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Abstract. Lorentzian manifolds, i.e. pseudo-Riemannian manifolds of signature (+ — ... =),
are considered. It is shown that from the volume of small truncated light cones there may be
recognized whether the manifold is flat or Ricci-flat respectively.
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INTRODUCTION

A. Gray, L. Vanhecke [5, 6, 7] and others [2, 9, 10] studied the following problem
for properly Riemannian manifolds: To what extent does the volume of small
geodesic balls determine the geometry? (The papers [8, 1, 11, 12, 13, 16, 17] are
closely related to this problem. Note also that there is a rich literature on the volumes
of tubes, which we will not quote here. For the historical sources cf. [7, 4]). The
topic of the present paper is an analogous problem for Lorentzian manifolds, i.e.
for smooth manifolds equipped with a pseudo-Riemannian metric of signature
(+ — ... =): To what extent does the volume of small truncated light cones determine
the geometry? For the case of four dimensions, i.e. for the spacetimes of general
relativity theory, this question has been raised by F. and B. Gackstatter [4].

The “volume conjecture” due to A. Gray and L. Vanhecke reads:

An n-dimensional properly Riemannian manifold is flat if and only if the volume

/ .
of its geodesic balls of small radius R > Oequals I \-g- + 1)‘ 12 R", The Lorentzian

analog of this conjecture reads:
An (n + 1)-dimensional Lorentzian manifold is flat if and only if the volume of its

truncated light cones of small altitude T > 0 equals(n + 1)~'r <-;— + l)"‘n"/ 2me,
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For the case n+ 1 =4 this has been supposed by F. Gackstatter [personal
communication].

While Gray’s and Vanhecke’s conjecture remains still open, we decide here Gack-
statter’s conjecture, generalized to n + 1 > 3 dimensions, in the affiimative. Thus,
flatness is a property of a Lorentzian manifold which is reflected by the volume of
small truncated light cones. We prove that Ricci-flatness is another such property.
As a by-product we derive a seemingly new Pizzetti-type expansion formula for
the mean value of a function over a truncated light cone in flat R"*1,

Let us fix some conventions and notations. The manifolds and all geometric
objects on them are assumed to be of differentiability class C®. The (pseudo-)-
Riemannian metric and its inverse read

g= gaﬁ dxa dxﬂ, . (guﬁ) = (gaﬁ)_la
the curvature tensor, Ricci tensor, and scalar curvature respectively
Riem = Ryp,,(dx* A dx®) (dx* A dx"),  Ric = R,;dx*dx’, R

e
The sign conventions for the curvature quantities are the same as in [7, 19]. We
abbreviate

(Riem)? := R,;,;R,*, dx* dx’ dx* dx".
A symmetric differential form of degree p
‘ Ay = Aggy e o, dx dx™ .. dx*

xjx2 *
is a special notation for a symmetric covariant tensor field of degree p. Apart from

the, usual tensorial operations there are specific operations for symmetric forms:
lum Symmetric product of a p-form A4, and a g-form B,

it A,B, = Ay, ... 4By, ... 5 dx* ... dx* dXPt .. dxPe.
3'2—' ’I:race = tr with respect to the metric g

" (r Ay = gy, ... o dx™ .. dxX™  for p 23,
- tr 4, := 0, tr4, :=0, tr A, :=g%4,.

' Trace-free part ~A, of A, with respect to g; cf. [19] for concrete formulas.
IR
— Value of 4, on a vector field a = 4" 36—;

x

i : A4,@,....0) :=A4,,, ... . a"'d .. dv.

1« Symmetric differential d built by means of the Levi — Civita derivatives V,
C dAy =V, . e dx . da.
THe Laplace operator of (M, g) reads |
) 4:= gy, V,.
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A PIZZETTI-TYPE FORMULA FOR TRUNCATED LIGHT
CONES IN R"*!

