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Abstract

We consider a 2D vorticity configuration where vorticity is highly concentrated
around a curve and exponentially decaying away from it: the intensity of the
vorticity is O(1/¢€) on the curve while it decays on an O(¢) distance from the
curve itself. We prove that, if the initial datum is of vortex-layer type, Euler so-
lutions preserve this structure for a time which does not depend on €. Moreover
the motion of the center of the layer is well approximated by the Birkhoff-Rott
equation.
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1 Introduction and main ideas

The main feature of an incompressible flow is vorticity, i.e. the possibility,
for particles flow, to rotate. In fact (and this is the main difference between a
fluid and a solid) a fluid, when subject to a tangential stress, for example due to
interaction with a physical boundary, it displays a sliding motion that ultimately
leads to rotational flow and to the appearance of vortices. Vorticity is therefore a
powerful tool to understand and characterize fluid motion, both mathematically as
well as from the physical point of view.

In many instances, particularly for high Reynolds number flows, vorticity tends
to occupy small portions of the space often assuming very high values. Point vor-
tices, vortex filaments and vortex tubes, vortex sheets and shear layers, boundary
layers are examples where vorticity is able to strongly influence and organize the
flow in large portions of the space, even if being essentially supported on sets of
small, or even zero, measure. From the mathematical point of view, these are
challenging problems, for which one cannot usually invoke the classical Yudovich
theory [52]. The significant progresses that have been accomplished in the late
eighties and early nineties [18, 19, 16, 37, 22, 33, 48, 43, 38] have left unanswered
fundamental questions, like uniqueness of the solution, even in the 2D case where
the absence of vortex stretching makes the dynamics of the vorticity as simple as
possible; for vorticity distributions with non distinguished sign, even existence of
the solution is currently unknown. Another important question, which is still open,
is whether, imposing that the initial vorticity is a §-function supported on a curve,
the solution keeps this structure.

In this paper we shall consider, for the 2D Euler equations, an initial datum
with a vortex layer structure: this means that, initially, a high intensity O(e~!)
vorticity @™ is distributed around a planar curve ¢@™; and that the vorticity decays
to zero away from the curve on an O(¢€) scale. We shall assume that the decay
is exponential and that, initially, both the vorticity distribution and the curve have
analytic regularity. Our hypotheses imply no restriction on the sign of the vorticity.

The data we shall consider can be handled using the general theory of Yudovich,
so that existence of the solution is not an issue. However, Yudovich theory does
not give any information on the structure of the solution. What we shall prove
is that the solution mantains the vortex layer structure for a time which is small,
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but independent from the thickness of the layer. Moreover we shall prove that the
dynamics of the vortex layer is ruled, to the leading order in €, by the Birkhoff-Rott
(BR) equation; our results can therefore be considered as a rigorous justification
of the BR equation as a valid model for the description of the Euler dynamics of
vortex layers.

The BR equation [44, 7] is an integrodifferential equation that governs the mo-
tion of a curve y = ¢(x,¢) on which the vorticity is concentrated as a Dirac 0-
function. Assuming the regularity of the curve, as well as of the vorticity intensity,
one can prove the equivalence of the solution of the BR equation with the solution
of the Euler equations in their weak formulation, see [39]; in [36], after introducing
the notion of weak solution of the BR equation, the same consistency result was
proved under weaker, likely optimal [35], regularity hypotheses.

Proving regularity results for the BR equation is not a simple matter. The prob-
lem was known to be subject to the Kelvin-Helmholtz instability [21], being higher
modes of a small perturbation of the flat profile exponentially amplified. The as-
ymptotic analysis of Moore [41] suggested that the problem was indeed ill-posed,
and that the ill-posedness mechanism revealed itself in the appearance of a curva-
ture singularity in the shape of the curve; a phenomenon leading, at later times, to
an infinite roll-up of the curve [8]. Subsequent careful computations [28] confirmed
these results. The nonlinear ill-posedness of the BR equation in H™ with m > 3/2
was finally proved in [13], see also [20]. The analytic setting seems therefore to
be a natural framework where to look for solutions of the BR equation. The expo-
nential decay of the spectrum is in fact able to tame, at least for a short time, the
exponential amplification of the modes, a situation that is typical for many flows
with highly concentrated vorticity, see e.g. [46, 47, 14, 30, 29]. In fact, in [49], the
well-posedness of the BR equation for analytic data was achieved. Later, in [12], it
was proved that if one has a small analytic perturbation of a flat profile, then long
time well-posedness of the BR equation follows, with an existence time that goes
like |log €|, being € the size of the perturbation.

Many attempts have been taken to regularize the BR equation to go beyond
the singularity time: see [5] where the dynamics of a vortex sheet as ruled by
the regularized Euler-a equations was proved to be well posed globally in time;
[27, 1, 2] where the effects of surface tension were taken into account; or [51],
where the notion of chord-arc curves was introduced to follow the solution of the
BR equation also beyond the singularity time. In [51], among other things, the
author proved that if the chord-arc curve “does not roll up too fast” then the BR
solution is indeed analytic, significantly improving the result of Lebeau [32].

Among the attempts of regularization of the vortex-sheets solutions, those con-
cerning the study of small thickness layers, are the ones more closely related to
the present paper. In [40, 17], through a formal asymptotic analysis, corrections
to the BR equations that take into account the thickness of the layer were derived.
However these corrections prevent neither singularity formation, nor ill-posedness
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for non analytic data. Numerical computations performed considering small thick-
ness layers [3, 15, 11, 10] show that the BR singularity, and the subsequent infinite
roll-up of the sheet, are not just a mathematical curiosity, but are the signature of
the formation of vortex cores. This means that the vorticity is not any more con-
fined close to the center of the layer and has the tendency to concentrate forming
vortical structures, a phenomenon that, besides its intrinsic importance because it
signals a new stage in the layer dynamics where a strong interaction between the
outer and the inner flow sets in, is also reminiscent of separation of the boundary
layer and transition to turbulence for wall bounded flows [23]. The only rigorous
analysis concerning vortex layers is in [6] where, still in the context of interface
dynamics, and for vortex layers of uniform vorticity, it was established the conver-
gence to the BR dynamics in the small thickness limit. In fact uniform vorticity
across the layer allowed the authors to define the two interfaces bounding the layer
and to study their motion through a system of two coupled BR-like equations. The
analytic norm used in [6] allowed to prevent zero-time loss of regularity of the two
interfaces and to show that the zero-thickness limit is governed by the BR equation.
In the present paper, on the other hand, we make no assumption on the vorticity
distribution (except the exponential decay away from a curve); this means that the
present setting could be appropriate to tackle the important problem of the justi-
fication of the BR equation as zero viscosity limit of the Navier-Stokes solution,
where the presence of diffusion does not allow uniform vorticity distribution.

1.1 Main ideas and plan of the paper

The main ideas which our results are based on are the following.

1.1.1 The use of a comoving reference frame

The physical systems has a fast O(¢~!) scale, across the layer, and a slow O(1)
scale, along the layer. The cartesian coordinates (x,y) mix these scales; it is there-
fore natural to analyze the dynamics in a frame adapted to the curve. In fact we
write Euler equations, in the vorticity formulation, using a frame that moves with
the layer and that, as one of the coordinate lines, has a curve centered in the layer.
The other coordinate line is parallel to the cartesian y-line, and the coordinate is
rescaled with € to blow-up the layer. The resulting comoving curvilinear coordi-
nates (&,Y) are not orthogonal, and therefore it follows a more complicated form
of the Euler equations; however, in the new coordinates, fast 0(8_1) variations,
across the layer, and O(1) variations, along the direction tangent to the layer, are
separated. We also point out that this reference frame, that can be used in the
whole plane as long as the curve is a graph, has the additional advantage of avoid-
ing the singularity one encounters in using the tangent-normal reference frame, as
in [40, 17].
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1.1.2 Analyticity, Holder norms and potential estimates

We use Holder norms in an analytic setting. The analytic setting seems to us
necessary to avoid instabilities and ill-posedness, that are present in the BR equa-
tion. Holder function spaces are a natural environment where to establish potential
estimates that, in our case, are necessary to give bounds of the velocity in terms of
the vorticity. In fact we shall prove potential estimates that bound Holder norms of
the velocity in terms of the Holder norms of the rescaled vorticity, see Proposition
8.1. This means that we do not have the gain of one order of regularity (typical of
the classical potential theory) but we get that our bounds are O(1), being expressed
in terms of the rescaled vorticity @ = €®. Our potential estimates are therefore
uniform in €. We also stress that these potential estimates do not depend on the
analytic setting (as it is clear from the proof where it is evident that analyticity is
only a complication, see Appendix E and Appendix E.3) and we believe that are of
independent classical interest.

1.1.3 Decomposition of the velocity generated by a vortex layer

Another key ingredient in our procedure is a general decomposition formula
for the velocity generated by a vortex layer through the Biot-Savart law. We shall
see that the velocity can be decomposed as the velocity predicted by the BR ker-
nel (which, assuming that all the vorticity in concentrated on the curve, gives the
overall motion of the curve) plus a term that depends, in a very simple way, from
the local distribution of the vorticity, plus a remainder term that, inside the layer,
is O(€). Although this remainder, at the formal level, is easily seen to be O(¢), to
give a rigorous proof of this fact, requires higher order regularity of the vorticity.
Having decomposed the rescaled vorticity as @ = @y + £w;, and applying the de-
composition formula to the velocity generated by @y, we push the remainder to the
equation ruling @;.

1.1.4 The a-priori analyticity of the skeleton of the layer

The resulting equation for @y, which is now convected by the BR term plus
the local term, is particularly simple: integration across the layer gives a set of
four equations that do not involve the finer structure of the layer (i.e. the @y in its
dependence on the normal coordinate), but only the skeleton of the layer, i.e. the
curve @p(x,t), the vorticity intensity y(x,?), the quantity

(e} 0
/ oy (x,Y,t)dY’ f/ wy(x,Y,t)dY’
0 —o0

which is the only information needed on how the vorticity is distributed inside
the layer, and the Lagrangian factor Xy that keeps track of the tangential motion
along the curve, see (2.9) and (3.17). One can therefore solve for this system and
establish the a-priori analyticity of the skeleton of the layer.

With this a-priori analyticity, one can then solve the equation for the leading
order vorticity @y, and for the corrections @; and ¢;. The fact that both wy and w,;
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remain exponentially decaying away from ¢ gives the persistence of the vortex-
layer structure, for a time that does not depend on the size of the layer.

The convergence of the motion of the layer to the dynamics predicted by the
BR equation (the justification of the Birkhoff-Rott equation) is our final result, and
it is a rather easy consequence of our analysis.

We shall also establish a far-field estimate proving, rigorously, that the veloc-
ity field generated by a vorticity layer distributed around a curve ¢, away from
the layer and to the leading order, can be computed assuming the vorticity to be
concentrated on the curve ¢; the rate of decay of the velocity field to the far-field
approximation, in terms of the distance from the layer, is also given.

The plan of the paper is as follows. In the next Section we shall write the Euler
equations adapted to the curve. In Section 3 we shall derive the decomposition
formula for the velocity generated by a vortex layer, and use this formula to write
the equations ruling the leading order vorticity and the correction. In Section 4 we
define the function spaces, while in Section 5 we state formally our main results.
In Section 6 we give some preliminary mathematical results, like the Cauchy es-
timate for an analytic function, the Abstract Cauchy-Kowaleski Theorem, and the
estimates for the BR operators. In Section 7 we construct, through a short time
existence Theorem, the skeleton of the layer. In Section 8 we give the potential
estimates that will be a crucial ingredient in the analysis of the equations govern-
ing the correction @;. In Section 9 we construct the vorticities @y, @; and the
correction to the curve ¢;. In Section 10 we prove that, to the leading order, the
motion of the layer, is governed by the BR equation. In Section 11 we draw some
Conclusions. The paper has several Appendices where we have postponed most of
the technical details.

2 Euler equations adapted to the layer
Euler equations, for an incompressible 2D flow, are written as:
dw+u-Vo=0,

where the velocity u can be recovered from the vorticity as u = —V-A~'w. We
shall consider these equation in the strip (x,y) € [-7/2,7/2] x R, with data peri-
odic in x. One can see that the velocity field has, in terms of vorticity, the following
expression:

x+7m/2 h
2.1) u(x,y,1) 2/ / Sinh 2y 2)} o (¥, 1) dx'dy’,
Y v—7/2 sin® (x —x') +sinh? (y —y/)
x+7/2 sin[2 (x —x)]
2.2) v(x,y,t) = // Lyt)dx'dy’.
2.2) v(x.3,1) - 8n? x—x/2 sin® (x — x') +sinh? (y —y/) © (¥t dwdy

A precise statement on the class of initial data where we shall solve Euler equations
will be given later. Roughly speaking we shall consider that there exist a curve
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y = @™ (x) such that the initial vorticity decays exponentially fast away from the
curve; i.e.

1 1 in
(23) a)m(x’y) ~ ge—#\y—q’ (X)|/8’

where € > 0 gives the thickness of the layer and p > 0 is the rate of exponential
decay. The position of the curve y = @(x,¢) will be determined imposing that it is
transported by the flow generated by the vorticity. One has therefore to solve:

2.4) 0,0+ udi®~+vdyow =0,

(2.5) o +u®dip =v?,

(2.6) o(x,y,t =0) = 0™(x,y),
2.7) P(x,t=0) = ¢"(x),

where the u, v, are calculated using (2.1)-(2.2), while u?, v are the fluid velocity
components on the curve .

To prove that the vorticity @(x,y,) will satisfy, for ¢ > 0, a behavior like (2.3),
is one of the main goals of this paper.

2.1 The comoving frame

To separate fast and slow variations, it is natural to introduce a coordinate sys-
tem adapted to the curve. In the plane (x,y) let y = y(x,7) be a generic curve, pe-
riodic in x of period 7. Moreover let (u(x,y,?),v(x,y,1)) a velocity field -periodic
in x. We make the change of coordinates (x,y,) — (&,Y, 7) defined as:

(2.8) x=E+X(&,1), y=¢eY+y(,1), T=t,
where the lagrangian factor X is given by
T
2.9) X(E,7) = / W (E,7)dT.
0

In equation (2.8) and in the rest of the paper we have used the same symbol to
denote the curve as a function of the eulerian variable x or the Lagrangian variable
&: when we write y(&,7) we shall in fact mean w(x(&, 1), 7). Moreover notice
that the functions y(&, 1) and X (&, 7) are m-periodic in &.

One can see that the Euler equations and the equation ruling the motion of a
curve @, written in the above defined coordinate system, are the following:

A Uil A PP o P C A0 BT [P
(2.10) 0;® + X, 8§w+8 oz y X, + (=) |d=0,
2.11 p) ”‘P_”Wa ¢
(2.12) @E,Y,t=0) = @d"(&,Y),

(2.13) P(&,1=0) = 0" (&),
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where we have introduced the rescaled vorticity @ = €®. The incompressibility
condition in the new variable reads as

) 1 0
gl 4 34

1+X;  e| 1+X:

(2.14) dyu+dyv| =0.

The details of the derivation of the above equations are given in Appendix A.
Here we anticipate that in our study of the Euler equations for vortex layer data, we
shall set w = ¢; i.e. we shall use, as base curve of the reference frame, the curve
P=¢t+EP;.

We make the following formal Remarks concerning the above Eq.(2.10). First,
given that the time derivative is comoving, then d;@ is O(1). The operator J¢ is
the derivative along the curve (the & line-coordinates are Y = const, therefore they
are parallel to the curve). It follows that dz @ = O(1). In (2.10) the O(e ") terms

are therefore only in the last term, involving the derivative across the curve. On the
other hand, using the incompressibility condition, one can see that:

dey Y Oeu
N S ¥y — _e” Ly
2.15) 1+ X; (u—u¥)+(v—v )} 8/0 X
so that (2.10) can be written as

FUCET P
(2.16) 0: @+ T x; Je @ ; 1+X5dYan—O’

and therefore also the last term appearing in (2.10) is again, formally, O(1). How-
ever the use of the incompressibility condition leads to a not less severe difficulty,
i.e. the appearance of a linearly growing in Y term (given by the integration in ¥
of 85 u, a quantity that has no decay properties in Y), combined with a loss of a
derivative given by the appearance of 85 u; notice that the potential estimate given
in Proposition 8.1, allowing to bound the velocity in terms of the vorticity, does not
give the usual gain of one derivative; this is the price one has to pay to make the
potential estimate uniform in €. The simultaneous presence of loss of exponential
decay and of loss of regularity does not allow to get enough contractiveness.

Therefore, to make rigorous the above formal analysis, a deeper understanding
of the structure of the velocity generated by the vortex layer is required.

3 The asymptotic expansion

We solve the above problem (2.10)-(2.13) in two steps: the first at O(1) and the
second at O(€), writing:

3.1 D =wy+En, Q=@+ Q.

To understand what are the equations at different order we have to inquire on the
structure of the velocity.
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3.1 The structure of the velocity

Here we find it convenient to use the variables (x,Y) and use the following
expression for the velocity generated by a rescaled vorticity € (the real vorticity
being € ~'Q) concentrated around a curve y:

x+7m(2n+1)/ .Q(X/ Y/)
3.2 —iv= dx'ay’
(3.2) u—iv= nz;/ /M ety Ko(x 2.7 ¥ x'dy’,

where (with an abuse of notation) we have defined:
Ky(x—=xY =Y") =x—X+i[y(x) —y()+e(y —Y)],
K (r—x) ==X +i [w(x) - y()]

The definition of Kl(l)/’ that will be present in the definition of the Birkhoff-Rott
operator, will be useful later.

