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Abstract

In [To], the author presented a method of constructing all weakly regular
pseudospherical surfaces corresponding to given Weierstrass-type data. While
the construction itself will appear later as a separate publication, this report
contains a complete and detailed description of the Weierstrass representation
for weakly regular surfaces with K = —1, in terms of moving frames and loop
groups.
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1 Moving Frames of Surfaces in E3

This is a general introduction to the concept of a moving frame for a surface in E3,
in the spirit of [Ei] and [Ch, Te].

In the real Euclidean three-space E® endowed with the inner product (-,-), a

frame is an ordered quadruple F = {x,e1,e,e3}, where x € E® and ey, es, e3 are
orthonormal vectors of positive orientation, i.e., e3 = e1 Xey. Let F denote the set of all
frames. We will mostly be interested in families of frames along certain submanifolds.
Such a family is usually called an orthonormal moving frame. Throughout the text,
we refer to it briefly as (moving) frame. A Frenet frame is an example of a moving
frame.
Example [Frenet frames along a curve]. Let a = a(t) be a curve in E3. The
Frenet frame {z,e;,es,e3} along the curve a, as described in classical differential
geometry, consists of the unit tangent vector field e, the unit normal vector field ey
and the unit binormal vector field e3. These vectors satisfy the Frenet equations

dr =ds-e;

de; =ds - k(t) - eo

des =ds - (—k(t) - e1 + 7(t)es)
deg = —ds - 7(t) - eg
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Here ds = s'(t)dt represents the arc length differential, while & and 7 denote
the curvature and torsion, respectively. Conversely, given arbitrary differential forms
ds # 0, k(t)dt, 7(¢)dt, one can reconstruct the curve uniquely up to Euclidean motions.

For moving frames of surfaces, there exist differential forms generalizing ds, k(t)dt,
7(t)dt, satisfying some integrability conditions, the Gauss-Codazzi equations. Cartan
showed that these equations can be derived from the integrability conditions satisfied
by the so-called Cartan forms (see (1.1.10-11) below).

We will see that the space of all frames F forms a 6-dimensional manifold. This
manifold can be identified with the group of Euclidean motions defined below.

Consider the groups

1.1.2 0(3) = {A: E® — E? linear; (Ax, Ay) = (z,y), z,y € E®}
1.1.3 SL(3,R) = {A: E* — E* linear; detA =1}
1.1.4 SO(3) = {A € O(3); det A > 0}.

Note, SO(3) = SL(3,R) N O(3).
We define the group of orientation-preserving rigid motions

(1.1.5) G={wr x4+ Aw; x € E*, A€ SO(3)}.

Note that the groups (1.1.2)—(1.1.5) are real Lie groups.
To identify G with F, we fix a frame Fy = {0,¢é1,¢é2,é3} in F. Then if F =
{z,e1,e2,e3} is an arbitrary frame in F, the map

3
(1.1.6) wl—>gc+z<éi,w>ei, we B?
i=1

is an element of the group G.

Fixing F{, means fixing an origin and an orthonormal basis. Expressing the entries
of an arbitrary frame F' in terms of this basis, via (1.1.6), realizes F as a pair consisting
of a translation vector and an orientation-preserving matrix.

Conversely, given g € G we set

(1.1.7) x=g(0) and e; =g(&)—x.

The resulting F' = {x, e1, 2, e3} is a frame and it is easy to see that the operations
(1.1.6) and (1.1.7) are inverse to each other.

The bijection presented above gives an isomorphism between G and F, and thus
F is endowed with a manifold structure.

We consider the maps

1.1.8 xf :fHE37 xf({yaulau27u3}) =Y,

1.1.9 ef : F — B3, 6;({y,U1,UQ7U3}) = uj, ji=12,3
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The differentials daf, de{ , deg and deg estimated at F' are linear maps from the
tangent space TpF of F to E2. Therefore they can be written as linear combinations
relative to the basis ef (F), el (F), e](F).

Thus, at a “point” F' € F, we define the scalar differential forms wy,ws,ws, w;j,
1<4,5 <3via

(1.1.10) dpa! = wiel (F) + wyed (F) + w;;e?{(F)
and
3
(1.1.11) dpel =) wjrel (F).
k=1

Since (ej,e;) = 1, we have (e} (F), ef(F)) =1, for every F' € F. Therefore,

S

(1.1.12) (dpel W), el (F))y =0,  forallll € TpF.
This last relation implies
(1113) w]‘j ZO7 ] = 1,2,3

Moreover, since (e;-c (F), ei(F)} =0 for all j # k, differentiation yields

(1.1.14) (dpel U), el (F)) + (el (F).drelU)) =0,
that is
(1.1.15) Wik = —Wk;j.

Therefore, equations (1.1.10-11) are completely determined by the six 1-forms
Wi, W2,wWs, w12, W13, W23.
It is straightforward to verify the Cartan Structure Equations ([Ch, Te], p.106):

3
1.1.16 dwi:ij A Wi, 1=1,2,3
j=1
3
1.1.17 dwij = Y wik Awkj,  1<id,j<3.
k=1

Let now M = (D,) be an immersion of an open connected subset D ¢ R? into
R3, ¢ : D — R3. This describes a parametric surface, admitting self-intersections.

All the frames {z,e1, e2,e3} with 2 € ¢(D) form the zeroth order frame bundle of
M. The set of zeroth order frames will be denoted by Fi*.

It is easy to see that the diffeomorphism F 2 G = R? x SO(3), induced by fixing
a frame Fp, yields Fg' = (D) x SO(3).

Let now F € .7:6\". Since we identified F with G, the group of orientation-
preserving rigid motions of R, the frame F in particular is identified with a pair
F = (¢(u,v),A), (u,v) € D, A€ SO(3).
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On fé\" we have natural vector fields: Y7 = 0, F, Yo = 0,F and Ypg, where B is
any vector field of SO(3), pulled back to Fg'. Then w;(Y5) = 0.

Let 52 denote the unit sphere in R®. Let N : D — §2 denote a unit normal vector

—

field to M. Then (N (u,v), Oytb(u,v)) = 0. If Y1 = 0, F, Yo = 0, F denote the standard
vector fields along Fg" introduced above, then

1.1.18 0= (N(u,v),0ut(u,v)) = (N,dpz! (V1)) = > (N, el (F))w;(V7).
J
Similarly, we obtain

(1.1.19) 0= (N, el (F))w;(Ya).

Since w;(Yp) = 0 for all Y, restricting wq, wa, ws to FM, we obtain

(1.1.20) D (N el (F))w; = 0.

Relation (1.1.20) represents the equation of the tangent plane to M at x relative to
the frame F' = {x,e1,e2,e3}. The coefficients a; := <N,e{(F)> vary smoothly with
the frame. Note that if the frame is such that e, e; span the tangent plane of M at
x, then above linear relation (1.1.20) takes the form w3 = 0.

For our goals, it is natural to consider moving frames for which e; and e; are
tangent to M.
Definition 1.0.1. Given an immersion M = (D, ) as above, we define

(1.1.21) FM = {(x,e1,e2,e3) € Fo's e1,e0 € T, MY,

where T, M denotes the tangent plane to M at x.
JF1 is called the first order frame bundle of M.
Along Fi, ws vanishes, that is

(1.1.22) (U3|T]:1 =0.
The above relation also implies
(1123) 0 =dws = w1 Awiz + ws A was on TF xTF.

For Fi, Cartan’s structure equations (1.1.16-17) are written as

1.1.24a dwl = W12 A\ w2
1.1.24b dWQ = w1 N W12
1.1.24¢ dwiz = —w13 A was

1.1.24d dwiz = w12 A wag
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1.1.24e dw23 = W13 A w12
1.1.24f wg =0
1.1.24¢g w1 Awiz +wa Aweg =0

The third equation above is also known as the Gauss equation, while the fourth
and fifth together are known as the Codazzi equations.
By Cartan’s lemma [Ca, p.61], the last equation of (1.1.24g) implies:

(1.1.25)

w1z = hi1wi + hiawo,
wa3 = hiawi + hoows.

for some functions h;; defined on D.
By (1.1.25) and the Gauss equation (1.1.24c), we obtain

(1.1.26) dwis = —wi3 Awas = —[det(hij)]wl N wa,

where K % det hij is called the Gaussian curvature of M.
For the immersion M = (D,%) and the submanifold F{M C F, the first funda-
mental form becomes

(1.1.27) = (def,dz’) = w? + w2,
while the second fundamendal form is

ITI = (—dN, d:vf> = <fde£,dxf> = <— Zzzl W3k€£,2?:1 wie{> = —
= —(w31w1 + w3awa) = wizwi + wazws.

1.1.28

In formula (1.1.28), we chose the normal unit vector N = e3.
Taking into account equations (1.1.25), we obtain

(1.1.29) II= hllw% + 2h1owiwo + hggwg.

The two-form wy Aws is an area element for the surface. Therefore, since ¢ : D — R?
is an immersion, it follows that

(1.1.30) wy Awsy # 0.

As a consequence of formulas (1.1.25), the Gaussian curvature K = hyjhay — h3, is
given by

(1131) w13 N\ waoz = (h11w1 + hmu]g) A\ (h12w1 + hggu)g) = K(w1 A\ wg),
while the mean curvature H = (h11 + hag)/2 is given by
(1132) w1 A W23 — W2 AN w13 = hQQ(wl AN LUQ) - hll(WQ AN wl) = 2H(w1 A LUQ).

All the formulas presented in this section were formulated by Elie Cartan ([Ca]).
We followed the presentation of Cartan’s structure equations for R® in [Ch, Te, egs.
(1.1)—(1.3)] and the one for surfaces in space forms of constant Gaussian curvature
from [Te, egs. (1.1)—(1.14)].
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2 Pseudospherical Surfaces and the Sine-Gordon
Equation

In this section, we begin our study of surfaces with constant negative Gaussian cur-
vature. Among them, surfaces of Gaussian curvature K = —1, called pseudospherical
surfaces, are of particular interest to us. We show that all surfaces with constant
Gaussian curvature are described by a sine-Gordon equation, and we write a corre-
sponding Lax system.

The following two parametrizations are of significant importance for this class of
surfaces. We will also specify the relationship between the parametrizations.

2.1 The Asymptotic Line Parametrization

Let us consider an immersion M = (D, ) with constant negative Gaussian curvature.
In the Euclidean space, every unit free vector represents a direction.

For each point of M, there are two directions in which the second fundamental
form vanishes, called asymptotic directions ([Ei, (46.3)]). An asymptotic line on the
surface M is a regular connected curve whose tangent unit vector is an asymptotic
direction at each point. Consequently, we have two families of asymptotic lines, each
tangent to an asymptotic direction everywhere. An asymptotic line parametrization
is a parametrization such that the coordinate lines are asymptotic lines.

The given immersion M = (D, ) can be locally reparametrized, such that the
coordinate lines are asymptotic lines. For an open and connected domain D, this
reparametrization can be done globally. Therefore, for the rest of this section we will
assume 1 : D — R? to be an asymptotic line parametrization of the surface M, where
D is a open connected domain in R?.

Let ¢ represent the angle between the asymptotic lines, measured counterclockwise
from the vector field 1, to the vector field v,,.

We denote A = [1),], B = |¢y].

Then the first fundamental form is ([Ei], [Bo2]):

I = |dy|* = A%(dx)? + 2AB cos pdzdy + B*(dy)*>.

For every point, via a change of coordinates, we can reparametrize the surface such
that the asymptotic lines are parametrized in arc length.

Let us assume that A and B never vanish. An immersion ¢ with this property
is called weakly regular. A weakly regular surface can be always reparametrized such

that both asymptotic lines are in arc length (A = B =1).

In this context, let N : D — S?, N = Ve Xy define the Gauss map of the

[
immersion . Remark that the unit vector field N is orthogonal to vz, ¥y, Vza, Vyy-

Definition 2.1.1. A parametrization for which A = B =1 is called a Chebyshev net
(ISpi)).

Unless stated otherwise, we will assume for the rest of this work that the immersion
¥ corresponds to a Chebyshev net of angle (between asymptotic lines) p(z,y) € (0, ).
In this case, the metric becomes:

(2.1.1) I=|dy|? = (dz)? + 2 cos pdady + (dy)?.
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[McL] presents a way of constructing a Chebyshev net physically, by “a piece of
nonstrech fabric that is loosely woven, so that the angle between the threads can
change. Then drape it over the surface so that the warp and weft of the fabric become
coordinate lines on the surface”. Since the threads cannot stretch, A = B = 1, but the
angle ¢(z,y) changes. The second fundamental form in asymptotic parametrization

is written as
II =2ABvV—Ksinpdxdy.

