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THE GEOMETRY OF CONFORMAL TIMELIKE
GEODESICS IN THE EINSTEIN UNIVERSE

OLIMJON ESHKOBILOV, EMILIO MUSSO, AND LORENZO NICOLODI

ABSTRACT. This paper studies the geometry of the critical points of the sim-
plest conformally invariant variational problem for timelike curves in the n-
dimensional Einstein universe. Such critical curves are referred to as confor-
mal timelike geodesics. The functional defining the variational problem is the
Lorentz analogue of the conformal arclength functional in Mobius geometry.
‘We compute the Euler-Lagrange equations and show that the trajectory of a
conformal timelike geodesic is constrained into some totally umbilical Einstein
universe of dimension 2, 3, or 4. The case of dimension 2 leads to orbits of 1-
parameter groups of Lorentz Md&bius transformations, while that of dimension
3 has been dealt with in [8]. In this paper, we discuss the case of conformal
timelike geodesics in the 4-dimensional Einstein universe whose trajectories
are not contained in any lower dimensional totally umbilical Einstein universe.
It is shown that such curves can be explicitly integrated by quadratures and
explicit expressions in terms of elliptic functions and integrals are provided.

1. INTRODUCTION

Let £1n~1 denote the conformal compactification of Minkowski n-space (n > 1),
realized as the set of oriented null lines through the origin in pseudo-Euclidean
space R?™. Topologically, £~ is the sphere product S* x S*~!. The restriction
to EL"~ 1 of the pseudo-Euclidean structure of R?™ makes £1"~! into an oriented,
time-oriented, Lorentz manifold with product metric —dt? 4+ ggn—1, where dt? is the
standard metric on S! and ggn-1 that on S™~!. The Lorentz manifold £-"~1 is
known in the literature as the compact Einstein universe.! The role of £~ in
conformal Lorentz geometry is similar to that of the conformal n-sphere S™ (the
Mobius n-space) in conformal Riemannian geometry [2, 12, 16]. In particular, all
Robertson—Walker spacetimes, including the Lorentz spaceforms, can be confor-
mally realized as open domains of £E1"~1 [9, 19]. Conformal Lorentz geometry, in
both its intrinsic and extrinsic aspects, has played an important role since the work
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1Actually7 &£1m—1 is the double covering of the space that in [2, 12] is called Einstein universe.
The advantage of working with the compact model £1:"~1, instead that with its universal covering
R x S"~! (the Einstein static universe), is that its group of (restricted) conformal transformations
is a Lie group of matrices (cf. [10] for more details), which greatly simplifies computation.
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2 OLIMJON ESHKOBILOV, EMILIO MUSSO, AND LORENZO NICOLODI

of H. Weyl in general relativity [42] and of W. Blaschke and G. Thomsen in the clas-
sical geometries of Laguerre, Mobius and Lie [4, 6, 20, 21]. In the 1980s, the subject
has been considered in the twistor approach to gravity by Penrose and Rindler [34]
and more recently in the study of cyclic cosmological models [32, 33, 39, 40] and in
the regularization of the Kepler problem [16]. For other applications of conformal
Lorentz geometry, we refer to [1].

Let us begin by recalling some facts about the conformal geometry of curves
in S™ which are comparatively relevant to our study. It is well known that along
a generic curve in the conformal sphere S™ there exists a canonical conformally
invariant arc element whose integral defines a conformally invariant functional,
called the arclength functional. This construction is classical and goes back to the
work of a number authors of the first decades of the 19th century, including Fialkov,
Haantjes, Liebmann, Takasu, Vessiot, et al. [11, 18, 25, 37, 41]. In [28], E. Musso
characterized the critical curves of the arclength functional for the case of S® and
provided explicit expressions for the critical curves in terms of elliptic functions.
Extending this work to S™, in [26], M. Magliaro, L. Mari and M. Rigoli proved
that every critical curve in S™ lies in a totally umbilical 4-sphere S* and obtained
explicit expressions for the critical curves in S*. Interestingly enough, it follows
from the results in [26] that any closed critical curve in S™ lies in some $3 C S™,
up to Mobius transformation. The question of existence and properties of closed
critical curves for the arclength functional in S® has recently been addressed by E.
Musso and L. Nicolodi in [29, 30].

The purpose of this paper is to study the timelike curves in £V~ which are
critical for the conformal strain functional, the Lorentz analogue of the arclength
functional for curves in S™. These curves are referred to as conformal timelike
geodesics, or conformal worldlines. The conformal strain functional defines the
simplest conformally invariant variational problem on the space of generic timelike
curves (i.e., timelike curves without conformal vertices) and generalizes the func-
tional for timelike curves in €12 considered in [8]. Proceeding by the method of
moving frames in analogy with [26, 28], we compute the variational equations sat-
isfied by the conformal worldlines. We then prove that the conformal worldlines
in £"~1 are constrained into some totally umbilical Einstein universe of dimen-
sion 2, 3, or 4. This is the Lorentz analogue of the result for the critical curves of
the arclength functional in S™ mentioned above [26]. Now, the case of conformal
worldlines in a 3-dimensional Einstein universe has been partially investigated in
[8]. Moreover, it can be shown that the trajectories of the conformal worldlines
in a 2-dimensional Einstein universe are orbits of 1-parameter groups of Lorentz
Mobius transformations. The focus of this paper is on the conformal worldlines of
&3 whose trajectories are not contained in any lower dimensional totally umbilical
Einstein universe, the so-called linearly full conformal worldlines. We will prove
that they can be integrated by quadratures and will compute explicit expressions
in terms of elliptic functions and elliptic integrals.

More specifically, the results are organized as follows. In Section 2, we collect
some basic facts about conformal Lorentz geometry [2, 16, 31] and develop for
timelike curves in £1"~! the classical approach to the conformal geometry of curves
in Mébius space [11, 18, 27, 35, 36, 37, 38]. We define the conformal strain for a
timelike curve and the associated notion of conformal vertex. We then introduce



the infinitesimal conformal strain and the conformal strain functional for generic
timelike curves.

In Section 3, we use the moving frame method to compute the Euler-Lagrange
equations of the conformal strain functional. This is the content of Theorem A.
Next, we show that the trajectory of a conformal worldline is constrained in a totally
umbilical Einstein universe of dimension 2, 3 or 4. This is proved in Theorem B.

In Section 4, we study the linearly full conformal worldlines of £3. For a linearly
full worldline v C €13, we construct a canonical lift to the (restricted) conformal
group, called the canonical conformal frame field of v, and define the three con-
formal curvatures of v (cf. Proposition 3). We then use the variational equations
to show that the curvatures are either constant, in which case the trajectory of v
is an orbit of a l-parameter group of (restricted) conformal transformations (cf.
Remark 7), or can be expressed in terms of Jabobi’s elliptic functions. This is
done in Proposition 5. As a consequence of Proposition 5, it is shown that any
congruent class of conformal worldlines can be represented by a model worldline,
the so-called standard configuration (cf. Definition 12). This implies that the con-
formal equivalence classes of linearly full conformal worldlines can be parametrized
by three real parameters (cf. Proposition 6). We then define the momentum op-
erator of a worldline v. This is an element of the Lie algebra of the (restricted)
conformal group, which is intrinsically defined by the worldline. The existence of
the momentum is a consequence of the conformal invariance of the strain functional
and of the Nother conservation theorem (cf. Remark 8). A conformal worldline is
called regular, exceptional, or singular depending on whether the momentum is a
regular, exceptional, or singular element of the Lie algebra. Proposition 7 shows
that a worldline can only be either regular, or exceptional. Next, for both types of
worldlines, we define the integrating factor of an eigenvalue of the momentum and
construct the principal vectors of the eigenvalues (cf. Proposition 8). The rather
technical and lengthy calculations for the explicit determination of the integrating
factors are given in the final Appendix.

In Section 5, we use the integrating factors and the principal vectors to integrate
by quadratures the trajectories of the linearly full conformal worldlines of £!:3 with
nonconstant curvatures. This is the content of Theorems C and D. At the end of
the section, the theoretical aspects underlying the integration by quadratures are
briefly discussed. We also explain why, contrary to what happens in £'2, where
there are countably many closed worldlines with nonconstant curvatures (cf. [8]),
a linearly full conformal worldline in £3 with nonconstant curvatures cannot be
closed. Finally, we show that the trajectory of a conformal worldline is invariant
under the action of an infinite cyclic group of conformal transformations.

