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Abstract

We prove that the classical Lambert theorem about the elapsed time on an arc
of Keplerian orbit extends without change to the Kepler problem on a space of
constant curvature. We prove that the Hooke problem has a property similar
to Lambert’s theorem, which also extends to the spaces of constant curvature.

1 Introduction

Johann Heinrich Lambert (1728-1777) is among the famous authors who im-
proved our understanding of Euclid’s fifth postulate. He wrote in 1766 the essay
Die Theorie der Parallellinien, which was published posthumously in 1786.

Lambert is also well known as the discoverer, in 1761, of a strange and useful
property of the Keplerian motion [1]. We will prove that this property is still
valid without the fifth postulate, i.e. for the Keplerian motion on a space of
constant curvature. This generalized Kepler problem was introduced in 1859 by
Paul Serret [1]. Since that time, it has drawn the attention of mathematicians
and physicists due to its numerous analogies with the usual Kepler problem
in the Euclidean space. This quest for analogies between the flat case and
the curved case was extended successfully to other systems of classical and
quantum mechanics. Clifford [1] introduced the free motion of a rigid body on
the sphere (see Borisov & Mamaev [1]). Killing [1] introduced and solved the
two fixed centre problem in the constant curvature spaces (see Borisov, Mamaev
& Bizyaev [1]). Schrodinger [1] found the spectrum of the hydrogen atom after
this warning:

It may appear foolish to pay attention to the extremely feeble curvature
of the Universe in dealing with the hydrogen atom, because even the



influence of those much stronger fields of gravitation in which all our ob-
servations are actually made is (if the frame is properly chosen) entirely
negligible. But this problem, by obliterating the sharp cut between “el-
liptic and hyperbolic orbits” (the classical orbits here are all closed) and
by resolving the continuous spectrum into an intensely crowded line spec-
trum, has extremely interesting features, well worth investigating by a
method which proves hardly more complicated here than in the flat case.

As far as we know, Lambert’s property was never considered in this perspective.
In the usual Kepler problem, this property is known as Lambert’s theorem. We
will also consider the Hooke problem, i.e. the motion of a particle in the plane
attracted by a force vector proportional to the position vector. We will show
that this problem and its curved analogues have a similar property, which we
will define in a general context and call the Lambert-Hamilton property, thus
acknowledging an important remark due to Hamilton in 1834.

As a kind of explanation of these results, we will show the good compatibil-
ity of some classical transformations with the Lambert-Hamilton property. In
this work, we consider the projective transformations. Their striking proper-
ties appeared in a remark by Halphen [1] about the Kepler problem and the
Hooke problem in 1878. Appell [1] gave a general framework in 1890. We will
show that if Appell’s projection sends a natural mechanical system with the
Lambert-Hamilton property onto another natural mechanical system, then this
new system also has the Lambert-Hamilton property.

In a forthcoming work, we will consider the conformal transformations. The
transformation of the complex plane z — 22 sends the Hooke problem onto the
Kepler problem, as discovered by Maclaurin [1] in 1742. It has been commonly
used as a regularizing transformation since Levi-Civita [1]. We will explain in
a general framework, proposed by Goursat [1] and Darboux [1] in 1889, why
this kind of transformation respects the Lambert-Hamilton property even bet-
ter than the projective transformations. In the present work, we do not relate
the Kepler problem and the Hooke problem, but rather prove by a short com-
putation that the Hooke problem possesses this property, and use the projective
transformations to pass to the curved cases.

l.a What is the Lambert-Hamilton property?

J.H. Lambert discovered and proved in 1761 the following strange property of
the Keplerian motion around a centre O. We denote by d(A,B) the distance
between two points A and B in the Euclidean plane.

Theorem 1.1 (Lambert). The time required to reach a point B from a point
A with a given total energy H, under the Newtonian attraction of a fixed centre
O, does not vary if we change continuously A and B while keeping the distances
d(A,B) and d(O, A) 4 d(O, B) constant.

Remark 1.2. We should insist that the above allowed changes of A and B do
not depend on the value of the energy H, since they are only subjected to the
two conditions that d(A,B) and d(O,A) + d(O,B) remain constant. They are
the same for any arc of orbit going from A to B. Such an arc changes while
A and B are changing. The change of arc is only subjected to two conditions:



A and B are its ends, and the energy H does not change. An example of a
continuous change of an arc is illustrated by Figure 1.
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Figure 1. Four Keplerian arcs with same d(A,B), d(O,A) 4+ d(O,B) and H.

