Eur. Phys. J. C (2017) 77:542
DOI 10.1140/epjc/s10052-017-5112-2

THE EUROPEAN

) CrossMark
PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

Energy conditions of non-singular black hole spacetimes in

conformal gravity

Bobir Toshmatov'-2-2, Cosimo Bambi>***, Bobomurat Ahmedov>~, Ahmadjon Abdujabbarov>--0-4,

Zdenék Stuchlik -

! Faculty of Philosophy and Science, Institute of Physics, Silesian University in Opava, Bezru¢ovo namésti 13, 74601 Opava, Czech Republic
2 Ulugh Beg Astronomical Institute, Astronomicheskaya 33, Tashkent 100052, Uzbekistan

3 Department of Physics, Center for Field Theory and Particle Physics, Fudan University, Shanghai 200433, China

4 Theoretical Astrophysics, Eberhard-Karls Universitit Tiibingen, 72076 Tiibingen, Germany

5 National University of Uzbekistan, Tashkent 100174, Uzbekistan

6 Tashkent University of Information Technologies, 108 Amir Temur Avenue, Tashkent 100200, Uzbekistan

Received: 22 February 2017 / Accepted: 27 July 2017 / Published online: 12 August 2017

© The Author(s) 2017. This article is an open access publication

Abstract Conformal gravity can elegantly solve the prob-
lem of spacetime singularities present in Einstein’s grav-
ity. For every physical spacetime, there is an infinite fam-
ily of conformally equivalent singularity-free metrics. In the
unbroken phase, every non-singular metric is equivalent and
can be used to infer the physical properties of the spacetime.
In the broken phase, a Higgs-like mechanism should select a
certain vacuum, which thus becomes the physical one. How-
ever, in the absence of the complete theoretical framework
we do not know how to select the right vacuum. In this
paper, we study the energy conditions of non-singular black
hole spacetimes obtained in conformal gravity assuming they
are solutions of Einstein’s gravity with an effective energy-
momentum tensor. We check whether such conditions can be
helpful to select the vacuum of the broken phase.

1 Introduction

The presence of spacetime singularities in some physically
relevant solutions in Einstein’s gravity is an outstanding and
longstanding problem. At the singularity, predictability is lost
and standard physics breaks down. The resolution of space-
time singularities in Einstein’s gravity is often attributed to
unknown quantum gravity effects. The topic has been an
active research field in the past decades and different authors
have explored different scenarios. Among the many propos-
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als, an appealing and simple solution is represented by the
family of conformal theories of gravity [1-5].

In conformal gravity, the theory is invariant under a con-
formal transformation of the metric tensor

uv —> g;v = ng/wv (1)

where 2 = 2 (x) is a function of the point of the spacetime.
Examples of conformal theories of gravity in four dimensions
are

L1 =¢*R+6g" (3,6)(00), )
Lo =aC"™° Chypo +b R*™PORpo. 3)

In the theory in (2), Einstein’s gravity is modified by intro-
ducing the auxiliary scalar field ¢ (dilaton). In the theory
in (3), C*P? is the Weyl tensor, R*"P? is the Riemann ten-
sor, RMPY s the dual of the Riemann tensor, a and b are
constants, and there is no dilaton.

Conformal gravity can solve the problem of spacetime sin-
gularities present in Einstein’s gravity as follows (see Ref. [6]
for more details). If a metric g, is singular in a gauge, we
can always remove its singularities by performing a suitable
conformal transformation. Indeed, if a gauge variant quan-
tity (like a metric tensor) is singular in a gauge, but not in
another gauge, its singularities are not physical, but only an
artifact of the gauge. Let us note that there is no fine tuning
here, because there is always an infinite class of rescaling
factors suitable to remove these singularities. Since the the-
ory is invariant under conformal transformations, we have
the freedom to choose the gauge, and the physics will be
independent of our choice.
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In Einstein’s gravity, this is not possible because the the-
ory is not invariant under conformal transformations. More-
over, the world around us is not conformally invariant. If
conformal invariance is a fundamental symmetry of the Uni-
verse, it must be broken. In such a case, it is necessary a
Higgs-like mechanism that breaks the symmetry and selects
a certain vacuum. The selection of the vacuum is deter-
mined by the details of the theory and by how conformal
symmetry is broken. The selected vacuum should be one
in which the metric is free from singularities, but we do
not have currently any selection criterion to decide which
vacuum should be chosen among an infinite number of
options.

