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Abstract: We briefly overview the basic properties and generic behavior of circular equatorial particle
orbits and light rings around regular rotating compact objects with dark energy interiors, which
are described by regular metrics of the Kerr-Schild class and include rotating black holes and self-
gravitating spinning solitons replacing naked singularities. These objects have an internal de Sitter
vacuum disk and can have two types of dark interiors, depending on the energy conditions. The first
type reduces to the de Sitter disk, the second contains a closed de Sitter surface and an S surface with
the de Sitter disk as the bridge and an anisotropic phantom fluid in the regions between the S surface
and the disk. In regular geometry, the potentials decrease from V(r) — co to their minima, which
ensures the existence of the innermost stable photon and particle orbits that are essential for processes
of energy extraction occurring within the ergoregions, which for the second type of interiors contain
the phantom energy. The innermost orbits provide a diagnostic tool for investigation of dark interiors
of de Sitter-Kerr objects. They include light rings which confine these objects and ensure the most
informative observational signature for rotating black holes presented by their shadows.

Keywords: de Sitter—Kerr black hole; de Sitter—Kerr soliton; the innermost orbits; light rings; black
hole shadows

1. Introduction

Astronomical data persistently testify that our universe is dominated by about 75%
dark energy, described by the equation of the state p = wp with w < —1/3, which

guarantees accelerated expansion. The best fit, w = —1 [1,2], represents the cosmological
constant A, corresponding to the vacuum density pyac = (87G)!A.
The dominant role of a cosmic dark energy, p = —p, p = (87t1G) "' A, responsible for

the first inflation in the universe’s evolution [3], as well as for a non-zero cosmological
constant today [2,4,5], was confirmed by the CMB measurements [6] combined with baryon
acoustic oscillations (BAOs) data [1] and la-type supernovae (SNe) data [7,8], which gave
the current value w = —1.06 £ 0.06 at 68% CL [1,2], where w is the equation of the state
parameter inw = p/p.

Dark energy models in modified gravity theories were reviewed in [9] for the f(R),
f(G) and f(R, G) gravity, for modified gravity with nonlinear gravitational coupling and
string-inspired theory with Gauss—-Bonnet dilaton coupling in the late universe, where they
lead to accelerated expansion. A detailed review of f(R) theories is presented in [10], and
the history of the universe’s evolution in modified gravity is presented in [11].

Various dark energy models have been developed, describing evolution between
a large value of the cosmological constant, required by the first inflation, and its small
presently observed value ([2,12]) and the references therein).
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Model-independent analysis of a dark energy evolution based on the BAO data [1]
distinguished theories in which the cosmological constant A relaxes from a large initial
value [13].

In our papers, we studied the relaxation of the cosmological constant, including the
initial, final and intermediate (if necessary) de Sitter stages [14-19], in the frame of the
model-independent, self-consistent approach, which introduces vacuum dark energy in a
general setting on the basis of the algebraic classification of the stress—energy tensors re-
sponsible for the spacetime symmetry and allows for an intrinsically variable cosmological
constant [20,21].

Remarkably, a similar story with A relaxation occurs within regular compact objects
with de Sitter vacuum interiors. These include regular black holes, their remnants and self-
gravitating solitons called G-lumps (replacing naked singularities), which are non-singular,
non-dissipative compact objects without horizons [21,22] classified as physical solitons in
accordance with the definition of Coleman lumps [23] (for a review, see [24]).

The key point is that although the quantum field theory does not contain an appro-
priate symmetry to vanish the cosmological vacuum density p or to reduce it to a certain
non-zero value ([17,25] and the references therein), such a symmetry does exist as the
spacetime symmetry, provided by the algebraic structure of stress—energy tensors, which
determine the spacetime geometry as the source terms in Einstein equations.

The algebraic classification of stress—energy tensors [26,27] allows for a model-independent
definition of a vacuum as a medium by the algebraic structure of its stress—energy tensor [20,28]
and admits the existence of vacua whose symmetries are reduced in comparison with the
maximally symmetric de Sitter vacuum T,i = Pvac(szi (p = —poac; Pvac = const by T,i;l- = 0).
A vacuum with a reduced symmetry [20,28] keeps the Lorentz invariance in certain spatial
directions (py = —p; & = 1,2), presents an anisotropic vacuum’s dark fluid [21] and describes
an anisotropic vacuum’s dark energy, which evolves over time and is spatially inhomogeneous,
by virtue of T,i,l. = 0. In the spherically symmetric case, its stress—energy tensor has the
algebraic structure

1) =T} @

where T) = p; T} = p, = —p; T3 = T3 = p, = —p —rp’ /2 and the dynamical cosmological
constant is presented by its variable T component [20].

The spherically symmetric solutions to the Einstein equations with stress—energy
tensors specified by Equation (1) and satisfying the weak energy condition (WEC), which
ensures a positive energy density for any local observer, dependent on the coordinate
mapping or cosmological models, describe regular compact objects with A relaxing from
the de Sitter vacuum and spacetime symmetry changing from the de Sitter group.

