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A regularization procedure, that allows one to relate singularities of curvature to those of the
Einstein tensor without some of the shortcomings of previous approaches, is proposed. This regu-
larization is obtained by requiring that (i) the density |detg|%G%, associated to the Einstein tensor

% of the regularized metric, be a distribution with support on a submanifold of codimension of at
most one and (ii) the regularized metric be a continuous metric which coincides with the singular
one everywhere except on this support. In this paper, the curvature and Einstein tensors of the
geometries associated to point sources in the 2+ 1-dimensional gravity and the Schwarzschild space-
time are considered. In both examples the regularized metrics are shown to be continuous regular
metrics, as defined by Geroch and Traschen, with well defined distributional curvature tensors at all
the intermediate steps of the calculation. The limit in which the support of these curvature tensors
tends to the singular region of the original spacetime is studied and the results are contrasted with
the ones obtained in previous works.

I. INTRODUCTION

Within the framework of general relativity, a spacetime singularity corresponds to a singularity of the metric
tensor which can not be removed by a diffeomorphism. On the other hand, it is expected that this singularity
reveals itself through a lack of smoothness of the curvature tensor. In order to incorporate spacetime singularities
into general relativity, distributional curvatures have been considered in several papers E]:ﬂif] However, as is well
known, computing the curvature tensor from a metric requires nonlinear operations which are not defined within the
framework of distribution theory. This imposes strong constraints on the class of metrics whose curvature tensors
make sense as distributions.

There is a class of metrics, the regular metrics [4], for which the curvature tensor has a well defined distributional
meaning. The singular parts of the curvature tensor of these regular metrics for a d-dimensional spacetime are
supported on submanifolds of codimension of at most one, i.e., of dimension > d — 1, and for these metrics it makes
sense to write Einstein’s equations with energy-momentum tensor distributions. Metrics for surface layers [&], turn
out to be included into the class of regular metrics [El:,:ﬁ'{i] However, there are some very simple metrics, from which
a physically interesting spacetime follows, which are not regular. One example is the 3 + 1-dimensional Minkowski
metric with an angular deficit [2_1:,9:], another is the Schwarzschild metric [:if] Regular metrics are a subclass of a larger
class of metrics, semi-regular metrics [0]. The curvature of a semi-regular metric is well defined as a distribution and
it has been proved that the 34 1-dimensional Minkowski metric with an angular deficit and a certain kind of traveling
wave metric are semi-regular metrics [d].

By invoking regularization procedures, a distributional meaning may be given to the curvature tensor of a non-
regular metric. However, the reference differentiable structure that the regularization implicitly uses, makes uncertain
the independence of the result on the regularization procedure chosen ['ld] It is well known that problems appear
in defining the curvature tensor for the 3 + 1-dimensional Minkowski spacetime with an angular deficit, due to the
fact that the distributional limit depends on the choice of regularlzatlon [:_4 Regularizations of the metric have been
also used to calculate distributional curvatures for the Schwarzschild [ 1,/13] and Kerr-Newman spacetimes [13], with
results which are regularization scheme dependent [:12

In this work we propose a very restrictive kind of regularization inspired by the approach used in early works to the
study of the classical gravitational self-energy and the minimum extension associated to point-like sources in general
relativity [:_1-4:,:_1-5] We show that this approach may be used to regularize non-regular metrics in such a way that the
regularized metrics are continuous regular metrics with well defined distributional curvature tensors, in the sense of



reference [t_l.'], at every intermediate step in the calculation. Furthermore, since continuous regular metrics can be
suitably approximated by smooth metrics ['ﬁ_l:], this approach provides a physically sensible idealization for the smooth
metrics of general relativity.

In section -II,, after an overview on the subject of distributions on metric manifolds, we review the definitions of
regular and semi-regular metrics. In the following section, the distributional curvature and Einstein tensors of the
2 + 1)-dimensional spacetime around a massive point source 6] are considered in some detail. First, following Ref.
[0], we show that the metric of this spacetime is a semi-regular metric with a well defined dlbtrlbutlonal curvature
but Wlth an Einstein tensor which is zero everywhere. Next, we regularize the metric by requiring that the densities
|detg|2 2 (G} be well defined distributions with support on a bubmanlfold of dimension two. The distributional limit to
a point source is shown to be in agreement with the identification made in reference [[i6]. Finally, we show that the
regularized metric is a regular metric and, following the approach of Ref. [A.'], calculate the curvature and Einstein
tensors. The distributional limit in which the regularization is removed reveals the origin of the disagreement between
the results obtained. In section 1\/j the Schwarzschild spacetime is considered. We first prove that the Schwarzschild
metric is not a semi-regular metric and show some drawbacks of previous regularization approaches. Next, following
the regularization procedure of section Hf we regularize the Schwarzschild metric obtaining a regular metric. The
results, in the limit in which the regularlzatlon is removed, are shown to be in agreement with those obtained in
previous works. Finally, following the approach of Ref. [:ff], we calculate the curvature and Einstein tensors of the
regularized metric. The results obtained by taking the limit in which the regularization is removed are then contrasted
with the previous ones.

