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A new class of conformal invariants for a given spacetime M is introduced exploiting the
conformal geometry of any light ray I'. Each congruence of light rays passing through a
given point p defines the sky S(p) of such point. The new conformal invariants are defined
on the bundle of skies of the spacetime M, being called sky invariants accordingly. The
natural conformal covariant derivative defined on a light ray and its associated covariant
calculus allows us to show the existence of a natural conformal invariant differential
of arc that, together with the restriction of the curvature of the conformal covariant
derivative, can be used to construct a sky invariant that will be called the sky curvature.
An algorithm, that can be implemented on any symbolic manipulation software system,
to compute the sky curvature will be discussed and the main ideas and the explicit
computation of the sky curvature are illustrated in Schwarzschild spacetime.
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One of the reasons of the significance of conformal invariants in the study of the
geometry of Lorentzian geometry and gravitation is the fact that the causal prop-
erties of a given spacetime depend solely on its conformal structure. Conformal
invariants which are polynomial on the metric tensor and its derivatives were thor-
oughly described by Fefferman and Graham [I0] culminating a long an arduous road
started by Weyl and others more than half a century before (see, for instance [20]
and references therein).

The study of the space of light rays of a given spacetime M offers an alternative
way of looking at its causal structure, an idea that has its origin in R. Penrose’s
intuition and was brought to fruition by the hand of R. Low [I2HI7] and the recent
results obtained by the authors [AL[5]. In particular, in [5] it was proved that the
causal structure of a strongly causal sky separating spacetime is determined by a
partial order relation on its space of skies and that the conformal class of the metric
structure is completely determined by its infinitesimal sky structure [4]. All these
observations bring us the question if a search for conformal invariants program
similar to that developed in the setting of the spacetime itself could be started
working on the space of light rays itself N, the “causal dual” of M.

This paper offers a preliminary partial answer to this question by constructing
a new conformal invariant, called the sky conformal invariant, or the sky invariant
for short, which is constructed using the geometrical ingredients available on the
space N of light rays of M. The main notion behind it is to construct a “Ricci”-
like tensor on the tangent spaces to the skies of events on M. Such construction is
inspired on the observation that for any parametrization of a light ray I' there is a
metric g that makes it g-geodesic and which is unique up to multiplicative factor
along the geodesic, hence for light rays a natural conformal covariant derivative can
be defined, the so-called Fermi—Walker connection. Analyzing the structure of such
conformal covariant derivative it will be shown that there is a canonical conformal
invariant parametrization obtained from the canonical projective parametrization
derived from the vanishing of the natural Ricci tensor associated to it. Such con-
formal covariant derivative, combined with the conformal parametrization of light
rays, allows to define a natural (1, 1)-tensor C,: T'S(z) — T'S(z) on an open set
of the tangent bundle to the sky S(z) for any x € M that will be called the sky
curvature. The principal elements of such tensor are the new conformal invariants
we exhibit in this paper.

It is relevant to point out here that this approach to construct the new conformal
invariants is reminiscent of work done by Agrachev and collaborators on Jacobi
curves and curvature invariants [IH3]. Their relation to this work will be discussed
elsewhere.

The actual computation of these new invariants poses, in principle, significant
difficulties as the explicit computations of the invariants would require the solu-
tion of nonlinear differential equations, however, most of these complications can
be circumvented and explicit formulae will be obtained for them that only require
the computation of higher-order derivatives of tensorial objects. With the help of
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symbolic manipulation software, explicit expressions can be found and this proce-
dure will be illustrated working them for Schwarzschild’s spacetime.

This paper will be organized as follows. In Sec. [l the main concepts and nota-
tions concerning the space of light rays will be succinctly reviewed. In Sec. 2] the
conformal geometry of a light ray and its canonical conformal covariant derivative
will be discussed. It will be shown that a canonical conformal parametrization of
light rays can be constructed and some of its properties will be discussed. In Sec. Bl
the natural curvature (1, 1) tensor on the tangent bundle of skies will be introduced
and explicit formulas for its calculation will be presented. Section [ will be devoted
to sketch an algorithm to compute the sky invariant of a given spacetime and,
finally, Sec. [f] will show the results obtained for Schwarzschild spacetime.

1. The Space of Light Rays N
1.1. The space of light rays

Along the paper a spacetime M will be considered to be a second countable para-
compact m-dimensional smooth manifold carrying a conformal class C of Lorentzian
metrics of signature (—+- - - +) such that M is time-orientable® and strongly causal.
We will denote by g a representative metric on C and g, (u,v), u,v € T, M will
denote the product defined by the metric g.

Let A denote the space of unparametrized inextensible null geodesics, called
in what follows light rays, i.e. N is the space of equivalence classes of inextensible
smooth null curves v: I — M, with I an interval in R, such that V54 =0, g € C
and two such curves «, 7 are equivalent if they define the same set in M, that
is Ran (7) = Ran(%). In what follows, we will assume that the parametrizations
~v = 7(t) are future oriented, that is, g(§,T) < 0. The equivalence class containing
the null geodesic v = 7(t), i.e. the light ray determined by v will be denoted by T'.

We will consider in what follows the fiber bundle N over M consisting of nonzero
null vectors, and its corresponding components N* of future (past) null vectors. If
we denote NI = {v € N, | v # 0,9,(v,T(z)) < 0} and N = {v € N, | v #
0,9:(v, T(z)) > 0}, we have N* = (J,.,, Nf and N = NF UN~. We will denote
by m: N — M the restriction of the canonical tangent bundle projection TM — M
to N.

We will denote again by 7 the canonical projection m: PN* — M, where PN™
denotes the quotient space of N* by the action of the multiplicative group of positive
real numbers R* by scalar multiplication, i.e. & € PN' denotes a ray [u] = {\u |
u € TM,\ > 0} of tangent vectors containing u. Note that there is a canonical
surjection

o:PNT = N, o(a)=T,, (1)

2A time-like vector field 7' determining a time-orientation on M will be fixed in what follows.
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which is the light ray containing the unique future-oriented null geodesic 7, (t) such
that 7,(0) = m(u) and 4,(0) = u, for some g € C.

1.2. The smooth structure of N

The space of light rays A/ can be equipped with the structure of a second countable
paracompact smooth manifold of dimension 2m — 3 (dim M = m), such that the
map o becomes a submersion, in two different ways. We will succinctly describe
them in the following paragraphs (see, for instance, [4L0] for details).