The mass of these objects M = 47 fooo p(r)r?dr is related to the de Sitter vacuum
and breaking of the spacetime symmetry from the de Sitter group [29,30], and it can be
presented as M = (471/3)pordry = (471/3)por3, where ry = 2GM, pg = p(r — 0) and
ro = (3/(87mGpy))1/2. The length scale r; = (r3rg)!/3 is characteristic for the de Sitter—
Schwarzschild geometry, matching the Schwarzschild exterior to the de Sitter interior
directly [31] or continuously [28].

The underlying hypotheses predict the appearance of a de Sitter vacuum instead of a
singularity as a result of self-regulation of the geometry by vacuum polarization effects [31],
of achieving the limiting curvature at the Planck scale [32], and of symmetry restoration for
the de Sitter group at the GUT scale (as the process reverses to symmetry breaking), which
prevents formation of a singularity under negative de Sitter pressure [28,33]. Formation
of the de Sitter core in place of the Schwarzschild singularity was reported in the frame
of the loop quantum gravity [34,35], renormalization group improvement [36] and non-
commutative geometry [37].

Spherical solutions specified by Equation (1) belong to the Kerr-Shild class [38] and
can be transformed to axially symmetric solutions by the general approach developed by
Giirses and Girsey [39], which includes the Newman-—Janis algorithm [40] and is usually
applied for obtaining regular solutions which describe rotating black holes [41-50] (for
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a reccent review, see [51]). The de Sitter center becomes the equatorial de Sitter vacuum
disk, which is the generic constituent of all regular rotating black holes and spinning
solitons [51-54].

Energy conditions distinguish two types of dark interiors for regular rotating de Sitter—
Kerr compact objects [55]. The first reduces to the de Sitter vacuum disk and satisfies the
WEC. The second type contains a two-dimensional closed version of the de Sitter vacuum,
called the S surface, with the de Sitter disk as a bridge. The regions between the S surface
and the disk contain a phantom energy and violate the WEC [51,54]. Phantom energy,
originally introduced by the equation of the state p + p < 0 [56] (for a review, see [57]),
in the case of rotating objects with the second type of interior, is intrinsically anisotropic,
where p, = —p; p| +p < 0[55].

The geometry of rotating black holes contains the ergosphere, which confines the er-
goregion where the mechanism extracts the rotational energy (for a topical review, see [58]).
For the regular de Sitter—Kerr geometry, we expect that the processes of energy extraction
would involve an additional vacuum and phantom energy [53,54]. A spinning soliton
can have two ergospheres and an ergoregion between them or one ergosphere and an
ergoregion beyond it [54]. For solitons with the second type of interior, a phantom region
is not screened by the event horizon, which strongly facilitates extraction of phantom
energy [54,55].

In this paper, we briefly overview the circular equatorial orbits around de Sitter-Kerr
objects with special attention directed toward the innermost orbits, which can be involved
in the processes of energy extraction from their ergoregions and are essential for their
observational signatures.

The innermost circular particle orbits around regular rotating black holes were pre-
sented for two particular solutions with an electric and magnetic charge in [59,60]. Time-like
and null geodesics for the Hayward black hole [61] are presented in [62], and the difference
in particle orbits from those for the Kerr black hole is considered in [63].

A systematic study of spherical orbits around the Kerr black hole was presented
in [64]. The conditions for existence of the stable circular and spherical orbits, including the
innermost stable circular orbits and marginally stable spherical orbits, for charged particles
in the Kerr-Newman spacetime with cloud strings, quintessence and an electromagnetic
field were studied in detail in [65]. The motion of charged particles in the field of deformed
Schwarzschild black holes with external magnetic fields in modified theories of gravity
was studied in [66]. The chaotic motion of a charged particle in the magnetized modified
Schwarzschild spacetime was analyzed in [67], where it was shown that the chaos strength-
ens with an increasing modified gravity parameter and weakens with increasing particle
angular momentum [67]. In [68], it was shown that chaos for charged particles is facilitated
in the accelerated universe, namely in the Reissner-Nordstrom—de Sitter spacetime, but
does not occur in the Reissner-Nordstrom anti-de Sitter spacetime. In [69], the authors
compared the stable circular orbits and innermost stable circular orbits of charged particles
for a Balart-Vagenas regular black hole [44] and a Reissner-Nordstrom black hole, and
they showed that the differences are relatively minor.

The spherical photon orbits around a Kerr black hole were presented in [70], while
those for Kerr-like black holes were presented in [71], and those for extreme Kerr—-Newman-—
AdS black holes were presented in [72]. Stable photon orbits in stationary, axially symmetric
electrovacuum spacetimes were studied in [73]. The question of stability of the light
rings around spherical compact objects was addressed in [74,75], and that for the axially
symmetric case was addressed in [76-79].

In our paper [80], we carried out general analysis and classification of the equatorial
circular orbits around de Sitter—Kerr compact objects, including detailed analysis of the
innermost orbits, which provided a diagnostic tool for investigation of their dark interiors.
We studied, in general, the settings for the typical behavior and locations of the light rings,
formed by closed photon orbits responsible for such informative observational signatures
of a black hole as its shadow, and showed that all compact de Sitter—Kerr objects can be
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classified as ultra-compact objects [80], defined as the self-gravitating structures confined
by the light rings ([77,81] and the references therein).

