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The validity of the inviscid limit for the incompressible Navier-Stokes equations is
one of the most important and challenging problems in the mathematical theory of
fluid dynamics: the motion of inviscid fluids is described by the Euler equations, so,
when the viscosity goes to zero, one would expect the convergence of NS solutions to
the Euler solutions. However, NS equations are a singular perturbation of the Euler
equations: the change of order of the equation implies that fewer boundary condi-
tions can be imposed on the inviscid flows. Therefore, the no-slip boundary condi-
tions, imposed on the NS solutions, are not satisfied by the Euler flow, for which a
tangential slip is allowed. This mismatch between the behaviour at the boundary of
the NS solutions and the same behaviour of their supposed limit creates a boundary
layer, with large gradients of velocity in the normal direction, which make the dif-
fusive effects comparable to the inertial ones: this situation is classically described
by Prandtl’s equation. The ill posedness of Prandtl’s equation in Sobolev settings re-
quire the use of more regular functional spaces: in a holomorphic setting, Prandtl’s
equation is well posed, and the inviscid limit holds (Sammartino and Caflisch, 1998a;
Sammartino and Caflisch, 1998b). In this thesis, we extend this result for incompat-
ible initial data, which satisfy the no-penetration boundary condition, but allow a
tangential slip, a kind of data of both numerical and theoretical interest: this exten-
sion is not trivial, since the singularity formed by this kind of initial data forces us
to use different function spaces, where some of the properties used in the proof of
the compatible case do not hold. In Sobolev settings, we see that, for the lineariza-
tion around an inviscid flow of the NS equations, the inviscid limit actually holds:
in this case, Prandtl’s asymptotic expansion is not necessary, and convergence can
be proved through energy methods in conormal Sobolev spaces. The linearization
can be limited to the tangential part of the flow: indeed, this is enough to avoid the
interaction between the diffusive effects on the boundary and strong inertial terms,
which is believed to cause boundary layer separation.
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Chapter 1

The inviscid limit: classical results
and recent progresses

1.1 Introduction

The Navier-Stokes equations are a system of partial differential equations describing
the motion of an incompressible viscous fluid

oruN® — vAUN® 4 uN® . vl 4+ vpNS =0,

V-uls =0, (L.1)
uNS’t:O = o, .
yu =0,

where uN® is the velocity field, pN® is the pressure, v is the viscosity, and v the trace
operator. They were introduced by Claude-Louis Navier as a correction of the Euler
equations, which do not take into account the effect of the internal friction in the
motion of the fluid

oruf +uf - vuf + Vpt =0,
V-uf =0,

(1.2)
u” ‘ =0 — 40

,}/nuE == O,

where 7, uf is the normal part of the trace of 7,. Formally, the Euler equations are
obtained by the Navier-Stokes equations by putting v = 0: therefore, one would
expect that u™® converges to uf when the viscosity goes to zero. Actually, the va-
lidity of the inviscid limit, i.e. the convergence of the solution of the Navier-Stokes
equations to the solution of the Euler equations, is one of the most challenging prob-
lems in mathematical fluid dynamics. The problem has already satisfying answers
in the case without boundary, at least for Sobolev regular initial data: in particular,
for initial data ug € stz(IRd), s > % + 1, the convergence holds in any time interval
[0, T], with T less than the time of existence T of the Euler flow in W*?(IR%). The key
point is that, without boundaries, for the Navier-Stokes flow, viscosity-independent
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bounds are available for strong Sobolev norms. Through a standard energy argu-
ment, we have

d
S — | <
C (11 lsz + [V [z ) (1 = 02z + v] [ BuF[fygeoaz ) [ = P[]y
(1.3)

which implies the convergence with a rate v in LYW*~22(IR%). Then, convergence
in WSI'Z(le), s —2 < s’ <, follows from interpolation. The case s’ = s is less sim-
ple: Kato (Kato, 1975) proved the small times convergence using a general argument
for quasi-linear equations, while Masmoudi (Masmoudi, 2007) obtained the conver-
gence for any T < Tg using a technique involving the regularization of initial data.
In a domain () with boundaries, one must impose that the flow does not penetrate
the solid wall: this leads to the no-penetration boundary conditions y,u = 0, where
¥n is the normal component of the trace of the vector field u. Inviscid flows satisfy
only this boundary condition, while, since Navier-Stokes equations are second order
equations, an additional boundary condition is needed. No-slip boundary condi-
tions are usually the choice: due to the effect of the viscosity, the fluid adheres to the
boundary 0(), so the velocity of the fluid on (2 must be the same of the boundary
itself. These conditions where proposed by Stokes (Stokes, 1850), and validated by
experimental observations. Under these conditions, viscosity-independent bounds
for strong norms are not available: a large production of vorticity can occur in a
layer near the boundary, creating complicated structures which can eventually de-
tach from the solid wall and propagate inside the bulk. The fact that the L?> norm
of the velocity is bounded by the L? norm of the initial data imply that, up to a
subsequence, the Navier-Stokes solutions u™¥° (v) are weakly convergent in L2; how-
ever, due to the nonlinearity of the Navier-Stokes equations, weak convergence is
not enough to prove that the limit satisfies the Euler equations. Indeed, also the va-
lidity of the weak inviscid limit is still an open problem.

1.1.1 Prandlt’s equation

In order to describe the behaviour of the fluid near the boundary, Prandtl (Prandtl,
1904) proposed that a thin boundary layer, of thickness proportional to /v, exists in
a neighborhood of d(): in this layer, the tangential velocity sees a rapid adjustment
from the nonzero value of the outer flow to the no-slip boundary condition used for
the Navier-Stokes equations. Outside the layer, the effects of viscosity are negligible,
so the motion of the flow is described by the Euler equations. Experimental obser-
vations show that the thickness of the boundary layer (at least for laminar flows) is
O(y/v). From this, Prandtl assumed that, near the boundary, the velocity field de-
pends on the normal variable y through the rescaled variable Y = y/+/v, obtaining
the following equation

(9 — Oyy)u® + uoxu” + 0 oyu” — (0 + uf ’yzoax)”E ‘yzo =0,

P P E
- OI - 4 - Olt 7
u u \Hm u-(x,y ) (1.4)

u = up(x,y =0).

|
t=0
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With his work, Prandtl laid the foundations for boundary layer theory, one of the
most powerful tools in asymptotic analysis. Ironically, the validity of this technique
in fluid mechanics is controversial and not fully understood, while in other fields it
has been rigorously justified.

The essential problem with Prandtl’s equation is that its wellposedness relies either
on structural assumptions on the initial data and/or the flow (in particular, mono-
tonicity assumptions) or on highly restrictive regularity hypothesis (analyticity or
Gevrey class regularity).

Monotonicity assumption

Monotonicity allows to transform Prandtl’s equation into a degenerate quasilinear
parabolic equation, for which maximum and comparison principles hold.

Let us first analyze the bidimensional, stationary case in the half plane domain. As-
suming that u”(x = 0,Y) is, for Y > 0, strictly positively increasing and strictly
positive, one can introduce the Von Mises transformation

(x,Y) = (x,9), (1.5)

where ¢ differs from the streamfunction by a function of the x variable; more pre-
cisely,
ubl = oy, ol = vp(x,Y =0)—0x¢p, p(x,Y =0)=0. (1.6)

In this new set of independent variables, the function w = u? satisfies
oxw +ovP(x,Y = 0)9pw = /wdppw — Yoy pE, (1.7)

which is a parabolic equation where x assumes the role of time. If u”(x = 0,Y) €
C**, vP(x,Y = 0),70,pF € C! and

dyyul (x =0,Y) — 99, pE(x = 0) — 0P (x,Y = 0)ayuf (x =0,Y) = O(Y?)  (1.8)

as Y — 0, then Prandtl’s equation admits a unique solution in C%([0, %] x R} )
(Oletnik, 1963). Furthermore, if either 79, pf < 0and v”(x,Y = 0) < 0or 79,pF <0
(favourable pressure gradient), then the solution is global. The fact that, under an
adverse gradient of pressure, the solution may be only local, is highly expected from
a physical point of view: indeed, under an adverse pressure gradient, the flow near
the boundary slows down and, if the gradient is strong enough, assumes a direction
opposite to the one of the outer (eulerian) velocity. When this reverse flow occurs,
the boundary layer detaches from the boundary, creating vortices and eddies that
propagate in the inner region. The point x* at which boundary layer separation
occurs is called point of boundary layer separation, or Goldstein singularity point.
The expected behaviour of the flow near the point of separation has been known for
decades (Goldstein, 1948; Stewartson, 1958): at this point, the shear stress vanishes,
and the trace of u” approaches this point as (x* — x)!/2. However, these properties
were obtained via formal calculations, using asymptotic analysis: they have been
rigorously justified only recently in (Dalibard and Masmoudi, 2019), where the au-
thors proved that the stationary Prandtl’s equation predicts separation, and with the
properties predicted by Goldstein.

As in the stationary case, local well posedness of the unsteady Prandtl equation un-
der monotonicity assumptions was first proved by Oleinik (Oleinik, 1966). In the
unsteady case, Crocco’s transformation takes the place of Von Mises transformation:
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FIGURE 1.1: Boundary layer separation caused by an adverse gradi-
ent of pressure

this time, the change of variables is given by

(x,Y) = (x,1), (1.9)
where
uP
= pon 1 (1.10)

while the new independent variable w is given by

P
B dyu

=t

w (1.11)

Once again, we have to make assumptions of monotonicity: we require that the
initial data satisfy d,u > 0, and, in the case of domains [0, L] x R4 with finite length
in the tangential direction, 9,u” (x = 0) > 0. Crocco’s change of variables allows to
obtain a single quasilinear parabolic equation for the new independent variable w,

oiw = Adyw + Boyw + Cw + wza,mw. (1.12)

where A, B and C depend on 7 and on the trace of the Euler flow. Unlike Von
Mises’ transform, Crocco’s transform reduces the unbounded domain [0, L] x Ry to
the bounded domain [0, L] x [0,1]. Furthermore, although the equation obtained is
linear, the boundary conditions are not

E
(wdyw) [, = T2

10 = uE =1 =0. (1.13)

Under suitable regularity assumptions and the aforementioned monotonicity con-
ditions, Oleinik proved the local wellposedness of Prandtl’s equation: in particular,
she proved small time existence for arbitrarily large spatial domains and all time
existence for domains [0, L] x R4, with L suitably small. Global existence under
monotonicity conditions can be proved for weak solutions (Xin and Zhang, 2004),
using the viscous splitting method, although uniqueness is not granted for such so-
lutions.

Interestingly, Oleinik result for the unsteady Prandtl equation can be obtained via
energy methods, without using Crocco’s transformation: however, while the inde-
pendent variables are not changed, we still need a change of dependent variable,
so that the most problematic terms in the energy estimates cancel out. See (Xu and
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Zhang, 2017) for the linearized case and (Masmoudi and Wong, 2015) for the nonlin-
ear case.

We stress that, compared to the steady case, the relation between the appearance of
singularity in Prandtl’s solution and the separation of the boundary layer is much
more controversial: indeed, for high Reynold’s numbers, numerical computations
show that the interaction between the outer eulerian flow and the boundary layer
begin well before than the appearance of Prandtl’s singularity, and have, in any
case, different character, since the blow up in the unsteady case is through "shock
formation" (Ee, 2000).

Finally, we stress that the previous results are strictly bidimensional: in the three-
dimensional case, Prandtl’s equations are ill posed even under Oleinik’s monotonic-
ity condition (Liu, Wang, and Yang, 2016), and additional structural assumptions
must be assumed.

Regularity assumptions

The first existence result for Prandtl’s equation which does not rely on monotonic-
ity assumptions can be found in (Sammartino and Caflisch, 1998a): the result states
that Prandtl’s equation is well posed in an analytic setting, and this was part of the
proof of the validity of the inviscid limit and Prandtl’s ansatz. The proof is obtained
through the use of the abstract Cauchy-Kowalewski (ACK) theorem: this is, essen-
tially, a contraction theorem in a scale of Banach spaces. The key of the proof is that,
in an holomorphic setting, one can use Cauchy’s formulas for derivatives, so, for
functions tangentially analytic on a strip, the tangential derivatives can be controlled
by the function once one reduces the strip of analyticity; for the normal variable the
domain of analyticity is a cone, so the same argument applies to Ydy instead of dy.
Those hypothesis were relaxed in (Lombardo, Cannone, and Sammartino, 2003): in-
deed, the authors found that only tangential analyticity is needed to obtain the well
posedness of Prandtl’s equation. Once again, the ACK theorem was used to prove
local well-posedness in time: the key difference from (Sammartino and Caflisch,
1998a) is the inversion of the unbounded differential operator

0t — dyy + Yoc(t, x)ay, (1.14)

where o« = 'yaqu, whose fundamental solution can be found through the method
of characteristics. The same authors (Cannone, Lombardo, and Sammartino, 2013)
proved well posedness under tangential analyticity assumptions for the case of "eu-
lerian" initial data, which satisfy only the non-penetration boundary condition. Well
posedness with tangential-only analyticity can be obtained also through energy meth-
ods (Kukavica and Vicol, 2013). A tangential regularity stronger than Sobolev regu-
larity is not a technicality, but it is actually necessary in order to avoid strong insta-
bility mechanisms typical of Prandtl’s equation. It is well known, indeed, that both
the linearized and the nonlinear Prandtl equation are ill posed in Sobolev spaces:
in particular, the linearization of Prandtl’s equation around a non monotonic shear
flow admits approximate solutions with growth rate proportional to v/¢’, where &’ is
the Fourier variable corresponding to the tangential variable x (Grenier, 2000). Nu-
merical simulations also seem to suggest that the most unstable mode grows like
/€' (Gérard-Varet and Dormy, 2010). Therefore, one should expect that Prandtl’s
equation is well posed in the Gevrey class G for the tangential variable, with G™
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defined as the set of functions f(x) such that

|D/f| < cl” (1.15)
s .

for some positive T and C. Notice that G! the set of analytic functions, while, for
m > 1, G™ contains also non analytic functions: in particular, those spaces contain
compactly supported functions. Well posedness for initial data with Gevrey regu-
larity in the tangential variable and Sobolev regularity in the normal variable was
tirst proved in (Gerard-Varet and Masmoudi, 2015), where the authors proved the
result for the class G7/4, under an additional structural assumption (namely, that the
initial vorticity has a single curve of non-degenerate critical points). The proof uses
the vorticity formulation and energy estimates performed not directly on the vortic-
ity, but on smarter energy functionals (which resembles the method used to obtain
Oleinik’s results in the monotonic case through energy estimates). Results in better
Gevrey classes were obtained in (Chen, Wang, and Zhang, 2018) for the linearized
equation in G”, m < 2; the limit case of G2 has been proved recently (Li and Yang,
2020).
It is worth noting that, even in the most regular setting (the analytic one) the well-
posedness is only local in time, and the solutions can blow up in finite time (E and
Engquist, 1997): however, existence becomes global if the data are small and analytic
at least in the tangential variable (Paicu and Zhang, 2021).

Relation with Prandtl’s ansatz and the inviscid limit

Prandtl’s equation is obtained assuming that, near the boundary, the velocity field
depends on y through the rescaled variable Y = y /¢, where ¢ = \/v; continuing this
argument, one can formally expand Navier-Stokes’ solutions as

™ =l b ull e (ul +ully) e (00 +uly) )+ O, (116)

In particular, for N = 0, only Euler’s equations and Prandtl’s equation appear in
the expansion, and the remainder is O(y/v) in the L® norm. In general, there is no
clear connection between the well posedness of Prandtl’s equation, the validity of
the asymptotic expansion (1.16) and the validity of the inviscid limit: only in the
analytic setting (Sammartino and Caflisch, 1998a; Sammartino and Caflisch, 1998b)
the expansion has been rigorously justified, while, in general, its validity is contro-
versial.

Grenier (Grenier, 2000) proved that this expansion is extremely unstable: even when
Prandtl’s equation is well posed and the asymptotic expansion holds, an arbitrarly
small (polynomial in v) perturbation of the initial data implies that the perturbed so-
lution of the Navier-Stokes equations differs from the original solution of an O(v!/4)
at a time T, which goes to zero with v. Furthermore, Grenier’s proof of this instabil-
ity casts some doubts on the derivation of Prandtl’s equations: indeed, the instability
found consists of small periodic structures in the x variable, with a period of order
v1/2, which appear and grow, while Prandtl’s equation is obtained assuming that the
tangential derivatives are bounded. These structures are not possible in analytic set-
tings, for which Prandtl’s expansion actually holds (Sammartino and Caflisch, 1998a;
Sammartino and Caflisch, 1998b). The result of Grenier was obtained through a per-
turbation of an unstable shear flow; later, the same author and Nguyen (Grenier and
Nguyen, 2017) proved that Prandtl’s ansatz is false also near a stable shear flow, and
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that a shear flow stable for the Euler equations becomes unstable adding a small vis-
cosity.

In the monotonic setting, where Prandtl’s equation is well posed, no convergence re-
sult, involving only conditions on the initial data, is known. However, monotonicity
assumptions on the solutions imply the validity of the inviscid limit: in particular,
assuming the positivity of the traces of uf and of wN?®, the inviscid limit holds (Con-
stantin, Kukavica, and Vicol, 2015). While the condition on u*, for small times, can
be obtained by assumptions on the initial data (e.g. yug > C > 0), the positivity of
wN* for a viscosity-independent time must be imposed a priori.

A stark difference between the well posedness of Prandtl’s equation and the validity
of the asymptotic expansion (1.16) concerns the anisotropic regularity assumptions:
while Prandtl’s equation is well posed assuming a Sobolev regularity with respect
to the normal variable and an analytic regularity in the tangential variable, Euler’s
equations, in the same setting, is ill posed (Constantin, Kukavica, and Vicol, 2016).
This means that an asymptotic expansion in a similar setting is not possible: further-
more, such a setting does not grant the solvability of Prandtl’s equation, since the
trace of the Euler flow, which appears in Prandtl’s equation, is not analytic in x. This
also raises the question of which hypotheses, less restrictive than analyticity in both
variables, allow us to have the analyticity (or, at least, Gevrey regularity) of the trace
of the Euler flow, necessary to use the anisotropic results for Prandtl’s equation.

1.1.2 The inviscid limit

The first proof of the validity of the inviscid limit can be found in (Sammartino and
Caflisch, 1998a; Sammartino and Caflisch, 1998b): using an analytic setting, the au-
thors proved the validity of the asymptotic expansion (1.16) (at least, up to order 1),
which implied the convergence of u™® to uf with a rate O(v'/#) in the energy norm.
The existence of all the terms of the expansion was proved with the abstract Cauchy
Kowalewski theorem; the use of an holomorphic setting, in particular, allowed to
tame the instabilities of Prandtl’s equation. The result was proved for the half space:
this particular geometry allowed to use Ukai’s representation formula for the so-
lution of the Stokes equations (Ukai, 1987). Later, this result has been generalized
to the exterior of a disk (Caflisch and Sammartino, 1997) and a channel (Kukavica,
Lombardo, and Sammartino, 2016).

A different proof of the validity of the inviscid limit in an holomorphic setting can
be found in (Wang, Wang, and Zhang, 2017): the authors used the vorticity formula-
tion to obtain energy estimates in conormal analytical function spaces, i.e. in spaces
such that the normal derivatives are multiplied by functions going to zero linearly
with the distance to the boundary. The main advantage is that, unlike the classical
normal derivatives, conormal derivatives are bounded in v.

Maekawa (Maekawa, 2014) proved the validity of the inviscid limit in the bidimen-
sional half plane for initial data with a Sobolev regularity, with vorticity supported
away from the boundary: these initial data are actually analytic near the bound-
ary, since the incompressibility condition and the irrotationality form the Cauchy-
Riemann equations for the holomorphic function v + iu

0,0 = dyu
(1.17)
dyv = —0xU.

Since, in 2D, the eulerian vorticity is transported by the flow, with | \uE ||~ bounded,
wt is supported away from the boundary for a finite time: in this time span, Maekawa
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proves that the boundary layer part decays exponentially. Therefore, strong interac-
tions between the vorticity produced in the boundary layer and the outer flow are
avoided, excluding the instability mechanisms found by Grenier (Grenier, 2000).

A similar absence of strong interaction phenomena is expected also for generic data
analytic only near the boundary, so the inviscid limit should hold for this kind of
data: this intuition was recently proved by Kukavica, Vicol and Wang (Kukavica, Vi-
col, and Wang, 2020). One of the main technical difficulties is that the persistence of
local properties is difficult to verify for the solutions of the Navier-Stokes equations,
due to the presence of nonlocal operators (the pressure in the velocity formulation,
the vorticity in the vorticity formulation). The proof is obtained through energy es-
timates: their use is essential in order to avoid the loss of a derivative in the Sobolev
region.

The same authors and Nguyen (Kukavica et al., 2021) proved the validity of the
asymptotic expansion (1.16): a key ingredient is the proof of the propagation of the
local analyticity for the Euler flow. The use of an L! based analytic norm allowed
the authors to arrest the expansion at the order zero, while, in the L2-like setting of
(Sammartino and Caflisch, 1998b), an expansion up to order one was needed.

