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2 KELLIHER

1. INTRODUCTION

In classical form, the Euler equations (without forcing) can be expressed as

Ou+u-Vu+Vp =0,
divu =0, (1.1)
uw(0) =ud.
Here, u is a velocity field, p is a scalar pressure field, and the initial velocity,
u?, is assumed to be divergence-free. We are concerned here exclusively with
solutions in the full plane.

The nature of the solutions to these equations will depend strongly on the
function spaces to which the initial data belongs. For functions spaces for
which well-posedness results are known, nearly all studies have assumed that
the vorticity, w = curlu := 91u? — dpu', decays at infinity rapidly enough
that the velocity can be recovered from the vorticity via the Biot-Savart law,

u=K *xw,

where K is the Biot-Savart kernel (see (2.1)). One commonly imposed con-
dition that insures this is that w € LP* N LP? for some p; < 2 < pg, in which
case the velocity will also decay at infinity. (The Biot-Savart law can hold
with some decay of the vorticity but without decay of the velocity at infinity,
and solutions to the Euler equations can still be obtained: see [2].)

We will be concerned here with initial data for which the Biot-Savart
law does not hold, treating the case where the vorticity and velocity are
both bounded: what we call bounded solutions. The construction of such
solutions in the full plane was first decribed by Ph. Serfati in [16], proven in
more detail in [1] (including the case of an exterior domain). An alternate
construction, relying upon another Serfati paper, [17], was given by Taniuchi
in [18].

In each of [16, 18, 1], however, the behavior at infinity of a solution
was assumed either implicitly or explicitly. Identical assumptions, on the
velocity, are made in [16, 1], while [18] makes an assumption on the pressure.
(We describe these assumptions in detail below.) These assumptions are a
priori, in that they are used in the construction of the solutions. The purpose
of this work is to characterize a postierori all possible behaviors of bounded
solutions at infinity, so as to avoid the need for such assumptions a priori.

To understand what types of behavior at infinity we might expect, con-
sider the following two classical solutions (u1,p1) and (ug,p2) to (1.1):

ul(tvx) =u’+ Uoo(t)a pl(tvx) = _Uéo(t) " T, (1 2)

uQ(t,.’B) - uO’ p2(t7$) =0. ‘
Here, Uy is any differentiable vector-valued function of time for which
Usx(0) = 0. Both are easily verified to be solutions to the Euler (and,
for that matter, Navier-Stokes) equations as in (1.1) with the same initial
velocity, «°. In [11, 13], the authors use these examples to make the point
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that to insure solutions are unique, some condition on the pressure must be
imposed for solutions to the Navier-Stokes equations in the plane.

Here, we draw a different lesson from this example, one that leads to a
characterization of all possible bounded solutions to the Euler equations.
We prove that any solution’s behavior at infinity is of necessity very much
like that of (u1,p1).

Specifically, for solutions in the full plane, we show that there exists some
continuous vector-valued function of time, Uy, with Uy, (0) = 0, for which

ult, @) = u(0, ) = Use(t) + Jim (ank) * (w(t) - w(0)) (@),

Vp(t,x) = —UL(t) + O(L), (13)
Pt x) = ~UL(t) - 2+ O(log 2],

the explicit expression for the O(1) (in |z|) function being given in (2.5). In
(1.3), w(t) = O1u?(t)—Deul (t) is the vorticity (scalar curl) of the velocity field
u(t), K is the Biot-Savart kernel (see (2.1)), and ap is any cutoff function
with support increasing to infinity with R, as in Definition 2.6. The time
derivative on Uy in (1.3)23 is a distributional derivative.

To explain what (1.3); means, we need one basic fact concerning the Biot-
Savart law: If w € L'NL>°(R?) then u = K *w is the unique, divergence-free
vector field vanishing at infinity whose vorticity is w.

The condition that w be in L' N L®> can be weakened, but some decay at
infinity is required for the Biot-Savart law to hold. Hence, we have no hope
of applying the Biot-Savart law for our solutions, as we wish to assume no
decay of vorticity. But we will discover a replacement for the Biot-Savart
law that will work, and name it the renormalized Biot-Savart law, defined
as follows:

We say that the renormalized Biot-Savart law holds for a
vector field, v, if there exists a constant vector field, H, such
that

v=H+ lim (agK) * w(v) (1.4)
R—o0
pointwise in R?, where w(v) := d1v? — dpuv'.

When w(v) has sufficient decay at infinity, (1.4) holds without the need
for a cutoff function: we simply obtain v = H + K * w, with H being the
value of v at infinity.

The relation in (1.3)1, then, says that the renormalized Biot-Savart law
holds for the vector field u(t) — u(0) at any time, t, with H = Uy ().

The velocity field, Uy, can be eliminated in (1.3) (or in (1.2)1) by chang-
ing to an accelerated frame of reference by the transformation,

t
:L‘::r(t,x)zaH—/ Uso(8) ds,
0

u(t,r) = u(t, @) — Ux(t), p(t,z)=pt,z)+UL(t) - .

(1.5)
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(See the first part of Lemma 6.1.) Note that this is a Galilean transformation
when Uy, is constant in time. Setting @ = w(w), the chain rule gives w(t, z) =
w(t,T), and it follows that
u(t,x) —u(0,2) = lim (agrK) * (@(t) —w(0))(z),
Vp(t,z) = 0(1), p(t,x) = O(log |z|),

and (u,p) satisfy the Euler equations in the sense of distributions. Physi-
cally, this reflects the fact that a change of frame by translation, even an
accelerated translation, introduces a force that is a gradient, and so is ab-
sorbable into the pressure gradient.

Alternately, we can view solutions for which Uy, is not identically zero
to be in an accelerated frame: we then move to an inertial frame, in which
Uy = 0, by the transformation above. Such solutions in an inertial frame
are identical to those constructed by Serfati in [16]. Observe as well that
the two solutions in (1.2) are the same solution after the transformation in
(1.5).

That Uy can be eliminated by changing frames in this way is an a poste-
riori conclusion reached only after establishing the existence of such a vector
field for which (1.3) holds. Since we cannot transform U, away until we
obtain it, obtaining it is unavoidable. Moreover, it is in demonstrating that
(1.3) must hold for some Uy, that we say we characterize solutions to the
Euler equations at infinity.

To cast a different light on our characterization of solutions, consider the
special case of sufficiently decaying (say, compactly supported) initial vor-
ticity in the full plane. Then the classical Biot-Savart law applies, and (1.3);
reduces to u(t) = Ux(t) + K * w(t). This gives the usual characterization
of solutions to the 2D Euler equations for decaying vorticity whose velocity
at infinity is Us (often chosen to be zero). Actually, this is not normally
viewed as a characterization of the solution, but rather as a way of recov-
ering the velocity from the vorticity, and so obtaining a formulation of the
Euler equations solely in terms of the vorticity. This same point of view
applies for our non-decaying bounded solutions as well.

Key to our characterization of the velocity field for a solution, u, to the 2D
Euler equations in the full plane is the observation that any bounded velocity
field, v, having bounded vorticity satisfies the renormalized Biot-Savart law
(1.4) for a subsequence (see Lemma 2.8). Applying this to v = u(t) — u(0)
and using properties of the Euler equations allows us to show that (1.3);
holds.

Having obtained the characterizations in (1.3)1, the task of establishing
existence and uniqueness immediately arises. We will find this task easy,
however, because existence and uniqueness in the special case of Uy, = 0
was already proved in [1] (for both the full plane and the exterior of a single
obstacle). The transformation in (1.5) makes this especially simple.
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The characterizations in (1.3); along with existence and uniqueness give
a fairly complete picture of the velocity for bounded solutions to the Euler
equations. For the pressure, we take a much different approach, for we
will not find it possible to directly characterize the pressure as we did the
velocity. Limiting us in this regard is the lack of decay at infinity of the
velocity field (from which the pressure is ultimately derived).

Instead, we will show that the solutions we construct in our proof of
existence also satisfy (1.3)23. We do this using the sequence of smooth ap-
proximate solutions, which decay sufficiently rapidly at infinity, and taking
a limit. Because we have uniqueness of solutions using only (1.3)1, it follows
that (1.3)23 hold for all bounded solutions. (See [13] for another approach
to dealing with the pressure in the setting of the Navier-Stokes equations
for bounded velocity.)

