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ON THE STABILITY OF A SINGULAR VORTEX DYNAMICS

V. Banica!, L. Vega®*

!'Département de Mathématiques, Université d’Evry, France

2Departamento de Matemticas, Universidad del Pais Vasco, Spain

ABSTRACT. In this paper we address the question of the singular vortex dynamics exhib-
ited in [I5], which generates a corner in finite time. The purpose is to prove that under
some appropriate small regular perturbation the corner still remains. Our approach uses
the Hasimoto transform and deals with the long range scattering properties of a Gross-
Pitaevski equation with time-variable coefficients.

CONTENTS
[L__TIntroductiod 1
. Modified wave operatord 11

2.1. Modified wave operators in mixed norm spaces: proof of Theorem i 13
2.2.  Proof of Corollary =3 15
2.3.  Modified wave operators in Sobolev spaces: proof of Theorem i | 16
BT -  the b | flow T e Limed 91
3.1. Estimates from Theorem [ 21

B.2._The curvature and the torsion 22
B.3._The integration of the hinormal flowl 24
L Therf - F the sinenlarity for the b T flod o5

1. Estimates at (£.0) 25
2 Estimates at (t.2) for o < /4 27
K3 Estimates at (£.2) for +/t <=_1*J 28
4. The formation of the singularity 30
her properties of the binorma 31

32

33

1. INTRODUCTION

In this paper we study the stability properties of selfsimilar solutions of the geometric
flow

(1) Xt = Xz A Xaa-

E-mail addresses : Valeria.Banica@univ-evry.fr, mtpvegol@lg.ehu.es.
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2 ON THE STABILITY OF A SINGULAR VORTEX DYNAMICS

Here x = x(t,2) € R3, x denotes the arclength parameter and t the time variable. The
above equation was proposed by DaRios in 1906 [9] and re-derived by Arms and Hama in
1965 [1] as an approximation of the dynamics of a vortex filament under Euler equations. In
this model x(¢, ) represents the support of the singular vectorial measure that describes the
vorticity. The velocity field is then obtained from the Biot-Savart integral and is singular
at the points of the filament. Equation ([I) follows from a Taylor expansion around a given
point. The first term is discarded by symmetry, and then, after doing a re-normalization
in time to avoid a logarithmic singularity, the second term gives (). Therefore just local
effects are considered and for this reason this model is usually known as the Localized
Induction Approximation (LIA). We refer the reader to [3] and [29] for an analysis and
discussion about the limitations of this model and to [28] for a survey about Da Rios’ work.

Starting with the work by Schwartz in [30] LIA has been also used as an approximation
of the quantum vortex motion in superfluid Helium. In particular in the recent work by
T. Lipniacki [23], [24], a detailed analysis of the selfsimilar solutions of () is also made.
A rather complete list of references about the use of LIA in this setting can be found in
these two papers.

Let us recall now that for a general curve in R?, parametrized by arclength, its tangent
vector T, its normal vector n and its binormal b satisfy the Frenet system

T 0 ¢ 0 T
(2) n =| —c 0 7 n |,
b 0 -7 0 b

x
where c is the curvature of the curve and 7 its torsion. Then equation () can be rewritten
as

(3) Xt = cb.
This explains why the term binormal flow is sometimes used as a substitute to LIA.

Another relevant connection of ([{Il) is obtained by computing the equation satisfied by
the tangent vector

T = Xz
An immediate calculation gives that T has to solve
(4) T, =T ANT,,.

Notice that as a consequence the arclength parametrization is preserved and therefore T
gives a flow onto the unit sphere S?. Equation (@) can be rewritten as

(5) T, = JD, T,
with J denoting the complex structure of the sphere and D, the covariant derivative. With
this formulation we identify (H) as the Schréodinger map onto the sphere. This equation

can be also seen as a simplification of Landau-Lifchitz equation for ferromagnetism (see
22]).

As we have already said our main interest is to study the selfsimilar solutions of the
binormal flow (). Let us recall the known results about selfsimilar solutions. Although
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there is a one parameter family of possible scalings that leave invariant the set of solutions,
there is only one which preserves the property that 7'(¢,z) is in S?. Namely, for A > 0, if
X (t,x) solves (), so does

1
X x(Nt, Az).
Let us look for solutions of the type

X(t,z) = ViG <%> .

After differentiation we get that G has to be a solution of the ODE
1 T
—G-ZG'=G"nG".
2 2

Computing another derivative and with some abuse of notation we get that T'(x) has to
solve

(6) —%T’ =T AT" = (cb).
Using the Frenet equations () it follows that
L /
—§cn =cb—crn.

As a conclusion we obtain a one parameter family of curves (see [20], [21], [6]) characterized
by

(7) @=a . r@@)=73
Let us notice that (@) implies

2¢.\' 2c
8 T+ —b| =——b.
® (T+20) =%

We define (T}, ng, by)(2) to be the unique solution of the Frenet system with curvature and
torsion as in (), and initial data (Tg,ng,be)(0) = I3. By using the fact that the binormal
vector is unitary, an immediate consequence of (B) is that that for any a € RT there exists
a pair of unit vectors AF such that

9) linI:l T,(z) = AL,

In [T5] it is proved, among other things, the following result.
Theorem (Gutierrez-Rivas-Vega) Let a be a positive number, and let G, be defined by
Gl =T, with G4(0) = 2a(0,0,1). Then

(i) ‘\/ZGG (%) — Ag'a;]l[opo)(x) — Ayl ()] < 2a+/t.

(ii) For any test function ¥ (x) such that
o dx
| el <.

<
oo 1+ |z
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we have
: > T -
(10) lim (Ta <%> = AT oy (2) — ATT ey <x>> b(a)dz = 0.
(iii) The relation between a and AT is
a2
sin 3= e 2,

where 0 is the angle between the vectors AT and —A; .

Notice that () is invariant under rotations. As a conclusion, there exists a solution y,
of (@) with the initial condition

Xa(0,2) = A+mH[0,oo) (z) + A2l g (),

for any pair of unit vectors A%, different and non-opposite. This is deduced first by
determining the number a such that (iii) holds for A%, then taking x,(z,t) = VtGq(x/\t)
with G, given in the Theorem, and finally by applying to x, the rotation that sends AT
into AE.

Also notice that ([Il) is a time reversible flow because if x(¢,z) is a solution, so is
X(—t,—z). Therefore if we look at ([I) backwards in time with the initial condition at
t =1 given by

Xa(1,2) = Gy (x),
we get an example of a solution which is regular at t = 1, in fact real analytic, and that
develops a singularity in the shape of a corner at time zero.

The main result of this paper is given in Theorem where we prove that under a
smallness assumptions on a, there exist regular solutions x of ([l) for ¢ > 0, perturbations
of x4, that still have a corner at ¢ = 0.

Remark 1.1. Equation ) suggests many possible generalizations by considering other
targets besides the sphere. Let us then introduce the notation

10 O
uNyv=1| 0 1 0 |uAw.
0 0 +£1

Therefore instead of ([H) we write
(11) Ty =T Nt T:c:ca
with T a map from R? onto the sphere S® or the hyperbolic plane H? depending on which

sign is considered in ([OI). The positive sign stands for S?, and the negative one for H?2.
Analogously, since T = x,, we can obtain the equation

(12) Xt = Xz N4 Xzz-

Similar calculations and results as in [I5] were done by de la Hoz [I0] for selfsimilar so-
lutions of ([[A) in the hyperbolic setting. The extra-difficulty is that there is a-priori no
control on the size of the euclidean length of the generalized binormal vectors.
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In order to write our results we need to recall another remarkable connection of (I2])
made by Hasimoto in [T6]. It is as follows. Assume that y is a regular solution of (I2)
with a strictly positive curvature at all points. He defines the ”filament function” as

xT

(13) u(t,x) = c(t,z) exp i/T(t,:E/)dl‘/
0
Then w solves the nonlinear Schrodinger equation
1
(14) g+ gy & 5 (Jul* = A(t)) u =0,
with
a2
(15) A(t) = <i2¥ + c2> (t,0).