For a Chebyshev net, it clearly becomes

(2.1.2) II = 2v/—K sin pda dy,

where K represents the (constant, negative) Gaussian curvature,
K = detII/det L

Let us now focus on the case of the pseudospherical surfaces, that is surfaces of

Gaussian curvature K = —1. It is straightforward to calculate the principal curvatures
k1 and ko of the immersion. k; and ko represent the eigenvalues of the matrix
(213) II'I_l _ ( *COtQO CsC @ ) 7

cscp  —cotp

that is, the roots of the characteristic equation
AN 4+2.cotp-A—1=0,

ie.,

(2.1.4) k= tang and ko = —cot g

The angle between the asymptotic lines can be written as ¢(z,y) = 2 arctan ky.

Let e; and e5 be the principal directions on M corresponding to k1 and ks respec-
tively, that is the eigenvectors of the matrix II - I=! at each point of M. Then the
relation between the asymptotic directions on M and the principal directions on M
is given by

Oy = o8 f61 — sin feg7
2.1.5
0y = cos 561 + sin 562.

2.2 The Curvature Line Parametrization; Sine-Gordon
Equation

Another useful parametrization for a pseudospherical immersion M = (D, ) is the
one by lines of curvature, i.e., the coordinates u; in which both the first fundamental
form I and the second fundamental form IT are diagonalized as

2.2.1a I= (a1)*(du1)? + (a2)?(dus)?
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2.2.1b II = by - (a1)(dur)? + b2 - (a2)*(duz)?.

In general, such a parametrization exists only in the neighborhood of a non-
umbilical point. Since the Gaussian curvature is negative, there are no umbilics on
M.

In particular, on a weakly regular pseudospherical surface we can find a curvature
line parametrization around every point.

More specifically, we set

U1:$+y7 Uz =T — Y,

where (z,y) are the Chebyshev net coordinates from Section 2.1. (i.e. A= B =1).
Then formulas (2.1.1) and (2.1.2), for K = —1, become:

2.2.2a I = cos® % - (duy)? + sin? g - (dug)?
2.2.2b IT = sin % cos g((dul)2 — (dug)?)
respectively.

Comparing with (2.2.1) above, we obtain:

2.2.3a a1 = COoS f’

2
2.2.3b ag = sin %’
2.2.3¢ by = k1 = tan %a
2.2.3d by = ka = —cot %»

where ¢(z,y) is the angle between the asymptotic directions and k1, ko represent the
principal curvatures.

Note that (2.2.3 a-d) correspond to a choice of a1, as, by, bs made without loss of
generality ([Te], 2.7).

We also note that in asymptotic line parametrization, the principal vectors given
by (2.1.5) are generally not orthogonal, so the context is different than the one of
orthonormal frames (Section 1). However, in curvature line coordinates, the principal
vectors e; and e are orthogonal, and that enables us to use the moving frame context
from Section 1.

Comparing formulas (2.2.2) to the formulas (1.1.27) and (1.1.29), we deduce:

2.2.4a w1 = ayduy = cos %duh
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2.2.4b wg = agduy = sin %dug,

2.2.4c hll = kl, h12 = O, h22 = kQ.
Then (1.1.25) together with (2.2.4c) yield

2.2.5a w1z = k1aidug,

2.2.5b Wwo23 = k‘g(lgd’dg.

We also aim at finding an expression for wys: from equations (2.2.4a) and (2.2.4b),
we find:

0 1 0

2.2.6a dwy = ﬂduz ANdu; = —— - ﬂdu1 A wa,
Ous ay Oug
1o} 1 0

2.2.6b dwy = ﬂdul ANdugy = — - ﬂwl A dus.
Oouy a1 Ous

Comparing equation (2.2.6) to the first two structure equations, (1.1.24a) and
(1.1.24b), we obtain

1 3(12 1 8(11
2.2. = ——dug — ——du;.
( 7) w2 ay 8u1 2 a9 8u2 “

As a consequence of (2.2.5a,b) and (2.2.7), we deduce

2.2.8a wig N\ wag = —kg%d’ul A dUQ
8UQ
k
2.2.8b dwlg == d(klwl) = 7]61% - alb du1 A dUQ.
8u2 8u2

Therefore, the first Codazzi equation, (1.1.24d), has the form

(90,1 - 6k‘1
(]432 - kl)% =ai 81@’

which can be rewritten as

1 0Oki  O(logay)

2.2.9 —_— = ——
( a) ]432 — ]431 3u2 8uQ

Similarly, the second Codazzi equation, (1.1.24e), becomes

1 Oky O(logas)

2.2.9b —= =
( ) k’l — k’g 8u1 8u1

Recall now that 1 is a Chebyshev net parametrization: A = |¢),] = 1 and B =
[¢py| = 1. In general (see, e.g., [Bo2], p. 114), the Codazzi equation can be written as
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(2.2.10) A, =B, =0.

So the Codazzi equations become trivial for a Chebyshev net.
Let us focus now on the Gauss equation (1.1.24c):

dwis = —wi3 A was.

Substituting the expressions for a; and ag from (2.2.3) into (2.2.7), we obtain the
following expression for the connection form wqs:

1/ 0p dp
(2211) Wiz = 5 (%dUQ + au2d’LH> .
Therefore,

1/ 0% &
2.2.12 =—|— - =—= .
(2.2.12) dwiz = 3 (8(u1)2 8(u2)2) duy A dus

Further, substituting the expressions (2.2.3) for ay, as, k1, ko into (2.2.5), the Gauss
equation (1.1.24¢) can be written in curvature coordinates as
9 D¢
O(u1)?  I(uz2)?

(2.2.13) = sin ¢.

Via u; = x 4+ y,us = x — y, (2.2.13) becomes, in asymptotic line parametrization,
(2.2.14) Py = sinp,

Note that (2.2.13) and (2.2.14) are two different forms of the sine-Gordon equation.
Conversely, by the existence and uniqueness theorem of surface theory, given ¢,
a solution to (2.2.14), there exists an immersion M = (D,%), in asymptotic line
coordinates, whose angle between asymptotic directions is ¢.
Summarizing the discussion above, we can state now the following result, due to
Enneper (1845):
Theorem 2.2.1. ([Ch], p. 441, and [Bo2], p. 115). Up to rigid motion, there is a
one-to-one correspondence between solutions ¢ to the sine-Gordon equation (2.2.14)
with 0 < ¢ < 7 and the weakly reqular pseudospherical surfaces in Chebyshev net
parametrization immersed in E3.
Note. This one-to-one correspondence between solutions ¢ to the sine-Gordon equa-
tion (2.2.14) and pseudospherical surfaces, whose first and second fundamental forms
are given by (2.2.2), is the particular case K < K = 0 of the following general theorem
([Te], Cor.2.7):
Theorem 2.2.1. Let M?(K) be a surface with constant Gaussian curvature K, con-
tained in a Riemannian 3-dimensional space form M3(K) with constant curvature
K such that K # K. If K > K, assume that M has no umbilic points. Then there
exist local coordinates x1,xs and a real-valued function ¥(x1,xs) which satisfies the
differential equation

* w$1$1 - 1/}12562 =-K SiIl1/J ’l.f* K < K,
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*% ¢zlzl + wIQIQ =-K Sinh’l/i ZfK > K.

Conversely, suppose ¥ is a solution of (x) (resp. () ). Then there exists a surface of
constant Gaussian curvature K in a space form M 3(K), which is unique up to rigid
motion of M3, whose first and second fundamental forms are given respectively by

2 ¥ 2 ¥

cos §d$% + sin §dx§if K <K,

IRy 2 ¥ .
cosh Edm% + sinh gdxgif K> K,

\/|K—f(|sin%cos%(dxf —da3)if K < K,
\/|K—K|sinh%cosh%(dx§ +dx%)if K>K.

2.3 Moving Frame of a Pseudospherical Surface. The Lax
System

Let D be a simply connected domain in R* and ¢ : D — R® an immersion cor-

responding to a pseudospherical surface M = (D,). Let ki, ko be the principal

curvatures, given by formulas (2.2.3¢,d) and e;, es corresponding principal directions

on M. Let F = {z,e1,e3,e3} € FM be a fixed moving frame. Clearly, es represents

a chosen normal direction N, along M. Let us focus now on the Frenet equations of
€1

the frame. We shall omit the component = € E3 and will identify F = es for
es

the rest of this section. By (1.1.11), we have the following Frenet system on M:

0 Wiz W13
(2.3.1) dF = —Ww12 0 w23 F.
—wiz —w23 0

The 1-forms wia, wiz and wag, as a consequence of formulas (2.2.4-5) and (2.2.11),
can be written as

1 1
2.3.2a wig = i(gouldug + pu,duy) = §(<Pa:d73 — p,dy)
o _ P 4
2.3.2b w13 = kiwy = sin 5 du; = sin 5 (dx + dy)
_ _ ¥ o ®
2.3.2¢ wog = kowy = — COS 5 -dug = — cos 5 (dz — dy)

Let us now consider the moving frame Fy € FM, that is obtained from F via a
rotation of angle f(x,y) in the tangent plane, around N, namely

~ el
(2.3.3) Fp=1| & |,
N
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€1\ _ cosf sinf e1
és )/ \ —sinf cosh ey )

In particular for 6 = /2, where ¢(z,y) is the angle between the asymptotic directions,
the resulting frame is denoted F' and is called the normalized frame associated with
the moving frame F' (see [Wul], p.18). Unless stated otherwise, we will denote by F

the usual coordinate frame, and by F' the rotated frame as stated above. A simple
calculation leads us to the system of Frenet equations for F":

where

} 0 w12 w13 ~
(2.3.4) dF = —W12 0 Wa3 F,
—(:Jlg —tildGWQg 0
where
(2.3.5&) w19 = df + w9,
(235b) (:)13 = kl COs 0&)1 + kg sin 9&)2,
(2.3.5¢) (o3 = —k1sin 0wy + ko cos O ws.

In particular for the normalized frame F, 6 = ©/2 implies:

1
(2.3.6a) do = §(<pxdﬂc + ¢, dy)
1
(2.3.6D) wiz = 5 (pod — pydy)
(2.3.6¢) w1 = Cos %(daz +dy)
(2.3.6d) wo = sin g(dx —dy)
2.3.6e Wiz = pgdx
(2.3.6¢) ¥
(2.3.6f) w13 = sin gwl — cos %wg = Slr;p(dul — dug) =sing - dy

(2.3.69) (93 = — sin? gdul — cos? gd’ltg = —dz + cosp - dy.

As a consequence of (2.3.6), the Frenet system (2.3.4) is equivalent to the following
differential system (also called Lax system,):
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_ L I W
0F=| —p, 0 -1 | F=AF,
0 1 0
(2.3.7) B 0 0 sin ¢ o
Oy F = 0 0 cosp | F=DBF.

—sing —cosp 0

Note that A and B are skew-symmetric matrices. ~ ~
The compatibility condition for the system (2.3.7) (i.e. Fpy = Fyy) is

(2.3.8) A, — B, —[A,B]=0.

This is equivalent to the Gauss equation, which for pseudospherical surfaces in a
Chebyshev parametrization is the sine-Gordon equation (2.2.14). If, for a pseudospher-
ical surface, we use any asymptotic line parametrization 1, but not necessarily a
Chebyshev net, the Gauss equation takes the more general form ([Bo2|, p. 114):

(2.3.9) Yay = ABsinp,

where A = |¢;|, B = [¢,].
It is interesting to remark that this equation remains invariant with respect to the
transformation

(2.3.10) A~ AA, B B/, AeER,,

which plays an essential role in the theory of pseudospherical surfaces. The transforma-

tion (2.3.10) appears in literature as Lie’s transformation or Lorentz transformation in

plane. To reconcile the two names, it is sometimes called Lie-Lorentz transformation.
The following obvious result is due to Lie (around the year 1870) and is of crucial

importance in our context ([Bo2], p. 114):

Theorem 2.3.1. Every surface with constant negative Gauss curvature has a one-

parameter family of deformations preserving the second fundamental form

(2.3.11) II = 2ABvV—K sin pdzdy,

the Gaussian curvature K and the angle ¢ between the asymptotic lines. The defor-
mation is generated by the transformation (2.3.10) above.