First, we can use the local structure of M, i.e. pick a representative g € C,
and, because (M, g) is strongly causal, given any event & € M, there exists a
globally hyperbolic neighborhood U, of x and a local smooth space-like Cauchy
hypersurface C,. € U, [18]. We can take U, small enough such that it is contained
in a local chart of M. Hence, we can define an atlas for N as follows, select for any
event © € M a globally hyperbolic open neighborhood U, as before with Cauchy
hypersurface C,.. We consider the restriction of the projective bundle PNT to C,
and we denote it by PNT(C,.). There is a natural embedding i, : PNT(C,) — PN,
Then the composition ¢ oi,: PNT(C,) — A will provide the charts of the atlas we
are looking for and the open sets U, = o 0 i,(PNT(C,)) C A will be the domains
of the corresponding charts (see [l Sec. 2.3] for more details).

Alternatively, we can induce a smooth structure on N from the smooth structure
of the bundle N* by considering the foliation defined by the leaves of the integrable
distribution generated by the vector fields X, and A, where X, denotes the geodesic
spray of a representative metric g in the conformal class C, and A is the dilation
or Euler field along the fibers of TM. Because [X,, A] = X,, the distribution
D = span{A, X} is integrable and denoting by D the corresponding foliation, we
have that the space of leaves NT /D = N. If M is strongly causal it can be shown
that D is a regular foliation and the space of leaves inherits a smooth structure
from NT. Again, it is not hard to show that both smooth structures coincide (see
also [6] for details).

1.3. The tangent bundle TN and the contact structure of N

Let I': (—e,e) — N, T' =T'(s) be a differentiable curve in N such that T'(0) =T
and let x(s,t): (—€,€) x I — M be a geodesic variation by null geodesics of a
parametrization v(t) of the light ray I and such that x(s,t) is a parametrization of
the light ray T'(s). In other words, x is a smooth function such that x(s,t) = vs(t)
are null geodesics with respect to the metric g € C, 4o(t) is a parametrization of
T, and [ys] = T'(s), where [y,] denotes the unparametrized geodesic containing .
Then the vector field along v defined by J(t) = 9x(s,t)/0s |s—o is a Jacobi field.
The set of Jacobi fields along ~(t) will be denoted by J(y) and they satisfy the
second-order differential equation:

J" = R(¥, J)%, (2)
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where J' = V4 J denotes the covariant derivative of J along §(t). Note that since
the geodesic variation x is by null geodesics, we have g(J,5) = const., and we denote
by L(7) the linear space of Jacobi fields satisfying this property.

Equivalence classes of curves I'(s) possessing a first-order contact define tangent
vectors to A/ at «y, hence tangent vectors at  correspond to equivalence classes of
Jacobi fields with respect to the equivalence relation defined by reparametrization
of the geodesic variation x. Such reparametrizations will correspond to Jacobi fields
of the form (at+b)7(t), then there is a canonical projection £(v) — Tr N, mapping
each Jacobi field J into a tangent vector (J) = J mod¥y whose kernel is given by
Jacobi fields proportional to 7.

There is a canonical contact structure on A defined by the maximally non-
integrable hyperplane distribution Hr C TrN formed by the vectors orthogonal to
their supporting light ray, i.e.

Hr ={(J) € TrN | g(J,¥) = 0}. 3)

The contact structure H does not depend on the representative metric g € C, used
to define the representative J chosen for the tangent vector, or the parametrization
~(t) we choose for the light ray ~ [4L5].

1.4. Skies

The congruence of light rays S(p) C A passing by a point p € M characterizes the
point p. We will call the sky of p the set

S(p)={TeN|pel cCc M}

For a given p € M, we can identify S(p) with IP’N;, and since the fiber IP’N;' is
diffeomorphic to the sphere S™~2 then we have that every sky S(p) is a smooth
submanifold of NV diffeomorphic to S™2.

By the description of Tt in Sec. [[3] given x € M and T' € S(z) and ~v(t)
a parametrization of T such that v(sg) = p, then for (J) € TrS(p) C TrN, since
g(J, %) is constant, and J can be defined by a null geodesic variation with p as a

fixed point, then J(so) = 0(mod+), hence
TrS(p) = {(J) € TrN | J(so) = 0(mod~)}, (4)
and since ¢g(J(s0),¥(s0)) = 0 then we have that g(.J, %) = 0, therefore Tr.S(p) C Hr.

1.5. Sky conformal invariants

It would be possible, in principle, to use the space of light rays A to construct
conformal invariants as follows. If ¢: (M1,C1) — (M2, Cs) is a conformal diffeomor-
phism, that is, ¢ is a diffeomorphism such that, ¢*gs € C; for any go € Cs, then it
maps light rays I’y € A into light rays ¢(I'1) € Na. Then a family of smooth maps
' N —= R, such that S (¢(I'1)) = 71 (I'1), for all 'y € N7, would be a conformal
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invariant. However, this is not a good idea as it is often hard to describe the space
of light rays N explicitly. We can make this notion slightly more general and at the
same time much more useful by considering the bundle S of skies over M, i.e. the
disjoint union of all skies S(z), x € M, instead. A convenient way of understanding
the space S is as a “blowing up” of the spacetime M where every point x € M is
replaced by the congruence of light rays passing through it, that is (see [7L[] for
details):

S={(a,T)e M x N |T € S(z)}.

There is a natural projection p;: S — M, given by p;(z,T) = z. Note that p; ' (z)
is the sky S(z). The projection ps2: & — N, pa(z,T') =T, shows that the space N
“unfolds” the space of light rays, in fact the fiber p5 1(F) is the one-dimensional
submanifold of M given by the light ray itself.

It is noticeable that the bundle of spheres p;: S — M, can be naturally identified
with the bundle 7: PNt — M as any sky S(z) is naturally identified with the fiber
PN, (see Sec.[Id). Note that the space PNT is a fibration over N, Eq. (), as well
as over M, thus on the one hand “unfolds” the space of light rays A/, but its bundle
structure over M makes it much more suitable to construct conformal invariants.

