ON THE VANISHING VISCOSITY LIMIT IN A DISK

JAMES P. KELLIHER

ABSTRACT. Let u be a solution to the Navier-Stokes equations in the
unit disk with no-slip boundary conditions and viscosity v > 0, and let &
be a smooth solution to the Euler equations. We say that the vanishing
viscosity limit holds on [0, T if u converges to @ in L*([0,T]; L?). We
show that a necessary and sufficient condition for the vanishing viscosity
limit to hold is the vanishing with the viscosity of the time-space average
of the energy of v in a boundary layer of width proportional to v due to
the modes (eigenfunctions of the Stokes operator) whose frequencies in
the radial or the tangential direction lie between L(v) and M (v). Here,
L(v) must be of order less than 1/v and M (v) must be of order greater
than 1/v.
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1. INTRODUCTION

In the presence of a boundary, the question of whether solutions of the
Navier-Stokes equations with no-slip boundary conditions converge to a so-
lution of the Euler equations as the viscosity vanishes—the so-called van-
ishing viscosity limit—is very difficult. The convergence of most interest is
of the velocities, uniformly over finite time and L? in space. Except in the
very special case of radially symmetric initial vorticity in a disk, where con-
vergence is known to hold (see Theorem 6.1), the question of convergence
or the lack thereof is unresolved for nonzero initial velocity in a bounded
domain. (For a half-space with analytic initial data, the vanishing viscosity
limit is shown to hold in [14].)

Tosio Kato in [6] gave necessary and sufficient conditions on the velocity
u of the Navier-Stokes equations for the vanishing viscosity limit to hold.
The most interesting of these is that

T
V/O HVu(t)Hiz(pw) dt — 0 as v — 0,

where I', is the boundary strip of width cv with ¢ > 0 fixed but arbitrary.
Making only a small change to Kato’s proof, it is possible to replace Vu
with the vorticity w = w(u) = d1u? — daul, giving Equation (2.3) (see [7]).
(The necessity of Equation (2.3) is immediate from Kato’s condition, but
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because we do not have a boundary condition on the inner boundary of I';,
the sufficiency of the condition requires proof.)

Other necessary and sufficient conditions were established by Teman and
Wang in [16] and [17]. These are the conditions in Equation (2.5) and Equa-
tion (2.6) of Theorem 2.3, and involve only the derivatives in the directions
tangential to the boundary of either the tangential or normal components of
the velocity, though for a slightly larger boundary layer. Finally, a condition
that requires that the average energy density in the boundary layer of the
same width as Kato’s vanish with viscosity, Equation (2.7), is proven in [7].
All these conditions (which apply to a bounded domain in dimensions 2 and
higher) are summarized in Theorem 2.3.

We consider the issue of vanishing viscosity in the (unit) disk and look for
weaker necessary and sufficient conditions for the limit to hold. The reason
for working in the disk is that the simple geometry allows us to make quite
explicit calculations using the eigenfunctions of the Stokes operator, which
are composed of Bessel functions of the first kind. In a sense, this connects
the energy method with the geometry. What we find is that we need only
consider certain ranges of frequencies (or equivalently, length scales) in the
various conditions: this is Theorem 2.4. Although Theorem 2.4 is specific to
the disk, there is no hydrodynamical reason to expect the disk to be special
as regards the vanishing viscosity limit, so one would expect a version of
the theorem to apply to all sufficiently smooth bounded domains in R?, and
probably in higher dimensions as well. We discuss this issue more fully in
Remark (2.1).

In [3], Cheng and Wang obtain a result regarding vanishing viscosity in
two dimensions analogous to Equation (2.15) and Equation (2.16). Their
result applies to an approximating sequence to a solution of the Navier-
Stokes equations as the viscosity vanishes, whereas our result applies to
the necessary and sufficient condition for the vanishing viscosity limit to
hold. While for the other conditions in Theorem 2.4 we use very different
techniques than those in [3], our proof of the necessity and sufficiency of
Equation (2.15) and Equation (2.16) uses the key inequality in their paper.
Section 7 contains a brief comparison between the two results.

In [13], the authors consider the Stokes problem (linearized Navier-Stokes
equations) external to a disk with time-varying Dirichlet boundary condi-
tions, showing that the vanishing viscosity limit holds. In fact, they do
much more than this, giving an explicit construction of the solution to the
Stokes problem and showing that it can be decomposed into the sum of
the solution to the linearized Euler equations, the solution to the associated
Prantdl equations, and a small correction term. The symmetry of the ge-
ometry allows the authors of [13] to construct the solutions in an explicit
form (involving Bessel functions of the first and second kind). The nonlinear
term in the Navier-Stokes equations makes an explicit solution impossible
for us; however, we can expand the solution in terms of eigenfunctions of
the Stokes operator for which we have an explicit form (in terms of Bessel
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functions of the first kind) which we can use to obtain finer estimates on the
behavior of the Navier-Stokes equations in the boundary layer than would
be possible for a general domain.

A word on notation: We use C' to represent an unspecified constant that
always has the same value on both sides of an equality but may have a
different value on each side of an inequality.

2. DEFINITIONS AND KATO-TYPE CONDITIONS

We now give definitions of the Euler and Navier-Stokes equations, and state
the results from [6], [7], [16], and [17] that we will need.

In Section 4 we will specialize to the unit disk, but for now we assume
only that 2 is a bounded domain in R? with C%-boundary I, and we let n
be the outward normal vector to I'.

A classical solution (u,p) to the Euler equations satisfies, for fixed 7' > 0,

(E) ot +u-Vu+Vp=fand divi =0 on [0,T] x €,
u-n=0o0n[0,7T] xT, and @ =71u" on {0} x Q,

where diva® = 0. These equations describe the motion of an incompressible
fluid of constant density and zero viscosity.

We assume that @ is in C*+¢(Q), € > 0, and that f is in C*([0,¢] x Q) for
allt > 0, where k = 1 or 2. Then as shown in [8] (Theorem 1 and the remarks
on p. 508-509), there exists a unique solution @ in C ([0, 00); C¥+<(Q2)).

The Navier-Stokes equations describe the motion of an incompressible
fluid of constant density and positive viscosity v. A classical solution to the
Navier-Stokes equations can be defined in analogy with (E) by

Ou+u-Vu+ Vp=vAu+ f and divu =0 on [0,7] x Q,
u=0o0n[0,T] xT, and u = u) on {0} x €.

We will work, however, with weak solutions to the Navier-Stokes equations.

Definition 2.1 (Weak Navier—Stokes Solutions). Given T" > 0, viscosity
v > 0, and initial velocity v in H, uin L*([0,T]; V') with d;u in L3([0,T}; V')
is a weak solution to the Nav1er Stokes equations if u(0) = u!, and

(NS) /&gu v—l—/uVu v—I—I//Vu Vv—/fv

for all v in V. (The spaces H and V are defined in Section 3.)

