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Abstract

We study the limiting behaviour of Darboux and Calapso transforms of polarized curves
in the conformal n-dimensional sphere when the polarization has a pole of first or second
order at some point. We prove that for a pole of first order, as the singularity is approached,
all Darboux transforms converge to the original curve and all Calapso transforms converge.
For a pole of second order, a generic Darboux transform converges to the original curve
while a Calapso transform has a limit point or a limit circle, depending on the value of the
transformation parameter. In particular, our results apply to Darboux and Calapso transforms
of isothermic surfaces when a singular umbilic with index % or 1 is approached along a
curvature line.

Keywords Isothermic surfaces - Singular umbilics - Polarized curve - Darboux
transformation - Calapso transformation

Mathematics Subject Classification 53A30 - 37K35 - 37K40 - 58K45

1 Introduction

Transformations of surfaces play a central role in our present understanding of smooth and
discrete differential geometry. Not only do they allow the construction of new surfaces of a
given class from existing ones, but their existence reveals a great deal about the underlying
(integrable) structure of the corresponding classes of surfaces, c.f. [5]. For example, given
a pseudospherical surface (K = — 1), the Bicklund transformation yields a two-parameter
family of new pseudospherical surfaces by solving an integrable, first-order partial differential
equation (see [11, Sect. 120]). In [22], these Bécklund transformations are shown to be
generators of an infinite-dimensional transformation group of the space of pseudospherical
surfaces and the relations among these generators are given by a permutability theorem
discovered by Bianchi [1, Sect. 257] in the nineteenth century. In particular, it is shown that
pseudospherical surfaces fall into the class of integrable systems. Similar developments have
been achieved for other classes of surfaces such as minimal surfaces, constant mean curvature
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surfaces, constant Gaussian curvature surfaces (c.f. [2]) and curved flats in symmetric spaces
such as Darboux pairs of isothermic surfaces, c.f. [7,9,12].

In the discrete theory, the importance of transformations becomes even more apparent, as
articulated in [3] (see also [4]): “In this setting, discrete surfaces appear as two-dimensional
layers of multidimensional discrete nets, and their transformations correspond to shifts in the
transversal lattice directions. A characteristic feature of the theory is that all lattice directions
are on equal footing with respect to the defining geometric properties. Due to this symmetry,
discrete surfaces and their transformations become indistinguishable.”

The interplay between aspects of discrete and smooth differential geometry was explored
in [6] with the study of semi-discrete isothermic surfaces, introduced in [18]. In analogy to
the transformation theory of smooth isothermic surfaces (see [15, Chap. 8.6], [5] or [8]), the
authors develop a notion of Christoffel, Darboux and Calapso transformations of polarized
curves, that is, smooth curves equipped with a nowhere zero quadratic differential, called a
polarization. They then show that semi-discrete isothermic surfaces are sequences of Dar-
boux transforms of polarized curves. In line with the ideas of discrete differential geometry,
permutability theorems of the transformations of polarized curves are shown to yield a cor-
responding transformation theory for semi-discrete isothermic surfaces.

We are interested in the class of smooth isothermic surfaces, classically characterized by
the local existence of conformal curvature line coordinates, away from umbilics. For these
surfaces, the transformation theory is defined only locally, that is, on simply connected surface
patches on which regular nets of conformal curvature line coordinates exist (c.f. [5,15,20]). A
global transformation theory is still missing. In particular, it seems necessary to reconsider the
definition of an isothermic surface. The classical definition makes no restriction whatsoever
on umbilic points. But certain configurations of umbilics are an obstacle for a global definition
of the transformations (see [15, Sect. 5.2.20]). One candidate for an alternative definition of
an isothermic surface is to require the existence of a globally defined holomorphic quadratic
differential whose trajectories (see [21, Sect. 5.5]) agree with the curvature lines of the
surface on the complement of its umbilic set. But due to the Poincaré—Hopf theorem [16],
this would exclude all surfaces homeomorphic to a sphere, for example the ellipsoid, c.f.
[20]. If we merely require the existence of a meromorphic quadratic differential, that includes
topological spheres. Moreover, according to the local Carathéodory conjecture, the poles of
such a meromorphic quadratic differential are at most of order two (see [14]).

This paper makes a first step towards a global transformation theory of isothermic surfaces
for which an underlying meromorphic quadratic differential exists. A curvature line of an
isothermic surface together with the restriction of such a meromorphic quadratic differen-
tial yields a polarized curve in the sense of [6, Sect. 2]. Moreover, the transformations for
isothermic surfaces descend to the corresponding transformations of the polarized curvature
lines. Thus, in order to understand how the transforms of an isothermic surface behave when
a pole of the underlying meromorphic quadratic differential is approached along a curvature
line, we investigate how Darboux and Calapso transforms of polarized curves with singular
polarizations behave when the singularity is approached. In particular, we investigate the
limiting behaviour of Darboux and Calapso transforms of polarized curves where the polar-
ization has a pole of first or second order. According to the local Carathéodory conjecture,
these are the only poles that can occur on a curvature line of an isothermic surface.

In Sect. 2, we give Mobius geometric definitions of the Darboux and Calapso transfor-
mations of polarized curves in the conformal n-dimensional sphere S”. Our definitions are
formulated with a projective model of Mobius geometry: we identify S” with the projec-
tivization P(£"+") of the light cone L' in (n + 2)-dimensional Minkowski space. The

Mobius group can then be identified with the projective Lorentz group PO (Rﬁ’*z). Curves
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are described as maps into the projective light cone. For computations and in order to prove
that our definitions agree with those of [6], we relate the projective model to its linearization

based on the action of O (R'f”) on £"*1 where curves are described via their light cone
lifts. We then give a definition of a polarization with a pole of first or second order.

The central object in our definition of the transformations (Definition 1) is the primitives
Iy (Aw) of a family (Aw)jer of 1-forms associated with a polarized curve. Here, the primitive

of a 1-form  with values in the Lie algebra po (R’f +2) of PO (R’I‘ +2 ) is the unique map
t > () into PO (R'IHZ) which satisfies

dr,W) = L)y, Ty ) =id,

c.f. [19]. When the polarization has a pole of first or second order at some point, the 1-forms
Aw associated with the polarized curve also have a pole at that point and hence the primitives
are not defined there. Nevertheless, as we prove in Corollary 2 and Proposition 2 in Sect. 3,

the primitives of a certain class of po er+2 -valued 1-forms with a pole of first order do

have limits in P End (R"*2) 5 PO R’f“) at the singular point.

In Sect. 4, we use these results to show that when the polarization of a polarized curve
has a pole of first order, every Calapso transform converges to some point and all Darboux
transforms converge to the original curve.

In Sect. 5, we consider the case of a polarization with a pole of second order. We cannot
apply the results of Sect. 3 here directly because the 1-forms Lw associated with the polarized
curve have poles of second order. We first have to do a singular gauge transformation to
transform the 1-forms with poles of second order to 1-forms with a pole of first order. The
behaviour of the Darboux and Calapso transforms in this case is more diverse. A generic
Darboux transform still converges to the original curve as the singularity is approached, but
there are Darboux transforms which do not converge. Moreover, the Calapso transform has
a limit point or a limit circle, depending on the value of the transformation parameter A.

2 Darboux and Calapso transforms of polarized curves

In this section, we define Darboux and Calapso transforms of polarized curves, show that our
definitions agree with those of [6] and specify the goal of this paper: the study of the limiting
behaviour of Darboux and Calapso transforms at points where the polarization has a pole of
first or second order.