Using (3.2) one can derive, see Appendix B, the following expression for the
velocity written in complex variable notation:

(3.3) u—iv=M(Q,y)+R(Q,y)
where the operators M and R are defined as follows:
M(Q,y) =
1 d l / e / ! (_1+i3xll,(x)) _
BRIy, ¥+ ng(x,y )dY —/Y O e
(o] Y
(3.4) BRIy, V] +% [/ Q(x,Y’)dY’—/ Q(x,Y’)dY’} i
Y —o0

being 7 the vorticity intensity, i.e. the total vorticity across the layer:

= / Q(x,Y"ay'

BR]y, y] the Birkhoff-Rott operator:

1 o x+7m(2n+1)/2 ’)/(X,)
3.5 BR|y, y| = — / —— X,
(3-5) = o L wr(n—1)/2 K (x—x) *

n—=—oo

and the vector 7* is the complex conjugate of 7 =7 + if”, which is a vector parallel
to the tangent to the curve y with components:

1 i:v_ ax‘l’
1+d.y?’ 1oyt

The remainder R is defined as follows:

(3.6) =

Q x+71(2n+1)/ L 1 1 4 /d ,
T(x,x",Y'") | = — — | dx'dY’,
V) an/ /+n 2m-1)/ ) K Ky
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where for notational simplicity we have suppressed the dependence of the K’s from
x,x' and Y —Y’, and where we have defined:

B Txx,Y) =0, Y)-QxY)+QxY) () -7 (x) (1+idy(x')).
A crucial property of the above quantity is the fact that 7'(x,x,Y") = 0, that will be
used in the proof of Proposition 8.3.

If one uses the variable & instead of x, one can write the following expression
for the velocity:

_ E+m(2n+1)/2 (fé/’yl) . L
(G8)  u—iv= Z/ /wzn]/2 xg(gié,’Yiw)J(&)dédY,

where we have defined:

Ay (E—E YY) =E—E+X(&)—X (&) +i[y(&) —y(&)+e¥y —Y)]
with J = 1+ d¢X (&, 7). The above expression can be recovered from (3.2) with
the use of the change of variable (2.8).

One can define the corresponding operators B%, .# and Z% that now depend
on the Lagrangian factor X also:

1 & E+m(2n+1)/2 /
6o wawx== ¥ [ e V)

2mi 2= Je -1y HP(E - E)
B.10) A (Q,y,X) = BR]Y, ¥, X [ / Q(Y)ay' — / Q dY’] 7
(3.11)
E+m(2n+1)/ 1 1 . A
Z(Q, v, X Z/ /5%2”1 géy)[%‘;—w]ﬂé)dédiﬂ

where 7 has the expression given in (3.6) with d,y = [1 +X5]7185 v, and J is
the same as T in (3.7) expressed in the variable £. One can therefore write the
decomposition formula for a velocity field generated by a vorticity Q concentrated
on a layer close to a curve y(&) in the coordinates (&,Y) as

(3.12) u—iv=(Q,v,X)+Z(Q vX).

The decomposition given in (3.12) is the main result of this Subsection. In fact
we shall see that, under suitable hypotheses, the contribution given by & is small
inside the layer, see Proposition 8.3. This will allow us to write an equation for
the leading order vorticity @y where the vorticity will be convected only by the
velocity .#y = . (W, Po,Xo), and delaying the contribution of % in the equation
for the correction @;. The physical meaning of the contribution of . is apparent:
the velocity of the curve, as given by the Birkhoff-Rott operator, plus a local—in the
sense that depends on the vorticity at the points (£, Y’)— contribution of the vorticity
integrated across the layer; this contribution has direction along the tangent to the
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curve. Given that the contribution of .# ignores the details of how the vorticity
is distributed in the layer, as well as for the fact that the velocity at a point x is
influenced by the vorticity at other points x’ only through the % operator which
governs the global motion of the curve, we shall name .# as the macroscopic
velocity.

3.2 The equations at different orders

In this Subsection we shall define the equations satisfied by @y and @;. We
shall write these equations using the coordinates (&,Y, ) with y = ¢. To specify
these equations first we have to establish how, correspondingly to the expansion
(3.1), we decompose the velocity. We shall write u = uo + €uy, (up,vo) being the
velocity generated by @y and (u1,v1) the velocity generated by ;. However, in the
previous Subsection, we have seen that a vortex layer vorticity generates a velocity
field containing a term, the remainder %, which formally is O(€). Therefore the
term ug contains the term .# which is O(1), and the term % which is O(€). Using
the complex notation we can write:

(3.13)

u—iv=ug—ivo+€&(u —ivy) = A (0,9,X)+Z (a0, ,X)+ € (u; —ivy) .

It is natural to have the leading order vortcity @y convected by O(1) quantities,
i.e. by .#. However the term . (ay, ®,X) depends also by the correction terms

through £¢; and the Lagrangian factor X, see (3.16) below; we therefore define:
(3.14)

1| [ Y e
(a0 X0) = ZA 3]+ 5 | [ anryar' = [ v

where the vector 7 is the complex conjugate of 7y = 7, + if;;, having defined:

1 v Qo
14 0c o2’ O 140,02
The difference with respect to .Z (my, ¢,X) is in the fact that the BR operator is
computed using the curve ¢ instead of ¢ and the leading order approximation (see
(3.17) below) Xj instead of X; analogously, the vector 7 is tangent to the curve ¢
rather than ¢. In the rest of this paper, to make the notation less cumbersome, we
shall adopt the shorthands:

PBR = BE(w0,9,X), M=Mwn,0,X), X=X (,¢X),

BRY = BE(0, 00,X0), Aoy= Mo(m,Po,Xo)
unless the dependence of the operators BZ, .# and # from their arguments needs
to be made explicit.

The Lagrangian factor X is implicitly defined using the exact expression of the
velocity, i.e. as:

(3.15) =

(3.16) X(é,r):/o L (6, 0,X) + (0, 9,X) + €ut]y_od 7.
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On the other hand, the leading order approximation of the Lagrangian factor, that
we shall denote Xy, is implicitly defined solely in terms of .Z/', i.e. as:

(3.17) Xo(&,7) :/o A (@0, 90, X0) |y _odT'.

We write the equations satisfied by @ using the reference frame adapted to the
curve @, so that in Eq.(2.16) one has to take ¥ = ¢, while the Lagrangian factor
has the expression given in (3.16). Moreover, (u¥,v¥) means (u,v)y—o.

We now write the equations for the leading order vorticity wy and for the ap-
proximation of the curve ¢ as well for the O(€) corrections @; and ¢;. The details
of the derivation can be found in the Appendixes C and D. The equation for @y is:

dy

3560()
27 -0
1+85X0

Y
- | degar
0

The rationale behind (3.18) is in the decomposition of the velocity given in (3.13)
and in the fact that, inside the layer, the term % (and, obviously, € (1] — iv;) also) is
an O(g) term, see Proposition 8.3. It is therefore natural to have the leading order
vorticity to be convected by the O(1) part of the velocity. The choice of using .#
instead of .# allows to have the dynamics of @y to depend explicitly only on ¢y
instead of the correct curve ¢ = Qg+ €¢;.

The effects of the remainder term %, of .# — .4, and of € (u; — ivy) are there-
fore postponed to the next order equation for @;.

We couple the above equation (3.18) with the following equation for the motion
of the curve ¢y:

(3.19) dr Py = 0V|Y:0a
and with the following equation for the approximated Lagrangian factor Xy
(3.20) 9 Xo = Moy,

that derives from the definition (3.17).
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The equation for @; can be derived from (2.10) with ¥ = ¢, and from (3.18):

V| =y, A — Ay
IOt 1+0:X  1+:X %+
1 %" + Euy — (%u +€u1)y:0
£ 1+0:X %

1 1 v u / 1 Y u !/
e[1+a§x/o Oy M"dY _1+9.»§Xo/0 ag///ody]amo_
1 1 Y u /
El+8§X [/0 I (% +8M1)dY]aY(DO+
uo + &uy — (uo + €uy)
1+0:X

1 Y ,
m |:/0 a&MOdY]ayw]‘f'

Up —ujy=0
1+0: X

r=0 a;; ) —

3.21) [—85(;) +V —vlyz():| dyw; =0

Notice that the terms in the first and third lines above are, formally, O(1) because
inside the layer:

M~ My=0(€) X—Xo=0(e);

the above two formal statements will be made rigorous later: the first one in Lem-
mas I.1 and 1.2 of Appendix I; the second is an obvios consequence of the estimates
on .# — My and on Z. The terms in the second and the fourth lines of (3.21) are
O(1) because, inside the layer Z = O(¢).

Equation (3.21) has to be coupled with the following equation for ¢,
1
(3.22) o = g[%v—//&+ﬁv+8v1] ,

whose derivation can be found in Appendix D, and with an equation ruling the
evolution of the Lagrangian factor X. From (3.16) we know that

(3.23) O X = [M"+R"+euly_g;
Introducing the correction X; defined as:
X =Xy+e&eX;

and because of (3.20), one writes the evolution equation for X;:

1
(3.24) 9:X| = E[///u—///(;‘ + %"+ eur]y_
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[m§“ Img‘
\ 2(0)
» D(p) ‘ L1 0
[
Re E Reé

FIGURE 4.1. The domain of analyticity D(p) and X(0)

In (3.21) and (3.22) the velocities u; and v| are generated by the vorticity @
and are therefore given by the Biot-Savart law

/_Z;g,(g CELY Yo (EY,7) J(E,T)dEdY’

&+1

(3.25) w1 (&,Y,7) :[;

(3.26) vl(g,Y,r):/ /_i%(&—&’,Y—Y’)wl (&Y' 1) J(E, T)d& Ay’

r
2

where the expression for the kernels (7%, 74,) is given in (8.1) and (8.2), and the
Jacobian J is written explicitly in (8.5).

The main results of this Subsection are: the derivation of the evolution equa-
tions for wy, ¢y and Xp, (3.18), (3.19) and (3.20) respectively; and the derivation
of the equations for @;, ¢; and Xj, (3.21), (3.22) and (3.24) respectively. The O(¢)
velocity (u1,v1), appearing in the equation for m, is given by (3.25)-(3.26).

In Section 7 we shall integrate in Y equation (3.18) and derive the equations of
the skeleton of the layer, therefore obtaining ¢p, Xo and the vorticity intensity Y.
In Section 9 we shall solve for wy, @, ¢ and X;. The equations are coupled by the
fact that the frame where the equation for @y is written, has base curve the exact

Q=@+ EQ.

4 Functional setting

In this Section we shall describe the function spaces we shall use throughout the
paper. In what follows we shall denote by D(p) the periodic strip of the complex
plane of width p > 0:

D(p)={§+in: § €R/aZ,|n|<p},
and with X(0), where 0 < 6 < 7 /4, the conoid in the complex plane:
X(0) = {y+id:|Y| <1, Al <6}
4.1) {Y+id:]Y|>1, |A|<6+(]Y|—1)tan6}
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In the rest of the paper o with 0 < o < 1 will express the Holder modulus of
continuity. The positive constants u and 8 have the following meaning: u will
give the rate of exponential decay of the vorticity away from the layer, while 8 will
give the rate at which the domains of analyticity shrink in time.

For a function f : D(p) — C we introduce the notation:

[flp = sup [f(G+in)l,

(&:m)eD(p)
(@) _ |f(E+in)—f(E+in)|
Iflp = sup —a
(&), Emen(p) &<l
For a function g : D(p) x £(0) — C we introduce the following notations:
18lp.0 = sup §(§+in.Y +id)[,

(&m)eD(p), (Y,1)eX(8)
|g(&+in,Y +ild)—g(E+in,¥ +il)|

HVE sup >
(&), (E.n) € D(p) (€ &+ -7)2]"
(V,4), (7.4) € (6)
and
glp.ou = sup e Mg (& +in,Y +id)]
(€)eD(p). (Y.A)Ex(6)
e M lg(E +in,Y +id) —etIg(E +in, ¥ +id)
8lpon = Sup 2
Yo @menp) [(E-&p+w -7
(Y, 1), (7,A) € 2(8)

Definition 4.1. Let f : D(p) — C analytic. Then we say f € BJ when:
17157 = 1o + 1717 < oo
Definition 4.2. Let g : D(p) x £(6) — C analytic. Then we say g € B ; when:

12l = Iglp.0+ eIl < oo

Definition 4.3. Let g : D(p) x £(6) — C analytic. Then we say g € B 5 , when:

”nge“ |g‘p6u‘|‘|g|peu <o

Definition 4.4. Let f : D(p) — C analytic. then we say f € By when:
1£lmp = X 10211 + 108 15" <

j<m

Definition 4.5. Let g: D(p) x £(0) — C analytic. Then we say g € Bg:g when:

I8l o= Y 10idiglpo+ Y. 1050fg|\ <o

i+j<m i+j=m
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Definition 4.6. Let g: D(p) x £(0) — C analytic. Then we say g € B y When:
181 0, = ¥ 10i0fglpon+ X 19008] %, <oo
i+j<m i+j=m

Definition 4.7. Let z € [0, T] and let B and p be such that BT < p. A function
f(-,-) will be said to be in B .. when f(-,#) € B™% V¢t € [0,T] and when:

BT p—pt
= sup |37 f(-,t)|,_g;+ sup |dFf(-,t @) <o
HfH mp BT — Zoqu‘ gf( )‘p Bt ogth‘ gf( )‘pfgt

J<mYSIS
Definition 4.8. Let ¢ € [0,7] and let ﬁ p and 0 be such that BT < p, BT < 6. A
function g(-, -, -) will be said to be in B”" eﬁ rWheng(-,-t) € B;" aﬁt 0 pr Vi €]0,T]
and when:
181\ opr = X sup [0507g(.0)lp—pro-p: +

i+j<m0<t<T

Z sup ’aéa;fb) Bt,6— ﬁt<°°

i+j=m0<t<T

Definition 4.9. Let 7 € [0,7] and let B, p and 6 be such that BT < p, BT < 6.
. . . . m,0 VN
A function g(-,-,-) will be said to be in B g upr When g(+,1) € By b6 pin
Vt € [0,T] and when:
I8l opur = L sup 1050¢8(0)lppro-pru+

i+j<mO0<t<T

Z sup lgég;g’p Bt,6— ﬁ[u<°o

i+ j=m0<t<T

Remark 4.10. For a function g(&,Y) defined on D(p) x X(0) one can define the
Holder modulus of continuity with respect to & and Y separately:

| g(& +in,Y +id) — eHVIg(E +in,Y +id)]

gl = sup °
(&), (E.n) € D(p) & -&l|”
(Y,1) € 2(0)
[eHTlg(& +im.¥ +iR) — eHlg(& +in, 7 +ih)|
hon = s TG

(§,n) € D(p)
(Y;2), (Y,2) € (6)

One can define, analogously to Definition 4.5, the quantltles I gH 9 and Hg||m 0

and, analogously to Definition 4.6, the quantities Hg|| and Hg|| Clearly

one has the norms equivalence:

¢ (lglisy +liglesy) < ugu,,,p 0 <C(Ilglls + Nl )
¢ (lell

gl d ) < 88 o < € (Ilgllse + gl )

mpB[J mpG[J
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The above Remark will be useful when we shall prove the potential estimates
bounding the velocity in terms of the vorticity; in fact, in the Biot-Savart kernel the
tangential variable & and the transversal variable Y appear with different scales,
and it will be easier to give separate estimates for the Holder modulus of continuity
taken with respect to & and with respect to Y.

Remark 4.11. In what follows, to make the notation simpler, when the index de-

noting the number of derivatives is equal to 0, we shall omit it. For example Bg‘ 0
o o o . . 0,0 0,00 0,00 0,00 _

l?p’@’“, Bl g, Bpﬂ-,u,ﬁ,? will pe used instead of By, By . By g By, 5 1 TESpec

tively. The same notation will be used for norms.

5 Main results

Consider the Euler equations written in the comoving frame adapted to the
curve, Eqs.(2.10)-(2.13).

Remark 5.1. To solve Euler equations we need to introduce the correction term
;. This necessity can be understood in the following way. In the Euler equations
appears an O(¢~!) term, see (2.10). Using the incompressibility condition this
O(e7") is shown to be, formally, O(1), see (2.16). The linearly growing term
deriving from the integration in Y of a non decaying quantity, together with the
presence of the 85 derivative of the velocity and of the dy derivative of the vorticity,
cannot be handled directly. The solution is in the decomposition formula (3.3)
(or, in the Lagrangian coordinates we are using, formula (3.12)). The term .#
has the special structure being given by the BR term (that can be shown to be a-
priori analytic, see Theorem 5.2 and Section 7 below) plus a term (involving the
integration of the vorticity) whose behavior at |Y | — oo can be shown to be a-priori
analytic. The remainder term % is formally O(€) and this fact will be proven
to be true inside the layer. However the proof, to avoid logarithmic singularities,
involves the use of delicate cancellation properties that require higher regularity
of the vorticity ay, still to be proved at O(1). The solution to this impasse is to
introduce the correction @; and to put the effects of the term Z(wy, ¢y) in the
equation for ;.