A sky invariant is a family of maps x: PNT — R, such that

K2 (¢s(a1)) = K1(ar),

for all a; € PNT, ¢: (My,C1) — (Ma,Cs) a conformal diffeomorphism, ¢, : PN —
IPN;, the map induced by the tangent map ¢.: TM; — T' Mo, and k,: PNT — R,
a = 1,2, the corresponding maps.

There is a natural way of constructing sky invariants associated to the geometri-
cal structure of light rays. Consider a light ray I' and a parametrization ~(¢) of it and
suppose that we have a map k- (t) such that Kgoy (t) = Kk~ (t), and k+ (t +a) = K (t)
for all a; we will say that s, is a parametric conformal invariant. If, in addition,
K~ (t) is invariant under reparametrizations of y(t), that is, if 7(¢) = v(¢(t)) = ~(¢),
is another parametrization of T' (that is, ¢ = (), is a regular, future oriented,
reparametrization of t), then k5(f) = k4 (t), we will say that k., is an absolute
conformal invariant.

If k, is an absolute conformal invariant it is obvious that it defines a map
(denoted with the same symbol) x: PNt — R, by means of x(a) = -, (0), where
Ya(t) is the null g-geodesic such that v,(0) = m(a) = p and 44(0) = u, if a = [u]
(notice that two geodesics satisfying the previous conditions correspond to two
different parametrizations of the same light ray T',,) and & is a sky invariant. Hence,
absolute conformal invariants «- define sky invariants . This constitutes the main
idea behind our strategy to construct sky invariants: exploit the conformal geometry
of light rays to construct absolute conformal invariants in the previous sense, that
will give rise to sky invariants. The details of the construction of absolute conformal
invariants will be discussed in the following sections.
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2. The Conformal Geometry of a Light Ray
2.1. Metric adapted to a parametrized light ray

Note that if ' is a light ray and we parametrize it using a regular future-oriented
parameter ¢, i.e. I' is the image of a parametrized curve v = ~(t), with 4(¢) # 0,
g(T'(t),~(t)) < 0, for all ¢, then there is a metric g € C such that (¢) is a null
geodesic for g. Finally, if a change of parameter ¢t = ¢(¢) is performed on the curve
~(t), i.e. () = v(1(f)), then a simple computation shows

95(t) (t_) = 62“’({)g7(t)(w(t_)), (5)

where
1 d
p(t) = —7 log (d—f) (6)

or, in other words, g5(t) = (dv/dt) g, (¥()), with g (t) := g )

2.2. Conformal covariant derivative

We are ready now to define the conformal covariant derivative along a curve, that
is, fix a metric g € C, then consider a curve y(t), t € I (not necessarily a g-geodesic),
then we define a linear map V/dt from the space of vector fields along the curve ~,
A(y(t)) € Ty M, denoted in what follows X, t € I, by

VA

2 VLA
dt Vid,

with V the Levi-Civita connection defined by the metric g and  the tangent vector
to y(t). If v is g-pregeodesic, the map V/dt maps the space of vectors orthogonal
to ¥ into itself, that is, if we denote by %# the set of vectors A € X, such that
g(A,%) =0, then: VA/dt € X7 for cach A € X7

If v(t) parametrizes a light ray T, it satisfies g(¥,%) = 0, then it is natural to
consider the quotient space (X,) of vectors along v module %, that is (4) € (X,),
denotes the set A + f+', with f an arbitrary function and the subspace (%#) of
equivalence classes of vector orthogonal to 4. Then, the map V /dt defined previously
induces a map, denoted with the same symbol, V/dt: (X5) — (X5), as

v(A) /VA
e <W> :
Note that the map V/dt is well defined on the quotient space and as it can be
shown easily, it does not depend on the chosen metric g € C.
We can summarize the previous discussion by saying that given a light ray T,
and we choose a parametrization v = 7(t), the conformal structure C induces a
unique covariant derivative V7/dt on the quotient space (X5), that coincides with

the covariant derivative determined by any metric g € C such that ~(¢) is null
g-geodesic. We will call such map the conformal covariant derivative on v = ~y(t).
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Note that V7 /dt depends just on the values of g on y and it satisfies the following
change of parameter formula:

VA VA dp
& a @

with ¢ = () a regular change of parameter, (f) = y(¢(f)) = ~(t), A € (X3),
A(y(t)) = A(3(f)) € (X5), and the function ¢(£) is given by Eq. [@). In particular,
the reparametrization t = () is a translation of parameters if and only if it induces
the same conformal derivative in the light ray I'. Note that we can repeat the
argument again, and define the conformal derivative V/dt(VA/dt) = (V?/dt*A) €
(X7), for any vector field (A) € (X:).

3. Sky Curvature and Conformal Parametrizations
3.1. Parametric sky curvatures

Given a light ray T, and a () a parametrization of T', we can define a linear map
Ry: TrN — Tr N, given by (J) — (J"), where J” = V2.J/dt?, with g € C. In other
words, R, (J) = V2(J)/dt?, with V/dt the conformal covariant derivative along the
parametrization vy(¢) of T'.

Because (J) is a quotient Jacobi field, i.e. J satisfies Jacobi equation (2], then
R, (J) = (R(¥, J)¥). Even more, because R, is defined pointwise, we can define for
each t, the linear map:

We realize that the tangent space TrS(p) to the sky S(p), p € M, at the light ray
I' € S(p) can be identified naturally with the quotient space T,I't/T,I" = (¥(0)1),
using the induced linear map on T,I'* that assigns to each tangent vector ¢ € T,T't,
the unique Jacobi field J¢(t) along a parametrization (t) of I" as a g-geodesic, such
that 7(0) = p, Je(0) = 0 and J{(0) = & It is noticeable that the map { — Je,
induces a map () — (J¢) among the quotient classes and it does not depend on
the metric g € C chosen for the parametrization of I". The map is clearly injective
and it is surjective because of the description of the tangent space to the sky S(p),
Eq. ). Thus, we can state the following theorem.

Theorem 1. Let T’ be a light ray in N, and p € T' a fized point in the light ray.
Then there is a canonical isomorphism between the linear space T,I't/T,I" and the
tangent space TrS(p) of the sky S(p) CN at T.

