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Abstract Under general relativity, the paths of accelerated
test particles are taken into account. It is examined whether
such accelerations have any influence on the ‘singularity’
of the spacetime. The Raychaudhuri equation for the con-
gruence of the time-like curves describing the paths of the
accelerated particles is considered to calculate a few physical
attributes. It is shown that if the acceleration of the test par-
ticles exceeds a particular value, then the congruences of the
accelerated time-like curves do not encounter any singularity
although the usual energy conditions are violated or modi-
fied. Itis shown further that in the curved spacetime of general
relativistic framework one may generate a system of trans-
formations that is a generalization of the Rindler coordinates
related to accelerated frame in the flat Minkowski space-
time. To show the influence of the acceleration of test parti-
cle on singularity of a particular spacetime the Schwarzschild
spacetime is considered. Taking tidal deviation related accel-
eration term, it is shown that the acceleration may attain a
specific value for which the modified Kretschmann scalar
vanishes in a spherical neighbourhood of the singularity and
thus the Schwarzschild singularity disappears. In the context
of singularity as ‘geodesic incompleteness’ of the spacetime
manifold it is also proved that prescribing an appropriate
acceleration term on the maximal geodesic defined in a finite
interval one may extend it up to infinite proper time and hence
the spacetime becomes singularity free. Such results hold at
the price of violating the usual energy conditions.

1 Introduction
The general relativity explaining the gravity in the true sense

is so successfully that it has a wide range of applications
in the precise measurement of planetary motions, galactic
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and extra-galactic phenomena and also the evolution of the
universe in the stationary as well as dynamical spacetime
continuum. In the framework of that elegant theory there
exists a situation while the causality breaks down and that is
nothing but the singularity. It is supposed to be a condition
in which the gravity is so intense that spacetime itself breaks
down catastrophically; although that is not the only way to
define a singularity.

In 1955 Penrose [1] proposed the idea of singularity in
terms of incompleteness of spacetime manifold subject to
certain conditions including the existence of trapped surface.
In 1970 Hawking and Penrose [2] developed the ‘singular-
ity theorem’ interpreting the gravitational singularity in the
Big Bang situation. The singularities may be evident in all
the black hole spacetime and in all the cosmological solu-
tions that do not have a scalar field energy or a cosmological
constant. In this article we concentrate on the spacelike sin-
gularity at which the spacetime curvature blows up. The blow
up ratio of the curvature during gravitational collapse have
been studied in details [3,4]. As the curvature is associated
with gravity the curvature singularity corresponds to infinite
gravity and there exist a number of possibilities of how such
infinitely strong gravity manifests itself.

Now a pertaining question is whether that singularity lasts
forever or there may be some way by which it is completely
destroyed. We are strongly motivated by the event of black
hole evaporation interpreting that if the entire black hole
gets evaporated then its singularity must be diminished by
some manner before the evaporation process is completed.
We identify that the accelerated particles having some suit-
able value of acceleration may destroy the spacetime singu-
larity.

The acceleration may be incorporated in the special rela-
tivity characterized by Minkowski spacetime. In 1973 Mis-
ner et al. [5] analyzed the accelerated motion in the frame-
work of special relativity. Although, in general, the special
relativity deals with inertial frame of reference, but that is
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also very much consistent in the non-inertial frame incorpo-
rating acceleration. In special relativity, a uniformly accel-
erating particle exhibits hyperbolic motion and therefore, a
uniformly accelerating frame relative to which the particle
is at rest may be chosen as its proper reference frame. Such
hyperbolic coordinates are termed as Rindler coordinates [6]
that are curvilinear in nature and correspond to the Rindler
metric. The non-inertial frame characterized by the Rindler
coordinates consists of the world lines of the accelerated par-
ticles. Unlike the standard spacetime coordinates the Rindler
coordinates cover only a portion of the spacetime diagram,
which is known as Rindler horizon.

The present work deals with the accelerated test particles,
not in the framework of special relativity, but when general
relativity comes into play. Finding the solution of the uni-
formly accelerated test particles in general relativity work
in this arena have been carried out [7-9]. It has already been
mentioned that the most remarkable feature of the general rel-
ativity is the existence of singularity which is absent in the
Minkowski spacetime. It is intensively studied how the accel-
eration of the test particles affect the singularity. Another
important point to be verified that the acceleration calculated
in the framework of general relativity must be consistent with
the expressions of the same found in the local flat spacetime
with the aid of Gaussian normal coordinates.