The family of immersions mentioned above is called associated family of surfaces.
It will be denoted as ¢* : D — R?>. Note that all the immersions are defined on the
same domain D.

Remark 2.3.1. The Lie-Lorentz transformation (2.3.10) can be naturally induced
by replacing  with A™'z and y by Ay, A > 0, and then

ax:A(COS%'BlfsiH%'eg),

2.3.12 .
(2.3.12) 0, :%(COS§'€1+SID%~62).
We note here that the Lie-Lorentz transformation defined above on M = (D,) is
equivalent to a Lorentz transformation on a Lorentzian 2-manifold, (D, IT).

Also note that if ¢(z,y) denotes the angle of a certain pseudospherical surface
M in Chebyshev net coordinates x,y, then by Lie-Lorentz transformation we create
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a new pseudospherical surface M*, in the same associated family with the first one.
The coordinates x* = A~ 'z and y* = Ay are also asymptotic, and the angle between
asymptotic lines on the new surface is given by the same function as before, but this
time in variables z* and y*. Thought of as a function of the old coordinates z,y, the
angle ¢(x*,y*), corresponding to the new surface M*, depends on A. See also the
examples in Section 8, (8.1.3) and (8.2.1).

As a consequence of the coordinate change described above via the parameter A,
starting from a Chebyshev parametrization ), we see that |1),| = 1 becomes [i),| = A,
while [¢,| = 1 becomes [,| = A~!. While via this transformation the sine-Gordon
equation remains unmodified, the corresponding differential Lax system (2.3.7) de-
pends on \. In particular, we obtain an extended frame F = F(z,y,\) = F(A™ 1z, \y).
For the normalized frame ]:", we obtain the extended normalized frame F (z,y,\).
Corolarry 2.3.1. The extended normalized frame F(m,y,)\) satisfies the following
Lazx differential system:

) 0 ww 0
0F=1 —p, 0 =X |F,
0 A0
1 0 0 sin ¢ ~
2.3.13 O F = < 0 0 cosp | F.

—sinp —cosg 0

This type of linear system is essential for the inverse scattering method in soliton
theory. Equation (2.3.13) represents the scattering system of the sine-Gordon equation
introduced by Lund (see [Lu]).

€1
Remark 2.3.2. The frame F represents the 3 x 3 matrix €9 of rows ey, e,
es
and eg, respectively. In the spirit of [Wu2] and [DoHa, instead of the classical frame
F, it is more convenient to work with U := F T the transposed of the extended
normalized frame F (x,y, A). This is especially convenient in view of formulas (2.3.15)
below. Unless stated otherwise, the term of normalized coordinate frame will refer to
U above, for the rest of this text.
Consequently, formulas (2.3.7) can be rewritten as

(2.3.14) U =U- AT, 0U =U- BT,

where we denoted by A and B, respectively, the transpose of A and B from (2.3.7).
That is, equations (2.3.13) above can be rewritten as:

Corollary 2.3.2. The extended normalized frame U satisfies the following Lax dif-

ferential system

0 —pr O
UM =U | . 0 X |,
0 -\ 0
. 0 0 —sing
2.3.15 oU* = L{AT 0 0 —cosp

siny cos 0



Weierstrass-type Representation of Surfaces 101

The Lax system will be written in this form for the rest of this work. It plays a
crucial role in the study of pseudospherical surfaces.

3 Associated Families of Pseudospherical Surfaces
via Spectral Parameter \

In this section we study in detail the effects of introducing the real positive para-
meter . We obtain in this way a A-transformation of the Cartan forms (respec-
tively an extended Maurer-Cartan form w?) corresponding to the associated family
of pseudospherical surfaces (respectively the extended normalized frame U*).

3.1 The M-Transformation on the 1-Forms w; and w;;

Let us study the effect that the transformation (2.3.10) has on the 1-forms wy, wa,
w12, w13, wa3. Replacing z by z* := A~'x and y by y* := Ay in the system (2.3.2),
and taking into account the invariance of ¢ under this deformation (Thm. 2.3.1), we
obtain the “extended” forms:

3.1.1a w} = cos %(dx* + dy*) = cos %(A_lda: + Ady)
Ao ¥ * ¥ o Poy—1
3.1.1b wh —blng(dl’ —dy™) —51n§()\ dz — A\dy)
A 1 " . 1
3.1.1c Wiy = 5(@$*dx — pydy”) = E(gpzd:r — pydy)
AL ¥ * *\ e ' —1
3.1.1d Wiy —b1n§(dx + dy™) —bln§(>\ dz + Ady)
A 2 * *\ "2 —1
3.1.1e Whs = — COS E(dx —dy*) = —cos 5()\ dz — A\dy).
The system above can be rewritten as
A1 ~1 1 —1
3.1.2a wi = 5()\+/\ )w1 +§(/\—/\ )(Ugg,
A1 —1 1 —1
3.1.2b Wy = §(>\+>\ )a)g — 5()\—)\ )wlg,

3.1.2¢ wi‘z = wja,

1 1
312d wf‘g = 7§(>\ — )\71)(4)2 -+ 5()\ + )\71)(4)13,
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1 1
3.1.2¢ Wy = 5(A—A*l)wht§(>\+A*1)w23,

where A > 0. Note that A\ occurs rationally, with simple poles at A = 0 and at infinity.
This will be essential below.

Cartan’s structure equations for F{, where ws is identically zero, given by (1.1.24
a-f), together with equation (1.1.31) for K = —1, form the set of equations below,
called conditions (K):

3.1.3.a dwi = w12 Awa,
3.1.3.b dwy = w1 Awiz,
3.1.3.c dwiz = —w13 A was,
3.1.3.d dwiz = w12 A wag,
3.1.3.e dwaz = w13 A wiz,
3.1.3.f w1 Awiz +wa Awaz =0,
3.1.3.g w1 A wg + w1z Awagg = 0.

Let wy,ws,wis, w13, ws3 be differential forms defined by (1.1.10) and let wi\,
w3, Wiy, wis, wis be given by (3.1.2). Then
Theorem 3.1.1. The forms w1, ws, w12, w13, was satisfy the conditions (K) if and only
if WY, WY, wiy, wis, wds satisfy the conditions (K).

For every pseudospherical surface M = (D, 1)), there exists a family My = (D, ),
A > 0, of pseudospherical surfaces associated with wy, w3 ,wey, Wiy, wss preserving the
angle ¢ between the asymptotic lines and also preserving the second fundamental form.
Proof. By Theorem 2.3.1, we know that the A-transformation (2.3.10) preserves the
angle ¢ and the second fundamental form. This means that the forms w;, w;;, and
w, w;\j7 A > 0, respectively, satisfy the same Gauss equation (3.1.3.c). The Gauss
equation is equivalent with ¢, = sin ¢, and so the angle ¢ is preserved for the family
M. We remark that the Codazzi equation is trivially satisfied for M), since for the
whole associated family ¢¥*, A = [} = A\, B = |1/)§| =1/A\, A > 0, and the Codazzi
equations are Ay, = B, = 0.

In order to finish the proof of the theorem, it is enough to show that if the Gauss
and Codazzi equations are satisfied for every real positive A, then the rest of conditions
(K) are also satisfied for every real positive . This is stated in the following:
Lemma 3.1.1. If w} and wi)‘j are given by the equations (3.1.2), and if the following
conditions are satisfied for all A > 0:

3.1.4.i dwsy = —wiy A wis,
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3.1.4.4i dwty = Wiy A wis,

3.1.4.ii dw3y = wiy A Wiy,
then all the conditions (K) are satisfied for w, w;\]
Proof. Assume that (3.1.4.i-iii) are satisfied. Then, by (3.1.2), after a few simplifica-
tions, we obtain

)\2 _ )\72
dwi‘g + Wf\g A w§\3 = 7(—&)1 Nwizg — w2 A WQ3)+
3.1.5.i A2 4 -2 4 )
+?(w1 AN wo +wiz N (UQS) + 5(—&)1 N wy —wiz A WQS) =0,
P T A4 At
3.1.5.00 dwiy —wiy Awpy = T(dwg—wl /\w12)+T(dw13—w12 Awas) = 0,
A A A A=At A+t
3.1.5.7%1 dwiys—wizAwly = —T(dwl—wlg/\wg)—i—T(dwggg—wlgAwlg) =0.

Comparing the coefficients of the corresponding A? and A~2 powers, we obtain

w1 Awiz +wa Aweg =0
w1 A wo 4+ w1z Aweg =0,

that is equations (3.1.3.f) and (3.1.3.g).

Equations (3.1.3.c-e) represent a particularization for A = 1 of equations (3.1.4.i-
and dws, that is the remaining conditions (K). O

This also completes the proof of the Theorem 3.1.1.
Remark 3.1.1. As frequently observed in soliton theory, the introduction of a para-
meter reduces the number of defining equations.

Theorem 3.1.1, that we just proved, is of central importance for the present study.
In section 2.3, we analyzed the pseudospherical surfaces in detail and described a
A-transformation, A > 0, that preserves the second fundamental form, the Gaussian
curvature and the angle between asymptotic lines. We also presented the extended
normalized frame U (2.3.15) associated with this transformation. In this section we
studied in more detail the effects of introducing the real positive parameter A by the
Lie-Lorentz transformation. We obtained a A-family of 1-forms w?, wf‘j, 1 < j, which
characterizes the above-mentioned A-family M = (D,v™) of associated surfaces via
the A-transformation.

3.2 The Extended Maurer-Cartan Form «w* of an Associated
Family of Pseudospherical Surfaces and the Extended
Normalized Frame U/*

In section 1.1, we identified the set F of all frames with G, the group of orientation-
preserving rigid motions, via a map g/ : F — G, g/(z,e1,e2,e3) = (2, A), with
reR3 Ac SO(3), such that e; = Aé;, where Fy = {0, ¢é1, éq, 3} was a fixed frame.
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E;, E;; are, by definition, the siz vector fields dual to the 1-forms w;, wyj, ,j =

1,2,3, 1 < j, i.e. the vector fields satisfying

Ej(@!)(F) = dpal (Bj) = 3 wi(Bj)e] (F) = €] (F)
respectively

Eij(ef )(F) = dpel,(Eyj) = <Z wmn(Ez‘j)efi(F)> = (6787el, — opomed) =
= ((5;"6; — 5;%{) = Sij(efn).

Here S;; represents the 3 x 3 matrix with (i, j)-entry equal 1, (j,7)-entry equal to —1
and zero elsewhere, ¢ < j. According to the way [E;; acts on the frame F, it can be
identified with the matrix S;;.

We note that the vector fields E;, Fyj, 4,5 = 1,2,3, % < j are invariant with respect
to the particular choice of the fixed frame Fy.
Remark 3.2.1. Reviewing, we obtained above the formulas

3.2.1 E;(27)(F) = dpa? (E;) = el (F),
€1
3.2.2 (Ei'(efn))mzl,zg = (dFefn(Eij))m:LZS = Sij €2
€3

These equations are satisfied for every frame F' = {x,e;, eq,e3}.
Definition 3.2.1. Consider the so(3)-valued 1-form w given by

(3.2.3) w = w12E12 + wi3Eh3 + W3 Eas,

where @12, @13 and w3 are given by formulas (2.3.6 e,f,g). We will call w the Maurer-
Cartan form of the group of Euclidean motions.

As a linear combination of matrices E12, E13, Fa3, the form w becomes an so(3)-
valued 1-form on G. For a vector field Y on G, we have

(3.2.4) w(Y) = Z@j(Y)Eij

Remark 3.2.2. (a) Writing @2, @13 and @o3 explicitely as in (2.3.6), the Maurer-
Cartan form of the group of Euclidean motions restricted to F;{*! for a pseudospherical
surface can be written as

0 pdr sin p dy
(3.2.5) w=-Utdd = —pdz 0 —dz + cos pdy
—singpdy dx —cospdy 0

(b) Let us recall briefly the results from the previous section. We have proved in

Lemma 3.1.1 that if w?, wi)‘j are given by formulas (3.1.2) and conditions (3.1.4iii—

v) are satisfied, then all the conditions (K) are satisfied. We have also seen that
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w), w

2, wiy, A > 0, given in (3.1.2) correspond to an associated family of surfaces that
preserve the angle ¢ between asymptotic lines, the Gaussian curvature and the second
fundamental form (Theorem 2.3.1) and that w? and w?j can be naturally induced by
a transformation z +— A~'z, y — Ay, A > 0 of the asymptotic line parametrization.