II. REGULAR AND SEMI-REGULAR METRICS

Let us briefly review the class of metrics which have been defined as regular and semi-regular metrics. For this, we
first recall some fundamental results about distributions. Since we shall have no need for the theory of distributions
on arbitrary manifolds in its greatest generality [:l?- :18:] we shall simplify wherever possible.

Let ®(M) be the family of C* real valued scalar functions ¢ defined on an orientable n-dimensional C*° paracom-
pact manifold M and vanishing outside some bounded region of M. Further, suppose that a rule can be introduced
in ®(M) defining the convergence to zero of a sequence of functions ¢, (n = 1,2,...) belonging to ®(M).

Let g be a metric on M with associated volume element wg = |detg|§1dx1 A...Adz"™. We can define the functional
generated by the 0-form f on ®(M) through the rule

[ wsto= [ aat...damdetgl? )it &

where Uy, is the coordinate domain corresponding to M. Obviously, this identification does not depend on the choice
of coordinate system covering the corresponding domain, but depends on the choice of g through the volume element
wg -

Let n be a C* metric tensor. If we endow the manifold M with such a metric, every locally integrable O-form f
defines a regular distribution through (1)), and write

f16] = /M ol ()

However, it should be noted that Eq(:l:) allows one to consider the functional generated by the scalar density |detg|% I,
even when M is endowed with a C'* metric tensor.

The extension to tensor distributions is straightforward. Let U be a smooth ( g

on M. A locally integrable ( g )-tensor field T is identified with a tensor distribution via

)-tensor with compact support

TMEA@M% (3)

where

(T|U) = Til...ipjlquUjLnjqiL . (4)

iy

A ( g )-tensor field T is called locally bounded provided that (4) is bounded for all test ( g )-tensor fields U.



The derivative in the smooth metric n of a ( g )-tensor distribution T is the ((l_ﬁ)_])-tensor defined for every test
G;T)-tensor U by

VT[U] = -T[n- VU], (5)
where

(77 . VU)jl"'jqil...z‘p — VjUjjl"'jqil...i,,- (6)

Finally, the weak derivative of a locally integrable ( g )-tensor tensor field T is a locally integrable ((l_ﬁ)_])-tensor
field W, if one exist, such that

W[U] = VT[U], (7)

for every test G;T)-tensor field U (For an approach in which tensor distributions and their derivatives are described

without assuming the presence of a metric see reference [9]).
Now, let V be the derivative operator in any smooth metric . Then the Riemann tensor of a smooth metric g can
be written as

Rabcd = Rabcd + 2v[bcg]c + 2ng[bcgfc7 (8)
where
1
Cop = 5(9_1)Cd(va9bd + Vigad — Vagab)) (9)

and R ab Cd is the curvature tensor of 7. For the Einstein tensor of g we have

Gap = Rap — %@*)CdRcdgab + (7)) e Clfagan + Vie (CHalg™) " 900) + Ci1eVy (97)gn) (10)
where R, = R, is the Ricci tensor.

Following Ref. ['t_]. , a symmetric tensor field g on a manifold M will be called a regular metric provided: (i) g and
g~ ! exist everywhere and are locally bounded, and (ii) the weak derivative of g in some smooth metric 1 exists and is
locally square integrable, i.e., the outer product of the weak derivative with itself is locally integrable. The curvature
tensor (§) and the Einstein tensor (10) of a regular metric make sense as distributions, therefore it makes sense to
write Einstein’s equations with distributional energy-momentum tensors. It turns out that these idealized matter
sources must be concentrated on submanifolds of codimension of at most one [4].

A wider class of metrics whose curvature makes sense as a distribution can be defined, the so-called semi-regular
metrics [i_):] A symmetric tensor field g on a manifold M will be called a semi-regular metric provided: (i) g and g~*
exist almost everywhere and are locally integrable, and (ii) the weak first derivative Vg of g in some smooth metric
7 exist and the tensors C'$, and ng[bcgfc are locally integrable. Under these constraints, the right hand side of (g)
is well defined as a distribution. However, a semi-regular metric may have no distributional Einstein tensor. This is
due to the fact that for a semi-regular metric, contractions of the metric with the curvature tensor may have no sense
as distributions.

