LACK OF HOLDER REGULARITY OF THE FLOW FOR
2D EULER EQUATIONS WITH UNBOUNDED VORTICITY

JAMES P. KELLIHER

ABSTRACT. We construct a class of examples of initial vorticities for
which the solution to the Euler equations in the plane has an associated
flow that lies in no Hélder space of positive exponent for any positive
time. Our initial vorticities have LP-norms that do not grow much faster
than log p, which Yudovich showed ensures the uniqueness of solutions
to the Euler equations ([8]). Our class of examples extends an example

of Bahouri’s and Chemin’s ([1]) with bounded initial vorticity, for which

the flow lies in no Holder space of exponent greater than e™*.
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1. INTRODUCTION

Yudovich showed in [7] that there exists a unique solution to the Euler
equations in a bounded domain of the plane with bounded initial vorticity.
Also, there exists a unique continuous flow, and this flow lies in the Holder
space of exponent e~ for all positive time ¢t. Yudovich’s result is easily
modified to apply to solutions in the whole plane. Bahouri and Chemin in [1]
showed that this regularity of the flow was in a sense optimal by constructing
an example for which the flow lies in no Hoélder space of exponent higher
than e~

In [8] Yudovich extended his uniqueness result to a certain class Y of
unbounded vorticities and showed that there exists as well a unique flow.
There is an upper bound on the modulus of continuity of this flow that
depends on how unbounded the initial vorticity is. It would be useful to
know whether this upper bound is achieved for certain initial vorticities;
that is, whether one can find examples for which the upper bound is also a
lower bound (to within a constant factor). The hope is that this might cast
some light on how near to the “edge of uniqueness” the class Y has brought
the Euler equations.

We give some partial information by extending the example of Bahouri
and Chemin to a class of initial vorticities in Y having a point singularity.
We show that for some such initial vorticities the flow lies in no Holder space
of positive exponent for any positive time.
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2. YUDOVICH’S THEOREM FOR UNBOUNDED VORTICITY

We first define the function spaces in which our initial velocity will lie. We
let E,, be as in [2] (although we could also work in the larger spaces of [3]).
For any real number m, a vector v belongs to F,, if it is divergence-free and
can be written in the form v = ¢ + v/, where v’ is in L?(R?) and where o is
a stationary vector field, meaning that o is of the form

o= (—fi/orpg(p) dp, ZE/OT pg(p) dp) (2.1)

for some g in C§°(R). E,, is an affine space; fixing an origin, o, in E,, we can
define a norm by |lo + ||, = Hv’||L2(Q). Convergence in E,, is equivalent
to convergence in the L?>-norm to a vector in E,,.

We will further restrict our initial velocities to have vorticities that are
“only slightly unbounded” in a sense we now make precise.

Definition 2.1. Let 6 : [py,00) — RT for some pg in [1,2). We say that 6
is admissible if the function § : (0,00) — [0,00) defined, for some M > 0,
by!

B (z) == Cinf {(Mz'~¢/e)0(1/e) : € in (0,1/po]}, (2.2)

where C' is a fixed absolute constant, satisfies

L d
Because

B () = CM%inf {((:U/M)_E/e)e(l/e) : e in (0, l/po]}
= MpBi(x/M),

this definition is independent of the value of M. Also, B is a monotonically
increasing continuous function, with lim, .o+ By (z) = 0.

Definition 2.2. We say that a vector field v has Yudovich vorticity if for
some admissible function 6 : [py, c0) — R* with pg in [1, 2), [|w(v)| 1, < 0(p)
for all p in [pg, ).

Examples of admissible bounds on vorticity are

o(p) = 1,01(p) =logp, ...,0m(p) =logp-log?p---log™p, (2.4)
where log™ is log composed with itself m times. These admissible bounds
are described in [8] (see also [4].) Roughly speaking, the LP-norm of a
Yudovich vorticity can grow in p only slightly faster than logp and still be
admissible. Such growth in the LP—norms arises, for example, from a point
singularity of the type loglog(1/|z|) (see Lemma A.1).