Remark 1.3. A classical way to state Lambert’s theorem is: The time required
to reach a point B from a point A under the Newtonian attraction of a fized
centre O only depends on the distances d(A,B) and d(O,A) + d(O,B) and on
the total energy H. However, fixing the latter three quantities determines several
disconnected components in the space of Keplerian arcs, on which this time is
not the same. This is why we state the theorem in terms of continuous changes.
See Albouy [3] for more information.

Notation. We denote by v = ¢ the velocity of a body ¢, and r = ||q|| its
distance to the origin O. The energy (or total energy) in a Keplerian motion is
H(q,q) = ||4]|>/2 — 1/r, and the Lagrangian is L(q, q) = ||¢||*/2 + 1/r.

In 1834, Hamilton [1] discovered another property of the same changes of arc.
Two other quantities, called the action integrals, are also constant under the
hypothesis of Theorem 1.1.

Theorem 1.4 (Hamilton). The Lagrangian action S and the Maupertuis
action w, respectively defined as the integrals

i tp
S:/ Ldt, w:/ llg]12d¢, (1.1)
ta ta

computed from a point A to a point B along a Keplerian arc around O with
a given total energy H, do not vary if we continuously change A and B while
keeping d(A,B) and d(O, A) 4+ d(O, B) constant.

We will generalize the previous theorems to certain other systems, guided by an
observation on the classical variation formula, emphasized by Hamilton in the
same article [1] of 1834, and in its continuation [2] of 1835:

6S = <(SB,UB> — <(5A,UA> — H(étB — (StA). (1.2)

This observation is the following: in the Kepler problem, the “infinitesimal
changes” 0A and 0B of the ends A and B, allowed by Lambert’s conditions in
his theorem, are such that for any arc going from A to B,

(0A,va) = (0B, vg), (1.3)



va and vg being the initial and final velocity vectors on the arc. Theorems 1.1
and 1.4 are easily deduced from this observation, as we will see.

Definition 1.5. A natural mechanical system (M, g,U) is given by a manifold
M, called the configuration space, together with a Riemannian bilinear form g
on M and a force function U : M — R (see Arnold et al. [1]). The kinetic
energy is T with 2T = (g4, ¢). Here the bracket (gq, ¢) is the duality pairing of
vectors and covectors, ¢ is the velocity vector, which is the time derivative of
the configuration g € M. The bilinear form g is seen as a symmetric linear map
which sends a vector v tangent to M at a point ¢ to a covector gv at ¢q. The
covector gq is called the momentum. Indeed, it is traditionally called the linear
momentum in the case of a moving particle.

Remark 1.6. In most contexts one considers a unique Riemannian form g on
M and omits it in the notation. To omit it, one identifies the vector v with
the covector gv. The map ¢ is then the identity. The duality pairing becomes
the inner product of vectors. Formulae (1.2) and (1.3) are written with this
convention. In the context of §3 there will be two Riemannian forms on M, and
we will not identify vectors and covectors.

In Theorems 1.1 and 1.4, the natural mechanical system is the Kepler problem,
the manifold is the Euclidean plane with the origin O removed, the metric g is
the Euclidean bilinear form, and the force function is U(g) = 1/r.

Definition 1.7. In a natural mechanical system, an arc is a part of any orbit
which corresponds to a compact interval of time. The ends of an arc are the
initial position A € M and the final position B € M, which we do not assume
to be distinct. The initial time £ € R and the final time tg € R should satisfy
ta <1B.

A natural mechanical system is a Lagrangian system with Lagrangian L = T+U.
The Lagrangian action S is stationary on any arc, compared with the paths with
the same ends A and B, same tp and same tg. The energy H = T'—U is constant
along any orbit. A natural mechanical system is also a Hamiltonian system. The
covector p = gq is the variable conjugated to the position q. The Hamiltonian
is H(p,q) = (p,g~'p)/2—U(q) and the equations of motion are ¢ = OH/0p and
p = —0H/dq. Guided by equation (1.3), we propose a new definition.

Definition 1.8. A Lambert vector at (A, B) is a vector X tangent to M x M
such that for any arc from A to B,

(gua, Ox A) = (gus, 0xB) (1.4)

where va and vg are the initial and final velocities on the arc. A Lambert vector
field is a vector field on M x M made of Lambert vectors.

Notation. Here we replace the traditional symbol ¢, used in (1.3) and widely
used in this context since Lagrange and Hamilton, by dx, which means differ-
entiation in the direction of X. We will consider both symbols as synonyms.
The vector X tangent to M x M may be thought of as the pair (OxA,dxB).
We will denote by Z an open interval of R.