The outline of the present study is therefore as follows: In
Sect. 2 Raychaudhuri equation for the congruence of acceler-
ated curves has been provided along with in two subsections
we discuss the Raychaudhuri equation and the singularity
as well as the proper acceleration and the accelerated frame.
We provide the Kretschmann scalar and singularity in Sect. 3
with the discussions on acceleration in Schwarzschild space-
time in two different subsections. Acceleration and geodesic
completeness are discussed in Sect. 4. Some concluding
remarks are provided in Sect. 5.

2 Raychaudhuri equation for the congruence
of accelerated curves

It is well known that the Raychaudhuri equation [10-16]
plays a pivotal role in the singularity theorems [1,17]. The
most fascinating part of that elegant equation is that it has
been established as a purely geometric relation, making no
reference to the Einstein’s equation [ 18] of general relativity.
The Raychaudhuri equation is a relation between the Ricci
tensor R, and %, where © represents how the ball of test
particles moving along the curves is growing (® > 0) or
shrinking (® < 0) at any point of time. Almost in all works
the Raychaudhuri equation is considered in the perspective
of geodesic congruence; but in this work it is taken in the
framework of curves followed by accelerated test particles.
Let u**, a tangent vector field to a timelike curve, represent
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four-velocity of some massive fluid particles, and their inte-
gral curves of u"*’s, in general, are not geodesics at all. The
term By, = uy;y, a (0,2) tensor, can be decomposed as fol-
lows:

1
Bp,v = §®Puv + o + opy, (D

where P, represents a projection tensor that projects any
vector in T, M for the given vector field u* (at each point p)
into a subspace of T), M corresponding to the vector normal
to u**. The traceless symmetric part o, represents the shear
or distortion in the shape of the collection of test particles,
where w,,, is the traceless anti-symmetric part, called rota-
tion. With a little bit of calculations the covariant derivative
of B,,, relative to the proper time 7 takes the following form

DB/LU

dr = (uauu;a )iv _BgBua - Rluvauauk~ (2)

Taking the trace of this equation the following expression
is obtained

2
g = _% - uquv - Ruvuuuv + (u'ut;, )ip - 3)

In the above equation the term w,,w"’ disappears by
the Frobinius theorem according to which a congruence of
timelike curves is hypersurface orthogonal if and only if
upusvup) = 0 (generalization of wy,, = 0). Equation (3)
represents the Raychaudhuri equation for the congruence
of timelike accelerated curves. The last term on right hand
side represents the covariant derivative of the acceleration
which may play a significant role that will be discussed sub-
sequently.

For clarity, an important aspect arising due to the pres-
ence of acceleration term in the above equation should be
discussed in brief. It is well known that the gravity is an
attractive force, only due to the focussing phenomenon gov-
erned by R, u"u” > 0 (for any timelike vector u**), which
is termed as timelike convergence condition. Such condition
leads to strong energy condition (T, — %g,w THutu® > 0,in
which energy momentum tensor 7}, is evolved via Einstein
equation. For the consistency of the singularity theorem the
timelike convergence condition should be modified into

Ryutu” > a*;, . )

Such relation translates the classical energy condition in
terms of pressure p and density p into

1
3p+p > —_—g(\/—_gau)w . (&)
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It is straight forward to show that the acceleration term
at* = u'u";, is orthogonal to the velocity vector u*. If
ut* is considered as purely timelike vector then a” must be
spacelike, and it can be taken as a* = (0, a). Therefore Eq.
(5) takes the form

al’“;u = Cl“,u —H";faa“ = a“,ﬂ
1 1
0 o — _ 123
— a8 = = (/g

The metric g, can be expressed as

+

1 o 3
v = Npv — gRuavﬂx xg + o(x?)

In the locally flat spacetime R;,,5(P) = 0 at every point P
therein and therefore, g, = 1, . It makes the Eq. (5) as

1
3p+p > —V.(v/—3ga). 6
ptez o= (vV—ga) ©)

In the locally flat spacetime such condition becomes
3p+p>V.a. @)

The above Eq. (3) not only modifies the classical energy
condition, but in some sense, it may also violate such con-
dition. The Eq. (7) shows that the term 3p + p is greater or
equal to the divergence of the acceleration three vector and
the classical energy condition is recovered only at the source
and sink of such acceleration vector field.