IThe definition of 3 in Equation (2.2) differs from that in [4] in that it directly incor-
porates the factor of p that appears in the Calderén-Zygmund inequality; in [4] this factor
is included in the equivalent of Equation (2.3).
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Given an admissible function # and fixing m in R, we define the space
Yo = {0 € By ¢ [lw(v)] 1 < CO(p) for all p in [py, 00)} .
for some constant C'. We define the norm on Yy to be
[vlly, = llvllg,, + sup flw(@)lL» /0(p)- (2.5)
PE[po,00)

This space is not separable, because LP° N L°°, which is not separable, is
compactly embedded in it.

Finally, we define the space

Y = {v € Yy : 0 is admissible},

but place no norm on this space.
The final thing we must do before stating Yudovich’s theorem is to define
what we mean by a weak solution to the Euler equations.

Definition 2.3 (Weak Euler Solutions). Given an initial velocity v* in Yy, v
in L>(]0,T];Yy) is a weak solution to the Euler equations (without forcing)
if v(0) = v° and
d
(E) /v'go—l—/(v‘Vv)‘cp:O
for all divergence-free ¢ in (H'(R?))2.

Our form of the statement of Yudovich’s theorem is a generalization of
the statement of Theorem 5.1.1 of [2] from bounded to unbounded vorticity.

Theorem 2.4 (Yudovich’s Theorem for Unbounded Vorticity). First part:

For any v° in Y there exists a unique weak solution v of (E). Moreover, v
is in C(R; Ep,) N L3S (R; L (R?)). Also,

lw ()l o (g2) = l® | Lr for all 1 < p < 0. (2.6)

Second part: The vector field has a unique continuous flow. More precisely,
if v0 is in Yq then there exists a unique mapping 1, continuous from R x R?
to R2, such that

P(t,x) =x +/0 v(s, (s, x))ds.
Let
u(r) = (C/r)Bu(r*/4), (2.7)

where 31 is the function of Definition 2.1 associated with 6 and letT'y: [0, 00) —
[0,00) be defined by T'y(0) = 0 and for s >0 by

Ti(s) gy Te(s)?/4 g,
—— =t or equivalentl / =t. 2.8
[ Ve B 29
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Then 6 — T'4(0) is an upper bound on the modulus of continuity of the flow
at time t > 0; that is, for all x and y in R?

[W(t, ) — ¢t y)| < Tellz —yl).
Also, for all x and y in R?

o(t, 2) = vt y)| < pllz —yl), (2.9)

Existence in the first part of Yudovich’s theorem can be established, for
instance, by modifying the approach on p. 311-319 of [6], which establishes
existence under the assumption of bounded vorticity; the uniqueness argu-
ment is given by Yudovich in [8]. The second part is Theorem 2 of [8], the
bound on the modulus of continuity of the flow following from working out
the details of Yudovich’s proof (see Sections 5.2 through 5.4 of [5]).

The function p of Equation (2.7) will have all the important properties
of f1: u(0) =0, u is nondecreasing, and fol(,u(r))_l dr = oc.

The factors of 1/4 in Equation (2.8) are inconsequential, since if we define

Ft(S) by
Te(s)® gy
/52 B(r) =1 (2.10)

we will simply obtain a slightly weaker upper bound on the modulus of
continuity of the flow.

3. SQUARE-SYMMETRIC VORTICITIES

Ignoring for the moment the Euler equations, we will assume that the vor-
ticity has certain symmetries, and from these symmetries deduce some use-
ful properties of the divergence-free velocity having the given vorticity. In
Section 4, we will then consider what happens to a solution to the Euler
equations whose initial vorticity possesses these symmetries.

For convenience, we number the quadrants in the plane (1 through Qy,
starting with

Q1= {(z1,22) 1 21 > 0,22 > 0},

and moving counterclockwise through the quadrants.