Section 2 presents the internal structure of de Sitter-Kerr black holes and solitons. In
Section 3, we overview the circular equatorial particle orbits and light rings, including
detailed information about the innermost orbits. Section 4 is devoted to the observational
signatures of de Sitter—Kerr compact objects related to their GUT interiors, as well as the
observational signatures of de Sitter-Kerr black holes provided by the shadows formed by
the innermost photon orbits. Section 5 contains the conclusions.

2. Internal Structure of de Sitter-Kerr Compact Objects

The regular solutions to the Einstein equations include the axially symmetric solutions
obtained from the spherically symmetric solutions of the Kerr—Schild class, which are
specified by the algebraic structure of their source terms (Equation (1)) and described by
the metric [38]

ds* = g(r)dt*> — g(r)tgr* — r2dQY%; g(r) =1— ﬂr(”); M(r) =4n /Or o(x)x%dx (2)
where §(r) is a spherical density profile. All regular spherical solutions of the Kerr-Schild
class have the de Sitter centers if their source terms (Equation (1)) satisfy the WEC [29,82].

The spherical solutions of the Kerr-Shild class (Equation (2)) are transformed to the
axially symmetric solutions while applying the Giirses-Giirsey approach [39] based on the
complex Trautman—-Newman translations, which include the Newman-Janis algorithm that
is usually applied for constructing new axially symmetric solutions (for a review, see [51]).
In the Boyer-Lindquist coordinates and in the geometrical units c = G = 1, the axially
symmetric metric reads as follows [39]:

_2f-%
S

daf sin® 0
=

2fa?sin’ @

ds? dtdg + <r2 +a%+ z) sin? dp? (3)

dr> + %drz +3de? —

A =7 +a = 2f(r); f(r) = rM(r); £ =1 + a? cos’ )

where 4 is the specific angular momentum. The Boyer—Lindquist coordinates are related
to the Cartesian coordinates x,y,z by x2 + y*> = (2 +a2)sin®6; z = rcos6. The master
function f(r) = rM(r), relating an axial solution with an original spherical solution, tends
to be in the limit from r — oo to f(r) — Mr and describes the Kerr metric. The mass
parameter M = 47 fooo p(r)r?dr comes from a spherical solution and is related to breaking
the spacetime symmetry from the de Sitter group in the origin [29,52]. For r — 0, the
master function behaves as f(r) = r*/ 2r3; 3 = 3/87p(0) and represents the de Sitter
metric. The dimensionless parameter which characterizes the Sitter—Kerr compact object is
Xg =Tg /10.

In the axially symmetric geometry, the surfaces of a constant r are the confocal ellipsoids:

(P 22— at)r? —a?? =0 ®)

For r = 0, these ellipsoids degenerate to the equatorial disk [83]:
24y <a? z=0. (6)
The de Sitter-Kerr spacetime can have at most two horizons defined by A(r4,r_) = 0:
ro=M@r) VM2 —a2 re = M(rs) @)

where r is the event horizon, ¥_ < r is the internal Cauchy horizon, and r+ is the double
horizon of the extreme black hole with a = a4, = M(ry) = r1 [53,54].
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The ergospheres are defined by gy = r2 + a?cos? 6 — 2f(r.) = 0, having confined
ergoregions with gy < 0, which provides the possibility of energy extraction. Black holes
have one ergosphere and ergoregion above the event horizon 7. Solitons can have one
ergoregion between two ergospheres or one ergosphere and ergoregion involving the whole
interior [54].

The density p(r, ), radial pressure p,, and transversal pressure p | (r,60) (eigenvalues
of a stress—energy tensor in the co-rotating frame with the angular velocity w(r) = u? /u' =
a/(r* + a*)) present an intrinsically anisotropic dark fluid [21,54]:

4 4 2 2 3
p0) = 2000 b= p1(08) = (g2 - )o0) = 3000 ®

On the equatorial disk in Equation (6), the equation of the state takes the form

pL=pr=—p )

and describes the de Sitter vacuum p = —p in the co-rotating frame.
Equation (8) gives the basic relation for investigation of the deep interiors of de
Sitter-Kerr objects, depending on the energy conditions [53,54]:

rlo'| 4 2 2¢2
pr=-p: pL+p= 752 S(r,z); S(r,z) =v*—z"P(r); P(r) = W(p—pj_). (10)

If an original spherical solution violates the dominant energy condition (DEC), which
requires p > p,, then an axial solution satisfies the WEC (which requires p + p, > 0), and
the deep interior is presented by the de Sitter vacuum disk [53,54]. The first type of interior
is shown in Figure 1 (left) together with the horizons and the ergosphere [54].

po+p<0 pt+p=0

Figure 1. The first type of interior, horizons, and ergosphere (left) and second type of interior (right).

If a spherical solution satisfies the DEC, then an axial solution contains an additional
closed de Sitter surface (S surface) with the de Sitter disk as the bridge [53]. In the regions
between the S surface and the disk, the WEC is violated (p | + p < 0), which is identified as
a phantom fluid with p| < —p [54] (for a review, see [51,84]). The second type of interior is
shown in Figure 1 (right) [54], where 7, is a model-dependent regularization parameter [54].
The location of the & surface with respect to the ergospheres, depending on the basic
parameter xo = 7¢/70, is shown in Figure 2 [80] for two values of the angular momentum a.