Definition 1.9. A Lambert path is a smooth path Z — M x M, s — (A, B;)
such that for any s, the pair (dA;/ds,dBs/ds) forms a Lambert vector.

Paths in the space of arcs. Smooth changes of arcs are smooth paths Z — A,
s — I’y in the space of arcs A. Such a path induces a path Z — M x M,
s+ (Ag, Bs) in the space of pairs of ends. Setting At = tg — tu, formula (1.2)
now reads

ds dB, dA, d(At)s
= <¥797}Bs> - <E79UAS> T T ds h. (1.5)

ds |H=n

Proposition 1.10. During a smooth change of arc, if the ends (A, B;) follow
a Lambert path and if the elapsed time (At)s is constant, then the Lagrangian
action S is also constant.

Proof. As (dA;/ds,dB/ds) is a Lambert vector, the first two terms in (1.5)
cancel each other out. As (At), is constant, the last term also vanishes. Thus
dS/ds = 0. O

Remark 1.11. Can the hypothesis of Proposition 1.10 be fulfilled? Given a
Lambert path s — (A, Bs), given an arc at s = 0 € Z with ends (Ag, Bp), can
we find a path of arcs s — I'g respecting both conditions, that the ends of T’y
are Ay and Bg, and that the elapsed time (At), is constant? The answer is
yes, locally, if the mechanical system and the arc satisfy this non-degeneracy
condition: the flow of the mechanical system during the time (At)y has a non-
zero Jacobian determinant at Ag. Such condition is satisfied in most situations,
but is not satisfied in the important examples of a Keplerian arc corresponding
to a full period, i.e. with A = B, and of an arc of the Hooke problem such that
the midpoint of A and B is O.

Proposition 1.12. During a smooth change of arc, if the ends (Ag, B;) follow
a Lambert path, if the non-degeneracy condition of remark 1.11 is satisfied at
each A, and if the elapsed time (At), is constant, then the energy H is also
constant.

Proof. An arc satisfying the non-degeneracy condition belongs to a family of
arcs with the same ends, parametrized by At. Formula (1.5) applied to this
family gives dS/d(At) = —H. When (A, B) changes this family changes. If
(A, B) follows a Lambert path, S remains the same function of At according to
Proposition 1.10. Consequently H = —d.S/d(At) also remains the same function
of At, i.e. is constant when (A, B) is changing. O

Two variants of the previous two propositions are obtained from this variant of
(1.2), also given by Hamilton:

Sw = (0B, vg) — (6A,va) + At - 6H. (1.6)

Proposition 1.13. During a smooth change of arc, if the ends (Ag, By) follow
a Lambert path and if the energy H is constant, then the Maupertuis action w
is also constant.

Proposition 1.14. During a smooth change of arc, if the ends (Ag, By) follow a
Lambert path, if the non-degeneracy condition of remark 1.11 is satisfied at each
A, and if the energy H is constant, then the elapsed time At is also constant.



The proofs are similar. The non-degeneracy condition does not imply that H
is a local parameter of the family of arcs with ends A and B, but we can still
argue with At as the parameter of this family. We do not insist on these proofs
in the general framework, based on the non-degeneracy condition, since they
only apply to rather simple systems, for which the statements may easily be
improved. For example, Theorem 1.1 is Proposition 1.14 in the case of the
Kepler problem, but it also applies to the degenerate case A = B.

In the same example of the Kepler problem, here in the plane Oxy, we set
A = (za,ya) and B = (zg,ys). Then (A,0B) = (—ya,xa, —ys,zp) forms a
Lambert vector. To check this, it is enough to note that (1.3) expresses the
conservation of the angular momentum. The four propositions are trivial con-
sequences of the rotational invariance of the problem. For a natural mechanical
system, the situation is the same as in the particular case of the Kepler problem,
according to the following general proposition.

Proposition 1.15. Let (M, g,U) be a natural mechanical system, £ denote
the Lie derivative and v = ¢ be the velocity vector. A vector field Z on M
satisfies (dU, Z) = 0 and Lzg = 0 if and only if (¢Z,v) is a first integral of the
system.