2. CONFORMAL GEOMETRY OF A TIMELIKE CURVE

2.1. The Einstein universe and its restricted conformal group. Let £}7!
denote the n-dimensional submanifold of R"*2, n > 1, defined by the equations
23+ 23 = 1and 23 + -+ 22, = 1. As a manifold, £+"! is the Cartesian
product S' x §”~1. The restriction to "1 of the quadratic form

gz—dacg—dxf—ﬂ—dx%—i----—&—daciﬂ

induces on £V"~! a Lorentz pseudo-metric g.. The normal bundle of £V is
spanned by the restrictions of the vector fields n; = 200, + 105, and ny =
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290z, + -+ + n410z,,,. Thus, contracting dzg A -+ A dr,41 with n; and ny,
yields a volume form on £Y"~! which in turn defines an orientation. The vector
field —x10y, + 200, is tangent to £L"~! and induces a unit timelike vector field
on EL"~1 We time-orient £1"~! by requiring that such a vector field is future-
directed.

Definition 1. The Lorentz manifold (€171, g.), with the above orientation and
time-orientation, is called the n-dimensional Einstein universe.

In order to describe the conformal geometry of £1" 71, it is convenient to consider
in R"*2 the coordinates

1 1
Yo = ﬁ(ﬂﬁo +Tnt1), Y1 =1, Yo =Tn,  Yngl = ﬁ(—xo + Zny1)-
The corresponding basis of R"*2 is denoted by (Ey, ..., E,,1) and is called the stan-
dard (light-cone) basis of R"T2. With respect to (yo,. .., ¥ns1), the scalar product
associated to g can be written as

n
(2.1) (YV,Y') = =(YoYp41 + Ynt190) — 135 + D U39
j=2

In addition, dV = dyg A - - - Ayp+1 defines a positive volume form. From now on, we
will use light-cone coordinates and we will think of the elements V' € R**? as their
coordinate column vectors with respect to (Fy, ..., E,11). Foreach V € R*2 V #£
0, [V] will denote the oriented line spanned by V. By the mapping 171 5 V
[V], €171 can be identified with the manifold of isotropic oriented lines through
the origin of R"*2 (null rays). Using this identification, the identity connected
component A1(2, n) of the pseudo-orthogonal group of (2.1) acts transitively and
effectively on the left of £1"~! by X[V] = [X V]. This action preserves the oriented,
time-oriented conformal Lorentz structure of £4"~1. It is a classical result that, if
n > 2, every restricted conformal transformation of £%"~! is induced by a unique
element of Aﬂ_ (2,m) [7, 12]. For this reason, we call AI_(Z, n) the restricted conformal
group of the n-dimensional Finstein universe.

Remark 1. To distinguish the connected component of the identity we proceed as
in [16]. Let C € A*(R™*2) be the cone of all isotropic bi-vectors, i.e., the non-zero
decomposable elements V A W of A\*(R™+2) such that (V,V) = (W, W) = (V, W)
= 0. The function

B:CoVAW = dV(V,W,Ey1,...,E,, Ey1 — Ep) €R
never vanishes and the half cones
Cy ={VAWEC:BVAW)>0}, C_={VAWEe :B(VAW)<O0}

are the two connected components of C. Therefore, A1(2,n) is the group of all
pseudo-orthogonal matrices B of the scalar product (2.1), such that det B =1 and
BCy =C,.

Let

(22) m = (mji), mj; = <EJ7E1>, Z,] :O,,Tl+1
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Then the column vectors By, ..., B,4+1 of a matrix B € Al (2,n) form a light-cone
basis of R"*2, i.e., a positive-oriented basis such that

(Bi,Bj) =mj;, 4,7=0,...,n+1, BoA(B1+ Bs) €.
This allows us to identify A1(2, n) with the manifold of all light-cone bases of R™+2.
Let R%" denote R™*2 equipped with the scalar product (2.1), the volume form
dV, and the positive half cone C. Differentiation of the R?"-valued maps
B;:Al(2,n) 3B~ B; €eR*", j=0,...,n+1,

yields
n+1

dBj = Z /J,;Bi,
=0

where ,u§ are left-invariant 1-forms. The conditions (B;, B;) = mj; imply that
W= (u;) takes values in the Lie algebra of A1 (2,n), namely
a(2,n) = {X €gl(n+2,R) | Xm+mnX =0}.
As a consequence, we can write
Ng _M}L-‘rl th+1 0
po 0 Wi g
Lo H1 i Hn+1

0  —uy  ‘mo —pg

‘LL:

where

po ="(ug - 1)y g ="pds D) g = (oirs o H)

and i + fi = 0. The left-invariant 1-forms p, /16, Nfﬁp j=1,...,n, and ,ué-,
1<i<j=1,...,n, are linearly independent and span the dual of the Lie algebra
a(2,n). They satisfy the Maurer—Cartan equations

n+1
(2.3) duj-:—z,uzAuf, 3,7 =0,...,n+1.

k=0

Remark 2. Let M""~! be Minkowski n-space, i.e., the affine space R” with the
Lorentzian scalar product

(P,4) = —p1q1 +p2g2 + -+ + Pudn-
The map

(2.4) i(p) = |:t(1,p1,...,pn, (p7p))} c gLt

2

is a conformal embedding whose image is said the Minkowski-chamber of EL"~1.
Let Pz_(l,n —1) = Mbn1 % SOT‘_(l,n — 1) be the restricted Poincaré group of
M'"~1. For each (p,L) € PL.(1,n — 1), let *p := (=p1,p2,...,pn). The matrix

1 0 0
Bpp,L)=| p L 0
e pl 1

belongs to AI_(Q, n) and
(2.5) J:PL(1,n—1)3 (p,L) — B(p,L)) € AL (2,n)
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is a faithful representation. Similarly, one can build conformal embeddings of de Sit-
ter and Anti-de Sitter n-spaces into £1»~!. Also Robertson—Walker n-spacetimes
can be conformally realized as open submanifolds of the Einstein universe [19].

Definition 2. A (2 + h)-dimensional subspace W C R?>™ h = 1,...,n — 1, is
called Lorentzian if the restriction of (,) to W is nondegenerate and of signature
(2,h). The set E(W) of all null rays belonging to W is a h-dimensional totally
umbilical Lorentzian submanifold of £1"~1. We call £(W) a h-dimensional Lorentz
cycle of 11, The cycle £(W) endowed with the induced conformal structure is
a conformal Lorentz manifold equivalent to a h-dimensional Einstein universe.

2.2. Timelike curves. Let v : I C R — &7 1 be a parametrized timelike curve,
n > 3. A null lift of v is a map I' : I — R*", such that y(t) = [['(t)], for every
t € I. Since 7 is a timelike immersion, a null lift T" of  satisfies

F/\Flh#o, <F‘t,F‘t>:<F|t,F/‘t>:0, <F’|t,F"t)<0,

for every t € I. For each k = 1,...,n + 1, the kth osculating space of v at ~y(t)
is the linear subspace T*(v)|; C R*" spanned by the vectors I, T”),, ..., T'¥),.
Clearly, this definition is independent of the choice of the null lift. The totality of
osculating spaces defines the kth osculating sheaf

TE) ={(t, V) e I xR*" | V € T*(7)|:} .
We have the following.
Lemma 1. For eacht € I, T%(v)|; is a 3-dimensional Lorentzian subspace of R*™.