We may use the maps R, (t), Eq. (@), to define an endomorphism C, , of the sky
TrS(p) C TrN, as C, ,(J) = (R4(0)), where (J) is a quotient Jacobi field along T'.
Note that because of the previous observations, Cs , is a linear map C., ,: (T,['t) —
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(T,T1), given by

Cy()J) = (R(3,1)¥(0)),  V(J) € TrS(p), (8)

which is invariant under translations and satisfies:

Coov,6(p) = Cr.ps

for any conformal diffeomorphism ¢. Let o € IP’N;, and let T'y, € N be the unique
light ray such that T,I'y, = «, then, because of the previous theorem, <TpI‘§> =
at/a = TrS(p). Hence, the sky-curvature C., assigns to each point p € I' a linear
map C,(p): at/a — at/a, ie. Cy(p){(J) = (R(Ya, J)7a(0)).

On the other hand, the coefficients ki (t) of the characteristic polynomial
py(s) = det(R(t) — sI) allow us to define a family of functions k- x(t) on each
light ray T, as the kth coefficient of the characteristic polynomial of R (t), and ~(t)
a parametrization of I'. We will call such functions parametric curvatures and they
are invariant under translations of the parameter. Again because of the conformal
nature of the covariant derivative along T', it is satisfied that k- k() = Kgoy,k(t)
for any conformal diffeomorphism ¢. Thus, the functions k. x(t) define a family of
parametric conformal invariants that will be called parametric sky curvatures.

In particular, we can define two parametric curvatures: p,(t) = det R (t) =
Kym—2(t) and 8,(t) = Tr(R,(t)) = (=1)""3k,.1(t), which are the only scalars
associated to the linear map R, (¢) in four dimensions (note the if m = 4, the
dimension of skies is 2).

In principle, the parametric curvatures x-  are not absolute conformal invari-
ants, that is, they are not invariant under reparametrizations of I". The reason for
this is that if ¢ = ¢(f), we get (after a simple but subtle computation):

2 2 2
RO = () RO + {dd—f+ (%) }<J>, )

with J(f) = J(¢(t)), and ¢ given by Eq. (@), and they will not allow us to define
directly a family of sky invariants s : PNT — R. Moreover, computing them start-
ing from an arbitrary parametrization of a light ray I' is already hard as it involves
determining a metric g € C that makes them g-geodesic. We will see in the follow-
ing paragraphs, that both difficulties can be solved simultaneously by introducing
a particular family of parametrizations that would allow us to turn the parametric
conformal invariants k- j into absolute ones and at the same time will provide an
algorithmic way to compute them.

3.2. Conformal parameter of a light ray

We will denote by Ric, the trace of the curvature tensor R, associated to the
conformal covariant derivative V/dt along the light ray I' with parametrization
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~(t). Then, because of Eq. [@), we get

2 2 2
Ricy = <%) Ricy + (m — 2) {dd—%p + <%> } (10)

with ¢ = —% log dip/dt, and t = 9(t) the change of parameters. A simple computa-
tion shows that

dz_go N d_go 2 B l,d/// N §(,¢)//)2
dt i) ~ 29 4 (W)

where the function S(¢) is called the Schwarzian derivative of . It is well known
that functions 1, such that S(¢) = 0, must have the form

at+0b a b
0 et Yo "

We will say that a parametrization yp () of the light ray I is projective if Ric, = 0.
In such case, we will say that ¢ is a projective parameter for I". Observe that if

¢ =1, then,
B di\ 2
s = - (%) S@laa-

If t = 4(t) is a projective parameter, then Ricy = 0, and, because of Eqs. (I0)
and (IJ), we get

S(¥) Ricy, (13)

T 2-m

then, the solutions of the third-order differential equation ([I3]) permit to obtain
the projective parameter ¢ from any given parameter ¢, and, in such case Eq. (@)
becomes

w0 = (%) | motw®) - —LgRic,wnral. (14)

Note that if yp(t) and yp(t') are two projective parametrizations of ', then because
of (@A), t' = (at +b)/(ct +d), ad — be > 0.

We can define the length of a segment 'y of the light ray T" as follows. Let yp(t)
be a projective parametrization of I' and 'y = vyp([a,b]) be a segment of T', then

define
b
L(Ty) = / o)t Cp() = 23 [det Ry o). (15)

The previous definition is independent of the chosen projective parametrization.
Indeed, if ¢, (¢t = (%)) is another projective parameter, then S(¢) = 0, because
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of ([I0), we get

and we conclude

o sy | (dp\ 22 d
Gip = 2 /|det Rypp] = 277 a |det R, )| = —1/—)%(1/)(5))
di di

Then, the change of variables formula gives us

/ " (it = / oy

and the length L(T'g) does not depend on the chosen projective parametrization.
Moreover, the length L thus defined is a conformal invariant, that is, if ¢: (M,C) —
(M',C") is a conformal diffeomorphism, it transforms light rays into light rays and
the length L(Tg) of the segment of the light ray T' C M coincides with the length
L(¢(Io)).

We may also say that there is a one-form dspr defined on the light ray I' that
can be written as dsp(t) = (4, (t)dt with respect to any projective parametrization,
such that

L(To) = /F dsr.

Note that the vanishing of R, implies the vanishing of dsr, hence, for conformally
flat spaces, dspr = 0.

In the particular instance dim M = 4, if yp(t) is a projective parametrization of
T, then Ric,, = 0, and provided that R, (o) # 0, then necessarily |det R4, (to)| >
0. Then in a neighborhood I of g, t € I, ¢, (t) > 0, and defining

t
5 = w_l(t) = t Cyp (T)dT,

then, ds/dt = ¢y, (t) > 0, and ¢ = 9(s) is the parametrization by conformal arc of
T, that is y¢(s) = vp(¥(s)). Note that the conformal parameter s is defined up to
translations.

We will conclude this section providing a general expression for the differential
of conformal arc dsp. That is, let y(t) be an arbitrary parametrization of T', then
because of Eq. (I4)

dSF — 2(m2\)/

det (Rv(t) - %Ricy(t) -Id) ‘dt. (16)

m —
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3.3. The sky curvature and the absolute sky curvatures p and 6

Let p € M be such that dsp # 0 for all T' € S(p) (obviously, if dsp = 0 the sky
curvature cannot be defined). Then, let yo(s) be the parametrization of T' by the
conformal arc parameter s with v-(0) = p.