Let us call a divergence-free bounded velocity field having bounded vortic-
ity a Serfati velocity. The question of whether a given bounded vorticity has
an associated Serfati velocity is a delicate one. A number of examples are
given in [1]: these include some obvious examples, such as doubly-periodic
vorticity integrating to zero on its fundamental domain and vorticity in
L' N L>, as well as some less obvious ones, such as the characteristic func-
tion of an infinite strip. Asking whether a bounded initial velocity is Serfati
is a less delicate question, as one need only compute its scalar curl. Any
Lipschitz divergence-free vector field is a Serfati velocity. From such an ini-
tial velocity one can obtain a unique solution, but with only the vorticity
bounded. The same is true for initial velocity in C!, but existence and
uniqueness in Cj,e(R; C1%) was shown in[17].

We say now a few words about works in the literature pertaining to
bounded solutions to the 2D Euler equations and how they relate to this
work.

Our proof of the existence and uniqueness of solutions in Section 6 is a
modest extension of the proof in [1], which in turn builds on the approach in
[16], where the existence and uniqueness of such solutions was first proved by
Serfati in the full plane. Serfati’s full-plane existence result was extended by
Taniuchi in [18] to allow slightly unbounded vorticity (a localized version of
the velocity fields treated by Yudovich in [22]), while Taniuchi with Tashiro
and Yoneda in [19] established uniqueness (and more). In [1], Serfati’s result
was obtained both for the full plane and for the exterior to a single obstacle.

In each of these papers, the solutions that are constructed have a special
property that is used as a selection criterion to guarantee uniqueness. In
[18, 19], that property is that the pressure belong to BMO and is given by
a Riesz transform in the classical way. (This implies at most logarithmic
growth of the pressure at infinity, as we show.) In [1], an identity ((2.2),
below, with Uy, = 0) that we show is equivalent to (1.3); is used. This
identity, called the Serfati identity here and in [1], is implicitly used, though
never explicitly stated, by Serfati both in the construction of a solution (in
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the full plane) and to establish uniqueness; the same is done, explicitly, in
[1]. Eliminating the need for this identity was one motivation for this paper.

The main theorem in [16] states the existence and uniqueness of a bounded
vorticity bounded velocity solution to the Euler equations that is unique
among all such solutions having sublinear growth of the pressure at infinity.
What is actually proven in [16], however, is the existence and uniqueness
of a bounded vorticity bounded velocity solution to the Euler equations
satisfying the identity in (2.2). Another motivation for this paper was to
clarify this point by proving the result that Serfati actually stated. This is
the content of Theorems 2.9 and 2.10.

The vanishing viscosity limit of the Navier-Stokes equations to the Euler
equations has been studied for bounded solutions in [6, 7, 8.

Finally, in the recent paper [9], Gallay obtains an identity for a bounded
vorticity bounded velocity vector field, u, that is complementary to the
renormalized Biot-Savart law of (1.4). Rather than cutting off the Biot-
Savart law he truncates the vorticity then takes the limit as R — oo. To
allow this, he first “tames” the Biot-Savart kernel. He finds that

w(z) = u(0) + lim [ (K(z —y) - K(y)) w(y) dy.
R—oc0 Br
(For L' N L* vorticity this identity would follow directly from the Biot-
Savart law.) He uses this to (among other things) obtain the linear-in-time
growth of the L°°-norm of the velocity for solutions to the Navier-Stokes
equations with a bound that is uniform in small viscosity and hence applies
in the limit of zero viscosity to the Euler equations.

This paper is organized as follows:

In Section 2 we define our bounded solutions to the 2D Euler equations
and state our main results. We summarize some background facts and defi-
nitions in Section 3 that we will use throughout the paper.

Section 4 contains a proof of the renormalized Biot-Savart law, which
we use in in Section 5 to characterize bounded solutions for the full plane.
The proof of existence and uniqueness is given in Section 6. In Section 7, we
establish the properties of the pressure for the full plane. The formula for the
pressure gradient in the full plane is the same as that in [17], and is based on
the Green’s function for the Laplacian. The most delicate estimates, those
characterizing the behavior of the pressure itself at infinity, we obtain using
a Riesz transform. These estimates are presented in Section 8.

In Section 9, we make a few final comments concerning the nature of
the weak solutions we have defined, and discuss our results in relation

to the literature.

2. STATEMENT OF RESULTS

Before we can state our results, we must make several definitions.
For a velocity field, u, the vorticity, w(u) = curl(u) := O u? — doul.
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Let G(z,y) = (27)"!log|z — y|, the fundamental solution to the Lapla-
cian in R?. Then the Biot-Savart kernel in the full plane is given by
n 1zt
K(r)=V-G(z) = =, (2.1)
2w |CII’
where V+ := (=0;,01) and x+ := (—z2,71). When w is a compactly sup-
ported, bounded scalar field, we define

Kw] = K xw.

Then K[w] is the unique, divergence-free vector field vanishing at infinity
whose vorticity is w.

Definition 2.1. We say that a divergence-free vector field, u € L°°(R?),
with vorticity, w(u) € L°(R?) is a Serfati velocity. We call the space of all
such vector fields, S = S(R?), with the norm,

lulls = llull poo + [l ()l pos -

Definition 2.2. We say that a sequence, (uy), in L*°(0,7;S) converges
locally in S if for any compact subset, L, of R?,

lltn = wll oo o,71x 1) + lwo(w) = w(un)|l oo o.17x ) = O-
We will use the following definition for solutions in the full plane:

Definition 2.3. Fix T" > 0. We say that a velocity field, u, lying in
L>(0,T;8) N C([0,T] x R?) having vorticity, w = w(u), is a bounded so-
lution to the Euler equations without forcing if, on the interval, [0,7],
Ow + u - Vw = 0 as distributions on (0,7’ x R2.

Remark 2.4. Because the velocity, u, of Definition 2.3 lies in L>°(0,7"; S) N
C([0,T] x R?), it follows from Lemma 3.5 that u has a spatial log-Lipschitz
modulus of continuity (MOC) with a uniform bound over [0,7] and thus
that it has a unique classical flow map. Moreover, this flow map is measure-
preserving and the vorticity is transported by the flow map.

Remark 2.5. The vorticity equation, d;w+u-Vw = 0, in Definition 2.3
is not a vorticity formulation, since we do not specify how the velocity
field is recovered from the vorticity. Indeed, the key fact we show in
this paper is that the membership of u(t) in S forces the recovery of the
velocity from the vorticity to take place in the specific manner given
by (1.3)1 (more precisely stated in Theorem 2.9). The only freedom is
the choice of Uss. (We can use this observation to define a vorticity
formulation, as we explain in Section 9.1.)

Definition 2.6. Let a be a radially symmetric, smooth, compactly sup-
ported function with ¢ = 1 in a neighborhood of the origin. We will refer
to such a function simply as a radial cutoff function. For any R > 0 we
define

ar(-) = a(-/R).
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Definition 2.7. For v, w vector fields, we define v w = o' x w'. For
A, B matrix-valued functions on R?, we define Ax B = A% %« BY. Here,
and throughout this paper, we use the convention that repeated indices are
summed over.

Our main results are Lemma 2.8, Theorem 2.9, and Theorem 2.10.

Lemma 2.8. Assume that u lies in the Serfati space, S, of Definition 2.1.
Let w = w(u) and define

ugp = (arK) *w.

Then w(ugr) — w(u) in L with |w(ur) — w(w)| o < Cllulo R, and
there exists a subsequence, (Ry), Ry — oo, and a constant vector field, H,
such that ur, — u+ H as k — oo uniformly on compact subsets.

Theorem 2.9 (Characterization of solutions). Suppose that u is a solution
to the Euler equations as in Definition 2.3 in the full plane with initial
velocity, u(t = 0) = u® € S, and initial vorticity, W° = w(u®). There exists
Uso € (C[0,T1)? with Us(0) = 0, such that each of the following holds:

(i) Serfati identity: for j =1, 2,

! () = (u°) = UL (1) + (aK) * (w(t) — ')

t , 2.2
—/0 (vvl [(l—a)KJ])*‘(u@Ju)(s) ds. 22)

(ii) Renormalized Biot-Savart law:
u(t) = U(t) + Jim (ar) = (w(t) ") 2.3

on [0,T] x R? for all radial cutoff functions, a, as in Definition 2.6. The
convergence in (2.3) is locally uniform in S as in Definition 2.2.