Definition 2.2. We say that the vanishing viscosity limit holds if
u — 7 in L°°([0,T]; L*(Q)) as v — 0. (2.1)

Theorem 2.3 applies to a bounded domain with C?-boundary in R%, d > 2.
The conditions in Equation (2.2) and Equation (2.4) are due to Kato ([6]),
the conditions in Equation (2.3) and Equation (2.7) appear in [7], and the
conditions in Equation (2.5) and Equation (2.6) are due to Temam and
Wang ([16], [17]).
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Theorem 2.3. Let T > 0 and assume that v, is in H and that u° is in
CF€(Q), € > 0 with k =1 or 2. In addition, assume that

(a) ud —a® in L*(Q) as v — 0,
(b) fis in L1([0, T); L2(2),
() Ilf = fller o,y z2()) — 0 as v — 0.
Let § : [0,00) — [0,00) be such that 6(v) converges to 0 while 6(v)/v diverges
to 0o as v — 0. Then the the vanishing viscosity limit (Definition 2.2) holds

if and only if any of the following conditions holds:

T
1//0 Hw(s)”%z(m ds —0asv—0, (2.2)
T
1//0 ||w(8)‘|%z(rw) ds — 0 asv — 0, (2.3)
T
1//0 ”VU(S)H%2(FCV) ds — 0 as v — 0, (2.4)
T
V/O HVTUT(S)H%Q(F(S(V)) ds — 0 as v — 0, (2.5)
T
1//0 HVTUn(S)H%Z(F&(V)) ds — 0 asv — 0. (2.6)

Here NV 1 represents the derivatives in the boundary layer in the directions
tangential to the boundary, ur is the projection of u in the direction tangen-
tial to the boundary, and uyn is the projection of u in the direction normal
to the boundary.

When k = 2, these conditions are also equivalent to

1 T
s [ I ds =0 as v —o. @)

The quantity in Equation (2.7) is proportional to the space-time average
of the energy in the boundary layer.

We show (see Remark (5.3)) that in Equation (2.2), Equation (2.4), and
Equation (2.7), contributions from the high frequency modes can be ignored.
This result applies to an arbitrary bounded domain in R? d > 2, with a
C?-boundary.

Our main result is Theorem 2.4, which is an improvement of Theorem 2.3
in the special case of the unit disk. In what follows we decompose the
solution u in the form

ut,z) = Y Y g (Oum;(2),

m=—o0 j=1
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where (up,;) are the eigenfunctions of the Stokes operator described in Sec-
tion 4, and let
N N
uN(te) = D G () () (2.8)
m=—N j=1
and

N 00
aV(t, )= YD gmg()um(@) (2.9)

m=—N j=1

with vorticities w? (t,2) = w(u (t,z)) and &N (¢, z) = w(@ (¢, z)).

As we will see in Section 4, the frequency of u,,; in the tangential direction
is m and the radial frequency of w,, is, in effect, k. Thus, v” includes the
contributions from all modes with both frequencies less than N, while @?V

includes the contributions from all modes with tangential frequency less than
N.

Theorem 2.4. Assume that 2 is the unit disk and make the same assump-
tions on the initial data, forcing, and the function § as in Theorem 2.3. Let
L and M be any functions mapping (0,00) to Z* with

vL(v) — 0, vM(v) — o0 as v — 0. (2.10)

Then the the vanishing viscosity limit (Definition 2.2) holds if and only
if any of the following conditions holds:

T
l// |w(s)M®) — wL(”)(S)H%Q(Q) ds — 0 as v — 0, (2.11)
0
T
1//0 lw(s) — &L(”)(S)H%Q(Q) ds —0asv—0, (2.12)
T
V/ lw(s) — wL(V)(s)H%z(FCV) ds — 0 as v — 0, (2.13)
0
T
1// [VuM®)(s) — VuL(”)(S)Hiz(Fw) ds — 0 asv — 0, (2.14)
0
r L(o
1// |Vrur(s) — VT'QIT( )(S)H%Q(Fé( ) ds — 0 as v — 0, (2.15)
0 v
T L(6
v [ IV run(s) = VoK (5) i, ds — 0 asv 0. (210)
0
When k = 2, these conditions are also equivalent to
T
%/ [uM®) (5) — uL(")(s)H%g(Fw) ds — 0 asv — 0. (2.17)
0
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Observe, for instance, that u™®) — L) in Equation (2.17) represents the
contribution from all modes whose frequencies in the radial or the tangential
direction lie between L(v) and M (v).

Remark 2.1. By Lemma A.3 and Equation (4.7), u’V is essentially the
contributions of all the modes with eigenvalues less than CN2. In fact,
suppose that we replace the definition of u" in Equation (2.8) with

UN(t7 LE) - Z gj(t)uj(x)v (2'18)
{j:Aj<N?}

the single subscripts in Equation (2.18) referring to the eigenfunctions and
eigenvalues of the Stokes operator on a general domain in R?, d > 2, defined
in Section 3. It follows easily from Theorem 2.4 that the conditions in Equa-
tion (2.11), Equation (2.13), Equation (2.14), and Equation (2.17) continue
to be equivalent to the vanishing viscosity limit. It is in this form that we
would expect Theorem 2.4 to generalize to fairly arbitrary smooth domains
in R? and—with N? in Equation (2.18) replaced by N raised to some other
power—to domains in R? d > 3. The obstacle to establishing this gen-
eralization is the difficulty of obtaining the equivalents of Lemma A.8 and
Lemma A.9—along with an approximate form of Lemma A.10—for high
frequencies.

3. THE STOKES OPERATOR IN A BOUNDED DOMAIN

Before specializing to the case of a disk, we discuss first some general prop-
erties related to the Stokes operator.

We define the function spaces H and V as follows (see Section 1.1.4 of
[15] for more details). First let

V={ue (D())? : divu = 0}
be the space of vector-valued divergence-free distributions on 2. We let H

be the closure of V in L?(Q2) and V' be the closure of V in HE(Q). Alternate
characterizations of H and V' are

H={ue (L*(Q)*:divu=0inQ u-n=00onT},
V={ue (LZ(Q))Z:divuinnQ,uzOonF},
the boundary conditions applying in terms of a trace.

By (-,-) we mean the inner product in L2(Q): (f,g) = [, fg. (It will be
convenient to use complex-valued eigenfunctions, so the complex conjugate
is required in this definition. Our velocity fields and vorticities, however,
are real, so conjugation will not always appear in our calculations.) Then
<u7U>H = <’LL,’U> and <u7U>V = <V’LL, V’U>

Although V is dense in H it is not dense in HNH* () (with the H'-norm).
This is because if v is a vector in H N H(f2) that does not vanish on the
boundary it cannot be approximated in the H/ 2(I')-norm by a sequence of
vectors in V. By the continuity of the trace operator from H'(Q) to H/?(T"),



ON VANISHING VISCOSITY IN A DISK 7

then, v cannot be approximated in the H!(Q)-norm by any sequence of
vectors in V.

Informally, this is because each element of V is zero on I' and so the limit
of a sequence of elements in V cannot become nonzero on the boundary
without the gradient near the boundary becoming indefinitely large. More
formally, we have Lemma 3.1.