Both the cases of initial vorticity supported away from the boundary and initial data
analytic near the boundary have been generalized to the three dimensional case in
(Fei, Tao, and Zhang, 2018) and (Wang, 2020), respectively.

Finally, the inviscid limit holds in domains with some symmetric geometry, for ini-
tial data with a symmetry which is preserved by the flow: the simplest case is a
disk (Kelliher, 2009; Bona and Wu, 2002; Lopes Filho, Mazzucato, and Nussenzveig
Lopes, 2008; Lopes Filho et al., 2008), for which the Navier-Stokes equations reduce
to the heat equation. Other symmetric configurations are the infinite straight, cir-
cular pipe (Han et al., 2012) and the infinite parallel channel (Mazzucato, Niu, and
Wang, 2011; Mazzucato and Taylor, 2008).

1.2 Organization of the thesis

In chapter two, we analyze some results obtainable in Sobolev settings. First, we
treat the case of the linearization of the Navier-Stokes equations around a generic in-
viscid flow u® through an energy method, we see the convergence of the linearized
flow ul to uf in a conormal Sobolev space. The function chosen in order to define
the conormal derivative is arctan(y): the reason is that it is a smooth, bounded func-
tion, so that one does not have to assume additional decay properties on the initial
data, and it is positive with derivatives of a fixed sign, so, after an integration by
parts on the diffusive term, the sign of the various contributions is clear. The use
of a conormal derivative implies that the L? product with the gradient of the pres-
sure does not disappear: however, we shall see that the contribution of this term to
the estimates is small, since the divergence of d,u" arctan?(y) is 9,v"9, arctan?(y),
which means that, using integration by parts, we can remove the gradient from the
pressure without adding any derivative on d,u’. In order to prove the convergence,
an expression of d,u" is needed: this is obtained by writing the flow u" as the sum
of a Navier-Stokes like flow with Navier slip boundary conditions, ufl = uf +d,
and a Stokes corrector u®, which cancels out the trace of the first flow. With this
decomposition, the trace of ayuL is the trace of ayuB.

With a similar decomposition, we are able to prove the convergence also when only
the equations for the tangential part of the flow is linearized, i.e. the tangential part
of the flow u’’ is transported by uf, while the normal part is transported by itself.
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This is an original contribution. The key point is that, in the expression of vyd,u’",
every term is either a tangential derivative, which can be moved on the trace of uf
in an integration by parts, or small in v: without the linearization of the tangential
part of the flow, ')/vayuN S contains a term which is not small in v, unless one knows
a priori either that oN° — v is "O(v/2) better" than uN® — uF, or that the tangen-
tial derivatives are bounded. Without these assumptions, the estimates do not close,
requiring the derivatives of the subsequent order: so, energy estimates themselves
suggest the use of an analytic setting.

The appearance of a boundary layer is inevitable in a singular perturbation problem
like the inviscid limit: however, the strength of the boundary layer can be reduced if
one assumes more favorable boundary conditions for the Navier-Stokes equations.
We shall see that, if we impose Navier-friction boundary conditions on the viscous
flow, convergence is ensured; these conditions, which relate the shear stress at the
boundary with the trace of the tangential part of the flow, were first introduced by
Navier, and justified through kinetic theory. In particular, in the frictionless case in
the half space, the great compatibility of these conditions with the inviscid limit can
be deduced by a symmetry argument, which implies the conservation of yd,u*, if
initially zero; in bidimensional, curved domains, what remains null for all time if
null at the initial time is the trace of the eulerian vorticity. Of course, this persistency
property fails for non compatible data: therefore, we see that, unlike the no-slip case,
incompatible initial data affect the rate of convergence.

Then, we see how the solution of the Stokes equations can be used to prove the cri-
teria of Kato and Wang: these criteria link the validity of the inviscid limit, respec-
tively, to the behaviour of the total gradient of uN® in a sublayer of width O(v) and
to the behaviour of the tangential derivatives of uV® in any sublayer of width greater
than O(v). Using a corrector with an artificial viscosity, only two terms in the energy
estimates are not automatically small in v: essentially, the aforementioned criteria
are smallness assumptions on one of those two terms, and those assumptions allow
to chose an artificial viscosity which makes the other term small.

Finally, in chapter three, we prove the convergence of the solutions to the Navier-
Stokes equations to the solution to the Euler equations in an holomorphic setting,
for initial data which satisfy only the non penetration boundary condition: this im-
proves the result of Sammartino and Caflish (Sammartino and Caflisch, 1998a; Sam-
martino and Caflisch, 1998b), which holds only for compatible data. The incompati-
bility between the initial data and the boundary condition causes the presence of an
initial layer: we see how this singularity is propagated in the asymptotic expansion
of the Navier-Stokes flow. Due to this incompatibility, our functional setting is less
regular to the one used in the compatible case: therefore, the estimates available for
the compatible case do not hold, and new estimates must be obtained. Furthermore,
algebra properties can no longer be used to deal with nonlinear terms: therefore,
unlike the compatible case, we also need estimates in an L L3-like setting.
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Chapter 2

Some results in Sobolev settings

2.1 Introduction

The convergence of the solution to the Navier-Stokes equations is a singular per-
turbation problem: the term which disappears with the viscosity is the term with
the derivative of maximum order, so passing to the limit changes the order of the
equation, thus changing the number of boundary conditions that can be imposed.
The classic boundary conditions imposed to the Navier-Stokes equations are the
no-slip conditions yuN® = 0, where 7 is the trace operator; these conditions are
not satisfied by the Euler flow, which satisfies only the no-penetration condition
yvE = 0, while the trace of the tangential part of the flow is generally non-zero. A
much more favorable case for convergence occurs for the flow uY obtained pairing
the Navier-Stokes equations with the so-called Navier-slip conditions y[nS(uN)}’,
yoN = 0, where S is the stress tensor, n is the unit normal and ’ denotes the tan-
gential part. These are a particular case of the Navier-friction boundary conditions
y[nS(ul) + auN]’, yoN = 0, a is a friction coefficient, which depends on the rough-
ness of the boundary. The idea that, on the boundary, the shear stress should be pro-
portional to the tangential velocity, was first proposed by Navier (Navier, 1827), who
justified it through kinetic theory; much later, Jager and Mikelic (Jager and Mikelig¢,
2001) obtained Navier-friction conditions as homogenization of the no-slip condi-
tions on a rough boundary. With such boundary conditions, for general domains,
convergence to the inviscid flow holds in the energy norm (Lopes Filho, Nussen-
zveig Lopes, and Planas, 2005; Iftimie and Planas, 2006). In the half space, for an
arbitrary k, it is easy to show the convergence of u" to uf in W2*+12 assuming that
the initial data up and the forcing term f satisfy some suitable compatibility condi-
tions, namely ')/85] g = 0and 6]2/ “1p'f — 0, where P'f is the tangential part of the
application of the Leray projector P to f: these conditions imply that both E);] N
and Bﬁj “14E remain null for all times, so one can employ an energy argument simi-
lar to the one used for the whole space in (Constantin and Foias, 1988), (Masmoudi,
2007). The norm |[uN — uf||yi2 goes to zero as v, which is the same rate of conver-
gence obtained without boundaries. This result is largely unsurprising, since if we
extend to the lower half space the tangential parts u" and uF evenly and the normal
parts vV and vf oddly, u" and uf become, respectively, the solutions to the Navier-
Stokes equations and the Euler equations in the whole space, and the compatibility
conditions imposed on ug and Pf imply that their extension to the whole space pre-
serves the same regularity those terms had in the half space. In general domains,
if the tangential part and the curl of both the initial data and the forcing term are
zero, both yvf(t) and ywE (t) remain equal to zero for as long as the strong solu-
tion to Euler’s equations exists. The convergence in W'2(IR") can be proved even
when the aforementioned compatibility conditions are not satisfied: this implies that
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||7uN — yuF|| 2 goes to zero with the viscosity, a result which cannot hold for u™®.

This affinity between the inviscid limit problem and the Navier-slip conditions sug-
gests to consider the Navier-Stokes solution uN® as the sum of a flow uf! which sat-
isfies a Navier-Stokes-like system of equations and the Navier-slip boundary con-
ditions, and a Stokes flow u® which cancels out the tangential part of uf! at the
boundary: this strategy allows us to prove the validity of the inviscid limit in the
energy norm for a linearized flow in section 2.2, and the same result for a flow ob-
tained linearizing only the Navier-Stokes equations for the tangential component in
section 2.3. In the linear case, we actually show the convergence in a norm which

controls the norm W2 for any ¢ > 0, therefore implying that the inviscid limit hols

y=c
in W12 away from the boundary. In the fully nonlinear case, the estimate we obtain
for the k — th partial derivative of the difference between uN° and uf involves the
partial derivative of order k + 1, so the estimates does not close in a Sobolev setting.
A Stokes flow with an arbitrary viscosity coefficient can be used to prove that the in-
viscid limit holds provided that the gradient of the flow near the boundary does not

grow too much: in particular, the inviscid limit holds if one of the following holds

]l/ig(‘) v 2( |V u®| l2r2(y<cv) = O, (2.1)

yg})lfl/zHaxuNs| 2(y<n(v)) =0, (2.2)

lim v1/21]00™| | 2y<oy) = 0, (2.3)
with y

The first condition is the celebrated Kato’s criterion (Kato, 1984b); the other two are
due to Wang (Wang, 2001). For both these criteria, we just need a nice behavior of
the gradient of the velocity in a layer thinner than the boundary layer predicted by
the classical Prandtl theory; this could mean that the validity of Prandtl’s asymptotic
expansion might not be necessary for the convergence of u™® to uf.

2.2 Convergence for the linearized problem

The convergence of the viscous solution to the inviscid one cannot be verified in the
case of detachment of the boundary layer (Kelliher, 2008), (Kelliher, 2017a); although
the formation of a boundary layer can also occur with purely diffusive equations, it is
believed that the interaction with a strong convective term causes the detachment of
the boundary layer. Therefore, by linearizing the convective term, it is more reason-
able to expect that the inviscid limit holds (Maekawa and Mazzucato, 2016). Various
results in this sense can be found for flows linearized around a stationary solution:
Temam and Wang (Temam and Wang, 1996) performed an asymptotic analysis for
Oseen flows, which are obtained by linearizing the Navier-Stokes equations around
a constant flow. Lombardo and Sammartino (Lombardo and Sammartino, 2001) con-
sidered, in a channel, the linearization of the equation around a velocity field (u,0)
with zero normal component componenent: the particular geometry of the channel
and the only-tangential velocity field (U, 0) allowed them to give an explicit solu-
tion to the problem in terms of inverted heat operators and projection operators. Gie
(Gie, 2014) proved the validity of the asymptotic expansion of the Stokes solutions
even for incompatible data, i.e. for initial data such that yuy # 0; Gie, Kelliher and
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Mazzucato (Gie, Kelliher, and Mazzucato, 2018) extended the result to equations
linearized around any stationary Euler solution.

In this section, we see how energy methods can be used to prove that, in a conor-
mal Sobolev space, the linearization of the Navier-Stokes equations around an arbi-
trary (even unsteady) Euler flow u converges to u. For the simplicity of notation,
we first analyze the case where only the most problematic term of the linearization
of uMs . vuls is present, i.e. the case of a flow ul convected by uf; then, at the end
of the section, we show that the remaining term in the linearization of the bilinear
part of the Navier-Stokes equation is actually easier to estimate.

The flow u® satisfies the following system

orul —vAul +uf - vl + Vpt =
V-ul =0;
')/uL =0;

ul(t=0) =u’.

(2.5)

We do not provide an asymptotic expansion of the solution: instead, using an energy
argument, we directly prove the convergence in the norm ||| - ||| defined as

[[lull[* = [[ul[{. + |[0xul[f. + || arctan(y)oyul|7.. (2.6)

The classical energy argument heavily relies on the fact that the velocity field and its

derivatives are divergence free, which of course is not the case for arctan? (v)oy (uk —

uf); however, we have V - (arctan?(y)d, (u" — uf)) = 2“;?;9) 9y (vk — %), so in the

L? product between Vo, (p" — pt) and arctan?(y)d, (ul — u*) the gradient on the
pressure can be moved on the latter term without the appearance of derivatives not
involved in the definition of ||| - |||. In order to handle both the pressure and the
boundary integrals deriving from the heat term, an estimate of yd,u" is needed: this
is obtained by writing ul as the sum of terms (u’ and u!) which satisfy the Navier-
slip boundary conditions, and a Stokes flow u® that cancels out the boundary value
of yu! + yuf. Using this decomposition, of course, ’yayuL = 'yayuB, where the latter
can be written in terms of yuf and yu! thanks to the solution formula for the Stokes
equations in the half space found by Ukai (Ukai, 1987).

We begin by proving that |||u’||| remains bounded in time by a constant inde-
pendent of the viscosity for as long as the strong solution of the Euler equations
exists.

Theorem 2.2.1. Assume uy € W32, f € LYWz, v € [0, vg]. Then

P 1t []] < Clfmollwaz, | fl] ez, vo, T) 27)
te[o,t

forany T < Tg, where Tk is the time of existence of the strong solution to the Euler equation.
Proof. Multiplying equation (2.5) by u® and integrating by parts, we obtain

5 gpl 0B+ |V = [ - ubdxdy < 1]z a2 (2.8)
this means that ||u’|| 12, and v||Vu®| ]L%W are bounded by a constant depending

only on uy, f and T. We now take the derivative of equation (2.5) with respect to the
tangential variable x, we multiply the equation by d,u’ and then we integrate. For
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the diffusive term, we obtain

1d
ZdtHaquH 2+ ][0 Vut| [T, < [[0xu"|r=]|0xut| [T+
ava . . . (2.9)
+Hm’|L°“HW“8(y)ayu [ 2] [0xu™[[ 12 + [|0xf]| 2 ||0xu™|| 2,
where
9,vF £
Hm”w < Cl|0xv" ||y (2.10)

Now we take the derivative of equation (2.5) with respect to the normal variable y,
we multiply the equation by d,u’ arctan?(y) and then we integrate. We obtain

—v /(arctan(y))zaywuL -9 uldxdy =

1 — 2y arctan(y) (2.11)
= 1// ]E)WuL\Z(arctan(y))zdxdy—21// |9yu”|? dxdy,
(1+y2)?
where )
t
/ o,ut2——= ar;;;m(y)d dy| < Cv||9,ut| %, (2.12)

whose time integral is bounded in terms of the initial datum and the forcing term.
For the nonlinear term, we have

uf - vVo,ul - 9,ul(arctan 2dxdy| = |— [ oF|o,ul 2%n(y)dxd <
y y Y y y 2 Y
14y
oF (2.13)
Harc’carl(y) |\Lw||8yuL arctan (y )||L2/
while
’/aqu -Vul. ByuL(arctan(y))dedy‘ <
(2.14)

T
19y |1 [[]0yu" arctan(y) |72 + |19y u”[[~[[9ru" || 2 ||oyu" arctan(y) ||
As for the pressure, we move the gradient on the vector field 9,u” (arctan(y))?, so

/aprL - 9yu”(arctan(y))*dxdy = — /apravadedy =

1
a:(_?th(y) 215)
— Ly L
In order to estimate 9, p", we decompose the pressure p* as
pt=p"+pN+p° (2.16)
where pT solves the system
ApT = —d,(uf - Vub),
P +(u ) ) (2.17)
9yp° =0,
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pN solves the system

ApN = =3, (u" - Vo),
P y(u . ) 2.18)
yo,p =0,
while p© is the solution to
Ap° =0,
P (2.19)

Y9y po = vayyvl‘.

It is easy to see, through integration by parts with the kernel of the Poisson equation,
that pT = 0,p" and pN = 9,p", where p' solves the system

AT = —(uf - Vul),
P (u T “) (2.20)
Yo" =0,
and gV solves the system
AFN = —(uF . Vol),
P (- Vo) 2.21)

Therefore, we have

E
T ~T E L % L
HayP |2 = Hayaxp |2 < C |[[u™ || ||0xu™|[ 2 + Hm“ﬁ"“amtaﬂ(y)ay” HL2] ,

(2.22)
10y [ 12 < [[u®|Le]|0xu®|| 2. (2.23)

The Fourier transform of p© with respect to the tangential variable is given by

. e 18 N
p° = ve ym?,"yayuL; (2.24)

therefore, using Plancherel’s theorem, we have

: tan(y) o . _parctan(y) ..,
) Oaquded ‘ =v /e viele g ale gt e ay | <
‘/ vP T2 2xy NS 11y ‘:y—(z.zs)

vlIg" [P Ve yya,at | 211§ 20t | 2 < Collyayut|| ol lut| |57 1t || 147

In the first inequality, we used the fact that arctan(y) < y and 1/(1 + y?) < 1; the
second inequality follows from

+o0 +00
/ ‘6/’3y23*2\5’|ydy = / c?e % do = C. (2.26)
0 0

The estimates of yd,u’ are given by the following proposition, whose proof can
be found in appendix A
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Proposition 2.2.1. The following estimates hold for ~yd,u"

1 |1 || peopynes
[Id,utllz < C Vl/z(Huol\wz,zﬂtflh;owzz)JrV;;/ZSel[loli]llluLlH(S) :
s€|0,
(2.27)
L 1 E||2
[173yt][1z < C| =7 (1lmol lwaz + [Aliwea + [0 Byyan ) +
I E|| (2.28)
u LOW22
i sup [[ut —uF[[[(s) .
s€(0,t]

We use equation (2.27) here, while the estimate (2.28) is used later in order to
prove the validity of the inviscid limit. Collecting the estimates, we have that, for
t€[0,T]and v € [0, vp]

d
g/l < C(T,w) <|I|uLH|2HuEHmem + [ [ut]]] <||f|‘L‘}°W2'2 + ||u0||wz,2)
(2.29)

L E Lo L < L2 ,
I | rgwre sup [[[u™][|(s) | < A sup [[[u*[|[*(s) + B
s€[0,t] s€[0,4]

where A and B depend on vy, T, £, uo, uf, but not on the actual viscosity v. We
integrate in time and take the supremum over ¢, obtaining

t

sup [||u®||[* < [[[uo||| + BT + A [ d= sup ||[u"[[[*(7), (2.30)
s€[0,4] 0 s€(0,1]

so, by Gronwall’s lemma

sup [||u®||[* < (BT + ||uo| |)e™. (2.31)
s€[0,t]

O]

A similar argument allows to prove the validity of the inviscid limit, with the
rate predicted by Prandtl’s asymptotic expansion.

Theorem 2.2.2. Under the assumptions of theorem 2.2.1, we have
Il ]uL — uEH | < 1/1/4(:(‘ [uo ||z, ||f] ’L?W%z,l/o, T). (2.32)

Proof. We take the difference between the linearized Navier-Stokes equation and the
Euler equation, then we multiply by u* — u* and we integrate, thus obtaining

1d
EaHuL —uf |3, +v|| Va3 = v/uL - Aufdxdy —v / yoyutuFdx <
=0

y (2.33)

v|[uol| 2 l[Au® | 2 + v |yut|| 2|79y || 2,
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where, by equation (2.28),
v| ")’ay“L‘ ‘L%( <

< C'/? 4+ ct/4 sup |HuL —uE|]|(s) <C (1/1/2—|- sup ||]uL —uE|||2(s)> )
s€[0,4] s€[0,t]
(2.34)

The estimates for ||d, (ul — uF)|| ;2 follow the same argument used for ||d,ul||2; the
only difference is that the tangential component of 9, (ul — uF) is not zero, which
implies that

—1//8 Au* -9, (u —u )dxdy—v||8 Vul||7, —v / Oyut o utdx+
y=0 (2.35)
—i—v/aqu-Aaqudxdy,

where the last two terms can be bounded by

vl|axut||2][0xAu” || 2 +v|[7dyut|| 2| [y0xu]] < C (1/”2 +ul/ SL[lp} [[[u —u®[|(s)
sel0,t
(2.36)

Therefore, we have
1o (=) | 107 2 gc(v”2+ sup |\|uL—uE|r|2<s>>. (2.37)
s€(0,t]

Finally, we estimate || arctan(y)d, (u — uf) ||;2: we have that

—v / Adyu - 9, (uL — uE> arctan®(y)dxdy = 1// |9, Vu®|? arctan? (y)dxdy+

—H// |0y L‘ZZyjricar;( )d dy—v/VayuL 'V (aqu arctanZ(y)> dxdy+
9., uk|?
7| | sdxdy,
(1+y?)
(2.38)

with

v /VayuL :V (aqu arctan? (y)) dxdy’ < %| |9, Vu® arctan(y)|| + Cv|[u|| 2,

(2.39)
while v|[9,u"/ (1 +y?)||?, is controlled by the positive term v||d,u’||7, appearing in
the balance of ||[u" — u*||,. For the pressure, we can write

pt — pE = pP +p°, (2.40)
where pP is the solution to
ApP = —Vul : V(uk —ub),
P ( s ) (2.41)
Yoyp- =0
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while p© is defined in (2.19). The same arguments used for the estimates of p™ and
pT can be used in the estimates of p?, while p© can be treated as in equation (2.25);
this implies that

‘/apr -0y (uL — uE) arctanz(y)dxdy‘ <C (1/1/2 + sup |||uF — uE|H2(s)>

s€[0,t]
(2.42)
With no major difference from the proof of theorem 2.2.1, we see that
‘/ 3, (uE -V (u - uE)) -9y (uk — uE)dxdy’ < C||jut — uF|||% (2.43)
Therefore, we have
1d L_ E 2 v L 2 / joyu”?
—Z - Z - VT <
T |0y (u” —u”)arctan(y)||7> + 5 |0, Vu"arctan(y)||7. — v i+ yz)zdxdy <
<C <V1/2+ sup ||[u" —uEIIIZ(S)> ;
s€(0,t]
(2.44)
combining with (2.33) and (2.37), we obtain
d
Sl —ufjF<c <SUP [[lu® —u®[[[*(s) +v1/2> : (2.45)
s€[0,t]
so, by Gronwall lemma,
sup |[[|u" —u®[|[*(t) < C'v!/2, (2.46)
tel0,T)
O

2.2.1 The full linearized problem

The linearization of the Navier-Stokes equations around the Euler solution satisfies

oul —vAu! +uf - Vub + (ul—uE> Vuf +uf -V <u1 —uE> —l—Vpl =f,
V-ul =0,
'yu1:0,

ul(t=0) = u’

(2.47)

therefore, in the difference between u! and uf, the additional term (u1 — uE) - Vuf
must be taken into account, both in the nonlinear term and in the pressure. Anyway,
the ||| - ||| norm of this term is bounded by |||u! — uf|||||uf||py2~, so the estimates
for the nonlinear term are easy to achieve. As regards the pressure, we can use a
decomposition p! — pF = p© + pP1 formally identical to the one used for p* — pF in
(2.40); the laplacian of pP1 is given by

(VuB)T: V(! —uf) + V(! —uB)T : Vuf =2(VuE)T : V(u! —ub), (248)
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so the same estimates used for pP can be applied here. As for p!, the additional
terms are actually easier to estimate, since they depend on (u! — uf) - Vuf instead
of uf - V(ul —uf).

