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Abstract

We employ the Fels-Olver moving frame method to generate differential invariants of curves and
surfaces in two and three-dimensional geometries.
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Chapter 1

Introduction

1.1 Historical

In Felix Klein’s famed Erlangen Program he proposed that a geometry is determined by a collection
of geometric transformations that act in a prescribed manner on a collection of points. The study of
a geometric space is then carried out by studying the properties of the space and geometric objects
in the space that remain invariant under the geometric transformations determining the geometry.
While Klein’s view on geometry is overarching and broad, it is familiar to almost everyone from
their high school studies of mathematics and Euclidean geometry.

In the case of planar Euclidean geometry, the collection of points is agreed upon to be the points
of a two-dimensional plane. The collection of geometric transformations determining Euclidean
geometry consist of rotations and translations of the plane. Without specifying any other informa-
tion, all of the hallmarks of Euclidean geometry can be deduced from its defining transformations.
Studying Euclidean geometry from the point of Klein leads one to the basic invariants of Euclidean
geometry: the distance between points and the angle between vectors (or line segments). Specifi-
cally, given a Euclidean transformation 1" and two points P and @ in the Euclidean plane, we can
measure the distance d(P, Q) between two points P and @ before the geometric transformation T'
is applied, or we can measure the distance d(P’, Q") between the transformed points T'(P) = P’
and T(Q) = @’ after the translation and we know that the distances will be identical. Likewise, we
can measure the angle between two line segments PQ and PR determined by three distinct points
P, @, and R before a geometric transformation is applied or we can measure the angle between the
line segments P'Q)’ and P'R’ determined by the transformed points and we know that the measure
of the indicated angles will be equal. It is in this sense that distance measure and angle measure
are invariants of the geometric transformations that define Euclidean geometry.

In addition to being important in their own right, the invariants of a geometry can be used to
study geometric objects determined by the underlying collection of points. Again calling on the
standard study of Euclidean geometry from high school, the invariants of distance measure and
angle measure allow us to completely classify triangles up to congruence. That is, we are able to use
the invariants of Euclidean geometry to determine when two triangles AABC and APQR differ
only by their location in the plane and not in a fundamental way. Said differently, we are able to use
the invariants of Euclidean geometry to determine when there exists a geometric transformation of



Euclidean geometry that will carry triangle AABC to triangle APQR, bringing point A to point
P, point B to point () and point C to point R. Examples of such conditions include the Side-
Side-Side, Side-Angle-Side, Angle-Angle-Side, and Angle-Side-Angle conditions for the congruence
of triangles. Note that this means that we are able to tell when two triangles AABC and APQR
differ only by their location in space by measuring three invariant conditions of the triangle without
needing to try all possible geometric transformations to determine whether there exists one which
brings triangle AABC to APQR.

The use of the invariants of a geometry to inform the study of the geometry extends beyond
the study of geometric objects determined by a finite collection of points. In the study of planar
Euclidean geometry, additional geometric of objects of interest are curves determined by a contin-
uous collection of points. The arc length along a (directed) curve C between two points P and
Q@ on the curve C is again an invariant, as is the arc length of the curve C itself. Additional in-
variants for (directed) curves are then found by checking how the direction of motion changes as
one moves along the curve C. As is the case for triangles in the Euclidean plane, the invariants
of a curve C can be used to determine when two curves C and C’ are congruent and differ only by
their location in the plane. The details leading to this fundamental theorem are outlined below.
Any standard textbook (|1],[13], [14]) the geometry of curves in the plane can be used as a reference.

Let C be a regular directed curve 7(s) = (z(s),y(s)) parametrized by arc length. The tangent

vector t_'(s) = fTZ = (fl—i, %) always points in the direction of motion and is of unit length when

the curve C is parametrized by arc length. There is a well-defined normal vector 7i(s) along the
curve C that is a 90° rotation of £(s) in the counterclockwise direction. The pair of vectors £(s)
and 7(s) determine a moving frame along the curve C and the curve C is determined by how the
instantaneous direction of motion #(s) of C changes. It can be shown [1] that instantaneous rate of

change g—g of the unit tangent vector f(s) is always perpendicular to f(s) and must be a multiple of

—

the normal vector n(s). This allows us to conclude that there exists a scalar function «(s) called
the curvature of C such that

dt’
= k(s)n(s)
dn -

o= —k(8)t(s).

As the name suggests, the curvature function (s) is a measure of how the curve C curves in the
plane, providing a measure of how the instantaneous direction of motion f(s) of the curve C changes
as one moves along C. See Figure for a visual of the unit tangent and normal vector as it moves
along a curve as a moving frame.

The highlight of this construction is the following theorem.

Theorem 1.1.1. Given a differentiable function k(s), there exists exactly one curve C, determined
up to positioning in the the plane, parametrized by arc length with curvature k(s).

It is in this sense that the curvature x(s) of a regular curve C parametrized by arc length in the
Euclidean plane determines the curve C. The use of the moving frame outlined above for curves



N(s)
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Figure 1.1: A visualization of the moving frame along a curve C in the Euclidean plane.

in the Euclidean plane more or less completes the study of the geometry of the Euclidean plane
in the vision of Klein, as invariants of both the geometry and its geometric objects are completely
understood.

1.2 Outline of Thesis

In this thesis we use the moving frame method by developed Peter Olver and Mark Fels |2] to inves-
tigate two and three-dimensional geometries in the spirit of Klein, identifying differential invariants
of curves and surfaces (geometric objects) of the geometries in question.

In |2], Mark Fels and Peter Olver outlined a method of moving frames that can be used to
catalog and classify invariants of geometric objects in a geometric space X that is determined by
a collection of geometric transformations G on X. In comparison to the moving frame method for
curves in the Euclidean plane outlined above, the Fels-Olver moving frame method does not rely
on advance knowledge of the geometric space being investigated and can instead be used as way
to investigate the geometry of the space itself. The Fels-Olver moving frame method can easily
be adapted to investigate invariants of geometric objects of different dimensions that reside in the
same underlying geometric space. For example, in a three-dimensional geometric space, there are
one-dimensional geometric objects (curves) and two-dimensional geometric objects (surfaces) that
can be investigated. The ability to investigate both the curves and surfaces of a geometric space
on the same conceptual and analytic foundation is a significant benefit of the Fels-Olver moving
method in comparison to traditional moving methods 3], [4], [5], [15].

We complete an investigation of three distinct geometries using the Fels-Olver moving method.
In all cases, the point set of the geometric space will be either the ordinary two-dimensional Carte-
sian plane R? or the ordinary three-dimensional Cartesian space R3. The collection of geometric
transformations acting on the points of the space will determine the geometry under investigation.
We provide a classification of the invariants of curves (in the case of a two-dimensional geometry) or



a classification of the invariants of curves and surfaces (in the case of a three-dimensional geometry).
The three geometric spaces that we investigate are outlined below.

1. The Lorentz-Minkowski plane. We take as a point set R? and identify points P in coordinates
as P(z,y). The geometric transformations defining the geometry of the Lorentz-Minkowski
plane are identified with three parameters (a,b,6) and transform the points of the plane
according to the transformation lawg!|

Z = xcoshf + ysinhf + a

x
xsinh 6 + y cosh 6 + b.

We then use the Fels-Olver moving frame method to find the properties of a generic curve C
that remain unchanged when transformed under the indicated geometric transformations.

2. The Heisenberg Group 7—[%. We take as a point set R? and identify points P in coordinates
as P(z,y,z). The geometric transformations defining the geometry of H3R are identified with
four parameters (a, b, ¢, ) and transform the points of the R? according to the transformation

laws
T =xcosf —ysinh+a
y=uaxsinf +ycosf+b
1 1
z= z+c+§(asin9—b0050)x+§(acosc9+bsin0)y.

We then use the Fels-Olver moving frame method to find the properties of generic curves C and
generic surfaces S that remain unchanged when transformed under the indicated geometric
transformations.

3. The Heisenberg Group ’H% We take as a point set R? and identify points P in coordinates
as P(z,y, z). The geometric transformations defining the geometry of H% are identified with
four parameters (a, b, ¢, #) and transform the points of the R? according to the transformation
laws

T =xcoshf + ysinhf 4+ a
y=xsinhf + ycoshd +b

1 1
Z=z+4+c+ 3 (asinh @ — bcosh @) x + 5 (acosh@ — bsinh §) y.

We then use the Fels-Olver moving frame method to find the properties of generic curves C and
generic surfaces § that remain unchanged when transformed under the indicated geometric
transformations.

'Note for the purposes of comparison that the geometry of the Euclidean plane can also be investigated using
the Fels-Olver moving frame method. The transformation laws encoding the Euclidean geometry of rotations and
translations are given by T = xcosf — ysinf + a and § = zsin 0 + ycos @ + b. We will review this in Chapter [3|as a
way to demonstrate the Fels-Olver moving frame method.



The investigation of all four geometries will follow the Fels-Olver moving frame method and
require that the geometric transformations are prolonged to the jet space of curves/surfaces in the
geometric space under investigation. Extensive use will be made throughout the investigation of the
geometry of both derivatives and partial derivatives, including tangent lines to curves and tangent
planes to surfaces. See 9] and [10] for details.



Chapter 2

Technical Material

In this chapter we outline the technical material needed to communicate the results and employ the
Fels-Olver moving frame method. For additional details related to groups and group actions one
can consult a standard modern algebra textbook, but we follow [11]. For additional details and a
complete generalization of jet bundles for curves and surfaces, see [8], [9], [10], [11]. For additional
details on the prolongation of a group action to the jet bundle, see any of the textbooks [8], [9], [10],
[11]. An adequate and thorough summary of all of this material in the setting of moving frames can
be found in |2].



2.1 Groups and Group Actions

The foundation of Klein’s view on geometry rests on groups and group actions on a space. A group
is central to Klein’s view on geometry as it provides a notion of symmetry. Recall the definition of
a group G.

Definition 1 (Group). A group G is defined as a set of elements with a binary operation that
satisfies the properties of closure, associativity, the identity property, and the inverse property.

Remark 2.1.1. We tend to represent the binary operation of a group G using multiplicative notation
g192 for g1, 92 € G. Often our groups G will be groups of matrices and the binary operation is ordinary
matrix multiplication.

Example 2.1.1 (Rotations of R? ). The set of rotations of the plane that fiz the origin is realized

as the set
cos@ —sinf
g_{RG_ (sin& cos@)‘eeR}’

and becomes a group with matriz multiplication defining the binary (or group) operation. It can
be explicitly checked that the required properties of a group are satisfied. Intuitively, a rotation
Ry, followed by a second rotation Ry, will produce a third rotation Rg, = Rg,+e,; rotations are
associative; the rotation of by zero degrees will act as the identity; and the inverse of a rotation Ry
will by a rotation R_g of equal magnitude but in the opposite direction.