In Refs. [6,7], the authors found singularity-free black
hole solutions in conformal gravity. As proved in Refs. [6,7],
these spacetimes are geodetically complete because no mass-
less or massive particles can reach the center of the black
hole in a finite amount of time or for a finite value of
the affine parameter. Moreover, curvature invariants do not
diverge at r = (. While conformal invariance is broken
at the quantum level for the theories in (2) and in (3) [8],
it is preserved in any finite (i.e. without divergences)
quantum field theory of gravity [9]. The latter look thus
the natural theoretical framework for conformal symme-
try.

The aim of the present paper is to study the “energy con-
ditions” of the singularity-free black hole solutions found
in [6,7]. For energy conditions here we mean the energy con-
ditions of the “effective” energy-momentum tensor of these
solutions assuming the standard Einstein’s equations. For the
theory in (2), this corresponds to the energy-momentum ten-
sor of the dilaton field ¢. For the theory in (3), the actual
energy-momentum tensor vanishes, because the singularity-
free black hole metrics are vacuum solutions, so we con-
sider an effective energy-momentum tensor. These energy
conditions may be used as a selection criterion to choose
the right vacuum in the broken phase by requiring the min-
imum possible violation. Note that this is the most general
approach that we can employ if we do not want to limit our
discussion to a particular model. As we have already pointed
out, our black hole metrics are solutions in an infinite class
of conformal gravity theories. If we considered a specific
conformal theory of gravity, we could write the field equa-
tions of the theory and separate the non-Einstein modes [10]
to better explore the black holes in the theory under
consideration.

The content of the paper is as follows. In Sect. 2, we
briefly review the singularity-free black hole metrics found
in Refs. [6,7]. In Sect. 3, we study the null, the weak, and
the strong energy conditions in these black hole spacetimes.
Summary and conclusions are reported in Sect. 4. Through-
out the paper, we employ natural units in which Gy = ¢ =1
and a metric with signature (— + ++).

@ Springer

2 Non-singular black hole spacetimes in conformal
gravity

The line element of the singularity-free non-rotating black
hole spacetime in conformal gravity found in [6,7] can be
written as

ds*? = S(r)ds3 . “)

where dsg.py 1s the line element of the Schwarzschild space-
time in Schwarzschild coordinates

a2 = —Fdi? + 3 1 g2
Schw f(r) 4
2M
fr)y=1-—, ©)
r
and S(r) is the scaling factor
L2 2N
S(r) = (1 + —2> : ©)
r
where N = 1,2,3,... and L is a new scale whose value

is not specified by the theory. It is natural to expect L to be
either of the order of the Planck scale or of the order of M,
since there are no other scales in the system.

The line element of the rotating black hole solution is
given by [6]

ds*2 = S(r, 0)dsZery @)

where dsgerr is the line element of the Kerr spacetime in
Boyer-Lindquist coordinates

ds? 2N G2 2Mar G2 g+ Ear
S =—\!l—-—< — sin —dr
Kerr D D) A

2Ma?
+xdo* + <r2 +a*+ ar sin® 9) sin® 9d¢2,

®)

A=r2—2Mr+a* ¥ =r>+a%*cos’0,a = J/M is the
specific angular momentum and S(r, 6) is the scaling factor

L2 2(N+1)
S, 0) = <1 + E) , “

with N =1,2,3,...If weassume that L « M and N =1,
then astrophysical observations require L/M < 1.2 [11].

The difference between the exponent in (6) and in (9) is
due to the fact that, in the non-rotating case, the metric is
already non-singular when the exponent is 2, while this is
not enough in the rotating case and we need at least that the
exponent is 4.

Last, it is worth noting that these solutions are not only
stationary exact solutions of conformal gravity theories like
those in (2) and in (3). As in Einstein’s gravity, these black
hole solutions can be created from gravitational collapse [12].
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Fig. 1 Violation of the NEC (p 4+ Py—solid curves, p + P> — dashed
curves) of the non-singular non-rotating black hole spacetime. Left
panel N = 3, and the values of the dimensionless parameter L/M:
L/M = 0.3 (black curves), L/M = 1.2 (blue curves), L/M = 2 (red

3 Energy conditions

In this section we want to study the energy conditions of
the non-singular black hole spacetimes in conformal grav-
ity of Ref. [6]. First, we turn to the diagonal stress-energy
tensor 7@® = diag(p, P;, P», P3) by using the follow-
ing orthonormal tetrads, which correspond to the standard
locally non-rotating frame (LNRF) [13]:

F(grr — 2814) 0 0 0

@ — 0 VEgr 0 0 (10)
" 0 0 g O
Q /gt¢ 0 0 N2 L)

where Q2 = g;4 /844 1s the angular velocity of the black hole.
The energy-momentum tensor is turned to diagonal form by
the relation

T@O) - ineff)egl”GW. (11)
The signature of (10) reflects the considered region. We
claim that the spacetime metric (7) has two horizons: inner
(Cauchy) and outer (event) horizons, in the case of black hole.
For the regions outside the event horizon and inside the inner
horizon, we choose the signature of the components of the
orthonormal tetrads e(()o) and eil) as (—, +), respectively. For
the region between these two horizons, we take the signature
of e(()o) and egl) as (+, —), respectively.

3.1 Null energy condition

The null energy condition (NEC) can be written in the fol-

lowing compact form:
Tntn” >0, (12)

where n** is a generic null-like vector. The physical inter-
pretation of the NEC is that the energy density measured by

20
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/M

curves), L/M = 3 (cyan curves). Right panel L /M = 1, and the values
of the parameter N: N = 1 (black curves), N = 3 (blue curves), N = 5
(red curves), N = T (cyan curves)

an observer traversing a null curve is never negative. In the
LNRE, it corresponds to the condition

p+P >0 i=1,2,3. (13)
3.1.1 NEC for non-rotating black holes in conformal

gravity

For the non-rotating black hole metric in (4), Eq. (13)
becomes

ANL?r*N—3
p+PL= T2+ L2V
x {r3 + L*)[4M(—1 +2N) + (3 — 4N)rl},
4N LN 3
p+ P (14)

~ (2 + L2)2N2
x {33M — r)r? + L>(M + 4MN +r — 2Nr)}
= p + Ps.

Let us note that at the center of the spacetime, r = 0, the
two relations in (14) vanish, i.e., the NEC is satisfied, while
the NEC (13) may be violated at larger radii as shown in
Fig. 1.

At large distances, r — 00, both p + P and p + P> tend
to zero. However, they tend to zero from different directions,
ie.,

lim (p 4+ P;) = —0,
r—00

lim (p + P2) = +0. (15)
r—0o0

Now we investigate the domains in which the NEC holds and
is violated in the regular non-rotating black hole spacetime
in conformal gravity. From (14) one can easily check that
p + P> has always two zeros (r; = 0 and ry) irrespective of
the values of the parameters L/M and N: p + P>, < O for
r e (0,rp)and p + P, > 0 for r € [rp, +00). On the other

@ Springer
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hand, p + Py has one zero (r] = 0),! three zeros (ry =0,r,
and r3), or two zeros (r; = 0, ry = ry = ry) depending on
the values of the parameters L/M and N: p + P; < 0 for
r € (0,ry) U (ry, +00) and p + Py > 0 for r € [r}, r}]. Let
us note that p 4+ P; has three zeros, i.e., the NEC is satisfied
in some region of the spacetime with a finite value of r, if
the parameter L satisfies the following condition:

632N — 1)M

J@EN =3)3

For L = L., we have rj = r}, which we can rename r; and
which is given by

L>Ley= (16)

s L*P@AN —3)4+32MQ2N — 1)]*? 1203
32MQ2N — 1)]1/3 '

ry = a7

For L < L., p+ P has only one zero at r{ = O and in this
case the NEC is violated everywhere in the spacetime except
atr = 0, since, according to (13), the NEC is satisfied when
both p + P; and p + P, are non-negative at the same time.
Thus, the NEC is satisfied in the region r € {0} U [r}, 5] N
[r2, 4], or to be more precise, r € {0} U [}, r3] if ) > ra,
gray region in Fig. 2, or r € {0} U [r2, r4] if rp > 1}, light
blue region in Fig. 2. Thus, the upper bound of the NEC is
defined by the largest zero of p + Py (r}).

The depth of the violation of the NEC in the regular non-
rotating black hole spacetime in conformal gravity decreases
as the values of the parameters L or N increase. More specif-
ically, if we increase the values of L and N, the depth of the
violation of the NEC and the region of the violation in terms
of the radius r decrease.