Definition 3.1. We say that a Yudovich vorticity (vorticity as in Defini-
tion 2.2) is symmetric by quadrant, or SBQ, if w is compactly supported and
w(z) = w(xy,z2) is odd in 1 and z9; that is, w(—x1,z2) = —w(x1,z2) and
w(xy, —x2) = —w(x1, T2)—=S0 also w(—z) = w(x).
Lemma 3.2. Let w be SBQ. Then there exists a unique vector field v in
EoNY with w(v) = w, and v satisfies the following:

(1) vo(x1,0) =0 for all 1 in R;

(2) v1(0,22) =0 for all o in R;

(3) v(0,0) =0.
If, in addition, w > 0 in Q1, then
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(4) v1(x1,0) >0 for all z1 > 0.

Proof. Let p be in [1,2) and let ¢ > 2p/(2 — p). By Proposition 3.1.1 p. 44
of [2], for any vorticity w in LP there exists a unique divergence-free vector
field v in LP + L? whose curl is w, with v being given by the Biot-Savart law,

v=Kx*w. (3.1)

Here, K is the Biot-Savart kernel, K (z) = (1/27)z"/ ||, which decays like
1/ |z| with a singularity of order 1/ |z| at the origin.

Because w is compactly supported and lies in L?(R?), w is in LP(R?), and
Equation (3.1) gives our velocity v, unique in all the spaces LP + L7. Also,
because [pow =0, v is in (L?)? = Ej (see the comment following Definition
1.3.3 of [2], for instance).

Then
1 Y2 1 Y2
v1(z1,0 :/ w(y)dy = — —wy)dy
(0= o R [z — y[® ®) 21 Jr2 (21— 1)* + 43 (
Sw(y) dy.
) i

Making the changes of variables, u = (—y1,y2), u = —y, and u = (y1, —y2)
on @2, @3, and @4, respectively, in all cases the determinant of the Jacobian
is =1, and we obtain

1 Y2 / ()
v1(21,0) = — ——w(y)dy — w(u) du
1(21,0) %I/gmn—wf+% Wy~ [ e

U2 U2
+ / w(u) du—/ w(u) du
1 (w1+u1)2+u% 1 (:z:l—ul)2+u%

or
w0 == [ (fieny) - o) wlo) d, (32)
where
. Y2 _ Y2
fi(zy,y) = —(m B fa(w1,y) —(xl T (3.3)

It follows from (z1 — y1)? + ¥3 < (z1 +31)? + ¥3 on Qy that fi(z1,y) >
fa(x1,y) for all z1,y1 > 0. Conclusion (4) then follows from Equation (3.2).
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By the Biot-Savart law of Equation (3.1),

vy, —x2) = (K2 * w)(x1, —x2)

= [ Ko(z1—y1, —x2 — y2)w(y1,y2) dy

RZ
=/ Ko(z1 — y1, 22 + y2)w(y1, —y2) dy
R
=/, Ky(z1 — y1, 22 — (—y2))w(y1, —y2) dy
R
= —v9(x1,x2).
Here we used Ks(z1, —x2) = —Ka(x1,x2) and the symmetry of w. A similar
calculation shows that vi(—z1,22) = —v1(z1, 22). Thus, the velocity along

the z-axis is directed along the z-axis and the velocity along the y-axis is
directed along the y-axis, so the axes are preserved by the flow. In particular,
the origin is fixed. This gives conclusions (1)-(3). O

Lemma 3.3 is Proposition 2.1 of [1] (see also Proposition 5.3.1 of [2]).
Lemma 3.3. Let w be SBQ with

W = 27r1[0,1]><[0,1] (3.4)
on Q1. Then there exists a constant C > 0 such that
v1(z1,0) > 227 log(1/x1) (3.5)

for all xy in (0,C].
The following lemma is a slight generalization of Lemma 3.3 that will give
us our key inequality.
Lemma 3.4. Let w be SBQ with
w = 2710 ]x[0,r] (3.6)

on Q1 for some r in (0,1). Then for any X\ in (0,1) there exists a right
neighborhood of the origin, N, such that

v1(21,0) > 2(1 — N1 log(1/z1) (3.7)
for all zy in (0,rY ] NN

Remark 3.1. The neighborhood A depends only upon X; in particular, it
is independent of r.