Now, Eq. (3) may be reformulated in a different manner
as given hereunder:

D?u“
=4 ®)
where
, do e? w wow
q :E—FT—FU’”G + Rpuu. )

In the following sub-section the fate of the singularity
arising in the Raychaudhuri equation is explored. In the sub-
sequent sub-section the expression of the proper acceleration
as well as accelerating frame of reference are obtained.

2.1 Raychaudhuri equation and the singularity

Followed by the focusing theorem Raychaudhuri equation
leads to a singularity in the congruence of curves, not nec-
essarily being the geodesics. It physically signifies that the
gravity, in some sense, is converging in nature. Here it is
explored how the curves followed by accelerated particles
affect the possible singularity that is inevitable for the ini-
tially converging geodesics. For the sake of simplicity in our

analysis we consider g as constant. Now one may set
k= q* — (000" + Ryputu®), (10)

where, kK may be taken as constant. The physical motivation
for such consideration is that the analysis is carried out for
the small scale of time for which the pressure and density are
assumed to be constant, and therefore, R, u*u"(= p +3p)
should remain constant in the current scenario. There is no
harm to take the shear term as constant as well. Moreover,
the term g representing the proper acceleration of the particle
does not depend on time, although its components do.
At this juncture the following three cases may arise.

Case-I: k <0, setk = —X2

That includes the situation when there is no acceleration,
i.e., ¢ = 0 and therefore, the congruence consists of the
geodesics. In general that is the situation in which there is
a little acceleration experienced by the test particles. Under
the situation Eq. (9) becomes

o  e? an
v =3 %

The analytical solution of the above differential equation
gives

RReil R b | B
Xﬁtan ﬁt cot X\/g , (12)

where ®¢ (< 0) is the initial contraction of the congruence of
curves (or geodesics for ¢ = 0). Equation (12) shows at the

V3

: _ 3 =118 ; _
proper time oo = == cot (X ﬁ) the ® diverges to —oo.

That is nothing but the result of focusing theorem by which
the singularity appears.

Case-II: k =0
In this case the differential equation takes the following
form

de 2
=" (13)

It can be solved with same initial condition ®¢(< 0) as

0l =1 o (14)

Here also the ® diverges to negative infinity at the proper
time T, = |g—0| Thus the focusing is followed to result a

singularity.
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Case-IIL: k > 0, set k = x2.
The corresponding differential equation becomes

o , e?
N 15
X 3 (15)

With same initial condition the solution takes the form

(~)=)(\/§tanh{%t—tanh_1 ()'(670%)} (16)

The initial converging condition of ® exhibits the follow-
ing nature in the subsequent stage.

®
0 <0, 0<t<+/3tanh™! (ﬂ)
X3
®
>0, t > +/3tanh~! (ﬂ> .
xv3

The ® does not diverge not only for a finite value but
for also the large value of t. On contrary it converges to
X\/§ as T — oo and therefore there is a stability of ® at
infinity. The most significant observation is there does not
exist any singularity. That is very encouraging to observe the
world lines of the accelerated particles do not encounter any
singularity when g2 exceeds 0,,,0*" + R utu"".

Thus when the acceleration is large enough compared to
the contribution of energy momentum the singularity may
be avoided. But it is worth mentioning that this picture may
completely become nonphysical. For example, in the shear
free situation the term R,u*u" = 3p + p, must not exceed
the square of the proper acceleration term and then only the
avoidance of singularity is possible. For the large density
or pressure the contribution may exceed ¢> and the usual
focusing phenomenon, as described in the Case-1II occurs;
encountering the singularity is inevitable.

2.2 Proper acceleration and the accelerated frame

In the special relativity the proper acceleration of a body gives
rise to a non-inertial frame characterized by the Rindler coor-
dinates. Here we consider accelerated curves in the frame-
work of general relativity through Raychaudhuri equation.
It is worth noting that the acceleration vector a® is always
normal to the velocity vector u* and hence to the tangent
space T, M, where p is any arbitrary point in the spacetime
manifold M. If we solve Eq. (8) in the Gaussian normal
coordinates we obtain the expressions of velocity, accelera-
tion and the coordinates respectively, as follows:

o

u® = uf coshqr + a?* sinhgr, (17)

a® = quf sinh gt + af coshgr, (18)
us a¥

x% = x{ + —sinhgt + —5(coshgt — 1), (19)
q q
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where u¥, af and x represent the initial values of the veloc-
ity, acceleration and coordinates respectively.

