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On Fitting Rotating Bodies to Exterior Gravitational Fields
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Abstract. Some inequalities have to be satisfied if there is to exist a fluid source
for a given exterior gravitational field. In the case of the Kerr solution one of
the inequalities presented here is much more restrictive than those obtained
by Boyer [1]. However, our conditions do not exclude the possibility of a fluid
source for the Kerr spacetimes.

1. Introduction

Hernandez [2] has shown that for the Kerr metric a relationship is fulfilled
between the total mass, M, the total angular momentum, J, and the quadrupole
moment, Q:

0=J*/M. (1.1)

Because of this very special relationship it is believed that the Kerr metric cannot
represent correctly the external field of any realistic body [3]. However, the
question of the existence of a rigidly rotating, perfect fluid source of the Kerr
metric has not yet been answered!. This question can arise also in the cases of
other exact vacuum solutions representing “rotation of something” such as the
Tomimatsu-Sato [5] solution.

In this paper we shall extend a method which has first been used by Boyer [1]
to exclude some configurations as sources of the Kerr metric. Boyer has proved
that all possible boundaries of rigidly rotating, perfect fluid sources of a Kerr
metric, for a given M and a=J/M, form at most a two-parameter family of
surfaces. The first parameter, (2, is the angular velocity of the rotating body. The
second parameter, K, is connected with the polar radius of the body, r,, measured
in the Boyer-Lindquist coordinates:

r,=M/K+]|/(M/K)?~a>. (1.2)

*  Present address: Department of Physics, Stanford University, Stanford, California 94305, USA.
! According to a recent argument by Roos [12] the method used by Herlt in [4] is incorrect.
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It is clear that the boundary of the body has to be a closed, two-dimensional
spacelike surface. Boyer’s condition states that for such a surface two inequalities
have to be satisfied:

K=1, (L.3)
K< Q%a? +3(MQ)*3(1 —aQ)*3 . (1.4)
Weputc=G=1.

In this paper we shall obtain some other inequalities of this type. They follow
from Raychaudhuri’s equation and from the relativistic virial theorem. In the case
of the Kerr metric one of them is much more restrictive than those of Boyer.
However, neither Boyer’s condition nor any presented in this paper are sufficient
to eliminate the possibility of the existence of a rigidly rotating fluid source of the
Kerr metric.

We use in this paper the timelike signature + — — —.

2. Definitions and Basic Assumptions

Let 1 and &' denote two Killing vector fields which exist in the whole spacetime
since both interior and exterior solutions are assumed stationary and axially
symmetric. The vector field, #', is asymptotically unit and timelike and has open
trajectories. The vector field, &, is spacelike and has closed trajectories [1, 3, 6, 7, 8].
We shall assume that the four velocity of rotating matter has the form [3, 7]:

u'=An' + Q&Y. (2.1)

We shall also assume that the rotation is rigid i.e. that both shear and expansion
scalar of the matter congruence vanish. It is equivalent that the angular velocity,
Q, is constant [6]. The quantity

(1/A)={(n) +2Q( &) + Q*(EH}? 2.2)

is called the redshift factor [3]. According to Boyer [1] it has to be constant on
the boundary of the body:

Aboundary = (1 - K)_ 12 = const. (23)
Our last assumption is that the stress-energy tensor has the form
Ti=(p+eju'w,—dp, (24)

with >0 and p=0 inside the body, Carter [7]. (See [13] for a proof without as-
sumption (2.4).) Using the above assumptions has proved that there exists globally
a family {X} of spacelike hypersurfaces orthogonal to the trajectories of the
unit, timelike vector field, n'=e%(n'+ &Y. Here 2% :=[ —In{— 0*/(E)}], 0*:=
(n&)* — () (E€) and &:= — (E)/(EE). We shall introduce the quantity £ (“distance
from the axis of rotation”) by the equation

R:= 0A/(un) .
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Now, let ki be the projection tensor on a hypersurface X. Following Bardeen [8]
we shall introduce the “physical” three-velocity, v, by the formula

V(1 —v?)" Y2 =hiuk. (2.5)

Here v?:= — ()= —e*"(EE(Q—@)* is the norm? of v'. Notice, that 1—p*=
A™%e*", The quantity /:= %v we shall call the velocity moment. One can show
that

= —)/un) = —[0)+AEH/Lm)+ Q)] - (2.6)

The velocity moment Z is connected with the rotation scalar, w, for the congruence
of trajectories of «' by a formula which has the form very close to its Newtonian
counterpart:

o= —(AA=Q) 2R (VONNY). 2.7

Here |V, denotes the covariant derivative on a hypersurface X.
One can show that the total active gravitational mass of the rotating body
can be written in the form

M= [ (e+3p)e™"dV +2QJ . (2.8)
I

Here I=interior (E=exterior), and dV denotes the invariant volume element
on X. Equation (2.8) can be called the relativistic virial theorem because in the
Newtonian limit it becomes

Egray + 26,0+ 3 [ pdV =0, (2.9)
I

(recall that the Newtonian limit of the Lh.s. of (2.8) is M+ &,ray + G0y + i Where
M, is the rest mass and &, the internal energy). As far as we know the relativistic
virial theorem has never been written in this compact form. However, this form
and those known in the literature are only a simple modification of Bardeen’s [8]
formula for the total mass of a rotating body. Hartle and Sharp [9] were the first
who remarked that the Newtonian limit of the relativistic formula for M was
connected with the Newtonian virial theorem. To see that (2.8) is equivalent to
Bardeen’s formula one can use some of Einstein’s field equations and then write:

2Q7=2[v*(p+e)e” "[(1—v?)dV +@Brn)" ! [ eUEE( V' @) V@)V . (2.10)
1

I+E

Putting (2.10) into (2.8) one obtains exactly the formula which appears in [8].