Proof. The result follows from scaling the result in Lemma 3.3. Indeed, if
we write w”(x) for the function w defined by Equation (3.6) then w! is the
function defined by Equation (3.4) and w"(-) = w!(-/r). Letting v" = K *w"
we see that v"(z) = rv'(x/r), since then w(v"(z)) = r(1/r)w(v!)(z/r) =
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wl(z/r) = w"(x) and v"(x) is divergence-free. It follows from Lemma 3.3
that for all 21 such that z1/r lies in [0, C],

v} (21,0) = rvi(z1/r,0) > r2(x1 /r) log(1/(x1 /7))
= 2z [log(1/x1) + logr].
Thus, if :c{‘ < r then logr > Alogz; = —Alog(1/z1) so
v](21,0) > 221(1 — A) log(1/z1).
Thus, Equation (3.7) holds for all z; in [0,7/*] N [0,7C]. But r'/* < rC

if and only if r < CM(=Y which gives us the right neighborhood, N =
(0, M=), O

Definition 3.5. We say that w is square-symmetric if w is SBQ and w(x1,x2) =
w(max{z1,z2},0) on Q1.

Being square-symmetric means that a vorticity is SBQ and is constant in
absolute value along the boundary of any square centered at the origin.

Lemma 3.6. Assume that w is square-symmetric, finite except possibly at
the origin, and w(x1,0) is non-increasing for x1 > 0. Then for any X\ in
(0,1)

v1(z1,0) > Cw(zy,0)zy log(1/z1) (3.8)
for all z1 in the neighborhood N of Lemma 3.4, where C = 1/m.

Proof. We can write w on Q1 as

1
w(z) = 277/0 a(s)1[,s)x[0,s] (T) ds, (3.9)

for some measurable, nonnegative function a: (0,1) — [0,00). This means

that
1

w(x1,0) = 277/ a(s)ds. (3.10)

1
Let V(s) be the value of v1(x1,0) that results from assuming that w is
given by Equation (3.6). By Lemma 3.2, V(s) > 0. Then because the Biot-
Savart law of Equation (3.1) is linear, and using Lemma 3.4, for all 1 in
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the neighborhood N,

vl(azl,()):/o a(s)V(s)ds
_ /0@ a(s)V (s) ds + /xi a(s)V (s) ds
1
> /JUA a(s)V(s)ds

1
> 27 (/A a(s) ds) %xl log(1/x1)

w(x{‘,(])xl log(1/x1).

3| -

In the final inequality, V'(s) is bounded as in Lemma 3.4 because wi\ < sin
the integrand. ([

~—

Remark 3.2. Properly speaking, we must allow the function a of Equa-
tion (3.9) to be a distribution since, for instance, to obtain w of Lemma 3.4,
we would need o = d,.. We could avoid this complication, however, by as-
suming that w is strictly decreasing and that w(x1,0) is sufficiently smooth
as a function of x1 > 0.

4. SQUARE-SYMMETRIC INITIAL VORTICITIES

We now assume that our initial vorticity is square-symmetric, and consider
what happens to the solution to (E) over time.

Theorem 4.1. Assume that w° is square-symmetric, finite except possibly
at the origin, and w®(x1,0) is nonnegative and non-increasing for xy > 0.
Then for any A in (0,1),

vi(t,21,0) > CWO(Ty(2Y?2}), 0)21 log(1/x1) (4.1)

for all zy in the neighborhood N of Lemma 3.4 and all time t > 0, where Ty
is defined as in Theorem 2.4. The constant C = 1/m.
Further, let L(t,z1) be any continuous lower bound on vi(t,z1,0), Equa-
tion (4.1) being one possibility. Then if x1(t) is the solution to
da:l(t)
dt
with 1(0) = a > 0 in N, then ¥ (t,a,0) > x1(t) for all t > 0.