Equation (18) indicates (a.a)% = ¢ and therefore, ¢ is
simply the proper acceleration, whose high value makes the
singularity disappears as shown in the Case-III of the previ-
ous sub-section. One may recover the Rindler coordinates in
special relativity from Eq. (19).

Let us now choose the following set of initial values:

x¢=1(0,0,0,0), u%=(1,0,0,0), a?=(0,q,0,0).

(20)

The expressions of the coordinates, velocity and accelera-
tion in terms of proper time and proper acceleration become

1 1

%0 = —sinhgr, x! = —(coshgt — 1), ¥ :x4:0,
q q

(21)

u® =coshgt, u'=sinhgr, u?>=u’=0, (22)

a’ = g sinhgr, a' = g coshgr, a?=a>=0, (23)

which are nothing but the said expressions in the Minkowski
spacetime. Replacing % by a coordinate variable £ one may

have a transformation from Minkowski coordinates (x°, x!)
to Rindler coordinates (&, ) in (1+1) dimensions. Using the
same trick in the framework of general relativity a combine
expression of the above transformations in the spacetime of
(3+1) dimensions may be expressed as follows:

x% = X7 sinh(QoX5) + X5 [cosh(QuX5) — 11+ X5,  (24)

where
i = (1,0,0,0), I =(5,0,0,0), I =(0,£0,0),
% =1(0,0,0,0), Qu=(q.0,0,0) (25)

With an arbitrary choice of ()28‘, x¢, X5, x5) a generalized
Rindler coordinates under the scenario of different space-
time manifolds in general relativity may be obtained. Thus
in general relativity through such transformation a new frame
may be chosen where the test particles exhibit the accelerated
motion and evidently such frame is different from that where
the particles follow the geodesic motion.

3 Kretschmann scalar and singularity

The most awkward situation in the general relativity the-
ory is the singularity, in particular the spacelike singular-
ity, being evident in Schwarzschild spacetime, FRW space-
time etc. Such kind of singularity is characterized by the
Kretschmann scalar C = Ropy5 R®PY3 an invariant quantity
introduced by Erich Kretschmann [19] in the year 1951. It
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is interesting to note that on the event horizon of any type
of black hole such Kretschmann scalar is regular and there-
fore, the apparant singularity arising on the event horizon can
be removed very easily by the proper choice of coordinate
transformations. The real spacelike singularity arises either
at the center of the Schwarzschild type of black hole or at
the big bang, where the Kretschmann scalar is singular. Now
is it possible to turn the Kretschmann scalar to be regular
at the singularity by reconstructing the Reimann curvature
term Rgyp,s? If we consider the curves of accelerated parti-
cles instead of geodesics then the deviation equation becomes

D3¢P

—5 = —Rp suPu’ e + W ul);, £V, (26)

where ¢P represents the deviation or separation vector
between the neighbouring curves.

As the extent of Reimann curvature is measured by the
tidal force lz;‘;p the right hand side of the equation (26) may
be expressed in terms of a modified Reimann tensor as given

hereunder

D*¢” 5o 5

G = Rl @
where

RaﬂyS = Rupys — g’y ugus. (28)

The acceleration term ay, = (u*uy; );, modifies the cur-
vature, but the question is whether it suffices to make the
Kretschmann scalar to be regular near singularity. One may
calculate such new Kretschmann scalar in terms of modified
Reimann tensor, i.e., K = Ralgy,g RYPYS a5 follows:

K=K+ g"Pa%;p awsy —287° Ropysa®;, ulul. (29)

The claim is that the particles following the curves will
be accelerated with such a value of a“ so that the modified
Kretschmann scalar K vanishes near the singularity. Thus the
singularity can be removed by the suitable acceleration asso-
ciated with the congruence of curves. In the next sub-section
that claim is verified with the illustration of Schwarzschild
spacetime.