In the soliton field, with an increase in its angular momentum a above a certain value
dependent on the density profile, the ergoregion, open for a distant observer, includes
increasing parts of the phantom region, which provides the mechanism for extraction of
phantom energy in addition to the rotational energy [53,54].
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Figure 2. S surface, horizons, and ergospheres for 2 = 0.314 (left) and a = 0.4 (right).

3. Circular Equatorial Orbits and Light Rings

In regular geometry, the potentials decrease from V(r) — oo to r — 0, which provides
the existence of the innermost stable orbits for particles and photons in their first minima.
The behavior and characteristics of orbits depending on a have been studied by
analysis of the curves r(a) defined parametrically by the orbit equations as f(r,a) = 0 [80].

3.1. Particle Orbits
The particle orbits are described by the equation — for time-like geodesics [83]:

A 2M

L? — a’E?)
2 o

2 =E2—Vpy(r); Vp(r) = (Lfaﬂ2+( (11)

72
where E and L are the integrals of motion on the orbit: the energy and the projection of the
angular momentum on the z—axis, respectively. The potential V,, decreases as a?/r?.

Marginally bound orbits are the limiting orbits defined by E? = 1 [83]. The innermost
stable and direct marginally bound orbits exist in the minima of the potentials (V, = 0),
described by [80]

M2+ M —AMPr — > (M — M'r) F4aMV/ Mr — M'r2 =0 (12)

where an upper sign refers to the retrograde orbits and the lower sign to the direct orbits.
By differentiating the orbit equation (Equation (12)) with respect to r and a, we find the
equation for a curve r(a) which determines the behavior and characteristics of orbits: [80]

[(M = M'r)(8Mr —1?) — 4a(2Mr — M1V M/r — M’

_ 2aM(M - M'r + M"v?)
VM/r—M
= —rdMVM — M'r — 2a(M — M'r)]da. (13)

Detailed analysis of the curve r(a) [80] showed that the innermost stable, marginally
bound orbits approach the branching point on the double horizon r = r4 from the soliton
region with dr/da < 0 and a > ag,. At the stable orbit r = r4, the curve r(a) changes
its direction to dr/da > 0 and continues along the additional branch of stable orbits
unless it meets the next branching point, which is the degenerate orbit (V" = 0), where it
changes the direction to dr/da < 0 and continues on the branch of unstable orbits with
an increasing radius 7, which should have (and has) the same behavior as the Kerr orbits,
where dr/da < 0 [83]. The marginally bound orbits are shown in Figure 3 (left) [30].

+3a2(M — M'r) + a®> M"'r* + M"+*dr
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Marginally stable orbits satisfy the equation V' = V" = 0 and form the next group of
limiting orbits. Analysis of their behavior has been studied by applying the orbit equation
in terms of the metric function g(r) = 1 — 2GM(r)/r, which reads as follows [80]:

a*(rg" — ¢') F8arg'\/rg' /2 + rgg" +3r2¢¢’ —2r3¢"* = 0. (14)

An upper sign in Equation (14) refers to the retrograde orbits, while a lower sign refers
to the direct orbits. Detailed analysis of Equation (14) has shown that there are no direct
innermost orbits with dr/da < 0 in the soliton region with a > a4, and r < r+. Instead, in
this region, there exist the retrograde innermost orbits.

The branch of direct, marginally stable orbits begins on the double horizon, which
is the degenerate (V" = 0) orbit r = r4 at a = ag, which continues in the soliton region
with v > r4,a > ag,, and dr/da > 0 and goes toward a branching point 7y, ;s > r+ at
Ay ms > g, Where it changes its direction to dr/da < 0 and then follows the asymptotic
Kerr branch with dr/da < 0. Marginally stable orbits are shown in Figure 3 (right) [80].

Xg=7.489 Xg=7.489

retrograde
5t
4r retrograde
direct
~ 3 ~

ol direct

ergosphere ergosphere
e

0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
a a

Figure 3. Dependence of radii on a for the marginally bound orbits (left) and for the marginally
stable orbits (right), where xg = r¢ /7.

3.2. Light Rings
Closed photon orbits are described by the null geodesics: [80]

2M(r)

73

2 _ 212
(L—app 4+ L—7E) > B (15)

P=E =V (r) =0 Vy(r) =~

The potentials V,(r) in the regular geometry essentially behave different from those
in the Kerr geometry; they decrease from V., (r) — co to r — 0, which ensures the existence
of the innermost stable orbits in their first minima.

Light rings are presented by the closed photon orbits, which are determined by the
zeros of the potential derivative [80]:

2

Vi) = |- 5 -+ 50

4

2M(r)
3

(L —aE)? - (L—aE)?| =0.  (16)
Equations (15) and (16) allow one to express the integrals of motion E and L as
dependent on the radius r and obtain the general equation which governs the photons’

orbits [80]:
P2 M2 3 M2 F 20/ M — My =0 (17)
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where an upper sign corresponds to a retrograde orbit (counter-rotating light ring) and a
lower sign corresponds to a direct orbit (co-rotating light ring). For M = M = const, this
equation coincides with the relevant equation in the Kerr metric [83].