Let us now recall from Corollary 2.3.2 that the extended normalized moving frame

U* : D — SO(3) of this family of one-forms w?, w, A > 0 satisfies the equations

10 g

0 —pz O

UMt ouUr = v 0 A

0 —-Xx 0
(3.2.6) 1 0 0 —sing
uM=t-ou*r = < 0 0 —cosgp

A .
singp cosy 0

Comparing (3.2.5) to (3.2.6), we formulate
Definition 3.2.2. The so(3)-valued family of 1-forms

w = UMty

0 Y dz A lsinpdy
(3.2.7) = —pz dz 0 —Adz + A "tcospdy |,
~A"lsinpdy Adx — A"lcospdy 0

is called extended Maurer-Cartan form.
Proposition 3.2.1. The system of equations (3.1.4.i-iii) is equivalent to

(3.2.8) dw + w A =0,

for every A > 0.

Proof. Assume the equations (3.1.4.i-iii) are satisfied. Then, by Lemma 3.1.1, the

system of equations (3.1.4.i-ii) is equivalent to the conditions (K), defined in (3.1.3).

On the other hand, (3.1.4.i-ii) are by definition the Gauss-Codazzi equations for a

pseudospherical surface. On the other hand, (3.2.8) can be checked directly, and it

reduces to the Gauss-Codazzi equations: e.g., the sine-Gordon equation is recovered

immediately from the (1,2) entry of the matrix-valued form dw?* + w* A w?. a
We will call formula (3.2.8) the flatness condition, or the zero-curvature condition

for the extended Maurer-Cartan form w?.

Remark 3.2.3. From equation (3.2.7), we see that the extended Maurer-Cartan form

w™ can be written in the form

(3.2.9) Wi =2 al Fag+ Ao,

where ag € k = RFEj2 and a_1,a1 € p= RE;3 + RE»;3.
More precisely, we have

(3.2.10) o = @z Er2da,

while

(3.2.11) a1 = (sinp - Eiz + cos¢ - Ea3)dy,
and

(3212) a1 = 7E23d17.
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4 Loop Algebras and Groups Corresponding to
Pseudospherical Surfaces

We now examine the system (3.1.4) in the context of the loop algebra so(3,R) ®
R[\71, \]. This will lead to interpreting the extended moving frame equations in terms
of loop groups, which opens some completely new possibilities. E.g., the extended
frame U* can be decomposed in the form U = U, - V_ = U_ - V,. Here U_ is an
element of the form U_ = I + AX"'U_; + A\"2U_5 + ---, while V, is an element of
the form Vi = Vo + AV; + A2V, + - - -, respectively. Eventually, this will allow us to
find unconstrained data, “potentials” from which all pseudospherical surfaces can be
constructed.

4.1 Loop Algebras and Structure Equations. Introduction

Let a be a Lie algebra over R with a finite basis X1, Xs,..., X;;;; i.e. every X € ais
expressed uniquely as a linear combination

(411) X=a1 X7 +aXo+ -+ A X,

where a; € R.
The structure of the Lie algebra a is given by Lie’s equations

(4.1.2) [Xi, X;] = CF Xy,

where for convenience we used the Einstein summation convention for the index k,
which will be used from now on.

An immediate consequence of the skew-symmetry of the Poisson bracket is the
skew-symmetry of the structural constants ij with respect to the indices i, j. Also,
as a consequence of the Jacobi identity, the structural constants satisfy the following
identity:

CECy + Chery + CE.Cs =0

st~'rg sr~ji

This identity appears in literature as Lie’s quadratic identity.
Let a* be the dual space of a. By definition, the dual basis of a* is {n',n?,..., 7™}
such that 7°(X;) = ;. Also, for every n € a*, there is a unique linear combination

(4.1.3) n =0t + Bon? + -+ Bun™.
Let APa* denote all the p-forms on a. Clearly,
(4.1.4) Aa* = a*.

Definition 4.1.1. The exterior differential dny € A%a* of a 1-form 7 € a* is defined
by the equation

(4.1.5) dn(X,Y) = —n([X,Y]),

where XY € a.
Equation (4.1.5) is equivalent to Cartan’s structure equations:
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1 i -

(4.1.6a) dn® + iq’;n A =0.
This equivalence is straightforward and is presented in classical texts (e.g., [Ca], p.45).
In (4.1.6a), n° A 7’ represents the exterior product of the 1-forms 1’ and 77.

It is easy to see that (4.1.6a) can be rewritten as
(4.1.6b) dn®* + Cln' A =0,
where 7 < j.

Multiplying equation (4.1.6b) by X and taking into account Lie’s equations
(4.1.2), we obtain

Xip-dn® + (X, X' A =0, i<,

which can be rewritten as

1
(4.1.7) dn+§[n/\n] =0,
where
(4.1.8) n= X'+ Xon® 4+ Xy

Remark 4.1.1. If the basis {n',7?,...,7™} of a* is divided into two groups dis-
tinguished by indices ¢, 7,k € Ny and «, 3,7 € Ny respectively, then the structure
equations become

(4.1.9) { dn* + CEn' A + Clan' AP + Clan® An® =0,i < j,a <8

d777—|—C'Z7j77"/\77j—|—02877i/\775—|—0g[377°‘/\77/3 =0,i<j,a<f.

Note that the restriction n” = 0, for every v € Ny, defines a linear subspace of a.
Example 4.1.1. Consider the group of Euclidean motions T' given by the structure
equations (1.1.17) and introduce the restrictions wis = wis = wez = 0, which define
the normal subgroup of all translations. The groups of indices specified in Remark
4.1.1 are 1,2,3 € N7 and 12,13, 23 € N> respectively, where we replaced n by w.

Let us consider the quotient group G/T = O(3,R) of the Euclidean motion group
modulo the group of translations. Thus, in the second group of equations of the system
(4.1.9), the terms containing w;,j = 1,2, 3 disappear, and the equations become

dwij = Wik N\ Wy,

with Einstein summation with respect to k and ¢,7 = 1,2,3,7 < J.
This gives a concrete illustration of the structure equations (1.1.24 ¢,d,e).
The form (4.1.8) for the Euclidean motion group is written here as

(4.1.10) w = w1 By + waby + wsEs + wia o + wigEis + wazEag,

The form @ is sometimes called the total Maurer-Cartan form.
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4.2 The Loop Algebra Setting

Let now a represent a Lie algebra with basis X1, Xo,..., X, satisfying [X;, X;] =
Cf X This is equivalent to the structure equations (4.1.6).
Definition 4.2.1. The polynomial loop algebra a = b® R[A71, )] is the Lie algebra
with basis Xz = XA, & = 1,2,...,m, t = 0,£1,£2,..., where ) is a formal
parameter.

This basis satisfies the Lie equations

(4.2.1) [Xir, Xjs] = CF X rss-
The notation R[A\™!, A\] used above represents the ring of Laurent polynomials in the
variable \ over the field R. Let {n®"} represent the basis of 1-forms dual to the basis

{Xir}. Then, analogous to the derivation of (4.1.6b) we obtain, as a consequence of
(4.2.1), the structure equations of the loop algebra a

(4.2.2) dpbt+ Y ChgttAn =0
r+s=t,1<g

Multiplying these equations by A\! = A"*¢, we obtain

(4.2.3) AP\ YT CETAT AN =0,
r+s=t,i<j
That is, the structure equations of the form (4.1.6), where
nk — Z nk,t)\t
t=—o0

represent infinite Laurent series in the variable A with 1-forms n*? as coefficients.

Let us now consider the particular case of a = so(3,R), so that a = so(3,R) ®
R[A71,\]. The main reason why we focus on this loop algebra is provided by the
extended Maurer-Cartan form w? of a pseudospherical surface, introduced in (3.2.7).
Moreover, we shall introduce the twisted loop algebra

(4.2.4) Aso(3)%E = {X €50(3) @ br[\, A71]; X(=\) = PX(\)P~1},

where
P = diag{1,1,-1}.

Note that P~! = P and
(4.2.5) PE 3P = E15, PE13P = —FE13, PEo3P = —F3.

From (3.2.7), it is easy to see that w*(—\) = P -w*(\) - P! holds. Hence, w* €
Aso(3)%E.

It will be convenient to use certain Banach completions of the Lie algebra (4.2.4).
For this purpose, for a matrix A € so(3,R) independent of A\, we introduce the norm

3
(4.2.6) 4]l = max{} |45},
j=1
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where A;; denotes the (4, j)-coefficient of A.
It can be checked by a direct computation that

[AB| < [|A[[- B[l [l =1.

Further, if X(\) = Z X}, - ¥, we define its norm as follows:
keZ

(4.2.7) X =D 11Xl < oo
keZ

Remark 4.2.1. The norm defined by (4.2.7) can be also introduced as follows:
We start by defining the norm of a real-valued function in A,

[l =" bkl <00, h(A) =) hiAb.
keZ keZ

Then we define the norm of the matrix-valued function X (\) as
3
1 = max{ Y _J1Xs (W]}
j=1

It is easy to see that we obtain this way the same norm as in (4.2.7).

Note that in (4.2.6) and (4.2.7), by abuse of notation, we use the same symbol || - ||
for the following three different items: norm of a function, norm of a A-independent
matrix and norm of X (A). It will always be clear from the context which norm we
mean.

We set

(4.2.8) Aso(3) p := completion of Aso(S)i‘Dlg relative to || - ||

Proposition 4.2.1. Aso(3)p is a Banach Lie algebra.

Proof. We can define the norm (4.2.7) for arbitrary matrices in gl(3) ® R[\, A71].
The fixed point algebra of the automorphism X (\) — P-X(=\)-P~! of AGL(3,R)

is an associative Banach subalgebra. Inside the connected component of the Banach

Lie group of invertible elements of this fixed point algebra, we consider the connected

component of the group

(4.2.9) ASO(3)p = {g € ASO(3,R); Pg(\)P~! =g(-\)}.
From [Ha,Ka], it follows that ASO(3)p is a Banach Lie group with Lie algebra
(4.2.10) Lie ASO(3) p = Aso(3)p.

Remark 4.2.2. If M = (D, ) is, as usual, a pseudospherical surface given by the
Chebyshev immersion ¢ : D — R?, where D is a simply connected domain, then
there exists a normal N : D — S? along ¢ and a frame U : D — SO(3) along v such
that e3 = N denotes the Gauss map of ¥:

7 above denotes the canonical projection relative to the base point es. Thus, S? =
SO(3)/K. Note that the Lie algebra of the group K ~ SO(2) is Lie K = k = REj».
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Remark 4.2.3. As we pointed out, giving an extended Maurer-Cartan form w” sat-
isfying the flatness condition is equivalent to giving the forms w?, w;\j, i < j satisfying
the conditions (K), which is also equivalent to giving a family of surfaces M) of con-
stant negative Gaussian curvature K = —1. To such an associated family of surfaces,
we attached ( see (3.2.7) ) the extended frame U* : D x Ry — ASO(3)p satisfying
UM 1dU* + w* = 0, where R, represents the set of strictly positive real numbers
A. It will be convenient for our purposes to fix a base point zy € D , e.g. o = (0,0),

and require that the frame satisfies the “initial condition”
(4.2.11) U(xo,A) =1,

for every A. We will use this assumption from now on.
Remark 4.2.4. The subalgebra Aso(3)%¢ of s0(3) @ R[A, A~!] defined by (4.2.4) can
also be characterized as the subalgebra consisting of elements with the following

e Property P: In a representation relative to the basis Fo, Fr3, Fas, the coefficient
of Fy5 is an even function of A, while the coefficients of E13 and Es3 are odd
functions of A.

4.3 Loop Groups and Group Splittings Used for
Pseudospherical Surfaces

In order to carry out the DPW method in the context of pseudospherical surfaces, we
introduce the following subalgebras of Aso(3)p:

4.3.1 Atso(3)p = {X()\) € Aso(3)p; X ()\)contains only non-negativepowers of \}
4.3.2 A7so(3)p = {X()\) € Aso(3)p; X (A)contains only non-positivepowers of A}

4.3.3 A;s0(3)p = {X(N) € A7s0(3)p; X(0) =0}

The connected Banach loop groups whose Lie algebras are described by definitions
(4.3.1-4.3.3) are denoted, respectively, ATSO(3)p, A=SO(3)p and A;SO(3)p.