Let us consider again the parametric conformal curvatures r- ) defined in

Sec. Bl We associate to them the corresponding absolute curvatures kp: I' — R,
defined as

Krk(7C(8)) = e k(8),

where vc(s) is the parametrization of I' by the conformal parameter s (which is
defined provided that (,, (t) # 0 on I'). The absolute curvatures sr j can be written
as maps K : PNT — R, as discussed in Sec. B.11

We conclude then that the linear map Cr(p) = Ry (0): TrS(p) — T S(p) is a
sky invariant that will be called the sky curvature.

In the particular instance of dim M = 4, skies are two-dimensional and the
sky-curvature Cr, assigns to any o € PNT, a linear map from the two-dimensional
space 11, S (p) into itself, where m(a) = p and T, is, as usual, the only light ray such
that p € I'y and T,I'y, = . Then, there are just two absolute conformal curvatures
p(a) = Tr Cr, (0) and 6(cr) = det Cr_ (o).

We will finish the discussion of the properties of the sky-curvature C' by pro-
viding an explicit expression for it using Eqs. (I0) and (I3 that will be extremely
useful for its computation (see Sec. H).

Theorem 2. Let g € C, a € ]P’N;f and v = 7o, be a null g-geodesic such that
Ya(0) = p, 9a(0) € a. Then the sky-curvature Cr, as an endomorphism of a*/«,

s given by
1 " 3 7N\ 2
R,(0) + > (g—: -3 (g—:) ) Id], (17)

with ¢y = 2(”‘2\>/| det(R(t) — =25 Ric, (t)1d)|, or, alternatively, using the function

Dq(t) = det(R,(t) — —5Ric,(t)Id), we can rewrite Eq. ([7) as
1

1 D! 7T—4m (D,\’
o = B R, (0) + %) (D_a =D (D_a> )Id]. (18)

Proof. Formula ([I7) is a straightforward consequence of the definition of the sky

1

e C:,%

Cr

Cr

curvature (8) and the expression for the conformal parameter (I4). O

We will finish this preliminary study of the absolute conformal invariants asso-
ciated to the sky invariant by observing that in the four-dimensional situation, the
conformal curvatures p and § are functionally dependent. Indeed, from the expres-
sion of the differential of the conformal parameter given by Eq. ([I6]), we get for ¢ a
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conformal parameter:

dﬁ(&ﬂ—g%3Mﬂ)—e—iL

Again in the case m = 4, we get, denoting Rr(t) = (Ry;), i,7 = 1,2:
1
e=0— (R +R22)7“:5—Zp. (19)

Note that the previous expression ([[9) shows that the sign € is a conformal invariant
too. The sky-curvature matrix Rr has characteristic polynomial P(\) = A% — pA+§
with eigenvalues: (p & /—4¢€)/2, hence if ¢ = —1, there are two real eigenvalues:
p/2 £ 1 that correspond to two different eigenvectors of the sky curvature and
I' € S(zp) would be hyperbolic. On the other hand if ¢ = 41, then the sky curvature
has imaginary eigenvalues and I would be elliptic.

4. An Algorithm to Compute the Sky Curvature

Computing the sky curvature of a given spacetime is a demanding problem. In
this section, we will discuss an algorithm to do it that can be implemented on a
symbolic manipulation software.” In the following section, the algorithm is applied
to the Schwarzschild spacetime.

Setting the problem

(1) Given a spacetime of dimension 4 with conformal structure (M,C), select a
point p € M.

(2) Fix a metric g € C, and a g-orthonormal frame: € = (g9, €1,¢2,¢3), €, € T, M,
g(eo0,e0) = —1, g(ei,e:) = 1,1 =1,2,3. Then we get

1
]P’N;r—{ls- ( )1 ’a— (al,ag,ag)T,oﬁ—i—ag—kag—l} ~ G2,
«a

(2) Define a coordinate system (A4, B) in S(p) 2PNT, 0 < A <7, 0< B < 2T, as

1
a=«a(A,B) = |e- , 20
(A,B) (a(A,B)) (20)
with
sin A cos B
a(A,B) = | sinAsinB |- (21)
cos A

bIn our case, it was implemented in Mapple(©).
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(3) The problem is to compute the matrix

cy CF >
C= (22)
( 5 CE
of the components of the sky-curvature C, in PNT in the coordinates (A, B).
From C, we get the conformal invariants § = det C and p = Tr C.

The algorithm

(1) For each o = (A, B) [2U)), construct the orthogonal basis in T,,M:

- 1 0 0 0 93
=1y & oa/04 oa/oB)’ (23)

and write g(a) = (ep(a), e1 (), ea(), ez()).
(2) Consider linear coordinates (2) in Tt S(p) = at/a, of the form

A A
( ) — (ea(a), es()) ( ) mod a. (24)
Il 1

(3) Compute the functions RY, () such that

abc

R(eq,ep)e. = RY, eq,

abc

with R the Riemann curvature tensor of g.
(4) Let 74(t) be the unique g-geodesic such that

7(0) = eo(a) +ei1(a).

Then, the matrix R, (0) as an endomorphism of a /o with respect to the basis
(e2,e3) mod «, will have associated a matrix of the form:

R3 R}
r= (12 )
RS Rj

but because R, (0)(e2) = R(¥4(0),€2)%,(0) = R(eg + e1,e2)(eg + €1), we get
Ry =Ry + Riyo + RGp + Riy -

(5) Compute D, and (,
1 1
D,, = det (Ra -5Tr (Re) ~Id> = —Z(Rg — R3)* - R2R3; Ca = V| Dal -
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(6) Compute D},: Compute the derivatives: dRj /dt using the covariant derivative
VR, that is

dR? dR¢ dRY¢ dR? dRY
na . Hlq 0b0 160 0b1 1b1
(R} = dt at T at T at dt

and

dRY

d—ttlbc = (VR)gbCO + (VR)Zbcl'
Then

1 , f , f
D, = =5((R); = (R3)(R3 = R3) = (R)3R; — Ry (R)}.