Therefore we look for a solution of the Euler equations in the form
D=wp+ew;, @=@+E@, X=Xo+&Xi;

the necessity to include the lagrangian factors as unknown derives from the fact that
we are solving Euler equation in a lagrangian frame. The unknowns (@, ¢o,Xo)
solve equations (3.18)-(3.20) with initial data

(5.1 %(€7Y’t:0):d)in(é,y)’ %(é»t:()):(pm(g)a Xo(g,[:()):o,
while (@;, ¢1,X)) solve equations .(3.21), (3.22) and (3.24) with initial data
(5.2) 0 (E,Y,r=0)=0, ¢ (,t=0)=0, X;(&,r=0)=0.
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Please notice that at time ¢ = 0 the variable x and £ coincide so that, in the specifi-
cation of the initial data, one can use indifferently x or &.

The reason why the lagrangian factors Xy and X; enter dynamically in the equa-
tions to be solved can be understood in the following way: looking at the definition
of the zero-th order approximation Xy (3.17), one sees that to compute Xy one has
to know the first order approximation of the velocity at ¥ = 0 (i.e. .#{) which,
in turn, to be computed, needs the knowledge of the lagrangian factor, see (3.14).
Analagously, to compute X, one need to know the first order correction u; which
can be recovered from the Biot-Savart law (3.25), where the lagrangian factors
appear throuh the kernel .77, see (8.1).

To solve these equations we first construct the skeleton of the layer, namely
(®0,70,X0), being Y the leading order vorticity intensity, i.e. the integral in ¥ of
wy, see (7.1).

This is accomplished in the following Theorem that is one of the main results
of this paper.

1o
Po,60,Ho
and ™ € B,z,‘ba with \\(pi”\|gi}20 < 1/4. Then there exist py < po, 6y < 6o fio < Mo,

n l,a 2.0
Ty and B > 0 such that % € Bﬁo,B,To oo BT

Remark 5.3. The equations ruling the dynamics of 7y can be derived from the
equation for my, i.e. Eq.(3.18), through integration in Y, see (7.2) below. However,
in this equations, it appears the quantity }/()* — % » which expresses how the curve
is off the barycenter of the layer. This new variable, therefore, will have to be

considered in the dynamics. This will be accomplished in Section 7, where we
shall solve (7.2), (7.4), (7.5) and (7.6) for (7, yar —% >0, Xo0).

Theorem 5.2 (Construction of the skeleton of the layer). Suppose @" € B

and @y,Xo € B

Having proven that the layer, macroscopically, has analytic regularity, one has
to pass to determine how the vorticity is distributed, namely @y and ®y, the correc-
tion to the position of the curve ¢y, as well the correction to the lagrangian factor
Xj.

1o

P0,60,Ho
and (pi” e B,z,’oa, with \\(pi”\|§i}20 < 1/4. Then there exist py,0y,11,P1,Th, with p; <
Po < Po, 61 < 6y < o Wy < flg < Ho, T < Ty and By > B > 0 such that Egs.(3.18),
(3.21), (3.22), (3.24) admit a unique solution (wy, ®1,®1,X,) in [0,T1] with @y €

l,a a l,x
p1,01,u1,B1,1 o1 € Bp],el,%‘,ﬁ.,T] and ¢, X, € BP]thTl.

Theorem 5.4 (Construction of the vorticity distribution). Suppose @ € B

Notice how the vorticity correction ®;, as compared to the leading order wy,
has lower regularity in the spatial variables (x,Y), and a slower exponential decay
when |[Y| — oo

We now state the convergence of the dynamics of the vortex layer (as ruled by
the Euler equations) to the dynamics of the Birkhoff-Rott equation. We find more
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convenient to state the convergence result using the eulerian variable x rather than
the lagrangian variable £&. We remark that the vorticities @; and the curves ¢;, that
in the above Theorem have been constructed using the Lagrangian variable &, given
the analytic invertibility of the change of variable x — &, they can be expressed as
analytic functions of the eulerian variable x.

Let a vortex layer initial datum (@™ (x,Y), ™ (x)) be given. The above Theo-
rem 5.2 and Theorem 5.4 have constructed the solution to the Euler equations in
the form of a vortex layer solution (@, ) with @ = wy(x,Y,t) + €0, (x,Y,¢) and

@(x,t) = @o(x,t) + €@ (x,1). Moreover, taking p; < p1, 6) < 6y, T) < Ty, one can

~ o 2,0 . . . ~
assume (@ € B, . x BY”, .. To simplify the notation we rename pq,
(@,9) P1,01,11,B1,Th p1,B1,T pily p1

A o ~ 1,a 2.0
0, and 77, and assume (@, Q) € Bphehul,ﬁl,Tl X BP17I317T1’

We can therefore compute the vorticity intensity of the vortex layer:
Y1) = / &(x, Y, 1)dY’

l,x
and say that y € Bpl,ﬁl,Tl
Consider the Birkhoff-Rott equations:

(5.3) XY+ (UR) =0
(5-4) at(ps +Uax(Ps =V
where

(Uv V) = BR[%‘: (Ps]

being BR the Birkhoff-Rott operator defined in (3.5). Initialize the BR equations
with the initial vorticity intensity of the vortex layer and with the same curve which
the layer is based on:

(.5) %(x,t=0) = 1 Tan (Y)Y gy(xt=0) = 9" (x)

From the results of [49, 12] we know that there exist p;, > 0, B, > 0, Ty > 0
with p; — BTy > 0 such that the BR equations admit a unique solution (7, @s) €

1, 2.0
B’ X B .
pS7BS77:Y pS7BS~,T:Y

Define p = min(py,ps), B = max (Bi,Bs) and T = min (73, T).
Next Theorem states that the BR solution is a good approximation of the vortex
layer solution.

. ~ 1, 2,
Theorem 5.5 (Convergence to the BR solution). Let (@, @) € B p.%,u, g1 X BP% the

VL-solution of the Euler equation with VL initial datum (®@™,@™). Let (Y, @) €

B:,’% X Bf)”oT‘ the solution of the BR equations with initial datum given by (5.5).

Then:
In=7l5 g7 <ce o=l <ce



20 R.E. CAFLISCH, M.C. LOMBARDO, M.M.L. SAMMARTINO

6 Mathematical preliminaries

In this Section we present some miscellaneous results that will be used through-
out the paper.

6.1 The Abstract Cauchy-Kowalewski Theorem

We first state a fixed-point Theorem, the so called Abstract Cauchy-Kowalewski
Theorem. Consider the equation

(6.1) u+F(u,t)=0.

Let {X, : 0 < p < po} be a scale of Banach spaces with norms |- |, such that
X C Xprand |- |pr < |- |, when p” < p" < py.

Theorem 6.1 (ACK). Suppose that there exist R > 0, pg > 0, and By > 0 such that
for0 <t <T < py/Po the following statements hold:

(1) if p is such that 0 < p < po — PoT, then the function F(0,1): [0,7] — {u €
Xp: Os<1t1£) lu(t)|p < oo} is continuous and
SIST

[F(0,0)]py—poe < Ro <R

(2) if p’, p are such that 0 < p’ < p < po— PoT, then the function F (u,t): [0, 7] —
X, is continuous for all u such that {u € X, : sup |u(t)|p <R};
0<t<T

(3) if p’ and p(s) are such that p' < p(s) < po —BO_S and if u' and u* € {u :
u(t) € Xpy—por - Os<u£> |u(t)|py—poyr < R}, then
<t<7

=
F ul,t —F uz,t ISC/ dsip(s)
Pl Pl <c [ast S0

where C is a constant independent of t, T, u', u?, p, p, p(s).

Then there exists 3 > By such that for all 0 < p < po Eq. (6.1) has a unique solution

u(t) € Xp,—p; witht € [0,p0/B]. Moreover, sup |u(t)|p <R.
p<po—pt

For a proof of the above Theorem see e.g. [45, 9] and [34, 14] where a version
that allows mild singularities in time is given.

6.2 Cauchy estimates

We now present some Lemmas, that will be used in the analysis of the various
nonlinear terms present in Eqs.(3.18) and (3.21); the proof of these Lemmas are
based on the use of the Cauchy estimate of a derivative of an analytic function.
Throughout this section / > 0 is an integer.
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Lemma 6.2. Let f € Bi)’ff‘. Ifp’ < p” then

11155
p'—p
If the derivative is with respect to the Y variable, because of the angular shape

of the region of analyticity, shrinking the strip of analyticity, one can also bound
linear growth in Y.

6.2) 10115 <

Lemma 6.3. Let f € By o, . If 6/ < 0" and If ' < "

@ iR a——
(6.3) 10y fll; pr g7y < o _g TH 11,07 67

(o)
H‘f||l,p/76//7ﬂ, ||f||l pl 6/ "
0" —¢@' + ‘u// ‘LL ”lep/ o'.u'

(6.4) HYanHz(,(;)/,e/,u'S

We finally state the following Lemma that can be easily proven using the above
Cauchy estimate.

Lemma 6.4. Let f € Bi)’?fe, and g € nge” - Ifp’ < p”, then

1815 o
17368115 0rae < I i 0= gt
and, if9’ < 0"
()
FRRIC)) < (o) Hg”hp’ﬂ”,#'
Hf ngl,P',el-,Hl ~ CHle,p’,G’W

6.3 Estimates on the Birkhoff-Rott operator and on the macroscopic
velocity

We introduce the notation:
Sy= y(l) _ }/(2), Sy = 1//(1) _ 11’(2), sx=x1_x@ so=00_0®
We state the following results:
Proposition 6.5. Ler ¥ € By, y() € By* and X) € By® fori=1,2.
Then BR[YY), ) X)) € B,l)’a and

|22y, W, xV]— 221y, y® X% < (|157]1%

%8
For the proof see [49] or [12, 13].

Proposition 6.6. Let Q) € BG |, w) € By* and X\ € By fori=1,2.

Then .#/|QV), y® xV) € B)G and

1@,y xO)—a1Q y@ XDy < (18201, +118Wll5p +18X157 )
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Given the expression (3.10) for ., the proof of Proposition 6.6 is an immediate
consequence of Proposition 6.5.

7 Construction of the skeleton of the layer: proof of Theorem 5.2

A preliminary crucial step in the construction of the vortex layer is to show that
1(&, 1) and @y(&, T), remain analytic up to a time 7.

We define the following quantities:
(7.1) .

W& = [ @Yy, wE)=[ @y, 5E=[ oErar

We integrate in Y, from —oo to oo, Eq.(3.18) and find the following evolution equa-
tion for yp:

e de (WABXZ,) 0:

+ 85 Xo 1+ 85 Xo ’

(7.2) W — Ay~ 1
to derive the above equation we have used

/dYa)oéY/dYa)o /dYa)oéY/deoéY)
From (3.14) and (3.6) one derives

! -
(73) Mly—o=2R0+ 5[0 — 0%

where
1+ i[1 + 9 Xo] ' 9 o
1+ [1 + 8§Xo]‘285 (p()2
and recognizes that in the equation for 7}y, equation (7.2), it appears also the quan-
tity [}/J Y% ] To get a closed system one has therefore to find an equation for
%~

Integrating in ¥ Eq.(3.18), first from O to o and then from —eo to 0 one gets the
following equations:

to =

1 I B )
¥y + 1+ 9: X {2?’3957’0 1o — 5?’37’0 3§fo+}’o+3‘ge%‘%o} =0

I T o T B
Iy + TagXo [270 e 1o+ 57’37’0 ety + %, 85%%0} =0

Subtracting the two equations one derives:

o (Y5 —% )+

! 1 Fu 1 —\2 <u — ”
T&;Xo {—2703670%—4 [73— % —%) } elo+ (% —%) 8&%’,@0} =

(7.4)
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The two above equations (7.2) and (7.4) are two equations for ¥ and (}/5’ Y% )
Given that the operators A% and .#( depend, beside }p, also on ¢ and Xy, (7.2)
and (7.4) have to be coupled with the equation ruling the motion of the curve ¢y:
(7.5) I = Mgy
and the equation ruling the dynamics of Xy, that can be derived directly from the
definition of X given in (3.17)
(7.6) eXo = M |y—o

The equations are initialized with

YO(&,T— ) Y(l)(é)a ( )(é T= ) (rya‘_,yo—)m
@0(&,7=0)=0"(&), Xo(§,7=0)=0
where, obviously, ¥*(&) and (¥ — 7)™ can be computed from @™

An immediate consequence of the estimate on the A% and .# operators, and

of the expression of .#|y—o given in (7.3), is the following estimate on .Z|y—o
Proposition 7.1. Let }/(()i) € B;,‘a, (p(gi) € B,z;a and Xéi) € B%,’a fori=1,2.
Then ()", 08" x"Yly—o € BY®, and

21", o8 X5V — a1 0 XD o\ <
e (I815% + 1806 = %)% + 18 gull S + 18%o15%5)

The system (7.2), (7.4), (7.5) and (7.6), with the use of the ACK Theorem, and
with the help of Propositions 6.5 and 6.6, can be easily proven to admit a unique
solution [}/0, }/5’ % > (po,XO] in the appropriate analytic function space.

The following Proposition therefore holds:

Proposition 7.2. Suppose o™ € BY% and ¢™ € By®, with ]\(pi"\\g?;,) < 1/4.

P0,60,40
Then there exist By > 0 and Ty > 0 such that the system (7.2), (7.4), (7.5) and (7.6)
. . _ . 1 B!
has a unique solution D/o, y()* % ,(po,Xo] with Y € BP;)?ﬁO,To’ 70 % € poaﬁo T
(p()EBp Bo.T andXOEBpOﬁOT

The above Proposition states the a priori analyticity of the zero-th order total
vorticity strength }p and of the zero-th order approximation of the base curve ¢y.
This ends the proof of Theorem 5.2

Remark 7.3. In the equation for @y, that we shall analyze in Section 9, the functions
that we have just constructed, ¥, % — % , @o and X, appear through their first
derivatives. One can see this, for example considering the convective term along
the Y direction where is present the term dg.Z'; this operator involves the BR
operator (and therefore Jp and Xj) as well }/0+ — % and @p. Therefore we shall need
higher regularity. This can be accomplished simply by shrinking the analyticity
strip and by making shorter the time of the existence of the solution; therefore we
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can say that ) € B> ﬁ N where pg < pPo, ﬁo > By and Ty < Tp. To keep the notation

simpler we rename the new widths of analyticity and the new time of existence to
say that:
€ BPO Bo.To’ YO % < BPo Bo. T’ Xo € BPO Bo.To’ and P €B Po,ﬁo To*
8 Potential estimates

In this Section we shall state some basic estimates that will be crucial in our

development.
Define:
Ha(x,y) 1 sinh (2y)
X, = 90 . .
)T 82 in? (x) +sinh? (y)
1 sin (2x
HV(X,_)/) = - ( )

872 sin? (x) +sinh? (y)
The velocity field (U,V) generated by a vorticity Q has the following expression:

x+Z
U(x,y,1) / 2/ H,(x—x',y=y)Q(x', ;1) dx'dy'

x+”/2 / / / / / /
V(x,y,1) / Hv(x—x,y—y)ﬂ(x,y,t) dx'dy
x—m/2 J—oo

We want now to write the velocity in a frame adapted to the curve @(£). Recall
that the comoving variables (£,Y) adapted to the curve ¢ are defined as:

x=E+X(&, 1) y=eVY+o@)

where the Lagrangian factor X is given by (3.16).
In terms of the comoving variables & and Y the Biot-Savart kernel takes the
form:

(8.1) (8,8 Y —Y') =
RS sinh2[e(Y —Y')+@(E+X) — (&' +X')]
872 sin’ (§ — &'+ X —X') +sinh’ [e(Y —Y') + @(§ +X) — @(&'+X)]
(8.2) H(8,8Y —Y') =
1 sin2(§ —&'+X-X')

872 sin? (E — &'+ X —X') +sinh? [e(Y —Y) + 9(E +X) — (& +X)]
SO that the velocity field, in its dependence on the real variables & and Y is written

83) U(&,Y,1) = // (8,8 Y -YNQ (&Y 1) J(& T)d& aY’

E+3

(8.4) V(& ANEE Y —YNQ (&Y 1) J(E T)dE aY’

_T

2
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FIGURE 8.1. The path P(Y)

where:
(8.5) J(&,7) =1+0:X(&, 7).

The above expressions assume & and Y real. Following [4] we now show how
the above expressions can be extended analytically for (§,Y) € D(p) x (). First
we notice that, concerning the variable & = &g +i&;, by a contour deformation, one
can take the path of integration parallel to the real axis and passing through &, i.e.
&' = &} +i&;; the expressions (8.3) and (8.4) for U and V can be written as:

Eot
B.6)U(E /ﬂ/ J(EE Y —Y)Q(Ep+iE, Y, T) JdERdY'

(8.7)V(§,Y,r):/7 / ANEE Y —YNQ (& +i&, Y T) JdEgdY’

%
where P(Y) is a path of integration in £(6). By contour deformation we can choose
P(Y) such that P(Y) C (£(6) —C(Y))U{Y } where the cone C(Y) is defined in the
following way:

CY)={a+ibecX(0):|Yr—a| <|Yr—D0|, |Y;| >|b|,Yr-b> 0}.

With the same procedure adopted in Proposition I.1 of [4] one can see that (8.6)
and (8.7) define two analytic functions in D(p) x £(6). We now show how to
conveniently parametrize P(Y) choosing, as parameter, the variable Y}, see Fig.8.1.