Let us notice that the identity (IH) provides us of some extra information on ¢ and 7 at
x = 0. This will be an important ingredient in the proof of Theorem

As we see the focusing sign (+) is related to the sphere, while the defocusing sign (-)
is connected to hyperbolic space. The real coefficient A(t) can be easily eliminated by an
integrating factor so that ([4l) can be reduced to the well known cubic NLS. This equation
is completely integrable and among the infinitely many conserved quantities it has, we
want to recall that

(16) / lu(t, z)>dx

is preserved. This quantity is related to the kinetic energy of the filament (see [27]).

The particular selfsimilar solution y, has as a filament function

- T
etat

7
Therefore neither u, nor any of its derivatives are in L?. As a consequence none of the
other conserved quantities are finite for u,, included ([I6l). However, we will see below (20)

that there is a natural energy asociated to wug.
Notice that u, is a solution of equation () with

ug(t,z) = a

and

uq (0, ) = ady.
Therefore, in order to study perturbations of the particular solution u, we have to study
(Id) within a functional setting which includes functions of infinite energy. This was started
in [33] and then extended in [I3] and in [§] to the case of periodic boundary conditions.
None of these works consider initial data as singular as the delta-function which is our
interest here. There is an obstruction to do that, as it was observed in [I9]. Using the
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so-called Galilean invariance the authors proved that the solution of ([dl) with A(t) = 0
and u(0,z) = adp either does not exist or is not unique. The reason is that the natural
candidate for such a solution is

& id? log t+i %>

\/E )

which has no limit as t goes to zero. As noticed, in our case the Hasimoto transform leads
to ([)-([H) with A(t) = “t—z and therefore we have the solution u, even at ¢t = 0.

The study of the stability of u, was started in [2] where a weak stability result is obtained.
We proceed as follows. First notice that after a rescaling, ([[d)) with A(t) = a?/t can be
rewritten as

2
(17) iUt + Upg = <]u\2 - %) u=0.

Consider u a solution of ([I7) for any = € R and ¢ > 0. Using the so called pseudo-conformal
transformation we define a new unknown v as

[N

;I

(18) u(t, z) = To(t,z) = ei/”‘;v <% %) .

Then v solves
, 1
(19) 1 + Vgg = . (|v|2 - a2) v =0,
and v, = a is a particular solution. A natural quantity associated to ([9) is the normalized
energy

(20) B0 = [le@Pdos 4 [ (0P - da,

An immediate calculation gives that
1
D) F 1 /(|v|2 ) dz =0,

In [2] we use this energy law to prove that ([[J) is globally (respectively locally) well posed
for t >ty > 0 if E(v(tg,x)) < oo in the defocusing (respectively focusing) settings. The
global existence follows by proving the control

lv(t) — a2 < CV.

Let us notice here that similar tools have been also used by Tsutsumi and Yajima in [32]
to prove scattering in L? for NLS with H! 0¥ data.

Our first theorem can be seen as an extension of the results in [2]. We construct modified
wave operators for v — a in both focusing and defocusing cases, under some smallness
assumptions. Since we are working around a non-integrable particular solution, the source
term of equation ([[9) is the linear one, with a coefficient with decay %, that is exactly
the frame for long range effects for cubic 1-d NLS ([26],[7],[I7]). Here the situation is
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different since the L°°-norm of the functions we are working with is not decaying as t goes
to infinity, being just bounded. A link can be made with the scattering for the Gross-
Pitaevskii equation around the constant solution ([14]), but still the situation is pretty
different.

Given u4 we define

Ul(t,x) =a+ e:l:z'a2 logteitagu_i_(x).

Theorem 1.2. Let tg > 0. There exists a constant ag > 0 such that for all a < ag, and
for all uy small in L' N L? with respect to ag and to tg, the equation {I4) has a unique
solution

v — v € C([to,00), L*(R)) N L*([to, 00), L= (R)),

verifying, as t goes to infinity,

_1
(21) [v(t) —v1(t)|lp2 + v — v1llLa(t,00),L00) = O 1).
Let us notice that the family of solutions we have found is such that
[v(t) —allz2 = O(1),

as t goes to infinity, while as we said before, for a general solution of ([[d), with sign -, we
got in [Z] only a control in O(V/1).

Once v is obtained, we recover u by the pseudo-conformal transformation ([IJ)). If we
define

2
eii—t e:l:z'a2 logt

a\/%—l— mm(—%),

we get the following corollary from Theorem

ui(t,z) =

Corollary 1.3. Let tg > 0. There exists a constant ag > 0 such that for all a < ag, for all
uy small in L' N L? with respect to ag and to Ty, uy in L?(z*dz), the equation [T7) has a
unique solution

u —uy € C((0, 4], L*(R)) N L*((0, £o], L®(R)),

verifying, as t goes to zero,

1
(22) ) = ui(®)llz2 + llv — wrllLago,,L0) = Ot7).
In particular,
L2 ]2
et ~ T\ |2 1

(23) U(t,.’l’) — (IW — U+ (—§>‘ = O(t4),

Lt

22

(24) ult,z) — oSl =0(),

Vit

_x2
but there is no limit in L? for u(t,z) — ae:;f as t goes to zero.
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We shall prove below that although u does not have a trace at ¢ = 0 we will be able
to construct a family of curves associated to u by the Hasimoto transform that do have a
limit at ¢ = 0.

The proof of Theorem goes as follows. We write

Vv—a=w.

If v solves () then w solves
1
iwy + Wy £ i (Ja +w|* = a®) (a +w) = 0.

The source term includes therefore two linear terms, namely

a? a?

—w, and —0.
t t

As a first guess we can treat w as a perturbation from a free evolution at ¢ = co. Therefore
let us assume that for ¢ large,
w(t) ~ eitagqu,

where eitagqu denotes the solution of the free Schrodinger equation with uy as initial

condition. Then the two linear terms lead to the Duhamel integrals
2 R t 82 ird2? dT
a / ez( —T) 2 el Ty —,
‘ T
and

o
(25) a2 / ei(t—‘l‘)@% e_iTBQ%U_i_ d_T
: T
Clearly there is no cancellation in the first integral which therefore diverges. As a conclu-
sion, the initial ansatz has to be modified to

(’U _ a)e:Fz'a2 logt _ w.

Doing this the second integral ([ZH) still remains (in fact a harmless variation of it). But
in this case plenty of cancellations can be expected. We exploit them by the so-called
Strichartz estimates [31] (see beginning of §27I). Notice that we are in one dimension case
and these estimates were proved by Fefferman and Stein in [I1]. For our later purposes the

rate of decay of v — vy is crucial. The power £ s proved using the mixed norm spaces
L*L> — L*3L' introduced by Ginibre and Velo [T2] and cannot be improved if we use
standard Strichartz estimates.

A natural question is how to construct the curves x (¢, z) from the solutions obtained in
Corollary There could be a problem if we want to use the Frenet frame, because we
do not know if |u| # 0, and so the torsion cannot be well-defined by ([[3). This can be
overcomed by using another type of frames [I8]. In [25] it is proved how to construct x (¢, z)
for t > 0 and therefore to solve ([2) with regularity assumptions similar to those given by
Corollary The necessary modifications are straightforward. However the existence of

a trace at t = 0 is very unclear. Moreover the —% rate of decay doesn’t seem enough in
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order to prove that the formation of a corner is preserved.