We use the projective model of Mobius geometry (c.f. [5, Sect. 1.1.] and [15, Chap. 1])
and identify the conformal n-sphere S” with the projectivization P(£"*!) of the light cone
in (n 4 2)-dimensional Minkowski space. In this way, the action of the Mobius group on S”

can be identified with the action of the projective Lorentz group PO (er+2) on P(L"h).
We view PO (er;+2) as a subgroup of the group of projective transformations of P (R'{“),
which in turn is a submanifold of PEnd (]R’f”). Taking the linear span (-) of elements of
End (]R'l’ +2) then provides a diffeomorphism from the group O (R?H) C End (Rq“"z) of
R}il+2

orthochronous Lorentz transformations to PO ( ) Similarly, we view the Lie algebra

po (R'IHZ) as a subspace of the tangent space End (R’l’ﬂ) /Rid of PEnd (R’l’ﬂ) at the
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identity. The differential of (-) at the identity then restricts to an isomorphism of Lie algebras
dia() : End (R}2) 50 (RI*?) - po (R}*?) € End (R}*?) /Rid,
vAwWwH vAw+Rid, (€))
where we further identify A2 (]R'f +2> with o (R'l’ +2> via

W Aw)(x) = (v, x) w—(w,x)v

forv, w, x € R'f”. Here, (-, -)) denotes the Minkowski inner product on R'ﬁz.

Aregular curve (c) in S = P(£"+!) is an immersion of some interval (a, b) into P(£"+1),
where the notation (c) indicates that such a map may also be described by pointwise taking
the linear span of a light cone lift ¢ : (a, b)) — £"! of (¢). For simplicity, we always assume
(c) to be smooth. A polarized curve ({c), Q) in S” is aregular curve (c) in S” together with a
nowhere zero quadratic differential Q on (a, b). To a polarized curve ({c), Q), we associate

the po (R'I’Jrz)—valued 1-form w given by
wo=9cAndc+Rid, (2)
where c is any light cone lift of (c) and the function £ is related to Q via that lift ¢ by
Q=9 |de|’.

The 1-form w is independent of the choice of lift ¢ of (c).
Let G be a Lie group with Lie algebra g and ¢ a g-valued 1-form on (a, b). Then, for any
p € (a, b), denote by

ryW): (a,b) - G, t+— F,ﬁ(lﬂ),

the unique primitive that satisfies (c.f. [19, Chap. 3, Theorem 6.1])

dr,W) = L)y, Ty () =id. 3)
From the defining properties (3) of I',(v) and its uniqueness, it follows readily that
Vp.t € (a.b): T,(WL W) = Tp). “

Therefore, the map I'? () : (a,b) > t — 1'}‘0(1#) € G is the composition of I, () with
taking the inverse in G and thus satisfies

drP() ==y Ir’@), ) =id
Under a gauge transformation
Vi gxyi=g 'Yg g dg
using a smooth map g : (a, b) — G, the primitives I, () transform as

Iy) = g(p) Mp(gxy) g ®)

Definition 1 Let ({c), Q) be a polarized curve in S” with associated 1-form w given by (2).
For 2 € R\{0}, p € (a, b) and (¢,) € §", the curve

(&) = TP (o) ()
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is called the A-Darboux transform of ({c), Q) with initial point (¢(p)) = (C}).
For . € R and p € (a, b), the curve

<ck,p> = Fp()\w)(C)
is called the A-Calapso transform of ({c), Q) normalized at p.

Any A-Calapso transform of a polarized curve ({c), Q) is an immersion. Similarly, any A-
Darboux transform with initial point (¢,,) not lying on the image of (c;, ) immerses.! One
may turn the immersed transforms of ({c), Q) into polarized curves themselves by equipping
them with some polarization, for example again Q. This is useful in the study of repeated
transforms of polarized curves, as it is done in [6]. However, in this work we do not study
repeated transforms and thus, for simplicity, we consider the transforms merely as curves
and not as polarized curves.

We remark that due to (4), two A-Calapso transforms normalized at p and ¢, respectively,
differ by a Mobius transformation. Moreover, the Darboux and Calapso transformations
of a polarized curve ({(c), Q) in S are invariant under Mobius transformations of S” and
reparametrizations of (c).

This paper is devoted to the study of the limiting behaviour of the Darboux and Calapso
transforms at a in the case that (c) can be extended regularly to some (a — €, b), but the
polarization has a pole of first or second order at a in the sense of

Definition2 A quadratic differential Q : (a,b) 3 t = Q; = Q(t)dr? or a Lie algebra-
valued 1-form ¢ : (a,b) >t +— Y, = Y(t)dt on (a, b) has a pole of order k € N at a if
the function t — Q(t)(a — H*orr > v(t)(a — Nk, respectively, has a smooth extension
to (a — ¢, b) for some € > 0 with nonzero value at a.

If (c) has a smooth extension to (¢ — €, b), then the polarization Q has a pole of first or
second order at a if and only if the 1-form w associated with ({c), Q) has a pole of first or
second order at a.

The above definition of a pole is invariant under those diffeomorphisms of (a, ) to (a, l;)
which extend to diffeomorphisms of some larger interval (a —¢, b) to (a —¢€, 5) withe, € > 0,
for example the translation

(a,b)>t+—>t—aec(0,b—a).

Together with the reparametrization invariance of the Darboux and Calapso transformation,
we can thus make the convenient choice a = 0.
Our definitions of the transformations of a polarized curve are formulated entirely in the

projective model of Mdbius geometry, where PO (R'1'+2) acts on P(£"*!) and surfaces
are described as immersions into P(£"*1). Especially in computations, a linearization of
this model proves useful, where O (RTH) acts on the light cone £"*! and surfaces are

described via their light cone lifts as immersions into £"!. Let ¢ be a po (]Rq’”)—valued
1-form on (0, b) and ¥ its orthogonal lift defined by ¥ + R id = i via the isomorphism
(1). Then, the Ot (R?"‘z)—valued primitives I, (¥) satisfy

Vp € (0,b) 1 dIp(W)) = ([,(¥)) d()(W) = ([,(¥)y and (I} (¥)) = id.

! One can easily show that (¢) does not lie on the image of (c;,, p) ifand only if (¢(1)) is different from (c(z))
forall t € (a, b), which is the analogue of condition (1) of Definition 1.7 in [8] for polarized curves.
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Thus, the maps (1", (¥)) are exactly the primitives of 1. More generally, for any real, nowhere
vanishing function % on (0, b), we have

Vpe(0,b): I'y(¥y) =T,(¥ +Rid) = (I,(¥)) = (hI,(¥)). (6)

In particular, this identity allows to compute the primitives of a po eru -valued 1-form

via arbitrary nowhere zero rescalings of the primitives of its orthogonal lift.

Relation (6) also enables us to show that our Definition 1 agrees with the corresponding
ones in [6]. Namely, let ((c), Q) be a polarized curve with associated 1-form w and orthogonal
lift £2. Using (6), it follows that with ¢, € (¢,) the lift ¢ = '’ (A£2)¢), of a A-Darboux
transform (¢) of ({c), Q) as defined in Definition 1 is a parallel section of the connection

D+ d
a:a+kﬂc/\c’ with Q| de|? = 0,

and hence yields a (—%)—Darboux transform? of ({c), Q) in the sense of [6, Definition 2.5].

Conversely, any parallel section ¢ of % yields a A-Darboux transform (¢) according to our
Definition 1.

Similarly, the A-Calapso transform normalized at some p € (0, b) up to Mobius transfor-
mation corresponds to the (—%)-Calapso transform defined in [6, Definition 3.4] because,
up to Mobius transformation, their Calapso transformation T~*/2 is precisely I »(A82).

Not surprisingly, the main advantage of the linearization of the projective formalism is its

linear structure. For example, integration of (3) shows that the primitives of an o (R?H)-
valued 1-form ¥ on (0, b) satisfy the useful integral equation in End (R’f”) ~ R(+2?