In fact, take
(8.8) P(Y) =Yg +ip(Y,Yg)

where p(Y,Y}) is chosen to satisfy: 1) p(Y,Yg) =0 when |Yg — Y}| > |Y;| 4+ A, with
A > 0; and 2) p(Y,Y;) = Y; +iY; in a sufficiently small neighborhood of Y. This
choice of the path of integration will allow, when evaluating the difference between
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velocities calculated at two points (&,Y) and (E,7) (which is needed to bound the
Holder modulus of continuity), to choose the same path of integration when ¥; = Y7,
or two paths of integration differing by a small circuit, of size |¥; — ¥;| otherwise,
see Appendix E.3.

The function p(Y,Y}) can be chosen to be C2, with bounded norm, and with
bounded derivatives. The bound can be chosen to be independent from Y. Using
the path P(Y) the velocity can therefore be written

/R G —Temip(r):

(8.9) (éR + zéz, Ye+ip(Y,Yg),7) J (1+ iy p)dEpdYy
e = [ [ AEET V-1

(8.10) Q&+ zé‘z, Ye+ip(Y,Yg),7) J (1+idy; p)dErdYy

8.1 The basic potential estimates

The following Proposition gives an estimate of the || - ||(*)-norm of the velocity
(U,V) in terms of the || - ||(*)-norm of the rescaled vorticity.
Proposition 8.1. Ler (U,V) be expressed by (8.9) and (8. 10) where Q € Bp 0.1

(ONS Bp7 and X € B ', with H(p” < Cy, and with HXH < Cx, being Cy,Cx
two constants suﬁiczently small (for example smaller than 1 / 4). Then U,V € B%
and the following estimates hold:

p,6’

(8.11) ) < clells,
8.12) VIS < el

The proof of the above Proposition has been postponed to Appendix E.

We remark that the above Proposition would be valid also in the usual Holder
spaces, as it is apparent form the proof where it is clear that analyticity is only a
complication.

The velocity (U,V), as given by (8.3) and (8.4) depends also on the curve ¢
and on the Lagrangian factor X, as it is apparent from the expressions (8.1) and
(8.2) of the Biot-Savart kernel. Denoting with (U[Q, ¢,X],V[Q, ¢, X]) the velocity
field in its dependence from [Q, @, X] we now give the Lipschitz estimate.

Proposition 8.2. Let [Q(), o) X ()] ¢ B g4 X By® x By® for i =1,2. Then the
following estimate holds:

p,0,u

juie, oM. xV-uie®, 6@ x| 1% < |50l

+18911% + 118X 111% |

VoW, oM, x V-V, ¢ x| < |52,

@ +18911% + 118X 111% |

p.6.u



VORTEX LAYERS OF SMALL THICKNESS 27

The proof of the above Proposition is postponed to Appendix F.
The two above Propositions will be applied in Section 9 to the velocity field
(ug,v0), (u1,v1) generated by the vorticity @y and @;.

8.2 Approximation of the velocity field inside the layer.

An important ingredient in the construction of the solution ®; are the next re-
sults saying that the term % is O(¢) inside the layer and that outside the layer the
growth in Y is linear in Y so that it will be easily tamed by the exponential decay
of the vorticity. We stress that for these results to hold one must have sufficient
regularity for the vorticity, the curve and the lagrangian factor.

Proposition 8.3. Ler Q € 32797 wYE Bf) and X € Bz. Then the following estimate
holds:

12(Q,y.X) (- V) [5) < ce(1+7Y)
where the value of the constant ¢ depends only on || Q|25 6. u,

Vlls,p and [|X|]3p.

If one looks at the expression (3.11) one can see how the size O(€) derives
from the difference between 1/.,7 and 1/ Ji{,?: however the difference of the two
kernels gives rise to a stronger singularity that must be compensated by the fact
that 7 (&,E',Y")=0at &’ = &. To exploit this fact, however, one must have higher
regularity. The details can be found in Appendix G.1.

We now consider the more specific case when Q = wy, ¥ = @ = @y + £¢@; and
X =Xy +&X;.

l,a

9w 90.X0 € By, while g1, X\ € By®. Then the

Proposition 8.4. Let wy € B
following estimate holds:

1% (@0, @0+ €01, Xo +€X1) (-, V)| < ce(1+7)

La

.2
0.1 of ¢o,Xo in By, and

where the constant ¢ depends on the norms of @y in B
. 1,
of @1, X1 in By~

The idea behind the proof of the above Proposition is that, shrinking the strip
of analyticity of @y, ¢y and Xy, one can get the regularity required by Proposition
8.3. On the other hand, the higher order correction deriving from ¢; and Xj, it is
already O(¢€), and one does not need to use the smallness of the difference between
1/ Ji/vf and 1/.#, so that higher regularity for ¢; and X; is not necessary. Some
more details is given in Appendix G.2.

We now pass to proving the Lipschitz property of the operator . We denote:

5% =2QV, go+ep M X0+ exV) — 2(QD, gy + 0, Xo + eX?)
0wy = wé” - éz), Sor=pV— P, 58X ZXI(I) —Xl(z)

Notice how, in computing the variation of %, we are holding fixed the leading order
approximation of the base curve ¢y and of the lagrangian factor Xy. This is appro-
priate because the Proposition below will be used in constructing (beside @y and
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@) the corrections @ and X, given that the leading order ¢ and Xy have already
been constructed in Section 7, Proposition 7.2, and therefore will be considered as
given.

Proposition 8.5. Suppose a)é) eB"¢ @ and Xy € B,Z,’a, while @, D and X0 ¢

P60,
B:,’a. Then the following estimate holds:

1821157 < ce [(1+Y) 8@l p.0. + 15111 + 18X 11%
where the constant ¢ depends on the norms of Qg and Xy in B’Z,’a.

The results in the above Propositions will be fundamental in compensating the
£~! terms appearing in the equation for @;; in particular in the terms G, and Gy,
defined in Section 9.2 below. The meaning of the above estimate is that the velocity
inside the layer is well approximated by the operator .# and, given that the .# —
Moy = O(€), by A also. Looking at the expression (3.14) for .# it means that:

u—Iiv=

B (00, 0.%0) + 5 [ | aigyhar'- [ :wo@,mczy’} o)  Vr<c

C being a constant independent from €. The above formula means that inside the
layer the dominant contribution to the velocity is given by the Birkhoff-Rott motion
of the curve plus a local (in the sense that involves only the vorticity at the point &)
integral operator.

From Proposition 8.3, however, one immediately sees that the discrepancy
grows with Y so that outside the layer the velocity field is not well approximated
by ./ a different approximation is in fact valid far away from the layer.

8.3 The far field approximation

Outside the layer the velocity field converges to the velocity field generated
by the vorticity concentrated on the curve; i.e. by a vortex sheet of total vorticity
strength y where y(&) = [*_ Q(&,Y)dY’. We therefore define the far field velocity
as:

' +iv = Z(Q,

5+n 2n+1 (gl /) d /dyl
27:12/ /.§+n2n e E—E+X—X+ily—vy +¢eY] 5 N

E+m(2n+1)/2 Y(E)
Zm Einn-1)2 E—E+X —X'+i[y—y +¢€Y]

(8.13)

where, as usual, X =X (&), X' =X(&"), y=yw(§+X) and y' = y(&'+ X'). We
can now state the following Proposition:
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Proposition 8.6. Ler Q€ B, ¥,X € By* with Hl//||§0:)) A <14,

Moreover let |Y| > &', Then:
(@) —u/(3¢)
15 | (7 +70)) ot 00

where f(Y) > 0 has a rate of decay in'Y rapid enough to make it integrable in Y.

lu+iv—(u + i)

We recall that 7 is present in the stretching factor X = [y u(&,Y = 0,7)d7.
From the proof one can see that the decay of f(Y) is O(Y ~2). We also remark that
the above estimate would also hold for Y > £~ ¥ with 0 < x < 1, the only difference
being the fact that the exponentially small term would be O(e#/(2¢%)). The proofs
of the above two Propositions are reported in Appendix G.

9 Construction of the vorticity distribution: proof of Theorem 5.4

This Section is devoted to the construction of the leading order vorticity @y, of
the corrections w; and ¢; and X, therefore, to the proof of Theorem 5.4.

The equations are (3.18), (3.21), (3.22) and (3.24). We recast these equation in
a form suitable for application of the ACK Theorem in the integrated in time form.
We define the vector:

Y= [0)07 wh(plaxl]T
so that equations (3.18), (3.21) and (3.22) can be written as

©.1) ¥4 K(W,7)=0

where K = [Kgy,, Ko, Ko, s Kx, )7 . The operators Kgy,, Ko, Ko, and Kx, express the
righthandsides of equations (3.18), (3.21), (3.22) and (3.24), integrated in time;
their explicit expressions is given below in (9.3), (9.4), (9.6) and (9.7). To simplify
the notation we introduce the following definition

o l,a
Definition 9.1. Let‘Bpeu_BpeuxB

we define the following norm:

X B},’a X B1 "% Then for ¥ € B¢

p.O.u/2 p,o.u

1111573, = o]l 6, + 1l + ol + 121155

Analogously, fort €10,7] and B,p, 0, 1 such that 2BT < min(p, 6, ) we define

B T_B x B% x B x B and:

p.O.u.pB, p.0.u.B.T p.o.u/2,8,T Lp,B.T Lpp.T 2

L o R P R P (P b

Notice how, for the higher order vorticity @y, we are requiring more regularity,
with respect to the variables x,Y, than for ®;, and a faster exponential decay when
|Y| — oo. Analogously for ¢; and for X; we require less regularity than what we
obtained for the leading order ¢y and Xp.

The proof of Theorem 5.4 is based on the following Proposition:
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Proposition 9.2. Suppose that ¥V w2 ¢ B with:

p.0.u.B.T

pﬂuBTSR

Moreover let T < T and suppose that for all 0 < s < T one has that 0 < p’ < p(s) <
Pp—PBs,0<0 <0(s) <O—PBsand 0 <y’ < u(s) < u—Ps. Then the following
estimate holds:

)¢

K@D, 1) — k(P )| &), <

C/f W‘P“)—‘P(”\!\f)o(‘s)),e/,u/+H|‘1’(”—‘P(2)H!fﬁ’,)e(s>,w+\H‘P(”—‘P(Z)Il\fﬁi)egu(s) .
0 p(s)—p’ 0(s) — 0’ p(s) — ' '

9.2)

To prove the above quasi-contractiveness property of the operator K = [Kgy,, Ko, s Koy, Kx, )7,
we pass to analyze each component.

9.1 Contractiveness of K,

The operator K, has the following expression

2 T
9.3) K (¥, 7) = Z/O Fj(ax,s)ds
j=1
with 5
_ u u éwo
Fi(o,7) = {///0 ‘//0|Y:0} I+ 0:Xo
dy
u /
F(ax, ) / Oe My dY' ——— (40X

Notice how the operator K, depends explicitly only on @y. The fact that K,
satisfies the estimate (9.2) is an obvious consequence of the following Proposition
giving the quasi-contractiveness of the operators F;.

Proposmon 9.3. Suppose ™ € Bpo 00,10 AN @™ € ByY, with o™ (IS, < 1/4. Let
p'<p<po B <0 <6, 1 << U, then the operators F; satisfy the following

estimate:

.60 Y hpouw O} 5o
p—p 0—0 p—p

(@)
<
17P/79/7.u/

Fo) = F(o®)|

|l — ot lo® -

foranya)() o? eBpep

The proof can be found in Appendix H.
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9.2 Contractiveness of K,

The operator K, has the following expression:

7

(9.4) Ko, (W,7) = ) Gj(an, 01,91,7)
j=1

with
T u_ g //l Ry A
o= [t A iy
e Jo 1+0: X 1+ 9z Xo
%’”4—8141 (:@u—i-gul)y:o
02 = s/o{ 1+0eX I ds
— l ! u / u
@ = 8/0 {|:1+85X/ G MY 1+a¢xo/ 85///0dY]8ya)0}

1T ’
6oz | \rage Ly o2 vewmiar [oran s

uo + €uy — (uo+ €uy)y—o
= ) d
G5 /0 { 1+8§X 5601} S

_ ! 1 v /
G6:_/0 {1+8§X [/() 85uodY] (9y(1)1}ds

T Ul — Uyl
1= ./0 { [_aé(pH_al;YXO i _V1|Y—0] aYa)l}dS

The following Proposition gives the quasi-contractiveness of the operators G;.

Proposition 9.4. Suppose that ¥\ € Bl o, wp,r With ) Hp oupr <R More-

over let T < T and suppose that for all 0 < s < T one has that 0 < p’ < p(s) <
p—PBs,0<0 <0(s) <O0—PBsand 0 < pu' < u(s) < pu—Ps. Then, for j=1,...,7
the following estimates hold:

1G; (¥, 7)— (‘P2 )2 <

C/f W‘P“)—‘P(Z)H\%),W+HV‘P“)—‘P(Z)H!,(,‘Z)Q(W+H\‘I‘1 _ H\p/,e/,u(s) N
0 p(s)—p’ 0(s) — 0’ p(s) — ' '

9.5)

The fact that G| and G35 are O(1) is a consequence of the fact that .#Z — % =
O(g), 1/(1+0eX) —1/(1+deXo) = O(€). The operators G, and G4 are O(1)
because Z, inside the layer, is O(¢g), while the linear growth outside the layer (see
Proposition 8.3) is bounded by the exponential decay of ay.

The contractiveness of the operators Gs, Gg and G7 is based on the use of the
Cauchy estimate, on the higher regularity of @y, and on the potential estimate of u
and u; in terms of the vorticity @y and ®; respectively.
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The details can be found in the Appendix I.

9.3 Contractiveness of Ky and Ky,

The operators Ky, and Ky, have the following expression:

1 T

(9.6) Ky = 5/0 (A" — MG+ R+ €vi]y_yds
1 T

(9.7) Kx, = E/o (A" — M+ R+ eur]y_yds

The contractiveness of these operators is an immediate consequence of Lemma 1.2
and of Proposition 8.5 stating, besides the Lipschitz property, also the smallness
needed to compensate the factor £ !.

This completes the proof of Proposition 9.2. One can therefore apply the ACK
Theorem to the system (9.1) and construct the solution [ay, ®1, @1, X;]7. Theorem

5.4 is therefore proved.

10 Convergence to Birkhoff-Rott: proof of Theorem 5.5

In this Section we shall give a proof of Theorem 5.5, i.e. we shall prove that
the solution of BR equation, that we shall denote with (7, ¢;), gives a good ap-
proximation of the dynamics of the vortex layer: namely the BR equation, up to
O(¢€) terms, describes correctly both the vorticity intensity of the layer y (i.e. the
vorticity integrated across the layer), and the curve ¢ around which the vorticity is
distributed.

To prove Theorem 5.5, given that Y = % + €y and ¢ = @y + €@y, where, after
shrinking the strip of analyticity,

o o
”ylH(LP)lﬁl,Tl <6 H(plugyf}lﬁlﬂ <¢

it will be enough to prove that:

=000 5 <ce. o= oollsh) 5 < ce.
Our proof will be based on the fact that the equations ruling the dynamics of
and ¢y, i.e. equations (7.2) and (7.5) respectively, when written in the Eulerian
frame, coincide, up to O(¢€) corrections, with the BR equations (5.3)-(5.4). In fact
the equations for }p and ¢y can be written as:
(10.1) %Y+ 9x (WBRG) = Ei
(10.2) 0:¢90+ BRy0x @0 — BRy = E»
where the terms (E}, E») = O(€) have the following explicit expression:
(10.3) Ey = —[u® —oMgly_o 010 + (1 — 6] 9:(%BRp)
(10.4) Ey = —{[u® — BRg) 0o + BRy — Mgty _
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being the definition of ¢ given in (J.2). The details of the derivation of the above
system can be found in Appendix J. Notice how the system ruling (70, ¢o) has the
same structure of the Birkhoff-Rott equations:

(10.5) Y + 0k (WBR'[5, ¢s]) = 0
(10.6) 0 @5 + BR"[Y;, 9]0 0s — BR[Y;, 5] = 0

the only difference being: the fact that (7}, ¢p) are transported by the BR operator
computed using 9y and ¢y (we recall the notations BRy = BR|[Y, ¢y] while BR =
BR[y, ®]); and the presence of the terns E; which however are O(g). In fact the
following Lemma holds:

Lemma 10.1. Suppose to hold the hypotheses of Theorem 5.5. Then E = (E|,E;)
satisfies the following bound:

\|E|]1pﬁT,<c£.

The proof can be found in Appendix J.

Given that (Y, ¢@p) and (y°, ¢*) satisfy systems with the same structure, the
only difference being the presence of the O(¢€) term E, and that they have the same
initial condition, to see that they remain at an O(¢) distance is straightforward.
The sketch of the prof goes as follows. Define e = (¥ — %, @o — @)’ . Taking the
difference between (10.1) and (10.5), and between (10.2) and (10.6), one gets:

(10.7) de+H(et)=E
where

_( 9x(e1 BR"[30, 0]) + (1 W")
(108) H— ( Wuax(Po-i-BRu[%,(Ps]axez—Wv

being:
W = (W, W")" = BR[y, o] — BR[%, ¢,].
The forcing term is E = (E1,E>)T.
Equation (10.7) governs the discrepancy between between the BR solution and
the vortex-layer solution. The initial condition is

e(x,t =0)=0.
Define:

elll) 7 = llea]®) .+ leall 5
Given that the forcing term satisfies:

HEHlpﬁ 7> < CE.
and the fact that (see the estimate reported in Proposition 6.5 or [49, 12, 13]):

W 5 <elllelll ;
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one can easily prove, through the ACK Theorem, that (10.7) admits a unique solu-
. . l,a 2.a
tion in BPIiT X Bpﬁ,T and that
(@)
lell|(% < ce.