Proof. Let p = gZ, let V be the Levi-Civita connection of g. Recall that for
any tangent vectors X, (Vxp, X) = (Lzg9,X ® X). Then

0u{gZ,v) = (Vup,v) + (p, Vyv) = (Lzg9,v @ v) + (Z,dU). (1.7)

If (9Z,v) is a first integral, this is zero for all velocity vectors v. Then Lzg is
zero and (Z,dU) = 0. The only if part also follows from this formula. O

Definition 1.16. A natural symmetry of a natural mechanical system is a
group of isometries of the configuration space (M, g) which preserves the force
function U. A trivial Lambert vector at (A,B) is a pair of vectors (Z|a, Z|B),
where Z is a vector field on M generating a continuous natural symmetry. We
say that a natural mechanical system possesses the Lambert-Hamilton property
if it admits a non-trivial Lambert vector field.

The vector field Z in Definition 1.16 satisfies the conditions in Proposition 1.15.
In particular, Z is a Killing vector field of the Riemannian manifold (M, g). See
e.g. O'Neill [1]. In the rest of this paper, we will concentrate on the following

General question. Does a given natural mechanical system have the Lambert-
Hamilton property?

We will successively present six systems which positively answer the general
question: the Kepler problem and the Hooke problem, and their analogues
on a space of constant positive curvature and on a space of constant negative
curvature. The property also extends to the same systems with a repulsive
force instead of attractive. Further possibilities are obtained by considering
pseudo-Riemannian forms g.



2 Flat configuration space

2.a Classical Lambert’s theorem

To rediscover the statement of Lambert’s theorem, we consider the Kepler prob-
lem in the plane Ozy, defined by the system of ordinary differential equations

B=— y:—%, where r = /22 + y2, (2.1)

and address the above general question. We look for a Lambert vector at each
(A,B). Any Lambert path s — (A, Bs) may be composed at each s with a
rotation around O, thus producing a new Lambert path. We choose a normal-
ization which eliminates the rotational symmetry of the system: we decide that
ya = yp for all (A, B) in the Lambert path.!

To get the Lambert vectors, we need to determine the velocities (va,vp) at
the ends (A,B) of an arc of orbit. Three classical conserved quantities, the
angular momentum C = zy — y&, and both coordinates of the eccentricity
vector, « = x/r —yC, = y/r + 2C, give expressions for these velocities. They
give:

C’vAz( —i—:,—a—ki—:), C’UBz( —i—i,—a—&—f—:). (2.2)

Here we use the notation ra = \/z3 +y3, rs = V25 + y§. If C' # 0, condition
(1.4) for a Lambert vector X reads

0= —(% — B)dxan + (%3 —a)dxys + (7‘% — B)Oxza — (% — a)OxYa.

Together with the normalization Oxya = Oxyp this gives

YB TB  TA Ya
0= 7(77 )3Xx]3+ (7 *f)axyAJr(f*ﬂ)@XxA. (2.3)
B B TA TA
This should be true for any orbit passing through A and B. The easy identity
az + By = r — C? is the equation of the orbit, which is a conic section with
focus at the origin O and directrix with equation ax + By + C? = 0. Of the
three parameters in the equation of the orbit, o, 8, C, only 8 appears in (2.3).
Therefore, this equation is true for any orbit if it is true for any 3, and it is true
for any S if:
B TA

0= *nyaXzB + (7 - —)GXyAJr yanxl‘A and 0= 8X:1:B 78XxA. (2.4)
B B TA TA

The second equation (2.4) implies that the segment AB is translated when
following the Lambert path. The first equation (2.4) becomes:

0=—(L - I as +(

B _ LA)
B TA B

dxya. (2.5)
A

1Indeed the reasoning and the computation remain valid under the weaker hypothesis that
YA — yB remains constant along the Lambert path, and that zp # xg. This is why we keep
the two symbols ya and yp during the computation, even if we assume ya = yg.



Being a linear form in the two unknowns (Oxxa,dxya ), this equation possesses
solutions. Consequently, there exists a mon-trivial Lambert vector field. We
choose an X by choosing a normalization:
TB  TA Ys YA
Oxzp =O0xaB=— — —, Oxya = Oxyp = — — =——. (2.6)
B TA B TA
This expression defines a (Oxxa,dxya) which is equivariant by rotation of
(A, B), and consequently valid even if ya # yg.

Proposition 2.1. The vector field X defined on M x M by system (2.6), where
M = R?\ {0}, is a non-trivial Lambert vector field for the Kepler problem in
the plane R? = Oxy.

The invariants. There remains to find an invariant for the vector field X
defined by (2.6). We compute

1/ xzp @A YB YA TATB + YAYB
OxTA = 7((7 - S)za+ (= - —)yA) =27 797 1.