The main content of our second result is the improvement of the rate of decay of v — vq
by strengthening the conditions on u,. As we said, the first test to be checked is to obtain
a better rate of convergence for the oscillatory integral ([20). We are going to proceed in a
different way. Recall that if 44 denotes the Fourier transform of u we obtain the identity

eit8§U+ — /E_it52+ix5a+(£)d£.
Plugging this in the integral Z) we get after changing the order of integration
0 . d NIPON . d
/ ez(t—T)ﬁge—ZTﬁgﬂ_i__T — /62x§ﬂ+(§)/ ez(t—2—r)§2 —Tdf,
t t

T T
where the last integral has to be understood as an oscillatory one

R odr et
(26) lim e = 5+ remainder.
R—o0 t T tg

This suggests to consider data uy € H~2 which we define as
(27) U e,

Similar conditions were assumed by Bourgain and Wang in [5].
For s,p € N* | W*P is defined as

WP = {f|VFfeLP, VO <k < s},
and H® = W*2. We have the following theorem.

Theorem 1.4. Let tg > 0, s € N*. There exists a constant ag > 0 such that for all a < ay,
for all uy. small in H=2N H® N W*1 with respect to ag and to tg, the equation [I4) has a
unique solution

V=1 € C([t()) 00)7 HS(R))v

verifying, as t goes to infinity, and for all integer 0 < k < s,
1 _
(28) (v = v)(B)ll2 = O2) , V(W =v1)(B)ll2 = O ).

Notice that from (Z8))-E17) we expect a 1/t decay coming from the linear term. However,
in Theorem [ we obtain just 1/v/t as rate of the L? convergence. The problem comes
now from the quadratic terms. They are the following ones
—|w|?, and .

t t

Again the first one gives less cancellations than the second one. However the derivative
Oz|w|? behaves better and a rate of decay 1/t is also proved in this case (see Lemma ETI).
Similar ideas have been used in [14].
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Theorem [LAlis enough for our purposes. First notice that by taking u small and regular
enough, we get from Theorem [L4 a solution v regular and not vanishing. Hence we can
define (§82) a regular curvature and torsion by taking respectively the modulus and the
derivative of the phase of w = 7 (v). Then, we can use the Frenet frame to construct
(B3) a family of curves x(t,z) that is a solution of the binormal flow for ¢ > 0. To be
able to use the Frenet frame is particularly useful for us, because for example equation (&)
has a natural generalization, see (B0), which plays an important role in proving that the
constructed family of curves is close to the selfsimilar one y,. Also, for proving this final
fact, the strong rates of decay of Theorem [l are crucial.

Finally let us say that in the construction of the family of curves we shall deal just with
solutions of () and not of ([Z). The obstruction for doing it in the second case is the
same as the one mentioned before: there is no a-priori control on the size of the euclidean
length of the generalized binormal vector if we work in H2. This does not happen in the
sphere setting where we are able to prove the existence of the trace of x at ¢ = 0 from the
uniform bound of the curvature obtained in §82 from Theorem [C4]

C
le(t, z)| < 7

Using this bound in (B]) together with the fact that b is unitary, we get the integrability of
Xt at t = 0, and therefore the existence of a curve yo(z) = x(0, ) follows immediately.
Our final result is the following one.

Theorem 1.5. We fiz € > 0, tg > 0 and a positive number a such that a < ag, where ag
is the constant in Theorem[I4} Let uy small enough in H2nH3NW3 with 2*u, small
enough in H' in terms of €, a and ty, and let v be the corresponding solution obtained in
Theorem [I4} By using the Hasimoto transform, we construct from v a family of curves
x(t, z) which solves for tg >t > 0

Xt = Cb7
and such that there exists a unique xo such that

Ix(t,2) — xo(2)] < CaV't

uniformly on x € (—o0,00).

Moreover xq is Lipschitz and for x > 0
[X0(x) — x0(0) — Ay x| < ex,
and
[X0(0) = xo(—2) — A 2| < ex,
with A} and A the vectors given in [{@) and that satisfy

a2

sin§ =e 2,

where 6 is the angle between AT and —A; .
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In the proof we show that the tangent vector of the binormal flow y we construct is close
to the one of x,. We then prove that x is close to x, even at time ¢ = 0. We recall here
that

Xa(0,2) = Aiﬂ[o,oo) (x) + Ag el _ oo ) ().

As a conclusion of the statement of Theorem we get that xo(x) lies in the e-cone
around x,(0, x), and therefore a corner is still formed for x(¢,z) at t = 0 and at = 0. The
angle of this corner can be made as close as desired to the one in between A} and —A;
by taking e small enough. The family of perturbations of y, that we obtain is determined
by the wave operator constructed in Theorem [[4l A better description of the allowed per-
turbations would be obtained if the asymptotic completeness of this wave operator were
proved. This will be done in a forthcoming paper.

The paper is organized as follows. In the next section we give the results about the wave
operator. We start by writing the long-range profile that implies a modification of the free
evolution, and then we find the corresponding integral equation associated to this profile.
In the next subsections, §&T1] and &3, we solve this integral equation first in the mixed
norm spaces (Theorem [[4)), and then in the Sobolev spaces (Theorem [[CZ). Subsection
22 is devoted to the proof of Corollary

Section §8 contains the construction of the family of curves x associated to the solution
v obtained in Theorem [[4 and that solve (). First, in §81] we obtain estimates on v from
Theorem [CA In Y82 after defining the curvature and the torsion from v, we compute
their leading terms as t goes to zero. With this curvature and torsion, we construct in §8.3]
a binormal flow up to ¢ = 0, as stated in the first part of Theorem [L3

Section §lis devoted to the proof of the fact that the constructed flow x is close to x4-
In the three first subsections we show that the tangent vector of x is close to the one of
Xa, and in §&4 we conclude the second part of Theorem

In the last section we derive some extra-information on x(¢,x). Finally in the appendix
we sketch how to construct the tangent, normal and binormal vectors of a solution of ()
from a solution of ().

Acknowledgements: First author was partially supported by the ANR project “Etude
qualitative des EDP”. Second author was partially supported by the grant MTM 2007-
62186 of MEC (Spain) and FEDER . Part of this work was done while the second author
was visiting the University of Cergy-Pontoise.

2. MODIFIED WAVE OPERATORS

First we give the fixed point argument that we use to obtain the wave operator for our
problem. Subsection §27] contains the proof of Theorem in mixed norm spaces, and
subsection §2.3 deals with the proof of Theorem [[4] in the Sobolev space framework. In
subsection §Z2 we prove Corollary
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As usual for nonlinear Schrodinger equations, if we want a solution of equation ([[d) to
behave as t goes to infinity like a particular function vy, it is enough to find a fixed point
for the operator

0o 2 _ 2
Av(t) = vy(t) +z’/ el(t=m)oz <:FM — (10, + 02)vy (T)> dr,
¢ T
in a space defined around v;. We take as an ansatz for our problem
v =a+ eitagw,
with
w(t,) = up (e 8T,
and v to be chosen later. It follows that
(10 + 8%)211 = eitagiatw = —%eita%w.

So for v in some suitable space defined around v, we shall have to estimate

S 2 _ .2 2 _ 2 2 _ g2 .
Awwlzi/'em;mﬁ<$<ﬂﬂ o (| a)m>_+<$ﬂm| a>vy+zéwaﬁ>dr
t

T T T T

The first term of the right hand side will be easier to treat than the last one. We compute

(|v1* = a®)vy = (v1)*T7 — d®vy = <a2 + 2ae™% 0 4+ (eitaﬂ%w)2> (a + e“‘?%w) —d*(a+ eitaﬂ%w)

= o263y + a2ty + 2a]eitagw]2 + a(eitagw)2 + \eitaﬂ%w[%“agw.
Here we make the choice v = 4a?, to get rid of one of the linear terms. By doing this, the

only linear term left is out of resonance and the integral will converge.
In conclusion, we are choosing

v =a+ eitagw,
with
W(t,) = u () 8,
and we shall do a fixed point argument in spaces defined around vy, for the operator

0o 2 2 2 2
(29) Av =1 jFi/ e!(t=7)% (W v _ (" —a )Ul> dr
t

T T

; 52 e o o
e . a2etmd2 ., + 2a|e”81w|2 + a(e”—aww)2 + |e”81w|26”81w
T e © dr
t T

Let us finally recall the 1-D Strichartz estimates that will be used throughout this section
(see 311, [12]). We have

(30) |

eitag f‘

<C ”f”L27

LP1(R;L91)
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and the inhomogeneous version (1/r' :=1—1/r)

2
(31) / (i) F(5)ds < CIFll g gyt
In{s<t} Lr1(1,L0)
for any admissible couples (p;, g;), that is
2 1 1
— 4 — =, p > 2.
pi ¢ 2

The admissible couples we shall use here are (c0,2) and (4,00). Also, let us recall the
dispersion inequality

(32) 0% f| < \[HfHLl

In particular,

[Jut] L1
(33) o1(8)] < 0+ C

2.1. Modified wave operators in mixed norm spaces: proof of Theorem Let
to > 0. We shall perform the fixed point argument for the operator () in the closed ball

Xp = {v\ ol = sup_ #1000 ~n O+~ s ps) < R},
te€(tp,00

with 0 < v and R to be precised later. Let us notice that in view of ([B3)), a function v € Xg
satisfies

(39 o)z~ < @l + o) — v @)= <a+ 02y 0.

