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Abstract. We show the fundamental theorems of curves and surfaces in the 3-dimensional
Heisenberg group and find a complete set of invariants for curves and surfaces respectively.
The proofs are based on Cartan’s method of moving frames and Lie group theory. As an
application of the main theorems, a Crofton-type formula is proved in terms of p-area which
naturally arises from the variation of volume. The application makes a connection between
CR geometry and integral geometry.
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1 Introduction

In Euclidean spaces, the fundamental theorem of curves states that any unit-speed curve is
completely determined by its curvature and torsion. More precisely, given two functions k(s)
and 7(s) with k(s) > 0, there exists a unit-speed curve whose curvature and torsion are the
functions k and 7, respectively, uniquely up to a Euclidean rigid motion. We present the
analogous theorems of curves and surfaces in the 3-dimensional Heisenberg group H;. The
structure of the group of transformations in H;, which is similar to the group of rigid motions in
Euclidean spaces, is also studied. Moreover, we develop the concept of the geometric invariants
for curves and surfaces in the above sense. It should be emphasised that owning such invariants
helps us to understand the geometric structures in CR manifolds and to develop the applications
to integral geometry.

We give a brief review of the Heisenberg group. All the details can be found in [2, 3]. The
Heisenberg group H; is the space R? associated with the group multiplication

(1,91, 21) 0 (22,2, 22) = (1 + T2, 91 + Y2, 21 + 22 + Y122 — 1Y2),

which is also a 3-dimensional Lie group. The standard left-invariant vector fields in H;

g 9 6 g 4 and T = 2
0z

61:%4'3/%, 62:67y—$%7

form a basis of the vector space of left-invariant vector fields, where (a%, a%, %) denotes the

standard basis in R?. The standard contact bundle ¢ := span{éj, é2} in Hy is a subbundle of
the tangent bundle T H;. Equivalently, the contact bundle can be defined as

& =ker©,
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where
O =dz + ady — ydx

is the standard contact form. T is called the Reeb vector field and ©(T") = 1. A CR structure
on Hy is an endomorphism J: £ — & defined by

J(él) = ég and J(ég) = —él.
For any vectors X,Y € £, we can associate a natural metric
h(X,Y):=dO(X,JY)

called Levi-metric [3, Section 2]. The metric g := h ® ©? is the adapted metric defined on the
tangent bundle T H;.

The Heisenberg group H; can be regarded as a pseudo-hermitian manifold by considering
H, associated with the standard pseudo-hermitian structure (J,0). Recall that a pseudo-
hermitian transformation on H; is a diffeomorphism on H; preserving the pseudo-hermitian
structure (J,©). For more information about pseudo-hermitian structure, we refer the readers
to [4, 15, 16, 24]. Denote by PSH(1) the group of pseudo-hermitian transformations on Hy, and
call any element in PSH(1) a symmetry. A symmetry in H; plays the same role as a rigid motion
in R™ and will be characterized in Section 3.1.

Let v: I — H;j be a parametrized curve. For any ¢t € I, the velocity +/(¢) has the natural
decomposition

Y (t) = v(t) +vr (1),

where v;(t) and 7 (t) are, respectively, the orthogonal projection of 7/(t) on £ along T" and the
orthogonal projection of +/(t) on T along & with respect to the adapted metric go.

Definition 1.1. A horizontally regular curve is a parametrized curve (t) such that 'yé(t) #£0
for all t € I. We say that v(?) is a horizontal curve if v'(t) = v;(t) for all t € .

In the context of contact geometry, some authors call the horizontally regular curves Le-
gendrian curves, for example, in [10, 11, 12, 17]. Proposition 4.1 shows that any horizontally
regular curve can be uniquely reparametrized by horizontal arc-length s, up to a constant, such
that \’yé(s)| =1 for all s, and called the curve being with horizontal unit-speed. Throughout the
article, we always take for granted that the length |- | and the inner product (:,-) are defined
on the contact bundle in the sense of Levi-metric.

For a horizontally regular curve v(s) parametrized by horizontal arc-length s, we define the
p-curvature k(s) and the contact normality 7(s) by

b = (V). )= D)

where X(s) = 7¢(s), Y(s) = JX(s), and d)flgs) denotes the derivative of X(s) w.r.t. the arc-
length s. Note that k(s) is analogous to the curvature of the curve in R™, while 7(s) measures
how far the curve is from being horizontal. We also point out that k(s) and 7(s) are invariant
under pseudo-hermitian transformations of horizontally regular curves. Recently we generalize
those invariants to the higher dimension H,, for any n > 1 and study the problem of classification
of horizontal curves [8].

The first theorem shows that horizontally regular curves are completely characterized by the

functions k(s) and 7(s).
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Theorem 1.2 (the fundamental theorem for curves in Hi). Given C'-functions k(s), 7(s),
there exists a horizontally regqular curve ~(s) with horizontal unit-speed having k(s) and 7(s)
as its p-curvature and contact normality, respectively. In addition, any regular curve ¥(s) with
horizontal unit-speed satisfying the same p-curvature k(s) and contact normality 7(s) differs
from ~(s) by a pseudo-hermitian transformation g € PSH(1), namely,

Y(s) =go(s)
for all s.

Since a curve (s) is horizontal if and only if the contact normality 7(s) = 0, we immediately
have the corollary.

Corollary 1.3. Given a C'-function k(s), there exists a horizontal curve ~(s) with horizontal
unit-speed having k(s) as its p-curvature. In addition, any horizontal curve ¥(s) with horizontal
unit-speed satisfying the same p-curvature differs from ~(s) by a pseudo-hermitian transforma-
tion g € PSH(1), namely,

7(s) = go(s)
for all s.

If the horizontally regular curve -~y is not parametrized by horizontal arc-length, in Section 4.2
we also obtain the explicit formulae for the p-curvature and the contact normality.

Theorem 1.4. Let v(t) = (x(t),y(t), 2(t)) € Hy be a horizontally reqular curve, not necessarily
with horizontal unit-speed. The p-curvature k(t) and the contact normality T(t) of vy(s) are
$/y// N x//y/ xy/ _ x/y + 2
k(t) = 7(t), 7)) = 7 (2). (1.1)
((x’)2 4 (y/)2) 2 (($/)2 4 @/)2) 2
Notice that in (1.1) the p-curvature k(¢) depends only on z(t), y(t). We observe that k(¢) is
the signed curvature of the plane curve a(t) :=mo~(t) = (2(t),y(t)), where 7 is the projection
onto the zy-plane along the z-axis. It is the fact that the signed curvature of a given plane curve
completely describes the curve’s behavior, we have the corollary:

Corollary 1.5. Suppose two horizontally regular curves in Hy differ by a Heisenberg rigid
motion, then their projections onto the xy-plane along the z-axis differ by a FEuclidean rigid
motion. In particular, two horizontal curves in Hyi differ by a Heisenberg rigid motion if and
only if their projections are congruent in the Fuclidean plane.

As an example, we calculate the p-curvature and contact normality for the geodesics, and
obtain the characteristic description of the geodesics.

Theorem 1.6. In H;, the geodesics are the horizontally reqular curves with constant p-curvature
and zero contact normality.

The second part of the paper shows the fundamental theorem of surfaces in H;. Although
the theorem has been generalized to hypersurfaces embedded in H,, for any n > 1 (see [9]), for
the sake of being self-contained and future studies, we give a simpler proof for the case n = 1
(Theorem 1.10). It is also worth to mention that Definition 1.7 and the proofs of Theorems 1.8
and 1.10 are more primitive but intuitive than the one in [9, Theorem 1.7].