2.3 The partially nonlinear case

The boundedness in L? of the Navier-Stokes flow derives from a property of the
nonlinear term which holds component-wise: i.e., we have

/ w - Vggdxdy =0, (2.49)

for any w divergence free with zero normal component at the boundary and any
scalar function g. This allows us to consider a partial linearization of the Navier-
Stokes equations, where only the tangential component is convected by the Euler
flow,

ol —vAUPt +uf - Vut 49, pPt = £,

atvPL—VAUPL+uPL-VvPL+8prL = fu,
V-uft =0, (2.50)

yu’t =0,

u’L(t = 0) = uo.

We shall prove the convergence of u’! to uf in the energy norm.

As for the linear case, in order to prove the validity of the inviscid limit, we need to
estimate the L2 product between yu* and v9,u"". The key ingredients of the proof
are the following: the use of Plancherel theorem allows us to give the L5 norm to the
Fourier transform of ayuP L By using Young’s convolution inequality, the LE‘,’ norm

of the bilinear terms is bounded by the product of the L norm of the terms. An ad-
ditional advantage of the L’ setting is that some of the pseudodifferential operators
appearing in the definition of 'yayup L are bounded. However, even in this setting,
mayul’ L is not bounded: nonetheless, it is the sum of terms which are bounded,
and terms which are, essentially, tangential derivatives of bounded quantities. This
property is a direct consequence of the linearization of the equation of the tangential
part of the flow. Therefore, we can move the tangential derivatives on yu*, obtain-
ing the desired estimates.

The standard energy argument shows that

IVuf[|z, | [[Ve [T,
2 2

5l —uf[[f + v [VuH[f, <v

(2.51)
+[| Vo ||| [u"t — uF |3 +v / oyututdx|.
=0
From appendix A, the boundary value of 9,u"" is given by

7ayuPL =r+ ananyg’ (axq —uf. VuPL) +o,N- Eé’ (axq —uf. VuPL> ,
(2.52)
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where g solves

E. PL E. PL PL_ PL P12
Ag = Oxx (U u ) 4 0xy (0" u" ") + 0yy (v 1" ") + 9y (v ™) = h, (2.53)
Y9yq =0,
while 7 collects terms not too large in v,

C
H”HL; < 72 (2.54)

with the constant C depending on f and ug. Using the Fourier transform in the
tangential variable, the explicit expression of g is

Yy +o0 / ’ / /
e IS =y) 4 =181y +y) el l=y) L o= lE"1y+y) \
h(y)d ’—/ hy)dy'.
b/( 2|C’| (]/) Yy / 2|€/‘ (y) Yy

(2.55)

Using integration by parts, we have

y /
&' (y—y") &1 (y+v")
/ (8 e > i¢'9,y F(vFul + olul)dy'—
0
+

2[¢']

C 1=y 4 e 18 vy
/ zcar]:(vu +olul)dy' =
y

2|

y ! ! !
=&~y _ o= y+y")
161/ (3 . e )F(UEUL+ULML>dy/+
0

(2.56)

+00 ’ / ’ /
i@ / <e§ l=y) 4 o= 1(y+y)

5 > F(oFul + otul)dy/,

y

while

y / !

e =1 (y—y") +e” &' (y+y") 2
/( 2 Oy F @)y~
0

+
elS'lv=y") 1 o= I¢'[(y+y) )
/ ( 2|,€/| By/y/]-"(vL )dy/

y |

e =1 (y—y") + e~ &' (y+y")
= - 1¢ !2[/< T F o)y~
0
+

= &=y 4 o= I8y .
/ ( 2|(:/| 8y/y/ .F(UL) .

y

(2.57)

Therefore, we have
§=F@*)+I¢'q", (2.58)
with
19°l115, < Cllu™ |2 ([ 2 + [[uf]]2) <€, (2.59)
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which leads to

v / de'yiE (vyDyydy ELiE|E|6* + 0 N'ELig'g")| <
o0 (2.60)

242 < CVl/ZHuEH Wati2’

/2 [ 13/ PIaF|jdg < Cut 3 quf]

y=0
with j > (d —1)/2. In the first line of (2.60), we used Holder inequality, giving

the Ly L; norm to the kernel of E}; the other steps are straightforward. A similar
argument leads to

/dxu vyD1y0yy E} 0y 0P 49, N'Ebio UPL) < CHuEH

+/2

(2.61)
sup (1107 = 01 a(s) + 4o prallo — 05|12 (s) + v/ [0F By )
sel0,t

This inequality is obtained writing oPL? as (0Pl — vE)2 4 2(vPL — 0E)oE + vF’: then,
we give the L; norm to (oL — vF)?, the L2 norm to vf (ol — ) and the Ly’ norm to

oF. Finally, we write
uf - vult =0, (uF (uPt — uF)) + 9, (vF (oL — oF)) +uf - VuF, (2.62)

with

v / dxu® (meanyg (E)x(uE(upL —ub)) +ut- VuE) + 0, N'Ejiuf - VuPL) <

<C (1/1/4 sup |\uPL—uE||Lz(s)+v1/2) .

s€[0,]

(2.63)

The only term which still has to be estimated is

v2yDy 0y, E§ 9, (vF (uPt — uF)) =

¢ B ‘XLXW‘Z +oo

/ds/ / e (=) / dy, ay/(vE(uPL —/uE))
J (4 (t —¢'))d-1)/2 2rtv(t — ')

RA4-1 0

2 |x/7x///‘2

__y-
(s=s")

/td e Av(s—s /d 4v(t—s") (264)
/ S\/(s—s’)(t—s 21/ (s —¢) ° (4rtv 1%—5))(‘71*1)/2

+00 E/ PL E t _ 2 / /
a/ z u —Uu 4v(s—s") 2 2
I v (2 N e ( y _2> y

/ 2ty (t —s') J (s—s)(t—s) \2v(s—¢) 2u(s—¢")’
SO
V2 D1y B9y (0F (1™t — uF)) || < Cu'/* sup [|u" —uF|| 2. (2.65)
s€[0,¢]
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Therefore, we have

d
Sl —uflf <C (sup |[u®t —u®|[22(s) + v“) , (2.66)
s€[0,¢]
which implies
[[u®F — “EHL%’L;y < cvl/A (2.67)

2.4 The energy approach for the full nonlinear equation

Without the linearization of the equation of the tangential part of the flow, vyd,u™°
contains a term which is not a tangential derivative, and that is controlled, in the

Ly norm, by | |(0NS — oF) /y||12||uN® — uE||}2. Therefore, we need an estimate of the

tangential derivative 0y (uN® — uF in order to close the estimates in the energy norm.

It would be tempting to use conormal Sobolev spaces, like we did in the linear case.
Indeed, a boundary term appears in the integration by parts of the heat term only for
the purely tangential derivatives; and those derivatives can be moved on the trace of
the euler flow. However, for this approach, the main problem is the nonlinear term
(uNS —uF) . VulNS +uf - V(uM® — uf): we shall see, taking two particular quantities
appearing in the estimates as examples, which is the strategy we would like to use,
and why it fails.

In order to bound the nonlinear terms, we need estimates of the gradient of the
velocity field in L®. It is possible to prove that

[ —a[[[F | [[[uN® —uF|][
HaxuNS‘ |L°° < C ( 7 k —+ 174 +1], (268)
where ||| - ||| is the norm of the conormal Sobolev space of order k,
lullle =) |[9%(arctan(y)ay) ul| 12, (2.69)
i+j<k

and k large enough. Therefore, the following nonlinear quantity can be estimated as

'/a§<uNS — uE)a,uNS - 9K (uNS - uE)dxdy' <

[[[u™® —u®[[[g  [[[u™ —uP[| ]} NS E|[2
C( V172 + /4 +[[[u™ —u®[lf | < (2.70)
WUNS—UEW% 1/2
C<V1/2 +v ,

where we used Young’s inequality in the last step. If all the terms satisfied a similar
inequality, then, multiplying the energy estimates by v~!/2, we would obtain

2
d [[[u™® — P[]} [[[u™® — w3
which would imply the validity of the inviscid limit in the ||| - ||| norm, with rate

of convergence v'/4, for a time independent of the viscosity. But, according to the
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classical boundary layer theory, the right hand side of (2.68) is bounded in v, so a
similar bound cannot hold for ayuN 5. However, a bound like (2.68) is satisfied by
|| arctan(y)9,uN%||~, not by ||0,uN||~; therefore, the following nonlinear term,
containing d,u™° can be estimated as

'/aﬁ(vNS - UE)ayuNSBI;(uNS —uF)dxdy| <

9 (oS — oE) (2.72)
Cll=
arctan(y)

ClIoy " (u® — ") || 2| arctan(y)a,u™® || [95 (™ — uF)||12

2] arctan (y)dy || |95 (N — uF)[ |12 <

On the right hand side of the equation above, we have a tangential derivative of
order k + 1, for the estimate of the conormal norm of order k; therefore, the energy
approach does not close the estimates in a Sobolev setting. The need to use the
derivatives of order k 4 1 to estimate the derivative of order k suggests the use of an
analytic setting.

2.5 Convergence for Navier boundary conditions

Although the no-slip conditions are in good agreement with most experimental re-
sults, there are certain situations where the fluid motion at the boundary cannot be
considered zero: gases and non-newtonian fluids like polymers can slip at the inter-
face with a solid object, for example (Lauga, Brenner, and Stone, 2007). For general
fluids, roughness can change nature and thickness of the boundary layer, so that
on rougher surfaces the fluid can slip and the resistance to the motion decreases: it
might might sound counter-intuitive that roughness decreases drag, but this is why
nature gave sharks denticles on their skin, and the reason golf balls are no longer
smooth (Kadivar, Tormey, and McGranaghan, 2021). In the nineteenth century, the
nature of the boundary conditions suitable for hydrodynamics was widely debated:
Navier proposed that, at the boundary,

u-n=0 [S(un+ txu]/ =0, (2.73)

where & > 0 is a friction coefficient, and S is the stress tensor, which, for a Newto-
nian fluid, is proportional to the strain rate w. We call (2.73) Navier-friction
boundary conditions (Maekawa and Mazzucato, 2016). The same conditions were
later derived by Maxwell in the context of gas dynamics. In the two dimensional
case, the problem of convergence to the inviscid flow is often studied in terms of
vorticity, and the inviscid limit holds for wg € L?, p > 2 (Lopes Filho, Nussen-
zveig Lopes, and Planas, 2005). In the three dimensional case, the convergence can
be proved for initial data in W52, s > 5/2 (Iftimie and Planas, 2006), which implies
existence of strong solutions to the Euler equation for a finite time T; however, for
general domains, viscosity- independent bounds are not available in such regular
spaces, so the validity of the inviscid limit can be proved only for weaker norms.
Viscosity-independent bounds for higher order derivatives are available if we use
conormal Sobolev spaces (Masmoudi and Rousset, 2012), so, essentially, one can
prove higher order convergence away from the boundary. The convergence can also
be proved for friction coefficients « depending on the viscosity like « = a'v—F for
B € [0,1] (Paddick, 2014): interestingly, for § = 1/2, the equivalent of Prandtl’s
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equation for Navier-friction boundary conditions shows the same instability of ac-
tual Prandtl’s equation, which means that well posedness of the boundary layer
equation might not be necessary for the inviscid limit to hold. When a = 0, condi-
tions (2.73) are called Navier-slip (Busuioc and Ratiu, 2003), or stress free. In the half
space, the shear stress at the boundary is equal to 9, u", so the solution u" satisfies

ora —vAuN +uV - vu + VpN =1,

V-ul =0,
oy ulN =0, (2.74)
yoN =0,
uV(t=0) =

It is trivial, in this case, to prove the validity of the inviscid limit: indeed, these
boundary conditions imply that

- /AuN- (uN - uE> dxdy = ||Vu"|[2, — / vu : VuFdxdy, (2.75)
S0

57 |lu® = E\I%2+*|IVHNHL2 SIVE|R, + (| Vb ||| [u — uf |2, (276)

Therefore, by Gronwall lemma, the inviscid limit holds with rate v!/2 in the energy
norm. The convergence can be proved in any Sobolev space W**12, and with a
better rate v, as long as we assume

vay ug =0, (2.77)

yoi T P'E =0, (2.78)

for j = 1,..., k. This can be easily proved by a symmetrization argument: indeed,

the extensions of uf and u™ to the lower half space as u(x,y) = u(x, —y), v(x,y) =

—v(x, —y) become, respectively, the solution to the Euler equations and to the Navier-
Stokes equations in the whole space. The conditions imposed on the initial data and

the forcing term imply that their extension to the lower half space maintains the

same regularity they had in the half space: therefore, we obtain an equivalent prob-

lem without boundaries. We can also obtain this result by analyzing the behaviour

at the boundary of the normal derivative of the tangential part of the flow: indeed,

vy T uE 4+ ) P (uF - vuF) = 907 T P'E, (2.79)
where

79] 1P (uf - Vut) = 3] (uF - Vut) — y9,0) T pE =

2j+1 ) 2j-1 ENT . x7E B3Pl E _
=79, (u"-Vu") — 9,70, ((Vu )" Vu >+8x78y p (2.80)

'yaz]+1 (uf - vuf) —I—Z 1)9%1 82]“ 2 ((VuE)T : VuE).

The expression above consists of a sum of products such that at least one factor is
a tangential derivative of either 4o or of a odd normal derivative of u* of order
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< 2j 4 1: therefore, under conditions (2.78) and (2.77), 785] 4E is zero for all the
time the Euler solution exists. As for u", the equation of yd,u", taking into account
the condition (2.78) for the forcing term and the boundary condition yd,uN = 0,
becomes V’yaywuN = 0. Iteratively, we obtain ajf N = 0,j=1,..,k+1; the condi-
tions (2.77) imply that the initial data are taken with continuity in W2+12,

Generic initial data for the Euler equations only satisfy yvy = 0: this kind of data is
incompatible with the condition yd,u™ = 0, so they cause the presence of a bound-
ary layer. For the two dimensional case, we prove the convergence in W12 for initial
data which satisfy only yv9 = 0 and for a generic forcing term: the standard energy
argument, in term of vorticity, leads to

d
Sl = E| 2 4 v|| Ve | B, < vl V@F| R+ v /awawde n
=0

(2.81)

Hlu — b2 Vb ||| — 0] 2.

Following the strategy used in the linear case, we can decompose w" as
wN = E§wo + E§ (fo—uN-wN>:wI+wF (2.82)
wN = w! + wf. The incompatibility between the initial data and the boundary

condition yw"™ = 0 causes the formation of a boundary layer, whose intensity, for
the normal derivative of w!, is O((tv)~1/2):

e P
I _ ’ e 4vt e 4vt ’ p
R4-1
with ,
lndy'ls < € (= lvcnllis + Byl ) @84

As regards wF, it can be written as E4(V x f) — 0,E3(uNw™) — E2(3, (vNw"). For

the first term

C
17ES(V < )lz < 75 £l [z (2.85)

The second term is a tangential derivative, which can be moved on yuF; furthermore,
we give the LS norm to 79, ut, so that we just need to estimate

C C

d N N 1 E E 2

[[voyEqu” ™|y < Vl/QHw [z 1l lu |‘L%YL;°+7V3/4

<||“N - “EHL%YL;onN - WEHL%xy + ||”E||L$XL;°H‘UN - wE||L%xy+ (2.86)

1 1
+WW—uw%me%W>sc(mm+vmﬁ—wwaj.

In the first inequality, we gave the L; norm to the kernel and the L;° norm to wtuk,
while, for all the other terms, we gave the L§ norm to the kernel; the second in-
equality comes from Young’s inequality and the interpolation ||9, (1™ — uF)|| Lp <
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[JulN — uE||i§2||8y(uN —ub)| igz Finally,

1  oF
||’YayE§lay(UNwN)\|L}x < C<V1/4HyHL%fofHawaHL%xy_’_

1 oN — ¢E
s (1900l 101+ 1 [y, )+

1

_‘_7
v3/4

(180 oo™ = Fllug, + 1Pz + 112y =5l + 287)

+r|ay<vN—vE)HL;WHwN—wEHL;XL;o)) <

N
1 N E(12 ||ayw ||foy

In the first inequality of the expression above, the term which multiplies v—/* is

obtained by giving to the kernel of 9, E, multiplied by y/, the L§ norm; for the terms
-1/2

1/4

which multiply v=/%, we either gave the L; norm to the kernel, or the L;> norm to

the kernel multiplied by y; finally, the terms multiplying v—3/# are obtained giving
the L§ norm to the kernel. The second inequality follows from the application of
Young's inequality and Sobolev’s embeddings. Collecting the estimates, we have

t
v
v /ds / oywNwhdx| < C (HwN —wE||i%xy +v1/2> + EHawaHi%W; (2.88)
0 y=0

substituting in (2.81), we have

t
N — wE|[2, < C | 1172 + / N — wE||22(s)ds |, (2.89)
0
which implies
sup ||wN — wk||. < Cvl/4, (2.90)
t€[0,T)

Therefore, convergence still holds, but with a worse rate, due to the incompatibility
between initial data and boundary conditions.

2.5.1 Curved domains

For a flat domain, it is equivalent to impose conditions on the vorticity, on the normal
derivative of the tangential velocity, and on the shear stress: indeed, at the boundary,
since 9,v = 0, they are all equal to d,uN. The situation changes for curved domains:
let us consider, for a point P on the boundary of a bidimensional domain, a refer-
ence frame such that the boundary is locally described by a function y = h(x), with

W (xp) = 0. Therefore, the normal n is given by ——L~—(k'(x), —1), and in P is

V1+12(x)

parallel to the y axis. Since n - u(x, h(x)) is zero Vx, then the derivative with respect
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to x is zero, so

W (x)r"(x) )
— o (B (x),—1) -ut
1 (1+h2(x) o)
g (e (0w =20+ (1 (x) Py~ (1)240) =0

In P, we have ' (x") = 0, so h"(x") is the curvature k in P, and the equation above
reduces to
ku = 0,v. (2.92)

This follows from the fact that, since the direction of the normal is changing, if we
move along the x direction the normal to the boundary will no longer be parallel to
the y direction, so v will no longer be the component of the velocity normal to the
boundary: therefore, there is no reason for d,v to be zero. With the same argument,
one can prove that the equation for the trace of the normal derivative of the tangen-
tial part of the velocity can no longer be expressed in local terms, so, calling t the
unit tangent to the boundary, the condition yn - Vu® - t = 0 is no longer preserved
by the Euler flow. However, for bidimensional domains, if the initial vorticity and
the curl of the forcing term are zero at the boundary, the vorticity w® stays zero at
the boundary for all times: this led Bardos (Bardos, 1972) to introduce the bound-
ary conditions y0F = 0, ywf = 0, in contrast to the Navier-slip conditions, which
prescribe zero shear stress at the boundary. Indeed, we have

9y + (yuf -t YVl + (quf -n)nVwt =0, (2.93)

with
(yuf-n) =0. (2.94)

If we introduce the curvilinear abscissa s on the boundary, we have
t- YVl = 99wk (x(s),y(s)), (2.95)
so equation (2.93) becomes
0rywk (t,s) + (t-qyub)oswt(t,s) = 0. (2.96)

For yuf given by the solution to the Euler equations, we have obtained a partial
differential equation in s and t for yw®: if ywE, then dsywE = 0, so ywt = 0 is the
unique solution to the equation, given the initial datum ywg = 0.