If we assume that L o« M, astrophysical observations
require L/M < 1.2 [11]. In such a case, as shown in Fig. 1,
the NEC is never satisfied except for r € {0}, atleast for small
N (N < 6). Within such scenario, if we want that the NEC
is satisfied in r € [r}, 4], the value of N must be large—see
Fig. 3. If we consider the alternative scenario in which L is
of the order of the Planck scale, for M > L (astrophysical
black holes) the spacetime is very similar to the standard Kerr
background in Einstein’s gravity, while L/M = O(1) may
be possible in the case of Planck-scale black holes.

One can see from Fig. 2 that, for large values of the param-
eter L, rp > ré, i.e., the inner boundary of the NEC satisfied
region is restricted by r;. Interestingly, for large values of the
parameter L, r» tends to a finite value

+0<%> , (18)

! In order to distinguish the zeros of p + P> and p 4+ P, we denote the
zeros of p + Py with prime “/”.

@GN+ DM
T 2N -1
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Fig. 2 Plot showing the parametric region for the NEC in the non-
singular non-rotating black hole spacetime in conformal gravity. In
all shaded regions the NEC is satisfied in some particular part of the
spacetime. In the light gray region rj > ra, while in the light blue
region ry < ry. The boundary between the white and the light gray
regions (black solid curve) corresponds to L = L., in Eq. (16), while
the boundary between the light gray and the light blue regions (black
dashed curve) represent the case of r; = r}

800
600
400 -

200

0.0 0.2 0.4 0.6 0.8 1.0 1.2
L/M
Fig. 3 Plot showing the parametric region for the NEC to be satisfied

in the region r € [r}, r;] (shaded region) when L/M < 1.2. The
border-black, solid curve, corresponds to the case r) = r}

while the outer boundary of the NEC satisfied region, ré,
monotonically increases with L as

232N — 1 1
ry = LVAN — —%MHO(E). (19)

In the case of large values of N, the NEC is satisfied only
outside the event horizon of the black hole, i.e.,
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1
=2M+ 0| —|, 20
r + (N) (20)
while the outer boundary tends to the value
(6N — 1)L? — 3M?> < 1 )
ry = -M+0(—|. (21)
’ 23NL N

Finally, we conclude the subsection with the claim that
the NEC is never satisfied inside the event horizon of the
non-singular non-rotating black hole spacetime in confor-
mal gravity, except at the center of the spacetime, r = O.
Increasing the values of the parameters L /M and N, the NEC
satisfied region increases, tends to infinity starting from the
event horizon of the black hole.

3.1.2 NEC for rotating black holes in conformal gravity

In the case of the non-singular rotating black hole spacetime
in conformal gravity, the expressions are more complicated,
including the energy-momentum tensor. Therefore, we do not
report the full expressions of the components of the energy-
momentum tensor in this case because of their cumbersome
forms. Full expressions of the energy-momentum tensor in
the polar caps (6 = 0, ) are given in Appendix B.2.

Now we start studying the NEC by checking the behavior
of the energy-momentum tensor near the origin, i.e. inside
the inner horizon. The NEC (13) in the non-singular rotating
black hole spacetime in conformal gravity (8) near the center
of the spacetime takes the form

4a*(N + 1)(a*x>)*N L2
(a2x2 + L2)2N+4

+ L2 —442NEE = D]},

4a*(N + 1)(a2x2)2NL2{ 5 4
(@x2 4 LN @

— L’[x? =2+ 4N (2 = D]},

4a*(N + 1)(a*x>)*N 2
(azxz + L2)2N+4

— L[ =2+ 4NGK2 = D]}, (22)

lim (p + P;) = — (3a%x*(x*> = 2)
r—0

lim (p + P2) =
r—0

{512)c2(3x2 —4)

lim (p+ P3) = —
r—0

where x = cos 6. At the poles of the spacetime, i.e., xr =1,
the above relations take the form
12a*NT2(N + 1)L
(az + L2)2N+3
4a4N+2(N + 1)L2
(a2 + L2)2N+3
= lim (p + P3).
r—0

lim (p+ P1) =
r—0

)