A first question arises when we aim to split & la Birkhoff elements from ASO(3)p
with A € Ry instead of A € S!. The classical factorization theorem is stated and
proved in [Pr, Se] for smooth loops on S! and reformulated in [DPW], [DGS] for a
complexified Banach loop group G¢.

For our applications, the relevant part is
Theorem 4.3.1. [DPW; Thm. 2.2.], [Pr, Se; Thm. 8.1.1-8.1.2]: Let G be a compact Lie
group. Then the multiplication A7 GE x ATGY — AGC is an analytic diffeomorphism
onto the open and dense subset A7 GC - ATGY, called the “big cell”. In particular, if
g € AGC is contained in the big cell, then g has a unique decomposition

(4.3.4) 9=9-9+,

where g_ € A7 GC and g, € AYGC. The analogous result holds for the multiplication
map ATGCY x A—G¢ — AGC.
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The results stated above hold in particular for G = SO(3). The splitting (4.3.4) is
called the Birkhoff factorization of AGC.

Remark A. Regarding the A\ € S* versus A € R issue, our Appendix contains the
proof of the fact that the splitting works also for some specific “loop” group with real,
positive A.

Let ASO(3)p be the subset of ASO(3)p whose elements, as maps defined on R,
admit an analytic extension to C,. It is easy to see that ASO(3) p is a subgroup of
ASO(3)p. We have the following result:

Theorem 4.3.2. A7 SO(3)p x ATSO(3)p — ASO(3)p is a diffeomorphism onto the
open and dense subset A7 SO(3)p - ATSO(3)p, called the “big cell”. In particular, if
g e ASO(?))p is contained in the big cell, then g has a unique decomposition

(4.3.5) 9 =9-9+;

where g_ € A;SO(3)p and g € AtSO(3)p. The analogous result holds for the
multiplication map AFSO(3)p x A=SO(3)p — ASO(3)p.
Proof. See Appendix. a
Remark that any extended frame U, as a function of the real positive parameter
A, admits an analytic extension to C,. This is straight-forward and is stated and
proved in Lemma A.1.
Hence, any extended frame U(z,y, \) from the “big cell” of ASO(3)p can be split
as

(436) Z/[ = Z/{+ . V, = Z/L . VJr.

Here U_ is an element of the form U_ = I + X\"'U_1 + A"2U_5 + ---, while
V, is an element of the form Vi = Vj 4+ AVi + A2V5 + - - -, respectively. Analogous
expressions can be written for U, and V_, respectively. Namely, U, is an element
of the form U, = I + \XU; + AUy + - - -, while V_ is an element of the form V_ =
Vo + )\71V_1 + /\72‘/_2 + -

5 Harmonic Maps and Generalized Weierstrass Data

In this section we present the notion of harmonic map from a pseudospherical surface
M to S?. This is a particular case of a harmonic map from a pseudo-Riemannian man-
ifold to another pseudo-Riemannian manifold, i.e. a differentiable map whose tension
field vanishes (see [EL]). The Gauss maps of certain classes of surfaces (e.g. constant
mean curvature, minimal, constant Gaussian curvature) are harmonic with respect
to some suitable (pseudo)metrics. It was proved that the harmonic maps from these
classes of surfaces to S? are in one-to-one correspondence with the equivalence classes
of flat extended forms w? (3.2.8) under the action of a gauge group. In connection
with Sections 3 and 4, this is a strong motivation for studying such harmonic maps.

5.1 Harmonic Maps

Definition 5.1.1. Let (M, g) and (M, §) be pseudo-Riemannian manifolds. A har-
monic map f : M — M is a differentiable map such that its tension field 7(f)
vanishes:
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(5.1.1) 7(f) := Trace(Vdf) =0,

where V is the Levi-Civita connection on the vector bundle T%(M) ® f *(T]\Zf ), pro-
vided with the natural pseudo-metric induced by ¢ and g.

For Riemannian manifolds, the system (5.1.1) is elliptic. This property is not main-
tained on pseudo-Riemannian manifolds. In this case, harmonic maps are sometimes
called pseudo-harmonic.

The notion of harmonic map was first introduced by Eells and Sampson for Rie-
mannian manifolds, then generalized to pseudo-Riemannian manifolds by Eells and
Lemaire ([EL]) and then studied by several authors (e.g., [GU], [Me, St, 1]).

If (M, g) and (M,§) are two Riemannian manifolds, df (x) represents the differ-
ential of f ( linear map from T'M to TM at a point z of M), while its tension field
is

(5.1.2) 7(f) = div(df) = g (V(df))s;.

Here we used again the Einstein summation convention with respect to both in-
dices 7,7. g¥/ are the entries of the inverse g~! of the matrix g.

The integral over M of the energy density |df|? with respect to the area element
on M is frequently called energy functional. Equation (5.1.1) arises as the Euler-
Lagrange equation for the variational problem of the energy integral. Harmonic maps
f represent critical points of the energy functional.

We shall now introduce a concept which is actually equivalent to the one of ex-
tended Maurer-Cartan form w™.

Remark 5.1.1. The following represents a necessary and sufficient condition for a
map to be harmonic ([UR]):
Lemma: Let f be a smooth map from a pseudo-Riemannian manifold to the sphere
S™. Then f is harmonic iff

(5.1.3) 5f=p-f,

for some function p, where d represents the Lorentz-Laplace operator.

In this case, p = e(f) = |df|? is the energy density of f.

For the case f : M — S%, where M is a 2-dimensional manifold, see also [Me, St,
1], Prop. 1.1. Moreover, harmonicity is invariant under conformal transformations.
Remark 5.1.2. A classically known fact is the following:

If M is a weakly regular surface with K < 0, then M, endowed with its second
fundamental form II (2.1.2) in asymptotic coordinates, is a Lorentzian 2-manifold
(M, 11).

Moreover, the Gauss map N : (M,II) — S? is harmonic iff K = constant. With
respect to the second fundamental form, (5.1.3) is written as

(5.1.4) N,, =p-N.

In this sense, the Gauss map of every pseudospherical surface is harmonic.

This property of pseudospherical surfaces is sometimes called Lorentz-harmonicity.
Definition 5.1.2. Let us consider an so(3)-valued form w.

Recall from the previous section the Lie algebras k = RFE15 and p = RE13+RFo3.
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Let n = ng + n1 be the Cartan decomposition of 7 into its k-part ng, respectively
its p- part, n1. Then 7 is called an admissible connection if it satisfies the following
pair of equations (sometimes called Yang-Mills-Higgs equations):

1
(5.1.5) dn+nAn=dn+ 5 An =0,

(5.1.6) d(*m1) + [no A *m] = 0.

For (5.1.5) and (5.1.6), see [Gu, Oh].
From the Remark 4.2.1, the smooth Gauss map N has the frame U as a lift. It
follows (e.g, [Bo 2]) that the maps N and U are related by the identification

(5.1.7) N=U-E U

Note: In (5.1.7), [Bo2] uses —iog instead of our Ejs. o3 is the third Pauli matrix
(6.4.1). This fact is explained by the (spinor representation) isomorphim between
su(2) and so(3), which is presented in Section 6.4.

A very important result obtained by A. Sym ([Sy]) allows us to obtain the immer-

sion once we have the expression of the extended frame. This is presented in several
papers, including for the particular case of pseudospherical surfaces (e.g. [1, Me, St],
[Bo, Pi]) and can be stated as follows:
Theorem 5.1.1. Starting from a given @(x,y), a solution to the sine-Gordon equa-
tion, let us consider the initial value problem consisting of the Lax system (2.3.15)
together with the initial condition U(0,0,\) = I. Let U(N) be the solution to this
initial value problem. Then U(X) represents the extended frame corresponding to the
Chebyshev immersion

A_ 4

XA —1
U

(5.1.8) WP
where A = et.

By Theorem 5.1.1, once we have the extended frame, we can reconstruct the
surface. Also, the relationship between the extended frame U and the Gauss map N
is clear, via (5.1.7). So in a sense we could reconstruct everything starting from the
Gauss map. However, there is a freedom in the frame given by a gauge action.
Definition 5.1.3. Let us consider a rotation of angle 6 around es,

cosf) sinf 0
R = —sinf cosf 0
0 0 1

The rotation R, thought of as an element of SO(2), acts on the frame U, and
produces the so called gauged frame U of the pseudospherical surface M, via the rule

(5.1.9) U=U-R".

As a consequence of this action by a rotation matrix on the frame, the Maurer-Cartan
form w changes accordingly, to a @. On the other hand, the Gauss map N = U-E1-U ~*
from equation (5.1.7) is obviously invariant under such a gauge transformation.
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The following very important result is a particular case of [Me, St, 1], Prop.1.4.
Proposition 5.1.1. There is a one-to-one correspondence between the space of har-
monic maps from the Lorentzian surface M to S? and the equivalence classes of
admissible connections, under the action of the gauge group introduced by (5.1.9).
Remark 5.1.3. On the other hand, every admissible connection “w corresponds to
its associated loop w* satisfying the flatness condition (3.2.8):

do + M A = 0.

Recall that we called w? extended Maurer-Cartan form.

The result above provides a strong interest in harmonic maps. Summarizing, the
Gauss map of a pseudospherical surface has the following properties:
Theorem 5.1.2. [Bo2, Prop. 7] The Gauss map N : M — S? of a surface with
K = —1 is Lorentz-harmonic, i.e.,

(5.1.10) Ngy = ¢N, q: M — R.

Moreover, N forms in S? the same kind of Chebyshev net as the immersion func-
tion does in R3:

(5.1.11) IN,| = A, |N,|=B,  where A= ||, B=|1,|.

Proof. A lengthy but straight-forward calculation using formulas (5.1.7) and (5.1.8)

leads to formulas (5.1.10, 5.1.11). a
Via Proposition 5.1.1 and Theorem 5.1.2, we state the following:

Remark 5.1.4. As a consequence of the previous results and remarks, we conclude:
A smooth map N : D — S? is Lorentz-harmonic if and only if there is an extended

frame U : D — ASO(3)p such that m o U*|x—1 = N, and such that

(5.1.12) w = — (UM tdu?

satisfies the flatness condition (3.2.8).

Here we denoted by 7 : SO(3) — SO(3)/K the canonical projection, and K a Lie
subgroup isomorphic to SO(2), which is the isotropy group of the action of SO(3) on
the vector es in R>.

Let O be the point corresponding to x = 0, y = 0 in M. We consider the extended
frame corresponding to the frame U the solution U* of equation (5.2.6) that satisfies
the additional initial condition

(5.1.13) U*0,0,\) =u(0,0) =1,

where U is the frame of N : D — S% N(0,0) = eK, such that Lie K = k = RE1s.
Clearly, UMz, y,1) = U(z, y).

Let us now consider the Cartan decomposition g = k + p where £k = RE;5 and
p=RE3 + REz3. Let w* be a 1-form that satisfies the flatness condition (3.2.8).

A can be written in the form

Via the Cartan decomposition above, w
(5.1.14) w* = ap + w?,

where ap € k and w} = A"1-a_ + X oy € p.
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As a consequence of Theorem 5.1.1, we obtain:
Proposition 5.1.2. Let U* : D — ASO(3)p be any map such that (U)~ dU> is
of the form (5.1.14) and satisfies the flatness condition (3.2.8). Then U represents
an extended normalized frame corresponding to the associated family of Chebyshev
TMMETSions

r_d

Ao -1
U,

(5.1.15) i

5.2 The Weierstrass-type Representation

A.Generalized Weierstrass Representation of Constant Mean Curvature Surfaces.

In [DPW], the authors have introduced a Weierstrass type representation through
which every harmonic map from a Riemann surface M to an arbitrary compact sym-
metric space G/K is described by a Lie G¢ - valued meromorphic differential on the
universal covering of M. In [Do, Hal, the authors present the case of a constant mean
curvature surface M in R®, parametrized in conformal coordinates, obtaining the
above-mentioned differential explicitely.

For the case of G = SO(3) and K = SO(2), G/K = S?, this procedure is based
on introducing the extended normalized frame U* : D — ASO(3)p, which for A = 1
represents the normalized moving frame. In this case, the so(3, C)-valued meromorphic
differential is characterized by two different meromorphic functions. The poles of the
above mentioned meromorphic functions are situated at points where the Birkhoff
loop group factorization U = U_V, fails to exist.