Definition 2 (Group Action). Let G be a group and X a set. A G-action on X is a function
w:Gx X — X, typically written p(g,x) = g - x, that satisfies

1. p(Id,x) =1Id-x ==z for allx € G, and

2. (g1, 1t (g2, 7)) = p(grge, ), or equivalently g1 - (g2 - ©) = (9192) - =, for all g1,92 € G and all
reX.

Remark 2.1.2. A group action of a group G on a set X is a way to realize G as a set of transfor-
mations on the set X.

Remark 2.1.3. For our purposes, we will always begin with a group action on R? or R3.

Remark 2.1.4. In much of this work, the group G under consideration will be a group of matrices
and we will have a G-action on either X = R? or X = R? defined by matriz multiplication.

cos@ —sinf
sinf@ cosf

Example 2.1.2. Let G = {R@ = ( > ’9 € ]R} be the group of rotations on the Carte-

sian plane X = R? and let p = <§) be a point in R? represented as a column vector. Then there is

G-action on R? defined by matriz multiplication:
n (%) — (cos 0 —sinf\ (z\ (Z
9\y) ~ \sin® coso y) \y/)’

cosf — ysin 6

From, this, we get that

8] 8

sin @ + y cos 6.

10



It is in this way that we think of a G-action as a set of transformations (x,y) — g - (z,y) = (Z,79)
on X.

A group action on a set X can satisfy additional properties, but we focus on one here.

Definition 3 (Transitive). Let G be a group and X be a set. A G-action on X is said to be transitive
if for all x1,x9 € X, there exists g € G such that g - x1 = xo.

Remark 2.1.5. A G-action on X is transitive if any point in X can be brought to any other point
in X by an element of G

We now define a group of geometric transformations on a space X = RP, p =2 or p = 3. For
this we will require that our group G be a matrix Lie group. We will not pursue the abstract study
or properties of matrix Lie groups in the thesis and will settle on giving an indication of what we
are requiring for a group of geometric transformations.

Definition 4 (Matrix Lie group). A group G is said to be a matrix Lie group if G can be a realized
as a closed subgroup of GL, (R), the group of n X n invertible matrices with entries in R, and whose
elements depend continuously on the parameters.

Definition 5 (Group of Geometric Transformations). A group G is a group of geometric transfor-
mations on X =RP, p=2 orp =3, if

1. G is a matriz Lie group, and

2. there is a transitive G-action on X such that the components of the action i : G x X — X are
differentiable of all orders.

Example 2.1.3. Let G = {Ro - (Z:g _CZISI;H>

0 e ]R} be the group of rotations on the Carte-
sian plane X = R%. The group G is matriz Lie group but it is not a group of geometric transfor-

mations on X. The G-action on X = R? is not transitive as a point p = <;) can only be rotated
around a circle of a fized radius r = \/x2 + y2 by elements of G.

We can now think of a group of geometric transformations on X = R? or R? as defining a
geometry on X.

We close the section with the definition of an invariant for a G-action. Informally, an invariant
for a G-action is a quantity that does not change under the action of G.

Definition 6 (Invariant). An invariant for a G-action on a set X is a function f : X — R such
that f(g-x) = f(x) forallg € G and all x € X.

Remark 2.1.6. Note that if a G-action on a set X 1is transitive, then any invariant is a constant
function. If x1 and xo are elements of X and the G-action is transitive, then there exists g € G such
that g - x1 = xo. But if f is an invariant, then f(x1) = f(g-x1) = f(x2) and this must hold for all
z1 and xo in X.

11



2.2 Prolonged Actions and Jet Spaces

We now establish what is needed to find differential invariants of curves and surfaces under a group
of geometric transformations G on R? or R?. Everything extends to higher dimensional spaces with
the appropriate changes. For full details, see [2], 8], 9], [10], or [11].

To setup the general case, we first consider the case of curves in the Cartesian plane R?. We will
always work locally and assume that a curve C is given by the graph of a function y = y(z). Since
we are working locally, we will ignore issues related to the domain of the function and generally
assume that the domain is all of R. The image of the curve C is the set of points:

C= {(x,y(:n))’x € R}.

The G-action on R? extends to curves and gives rise to an induced action. If ¢ € G, then g
transforms a curve C by

g-C= {g.(x,y(x))‘xeR} -C.

Our primary concern is to find invariants of the curve C, or properties of C that do not change under
the G-action. According to Remark [2.1.6, the only invariants for the action of a group of geometric
transformations on R? are constant functions, as any point R? can be brought to any other point
in R? by an element of G. As a result there can be no meaningful invariants of a curve C based
solely on the points of C. Any meaningful invariant of C must depend on more than the points of
C. To identify meaningful invariants of C, we need to prolong the action of G to the derivatives and
infinitesimal approximations of C.

When g € G acts on R? and transforms a curve C, there is also an induced (geometric) action
on the tangent lines of C. Looking at a point (z,y(x)) on C, the transformation g € G will not only
take the point (z,y(x)) to a point (Z,7 (T)), but it will take the tangent line I to C at (x,y(z))
to the tangent line I of C at the point (Z,7(Z)). Since a tangent line [ is determined by the point
(z,y(z)) and the derivative 3/ (x), a prolonged action of G on derivatives is defined by requiring that
it satisfy

g-l=1.
The G-action can then be extended to derivatives of any order by requiring it to take n'® order
approximating objects of C at (x,y(x)) defined by the Taylor series to n'" order approximating
objects of C at ((7,7 (Z)). See |11] for full details. We outline what is required for curves in R
curves in R3, and surfaces in R3 below.

2.2.1 Prolonged G-Actions on Curves in R?

For this section we closely follow [11]. Let G be a group of geometric transformations on R2. We
will denote points in R? in coordinate form by (z,y) and we will express the G-action on R? by

g- ($7y) = (f(fﬁ,y,g),?(fﬁ,y,g)) :

We are suppressing the transformation parameters of G but indicating that the transformed point
(Z,7) depends on z,y, and the group transformation g. The transformation laws are then

z = %(z,y,9) (2.1)



To find the prolonged action of G on curves in R? we work locally and consider curves C which can
be described by the graph of a function y = y(z). We use the (n + 2)-dimensional Cartesian space
Jm (R,R) with suggestively named coordinates to collect the n-jets of curves:

AR (R,R) = {(az,y, vy, ,y(")>} ~ R"2,

Definition 7 (n-jet). The n-jet of a curve C = {(a:,y(x)) ’x € R} is the curve

3 C) = {(a:, y(z),y (), y" (x),.. .y(”)(x)> )a: € ]R} cgm (R,R).
Example 2.2.1. Let C be the curve in R? given by (z,cosx + x%). The three-jet of C is the curve
j(?’) C) = {(a:,cosx + 2t —sinz + 423, — cosz + 1222, sinz + 24:1:) ‘x € ]R} cJg® (R,R).

Remark 2.2.1. Not every curve in J™ (R,R) is the n-jet of a curve C in R%. To be the n-jet
of a curve in R?, there is a compatibility condition that must be satisfied by the components of the
curve: each component after the second component must be the derivative of the component that
immediately precedes it.

The G-action on R? prolonged to curves and derivatives of curves is represented by an action of
GonJgm (R,R) and follows from the chain rule. We first outline the construction for prolonging
the action of G to JM (R,R). The G-action is prolonged to the higher order jets J™ (R,R) by
applying a prolonged differential operator.

We begin by noting that while a curve C starts out as the graph of a function y = y(z), the
transformed curve

g-C=g-{@y@)|rer} -2

does not have to be the graph of a function of x. The transformed curve will (at least locally) be
described by a function where 7 is a function of the independent variable Z: 5 = 3 (). We can then
implicitly differentiate to calculate %. We have the following definition.

Definition 8. Let G be a group of geometric transformations on R?. The prolonged action of G to
the one-jets of curves C that are described by the graph of a function y = y(x) is defined by

dy dy

Ve~ dz
Implicit differentiation of (2.1)) and (2.2)) gives

— oy Oy, Oydy

@_@_6$+8yd:c (23)
-9z 9z 4 Odrdy’ '

dz ox 8x+8yd:p

<

To simplify notation in the above, we make use of the implicit differentiation operator.

Definition 9 (The Implicit Differentiation Operator). The implicit differentiation operator for
curves in R? that are described by the graph of a function y = y(x) is

0 0 0
D, =— F— "4 2.4
8x+y8y+y 6y’+ (24)

13



Remark 2.2.2. When applying the implicit differentiation operator we treat all appearances of the
dependent variable y and its derivatives as free variables.
The prolonged transformation of the G-action in (2.3) can then be expressed as
Dy _
dt D,x ’

where 7 and T are given by (2.1) and ([2.2)).

The prolonged action of G to the space of n-jets is then defined inductively by

1
m - q- (n) — (n=1) >
] gy DgﬁD;p (y ) ) forall g e G,n > 1.

The differentiation operator D, = ﬁDm is important enough to give it a name.

Definition 10 (Prolonged Transformation Operator). Let G be a group of geometric transformations
on R? with G-action described by [2.1) and (2.2)). The differential operator D, = D%@Dm is called
the prolonged transformation operator for the G-action on R? to the action of G on J™ (R,R).

2.2.2 Prolonged G-actions on Curves in R?

Let G be a group of geometric transformations acting on R3. The prolonged G-action on curves
in R? follows directly from the above once one accounts for the fact that additional variables will
now depend on the independent variable. For reference we outline the relevant definitions for the
prolongation of the G-action to curves C in R3. We will assume that we are working with curves C
where both y and z are functions of the independent variable x:

C= {(x,y(x),z@)) € RS‘JJ € R} )

As before we assume for simplicity that the domain is all of R.
We will denote points in R? in coordinate form by (x,%, z) and we will express the G-action on
R3 by
g- (:L‘a Y, Z) = (f(l‘a Y, z,g),ﬂ(x, Y, z, g)’z(l‘a Y, 2, g)) :
As before we are suppressing the transformation parameters of G but indicating that the transformed
point (Z,¥,z) depends on z,y, z and the group transformation g. The transformation laws are then

T=7(2,y,2,9) (2.5)
y=y,y,2,9)
z=2(z,y,2,9) (2.7)

We introduce the (3 + 2n)-dimensional Cartesian space J (n) (]R, RQ) with suggestively named coor-

dinates for the n-jets of curves C = {(:U, y(x),z(x)) |z € R}:

VAR (]R, ]RQ) = { (x, vy, 2,y 2y 2 y™, z(”))} ~ R3T2n,

14



Definition 11 (n-jet). The n-jet of a curve C = {(x,y(m),z(:r)) ‘:): € R} C R3 is the curve

i) = {(2.9@), 2(2). y (2), 22,9/ (), 2" (@), .,y (@), 20 (@) ) [0 € R € T (R R2).
Definition 12 (The Implicit Differentiation Operator). The implicit differentiation operator for
curves in R3 where y and z are functions of the independent variable is

0 0 0 0 , 0

Dy=—+y —+22—+4'— — ...
* 8x+y8y+zaz+y 8y/+z 0z

The prolonged transformation of the G-action to J ) (R, Rz) is then defined by

dy Dyy _,
— pr— 2-8
dr D,T y (2:8)
and iz D,z
z 22
— p— 2.9
iz D,z (2.9)

where § and T are given by (2.5) and (2.6).