III. POINT SOURCES IN (2 + 1)-DIMENSIONAL GRAVITY

Consider a (2 + 1)-dimensional spacetime (R?,g), where the metric g in a particular coordinate system is given by
g=—dtadt+p ¥ (dp@dp + p’de @ dyp), (11)

where —0o <t < 00, 0 < p and —7 < ¢ < 7, with the surfaces ¢ = —, 7 identified. In Ref. [{6], the metric (I1) has
been identified with the metric generated by a point source of mass m at the origin.

It is easy to see that (1) is not a regular metric (the analogous treatment of the problem in (3 + 1)-dimensional
gravity has been considered elsewhere ['fl:,g]) Let 1 be the ordinary Minkowski metric on R? given by



n=—dt@dt+dpdp+ p>de @ de, (12)

and we take for the differentiable structure that in which ¢, x = pcos ¢ and y = psin ¢ form a smooth chart. It follows
that

g=n—(1-p ") (dp@dp+p°de ® dyp) (13)
and

gl =0 = (1= P9, ® 0, +p 20, ® D). (14)

We have that g and g~! exist almost everywhere. Let U be a test ( 2 )-tensor field on R3. We have

0
g[U]:/Rs(n|U)wn—/R3(1— B (U 4 U, (15)

Therefore, g is locally integrable for 0 < 8m < 2 but not locally bounded. Next, let S be a test (
R3. Tt follows that

g )-tensor field on

g 8l= [ Sy — [ (1= 578 + S (16)

Hence, g~ is locally bounded and locally integrable for all m > 0. Finally, let U be a test ( g )-tensor field on R3.

We find that the weak derivative in n of g exist almost everywhere and is given by

Vg[U] = —gln VU] =lim [ gy VU w, = / ) WeaUPwy, (17)
€E— R

p>€

where
Weap = —8mp~ U8 dp (dpadpy + p*dpadipy). (18)

It then follows that Vg is not locally square integrable for m > 0. Therefore, g is not a regular metric in the

differentiable structure chosen. Actually, there exists no differentiable structure that will render the metric (11)

regular since the support of the curvature of (:1 L) is expected to be a submanifold of codimension greater than one.
Now, from (i1) and (d) it follows that

(6] 4m C C C
ab = (05dpadpy + 05 (dpady, + dpydipa) — p*05dpadepy) (19)

which is locally integrable. On the other hand
CopCat. = 0, (20)

m

which is ’fmlso locally integrable. Therefore, the metric (:_l-l:) is a semi-regular metric.
From (8), (19) and (20), the Ricci tensor is given by

Ray = VcCYp- (21)

Hence
Rap[S™) = — / (CE V8™ — C5V . S) wyy (22)
Rf}
and we obtain

= — hm/ bchab va Sa )
>e€

= hm ( / VpCSy — VapCS)S%a + / (V.08 — vaogb)sabwn> , (23)
p=¢€ p>€



where o is the volume element induced on the surface p = constant by the metric (:_1- ). For p # 0 we have

8m
V.08 =V, 05 = F(dpadpb — p2d<pad<pb). (24)

Then

e—0

Rap[S™] = — lim / (dpeCSy — dpaCS)S™ o
p=€

e

= lim dpadpy + p*dpadipy)S™ o

e—0

p=¢

= lim4m / dtdep (dxaday, + dyadys)S™
p=¢€

— 8mm / dt (S7(t,0,0) + S¥(t,0,0)). (25)

Therefore
Ry = Swmé((g)) (dzqdxy + dyadys). (26)

Next, from ([0),(I8) and (Id), the Einstein tensor of (1) is given by

Gap = Rap — 8V, (—psm_lazdtadtb + p H(dpadpy + p2d<pad<pb)) — 64m2p® ™2 dt ,dty,. (27)

Note that the right hand side of (g-ﬂ) contains the derivative of a locally integrable tensor plus a locally integrable
tensor. Hence, the Einstein tensor of (1) makes sense as a distribution. Then

Gab[sab] _ Rab[sab]
+8m [ (=p¥" T 5dtadty + p”  (dpadpy + pPdpadipy)) VS Pwy
R3
—64m? | PP 2dt,dtpSPw,. (28)
R3

An analogous calculation to that of (25) leads to

/ (=P Opdtadty + p (dpadpy + pPdipadioy)) V.S%w, =
R

— 76 (dxady + dyady,)[S™) + 8m [ p¥2dtdty S w,, (29)
R3

It follows from (26),(28) and (29) that
Gy = 0. (30)

These results suggest that the spacetime (R3,g) with g given by (1), although having a distributional curvature
with support on the origin, has a zero everywhere distributional Einstein tensor. How are we to reconcile these results
with those of Ref. [[6]?