Let R" denote the flat space with points t = (x!, x?, ..., x") and equipped with

the Euclidean metric
dr? = (dx')? 4 (dx?)? + ... + (dx")?,
the Laplace operator
a* o? o*
= =—t .+ —,
(@r*  (@x')’ (0x"?

and the Lebesgue measure d"r = dx! dx? ... dx". Let further R"*! denote the flat
spacetime with points x = (x%) = (x,, x', ..., X") = (£, ¥) and equipped with the
Minkowski metric

N = N dx* dx? = dr* — di?,
the D’Alembert operator
i 0*
ox*ox® —3;2_ B

a=n*

b

and the Lebesgue measure d**!x = dx° dx! ... dx* = d¢ d"r. Our aim is to calculate
the mean value of a function F(x) = F(¢, r) over the truncated light cones in R"*?,
The mean value M,F of a function F over the domain D is defined as the quotient
of the integral of F over D and the measure of D.

Definition 1. Let a = a"‘—aa—a be a timelike vector. The point set
x
Cla) := {xe R"*' | n(x,x) 2 0,0 =< n(a, x) < n(a, a)}
is called the truncated light cone with vertex 0, axis a and altitude | a | := n(a, a)'/>.

Theorem 1. There holds the asymptotic power series expansion with respect to | a |

@

(1) MeoF ~ % ou(=lal’) (@'F) (0)

with the numerical coefficients oy, given by '

ki n - i i n L -
4k.l.(n+2k+l+1)F(2+k+l [2]+2)F<2+k+ 5 + 1) oy

=(n+ l)F'<%+ 1)F<%+k+l+—;—>.
Proof. There exists a Lorentz transformation which results in
@ =(T,0,...,0, T=]|al,
C@={tYeR*| |t|StST)
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We will work in the corresponding coordinate system. Let us write (like, e.g., in
quantum field theory) integrations as operators which act on the succedent functional
expressions. Then Fubini’s theorem applied to C(a) reads

T t
[ Fx)d*"'x = [dt [dr | F(t,1)dS,
h C(a) V] ] S(r)
where

Sr):={xeR| |t|=1r}

denotes the sphete with centre 0, radius r, and measure dS. Chahging from integrals

to mean values we obtain
’ T t

T"“MC(,,)F = n(n + 1) [ dt [ drr"~ ' Mg,,,F.
o 0

Herein we insert the well-known Pizzetti expansion formula [3]

0 2k
M, F ~ r(—;—) by (%) [k! r(% + k)]"‘(a"F) (t, 0)

and simultaneously the Taylor expansion with respect to ¢

F(t,v) ~ Y 1) 1 (@'F)(0,¥)  with 8:= a_at
=0

The result is

(2) MC(a)F ~ Z ﬂuTZkH(AkalF) (0)
k,1=0
with the numerical coefficients

\ -1
B = (n + 1)r(%+ l)[4"k!l!(n +2k+ 1+ 1)r(—;-+ k+1 ;] .

In order to transform (2) into the Lorentz-invariant formula (1) a rearrangement
of terms is to be done:

k __ 2 k_k k k—r n2r
=@ -0r=3 (,)orren,

r=0
a=Tad, TH#*'9'=|al*d,

W2/ 4 r
Ogp = Z ( )Bk+r,l—2r'

r=0 r

The last formula is, by some elementary transformations, equivalent to

2m\ V2, o (m\(m—-r | Cm
(I)—,§o2 =) wherem..__y_*_k_*_l.

This “combinatorial identity” is, finally, established by means of the method of
~ a generating function: '

g
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]

) (Z;n)z' =+ )"=(@+2z+1)"= i (T) Rz + 1" =

I1=0 r=0

o [1/2]
_ 1-2r(M\(Mm—r) ,
—1;0 r§o2 (r)(l—zr)z.
The theorem is proved.

We give the Pizzetti-type foimula (1) an appearance which is more suitable for
our purposes by changing from the language of differential operators to the language
of symmetric differential forms. -

Proposition 1. There holds the asymptotic power series expansion with respect to a:

(3) Mc(a)F ~ ZoAp(a, s a)
p=
with the symmetric p-forms
(4 A,i= Y Bu(—n)*tr*F,,  F,:=(d°F)(0).
2k+l=p

The proof follows from
| a |*"(*a'F) (0) = | a |*(tr*F,) (a, ..., @) =
= (*tr*F) @, ..., @) with p :=2k + L

Conjecture. For each p = 0 the linear transformation of symmetric p-forms (4)
has an inverse
F,= Y ynnft*4,

2k¥l=p

with the coefficients 7, being rational functions of n.