Proof. Choose I so that (IV,I”) = —1. Differentiating (I, I') = 0 and (I, I") = —1,
we get (I',T”) = 1 and (I'",T") = 0. This implies that I'|,, ", and I'”|, are linearly
independent, for each t € I. Next, let

le

_1 "o R T _1 2 n/A aV/d 7
A1_2(1+<F,F>)F I, Ay=T A3—2(1 (I, ") )T+ 1",
Then, (Ay,, Az|,, As|,) is a basis of T2()l, such that
<A2|t7A]‘t> :07 27&.77
(A1), Avp,) = (Az),, Ag),) = —(43),, 43),) = —1,
as required. (Il

The above lemma implies that 7%(v)|; is a Lorentzian subspace of R%", for each
k > 2, and for each t € I. The Lorentzian cycle £(T*(v)|;) is denoted by £*(7)];.
We call £¥(v)|; the kth osculating cycle of ~ at v(t). The orthogonal complement
NF(Y)|¢ of T#(7)|s is a spacelike subspace such that R*™ = T*(v)|; @ N*(7)];. We
call N*()]; the kth normal space at v(t). The totality of kth normal spaces defines
the kth normal sheaf

NF) ={t, V) eI xR>" | V e N*(7)|¢} .
Let pr |+ denote the orthogonal projection of R"*2 onto NE)]e-

Definition 3. The conformal strain of a timelike curve ~ is the quartic differential

(preg) (I"), prigy ("))
(I, 1)




The conformal strain is independent of the choice of the null lift T'. In addition, if
v and 7 are two equivalent timelike curves,® then Q5 = h*(Q.).

Definition 4. If Q(v)|; = 0, the point ~(¢) is said to be a conformal vertex. A
timelike curve without conformal vertices is said to be generic. If @ = 0, the curve
is said to be totally degenerate.

Remark 3. TIf 7 is totally degenerate, then £1(7)|; is constant and the trajectory of
v is contained in a 1-dimensional conformal cycle.

Following [8], it can be shown that £!(7)|; has second order analytic contact with
v at y(t). Moreover, ¥(t) is a conformal vertex if and only if the order of contact is
strictly greater than 2. This underlines the fact that the conformal strain measures
the infinitesimal distortion of the curve from its osculating cycle.

Definition 5. If v is generic, there exists a unique null lift T', referred to as the
canonical lift, such that Q. = (I',I")2dt*. The smooth positive function v, =
|(T",T")|'/2 is called the conformal strain density and the exterior differential 1-form
0, = vydt is called the infinitesimal conformal strain (or conformal arc element)
of 7. By construction, o, is invariant under the action of the restricted conformal
group and orientation preserving changes of parameter. In particular, any generic
timelike curve can be parametrized is such a way that v, = 1. In this case, we
say that the curve is parametrized by conformal parameter, which will be usually
denoted by u. For a smooth map f : I — R”, by f =y L ' we define the derivative
of f with respect to the conformal arc element.

Remark 4. The 1-form o is the Lorentzian analogue of the conformal arc element
of a curve in the 3-dimensional round sphere [23, 26, 28, 30] and generalizes the
analogue notion for a generic timelike curve in the (1 4 2)-Einstein universe [8].

Let v be a generic timelike curve and let I' be its canonical lift. Then, for every
t, dim (73(v)|¢) = 4, and hence T3(v) is a vector bundle. Furthermore, the cross
sections

1 pr(2)(FW)
2. My=T, My=—"—721". My=
( 7) 0 s 1 |<F/,F/>|1/2 ) 2 <pr(2)(F/”),pr(g)(F/”»l/Z7
and
1 <F/ 1‘\//> 1 <I‘// F/I) <FII 1"/>2
2. M - I“l// ) F/ - ) _ ) F
(28) N 18 L R WS V) 2(<F,F">2 <F,F”>2)

give rise to a canonical trivialization (Mo, My, Mo, M, 41) of T3(7), such that
(Mo, Mo) = (M1, Myqr) = (Mo, My) = (Mo, Mz) =0,
(2.9) (My, Mpt1) = (Ma, Mp41) = (My, M3) =0,
(Mo, Myi1) = (My, My) = — (M, M) = —1.
In particular, My, A (Ml‘t + Ma),) is an isotropic bi-vector, for every ¢ € I. If we
revert the orientation along the curve, this bi-vector changes sign.

This implies that any generic timelike curve has an intrinsic orientation, defined
by Mo, A (My), + My|,) € Cy, for every t € I.

le.,¥=B- (yoh), where B € Al(l,n + 1) and h is a change of parameter.
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Assumption 2. From now on, we implicitly assume that all timelike curves are
generic and equipped with their intrinsic orientations. For any such a curve v, we
denote by I its canonical null lift.

Definition 6. The scalar product (2.1) induces a metric structure on the vector
bundle N3(vy). The covariant derivative of a cross section V : I — N3(y), with
respect to the conformal arc element, is defined by

(2.10) D(V) = pr(3)(V) 1= N3(v).

The normal bundles N?(7y) and N3(y) possess two canonical cross sections,
denoted by W, and S, respectively. The cross section S, is defined by

(2.11) Sy = pr(g)(My).
Next, let
(2.12) hy = (My, My 1), ha =4/(S,,S,).

We define W, by
(2.13) W, := (hy — 3haha) My — (h2 — 2h1)S., + D*(S.,).
Note that

T*(9)|e = span(Mole, M s, Male, Sy e, Mngal),

T°(1)]e = span(Mo s, Mile, Ma|e, Sy le, D(S5) |t Mytale),

for every t € I.

2.3. First and second order frame fields. A first order frame field along ~ is a
smooth map

A= (Ao, Apir) - T — AL(2,n),
such that A is a null lift and A{y € span(A4g, A1). First order frame fields do exist

along any timelike curve. If A is a first order frame field, then any other is given
by
A= AX(r,xz,y, R),
where
rae:l =R x>0, y:IT—-R" R:T—-8S0(n-1)

are smooth functions and

r —x YR ;yy;x?
0 1 0 x/r
2.14 X R) =
(214 renm)= | 0 b0
0 0 0 1

Definition 7. A first order frame field is said to be of second order if
Ao =My, A1 =DM, Ay=DM,y, Apy1= My

Second order frame fields do exist along any generic, timelike curve with its intrinsic
orientation. Note that (As,...,A,) is a trivialization of the third-order normal
bundle of ~.



If A is a second order frame field, then

0 —hy 1 0 0

1 0 0 0 M
(2.15) A=Al0 0 0 —% 1 |o,

0 0 s ¢ 0

0 -1 0 0 0

where ¢ = (¢1)i j=3..n : I — o(n —2) is a smooth map, h; is as in (2.12), and
s=1Ys...,s") is defined by

n

Sy =Y sA;

=3
V=37, VJIA; is a cross-section of N3(7), then

DV = Xn: (v + Xn:gzﬂfvi)Aj.
j=3 i=3

This implies that

(2.16) DS, = s{yA; D S,) = siyA;,
j=3 j=3
and
(2.17) W, = (hl —3's5)As + Z (8{2) + (2hy — s s)s7) A;,
j=3

where s(1y, 5(2) : I — R"™3 are defined by
sty =8+ D 0ls's sy =8y + X dishy:
i=3 i=3

2.4. The strain functional and the conformal worldlines. For a generic time-
like curve v, we have seen that there is a canonical arc element o, on I. If K C I
is a closed interval in I, we can define the total strain functional

Sk0) = [ o

on the space of smooth, generic, timelike immersions of I into EL"1.

Definition 8. We say that a generic timelike curve v is a conformal timelike geo-
desic, or a conformal worldline, if for any closed interval K C I and for any smooth
variation

g: I x(—¢e,€) 2 (t,7) = (1) € ELVL,
with 79 = v and supp(g) C K,3

(S =0 =0,

3supp(g) denotes the support of the variation, i.e., the closure of the set of all ¢ € I such that
v (t) # v(t), for some 7 € (—¢,€).
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3. THE VARIATIONAL EQUATIONS

The purpose of this section is to prove the following.

Theorem A. A generic timelike curve v equipped with its intrinsic orientation is
a conformal timelike geodesic if and only if W, (cf. (2.13)) vanishes identically.