The expressions for D/, and D, can be given in compact form as follows. Let
@ denote the matrix Q@ = R, — 3Tr (Rq) - Id, then (|Q| = det Q):

Dy, =|QITr (Q™'Q) (25)
and
Dy = 1Q[[(Tr (Q7'Q")* = Tr (Q7'Q")?) + Tx(Q™'Q")]. (26)
(7) Compute D!: Using Eq. (26), we get
1 .
DY = (R + B(R"Y: — 2(R3(R)
= R3(R")3 — R3(R")3 + ((R)3)” + R5(R")3]
— (R")3R3 = 2(R)3(R); — R(R")3.
(8) Using Eq. (1), we get
_[(cack\ 1 (B3 R3
°- (cscg) - VDa ( R) o

with

5. Schwarzschild’s Spacetime

We will illustrate the previous ideas considering Schwarzschild’s spacetime (see,
for instance, [11L19]), that is, the four-dimensional manifold M equipped with the
metric g defined by

2 om\
ds? — — (1 _ _m> dt® + <1 _ _m) dr? + 12 (d¢2 +sin? ¢ d92),
r r

wheret € R, r € (0,00), ¢ € [0,27) and 6 € [0, 7). In the indicated coordinates, the
metric is singular at 7 = 0 and r = 2m. We will call the connected manifold r > 2m,
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the exterior Schwarzschild spacetime, and the connected manifold 0 < r < 2m, the
interior Schwarzschild spacetime.
The non—vamshmg components RJ,, of the curvature tensor R, with

9 90 _ o)
R(W’ Dzl ) P RZVP oo’ are
2m m msin? ¢

t t

thr - TQ(T — 27’77,)’ R¢t¢ - 77 R9t9 - r ’
2m(r — 2m) m m sin?
R;"t = _Ta ;wﬁ = ) Rgr@ = f)
. 2

RS — m(r —2m) RS — m RS — 2msin” ¢

tpt r4 ’ T r2(r —2m)’ 069 r ’

m(r — 2m) o m 0 2m

R9 = — 5 R = - ) R =

tot rd ror r2(r — 2m) ¢06 r

where the obvious identification of the subindexes p with the symbols denoting the
coordinates t, 7, 0, ¢, has been used.

5.1. The exterior Schwarzschild spacetime

We will assume that » > 2m and then w > 0. A light-like vector a = o 6‘%

Schwarzschild spacetime, with z° = ¢, 2! = r, 22 = ¢ and 23 = 0, must verify

() @0 (g ) @02 @2 i (@) =0

in

r r—2m

then the null directions are characterized by o', a2, a® when o is fixed. Let us fix

Y =1, like in Eq. 20), then a null direction is defined by

a’ =1,
-2
al = r-em cos Bsin A,
r
a? = - r n sin Bsin A,
r r
1 -2
ad = — L cos A,
rsin ¢ r

with A, B denoting polar angles, 0 < A < m, 0 < B < 27.
Consider the orthonormal basis € = (g9, €1, €2,£3) given by

T—Qma 10 1 0
g9 = =

r—2mot’ rog’ 53_7"5111(;5%
then, at any p = (¢, 7, ¢,0), the map given by (A, B) — «a(A, B)
a(A,B) =ep+cosBsinA-e; +sin BsinA-e3 +cosA-e3 € PN, = S(p)

is a parametrization of the sky S(p).

2250168-16



Int. J. Geom. Methods Mod. Phys. 2022.19. Downloaded from www.worldscientific.com

by GERMAN ELECTRON SYNCHROTRON @ HAMBURG on 09/09/22. Re-use and distribution is strictly not permitted, except for Open Access articles.

The sky invariant

If we denote by a the column vector in R? with components cos Bsin A,
sin Bsin A4, cos A, Eq. (1)), then we get

cos Bcos A —sin Bsin A
oo oo
74 sin Bcos A |, 55 cos Bsin A (28)
—sin A 0

and we obtain (recall Eq. (23))):

1 0 0 0
(eo,e1,e2,€3) =€ - 0 15/6" 1 O«
* 94 snmAdB

is an orthonormal basis in T), M.
Let us denote by v, the null geodesic such that v/, (0) = a(A, B) = eg+e; then,
since the basis (e,)u=0,1,2,3 is orthonormal, we can consider (ez,e3) as a basis of

<’Ya(0)l>'

5.1.1. The parametric curvature

Consider J = pes + Aez € (7,(0)1) then, in order to calculate the parametric
curvature, we will have to compute

R(eg+e1,J)(eg +e1)
= puR(ep + e1,e;)(eo + 1) + AR(ey + e, e3) (e + e1) € {7/ (s)*}.
First, observe that for i = 2,3
R(eo +e1,e;)(ep +e1)
= R(eo,e;)eg + R(ep,e;)er + R(er,e;)ep + R(e1,e;)er
= (Poo: + Pio; + Fori + Piig)en,

j denotes the components of the Riemann curvature related to the basis

(€i)i=1,...4, that is,

n
where P/

n
R(ei,ej)er = Ppien.
So, we have

R(ep +e1,e2)(ep +e1)

-3
= 3m sin A cos A cos® B - (ey +e;)
r
3m . 9 9 . 9 6m )
+—(—1+sin” A cos” B + 2sin B)~e2+r—3(cosA cos B sin B) - e3,
T
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R(ep +e1,es3)(eg+e1)

3
= %sinA cos B sinB - (ep+ e1)
,

6 3
+ —T(COSA cos B sinB) - ey + —T(l —sin® A cos® B — 2sin® B) - e3.
r r

Then, subtracting the component in the direction v/, (0) = e + e; we obtain

3
(R(eo + e1,e5)(eq +€1)) = o (—1+sin’ A cos® B+ 2sin? B) - ey
.

+ 6—?((:08/1 cos B sin B) - es,
,
6m .
(R(eg +e1,e3)(eg +e1)) = T—3(cosA cos B sin B) - eq

3
+ —T:(l —sin® A cos® B — 2sin’ B) - e3
,

and therefore the parametric curvature map is

3m [—1 +sin2 A cos? B + 2sin? B 2cos A cos B sinB o
RO((O)(<‘]>) = 3 . .92 ) 2 ’
T 2cos A cos B sin B 1 —2sin“ B —sin® A cos® B A

where (J) ~ (‘)f), in the basis eq, e, Eq. (24).
So, we get

[£a(0) = tr(Ra(0)) = 0]

and

2

r3

3m(1 —sin® A cos? B)>

5.1.2. The sky curvature

Denote by (E;);=1,2,3,4 the parallel frame transported from (e;)i=1,234 along 7,.
Without any lack of generality, the computation of R, (7) at v, (7) is still valid, so
we have