Lemma 3.1. The space V is not dense in H N H(€).

Proof. Let u be any element of V. Then its vorticity w is in L?(Q) C L'(f2)
and must satisfy

/Qw:/QAl/J:/QdiVVQp:/FVdJ'n:—/FuL'n:O, (3.1)

where 1) is the stream function: u = V+te = (—01),01¢) and w = Av.
Because only u-n = 0 for u in H, the same cannot be said for v in HNH!():
Let u in H N H'(Q) have vorticity w with nonzero total mass. Then for any
sequence {v;} in V,

o = o)y > € llo = w(os)ley > €| [ (= o)

[

so V cannot be dense in H N H(Q). O

=C

We now briefly describe the properties we will need of the Stokes operator
A on Q, referring the reader, for instance, to Section 1.2 of [15] for more
details. One way to define A is that given u in V N H%(Q), Au in H satisfies
Au = —Au + Vp for some harmonic scalar field p. We have D(A) =V N
H?(Q) with A mapping D(A) onto H, and there exists a set of eigenfunctions
{u;} for A, complete in H and in V, with corresponding eigenvalues {};},
0 <A1 <Xy <---, and each uj is in H?(Q) since we are assuming that I is
C?. (When we specialize to the disk, the eigenfunctions will be in C*°(€2).)
An eigenfunction u; of A satisfies Au; = A\ju; or, equivalently,

{ Auj + Njuj = Vpj, Ap;j =0, divu; =0 on €,

uj =0onI. (3.2)

The eigenfunctions are orthogonal in both H and V. The usual convention
is to make the eigenvectors orthonormal in H, but we will find it more
convenient to normalize them to be orthonormal in V' so that HVujH%g @ =

2
||wj||L2(Q) =1 and
1

) 1 1
w720y = (), us) = 5 (uj, Auj) = y (Vuj, Vu;) = N (3.3)

Moreover, we have Lemma 3.2.
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Lemma 3.2. Ifu is in V with w = w(u) then
o0
u=y (w,wj)uy, (34)
j=1
with the sum converging in both V and H.

Proof. Let u be in V' and let u" = 377 ((u, u;)y / (uj, uj) y)uj. Then u”
converges in H to u because {u;} is complete in H. But,

(u,u5) _ Aj (u, uy) _ (u, Auj) _ (Vu, Vu;)
(ujsuzdy  Ajlujyug)  (ug Aug) (Vg Vug)
= (Vu, Vu; ) = (w,wj),

so the expansion of u in V' in terms of the eigenfunctions of A is the same as
the expansion of v in H (and the coefficients are as given in Equation (3.4)),
meaning that v converges in V to u as well. O

In the proof of Lemma 3.2 we used the identity (Vu, Vv) = (w(u),w(v))
for all u, v in V', which follows by integrating by parts. Were we to use
the definition of w(u) as the antisymmetric matrix (Vu — (Vu)T)/2, which
is usual in higher dimensions, this would have introduced a factor of 2 into
Equation (3.4).

Corollary 3.3. If u is in V then

o0 o0

Vu = Z (w,wj) Vu;j and w = Z (w,wj) wj,

j=1 j=1
with the sums converging in L?(£2).

Since the solution u to (N.S) lies in V' for all positive time, we can write

t) = Zgj(t)wja u(t) = gj(thuy,

[e'e} ) 2

) e Z\g] DR ) ) = 3 2!
j=1 Y

where g; are functions of time. The expansion of u will converge for all ¢t > 0
and that of w for ¢t > 0—and also for t = 0 if and only if the initial velocity
is in V; in general, we only assume that it is H. Because u(t) — u) in L*(Q)
as t — 0, each g;(¢) is continuous at ¢ = 0, though this does not mean that
w(t) is continuous in L?(2) at t = 0. Also, note that g;(t) is complex-valued
since the eigenvectors are complex-valued, but u(t) and w(t) are real-valued.

(3.5)
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4. EIGENFUNCTIONS OF THE STOKES OPERATOR IN THE UNIT DISK

We now fix € to be the unit disk in R? centered at the origin.

In [10], a complete set of eigenfunctions for the annulus is derived in terms
of Bessel functions of the first and second kind, J, and Y,,. By ignoring the
terms involving Y;, and modifying somewhat the calculation of the eigenval-
ues, one can easily obtain the eigenfunctions for a disk. We will, however,
derive the vorticity of the eigenfunctions directly, as this is quite easy. In
determining the eigenvalues and the velocity of the eigenfunctions, which is
more difficult, we will rely on the results in [10].

Taking the curl of Equation (3.2) (with u = u;), we see that the vorticity
w = w(u) satisfies

(4.1)

Aw+ Aw =0 on ,
u=0onT.

That is, w is an eigenfunction of the negative Laplacian, but with boundary
conditions on the velocity u.

Ignoring for the moment the issue of boundary conditions, we use sepa-
ration of variables to look for a complete set of solutions to Aw + Aw = 0
on ). Writing

w(r, 0) - fn(r)ema

in polar coordinates, n = 0,1,2,..., and using
Ao 0? Lo 1 0?
Cor2  ror 12062
gives
d2fn 1 dfn 7”L2 inf
i A—— | f,]e™ =0. 4.2
<dr2+7‘dr+< r2>f>e (4.2)

Since J,, the Bessel function of the first kind of order n, is a solution of

2 S S n2
d ;;‘2( ) + %djgs( ) _ (1 — S—2> Ja(s) =0, (4.3)

making the change of variables s = A\1/2r, we see that Equation (4.2) holds
with f,,(r) = J,,(\'/?r). Thus, the eigenfunctions have vorticity of the form
Ju(A21)e and it remains to determine the eigenvalues that satisfy u = 0
on the boundary.

The easiest way to do this is to use the expressions in [10]. For n = 0, we
drop the term involving Y7 in Equation (39) p. 406 of [10], giving

uor(r,0) = Ay 2 (AL 2r)e,

where /\(1)22, k =1,2,..., are the eigenvalues described below. For n > 1,
dropping the terms involving the Bessel functions of the second kind from
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the last equation on p. (406) of [10], we have

. Dn .9 o
unk(rv 9) = <)\Z—T;Tt]n(/\i{c2r) + /\#m,r,n—l> ezneer
n nk

1 D,n? im0~
+ .Y (Jn+1()\%€27‘) - Jn—1(>\%€27“)> - ;Tkr"_l ey,
2/\nk nk

the eigenvalues A\, &k = 1,2,..., being described below and the D, being
undetermined constants. In both cases we scaled the eigenfunctions differ-
ently than in [10]. A direct calculation shows that

def 1/2 \ 4

Wk (1, 0) = w(upg)(r,0) = (/W,ﬂchn()\n{C r)eme,
where C),;, is a normalization constant. A direct calculation also shows that
div uy,, = 0.