Proof. First, we prove that a generic timelike curve with W, = 0 is a conformal
worldline. Without loss of generality, we may assume that + is parametrized by
conformal parameter. By (2.13), it follows that W, = 0 if and only if

(3.1) hy = 3hahy, D*(S,) = (h3 — 2h1)S,.
Let A: T — A1 (2,n) be a fixed second order frame field and
g: I x(—¢€€) > (u, 1) v, (u) € L1

be a compactly supported variation of v, such that supp(g) C K. By possibly
shrinking the interval (—e,€), we may assume that, for every 7 € (—¢,€), 7, is
generic and equipped with its intrinsic orientation. Then, there is a differentiable
map

AT x(—€€) 3 (u,7) = A (u) € A1(27n),
such that Ag = A and A, is a second order frame field along ~,, for every 7 €

(—¢€,€). This implies that there exist smooth maps @, A : I x (—e, €) — a(2,n) such
that

A"YdA = Qdu + Adr,

where
0 —m v 0 0
v 0 0 0 m
Q= 0 0 0 —% w ,
0 0O p v O
0O —v 0 0 0
and
A=A AR e 0
MO0 N AL,
A= )\(2) A2 0 Dy A2 11 ,

X A PSS WD WS
0 —=A) Az By =\

for smooth maps

0 1 2 1 2
v, m, )‘ 1) A07 )\O’ )‘n+1? >‘n

b, )‘Oa )‘17 )\27 )\n+1 I x (76,6) — ]Rn_27
U, A: I x (—¢,€) = o(n — 2).

41 I x(—€€) =R,

Let the restrictions to I = I x {0} of the above maps be denoted by the same

symbols with an over bar. Note that supp(A) C K. The cross section

Ve = ZTSAQ T — N?()

a=2
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is independent of the choice of A and A. We call Vg the infinitesimal variation of
g. From A = AQ and the identity (2.15), we obtain ¥ = 1, m = hy, p = s and
1 = ¢. From the Maurer—Cartan equations, it follows that

(3.2) 0N —0;Q=AQ—-QA=:[AQ]
Using (3.2), we compute®
@)1 = M+ A,
X = 3 (=N = Xer s —mAd)
)\70 = )\71*)‘7(2)87(;3)\707
Tl - _hlr()_)\n+1 _T%S_QSTD
Aner = i+ =M s —é A,
No= M+s

Integrating by parts, taking into account that supp (/\7;) CK,i,j=0,...,n+1,
and that ¢ is skew-symmetric, it follows from the above identities that

d - o
7 (Sx(17)) lr=0 = / (0,v|1) du = / (A 4+ A}) du = / A du
T K K K
1 - [ — J— — I
:—gl{(S'(—)\l—hl)\o—)\%S—gb)\l)—Fhl()\g—s-)\o))du

1 — — — S -
:5/ (—é.>q+h1s-)\0+(s-s)/\%—O—s-qs)\l+h1)\(2)+h13.)\0)du
K

:—f/Ké-(A0+)\%s+¢)\o)du+i/l(s-qﬁ()\o—l—)\gs—l—gb)\o)du
/(hls«)\io+(tss)()\;(2)fs~)\70)+h1)\7(2)+h15')\70)du
K
1 N2 (1 t . N . t
= — ()\0 (hl -3 SS) + )\0 . (8(1) + QZSS(U — (SS — th)s))du
2 Jk
/K (W 1 =3'55) + D0 (s(2) + (21 = 's5)s) ) du

*/ (Ve W) du.
2 /K

This implies the result.

—_

Next, we show that, for each ug € I, there exists an open interval J C I con-
taining ug, such that, for every smooth function p : I — R with compact support
K C J and every j = 2,...,n, there exists a compactly supported variation g, such
that Vg = pA;. This clearly implies that a conformal worldline satisfies W, = 0.

Using the conformal invariance of the functional, without loss of generality, we
may suppose that v(u) belongs to the Minkowski chamber, for every u lying in an
open interval J C I containing ug. Then, v|; = j o a, where a : J — M1 s
a timelike curve of Minkowski space. Let t : J — M""~! be the future-directed

AFor v, w € R*2, thought of as column vectors, v - w = ww denotes the usual dot product.
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timelike unit tangent vector along o and let
N(a)={(u,v) € Jx M"""! | *vt), =0}

be the normal bundle of «, equipped with the metric covariant derivative V(v) :=
pr(v).> Let (bg,...,b,) be a flat orthogonal trivialization of N(a), such that
(t,bs,...,b,) is positive-oriented. Then («,t,bs,...,b,):J — P_T_(l,n —1)isa
lift of o to the restricted Poincaré group,® and

F=Jo(a,t,by,...,b,): J = AL (2,n)

is a first order frame field along v|;. Let A: J — A1(2, n) be a second order frame
field along . Then A = F X (r, x,y, R), where

z,r:J—=Rr>0, y:J—-R" R= (R;)”:Qn :J = SO(n—1)
are smooth maps and X (r, z,y, R) is as in (2.14). Now, let
ot 2 _Pup2
m="m*...,m") = - (Rj,..., R}).
It is now an easy matter to check that the variation

vr(u) = jo (au + szj(u)bj|u), (u,7) € J x (—¢,€),

Yr(u) =7(u), (u,7) € (I\J)x(=€e€),
satisfies the required properties. This concludes the proof of the Theorem A. [

The next theorem shows that the conformal timelike geodesics (conformal world-
lines) lie in some Einstein universe of dimension 2, 3, or 4.

Theorem B. The trajectory of a conformal timelike geodesic is contained in an
m-dimensional Lorentzian cycle, where m can be 2, 3, or 4.

Proof. Let « be a conformal worldline parametrized by conformal parameter. Let
A= (Ao,...,Apnt1) be a second order frame field along . Then

TS('Y)Iu = span(A0|u, Al ‘ua A2|ua Sv|u7 DS’y|ua An+1 |u)a
for every u € I. From (2.15), we have
Ag=4y, Ay =-ImAy— Ans,

(3.3) . .
As ZA()—I—S,W Apv1 = h1A + Ao,
and
(3.4) Aj= =513+ > @5 A, j=3,...,n.
k=3
The first equation in (3.1) yields
2
(3.5) (he)? = shite, ek

The remaining equations in (3.1) can be written as
. . 4
(3.6) s$=—¢s+su), Su= —(§h1 —c1)s — P

5Here, pr|, denotes the orthogonal projection of M1~ onto N(a)|s.
63 is the faithful representation of PJTr(l7 n) into the conformal group.



13

or, equivalently, in the form

{;fi(sw) = DSy — (2h1 + c1)As,

3.7 '
7 (DS|,) = —(%hl — cl)S7 — 1hAs.

From (3.6), it follows that (s, s(1)) is a solution of the linear system

d
%(3 Asy) = —(ds) Asay —sA(Psq))
Hence, two possibilities may occur:

e Case I: sy Asqyly # 0, for every u € I
e Case Il : s A s(1) vanishes identically.

Case I. The vectors fields S, and DS, are everywhere linearly independent. Then,
the osculating spaces 7°(7)|, are 6-dimensional. Using (3.3) and (3.7), we obtain
d
du
Hence, 7°(7)|, coincides with a fixed 6-dimensional Lorentzian subspace W. C
R?", for each v € I. This implies that the trajectory of « is contained in the
4-dimensional Lorentzian cycle £(W.,).

(Ao/\Al/\AQ/\S,y/\DS,y/\A)IO.

Case II. Since (s, 5(1)) is a solution of the linear system (3.6), there are two pos-
sibilities:

o Case Il.1 : s =5(1) =0;

o Case IL2 : 'ss+ sy s(1) > 0.

Case IL.1. If s = $ = 0, then (3.3) implies
d
%(Ao ANAy NAs AN Apyr) =0.

Therefore, 73(v)|, coincides with a fixed 4-dimensional Lorentzian subspace W., C
R27™, for every u € I. Hence, the trajectory of « is contained in the 2-dimensional
Lorentzian cycle E(W.,).

Case IL2 If 'ss + 's;qy sy > 0 and s A sy = 0, then span(S, |y, DS,[,) is a
1-dimensional spacelike subspace, for every v € I. Thus

P={(u,V)eIxR*" | V €span(S,|u, DSy|u)}

is a rank 1 vector bundle. Let P be a unit length cross section of P. The identity
s A sy = 0 implies that S, and DS, are both proportional to P. Let I = I\

I, where I, is the discrete set {u € I | S|, = 0}. On I, the 5th and 4th order
osculating bundles are spanned by Ay, A1, As, P, Aj,+1. This implies the existence
of a smooth function f : I — R, such that

Ply=fP|y, mod(A, A1, Az, Apt1),
Taking into account the previous identity, from (3.3) we get
d
(3.8) %(AO NATNA3ANPANApf)|7=f(AoNALNAZ AP A App)l5

Let Grs(R™*2) be the Grassmannian of 5-dimensional subspaces of R"*2. From
(3.8), it follows that the map

I>u— span(A0|u A A1|u A A2|u A\ P|u A An+1|u) S Gr5(R"+2)
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is constant on I, , and hence on [ by continuity. Then, the 4th order osculating
spaces coincide with a fixed 5-dimensional Lorentzian subspace W., C R?". Hence,
the trajectory of v is contained in the 3-dimensional Lorentzian cycle £(W,). O

By Theorem B, if v is a conformal worldline, then three possibilities may occur:
e v is trapped in a 4-dimensional Einstein universe and there are no 3-
dimensional Lorentzian cycles containing the trajectory of . In this case,
we say that v is a linearly full conformal worldline.
e the trajectory is trapped in a 3-dimensional Lorentzian cycle but does not
lie in any 2-dimensional Lorentzian cycle.
e the trajectory is trapped in a 2-dimensional Lorentzian cycle.

