VANISHING VISCOSITY IN THE PLANE FOR
NONDECAYING VORTICITY

ELAINE COZZI

ABSTRACT. Assuming that initial velocity has finite energy and
initial vorticity is bounded in the plane, we show that on any finite
time interval the unique solutions of the Navier-Stokes equations
converge uniformly to the unique solution of the Euler equations as
viscosity approaches zero. We also establish a rate of convergence.

1. INTRODUCTION

We consider the Navier-Stokes equations modeling incompressible vis-
cous fluid flow, given by

o, + v, - Vv, — vAv, = —Vp,
(NS) divv, =0
UV|t:0 = ’UB,
and the Euler equations modeling incompressible non-viscous fluid flow,
given by

ov+v-Vuv=—-Vp
(E) dive =0

v|i=g = v°.

In this paper, we study the vanishing viscosity limit. The question
of vanishing viscosity addresses whether or not a solution v, of (N.5)
converges in some norm to a solution v of (E) with the same initial
data as viscosity tends to 0.

The vanishing viscosity problem is closely tied to uniqueness of so-
lutions to the Euler equations, because the methods used to prove
uniqueness can often be applied to show vanishing viscosity. One of
the most important uniqueness results in the plane is due to Yudovich.
He establishes in [20] the uniqueness of a solution (v,p) to (E) in the
space C(R; L*(R?)) x L2 (R; L*(R?)) when v” belongs to L?(R?) and
w? belongs to LF(R?) N L>(R?) for some p < oo. For this uniqueness
class, Chemin proves in [2] that the vanishing viscosity limit holds in
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the LP-norm, and he establishes a rate of convergence. (In fact, the
author only considers the case p = 2; however, the proof of the result
can easily be generalized to any p < 00.)

In this paper, we consider the case where initial velocity belongs
to L*(R?), while initial vorticity is bounded and does not necessarily
belong to LP(R?) for any p < oo. The existence and uniqueness of solu-
tions to (E) with nondecaying vorticity and nondecaying velocity was
proved by Serfati in [16]. Specifically, the author proves the following
theorem.

Theorem 1. Let v° and w° belong to L>=(R?), and let ¢ € R. For
every T > 0 there exists a unique solution (v,p) to (E) in the space
£25([0, T]; L2(R2)) x L((0,T]; C(R?)) with w € L>([0, T); L=(R?)),

p(0) = ¢, and with % — 0 as |z| — oo.

The author also shows that the velocity satisfies the estimate
(1.1) o(8)|[1e < C[0°]]oeeCrle Nzt

For the main result of this paper, we assume that initial velocity
belongs to L?(R?) rather than L°°(R?); however, the boundedness of
the initial vorticity combined with finite energy of the initial velocity
imply that the initial velocity is bounded (see Lemma 4 and Remark
3.7). Therefore our solutions to (E) satisfy the initial conditions given
in Theorem 1. We can conclude from Theorem 1 that the velocity
remains bounded as time evolves. Moreover, in Section 2 we show that
energy is conserved when v is in L?(R?) and w° is in L>(R?), so that
v belongs to L2 (R; L2(R?) N L>=(R?)).

We prove that on any finite time interval the unique solutions of the
Navier-Stokes equations converge uniformly to the unique solution of
the Euler equations as viscosity approaches zero (see Theorem 2). This
result improves upon a previous result in [6] in the sense that here we
show convergence for finite time, whereas in [6] we show convergence
for short time only. In [6], however, we do not assume initial velocity
belongs to L*(R?); rather we make the weaker assumption that initial
velocity is in L®(R?) only. Despite the different assumptions placed
on initial velocity, the strategy for proving this result will follow the
strategy of [6].

In [6] we consider low, middle, and high frequencies of the difference
between the solutions to (NS) and (F) separately. For both low and
high frequencies we are able to show convergence in the L*-norm on
any finite time interval. For low frequencies, we utilize the structure of
mild solutions to (N.S) as well as the structure of Serfati solutions to
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(E). For high frequencies, we apply Bernstein’s Lemma and Calderon-
Zygmund theory. For the middle frequencies, in [6] we are only able
to show that convergence holds for short time. To do this we localize
the frequencies of the vorticity formulations of (N.S) and (F), and we
consider the difference of the two resulting equations. We are then
able to reduce the problem to showing that the vanishing viscosity
limit holds for short time in the Besov space BY, _ (R?), which contains
L>=(R?) (see Lemma 8 of [6]).

We apply a similar approach here; however, in this case we use differ-
ent methods along with the additional assumption that v € L?(R?) to
show that the vanishing viscosity limit holds on any finite time interval
in the Bgom—norm. Combining this new estimate with the estimates
from [6] for the low and high frequencies, we are able to extend our
previous short time result to a finite time result.