In the three-dimensional case, if the normal component of the velocity and all the
components of the vorticity are zero at the boundary at the initial time, they remain
null for all the time the Euler solution exists: indeed, the only additional term in the
equation is wt - Vu®, which is zero at the boundary as long as yw? is zero. How-
ever, these are four scalar conditions, and we can only impose three scalar boundary
conditions to the Navier-Stokes system. Since yd,uF is preserved for flat domains,
one could hope that n X w remains null if initially zero: unfortunately, this is not the
case (Veiga and Crispo, 2012). Indeed, assume that wg € C! and thatn x wy = 0 but
n - wq # 0 for a point P on the boundary. We adopt a reference frame such that the
boundary is locally described by a function x3 = h(xq, x2), with the normal to the
boundary in P parallel to the x3 axis. Finally, assume that, in P, the hessian matrix
of h (which is the shape operator) has full rank. The directions of the axes x; and x;
are tangent to the boundary in P: the conditions d,, (n- uE) =0,i = 1,2, evaluated
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in P, become

axl X1 I’l')’uf + axleh'qu = ’YaX] UE/ (2 97)
axleh’yuf + axzxzh')/ug = ')’axsz-

The conditions dy,(n X wp) = 0, evaluated in P, become the following four linearly
independent conditions

YOx,wijp = —8xl.x].h'yw3o, i,je{1,2}. (2.98)

Therefore, we have

(Oryw") (t=0) = <w108x1u10 + Wop0x, U10 + W30 (Ix; 110 — O, U30) + W300x, Uz0+

—U100x, W10 — U200x,W10 — M303x3w10> = 2y <w30 (ax1x1 huyo + 3x1x2huzo) ) ,
(2.99)

and similarly,

(9ywh) (£ = 0) = 27 <w30 (xrmhitng + ax3thu20)> . (2.100)

Since the hessian of & has full rank and yw3p # 0 in P, the time derivatives of yw;
and yw; are zero at initial time if and only if yug = 0. But since wy is continuous,
n - wo # 0in a neighborhood of P, so, in order to have n x yd;w = 0 at the initial
time, we must have yu = 0 in a neighborhood of P. But this implies thatn - wy = 0in
the same neighbourhood, which is against our hypothesis. Therefore, the tangential
part of the vorticity in P will become instantaneously non-zero.

2.6 Relation between the inviscid limit and the gradient of
the flow near the boundary

Aside from some particular, symmetric domains, there are currently only two types
of results concerning the validity of the inviscid limit: the first type relies on regular-
ity assumptions on the initial data, requiring analyticity in both the variables, at least
in a neighbourhood of the boundary of width O(1) with respect to the viscosity. The
second type consists of a priori assumptions on the family of solutions u™°(v): this
line of research was initiated by Kato in 1994. In (Kato, 1984a), he showed that the
convergence of the Navier-Stokes solutions to the Euler solution is equivalent to the
vanishing of the dissipation in a sublayer of thickness O(v), therefore smaller than
the Prandtl layer. Temam and Wang, in (Temam and Wang, 1997), see also (Cheng
and Wang, 2007; Wang, 2001), obtained a condition leading to convergence, based on
the pressure gradient at the boundary, which is interesting because the appearance
of high stress at the boundary is the first indicator of the deviation of the Navier-
Stokes solutions from the Prandtl solution and the precursor of vortices formation
and subsequent separation, see (Gargano, Sammartino, and Sciacca, 2011; Gargano
et al., 2014; Obabko and Cassel, 2002). During the last 15 years, the Kato criterion
has been improved, interpreted in terms of different quantities of physical interest,
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e.g., vorticity (Kelliher, 2008; Bardos and Titi, 2013; Kelliher, 2017b) or tangential ve-
locity and velocity gradient at the boundary (Constantin et al., 2017), combined with
Oleinik’s monotonicity setting (Constantin, Kukavica, and Vicol, 2015). Recently, in
(Constantin and Vicol, 2018; Constantin et al., 2019; Drivas and Nguyen, 2019) the
authors have derived interesting criteria based on the vorticity in the interior of the
domain.

In this section, we see how a Stokes flow that cancels out the tangential part of
u® at the boundary can be used to prove that, under the assumption that some of
the derivatives of uN® near the boundary do not grow too much with v, the inviscid
limit holds. In particular, we prove the results of Wang (Wang, 2001) and Kato (Kato,
1984a). Call u?¢ the solution to

ol — pAuP® + vpbP =,

V-uPr=o,
yubt = —uf, (2.101)

7 (y = 0) =0,

ub’(t =0) =0,

where p = p(v) Then, the usual energy argument implies that
Ld
24t

ol A 3] [u¥S — u — aPP[, + v

[ —u® —u®| [, + ][ Ve[ < v][u]] 2] |Au®|| 2+

+

/ Vus : VuPdxdy

(2.102)
[ VaF] | [0 —u® = aPP[ 2, + [ [uP?] 2| [VaF || o[ [0 — u® — ]2+

+ ’/uNS - Vube. (uNS —uE> dxdy‘ .

Since the L? norm of u? vanishes with the viscosity, if we can prove that |[uN® —

uf — uP?||}2 goes to zero with the viscosity, we prove the validity of the inviscid

limit. It is easy to see that, for p €]1,+o0[,j =0,1,2,

L 1(1_;
Ly < c(p)pt (), (2103)
in order to extend the result to p = oo, one can write, fork > (d — 1) /2,

i~ ] i+1 _i
Lo < Cllapu /2 12 %, < Cot @30y

Therefore, in the right hand side of (2.102), the only terms that can be problematic
are the ones involving some normal derivatives of u5°. We have that

plldu®|[F < Cpt, (2.105)

while
/stayquudedy = —/8yvNSuBPuE - /UNSquaqu = —/uNsax(uBuE)dxdy—l—
—/vNSuBaqudxdy,

(2.106)
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so the only terms that might be unbounded are

L =v /ayuNsayuBdedy' < %HayuNSH% + Cvp~ 172, (2.107)

which is unbounded if p/v? — 0, and

Ll = NSy Bay NS gy dul < Cl1v2. 1Be LNS oN®
|L| = | [ 0™ 0yu™udxdy| < Clly=dyu”"||L~| y [ 2|

<
oz < (2.108)

1
< CPZ"ay“NSHLZHayUNSHLZ/

which is unbounded if v2 p — 0. For p = v?, both terms are bounded, but not small

in v. However, they are small in time: the only part of 9,u"" which behaves like
~1/2 :

0 is

yz _ |x/ =X

t
yosub (x",8)e” #0=)
/ - /dx// (ampli = s @72 (2.109)
" 7tp t s) R T S

If we take p = v2, then for a small time T* independent of the viscosity, we have

//‘2

‘/stayuBPuNdedy‘ < %HVuNSHZ +Cvl/?; (2.110)
therefore, we obtain, for t € [0, T],

d
[ [ < C (02 4 [ uf - 2 sup (a2 ()
dt te[0,T] '
(2.111)
which allows to estimate the eventual failure of the inviscid limit in terms of the
evolution of the trace of uF.

Now, we see how assumptions on the behaviour of the tangential derivatives of
the viscous flow near the boundary imply the validity if the inviscid limit. Assume
that

limV1/2"axuNSHLZ(y<h(V)) = 1’(1/) =0 (2.112)
v—0 -

for some function h(v) such that

) v
yg(l) 0 =0. (2.113)
Then, if
lim r(v) hv) =0, (2.114)
v—0 1%

using a corrector u?? with "viscosity" p(v) = vh(v), we have that

h(v)?

Y29y 0™ |Lo(y2n)) < Ce™ #1073 [uh(v), 2.115)

so, for I, outside the layer

_ w2 ]
/dt / oN59,uPuNSdxdy SCVHVuNSH%% e WhT E:/)—>0, (2.116)
vy
0 y>h(v
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while, inside the layer,
T
NSy . B, NS h(v)
/dt / v Coyutu dxdy| < C V—)r(v) — 0. (2.117)
0 ysh(v)
If (2.114) is not satisfied, we can take p(v) = v?/rf as "viscosity" for ub?, with g €
11/2,1]: in this case,
h(v 27(1.')2;3 —
A L < et L (2.118)
r(v)2 r(v)2

Hyzayqu| Lo (y=hv)) < Ce
(2.119)

so, outside the layer,
T

/dt / oN99, uBPuNSdxdy| < Ce !
y=h(v)

0 y>
(2.120)

while, inside the layer,
2

T
/dt / vNSayquuNded SC@
Vor(v)

y<h(v)

0
In both cases, we have 12/p(v) — 0 as v — 0, so I; goes to zero with the viscosity;
therefore, the inviscid limit holds. The inviscid limit also holds under the assump-
tion that
lim v2[10x0™ [ 2 2y einy) = O (2.121)
12| < Cl[0yu™®|| 2 [N ydyu™ [ 2, (2122)

indeed,
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with

+o00
|[oN*9,uf |2, = ‘/vNSzyzayquzdxdy‘ = /dxdyvNSZBy (/ y/zayuBP)zdy’) =
y

IN

—+00
2 /dxdystaxuNs /ylZByquzdy'
Y

—+o00
2 /dxdyé)vasuNs /ylzayquz dy'| +
Y

IN

+o0
+ 4/dxdyvN5uNs /ylzayquaxayqudy/
y
—+00
2 [ dxay|o NS I [ v ) ay
Y|ox0 yu y|+
Y\
oNS NS [ T - b )
4/dxdy v v /y dyuPodyufdy || <
y

Ns [t
Z/dxdy avaS”y (/ y38yu3"2) dy'| + Cp(v)*/?||2,u™*||2,.
y
(2.123)

The second inequality follows from 1 < y’/y, while the last inequality derives from
estimates similar to (2.103). In the last line, the second term goes to zero with v as
long as p(v) goes to zero faster than v*/3, while for the first term we can use the
same argument used for d,uN° and 9,u™° to prove the smallness in v, under the as-
sumption (2.121). These results were already obtained by Wang (Wang, 2001), using
a different, compactly supported corrector, defined starting from its streamfunction.
It resembles the Kato's criterion (Kato, 1984b), which ensures the validity of the in-
viscid limit as long as

lim V2 VN2 ey = 0. (2.124)
Wang’s criterion requires a thicker layer, but involves only the tangential derivatives
of the velocity field, which are bounded for the traditional boundary layer theory.
Actually, in a layer of the thickness cv proposed by Kato, only the norm of v*/29,uN
needs to disappear. Furthermore, the assumptions of d,u" are essentially assump-
tions on I;, which is an L? product between ByuN and ByuBP, with the behaviour of
ayuBP, in terms of v, which does not depend on the choice of the norm in the vari-

ables t and x. Therefore, we can formulate Kato’s criterion in terms of an L’%L;Lz
norm, for any p,q € [1,2], or an L?Lg,Lﬁ norm, for any p € [1,2], v € [2,+00|. Fi-
nally, instead of the LlT norm of ayuN S, the criterion can be formulated in terms of

t
[ uNSdt: the difference is that time oscillations are canceled out by the time integral,
0

but not by the norm.
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So, assume that

o 1/2 NS _ _
]1/51(1)1/ ||oyu HL?LZ(ygh(u))LZ =r(v) =0, (2.125)

and consider a corrector with viscosity p = v2r(v). Then, for I, inside the layer

t
[as [ oo uteaxdy| < vl1a, |y 1y s P |

Lyl = 2.126
0 y<Cv ( ’ )

Criv) v 2(v?r(v)) V4 > 0,

while, outside the layer,

t
/ds / 0, uN>9,uPPdxdy gCV\yayuNS\y%y|ayuBPHLzTL2(y§CV), (2.127)
0 y>Cv
with
CV2
17213 B 1/2,- 2 B2 e ot
V210,05 || 2y ey < CV/2e P00 [[9,uB%]| 2 < GOE — 0. (2.128)

Finally, since p/ v =0, |I2| goes to zero with the viscosity: therefore, the inviscid
t

limit holds. If the assumption (2.125) is done in terms of [ ayuN 5dt, we can use the
0

same argument once we express, through by integration by parts, the time integral

t
of [; in terms of fayuNSdT
0
T
v/dt/ayuNsayuBdedy =
0

T T t
—v [ dady ( / 8yuNSdt> 0uP (1) —v [ dt [ dxdy ( / ayuNSdT> 010,
0 0 0

(2.129)
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Chapter 3

The inviscid limit in the half space
with non compatible data

3.1 Introduction

In this chapter, we shall study the solutions of the 3D Navier-Stokes(NS) equations in
the half-space when the initial datum and the boundary datum are incompatible. At
the boundary, we impose the no-slip boundary condition and, therefore, the incom-
patibility means that we consider initial data having non-zero tangential component
at the boundary; we shall call these data Euler type or not well prepared initial data.
We shall establish the existence and uniqueness of the NS solutions for a time short
but independent of the viscosity. The central hypothesis we use is the analyticity of
the initial datum.

The study of the NS equations in the half-space (or half-plane in 2D) is a cen-
tral subject in the mathematical theory of fluid dynamics because it is a prototypical
case where one can study the interaction between a fluid and a wall. The intro-
duction by S. Ukai of an exact formula for solutions to the Stokes equations in the
half-space (Ukai, 1987), had a significant impact on the mathematical theory of the
NS equations; since Ukai’s result, several papers appeared concerning the existence
and uniqueness of solutions for the Navier-Stokes equations in the half-space with
general initial data, see for example (Cannone, Planchon, and Schonbek, 2000; Mare-
monti, 2008) and references therein. However, these results, by one side, do not al-
low Euler type initial data, i.e., data with a non zero tangential component at the
boundary; on the other hand, they rely on estimates that, in the zero viscosity limit,
would degrade.

Euler type initial data are important classical configurations; among them, we
mention the impulsively started disk or plate (Batchelor, 2000) and the flow gen-
erated by the interaction between a wall and a point vortex or a core vortex (Sir
Horace Lamb, 1975). Incompatible data are an interesting subject also from a nu-
merical point of view; in (Boyd and Flyer, 1999; Chen, Qin, and Temam, 2010; Chen,
Qin, and Temam, 2011; Hamouda, Temam, and Zhang, 2017; Temam, 2006), one can
find in-depth studies of how the lack of compatibility between initial and boundary
data can lead to loss of numerical accuracy; and on the appropriate compatibility
conditions, one should impose to ensure the required accuracy. In incompressible
fluid dynamics Euler type data typically arise when, to the Navier-Stokes equations,
one imposes initial data that are stationary solutions of the Euler equations and are
therefore of great interest for the numerical and theoretical study of the boundary
layer theory; for example, they have been used to test the Prandtl equations’” ef-
fectiveness to reproduce the separation phenomena occurring at the boundary, see
(Gargano, Sammartino, and Sciacca, 2011; Gargano et al., 2014; Obabko and Cassel,
2002).
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As we mentioned before, we want to construct the Navier-Stokes equation so-
lution starting from an initial datum that has a non-zero tangential slip. Moreover,
we want that the time of existence of the solution does not shrink to zero when the
viscosity goes to zero; this is not trivial because it is well known that, in 3D, the time
of existence of the NS solutions is short and that, in the presence of boundaries, the
existence time, in general, would go to zero with the viscosity. Therefore, we shall
have to handle both the initial layer, due to the presence of the initial discontinuity,
and the boundary layer, due to the mismatch between the no-slip boundary condi-
tion and the Euler solution. Following (Sammartino and Caflisch, 1998b), we shall
decompose the solution to the Navier-Stokes equations as the sum of the solution
to the Euler equations, the solution to the Prandtl equations with non-compatible
data, and a remainder, which needs a further decomposition. The singularity due to
the initial layer in Prandtl’s equation is passed to the other terms of the asymptotic
expansion, although in a less severe form. In particular, this singularity forces us
to solve the equation of the overall error in a functional setting more singular than
the one found in (Sammartino and Caflisch, 1998b), which requires different strate-
gies: one of the main differences is that we can no longer use algebra properties to
deal with the nonlinear terms. In our procedure we shall rely on the well-posedness
result for Prandtl’s equations with non-compatible data (Cannone, Lombardo, and
Sammartino, 2013).

We also point out the recent work that has tackled similar problems, although
considering a linearized version of the NS equations (Gie, 2013; Gie, Kelliher, and
Mazzucato, 2018).

The results of this chapter can be found in (Argenziano, Cannone, and Sam-
martino, 2022).

3.1.1 Asymptotic decomposition of the NS solution

Consider the Navier-Stokes equations in the half-plane or in the half-space ITT =
{(x,y) : y > 0} where, in 3D, x = (x1,x2):

oru—vAu+u-Vu+Vp =0,

V-u=0,
(3.1)
u’t:O = Yo,
qu = 0.
In the above equation 7 is the trace operator, i.e., for regular functions,
yv =v(y =0). (3.2)

When the viscosity v is small, its effects are mainly concentrated in a layer near
the boundary, whose thickness is proportional to ¢ = /v. For this kind of singularly
perturbed problems, one looks for solutions that, at the formal level, can be written
as (Dyke, 1964):

w=uly e (wlil Fuly) e (i +ully) ) 0N, (33)

having carried out the expansion up to order N. In the above expansion u‘(’i“)t (x,y,t)
and u?l?)(x, Y,t) for i = 0,..N describe the outer flow (away from the boundary)
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and the inner flow (close to the boundary) respectively, being Y = y /¢ the rescaled
variable.

The rigorous proof that an expansion like (3.3) holds in the compatible case, was
given in (Sammartino and Caflisch, 1998b), where the authors proved that the solu-
tion of the NS equations can be written as:

u:uE+ﬁP+s(uf+ﬁf) +ce.

In the above expansion the outer leading order term, u’, is the solution of the Euler
equations:
oruf +uf - vuf + Vpt =0,
V-uf =0,
E (3.4)
u’|,_, =uo,

,)/nuE == O,

where 7, v is the normal component of the trace of v.
The leading order inner solution @’ is linked to the solution of the Prandtl equa-
tions as follows: let u” the solution of Prandtl’s equations

(3 — Ayy)u’ + uPd,uf + o oyul — (9, + ”E‘y:oax)“E|y:o =0,

P P E
=0, u’| = uF(x,y = 0,t),
W =0 =y =00, )
j
p— ’ p— 0 Y]
u ‘t:O up(x,y )
where
Y
of = — / 9.uPdy’, (3.6)
0
We define the inner solution as:
al = (af,edh), (3.7)
where
P _ P E
i’ =uf —u ‘y:O’ (3.8)
—+o0
of = / 3. a’dY’. (3.9)
Y

The @ defined above decays away from the boundary, so that it does not interfere
strongly with the outer solution u*. Moreover @’ cancels the tangential flow gener-
ated by uF. However @” generates a normal inflow at the boundary Y = 0, see (3.9).

This inflow is canceled by the first order outer solution euf. This outer solution

generates tangential flow which is canceled by first order inner solution ¢! .

The overall remainder ee closes the procedure. Notice, however, that the remain-
der, which at the formal level should be O(e?), due to the nonlinear interactions
between the boundary layer terms and the outer Euler terms, can be proven to be

O(e) only.
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3.1.2 Statement of the main result
We give an informal statement of the main result of this chapter.

Theorem 3.1.1 (Informal statement). Suppose that uy has analytic reqularity, with ~y,uy =
0. Then an analytic solution to the Navier-Stokes equations exists for a time independent of
the viscosity; this solution can be written as

w=ufl -l e (ulf +ullt +e), (3.10)

where the outer solutions u‘(’g)t and u‘(’%)t depend on (x,y,t), while the inner solutions ué’é’)l
and ul(*{’; depend on (x,Y,t), and are exponentially decaying outside the boundary layer.

Moreover ué’g)gl, u‘(’%)t and ul(’ﬁl have singular time derivatives at the initial time.

The rest of this subsection is devoted to illustrating the physical meaning of the
terms appearing in the asymptotic expansion of the NS solution, equation (3.10).

The leading-order outer solution

The term u?(‘)‘)t(x, y,t) is the solutions uf of the Euler equations (3.4). The existence

of an analytic solution for the Euler equation has been established in the literature,
see among others (Bardos and Benachour, 1977; Levermore and Oliver, 1997; Sam-
martino and Caflisch, 1998a); therefore, in constructing this part of the NS solution,
we shall refer to these results.