4. LINEARLY FULL CONFORMAL WORLDLINES

In this and in the next section, we will focus on the linearly full conformal
worldlines of a 4-dimensional Einstein universe £13. We suppose that the curves
are parametrized by conformal parameter and oriented by the intrinsic orientation.

4.1. Canonical frames and conformal curvatures.

Proposition 3. Let v : I — Y3 be a conformal worldline. Then, there exists a
unique second order conformal frame B : [ — Al(?, 3), such that

(4.1) B = BK,
with
0 -k 1 0 0 0
1 0 0 0 0 K
o 0o 0 -k 0 1
(4.2) K=10o 0 &k o0 -k o0 |’
0 0 0 k3 0 0

o -1 0 0 0 O

where ky, ko, k3 : I — R are smooth functions with ko > 0 and k3 # 0. In addition,
if k1, ko and ks are not constant, then there exist ¢y, ca, cs € R, c3 # 0, such that

_3
)

Proof. Let (Mo, My, M, M5) be the canonical trivialization of T723(7) and S, : I —
N3(7) be the cross section defined in (2.11). Let

By = S‘//\/ (Sy,5y)

and consider the unique unit cross section By : I — N™(7), such that

det(Mo,M17 Mz, Mg, B4, M5) > 0.

(4.3) k k24 c1, ks=csky?, k34K 4+ ciky? 4 2e1k3 + ey =0.

If we let
By =My, By=DM, By=M, Bs=DMs;,

the map B = (By, ..., Bs) is a second order frame field along . In view of (2.15),
we have

(4.4) Bo=B), By=-kBy—Bs, Bs=k B+ By,
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where k1 = hy.” Since D is a metric covariant derivative, DBs is a multiple of By,
and hence D B3 = k3 By, for some nonzero function k3. From (2.15), we have

(4.5) By = By + k2B,
where ky = /(S,,Sy) > 0. Taking into account (3.7), we then obtain
(4.6) B3 = —koBy + k3 By.

Moreover, since B takes values in A1(2, 4), using (4.4)—(4.6), we obtain
(4.7) By = —ksBs.

Combining (4.4)-(4.7), it follows that B satisfies (4.1), as required.
Next, suppose that the functions ki, ko and k3 are not constant. The first and
second covariant derivatives of S, can be written as

DS, = kyBs + koksBy, D?S, = (ky — kok2)Bs + (2koks + ksko)By.
Thus, from the variational equation W, = 0, it follows that
(4.8) ko = ko(k2 + k2 — 2k1),  koks + 2ksko = 0, ky = 3koks.

The second and third equations in (4.8) imply the existence of two constants c¢;
and c3 # 0, such that

3
(4.9) ky = §k§ 1, ks =csky?.
Substituting (4.9) into (4.8), we find

kg = —ng + C§k73 — 4/{72 — 201k2,
which implies the existence of a constant cg, such that
k2 + ki + k2 4+ 2c1k2 + ¢ = 0.
O

Definition 9. We call B, introduced in the proof of Proposition 3, the canonical
conformal frame. The functions ki, ko, ks are called the conformal curvatures,
while the constants ci, co, c3 are referred to as the characters of the worldline.

Remark 5. Conversely, if k1, ko, k3 : I — R are smooth functions satisfying (4.3),
by solving the linear system (4.1) with initial condition B(ug) € ATF(Z,ZJL)7 we get
a smooth map B : I — AI_ (2,4). The curve v = [By] is a linearly full conformal
worldline with conformal curvatures ki, ko, k3 and canonical conformal frame B.
Any other worldline ¥ with the same curvatures is congruent to -y, with respect to
the restricted conformal group, i.e., there exists X € A1(2,4), such that v = X - .

Remark 6. The sign ambiguity of the third curvature can be removed by the follow-
ing argument. If k5 is the third conformal curvature of v and if X is an orientation—
preserving and time-reversing conformal transformation, then X-~(—u) is a confor-
mal worldline with conformal curvatures k;(—u), ko2(—u) and —k3(—u). Therefore,
up to a time-reversing conformal transformation, k3 can be considered positive.

Definition 10. The sign of the third curvature is called the conformal helicity of
the worldline. By the previous remark, it is not restrictive to consider conformal
worldlines with positive helicity. From now on, positive helicity is assumed.

TWe refer to (2.12) for the definition of h;.
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Remark 7. If ki, ko and k3 are constant, the variational equations imply ki =
(k3 + k3)/2. In this case K (cf. (4.2)) is a fixed element of the Lie algebra a(2,4)
and 7 is congruent to the orbit through [¢(1,0,0,0,0)] of the 1-parameter group of
conformal transformations R 5 u +— Exp(uK) € A1(2, 4). Thus, the determination
of the conformal worldlines with constant curvatures is reduced to the computation
of the exponentials of the matrices uK. From a computational point of view, this
requires a detailed analysis of possible orbit types of the infinitesimal generator K.

4.2. Conformal curvatures in terms of Jacobi’s elliptic functions. In the
following, we suppose that the conformal curvatures are not constant.

Lemma 4. Ifcy, ca, c3 are the characters of -y, then the 3-order polynomial Q1 (t) =
t3+201t2+02t+c§ has three distinct real roots eq, es, ez, such thate; < 0 < eg < e3.

Proof. Let e, ea, e3 be the roots of Q1. Then,
k2 + k5 + k2 +20k2 +co=0

implies
(4.10) (koks)? = — (k3 — e1)(k3 — e2)(k3 — es)
and
1 2
(4.11) c = —5(61 +eg+esg), co2=eres+ere3+ege3, 3= —ejeges.

If two roots are the complex conjugate one of the other, say es and e3, the third
equation of (4.11) implies e; < 0. Hence the right hand side of (4.10) is strictly
negative. This contradicts the fact that ko is non constant. If (Q; has a double root,
say es = eg, then the third equation of (4.11) implies e; < 0. So, as in the previous
case, the right hand side of (4.10) is strictly negative, which is a contradiction.
Thus the roots must be real and distinct. We choose the ordering e; < ez < e3. By
the third equation of (4.11), two possibilities may occur: either e; < eg < eg < 0,
ore; < 0 < ey < es. In the first case, the right hand side of (4.10) is negative,
which is a contradiction. Thus e; < 0 < e5 < eg3, as claimed. O

Definition 11. We say that e, es, es are the phase parameters of the worldline.
According to (4.11), the characters can be computed from the phase parameters.

Next, we let
(4.12) U =exls, ly=ely, l3=e3—e1, li=e3—ey, m=~Ls/ls,

and denote by K(m) and sn(—,m) the complete integral of the first kind and the
Jacobi’s sn-function with parameter m.®

Proposition 5. Let v be a conformal worldline with phase parameters ey < 0 <
es < e3. Then

_ 2 )
(4.13) oo (1) = 0y — lysn?(v/l3u + ug, m)
U3 — Lysn2(\/l3u + ug, m)
and
3 1 _
(414) kl = 5]{% — 5(61 + eo + 63), k‘g = \/—€1€2€3 k2 2,

8The parameter m is the square of the modulus k of the elliptic function. In the literature,
the notation sn(—, k) is also used to denote the sn-function with modulus k.
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where ug 1 a constant.