= L(t, .%‘1)

Proof. Since w%(z1,72) = —w®(z1, —x9), if w(t,z1,72) is a solution to (E)
then —w(t, 1, —z2) is also a solution. But the solution to (E) is unique by
Theorem 2.4, so we conclude that w(t,z1,22) = —w(t,x1, —x2). Similarly,
w(t,z1,22) = —w(t, —x1,x2), and we see that w is SBQ. By Lemma 3.2, then,
it follows that the flow transports vorticity in Qg, k = 1,...,4, only within
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Q, because of the direction of v along the axes for all ¢ > 0. Therefore,
w(t) is also nonnegative in @ for all time.

Our approach then will be to produce a point-by-point lower bound @(¢)
on w(t) that satisfies all the requirements of Lemma 3.6. In particular, it is
SBQ, so w(t)—w(t) is SBQ and nonnegative in Q1. It follows from Lemma 3.2
that vi(¢,z1,0) —v1(¢,21,0) > 0 for all t > 0, where w(v(t)) = w(t). Thus,
the lower bound on v (¢, z1,0) coming from Lemma 3.6 will also be a lower
bound on v (¢, z1,0). We now determine w(t).

Because conclusion (3) of Lemma 3.2 holds for all time, w being SBQ
for all time, the origin is fixed by the flow; that is 9 (¢,0) = ¥ ~1(¢,0) = 0
for all t. Also, the Euler equations are time reversible, and the function I’
of Equation (2.8) depends only upon the Lebesgue norms of the vorticity,
which are preserved by the flow; therefore, I'; is a bound on the modulus of
continuity of ¢ ~1(¢,-) as well. Thus,

‘w_l(ta 'T)‘ = W_l(t, .Z') - Q/)_l(tv 0)‘ < Ft("ﬂ)
In @1, the value of w(t, x), then, is bounded below by using the minimum
value of w® on the circle of radius I'y(|z|) centered at the origin, since this

is the furthest away from the origin that ¢»~1(¢,z) can lie, and w decreases
with the distance from the origin. That is,

w(t,z) = W (Y7t 7)) > W' (Te(J]), 0)

because w” is square-symmetric.
Since v2 max{z1,z2} > |z, 'y is nondecreasing, and wp is nonincreasing
on Q1, W (Ty(v2max{ry,x2}),0) < wO(I'(|z]),0) on Q;. Letting

O(t, 21, 22) = WO (T4 (V2 max{x1, z2}),0)

we see that @ is square-symmetric, and on Q1, W(t,z) < w(t,z), so W is our
desired lower bound on w.
Then from Equation (3.8),

v(z1,0) > Cw(t, 27, 0)x; log(1/x1)
= CWO(Ty((vV2max{zy,0})*),0)z; log(1/z1)
= Cw'(I}(2"%27), 0)1 log(1/x1).

The lower bound on the flow, 1!(¢,a,0) > z1(t), follows from using the
minimum possible value of v! (¢, x1,0) in Equation (4.1), setting it equal to
dxi(t)/dt, and integrating over time. O

0

5. BOUNDED VORTICITY

We now apply Theorem 4.1 to the first in the sequence of Yudovich’s vor-
ticity bounds in Equation (2.4) in which we have bounded vorticity. We
assume that w is square-symmetric with w® = L0,1/2]x[0,1/2] In Q1 so that
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||| f1ALee = 1. We have,
Bi(r) = Cinf {r'"“/e: ein (0,1]} = Cinf {g(e) : € in (0, 1]},
where g(¢) = 717¢/e. Then

J(e) = Crl_e(e loge(zl/r) -1)

which is zero when € = ¢y := 1/(log(1/r)) if r < 1 and ¢y < 1, and never
zero otherwise. But

)

log(1/r)
1

1
= —>e <<= r<e -,
T

<l <— <1 < log(l/r)>1

so the condition r < 1 is redundant.