TA B TA B TA TATB

1/ zg  wa YB YA TATB + YAYB
3XTB:*((*_7)xB+(7_7)yB) =1- :

B B TA TATB

Thus, ra + 7 is invariant along the Lambert paths generated by the Lambert
vector field X. So, X is characterized by two conditions: the pair (A,B) is
translated and ra + rg remains constant. The general Lambert paths for the
Kepler problem are compositions of arbitrary rotations with the paths generated
by X. They are characterized by the invariance of d(A, B) and d(O, A)+d(O, B).

Proposition 1.14 together with this description of the Lambert paths is essen-
tially Theorem 1.1. We thus obtain, for the first time, Lambert’s theorem as
the answer to a general question, which appears to be easily solvable.

Proposition 1.14 has a non-degeneracy hypothesis which we can avoid as follows.
To guarantee that a given arc is not isolated among the arcs from A to B,
we observe that the family of orbits passing through A and B corresponds to
parameters (a, 3,C) such that aza + Bya + C? = r5 and axp + By + C? =
rg. The three parameters (o, 3, C?) are constrained by two affine conditions
only. This proves that the arc is not isolated. The same argument shows that
the particular case A = B is not an exception, although the non-degeneracy
condition is not satisfied. The case where A and B are distinct, but on a same
ray, is not an exception to Theorem 1.1 either. It should be considered as a
limit in the above reasonings, where we assumed C' # 0. See Albouy [3] for a
discussion of rectilinear orbits and Lambert’s theorem, and the extension of the
Kepler problem after collision. The case O = A is not an exception either.

2.b The Hooke problem in the plane

The planar harmonic oscillator, which we call the Hooke problem, is defined in
the plane Oxy by the system of ordinary differential equations & = —z, §j = —y.
We address the general question. As expected, the study is simpler than the
above study of the Kepler problem.

Let us normalize, using the rotations, with the condition ys = yg. The vari-
ables x and y are separated in the differential system, each having a periodic



motion of period 27. Considering the variable y alone, we observe that for
any orbit passing through A and B, we have yo = —gyg or yao = yg. In the
first case, OxA = (0,1), 0xB = (0,—1) define a Lambert vector X, since
(OxA,va) = (0xB,vp) for any such orbit. To make a Lambert vector field
defined everywhere, not only for ya = yg, we propose the following formulae,
which are equivariant by rotation of (A, B):

OxA = (ya — yB,ZB — ZA), OxB = (yB — ya,xA — 7B). (2.7)

In the second case, since (ya,ya) = (yB,ys), the interval of time must be a
multiple of the period 27. Consequently A = B. Formula (2.7) is still correct
in this case, since it gives zero, which is a Lambert vector.

Proposition 2.2. The vector field X defined on M x M by system (2.7), where
M =R? = Oxy, is a non-trivial Lambert vector field for the Hooke problem.

The invariants. They may be presented in several ways. The following com-
putation will be useful in §3.e: rAdxra = —zayB + ya and rgdxrg =
—xBYA + TAyp, thus radxra + rgdxrg = 0. This shows that ri + 7"123 is
invariant along a Lambert path of the Hooke problem. Now consider the chord
|ABJ.

6X||AB||2 =4(xa —2B)(ya —yB) + 4(ya —yB)(z —24) = 0. (2.8)

Now denote by A’ the opposite of point A, with coordinates (—xa, —ya). We
call ||A'B|| the antichord. We also have

Ox||A'B||* = 0. (2.9)
Thus, we have proved:

Theorem 2.3. Consider the Hooke problem, i.e. the harmonic oscillator in a
Euclidean plane, with fixed centre at O. The time required to reach a point B
from a point A with a given total energy H does not vary if we continuously
change A and B in such a way that the distances d(A,B) and d(A’,B), where
A’ is such that O is the midpoint of (A, A’), remain constant.

Remark 2.4. If two arcs of the Hooke problem have the same elapsed time,
they are mapped one onto the other by some linear map. Consequently, an arc
changed by following a Lambert path with a constant energy is a linear transfor-
mation of the initial arc. A similar property exists in the Kepler problem. When
following a Lambert path with constant energy H, a Keplerian arc remains in
the same affine class (see Albouy [3]).

3 Non-zero constant curvature and Appell’s projection

3.a Appell’s central projection and Lambert’s theorem

In the above argument for the Kepler problem in the plane, we deduce the
existence of a Lambert vector before computing its expression. We express the
definition of a Lambert vector as a linear system (2.4) with two equations in



four variables. This system is underdetermined in such a way that the rotation
cannot be the only solution and there should exist another Lambert vector. This
argument gives the following theorem as a development. The theorem gives in
turn further examples of systems with a Lambert-Hamilton property.