The proof of Theorem 5.5 is therefore achieved.

11 Conclusions

In fluid dynamics, configurations where vorticity is very intense and highly
concentrated are ubiquitous and very relevant. They typically arise when a high
Reynolds number flow, interacting with a solid boundary, generates huge amount
of vorticity that eventually detaches from the boundary in the form of strong vor-
tex cores or layers of intense vorticity. From the mathematical point of view the
analysis of these configurations is challenging: the presence of strong, potentially
unbounded gradients, makes classical estimates useless.

A solution that has been adopted was to tackle directly the singular data, as-
suming the vorticity to be concentrated on zero measure sets. This approach, for
the case of a vortex sheet and with a combination of heuristics and classical po-
tential theory, led to the derivation of the Birkhoff-Rott equation, describing the
evolution of the shape of the sheet and of the vorticity intensity. More advanced
mathematical arguments, pioneered by DiPerna and Majda in late eighties, led to
Delort’s result, establishing the existence of a solution for 2D Euler (or Navier-
Stokes [37]) equations with a distinguished sign Radon measure as vorticity initial
datum. The question of uniqueness was left unsolved and no indication on the
possible relationship with the BR equation was given.

In this paper we have considered the 2D Euler equations, with a sequence of
data consisting of vorticity layers centered around a curve; the main hypotheses
are the analytic regularity of the initial vorticity distribution and the exponential
decay away from the curve. The size of the layer is O(¢g) while the vorticity inten-
sity is O(e~!). We have shown that the Euler equations, written in the comoving
frame, admit a unique solution and that this solution remains exponentially decay-
ing away from a curve that moves, to the leading order, as predicted by the BR
equation; therefore giving a rigorous justification of the BR equation. In this sense
analyticity seems to be unavoidable, because the BR equations are subject to ill-
posedness due to Kelvin-Helmholtz instability. Alternatively, one can consider our
result as a partial answer to the problems left unsolved by Delort’s theory, showing
uniqueness of the solution and persistence of the layer structure when the initial da-
tum has the kind of analytic regularity we have considered, even without assuming
the vorticity to be of distinguished sign.

Several problems suggest themselves as consequences of our analysis, and here
we mention three of them. First, the Theorems proved in this paper are short time,
meaning that after a certain time, that however does not depend on the size of the
layer, our equations may develop a singularity and the layer structure is lost. It
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would be interesting to know whether the break-up of our construction is due to
the ejection of vorticity from within the layer into the outer (i.e away from the
curve) flow, maybe due to the unbounded growth of the normal velocity; or it is
simply due to the development of BR curvature singularity of the curve supporting
the vorticity, a possibility that however in some cases [20], is ruled out; or to the
development of some other kind of instability. Second, in the present paper we
have neglected the role played by the viscosity, and therefore the justification of
BR equation as a good zero-viscosity approximation of the Navier-Stokes equa-
tions remains open. Usually viscosity is a regularizing phenomenon but there are
cases where its presence can trigger instability: a noticeable example is encoun-
tered in boundary layer theory, where inviscid Prandtl equations are well posed
[26], while the full Prandtl system is probably ill-posed [24]. Finally it is worth
mentioning that the present analysis is restricted to the 2D case, where the exis-
tence of the solutions is not an issue, due to the global existence results. In 3D,
however, initializing Euler equations with data of the kind we have considered
here, would lead to solutions existing for a time that would shrink to zero with the
size of the layer. Extending our result to the 3D case would establish the existence
of the layer solutions for the Euler equations and therefore would be an interesting
achievement.

Appendix A: Derivation of the Euler-VL equations in the comoving
frame

Consider the change of variables (x,y,7) — (&,Y, 7) defined as:

(A.1) x:§+X(577)7 y:8Y+l//(§,T), T=t
where
(A2) X@,QEE/WMx@,ﬂLY::QTﬁdﬂ

0

We make the following Remarks:

Remark A.1. When d; acts on the (vector or scalar) quantity .% it holds:
d
IF =0T — . NF
at

To prove the above Remark we denote the old variable (x,y) with r, and the new
variable with #/. Therefore:

O F (r(r,7),1(1)) = 3; VI + g;a,ﬁ = g; VT +0,.F

from which the Remark follows.

Remark A.2. One has that

— = uYt WYy
37 u'x+vty
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where £ and ¥ are the cartesian base vector. In fact by definition one has that
r = x£+ ¥, and to prove the above Remark one has just to consider that d;x = uY
because of (A.1) and that d;y = v¥ because of (A.1) and of the fact that, having
imposed the curve to be transported by the flow, one has that d;y(§,7) =v¥ .

Remark A.3. One has that, for the scalar quantity .7:
_ 1 _

VI =2 (14X (6] 0T+ - (- (14X (&) Gy ) oy
To prove the Remark we use the following expression for the gradient (see [50]
pag.630, Eq.(93)):

VF =ad'0; F +d* T
where @' can be found using @' - a; = 5} (see [50], pag.624 Eq.(67)), being:
ay = Xdgx+yogy, ar = Xdyx+Ydyy,

see [50] pag.628 Eq.(82). From (A.1) one gets that dgx = 1+ 0g X, dgy = dg ¥, and
one immediately finds:

d=£[1+X:(60]) ", @@= (<o [14X:(E,0)] 2 49)

where we have introduced the notation:

T T
MS)X@J%iAu@J:QﬂMﬂ Xd&ﬂ=[;%M&Y=Qfo
Therefore the Remark follows.

Using all the above three Remarks, one can finally write:
(A@@y:&f—”w%ﬁ>l(w—”W%w>@y.
[1+Xe(8,7)] € [1+Xe(8,7)]
Using the same expression for the gradient given in Remark A.3 one can also cal-
culate
u

1 u
A5 NF=— = T4 v ey | KT
(AS)  uVF 1% 0] ¢/+8<v (X (.7 gll/> y F

Using Egs. (A.4) and (A.5) one can write the Euler equation (2.4) in the co-
moving frame:

_(u—u¥) i ﬂ—i-(v—v"’) =0
[1+X:(&.7)] VX8 0)] e

If one write the above equation using the rescaled vorticity @ = @, one obtains
(2.10).

To get the incompressibility condition we use the formula for the divergence
given in [50] pag.631, before Eq.(106):

V-u:al-&gu—i—az-&yu

dr 0+

1
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Expressing u = uxX+ vy, and using the fact that £ and y are constant, one immeditely
gets (2.14).
Appendix B: Decomposition of the velocity

The decomposition formula for the velocity can be derived from the expression
(3.2) through the following computations:

x+7(2n41) /ZQx Y/ QXY/
u—lv—z— Z / / - )/ ( ,)dx/dY/—i-
T, = x+7r(2n—1)/2 K (X X Y Y)

x+m(2n+1)/2
y N YD) vy’ =
27‘[1 p— +n(2n—1)/2 K‘c' (x—x,Y-Y')

x+7(2n+1)/2
27”2/ / QY — Q(xy)dx’dY’—i—

oo +7(2n—1)/2 Ke(x x’ Y — Y’)
y / Y'Y’ /x+”(2"+1>/2 (WA +i0y()
2mi = +xn-1)2 Kg(x—x',Y —Y7)

x+7(2n+1)/2 _Q Y’ Q(x.Y’
Z / / (. ¥') — : (x, /)dx’dY’+
27171”, - +an-1)/2 K§(x—x,Y —Y’)

x+7m(2n+1) /2 ”* _ /
£ [ arawr) | ) P ) (i)
27:1,1, . +x(2n—1)/2 K§(x—x"Y =Y’)
Z / dYQ x Y ( )/x+7r(2n+1)/2 (1+i9x1//(X’)) e
271:1 — +7(2n—1)/2 K{f,(X*XCY*Y/)

n——oo

x+m(2n+1)/ Oy 1 Lo
Y dx'dY
Zmn_zw/ /+7‘E2n 1/2 ’ )K{f,(x—x’,Y—Y’) rart

_% [ / "o vy - /Y o, Y’)dY’] P (x)

—o0

(B.1)
where we have defined
T(x,x,Y)=QX,Y)—QxY)+QxY) (F(x) -7 (x)) (1 +idey(x))

The first equality above is simply a consequence of the fact 7 (x') (1 +iy(x')) = 1
The last equality can be justified as follows. Introduce the change of variable { =
X' +iy(¥') and define z = x+ i[y(x) + (Y —Y’)]. This allows to write the integral
in X’ as a path integrals in C; the paths L, are defined as L, = {x' +iy(x’) withx’ €
x+n(2n—1)/2,x+rn(2n+1)/2]}, and L = |J, L,. Therefore

x+m(2n+1)/2 1+18 ‘//(
i,
227:1/+n2n1/2 K§(x,x',Y — Y’ 2m/&:z 6=
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being the value of the integral +1/2 if the point z lies above the curve (i.e. when
Y >Y') and —1/2 if the point z lies below the curve (i.e. when Y < Y’).

To the expression (B.1) above we now add and subtract the following quantity:
x+n(2n+1)/2
271'12/ /+7z: 2n—1)/2 [Zox; i;d ar'.
Using, see [42], the following identity
H(2n1)/2 (1 4 idey(x )
Z27Fl/x+7r2n N2 Kp(x— x) 27rl/C CO

where {y = x+iy(x) is a point on the path L, one can see that:

x+7m(2n+1) /szx Y)
— 1 2dx'dY’ = BR
Zﬂzz/ /+n am-1)/2 K (x—x') g

=0,

Therefore, from (B.1) the decomposition (3.3) follows.

Appendix C: Details of the derivation of equations (3.18) and (3.21)
We write (2.10) introducing the asymptotic expansion:
D=wy+ 0, O =@y+EQ, U= uy+ Euy

where the zero-th order velocity ug (which is the velocity generated by wy through
the Biot-Savart law) can be decomposed as:

up = M (o, ) + % (o, ¢);

and in fact we shall use the above decomposition for the terms involving the con-
vection of the leading order vorticity @p. As base curve of the reference frame we
shall use the correct @; i.e., in (2.10) we choose ¥ = ¢. One gets:

dr (wp+€my) +
M+ R+ euy — (M + R+ eunr)y_ uo + €uy — (U + €ur)y_g
1+8§X 8§w0+e 1+8§X a€w1+
1 M+ R+ euy — (M + R+ €ur)y_,
_ fa‘:(p

€ 1+8§X

.//v—l-e@v—l-gul —(.//v—l-e@v-l-eul)y_o]&y(ﬂo—f—

Uy + Euy — (u() + Sul)yzo
T+ 0:X

Notice that in the above equation we have used the shorthand notations .# =
M (9, 9) Z = X (m, ). We also introduce the quantity .7 defined as follows

Mo = BRV, Po] + [/ awydY' — / (DodY}

(C.1) —a(:(p +vo+ €Uy —(V0+8u1)y_0]3y(1)1 =0
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being the difference, with respect to .# = .# (wy, @), as defined in section 3.1, in
the fact that the BR operator is computed using ¢ instead of ¢@.

Both (ug,vo) and (u;,v;) are incompressible flow fields. We write the incom-
pressibility condition for (ug,vp) as
e (M +F") 1 dy (M +R")
- _a \4 %V — 0
1+<95X +€ &P 1+8§X (A ):|

that, integrated along the normal direction from 0 to Y, gives:

1+agx [/ O (M"+ )dY}

| [ M+ R — (M + By
_ —(95
£ 1+85X

(C2)

FM+ R (,///V—kﬁv)y_o} —0.

One can analogously derive the incompressibility condition in the integrated form
for (uy,vq):

1 Y / 1 ui —ul‘yzo B
(C.3) 1+5’5X/0 deuydY +2 [-%‘PH_%X +vi—viy=0| =0.

Using the above incompressibiity condition in the integrated form, one can
rewrite (C.1):

%u %y 0 %“—&—Eu] (% +€u1)y:0
O+ +0:X 9+ 1+0:X %

u 13 /!
1+85X [/ O (M" + K +8u1)dY]8ywo+
£, + 22 +E&u ;_flg(;; gu1)y=0 0z 01 —
1+8§X |:/ aéu()dY:| dy @) +

U —Upy=0
(C.4) € [—85(p +vi—1; Y—O} oyw =0
1+0:X |

Notice that, in writing the third line above, we have also used the incompressibility
condition for (u,v) while, in writing the last term, expressing how the vortic-
ity o is convected along the normal direction by (u,v;), we have not used the
incompressibility condition.

In equation (C.4) the leading order vorticity @y is convected by .#, which
involves explicitly the curve ¢ = @y + £¢;. Moreover, in the convection of @y it is
involved the Lagrangian factor X, which depends also on u; and %. Given that our
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goal is to write an equation for @y that involves only the leading order quantities

o and .4, we rewrite (C.4) as follows:

M — My A — My

1+85X 1+8§X0

X" + euy —(%”4-8141)
T+0:X

u / _ 1 /Y u /_ / u _
85.//lOdY ay(x)() [ 0 85% dy 85X0 8§%OdY aya)()

Y:Oagwo _

1+a¢x U 2 (" +8u1)dY] Ay o +

uo+ €uy — (uo+ €uy)
1+(9€X

Y
|:/0 8§u0dY’] oy oy +

Y=0 8§ ) —

€0, + €

1+0eX
up —uyy—o

€ |:—a§(P1+a§)(+V1 _VlY—O:| dyw =0

(C.5)

Finally we write the equation ruling the dynamics of @y where the first two
terms of the first line, and the first term of the the third line of (C.5) appear.

R MY
[1osxy =™ 1+8§Xo/ I AGdY 0y e =0
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All the other terms appear in the equation for ;.

M — My, A — My~
a’ler 10X Trax, | %7
1%”+8u17(%”+8u1)y:0
€ 1+0:X %

1 1 Y u / 1 Y u /
€ [1+8§X/o G MY 1+8§Xo/ 85‘//10‘”] Py

1 u
81+8§X U 2 (% +£u1)dY] Ay o +

uo+ euy — (uo+ €uy)
1+0:X

|:/ aréuodY:| oy o) +

=0 8&(1) —

1+8€X

(C.6) [—85(;)”1 Uily=0

Appendix D: Details of the derivation of equation (3.22)

To derive the equation ruling the dynamics of the correction ¢, we consider
the equation ruling the motion of a generic curve in the adapted frame, Eq.(2.11)
specifying ¢ = @ + £¢,, and write this equation in the reference frame with base
curve ¥ = @ + £¢;. Therefore, given that ¢ = v, the convective term along the
curve cancels, and the equation for ¢ assumes the simple form:

a‘c((po ‘|‘8(P1) = [%V(O)Oa (an) +’%v(woa (PaX) +8v1]Y:0

where we have also used that, by definition, see (3.13), vo = .Z" (@, ¢,X) +
A" (@, 9,X).

Given that we have set the equation for ¢y to be (3.19), one can immediately
write the following equation for ¢;:

1
depr = _ [ A" (0,9, X) + R (o, 9, X) — M (00, 9o, Xo) +€V1]y_g

Appendix E: Proof of Proposition 8.1

To prove Proposition 8.1 one has to prove the estimates (8.11) and (8.12). To
prove (8.11) and (8.12) we shall give an explicit estimate of the Holder modulus

of continuity of the velocity, i.e. we have to bound |U | o and |V| being the

p,6°
estimate of |U|, ¢ and |V|, ¢ easier.
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Therefore we have to prove the following bounds:

UEN —UED _ @

(E.1) up
£.EeD(p).YEX(0) |E — &l p.o.u

(E.2) sup U(E.Y) —_UO(Cé,Y)| 41,
EeD(p).Y.VEx(6) Y —7|

and analogous estimates for V. We recall that U,V are given by the Biot-Savart
law (8.3)-(8.4), with J# given in (8.1)-(8.2) and the Jacobian J given in (8.5). We
introduce the following change of variables:

nzél_év Z:Y/_Y

so that the Biot-Savart law now reads as:

/2 oo
£,Y) _/m/ H,(N,2,E)QMN+&E,z+Y)I(n+&)dndz

V(E,Y) / / M, 2,E)QN +E,2+Y)I(n + E)dndz

where the Biot-Savart kernel (8.1)-(8.2), in terms of the new variables (1,z), is
given by

S E) = 1 sinh2[ez+@(n+&) — @(&)]
872 sin 2MH+X(M+E)—X(E)] +sinh? [ez4+ (N +E) — @(&)]

1 sin2[n+X(n+&) —X(&)]
A0:28) = g G T T X (04 &)= X(E)] + sinh ez + @(1 &) — 9(E)]

Notice also the abuse of notation where, with ¢ (&), we have indicated the compo-
sition @ o (Id +X).

First we shall consider the case when the variables é,E,Y ,Y are real. In sub-
section E.3 we shall see the necessary modifications to deal with the case when
E,E.Y,Y are complex.