Let ¥ C H; be an embedded regular surface. Recall that a singular point p € 3 is a point
such that the tangent plane 7},% coincides with the contact plane &, at p. Therefore outside the
singular set (the non-singular part of X), the line bundle T~ N¢ forms one-dimensional foliation,
which is called characteristic foliation.
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Definition 1.7. Let F': U — H; be a parametrized surface with coordinates (u,v) on U C RZ.
We say that F' is a normal parametrization if

1) F(U) is a surface without singular points,
2) F, := % defines the characteristic foliation on F(U),

3) |F.| =1 for each point (u,v) € U, where the norm is with respect to the Levi-metric.
We call (u,v) normal coordinates of the surface F(U).

It is easy to see that normal coordinates always exist locally near a non-singular point p € X.
In addition, for a normal parametrization F', denote X = F,, Y = JX and T = %, we define
the smooth functions a, b, ¢, [ and m on U by

a:= (F,, X), b:=(F,,Y), c=:(F,,T), l:=(Fu,Y), m:= (Fu,Y), (1.2)

and call a, b and c¢ the coefficients of the first kind of F', and [, m the coefficients of the second
kind. In Section 5 we calculate the Darboux derivatives (see Section 2 and (5.8)) of PSH(1)
and it is known that by the method of moving frame, the infinitesimal displacement d X on the
surface can be represented in terms of du and dv,

dX = F,,du + F,,dv,

and so the functions ¢ and m are the coefficients of Darboux derivatives in terms of du and dv
respectively (5.1). By comparing (5.9) and (5.10), all coefficients satisfy the integrability con-
ditions

ay = bl, by = —al +m, cy = 2b, ly —my =0, (1.3)

where the subscripts denote the partial derivatives.
The following theorem states that these coefficients are the complete differential invariants
for the map F.

Theorem 1.8. Let U C R? be a simply connected open set. Suppose that a, b, ¢, | and m are
functions defined on U satisfying the integrability conditions (1.3). Then there exists a normal
parametrization F: U — Hy having a, b, ¢ and l, m as the coefficients of first kind and second
kind of F, respectively. In addition, any normal parametrization F: U — Hp with the same
coefficients of first kind and second kind differ from F by a Heisenberg rigid motion, namely,
F(u,v) = go F(u,v) for all (u,v) € U for some g € PSH(1).

We should point out that the regularity of F is, at least, C2. In (5.17), we will show that
the function [, up to a sign, is independent of the choice of normal coordinates, and hence
it is a differential invariant of the surface F(U). Actually [ is the p-mean curvature for H,,
n > 2 (see [3]). In particular, F(U) is a p-minimal surface when | = 0; such a parametriza-
tion F': U — Hj is called a normal parametrization of p-minimal surface. In this case, the
integrability condition (1.3) becomes

ay =0, buw = 0, cy = 20, (1.4)

by = m,

and the coefficients of first kind completely dominate those of second kind. We conclude all
above as the following result.
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Theorem 1.9. Let U C R? be a simply connected open set. Suppose that a, b and ¢ are smooth
functions defined on U satisfying the integrability conditions (1.4). Then there exists a normal
parametrization of p-minimal surface F': U — Hy having a, b and ¢ as the coefficients of first
kind of F', which also determines the coefficient m_of the second kind as in (1.5). In addition,
any normal parametrization of p-minimal surface F: U — Hy with the same conditions differs
from I by a Heisenberg rigid motion, namely, ﬁ(u, v) = go F(u,v) in U for some g € PSH(1).

In Section 5, other invariants on the surface > will also be obtained, including

(up to a sign, called the p-variation), and the restricted adapted metric gg|s; on the surface 3.
Actually « is the function such that the vector field aes + T' is tangent to the surface, where
eo = Jep and e; is a unit vector field tangent to the characteristic foliation. Let

aey + T
ey = ——,
V14 a?

be a unit vector field tangent to the surface. Then we observe that these invariants «, [, ex
satisfy the integrability condition:

(1+ aQ)%(egl) = (1+a?)(ere10) — a(e1@)? + 4a(l + o) (e1c)
+a(1+a2)2K+al(1+a2)%(ego¢)+a(1—|—a2)l2, (1.6)

where K is the Gaussian curvature with respect to ge|s.

After studying the invariants in H;, we show the second main theorem which says that
the three invariants (the Riemannian metric gg induced by the adapted metric, the p-mean
curvature [, and the p-variation «)) comprise a complete set of invariants for a surface without
singular points.

Theorem 1.10 (the fundamental theorem for surfaces in Hy). Let (X, g) be a 2-dimensional
Riemannian manifold with Gaussian curvature K, and o', I’ two real-valued functions defined
on X. Assume that K, o and ' satisfy the integrability condition (1.6). Then for every non-
singular point p € X, there exists an open neighborhood U containing p and an embedding
f: U — Hy such that

9=["(ge), d=[fa U=f1l

where «, 1 are the induced p-variation and p-mean curvature on f(U) respectively. Moreover,
f is uniquely determined up to a Heisenberg rigid motion.

The third part of the paper is an application of the motion equations and the structure
equations obtained from the proof of fundamental theorem for curves. We derive the Crofton
formula in H; which is a classical result of integral geometry, relating the length of a fixed curve,
and the number of intersections for the curve and randomly oriented lines passing through it.
Santalé generalized the result to compact Riemannian manifolds with boundary [21, 22]. In the
simple case R?, given a fixed piecewise regular curve v, the Crofton formula states that

/ n(¢{N~vy)dL = 4 - length(y),
Ny#D

where dL is the kinematic density defined on the set of oriented lines in R?, and n(¢ N +~) is the
number of intersections of the line ¢ with v. We have the analogues formula in Hy. A significant
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observation is that the geometric quantity on the right-hand side of the formula (1.7) is the
p-area which naturally arises from the variation of volume for domains in CR manifolds [3]. By
the similar technique, one of the authors also show the containment problem for the geometric
probability in H; [13]. Recently Prandi, Rizzi, Seri [20] show a sub-Riemannian version of the
classical Santalé formula which is applied to finding the lower bound of sub-Laplacian in a com-
pact domain with boundary. The other approaches can be referred to [19] (sub-Riemannian),
and [18] (Carnot groups).

Theorem 1.11 (Crofton formula in Hy). Suppose X: (u,v) € Q +— ¥ C Hj is a C*-surface
for some domain Q2 C R%. Let L be the set of oriented horizontal lines in Hy and n({ N'Y) be
the number of intersections of the horizontal line £ € L with the surface 3. Then we have the
Crofton formula

/ n(¢NX)dL =4 - p-area(X), (1.7)
(eL, NS4

where dL ;= dp A dO A dt is the kinematic density on L.

We give the outline of the paper. In Section 2, we state two propositions about existence and
uniqueness of mappings from a smooth manifold into a Lie group G, which underlies our main
theorems. In Section 3, we not only express the representation of PSH(1) but discuss how the
matrix Lie group PSH(1) can be interpreted as the set of moving frames on the homogeneous
space H; = PSH(1)/SO(2); the moving frame formula in H; via the (left-invariant) Maurer—
Cartan form will be derived. In Section 4, we compute the Darboux derivatives of the lift
of a horizontally regular curve and give the proof of the first main theorem; moreover, the p-
curvature and the contact normality for horizontally regular curves and geodesics are calculated.
In Section 5, we compute the Darboux derivatives of the lift of normal parametrized surfaces,
and achieve the complete set of differential invariants for a normal parametrized surface. In
Section 6, by calculating the Darboux derivatives of the lift for f: ¥ — H;, we show the
fundamental theorem for surfaces 3 in Hy. In Section 7, we show the Crofton formula which
connects CR geometry and integral geometry.