Proof. Let f(u) = ka(u/+v/?3). Then, by (4.10), we have
= (e —e)(f —es)

€3 — €1

If 1 < 0 < e3 < e3, the general solution of the equation above (cf. [3], page77) is

Uy — losn®(u+ ug, m)

flu) = b3 — £4sn2(u + ug,m)’
where wug is a constant. This implies (4.13). We conclude the proof by observing
that (4.14) is an immediate consequence of (4.9) and (4.11). O

The above proposition has the following consequences: (1) k2 is a strictly posi-
tive, even periodic function, with period

(4.15) w = 2K (m)/\/ls;

(2) the parametrizations by conformal parameter of a worldline are defined on the
whole real line. In addition, by possibly shifting the independent variable, the
constant ug in (4.13) can be put equal to zero. This means that a conformal
worldline admits a parametrization by conformal parameter, such that k(0) =
\/£1/¢s. This is referred to as the canonical parametrization.

Definition 12. We say that a conformal worldline v is a standard configuration
if: (1) v is parametrized by the canonical parameter; and (2) the canonical frame
B of v satisfies the initial condition B|, = I.% Clearly, any conformal worldline is
conformally equivalent to a unique standard configuration.

The above discussion can be summarized in the following.

Proposition 6. The standard configurations are in 1-1 correspondence with the
points of the domain

]-':{e:(el,eg,eg)e]R?’:el <0<62<63}CR3.

In other words, for each e = (e1,es,e3) € F, there exists a unique conformal
worldline v in its standard configuration with phase parameters (e1,es,e3).

4.3. The momentum operator. Let v be a conformal worldline in standard con-
figuration with curvatures k1, ko, k3. Let H : Y — a(2,4) be the map given by

0 —1 —(k2—ky) ko hoks 0
0 0 0 —ky 0 1
-1 0 0 0 0 —(k3—k)
4.16 = 2
(4.16) " 0 —k 0 0 0 ko
0 0 0 0 0 koks
0 0 -1 0 0 0
Then, (4.13) and (4.14) imply
(4.17) H = [H,K].
This equation together with B’ = B K yields
(4.18) B, H,B ', =H, VueR.

9Here7 Ig denotes the 6 x 6 identity matrix.
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Definition 13. We let m := H, and call m the momentum operator of ~.

Remark 8. We give a brief explanation of the conceptual origin of the momentum
operator. The first step is the construction of the momentum space and of the
Euler—Lagrange exterior differential system [14, 15]. In our specific situation, the
momentum space is the 19-dimensional manifold Z = A1(2, 4) x R, where

A= {e = (b1, by, 83, 8) € RY [ 8> 0,85 > o} c RY.
The restricted conformal group acts freely on the left of Z by
Ly(X,t) = (YX,t), VX,V eAl(24),Vteh

The Euler-Lagrange differential system is the Al (2, 4)-invariant Pfaffian differential
ideal Z C Q2*(Z) generated by the 1-forms

T T S T S V. S Tt N VS 1= N V= S 15 N

P2 — g, pe —Eipg,  p3 —Eapg,  ps — Eapg
and

dby — o (82 + €2 — 28 )ty dby —opd,  dby — 3bokopl, Eadbs + 28rkopl.

The independence condition of the system is the invariant 1-form pl. The integral
curves of (Z,u$) can be constructed as follows. Let v be a conformal worldline'?
with curvatures ki1, ko, k3 and canonical frame B. The lift b = (B, k1, ko, k3, k’g) :
R — Z of v to Z is said to be the extended frame field along ~y. Proposition 3 tells
us that the integral curves of (Z, ug) are the extended frame fields of the worldlines.
Using the Maurer—Cartan equations (2.3), we see that

1 .
(4.19) C= 5 (o + 15 + (8 — b)) — Eopt — Eobapsg + b))

is an invariant contact 1-form, such that the integral curves of its characteristic
vector field X, are the extended frames of the worldlines.'’ We can think of ¢ as a
map into the dual space a(2,4)* of the conformal Lie-algebra. Iff : a*(4,2) — a(2,4)
denotes the pairing defined by the Killing form, then ¢ =0 (: Z — a(2,4) is an
equivariant map which in our context plays the role of the Legendre transformation.
If b is the extended frame field of v, then H coincides with ¢? o b. The momentum
map of the action of 141(27 3) on (Z,() is given by

m:(X,¢) € Z— adx(Cl(py) € a"(2,4).

By Néther’s conservation theorem for a Hamiltonian action on a contact manifold,
m is constant along the characteristic curves. Thus, if b is the extended frame of a
worldline ~, then M, = Mo b is constant and ﬁli is the momentum operator of ~.
This explains the geometrical origin of the momentum operator of a worldline.

Hereafter we will adopt the following notations:

e P, is the characteristic polynomial of m;

e S, is the spectrum of m, where m is viewed as an endomorphism of C5;

e for each A € S, nq(\) is the multiplicity of A as a root of Py, and na(X) is
the complex dimension of the m-eigenspace Vy of A.

10Recall that v is linearly full, with positive helicity and parametrized by the conformal
parameter
1 The characteristic vector field X¢ is defined by ((X¢) =1, vx,.d¢ = 0.
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Definition 14. A conformal worldline is said to be reqular, exceptional, or singular
depending on whether m is a regular, exceptional, or singular element of the Lie
algebra a(2,4). In other words: (1) 7 is regular if S, consists of six elements; (2)
v is exceptional if Sy, has less that six elements and ny(A) = 1, for every A € Sy;
(3) ~ is singular if na(A) > 1, for some A.

From (4.18) it follows that Py, coincides with the characteristic polynomial of
H,,, for every u € R. By (4.3), we get

(4.20) Pu(t) = 1%+ 2c1t* + (co + )12 + 5 = Q1 (£%) + 12
Let Q2(t) be the third-order polynomial Q1 (t) + ¢*. Since the roots of Q(t) are
the phase parameters e; < 0 < es < ez, we infer that three possibilities may occur:

e ()2 has three distinct real roots p1, p2, p3, such that e; < p; <0 < ey <
p2 < p3 < es;
e ()2 has one negative real root p; with e; < p; and two complex conjugate
roots po = p+iv, v > 0 and p3 = p — iv;
e ()2 has one simple real root p; such that e; < p; < 0 and a double real
root pg = p3, e2 < p < e3.
Let!?

AO:iV|p1|7 Al:_i\/‘p”? )‘2:\/%’
As = —v/p2, M =+p3, As=—/ps.

In the first two cases the eigenvalues of P,, are simple and

(4.21)

(4.22) Sm={Xo,---, A5}
While, in the third case we have
(4.23) S ={Xo,..., A3}

and the two real eigenvalues Ay and A3 are the double roots of P,.
We can prove the following.

Proposition 7. A conformal worldline is either reqular or exceptional.
Proof. For every A € Sm, let Ly = (LS,...,L}) : R — C® be defined by

19 = AO2 — D)2 + by — KD),
L} = MX = kaky),

= X0 )

L3 = ANk — ko),

L} = koks(A? — k3),

L3 = A(\? — k2).

(4.24)

The map Ly is real-analytic and periodic, with period w. Let D) be its zero set. If
A &R, then Dy = 0. If A € R, instead, we have

{Dj:{anrm,neZ}, A >0,
Dy =

4.25
(4.25) Dy ={nw—py,n€Z}, <O,

LRifzec \R*, then 1/Z is the determination of the square root with positive imaginary part.
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where py € (0,w) is given by

(1 by — N2y
4.26 = o =\
(1.26) et (Gom). =P

The M-eigenspace Vy |, of H|, is spanned by Ly, for every u ¢ D). Since D) is a
discrete set, this implies that dim(Vy|,) = 1, for every u € R. On the other hand, m
and H|,, belongs to the same adjoint orbit, for every u. Thus, also the eigenspaces
of the momentum are 1-dimensional. This proves the result. g

JMMM
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FIGURE 1. The graphs of the functions sy (on the left) and 7, (on
the right), A € R.

4.4. Integrating factors and principal vectors. Let v be the standard config-
uration of a linearly full conformal worldline with nonconstant curvatures. Denote
by e;1 < 0 < ez < eg its phase parameters and by B : R — A1 (2,4) its canonical
frame field. For each A € S, consider the functions

koky + X A2 4 k2 — 2\kokso
= —n S\ =
k-2 (A2 — k2)?
If A ¢ R, the functions 7y and sy are periodic, complex-valued and real-analytic;

if A € R, ry and sy are periodic, real-valued and real-analytic on the complement
of the discrete set Dy = D} U Dy ; their absolute values tend to infinity when u

(4.27) A

approaches one of the points of Dy (see Figure 1). For notational consistency, we
put Dy =0, when A\ ¢ R.