Assume that » < e~!. Then g(€e) approaches infinity as e approaches

either zero or infinity; hence, €y minimizes g. Thus,

Bi(r) = Cri=< /ey = Cr(1/r)® log(1/7)

= Crelos/m)eo log(1/r) = —Cerlog(r).
Then from Equation (2.8),
I'y(z1)%/4

— log(~log(s?/4)) — log(~ log(Ty(z1)2/4)) = Ct

— Ty(21)? = 4(2}/4)° 7 = Ty(w1) = 2(21/2)°
as long as I'y(21)?/4 < e L.

Thus, Theorem 4.1 gives
vl (t,1,0) > Cw0(2(2)‘/2m1\/2)670t,0)x1 log(1/z1)
> Cz1log(1/x1)

as long as 2(2222/2)¢” " < 1/2.
Solving dz1(t)/dt = Czq1log(1/xz1) with z1(0) = a gives
V! (t,a,0) = @i (t) = a™PCD,
which applies for sufficiently small a.

Since 9 (¢,0,0) = 0,
|¢(7f,(l,0) - w(ta0a0)| }¢1(t’a’0)| exp(—Ct)—a

- 2 a )
a® a®

Ct

which is infinite for any o > e¢~%*. This shows that the flow can be in no
Hélder space C® for a > e~“*, reproducing, up to a constant, the result of
[1] (or see Theorem 5.3.1 of [2].)
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6. YUDOVICH’S HIGHER EXAMPLES

Assume that m > 2 and let w” have the symmetry described in Theorem 4.1
with

WO(z1,0) = log2(1/z1) - - log™(1/x1) = Opn(1/21)/log(1/21),  (6.1)

for z1 in (0,exp~™(0)), and w® equal to zero elsewhere in the first quadrant.
Then by Lemma A.1

0(p) = [|”][z» < Clogp---log

m—1

P =0m-1(p)

for all p larger than some p*, with 6,,,_1 given by Equation (2.4).

Using an observation of Yudovich’s in [8], if 8 is the function of Def-
inition 2.1 associated with the admissible function 0, then letting ¢y =
1/1log(1/r) for r < e7P",

Bi(r) < C(r'==/ep)0(1/eq) = —Crrl/18T Jog ro(log(1/r))
= Crlog(1/r)log?(1/r)---log™(1/r)
= Cr,(1/r).

Then, if we define the upper bound on the modulus of continuity of the
flow by Equation (2.10) instead of Equation (2.8), we have

T'y(s)?
N Iy(s)? dr
ot i = [ et

Le(s)* gy
< — =t
- /32 Bi(r)
= —Clog™(1/T(s)%) < —=Clog™"'(1/s*) +t

— log™ " (1/T4(s)?) > log™ " (1/5%) — Ct
—s Tog™ (1/T(s)?) > ¢t log™(1/5?)
— log™(1/Ty(s)) > (1/2)e"“ log™(1/s?) > (1/2)e~tlog™(1/s)

for sufficiently small s by Lemma 6.2.
Using this bound, we have, from Equation (4.1),

vl (t,21,0) > Cw®(Tp(2VM223), 0)z1 log(1/21)
> Clog?(1/Ty(2M2%43)) - - - 1og™(1/T (2 22)) 1 log(1 /1)
> CeClog?(1/Ty(2M%27)) - - - log™(1/2?2)) 2 log(1/21)
> Ce ¢t logQ(l/Ft(2)‘/2wi‘)) -+ log™(1/21)x1 log(1/x1)

6.2)

as long as 1 > 0 is sufficiently small. (The argument 1/T';(2*/227}) appears
in each of the log?, ..., log™ ! factors above, but not in the log factor or,
unless m = 2, the log™ factor.)