2 Calculus on Lie groups

We recall two basic theorems from Lie groups, which play the essential roles in the proof of the
main theorems. For the details we refer the readers to [1, 7, 12, 14, 23].

Let M be a connected smooth manifold and G C GL(n,R) a matrix subgroup with Lie
algebra g. Recall that a (left-invariant) Maurer—Cartan form w is a Lie algebra-valued 1-form
globally defined on G which is a linear mapping of the tangent space T,G at each g € G into T.G

w(v) := (Ly-1), v, for all v e T,G,
where e € G is the identity element. In particular when G is a matrix Lie group, one has
w =g 'dg.
We first introduce the theorem of uniqueness.

Theorem 2.1. Given two maps f, f: M — G, then f*w = f*w if and only iff: g- f for some
g €G.

We call the pullback 1-form f*w the Darboux derivative of the map f: M — G. When
M =R and G = (R, +), the addition group, Theorem 2.1 can be rephrased as the Fundamental
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Theorem of Calculus: if two differentiable functions f(z) and f(z) have the same derivatives
% = %, then f(z) = f(x) + ¢ for some constant c,
The second result is the theorem of existence.

Theorem 2.2. Suppose that ¢ is a g-valued 1-form on a simply connected manifold M. Then
there exists a map f: M — G satisfying f*w = ¢ if and only if dp = —¢p A ¢. Moreover, the
resulting map f is unique up to a group action.

In the case M = R and G = (R, +), this theorem implies the existence of derivatives for
differentiable functions. We mention that the proof of Theorem 2.2 relies on the Frobenius
theorem.

3 The group of pseudo-hermitian transformations on H;

3.1 The pseudo-hermitian transformations on H,

A pseudo-hermitian transformation on H; is a diffeomorphism ® on H; preserving the CR
structure J and the contact form ©; it satisfies

o, J=JD, on ¢ and "0 =0 in Hj.

A trivial example of a pseudo-hermitian transformation is a left translation L, in H;; the other
example is defined by ®r: Hy — H;

o ) — O
z z
where R € SO(2) is a 2x2 special orthogonal matrix.

Let PSH(1) be the group of pseudo-hermitian transformations on H;. We shall show that

the group PSH(1) exactly consists of all the transformations of the forms ®, r := L, o ®pg,
a transformation ®x followed by a left translation L,. More precisely, we have

x axr — by + p1
Sr|y | = bx + ay + p2 ,
z (ap2 — bp1)x + (—bp2 — ap1)y + 2 + p3

where p = (p1, p2,p3)* € H; and R = (‘Z _ab) € SO(2).

Theorem 3.1. Let ®: Hy — Hp be a pseudo-hermitian transformation. Then ® = L, o ®r for
some R € SO(2) and p € H;.

Proof. It suffices to consider the pseudo-hermitian transformation ®: H; — H; such that
®(0) = 0. Indeed, if ®(0) = p for some p € H; \ {0}, then the composition L,-1 o ® is
a transformation fixing the origin. Therefore, we reduce the proof of Theorem 3.1 to the following
lemma:

Lemma 3.2. Let ® be a pseudo-hermitian transformation on Hy such that ®(0) = 0. Then, for

any p € Hy, the matriz representation of ®.(p) with respect to the standard basis (8%’ 8%7 %)

of R is

cosayg —sinag 0
®,.(p) = |sinag cosap O ,
0 0 1 8 o o
(%7@’5)

for some real constant ag which is independent of p, and hence ®, is a constant matriz.



8 H.-L. Chiu, Y.-C. Huang and S.-H. Lai

To prove Lemma 3.2, first we calculate the matrix representation of ®,(p) with respect to
the basis (é1,€2,T). Since

O (P.é;) = (P*O) (&;) = O (é;) =0, for i=1,2,
the contact bundle £ is invariant under ®,. In addition, let h be the Levi-metric on £ defined
by h(X,Y) =dO(X,JY), then
O*h(X,Y) = h(P.X,D,Y) =dO(P,. X, JD,Y) =dO(P. X, D, JY)
=0*(dO)(X,JY)=d(®*0)(X,JY) =dO(X,JY) = h(X,Y),

and hence h(®,.X,®.Y) = h(X,Y) for every X,Y € £. Thus, ®, is orthogonal on £&. On the

other hand, since

o0 -6(0.2) ~w0(2) -0 (2) -1

dO(X,®.7) = dO(2.®,'X, ®.T) = (2*dO) (2, 'X,T) = (d2*0) (2, ' X, T)
=do(®,'X,T) =0

and

for all X € £, we have .7 = T. From the above argument, we conclude that the matrix
representation

cosa(p) —sina(p) 0
®,(p) = | sina(p) cosa(p) O ,
0 O 1 (é17527%)
for some real-valued function o on Hj.
Next, we rewrite the matrix representation of ®,(p) from the basis (él, €2, %) to the basis
(%7%7%) Let @ = (@1,@27@3)7 b= (p17p27p3)7 él(p) = % +p2% and é2(p) = % _plﬁa
then

. (p) (;) = 2.(p) [él(p) - P2§Z} = ®.(p) [é1(p)] — pzﬁaz

= cosa(p)é1 [®(p)] + sina(p)és [®(p)] — p2 =

= cos a(p)% + sin a(p)aay + [cos a(p)q>2(p) —sin a(p)q)l(p) _ pz} s

= —sina(p)é; [P(p)] + cosa(p)és [(p)] +P1%

— —sin a(p)% + cos a(p)gy + [— sin a(p)(I)2(p) — oS Oé(p)(I)l(p) —&—pﬂ %

cosa(p) —sina(p) 0 oL @ !
o,.(p) = (sin a(p) cosa(p) O) = (@i <I>§ @2) , (3.1)
o) ) 1 oy @3

T Y z
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where
3 oP3 ) . .
5 (p) = - =cos a(p)®(p) —sina(p)®*(p) — p2,
3 aq)?:j : 2 1
P, (p) := 5y — 0 a(p)®*(p) — cos a(p) @' (p) + pu,

and denote the subscripts as the partial derivatives for all ®’s. By (3.1) that ®! = ®2 = 0,
it follows that the functions ®' and ®2 both depend only on z and y, and so is a. Moreover,
use (3.1) again and the facts <I>31£y = <I>?1ﬂ and <I>§y = @2 we have

Yz
cosa —sina) faz\ (0
sina  cosa ay) \0)’
which implies that o; = oy = 0. Thus « is a constant on Hy, say a = og. From (3.1) and notice
that ®(0) = 0, we finally get

<I>1:mcosa0—ysinao, <I>2:xsinoz0+ycosao,

which implies that ®3 = qbg = 0. Therefore

cosag —sinag 0
®,(p) = | sinag cosag 0 ,
0 0 1
(£.4.2)
and the result follows. |

3.2 Representation of PSH(1)

The pseudo-hermitian transformation ®, g and the points (z,y,2)" in H; can be respectively
represented as

1 0 0 0
I 2 a —b 0
(I)p,R — M = D2 b a ol
p3 apz —cpr bpa —dpr 1
and
1
v x
y|l o X=
5 Yy
z
satisfying
1
x
MX = ,
Ppr |y
z

where a? + b% = 1. Therefore, PSH(1) can be represented as a matrix group

1 0 0 0
PSH(1) = { M e GLWR) [ M= [0 ¢ S IPERRE

p3 ap2 —bpr —bpa —ap1 1
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Let psh(1) be the Lie algebra of PSH(1). It is easy to see that the element of psh(1) is of the
form

0 0 0 0
I 0 —1‘12 0
Ty T2 0 0
T3 T2 —X1 0

0 0 0 0

w— w0 —wi?2 0
Tl w? w2 0 0}’

wd w? —w! 0

where wi? and w’, j = 1,2,3, are 1-forms on PSH(1).