As in the case of R?, the prolonged transformation of an element g € G on R3 to J (n) (]R, R2) is
defined inductively by repeated application of the differential operator D, = D%@Dx. Specifically

(n) —

—(n) _ . —(n—1) _ 7y —(n—1)
] gy DIfny D,y (2.10)

and

7 =g (M) = D,znY = p,zn-1) (2.11)

L

We summarize this with the following definition

Definition 13 (Prolonged Transformation Operator). Let G be a group of geometric transforma-
tions on R3 with G-action described by (2.5), [2.6), and [R.7)). Let D, be the implicit differentiation
operator as in Definition @ The differential operator D, = D%@Dév’ 1s called the prolonged trans-

formation operator for the G-action on R3 to the action of G on j(") (]R,]RQ) .

2.2.3 Prolonged G-actions on Surfaces in R?

Like curves, when a group of geometric transformations G acts on R3, there is an induced action
on surfaces S in R?. The idea of the prolonged action of G to surfaces is the same. If § is a surface
in R3, then a transformation of R? by g € G will induce a transformation of S that we prolong
geometrically. For example if ¢ takes S to g-S = S, then g will also take the tangent plane of S to
S. We interpret this as an action of G on first order partial derivatives. We can then prolong the
action higher order derivatives. The main difference is that a surface depends on two independent
variables, not one. To account for the difference, we need an additional prolonged transformation
operator. We will record the relevant definitions following |2] and [11].

We will typically work with surfaces S that can be described as the graph of a function z =

z(z,y):
S = {(:c,y,z(a:,y)) € ]R?"(x,y) € ]RQ}.
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For simplicity we will assume that the domain of the function z = z(x,y) is all (x,y) € R%2. We

will use the notation of (2.5)), (2.6), (2.7) to represent the transformation g - (z,y,z) = (Z,7,z) of
a point (x,y,2) by g € G.

The n-jets of surfaces will be recorded in the Cartesian space with the indicated coordinates

j(n) (RQ?Rl) = {(xayaz7zx72y7zxac,zxy,zyy, . .,Z]()}7

where N ranges over all partial derivative strings of order less or equal to n. N then represents
symmetric (mixed-partial derivatives commute) strings of zs and ys of length less than or equal n
. We will order our partial derivatives of given degree using the dictionary order.

Definition 14 (n-jet). The n-jet of a surface S = {(x,y, z(z,y)) ‘ (z,y) € RQ} C R3? is the surface

i(8) = {9, 2(,9). 20 ). 2 (@,9): 200 (@0,9), 20y (@), 2 @) 2 (0,9) [ ) € B2

The n-jet i (S) is a subset of T (RQ,Rl).
Example 2.2.2. Let S = {(:E,y,:z:y2 + y cos IL‘)} The two-jet of S is

i@ (S) = {(m,y,ng +ycosz, y? — ysinz, 2zy + cosxz, —y cos x, 2y — sin x, 2:6) ‘ (x,y) € RQ}.

As with our discussion of curves in R?, if a surface S is the graph of a function z = z(x,%),
then a transformed surface S = ¢ - S does not have to continue to be the graph of a function of the
independent variables z and 3. The surface S will be the graph of a function z = z (%, %), where T
and ¥y the independent variables. Determining the prolonged transformations of Zz and Zz requires
the use of implicit differentiation operators.

Definition 15 (The Implicit Differentiation Operators). The implicit differentiation operators for
surfaces in R® where z = z(x,y) is a function of the independent variables x and y are

D—2+zg+z i—i—z i—kz i—i—z 9
0 0z "0z TMOzy 024 Y02y
and
0 0 0 0 0 0

Dy = 87(74 + Zy@ -+ Z$y872x -+ Zyyaizy + Zg;$ya7w + Z$yy87$y...

The prolonged action of G to surfaces in R? that are described as the graph of a function
z = z(x,y) (or the prolonged action of G to J(™ (RQ,Rl)) is given by repeated application of
prolonged transformation operators. We take the following as a definition. See [2], [8], or |10] for
complete details and justification.

Definition 16 (Prolonged Transformation Operators). Let G be a group of geometric transfor-
mations on R3 with G-action described by (2.5)), , and (2.7). Let D, and D, be the implicit
differentiations operators as in Definition[15. Let

D, D,T
D.y  Dyy
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The differential operators D, and D, defined by
Dy D, 1 Dy —D,y D,

=J7T =
D, D, detJ\ _pz p.z) \b,

are called the prolonged transformation operators for the G-action on R® to the action of G on
j(n) (RQ,Rl) )
Carrying out the matrix multiplication in the above definition, the prolonged transformation

operators are expressed as

1

- Dy Dy — Dy D 2.12
Dy Dyj — Dyz Dy (w9 Do = Dai Dy) (212)

D,

and

The formula for the prolonged action of G to JM) (Rz, R) are
Zz =0 2 =D,z and Zg =92y = Dyz.
The formula for the higher order prolongations of G to J () (]Rz, R) are defined inductively by
Zrxz = Dy (ZK) and Zxy = Dy Zk),

where K is a partial derivative subscript string of degree n — 1, n > 1.
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2.3 Fels-Olver Method of Moving Frames

In [2| , Mark Fels and Peter Olver outlined a method of moving frames that can be used to catalog
and classify invariants of geometric objects in a geometric space X that is determined by a collection
of geometric transformations G on X. In comparison to the moving frame method outlined above
for curves in the Euclidean plane, the Fels-Olver moving frame method does not rely on advance
knowledge of the geometric space being investigated and can instead be used as way to investigate
the geometry of the space itself.

Further, the Fels-Olver moving frame method can be easily adapted to investigate invariants of
geometric objects of different dimensions that reside in the same underlying geometric space.

For example, in a three-dimensional geometric space, there are one-dimensional geometric ob-
jects (curves) and two-dimensional geometric objects (surfaces) that can be investigated.

The ability to investigate both the curves and surfaces of a geometric space on the same concep-
tual and analytic foundation is a significant benefit of the Fels-Olver moving method in comparison
to traditional moving methods [3], [4], [5], [15].

2.3.1 Moving Frame Maps

We now outline the relevant definitions and the algorithm for the construction of a Fels-Olver moving
frame.

Notation 2.3.1. For a group G acting on a set X, we will denote the action of an element g € G
onx € X byg-x € X. The group operation of G will be denoted by ordinary multiplication.

Definition 17 (Moving Frame Map). A moving frame map for the action of a group G on a set X
is a map p: X — G that satisfies

plg-z) = pz)g™" Ve e X,g€g.
Remark 2.3.1. The definition of the moving frame map indicates that if x1,x2 € X and there
exists g € G such that g - x1 = xa, then p(z1) - x1 = p(x2) - ©2. Observe that
p(x2) - w=p(g-21)(9-21)
=p(z1)g™" - (g-m1)
=p(21) (979) =
=p (1) - 21

Our focus is on moving frames for curves in R? and curves and surfaces in R? under the action
of a group of geometric transformations. We make the following definitions for our purposes. The
definitions are adopted from |2].

Definition 18 (Moving Frame Map for Curves). Let G be a group of geometric transformations on
X, where X = R? or X = R3. Let J™ (C, X) be the space of n-jets of curves in X. A moving
frame map for curves under the action of G on X is a map p: J™ (C,X) — G that satisfies

p (g : z(”)) =p (z(”)) g ! Vg € G,z™ € Domain (p) ¢ 7™ (C, X),

for the prolonged G-action on curves. Restricted to the n-jet of a curve C, the map p : j™ C)—g
is a moving frame map for the curve C.
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Definition 19 (Moving Frame Map for Surfaces). Let G be a group of geometric transformations
on R3. Let 7™ (S,R3) be the space of n-jets of surfaces in R3. A moving frame map for surfaces
for the G-action on R3 is a map o Jm (S,R3) — G that satisfies

p (g : z(")) =p (z(”)> g ! Vg € G,z € Domain (p) C Jm™ (S, X)

for the prolonged G-action on surfaces. Restricted to n-jet of a surface S, the map p : j™ (S)—¢g
is @ moving frame map for the surface S.

Remark 2.3.2. At times a moving frame map for curves or surfaces might only be defined for a
subset of curves or surfaces, not for all curves or surfaces. A curve or surface that lies outside of
the domain of a moving frame map can usually be characterized in another way.

2.3.2 Cross-Sections, Normalization, Construction of Moving Frame Maps

For this section we will assume that G is a group of geometric transformations on R? or R3. We
will let X represent any of the following:

e The space of n-jets of curves in R2: 7 (C ,RQ)
e The space of n-jets of curves in R3: 7 (C ,R3)
e The space of n-jets of surfaces in R3: 7™ (S,R3)

We will also use z(™) to represent points in X. We typically define a moving frame p for the prolonged
action of G to X by specifying a cross-section.

Definition 20 (Cross-section). A subspace K\") C X is said to be a local cross-section to the
prolonged G-action on X if for each 2™ € X the set of g € G such that g -z € K™ is discrete or
empty.

Remark 2.3.3. We use a very weak definition of a cross-section here, but it is suitable for our
purposes. Fels and Olver use a more technical definition for theoretical purposes. Their condition
is meant to ensure that one has (suitable) theoretical control of solving the equation defined by
g-z" € K™ for the group element g € G.

Note that it is possible that there exist z(™ € X such that there does not exist any g € G
satisfying ¢ - 2 € K. With a cross-section K™ for the prolonged action of G on X, we then
implicitly define a moving frame map p: X — G by

p (z(")> 2™ e kM, (2.14)

In specific examples that we investigate, we are able to recover the moving frame map explicitly.
Despite the possible issues in attempting to solve the equations defined by p (z(”)) 2z e K| we
take the point of view advocated for (under the appropriate hypotheses) by Fels and Olver in [2|:

Cross-sections <> Moving frame maps p for the G-action.
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We will now outline the process for how to turn a (suitable) cross-section into a moving frame
map. To do so, we will work abstractly in three-dimensions with curves. We will find all of our
moving frame maps on J @) (C , ]R3), so we will illustrate the process in that setting.