We introduce the notation I = [—r/2, 7 /2[xR. We shall also define 6 > 0 as

S ¢

and the ball centered in (&,Y) as:
By ={(Y) el |E-EP+e|y —Y']? < 8%},

so that (§,7) € 9By 5/». Therefore |§ — | = O(5) while |[Y —¥| = O(¢~'§). This
means that, to prove for example the estimates (E.1) and (E.2), we have to show,
respectively, that:

(E.3)

UEY)-UEY)<c8|Qll\% . UEY)-UET) <ce" %0V

1/2

AT
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E.1 The case of (£,Y),(€,7) real, with & = £

We shall prove that:
UEY)-UEY)| <y =Y|*  [V(E,Y)=V(ET)[<cly —¥[*
where the constant ¢ depends on ||QHE)02_ u- We shall show how to prove the first of

the above inequalities, being the second analogous.
Introducing the notations 7%, = J%,(n,z,£), Q = QN+ &,z+Y) and Q =
Qn+&,z+Y),J=J(n+E&), one can estimate U (&,Y) — U (&,Y) as follows:

‘U(‘;:?Y)_U(évY)‘ =

'/ji’i, [Q—Q]Jdndz| <
1
/ Rl [QeMIHYI/Z_QeMHYI/Z} Jdndz| +
1

<

/ S MHT 120 [e—mzm/z _e—mzm/z] Jdndz
1

Y ~TI7IQU7,, [ He = andz +
T 1
Y —71%Qp 0. /%e’“‘”’?‘/zdndz <
1
(E4) ey — 71| .

The estimate in the case of (£,Y), (€,7) real, with & = & is thus achieved. To get
the last inequality we have used the following Lemma:

Lemma E.1. Suppose to hold the hypotheses of Proposition 8.1. Then the follow-
ing estimate hold:

/'ﬁ(n’zv@’e_“/lzwldndz <c,
1

where J¢ denotes both %, and J%,. The above Lemma is a consequence of the
following estimate on the Biot-Savart kernel:

Lemma E.2. Suppose to hold the hypotheses of Proposition 8.1. Moreover let
(n,2) # (0,0). Then:

1
| (1,2,8)| < cmax (1’(T]2+82z2)1/2>.

The meaning of the above Lemma is that the Biot-Savart kernel has a square-
root singularity in the origin while, away from the origin, it is bounded by a con-
stant. This fact, together with the presence of the exponential decaying factor,
allows to prove Lemma E.1. The proofs of the above Lemmas are postponed to
Section E.4.1 and Section E.4.2.
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E.2 The case of (£,Y),(E,7) real, withY =¥

We have to prove that:

UEY)-UEY) <c&-E*  [V(EY)-V(EY) <&

where the constant ¢ depends on HQHES‘& u- We shall see how to prove the first of
the above inequalities, being the second analogous.
Introducing the notations 7%, = 7#,(n,z,£), 0 = #,(n,2,E), Q= Q(n +

Ez+Y), Q=QM+E,z+Y),J=J(M+E),T=J(n+E&), one can write:

‘U(é,Y)—U(E,Y” =

‘ / AQJdndz — / AQTdndz| <
1 1

‘ /1 (e, — I2) Qldndz

+’/% (Q—Q)Jdndz —I—‘/%Q(]—f)dndz
I 1
(E.5) J1+J+ 5.

To estimate the term J; one needs the following Lemma.

Lemma E.3. Suppose to hold the hypotheses of Proposition 8.1. Then the follow-
ing estimate hold:

J1#M2.8) = (.2 8)| o andz < cig ~ |

This Lemma is a consequence of the following estimate on the modulus of
continuity of the Biot-Savart kernel:

Lemma E.4. Suppose to hold the hypotheses of Proposition 8.1. Moreover let
(n,z) #0and 0 < B < 1. Then:

(E.6) |#(n,2,8)—#(n,2.8)| <cn|(In|+|& — &|) max <1nz+lgzzz>

A(10,2.8) — A (0,2.8)| < cl€ — ] (1n] + | — &[) max (1,1>,

n2+82Z2
(E.7)
_ L _ 1
A 008) = A28 < Pl = 8P (] +16 - ) max (1,5 ).

(E.8)
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The estimate of J; goes as follows:

J1=

/(%—jﬁ,) QJdndz| <
1
/ |, — | e MR | e <
1
C|Q|p.,e,u/}%—%\e_“k*y'dndzS
1

|7 1 — &1
In the last inequality we have used Lemma E.3.

The term J, and J3 are easily bounded, using Lemma E.1, with the same proce-
dure adopted in Section E.1.

E.3 Complexified variables

Here we show how the above estimates on the velocity can be performed, with
small variations with respect to the cases examined in the two previous Subsec-
tions, when the variable £ and Y are complex with & € D(p) and Y € £(0).

The main difficulty arises in the analysis of the Holder modulus of continuity,
because the paths of integration used in evaluating U (€,Y) and U(&,Y) can be in
principle different. This difficulty can be more easily overcome for the paths of
integration in the & variable because in D(p), by contour deformation, one can
always chose a path parallel to the real axis. This difficulty is more severe for the
variable Y because, given the angular shape of the domain of analyticity £(6), one
cannot chose a path of integration parallel to the real axis. However, following [4],
one can adopt, as integration path in Y, the path P(Y) defined in (8.8), see Figure
8.1. From this choice one can see that:

a) when Y and Y have the same imaginary part, i.e. ¥; = ¥}, the two paths of
integration can be easily chosen to be the same. Therefore, in the evaluation of the
Holder modulus of continuity, the estimate performed in the previous two sections
still holds true with integration in Y performed along P(Y) rather than R and with
obvious modifications.

b) when Y and Y have the same real part, i.e. Yz = Yz, the two paths of inte-
gration must be different; however, after changing the integration variable so that
both paths pass through the origin of C (where the singularity of the kernel is now
located), one of the two contours can be deformed to coincide with the other. In
fact (to fix the idea suppose |¥;| > |¥7|) U(&,Y) can be computed as:

U(E,Y) =
E+Z oo
/gn /, A EEY —YQ(EY)I(E)dE dY’

/7/}, (N +8,8,2)QM+&,2+Y)I(n+E&)dndz
-3 JP(Y)-Y
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where we have defined the integration variable 11 = £’ — & (we recall that by con-
tour deformation we can suppose the path of integration in the &’ variable to be
parallel to the real axis, i.e. & = &} +i&, being & the imaginary part of §); and
the integration variable z =Y’ —Y, with z € P(Y) —Y where P(Y) is the path de-
fined in (8.8), see also figure 8.1. Clearly the integration path can be parametrized
using zg, in the same way P(Y) is parametized using Y} in (8.9) and (8.10).

For U(&,Y) one can write

U,Y)=
[ [ A+ EE AR+t T+ E)dnz

2"
Given that 6 < 1 one can deform the contour P(Y) —Y to make it coincide with
P(Y)—Y, with z+7Y still in X.
The estimates performed in the previous two Sections can therefore be carried
out with obvious modifications.

c) The general case, when Yz # Yg and ¥; # ¥}, can be easily treated using the
cases a) and b) above.

E.4 Proof of the technical Lemmas
E.4.1 Proof of Lemma E.1

We shall prove the estimate for .7, being the estimate for .74, analogous. It is
easy to see that

[ 1m0l e andz < ¢ [170,2,8)|e Handz < ¢
1 1

so that we can assume, without loss of generality, that Y = 0. Therefore:

/|%(n,z,€)le‘“/‘z'dndz=

| 1z ole W Handz+ [ 10.28)| e Handz =

Bo,1 —Bo,1

Li+1L,

The term L, is easily estimated using the exponentially decaying factor and the fact
that, outside By j, the kernel 7Z is bounded by a constant, see Lemma E.2.

The estimate of L; goes as follows:

, 1 2n 1 ;o
(E.9) L < c/ e H |Z\dndz — C*/ de/ o Mrsin®/e g,
By, €Jo 0

1
1/ N?+ €22
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where we have used polar coordinates 1) = rcos 8 and €z = rsin 8. Therefore:

1 2 1 . 1 2n 1 s
L <c— / cos 0d6 / e HTSINO/E gy o / (1—cos®)d6 / eHrsin0/e gy
€ Jo 0 € Jo

2 1 —
Cl/ 1 .cosede/ € d oHrsin6 /ey, <
eJo sin 0 1 /.L’dr

2 1
0 sin 6

The proof of Lemma E.1 is thus achieved.

E.4.2 Proof of Lemma E.2

To simplify the notation we introduce the following definition:
E=n+X(N+&)—X(&), Z=ez+9(M+&)—(§), D=sin’E+sinh’Z.

Moreover we recall that, according to the hypotheses of Proposition 8.1, Cy and Cx
denote two sufficiently small constants (say less than 1/4) that bound the norms of
¢ and X

Il <Co<1/4 |XING <Cx<1/4.
We can therefore make the following Remark

Remark E.5. Suppose the hypotheses of Proposition 8.1 hold. Then, V(n,z) € I
1 2 2[5 1
(E.10) 5~ Cx | Inl" < [EF < |Zn|

lez _

5 <z <c(n’*+e*)

Cg,n2

(E.11) [

We prove the bounds on Z, being the bounds on E easier.
)
= lez+@(n +&) —9(&)* = ez +dep(n* )| <
2(e222+C3n*) <C(n*+¢€2)

Eds

= lez+o(n+8&) - 9(&) >[ —lp(n+¢)— (€)|2] >

|*‘3Z|2 2.2
[z‘%" ’

where we have used the fact that (a4 b)? > a?/2 — b%>. Remark E.5 is thus proved.
We notice that, being Cy and Cy, less than 1 /4, one has that

2 (1
AZEﬂz<2—C§> —Cp, > 0.

One can therefore make the following Remark
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Remark E.6. Suppose the hypotheses of Proposition 8.1 hold. Then ¥(n,z) € 1
(E.12) D 2A2n2+%82Z2 > c[n*+ &2
In fact:
sin’E > % Inl* <; —C,%)

which is a consequence of of (E.10) and of the elementary fact that, ifa € [-57/8,57/8|,
then sin’a > 2a%/n% .

One can analogously write:

sinh*Z > |Z)* > >

2
€
&2 _qupnzl _

Therefore the first of the inequality in (E.12) follows, while the second is obvious
taking ¢ = min(A2,1/2). The Remark E.6 is proven.

We can now prove Lemma E.2 distinguishing three cases:
The case % + €272 < 1 In this case one can immediately write:

F6,(N,z, . =¢ =
[#u(n,2,8) sin E + sinh®Z sin?E +sinh?Z

1
<c ;
\/sian +sinh’*Z \/le +e27?
where, first, we have used that |Z| < ¢ (see (E.11)) and, finally, the estimate on D
given in Remark E.6.

The case N2+ €2z> > 1 and |Z| < 1/2 In this case, using the fact that |Z| is
bounded and Remark E.6, one can write

o £)| sinh2Z ’ 1 - 1 <
e = | X = C— N ~C sC
T sin” E + sinh’>Z sinf” E +sinh®’Z — n2+¢€2z2

sinh2Z ’ |sinhZ|
<

<c

The case N2+ €272 > 1 and |Z| > 1/2 In this case one has to use the fact that
the growth of the numerator is compensated by the denominator:
sinh2Z sinh2Z 1
-2 . 2 . 2 -2 . 2 S c
sin” E +sinh“ Z sinh“Z | sin“ E /sinh“Z + 1

[ Au(1,2,8)| =

One can analogously estimate .77;. The proof of Lemma E.2 is thus achieved.

E.4.3 Proof of Lemma E.3

To prove Lemma E.3 we shall distinguish the case & — é_| < € and the case
|E —&| > €. In the first case the crucial estimate is given in (E.6) while, in the
second case, one has to use (E.7).
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The case € < | — E|. We can write

1028 = i (n,2.8)| e andz <

z 1
o 7#\Z+Y\d d / 7M|Z+Y|d dz =
/BO.IM(ITHH& S0 iy emat ndete) e ndz

Al +A

where we have used the estimate (E.6). The term A, is easily estimated using the
exponentially decaying factor. Concerning A one can write:

e Mt lgndz <

av=c [l (nl+1e &)

2 +€2Z2

e Mt lgndz <

[l -8) — =

=C —_ —_—

By, N2+ €272
z 1

c| e M Hlandz+clE — & / —_—

/Bo,l | | Boy /N?%+ €272

The second of the above integrals is bounded by a constant, and this can be proved
as in the estimate of the term L; defined in (E.9).

e Mt lgndz

Concerning the first of the above integrals, it is easy to see that, without loss of
generality, one can consider the case Y = 0. Therefore, passing to polar coordinates
N =rcos 0, €z =rsin 6, one can write:

1 2z 1 .
/ e*ﬂ|l\dndz _ _ / d@/ e Hrsin G/Sdr _
By, €Jo 0

1 r2« 1 . 1 r2m 1 .
-~ / cos 0d0 / re Hrsin®/eq, 4 — / (1—cos6)de / re Hrsin®/e g, —
€ Jo 0 € Jo 0

2w ] — 0 sin@ /e
£ / — 740 / Re MRdR
0 sin“ 0 0

2 | —cos _
ce/ —— 2P g <ce <l
0 sin“ 0

Therefore, in the case £ < |€ — &

, we have proven that
J1#n.2.6) = .2, &) e dndz < el &).
1

The case |E — &| < e.




50 R.E. CAFLISCH, M.C. LOMBARDO, M.M.L. SAMMARTINO

In this case we can write:

/\%” URRIEEACRS 5)\6 Melandz <

o VeI (16 1) e amaz

c/ e‘“'“”dndz =
I-By,

Bi+ B>

where we have used the estimate (E.8). Again, the term B, is obviously bounded.
Concerning the term B; one can write:

B =

_ 2—a l1-o
,é_g,a[/ P e anaz [ SN eyl g g

<
Bo.l n2+£22 B[)l 2+822 -

c|€ - aa / e ki +/ & — é‘ e*“k*y'd’ndz
Boi /N2 + 222 N2+ ez 2 Bo. n2+8212)(1+a)/2
The first of the above two integrals can be bounded as in the estimate of the term L

defined in (E.9) (again, without loss of generality one can consider the case Y = 0).
The second integral can be bounded as follows:

/ 1 _”|Z|d d 1/2”d9 H —ursm@/sd
e =— r=
By, (n2+82z2)(1+a)/2 e €Jo 0 re

2 1 .
[/ cos9d9/ re “”me/‘gdr—k/ 1—0056)d9 ¢ “”lne/gdr] =

2 _
i/ ! COSQ 9/ ——e MRdr<c
ex Jo smG1 o

One can therefore conclude (of course, in the estimate of the modulus of continuity,
one can always assume that | — &| < 1) that:

By <cl&-¢&|*.

1
£

Lemma E.3 is proved.

E.4.4 Proof of Lemma E.4
We introduce the following notations:
E=n+X(n+8§)-X(), Z=ez+on+&)—0(S),
E=n+X(+&)-X(&), Z=eztom+8&)—0(@)
Remark E.7.
[E—E[<cnl(Inl+E—E))  1Z=Z|<cnl(In]+]E &)
E—E|<clg—&|(Inl+]&—&)  1Z-Z|<cl6—E&(Inl+]&—&)
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£~ E| < cln|*IE — &[~%(n|+1E ~ €]
Z-2] < cln|®IE & (In| +1€ - E)

Assuming that 1 > 0, being the case 1 < 0 analogous, the Remark can be
proven as follows:

[E—E|=1X(n+&)-X(&) - (X(n+&)-X(&))| =
N[0 X (87) — X (§7)| =
nl[0X (&*)IE* — & | < c|nl(In| + 1€ —&]).

In the above estimate § < §* < & +n and & < & < E 4+ 1, which implies |E* —
EX*| < In|+1|& —&]|. Clearly &*** is between &* and £**. The second derivative of
X can be assumed bounded due to analyticity.

This proves the first estimate concerning |E — E|. The second estimate is anal-
ogous:

E—E|=IX(n+&)-X(n+&)— (X(§)-X(&))| =
& —Ello: X (&) — 9 X (&™) =
& —El197X(E7)|E* =& < € —E[(In|+1& — &)

In the above estimate (assuming & >6).6+n<8 < E4+nand E <& < & 50
that again |8 — &**| < |n|+[§ —&].
The estimates for Z are analogous.

An immediate consequence of the above Remark is the following.

Remark E.8. Let 0 < B < 1. Then:

E—E|<c|n|"PIg =P (In|+[6 — &)

Z=Z| <cln"P1g =& (Inl+1& - &)
In fact, one can simply write:

[E—E|=X(+&)-X(&) - (X(n+&)-X(&))|=
X(n+8)—X(&) — (X(n+&)-Xx(&))["F-
X(n+&)—X(n+8&) - (X(§) -X(§))I°

and proceed as in the estimates of Remark E.7.
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Remark E.O.
(E.13) |sin E —sin” E| < ¢ (|sinE| +|sinE[) (0] + & — &])
(E14) [sin £ —sin® E| < e(|sinE| + |sin () § €] (In] +1€ ~ &)

sinZ—sinhZ) < ¢([snhZ-+ snh Z) cosh (232 ) (] + 1 ~ &)
(E.15)
sin 2.~ sin Z] < ([ sinhZ + | sinh Z] ot £ )rcs E|(In|+1E ~€))
(E.16)

The proof of the above Remark can be easily achieved using elementary prop-
erties of trigonometric functions and Remark E.7.