Specializing to the case m = 2 and combining the previous two inequali-
ties, the explicit dependence of the bound in Equation (6.2) on I'; disappears,
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and we have
1 —Ct 152 _ ,—Ct
v (t,z1,0) > Ce “"log*(1/x1)x1log(l/x1) = Ce " x1602(1/x1).
Solving for
dx (t)
dt

= Ce’Ctaq@g(l/xl) (63)
with z1(0) = a, we get
log®(1/z1(t)) = log3(1/a) + C (efCt -1),
DLt a,0) > z1(t) = exp (—(— log a)eXP(C(e*Ct_l)))

_ o (~logay”,
where v = exp (C(e~¢" — 1)).

Observe that v < 1 for all ¢ > 0. Thus, for any « in (0,1) and all ¢ > 0,

Lt —pl(t t
HwHCa Z hm rlp ( 7@,0) 1/} ( 7070) Z hm Il( )
a—0Tt a® a—0t a® 6.4
—(~loga)” —u? ( . )
= lim ¢ lim ¢ lim e % = x
a—0+ e—(—loga)a u—oo e~ AU U—00 '

We conclude that the flow lies in no Holder space of positive exponent for all
positive time, a result that we state explicitly as a corollary of Theorem 4.1.

Corollary 6.1. There exists initial velocities satisfying the conditions of
Theorem 2.4 for which the unique solution to (E) has an associated flow
lying, for all positive time, in no Holder space of positive exponent.

We used the following lemma above:

Lemma 6.2. Let m be a positive integer. Then for sufficiently small positive
w}

log™ (1/x) > (1/2)log™(1/a?).
Proof. The proof is by induction. For x < 1,
log(1/2%) = 2log(1/x),

which establishes the inequality (in fact, equality) for m = 1. So assume the
inequality holds for all positive integers up to m. Then

log™"!(1/27) = loglog™ ! (1/2%) < log(2log™ '(1/x))
=log2 +log™(1/z) < 2log™(1/z)
as long as z is sufficiently small that log2 < log™(1/x). O
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7. FINAL REMARKS

It is natural to try to extend the analysis of Section 6 to Yudovich initial
vorticities for m > 2. But this is, in fact, quite difficult, because when m > 2
the explicit dependence of the bound in Equation (6.2) on I'; remains, so
we must also bound log®(1/T';(s)) for k = 2,...,m — 1. Doing so makes the
analog of Equation (6.3) no longer exactly integrable. It is clear that one
obtains a worse bound on the modulus of continuity than for m = 2, but it
is not at all clear what happens as we take m to infinity.

We chose to give the initial vorticity SB@ symmetry because such sym-
metry works well with the symmetry of the Biot-Savart law to produce a
lower bound on the velocity along the x- or y-axes. Having made this choice,
the rest of our choices concerning the vorticity were inevitable, up to inter-
changing the roles of x and y or changing the sign of the vorticity. Because
the initial vorticity is SBQ@), the function f = f; — fo, where f; and f
are defined in Equation (3.3), controls the bound on the velocity, and f is
continuous except for a singularity at y = (x1,0), where it goes to positive
infinity (for z; > 0). Thus, whatever lower bound we derive on v;(x1,0), it
will increase the fastest at a singularity of |w(¢)| that lies along the z-axis
and this effect is most pronounced when w is of a single sign in Q1 (this fol-
lows from Equation (3.2)). The lower bound on the modulus of continuity
of the flow then follows from allowing a point a = (a1,0) to approach the
singularity and looking at how large the appropriate difference quotient be-
comes, as in Equation (6.4). But to do this, we need control on the position
of the singularity of |w(t)|, and, when assuming SBQ, the origin is the one
point at which we have the most control—the singularity doesn’t move at
all.