The behavior and characteristics of orbits have been studied by detailed analysis of
the curve r(a), defined parametrically by the orbit with Equation (17), which gives the
following basic equation [80]:

dr 4/ Mr — M2 a8)
da 3A + 4M"2 — (4aM"12) | (V Mr — M'12)

For direct orbits, the curve r(a) has two branching points, with the first on the double
horizon ry for a = agy, and the next at ry,, > r4 for ay., > agy,. In the black hole region
(a < agy), there exists one branch of unstable retrograde orbits with dr/da > 0 and one
branch of direct orbits with dr/da < 0, which can be stable or unstable dependending on
the density profile (mass function). In the soliton region, for a4, < a < ay,,, there are three
branches of direct orbits and one branch of retrograde orbits. For a = a;,,, there are two
direct orbits and one retrograde orbit. For a > a;,,, there are the innermost stable direct
orbits and unstable retrograde orbits. The existence of light rings around de Sitter—Kerr
black holes and spinning solitons identifies them as ultra-compact objects defined as self-
gravitating objects with light rings [81]. The light rings are shown in Figure 4 (left), and
their enlarged image in the vicinity of the double horizon is shown in Figure 4 (right) [80].

xX,=7.489

N 3 retrograde - ~

direct

ergosphere

0.0 0.1 0.2 0.3 0.4 0.5 0.26 0.28 0.30 0.32 0.34

Figure 4. Photon orbits, horizons, and ergospheres depending on a (left) and their enlarged image
near the double horizon (right), where x¢g = r¢ /7.

Around the soliton, for a > ay, there were three co-rotating light rings: the innermost
stable light ring, the additional co-rotating light rings, which were stable or unstable
depending on the density profile, and the degenerate (V,(r)" = 0) co-rotating light rings on
the way to the asymptotic Kerr branch of unstable light rings. Appearing here in a natural
fashion were degenerate light rings (transitional between stable and unstable orbits), which
confirmed the prediction in [74] for the existence of degenerate light rings for a certain class
of spherical ultra-compact objects, and this was extended to the general axially symmetric
case of regular de Sitter-Kerr ultra-compact objects [80].

3.3. All Limiting Orbits

Three limiting orbits include the innermost particle orbits (marginally stable and
marginally bound) as well as the innermost proton orbits. All of them exist as direct
innermost orbits on the double horizon r = r at a = ag;,, which is the branching point
on the curves r(a) for the photon orbits and marginally bound orbits, where they change
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their directions from dr/da < 0 to dr/da > 0. Marginally stable innermost direct orbits
with ¥ < r4 do not exist for a > ayy,; instead, they begin on the double horizon r = r4.
The innermost marginally stable orbits in this range of parameters are presented by the
branch of retrograde orbits, which starts at a certain value r < r+ with dr/da > 0 and
continues with r increasing very slowly as a increases [80]. All the innermost direct orbits,
after leaving r = ry, arrive at their branching points, which are r, , > 74, for the photon
orbit, 7y, yp > 73y o for the marginally bound orbits, and 7y, 16 > 73y iy for the marginally
stable orbit. Each of them changes in direction from dr/da > 0 to dr/da < 0 and arrives at
the asymptotically Kerr branches of unstable direct orbits.

In Figure 5 [80], we show all the innermost orbits (left) and an enlarged image of the
direct innermost orbits in the vicinity of the double horizon (right). The photon orbits are
marked with (1), the marginally bound particle orbit is marked with (2), and the marginally
stable orbit is marked with (3).

1.4F

@

x,=8.546

retrograde

G

direct

0.8

(U . . . . K 0.6, . . . J
0.0 0.1 0.2 03 0.4 0.5 0.26 0.28 0.30 0.32 0.34

a a

Figure 5. Limiting orbits in the de Sitter—Kerr geometry depending on a (left) and an enlarged image
near the double horizon (right), where x¢ = r¢ /70.

Pictures illustrating the generic properties of the geometries and behavior of orbits
have been plotted for the exact axially symmetric solution [53,54], which were obtained from
the spherical solution with the phenomenologically regularized Newtonian profile [54]:

1/3
. B? B2, ., 4r%rg 4\ 1/3
P=lagap W= 3 B =hre o= 5 = <3n> rs o (19)

where r; = (r(%rg)l/ 3 is the characteristic length scale for geometries with the de Sitter
interiors. The sperical metric function ¢() and the mass function M (r) are [54]

B 2rq r e\ _1g r Ty
g(r)=1- — (arctan ), M(r) = p (arctan ) (20)

ro 1243 ro 12472
The regularization scale r, is directly related to the zero-gravity surface at which the

strong energy condition is violated and the gravitational acceleration becomes repulsive,
where § + Y fr = 0 — pora(r?> —12) /(1> +712)3 = 0.