Remark E.10. Let 0 < 8 < 1. Then:
[sin? E — sinE| < c(|sinE| + [sinE]) [n|F|€ — £ (1] + € — E)),
| sinh? Z — sinh? Z| <
<|sth|+|sth|>cosh( >|n|5|§ E['B(n|+ 1€ &)

The proof of the above Remark can be easily achieved using elementary prop-
erties of trigonometric functions and Remark E.8.

Remark E.11.
|sinh2Z| 1 < emax | 1 1
<cmax | 1, ————
\/ sin?E +sinh?Z \/ sin?E +sinh?Z VN2 +e2z?

To prove the above Remark we distinguish three different cases:
The case 772 + €272 <1 Inthis case, Z is bounded because of (E.11), and there-

fore sinh2Z/+/sin’E +sinh®>Z < ¢, while 1/v/sin? E +sinh®Z < 1/4/n2 + €222
because of (E.12) written for D = sin® E + sinh*Z

The case n?+€2z> > 1 and |Z| < 2 In this case one can proceed in the same
way as before.

The case N2+ €272 > 1 and |Z| > 2 In this case, first, one can notice that |Z —

Zl=lpm+&)— &) —e(n+&)—0(&)| <

one can simply write:

| sinh 2Z| 1 B
V/sin?E + sinh?Z \/sin? E + sinh® Z
sinh2Z |sinh Z| |sinh Z|

sinhZsinhZ V/sin?E + sinh?Z v/sin? E +sinh®Z
This concludes the proof of Remark E.11.
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Remark E.12.

cosh[(Z+2)/2] . coshl(Z+2)/2] <Cmax<17 1 )

sin”E +sinh’Z’ sin?E +sinh>Z Vnite2

The proof of the above remark is analogous to the proof of Remark E.11.
We can now pass to the proof of Lemma E.4. We first prove estimate (E.6).

sinh(2Z) sinh(2Z)
sin?E +sinh®Z  sinE + sinh®>Z
sinh(2Z) (sin? E — sin? E)

(sin2 E + sinh? Z) (sin2 E + sinh? Z)
sinh(2Z) (sinh>Z — sinh*Z)
(sin2 E + sinh? Z) (sin2 E + sinh? Z)
sinh(2Z) — sinh(2Z2)
sin® E + sinh® Z

Al +Ary+ A3

E

‘%(TI’Z":) —%(777275)‘ =

—+

+

' _

We shall see how to estimate the term A;, being the estimate of A; and A3 similar.

sinh(2Z) (sinh® Z — sinh?Z)
(sin2 E + sinh? Z) (sin2 E + sinh? Z)

Ay =

sinh(2Z) (|sinhZ| + | sinh Z|) cosh [(Z + Z) /2]

_&n<
(sian—l—sinhzZ) (sin2E+sinh22) mlnl+1&=¢l) <

(]sinhZ| + |sinhZ|) cosh [(Z +Z) /2] 1 z
max | 1, ——— + 1S — <
V/sin?E + sinh? Z+/sin? E + sinh? Z VN?+ €272 mii+le=2h
cmax (1, -t ) nl(nl+ £ - €D

In the above estimate the first inequality is due to estimate (E.15) of Remark E.9,
the second inequality to Remark E.11 while the third inequality to Remark E.12.

The estimate (E.7) can be proven in the same way, using estimate (E.16) of

Remark E.9.
The estimate (E.8) can be proven in the same way, using Remark E.10.

The proof of Lemma E.4 is therefore complete.
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Appendix F: Proof of the Lipschitz property of the Biot-Savart
operator

The proof of Proposition 8.2 is based on the same ideas we used in the proof of
Proposition 8.1. To simplify the notation we define:

Q) =al(n+¢&,z+7), QV=9(n+&z+7)
JO=00(n+¢), JO=19n+§)

X0 =x0(), X0 =x0@), x0'=xO(n+&), '=x0(n+8)
ol =90(&), ¢V =9"(E), ¢V =0e(n+&), <Z>(">’ = (n+8&)
: 1 sinh2 [ez+ )" — @())]
A = : :
i (n.8.7) = 872 sin 2(m+x0 —x0) smh2 [82—1— ) — )]
» h2
%(,) (77 £o) = 1 sin [Sz+ (p )]

872 sin 2(n+X0 —X0) +s1nh2 [Sz+ P — )]
with analogous expressions for 7%, and ,. We also define the operator 0 as:
50— _0®,  §6-0l_o®
§J=JW _‘](2)’ §J=J _ j2
5 =V O 5= 2N _
SU = U[Q(l)’(p(l)7x(])] _ U[Q(2)7¢(2)’X(2)]
SV = V[Q(l), (p(l)’X(l)] _ V[Q(Z), (p(2),X(2)]
Therefore one has:

5U(§,Y) =
/59%}” <>dndz+/9 5.HJ )dndz+/§2 @5 7dndz
One can write an analogous expression for §U (€,Y), so that
SU(EY)—S8U(E7)=T1+T1+T;
where

I = /SQ,%?,(I)](I)dndz—/SQ%(I)J-“)dndz
I, = /Q@)ayﬁ,ﬂ”dndz—/Q@)a%ﬂ”dndz

I — / Q7 §1dndz — / 0 72 §jand:

It is clear that the term I'; can be estimated using exactly the same ideas used in the
previous Appendix E; in fact for I'} one can make the same estimate (E.4) (when
&= 5_) or use the same decomposition (E.5) (when Y =Y) with 6Q, %(1) and J(V
instead of Q, 7, and J respectively. The estimate of the term I'3 is analogous.
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The only term that requires to be estimated is therefore I'; where, instead of
the kernel .77, appears 6.7;,. We shall prove the two Lemmas below that are the
correspective of Lemma E.2 and Lemma E.4 of the previous Appendix E.

Lemma F.1. Suppose to hold the hypotheses of Proposition 8.2. Moreover suppose
(n,z) #0. Then:

1
5%|§cmax<l,[nz+ezzz]l/2) <||5X|| +||5(P|| )

1
‘5%|§Cmax<17[nz+gzzz]l/2> (H5XH +H5¢H )

The proof is postponed to Section F.1

Lemma F.2. Suppose to hold the hypotheses of Proposition 8.2. Moreover suppose
(n,z) # 0. Then the following estimate holds:

}rnl Ble—EP(n|+1E—E))

(18x15% + 13011%)

’6%—6%‘ < Cmax{l m

Analogously:

!6%—6%}2cmax{1 }mrl Ble —EP(In|+1E~E))

(18x1%% + 18911%)

The proof is postponed to Section F.2.
Using the two above Lemmas the proof of the estimate of the term I'; can now
proceed exactly as in the previous Appendix E: the details are omitted.

F.1 Proof of Lemma F.1

We shall show the estimate for §.77;, being the estimate for 6.7, similar. More-
over we shall focus on the case N2 + &2z% < 1, which is the most difficult to han-
dle. At the end of this section we shall briefly mention how to handle the case
n? + €272 > 1. To simplify the notation we define

. 1 .
N = T Zsth[ez—l—(p() (p()’)}

DO — gin (77 +x® _ (i)’> + sinh? [814— (p(i) - fp(i)’)},

so that
(F.1)
NO  N@ N1 _N©2) 1 1
— _ _ Q(_____~- )=
u=pm—pm - pw N (D(l) D(2)> = (07)a~+ (075

We make the following Remarks:
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Remark F3. Let n*+ €2z < 1 with (1,z) # 0. Then:

IND =N < e (I8X115% + I50l1i% ) In]

This can be proved simply recalling that sinh 2a(!) —sinh 24 = 2sinh (a(!) — a(?)) cosh (a(!
moreover, being % 4 €2z% < 1, then the cosh term is bounded by a constant and
the sinh term is bounded by its argument times a constant.

Remark F4. Let n* + €2z < 1 with (,z) # 0. Then:
1 < 1
DO = “prie2
This Remark is simply a consequence of Remark E.6

The above two Remarks immediately give the desired estimate for (8.7,)a
when nz +e22<1,ie.
_c

To prove the same estimate for (6.77;,)p we need the following two additional
Remarks

(84 < (18x1%% + 18911%)

Remark F.5. Let n° + €2z% < 1 with (n,z) # 0. Then:
D® —DW| <e(|l8x|\ + 180, ) [n*+ €2’
If one defines
Z(’) — SZ“F (p(i)/ — (p(l)
it is obvious that

|Z(i)] <c [1‘[2+82Z2}1/2

22 =20 < e (18X + 159115 ) Inl
The Remark then follows from the identity
sinh? Z?) —sinh? Z(!) = sinh {(Z(Z) - Z(l))/2} cosh {(Z(Z) - Z(l))/2} (sinhZ? +sinh Z())

and from a similar indentity involving sin?.

Remark F.6. Let N+ €2z% < 1 with (n,z) # 0. Then:

N©@)

< 1
D2)

> [D(Z)] 1/2

This can be proved simply recalling that sinh2a = 2sinhacosha and again us-
ing the boundedness of the cosh term.
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With the help of the above Remarks one can easily estimate (.77, p as follows:

N
(660001 < ¢| iy | (18X115 + 180115 ) [n+€7] <
N |
| por| (1831155 + 10915 < e (19X + 30llp) <
¢ (o) ()
g (18X + 180115)

This concludes the proof of Lemma F.1 when n%+ £%z> < 1.

To handle the case % + €2z> > 1 one can: first handle the case when Z()) < C
are bounded, so that sinhZ() and coshZ® are bounded; second, when VAUISS C,
with C sufficiently large, one does not have any singularity of the kernels and one
has to make sure of the boundedness for large Z(), which is easily accomplished.

F.2 Proof of Lemma F.2

We prove the estimate involving 5%’;,_being the estimate involving 0.7, simi-
lar. The difference between 6.7, and 672,

5. — 5. = [(8.i)a — (8.7)a) + [(8.72) 5 — (8.7,)s]

where we have used the decomposition of 0.7, given in section F.1. We shall focus
on the estimate of [(8.7,)p — (6.7,) ] being the estimate of [(6.74,)4 — (6.74,)4]

easier.

pOpP2  pHpR)

L {Da) _p_ (Dm _Du))}}

D2 _p)  p@ _p)
DD pHpHA)

(F2) DD

The estimate of the above quantity is immediately achieved thanks to the following
Remarks.

Remark F.7. Let (1,z) #0and 0 < 8 < 1. Then:
1

ScmaX{L }m|1ﬁr<:—érﬁ<|n|+ré—é>
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The proof of the above Remark can be achieved with the help of Remark E.10
of the previous Section.

Remark F.8. Let (1,z) # 0. Then:

D@ _ p)
D)

<c(IsxI\%) +180lli%), =12

The proof of the above Remark is based on the same considerations used to
prove Remark F.5.

With the use of the above two Remarks one immediately bounds the first term
in (F.2).
It is now useful to introduce the notations:

70 = gz 4+ ¢ — @00,
as well as

EV =n4+x0 _x®

EO =n4+ X0 _x®
Remark F.9. Let (n,z) #0and 0 < 8 < 1. Then:

cmax{ 1. o | InlPlE— EP -+ 1~ &)

The proof of the above Remark follows from Remark E.10.
With the help of the above Remark and of Remark F.6, one can easily bound
the second and the third term in (F.2).

Remark F.10. Let (1,z) #0and 0 < 8 < 1. Then:

[DL)] ‘Dm _p@_ (Da) 7[)(2)) ‘ <

B . . 1
eln]' ﬁ|e:é|ﬁ<|nr+|§5|>(||6X||§?:3+||6<p||§?;3)max{1,WW}

The proof is based on Remark E.10, which gives (focusing on the case 12 +
€272 < 1) that

p) _p@ _ (Du) _D<2>> ‘ — ’Dm _p_ (D(z> _D<z>> ‘ <
c[nl'P1& =P (Inl+16—&) ]smE<1>+smE<1> — (sinE® +sinE<2>)( +

enl"P1& P (] +1& — ED[sinh z) +sinZ() — (sinZ® +5inZ )|
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The proof then follows from the fact that:
sinE() —sinEC ‘<c|1’]|(||5X|| +80] )

and similar estimates involving £, Z and Z. This concludes the proof of the above
Remark.

The above Remark together with Remark F.6 give the bound of the fourth term
in (F.2), which concludes the proof of Lemma F.2.

Appendix G: Proof of the estimate on % and of the far field
approximation

G.1 Proof of Proposition 8.3

We consider the expression (3.11) for % and notice that we can rewrite it as:

%(Q‘awvx):
E+m(2n+1)/
[ |y e
E+m(2n+1) /z
r/. 7EL.Y).

+n(2n—1)/
/ 1 Y—v' — / v
(¥ ¥') [Dg_e( De)gg ) (<pDSI;pO> } J(EdE dY =
(G.1) A+ AT A

where we have defined

DP=(E-&)+(p—9¢)

DP=(E—EV+[(p—9¢)+e(y Y]

The term €(Y —Y'), together with the exponential decay in Y’ of the function
T (E,E',Y"), gives the €(Y 4 1) behavior expressed in the thesis of the Proposition.
The difficulty in the estimate of the remaining term is in their singular character at
the origin: the fact that 7 (&,&,Y’) = 0, together with the regularity of .7, gives
a O(& — &’) behavior which, compared with the quadratic behavior of D¢ and D°,
would lead to logarithmic singularities in each of the A’. However, using cancel-
lation properties, one can estimate each of A’. In what follows by AZ:O we shall
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denote, in the n-series in (G.1), the terms with n = 0, which are the singular ones:

€+ﬂ/2 N / ! v/
no_/ Jo ) TEE el ) i ar

/2
// 0T (EEYNE-ENely —¥) s
&)
72 (E—&N2+[e(Y —Y)+:0(&)(E—-&)]

where by the simbol ~ we mean equal up to nonsingular terms. The cancellation
property can be shown as follows. Define £” as:

E_E—a(E—E")—b where a= ! b=e(Y — ¥ (&)
1+ [d:0(&)]?

J(E"dE'dY' ~

/_}(Y—Y')amé,s,m/

and rewrite A!_, as
Moo= [ ¥ =Y)9 7 (EEYIE):

§+m/(2a)—b/a (E-¢&") b " vt
/g %/(2)—ba {(5 gu) +82(Y—Y’)2_ (g_é//)2+82(y_y/)2]d§ dy

Both terms inside the integration are singular; however, for the first term, the singu-
larity cancels because the function is odd with respect to the singularity £” = &. For
the second term, introducing z = (§ —&")/(e(Y —Y’)) one immediately recognizes
that, after integration in dz, one obtains a finite constant (notice that b ~ £(Y —Y")).
The term A’ is thus estimated.

The estimate of A> and A3 can be easily achieved using the same ideas.

G.2 Proof of Proposition 8.4

Looking at the expression for 7 (3.7), and inserting Q = @y, ¥ = @y + €@y
and X = X + €X) one recognizes that .7 can be decomposed as .7 = % + €.,
where in the leading order part .7 appear only @y, ¢y and Xp. Shrinking the strip of
analyticity of @y, @9 and Xp one can get the regularity properties required to use the
same procedure used in the proof of Proposition 8.3 reported above. Concerning
the term €.77, being already O(€), one does not need to use the fact the difference
1)y -1/ Ji{,? is O(¢), and the desired estimate follows estimating separately the
terms involving 1/ %fuf and 1/ %fvf) separately. These estimates are easily achieved
using standard arguments. This concludes the proof of Proposition 8.4.

G.3 Proof of Proposition 8.5

To simplify the notation we use the complex variable and define:

A = (=& +Xo+eX” — (Xg+eX{" ) +i (Y =Y) + go+e0[) — (o + e )|

5J(§)dE'dy

!/
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A0 = (&) +Xo+ex{" — (X5 +ex{”) +i o+ e’ — (@ +ep )]
where, as usual, the primed quantities are computed in &’.

Looking at the expression of % one sees that 6% can be conveniently written
as:

0% =B +B; + B3
where

E+m(2n
B, = Z/ / +7(2n+1)/ y(&j’é/’yl) [%/LM_M] J(l)(é/)dg,dy,

E+m(2n—1)/2

By — Z/ /;Hr (2n+1)/ (2)(5’5/’)//)5 [Jilff _Jilfo] J(l)(gl)dgldyl

E4m(2n 1 1
(2) 1yl _ / ! v/
B3 Z/ /54—717 1)/ (65& aY) |:</4i/£(2) (%/0(2):| 8"(& )d& dy

The term B3 can be easﬂy estimated given that J = 1 + X, so that 6J = €0X;. To
estimate the term B; one has to use again, as we did in Section G.2 above, the
decomposition 7 = 9 + €.97, and write:

875(&,8") =8 [mn(&) — an(&)] + 8 (&) [ ()~ 7, (&)] (1+id ') +
oY ()8 [75(&) ~T5(8)] (1 +ide 0 ™) + 0P (&) [15P (&) ~ 757 (8) | 89

Using the fact that §.%(&,&")¢—g = 0, and the fact that §.% depends only on ax,
¢p and X, i.e. on quantities that can be supposed to have the necessary regularity,
one can adopt the same procedure of Section G.1, and get the desired estimate. The
term €6.7], being already O(¢€), can be estimated using standard arguments.