Let G be a group of geometric transformations on R? and prolong the action to J1) (C,R3).
Assuming that we are working with curves C where y = y(z) and z = z(z) are functions of the
independent variable x, then we have

TV R,R?) = {(2,9,2.9,)}.
Let the prolonged G-action of g € G on a (z,y, 2,9/, 2’) be given by
g- (l‘, Y, z, yla Z/) = (‘/fa Y, 7, y,7 2,)

and represented as

T = j(xaya'z)g)
y=19(x9,2,9)
z=12(2,9,2,9)
7 =9 (z,y,2,9,7,9)
7=y (z,y,2.9,7,9).

Note that as before we are using g € G to represent a group element that could depend on several
parameters. We will define a cross-section £ ¢ 71 (R, Rz) by setting some set of the coordinates
equal to constants, say

kal, y:kQ, Z=k3, y’:k4.
We then take a generic point (z,y, z,vy,2') € Jm (R,R2) and attempt to find g € G such that
9 (@y,2y,2) = (2,9,27,7) e KV.

This gives a set of normalization equations

=12,y 29 =k (2.15)
y=9y(x,y,2,9) =k (2.16)
z=72(2,y,2,9) = ks (2.17)
=7 (z,9,29,7,9) =k (2.18)

to be solved for the required element g € G. Provided that one can solve the normalization equations
for g with some reasonable control over the solutions, the resulting map p : J @) (R, RZ) — G defined
by

P (:L‘,y, 2,1, z') . (ac, v, 2,y z’) e kW

g €T (R,R?)

will be a well-defined moving frame map.

Remark 2.3.4. To be able to solve the normalization equations for g € G, one needs at least as
many equations as parameters of the group G.
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2.3.3 The Invariantization Process

We continue assuming G is a group of geometric transformations on R? or R? and that X can
represent any of the following:

e The space of n-jets of curves in R%: 7 (C ,RQ)
e The space of n-jets of curves in R3: J() (C ,]R3)
e The space of n-jets of surfaces in R3: 7 (S ,R3)

We now outline how a moving frame map p : X — G for the prolonged G-action on X can be used
to construct invariants of curves/surfaces. The ability to easily construct invariants for curves and
surfaces is the benefit of the Fels-Olver moving frame method.

Definition 21 (Differential Invariant). A differential invariant for the prolonged action of G on X
is a function F' : X — R such that

F (g . z(")> =F <z(")> Vg e G,z e X.
Restricted to the n-jet of a curve C, the function F' (j(”) (C)) 1s a differential invariant of the curve
C.

Definition 22 (Invariantization). Let p : X — G be a moving frame map for the prolonged action
of G on X and let F : X — R be a differential function. The invariantization of F' by the moving
frame map p is the function i (F): X — R defined by

i(F) (z(")) =F (p (z(")> . z(”)) .

The following theorem justifies the definition of invariantization.

Theorem 2.3.1. Let p: X — G be a moving frame map for the prolonged action of G on X and
let F': X — R be a differential function. The invariantization of F' by the moving frame map p is
a differential invariant for the prolonged action of G on X.

Proof. The proof follows from the defining property of a moving frame and Remark|2.3.1. For g € G
and z(™ € X we have
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Chapter 3

Curves in the Euclidean Plane

We begin by demonstrating how to use the Fels-Olver moving frame method by applying it to
the Euclidean plane. Analysis of curves in the Euclidean plane using the Fels-Olver moving frame
method has already been carried out in many different places and is the common example used to
illustrate the method. See [2], 8], [11].

The point-set of the Euclidean plane is ordinary R? and the geometry of the Euclidean plane
is determined by the transformations generated by rotations and translations. We will consider
curves C that can be described as the graph of a function y = y(x). With sufficient assumptions
on differentiability, this allows all curves except for vertical lines to be analyzed on open sets away
from isolated singularities where % is undefined on account of the tangent line being vertical. At
such points, one could change their viewpoint and instead view the curve C locally as a graph where

x is a function of y.

3.1 Geometric Transformations

The geometric transformations of the Euclidean plane are the familiar rotations and translations. We
will represent the geometric transformations of Euclidean geometry as a matrix group and the action
of the transformations will be given by matrix multiplication. To allow for this, we will identify
points p = (z,y) in the Euclidean plane with a point 7 = (z,y,1) in three-dimensional space.
Note that this identifies the Euclidean plane with the plane z = 1 in standard three-dimensional
Cartesian space.

. . . . . f —sinf
A Euclidean transformation of the plane is comprised of a rotation Ry = (:?I? 0 Cilsr,lg > and

a translation vector ¥ = (a, b). Note that the rotation matrix Ry is a rotation about the origin and
the first column of the matrix is a point on the unit circle representing the rotation of the vector
€1 = (1,0), while the second column in the matrix is a 7/2 rotation of the vector (cos®,sin®).
The second column of the rotation matrix thus represents a corresponding rotation of the vector
€y = (0,1).

The group of Euclidean transformations on the plane can then be represented as a matrix Lie
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group as a
cos) —sinf a

G(E*) =< [sind cos® b

0 0 1

0,a,b R Y. (3.1)

The transformation laws for the action of a matrix M in G (IEQ) on a point (z,y) are then given
by matrix multiplication. Let (Z,7) = M - (x,y) denote the transformation of a point (z,y) in the
plane by a matrix M in G (]E2) With the point (x,y) identified as p'= (x,y,1) and 7" denoting
the transpose of 7, then the transformed point (Z,7) is defined by

x x
MpPt=M|y|=1|7 (3.2)
1 1
cosf) —sinf a
Substituting M = | sinf cosf b | into the above gives
0 0 1
cosf —sinf a T xrcosf —ysind + a T
sinf cosf b y| =|xzsind+ycosf+b| =175 (3.3)
0 0 1 1 1 1

In total, for a given geometric transformation M using the parameters (a, b, ), the coordinates
of the transformed point (Z,y) = M - (z,y) are

Z=uwxcosb—ysinh+a (3.4)
y = xsinf +ycosf + b. (3.5)

Determining the effect of a transformation M on a curve C that is described by the graph of a
function y = y(x) follows by restricting the points (z,y) in the plane to points of the form (z,y(x)).

That is, if C = {(:L‘, y(m))‘:v € R}, then M - C consists of all points of the form
(Z,7) = (xcost —y(z)sinf + a,xrsinf + y(z) cos§ +b) . (3.6)

Note that if C is the graph of a function y = y(z), then the curve M - C need not be the graph of a
function of z as a transformation could rotate the curve C so that it can no longer be described as
a graph of the independent variable x.

3.2 Prolonged Transformations

Viewing the curve C described by the function y = y(x) as a geometric object, the transformations in
g (EQ) induce prolonged transformations on the derivatives of the function y. Geometrically this is
equivalent to transformations of the infinitesimal approximations from the Taylor series expansion.
For example, a transformation M in G (E?) will take the tangent line of C at the point (z,y(x))
to the tangent line of M - C at the point (7, @), the approximating quadratic function of C at
the point (x,y(x)) to the approximating quadratic of the transformed curve of M - C at the point

(Z,y(x)), and so on and so forth for higher order approximations.
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Following Definition [13| the prolonged transformations on derivatives can be found by applying
the prolonged transformation operator to the above transformation laws. Applying the implicit

differentiation operator (2.4) to (3.4) gives
D,% = D, (zcosf — ysinf + a) = cosf — ¢ sin 6.
The prolonged transformation operator for the group action is then

D
=2 = 1 —D,.
D,z cosf — gy sinf

D,

Applying the prolonged transformation operator D, to the transformed coordinates of a curve
C described by the graph of a function as in (3.6)) we find the transformed first derivative to be

7D ,_Sin9+y'0089
y=mey= cos@ — 1/ sinf’

Note that applied to 4, D,y = gzg = % gives the derivative of the transformed curve where the
transformed variable 7 is viewed as a function of the transformed variable 7.
The prolonged transformation of derivatives of higher order are defined inductively. Namely,

g(n) — Dx(g("_l)), (3.7)

where ("1 is the transformed (n — 1)*" derivative. Up to the third order, we have the prolonged

derivatives of curves in the Euclidean plane listed out below:

_ sinf 4y cosd

—/ — Dx — .
cosf — y'sinf (38)
y//
J' =Dy = 3.9
Y Y (cos@ — ¢/ sin§)3 (39)
4O =Dy — 3sinf (y")? + (cos O — 3 sin 0)y® (3.10)

(cos® — y' sin )5

Continuing to apply the prolonged transformation operator D, to higher order derivatives gives
the prolonged transformation rules for the action of G (EQ) on J™ (R,R), the space of n-jets of
order n.

3.3 Normalization and The Moving Frame

With prolonged transformation rules for G (EQ) on J™ (R,R) at hand, a moving frame map can
then be constructed by using a cross section XV J(l)(R,R). We elect to use the cross-section
that corresponds to the traditional moving frame method for curves in the Euclidean plane and will
produce the traditional representation of invariants of curves. See [13] for comparison.

Let C be a curve described the graph of a function (z,y(x)) with one-jet (z,y(z),y'(z)) =
(z,y,y’). At an arbitrary point point (x,y,y’) along the curve C, we will put the curve in normalized
position by solving for the transformation M in G (EQ) that will bring the point (z,y,y’) to the point
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(0,0,0). Combined with (3.6) and (3.8]), this results in the normalization equations.

T ==xcosf —y(x)sind+a=0 (3.11)
y=uxsinf+y(x)cosfd+b=0 (3.12)
_, _sinf 4y cosh
~ cosf —y'sinf
The corresponding cross section is thus K1) = {(m,y,y') eIV z=y=y = O}. Note that the

normalization equations amount to bringing a point (x,y) on a curve C to the origin and then
rotating the curve until the tangent line is horizontal.
Solving (3.11), (3.12), (3.13) for the variables a,b, and 6 yields

a=—(xcosh —ysinh) (3.14)
b= —(xsinf + ycosh) (3.15)
6 = tan* (- (3.16)

Note that with § = tan~! (—y'), we can use properties of trig functions to find simplified ex-
pressions of cos# and sin @. Specifically, we have

1 . y'
cosf = —— and sinf = ————. (3.17)
1+ () 1+ (y)?
It then follows that
/

o= trYy (3.18)

1+ ()

/ —

b= __*Y —Y (3.19)

1+ ()
0 =tan"! (—y) (3.20)

Having the transformation parameters a,b, and 6 defined in terms of the components of an
arbitrary point (z,%,%’) of the one-jet of C defines the moving frame map p : j) (C) — G (E2), with

1 y' __ztyy
VIR V) Vi)’
plz,y,y) = y L 'y | =Meg(E%). (3.21)

CVIHW)? VIH)? Vi)
0 0 1

3.4 Invariantization

With solutions to the normalization equations (3.11), (3.12), (3.13) and the moving frame map ((3.21
we can now substitute the expressions for a,b, and 6 in terms of x,y, and 3 into the prolonged
transformations of the higher order derivatives to obtain differential invariants of any desired order.
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We will denote the invariants obtained by making the indicated substitutions into (3.7) by (7).
Below, we indicate the differential invariants of order two and three obtained by making the indicated

substitutions into (3.9 and (3.10). It is more convenient to substitute the expressions for cosf and
sin # from (3.17), than to substitute the expression for 6.