In the following, the approach of references [:_1-4_1:,:_1-5] is considered. We show that this approach may be used to
regularize (il‘-) in such a way that the resulting regularized metric is a continuous regular metric with well defined
distributional curvature and Einstein tensors in the sense of reference [4].

Consider a 3-dimensional spacetime (R?,g), where the metric g is given by

g = gopdr® @ ds’ = —dt @ dt + H(dp @ dp + p*dp @ dp), (31)

where —oo <t < 00, 0 < p and —7 < ¢ < 7, with the surfaces ¢ = —7, 7 identified. At this stage, H = H(p) is an
unknown C°° function, making possible to perform conventional pointwise differential geometry.
From (31), it follows that the curvature two-form, RY, is given by

d log H)dp A dy (32)

1
o_ -2, %
R 2dp(pdp



and the non-zero components of the Riemann tensor are

1 d d
RPY  —Rer —__- ¢ log H 33
pe wp 2pH dp( dp og H). (33)

From (33), the Ricci tensor and the scalar curvature can be obtained. Finally, the Einstein tensor G is found to be
given by

G = Gldt ® o, (34)
where
1 d d
b= — log H). 35

Here, it is worth recalling that in three spacetime dimensions the identity
RN = e"7e0pr Gy (36)

holds, linking curvature and Einstein tensors. _ )
Now, we take (34,35) as the definition of the Einstein tensor of (31)). Let us consider the right-hand side of (35) as

a scalar valued functional on ®(R3) through the rule given by (:]. with |detg|z > the density generated by the metric
g in (31). We have

< d, d
/ weGho = hm/ dtdpdp pH G*, ¢(t, pcos ¢, psin ¢) = hm7r/ dp d—(pd— log H)S4(p), (37)
R? >e pdp
where
1 [ 4 .
Se(p) = %/ dt/ dp ¢(t, pcos, psin p). (38)
It follows that
. o d, d
/Rs weGyo = grg)ﬂ/e dp log Hd—p(pd—p%(p)), (39)
where we have integrated by parts and imposed the condition
. d
;1_{1(1) pd—p logH =0. (40)

Now, let us assume that @-’_Z) holds even for a less-well-behaved H. Let log H be the C*-function given by
log H = —8mlog p~, (41)

where ps = max{p, £} with £ a constant parameter which we will treat as a regulator. Eq.(¢ _) is a solution of

d, d
ap\Pap ogH) = —8md(p = &), (42)

that satisfies (40) and where both sides of (42-) should be understood as distributions on test functions S,(p) € ®(R)
whose support is contained in p > 0. From (41-) it follows

H(p) = (p>)"", (43)

which is also a well defined distribution on Sg(p).
From (39) and (41) it follows

| e = —smmsy (6. (44)

where we have integrated by parts and used (40).
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From (33), (36) and (44), we have that RF? oo and R#P_treated as scalar valued functionals on ®(R”), through

the rule given by (il) with |detg|% the density generated by the metric g in (31), are supported on the surface p = ¢.
Hence, the spacetime will be flat except on this surface. Geometries of this kind in (2 + 1)-dimensional gravity have
been previously studied [20,21].

From (4), it follows

51irr(1) weGho = —8mmSy(0) = —Swm/dtqb(t, 0,0). (45)

Therefore, the & — 0 limit of the density |detg|2GY, is the distribution

. 1 2
ghi% |detg|2 G, = —87rm5((0)), (46)
where 5((3)) is the usual two-dimensional Euclidean § distribution with support on the origin. This means that the

spacetime (R?,g), where the metric g is given by ('BL -43) can be identified in the £ — 0 limit with the spacetime
generated by a distributional energy-momentum tensor T = Ttdt ® 0; with

|detg |2 T = md3). (47)

Since for p > £, the metrics (:1 1-) and (Bll 43) agree, a point source of mass m at the origin may be considered as the
source for the metric (1), as proposed in reference [16]. o

We now wish to make contact with the approach of reference [&]. We first show that the metric (31,43) is a regular
metric. We have

g=n—(1—-H)(dp@dp+p’dp® dyp) (48)
and
gl =01 -H Y0 ®08,+p%0,®0,), (49)

where 7 is given by (:_1-2‘), H is given by ('{_I-Zj‘) and we take for the differentiable structure that in which ¢,z = pcos ¢
and y = psin ¢ form a smooth chart. Hence it follows that g and g—! exist almost everywhere.