For n =0, )\é,/f = J1k, Where

Jnk is the k-th positive root of J,11(x) =0, (4.4)
as this gives ugx(1,0) = 0. Setting u,x(1,0) = 0 we obtain two equations in
the two unknowns A\, and D,,;,. We eliminate D,,;, from the two equations to

obtain a single equation for \,x. Then using the identity in Equation (A.2)
we obtain the equation

M T = nda(A) = 0.
Thus, )\%2 is the k-th positive root of
zJ) () — ndp(z) = —xJy1(z) =0, (4.5)
k = 1,2,..., where we used Equation (A.4). That is, /\7%2 = Jntik 1t
follows then that
MkdnMd)  dngrdnGnsie)

Do — _ , 4.6

Since we are normalizing the eigenfunctions so that (Wi, wnk) = Omndjk,
we must choose C),, so that

1
Cr:l? = HJn(jn-i-l,kT)emGH%?(Q) = 2”/ rJn(jn+l,kT)2 dr
0

742

. . . 1
= 2777 [Jn(]n+1,kr)2 - n—l(]n+1,kr)Jn+1(]n+1,kr)]()

= WJn(jn+17k)2-
Here we used Equation (A.9).

Because J_,(z) = (—1)"J"(z) while ¢ is linearly independent of e~
for n =1,2,..., we must also include the eigenfunctions for negative inte-
gers n. This gives simple eigenvalues when n = 0 and double eigenvalues
corresponding to the pairs (n, k) and (—n, k) for n > 1.

inf
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To summarize, the vorticity of the eigenfunctions is given by
1/2 N
wnk(r,0) = C’n/.an()\n{g T)eme,
with eigenvalue
2
)\nk = »7|n\+1,k7 (47)

and where
1

2| T (G,
forn € Z and k € N:= {1,2,...}. With our choice of normalization of the
eigenfunctions (Equation (3.3)), the velocity becomes
Jn(ar) — Jp(a)r™
/202 | T, (a)| 7
a(Jpi1(ar) — Ju_1(ar)) + 2nJ,(a)r™ ! pind
211202 | T, ()| o

an =

ine™e,

Unk (Tv 9) =
(4.8)
+

where o = jp 41 k-
5. PROOF OF THEOREM 2.4

From the fundamental energy equality for (N.S) we have for all ¢ in [0, 7],

t t
1
v [ IVl = v [ 1ol < SIS0+ 4101 orsnay

It follows from Equation (3.5) and assumptions (a) and (b) of Theorem 2.3
that for all sufficiently small v > 0,

t t 0 [e%e)
v /0 w220 = ¥ /0 S lgmi(s)2 ds < C. (5.1)
m=—o00 j=1

Remark 5.1. In Equation (5.1) and most of what follows we use the dou-
bly indexed expressions for the eigenfunctions and eigenvalues of Section 4,
though we will occasionally find it convenient to refer to the singly indexed
version of Section 3 instead.

Theorem 5.1. With the assumptions of Theorem 2./,

t
tim o [ g,y = (52

Proof. Using Lemma A.10,

t
V/O [

¢ L) L) L)
= ]//
0

~

(v)
9mj (S)an(s) ds <wmj7 wnk>L2(1"w)

(]

m=—L(v) j=1 n=—L(v) k=1
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(v) L(v)L

= ]// Z Z Z gnj gnk dS <w”J7 wnk>L2(Fw)

n=—L(v) j=1 k=1
L(v) L(v)L(v)

< / S 352 s o) s g | aqr ookl 520

n=—L(v) j=1 k=1

. L) (L) 2

=V Z |9nj ) ||wnJHL2 (Tew) ds
0 n:—L(V j=1
(v) L(v) L(v)
> Do X bl
n=—L(v

where we used the Cauchy—Schwarz 1nequahty in the last step.
By Lemma A.3,

1/L() < C/(L(v) +2) < Clipwa = CAL-

Since vL(v) — 0 as v — 0, for all sufficiently small v we have cv < C'//L(v) <

2T, (1/)2 <27 / for all j < L(v). So by Lemma A.8,
L(v)
Z HWTLJHL2 < CvL(v). (5.3)

Then using Equation (5.1)

(v) L(v)
/ w20y < CvL(v / Z Z|gm J2ds | < CvLw),
n=— L

which vanishes with v by the condition in Equatlon (2.10), and Equa-
tion (5.2) therefore holds. O

Remark 5.2. We could try to improve Theorem 5.1 by using w(u'Y) of
Equation (2.9) in place of w”, thereby incorporating all of the frequencies
in the radial direction for a given angular frequency. Unfortunately, the
best bound that one can achieve on HwnjHig(F&) for j > n is the extension
of Lemma A.8 described in Remark (A.1), and this is very much insufficient
to bound the terms with j > n.

Another possible approach is to try to incorporate the destructive interfer-
ence that occurs in the inner product of two eigenfunctions in the boundary
layer that the use of Holder’s inequality in our proof of Theorem 5.1 ignored.
The best bound one can hope to obtain is that

C

’(wn]7wnk>L2 FJ ‘ = ‘k—j’
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for all § in [0,1] and without restriction on n, j, or k except that j # k.
We could then follow the obvious approach of decomposing the equivalent of
the first sum in the proof of Theorem 5.1 into four pieces: a diagonal term
where m = n and j = k and three terms containing low frequencies in j and
k, low frequencies in j and high frequencies in k, and high frequencies in
both j and k. If we do this, however, we will find that the factor of 1/ |k — j]
is just insufficient to obtain convergence.

Corollary 5.2. The conditions in Equation (2.1) and Equation (2.13) of
Theorem 2./ are equivalent.

Proof. That Equation (2.1) implies Equation (2.13) follows directly from
Theorem 2.3. So assume that Equation (2.13) holds. Because ||A + B|?
2| A||* 4+ 2||B|)? for any norm,

¢ t ¢
1//0 Hw||%g(rw) < 21//0 ||wL(u)||i2(Fw)+2y/0 HW_WL(V)H%%FCV)‘

This vanishes with v by Theorem 5.1 and Equation (2.13), showing that
Equation (2.3) holds and hence by Theorem 2.3 that Equation (2.1) holds.

U
Theorem 5.3. With the assumptions of Theorem 2.4,
2 _
i 2 [ ) =), ds = 0 (54)
and
i L [ 1) (s) 2o - ds =0 (5.5)
v—0 1% 0 L2(FCV) - ' :

Proof. We can write u(t) — uM®)(t) = A(t) + B(t), where

A<t>= Z Z G (E) i (x =Y ngj Yt ()

M(v) j=M(v)+1 \m|>M(u)] 1

lu(t) = ™ @12,y < 21AG72(r,,) + 21 B@ 2, -
Now,
M(v)

1A 20, < IABF20) = D Z \gmj<t>rzuumj|rigm)

m=—M(v) j=M )+

_ gng O _ 1 2
= Z Z S Z Z 9 ()

V) j=M(v _/\1M() V) j=M(v)+1

1
A M)

<

Jw(t) - wM<“> D2
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where we used Equation (3.3). Similarly,
1 v
IBO)II72(r,,) < 1BO)I72(0) < Mo lw(t) =™ (1) 72(0y-