1
Vp,t€(0,D): I";(III) = id+/ I",f(lI/)lI/(T)dt. @)
P

Its disadvantage, on the other hand, is its reliance on the choice of lifts. As we will
see in Sect. 3, when a po (R’f”)-valued 1-form ¥ and thus also its orthogonal lift ¥ on

(0, b) have a pole, it may happen that the O (R’l’ +2) -valued primitives I, (¥) tend towards
infinity as the pole is approached, while the corresponding PO (R'l'+2)-valued primitives

I () have limits in PEnd (R}*2) 5 PO (R}*2). If this is the case for the 1-form o

associated with a polarized curve and its orthogonal lift £2, then the lifts ¢ = I'?(1§2)¢), and
cx,p = I'p(A82)c diverge as the singularity is approached, while the corresponding maps (¢)
and (cy, ) converge. In such a situation, a lift-independent formalism is clearly beneficial.

3 Main tools

In this section, we study the limiting behaviour at 0 of the primitives I', (1) of a certain class
of po (Rq’”)—valued 1-forms ¥ on (0, b) with a pole of first order at 0. In Sect. 3.1, we

restrict to 1-forms of a particularly simple form, which we call pure pole forms. For those,
the primitives and their limiting behaviour at 0 can be computed explicitly. In Sect. 3.2, we
then relate the limiting behaviour of primitives of the more general pole forms to that of the

2 Our parameter A is — 2 times the parameter ¢ used in [6].
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pure pole forms. In view of our definition of the transformations of a polarized curve via the
primitives of multiples Aw of the associated 1-form w (Definition 1), these tools will provide
the means to investigate the limiting behaviour of the transforms of a singular polarized curve
in Sects. 4 and 5.

3.1 Primitives of pure pole forms

We call a po(R’l’H)—valued 1-form & on (0, b) a pure pole form if it is of the form

dt .
& = —v/\wT—HRld
for some v, w € Rq‘”

the three signatures which the linear span (v, w) C R’f” can have. Accordingly, we speak
of Minkowski, degenerate and spacelike pure pole forms.
In addition to the quadratic form ||- |1 induced by the indefinite Minkowski inner product

(-, -)), we introduce the standard, Euclidean, positive-definite norm |-| on R”*2 and R(O+2)7?,
On End (er,+2> ~ R(”+2)2, the norm [-| is submultiplicative and satisfies |A*| = |A| for

with v Aw # 0. Pure pole forms come in three types corresponding to

A* the adjoint of A € End (]R?Jrz) with respect to the Minkowski inner product on ]R’l‘”.

On po (]R?H), we define |-| by the push forward of || restricted to o (R?"'z) c RO+27
via the isomorphism (1). Furthermore, for w € R'f”, we denote by w* the linear map
w* v (v, w).

Proposition 1 Let & be a pure pole form on (0, b) and E its orthogonal lift. Then, there is a

constant B € R such that

1. if & is Minkowski, then

¢
VpE(O,b)Vte(O,p]:‘(é) F;(E) < B, (8)
vpe . tim (L) riE) = U 9
p € (0, )tl_f)%(;> p(u)—m’ )

where v € (v, w) N L' are eigenvectors of v A w with eigenvalues £¢, ¢ > 0;
2. if & is spacelike, then

Vp,1€0,b): ‘Flﬁ(.’i)

< B, (10)

but I'y(&) does not converge as 0 is approached as it is a rotation in the plane (v, w)
with speed increasing towards infinity;

3. if € is degenerate, choose vy € (v, w) N L and W € (v, w) such that v Aw = vg A .
Then,

Vp,t € (0,b): Ir''(g)| < B, 11

p.te( )‘Z(p’t)p()< (1n

Vp € (0,b) : lim r'e) = —”lbnzvov;;, (12)
-0 L(p,t) ¥ 2
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where € : (0, b)> — R is the symmetric Sfunction

' 2
L:(p, )= 1+ (111 <;>> . (13)

Proof First we note that 1"1; (Z) is given by the exponential

1 dt _ r
,fp Lyrw —e ln(p)vAw.

riE =e (14)

1. For (v, w) Minkowski, we may choose v+ € £"*! such that (v, v_)> Oand v A w =
v_ A v4. Then, vy are eigenvectors of v A w with eigenvalues ¢ = (v, v_}) and
(vg, Vo)t = ker(v A w). Using that

k %\ k * *
vpv® v_v Vvt v_v
(s v_ Avp)F = (so) <—> + (—sO)k (—*) = ok + (s —=

¢ ¢ ¢ ¢
for all s € R and k € N, the exponential computes to

(L vev® +v_v¥ £\ vpv £\? v_v*
ryE)=e in((5)orw _ (id - %) + <;> - (7 +

Therefore,

¢ ¢ * * * 2¢ *
(i> ri&) = (5> <id et v‘”*) + 5 <i> Ty
P P ¢ ¢ P ¢

Since ¢ > 0, taking the limit + — 0 yields (9). Since |¢/p| < 1 for all p € (0, b) and
t € (0, p], there is a constant B € R such that (8) holds.

2. For (v, w) spacelike, F,ﬁ(E) takes values in a one-parameter subgroup O(R?) C
o+ (Rq’”) of Euclidean rotations. Since O(R?) is compact, F;(E ) is bounded for

all p, t € (0, b) such that (10) holds for some B € R. To see that I7,(§) does not have a
limit at 0, denote by i¢ a nonzero eigenvalue of v A w. Under a Lie group isomorphism

O(R2) — R mod 27, the primitive I'(Z) gets mapped to £ In (% ¢ |) mod 27 which
does not have a limit for any p € (0, b) as ¢ tends to 0. Hence, also F;(E' ) does not have
a limit for any p € (0, b) as ¢ tends to 0.

3. Now let& be degenerate with v € (v, w)NL " and @ € (v, w) suchthat vAw = voAwD.
Then, (v A w)> = —|[@[|*vovy and (v A w)k = 0 for all k > 3. With £ as in (13), we
thus get

2

2
In(£)) ol
1 id—ln(%) v/\w—Mvovak
ri(z)= .
P 2
()
Taking the limit # — O yields (12). The bound (11) follows from the boundedness of

1 X x2
T2 T2 Tax? for all x € R.

(16)

O
The one-parameter families (F;(E)),e(o,b) have simple Euclidean interpretations: For

Minkowski &, stereographically project S”\{(v4)} to R". Then, (1"12 (&))te(0,p) acts as a fam-
ily of similarities with centre (v_) of R” and a ¢-dependent scale factor that tends towards
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infinity as # — 0. The limiting map (v4v* ) maps all points to the point at infinity, (v4),
except the centre, (v_), where (v v*) is not defined.

If & is spacelike, (F1§ (6))te(0,p) takes values in a one-parameter subgroup OR?) C
ot (R’f +2) of Euclidean rotations. As ¢ approaches 0, the rotation speed increases towards
infinity.

For degenerate £ and vy € (v, w)NL" !, stereographically project S\ {(vo)} to R”. Then,
(Fp’ (£))te(0,b) acts as a family of translations of R"” by a vector of constant direction and
t-dependent length which tends towards infinity as # — 0. The limiting map (vov;) maps all
points to the point at infinity, (vo), except (vo) itself, where (vouvg;) is not defined.

These limits are not elements of PO (]R’l”rz). Instead, they lie on the closure of
PO (R'Fz) in PEnd (R'f”). In fact, it can be shown (c.f. [13]) that the closure of
PO (eru) in PEnd (]R’l’“) is compact and precisely the union of PO (R’f”) and the set
{(vw*) | v, w € £}  PEnd (R’l‘”). In contrast, O+ (R'f”) is closed in End (R'ﬁz),

but not compact. The limits (9) and (12) can thus not be computed in O™ (]R’l”rz), which
demonstrates the advantage of the projective model.

3.2 Primitives of pole forms

In this section, we define pole forms and relate the limiting behaviour of their primitives at
0 to that of pure pole forms.

Definition 3 A po (R’;”)-valued 1-form ¥ on (0, b) is a pole form if ¥ — & is bounded with
respect to the Euclidean norm |-| for a pure pole form & on (0, b).