Vit

We want, for a v € Xpg, to estimate in Xp

o0 2 2 9 9
Av — v = :FZ/ e i(t—7)02 <(’U’ a )U _ ("Ul’ a )U1> dr
t T

T

) 2 _iTo2 iTd2 |12 iTO2, \2 iT02 12 iTO?
. c a2 a°e9%w + 2ale % w|? + a(e%w)® + | % w|?e' % w
:Fz/ et (t=7)% | | ( il | dr = I+ J3+Jo+ J;.
t

i
We denote here I to be the first term in the right-hand side, and Ji to be the parts of the
second term involving k-powers of im0

For I we shall use the inhomogeneous Strichartz estimates (B1I),

17]|x = ‘ /OO im0 <(‘”‘2 —av _ (luf - “)2”1> dTH
. T T X
&0 dr
< Csupt”/ H|v|2v— |v1|2v1 —a2(v—v1)||L2—
to<t t T

A e dr
< Csupt (@ + o1l Fe + 0lI7ee) v — vl L2—.
to<t t T
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Since v is in Xg,

Il < Cllelly supe” [ (a2 + e + olB~) 5
N to<t t Titv

and by using (B3) and (&),
Juy )17 > dr
I|x < Cvlx | a®+ —/£ +su t”/ v —01)(7)||Ze —— | .
[]x <C HX( ~ toglz t I( DIz pEw

In the last integral we apply Cauchy-Schwarz inequality to recover the L*L° norm, and
finally,

JugllZ: o3
ngcvx<a2+ Loy X )
I1]] o]l o NG

The contribution of the cubic power of e "“zw is easy to estimate. By using the inho-
mogeneous Strichartz estimates (BIl) and the dispersion inequality ([B2) we get

oo iTO2 12 iTH2
3]l x = H/ pi(t=7)02 | w| e Y
t T

itd2

v > iT02 |12 iTd? dr
< Csupt llle™ " w|“e ™ wl|| L2 —
< to<t Jt T

g2 52 dr o dr v
<Csupt’ [ e ul el T < Copt’ [ e Bl 5 < Clus)sup S
t t

2 J—
to<t to<t T to<t

The quadratic terms can be handled in the same way, and we obtain
0o 2 iTO2, |2
[ 2] x = H/ it 20T |
. T

So at the end we need to estimate only the linear term

e’} 2 _i1O2 o0 2
Sy 2 A" € W Sy 2 a
Jl = / ez(t T)a‘"cidT = / Cl(t 27-)6‘"” <'LL+ m) dT.
t T t T

First we estimate its L? norm in space. We use the conservation of the mass for the linear
evolution (B0),

v

t
< Callug| prllut| g2 sup —-
to<t t2

X

J > 12702 a’ d
)2 = e 270 (gr—— | dr||
[T (E)]] L2 /t ( +7.1:|:m2> 2
and the inhomogeneous Strichartz estimates (ZII),
2 || U+ 2 1 2 1
[ ()2 < Ca” || — = Ca” lullpo || = = Ca” luy |l e =
T e ((t,00),L") L7 (t,00) v

Therefore
tl/
supt” || J1(t)]| 2 < Ca® uyl o sup —
to<t to<t tp
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We need then uy € LY, v < %. From the admissibility relation, the best choice is p = 4.

Moreover, since u4 € L' N L?, then by interpolation we have also u, € L7,
For estimating the L* norm in space of J;, we use the dispersion inequality (B2),
1

o0

u 1

1A (0)] e < Ca? / Ml o 2 g i -
t T(21 —t)2 t2

Then

v

t
sup t [|J1 | pa 1,00y L0y < Ca® |lug||prsup -
to<t to<t ¢4

In conclusion, for u, € L' N L?, we have obtained

2, sl ol v v 2
JA@Ix < flollx (a2 + + ) g sup S+ Cluy) asup S+ Cluy) a? sup
to Vo to<t t to<t 12 to<t t1

Let v = %. Then there exists a constant R small with respect to tg, and a positive small
constant ag, such that for all a < ag and all u, small enough in L' N L? with respect to
to,ap and R, we can apply the fixed point theorem in Xr. We get then a unique solution
v of equation () such that

v =1 € C([to, 00), L*(R)) N L*([to, 00), L(R)),
with the rate of decay (), so the proof of Theorem is complete.
2.2. Proof of Corollary Let tg > 0. We denote tg = % and we consider v to be the
corresponding solution of Theorem [[2 satisfying the decay ([ZII) as t goes to infinity,
_1
[v = w1l Los ((t,00), L2)NLA((t,00),L50) = O 7).
Then u, the pseudo-conformal transform of v, will satisfy equation (7). We want to show
the first assertion (22) of Corollary [[3] namely the decay as ¢ goes to zero,
1
lw — 1|l oo ((0,6),L2)nLA((0,),Lo0) = O(t1).

The mixed normed spaces we are using spaces are invariant under the pseudo-conformal
transformation 7, and since

2
;2o
o eta z
+ia® logt i ( > ,

u="17 (v ) ur=7 la+e i
(v) 1 o gy

we notice that (22)) is equivalent to have, as ¢ goes to infinity,

. et x 1
v(t,x) —a— eFia’logt — g (—) =0t 1).

Loo((t,00),L2)NLA((t,00),L>)
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In view of (EII), this is equivalent to have this decay for the difference

+ia2logt el (95) . _1
vi(t,x) —a—e ——dy (= =0t 1).
(t.2) — i (5 (t4)

Leo((t,00),L2)NLA((t,00),L°°)
From the definition of vy, it is enough to prove
2

- el x 1
ey, — U (—) =QO(t 1),
= Tt g (t71)

Lo ((t,00),L2)NLA((t,00),L>)
which is one of the properties of the linear Schrodinger evolutions. On the one hand, in

L4((t,00), L>) both terms decay like 71 as t goes to infinity. On the other hand, the
expression of the free Schrodinger solution gives

1 _ Ty ﬁ “ X
\/m ‘/6 Y2 el u+(y)dy—u+ (ﬂ)
L2
I =c

= eiguj(') (£> — Uy <£> <€il‘/j - 1> u4(y)
V 4t 2t 2t L2 L2
If uy is in L2 N L2(y*dy), that is if 4, € H?, then this difference is O(¢~!). In conclusion,

the first part (Z2) of Corollary [3 is proved. Relation (Z3) is obtained from (Z2)) by using
the general formula

iz
itd2 N

e’ 4t ( e )
e TUL — u —
T Vamit T \2t

L2

PP =191 < (1 fllz2 + Nlgll2) 1 = gl 2
and then (24]) follows by the triangle inequality.