3.1 Acceleration in Schwarzschild spacetime
The Schwarzschild spacetime is a perfect example of a spher-

ically symmetric vacuum solution of Einstein’s equation. The
corresponding metric is given by

2 2m\ !
ds? = — (1 _ —m> dr® + (1 - —m> dr2. (30)

r r

The metric is evaluated in the plane where § = 7 and
¢ = 0. There exists a singularity at » = 0 since the cor-
responding Kretschmann scalar takes the form IC = %.
In the accelerated frame of reference the timelike condition
of the velocity vector u®, which is u,u® = —1, brings the

expression of Eq. (30) in the following form.

@) Wy
(1-2)7 (1=2)

r

=1. (31

That represents a hyperbolic equation whose parametric
form with parameter A gives the expressions of u’ and u”.

1
cosh A 2 2
_, ur=<1——m> sinhA, u? =u® =0.
(1-22)2 !

I3

t

(32)

It is worth noting that A = 0, gives the velocity in
Schwarzschild spacetime for a stationary object. In the
framework of Schwarzschild metric the acceleration four
vector is evaluated as

r

or

o ur

+ %) 4+ 2%’ u” 4+ T% (u")? (33)

From the Schwarzschild metric inserting the expressions
of the affine connections the following contravariant space-
time components of the acceleration are evaluated

J = msinhkc;)shk J = mcoszhzk e =0
2 9 9 .
(12 :

(34)

Similarly, the covariant expressions of the acceleration can
be calculated to find the following terms

m cosh? A
S}

m sinh A cosh A
ay = — y2 , Ay =

In addition to those components we can also calculate the
proper acceleration as follows:

m cosh A

212!

q=(a.a)? (36)

Such proper acceleration depending upon A does not
depend on r, but up to a certain extent. Eventually in the
neighbourhood of r = 0 it becomes a slowly varying func-
tion of r and thus plays a crucial role to turn the modified
Kretschmann scalar vanish. We must explore it.

@ Springer
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To calculate K from Eq. (29) we have to obtain the expres-
sions g¥Pa%;, aq;, and g¥° Rypgysa®;, uPu® in terms of r.
The various components of a%;g and aq;p are calculated
elaborately in Appendix.

Utilizing that results one may simplify the two expres-
sions, mentioned above, as given hereunder

2m* 1

Yp . oo i ——
g"a";pagsy = 3 cosh™ A o~
(1-2)

2
+2r2 - m n 20
m? r(1—22) m?
2m* 1
+ 2 cosh®a |1 - —— |, (37
g (1—2)
and

2m* 2r 2m
. ) 4
ngRaﬁyaaa,p uPub = 5 cosh™ A - (1 — —)

. r ) (38)

3
m(1—27m>

It is to be noted that the Kregschmann scalar C in the
Schwarzschild spacetime is 4?’6" . Combining the results
derived in Egs. (37) a_nd (38) the expression of the modified

Kretschmann scalar £ from Eq. (29) is obtained as

. _ 2m? 4 2
K= r—S[A(r) cosh™ A — B(r) cosh“ A + C(r)], 39)

where

2
4r 22 (11 4r0 1
AN =8—— 4 —5|—5 | — -7+

2 2. 2 27
mA=E)
(40)
B(r)=17 4r{14————l———}-+4r4 _
ry=/,/—— 5, —
2m\3 27 2m\2
m U ammye
(41)
24r?
Cr)="—. (42)
m

It is time to specify the parameter A arising from the
hyperbolic equation (31). The A plays a significant role in
the perspective of the singularity. It may be considered as

@ Springer

constant outside a spherical neighbourhood of r = 0 with
radius r, < 2m, but inside it is a slowly function of r. The A
has not been specified earlier, but now one may choose it in
such a manner that the expression within the squared bracket
of Eq. (39) vanishes within the said spherical neighbourhood
of r =0, that is

A(r)cosh* A — B(r)cosh> A+ C(r) =0, r <r.. (43)

Solving this equation and taking only the positive value
the A is obtained as

A(r) = cosh™! {,/%(l—hll— 4254)%} r<re. (44

Within the said sphere the r is much smaller than 2m and
hence the A in Eq. (44) may be approximated to the following
expression

5 ~ cosh™ (2—?5) . (45)

The significant aspect of such analysis is that the modi-
fied Kretschmann scalar K vanishes and therefore, becomes
regular. Although K is diverging at r = 0, but the presence
of an acceleration term with a particular value makes K reg-
ular. Thus the spacetime singularity at the central portion of
the Schwarzschild black hole disappears since the spacetime
becomes regular. It should be noted that the Kretschmann
scalar measuring total tidal force remains small if the space-
time is regular.