Theorem 3.1. If two systems with radial reaction correspond with each other
by Appell’s projection and if both are natural systems, then there is an invertible
linear map from the Lambert vectors at (A,B) to the Lambert vectors at the
image of (A,B). This map sends the trivial Lambert vectors onto the trivial
Lambert vectors.

Remark 3.2. Except in trivial cases, this linear map is not the push-forward by
Appell’s central projection and consequently the Lambert paths do not coincide
through this projection.

Description of Appell’s projection. The systems with radial reaction are
the systems which are projected one onto the other by Appell’s projection. In
the case of a zero reaction, they reduce to systems defined by a force field on
a flat space. Let us begin by explaining Appell’s projection in this case. In
a finite dimensional real vector space VW we consider two hyperplanes which
do not pass through the origin  of W, a connected open set U in the first
hyperplane, and a connected open set V in the second. We assume that U
and V correspond with each other by central projection with centre €. More
precisely, the correspondence should be through half lines and not lines, i.e. each
ray emanating from ) and passing through a point of U also passes through a
point of V, and the same is true if we exchange & and V. Suppose that a
dynamics on U is defined by a vector field ¢, through the Newton equation
4 = ¢lq. We call ¢ a force field. Then a corresponding dynamics on V is defined
by a force field ¢ on V. The rules are (see Albouy [2]):

First rule. The moving point qy € U is sent onto the moving point gy € V
by central projection: there is a factor v > 0 depending only on gy such that
Qv ="7qu-

Second rule. The velocity vector vy of gy is the push-forward of the velocity
vector vy of qu by the central projection, divided by 2.

Third rule. The force vector ¥ at gy is the push-forward of the force vector ¢
at qu by the central projection, divided by ~v*.

The open sets U and V are called screens, since a moving ray of light emanating
from € draws the orbits of the moving points gy and gy on each screen. The
time parameters on each screen do not coincide: the division by 2 in the second
rule defines a change of time.

The screens U and V are flat, but Appell’s projection also admits curved screens,
which are hypersurfaces of the vector space W. Such a screen should always
intersect the rays from 2 transversally. When the screen is not flat, the law of
dynamics is specified by adding to the force field ¢ a vectorial reaction \q:

G = olg + Ag; (3.1)

In the context of Appell’s projection, this reaction is always directed radially:
the radial vector ¢ is multiplied by a scalar A which is uniquely determined in

10



such a way that ¢ remains on the curved screen all along the motion. This radial
reaction was introduced in Albouy [1].

Proof of Theorem 3.1. We consider a given natural system (M, g, U), where
the configuration space M is a screen, and project it by Appell’s projection
on another configuration space which is another screen. We assume that the
resulting system is a natural mechanical system: the force field defined by the
third rule is for some Riemannian metric the gradient of some force function.
We pull back this system by the projection, for an easier comparison of both
systems. We call the new natural system (M, g, U ). Here we assume that both
systems have the same domain M, which we can always obtain by restricting
to a common domain. Consider two points A and B in M. Let 74 > 0 and
v > 0 the factors defined by the first rule. For any arc from A to B starting
with velocity va and arriving with velocity vg, there is a motion of the new sys-
tem on the same arc, with initial and final velocities (94, 78) = (73 >va, V5 -UB),
according to the second rule. Now, in order to get the condition (1.4) for a
Lambert vector Y = (9y A, 0y B), namely, (Oy A, goa) = (Oy B, §op) from the
condition (OxA, gva) = (0xB, gup), it is enough to define the new Lambert
vector Y through the relations dy A = 73 §7'gOx A and dyB = 74 g 'g0xB.
This is the invertible linear map of the Theorem. To obtain the result about the
trivial Lambert vectors, consider a generator Z of a natural symmetry group of
(9,U). By Proposition 1.15, (Z, gv) is a first integral of System (g,U). Con-
sequently, (Z, gv) = (Z,§0), where Z = 42§~ 1g Z, is a first integral of System
(9,U). By Proposition 1.15, Z is a natural symmetry of (g, U). Trivial Lambert
vectors (Z|a, Z|g) are mapped onto trivial Lambert vectors (Z|a, Z|g). O

3.b Application of Appell’s central projection

The Kepler problems on constant curvature spaces, introduced by Paul Serret [1]
in 1859 and Wilhelm Killing [1] in 1885, are natural systems which, according
to Appell [2], are obtained from the usual Kepler problem by central projec-
tion. The same is true for the Hooke problems on constant curvature spaces
(see Albouy [2]). We will recall the precise constructions in the next sections.
Theorem 3.1 gives the following proposition.