Definition 15. A primitive §y : R\ Dy — C of ry is said to be an integrating
factor of the first kind for the eigenvalue A if

® dro=0;

e MLy R\ Dy — C5 extends to a real-analytic map R — CS.

Remark 9. The integrating factors of the first kind are quasi-periodic functions,
with quasi-period 2w. If A ¢ R, the function d) is a regular, complex-valued func-
tion. If A € R, the integrating factor J is real-analytic on the complement of
the discrete set Dy and its imaginary part is locally constant. The function e* is
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O U

FIGURE 2. The graphs of the functions ||Ly||* (on the left) and
e~ (on the right), A € R.

real-valued, with singularities at the points of Dy (see Figure 2). The singularities
of e=% compensate the zeroes of the functions L7 so that the products e LZ\
are regular, real-analytic maps (see Figure 3). The evaluation of the integrating
factors in terms of elliptic integrals and the Jacobi theta functions is analyzed in
the appendix. The explicit expression of the integrating factor of the first kind for a
non-real eigenvalue is given in (6.4) while the integrating factor of a real eigenvalue
can be found in (6.7).

FIGURE 3. The graphs of the functions e=°* L9 (on the left) and
e 9L3 (on the right), A € R.

Let A be a multiple root of P,. We set

Dy = {—sign(\)p + nw : n € Z}
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and we define T = (T?,...,T7) : R\ Dy — RS by

T = $(N% = k3)(6)2 + 21 + k3),
Tl — ka(k3ka+A%ks—22ks)
AT )\2_]{:% 5

T? = ~2M(X* — k3),

T3 — ko (A2 4+k2 —2Xkoks)
XT TR o

T;‘ =0,

T3 = (A2 — k3).

(4.28)

Remark 10. The map T}, is periodic with period w, is real-analytic on the comple-
ment of Dy and tends to 0o when w tends to a point of Dy. It vanishes at the
point of D) (see Figure 4)

FIGURE 4. The graphs of the functions ||T||? (on the left) and 7y
(on the right) when A € R is a multiple root of Py,.

Definition 16. A primitive 7, : R\ Dy — R of s, is said an integrating factor of
the second kind for the multiple eigenvalue A if

® Mo =0; N

e ¢ (Ty —maLy) : R\ Dy — C® extends to a real-analytic map R — CS.

Remark 11. The integrating factor of the secgnd kind vanishes at the points of Dy
and tends to 00 when u tends to a point of D) (see Figure 4). The functions ny Ly
and T\ —nx Ly behave in a similar way. Multiplying Tx —naLx by e~%*, the zeroes of
one factor compensate the singularities of the other so that the product is a regular
analytic function (see Figures 5). The formula expressing the integrating factor
of the second kind is given in (6.11). Despite the apparent opacity, the formulas
of the integrating factors can be easily made operative using standard symbolic
computation programs such as MATHEMATICA 11.

Proposition 8. If A € Sy, is an eigenvalue of the momentum, then
5
(4.29) e LiB; = A,
j=0
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FIGURE 5. The graphs of the functions e 9 (7Y — 7, LY) (on the
left) and e~ (T3 —nyL3) (on the right) when A € R is a multiple
root of Py,.

where Ay € C8 is an m-eigenvector of the eigenvalue . If X is a multiple root of
Py, then

5
(4.30) e” Y (T{ = mL})B; = Cy,
j=0

where Cy € C8 is a nonzero vector, such that
CyxANA)#0, m(C,\):AC>\+A>\.

We call Ay the principal vector of the eigenvalue A and C) the secondary principal
vector of the multiple eigenvalue A.

Proof. Let Ly : R — C® be the map

5
(4.31) Ly =Y L\(w)Bilu.
=0

Let V) be the 1-dimensional m-eigenspace of the eigenvalue A. Then, (4.18) implies
that Ly|, € Vy, for every u € R. Therefore, there exists a unique real-analytic map
7x : R\ Dy — C, such that

(4'32) L)\|u :?)\luL)\|u VUGR\Z))\-
From B = BK and by (4.2), we have

A Y PSP
(4.33) L,= ﬁm mod(By, B1, By, Bs, By).
J

From (4.32) and (4.33), we have ry = 7). Using (4.32), it follows that that e L
is constant on R\ D). On the other hand, e 9 Ly extends smoothly across D)

and hence also e %2 Ly extends to a real-analytic map R — CS. This implies that
e Ly = A,, for some Ay € Vy. This proves the first part of the statement.
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Let A be a multiple root of P,,. The map T) satisfies

(4.34) /H|u-T)\|u:)\T)\‘u+L)\|u7 T>\|u/\L)\|u7é0, VUER\DX.
Let
5 .
Ty =e ™ ZTiBj :R\ Dy — C°.
=0

From (4.34), we obtain
(435) m(T/\):)\T)\—l-A/\, T)\/\A/\#O.
Differentiating the first equation in (4.35), we get m(T)) = AT,. Thus, there
exists a unique real-analytic function sy : R\ Dy — C such that T, = 5yA,. Using
B = BK, we obtain

T, = A2 4 k3 — 2\koko

T (A k32

Then, 3\ = s. This implies that Ty —7xA. is constant on R\ Dy. Since e~ (T —

A/\) mOd(B07BlyBQaB37B5)'

naLy) extends smoothly across Dy, also Ty — naA extends to a smooth (real-
analytic) map R — C8. Hence there exists Cy € C° such that T — ny A, = Ci.
Using (4.35), it follows that m(C,) = AC, + A, and that Cyx A Ay # 0. This
proves the result. O

Remark 12. Since v is a standard configuration, then B|, = Is and hence
Ay = Lxlo, Cx =Tl

Thus, the principal vectors can be explicitly computed in terms of the phase pa-
rameters e1, eo and es.

5. INTEGRABILITY BY QUADRATURES

5.1. Integrability by quadratures of the regular conformal worldlines.
Let v: R — £ be the standard configuration of a regular linearly full conformal
worldline. Its momentum operator has six simple roots Ag,..., A5, ordered as in
(4.21). Let 0; be the integrating factor of the first kind and A; be the principal
vector of \j, respectively. Let A € C(6,6) denote the matrix with column vectors
Ay, ..., As and define the real-analytic maps

A, A:R\ Dy, — C(6,6), X:R— C(6,6)

by13
A= (675060, e ,675555),
A= (Lx,,---sLx;)s
X =AA.

We have the following.

Theorem C. Let v C EY3 be the standard configuration of a reqular linearly full
conformal worldline. Then

N = [mt(A_l) XmEO} ,

where m is the matriz representing the scalar product { , ) with respect to the standard
light-cone basis (Fy, ..., Es) of R*%.

L3Here €j = t(é?, ceey 5?), j=0,...,5, denote the column vectors of the canonical basis of RS.



Proof. Since A; = e %B. Ly;,j=0,...,5 we have A = BAA, that is,

(5.1) B=AATATL
From (5.1), using the fact that ‘Bm B =m, we get
(5.2) A=nX '"AmnAA!

Substituting (5.2) into (5.1), we obtain
B=n{A""Xmn,

which implies the result.
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5.2. Integrability by quadratures of the exceptional conformal worldlines.
Let v : R — &3 be the standard configuration of an exceptional linearly full

conformal worldline. Its momentum operator has four distinct roots Ag, ..

'a>‘37

ordered as in (4.21). Then, Ag and A; are simple purely imaginary roots and
A2, A3 are real double roots of P,. For each eigenvalue \;, j = 0,...,3, let J;
be its integrating factor of the first kind and A; be the corresponding principal
vector. For each double root );, j = 2,3, let n; be the integrating factor of the

second kind and C; be the secondary principal vector. Let A denote the matrix

:& = (AO) A-17 A27 A37 CQ» C3) Let
A, A:R\ D, - C(6,6), X:R— C(6,6)
be the real-analytic maps defined by

A= (e7%¢gg, e 01ey, e %y, e %e3, e %2ey, e %¢5),
A= (Lxy, Ly, Ly,, L, Ty — M2Ling, Thy — 13LA3),
X =AA.