By Equation (4.7) and Lemma A.3, Am()1 and Appz) are both bounded
below (and above) by CM (v)?, so

14 C 14
lu(t) = uMO (@) 2o, < 0L () — M@ (0)|22(qy.
Then,

1 [t 5

;/0 lu(s) — wM( )(3)”2LQ(FCV) ds
<~ [ ols) = MO () 2y d
~vM(v)? Jy L)

C t 9
< m/ HW(S)”m q) ds

B C
- I/2M Hw HL2 S — I/2M(7/)2’
where in the last mequahty we used Equation (5.1). This vanishes with v
by the assumption on M in Equation (2.10) giving Equation (5.4).
Arguing as in the proof of Theorem 5.1,

/ Hu HL?(FCV ds = — / Z Z g (s | Z ||uTL]HL2 (Tew)

n=—L(v) j=1

/ Z Z‘gn] ’ ds < CL(v)v

n=—L(v) j=1

for all sufficiently small v. In the second inequality we used Lemma A.9 and
in the last inequality we used Equation (5.1). This integral also vanishes
with v by the assumption on L in Equation (2.10) giving Equation (5.5). O

Corollary 5.4. The conditions in Equation (2.1), Equation (2.11), Equa-
tion (2.14), and Equation (2.17) of Theorem 2.4 are equivalent.

Proof. For sufficiently large v, L(v) < M(v), and we have
”U(S)”zm(rw) < 3”UM(V)(3) - UL(V)(S)H%Z(FW)
B 6) e,y + 3uls) — w6 e,
It follows from Theorem 5.3 that

. I
lim sup — /||u ||L2 <311H1511P;/0 HUM(V)_UL(V)H%?(FW)'

v—0 v—0
In particular, the first limsup is zero if and only if the second limsup is
zero (the reverse inequality without the factor of 3 being trivial). Then
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Equation (2.7) of Theorem 2.3 shows that Equation (2.17) holds if and only if
Equation (2.1) holds. The sufficiency of Equation (2.11) and Equation (2.14)
for Equation (2.1) to hold then follows from Poincaré’s inequality in the form

[0 (s) = a" ) (5) |2, ) < OV VMO (s) = Var ) (s)| o,
< CV?|[VuM®) (s) — VUl (s)[|72q)
= CV? [ (s) = " ()12

The necessity of Equation (2.11) and Equation (2.14) follow immediately
from Theorem 2.3. O

Remark 5.3. If we replace the definition of u”" in Equation (2.8) with
that in Equation (2.18), then it is clear that Equation (5.4) continues to
hold in any bounded domain in R? with a C?-boundary. It follows as in
Corollary 5.4 that the vanishing viscosity limit of Definition 2.2 holds if
and only if the condition in Equation (2.11), Equation (2.14), or (when
k = 2) Equation (2.17) holds with the term involving u*®) in each of these
conditions removed. A similar result would hold in any dimension for an
arbitrary bounded domain with a C?-boundary.

Theorem 5.5. With the assumptions of Theorem 2./,

T
~L(6)
/ IV rur ©) (s )”2L2(F5(V)) ds —0asv—0 (5.6)

and
r L(5)
V/O IV () B ey, ds — 0 as v — 0. (5.7)

Proof. In the unit disk, ur = u? and V+ = 0,, where o is arc length along
the circle of radius r, in which r is held constant. Thus,

o Lo
T e v 00
and for any positive integer N it follows from Poincaré’s inequality that
e @y - [22@ 0| < | 2@y
TU 2 <3
L (F6 80 L2(F5) (1 - 6) 89 LZ(F(;)
O N2 vy < S8 2 gy
But,
O =N (0
arag L ()= Z ngﬂ ar ae“mﬂ(r %)

N]l

=1 Z mng] um]re)
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the last equality following from the simple dependence of u,,; on 6 in Equa-
tion (4.8). Thus,
2

* vl
Hme(ﬁ)ymy*ZZ:mz%J )Vt (7, 0)
m=-N L2(Q)
N 0o
= Z QZ\gmg P<N? > Z’gmj(S)FSNQHVUH%Z(Q)
m=—N m:—Nj:l

where we used the orthonormahty of the eigenfunctions in V.
Combining these two inequalities gives
CN?%5?
~N oy ))2
IVrtz ()72, < WHVUHLQ(Q

Then using Equation (5.1),

B 252 C 5252
o [ e < O [ 19l < SO

This vanishes with ¢ by the assumption on L in Equation (2.10) and hence

vanishes with v since § vanishes with v, giving Equation (5.6). The proof of
Equation (5.7) is entirely analogous. O

The technique used in the proof of Theorem 5.5 comes from the key
inequality following Equation (3.21) in [3].

Corollary 5.6. The conditions in Equation (2.1), Equation (2.12), Equa-
tion (2.15), and Equation (2.16) of Theorem 2.4 are equivalent.

Proof. This corollary can be proved much along the lines of the proofs of
Corollary 5.2 and Corollary 5.4. (It is here that we use the assumption that
d(v)/v diverges to oo as v — 0, which is needed in applying Theorem 2.3.)

O

Together, Corollary 5.2, Corollary 5.4, and Corollary 5.6 establish Theo-
rem 2.4.

6. RADIALLY SYMMETRIC INITIAL VORTICITY

It follows from Lemma 3.1 that if an initial velocity, no matter how smooth,
lies in H but not in V' and has a vorticity whose total mass is nonzero, then
the velocity of the corresponding solution to (NS) will be discontinuous in
H'(Q) at time zero. In the same way, the vanishing viscosity limit of the
vorticity cannot hold in L°°([0, T]; L?(Q2)) for such an initial velocity, since
the total mass of the vorticity for the solution to (£) is conserved over time.
This means that we might expect a different character to the vanishing
viscosity limit when the initial vorticity has zero total mass versus when it
has nonzero total mass.
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Indeed, this is what happens in the special case of radially symmetric ini-
tial vorticity where, when the initial velocity is in V' (which is equivalent for
radially symmetric vorticity to the total mass of the vorticity being zero) we
obtain convergence in L>([0,77]; L?>(€)) of both the velocity and the vortic-
ity (see [1]), whereas for initial velocity in H we obtain only the convergence
of the velocity in this space, as in Theorem 6.1. Such convergence follows
immediately from the conditions in Equation (2.12), Equation (2.15), or
Equation (2.16) of Theorem 2.4. The convergence also follows from the suf-
ficiency of the conditions in Equation (2.5) and Equation (2.6) as established
in [16], since both conditions are satisfied (the gradients in the tangential di-
rection being zero) as pointed out in [17]. When the forcing is zero, however,
there is a simple proof that uses only Kato’s original conditions.

Theorem 6.1. Assume that ug_and u’ are as in Theorem 2.3 with (for
simplicity) uO = u°, that f = f = 0, and that W° = w(u®) is radially
symmetric. Then the vanishing viscosity limit of Equation (2.1) holds.