4 Acceleration and geodesic completeness

The most efficient and consistent definition of the singular-
ity is geodesic incompleteness of the spacetime manifold. In
other words, the world lines of the freely falling test particles
cannot be extended beyond certain proper time. The singu-
larity, in some sense, is an obstruction of extending a timelike
geodesic. Before proceeding further we would define certain
terms essential in the current context. More details are avail-
able in the book by Hawking and Ellis [20] and the lecture
notes by Dafermos [21].

Let us consider (M, gqp) to be a Lorentzian manifold having
the metric gqg.

(i) Maximal curve:

A curve y : I — M is said to be maximal if there does
not exist any curve y : I — M with I C I such that
y(z) = 7(z) foreveryt € 1.
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(i1) Geodesic:
Acurvey : I — Mis said to be a geodesic if for every point
p € y the condition uﬂu“;ﬂ = 0 holds, where u® € T, M.

(iii) Parallel transport of a vector:
If u® represents a tangent vector along a curve y : I — M
then a vector v* satisfying the condition uPv®; g = 01is said
to be parallel transported along the curve y .

Geometrically geodesic signifies the curve y whose tan-
gent vector u® is parallel transported along itself.

(iv) Existence and uniqueness of geodesic:

For any point py € M and any vector uy € T, M there
exists a unique maximal proper time parameterized geodesic
y I — M such that y(0) = po and 3—’; = ug, where
I C R is an open interval.

The geodesic equation ufu®; g = Oisasecond order ordi-
nary differential equation. Therefore, the proof of the above,
that is existence and uniqueness of geodesic, is simply fol-
lowed from the Picard—Lindelof theorem for the solutions of
ODEs with prescribed initial conditions.

(v) Future end point:
A point p, in M is said to be future endpoint of a future-
directed timelike (or null) curve y : I — M if, for each and
every neighborhood O of the point p, there exists a T, € 1
for which y(t) € O forall t € I such that T > 1,.

A causal curve is future inextendible if it has no future
endpoint.

(vi) Geodesic completeness:

A spacetime (M, gqp) is geodesically complete if every max-
imal geodesic y : 1 — M is such that I = (—00, 00), that
is the geodesic can be extended over infinite proper time
parameter T.

A spacetime is geodesically incomplete if there exists at
least one maximal geodesic with future end point. When a
timelike geodesic has a future end point then, followed by
the consequence of geodesic incompleteness, the manifold
must contain a spacetime singularity. If it is possible to over-
come such end point by some means and extend the curve
up to infinite proper time parameter the singularity can be
removed from the spacetime manifold. In this context we
may introduce the following theorem which may be named
as Removal of singularity.

Theorem on removal of singularity:

A suitable choice of acceleration term prescribed on a max-
imal geodesic curve having a future end point at some value
of proper time parameter makes the curve to be extended
up to infinite proper time parameter with a suitable re-
parameterization.

Proof: Let y : I — M be a maximal geodesic in the
spacetime manifold (M, g, g) with proper time parameter

T el C (—00,00). Since y is a geodesic the following
condition must hold.
o
BBLI + T, utu” = 0. (46)
Now the acceleration term is prescribed on each and every
geodesic which is incomplete, that is ended up just before
attaining a parametric value, say 7.. Suppose 7y is the value
of proper time parameter at which the acceleration comes into
play. Obviously the curve remains no longer a geodesic as
the following condition defined on the given curve replaces
the condition represented by Eq. (46).

o
BBLT + szu”u” =a#40 10 <7 < 7Ty, 47)
where I', is the affine connections associated with g .

Since the geodesics, which fail to be complete, are
assigned with the acceleration a® they lose their geodesic
property. At this juncture one may use a special type of re-
parameterization T = 7(t) in such a manner that T — o0,
whereas T < t,. With such re-parameterization Eq. (47)
turns into the following equation.

u* o v

? + Flwu u = O7 (48)
and thus the accelerated curve becomes a geodesic. Such
representation is possible if and only if the acceleration term
a® takes the following form by the said re-parameterization

ou® (dt
o (ST ), 49
“ 8%<dr ) “9)

Itis emphasized that the transformation T = 7(t) may not
be unique, but it would be such that the above relation must be
satisfied. We may give an example of one such transformation
as

7 = tanh™! <l) , T0ST < Ty (50)

Ty

Clearly the above transformation of the proper time shows
that T — 0o as T — 7, and thus the proof of the above
theorem follows.