2.3. Modified wave operators in Sobolev spaces: proof of Theorem [L4l Let
to > 0, s € N*. In this subsection we shall perform the fixed point argument for the
operator (29) in the closed ball

Yep=<vlllolly = sup [0 —v1)®)ll;2+ % sup [tV —0v)t)2 <Ry,
te[to,00[ 1<k<s tefty,o0]

for strictly positive v, u and R, to be precised later. Let us notice that in one dimension
[F1? < NI fllz2 Ml f']l2- Then, for v € Ya,

(35) (0 —u)()] < fP“
and
(36) IV - ) (0] < IV 0 — o)) F V@ o) @) < S,

for all 0 < k < s. Moreover, by using the dispersion inequality ([B2), for all 0 < k < s,

Vhetiot gt ito2,, | < [VFEuy| 11 '
Vit
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It follows that for v € Yg,
CR

ptv
2

(37) ()] < Jor (8)] + [o(t) — v1(8)] < a + C”U;!u .

and that for all 0 < k < s,

[V sl , CR
Vi

The proof follows as in the subsection 211 by estimating the terms I and Ji in Y.
By using the conservation of the L? norm of the free equation (&),

/OO Gi(t-7)02 <(”U’2 —a’ ) (juf - a)2’01> o
t T T

(38) IVFu(t)| < CIVFui ()] + [VF(v —01)(t)] < C

sup t“[[1(t)|[ > = supt”

to<t to<t L?
o0
d
< Csupt”/ l[v]?v — |v1 01 —az(v—v1)||Lz—T
to<t t T
Y e dr
< Csupt (@® + [Jor][7e + [J0ll7e) lo = v1][ 2 —-
to<t t T
Since v is in Yg,
v v [T 2 2 2 dr
sup t”[[1(?)[|z2 < C vy supt (@ + lvillzoe + (Vi) = -
to<t to<t t T
By using the bound (B3] on v, and ) on v, we get
”U+”2L1 (CR)2
supt”I 2 < C\olly [ a® + + .
suj (FICAIF? [[v]l o e
For the L? norm of the first derivative, we have
m u * 2 2 2 dr
sup t*[[VI(t)||z2 < C'supt IV([v]*v = [v1[*o1)[| L2 + @[V (v = vi) |22 —
to<t to<t t T

&0 dr
SC&QHU\lYJrCfugt”/ (017 IV (w=v1) [l 2+ ([0 oo + w1 Lo ) | Vo1 || Lo [Jo— villp2)—-
0< t

By using again the fact that v € Yr and the bounds &3), B1), we obtain

2 2 tH
sup VI 2 < C o]y <a2 J el | (CR) ) (1 tsup ) |

to<t to thrV to<t 13

The higher order derivatives can be estimated similarly, and we get

2 2
CR tH
I]ly < Clvlly <a2—|— ||U+HL1 + (tu+V) > <1 + sup ) .
0

to to<t 13
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We estimate now J3 by using the invariance of the H® norm for the free evolution, and
by using the fact that H*(R) is an algebra,

) iT0?, 12 ,iTO2
g 2 |€ W TW
el(t T)az | | dT
t T

13(8) || zrs =

o0
. d
< supt“/ e w2eim 2| g1
s to<t t T

0 2 dr _C
SC/ €% w| o |0 w]| s " e 17 [l | s -
t

We first consider the L? norm of Jy, that can be estimated as done in the previous
subsection §2.71

v v > iT2 dr
supt”||J2(t)[| 2 < Casupt e w|?||| 2 —
to<t to<t t T

v * iT0? iT0? dr *dr

< Casupt le" wllzeelle™ w2 — < Callusllprlut |2 supt” [ =
to<t t to<t t T2

v

= Callug|[p1|us 2 sup —

to<t {2

Of course, the derivatives can also be estimated in this way. Nevertheless, for our final
purpose of studying the binormal flow, we shall need more decay on the derivatives. More
precisely, we have the following lemma concerning Jo(t).

Lemma 2.1. Ifuy € H- ' N H*!, then
a
(39) Socrss |VERO|, S F (o, + sl ) -

Proof. We have

2
iT02
o] e TrTw o]
kaz Vk / ei(t—T)a?c ( > dT + 2vka/ ei(t_T)a?c
t t

52
em?x w ‘
—dr.

T T

By using the Fourier transform in space, the first quadratic term is

L () (t—)02 ( ZTaﬂUu} —z(t T)E . —
\V/ / Z( -7) S 7 dr = / / |£| mferr@zu * EZTBIU_;_ dé’ dr

1:F2za2

e TP (=)= izE X
-/ / g | S i (o~ ) dndg
We perform an integration by parts in time and get
0o aac el 2 ~ ~
Vk/ eilt=moz N/ ( w dr — // HE™+2n(n—0)) |k RS uy (n)ui(n —§)
: B 2in(n —€)

e itE> —2iTn(n—E) e U (M)us(n —&
1 T 2’LCL / // 2:|:2za2 | |k elxﬁ +éz’2}(7-7|-(_ é) ) dn dg dr.

T

dn dg§
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Therefore, as t goes to infinity,

. (emgwf
Va / ety /4y 5%
t

T

€ <“—* " ”—*) ©)

L2
2
For k > 1, H* is an algebra, so we get

2
iTO2
0o 5 (6 ww) a
So<k<s ||VFa / =M%/ gr gg

t T

~ 2
U a
F()| S (el )
=)l
2

The second quadratic term can be also estimated similarly and we get

2
iT0? ‘

k[ i—nez | > pe D e o
\V. / plt=m)oz L | g / / ‘g’ s elmge”—aﬂcu_;_ * 6_”—896@4_ dé dr
¢ t T

-
) e—z‘t£2—i7(n2—(n—5)2—€2) kizE ~ —~
:/ // €7 €Sty ()T (n — €) diy d dr
t

=
—it(€2+26(n—6) e U (T4 () —
_ //et% 1|k e M;Zézg(—ng) ) dn dg
IS e_z't§2—2i—r£(n—§) k ize UL (77)6:-(77 —{)
c - 1T, d d d .
+/t // = e ey gy dnder

For having a good bound, we need to avoid the powers of ¢ in the denominator. That is
why the L? norm was considered apart before this Lemma, and the decay in time obtained

was weaker. So by taking k > 1, we get
U
()
. k-1
2

For k = 1 we use the imbedding L*(R) C H'(R) and we get the upper-bound & ||u, || g1 [|us || -1 -
For k > 2 we use the fact that H*“1(R) is an algebra, and we get the upper-bound

el gnr (el g + s [l groez).-
In conclusion, if

2
iTO2 w ‘

e

o
S N92
VkCL / el(t 7')61
t L2

dr|| <2
~t

et (1 =) ©

T

uy € HnEL
then we can control in L? the first and higher derivatives up to s of the quadratic terms,
like stated in the Lemma. O

The linear term J; will be treated similarly. We have the following Lemma.

Lemma 2.2. Ifuy € H 2N H*2, then

CL2

(40) Soskss | VRO, S 5 (el + sl go-s) -
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Proof. We write

0 —zt 27)¢
Jl(t) :/t el(t_%—)a% < 1:|:2a2> dT _/ / 7-1:|:7,a2 mgu;(_g)d£d7—7

and we perform an integration by parts in T,

e (— o0 —i(t=27)€%  p (L
Jl(t):/ et et £)d£+(1iz’a2)/t /e M Gy

tlEia? 2252 T2+ia? 2252

By Plancherel we get

a’ || (=€)

(a) ol < 5 [
Since derivatives in the space variable commutes with ei(t_T)az, we obtain similarly for
ke N*

a* || (=€)
42 Hvkjl ¢ H < @)t ,
2 Ol =7 | 7a 1,
and the lemma follows. g

Summarizing, we have obtained that

2 2 h
HMMW§cmw<J+W”“%Hﬁ@><LHW )

tO to to<t t2
th 4+t t¥ tH th 4 tv
+C(u4) sup + C(uy)a sup — + Cluy) a sup — + C(uy) a® sup ,
to<t to<t t2 to<t t to<t

with the constants depending on the H=2N H* N W' norm of u,. The choice v = % and
# = 1 from the statement of Theorem [[4] satisfy 0 < v < %, 0<pu<land u < % + v.
Therefore there exists a positive constant R, small with respect to tg, and a positive
constant ag, such that for all a < ag, and all uy € H20 H3 N W*! small with respect to
ag, to and R, we can apply the fixed point theorem in Y. We get this way a solution v of
equation ([[d) such that

v—1 € C([to, OO),HS(R)),
satisfying
(43) (v =v1) (@)l 22 < % , VR0 = o)(®)] 2 <

and the proof of Theorem [[4l is complete.