(iii) There exists a pressure field p € D'((0,T) x R?) with Vp+ U’ lying in
L>=([0,T] x R?), such that

ou+u-Vu+Vp=0 (2.4)
as distributions on (0,T) x R%. Here, Oyu — UL, € L>(0,T; L} (R?)) for all

loc
rin [1,00). (Note that U., € (D'((0,7)))%.)
(iv) For any radial cutoff function, a, as in Definition 2.3,

Vp(t,x) = =UL(t) + / a(z —y)K+(z —y)divdiv(u @ u)(t,y) dy
R (2.5)
+ [ @) 9,9, [0 -z = )K= )] dy

Also, |[Vp(t) + Ul (t)ll 1 < Cllu°]I3.
(v) Pressure growth at infinity: The pressure, p, can be chosen so that

p=-Ul -z— Ru®u), (2.6)
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where R = A~V divdiv is a Riesz transform on 2 x 2 matriz-valued functions
on R2. Moreover,

p(t,2) + UL (1) - & € ([0, T]: BMO) (2.7)
with
p(t,x) = —U.L(t) -z + O(log|z]), (2.8)

Theorem 2.10. Assume that v € S, let T > 0 be arbitrary, and fix
Uso € (C[0,T))? with Usx(0) = 0. There ewists a bounded solution, u, to
the Euler equations as in Definition 2.3, and this solution satisfies (i)-(v)
of Theorem 2.9. This solution is unique among bounded all solutions with
uw(0) = u® that satisfy any one of the following uniqueness criteria:

(a) (i) of Theorem 2.9 holds;

(b) (ii) of Theorem 2.9 holds;

(c) there exists a pressure satisfying (2.4, 2.6) for which (2.7) holds;

(d) there exists a pressure satisfying (2.4, 2.6) for which Vp + Ul €
L>([0,T) x R?) and (2.8) holds.

Remark 2.11. Radial symmetry of the cutoff function, a, simplifies some
of our proofs, so we adopt it, but it is not a necessary assumption.

Theorem 2.9 shows that if one has a bounded solution to the Euler equa-
tions then there must be a Uy for which the solution has the stated prop-
erties. Theorem 2.10 is a kind of converse, which says that if one has a Uy,
there does, in fact, exist a bounded solution to the Euler equations that
satisfies one of the properties stated in Theorem 2.9. By the uniqueness in
Theorem 2.10 it then follows that the solutions whose existence is ensured
by that theorem satisfies all of the properties given in Theorem 2.9.

We begin the proof of Theorem 2.9 in Section 5 by establishing proper-
ties (i) and (%i), thereby characterizing the velocity for bounded solutions
in the full plane. Theorem 2.10, giving the existence of solutions along with
uniqueness of such solutions that satisfy (2.2), follows easily from the con-
struction of Serfati solutions in [1] and the transformation in (1.5): this is
explained in detail in Section 6. It follows from this uniqueness, then, that
any further properties we can establish for the Serfati solutions constructed
in [1], modified by (1.5), must hold for our bounded solutions. In Section 7
we establish some such properties; namely, those of the pressure appearing
in (4i)-(v) of Theorem 2.9.

The formula for the pressure gradient in the full plane is the same as that
in [17], and is based on the Green’s function for the Laplacian. The most
delicate estimates, those characterizing the behavior of the pressure itself at
infinity, we obtain using Riesz transforms in the full plane. These estimates
appear in Section 8.

Remark 2.12. It is possible to obtain results analogous to Lemma 2.8, The-
orem 2.9, and Theorem 2.10 for the exterior to a simply connected obstacle;
this is the subject of a future work.
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3. BACKGROUND MATERIAL

In this section we present definitions and bounds that we will need in the
remainder of this paper.
We have the following estimates on K of (2.1):

Proposition 3.1. We have,

K(x—y)| < . 3.1
K-yl < - (31)
Let a be a radial cutoff function. There exists C > 0 such that for all € > 0,
|Vyae(z —y) @ V, K (x — y)HLé(RQ) <Ce !, (3.2)
[VyVy [(1 = ac(z —y)K(z — y)]HL;(R?) <Ce . (3.3)
Let U C R? have measure 2w R? for some R < oo. Then for any p in [1,2),
P R*P
Proof. The bound in (3.1) is immediate from (2.1). For the bounds in (3.2-
3.4) see [1]. O

Definition 3.2. A nondecreasing continuous function, p: [0,00) — [0, 00),
is a modulus of continuity (MOC) if 4(0) =0 and g > 0 on (0, c0).

Definition 3.3 is a generalization of Holder-continuous functions.
Definition 3.3. Let © be a MOC. Define
Cu=CL(R*) = {f € Cy(R?): Tcg > 0 s.t. Va,y € R?,
[f(@) = f(y)] < copllz — y])}

with
1Flle, = 171l + £, -

where
o @) = f)
I, =52 = e =)

We define Log-Lipschitz functions explicitly by using the MOC,
[ —rlogr, ifr<el,
prr(r) = { el ifr> el (3.5)
setting LL = C,,,, .

Definition 3.4. Given a MOC, pu, we define,

We say that p is Dini if S, is finite for some (and hence all) > 0. (Note
that when p is Dini, S, is itself a MOC.) A function is Dini-continuous if
it has a Dini MOC.
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Lemma 3.5 gives the MOC for a bounded velocity field and a bound on
its gradient.

Lemma 3.5. Suppose u € S. Then v € LL with ||lul|;;, < C|ullg. More-

over, for any bounded domain D C R? and any p € (1, 00),

2
p
[9ul ) < € 1D L fulls.

Proof. See [1]. O

Let S’ = §'(R?) be the space of tempered distributions and &' = £'(R?)
be the subspace of compactly supported tempered distributions. We make
frequent use of the following classical result:

Lemma 3.6. Suppose that f € £ and g€ S’. Then fxg=gx* f liesin S’
and
D(fxg)=D%f xg=fxD%
for all multi-indices, o.
The following are two integration-by-parts lemmas for low regularity

solutions; the first is a standard fact, the second is Theorem 1.1.2 of
[20].

Lemma 3.7. Let U be an open subset of R, If f lies in H{(U) and v
lies in (L*(U))? then divv lies in H™*(U) and
(dive, f)u—1w),miw) = —/va'U

Lemma 3.8. Let U be an open subset of R? with smooth boundary.
Let E(U) = {u € (L*(U))?: divu € L*(U)} endowed with the norm,
lullp@wy = llull + ||divu|l. There exists a continuous trace operator
from E(U) to H='/2(U), which we write as u + u-n, that extends the
restriction to the boundary of the normal component of u for continuous
vector fields. Assume that f lies in H*(U) and u lies in E(U). Then

/ u-Vf +/ divu f = (u- n,f)H_1/2((9L,>7Hl/z(BU)7
U U
where f is the usual trace operator from H*(U) to Hl/Z(U) applied to
f.
4. THE RENORMALIZED BIOT-SAVART LAW

In this section we prove Lemma 2.8 after establishing several lemmas. The
first of these gives some basic facts regarding the Biot-Savart kernel treated
as a tempered distribution.

Lemma 4.1. We have, div K = div(agK) = 0 and
w(apK) =46+ Vtag - K.
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Proof. Formally,
divK = divV+G =0,
div(agK) = ardivK + Var - K =0,
w(apK) = —div(agKt) = —Vag - K+ — agpdiv K+
=V'tap K +ardivVG = V<+ag - K + 4,
and these can all be proved to hold as equality of distributions by applying
test functions.

Let ¢ be any test function in S(R?). We will show that (K, V) = 0,
from which it follows by de Rham that div K = 0.
Because K is locally integrable,

5.V = [ K)ot dy=lim [ K@) Tel)dy

—0 C
B3

= — lim div K (y)¢(y) dy + lim (K -n)edy.

§—0 Bac 6—0 aBéc

This vanishes, since div K = 0 away from the origin and K - n = 0 on
dBY .

Because ar K is the product of a smooth function and a distribution,
the product rule applies, and we have

div(agrK) = ardivK + Vagr - K =0,
ar being radially symmetric. Also applying the product rule,
w(arK) = —div(aRKl) = Vagr- Kt —apdivkt
=V'%ar K+ ardivVG =V&tar - K+,
using ar(0) =1 and div VG = AG = § with G as in (2.1).