3.3 The oriented frames on H;

The oriented frame (p; X,Y,T) on H; consists of the point p € H; and the orthonormal vector
fields X € &,, Y = JX with respect to the Levi-metric. We can identify PSH(1) with the set of
all oriented frames on H; as follows:

1 0 0 0
PSH(1) > M = g; Z _ab 8 & (1 X,Y,T),
p3 ap2 —bpr —bpr —ap:1 1
where
p = (p1,p2,p3)",
X:a(i+b£/+(ap2—bp1)86t, Y:—bgija(,Z/—F(—bpg—apl)i.

Actually, we have X = aéi(p) + béa(p) and Y = —bé1(p) + aéa(p), and hence M is the unique
4 x 4 matrix such that

(p; X, Y, T) = (0; €1, €2, T) M.

3.4 Moving frame formula

Since PSH(1) is a matrix Lie group, the Maurer—Cartan form must be w = M~1dM or dM =
Muw (see [6]). Immediately one has that

0 0 0 0
wl 0 —OJ12 0
(dpa an dYVa dT) - (pa Xa}/aT) w2 W12 0 0
wow? —wl 0

Thus, we have reached the moving frame formula:

dp = w'X + WY + 3T, dX = w?Y + W?T,
dY = —w?X —w!'T, dT =0. (3.2)
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4 Differential invariants of horizontally regular curves in H;

Proposition 4.1. Any horizontally reqular curve ~(t) can be reparametrized by its horizontal
arc-length s such that |v(s)| = 1.

Proof. Define s(t) = fot |7¢(u)|du. Then any horizontal arc-length differs s up to a constant.

By the fundamental theorem of calculus, we have % = |7¢(?)]. Since

dy _dydt _ (1)
ds dtds AGIN

7¢(t)
VE(s) = ’YZ(t”’ namely, [v;(s)] = 1. [ |

Definition 4.2. A lift of a mapping f: M — G/H is defined to be a map F: M — G such
that the following diagram commutes:

G
e
M —G/H,

where G is a Lie group, H is a closed Lie subgroup and G /H is the associated homogeneous
space. In additional, another lift F' of f has to satisfy

F(z) = F(x)g(x)
for some map g: M — H.
Remark 4.3. In the next section, we shall set G = PSH(1), M = (a,b) C R, f =, F =7,
G/H = PSH(1)/SO(2), and identify PSH(1)/SO(2) with H;.

4.1 The Proof of Theorem 1.2

By Proposition 4.1, we may assume that the horizontally regular curve ~y(s) is parametrized by
the horizontal arc-length s. Each point on « uniquely defines an oriented frame

(v(s); X (), Y (), T),

where X (s) = 7¢(s) is the horizontally tangent vector of y(s) and Y'(s) = JX(s). By Remark 4.3,
there exists a lift 4 of v to PSH(1), which is unique up to a SO(2) group action. We abuse the
notation and denote the lift by

Let w be the Maurer—Cartan form of PSH(1). We shall derive the Darboux derivative 7*w of
the lift ¥(s): by using the moving frame formula (3.2), we have

() = F'dp = X ()70 + Y ()7 + T5w, (4.1)
and observe that all pull-back 1-forms by % are the multiples of ds,

d7(s) = 7¢(s)ds 4+ yp(s)ds = X (s)ds + vp(s)ds. (4.2)



12 H.-L. Chiu, Y.-C. Huang and S.-H. Lai

Comparing (4.1) and (4.2) to get

F*wh = ds, F*w? =0, F*w? = (7/(s), T)ds = 7(s)ds.
Insert 7*w? into (3.2),

dX(s) = Y(8)7 w2 + T7*w? = Y(s)7 w12,
one has

o <dX(S)7y(S)> ds = k(s)ds.

ds

As a consequence, the Darboux derivative of 7 is obtained

0 0 0 0

L 1 0 —k(s) O
Y'w = 0 ks) 0 0 ds. (4.3)

) 0 -1 0

For any functions k(s) and 7(s) defined on an open interval I. Suppose ¢ is the psh(1)-
valued 1-form defined by (4.3). It is easy to check that ¢ satisfies dp + ¢ A ¢ = 0. Therefore,
Theorem 2.2 implies that there exists a curve

7(s) = (v(s); X(s),Y (s),T) € PSH(1)
such that 7*w = ¢. By the moving frame formula (3.2), we have
dvy(s) = X(s)ds + 7(s)Tds, dX(s) = k(s)Y (s)ds, dY (s) = —k(s)X(s)ds — Tds,

which means that
X(s) = i(s),  k(s) = <d)d(is),Y(s)>, 7(s) = <dzl(;),T>.

This completes the proof of existence.

To prove uniqueness, suppose that two horizontally regular curves 7; and v have the same
p-curvature k(s) and contact normality 7(s). The identity (4.3) shows that they must have the
same Darboux derivatives

Trw =T,

Therefore, by Theorem 2.1, there exists a symmetry g € PSH(1) such that 72(s) = go71(s), and
hence y2(s) = g o1 (s) for all s. This completes the proof of uniqueness up to a group action.
4.2 The derivation of the p-curvature and the contact normality

In the subsection, we will compute the p-curvature and the contact normality for horizontally
regular curves (Theorem 1.4) and for the geodesics in H; (Theorem 1.6).

Proof of Theorem 1.4. Let v(t) = (z(t),y(t), 2(t)) be a horizontally regular curve. The ho-
rizontal arc-length s is defined by

s(t) = / Iy a0,



An Application of the Moving Frame Method 13

We first observe that there is the natural decomposition
0 0 0
") = (2 (1) 0 (1), 2 (1)) = 2/ (+)— '+
V() = (@'(1), (1), (1)) x()8x+y()ay )5,

= a'(t)er + 3/ (t)éa + (2(t) + v/ (t) — y2' (1)) (4.4)

V() ' (t)

2t
0
9z

where we abuse the notation by % = T. Let 4(s) be the reparametrization of ~y(t) by the
horizontal arc-length s. Since +/(t) = 7/(s)4s
has

97> by comparing with the decomposition (4.4), one

) = L e +y/@), ) = T (0 + 2/ (6) — g )T). (1.5

For the p-curvature, by (4.5), note that X (s) = $(2/(t)é1 + y'(t)é2), and Y (s) = JX(s) =

L (2'(t)é2 — ' (t)é1). A straight-forward computation shows

d)gis) _ % (j; (@' (1), 9/ (t), 2"y (t) — wy'“»)

2 2
- (ji> (" (), 4" (1), 2"y (t) — 2" (1)) + % ((8), ¢/ (1), 2"y (1) — 2y (1))

2 2 2 2
_ (ac"(t) (%) +x/<t>jsﬁ) é1+<y"<t> (&) +y’<t>jsﬁ> B

SO

2 2 2 2
-- (w”(w (%) +:c'<t>js§> v+ (y”(t) (%) +y’<t>§sﬁ> O

dt 3 x'y” o l‘”y/
=— ("Y' () —2'Wy" (1) { 52 ) = 5 (1): (4.6)
<ds> ((x’)2 + (y’)2) 2
Again by (4.5), the contact normality must be
7(s) = (7'(s), 1) = (r(s), T) = jz( (1) + 2y (1) — (1)) = LTV (4

((x’)Q + (y/)Q)%
and the result follows. [ |

Next we use (4.6) and (4.7) to compute the p-curvature and the contact normality for the
geodesics in H7.