/!

,_.
+ |+
—~
<
\;

(V)
S~—

w

Remark 3.4.1. Note that the invariant i(y") = ('?)2)3 gives the familiar expression for the
1+ (y')7)2
curvature of a curve in the plane that is (can be) calculated in a standard calculus course.

Remark 3.4.2. Note that as one might expect based on geometric intuition and familiarity with
calculus, the transformation parameters corresponding to translation in the Euclidean plane (i.e., a
and b) do not show up in the prolonged transformations of the derivatives of curves.
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Chapter 4

Curves 1n the Lorentz-Minkowski Plane

We now turn our attention to the geometry of the Lorentz-Minkowski plane and apply the Fels-
Olver moving frame method to catalog the differential invariants of curves in the indicated geom-
etry. Traditional moving frame methods have been carried out in the Lorentz-Minkowski plane
and Lorentz-Minkowski three-space. They often make homework problems in advanced differential
geometry classes. See 6] and |7]. To the best of our knowledge, the application of the Fels-Olver
moving frame method to identify differential invariants of curves in the Lorentz-Minkowski plane is
new.

The point-set for the Lorentz-Minkowski plane is the two-dimensional Cartesian plane. The
feature that distinguishes the Lorentz-Minkowski plane from the Euclidean plane is the collection of
geometric transformations. As before, we consider curves C that can be described as the graph of a

function y = y(x). As with potential isolated singularities when the derivative 3y’ = %, our analysis
d

will also reveal a singularity in the construction of the moving frame map when Y~ 1. Curves

in the Lorentz-Minkowski plane where % is constant of +1 are well-understood: they correspond

to null lines in the geometry of general relativity and separate spacelike curves from timelike curves
[12].

4.1 Geometric Transformations

We will denote the Lorentz-Minkowski plane by .2 and we will follow closely with the identifications
used in the analysis of curves in the Euclidean plane. The distinguishing feature between LL? and
E? are the geometric transformations. The geometric transformations defining I consist of three
parameters a,b, and 6. The action of the transformations on the plane can be realized by matrix
multiplication.

As before we will identify individual points p = (z,y) in the plane with the point 7= (z,y,1)
in three-dimensional space. This identifies the Lorentz-Minkowski plane with the plane z = 1 in
standard three-dimensional Cartesian space.

A geometric transformation of the Lorentz-Minkowski plane is comprised of a hyperbolic rotation
Ry — <COSh0 sinh 6

sinh@® coshf
matrix Ry is a hyperbolic rotation about the origin. The first column of the matrix is a point on
the hyperbola 22 — 32 = 1 with 2 > 0 and represents the image of the vector & = (1,0) under

> and a translation vector ¥ = (a,b). Note that the hyperbolic rotation
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the indicated rotation, while the second column in the matrix is the image of the vector €3 = (0,1)
under the same rotation. Note that the image of €& = (0, 1) under the hyperbolic rotation will like
on the hyperbola y? — 22 = 1.

The group of geometric transformations on the Lorentz-Minkowski plan can then be repre-
sented as a matrix group by

coshf sinhf a
g (]LQ) = sinh@ cosh@ b ‘a, b0 eR 3. (4.1)
0 0 1

The transformation laws for the action of a matrix M in G (LQ) on a point (z,y) are then given
by matrix multiplication. Let M - (z,y) = (Z,7y) denote the transformation of a point (z,y) in the
plane by a matrix M in G (LZ). With the point (x,y) identified as p'= (x,y,1) and 7' denoting
the transpose of p, then the transformed point (Z,7) is defined by

x x
MP'=M[y| =7 (4.2)
1 1
coshf sinhf a
Substituting M = | sinhf coshf b | into the above gives
0 0 1
coshf sinhf a T xcoshd + ysinh 0 + a T
sinhf coshf b y| = | xzsinhf+ycoshd+b] =17 (4.3)
0 0 1 1 1 1

This results in the following transformation laws for a point (x,y) transformed to a point (Z,7)
by the parameters (a, b, 6):

Z = xcoshf + ysinh 0 +a (4.4)
Yy = xsinh 6 + y cosh 6 + b. (4.5)

In an identical manner to the analysis of curves in the Euclidean plane, we study the effect of a
transformation M € G (LQ) on a curve C given by the graph of a function y = y(x) by substituting

y = y(a) into (@E2) and (L5).

4.2 Prolonged Transformations

Following Section @, we now calculate the prolongation of the transformations in G (]LQ) to the
derivatives of the function y = y(z) describing a curve C. In an identical manner to the analysis
carried out on the Euclidean plane, this is geometrically equivalent to the transformations of the
infinitesimal approximations from the Taylor series expansion. The main difference is that we are

!Similar to Euclidean geometry, there is the option to include reflections in the collection of geometric transforma-
tions. For simplicity of exposition, we elect to work with hyperbolic rotations and translations. This ignores potential
issues with orientations, but such issues can be resolved.
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not as accustomed to the transformations in G (]LQ) as we are accustomed to the traditional rotations
and translations of Euclidean geometry.

Applying the implicit differentiation operator to we have that the prolonged trans-
formation operator D, is given by

D, 1
D, = = D., 4.6
D,z  coshf + y' sinh 6 (4.6)
where 9 9 9
Dy=—+y—+y'=— +...
ox ty oy Ty oy’ +

is the implicit differentiation operator and

D,% = D, (v coshf + ysinh @ + a) = cosh § + 3/ sinh 6.
Remark 4.2.1. In the same manner as Fuclidean geometry, D,y = g—:g = % gives the derivative
of the transformed curve where the transformed variable 3 is viewed as a transformation of the
transformed variable T. The connection to the geometry in consideration stems from the fact that
D, depends on the transformations defining the geometry.

Applying the prolonged transformation operator (4.6) to ¢ from (4.5) we obtain

g = sinh 6 + 3/ cc.)shﬁ' (@)
cosh 0 + 3/ sinh 6

The transformation of any higher order derivative can be calculated by repeated application of D,
(4.6). The transformations of the second and third order derivatives are recorded below.

i

7 = Y . (4.8)
(cosh 6 + ¢/ sinh )
3 —3y"*sinh 6 + (coshf + ' sinh 0)y®) (49)
Y (cosh @ + 1/ sinh §)° ‘

The fundamental differential invariant of curves in L? will come from invariantizing . This
invariant will correspond to the curvature of a curve in the Lorentz-Minkowski plane.

The construction of the moving frame map is split up into two separate cases depending on
whether |y/| <1 or |[y/| > 1.

Remark 4.2.2. In the following sections, we will be covering how the invariants change depending
on the value of |y'|. There are null lines in the Lorentz-Minkowski plane at y = +x + ¢, where ¢
is any constant. Singularities with the moving frame along a curve C will develop where y' = £1.
Thus, for curves where iy’ = %1, their slope is considered an invariant condition, in that performing
any geometric transformations on these curves will not change the value of y'. We will develop two
moving frames as a result. One moving frame when |y'| < 1 and another when |y'| > 1. Curves are
then analyzed on open intervals depending on the magnitude of |y|.
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4.3 Normalization and The Moving Frame

4.3.1 |y <1

In this section we assume that C is described by the graph of a function y = y(x) that satisfies
|y'(z)] < 1 for all 2 in the domain. We construct our moving frame map by using the cross-section
KO ¢ 7M(R,R) defined by the equations

z =0, y =0, and y =0.

Working along a curve C described by the graph (z,y(z)) with one-jet (x,y(x),y'(z)) = (x,y,y")
we aim to determine the transformation M (depending on z) in G (]LQ) that will bring the one-jet
to the point (0, 0, 0). That is, we look for the transformation M in G (]LQ) such that M - (x,y,y) =
(Z,7,7') = (0,0,0). See Figure The corresponding normalization equations are

Z =z coshf + ysinhf +a =0 (4.10)
y =xsinhf 4+ ycoshf +b =0 (4.11)
_, sinh @+ ' cosh@

Y :Cosh9+y’sinh9 -

(x. y. y' (%)
\\/

a = -xCosh{8] - y(x) Sinh[6]

X

(0, 0,/0)
b = -xSinh[8] - y(x) Cosh[6]

6= ArcTanh[-y' (x)]

Figure 4.1: The normalization of a point (x,y,y’(x)) on a curve with |¢/(z)| < 1 in the construction
of the moving frame map. The curve is translated to the origin and then a hyperbolic rotation is
applied to make the tangent line horizontal.

Solving for the variables a,b, and € in a similar fashion as with the Euclidean curves, we find
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that

a =—xcoshf — ysinh 6 (4.13)
b= —xsinhf — ycoshd (4.14)
6 =tanh~!(—y/) (4.15)

Remark 4.3.1. Solving for 0 stems from the observation that if |y'| < 1, then |§'| < 1. We can

. . . _y _ sinhf+y’ coshf
set the prolonged transformation of the derivative §j' = osh 0y sinh 0 equal to some constant A\, then

solve for 6. The equation then becomes
sinh @ + ' cosh @ — A cosh § — ¢/ Asinh § = 0.
Using the definitions of sinh 8 and cosh 6 in terms of exponential function, this results in

L=y =) = =N +e") =0
1ty —A=yN) - (1-y)1+N)=0
_A=y)a+A)

(IT+y)(1=A)

)

p— L (L0200

2 (I+y)(1—=2A)

This equation for 0 is now dependent on whatever constant \ is chosen when resolving § = A.

In order for this equation to hold, the argument of the natural log must be positive. As vy is assumed
to be —1 < 3y < 1, both factors contained in the argument are positive numbers. The only way for

this to remain true is if A remains in the same bounds as y'. As a result, when |y'| < 1, we can only
use a A such that |\ < 1 as well. For similar reasons, if |y'| > 1, then |A| > 1 as well.

20

As in the Euclidean case, standard properties of hyperbolic trig functions allow us to find reduced
expressions for cosh @ and sinh @ when 6 = tanh™* (—y'). By substituting the value of € into the
hyperbolic trig functions, we find that

v
1—(y)?