(23)

lim (p + P2) =
r—0

Equation (23) shows that the NEC in the non-singular rotating
black hole spacetime is satisfied (at least) at the center of the
spacetime. Now we want to study the regions where the NEC
is satisfied. As in the non-rotating case, for the rotating one
we have that at large radii the NEC relations tend to zero from

different directions as (15). In this case, p + P> can have two
(r1, r2), or one (r; = rp) positive zeros, or does not have any
zero, i.e., it is positive everywhere in the spacetime. If it has
two zeros: p + P, < O forr € (r,r) and p + P, > 0 for
r € [0, r1]U[ra, +00). If it has one zero or does not have any
zero: p + P> > 0 for r € [0, +00). These cases correspond
to the rotating no-horizon spacetime, a > M 2

p+ Py canhave one (r3), three (r{, 75, r}), or two (r] =r5,
r3) positive zeros. If it has one or two zeros: p + P < 0 for
r € (ry, +00), and p + Py > 0 for r € [0, r5]. If it has
three zeros: p + P, < O forr € (r],r}),and p+ P, > 0
for r € [0, r{] U [r}, r}]. Thus, the NEC is satisfied in the
region r € [0,r1] N[0, r]] U [r2, 4] N [, r3], or, more
precisely, in r € [0,71] U [r2,r5]if r1 < r{ and ra > 1},
r € [ro, r{1U[r2, i) if ri > rj and rp > r}. Moreover, there
are other possible scenarios: r € [0, {1 U [r), r3]if ri > r]
andry < 1y, r € [0, JU[r, rilifrp < rjandry < 7}
which do not exist in our case.

With this result we know that the NEC is satisfied in two
regions: inner r € [0, 71] N [0, r{] and outer r € [r2, 5] N
[ré, ré] branches (regions) in the non-singular rotating black
hole spacetime in conformal gravity — see Fig. 4. The outer
boundary of the inner region of the NEC is defined by the
radius 1. For small values of the rotation parameter a, ry is
small and close to zero. However, increasing the value of the
rotation parameter a, it monotonically increases and never
vanishes. In the absence of a horizon when a > M, and large
values of N, the inner and outer branches of the NEC join,
i.e., r1 and r vanish and the outer boundary of the NEC is
defined by r}, i.e., r € [0, rj]—see the right panel of Fig. 4.
Note that the requirement L/M < 1.2 (valid for N = 1 but
it can easily be extended to higher values of N obtaining a
similar constraint) coming from X-ray data of astrophysical
black holes [11], corresponds to the inner region of the NEC
in Fig. 4.

For large values of the parameter L, Eqgs. (22) are close
to zero. However, still there are regions where the NEC is
violated. In this case, the outer boundary of the outer branch
of the NEC satisfied region, ré, tends to infinity, since ré is
a monotonically increasing function of L. However, other
boundaries tend to a finite value depending on the values of
the parameters a, M, and N. Due to the cumbersome form of
the boundaries: r{—the outer boundary of the inner branch
of the NEC, r,—the inner boundary of the outer branch of
the NEC, we present the results in Fig. 5.

2 For L = 0 (Kerr metric), it is well known that there is no horizon and
we have a naked singularity for a > M. For a non-vanishing L, there
is no horizon too when a > M (because the existence of the horizon is
independent of the value of L), but even the singularity disappears.

@ Springer
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Fig. 4 Plot showing the regions where the NEC is satisfied (shaded regions) at the poles of the non-singular rotating black hole spacetime in

conformal gravity. Here N = 1

Fig. 5 Dependence of the boundaries of the NEC in the regular rotating
black hole spacetime in conformal gravity on the degree N in the large
conformal factor limit. In the left panel we have a/M = 0.3, while in
the right panel a/M = 0.7. Outer r| (dashed curves) boundary of the

The rotation of the spacetime decreases the depth of the
violation of the NEC and if we increase the value of the
rotation parameter, the NEC starts to be satisfied just inside
and outside the Cauchy horizon.

Figure 5 shows the regions in which the NEC is violated
and satisfied for large values of N. In the case of large values
of N, like for the non-rotating case (21), the inner boundary of
the outer branch of the NEC tends to the event horizon, while
the outer boundary of the inner branch of the NEC tends to
the Cauchy horizon of the non-singular rotating black hole,
ie.,

1
r2=M—w/M2—a2+(’)<N>,

1
r3=M+\/M2—a2+O<N>.

(24)

Thus, when the black hole is maximally rotating, a = M, the
two branches of the NEC join.