Proof. Because " is radially symmetric, w remains radially symmetric for all

time, so w(u-Vu) = u-Vw = 0. Then because {2 is simply connected, u-Vu =
V¢ for some scalar field ¢, and the nonlinear term in (/V.S) disappears. Thus,
(NS) reduces to u,(0) = u’ and

/&gu,,-v—l-l//Vu,,'Vv:O (6.1)
Q Q

for all v in V. This is the heat equation in weak form, which is invariant
under the transformation (v,t,z) — (1,vt,z). That is, if u; is a solution
to Equation (6.1) with v = 1, then u,(t,x) = wi(vt,z) is a solution to
Equation (6.1) because u,(0) = u;(0) =’ and

2ul(zxt,gn) ~v(z)dx + V/ Vui(vt,z) - Vo(z) dz
o0t Q

=v {/ (Opuqy)(vt,z) - v(x) dx —I—/ Vuy(vt,x) - Vo(z) dw] =0.
Q Q
It follows that

t t vt
y /0 (8|22 ds = v /0 Jor ()] 2y ds = /0 Jwor ()] dr-

This vanishes as v — 0 by the continuity of the integral, because u; is in
L?([0,T); V). The limit in Equation (2.1) then follows from the condition in
Equation (2.2) of Theorem 2.3. O

The proof of of Theorem 6.1 does not yield a bound on the rate of conver-
gence in Equation (2.1). Also, without assuming that the initial vorticity is
radially symmetric, the argument in the proof of Theorem 6.1 can be applied
to solutions to the Stokes problem (the linearized Navier-Stokes equations)
to show that they converge in the vanishing viscosity limit to a solution
to the linearized Euler equations (which is just the steady state solution
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% = u°). This would be more interesting, though, if time-varying Dirichlet
boundary conditions, for instance, could be incorporated, as in [13].

In the simpler case of u) also lying in V, the solution to (E), which
is steady state, is zero on the boundary. This eliminates the trouble-
some boundary term that appears in the direct energy argument bounding
[u(t) = u(?)|| 12(q), giving an extremely simple proof of Equation (2.1). We
give, however, a longer proof of convergence using Theorem 2.3, because it
suggests how we might treat more general initial velocities. For convenience,
we assume zero forcing and more regularity on the initial velocity than is
strictly necessary.

Theorem 6.2. Assume that w0 is radially symmetric, ud = u° is in H3(Q)N
V', and there is no forcing. Then the vanishing viscosity limit of Equa-
tion (2.1) holds.

Proof. Because @’ is in V. N H3(Q), u is in L2 ([0,00); V N H3()) (see, for
instance, Theorem II1.3.6, Remark I11.3.7, and Theorem II1.3.10 of [15]).

As observed in the proof of Theorem 6.1, v - Vu = Vq for some scalar
field g. Then dyu+ V(p+ q) = vAwu and taking the divergence of both sides
we conclude that A(p 4+ q) = 0. Because of the radial symmetry, however,
p + ¢ is constant on I' and hence is constant on Q. Thus, V(p +¢q) = 0
and O;u = vAu. But u = 0 on I" so dyu = 0 on I', and it follows that
Au=v19uisin V.

Because w is in V' at time zero, we can use the expansion for w in Equa-
tion (3.5) for all time, including for time zero. Because w remains radially
symmetric over time, the expansion reduces to

w(t,r,0) ZQOk wor (7 ZQOk )CorkJo(j1kr)- (6.2)
k=1

Since Aw is in V, it follows from Corollary 3.3 that Aw has an expansion
like that of Equation (6.2):

oo
Aw(t,r,0) = hor(t)CoxJo(j1kr)- (6.3)
k=1
(The analogous expansion of Aw including all the eigenvectors {wy,} fails
to converge at t = 0 for non-radially symmetric solutions because Aw is not,
in general, in V.)
Since AJy(j1kr) = —AorJo(J1xT), it follows that hog(t) = — Aok (t)gok (1)
and then by Equation (6.1) in strong vorticity form,
Ow = vAw, (6.4)

that gék(t) = —V)\Okgok(t). Thus QOk(t) = gok(o)e—l/)\()kt and

w(t,r,0) ZCOkQOk eV o (jrgr)- (6.5)
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But then

lw®)172(0) = ZOOkgOk )220 Jo () | 2 gy
N (6.6)
Z ) (1CokJo (1w 72y = 101720
k=

and convergence in the vanishing viscosity limit follows from the condition
in Equation (2.2) of Theorem 2.3. (Examining the argument in [6] shows
that the convergence rate in Equation (2.1) is bounded by C(vt)/2.) O

We could have concluded the proof another, more indirect way, as follows.
From Equation (6.5) we see that w(t) is continuous in the L?(£2)-norm at
time zero. Thus, we can multiply Equation (6.4) by w and integrate over
time to give

1d
331 Ol + v IVeOle = [ (Fw-mlo. (6)
But Vw = —(Au)t = 0 on I' because Au is in V as we showed, and

we conclude by integrating over time that w is in L>([0,00); L*(Q)), and
Equation (2.1) follows from the condition in Equation (2.2) of Theorem 2.3.

This argument shows that whenever the vorticity is continuous at time
zero in the L?(Q)-norm and Au(t) lies in V for all t > 0, Equation (2.1)
holds. The latter condition, however, is very special. In fact, for @° with
regularity as in Theorem 6.2, dyu will always be in V, so Au = (Qpu + u -
Vu+ Vp)/vis in V if and only if u - Vu+ Vp is in V. This, in turn, can
hold only if Vp = —u - Vu on T

This suggests that for initial velocities for which w(t) is continuous in
the L?(2)-norm at time zero we might attempt to make an argument using
Equation (6.7), though now without the right-hand side vanishing. This
would require either control on Vw, as we had above, or on w itself. (For
solutions to (INV.S) with the boundary condition w = u - n = 0 rather than
u = 0 this term would vanish and one can obtain the vanishing viscosity
limit easily—though not using Theorem 2.3, which one would need to show
applies to such solutions—as done, for instance, in [11] and [12].)

Another line of attack is also suggested by the proof of Theorem 6.2—
to gain control on the coefficients g(t) either by assumptions on the initial
velocity or on the solution. Unless bounds as remarkably strong as those
obtained in the proof of Theorem 6.2 are achieved, though, something more
sophisticated must be employed to obtain Equation (2.1).

7. INTERPRETATION IN TERMS OF LENGTH SCALES

In [3], Cheng and Wang consider the vanishing viscosity limit in the setting
of a two-dimensional rectangular channel R, periodic in the z direction with
period L and with characteristic boundary conditions (which include no-slip
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boundary conditions as a special case). They decompose any vector u on

R of sufficient regularity as u = Y 32 e2™3%/Ly) and define the projection

j=
Pou = Z?:o e2m3/Lyd onto the space spanned by the first k& modes. This
in effect allows one to isolate successively finer-scale spatial variations in the
direction tangential to the boundary. They then construct an approxima-
tion sequence {v”} to u by letting v” be the solution to the equation that
results after projecting each term in (NS) using Py. (We have changed
their notation somewhat.) Their v” is the approximate-solution analog of
the exact solution truncation represented by u” in Equation (2.9).