Proof of Theorem 1.6. Recall [2] that the Hamiltonian system on H; for the geodesics is

ah” ()

a*(t) = WM (@ (1)) (1), fk(t):—§ oG k=123, (4.8)
ij=1
where
1 z?
hij(xl,a:Q,x?’) =10 1 —z!
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So the Hamiltonian system (4.8) can be expressed by

i?(t) = 226 — ' + & [(931)2 + (952)2]7

&1(t) = &6 — 2'€2,
E2(t) = —&1&3 — 223,
€3(t) = 0.

Since &3(t) = 0, we have &3(t) = c3 for some constant c3. When ¢3 = 0, one has z(t) =
(c1t +dy, cat + da, (c1do — cady)t + d3), and this implies that k(¢) = 0 and 7(¢) = 0; when c3 > 0,
one has

x(t) = (' (t), 2% (t), 2% (1)), (4.9)
where

2! (t) = ay sin(2cst) + ag cos(2cst) + di,

2%(t) = —ag sin(2cst) + a1 cos(2¢3t) + do,

2(t) = (aady + ards) sin(2est) + (aads — ardy) cos(2est) + 2c3(ai + a3)t + ds.
Hence k(t) = ﬁ < 0 and 7(t) = 0; finally, when ¢3 < 0, one has

[(a2+a2)]2

z(t) = (z'(t),2°(t), 2°(¢)), (4.10)

where

2! (t) = a1 sin(—2cst) + ag cos(—2cst) + dy,
2%(t) = ag sin(—2¢st) — ay cos(—2c3t) + da,
z”(t) =

3(t) = (aydy + agdy) sin(—2¢3t) — (azdy — ayds) cos(—2cst) + 23 (a% + a%)t + ds.
Hence k(t) = —2— > 0 and 7(t) = 0.
[(a+a3)] 2

The calculations above show that a horizontal curve is congruent to a geodesic if it has positive
constant p-curvature. Conversely, it is easy to prove that any geodesic acted by a symmetry is
still a geodesic. Therefore we complete the proof of Theorem 1.6. |

Remark 4.4. Actually, the geodesics (4.9) for ¢3 > 0 and (4.10) for ¢3 < 0 travel along the
same path with reverse direction.

5 Differential invariants of parametrized surfaces in H;

5.1 The proof of Theorem 1.8

Let F': U — Hj be a normal parametrized surface with a, b, ¢,l and m as the coefficients in (1.2).
Denote the lift F' of F' to PSH(1) as

F = (F(u,v); X (u,v),Y (u,v),T),

where X (u,v) = Fy(u,v), Y(u,v) := JX(u,v). Aslong as F'is given, X = Fy,, Y = JX and
the Reeb vector field T" are uniquely determined, and so the lift F' is unique. For convenience,
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henceforward we denote F'(u,v), by F', X (u,v) by X, and Y (u,v) by Y. We begin from deriving
the Darboux derivative F*w of F'.
On one hand, we can write the vector F in terms of the frame

dF (i) = F, = X + (F,,Y)Y + (F,, TT; (5.1)

actually the last two terms are zero since F,, = X,Y,T are orthonormal. On the other hand, by
the moving frame formula (3.2),

dF = X (F*w') + Y (F*w?) + T(F*w?). (5.2)
Apply 2 to (5.2)
aF <§u> — X (Fw') <aau) Ly (Fe?) <§u> L T(F) <§u) |

and compare the coefficients with those in (5.1) we have

(F*w") ((i) ~1 ad  (F?) (i) — (F*) ((,i) —o. (5.3)

Similarly by applying % to (5.2), one has

~ 0 ~ 0
* o1 _ e e *,2 _ = —
(7o) (5) =t X) = (F) (5) =my) =0,
~ 0
* 03 _ = —
(F*w?®) (m) (F,,T) = c. (5.4)
Combine (5.3) and (5.4) to get
F*w!' = du + adv, F*w? = bdv, F*w® = cdv. (5.5)

To derive F*w;2, we use (3.2) again and repeat the same process above. By (5.5),

dx (i) = (Ko X)X+ (X Y)Y + (X, T)T = Y (F*w?) <6au> + T (F*w?) <aau>
vt (L), 59
and so (X,,T) = 0. Again,
dx (;}) = MX (X, Y)Y + (X, )T = Y (F*w,?) (;}) + 0T, (5.7)

one has (X, T) =b. Since dX = dF, = Fy,du+ Fy,dv, (5.6) and (5.7) imply that

~ 0 ~ 0
(F*w:i?) (8u> (Fuu, Y) = 1, (F*w?) <8v> (Fup,Y) = m.
In conclusion, we have

wi? = Idu + mdo, b= (Fu,T), 0= (Fuu, T) = (Fup, X) = (Fu, X).
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Therefore, by (5.5) and (5.1) we have reached the Darboux derivative

0 0 0 0

~. _ |du+adv 0 —ldu—mdv 0
Fo=1"%p  1du+mdo 0 0l (5-8)

cdv bdv —du—adv O

Note that the coefficients a, b, ¢, [, m uniquely determine the Darboux derivative in (5.8), and
so the proof of uniqueness is completed.

For existence, suppose a, b, ¢ and m, [ are functions defined on U. Suppose ¢ is the psh(1)-
valued 1-form defined by (5.8). Then

0 0 0 0
Oa ol om
24 0 & -9 0
ou ov ou
do=\|a o, om du A dv, (5.9)
du “ovT ou 0 0
dc b _Oa 0
ou ou ou
and
0 0 0 0
—1b 0 0 0
PNP= al —m 0 0 0 du A dv. (5.10)
—2b —m+4al bl 0

Thus, ¢ satisfies the integrability condition d¢ = —¢ A ¢ if and only if the coefficients a, b, ¢, [
and m satisfy the integrability condition (1.3). Therefore Theorem 2.2 implies there exists a map

F*(u,v) = (F(u,v); X (u,v),Y (u,v),T)

such that F*w = ¢. Finally, the moving frame formula (3.2) implies that F': U — H; is a map
with a, b, ¢, [ and m as the coefficients of first kind and second kind respectively.

5.2 Invariants of surfaces

Let X < Hi be a surface such that all points on ¥ are non-singular. For each point p € X, one
can choose a normal parametrization F': (u,v) € U — ¥ around p such that

oF
Fu:7:X7
ou

where X is an unit vector field defining the characteristic foliation. The following lemma
characterizes the normal coordinates.