Proposition 2. The preceding conjectuie holds true for p < 4.
The proof is done by direct calculation. We omit the concrete expressions for
the 7, for 2k + I < 4; they do not matter here. '

Proposition 3. If a symmetric p-form A, vanishes on all timelike vectors then it
vanishes identically. That means, A,a, ..., a) = 0 for every timelike a implies A, = 0.

Proof. Let a, be a fixed timelike vector and v an arbitrary vector. For sufficiently
small | ¢ | the vector a = g, + &v remains timelike and A4,(a, ..., a) becomes a poly-
nomial of degree p in ¢ which vanishes identically (in &) by assumption. Particularly,
the coefficient of &f gives 4,(v, ..., v) = 0, hence 4, = 0.

Proposition 4. If two functions Fy, Fy on R**! satisfy
MC(a)F 1 =MC(¢)F I
Jor each timelike vector a, then
| @F) ) = @F)(©)  for p S 4.
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Proof. Because of the linearity it is sufficient to show that M¢(,)F = 0 for every
timelike a implies (d?F) (0) = O for p < 4. This assertion follows, in fact, from the
propositions 1, 2, 3.

THE MAIN RESULT AND ITS PROOF

To any Riemannian manifold there are associated some ‘“‘natural” two-point
functions [18, 14, 19].

De'ﬁnition 2. Let (M, g) be a Riemannian manifold of arbitrary signature. The
distance function ¢ = o(x, y) is the solution of the problem
g V,0 Vyo = 20,
(Vo) 0, 9) =0, (V. V0) (v, y) = 845(»)-
The function u = u(x, y) is defined by
©) ' 2u := As — dim M.

©)

The normal volume function ¢ = g(x, y) is the solution of the problem
N0 g* V.o Ve =2u, oy,y)=1.

Here and in the following differential operators V, 4, d, ... refer to the first argument
of the two-point functions.

Both the two-point functions ¢ and ¢ are deﬁned in some neighbourhood of the
diagonal of M X M and are symmetric in their arguments, i.e. o(x, y) = o(y, x) and
o(x, y) = o(y, x). In normal coordinates (x*) of xe M with respect to the origin
y € M there holds

! .
L 0(x, ) = 5 g() ¥, B

o(x, y) = | det g,5(x) |'/? | det g,,(») | 112

For properly Riemannian manifolds ¢ and the geodesic distance s between two
sufficiently neighboured points are related by 20(x,y) = s(x, y)®. For pseudo-
Riemannian manifolds the geodesic distance s should be defined by 20| (x, )| =
= s(x, y)*.

The limit for x — y, if existing, of a two-point quantity with the arguments x, y
is called its coincidence limit. The equality of the coincidence limits is an equivalence
relation between two-point quantities and shall be denoted by =. One-point quantities
and constants may be looked upon as special two-point quantities.

Proposition 5. There holds
do =0, —3d?% = Ric, —2d% = dRic,
—15d% = 2(Riem)? — 5(Ric)? + 9 d? Ric.

10
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Proof. We apply d° = dd ... d and after that the limit operation x ~ y to the
differential equation (7). The recursion formula

p—2
pdPo =2d°%u +2Y (Z) dP"udl for p= 4
q=2

comes out. The formula holds for p < 4 too if an “empty sum” is taken as 0. Next,
the coincidence limits of the di%u (g = 1, 2, ...), as they follow from the celebrated
Ledger formula [18, 19], are inserted. The concrete evaluation for p = 1,2, 3,4
gives the above result.

Note that proposition 5 is equivalent to the expressions for the first four terms
in the Taylor expansion of ¢ with respect to normal coordinates, which have been
presented in [5, 6, 7].

