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Abstract:
Recent advances in General Relativity point toward unanticipated, and dynamic, relation
universe they inhabit. The possibility for strongly gravitating systems, like astrophysica

cosmology, to directly interact has been dubbed "cosmological coupling.” We focus on
Dark Energy (DE) Spectroscopic Instrument (DESI), which strongly suggest that DE is d:
for the cosmic star-formation rate density as a proxy to BH production, we show that tt
consistent with cosmologically coupled stellar-collapse BHs as the source of DE. The
today, H 0 = 69.94 +/- 0.81 km/Mpc/s, is in excellent agreement with H_ 0 = 69.58 +/- 1
Chicago-Carnegie Hubble Program using Cepheid, Tip of the Red Giant Branch, and J-
distance-ladder calibrations. With DESI Redshift Space Distortions and Year 3 dataset
prospects for further observational confrontation in the near term.
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What is a Black Hole?
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SOVIET PHYSICS JETP VOLUME 22, NUMBER 1 JANUARY,

THE INITIAL STAGE OF AN EXPANDING UNIVERSE AND THE APPEARANCE OF A
NONUNIFORM DISTRIBUTION OF MATTER

A. D. SAKHAROV
Submitted to JETP editor March 2, 1965

J. Exptl. Theoret. Phys. (U.S.S.R.) 49, 345-358 (July, 1965)

A hypothesis of the creation of astronomical bodies as a result of gravitational instability of
the expanding universe is investigated. It is assumed that the initial inhomogeneities arise
as a result of quantum fluctuations of cold baryon-lepton matter at densities of the order of
10% paryons/cm?®. It is suggested that at such densities gravitational effects are of decisive
importance in the equation of state and the dependence of the energy density € on the baryon
density n can qualitatively be described by graphs a of b of Fig. 1. € vanishes at a certain
density n = n,. A theoretical estimate (containing some vague points) yields initial inhomo-
geneities in the distribution of matter which can explain the origin of clusters of 10%2—10
baryons (10°—10°8 M. ). The calculated mass is smaller than that of the galaxies by a factor
of 10°—10%; it is in fact closer to the masses of globular clusters. The hypothesis is pro-
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What is a Black Hole?

ALGEBRAIC PROPERTIES OF THE ENERGY-MOMENTUM TENSOR

the condition u = const, plays the role of the cos-
mological constant, which accordingly can be inter-
preted in the framework of the ordinary formalism
of the general theory of relativity. If, on the other
hand, we cannot neglect the matter other than the
p~-vacuum, the analogy of the y-vacuum density
with the cosmological constant can be maintained
only in so far as the interaction of this matter with
the p-vacuum is unimportant. Otherwise the con-
dition u = const does not hold, and the analogy
with the cosmological constant is destroyed.

The differences between the structure of the
energy-momentum tensor of pu-vacuum and that
for ordinary matter, and the consequent differences
between its equations of motion and its properties
and the equations of motion and properties for
ordinary matter show that if the y-vacuum is real,
then it is a specific form of matter. Since the
equations of the general theory of relativity do not
contain adequate information about the conditions
of transition between different forms of matter,
within the framework of this theory we cannot de-

Pirsa: 24100057

ing of particles of matter are annulled.

This situation is not utterly unrealistic. An
attempt to describe phenomenologically the struc-
ture of an elementary charged particle would lead
to the conclusion that inside the particle there
must be a negative pressure which balances the
electrostatic repulsion. This raises the thought
that in an ultradense state of matter, with the
baryons so compressed that the meson fields
which provide the interaction between them (repul-
sion!) cannot be produced, a continuous medium is
formed in which the conditions correspond to an
attraction between material elements and are de-
scribed phenomenologically by a negative pressure.
For example, such a state might be reached in
gravitational collapse.

It would seem that a negative pressure should
lead to an internal instability, and that if there are
no volume forces of the type of the electrostatic
repulsion it would lead to a contraction without
limit. This is not true, however. Let us assume
that compression actually leads to a negative pres-
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What is a Black Hole?
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General Relativity and Gravitation, Vol. 24, No. 8, 1392

Vacuum Nonsingular Black Holef

Irina Dymnikova!l

The spherically symmetric vacuum stress-energy tensor with one assump-
tion concerning its specific form generates the exact analytic solution of
the Einstein equations which for large r coincides with the Schwarzschild
solution, for small r behaves like the de Sitter solution and describes a
spherically symmetric black hole singularity free everywhere.
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What is a Black Hole? SN ntent

Image Credit: Maeghan LeMay Art, 2015
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Schwarzschild interior solution pressure, rg = 1.2487
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Schwarzschild interior solution pressure, rg = 1.0035
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Schwarzschild interior solution pressure, rg = 1.0492
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Schwarzschild interior solution pressure, rg = 1.0035
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What is a Black Hole?
0000e

Surprise! There's a zoo of Black Hole Models

Non-singular GR black hole solutions with pressure P = —pc? interiors studied for decades:

» Junctionless and Junctioned: Bardeen (1968), Dymnikova (1992),
Visser et al. (2004), Lobo (2006)

» QFT (Horizon free): Chapline, Laughlin“®, et. al (2002); Mazur & Mottola (2015)

> Rotation / Assembly: Chirenti & Rezolla (2008), Uchikata et. al (2015),
Posada (2017), Beltracchi & Gondolo (2019)

LIGO/Virgo consistent: Mimic or indistinguishable from

Schwarzschild/Kerr on the outside
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Surprise! There's a zoo of Black Hole Models

Non-singular GR black hole solutions with pressure P = —pc? interiors studied for decades:

» Junctionless and Junctioned: Bardeen (1968), Dymnikova (1992),
Visser et al. (2004), Lobo (2006)

» QFT (Horizon free): Chapline, Laughlin®, et. al (2002); Mazur & Mottola (2015)

> Rotation / Assembly: Chirenti & Rezolla (2008), Uchikata et. al (2015),
Posada (2017), Beltracchi & Gondolo (2019)

LIGO/Virgo consistent: Mimic or indistinguishable from
Schwarzschild/Kerr on the outside
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PHYSICAL REVIEW D 76, 063510 (2007)

Cosmological expansion and local physics

Valerio Faraoni® and Audrey Jacques”

Physics Department, Bishop’s University, 2600 College Street, Sherbrooke, Québec, Canada JIM 0C8
(Received 7 June 2007; published 24 September 2007)

The interplay between cosmological expansion and local attraction in a gravitationally bound system is
revisited in various regimes. First, weakly gravitating Newtonian systems are considered, followed by
various exact solutions describing a relativistic central object embedded in a Friedmann universe. It is
shown that the “all or nothing™ behavior recently discovered (i.e., weakly coupled systems are comoving
while strongly coupled ones resist the cosmic expansion) is limited to the de Sitter background. New exact
solutions are presented which describe black holes perfectly comoving with a generic Friedmann universe.
The possibility of violating cosmic censorship for a black hole approaching the big rip is also discussed.

DOI: 10.1103/PhysRevD.76.063510 PACS numbers: 98.80.—k, 04.50.+h

L. INTRODUCTION perturbed by a transient and does not expand [22]. This
- _ work breaks free of the standard assumption of previous
issue of whether a planet, a star, or a galaxy expands  Jjjerature that the coupling (of a gravitationally, instead of

ing the rest of the universe is a problem of principle  ¢jectrically, bound system) is weak. However, it has two
eral relativity that still awaits a definitive answer. : :
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where g ,,|(s,) is the metric on 2, at a fixed time ¢ and gy,

is its determinant. By using the Schwarzschild curvature
coordinate r = (1 + 2)%, one has

As (1) = 4aa*(t)rs. (48)

The star surface 1s comoving with the cosmic substratum
and the proper curvature radius of the star is ryy(f) =

a(t)ry(1 + 2’—,';’0)2. Therefore, we have a local relativistic

object with strong field which is perfectly comoving at
all times: in this case the cosmic expansion wins over the
local dynamics.

[t i1s interesting to compute the generalized Tolman-

E+(F’+p)
ar

In the Newtonian
equation reduces

where p = m(*Z

potential. This e
obtained from Ejq
curvature radius.
of hydrostatic ec
uniform density s

dp  ddy |

Page 16/50



Cosmological Coupling
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Surprise! There's a zoo of Black Hole Models

Non-singular GR black hole solutions with pressure P = —pc? interiors studied for decades:

» Junctionless and Junctioned: Bardeen (1968), Dymnikova (1992),
Visser et al. (2004), Lobo (2006)

» QFT (Horizon free): Chapline, Laughlin @, et. al (2002); Mazur & Mottola (2015)

» Rotation / Assembly: Chirenti & Rezolla (2008), Uchikata et. al (2015),
Posada (2017), Beltracchi & Gondolo (2019)

Models with realistic, cosmological, boundary conditions exhibit new phenomena
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Surprise! There's a zoo of Black Hole Models

Non-singular GR black hole solutions with pressure P = —pc? interiors studied for decades:

» Junctionless and Junctioned: Bardeen (1968), Dymnikova (1992),
Visser et al. (2004), Lobo (2006)

» QFT (Horizon free): Chapline, Laughlin @, et. al (2002); Mazur & Mottola (2015)

» Rotation / Assembly: Chirenti & Rezolla (2008), Uchikata et. al (2015),
Posada (2017), Beltracchi & Gondolo (2019)

Models with realistic, cosmological, boundary conditions exhibit new phenomena:
» Dynamical radius: Faraoni & Jacques (2007), Faraoni & Rinaldi (2024)
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e accretion of cosmic fluid onto the
mption ¢) of Ref. [1]). It corresponds
in turn implies that the stress-energy
T} = 0 and there is no radial flow. In
q. (40) corresponds to the constancy of
ard mass, riiy = 0. It is important to
e physically relevant mass (eventually
cal size of the horizon or of the central
b avoid making coordinate-dependent
ass and size (cf., e.g., Refs. [18,55]),
] of the central object. m(r) is just a
n a particular coordinate system.
little doubt that the McVittie metric
d of strongly gravitating central object,
etation is not completely clear and is
[10,12,15,16]. This metric reduces to
solution in 1sotropic coordinates when
FLRW metric if m = 0. However, In
39) can not be interpreted as describing
dded in a FLRW universe because it is
sphere 7 = m/2 (which reduces to the
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It 1s of interest to study the behavior of a relativistic star
embedded in a FLRW background with respect to the
problem of local physics versus cosmological expansion.
The Nolan interior solution [33] describes a relativistic star
of uniform density in such a background. The metric is

= B i ni; (l _

o ry

(1 + :H‘()( + HH‘)

"'(I

ds? = — )

m_\6

—;;“))(d# + 2dQ?) (43)

21
in isotropic coordinates, where 7, is the star radius, 2 =
g (the condition forbidding accretion onto the star sur-
face), and 0 = ¥ = r,,. The interior metric is regular at the
center and 1s matched to the exterior McVittie metric at
F = ro by imposing the Darmois-Israel junction condi-
tions. The energy density is uniform and discontinuous at
the surface 7 = r, while the pressure is continuous. These
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