/
sinh = —

cosh @ =

Yy
1—(y)?
The parameters a and b are subsequently reduced down to

o Wz and po WY
1—(y)? V1=()?

It follows that solving the normalization equations for the parameters a, b, and 6 yields

vy —x
V1I=(y)?
xy —y
V1I=(y)?

0 = tanh~! (—y’) .
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Having the transformation parameters a,b, and 6 defined in terms of the components of an
arbitrary point (z,y,y') of the one-jet of C defines the moving frame map p : jV) (C) = G (LQ), with

1 -y yy' —x
/ Vi-(y)? \/1—1(1/’)2 Vi-(y)? ,
x,y, = —Y Y —Y =MegG(L°). 4.16
'0( y y) \/lf(y/)Q \/li(y/)Q \/lf(y/)Q ( ) ( )
0 0 1

4.3.2 |y|>1

We now consider the case where the function y = y(x) defining the curve satisfies |y/(z)| > 1 for =
in the domain. We construct our moving frame map by using the cross-section K1) c 7 m(IRi,R)
determined by

x =0, y =0, and y = 2.

We look for a transformation M (depending on z) in G (LZ) that will bring the one-jet to the point
(0, 0, 2). That is, we want to find a transformation M in G (]LQ) such that M- (z,y,y') = (7,5,7) =

(0,0,2). See Figure

(x, y, y'(x))

(x=0,7=0, y'=2)

a = -xCosh[68] - y(x) Sinh[6)]
b = -xSinh[6] - y(x) Cosh[6]

2-y'(x) ]

9=ArcTanh[1 2y (0
- y X

Figure 4.2: The normalization of a point (z,y,y'(x)) on a curve with |y/(x)| > 1 in the construction
of the moving frame map. The curve is translated to the origin and then a hyperbolic rotation is
applied so that the tangent line has a slope of 2.

The corresponding normalization equations are

T =z coshf + ysinhf +a =0 (4.17)
gy =xsinhf + ycosh +b=0 (4.18)
, sinh@+ 3/ coshd

4 :cosh9+y’sinh9 B
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Solving for the variables a, b, and 8 in a similar fashion as with the Euclidean curves, we find
that

a =—xcoshf — ysinh 6 (4.20)
b= —xsinhf — ycoshd (4.21)
a(2-Y
1
0 = tanh <1 — 2y’> . (4.22)

Again, properties of hyperbolic trig functions allow us to find reduced expressions for cosh 6 and

sinh # when § = tanh™* <12:2y;,). By substituting the value of € into the hyperbolic trig functions,
we find that

—1 42y

cosh @ = T2y
V3 =1+ (v)?

-9 /

sinh 6 = Yy
V3y/ -1+ (y)?

The parameters a and b are subsequently reduced to

42y — 2z +y)y wnd b_2x+y—(fv+2y)y’
V3y/ =1+ ()’ V3Y/ =1+ (y)?

It follows that solving the normalization equations for the parameters a, b, and 0 yields

a_m+2y—(2x+y)y’

V3y/—1+ (y)?
b:2x+y—(x—|—2y)y’
V3y/—1+ ()

2 Y
0 = tanh™! y )
1—2y

Having the transformation parameters a,b, and 6 defined in terms of the components of an
arbitrary point (z,,y') of the one-jet of C defines the moving frame map p : jV) (C) = G (L?), with

—1+2y’ =24y z+2y—(2z+y)y’
VBY=1H()? VBY-14()? VBV -1H(Y)?
pla,y.y) = 2y ity 2oy (@' | = A e G (L. (4.23)
VBV=14 )2 VB2 VBV -1H(y)?
0 0 1

4.4 Invariantization

We now produce the fundamental differential invariants for curves in the Lorentz-Minkowski plane.
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4.4.1 || <1

Substituting values of a, b, coshf, and sinhf from the moving frame map in (4.16) back into the
prolonged transformations of the derivatives (4.8)) and (4.9)), we obtain the invariants:

iy =—"—3 (4.24)

() = —3y'(y")? —y® + () (4.25)
(1= ())?
All higher order differential invariants can be obtained via a combination of applying (4.6) to the

transformed derivatives and making the substitutions from the components of the moving frame

map (L10)

Remark 4.4.1. Note the similarity between the invariant (4.24) for curves in the Lorentz-Minkowski
plane and the curvature of curves in the Euclidean plane.

4.4.2 |y|>1

Substituting values of a, b, coshf, and sinh 6 from the moving frame map in (4.23) back into the
prolonged transformations of the derivatives (4.8) and (4.9)), we obtain the following invariants for
curves y = y(z) with |y/| > 1:

i) = — 2V (4.26)

(—1+(¥)%)2

—27(=2+9)(¥")* + 9y (()* - 1)
(1—())?

Remark 4.4.2. The second order invariant can be multiplied by ﬁ to be consistent with

. Any constant multiple (or invariant multiple) of a differential invariant will be an invariant.

i) = (4.27)
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Chapter 5

Curves and Surfaces in H° R

In this chapter we find differential invariants of curves and surfaces in the three-dimensional Heisen-
berg group H%. The point set is the ordinary three-dimensional Cartesian space R3. The geometry
is defined by the geometric transformations described below. There are similarities between the
geometric transformations defining the geometry of H?}’z and the transformations of the Euclidean
plane E2. These similarities will result in invariants of curves in the Euclidean plane being invariants
of curves in H%, as well.

5.1 Geometric Transformations

The group of geometric transformations defining the geometry of H?}’% is the subgroup of GL4 (R)
defined by

cos —sinf 0 a

3\ sin 6 cos 0 b
g(HR)_ %(asin@—bcosﬁ) %(acos@—kbsin@) 1 ¢ ab,c,0 ER . (5.1)

0 0 0 1

Identifying z = (z,y,2) € H3 with z = (,y, 2, 1)" € R*, then the action of A € G (H3,) on
7-[?;2 ~ R3 is given by Az =z = (7,7, 2, 1)t, where

T =xcosh —ysinh+a (5.2)
y=xsinf +ycosf+0b

1 1
E:z—l—c+i(asinﬁ—bcosﬁ)x—i-i(acosﬁ—i—bsinﬁ)y. (5.4)

5.2 Curves

We look at curves C in R? where y = y(x) and z = z(z) are described as functions of the independent
variable x. The space of n-jets are described by

j(n) (R7 Rz) = { ('CC? y? Z? y/7 z/7 y”? Z”? R 7y(n)7 Z(n))} ~ R3+2n'
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5.2.1 Prolonged Transformations

We we will represent a point in 7™ (R,R?) by z(") = (z,y,2,9, 2y, 2", .. .,y("),z(”)), where
coordinates are named so that the indicated derivatives of the dependent variables y and z are
taken with respect to the independent variable . The implicit differential operator D, is given by
Definition [I2] We find the prolonged transformation operator from Definition [I3] by first applying
D, to , giving

D,T = D, (zcosf — ysinfh + a) = cosf — ¢ sin 6.
The prolonged transformation operator is

1
D, = D,. .
" (cosf —y'sinf) " (5:5)

Applying the prolonged transformation operator (5.5) to (5.3) and (5.4) gives the prolonged
action of § (’H%) to g (]R,]RQ). We have

_ _ sinf+ 1y cosf

I py = ST TY CO8Y 5.6
4 cosf — y'sinf (56)

S D 22/ 4+ (asinf — beos0) + (acosH—i—bsinO)y’. (5.7)

2 (cosf — y'sin6)
The prolongation of G (’H?j%) to higher order jet spaces can be obtained by repeated application of
D,
W =Di@ =D (3%")  ad W =DiE) =D (V).
To order two we have
. y" s Y (a4 22" sinb) + 22" (cos§ — y' sin h)

= and 7' = . 5.8
Y (cosf — ¢/ sin 0)? 2 (cos @ — i sin 0)* (5:8)

5.2.2 Normalization and The Moving Frame

We now obtain a moving frame for the action of G (7—[?}’2) on curves by using the cross-section
KO c gMm (R,RQ) determined by setting z = 0, y = 0, z = 0 and 3’ = 0. The resulting moving
frame map is determined by moving a point on a curve C to (0,0,0) € ’H;’% and the rotating the
curve until the tangent line is in the zz-plane. The resulting normalization equations implicitly
defining the corresponding moving frame map are

cosf —ysinf+a=0
sinf +ycos@+b=0

8 8

1 1
Z=z4+c+ i(asine—bcose)x—i- 5(acos9+bsin9)y:0
_, _sinf+y'cosf

cosf —y'sinf

The normalization equations T = 0, ¥ = 0 and 3’ = 0 are identical to the corresponding nor-
malization equations (3.11), (3.12), (3.13) for curves in the Euclidean plane covered in Chapter
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Solving the indicated equations for a, b, c and 6 follows immediately from the solutions appearing
in Chapter [3| The solutions are

_ oty
1+ (y)?
b= -y
1+ (y)°
c=—z2

0 = arctan (—y') .

As in the case of curves in the Euclidean plane, expressions for cosf and sin @ appearing in
elements of G (’H%) (5.1) simplify when 6 = arctan (—y’). Using properties of inverse trigonometric
functions gives

1 : Y
cosf) = —— and sinf = —————.
1+ (y)? 1+ (y)?

Substituting the indicated expressions for a, b, ¢ and 6 back into A € G (’H%) gives the moving

frame map p : JM (R,R?) = G (H3):

/

1 Yy 0 —_ztyy
VTG V)’ ViHw)?
__ Y 0 —z¥-y
p(IE, Y, z, y/7 Z/) = \/1+(y’)2 \/1+(y/)2 \/W € g (H%) :
4 -z 1 —z
2 2
0 0 0 1

For a particular curve C given by (x,y(z), z(z)), the moving frame is the restriction of p to the jet
of C: p:j™ (C) — G (H3).
5.2.3 Invariantization
Substituting the moving frame components into (5.7)), we find the first order differential invariant
2 / _ /
() = 2L

(5.9)
2/1+ (y)?

Expressions for differential invariants of second order can be found by making the appropriate
substitutions into (5.8).
2
- Y
® 7 (y ) = —2 3/2
(1+ @)

_y// (x + yy/ + 23/,2’/) + 2, (1 + (y/)2>

T 2(1+ )7
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Remark 5.2.1. Note that the invariants obtained from the invariantization of the derivatives v”,
y®, y@ ete. will be invariants of curves in the Euclidean plane. This is because the action of
g (’H?jg) on H% ~ R3 projects onto the action of G (E2) on E? and the prolonged differentiation
operators D, are identical.