Let U be a test ( (2) )-tensor field on R3. We have

U= [ (U, — [ a / dp [ doptt— &y vm - [ at / dp [ dopt = p=m)U= + UM, (50

where p = \/x2 + y2. Therefore, g is locally bounded for £ > 0. Next, let S be a test ( g )-tensor field on R3. It
follows that

g_l[S] :/3 S|77_1 Ywiy /dt/ dp/dgop 587” )(Szz + Syy) /dt/ dp/dgop P5™) )(Szz + Syy). (51)
R

3 )-tensor field on R3. We find that the weak

Hence, g~ is locally bounded for all ¢ > 0. Finally, let U be a test ( 0

derivative in n of g is given by
VelU] = —gln- VU] = | WeaU*"wy, (52)
R

where

_Jo, p<g&
Wear = { ~8mp~ M dpe(dpadpy + p*dpadpr), p> € (53)

It then follows that Vg is locally square integrable for £ > 0. Therefore, (’gl:,:ffg) is a regular metric. Furthermore,
since it is a continuous metric, we have a well defined intrinsic 2-geometry at the two-surface p = £. It should be



recalled that continuous regular metrics can be suitably approximated by smooth metrics [:if] In this sense, the class
of continuous regular metrics provides a physically sensible idealization of the smooth metrics of general relativity.
Now, from (31,43) and (8) it follows that

0
ch = 4;n c c _ 29c P g (54)
o A (95dpadpy + 0% (dpadpy + dpydipa) — p*05dpadis) , p > €

and
Cfn[b g]Lc =0. (55)
From (8), (54) and (55) we have

Rap = VCop- (56)

Computations analogous to the previous ones give
Rap[S?] = 4m / dt / dp (8™ (t,& cos p, Esin) + SYY(t, £ cos p, Esing)) (57)
and
Gab[sab] _ Rab[sab]

—4m / dt / de (—fngtt (t,Ecos, Esinp) + ST (t, & cos g, Esinp) + SYY(t, £ cos @, sinp))

= 4mgsm / dt / dep S*(t, & cos p, Esin ), (58)
where in the last step we have used (57). Hence
lim Rap[S™] = 87md(y) (dwaday, + dyadys)[S] (59)
and
lim Gap[S®] =0, (60)

in agreement with (26) and (30). o
For the sake of comparison, let us calculate G4 for the metric (31,3). For a smooth metric we have

a a 1 — C a — C e m a e — C a e — C a
Gy =Ry — 5(9 D Readh + (97") de[c e)a®s T Vi (Ce]d(g Y d) 0%+ CgreVelg edss, (61)
where
§ =R +2V (Caplg™)™) + 205,V (971 + 2097 Oy Oy (62)

We take (6]_;) as the definition of the mixed Einstein tensor for a regular metric. As a qualifying remark, it should
be recalled that for a regular metric, the outer product of any number of metrics and inverse metrics with a single
curvature tensor can be interpreted as a distribution [:4] Since any contraction of a distribution is a distribution, for
a regular metric the Einstein tensors (:_1(_)') and (:@]_;) are well defined as distributions.

Let S be a test ( } )-tensor field on R3. From (51) and (62), a calculation analogous to that of equation (25) leads
to

R%[S’Z] = 4m £8m / dt / de (Sfc(t, Ecosp, Esinp) + S??j(t, £cos @, £sin <p)) (63)

and



G4[S%] = R3[S®] — 4m&®™ [ dt d (S%(t, E cos o, Esinp) 4+ SL(t, € cos @, Esinp) + SY (£, £ cos @, Esin )
y

= —4m E8m / dt / dip S%(t, & cos i, Esin ), (64)
where we have used (53). Hence
Lim 25 [S°]=0 (65)
and
lim G[S%] = 0. (66)

A comparison of (#6) and (56) illustrates the strong dependence of the results on the volume element chosen. However,
as this example suggest, the approach that led us to (46) appears to be more appropriate than the used to arrive to
(30) and (@6) in order to relate the singularity of the curvature of (:11-) to that of the Einstein tensor.

Finally, since general relativity is a covariant theory, coordinate invariance of these results must be considered.
The present approach needs the introduction of a coordinate system but, since the righthand side of ('ﬁlt_’x’) is a scalar
density of weight one defined on R?, coordinate invariance of the result is expected at least under those coordinate
transformations that do not involve the coordinate ¢.

IV. THE SCHWARZSCHILD GEOMETRY

The Schwarzschild solution is locally the only asymptotically flat spherically symmetric solution to the Einstein
empty space field equations. Schwarzschild spacetime is taken usually as that part of a 4-dimensional manifold with
a metric of the form

2m o2m
g=—(1—-=-)dtdt+(1- T) Ydrdr +r?(d6 df + sin® 0dp dg). (67)

where r > 2m, —c0o <t < 00,0 < 60 < 7mand 0 < ¢ < 27. Following standard practice, in (5-7_:) we have omitted
writing the outer product sign.