The leading-order inner solution

The term u%’)? =al (x,Y,t) correlates to the solution of the Prandtl equations (3.5)

through subtraction of a constant (in Y) function that makes it decaying outside the
BL. The incompatibility, in equations (3.5), between the initial data and the boundary
data leads to the occurrence of a singular part u®, so that the @’ must be decomposed
in a regular and a singular part:

a’ = af +u’. (3.11)

The singular part u® = (u°,ev°) is in the form of an initial layer; u° solves the fol-
lowing system:
(at — ayy)us = O,
u5|Y:0 = —ugo(x), (3.12)
uSli—o =0,
where 1y is the trace at the boundary of the tangential part of the initial NS datum,

i.e.,
Ugo = YUo; (3.13)

clearly, were the initial and boundary data compatible, 1oy = 0 and, consequently,
u® = 0. One can write the explicit expression of u°,

+o0 o2

uS = —yuy / Qda, (3.14)
Y
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while v° derives from the incompressibility condition,
o = [ o.usay, (3.15)

Notice how the tangential part #° has Y- and t- derivatives that, at the initial time,
are singular at the boundary. For the rest of the chapter, we shall say that a function
has a "gaussian" singularity if it is bounded away from the origin (Y, t) = (0,0) and
behaves near the origin like

tPp(Y /e Y/ (3.16)

for some B > 0, ¢ > 0 and some polynomial p. This kind of singularity is concen-
trated at the boundary at the initial time, and that can be tamed by multiplying the
function by suitable powers of Y and/or t. The regular part a® can be proven to be
more regular. The fact that the Prandtl equation with incompatible data admits the
solution given in (3.11) was proven in (Cannone, Lombardo, and Sammartino, 2013).

In the sequel it will be useful to introduce the following notation for the value at
the boundary of the influx generated by the Prandtl solution,

gzyﬁp:—/aﬁde/:gR—l—gs,

—+00
——/8xﬁRdY’ /auSdY’— \F\fauoxy_o)
0

The first-order correction to the outer solution

(3.17)

The first order outer flow u‘(’i‘)t = ufl) (x,y,t) is the solution of a linearized Euler’s
system:

V~uE1 =0,
- B )WP (3.18)
n (1) - 7
E _
gy l,_g =0

The role of the correction to the Euler flow is to cancel the normal inflow generated
at the boundary by the boundary layer corrector a”. We shall decompose uf,

) ina
regular and a singular part:
E

un) = wk + w®. (3.19)
We shall see that the singular part can be written as \/fwg(x,y), where wg does
not depend on t. This time behavior means that the singularity, formed at t = 0

in the inner flow ui’ésl, does not remain confined in the boundary layer, but instanta-

neously propagates in the whole space with an O(e) intensity. This is consistent with
the parabolic nature of the Navier-Stokes equations, leading to an infinite speed of
propagating disturbances.

While the time derivative of ufl) is singular everywhere at the initial time, its

growth as t goes to zero is less pronounced than the one of d;u°: the reason is that the
singularity has been passed at O(e) terms through the incompressibility condition
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that gives ¢° in (3.17), and the integration in Y has a regularizing effect on "gaussian"
singularities. For the same reason, we shall see that the overall error e is regular, with
a bounded time derivative.

The first-order correction to the inner solution

The first order inner flow u’(’}gl = ﬁfl)(x, Y, t) = (L_la),sﬁa)) is the solution of a
linearized Prandtl’s system,

(0 — 3w)ﬂ€1) =0,
'yﬁa) = —'yul(sl), (3.20)
() (t=0) =0,

with the normal component given by the incompressibility condition,
—+o00
=P P
oh,) = / dyitlydY'. (3.21)
Y

The role of ﬁﬁ) is to correct the tangential component at the boundary generated by

ufl). The term ﬁa) admits a decomposition in a regular part and a singular part with

a "gaussian" singularity less severe then the one in u%sl.

The error e(x, Y, t)

The term e(x, Y, t) is an overall error that closes the asymptotic expansion. It satisfies
a NS type equation with a source term and with a boundary condition that cancels
the inflow generated by 1‘11(?1), without generating tangential flow:

dre + (u%? +eu€{§) -Ve+e-V (u%i +eu?{§> +ee-Ve+ Vp' =E,
Vee=h o am

— 5P '

e = (0, —70(1)> ,

where we have defined the zero-th and first order approximation of the NS solution:

R P
The source term Z is generated by the discrepancies between the NS equation and
the equations satisfied by the approximating terms in the asymptotic expansion. The
explicit expression can be found in appendix B.

A key point in the proof of the regularity of e is that, in its equations, the singular
terms multiply terms which go to zero with t or Y in a sufficiently fast way.

All the singular terms appearing in (3.10) have explicit expressions and finite L2
norms in appropriate spaces of holomorphic functions. The expansion (3.10) implies
in particular the validity of the inviscid limit in the energy norm with an O(+/¢) rate,
since [[a” 12, = vl 2,
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Plan of the chapter

The organization of the chapter is the following: in 3.2 we introduce the function
spaces needed to prove the validity of the inviscid limit, and we analyze some of
their properties. In 3.3 we introduce the abstract Cauchy-Kowalewski theorem; this
theorem is essentially a fixed point method used to prove the existence of solutions
to differential equations in a scale of Banach spaces. In 3.4 we present the main result
of the chapter. The other sections deal with the terms of order one and the remainder
deriving from the asymptotic expansion of u™>.

3.2 Function spaces
Define the strip D(p), the angular sector () and the conoid (6, a) as follows
D(p) = {x e C: |Im(x)| <p}, (3.23)

2(0) ={y € C:Re(y) >0, |[Im(y)| < Re(y) tan(0)}, (3.24)

Y(0,a) ={y € C:0< Re(y) <a, [Im(y)| < Re(y) tan(0) }

U{y € C: Re(y) > a, |Im(y)| < atan(6)}. (3.29)

In what follows, we shall deal with spaces of functions analytic in some of the above
domains; in those spaces, the chosen paths of integration in the x variable are lines
parallel to the real axis, while we shall adopt piecewise linear paths for the y and Y
variables.

I'(b)={xeC:Im(x) =0b}, (3.26)

[(0',a)={yeC:0<Re(y) <a, Im(y) = Re(y) tan(6’) }U

{y eC: Re(y) > aq, [m(y) — atan(e’)}_ (3.27)

Definition 3.2.1. The space H'* is the set of all complex functions f(x) such that
1. fis analytic in D(p);

2. |flip = ¥ sup |03f(- +id)[2(r) < oo.
| <l |A|<p

When dealing with the 3D Navier Stokes system, x is a 2D vector, and « is a
multi-index, while in the two-dimensional case, x is a scalar. The use of an L2 norm
instead of a generic L” norm allows an important characterization for Hardy spaces,
see (Paley and Wiener, 1934) for a proof:

Theorem 3.2.1 (Paley-Wiener Theorem for the strip). Let f € L?(R), p > 0, denote
with f the Fourier transform of f. The following are equivalent:

1. fis the restriction to the real line of a function holomorphic on the strip D(p), with

sup |f (- +iA)[2gr) < 00
[Al<p

2. Clf € L2(R).

We shall use extensively this result, and we shall often work in the Fourier vari-
able &’ corresponding to the physical variable x: to simplify the notation, we denote
with the same symbol a function f and its Fourier transform with respect to the x
variable, and similarly we use the same notation for a pseudodifferential operator
and its symbol.



42 Chapter 3. The inviscid limit in the half space with non compatible data

3.2.1 Function spaces for the outer flow: zero-th and first-order Euler equa-
tions

In this section, we shall define the appropriate function spaces for studying Euler
equations and the first order correction to the Euler equations. First, we introduce
the space of functions, depending on x and y. To construct the solution of the Euler
equations, the main tool is the half-plane Leray projector, which allows as many
derivatives in x and y. This reflects in the following definition.

Definition 3.2.2. H"?? is the set of all functions f(x,y) such that:
1. fisanalyticin D(p) x X(6,a);

2. |flige= X sup [[0205 floplr2(r(era) < oo

|y |[+a2 <1 |07| <0

The initial value for the Euler equations is given in H Lef withl > 6 >1+4+d/2
and 0 < /4.

We now pass to introduce function spaces with time dependence. In all the
spaces defined below, the width of the analyticity domain diminishes linearly with
the time ¢.

For a given Banach scale {X,}o<p<p,, with X,» C X, and |- |y < |- [, when

' < p” < po, denote with Bfg([O, T], X,,) the set of all functions f such that, for

k=0,...,j, 9 f is continuous from [0, 7] to X, _p; V0 < T < T < po/B, with norm

k

flios = Y sup [3LF(£)]py—pt- (3.28)
j=0t€[0,T]

The following spaces are where one can prove the existence of the outer solu-
tions.

Definition 3.2.3. Hgf’T’g, with T < min{p/B,0/B} is the space of all functions f(x,y,t)

I ,
such that f € (\ By ([0, T], H'="*?), with norm
i=0

!

flioosr =Y, sup [0if (s t)i—ip—pro—pt- (3.29)
i=0t€[0,T]

The above space is the natural space for analytic solutions of the Euler equations;
see Theorem 4.1 in (Sammartino and Caflisch, 1998a).

Definition 3.2.4. H/ZSPTel is the set of all functions f(t,x,y) such that
1. f € By([0,T], H***) N Bg([0, T], H'~'#¥) ;

2. flipoprs = sup |flio-pro—pt + sup [0:fli-1,0-pro—pr < o
t€[0,T] t€[0,T)

The above space is the natural space where to prove the existence of the correc-
tion of Euler flow, ul(sl): the singularity deriving from Prandtl equations implies that
only one time-derivative is allowed; on the other hand, the regularity in y depends
only on operators (like the Leray projector) with some symmetry between the be-
havior in x and y, so that we can use as many derivatives with respect to v as for
X.
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3.2.2 Function spaces for the inner flow: zero-th and first order boundary
layer equations

We now introduce the space of functions analytic in x and Y, in the strip D(p) and
in the cone X(6), respectively. Moreover, we impose exponential decay in the Y-
variable so that for large Y (away from the boundary, in the outer flow), the bound-
ary layer-type solutions do not influence the Euler solutions.

Definition 3.2.5. The space K"*9# with yu > 0 is the set of all functions f(x,Y) such that
1. fis analytic in D(p) x X(0);
2. 0Y102f € CO(X(0), HO) for any ay < 2 and |ap| <1 — ay;

3N flipop= L L sup eRMQPaF(-,Y)|g, < oo

=2 |ap|<I—a1 YEX(0)

The asymmetry on the regularity requirements in x and Y is due to the diffu-
sion in Y that allows regularity only up to second-order Y-derivatives (unless one
imposes stronger compatibility conditions).

We now introduce the functions depending on x and t. The presence of the dif-
fusion allows regularity in t only up to first-order derivative.

I
p
([0, T, H'=1°), with norm

Definition 3.2.6. K

1
Bg

f]T is the set of all functions f(x,t) € Bg( [0, T], H"*)N

1 .
flippr =Y Y, sup [0i95f (- t)]op—pt- (3.30)

i=0 |a|<1 0<t<T

The next space is where we shall prove the existence of the regular part of the
solutions of the zeroth and first-order BL equations. The diffusion in Y allows regu-
larity only up to second-order Y-derivatives and first-order t-derivatives.

Definition 3.2.7. The space K;;p T’e’” is the set of all functions f(x,Y,t) such that:

1. f € CO[0,t], KlP=PtO—PBtr=Pt) and 9,9% f € CO([0, t], KOP—PLO—BLI=PY) with t <
T <min{p/B,0/B,u/B}and |a| <1—2;

2. flipopupr= L L sup [03'02f (- t)]o0—pto—ptu—pt +

x1<2 061+|1Xz‘§l 0<t<T

Y. sup [0:93f (-, t)|op—pto—pru—pt < .
|a[<I-2t€[0,T)
3.2.3 Function spaces for the overall error equation

Definition 3.2.8. S"#9 is the set of all functions f(x,Y) such that:

1. f is analytic inside D(p) x %(6,2) and in L* (T (p") x T(6/,2) V|p'| < p, V|6'| < 6

2. |flipme = L 105 fli—kpe < co.
k<m

Lo,m,0
BT

1. f e By ([0, T],s"m?);

Definition 3.2.9. S the set of all functions f(t,x,Y) such that:
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2. |f|l,p,m,0,ﬁ,T = sup |f|l,pfﬁt,m,975t < oo,
t€[0,T]

In the equation (3.71) of section 3.7, we further decompose the error e: the space
Sg/p T’l’e is the functional setting in which the ACK theorem can be applied for the term
e*, and the image of e* under the operator N'* defined in 3.7.3 is in the space L;’f’ %9’

defined below.

Definition 3.2.10. L;’f) %9 is the set of functions f(x,Y,t) such that

f € CO([0,t], SHP—PLOI=P) Qv f, dyyf, d:f € CO([0,t], SI=20—POO—Ft) vt < T <
min{p/p,0,0}, with norm

1

flipopr =3 2. sup [995f (0o t)lop-pro—pet
j=0 a<I—2j t€[0,T] (3.31)

Z Z sup ’aﬂ;lazzf(.’ r t)|0,p—/5t,6—ﬁt-

1<a1 <2 |ap| <1—2 0<t<T

3.2.4 Algebra properties and Cauchy estimates

Let d’ be the dimension of x, i.e. ' = 1 or d = 2 when solving NS equations in the
half-plane or in the half-space respectively; moreover, calld = d’ + 1

Lemma 3.2.1. Let u(x), v(x) be in H*, with | > d'/2. Then uv € H", with
[uvlye < Cluliplolp. (3.32)
Lemma 3.2.2. Let u(x,y), v(x,y) be in H"*?, with | > d /2. Then uv € H"*9, with
[uv|10 < Clu1p,0[0[1,0,6- (3.33)

One can easily verify both lemmas using the Paley-Wiener theorem and the usual
argument used to prove the algebra properties of Sobolev spaces.

The use of complex variables allows to have simple estimates for the norms of
the derivatives: using Cauchy formula for derivatives, we immediately have that

0K ujg, < (3.34)

k! ]
——|t]o,p-
(p—p")F
For functions holomorphic in a cone or in a conoid, we cannot bound the norm of
the derivatives with the norm of the function in a larger cone with the same vertex,
because we cannot use the Cauchy formula for derivatives with a fixed radius in all
the path of integration. If we use a radius linearly growing with |y| for Re(y) < a,
constant for Re(y) > a, we easily obtain for a function holomorphic in X (6, a) that

sup | min{a, [y[}0yf (¥)|r2(r(er,a)) < 5_g SUP |fler (e a))- (3.35)
CARL |6"| <0

From equation (3.35), we obtain

Lemma 3.2.3. Assume that u,v € H'"*?, with u(y =0) =0andl > d/2+ 1. Then for
any 6" < 6 we have
|U|l,p,9

|udyol1p0 < Clulpe g5 (3.36)
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This lemma is crucial for the estimate of the nonlinear term in the Euler equa-
tions. The Prandtl equations with initial data exponentially decaying in Y need the
following estimates.

Lemma 3.2.4. Let f € KW#"9"", Then

i |f|], ! 0" u!
‘mln{]" |Y’}ayf|l,p/,0/,]l/ S 9//p_ 9/}{ + Au/’f’l,p/,el,]l/ (337)
|f|l,P’,9”,]/l, ’ ‘f’l,p’ﬁ’,y”

|Yayf|l,p/,9//y/ <

0" — g K ‘u// _ ‘u/ + |f|l,p’,9’,;4’ (3.38)

Both the lemmas above can be found in (Sammartino and Caflisch, 1998a). Notice
that a different exponential decay is needed in order to estimate the product of dy f
with a linearly increasing function. The Prandtl equations are still well posed when
the initial data decay with Y with a polynomial rate, see (Kukavica and Vicol, 2013),
and also (Cannone, Lombardo, and Sammartino, 2013); in this case, using a radius
linearly growing with |Y| in the Cauchy formula for derivatives, it is easy to obtain

sup (14 [Y])*[Yoyf(Y)| < éc sup (1+[Y])*|f(Y)], (3.39)

Yex(0) -0 Yex(d)

which means that, unlike the exponential case, there is no need to change the poly-
nomial rate of decay.

3.2.5 Paths of integration

In this chapter, we shall solve equations involving heat operators in several in-
stances: for example, boundary layer equations, where diffusion in the normal Y-
variable appears, or the error equation, where diffusion is both in the x- and Y-
variable is present. The method we shall use is based on representing the solutions
utilizing the convolution with the appropriate gaussian. As long as the integrand
is holomorphic, one can deform the integration path, choosing the most convenient
one. However, when estimating the solution and passing the modulus inside the
integral, the integrand is no longer holomorphic, and the integral depends on the
particular path of integration; therefore, in many estimates, a careful a priori choice
of the path of integration is helpful. Taking the convolution with respect to x, the
best choice for the path is the one that makes the argument of the gaussian real,
i.e., the path x’ € T'(Im(x)). On the other hand, for the convolution in the Y vari-
able between a gaussian and a function analytic in a conoid, given that the domain
of analyticity shrinks near the origin, one cannot take Im(Y’) = Im(Y); therefore,
we choose the path consisting of the segment connecting the origin and Y, and the
half-line from Y to 400 + iIm(Y) parallel to the real axis. Said differently, one has:

Y
€ [0,]Y]]
Y = RO ) 3.40

{ v+ Y, 1€ [Yy, oo (3.40)

In the first part of the above path of integration one has

(Y2 PV, (¥]-r?
e A R < o s %), (341)

7

_ (ny/)z
e A4lt—s)
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to get the last inequality we have used

Y?=Y:  Y(1—tan?(6y))
= = 20y) > 20), 342
Y7+ Yl%n Y2(1 + tan?(0y)) cos(20y) > cos(26) (3.42)

where 6y is the argument of the complex number Y. Analogously, one can show that

_(Y+Y!)?
e 4(t—s)

— (IYltr)z cos(20)

<e , (3.43)

2

<e ® cos(29)’ (3.44)

("2

e 4s

where the latter inequality will be used for estimating the singular term u5.

In the second part of the path (3.40), we have that

_(r=yy? _ (rr=r)?
e W | =e 9, (3.45)
while )
(Y+Y/)2 —(Yr+r)2+4Y; (Yr+1)?
e Ty | = Tw < e IOy (3.46)

where we have used
(2Yin)* < tan®(6v)(2Y,)* < tan®(6)(Y; + 7)™

Finally, since (Y;;,)? < tan?(0)r?, we have

< o (tan?(O) 7 (3.47)

Therefore, we conclude that after a change of variable, one can deduce the esti-
mates involving the complex gaussian on the paths (3.40) by estimates involving the
real gaussian; these estimates are up constants that blow up when 6 — 7t/4.

For a function analytic in a cone, we take as path the half line which starts at
the origin and passes through Y: therefore, the estimates (3.41), (3.43) and (3.44) are
valid along all the path.

3.3 The abstract Cauchy Kowalewski theorem

Consider the equation

u+F(t,u)=0 tel0,T] (3.48)
Let { X, }oej0,0,) @ Scale of Banach spaces, with X,y C Xy and |- |y < |- |,» when
p/l S p/ S p
Theorem 3.3.1. (ACK theorem) Suppose that 3R > 0, po > 0, Bo > 0 such that if
0 <7t < T < po/Po the following properties hold:

1. Y0 < o' < p < po — Bot and Vu such that {u € X, : sup |u(t)|, < R} the map
tel0,7]
F(u,t) : [0, 7] = X, is continuous;
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2. Y0 < p < po — ot the function F(t,0) : [0, 7] — {u € X, : sup |u(t)[, < R}is

te[0,7]

continuous and
[F(t,0)], <Ro < R; (3.49)
3. forany B < Bo, 0 < p' < p(s) < po — Pos and u' and u* € {u : u(t) € Xpy_p <

R}
\F(t,ul) — F(t,u2)|p/ <
t
C/ lul — uzlp(s) N lul — uz‘plds (3.50)
A O =

with & < 1 and C independent of t,t,ul,u?,B, 0, p(s).

Then 3B > Po such that equation (3.48) has a unique solution u such that ¥Yp €]0, po[
u(t) € X, vt € [0, (po — p)/p]; moreover sup |u(t)|, < R.
p+Bt<po
The spaces introduced in 3.2 are Banach scales with respect to the parameters
defining the complex domains and the exponential decay. The use of an analytic
setting is mainly due to Prandtl’s equations, since the well posedness results avail-
able for these equations use either an analytic setting (Kukavica and Vicol, 2013)

and (Lombardo, Cannone, and Sammartino, 2003) or some monotonicity assump-
tion (Oleinik and Samokhin, 1997).

3.4 The main result

We now state the main result of the chapter. An informal statement was given by
Theorem 3.10, in section 3.1.2, where the reader can find a detailed explanation of the
meaning of the different terms appearing in the asymptotic expansion (3.51) below.

Theorem 3.4.1. Assume that uy € HPP  with Yutto = 0,1 > 6. Then, for any yu > 0, there
exist p < p, 0 < 6, B > 0, all independent of v, such that the solution of the Navier-Stokes
equation (3.1) can be written as

u=u"+a" +efuf +aj +e, (3.51)
where:

1. The term uF € H;pT is the solution of the Euler equations (3.4).

2. The term @ is the modified Prandtl solution given by (3.8) and (3.9). The following
decomposition in regular and singular part holds:

i’ =ak +a°,

16,9,

where the reqular term a® € K AT ¥, and the singular term u® is given by (3.14) and

(3.15).