5.3 Surfaces

We look at surfaces S in R® where 2 = z(x,y) is a function of the independent variables x
and y. On J™ (S ,R3), we are then considering jets of surfaces with points of the form z(™ =
(, 9,2, 2g, 2ys - - - 2K, ) € AR (R2,R1), where K runs over partial derivative strings of length less
than or equal to n. For example, z() = (z,v, 2, 2, Zy) on Jm (Rz,Rl).

5.3.1 Prolonged Transformations

We begin by finding the prolonged transformation operators described in Definition The required

derivatives of (5.2)) and (5.3)) are
Dz Dyz cos —sinf
J= _ | 7 \sin6 cosé
D,y Dyy

The corresponding prolonged differential operators are

D _ T Da _ (cos® —sinf De
o ~ \sinf cosf ’
D, D, D,
or
D, =cosfD, —sinD, and D, =sinfD, + cosfD,. (5.10)

We find the prolonged action of G (7-[?1’%) to g (RQ,R) by repeatedly applying D, and D, to
Z. To second order we find

b

Zp = cos 0z, —sinfz, — 5 (5.11)
Zy = sin bz, + cos Oz, + g (5.12)
Zaw = OS2 0235 — 2 cos fsin 022y + sin? 02y, (5.13)
Zyy = c0s 08in 025, + (2 cos®§ — 1) 2gy — sin 6 cos Oz, (5.14)
Zyy = sin? 0220 + 2 cos 0 sin Oz, + cos? 02yy (5.15)

5.3.2 Normalization and The Moving Frame

We find a moving frame for the prolonged action of G (7—[%) on surfaces by using the cross-section
KW c gm (Rz,Rl) defined by the equations
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The cross-section corresponds geometrically to brining a point on a surface S to (0,0,0) of 7—[?}’% and
then rotating S so that its tangent plane at (0,0,0) contains the y-axis.

We now find the components of the moving frame map by solving the corresponding normaliza-
tion equations

T=xcosf —ysinfd+a=0
y=uxsinfd+ycosf+b=0

1 1
Zzz+c+§(asin9—bcos@)x+§(acos¢9+bsin9)y:0
Zy :sin62x+cos«92y+g:0

for the group parameters a, b, ¢ and 6.
Solving the first three equations we find

a=1ysinf — xcosf
b= —(zsinf + ycosh)

Z = —¢C.

Substituting a = ysin — x cos § into the equation for z, = 0 gives

ysinf —xcost

Zy = sin 0z, + cos 0z, + 5 =0.

After doing some algebra we have

<z$+%) sin @ + <zy — g) cosf = 0.

This gives
-2
tanf = < “y
22; +y
We take § = tan™! (g;%f;) With properties of inverse trigonometric functions we have
22, + . T — 2z
cosf = == y and sinf = ——Y
o o

where o = \/(sz +y)? + (22, — 2)%.
Substituting the indicated values of a, b, ¢, cos € and sin @ into an element A € G (7—[%), we find
the moving frame map p : 7 (]RQ, R) -G (’H?]’%) is given by

22ty 2zy—x —2(2204y)+y(z—22y)

%y 2ny | sleznSesamts

T—22y Zz 1Y _ z(z—22y)+y(22z2ty

play.zzmzn)=| ¢ o Y - € G (M) (5.16)
3 3 1 —z
0 0 0 1

Restricted to a surface S given by the graph of a function z = z(z,y) and its jet, the map
p:i™(S) = ¢ (7—[%) becomes a moving frame for the surface S.
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5.3.3 Invariantization

With the moving frame map at hand, we can invariantize the higher order derivatives to find
differential invariants of all orders. We invariantize the remaining derivatives up to order to two
demonstrate. This amounts to substitution of the parameters in the moving frame map
into (5.11), (5.13), (5.14), and (5.15). To simplify the presentation of the invariants we will let
F =2z, +y and G = x — 2z,. With these identifications the moving frame is

& 7 o _slur

Py zzmzn) =g % o | eG(H).
2 T2 -z
0O 0 O 1

The resulting differential invariants are

2F G Fy—2G 1 1

20
F?z,, — 2FG G?
o i(e) = e L
e Fsz—l—(FQ—GQ) 2oy — FGzyy
® i(Zyy) = o2
e Fszy +2FGzyy + G220
* i(Zyy) = o2
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Chapter 6

Curves and Surfaces 1n 7—[%

In this chapter we find differential invariants of curves and surfaces in the three-dimensional Heisen-
berg group 7—[% The point set is the same point set as the H3, but the geometry is changed
as a result of the geometric transformations. This geometry compares to the geometry of the
Lorentz-Minkowski plane in the same way that the geometry of H:;‘z compares to the geometry of
the Euclidean plane. Comparing the matrices defining the indicated geometries, we see that the
2 x 2 matrix in the upper left of is identical to the 2 x 2 matrix in the upper left of ,
while the 2 x 2 matrix in the upper left of is identical to the 2 x 2 matrix in the upper left
of . The calculations for finding differential invariants of curves and surfaces in this geometry
will be similar in nature to combining the calculations of Chapter 4/ and Chapter

6.1 Geometric Transformations

As before we identify a point (x,y,2) € R3 with z = (z,y, z, 1)t € R The group of geometric
transformations defining the geometry of ’H% is

cosh 6 sinh 0 0 a

3\ sinh 0 cosh 6 0 b
g(HL) N %(asinhﬁ—bcoshﬁ) %(acoshﬁ—bsinh@) 1 ¢ a,b,c,0 €R . (6.1)

0 0 0 1

The action of A € G (7—[%) on R3 ~ H3 is given by Az =z = (7,7, Z, 1)t, where

T =xcoshf 4 ysinhf +a (6.2)
7 = xsinh @ + ycosh + b
1 1
Z=z+4+c+ 3 (asinh @ — bcosh @) x + 3 (acosh@ — bsinh6) y. (6.4)
6.2 Curves

We look at curves C in H3 where y = y(x) and z = z(z) are functions of the independent variable
x. The space of n-jets are analyzed in the Cartesian space

VAR (R, R2) = { (x, v,z 2y 2 ,y(”), z(”))} ~ R3+2,
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6.2.1 Prolonged Transformations

We we will represent a point in J (R,RR?) by z(") = {(z,y,2,9,2,y",2",... Ly, z(”))}, where
derivatives of the dependent variables y and z are taken with respect to the independent variable
x. The implicit differential operator D, is given by Definition Applying D, to (6.2) gives

D,% = D, (zcoshf + ysinh + a) = cosh @ + ¢/ sinh 6.

The prolonged transformation operator from Definition [13]is then
1
= D,.
coshf 4 ¢/ sinh @ "

We now apply (6.5) to the transformed coordinates (6.3) and (6.4) to obtain the prolonged
action G (H‘z) of to 7MW (R,RQ). We have

(6.5)

;- - _ sinh6+ y;coshf (6.6)

v= gcy_cosh0+yxsinh9 ’

N zy + % (asinh 6 — beosh 0) + %(acoshﬂ — bsinh 0) Ya 6.7)
cosh 6§ + gy, sinh 0

We will be able to find a moving frame map for curves in H3 on J ) (R, ]Rz).
The prolongation of the action of G (’H?}J) to higher order jet spaces is obtained by repeated
application of D,:

g = Dl; () = Dy (y(k—l)) and zR) — D]; () =D, (E(k_1)> ‘

Since we will be able to find a moving frame map at order one, we will record the transformed
derivatives to order two for the purposes of illustrating the differential invariants. To order two we
have

. y” Y (a—22"sinh ) + 2 (cosh @ + 3 sinh §) 2"

y = - 5 and Z' = - 3 . (6.8)
(cosh @ + ¢/ sinh ) 2 (cosh @ + ¢/ sinh 0)

6.2.2 Normalization and The Moving Frame
Comparing (6.2)), (6.3), and with the transformation laws for = (4.4), ¥ (4.5), and 3" (4.7)

for curves in the Lorentz-Minkowski plane, we see that they are identical. For the same reasons
discussed in Chapter [4) our construction of the moving map will split into cases based on whether
ly'| < 1 or |y| > 1. The resulting moving frame maps are similar to the corresponding moving
frames in Chapter

Case I: || <1

We will start with the case where |y/| < 1. We assume this condition holds for all z, otherwise our
work applies on open intervals.

We obtain a moving frame for the action of G (7—[%) on curves by using the cross-section £ ¢
JW (]R, RQ) determined by setting x =0, y = 0, z = 0 and 3y = 0. This geometrically equivalent
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to moving a point on the curve C to (0,0,0) € H3 and applying a hyperbolic rotation until the
tangent line is in the xz-plane.

Using the group transformation laws found in (6.2)), , (6.4), and , we obtain the nor-

malization equations
T =xcoshf+ysinf+a=0
y=xsinhf + ycoshf+b=0
1 1
Z=z4+c+ §(asinh6—bcosh9)a:+ 5 (acosh® — bsinhf)y =0

_,  sinh@+y'cos
~ coshf +y/sinh6

Note that the normalization equations T = 0, 7 = 0, ¥ = 0 are identical to the normalization
equations (4.10), (4.11), (4.12) for curves with |¢/| < 1 in the Lorentz-Minkowski plane. The
solutions to the indicated equations for the group parameters a,b, and 6 are

/ /
a= M, b= M, and 0 = tanh~! (—y').
1-(y)? 1-(y)?
This also gives
1 . y
coshf = —— and sinhf = ——————.
1—(y)? 1-(y)°

Substituting the indicated expressions for a,b,coshf and sinh @ into the normalization equation
zZ =0 gives
c=—z.
Substituting the indicated expressions for a,b,c and 6 back into A € G (7—[%) as in (6.1)) gives
the moving frame map p : gL (]R,]RQ) — G (H%)

!

1 —y 0 yy' —x
Vi—w)? V1) 1—(y')?
. = 1 0 —mu 3
p(:l:aywz’y 72) - \/1—(y’) \/1—(y’) 1—(y') eg (HL) (69)
A
0 0 0 1

Case II: || > 1

We now consider the case where |y/| > 1. We assume this condition holds for all x, or we work on
open intervals.