Proposition 6. A Lorentzian manifold (M, g) is

— Einstein iff ~d% = 0,

— Ricci-flat iff d%g = 0,

— of constant curvature iff ~d%g = 0 and ~d* = 0,

— (locally) flat iff d%0 = 0 and ~d*g = 0.
Here iff := if and only if. '

Proof. Proposition 5 is used. While the first two assertions are obvious, the last
two assertions folow from [19], proposition 1.2, and are essentially based on argu-
ments given by A. Lichnerowicz and A. G. Walker [15].

Definition 3. Let (M, g) be a Lorentzian manifold,y € M, and a = &* —aa—a a timelike
y
vector at y. For sufficiently small | a|* := g,(y) ada® > 0 the compact set

CW,a) :=={xeM|oa(x,y) 20,0 < (ao) (x,y) < |al|?}

is defined; it is called the truncated light cone with vertex y, axis a, and altitude | a |.
(Note that a acts as a diff erential operator on the second argument of ¢.) The volume
of C(y, a) with respect to the invariant Riemannian measure of (M, g) is denoted by
Vol C(y, a).

Proposition 7. Let the altitude T .= | a| be so small that C(y, a) is defined. There
exists a system of normal coordinates (x*) = (x°, x', ..., x") of x € C(y, a).with respect
to the origin y such that C(y, a) is characterized by the inequalities

0x°sT and () +(EH*+ ...+ £ (x92

Proof. By assumption o(x, y) and normal coordinates (x*) are defined for x e
€ C(y, a). There holds ’

ac = —a*

o. a
= = - gaB(y) a xﬁ'
0x

11
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Further, there exists a linear transformation of the normal coordinates which
results in

(gaﬁ(y)) = ("aﬂ) = dlag(l, _1’ LR '—1):
a* = —-T55, ac = Tx°.

The corresponding coordinate system is the desired one.

Proposition 8. The relative deviation of the curved manifold expression Vol C(y, a)
from the flat manifold expression
n

-1
Vol C(a) = (n + 1)'”1‘(7 + 1) "% a "t

, . , . . 0
admits a power series expansion in the axis vector a = a* el namely
y

5761 + 1) (" *4' 5) [Vol C(y, a)/Vol C(a) — 1] =
=120+ 4 (m+5[(n+3)F, — gtr F,] (@, a) +
44n+ 3+ S)[(n+ 5 F; — 3gtr F3] (a,a,a) +
4+ m+N[(+55@+TF,—6(n+S)gtr Fy — 3g2tr? F,] (a,a,a,a) + ...,

the points indicating higher order terms. Here the symmetric p-forms
F, :=[d%],_, (pr=223,4.)

are built from the normal volume function ¢ and are taken at the vertex y.
Proof. Working with suitably chosen normal coordinates x = (x*) =
= (x% x!, ..., x") with respect to the origin y we have
VolC(y,a)= [ o(x,y)dx’ dx'...dx" =

C(y.a)
= [ ¢ d"*'x = [Vol C(a)] M¢(,0.
C(a)
(For the moment we notationally identify the point x with its normal coordinates.)
As is well known, the Taylor expansion of a function ¢ = g(x, y) in the normal
coordinates of x with respect to the origin y has the covariant derivatives taken at
x = y as its coefficients:

1 1 1 .
0= 14 5—1?;()6, X) + ?F3(X, X, x) + —2—‘—1—-1‘4(X, X, X, x) +
The operator M, transforms a power series in x into a power series in a. The calcula-
tion of the first terms is based on proposition 1 and theorem 1.
In the following, o(7") denotes a remainder term of the form
T* (regular function of y and a).

!
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Theorem 2. A Lorentzian manifold (M, g) of dimension n 4+ 1 2 3 is flat if and
only if ' : .
- Vol C(y, @) = Vol C(a) (1 + o(T?®))

Jor sufficiently small altitudes T := | a| of the truncated light cones C(y, a). Likewise
(M, g) is Ricci-flat if and only if

Vol C(y, @) = Vol C(a) (1 + o(T?)).

Proof. The quadratic term in the expansion of proposition 8 is missing if and
only if d?¢ = 0. Likewise, the quadratic and quaitic terms are missing if and only if
d?¢ = 0 and d* = 0. Considering this, proposition 6 gives the assertion.