4. Observational Signatures

Primordial regular black holes, their remnants, and self-gravitating solitons are con-
sidered heavy dark matter candidates [85] which are generically related to dark energy due
to their de Sitter and phantom interiors (for a review, see [24]). Their specific observational
signatures are provided by their de Sitter vacuum interiors. At the GUT energy scale, the
baryon and lepton numbers are not conserved, and this can lead to induced proton decay
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in an underground detector. In the 1 km? detector, as in the IceCUBE, one can expect up to
300 events per year [85].

Particles and photons on the innermost orbits, located in the ergoregions, can partici-
pate in the processes of extraction of energy from the internal regions of rotating objects,
involving an additional vacuum and phantom energy. In the field of spinning solitons, this
process can essentially be strengthened by the absence of event horizons [80,86].

Information on the interior structure of a regular rotating black hole can be obtained
from the direct observation of its shadow, which presents a black hole image as a dark
spot over an image of the remote source of radiation. The shadow boundary is formed
by the photon orbits close to their gravitational capture cross section (see [83,87] and the
references therein).

A black hole’s shadows can be directly observed [88,89], providing information on the
black hole’s parameters [90,91] and its position and motion with respect to an observer [92].
The Kerr black hole’s dependence of the shape of its shadow on its angular momentum
and orientation was studied in [91,93,94]. Observational possibilities have been spectacu-
larly demonstrated by the Event Horizon Telescope Collaboration [95], reporting the first
observation of a black hole shadow in M 87 [96].

Essential constraints on the nature of a black hole, following from analysis of its
shadows, were presented in [91] for several black hole solutions, including those originating
from the Bardeen [97] and Hayward [61] spherical solutions.

Photon rings and shadows for the spherical Schwarzschild-MOG black holes have
been studied in the frame of the scalar-tensor-vector gravity in [98]. The null geodesics,
quasinormal modes and shadows for the Kerr—-Newman-Kiselev-Letelier black hole with
the equation of the state parameter w; = —2/3 = —2/3 are presented in [99].

In [100], corrections to the photon sphere radius and the black hole shadow due to
the cosmological constant were calculated for the standard dark energy action and for the
dark energy action related to a Weyl scaling invariant. An investigation of the shadows
for non-rotating and rotating charged black holes with scalar Q-hair is presented in [101].
It is shown that charged black holes with scalar Q-hair have smaller shadow sizes than
those without Q-hair and that their spin and charge parameters significantly affect the
shadow’s observables, which allows one to distinguish them from the Reissner—-Nordstrom
and Kerr—-Newmann (KN) black holes.

Current possibilities for testing gravitation theories with black hole shadows were
analyzed in [102], as well as for dilaton black holes in [103], for general relativistic transfer
in [104], and for hydrodynamical simulations of black hole accretion in [105], which were
carried out with the Rezzola—Zhidenko parametrization for general metric theories [106]
(for a review, see [107]).

Shadows of de Sitter—Kerr Black Holes

General analysis of the de Sitter—Kerr shadows addressed the questions of the generic
difference between their shadows and that for the Kerr black hole and which is depen-
dent on a shadow for the de Sitter-Kerr black hole for its density profile and its angular
momentum [108].

Basic equations defining the contour of a shadow: The basic parameters characteriz-
ing photon orbits are [83]

¢=L./E; n=Q/E* (21)

where E is the integrals of motion related to the Killing vectors k; = 4 and L, is the
integral of motion related to the Killing vector ky = Jj in the axially symmetric spacetime
(Equation (3)). The integral of motion Q includes the additional quadratic integral of
motion K, given by [83]

K=Q+ (L, —aE)? (22)

which is related to the conformal Killing tensor K,g, existing in spacetimes of type D
according to the Petrov classification (see [83] and the references therein).
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The general equations for the null geodesics reads as follows:

22~2
S = RO =r 4 (@ =)+ [+ () 2M () - ¥y
242 j 2
ZE—S =1+ 4 cos? 0 — & cot® 6; % = Siize + %[ZM(V)V —agl;
Zt 2 .2 1 2 2\2
7 = —asin’6+ K[(r +a%)? — 2aM(r)r¢] (23)

where a dot denotes the derivative with respect to the affine parameter along a geodesic.
For the innermost photon orbits r = const, they give two equations which define the
boundary of the shadow: [108]

R(r) =0; OR/9r =413 +2(a® = & —n)r +2(M + M'r) (55 + (€ —a)* = 0. (24)

Identification of a de Sitter—Kerr black hole by its shadow: The celestial coordinates
(x,y) are introduced as the impact parameters, shown in Figure 6 (left) [108]. These are
related to the orbit parameters (Equation (21)) for the innermost photon orbits, which
form the boundary of the gravitational capture cross section, since photons falling in with
such impact parameters are captured on the closed innermost orbits [83,87]. The celestial
coordinates are defined as follows [108]:

xX=p05 —rzsinzé)i((z(f) _ ¢

N sin 91' !

y=p= rZ(Zf> = :|:\/17 + a2 cos? 0; — &2 cot? 0;. (25)

Here and in Figure 6 (left), 6; is the angular coordinate of an observer, x is the apparent
distance of the black hole image from the symmetry axis orthogonal to it, and y is the appar-
ent distance of its image from the projection on the equatorial plane, which is orthogonal
to it.