Assuming that the manifold and (§7) can be extended to include the region r < 2m, we can ask for the source of
this geometry. The metric (67) do not fall within the class of regular metrics [4]. In the following, we will show that
it is not a semi-regular metric.

Let n be the ordinary Minkowski metric on R* given by

n = —dtdt+drdr +7*(d6 df + sin® dp dyp). (68)

We take for the differentiable structure that in which ¢,z = rcos@sinf,y = rsinsinf and z = r cos 8 form a smooth
chart. It follows that

2m 2m
= —dtdt -
g=n+ T 2m —

" drdr (69)

and

2m
g ="+ 5
m—

9,0, — 2™, 0, (70)
T T

where 7 = /22 4+ y2 + 22. We have that g and g~ exist almost everywhere. Let U be a test (
R* with support on » < 2m. Thus,

g )-tensor field on

2m 2m b
= — —_ — o a . 1
glU] /734 (U)o /Rs( r v 2m — rdr dryU*)eon (71)

Therefore, g is locally integrable. Now, let S be a test ( g )-tensor field on R* with support on r < 2m. It follows
that



g '[8] = A4(S|n_1)wn —/714(272_ St — 20808 S o (72)

Hence, g~' is locally integrable. Next, let U be a test ( g

derivative in 7 of g exist almost everywhere and is given by

)-tensor field on R* with support on r < 2m. The weak

VelU] = —gly- VU = Jiny [ qu 00, = [ WU, (73)
r>e 4
where
2m 2m
WCab = — T_ercdtadtb mdrcdmdm

1 2

— -3 mn (7“2 (d0.dB, + sin? 0dp.dp,)dry + r2dra(df.dd, + sin® 9d<pcd<pb)) i (74)
r2m—r

It then follows that Vg is locally integrable. However, it is not locally square integrable in r < 2m due to the fact
that —27” dr.dt.dty is not locally square integrable. Fmally, from (d) and (74) we have

1

. . 1 m .
< = — ; 2 07 (dradty + dtedry) + — o Oldradr,
2m  m
c(,.2 2 in2 ¢
+ T—Qar(r d0,dOy + r* sin” Odp, dyy) — (T_g - T_z)ardtadtb’ (75)

which is not locally integrable because %aﬁdtadtb is not locally integrable. Therefore the metric (5?) is not a

semi-regular metric. -,
In these case, however, distributional curvature and Einstein tensors can be obtained for (67) through regularization
procedures. Following Ref. [[[1], consider a metric of the form

g = hdtdt — h~'drdr +r?(d6dé +sin® 6d¢ dg), (76)
where 0 < r < 2m and h is a C* function of r. The evaluation of the Einstein tensor proceeds now in a straightforward

manner. We omit the details of the calculation; the result is

G=— [T%dii(m + h))] (dtd, + dr,) — = [%di( di )] (d03y + dod,). (77)

To find a distributional source for the Schwarzschild spacetime, consider the components of (:fz:) as distributions on
the space of test functions ¢ € D(R?) with support on the region r < 2m, where R? is endowed with the usual C'>°
Euclidean metric, and h given by

2
h(r)=-1+ Tmf, (78)
where f = fa(r ) is a C*° function such that f3(0) = 0 and satlsfymg limy—x, fA(r) — 1. The metric (76,78) is a

regularized version of (Bf) From FEinstein field equations and ('7 ,.'78 a source Ty which depends explicitly on the
regularization function fy is obtained. By taking fj(r) = 7*, the A — 0 distributional limit, gives

1 1
T = mé((g)) [dtOy + dro, — 5(1939 - §d¢8¢], ()

where 5((3)) is the usual three-dimensional Euclidean § distribution. By virtue of the distributional identity in R?
83 [dro, — d98 Lapa,) =0 80
(0)[T 9_5 ¢¢]_a ( )
it follows that (79) has the simpler expression

T = mo(y) dtd. (81)

10



The distributional tensor T given by (81), vanishes for m = 0 and has support on the region |Z| = 0. Therefore, the
Schwarzschild geometry can be considered as generated by the distributional energy-momentum tensor (81 [:11]
We shall now show that this regularization does not provide a regular metric in the sense of reference [4]. Let U

and S be a test ( 2 )-tensor and ( 0 )-tensor fields on R*, respectively, with support on r < 2m. We have