To estimate B it is enough to write that:

s L BI(E) X)) +5[p(E) -~ 9i(E)
we o e(l) e(2)
with a similar expression for 8(1/.#°). In the above expression, given that ¢; (), X l(i)

Bfl)’/oé, one can use the fact that the numerator is zero when & = &’ to lower the sin-
gularity of the denominator. The order one singularity of the denominator can
therefore be estimated as done in Section G.1. This completes the proof of Propo-

sition 8.5.

G.4 Proof of Proposition 8.6

Given that Y > £~! we can approximate the velocity as:

Y/3 pé+m(2n+1)/2 Q&Y
— iy = — JAE'dY' + O(e H/Be)y |
=i 2m Y/3/§+n m-1)2 (8,8 Y —Y) . (€ )

In the rest of our analysis we shall neglect the exponentially small term. We now
make the following remark:
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Remark G.1. Given that [[X[|\%) < 1/4 and |||\ < 1/4, then:

€& +X-X'+i[w(&)—w(&)+eY]| > 7\/|€ &>+ €2y?

The estimate above can be obtained as follows:

E—E'+X—X'+i[y(E)—w(&)+er]| >
[3(E—E&")2/4—3(X —X)>+(eY) /2 (y—y'?]"? >

G2 § &P +er?

\f

The first of the above inequalities follows from the elementary facts: 2AB > — (A% /4 +
4B?) and 2AB > —(A? /2 +2B?). The second inequality in (G.2) is an obvious con-
sequence of supg |Je W(&)| < 1/4 and sup; [X (&) < 1/4.

We now define
ieY’
E—&8+X-X+ily(E+X)—y(& +X)+eY]’

a =

and, given that |Y’| <Y /3 and the above Remark, one immediately recognizes that
la] < 1.

Using |a| < 1 we can write

1

E+X & X +ily—y +e(Y -Y)]
1 1

E+X—-& —X'+ily—y' +€Y]l—a

1 k
e T

Therefore, in computing the difference between the velocity and the far field, the
term with k = O cancels:

u+iv—u —iv/ =
G i /m /5+n<zn+1 i Q&Y (ieY")* JdE'ay’
Bt v Seisanne BE XX iy y e

n—=
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We can now give the following estimate:

Y/3  pE+m(2n+1) /2 - Q&Y' (ieY")* Jd&'ay’
27tzn_z_:w/y/3/+n2n /2 = 1{2_5 E+X =X +iy—y +ey]}Ft!
Y/3  p&+m(2n+1)/2 e HIY'| ey’ ‘ d&é'dy’

/§+n2n N2 |E—E+X X +ily—y Y]t T
Z /§+n (2n+1)/2 9 (k+1) /2d<§’

e JE+m(2n—1)/ ,5 §|2 £2Y?) (k+1)/2

3 , o lkt1)/24,
I D

Ckzl/o We Ty Lap e =
= Y/3 Yy’ |k

p(k+1)/2 / Yo' | L

c]; A dY'e 7
Looking, in the above series, at the term with £ = 1, one immediately recognizes
the boundedness an the 1/Y behavior in Y. We now consider the integral in [0,Y]

of the generic term of the series and show: 1) the boundedness of the integral when
Y — oo; and 2) the convergence of the series.

/ k
202 [y [ ayrew [V
0 0 Y’

k
S (kt1)/2 / By [T ayrenr [Y”] <
0

Ilopon ¥ Y [

n=—wj=1/-Y/3

c / dY'e”

3y” Y’
k2 ,
C(k2 T dy"e WY"y" <
- 0
1
CW

The proof of the far field estimate Proposition 8.6 is thus achieved.

Appendix H: Proof of Proposition 9.3

2.a
po,Bo,To
P € Bz;)aﬁo 7, X0 € B’Z);)O‘BO‘TO are known quantities. Taking 7 small enough, one can
suppose that 1 +JdgXp > ¢ > 0.

Remark H.1. From Remark 7.3 we know that y € Brz)fﬁo.,To’ }/0+ —Y% €

The above Remark is an obvious consequence of the fact that Xy(&,7 =0) = 0.

Notice that in Remark 7.3 we have increased the regularity of %, ¢o and Xp
because these quantities in the equation for @y appear through their derivatives:
directly the stretching factor Xj and through the BR operator the vorticity intensity
% and the curve ¢y. We can now pass to the proof of Proposition 9.3.
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We first estimate the operator F,. We write:

Y 1L/r= s Jdy @y
= s | BA+ ~ dy"” — ay" || dY ———— =
2 /o (g{ 0+2<wa0 700(00 )} 1+9: X0
YanO LY ” " v " ! anO
(H.@g,@%o 71—%8&)(0 +§/0 . agﬂ)OdY —/_wag;(ﬂ()dY dy 71—1—85)(0

The first of these terms is easily estimated knowing that J and @q are bounded
in the appropriate function spaces, using the properties of the BR operator, and
using the Cauchy estimate given in (6.4) to bound the linear growth of Y and the
Y-derivative.

We now show how to estimate the second of the three terms in the above ex-
pression for F,. We have to estimate this operator in the norm || - Hﬁ).e. , and
therefore we show separately how to estimate the Holder norm of the & and of the
Y derivatives. The Y derivative is more easily estimated because, when it hits the
integral term, it is compensated by the integration in ¥ while, when it hits dy @y,
it is bounded using the Cauchy estimate. We are therefore left with estimating the
|- |(°‘) norm of the -derivative. We can estimate the above norm estimating sepa-
rately | - |(®*¢) and |- |(%¥). We notice that the Holder norm along the Y -direction
is more easily estimated because of the presence of the integration in ¥ and there-
fore we focus on the estimate of the Holder norm along the &-direction. We show
explicitly how to estimate the case when 9 hits the integral term:

Y oo a )y
tandy” |ay —22
/0 (/ , ) 1+ 9: X
Y > dy
su e”y/ dY’/ dFwodY" ————
Y>I()) 0 Y/ g% 1+3§X0
Y o dy o
su e*“Y/ dY’/ Zwdy" —r20
Y<p0 0 Yy g 1+ deXo ,
(a75) Y o "
c||0? H 0 (@8) gy / dY'/ e gy’
|ozan| " v el sup! | aY' |
NI sup e v ayan )+ esup e [ av' [ 2anayr
R P Y<0 0 - 1+ JeXo )

@)

(,8)

p,@,/J
(a.8)

p
(.8)

(,8)

_|_

<

_|_

( (@)
ol poy  ll@ollip e

p'—p nw—p

Notice how we have used the estimate on Xy given in Remark H.1. Moreover, in
the estimate above we have supposed Y to be real. When Y is complex the same
estimate can be carried out with minor modifications. The case when 85 hits dy wp
is more easily handled through a direct use of the Cauchy estimate.
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The third term in the expression (H.1) for F> can be handled analogously.

Using the linearity of the derivative and of the integral, the proof of the quasi-
contractiveness of F; is now straightforward.

The quasi—contractiveness of the operator Fj is easily achieved through a Cauchy
estimate of the &-derivative and using the fact that the operator .#y = . (y, ¢o, Xo)
is bounded in terms of the norm of @y and Xy (which we know, from Proposition
7.2, to be a priori bounded in the appropriate analytic space) and in terms of the
norm of @y.

Appendix I: Proof of Proposition 9.4

We first state a series of technical Lemmas that will be useful in the estimate of
the various G;.

Lemma I.1. Suppose wy € BLe @y € Bf)’a, Xy € Bz’a, ¢ € B,l,’a, X € B,l,’a,.

P»Gs/J’
Then the following estimate holds:
(L1 ot — a1 < ce (ol + 1111 )

Qo3 and [[Xo|5%.

where the constant ¢ depends only on || @y|| Y):)).e W

To prove the above Lemma it is enough to recall that, by definition:

1 o Y -
///E%%[yo,(po+e<pl,xo+sxl]+§ [/ wodY’—/ a)odY’} i
Y —o0

1 o Y -
/ZOE%%[yO,%,Xo]+§ [/ a)OdY’—/ a)odY’} 7y -
Y —o0

Looking at the definition of 7 and 7( (see (3.6) with ¥ = ¢ and (3.15)) it is obvious
that [[F ol < celoi[|1%.-

Moreover, from the properties of the BR operator (see Proposition 6.5) one
immediately recognizes that:

|20, 90+ £1, X0+ £X1] — B0, 90, Xy < c& (ol + X115 -
Lemma I.1 is therefore proved.

Lemma L1.2. Suppose the hypotheses of Proposition 9.4 are satisfied. Then the
following estimate holds:

18 (- — ) | 5.7 < ce (I8alI\ g 5 7+ 150111575 7 + 1% 17 1 )

To prove the Lemma it is enough to recall that, by definition
S (M — M) =
(%[a)(gl)u ®o + EQ; (1)7X0 + 8X1(1)] - %[a)(()l)v (P07XO]) -

(%[0‘%2)7 ®o + €O @) 7X0 + EXl(Z)] - %[w(?) ) (PO,XO]>
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and then use the estimate on .# given in Proposition 6.6.

(a)

Lp <

The following Lemma is an obvious consequence of the fact that || X l(i) I
1/4< 1.

Lemma L1.3. Suppose the hypotheses of Proposition 9.4 are satisfied. Then the
following estimates hold:

I
1+ (Xo+ex,”)

I I
1+ (Xo+ex(") 149X

< celx{"|5,

() (@)
< cel|6Xilly,
P

=
1+ g (Xo +€X1)

1.1 Estimate on G,

The desired bound on G is an immediate consequence of the following esti-

mate:
Y My (o)
o — 0 <
H [<1+85X 1+85X0> e;(ﬂo} POy
M — My ) 1 1 (@)
o|(F) o], o b (o i) 20, 2
H 1+ agx 02 1+ 85X 1+ 85X0 P02

18X 155 1181\
p—p' p—p

ce [ 18]\ ¢ 0+

where to get the last inequality, we have used the Leibnitz properties of the &
operator, Lemmas I.1, 1.2 and 1.3, and the higher regularity of @y to bound d .

1.2 Estimate on G»

To estimate G one has to consider separately the terms 6 (%" dg %) and & (eu; Jg ).
The latter term is easily estimated using the potential estimates given in Proposi-
tions 8.1 and 8.2 to bound u; in terms of ;. The estimate on 6 (%" dg ax) instead,

)

derives from Propositions 8.4 and 8.5. Here we show how to estimate 5%”35 a)(gl ,
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being the estimate on %" 685 @y similar.

HB%“& (1)0 || /6/ //2§

sup #2152 (-, v )| | 9z eon(V-, 1)
Yex(o’)

ce sup MV (147) 8@l g0+ 1180115 + 118X 1% ] 19 0§ (- >|r,8°f>§
Yex(o’)

1
e [180ll1p0 + 1301115 + 18X 135 | g 1151 <

ce (18110 + | SulI\% + 118X,

The second inequality above is an application of Proposition 8.5, while the third
inequality is a consequence of the higher x-regularity of @y that allows to bound
the &-derivative, and of the stronger exponential decay rate in Y of @y, that allows
to bound the linearly growing term (1 +Y).

1.3 Estimate on G3

The estimate of ||0G3 || o0 )2 is based on the same ideas we used to estimate
G, the only difference being that integration in Y gives rise to a linearly growing
factor. Such linear growth, however, is easily tamed by the exponential decay of
@y, which in fact decays at rate '

1.4 Estimate on G4

To show how to estimate §G4 we first consider the term involving Z". Given
the Leibnitz properties of the operator 6 we consider the case when & acts on Z#*,
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being the other cases similar.

| , (@)

- | 8@z av'ayay)
1+85(X0+8X1 ) 0 p/79/7”//

(a)
1 ’ Y (@)
@ sup H111/2 (/ 18 (22 (-.¥")) |1 v’ 3Y‘0<§1)('>Y)‘ ,
1+8§(X0+8X1 ) o Yex() 0 [
u(. vy (@) \
¢ sup ell’\Y\/Z /Y HS(% (,Y/))Hp dY/ 8Ya)(gl>(’Y) (o)
Yex(o) 0 pP—pP L
1+Y)|6 w4 18001 4116, 1|1

e sup oI /y [+ Y)I8e0]l1p.00 u/ ol +lsxill] ol ) (@)
Yex(o') 0 p—=p P’/

cE

8@l poru+ 801l +18X0155 | i
p—p' H @ H
[8anll1p.00 + 1150111y + 16X
p—p
In the above estimate, the second inequality has been obtained using the Cauchy
estimate on 85 02", the third inequality derives from the estimate on 6% given in
Proposition 8.5; to get the fourth inequality we have used the higher exponential

decay rate in Y of @y to bound the quadratically growing term in Y deriving from
the integration.

1p',0

cE

L.5 Estimate on G5

The estimate on the term Gs is straighforward, and is obtained using a Cauchy
estimate to bound dg @y, and using the potential estimates given in Section 8.1 to
bound ug and u; in terms of @y and @, respectively.

1.6 Estimate on Gg¢

The estimate on the term G is similar to the estimate of Gs, the only difference
being the fact that, to bound dg ug, one has to use, combined, the potential estimate
to get a bound in terms of @y, and the higher regularity of @y; finally, the linear
growth given by the integration in Y, is bounded using the Cauchy estimate given
in (6.4).

1.7 Estimate on G~

The estimate of the term G7 does not present any difficulty, and can be easily
achieved using the potential estimates to bound #; and v; in terms of @, and using
the Cauchy estimate to bound dy ;.
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Appendix J: Details on the convergence to Birkhoff-Rott

J.1 Derivations of equations 10.1 and 10.2
From Remarks A.1, A.2 and A.3 one has that, on the curve ¢:
¢ P 1

1+ 0 X’ Tl40eX

where X is the Lagrangian factor

X(E0) = [ w0 (&
having, as usual, indicated with («?,v?) the velocity computed on ¢, i.e.
u? =u(§,Y =0,7) = [uo+&uly_o = [A" [0, p] + %" [0, @] + €ur]y=o-
VP =v(E,Y =0,7) = [vo+evily_o = [ [x, 9] + X" [wo, @] + €vi]y—o.

Equation (7.2), after some rearrangement, can be written as:

J.1D o, =dr—u?

9z

u® 1 o
W — H_angag?’OJr 1+85X85 (WB2%) = 61(8,7)
where
_ u® AMy—o 1 1 u
4(s,7) = 1+0:X 1+85X0} M+ [1+8§X 1+ 9: Xo Iz (WA}

Given the expressions (J.1), the equation for }, in the Eulerian reference frame,
can therefore be written:

9%+ 0x (WBRG) = E1(x1)
where E| (x,1) = &1(§(x,1),1) has explicit expression:
Ey = —[u® — oMgly_o 9o + [ — 0] 0x(YBRy)
where
140:X

We now pass to consider the equation satisfied by the curve ¢y which,written
in the Lagrangian frame is d; @y = .#. This equation can be rewritten as:

1 1
_ % u__ - _ v _
0@y —u 1+85X8§(p0+% 01+85X85(P0 BRy = &
where
1
- _ o _ wy - Vo v
& {[u BA) 1+85X85(P0+'%)%0 My }Y_O

Written in the Eulerian frame, using (J.1), the equation for ¢ takes the form:

0,90+ BRy0x @0 — BRjy = E
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where E,(x,1) = & (& (x,1),t) can be written as:
Ey = —{[u® — BRj] 0.0 + BRy — Mg by

J.2 Proof of Lemma 10.1
We prove that ||&; Hl opr < c€ this bound, given that E; is related to &
through an analytic change of coordinate, will provide the proof of Lemma 10.1.

The bound ||&}
mates:

Hl p.0.p.7 < CE is an obvious consequence of the following esti-

(1) || A [0, 9] — '%0"5(.);)),9,/31 < cg, that is simply a version of Lemma I.1
with higher regularity;

) H'@Y:Om(.)g,e,ﬁ.T < cg , that is simply a version of Proposition 8.3, with
higher regularity, and with the operator % computed on the curve, so that
no linear growth in Y is present;

3) |lew H 9 p.r < c€, thatis obvious;
4) |o—1 Hl .0.p.7 < & whichis a consequence of the obvious fact that I|X —
Xo”lp9[3T<Cg

) |#Z% — ,%,@OHI_ p.6.p1 < € which derives from the definitions BE =
BR Yo, 0|, BRy = B, o] and from Proposition 6.5.

To get the bound ||&>
second we recall that:

Hl o.p.r < ce first we use the expression u? = (A" + R+ eur]y_y,

1 -
%y;ozg@%—i—*[}’a_—’yo_]t

Moy—0 = BRo+ = [}’o % %o

and finally rearrange the expression for & in the following way:

u U —\ 7 u 1 1 —

)=

(9;:: ¢+

" ” 1 — u zu u ]
_{{%’ ~BAG+5 (6 — %) @ —T0) + 2 *”“} 1+a¢X

3 06— [ 1o~ 1o i e
20 =0 "0\ 1T59.x ~ T1a:% °1+x s =lo

To see that &, satisfy the bound of Lemma 10.1 one has to recall, besides the
already mentioned properties of %, BX — BX, and X — Xy, also the following
facts:

(1 Hf—ZOH%) opr = CE which derives from the definitions (3.6) ot 7 with y =

¢ and definition (3.15) of 7y, and from the obvious ||¢ — (P0H1 p0.pT < CE
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(2) the (approximate) tangent vector 7 is orthogonal to the (approximate) nor-
mal vector (dg o/ (1+JeXp),—1), so that the last two terms in the last line
of the above computation cancels exactly.

This concludes the proof of Lemma 10.1.
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