Now, let A’ be a unit, spacelike vector field which is a linear combination of #'
and &' orthogonal to u. We have Riu*],=0. Using Ricci the identity one can
obtain from the last equation:

Ve "R V/}=0. (2.11)
This equation proves that

[w*e™"dV = —(1/4)§ Le~*(1— Q)" R~ 2( V'¢)dB, (2.12)
I B
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where B is the boundary of the body.? It means that the integral which appears
on the left hand side of Equation (2.12) can be computed without knowledge of
an interval solution.

3. Basic Inequalities

Let us project Raychaudhuri’s equation on a hypersurface 2 and integrate it over
the volume of the body. Using the Gauss Theorem and Equations (2.8) and (2.12)
one can put the result into the form:

M—-2QJ—(4n)" ' §( V'InA)e™"dB,
B

+(8m)~! i/e‘%(lV‘/)(l—Q/)‘lgi"de,:O. 3.1
We now assert the following inequalities:
M—2QJ2—@8n)"  §Le”"( V')1—-QL) 'R *dB; (3.2)
B
0=(8n)~! ;f;fe‘””(LV"/)(l ~ Q) 'R 2dB,; (3.3)
QJ=(16m) ! tlf; @(EE)e™( Vi )dB; . (34

p
(3.2) follows from (3.1) and the fact that InA= [ dp/(p-+e(p))+ const (the last
B

equality is a consequence of the equations of motion V,TY=0), because the
pressure is zero on the surface of the body and nonnegative inside. (3.3) is implied
by (2.12) and (3.4) is obtained by using (2.10) and Equation (a) of the Appendix.

Inequality (3.2) becomes in the Newtonian limit the well-known Poincaré
condition

M= Q. (3.5)

Where V' is the volume of the body. If it not satisfied then the body cannot be
stationary and has to expand [10]:

[Be~"dV =0, (3.6)
I

where 6 =u*V, V,u' is the change of the expansion rate and ¥, denotes the covariant
derivative in the whole spacetime.

From Equation (2.7) it follows that if (3.3) is not satisfied then cither there
exists a region inside the surface given by Equation (2.3) in which ¢ <0 [it means
physically that there exists an event horizon (¢ =0) inside the body], or that the
gradient of the velocity moment V.Z, is a timelike vector. Both these possibilities
are absurd. We are not successful in the elucidation of the physical meaning of

2 Equation (2.11) can be integrated in a special coordinate system in which x:=(4/Q)!/* is one

spatial coordinate. One then obtains x92@’3=gxx/g,.y. The last two equations reduce the number of
independent components of g,, to three. The second spatial coordinate, y, is chosen in such a way that

g,y =0.
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inequality (3.4). In the Newtonian limit it becomes the trivial condition J2=0
and it seems to be less restrictive than the condition Q= max(®) which, as it is
generally believed [3], has to be fulfilled in any realistic body. As in all the in-
equalities (3.4), (3.5), (3.6) only surface integrals appear, we can check them with
no knowledge of the interior solution.

4. Application to the Kerr Solution

In the case of the Kerr solution we have in Boyer-Lindquist coordinates:

() =1—2M/(r* +a? cos>0), (4.1)
(né)=2Mrasin*0/(r* +a* cos*0), 4.2)
(E&)= — sin? O{r* +a* + 2Mra?® sin* 0/(r* + a* cos?6)} . 4.3)

An application of inequalities (1.3), (1.4), and (3.2), (3.3), (3.4) in the case of
a/M=0.001 is shown in Figure 1 and in the case of a/M =1 in Figure 2. In these
figures the curves 4 represent Boyer’s condition (1.4) and the lines 4 represent
Boyer’s condition (1.3). The curves o/ are calculated numerically from inequality
(3.3). Inequalities (3.2) and (3.4) are satisfied in the region between .7 and % and
they do not give additional restrictions. One can observe that the region of
admissible values of the parameters K and Q increases for 0<a/M <1 with
increasing a/M. However, when a/M >1 we have two additional restrictions
which follow from the relativistic virial theorem and from the condition that the

polar radius, r,, has to be real:

Q<1/2a, K<Ma. (4.4)
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Fig. 2. The region of admissible values of Q and K for a/M = 1. K(a)=0.22, MQ(a)=0.00, K(b)=K(c)=
1.00, MQ(b) = MQ(c)=0.50. Point b represents the most relativistic material source of the Kerr metric

This means that for very great a/M, K~0 and Q2~0 are the only possible values
of the parameter K and . In other words configurations (if they exist) which are
the sources of the Kerr metric and have a/m> 1 are in a sense nearly Newtonian.
The most relativistic source of the Kerr metric is characterized by the following
values:

a=M, K=1, QM=1/2. 4.5)

5. Conclusions

Although our condition (3.3) is much more restrictive than those of Boyer, it is
not sufficient to eliminate the possibility of the existence of a fluid source of the
Kerr spacetimes even for very great values of a/M.

It will probably be interesting to apply our conditions to some other vacuum
solutions of the Einstein field equations.

Appendix

We shall present here all the Einstein field equations which have been used.
They are [14, 15]:

k=% Vi{e"(£8) Wi} =32me” " (p+e)/(1—-), (@
e =,V {e™ " VU +5m)e” Viiv}

=dne” e+ 3p)+8ne Y/ Qp+e)(1—Q7), (b)

e Riuuf= Vi{e ™ ViInA}+20%e” ¥ =4n(c+3p)e” . (©

The last one is Raychaudhuri’s equation projected on a hypersurface Z.
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