5 Discussion and conclusion
Ilustrating with different cases it is shown intensively in the
Sect. 2.1 that when the proper acceleration g exceeds a certain

value the paths of the test particles never find a singularity,
but in case of the geodesic motion or the motion with little

@ Springer
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acceleration of test particles the existence of singularity is
inevitable. That infers two possibilities: either the paths of
the accelerated particles get shifted from the track of the sin-
gularity or the singularity itself disappears. The shifting of
path might be a possible explanation for a single accelerated
particle following a single curve, but it is to be kept in our
mind that the Raychaudhuri equation deals with the congru-
ence of curves. Over a large region such congruence of curves
of accelerated particles moving towards a black hole do not
lead to the focusing and therefore, no singularity is evident
in the said region. Thus the congruence of paths of unaccel-
erated particles (geodesics) moving towards the black hole
must encounter a singularity through focusing, whereas the
same of accelerated particles cannot find any singularity at
all. Therefore, one may infer that the singularity inside the
black hole, most likely, disappears. The cost of disappearing
the singularity is to modify the classical energy condition,
which is discussed in Sect. 2.

Such disappearance is verified more elaborately and
exhaustively in the case of the Schwarzschild spacetime by
calculating the Kretschmann scalar with adding an accelera-
tion term. Considering the tidal equation for the accelerated
curves a new Reimann tensor is constructed in the Sect. 3.
In the Sect. 3.1 the acceleration term for the Schwarzschild
spacetime is evaluated in terms of A being a slowly varying
function of r so that it may be thought as constant outside
the spherical neighbourhood of the singularity at » = 0. The
value of X is such that the modified Kretschmann scalar asso-
ciated with the modified Reimann curvature tensor arising
due to the acceleration term must vanish inside a spherical
neighbourhood of r = 0 with infinitesimal radius and so
remains regular therein. Depending on the suitable choice of
A the singularity disappears and the Schwarzschild spacetime
becomes regular at r = 0.

In the Sect. 4. the disappearance of singularity is discussed
in the notion of geodesic incompleteness. The incomplete-
ness of maximal timelike geodesic signifies that the history
of the freely moving particles does not exist after a finite open
interval of proper time. That is more robust criterion rather
than that of infinite curvature to define a spacelike singular-
ity. Therefore, essentially the singularity and its disappear-
ance is also required to be explored in the light of geodesic
incompleteness. In the said section it is shown in terms of
a newly introduced theorem named as removal of singular-
ity. It is shown that a maximal geodesic being unable to be
complete may have an acceleration to be turned into non-
geodesic curve (maximal), but consequently with a suitable
value of acceleration a reparameterization of proper time may
transform that accelerated curve into a geodesic that can be
extended over infinite proper time. As a result no maximal
geodesic will have the future end point, and the spacetime
manifold becomes complete and singularity-free.

@ Springer

An observation of Eq. (49) is that the rate of change of
new parameter 7 relative to the old one may tend to infinity
as T — T,. That is not a problem as the magnitude of %
becomes so small near 7, that the product g—;‘g
acceleration term a® a finite quantity therein.

Thus the accelerated motion of the ball of test particles
neighbouring the black hole destroys the singularity. The said
particles may be the anti-particles formed by the vacuum
fluctuations at the vicinity of the black hole event horizon.
Here we have not carried out any quantum treatment as the
whole work is based on the classical general relativity. At this
juncture only what we can expect is that the particles may
get accelerated by the process of pair productions. Thus one
may conclude that the black hole singularity, is diminished
when the test particles directed towards the singularity gains
high value of acceleration. It may also be consistent with
the phenomenon of black hole evaporation as its singularity
disappears.

makes the
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Appendix

The various terms of a%; g as well as ay ; g in the Schwarzschild
spacetime are calculated precisely. At the beginning let us

state different terms of affine connections I" 5 8 of Schwarzschild
solutions as follows:

Cir = 5 my (AD)
b=
- 2m\ m
I, = 1—T = (A2)
roo__ m A
Yy (A3)
r


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Eur. Phys. J. C (2022) 82:953

Page 90of9 953

oo = (12" (Ad)
00 — 9o — r
o ¢ _ 1
Iy = an = - (AS)
In the above result it is assumed 6 = % and under such

assumption different non-zero terms of Rygy s take the fol-
lowing forms.