We obtain a moving frame for the action of G (7—[%) on curves by using the cross-section K1)
Jo (]R, R2) determined by setting x = 0, y =0, 2 = 0 and v’ = 2. The is geometrically equivalent
to moving a point on the curve C to (0,0,0) € H3 and applying a hyperbolic rotation until y' = 2.
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Using the group transformation laws found in (6.2), (6.3), , and , the normalization

equations are
T =xcoshf +ysinfd+a=0
y = xsinhf 4+ ycoshf +b=0
1 1
Z=z4c+ i(asinhﬁ—bcoshﬁ)aﬂ— 3 (acosh® —bsinhf)y =0

_,  sinh@+y'cos
~ coshf +9y/'sinhf

Comparing the above with the normalization equations (4.17), (4.18)), (4.19) for curves in the
Lorentz-Minkowski plane with |y/| > 1, we see that the equations for T, 7, and 7’ are identical. The
solutions to the indicated equations for the group parameters a, b, and 6 are

x+2y — (22 +y)y 20 +y — (z+2y)y (2=
— , b= , and 0 = tanh .
V3V-1+(y)? V314 (y)? 1-2y

As in Chapter [4] we have

—1+2y p Lo -2+
an sinh f = .
V3y/-1+ (V) V3V =1+ ()
Substituting the indicated expressions for a,b,cosh and sinh @ into the normalization equation
z =0 gives

cosh @ =

C= —Z.

Substituting the indicated expressions for a, b, c and 6 back into A € G (’H%) gives the moving
frame map p: JU (R,Rz) -G (H%):

—142y/ —2+y/ 0 z4+2y—(2z4y)y
V3V -1+(y)? VBV -1+(y)? V3y/—1+(y')?
. —2+4y/ —142y’ 0 2ety—(z+2)y’ 3
p(@,y, 2.y, 2') = | VBy—14(y)2  VBY/-1+(y)? Va/—1+w)? | €6 (H1). (6.10)
o A
0 0 0 1

6.2.3 Invariantization
Case I: |¢/| <1
Substituting the moving frame components from into (6.7)) and we find the differential

invariants up to order two are:

y—ay + 22

24/1— (v)°

/!

(1- )’

° i(z') =
< iy') =

(—x+yy +2y2")y" -2 (
° i(zl/) — >

2(1- )

—1+ (y’)z) 2"
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Case II: || > 1
Substituting the moving frame components from (6.10) into (6.7)) and we find the differential

invariants up to order two are:

_ / /
21— (y)*
3\/§y//
3
(1- @)
(- +y(=2+y) -4 +2y (¢ +2))y" —6 (—1 + (y”)Q) 2
2(1-w))

Remark 6.2.1. Note that the invariants obtained from the invariantization of the derivatives y”,
y® y@ | ete. will be invariants of curves in the Lorentz-Minkowski plane. This is because the action

of G (H%) on 7—[% ~ R3 projects onto the action of G (IL,Q) on L? and the prolonged differentiation
operators D, are identical.

o i(y”) _

° i(z") =

6.3 Surfaces

We now look at surfaces S in R ~ H% where z = z(z,y) is a function of the independent
variables  and y. As before we are considering jets of surfaces with points of the form z(™ =
(%, Y, 2, Zay 2ys - - - ZN) € VAR (Rz,Rl). For example, z(!) = (x,y, 2, 2z, 2y) Tepresents a point in
JL (R2,RY).

6.3.1 Prolonged Transformations

The prolonged transformation operators are described in Definition The required derivatives of

(6.2) and (6.3) are
J— D,z Dyz B (cosh@ sinh@)
o _ _ | " \sinhé coshé
D,y Dyy

The corresponding prolonged differential operators are

Dq _JT De B ( coshf —sinh 9) De
D, D, —sinh#  cosh# D,
or
D, = cosh#D, —sinh§D, and D, = —sinh6D, + coshéD,. (6.11)
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We find the prolonged action of G (7—[%) to J ™ (]R2, ]R) by repeatedly applying D, and D, to z
in (6.4). To second order we have

Zy = cosh 0z, —sinh 0z, — B (6.12)
Zy = —sinh 0z, 4 cosh 0z, + g (6.13)
Zye = cosh? 0z, — 2 cosh @ sinh 022y + sinh? 02y, (6.14)
Zay = — cosh 0 sinh 0z, + (2 cosh? 0 + sinh? 9) Zzy — cosh @ sinh 0z, (6.15)
Zyy = sinh? 0z, — 2 cosh 0 sinh 025y + cosh? 02yy (6.16)

6.3.2 Normalization and The Moving Frame

As was the case for curves, we will need to construct two different moving frame maps for surfaces.
Z —_
y

and whether we can solve Z, = 0 or Z, = 0 for

2
The cases split depending on the quantity ' 5
Zx

the group parameters.

22y — @

C I:
ase ‘2

< 1 and Solving 7z, =0

Zx
We first consider the case where we set z;, = 0 in the normalization equations. We use the cross-
section KW ¢ gM) (RZ,R) defined by

z =0, y =0, z=0, and  z, =0. (6.17)

The cross-section corresponds to moving a point on the surface to (0,0,0) and then applying
a hyperbolic rotation to bring the normal vector of the surface into the xz-plane. The resulting
normalization equations are

T =xcoshf +ysinhf+a=0
7 = xsinh® 4+ ycoshf +b=0

1 1
E:z—l—c—|—5(asinh@—bcosh@)x—{—§(acosh9—bsinh¢9)y: 0

a

0.
2

Zy = —sinh 6z, + cosh 0z, +

The equations T = 0 and Z, = 0 can be solved for a and ¢. The normalization equation T = 0
gives
a = — (xcoshf + ysinhf).

Substitution into z, = 0 and some algebra gives

x

= (zx + %) sinh 6 + (zy - 5) coshf = 0.

Algebra and properties of hyperbolic trig functions then give
2%
0 = tanh~! <zyaj> .
22, +y
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With the expression for 6, we then find simplified expressions for cosh # and sinh 6:

2zy —

2
aty and sinh 6 =
o o

cosh @ =

9

2 2
where o = \/(2233 +y)” —(2zy —x)".
With expressions for coshf and sinhf, we can now find a,b, and ¢ from the normalization
equations:

2(xzy +yzy)

“=- o

b::c(foZy)fy(szqu)
o

c=—z2

Making substitutions for the indicated expressions of a, b, ¢,cosh @, and sinhf into A € G (7—[%)
as given in (6.1), we find the moving map p : J) (Rz, R) -G (H%) to be

2zp+y  22y—x 0 _ 2(zzztyzy)
sza—z 2z§+y 0 x(x—QZy)—(L(QzI—i—y) 3
p(x7y7zvzal7zy) == Z Ux o S Q(HL) . (618)
3 —3 1 —z
0 0 0 1

As usual, restricted to a surface S given by the graph of a function z = z(x,y) and its jet, the map
p:i™(S) = ¢ (H3) becomes a moving frame for the surface S.

22: +y
Zy—fl'

Case II:

< 1 and Solving zz =0

In the second case we set z; = 0 in the cross-section defining the moving frame and the normalization
equations. The cross-section is

xz =0, y =0, z=0, and Z;=0. (6.19)

The cross-section corresponds to moving a point on the surface to (0,0,0) and then applying a
hyperbolic rotation to bring the normal vector into the yz-plane. The resulting normalization
equations are

T =xcoshf +ysinhf +a=0
y=uaxsinhf +ycoshf+b=0
1 1
Z=z+4+c+ i(asinhﬁ—bcoshG)aH— B (acoshf — bsinhf)y =0

Zz = cosh 0z, —sinh 0z, — 7

The required algebra to solve the normalization equations is near identical to the first case,
except we begin by solving the equations 7 = 0 and Z, = 0 for b and 0.
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The normalization equation 3 = 0 gives
b= —(xsinhf + ycoshh).

Substitution into Z, = 0 and some algebra gives
- (zy - g) sinh 6 + (Zx + %) cosh 6 = 0.

Algebra and properties of hyperbolic trig functions then give
2
0 = tanh~! <z$ + y) .
22y — T
With the expression for 8, we then find simplified expressions for cosh 6 and sinh 6:

22, — 2
S and sinh § = oty

cosh @ = )
B B

where 8 = \/ (22 — )% — (22, +y)?. With expressions for cosh @ and sinh #, we can now solve the
remaining normalization equations for a, b, and c:

2 (x2y + yzy)

o
z(z—2zy) —y (22, + )
o

a = —

b=

C—= —Z2

Making substitutions for the indicated expressions of a, b, ¢,cosh @, and sinh 6 into A € G (7—[%)
as given in (6.1), we find the moving map p : JW (]R2, R) -G (7—[3,:) to be

22y—%  2zz+y

0 z(x—22y)—y(222+Y)
2 ﬁ+ 2 b 2( B+ )
2z 1ty Zy—T _ 2(wzatyz
p(2,Y,2,20,29) = | B 0 I €G(H}). (6.20)
P
0 0 0 1
The moving frame map for a surface S given by the graph of a function z = z(z,y) is then

p:i () = G ().

6.3.3 Invariantization

Finally, we find the differential invariants up to order two for surfaces in 7—[% In each case, this
amounts to substituting the components of the moving frame map into the appropriate expressions
from ([6.12)-(6.16). Note that in first case, the invariant i(z,) is trivial (we normalized zz = 0),
while in the second case the invariant i(z;) = 0. For purposes of simplifying the expressions of the
invariants, we let F' = 2z, +y and G = 2z, — .

With the indicated simplifications, the respective moving frames are

F G g _zFHyG
a a ag
G E g _aGhyF
P (:Ev Y, 2, Zx, zy) = i _Ug 1 _; s
2 2
0 0 0 1

W
0¢)



and

G F g _zGHyF

BB B

PG g _zFtyG
p(x,y,z,zx,zy) = 5 62: s

3 —3 1L -z

0O 0 O 1

— T

2
Case I: ‘ Zy <land zz =0

2z, +y
G +yF +2Fz; —2Gzy,  xG +yF +2Fz, — 2Gz,

¢ ilz) = 20 N WE2 — 2

B G? 2yy — 2FGzyy + F?2,, B G2zyy — 2FGzyy + F?z,,

° z(zm) = o2 = 2

, —FGzyy + (F? 4+ G?)zpy — FGzyy  —FGzyy + (F? + G?)zpy — FGzyy
® i(2ay) = o2 - F? - G?

. F? Zyy — 2F Gzgy + G?2,, Fzzyy —2FGzyy + G?%2,.,
o i(zyy) = > = 772

2
Case II: |22 tY < 1 and Solving zz =0
2y —

—xG —yF —2Fz; +2Gzy,  —xG —yF —2F 2, + 2Gz,

* i) = 23 NeryE

) B F? Zyy — 2FGzyy + G2 B F? Zyy — 2FGzyy + G?2,,
o i(230) = 5 = 5
g G- F

—FGzyy + (F? + GQ)ZIy —FGzye  —FGzyy + (F? + GQ)zxy — FGzyy

[ ] Z'(ny) g 62 G2 — F2

. G2 Zyy — 2F Gzyy + F?z,., Gszy — 2FGzyy + F?z,.
o i(2yy) = 32 = G2 _ |2
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