Ro(r) 3m [—1+sin? A cos? B+ 2sin? B 2cos A cos B sin B
a\T) = —=~ )
3 2cos A cos B sin B 1 —2sin? B —sin®? A cos®? B

where A, B and r are functions of the parameter 7.
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Now, we will compute the sky-curvature Cr(p) using Eq. [I7). We can write
RI R?
Ru(r) = 1 1 7
Ry R3

Ri(7) = g({(R(Eo + E1, E2)(Eo + E1)), Ez)
= Poa(7) + Pioa(7) + Pora(7) + Piia(7),
RY(7) = g((R(Eo + E1, Eo)(Eo + E1)), E3)
= Pooz(7) + Pioa(7) + Poro(7) + Piia(7),
Ry(7) = g({R(Eo + E1, E3)(Eo + E1)), Ez)
= Pio3() + Pios (1) + Foi5() + Pii(7),
R3(7) = g({R(Eo + E1, E3)(Eo + E1)), Es)
= Pooa(7) + Piog(7) + Poia (1) + Pig(7).
Since D, (1) = det Ry (7), then (recall Eqs. (25) and (24]))
Dy (1) = tr(Adj(Ra (1) Ry (7)) = |Ra(7)] - tr(RG (1) R (7)),
D(r) = [Ra(7)] - [(tr(RG (1) Ry, (7)))? — tr([Ry (1) RL(7)]?) + te (RS (T) Ry (7)),

where

where the prime ' means %. Hence, using Eq. ([I8]), we get

Crln) = = (Rt § [ (R RY) = (R RLP) = (e B2 1)

(29)
In order to compute R/, (0) and R/ (0), we can observe that, for j = 2,3
(VEo+E, ) (Ei, E;)Ey
= V18, (R(Ei, E,)Ey) — R(VE, 5, E:, E;)E;,
— R(B:, Vi, 15, E,)Er — R(Ei, E;)VE, 15, B
and, since (E;);=1,2,3 4 are parallel along v, and 7/, (7) = Eg + E;, then
(Ve +E, R)(Ei, Ej)Er = VE, 15, (R(E;, E;)E})
d

and analogously we also get
d2
(VE0+E1VE0+E1R)(Ei?Ej)Ek = WP/Z] -E,.
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Therefore, at 7 = 0 we have

dPI?ij
7(0) en = (Veyre, 1) (€4, €))€)

and analogously we also get

d*P}.
TQ”(O) “en = (v90+91 v‘30-"-631 R)(ei’ej)ek'
Since we only have to compute B and its derivatives for n,j7 = 2,3 and

k,7 = 0,1, then, the nonzero components are
P2 (0) = —Py5(0) = %(—2 +3sin? A 4 3sin® B — 3sin? A sin? B),
r
2 3 m .2
Pp15(0) = —F3(0) = T—3(3sm B —1),

P§02(0) = P1312(0) = P§03(0) = P1213(0)

3m .
= —cosA cosB sinB,

3
and also
dP%, 3m [r—2m . 9 9
7(0) =T . cos B sin A(5cos” A cos” B — 1),
dp? 3 —2
#12(0) = T—T ! . ™ cosB sin A(5cos® B — 4),
dP3 1 -2
002 () = 5m“ L7 052 B sin Acos A sin B,
dr rt r
and, finally

d*Pgy, —3m 9
72 (0) = G [r —3m+ (13m — 5r) cos” B

—2msin® A cos® B — (75m — 35r)sin® A cos? A cos® B],

d*P} -3
d7'1212 0) = er [3m —r — 2msin® B

— (57 — 11m) cos® A cos® B + (75m — 35r)sin® A sin? B cos® B,

d2 P2 _ 2

By g i)
d2P3 -3

d70202 (0) = er [62mm — 307 + (357 — 75m)(1 —sin® A cos® B)],
a2 p3 2

d7'1202 (0) = G:g cos A cos B sin B.
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Therefore, we obtain

RL(0) = ((R’)%(O) (R) (0)>

2
(R)3(0)  (R)3(0)

15m [r —2m

=—\/————cosB sin4
r r

cos? A cos? B —sin? B 2cosA cosB sin B
2cosA cosB sinB sin® B — cos? A cos? B

and
1 2
"(0) (R")1(0) (R"){(0)
(R")3(0) (R")3(0)
15m
= 7'—6 f(rv Aa B)
2sin? B—1+sin? A cos? B 2cos A cosB sinB
2cosA cos B sin B 1—sin2A cos? B —2sin?B/’
where

f(r,A,B) = 6(r — 2m) + (15m — 7r)(1 — sin? A cos? B).

Finally, if p = p(A, B) = v,(0), then substituting in (29)), we obtain

(2m — 157) .
2cos A sin B cos B
asm | Dlr=2m) — 96msin® B o B sin? A
1 —cos2 B sin? A
Cr(p) =
. (98m — 157)
2cos A sin B cos B 1
"1—cos2B sin? A 18m [ _5(T—2m)+96msin231
1 —cos?2 B sin? A
and
5 r—2m
= tr(C — " (10m —3r — 7
v (i) 24m ( 1 —cos? B sin® A)
(30)
2
5 r—2m
ér(p) = det(Cr(p)) = | ——(10m — 3r — 1
elp) = det(Cr(p) = | 7o L
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Therefore, the components of the (1,1)-tensor Ceyy such that (A, B) — Cr(p),
Eq. 22), in the exterior region of Schwarzschild spacetime, are given by

c4 = SL [(2m —157) —

5(r —2m) — 96msin® B
48m

1 —cos2 B sin® A
_(p_p_1)+ 251n2B- _—

2 1 —cos?2 B sin“ A
2cos A sinB cos B

ca=04= ,
B B 1—cos?B sin? A
5(r — 2m) + 96m sin® B}
CE = ——{(98m — 157) —
B 48m {( ) 1 —cos? B sin” A
. 2
or 2sin” A
— (P2 - .
( 2 ) 1 —cos? B sin® A

In this situation, we get the conformal sign e = —1. In fact from Eqs. (B0) and (I9),
we get € =0 — p?/4 = —1.

5.2. The wnterior Schwarzschild spacetime

Now, we will assume that 0 < r < 2m and then QmT_’" > 0.
The metric is defined by

-1
2 2
ds? = — (—m - 1) ar? + (—m - 1) dt? + r2(dg? + sin? ¢ d§?)
r r
and therefore a% is timelike and % is spacelike.