-
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3. THE CONSTRUCTION OF THE BINORMAL FLOW FOR POSITIVE TIMES

In this section we show how to construct a binormal flow for all times ¢ > 0 from a
solution obtained in Theorem [L4A The next section will contain the proof of the fact that
this new binormal flow is close to the selfsimilar one x,, and that a singularity is still
formed at time ¢t = 0.

We fix € > 0, a < ag and tg = 1/tg. With the notations of the previous section, let R
small enough with respect to ¢, ¢y and a, and u4 € H2n H* N W*! small with respect to
€, a, to and R. We consider the corresponding solution v of Theorem [LAl with s = 3 and
equation (7)) with focusing sign +. We take s = 3 to have v smooth: H3(R) C Cg(R) is
enough for our purposes. In subsection §8.1] we give some estimates in time on v, v — a and
v — v1, obtained from the statement of Theorem [L4l Then, we define in §82] a curvature
and a torsion, and use these estimates for calculating their leading terms as t goes to zero.
These estimates will be used throughout the rest of the paper. The last subsection §3.3]
concerns the new binormal flow. Using the curvature and the torsion, that are continuous
for ¢ > 0 but not at ¢ = 0, the binormal flow is constructed for all positive times. The
estimates in §3.2 allows us to obtain a limit at ¢ = 0 for the flow of curves.

3.1. Estimates from Theorem [[L4l We define f by

v(t,y) = a+ f(t,y),
that is
F(t,y) = €108ty (4) 4 (v — 1) (t, y).

Hereafter in this section, when for a given h we write the expression 0.h (%, %) we shall
mean ¢'(z) with g(z) = h (1, ).

When t goes to zero, we have different estimates for the two terms of f (%, %) For the
second one we get from the estimates [3]) on v — vy,

- (4:5) 00— w) (.7

For the first term of f we have only the dispersion decay rate

3
<Rt:
LOO

<R.

LOO

1

et () et et ()], <

N

Since R is small enough with respect to typ and a, and uy is small with respect to R, tg

and ag, we get
1 =z
b -z
o (3%)

o b

C(RWVt ‘

< .
L Vit

LOO
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However, at x = 0 we get a better decay for the first derivative. From the expression of
the free Schrédinger evolution,

—ia2logt 1182 €z —m2 lo; te 4t —2 2
€ Ble't%uy () = & +(y)dy,

o

< Vit|yuylp < VE (Hy Uy ||z + llusl|r2) -

1 (57)

3.2. The curvature and the torsion. We start by defining a curvature and a torsion
from the solution v of Theorem [[L4l Let us recall that since v is a solution of the focusing
equation (Id), then its pseudo-conformal transform

22
ew (1 x
u(t,x) = W’U Z,? s

2 a’
U + Upy + (!u\ - 7) u=0.

Since v is regular enough and does not vanish, we can define two real functions 7 and ¢
such that u

and taking x = 0,

a2 152
dpe ia logt iy 65”’LL+<

Therefore at « = 0,

(45) < C(R).

=0

is a solution of

u(t, z) = c(t, :E)eifb(t,w)‘
We define 7(t,x) := ¢, (t,x), so
U(t, $) = C(t7 $) i ]0 (t,5)ds+¢(t, 0)
Then, the function
a(t,z) = c(t,xz)e’ Jo 7(t.s)ds

is a filament function, solution of ([Il) with A(¢) replaced by “t—z + ¢¢(t,0). As will be seen
in the next subsection §83 there exists a binormal flow of curves such that the curvature
and the torsion are c and 7.

As t goes to zero, we shall compute the leadlng terms of (¢, 7). We have

clt,2) = Ju(t,2)] = — ‘v<

and
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Since v = a + f, the square of the curvature is

A(t,z) = o <1+ §Rf+m2> <t t>.

Because ¢ and a are positive,

-y b (2o ) (1),

and in view of estimate (f]) on f, we obtain the estimate on the curvature,
a
c(t,x) — —

Gl = 7|+ W) (7)<t

We recall that R is small with respect to tg and a. It follows that ¢ > a/2v/t. Hence
similarly, from 0,¢? = 2c0,c, we get an estimate on the first derivative in space of the

curvature, by using (@),
|fI? C(R)
(e BE) (17)] <5
(48) |0z c(t,0) < — o

720 (207 "’;'2> (N)' <7

The torsion is well defined and is given by

T(t,z) = g% (CH-?(%, %)) + 0, f (%7 %)

(46)

) Oucl < — |0

At x =0 we can use (D) and get

Then

and so we get,

49)  |r(t,z) - % -3 (%@f (%%))‘ < %

In particular, by (@) we get

(50) (T(t, ) —

and by (X)) we have at = = 0,
(51) |7(t,0)| < C(R).

Let us give also an estimate at x = 0. By the definition of v and ¢ we have

c(t, 0)et®(t0) _ % = u(t,0) — % - %(v —a) (%o) - % Go) .
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From estimates [#4l) on f we get that

c(t, 0)e’?t0)

and by using (Ef),

A ig(t0) _ 1‘ o(t,0)ei®0) _ L

%—c(t 0)‘

Therefore, since R is small enough,

o(10) ‘ ‘emto —1‘

(tO) ‘ - \/_

(52)

Finally, let us recall that the curvature and the torsion of the selfsimilar binormal flow
Xa are

x
Ta(t,z) = —.

(53) co(t,x) = 57

a
%7 )
Therefore all the estimates in this subsection show that (¢, 7) is uniformly close to (¢q, 7).
This will be used in the next section ¢l

3.3. The integration of the binormal flow. From the curvature and the torsion defined
in the previous subsection, we shall construct a corresponding family of curves solution
of (). We first construct its tangent, normal and binormal vectors (T',n,b)(t,x) in the
following way. For a given (T, n,b)(to,0), we define (T, n,b)(t,0) by imposing

T 0 —CcT Cy ) T
(54) n | to)y=| 7 0 (4) n | (t,0).

b/, e (== b

This is the system that the time derivatives of the tangent, normal, and binormal of a
binormal flow verifies. This will be proved in the Appendix.

Then, we construct (T, n,b)(t,z) from (T, n,b)(t,0) by integrating the Frenet system for
fixed ¢

T 0 c 0 T
n txy= —c¢c 0 7 n | (tx).
b /), 0 —7 0 b
This way T" will solve, (see the Appendix)
T, =T NT,,.

With T constructed this way, for a given curve x(tg,0), we define for all £y >t > 0,

x(t, ) == x(to,0) — /t O(cb)(t',O)dt' + /Ox T(t,s)ds.
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Using the Frenet system,
Ty =T ATy =T AN(cn)y =T A (cgn + ctb) = —emn + ¢,b,

and it follows that yx solves the binormal flow equation ().

Therefore x(t,x) is constructed for all times when the curvature and the torsion are
regular, that is for ¢ > 0. Finally, by using () and the expression of the curvature @) we
have

to
< @dt — 0
t \/z t1,t2—0
By denoting yo(x) the limit at t = 0, we obtain similarly that for all x € (—o0, ),
x(t,2) = xo(z)| < Cavt,
and the first part of Theorem is proved.

(55) (t1,2) — x(t, 7)] = /t ot 2)b(t, ) da

1

4. THE FORMATION OF THE SINGULARITY FOR THE BINORMAL FLOW

In this section we shall prove the second part of the statement of Theorem We shall
show that the binormal flow x constructed in the previous section is close to the selfsimilar
one x4. This will allow us to conclude that a corner is still formed at time zero at z = 0.