We begin the proof of the main result as in [6]. Specifically, we define
Spv = x(27"D)v, where y is identically 1 on the unit ball and 0 outside
of the ball of radius two, and we write

vy = V|| Lo 0,175 (®2)) < NS—n (V0 — V)| oo 0,175 R2))

(1.2) +H(Sn = S-n) (v = 0)l| oo (0.17:00 R2))

+ [[(Id = Sn)(0y — )|~ (0,172 (82)-
Letting n be a function of v so that as n approaches infinity, v tends
to 0, we show that each of the three terms in (1.2) converges to 0 as n
approaches infinity. The estimates of |[S_, (v, — v)|| oo (jo,7);L0 (r2)) and
[(Id — Sn)(vy — )| Lo (o,1;200(r2)) both follow from a straightforward
application of Bernstein’s Lemma. The first estimate uses the mem-
bership of v, and v to L*>([0, T]; L*(R?)), and the second relies on the
membership of w, and w to L*([0, T]; L>=(R?)).

To estimate the L*>-norm of (S, — S_,)(v, — v), we initially follow
the approach given in [6]. We observe that this term has Fourier sup-
port in an annulus with inner and outer radius of order 27" and 2",
respectively. Breaking this support into 2n smaller annuli, we use the
definition of the Besov space BY. __ (see Section 2) to conclude that

(1.3) [0S0 = S-n)(vy — v)(t)|7|Loo < Cnl|(vy =v)(®)lpg,

for each t > 0. We proceed to show that v, converges to v in the
Bgojoo-norm on any finite time interval as viscosity approaches 0 (see
Lemma 7). It is in this proof that we deviate from the methods of [6].
Specifically, we replace an argument using Gronwall’s Lemma with an
argument relying on Osgood’s Lemma. We closely follow the proof in
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2] that the vanishing viscosity limit holds in the energy norm when
both initial velocity and initial vorticity belong to L?(R?).

The paper is organized as follows. In Section 2, we introduce the
Littlewood-Paley theory, Bony’s paraproduct decomposition, Besov
spaces, and some useful technical lemmas. In Section 3, we discuss
known properties of solutions to (E) with nondecaying vorticity. In
Section 4 and Section 5, we state and prove the main result; we devote
Section 5 entirely to showing that the vanishing viscosity limit holds
in the Bgopo—norm.

2. A FEW DEFINITIONS AND TECHNICAL LEMMAS

We first define the Littlewood-Paley operators (see [19] for further
discussion of these operators). We let ¢ € S(R?) satisfy supp ¢ C {£ €
R?: 3 < 1€l < 2}, and for every j € Z we let ¢;(&) = p(277€) (so
@j(x) = 2993(27z)). Observe that, if [j — j'| > 2, then supp p; N supp
@ = 0. We define ¥, € S(R?) by the equality

Un(&) =1= (&)

Jjzn
for all £ € RY, and for f € S'(R?) we define the operator S, f by
Sof =1y, * f.

In the following sections we will make frequent use of both the ho-
mogeneous and the inhomogeneous Littlewood-Paley operators. For
f € S'(R% and j € Z, we define the homogeneous Littlewood-Paley
operators Aj by

Ajf = f,
and we define the inhomogeneous Littlewood-Paley operators by
0, 7 < -1,
Ajf: wo*f7 .]:_]-7

We remark that the operators A; and Aj coincide when 5 > 0, but
differ when j < —1.

In the proof of the main theorem we use the paraproduct decompo-
sition introduced by J.-M. Bony in [1]. We recall the definition of the
paraproduct and remainder used in this decomposition.

Definition. Define the paraproduct of two functions f and g by

Tig= Y AifAjg=7 SifAg.
j=1

i
i<j—2
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We use R(f, g) to denote the remainder. R(f,g) is given by the follow-
ing bilinear operator:

R(f.9)= ) AifAg.
ji—il<1
Bony’s decomposition then gives
fo=Tig+Tof + R(f,9).
We now define the homogeneous Besov spaces.

Definition. Let s € R, (p, q) € [1,00] x [1, 00). We define the homoge-
neous Besov space B;’q(]Rd) to be the space of tempered distributions
f on R? such that

[1£]

1

q

o g

b (z QJQSIIAijILp) .
JEL

When ¢ = oo, write

in

g = sup 27 [A ],
’ JEZL
We also define the inhomogeneous Zygmund spaces.