We repeat the same calculation for 2! = r, 22 = ¢, 2% = ¢ and 2* = 0 (notice
that we have swapped the roles between the variables r and t¢). A light-like vector

o= a"%, must verify

_< r > (%2 + (2’"_7") (@2 +72 (a2)? +r?sin? ¢ (a®)? = 0

2m —r r

then the null directions are characterized by o', a2, a® when ! is fixed. So, if we
fix a® = 1, then a null direction can be defined by

a’ =1,
1 r .
o = cos Bsin A,
2m —r
1 31
a2:—1/ " sin Bsin A, (31)
r\ 2m—r
. 1
ad = — " cos A.
rsing \ 2m —r
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An orthonormal basis € = (g9, €1,€2,€3) is given by

o L)
r or’ 2m—7"8t 2_7"&;5’ 7 rsing 00

then, at any p = (r,t, ¢, 0) the map given by (A, B) — «(A, B) where

a(A,B) =g+ cosBsinA-e; +sin BsinA- ey +cosA-e3 € PN, = S(p)

is a parametrization of the sky S(p). Then we get that

1 0 0 0
(60,61762763) =€ 0 Oo 1 Oo
* 0A sin AOB

is a orthonormal basis in T, M, with a as in Eq. (ZI)).
Let us call 7, the null geodesic such that v/, (0) = a(A, B) = ey + €5 then, since
the basis (€;)i—1.2.3.4 is orthonormal, we can consider (es, e3) as a basis of (7,(0)1).

5.2.1. The parametric curvature

If we consider J = pes + Aes € (7,(0)1) then, using the same procedure as for the
exterior Schwarzschild spacetime, we obtain again that the parametric curvature is

3m [—1+sin? A cos? B + 2sin’ B 2cos A cos B sin B m
RO(O)(< >) 3 . ) .9 2 ’
T 2cos A cos B sin B 1 —2sin® B —sin“ A cos* B A

where (J) ~ (‘;)
Therefore,

and

— sin? cos? 2
D (0) = den(ty(0)) = - (2= 0B )

5.2.2. The sky curvature
Again, in an analogous calculation we have that if p = p(4, B) = 7,(0), then

(12m — 20r) .
1 2cos A sin B cos B
5(2m — r) — 96m sin® B

48m 1—cos? B sin A
Cr(p) 1 —cos? B sin? A
rp) =
. (108m — 20r)
2cos A sin B cos B 1 »
1 —cos? B sin? A 48m _ 5(2m —r) +96msin® B

1 — cos? B sin? A
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and

5 2m —r
= tr(C =—1(4(Bm—r) —
pr(p) H(Cr(p) 24m ( (3m —7) 1—cos?B sin2A> ’

(32)

3r(p) = det(Cer) = | o (400m 1) - T A)} 1

Therefore, the components of the (1, 1)-tensor Ciy such that (A, B) — Cr(p)
in the interior region of Schwarzschild spacetime are given by
1

4 =_— [(12m — 20r) —
4 & [( m — 20r)

2sin® B
() 2B
2 1—cos? B sin“ A
4 2cosA sinB cos B
" 1-—cos2B sin?A ]

5(2m — r) — 96msin® B
1 —cos2 B sin® A

1 5(2m — ) + 96msin® B
CE = —— |(108m — 20r) —
B 48m [( ) 1 —cos? B sin’? A
:(p_p+1)_ 2sin® A
2 1—cos2B sin® A’

5.3. Continuity of p and § at the Schwarzschild radius r = 2m

Let us call
x =X(A,B) =1 —cos’ B sin®> A

for both regions (interior and exterior) of Schwarzschild spacetime, although it does
not have the same meaning because the vectors Eo and E3 cannot be extended to
both regions in a continuous way. Let us denote by py(r) = p(r,x) the expres-

sions (B0) and (32).

But since the lateral limits of p, (p) at r = 2m exist and coincide (see Fig. [I)

. 5 .
lim py(r) = 6= lim p,(7)

r—=2m= r—=2mt

then py (r) can be extended continuously to r = 2m.
And because 6, (r) = (‘)XT(T))2 — 1, then

lim 6&,(r) = 1o lim 6, (r)

r—2m=— _m C e2mt
80 py(r) also extends continuously to r = 2m (see Fig. ().
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50x+10
24y

5/6

Fig. 1. Observe that lim,—2m py (1) = % for all x = 1 —cos? B sin? A € (0, 1] for both the interior
and the exterior.

X =002 x=03 x=1

Fig. 2. The slope of the straight line y = py (1) decreases to —oo when x — 0.

Note that the lateral limits when r — 2m of the sky matrices corresponding to
the exterior and interior regions also coincide with

1 28+ 96sin? B 2cos A sin B cos B
) 48 1 —cos? B sin? A 1 — cos? B sin? A
hmr.—»Zm_ Cp(p) =
2cos A sin B cos B 1 96sin? B
T ap 24 B8 T s a2 A
1 —cos? B sin? A 48 1 —cos?2 B sin? A
= lim,, ,5,,+ Cr(p).

6. Conclusions and Discussion

A novel notion of conformal invariants has been introduced using the space of light
rays N associated to a given spacetime M to construct them. More specifically,
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the canonical bundle over the spacetime M whose fiber at each point is the cor-
responding sky has been used and the conformal invariants have been constructed
exploiting the conformal geometry of light rays. Each light ray I' carries a canonical
conformal covariant derivative that can be used to construct an endomorphism R
on the tangent spaces of the sky containing it. In addition the existence of a distin-
guished parametrization by a conformal invariant parameter s is used to associate
a family of scalar absolute conformal invariant or, equivalently, of sky conformal
curvatures, to the given spacetime.

The definition of the conformal parametrization together with the transforma-
tion properties of the tensors R, under reparametrizations allows us to construct
an algorithm that can be implemented on any symbolic manipulation language and
that has been successfully used to compute the sky curvatures of Schwarzschild
spacetime.

Other conformal invariants can be obtained from the sky-curvature tensor, for
instance, its principal directions. In what sense these new conformal invariants
characterize the conformal class of the original spacetime?

Another set of relevant questions emerges from the notion of conformal invari-
ants themselves, as the definition provided in the paper suggests its extension to
larger classes of objects, suitably described using a categorical language, a subject
that will be discussed elsewhere.
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