To this purpose, we start by showing that the tangent T of x remains close to Ty, the
tangent of x,. This will be done in three steps in the next three subsections. First we show
that (T',n,b)(t,x) remains close to (T, nq,bs)(t,x) at t = 0. Using this we show in the
second step that (7', n,b)(t,z) remains close to (T, ng, by )(t, z) for x < v/t. In particular,
T(t,z) is close to T,(t, ) for x < v/t. This will imply in the final step that T'(¢,z) is close
to Ty (t,z) also for vt < .

In the last subsection the information that T'(¢,x) is close to Ty (¢, x) is used to show
that x (0, z) is close to x4(0, x).

4.1. Estimates at (¢,0). Let usrecall that in subsection B3 we have constructed (7', n,b)(t, 0)
by imposing (B4)),

T 0 —CcT Cx T

2
n | (te)=| c7 0 Cra—CT n | (t,x).
b/, ¢, —Cm=cr? 0 b

C
As notice when the curvature and the torsion have been defined in subsection B2, the
function .
ﬂ(tv :E) = C(tv :E)el ']0 T(t’s)dsy
is a filament function, solution of ([dl) with A(t) replaced by “t—z + ¢¢(t,0). It follows that

we have the condition (I3)

2
a—; +0,6(t,0) =2 (%) (t,0) + c(t,0)>.
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Therefore we obtain

T 0 —cT Cx T

n | 0= er 0 G | g n | (t,0).
2 2

b ¢ —Cg _Ca;c _ % 0 b

In order to get rid of the term ¢(¢,0), we introduce
4 ib = elg(n +1ib).

A straightforward computation gives us

2 2
~ o ‘$ ¢t —c ~
T +iby = e'2 <nt + ib; —I—i%n— %b) =e'2(c; —icy)T —i2 5 (n + 1ib),
and
T 0 —CTCOS% —Cy sin% —CTSin% +zcx cos% T
n (t,0) = CTCOS% +cxsin§ 0 gt n
2_ 2
b ¢ CTSiH% —cxcosg ——6“26 0 b

We choose as an initial data (T, 7, b)(fo,0) = (Ty, a, ba)(f0,0). Since (Ty,na, ba)(t,0) is
the orthonormal basis of R?, we obtain

T-1,

to
i —na | (t,0) < 3/ (ler] + [ex] + €2 — &) (0,0) do.
b— b, t
From the expressions ({Gl), ([ ), (1)) of the curvature and the torsion at x = 0,
C(R
(el +leal + 12 = 1) (0,0) < S22,
Therefore we get
T — a
(56) 7? —Na (tv 0) < C(R)7
b— b,

and the fact that (T, 7,0)(t,0) has a limit as ¢ goes to zero. Finally,

(n + ib) — (na +iba)| < |(n + ib) — €2 (n + ib)| + | (72 + ib) — (1 + iba)|,
and in view of (B2) and (BHl), we obtain

T-1T,
(57) n—ng |(t,0) < C(R),
b— b,

and the fact that (T, n,b)(¢,0) has a limit as ¢ goes to zero.

(¢,0).
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4.2. Estimates at (t,2) for x < /t. Let us denote
N =n+1b.

The tangent, normal and binormal were constructed in subsection such that we can use
the Frenet system. This gives us

Ny, =—-cl'+7b—1tn=—cI —iTN,
so that
(N - Na)m = _(C - Ca)T - Ca(T - Ta) - i(T - Ta)N - iTa(N - Na)-
In particular,
2 2
(58) e " <61E(N - Na)) = _(C - ca)T - Ca(T - Ta) - i(T - Ta)N7
and

(T —To)z = cn—cang = (¢ — ca)n + co(n — ng).
If we denote
Y2 =T —T,> +|N — N,J,
we can compute using (b))
Y2 =2<(c—contcan—mng), T —Ty>
+2 < —(c—co)T —co(T = T,) —i(T —7o)N, N — N, > .
The tangent and the normal vectors are of norm 1, and |N| is bounded by 2, so
2XE, <2|c — ¢o||T — To| + caln — ng||T — T,
+2|c — ¢a||N — No| 4 co|T — To||N — No| + |7 — 70| |N — Ng|
<2(Jc— cal + |7 = Ta)Z + X2
Therefore

xT

(e_wZL\/?E) < e_x%\/?ﬂc —co| + T —T4al),
and so .
S(t,x) < E“DAIN(t,0) + "2VE / e VIV (e — co| + |7 — Ta|)(t, y)dy.
0
For x < M+/t, with M to be chosen later, we have

S(tx) < e TN(0) + e T MVE sup (e — cal + |7 — Tal) (£ 0).
0<y<M+/t

Using the bounds @), ) of the curvature and torsion,
S(t,x) < e 5(t,0) + e 2" M O(R).
In the last subsection we shall choose M large, so we can write

S(t, ) < eMOD(t,0) + eMUO(R).
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By (BD), that is proved in the previous subsection, ¥(¢,0) < C'(R) and we get
(t,z) < eMC(R).

In conclusion, in the region x < M Vi

T-1T,
(59) n—ne | (t,z)| <eMUCO(R).
b— bg

4.3. Estimates at (t,z) for v/t < z. Using the Frenet system again we write

@ @ T c
T(t,x')—T(t,x)= / cn = / c <1 — —> n+ —7n.
z x Ta Ta

Since b, = —7n, we do an integration by parts in the last term,

! x! _ /
T(t,a") —T(t,z) = [—ib] +/ L <£> b,

Ta ] Ta Ta

and by using the explicit expression 7,(t,z) =

2t c(t, x
| 2elto)

T
T

(60) T(t,x')=T(t, )

() (B vas
z S8 \2t s /g

Now we write the difference
2t(c — ¢, 2t(c — ¢, 2tc,
(=), (b—by) — (C,C)b— °
z T x z

9 /s 2t(c — ¢q) 2te,
+/x ?(ﬂ—T)n—F(f)sb—F( s )s(b—ba)ds.

By choosing 2’ > 2 = M /1,

n 2tc,

(T - Ta)(tv x/) = (T - Ta)(t7 x) + (b - ba)

N 4/t — cq n 8v/te,
M M

' ote s 2t(c — ¢q) 2tc,
/M\/E?<§—T)n+<7s >Sb+< - >8(b—ba)ds

The result (B9) of the previous subsection together with the decay [HH) of ¢ — ¢, give us

T — Tu|(t,2") < |T — Tul(t, MV1)

+

(61) (T — Ta)(t,2")| < e C(R) + %(1 +C(R))

* e s 2t(c — ¢q) 2tc,
/M\/E?<§—T)n+<7s >Sb+< - >8(b—ba)ds

We denote I, Is and I3 the integral terms.

+
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/“"J <2a\/f> <4a
M+t s s

M-

The last term can be easily estimated by

|13|:/ <2tca> (b — by) ds
M+t S s

Now we consider the second term in the integral

(72 <
MVt s s MVt

We have from the estimates ([@0) and (1) on the ¢ — ¢, and on ¢, respectively,

2tc5(t,s) 8f<1 s> C\/ amQG j)

_ 2{’1,’( ) ﬂfl?(% i)

By using Cauchy-Schwarz’ inequality and the bounds {4 on f, we get

g (1.3 a1 S0

<2

2t ¢
S

Ca) ds.

[Io| =

‘215(6—
T P

S

and
2t (¢ — ¢q)(t, s)

52

!

o< |
MVt s
Finally from the expression ([d) of the torsion,

L] = ‘ /W 2AbS) (2 r1.9)

!

<)
Myt S

In conclusion, we can transform (B1l) into

(62) (T —T,)(t,z")| < eM“O(R,u+)+12—a(1+O(R uy)) + /x Cvi
M MVi S

M

(22 (e (20)

bt ) 0

<C

1 s
(98f <Z, ¥>‘ ds.

Next we need the following lemma.