Definition. The inhomogeneous Zygmund space C%(R?) is the set of
all tempered distributions f on R? such that

I

cs = sup 2%||A; f|| e < oo0.
Jj=-1

It is well-known that C*(R?) coincides with the classical Holder space
C*(R?) when s is not an integer and s > 0.

We will make frequent use of Bernstein’s Lemma. We refer the reader
to [3], chapter 2, for a proof of the lemma.

Lemma 1. (Bernstein’s Lemma) Let r1 and ry satisfy 0 < r; < ry <
0o, and let p and q satisfy 1 < p < q < oo. There exists a positive
constant C' such that for every integer k , if u belongs to LP(R?), and
supp @ C B(0,7r1\), then

(2.1) sup ||0%u||ze < CENFIG=) ||y
|a|=k

Furthermore, if supp u C C(0,r1\, mo\), then

(2.2) CN|ul|pe < sup ||0%ul|zr < CENF||u| Lo

o=k
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As a result of Bernstein’s Lemma, we have the following lemma re-

garding the homogeneous Besov spaces.

Lemma 2. Letu € S, s € R, and p,q € [1,00]. For any k € Z there
exists a constant Cy, such that whenever |a| = k,

C|0%ul pytr < CF[[0%ul

Bs, < lul Bs .,
We also make use of the following technical lemma. We refer the
reader to [7] for a detailed proof.

Lemma 3. Let v be a divergence-free vector field with vorticity w, and
let v and w satisfy the relation Vv = VV+A~ w. Then there exists an
absolute constant C' such that for all j € 7Z,

14;V0[ 10 < CJ|Ajw]| e

3. PROPERTIES OF SOLUTIONS TO THE EULER EQUATIONS WITH
NONDECAYING VORTICITY

In this section, we summarize what is known about solutions to (FE)
with nondecaying vorticity. We begin by proving a result giving Holder
regularity of solutions to (£) with initial velocity and initial vorticity
in L>°(R?). Specifically, we prove that under these assumptions on the
initial data, the corresponding solution to (N.S) or (E) belongs to the
Zygmund space C}(R?).

Lemma 4. Let v be the unique solution to (E) given by Theorem 1
with bounded initial vorticity and bounded initial velocity. Then the
following estimate holds:

[o(®llez < COJfe°||peoe® M 4 €| e
Proof. Write
[lv(t)]

We first use Young’s inequality combined with (1.1) to bound the low
frequency term. For the high frequency terms, we apply Bernstein’s
Lemma and the uniform estimate on the L>-norm of the vorticity given
in (3.9) below to bound the supremum by C||w°||z. This completes
the proof. O

cr < CllSov(®)l|z +sup 2[|Ajv(t)]|z-
7>0

We now address the question of energy conservation when w® belongs
to L>°(R?) and v° belongs to L*(R?). As mentioned in Section 1, with
these assumptions on the initial data, Theorem 1 guarantees that the
solution v to (E) belongs to L2 (R*; L>°(R?)). However, in [16] the
author does not assume v? € L*(R?) and therefore does not address
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the issue of energy conservation when vorticity is nondecaying. For this
we prove the following lemma.

Lemma 5. Assume v° belongs to L?(R?) and w° belongs to L>=(R?).
Then the solution to (E) given by Theorem 1 satisfies ||v(t)||2 =
00|22 for all t > 0.

Proof. To prove the lemma, we use an argument identical to that
found in [8]. In [8], the authors show that weak solutions to (F) in
L} (RT; L3(R?)) conserve energy if

loc

(3.1) D.(v)(x) = | / V6 (y) - Su(0v)%dy

approaches 0 in the sense of distributions as € approaches 0, where ¢
is a standard mollifier on R?, ¢“(y) = F¢(%), and dv = v(z +y) —
v(z). We do not know a priori that v belongs to L} (RT; L3(R?)). We
do, however, have sufficient regularity of the pair (v, p) to ensure that
energy is still conserved for our weak solutions if (3.1) approaches 0 as
€ approaches 0.

To see this, we follow the proof given in [8], making modifications
where necessary. As in [8] we let u® = ¢° x u and we regularize the

Euler equation which gives
(3.2) O + 0;(v;v)° 4+ Vp© = 0.

Taking the dot product of (3.2) with v and adding the resulting equa-
tion to (F) multiplied by v¢ yields

(3.3) Oh(v-v)+ V- ((v-v)v+vp° +pv°)+ E. =0,
where
(34) Ee = @((vivj)evj) — vivj&-v;.