3. The term u’é) is the first order correction to the inviscid flow solving the system (3.18).
The following decomposition in regular and singular part holds:

”El) = ”I(SS + Viwj (x,y),
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~1,5, S5 .
where uﬁ]? € ,B,pT,l and wy € H""Y is given by (3.56).
P _ (P =P \: . . . =P
4. @ 1) = (”(1)' I (1)) is the first order correction to the boundary layer flow; ) solves

the linear heat equation (3.20), while 77{1) is given by the incompressibility condition
(3.21). The following decomposition in regular and singular part holds:

where the reqular part ﬁﬁ) € K%’p ' and the singular part ﬁ?l) is given by (3.64).
1L,o8

5. The term e is an overall error that closes the asymptotic procedure with e € L AT

The result concerning the Euler flow can be found in (Sammartino and Caflisch,
1998a) as Theorem 4.1. : the key point is to use Leray’s projector P for the half space,
which is the projection operator of L? on the space of divergence-free L functions
with zero normal component at the boundary. Using P, the Euler equation can be
written as

t
uf =g + / P (uE - qu) ir, (3.53)
0

which is a suitable form for the application of the ACK theorem.

The result for @’ can be easily obtained with a slight modification of the argu-
ment used in (Cannone, Lombardo, and Sammartino, 2013), where the authors sup-
posed a polynomial decay of the initial data, rather than an exponential one: they
decomposed the solution as the sum of a singular term u° given by (3.14), the so-
lution uP of Prandtl’s equations with compatible data (yuP” = ugy) and an initial
datum given by the initial value of the Euler flow at the boundary, and an interac-
tion term.

The other terms of the asymptotic expansions are analyzed in the following sec-
tions.

Remark 1. To prove theorem 3.4.1, we use the fact that when we reduce the strip of x-
analyticity, we can get as much x-regularity as as needed. However, while we can obtain
arbitrary reqularity in the tangential variable, this does not hold for the normal variable
since the reduction of the cone of analyticity does not provide any additional reqularity: the
regularity in the normal variable does not exceed the regularity of the initial datum.

3.5 Correction to the Euler flow

The first-order correction to the Euler flow is produced by the inflow at the boundary
generated by the Prandtl solution; given that the Prandtl solution has a regular and
a singular part, in (3.17) we have split the inflow g in singular and regular part, g°
and gR, respectively. The first order Euler equations (3.18) are linear; therefore, by

the superposition principle, we can decompose the first order Euler correction ﬁa)
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as in (3.19), i.e., as singular and regular part. The singular part w® solves

oyw® +w’ - Vuf +uf - Vw® + prs =0,

V- -w® =0,
1 (3.54)
’yan o gs — —\/;\/Zaxuo()(X),
S _
w ‘t:O =0,

while the regular part w® solves the system obtained by (3.54) replacing ¢° with
¢gR. The regularity of ¢ is the same that the boundary value of the normal part
of the Prandtl’s correction would have in the compatible case; therefore, we have

1-1,p,0
wRk EHﬁT1

We now pass to the analysis of the singular part w®. If one denotes by &' the
Fourier variable corresponding to x, it is useful to write the solution as

w'(t,&,y) = Viwj + 1w, (3.55)

where

w; (8, y) = (_IW ) I8 iE oo (), (3.56)
is divergence-free and takes into account the normal inflow. The operator I Vi is a
weighted integration in time:

I\/w /fw 7,&,y)dt (3.57)

The main difference with the compatible case, treated in (Sammartino and Caflisch,
1998b), is the use of I /; instead of a simple integration in time. The point is that

the use of a weighted integration allows to eliminate v/t from the forcing term of
the equation of wS", which is essential in order to take a time derivative in equation
(3.58) below.

The rest of this section is devoted to the construction wS". Substituting equation
(3.55) into (3.54), and then applying the Leray projector, one derives the following

equation for wS”,

w® +P I”ws*. E E-Vl‘ﬂws*+ws-VuE+uE~sz =0, (3.58)
\/{ \/Z b b 4

which is a suitable form for the application of the abstract Cauchy-Kowalewski the-
orem. Since P is a bounded operator in H Lof (see (Sammartino and Caflisch, 1998a))
and commutes with time derivatives, we can estimate v instead of Pv for any v. We
shall show that, assuming that 1y € H!*1P and uf € IISPTB, then w* € Hll} Tl f /9
some B > B: such a regularity for ugy can always be obtained from the trace of a

function uy € H"*? by reducing the strip of analyticity.

for
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3.5.1 The forcing term
For any p’ < p — Bt, 0’ < 6 — Bt, we use the algebra property (3.33) to obtain

wy - Vub|i_1 g0 < Clwy|i—1,p 00”100 < Cluoolp[u®lip6,8T (3.59)
and similarly

[uf - V|10 < Cluoolist,elutli-1,0087- (3.60)

3.5.2 Quasi contractiveness

I S
For the term uf - V /2 , we have

NG
E I\ﬁws* tﬁ s
Uy ——Fr— < C‘M ’l 1p’6//7’ xW ’lfl,p’,()/dTS
\/E l*l,p’,el 0 \/Z

(3.61)

[w*],_4 (s),0'
< CluF|i1p0, ,T/#ds,
PEET () =/

while, with an argument similar to the one used in the proof of lemma 3.2.3, since

*

I sw® T . .
dy ﬂ\;‘; multiplies v, which goes to zero linearly as y approaches zero, we have

I ~wS
any Vi

|w i 1,0",6(s)
<CZ) /—pds. 3.62
i 0% |121,0,0,8T (3.62)

0/
1-1,0 0

I rwS
NG
The term NG

since no Cauchy estimate is needed

I ws* t
‘\/i/f . VUE‘ S C’uE‘l,p,G,ﬁ,T/ \ws*h_l,p/ﬂ/ds, (363)

By the ACK theorem, we obtain the existence of a unique solution of equation (3 58)

n AL , T 0 ; takmg the time derivative of that equation, it is easy to see that w>* €

~1—1,0,0
Hg Y’

3.6 Boundary layer corrector

The first order correction ﬁf’l) = (ufl),sﬁfl)) is the sum (see (3.52)) of the solution

ﬁ?l) of the system

(0r — aw)ufl) =u®,

7”?1) = —w®,
ufl)(t =0) =0, (3.64)

—+o0
5?1) = / o,u’dY’,
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and the solution ﬁﬁ) of the system obtained by (3.64) replacing w® with w® We have

ﬁﬁ) € Klﬁ’p %9’” : this is obtained through estimates of the heat operators in analytic

settings, see (Sammartino and Caflisch, 1998b) for proof. In Fourier terms, ”?1) is
given by
ugyy = —Ci|¢'fuoo (&) Fija(t,Y) (3.65)
where
t 2 +o0
Y e ) 1 ) Y2
Fi/h = / sds = — / e T\t — —do, 3.66
1z ! 2(t—s) 47‘((t—s)\[ VT J 402 (3.66)
2Vt
We estimate u“(gl) in terms of F: we have
2
|F1ja] < Ce 5 VL. (3.67)
The derivative with respect to Y is
1 7 .y 4 2 [ v d
o _ s
IWE gy — L / et L — /e 2 (368
Y£1/2 \/E 40_2 A ﬁ \/g (t — S) ( )
X 402 0
2Vt
SO
Y2
|0y Fy/o| < Ce™ %, (3.69)

The term dyy Fy ; is singular near the boundary (although YdyyF /, is not).
The normal component 77?1) has a better regularity with respect to t and Y; we have

= P
|a§(v?1)’k,p < Clugo|kt20 toz (3.70)

3.7 The remainder e

The remainder e satisfies equations (3.22), which are Navier-Stokes type equations
with source term and non-homogeneous boundary conditions. It is important to no-
tice that the source term contains 0,,1° which is the most singular term. Therefore,
we decompose the error e as

e=N*e" +o+h. (3.71)

In the above decomposition, the tangential partof h = (%/, eh,,) takes care of the most
singular term d..1°; in fact, i’ solves the heat equation in the half space with forc-
ing term €d,,u°, and homogeneous boundary and initial conditions, see the system
(3.72); the normal component /1, is obtained imposing the incompressibility condi-
tion and the decay at infinity in Y, see (3.76). Therefore 1, has a non zero trace at the
boundary. The construction of h will be accomplished in subsection 3.7.1, while the

fact thath € szfe is stated in Proposition 3.7.2.

The term ¢ solves the Stokes equations with boundary conditions, see the sys-
tem (3.78) below. We have introduced the term o to take into account the boundary
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conditions of e, deriving from the boundary layer corrector, and the boundary con-
ditions generated by h. The construction of ¢ will be accomplished in subsection
3.7.2, while the fact that o € Lgf] %0 is stated in Proposition 3.7.3.

Finally, N*e* solves the Stokes equations with homogeneous boundary condi-
tions and with forcing term e*, see the system (3.85). The Navier-Stokes operator
N* can be defined explicitly in terms of the Leray projector and and heat opera-
tor, see the formula (3.86). The construction of the operator N'*, and the necessary
estimates, will be presented in subsection 3.7.3

To construct e* we shall use the ACK theorem in the S"#'9 setting: given that
uS ¢ SlP10 this has led us to isolate the effect of €0y, 1° introducing the term h. The
construction of e* will be accomplished in subsection 3.7.4.

For the Compatible case, in (Sammartino and Caflisch, 1998b), the authors showed

thate e Lg Lo 1 by proving that both ¢ and e* were in that space. In our case, ¢ is still

in L1 8, T ; however, we can say that e* ¢ Slede, only; nevertheless, we shall prove that

the image under N * is still in L%’p %9.

3.7.1 Heat term

The tangential part /' of h satisfies

(at - aYY)h/ = gaxxuS,

yh' =0, (3.72)
W(t=0)=0.
One can write the explicit expression of ':
= Saxxuoop(t, Y), (3.73)
where
5 t +oo +00
= == / / ~E}) / e dodY, (3.74)
0o 0 ¥
2ys
and E; and E] are:
A(t—s 4(t—s
Eg = Ef = oo (3.75)
4r(t—s) 47(t —s)

The normal part of h is obtained through the incompressibility condition expressed
in the Y variable; thus, it is a O(¢) with respect to i’. We shall denote the normal part
of h as ¢h,, to stress this fact. We have

hy, = / MY, (3.76)

One can give the following estimate:
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Proposition 3.7.1. For j =0,1,2, Vu > 0, we have

i 2-j
sup e”RE(Y)|8]Yh’|l,2,]-lp < Cet 7 |ugoli—jp,

Yex(6) (3.77)

Re(Y) |5 i
sup el e( )|a]YI’ln|l,3,]‘/p < Cet2 |u00|lfj,p'
Yex(0)

The proof of the proposition is in appendix C. The exponential decay in the Y
variable stated in proposition 3.7.1 implies the boundedness in L2; moreover every
up € H'"*? has trace ugy € H'= ¢ H" Vk > 1, Vp < p. Therefore, we obtain the
following result:

1,50
BT

The estimates given in Proposition 3.7.1 imply an L§ boundedness, which will

be useful in the treatment of the nonlinear terms in the equation of e*.

Proposition 3.7.2. Assume ug € H"*9: then Vp < p, VT, VB, we have h € L

3.7.2 Boundary value of the error

The term o = (03, 02) is needed to cancel the boundary value of h, and 5%’1) ; there-
fore, it satisfies

(8t — ayy)(f + V(P = 0,

V-oc=0,,
(3.78)
yo = (0,eG),
o(t=0)=0,
where
+o0 .
G= —’yﬁﬁ) — '777%)1) —vh, = ax/o (uﬁ) + ua) + h’) dY = 9,G. (3.79)

The above system is a Stokes problem with boundary datum and homogeneous ini-
tial datum. In (Sammartino and Caflisch, 1998b) one can find the procedure to solve
such a problem; the solution writes as

Y
o = 8N’E1G — N/E/S|C"67£‘§,|(Y*Y,)E1Gdy/ _ N/efE‘CIWG/
0

y (3.80)

oy = ee VG 1 / e|&|e 10V G,
0

where '6/

i

N = 2, (3.81)

'l
while E; f(t) gives the solution of the heat equation with boundary datum f () and
homogeneous initial datum; the explicit expression is

Eif = 0/ 5 (t{ 3 F(s)ds. (3.82)
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Proposition 3.7.3. Let o = (01, 02) with o; given in (3.80). Then o € L%ﬁ%é and, V|0'| <
6, VO €]0, t/4[, Va the following estimates, hold:
o lkplr2rea)) < ClGlis,er
[0y lkpli2(r(oray < Ce [t3/4|atG\k,p + |G|p,k+1} , 59
3.83
[0yy o lkpli2(r(or,ay) < Ce [|G|k+2,p + t1/4|atG|k+1,p:| ,
19t |kp 20000y < C[01G iy, 0
sup ||k < C|Gli,s
Y
1/2
sup |dyog, < Ce [’G’k—&-l,p +t ’atG‘k,p} , (3.84)
Y

sup |dyyrp < Ce [|Glri2,[0:Glrin,p) -
Y

The proof of the proposition is straightforward, and can be obtained by applying
Young’s convolution inequality to the expressions (3.80).

Remark 2. In the expression of o, the term N'e¢I¢'1Y G is the only one which is not O(e);
however, dyo is O(€), which implies that 9,0 is O(1).

Remark 3. The estimates for o and dyo show that, near t = 0, they are small in t; in fact,
G(t = 0) = 0 and continuosly differentiable in t, so that G Qoes linearly to zero with t. The
reqularity of G with respect to time is due to the reqularizing effect that the integration in'Y,
appearing in (3.79), has on "gaussian"-type singularities.

These remarks and the estimates in the Ly norm in (3.84) will be useful in the
estimates for the nonlinear terms in the equation of e*.

3.7.3 The Navier-Stokes operator

In the present subsection we shall introduce the operator N'* and give the estimate
Proposition 3.7.7, which is the main result of the subsection. The Navier-Stokes oper-
ator N/* solves the time-dependent Stokes equation with a forcing term: w = N *w*
is the solution of

(0 — €205y — dyy)w + Vp¥ = w*

V-w=0,
(3.85)

yw =0,

w(t=0)=0.

One can write the explicit expression of N* in terms of a projection operator P*, of
the heat operator Eg, and of the operator S which solves the Stokes equations with
boundary data:

N* = P°E§ — SyPE§. (3.86)

In the rest of the section we shall give the explicit expression of P*, E4, and S, and
state the necessary estimates for N'*.

If v is a vector field defined on the upper plane, P®v is obtained in the following
way: extend v oddly for Y < 0, then apply the Leray projector for functions defined
on the whole space, and finally restrict the result to Y > 0. The explicit expression
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of the normal component is given by

Y
PV = %e[ﬂ [ / Ay’ (710D — =10 ) (—N'Dy +07)+
0
e (3.87)
+ [ ax! (I Ny 4 o) - eI (N 4 02))

where the Riesz-type operator N’ is defined in (3.81). The tangential component is
given by

Y
Py =y~ AL [y (o100 10 (o 4 N'wg)

- (3.88)
- / dy’ (eg‘g/|(y_y/)(vl — N'vp) — eI+ (35 4 N'Uz)>

Notice that, if we had extended the tangential part evenly and the normal part oddly,
we would have obtained the Leray projector for the half space.

The operator E4 is such that E§f solves the heat equation in the half space with
source f and homogeneous data:

(at —¢& axx — aYY) f
yu =20 (3.89)

The explicit expression can be given in terms of convolutions with gaussians:

Eif(x,Y,t) =

e 41‘ S
ds / — X
/ \/m

+oo _ (Y( Y’;Z y(+y/
e Alt—s e 4(t-s) , , ,
— x,Y',s)dY".
o/ <\/47T(ts) \/4_7r(ts))f( )

The Stokes operator S is the operator such that Sg solves the Stokes equations
with boundary datum g:

(3.90)

(3y — eA)u’ + Vp® =0,

V-u’=0,
s (3.91)
s =g,
u(t=0)=

We now give some bounds in a time integrated form that will be useful for the
application of the ACK theorem.
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Proposition 3.7.4. Assume that u € S;’/p %1’9. Then we have that, for o' < p— Bt, 0’ <
6 — Bt,
N uligro < C [ dsluC,,)lp00 392)
0
|0y N*u|;_1 y 00 < C dM (3.93)
Y I-1 o 0, 0 t . 5)1/4 . .

Contrarily to the compatible case, the mild singularity in time cannot be com-
pletely eliminated, even when yu = 0: this is due to the fact that the functional
setting S;’f’fl’e is more singular than the one used in the compatible case. In par-
ticular, this setting does not allow a time derivative. The presence of this singu—
larity implies that, in order to estimate a derivative of order I + 1, like dyd,, we
cannot use the Cauchy estimates, otherwise we would have, at the denominator,
(t —s)*(p(s) — p'), which is not allowed by the ACK theorem. Therefore, we need
to estimate the derivatives of order [ + 1 in a better way. A similar problem would
appear if, in order to deal with the bilinear terms appearing in the error equation,

. . 1,0,1,0 .
one tries to use the algebra properties of S ﬁp 7 therefore, we need some estimates

in an L L2-like setting, so that the algebra properties are used only in the tangential
variable.

Proposition 3.7.5. Foranyu € Sj ’p’ P we have for o’ < p— pt, 0" < 6 — Bt

t
‘ulp(s)OO’
N uli 1,000 < C/i' ~-ds, (3.94)
o S pls) =
[ ul
LOOA
N 1,000 8/ — 1/2 (3.95)
0
|ul; Lo' 1,6’ |ulp(s)19’
Oy N ] 0 < c/ ' LEAY 4o (3.96)
? )12 p(s) —p'
w1100 [uli—1/2,0 0,0
|any ”|l Lploel < C/ Lm_’_el/z(t_is)g/élds' (397)

Furthermore, if yu = 0, then

uj
rwNummg<c/'*””

s, (3.98)

The case yu = 0 is used to verify the quasi-contractiveness hypothesis of the
ACK theorem: in this case, if we don’t use Cauchy estimates, the only derivative of
order [ + 1 which can be an O (1/¢) is the purely tangential one, 35"'A*u. In the
error equation, nonlinear terms in N*e* appear: for those terms, it is useful to have
some properties, in the L7 norm.
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Proposition 3.7.6. For any u € Sll?f %1,9 we have that, Vp' < p — Bt, ¥Vt € [0, T]

. 1|10 0,00
sup N uly < C/ip 72 (3.99)
§ |u]1,0,0,00
sup A uli 1, < C/ﬁ (3.100)

By estimates (3.92), (3.93), (3.97), and considering that
IN*u = PPu + €20, N u + dyy N *u, (3.101)
the following proposition holds.

Proposition 3.7.7. Suppose that u € S;’/pT’l’e, then N*u € Lif %9 and

N uli o081 < Clttl1 01,06 (3.102)

3.7.4 The error equation

Given the expression (3.71) for e, the system (3.22) is now an equation for e* that can
be cast in the following form:

e’ =F(e', 1), (3.103)

where

F(e®,t) =k — {[uN* 4 e(ufy) +a) + )] VAe" + Ve - V[uNy

p (3.104)
—|—s(u(1) +1) + o)) +eNe" - VA e L
The forcing term k is given by
k=& +Y. (3.105)

In the above expression, &, is the regular part of the source term appearing in the
equation of the remainder e, see the system (3.22). The expression for Z, is reported
in (B.5). The term ¥ derives from the introduction of h and ¢ in the decomposition
(3.71); the explicit expression of ¥ is given in (B.7). The following proposition states
that the forcing term is bounded.

Proposition 3.7.8. There exists a constant Ry, independent of €, such that

k|, T < Ro (3.106)

PLOBT

The key of the proof is to rearrange k in a way such that terms that are O(e!)
multiply terms that are O(¢), and terms that have singular derivative with respect to
Y multiply terms that go to zero with Y or t. The details are reported in the appendix
B.
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Quasi contractiveness hypothesis

In this subsection we shall prove that right hand side of equation (3.103), explicitly
defined in (3.104), satisfies the quasi-contractiveness hypothesis of the ACK Theo-
rem. It is useful to distinguish between the nonlinear and the linear terms present in
(3.104).

As for the nonlinear term, a special attention is needed for (N*(e*! — e*2)),
dy(N*e*?): indeed, since ye*? # 0, the || 00 norm of dy(N*e*?)’ cannot be
bounded by a constant, due to a term which behaves like dyE1yP® Eg e?*. However,
for the properties of Ey, Y0y E1yP®Eje?* behaves like E1yP®E4e?*, while (N*(e*! —

*2)),,/Y can be estimated in terms of dy (N *(e*! — e*?)),. Therefore, multiplying
and dividing by Y, we essentially move the normal derivative on the term with a
more favourable estimate.

The other nonlinear terms are easily estimated using Propositions 3.7.4, 3.7.5 and
3.7.6, so we obtain the following result.

Proposition 3.7.9. Suppose e € §'0'1 for i = 1,2. Then the following estimate holds:

' |lp 1,6/

t
N VN —eN*e? VN2 <C / S ds @107)
0

Lp', 16"

For the linear terms, since ye*! = ye*?, we can apply the results of proposition
3.7.5 regarding the case with zero trace. The linear terms are problematic essentially
for the presence of u° and its Y-derivatives, as well for the presence of the O(e™!)
term 9, 7”. In Appendix E we show how it is possible to estimate these terms.