Lemma 5.1. The normal coordinates are determined up to a transformation of the form
u=tu+g(v), v = h(v),
for some smooth functions g(v), h(v) with % # 0.
Proof. Suppose that (&, ) is any normal coordinates around p, i.e.,
F; =X,
where X = £X. We have the formula for the change of the coordinates
ou v ou v

ARy - B Fy= Froe 4+ Py 5.11
au+ ’U8U7 + ( )

F, = F; v
ov ov
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Expand F5 = aX + bY + &I by the orthonormal basis {X,Y,T}. The first identity of (5.11)
implies

gi 00\ o 0T 0

~0u OV =~ ~O0U =~ OV ~
ou ou

X=F, =X2" NT %%y LT
v 8u+ “au +b8u +08u

Since p is a non-singular point, we see that ¢ # 0 around p, and so

v

— =0,

ou
namely, v = h(v) for some function h(v). In addition, comparing the coefficient of X in (5.11),
(5.12), we have

ou _Ov Ou
il:%+a%_%7

and hence u = +u + g(v) for some function g(v). Finally we compute
o o dg
3= B +1 = oh
det (gg g;) = det ( 32) =+5- #0,
ou oo 0 & v
and the result follows. [

As what we did in (5.8), we can also derive the Darboux derivatives F*w for the normal
parametrization. One obtains four 1-forms locally defined on the surface X:

[=Fw' =dutadv, Il=Fw?=bdv, = Fw®=cdo,
IV = F*w? = ldu + md, (5.13)

where the functions a, b, ¢, m and [ are defined as (1.2). Next we show that those 1-forms are
invariant under the change of coordinates.

Proposition 5.2. Suppose T, ﬁ, ﬁi, IV are those defined as (5.13) with respect to the other
normal coordinates (u,v). Then we have

I=41, II=4I, II=I1I, IV=IV. (5.14)

Proof. Suppose a, g, c, T, m are the coefficients of first and second kinds with respect to the
normal coordinates (u, v). We point out that all such the coefficients have the same expression
as in (1.2) w.r.t. the new coordinates except for X=+XandVY = JX = V.

By Lemma 5.1, there exists two functions g(v) and h(v) such that

u=tu+gv), v = h(v).

Now we compute the transformation laws of those coefficients:

Cinxy = (BT RO N 00 O\ (09 oh
a_<Fv,X>_<FuaU+FU8U,X>_<iX8v+Fvav,X>_i(av+ava>. (5.15)

Similarly, we have

Oh~ oh
b= i@b, Cc = %C, (516)
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and so F,, = £F; and F,,, = £(Fp 3 + Fpd®) = Fa. Thus

I =+l (5.17)
Similarly
dg~ Oh _
==+ —m. 5.18
= B * o (5.18)
From the transformation laws (5.15), (5.16), (5.17), (5.18), the result (5.14) follows. [

Remark 5.3. In the proof (5.16), denote

- (5.19)

then we have o = +a. Actually, « is a function defined on the non-singular part of 3, indepen-
dent of the choice of the normal coordinates up to a sign, such that aeq + 71 € TY, and hence
an invariant of ¥ on the non-singular part. Similarly, from (5.17), so is for [, which actually is
the p-mean curvature.

Remark 5.4. We point out that the signs appearing for a and [ are due to the different
choices of the orientations. Indeed, if one chooses the normal coordinates with respect to a fixed
orientation of the characteristic foliation, then we have o = & and [ = [.

Besides the invariants a and [, we now proceed to the other invariant of 3. Actually, by
Proposition 5.2, we have

IQI+NQI+ QI =101+ I ®II + I ® IIL

Therefore the differential form I ® I 4 II ® II + III ® III again is independent of the choices of
the normal coordinates, and hence an invariant of . Next we characterize this invariant.

Lemma 5.5. Let gg be the adapted metric on Hy. Then we have
gols =II+IIeII+ eI
defined on the non-singular part of X.
Proof. This lemma is a direct consequence of (5.13), (3.2), and ge|y = dp ® dp. [

Finally we mention that although the 1-forms I, II, III, IV are only defined on the non-
singular points, the invariant I ® I + IT ® IT 4+ III ® III can be smoothly extended to the whole
surface ¥ by Lemma 5.5.

5.3 A complete set of invariants for surfaces in H;

In this section, we will obtain the last invariant IV = F *w12, which is completely determined by
the invariants «, go, . We therefore have a complete set of invariants for the non-singular part
of the surfaces in Hj.

Let f: ¥ — H; be an embedding oriented surface in H;. For convenience, we will not
distinguish the surfaces ¥ and f(X). At any non-singular point p € X, we choose the orthonormal
frame (p;eq, e, T), where ey is tangent to the characteristic foliation and ey = Jej. A Darboux
frame is a moving frame which is smoothly defined on ¥ except for the singular points, and
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hence there exists a lifting of f to PSH(1) defined by F. Now we would like to compute the
Darboux derivative F*w of F. In the following, we abuse the notation F*w by taking

0 0 0 0

w wl 0 —W12 0
Tl w? ow? 0 0]’

WwBow? —wl 0

to express the Darboux derivative. It satisfies the integrability condition dw+w Aw = 0, that is,
dw! = w1? Aw?, dw? = —wi? Awh, dw? = 20! A W2, dw;? = 0. (5.20)

Let go = h + ©2 be the adapted metric. By (5.13) we know w? = aw?® on the non-singular
part of ¥, and it is easy to see that

golr =w' @' +w? @ +w @w? =w @w' + (1 +a?)w’ @ w’.
Set
Ol=w!, % =V1+4a2?, (5.21)

which form an orthonormal coframe on 3 w.r.t. the metric gg|x; the corresponding dual frame is

. . aey + T
61261, eQ:eZZJj.
1+ a?

If 2 is the Levi-Civita connection of gg|s with respect to the coframe &', &2, by the funda-
mental theorem in Riemannian geometry, we have the structure equations

dot = —@p' AP, d? = -0t AR, @ = - (5.22)

The following proposition shows that wi? is completely determined by the induced first
fundamental form gg|y and the functions o and [ defined in 5.19.

Proposition 5.6. We have

2
2o @ gy Loy ae o g 200 F (@),
e Tre T el T T e
. 9 a 9 200 lae ale1a) .o
“ WW1 +1—|—a2w \/mw +<oz+1+a2 w

Proof. By w? = aw? and the second identity of (5.21), we have

d?=d| — @) =a|l —2 a2y & @2
(14 a2)2 (1+a?)2 (14 a2)2

=e L A1 "2_L’* 2 ~1
=€ T | w Aw TW1 AW
(1+a?)2 (1+a?)2

A1 o -2 «a A2
=w AN|leg| ——F |+ —Fw1" ],
(1+a?)2 (1+a?)2

where we have used the second formula of the structure equation (5.22) at the third equality
above. On the other hand, from the Maurer-Cartan structure equation (5.20)

dw? = —wi? Aw! =o' Awi?
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Combine two identities above and use the Cartan lemma, we see that there exists a function D
such that

w?=—2% 2y % 524 Dot (5.23)
(1+a?)2 (1+a?)2
Similarly,
o A =de = de! w2 AW = —2 2 Al

V14 a2

Again, by Cartan lemma, there exists a function A such that

it = 2+ AG? (5.24)

V1+a?

