 < Cllwl 4

A

3
zo Lz

Here we have used Proposition 4.6. Next we consider W5 5. By (3.16) we have

Woo()|le < c/o (v(t—9) 7|V (—Ap) L (J(w) - V)| s ds

e /0 (vlt - ) "5 (T w)wpallos + [T (w)wpsllzs) ds.

Since J(w) satisfies the no-slip boundary condition we have from (4.43)-(4.44),

A

4 oo
ngLzl

xro 3
1T (wywp s = | / o (w)dyswp s < CllOsT (w)] el wr
0

Csllw|| s < Cvs ||wl|zs. (4.87)

IN

By using Proposition 4.8 the term J(w)wg, o is estimated as

1 2
[J(w)wpalls < [J(W)||esllwpalre < C@)z|w] 4 < Cviflwl]l 4

if 0 < ¢t < v'/3. This shows (4.86). The proof of Proposition 4.16 is completed.

4.5.5 Estimate for W3

Proposition 4.17 Let 4 < p < oco. Then

Wsl,s < C [ =) Bl ol ds (4:88)
W)l < C / (v(t = ) F 5 Jw(s)] 2 luw(s)]l . ds. (4.89)
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Proof. By (3.16) we have

IWa)ll, 3 < c/ v(t — ) HIVE(~Ap) T (I(w) - Vu) |, s ds
W@l < C/ v(t—5)) TV (=Ap) T (J(w) - V) e ds.
Then (4.88) and (4.89) are obtained by
IV (=Ap) 7 (J(w) - Vo)l 5 < ClI@)ull, 3 < ClI@)llwl, s < Cllull? ol

and [V (=Ap)~H(J(w) - Vw) | 1a < C’||w||1L{33||w||3/2 Here we have used Proposition 4.6. This completes
the proof.

4.5.6 Proof of Proposition 4.11

Let 0 < ¢ < cov*/?, where 0 < ¢g < 1 will be taken small enough. Set |lw||x, = Supgj<cyui/s [[w(t)]|Le-

Collecting the estimates in Propositions 4.14 - 4.17, we get for 0 < t < cou''/3,

3
1 1 3 5
(@)l 5 < S IWio)l, g < O il + vl Julk, + v, (4.90)
— 3
and
1
[w@)]|zs < Z IWi®)llzs < Ced lw]x, + Ceor™ 3||w||X4 +Cv Hw”X4 lwllk, +Cvt. (4.91)
1=0

Then it is easy to see that |[w|x, , < Cvé and ||lw||x, < Cv? for some C > 0 if ¢y and v are sufficiently
small. Note that ¢y and C are taken independent of v if 0 < v <« 1. Then Propositions 4.14 - 4.17,
5 1 .
Hw||X4/3 < Cvs, and ||w|x, < Cvz, yield

Wit)| .« < Cvite, Wi(t)|| s < Cvitz i=0,1,2,3,
L3
which implies ||w(t)| a5 < Cv3/2t1/2 and |Jw(t)||zs < Cv'/3t}/2. Repeating this argument again, we get
()] 1 < Cvit, Wi(t)|| ;4 < Cust i=0,1,2,3.
W, L3 <C

Thus we get ||w(t)||a/s < Cv'/?t and ||w(t)|| s < Cv'/%t. By the interpolation we have ||w(t)||p» < Cv?/GP)t
if 4/3 < p < 4. Then Propositions 4.14 - 4.17 yield |[w(t)|r» < Cv=1/6+4/GP)¢ for all 4 < p < co. This
completes the proof of Proposition 4.11.

4.6 Proof of Theorem 4.1

By Propositions 4.6, 4.7, 4.8, and 4.11, one can check that u = J(w) = J(wg) + J(wg1) + J(wg2) + J(w)
is uniformly bounded in (L>°(R?))? with respect to 0 < v < 1 and 0 < t < cov'/3. Let wpy, be the function
defined by (4.3). Then from (4.42), (4.47), (4.48), (4.63), and (4.63), we have for 0 < t < cou'/3,

||w(t) — wE(t) - wBL(t)HLp

< Nwgia(t) —wsr(®)loe + lwe20)llze + |we21(t)l|e + [[we22()|Le + [|w(t)] e
< Cv stz L CuSit 4+ Cut + C(ut)2(H3) 4 Cvstang
< leé+ﬁt%(1+%)_

This proves (4.2). The other statements in the theorem follow from the definition of wgy, and Proposition
4.7. This completes the proof of Theorem 4.1.
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5 Appendix

5.1 Proof of solution formula

For simplicity we consider the case b = 0 in (LV)-(LBC). It is easy to recover the case b # 0 from this case.
Let @ be the Fourier-Laplace transform of w defined by

( fl,.’lﬁg 2 %/ / t $1,3’32 —iré— tgdl‘ dt. (51)
7T

Then (LV)-(LBC) is converted to

] “‘\hz

B30 — (S +Ew ; x5 >0, (5.2)

82(:} + ‘€1|(:) == 5 To = 0. (53)

AN

Set a = s/v + £2. Solving this ODE under a decay condition at spatial infinity, we get