Proposition 3.7.8, the estimate of the nonlinear term (3.107), and the estimates
on the linear terms given in Appendix E allow us to use the ACK theorem in the

functional setting S1° This leads to the following result:

B, T
Proposition 3.7.10. Assume that ug € H'"#P, with y,ug = 0; then e* € shP ir
T>0p<p 0<06,p > B, withall those parameters independent of the viscosity.

for some

By proposition 3.7.7, we therefore have N*e* € L ﬁp 7; combining with proposi-

tions 3.7.2 and 3.7.3, we have that the overall error e is in L /SPT , and this concludes
the proof of theorem 3.4.1.

3.7.5 More general initial conditions

The estimates performed for the forcing term in the equation of e* heavily relied
on the assumption that the initial condition are purely eulerian, which means that
e(t=0) = u‘a)(t =0) = ﬁa)(t = 0) = @”(t = 0) = 0. The zero viscosity limit holds
also for more general initial conditions like

wp = uf +af +e (uf o+ 0l o +eo) (3.108)

with

r)/v(El),O - —’)’1751 r)/ufl) ’)’M( )0/ ’)/eo (0/ _751(31)’0), (3109)
this kind of initial data allows a zero order 1ncompat1b111ty with no-slip boundary
condition, since we are not assuming that i, = —yuf. The most challenging vari-

ation needed is to prove that the forcing term is still in S Bp Tl P and O(1): we need to
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regroup some terms carefully in order to show the derivative dyk has the desired
regularity. This is done in appendix B .
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Chapter 4

Conclusions and future
improvements

The convergence of the NS solutions to the Euler flow, for Sobolev-regular initial
data and under the no-slip boundary condition, is still an open problem: in such a
functional setting, we need to linearize at least the equation of the tangential part of
the flow, so that strong interactions between the inertial terms and the diffusive ef-
fects near the boundary are avoided. Although they are both singular perturbations
problems, the case with Navier-type boundary conditions is much simpler than the
no-slip one: the boundary layer produced is weaker, and, for homogeneous Dirich-
let conditions imposed on the vortivity, reflects a persistence property of the Euler
flow.

For holomorphic initial data, we proved the existence of solutions of the Navier-
Stokes equations in two and three dimensions in the half space when the initial data
are not compatible with the boundary data, for a small time which is independent
of the viscosity. When the viscosity approaches zero, the Navier-Stokes solution ap-
proaches the Euler solution away from the boundary and the Prandtl solution inside
a boundary layer whose thickness is proportional to the square root of the viscosity:
the fact that the incompatibility did not change the rate of convergence is not triv-
ial, since this is not the case for Navier-slip boundary conditions. We used analytic
initial data for two reasons: the first is that, in order to prove well posedness of the
Prandtl equation without a monotonicity assumption, the use of data analytic in at
least the tangential variable is "almost necessary"; the second reason is that we man-
aged to obtain estimates independent of the viscosity by exploiting the restriction of
the strip of analyticity in the tangential variable. Furthermore, while Prandtl’s equa-
tion requires only tangential analyticity, the Euler equations are not well posed in a
tangential-only analytic setting, so we imposed a similar regularity also for the nor-
mal variable. The incompatibility between the initial data and the no-slip condition
cause the presence of singular terms which are O(1) near the boundary and O(e)
away from the boundary: the fact that the singularity is propagated in all the half
space immediately through the term ev/twy is coherent with the parabolic nature of
the Navier-Stokes equations, which leads to an infinite speed of propagation of the
singularity. Of course, when the viscosity goes to zero, the parabolic nature of the
equations is lost, and indeed we have that ev/tw; goes to zero, leaving a singularity
confined at the boundary.

Our proof relies on the solution, found by Ukai, of the Stokes problem in the half
space: it would be interesting to extend our proof to different geometries. Further-
more, analyticity is not needed in the whole space for the inviscid limit to hold, so
a similar asymptotic expansion, in the incompatible case, could be performed for
initial data with analytic regularity only near the boundary. Of course, this would
require some severe changes in the proof: in particular, an energy method would be
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necessary, in order to avoid the loss of one derivative in the Sobolev region.



63

Appendix A

The estimates of yd,uy

In order to estimate ||y9d,u"|| 12, we decompose ul as u! = uf + u? + u!, where uf
solves the system
ouf — vAu" + VpF =f—ul.Vul,
V-uf =0,
79y (y =0) =0, (A1)
'va =0,
uf (t=0)=0,
u! solves the system
ou! —vAu! +Vpl =0,
V-u =0,
’yayul =0, (A.2)
ol =0,
ul(t =0) =uy,
and u® solves the system
oru? — vAu® + VpB =0,
V-uf =0,
yub = —yuf — !, (A.3)
’)/UB =0,
u?(t =0) =
We have then
uf = EV'Pf— ElP(u - Vu), (A4)

where P is the Leray projector on the half space and the operator E} ‘9 applied to a
generic vector h, has tangential component given by

x—x'|2

pd , p / e T du(t—s)
(E;"h) (x,y,t) = EjK (x,y,t) /ds d/l dx’ Gt —5)) @172
R (A5)

ly—v'|? _ ly+/]

+oo /12
4y(t—s) e (t-s)
ay'h' (s, x',y/' ¢
0/ yh(sx.y) (\/4711/ t—s) \/47rv(ts))
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and normal component given by

(EPh), (x, y, ) = Edhn (X, y, ¢ / ds / ' S
2 n Yav a4 7 )/2
- (A.6)

ly—y'|?

/2
/d h e 4(t-s) e 4v(t—s)
(s, ' — .
Y V) Vanv(t—s)  \J4mv(t—s)

Applying Leray’s projector to system (A.2), we see that u! satisfies the same sys-

tem without the pressure: thus, we have Vp! = 0 and u! is given by Egduo, whose
tangential component is given by

_
p / _ P _ /$
(Egdwo)'(x,y,t) = Ejuo(x,y,t) = d/ dx (4rrvt)(d-1)72
L (A7)

ly—y'? ly-+y'[?

+oo B -
d /u x// ’ e 4ut + e 4ut )
0/ yuo(x.y) ( VAanvt  \Anvt

while the normal component is given by

|x=x|2

ETON

(Ejduo)n(x,y,t) = (E§vo) (x,y,1) / e W
R~ (A.8)

e 67% ei ‘vayt |2
dyoo(x',y — )
0/ Y of y) VAarut VAarut

Finally, u? has tangential component given by (Ukai, 1987)

B = —Ei(quf + qu!) —UN'E;N'- (yu® + yu?) (A9)

and normal component given by

v = UEIN' - (yu® 4 yu?) (A.10)
where
(Un) = 12 / iy ay, (A1)
/ ic’
N =5 A12

and E; is the operator such that
(0t —VvA)E1h =0,

~vEth=h, (A.13)
Eyh(t = 0) = 0.
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The explicit expression of E; is

_‘xixl‘z

e 41 ) e 4v(t—s)
Eih(x,y, /d / hix,s)dx.  (A.14
1h(x,y,t S o ((f—5))2 g (vt —s))d-D72 (x,s)dx’.  (A.14)

When h(t = 0) = 0, we have

=212 x\2

e 41/f s) / Vaxxh a h)e 4v(t—s)

Vv(t—s) (4rtv(t —s))d-1)/2

With this decomposition, we have 'yayuL = 'yayuB, where

t
3,Erh = / ds— &0 — Dy (vdxh — 3:h). (A.15)
0

YoyuP = —y9 By (yut + yu') — 9xyE1N' - (yuf + yul) =
= —0,N"-qul — 7ay5nul — 0N - quf — yayEqu = A1+ Ay + Az + Ag.

(A.16)
For A1, we have
[[0xN" - yul|| 12 < Cll9xuto |11z < Clluol |22, (A.17)
while, for A,,
- \x—x/|2 y2
a 1_ a I . a I Epa + / d e 4v(t) e 4t a
Re-
(A.18)

SO

Dy (vBeete! = )|z < C [v1/2][Byyttoll iz + 199yt00lliz] < Clluollwez.  (A19)

When we evaluate A3 = 9N’ - yuf, for the part depending on uf - Vul, we let
dy hit the kernel, and we use Young’s convolution inequality in the x and Holder
inequality in the y, giving the || - |[ 1 1z norm to the kernel; for the part depending on
f, we can let the tangential derivative hit f. Therefore, we have that

|15, [0xut {112 (s) + || sramgyy L, || arctan(y)dyut| |2 (s)

t
s
/ F Txy arctan
HaxN “yu HL}SC/ ( (t—S))3/4

Cl 8] g
(A.20)

We can obtain an estimate in terms of u* — uf by writing uf - Vul as uf - Vuf + uf -
V (ul —uF), so that we can give the LJ%L;O norm to uf - Vuf and the LJZCL; norm to
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the keInel
; Y I 2 — 1/2 L Wleo LTyW%’Z

[[uF[lag:, 1[0 (uh = uF) [112(5) + || srean s, |l arctan(y)ay (u — uF) []12(s)

(v (f—S))3/4

S

(A.21)

The last term that we have to evaluate, Ay, is the most challenging one: for a generic
g, we have

vy0xEbg — v1ES g = —vydy Ef g — 8. (A.22)

The problem is that, in the estimate of 7d,,E}g, we would like to give the kernel

the L; norm and both the derivatives with respect to y; this would cause the ap-
pearance of 1/(t — s)°/* inside the time integral, which of course is not integrable.
However, since 9,y E> appears inside D1, we can use the following strategy: we give
one derivative to the kernel and one to g, we switch the order of integration in time
of the operators D; and E,, and then we move the derivative from g to the kernel.
The change of the order of integration puts the gaussian of the kernel of E; under a
time integral, which enhances the regularity in time and allows to take the second
derivative of the kernel. For a generic g, we have that

yD1vydy EY g =

t =22 A/\Z _ =2

/ / dx/ e BR(E) /dS / dx// e 4is— ")
Vv(t—s) (4rtv(t —s))d-1)/2 (4mtv(s —s'))(d-1)/2

0 Ri-1

|x/7x///‘2

d , e T ay(s—s) a d e 4u(t—s')
/ oy —”/ * | Gty
R

d—1

_

e /o du(s—s/)
d '8 ! /dS ye .
0/ Y o Van(v(s —¢'))32\/mu(t —s)
s

(A.23)

We changed the order of integration for the time and we used the well-known fact
that the convolution between two gaussians is a gaussian: the resulting gaussian in
the tangential variable x depends on time through (s —s’) + (t —s) =t — ¢, so it is
independent of s. The gaussian in the y variable is now under the regularizing effect
of the time integration, so now it can bear an additional derivatives with respect to
y'.Callo =y'/\/v(s — s'); the last integral in (A.23) in given by

oo /4
/ _do, (A.24)
v oA - — L

v(t—s')

so its value for y’ = 0, (A.24) is given by

1
da = , A.25
711/3/2\/ / v3/2/rt(t —¢) (8.25)
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which is the boundary term which appears in the integration by parts. In order to
take the derivative with respect to y of (A.24), we use the following manipulation:
from

! 1 t—s
(t —S)(S — 5/)3/2 - m(t _ S/)m + (t —S/)(S _S/)g/z (A.26)

we have that

£ _L t y/2

yle 4u(s—s') yle_ 4v(s—s)

/dsm(u(s—s/))m (it —s) 2m(t—s) S,/ds (s—s)(t—>s)

s/

In the right hand side of (A.27), every term has non singular derivatives with respect
to y': the derivative is given by

41/5 9’ 2
/ T\ me=e)
27rv2t—s (s—s)(t—s < 2v(s—s/)>

!
t 2 t __y?

1 e 4v(s=5") 1 e 4v(s—s') y,z
— > ; /ds = — 3 ; /ds -
2mtv2(t —s') (s —s')(t—>s) 2mv3(t — ') / (5_5/)(1}_5)2(5—5)
S

(A.28)
Therefore, we have
o ‘ e o g
[ s [ e e A

e 41/5 s ylz
+/ yZm/ / V(s—8)(t—s) 2v(s —s')
which means that

yD1vydy ESg = —Dyyg+

x= Y//‘2 0 B 1’2 ,
/ ds’ / o 7dy s j ds—— e y?
3 g (4t (t —¢'))d-1)/2 ) 2rv(t =) J (s—s)(t—s)2v(s—s¢')
(A.30)
so
'YayEl'YEzg =
t 7|X*XH‘2 “+00

d/ e 4‘(’5)dx” e 41/:: s/ y/2
/S / (47rv(t—s’))(d—1)/20/ yZm/t—s / V(s —s)(t—s)2v(s—¢)

(A.31)
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When g = P'(u” - Vu"), we have, giving the Lj norm to the kernel of Ef,

u -Vu™)| |2
By EsP (o - Vul) |z < & / i )S/J'L
t (A.32)
C dS,HuEme (J|9xu"||;2(s") + || arctan(y)a,u"|[7 (s"))
V374 (t—5/)3/% ’
0
while, for ¢ = P'(u* - Vu!) we can give the L; norm to the kernel, so
, C
||v0y ExyE2P'f] |12 < meHL?W]'Z' (A.33)

With the same argument used for equation (A.21), an estimate in terms of ul —ufis

given by

C
179y EryEo P (u" - Vuh) |12 < 7o t2 [0 [yt

/d,l\uEme(lla (u* —u®) [12(s") + [ arctan(y)dy (u" —u®) [[(s))
v3/4 (t—s/)3/%

(A.34)

Remark 4. The cancellation of D1yg in the expression of ydyE17yEag is not important for
the estimates to hold: indeed, for ¢ = P'f, we can give one derivative with respect to y to P'f,

as well as the Ly norm, with ||g||LooL2 < ||g||1/2]|ayg||¥2,
‘ |D1v8ny§P’f| |L§ < C‘ m ‘L‘}"Wz/zl (A35)
while c
[[D1YP'fl|2 < m”fHL‘f’WLZ' (A.36)
For ¢ = P'(uf - Vub), instead, we have
78 = y(uF - Vul) — y0.q = 70,4, (A.37)

where g solves

Ag=V-(uF-vut) = (Vut)T . Vb,

g =0 (A.38)
y - 7

with
A:B= ZAi,jBi,j/ (A39)
1]
S0

|170:q1 112 < 1194113271 19xy41[12* < ClluF[ |2 (Hax”LHLZ +1 arctan(y)ayuLH)
(A.40)

Remark 5. If the initial data satisfy only the non penetration boundary conditions yvy = 0,
then equation (A.15) no longer holds, and an additional term appears in the expression of
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oyu®, given by
L e
- B,
Vvt d/ ” (47rvt)(d*1)/27u0(x)' (A.41)

Therefore, the estimates given in proposition 2.2.1 must be modified adding, in

the right hand side, C [lruoll 2
limit still holds in the ||| - ||| norm.

. Since the singularity in time is integrable, the inviscid
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Appendix B

The source terms

B.1 The source term for the error equation 3.22

The source term E has the following expression:

== f+ (g9,1",0) +
[ulfs - va +afy) - Vi + (@ +eulfS) - Vufy +ufy) -V (8 +eafy) ) +
_ P P
euf)) - v,
2 E P 2\ AP
(B.1)
where f is given by:
f=f, + (e92u°,0), (B.2)
frl = —s’l{ﬁp(aqu — aqu]y:O) + axaP(uE — ”E‘y:o)""
oyt (vF + yoxut ‘y:())} — 879 uf + eAuF + ed2ik, (B.3)
2 =[98 + uN%%9,5" + vNSanap + zﬂ’ava] — e 1al9, ot + .

+eAvE 4+ 2 AvR + £2925°.

Writing down the expression of f2, we used the fact that 9;5° — 92.0° = 0 to get rid
of those singular terms. We can write ¢ = g8 + ¢°, with

“+o0 +oo _y12

e

g% = —9ug(x,y = 0) / dy / \/;;dY’ = C1V1d,up(x,y = 0). (B.4)
0 y VT

In equation (B.2), we isolated the most singular term of f; in a similar way, we write
E, = & —¢(d2u°,0), (B.5)

where & is given in (B.1). Notice that f + (gd, 7", 0) is the forcing term in the equation
of the remainder R in the decomposition

u™ =uf +a” + R (B.6)

The term f is O(1) with respect to ¢, while g9,i” is O(¢™!): so an additional decom-
position of the remainder R is needed to prove the validity of the inviscid limit.
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B.2 Estimates for the forcing term of e*

The source term k in (3.105) is decomposed as k = &, + ¥ where

Y=- ((UNSO +e(ufy + ) - Vih+0) + (h+ o) - V(N +e(ufy) +afy))

{[(uM* + e(u f) ﬁ{1)+h+a)) V(af, +h) + (ufy, - va© - (ga,a",0))+
() +h+o)-V ]+[( )y +h) - Va® + (@ +e(ufy) +af) +h+0))
Vugy) + (@™ +e(ufy) + +h+¢7))'VfT]}+fr—(0 (3 — 2 A)e(T(y) + hn))
+¢? [Aufl) + Ouex (14, Uiy + W,0) + 0xy0].

(B.7)

We want to prove that the forcing term k is in S%pTil’e and that it is O(1) with respect
to €. In our analysis we shall focus on the most challenging terms. We begin with:

WS+ e(ufy) + @l +h+ )] - V(ah, +h). (B.8)

This term is O(1) because ay(ﬁa) + h), which has an O(1/¢) L% norm, multiplies
a term with an O(e) LY norm. When we take a partial derivative with respect to
Y, some singular terms appear, ayﬁsax(ﬁfl) +h) and [uN0/e + ( 1 T u( y th+

0)]20yyus: for the first term, since of = €Y (9,0 )(/\(y)y) for some A(y) € [0,1],
we have that u( 1) 8oes to zero as V't in the LY norm, “(1) and h go to zero linearly

with ¢, and this is enough to balance the singularity of 9y 1i°; for the second term,
v /e + 75 + (u f N ‘F yth+ 0))2 goes to zero linearly with Y, and this allows to

balance the singularity of dyyu?, (1)- So all the singular terms in [N +e(w+w+ o)) -

V(u(l) + h) are balanced, and its norm is controlled through the usual arguments
involving algebra properties.
We can now pass to estimate the terms:

gy - va' — (goya’,0) (B.9)

The most problematic term is (v’é) — g)9yit”, which is O(1) since vfl) — g goes to
zero linearly in y = €Y since ayu(sl) is multiplied by €Y times a bounded function,
the product has finite | - [; 0 norm. When we take the partial derivative with
respect to Y, ayva) = sayva), so ayvg)ayﬁp is still O(1), and since ayv( 1 has a
regular part which goes to zero linearly with ¢ and a singular part which goes to
zero with t like v/, this product has finite | - [, oo norm. Finally, (v f) —g)oyyil’ =
(ayvfl))(/\y)Yayyu with the regular part of ayv( 1) going to zero linearly with ¢,

while the singular part goes to zero like v/t.
We now estimate the terms:

(@) +h+o)-va' (B.10)

Both (u?l) + 1 4 01)0y0, " and (sayﬁﬁ) + edvh, + ay(Tz/) ayﬁp = —(0,ul | +0.h +

(1)
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d,01)dyu’ are products of terms whose L™ norm is O(1) and goes to zero with t at
least as v/t and a function whose L% behaves like +1/4; in (77P +h,+0>/ s)ayyﬁp , the
first factor has an O(1) L{ norm which goes to zero linearly with t, and this balances
the singularity of the second factor.

The term

e 1P (0 uf — 9yyutb) (B.11)

is O(1) because 9,u® — 9, yut goes to zero linearly with y = €Y, and for the same rea-
son e '9yi” (9 uf — 9, yuf) is O(1) and with finite | - | 7 0 o norm, while e ' 1P9y o ut =
P9, uF is of course O(1) and bounded. The term ¢ 19" (uf — yuF) can be treated
in a similar way.

Finally, the term

éayﬁp(v’5 + ydyyuF) = Elzayap(vE + yoyyub) (B.12)

is O(1) because (vF + yo,yut) goes to zero quadratically in y?> = ¢2Y? due to the
incompressibility condition, and for the same reason gzawﬁp (vF +yayyuF) is O(1)
and with finite | - |}, 0,0 norm, while 19y (9,0F + 9xyuF) has 9,0 + 9, yu® which
goes to zero linearly with £Y

All the other terms in k are easier to estimate.

B.3 Forcing term k with general initial conditions

When the initial conditions are not purely eurelian, we arrange the terms so that
their sum is zero at the boundary. This is done in a different way for the tangential
and the normal components.

The sum of ayusaxwf, deriving from the derivative of usaxwﬁ, and Byusaxuﬁ),

deriving from the derivative of u% axuﬁ), has finite | - | 1-1,0',0,¢ NOrm because axwf +
8xuﬁ) goes to zero linearly in Y (as well in £, since ywi'§ = —yw{{).

The sum of dyu® saxﬁﬁ), deriving from the derivative of usaxﬁﬁ), and 0y 1i°9,09,
deriving from the derivative of 159,07, has finite | - | 1-1,0',0,0' NOrm because saxﬁﬁ) +

dx0, goes to zero linearly in Y (as well in ¢).
The sum of wfaxayus, deriving from the derivative of wfaxus, and uﬁ)axayus,

deriving from the derivative of w{?RaxuS, has finite | - [;_1,,0,4 norm because wk +
uﬁ) goes to zero linearly in Y (and also in ¢).