The Weierstrass-type data is expressed via a Lie algebra-valued differential form

(5.2.1) E=U"rdU_ = "1y

Definition 5.2.1. The forms 1 and £ given by equation (5.2.1) are called ( see also
[Wu2] and [DoHa]) normalized, and respectively meromorphic potentials.

Starting from the normalized potential, we can construct the associated family of
CMC surfaces My = (D, y).

An analogous result is presented in [DPT] for minimal surfaces in R3, parametrized
in conformal coordinates.

B.Generalized Weierstrass Representation of Pseudospherical Surfaces

The aim of Sections 5 and 6 is to present the analogue of the DPW method
explained above for the case of pseudospherical surfaces. The main result of the Section
6 is the Weierstrass-type data for pseudospherical surfaces. In Section 6 we define the
generalized Weierstrass representation as a pair of Lie algebra-valued differential forms

(5.2.2a) £ = U dUy = \np*,

(5.2.2b) &Y= —uUtdu_ = "y

Definition 5.2.2. The forms 7* and n¥ given by equations (5.2.2a, 5.2.2b) are called
normalized x-potential and y-potential, respectively.

Starting from such a pair of normalized potentials, we can construct the associated
family of pseudospherical surfaces My = (D, y).
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6 Explicit Forms of the Normalized Potentials of
Pseudospherical Surfaces

6.1 Normalized Potential for CMC Surfaces Revisited

For constant mean curvature surfaces M = (D, ) parametrized in conformal coordi-
nates with metric ds?> = 4e?*(*»?)dzdz, Theorem 2.1, [Wu2], offers a simple method
to calculate the normalized potential.

Namely, if the Maurer-Cartan form is
6.1.1 L[‘ldU:a,lx\_l—i—ozo—i—al-)\
o ap = apdz + afdz,

we denote by fo(z) and (1(z), respectively, the holomorphic part af(z,0)dz of af dz
and the holomorphic part a_1(z,0) of a_;. Recall that the holomorphic part of a

function f(z,z) = Zaklzkil is f(z,0).
k,l

Then the followfng theorem will provide the normalized potential 1: Theorem
6.1.1 (2.1, [Wu2]) The normalized potential n of the surface, with the origin z =0 as
the reference point, is given by

(6.1.2) n(z) = vo(2) - f1(2) - Yo(2) 7",
where g is the solution to
(6.1.3) Yo(2) " do(2) = Bo(2),  ¥o(0) = U(0),

and U is the normalized frame at the origin.
For CMC surfaces (see, for example [Wu2], formula (3.18)) the normalized poten-
tial is of the form

0 0 —b(2)
(6.1.4) P(z) = 0 0 —c(z) |dz,
b(z) c¢(z) 0
where
1

. b(z) = 5 (gf(z)—&(@) n Q(z)ew—zs(z)) 7

1. : B el

o) =5 (_626(2) £0) 4 Q(z)ef 026 )) 7

and £ represents the holomorphic part w(z,0) of w(z, z), where
ds? = 4¢**(#2)dz2dz

represents the metric of the surface, while Q(z) = (N,..) is the (holomorphic)
coefficient of the Hopf differential Q(z)(dz)?.

Equivalently, under the adjoint map Ad : SU(2) — SO(3) (see [Wu2], Remark
3.22, and [DoHal), via a lifting to SU(2), the normalized potential can be written as

) 0 26(2)—£(0)
(6.1.6) (=) =3 _Q(2)ef0-2() 0 dz.

In the following subsection we shall state and prove a similar result for pseudospherical
surfaces parametrized in asymptotic line coordinates.
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6.2 Normalized z- and y- Potentials for Pseudospherical
Surfaces. Ordinary Differential Systems Associated with
Normalized Potentials

By analogy with the normalized potential introduced for constant mean curvature
surfaces, it becomes natural to consider a normalized potential for other classes of
surfaces whose Gauss map is harmonic, as a map between pseudo-Riemannian sur-
faces, in particular for the class of pseudospherical surfaces.

We will introduce the generalized Weierstrass representation for pseudospherical
surfaces in a Chebyshev parametrization, as two normalized potentials:

n* and 1Y, where n* does not depend on y, and n¥ does not depend on z.

Theorem 6.2.1 below will make this explicit.

Theorems 6.3.1 and 6.3.2 in the next section will give explicit formulas for the
normalized potentials. They are consequences of Theorem 6.2.1.

In our case, the group K represents the group of rotations around eg, isomorphic

to SO(2),

cosr —sinr 0
(6.2.1) K = sinr  cosr 0 |; re][0;2m)
0 0 1
Its Lie algebra LieK is

0 a O
(6.2.2) k= —a 0 0 |];a€eR

0 00
while its complement in so(3) is

0 0 b
(6.2.3) p= 0 0 ¢ |;bceR
—b —c 0

For the extended frame U* : M — ASO(3)p, with
(6.2.4) U*0,0,\) = U(0,0) = I,
we have the Lax system ((3.2.6), restated).

0 —p, O

U U= w2 0 A=A

0 —-x 0

(6.2.5)
0 0 A" lsing
uM=t-ur, = 0 0 ~Alcosp | =B.
Alsing A lcose 0

Consequently, the Maurer-Cartan form is written as

W= UM AU = —A-dz - B-dy = a_; - A+ (afdr + ofdy) +ag - A,
—_———

@0
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where, obviously,

0 0 sin ¢
6.2.6.a a_q = 0 0 cosp | dy,
—singp —cosgp 0

00 O
6.2.6.0 o] = 0 0 -1 dz,
01 0
0 s 0
6.2.6.c apg=1 —¢x 0 0 |, ag =0.
0 0 0

Definition 6.2.1. For any real smooth function f(z,y) defined on a sufficiently small
neighborhood of (0,0) in D, we shall call f(z,0) the z-part (of f), respectively f(0,y)
the y-part.

We also set

6.2.7 fE=f(x,0) fY:=f(0,y)

We call f(x,0)dz the z-part of the form f(x,y)dz. Analogously, we call f(0,y)dy
the y-part of the form f(z,y)dy.

Let N : D — S2 be the Gauss map of a weakly regular pseudospherical surface
M. Thus, N is real and smooth, and Lorentz harmonic. By Remark 5.1.4, there is
a A- family of frames U* : D — ASO(3)p such that 7 oU*|s=; = N and such that
—(U*)~tdy* is the corresponding Maurer-Cartan form w?.

Consequently, the 1-forms ag and «; defined by w* = a_1 A7 4+ ag + a1 A are also
smooth in x and y.

In w* = —(U*)~'dU* = —Adx — Bdy, where A = (U*)~'U and B = U*)~'U,),
we denote by

6.2.8 B: = the z-part of the form —Adx at A =1
“ea = the z-part of the form ajdz + a.

6.2.8b Bo := the z-part of the form «f dx, where
- ao(z,y) = ap(@,y)dz + ag(z, y)dy.

6.2.8¢ 81 := 3 — By = the z-part of oy .

7o and v, above are the analogs of By and (31, with respect to y. That is

= the y-part of the form —Bdy at A =1

v
6.2.9a = the y-part of afjdy + a_1.

Yo := the y-part of the form o dy, where

6.2.9b ao(z,y) = o (z,y)dz + off (z, y)dy.
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6.2.9¢ Y1 := v — ¥o = the y-part of a_1 .

Remark that formulas like the ones above may be also useful in the study of other
types of surfaces parametrized in some real coordinates x,y. That is why we shall
state some results (like Theorems 6.2.3 and 6.2.4) using generic §’s and +’s.

For our purposes, it is important to make § and -y explicit for pseudospherical
surfaces in Chebyshev parametrization. We obtain:

(6.2.10a) B =P+ Po
00 O
(6.2.100) Bi=ar=| 0 0 -1 |da
01 O
0 ¢x(z,0) 0
(6.2.10¢) Bo = ay(z,0)d = | —pu(z,0) 0 0 |dz.
0 0 0
(6.2.11a) v =71,
0 0 sin (0, y)
(6.2.11d) "= 0 0 cosp(0,y) | dy,
—sin <p(0,y) _COSSD(OJI) 0
(6.2.11¢) v = 0.

Let us now recall the two Birkhoff-type factorizations presented in Theorem 4.3.2.

The first type of Birkhoff factorization from Theorem 4.3.2 is performed on the
“big cell” A;SO(3)p - ATSO(3)p. That is, away from a singular set S; C D, we can
split the extended moving frame U* : D — SO(3) into two parts. Recall that the first
factor of this splitting is of the form g_ = I+A"'g_1 +X"2g_s+- - -, while the second
factor of the splitting is of the form g, = go + Ag1 + A%ga + - - -, respectively.

Since the “big cell” is open and U* : D — SO(3) is continuous, the set

Dy = {(z,y) ; U*(z,y)belongs to the “big cell”}

is open. Note that (0,0) € D;.

Let S1 =D — Dl denote the “singular” set. We have just shown that S; is closed
and (0,0) is not an element of the set S7. Similarly, we have Ss and D, for the second
splitting.

The second type of Birkhoff splitting is the analogous splitting in the “big cell”
AFSO(3)p x A=SO(3)p. The goal of this section is to show that the first factor of
each type of splitting is an essential one, and can be viewed as an integral of the
unconstrained data that we call normalized potential.

We can perform the two splittings on the extended frame U*. Let U = U be
the extended normalized moving frame of a pseudospherical surface and let (x,y) €
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D\ (S1US8s). Then, for some uniquely determined V. € ATSO(3)p, V_ € A=SO(3)p
and U_ € A;SO(3)p, UL € AFSO3)p, U can be written as

(6.2.12) U=U, - V_=U_-V,.

The factors carrying the “genetic material” to recreate the frame and then the
surface are U and U_. They can be obtained, starting from two normalized potentials
n® and nY respectively, by solving the two ordinary differential equations presented
in Theorem 6.2.1.

From U_ and U, one can reproduce the frame U and then construct the corre-
sponding pseudospherical immersion via the Sym-Bobenko formula (5.1.5).
Theorem 6.2.1. Let U = U, U, and U_ be as above. Then the following systems of
differential equations are satisfied:

1) (ug-l%m R (6.2.13)
x
with initial condition Uy (x = 0) = I, where Vy is some matriz Vy(x) € SO(3).
2) (u_)—l%dy =AWy ey W (6.2.14)

with initial condition U_(y = 0) = I, where Wy is some matriz Wy(y) € SO(3).
Moreover, Uy does not depend on y and U_ does not depend on x.
In some other words, Uy and U_ are solutions of some first order systems of
differential equations in x and y, respectively.
Proof. of 2) From equation (6.2.12), we know

(6.2.15) U-=u- v

Differentiating (6.2.15), we obtain

(6.2.16) U =du- v —u-vitdvy v
which can be rewritten as

(6.2.17) U-'dd_=vy -t -du) vt —avy vt

after left multiplication by U/Z".

The coefficient of dz on the left-hand side of (6.2.17) contains only negative powers
of A, while the coefficient of dz on the right-hand side of (6.2.17), in view of (6.2.5),
contains only non-negative powers of A. Therefore, 9,/ = 0, so U_ depends on y
only.

To determine (6.2.14), we consider the coefficient of dy in (6.2.17). The left-hand
side of (6.2.17) contains only negative powers of A, while the one on the right-hand
side, due to (6.2.5),

0 0 —sing
B:L{ﬂayU:)fL 0 0 —cosp |,
siny cosy 0

contains only one term in A™!, and no terms in \*, k < —1.
On the other hand, let
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(6.2.18) Vi =Wo+ AWy + N2Wa + - = Wy - Ty,

with Ty € AFSO(3)p.

Therefore, M:lﬁyl/l_ = WOBWO_I, where the left-hand side only depends on .
Since U, V, and Wy are all defined on D, a neighborhood of (0,0), we can specialize
to the points of the form (0,y) for a sufficiently small interval on the line z = 0,
containing the origin.