For a pole form v, the pure pole form £ for which ¢ — £ is bounded is clearly unique.
Therefore, we may define

Definition 4 Let i be a pole form on (0, b) with ¥ — & bounded for the pure pole form
&. Then,  is called Minkowski, spacelike or degenerate according to whether & has that
property. For Minkowski ¥, denote by ¢ the positive eigenvalue of v A w. If ¢ is Minkowski
with ¢ < 1, spacelike or degenerate, we say that V is of the first kind. Otherwise, it is of the
second kind.

We remark that these properties of a pole form are invariant under those diffeomorphisms of
(0, b) to (a, b) which extend to diffeomorphisms of (— €, b) to (a — €, b) for some €, € > 0
(c.f. [13]).

Different techniques are necessary to investigate the limiting behaviour of primitives of
pole forms of the first and of the second kind. We start with those of the first kind.

Lemma 1 Let & be a pure pole form of the first kind on (0, b), and let x be a bounded,

continuous map from (0, b) to po (R?H). Then, the family (Fp & x F”(é))pe(o’b) of maps
Sfrom (0, b) to po (]R']’ +2) satisfies
Vp e (0.b): [IE)x I ()| < Bp,
where (Bp,) pe(0,p) 1s a family of integrable functions on (0, b) that satisfies
Vp e 0,Db): tlE)I(l)t By(t) =0. (17)
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Moreover, if € is degenerate or spacelike, then

lim /po(t)dt:O. (18)
0Jo

P

Proof Let = be the orthogonal lift of &. If & is degenerate, it follows from the submultiplica-
tivity of |-|, Proposition 1 and the assumed boundedness of x that there is a C € R such
that

Vp,1 € (0,b): [THE XM E)| < [THE)PIx )] < C t(p, 1),

where £(p, t) is as in (13). Now set B, (1) = CL(p, $)2. Foralli € N, by I’Hopital’s rule
(Inx)ix converges to zero as x — 0 such that (17) holds. Moreover, for any i € N, the
integral of (In x)i is a linear combination of terms of the form x(In x)/‘ with 0 < k < i.
Again, since all terms x (In x)k converge to zero as x — 0, it follows that for all p € (0, b)
the function B, is integrable and that (18) holds.

If & is spacelike, again by Proposition 1, I,(Z) is bounded on (0, b). Therefore,
Iy (&) x I"P (&) is bounded on (0, b). Thus, we can choose B, to be the same constant for all
p € (0, b). Clearly, a constant B), is integrable and satisfies (17) and (18).

Let finally £ be Minkowski with positive eigenvalue ¢ < 1. Denote by v+ the eigenvectors
of v A w with eigenvalues +¢. According to the decomposition

o (RI*?) = ARI*? = (v A v-) @ ((04) A (04, 0-))
B((v-) A (vg, v)h) @ A% (o, vt
write X = x4— + x4+1 + x—1 + x11 +Rid. Using (15), I',(§) x I"? (¢) evaluated at f reads

Y ¢
t t .
FiEXOTE) = xom (D) + (;) s () + (;> et + x11(0) + Rid.
Thus, there is a constant C such that

- ¢
Vpore 0.b): [p@x 0 ©)| < ¢ ((;) + (%) ) = By(1).  (19)

By assumption ¢ < 1. Therefore, for all p € (0, b), the function B, is integrable over (0, b)
and the product ¢ B, (¢) converges to zero as ¢ tends towards b. O

We remark that the bounding functions 5, that we defined in (19) for the Minkowski case
do not satisfy (18).
This lemma can now be used to prove that a primitive of a pole form of the first kind

factorizes into a continuous map from [0, b) to PO (]R’]1 +2 ) and the primitive of a pure pole
form, whose limiting behaviour at 0 we know from Proposition 1.

Corollary 1 Let  be a pole form of the first kind so that  — & is bounded for the pure pole
Jorm &. Forall p € (0, b), define the gauge-transformed I1-form

ExpYi=TpE)Y IP(E) -6, (20)
Then, the primitives I'y(§ ¥, ) have limits in PO (RY+2) at 0 and

Iy (Y) = Tp(& xp ¥) Ip(8). €2y
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Moreover; if € is spacelike or degenerate,
lim I')(§ x, %) = id. (22)
p—0

Proof Since £ takes values in a fixed one-dimensional subalgebra, the orthogonal lift & x, ¥
of & x,, ¥ can be written as

Ex,W=T,(EY¥TP(E)-E=T,(E)(¥—-&)I'"(&). (23)
By assumption, ¥ —& and hence ¥ — Z are bounded. Thus, by Lemma 1 and (23), £ x, ¥ is
bounded by an integrable function ;. By [10, Chap. 1.8], the ot <R7+2)—Valued primitive

I'y(E x, ¥) is continuous on [0, b) and, in particular, has a limit in o+ (R?Jrz) at 0. Thus,

by (6), I'y (& X, ¥) has alimitin PO (R’f +2 ) at 0. The relation (21) follows from (5) because
& X, ¥ is a gauge transform of s by the map I"7(§). The limit (22) follows from

lim |19(Z x, ¥) — id‘ < lim ’efo” 0] _ ‘ < lim ‘efo” Bydr _ ( —o,

p—0 p—0 p—0
where the first inequality can be derived from the integral Eq. (7) and in the last step we used
(18). O

From the factorization (21) and Proposition 1, we conclude that the primitives of spacelike
pole forms do not have limits at the singularity, while those of degenerate and Minkowski
pole forms of the first kind do have limits. The following corollary deals with these limits
for the degenerate case. In Lemma 2 and Proposition 2, we then derive an analogous result
for Minkowski pole forms of the first and second kind.

Corollary 2 Let  be a degenerate pole form on (0, b) with Wy — & bounded for the pure pole
form &. Choose vy € (v, w) N L' Then, there is a continuous map k : [0,b) — Ll
which satisfies

Vp, 1 €(0,b): (k1)) =" W) k(p)), (k(0)) = (vo), (24)
and is such that
Vp e (0,b): }I_I}(l) L) = (k(p)vg), th_f)% I’ (¥) = (vok(p)™). (25)

Proof For a € PEnd <R’1’+2) choose A € End (R'l’+2> such that @ = (A). The adjoint A*
with respect to the Minkowski inner product yields a well-defined element a* := (A*) €
PEnd (R’f”),whichisindependent ofthechosen A € a.Ifa € PO <]R’1’+2),then a* =a !,

Now leta : (0, b) — PO (R} *?) be continuous with limitin PEnd (R’ *?) at0. Then, since

the map a +— a™ is continuous, we have

. -1 _ 1 * 1 %
th_%a(t) —}E}})“(t) —(rlg)%a(t)). (26)

Since F;,(l/f) = (F,p (1//))_1, one limit in (25) follows from the other due to (26). Now use
Corollary 1 and Proposition 1 to find that

Vp e (0,b): lin(l) Fpt(a)) = F,())(E X, ) (vou(’;).
t—

Choose k(p) to be a continuous lift of Flg)(é X, @) (vo). Due to (22), k(0) € (vg). The other
relation in (24) follows from (25) and I} () = [y (¥) I (). o
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Lemma 1 and Corollary 1 do not hold for pole forms of the second kind. In particular, the
gauge transforms (20) are in general not integrable and although the factorization (21) also
exists in that case, it seems to be of little use because we do not know whether the first factor,
Iy (& X, ¥), has a limit at 0. Thus, we pursue a different strategy. The following lemma and
proposition are based on ideas from [17].