Proposition 3.3. The Kepler problem and the Hooke problem on constant
curvature surfaces admit non-trivial Lambert vector fields.

Remark 3.4. In Theorem 3.1 the domains of both systems correspond with
each other. But in the example of the spherical Kepler problem, Appell’s pro-
jection maps the usual Kepler problem onto just a hemisphere, the “upper”
hemisphere, centred at the fixed centre O. Proposition 3.3 would apply only to
the restriction of the spherical Kepler problem to the upper hemisphere, while
we claim it applies to the full spherical Kepler problem. There are indeed two
distinct objections, which are both easy to resolve.

The first is that the Lambert vectors are defined through the velocities (v, vp)
of all the arcs going from A to B. Increasing the domain does create new arcs,
which in turn create new velocities. The definitions of Lambert vectors for both
domains do not coincide. In the spherical Kepler problem, if A and B are in the
upper hemisphere, some arcs from A to B do cross the equator. But such an arc
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of spherical ellipse has, up to a change of signs, the same velocities (va,vp) as
the complementary arc, which is contained in the hemisphere. So the Lambert
vectors do correspond with each other in both systems, spherical and flat.

The second objection is that Theorem 3.1 defines the Lambert vectors fields
only on the upper hemisphere. But these fields are analytic, and the formula
for them produces an analytic extension to the lower hemisphere, satisfying the
required equations.

The spherical Hooke problem is singular on the equator, and defined only on the
upper hemisphere. Appell’s projection maps it completely onto the standard
Hooke problem.

3.c Kepler on the sphere

We consider a conservative central force problem in the plane Oxy, where the
force is directed toward a centre O. The force function U is a function of the
distance r. We embed the plane in a three-dimensional Euclidean space and
consider the unit sphere tangent to the plane at O. By calling € its centre, and
by projecting centrally toward €2, according to Appell’s rule, the conservative
central force problem is transformed into a natural mechanical system on the
sphere. The new force function U is obtained by projecting U. In the Kepler
problem, U = 1/r, and, if § is the angle from the pole O,
- 1

— . 2
v tan 6 (3.2)

The kinetic energy is changed. Let the old kinetic energy T be such that 27 =
% + 92. The new kinetic energy, expressed on the same plane with the same
variables x and y, is

o @ A+ (zy — yd)?

T —

2(1 + 22 4 y?)?

The « factor of the first rule is v = (1 + 2% +4?)~'/2. The matrix g in the proof
of Theorem 3.1 is the identity, while

(3.3)

a1+ y* —ay
9= ( —zy 1+a2%)° (3-4)
Then )
- o (1l+z Ty
1 2
= . 3.5
We set
1+23  zaya l+a23  BYs
Ga = A . Gp = B . 3.6
A ( zaya 1+yi B rgys 1+ u} (3:6)

Since the factors v3 and 43 in the proof of Theorem 3.1 simplify the =2 factor
in (3.5), the invertible linear map in this Theorem appears in matrix form as

OyA=(0xA)Gr,  OyB = (0xB)Gr, (3.7)
where, for the usual Kepler problem, X is defined by formula (2.6), which is



The matrix product (3.7) gives the Lambert vector Y from the previous Lambert
vector X of the planar case. We do not need to expand this product. We
compute the invariants of Y. We have

TAOyTA = TAOVTA + yAayyA = (8)(A)GA (?ji)

= (1+7%)(0xA) (zi) = (1+7r3)radxra.

So
Oyra = (1 + Ti)@x?“A, Oyrg = (1 + 7“]23)8X7"B~ (3~8)
We have seen in the planar case that Oxra + dxrg = 0. So

0 0
e L 2By, (3.9)
1475  1+4rg

If we call A and B the central projections of A and B on the sphere, 05 the
angle OA and g the angle OB, then ro = tanfs and rg = tanfg. The
above relation becomes Oy 0s + 9y = 0. Thus, 0a + 05 is an invariant for
Y. This suggests to ask if the angle AB on the sphere, denoted by Oagp, is
invariant. Since cosfap = (1 + 73)"V2(1 + 73)"V2(1 + zaxp + yays), we
compute dy (1 +7%) = 2(1 +r3)radxra, Oy (1 +713) = 2(1 + r§)rdxrp and

By (1 + 2azs + yays) — (Ox A)Ga (””B) + (0xB)Gr (””A)
yB YA

1+ a3)zs + zayays + (1 + 2%)ra + TBYBYA
= (0OxA ( A B 3.10
(OxA) (SEAyAfCB + (1 +y3)ys + zByBTA + (1 + Y3)YA (3.10)

_ (ra +2B)(1 +2A7B + yAYB)
= (OxA) ( (ya + yBB)(l + CCA$]]33 + yAyE) )

= (1+zazp + yays)(radxra + rgdxrs).