Lemma 4.2. Let o, 8 be multi-indices with |«| > 1 and |3] > 0. Then
|D%pr @ DPK |2 < CR*le=181,
Moreover, if F € L*®(R?) then
(D%g @ DPK) % F||pee < C||F|| 00 R*1=181
Proof. The L'-bound follows because D®ap is supported on an annulus of
inner radius, c; R, and outer radius, coR, for some 0 < ¢; < c¢g, and is
bounded by C R~ on this annulus, while |0sK| < CR~! on this annu-

lus. The bound (D%g ® DPK) % F then follows from Young’s convolution
inequality:. ]

Lemma 4.3. For all f € &', v € (5)?,
Vixv=fxdivo,

where the - operator is as in Definition 2.7.
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Proof. Using Lemma 3.6,
Vikov=08f*v = f*dv' = fxdivu.
O

Lemma 4.4 allows us to move the curl operator from the velocity field onto
the compactly supported distribution, agK. Even formally, this equality
does not follow immediately, and is, in fact, true only when ag is radially
symmetric (see Remark 4.5).

Lemma 4.4. For any u € S, (arK) *xw(u) = w(agk) * u.
Proof. We will show that w := (apK) x w(u) — w(agK) * u = 0. We have,
w' = (arK") * (1u® — dou') — (01 (arK?) — Oa(ar K1) x u'
= O1(apK") x u? — Oy (agK?) x u' — (01(apK?) — Oo(apK")) *

Then,
w! = 0y (apKY) x u? — Oy(arK') xul — (01(arK?) — 02(arK')) * ul
= O1(apK") xu® — 01 (arK?) * u!
= (D1arK') x u? — (01agK?) * u! + (agd1 K1) xu? — (agd1 K?) * vl
= (D1arK') x u? — (01agK?) * u! — (ag02K?) x u? — (agpd1 K?) * u'

= (rapK"Y) xu® — (D1arK?) * ut + (O2arK?) x u? + (01arK?) * u
— Oy(arK?) x u® — 01 (arK?) * ul
= (OrapK"Y) xu® + (DsarK?) x u* — V(arK?) % u
= (Vag - K)*u* =0,
since Var - K = 0, ar being radially symmetric (note that Vag - K is
integrable). In the fourth equality we used div K = 0 from Lemma 4.1,

and we applied Lemma 4.3 in the penultimate equality to deduce that
V(arK?) *u = (agK?) xdivu = (agK?) * 0 = 0. Similarly,

w? = —(Vag - K)xu' = 0.

w® = 81 (arK?) x u® — 9a(arK”) xu' — (1 (arK?) — a(arK")) * u*

= —&(arK?) xu' + d(arK") xu®
—(B2arK?) x u' + (O2arK") x u® — (ag®2K?) s u' + (arB:K") * u”
—(62aRK2) xul + (agaRKl) u’ + (aRalKl) sul + (aRagKl) * u?
—(2arK?) xu' + (DoarK") ¥ u® — (B1arK") xu' — (82arK") % u®

+ 01 (arK") xu' 4 da(arK") + v

—(OgaRKQ) sul — (01aRK1) wul + V(aRKl) * U

= —(Var-K)xu' =0.
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O

Remark 4.5. The radial symmetry of a was convenient in the proof of
Lemma 2.8, but was not essential. Were a not radially symmetric, an ap-
plication of Lemma 3.6 would give (Vag - K) * w = (V+(Vag - K)) * u.
This is O(R™!) by Lemma 4.2 (and the product rule), so divug — 0 in
L>®(R?), which yields divuz = 0. Also, Lemma 4.4 would become ug =
w(apK) * u — (Vag - K) * u, but the extra term (Vag - K) * u can be
handled just as (V%tap - K) * u is.

Proof of Lemma 2.8. First observe that up is well-defined as a tempered
distribution by Lemma 3.6, since agK € &'. Also by that lemma and
Lemma 4.1,

divug = (div(agK)) *w = 0% w = 0.
Then, from Lemmas 4.1 and 4.4,
urp =w(agK) *u
=0+ Vtag-K)su=u+ (Vtag - K) *u.

But, (Vtag - K) xu is O(1) by Lemma 4.2, so (ug) is bounded in L.
Since also w((V+tag - K) xu) = O(R™!) by Lemma 4.2, we have

w(ug) = O(R™Y) + w(u).

We conclude both that w(ug) — w(u) in L and that (ug), already bounded
in L*, is bounded in S.

By Lemma 3.5, then, (ug) is an equicontinuous family of pointwise bounded
functions and hence for any compact subset, L, of R? some subsequence of
(ugr) converges uniformly on L. A diagonalization argument for increasing
L gives a subsequence, (up, ), that converges uniformly on compact subsets
to some @ in L*°. At the same time, as shown above, w(ug) — w(u) and
divug = 0.

Fix a compact subset, L, of R? and let ¢ € H}(L). Then

(w(ury),9) = —(divug,,¢) = (ug,, Vo) = (@, V) = (0(@), ¢).
But also (w(ug),p) = (w(u),¢), so w(u) = w(u) on L and hence on all of
R?, since L was arbitrary. Similarly, diva = divu = 0.
Thus, div(u — ) = 0 and w(u — u) = 0. By the identity, Av = Vdivv +
V4 w(v), then, A(u—1) = 0, and we conclude that @ = u-+ H, where H is an
harmonic polynomial. Since u and @ lie in L*°, H must be a constant. [

5. CHARACTERIZATION OF VELOCITY AT INFINITY

In this section we prove (i) and (i7) of Theorem 2.9 on the characterization
of velocity at infinity. The proof rests upon the equivalence between the
renormalized Biot-Savart law and the Serfati identity as given in Proposi-
tion 5.1, which we first state, returning to its proof following the proof of
(7) and (i¢) of Theorem 2.9.
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Proposition 5.1. Suppose that u is a solution to the Fuler equations in the
full plane as in Definition 2.3. If u satisfies (2.2) for some Uy then (2.3)
holds, the convergence being uniform on compact subsets of [0, T] x R%. Con-
versely, if (2.3) holds for a subsequence for some U, the convergence being
pointwise for any fired t € [0,T], then u satisfies (2.2). The subsequence is
allowed to vary with t € [0,T].

Remark 5.2. It follows from Proposition 5.1 that if (2.3) holds for a sub-
sequence, the convergence being pointwise for any fixed ¢ € [0, 7], then the

convergence actually holds for the full sequence and is uniform on compact
subsets of [0,7] x R2.

Proof of Theorem 2.9 (i, ii). Suppose that u is a solution to the Eu-
ler equations as in Definition 2.3 and a is any radial cutoff function as in
Definition 2.6. Then from Lemma 2.8 there exists a subsequence, (Ry), for
which

u(t) — u® = Uy (t) + kli_)ngo(aRkK) % (w(t) —w)

for some vector field, Us(t). By Proposition 5.1 and Remark 5.2, the limit
then holds for the entire sequence, uniformly on compact subsets of [0, 7] x
R2, both (2.2, 2.3) hold, and U, € C([0,T]). Appealing to Lemma 2.8 once
more, we see that the limit in (2.3) holds locally in S (in fact, the vorticities
converge in L>°(R?)). By Proposition 5.3, Uy is independent of the choice
of cutoff function, a.

It then follows from (2.2), the transport of the vorticity by the flow map,
the boundedness of the velocity, the absolute continuity of the integral, the
continuity of w in L*>([0,TY]), and the continuity of U, that Ux(0) = 0. O

To prove Proposition 5.1 we must first establish the independence of the
Serfati identity on the choice of cutoff function, as given in Proposition 5.3.
Its proof rests upon a technical lemma, Lemma 5.4, which we state and
prove last.

Proposition 5.3. Suppose that u is a solution to the Fuler equations in
the full plane as in Definition 2.3 and that (2.2) holds for one, given cutoff
function, a. Then (2.2) holds for any other cutoff function, b.