We have the following.

Theorem D. Let v C £Y3 be the standard configuration of an exceptional linearly

full conformal worldline. Then

v = [m {A™)XmEy| .

Proof. From Proposition 4.4, it follows that the canonical frame field, the principal

vectors and the integrating factors satisfy

e ®B.Ly,=Ag, e B-Ly, =A, e 2B-Ly,,=Ay, e %B-L3=A3

and
e ”2B. (T, —m2Ly,) =Ca e "B- (Txs —m3La,) = Cs.
‘We then have

(5.3) B=AA'AL
Combining (5.3) with 'Bm B = m, we obtain
(5.4) A'=AA 'n (A ) Xn

Substituting (5.4) into (5.3), we obtain B = m {A~!) Xm, from which the result

follows.

O



26 OLIMJON ESHKOBILOV, EMILIO MUSSO, AND LORENZO NICOLODI

5.3. Final comments and remarks. The theoretical explanation of the inte-
grability by quadratures lies in the Arnold—Liouville integrability of the Fuler—
Lagrange differential system. This means the following. Let m € a(2,4) be the
momentum of a linearly full conformal worldline v with nonconstant curvatures.
We know that m is either regular or exceptional. The stabilizer A1(2, 4)y of m is
a 3-dimensional closed subgroup, diffeomorphic to S' x R2. The inverse image of
m? by the momentum map is a 4-dimensional submanifold Zy, C Z and the char-
acteristic vector field X, is tangent to Zy. The worldlines with momentum m are
originated by the integral curves of X¢|z, . The stabilizer AE_(Z, 4) acts freely on
Zw and the quotient space Zn1/1411(2,4)m is a circle. This implies that Z, C Z
is diffeomorphic to the Cartesian product of R? with a 2-dimensional torus 772.
In principle, the integration by quadratures can be achieved by a diffeomorphism
Ut Zw — R? x T? such that W, (X,) is a linear vector field. Since the stabi-
lizer of the momentum operator is not compact, then the trajectory of v cannot be
closed. Instead, if «y is trapped in a 3-dimensional Einstein universe, the stabilizer of
the momentum operator can be a maximal compact abelian subgroup of A1(2, 3).
Thus, in this case, there are countably many closed worldlines with nonconstant
curvatures, as it has been shown in [8].

The periodicity of the conformal curvatures implies that the trajectory of - is left
unchanged by the action of the infinite cyclic subgroup generated by B(w) B(0)~! €
Al (2,4).

At last, we note that if the phase parameters ey, ez, ez are known, then all steps of
the integration procedure can be implemented and computed using MATHEMATICA.

6. APPENDIX: THE INTEGRATING FACTORS

6.1. Integrating factors of the first kind. Given A € S, let

Ay

1 =01 — N5, b=1ty— N\ = _
(6.1) a=10 3 2= My =gy

and
A(lols — l14y)
(02 — A244) (01 — N243)°
where {1, {2, {5 and {4 are constants as in (4.12). From (4.13) and (4.27), we obtain
-
—1d<ln a—bsn (\/Eu,m)>+cjL d 7
2 du U3 — Lysn2(y/l3u, m) 1 — a2sn2(y/l3u, m)

where the parameter m is as in (4.12) and « is as in (4.26).

(6.2) d=

(6.3) rx(u)

6.1.1. The integrating factor of the first kind of a non-real eigenvalue. If X is a
non-real eigenvalue, then

1—a®sn?(Vlsu,m) £0, YueR

and

du 9
/Tﬂg(u’m = II(a”, amy, (u), m),
where II(n, ¢, m) is the incomplete integral of the third kind and am,,(—) is the
Jacobi amplitude with parameter m. Note that in this case, the restriction of
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the incomplete integral of the third kind on the real axis is a regular real-analytic

function. Since
a — bsn?(yv/l3u, m)
by — Ly sn?(\/l3u, m)

¢R_, VueR

we can evaluate the logarithm'* of the function on the left hand side in the above
formula. Thus, the integrating factor of the eigenvalue is given by

—ln a — bsn’ (vl m) cu 4 a?, am u), m
(64) dr(w) =51 (63 __€4sn2(\/23u,7n)) +eut =T, m(V/l3u),m)

6.1.2. The integrating factor of the first kind of a real eigenvalue. If X\ is a real
eigenvalue, the function r) is singular and the evaluation of the integrating factor
requires some caution. Let w and v be the real constants

«@

V@ —m)@ -1’

w =

and

= % - E(p7 m) - CS(p, m)dn(pa m) - \/(a2 — TZ)(CYZ — 1)7

where p = py is as in (4.26) and E(m), E(—, m) are the complete and incomplete
elliptic integrals of the second kind respectively. Let fy be the periodic extension,
with period 2w, of the locally constant function

_gv U’E[p_w7p)v
f/\(u): _377‘—7 ue[pvw_p)v
g7 ue[w—p,w—i-p),

if A <0, and
f}\(u)_{_‘gv uE[p—w,p),

5 uelpw+p),
if A > 0. Denote by ¥1(—, ¢,) the first Jacobi theta function with nome
Gm = exp(—TK (1 —m)/K(m)).

Proceeding as in [22], page 71, we see that

(6.5) ga1(u) = v ln< (QK(m) P f) qm)) + wou

2\/l3 V1 ( K(m)(p+ \/*) qm)

is a real-valued primitive of (1 — asn (\ru m))~t. We take
grz2(u) = 3 ln(a) +teu—o ln(€3 — lysn(y/Lsu, m)+

1
+5 In(1 — o2sn?(v/l3u, m))

as a real-valued primitive of

1d <ln a — bsn?(\/l3u, m) ) te
2du U3 — L4sn2(\/l3u, m) '

(6.6)

14yWe use the standard determination of the natural logarithm, with a branch cut discontinuity
in the complex plane running from —oo to 0.
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Then,
(6.7) Ox =dgx1 + gr2 +ifa,

is the integrating factor for the real eigenvalue .

6.2. Integrating factors of the second kind. Let A be a multiple root of Py,.
Note that X is necessarily real. From

) _)\2+k§—2/\k2k2__2>\ keaks A2+ k3
S R PER = ) ERT TP e

it follows that
/SAdU =12 +N2,0,

where
kokso A
M = —2A O2- k%)Qdu = Eaye
(6.8) _ 03 — lysn?(\/l3u, m)
' C (0 = N203) — (b2 — N24y)sn2(y/Tzu, m)
B A U3 — Lysn?(\/l3u, m)
01— N203 1 — a2sn?(V/lzu, m)
and
2 2 2
o :/ )\2 +]€222du:A/ en?(v/lzu, m) dut
(6.9) (A2 —k3) 1 — a2sn2(y/l3u, m)
' n B/ cn2(\/gu,m)sn2(\/gu,m)du+c/ sn?(v/l3u, m) du
1 — a2sn2(y/f3u, m) 1 — a2sn2(y/lzu,m)
where
A= l3(01 + N23) _ _£4(1€2 + Aaly)
(6 — N245)27 (61 — N243)2”°
and
c_ (€ — £a) (6 — L2) + N*(¢3 — £4))

(61 — A243)?
The integrals in the right hand side of (6.9) can be evaluated as in [3], page 218,
and, as a result, we obtain

§ ]
= B fam) + N+ Plos = i3 )+

+&sn(%u,m)cn(%u,m)dn(\/gu,m)
Vs 1 — a2sn2(y/f3u, m) ’

where gy, is as in (6.5) and ﬁ is the periodic extension. with period w, of the

locally constant function
07 AS 07p )
Flu) = 0]
1, wu€pw),

(6.10)
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and M, N, P, Q are the constants

2

M= sertm=ary <A+ =B+ a21_1c)7

N=-L (A+C-L4B),

P = sazmm—azy (2ma?® —a* —=m)A+ (a* = m)C+ (a* —2a% +m)B),
Q= 55y (A+ 225 C+ 5B).

Summarizing: the integrating factor of the second kind of a multiple root is given

by

(6.11) M =N, + 02,0,

where 77 » and 72, are defined as in (6.8) and (6.10).
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