Thus,

(6.2.19) Ut oU- = Wo(0,y) - B(0,y) - Wo(0,y) "

We observe that

0 0 —sin(0,y)
B(0,y) ="' 0 0 —cosp(0,9)
sinp(0,y) cosp(0,y) 0
From formulas (6.2.5-6), we note that B = —A~! . a_;, and restricting to the

y-parts, we obtain
B(0,y)dy = —A"" -,

where the form v; is the one given in formulas (6.2.11.c).
In (5.2.2), we defined the normalized y-potential by

(6.2.20) nY = -\-U'OU_dy.
and the meromorphic y-potential as
&Y = —UT DU _dy = A1,
Denoting Wo(y) := Wo(0,y), we obtain
U OU-dy = —A"1 - Woly) -7 - [Woly)] ™

and therefore (6.2.14).
Proof of 1)
From equation (6.2.12), we obtain

(6.2.21) U =U-V' U € AfSOB)p, V. € A=SO(3)p,

which by differentiation leads to

(6.2.22) ddy =du- vt —u-voteave vl
and then
(6.2.23) Uzl = voUtdu)yvot —ave vl

We compare the coefficient of dy on the left-hand side of (6.2.23) with the coefficient
of dy on the right-hand side of (6.2.23), via formula (6.2.5). The left-hand side of
(6.2.23) clearly contains only positive powers of A, while the coefficient of dy on the
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right-hand side of (6.2.23), in view of (6.2.5), contains non-positive powers of A only.
Thus, U depends exclusively on x.

In order to obtain (6.2.13), we consider the coefficient of dx in (6.2.23). The
left-hand side of (6.2.23) contains only positive powers of A, while the one on the
right-hand side, due to

0 —pz O
A=UoU=| . 0 X |,
0 -\ 0

contains one term in A and no terms in \¥, with k& > 1.

Like we did before in case 2), we can restrict to a sufficiently small interval around
(0,0) on the line y = 0.

Let now

(6.2.24) Vo=Vo4+ N Vi A V4=V, - T,

with 7_ € A;SO(3)p.
Then we note

(6.2.25) U (x) - 0.Uy = Vo(x,0) - A(x,0) - Vo(z,0) 7"

Moreover, since the left-hand side of (6.2.23) contains only positive powers of A, we
conclude that

(6.2.26) U (2) - OUpde = —Vo(2,0) - X+ By - Vo(x,0) 7,

where according to formula (6.2.10.b), #1 = a; = —E»3. This is exactly the claim of
the equation (6.2.13) stated in the theorem, if we denote Vy(z,0) := V. a

6.3 Normalized Potentials for Pseudospherical Surfaces

In this section we find the explicit expressions of the two normalized potentials. The-
orems 6.3.1. and 6.3.2 can be thought of as corollaries to Theorem 6.2.1. Basically, we
construct the normalized potentials from the solutions to the ordinary differential sys-
tems introduced in Theorem 6.2.1. Theorems 6.3.1. and 6.3.2 are phrased analogously
to Wu’s Theorem 6.1.1 for the normalized potential of the constant mean curvature
surfaces.

Theorem 6.3.1. (a-potential) The normalized potential n* with the origin as the
reference point is given by

(6.3.1) 0" =Vo(z) - Bi(x) - Vola)™h,
where Vy is the solution of

Vo(2) " dVo(z) = —fo(2),
(6.3.2) { V() =4(0.0).

where By and B1 are given by formulas (6.2.10).
Similarly, we have the following result:
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Theorem 6.3.2. (y-potential) The normalized potential n¥ with the origin as the
reference point is given by

(6.3.3) 1’ = Wo(y) - m(y) - Woly) ™,
where Wy is the solution of

Wo(y) = dWo(y) = —10(y),
(6:34) { W) = u0.0.

where vy and y1 are given by formulas (6.2.11).
Proof of Theorem 6.3.1.
Relation (6.3.3) is a rephrasing of (6.2.13):

U 0 Upde = =\ - V() - Br - Vo(o) 7L,

where we substitute n® = —A~1- (U;) 71 - didy, that is the definition of the normalized
zr-potential.
Let us now consider again equation (6.2.23) from the proof of Theorem 6.2.1,

namely
Utddy =vouUtauyvot —ave vt

We proved that both sides depend on z only. Now let us take a look at the coefficient
of A% in this equation.

The left-hand side has positive powers of A only, while the z-part of right-hand
side only has —Vj - Bg - Vo_1 —dVy - Vo ! as a term that does not depend on .

Consequently, we obtain Vg(z)~1dVy = —Fy(z). Formula (6.2.10.c) shows that
0 0z (z,0) 0
Bo = aj(x,0) = | —¢z(x,0) 0 0
0 0 0

Here it was taken into account that ¢, (z,0) = (¢(x,0)),, where &(z) := p(z,0) is

the part in = of the smooth angle function p(z,y). If we consider the matrix
0 ¢ 0
(6.3.5) 0= =€ 0 0 |,
0 0 0
then
0 &x) 0
(6.3.6) Bo=0dz=| —&(x) 0 0 |dz
0 0 0

The solution Vp of the system (6.3.2) must take into account that ¢(0,0,A) = I, so
the solution is

(6.3.7) Vo(z) = -6,

Using also the expression of the form (1, the normalized z-potential n* can be written
as



124 M. Toda

0" = Vo(z)B1(x)Vy L (z) = P O=0@) (L Fyy)ef @ =00y,

Since
cos(§(0) —&(x))  sin(¢(0) — &(x)) 0
(6.3.8) O~ — —sin<§<%)—£<x>> cos<£<0>0 —&(x)) (1> :

the formula above leads to the final expression of the z-potential, as

0 0 —sin(€(0) — &(x))
(639 "= 0 0 —cos(£(0) — &(x)) | da,
sin(£(0) —&(x))  cos(§(0) — &(x)) 0
where £(z) := ¢(z,0). O

Proof of Theorem 6.3.2.
Relation (6.3.3) is a rephrasing of (6.2.14):

U (y) - 0U- = A1 Wy -y - Wyt
where we substitute (6.2.20)
nY = -\-UZ'oU-_,

that is the definition of the normalized y-potential.
Let us now consider equation (6.2.17) from the proof of Theorem 6.2.1, namely

U du_ =V Ut du) vt —avy vl

We proved that both sides depend on y only. Now let us take a look at the coeffi-
cient of \° in this equation.

The left-hand side has negative powers of A only, while the y-part of right-hand
side only has —W; - g - WO_1 — dWy - Wyt as a term that does not depend on .

Consequently, we obtain Wy(y) " 1dWy = —70(z). Formula (6.2.11.c) tells us that
Yo = 0. From this we conclude that Wy(y) is actually a constant matrix, and from
the initial condition on the frame U, together with the initial condition of (6.3.4), it
follows that for every y,

Wo(y) =U(0,0) = I.

It follows that
nY =Woly) - ny) - Woly) ™' =m(y).

Therefore,
0 0 sin (0, y)
(6.3.10) nY = 0 0 cos(0,y) | dy
—sing(0,y) —cosp(0,y) 0

O
Remark 6.3.1. Let us review the expressions (6.3.9) and (6.3.10) for the two nor-
malized potentials n* and 7Y, that is
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0 0 —Sin(§0(070) - cp(x,()))
0 0 7COS(90(070) - QD(I’,O)) dx,
sin(i9(0,0) — p(,0))  cos((0,0) — o (,0)) 0
and
0 0 sin((0, 1))
0 0 cos(¢(0,y)) | dy,
—sin(p(0,y)) —cos(¢(0,y)) 0
respectively.

Note that the normalized potentials depend exclusively on the angle ¢(z,y) be-
tween the asymptotic lines.

6.4 Another Method for Normalized Potentials: Passage to
2 x 2 Matrices

We introduce the matrices

(6.4.1) 01:((1) (1)) 02:<? _OZ> U3:<(1) 01)

called Pauli matrices.
We can rewrite in terms of 2 x 2 matrices the potentials n* and 7Y, given by
formulas (6.3.9) and (6.3.10). The Pauli matrices above will allow us to do this.
This passage from 3 x 3 to 2 x 2 matrices can be done via the well-known isomor-
phism between sl(2, C) and so(3, C), which induces an isomorphism between su(2)
and so(3,R). This isomorphism is defined by the correspondence

(6.4.2a) Erg «— (—i/2)os,
(6.4.2b) Erg —— (—i/2)02,
(6.4.2¢) By —— (—i/2)0y.

Via this passage to 2 x 2 matrices, the two potentials become

X ; 0 ei(#(2,0)—¢(0,0))

6.4.3a, n = 9 | ¢i(#(0,0)=¢(2,0) 0 d
i 0 e—H¢(0,y))

6.4.3b =3 < (0w g 4

respectively.

Remark 6.4.1. The fact that we chose to work with Chebyshev nets (A = B =1,
where A = |¢,|, B = |9)y|) allows this form of the normalized pair of potentials.

Had we chosen to work with arbitrary A and B (that is, not necessarily a Cheby-
shev net), a more tedious but straightforward calculation would lead us to the Weier-
strass data



126 M. Toda

. A 0 et(e(2,0)—¢(0,0))
6.4.4a nt = > ( i ((0,0)—0(2,0)) 0 dz,

B 0 e ile0m)
6.4.4b N =—5 ( ¢ile(0)) 0 Y

The asymmetry of the two potential comes from the definition of a normalized
extended frame. Although the two potentials look asymmetric, one can make the two
expressions look similar by gauging with a certain rotation. This will be shown in
Section 7.2. The corresponding symmetric potentials are given in (7.2.19 a,b).
Remark 6.4.2. The product of the off-diagonal elements is A2 and B? respectively
for n* and n¥ (with a factor of —1/4). This is similar to the CMC case, where the
meromorphic (normalized) potential has the form

(6.4.5) n= ( g(oz) fgz) >dz,

with f - gdz? = —Qdz? (Hopf differential).
For the CMC case, the A-transformation was given by

Q- e'Q = XQ,
Qe =270,

while here it is A — AA, B+ A7'B, X\ = e’. So the role played in the case of CMC
surfaces by the Hopf differential @) is taken for the case of pseudospherical surfaces
by the pair A, B.

The globally defined differential forms (A?)dz? and (B?)dy? are sometimes called
Klotz differentials.
Remark 6.4.3. The isomorphism described above in (6.4.2 a,b,c), between su(2) and
s0(3), is provided by the spinor representation J defined as follows:

(6.4.6)

J:R* = su(2),
(6.4.7) Ty, )=~ ( T Ty
<X Y, 2 —ir +y iz )
which identifies R® and su(2) via

(6.4.8) J(r) = —%ro,

where ro = r101+1ry09+1303, and 01, 09, 03 are the Pauli matrices defined by (6.4.1).
Then

(6.4.9) J(r; X ra) = [Jry, Jra).

If U = (e1, ea, e3) is the normalized moving frame of the surface M in asymptotic
line parametrization, we define the “2 x 2”7 frame P : D — SU(2) with the initial
condition P(0,0) = I, via
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J(el) = —%Pdlpil,
6.4.10 J(e2) = =4 Poa P71,
J(eg) = —%PCTgPil.

We have this way a correspondence between all the frames ¢/ in SO(3) and frames P
in SU(2).

A tedious but straightforward computation completely similar to the one in
[DoHa|, Appendix A.4, transfers the 3 x 3 matrices A and B from (6.2.5) to the
2 x 2 matrices U and V given by the corresponding Lax system:

_ p—1 _ —1 —pz A
(6.4.11) U=PP = ( G )

_pip by 0 e
(6.4.12) V=P, =) < A >

with P(0,0) = I.
This Lax system can be also obtained directly from (2.3.15) through the isomor-
phism between su(2) and so(3,R) defined by (6.4.2 a,b,c), that is

FEig «— (71'/2)0'3, Ei3 «—— (*Z‘/Q)U% B3 «— (72./2)01'

7 Examples of Pseudospherical Surfaces

A variety of surfaces of constant negative Gaussian curvature, including the pseudosphere,
were presented for the first time in a paper by Ferdinand Minding (Crelles’s Journal,
1939). Other examples, coming from non-trivial solutions of the sine-Gordon equa-
tion were published in the fifties: e.g., one and two solitons, periodic solutions in
elliptic functions and some wave packets, described by A. Seeger, H. Douth, and A.
Kochendérfer, Theorie der Versetzungen in eindimensionalen Atomreihen, Z. Phys.
134, 1953, 173-193. There are remarkably many such examples, exactly because
the sine-Gordon equation is a soliton equation which is completely integrable. This
equation was solved by Ablowitz et al. in 1973 via the method of inverse scattering
(IABW)).

In this section, I will only present a few well-known examples of infinite-type
pseudospherical surfaces and the normalized potentials associated to them.