Then 8y(1og CcOos oAB) = —rpaOxra —rBOXTB + (TAaxTA + TBaxTB) = 0. Thus,
OaB is also an invariant for Y.

What we have proved using the central projection may now be stated without
mention of this projection. We will use the notation A, B and H for what was
denoted in the above proof A, Band H =T —U.

Theorem 3.5. Consider the Kepler problem on a unit sphere: a particle moves
on the sphere under a force field which is the gradient of the force function
1/tan 6, where 6 is the angle (or geodesic distance) from a fixed centre O. The
time required to reach a point B from a point A with a given total energy H
does not vary if we continuously change A and B in such a way that the geodesic
distances d(A,B) and d(O, A) + d(O,B) remain constant.
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3.d Kepler in negative constant curvature

The model for the hyperbolic plane is a sheet of the two-sheeted unit hyperboloid
in Minkowski space, which is sometimes called the pseudosphere. Appell’s pro-
jection maps it onto a disk. The computations are the same with the usual
changes, such as rpo = tanh 64 and

i% + 97 — (xy — yi)?
2(1 — 22 — y?)?

T= (3.11)
Theorem 3.6. Theorem 3.5 is still true if we replace the unit sphere by a unit

pseudosphere, i.e. by the hyperbolic space, and the force function 1/tan by
1/tanh s, where s is the geodesic distance from a fixed centre O.

3.e The Hooke problem on the sphere

This problem is the central projection on the unit sphere of the usual Hooke
problem. The force function of the latter problem, U = —72/2, is conserved by
the projection, giving

. 1
U= fitan29 (3.12)

on the sphere, 6 being the angle from the fixed centre O. The “equator” cor-
responding to the “pole” O is a singularity for U. We restrict our study to
a hemisphere. The kinetic energy is (3.3). We get the Lambert vector by
applying the relation (3.7) to the expressions (2.7). The invariance relation
ra0xra + rgdxrg = 0 is modified as in the Keplerian case, giving

ralyra  rpOYTB
T+r%  1+7

=0, (3.13)

which in turn gives the invariant (1473 )(1+r%). Another invariant, the inverse
of the square root of this one, is cos 0 cosfp. As OxA = —0x B, equation (3.10)
now has a minus sign:

1+ 23)2s + zAyays — (1 + 23)TA — TBYBYA
Oy (zazB + = (OxA ( A B
v (a7 +yays) = (OxA) <$AyA$B + (1 +v3)ys — zBYBTA — (1 + Y3)YA

(xa —op)(—1+zazp + yAiUB)) —0.

= - ,J,‘ -
(ya — yB,TB — TA) ( (ya —yB)(—1 4+ za2B + yays)

Then xzazp + yays is an invariant. Using the formula

1+ zazB +yays
V1+riy/1+13

as in the Keplerian case, and the above invariance of the denominator, we find
that again, OB is an invariant. We remark that if A’ is obtained from A by a
rotation by 7 around the vertical axis, then

cosbOap = (3.14)

1 —2zA7xB —YyaYB

cosOpm = (3.15)
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is also invariant. In other words, the antichord Oawm is invariant. Clearly, the
chord and the antichord form a basis of the invariants.

Theorem 3.7. Consider the Hooke problem on a hemisphere centred at the
fixed centre O. The time required to reach a point B from a point A with a
given total energy H does not vary if we continuously change A and B in such
a way that the geodesic distances d(A,B) and d(A’,B), where A’ is such that
O is the midpoint of AA’, remain constant.

3.f The Hooke problem on the pseudosphere

It is enough to apply the same changes as in the Keplerian case: 1+ 73 becomes
1 — 73, which is cosh™ 6.

Theorem 3.8. Theorem 3.7 is still true if we replace the unit hemisphere
by a unit pseudosphere, i.e. by the hyperbolic space, and the force function
—(tan? ) /2 by —(tanh? 5)/2, where s is the geodesic distance from a fixed centre
0.
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