Since v belongs to the space Lo (RT; C}(R?)) by Lemma 4, it follows

that v-v° converges to v? in D’'([0, T] x R?) as € approaches 0. Moreover,
using the membership of v to LS (RT; C'}(R?)) and the membership of

loc

p to L (RT; C(R?)), we see that (v - v)v + vp® + pv® converges to

loc

(v? + 2p)v in D'([0,T] x R?). We can conclude from (3.3) that E.
converges in the sense of distributions to

—0;(v*) = V - (v(v* + 2p)).

As in [8], it follows by a calculation that
(3.5)

/nge(y) 0w (dv)idy = —0i(v0;v;)“+20; (viv;) V;+0;(vjv;) “V;—20;0;0;5.
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Moreover, by incompressibility of v we can conclude that 0;(v;v;)v; =
Di((vjv)v;). Since v belongs to L (R*; CH(R?)), it follows that v,v;
and v;v;v; are bounded and uniformly continuous. Therefore, the quan-
tity —0;(vivjv;)+9;(vv;)v; converges to 0 in D'(R?). Comparing (3.5)
and (3.4), we see that [ V¢(y) - dv(dv)?dy and 2E, have the same limit
in the sense of distributions. That is, 1 [ V¢<(y) - dv(dv)*dy converges
to

(3.6) —atgw) v (v(%vZ +p))

in D’(R?) as € approaches 0. If we can show that [ V<(y) - dv(dv)*dy
approaches 0 in D'(R?) as e approaches 0, this will imply —d,(3v?) —
V- (v(3v? +p)) = 0 in the sense of distributions, and, integrating (3.6)
will give that energy is conserved. To see that § [ V¢(y) - dv(dv)*dy
approaches 0, we again utilize the membership of v to L2 (RT; CH(R?)).
Taking into account the support of ¢, we can write

/ Vo (y) - du(dv)dy < C / @éww (2) - su(50)2dy

< Celpll.

which approaches 0 as € approaches 0. This completes the proof of
Lemma 5. U

Remark 3.7. We remark here that we can revise the proof of Lemma 4
to show that

(3:8) lo®)llex < Cllv’]lz2 + Cllw| o

To do this we simply apply Gronwall’s Lemma and Young’s inequality
to the low frequencies, and use energy conservation to get the series of
inequalities ||Sov(t)||z~ < C||v(t)||2 = C||v°]|g2. We also point out
that an estimate identical to (3.8) holds for v, by the argument given
in the proof of Lemma 4 combined with the property that energy of
Leray solutions is nonincreasing over time.

Finally, we will need a uniform bound in time on the L*-norms of
the vorticities corresponding to the solutions of (NS) and (E). For
fixed v > 0, we have that

(3.9) [lws ()|l < [lwpllz

for all £ > 0. One can prove this bound by applying the maximum
principle to the vorticity formulations of (N.S) and (£). We refer the
reader to Lemma 3.1 of [13] for a detailed proof.
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4. STATEMENT AND PROOF OF THE MAIN RESULT
We are now prepared to state the main theorem.

Theorem 2. Let v, be the unique Leray solution to (NS) and let v
be the unique solution to (E), both with initial data v° in L*(R?) and
w® in L°°(R?). Then there exist constants C' and Cy, depending only
on the initial data, such that the following estimate holds for any fized
a € (0,1) and T > 0, and for v sufficiently small:

(4.1) 10, = 0| e (o sy < C(T + 1)(V2)*

Proof. To establish the result, we apply a similar strategy to that used
to prove Theorem 3 in [6]. We let v, and v be the unique solutions
to (NS) and (E), respectively, satisfying the assumptions of Theorem
2. In what follows, we let v, = S,v and w, = S,w(v). We have the
following inequality:

T

v, — UHLOO([O,T];LOO(R?)) < [|S-n(v, = U)HL"O([QT};L""(R?))
(4.2) + [(Id = 5-n) (00 = va)ll Lo (o132 (m2))
+ [[(Id = S_p)(vn = V)| L0131 22))-
We will estimate each of the three terms on the right hand side of the
inequality in (4.2). We begin with the third term, since it is the easiest

to handle. We use the definition of v,,, Bernstein’s Lemma, Lemma 3,
and (3.9) to obtain the inequality

(4.3) 1(Zd = S_n) (v = V)| Lo,z (r2)) < C27" ||| 10

for any 7" > 0. To bound the first term on the right hand side of (4.2),
we use the fact that the Fourier transform of S_,,(v, —v) is supported
on a ball of radius 27" along with Lemma 5 and Bernstein’s Lemma to
conclude that

(4.4) [IS-n(vy —)(B)llz> < C27"[|S-n(vy — 0)()]|L2 < C27" |V e

It remains to bound the second term on the right hand side of (4.2),
given by ||(Id — S_,)(vy — vn)|| Lo (j0,7];L°¢(r2))- We prove the following
proposition.