Sl = (GCEE+lah+ o) [ fs gl

S

+2uif</0 e‘“&(“‘y"’)f(s,&,yz)dyz+/ e‘*/a(yz_“)f(&éhyz)dyz)
1 1
~GEE e+ o) Vgl 5.4

Inverting the Fourier-Laplace transform, we have

t l’l,xg)

- [ (Gt 00+ Gl ) o)
N 2/ / G(v(t —s), 21 — y1,22)g(s,y1) dy1 ds
- QV/ / R2 82 az)G(V(S_T)’x_y*)f(T,y) dydrds
Jr21// / / o + 82) (v(s — 1), 21 — y1,22)9(7, y1) dy1 A7 ds
:/0 (AN (f(s) — g(s §)H {pp=0y) ds — u/ / (s = 7)) * (f(T) = 9()H{pp—0y) dTds  (5.5)

From the equality G(t) = —0;(—Ag2) ' G(t) the second term of the right-hand side of (5.5) is written in R?.
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as

Iy
/

-/ /O 0y (E(— D) LG (5 — 7)) * ((r) — g(r)HL,, _oy) dr ds

/t
-
f

v v(s—1)))* (f(7) - g(T)’H%IZ:O}) drds

(~Az2) LG (v(s — 7)) * (F(7) — g(T)HLy,—gy) drds

=(—Ag2) " x (f(5) = 9()H{pp=0y) ds

83 /8 (E(—AR2)71G(V(S — T))) * (f(T) — g(T)’H%m?:O}) drds
0
_/ (
0
= | TW(t—s)*(f(s) = 9(5)H{s,—0y) ds — /O L(0) * (£(s) = g(s)H{y,—0y) ds. (5.6)

This completes the proof.

5.2 Pointwise estimate of I

Proposition 5.1 Let k,1 € NU{0}. Then there is C such that

-1

|2+k
+ |$22+k+l> . (57)

oFOLT (1, x <C(1—|—|ac1
ORI = C\ (hogle + oy

Here dq; is kronecker’s delta. In particular, it follows that

|21 /VE[2TF . ol -1
(*{log<e+|ac1/\/is|2>}6m+ 2/ Vi ) - (5.8)

Proof. Let 0 < R < 1 and let xr be a cutoff function on R such that xg(r) = 1if |r| < R and xg(r) =0 if
Ir| > 2R, and |0Fxr(r)| < CR™*. Set x% = 1 — xg. With the definition of p(¢) in (3.17) we observe that

k4142
2

0F 05T (8, )| < Ct~

k+l

HoT(La) = ﬁ [ chebn(e)e o< ag

= 5 . (xr(&)xr(&) + xr(E)XR(E) + XR(E)xR(E) + XR(E)XR(&))

x EFebp(e)e el Hime g

Then we have |I;(z)| < CRF*2 and

1 2 e’} R
|IQ($)| < CRk/ |§1H§2| (|£;‘ + |€2|)€7|§| dg < CRk+2/ |£2|l716752 d£2
|611<2R, |€2|>R €] R
< C(1+ |log R|®)RF*2, (5.10)
For I3 we use the equality
o' Iy(w) = (1)t / Xr(€)Ehe™ SO (Xa(€)ebp(€)e 1) dg. (5.11)
RQ
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If m > k + 2 we have

(o g6 Gl g
07" (xR (E)ETP(E)e™ ) < O (1 + T)e 2 2Xg(§1)~ (5.12)
Hence
|z I5(z)| < CRY™L(1 4 RF—mH1) < ORkFIH2-m, (5.13)
The term I, is estimated similarly. Indeed, we have from (5.12),
k—m+1 £2
@) < O P
E11>R, [€&2>R i
(o) [e ) 52
< of faltedae [ larmie T ag
R R
< C(1 + |log R|%)RF—m+2, (5.14)

Then by taking R = |z1]~" for |z1] > 2 we get |0FILT (1, z)| < Cla1| ¥ 2 {log(e + |z1[)}°*, which implies

|0¥OLT(1,2)] < C(1+ ol )~ (5.15)
e {log(e + |21])}or '
for all z € R2. To show the spatial decay in x5 direction, instead of (5.9), we write
k ol it k¢l 2is -
T (Lw) = 5 | (el + xRN etep(©e T8 de = 5 Ii(a). (5.16)
i=1
It is clear that |I1;(z)| < CR*'*+2 while we have
. —-m ix-Eam (. c —1€12
oy 1) = ()" [ <o (lhep©e ) e (517)
From
: _je? e
1€105" (xR(IEDEDE)e™ )| < Clef*Hme™ = x G (I€), (5.18)
for m > 1, we get
lei T Ty(2)] < CREFI=m+2 m > 1. (5.19)
By taking R = |z3| 7! for |z2| > 2 we see |0¥OLT(1,2)| < Claa|7*~1=2 for |z9| > 2, which implies
OFOLT (1, )] < C(1 + |zo|FH1+2) 7! (5.20)

for all x € R%. Then (5.15) and (5.20) yield (5.7). Est.(5.8) is then obtained by the relation I'(t,z) =
t~T'(1,2/v/t). This completes the proof.
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