@ Springer

inner branch and inner boundary r (solid curves) of the outer branch of
the NEC are depicted. In the shaded region the NEC is satisfied, while
in the white region the NEC is violated

3.2 Weak energy condition
The weak energy condition (WEC) can be written as

Tutu’ >0, (25)
where u" is a generic time-like vector. The physical inter-
pretation of the WEC is that the total energy density of all
matter fields measured by any observer traversing a time-like
curve, is never negative. In the LNREF, it corresponds to
p=0, p+P =0 (26)
One can see from (13) and (26) that the WEC requires not
only that the NEC is satisfied, but also that the zeroth com-
ponent of the energy-momentum tensor in the LNRF must
be non-negative. Shortly,

WEC e[p>0NNEC]. 27)



Eur. Phys. J. C (2017) 77:542

Page 7 of 10 542

3.14F 3.4 3.00
3.3¢
i 2.98}
3.12 ol
3.10} a1l 1 206}
%3.08» <§3_0 %2.94»
3.06¢ 17 20 i 7 292}
2.8421 i 1 28t 2.90}
3.00 : , ‘ ‘ : ;; : ‘ ‘ : : 2881 : : : N
“00 02 04 06 08 10 12 <00 02 04 06 08 10 12 00 02 04 06 08 10 12
LM L/M L/M

Fig. 6 Plot showing p > 0 (shaded) region in the non-singular non-rotating black hole spacetime in conformal gravity. The boundary of the white
and blue regions (solid black curve) represents r3 . Here the left, middle, and right panels are for N = 1, N =2, and N = 3, respectively

3.2.1 WEC for non-rotating black holes in conformal
gravity

In Sect. 3.1.1 it has been shown that the NEC in the non-
singular non-rotating black hole spacetime in conformal
gravity is violated. From that fact we can assert that the WEC
is also violated in this spacetime. In this subsubsection we
aim at investigating the regions where the WEC is satisfied.
Note that the WEC satisfied region is equal to the one of the
NEC at most, otherwise smaller (see Eq. (27)).

The 00-component of the energy-momentum tensor, p, is
given in Appendix A.l. The non-negativity of p gives the
following inequality:

r2(r —3M) + L) [M(1 —2N) + (N — 1)r] > 0, (28)

p has always two non-vanishing zeros: r{" = 0 and r5. Com-
bining r{* = 0 with the fact that at the center of the spacetime
the NEC is satisfied, we can assert that at the center of the
spacetime the WEC is satisfied as well.

Moreover, at large distances, p tends to zero with positive
value

lim p = +0. (29)
r—00
This indicates that p > 0 for r € {0} U [rg, +00). Thus, the
inequality p > 0 does not determine the outer boundary for
the WEC and the WEC is satisfied in the region r € {0} U
[r5, 51N [r2, 51N [y, rilorr € (O} U[Max([ra, ry, 131, 5]
In Fig. 6 the behavior of rJ (p > 0) is depicted.

One can see from Fig. 6 that in the case N = 1, r3
increases with L/M, however, in the case of N = 2, ri‘
does not depend on L /M and does coincide with the radius
of the unstable circular photon orbit, rJ = 3M. For the cases
N > 2, r} decreases with L/M. As stated in Sect. 3.1.1
concerning the constraint L/M < 1.2, to have the NEC
satisfied region except r € {0}, N must be N > 6. Thus,
this requires N > 6 for the WEC too. For these values of
N, rik > Max[rp, ré], the WEC is satisfied in the region
re{0}U[r;, sl

3.2.2 WEC for rotating black holes in conformal gravity

In Sect. 3.1.2 the NEC satisfied regions in the non-singular
rotating black hole spacetime in conformal gravity were stud-
ied. Now we do the same analysis for the 00-component of the
energy-momentum tensor, p. The components of the energy-
momentum tensor of the non-singular rotating black hole
spacetime in conformal gravity are given in Appendix B.2.
At the center of the spacetime and spatial infinity, the 00-
component of the energy-momentum tensor, p, tends to the
positive finite value

4a*N (N 4 1)L?

lim p = @+ L2)2N+3
lim p = 40, (30)
r—0o0

p has zero, one (r{ = r3}), and two (], r}) positive zeros
depending on the values of the parameters L, M, N, and a.
If it has one zero or does not have a zero, p > 0 condition is
satisfied everywhere in the spacetime. This case corresponds
to the rapidly rotating black hole, 0.8 M < a < M, orrotating
no-horizon spacetimes, a > M. If p has two zeros, the p > 0
condition is satisfied in r € [0, rik] U [ri‘, +00). Thus, as in
the non-rotating case, in the rotating case, p > 0 does not put
the upper boundary on the WEC. By combining the condition
p > 0 with the NEC we obtain the WEC satisfied region r €
[0, r1N[0, r11N[0, r{1U[ra, r51N[r5, r510[r3, r5]. Analysis
have shown that | > ry, r| and r} < ry, r. Therefore, the
WEC in the rotating regular spacetime in conformal gravity
is satisfied in the region where the NEC is satisfied.