Proposition 6. Let v, and v be solutions to (NS) and (E), respec-
tively, satisfying the properties of Theorem 2. Then there exist con-
stants C' and Cy, depending only on the initial data, such that the
following estimate holds for any fivzed o € (0,1) and T > 0, and for
sufficiently large n:

(4.5)  |l(Jd = S_p)(vy — vn)llzee oz < C(T +1)277%

1T
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Remark 4.6. In the proof of Proposition 6, we let v = 272", Therefore,
the dependence of the right hand side of (4.5) on v is hidden in its
dependence on n.

Proof. We begin with the series of inequalities
N d = S-n)(vy = vn) (O]l < [|(Td = Sn)(0r = va) ()] L
(4.7) + [1(Sh = S—n)(vy = vn) (£)]] L
< C27"|w|z + Cnll(vy — va) ()] 5 -

The second inequality follows from an application of Bernstein’s Lemma,
Lemma 3, and (3.9).
To bound |[(v, — vn)(t)|[go. _, We need the following lemma, whose

proof we postpone until the next section.

Lemma 7. Let v, and v be solutions to (NS) and (E), respectively,

satisfying the properties of Theorem 2. Then there exist constants C

and Cy, depending only on the initial data, such that the following
estimate holds for any fixzed o € (0,1) and T > 0:

—nae’c

v, — Un”Loo([o,T];ng) <C(T+1)2 '

T

Since « € (0, 1) is arbitrary, we can write
fnae_c r
n|lv, — U”HL‘X’([O,T};B&,OO) <C(T+1)2 !
for sufficiently large n. Combining this estimate with the estimate
given in (4.7) yields Proposition 6. O

To complete the proof of Theorem 2, we combine (4.2), (4.4), Propo-
sition 6, and (4.3) to get the following estimate for fixed 7" > 0 and for
large n:

(v, — )| e (io,7y200y < C(T + )27
Using the equality n = —% log, v, we obtain (4.1). This completes the
proof of Theorem 2. We devote the next section to the proof of Lemma
7. O

5. PROOF OF LEMMA 7
We begin with some notation. For the proof of Lemma 7, we let
W = W, — wy, and v, = v, — U,
We recall the following estimate, which is proved in Section 5 of [6]:

OMlonOllgy, < OB (O)llgy, _ + Va0l g0, _

5.1 —F 1T A -
o IOl .+ 50270 VI (0)1)
J
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where
To(v,w) = 1p(v,w) — (Vv —v,) (W — wy),
v,0) = [ G~ 27) = o)) wlz - 2779) ~ wla))dy,
We observe that
18a()]| g, . < CllTa(®)]lze < C(I[°]] 22 + [|w”]| <)

by Remark 3.7, and we define A = 1+ C(|[v°]|2 + ||w°]| =) with C as
in Remark 3.7. If we define §,,(¢) by

[0 (8] 5
St T NP |

then, dividing both sides of (5.1) by A, we see that
c, . _
0.(1) < (13 (D) s, + v Fa(0)

(5.2) o i
+ |7 (0, 0) () gy, + s1é11232 A, vn - V]wn (t)]] o).
J

To complete the proof of Lemma 7, we estimate each term on the right

hand side of (5.2). To bound ||v,w,(t)||z , we observe that L* is

continuously embedded in ngo and that the L*-norm of vorticity is
uniformly bounded in time by (3.9) to write

(5.3) 1onw, ()l g, . < CllTn(®)]|zo]lw’[| .
To estimate the L>-norm of v,,(t), we use (4.4) and Bernstein’s Lemma
to write
(5.4)
[On ()]s < [S-n (v = vn) (#)]|Loe + [|(Sn = S—n) 0y — va) ()] L
+[(Td = Sn)(vy = vn)(B)]| e < C27" + C|(Sn = S-n) (vy = va) (B) || o
Combining (5.3) and (5.4) gives
(5.5)  llonwn(Dllpg < C27" + Cll(Sn = S-n) vy = vn) ()] 12
To bound v[|Vw, (t)|| gy _» We again use Bernstein’s Lemma, the defi-
nition of w,, and (3.9) to conclude that

V(DL . < OVl
If we let v = 272" we obtain the inequality
(5:6) IVl . < O ]ls-
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Finally, we estimate ||7,,(v,w)(?)[| 5 _. We begin by estimating [|(v —
Un)(w—wn)(t)||po. . We again use the embedding L> — Bgoyoo, Bern-

stein’s Lemma, and (3.9) to write
(57) (v = va)(w = wn)Dllg, < [[(v = vn)(w = wn)(B)]| o
| < Ol 2" o]