1.The Pseudosphere. Consider the curve

(7.1.1) y(x) = /1 — 22 — cosh ' (1/x)

and rotate it around the y-axis, as in [Spi], or [Ei]. The surface obtained this way is
called pseudosphere and its area is 2.

In the Chebyshev net parametrization, the pseudosphere corresponds to a wuso-
independent solution of the sine-Gordon equation
0% 0

(7.1.2) B)E  9(un)?

= sin,
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where, as before, u1 = z + y and us = x — y represent the curvature line coordi-
nates, while z, y represent the asymptotic line coordinates. The angle ¢ between the
asymptotic lines is given by

(7.1.3) @ =4tan" e MY,

The pseudosphere has a so-called y = +2%/2-type cusp at the singularity.

The angle ¢ above corresponds to a Chebyshev net, i.e., parametrized by arc
length.

The angle ¢(x,y) = p(uy) is a solution to the equation

0%

(7.1.4) S

=sinyp,

a particular case of a sine-Gordon. This solution passes through 7 at the cusp, that
is, where u; = = + y = 0. The two infinite spikes correspond to ¢ — 0 and ¢ — 2,
i.e., x +y — oo, where the two coordinate lines are asymptotically tangent to one
another, but the singularity isn’t reached, and the spike goes to infinity. Only one
spike will show up if ¢ takes values in (0, 7), which was the general assumption in all
the previous sections of this text.
Proposition 7.1

The symmetric z-potential and y-potential associated with the modified frame U of
the pseudosphere are, respectively

0 0 a(x)
(7.1.5a) nr = 0 0 B(z) | dx,
—a(z) —p) 0
) 0 0 a(y)
(7.1.5b) ny = 0 0 b(y) | dy,
—a(y) —bly) O
where
8621
(7.1.6a) alz)=1- D
_ de"(e** —1)
(7.1.6b) B(z) = NET=0ER
8e2y
(7160) a(y) = m — ]_7
_ 4e¥(1—e)
(7.1.6d) b(y) = N

Note that formally a(y) = —a(y) and 5(y) = —b(y).
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Proof. A straight-forward computation using elementary trigonometric formulas
yields all desired expresions.

2. 1-Soliton Traveling Wave

The surfaces occuring in the associated family of the pseudosphere are called “1-
soliton traveling waves”. The pseudosphere is the particular case A = 1. For this
family of pseudospherical surfaces, the angle p(z,y) between the asymptotic lines is
given by

(7.2.1) @ =4tan"! ATty A>0.

The 1-soliton travelling waves can be obtained from the pseudosphere via the Lie-
Lorentz transformation x — Az, y — A"y, A > 0.

As )\ changes away from 1, the surface changes from a pseudosphere into a surface
that looks almost like a helicoid. The surface has a self-intersection on the central
axis, and the hidden part corresponds to the spike of the pseudosphere.

[Has| specifies the parametrization of this surface as

Y(x,y) = (—2asech u sin fu, 2a sech u cos fu,  — 2 tanh u),

where 3 =1/X and a = 2/(A + \71).

Here the cusp corresponds to u = 0. Any coordinate patch that doesn’t intersect
the cusp line © = 0 must have area less than or equal to 27. Diagonal strips —c < u < ¢
in the coordinate plane result in infinite areas.

Finally, we note that the x- and y- symmetric potentials of the travelling wave are
given by

(7.2.2) &r =17,

(7.2.3) &=\,

where 7% and 7Y represent the symmetric potentials of the pseudosphere, given by
(7.1.5 a,b) with (7.1.6 a,b).

3. Amsler’s Surface.

In Chebyshev net parametrization, this surface corresponds to an angle ¢(x,y)
that is constant on both z- and y-axes, which will be expressed by (7.3.2).

While ¢(z, y) cannot be written explicitely, we can write the sine-Gordon equation
in a very simple form ([Me, St, 2]):

Let t := xy with (z,y) € D = R2. If we express p(z,y) = h(zy), with h : R —
(0, 7) a differentiable function, then

d t- d—h) = sin h(¢)

(7.3.1) (=

represents the sine-Gordon equation.
Since ¢(z,y) is smooth, a straight-forward calculation yields

(732> 50(07 0) - 90(1'70) = CP(O,ZJ) = $o

for every pair (z,y) € D.



130 M. Toda

Amsler ([Ams]) investigated this surface for values ¢ € [0, 7]. He showed that the
solution ¢(x,y) = h(zy) oscillates near m when ¢ > 0 and near 0 when ¢ < 0. He also
proved that the surface has two cuspidal edges corresponding to ¢ = 0 and ¢ = ,
respectively.

We also note the two straight-lines contained in the Amsler surface, corresponding
tox=0and y =0.

As an obvious consequence of the angle being constant along the axes, the nor-
malized potentials of the pseudosphere are:

00 0
(7.3.3a) n =0 0 -1 |dz,
01 0
0 0 sin g
(7.3.3b) nY = 0 0 cosyo | dy.
—singpg —cos g 0

Here we must note that formulas representing symmetric potentials are written in
this case

0 0 sin £2
(7.3.4a) Nt = 0 0 —cos 3 | dz,
—sin £ cos £ 0
0 0 sin 52
(7.3.4b) ny = 0 0 cos 22 | dy.
—sin %2 —cos 2 0

In the 2 x 2 matrix approach, they appear as:

{ 0 eiT
~ 7 0 e_i%

Remark 7.0.4. For Amsler surfaces, the sine-Gordon equation is written as the
second order differential equation

(7.3.6) th"(t) + h'(t) = sin(h(t)).

Note that a change of function w = ¢ will transform equation (7.3.6) into the
so-called third Painleve equation.
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Appendix

By definition, the deformation parameter A that generates an associated family of
pseudospherical surfaces is real and positive, A = e’. In general, A can be real and
negative as well. Our choice is motivated by the convenience of working within the
connected Banach loop group

(ASOB)p, |- 1) = {g: Ry — SO(3,R) | Pg(\)P~" = g(=N)},

endowed with the norm || - || defined by (4.1.16).

The goal of this appendix is to show that we can split a la Birkhoff any extended
frame U* which admits an analytic extension on C,.

For our purpose, it is useful to extend the real positive parameter A such that we
can apply the Birkhoff splitting to complex loop groups with loop parameter in S*.

Let us first consider the Lax system

(A1) U 0.U =~y Brg + - oy
’ U oU =p - (—sinp- Bz — cosy - Eag),

where 1 € C, = C\ {0}.

Clearly, the Lax system (2.3.15) is the same as (A.1l) if we restrict u to Ry.
Lemma A.1 Every solution U to (A.1) with initial condition U(0,0, i) = I is analytic
m p € Cy, and

(A.2) U(z,y, i) =U(x,y, 1)

Proof. Note that the right-hand side of A.1 is analytic in p € C,. Since the initial
condition is analytic in p € C,, it follows that, for every = and y arbitrarily fixed, the
solution U of (A.1) is also analytic in p € C,. Relation (A.2) is straight-forward, as
a consequence of the reality of . O

In order to use the classical loop group factorization, let us choose A € S'. We
consider the restriction to S* of the extended frame U satisfying the Lax system (A.1),
and will denote it 2*.

Taking into consideration the property (A.2) of U4*, we introduce the following
group of continuous maps:

Hp ={A:S5'—-S0(3,C)| A continuous, A(A) = A(\),

A PoAM) P = AN}

with the supplementary condition

(A4) A =" Ak < o0,
kel

where

AN =D A Ak,
kel

and
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3
(A.5) 1Bl = m?X{Z |Bijl}»

for every A-independent 3 x 3 matrix B.

Hp is a Banach Lie group with respect to the norm || - ||.

(Note that we have used the same symbol || - || for different entities. We hope this
will not lead to any confusion).

Clearly, (A.3) expresses the reality of the coefficient matrices in the Fourier ex-
pansion.
Proposition A.1 For the group Hp we define (Hp ). and HIJS as in Section 4.3. The
multiplication (Hp ). x Hjp — (Hp)« - HYb is an analytic diffeomorphism onto the
open and dense subset (Hp ). - HI'L', called the “big cell”. In particular, if A € Hp is
contained in the big cell, then A has a unique decomposition

(A.6) A=A_A,,

where A_ € (Hp). and Ay € H};. The analogous result holds for the multiplication
map (HF). x Hy — (H}). - Hp.

Proof. Let A : S — SO(3,C) be an element of Hp. By the definition of Hp, we
have

AN) = (AN, for every A € S*.
On the other hand, by Theorem 4.3.1, A(A) can be decomposed a la Birkhoff in a big
cell of ASO(3,C), as
(A7), AN) =A_(NAL(N), for every A € S*,

A_(X) € A;SO(3,C), AL(N\) € ATSO(3,C).
As a consequence of (A.6) and (A.7), we obtain

(A.8) AN =A_(N) - AL (V).

Also, (A.7) and (A.8) yield

AL A = AL () - AL (V)

The left-hand side is an element of A;SO(3, C), while the right-hand side is an
element of ATSO(3, C), and hence both sides are equal to the identity matrix. There-
fore,

A9 -(A
A

b
|

A_(N)
= AL (N, for every A € S1.

%

Hence, A+ and A_ satisfy the first condition (A.6) from the definition of the group
Hp, meaning that their coefficient matrices are real.
On the other hand, the symmetry condition

A(=\)=P-A\)-P'=P-A_(\)-P'-P-A,(\)-P 1,

together with the uniqueness of the Birkhoff splitting
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A(=2) = A_(=X) - A4 (),
yield the symmetry condition for A_, A,:

A_(-\)=P-A_(\)-P!
A (=N)=P-A (\)- P

Thus, the Birkhoff factorization holds for Hp. The analytic diffeomorphism (Hp ). x
H}f — (Hp). - Hp is a particularization of the analytic diffeomorphism analyzed in
Theorem 4.2.1. O
Theorem 4.3.2. states the Birkhoff splitting for arbitrary elements g in the Banach
loop group ASO(3)p which admit an analytic extension to C,.
Now we are ready to present its proof.
Proof of Theorem 4.3.2. Let g : Ry — SO(3), g(—=\) = P-g(\) - P71, be an
element of the Banach loop group ASO(3), that has an analytic extension g to C,.
Set A := g‘sl.
Since g € ASO(3)p, the matrix coefficients of g are real, that is

AN =D AN, aesh
kel

Note that A € Hp, where Hp denotes the loop group defined by (A.3). The
algebraic conditions are obviously satisfied. Also, by [GO], Theorem 1.4, analytic
functions satisfy the finite norm condition.

Here we are only interested in elements A belonging to the big cell of Hp.

The previous proposition shows that the Birkhoff splitting holds for the big cell
of Hp.

Then, let A_ € (Hp). and A € H{ be such that

A=A_A,,

where
AL =T+ AN,
k<0
Ap =) Ak, aesh

k>0

We need to show that A_ and A, admit analytic extensions to C..

By our hypothesis, A has an analytic extension to C,. The element A_ admits
an analytic extension to the exterior of the unit circle S'. Therefore, (A_)"1A = A,
can be extended analytically outside of the unit disk.

On the other hand, A, admits an analytic extension inside the unit disk. Thus,
by analytic prolongation, A admits an analytic extension to C,.

From A(Ay)~! = A_, it follows next that A_ also admits an analytic extension
to C,.

Let A_ and A, be the analytic extensions of A_ and A, to C,, respectively.

Next, let g— and g4 denote their restrictions to R:

g-=AR,. g9+=4AIR.-
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Clearly, g, g— and g, have analytic extensions to C,, respectively: g, A_ and /~1+
such that ) }
glss=A=A_-AL =A_[s1-Ayfs,

that is § and A_ A coincide on S'. Therefore, § and A_ A, will coincide on R as
well, and ¢ = g_g+ is a unique factorization.

This proves the splitting.

It remains to prove that A7 SO(3)p x AtSO(3)p — ASO(3)p is a diffeomorphism
onto the open and dense subset A7 SO(3)p - ATSO(3)p.

Note that ASO(3)p is a subgroup of ASO(3)p with the induced topology. On
the other hand, it is natural to view the diffeomorphism A; SO(3)p x ATSO(3)p —
ASO(3)p as a restriction of the analytic diffeomorphism (Hp ). x Hp — (Hp).- Hp
from Proposition A.1.

Consequently, we have the the induced diffeomorphism A7 SO(3)p x ATSO(3)p —
ASO(3)p. O
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