Lemma 2 Let ¥ be the orthogonal lift of a Minkowski pole form v and & the pure pole form
such that  — & is bounded. Denote by ¢ the positive eigenvalue of v A w. Then, there are a
BeRandab ¢ (0, b) such that
t\¢
= ‘ (—) W)
p

Proof The equality follows from |A~!| = |A*| = |A| for A € O (R'l”rz). We now prove

the inequality. Let = and ¥ be the orthogonal lifts of &€ and . For p, ¢ € (0, b), one verifies
by differentiation? that I” 12(‘1/) satisfies

N N N\ ¢
t T [ 1 = t /=
<7> Fp(llf):/ (—) Iy ()W (r) — E()) <7> F,(.:)dr—i—(—) I, (&).
p p \P T 14
(28)
By assumption, ¥ — & and hence ¥ — E are bounded by some D € R w.r.t. |-|. By (8),

¢
(%) F;(E') is bounded by a constant B € R for all ¢ € (0, p]. Therefore,

¢
Vp € (0,b) Yt € (0, p] : ‘(;) ryw) < 2B. (27)

¢ t ¢
Vp e (0,b) vVt € (0, p] : (;) |I"[§(lI/)| < DB/ <;> |I"If(l1/)|dr + B. (29)
P

We now prove by contradiction that there is a b € (0, b) such that

¢
~ t
Vp e (0,b) Vt € (0, p] : '() ryW)| #2B. (30)
p
Namely, choose be (0, b) sufficiently small such that
b 1
DB/ dr < —. 31
0 2

Suppose there existed a p € (0, byandar € (0, p] such that

¢
t t —
(;) Fp(lll)‘ = 2B. Denote

by 7 the smallest of those 7. Then, evaluating (29) at 7 and using (31) yield 2B < %23 + B,
a contradiction. Hence, indeed (30) holds.

- ¢
To conclude (27), we note that for all p € (0, b), the map ¢ ‘(t) F;(lll)

is con-

P
tinuous, has the value |id| at # = p and, by the above, nowhere on (0, p] attains the value
2B > 2|id| > |id|. Thus, necessarily (27) holds. O

We can now prove the analogue of Corollary 2 for Minkowski pole forms.

30r by using the integral Eq. (7) for the 1-form & %, ¥ and the identity I'y (§ xp ¥) = Fp(‘I/)FP(E).
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Proposition 2 Let ¥ be the orthogonal lift of a Minkowski pole form  on (0, b) with ¢ — &
bounded for the pure pole form &. Denote by v eigenvectors of v A w with eigenvalues %,
¢ > 0. Then, there is a continuous map k : [0, b) — L' which satisfies

-t
Vpe(0,b): k() = <L> L2 Wk(p), k(0) = —— (32)
P (v, v-)

and is such that
1\¢ 1\*
Vp € (0,b) : lim <—> F;(lll) =k(p)v*, lim <7> r’Ww)=v_k(p)*. (33)
=0\ p =0\ p
In particular,
Vp € (0,0): tlglg) L) = (k(p)vr), tlgr(l) () = (v_k(p)*). (34)

Proof First, we note that (34) follows from (33) and one limit in (33) follows from the other
because (F,ﬁ('ll))* = F,p (¥) and taking the adjoint is continuous. We prove the first limit
in (33).

Let ¥ and E be the orthogonal lifts of v and &, respectively. Consider again the iden-
tity (28). For t € (0, p), it can be written in the form

N 0 \¢
(—) F;(lp) = / M(t,t,p)dt + (*) Fpt(E), (35)
p P p

where

¢ ¢
M(t,t,p):=0(t —1t) (;) F;(lll)(llf(r) — E(1)) <£> r'(z)

1 for x>0

with @(x):{o for x <0 °

In order to prove (33), we wish to take the limit + — 0 of (35). To that end, we convince
ourselves that we may evaluate the limit # — O under the integral in (35) by applying the
dominated convergence theorem. Let first b be as in Lemma 2 and fix p € (0, b). Let ();en
be any sequence in (0, p] converging to 0 and consider the sequence (t + M(#;, T, p));cn Of
functions from (0, p] to R®+2? Due to (9), this sequence of functions converges pointwise.
Moreover, due to Lemma 2, the assumed boundedness of ¥ — & and (8), the sequence of
functions is uniformly bounded by some constant. Thus, the conditions of the dominated
convergence theorem are satisfied and we conclude

¢ 0 ¢

t t

lim (7) r;,(tp) = lim M(¢, 7, p)dt + lim (7) r;(s)
o\p p =0 t—=0\p

11—

0 /¢\¢ _ . U4
- / (*) FFW@)W(r) — E(0)dr +id | ——v* = k(p)v*,
p \P (v, v-)
(36)

where we used (9). Again due to Lemma 2 and the assumed boundedness of ¥ — Z, the
integrand in k is bounded uniformly in p and so the integral in k exists for all p € (0, b) and
lim,—.0 k(p) = v4/{v+, v—). The first identity in (32) also follows from (4) and (36).
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The map k has to take values in the light cone because for all p € (0, I;) we have

5 C(1\*® _(1\%.
vk (P)IPE = }%(;) @) ryw) = }Q)(;) id=0.

This proves the proposition for all p € (0, b). But using (4), it can easily be seen to hold for
all p € (0, D). O

4 Pole of first order

In this section, we investigate the limiting behaviour at O of the Darboux and Calapso trans-
forms of a polarized curve ({c), Q) on (0, b), where (c) has a smooth extension to (— €, b)
for some € > 0 and Q has a pole of first order at 0. For convenience, we further assume that
(c) and Q have smooth extensions to some (0, b + €), € > 0.

We assume that Q, = Q(r) d 12 satisfies Q(¢) < 0. This is convenient and no restriction
of our results because replacing Q by — Q has the same effect as replacing A by —A and there
is no restriction on the range or sign of A. With this assumption, we can choose a smooth lift

¢ of (c) such that Q(r) = ”69(5’))“2 = —1 and the 1-form associated with ((c), Q) reads

dt
wy = _? C(t) AN C/(t) + R id.
Now define the degenerate pure pole form
dt , .
S[ = _?C(O) N C (0) + R id.

Then, Aw — A& has a finite limit at O because

c(t) A () — c(0) A C(0) ‘ _ ‘c(t) N (1) : '(0) n c(t) ; c(0)

. A ' (0)

lo(t) — &) =

and (c) is assumed to be smoothly extendible to (— €, b). Thus, Aw — A€ is bounded on (0, b)
and Aw is a degenerate pole form. In particular, it is a pole form of the first kind.

With the help of Corollary 1, we can now show that every Calapso transform of ({c), Q)
converges.

Theorem 1 Let ({c), Q) be a polarized curve on (0, b) such that {c) has a regular extension
to (— €, b) and Q has a pole of first order at 0. Then, for all p € (0,b) and . € R, the
A-Calapso transform (c;, p) normalized at p has a limit at 0.

Proof If A = 0, then (cy,,) = (c) and the statement is trivial. So let A # 0. Factorize I, (Aw)
asin (21) to get

(crp) = Tpo) (c) = TI'p (A& xp dw) Iy (AE) (c).

Since Aw is of the first kind, from Corollary 1 we know that I',(A§ x;, Aw) has a limit in
PO (R'ﬁz) at 0. To see that ', (A§) (c) has a limit at 0, write

(n(2)) 21O

2

F;(AS) = <id —In (%) X c0) A (0) — c(O)c(O)*> . (37)

@ Springer



Annals of Global Analysis and Geometry (2019) 55:529-553 543

Fig. 1 Darboux transforms (dashed) of a half ellipse (solid) with respect to a polarization with a pole of first
order at each end. The spectral parameter A is positive (negative) on the right (left) side

Since both 1(c(0), c())) and 1{(c’(0), c(¢))) have finite limits at 0, and

t \\?
lim ¢ In (—) =0, limr¢ <1n (—)) =0,
1—0 p t—0 p

the product of (37) with (c(#)) converges to {c(0)). Thus, the limit of {(c;, ) at O exists and
is equal to I') (1 x,, Aw) (c(0)). o