In order to bound |[r,(v,w)(?)[|z0 _, we use the membership of v to
C*(R?) for any o € (0,1) to write
(5:8) o(t, 2 —27"y) —w(t, 2)| < C27"y|*[Jo(t)]|cw-

Since |y|® |« (y)| is integrable, we can apply (5.8) and Holder’s inequality
to conclude that

(5.9) Irn(v,w) (Ol gy, < C27"|w”||zoe[Ju(s)]|ce < C277,
where we used Remark 3.7 to get the last inequality. Combining (5.7)
and (5.9) yields

(5.10) I ,0) 03, < OO

Combining (5.2) with (5.5), (5.6), and (5.10) gives

0;0n(t) < %(2_"'1 +1[(Sn = S-n) vy — vn)(#)]] L

+sup 277 [[[A;, vy - V)@ (8)][12).
JEL

(5.11)

Letting p, ¢ € (1, 00) satisfy % + % = 1, we observe that
(5.12)

180 = S-) (0 = o) (Dl < 3 1A @O 1A (7) (1) [

j=—n

+ 1A ) Ol 14, @) Ol

1 LR 3 — =i 5
< |lom(t)llgy (} 20| A () (D)7 + Y 27 I|@n<t>”%gm)
, j=1 7

j=—n

B 1 1 1 - 1 - 1
<ClpOllyy —— (||v0|r; ¥ ||vn<t>\|géw) < Cpllnao)l,
o1 9% : :
where we used Bernstein’s Lemma to get the second inequality and
Lemma 5 to get the third inequality. For the last inequality, we bounded
[|0n(0)|] 52 with C||w||z= using Lemma 2, Lemma 3 and (3.9), and

00,00
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we bounded L with Cp, where C is an absolute constant. Com-

2 p
bining (5.12) an (5.11) gives

C —na —J{ITA —
<G (2 aOly_p+ sup2 145,00 Va0~
C C
< —9 e 5tq+—su 277 A,vn'V@nt .
St (t) 250 1A, Jon ()]
Since A > 1, we can write
0,6, (t) < C27 + Cpd, (1)
(5.13)

C A _
+ 2 sup2 [y, v - VI (0o

jEL
It remains to bound the commutator term on the right hand side of
(5.13). We prove the following lemma.

Lemma 8. Let v be a solution to (E) with vorticity w = w(v), and as-
sume v and w satisfy the conditions of Theorem 2. Moreover, assume
D, q € (1,00) satisfy % + % = 1. Then the following estimate holds:

(5.04)  sup2 7 [[[Ag v - VIza (D)1 < C (2—“ +p||@n<t>\|;gm) 7

jez
where C' depends only on |[v°||z and ||w°]|1=.

Proof. Throughout the proof, to simplify notation we will often omit
the time variable t. When the ¢ is omitted from a calculation, it is
assumed that t is fixed throughout the calculation.

We first use Bony’s paraproduct decomposition to write

2
[Aj,vn - VIon = > [A;, Ty On)wn
m=1
+ (A}, Ty, M@ + [Aj, O R(W™, )@
To bound the L*-norm of the first term on the right hand side of
(5.15), we consider the cases j < 0 and j > 0 separately. For j > 0, we
use the definition of the paraproduct and properties of the partition of
unity to establish the following equality:
. ]+4 .

(5.16) AT 0ml = > (A Si1(00)] A O

j/=max{1,j—4}

(5.15)

We then express the operator A]' as a convolution with ¢;, write out
the commutator on the right hand side of (5.16), and change variables.
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This yields

(5.17)
. j+4
H[AjaTvnam]@nHLw < H/ 1’Un r=2 Jy)
’—max{l,j 4}
100 (@)D O — 2y

j+4
< Y S Vol e Ayl / 6(y)lyldy

j/=max{1,j—4}

1 Jj+4 §' =2
<Clmlly, > (2] RCAINTAIEN RNV wnnm>.

j'=max{1,j—4} I=—1
We bound ||4, anHLoo by HUHL2 + HwHLoo for each [ using Remark 3.7

and we bound ||A; /vnHLw by 2% |A; /wnHLoo using Bernstein’s Lemma.
We can then write

. 1
1185 To Omlon] e < [|0nll o (lv]]z2 + l|wl[z)

Y] _ % = =l
(5.18) x Yy (2’ 2| A p@nllfe Y 277 2P>

3li—g'1<4 1<y’