Proof. Let R, (t,z) be the right-hand side of (2.2) for the cutoff function, a,
and note that it is always finite for any w in L>°(0,7;5). Letting h(y) =
(a(y) — b(y))K7(y), j =1 or 2, h lies in H?(R?) and has compact support,
so by Lemma 5.4,

Ry(t,x) — Ry(t, )

t
= —hx* (w(t) — ) (z) — /0 (VV1h) *-(u @ u) (s, x)ds = 0.
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Proof of Proposition 5.1. Assume that (2.2) holds. Because the vortic-
ity is transported by the flow map and the velocity is continuous in time
and space, both integrals in (2.2) are continuous as functions of ¢ and z.
Therefore, it must be that Uy, € C([0,T7).

By Proposition 5.3, (2.2) holds for ag in place of a for all R > 0. Taking
the limit as R — oo and applying (3.3) gives (2.3), the convergence being
uniform on compact subsets of [0, 7] x R2.

Now assume that (2.3) holds for a subsequence, (Ry), with the conver-
gence being pointwise for any fixed ¢ € [0,7]. Because t is fixed in the
argument that follows, it does not matter whether the subsequence varies
with time. Fixing z in R? and letting h(y) = (agr, — a)(z — y) K’ (z — y),
j=1or 2, Lemma 5.4 gives

((ar, — a)K7) * (w(t) — w°)

t . 5.1
:/0 VV* [(ar, — a)K7] *(u® u)(s) ds. (5:1)

Because of (2.3), as k — oo, the left hand side of (5.1) converges to
w (t,z) — (u0)(z) — U (t) — (aK7) * (w(t) — ).
The right-hand side of (5.1) can be written,

/Ot vVt [(1- a)Kj] x(u®@u)(s)ds

_/0 \VAVAS [(1—@Rk)Kj] *-(u®@u)(s)ds.

Applying (3.3) with Young’s convolution inequality to the second term above
we see that it vanishes as Ry — oo (here, we need only that u € L*°([0, 7] x
R?). Taking the limit as k — oo, then, it follows that (2.2) holds and hence
also, as observed above, Uy, € C([0,77). O

Formally, Lemma 5.4 follows from several integrations by parts, but we
must take some care to do these integrations in the face of the fairly
minimal time regularity of the vorticity for our weak solutions. (The
convolutions in space will all be of a compactly supported distribution

with a tempered distribution, and so represent no difficulties.)

Lemma 5.4. Let h € H*(R?) have compact support. Assume that u is a
bounded solution to the Euler equations as in Definition 2.3. Then

hox (w(t) —w®) = —/0 (VVLh) -(u ® u)(s) ds. (5.2)

Proof. Note that the compact support of h gives the finiteness of both
convolutions in (5.2). Define, for all € in (0, 1/2),

he (s, x) = ¢=(s)h(z),
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where ¢. lies in C&((0,t)) and is chosen so that, ¢. = 1 on [e,t — €],
¢ > 0, and

G0) = 8() — 3 — ) as < = O,
the convergence being as Radon measures on [0,7]. We note, then, that
he lies in H}((0,t) x R?) with compact support in (0,#) x R

Fix 2 in R? and let B be an open ball in (0,t) x R? sufficiently large
to contain supp he(x — ).

Now, Vu € L>(0,T; L},.(R?)) since w € L>([0, T] x R?), so u-Vu €
L>=(0,T; L?,.(R?)). Thus, dww = —u - Vw = —curl(u - Vu) = div((u -
Vu)t) lies in L>(0, T; H;,} (R?)) and hence in L>(0,T; H~*(B)). There-
fore, we have sufficient regularity to apply Lemma 3.7 to obtain,

(Orw, he(x — '))H*l(B),Hé(B) = (div((u- VU)L% he(z — '))H*l(B),Hé(B)
== [ [ v ) Vhte - ) dys

— /Ot /R2(u~Vu)(t,y) YV he(z — y) dy ds.

Using the vector identity, (u-Vu) -V =u-V(V-u) — (u-VV)-u
with V = V' he(z — -) gives

/RQ(u-Vu)(t,y)»Vth(xfy)dy:/W(u«Vu)-V

(5.3)
:/ u~V(V-u)—/ (u~VV)-u:—/ (w-VV)-u.
R2 R2 R2
The one integral vanished because divu = 0 and V(V - u) € H'(R?)
with compact support. We conclude from this that
(Orw, he(x =) g-1(3), 1 (B)
t
= [ [ (@0) V)T hela =) - uls, ) dy ds
o Jr2

(5.4)

:7/0 /]Rz(vyv;he(ffy))(u@u)(s’y)dyds

— —/t(VVJ‘h) *(u®u)(s,x)ds

as € — 07 by the dominated convergence theorem.
With z still fixed, let

£6) = [ = y)(s.)dy.
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Vorticity is transported by the flow map (as in Definition 2.3) and w is
bounded on [0,] x R?, so f is continuous on [0,t]. Thus,
(Orw, he (-0 — '))H—l(B),H(l)(B)
= —(w,Othe(-,x — '))H*l(B),Hé(B)

= —(w, ¢ch(x = )) 2By,

—— [ [ 6ot~ vyt ) s

=— /Ot oL (s) /R2 h(z — y)w(s,y) dyds o

_ / 6.(5) f(s)ds — f(t) — F(0) as & = OF

— [ e = 9)(alt.n) - @) v
R
The identity in (5.2) follows from (5.4, 5.5). a

6. EXISTENCE AND UNIQUENESS
Our proof of Theorem 2.10 begins with the following lemma:

Lemma 6.1. Let (u,p) and (u,p) be related as in the transformation, (1.5).
Then (u,p) satisfy (1.1) if and only if (uw,p) satisfy (1.1). Moreover, u is a
bounded solution to the Euler equations as in Definition 2.3 if and only if w
is such a solution.

Proof. Applying the chain rule gives,
opu(t,z) = Opu(t,T) + Uso(t) - Vu(t, ) — UL (t),
Vu(t,x) = Vu(t, ),
VB(t, 2) = Vp(t, 2) + Ule(t),
divu(t,z) = divu(t, T),
from which it follows that
owu(t,x) +u(t,x) - Vu(t,z) + Vp(t, x)
= 0wu(t,Z) +u(t,T) - Vu(t, @) + Vp(t,T).
Thus, (u,p) satisfies (1.1) if and only if (u,p) satisfies (1.1) (since Ux(0) =
0)‘Let w = curlw. Then the chain rule gives
w(t,z) = w(t,T),
0w (t,x) = Ow(t, @) + 0T - Vw(t, @)
= 0w(t,Z) + Ux(t) - Vw(t, T),
Vu(t,z) = Vw(t, @),
from which it follows that

Ow(t, ) +u(t,x) - Va(t,x) = Ow(t, @) + u(t, @) - Vw(t, 7).
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Hence, the vorticity equation of the Euler equations is satisfied in Defini-
tion 2.3 for w if and only if it is satisfied for . U

Proof of Theorem 2.10. Assume that ©© € S, let T > 0 be arbitrary,
and fix Uy, € (C[0,T])? with Ux(0) = 0. Let u° = u® — U, (0) = u°, and let
% be the Serfati solution with initial velocity u° constructed in [1]. Then, as
shown in [1], @ is the unique bounded solution satisfying (i) of Theorem 2.9
with U, = 0. As we saw in Section 5, () is equivalent to (i), and so also
holds. Making the inverse change of variables from that in (1.5) then yields
a bounded solution, (u, p), satisfying (i) and (i) with the original Us. This
also gives uniqueness criteria (a) and (b).

That (7i)-(v) hold for (u,p) will be shown when we establish the proper-
ties of the pressure in Section 7.

Uniqueness criteria (c) is proved, for Uy, = 0, in [19], and it can also be
adapted to a nonzero U, using the change of variables in (1.5). Finally, we
observe that uniqueness criteria (d) immediately implies (c). (]

Remark 6.2. The solution, @, constructed in [1] (and hence, by uniqueness,
any such solution) also has the property that

”ﬂ(t) HLOO S ec(1+||w0||Loo)t HUOHLOO .