0 2
(8U) = 01U) - 20t = 2 ) )
and
(&711) = (SI7) — (o5~ 2 poh ) )

It then follows that g and g~!, although locally integrable for A > 0, are locally bounded for A > 1. Further, the
weak derivative in 7 of g exist almost everywhere and is given by

Vgl[U] = —g[n- VU] = / WeahU“Pwn, (84)
RAL

where

A

- _(1— A—2 _ _r
Weap = —(1 — XN)2mr? ~2dr.dt odty — 2mV .. (2mr’\ — TdTadTb> - (85)

The weak derivative is locally integrable for A > 0 and locally square integrable for \ > % It then follows that this
regularization does not provide a regular metric VA > 0. Thus the distributional meaning of the Riemann tensor and
its contractions, in the sense of reference EI is questionable at the intermediate steps of the calculation.

We note in passing that (81) may be obtained with different regularization functions fy [11,19]. However, the
invariance of the regularization procedure is uncertain and (§y) is obtained only by imposing some rather ad hoc
regularization prescriptions | i?_:| Using the Kerr-Schild ansatz for the metric tensor and assumlng that under the
regularlzatlon procedure the metric maintains its Kerr-Schild form, it has been shown that (§]J) can also be obtained
iL3].

We turn now to the problem posed by Einstein field equations G = —87'T, with T given by (81-) The regularization
procedure discussed in the previous section can be applied here. As we have shown, within this approach many of the
difficulties arising from lack of invariance or caused by regularization ambiguities are avoided, or at least, deferred.
Furthermore, it allows one to obtain regularized metrics that are regular metrics in the sense of reference [4], so that
the Riemann tensor is well defined as a distribution at all intermediate steps of the calculation.

Let us consider the components of G given by (77) as scalar valued functionals on test functions ¢(t, z,y, z) € ®(R?),
with support in r < 2m, through the rule given by (il)), with |detg|% the density generated by the metric g in (76).
For our purposes, it is convenient to consider first G% instead of the constraint G%. We have

/ weGYo = 1im/ dtdrdfde r*sin 0 G% ¢ = — hm 2w/dri(r2ih)5¢(r), (86)
RA e—0 [ .o dr* dr
where
1 I 2
Se(r) = E/dt/ d9/ dp sin @ ¢(t, rsin 6 cos ¢, rsin 0 sin ¢, r cos ). (87)
0 0
It follows
GY 1 d hi Qis (p)) (88)
ng qb——ln(l)w " dr(r dar” ¢\

where we have integrated by parts and imposed the condition
5 d
lim 72 —h = 0. (89)

r—0 dr

Now, let us assume that (SS) holds even for a less-well-behaved h. Let h be the C'-function given by

11



h=-1+"", (90)

r>

where r~ = maz{r,£} with 0 < £ < 2m a constant parameter which we will treat as a regulator. Eq.(90) is the
solution of

d, ,d

Z(r2=h) = —2mé(p — 1
g (1 5-h) = —2mé(p =€), (91)
where both sides should be understood as distributions on test functions Sg (r) € ®(R) whose support is contained
in r < 2m. Further, (90) satisfies (89) and

h |r=2m: 0; (92)

where the condition (93) ensures continuity of the metric tensor at r = 2m, assuming that (67) holds for r > 2m.
Note that, although for » < 2m the coordinate r is timelike and the spacetime is no static, causality with respect to
r cannot be used as a criterion to obtain h.

From (88) and (90) it follows

| a0 = 4mmsy (e). (93)

where we have integrated by parts and used (89). Note that (93) implies that the density |detg|%G% has support on
the three-dimensional submanifold r = €.
Now, let us consider G%. We have

/724 weGlo = lg% dtdrdfdg r*sin 0 G, ¢ = — lg% 47r/d7“ 4 (r(L4h)) Se(r). (94)

dr

r>e€

Since the quantity r(1 + h), with h given by (90), is a locally integrable function on R, it defines a distribution on
test functions Sy(r). Hence

1 €
/ weGho = 1in(1)47r/d7“ (r(1+ h)diSd,(r) = —87rm—/ dr Se(r), (95)
R4 € € r g 0

where in the last step we have integrated by parts. Eq(',gg) implies that the density |detg|%Gtt has support on the
four-dimensional submanifold r < &.
From (93), it follows

glir% wegGYo = 4rmS4(0) = dmm / dte(t,0,0,0). (96)
Now, from (95) we have
1 ¢
lim weGhe = — lim 87rm—/ dr Sg(r) = —8mmS,(0) = —Swm/dtqb(t, 0,0,0). (97)
£€—0 JRa £€-0 € Jo