The Darboux transforms of ({c), Q) converge to (c(0)).
Theorem 2 Let ({c), Q) be a polarized curve on (0, b) such that {c) has a regular extension
to (—e€,b) and Q has a pole of first order at 0. Then, for all » € R\{0}, the limit of any
A-Darboux transform (¢) of ({c), Q) at 0 is {c(0)) (Fig. 1),

lim (¢(7)) = (c(0)).
t—0

Proof From Corollary 2, we know that for every A # 0, there is a continuous map k; :
[0, b) — £ such that

lim 177 () = (c(O)kx(p)"),
and k), satisfies (24). Therefore, if (¢,) # (kx(p)), then
}Lﬂ%(ﬂﬂ) = ,lf% I[P (o) (Ep) = (ki (p)*)(Ep) = (c(0)).
If on the other hand (¢,) = (k. (p)), then we use the properties (24) of k;, to find

lim (¢(1)) = lim I}” (Aw) (ki (p)) = lim (kx (1)) = (c(0)).
t—0 t—0 t—0
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5 Pole of second order

We now come to the more intricate and diverse case of a polarized curve ({c), Q) on (0, b),
where (c) is smoothly extendible to (— €, b) for some € > 0 and Q has a pole of second order
at 0. In this case, also Aw has a pole of second order at 0 and we cannot apply the results of
Sect. 3 directly. Instead, we use a gauge transformation

Ao > gxio = (g) Aw(g) + (g) ' d(g)
as in (5) to write
[, 0w) = (g(p) Tp(gxrw) (), I'P(uw) = (g) I'P(gxrw) (g(p))™'.  (38)

As we will see in Sect. 5.1, it is possible to choose (g) such that g X Aw is a pole form and,
in particular, has only a pole of first order. This is achieved by a gauge transformation which
is singular in the sense that the transforming map (g) : (0, b)) — IF’O(R’]’+2) converges to a

map of the kind (vw*) € PEnd (R'l’+2> with v, w € £+ as 0 is approached. In Sects. 5.2
and 5.3, we will then apply the results of Sect. 3 to the pole form g X Aw to investigate the
behaviour of the Darboux and Calapso transforms of ({c), Q) at the singular point 0.

Again, for convenience, we assume that (¢) and Q have smooth extensions to some
0,b+6é),é > 0.

5.1 The singular gauge transformation

We assume that the polarization Q is of the form Q; = Q(¢) de? = dt—’;. Again, this is no
restriction of our results: We can assume Q(f) to be positive because replacing Q by —Q
has the same effect as replacing A by —A, and we make no restriction on the range of A. Fur-
thermore, the Darboux and Calapso transformations are invariant under reparametrizations
of (c). Since Q has a pole of second order (see Definition 2), there certainly is a parameter ¢
for (c) such that O, = dt—gz and (c) remains smoothly extendible to (— €, b).

For the gauge transformation, we use a product g = FR of a frame F : (0,b) —
O(RI’”), smoothly extendible to (— €, b), and a particularly simple singular factor R :
(0,b) — O(R!*™).

We first construct the frame F. To this end, let ¢ be the flat lift of (c¢), for which ||c/||> = 1.
Then, with the above assumptions, (1) = tiz.Let Ny, ..., N1 beparallel, orthonormal unit
normal fields of ¢ that satisfy* (d N;, ¢’)=0fori = 1,...,n—landletc: (0, b) — £"*!
be the unique map such that {c, ¢)= —1 and (¢, ¢) = {c/, N1, ..., N,_1)t. Now define the
frame F : (0,b) — O (RT”) to map ¢ to the orthogonal transformation F (t) which maps
a t-independent pseudo-orthonormal basis {o, ¢, t, ny, ..., n,_1} of ]R']’ *2 (o the t-dependent
basis {c(t), c(t), c’(t), N1(t), ..., Ny_1(t)}. The Maurer—Cartan form of F is then of the
form

FldF=—iantdt+onFt

for some (o, ¢)"-valued 1-form F.
Next, define the singular factor R : (0, b) — O(R’f”) by

1 :
R(Wo=—o, Rr=tt, R|, o =id.

4 This condition means that (N1, ..., Np—1 )J- N £"F1 s the curvature circle congruence of (c).
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Then, R has Maurer—Cartan form
dt
(R_1 dR)t = —?0 AL

The product g := FR is a singular frame for the singular lifts t ~'¢(¢) and t&(¢) of (¢(¢)) and
(c(1)), respectively. It satisfies

lim(g(¢)) = lim(F(¢) R(t)) = lim(F(t) t R(1)) = {c(0)*) € PEnd (R’f*z) .39
t—0 t—0 1—0
Using (g) for a gauge transformation (5) of Aw, the gauge-transformed 1-form g X Aw reads
gxiw=R'F Y wFR+R '"dR+ R Y(F'dF)R,
dt
(gxxw),:—?(—(xo—z)At+0M)+toAf}+Rid. (40)
Indeed, g x Lw has only a pole of first order and the pure pole form &, given by
dt
£()dt = —7(— (ho—t)At+ont)+Rid
dt .
Z—T(O—t)/\(t—)uf)—l—Rld

is such that |g x Ao — &, | is bounded® on (0, b). Thus, g X Aw is a pole form.
The next Lemma, which summarizes the algebraic properties of &,, can be verified by
direct computation.

Lemma 3 Define
vt =1 =210 —t) £ (o + 1 — 211, (41)

such that &, can be written as

V- A Vp
(v v

If1—-2A > 0, then (v, w) is Minkowski and v4. are eigenvectors of v Aw with real eigenvalues
+V1 =21 If 1 — 2% = 0, then (v, w) is degenerate and vy = —v_ € (v, w) is null. If
1 —2Ax < O, then (v, w) is spacelike and vy are complex conjugate eigenvectors of v A w
with imaginary eigenvalues ++/1 — 21 € iR.

In particular, for A > 0, the pole form \w is of the first kind. For . < 0, it is of the second
kind.

dr . dt .
Sk(t)dz=—? 1—-2A —|—R1d=:—7v/\w+R1d.

By Proposition 2, Corollary 1 and Proposition 1, for 1 — 2A > 0, the primitives F,ﬁ (g X Aw)
converge as ¢t — 0 while for 1 — 2A < 0 they do not have a limit at 0. We treat these cases
separately in the next two sections.

5.2 The behaviour at the singularity for 1 — 21 > 0

To determine the behaviour of the Darboux and Calapso transforms of (c) at 0, we seek the
limits t — 0 of

() = (g@) I (g x20) (g(p) ™1 (Ep), (42)

5 In fact, even %l(g X Aw — &))¢| is bounded on (0, b), which will be useful in the proof of Theorem 6.
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(er.p(®) = (2(p)) Th(gx2w) (g(1) ™ (c()) = (g(p)) Ty (g x 1) (o). (43)

By (39), (g(#)) has a limit at 0. Since 1 — 21 > 0, by Lemma 3 the pole form g X lw is
Minkowski or degenerate such that its primitives also have limits at 0. Very little work is
required to prove convergence of the Darboux and Calapso transforms at 0 in the following
two theorems using the results of Sect. 3.

Theorem 3 Let ({c¢), Q) be a polarized curve on (0, b) where (c) is regularly extendible to
(—e€, b) and Q has a pole of second order at 0. Then, for every & € R\{0} with 1 — 21 > 0,
all L-Darboux transforms (¢) of (c) converge to (c(0)) as 0 is approached,

lim (¢(1)) = (c(0)).
t—0

Proof Let first 1 — 2A > 0. To find the behaviour of the Darboux transforms (¢) of {c) at 0,
we want to take the limit # — 0 of (42). According to (39) and Proposition 2,

lim (g(r)) = (c(0)e"), lim P (gxrw) = (v_kn(p)*)

for a continuous map k; : [0, b) — £ which satisfies (24) and vy given by (41).
If (¢p) # (g(p))(ki(p)). Then,
lim (&(1)) = lim (2(0)) I} (g 2) {3(p)) ™' (2))
= (c(0)*) (v_kr(p)*)(g(P)) "' (Ep) = (c(0)),

where we used ¢*(v_) # 0.
If on the other hand (¢,) = (g(p))(kx(p)), then we use (32) to get

tlig(l)(@(t» = lim(g(r)) I (gxarw) (ki(p)) = lim (g (1) (k» (1)) = (@) (Vi) = (c(0)),

where in the last equality we used t*(v4) # 0.
This proves the theorem for 1 — 21 > 0. For 1 — 21 = 0, the proof works completely
analogous with Corollary 2 in place of Proposition 2 and (24) instead of (32). O

For the Calapso transforms, even less work is necessary.