The main result in [3] is that v“®) converges to @ in L>([0,T]; L?(Q2))
as v — 0. The requirement on L(v) is the same as our condition on L in
Equation (2.10) (with the additional condition that L(r) — co as v — 0 as
one would expect), so convergence of vL¥) to T occurs when only tangen-
tial length scales of order larger than v are included in the approximations.
(All length scales in the normal direction, however, are included. See Re-
mark (5.2) concerning this issue in regards to the vorticity.)

The result in [3] makes an important observation about the difficulty of
determining numerically whether or not the vanishing viscosity limit holds.
Our method of decomposing the solution using the eigenfunctions of the
Stokes operator, on the other hand, says little about computation, since
approximating this decomposition numerically is probably as least as hard as
approximating the solution itself. Nonetheless, it more directly characterizes
the properties of the solution itself at different length scales.

The analog to the result in [3] is Theorem 5.5, which shows that Temam
and Wang’s conditions in Equation (2.5) and Equation (2.6), when applied
only to the modes with tangential wavelengths of C'L(v) or higher, holds
as long as the condition on N in Equation (2.10) hold. This does not,
however, imply that «“(*) converges to @ in the vanishing viscosity limit,
only that if the vanishing viscosity limit fails to hold, the failure originates
in the behavior of the tangential component of the gradient projected into
the space spanned by the modes with tangential frequencies of order L(v)
or higher; that is, at length scales of order v or lower.

The other conditions in Theorem 2.4 give alternative ways to measure
the behavior of the solution at different length scales or frequencies. They
show that we cannot simply say that if the vanishing viscosity fails to hold
then the failure lies in the behavior of the solution at any particular range
of length scales, but rather that the pertinent range of length scales varies
with the measure of behavior. Whether any of these conditions brings us
any closer to proving that the vanishing viscosity limit holds in general for
smooth initial data in a bounded domain or to proving that it fails to hold
in at least one instance remains completely unclear.
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APPENDIX A. BOUNDS ON THE EIGENFUNCTIONS

In Lemma A.1 we state the basic identities involving the Bessel functions
that we use. We then give a series of lemmas that lead to the bounds on
the velocity and vorticity of the eigenfunctions in the boundary layer that
we used in the proof of Theorem 2.4.

It is perhaps important to note that in the proofs that follow we avoid
the use of asymptotic formulas for the Bessel functions, even when such
formulas might appear to be useful. This is because we need to deal with
the relative values of Bessel functions of different orders near a zero of one
of the Bessel functions, and it is precisely in these situations that the errors
in the asymptotic formulas dominate. Also, most of the following lemmas
apply without change to their proofs with n being any nonnegative real
value.

Lemma A.1. For all nonnegative real numbers n and x,

M (2) — 2 Jn_1(2) = BJpsr (2), (A.1)
27,() = J1(2) = Juga (@), (A2)
Tno1(z) = an(@ + T (2), (A.3)
Jner(@) = ZJu(@) = T (@), (A4)
%(O“) = / 2" Jp_1 (o) da, (A.5)
Jn(az)z™" = —a / Jnat1(az)z ™" dz, (A.6)

(3% — a2)/xJn(aaz)Jn(ﬁm) de =z [o]] () Jn (Ba) — B} (Bx) Ty ()],

(A7)
/xJn(aaj)2 dx = % 22 (ax)? + (2% — Z—2 n(ax)ﬂ , (A.8)
/xJn(am)2 dx = %2 [Jn(az)? = Jnoi1(ax) Jpi (az)] - (A.9)

Proof. These are standard identities for Bessel functions. For instance, see
Equations (6.28), (6.29), (6.30), (6.31), (6.38), (6.39), (6.51), (6.52), and
(6.53) of [2]. O
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Lemma A.2. For all nonnegative integers n and all positive integers k,
. ) s
1< In+1,k — Ink < 57

where jnp s defined in Equation (4.4).

Proof. Let j,i. be the k-th positive zero of J,,, where we now allow v to be
a real number in the interval [0,00). It is shown in [4] and [5] that for all
k > 1, jyi is strictly concave as a function of v and that dj,,/dv > 1 (see
also [9]). Thus, the function n +— jy41 % — jnk is strictly decreasing as a
function of n. But by Equation (2.9) of [5], jp+1% — jnk — 1 as n — o0, so
Jnt+1,k — Jnk > 1.

The positive zeros of Jy lie in the intervals (mm + %ﬂ',mﬂ' + %77), m =
0,1,..., and the positive zeros of J; lie in the intervals (m'm + gm, m'T +
%7?), m/ = 1,2,.... That the zeros lie in only these intervals is shown in
Section 15.32 p. 489 and Section 15.34 p. 491 of [18] using an approach
of Schafheitlin’s. That each of these intervals contains at least one zero is
shown on p. 104 of [2]. But ji1x —jor > 1 as we showed above so each interval
contains precisely one zero. Because the zeros of Jy and .J; are interleaved
(see p. 106 of [2], for instance) we can then conclude that ji —jor < 5. But
as we observed above, the function n +— j,, 41 1 — jnk is strictly decreasing as
a function of n, 80 jn i1,k — jnx < 5 holds for all n > 0. O

Lemma A.3. Foralln=0,1,... and k=1,2,...,
n+k <ju <m(n/2+k) <m(n+k).
Proof. By Lemma A.2, for all n and 7,

n
dnk = Jok + > Gk = m-1.%) = jok +n > n+k,
m=1
because jor > k (which follows directly from Equation (4.3); see p. 485-486
of [18], for instance). By an observation in the proof of Lemma A.2 it follows
that jor. < mk, and a similar argument using the inequality j,41x — Jjnk < 5
from Lemma A.2 gives the upper bound on j,. (]

Lemma A.4. Let o = jpi1k and B = jpi. Forn = 0,1,2,... and k =
1,2,...,

JIn(ax)
Jn(a)

Proof. Let g(z) = Jy(ax)/|Jn(a)|. From Equation (A.4), J/(a) = (n/a)Jp (),
so J) («) has the same sign as J,(«). From this we conclude that |g| is in-
creasing in a left-neighborhood N of 1.

Between each zero of J,, there is exactly one zero of J,4+1 (see p. 106 of
[2], for instance). Between each zero of J, there is also exactly one zero of
J}, because the maximum values of J,, are all positive and the minimum
values are all negative (see, for instance, p. 107 of [2]) and J/ has no repeated

g

<lif=<ax<l.
a
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positive roots (this follows from the defining equation Equation (4.3)). Thus,
the neighborhood N includes all z such that § < az < a. Since |g(1)| =1
it follows that |g(z)| < 1 for all such z. O

Lemma A.5. Let o = jy411 and 8 = jui. There exists a constant C' such
that for alln=0,1,... and k=1,2... n,

Jni1(ax)
JIn (@)

Proof. Since J,11(a) = 0, Equation (A.5) with n + 1 in place of n gives
1
«
Int1(ax) = — /x t" 1, (at) dt.