The asymmetry of a shadow contour is determined by introducing a fitting circle of a
radius R, with its center denoted by x = x¢, and using the coordinates of an upper point of
the shadow contour (x,y;) and of its left and right end points in the equatorial plane x|,
and xg, respectively. The asymmetry parameter D is defined [90] as the distance between
the right end points of the circle and shadow contour as shown in Figure 6 (right) [108],
where R = xc — x1, R = (x¢ — xt)? +y?,and D = 2R — (xg — x1.). Excluding xc, we
obtain the radius of the fitting circle [108]

R— yi+ (e —x)? (26)
2(x¢ — x1)

and the distortion parameter

_ D 7 (xr—xp)(x —xp)

The impact parameters p |, p|| (celestial coordinates) and the asymmetry parameter D
are shown in Figure 6 (left), where p = , / pi + pﬁ , and in Figure 6 (right), respectively [108].
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8 6 -4 -2 0 2 4
pL

Figure 6. Impact parameters as celestial coordinates (left) and the asymmetry parameter D in the
shadow contour (right).

The integral of motion K, written in the dimensionless form
K=n+@E-a? (28)
depends on the celestial coordinates as

K= ]/2 + (x— as)z; s = sin6;, (29)

which allows one to transform Equation (24) for the shadow contour to the form [108]

_ir?»_ — )y azr 20|,

1
2 _ 22202 2
Yy = Py [411 s7re(r® —2f +a%)

— <r3 —(&4f — flr)r +a*(1 +s2)r +a?(1 - sz)f’>z] (30)

where the distances and mass function are normalized on M, u = M(r)/M, and f = ru(r).
The derivative dy/dx, which is needed to fix the shadow contour, reads as fol-

lows [108]:
dy _ 1 3 o 201 2 /
ydx_as(r—f’){r Af —flryr+a (1 —s)(r+ f)|. (31)
An upper point of the shadow contour r = r; satisfies dy/dx = 0, which gives
i — (4ft — fir)ri +a*(1 = %) (ri+ f{) = 0. (32)
e+ fi 2 21 [ 2 2 2 }
Xt = —as- = ———< |rf +a"(1—s7)]. 33
t " _ft/ Yi (rt _ft/) t ( ) (33)

For an observer in the equatorial plane s = 1, the orbit equations (Equations (32) and (33))

reduce to 3
2au; 2 r

— / — . [ . — t . 4

re —3ur + pere = 0; xy o Y o (34)

For the Kerr black hole, y(r) = 1. In addition, rs = 3, x; = —2a, and yf = 27,in
agreement with [83].
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Y, =
1+

The left and right points of the shadow contour satisfy equation y? = 0, where y? is
given in Equation (30), which defines the shadow contour in the equatorial plane formed
by the innermost equatorial orbit as follows:

2
r (r[l +u'l— 3;:) + 4a? (r[l +u'] - 3;4) —4a®(r —2u) = 0. (35)

Its solution gives the radii of the innermost orbits: [108]

4}, a2 1—2(1+ up)a*/ 2
2t 1- 1—ﬂa—cos 1arccos (4 p)a/ by 2k (36)
R e (T Yo ]

where k = 0,1,2. In the Kerr geometry with p = 1, u;, = 0, and Equation (36) gives, in
agreement with [83], the following;:

2 (-) 2 (+)
=2 [1 + cos 3 arccos a] =Ty =2 {1 + cos 3 arccos(—a)] =Ty (37)

It follows that k = 1 refers to the retrograde orbit and k = 2 refers to the direct orbit.
Hence, in an arbitrary axially symmetric geometry, the general solutions in Equation (36)
present the retrograde orbits specified by k = 1 and the direct orbits specified by k = 2.

For an observer in the equatorial plane, Equations (25) and (28) give
{=xv K'=(x-a? (38)

and the expression for R(r) in Equation (23) reduces to
R(r) =r|rP — (x> — a®)r + 2u(x — a)? (39)

and obeys the system of equations in Equation (24), which is reduced in turn to
P (x®—a®)r+2u(x—a)?=0; 32— (x> —a®)+ 2 (x —a)> =0 (40)
which gives the general constraint on the celestial coordinate x [108]:

1_/
x _ S+ (d—pr §<M_[i

= = 41
a  3u—1+u)r a " 3u-—r a}(Kerr)’ A

while taking into account that y’ o g, and hence ' > due to § > 0. The constraint in
Equation (41) shows that the shadow of the de Sitter—Kerr black hole is less than that of
the Kerr black hole, and the difference depends on its density profile. It also follows that
the gravitational capture cross section—which is responsible for the boundary of the black
hole shadow—for the de Sitter—Kerr black hole is less than that for the Kerr black hole.

By differentiating x and p in Equation (41) and taking into account that y’ o p
and ¢’ < 0 for related spherical solutions satisfying the WEC [29], we obtain dx(3pu —
(14 u')r) «« —r(x —a)|dp|, which testifies that the difference between a de Sitter-Kerr
shadow and a Kerr shadow depends on the pace of the decreasing density profile of the de
Sitter-Kerr black hole in that it is lower for a more quickly decreasing density.