3.3 Strong energy condition

The strong energy condition (SEC) implies

1 v
Ty — ETg,w utu’ > 0. 31

In the LNRE, it assumes the form

3
p+> P =0. (32)
i=1
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Fig. 7 Dependence of inner boundary of the SEC (r2) in the non-
singular non-rotating spacetime in conformal gravity on the parameters
L and N

Below we check the SEC in the non-singular non-rotating
and rotating black hole spacetimes in conformal gravity.

3.3.1 SEC for non-rotating black holes in conformal gravity

The sum of the components of energy-momentum tensor in
the non-singular non-rotating black hole spacetime in con-
formal gravity is given by

3 2,4N-3
12NL*r
Pt ; P = 2 + L2)2N+2 33)

x [r2(r —4M) — L>(AMN + r — 2Nr)],

P+ 21‘3:1 P; has two zeros, ri = 0 and r,, independently of
the values of the parameters L and N. p + Z?:] P; <0 for
re(0,rm)and p+ Y5, P > 0forr € {0} U[r, +00).
We do not write here the full expression of r, because of
its cumbersome form, but we show its dependence on the
parameters L and N in Fig. 7.

The SEC is satisfied in the region r € {0} U [rp, 00). The
size of the region increases for larger values of L and N.

As we can see from Fig. 7, if we increase the values of L
and N, the inner boundary of the SEC region, r», decreases.
For large values of L, it tends to the finite value

AMN 1
_ o(=). 34
=it <L2> (34)

For large values of N, as in the case of the NEC and WEC,
rp tends to the event horizon of the black hole

1
r,=2M+O (ﬁ> . (35)

In the large N limit, the only difference between the SEC
region and the NEC/WEC region is that the outer boundary
for the SEC region is not finite.

@ Springer

3.3.2 SEC for rotating black holes in conformal gravity

In the case of rotating black holes, p + Z?:l P; can have
two zeros, r; and r». In the r — 0 limit, we find

3 AN4272
. 12(N + Da L

which is positive. p + Z?Zl P; may have zero, one (r; = r2),
ortwo (r1, r2) zeros. If it has no zero or one zero, p+ 21'3:1 P;
is positive everywhere in the spacetime, i.e., the SEC is satis-
fied everywhere in the spacetime and this case corresponds to
the extremal rotating regular black hole spacetime, a ~ M,
and the no-horizon spacetime, a > M. When p + Z?:] P;
has two zeros, the SEC turns out to be satisfied in the region
r € [0, r1] U [r2, +00). For the small values of the rotation
parameter rq is close to zero and r; is close to4M for N = 1.
With increasing value of the rotation parameter r; increases
and rp decreases. In Fig. 8, the regions where the SEC is
satisfied are depicted.

One can see from Fig. 8 that increasing the values of the
parameters L and N, the values of the boundaries r| and r,
decrease. Note that r, reaches its maximum, r, — 4M, when
the black hole is slowly rotating with small value of L.

For large values of the parameter L, r; and r, tend to
finite values. In Fig. 9, we show their behaviors in terms of
the parameters a and N.

For large values of N, r; and r, tend to the Cauchy and
event horizons of the rotating black hole, respectively, as in
the case of the NEC and WEC

rl:M—\/m—i—O(%), (37)
rzzMwmw(%). (38)

If p + Z?zl P; has no zeros, the SEC is satisfied every-
where in the spacetime. This corresponds to the spacetimes
without horizon (a > M). Thus, the rotation of the spacetime
not only violates the energy conditions if they are satisfied
when the spacetime is not rotating [14—17], it increases the
possibility of satisfaction of the energy conditions if they are
violated when the spacetime is non-rotating.