Theorem 4 Let ((c), Q) be a polarized curve on (0, b) where (c) has a regular extension
to (—e€,b) and Q has a pole of second order at 0. Then, all L-Calapso transforms with
1 —2Xx > 0 convergeast — O.

Proof In (43), we use Proposition 2 for 1 —2 > 0, Corollary 2 for | =21 = 0 and v* (0) # 0
to get

lim(c;. p (1)) = lim(g(p)) Iy (gx2w) (0) = (g(p)) (ki (p)vE)(0) = (g(P)) (ki (p)).

5.3 The behaviour at the singularity for1 — 21 <0

In this case, &, takes values in an algebra of infinitesimal Euclidean rotations. Thus, by
Proposition 1, the primitives of &, do not have a limit at 0 and hence by Corollary 2 neither
do the primitives of g X Aw converge. From this, it follows that the A-Calapso transforms of
(c) do not converge.
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Theorem 5 Let ({c), Q) be a polarized curve on (0, b) such that {c) has a regular extension
to (—e,b) and Q has a pole of second order at 0. For . € R\{0} and p € (0, b), the
A-Calapso transform normalized at p tends® towards the circular motion

(Cop (D) = (8(p) T (& xp g X Aw) T(E) (0)

whose speed tends to infinity as t — 0. In particular, it does not have a limit point at 0, but
the limit circle
£l{c.p)] == g(p) I (& xp gxAo) (0, 1, t) N LT, (44)

Proof Let £2 and £ be the orthogonal lifts of @ and &, , respectively. Since I', (&5, X, gXAS2)
is continuous on [0, b), the inner product of the bounded lifts

e p(t) =g(p) I} (Ex xp gxA2) Th(E)) o,
Crp(®) =g(p) Iy (B p g A82) T (E3) 0

of {cx,p) and (C;, ), respectively, tends to zero. Since these lifts do not converge to zero at
0, we conclude that {c;_ ,) approaches (Cy_p).

That (C,, ) is a parametrization of the circle g(p) Fg(“g‘;\ X, & X Aw) (o, t, t) follows
because =, takes values in the subalgebra ((0 — t) A (¢t — At)): The one-parameter group
I, (&) of Euclidean rotations moves the point (o) on the circle (o, ¢, t) N L1 with speed
increasing towards infinity as O is approached. O

A generic Darboux transform, in contrast, has a limit at 0. As above, we have
(1) = I ) (&) = (g(1)) I}V (g% rw) (g(p)) ™ (&) 45)

We know that (g(¢)) converges to {(c(0)¢t*), and one might expect that as long as
I (g x ) (g(p))~! (¢p) stays sufficiently far away from the kernel () of (c(0)t*), in
the limit {(c(0)¢*) forces (¢) towards (c(0)). This idea is made precise and affirmed by the
following Lemma, formulated in a more general context.

Lemma4 For V an arbitrary subset of R™ and q € R™ a limit point of V, let (A) : V —
]P’O(R'IHZ) be a map with limit (xy*) at q, where x,y € L'V Let (u) : V — S" be a map
so that there is an open neighbourhood U of (y) € S" such that (u(V)) N U is empty. Then
the product (A)(u) has the limit (x) at q (Fig. 2).

Proof Let A bealiftof (A) with limit xy* at ¢ and u the lift of (u) that satisfies {(u(z), y)= —1

for all + € V. Then, u is bounded with respect to the positive-definite norm |-| by some

R € R*. Namely, if there was no such bound, then in order to maintain {u(t), y)= —1, the

point (u(¢)) would need to get arbitrarily close to (y), which contradicts the assumptions.
Now write

Au(r) = (A@) — xy*)u() + xy*u@) = (A@) — xy*)u(r) — x. (46)
Since u is bounded by R € R, we have
I(A@) — xy*)u@®)| < |A@) — xy*|lu(@®)] < |A@) — xy*|R,

and so the first term on the right-hand side of (46) has limit O at g. Thus, the product Au has
the limit —x at ¢ and (A){(u) has the limit (x) at g. ]

Using this Lemma, the following proposition provides a sufficient condition for (¢(¢)) to
converge to (c(0)) ast — 0.

6 (ca, p) tends towards (Cy ) in the sense that the distance between (c;, (7)) and (Cy, , (1)) measured with
respect to an arbitrary representative metric of the conformal structure of S” tends to zero as t — 0.
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Fig.2 Darboux transforms (dashed) of a half ellipse (solid) with respect to a polarization with a pole of second
order at each end. The spectral parameter A is greater (smaller) than % on the right (left) side

Proposition 3 Let ((c), Q) be a polarized curve on (0, b) such that (c) has a regular extension
to (—€,b) and Q has a pole of second order at 0. For .. € R with 1 — 21 < 0 and (¢),) not
on the limit circle £[({c;. p)] of the A-Calapso transform normalized at p (see (44)), denote
by (C) the A-Darboux transform of (c) with initial value (¢(p)) = (¢p). Then, (C) converges
to (c(0)) as 0 is approached.

Proof Fix p € (0, b) and factorize I',(g X Aw) as in (21) to write (¢) in the form
(@) = (g)(u) with (u) == I'P(&) I'° (&, xp gx L) (W),
(W) = I (5 xp g% he) (2(p) 7 (E)).

The singular frame (g) converges to (c(0)t*). We want to apply Lemma 4 to the product
(g){u), and thus, we need to prove that under the assumption that (¢,) does not lie on the

limit circle £[(cy, )], there is a b € (0, b) and neighbourhood U C S” of (t) such that
Vi € (0,b): () = I" (&) I & xp gxro) (W) ¢ U. (47
To prove this, we note that, since &, takes values in ((0 — t) A (¢t — At) + R id), we have
Yw e L Vr € (0,b) : TP (&) (w) C (w, 0 —t, 1 — At).
From this, we deduce the implication
(w) & (0,0, 1) =Vt € (0,b) 1 I"(E)(w) # (1). (48)
By the assumption of the proposition, (W) gz (0, t, t) and hence, by (48),
Vi€ (0,b) : TP E)NW) # (1),
But then there must also be open neighbourhoods V of (W) and U of (¢) such that
YVt e (0,b)VxeV: IPE)x ¢ U. (49)
Due to (18), we can choose b € (0, b) close enough to 0 such that
Vi € (0,b) : ) (& xp gxAw) (W) € V. (50)

Using (50) in (49) now yields (47). We can thus apply Lemma 4 to the product (¢) = (g)(u)
restricted to (0, b). Since p € (0, b) was arbitrary, this completes the proof. O
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The characterization of the A-Darboux transforms excluded in Proposition 3 is independent
of the point p € (0, b), at which the initial condition (¢(p)) = (C,) is posed. As soon as
(¢(p)) € £[{cx,p)] holds for one p € (0, b), it holds for all p € (0, b).

We finally analyse what happens, when the initial point of the Darboux transform does
lie on the limit circle of the Calapso transform. In this case, we cannot apply Lemma 4 and
indeed (¢) does not converge to (c¢(0)) as 0 is approached.

Theorem 6 Let ({c), Q) be a polarized curve on (0, b) where {(c) has a regular extension to
(— €, b) and Q has a pole of second order at 0. As 0 is approached, any A-Darboux transform
(¢) with 1 — 21 < 0 converges to {c(0)),

lim{(c(t)) = (c(0)),
t—0

except when (¢(p)) lies on the limit circle £[(cy, )] of the Calapso transform {(cy_ p). In
that case, (C) approaches the curvature circle of (c) at 0 rotating with frequency increasing
towards infinity as 0 is approached.