1 1 1
< C2||val[ (||v||L2+\IWI|Lw)\Iwn||£oo1—1-

00,00 _ P

1
We bound ||v]|z2, ||w]||Le, and ||wy,||]~ using Lemma 5 and (3.9), and
we bound —— by Cp, where C is an absolute constant. We then
p

multiply by 277 and take the supremum over j > 0, which gives

o 1
sup 27| |[A, Ty, O] wn ()| < C’p||17n(t)||]q30
320 0,00
For the case j < 0, we apply a different strategy. We first reintro-
duce the sum over m and expand the commutator. We then use the
properties of our partition of unity, the assumption that ;7 < 0, and
the divergence-free assumption on v to establish the following series of
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inequalitieS'
Z i ]7T'Un8 Jwn [ < Z Z |10 A (Sjr-10nAjiwn )| Lo
m=1j'=1
(5.19) + Z Z 1 -10n s Ay O | 1

m=1j'=1

2
<CY 2|l Ag@nllre,
j'=1
where we applied Bernstein’s Lemma to get the factor of 27 in the last
inequality. We bound ||Aj:@,||r~ with 27'||A;,||1=, again by Bern-
stein’s Lemma, we multiply (5.19) by 277, and we take the supremum
over j < 0. This gives

sup 2° ’ Z 114, T Ornl@nllze < O[] zoo][Ta]

j<

We now bound ||v|| e~ using Remark 3.7. We estimate the L*°-norm
of v,, as in (5 4) and we apply (5.12) to conclude that

1
sup Z 279I[A, T, O] ()| < C27 + Cpla(DII,

]<0

We now estimate the L®-norm of [A;, Tp, v,]@,. We write out the
commutator and estimate the L*-norm of A;(T5,,,vs) and Tj, A o vn

separately. By the definition of the paraproduct and by properties of
our partition of unity, we have

(5.20)
1T5,. 2,0, 0l = 11 Si10mA @0 Arn|| o
>1
< Y 1810 A8 Al < CllA;E | sup ||A V| o
>1
l=max{1,j} =

< |00 1 sup |4 V=
>1

where we applied Bernstein’s Lemma and took the sum to get the sec-
ond inequality. We multiply (5.20) by 277, and we take the supremum
over j € Z. This yields

sup 2 Ty, 4,5, 00Ol < Cllon ()]0 |va(t)
J

On ()] o<,
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where we applied Remark 3.7. Moreover, since the Fourier transform
of S;_10,,w,Av,, has support in an annulus with inner and outer radius
of order 2!, we have for j > 0

(5.21)
||Aj(Tam0_Jnvn)||L°° = ||A]<Z Sl—la’rn@nAlvn)||L°o

1>1
j+4
< 3 S A [Tl < 2[5 |poe 160l
l=max{1,j—4} k<l

where we used Bernstein’s Lemma to get the first inequality, and we
used Lemma 3 and (3.9) to get the second inequality. For the case
3 <0, ||Aj(Tp,0,vn)|| 1 is identically 0. Therefore (5.21) still holds.
We again bound ||v,||r~ using (5.4) and (5.12), we multiply (5.21) by
277 and we take the supremum over j € Z, which yields

- 1
Sup 27718 (Topz, vn) ()]l < C27" + Cpl[on(®)][ g
VIS 00,00

To estimate the remainder, we again expand the commutator and
consider each piece separately. We break v,, into a low-frequency term

and high-frequency term, and we consider ||A;(8,, R((Id—So)vy, @n))|| 1o~ -
We have
sup 277 |A; (8 R((Id — So)vn, @0))|| 1o

JEZ

1
S CZ Z HAlfz([d — SO)UnHLOOHAl(DnHL‘X’

[ i=-1

1 ) i
<O 2 AT — S0) Va1 2| A | | AT -

I i=-1

1
1 : L .
< Olfoally, 373 2 DA (Td — S0) V|22 A
Tl =1
where we repeatedly used Bernstein’s Lemma. We use Lemma 3 and
(3.9) to bound ||A;_;(Id — So)V,||r~ and ||Aio,||r= by ||w°||r~ and
sum over [ to conclude that
sup 277||A; (9 R((Id — So)vn, 0n))||

JEZ

— P

1 1 1
< Ol —— < Opllnaly _



VANISHING VISCOSITY FOR NONDECAYING VORTICITY 17

To bound the low frequencies, we again apply Bernstein’s Lemma
and the definition of the remainder term. We write