4 Conclusion

In this paper we have studied the energy conditions of the
non-rotating and rotating singularity-free black hole space-
times found in Refs. [6,7]. More precisely, we have stud-
ied the energy conditions of the effective energy-momentum
tensor generating this family of metrics assuming Einstein’s
equations.
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Fig. 8 Dependence of the boundaries of the SEC in the regular rotating
black hole spacetime in conformal gravity on the dimensionless param-
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Fig. 9 Dependence of the boundaries of the SEC in the regular rotating
black hole spacetime in conformal gravity on the dimensionless param-
eter N in the large L limit. Here we have a/M = 0.5 (left panel) and

In the presence of conformal symmetry, all the confor-
mally equivalent metrics describe the same physical space-
time. If conformal invariance is a fundamental symmetry of
Nature, it must be broken, because the Universe is not confor-
mally invariant. In the broken phase, some mechanism should
select the true vacuum, and only one of the infinite solutions
becomes the physical metric. However, we do not know cur-
rently how this can work. In this paper, we have studied the
energy conditions of the effective energy-momentum tensor
of these spacetimes to explore if we can use the energy con-
ditions as a selection criterion to find the true vacuum, or at
least to find the class of vacua the true vacuum may belong
to. This is presumably the most general approach we can
employ if we do not want to limit our discussion to a specific
conformal gravity theory.

The NEC and the WEC are always violated near the cen-
ter, near the (Cauchy and event) horizons, and at infinity. The
SEC can be satisfied everywhere if the spacetime has no hori-
zon, namely when a > M. Unfortunately, it does not seem

4.0 : : : : :

15F ]

T S —— S

030 02 04 06 08 10 12
L/M

the right panel a/M = 0.7 and N = 5. The plots also show r; (dashed
curve) and ry (solid curve). In the shaded region, the SEC is satisfied,
while in the white region the SEC is violated

20K .
1.8L
16f ]
14f ]
12f ]
1.0F s ]
0.8f ]
0.6f -4

a/M = 0.8 (right panel). The plots also show r| (dashed curve) and
ry (solid curve). In the shaded region the SEC is satisfied, while in the
white region the SEC is violated

to be possible to find a proper combination of N and L to
satisfy some energy condition. Note that the vacuum solu-
tions of Einstein gravity, namely the Schwarzschild and Kerr
metrics, are recovered for L = 0. However, these spacetimes
are singular at the center. For a non-vanishing L, the space-
times are regular everywhere, but the energy conditions are
violated. This is true for any finite value of L.

The parameter L is already constrained to be of order M
or less from astrophysical data of black hole candidates [11].
With such a constraint, it seems that the “best spacetimes”,
namely those with minimum violation of the energy condi-
tions, are the spacetimes with very large N. In these space-
times, all the energy conditions are almost satisfied in the
exterior region (outside of the black hole). While such a selec-
tion criterion based on the energy conditions of the effective
energy-momentum tensor should be taken with great caution,
our conclusion is that Nature may prefer a spacetime with a
large N as the true vacuum.
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Appendix A: Energy-momentum tensor in the non-
singular non-rotating black hole spacetime

NL2r4N_3
- 27-[(,,2 4 L2)2N+2
x [F2(r = 3M) + L>(M — 2MN + (N — D)r)],
NL2r4N73
- 27.[(,,2 4 L2)2N+2

x [(3M —2r)r2 + L23M(1 — 2N) + 3N — 2)r)] ,

(A.1)

NL2r4N—3
- 27.[(,,2 4 L2)2N+2

x [2r2(r —3M) + L*(Nr —2M(N + 1))] = P.

Appendix B: Energy-momentum tensor in the orthonor-
mal tetrad frame (ZAMO)

The expressions of the non-vanishing components of the
energy-momentum tensor in the orthonormal tetrad (LNRF
or Zero Angular Momentum Observer (ZAMO) frame) (10)
in the polar caps, 8 = 0, 7, is given by
(N + DL (r* +a*)*N! {
= a
27 (r? + a2 + L2)2N+4
+72[r*(r —3M) — L*(M +2MN — Nr)]
+a*r[3r® + L*(3M +r + Nn)l},

S+ a'lL? +3r(M +1)]

@ Springer

po N DL2(r* +a?)*NV ! (2a
27 (r2 4+ a? + L2)2N+4

+a*2L% + r(M +2r)] + r[3M = 2r)r?

+L*(=3M — 6MN +r +3Nr)]

+a*r[22M — r)r* + LY (M + 3(1 + N)n)l},

(N4 DL 4 a2V !
2T 2Rl 4 al f L2)2N+4

+a’[=2(M = 2r)r* + L*(4M +r + Nr)]
+r22r*(r —3M) + L*(r + Nr
—2MQ2+ N)]} = P3.

(B.2)

(2a*2M +r)
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