Therefore, the £ — 0 limit of the density |detg|§1G is the distribution

1 1 1
lim [detg|* G = —8mmé s [dtd; + drd, — 54605 — 20,

= —8mmoy) dtd, (98)

where 5((3)) is the usual three-dimensional Euclidean § distribution with support on the origin and, in the last step, we

have used (80). This means that the spacetime (R?*,g), where the metric g is given by (76,90), can be identified in
the £ — 0 limit with the spacetime generated by the distributional energy-momentum tensor T for which

|detg|*T = md(y) dtd. (99)
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Since for r > ¢, the metrics (57) and (76) with h given by (90 coincide, a point source of mass m at the origin may be
considered as the source for the Schwarzschild geometry, as claimed in reference ['11- Note that since the righthand
side of (98) is a scalar density of weight one defined on R?, coordinate invariance of this result is expected at least
under those coordinate transformations that do not involve the coordinate t.

As follows from (90), h is continuous at r = & . Therefore, the usually required continuity of the metric is ensured

and the intrinsic 3-geometry of the surface r = £ is well defined. We shall now show that ({7 @,_ )0) is a regular metric.
We have

2 2
g=n+—dtdt— —drdr (100)
rs 2m —rs
and
g_l = 77_1 —|— 72 8t 8t - —8 8 (101)
2m —rs

Thus g and g~ ! exist almost everywhere and are locally bounded V¢ > 0. Let U be a test ( g )-tensor field on R*

with support on r < 2m. The weak derivative in n of g exist almost everywhere and is given by

Vg[U] = / WeanUbw,), (102)
RAL
where
-1 27%;’_‘5 (r2(d0:df, + sin® Odp.dpg)dry + r2dre(d0.doy + sin® dp.dey)) r<¢
Weab =\ —22dr dt,dty, — f";)gdrcdradrb (103)
—L2m_ (r2(dfedf, + sin® Odpcdpa)dry + r2dro(dO.dfy + sin® Odo.des)) , > &

This weak derivative is locally square integrable. It then follows that (:_7-6,!_9-(_)') is a regular metric.
Computations analogous to the previous ones show that

1 o2m 2m
Rap[U%) =m = ((1 Y dtodty — (1 — 22y~ 1dradrb> Uto
r=¢ & 3 3
m [e%S) 13 T 27
— / dt / dr / de / dip sin 0 (r2d0,d6y, + 1% sin® Odw,de, ) U, (104)
[e%s) 0 0
2m 2 2m
Gap[U™] = / dt / dr / do / dy sin @ ( : Y dtadty, — (1 — ?) 1d7~ad7~b> Ut
—2m/ (r2df,d6y + r* sin 20dp,dey) U, (105)

RY[UY] = — / §2(8“dtb+8“drb)Ub
r=§

13 a0 27
+? / dt / dr / do / d sin 6 (93 d6y, + 0%dis)U", (106)
—o00 0 0 0

27
Ga[ut] = —2m / dt / dr / df / d sin (9% dty, + 0%dry)U"

+m 2] (89 doy + a“d%)U o, (107)
r=¢

and

where it is understood that U and U}y are Cartesian components as functions of Cartesian coordinates.
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the £ — 0 hmlt only the mixed components of these tensors turn out to be well defined distributions,

lim R§[UL) = 47mé(y) (— (0 dty + 02drs) + 2(95d6, + 95dey)) [U?) (108)

and

: a a a 1 a 1 a
lim G4 [UL) = —8mmd(y) (at dty + O} dry — 505d0y — §a¢d¢b> U]

—8mmd{y) O dty [UY), (109)

where we have used (8-0') Notice that the result (98) is recovered. In this case, both approaches give the same result
since the volume element of the local auxiliary metric (:68) agrees with the Volumen element of the regularized metric

(76,90).
V. CONCLUDING REMARKS

We have proposed a particular kind of regularization for the metrics of two singular spacetimes: the 2+1-dimensional
spacetime around a massive point source and the Schwarzschild spacetime. In these two rather different examples,
we have shown that a satisfactory regularization procedure is obtained by requiring that (i) the density |detg|z G¢,
associated to the Einstein tensor G of the regularized metric, be a distribution with support on a submanifold of
codimension of at most one and (ii) the regularized metric be a continuous metric which coincides with the singular
one everywhere except on this support. For these examples, the regularized metrics turn out to be regular metrics
and some interesting relationships between the curvatures obtained in different approaches have been put forward.
We have not discussed exhaustively the issues concerning to coordinate invariance and regularization dependence of
the results. But the strong constraints that the present approach imposes on the regularization procedure suggest
that it may be useful to get further insight about the distributional meaning of the curvature of non-regular metrics.
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