Finally, use (5.22) again

—n? AG! = do? = d((1+a2)2w?) = (14 a2)2dw? + d(1 + a2)? Aw?
w3 +

1
= 204(1—1-042)5@1 A ——rda AW’ = <2a+ a(elaz))d)l A2,
(14 a2)2 1+«
where we have used the third formula of (5.20) and &2 A w® = 0. Therefore, there exists
a function B such that
a2 ale1a)\ .o ~1
w1 —<2a+1+a2>w + Bw". (5.25)
By (5.23), (5.24), we get
2
e} . w1 (61) l
D = 2 _—_—— 2 = = .
wirle) = @) = To e “ T3
Similarly, by (5.23), (5.24), (5.25), we obtain
2« la
A= —, B=——.
1+ a2 V14 a2
These complete the proof. |

6 The derivation of the integrability condition (1.6)

Proof. Proposition 5.6 implies that

« l e1o
0=dw®=d @n® + ol 4+ ——0?
' <\/1+a2 Pt a? (1—}—0[2)%
3
={—(1+a?)2(esl) + (1 + a?)(er1e10) — afe1a)® + (1 + a?) (1)
Wt A @?

+a(l +a2)2K+al(1 + 012)%(6204) +a(l +a2)l2}75.
(1+a?):

Therefore the integrability condition (1.6) is equivalent to dw;? = 0. [
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7 The proof of Theorem 1.10

Proof. First we show existence. Define a psh(1)-valued 1-form ¢ on the non-singular part of X

by
0 0 0 0
ot 0 —wi? 0
_ / ~2 2
¢ - \/ﬁw w1 O 0 9
1 ~2 a ~2 A1
\/1+(a’)2w \/1+(a’)2w w0
where
O/ ~ 2 l, ~1 610/ ~2

2
w1 \/mm + T (a,)zw + 1+ (a/)Q)%w
It is easy to check that ¢ satisfies d¢ + ¢ A ¢ = 0 if and only if the integrability condition (1.6)
holds. Therefore, by Theorem 2.2, for any point p € 3, there exists an open set U containing p
and an embedding f: U — H;j such that g = f*(ge), & = f*fa and I’ = f*I.

For uniqueness, by Proposition 5.6, the Darboux derivative is completely determined by the
induced metric gg|y, the p-variation a and the p-mean curvature [. Therefore, by Theorem 2.1,
the embedding into H; is unique up to a Heisenberg rigid motion. |

8 Application: the Crofton formula

Since the singular set of a C?-surface in H; consists of only isolated points or singular curves
[3, Theorem B], and the integral of the intersections of horizontal lines and the surface over the
singular set has zero measure, we may assume that ¥ is a C?-surface without singular points
throughout this section.

Definition 8.1. An oriented horizontal line £ in H; is an oriented line such that any point p € £
the tangent vector of the line at p lies on the contact plane ,. For convenience we sometimes
call a horizontal line or a line. Denote £ by the set of all oriented horizontal lines in Hj.

Proposition 8.2. Any horizontal line ¢ € L can be parametrized by a triple (p,0,t) € Rx S xR,
and also be parametrized by a base point B = (pcos@,psinb,t) with a horizontally unit-speed
vector U = (sinf, — cos 6, p), namely,

0(s): (pcosB,psinf,t) + s(sinf, — cos b, p), VselR. (8.1)

Proof. Consider the projection 7(¢) of the line I € L onto the zy-plane. Since 7(¢) can be
uniquely determined by the pair (p, ), where p € R is the oriented distance from the origin to
the line m(l) (see [5] or the remark below) and 6 € [0, 27) is the angle from the positive z-axis
to the normal (Fig. 1), the points (z,y) € w(¢) satisfy the equation

xcosfh +ysinf = p. (8.2)
On the projection 7(¢), denote the foot point
b= (pcosf,psinb),
and the unit tangent vector along the projection

u = (sinf, — cosf), lu|gz =1, (8.3)
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z

base point B
| horizontal unit vector U = sin 6é;(B) — cos 0éx(B)
1
I

the projection 7

l/

N

X )\ .
N unit vector u
foot point b

(1)

Figure 1.

where |u|g2 is the Euclidean length of u on the zy-plane; on the line ¢ € Hj, denote the lifting
of the foot point b, called the base point by

B = (pcosf,psinb,t) for some t e R.

Denote the tangent vector of ¢ at point B by T(B). Since ¢ is horizontal, which implies that
T(B) € {p = span{é1(B), é2(B)}, and we have

T(B) = aé1(B) + péa(B) = a(1,0,psinb) + 5(0,1, —pcos )
= (o, B,apsinf — Bpcos ) (8.4)

for some a, € R. Notice that the projection 7(7T'(B)) is exactly the unit tangent vector u along
the projection 7(¢). Hence by comparing the first two components of (8.4) with (8.3) we have

a =sinb, B = —cosb, and T(B) = (sinf, —cos b, p).
Therefore by defining the horizontal vector
U :=T(B) =sinfé;(B) — cos0éy(B),

we have |U] ¢(B) = 1, the horizontally unit-speed, and conclude that the line £ can be uniquely
determined by the triple (p, 0, %), i.e., the base point B, and be parametrized by B + sU for any
s € R as shown in (8.1). |

Remark 8.3. We point out that the lines we consider in H; are all oriented lines. Indeed, by
convention in R? there exists a bijection between the set of oriented lines and R? x S', and the
orientation of £ € Hj follows that of 7(¢) € R2. If we consider the non-oriented lines in R? (and
hence in Hi), then the coefficient on the right-hand side of (1.7) should be changed to 2.

Next, we consider the intersections of lines and a fixed surface
X: (u,v) € Q= (x(u,v),y(u,v), z(u,v)) € 3

embedded in H; for some domain Q C R?. To describe the position of the intersection in R3, one
needs exact three variables. We have already known, by Proposition 8.2, a line can be represented
by a triple (p, 6,t). Hence if we regard lines and surfaces as a whole system (the configuration
space) and use five variables {(p,0,t,u,v)} to describe the behavior of the intersections, two
additional constraints are necessarily required to make the number of the freedoms be three.
Those constraints can be obtained from the following proposition.
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Proposition 8.4. Let X(u,v) = (x(u,v),y(u,v), z(u,v)) € ¥ be the parametrized surface in Hy.
Then the configuration space D which describes the horizonal oriented lines intersecting > should
be

D :={(p,0,t,u,v) ERx S* xR x Q
| the lines (p,0,t) € L pass through the point X(u,v) on X}
= {(p,0,t,u,v) € R x ST x R x Q| the variables p, 0, t, u, v satisfy (8.5) and (8.6)},

where

x(u,v) cos + y(u,v)sinf = p, (8.5)
z(u,v) =t + (z(u,v)sin€ — y(u,v) cos 0)p. (8.6)

Proof. Suppose the line ¢(s) parametrized by (8.1) intersects the surface ¥ at the point q.

{:(p,6,t)

=
\
\
\
\
\
AY

2

N |
\

]
X
Figure 2.
At the point ¢, by Proposition 8.2, we have
x(u,v) = pcosf + s -sinb, (8.7)
y(u,v) = psinf — s - cosb, (8.8)
z(u,v) =t+s-p, (8.9)

for some s € R. By (8.7), (8.8), one has
x(u,v) cos + y(u,v)sinf = p,

which is compatible with (8.2) and we obtain the first constraint (8.5). Finally, use (8.7), (8.8)
again to solve for the parameter s, and substitute s into (8.9). It is easy to have the second
constraint (8.6) [

Remark 8.5. By a simple calculation and (8.5), we observe that
U(B) =sinbé;(B) — cosHéa(B) = sinfé; (X(u,v)) — cosféz(X(u,v)) = U(X(u,v)),

i.e., the horizontally unit-speed vector field U along the line have the same vector-value wherever
being evaluated at the based point B or at the intersection ¢ = X(u, v).