(In [9] this estimate is improved to be linear in time.) Also, ||w(@)(t)|| ;e =
|wO|| o<, since vorticity is transported by the flow map. Hence,

= C(1+||w®|| oo 0
Fa(t)]| s < “UHI= ) 40 .
Then, since [u(t)|lg = [[u(t) = Usc(t)llg < [[u(®)[|lg + [Uso(£)]], we have
lu()llg < Cs@)ulls + [Uno(t)[|, where Cy(t) = eCOHI el (5.1)
The convenient transformation in (1.5) allowed us to simply use the exis-
tence and uniqueness theorem of [1], avoiding the need to modify its proof
to accommodate Uy, #Z 0. To establish the properties of the pressure in The-
orem 2.9, however, we need the approximate sequence of smooth velocities,
(up), used in [1] to obtain existence of a solution. Adjusting the sequence
in [1] to accommodate Uy by employing a sequence, (U), converging to
Us leads to a sequence, (uy), of approximate classical solutions with the
following properties:

(up) is bounded in C(]0, 7] x S),

u, — u uniformly on compact subsets of [0, T] x R,
w(un) — w(u) in L (R?) for all p in [1,00),

n(t,2) = UL (8) + O(lal ™),

UL — Us in C([0,T7),

(UL) = UL, in D'((0,T)).

We will use these properties in Section 7.
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7. THE PRESSURE

In this section, we characterize the pressure for solutions to the 2D Euler
equations in the full plane as in (1.3)9 3, stated more precisely as properties
(3)- (v) of Theorem 2.9.

To understand the difficulties in characterizing the asymptotic behavior
of the pressure at infinity, consider first the simpler case of a smooth solu-
tion, u, to the Euler equations having compactly supported vorticity with u
vanishing at infinity. In such a case, u decays like C |av|_1 at infinity, while
Vu decays like C 2|72 (as in Lemma 7.5).

Taking the divergence of d;u+u-Vu+ Vp = 0, we see that p is a solution
to Ap = —div(u - Vu) = —divdiv(u ® u). A particular solution is given by
q¢ = R(u® u) for the (multiple) Riesz transform, R = —A~!divdiv. Any
other solution differs from ¢ by an harmonic polynomial, h(t), so p = h+q.

The decay of u gives u ® u € L"(R?) for all r € (1,00]. By the Calderén-
Zygmund theory, then, ¢ € L"(R?) for all r € (1,00), so it decays at infinity.
Moreover, Vq = T(u-Vu), where T' = — A~V div is also a singular integral
operator of Calderén-Zygmund type. From the decay of u - Vu follows the
decay of Vq at infinity. Then the decay, after integrating in time, of Jyu +
u - Vu at infinity forces h to be constant in space. We conclude that there
exists a unique pressure decaying at infinity.

Now let u be a bounded solution to the Euler equations of Definition 2.3.
We can still obtain a particular solution, ¢ = R(u®u), to Ap = — divdiv(u®
u) using the above argument because R maps L into BMO, and u® u €
L. A bound on the growth of ¢ at infinity could also be obtained formally
by applying Proposition 7.2 (this lemma is at the heart of the matter), and
rigorously by making a simple approximation argument. Then, arguing as
above, we can conclude that if a valid pressure exists then it differs from ¢
by an harmonic polynomial, h.

To determine, h, however, we would need to understand the behavior at
infinity of dyu + u - Vu (at least integrated over time) to obtain a pressure
p = q + h satisfying dyu + u - Vu + Vp = 0. But even the behavior of u at
infinity is defined only in the weak sense of (1.3)y; it appears to be impossible
to say anything useful about the behavior of O;u 4+ w - Vu at infinity.

These difficulties naturally lead us to the idea of using an approximate
sequence of vector fields, (u,,), decaying sufficiently rapidly at infinity and
converging in an appropriate sense to u. We could construct such a sequence
in an ad hoc manner, but we already have such a sequence at hand: the
sequence of approximate solutions with the properties given in (6.2). This
sequence has the virtue that the approach we described above for obtaining
a pressure applies to it (after making the transformation in (1.5)), so there
exists a corresponding sequence of pressures, (p,), for which dyu, + u, -
Vuy, + Vp, = 0. We will show that this sequence of pressures converges to
our desired pressure.
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Our proof of (7ii)-(v) of Theorem 2.9 begins by proving Propositions 7.1
through 7.3, which establish properties of the pressure for the approximate
solutions, (u,), of (6.2). Once we establish these properties, it will remain
only to make an approximation argument to establish the existence of a pres-
sure, p, for the velocity, u, having the same properties as the approximate
sequence of pressures.

Our first proposition provides an explicit expression for the pressure, py:

Proposition 7.1. Let G(z) = (27) !log|z|, the fundamental solution to
the Laplacian in R?. Let

Gn(t,x) = ap(t) — G * div div(up, (t) ® u,(t))(x),
pn(t, x) = *(Ugo),(t) - T+ Qn(t’ 33),

where ay(t) is chosen so that p,(t,0) = qn(t,0) = 0 for all t. Then Oyu, +
Up + Vn + Vp, = 0.

(7.1)

Proof. This result for U = 0 is classical (the argument being that given at
the beginning of this section). For nonzero UZ, we simply use the transfor-
mation in (1.5) and apply the first part of Lemma 6.1. O

Our second proposition bounds the growth of p,, (less the harmonic part)
at infinity:

Proposition 7.2. Let g, be given by (7.1)1. Then,
lan(t,2)| < CCs(t)[[u”||$ log(e + |x])

for some absolute constant C' (in particular, independent of n), where Cgs(t)
is given in (6.1). Also, q, has a bound on its log-Lipschitz norm uniform
over [0,T] that is independent of n.

Proof. We can write ¢, = an(t) — Rhy, where h, = u, ® u, and R =
A~1ldivdiv is a Riesz transform. Here, A~1f = —F1(|-]*f), F~! being
the inverse Fourier transform. Observe that h, € LL with ||hy(t)|,;; <

C ||u(t)]|§ < Cs(t)?||u’]|% by Lemma 3.5 and (6.1). The result then follows
from Lemma 8.2, which we prove in the next section. O

Our third proposition give an expression for Vp,, analogous to (2.5) and
shows that it is bounded:

Proposition 7.3. The identity,
Vpn(z) = —(UL)'

+ /R? a(r — y)KL(az —y) divdiv(u, @ u,)(y) dy (7.2)

+ [ @ w)w)- 9,9, [~ ale — ) K@~ )]
R2

holds independently of the choice of cutoff function, and Vp, + (UL)" is
bounded uniformly in L>([0,T] x R?).
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Proof. Taking the gradient of p,, as given in (7.1), we have
Vin(t2) = =Valt) = | VuGlo = g) diviun - Vau)(t,) .
R
where V,, = (UZL)'".
For i = 1,2 let j = 2,1. Then since —V,G(z —y) = K+ (z — y), we can
write
(=1)'0ipn(x) + (-1)'V)! = . K9 (z — y) div(uy, - Vu,)(y) dy.
R
Here, we suppress the time variable to streamline notation. Applying a
cutoff and integrating by parts,

(1) ipn(2) + (—1)'V;i
= /1%2 a(z — y)KJ(:C —y) div(up - Vup)(y) dy
+ / (1 - a(w — ) K9 (2 — y) div(un - Vun)(y) dy
RQ
= /]R2 a(r — y)Kj(x —y) div(uy - Vuy)(y) dy

- [ Van) ) ¥ [(1 = ale = ) Ko = )] dy

Integrating as in (5.3) gives
dipn(z) + Vi

= (—1)i /R2 a(z — y)KJ(:C —y) div(uy, - Vuy)(y) dy

+ (—1)i /]R2 (un(y) - Vy)Vy [(1 —a(x — y))Kj(a: - 3/)] “un(y) dy,

which we can write more succinctly as (7.2).
Letting ¢ be Holder conjugate to p with p in (1,2), we conclude, since
div(uy, - V) = Vg, - (Vuy,)T, that

|ipn + (UZ) || oo < NlaK | 2o Vet |72 (supp age—)
+ 1V Vy [(1 = @)K |y [l 7o -

But by Lemma 3.5, [[Vun|| 20 suppa(z—)) < Cllullls < C|lu’||s. Given the
uniform bound on u, in S it follows from (3.3, 3.4) that Vp, + (UZ)’ lies in
L>=([0,T] x R?) with a bound that is independent of n.

It is easy to verify that the expression in (7.2) is independent of the choice
of cutoff function, a, by subtracting the expression for two different cutoffs
then undoing the integrations by parts. (That (2.5) is independent of the
choice of cutoff function follows the same way.) O
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Proof of (iii)-(v) of Theorem 2.9.