F. and B. Gackstatter [4] derived a partial result, namely for n 4+ 1 = 4

Vol C(y, a) = Vol C(a) [1 + 715—(6R00(y) - R(O) 1% + ]

Herefrom the assertions which are based on the Ricci tensor alone can be obtained
for the spacetimes of general relativity theory. . ‘ ‘

DISCUSSION

Let us indicate the dependence on the metric g:

B(y, r, g) := geodesic ball in (M, g) with centre y and radius r for a properly
Riemannian manifold (M, g) and

C(y, a, g) := truncated light cone in (M, g) with axis a and vertex y
for a Lorentzian manifold (M, g). The intuitive notion of recognizing geometric
properties from the volume of B(y,r, g) or C(y, a, g) respectively is made precise
as follows.

Definition. Two properly Riemannian manifolds (M, g), (M, g,) of the same dimen-
sion n are called to possess the same volume of small geodesic balls or, for short,
isovolumal, if M is covered by neighbourhoods U and diffeomorphisms ¢: U - @(U) €
S M, which satisfy '

Vol B(y, r, g) = Vol B(y, r, p*g,)

for ye M, r > O such that B(y,r,g) < U.

(Here @*g, is the pull-back of the metric g, from M, to M.) Two Lorentzian mani-
folds (M, g), (M,, g,) of the same dimension n + 1 are called to possess the same
volume of small truncated light cones or, for short, isovolumal, if M is covered by
neighbourhoods U and diffeomorphisms ¢ : U — @(U) & M, which satisfy

Vol C(y,a,8) = Vol C(3, a, 9*g)
for ye M, ae T,M such that C(y,a,8) = U. .

13
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Clearly, this “isovolumality” is an equivalence relation between Riemannian
manifolds of the same dimension and the same signature. The definition is of local
character and there is ambiguity in the choice of the covering by U, ¢. It is plausible
to compare manifolds (M, g) with simple “model manifolds™ (M,, g,); that means,
to impose on (M,, g,) geometric conditions easy to describe. One would start with
flat model manifolds and by this rephrase the “volume conjecture”: If a manifold
is isovolumal to a flat manifold then it is flat itself.

That is true for Lorentzian manifolds; namely we have the

Theorem. If a Lorentzian manifold (M, g) of dimension n 4+ 1 = 3 is isovolumal
to a flat or Ricci-flat manifold (M, g,) then it is flat or Ricci-flat itself respectively.

Proof. A local diffeomorphism ¢ : U — M, may be realized by describing the
points x € M and ¢(x) € M, by the same coordinates (x°, ..., x") € R***. The iso-
volumality implies then that the symmetric tensors F, := [d?],-, (p = 2, 3, 4, ...)
have equal components for (M, g) and for (M, go) in this coordinate system. Par-
ticularly, if F, =0 andjor F, =0 for (M,, go) then the same condition holds

for (M, g).

It is an interesting problem to produce analogous theorems for other model
manifolds (M, go). For instance, if n + 1 = 4, could the Petrov type of the space-
time (M, g) be recognized from Vol C(y, a, g)?

It is not too surprising that Vol C(y, a) seemingly comprises more information
than Vol B(y, r): the volume of the truncated cones depends on 2(dim M) variables,
while the volume-of the balls depends on only (dim M) + 1 variables. We do not
know how to define “maximally intrinsic” solid point sets which depend on fewer
variables.

Another remarkable feature of Lorentzian manifolds is the energy-like behaviour
of the traceless symmetric four-form ~(Riem)?, cf. [15, 18, 19]. That means, this
four-form is definite in some sense; it is akin to the Bel — Robinson tensor of general
relativity theory.

More “volume problems™ than those discussed here are studied/could be studied
for properly Riemannian manifolds as well as for Lorentzian manifolds; let us
mention the volume of tubes and the volume of geodesic disks [11, 12, 13].

A correspondence with Professor Dr. F. Gackstatter stimulated the present paper
and is acknowledged with gratitude.
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