2m

Rtrtr = _I"_3 (A6)
m 2m

Ript6 = Riprp = — (1 - —) (AT)
r r

Rror0 = Rr¢r¢ = _LQ," (A8)

r(1-28)
Rtgzg = F;qu = 2mr (Ag)

The terms of a%; g and a,;p can be evaluated by using the

following formula.
a*;p=a%p +that + Fgrar (A10)
aos p = aorp —Thpts — Dopar (A11)

Thus the various non-zero terms of the acceleration become
2

t m 2
a';, = —200sh A (A12)
A-2)
m2
2
a;; = 7 cosh” A (A13)
2
' m .
a,,=——7—-> sinh A cosh A (A14)
r4 (l — =&
2
a;;, = ———— sinh A cosh A AlS
tHr r4 (1 _ sz) ( )
m2
a’; = ey sinh A cosh A (A16)
2
sinh A cosh A (A17)

ay, _—m
r91_r4(1_2_m)

I3

:| cosh? A (A18)

Pt anom

7

1 2m m
arsr = —(1_—27’”) |:r—3 + m} cosh? A (A19)
2

o= a’y= '% cosh? A (A20)
mz
apip = ag;p = r—300sh2k (A21)

References

1. R. Penrose, Phys. Rev. Lett. 14, 57 (1965)
2. S.W. Hawking, R. Penrose, Proc. R. Soc. Lond. A 314, 529 (1970)
3. X. An, R. Jhang, Commun. Math. Phys. 376, 1671 (2020)
4. X. An, D. Gajic, arXiv:2004.11831 [math.AP] (2020)
5. C. Misner, K.S. Thorne, J.A. Wheeler, Gravitation, Ch-6 (W. H.
Freeman and Company, San Francisco, 1963)
6. W. Rindler, Essential Relativity: Special, General and Cosmolog-
ical (Oxford University Press, New York, 1969)
7. W.B. Bonnar, N.S. Swaminarayan, Z. Phys. 177, 240 (1964)
8. N.S. Swaminarayan, Ph.D. thesis (University of London, 1964)
9. N.S. Swaminarayan, Commun. Math. Phys. 2, 59 (1966)
10. A. Raychaudhuri, Phys. Rev. 98, 1123 (1955)
11. A. Raychaudhuri, Z. Astrophys. 43, 161 (1957)
12. A. Raychaudhuri, Phys. Rev. 106, 172 (1957)
13. A. Komar, Phys. Rev. 104, 544 (1956)
14. L. Landau, E.M. Lifshitz, Classical Theory of Fields (Pergamon
Press, Oxford, 1975)
15. S. Kar, S. Sengupta, Pramana: J. Phys. 69, 49 (2007)
16. 1. Bhattacharyya, S. Ray, Int. J. Mod. Phys. D 30, 2150092 (2021)
17. S. Hawking, Properties of Expanding Universes (Cambridge Dig-
ital Library, Retrieved 24 October, 2017)
18. A. Einstein, Ann. Phys. 354, 769 (1961)
19. E. Kretschmann, Ann. Phys. 23(907-942), 943-982 (1951)
20. S.W. Hawking, G.ER. Ellis, The Large Scale Structure of Space-
Time (Cambridge University Press, Cambridge, 1973)
21. M. Dafermos, Part I1I: Differential Geometry Lecture Notes (2012)

@ Springer


http://arxiv.org/abs/2004.11831

	Accelerated motion in general relativity: fate of the singularity
	Abstract 
	1 Introduction
	2 Raychaudhuri equation for the congruence  of accelerated curves
	2.1 Raychaudhuri equation and the singularity
	2.2 Proper acceleration and the accelerated frame

	3 Kretschmann scalar and singularity
	3.1 Acceleration in Schwarzschild spacetime

	4 Acceleration and geodesic completeness
	5 Discussion and conclusion
	Appendix
	References