Recall that the sequence (u,) has the properties in (6.2). Let p, and ¢, be
as in Proposition 7.1. By Proposition 7.3, (¢,) is an equicontinuous family
on [0,7T] x R2, so it follows, via Arzela-Ascoli and a simple diagonalization
argument applied to an increasing sequence of compact subsets of R?, that
a subsequence of (g,), which we relabel to use the same indices, converges
uniformly on compact subsets, and hence as distributions, to some scalar
field, g. Letting p = —U’_ - = + q, it follows that p, — p in D'((0,T) x R?)
and also that p(t,0) = 0 for all ¢.

From (6.2)123 it follows that dju, — dwu and w, - Vu, — u - Vu in
D'((0,T) x R?). But Vp, — Vp in D'((0,T) x R?) and by Proposition 7.1,
Optty, + Uy - Vg + Vp, = 0, 80 Qyu + v - Vu + Vp = 0. Thus, p is a valid
pressure field, so we can use p = D.

Because p,, — p uniformly on compact subsets, (2.7) holds and the bound
on py, + (UL)" in Proposition 7.2 yields (2.8). That (2.6) holds follows from
Theorem 2 item (1) of [13].

We complete the proof by establishing that (2.5) holds for p and that
Vp + UL € L>=([0,T] x R?).

Let IT be the expression on the right-hand side of (2.5). We will show that
Vpn+U!, — TI+U" in L ([0, T] xR?) and hence Vp,, — ITin D’((0, T') xR?).
But we already know that p, — p in D'((0,T) x R?) so Vp, — Vp in
D'((0,T) x R?). We can then conclude that II = Vp, that (2.5) holds, and
that Vp + U’ € L>=([0,T] x R?).

We now show that Vp, + U/, — I+ U’ in L>=([0,T] x R?).

We write (7.2) with a replaced by a., where ¢ is to be determined:

Vou(t,x) = —(UL) () + /R2 as(z — y)KJ‘(x —y)divdiv(u, ®@ u,)(t,y) dy

4:4Jm&m%xuw-VJh[ﬂ—adx—yDK¢@—yﬂdy

= —(U)'(t) + I{(e) + I3 (e).
The value of Vp,, is independent of our choice of ¢, since, by Proposition 7.3,
it is independent of the cutoff function a.. Let I1(¢), I2(¢) be the correspond-
ing integrals on the right-hand side of (2.5).
Let 6 > 0, fix p in (1,2), and let ¢ be Holder conjugate to p. By
Lemma 3.5,

1 1
[Vl 2 ) < Cetlullls < Cet.

supp ae (z—

Because divdiv(u ® u) = Vu - (Vu)T, this bound gives

div div(u ® u)l| o < Cei,

supp ae(z—-))

Since |K (z)| = C|z| ™", Holder’s inequality gives

111 ()| pe < Cer ™' Fi = Ce
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and, similarly, |[I7(€)|| ~ < Ce uniformly for all n. Choose € = 6/(3C) so
that Ce < §/3. Because u, — u uniformly on compact subsets of ([0, 7] x
R?), there exists N > 0 such that n > N = |[|I2(e) — IZ(e)| ;0 < /3.
(We also use the uniform boundedness of (uy) to control the tails of the
integrals in I5(e), I3 (¢).) Since the value of Vp, is independent of ¢, this
shows that for all n > N,

IVpn+ (U) =TT = U]
<@l e + [T ()l Lo + [115(8) — L2(€)[| oo < 0.
These bounds are uniform in time and in space; hence, Vp, + (UL) —
I+ (Us)" in L%([0,T] x R?). Thus, Vp, — II in D'((0,T) x R?), since
(Uz)Y — U in D'((0,7)).
We now have that (2.5-2.8) hold, Vp + U’ € L>([0,T] x R?), and dsu +
u - Vu 4+ Vp = 0, which completes the proof. O

Remark 7.4. The log-Lipschitz MOC that we obtained in Proposition 7.2 is
a side effect of the manner of proof: it is not as strong as the Lipschitz MOC
we obtain in Proposition 7.3, though that proposition does not establish
decay of p,.

Lemma 7.5. For any n there exists a constant, C > 0, such that
C
Up () — Uso(*)| 00 < —
un (@) = Uso (") | oo o.77) < 1+ )

C
[Ven s 2oy < G

Proof. Because w, is compactly supported there is some R > 0 such that
suppwy, € Br(0). Let |z| > 2R. Then because u,, is smooth, we have

Vua¢>=<VK3*wnuo=iégm)vxxﬂv—ywm@»d%

noting that the compact support of w eliminates the singularity in V, K (z —
y). But for all y € Br(0),

1 1 2
< < <
S a2 = T a J22 S w

|VIK(1‘ - y)
SO

2 2

Vo) < 2 [ fon)l dy = oy el
7 |2]” JBr(0) 7 ||

Since wu,, is smooth, Vu,, is bounded on Byr(0). The bound on Vu, follows.

The bound on u,, is obtained similarly. ([l
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8. THE POISSON PROBLEM

In Section 7, we needed to solve the Poisson problem to obtain the pressure
in the full plane, our interest being in obtaining the asymptotic behavior of
the pressure at infinity. Fortunately, a tool, Lemma 8.1, for obtaining the
MOC of the pressure expressed in terms of a Riesz transform exists in the
literature, and we can use it to obtain this asymptotic behavior. As applied
in Section 7, we do this for the sequence of approximating solutions, which
have sufficient decay at infinity so that the Riesz transforms exist in the
classical sense of principal values of singular integrals.

Lemma 8.1. Let R be any Riesz transform in R2. Suppose that h lying
in LP(R?) for some p in [1,00) has a concave Dini MOC, u, as in Defini-
tion 3.4. Then Rh has a MOC, v, given by (see Definition 5./)

u(r) = C <SM(7“) by /TOO ”S(j) d5> (8.1)

for some absolute constant, C'. (Note that this MOC holds for all r > 0.)

Proof. This type of bound in dimension higher than one appears to have
been first proven by Charles Burch in [3] for a bounded domain (though
the MOC he obtains applies only away from the boundary and r must be
sufficiently small). It is proved in the whole plane in [14]. O

The following corollary of Lemma 8.1 (though not its proof) is inspired
by Lemma 2 of [17].

Lemma 8.2. Let R be a Riesz transform and assume that h is a tensor field
in LL(R?) N LP(R?) for some p in [1,00). Let ¢ = Rh. Then q is uniformly
continuous with the MOC, v(s) = C'||h||;; s(log s)?, for all sufficiently small
s> 0, and |q(z) — q(0)| < C ||h||;; log(e + |z|), for some C > 0.

Proof. Referring to (3.5), since h is bounded and has a log-Lipschitz MOC,
we have |h(z) — h(z +y)| < p(|y|), where

(r) = —Mrlogr, if |r|<e !,
HAT) = Me™t if |r| > e,

where M = ||h||; ;. Thus, when r < e !,
Su(r) = —M/ logsds = M(r —rlogr).
0

Noting that S,(e™!) = Me™!, when r > e~! we have

—1 r Me_l 1 1 1
Su(r) = 8Su(e™") + ds=Me " + Me " (logr —loge™ ).
-1 8

Further, when r > e~ 1,

0o < N —ld
r/ L(QS) ds:r/ 762 i :Me_lf:Me_l,
r S , S r
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and when r < e™1,

o] e ! o]
r us) ds = —r Mlogs ds+r Mds
, 82 , s o1 82

1

1 -1 M
= —Mr§ [(log s)ﬂi + Mre ! = 57 [1 + (10g7“)2] + Mre L.

Applying Lemma 8.1, then, for r > e,
v(r)=CM (logr +1) (8.2)
while for r < e™!,
v(r) = CMr [—logr + (log r)Q] ,
which gives the MOC for g for small argument. O

Remark 8.3. As we can see from the proof of Lemma 8.2, the logarithmic
bound on the growth of ¢ at infinity comes from the L°°-norm of h plus
S,(e71). Thus, such a logarithmic bound would hold for any h in L>(R?)
as long as it also has some Dini MOC. Note, however, that h € L*, which
would imply ¢ € BMO, is not by itself sufficient to obtain such a bound.

9. AFTERWORD

We have characterized the behavior at infinity of 2D bounded solutions
to the Euler equations in the full plane, including properties of the ve-
locity and pressure, and have proved their existence and uniqueness. In
the subsections that follow, we make three further observations: The
first concerns a vorticity formulation of weak solutions; the second con-
cerns the relation between our results and those of Taniuchi in [18] and
Taniuchi, Tashiro, and Yoneda in [19]; the third concerns an extension
of these results to the exterior of a single obstacle.