Actually, the coordinates (u,v) determine where the intersections should be located on the
surface, and the angle 6 decides how those lines penetrate through the surface. Thus, instead
of using (p,d,t) as the coordinates for the configuration space, we can also take the triple
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{(u,v,0) € Q x S} as the coordinates. Since the intersection ¢ is not only on the line but on
the surface, we can derive the change of the coordinates for those coordinates.
By Remark 8.5 we choose the frame {X(u,v);e1(0), e2(0), T} on D where (Fig. 2)

e1 := sinfé; — cos féo, eq := Jeg = cosfé; + sin féy, T :=(0,0,1), (8.10)

and denote the corresponding coframe {X(u,v);w?!,w?, ©} with the connection 1-form w;?. The
following formula connects the coordinates (p,0,t) of the line and the coframe.

Proposition 8.6. Let {X(u,v);e1(0),e2(0), T} be a frame defined by (8.10) and the correspon-
ding coframe {X(u,v);w!,w? O} with the connection 1-form wi?. We have

w? =dp + (X, e1)db, wi? = dé, © =dt, mod do,dp.
One concludes that

W Awi2 =dpAdb, W APAO =dpAdiAdt =r*dL, (8.11)
where 7 is the projection from D to L, and (, ) is the Levi-metric.

Proof. On the surface since X = (z,y,2) = 2(1,0,y) + y(0,1, —z) + (0,0, 2) = xé1 + yéa + 2T,
we have

(X,e1) = (xé1 + yéa + 2T, sinfé; — coshéa) = xsinh — ycosb.

Thus, by the moving frame formula (3.2) and the first constraint (8.5)

0
w2 = (dX, e9) = <dx é1 +dyés + @%, €2> = cos fdx + sin 6dy

=dp+ (xsinf — ycos0)dd = dp + (X, e1)db;
w1 = —wyl = —(deg, e1) = (sinfdf é; + cos 6d0 é2, sin fé; + cos Oés)
= sin? 6 df + cos® Hdf = dé.

By the second constraint (8.6) and the parametrization of the line (8.1)

O =dz+ xdy — ydz = (dt + (xsinf — ycosf)dp + pd(zsinf — y cos 9)) + zdy — ydx
=dt + (psinf — y)dz — (p cosf — x)dy, mod db,dp
= dt + s(cosfdx + sinfdy), mod df,dp, for some s € R
=dt, mod df,dp,

and the result follows. [ |

The next lemma characterizes the 1-dimension foliation.

Lemma 8.7. Let E = aX, + X, be the tangent vector field defined on the surface > = X(u,v).
Then the vector E is on the contact bundle & (and hence in THy N &) if and only if pointwisely
the coefficients o and B satisfy

aty + Bty + x(ayu + ﬁyv) - y(axu + ﬁxv) =0, (8'12)
equivalently,

aty + xyy — yxy) + Bty + zyy — yz,) = 0. (8.13)
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Proof. First, we assume that £ = aX, + X, = a(xy, Yu, 2u) + B(Zv, Yo, 20) = c€1 + déy =
(¢,d,cy — dx) for some constants ¢ and d. Compare each component of E to have

az, + Bz, = c, ayy + By, = d, azy + Bzy = cy — dx.

Substitute the last equation by the first two, we get the necessary condition az, + 6z, =
(O‘wu + /va)y - (ayu + ﬁyv)x

The reverse part can be obtained by the direct computation
E = (axu + By, 0y + BYo, 2y + Bzv) = (axu + va)(lv 0, y) + (ayu + Byv)(ov L, _1')
+ (07 0, azy + Bzy — y(axu + 5331)) + x(O‘yu + 53/11))
= (axu + va)él + (ayu + /Byv>é2-

We have used the condition (8.12) in the last equality. [

Next we show a formula for the change of coordinates between the coframe and the coordinates
of the surface.

Proposition 8.8. Suppose we choose the frames {X(u,v);e1(0),e2(0),T} on D and the coframe
with the connection 1-form defined by (8.10). We have the identity

OAwW? Awi? = (B, ex)du Adv Adb, (8.14)
where the singular foliation

B = (zu + 2y — y2u)Xo — (20 + 2y — y20) Xy
defines the characteristic foliation of X, which is induced from the contact plane £.

Proof. By Proposition 8.6 and the moving frame formula (3.2)

O Aw? Awi? = (dz + 2dy — ydz) A (dX, eg) A dO
= ((2u + 2yu — yzu)du + (2y + 2Y» — Yy, )dv)
A ((Xy, e2)du A d + (X,, e2)dv A df)
= ((2u + 2yy — yzu) Xy — (20 + 2y — Y2 Xy, e2)du A dv A dO
= (E, ez)du A dv A db.

To prove the vector E € TMNE, it suffices to show that the coefficients o := (2, + 2y, —yzy)
and f := —(z,+xy, —yx,) satisfy the condition (8.13), and we complete the proof by the previous
Lemma 8.7. |

Remark 8.9. In classical integral geometry [5, 22], the quantity dL := dp Adf A dt is called the
(kinematic) density of the line (p,6,t) € R3, which is always chosen to be positive depending the
orientation. Hence, according to (8.11) and (8.14), in the following proof we have to consider
the orientation of {(u,v,#)} to ensure the positivity of the quantity (FE,es).

Proof of Theorem 1.11. By Remark 8.9, we choose du A dv A df as the orientation of D. Let
D = D" U D™, where

DY = {(p, 9,t,u,v) | <E’ €2> > 0}7 D™ = {(p,@,tju,v) | <E’ €2> < 0}7
:=D"ND".



26 H.-L. Chiu, Y.-C. Huang and S.-H. Lai

By the structure equation (5.20),
dOAw') =dO AW — O Adw!
= (2w AW AW —OA (w12 Aw?) =0 Aw? Aw®. (8.15)
We also have

O Aw! = (dz + zdy — ydz) A (dX, e1)
= ((zu + @Yy — yzu)du + (20 + 2Yo — y)dv) A ((Xy, e1)du + (Xy, €1)dv)
= (E,e1)du A dv. (8.16)

Now we integrate the kinematic density dL over the set £. By using (8.11), (8.15), the Stock’s
theorem, and (8.16), we have

/ n({NX)dL =2
(EL, INSH#D

2< WAWIAO — w2/\w%/\@>

m*dL — *dL>
D-

D-

2

OAw! — OA w1>
oD+ oD~

2(/ O AW —/ @Awg, (8.17)
r+ur r-ur

where I't := 9D* \ I'. We also point out that the number, 2, occurs in the first identity is due
to the orientations for each horizontal line.

Next, we show that du A dv = 0 on I'*. Indeed, by using the coordinates {(u,v,0)} for the
configuration space D, any vector field defined on I'" can be represented by A A % € 0¥ x St

for some vector A defined on the tangent bundle 7'9%. The value du A dv evaluated on '™ must
be

B) =0 B =0
50 —dv(A)du =0.

du A dv (A A 8) = du(A)dv 50

00

Therefore, (8.17) becomes

/ n(ﬁﬂE)dL:2<2/@/\w1+ OAw — @/\w1>
teL, INS#4D r r+ r-

= 4/ AW = 4/ |E|du A dv = 4 - p-area(X),
r r
we have used (8.16) and FE is parallel to e; on I' at the third equality. [
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