A black hole shadow is formed by the innermost photon orbits. The dependence of
the shadow of a de Sitter-Kerr black hole on its angular momentum a is determined by the
behavior of the curve r(a) for the photon orbits (Equation (18)). In the black hole region,
dr/da < 0, and the orbit radius decreases with increasing black hole angular momentum a.
As aresult, the shadow of the de Sitter-Kerr black hole diminishes with increasing values of
a. This behavior is illustrated by Figures 7 and 8 below and can be seen as a manifestation
of the Lense-Thirring effect (frame dragging).
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Below, we compare the shadows of a de Sitter-Kerr black hole originating from spher-
ical solutions with different spherical density profiles: one with the phenomenologically
regularized Newtonian density profile (Equation (19)) and another with the density profile
for the semiclassical model of vacuum polarization in a spherical gravitational field [28]:

p(r) =poe ™" M(r) = M(1=e /%), 1= (rfrg)/° (42)

which is based on the hypothesis of symmetry restoration at the GUT scale during a
gravitational collapse, when all fields contribute to vacuum polarization and thus to gravity
via the Einstein equations [28,29,82].

In Figures 7 and 8 [108], we show the shadows of the de Sitter-Kerr black hole
compared with that for the Kerr black hole of the same mass, which is plotted with a
dashed line, for both density profiles (Equations (19) and (42)), for two values of the angular
momentum 4. The angle 6; is the angular coordinate of an observer. The characteristic
parameter of the de Sitter—Kerr geometry x, = r¢/7q is chosen to be xg = 20.06.

6 0, =m/2a=03x,=20.6 6 0, =m/2a=03x,=20.6
4 4
2 2
< 0 S|
-2 -2
4 —4
S 0 2 a 0 2 0 2 4
pL pL

Figure 7. Comparison of shadows for the quickly decreasing density (Equation (42)) (left) and for
the slowly decreasing density (Equation (19)) (right) for 2 = 0.3. The observer angular coordinate
91‘ =TT / 2.

o Oi=7/2a=072,=206 o Oi=m/2a=0712,=206
4 4
2 2
< 0 & 0
-2 )
—4 —4
T o 2 4 T 5 o 2 4
pL PL

Figure 8. Comparison of shadows for the quickly decreasing density (Equation (42)) (left) and for
the slowly decreasing density (Equation (19)) (right) for a = 0.7. The observer angular coordinate
91‘ = 7'(/ 2.

The difference between the de Sitter—Kerr shadow and the Kerr shadow was more
significant for the slowly decreasing density (Equation (19)) than for the quickly falling
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density (Equation (42)), which demonstrates the essential dependence of the shadow
boundary on the pace of the decrease in density [108].

The shadows of the black holes, shown in Figures 7 and 8 differed first by the profile
for the pace of the decreasing density of the de Sitter—Kerr black hole. For the quickly
decreasing density (Equation (42)), the shadow of the de Sitter—Kerr black hole practically
coincided with that of the Kerr black hole. Second, the shadow of the de Sitter—Kerr black
hole diminished with an increase in the black hole’s angular momentum.

5. Conclusions

The limiting orbits, presented by the innermost particle and photon orbits, provided
the most informative diagnostic tool for investigating regular de Sitter—Kerr black holes
and solitons.

De Sitter-Kerr black holes and solitons are confined by light rings, which are their basic
constituents formed by the closed photon orbits. This fact identifies them as ultra-compact
objects, defined as the self-gravitating systems with the light rings [81].

Around a de Sitter—Kerr black hole, there exists one co-rotating light ring and one
counter-rotating light ring, in agreement with the results reported in [78] that co-rotating
and counter-rotating light rings “always appear in pairs”. However, the spinning solitons
displayed a more interesting picture: one counter-rotating light ring and up to four co-
rotating light rings. The innermost light rings around de Sitter—Kerr solitons are stable [80].

Direct information about the basic characteristic parameters of a rotating black is
obtained from observations of its shadow, whose boundary is formed by photons captured
on the innermost photon orbits. The detailed analysis of general dynamical equations for
de Sitter—Kerr shadows has shown the following: (1) The shape of the shadow for de
Sitter—Kerr black hole depends essentially on the form of its density profile. (2) The shadow
of the de Sitter—Kerr black hole is less than that for the Kerr black hole of the same mass.
(3) The gravitational capture cross section, which is responsible for the boundary of the
black hole shadow, as that of the de Sitter—Kerr black hole is less than that for the Kerr
black hole. (4) The difference essentially depends on the pace the decrease in the density
profile of the de Sitter—Kerr black hole, which occurs much less for a quickly decreasing
density than for a density decreasing slowly. (5) The shadow for the de Sitter—Kerr black
hole decreases, and its difference with the Kerr shadow increases with an increase in the
angular momentum a [108].

One can expect that the comparison of an observed black hole shadow with that for
a Kerr black hole of the same mass and restoring its density profile from the observed
shadow would give a certain information about the nature of its interior content.

Collisions of particles in the innermost orbits with particles on unbound orbits, when
crossing phantom regions, can boost energy output from the deep interiors of de Sitter—Kerr
ultra-compact objects by involving de Sitter or phantom energy. For spinning solitons,
the processes of energy extraction should be more efficient due to absence of the event
horizons [54,80].
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