Lemma 4.1. The followmg estimate holds

"¢
[ oVt af( )' s < s 1o +

Proof. Recall that f is given by
ia?lo itd?
f(ty) = 85 (y) + (v — v1)(ty).

Denote by A; and As the two terms in the above sum.
The second one can be estimated easily by using Cauchy-Schwarz inequality,

Agz/:,g 8s(v—v)< > ds < Vi< 83(7’_”1)(%’;) 2

C(R)

\/Et'

Slr2(z,a)
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and the rate of decay of Theorem [[Z]

11 _C(R)
Ap < \/zﬁ;\/ZC(R)t -

By using the expression of the free Schrodinger evolution,

t.

/ /

2
x t 137 s a2 €z t . g2 . s 2

Ay =/ vt o [ © 4t, /e_zgelﬂtw(y)dy ds =/ - ‘35 <€"“/€_’2y€zatu+(y)dy>‘d3
S \@ xS

!

1 z .5 L2 ! t .5 g2
< 5/ /e"TyezyTt +(y )dy‘ds+/ , /e_ZTye’yTtym_(y)dy ds
@' ds @/ y 1
< T _ .
S /m U+ <2>‘ B +/x /6 ( 4 1) U+ dy +t' 3 LQ(LIE,) Hyu+\|Lz

In the second term we perform an integration by parts, and we obtain

N v’ 1 3y iﬁt
A < ”u-i‘”Ll(x,x’) + g e 2 8@/ et’ -1 u+(y) dy
1 2
()],
L2(z,z") L

< il + 5 | (51 =1) st

Since (1 + y?)uy is in H', the lemma follows. O

s + —— [y |

NZS

< ”a-l-HLl(m,m’) +

t
ﬁ“?ﬂﬂ”ﬂ

t t
+ ﬁHyUJrHL2 + ﬁHyUJrHL?

Let us first notice that in 1-D we can upper bound |[i |1 < ||ut ||z Since M will be
chosen large, the Lemma allows us to re-write (62) for all 2’ > x = M+/t,

(T = T)(t 2| < %‘L +eMao(R).

4.4. The formation of the singularity. Putting together the results of the three previ-
ous subsection, we have obtained that for all € > 0, and choosing first M large in terms of
€ and a, then R, and then uy small in terms of €, a and ty, we get that for all z and as t
goes to zero,
|T(t,x) — T,(t,x)| <e.
Also notice that Lipschitz property of xq easily follows from (B3).
Fort >0, z > 0,

x(t,x) — x(t,0) = /Or T(t,s)ds

= Atz —1—/ (T(t,s) — Ta(t,s))ds +/ (T, (t,s) — AF)ds,
0 0
so that,
x(t ) — x(£,0) — Atz / (Tu(t, s) — AT) ds| < ex.
0
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As it was said in the Introduction the behaviour of T,(t,s) as t goes to zero was studied
in [T5]. We shall use (I) with ¢ = I}y, to get
xT
lim (Tu(t,s) — AF)ds = 0.
t—0t Jo
Therefore, by letting ¢ going to zero we get
Ixo(z) = x0(0) — Afz| < ex,

and the proof of Theorem [[4l is complete.

5. FURTHER PROPERTIES OF THE BINORMAL FLOW

In this section we shall prove that the tangent vector T'(¢,x) has a limit, for fixed ¢, as
|z| goes to infinity.
We have obtained in the previous subsection the identity (&0),

2t c(t, x) bt z) — 2t c(t, x')
x ’ !

[ R G )ae (2)

We shall prove that the difference T'(¢,2") — T'(t,x) goes to zero as x, 2’ go to infinity. We
recall the expression () of the curvature,

2t c(t, s) < 2v'ta + 2Vt f| <— _> +2\[‘f‘2 (4. %)

T(t,2')—T(tx) = b(t,x')

In view of the estimates (M) on f, when z, 2’ go to infinity,
2t 2t cs(t 2t c(t
|T(t,3§‘,)—T(t,ﬂj‘)|§/ C<2t 7_)‘_1_‘ Cs( 73) _1_‘ C( 73)
s
xX

s 52
As before, the last term Bs is integrable on (x,z’), and its integral goes to zero as x,x’

go to infinity.
By using the expression ([HH) of the derivative of the curvature,
1 s
8 2
(23)]
We apply Cauchy-Schwarz inequality in both integrals, and use the estimates ([@4]) on f.

me [Pt [ )l [
On one hand,
2 (03]

[ s 3 i

S
so as z, 2’ go to infinity, this integral goes to zero. On the other hand,

[ oae Gi)l= e Gl o G,

ds = By + By + B3

1

C(R),
8 L2(z,2")

L2(z,x’)

< Vo)

2 X
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so By goes to zero as x, 2’ go to infinity.
Finally, by using the torsion expression [#d),
2tc(t, s) ( s

fEl
b ]
* ] 2t

Vit 1 s 1,./1 s

- Us N 1 - N 9

cou (75) (1427 (33))
so we can treated Bj similarly.

In conclusion, the difference T'(t,2')—T(t, x) goes to zero as =, x go to infinity. It follows
that for all times there is a limit

T, s))‘ <C

At(t) = lim T(t, z).

Tr—00

The same argument can be done as = goes to —oo.

6. APPENDIX

We recall here some general facts about the binormal flow. We show how from a curva-
ture and a torsion defined from a filament function, one can construct tangent, normal and
binormal vectors with the properties required by a binormal flow, and in particular (@),

Ty =T NTy,.

First, we shall compute the system of the derivatives in time of (T, n,b), the tangent,
normal and binormal vectors of a general binormal flow of curves. Since we have @), by
using the Frenet system it follows that

T, =T AT =T AN (cn)y =T A (cgn+ ctb) = —etn + ¢,b.
From
T, =cn
we get
eng = —en + (1) = —an + (e — ctn),
= —¢n + Cppb — ez — (eT)n + AT — er?b.
The vector n is unitary, so < ns,n >= 0. Hence n; is decomposed only in T" and b. We

have )
vy — erT + <l> b
C

Therefore, since (T',n,b) form an orthonormal basis of R3, the system of derivatives in time
of the tangent, normal and binormal vectors of a binormal flow is

0 —CT Cy

(63) Z (t,x)=1| €7 0 (@) 3; (t,x).
b/ e (=)0

Now, given a curvature and a torsion obtained by ([3)) from a solution of (), we
construct (T, n, b) as explained in subsection §831 We fix an initial condition (7', n, b)(tg, 0).
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Then we define (T, n,b)(¢,0) by imposing @3)) at x = 0. Finally, (T, n,b)(t,z) is obtained
from (T,n,b)(t,0) by integrating the Frenet system for fixed ¢t. Showing that T solves
indeed

Ty =TA T:c:ca
is then equivalent to showing that
T, = —ctn + ¢b.

We shall prove actually that we have the whole system of derivatives in time (G3]).
Let us introduce the notation («, 3,7)(t, z) for those functions such that

T 0 a p T
n | txy= —a 0 9 n | (t,x).
b -3 =60 0 b

t

By the way we have constructed 7', it follows that (o, 3,7) and (—cT, ¢y, @) are the
same at x = 0. An easy computation of the derivatives in time and in space of T and of n
shows that these functions solve

« 0O = 0 «a ct
(64) B | (tay=| -7 0 ¢ B | tx)+| 0 | ().
Y 0 —c 0 Y Tt

xT

Let us notice that since (¢, 7) were obtained by ([3)) from a solution of ([Id), they solve
DaRios-Betchov’s system [9], [,

{ Ct = —2Cp T — CTy,

(65) T = (#)x + ¢z c.

A straightforward calculation shows then that (—c7, ¢y, @) is also a solution of (&4).

Therefore, for fixed ¢, (o, 3,7) and (—ct, ¢y, @) are two solutions of (B4]) with the
same initial data at * = 0. It follows that they coincide for all (¢,z), so we obtain the
system of derivatives in time (G3]). In particular, we have indeed that T' constructed this
way solves

Ty =T NTy,.
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