1
sup 27| A (0 R(Sovn, @n))|[e < CY > [ A1-iSovn | oo || A1 |

JEL 1<1 i=—1
< ol ol

The last inequality follows from the bound ||Awwo,||r~ < ||AVD]| L,
Bernstein’s Lemma, and the observation that [ < 1. We now bound
||v|| e using Remark 3.7 and we bound ||v,||z~ using (5.4) and (5.12).
This yields

sup 277 || A (8, R(Sovn, @) ()| | 1

JEZ
1
<027+ Cp”@nH]q;o

It remains to bound sup,ey 277 |[0m R(vy, A ;@)L Again we break
v, into a low-frequency and high-frequency term. We first estimate the
high-frequency term. We reintroduce the sum over m and utilize the
divergence-free property of v to put the partial derivative 0,, on @,.
We then apply Bernstein’s Lemma to conclude that for any fixed j € Z

(5.22)
> NR((Id = So)vi, AjOm@n))llLe < C Y 27| ALV 1] | A A | e

k—1|<1

C}2j||@N||L°°'

< ¢ sup 1 A6V 0150 |40 |1 < |J0]
>—1

The second inequality above follows because for fixed j > 0, we are
summing only over [ satisfying |l — j| < 1, while for fixed j < 0, we are
only considering [ satisfying —1 < [ < 1. We now multiply (5.22) by
277 and we take the supremum over j € Z, which yields

sup27 Y (10 R(vn, 8;00)) (0|2 < Clloa(®)]lz=

JEZ
1
<02 + Cpllma(t)lly,

where we used (5.4) and (5.12) to bound ||v,(t)||1~, and we used Re-
mark 3.7 to bound ||v||c1. For the low-frequency term, we again use
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the divergence-free condition on v,, to write

sug 277 Z [0 R(Sovy,", Aj@nmb"’
j€ -

<sup2 S (1AkSovalle 22| Ay Al < Cl[o]] oo [T 10e-

e

To get the first inequality, we bounded ||A;8,,@y ||~ with ||A;8,, Vo, || L~
and applied Bernstein’s Lemma. The second inequality follows from
the observation that we are only considering £ < 1, and therefore, by
properties of our partition of unity, we are only considering j < 3. As
with previous terms, we use Remark 3.7 to bound ||v|| .~ and we use
(5.4) combined with (5.12) to bound ||v,||r~. We conclude that

Sug 27 Z ||0m R (Sov)", Aj@n)(t)”Lw
je o

1
< C2" 4 Cplnne)lly,
This completes the proof of Lemma 8. U
Combining (5.13) with (5.14) and using the property that A > 1

gives

11 1
0in(t) < © (27 458,003 + Tplan(Ol, )
(5.23) o

<C (2-% + pan(t)%) .

To complete the proof we closely follow an argument in [2]. We let
p =2 —logd,(t) so that (5.23) reduces to

(5:24)  90u(t) < C (27" + (2~ log (1) (Bu (1)) 75w ).

We now observe that
5o(t)' " T Twmm < 5, (1) Renm < 05, (1),

1
where we used the equality d,,(¢)*=»® = e to obtain the last inequality.
We then see that (5.24) reduces to

D6, (t) < C (27" 4 (2 —1og 6,(t))6,(t)) -
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Define the function p by u(r) = r(2 — logr). Then, integrating with
respect to time, we get

9 (t) < 0,(0) +C27"% + C/tu(én(s))ds

(5.25) t
<Oy +02 0 +C [ asa(s)ds,
’ 0
[15n.(0)]1 5o _ .
where we used that §,(0) = ——5—>= < [[0,(0)[|0 _ since A > 1.
We now use the embedding L™ — Bgom, the definition of v,, and

Bernstein’s Lemma to conclude that
on (0] 5o, . < CllTn(0)]] e

(5.26) < O3 27|80 e < 02| | -
jzn

We combine (5.26) with (5.25). This yields

5,(t) < C27(t +1) + C /O t 11(6,(5))ds.

We now recall Osgood’s Lemma. A proof of the lemma can be found
in [3].

Lemma 9. Let p be a positive borelian function, and let v be a locally
integrable positive function. Assume that, for some strictly positive
number (3, the function p satisfies

p(t) < 6+/ v(s)u(p(s))ds.

to

Then .
—6(p(t)) + 6(B) < / +(s)ds

to

where () = fl —L_dr.

z p(r)
We recall that we are working on a fixed time interval [0, 7] and we
assume 7 is large enough to ensure that C27"*(T + 1) < 2. We let ¢,
p, 7, and [ be given by the following:

¢(x) = log(2 —log ) —log 2, p(t) = 0,(t), 7(t) = C,
and § = C27"(T +1).

Applying Osgood’s Lemma, we have that for any ¢t < T,
—log (2 — log 8,(t)) + log (2 — log(C27"*(T + 1)) < Ct.
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Taking the exponential twice gives
Su(t) < €72 7(C(T + 1)27)°

Multiplying both sides by A yields the result. This completes the proof
of Lemma 7.

—Ct
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