The sum of d,wXdyu® = —9,wkdyu’, deriving from the derivative of (w§ —
gR)E)yuS, and (ayﬁﬁ) + e 1oyom)oyu® = —(axuﬁ) + 0y01)dyu®, deriving from the
derivative of (1751) + &7 10n)dyu®, has finite | - |1-1,0',0,4 NOrm because 9,wR + axuﬁ)

goes to zero linearly in Y (and in t) and 0,07 goes to zero linearly with ¢.

The sum of —wgayyﬁs, deriving from the derivative of —ngayz?S, and £~
dyyd>, deriving from the derivative of eoN509y5%, has finite | - ‘l_llp/,(),g/ norm: indeed,
oNS0 = oF + &R + €6, where v goes to zero linearly with y = €Y, 7° goes to zero
like v/t and —wX + oR goes to zero linearly in Y (and in #).

For all the other terms there is no need to change the argument used in the case

uozug.

1UN50
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Appendix C

Proof of Proposition 3.7.1

The estimate on /' is a direct consequence of the expression (3.73), and of the follow-
ing estimates on F and on its Y-derivatives. We begin with F.

+o00 +o0

t
sup e’ |F|—su 2/ / HRe(Y=Y') (Eo — Egf)elRelY )/e*‘TZdUdY’ <
Yex() \Fo v
24/t
5 t +o0
su —/ds / etReY=Y)(E~ _EN| <t < C
YP NG (Eq 0)

To pass from the first to the second line we have taken into account the argument of
subsection 3.2.5 about the complex gaussian and the fact that

—+o00 —+o00

_? _Y? _a2
/e"dage Ss/e 7 do,
N 0
2./s

while, to get the last inequality, we have used that for z € R
Z2 22 Z2
elfe T <ele e < C(u,T)e
A similar argument shows that

sup e |9yF| < v/t
Yex(o)

To estimate dyy F, we first compute dy. Integrating by parts, we have

t ,4(%) b 4o v2
e t—s
9 F = — 7ds+/ds /(E—+E+) (C.1)
) /nlt=s) S OV
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We can now estimate dyyF as follows:

eyRe(Y) ’aYYF| _

t 2 t +o0 v72

4(t=s) T i
eRe(Y) /2Y€3/2ds+/ds / ay(EO‘+EO+)e :
0 0

dy’'| <

Va(t—s) Vs

+

[e]

2
eyRe(Y) Y/ e\/%da._’_eyRe(YY)_’_
i
t +o0 Y2
Re(Y—Y' - Re(Y)€ %
/ds / ehRe )ay(EO +Eo+)e" e( )ﬁdY’ <

0 0

t
ds
c+c/i<c
; Vs(t—s) —

In the first of the inequalities above, in the first integral we have simply used a
standard change of variable. To pass from the third line to the fourth, in the first
integral we have used the exponential decay of the integral while, in the second
integral, the fact that the gaussian in Y’ dominates the exponential e*R¢(Y"), that the
gaussian in Y — Y’ dominates the exponential e*®*Y=Y"), and a standard change of
variable.

The above estimate concludes the bound on /. The estimate on the normal com-
ponent h,, is a direct consequence of the expression (3.76), and of the above estimates
on F. One could in fact say more:

‘ s
sup |8]Yhn|l,3,]-,p < CetT]]uooll,]-,p. (C.2)
Yex(6)
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Appendix D

Proof of propositions 3.7.4, 3.7.5,
3.7.6

D.1 Properties of P*F,

It’s easy to see that
[P¥V]1050 < CIVli0- (D.1)

Indeed, the convolution part of P®u can be treated with Young’s inequality for
convolutions, with the L' norm of ¢|¢&’ |e*|‘§/‘£yxyzo equal to 1; furthermore, taking
derivatives with respect to Y, when the derivatives hit the extreme of integration the
exponentials multiplying #;1 and u, are bounded and the ¢|¢’| outside the integral is
balanced by the fact that we are taking fewer derivatives with respect to x; on the
other side, when the derivatives hit the exponentials inside the integral, this simply
causes the appearance of an ¢|¢’|. and
The same argument shows that

| sup ]8]),8;15°°v| lop < C Z | sup |8§’/8§V] l0,0- (D.2)
Y htk<itjh<i Y

Moreover, since only the non convolution part of P* actually sees all the partial
derivatives with respect to Y, we can write

sup |8]Y8;13°°v\0,p < sup |2} 0}0; lop+C ), |sup |0 oky| l0,0- (D.3)
Y Y h+k<i+jh<j Y
The above two estimates imply that, instead of |[P*Epul; 2 9, we can estimate | Epul; 29,

and that, instead of sup |8§,8§615°°E2u|0,p, we can estimate the right hand side of (D.3).
Y

It is also useful to notice that

sup |[flop <[ sup |fllop (D.4)
Yer(e) Yer(o')

that can be proven using Minkowski’s integral inequality.

We now pass to the estimates involving the E, operator. Using Minkowski inte-
gral inequality to pass under integral sign, then Young inequality for convolutions
in both x and Y, we have that

t
104 Eaflopo( / ds|0flop e (s) < Clflipo0pT (D.5)
0
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Vi=0,.,l, Vt, Vo' < p—pBt, V0 < 6 — Bt. If we want to take an extra partial
derivative, we can either use Cauchy estimates or we Can let the derivative hit the
kernel, the cost being the appearance of an unbalanced \/tj

),0,6/

|f|z
|Exflivp00 < C/ 20 ds, (D.6)

t

2 C rlfl, 08

E2flivip00 < 5 / tp_s (D.7)
0

When we use an L® norm for Y € I'(¢’), we still use Young’s inequality for con-
volution, but this time we use the L? norm (with respect to Y) on the kernel, so an
additional = )] 77 appears: we have that

| xf|L2 o) lop 1195 flopl2(,0))
| sup |9LExf]o, <C/ ds —C/ ds
Yer(') f 1/4 (t—s) 1/4 (D.8)

< Clflip00,pT-

The key point here is that the L2 norm in the Y variable and the Hardy norm in the
x variable are interchangeable, essentially because the Hardy norm is an L2 norm on
the boundary lines. We also obtain that

1 !Lz
| sup (95 Eaf |l p_f/ - 3/4 : (D.9)
Yer(o')

The same argument works for the first partial derivative with respect to Y: while
we make the derivatives with respect to x act on f, we can leave the derivative with
respect to Y on the kernel, so we obtain

0%l (s)
N

Vi=0,.,1—1, VYVt Yo' < p—pBt, V0’ < 6 —pt. If vf = 0, then we can use
integration by parts to move dy = —dys on f, so we obtain

1050y Eaf o < C / ds < Clf o005 (D.10)

|a§caYE2f|0/p//9/ S C/ |a;ayf|0’p//9/(5)d5. (D].].)

If we want to take [ derivatives with respect to x, we still have

Fhyroots)

N (D.12)

9y Eafl1pr 000 < C/d
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Using an L* norm on Y, we have that

. - |f|l /06/
| sup [9idyEalloy < c/ Ml 00 s (D.13)
Yer(9)
i = 0,..., ] Before we take a second partial derivative with respect to Y, we first

perform an integration by parts; if vf = 0, then

9y flip 00
|8YYE2f|lp’OG’ < C/ d #;1/2 (D14:)

i=0,.. -1, whileif yf # 0 we have an additional term given by

t Y2

Ye #9 |axf|W12
|| [ szt <c / e
0 L2(T(6")) | 0,0' (D.15)
’f’lp/oe/
C/ (t—s) 37 s
where
too _(x—x’)z
fo [ S fsnay (D16)
= [ ——f(s,x)dx". .
o /An(t—s)
In the L* norm, if 7 f = 0 then
Oy flipoer |
10%0vy Exfl e (r(en lopr < / 1p3/4 (D.17)

i =0,...,] —1; otherwise, since we have an additional term given by

Y2

Ye it
C / an i 7ids (D.18)

this term has finite || - |; [~ (x(¢')) norm, because

Y2

Ye m Ye i)
/ 2 3/2 ’)/a;fds < C / W’Y‘axfbp/ds
Op, Loo L?O
t Yei“(ﬁs) +o0 ) (D.19)
<C /2<t_s)3/2|f|l,p/,1,9/ds < C|f|l,p,1,9,/3,T sup | / e” 7 dol|
0 L® Y Y
Y 24/t
< Clflipn6pT-
Notice that, in this case, we are not able to use the || - | ~(z(¢))|1, norm, because

either we have to take the supremum with respect to s before we take the | - |o,
norm (in order to take f outside the time integral), or we have to bring the LY norm
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Y2

inside the time integral, with sup |%| = %, which is not integrable in time.
Y

D.2 Properties of SyP*E,

In this appendix, we shall obtain some estimates of the operator SyP®E,; combining
these estimates with those obtained in appendix D.1 for P*E,, we shall obtain the
proof of propositions 3.7.4,3.7.5, 3.7.6.

More specifically: the bounds in an L2 -like setting for derivatives of order up
to [ provide the proof of proposition 3.7.4; the estimates of the derivatives of order
I 4+ 1 (i.e. with an "excessive" derivative), in an Lfcy-like setting, are used to prove
proposition 3.7.5; finally, the estimates in LY L2 are used for proposition 3.7.6.

For notational simplicity we shall introduce the notation

g = 7P~ Eru. (D.20)

The Stokes operator, see Sammartino and Caflisch, 1998b, can be written explicitly
as

_N/e—gY|{7‘/\gn + N/(l — U)Elvlg
_ ‘ n D21
8 < el o + UE Vig > (D-21)

where N/ and ‘/1 are defined as
i:/
N, = 7‘6/‘, Vlg = gn—N/ ,,

U is the Ukai operator
Y
af =l [ F100p va,
0

and E; f solves the heat equation on the semi-space with boundary condition f and
homogeneous initial datum, and writes explicitly as:

t Y2 +oo (x=x")?

E‘ f B /ds Y e it—s) / f(x/ S) ef 462 (t—s) dx’
! / t—s.\/4mn(t —s) ’ 4r(t —s)e2

It is useful introduce the decomposition Sg = Stg + Sg + S*g, where

—N'e=e¥l¢'lg . —N'UE,V; N'E\V;
E, _ n _ 1V18 * 1V18
S g_ < €_S|§,‘an >’ Sg B < UE1V1g >’ S g o < 0 > ’

In what follows we shall estimate Sg, Sg and S*g separately. The general ideas
to bound these terms are the following. The estimates of SEg are easy to achieve,
since every normal derivative is essentially transformed into e times a tangential
derivative. Concerning Sg, since all terms appear inside the operator U, the first
normal derivative operates essentially as € times a tangential derivative: therefore,

the estimates of 9y9.S g are essentially the estimates of £8§+18 *g, while BWBQS’ g has
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a part that behaves like 0yd, 'S *g and a part that behaves like 20,728 *g. This
means that the estimates of Sg follow from the estimates of S*g.

D.2.1 Proof of Proposition 3.7.4

We begin with the estimates of Stg

. 2
iy QE
99,.S g\ow

2

+o0
& [ dy ozt / dy'elg/ =101 4| By || dy’ <
(9
(D.22)
& [ dy [dgen / dy'e[ /e 1B 04D By Py <

()
Ce2i / dé/eZP\éll / dy/e—e\éllw |(§/|2(i+j) |E‘2u1 IZdy/ < C€2j|Ezu1 |z‘2+j,p’,0,6/'
0
In the second inequality we used Cauchy-Schwartz inequality; in the third inequal-
ity we integrated over Y, and in the last inequality we used |e~¢/¢'1Y"| < 1.

Now we pass to the estimates of S*g: when only tangential derivatives are per-
formed, for Sg, i <[ we have

t
”yp Ezullp |u’1p/09’
0L N"E1 Viglo,p o <C/d NEDEO / f—s 3/4/ (5—9) 1/4
0

; ; (D.23)
= / |lp/ 09’ ds,/ 3/4 )1/4 S C/ ’u|i,p’,0,9’ (S )dsll
0 0
where we used the fact that
t t—s' 1
ds ds”
/ (t—s)3/4(s — s/)1/4 - / (t—s—s")3/4(s —s/)1/4 / 3/4 1/4° (D-24)
s’ 0 0
Now we begin to estimate the normal derivatives of S*g: call
f = N'V4P¥Ebu. (D.25)
We have that
aYélf =D (Szaxxf - atf)/ (D26)

with D; defined in (A.15). In our functional setting, we are not allowed to take a
time derivative: therefore, we need to use the properties of the operator E4 in order
to express the time derivative as a function of the normal and tangential derivatives.
We have

9 f = N'Vy4P®0Eju, (D.27)
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with
YP®9;Efu = yP®u + yP®e?d, Edu + yP*dyyEfu = h; + hy + h3 (D.28)

and
20, f = N'V1€20,,yP*Eu, (D.29)

with
€299, P*Efu = hy. (D.30)

Although the contribution of h; is canceled, it’s still useful to perform an estimate
for this term, since it is used in the estimate of hj;.
As regards h;, we have that, fori <[ —1

|[sup Y|9%ul[ |y < Cllullp,160 (D.31)
with the trace which satisfies a similar bound. Therefore

[uly0 060
IDyN"y111|; g0 < C / ﬁds (D.32)

In order to bound hy = yP®e29,, Egu, we let one of the tangential derivatives of
axngu hit the kernel Eg and one hit u, so that, fori <[ —1

t s
ds ‘”|i+1,p’,0,9’(5/) /
|D1Vihy|; 000 < CS/ (t—S)1/4/ )3/4 ds’ =
0

(s—¢
(D.33)

t
CE/ |u]l,p//0/9/(s )dS
0

We first estimate h3, assuming that yu = 0: under this assumption, in dyy Eg u, we
can move one of the normal derivatives on u, without boundary terms. Therefore,
fori <1 — 1 we have, in the L? setting of the proposition 3.7.4

[ vul(s))ip00 t

Lp' 0,0

D1 Vil < C / 7 | " s < C [[luligaz(s)ds, (D34
0 0

If yu # 0, an additional term appears in the expression of P*dyyEfu, which roughly
behaves like E1yu1; the loss of half derivative due to the trace operator is not a prob-
lem for the tangential derivatives of order up to I — 1, so inequality (D.34) still holds.
This concludes the estimates of the normal derivative of S.

As we already said at the beginning of this section, the estimates of Sg can be de-
rived from the ones of S*g: therefore, the proof of the proposition is complete.

D.2.2 Proof of Proposition 3.7.5

The estimate (D.22) obtained for Stg still holds for derivatives of order I + 1; the
"excessive" derivative can be treated either using the Cauchy estimate, or giving a
tangential derivative to the kernel of E3.

The same applies for 971S*g: the only difference is that we change the order
of integration in time. This is done, when we use the Cauchy estimate, in order to
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eliminate the mild singularity in time deriving from the L2 norm of the operato E;,
while, when we let one tangential derivative hit the kernel of E4, changing the order
of integration allows to reduce the singularity in time. We have

t

t
. C ds
IN'E1Vigli1,000 < ;/\”h,pao,e/ds// DRI (D.35)
0 s’
with
t t—s’
/ ds B /S ds"
[ —s)A(s =378~ ] (t—s—s")4(s —s/)3/3
° 0 : (D.36)
B 1 dt
t— /1/2/ 1 — 7)3/473/47
(=7 ) @0
SO
|[ul1,pr00 (s
IN'ErVaglia 00 < / T ) 4o (D37)

Now, we begin to estimate dyS * g. First, we estimate the term h;, introduced in
(D.28), under the assumption that yu = 0: in this case,

b < /el ul s (D.38)

Using
_ 12 C
(e|&')1/2e¢ 2(t=5)1'| m (D.39)
we have that t
s, 06
[D1Vih|yy00 < C | ot (D.40)
0
If yu # 0, then V1 h; contains N'yu; as additional term, with
s | < ]330y 3. (D41)

We use the interpolation inequality (D.41), together with the Cauchy estimates, to
obtain

1/2 ’1/2 L t

luf; o la : [0 0,00 \u\ :

,0',0,0 0 L', 09 Lo(s),1,0

|D1N"y11|1,000,00 < C/ $)/4(o(s) — 1/2 0/ t—s) 2T (p(s) —p") °
(D.42)

This concludes the estimates of h;.
The bounds of hy = yP®¢29,,E4u are obtained moving one tangentlal derivative on
the kernel of D; and one tangential derivative on the kernel of E4, so

|ul1,00,0,00 (8" |u\zp/oef )
\Dlvlhz\lp,09/<c/ t—s3/4/ oo 3/4 / o Wlho0elS) 4o (p.az)
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We begin the estimates of hj, starting from the case yu = 0: in this case, ’yayYEgu =
0, so only the integral part of vP* is nonzero, when we apply this operator to
dyYE4u. We can integrate by parts two times, moving the normal derivatives on
the kernel of P*: the result is a term which behaves like szaxwaEgu (and therefore
can be bounded exactly like hy) plus an additional term, given by

s +oo
. _ Y7 Y/ ,Lzl
Cigle [[asle 0" [ n e O )@ VoY (D4
0 0

This term is inside D1: we can move i&’ on the kernel of Dy, so that the singularities
in time are better distributed. Therefore, we obtain

t
‘u‘l,p’,O, /(S/)
Dy Vihs|y o0 < C / st’. (D.45)
0

If yu # 0, an additional term appears in the expression of P®dyyE$u, which roughly
behaves like Elfyul ; as for hy, in this case we use the interpolation inequality (D.41),
the Cauchy estimate and Young’s inequality, obtaining

t
|u’lp’09’ |u|lp(s’)19’(sl)
’D1V1h3|l, 10,0/ SC/ Y + , 1,
f ) (E=s2 0 p(sh) = ¢!

ds’. (D.46)

Finally, when we take another derivative with respect to Y, we obtain

oyyEif =
t Y, _ (y2> oo —(x{()c/)z)
e 4(t—s e 4e4(t—s
e T g / F)X,s) — (9 F)(x,8)) — gy (DA7)
0/ wvmi—n® | (@) (',9) = E@uNE9) — s

= E1(0tf — €20xxf).

Therefore, we have to evaluate E;yVih; and E;yV;h3: this time, since two normal
derivatives have been taken, only up to [ — 1 tangential derivatives can be taken.
Therefore, this time, the loss of half derivative due to the trace operator is not a
problem, and the case yu # 0 does not need to be treated separately. For h;, we
have

t
- |uliip00
’Elvlhl‘i,p’,O,G/ < C/ st- (D.48)
0

For E17V1h3, a similar estimate holds: therefore, the estimates of S* are complete.
The estimates of Sg can be derived from the ones of S*g.

D.2.3 Proof of proposition 3.7.6

In the LL2-like setting of proposition 3.7.6, the estimates differ from the ones of
3.7.5 an additional (t — s) "1/, which implies a stronger (but still integrable) singu-
larity in time. Indeed, for the estimates of S*g (and therefore of Sg, we give the LY
norm to the kernel of E;, which is "(t — s) ~1/# times worse" of its L2 norm. For the
estimates of St g, instead, we give e~ €lSlY the LY norm, which is 1, while its L% norm
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is C(e¢’|)~1/2: moving the additional (£|¢’|)1/2 on the kernel of E4, we can use the
bound given by equation (D.39), and an additional (¢ — s)~!/* appears.






87

Appendix E

Estimate of the linear terms in
(3.104)

In [uN%0 + ¢(w + w + )] - VA*e* the most problematic term is u59, N *e*: using
propositions 3.7.4 and 3.7.5, we have that

t
. le* |1 0(),00
S9Ny 00 < C / S)P(_S)p,ds, (E.1)
t
* 3k C *
Oy uSAN e |11 00 < = / €*]1,0005, (E.2)
e* 100,10
’MSaya N (S ’l 1,0',0,6' < C/ipl/zds (E3)

In N*e* - V[uN*? + ¢(0 + w + )], the most problematic term is 1 (N *e*),0y " (the
problem with @R is to prove that the term is O(1)). Since N/ *e* is divergence free
and zero at the boundary, we have

Y
(N e, = e/ax (N*e*),dY’, (E.4)
0
SO
1 1 ’
'(/\/*e*)zayap —/ax (N*e*), dY’ sup’YayﬁP‘ <
€ l,p’,O,G’ Y Y Lo/
0 lp/OG/ (E,S)

“e*) \e\l 00'
Clox (N \lm_/ i

In the first inequality we used algebra property 3.2.1, in the second inequality we
used the boundedness of sup |Ydyi” ’lp’ (both for the regular and for the singular
Y .

part) and the fact that the average operator is bounded from L? to L? (is bounded by
the maximal function, so its trivial), and in the last inequality we used proposition
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3.7.6. With a similar argument we have that

t
1 N 1
IE(N*C*)ZayyMP S C <1 + t1/2> /\e*[llpflolglds
I-1,0',0,6 0
and
1 % % ~P * % ~P
*ay(./\/‘ e )zayu = ax(N e )1ayu ‘ S
& 1-1,0',0,6' 1-1,0',0,0'

t .
1 *
C (1 + tl/Z) / |e |l,p’,0,9’ds
0

(E.6)

(E7)
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