Proof The first part of the theorem was proved above (see Proposition 3). What remains to be
confirmed is the exception. The analysis of this exceptional case is laborious and will occupy
us for the rest of this section. We prove the theorem in three steps. First, we show that (¢)
approaches the curvature circle of (c) at 0. Then, we show that (¢) has at least two distinct
limit points on that curvature circle at 0. In the third step, we use that (¢) and (c) envelop a
circle congruence to argue that (¢) tends towards a rotation on the curvature circle of (c) at
0 with frequency increasing towards infinity as O is approached.

During this proof, we think of p € (0, b) and A € R with 1 — 21 < 0 fixed. To simplify
notation, we define the integrable 1-form ¢ and its orthogonal lift @ by

¢ =& Xy gxAw, @ :=F; KX, gKASL.
In particular, from (20) and (40) we find
@ =d()dt =T}(E) toAF T (E.

such that @, /id is bounded on (0, b).
Let (¢,) be any point on £[{c;,, ,)] that is (c.f. Theorem 5),

(@p) = (&P T(@)Cy) with C)p € (0,1, ). (51)
Then, substitution of (51) in (45) and using I'? (g X Aw) = I'? (&) "' (¢) yield
(@) = (g) I'P(gxaw) I () (Cp) = () TP (61) T°(¢) (Cp). (52)
1. Denote by £ the orthogonal lift of &; and let ¢ be the lift
A 1 P 0 A
c(r) = ;g(t) I (ENTT(P)C) (53)
for some nonzero é‘,, € (ép). In Sect. 5.1, we chose the normal fields {Ny, ..., N,_1}
such that (N, ..., N,_;)* is the curvature circle congruence of (c¢). Therefore, since ¢ is

a lift of (¢) that stays away from zero, in order to show that (¢) approaches the curvature
circle of (c) at 0, it is sufficient to show that the n — 1 inner products (¢, N; ) all tend
towards zero. Since g~!'N; = n; and &;.(n;) = 0 (see Sect. 5.1), the inner product of
(53) with N; reads

(e, Ni)= 1 (12 Eponi)) =2 010,
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Since é‘p is an element of (o, ¢, t) and n; € (o, t, t)J-, all the functions o; (¢) tend to zero

ast — 0. Since @ (t)/t is bounded, @ (¢) tends to zero as 0 is approached and thus also
the first derivatives of all o; tend to zero as 0 is approached. An application of the mean
value theorem to o; then yields that (¢, N;)) tends to zero and indeed (¢) approaches the
curvature circle of (c) at 0 as 0 is approached.

2. We now prove that (¢) has at least two limit points at 0, namely (c(0)) and (¢(0)), where
cisasin Sect. 5.1.
To prove that (c(0)) is a limit point, let (#;);en be a sequence in (0, b) which converges
to 0 and is such that

Vi e N: I/ () (Cp) = (o).
In particular,
Vi, j>0: (&) =id.
Then, evaluating (52) at #; and taking the limit i — oo yield

Jim ((6)) = lim () I ED I @)(C))

= () IENC)) = (c0)F) 0) = (c(0)).

Thus, (c(0)) is a limit point of (¢).
To prove that also (c(0)) is a limit point, rescale C), if necessary and let (#;);N be a
sequence in (0, b) which converges to 0 and is such that

VieN: IV(E;)C), =t (54)

The lift (53) evaluated at #; yields the sequence (¢(#;));en With
~ 1 D= 0 A~
o) = ;g(ti) Li(ED (D) cp.
L

We have already proved above that the n — 1 quantities (¢, N; ) converge to zero. We
now show that also both (¢(#;), ¢(z;) ) and {¢(#;), ¢ (#:)/|c’ (%)) converge to zero and
that {¢(;), c(#;))) converges to —1. It then follows that (¢(z;)) converges to (¢(0)).

Use g1 (1)e(t) = 11 and (54) to write

(€. ca)= — (1@ 1@ i) = (0@ ¢, 6,

L 1

Now use the integral Eq. (7) for I}”(®) twice and the antisymmetry of elements of
0 (R’f”) to get

1 0 0 R R
((E(ti),E(ti)»:tj/r / (e@e@ rf@) ¢, ¢,)azdr

Since @ (t)/t is bounded, indeed {¢(1;), ¢(1;) ) converges to zero as i — 00.
To show that the inner product of ¢(#;) with ¢’(#;)/||c’ (#;) || converges to zero, we write
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N 1 _ N

(). @/ @)= — (7= L@ €, 1)
1

Again use the integral equation for I'%(®), the boundedness of @ /t and (54) to conclude

that {¢(#;), ¢’ (1) /11’ (1) || ) converges to zero as i — o0.

Finally,

(e, ew)= (1! @ 1@ €y 0)

which converges to ((1}{’(5)\)6'1,, o)={t,o)=—1.
Thus, indeed lim;_, », ¢(#;) = ¢(0) such that (¢(0)) is also a limit point of (¢).

3. We now show that (¢) tends towards a rotation on the curvature circle of (c) at 0. Since
both (c(0)) and (c¢(0)) are limit points of (¢), it then follows that the frequency of this
rotation must tend towards infinity.

Choose b € (0, b) such that (c(0)) ¢ (c((0, I;))). Then, there is a closed neighbourhood
U c §" of (c(0)) whose intersection with (c((0, 15))) is empty. Define

T:={te0,b)| (1)) € U}.

Since (c¢(0)) is a limit point of (¢), the set Z is non-empty and has the limit point 0. Now
let ¢, ¢ and ¢ be spherical lifts of (), {c) and (¢), respectively. The circle congruence S
enveloped by (¢) and (c) is

1
S=@,c,N=(——IN, N _Eé—Coc,c).
o) = (o g T
We have showed above that [Ty, . n, ,)¢ converges to zero as 0 is approached. More-
over, we have constructed 7 in a way that there exists a constant C > 0 such that

VieT: (ct),é(n))> C. (55)

Therefore, S restricted to Z converges to the curvature circle (¢(0), ¢(0), ¢’(0)) of (c) at
0. (55) also implies that inside U the speed of (¢) tends towards infinity because
e 22
Vi€ T: EOI° =122 AN@I = T (e, eI I > T3 C eI

(56)
Now stereographically project S” to R” such that the curvature circle of (c) at 0 gets
mapped to the unit circle in the (e}, e2)-plane with centre the origin. Write the projection
¢ of (C) as

¢(t) = p(t) (sin(p(t))er + cos(g(t))e2) + Z(1),

where ¢ : (0, b) — R is smooth and Z(t) € (es, ..., e,) forall r € (0, b). Since (c)
approaches the curvature circle of (c) at 0, the function Z must converge to zero and
p must converge to 1 as + — 0. Since moreover the enveloped circle congruence S
restricted to Z converges to the curvature circle of (c) at 0, on Z the angle between the
tangent to ¢ and the tangent to the circle sin(g)e; + cos(¢)ey must converge to +1, that
is,

Al

/
ﬂ:l:lim<< llf,g;”,cos(ﬂt))el—Sin(sﬂ(l))ez»:lim S AU —
re VI =0 o 0 + 2 O+ 1Z O]

Due to the lower bound (56), the square root in this expression tends to infinity and so
also ¢’ must converge to plus or minus infinity as 0 is approached in Z. Together with
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Fig.3 Darboux transform (dashed) of a half ellipse (solid) with respect to a polarization with a pole of second
order at each end. The spectral parameter A is positive and the initial point (¢(p)) lies on the limit circle of the
Calapso transform normalized at p

the result that also (c(0)) is a limit point of (¢), this implies that ¢ converges to plus or
minus infinity such that indeed the frequency of the rotation of (¢) on the curvature circle
tends towards infinity (Fig. 3).
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