As long as § < azx < «, J,(at) does not change sign on the interval (z,1]
and has its maximum value on this interval at 1, as observed in the proof of
Lemma A.4. Thus,

< Cn(l—2x) if§<az<1.

1
o ntl | Jn(a)|
Tua(0n)] € ez (o)) [ et an < S0 —a),
But by Lemma A.2 and Lemma A.3,
1—é:a_ﬁ§ﬂ-/2 2521_ T
o « n 4+ 2 «@ 2n +4
SO
(1) T —(n+1) /2
— (1 < 1 _ < iy
Gl < (1o 5T ) T <o
the last inequality following from elementary calculus. We conclude that
|[Jnr1(ax)| < Cnln(a)] (1 - 2), (A.10)
which completes the proof. O

Lemma A.6. Let o = jp11 and B = jni. There exists a constant C' such
that for allm =0,1,... and k=1,2...,n,

In—1(ax) G

Proof. Because the positive zeros of .J,_1 are interlaced with those of .J,,
Jn—1 does not change sign on the interval [, a]. From Equation (A.4) with
n—1in place of n, J! _1(8) = ((n—1)/8)Jn-1(8), so J,_;(3) has the same
sign as J,—1(0), and we conclude that J,_; reaches it maximum value on
the interval [, a] at (3. Therefore, for f/a < x < 1,

Jn—l(ax) < Jn—l(ﬂ)‘
Jn(a) | 7| Jula) |
But, by Equation (A.1), Ju+1(8) = 2(n/B)Jn(B) — Jn-1(8) = —Jn-1(8), so
Jn—1(ax) Jn1(8)
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where we used Lemma A.5 and Lemma A.3. O

—-1/2

Lemma A.7. For all j in N, ||wj||ig(F6) <25 when § <A77

Proof. Let wj = wpi, and o = Jpq11 = AY 2, where without loss of generality

J
we assume that n > 0. Then

1
ijHiQ(F&) = 21C2, /1_57&]”(047‘)2 dr = 2/1
In the integrals above, with 8 = j,x,
ﬁ/azl—(ﬁ—a)/ag1—1/a:1—/\;1/2§1—5<r<1,

where we used Lemma A.2, and the lemma follows from Lemma A.4. O

L J(ar)?

r——————dr.
-5 Jn(a)2

Employing Lemma A.7, we can extend its range of applicability, though
with a higher bound on the width of the boundary layer.

Lemma A.8. Foralln inZ,k=1,...,n, and all § < 27T)\,_Lll/2,

2
lwnkllZ2(py) < 20.

Proof. Without loss of generality we assume that n > 0. It follows from
Lemma A.3 that jy, n/jn1 < 7(n+n)/(n+1) < 2m; the lemma follows from
this inequality and Lemma A.7. O

Remark A.1. It is possible to extend Lemma A.8 to include all values of
k. The idea of the proof is that for k > n, w,; passes through k£ complete
half-periods (annuli in the unit disk lying between successive nonnegative
zeroes of Jy,(jn41%7)) and ends with a partial period. Since J,,(z) decays like
z'/2 and the spacing between consecutive zeros of .J,, approaches a constant,
the L2-norms of w,, on each of those half-periods converges to a constant,
and since the L?-norm of w,y, on the entire unit disk is 1, the square of the
L?-norm of wy,), on the last half-period is less than C/k (with C near 1).
But the last half-period has a width that is greater than C/k. Extending
this argument to m periods, what we have shown is that

2
||wnkHL2(FCm/k) S m/k

With the assumed bound on §, we choose m so that m/k is of the same
order as ¢, and the proof is essentially complete.

Lemma A.9. There exist positive constants C7 and Cy with Cy < 1 such
that for alln inZ and all k =1,...,n,

lunill 22,y < C18°

when § < Cor, 172
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Proof. In the proof that follows, we will often use Lemma A.3 without ex-
plicit mention. Also, without loss of generality we assume that n > 0.
Let o = jp41,%- We bound first the radial component of u,;. We have,

Jn(ar) = Jp(a)r™ _ -l

Jn(c)r gn(r),
where
_ Jnlar)rTm B @ Y Jii(ax) B ! Bui(z)
gn(r) = AT 1= ) /r +x” dr = —oz/r o dzx,
and

To verify the second equality we use the identity in Equation (A.6), from
which it follows that the second expression for g, is
Jp(ar)r~"+C
In ()
for some constant C. But all three expressions for g, are zero at r = 1, so

we have the correct limits of integration in the second expression. It follows
from Lemma A.5 and our third expression for g, that

1 CTL2
lgn(r)| < C’noz/ x "1l —x)de < r—”(l —r)?
T
forall 1 —r <1/a.
From Equation (4.8),
n—1 )
up(r,6) = 79(();)7:1/2 ine™™%e,,

so when § < 1/« we have

1 C 6 1 _\4
o2 r o2 n (1—r)
=92 dr < —— dr
Hunk||[,2(p5) 77/1_67" [unel” dr < ot /1—6 r2n—1

< Cn?(1—6)72° < 0.

In the last inequality we used

& G
In+1,k n+1

§< Cort/? =

SO

n+1 n+1
>(1—C)?(1-Cy) P =1—-0Cy) ' =C >0,

where G is the function of Lemma A.11.
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For the angular component of wu,, we write
adpi1 (o) — adp_1(ar) 4 2nd, (a)r™ 1
= 2nJy,(ar) — ard,—1(ar)| + ard,—1(ar) — 2nJ,(ar)
+ adpy1(ar) — adp_1(ar) + 2nJ, (a)r™ 1
=a(r+1)Jpt1(ar) + 2n [Jn(oz)r"_l — Jn(ar)]
+ ady,_1(ar)(r —1).
From Equation (4.8) we then have

2 2 2 2 n—1 2
0 12 a?(r+1)% Jpi1(ar) n® [ Jp(a)r — Jn(ar)
< -
" = © at Jn(@)? * Ca4 Jn ()
L+ @ Ini(ar)?(1 = 1) (A.11)

atd,(a)?
<ca-mn2+ < (" 2gn_1(r))?
> n2 In—1 )
where we applied both Lemma A.5 and Lemma A.G.
The first term in Equation (A.11) contributes no more than
1 1

C r(1—7r)2dr<C (1—7)2dr <Co,
1-6 1-0
and the same is true of the second term in Equation (A.11) arguing as for
u; ., and this completes the proof. O

Lemma A.10. When m # n, (tmj, unk) r2(p,,) = (Wmj>@nk) 2,y = 0-

Proof. We have,

27
(Wing, Wnk) 2 (p,,) = / rf(r)/ im=m)0 g9 qr.
1 0

where f(r) is a product of two Bessel functions. When m # n, the inner
integral is zero. A similar argument gives (t,;, Ung) 2 Ty = 0- O

cv

1

—Ccv

Lemma A.11. Let « be in (0,1) and define G, : [1,00) — [0,00) by
a\ZT
Golz) = (1__) .

T
Then for all x > 1,
l—a<Gyx) <e ™.

Proof. The proof is elementary. O
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