Thus, the assumption of SBQ naturally leads us to assume a point sin-
gularity at the origin. Then, because it appears that we can only bound
from below the effect on vy(z1,0) of the vorticity outside of the square on
which a point lies (actually, an even larger square because of the exponent
A in Lemma 3.6), we are naturally led to the assumption that |w°| decreases
with the distance from the origin, which leads to Lemma 3.6. Perhaps we
could improve our lower bound on vy (z1,0) by accounting for the vorticity
all the way to the origin, but this may simply be impossible (and in any
case would not change our conclusion for m = 2).

APPENDIX A. LOGARITHMIC SINGULARITIES

We show how to bound the LP-norms of a function with a singularity like
those we use in Section 6.

Lemma A.1. Let m > 2 and let w° have the symmetry described in Theo-
rem 4.1 with

w°(21,0) = log?(1/x1) - - -log™ (1/x1) = Oy (1/21)/ log(1 /1),
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for x1 in (0,exp~™(0)), and w° equal to zero elsewhere in the first quadrant.

Then
|°]l e ~ logp---log™ ! p = On-1(p)
for large p.
Proof. Because of the symmetry of w?,
exp~™(0) 1
[ =4/ 2/ (w°(z1,0))P dag dz:
o 0 (A1)
exp~"™(0) »
= 8/ x1 [logQ(l/xl) -+-log™(1/21)]" day.
0
Making the change of variables, v = log(1/z1) = —logx1, it follows that
z1 =e "and du = —(1/x1) dx; so dx; = —e " du. Thus,
exp™ 1 (0)
w8, = 8/ e " [logu---log™ tu]” (—e ) du
= 8/ e 2 [logu .- logm~! u]p du.
exp™~1(0)

Making the further change of variables z = u/p, so that v = px and

du = pdzx, we have

=0 [ lontap) - log™ )]
exp™— p

(A.2)

Obtaining a lower bound on HwOHLp(RQ) is easy. For x > 1,

log(xp) - - -logmfl(xp) > logp---log™ 1 p,

SO
00

11, > 89 |
exp™~1(0)/p

=8p [logp- . logmlp]p/
exp™~1(0)/p

. 1 921 00
= 8p [Ing"‘log lp]p <—2p> [6 ? p]expm_l(O)/p

= 4exp_2(m_1)(0) [logp- - log™ 1 p}p .

e~ 2 [logp- --log™m 1 p]p dx

e 2P g

Thus, asymptotically, ||w°]|z» > logp---log™ ! p.
We now obtain an upper bound on [|w°||z». For z <1,

|log(zp) - - -log™* (ap)| < [logp---log™ " p|,
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while for z > 1 and sufficiently large p, Equation (A.3) holds. Thus,
1 0o
HwOHIEp < 8p </ +/ > e 2P {log(m’p) . "logmfl(«Tp)‘p dz
0 1
1
< Sp/ e 2P }logp- "logmflp}p dx
0

oo

—i—8p/ e 2P Hlogp-~-logm*1p‘e“*1]p dx
1

1

o
< 8p ‘logp' - -logmflp‘p [/ e 2P dg + ep/ e *P dx}
0 1

= 8p|logp---log™ " p|” [1 (1—e2P) + epe_p}
<8 ‘logp- . logmflp‘p.

It follows that for sufficiently large p, ||w°|[zr < 81/Plog™ ! p, so asymp-
totically, ||w°||zr < logp---log™ ! p, which completes the proof. O

Lemma A.2. Let m be a positive integer. Then for sufficiently large p,
log(zp) - - -log™ ™! (zp) < (logp---log™ ™ p)e”~ (A.3)

for all x > 1.

Proof. We prove this for m = 3, the proof for other values of m being entirely

analogous. First, by taking the logarithm of both sides of Equation (A.3),
that equation holds if and only if

f(x) :=loglog(zp) + loglog log(zp)
< g(x) := log(logploglogp) + = — 1.

Because equality holds for x = 1, our result will follow if we can show that
f' <4 for all x > 1 and sufficiently large p. This is, in fact, true, since

gL 1 <1_y
~ wlog(ap) | wlog(ep)loglog(zp) ~ 7
for all x > 1 and p > €. O
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