9.1. Vorticity formulation of weak Solutions. The definition of a
weak solution to the 2D Euler equations for initial velocity in S given
in [1] required that the solutions satisfy the Serfati identity, (2.2) (with
Uso = 0). This requirement was to insure uniqueness of solutions.

The Serfati identity encodes information both about the membership
of the velocity field in S and the PDE (the Euler equations) that the
velocity field satisfies. The renormalized Biot-Savart law of (1.4) only
encodes the membership of the velocity field in a subspace of S for which
the renormalized Biot-Savart law holds without taking a subsequence.
It follows from Theorems 2.9 and 2.10 that we can use the renormal-
ized Biot-Savart law—specifying the value of Us,—instead of the Serfati
identity as our selection criterion to insure uniqueness. This is more sat-
isfying, as it reduces redundancy in the definition of a weak solution, and
gives us the vorticity formulation of a weak solution in Definition 9.1,
suitable for insuring both existence and uniqueness. Moreover, this def-
inition is quite close to the usual vorticity formulation of solutions to
the 2D Euler equations.
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Definition 9.1 (Vorticity formulation of a weak solution in R?). Fix
T > 0 and Us € C([0,7T]) with Uss(0) = 0. Let a be any radial cutoff
function as in Definition 2.6. Let u” € S(R?) with vorticity w® = w(u®).
We say that w € L*®([0,T] x R?) is a bounded solution to the Euler
equations without forcing having initial velocity u° and weak velocity
at infinity Us relative to ug if u(0) = u® and the following hold:

(1) Gyw+Kw]-Vw = 0 as distributions on (0, 7)) xR?, where w = w(u);

(2) the velocity is recovered from the vorticity via

KIl(8) = v + U (t) + lim (ank) * (w(t) — o),
and K[w] € C([0,T] x R?);

A few comments on this definition:

(a) By Theorem 2.9, Definition 9.1 does not depend upon the partic-
ular choice of the radial cutoff function a.

(b) Even for a vorticity formulation, we must specify not just the
bounded initial vorticity but the initial velocity, insisting that it
too be bounded. This is because there are vorticity fields, w°,
having no corresponding bounded velocity, ©°, a simple example
being w® = 1. Moreover, even if a u° exists it is unique only up to
an additive constant.

(c) From Klw] € C([0,T] x R?), the existence and uniqueness of a
classical flow map follows as in Remark 2.4.

(d) The assumption that the velocity, K [w], lie in C([0, T] x R?) seems
to be necessary, as it does not follow from (9.1).

9.2. Relation to work of Taniuchi, Tashiro, and Yoneda. To
construct his solutions to the Euler equations in [18], Taniuchi uses
a sequence of approximating smooth solutions coming from [17]. In
particular, he uses (2.5) (for Uss = 0) to obtain the formula,

u(tg):u(tl)—/tzp(u-Vu)(t) dt,

where P is formally the Leray projector, defined in terms of Riesz trans-
forms. This formula plays somewhat the same function that (2.2) plays
in [1], and is central in Taniuichi’s proof of existence of bounded (in
fact, slightly unbounded) solutions.

Uniqueness of bounded solutions in the full plane is proved in [19].
Interestingly, the transport of the vorticity by the flow map is not used
in [19] to prove uniqueness. They use the techniques of paradifferential
calculus, along the lines of that of Vishik in [21], to obtain continuity
with respect to initial data and hence uniqueness.

9.3. Relation to the work of Jun Kato. In [13], Jun Kato studies
solutions to the Navier-Stokes equations in all of R™, n > 2 when the
initial velocity is bounded. We restrict our comments here to the n = 2
case, where existence of solutions globally in time holds with

uwe L¥([0,T] x R®) and p = R;Rju‘v’,

where R; = (—A)%Gj is a Riesz transform ([4, 15, 5, 12, 10]). Unique-
ness was known to hold under the condition that (9.2) holds. The
uniqueness condition was weakened somewhat in [11], then in [13] it
was weakened quite a bit further to

ue L®([0,T] x R?) and p € L},.([0,T); BMO),

27

(9.1)

(9.3)
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thereby dropping the requirement that the pressure satisfy any partic-
ular functional relation.

Kato employs in [13] a sequence of approximate Riesz operators, R,
converging to the Riesz transform R of Section 7 as ¢ — 07, by cutting
off the Green’s function for the Laplacian. This same approach could
have been taken here, since Lemma 8.1, which as at the heart of the
proof of (2.8), holds uniformly when using R in place of R. Instead
of approximating the Riesz transform used to obtain the pressure, we,
in Section 7, approximated the pressure itself. This has the virtue that
it can, with substantial additional technical difficulties, be adapted to
the exterior of a single obstacle. (We make a few comments on this in
Section 9.4.)

A question that remains open is whether the condition in (2.6) can
be dropped as long as (2.7) holds: this is what is done in [13] for the
Navier-Stokes equations. What makes this difficult to prove for the
Euler equations is that the Leray projector is not bounded in L*. For
the Navier-Stokes equations, Kato gets around this by taking advantage
of properties of the heat kernel. The key estimate, in Lemma 1 of [13],
however, blows up like (Vt)fl/z, which prevents the estimate from being
adapted for use with the Euler equations.

Finally, we note that the characterization at infinity in (1.3) can be
extended to solutions to the Navier-Stokes equations with bounded ini-
tial velocity and vorticity. This is because the analog of the Serfati
identity, (2.2), for the cutoff function, ar, includes only the one addi-
tional term,

V/Ot Ay ((1 — aR)Kj) *w(s)ds,

which vanishes as R — oo. This allows the argument in the proof of
Proposition 5.1 to be made without change.

9.4. Exterior to a single obstacle. It is possible to obtain similar
results for the exterior, €2, to a single, simply connected obstacle having
a C*“ boundary, a € (0,1). We give here a brief account of those
results and comment on how they are obtained.

The main result, in analog with (1.3), is that

u(t.a) =(a) = Ult.o) + Jim_ | ane =)ol y)(y) dy
Vp(t,z) = =0 U(t,x) + O(1),
p(t,2) = ~0,C(1,) + Ollog e

Here, Jq is the hydrodynamic Biot-Savart kernel (see [1]) and U is a
bounded harmonic vector field (that is, divergence-free, curl-free, and
tangential to the boundary), which is defined uniquely by its value, Uso,
at infinity and its circulation, =, about the boundary. The function, ~, is
the difference in the circulation of u° from that of u(t). The vector field,
¢, and so the pressure, are multi-valued (unless v = 0) with V{ = U.
For physically meaningful solutions, we would require that v = 0, so
that the pressure is single-valued and the circulation is unchanging.

The presence of an obstacle prevents us from transforming the vector
field U (or even its value, Us, at infinity) away by making a change of
reference frame, as we are able to do for the full plane. (Unless we wish
to transform the problem to that of a moving obstacle.)
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The proof of (9.4) parallels that given here for (1.3) but is substan-
tially more technical and lengthy for the following reasons:

(1) Formulae involving convolutions in the full plane are replaced by
integrals over 2. Lemma 3.6, which allowed us to move derivatives
back and forth in convolutions, must be replaced by integrating by
parts, which introduces boundary terms that must be controlled.
This complicates considerably the adaptation of the argument in
Section 4 to an exterior domain.

(2) The presence of boundary terms also makes the analog of Lemma 5.4
for an exterior domain impossible to obtain. Instead, we need to
strengthen the notion of a solution to require that

[ e0ute) o0 - [ [

—At/Q(ngu)wzo
]

for all ¢ € C([0,T] x Q), t € [0,T).

(3) The equivalent of Lemma 8.2 is much harder to obtain, and in-
volves introducing a Neumann function (Green’s function of the
second kind) to solve for the pressure in terms of the velocity. This
in turn requires the careful control of boundary integrals that do
not appear for the full plane.

(4) The estimates on the hydrodynamic Biot-Savart kernel, Jq, corre-
sponding to Proposition 3.1 are considerably harder to obtain than
those for the Biot-Savart kernel, K, for the full plane. Fortunately,
the needed estimates were obtained in [1].
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